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Chapter

A Review of the Machine Learning
in GIS for Megacities Application
Nasim Tohidi and Rustam B. Rustamov

Abstract

Machine learning (ML) is very useful for analyzing data in many domains,
including the satellite images processing. In the remote sensing data processing, ML
tools are mainly founded out a place for filtering, interpretation and prediction
information. Filtering aims at removing noise and performing transformations,
which is vital segment of data processing as useful performance of data validation.
An interpretation is significant part of it as the stage of objects classification
depends of existing task for solution. Prediction is performed to estimate precise
values of underlying parameters or future events in the data. It can be used suc-
cessfully above achievements in a variety of areas. An urbanization is one of the
spheres of advance technology application where highly need to collect appropriate
data for understanding of challenges facing society. The process of urbanization
becomes very important problem, thanks to city expansion. Each city is a compli-
cated system. It consists of various interactive sub-systems and is affected by
multiple factors, including population growth, transportation and management
policies. To understand the driving forces of the urban structure change, the
satellite-based estimates are considered to monitor these changes, in long term. GIS
(geographic information system) is equivalent to methods related to the use of
geospatial information. Besides, the increasing application of ML techniques in
various fields, including GIS, is undeniable. Thus, the chapter attempts to review
the application of ML techniques in GIS with a focus on megacities and theirs
features fixing/identification and solution.

Keywords: geographic information system, machine learning, urbanization,
data processing, modeling

1. Introduction

Today there is a growing need for the collection, processing, management and
efficiently use of reliable spatial information. Therefore, it is very significant to be
aware of relevant approaches and to share experiences and develop best practices.
This growing demand is due to the most important developments in society, which
in turn are magnified by rapid urbanization and the conditions of the megacities.

Location, in the form of spatial data, is a key point for visualizing the current
location, predicting events and enhancing service delivery. Information about loca-
tion can integrate and strengthen the complex analysis of the distribution of loca-
tions, events, and services. This provides many opportunities for improving
government services in terms of best governmental segments, interacting with
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customers and optimizing processes. As cities get larger, spatial information
becomes like a key tool in efficient urban service delivery, public safety, and overall
resource management.

On the other hand, today, artificial intelligence methods, especially ML tech-
niques, have come to the attention of scientists and officials in various fields, to
analyze and manage the enormous data that is produced at any given moment, and
one of the most exciting tools that have entered the material science toolbox in
recent years is ML. Undoubtedly, one of these fields is GIS.

In practice, a GIS allows users to understand the spatial dimensions of their
work and relate it to information such as population information as well. The data
collected and stored by the GIS can be used for different purposes ranging from
transport, draught analysis, agriculture, disease-outbreak analysis, land occupancy,
etc. At the same time GIS makes possible to storage a big volume of data in safely
stage and access to them at any needed time and rapid base. So, the goal of this
chapter is to review past works and research in this area, because it can be supposed
that can help greatly in understanding the current situation and capabilities;
besides, it will be attempt of step in planning for future developments in the field
of GIS.

The remainder of this chapter is organized and structures as follows. In Section 2,
main definitions are mentioned. Section 3 presents an overview of ML application in
GISs and related works in this area. In Section 4, it has been introduced the evaluation
metrics and datasets. The last Section 5 provides conclusions.

2. Fundamental principles

In order to review the ML application in GIS, the first is needed to familiarize
with the basic concepts in this regard. The followings are some fundamental prin-
ciples and definitions.

2.1 Machine learning

ML is an application of artificial intelligence that provides systems the ability to
automatically learn and improve their performance from experience without being
explicitly programmed. ML focuses on the development of computer programs that
can access data and use it in the process of learning [1].

The process of learning begins with observations or data, such as examples,
direct experience, or instruction. The data will be used in order to look for patterns
in it and make better decisions based on the provided examples. The primary goal is
to allow the machines learn without human intervention or assistance and adjust
actions accordingly.

ML algorithms are often categorized as supervised or unsupervised,
however this categorization is very general and it cannot cover all of the available
methods [2]:

• Supervised ML algorithms can use what has been learned in the past by using
labeled examples to predict future events from unseen data. Starting from the
analysis of a training dataset (labeled examples), the learning algorithm
predicts the output values. The system is capable of providing targets for each
new input after sufficient training. Besides, the algorithm can compare its
output with the correct output and find errors to modify the model
accordingly. Examples of these algorithms: Support Vector Machine (SVM),
Decision Tree, Random Forest, KNN, Regression, etc.

2

Geographic Information Systems in Geospatial Intelligence



• Unsupervised ML algorithms are used when the training data is not labeled or
classified. The purpose of these algorithms is to examine how systems can
derive a function to describe the hidden pattern of unlabeled data. They may
not specify the appropriate output, but it explores data and can infer to
describe hidden structures from unlabeled data. Examples of these Learning:
Apriori algorithm, K-means, EM.

• Semi-supervised ML algorithms fall in between the two types of
previously mentioned algorithms, because they use both labeled and
unlabeled data for training. Usually, a small portion of data is labeled and a
large amount of it, is unlabeled. The systems that use these algorithms can
achieve high level of accuracy. Typically, semi-supervised learning is selected
when the acquired labeled data requires skilled and relevant resources in
order to learn from it (producing labeled data costs money and takes time.).
Otherwise, accessing to unlabeled data generally does not require additional
resources.

• Reinforcement learning algorithms are learning methods that interacts with its
environment by generating actions and receiving punishments or rewards.
Trial and error search and delayed reward are the most important features of
these algorithms. They allow systems agents to automatically determine the
ideal behavior in a particular context in order to maximize its performance
quality. Simple reward feedback is known as the reinforcement signal.
Examples of these Learning: Q-learning, Markov Decision Process.

