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Abstract

Testing is crucial for early detection, isolation, and treatment of coronavirus disease
(COVID-19)-infected individuals. However, in resource-constrained countries such
as the Philippines, test kits have limited availability. As of 11 April 2020, there are 11
testing centers in the country that have been accredited by the Department of Health
(DOH) to conduct testing. In this paper, we use nonlinear programming (NLP) to
determine the optimal percentage allocation of COVID-19 test kits among accred-
ited testing centers in the Philippines that gives an equitable chance to all infected
individuals to be tested. Heterogeneity in testing accessibility, population density of
municipalities, and the capacity of testing facilities are included in the model. Our
results show that the range of optimal allocation per testing center are as follows:
Research Institute for Tropical Medicine (4.17-6.34%), San Lazaro Hospital (14.65—
24.03%), University of the Philippines-National Institutes of Health (16.25-44.80%),
Lung Center of the Philippines (15.8-26.40%), Baguio General Hospital Medi-
cal Center (0.58-0.76%), The Medical City, Pasig City (5.96-25.51%), St. Luke’s
Medical Center, Quezon City (1.09-6.70%), Bicol Public Health Laboratory (0.06—
0.08%), Western Visayas Medical Center (0.71-4.52%), Vicente Sotto Memorial
Medical Center (1.02-2.61%), and Southern Philippines Medical Center (* 0.01%).
Our results can serve as a guide to the authorities in distributing the COVID-19 test
kits. These can also be used for proposing additional testing centers and utilizing the
available test kits properly and equitably, which helps in “flattening” the epidemic
curve.
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1 Introduction

The coronavirus disease (COVID-19) is an infectious respiratory disease caused by
the novel coronavirus strain officially known as severe acute respiratory syndrome —
coronavirus 2 (SARS-Cov-2) [25]. The virus is said to have originated from Wuhan,
China [32], and affected hundreds of thousands of people across 146 countries as
of mid-March [9]. The World Health Organization (WHO) officially declared the
COVID-19 as a global pandemic [20].

Countries with widespread testing and surveillance strategies, like South Korea
and Germany, have been able to contain the spread the virus [5, 10, 15, 25].
Implementation of extensive testing for COVID-19 is essential to help researchers
understand the epidemiology of the disease. It may also allow them to trace even
asymptomatic cases that can accelerate the increase in the number of cases and cause
epidemic control problems. More importantly, this helps policymakers and health-
care professionals reduce spread, strategically deliver treatment resources, and devise
appropriate policy responses [16, 17, 21, 27].

In the Philippines, the Department of Health (DOH) is enhancing its coronavirus
laboratory testing capacity, hospital preparedness, rapid response, and its risk com-
munication and information dissemination [12]. The government plans to start a
targeted massive testing program for COVID-19 starting April 14 to fully assess
the public health situation [13]. However, there have been substantial constraints
in resources and other challenges with conducting adequate testing, as the testing
capacity is overburdened that even the well-resourced nations were overwhelmed by
the effects of the pandemic [14, 17, 25]. These challenges with large-scale testing
are exacerbated in resource-constrained countries such as the Philippines. Although
DOH plans to significantly increase the capacity for testing, resources, such as test
kits, remain insufficient to test a large portion of the susceptible population in the
country [22]. As of April 11, 2020, the Philippines has reported about 5000 confirmed
cases from the 38,640 COVID-19 tests conducted by the 11 DOH-accredited labora-
tories and hospitals in the country as shown in Fig. 1 [19]. This relatively low number
of reported cases could be due to difficulty in extending the tests to the population
most in need, and a meager supply of testing resources to identify COVID-19 cases
[7, 30]. Thus, it is necessary for the Philippines to come up with an optimal strategy
for distributing available test kits among the testing centers so that each individual
suspected to be infected has an equal chance of being tested.

