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Abstract: Asia, the largest and most populous continent in the world, is in dire need of
sustainable development due to its rapid urbanization; particularly, the Southeast, South,
and West Asia regions demand the most attention. However, previous studies have been
limited in examining sustainable development patterns in the three regions. This study
identified sustainability development patterns in 23 countries and 33 major cities in three
Asian regions using time series clustering, an unsupervised learning technique. Considering
the three pillars of sustainability, three clusters were identified at both national and city
levels based on three variables: population, GDP per capita, and total energy/electricity
consumption per capita. The identified clusters suggested diverse sustainable development
patterns in each of the three regions. The largest clusters at national and city levels
exhibited a rapid development trend in all three aspects, indicating an urgent need to pursue
sustainable development. Other clusters revealed complex trends that were closely linked
to local development characteristics. Overall, the clusters at both national and city levels
transcend the regions significantly, suggesting that future policymaking in the three regions
should be tailored to local issues and take cues from regions with similar patterns rather
than adhering to the conventional notion of Asian regions. The results provide fresh insights
into sustainable development patterns in the three regions, thereby helping policymakers
make better policy comparisons and more targeted policy execution decisions.
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l. Introduction

Sustainable development becomes more important in rapid global
urbanization and accelerating climate change (Diesendorf, 2000). As
the world’s largest continent, Asia is facing more challenges. It hosts
60% of the world’s current human population which is undergoing
rapid urbanization. This raises big concerns on the environmental
consequences of the development of Asian countries and cities. In
particular, among six Asia regions, Southeast, South, and West Asia
are the most fastest growing regions, and their development patterns
should receive great attention (IEA, 2021). However, studies on the

sustainable development of these regions are limited (Fig 1).

(Figure 1) Study Areas
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To have a concrete understanding on these three developing
regions in Asia in terms of sustainability, this study investigated their
development patterns with respect to the three pillars in

sustainability, namely social, economic and environmental aspects
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(Purvis et al., 2019). Specifically, this study discovered the
development patterns in 23 countries and 33 major cities in three
Asian regions with the time series clustering, an unsupervised learning
technique. Three variables, population, gross domestic product (GDP)
per capita, and total energy/electricity consumption per capita were
used to represent three pillars of sustainability, namely, social,
economic and environmental development, respectively (Chen et al.,
2021). The choice of these variables were based on data availability
in the three regions. Development trends measured by the three
variables during 2010-2019 at national and city levels were examined
using time series clustering, and three clusters were identified at both
levels. The resulted clusters provided new insights into the diverse

patterns of national and city-level development in the three regions.

[l1. Literature Review

1. Identification of development patterns of nations and cities with
clustering

The clustering method has been adopted in understanding
development patterns of nations and cities. Identified clusters provide
important information regarding societal variation and are a useful
way to inspect intercountry relationships and further build up new
theories (Gupta et al., 2002). The grouping of nations into similar
clusters were often based on (Gupta et al., 2002): (a) geographic
proximity (Furnham et al., 1994; Kirkcaldy and Lynn, 1994); (b) mass
migration and ethnic social capital (Portes and Zhou, 1994); (c)

religious and linguistic commonality (Cattell, 1950). Scholars also
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applied the clustering method to understand development patterns of
finer scales, e.g., the neighborhood development patterns in Chicago
and LA (Delmelle, 2016). Recently there have been many studies
applying clustering method to nations and cities. But since the
clustering is mostly arbitrary, discussions are necessary to understand
the clustering results and compare them with traditional grouping of
locations often based on geographic proximity and socio-economic

similarity.

2. Sustainable Development Patterns in Asian Countries and Cities

The sustainable development patterns in nations and cities in Asia,
a rapidly growing area among all continents, are more of interest as
they have diverse religions, cultures, large populations and energy use.

