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ABSTRACT

In this study, we used the directed acyclic graph (DAG) to analyze a dataset of PM2.5 concentration
levels in 11 cities in Southeastern Asian countries for the period of March 18 to April 11, 2021. This
is the period that PM2.5 posted a major problem for several cities in Southeast Asia. We analyzed
the data to determine the effect of the PM2.5 concentration in each city on that of each of the other
cities. The results show that the PM2.5 concentration in Yangon, Myanmar, had a direct effect on
the PM2.5 concentration in Chiang Mai, Thailand, and that the PM2.5 concentration in Kuala
Lumpur, Malaysia, had a direct effect on the PM2.5 concentration in Singapore, Republic of
Singapore. Where one country has a direct effect on another, a reduction or increase of PM2.5 in the
former will reduce or increase, respectively, the PM2.5 concentration in those on which it has an
effect. Given this relationship, if the concentration of PM2.5 is to be reduced either overall or in any
specific country is to be reduced, international cooperation will be essential. Our application of
DAG to this environmental issue exemplifies the viability of this technique for exploring and
indicating solutions for real-world problems more generally.
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INTRODUCTION

Fine particulate matter with a diameter of no more
than 2.5 micrometers, also referred to as particle
pollution, PM2.5 has become a major health concern
in many countries. High concentrations of PM2.5 are
linked to a variety of other significant health
problems, including harmful cardiovascular events
such as heart attack and stroke, both of
which can lead to premature death (https://
www.epa.gov/sites/default/files/2016-04/
documents/2012_aqi_factsheet.pdf, accessed on
August 14, 2012).

Air pollution related to PM2.5 is the focus of a
growing literature with relevance to countries
worldwide. Among the works in this area in which
researchers implement statistical methods and data
mining techniques are the following: Yuchi et al.
(2019) evaluated the relative efficacy of multiple
linear regression, random forest regression, and a
mixed model to predict indoor PM2.5 in

Ulaanbaatar, Mongolia. Roy et al. (1997) used
regression to study the causes of PM2.5 in
Birmingham, England. Karimian et al. (2019)
predicted the effects of PM2.5 concentration on long
short-term memory (LSTM) using three data mining
methods: multiple additive regression tree, a deep
feedforward neural network, and a new hybrid
model base. Chao et al. (2016) implemented a land
use regression method to predict the PM2.5
concentration in Shanghai, China.

We advance the research in this area by using the
directed acyclic graph (DAG) data mining technique
as a way to visualize the effects between countries.
To be specific, we use DAG to explore the effects of
PM2.5 concentration for 11 cities in Southeastern
Asian countries, as PM2.5 has become a known
problem in this part of the world.

Given its efficacy in visualizing the effects
between objects of interest, DAG has been used in a
wide variety of fields. For example, using a DAG
approach in conjunction with the bootstrap
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technique, Chowdhury et al. (2020) identified a
biomarker of a protein set in ovarian cancer, whereas
Lal et al. (2020) drew on DAG to develop and
examine a digital twin model of critical patients to
determine the causal relationship between organ
systems and treatment methods. Yang and Zhao
(2014) used DAG to investigate a causal pattern
between India’s economic growth, energy use, and
carbon emissions, and Haigh and Bessler (2004)
used DAG to generate causal messages between
three related markets and then applied the results to
an error-correction model to address problems
relating to the dynamic model of price discovery.
Using data from Nigerian insurance companies,
Changpetch and Akinyemi (2020) applied DAG to
the total amount of the claims for 89 diagnoses to
determine the direct and indirect effects between
those diagnoses and Williams et al. (2018) used the
DAG approach to interpret diagnoses related to
causal associations in epidemiological clinical trials.
Based on a socioeconomic survey of 43,844 Thai
households, Changpetch and Haughton (2018)
investigated direct and indirect effects between the
proportion of household expenditure on alcohol,
on tobacco, and on gambling and fourteen
demographic factors.

The paper is organized as follows: In Section 2,
we present the dataset. In Section 3, we describe the
method used and the results derived from the
analysis. In Section 4, we provide a discussion and
conclusion.

DATASET

The dataset covers daily PM2.5 concentration data
from March 18 to April 11, 2021, from11 major cities
in Southeast Asia: (i) Bangkok, Thailand, (ii) Chiang
Mai, Thailand, (iii) Yangon, Myanmar, (iv) Vientiane,

Laos, (v) Hanoi, Vietnam, (vi) Phnom Penh,
Cambodia, (vii) Kuala Lumpur, Malaysia, (viii)
Singapore, Republicof Singapore, (ix) Jakarta,
Indonesia, (x) Manila, Philippines, (xi) Dili, Timor-
Leste (https://www.iqair.com/th-en/, accessed on
April 28, 2021). Notethat daily PM concentration
data for Brunei Darussalam were not available such
that we could not include this country in the
analysis. All the cities covered in the analysis are
currently the capital cities of their respective
countries with two exceptions: Yangon, included
because it is Myanmar’s most populous city and
most important commercial center and the countrys
capital until 2006, and Chiang Mai, included
because its PM2.5 concentr atio became the highest
in the world during March 2 21 The distances
between the 11 cities are shown in Table 1.

