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Abstract: Urbanization plays a critical role in changing the urban environment. Most developed
countries have almost completed urbanization. However, with more and more people moving
to cities, the urban environment in developing countries is undergoing significant changes. Sus-
tainable development cannot be achieved without significant changes in building, managing, and
responding to changes in the urban environment. The classified measurement and analysis of the
urban environment in developing countries and the real-time understanding of the evolution and
characteristics of the urban environment are of great significance for decision-makers to manage
and plan cities more effectively and maintain the sustainability of the urban environment. Hence,
a method readily applicable for the state-of-the-art computational analysis can help conceive the
rapidly changing urban socio-environmental dynamics that can make the policy-making process
even more informative and help monitor the changes almost in real-time. Based on easily accessible
data from Google Earth, this work develops and proposes a new urban environment classification
method focusing on formality and informality. Firstly, the method gives a new model to scrutinize
the urban environment based on the buildings and their surroundings. Secondly, the method is
suited for the state-of-the-art machine learning processes that make it applicable and scalable for
forecasting, analytics, or computational modeling. The paper first demonstrates the model and its
applicability based on the urban environment in the developing world. The method divides the urban
environment into 16 categories under four classes. Then it is used to draw the urban environment
classes maps of the following emerging cities: Nairobi in Kenya, Mumbai in India, Guangzhou in
China, Jakarta in Indonesia, Cairo in Egypt, and Lima in Chile. Then, we discuss the characteristics of
different urban environments and the differences between the same class in different cities. We also
demonstrate the agility of the proposed method by showing how this classification method can be
easily augmented with other data such as population per square kilometer to aid the decision-making
process. This mapping should help urban designers who are working on analyzing formality and
informality in the developing world. Moreover, from the application point of view, this will provide
training data sets for future deep learning algorithms and automate them, help establish databases,
and significantly reduce the cost of acquiring data for urban environments that change over time.
The method can become a necessary tool for decision-makers to plan sustainable urban spaces in the
future to design and manage cities more effectively.
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1. Introduction

Urbanization is the most critical factor in urban environmental change. Most de-
veloped countries have almost completed urbanization. In North America, Europe, the
Caribbean, and Western Asia, the population living in urban areas has exceeded 68%, most
of which are close to 80% [1]. The annual growth rate of urbanization in these areas is also
relatively low, most of which are about 0.25% [2]. However, the cities in many developing
countries, the urbanization process has started, and in some, the rate is very high. The
proportion of the urban population in Northern Africa is currently slightly higher than
50% [1], and urbanization is advancing slowly at a relatively stable pace. In comparison, the
urbanization rate of Eastern Asia is faster and close to that of the more developed regions.

The challenge of urban research is the rapid rate of large-scale urbanization in devel-
oping countries [3]. The number of urban residents in various countries increased from
751 million in 1950 to 4.2 billion in 2018 [4]. It is estimated that by 2050, the world’s urban
population will increase by 55%, increasing by about 2.5 billion [4]. More than 60% of the
world’s urban population growth occurs in cities in developing countries pursuing high-
rise and compact urban development [5]. Nearly 90% of the new urban population will live
in Asia and Africa [4]. Its frontiers include sub-Saharan Africa (with an urbanization rate of
40% and an annual growth rate of 1.4%), South Asia (with an urbanization rate of 36% and
a yearly growth rate of 1.2%), and southeast Asia (with an urbanization rate of 49% and an
annual growth rate of 1.3%) [6]. As many people move to cities, the urban environment
in developing countries is undergoing significant changes. Therefore, it is necessary to
understand the urban environment in these areas better to deal with socio-environmental
problems that may arise.

The population growth and migration brought about by urbanization have led to
the prosperity of big cities. The unprecedented dynamics and scale of migration pose a
fundamental challenge to the global human society, especially in developing countries. The
rapid proliferation of informal areas is becoming an essential feature of cities. Sustainable
development cannot be achieved without building and managing our urban environment.
The United Nations Sustainable Development Goals (Goal 11: Sustainable cities and com-
munities) and many international efforts to solve global urbanization problems aim to
understand the urban environment and accurately grasp population data [7].

The classified measurement and analysis of the urban environment in developing
countries and the real-time understanding of the evolution and characteristics of the urban
environment can provide a critical scientific basis for a wide range of stakeholders to
allocate valuable resources and realize the sustainable development of cities. At the same
time, it also constitutes the basis for the global efforts to understand, track and improve the
human living environment. In the era of global urbanization, it is of central significance
to create such an interdisciplinary urban environment classification method and data set.
However, in most developing countries, such databases are lacking.

Based on the easily accessible data from Google Earth (https://earth.google.com/
(accessed on 22 March 2022)), this paper proposes a new urban environment classification
method by improving the method proposed by Dovey and Kamalipour [8]. In this method,
the urban environment is divided into buildings and access networks, from which 16 cate-
gories and four classes are generated, and the classification method is applied to mapping.
Then, we combine it with population data to discuss the characteristics of different urban
environments and the differences between the same classes in other cities. The primary
focus of this mapping method is to provide labeled data sets for future deep learning
algorithms and automate them. The method is a low-cost, fast and scalable complement to
the urban mapping methods in practice, such as direct observation, visual recording, and
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surveys. This method can significantly reduce the expensive cost of classifying the urban
environment that changes over time and can help us establish a database. These results can
become a necessary tool for the decision-makers to plan sustainable urban spaces in the
future to design and manage cities more effectively.

1.1. Urban Development, Socio-Cultural Context, and Informal Area

In urban development, cities in many developed countries have established more
extensive residential areas around the urban area. On the contrary, cities in developing
countries in Asia, Africa, and Latin America are falling far behind [9]. These cities have
the most compact and dense urban core areas and apparent mixing of urban and rural
land, with more complex and irregular edges. Global economic, social, political, and
environmental changes also blur their boundaries in urban and rural areas. For example,
cities surrounding the countryside in China form a Chinese-style informal area-"Urban
villages," resulting in a complex urban environment [10]. Hence, it is not easy to define
the urban environment disregarding the particular country’s socio-cultural and urban
development context.

The rapid growth and dynamic changes of cities have set obstacles for policy measures
and planning rules. With the population growth in the developing countries, rural popula-
tions are migrating to cities as large-scale urban migrants, resulting in the emergence of
many informal settlements or slums that do not belong to the formal norms of the state in
terms of land tenure, urban planning, design and construction [11].

The definition of informal settlements is mainly qualitative and depends on the envi-
ronment. Although the terms "slum" and "informal settlements " are often used interchange-
ably in the literature, according to the definition of UN-Habitat, "informal settlements "
refers to residential areas without the security of tenure for residential land or houses,
ranging from squatters to informal rental housing. These communities usually lack or
are cut off from essential services and urban infrastructure; their homes may not comply
with current planning and building regulations and are usually located in geographically
and environmentally hazardous areas [12]. In this paper, we define such settlements as
"informal areas." For a long time, the disordered development of small buildings, narrow
lanes, and irregular access networks have been used to identify informal areas [13,14].

1.2. Importance of Urban Environment Classification

If we want to pay attention to the development of cities, it is necessary to have
tools to monitor the formation and growth of the urban environment as the cities change.
The sustainable development goals of the United Nations emphasize the need for urban
environmental information [15]. The classification and mapping of urban forms help to
understand the characteristics and changes of the urban environment and provide an
essential reference for regional form evolution and boundary division. The process also
provides in-depth understanding and training for practical application fields related to
urban development, planning, architecture, urban management, public policy, etc. [16].
It is essential to understand the urban environment and its complexity and link urban
morphology parameters with spatial performance.