In this paper, we use a nonlinear programming (NLP) model on designing equi-
table resource allocation on resource-constrained countries to address this issue. The
mathematical model includes heterogeneity in testing accessibility and the data are
population density-based to incorporate the different conditions on each communi-
ties where people in dense communities have more face-to-face interaction and thus
are most at risk in getting infected [11, 29]. The equity objective function of the
model provides an equal assessment of the distribution of the limited test kits among
the testing centers. We apply the model to the population density-adjusted num-
ber of COVID-19-infected individual projection in the Philippines. We let the basic
reproduction number (average number of direct secondary cases generated from a

@ Springer



56 Journal of Healthcare Informatics Research (2021) 5:54-69

Infection Risk of COVID-19 in the Philippines
and Location of Testing Centers

No. of Infected
0-200
200-400
400-600
600-800
800-1000
11 [ 1000-2000
z I 2000-3000
Il 4000-5000
Il >5000

Fig. 1 Heat map of infections and locations of testing centers accredited by the World Health Organiza-
tion as of 11 April 2020. The following are the accredited testing centers and are shown on the map: (1)
Research Institute for Tropical Medicine (RITM); (2) San Lazaro Hospital; (3) University of the Philip-
pines - National Institutes of Health (UP-NIH); (4) Lung Center of the Philippines; (5) Baguio General
Hospital and Medical Center (BGHMC); (6) The Medical City, Pasig City (TMC); (7) St. Luke’s Medical
Center, Quezon City; (8) Bicol Public Health Laboratory (BPHL); (9) Western Visayas Medical Center
(WVMC); (10) Vicente Sotto Memorial Medical Center (VSMMC); (11) Southern Philippines Medical
Center (SPMC

contagious person in a fully susceptible community) of COVID-19 in the country to
be Ry = 2.5 to estimate the infected number of individuals that should be tested [4,
23]. We consider the population of each municipalities in the country as well as the
current testing centers accredited by the DOH.

The remaining parts of the paper are organized as follows: in Section 2, we dis-
cuss the preliminaries of the model: estimating the number of infected individuals,
accessibility of test kits, and a model for the distribution of test kits. We also develop
the constraints which is then utilized in the NLP model formulated. In Section 3, we
find the coordinates for the communities and determine the different values for the
dispersal length scale parameter k. These values are used to determine the optimal
allocation of test kit distribution. Section 4 interprets the results and implications of
the study. Section 5 presents conclusion and offers recommendations. The last section
provides the supplementary materials of the paper.
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2 Model Formulation
2.1 Preliminaries

In this model, we consider the municipalities and cities in the Philippines to be the
community i and estimate the number of infected individual in each community. We
assume that these individuals will go to the nearest accredited testing center j in
terms of great circle distance and only one test kit will be used per individual.

2.1.1 Estimating the Number of Infected Individuals

We consider a forecasted population of each communities in the Philippines for the
year 2019 based on the 2015 Philippine Statistics Authority (PSA) Census [1]. Each

1
population of the community is then multiplied to 1 — e with Ry = 2.5 where Ry is

the reproduction number of the virus or the epidemiological metric that describes the
contagiousness or transmissibility of an infectious disease [6]. This will give us the
approximate cumulative estimate of infected individuals during the whole epidemic
period per community on a do-nothing situation in a well-mixed system [24]. To
relax the well-mixing property of the model, we then consider the population density
of each community, and factor in a 1-m additional distance around a person (or 4 m?
safe space per person) as recommended by the WHO to observe social distancing.
Factoring in the density of each communities also allows our result to be applicable
for a long period of time due to the stable trend and distribution of population densi-
ties and its correlation to the number of infected individuals [11]. Thus, we compute
for the projected total number of infected individuals in community i, I;, as:

1
I; = Population size in communityi x <1 - R_>
0

4m?

x Population density for communityi x

ey

Iperson’

where population density is the number of people per one million square meter.
2.1.2 Computing for the Testing Accessibility

