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Abstract: Examining urban growth in metropolitan areas from both morphological and functional
perspectives is paramount for sustainable development in developing and developed countries.
As a collaborative and critical approach, polycentrism operates concurrently at local, regional, and
national levels. However, the decentralized morphologies and functional attributes of polycentric
urban spaces are yet to be adequately explored, despite their significant influence on sustainable
urban planning and management. Colombo, the only metropolitan area in Sri Lanka, has experi-
enced considerable yet ambiguously imbalanced spatial growth due to insufficient data. This study
employed time-series satellite imagery from 1988 to 2022, in conjunction with a network model, to
elucidate Colombo’s uneven urban patterns, while achieving an accuracy of over 80% throughout the
period. The results revealed that the metropolis has evolved into a polynuclear city, complicating
the identification of centers and their corresponding developmental stages. Nevertheless, the study
successfully pinpointed the morphological and functional Grama Niladhari divisions, disclosing the
morphological features of centralized dispersion and the functional traits of decentralized concentra-
tion. These insights provide significant implications for local government, guiding urban planning
initiatives to achieve sustainable development goals.

Keywords: polycentric; spatial evaluation; temporal evaluation; morphological dimension; functional
dimension

1. Introduction

The rapid rise in urbanization over the past few decades has been attributed to ex-
panding opportunities and globalization [1]. According to the United Nations Department
of Economic and Social Affairs [2], 68 percent of the global population is projected to reside
in urban areas by 2050 [3]. Increase of urban growth results in urban activities alters the
spatial organization of cities, including metropolitan areas [4]. Identifying the historical
evolution of spatial structures and their current status [5] is crucial for the development of
urban areas, leading towards sustainable cities [6]. During different eras, varying levels
of urban development can be seen due to policies implemented and other local factors.
However, in the field of urban development, the spatial organization in most cities has
evolved from monocentric to polycentric [7].

In general, a monocentric spatial structure has a dominant city that acts as the core,
influencing the development of surrounding cities [8]. In contrast, a polycentric spatial
structure involves several cities sharing the functions of a core city [5,7]. In a polycentric
structure, other cities are interconnected with core city by transportation networks [9]. The
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concept of polycentricity has its roots in the early 20th century, with initial ideas proposed
by Burgess (1925), as cited in [10], and Harris and Ullman (1945) [10,11]. Despite these early
contributions, monocentric models remained more prevalent. It was not until after the
1960s that polycentricity began to attract significant attention, leading to the development
of various models and theories [12]. A notable contribution came from Garreau (1991) [11],
who introduced the concept of “edge cities” to describe emerging urban areas located at
major freeway interchanges. In 1996, Krugman offered a theoretical framework to explain
the development of polycentric structures, focusing on the economic interactions among
firms influenced by both centripetal and centrifugal forces [11,13]. Anas and Kim (1996)
further expanded on this by creating a computable general equilibrium model. Numerous
empirical studies, including Anas’s comprehensive study of polycentric cities in the United
States [14,15], have since been conducted.

Today, most developed and developing countries have polycentric cities [16]. Cities
in Australia and Saudi Arabia [17], and those in Europe [18], the United Kingdom [19],
the United States [20], and the Netherlands [19] paid attention to polycentric spatial struc-
tures. In many of these developed nations, planning towards polycentric structures en-
courages the decentralization of urbanization. In contrast, developing nations especially
in South Asia, are also paying attention to polycentric structures, as seen in India [21],
Bangladesh [22], and Nepal [23]. However, while developing countries exhibit this trend,
it often has negative implications [24]. In developed nations, polycentric development
primarily aims to generate employment in sub-centers, whereas in developing countries, it
typically leads to the expansion of built-up areas [17,25]. In summary, countries with urban
sprawl exhibit polycentric development, but it may significantly deviate from international
standards. Despite substantial urban expansion in South Asia, Sri Lanka [26] has a notable
gap in understanding how these trends manifest.

Sri Lanka is an island in the Indian Ocean, and Sri Lankan cities also experienced urban
spawl at unprecedented rate from 1990 [27], including the nation’s capital city, Colombo. Sri
Lanka currently stands at an urban paradox with regard to urbanization [28]. The country
demonstrates an urban sprawl [3], in which the expansion rate of urban areas exceeds the
population growth rate. This is due to the un-planned city development strategies within
the country and resulting population concentration around city centers. Assembling all the
economic activities and working places in the city center is the most common characteristic
of Sri Lankan cities [29].

There was an increasing trend of decentralization of Sri Lankan cities during the post-
war era due to new under government policies and projects, [30]. The Colombo district,
the main economic hub of the country generated 40% of Sri Lanka’s GDP in 2023, which is
exceptionally high when compared with other 24 districts even though the district makes
up only 5.7% of the country’s land area and 25% of its people [31]. However, the study area
of this research, the Colombo Metropolitan Area (CMA), includes the Colombo district and
27% of the Western Province. Therefore, the factors discussed above regarding the Colombo
District have significant relevance to the CMA. Nevertheless, there are still challenges with
the way in which the CMA is now developing. For example, Colombo’s high-density
developments are emerging on their own, regardless of the availability of infrastructure to
sustain them, which causes a number of problems [28].