Kérrholm pointed out the importance of understanding urban morphology and clas-
sification as critical elements of sustainable urban development [17]. For example, these
classifications help understand informal areas’ location and improve their infrastructure
and living environment through minor interventions [18]. Urban environmental mapping
helps understand how urban form constitutes the emergence and interaction of urbaniza-
tion in informal areas [19].In addition, the classification of plants and residential areas in
satellite images can help urban planners to build infrastructure for managing industrial
waste, water, and air pollution [20]. In addition, urban renewal and redevelopment plans
also need spatial databases to continuously track urban development for fund allocation
and development monitoring [21]. To this end, urban environmental classification and
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mapping may also contribute to establishing databases that can be shared and used by
different development agencies.

1.3. A Review on Urban Classification and Mapping

The urban environment refers to the main physical elements that constitute and shape
the city, including green spaces, artificial or natural roads, squares (public spaces), blocks,
plots, and regular, random, complex, or dense buildings [22]. Lehner et al.proposed an
internationally applicable urban structure [23]. The urban environment can be described
according to its architectural layout, road pattern, land use, and green spaces [24]. The
most extensive is the dichotomy between built-up areas and non built-up areas.

Since the 1990s, with the development of Geographic Information Systems (GIS), more
and more researchers have tried to determine the complexity of the urban environment from
a more comprehensive perspective. City classification comprises the three core elements of
streets, plots, and buildings in a complex urban environment [25]. Generally, the types and
conditions of individual buildings [26,27], and the spatial layout of these buildings [28,29],
constitute the urban environment [25].

The spatial structure and pattern of cities are diverse and complex [30]. However,
most of the early studies on urban classification are relatively simple. They only distinguish
the types and conditions of individual buildings [10,31] and take the density, height, scale,
or physical characteristics of the site of buildings as typical indicators [32-34].

Many classification studies are devoted to the analysis of urban spatial scale. Haklay
et al. used satellite images and urban spatial scale to simulate urban development and land-
use change [35]. Fumega et al. established ten indicators to classify Lisbon cities and analyze
the evolution of urban morphology [36]. Taubenbdck et al. calculated seven spatial scales
using satellite images of 77 cities, obtained five different urban morphology dimensions
(complexity, centrality, compactness, porosity, and density), and compared typical urban
morphology through cluster analysis to compare different urban cases [25,37]. They used
high-resolution satellite data and auxiliary data sources to generate three-dimensional (3D)
models in Lod-1. The building density, building direction, heterogeneity index, building
size, and height of 44 cities are grouped in a square chart. Deebank Verma et al. divided
cities into four categories: slums, built slums (excluding slums), green spaces, and water,
and then drew a map of Mumbeai [38,39]. In addition, these studies are presented in the form
of digital data or three-dimensional models, which may not be intuitive to understanding
the urban environment. There are no consistent available data and standards, and there are
limitations in the global comparison of urban environments.

Kamalipour developed a non-dichotomy typology through direct observation and vi-
sual recording and applied it to the urban environmental mapping of informal areas [40-42].
Moreover, Dovey and Kamalipour argue that the urban environment should have multi-
scale types and be organized according to the differences between architecture and urban
design and architecture and street/block layout. The urban environment is divided into
two scale types: architectural form and urban design based on Google Earth images. These
two scale types can be divided into "informal," "formal/informal mixed," and "formal"
conditions according to their degree of mixing, respectively, and combined into a (3x3)
grid - nine categories of the urban environment [8]. The classification method of Dovey
and Kamalipour is not based on the binary distinction of a single benchmark but based
on the form of architecture and urban design. It classifies the urban form from multiple
dimensions and can obtain a visual map close to reality. This method is more intuitive and
easier to understand for nonprofessionals than other methods.

Dovey and Kamalipour derived the classification method of the urban environment
by estimating the degree of informality/formality. However, due to the complexity of the
urban environment, the architectural structure is often closely related to its surrounding
architectural environment, formation process, and geographical conditions. The three urban
classifications of "informal," "formal/informal mixed," and "formal" may not be sufficient
either to represent the inherent characteristics of buildings in cities in developing countries
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or to better observe the changing trends among them. Therefore, from the perspective of
urban environmental characteristics, the formal/mixed/informal classification method
has limitations.

In addition, although these visual recognition methods based on remote sensing
images have high recognition accuracy in a small range, they need more time and pro-
fessional knowledge in many cases. Intensive labor is required if we want to scale up to
cover many cities. As a result, the process may become tedious and inefficient. Hence, a
more conducive methodology may be required to make the classification process scalable,
context-dependent, and readily usable for computational analysis.

This paper improves the urban classification method proposed by Dovey and Ka-
malipour and offers a novel urban classification method that is scalable, cost-effective,
and ready for computational analysis. The method divides the urban environment into
two indicators based on different features of buildings and access networks. The process
divides the urban environment into 16 categories that are combined to constitute four urban
classes to indicate formality and informality. The method is different from most of the
classification methods based on the binary elements of the urban environment. Here the
classes are done according to the development of forms and building characteristics of the
urban environment from multiple perspectives considering the complexity and inherent
characteristics of the urban environment. Compared with other classification methods, it is
visually more intuitive to understand and grasp the actual state of urban development and
better observe the possible Spatio-temporal changes. We also demonstrate the agility of the
proposed method by showing how this classification method can be easily augmented with
other data such as population per square kilometer to aid the decision-making process.

The rest of the paper is structured as follows: Section 2 introduces the methodology
of urban environment classification. Section 3 hosts the mapping results and discusses
the application of this method in different urban environments. Finally, in the concluding
Section 4, we discuss the future possibilities of this method.

2. Methodology of the Proposed Urban Environment Classification

Urban areas and buildings are the basic features of the urban environment. Frey
et al. point out that the structure and form of traditional cities develop slowly, and there
is no formal planning and design [43]. Marshall argues that the physical characteristics
of streets, plots, and buildings are different [44]. An essential part of understanding how
cities develop and evolve is identifying specific combinations of these elements.

In ordinary residential planning, roads and blocks are planned first, and buildings
are built according to the blocks. Another way is to plan the building in the unplanned
area and then plan the street according to the outer contour of the building. However, the
formation of towns is not limited to these two models. In addition, there are two mixed
modes: the construction of unplanned buildings in the planned road network, and then the
road naturally appears amongst the unplanned buildings and the construction of planned
buildings in areas without a planned road network. Among the types of buildings, there
are planned buildings, historical buildings or old buildings, low-cost buildings, self-built
buildings, etc.

To internalize the abovementioned views, we divide the urban natural environment
into two indicators: buildings and access networks. The diversity of structures is shown in
the building architecture, and categories of access networks are reflected in urban planning.

2.1. Buildings

Kohli et al. discuss the varied architecture of buildings in their slum ontology research
of image classification [45]. Based on their study, we have formulated the following
evaluation criteria:

Orientation: The evaluation is based on whether the orientation of the building is
consistent or inconsistent (compared with the surrounding buildings. Moreover, whether it
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is arranged arbitrarily due to the lack of a plan, we divided "orientation" into planned and
no planning in building indicators.

Shape: whether the geometry of a building is regular. Regular figures include: square,
rectangle, sector, circle, etc.; irregular shapes include: irregular polygon, unequal square,
irregular circle, etc. In building indicators, we divided "shape" into regular and irregular.

Size: In assessing the standard size of buildings, we divided buildings into residential
buildings (residential buildings for living in) and non-residential buildings (referring to
service buildings, including office buildings, hospitals, schools, airports, and factories,
according to the data of CBECS [46].) We can know the average construction area of each
country and region. Among residential buildings, the middle size of residential buildings
in Hong Kong is the lowest, 45 square meters.