ML enables analysis of massive amount of data. Besides, it generally
provides faster, more accurate results in order to identify profitable opportunities
or dangerous risks, it may also require additional time and resources to train it
properly. ML requires formatted data that is analyzed to build a ML model.
In other words, it requires an appropriate set of data that can be applied to a
learning process.

ML can be used in cases where using human resources is not time/cost effective
or when many variables are being considered simultaneously. ML uses the prepared
data to train a ML algorithm. An algorithm is a computerized procedure or recipe.
When the algorithm is trained on the data, a ML model will be generated. Once the
data is prepared and the algorithm trained, the ML model can make predictions
about the unseen data, on its own.

Selecting the right algorithm for the issue is necessary for applying ML success-
fully. Selection is largely influenced by the application and the data available.

2.1.1 Choosing the most appropriate ML algorithm

There are a large number of ML algorithms available. Choosing the optimal
algorithm for a specific problem is dependent on its features such as speed, accu-
racy, training and predicting time, amount of data required to train, data type, how
easy is it to implement, etc. Most of the time, for GIS applications, time is very
important.

To avoid dependence on the specific conditions, it is common to analyze the
runtime of algorithms in an asymptotic sense. So, considering n the number of
training sample, p the number of features, nt the number of trees, nsv, the number of
support vectors and k, the number of clusters, following are time complexity factors
of some ML algorithms, which help to choose the correct algorithm for the issue
(Table 1):
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Where:

• Time for Learning is time associate with training of dataset. It varies with size
of data and algorithm we are using in that.

• Time for Predicting is time associate with testing of dataset or predicting
unseen data. It varies with size of data and algorithm we are using in that.

Most of the time, about 80 percent of the dataset will be used for training and
the remaining part will be used for tuning and testing. In addition, it should be
noted that, as the training phase most of the time can be performed offline, the
predicting time is more important for developers.

Generally, it can be used the points above to shortlist a few algorithms, but it is
hard to know right at the start which algorithm will work in the best way. It is
usually desirable to work iteratively. Among the ML algorithms can be identified as
potential good approaches, throw the data into them, run them all in either parallel
or serial, and at the end evaluate the performance of the algorithms to select the best
one(s).

2.2 Megacity

A megacity is defined by the United Nations (UN) as a city which has a popula-
tion of 10 million or more people. Currently, there are 38 megacities in the World
(Figure 1). The UN statistics indicate that the city with the largest populations
worldwide is Tokyo with 38.8 million people. Recently, the UN has predicted that
the number of megacities will rise to 41 by the year 2030.

The urbanization process poses enormous challenges for governments, social
and environmental planners, engineers, architects and the residents of the mega-
cities. No wonder, the growing population of cities creates demand, in areas such as
housing and services. The environmental destruction and poverty are two other
concerns, which city administrations have to take care of, as especially poor people
do not have the necessary financial resources to tackle these problems.

Megacities affect a variety of living conditions for citizens. Although stress level,
traffic jams, poor air quality and increasing health risks, make life more difficult in
megacities, most people still choose to live there. Therefore, more accurate govern-
mental programs are needed to help improve living conditions for the metropolitan
inhabitants.

Algorithm Learning Predicting

Regression O(p2nþ p3) O(p)

Decision Tree O(n2pÞ O(p)

Random Forest O(n2pntÞ O(pntÞ

Naïve Bayes O(np) O(p)

SVM O(n2pþ n3) O(pnsvÞ

KNN — O(np)

K-means O(npkþ1) O(k)

Table 1.
Time complexity of some ML algorithms.
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As more cities are becoming megacities and existing megacities are growing,
policymakers and urban planners are grappling with the questions of how to make
growth at this scale sustainable, and how to tackle the escalating social, economic
and environmental problems evident in the world’s megacities. One of the most
popular solutions is ML.

3. Application of machine learning in GIS

Urban dispersal and expansion has become an important issue for municipali-
ties, environmental scientists and urban planners. Especially, in megacities, this
issue becomes more vital. Currently, more than %50 of the world’s population lives
in urban areas and then it is predicted to grow over the %65 by 2050, according to
the United Nation report. For example, all population in the 500,000+ urban areas
of Australia and New Zealand combines to equal that of Moscow or Bangkok, and
only slightly larger than Los Angeles (16.4 million). It is known that developing
countries have already begun a rapid urbanization [4]. The fact that the global
population has increased rapidly since the industrial revolution of the 18th century,
highlights the problems of urban planning and urbanization, because of the popu-
lation gathering in certain centers [5]. This unnatural pace of urbanization has
created significant social and environmental challenges for decision-makers [6]. In
addition, modeling and simulation are effective tools for discovering the urban
development mechanisms and for providing planning in growth management.
Therefore, monitoring and modeling the urban sprawl of cities is a necessary key
parameter to prevent precautions [7, 8].

As it has been illustrated in Figure 2, Asia remains the dominance in terms of
megacities, with nearly 58 percent of the population in larger metropolitan areas.
This is approximately five times as many greater urban area residents as in North
America or Africa. Besides, Asia has more than five times as many larger urban area
residents as Europe and eight times that of South America [3].

Figure 1.
The 38 megacities in 2019 [3].
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Urban expansion modeling became widespread in the 1960s [9] and have accel-
erated with the developments of the technologies like Remote Sensing (RS) and
GIS. Today, RS has been widely recognized as an essential tool for urban planning,
management and design due to allows to get spatiotemporal data that are necessary
for modeling environmental impacts, urban expansion and population growth.
Particularly, the benefits of satellite-based image data have attracted attention of
the scientific studies on urban expansion and environment [10, 11]. RS enables the
collection of spatial details data for large areas at different time intervals; therefore,
it provides a unique perspective on revealing the spatial and temporal dynamics of
the change process in the land use and urban expansion [12]. GIS technology is
described as an effective tool for identifying and monitoring the land cover change
at different scales [13–16].

