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OPTIMAL NON-PHARMACEUTICAL INTERVENTIONS
CONSIDERING LIMITED HEALTHCARE SYSTEM CAPACITY
AND ECONOMIC COSTS IN THE REPUBLIC OF KOREA

YUNA Lim!, YOUNGSUK Ko'®, VICTORIA MAY P. MENDOZA?®,
RENIER MENDOZA?®, JONGMIN LEE'® AND EUNOK JUNG!*

Abstract. Due to the relatively low severity and fatality rates of the omicron variant of COVID-19,
strict non-pharmaceutical interventions (NPIs) with high economic costs may not be necessary. We
develop a mathematical model of the COVID-19 outbreak in Korea that considers NPIs, variants,
medical capacity, and economic costs. Using optimal control theory, we propose an optimal strategy
for the omicron period. To suggest a realistic strategy, we consider limited hospital beds for severe
cases and incorporate it as a penalty term in the objective functional using a logistic function. This
transforms the constrained problem into an unconstrained one. Given that the solution to the optimal
control problem is continuous, we propose the adoption of a sub-optimal control as a more practically
implementable alternative. Our study demonstrates how to strategically balance the trade-off between
minimizing the economic cost for NPIs and ensuring that the number of severe cases in hospitals is
manageable.
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1. INTRODUCTION

COVID-19, a severe acute respiratory syndrome caused by SARS-CoV-2 has affected public health and
the economy worldwide. Healthcare authorities have been responding to COVID-19 and various variants have
emerged since the first outbreak. On Nov 24, 2021, the first reported omicron variant in South Africa spread
widely around the world, quickly turning into a dominant strain [1]. This new variant has higher transmissibility
compared to the delta variant and evades the immunity induced by prior infections or vaccines, but has lower
severity and mortality rates [1, 2]. In response to the omicron wave, the Korean health authority focused on
severe cases rather than controlling the number of cases [3]. The measures to mitigate COVID-19 pandemic
include non-pharmaceutical interventions (NPIs), pharmaceutical intervention, and vaccine intervention. NPIs
such as social distancing and lockdowns were implemented worldwide as the first response to the pandemic
due to the absence of vaccines and antivirals. Although NPIs are important measures to slow the spread of
COVID-19, it leads to high economic costs and burden [4].
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Mathematical modeling has been used to determine intervention strategies to reduce the burden of the
COVID-19 pandemic. Yuan et al. developed a compartment model reflecting new testing guidelines, social
behavior, features of the omicron variant, PCR, testing capacity, self-testing, reopening to pre-pandemic level,
and booster dose coverage on the cases and severe cases in Ontario and Toronto, Canada [5]. Ngonghala et al.
studied the transmission dynamics of two SARS-CoV-2 variants of concern (delta and omicron) in the United
States, in the presence of COVID-19 interventions using a mathematical model [6]. Through an age-structured
stochastic model for transmission of SARS-CoV-2, Vattiato et al. assessed the potential impact of an omicron
wave in New Zealand, which could inform the government of its response [7]. Oh et al. designed a model
considering three vaccination levels and predicted that there would be a rapid rise in cases in Korea for a while
due to the omicron variant of COVID-19 until herd immunity was achieved [8]. Ko et al. showed an optimal
strategy of vaccine allocation to minimize mortality or incidence in Korea using a heterogeneous COVID-19
transmission model. This study scientifically supported the Korean government vaccination priority strategy,
which focuses on healthcare workers and senior grops to minimize mortality. [9].

Many studies have explored NPIs using the framework of optimal control theory. Legesse et al. investigated
the impact of various control measures including hygiene practices, medical care and contact reduction [10].
Perkins et al. performed a study of NPIs that aims to balance between minimizing deaths versus days under
control, shedding light on their effectiveness in different phases of the pandemic [11]. COVID-19 control strategies
considering isolation, detection, and treatment based on a 9-dimensional mathematical model with high-risk and
low-risk exposures were studied by Li et al. [12]. Optimal control strategies through cost-effectiveness analysis
for each strategy were also presented in their study. Choi et al. provided information on optimal social distancing
and testing strategies for Korea in reducing the disease burden and delaying the peak of the disease using a
compartmental model [13]. Silva et al. applied optimal control theory to a deterministic model for COVID-19
to find a balance between reducing transmission rates and returning to normal life at minimal economic cost
[14]. Zong et al. developed a seven-compartment model with three age groups and it was established that the
spread of COVID-19 could be significantly alleviated through proper population control [15]. Among these,
the optimal control problem studies considered minimizing the number of infected people or deaths [10-15].
Considering various controls, the studies proposed optimal strategies to minimize the number of infected people
by designing scenarios with a single control or combined controls. In three studies, however, the number of
severe cases in hospitals or limited medical resources available for COVID-19 assistance in the country was not
considered [10, 12, 13]. In the study considering the number of hospital beds, they obtained the control strategy
by formulating the problem as a constrained problem and indirectly reflecting the number of available beds in the
upper bound for the number of infections [14, 15]. Besides optimal control theory, various optimization methods,
such as non-linear programming, reinforcement learning techniques, differential evolution, online optimization,
and parameter optimization, were employed to investigate the optimization of the allocation of NPIs during the
COVID-19 pandemic. [16-20]

Our study distinguishes itself from prior research by taking into account the limited number of hospital
beds available for severe cases and directly incorporating this information into the objective functional. As a
result, we transform the original constrained problem into an unconstrained one, allowing us to identify an
intervention strategy that minimizes the number of severe cases in hospitals, rather than simply minimizing the
overall number of infected individuals at minimal cost. This approach represents an important contribution to
the field of pandemic response planning, as it recognizes the critical role of hospital capacity in mitigating the
impact of infectious diseases on public health.