The identification of polycentricity within the Colombo Metropolitan Area is challeng-
ing due to insufficient local administrative data. Sri Lanka is divided into nine provinces,
25 districts, and 14,022 Grama Niladhari divisions, with the Grama Niladhari system being
the smallest administrative unit responsible for local governance and data collection [32].
However, in Sri Lanka, such statistical variables are often not collected or are not in a
suitable format for analysis. Therefore, conducting an ideal analysis of polycentricity is
a challenging task using conventional methods. As a developing nation, Sri Lanka faces
issues such as poor data availability, a lack of statistical data, and limited integration be-
tween local authorities [25,33]. Additionally, there are problems with the accuracy and
consistency of boundaries for urban areas, cities, or towns over time.
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Much of the research on polycentricity has concentrated on cities or metropolitan areas
in developed nations, whereas rapidly growing cities in developing countries, such as Sri
Lanka, have received comparatively little attention. Addressing the urban development
of the Colombo Metropolitan Area (CMA) presents several challenges. To date, no study
has thoroughly investigated the urban polycentricity of CMA or any other area in Sri
Lanka. Traditionally, identifying polycentric cities has relied on statistical data, including
census and socioeconomic. This study aims to address this gap by utilizing geographical
information systems (GIS) and remote sensing (RS) [34] to identify polycentricity, focusing
on both morphological and functional aspects. The study pays particular attention to
morphological polycentricity, which refers to the geographical distribution of cities varying
in size and development. The flows of people, information, or commuters are mainly
considered in functional polycentricism.

In this study, polycentric urban development of the CMA is investigated by utilizing
spatial analysis. The key objective is to explore the polycentricity in urbanization within
the CMA. The aim of this study is to identify multiple cities within the CMA’s urban
agglomeration and then, by applying spatial analysis, to differentiate morphological and
functional centers. The results will provide insights into the urbanization process in the
CMA and its implications for future urban planning and policy-making. Finally, this study
seeks to contribute to a better understanding of urban expansion patterns in developing
cities like the CMA and offer recommendations for more effective and sustainable urban
management.

2. Materials and Methods
2.1. Study Area

Colombo, the capital of Sri Lanka, is considered one of Asia’s emerging cities. Ur-
banization in Colombo has proliferated during the past few decades. After the Civil War,
the city began implementing new development initiatives [35], especially during the last
ten years. Colombo is generally a low-density city with large amounts of greenery and
low-rise structures, but it contains densely packed medium-rise structures along the main
thoroughfares. As shown in Figure 1, due to the limitations caused by natural boundaries,
marshlands to the east, and the Indian Ocean to the west, the city has typically expanded
along the national highways in a north—south orientation.
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Figure 1. Geographic location of the study area.
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2.2. Data Sources

This study processed time-series Landsat data from 1998 to 2022 to obtain the urban
land cover changes over the Colombo Metropolitan Area (the CMA). Landsat 5 Thematic
Mapper (TM), Landsat 8 Operational Land Imager (OLI), and Thermal Infrared Sensor
(TIRS) were utilized in this study. Landsat images have a spatial resolution of 30 m,
providing adequate detail for analyzing urban land cover changes over large areas. The
Landsat data were retrieved from the U.S. Geological Survey (USGS) website (Reston, VA,
USA) at https:/ /www.usgs.gov/ (accessed on 10 November 2022).

For analyzing polycentricity based on available data, several layers were utilized:
the built-up layer, the road layer, composite function points, and administrative divisions
published by the Survey Department of Sri Lanka. The composite function point’s layer
includes shopping centers, administrative centers, schools, hospitals, banks, enterprises,
and hotel locations, which were verified and updated using Google Earth Pro Version 7.1.8.
Additionally, the road layer was employed to develop the road network.

2.3. Urban Land Cover Classification from Time-Series Images

Landsat images were utilized to analyze transitions in land use and land cover
from 1988 and at subsequent five-year intervals. To achieve this, the random forest
classification algorithm was employed using pixel-based supervised classification tech-
niques [36]. Training samples and signature file preparation were completed, and classifi-
cation was performed using Google Earth Engine (Mountain View, CA, USA) available at
https:/ /earthengine.google.com/ (accessed on 12 February 2023). A quantitative evalu-
ation of the confusion matrix revealed an overall accuracy rate ranging from 80.31% to
90.94% and a Kappa coefficient of 0.8-0.9 across the study period. These results met the
data accuracy and consistency standards, providing a better understanding of the spatial
temporal characteristics of urban expansion, including its mechanisms and driving forces.

