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Chapter 17
IoT Application for Smart Cities Data 
Storage and Processing Based 
on Triangulation Method

Muzafer Saračević, Šemsudin Plojović, and Senad Bušatlić

Abstract  This chapter presents the possibilities of applying the triangulation 
method in the IoT application for smart cities data storage and processing. The 
chapter includes a method in field of computational geometry (specifically polygon 
triangulation as a fundamental algorithm in computational geometry). The imple-
mentation of the application was done with two modules. Proposed first module has 
a storage function and collecting data in a smart city space, while the second module 
has a function of data processing and finding the minimum triangulation in the 
smart city space. The method is derived using triangulation and properties of Catalan 
numbers. The process of storing the coordinates of points using the Ballot method 
(walk on the integer lattice) is given. Due to its exceptional efficiency in terms of 
launching programs on various computer architectures and operating systems, Java 
programming language (Net Beans environment) enables an efficient implementa-
tion of our method. In experimental research, we tested a proposed solution based 
on the application of the triangulation method using the Ballot notation (for data 
storage) and minimal triangulation (for data processing).
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17.1  �Introduction

Navigating within smart cities is directly linked to sustainable, safe and efficient 
transport systems and infrastructure, such as their rejection at both local and national 
and international levels. So for a city to become smart, it is imperative that it inno-
vates in transportation that will sustain it. These steps are used not only for the 
economy but also for the environment and provide a better quality of life for all citi-
zens. Previous research and implementation of e-City services in the field of map 
usage and mapping uses GIS (Geo-information Systems) commercial solutions. 
Also, you can use Open Source GIS solutions as well as free Web Mapping Services, 
which in the last year have achieved the usable value of GIS commercial solutions, 
are overwhelming in a large segment. The possibility of combining GIS resources 
and free Web map services was explored, as well as presenting numerous informa-
tion with external services within the projected maps, which enables a very rich 
presentation of the requested information. Research combining e-City services with 
the concept of creating “smart cities” (Smart City) is very current today. Superior 
analyzes and comparisons between GIS systems and free public ticketing services, 
towards finding the best solution for creating a centralized electronic service at the 
city level.

A modern technique for collecting data in the field is a system of terrestrial orbit-
ing satellites that transmit precise weather signals to special electronic devices to 
record the position of an object on the ground. This system is referred to as “The 
Global Positioning System (GPS)”. The receivers provide direct measurements of 
the position on the Earth’s surface, with the location indicated by a standard system, 
using coordination using a triangle system. Triangulation is a process that is very 
important in computer geometry and graphics. Triangulation allows the representa-
tion of three-dimensional objects from a set of points. This process is very important 
for the speed, quality and resolution of the objects displayed. Polygon triangulation 
finds its application in geo-information systems as well as in the process of digital 
terrain modeling.

IoT-enabled smart city use cases span multiple areas: from contributing to a 
healthier environment and improving traffic to enhancing public safety and optimiz-
ing street lighting. Smart cities are servicing new digital technologies and are related 
to traffic management through smart traffic lights, parking space design, gathering 
information on their waste storage, rational use of refreshments, to build energy-
efficient communications in the future with sufficient local government. All of these 
services involve reducing pollution, moving to cleanup transportation clean up and 
heating. The use of IoT (Internet of Things) traffic regulation is used to reduce costs 
and increase passenger satisfaction while reducing the number of traffic accidents. 
Future solutions will be based on main memory and environmentally sound vehicles 
and their connection to infrastructure facilities such as gas stations, parking lots, 
garages and the like. Wider use of advanced information technology, except vehicle 
communications with vehicle infrastructure, capability and communication.
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IoT applications fot smart cities is just another solution that the modern age has 
to deal with the problems that are in line with achievements and to provide citizens 
with a healthy and safe lifestyle as it may have once been, or might even get better. 
Some examples of implementation of intelligent transport systems is: integrated 
traffic systems (traffic flow management, traffic lights, variable traffic messages, 
highway access control, speed checking, parking management, etc.), transportation 
management (traffic routing, incident management, identification of breaches, 
maintenance of transport infrastructure) and passenger information (providing 
information). Other appropriate sustainable transport practices that characterize 
smart cities may be linked to the introduction of an initiative such as car sharing, 
that is, the sharing of private passenger vehicles with the same final destination 
(using GIS and triangle methods).