We assume that an individual tends to get tested in the nearest testing center j. The
lesser the distance between the testing center and the person’s community, the greater
the chance of the person going to that testing center. Due to data insufficiency in road
and sea networks in the country’s archipelago, we consider the great circle distance
or the shortest distance between two points over the Earth’s surface [18]. To provide
precise distances, we use a spherical law of cosines formula [28], and let d;; be the
distance between community i and testing center j expressed as:

d;j = Arccos(cos (lat;) cos (lat;) cos (lon; — lon;) + sin (lat;) sin (lat;)) x R, (2)

where R is the Earth radius (6371 km), lat; and lon; are the GPS location of com-
munity i, lat; and [on; are the GPS location of testing center j, and all angles are
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in radian measure. Using d;;, we then multiply it to the number of estimated infected
individuals per community to compute for the “effective demand,” f(d;;)I; or the
number of infected individuals in community i that will go to testing center j for
testing. We let f be a function that puts “weight” on the testing accessibility of an
individual to a testing center based on the distance d;;. To model the testing acces-
sibility, we use a Gaussian model, which is used to describe the distribution of the
COVID-19 infections [26]. We have f(d) = e_kd2, where k is a dispersal length
scale parameter that can provide further information about outbreak dynamics and
potential for superspreading events [23]. We use Elliot’s estimation [8] in solving
for k which considers the mean w, variance o2 of the distribution of the infected
population, and the sample size N for number of communities involved:

2

o2

woN
k=—; ) 3)

or—nu

2.1.3 Distribution of Test Kits

We follow the approach formulated by Wilson and Blower [31] in determining the
test kit distribution to each testing centers. First, we compute how many infected indi-
viduals will go to a certain testing center j through the “effective demands” f(d;;)I;
for each testing center j. We call this the demand D; where

D; =Y flipli, “

i=1

which is the sum of the effective demand of all communities to testing center j. We
then divide f(d;;)1; to D; to determine the percentage of test kits allocated by a test-
ing center to each community. This is multiplied to the number of test kits allocated
to that testing center to determine the number of individuals in each community that

can get tested by testing center j. We call this Tij where

fdij)I;

T/ =, -
j

1

)

where §; is the supply allocation of COVID-19 test kits on testing center j and
fdipI;

J
given that one test kit is assigned per individual, we get the sum of all the number of

tested individuals in each community i tested on each testing centers, which gives us
the total number of tested individuals in community i, 7;, where

n=fﬂ. ©
=1

Each testing center has a maximum number of tests that they can perform per day, and
so we also factor in the daily testing limit L ; of each testing center, and compute for

is the percent allocation of each testing center j to each community i. Thus,
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M, which is the the maximum number of testing days before all infected individuals
can be tested. Thus, we have

M=t ™

2.2 NLP Model

Nonlinear programming (NLP) is an optimization technique where the objective
function is nonlinear and/or the feasible region is determined by nonlinear constraints
[2]. Here, we use the NLP model based on Wilson and Blower [31], with COVID-
19 data specific to the Philippines, to determine the optimal distribution of test kits
among the testing centers. The model is described by:

. (T AN
min E(S1,8,....8,) = ; (Ii IT)
n
subject to ZS.,‘ =A (8)
j=1
SjSMLj, j:l,...,n
S;i =0, j=1..,n
T, <1, i=1,...m

where §; is the allocation of test kits to testing center j, A is the total number of test
kits to be allocated, and I7 is the total number of infected individuals per commu-
nity. Here, we base the objective function to the Euclidean norm to provide a standard
result in comparison with other norms [3]. We use an equity objective function with
Euclidean norm to ensure equal opportunities among all infected individuals in get-
ting tested. We minimize the equity objective function E, with optimal allocations to
each testing center () such that (i) all available test kits will be used, (ii) daily test
limits per testing center will be considered and will not exceed the maximum num-
ber of days for testing, (iii) there will be a non-negative supply of test kits per testing
center, and (iv) the number of tested individuals in each community is less than the
expected maximum number of infected individuals. Each individual will only be sub-
jected to one test, which will serve as an initial testing. We solve this NLP model
through simulations in R and explore scenarios such as additional testing centers to
communities with ; > 5000.