There have been clustering studies for Asian nations. Gupta et al.
(2002) clustered 61 Global Leadership and Organizational Behavior
Effectiveness (GLOBE) nations, including Asian counties, into 10
clusters, regarding cultural aspects. Kantar and Keskin (2013)
examined electricity consumption and GDP in Asian countries using
average linkage cluster analysis. Irfan and Shaw (2017) investigate
clusters within South Asian countries and time period (1978-2011) on
relationship between environmental pollution, energy consumption,
and the level of urbanization. Kwon et al. (2018) analyze GHG
emission history across 24 Asian countries coming up with six
clusters, investigating the possibly reduceable carbon emission
sectors. Arshad et al. (2020) examined the effects of information and
communication technology, energy consumption and CO. emissions
in the South and Southeast Asian regions using cluster analysis.

Arshad et al. (2020) examined that two clusters were analyzed based
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on their social development score.

However, studies on sustainable development patterns in Asia are
still limited in general, especially at the city level. Even fewer studies
were done for Southeast, South, and West Asia, the most rapidly

growing regions.

3. Time Series Clustering for Identification of Trend Pattern

Most of previous studies on identification of clusters for nations
and cities were based on static data. But development trend should
be understood with time series data, which require particular
clustering methods to analyze. For time series data, time series
clustering is the most used approach in different fields to discover
patterns. The method is powerful in that it can cluster a large amount
of complex time series data with information with a straightforward
visual interpretation, although challenges exist for too large and high
dimensional time series data (Aghabozorgi et al., 2015).

Few studies used time series clustering method for nations and
cities. Alonso et al. presents a time series clustering method for the
historical data of CO.emissions in industrialized countries (Alonso et
al., 2006). Zarikas et al. (2020) analyzed clustering of countries with
COVID-19 cases. However, there are few literatures that focused on
clustering developing Asian nations and cities, from a sustainable

perspective.
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lll. Data

1. Data Collection

The data were collected for nations and cities in Southeast, South,
and West Asia. At the national level, energy consumption data were
extracted from subsections of World Energy Balance provided by the
International Energy Agency (IEA, 2021). GDP and population data
were collected from the World Bank website (World Bank, 2022).

At the city level, population data were collected from the World
Bank and the GDP and electricity consumption data were collected
from the grid dataset created by Chen et al. (2021). The raw data of
GDP and electricity were extracted in 1 x 1 km grid based on each
city’s administrative boundaries using ArcGIS (ArcGIS, 2022), and then
aggregated at the city level.

2. Data Cleaning and Processing

The collected data at the nation level contained a large chunk of
missing data, which is common in survey data because some nations
may lack the means to collect and compile data in a consistent
manner (Chi et al., 2016). This is the case particularly for the majority
of country in the study area categorized as developing countries. In
total, energy consumption data of six countries were missing (Bhutan,
Afghanistan, Maldives, Timor-Leste, Laos and Palestine).

The city level data contained more missing data because of different
levels of data coverage at the global scale in the source dataset (Chen
et al., 2021). Overall, GDP and electricity consumption data were

missing in 20 cities during the study period (Thimphu, Islamabad,
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Karachi, Lahore, Faisalabad, Colombo, Kabul, Male, Bundar Seri
Begawan, Dili, Vientiane, Singapore, Thimphu, Islamabad, Karachi,
Lahore, Faisalabad, Colombo, Kabul and Male).

Energy consumption and GDP data were normalized by total
population to develop the final datasets, which contained energy
consumption per capita, total population, GDP per capita data for 23

nations and 33 cities (Table 1).

(Table 1) Data Description

Data ENENE7 consgmptlon Total population GDP per capita
per capita
Scale National data
Time period 2000, 2005, 2010, 2015, 2019
Source IEA World World Bank World Bank
Energy Balance
Unit TJ / person person US dollar / person
Missing Data Bhutan, Afghanistan, Maldives, Timor-Leste, Laos, Palestine
Data Em2y consgmptlon Total population GDP per capita
per capita
Scale City data
Time period 2000 ~ 2019 (yearly)
Source Chen et al., 2021 World Bank World Bank
Unit kWh / person person US dollar / person
Thimphu, Islamabad, Karachi, Lahore, Faisalabad, Colombo, Kabul,
Missing Data Male, Bundar Seri Begawan, Dili, Yangon,, Vientiane, Singapore,
Jiddah, Makkah, Ramallah, Masgat, Ad-Dawhah, Ar-Riyadh

IV. Methodology
1. K-means Time Series Clustering

This study adopted the time series k-means, an unsupervised
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machine learning algorithm, to cluster nations and cities in the three
regions. The standard Euclidean k-means was assumed in the clustering
because the time series data in this study have the same fixed intervals
and lengths.