The main motivation of this chapter is presents presents the possibilities of 
applying the triangulation method in the IoT application for smart cities. The chap-
ter includes a method in field of computational geometry (specifically optimal poly-
gon triangulation as a fundamental algorithm in computational geometry). The 
main contribution of this chapter is concrete solutions for storing and processing 
smart city data based on the optimal triangulation method.

This chapter consists of seven sections. In Sect. 17.2, similar research is pre-
sented in the field of the GIS technology in the realization of the concept of smart 
cities. In addition, similar research has been reported in the field of the main exam-
ples of triangles in the application of geo-information systems. In Sect. 17.3 of this 
chapter, some of the features of the Java NetBeans environment for working with 
data processing and storage are outlined. Section 17.4 describes the proposed 
method (first module) for storing and collecting data in a smart city space. In Sect. 
17.5 has been presented the second module of the proposed method relating to data 
processing and finding minimum triangles in smart city space. Give specific exam-
ples of how to apply the proposed methods in a Java NetBeans environment. 
Sections 17.6 and 17.7 provides a discussion and concluding consideration.

17.2  �Overview of Related Research

GIS offers user-friendly and advanced capabilities for smart city applications. The 
successful implementation of a smart city application requires the development of a 
system that can manage and visualize the geospatial data in a user-friendly environ-
ment. In paper (Yamamura et al. 2017) authors present a new method based on GIS 
for smart city planning. The research proposes a GIS based urban energy planning 
system and 3D visualization with a user-friendly interface. Authors in paper (Lella 
et al. 2017) discuss possible collection methods for waste management and presents 
methods for transportation of waste using GIS techniques through analysis of 
network.
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Authors in paper (Cosido et al. 2013) construct a model for Smart City by using 
GIS techniques. Experimental results show that approach performs very well and 
that the presented methodology is promising for further application in other con-
crete scenarios. Paper (Tan and Wong 2006) presents applications for smart cities 
with concrete Google maps and GIS tools. The release of mapping API like Google 
maps has changed the way location systems work. Also, authors apply visualization 
tools as a study into the usefulness of functions of Google maps and GIS.

A multi-criteria GIS-based methodology for smart cities site selection presents 
in paper (Fashal et al. 2019). This research contributes to a site selection method 
that satisfies the decision maker’s criteria. Layers corresponding to these criteria 
were built in GIS. In paper (Shahrour 2018) authors give concrete concept based on 
the use of geospatial data concerning the urban built environment and urban ser-
vices. Authors show how a GIS could help in concrete implementation of smart city 
and describes its use in the construction of a model of the smart city. Also, authors 
in paper (Chen and He 2017) state that GIS plays a very important and fundamental 
role in supporting the smart city construction. This paper expounds the concrete 
model of the smart city construction with GIS technique.

The paper (Pradhan et  al. 2017) proposes a new computational code for GIS 
using triangulated irregular network and Delaunay triangulation methods. The qual-
ity of surface (GIS) representation after using proposed model is compared with the 
original map, and results show that this model can be used for significant reduction 
of data set.

Authors in paper (Ledoux et al. 2014) present a novel approach to automatically 
repair GIS polygons, based on the use of a constrained triangulation. Their approach 
is simple to implement as it is mostly based on triangles and authors have imple-
mented algorithms and show that this model is faster and more efficient than alter-
native methods. The paper (Roy and Mandal 2012) proposed a time-efficient 
graph-based spatial clustering for large scale GIS data. As the volume of GIS data 
is large, data is preprocessed using Delaunay Triangulation to reduce both: space 
and time complexities.

Implementing security in an IoT solution involves multi-layered access and 
observation of application security from multiple aspects: network, server, code, 
database, user, etc. For some concrete and specific examples of attacks on smart 
cities applications see paper (Saračević et al. 2019). The device must be safe at all 
times, from design to use in an operating environment. This includes the following 
measures: Safe Startup, Access Control, Device Authentication, Intrusion Prevention 
Systems, etc.