We develop a COVID-19 mathematical model taking into account NPIs, vaccination, booster shot, antiviral
drugs, and the variants (non-delta, delta, and omicron). Later, optimal control theory is applied to the model
to obtain the optimal NPI strategy after the spread of the omicron variant. We investigate optimal strategy
to minimize cost for NPIs and cost for severe cases while preventing the limited healthcare resources from
being overwhelmed. We develop an objective functional by including a constraint term reflecting the number
of hospital beds for severe cases, which can be realistically secured in Korea. This method provides an optimal
strategy to minimize costs without the number of severe cases in hospitals exceeding the level. Though the
obtained optimal solution is the optimal strategy, it is considered to be difficult to implement in reality because
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the optimal value for the level of NPIs changes per day. In consideration of feasibility, we also find a sub-optimal
strategy in which each value of NPIs remains constant at least for a few days and which put the same effort as
optimal strategy into NPIs.

2. MATERIALS AND METHODS

2.1. Epidemiological data

The Korea Disease Control and Prevention Agency (KDCA) had released a daily COVID-19 press release
based on data collected nationwide since 2020 when the first case was reported in Korea. The COVID-19-
related data from 2020 to 2022 used in this study, such as the daily number of confirmed cases, severe cases,
and administered vaccine and booster shots, and the proportion of variants, were provided by KDCA [21]. In
the model, the parameters representing the daily number of vaccinations and booster shots administered are
reflected as time-dependent parameters based on the data.

2.2. Mathematical model of COVID-19

We present a model that is used to describe the COVID-19 epidemic considering NPIs and imperfect
effectiveness of vaccines in Korea. This model will be the framework for the optimal control problem.

The total population is divided into susceptible (S), vaccine-related groups (V, P, W,,, B, W}), exposed (E),
infectious (1), isolated (@), who moves to mild cases (M) or severe cases (C), and recovered (R). Vaccination
refers to administering the primary doses, which include the first and second doses. We assume that the vac-
cinated compartment (V') consists of individuals whose second dose was received within less than two weeks.
If more than 2 weeks have passed since the second dose, then an individual moves to the protected (P) com-
partment. The waned after vaccination (W,) compartment consists of individuals with vaccine effectiveness of
waned primary doses. The booster-administered (B) and waned after booster (W}) compartments consist of
those with increased vaccine effectiveness after getting a booster shot and reduced effectiveness of booster shot
due to waning, respectively. Note that the vaccinated groups V, P, W,,, B, and W, are all susceptible to infection.
Figure 1 shows the flow diagram of a leaky vaccine model [22]. That is, if ep is the effectiveness of vaccines in
P, then ep - P of P are protected against infection and (1 — ep) - P of P can be infected.
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The system of differential equations for the transmission of COVID-19 is as follows:

% = —AS —wvacc(t) + TsRg,
% = vacc(t) —mV — (1 — ey )AV,
% =mV —wP — (1 —ep)AP — by(t),
dw,
i wP+ 1y Ry +1pRp + 7w, Rw, — (1 — ew, ) AW, — b1 (1),
% = bl(t) + bg(t) - (1 - eB)AB — wB,
dw,
Ttb =wB+ 8RB + TWbRWb - (1 - eWb)AWb,
d(im =(1—ey)Azx — KE,,
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dQy
= Im —d T

a @
dM,

dt = (1 _pm)de + Tapdex - 71Mx7
dcC,

s (T(1—a)pzd+ (1 = T)pd)Qy — 72Cy,\
dR,

dt = ’Yle + (1 - f)’YzCz - TxR:m

A=1—-pp(Is+Iv+Ip +Iw, + Ip + Iw,)/N,

where N=S+V+P+W,+B+W,+ E,+ I, + R, and z € {S,V,P,W,, B,W,}.

The parameter p represents the adjusting factor of the basic reproductive number and /3 is the transmission
rate without interventions in our model. The mean latent period and infectious period are given by 1/x and
1/a, respectively. The severity rate p, depends on the vaccination status of the compartment z. The isolation
period for mild cases is 1/v; and the duration of hospital stay for severe cases is 1/7s.

The effectiveness of the primary vaccine or booster shot is expressed as e,. The parameter T represents the
proportion of the population who are prescribed antiviral drugs. The value of T was 0% before 14 Jan 2022 and
became 1.45% from 14 Jan to 19 May 2022. Later, it increased to 2.32% from 20 May 2022, as the prescription
policy had changed [23, 24]. The effectiveness of antiviral drugs is denoted by a. We assume that the drugs are
given to compartment @, and that the drugs reduce the risk of getting a severe infection by a term Tap,dQ,.

Note that 8, k, a, 71, V2, pz, and e, are affected by variants. Therefore, we express these parameters as
functions of time-dependent proportions of the delta and the omicron variants. Detailed descriptions of these
parameters are given in Appendix A.