The standard Euclidean k-means problem is arguably the most
widely-studied clustering problem (Dutta et al., 2017). In the general

form of this problem, a set of n points in Euclidean space are given,

X=1z,,...,2,€R? and the objective is to select k center points

wERY, i =1 to k, so that the sum of squared distances for each
point to the nearest center is minimized (Awasthi et al., 2015). This

problem can be written as:

minimize Y, min;c ) | 2 — 2 || ® (1)
reX

In this study, the clustering problem is more complex as it involves
three variables, population, GDP per capita and total energy/
electricity consumption per capita. The three time series for the
variables were concatenated to form one long time series for each
sample. This resulted in a 15-dimensional data point for each sample
at the nation level (five time points data of three variables) and
60-dimensional data point at the city level (20 time points with three
variables). Before time series concatenation, the time series data of
each variable were standardized. In this data preprocessing, the
magnitude of the data was eliminated, and only the trends of
sequences were considered in the clustering.

“TimeseriesKmean” module in “tslearn”, a python library, was used

in implementation (tslearn, 2022). The distance was assumed the
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Euclidean distance in the algorithm. TimeSeriesScalerMeanVariance
function in the package was used to standardize time series data for
each variable separately in data preprocessing. Each clustering was
repeated 50 times to deal with getting stuck in local optima due to

the randomness in time series k-means.

2. Determining the optimal k

One of the most essential steps in clustering is to find the optimal
number of clusters where the data points are added (Somu et al., 2021).
The elbow method and silhouette score have been used to identify
optimal k for k-means. In this study, the silhouette score was adopted
due to its wide use and convenience in computation. The clustering
was applied with k ranging from 2 to 10, and silhouette scores were

calculated for those experiments based on Eq (2-3):

‘72 s(i)
171..]1\6v (2)

N bi)—ali)
0 = raxa@).b) &

Where S is the silhouette score, s(7) is silhouette statistic, a(7) is the
average distance to all the points belong to the nearest cluster other
than its own cluster A(7) is the average distance to points in the
nearest cluster besides its own nearest defined by the cluster
minimizing this average distance, N is the number of observations
(Tibshirani et al., 2001).

Then the k value with the highest silhouette score was selected as

the optimal k and the corresponding clustering results were chosen
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for analysis.

V. Results
1. Cluster Results of Nations

(Table 2) indicates the clustering result of national population,
national GDP per capita and total energy consumption per capita.
Nations were clustered into three different groups (Table 2) and (Fig
3). (Fig 2) shows the correspondence between geographic regions

and identified clusters.

(Figure 2) Mapping of clustered nations in the three Asian regions
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(Table 2) Identified clusters of nations in three Asian regions

Cluster Nation Region Cluster Nation Region
Bahrain West Asia Myanmar | Southeast Asia
Irag West Asia Indonesia | Southeast Asia
Jordan West Asia Malaysia Southeast Asia
Cluster 1 - — X
Lebanon West Asia Philippines | Southeast Asia
Qatar West Asia |Cluster 2| Singapore | Southeast Asia
United Arab Emirates | West Asia Thailand Southeast Asia
Bangladesh South Asia Vietnam Southeast Asia
India South Asia Oman West Asia
Pakistan South Asia Saudi Arabia West Asia
Cluster 2 - -
Nepal South Asia Kuwait West Asia
Cluster 3 Syria West Asia
Brunei South Asia Yemen West Asia
(Figure 3) Flowchart of three clusters for Asian Nations
Bangladesh
India
Pakistan Cluster 1
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Myanmar
Indonesia
M_ala_ysia i
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o
Saudi A:;; Cluster:3
Kuwait
Syria
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(Figure 4) indicates the trends of the growth in national

population, GDP per capita, and total energy consumption per capita
from year 2000 to 2019 (Fig 4. Table 3 shows the national level

descriptive statistics of three Asian regions (Table 3).
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Countries from Cluster 1 show increase in national population and
GDP per capita, but decrease in total energy consumption per capita.
This pattern depicts the sustainable development characteristics in
parts of West Asia, which constitute Cluster 1. Such a pattern may be
explained with two different mechanisms. The development of the
nations might have reached to a level that does not need intensive
energy consumption. An alternative explanation is that those nations
are aware of energy consumption issue and reduce it during their
development. Either way, Cluster 1 shows a positive outcome on
sustainability