The security of an IoT solution should not be seen as additional functionality, but 
rather as a necessary component for the reliable functioning of the device. IoT tech-
niques are connecting more devices in the Cloud Computing environment. In papers 
(Alam et al. 2013c; Alam and Shakil 2013a, b, 2016; Ali et al. 2019; Ali and Alam 
2016) the authors discuss about management techniques for the Cloud Computing 
environment. In papers (Alam et al. 2013a, b; Alam 2012a, b; Alam and Alam 2013; 
Alam et al. 2014; Alam and Sethi 2013; Malhotra et al. 2015, 2018), the authors 
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emphasize importance of cloud database management system and data integration 
of cloud-based and relational databases. Also, authors in papers (Shakil and Alam 
2014; Shakil et al. 2018; Shakil and Mansaf 2017) describe some techniques for 
exploiting data reduction principles in cloud-based data management and data man-
agement in cloud based environment. Additionally, papers (Imran et al. 2015; Khan 
et al. 2016, 2017, 2019; Kumar et al. 2017; Kumari et al. 2015; Samiya et al. 2017) 
describe cloud based big data analytics, data model and computing.

17.3  �Data Processing and Storing in Java NetBeans 
Environments

In this part of the chapter, we have outlined the key packages and classes in Java that 
we used in the implementation process of the triangulation method for processing 
and storing data in a smart city space. The two essential packages we used to imple-
ment Java 3D solution are:

com.sun.j3d.utils.geometry (GeometryInfo, Triangulator),
org.j3d.geom (TriangulationUtilis).

The Java Open Geometry Library (JOGL) is actually a library for working with 
geometric shapes and contains packages and classes that are essential for program-
ming in computer geometry. JOpenGL is a java link for the OpenGL 3D Graphics 
API. It provides full access to the OpenGL 2.0 specification and supports integration 
with Swing components. JOpenGL maintains its focus on 3D rendering with assis-
tive libraries that make it easier to create geometric primitives.

JOpenGL to some extent offers an object layer that invokes the functions of this 
library. The implementation of the Java 3D version consists of three packages, with 
OpenGL, DirectX and JOpenGL backend (Davis 2004; Sowizral and Deering 1999). 
Access to the OpenGL interface was achieved through direct calls through the Java 
Native Interface (JNI). Some important classes for the problem of polygon triangu-
lation from the Java 3D API are described below (Chen and Chen 2008).

The GeometryInfo class contains ready-made methods for working with string 
arrays for geometric objects:

TRIANGLE_ARRAY (takes a set of three vertices forming a triangle), using the 
GL_TRIANGLES method to create triangles,

POLYGON_ARRAY (a set of vertices for non-convex and convex polygons) cre-
ates a polygon using the GL_POLYGON method,

QUAD_ARRAY (takes a set of four vertices forming a quadrilateral) using the GL_
QUADS method to create quadrilaterals,

TRIANGLE_FAN_ARRAY (set of scopes that forms a triangulation in the shape of 
a fan), using the GL_TRIANGLE_FAN method, creates a triangulation of a 
series of triangles around a common central spine,
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TRIANGLE_STRIP_ARRAY (a set of vertices forming a ribbon-shaped triangula-
tion), using the GL_TRIANGLE_STRIP method, creates a triangulation of a 
series of bound triangles.

To store the data, we used the JAVA API for working with databases (JDBC – 
Java Data Base Connection). This API is based on SQL language, that is, JDBC 
calls SQL interface for Java: java.sql.Connection and javax.sql.DataSource.

The JDBC API contains a number of abstract Java interfaces that allow you to 
connect to a specific database, execute a SQL command, and process the results.

Setting up a database of JavaDB-Sun’s Apache Derby distribution was used to 
implement the method. In this way, it is possible to use any other database that pro-
vides the JDBC driver. The NetBeans environment provides an easy interface for 
creating databases and establishing connections (Heffelfinger 2011).

The corresponding Java DB (JDBC) driver is available under NetBeans. 
Figure 17.1 shows how to create a new connection (Fig.17.1, left) and start a Java 
DB server (Fig. 17.1, right).

After connecting to the server, the database is created for the records of triangu-
lations in the smart city space (Fig. 17.2, left) and the creation of connections to the 
created database (Fig. 17.2, right).

The created database has tables of the form Tn where n is the number of selected 
points in the smart city space (polygon). Before generating triangulations, it is nec-
essary to check that a JDBC form connection is established:

JDBC: <subprotocol>: <subname>, where <subprotocol> is a type of database 
access mechanism supported by one or more drivers (Fig. 17.3).

