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Abstract. Using a discretised version of our recently-developed SIR-type mathematical model for the spread of

COVID-19, we construct a design of governmental policies for the eradication of the disease in the province of DKI

Jakarta, Indonesia, taking as a basis the actual data of mid-2021. The design takes the form of a precise, quantitative

method to determine the appropriate level(s) of restrictions on community activities (PPKM) which should be

enforced in the province on any given day, based on the current values of the disease’s effective reproduction

number and the hospitals’ bed-occupancy rate.

Keywords: COVID-19; governmental policy; effective reproduction number; bed-occupancy rate.

2010 AMS Subject Classification: 00A69, 92D25, 93E24.

1. INTRODUCTION

Following the entry of the coronavirus disease 2019 (COVID-19) to Indonesia on March

1st, 2020 (infecting a 34-year-old woman after being in contact with a Japanese visitor who

was tested positive only after leaving the country [16, 17]), the disease spread across all 34

provinces [18], the country’s number of daily new cases reaching its currently highest point of

56,757 on July 15th, 2021 [22]. On July 3rd, the government called for emergency restrictions
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on community activities (emergency PPKM) [20], seemingly effectively creating a declining

trend past the aforementioned highest point [22]. The emergency PPKM was subsequently

referred to as a level 4 PPKM [21], before, in the Special Capital Region of Jakarta (DKI Jakarta)

province, downgraded to a level 3 PPKM on August 24th [3]. Each PPKM level (1 to 4) signify

a different degree of restrictions, the practical details being described in some instructional

documents issued by the Minister of Home Affairs [8, 9]; for an (unofficial) English translation,

see [10]. Non-medical shopping centres, for instance, are instructed to shut completely on a

level 4 PPKM, operate only at 25% capacity with a 17:00 curfew on a level 3 PPKM, operate

only at 50% capacity with a 20:00 curfew on a level 2 PPKM, and operate only at 75% capacity

with a 21:00 curfew on a level 1 PPKM.

The government of every province, being the policy maker, is responsible for a judicious

determination of the appropriate level of PPKM to be enforced on the respective province, on

any given period. A prolonged high-level PPKM, albeit perhaps effective from the viewpoint of

the disease’s eradication, could lead to a significant decline in the economic sector. On the other

hand, determining whether a low-level PPKM (or a level 0 PPKM, that is, a complete absence

of restrictions) can already be allowed is extremely difficult.

In this paper, we formulate precise, quantitative conditions warranting the enforcement of

each level of PPKM in the province of DKI Jakarta. These conditions are expressed in terms

of ranges of values of the disease’s effective reproduction number (the expected number of

susceptible individuals to whom a single infected individual transmits the disease [5, 6, 12]) and

the hospitals’ bed-occupancy rate (the number of hospitalised COVID-19 cases per isolation bed

[19]), using the following mathematical model which we recently developed [23]:



dS(t)
dt

= λ −µS(t)− βS(t)I(t)
1+ γS(t)

,

dI(t)
dt

= −µI(t)−µ
′I(t)+

βS(t)I(t)
1+ γS(t)

− αI(t)
1+ρI(t)

,

dR(t)
dt

= −µR(t)+
αI(t)

1+ρI(t)
.

This is an SIR-type model, originally designed to capture the role of the susceptible individu-

als’ cautiousness rate γ ∈ [0,1] and the hospitals’ bed-occupancy rate ρ ∈ [0,1] in the disease’s
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spread. The symbols S(t), I(t), R(t) denote the number of susceptible, infected, recovered indi-

viduals at time t ∈ [0,∞), respectively, while λ , µ , µ ′, β , α are positive parameters interpretable

as the entry rate, the death rate, the death rate increment due to the disease, the incidence rate,

and the recovery rate, respectively.

2. METHOD AND RESULTS

Let us now describe our method and results. Once again, our goal is to use the above model

to formulate quantitative conditions under which each level of PPKM should be enforced in

DKI Jakarta. To this end, we first discretise the above model as follows:

(1)



Ŝt+1 = Ŝt +λ −µ Ŝt−
β̂t Ŝt Ît

1+ γ Ŝt
,

Ît+1 = Ît−µ Ît−µ
′Ît +

β̂t Ŝt Ît
1+ γ Ŝt

− α̂t Ît
1+ρt Ît

,

R̂t+1 = R̂t−µR̂t +
α̂t Ît

1+ρt Ît
.

We describe the quantities involved in or related to (1), and their assumed values.

(i) The following are parameters, whose values are therefore kept fixed:

(2) λ =
10,467,629

65×265
≈ 607.6997968, µ = 0.0000421496, µ

′ = 0.06, and γ = 0.35,

the first three of which are taken from [2, Table 1], while the last one is the estimate we

used in [23, Table 4].