The daily number of administered vaccines is denoted by vacc(t) and, b1(t) and bo(t) represent the daily
number of booster shots administered in state W, and state P, respectively. In our model, if the size of by (t) +
ba(t) is less than the size of W, (t), then the booster shots are administered only to W,. On the other hand, if
the size of by (t) + b2 (¢) is larger than the size of W, (), then all individuals in W,, move to B, and the difference
(b1(t) + ba(t)) — Wy (t) is assumed to be administered to P. Thus, there are (by(t) + b2(t)) — W, (t) who will
move from P to B. The parameter m is the progression rate to immunization after vaccination. The waning
rates of vaccine-induced immunity and natural immunity are denoted by w and 7,,, respectively. The definitions
and values of the parameters are listed in Table A.2 of Appendix A.
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The timeline in this study is from the start of the community spread of COVID-19 to the post-lifting of
social distancing in Korea. We divide this timeline into two periods based on the date when vaccination in
Korea started. We set the first period from 16 Feb 2020 to 25 Feb 2021, and the second period from 26 Feb
2021 to 28 Apr 2022. The whole time period spans the pre-delta-dominant to omicron-dominant periods, which
include the time when the dominant delta variant was replaced by omicron. The vaccine-related compartments
in the system are excluded in the first period and thus, the flowchart simplifies to a single SEIQR path. In
accordance with the Korean government’s vaccination strategies, booster shot administration began on 12 Oct
2021. Hence, compartments B and W,, and the terms E,, I, Q., M,, C, and R, with x € {B, W} will only
appear from this date.

2.3. Least-squares fitting

There are two parameters to be estimated, p and pg,, where pg, is the severity rate of omicron for the
unvaccinated. For estimation of the parameters, we use the least-squares fitting method to minimize the error
between the fitted model and the data. From our model, the basic reproductive number of the original strain
is expressed as 3/« using the next generation matrix method [25]. The basic reproductive number is estimated
at 3.32, i.e., f/a =3.32 and 8 = 0.83 [26]. This fixed value of the transmission rate 3 is used for estimating p.

We divide the simulation period into three sections: from the beginning of the outbreak to the first vaccine
administration (P1: 16 Feb 2020 to 26 Feb 2021), from the first vaccine administration to omicron arrival (P2:
26 Feb 2021 to 30 Nov 2021), and after the first omicron case (P3: 30 Nov 2021 to 28 Apr 2022). In P1, mass
gathering-related infections occurred in religious groups, clubs, and nursing homes, and the severe rate was
significantly affected by these groups. Hence, severe case data were not used in P1 [27]. On the other hand,
confirmed case data in P3 was not used because the COVID-19 test policy was changed and unreported cases
cannot be ignored [28]. In Aug 2022, the difference between the proportion of confirmed cases and the rate of
testing positive for N antibody was approximately 20%p [29].

The Korean government adjusted the level of social distancing considering the epidemiological status and
medical capacity. Therefore, we divide the periods based on changes in Korean government policies and holidays
and make estimates for p in each period.

2.4. Sensitivity analysis

Sensitivity analysis is performed to measure the correlation between input parameters and model outputs. In
this study, the partial rank correlation coefficient (PRCC) is used. The PRCC measures the impact of changes
of specific parameters on the model output. The Latin Hypercube Sampling (LHS) technique is chosen as
the sampling method to obtain values for the input parameters. In the model, the parameters o and (§ are
time-dependent parameters that change according to the proportions of the variants. Moreover, the model uses
various parameters to measure vaccine effectiveness e, and waning rates 7, and w (x € {S,V, P,W,,, B,W,}).
For the PRCC, the parameters rq, 73, -, and r. are introduced as constant factors that adjust the values of «,
B, 7. and w, and e,, respectively. Each constant adjustment factor is multiplied to the corresponding parameter
a, B, T, and w, or e,. For example, if r,, is 0.8, then the value of a(t) decreases to 80% of its value. If r, is 1.2,
then each e, increases to 120% of their values. Each input parameter is assigned a uniform distribution, and
sampling is performed independently. A total of 15000 simulations were conducted. The number of cumulative
confirmed cases and severe cases from 26 Feb 2021 to 28 Apr 2022 are considered as model outputs.

2.5. Optimal control problem

Our goal is to minimize the cost for NPIs while simultaneously minimizing the number of severe cases.
Equivalently, we wish to minimize

/tf (BluQ(t) + Bs Z Ci(t)> dt, (2.1)

1ET
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where ) .. Ci(t) = Cs(t) + Cv(t) + Cp(t) + Cw, (t) + Cp(t) + Cw,(t) with = {S,V, P,W,, B,W}}. The
parameters to and ¢ indicate 14 Jan 2022 and 13 Jan 2023, respectively. The term Bju?(t) is the cost for NPIs
and By ) ;.. Ci(t) is the cost related to severe cases in hospitals. The cost for NPIs in 2020 was estimated at
approximately 30 billion US dollars through a supplementary budget. The weight constant B; can be calculated
by making p the same form as the cost term Bju?(t) and setting its value over the period P1 equal to the
estimated cost for NPIs in 2020. The two weight constants B; and By are set as 221 575 and 1.67, respectively,
in consideration of the supplementary budget related to NPIs, the actual cost for severe cases in hospitals, and
the relative cost for the two factors.

To ensure that the number of severe cases does not surge at the end of the period, we also added a payoff
term, ), Ci(ts). We modify (2.1) and obtain

Zc (t;) + / (BluQ(t) + B, Zcm) dt. (2.2)

1ET

Moreover, we guarantee that the number of severe cases in hospitals does not exceed hospital bed capacity
Chrnaz- That is,

Z CL(t) S Cmaa:a vt. (23)

i€ET

In mid-May 2022, the hospital beds for the treatment of COVID-19 cases were about 80% empty. The government
reduced the number of existing beds by half so that patients with other diseases can be accommodated more,
reducing the allocation for COVID-19 beds. Reflecting this government’s plan, the value of the C,,,, is set as
1500.