Figure 17.4 (left part) shows the BlockTriangulation database tables. Each table 
contains columns which is equivalent to the number of points of given polygon in a 
smart city space (Fig. 17.4, right).

The implementation of the Java Test application was done in a NetBeans envi-
ronment. Below, we describe two modules of the proposed application. The fourth 
part of the chapter describes the proposed first module for storing and collecting 
data in a smart city space.

In the fifth part of the chapter, the second module is given, which deals with the 
process of data processing and finding the minimum triangulation in the smart 
city space.

Fig. 17.1  Creating a new connection and starting the server
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17.4  �Triangulation Method for Data Storage in Smart City 
Space

This section describes the technique for storing a particular record in the Smart city 
space. We will apply the Ballot technique of recording movement through triangula-
tion, which we have described in detail in previous work (Saračević et al. 2014; 
Saračević and Selimi 2019).

Notation of the Ballot problem can be represented graphically in an integer net-
work consisting of a certain number of points in the Cartesian coordinate system. 
The problem relates to the number of calculations of paths through an integer net-
work. The paths consist of n steps with some starting point and ending point m. As 
shown in Fig. 17.5 (left), we can encode each path in an integer network in a specific 

Fig. 17.2  Creating a database for triangulation blocks and connection to the created database

Fig. 17.3  Database access mechanism supported by the appropriate Java driver

Fig. 17.4  The generated database tables BlockTriangulation and details
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order of the right-shift vector (1, 0) and the up-shift vector (0, 1). Combined with 
the Ballot problem, the choice of upward displacement positions (mark B) uniquely 
determines the path in the integer network because the remaining positions repre-
sent rightward shifts (mark A).

The number of possible movements through triangulation, analogous to the 
problem of the number of roads in an integer network, is equal to the Catalan num-
ber (see previous papers (Saračević et  al. 2014; Saračević and Selimi 2019; 
Stanimirović et al. 2014)). The presented process of moving over the entire network 
in combination with the Ballot record served as a good idea for forming a system of 
recording (notation) of movement through triangulation in the smart city space 
(Fig. 17.5, right).

In Java, the Graphics2D class with the Point.Cartesian class makes it possible to 
work with the Cartesian coordinate system, where on the basis of roads in the entire 
network it is possible to realize movement through the triangulation of polygons 
based on Ballot records.

The storage of triangulations, following the model from previous paper 
(Stanimirović et al. 2012), can be performed by setting the diagonals of triangula-
tion to be marked with A and the outer sides with B. The movement is clockwise. 
This direction of motion, as well as the start and end points of motion (START / 
END), must be the same for all triangulations because of the uniqueness of the 
record. The condition to complete the movement is to visit all pages (see 
Fig. 17.5, right).

The implementation of this movement through triangulation was done with fol-
lowing Java classes: Triangulations, BallotPath, Graphics2D, Nodes, LNodes, 
ListBallot.

The main class BallotPath contains a method notation() that realizes movement 
records through triangulation. This movement record is backed by Node and 
LeafNode classes, which are standard and used to work with polygon page tags and 
page markers.

Fig. 17.5  Movement in the integer network (left) and Ballot notation of ABABAB triangulation 
(right)
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Class Triangulations is responsible for generating triangulations in the smart city 
space based on the record produced by the BallotPath class. Navigating through 
Ballot-based triangulation in the BallotPath class was realized based on the described 
concept of Cartesian coordinates and the problems of paths in an integer network. 
Java 2D allows points on a flat surface to be accessed using the horizontal and verti-
cal axes.

Class Graphics2D provides more sophisticated control over geometry, coordi-
nate transformation, color management, and text layout. Generic points are immu-
table and can always report their Cartesian coordinates: Point.OnSegment and Point.
Cartesian. The coordinates that deviate from the axis are called Cartesian coordi-
nates, which are also used in Java 2D objects (Fig. 17.6). Java 2D defines coordi-
nates in units and rendering occurs in a hypothetical plane called user space.

Figure 17.7 shows the contents of an output file containing Ballot records for 
various triangulations in smart city space.

