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Controlling a Pandemic
AN ACCOUNT OF SUCCESSFULLY APPLYING CONTROL THEORY TO THE
COVID-19 PANDEMIC IN DENMARK

Jakob Stoustrup
Aalborg University, Denmark, Email: jakob@es.aau.dk

Summary

This article describes how the Danish response to the
COVID-19 pandemic was established as a collaboration

between authorities and experts, including control experts.
In particular, it describes how a decentralized feedback
scheme facilitated lifting societal constraints in a short period
of time, while still keeping excess mortality at a significantly
low level.

The contagious coronavirus disease 2019 (COVID-19)
caused by the severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) was identified in Wuhan, China
in December 2019. Observing the virus spreading rapidly
to other countries across the world led the World Health
Organization (WHO) to declare a Public Health Emer-
gency of International Concern on January 30, 2020 and
to characterize the outbreak as a pandemic on March 11,
2020. In response to the WHO warnings, each country
across the world had to design a strategy to mitigate the
consequences of the pandemic. At the time, there was no
recent experience with a pandemic of this kind, and several
different strategies were pursued. Most strategies focused
on reducing mortality caused directly by COVID-19 and on
avoiding overload on critical health infrastructure. Figure 1
in Sidebar Excess mortality in EU shows the number of
cumulative deaths from all causes compared to projection,
based on previous years for the member countries of
the European Union (excluding Cyprus and Luxembourg,
both with less than 1.5 million inhabitants). For data,
please refer to [1]. As can be seen from the plot, excess
mortality varies significantly across the EU countries. It
should be emphasized that the different strategies applied

by the EU countries are just one among several reasons
for the diversity of the observed data. Demography, social
conditions, health infrastructure, and several other factors
should be taken into account to fully understand the data
shown in the figure. As can be seen from Figure 1,
Denmark has significantly less cumulative deaths from all
causes, compared to projection based on previous years, in
comparison with the other countries in the figure. The mit-
igation strategy pursued by the government of Denmark
during the initial part of the pandemic was in part inspired
by control theory. This strategy is described briefly below.
This article does not pretend to present novel control
strategies or solutions, but rather to offer some practical
lessons learned from applying known methodologies on
societal-scale problems. As Denmark was one among very
few countries where the national strategy for mitigating
COVID-19 was based on an automated feedback strategy,
the author would like to share some of the experience on
how the controls community can collaborate with author-
ities in the interest of society. This is highly challenging,
especially when solutions with critical implications for a
whole nation have to be found literally in a matter of a
few days, and the approach to implementation has to be
very pragmatic.

CONTROL APPROACHES TO COVID-19
MITIGATION
Using control theory to mitigate the effect of epidemic
diseases is not new. An early reference that discusses
the possibility is [2]. In [3], controlling epidemics using
optimal control is discussed. However, since the outbreak
of COVID-19, the advanced controls community has pro-
duced a significant number of contributions on the topic of
mitigating the spread of this specific disease. In the sequel,
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Excess mortality in EU

Figure 1 Excess mortality in EU during first two years of the pandemic (Luxembourg and Cyprus are excluded). Source:
Our World in Data.

we shall mention a select few of these contributions, but
encourage the reader to search for more in the vast amount
of literature, also those published since the submission of
this manuscript. An initial discussion of the topic can be
found in [4] that provides an overview on how various
control approaches can be used to either mitigate or sup-
press the spread of COVID-19. A more detailed discussion
on the use of NPIs can be found in [5] that specifically
addresses the issue of shortage of ICU beds as a control
objective. A major challenge in controlling COVID-19 and
other epidemics is the latency in detection (see below).
The recent article [6] introduces a model with transmission
delays for control. This paper was based on a request for
a national reopening plan. Some of the considerations to
that end can be found in [7]. A recent discussion on how
to use feedback control strategies for policy management
can be found in [8].