In general, houses in developing countries are often smaller than those in developed
countries, and rural homes are smaller than urban houses on average. The middle area of
non-residential buildings is about 465 square meters among non-residential buildings [46].
We, therefore, divide "size" into three building indicators: small, medium, and large. We
define structures below the average area of residential buildings as small (about less than
50 square meters), buildings above the middle area of residential buildings and below the
average size of non-residential buildings as medium (about 50-500 square meters), and
buildings more significant than the average area of non-residential buildings as large (more
than 500 square meters).

Materials and colors: This refers to the materials used for construction, such as concrete;
brick; tile; corrugated paper; metal plate; rubber; plastic, etc., and the color of materials,
such as grey; brown; red, and blue. We divide "materials and colors" into ’different’
and “identical.”

Height: the height of a building can be estimated from its image and shadow, with
three features: low level (1-2 floors), middle level (2-10 floors), and high level (above
10 floors). We divide "height" into low, medium, and high in the building indicators.

Density: we divide "density" into low density, medium density, and high density. The
types of building density mainly depend on our professional experience and the density
perception of urban space. We take the building conditions, vegetation, and open space
around the identified object as the reference and take the easily identified high-density and
low-density buildings as the benchmark to determine the medium-density buildings.

Location and neighborhood characteristics: Buildings in flood-prone areas, swamps, or
situated near farmlands and along roads; self-built houses in the suburbs; cheap houses or
self-built houses in urban or suburban locations within a chaotic environment; old houses in
cities; buildings in historical blocks; factories; and high-rise office buildings; newly planned
or developed urban buildings or residential buildings. Based on this urbanization and
characteristics of the architectural environment, we divide "positioning and characteristics"
into "self-built houses or rural buildings in the suburbs,"; "low-cost houses or self-built
houses within a chaotic environment in cities or suburbs,"; "old blockhouses, historical
block buildings, factory buildings, commercial buildings, and office buildings in cities";
"urban buildings or residential buildings newly planned or developed."

Then, using these indicators, we divide the buildings into four types: (1) Type "None,"
(2) Type "limited," (3) Type "unwritten," (4) Type " coded." (Table 1)

The first type is "None." This kind of building has not been planned. Its architecture
is usually irregular in shape, of medium-scale, and primarily medium height buildings.
These buildings are made from different types and quality of materials, such as brick;
concrete; iron and wood; corrugated paper; metal plate; rubber; plastic, etc. Therefore, the
quality and colors of the buildings are different. These buildings are diversified and have
no construction restrictions. It is usually manifested as self-built houses and rural buildings
in the suburbs, which are defined as "None" and marked with a number (1);
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Table 1. Proposed building types based on features discussed in Section 2.1.
. . . . Materials . . Location and Neighborhood
Y-Axis Orientation Shape Size and Colors Height Density Characteristics
1 (None) NO. Irregular Medium Different Medium Low Self—l.)ul.lt hogses or rural
planning buildings in suburbs
No Low-cost houses or self-built
2 (Limited) . Irregular Small Different Low High houses within a chaotic
planning . S
environment in cities or suburbs
Old blockhouses, historical
. block buildings, factory
3 (Ltler;:;/rlt- laIr\llr(l)in Regular Large Identical Medium  Medium buildings, commercial
p & buildings, and office buildings
in cities
Urban buildings or residential
4 (Coded) Planned Regular Large Identical High Medium buildings newly planned or
developed.

The second is "Limited." This kind of building has not yet been planned. However,
they are built-in specific areas near factories, riversides, railways, etc. These buildings are
usually made of cheap materials, such as iron sheets; cardboard; wood; or low-quality
concrete, so the building surface presents a variety of colors. These buildings are usually
irregular in shape and minor in the area. They are generally low-cost houses in cities or
suburbs or self-built places with unclean living environments, no planning, and low quality.
These buildings are defined as "limited" and marked with a number (2);

The similarity between the types "None" and "Limited" is that most of their buildings
are Self-built. The most significant difference between them is that the buildings in the type
"None" are usually located in suburban or rural areas and are not limited by geographical
location, economic conditions, or construction technology, such as privately built villas
built in rural areas. In contrast, buildings within the "Limited" types are usually located in
cities or suburbs, limited by geographical location building material, such as high-density
informal areas in cities.

The third type is "Unwritten." This kind of building is not fully planned. The shape of
the building is usually more regular, large scale, medium building height, and building
materials are generally red brick; green brick; concrete; glass; tiles, etc. As time goes on,
these buildings are usually represented as old blockhouses, historical block buildings,
factory buildings, commercial buildings, and office buildings. These buildings are defined
as "Unwritten" and numbered (3);

The fourth type is "Coded." This kind of building is thoroughly planned. These
buildings are usually regular in shape, large in area, and constructed of the same materials
(such as concrete). Most of these buildings are high height. They are usually urban buildings
or residential buildings newly planned or developed. These buildings are planned and
have significant similarities with adjacent buildings. So, it is defined as " Code" and
numbered (4).

It is easy to distinguish the various building types represented by code (3) "Unwritten"
and (4) "Code." However, it is difficult to differentiate between the code (2) "Limited"
building types. Most are not planned; they are usually cheap houses or self-built houses
within a chaotic urban or suburban environment. Many of them are temporary buildings,
and the size and materials of the buildings are constantly changing. It is an area of mixed
styles with other types of architecture. Most of these buildings are located on slopes,
lowlands, rivers, and industrial areas with land risks. Type (1) "None" is primarily located
in suburban or rural areas.

2.2. Access Network

Another indicator, the access network, is divided into four types according to the
regularity (natural generation or planned) of the access networks inside and outside the
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building (Table 2). Whether the identified object is inside or outside depends on the range
of the smallest unit of our visual recognition (400 m x 400 m).

Table 2. Different types of Access networks based on features described in Section 2.2.

X-Axis Outside Inside Summary

Natural generation both outside

A Natural generation Natural generation .
and inside
B Planned Natural generation Planned OUt.SIdE? " .natural
generation inside
C Natural generation Planned Natural generation outside +
planned inside
D Planned Planned Planned both outside and inside

The critical criterion for distinguishing between "natural generation" and "planned"
is whether the formation mechanism of the access network is top-down planning (after
the implementation of the overall plan, the lower level stakeholders will implement the
construction) or bottom-up planning (after the construction by the grass-roots users or
stakeholders will be incorporated into the overall plan).

Planned: The street network is formed from top to bottom. After planning, these
streets usually have complete pavement, with consistent straight lines, constant curves, the
same street width, and neatly divided plots.

Natural generation: It is self-organized and gradually formed from bottom to top.
Streets of different widths bend irregularly and are connected in a rhizomatous form.
Although there is usually a potential order, its form may be variable and mixed. For
example, due to the high degree of self-construction and the formation of roads with the
outline of buildings, informal areas usually form a naturally generated very complex and
chaotic roadway network and typically have no pavement.

We define the inside and outside roads generated over time as natural. as "natural
generation.” We mark them with the letter (A);

In terms of the access network, another type of road network is defined as "planned
outside + natural generation inside,” marked with the letter (B);

The third type is called "natural generation outside + planned inside," The road
networks outside the urban buildings are naturally generated, but the roads inside the
urban area are planned. We marke them with a letter (C).

Finally, we define the street networks as "planned," as they are planned both inside
and outside of the urban areas, and we mark them with a letter (D);

2.3. Two Axes and 16 Categories

The described four indicators of "building diversity" (marked with numbers 1, 2, 3,
4) are mapped on the vertical axis, and the four indicators of "access network" (marked
by the letters A, B, C, and D) are mapped on the horizontal axis. In combination, the two
indicators form 16 categories (Table 3).