Cluster 2 is the largest cluster and shows increase in all three
variables. Countries from cluster 2 contain all of the countries from
South and Southeast Asia, and two countries from West Asia. This
indicates that most of the Asian countries from three regions had
increase in population and GDP per capita, but decrease in total
energy consumption per capita, which implies that most of Asian
countries need more radical policies to reach sustainable
development.

Cluster 3 is characterized by a complex development pattern which
has a peak in all three variables: an increase until 2010 and a
decrease after 2010 in population and GDP per capita, and an
increase until 2005 but a decrease abruptly after 2005 for total energy
consumption per capita. Only three West Asia countries belong to
Cluster 3, and the pattern suggested those nations might have
undergone unusual national events around 2010 that impacted the

development trend (i.e. war, economic crisis, famine, etc.).
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(Figure 4) Development Patterns in Population, GDP per capita and total Energy
consumption per capita of Asian Nations

Population GDP per capita Total Energy Gonsumption per capita
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(Table 3) National level descriptive statistics of three Asian regions

Variable unit description mean std min max
Energy con- KWh / energy consumption per
sumption per erson capita of three Asian 0.084 0.094 0.004 0.409
capita P regions
Total | erson | 18! PopUlation of three | gq 143 505 | 249,000,000| 333,166 | 1,370,000,000
population Asian regions
us .
GDP | gollar 7 | COP per capitaof three | 4, 505 44 | 1641219 | 146.605| 67,408.00
per capita oerson Asian regions

2. Cluster Results of Cities

(Table 4) indicates the clustering result of cities considering the
total population, GDP per capita and total energy consumption per
capita (Fig 6). Cities were clustered to three different groups (Table
4y and (Fig 5). (Fig 6) shows the correspondence between geographic
regions and identified clusters. (Figure 7) indicates the development
trends of total population, GDP per capita, and total energy
consumption per capita for the three clusters. Table 5 shows the

national level descriptive statistics of three Asian regions {Table 5.
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(Figure 5) Mapping of clustered cities in the three Asian regions

Al-Mawsil
Beirut pamascus, Baghdad
& mman @/{]B;sraht
uwayl Delhi
Kathmandu
Manama i ° i
ubay
Ad Dawhafid shéén)aronyn " Koo #*
uscal
ChitsgongO oManda\ay OHaHO‘
OBombay ONaypynaw
SAN'A'

)

Bangkok Chon
Samut Prakan%au" H9 Chi
Phnom PenhQ OMmh City

Ot
02
© 3

City level Cluster

Kuala Lumpur
o umpul

Jakarta
OBekasbSUfﬁbaYa

Manila

Davao cit
o y

(Table 4) Identified clusters in cities in the three Asian regions

Cluster City Region Cluster City Region
Ho Chi Minh city| Southeast Asia Bangkok Southeast Asia
Ha Noi Southeast Asia Chon Buri | Southeast Asia
Bekasi Southeast Asia Samut Prakan| Southeast Asia
Surabaya Southeast Asia SAN‘A’ West Asia
Jakarta Southeast Asia Dubay West Asia
Kuala Lumpur | Southeast Asia Sharjah West Asia
Davao city Southeast Asia Cluster2 Damascus West Asia
Phnom Penh | Southeast Asia Ad Dawhah West Asia
Cluster 1 Muscat West Asia Beirut West Asia
Amman West Asia Al Kuwayt West Asia
Al-Basrah West Asia Manama West Asia
Baghdad West Asia Kathmandu South Asia
Al-Mawsil West Asia Mandalay | Southeast Asia
Chittagong South Asia Naypyitaw | Southeast Asia
Dhaka South Asia Cluster 3
Delhi South Asia Manila Southeast Asia
Kolkata South Asia Bombay South Asia
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(Figure 6) Flowchart of three clusters in the three Asian regions
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Cities from cluster 1 show increase in all three variables. As Cluster
1 is the largest cluster, containing most South and Southeast Asian
cities and some West Asian cities, the pattern suggested that most
cities in the three regions are developing at a radical rate, requiring
stronger policies towards sustainable development.