The dynamic modeling via GIS as a tool for urban simulation has rapidly gained
popularity [7, 17]. The application of ML models has increased noticeably in RS filed
due to the increased availability of powerful and flexible ML software and
improvements in computing performance [18, 19].

The useful application of artificial neural networks (ANNs) in interpreting spa-
tial resource information have been proven i.e. one of the most common are back-
propagation neural networks, which are widely used by spatial planners. However,
to improve the usability of ANNs for map-based applications, a more efficient
method for communicating between the GIS and a trained ANN, is critical. When
ANNs and GIS are used together for many applications to improve decision-making
quality. The ANN design will consist of numerous layers, all of which can have
different weights. The training process of an ANN involves changing the weightings
over time until as it is desired the network reaches the static or optimum firing
state. After training, an ANN can be used for applications effectively and consis-
tently. Through the application of an ANN, GIS professionals can add another
dimension to their spatial capabilities. In some research, a combination of neural
networks with remote sensing image data for mapping the urbanization dynamics,
has been proposed [20–22].

As another helpful technic, recently evolutionary algorithms have been used to
tackle a variety of complex computation and optimization problems, such as natural
language processing [23], route finding [24] and image processing [25]. One of the
most important applications of evolutionary algorithms is in the field of GIS
[26–28]. It should be noted that generally these algorithms are not fast in compari-
son with other ML algorithms and their main usage is for optimization.

All in all, there are two main ways for satellite-image processing that each of
them has its own advantages and disadvantages. Sometimes there is high-resolution
data (satellite images) so processing this amount of data would take a lot of time,
with high accuracy. Some other cases, depending on the issue the resolution is not
good, but the measurement methods are highly qualified.

Figure 2.
Built-up urban area population in 2019.
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3.1 Process description: impact and influence determination

Over the years, the fast development of map services [29] and volunteered
geographic information (VGI) [30] has provided a huge number of geo-tagged
images. This data source has given information on every corner of a city and has
been enabling broader and more in-depth quantitative research in related fields.
These data improve the understanding of the dynamic and physical features of the
city by identifying landmark [31], detecting urban identities [32, 33], assessing the
living environment inequality [34], and modeling human activities [35] and popu-
lar places [36]. Also, they provide information on the social and physical structures
of dynamic metropolitan environments [36, 37].

The MIT Media Lab launched the “Place Pulse” program in 2013, which is a data
collection platform that enables volunteers to take part in the urban perception
rating experiment. By the end of 2016, the MIT Place Pulse dataset had collected
1,170,000 pairwise comparisons from 81,630 online participants for 110,988 city-
scape images. Given this dataset and advances in ML techniques, many studies have
tried to analyze human perceptions of urban appearance [34, 38–41].

Since previous approaches use low or mid-level image attributes, they have
problem in extracting high-level information about the natural image. Some
examples of these attributes are: Gist, SIFT- Fisher Vectors, DeCAF features [41],
geometric classification map, color Histograms, HOG2x2, and Dense SIFT [40].

For instance, according to building models, SVM and Linear Regression were
used in [41] to predict image labels. Support Vector Regression was used in [40],
Ranking SVM it has been used in [42], and several convolutional neural network
(CNN) based approaches were used in [39, 41, 42].

Among the various image representations and models, approaches that uses
deep convolutional neural network (DCNN), have outperformed conventional
methods to a large extent. In [39], authors introduce a DCNNmodel that is based on
the Deep Residual Network (ResNet) [43], which won the first place in the
ImageNet Large Scale Visual Recognition Competition [44].

Recently, a shift-invariant and hierarchical model has emerged in the form of
DCNN, because of the availability of large-scale annotated datasets and the rapid
development of high-performance computing systems. In some research, DCNN
was employed to conduct human perception modeling and prediction. Due to its
powerful capability to learn and represent automatic image feature, this model has
attracted a lot of attention and achieved great success in multiple fields, including
speech recognition [45], natural language processing [46], and visual object detec-
tion [43, 47].

A very deep convolutional neural network is hard to train and optimize because
of disappearance gradients and the curse of dimensionality [43, 48]. ResNet is
known as an acceptable attempt to address this problem. It was designed to learn
the residual functions with regard to the layer inputs rather than learning the
unreferenced functions [43].

In [49], a data-driven ML approach that measures how people perceive a place
in a large-scale urban region, was proposed. In particular, a deep learning model,
that had been trained with millions of human ratings of street-level imagery, was
used to predict human perceptions of a street view image. The model achieved a
high accuracy rate in predicting six human perceptual indicators. These indicators
are: beautiful, boring, depressing, lively, safe and wealthy. It could help to map the
distribution of the city-wide human perception for a new urban area. Besides, to
determine the visual points that may cause a place to be perceived as various
perceptions, a series of statistical analyses was performed. From the 150 object
categories that had been segmented from the images of the street view, many
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objects were identified as being positively or negatively correlated with each of the
indicators. The mentioned results helped urban planners and researchers to take a
step toward getting the interactions of the place sentiments and semantics.

Big data are voluminous and complex data of different qualities, that have the
potential to generate new hypotheses and new methods for understanding interac-
tions between social, biophysical and infrastructure domains of complex urban
systems that face the challenges of climate change [50, 51].

The movement of people tracked through cell phones is an example of crowd-
sourced and big data, which offers manifold new possibilities for assessing the city’s
inner workings, and the availability, quality and quantity of data is evolving, rapidly
(Figure 3). Crowd-sourced information can be used as a reliable proxy, with much
better resolution and replication, for more traditional methods of empirical social
survey [53].