THE DANISH APPROACH TO COVID-19
MITIGATION
The Danish response to COVID-19 was initiated on the
date, where WHO announced the disease as a pandemic
on March 11, 2020. The prime minister called for a press
conference, announcing a number of recommendations
and restrictions, most of which took immediate action.
The recommendations and restrictions were devised based
on advice from the Danish Department of Health and
the Danish Health Authority. Restrictions included clos-
ing schools and universities, as well as indoor cultural
institutions. Employees of the public sector with non-
critical functions were sent home. Vulnerable citizens were
encouraged to stay at home. In subsequent months, several
other restrictions and recommendations were added. In
Denmark, the term “lockdown” was used as a vague
term for a number of restrictions and recommendations
issued at a given time. The same term is used below,
but with the specific meaning of the term provided by
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the context. Later in 2020, the Danish government agreed
with the Danish parliament on a process for adjusting
the COVID-19 restrictions and recommendations in re-
sponse to the continuous development of the pandemic.
In particular, the government agreed to consult an in-
dependent scientific reference group of experts prior to
changes in the mitigation tactics. Subsequently, a total of
12 experts were appointed to the Scientific Reference Group
for COVID-19. The Scientific Reference Group included
experts in virology, epidemiology, mathematical modeling,
economics, and social science. Also, one expert in control
theory (the author of the present article) was appointed
to the Scientific Reference Group. At the time the Scien-
tific Reference Group was appointed, a large number of
restrictions and recommendations were already in place
in Denmark. Therefore, one of the first assignments of
the Scientific Reference Group was to devise a strategy
to alleviate some of the restrictions and recommendations
in anticipation of a future reduced level of COVID-19
infections. In their work, the Scientific Reference Group
assessed current restrictions and recommendations based
on four criteria:

1) Spread of disease: How does a certain restric-
tion/recommendation influence the growth rate of
the number of infections?

2) National economy: How does a certain restric-
tion/recommendation influence turn-over for private
companies, public expenses, and other measures re-
lated to gross national product (GNP)?

3) Public health and well-being: How does a certain re-
striction/recommendation influence the physical and
mental health of the population and the well-being
of afflicted citizens?

4) Personal freedom: How does a certain restric-
tion/recommendation influence the individual feel-
ing of freedom, understood as a liberal right?

As part of the work of the Scientific Reference Group, each
of these four criteria were quantified for the societal-level
interventions in place at the time. The resulting quantifica-
tion is illustrated in Figure 2. Please refer to [9] for details.

At the deadline of the first report from the Scientific
Reference Group, restrictions and recommendations were
in action in 13 societal domains. These 13 domains were
analyzed with respect to the four criteria mentioned above.
Based on this analysis, the Scientific Reference Group
provided a number of recommendations for instating and
lifting restrictions. A summary of this analysis is illustrated
in Figure 2. The report was submitted and presented in the
Danish Parliament in January 2021 (see [9]). Subsequent
to the submission of the report by the Scientific Refer-
ence Group and its presentation, the Danish Parliament
decided on a reopening strategy that closely followed the
recommendations of the report. In the implementation of
the strategy, a control-based approach was adopted. As the

overall reopening plan, the societal-level interventions in
place were alleviated one by one, according to the partial
ordering illustrated in Figure 2. The detailed administra-
tive implementation was highly complex and outside the
scope of this article. However, to eliminate the risk for
an unacceptable outbreak of the disease, in parallel to the
step-by-step alleviation of restrictions at the national level,
a decentralized control scheme was applied at the level
of parishes to mitigate local outbreaks and thereby control
the aggregated national outbreak. Below, the decentralized
control approach applied in Denmark in 2021 is described.

DESIGN OF NON-PHARMACEUTICAL
INTERVENTIONS AS A CONTROL PROBLEM
Controlling the spread of an infectious disease can, to some
degree, be done by NPIs that influence the parameters of
the SEIR model. In particular, it is possible to influence the
disease transmission between individuals and, thus influ-
ence the social interaction. In the SEIR model described in
Sidebar Modeling epidemics, social interaction is described
by the α1, α2 parameters. The available measurement sig-
nals for controlling the epidemic is based on estimating the
number of infectious persons (based on available data),
in particular, individual tests (antigene and PCR tests)
fused with other available data sources (for example, waste
water samples). These can be seen as semi-randomized
samplings of the number of symptomatic/asymptomatic
infectious, IS and IA, as explained in Sidebar Modeling
epidemics. Based on an elaborate model (with radical higher
complexity than the simple model shown in Sidebar Mod-
eling epidemics), state and parameter estimation techniques
were applied to yield satisfactory estimates of the repro-
duction number, R0. The actual models applied, including
full source code and documentation, can be found in [12].
The basic principle for controlling interventions for infec-
tious diseases relies on increasing or decreasing the level
of intervention to obtain a desired value R0,ref of R0. To
stabilize the epidemic, R0,ref should be strictly less than 1.
On the other hand, to minimize the required interventions,
R0,ref should be chosen only marginally smaller than 1.
The margin ε = 1 − R0,ref should be chosen sufficiently
small to minimize the required interventions. However,
ε should also be sufficiently large to not compromise
national healthcare capacity in general and intensive care
unit (ICU) capacity, in particular, as the actual value of R0
varies around its reference value. Such a variation should
be anticipated, due to the uncertainty in the model, uncer-
tainty in measurements, and the delay from infections to
observations. This delay is caused mainly by infectious in-
dividuals being tested positive only after a latency period,
where symptoms develop. The delay is estimated to be in
the range of 10-15 days. From a controls point of view,
such a substantial delay poses some real challenges. The
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Ordering constraints