We have selected Dhaka, Bangladesh, as a case study. The satellite images and street
views of the 16 categories are shown in (Figure 1).
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Table 3. Sixteen urban environment categories are based on buildings and urban patterns.

X- Y- Building
. . Category Access Network (Collective) (Single Summary
Axis  Axis ™
Unit)
Inside Outside
Planned Natura‘l Planned Natura?l
Generation Generation
Unrestricted buildings
! /A x v x v None + Natural roads
A .. Low cost / Self built-buildings
2 2/A x v x v Limit + Natural roads
3 3/A X V4 X Vv Unwritten Untyped buildings + Natural roads
X Thoroughly planned buildings
4 4/A x v x v With Code + Natural roads
Unrestricted buildings
1 1/B X v Vv X None + Planned roads outside
B / Natural roads inside
Low cost / Self built-buildings
2 2/B X V4 Vv X Limit + Planned roads outside
/ Natural roads inside
Untyped buildings
3 3/B X 4 Vv X Unwritten + Planned roads outside
/ Natural roads inside
Thoroughly planned buildings
4 4/B X Vv Vv X With Code + Planned roads outside
/ Natural roads inside
Unrestricted building
1 1/C Vv X X Vv None + Natural roads outside
c / Planned roads inside
Low cost/Self built-buildings
2 2/C Vv X X Vv Limit + Natural roads outside
/ Planned roads inside
Untyped buildings
3 3/C 4 X X Vv Unwritten + Natural roads outside
/ Planned roads inside
Thoroughly planned buildings
4 4/C V4 X X Vv With Code + Natural roads outside
/Planned roads inside
Unrestricted buildings
! /D v x v x None + thoroughly Planned roads
D .. Low cost/Self built-buildings
2 2/D v x v x Limit + thoroughly Planned roads
. Untyped buildings
3 3/D v x v x Unwritten + thoroughly Planned roads
4 4/D N y J « With Code Thoroughly planned buildings

+ fully Planned roads

Note: * Building (single unit) types are divided into four types: Type "None," Type "limited," Type "unwritten,"
Type " coded." (refer to Table 1)

Based on the square area of 400 m x 400 m, we introduce 16 categories of Urban
environmental:
1A: both internal and external roads are natural, and buildings are unrestricted. This
category of the building is all over the suburbs and countryside;
1B: external road planning, internal road natural generation, and restricted buildings;
1C: generate external roads are naturally generated, planned internal routes, and
planned buildings without restrictions. Most of these buildings are built on suburban or
rural planning land;
1D: external and internal roads are well planned, and public buildings;
2A: internal and external roads are naturally generated by low-quality buildings. This
category exists in large, high-density residential areas in the suburbs and downtown. There
may be no streets in the area at all;
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2B: external roads are planned, internal roads are generated naturally, and many
low-quality buildings are built. From the transition from rural to urban areas, we can see
this category; the original low-quality buildings have become denser and denser;

2C: external roads are naturally generated, internal streets are planned, and many
low-quality buildings. This area has no clear boundary, so it is easy to expand. It can be
found in factories and residential areas in the suburbs;

2D: the planning of both external and internal roads is of low quality. The govern-
ment’s low-cost housing is of this category;

3A: both internal and external roads are naturally generated, and the buildings do not
have recorded written plans. This category occurs in old residential areas in the suburbs;

3B: external roads are planned, internal roads are generated naturally, and buildings
constructed by unwritten rules are built;

3C: external roads are naturally generated, and internal routes are planned. Buildings
constructed by unwritten rules;

3D: refers to buildings with well-planned internal and external roads and unwritten
construction rules. This category is common in public buildings or high-end residential
areas in urban areas;

4A: internal and external roads are natural. Streets between buildings have not yet
been planned. The appearance of these buildings is the same. This category is rare in urban
areas but is often found in prefabricated houses in the suburbs;

4B: external roads are planned, and internal roads are naturally generated. The
appearance of these buildings is the same. This category can be seen everywhere in the city
center’s high-end residential and villa areas;

4C: external roads are naturally generated, and internal routes are planned. The
appearance of these buildings is the same. This can be seen in the urban development of
suburbs and open areas;

4D: Internal and external roads are planned, and the appearance of these buildings is
the same, usually new urban planning or extensive town development;

In comparison with the classification methods of Dovey and Kamalipour [8], our
method differs in two distinct ways. First, the mapping range of Dovey and Kamalipour is
(30 km x 30 km). However, we mapped the city on a consistent scale of (50 km x 50 km).
Our study indicates that informal urbanization tends to spread from the urban center
to the city’s periphery, often beyond the framework of (30 km x 30 km). The scope of
(50 km x 50 km) can cover most cities. Our goal is to establish an appropriate framework
that can compare multiple cities. Second, we develop Dovey and Kamalipour’s nine
categories of the (3 x 3) method into a framework of 16 categories (4 x 4) method. In the
indicator of the vertical axis - single building, we developed the three types of “informal /
mix / formal” in the (3 x 3) method into four types of "none / Limited /unwritten/coded."
We think that a single building is not only distinguished by the simple two-dimensional
gradient method of formal or informal but also classified according to its different urban
morphological characteristics. This helps to clearly understand how the 16 categories in
the (4 x 4) method change compared with each other and what kind of change trend they
have over time.

For example, when the type is changed from "None" to "limited," we know that the
region may have experienced urbanization and population migration, turning the originally
rural area into an informal settlement with high population density. However, this is not
easy to read from the (3 x 3) method. This research on the urban environment change can
also be one of our future topics; In the indicator of the vertical axis - road network access,
we also develop the three types of "informal / mix / formal" in the (3 x 3) method into
four types based on the internal form and external form so that we can clearly understand
whether the road is formed before the building or the building is formed before the road in a
classification object. This method allows us to understand the informality of the target area
and the formation mechanism of urban morphology in a specific area from satellite images.
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Figure 1. Sixteen urban environmental categories. (Dhaka, Bangladesh). Satellite Image: Google
Earth; Image: Google Street View.

3. Discussion on Using the Proposed Method in Varied Urban Contexts
3.1. Urban Environmental Classification

The proposed method is used to classify the urban environment of six cities in six
regions of the developing world: Nairobi, Kenya in Central Africa; Mumbai, India in South
Asia; Guangzhou, China in East Asia; Jakarta, Indonesia in Southeast Asia; Cairo, Egypt in
North Africa; Lima, Peru in South America. (Figure 2)
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Figure 2. Urban environmental classification method of six cities. Satellite Image: Google Earth.



Sustainability 2022, 14, 4336 13 of 27

Although we used the same classification standard to classify all six cities, there are
still significant differences in the urban environment in the different regions (Figure 3).
These differences are mainly reflected in the geographical characteristics; building materials;
building size; building shape; building height, etc.

Kenya - Nairobi (2/A) India * Mumbai (2/A) Indonesia * Jakarta (2/A)

Figure 3. Satellite image of the same urban environment category (2/A) for six cities. Satellite Image:
Google Earth.

The cities we chose included tropical, subtropical, Mediterranean, arid (such as Cairo
in Egypt), and continental climates, as well as flat, low-lying areas (such as Mumbeai in
India) and steep plateau cities (such as Lima in Peru). For example, we did not find a 4/B
house in Jakarta, Indonesia, which indicates that there may be few high-end residential
areas and villas in the center of Jakarta. In addition, we could not find category 3/B in
Nairobi, categories 1/B, 1/C, and 1/D in Mumbai, or categories 4/A and 4/B in Lima.