Similar analyses of social media provide the opportunity to complement the
existing traditional ways of collecting information about human behavior in cities,
which can be brought together with other sources of biophysical and infrastructural
data, especially in spatial formats, collected through GIS [54, 55].

Big data can also come from urban hotlines, city planning offices, tax assessor
databases, records about utility use and repair, and the rapid emergence of sensors
and instrumented buildings, ecological spaces and even roads [56].

In Figure 3, The direction of change is shown by color, where I equals warmer
and wetter; II colder and wetter; III colder and drier; and IV warmer and drier
conditions. The direction of change is measured with the Euclidean distance in the
2D space including temperature and precipitation change. The classification of the
magnitude of change corresponds to quartiles.

The usefulness of big data for understanding urban systems such as efficacy
of climate solutions and climate impacts will only increase with time [56].

Figure 3.
Mapping direction of temperature change from 1901 until 2014 and rainfall from 1901 until 2013
in cities [52].
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Decision-makers of cities need improved information, that regularly updated, about
human behavior and perceptions and how they relate to climate change, both
globally and locally. Considering human behavior in cities and linking it to down-
scaled climate projections and remotely sensed observations of urban form, land
cover, land-use patterns and social-demographic information from national and
international databases, has the potential for improved decision-making to drive a
much more nuanced and highly spatially resolved platform. Over the past decade,
with the advancement of the digital social sciences and big data, as well as the
increasing use of social media data (SMD) in geographical studies, new opportuni-
ties have emerged for augmenting urban systems and climate impacts research and
expanding them [57].

Geocoded SMD, which comes from social media users (e.g., Twitter, Facebook,
Instagram) opens up a significant new opportunity to fill data gaps and address
many of the obstacles that prevent researchers and practitioners from understand-
ing the human behavior component of urban system dynamics and climate change.

SMD and other big data let researchers to ask a wide range of spatially explicit
questions at an unprecedented scale. Most of the time, social media allows users to
manually select the location from where they post a message, or automatically adds
it via geolocation tracking services. However, at present, geo-located tweets and
Flickr photographs represent a small portion of the overall volume of SMD (e.g.,
only %1 of all tweets are tweets that geocoded via GPS constitute) [58] the sheer
quantity of these data makes them worth investigating. Geotagged tweets can
reinforce traditional control data (e.g. remotely sensed images, roads, parcels). For
instance, for modeling population distribution, geo-located Twitter messages can
serve as control data [59].

Research using geo-located SMD is also starting to take shape to study socioeco-
nomic disparities and their relationship to climate impacts in cities. For example,
crowd-sourced data from Foursquare users in London, had been used to be a
reliable proxy for the localization of income variability and highlighting places
which are more at risk across the city [60].

Yet, mapping based on data that are demographically unrepresentative, can
also regenerate spatial segregation and give an unfair picture of the places which
matter citywide [61]. The same is true for global-scale analyses. The amount
of geocoded tweets widely varies among nations. The United States and Brazil are
some of the countries whit the highest proportion of geocoded and non-geocoded
tweets, while countries such as Norway and Denmark record considerably lower
values [62].

The emergence of various types of big data provides interesting options for
evaluating how people use and respond to urban events, policies, programs and
designs to adapt and mitigate climate change. New types of data can be an impor-
tant source for examining the use, value and social equity of specific spaces in the
city, that provide refuge during climate driven extreme events, such as parks,
vacant areas and open spaces that can provide, like cooling during heat waves.
Working with big data can provide opportunities for multi-year to decadal datasets
to understand the interactions between human and nature in the city and could be
crucial to evaluate progress on examining influences of climate change and of
mitigation options in cities [57].

Various sources of big data have already been helpful for awareness of disaster
risk management and climate adaptation planning. In [63], authors for assessing the
desired location and capacity of flood evacuation shelters, used volunteered geo-
graphic information through SMD as a source; while, in [64], researchers used SMD
sourced observations of flooding to develop a method for estimating flood extent in
Jakarta. In addition, following the devastating impact of Hurricane Sandy in New
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York City, scientists used SMD in Twitter to reveal the geographies of a range of
social processes and actions that happened shortly after the event [65].

In another research, Twitter data collected have been used during the devastat-
ing Sendai earthquake in Japan to assess social networks and build a database to
study the human landscape of post-disaster effects [66]. Understanding interactions
between climate change and fire prone landscapes is another major concern for
adapting with climate change and for reducing the disaster risk. In [67], authors
were able to use SMD to evaluate spatial patterns of situational awareness during
the Horsethief Canyon Fire in Wyoming, besides they demonstrated the usefulness
of SMD for actionable content during a crisis.

Another promising route which has been used in previous research, is the com-
bination of satellite data with other datasets and analyzing it by ML. For example, in
[68], authors proposed an accurate, scalable and cheap method for estimating
consumption expenditure and asset wealth from high-resolution satellite imagery.
In this research, using satellite data from five African countries: Nigeria, Tanzania,
Uganda, Malawi, and Rwanda, they showed how a CNNN can be trained to detect
image features that can explain up to 75% of the variation in local-level economic
outcomes, which result in estimation of poverty levels via satellite data.

