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Abstract

The spread of urbanization and the increase in population density in urban areas have high-
lighted the importance of public transportation systems. With the growing population in cities,
the demand for public transportation options that are easy and efficient has also increased. How-
ever, traditional public transportation services often fail to meet the dynamic needs of contem-
porary passengers, who require accurate and timely information for their daily commutes to
avoid unnecessary time and effort.

Therefore, the development of an advanced application that enables users to access public
transportation services easily and seamlessly without the need for inquiries or manual assistance
is crucial.

This master’s thesis focuses on creating an application that facilitates urban transportation
and mobility without the need for inquiries or assistance from others, utilizing artificial intelli-

gence and reinforcement learning techniques.

Keywords: Public transportation, Artificial intelligence, Mobile applications, Graph Neural

Networks, Deep Reinforcement Learning, Graph theory, Optimisation, Smart mobility.



X
M5 aay alad) Jiil alai dpaal e o gaall Tl ) &y el (3laliall 8 A lSl) AEUSH 504 35 et L (o
alall Jail cladd b elld pay Adleill g Al geudly Saat S alall JED e LA e bl 33 (ol oS e
gl 8y A88y il slae () () saling ol (G pealaall IS U ASpalipall Clalia) 4l 4 QA6 L ke dyala)
ey 85l aa oSS ) (505 Lee cAae sl agd e e Jall il

Aalal) ¢y 59 Dl 5 ) sy Al Ji ot ) g ) (o Cpponiinsall (Riay adite sl shas iy ell3 e 2L g
At AL T el 4y s aelise o i )

SV Aalal s el b el g Jal) Llee Jagas 8 pgen Bl 2 Li) o 3S50 ¢ il Al ) Al o2 b
el il 5 e lilaial) o SO culii ol aaialy @l g oA saelus g ol jludin)

¢l ¢ ) jzall (Gaaal) rﬂzﬂ\ el dnianl) ClKLED cCailedl gulan c‘sc\_dnm\)]\ £ <A ‘r‘;b:_“ Jaill 3\.);135.43\ Glalsl)
oS3l s



Table of Contents

General introduction

Chapter 1:

Artificial intelligence techniques for optimization

1.1 Introduction . . . . . . . . . . . . .
1.2 Graphtheory . . . . . . . . . . . .
1.2.1 Definition . . . . . . . . ...
1.2.2  Breadth-First Search (BFS). . . . . .. ... ... ... ... .....
1.2.3  Dijkstra’s Algorithm . . . . . .. ... ... oL
1.2.4  A*Search Algorithm . . . . . ... ... ... ... ... .. .....
1.3 Metaheuristic techniques . . . . . . . . .. .. .. ... .. ...
1.3.1 Definition . . . . . . ... L
1.3.2 Simulated Annealing (SA) . . . . . . . . . .. ... .. ... ...
1.3.3 Genetic Algorithms (GA) . . . . . ... ... ... ... .......
1.3.4 Particle Swarm Optimization (PSO) . . . . . . ... ... ... ....
1.3.5 Ant Colony Optimization (ACO). . . . . . ... ... ... .. ....
1.4 Machine learning techniques . . . . . . . . .. .. ... ... ... .. ...,
1.4.1 Definition . . . . . . . . . oL
1.4.2 Reinforcementlearning . . . . . . . . . .. ... ... ... ... .
1.43 Graphneural network (GNN) . . . . .. ... ... ... .......
1.5 Conclusion . . . . . .. .
Chapter 2: Al Techniques In Public Transportation Optimization
2.1 Introduction . . . . . . . . ..
2.1.1 Congestion and Overcrowding . . . . . . . . ... ... ... .....

6

10
12
15
15
15
16
18
19
21
21
22
24
27

29



2.1.2  Scheduling and Timeliness Issues . . . . . ... ... ... ...... 30

2.1.3  Accessibility and Inclusivity Concerns . . . . . . . ... ... ..... 31
2.1.4 Environmental Impact . . . ... ... ... ... .. ... ...... 31
2.2 Interconnected Challenges and Comprehensive Solutions . . . . . . ... ... 31
2.2.1 Challenges in Developing digital Tools for Transportation Optimization 32
2.2.2  Comprehensive Approach to Addressing Challenges . . . . ... ... 33
2.3 Role of Artificial Intelligence in Transportation . . . . . . ... ... ... .. 34
2.3.1 Demand Prediction and Route Optimization . . . . . . .. ... .. .. 34
2.3.2 Enhanced Traffic Management . . . . . . ... ... .......... 34
2.3.3  Predictive Maintenance and System Reliability . . . . ... ... ... 34
2.3.4 Improved Passenger Experience . . . .. ... ... ... ....... 35
2.3.5 Intelligent Transportation Systems (ITS) . . . . . ... ... ... ... 35
2.3.6 Passenger Experience. . . . . .. ... ... ... ... ... 35

2.4  Deep Reinforcement Learning and Graph Neural Networks in optimization of
public transportation . . . . . .. ... L. 35
2.4.1 Deep Reinforcement Learning in transportation . . . . . . . .. .. .. 36
2.4.2  Graph Neural Network and optimization. . . . . ... ... ... ... 36
243 DRLandGNNs. . . . ... ... e 37
25 Conclusion . . . . . . 38
Chapter 3: Conception 40
3.1 Introduction . . . . . . . . . ... 40
3.2 Thegoal of ourapplication . . . . . . . ... ... .. ... ... ... 41
3.3 Identification of actors . . . . . . .. ... 41
3.4 Requirement specification . . . . . . ... .. ... 41
3.4.1 Functional Requirements . . . . . ... ... ... ... ........ 41
3.4.2 Non-functional Requirements . . . . .. ... ... ... ....... 42
3.5 UMLdiagrams . . . . . . . . . . 0 i 43
35.1 Usecasediagram . . . . . . . . . . . . .. 43
3,52 Sequencediagram . . . . .. .. ... ... 44



3.6 Conclusion . . . . . ...
Chapter 4: Work envirenment and development Tools
4.1 Introduction . . . . . . . . ... e e
4.2 Developmenttools . . . . ... ... ...
4.3 Development language and framework . . . . . .. . ... o000
43.1 Clientside . ... ... .. ..
432 Serverside . . . . . ...
433 Database . . . . . ...
4.4 Interfaces . . . . . . . . L
441 Getstartedpage. . . . . . . ...
4.42 Authentication page . . . . . . . . . . ..
443 Homepage . .. . . . . . . e

4.5 Conclusion
General conclusion

Bibliography



List of Figures

1.1
1.2
1.3
1.4
1.5

1.6
1.7
1.8

3.1
3.2
3.3
3.4

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

Breadth-first search (BFS) algorithm applied to a tree structure. . . . . . . . .. 10
Dijkstra’s Algorithm applied to a network of sixnodes . . . . ... ... ... 11
The A* search algorithm appliedtoagraph . . . ... ... ... ... .... 14
Simulated annealing objective function. . . . . . . . .. ... ... ... ... 17

3D example of particle swarm optimization exploring solution space to find

optimal solutions. . . . . . . . . . .. ... 19
Ant colony exploring Solution space to find optimal solutions. . . . . ... .. 20
The iterative cycle of Reinforcement Learning. . . . . . . .. ... ... ... 23
A visual guide to understand graph neural network architecture. . . . . . . .. 25
Usecasediagram . . . . . . . . . . . . . e e 44
Signinsequence diagram . . . . . . . . .. ... 45
Signup sequence diagram . . . . . . .. ... 46
Navigation sequence diagram . . . . . . . . . . . .. ... 47
GitHublogo . . . . . . . . . . 50
VSCodelogo . . . . . . . . e 50
Google Colablogo . . . . . . . . . . . . .. .. 51
Expologo . . . . . . . . . 52
Google Mapslogo. . . . . . . . . . .. e 53
JDKlogo . . . . . . . e 53
JRElogo. . . . . . o e 54
Androidlogo . . . . . . ... 54
React-Nativelogo . . . . . . . . . . . . . ... 55



4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
421
422
423
424

JavaScriptlogo . . . . . . .. 57
Node.jslogo . . . . . . . . . e 57
Firebaselogo . . . . . . . . . . .. 58
PostgreSQL logo . . . . . . . . e 59
SQL10ogo . . . . . . 60
Getstarted L interface . . . . . . . . . . ... 61
Getstarted 2 interface . . . . . . . . . ... 62
Getstarted 3 interface . . . . . . . . ... Lo 63
Signupinterface . . . . . . . . ... 64
Sign up information step interface . . . . . .. ... ... ... ... ... 65
Sign up picture step interface . . . . . . . ... oL 66
Homepage . ... . . . . . . . . . . e 67
Finding the short path interface . . . . . . ... ... ... ... ... ..... 68
All available transportation means interface . . . . . . . ... ... ... ... 69



General introduction

The proliferation of urbanization and the increasing population density in metropolitan ar-
eas have accentuated the importance of efficient public transportation systems As cities grow
the demand for accessible reliable and user-friendly transportation options has surged Tradi-
tional public transport services through extensive often fall short in addressing the dynamic
needs of modern commuters who seek timely and precise information to navigate through their
daily routes The development of an advanced system that enables users to access and utilize
public transportation services seamlessly without the need for manual inquiries or assistance
has become paramount.

This project aims to develop such an advanced system leveraging cutting-edge technologies
like real-time data analytics and machine learning algorithms to provide users with accurate and
up-to-date information on public transportation options including routes stops and schedules
by harnessing these technologies the proposed system will transform the public transportation
experience making it more intuitive and efficient for users.

Public transportation plays a critical role in urban mobility offering a sustainable and effi-
cient alternative to private vehicle use It helps reduce traffic congestion lowers carbon emissions
and promotes equitable access to various city amenities However the effectiveness of public
transportation systems is often hampered by several challenges including inconsistent sched-
ules lack of real-time information and the complexity of navigating multiple transit routes.

The traditional methods of obtaining information about public transportation such as static
schedules posted at stops or manual inquiries through customer service are inadequate in meet-
ing the expectations of today’s tech-savvy commuters These methods are not only time-consuming
but also fail to provide the dynamic and immediate updates needed to cope with disruptions or
changes in transit services.

The advent of real-time data analytics and machine learning has opened new avenues for
enhancing public transportation systems Real-time data analytics involves processing and an-
alyzing data as it is generated allowing for instantaneous insights and decision-making In the
context of public transportation real-time data can include information on vehicle locations traf-
fic conditions and passenger loads among other parameters.

Machine learning a subset of artificial intelligence involves training algorithms to recognize
patterns and make predictions based on historical and real-time data These technologies can be

employed to forecast transit schedules optimize routes and provide personalized recommenda-
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tions to users based on their travel patterns The proposed system will integrate real-time data
analytics and machine learning to deliver a comprehensive and user-centric public transporta-
tion solution The system will consist of several key components. The system will gather data
from various sources including GPS devices on public transport vehicles traffic management
systems and user inputs This data will be integrated into a centralized database for processing.
Using advanced data analytics techniques, the system will process the collected data to provide
real-time updates on transit routes vehicle locations and schedule changes This information will

be continuously updated and made accessible to users through a user-friendly interface.