The original PM2.5 data constitute the
quantitative variable such that it was necessary to
discretize the variable for use with DAG. We
discretized the data based on the air-quality
categories defined by the U.S. Environmental
Protection Agency (EPA) (www.epa.gov, accessed on
August 14, 2021), as shown in Table 2.

Table 2. Six air-quality categories based on PM2.5 level

Level Category PM2.5 (µg/m3)

L1 Good 0.0–12.0
L2 Moderate 12.1–35.4
L3 Unhealthy for 35.5–55.4

sensitive groups
L4 Unhealthy 55.5–150.4
L5 Very unhealthy 150.5–250.4
L6 Hazardous 250.5 and above

We discretized the original data by the levels
defined in Table 2 as preparation for utilizing DAG.
A summary of the discretized data is shown in Table

Table 1. Distance (km) between 11 cities in Southeast Asia

Bangkok Chiang Yangon Vientiane Hanoi Phnom Kuala Singapore Jakarta Manila Dili
Mai Penh Lumpur

Bangkok 0.00
Chiang Mai 582.89 0.00
Yangon 583.25 371.21 0.00
Vientiane 519.46 393.66 699.39 0.00
Hanoi 988.01 760.01 1123.17 481.35 0.00
Phnom Penh 531.28 1019.55 1109.94 749.32 1055.28 0.00
Kuala Lumpur 1186.12 1763.75 1642.13 1649.44 2037.33 999.68 0.00
Singapore 1434.09 2016.94 1927.15 1858.85 2205.60 1150.32 315.07 0.00
Jakarta 2323.35 2905.97 2819.07 2723.49 3026.71 1986.70 1182.49 893.36 0.00
Manila 2208.39 2386.69 2670.51 1994.80 1752.56 1775.72 2464.77 2392.52 2785.90 0.00
Dili 3717.49 4213.92 4299.74 3880.79 3933.49 3204.20 2949.49 2645.90 2084.69 2623.56 0.00
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3. Note that there are no records for the “very
unhealthy” and “hazardous” categories. Therefore,
L5 and L6 are not included in Table 3.

The percentages for L1–L4 are shown in Table 3.
For example, for Bangkok, 2 of the 26 records
(7.69%) belong to L1 (“Good”). In Deli, all the
records belong to L1 (100%). Figure 1 summarizes
these percentages via a stack plot. As shown in this
Figure, Chaing Mai suffered the unhealthy level (L4)
of PM2.5 for more than half of the study period.

PM2.5 concentration in Singapore.
Figure 3 shows the impact of the PM2.5

concentration in Yangon, Myanmar, on the PM2.5
concentration in Chiang Mai, Thailand. If we force
the PM2.5 concentration in Yangon to reach 100% at
L2, the PM2.5 concentration in Chiang Mai will be
100% at L2 as well (Figure 3(a)). If we force the
PM2.5 concentration in Yangon to reach 100% at L3,
the PM2.5 concentration in Chiang Mai will be
9.09% at L1, 27.7% at L3, and 63.64% at L4 (Figure
3(b)). If we force the PM2.5 concentration in Yangon
to reach 100% at L4, the PM2.5 concentration in
Chiang Mai will be 10% at L3 and 90% at L4 (Figure
3(c)). Based on Figures 3(a), 3(b), and 3(c), we can
conclude that if we force the PM2.5 concentration in
Yangon higher, the PM2.5 concentration in Chiang
Mai will increase as well.

Figure 4 shows the impact of the PM2.5
concentration in Kuala Lumpur, Malaysia, on the
PM2.5 concentration in Singapore, Republic of
Singapore. If we force the PM2.5 concentration in
Kuala Lumpur to reach 100% at L1, the PM2.5
concentration in Singapore will reach 100% at L1 as
well (Figure 4(a)). If we force the PM2.5
concentration in Kuala Lumpur to reach 100% at L2,
the PM2.5 concentration in Singapore will be 29.41%
at L1 and 70.59% at L2 (Figure 4(b)). If we force the
PM2.5 concentration in Kuala Lumpur to reach
100% at L3, the PM2.5 concentration in Singapore

Table 3. Percentages of L1–L4 of discretized data for 11 cities

Level Bangkok Chiang Yangon Vientiane Hanoi Phnom Kuala Singapore Jakarta Manila Dili
Mai Penh Lumpur