Another point is that, big data can become a central tool for online monitoring of
urban risks and climate policies, made possible by sensor-based cities and the large
amounts of data typically generated by their residents through social media. Appli-
cations include [69]:

• Use real-time data extracted from local weather stations, rainfall and sewer
gauges to collect real-time data in hydrodynamic models for improved flood
prediction;

• Combine local high frequency observations, with regional monitoring and
forecasts, along with tracking of geospatial social messaging (e.g., posts about
occurring events) to provide improved early warning about potential effects;

• Use image processed CCTV feeds to understand the risks, for instance, water
surface locations and social media feeds to validate in real-time the emergent
the flooding patterns;

• Integrate spatially heterogeneous sensor data from flows and movements with
geospatial social messaging, CCTV and other data to reach a better
understanding of the temporal dynamics of impacts;

• Combine CCTV monitoring with social media data feeds to improve
understandings of citizen reaction and response to emerging impacts for
optimized hazard mitigation and planning in future;

• Apply knowledge from previous events, like modeling result sets of both risks
and impacts, to improve pre-response event from the site to the city-scale for
future events.

ML techniques, especially neural networks, are powerful tools for multi-
dimensional and complex big data analysis, where complexity needs to be
reduced to understand its main drivers [70]. CNNs work well to classify images
[71], and are widely used to evaluate land-use patterns [72]. Some researchers have
gone even further and combined this approach with the socio-economic data
analysis [68, 73].
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As mentioned before, authors’ work in [68] is very instructive. Using a combi-
nation of CNN, daytime satellite imagery and nightlight data, they predict poverty
in five African countries at a village scale. For this purpose, they did their analysis in
three steps. In the first step the CNN is trained on ImageNet [74] to learn how to
recognize visual attributes like edges and corners. Second, it was well tuned so as to
be able to predict intensities of the night-time in daytime images. Nightlights are a
universally consistent poverty predictor. Therefore, the model was trained to focus
on the aspects in daytime imagery, which are relevant to poverty estimation. In the
third and final step, socio-economic survey data was used to train ridge-regression
models on both household surveys and the image features from the previous two
steps. Their approach used night-time data as a globally consistent, but very noisy
proxy for poverty in an intermediate step and eventually explains %37–55 of aver-
age household consumption, and %55–75 of the variation in average household asset
wealth. While it used publicly available data, it delivered better results than
cellphone-based studies and outperforms products that rely solely on nightlights.

Recently another study used data extracted from Google Street View images and
ML methods, such as v-support regression and feature extraction, to estimate high
income areas in US cities [38]. From another perspective, phone records were used
to reveal detailed mobility patterns for improving the understanding of travel
behavior and traffic management [75].

3.2 High-precision measurement

An example of the activity recognition task is transportation mode detection can
be in which data from smartphone sensors carried by users are employed to deduce
what transportation mode the individuals have used. Microelectromechanical sys-
tems (MEMS), such as gyroscopes and accelerometers are embedded in most
smartphone devices [76] from which the data can be obtained at high frequencies.

Nowadays, smartphones have powerful sensors like Global Positioning System
(GPS), accelerometer, light sensors, gyroscope, etc. Having such sensors that
embedded in a small device carried in all life activities has allowed researchers to
investigate new research areas. Some of the benefits of these smart devices include
ability to send and receive data through various ways (e.g. Wi-Fi/cellular network/
Bluetooth), ubiquity and processing data [77]. The knowledge of individuals’ trans-
port mode can be adopted in many applications and also can facilitate several tasks,
as follows:

1.Knowing transportation mode is a necessary part of urban planning for
transportation, which is usually examined through questionnaires or telephone
interviews or travel diaries [77, 78]. Most of the time, this traditional method
of polling is inaccurate, expensive, limited to a specific area, and not up-to-
date [79].

2.As environmental applications, by obtaining the transport mode, the carbon
footprint and the amount of calories burnt of individuals can be determined.
Besides, health situation and physical activities can be monitored, the risk
exposure can be tracked, and the environmental influences of one’s activities
can be examined [80].

3.Other applications such as giving real-time information to users with the
knowledge of speed and transport mode from the them as probes [77, 81],
offering individuals with personalized messages and advertisements based on
their transportation mode [77].
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Several studies have used GPS data for classification purposes. However, using
GPS sensors have some limitations, such as: in shielded areas like tunnels, GPS
information is not available and the GPS signals may be lost especially in high dense
locations, which results in erroneous position information. In addition, the GPS
sensor consumes power a lot, so sometimes users turn it off to save the battery
[79, 81]. Some research focus on developing detection models using ML techniques
and data obtained from smartphone sensors like gyroscope, accelerometer and
rotation vector, without GPS data [82]. In this way, it has the advantage of consid-
ering multiple sensors even without using GPS, the transportation modes can be
identified.

4. Evaluation methods

Given the area of research, there are always some standard methods to evaluate
a system that uses a ML algorithm. In addition, there should be some standard
datasets the are prepared for the learning process (training, tuning and testing).
Therefore, in the following the evaluation metrics and datasets in GIS for urbaniza-
tion are introduced.

4.1 Metrics

There is no single connotation for the word “quality”, because it is difficult to
define quality with an absolute concept. Obviously, the data quality within software
systems relates to the benefits that can be achieved by an organization. Further-
more, it is dependent on various aspects. Thus, to measure data quality accurately,
one unique feature has to be chosen for considering the contribution of other
attributes of the data quality as a whole. Following aspects can be used to describe
the data quality (Table 2) [83].

It should be noted that by getting a high score in any of the mentioned dimen-
sions, does not simply mean that a high quality data has been achieved. For exam-
ple, the timelines may only matter in terms of correctness (correct user information
is available, but if it is not updated, then it is useless). Sometimes, these features
complement to each other [83].

Dimensions Definition

Relevance The importance of each piece of information stored in the database.

Reliability The sources of data are reliable.

Correctness The real world situation is represented by each set of stored data.

Timeliness The data has been updated on time and with adequate frequency

Precision The accuracy of the stored data is enough to characterize it.

Unambiguous Each piece of data carries a unique meaning.

Accuracy The level of data that can be accurately represented.