The system will employ machine learning algorithms to analyze historical and real-time data
enabling it to predict transit schedules and optimize routes These algorithms will learn from
patterns in the data improving their accuracy over time. A crucial component of the system is
its user interface designed to be intuitive and accessible Users will be able to input their desired
destinations and receive detailed information on the best routes estimated arrival times and any
potential delays or disruptions The interface will also support notifications and alerts to keep

users informed of any significant changes.

The implementation of this advanced public transportation system will offer several sig-
nificant benefits. By providing real-time information and personalized recommendations, the
system will make navigating public transportation more straightforward and efficient for users.
This will reduce the time spent waiting for buses or trains and minimize the uncertainty asso-
ciated with transit schedules. Additionally, transit authorities will be able to use the insights
generated by the system to optimize their operations. This includes adjusting schedules based
on demand, rerouting vehicles to avoid congestion, and improving overall service reliability.
By making public transportation more attractive and convenient, the system will encourage
more people to use it, thereby reducing the number of private vehicles on the road. This will
contribute to lower traffic congestion and decreased environmental impact. Furthermore, the
system will be designed to cater to all users, including those with disabilities. Features such
as audio alerts and easy-to-navigate interfaces will ensure that everyone can benefit from the
improved public transportation services.

This manuscript is divided into four chapters. Chapter One, titled ”Al Techniques in Optimiza-
tion,” discusses graph theory, metaheuristics, and machine learning, specifically reinforcement
learning and graph neural networks. Chapter Two, titled ”Application of Al in Public Trans-

portation,” covers topics such as public transportation, graph neural networks, and deep rein-



forcement learning. Chapter Three delves into the conception, presenting various diagrams.
Finally, Chapter Four focuses on the working environment and tools, detailing the tools used in

development and providing screenshots of the developed application.



Chapter 1

Artificial intelligence techniques for

optimization

1.1 Introduction

Chapter 1 serves as a foundational exploration into the dynamic intersection of artificial intel-
ligence (Al) and optimization techniques. In today’s rapidly evolving technological landscape,
the demand for efficient problem-solving methodologies spans across diverse fields ranging
from logistics and finance to engineering and beyond. At the heart of this demand lies the quest
for optimal solutions that not only streamline operations but also maximize outcomes in terms
of cost-effectiveness, resource utilization, and performance enhancement.

This chapter embarks on a comprehensive journey through the theoretical frameworks and
practical applications of Al-driven optimization strategies. It begins by elucidating the fun-
damental concepts underpinning optimization, emphasizing its pivotal role in addressing com-
plex decision-making scenarios where multiple variables and constraints interplay. By harness-
ing the power of Al these traditional optimization challenges are approached with innovative
methodologies that integrate advanced algorithms capable of learning, adapting, and evolving
in response to dynamic environments.

The exploration then pivots towards a detailed examination of prominent Al techniques
employed for optimization tasks. Genetic algorithms, inspired by natural selection processes,
offer a heuristic approach to finding near-optimal solutions through iterative improvement and
selection mechanisms. Neural networks, characterized by their ability to model complex non-

linear relationships, contribute significantly to pattern recognition and optimization tasks by
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leveraging deep learning architectures. Concurrently, swarm intelligence algorithms, inspired
by collective behavior observed in nature, harness decentralized decision-making to optimize
solutions based on collaboration and information sharing among agents.

Through a synthesis of theoretical insights and practical examples, this chapter underscores
the transformative impact of Al techniques on optimization across various domains. It illustrates
how these methodologies empower decision-makers to navigate uncertainty and complexity
with agility, precision, and scalability. Moreover, by examining case studies and real-world
applications, the chapter illuminates the efficacy of Al-driven optimization in enhancing op-
erational efficiency, driving innovation, and fostering competitive advantage in contemporary
industries.

Looking forward, the chapter concludes with a forward-looking perspective on emerging
trends and future directions in Al-driven optimization. It anticipates ongoing advancements
in computational capabilities, algorithmic sophistication, and interdisciplinary collaboration,
paving the way for novel applications and transformative outcomes in fields yet to be fully
explored. As such, this introductory chapter sets the stage for a deeper exploration into the
synergistic potential of Al and optimization, highlighting its role as a catalyst for innovation

and progress in the digital era.

1.2 Graph theory

1.2.1 Definition

Graph theory in optimization is the application of graph theoretic concepts and tools to
solve optimization problems. It utilizes graphs, which are mathematical structures consisting
of vertices (nodes) connected by edges (links), to model real-world scenarios with inherent
relationships. By expressing the problem as a graph, optimization techniques from graph theory
can be employed to find the "’best” solution based on a defined objective function[1].

This ”best” solution can refer to various goals depending on the problem. Some common
optimization objectives in graph theory include:

Minimizing distance (e.g., finding the shortest path between two points in a network) Maxi-
mizing flow (e.g., allocating resources efficiently across a network) Finding optimal matchings
(e.g., pairing elements for maximum compatibility) The power of graph theory in optimiza-

tion lies in its ability to represent complex relationships concisely. By leveraging properties
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of graphs and efficient algorithms developed within graph theory, researchers and practitioners

can tackle various optimization problems across diverse fields like:

* Knowledge Representation: Graphs can represent knowledge by mapping nodes to en-
tities or concepts and edges to relationships between them. For example, in a medical
knowledge graph, nodes could represent diseases, symptoms, and treatments, while edges

29 9.

denote associations like “causes,” "treats,” or “’is-a”.

* Network Analysis: Social networks are often modeled using graphs, where nodes repre-
sent individuals or entities, and edges signify relationships (friendships, collaborations).
Algorithms can analyze these graphs to identify influential nodes, community structures,

or information flow patterns.

+ Pathfinding and Optimization: Graph algorithms, such as Dijkstra’s algorithm, are cru-
cial for finding optimal paths in transportation networks (e.g., GPS navigation systems)

or shortest paths in communication networks (e.g., internet routing).

* Recommendation Systems: Graph-based algorithms like collaborative filtering use user-
item interaction data stored as a bipartite graph. Nodes represent users and items, and
edges denote interactions (ratings, purchases). Recommendations are derived by explor-

ing the graph structure to find connections between users with similar preferences.

* Natural Language Processing: Semantic networks use graphs to represent relationships
between words or entities based on semantic similarity or co-occurrence in text. Nodes
represent words or concepts, and edges signify semantic relationships (synonyms, hyper-

nyms).

* Cybersecurity: Graph theory aids in detecting anomalies in network traffic by modeling
connections between devices and identifying unusual patterns that may indicate security

threats[2].

Graph theory’s versatility in Al lies in its ability to represent data and relationships in a
way that facilitates efficient computation and reveals intricate patterns that might be obscured
in other data structures. These techniques play a crucial role across diverse Al domains, from

knowledge representation to network analysis and beyond.



1.2.2 Breadth-First Search (BFS)
1.2.2.1 Principle

Breadth-first search (BFS) is a fundamental algorithm for exploring tree or graph data structures.
Unlike a spelunker venturing haphazardly into a cave, BFS follows a systematic approach. It
meticulously visits all nodes at a specific level, ensuring no neighboring passages are missed,
before venturing deeper into the structure. This level-by-level exploration prioritizes a thorough

examination of the ”outer” regions before delving inward[3].

1.2.2.2 Key Characteristics

» Exploration Strategy: BFS explores nodes level by level, ensuring that it exhaustively

searches all nodes at a given depth level before moving deeper.

* Queue Mechanism: It uses a first-in, first-out (FIFO) queue to manage the order of node

exploration, ensuring nodes are processed in the order they are discovered.

1.2.2.3 Applications in Al and Graph Theory

* Shortest Path Finding:
BEFS is optimal for finding the shortest path in an unweighted graph because it explores
nodes layer by layer. The first time a node is reached via BFS, it is reached using the
shortest path possible.
Example: In network routing, BFS can determine the shortest path between two nodes
in a communication network where all connections have the same weight (e.g., hops or

links).

* Reachability and Connectivity Analysis:
BFS can determine which nodes are reachable from a given node and assess the connec-
tivity of the graph. This is essential for understanding the structure and robustness of
networks.
Example: In social network analysis, BFS can identify clusters or communities by ex-
ploring nodes within a certain distance from a central node, helping to understand social

connectivity patterns[4].



* Optimizing Search Algorithms:
BFS serves as a foundational component in more complex algorithms, such as heuristic
search methods like A* (A-star). A* combines BFS with heuristics to efficiently search
for paths that are likely to lead to the optimal solution, especially in pathfinding problems
with varying costs.
Example: In robotics, BFS can be used to explore adjacent areas for path planning, en-

suring that all possible routes are considered before making decisions.

1.2.2.4 Academic Perspective

In academia, BFS is studied extensively due to its simplicity, clarity, and foundational role in

algorithmic design and analysis. Researchers focus on:

 Algorithmic Complexity: Analyzing BFS in terms of time complexity (O(V + E)) and

space complexity (O(V)) where V is the number of vertices and E is the number of edges.

» Applications in Various Fields: Studying BFS applications across domains like network

analysis, social sciences, biology (gene networks), and information retrieval.

* Graph Theory Contributions: BFS contributes to fundamental graph theory concepts

such as connected components, bipartiteness testing, and cycle detection.

By mastering BFS and its applications, researchers and practitioners in Al can develop efficient
solutions for diverse problems, leveraging its ability to systematically explore and analyze graph
structures in various domains. This understanding fosters advancements in Al techniques rang-

ing from network analysis to intelligent decision-making systems|[5].
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Breadth First Search
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Figure 1.1: Breadth-first search (BFS) algorithm applied to a tree structure.
[6]

1.2.3 Dijkstra’s Algorithm
1.2.3.1 Principle

Dijkstra’s Algorithm tackles the single-source shortest path problem in a weighted graph. Imag-
ine a map (the graph) with cities (vertices) connected by roads (edges) with distances marked
(weights). The algorithm efficiently finds the shortest route from a starting city (source ver-
tex) to all other reachable cities. It works in stages, keeping track of ”settled” cities where the
shortest path is confirmed and "unsettled” cities where exploration continues. At each step, it
picks the unsettled city closest (based on tentative distances) to the starting point, marks it as
settled, and then examines all outgoing roads from that city. For each neighboring city, it com-
pares the current shortest path estimate with the distance through the newly explored city. If
the new path is shorter, the estimate is updated. This “relaxation” process ensures the algorithm

progressively discovers and refines the shortest paths until all reachable cities are settled[7].

1.2.3.2 Key Characteristics

* Priority Queue: Dijkstra’s Algorithm uses a priority queue to efficiently retrieve the
node with the smallest tentative distance, making it suitable for large graphs with many

nodes and edges.

* Greedy Approach: It employs a greedy strategy by always expanding the node with
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the smallest tentative distance, ensuring that the shortest path to each node is found in a

systematic manner[8]

1.2.3.3 Applications in AI and Graph Theory

* Optimal Route Planning: Transportation Networks: Dijkstra’s Algorithm is pivotal in
GPS navigation systems and transportation planning applications. It calculates the short-
est route between two locations based on road distances and real-time traffic conditions.
Example: In urban planning, Dijkstra’s Algorithm can determine the quickest route for
emergency services to reach a destination, taking into account traffic congestion and dis-

tance.