Cluster 2 shows a pattern of an increase in population but a
decrease in GDP per capita and total energy consumption per capita.
This trend indicates that cities from cluster 2 has an inefficient
development, which consist of a majority of cities from West Asia, a
few from Southeast Asia, and one from South Asia. Specifically, cities
in this cluster might have been overgrowing, with economic
development left behind. The energy use per capita decreased, but it
might be attributed to the rapid increase of total population and less
growth of economic development and living conditions.

Cluster 3 has an opposite pattern compared to Cluster 2, showing
a decrease in population but an increase in GDP per capita and

energy consumption per capita. This suggests that the only a few
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cities from South Asia and Southeast Asia cities in cluster 3, the
smallest cluster, did not grow in size, but had an improvement in
economic output and possibly living conditions. Such a pattern
suggests an efficient development, however, the increase in energy
consumption indicates the necessity of sustainable development
policies. Further inspection is needed to understand the reason of the

population decrease.

(Figure 7) Development Patterns in population, GDP per capita and total Energy
consumption per capita in three Asian regions

Population GDP per capita Total Energy Consumption per capita
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(Table 5) City level descriptive statistics of three Asian regions

Variable unit description mean std min max
Energy con- KWh / energy consumption
sumption erson per capita of three 892 1121 1 6,955
per capita P Asian regions
Total o rgon | [0talpopulation of ) yqq 53913 988 049| 60,904 | 18,975,420
population three Asian regions
us .
GOP | gollar/ | SDPpercapitact | gaay | 7689 | 191 | 42428
per capita person three Asian regions
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VI. Conclusion

There is an urgent need for sustainable development in Asia which is
expected to have great environmental challenges in rapid urbanization.
In particular, the South, West, and Southeast Asia regions have the most
rapid urbanization in Asia, and require most attention on their
development patterns. However, previous studies on those three regions
are few and the temporal dimension was little considered in identifying
their development patterns.

This study identified the development patterns considering the three
pillars in sustainability in 23 countries and 33 major cities in three
Asian regions with time series clustering, an unsupervised learning
technique. Three clusters representing three different development
patterns were identified at both national and city levels based on three
variables of population, GDP per capita, and total energy/electricity
consumption per capita. The identified clusters suggested diverse
sustainable development patterns in the three regions. Among them,
the largest clusters at the nation (Cluster 2) and city level (Cluster 1)
showed a rapid developing pattern. This indicates that most of the
nations and cities in the three Asian regions are in urgent need of
sustainable development. Other clusters revealed complex trends that
were closely linked to local development characteristics. In particular,
Cluster 1 at the nation level showed a growth in GDP per capita and
population, but a decrease in energy consumption per capita, implying
an efficient and sustainable development pattern. But further
examinations are necessary to understand the local conditions and
development patterns. In general, Asian cities showed more diverse

developing patterns than Asian countries.
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Overall, the clusters at both nation and city levels greatly transcend
the regions, suggesting future policy making in the three regions
should be tailed to local issues and learn from places with similar
patterns rather than following the conventional notion of Asian
regions. The results provide new insights into sustainable development
patterns in the three regions, helping policy makers for better policy
comparison and more targeted policy implementation. Moreover, there
is a need to develop various assessment tools for sustainable
development measurement on each cluster on national as well as city
levels. Such tool development can enhance coordination between cities
and nations to have more aligned efforts on sustainable development.

This study still has some limitations, such as the limited list of cities
and periods examined, due to the data availability issue. Also, analysis
with a mixed method can provide more comprehensive view of the
development patterns at the nation and city levels for policy making.

These will be examined in future research.
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