Objectivity Data is objective: do not need people to judge, interpret, or evaluate.

Security Access is secure and limited.

Completeness The absence of the essential data: how much available data is missing.

Table 2.
Patterns of data quality dimensions.
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The goals of data quality metrics are multi-dimensional. Indeed, they can set
information quality objectives for data creators and managers to achieve, set stan-
dards for data to be produced, acquired and curated, and introduce measurement
methods for quality judgment.

These metrics include rules that determine the thresholds of meeting appropri-
ate professional expectations and govern the measurement of data quality aspects
and levels. In order to configure and organize the rules, a basic structure is needed
to distinguish the transformation process from data quality expectations to a set of
applicable claims and to prevent unprofessional conduct [84].

Defining dimensions of data quality metrics can meet some purposes. Most of
the time, the dimensions are classified according to accepted standard of scholarly
activities within an academic discipline as well as other related disciplines that use
the data. Scientists have developed several sets of data quality dimensions [85].

The dimension categories differ from each other, according to the academic
field(s) in which data are regulated or by the different researchers’ understanding
and preference. Not only their dimensions are categorized differently among
scholars, but also their definitions vary according mostly to different types of data.
In practice, variations exist, such as integrity may be described in a different way to
measurement adjusted strategies, and accuracy may be calculated at different levels
of explanation [85].

Landslide susceptibility mapping (LSM) is a prime step in implementing the
immediate disaster management planning and risk mitigation measures. All sus-
ceptibility models must be verified for their predictions accuracy. An unverified
prediction model and susceptibility maps are nonetheless meaningless and hence do
not have any scientific significance. The issue of LSM validation have tackled by
many studies [86].

Several LSM approaches have been developed and described in numerous
papers. These approaches are mainly divided into three groups: heuristic, deter-
ministic and statistical techniques.

The heuristic techniques are based on the expert’s knowledge to group landslide-
prone areas into several ranks from high to low classes. It is often used for suscep-
tibility mapping in large areas. While, deterministic techniques rely on numerical
modeling of the physical mechanism that controls slope failure. However, they are
not suitable for a large-scale mapping, due to their problematic and impractical
need for a huge array of data, namely rock mechanical properties, the wetness and
soil saturation and soil depth. Statistical and probabilistic techniques including
bivariate, multivariate statistical methods, certainty factor, as well as knowledge-
based techniques such as ANNs and fuzzy logic approaches are promising methods
for predicting the landslides [87].

In most cases, the models are tested with an independent set of data, which was
not used for training the model. In [88], authors reported a three following approach
to obtain an independent sample of the landslide for validation purpose [87].

1.From the entire landslide inventory map of the study area, two sets of
randomly divided landslide polygons should be created, one for the
susceptibility analysis and one for validation the models;

2. In a part of the whole study area, the susceptibility analysis should be
performed; the obtained result should be tested in another part, distinctly with
different landslides;

3.The analysis should be performed using landslides happened in specific period
and validation should be carried using landslides occurred in a different
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period. This is the most sufficient to test the validity of the prediction mode,
however, the toughest to apply as it requires knowledge of the temporal
distribution of landslides over an adequately long-time spans.

As an example, image classification is not valid without evaluating its accuracy.
The source of errors could stem from the classification itself, image recording,
inappropriate training data and so on, however, in accuracy evaluation it is assumed
that all differences between classification results and reference data comes from the
classification errors.

Confusion matrix is one of the most common methods that evaluates classifica-
tion accuracy. This matrix contains a category comparison of relationship between
known, ground-truth data and classification results for the same category.

The overall accuracy of the classification process, is measured in percent and
indicates the number of pixels which correctly classified divided by the total num-
ber of pixels. Kappa coefficient is a measure of overall statistical agreement. It
measures the overall agreement of classification results, excluding agreement
acquired, not on purpose, but by chance [89].

4.2 Data

From the very first satellite launched in 1972 till the Landsat 8, launched in 2013,
Landsat satellite data have been recognized as a source of objective and reliable
information. These missions provide high quality worldwide multispectral data and
have been successfully used in countless applications in science [90].

The Landsat archive has provided multispectral data over the Earth for about
40 years. This fact makes Landsat data an attractive information source for studies
related to change detection, especially for identifying land use and land cover
changes indications.

World population was more than 7 billion at the time of the latest Landsat,
Landsat 8. Considering the valuable information about changes to Earth’s land
surface for more than 40 years, the Landsat program has given decision makers a
reliable source for managing Earth’s resources for the planet’s burgeoning popula-
tion with integral information about the World’s food, water, forests and how land
resources are being used [90].

Imagery from these satellites is distributed for free and was obtained from the
USGS website: http://earthexplorer.usgs.gov/.

Landsat 5 had Multi-Spectral Scanner (MSS) and Thematic Mapper (TM)
sensors. TM sensor has 6 spectral bands with the resolution – 30 m and 1 thermal
infrared band with resolution of 120 m (Table 3) [91].

Landsat 7 has Enhanced Thematic Mapper Plus (ETM+) sensor with 6 multispec-
tral bands with 30 m resolution, 1 thermal band with the resolution of 60 m and 1
panchromatic band with 15m resolution (Table 4). Bands 1–5&7were used for LULC
classification, while band 6 for LST extraction in both cases of Landsat 5 and 7 [91].