* Resource Allocation: Dijkstra’s Algorithm can be adapted to allocate resources opti-
mally in scenarios such as telecommunications networks or supply chain management,
where minimizing costs or maximizing efficiency is crucial.

Example: In telecommunications, it can determine the most efficient path for data packets

to travel through a network based on current traffic and connection quality metrics.

 Pathfinding in Robotics: It plays a vital role in robotic path planning, where robots need
to navigate through environments with obstacles while minimizing travel time or energy
consumption.
Example: Autonomous vehicles use variants of Dijkstra’s Algorithm to plan safe and

efficient routes based on real-time sensor data and environmental conditions[9]

Dijkstra's Algorithm

Previous
Distance poge Visited

V4 0 None True
Va 6 V3 True
V3 4 Vy True
Vgl 5 V3 True
Vs 9 V4 True
Ve 11 Vs True

Path: V4 - Vg - Vs - Vs - Vg

Total Cost: 11

Figure 1.2: Dijkstra’s Algorithm applied to a network of six nodes
[10]
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1.2.3.4 Academic Perspective

Dijkstra’s Algorithm holds significant academic value due to its efficiency and versatility. Re-
searchers delve into its time and space complexity (O((V + E) log V) and O(V) respectively,
where V represents vertices and E represents edges). Furthermore, it contributes to core graph
theory concepts like shortest path problems, single-source solutions, and graph traversal tech-
niques. Academic exploration often focuses on variants and optimizations of the algorithm to
tackle specific limitations or enhance performance in dynamic environments. By understanding
and applying Dijkstra’s Algorithm, researchers and Al practitioners can build advanced solu-
tions for pathfinding, resource optimization, and decision-making in complex systems. Its role
as a foundation in graph theory and Al ensures its continued relevance and fuels innovation

across diverse applications[11]

1.2.4 A* Search Algorithm
1.2.4.1 Principle

A* Search Algorithm is a balance between efficiency and Accuracy. The A* (A-star) Search
Algorithm stands out as a prominent technique for pathfinding and graph traversal. It leverages
a combination of Dijkstra’s algorithm and heuristic search to identify the most cost-effective
path from a starting node to a designated goal node within the graph. This effectiveness hinges
on the algorithm’s ability to evaluate nodes based on two crucial cost components: g(n): This
function represents the verified cost incurred from the starting node to the current node (n) un-
der consideration. In essence, it captures the actual path traveled thus far.

H(n): This function embodies a heuristic estimate — an informed guess — regarding the cost
remaining to reach the goal node from the current node (n). The accuracy of this heuristic sig-
nificantly impacts the efficiency of A*. An ideal heuristic provides a close approximation to
the true cost, guiding the search towards the goal and minimizing unnecessary exploration of
irrelevant paths.

The core operation of A* involves a priority queue. This data structure prioritizes the explo-
ration of nodes based on a combined cost function, denoted as f(n). This function is calculated
as the sum of the two aforementioned cost components: f(n) = g(n) + h(n).

The effectiveness of A* hinges on the quality of the chosen heuristic function (h(n)). A precise

heuristic that closely reflects the true cost to the goal fosters a more efficient search process by
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directing the algorithm towards promising paths and deterring exploration of less likely routes.

1.2.4.2 Key Characteristics

* Heuristic Function: The choice of the heuristic function h(n).
H(n) significantly impacts the performance of A*. A common heuristic is the Euclidean

distance or Manhattan distance in grid-based maps.

* Optimality: A* is guaranteed to find the optimal path if the heuristic function h(n)
is admissible (never overestimates the true cost) and consistent (satisfies the triangle

inequality)[12].

1.2.4.3 Applications in AI and Graph Theory

+ Pathfinding in Robetics: Navigation: A* is extensively used in robotics for navigating
environments with varying movement costs and obstacles. It ensures that robots find
efficient paths while avoiding obstacles and adhering to movement constraints.
Example: In autonomous mobile robots (AMRSs) used in warehouses, A* helps determine
optimal routes for picking and placing items, considering dynamic obstacles and varying

floor conditions.

* Game AI: Real-time Strategy Games: A* is used for pathfinding in video games, allow-
ing characters or units to navigate complex terrains efficiently.
Example: In a real-time strategy game, A* enables units to find paths through battlefields,

avoiding enemy positions and navigating around obstacles to reach strategic points.

* Logistics and Transportation: Route Optimization: A* is used for optimizing delivery
routes in logistics, taking into account real-time traffic data, delivery priorities, and road
conditions.

Example: Delivery drones use A* to plan flight paths that minimize energy consumption

while avoiding no-fly zones and other hazards.

* Geographical Information Systems (GIS): Terrain Navigation: A* assists in finding
paths across complex terrains in GIS applications, considering elevation changes, terrain

types, and other geographical features.
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Example: In hiking and outdoor navigation apps, A* helps users plan routes that avoid

steep climbs and find the most scenic paths.

h(s) | h(a) | h(b) | h(c) | h(d)
1 3 3 0 0

Figure 1.3: The A* search algorithm applied to a graph
[13]

1.2.4.4 Academic Perspective

Within the realm of academia, A* Search garners significant attention due to its captivating
interplay between theoretical properties and practical applications. Researchers delve into its
algorithmic complexity, understanding that this complexity hinges on the quality of the chosen
heuristic function. In the worst-case scenario, A* exhibits a time complexity of O(b%), where
”b” represents the branching factor of the graph and d” signifies the depth of the solution path.
This analysis provides valuable insights into the algorithm’s efficiency under various condi-
tions.

A significant area of academic exploration focuses on crafting effective heuristic functions.
These functions strive for a delicate balance between accuracy in estimating the cost to the goal
and maintaining computational efficiency during the search process. Heuristics that are both
admissible (guaranteed not to overestimate the cost) and consistent (always return the same es-

timate for a given node) are crucial for ensuring A*’s optimality, guaranteeing it finds the most
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cost-effective path.

Academic inquiry extends beyond the core A* algorithm, venturing into the exploration of ex-
tensions and variants. These advancements encompass algorithms like weighted A* (WA*),
iterative deepening A* (IDA*), and A* with dynamic replanning (D*). Each variant addresses
specific limitations or enhances performance in dynamic environments or large-scale graphs,
expanding A*’s reach and effectiveness.

By mastering A*, researchers and practitioners in Al gain the power to tackle intricate pathfind-
ing and optimization problems. This proficiency elevates A* to the status of a cornerstone
algorithm, finding applications in diverse fields like robotics, logistics, and many more. Its
ability to efficiently navigate diverse environments and identify optimal paths underscores its

significance in both theoretical computer science and real-world applications[14].

1.3 Metaheuristic techniques

1.3.1 Definition

Metaheuristic optimization is a subfield of optimization that utilizes metaheuristic algorithms to
tackle complex optimization problems. Optimization problems are ubiquitous, encompassing
diverse domains such as engineering design, economics, and even logistical tasks like holiday
planning and internet routing. A core principle in optimization is achieving the optimal utility
of available resources, considering constraints like time, money, and materials.

Finding the optimal solution, or even a very good sub-optimal solution (a solution close to the
best but not necessarily perfect), can be a significant challenge in such scenarios. This is where
metaheuristic optimization comes into play.

Metaheuristic algorithms provide a general framework for approaching these complex optimiza-
tion problems. They don’t guarantee finding the absolute optimum, but they aim to efficiently

identify high-quality solutions within a reasonable timeframe[15].

1.3.2 Simulated Annealing (SA)
1.3.2.1 Principle

Simulated annealing draws inspiration from the physical process of annealing metals to achieve

a low-energy, optimally ordered state. In the realm of optimization problems, it tackles com-
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plex landscapes riddled with multiple local optima (seemingly best solutions in their immediate
vicinity). Here’s how it works: The algorithm iteratively explores the solution space, transition-
ing from one state (candidate solution) to another. Each state is assigned an energy value, which
translates to ”goodness” within the context of the optimization problem. A high temperature
allows the algorithm to move between states with both lower (better) and higher (worse) energy.
As the process progresses, the temperature is gradually reduced (cooling). This mechanism fa-
vors transitions towards states with lower energy, ultimately guiding the algorithm towards a
good solution, potentially even the global optimum][16].

This controlled acceptance of worse solutions early on, akin to allowing uphill climbs during
metal annealing, plays a crucial role. It helps the algorithm escape from local optima and ex-
plore the landscape more broadly, leading to the potential discovery of significantly better final

solutions[17].

1.3.2.2 Key Characteristics

» Exploration vs. Exploitation: High initial temperature allows exploration; gradual cool-

ing leads to exploitation.
* Probability-Based Acceptance: Even suboptimal solutions can be accepted with a cer-
tain probability, which decreases over time.
1.3.2.3 Applications

 Pathfinding: Optimizing routes in transportation networks.
Example: In transportation networks, Simulated Annealing can be used to find optimal
routes by initially exploring various paths and gradually focusing on the best-performing

ones as the algorithm “cools down[18].

* Scheduling: Allocating resources or tasks over time in manufacturing or computing.

1.3.3 Genetic Algorithms (GA)
1.3.3.1 Principle

Inspired by the process of natural selection, Genetic Algorithms (GAs) tackle optimization prob-

lems by mimicking biological evolution, excelling at finding optimal solutions in complex land-
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Figure 1.4: Simulated annealing objective function
[19]

scapes, especially when the relationships between variables and the desired outcome are unclear.
The process begins with a population of candidate solutions (individuals), each encoded as a
chromosome. These individuals are evaluated using a fitness function that measures how well
they solve the optimization problem, with higher fitness scores indicating better solutions. In-
dividuals are then selected for reproduction based on their fitness, with higher fitness increasing
the chances of being chosen, following the principle of ’survival of the fittest.” Selected individ-
uals undergo crossover, swapping portions of their chromosomes to create new offspring, fos-
tering exploration of the search space and potential discovery of improved solutions. Mutations
are introduced at a low probability to offspring’s chromosomes to maintain genetic diversity
and prevent the population from getting stuck in local optima. New offspring replace a portion
of the less fit older population, and this cycle of evaluation, selection, crossover, mutation, and
replacement iterates over generations. Over time, the population evolves towards better solu-
tions, with the fittest individuals in the final generation representing high-quality solutions to

the optimization problem[20].

1.3.3.2 Key Characteristics

* Population-Based Search: Maintains a diverse set of solutions.

* Crossover and Mutation: Combines and alters solutions to explore new areas of the

search space.
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1.3.3.3 Applications

* Pathfinding: Finding efficient routes in dynamic environments.
Example: In robotic path planning, Genetic Algorithms can evolve a population of possi-
ble paths, combining the best ones and introducing mutations to avoid obstacles and find

the shortest route[21].

» Optimization: Solving complex combinatorial problems like the Traveling Salesman

Problem (TSP).

1.3.4 Particle Swarm Optimization (PSO)
1.3.4.1 Principle

Inspired by the collective behavior of swarming creatures like birds or fish, Particle Swarm
Optimization (PSO) is an algorithm designed to solve optimization problems. It is particularly
effective in navigating complex landscapes where traditional methods may struggle.

In PSO, a population of particles represents candidate solutions in the search space. Each par-
ticle has a position, indicating its current solution, and a velocity, indicating its movement di-
rection. The fitness of each particle is assessed using a fitness function, which measures how
well it solves the optimization problem.