Figure 2 Prioritized order of constraint alleviation. The Danish Scientific Reference Group for COVID-19 prioritized the
existing restrictions and recommendation based on four criteria: spread of disease; national economy; public health and
well-being; personal freedom. Source: original graphics.

implemented controller used a construct similar to a Smith
predictor to accommodate this (see below). A first idea for
control design could be to close a feedback loop around
the national estimate of R0 to a national level of NPIs.
This, however, would not work in practice, as the latency
mentioned above could cause the epidemic to reach levels
that would compromise national ICU capacity when NPIs
were lifted before detected by the delayed measurements.
In principle, this danger could be prevented by choosing
ε sufficiently large. In practice though, infection levels in
Denmark during the period considered were never small
enough to allow for a sufficiently large ε. Instead, the inter-
vention design for alleviating restrictions in Denmark was
based on a decentralized control scheme. As simplified
illustration is shown in Figure 3. The individual control
loops are closed at the level of parishes, where a Danish
parish in average has approximately 2.700 inhabitants.
For each parish, the level of infections is measured. If
the level is too high, more NPIs are applied. When the
level drops sufficiently, NPIs are relieved. The threshold
for admissible infection levels in parishes is adjusted at
a national level based on the total number of infections.
The main idea in applying a decentralized control scheme
is that due to desynchronization of the individual control
loops, overload of national health infrastructure capacity
can be avoided. Even if a temporary exponential growth

of infections appears in one parish, the total number of
citizens requiring hospitalization or ICU treatment will still
be within the national healthcare capacity. This scheme
only works if the dynamics between parishes would not
have a tendency to synchronize. Luckily, it was known
from data collected during 2020 that this assumption was
valid. Infections between parishes relies on interregional
transportation of individuals, and this was seen in the
early phase to happen with slower dynamics than the
local disease spread. Further, interregional transportation
was nationally advised against. The actual parameters
(measurements) used in the parish-level control loops were
the following three:

rI : The proportion of infectious within the parish
population

rPCR: The proportion of positive results from PCR test-
ing

ninf: The absolute number of new infections within the
past seven days.

As described above, the threshold values for these three
parameters varied with the total national level of disease.
Example values were: rI < 0.004 (400 infectious pr. 100,000
inhabitants), rPCR < 0.02 (2% positive PCR tests), and
ninf < 20 (20 total new infectious within the past seven
days in the parish). A description (in Danish) of the
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Modeling epidemics
Infectious diseases, such as COVID-19, are often modeled

through compartmental models, such as the so-called SEIR
model (see, for example, [10]). In its simplest form, an SEIR
model of infections spreading in a population of size N has only
four states:

S : The number of Susceptible persons
E : The number of Exposed persons
I : The number of Infectious persons
R : The number of Removed persons (recovered/immune

or deceased).

Here, “numbers” are understood as continuous variables. In
this article, we shall use a slightly extended SEIR model that
follows [11] and uses the parameters in that article. This model
splits the number of infectious persons into asymptomatic infec-
tious (IA) and asymptomatic infectious (IS ). Further, it introduces
the number of Pathogens (P ) as a state. With these variables,
the SEIR model is given by:

dS
dt

= b − β1SP
1 + α1P

− β2S(IA + IS )
1 + α2(IA + IS )

+ ψE − µS

dE
dt

=
β1SP

1 + α1P
+

β2S(IA + IS )
1 + α2(IA + IS )

− ψE − µE − ωE

dIA
dt

= (1 − δ)ωE − (µ + σ)IA − γAIA

dIS
dt

= δωE − (µ + σ)IS − γS IS

dR
dt

= γAIA + γS IS − µR

dP
dt

= ηAIA + ηS IS − µP P .