Although the classification rules are unified, and the density and morphological trend
of the same category are the same, we will find subtle differences after careful observation.
Let us take category 2/A as an example. From the perspective of color variation in the
satellite image data, each of the six cities uses different building materials. More visible
rusty metal plates are used in buildings in Nairobi, Kenya. Red bricks and tiles are widely
used in Jakarta, Indonesia. In Guangzhou, China, concrete and blue roofing materials are
used. The building materials in Cairo, Egypt, and Lima, Peru are closer to the color of the
land. Secondly, Mumbai in India has a smaller building area and higher density, while
Nairobi in Kenya has larger and broader roads. The shape of buildings in each city is also
different. The buildings in Lima, Peru are narrow and winding; But in Nairobi, Kenya, it is
rectangular; In Guangzhou, China, Jakarta, Indonesia, and Mumbai, India, the buildings
are square; Many buildings in Cairo, Egypt, are a mixture of rectangles and squares. In
addition, from the perspective of building height, from the projection of buildings, it can
be seen that the buildings in Nairobi, Mumbeai, Jakarta, and Lima are the same height, i.e.,
relatively low; the height of buildings in Guangzhou is the highest, followed by Cairo.

Hence, the elaboration of the global view of the urban environmental classification
method needs to adapt to local conditions. Fortunately, the 16 categories methods in
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this study scale well with all the cities we have scrutinized, indicating their widespread
adaptability.

In the cities of developing countries, it is usually possible to distinguish between formal
areas characterized by appropriate spatial planning and facilities (buildings, green spaces,
road infrastructure) and Informal areas with imperfect urban development. Informal areas
are usually irregular and have restricted buildings near dangerous land; industry; garbage;
swamps; and flood-prone areas [47].

Analyzing the relationship between the category of the urban environment and the
degree of formality /informality, we can easily observe that the buildings of 2/A, 2/B, and
1/A, 1/B in the lower-left corner are often of low quality, high density, small building
area, cheap materials, little or no green spaces. Most importantly, the internal roads are
chaotic and narrow. Sometimes, there are no roads at all. We call it a highly informal
area, represented by color 1. Among the five categories of 1/C; 1/D;2/C;2/D; and 3/D,
1/C and 2/C have a long history in the city’s suburbs. Although they have natural roads
outside, they contain planned buildings inside.

On the other hand, external routes are planned in 1/D and 2/D categories. Internal
buildings’ size, direction, and materials are relatively unified, but the densities are high,
and the area is small. By the way, 3/D category roads and buildings are not planned. Due
to these five categories, the density is high, the building area is moderately small, and
the building materials are not cheaper, so there are few plants or open space. These five
categories tend to develop into informal areas, and the settlements are defined by color
2. From the categories of 3/B; 3/C; 3/D; 4/A; 4/B; and 4/C, it can be seen that whether
the road is planned or not, the road is wide, the urban area is with medium building area,
moderate building density, and medium building area, and there are open spaces or green
spaces between buildings. We define it as a moderately formal area, represented by color
3. For the 4/D category, the interior and exterior of the road are planned. The roads are
wide, the building quality is high, the shape is similar, the density is moderate, the building
materials are unified, and there are wide open spaces or plants between the buildings. We
call it a highly formal area and use color 4 (Table 4).

Table 4. Selection of colors for Urban environment classes.

Classes Category Informal/Formal Level Color R G B
Colourl 1/A2/A1/B,2/B Highly informal O 255 0 0
Colour2 1/C1/D,2/C,2/D,3/A Medium informal O 255 255 0
Colour3 3/B,3/C3/D4/A4/B,4/C Moderately formal 0 255 255
Colour4 4/D Highly formal 0 0 255

Note: Give each urban environment classes a gradient color that is easy to identify for urban environment
classification mapping. (refer to Figure 4).

3.2. Mapping Process of Six Cities

In this section, we elaborate on the mapping process of the six cities (Nairobi, Mumbai,
Jakarta, Guangzhou, Cairo, and Lima) and demonstrate the process of drawing their
four-color urban environmental classes map.

The mapping process is as follows (Figure 4):

1. The scale of cities varies. We determine the location of the city center according to
the surrounding environment (sea, land, mountain, etc.) and draw the city on a consistent
scale of 50 km x 50 km. The research finds that this scope can cover the range of most cities,
but informal urbanization often extends beyond this framework. Our goal is to maintain
an appropriate framework that can compare multiple cities;

2. Subdivide the (50 km x 50 km) large grid into (400 m x 400 m) small grids. In
developing countries, the proliferation of informal areas has the most significant impact on
sustainable urban development in the urban environment. We want to make the cell grid
easier to identify informal areas. In the survey of cities with more than 1000 informal areas,
Frieden et al. found that the side length of most informal areas was between 31.6 m and
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316 m [48]. We set the size of the grid for unit visual interpretation as 400 m x 400 m so
that the scope of our delimited unit grid can cover most of the content of a single informal
area. This small grid is more conducive to our rapid visual interpretation;

llllll>

1. Find the center of the city, and 2. 50 kmx50 km grid is divided
determine about 50km>50km grid into Skm x5km grids.

according to the surrounding area

(ocean, land, mountains, etc)

3. SkmxSkm grid is subdivided 4. According to the classification
into 400mx400m grid as a unit, method (Figure.2) , the colorl
this small grid is the visual class () is mapped by using
interpretation area. Google Earth's polygon tool.

5. Using the same method, 6. Fill the wireframe with
complete the other four classes corresponding colors to complete
(" WEW) intrn the four-color urban environment

classes map.
Figure 4. Mapping process (Take Dhaka, Bangladesh as an example). Satellite Image: Google Earth.

3. Determine the visual interpretation area;

4. According to the proposed urban environment classification method (Figure 2), we
use the polygon tool of Google Earth to draw the classes map of colourl (). Moreover, we
mark the boundary of the area with thick lines;

5. Complete the remaining four classes (M) using the same method.

6. Fill the wireframe with the corresponding color to complete the six cities’ four-color
urban environment classes map (Figure 5).
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Figure 5. Ground truth map and four colors map of urban environmental classes (Six cities), Satellite
Image: Google Earth.
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3.3. Six Cities and Their Urban Environmental Structure

(1) Nairobi: Nairobi, the capital of Kenya, is located on the edge of the agricultural
region of the central highlands. It is located on the eastern edge of the rift valley at 5889
feet (1795 meters) [49]. The Ngong Hills occupy the west of the city. Mount Kenya is
north of the city, and Mount Kilimanjaro is southeast of Nairobi. The Nairobi River and its
tributaries flow through Nairobi province and join the Athi river at the county’s eastern
edge. Nairobi City is jointly developed by Kenya Uganda Railway (Kur), Nairobi River,
and Mbugiti river [50].

Since independence, the city has grown at a fantastic rate. A total of 3.9 million people
live in Nairobi, double the number since the 1986 census. Nairobi’s population density
varies widely, peaking in the city’s informal areas, where about 60% of the population ac-
counts for only 6% of the land [51]. There are five million people in nearly 200 colonies. The
city reflects the contrasts of Kenyan society. Nairobi’s old and formal areas are concentrated
in the middle of the town and the east and west sides. There are many large informal areas
around the factories along the railway. The most common are corrugated iron roofs (98%),
cement floors (68%), and tin or corrugated iron walls (45%), and it is difficult for informal
area dwellers to get paid employment. About 49% of adult informal area dwellers have
regular or temporary jobs, 19% of households work in micro-enterprises, but at least 26%
are unemployed [51].