2.4. Analysing the Dynamics of Urban Expansion

When quantifying spatial and temporal variability and urban development patterns,
researchers commonly use indicators such as the spatial expansion index and the landscape
expansion index (LEI) [37]. Typical metrics for urban quantification include the annual
increment (Al) (Yang, et al., [38]), the annual growth rate (AGR) [36], and urban expansion
intensity (UEI) [37,39]. These indicators enable researchers to better understand the rate
and intensity of urban expansion and how these affect the landscape and spatial charac-
teristics of the surrounding area. By utilizing such indicators and metrics, researchers can
gain valuable insights into the impact of urban expansion and make informed decisions
regarding land use and urban planning.

This study uses UEI and Al to look at the urban growth of the CMA within several
periods. The most popular index for measuring urban development is the urban expansion
index (UEI), which is used to analyze the intensity of urbanization across time. Urban land
expansion intensity is divided into four categories [40]: non-strength (UEI = 0), medium
strength (0.2 < UEI < 0.5), low strength (0 < UEI < 0.2), and high strength (0.5 < UEI). The
general scope and trends were described using Al [41], as follows:

_ (s2-51)
Al = 252 1)
_ /(52—-51)
UEI = (T — ) %100 )

where S stands for the research area’s total land area, S1 and 52 for the study period’s first
and last urban land areas, respectively, and T for the number of years


https://www.usgs.gov/
https://earthengine.google.com/

Sustainability 2024, 16, 7816

50f 17

The landscape expansion index (LEI) [42] is used to determine the link between the
existing urban patch and the new urban patch spatially, which depicts the dynamic process

of urban land expansion.

L
LEI = 7 3)

To categorize different types of urban growth, several criteria are used. In Equation (3),
P represents the perimeter of the new urban patch, and L represents the distance along
the common boundary between the new and existing urban patches. Three criteria used
to recognize types of urban growth are outlying type (LEI = 0), edge-expansion type
(0 < LEI £ 0.5), and infilling type (0.5 < LEI < 1) [17].

Distinguishing between new and original urban parts is crucial when examining urban
expansion. A new urban patch in the outlying is a separate, autonomous area of urban
development from the original urban patches. New urban patches frequently emerge along
the boundaries of the initial urban patch and spread outward during the process of urban
growth. The steady outward growth of urban development from current urban centers
characterizes this sort of urban growth, which is referred to as edge expansion. The last
type of urban expansion, infill, denotes the new urban patches that are created within the
gaps or spaces of the existing urban fabric.

2.5. Characterizing the Urbanization Process

Core areas that have a higher density of built-up zones are considered natural cities,
and when urban areas become denser, the concentration of different kinds of interactions
also increases. The main assumption in this step is that “concentration of different kinds of
interactions proportionally increases with the density of urban area”. The identification
of natural cities frequently involves the use of a gravity model. Urban centers are located
using the gravity model, which also makes use of other theories, like the First and Second
Laws of Geography [43,44]. The idea of “action at a distance”, according to which an
area’s rate of urbanization can be impacted by nearby urban areas, is the foundation
of the First and Second Laws of Geography. These hypotheses ensure that the gravity
model [45] can be used to determine the area with the highest density and better explain
the occurrences of many city centers. This information can then be used to guide land use
and development decisions, ensuring that urban growth is sustainable and meets the needs
of local communities.

Percentage of urbanization
distance between pixels

Urban Density =) _ 4)

The gravity law was utilized to assess the spatial relations between urban pixels.
The law was applied to a binary image with a specified window size, and the resulting
percentage of urbanization was calculated using Equation (4). The resultant images were
normalized into 1 to 10 for better visualization. It was assumed that this linear standardiza-
tion did not impact the change in urban density. The use of the gravity law in combination
with binary images allows for a more accurate and efficient calculation of urbanization
patterns and density.

Next, natural cities were derived based on three strategies [46]: (1) selecting the portion
of the pixels that correspond to highly urbanized areas; (2) converting the chosen pixels
(from raster data to vector data) into polygons; and (3) determining the area of every
polygon and eliminating any that are too small (less than 1 km?). The remaining polygons
are considered to be natural cities. Throughout the procedure of extracting natural urban
areas, some pixels with low values may be surrounded by pixels with high values, leading
to small gaps appearing within certain natural urban areas. These gaps are typically much
smaller than the total area of the natural cities, and filling them allows the natural cities to
become more distinct spatial entities. Although this process has no effect on natural city
identification, it can improve the accuracy of quantitative analysis. As outlined in Table 1,
three indices were utilized to determine whether a natural city qualified as an urban center.
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These indices include the area (A), standard deviation (SD), and elongation (EL). To be
considered as an urban center, a natural city must satisfy the assessment standards for
each of these three indices. The definitions for these indices are provided in Table 1. This
approach ensures that only natural cities with specific characteristics are classified as urban
centers, providing a more accurate representation of the distribution of urbanization.