We aim to minimize (2.2) subject to the constraint (2.3). To do this, we transform this constrained problem
to an unconstrained one using a penalty method. We incorporate (2.3) as a penalty term in (2.2) and formulate
the objective functional J given by

1
=AY Cilty) /(Blu )+ B2 > Ci(t) +e_k(zi@0i(t)_cm)>dt, (2.4)

€T 1€EXT

where the constraint is added to the objective functional as a sigmoid function. The sigmoid function is a
continuously differentiable approximation of the indicator function, which returns 0 when the number of severe
cases in hospitals ), C;(t) does not reach Cpae, and 1 whenever 3, C;(t) exceeds Cpar. The weight
constant Z of the constraint term is set to a very large value (1000000). The coefficient k, associated with the
slope at Chqz, is set to 0.1. We seek the optimal control u*, which minimizes the objective functional, satisfying

J(u”) = min{J (u)|u € D)},

where Q = {u € L (to,tf)|u < u < u}. We set the lower bound u to 0. The intensity of NPIs in 2022 is not
expected to be higher than in 2021 because Korea implemented a gradual recovery policy, which aims to ease
the restrictions. So, we set the upper bound @ as the maximum value of the p values estimated in each period.

We solve the optimal control problem starting from 14 Jan 2022, the date when antiviral drugs were first
introduced in Korea, using the forward-backward sweep method [30]. We consider a time-dependent control
u(t) that represents the intensity of efforts to reduce the spread of infection by implementing NPIs. In the
model, u(t) replaces p starting on 14 Jan 2022. The characterization of the optimal control is in Appendix B.
Furthermore, the minimize of (2.4) is compared to the optimal control without constraint and the p estimated
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FIGURE 2. The best model fit (black curves) to the data from 16 Feb 2020 to 28 Apr 2022 with
95% confidence bands. Both the confirmed cases (blue circles) and severe cases (red circles) data
were used in the fitting from 26 Feb 2021 to 30 Nov 2021, while only the confirmed (severe)
cases data were used from 16 Feb 2020 to 26 Feb 2021 (30 Nov 2021 to 28 Apr 2022).

in 2022. Since social distancing has been lifted since 18 Apr 2022, it is assumed that the p value after 28 Apr
2022 is the same as the p value estimated from 18 Apr to 28 Apr 2022.

Because the solution v* of the optimal control problem is a continuous function, the corresponding strategy
is time-dependent and gives a value that differs every moment. This is unrealistic and will be impossible to
implement. To address this, an approach is to find an alternative control, which is computed by formulating
a piecewise control from the obtained optimal control [31]. The detailed description of how this sub-optimal
piecewise control is formulated is discussed in detail in Appendix C.

3. RESuLT

3.1. Parameter estimation

Figure 2 shows the model (black solid curves) fitted to the cumulative confirmed cases data (blue circles)
and cumulative severe cases data (red circles). The model was fitted to the confirmed cases data from 16 Feb
2020 to 26 Feb 2021, and to severe cases data from 30 Nov 2021 to 28 Apr 2022. From 26 Feb to 30 Nov 2021,
both the confirmed cases and severe cases data were used in the model fitting. The maximum, minimum, and
average values of the fitted parameter p are 0.71 (from 26 Feb 2021 to 27 Apr 2021), 0.117 (from 18 Apr 2022
to 28 Apr 2022), and 0.459, respectively. The parameter estimates are listed in Table A.3 in Appendix A. The
estimated value of ps, was 0.00053, which is 2.36% of the severity rate of the delta variant. The parameter
By, which is the weight constant for the NPIs, is calculated as 167947693 US dollars using the estimated

values of p.

3.2. PRCC result

Figure 3 illustrates PRCC values for parameters related to cumulative severe cases at different time points.
A similar trend is observed in the PRCC values related to cumulative confirmed cases. The minimum and
maximum ranges of the PRCC values associated with cumulative confirmed cases are r4: [-0.97 -0.62], r5: [0.83
0.98], r,: [0 0.12], r: [-0.73 0], and the PRCC ranges associated with the cumulative severe cases are r4: [-0.86
-0.20], rg: [0.77 0.85], r,: [0 0.10], 7e: [-0.63 0]. The number of cumulative confirmed cases and cumulative
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severe cases are positively correlated with rg and r, and negatively correlated with r, and r.. The factors
To, T8, and 7, are highly correlated with the model outputs. A substantial number of confirmed cases occurred
towards the end of the simulation period, coinciding when the omicron variant started to become dominant.
Thus, the constant factor for waning rate r, has a very low correlation with the model outputs during the start
of the simulation period and its PRCC value increased gradually towards the end of the simulation period. The
results of sensitivity analysis suggest that the model outputs are sensitive to changes in r,, rg, and .. These
parameters contribute to uncertainty in the model.

3.3. Characteristics of optimal control
Optimal controls with and without constraint and NPIs control estimated

Figure 4 displays the optimal and estimated values of the NPIs, the cumulative confirmed cases, and severe
cases in hospitals. The blue and red solid lines indicate the results of the optimal controls with and without
constraint on the hospital bed capacity, respectively. The black dashed line represents the results using the
estimated values of . If the constraint is included in the objective functional (blue solid line), there is a period
when the NPIs control is enforced relatively strongly. The optimal control rises to 0.61 (day 39 to day 44)
and then drops to almost zero afterwards. However, if there is no constraint (red solid line), the value of the
optimal NPIs control is close to zero on the entire period. Consequently, since the NPIs control is minimally
implemented, a relatively large number of confirmed cases occur, and the number of severe cases in hospitals
exceeds Cpuqz. The estimated p values, which were fitted to follow the data, vary between 0.117 and 0.61.
The number of cumulative confirmed cases corresponding to the estimated p is relatively lower than the other
two cases, and the number of severe cases in hospitals is less than C),4,. The optimal control resulting from
the constrained objective functional is relatively lower than the estimated u except from day 26 to day 50.
As a result, the number of cumulative confirmed cases corresponding to the optimal control with constraint is
relatively larger, but the number of severe cases in hospitals is still below C, 4.