Please refer to [11] for the detailed explanation and numerical
values of the parameters involved in the model. From a controls
perspective (see below), the central figure is the so-called basic
reproduction number. For a given infectious disease, the basic
reproduction number, R0, is the expected number of cases di-
rectly generated by one case in a population where all individu-

als are susceptible to infection. The basic reproduction number,
R0, is critical for the development of an infectious disease, as
it can be shown (see [10]) that an epidemic is decreasing for
R0 < 1 and, correspondingly, an epidemic is increasing for
R0 > 1. It can easily be shown that if all other parameters fixed,
the reproduction number will be larger than one for sufficiently
large α1, α2 and smaller than one for sufficiently small α1, α2.
These two parameters, α1, α2, are directly influenced by the
NPIs described in this article and, thus, serve as control signals
for the controllers discussed in this article. Introducing a control
signal u in the α1, α2 parameters of the SEIR model, the model
takes the form:

dS
dt

= b − β1SP
1 + α1(u)P

− β2S(IA + IS )
1 + α2(u)(IA + IS )

+ ψE − µS

dE
dt

=
β1SP

1 + α1(u)P
+

β2S(IA + IS )
1 + α2(u)(IA + IS )

− ψE − µE − ωE

dIA
dt

= (1 − δ)ωE − (µ + σ)IA − γAIA

dIS
dt

= δωE − (µ + σ)IS − γS IS

dR
dt

= γAIA + γS IS − µR

dP
dt

= ηAIA + ηS IS − µP P

ym = κ1IS + κ2IA .

Thus, the control signal influences the two α{1,2} parameters,
and thereby the reproduction number. The measurement ym is
aggregated from several sources, mainly from tests. Since self-
initiated tests are predominantly done for symptomatic individu-
als, typically κ1 ≫ κ2. The controller described in this article is
not a model-based controller. The model, however, was crucial
in understanding the dynamics of the spread of the disease,
in making prognosis, and in validating the decentralized control
approach that was implemented in Denmark in 2021.

applied model can be found in [13]. The specific values of
the three thresholds were in part derived by model studies
and in part by pragmatic considerations by the authorities
in terms of the number of affected parishes. The thresh-
olds were adjusted manually based on considerations of
the aggregated infection numbers. The thresholds were
adjusted three times during the period described in this
article. To reduce any oscillatory behavior of the controller,
the NPI decision was implemented with a dead-band. If
a parish violated all three thresholds, a number of NPIs
would be applied to that parish. The same NPIs were

subsequently lifted if the parish, in seven consecutive days,
would have satisfied the thresholds for at least one of the
three parameters. The specific NPIs applied in the case of
violation of all three thresholds included closing primary
schools, clubs, educational institutions, cultural activities,
and sport activities. In addition, a number of behavioral
recommendations were proposed to the citizens of the
parish during the lockdown period. The decentralized
controller is summarized in Sidebar Decentralized controller.
In [4], it is argued that enabling or lifting NPIs gradually
could make sense from a controls point of view. In the
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Figure 3 Simplified illustration of decentralized control scheme
applied in Denmark. In each parish, NPIs are lifted if local R0
becomes smaller than R0,ref and reinstated if local R0 becomes
larger than R0,ref. R0,ref is adjusted nationally according to total
number of infections. (Original graphics).

implementation in Denmark, however, for simplicity of
administration, the full package of NPIs described in [13]
were enabled/lifted simultaneously. The three threshold
values, r̄I r̄PCR, and n̄inf, were adjusted in an outer loop ac-
cording to the aggregated national level of infections. This
was done manually and only a few times (three) during
the first five-month duration of the control operation. In
addition to the simplified structure illustrated in Figure 3,
an intermediate control level was also in action at the level
of municipalities. A Danish municipality in average has
approximately 60,000 inhabitants. NPIs were introduced
at the municipal level if a threshold for rI was violated
(example: rI > 0.002, that is,200 infectious pr. 100,000
inhabitants for the whole municipality). Subsequent lifting
of NPIs at the municipal level was based on threshold
compliance for seven consecutive days.