3 Numerical lllustrations
We determine the GPS coordinates of all the cities and municipalities in the Philip-

pines, and of the 11 accredited testing centers using Geocode by Awesome Table app
in google spreadsheets. This app returns the latitude and longitude coordinates of the
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testing centers’ locations and the geographic centers of the cities and municipalities.
We use these coordinates in the computations except for two: Datu Hoffer Ampat-
uan and Shariff Sardona Mustapha, Maguindanao. Geocode app cannot locate Shariff
Sardona Mustapha, and it returned incorrect coordinates for Datu Hoffer Ampatuan.
We use the coordinates of one barangay from each municipality instead. In addition,
we compute for various dispersal length scale parameters k shown in (3) using the
mean, /., and variance, o2, of distributions of each density structures in the country:
(i) population density-based distribution of infected individuals in the whole Philip-
pines which resulted in k = 0.0849, (ii) distribution of infected individuals in Metro
Manila and this results in £ = 0.4136, and (iii) population density-based distribu-
tion of infected individuals in Metro Manila that results in £k = 1.5614, the highest
density in the country.

We utilize the 11 accredited testing centers to determine the optimal distribution of
test kits. Shown in Table 1 is the proportion of test kits to be distributed among the 11
testing centers using different values for k. We can observe that UP-NIH will receive
the biggest proportion, ranging from 16.25 to 44.80%, while Southern Philippines
Medical Center will receive the smallest proportion which is approximately 0.01%.

From the results, we notice that San Lazaro Hospital, UP-NIH, and Lung Center
of the Philippines got the majority of the proportion, across all scenarios. If mass test-
ing will push through, these three hospitals will be overworked and will not be able
to deliver timely results on the tests. To address this, we propose to add more testing
centers. We identify 10 communities with the highest number of infected individuals
and no existing accredited testing center. We will treat these 10 communities as the
location of the suggested additional testing centers. We then compute for the optimal
distribution of test kits to the 21 testing centers. The proportion of test kits allocated
to each of UP-NIH, San Lazaro Hospital, Lung Center of the Philippines, and Makati
City is greater than 10%. We can say that this distribution poses concerns similar to
that of only having 11 testing centers. To reduce the proportion of test kits allocated

Table 1 Proportion of test kits to be distributed in the different testing centers for k = 1.5614, k = 0.4136,
and k = 0.0849 where “*” are assumed values for daily limit

Testing center k=1.5614 k =0.4136 k = 0.0849 Range Daily limit
RITM 6.34% 4.17% 6.26% [4.17%, 6.34%] 900
San Lazaro 23.4% 24.03% 14.65% [14.65%, 24.03%] 100
UP-NIH 44.8% 16.25% 27.79% [16.25%, 44.80%] 80
Lung center 15.8% 20.29% 26.4% [15.80%, 26.40%] 100
BGHMC 0.76% 0.64% 0.58% [0.58%, 0.76%] 150
T™C 5.96% 25.51% 15.65% [5.96%, 25.51%] 100*
St. Luke’s 1.09% 1.9% 6.7% [1.09%, 6.70%] 100*
BPHL 0.06% 0.07% 0.08% [0.06%, 0.08%] 100*
WVMC 0.77% 4.52% 0.71% [0.71%, 4.52%] 80
VSMMC 1.02% 2.61% 1.17% [1.02%, 2.61%] 240
SPMC 0.01% 0.01% 0.01% [0.01%, 0.01%] 100
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to each of these testing centers, we consider all communities with more than 5000
infected individuals. We then identify 19 communities as locations of proposed test-
ing centers in addition to the original 11 and compute for the optimal distribution of
test kits to the 30 testing centers.

In addition, we obtain various sets of percentage allocations from different values
of k representing different population density structures. Each k value from testing
centers located in NCR (most populated region) varies in the percentage allocation
per k (RITM, San Lazaro, UP-NIH, Lung Center, TMC, and St. Luke’s). One reason
is that these testing centers have common infected individuals that are approximately
close to multiple centers. This gives these individuals the option to go to their pre-
ferred testing center. Meanwhile, testing centers outside NCR remain fairly constant
in terms of distribution, regardless of the value of k, since the same portion of infected
individuals will get tested there.