Fig. 17.6  Formation of triangulation in Smart city space
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17.5  �Triangulation Method for Data Processing in Smart 
City Space

In this part of the chapter, a second module is presented that deals with data process-
ing and finding the optimal (minimum) triangulation in a smart city space. Papers 
(Aybeyan et al. 2019; Saračević et al. 2018) deals with the problem of finding the 
minimum weight triangulation. The default role in storing weights for triangulations 
is the Java package DefaultTableCellRenderer, which allows multiple values to be 
stored in one field of a table (offering efficient division of fields into multiple col-
umns and rows).

Let je V0, V1, …, Vn-1 be the selected polygon in the smart city space. The given 
polygon is divided into (n-2) triangles with (n-3) diagonals that do not intersect. 
Generally, we can associate triangles with weight (i.e. measure: the length of the 
longest center of gravity line). For the chosen measure, triangulation can be deter-
mined such that the sum of these measures of triangles, into which the polygon is 
divided, is minimal. Each side of a polygon (i, j) in a given triangulation of a convex 
polygon, with k vertices, can form triangles, and for them the weights are calculated:

	
m i j m i k m k j w v v vi j k, , ,[ ] = [ ]+ [ ]+ ( )D

	
(17.1)

The method of storage weight triangulations is based on the formation of a 
square matrix of dimensions (i = j), where is also the number of rows, j is the num-
ber of columns. The matrix M is used to organize the vertices (k) of triangles (i, j, k) 
but also to represent their weights (w). The matrix-based storage method M is used 
in the calculation. Matrix M can be permanently switched to table form using the 
JDBC API. The matrix is divided diagonally into two parts (the symmetry divides 
the matrix into the left and right parts), where the positions (i, j), for which i = j 
apply, are filled by zeros. On the one side of that symmetry (left part of the matrix), 
the k-vertices of the triangles are recorded and on the other side of the symmetry 
(right part), the corresponding weights are recorded: k [i, j] = w [j, i]. First, the left 
part of the matrix that defines triangles of (i, j, k) is filled. For (i, j) corresponding to 

Fig. 17.7  The contents of the output file as a result of testing a Java application
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the row and column of the matrix, the corresponding allowed topics k are added. All 
allowances are those between (i, j).

The method for data processing in smart city space consists of 4 phases:

•	 In the first step, a square matrix is formed and fields are filled diagonally with 
values 0 (where i = j). Then the first diagonal line of the field of symmetry is 
filled. These are adjacent vertices and for them there are no k values with which 
a (i, j, k) triangle can be formed. After that, all values of k on (i, j) are added.

•	 The second step is to calculate all the weights (w) for the rows and columns of 
the matrix for which, by Eq. (17.1). The additional values of k at position (i, j) 
add the corresponding weights to (j, i).

•	 In the third step, the corresponding triangulation of the polygons is joined to the 
obtained values in the matrix. From the obtained values, (n-2) triangles are deter-
mined which determine the triangulation.

•	 The fourth step is to show the optimal triangulation in the smart city space (see 
Fig. 17.8).

Example 1
In the specific case, it is shown how the scenario described works. The four steps 
explain how optimal triangulation occurs in a smart city space.

Step 1: If the number of selected points in the smart city space is equal to 5, then a 
matrix of dimensions 5x5 is formed. Fill in the fields diagonally in the zero 
matrix, as well as the values for adjacent vertices.

Step 2: After that, fill in for all (i, j, k) triangles. In this case, there are a total of 10. 
There are as many calculated weights (w) and each triangle at the (i, j) position 
corresponds to the calculated weight at (j, i) position. The resulting matrix after 
1 and 2 steps looks like this:

Fig. 17.8  Flowchart of proposed approach (for two modules)
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Step 3: Summarize the weights (w). A new column W is added to the table contain-
ing the sum of all triangulation weights in the current row. The triangulation 
storage table is expanded with a new column W (see Table 17.1):

Step 4: Find the lowest weight or minimum (optimal) triangulation:

	
OptT sumAllW T sumAllW Tw i= [ ] ¼ [ ]{ }min 1 , ,

	
In Table 17.1, the third row is the minimum weight triangulation OptTw = 100. 