SIMULATIONS OF CENTRALIZED AND
DECENTRALIZED CONTROL SCHEMES
This section will present simulation results for the model
described above, based on scenarios with no intervention,
with a centralized control scheme, and with the decentral-
ized control scheme described above, respectively. As the
purpose of this article is to demonstrate the effect of con-
trol, we shall use the highly simplified model described in
Sidebar Modeling Epidemics, and we shall counter-factually
assume that the development of the disease is not affected
by introduction of vaccine programs, appearance of new
virus variants, or other external factors. The actual de-
velopment in Denmark will be described in a separate

section below. First, the “open-loop’ behavior” that is, the
epidemic behavior without any interventions, is shown in
Figure 4. In this figure, it can be seen how during the
five month period, almost the full Danish population of
5.8 million inhabitants are infected. Within a few weeks,
the number of symptomatic infectious citizens are so high
that both the hospital capacity in general and the ICU
capacity in particular will be violated by orders of mag-
nitude. Next, the simulation shown in Figure 5 demon-
strates a shutdown/reopening algorithm operating at a
national level. Whenever the total count of symptomatic
individuals reaches an upper bound, national shutdown is
executed. Similarly, when the symptomatic count reaches
a lower bound, a reopening at national level is performed.
Due to the latency in the disease, significant overshoots
are seen in the figure. Due to this, the reopening windows
are very short, compared to the shutdown periods, and
reopening only takes place in 5.23% of the five-month
period. The simulation shown in Figure 6 demonstrates
the decentralized control algorithm described above. A
total of 2,158 parishes are simulated with an average
population of 2,700 inhabitants each. For each parish, a
local lockdown is executed when the local symptomatic
count passes an upper threshold. Similarly, the parish is
reopened whenever the symptomatic count passes a lower
threshold. Figure 6 shows the aggregate national count
of symptomatic individuals. In contrast to the centralized
algorithm, the reopening periods dominate, and the aver-
age citizen experiences reopening in 91.04% of the five-
month period. The decline in symptomatic individuals
over the timeframe is due to a decreasing number of
susceptible individuals due to high exposure in individual
parishes. Finally, Figure 7 shows the behavior in two in-
dividual parishes. In one parish, the initial infectious level
is small enough that lockdown is never required. In the
other parish, the upper thresholds are violated two times,
causing two consecutive shutdowns and reopenings. It
should be noted that the centralized and decentralized
controllers that are simulated in this section are simple
threshold controllers. The actual decentralized controller
scheme that was decided by and implemented by the
Danish authorities based on the recommendations of the
Scientific Reference Group was more complex, as it had to
meet requirements related to challenges in specific Danish
parishes.

RESULTS FROM IMPLEMENTATION OF
DECENTRALIZED CONTROL SCHEME IN
DENMARK
The mitigation scheme proposed by the Scientific Refer-
ence Group, including the decentralized control scheme
described above, was implemented by March 31, 2021,
see [13]. Figure 8 shows two examples of parishes that
had a lockdown period in the month from May 11 to
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Decentralized controller
The decentralized control action for Parish #i is:

ui (t ) =



NPIs enabled, if ∃τ, 0 ≤ τ < 7 days:
rI ,i (t − τ) > r̄I AND rPCR,i(t − τ) > r̄PCR

AND ninf,i(t − τ) > n̄inf

NPIs lifted, if ∀τ, 0 < τ ≤ 7 days:
rI ,i (t − τ) < r̄I OR rPCR,i(t − τ) < r̄PCR

OR ninf,i(t − τ) < n̄inf .

The local control signals ui (·), i = 1, . . . , 2, 158 are logical
variables enabling or lifting a number of NPIs, which influences
the social interaction in Parish #i , as described in the SEIR
model above.

Figure 4 Simulation of epidemic development assuming no inter-
ventions. The six curves illustrate the number of: Susceptible (S),
Exposed (E), Asymptomatic Infectious (IA), Symptomatic Infections
(IS), Recovered (R), and Pathogens (P), respectively.