OPTIMAL NON-PHARMACEUTICAL INTERVENTIONS CONSIDERING LIMITED HEALTHCARE SYSTEM 9

(a)

1 T T T T T T T
Optimal control with constraint w(t)
Optimal control without constraint w(t)
— — —Estimated u(t)

NPIs control

Cumulative

50 100 150 200 250 300 350

6000 . . , . : . .
175)
2 5 4000 -
Q '5_
2 2
L =
% = 2000 Crnaz
[ B T TT T LLL T T v PP T T P T LT r e T T T TY LT L LU L TY LY L LU L L LY L LT LT LA LI LI LTI I
0 - 1 1
50 100 150 200 250 300 350

Time (days)

FIGURE 4. The optimal controls when the constraint is included (blue solid line) and excluded
(red solid line) in the objective functional, and the estimated values of the NPIs implemented
in 2022 (black dashed line). From the top, (a) NPIs control, (b) corresponding cumulative
confirmed cases, and (c) corresponding severe cases in hospitals are shown. In panel (c), the
black dotted line indicates the manageable level C),,,. of severe cases in hospitals in Korea.

Alternative controls

Figure 5 shows the (a) optimal, average, and sub-optimal control, (b) cumulative confirmed cases , and (c)
severe cases in hospitals. In panel (a) of Figure 5, the gray dashed dotted curve indicates the proportion of
the omicron variant. Based on the values of the optimal control, the period is divided into 5 intervals. Average
control is defined as the control in which the values within each interval are constant and the cost is the same as
that for optimal control. However, when the average control is applied, the number of severe cases in hospitals
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FIGURE 5. The optimal (blue dashed line), average (yellow solid line), and sub-optimal control
(orange solid line). Panel (a) shows the three NPIs controls. The gray dotted curve indicates
the proportion of the omicron variant. Panels (b) and (c¢) show the corresponding cumulative
confirmed and severe cases, respectively. The black dotted line in panel (c¢) shows the manage-
able level C),4. of severe cases in hospitals in Korea.

in the first interval exceeds C),... Therefore, the first interval is divided further into 3 sub-intervals based on
the intersections of the plots of the optimal and average controls in the first interval. The details for obtaining
the sub-optimal control are provided in Appendix C of the supplementary material. The costs for sub-optimal
control are equal to the cost for the optimal control. The numbers of confirmed and severe cases in hospitals
are similar when the sub-optimal and optimal controls are applied. Notably, there is only a 0.03% increase in
confirmed cases with sub-optimal control compared to the standard optimal control. However, the sub-optimal
control also satisfies the constraint for C,,,,. Since day 71, all NPIs controls are close to zero. The number of
severe cases in hospitals corresponding to all NPIs controls is within C,,, after the first peak.
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4. DISCUSSION

The values of p can be interpreted as quantified effects of NPIs against disease spread, except in some periods
related to mass gathering events [32-34]. For example, social distancing level 4, which prohibits gatherings of
more than three people after 6 p.m., events and gatherings other than one-person protest, and face-to-face
religious activities, could reduce the force of infection by 65%. Because of NPIs, the average R; for 11 European
countries was 0.66 during May 2020 [35]. In particular, the estimated R; in France, using the value of Ry in our
study, decreased to 0.56 in March 2021 from March 2020 [36]. During the same period, R; in Korea decreased to
approximately 0.4. This indicates that each country effectively implemented NPIs in controlling the epidemic.

By estimating the u values during the entire period, an upper bound for the control is determined. The
estimated value of p until the start of vaccination was used to tune the cost-related parameter B, which
appeared in the optimal control problem. This approach can be easily modified and applied to other countries
or diseases.

Intensified NPIs can cause significant economic burden [37]. We also found that the estimated weight of
NPIs (B;) is 132680 times more than the cost for a severe case (Bz). Hence, in the absence of the constraint,
NPIs control is less favored as a way to reduce costs. No NPIs may lead to more incidence and severe cases
in hospitals, and puts a strain in the healthcare system. The red solid line in Figure 4 shows that the optimal
control for the problem without constraint could not be realistically implemented, considering the healthcare
system capacity. The number of severe cases in hospitals was suppressed below C,,,, by including a constraint
in objective functional. We also estimated the reduction in transmission due to NPIs (u) implemented from 14
Jan to 28 Apr 2022. The trend of the estimated p value in each period in Figure 4 is similar to the change of
social distancing policies (in Tab. A.3).

Comparing the number of cumulative confirmed cases and severe cases in hospitals corresponding to the
optimal and estimated p in Figure 4, it can be seen that Korea strongly implemented NPIs in the first half of
2022. Although there are relatively more incidence cases if the optimal control is applied, the number of severe
cases in hospitals could be kept below C),4, with more eased NPIs.