Table 1. Indices used in the identification of urban centers.

Index Definition Urban Center Non-Urban Center
Area (A) A=N x PA <12 km <12 km
SD =
Standard Deviation N 2 >>0 ~0
VAL (-3
i=
Elongation (EL) ELA =LLA/SLA <5 >5

The area of a natural city is represented by index A, which is computed as N x PA,
where N is the number of pixels and PA is their size. According to the literature review,
only natural cities larger than 2 km? were regarded as urban centers for this study [47,48].
The degree of dispersion of each and every pixel in a natural city is measured by the SD
index [46]. Whereas a smaller SD number suggests that these values are closer to the
mean, a higher SD value shows that the majority of the dataset’s values vary from their
mean values. Using SD serves the objective of excluding certain natural cities, like ports
and airports, which are not regarded as urban centers. The elongation (EL), or the spatial
distribution of rural cities in different directions, is the third index. LLA and SLA, stand for
the lengths of the major and minor axes, respectively, of the minimum bounding rectangle
of the natural cities. The purpose of EL is to eliminate the natural cities that result from
roadways that are too narrow.

2.6. Identification of Morphological Polycentric Areas

To identify morphological polycentric areas, several layers of data were utilized in
the process, including the built-up layer, the road layer, land use and land cover layer, etc.
The composite function points were analyzed in terms of their geographical distribution,
and areas with a high density of these points were identified as candidate function centers.
This analysis was carried out using kernel density analysis [49], which allowed for a more
accurate identification of areas with a high concentration of activity and development. To
identify the morphological polycentric areas, a two-step process was carried out.

Firstly, density layers were created using Hotspot analysis for natural cities and the
integration of other layers. These layers provided information about the concentration of
activity and development in different areas. Secondly, these layers were superimposed
on top of each other in order to identify the morphological polycentric areas. To identify
polycentric areas based on administrative divisions, the Grama Niladari file overlapped
with other relevant data layers. This approach allowed for a more comprehensive under-
standing of the spatial dynamics of urban areas at the administrative division level. By
examining the overlap between different data layers, it was possible to identify areas that
exhibited a polycentric morphology [50].

2.7. Identification of Functional Polycentric Areas

When identifying functional polycentric areas, it is common practice to delineate areas
based on the daily travel patterns of commuters. However, in many cases, data on daily
travel patterns are not readily available at the relevant time-series scale. To address this
challenge, researchers have proposed using the density of roads as a proxy for commuter
travel patterns [50]. Specifically, the density of the road network is identified by weighting
factors such as road usage, type, and scale. By using this approach, it is possible to estimate
the level of commuter activity in different areas and identify functional polycentric areas
based on these estimates. Although this approach is not a perfect substitute for direct
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measures of daily travel, it can provide valuable insights into the spatial dynamics of urban
areas and inform policies and planning efforts.

To measure the proximity of each building within the transportation network, re-
searchers utilized the Urban Network Analysis (UNA) tool, developed in 2022 by Sevtsuk
and Mekonnen attached to the City Form Lab at the Massachusetts Institute of Technology
(Cambridge, MA, USA) [51]. With the aid of this tool, the proximity function of every
building in the road network was computed, revealing information on the degree of ac-
cessibility and connectivity of various locations. Spatial autocorrelation analysis was used
to determine important hotspots based on the results. This approach [50] allowed the
researchers to identify areas that exhibited high levels of connectivity and accessibility, and
to better understand the spatial dynamics of the urban area under study [43].

3. Results
3.1. Urban Land Cover Changes in the CMAA

Upon obtaining the classification results, it became apparent that cities tend to expand
beyond their established limits. As illustrated in Figure 2, the urbanized area in the
CMA has grown dramatically over the last three decades. As shown in Figure 3, the
urban area in 1988 was 98.037 km?, but by 2022, it had grown up to 401.68 km?2. This
indicates a significant increase in the urban area over the last 34 years. Specifically, it is
estimated that the urban area has increased by approximately 9.1 km? per year during
this period. It can be noted that in 1988, the urban area accounted for 9.6% of the whole
area, and in 2022, it accounted for 39.6%. A detailed analysis of the urbanization results
reveals a few characteristics associated with urban sprawl. These include low-density
development, leapfrog development, scattered development, and commercial strip or
ribbon development. This phenomenon was further explained in the studies conducted by
a number of scholars [29,52,53], which indicate that, although urbanization is happening, it
tends to be more on the unhealthy side.
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Figure 2. The results of random forest classification in the CMA: (a) 1988 (b) 1992 (c) 1997 (d) 2002
(e) 2007 (£) 2012 (g) (2017) and (h) 2022.
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Figure 3. Quantity change of urban land in the CMA from 1988 to 2022.