(2) Mumbai: Mumbai is the most populous city in India, with 13 million. It is located on
Salsette Island, off the coast of Maharashtra. There are three mountains in the city parallel
to the central railway line, and the Ghatkopar mountain, occupied by informal areas,
is located near the Ghatkopar station. According to UN World Urbanization Prospects,
Mumbai’s population in 2021 is now estimated at 20,667,656 [52]. Since 1991, Mumbai’s
population has more than doubled. The growth of informal structure is a feature of
Mumbai’s urbanization. Ford District in the south of the city is a financial district, while
the south (near Colaba) and west are residential areas along the Deep Bay coast and
Malabar mountain. Further north, there are more residential areas, and newer industrial
and informal areas are beyond them. There are many factories in Mumbai, and the growing
traffic and nearby refineries have produced an alarming amount of air and water pollution.
Many of its residents live in informal urban settlements to cope with Mumbai’s expanding
population. These informal and other settlements are mainly located along traffic lines and
in environmentally vulnerable areas. According to the Pranab Sen Committee report, in
Mumbeai, 41.3% of the population lives in informal areas, which means nine million people
live in these areas. Dharavi is Mumbai's largest informal area. These informal areas are
generally made of corrugated metal and other recycled materials. People often work in
dangerous occupations or dangerous conditions in these informal areas. These jobs include
collecting cloth; breaking down and recycling old electronic products; recycling waste;
making pottery; selling things on the street, etc. Many of these jobs use simple tools and
are labor-intensive [53].

(3) Jakarta: Jakarta is the largest city and capital of Indonesia. Jakarta is located on the
northwest coast of Java Island, at the mouth of the Jakarta River, on a flat low alluvial plain.
It was once a vast swamp in history. Like other big cities, Jakarta has air and noise pollution.
The city’s commercial and financial center is located in the south of Kota, mainly along
the Jenderal Sudirman and Mohammad Husni Thamrin highways in central Jakarta. The
population growth in the Jakarta Metropolitan area is the main reason for informal areas.
According to the Indonesia 2020 census, the Jakarta Metropolitan area has an area of 6343
km? and a population of 31.24 million, the most populous area in Indonesia. Informal areas
account for more than 11% of the total population in northern Jakarta [54]. Some informal
areas are located near the Ciliwung estuary north of Jakarta, Balu, Jakarta, and Mangga
Dua. These include older Kampung or semi-formal villages integrated with modern formal
regions. Over time, these villages have become informal. Most of these houses are made
of wood or bamboo mats, and the building materials are wood, bamboo, cardboard, and
plastic. The residents of Kampung are generally engaged in the city’s total cheap labor [55].
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From the urban environment map, Jakarta is probably the most challenging city to draw a
line between the formal and informal cities.

(4) Guangzhou: Guangzhou is located in the south of China. Its center is close to
the upper reaches of the Pearl River Delta, with a total area of 7434 km?. According to
the census, there will be 18.6766 million permanent residents in 2020 [56]. Because of its
location at the intersection of inland rivers and oceans, it has long been one of China’s
major commercial and trade centers. The central part of Guangzhou extends along the
south of the Yangtze River and then eastward along the Pearl River. The old urban area,
Liwan District in the west and Tianhe District in the east, is located on the north bank. On
the south bank is Haizhu District, which used to be mainly an industrial zone. It is mainly
allocated to business offices, financial institutions, and other service-related activities. Now,
all of these areas form the core of the city.

Due to the rapid urbanization process since China’s reform and opening up, the scale
of cities has expanded rapidly in the past 20 years. Due to China’s "urban-rural dual"
system, some villagers’ cultivated land is gradually surrounded by new cities but not
appropriated and developed, forming the residential low-income informal area "Urban
village" [57].

At present, there are 288 "Urban villages" within the urban built-up area of Guangzhou,
mainly distributed in Panyu, Baiyun, Tianhe, Huangpu, and other districts, covering an
area of 534.63 square kilometers, which are distributed in the formal area of the city [58].
There are local rural populations and urban residents and many migrant workers in such
urban villages, so public security is incomplete. It is widespread for villagers to build or
add to the reserved land without approval and rent it. As a result, the building density of
"Urban villages" has increased, and the chaotic situation of construction has intensified.
These buildings are mainly made of low-quality brick and concrete.

(5) Cairo: Cairo, the capital of Egypt, is one of the largest cities in Africa. According to
the Statistics Bureau, there are 20,901,000 people in Greater Cairo [59]; It covers an area of
1709 square kilometers. Cairo is the gateway to the Nile Delta. Cairo is fan-shaped, with
the narrowest valley in the south sandwiched between desert cliffs and the most expansive
valley in the north converging with the delta. Since the 1970s, urban development has
increasingly occupied agricultural land and extended to the edge of the desert. The three
oldest regions, the medieval city, Bailaq, and Misral-Qadimah, a densely populated low-
income community, surround the city center. Legal, residential and financial buildings are
located in the heart of New Cairo and Giza. At the same time, as the river recedes, the
city expands westward to protect the land from floods. However, to meet the growing
demand, the urban area of Cairo has expanded to the north and south, and many buildings
have been expanded on the West Bank of the Nile River. Cairo has formal areas in the west
and north. A relatively new site has also been developed in the east. There are still rural
residents in the northernmost part of Cairo and the lower reaches of the Nile. Informal
buildings, represented by the illegal informal areas in the highlands around Cairo, usually
adapt to the spatial structure of farmland in the narrow strip. These houses are typically
made of concrete, clay, or sintered brick, gray, or beige and are often unfinished outside. In
most areas, commercial and industrial workshops are scattered in residential buildings.

(6) Lima: Lima is the capital and largest city of Peru. According to the statistics of the
United Nations, Lima has a population of 10,883,000 and an area of 2672.28 km2. Lima’s
population growth has increased tenfold in the half-century since 1940 [60]. The main
urban area of Lima is located in the valley of the Chillon, on the central coastal plainén,
plain, Rimac, and Luri. The city slopes slowly from the Pacific coast into valleys and
hillsides of 1550 meters. In the city, there are isolated hills that are not connected with the
surrounding mountain chain. Due to the complex geographical characteristics of the ocean,
mountains, and desert, Lima’s urban development is mainly concentrated in mountainous
areas. Informal areas grow in their periphery. Most informal regions are located in steep
hills, foothills, and riverbanks, extending north and east from the city center [61]. The
informal areas mainly include commas, Villa El Salvador, San Juan de Lurigancho, and
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Conosur. Most of the houses in these areas are made of wood and corrugated iron, and
most of the residents work as guards, handymen, plumbers, or nannies.

3.4. Population and Area of the Urban Environment

This section demonstrates how the urban classification method can be augmented with
other datasets to derive new insights into the urban environment. It shows the area of each
urban class and the population distribution in the areas. In six cities in developing countries,
the four-color urban boundary map based on this method matches the population data of
the 250 m grid in GHSL(Global Human Settlement Layer-European Commission) [62]. The
population and area are divided into four classes: highly informal (color 1), moderately
informal (color 2), somewhat formal (color 3), and highly formal (color 4). In addition, we
marked the unfinished areas (including waters, mountains, deserts, and open spaces) as
"Others’ areas.

Since the collection time of population data is 2015, we can only get general results for
reference.

Table 5 introduces the corresponding areas of four urban environment classes in six
cities and indicates their percentage in the whole study area.

Table 5. Area of urban environment classes of six cities (map data of 2019) (km?).

Color 1 Color 2 Color 3 Color 4 Others ALL Areas
City Highl Medi Moderatel
ghly edium oderately .

Informal Informal Formal Highly Formal
Nairobi 38 (2%) 378 (15%) 360 (14%) 15 (1%) 1709 (68%) 2500 (100%)
Mumbai 129 (5%) 176 (7%) 267 (11%) 29 (1%) 1899 (76%) 2500 (100%)
Jakarta 310 (12%) 413 (17%) 590 (24%) 31 (1%) 1156 (46%) 2500 (100%)
Guangzhou 243 (10%) 647 (26%) 562 (22%) 177 (7%) 871 (35%) 2500 (100%)
Cairo 187 (8%) 332 (13%) 674 (27%) 271 (11%) 1036 (41%) 2500 (100%)
Lima 84 (3%) 194 (8%) 451 (18%) 9 (0%) 1762 (71%) 2500 (100%)

Note: 1. The value in () represents its proportion in the whole city; 2. Others: Non-built-up areas (including
waters, mountains, deserts, and open spaces).