June 10, 2021. The two parishes both had outbreaks that
violated the three threshold values described above. It can
be seen from the plots that the level of infection decreased
for both parishes during the period where the additional
NPIs from the controller was in action. In the period
following the initialization of the new control scheme, it
was observed that the local lockdowns in parishes had
immediate desired effects. In general, most parishes were
able to reopen after a short period of lockdown with very
few exceptions. At a national level, only a slight increase in
infection levels were seen, in spite of the substantial lifting
of restrictions that was reported in international media.
The development of the epidemic can be seen in Figure 9.

CONCLUSIONS
During the first years of the COVID-19 outbreak, gov-
ernments across the world were continuously monitoring
the situation in their countries and adjusting measures to
mitigate the effects of the pandemic. The adaptation of

Figure 5 Simulation of the number of symptomatic infected indi-
viduals under a central shutdown/reopening algorithm. Red vertical
lines indicate a shutdown, green vertical lines a reopening. Hori-
zontal dashed lines indicate lower/higher thresholds. Reopening is
in effect 5.23% of the total duration.

NPIs in response to the development of the spreading
of the disease could possibly be seen as an “informal”
control loop. In contrast, the Danish government, based on
advice from a Scientific Reference Group, decided to take a
more formal control approach and introduced automated
responses in a decentralized control scheme as part of
the mitigation strategy. The data based on operating this
strategy on 2,158 parishes for almost a year indicated that
the decentralized control scheme had the desired effect.
Indeed, by applying NPIs locally rather than at a national
level, it was possible to reopen the Danish society much
faster than compared to a slow uniform reopening. By
introducing automated feedback acting on specific local
information rather than on aggregated national informa-
tion, the resulting controller bandwidth seems to have
been significantly improved, as also demonstrated by the
simulations of this article. Denmark had significantly less
COVID-19 related mortality compared to several similar
countries, and it cannot be ruled out that the applied
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Figure 6 Simulation of the number of symptomatic infected individ-
uals under a decentral shutdown/reopening algorithm. The curve
shows the number of symptomatic infectious, aggregated over a
total of 2,158 parishes that has been simulated. Reopening is in
effect 91.04% of the total duration in average over the parishes.

Figure 7 Simulation of the number of symptomatic infected indi-
viduals under a decentral shutdown/reopening algorithm for two
specific parishes, based on thresholds of 40 and 30, respectively.
Red lines indicate a shutdown, green lines a reopening. Thus,
Parish #2 has two shutdowns and two consecutive reopenings.
Parish #1 remains open throughout the simulation, as the total
count never violates the upper threshold.

feedback control scheme was one of the factors involved
in this result. This article has focused on strategies for
using NPIs as a means to mitigate effects of an epidemic.
It should be emphasized, however, that many other fac-
tors are significant for the outcome of an epidemic. In
particular, studies have shown that citizen compliance
with government restrictions and recommendations have

Figure 8 Local feedback in action. The figure shows two parishes
that both have a lockdown during the month from May 11 to June
10, 2021. The three parameters for determining lockdown are
shown: proportion of infectious, rI , proportion of positive PCR tests,
rPCR, and the number of new infectious, ninf. Shaded areas show
the periods of lockdown. (Original graphics).

been highly correlated with the mortality of the COVID-19
pandemic (see, for example, [14] and references therein).
To that end, the public compliance with restrictions and
recommendations in Denmark was among the highest in
the world. This in part has cultural reasons, but might also
in part be related to the fact that the Scientific Reference
Group continuously monitored the public consensus with
the strategy via data from the HOPE Project, see [15], and
this measurement of public consensus played an important
role in the decision making. As an overall conclusion, the
author would like to propose that the advanced controls
community has strong potentials for close collaboration
with authorities on critical societal challenges as the one
illustrated in the case study of this article. A common pre-
condition, however, is that the control scientists involved
are willing to take a very pragmatic approach. Often, there
will be no opportunity to implement flagship theoretical
results, but rather simple-minded practical and pragmatic
solutions as the one illustrated in this article. This leaves a
dilemma for control theory in terms of the risk to appear
either trivial or impractical to the general public. In a
critical situation like the one caused by COVID-19, this is
a very real choice that our community can be faced with.
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Figure 9 Total number of infections during the first three months
of operation of decentralized controller. It can be seen that the
substantial reopening causes only a modest increase in the level
of infections. Source: Our World in Data.
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