As per the statistics revealed by Subasinghe et al. (2022) [26], the ribbon-type expansion
is the reason for Colombo’s “messy” urbanization. This type of urban expansion is beyond
the boundaries of urban planning. Therefore, these areas have a high concentration of
urban features, which ultimately challenges sustainable urban development [54].

Attention needs to be paid to urban sprawl because the above patterns not only
exhibit land use change within the considered time period, but also show the impact on
transportation and socioeconomic development. The problems of climate change and rising
environmental pollution can be worsened due to the prevailing expansion pattern observed
during the study. Al and UEI indices were calculated for further in-depth analysis of the
expansion intensity in different time periods (Table 2).

Table 2. Index calculation for built-up areas for the CMA.

Period Increased  Urban Al(km?  UEI(%)  Stage

Area Area
1988-1992 98.037 98.037 19.6074 0.191 Low-strength
1992-1997 63 161.037 12.6 0.942 High-strength
1997-2002 24.196 185.233 4.8392 0.477 Medium-strength
2002-2007 28.688 213.921 5.7376 0.566 High-strength
2007-2012 69.025 282.946 13.805 0.611 High-strength
2012-2017 4.563 287.509 0.9126 0.090 Low-strength
2017-2022 19.502 307.011 3.9004 0.385 Medium-strength

3.2. The Urbanization Process in the CMA

This study has shown that Colombo experienced low, medium, and high urbanization
strength during the time span analyzed. There are three stages of urbanization expansion
that can be distinguished when analyzing horizontal urbanization: low-, medium-, and
high-strength.

As depicted in Table 2, the urban expansion intensity was higher during 1992-1997
than in the earlier period. During the 1990s, Sri Lanka underwent significant changes as
a result of a number of social, political, and economic factors. This period was marked
by several disruptive events, including the civil insurrection, which took place from 1987
to 1989, as well as the ethnic conflict that lasted from 1983 to 2009, causing significant
disruptions and changes in the country. The main reason for this can be identified as
rural-to-urban migration, which happened during this period [29].

As per Hewavitharana [55], the policy was implemented to encourage rural-to-urban
migration for economic gains, aiming to reduce the poverty level of rural communities due
to the lower productivity of the agricultural sector. This may be the reason for the high
strength shown in Table 2 for the period from 2002 to 2006. Further, from 2007 to 2012,
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the same figure remained high. The reasons for this would have been the ending of the
civil war in 2009, and the policy decisions taken by the government, which resulted in a
gradual increase in urbanization in Colombo due to the commencement of development
projects [35].

The Western Region Megapolis Planning Project (WRMPP) is the flagship project of
the area’s urban development program. The two key transformations that the WRMPP
seeks to achieve are geographical transformation of urban agglomerations in the Western
Region and the structural change of the entire national economy. This project seeks to
achieve these objectives by creating a more sustainable and integrated urban development
plan that promotes the balanced growth of urban and rural areas. The implementation
of this project has led to a slowdown in the urbanization of Colombo and the spread of
built-up areas in the Western Region of Sri Lanka [26].

The landscape expansion index is a useful indicator for analyzing changes in the
spatial structure of urbanization. By studying urban spatial patterns, we can gain insight
into the development of a city and use this knowledge to improve urban planning and
management. In the case of Colombo, the landscape expansion index was used to analyze
the city’s spatial expansion pattern from 1990 to 2022. The results indicate that edge and
outlying expansion were prominent during this period, while infilling expansion was the
weakest form. This information is displayed in Figure 4.

Outlying Infilling = Edge-Expansion

[
i
i
1]
mmmmmmw

[

1988 —1992 1992 — 1997 1997 — 2002 2002 — 2007 2007 — 2012 2012 - 2017 2017 — 2022

Year

Figure 4. Percentages of three spatial growth types during 1992-2022.

Between 1990 and 2000, Colombo’s expansion pattern was characterized by a com-
bination of edge expansion and outlying growth patterns. This spatial heterogeneity is a
typical feature of the urbanization process. When urban areas expand with edge expansion,
they become urban agglomerations. Accordingly, Colombo’s outlying growth exhibits a
linear and clustered pattern, with a small percentage of isolated growth in some areas.

The main reason for outlying urbanization has been the physical development occur-
ring along the transport corridors. This can be seen in Figure 2 by way of the increase in
the number of built-up patches and the decrease in the distance among them. In contrast to
the decrease in the mean distances between built-up patches, which can be attributed to
the combined effects of diffusion, expansion, and the development of new patches near or
between existing ones—a process known as infill urban development—the increase in the
size of built-up patches was a result of extension or expansion [29].
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The above evidence suggests that the study area is currently in the early stages of an
oscillating process. At present, the study area is currently experiencing more diffusion
and less coalescence, which could be the result of urban sprawl. Conversely, coalescence
typically leads to an infilling growth pattern, where development fills in existing gaps
within the urban fabric. In the CMA, absence of geographical obstacles, such as high
elevation and steep slopes, which could limit the urbanization process has facilitated
urban sprawl. Since urbanization is happening along roads with the development of road
networks, city centers and suburbs link together and make poly cities. Currently, the impact
of growth nodes on the CMA is not clearly evident. Therefore, in the next section, try to
identify the growth nodes, both morphological and functional.