High-resolution maps of settlements and urban footprints form the basis for an
integrated evaluation of global settlement patterns. In the past decade, there has
been rapid progress in preparation of such maps. New satellite technology and
improved data processing using ML have facilitated rapid improvement in their
accuracy and resolution. The MODIS 500 urban land cover [92], until recently
represented the state of the art in urban land cover datasets [93]. It is now
outperformed by both the Global Urban Footprint (GUF) dataset which have
higher resolution and accuracy than any other urban land cover dataset [94], even if
comparing it to the high quality Global Human Settlement Layer (GHSL) [95, 96] or
GlobeLand 30 [97]. The GUF attributes a binary urban footprint at a resolution as
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high as 0.4″ (approximately 12 m) at the equator and 0.6″ in the mid-latitudes on a
global coverage. Also it is freely available for scientific use. This high resolution
constitutes a paradigm shift in studying urban extent for cities around the world.

The importance of the satellite imageries for evaluating urbanization by mea-
suring land use and land cover change for cities and their surroundings, is undeni-
able. Remote sensing (RS) is a reliable data source, which provides spatially
consistent coverage of large areas with temporal frequency and high spatial detail.
Besides, it is useful for analyzing phenomenon that is time dependent, such as
urban expansion [98]. Therefore, RS is an accurate and effective data source for
monitoring expansion of metropolitans, especially in cases that information related
to the land use management is inconsistent and inappropriate.

This is a list of some other datasets that provide information related to GIS for
urbanization:

1.GLOBAL Map1: It is a set of digital maps that cover the entire world to express
the status of global environment, accurately. It is developed through the
cooperation of National Geospatial Information Authorities (NGIAs) in the
world. The Global Map provides eight main map themes at a nominal
ground resolution of 1 km for raster data and at a scale of 1:1,000,000 for
vector data. These themes are:

• Transportation

• Boundary

Band Spectral band Resolution

1 0.45–0.52 μm 30 m � 30 m

2 0.52–0.60 μm 30 m � 30 m

3 0.63–0.69 μm 30 m � 30 m

4 0.76–0.90 μm 30 m � 30 m

5 1.55–1.75 μm 30 m � 30 m

6 10.4–12.5 μm 120 � 120 m

7 2.08–2.35 μm 30 m � 30 m

Table 3.
Landsat 5 TM bands.

Band Spectral band Resolution

1 0.45–0.515 μm 30 m � 30 m

2 0.525–0.605 30 m � 30 m

3 0.63–0.69 μm 30 m � 30 m

4 0.75–0.90 μm 30 m � 30 m

5 1.55–1.75 μm 30 m � 30 m

6 10.4–12.5 μm 60 m � 60 m

7 2.09–2.35 μm 30 m � 30 m

Table 4.
Landsat 7 ETM+ bands.

1 https://nationalmap.gov/small_scale/atlas-ftp-global-map.html?openChapters=chptrans#
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• Drainage

• Population Centers

• Elevation

• Vegetation

• Land Cover

• Land Use

2.Gridded Population of the World (GPW)2: It is the dataset of NASA’s
socioeconomic data and applications center, which includes raw population,
and population density of the past, current and future prediction. The purpose
of GPW is to provide a spatially disaggregated population layer that is
compatible with datasets from social, economic, and Earth science disciplines,
and RS. This data is globally consistent and spatially explicit for research,
decision-making and communication.

3.World Bank Geodata3: In this data, a wide range of World Bank datasets
converted to KML format, including GNP, schooling and financial data.

4.Global ADMINISTRATIVE Areas4: Administrative areas in this database are
countries and lower level subdivisions such as provinces and departments. The
latest version is 3.6 and it was released in 2018. It restricts 386,735
administrative areas, and scientists can download the spatial data by country.

5.Armed CONFLICT Location and Event Dataset5: This data includes all
reported conflict events in 50 countries in developing world, from 1997 to
present.

6.Global Rural-Urban Mapping Project (GRUMP)6: It is the dataset from
NASA’S socioeconomic data and applications center, which includes
information on rural and urban population balances.

7.Open Street Map (OSM)7: Crowdsourced data for the whole world, which
contains many important things like points of interest, buildings, roads and
road names, ferry routes, etc.

8.Geohive8: the initiative is made available by Ordnance Survey Ireland for easy
access to public spatial data, and includes population and county statistics. it is
not provided in GIS data formats, but it is easily convertible from CSV.

2 https://sedac.ciesin.columbia.edu/data/collection/gpw-v4
3 https://sourceforge.net/projects/googleworldbank/
4 https://gadm.org/
5 https://www.acleddata.com/
6 https://sedac.ciesin.columbia.edu/data/collection/grump-v1
7 https://learnosm.org/en/osm-data/osm-in-qgis/
8 https://geohive.ie/
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4.2.1 Urban landscapes

The World Bank, in south and east Asia, has explored the patterns, conse-
quences and policy implications related to spatial development of cities by outlining
the increasing availability of spatial data and developments in analytics. Data from
Earth observation (EO) satellite can give valuable results which are useful for
measuring urban growth over a wide range of spatial and temporal scales, especially
when combined with data from other sources. The resulting digital urban maps give
an accurate, up-to-date and cost effective resource to assist governments in under-
standing the nature of urban development and making informed decisions. EO
datasets allow for harmonized and standardized measurements. Also, they enable
planners to make spatially and temporally consistent comparisons and global
assessment. In addition, they are particularly significant for monitoring and under-
standing the evolution of cities. For instance, allowing authorities to know when
built-up areas spill across formal administrative boundaries. This shows the need to
cooperate with adjoining administrative areas on issues like collecting garbage or
connective infrastructure [99].

The World Bank has created a database to analyze the speed, magnitude and
spatial form of urbanization in EO data. These data help researchers examine the
drivers and influences of the urbanization nature and how the urban landscape has
evolved into its current state. It offers a basis for understanding the effects of policy
change and identifying priorities for new initiatives. In particular, the focus is on
exploring the institutional frameworks for urban management, like mechanisms to
coordinate service delivery across administrative jurisdictions, investment for
example in transport and other network infrastructure and regulation such as zon-
ing and pricing of services.