Each particle records its best position (personal best) and the best position found by any particle
in its neighborhood (social best). The particle’s velocity is updated based on its current velocity,
personal best, and social best. This update includes inertia (maintaining movement), attraction
to its own best experience (exploitation), and attraction to the best solution found by its neigh-
bors (exploration). The particle’s position is then updated using the new velocity, moving it

towards potentially better regions of the search space.

This process of evaluating fitness, updating velocity, and updating position repeats over
many cycles. Throughout these iterations, the swarm of particles dynamically adjusts its search
based on individual and collective experiences, progressively converging towards promising
areas of the search space. This collaborative approach helps the swarm avoid local optima and

potentially find the global optimum or high-quality solutions[22].
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Figure 1.5: 3D example of particle swarm optimization exploring solution space to find optimal

solutions.
[23]

1.3.4.2 Key Characteristics

* Swarm Intelligence: Uses collective behavior to explore the search space.

* Velocity and Position Update: Particles adjust their positions based on individual and

group knowledge.

1.3.4.3 Applications

* Optimization: Solving continuous optimization problems in various domains.

* Control Systems: Tuning parameters in control systems for better performance.

Example: In logistics, PSO can optimize delivery routes by having particles represent possible
routes and adjust based on delivery times and traffic patterns, aiming to minimize travel time

and cost[24].

1.3.5 Ant Colony Optimization (ACO)
1.3.5.1 Principle

Inspired by the foraging behavior of real ants, Ant Colony Optimization (ACO) addresses com-
plex optimization problems by finding optimal paths or solutions in scenarios with intricate

connections and multiple potential options. The algorithm simulates a colony of artificial ants
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navigating the search space, depositing a virtual substance called pheromone on the paths they
travel. The amount of pheromone reflects the quality of a path based on a specific problem
definition, such as shorter distance or lower cost.

Each ant probabilistically selects its next move based on the existing pheromone trail and
possibly some heuristic information. Paths with stronger pheromone trails are more likely to
be chosen, which encourages other ants to follow. Over time, the pheromone trails gradually
evaporate, mimicking the natural decay of real pheromones. This evaporation prevents stagna-
tion and promotes the exploration of new paths, potentially leading to the discovery of better
solutions.

After their exploration, successful ants deposit additional pheromone on the paths they trav-
eled, reinforcing the trails on good paths and guiding subsequent ants toward better solutions.
This process of ant movement, pheromone evaporation, and pheromone update repeats over
many cycles. Through this collaborative exploration and pheromone-based communication,
the colony of artificial ants progressively discovers and converges on good solutions within
the search space, effectively navigating complex landscapes and potentially finding the global

optimum or high-quality solutions[25].

exploration
way Y direction
back

Exploration Optimisation Research extraction
step step step

Figure 1.6: Ant colony exploring Solution space to find optimal solutions.
[26]

1.3.5.2 Key Characteristics

* Pheromone Trails: Paths with more pheromones are more likely to be followed.

* Positive Feedback: Successful paths attract more ants, reinforcing good solutions.
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1.3.5.3 Applications

* Network Routing: Finding optimal paths in communication networks.

* Scheduling: Optimizing task sequences in manufacturing.

Example: In communication networks, ACO can optimize routing by having artificial ants
explore various paths and reinforce the most efficient routes with pheromones, leading to im-
proved data flow and reduced congestion.

Mastering and applying metaheuristic techniques enables researchers and practitioners in
Al to address complex optimization challenges across a wide range of fields, from operations
research to bioinformatics. The efficiency and adaptability of these techniques in exploring vast
solution spaces and finding near-optimal solutions in diverse and intricate environments under-

score their pivotal role in advancing both theoretical knowledge and practical applications[27].

1.4 Machine learning techniques

1.4.1 Definition

Machine learning, a subfield of artificial intelligence, focuses on developing and studying algo-
rithms that can learn from data without explicit programming. Unlike traditional programming,
where instructions are meticulously defined, machine learning algorithms iteratively improve
their performance on specific tasks through exposure to data.

Machine learning algorithms rely on data to learn and improve, which can be labeled (where
the desired outcome is known) or unlabeled (where the algorithm identifies patterns itself). The
quality and quantity of data significantly impact the learning process and the effectiveness of
the resulting model. Algorithmic learning models are mathematical frameworks that capture
the relationships and patterns within the data, including decision trees, neural networks, and
support vector machines. Each model type is suited for different problems and data types.

The learning process involves training the model on a portion of the data, during which the
model adjusts its internal parameters to minimize errors in its predictions or classifications. The
model’s performance is then evaluated on a separate hold-out set of data to assess its generaliza-
tion ability, meaning its capacity to perform well on unseen data. A key objective in machine

learning is to train models that can generalize well to new, unseen data, ensuring the learned
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patterns are not overly specific to the training data and can be effectively applied to real-world
scenarios.

Machine learning has applications in diverse fields such as computer vision (image recog-
nition, object detection), natural language processing (machine translation, sentiment analysis),
recommender systems (product recommendations, personalized content), fraud detection (iden-
tifying suspicious financial activity), and scientific discovery (analyzing large datasets for pat-
terns and insights). By leveraging data and algorithms, machine learning enables computers to
learn and adapt without explicit programming, leading to significant advancements in various

scientific and technological domains[28].

1.4.2 Reinforcement learning
1.4.2.1 Principle

Reinforcement learning (RL) is a subfield of machine learning focused on training an agent to
make optimal decisions in an environment through trial and error. Unlike supervised learning,
where the desired outcome is explicitly provided, RL deals with scenarios where the desired
behavior is not explicitly defined but can be learned through interaction with the environment.
At its core, RL involves an agent interacting with an environment, perceiving it through sensors
(observations), and taking actions that modify the environment’s state. The environment pro-
vides feedback to the agent in the form of rewards, which can be positive (reinforcement) for
actions that move the agent closer to the desired goal, or negative (penalties) for actions leading
it away[29].

The agent’s objective is to learn a policy—a mapping from observations to actions—that
maximizes its long-term reward. This is achieved through trial and error, exploring different
actions and learning from the resulting rewards. Key elements of reinforcement learning include
the state space (all possible states the environment can be in), the action space (all possible
actions the agent can take), the reward function (defines the reward an agent receives for specific
actions in particular states), the value function (estimates the expected future reward from a
given state, considering the policy), and the policy function (maps observations to actions).

There are various approaches to learning an optimal policy in RL, including value-based
methods (which estimate the value of each state or state-action pair to guide the agent towards

higher-value actions), policy-based methods (which directly learn the policy function), and
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model-based methods (which learn a model of the environment dynamics to simulate potential

outcomes before taking actions, although this is less common due to the difficulty of accurately

modeling complex environments)[30].

Reinforcement learning finds applications in diverse domains, such as training robots to nav-

igate and manipulate objects effectively in robotics, enabling agents to learn and master com-

plex games like Go or StarCraft II in game playing, optimizing resource allocation in complex

systems for resource management, and personalizing recommendations based on user interac-

tions in recommendation systems. By enabling agents to learn through interaction and reward

signals, reinforcement learning offers a powerful framework for tackling problems where the

desired behavior is not explicitly defined but can be learned through experience[31].
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Figure 1.7: The iterative cycle of Reinforcement Learning.

1.4.2.2 Key Characteristics

[32]

* Trial and Error Learning: Agents learn through iterative interaction with the environ-

ment, exploring different actions and learning from received rewards.

* Reward Optimization: The primary goal is to maximize cumulative rewards over time,

influencing the agent’s decision-making process.

* Temporal Credit Assignment: Actions taken early in the sequence affect future rewards,

requiring agents to attribute credit accurately.

1.4.2.3 Applications

* Robotics: Teaching robots to perform complex tasks like autonomous navigation or ob-

ject manipulation.
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* Game Playing: Training agents to excel in strategy games such as chess or video games

like Dota 2[33].

1.4.3 Graph neural network (GNN)
1.4.3.1 Principle

Graph neural networks (GNNSs) are a specific type of deep learning architecture designed to
operate on graph-structured data. Unlike traditional neural networks that process vectors or
matrices, GNNs excel at capturing the relationships and interactions between nodes (entities)
and edges (connections) within a graph. This capability makes them well-suited for tasks on
various graph-based problems across diverse domains. Here’s a breakdown of the core princi-

ples of GNNs:

* Graph Representation: A graph is a mathematical structure consisting of nodes (ver-
tices) representing entities and edges (links) representing connections between those en-
tities. GNNSs typically represent nodes with feature vectors containing relevant informa-
tion about the entity, and edges might have additional attributes depending on the specific

problem.

* Message Passing: The core principle of GNNs lies in the concept of message passing.
During the training process, information is iteratively propagated through the graph. Each
node aggregates information from its neighbors (nodes it’s connected to) through edge-
based messages. These messages can be computed using learnable functions that consider

the features of both the sending node and the connecting edge.

* Node Aggregation and Update: After receiving messages from neighbors, a node ag-
gregates the information using learnable aggregation functions. This aggregated informa-
tion is then combined with the node’s own features through a non-linear transformation
(e.g., using activation functions) to update the node’s representation. This updated repre-
sentation incorporates the node’s inherent features and the information received from its

neighbors.

* Multiple Layers: Similar to traditional neural networks, GNNs can have multiple layers.

In each layer, the message passing, aggregation, and update steps are repeated, allowing
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the network to learn increasingly complex representations of nodes and their relationships

within the graph structure.

* Output Layer: The final layer of a GNN typically depends on the specific task.
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Figure 1.8: A visual guide to understand graph neural network architecture.
[34]

For node-level prediction tasks (e.g., classifying a node as belonging to a particular category),
the node representations from the final layer can be used for classification.

For graph-level prediction tasks (e.g., predicting properties of the entire graph), the node repre-
sentations can be aggregated using various pooling functions to obtain a graph-level represen-
tation for prediction.

By leveraging message passing and iterative information aggregation, GNNs can effectively
capture the inherent relational structure of graph data. This capability allows them to tackle

various tasks, including:

* Node classification: Classifying nodes into different categories based on their features

and connections.
 Link prediction: Predicting the likelihood of a link existing between two nodes.

+ Community detection: Identifying groups of nodes within a graph that are densely con-

nected.

* Graph generation: Learning to generate new graphs with similar properties to a given

set of graphs.
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GNNs represent a powerful tool for leveraging the rich information embedded within graph

structures, leading to advancements in social network analysis, recommender systems, protein-

protein interaction analysis in biology, and many other application areas[35].

1.4.3.2 Key characteristics

Relationship and Interaction Modeling: GNNs excel at capturing the intricate relation-
ships and interactions between nodes (entities) and edges (connections) within a graph,
making them suitable for tasks that involve understanding and reasoning about complex

relational data.

Message Passing: The core principle of GNNs involves iteratively passing and aggregat-
ing information between connected nodes in a graph. This allows nodes to update their
representations based on information from neighboring nodes, facilitating the learning of

graph-level features.

Graph Representation Learning: GNNs learn to represent nodes and edges with fea-
ture vectors that encapsulate relevant information about each entity and its relationships
within the graph. These representations are crucial for downstream tasks such as node

classification or graph-level predictions.