Furthermore, the urban centers in the CMA were identified using the urban density
maps in Figure 5. The city boundary limits have expanded year by year. The natural cities
created were identified, and they show urban agglomeration throughout the study area
and cannot differentiate the cities. Therefore Therefore, in the further identification of
morphological and functional cities in the next section the smallest administrative unit of
Sri Lanka, Grama Niladhari Division, is overlapped with the results for better visualization.

150 50 100 150 50 100 150

150 50 100 150 50 100 150 50 100 150
X X X

(f) (8) (h)

Figure 5. The results of gravity model for the CMA: (a) 1988 (b) 1992 (c) 1997 (d) 2002 (e) 2007 (f) 2012
(g) (2017) and (h) 2022.

3.3. Morphological Polycentric Areas

The identification of morphological polycentric areas begins with selecting the core
areas that form the city centers. Rather than using a population threshold, we identify the
presence of local authorities, which typically indicate an area exhibiting higher population
density than the adjacent areas. After identifying the morphological polycentric areas, the
density values were converted into percentages for clearer representation and then classified
into five classes. This classification aims to differentiate varying levels of polycentricity
based on the intensity of development. In the identification of morphological polycentric
areas, initially, the most contiguous Grama Niladari Divisions were identified. Therefore,
the resultant areas are considered as urban centers.
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As demonstrated in Figure 6, Battaramulla was identified as a high-density morpho-
logical urban center. The area comprises a mix of residential houses, government offices,
and administrative complexes. One of the reasons for this is that the government targeted
Battaramulla for development to reduce congestion in Colombo through infrastructure
development. Despite the historical and economic significance of Colombo Fort as the
central business district, its morphology has been impacted by suburban sprawl. When an
area experiences extensive suburban sprawl, characterized by low-density structures and a
dispersed urban form lacking cohesive characteristics, it tends to exhibit low morphological
attributes. However, Kuruduwatta has emerged as a major morphological center since
1997, and continues to be so. Today, the most significant buildings in this area include the
University of Colombo, the United Nations head office, the police quarters, ministerial flats,
official residences, and so on. This concentration makes the area more developed in terms
of morphology without significant urban sprawl. In contrast, Rathmalana shows moderate
morphological development. Rathmalana is an area established for industrial purposes
outside Colombo city [26,28] and is, therefore, a more well-planned area with structured
residential zones.
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Figure 6. Morphological urban areas of Colombo Metropolitan: (a) 1988 (b) 1992 (c) 1997 (d) 2002 (e)
2007 (f) 2012 (g) (2017) and (h) 2022.

Polycentricity, on the other hand, is associated with the balanced distribution of re-
sources, economic opportunities, and services across the entire region. However, according
to the findings depicted in Figure 6, the study reveals a greater degree of polynuclearity
rather than polycentricity, which indicates a fragmented distribution of resources and
economic activities. Polynuclearity is considered one of the causes of urban sprawl, which
leads to unhealthy urbanization. The phenomenon of polynuclearization in metropolitan
areas can be attributed to urban sprawl and the weakening of the leading role of historic
city centers. Other cities in the metropolitan area have taken over specific functions, such
as financial centers, technology centers, shopping centers, industrial centers, and more, as
reported by Lityniski and Serafin [56]. Since morphological urban centers only focus on
physical arrangements of urban structures within the spatial layout of the region, functions
and activities need to be monitored.
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3.4. Functional Polycentric Areas

The differentiation between polynuclearity and polycentricity is primarily based on
functional linkages. Polynuclearity mainly focuses on the number of high-density areas
without considering functional connections. On the other hand, polycentricity evaluates the
number of centers, which are defined as high-density areas that have functional connections
with their surroundings. Therefore, the presence of functional linkages plays a crucial role
in differentiating between polynuclearity and polycentricity.