Subsequently, taking into consideration practical applicability, we found sub-optimal control, obtained from
the optimal control. Optimal control, average control, and sub-optimal control have the same cost, which means
that the effort involved in NPIs is the same. Even though the costs of the average and sub-optimal control from
day 0 to day 71 are the same, there are differences in the sizes of the severe cases in hospitals corresponding to
each control during this period in Figure 5. This means that a strategic implementation of NPIs is necessary
from the day 0 to day 71, the period when the proportion of the omicron variant increased to 100%. The
obtained time-dependent optimal control shows the importance of prompt application of the enhanced NPIs
when omicron rapidly became the dominant variant. Limitations of this research are as follows. First, we did not
consider unreported cases, which have been suspected to exist after the omicron wave because the proportion
of the population who have infection-induced antibody exceeded the proportion of those who were confirmed
to have COVID-19 [29]. Therefore, the number of cumulative confirmed cases simulated from our model might
differ from the actual data. Second, we did not consider a long-lasting partial immunity induced only by infection
but assumed that the unvaccinated host whose immunity from infection had waned has the same immunity as
those who never got infected. Re-infection considering partial immunity and unreported cases will be included
in the future work. This study may be limited to COVID-19 outbreak in Korea. If model key parameters and
costs related to the outbreak are modified, this model can be applied to other countries and diseases.

5. CONCLUSION

In this study, we obtained an optimal control which was designed to minimize costs while suppressing the
number of severe cases in hospitals below the manageable level in Korea. To do this, we employed an innovative
methodology that transforms the constrained problem into an unconstrained one, using a logistic function and
incorporating the limited hospital beds as a penalty term in the objective functional. Model simulations using
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the optimal control emphasize that the number of severe cases in hospitals could be reduced to the manageable
level with less effort and cost for NPIs than in practice.

Based on the optimal control, we also suggested the more practical sub-optimal control. We found that the
number of severe cases in hospitals could be under the manageable level with less effort and cost. Furthermore,
we observed that the intensity of intervention strategy could be adjusted based on practical indicators such as
the proportion of a variant. NPIs should be intensified during the period when the omicron variant becomes
dominant. The framework of this study can be modified to consider other variants, or even another emerging
infectious disease which can appear in the future, and suggest appropriate level of NPIs to secure the healthcare
system.

APPENDIX A. MODEL PARAMETER SETTING

The proportions of the variants are modeled using a logistic function that follows the reported proportions
of the delta and omicron variants among the infections [38-40]. The proportions of each variant over time are
formulated as

L, t<ts
Fpre—s(t) =4 1= F5(t), ts <t<t,
0, to <,
0, t<ts
Fs(t) = 1+(N%_K)5e,w,t5), ts <t<t,
1 — Fo(t), to < t,
0, t<ts
F,(t) =40, . ts <t <t
1+ (e —1)Oefro(tfto> v oS

where Nys (Noo) is the initial proportion of delta (omicron) which was aggregated from the data [41, 42], K
(K,) is the upper limit of the proportion of delta (omicron) which we set to 1, rs (r,) is the growth rate of
the proportion of delta (omicron) among the infections, and ¢5 (¢,) is the initial detection time of the delta
(omicron) variant. The parameters rs and r, are computed using the values of Nys, K, ts, Noo, Ko, and t,.
Their values are 0.091 and 0.127, respectively.

If X is a parameter which is affected by the variants, then its value is formulated as a function of the
proportions of variants (Fpre—s(t), Fs(t), F,(t)) and variant-specific parameters (Xpre—s,Xs,X,). The parameter
X is expressed as follows,

X(t) = [Xpre—é X Fpre—é(t)] + [X6 X F(S(t)] + [Xo X Fo(t)]'

In our study, the effectiveness of booster shots against the pre-delta variant was not considered because the
booster administration started only during the delta-dominant period [43, 44]. Because of a new isolation policy
from 26 Jan 2022 [45], 71 and 2 changed to 1/7 and 1/10 from this date, respectively. The variant-dependent
parameters are listed in Table A.1 and the rest of the parameters are listed in Table A.2. The phase-dependent
1 and the estimates are listed in Table A.3. We see in Table A.3 the values of p on several periods, divided
according to the social distancing policy and holidays. During two periods, we observed that p was negative.
The reason for p being negative during the first period (from 16 Feb 2020 to 28 Feb 2020) was the occurrence of
a cluster infection caused by a religious group [32]. The calculated Ry, expressed as (1-u) Ry (where Ry=3.32),
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TABLE A.1l. Parameters and definitions used in the model according to variants.

Symbol Description Pre-delta Delta Omicron Reference
K Progression rate 1/4 1/2 1/2 [46, 49, 50]
a Isolation rate 1/4 1/6 1/6 [51, 52]
B Transmission rate without 0.83 0.85 1.583 [26, 53, 54]

interventions
" Recovery rate of mild case 1/14.7 1/11.9 1/10 [55]
Yo Recovery rate of severe case 1/17.5 1/14.3 1/12.6 [55]
ey Effectiveness of first shot 0.625 0.47 0.37 [56-58]
ep Effectiveness of second shot 0.833 0.893 0.626 [56-58]
ew, Waned effectiveness of primary 0.662 0.605 0.074 [56-58]
vaccination
ep Effectiveness of booster shot - 0.858 0.72 [56-58]
ew, Waned effectiveness of booster shot - 0.751 0.331 [56-58]
Ds Severe rate of the unvaccinated 0.0183 0.022 0.0005 [59]
pp Severe rate of people with 0.0031 0.0037 0.0002 [59, 60]
effectiveness of primary vaccine
W, Severe rate of people with waned 0.0042 0.0051 0.0002 [59, 60]
effectiveness of primary vaccine
DB Severe rate of people with 0.0011 0.0013 0.0001 [59, 60]
effectiveness of booster shot
W, Severe rate of people with waned - 0.0025 0.0001 [59, 60]
effectiveness of booster shot
TABLE A.2. Parameters and definitions used in the model.
Symbol Description Value Reference
1/d Severity classification period 0.5 Assumed
f Case fatality rate 0.0078 [61]
Ts Waning rate of natural immunity of 1/120 [62-64]
the unvaccinated
T Waning rate of natural immunity of 1/480 [65]
(x € {V,P,W,, B,W}) the vaccinated
m Progression rate from compartment V 1/48.51 (66, 67]
to compartment P
w Waning rate of vaccine-induced 1/180 (68, 69]

immunity

during this period was greater than 6, as demonstrated in the study by Kim et al. [46]. This indicates that the
corresponding p value is negative. During the second period (from 9 Aug 2020 to 15 Aug2020), u was negative
due to a mass gathering event on Korean Liberation Day [47]. These two notable events led to R; higher than
Ry previously investigated in [48]. Note that these negative p values are ignored during the estimation Bj.
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TABLE A.3. p value by period.