Shown in Fig. 2 are the pie charts representing the optimal distribution of test
kits for different number of testing centers and different values of dispersal length
parameter. It is evident that as we increase the number of testing centers from 11 to
30, there is a great decrease of proportions to be distributed on the currently existing
testing centers. Newly introduced testing centers will get a substantial amount of test
kits and will serve infected individuals in their respective vicinity.

From the optimal solution computed using 30 testing centers, we can see that the
maximum proportion of test kits to be distributed is in Navotas City, which accounts
for 8.68% of the total number of testing centers. This is achieved for k = 0.4136.
Shown in Fig. 3 is the map with corresponding locations of the 30 testing centers.

4 Discussion

In this paper, we determined an optimal allocation of COVID-19 test kits among
the DOH-accredited testing centers in the Philippines. We utilized the formulated
NLP model of Wilson and Blower [31], which gave an equitable opportunity to each
susceptible individual to be tested. The model involved COVID-19-specific condi-
tions that considered the infected population, the reproduction number of the disease
(Rop = 2.5), the distribution of infected individuals, and the testing limits of each
testing center. We applied this to the municipality/city data of the Philippines and
computed the percentage of distribution on various dispersal length parameter, k:
k = 0.0849, k = 0.4136, and k = 1.5614.

We ran the optimization problem in R to determine the optimal allocation of
test kits to be distributed among the accredited DOH testing centers and additional
testing centers found in highly infected communities in the country. Based on our
results, the optimal range of distribution per testing center are as follows: RITM
(4.17-6.34%), San Lazaro (14.65-24.03%), UP-NIH (16.25-44.80%), Lung Cen-
ter (15.8-26.40%), BGHMC (0.58-0.76%), TMC (5.96-25.51%), St. Luke’s, QC
(1.09-6.70%), BPHL (0.06-0.08%), WVMC (0.71-4.52%), VSMMC (1.02-2.61%),
and SPMC (= 0.01%). With this allocation, we utilized 100% of the limited test
kits available to the country and distribute it optimally to all testing centers wherein
every distribution is proportional to the number of infected people around that testing
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Fig. 2 Proportion of test kits for various number of testing centers against different values of k. These
testing centers are located in (1) Research Institute for Tropical Medicine (RITM); (2) San Lazaro Hos-
pital; (3) University of the Philippines - National Institutes of Health; (4) Lung Center of the Philippines;
(5) Baguio General Hospital and Medical Center; (6) The Medical City, Pasig City; (7) St. Luke’s Med-
ical Center, Quezon City; (8) Bicol Public Health Laboratory; (9) Western Visayas Medical Center; (10)
Vicente Sotto Memorial Medical Center; (11) Southern Philippines Medical Center; (12) Caloocan City;
(13) Cavite; (14) Mandaluyong City; (15) Makati City; (16) Laguna; (17) Taguig City; (18) Pasay City;
(19) Rizal; (20) Bulacan; (21) Las Pifnas City; (22) Parafiaque City; (23) Marikina City; (24) Malabon
City; (25) Valenzuela City; (26) Navotas City; (27) Pangasinan; (28) Batangas; (29) Negros Occidental;
(30) San Juan City

center j as shown in Fig. 1. In the country, there have been 38640 tests conducted as
of April 11, 2020. We considered the optimal allocation for k = 1.5614 and compare
it to the actual distribution of positive cases tested in these various testing centers as
shown in Table 2. Since the various testing centers have different dates of accredita-
tion as depicted in the table, we can see a huge discrepancy to the allocation proposed
in this study.