The functional polycentric areas were identified by considering the road network and
the results given in Figure 7. Due to the lack of relevant data on commuter flows, the road
network is used to identify potential functional urban areas. In Figure 7, the functional
urban centers are densely scattered and cannot be identified due to the exchange of sig-
nificant flows that intertwined with congested transportation networks. After identifying
the morphological polycentric areas, the density values were converted into percentages
for clearer representation and then classified into five classes. The density values were
divided equally among the five classes, each of which assigned a value from 1 to 5. This
classification aims to differentiate varying levels of polycentricity based on the intensity of
development.

e [ NE A
N N N N
A «
Fory Pettah
Fort ’ &, -
Kollupitiya " o \ 3
Bambalapiti¥a - Battaramulla ‘, 3
Wellawata .
Y >
Fort.
Legend Legend Legend
. Legend
0-19% 0-19% 0-19% 0-19%
19-43% 19-43 % 19-43% 19-43 %
43-61% 43-61% 43-61% 43-61%
Ml ei-84% 61 -84 % [ Bl o1-84% T M6t -84% T
I 84 - 100 % 036 12km| |HEEN84-100% 036 t2km| [ 84-100% 036 12Km| | EEEs4-100% 036 12Km
e A A" A
N N { N . N
¢ L Qe
o v xS
i A LS
. : {
G o TS ¥ -
Legend Legend Legend T Legend
0-19% 0-19% 0-19% 0-19%
19-43% 19-43% 19-43% 19-43%
43-61% 43-61% 43-61% 43-61%
61 -84 % Hlc1-84% 6 -84% rm 6 -84% —rr
I 54— 100% 036 12km| |HEEss-100% 036 12km| |HEEN84-100% 036 12km| |HEM84-100% 036 12Km

Figure 7. Functional urban areas of Colombo Metropolitan: (a) 1988 (b) 1992 (c) 1997 (d) 2002 (e) 2007
(f) 2012 (g) (2017) and (h) 2022.

Fort and Pettah are well-known commercial districts within Colombo. However,
Figure 7, shows that other than those two areas, Bambalapitiya, Kollupitiya, and Wellawatta
exhibit a high level of functionality. These adjacent neighborhoods situated along Galle
Road collectively form a significant commercial and residential hub. Another noteworthy
center emerges around Rajagiriya and Battaramulla (Figure 1). These centers play a crucial
role in contributing to the polynuclearity of Colombo, adding to its diverse urban landscape.

In addition, the findings reveal a dispersion of both morphological and functional
polycentric areas, indicating an unequal distribution of urban structures within the city.
Historically, urban areas have revolved around central business districts, serving as the
primary economic and commercial hub. However, Figure 7 illustrates that the CMA is no
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longer characterized by a single dominant center, but rather a network of interconnected
centers. As the CMA undergoes such urban expansion, it becomes imperative for the
government to promote urban justice throughout the process of urban development. This
need arises from the emerging trend of polynuclearity in urbanization, which aim to
alleviate congestion and ensure a more balanced distribution of resources and opportunities.

The issue of polynuclearity within the CMA must be addressed in order to mitigate
the adverse implications for transportation efficiency and environmental sustainability, as
well as disparities in infrastructure quality. Additionally, the fragmented nature of services
leads to social and economic disparities, which can be alleviated through proper allocation.
By balancing the distribution of services, enhancing connectivity between centers, and
fostering collaboration among cities, a number of challenges can be addressed.

4. Discussion

The results of the study examining urban growth in the study area reveal notable
changes and trends over several decades. This expansion is not isolated, but influenced by
many factors, including social, political, and economic events. Due to the concentration
of urban development activities in the CMA and the current polarization of urbanization,
the study area has become a focal point for economic development [26]. This study
mainly proposes a methodology to identify morphological and functional dimensions by
using the geographical distribution and interaction of urban pixels. Other studies have
employed attribute data, including population, land use, gross domestic product, and
employment [50,57,58] in morphological dimension identification.

In terms of functional dimensions, traditional research has concentrated on basic city
functions, including housing, offices, transportation, commerce, and leisure [33,50,59]. Re-
cently, research has broadened to examine aspects such as the movement of people, logistics,
traffic patterns, and other functional centers [50,60]. Some studies connect morphological
and functional dimensions to evaluate dual-dimension polycentric centers [1,20]. In such
instances, separate perspectives are often employed for comparison and analysis, leaving a
gap in the comprehensive examination of overall urban dual-dimensional systems.

In the Colombo Metropolitan Area (CMA), morphological and functional centers are
not scattered, but interconnected due to urban sprawl. Yue et al. 2019 [20], observed contin-
uous patterns in morphology, while Burgers (2012) [61] identified increased polycentricity
in functionality. Similarly, Yu et al (2022) [50] found scattered multiple agglomerations in
functionality compared to morphology. For the CMA, despite imbalances in development,
both functional and morphological centers display similar characteristics, confirming a
trend towards polynuclearity. Previous research on functional approaches varies, often
using different data sources. This study, constrained by limited data on commuter flows
and other factors, relies primarily on transportation network data. The primary difference
between polycentricity and polynuclearity is their functional characteristics. Polycentric-
ity emphasizes the functional links between local centers and their surrounding areas,
whereas polynuclearity is centered on high building density within the urban core, without
necessarily reflecting functional connections.