Value Period Value Period

—0.939 16 Feb 2020 to 28 Feb 2020  0.640 28 Apr 2021 ~ 30 Jun 2021
0.871 29 Feb 2020 to 21 Mar 2020  0.490 1 Jul 2021 ~ 11 Jul 2021
0.878 22 Mar 2020 to 19 Apr 2020 0.580 12 Jul 2021 ~ 26 Jul 2021
0.881 20 Apr 2020 to 8 May 2020  0.650 27 Jul 2021 ~ 7 Sep 2021
0.483 9 May 2020 to 23 Jun 2020 0.530 6 Sep 2021 ~ 28 Sep 2021
0.723 24 Jun 2020 to 8 Aug 2020  0.513 29 Sep 2021 ~ 17 Oct 2021

—0.212 9 Aug 2020 to 15 Aug 2020 0.378 18 Oct 2021 ~ 31 Oct 2021
0.616 16 Aug 2020 to 29 Aug 2020 0.191 1 Nov 2021 ~ 30 Nov 2021
0.879 30 Aug 2020 to 13 Sep 2020 0.378 1 Dec 2021 ~ 14 Dec 2021
0.747 14 Sep 2020 to 27 Sep 2020  0.380 15 Dec 2021 ~ 5 Jan 2022
0.747 28 Sep 2020 to 11 Oct 2020 0.400 6 Jan 2022 ~ 13 Jan 2022
0.590 12 Oct 2020 to 18 Nov 2020  0.453 14 Jan 2022 ~ 6 Feb 2022
0.480 19 Nov 2020 to 30 Nov 2020  0.422 7 Feb 2022 ~ 18 Feb 2022
0.632 1 Dec 2020 to 22 Dec 2020  0.586 19 Feb 2022 ~ 4 Mar 2022
0.776 23 Dec 2020 to 3 Jan 2021 0.610 5 Mar 2022 ~ 20 Mar 2022
0.747 4 Jan 2021 to 14 Feb 2021 0.485 21 Mar 2022 ~ 17 Apr 2022
0.529 15 Feb 2021 to 25 Feb 2021  0.204 4 Apr 2022 ~ 17 Apr 2022
0.710 26 Feb 2021 to 27 Apr 2021  0.117 18 Apr 2022 ~ 28 Apr 2022

APPENDIX B. CHARACTERIZATION OF OPTIMAL CONTROL

An optimal control and the corresponding states should satisfy the necessary conditions derived from
Pontryagin’s maximum principle [70]. The Hamiltonian of our model is defined as follows,

1
H = 2 s oo T B’ B2 Gilt) + 3 A

1ET j€y

where ) is the adjoint variable and g; is the right hand side of each differential equation for the state variables.
Note that x and y indicate the set of state variables related to the vaccination status and the set of all state vari-
ables used in the model, respectively, i.e., x = {S,V, P, W,,, B,W},} and y = {S,V, P, W,, ..., Mw,, Cw,, Rw, }.
The necessary conditions are obtained from the Hamiltonian H as follows [30]:

OH
B = 0 at w* (Optimality condition),
u
O0H
N = 5 (Adjoint equation),

A(ty) =0 (Transversality condition).

We obtain the adjoint equations by differentiating the Hamiltonian H with respect to each state variable
1EY:
OH
A = 5 with \;(¢5) =0 for i € y.
i
The optimal control u* is derived using the optimality condition at u* on the set Q = {u € L (to, )0 < u <
0.61}.
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FiGUrRE C.1. The heat map of the maximum number of severe cases in hospitals based on
the values in the 3 sub-intervals. The red contour indicates that the maximum number of
severe cases in hospitals is 1500, and the interior represents values below 1500. The white
asterisk indicates the point with the minimum among the maximum number of severe cases in
hospitals.

APPENDIX C. COMPUTATION OF SUB-OPTIMAL CONTROL

Sub-optimal control should satisfy the following conditions: (1) optimal control u* and sub-optimal control
have the same cost for NPIs, (2) the severe bed capacity is not exceeded, and (3) the maximum number of
severe cases in hospitals is the lowest among all possible piecewise combinations.