Multi-layer Architecture: Similar to traditional neural networks, GNNs can consist of
multiple layers where each layer iteratively refines node representations through message
passing, aggregation, and transformation steps. This hierarchical approach enables the

model to learn increasingly abstract and complex features.

1.4.3.3 Applications

Node Classification: Classifying nodes into different categories based on their features
and relationships within the graph. For example, identifying the topic of documents in a

citation network.

Link Prediction: Predicting the likelihood of a connection (edge) between nodes that
are not currently linked in the graph. This is useful in recommender systems or social

network analysis.
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* Graph Classification: Classifying entire graphs into categories based on their structural

properties. For instance, classifying molecular graphs based on their chemical properties.

* Graph Generation: Generating new graphs that exhibit similar structural characteristics
as the input graphs. This is useful in generating molecules with specific properties or

creating realistic social networks for simulation purposes.

* Social Network Analysis: Analyzing social connections, influence propagation, and

community detection in social networks.

* Recommender Systems: Providing personalized recommendations based on user-item

interactions represented as graphs.

* Biological and Chemical Studies: Analyzing molecular structures, protein-protein in-

teractions, or drug discovery tasks where molecules are represented as graphs.

* Traffic Flow Prediction: Predicting traffic congestion and optimizing transportation net-

works where road intersections and traffic flow can be modeled as graphs.

GNNs represent a powerful tool for leveraging the rich relational information inherent in
graph structures, enabling advancements in diverse fields from social sciences to computational

biology and beyond[36].

1.5 Conclusion

This chapter focused on artificial intelligence techniques applied to optimization, highlight-
ing a variety of approaches and their applications in different contexts. We began with the
foundations of graph theory, emphasizing its crucial role in modeling and solving complex op-
timization problems. Graph traversal algorithms such as Breadth-First Search (BFS), Dijkstra’s
Algorithm, and A* Search Algorithm were examined in detail, illustrating their respective ca-
pabilities in finding optimal paths in networks, then explored metaheuristic techniques, such
as Genetic Algorithms, Particle Swarm Optimization, and Ant Colony Optimization. These
methods, inspired by natural and biological processes, have proven effective in solving diffi-
cult optimization problems by finding approximate but often highly efficient solutions. Ma-

chine learning techniques were discussed, highlighting their ability to adapt and learn from
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data to improve optimization performance. In particular, reinforcement learning was exam-
ined for its application in dynamic environments where decisions must be made sequentially.
Finally, Graph Neural Networks (GNN) were presented as a promising advancement, combin-
ing the advantages of graphs and neural networks to solve complex optimization problems in
non-Euclidean data structures. In conclusion, this chapter has demonstrated that optimization
is a multidisciplinary field where artificial intelligence techniques play an essential role. Each
method discussed offers unique advantages and can be adapted to the specificities of the prob-
lems encountered. The synergy between these techniques allows for the development of robust
and innovative solutions, paving the way for new applications and continuous improvements
in the field of optimization. In the next chapter, we will focus on the optimization of public
transportation systems. We will analyze how artificial intelligence techniques can be applied
to improve the efficiency and quality of public transportation services, taking into account the

specific constraints and requirements of this sector.
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Chapter 2

Al Techniques In Public Transportation

Optimization

2.1 Introduction

Urban mobility networks serve as the circulatory system of cities, enabling vital movement
and economic vitality. As urban areas expand and travel patterns shift, these networks face
mounting pressure to deliver seamless, dependable, and inclusive services. Consequently, the
optimization of urban transit becomes paramount. This field blends engineering concepts, math-
ematical frameworks, and data-driven insights to boost the efficacy of public transport systems.
Urban transit encompasses a range of modalities, from buses and trains to trams, metros, and
water-based options, operating within an intricate web of pathways, access points, and timeta-
bles. Grasping these components is essential for enhancing performance. Pathways represent
the designated routes vehicles traverse to link starting points and destinations. Access points
are specific locations where passengers embark or disembark. Timetables outline the projected
arrival and departure times at each access point. The success of an urban transit system hinges
on the harmonious interplay of these elements: streamlined pathways reduce journey dura-
tions, strategically positioned access points enhance reach, and well-synchronized timetables
ensure smooth passenger flows. The significance of enhancing urban transit lies in tackling
several critical issues. Streamlining involves curtailing travel times, waiting periods, and over-
all trip lengths for users. Dependability ensures punctual service and minimizes disruptions.
Inclusivity provides accessible and cost-effective transit options for all demographic groups.

Eco-consciousness aims to reduce environmental impact by maximizing passenger capacity
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and decreasing reliance on personal vehicles. By employing enhancement techniques, transit
authorities can achieve these objectives, resulting in a more appealing and sustainable mobility
ecosystem. Cutting-edge innovations play an increasingly vital role in bolstering urban transit
enhancements. Real-time data from positioning systems, sensors, and user applications enable
dynamic adjustments to pathways and timetables based on current traffic conditions and passen-
ger demand. Virtual modeling tools allow planners to simulate various scenarios and evaluate
the impact of potential changes before implementation. Machine learning algorithms can pro-
cess vast datasets and optimize complex decision-making processes, such as pathway planning
and vehicle deployment. Integrating these innovations into urban transit systems can foster a

more efficient, responsive, and user-centric experience for passengers.

2.1.1 Congestion and Overcrowding

* Urban Traffic: Public transportation systems often operate within congested road net-
works, leading to delays and reduced travel speeds. This discourages ridership and under-
mines the system’s efficiency. Traffic congestion not only delays buses but also impacts
the timeliness of interconnected services such as feeder buses and trams, creating a ripple

effect throughout the network.

+ Capacity Limitations: Buses and trains can reach maximum capacity during peak hours,
resulting in overcrowding and discomfort for passengers. This overcrowding can deter
potential riders and create safety concerns. The discomfort and safety issues associated
with overcrowding can significantly diminish the attractiveness of public transportation,

pushing commuters towards private vehicles.

2.1.2 Scheduling and Timeliness Issues

» Unreliable Schedules: Delays caused by unexpected events, such as mechanical break-
downs, accidents, or inclement weather, can disrupt schedules and frustrate passengers.
Unreliable schedules lead to reduced ridership and decreased trust in the system. Pas-
sengers may resort to alternative transportation modes if they consistently experience

unpredictable service.

* Frequency and Headways: Infrequent service, particularly during off-peak hours, can

result in long wait times and discourage ridership. Passengers with limited time or inflex-
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ible schedules may find the service inconvenient, reducing the overall appeal of public
transportation. Ensuring consistent and frequent service across all hours of operation is

essential to maintaining a reliable and user-friendly system.

2.1.3 Accessibility and Inclusivity Concerns

* Physical Barriers: Physical barriers, such as stairs with no ramps or lack of elevators
at stations, can make public transportation inaccessible for people with disabilities, the
elderly, or those with young children using strollers. Improving physical accessibility is

crucial to ensuring that all community members can use public transportation.

* Social and Economic Barriers: High fares, complex ticketing systems, and lack of in-
formation in multiple languages create economic and social barriers for low-income res-
idents and non-native speakers, hindering inclusivity. Simplifying ticketing processes
and providing multilingual information can significantly enhance accessibility for diverse

populations.

2.1.4 Environmental Impact

While public transportation typically has a lower environmental impact per passenger compared
to private vehicles, it still contributes to air pollution through vehicle emissions, especially
from older diesel buses. Additionally, energy consumption for electric trains and subways can
have environmental implications if the electricity is generated from non-renewable sources.
Adopting greener technologies, such as electric or hybrid buses and sourcing renewable energy

for electric trains, can mitigate these environmental impacts[37].

2.2 Interconnected Challenges and Comprehensive Solutions

These challenges are interconnected and can amplify each other. For instance, congestion can
lead to schedule delays, further discouraging ridership and increasing reliance on private ve-
hicles, which exacerbates congestion. Addressing these challenges requires a comprehensive
approach that combines infrastructure improvements, technological advancements, and strate-
gic planning. By tackling these issues holistically, public transportation can be transformed into

a more efficient, reliable, equitable, and sustainable mode of travel.
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Infrastructure improvements might include expanding road networks dedicated to buses,
adding more train cars, or upgrading stations for better accessibility. Technological advance-
ments such as real-time tracking, predictive maintenance, and automated scheduling can en-
hance reliability and efficiency. Strategic planning involves coordinating transportation poli-
cies, land use planning, and community engagement to ensure that public transportation sys-
tems meet the needs of all residents. Through these concerted efforts, public transportation
can become a cornerstone of urban mobility, fostering economic growth, social inclusion, and

environmental sustainability[38].

2.2.1 Challenges in Developing digital Tools for Transportation Optimiza-
tion

In addition to the operational challenges faced by public transportation systems, developing
effective tools for transportation optimization presents its own set of difficulties. Addressing
these technical and logistical challenges is critical to harnessing the full potential of technology

in public transportation.

2.2.1.1 Data Security and Privacy

* Securing Data: Ensuring that stored and communicated data is protected against unau-
thorized access, whether through disclosure or alteration, is paramount. This requires
robust cryptography and access control measures tailored to different types of data inter-

actions.

* Data Storage: Storing vast amounts of collected data while preserving privacy and in-
tegrity is a significant challenge. Strategies must be developed to manage data in ways

that protect sensitive information from breaches and misuse.

2.2.1.2 Data Collection and Quality

* Types of Data: Determining what types of data can be collected, both in real-time and
retrospectively, is essential for effective transportation optimization. This includes data

on passenger numbers, vehicle locations, traffic conditions, and more.

« Data Quality: Ensuring the collected data is of sufficient quality is crucial for accurate
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analysis and decision-making. Poor quality data can lead to incorrect conclusions and

suboptimal optimization strategies.

* Data Quantity: Handling situations with insufficient data requires developing methods
to fill gaps and make reliable inferences, ensuring continuous and effective optimization

even when data is sparse.

2.2.1.3 Data Presentation and Interaction

* User-Friendly Data Presentation: Presenting data and information in ways that are eas-
ily understandable and usable by both humans and machines is critical. Effective visu-
alization and interface design can significantly enhance the usability of transportation

optimization tools.

* Intuitive Interaction Models: Designing appropriate interaction models so that users
can intuitively interact with services and devices is necessary for widespread adoption.
This includes user-friendly applications and interfaces that facilitate seamless engage-

ment with the system.

2.2.1.4 Data Analysis and Processing

* Transforming Data into Information: Analyzing and processing the vast amounts of
collected data to convert it into meaningful information is a complex task. This involves
employing advanced analytics, machine learning, and artificial intelligence to derive ac-

tionable insights that can inform optimization strategies[39].

2.2.2 Comprehensive Approach to Addressing Challenges

To overcome these challenges, a comprehensive approach is required, integrating robust secu-
rity protocols, advanced data management techniques, user-centric design, and sophisticated
data analysis methods. By addressing both operational and developmental challenges, public
transportation systems can be optimized to deliver efficient, reliable, and user-friendly services.
This holistic strategy will enable cities to create more sustainable and inclusive transportation

networks, meeting the diverse needs of their populations.
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2.3 Role of Artificial Intelligence in Transportation

Artificial intelligence (Al) is rapidly transforming the transportation landscape, offering sig-
nificant potential to address many of the challenges faced by public transportation systems.
This transformation is evident in various applications, from demand prediction and route opti-
mization to traffic management and predictive maintenance, all contributing to the overarching

framework of smart cities.