@ Springer



Journal of Healthcare Informatics Research (2021) 5:54-69 63

Infection Risk of COVID-19 in the Philippines
and Location of Testing Centers

No. of Infected
0-200
200-400
400-600
600-800
800-1000
11 I 1000-2000
* [ 2000-3000
Il 4000-5000
Il >5000

Fig. 3 Locations of the 11 testing centers accredited by the World Health Organization as of 12 April
2020 and the 19 additional testing centers. The following are the testing centers and are shown in the
map: (1) Research Institute for Tropical Medicine (RITM); (2) San Lazaro Hospital; (3) University of
the Philippines - National Institutes of Health (UP-NIH); (4) Lung Center of the Philippines; (5) Baguio
General Hospital and Medical Center (BGHMC); (6) The Medical City, Pasig City (TMC); (7) St. Luke’s
Medical Center, Quezon City; (8) Bicol Public Health Laboratory (BPHL); (9) Western Visayas Medical
Center (WVMCO); (10) Vicente Sotto Memorial Medical Center (VSMMC); (11) Southern Philippines
Medical Center (SPMC); (12) Caloocan City; (13) Cavite; (14) Mandaluyong City; (15) Makati City; (16)
Laguna; (17) Taguig City; (18) Pasay City; (19) Rizal; (20) Bulacan; (21) Las Pifias City; (22) Parailaque
City; (23) Marikina City; (24) Malabon City; (25) Valenzuela City; (26) Navotas City; (27) Pangasinan;
(28) Batangas; (29) Negros Occidental; (30) San Juan City

Assuming that 100% of all test kits have been utilized, we noticed that the number
of test kits allocated to testing centers in Metro Manila (which has the highest number
of cases in both actual and projected number of infected individuals) is greater than
that of the actual data. At the same time, the distribution outside the region is fairly
proportional to the estimated number of individuals on each testing center’s location.
For instance, RITM gained an 89.48% positive tests among all the positive cases as
of April 11. This is due to the fact that RITM was the first testing center accredited by
DOH. If the proposed model will be used, about 6.34% of test kits should be allotted
to RITM. Following the trend of positivity from the actual data, medical workers
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Table 2 Actual positivity rate of individuals tested in the Philippines as of April 11 [19], computed
allocation of test kits from our NLP model with k = 1.5614, and date of accreditation of the testing center

Actual (as of April 11) Computed (k = 1.5614) Date accredited

RITM 89.48% 6.34% 3/17/2020
San Lazaro 1.16% 23.40% 3/27/2020
UP-NIH 2.42% 44.80% 3/27/2020
Lung Center 1.38% 15.18% 3/27/2020
BGHMC 0.71% 0.76% 3/27/2020
T™MC 0.00% 5.96% 4/6/2020

St. Luke’s 1.38% 1.09%6 4/5/2020

BPHL 0.08% 0.06% 4/5/2020

WVMC 0.73% 0.77% 3/31/2020
VSMMC 0.57% 1.02% 3/27/2020
SPMC 2.09% 0.01% 3/27/2020

from RITM have a tendency to be overworked. Whereas in the proposed model, the
distribution is contingent on the density of the area, and the test kits to be distributed
will be proportional to the positive cases in the municipality.

With these test kits being allocated in an optimal and equitable way, more com-
munities in the country can have an easy access to testing, which leads to an early
detection of infection and can speed up the isolation of infected individuals. This
will result in lowering the spread of the disease and “flattening” the epidemiological
curve.

In terms of testing capacity in the country, we note that if only 11 testing cen-
ters are to be used for testing COVID-19 patients, several testing centers will be
overworked and there would be longer turn-around-time in releasing test results,
especially if mass testing will push through. For instance, let us assume that 300,000
test kits will be distributed. Based from the results of our model, UP-NIH will receive
an average of almost 89,000 test kits, across the different values of dispersal length.
This implies that UP-NIH needs more than 1000 days to conduct the whole testing
process. This translates to more than 2 years. We recommend that additional testing
centers should be placed in strategic locations, that is, in the communities with high
density of infected individuals as shown in Fig. 3. If we consider the proposed 30
testing centers, UP-NIH will receive almost 19,000 test kits, and this translates to 245
days to complete the tests (Appendix Tables Table 3 and 4). Hence, increasing the
number of testing centers from 11 to 30 will result in a drastic decrease in the num-
ber of days needed to complete all the tests. This means that as more testing centers
operate, more tests can be conducted per day. This will lead to faster completion of
all the tests.
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5 Conclusion