It is determined by the diagonals δ (2,4) and δ (1,4), see Fig. 17.9.
In the Java NetBeans environment, the OptimalSmartTriangulation application 

has been implemented that implements the above steps. The main class has the 
compute () method, which is in charge of calculating all the weights in table T. To 
work with the cells of the table, the DefaultTableCellRenderer class was used. In 
addition to the class specified, JTable, TableCellRenderer, BasicTableUI were used. 
An OptimalTriangulation database has been formed in a Java database service that 
contains tables with persistent triangulation weights.

The application works according to the scenario described:

	1.	 The JDBC connection is first checked, followed by the weight calculation, by 
clicking on the “Weight Calculation” button (Fig.17.10)

After the corresponding table Tn is created, a new weight column (w) will be 
filled in order for each triangulation (i.e. for each row in the table).

Filling in the new column refers to recognizing (i, j, k) values from the matrix 
based on the diagonal δ (i, j) in table Tn (Fig.17.11).

After calculating the weights for all triangulations, the user will be shown the 
standard output „status ok“and the lowest weight triangulation will be plotted on 
JPanel. Figure  17.12 shows an application for finding the optimum (minimum) 
triangulation.

Table 17.1  Weight table

Calculation (i) D1 (first) D2 (second) Weight

1 δ (1,3) δ (1,4) 124
2 δ (1,3) δ (3,5) 136
3 δ (2,4) δ (1,4) 100
4 δ (2,4) δ (2,5) 109
5 δ (2,5) δ (3,5) 112
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Figure 17.13 shows a standard output with generated parameters at each step of 
the proposed method.

17.6  �Discussion

Utilizing technology and modern scientific advances, civilization is moving to a 
higher level and thus generating “smart” ideas to keep up with the ongoing chal-
lenges, risks and problems it faces. Smart cities are a concept of the future that will 

Fig. 17.9  Appropriate 
values in the matrix and 
graphical representation of 
optimal triangulation

Fig. 17.10  Java service 
for connecting to the 
OptimalTriangulation

Fig. 17.11  Joining weights in triangulations in JTable
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need more and more attention and that becomes inevitable in the coming times. The 
aim of this concept is to ensure environmental, energy and social sustainability 
through the use of technology-information and other smart systems, with the city 
covered with various sensors, software and devices to monitor developments and 
changes in it. The city would not change its appearance, only its organization and 
way of functioning.

A smart city is just another solution that the modern age has to deal with the 
problems that are in line with achievements and to provide citizens with a healthy 
and safe lifestyle as it may have once been, or might even get better.

However, there are challenges and obstacles in creating the concept of smart cit-
ies in most cities, one of which is the complexity of existing infrastructure and the 
need for a large amount of human and material resources, and a particular challenge 
is the issue of security. When integrating different intelligent devices, it is common 
for protocols to be incompatible, which generally differ in the amount of data they 
exchange and the speed of their processing.

New applications and online services in IoT place high demands on scalability, 
reliability and flexibility. Traditional computer networks with a hierarchical archi-
tecture model are finding it increasingly difficult to fill them. The solution is 
software-defined networks that bring a high degree of programmability. As further 
directions for research in this field, we can say that it is useful to examine the pos-
sibility of applying triangulation methods in the field of software defined networks 
and openflow protocols.

Fig. 17.12.  Java application for finding optimal triangulations
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17.7  �Conclusion

In this chapter, we introduced one solution for smart cities data storage and process-
ing based on the triangulation method. The proposed method has two modules: the 
first for storing and collecting data in a smart city space, while the second module 
relates to the data processing process and finding the minimum triangulation in a 
smart city space. We have provided specific examples of implementing and testing 
the proposed method in a Java NetBeans environment.

In particular, the proposed solution can find its application in the concept of real-
izing smart traffic or transportation. For traffic congestion, solutions are mainly 
found through projects based on the use of computer systems and simulations of 
different traffic cases, ie in the integration of IT and traffic infrastructures. The use 
of modern information technologies encourages the establishment of new infra-
structure consisting of networks of roads, railways, airports, stations and ports con-
nected by internet-based systems.

Efficiency and quality are significantly influenced by intelligent systems that 
improve the mobility and safety of road users, as they provide proactive mainte-
nance and faster and better diagnostics. These advanced solutions, by the way, 
increase the productivity of business operations, shorten travel time and reduce 
environmental pollution.

Fig. 17.13.  The parameters obtained in the phases of the proposed method
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