In Figure 6, we represent the percentage of the four corresponding urban environment
classes of the six cities in the whole study area with a histogram to see the differences
between them.
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Figure 6. The area ratio distribution of the urban environment classes of six cities.

Table 6 presents the corresponding population of four urban environment classes in
six towns and indicates the percentage of the people in the whole study area.
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Table 6. The population (data of 2015) distribution in urban environment classes of six cities (data

of 2019).
Color 1 Color 2 Color 3 Color 4 All Areas
City Highly Informal =~ Medium Informal Moderately Formal Highly Formal

Nairobi 1,028,995 (23%) 1,758,232 (39%) 1,543,617 (34%) 174,403 (4%) 45,05,247 (100%)
Mumbeai 2,936,066 (20%) 3,491,018 (24%) 7,236,896 (50%) 778,745 (6%) 14,442,725 (100%)
Jakarta 3,459,844 (21%) 5,090,590 (32%) 7,309,154 (45%) 374,943 (2%) 16,234,531 (100%)
Guangzhou 1,900,761 (17%) 2,619,853 (23%) 5,522,510 (49%) 1,257,561 (11%) 11,300,685 (100%)
Cairo 1,707,044 (11%) 6,063,197 (38%) 7,141,632 (44%) 1,124,645 (7%) 16,036,518 (100%)
Lima 397,748 (6%) 830,589 (12%) 5,482,890 (81%) 82,370 (1%) 6,793,597 (100%)

Note: The values in () represent its proportion in the whole city; Source. Dataset: Pesaresi, Martino; Florczyk,
Aneta; Schiavina, Marcello; Melchiorri, Michele; Maffenini, Luca (2019): GHS settlement grid, updated and refined
REGIO model 2014 in application to GHS-BUILT R2018A and GHS-POP R2019A, multitemporal (1975-1990-2000-
2015), R2019A. European Commission, Joint Research Centre (JRC).

In Figure 7, we use a histogram to clearly show the population percentage of the four
corresponding urban environment classes of the six cities in the study area to differences

Population ratio(%)

between them.

Population ratio of urban environment classes

90%

O Highly Informal

Medium Informal
B Moderately Formal
M Highly Formal

80% -
70%
60%
50% -
40% - T
30%
20% 4 X

10% -

0%

Nairobi Mumbai Jakarta

Guangzhou

Cairo Lima

Figure 7. Population ratio of urban environment classes of six cities.

Table 7 introduces the population density of the corresponding urban environment

classes in four of the six cities.

Table 7. Population density (data of 2015) of urban environment classes of six cities (data of 2019)(Pop.

per km?).
Color 1 Color 2 Color 3 Color 4 All Areas

City Highly Medium Moderately Highly

Informal Informal Formal Formal
Nairobi 27,079 4651 4288 11,627 1802
Mumbai 22,760 19,835 27,104 26,853 5777
Jakarta 11,161 12,326 12,388 12,095 6494
Guangzhou 7822 4049 9827 7105 4520
Cairo 9129 18,263 10,596 4150 6415
Lima 4735 4281 12,157 9152 2717
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In Figure 8, we use a histogram to show the population percentage of four correspond-
ing urban environment classes in six cities and the average population percentage of the
whole study area to see the difference between them.

Population density of urban environment classes

-~ 36,000
e, 34,000 _
E 32,000 4 O Highly Informal
'5 30:000 E Medium Informal
a, 28,000 4 T M Moderately Formal
a, 26,000 4 M Highly Formal
g 24,000 - T All Area
= 22,0001 "'
&, 20,000 1 T
.“a 18,000
g 16,000 4

14,000 4
'g 12,000 4 T T T
S 10,000 T
= 8,000
= 60001 T T T T
a 4,000 T T s T -
S 2,000 T |
~ 0 \

Nairobi Mumba Jakarta Guangzhou Cairo Lima

Figure 8. Population density of urban environment classes of six cities.

In Nairobi, Kenya, the highly informal (colorl) population is about 1.03 million,
accounting for 23% of the total urban population. The medium informal (color2) population
is about 1.76 million, accounting for 39% of the total urban population. The people of these
two informal areas exceed the entire population’s average. The highly informal population
density (colorl) (27,079 pop. per km?) is much higher than other classes of population
density, which is 15 times the average population density. The population density of highly
formal (color4) (11,627 pop. per km?) is also much higher than that of medium informal
(color2) (4651 pop. per km?) and medium formal (color3) (4288 pop. per km?). It can be
inferred that this is because the population of informal areas is very dense. In contrast,
the population density of the highly formal (color4) class is high, likely due to high-rise
buildings” construction.

In Mumbali, India, the highly informal (color1) (22,760 pop. per km?) is about 2.94 mil-
lion, accounting for 20% of the total urban population. The medium informal (color2)
(19,835 pop. per km?) has a population of about 3.49 million, accounting for 24% of the
total urban population. The results show no significant difference in population density
among the areas of urban environmental classes in Mumbai. Still, it is about five times
higher than the average population density, which shows that Mumbai’s urban population
is very concentrated.

In Jakarta, Indonesia, the highly informal population is about 3.46 million
(11,161 pop. per km?), accounting for 21%. The medium informal population is about
5.09 million (12,326 pop. per km?), accounting for 32%. It has exceeded 50 % of the total
population. The population density of each class in Jakarta is also evenly distributed. The
population density of each urban environment classes area is also relatively average.

In Guangzhou, China, the highly informal residential area has a population of 1.9 mil-
lion, accounting for about 17% (7822 pop. per km?) of the total urban population. Through
the observation of various classes of population density in Guangzhou, it is found that the
population density of medium formal (color 3) class is the highest (9827 pop. per km?),
while the population density of high informal (color1) type is the second (7105 pop. per km?).
The distribution of the population in Guangzhou is relatively average.

In Cairo, Egypt, the highly informal (color1) (9129 pop. per km?) population is about
1.7 million, accounting for 11% of the total urban population. The medium informal (color2)
(18,263 pop. per km?) population is about 6.06 million, accounting for 38% of the total urban
population. In terms of population density in Cairo, the population density of the highly
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informal area (color 1) is lower than that of the medium informal area (color2) (18,263 pop.
per km?), with the medium formal area (color3) (180,596 pop. per km?), ranking third.
Many SRAM areas in the region are located in vast rural areas, so the population density is
not very high.

In Lima, Peru, the highly informal (color 1) population is about 400,000 (4735 pop.
per km?), accounting for 6% of the total urban population. The medium informal (color 2)
population is back 830,000 (4281 pop. per km?), accounting for 12% of the total urban
population, and the population is overall about 5.48 million. The medium formal (color 3)
accounts for 81% (12,157 pop. per km?) of the urban population. In terms of the population
density of each of the urban environmental classes area in Lima, the population density of
highly informal (color 1) is one-third lower than that of the medium formal (color 3) and
highly formal (color 4). Many informal areas in Lima are located on slopes, and houses
cannot be high-rise buildings, which seems to be a factor in the low population density in
highly informal areas.