Our results suggested an optimal allocation of COVID-19 test kits among the DOH-
accredited testing centers in the Philippines. The proposed percentage allocations per
testing center gave an equal opportunity for all estimated infected people all over
the country to have an initial testing for the virus infection. With our allocations, we
utilized 100% of the limited test kits available to the country, and distributed them
optimally to all testing centers available in the country. However, it is recommended
that additional testing centers should be placed in strategic locations to reach more
infected individuals and hasten the testing process in the country.

Using our model on test kit allocation, especially in resource-constrained coun-
tries, can be helpful to policymakers in making a decision on how to distribute
available COVID-19 test kits among accredited testing centers while utilizing the
limited amount of test kits. Authorities may apply this model not just to countries,
but to their respective communities as well, if the public health system and situation
follow the same assumptions and goal of the model. Having an optimal distribu-
tion of test kits will help a lot of agencies, e.g., healthcare system, local government
units, and other institutions helping the policymakers fight this pandemic. By opti-
mally allocating the test kits, no resources are wasted and all are utilized properly
and equitably.

In addition, policymakers may also assess the feasibility of the percentage alloca-
tion depending on their current situation (e.g., epidemiological and socio-economic).
The model exhausts all available test kits but the complexity of test kit resource
dynamics determines the limitation of our study. The current model limits test kits
to only one per individual (initial testing), and only considers an estimated number
of infected individuals (symptomatic patients) due to the assumed limited amount of
resources. The proposed optimal allocation from our model also holds an assumption
that it will be distributed and utilized all at the same time. Future studies may con-
sider various sets of population depending on the available amount of test kits to their
country. It should also incorporate individuals needing multiple tests, effectiveness
of test kits, and transport time for test kit delivery. In conclusion, our model offers an
optimal way to allocate the COVID-19 test kits among testing centers in the coun-
try, with every (estimated) infected individual having an equal opportunity of getting
tested. However, a larger number of both test kits and testing centers are still more
ideal to increase the number of individuals tested to aid in “flattening” the epidemic
curve.

Supplementary Files
The Microsoft Excel file containing the municipality/city data, GPS location, and

population density-based number of infections, and R files used for the model
simulation can be found online at github.com/alvinizer/optimalallocationPH/.

Funding JFR is supported by the Abdus Salam International Centre for Theoretical Physics Associateship
Scheme.
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Appendix 1. Optimal solution for 21 testing centers

Table 3 Proportion of test kits to be distributed in 21 testing centers

Testing center k=15614 k =0.4136 k = 0.0849 Range Daily limit
RITM 1.3% 1.4% 1.39% [1.30%, 1.40%] 900
San Lazaro 5.39% 10.67% 6.55% [5.39%, 10.67%] 100
UP-NIH 4.32% 16.44% 14.38% [4.32%, 16.44%] 80
Lung Center 8.51% 9.85% 10.02% [8.51%, 10.02%] 100
BGHMC 0.46% 0.44% 0.42% [0.42%, 0.46%] 150
TMC 2.39% 2.75% 5.88% [2.39%, 5.88%] 100*
St. Luke’s, QC 0.53% 0.56% 3.23% [0.53%, 3.23%] 100*
BPHL 0.05% 0.05% 0.06% [0.05%, 0.06%] 100*
WVMC 0.57% 0.55% 0.61% [0.55%, 0.61%] 80
VSMMC 0.01% 0.01% 0.01% [0.01%, 0.01%] 240
SPMC 7.31% 7.79% 9.2% [7.31%, 9.20%] 100
Caloocan City 6.91% 2.05% 4.31% [2.05%, 6.91%] 100*
Cavite 3.99% 6.83% 5.37% [3.99%, 6.83%] 100*
Mandaluyong City 6.33% 3.59% 4.64% [3.59%, 6.33%] 100*
Makati City 11.06% 10.26% 5.79% [5.79%, 11.06%] 100*
Laguna 8.66% 2.67% 8.19% [2.67%, 8.66%] 100*
Taguig City 8.72% 9.04% 8.23% [8.23%, 9.04%] 100*
Pasay City 6.67% 6.94% 0.21% [0.21%, 6.94%] 100*
Rizal 9.78% 4.23% 4.47% [4.23%, 9.78%] 100*
Bulacan 4.81% 1.64% 3.44% [1.64%, 4.81%] 100*
Las Pifias City 2.23% 2.23% 3.61% [2.23%, 3.61%] 100*