About twelve years ago, the World Bank launched the “Earth Observation for
Development” initiative. So, data in areas where data are commonly scarce and
unreliable, are provided. Such information is useful for building project fundamen-
tals against which progress can be gauged, high priority issues identified and miti-
gation measures determined. Focus of this project is on areas like metropolitan
development and related fields including disaster risk management, the environ-
ment, water and energy. The bank has also developed the Urban Management and
Analysis (PUMA) platform to facilitate more collaboration between policymakers
and other development stakeholders, toward these purposes. By using this tool,
users with no GIS experience would be able to access, analyze and share urban
spatial data in an interactive and customizable way [100].

These activities have resulted in more than 30 technical helping projects that
done for urban planners and partners, in the period 2008–2018. As a result, highly
specialized big data mapping products and monitoring systems that leverage EO
data for South Asian cities have been launched.

4.2.2 Megacities

In the South Asia Megacities Improvement Program, EO big data was used to
analyze 20 years of urban expansion in the metropolitan areas of Delhi, Mumbai
and Dhaka. These data make it possible to measure the qualitative and quantitative
aspects of transformation, like the distribution and density of urban sprawl, the
growth rate of built-up areas and urban land use change. This information helps
analysts to trace how informal settlements grow outside the cities’ boundaries, and
to understand the drivers of land use [99]. Therefore, some important insights into
land cover and use in the three cities revealed (Figure 4). Furthermore, it showed
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the percentage of land taken by settlements and industrial build-up, agriculture,
natural or semi-natural vegetation and forest [101].

By using it, urban planners and development stakeholders could understand
existing demands and plan for future needs. For instance, in Delhi, the
maps illustrate that with industrial development, the urban expansion is
accelerated. This mostly happened between 2003 to 2010; however, a considerable
increase in construction sites shows that it will continue in the future, so it must
be planned [101].

By using digitized spatial data, analysts would be able to study the target at
different administrative levels: metropolitan, city, district or sub-district, and also
other non-administrative units. These datasets make it possible to aggregate flexi-
bly. One example is showing the proportion of sprawl by district, its density, the
drivers of urban change and class evolution within urban areas. Together with
environmental or socio-economic data, the data can prepare information on the
proportion of population to urban growth, and can measure indicators like com-
pactness, the ratio of green space to citizens, and the accessibility of these areas.

The results of applying EO big data can be crucial for coordination between
public, private and household investment in infrastructure, productive capital and
housing, respectively. Thus, policymakers would be able to promote optimal spatial
and transportation links between businesses, affordable housing and commercial
units, health and education services and recreational areas. In addition, these views
can be applied to support rural-to-urban migrants and ensuring that rapid urbani-
zation is inclusive. Since EO big data methods spread across the world’s megacities,
and are refined and adapted, they will provide valuable tools to policymakers, and
greater benefits for the citizens of the future.

Figure 4.
Sample visualizations from the South Asia geospatial analysis [101].

18

Geographic Information Systems in Geospatial Intelligence



4.2.3 Residential cities

EO big data approaches are also contribute to drive sustainable urban develop-
ment. The mentioned research on the use of high-resolution satellite data for pov-
erty mapping, draws emerging techniques that can show fast changing urban areas
in near real-time. These methods can determine built-up area, density of cars and
buildings, and types of roofing and road. Via ML techniques and image processing
algorithms, also they can calculate whether buildings are more rectangular or have
more chaotic angles, that indicates higher poverty level, and construct poverty
indicators like the ratio of paved roads in an area. So, stakeholders can target their
interventions exactly where they are mostly useful [101].

All in all, analysis of EO big data can be an important tool for managing city
development in low-income countries. It can measure and track the urban expan-
sion and highlight the drivers of economic growth. This result in better under-
standing the factors contributing to inefficiencies and inequality in urban areas, and
providing optimized policies. Besides, they can create flexibility in urban environ-
ments, so that residents, businesses and systems can adapt to persistent stresses or
shocks. Also they can provide residential cities that meet their residents’ needs.

5. Conclusions

This book chapter briefly introduced ML and past research about the application
of ML algorithms for processing of daily satellite imagery. It has been demonstrated
several aspects of detecting and classification of Earth features merging into local
geographical and geodetical system with further GIS development. The main pur-
pose of the chapter is to provide existing resources for researchers to be aware of the
up-to-date status of development of ML application in GIS in particular in studies of
megacities.

The real potential of ML in GIS is not sufficiently developed yet. On one hand,
both fields intersect in analytical discussions. At the same time, most GIS applica-
tions which are desirable for ML implementation, are driven by conventional
approach and standard tools of commercial GIS packages.

Merging GIS and ML offers a potential mechanism to reduce the cost of analysis
of spatial information by decreasing the amount of time spent on data interpreta-
tion. This integration allows the interpretive outcome from a small area to be
transferred to a larger, geographically similar area, without the extra time and
expense of putting geographers in the field for a time sufficient to cover
geographical area.

ML can be considered both as a science and as engineering, depending on the
goal. This technology is often seen as part of computing; however, it has links with
various other areas including philosophy, psychology and linguistics. Its techniques
can provide benefits within GIS over traditional methods, like statistical analysis,
especially if data show some form of non-linearity. Thanks to such an opportunity
of ML/GIS technology makes most successfully to apply for monitoring and
observation consequences of megacity development.

Most people are unaware that they use artificial intelligence in their daily life.
Finding solutions to decision-making issues by using models that allow decision
makers to express their limitations and imprecise concepts that are used with large
volume of geographic data, costs a lot. This chapter is expected to open opportunity
to understand clearly fundamental aspects of ML/GIS development with basically
related to the megacity studies.
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