3.5. Discussion

The demonstrations of the methods applied to the six emerging cities indicate their
significant factors as the source of idiosyncrasy: urbanization, population growth, and
regional and geographic differences. We notice an increased presence of highly informal
areas in all cities. In Nairobi and Mumbai, more than 50% of the population already live in
highly informal areas. Moreover, the medium formal areas occupy the central part of the
city and tend to be stable. Apart from the proliferation of highly informal areas, we also
notice that highly formal areas (large-scale new towns) are expanding. However, the most
startling thing to notice is the proliferation and spread of highly informal regions and the
mixing of formal and highly informal regions. In most cities, informal and formal areas are
mixed. The edges are highly irregular, making it difficult to draw a clear line, making their
urban environment more complex.

We notice an imbalance in population density in different classes of areas among the
six cities. Population development is closely related to urbanization. Guangzhou, Jakarta,
and Mumbai have average population density and balanced urban development among
the six cities. However, Nairobi (27,079 pop. per km?) and Mumbai (22,760 pop. per km?)
have incredibly high population densities. The population in these regions accounts for
more than half of the total urban population but only occupies a small amount of land.
These residents who also live in cities are squeezed into less land. For example, Nairobi’s
highly informal area (only 2% of the land in the built-up area) accommodates 23% of
the urban population. The difference between the population density of this area and
its average population density is about 15 times. In Cairo, the moderate informal areas
have the highest population density, suggesting that these areas are likely to shift to highly
informal areas over time. Cairo’s highly formal area, which accounts for 11% of the land in
the built-up area, accommodates only 7% of the total urban population, indicating that in
Cairo, residents of highly formal areas enjoy more residual living space than residents of
other urban environment classes. The difference in per capita land consumption shows the
variability of the urban environment and indicates the presence of inequality.

Regional and geographical differences play a significant role in contributing to the
uniqueness of our scrutinized cities. For example, Lima’s highly informal areas have the
lowest population density. This may be related to the distribution of informal areas in Lima
on hillsides or at the foot of mountains, and the expansion and diffusion are limited. Due
to the deserts in the southwest and southeast of Cairo, the highly informal area can only
expand to the smoother east. In contrast, the highly informal area spreads to the rural areas
in the upper reaches of the Nile River. Jakarta and Guangzhou are randomly distributed
between formal and informal areas because of the characteristics of the plain and many
rivers. There is no significant boundary between them, and they are mixed.
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4. Conclusions and Future Possibilities

This study introduces a novel urban environment classification method based on freely
available satellite images. This new urban classification method focuses on formality and
informality. Firstly, the method gives a new model to scrutinize the urban environment
based on the buildings and their surroundings. Secondly, the method is suited for the
state-of-the-art machine learning processes that make it applicable and scalable for fore-
casting, analytics, or computational modeling. We discuss the classification process and
then demonstrate the applicability to the complex urban environment of six developing
cities worldwide.

The paper develops further the method proposed by Dovey and Kamalipour [8]. Our
proposed classification method is based on two indicators of the urban environment- build-
ing condition and surrounding road network access. Based on the variability of various
features of these indicators, we can categorize the urban environment into 16 different
categories, revealing the urban environment’s complexity and diversity. These 16 categories
later can be combined into four urban classes that indicate formality and informality.

The method is then applied to draw the urban environment classes maps for the
following emerging cities: Nairobi in Kenya, Mumbai in India, Guangzhou in China,
Jakarta in Indonesia, Cairo in Egypt, and Lima in Chile. Then, we discuss the characteristics
of different urban environments and the differences between the same class in different
cities. We also demonstrate the agility of the proposed method by showing how this
classification method can be easily augmented with other data such as population per
square kilometer to aid the decision-making process. The method we propose is easy to
replicate, low cost, scalable, and ready to be used as ground truth data for machine learning
and various statistical and computational purposes. The method uses Google Earth satellite
images as a data source. Compared with other global statistical data, it is comparable and
easy to operate.

Due to the complexity of the urban environment, although the method of visual inter-
pretation has high accuracy, it inevitably has a particular subjectivity. For example, some
areas have large construction areas and wide roads in the same informal place, while others
have small construction areas and narrow streets. Different urban environmental classes
are complex and challenging to identify. Therefore, we need to adapt to local conditions in
visual interpretation. In addition, the method of this study uses visual interpretation to
map; it requires much labor when mapping large-area maps of multiple cities. Therefore,
we used a large quantity of the high-precision urban environment annotation data gener-
ated in this study as the training data set of a deep learning model to classify and map the
urban environment regularly and analyze the changes in the global urban environment
in real-time and efficiently. The experiment has been completed [63]. Researchers in other
fields can also quickly master and use it, promoting interdisciplinary cooperation and
knowledge sharing and better social benefits.

Satellite images from Google Earth played a significant role as a data source. The
easy availability of this data makes our method cost-effective and highly scalable. They
can be applied worldwide and used to map the urban environment with our proposed
unified standards. We have shown this scalability and applicability by drawing the urban
environment classes maps of emerging cities in six developing countries on a large scale
(50 km x 50 km) by Satellite Images from Google Earth. At the same time, according to the
classes of the urban environment and population data, the characteristics of other cities
and the differences between different cities are discussed. These results enable us to use
quantitative methods to compare and study cities.

The urban environmental status of several representative developing countries shows
that rapid urbanization has brought opportunities for new urban development. Still, urban-
ization is also accompanied by shocking urban expansion and the proliferation of informal
urban areas. This makes the society and environment of the urban population more com-
plex, and its balance is also changing. The difference in per capita land consumption and
the imbalance of population density also explains the inequality of global cities to a certain
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extent. This inequality has led to the increasingly serious and lasting gap in the urban
environment, uneven use of public space, low quality of environmental health, unstable
public security, and tight housing and transportation. To deal with the disadvantages of
urbanization in developing countries, we can regulate the urban environment, reduce the
disorderly expansion of land around cities, improve or update the informal areas in cities
and improve their infrastructure to balance the population, narrow the gap between urban
environment and reduce the environmental inequality between cities and villages.

Re-examining the physical scope and characteristics of the urban environment through
satellite images measurement and improving the understanding of urban sustainability
is very important for understanding the mode of urban development and policy making.
This helps to ascertain the degree of urban expansion and enables the management of
unregulated construction. However, at the same time, we should also recognize that
identifying informal areas through satellite images can make them susceptible to hasty
clearance from the government and private developers. Contrarily, the presence of informal
areas and their juxtaposition with the formal areas indicates the gap in formal urban
planning. This can help find answers to queries like where and how the informal areas
were born, what kind of growth or decline process they experienced, and what impact they
have on the residents living there or on the surrounding environment and the whole city.

Through the identification of informal areas and understanding of their distribution
and characteristics, we can deepen the understanding of informal areas so that local com-
munities can better implement strategies such as environmental improvement to prevent
the continuous deterioration of informal settlement areas and alleviate the uncertainties
related to their living conditions in informal areas.

Overall, the proposed method should help urban designers who are working on ana-
lyzing formality and informality in the developing world. Moreover, from the application
point of view, this will provide training data sets for future deep learning algorithms and
automate them, help establish databases, and significantly reduce the cost of acquiring data
for urban environments that change over time. The method can become a necessary tool
for decision-makers to plan sustainable urban spaces in the future to design and manage
cities more effectively.

The future research and application of urban environmental characteristics will fo-
cus on the following directions. Firstly we will conduct temporal analysis to ascertain
how various urban environments change over time and the relationship between urban
environment and topographic features. Secondly, we plan to augment the knowledge
of the urban environment with urban location and information data and adopt a more
systematic and consistent method to locate the global urban population in combination
with the urban socio-economic parameters such as population density, income, education,
and environmental data such noise or air pollution. This will make the method the basis of
urban geography and poverty research. With the help of state-of-the-art machine learning
algorithms to computationally scale this method, we have an ambitious plan to complete a
global list of urban environments and help visualize the sustainable development goals.
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