* - Assumed maximum tested individuals per day

Appendix 2. Optimal solution for 30 testing centers

Table 4 Proportion of test kits to be distributed in 30 testing centers

Testing center

k=15614 k=04136 k=0.0849 Range

Daily limit

Research institute for trop-

ical medicine (RITM)

San Lazaro Hospital

UP-NIH

Lung Center of the Philippines

BGHMC
T™MC

@ Springer

1.32%

2.81%
5.41%
6.3%

0.43%
2.79%

1.21%

6.99%
6.76%
3.47%
0.43%
3.64%

1.51%

3.51%
7.19%
4.75%
0.43%
4.02%

[1.21%, 1.51%]

[2.81%, 6.99%]
[5.41%,7.19%]
[3.47%, 6.30%]
[0.43%, 0.43%]
[2.79%, 4.02%]

900

100
80
100
150
100*
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Table4 (continued)

Testing center k=15614 k=04136 k=0.0849 Range Daily limit
St. Luke’s Medical Center, 0.37% 0.41% 1.1% [0.37%, 1.10%]  100*
Quezon City

BPHL 0.05% 0.05% 0.06% [0.05%,0.06%]  100*
WVMC 0.57% 0.61% 0.62% [0.57%,0.62%] 80
VSMMC 0.01% 0.01% 0.01% [0.01%,0.01%] 240
SPMC 2.41% 2.4% 5.27% [2.40%,5.27%] 100
Caloocan City 4.9% 6.12% 3.02% [3.02%, 6.12%]  100*
Cavite 3.32% 3.2% 3.38% [3.20%, 3.38%]  100*
Mandaluyong City 4.13% 2.72% 5.74% [2.72%,5.74%]  100*
Makati City 6.56% 3.09% 1.74% [1.74%, 6.56%]  100*
Laguna 4.65% 2.86% 5.32% [2.86%,5.32%]  100*
Taguig City 3.27% 1.6% 3.59% [1.60%, 3.59%]  100*
Pasay City 2.93% 5.01% 0.3% [0.30%,5.01%]  100*
Rizal 4.01% 3.91% 3.67% [3.67%,4.01%]  100*
Bulacan 5.53% 2.98% 3.45% [2.98%, 5.53%]  100*
Las Pinas City 6.27% 1.76% 6.98% [1.76%, 6.98%]  100*
Paranaque City 2.02% 6.07% 4.74% [2.02%, 6.07%]  100*
Marikina City 4.50% 4.96% 4.51% [4.50%,4.96%]  100*
Malabon City 2.11% 3.33% 1.22% [1.22%,3.33%]  100*
Valenzuela City 3.51% 3.51% 3.56% [3.51%,3.56%]  100*
Navotas City 7.06% 8.68% 4.67% [4.67%, 8.68%]  100*
Pangasinan 5.72% 5.31% 3.42% [3.42%,5.72%]  100*
Batangas 3.27% 3.17% 4.94% [3.17%,4.94%]  100*
Negros Occidental 3.64% 5.41% 4.51% [3.64%,5.41%]  100*
San Juan City 0.13% 0.32% 2.79% [0.13%,2.79%]  100*

* - Assumed maximum tested individuals per day
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