In this study, the spatial arrangement of the CMA was analyzed using UNA (Ur-
ban Network Analysis), Point of Interest, and hotspot analysis tools. The focus was on
identifying two-dimensional functional and morphological centers. Although the results
reliably identify morphological and functional centers consistent with the current spatial
structure of the CMA, the emphasis is on understanding spatial distribution. The urban
environment was characterized using spatial statistics and range identification based on
Grama Niladhari divisions. The boundaries between urban centers were not clearly de-
fined, as they extend beyond administrative boundaries and are more interconnected. This
interconnection between centers is referred to as polycentricity. Cities experiencing urban
sprawl often display polynuclearity due to their development patterns. In this study, spatial
distribution serves as a “pattern”, whereas interaction is viewed as a “process”. Therefore,
the key contribution of this study lies in how patterns affect processes and processes, in
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turn, reshape patterns. This leads to a comprehensive assessment of both morphological
and functional polycentric spatial structures. Future research could further explore patterns
of mobility and human behavior to evaluate polycentric structures in other megacities,
potentially enhancing our understanding of urban dynamics and informing more effective
urban planning strategies.

Identifying cities with polynuclearity is crucial because these cities can be transformed
into sustainable cities by converting them into polycentric cities. In this approach, frag-
mented, independently developed centers with varying densities become more balanced,
and isolated cities with functional roles can be interconnected. This transformation ulti-
mately reduces urban sprawl, which is a significant issue in the current urban expansion
of Colombo. Measuring polycentricity requires considerable attention and time, but the
results can be valuable for introducing spatial policies aimed at managing urban sprawl.
By identifying cities experiencing rapid urban development, local authorities can invest in
these areas to enhance functionality. When core cities and their levels of morphology and
functionality are identified, relevant authorities can develop strategies and plans to link
these cities with others. Such an approach can balance urban development and promote
unified growth. By creating well-integrated cities and metropolitan areas, it is possible to
achieve sustainable urban development on both national and international scales.

This study is restricted by the resolution of the available spatial data for the CMA,
which limit the broader applicability of the study’s methods. However, novel algorithms
incorporating optical, SAR, and LiDAR data, as well as hyperspectral images, are now
being developed by various scholars, which enhance the accuracy and provide better
representation of urban dynamics [62,63]. Additionally, the analysis of urban sprawl
was constrained by the availability of up-to-date attribute data, potentially impacting the
accuracy of our assessments. Future research should consider expanding the analysis to
include other rapidly urbanizing cities in Sri Lanka and South Asia to validate and refine
these findings. Additionally, incorporating socio-economic factors into the analysis could
provide a more comprehensive understanding of urban sprawl dynamics and inform more
effective planning strategies.

5. Conclusions

This paper presents a new perspective for studying the scaling structure of urban
spaces using satellite images and novel spatial units, such as natural cities and morphologi-
cal and functional urban areas. By using this intra-urban approach, a more comprehensive
understanding of the underlying structure of urban spaces can be achieved. In contrast to
the traditional spatial units established by local governments, the current study employed
a spatial clustering approach to identify concentrated areas that were objectively delineated
as morphological and functional urban areas. This may be considered as a direction for
prospective future research.

Measuring the level of urban sprawl can be a time-consuming task. However, it
enables policymakers to design and implement spatial policies aimed at reducing its
impact. Addressing the impacts of urban sprawl requires implementing smart growth
strategies, such as compact development, mixed land use, efficient transportation systems,
and the preservation of green spaces. These approaches can promote sustainable, livable,
and resilient cities while mitigating the negative effects of urban sprawl. By identifying
emerging cores in urban areas, government officials can direct investment to these areas,
thus activating functional connections with surrounding areas and other cores.

The presented method, like all innovative concepts, has its limitations. The accuracy
of the results highly depends on the quality and availability of data. The data available
from local authorities have several problems, leading to outdated data layers. In this
study, freely available images were utilized, and resolution and spatial scale influence
the identification of morphological and functional centers. The CMA, being the only
metropolitan area, has dynamic urban expansion, and static data should be updated
frequently, as needed. Finally, Grama Niladhari divisions do not align with actual functional
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areas, which may lead to misidentification. Moreover, this study has the potential to
improve our understanding of the interaction between different centers in relation to
their morphological and functional dimensions. However, the methods could be further
enhanced by incorporating new variables that model functionality while considering
various socioeconomic factors [23,24,64]. In this regard, it is crucial for the GIS and remote
sensing communities to play a pivotal role in urban studies to address these limitations.
In conclusion, understanding and learning about morphological and functional poly-
centric areas in metropolitan regions is crucial for effective urban planning, sustainable
development, and the enhancement of economic, social, and environmental aspects of
metropolitan areas. By gaining insights into resource allocation, transportation planning,
economic development, urban resilience, and social integration, policymakers and urban
planners can work towards creating well-connected, sustainable, and livable metropolitan
regions that offer equitable opportunities and high quality of life for their residents.
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