L1 7.69% 3.85% 0.00% 11.54% 0.00% 0.00% 19.23% 38.46% 7.69% 84.62% 100.00%
L2 69.23% 19.23% 19.23% 50.00% 23.08% 65.38% 65.38% 61.54% 61.54% 15.38% 0.00%
L3 23.08% 15.38% 42.31% 19.23% 50.00% 30.77% 15.38% 0.00% 26.92% 0.00% 0.00%
L4 0.00% 61.54% 38.46% 19.23% 26.92% 3.85% 0.00% 0.00% 3.85% 0.00% 0.00%

Fig. 1. Stack plot representing percentages of L1–L4
records of the discretized data for 11 cities

METHODOLOGY AND RESULTS

As a tool for visualization, DAG represents the
relationship between nodes through arrows. For
example, A  B indicates that A affects B. In this
study, we use DAG to explore the relationships
between PM2.5 concentrations in 11 major cities in
Southeast Asia. We employed an algorithm
implemented by the Bayesialab software http://
www.bayesia.com, accessed on April 31, 2021)—i.e.,
a Taboo search algorithm (a greedy score–based
algorithm), which makes it possible to temporarily
iterate to less optimal solutions with a smaller score
to avoid becoming stuck near a local optimum in the
search space.

There are two relationships, as shown in Figure 2:
First, the PM2.5 concentration in Yangon, Myanmar,
directly affected the PM2.5 concentration in Chiang
Mai, Thailand. Second, the PM2.5 concentration in
Kuala Lumpur, Malaysia, directly affected the

Fig. 2. Directed acyclic graph indicating the direction of
effects for 11 Southeast Asian cities
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will reach 100% at L2 (Figure 4(c)). Based on Figures
4(a), 4(b), and 4(c), we can conclude that if we force
the PM2.5 concentration in Kuala Lumpur higher,
the PM2.5 concentrations in Singapore will increase
as well.

DISCUSSION

We used the directed acyclic graph (DAG) technique
to explore the relationships between the PM2.5
concentrations for 11 major cities in Southeastern
Asian countries. We based our analysis of these
relationships on data for the period of March 18 to
April 11, 2021.

The first relationship observed from DAG is that
the PM2.5 concentration in Yangon, Myanmar,
directly affected the PM2.5 concentration in Chiang
Mai, Thailand. Of all the cities, these two cities are
the closest together in terms of distance (Figure 1).
We also observed the direction of the wind during
the period of March 18 to April 11, 2021, and found
that the wind blew from Yangon, Myanmar, to
Northern Thailand where Chiang Mai on most of
the days during this period (http://asmc.asean.org/
home/, accessed on August 15, 2021). This air mass
movement direction from the southwest direction

where Yangon, Myanmar, is located, which affected
the air quality of Chiang Mai, Thailand, is in keeping
with observations made in other research studies.

The second relationship observed from DAG is
that the PM2.5 concentration in Kuala Lumpur,
Malaysia, directly affected the PM2.5 concentration
in Singapore, Republic of Singapore. Of all the cities,
these two are the second closest together in terms of
distance (Figure 1). As indicated in previous studies,
Singapore is affected by the activities taking place in
neighboring countries. For example, Reddington et
al. (2014) showed that fires occurring in the
Peninsular Malaysia account for some fraction of the
total effect of fire on increasing PM2.5 in Singapore,
Republic of Singapore.

Chiang Mai, Thailand, showed a very high level
of PM2.5 in the focal period mainly due to burning
forests in the area but also affected by neighboring
Myanmar due to the wind blowing principally from
that country towards Chiang Mai. A direct effect of
a given country on another or others indicates that a
reduction or increase of PM2.5 in the former will
reduce or increase, respectively, the PM2.5
concentration in those on which it has an effect. It is
evident, therefore, that if we are to reduce the
concentration of PM2.5 in Chiang Mai, Thailand, it

Figure 3(a) Figure 3(b) Figure 3(c)
Fig. 3. Impact of multiple levels of PM2.5 in Yangon, Myanmar, on the PM2.5 level in Chiang Mai, Thailand

Figure 4(a) Figure 4(b) Figure 4(c)
Fig. 4. Impact of multiple levels of PM2.5 in Kuala Lumpur, Malaysia, on the PM2.5 level in Singapore, Republic of

Singapore
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will be necessary to secure international cooperation
from the neighboring country, Myanmar. Similarly,
the Republic of Singapore will need cooperation
from Malaysia to mitigate the effect from that
country.

This study in which we used DAG to visualize
and analyze important environmental effects
between countries offers a viable way to use this
technique to consider and indicate solutions to
consequential real-world issues. The technique can
be used in similar applications worldwide to yield
results that are accurate, meaningful, and actionable.

Conflicts of Interest: The authors declare no conflict
of interest.
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