(ii) Considering the available data, we let the independent variable t ∈ Z be measured in

days, where t = 0 represents August 7th, 2021. Thus, August 24th —the day on which

the PPKM was downgraded from level 4 to level 3— is represented by t = 17. Al-

though we also consider negative values of t, we shall mainly work over the period

t ∈ {0, . . . ,30}, i.e., from August 7th to September 6th.

(iii) From the data {(It ,Rt)}30
t=−90 of the daily numbers of infected and recovered individ-

uals over the period from May 9th to September 6th, provided by the Johns Hopkins

Coronavirus Resource Center [13], we obtain {(St , It ,Rt)}30
t=−90, where, for every t ∈

{−90, . . . ,30}, St is the unique solution of the equation St + It +Rt = Nt = 10,467,629,
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the right-hand side being the population size of DKI Jakarta, assumed to be constant

and equal to the numerator of λ in (2). To form an initial condition
(
Ŝ0, Î0, R̂0

)
for (1),

we let Î0 = I0 = 12,799, R̂0 = R0 = 802,334, and Ŝ0 = S0 = N0− I0−R0 = 9,652,496.

(iv) The hospitals’ bed-occupancy rate ρt is assumed to be time-dependent; we use the data

of daily occupancy percentages of hospital beds which are allocated for COVID-19

patients, provided by the Ministry of Health [14]. See Figure 3 (right) for a plot of the

points {(t,ρt)}30
t=0.

(v) The data of the recovery and incidence rates, α̂t and β̂t , also assumed to be time-

dependent, are unavailable. These quantities, therefore, must be estimated; see below.

(This is the reason why we use the symbols α̂t and β̂t , rather than αt and βt .)

As mentioned in the previous section, the conditions are to be formulated in terms of the

model’s effective reproduction number

(3) Reff
t =

β̂tλSt

(µ + γλ )(µ +µ ′+ α̂t)Nt

and the hospitals’ bed-occupancy rate ρt . Notice that Reff
t and ρt are independent, and thus

complement each other. Indeed, we shall see later that, from the viewpoint of these two quan-

tities, the downgrading of the PPKM level from 4 to 3 on August 24th [3] is not at all due to a

sustained decline of Reff
t , but to that of ρt .

We thus regard every point
(
Reff

t ,ρt
)

on the Reffρ-plane as a quantitative description of the

pandemic situation in DKI Jakarta on day t. Our aim is to assign to every such point the level(s)

of PPKM (0, 1, 2, 3, or 4) which is appropriate to be enforced.

Let us now discuss the estimation of the recovery and incidence rates: α̂t and β̂t , over the

period t ∈ {0, . . . ,30}. First, we note that it is not sensible to estimate them via

(4) α̂t =
Rt−1

N0
and β̂t =

It−1

N0

(see, e.g., [1, pages 3–4]); indeed, such an estimation gives unreasonably low values of Reff
t

throughout the period, as plotted in Figure 1. The computation, however, also shows that there

We compute Reff
t as Rt (St/Nt) [5, 6, 12], where Rt denotes the model’s basic reproduction number [23, equa-

tion (3)].
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is no significant difference in the values of Reff
t if the quantities St and Nt in the formula (3) are

replaced with Ŝt and N̂t := Ŝt + Ît + R̂t . Notice that, while Nt is constant for every t, this is not

the case for N̂t .
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FIGURE 1. A plot of the points
{(

t,Reff
t
)}30

t=0, where Reff
t is computed using

the formula (3) (red crosses), and where Reff
t is computed using the formula (3)

with Ŝt and N̂t = Ŝt + Ît + R̂t replacing St and Nt (blue noughts). Here, α̂t and β̂t

are estimated using (4). The vertical distance between every two corresponding

points is less than 10−4.

We therefore apply the following alternative method to estimate the values of α̂t and β̂t . On

any given day t ∈ {0, . . . ,30}, we let the pair
(

α̂t , β̂t

)
be the least-squares solution of the system

of 90 linear equations in α̂t and β̂t constructed by substituting into (1) the parameter values (2)

as well as the values of ρs and
(
Ŝs, Îs, R̂s

)
= (Ss, Is,Rs) for every s ∈ {t− 90, . . . , t− 1}. Such

a method is referred to as the L-BFGS-B algorithm [4, 7, 11]. The resulting points {(t, α̂t)}30
t=0

and
{(

t, β̂t

)}30

t=0
are plotted in Figure 2.
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FIGURE 2. Plots of the points {(t, α̂t)}30
t=0 (left) and

{(
t, β̂t

)}30

t=0
(right) re-

sulting from the L-BFGS-B algorithm.