2.3.1 Demand Prediction and Route Optimization

Al algorithms can analyze historical data on ridership, traffic patterns, and weather conditions
to predict passenger demand in real time. This capability allows for dynamic route adjustments,
directing vehicles to areas with high passenger volume while avoiding congested areas. Fur-
thermore, improved scheduling becomes possible, optimizing schedules to align with predicted
demand, thereby reducing wait times and overcrowding during peak hours and increasing ser-

vice frequency in areas with high demand.

2.3.2 Enhanced Traffic Management

Al-powered traffic management systems analyze real-time traffic data to optimize traffic light
timing based on traffic flow, reducing congestion and improving overall network efficiency.
These systems can also predict and reroute traffic by forecasting incidents and congestion hot-

pots, allowing for the rerouting of vehicles and providing real-time traffic updates to passengers.

2.3.3 Predictive Maintenance and System Reliability

Al can analyze sensor data from vehicles and infrastructure to predict potential equipment fail-
ures. This enables preventative maintenance, allowing for early detection of potential issues
and proactive maintenance actions, which minimizes disruptions and improves system relia-
bility. By addressing issues before they cause breakdowns, Al ensures smoother operation of

public transportation systems, reducing downtime and enhancing overall efficiency[40].
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2.3.4 Improved Passenger Experience

Al-powered chatbots can provide real-time information to passengers regarding schedules, de-
lays, and route changes. Personalized route recommendations can be offered based on individ-
ual passenger needs and preferences, while Al-powered facial recognition systems can stream-

line ticketing and boarding processes, enhancing the overall passenger experience.

2.3.5 Intelligent Transportation Systems (I'TS)

Al technologies are used in ITS to monitor and manage transportation networks. This includes
real-time incident detection, dynamic routing, adaptive traffic signal control, and providing

traveler information to enhance safety and efficiency.

2.3.6 Passenger Experience

Al-powered virtual assistants and chatbots enhance the passenger experience by providing real-

time information, personalized recommendations, and assistance throughout the journey.

The integration of Al in transportation systems has the potential to revolutionize travel,
making it safer, more efficient, and sustainable. However, addressing ethical considerations,
cybersecurity, and the impact on employment is essential to ensure the responsible and benefi-

cial implementation of Al in transportation.[41].

2.4 Deep Reinforcement Learning and Graph Neural Net-

works in optimization of public transportation

Public transportation systems face a complex challenge of optimizing routes, schedules, and
resource allocation while navigating real-time traffic, passenger demand fluctuations, and net-
work constraints. Traditional methods often struggle to adapt to the dynamic nature of these
environments. This is where the synergy between Deep Reinforcement Learning (DRL) and

Graph Neural Networks (GNNs) emerges as a potent solution for transportation optimization.
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2.4.1 Deep Reinforcement Learning in transportation

Deep reinforcement learning (DRL) has emerged as a promising approach to address complex
optimization problems within transportation systems. Unlike traditional methods, DRL inte-
grates machine learning techniques with reinforcement learning principles to enable agents
to learn optimal policies through interaction with their environment. In transportation, this
methodology proves particularly effective in dynamically adjusting routing strategies, schedul-
ing protocols, and traffic management decisions based on real-time data inputs. One key appli-
cation of DRL in transportation involves route optimization, where agents learn to adaptively
adjust routes in response to changing traffic conditions and passenger demand. By continu-
ously interacting with the environment and receiving feedback through rewards and penalties,
DRL agents can optimize travel times and resource utilization, ultimately enhancing system
efficiency and user satisfaction.

Furthermore, DRL facilitates adaptive traffic signal control, allowing for real-time adjust-
ments in signal timings based on current traffic flow patterns. This capability not only improves
traffic flow but also reduces congestion and enhances overall network performance, making it
a valuable tool for urban mobility management.

Despite its potential, the application of DRL in transportation also presents challenges such
as computational complexity, data requirements, and the need for robust decision-making frame-
works. Addressing these challenges requires ongoing research and development to refine algo-
rithms, improve scalability, and ensure the reliability and safety of DRL-based transportation
systems.

In conclusion, deep reinforcement learning offers a transformative approach to optimizing
transportation systems, leveraging real-time data and adaptive decision-making to improve ef-
ficiency, sustainability, and user experience. Continued advancements in DRL methodologies
hold promise for revolutionizing urban mobility and shaping the future of intelligent transporta-

tion systems[42].

2.4.2 Graph Neural Network and optimization

Graph neural networks (GNNs) have emerged as powerful tools for analyzing and optimizing
transportation networks. Unlike traditional neural networks, GNNs are designed to handle data

structured as graphs, where nodes represent entities (such as intersections or stations) and edges
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represent relationships (such as roads or transit lines).

In transportation applications, GNNs excel at capturing the complex relationships and de-
pendencies within networks. They can effectively model the flow of traffic, predict congestion
patterns, and optimize routing strategies based on real-time data inputs. By leveraging the spa-
tial and temporal dependencies inherent in transportation networks, GNNs enable more accurate
and efficient decision-making processes.

One significant application of GNNs in transportation is in traffic prediction and manage-
ment. By integrating real-time traffic data and historical patterns, GNNs can forecast traffic
conditions and recommend adaptive strategies such as dynamic route adjustments or signal
control optimizations. This capability not only improves travel efficiency but also enhances
safety and reduces environmental impact by minimizing congestion and emissions.

Furthermore, GNNs are valuable in urban mobility planning and optimization. They can an-
alyze the connectivity and accessibility of transit networks, identify critical nodes or links, and
propose infrastructure improvements to enhance overall network performance. This holistic ap-
proach helps city planners and transportation authorities make informed decisions for improving
public transit systems and accommodating growing urban populations.

Despite their effectiveness, deploying GNNs in transportation systems poses challenges
such as scalability, interpretability of results, and integration with existing infrastructure. Ad-
dressing these challenges requires ongoing research efforts to refine GNN architectures, develop
efficient training algorithms, and ensure compatibility with diverse transportation datasets.

In conclusion, graph neural networks represent a transformative technology for enhancing
transportation networks’ efficiency, resilience, and sustainability. By harnessing the power of
graph-based modeling, GNNs offer innovative solutions to complex transportation challenges

and pave the way for smarter and more adaptive urban mobility systems[43].

2.4.3 DRL and GNNs

The integration of Deep Reinforcement Learning (DRL) with Graph Neural Networks (GNN5s)
leverages their respective strengths to create a symbiotic relationship. The DRL agent utilizes
the GNN’s insights to make informed decisions on route planning, scheduling adjustments, and
traffic signal control, thereby optimizing overall transportation efficiency. Conversely, GNNs
benefit from DRL’s adaptive learning capabilities, facilitating the development of robust and

flexible optimization strategies that can adapt to changing network dynamics and operational
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conditions. This collaboration enhances decision-making processes within transportation sys-
tems, leading to more efficient resource allocation and improved system performance.

Examples:

* Dynamic Bus Routing: An integrated DRL-GNN system can dynamically suggest dif-
ferent buses line in response to real-time traffic congestion and passenger demand fluc-

tuations, enhancing service efficiency and passenger satisfaction.

* Demand-Responsive Transit: Using DRL and GNNs, on-demand transit systems can be
created where vehicle dispatches align closely with real-time passenger requests, offering

flexible and responsive public transportation solutions.

2.4.3.1 Challenges and Considerations

* Computational Demands: Implementing DRL and GNNSs requires substantial compu-
tational resources, necessitating high-performance computing environments for effective

deployment.

« Explainable Al: Ensuring transparency and interpretability of decision-making processes
remains a critical area of research, particularly in addressing biases and building public

trust in automated transportation systems[44].

DRL integrated with GNNs presents a robust framework for optimizing public transportation
systems, promising enhanced efficiency, reliability, and sustainability. As advancements con-
tinue in explainable Al and computational efficiency, these intelligent transportation systems
are poised to transform urban mobility, paving the way for smarter, more responsive, and user-

centric transportation networks of the future.

2.5 Conclusion

The optimization of public transportation is an essential endeavor in modern urban planning,
aiming to enhance efficiency, reliability, equity, and sustainability. As cities continue to grow
and the demand for effective transit solutions increases, leveraging advanced technologies and
innovative methodologies becomes paramount. Throughout this chapter, we have explored the
multifaceted challenges and opportunities within public transportation systems, emphasizing

the pivotal role of optimization techniques and technological advancements.
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The key challenges identified, such as congestion, overcrowding, scheduling issues, ac-
cessibility concerns, and environmental impacts, require a comprehensive approach to develop
effective solutions. Addressing these issues involves infrastructure improvements, strategic
planning, and the integration of cutting-edge technologies like artificial intelligence, deep re-
inforcement learning, and graph neural networks. These advancements enable dynamic adjust-
ments, predictive maintenance, and personalized passenger experiences, ultimately leading to
more responsive and efficient public transportation systems.

Artificial intelligence, particularly in the forms of demand prediction, route optimization,
and enhanced traffic management, plays a transformative role in modernizing public transporta-
tion. By analyzing vast amounts of data in real-time, Al can optimize schedules, reduce conges-
tion, and improve overall system reliability. The incorporation of deep reinforcement learning
and graph neural networks further strengthens these capabilities, allowing for adaptive decision-
making and efficient resource allocation.

Despite the significant progress, the development and deployment of these technologies
present their own set of challenges, including data security, computational demands, and the
need for explainable Al. Addressing these challenges requires ongoing research and innova-
tion to ensure the safe and effective implementation of advanced optimization tools in public
transportation.

In conclusion, optimizing public transportation systems is a complex but critical task that
necessitates a holistic approach. By embracing technological advancements and innovative
methodologies, cities can create sustainable, equitable, and efficient transit networks. These
improvements will not only enhance the passenger experience but also contribute to broader
societal goals of economic growth, social inclusion, and environmental sustainability. The fu-
ture of public transportation lies in the successful integration of these advanced optimization

techniques, paving the way for smarter and more adaptive urban mobility solutions.
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Chapter 3

Conception

3.1 Introduction

In this chapter, we delve into the conception of a transformative application designed to revolu-
tionize the public transportation experience. The primary objective of this project is to create an
intuitive and efficient solution that empowers users to navigate public transit systems indepen-
dently, without the need to seek assistance from others. By leveraging cutting-edge artificial
intelligence technologies, this application aims to optimize the utilization of public transporta-
tion and simplify the commuting process for all users. Public transportation networks, while
essential for urban mobility, often present challenges in terms of route planning, schedule ad-
herence, and overall convenience. Our proposed application addresses these challenges by pro-
viding accurate, real-time information and personalized guidance, tailored to each traveler’s
specific needs and preferences. This chapter outlines the conceptual framework of the project,
highlighting the innovative use of Al to enhance user experience and promote greater efficiency
in public transportation systems. We will explore the core components and functionalities of
the application, detailing how Al algorithms can process vast amounts of transportation data
to deliver precise, user-centric solutions. Additionally, the chapter will discuss the anticipated
benefits of the application, including reduced wait times, optimized travel routes, and increased
accessibility for all users, particularly those unfamiliar with the intricacies of public transit sys-
tems. Through this conceptual overview, we aim to provide a comprehensive understanding of

the project’s vision and the technological advancements that will drive its success.
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3.2 The goal of our application

The goal of our application is to enhance the public transportation experience by leveraging
artificial intelligence to provide users with accurate, reliable, and personalized guidance. This
will optimize the use of public transportation systems and simplify the commuting process,
ensuring that users can navigate transit networks independently and efficiently without the need
for external assistance. The application aims to reduce wait times, improve route planning, and
increase overall convenience, making public transportation more accessible and user-friendly

for all travelers.