We formulated the piecewise control by first dividing the period into different intervals, which are chosen
whenever the optimal values are less than 1072 or not. Then constant values with the cost equal to u* are
calculated for each interval. This is how the average control is obtained. However, this does not guaranteed
condition (2). So in our problem, the first interval is divided into 3 sub-intervals based on the intersections of
the optimal control u* and average control. That is,

71
/0 w(t) = (b — 0)ud, + (ta — t1)ul, + (T1 —ta)ud,, (C.1)

where u,, (j = 1,2,3) indicates NPIs value in the jth sub-interval, and ¢; and ¢ represent the first and second
intersection point of u* and average control in the first interval, respectively. The equation (C.1) means that
the piecewise control has the same cost as v* until day 71. After day 71, the remaining intervals are set to the
same as the average control. Therefore, the cost of piecewise optimal is equal to u*. We discretized u,, and u,,,
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with step size set to 0.001 and found a total of 27861 possible combinations. The expression in (C.1) is utilized
to determine w,, for each u,, and u,,. Using the second condition, the number of combinations is reduced to
only 156 combinations. Finally, the last condition is used to determine the sub-optimal control by finding the
combination where the maximum number of severe cases in hospitals is minimized. Figure C.1 illustrates the
maximum number of severe cases, for varying values of u,, and u,,. The red contour indicates the combinations
of uy,, and u,, such that the maximum value of the number of severe cases is exactly 1500. This means that
the interior of the red curve represents all the combinations of u,, and u,, that will yield to severe cases not
exceeding 1500. The white asterisk represents the minimum among the maximum number of severe cases in
hospitals.

APPENDIX D. THE IMPACT OF PARAMETERS ON THE OPTIMAL
CONTROL RESULT

We investigated the impact of parameters on the results and comportment of the optimal control methods.
The current model is set with C,,., = 1500, B; = 221575, and By = 1.67. Based on this, we considered 8
scenarios shown in Table D.1.

In Figure D.1, we categorized C), 4, values by line color, and Bj, By values by line style. The top, middle,
and bottom frames show NPIs controls, cumulative confirmed cases, and severe cases in hospitals, respectively,
for each of the 8 scenarios.

If C)ae decreases to 1200, even with an increase in the costs By and Bs, the period of enforcing strong NPIs
control before day 100 increases to reduce the number of severe cases in hospitals because the maximum bed
capacity is relatively low. The duration of this period varies slightly depending on the costs By and By. As Chaz
increases, the period of strong control before day 100 decreases. This suggests that, if the number of beds were
maintained at around 1200, similar to the period of the delta variant outbreak in Korea, the longer duration of
reinforcing NPIs is necessary. Furthermore, if the number of beds were maintained at around 1800, similar to
the early stages of the omicron variant outbreak, it demonstrates that even with a relatively short duration of
reinforcing NPIs, it is possible to reduce the number of severe cases in hospitals to a manageable level.

If the costs B; and Bs increase, the intensity of NPIs control after day 180 to prevent the second and third
waves significantly decreases. Conversely, if these costs decrease, the intensity of NPIs control after day 180
relatively increases.

From these simulation results, we observed that C,,.. is the crucial factor on result in the optimal control
solutions.

Based on the values of k=0.1 and Z=1 000000 set in our model, we also considered the following 4 scenarios
shown in Table D.2.

Figure D.2 illustrates the optimal control results based on the coefficient k related to the slope at C},q, and
the weigh constant Z of the constraint term. These parameters minimally impact the results and comportment
of optimal control method.
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TABLE D.1. 8 scenarios according to the values C,,4z, B1, and Bs.
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Scenarios Maximum bed capacity Weight constant for NPIs Weight constant for severe cases in
(Crnaz) (By1) hospitals (Bs)
1 1200 2215750 16.7
2 1200 221575 1.67
3 1200 22157.5 0.167
4 1500 2215750 16.7
5 1500 22157.5 0.167
6 1800 2215750 16.7
7 1800 221575 1.67
8 1800 22157.5 0.167
0.8 v v v v v
Default
= = = Scenario 1
Te 0.6 Scenario 2 ]
= | Ff Y g e Scenario 3
Q = = = Scenario 4
:2 04 4 %%y ... Scenario 5 S 1
E Scenario 6 ‘f J’;)
Z 0.2 Scenario 7 H B
Scenario 8 i, H H
ﬁgfi:;;;;A‘ﬁ_ﬁ;ﬁsig:;:§

Cumulative
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i
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Severe cases
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FIGURE D.1. The results of optimal control method according to the values of maximum bed
capacity (Craz), weight constant for NPIs (Bj), weight constant for severe cases in hospitals

Bo).
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TABLE D.2. 4 scenarios according to the values k and Z.

Scenarios Coefficient associated with the slope Weight constant of the constraint
at Crag (k) term (Z)
1 0.05 1000000
2 0.1 10000000
3 0.1 100000
4 0.2 1000000
0.8 T T T T T T T
Default
S 0.6 Scenario 1
E .......... Scenario 2
S04t - = =Scenario 3
8] Scenario 4
&
Z 0.2 ]
O L L

50 100 150 200 250 300 350

Cumulative
confirmed cases

0 L L L L L L L
50 100 150 200 250 300 350

3000 , , : : : | :

2000 + 1
Chuaz = 1,500

Severe cases
in hospitals

—
(]
(=]
(=]

1 1 1 1

50 100 150 200 250 300 350
Time (days)

FiGURE D.2. The results of optimal control method according to the values of coefficient
associated with the slope at Chuqs (K), weight constant of the constraint term (2).
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FiGURE E.1. From the top, different NPIs controls, corresponding cumulative confirmed cases,
and corresponding severe cases in hospitals

APPENDIX E. EXTENDED SIMULATION STUDY

In Korea, social distancing had been adjusted or maintained approximately every two weeks. Based on the
actual periods of altering or maintaining the social distancing level in Korea, we divided the timeline into
intervals of 2 weeks or 4 weeks and determined sub-controls for each interval with cost equal to optimal control.
When the sub-control with 2-week intervals is applied (green line), the number of severe cases in hospitals does
not exceed Cppqz, whereas when the sub-control with 4-week interval is applied (purple line), it surpasses Ciqx
in Figure E.1. This highlights the importance of appropriately adjusting the intensity and timing of NPIs during
periods when the variant becomes dominant.
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