Subsequently, computing the values of Reff
t for t ∈ {0, . . . ,30} using the formula (3), we

obtain the points
{(

t,Reff
t
)}30

t=0 plotted in Figure 3. It is apparent from the figure that, for

t ∈ {0, . . . ,30},

Reff
t ∈ (0.40,0.72) and ρt ∈


(0.2,1], if t ∈ {0, . . . ,17};

[0,0.2], if t ∈ {18, . . . ,30}.
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FIGURE 3. On the left panel, a plot of the points
{(

t,Reff
t
)}30

t=0, where Reff
t is

computed using the formula (3) (red crosses), and where Reff
t is computed using

the formula (3) with Ŝt and N̂t = Ŝt + Ît + R̂t replacing St and Nt (blue noughts).

Here, α̂t and β̂t are estimated using the L-BFGS-B algorithm. On the right panel,

a plot of points {(t,ρt)}30
t=0.
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As mentioned in the previous section, t ∈ {0, . . . ,17} is a period of level 4 PPKM, while

t ∈ {18, . . . ,30} is a period of level 3 PPKM. We see therefore that the downgrading of the

PPKM level from 4 to 3 on day t = 17 (August 24th) is not due to the values of Reff
t , but

to those of ρt which undergo a consistent decrease. Consequently, let us assign to the two

rectangles (0.40,0.72)×(0.2,1] and (0.40,0.72)× [0,0.2] on the Reffρ-plane (shaded in Figure

4) the policies of level 4 PPKM and level 3 PPKM, respectively.

0.40 0.72
0

0.2

1

level 3 PPKM

level 4 PPKM

level 3 PPKM

level 4 PPKM

level 0–2 PPKM

level 3 PPKM

Reff
t

ρ
t

FIGURE 4. Our design of governmental policies: the appropriate level(s)

of PPKM which should be enforced in the situation described by every point(
Reff

t ,ρt
)
∈ [0,∞)× [0,1].

To complete our policy design, let us assign an appropriate level of PPKM to each of the four

unshaded rectangles: [0,0.40]× [0,0.2], [0,0.40]× (0.2,1], [0.72,∞)× [0,0.2], and [0.72,∞)×

(0.2,1], as follows.

(i) The rectangle [0.72,∞)× (0.2,1] represents a pandemic situation which is worse than

that represented by (0.40,0.72)× (0.2,1], to which we have already assigned level 4.

Since there is no PPKM level higher than 4, it makes sense to also assign level 4 to

[0.72,∞)× (0.2,1].

(ii) Let us now consider the rectangles [0.72,∞)× [0,0.2] and [0,0.40]×(0.2,1]. Compared

to [0.72,∞)× (0.2,1], in the former rectangle, the reproduction number is on the same

range while the bed-occupancy rate is lower, whereas in the latter, the bed-occupancy

rate is on the same range while the reproduction number is lower. We thus assign to
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each of these rectangles the lower level 3. For the former rectangle, any lower level is

not recommended; this is to avoid any drastic increase of the bed-occupancy rate due to

the high level of reproduction number. By contrast, for the latter, a lower level could be

considered, since the currently high bed-occupancy rate can be expected to decline due

to the low level of reproduction number.

(iii) Finally, in the rectangle [0,0.40]× [0,0.2], where the reproduction number and the bed-

occupancy rate are both low, it is fitting to assign level 2 or any lower level of PPKM.

Therefore, in a period where level 3 PPKM is being enforced, the PPKM level could be down-

graded to 2 only once both the reproduction number and the bed-occupancy rate have reached

notably low values (under 0.40 and under 0.2, respectively), and should be upgraded to 4 if both

of them have exceeded the same respective thresholds (over 0.40 and over 0.2, respectively).

3. CONCLUSIONS AND FUTURE RESEARCH

We have constructed a design of governmental policies for the eradication of COVID-19 in

DKI Jakarta, consisting in a quantitative method to determine the appropriate PPKM level on

any given day t, which can be summarised as follows. First, we obtain the present hospitals’

bed-occupancy rate ρt and effective reproduction number Reff
t . Then, we check the validity of

two conditions: (i) ρt > 0.2 and (ii) Reff
t > 0.4. A level 4 PPKM should be enforced if and only

if both (i) and (ii) are true, a level 3 PPKM should be enforced if exactly one of (i) and (ii) is

true, and a lower level of PPKM can be enforced if both (i) and (ii) are false.

This research can be developed in the following ways. First, one could carry out similar

analysis using more advanced mathematical models, taking into account additional aspects such

as the possibility of reinfection [23, section 4] or the number of vaccinated individuals, the

latter being expected to play a significant role in the determination of the PPKM level [15].

Improvements could also be made on our parameter estimation methods. Indeed, our estimated

values of recovery and incidence rates on any given day could be compared to those estimated

using, rather than the data of the previous 90 days, e.g., those of both the previous and following

weeks. Finally, our method can also be applied to provinces other than DKI Jakarta.
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