3.3 Identification of actors

In the context of our public transportation optimization application, identifying the key actors
is crucial for understanding the various roles and interactions within the system. The following

is the only actor involved:

 Users (travelers): Individuals who use the application to plan and navigate their public
transportation routes are responsible for entering their travel preferences and destinations.
They follow the guidance provided by the application and offer feedback on their expe-

rience.

3.4 Requirement specification

3.4.1 Functional Requirements

* Authentication and Role Management: The application should provide secure authen-
tication mechanisms and manage different user roles, ensuring that each user has appro-

priate access rights and privileges.

* Route Planning and Optimization: Users should be able to plan their routes using the
application, with Al-powered optimization to suggest the most efficient and time-saving

routes based on real-time data.

* Real-time Tracking and Updates: The application should offer real-time tracking of

public transportation vehicles, providing users with live updates on arrival times, delays,
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and route changes.

* Personalized Guidance and Recommendations: The application should offer person-
alized guidance based on the user’s preferences, travel history, and real-time conditions.

This includes recommending the best transportation options, routes, and schedules.

* Fare Calculation and Payment Integration: The application should calculate fares for
different routes and integrate with various payment systems to allow users to purchase

tickets and passes directly through the app.

» Accessibility Features: The application must include features that make it accessible to
users with disabilities, such as voice commands, text-to-speech, and high-contrast inter-

faces.

* Feedback and Reporting Mechanism: Users should be able to provide feedback on
their travel experience and report issues directly through the app, facilitating continuous

improvement of the service.

3.4.2 Non-functional Requirements

* Security: The application must be highly secure, ensuring that data is protected from
unauthorized access. User data should only be accessible through secure authentication
methods, such as user IDs and passwords. Additionally, encryption should be used to

protect sensitive information both in transit and at rest.

 Usability: The application should be user-friendly, providing an intuitive and logical se-
quence of interfaces that make it easy for users to navigate and utilize all features effec-
tively. This includes a clean and straightforward design, clear instructions, and responsive

support for user queries.

* Scalability: The application should be scalable, meaning it should be able to handle
an increasing number of users and data without compromising performance. It should
support the addition of new features and services without requiring significant changes

to the existing system.

* Performance: The application must be highly performant, with minimal response times

to user actions. It should be capable of handling real-time data processing and updates
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efficiently, ensuring a smooth user experience even during peak usage times.

 Reliability: The application should be reliable, ensuring that it is available and opera-
tional 24/7 with minimal downtime. Robust error handling and recovery mechanisms

should be in place to maintain service continuity.

* Maintainability: The application should be maintainable, allowing developers to easily
update and manage the codebase. This includes using clear and well-documented code,

modular design principles, and automated testing.

* Privacy: The application must ensure the privacy of user data, adhering to relevant data
protection regulations and standards. Users should have control over their data, including

the ability to view, edit, and delete their personal information.

3.5 UML diagrams

Unified Modeling Language (UML) diagrams are standardized visual representations used in
software engineering and system design. They depict the structure, behavior, and interactions of
software systems, facilitating communication among stakeholders such as developers, design-
ers, and project managers. UML diagrams include structural diagrams (e.g., class diagrams,
object diagrams) that show static system elements, and behavioral diagrams (e.g., use case di-
agrams, sequence diagrams) that illustrate dynamic system behavior. These diagrams play a
crucial role in analyzing, designing, and documenting software systems, ensuring clarity and

consistency in system understanding and development processes.

3.5.1 Use case diagram

A use case diagram is a graphical representation within the Unified Modeling Language (UML)
that illustrates the interactions between users (actors) and a system. It provides a high-level
overview of the functionalities or behaviors that the system offers to its users, focusing on the
external actors and their interactions with the system. Use case diagrams typically include ac-
tors (representing users or external systems), use cases (representing specific functionalities or
tasks), and relationships (such as associations and dependencies) between them. These dia-
grams serve to capture and communicate the system’s requirements from a user’s perspective,

aiding in the analysis, design, and validation phases of software development projects.
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Use case diagram
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Navlgate through bus lines

Authentification

Figure 3.1: Use case diagram

3.5.2 Sequence diagram

A sequence diagram is a type of Unified Modeling Language (UML) diagram used in software

engineering to depict interactions between objects or components within a system over time. It

illustrates the sequence of messages exchanged between objects or roles (represented as life-

lines) in a chronological order, showing how these interactions lead to the accomplishment of a

specific functionality or scenario. Sequence diagrams emphasize the temporal aspect of system

behavior, detailing the flow of control and data among objects in response to events or triggers.

They are valuable for visualizing and analyzing the dynamic behavior of a system, aiding in the

understanding, design, and implementation of software systems.
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3.6 Conclusion

In conclusion, the conceptual framework of our transformative public transportation application
highlights the potential of leveraging artificial intelligence to revolutionize the commuting expe-
rience. This project aims to address the inherent challenges in public transportation networks,
such as route planning, schedule adherence, and overall convenience, by providing accurate,
real-time information and personalized guidance tailored to each user’s needs and preferences.

The primary goal of our application is to enhance the public transportation experience, mak-
ing it more accessible, reliable, and user-friendly for all travelers. By offering features such as
Al-powered route planning, real-time tracking, personalized recommendations, and seamless
fare payment integration, the application seeks to optimize the use of public transportation sys-
tems and simplify the commuting process. Additionally, the inclusion of accessibility features
ensures that the application is usable by individuals with disabilities, promoting greater inclu-
sivity.

Identifying the key actors, particularly the users, has allowed us to focus on their roles and
interactions within the system, ensuring that the application meets their needs effectively. The
functional and non-functional requirements specified for the application emphasize the impor-
tance of security, usability, scalability, performance, reliability, maintainability, and privacy.
These requirements guide the development process, ensuring that the application not only meets

users’ expectations but also adheres to industry standards and best practices.

Through this conceptual overview, we have provided a comprehensive understanding of the
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project’s vision and the technological advancements that will drive its success. The anticipated
benefits of the application include reduced wait times, optimized travel routes, and increased
accessibility, ultimately enhancing the overall efficiency and user experience of public trans-
portation systems. By harnessing the power of artificial intelligence, our application aims to
create a more efficient, responsive, and user-centric public transportation network, paving the

way for smarter urban mobility solutions.
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Chapter 4

Work envirenment and development Tools

4.1 Introduction

In this chapter, we delve into the implementation phase of our public transportation optimization
application. This section provides a comprehensive overview of the tools and technologies
employed to bring the conceptual framework outlined in the previous chapter to life.

We will explore the various software and hardware components that underpin the applica-
tion’s functionality, including the artificial intelligence algorithms, data processing techniques,
and user interface design. Additionally, we will discuss the integration of real-time data sources
from public transportation authorities and other relevant entities, highlighting the technical chal-
lenges and solutions encountered during development.

By examining the implementation details, we aim to offer a clear understanding of the prac-
tical aspects involved in creating a robust and reliable application that enhances the public trans-
portation experience for users. Through detailed descriptions of the tools and methodologies
used, this chapter showcases the technical ingenuity and collaborative effort required to trans-

form our vision into a functional, user-friendly system.

4.2 Development tools

1. GitHub:
GitHub is a web-based platform for version control and collaborative software develop-
ment. It leverages Git, a distributed version control system, to allow multiple develop-

ers to work on projects simultaneously without overwriting each other’s contributions.
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GitHub provides a centralized location for storing code repositories, tracking changes,
managing project documentation, and facilitating collaboration through features like pull
requests, issues, and code reviews. It supports open-source projects and private reposito-
ries, making it a versatile tool for both individual developers and large teams. Addition-
ally, GitHub integrates with various CI/CD tools and services, enhancing the software

development workflow by automating testing, deployment, and other processes[45].

GitHub

Figure 4.1: GitHub logo

2. Visual Studio Code:
Visual Studio Code (VS Code) is a lightweight, open-source code editor developed by
Microsoft. It is designed for a wide range of programming tasks and supports numerous
programming languages out of the box. VS Code provides a rich set of features, including
syntax highlighting, code completion, debugging, and integrated terminal, which stream-

line the development process. One of its key strengths is its extensibility through a vast

VISUAL ((*)
STUDIO CODE

Figure 4.2: VS Code logo

library of extensions available in the Visual Studio Code Marketplace. These extensions

enable developers to customize their coding environment with additional functionality
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such as language support, themes, linters, and version control integrations. VS Code also
offers powerful collaboration features like Live Share, allowing developers to work to-
gether in real-time. Its versatility and robust feature set make it a popular choice among

developers for both simple scripting tasks and complex software projects[46].

3. Google Collaboratory:
Google Colab (Colaboratory) is a free, cloud-based platform provided by Google that
allows users to write and execute Python code in a Jupyter notebook environment. It is
particularly popular for machine learning, data analysis, and educational purposes due to
its ease of use and powerful features. One of the primary advantages of Google Colab is
its cloud-based environment, eliminating the need for local setup or powerful hardware,
as users can leverage Google’s cloud infrastructure, including access to GPUs and TPUs
for computationally intensive tasks. Additionally, it supports real-time collaboration, en-
abling multiple users to work on the same notebook simultaneously, which is ideal for
team projects and educational settings. The platform integrates seamlessly with Google
Drive, allowing users to save and manage their notebooks easily, facilitating smooth data
sharing and project management. Furthermore, Google Colab comes with many popular
Python libraries pre-installed, reducing setup time and simplifying the development pro-
cess. Overall, Google Colab is a versatile and accessible tool that supports a wide range
of data science and machine learning workflows, making it an invaluable resource for

both beginners and experienced practitioners[47].

Figure 4.3: Google Colab logo

4. Expo:
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Expo is an open-source platform that provides a comprehensive ecosystem of tools for
developers building native applications across Android and iOS using JavaScript. It of-
fers a variety of services designed to streamline the development process, including writ-
ing, building, updating, submitting, and monitoring mobile apps. Expo simplifies app
store submissions, integrates developer tools directly into applications, and accelerates
the shipping process. Additionally, it provides a supportive community and access to its
development team for assistance. By handling routine and time-consuming tasks, Expo

allows developers to concentrate on creating high-quality applications[48].

/\ Expo

Figure 4.4: Expo logo

. Google Maps Api:

The Google Maps API (Application Programming Interface) is a comprehensive suite
of web services and tools provided by Google, designed to allow developers to seam-
lessly integrate Google Maps into their own applications, websites, and services. This
API offers a diverse range of functionalities, including the ability to display interactive
maps, embed panoramic street views, geocode addresses to obtain geographic coordi-
nates, calculate routes and provide detailed directions, and access real-time traffic data
for informed decision-making. It supports extensive customization and manipulation of
map data, enabling developers to create highly interactive and dynamic mapping solu-
tions tailored to specific user needs and business requirements. Additionally, the Google
Maps API leverages Google’s extensive mapping data and robust infrastructure, ensuring
reliability, scalability, and the capability to enhance user experiences through location-
based services across various platforms. By utilizing the Google Maps API, developers
can build powerful, location-aware applications that can significantly improve naviga-

tion, spatial analysis, and overall user engagement[49].
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Google Maps

Figure 4.5: Google Maps logo

6. JDK:
The Java Development Kit (JDK) is a comprehensive software development package
provided by Oracle Corporation for building Java-based applications. It includes a set
of development tools, libraries, documentation, and runtime environments necessary for
developing, debugging, and deploying Java applications. The JDK encompasses every-
thing a developer needs to write, compile, and run Java code, including the Java Compiler
(javac), Java Virtual Machine (JVM), and various utilities and APIs essential for Java
programming. This toolkit forms the foundation for Java developers to create robust and

platform-independent software solutions across different computing environments[50].

(( Java
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Figure 4.6: JDK logo

7. JRE:
The Java Runtime Environment (JRE) is a software package developed by Oracle Cor-

poration that provides the necessary environment for executing Java applications. It in-
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cludes the Java Virtual Machine (JVM), which interprets and executes Java bytecode, as
well as core libraries and components required to run Java programs. The JRE is essential
for deploying and running Java applications on various platforms and operating systems,
ensuring platform independence and compatibility. It does not include development tools
like compilers or debuggers, which are provided in the Java Development Kit (JDK), but

focuses solely on supporting the runtime execution of Java applications[51].

« Java Runtime
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Figure 4.7: JRE logo

. Android SDK:

The Android Software Development Kit (SDK) is a collection of tools, libraries, and
resources provided by Google for developing applications specifically for the Android
platform. It includes a set of development tools such as debugger, libraries, a handset
emulator based on QEMU, documentation, sample code, and tutorials. The Android SDK
enables developers to create Android applications using various programming languages
such as Java, Kotlin, and C++, and to optimize them for a wide range of Android devices.
It provides essential APIs and frameworks that facilitate the development, testing, and
deployment of Android apps across different hardware configurations and versions of

the Android operating system[52].

Andreld S

Figure 4.8: Android logo
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4.3 Development language and framework

4.3.1 Client side
4.3.1.1 React-Native

React Native is an open-source framework developed by Facebook for building native mobile
applications using JavaScript and React. It enables developers to create fully functional mobile
applications for both Android and iOS platforms from a single codebase. React Native lever-
ages the declarative programming style of React, allowing developers to design complex user
interfaces with a component-based architecture.

The framework achieves high performance by rendering components directly to native plat-
form widgets, rather than relying on web-based views. This approach ensures that applications
built with React Native have the look and feel of native apps, offering seamless integration with
the underlying operating system features. Additionally, React Native supports the use of native
code, providing the flexibility to optimize performance-critical sections of the application.

React Native’s rich ecosystem of libraries and extensive community support make it a pop-
ular choice for mobile app development, enabling rapid iteration and efficient cross-platform

development[53].

React Native

Figure 4.9: React-Native logo

4.3.1.2 Babel

Babel is a widely-used open-source JavaScript compiler that enables developers to write code

using the latest JavaScript features and syntax while ensuring compatibility with older JavaScript
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environments. It accomplishes this by transforming ECMAScript 2015+ code into a backwards-
compatible version of JavaScript that can be executed in environments that do not natively sup-
port newer language features.

Babel supports a wide array of plugins and presets that allow developers to customize their
transpilation process, incorporating experimental JavaScript features, JSX syntax used by Re-
act, and TypeScript. Additionally, Babel’s extensible architecture allows for the development
of custom plugins to tailor the transformation process to specific project needs.

By bridging the gap between cutting-edge JavaScript advancements and the diverse land-
scape of runtime environments, Babel facilitates the use of modern development practices and

syntactic enhancements, thereby enhancing developer productivity and code maintainability.

Figure 4.10: Babel logo

4.3.1.3 JavaScript

JavaScript is a high-level, interpreted programming language that is widely used for developing
interactive and dynamic web applications. Initially created by Netscape in 1995, JavaScript has
evolved into a versatile language that operates on the client-side as well as the server-side,
thanks to the development of environments like Node.js.

JavaScript is a core technology of the World Wide Web, alongside HTML and CSS, and is
essential for creating responsive user interfaces and enhancing user experiences on websites.
It is a prototype-based, multi-paradigm language, supporting object-oriented, imperative, and
functional programming styles. JavaScript’s dynamic typing, first-class functions, and event-
driven architecture enable developers to build complex web applications and perform tasks such
as form validation, asynchronous data fetching, and animation.

The language is standardized by the ECMAScript specification (ECMA-262), which en-

sures consistent implementation across different web browsers. JavaScript’s extensive ecosys-
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tem includes numerous libraries and frameworks, such as React, Angular, and Vue.js, which
streamline the development process and expand its capabilities. As a result, JavaScript remains

a fundamental and indispensable tool in modern web development[54]

JavaScript

Figure 4.11: JavaScript logo

4.3.2 Server side
4.3.2.1 Node.js

Node.js is a runtime environment that allows developers to run JavaScript code outside of a web
browser. It is built on Chrome’s V8 JavaScript engine and operates on a non-blocking, event-
driven architecture, which makes it well-suited for scalable and high-performance applications.
Node.js enables server-side scripting and facilitates the development of networked applications,
web servers, and command-line tools using JavaScript. It provides a rich set of libraries and
modules that extend its functionality, making it a versatile platform for building real-time web
applications and APIs. Node.js promotes efficient handling of I/O operations and supports
asynchronous programming paradigms, enhancing responsiveness and scalability in modern

web development[55].

i ..g'

S

Figure 4.12: Node.js logo
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4.3.2.2 Firebase

Firebasase is a comprehensive, cloud-based platform developed by Google that provides a suite
of tools and services for building, managing, and scaling web and mobile applications. It of-
fers a range of backend services, including real-time databases, cloud storage, authentication,
analytics, and hosting, which enable developers to focus on creating feature-rich applications

without the need to manage server infrastructure.

Firebase’s core features include the Firebase Realtime Database and Cloud Firestore, which
provide scalable and synchronized data storage solutions. Authentication services simplify
the process of implementing secure user sign-in methods, supporting various authentication
providers such as email, Google, Facebook, and Twitter. Firebase Analytics offers detailed
insights into user behavior, helping developers optimize their applications and track key per-

formance indicators.

Other notable services include Firebase Cloud Messaging for push notifications, Firebase
Crashlytics for real-time crash reporting, and Firebase Hosting for deploying static websites.
Additionally, Firebase integrates seamlessly with other Google Cloud services and supports

various platforms, including iOS, Android, and web.

By offering a unified and scalable backend solution, Firebase streamlines the development
process, enhances application performance, and provides robust tools for managing and growing
applications. This makes it a valuable resource for developers seeking to build high-quality,

reliable applications efficiently[56].

Firebase

Figure 4.13: Firebase logo
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4.3.3 Database
4.3.3.1 PostgreSQL

PostgreSQL is an advanced open-source relational database management system (RDBMS)
known for its robustness, extensibility, and compliance with SQL standards. It supports a wide
range of features, including ACID (Atomicity, Consistency, Isolation, Durability) transactions,
complex queries, indexes, and foreign keys, making it suitable for handling complex data re-
lationships and high-volume transactional workloads. PostgreSQL offers extensibility through
custom extensions and a rich ecosystem of plugins, allowing developers to add new functional-
ities seamlessly. It is widely used in enterprise applications, data warehousing, and geospatial
applications due to its reliability, performance optimizations, and support for various data types

and indexing techniques[57].

PostgreSQL

Figure 4.14: PostgreSQL logo

4.3.3.2 SQL Language

Structured Query Language (SQL) is a standard programming language designed for manag-
ing and manipulating relational databases. It provides a comprehensive set of commands for
defining, querying, updating, and administering databases that adhere to the relational model.
SQL allows users to create tables, insert and retrieve data, modify data structures, and perform
complex queries to extract meaningful information from databases. It is characterized by its
declarative nature, where users specify what data, they want to retrieve or manipulate without
needing to specify how to achieve it. SQL is essential for interacting with relational database
management systems (RDBMS) like MySQL, PostgreSQL, Oracle, and SQL Server, playing a

crucial role in data management and application development across various domains including
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business, finance, healthcare, and research[58].

Figure 4.15: SQL logo

4.4 Interfaces

In the following, we will present some screenshots of the graphical interfaces developed for our

application.
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4.4.1 Get started page

Aa
D

@

-
Y

Enjoy moving around without

asking people

Figure 4.16: Get started 1 interface
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3
d

No more getting lost anymore

Figure 4.17: Get started 2 interface
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The only companion you'll ever

need

Figure 4.18: Get started 3 interface

These three images appear the first time you open the app, providing a tutorial highlighting the

benefits of using our application
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4.4.2 Authentication page

9:41 all = .

Travel Mate

Create an account

Enter your email to sign up for this app

[ email@domain.com ‘

Sign up with email

or continue with

S Google

By clicking continue, you agree to our Terms of Service
and Privacy Palicy

Figure 4.19: Sign up interface

This image depicts the account creation page, presenting various methods to create an account.
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9:41 all = .

Travel Mate

Complete your profile

we need some additional information

: Username :
: First name :
: Last name :
: CD ][ MM J[ YYYY ]

PREVIOUS NEXT

Figure 4.20: Sign up information step interface

This image illustrates the personal information page to finalize your account creation.
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9:41 all = .

Travel Mate

Complete your profile

we need some additional information

Upload your profile picture

PREVIOUS FINISH

Figure 4.21: Sign up picture step interface

This image shows a profile creation section where you can upload your profile picture
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4.4.3 Home page

Home
LESFEKANULE
Clean Autov
ZREXPRESS SKi @ ’
ISSEMENT
QUETERIE
N3 |
Skikd:
[ XSOL
CITE AISSA
BOUKERMA

University 2’.

August 1955 <

¥

+ l{?%/, Q

s

v © oS

.a'Re {[1]\ @ R

Inive Home Explore Profile

Google
. —

Figure 4.22: Home page

This figure depicts the home page of our application. From here, you can navigate the map to

set your current location and destination. The home page features a guide on using the applica-
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tion, additional information, zoom controls, options to view various transportation methods in
your area, a routing button, destination selection, and a navigation bar for easy access to home,

profile, or explore sections.

Home
Chateau Cuttoli
Palais Méryem @

NI MELEK

CITE DES FRERES

ZREXPRESS SKIKDAv
ISSEMENT

QUETERIE

OUEST Shgsde s> o e

Universit’
August 19¢g

7 © oS

@ @ R ‘LN A

Home Explore Profile

Google
- —

Figure 4.23: Finding the short path interface

This figure illustrates the shortest bus route after selecting the starting and destination loca-
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tions, also displaying bus stops along the way

Home
=)
Q
i L A Entreprise
Uigian CTMO“ portuaire/de Skikda

Palais Méryem
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.amadi
Krouma

S sl
O
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Home Explore Profile

Google
L | — |

Figure 4.24: All available transportation means interface

This figure displays all available transportation means and their respective routes

69



4.5 Conclusion

In conclusion, this chapter has provided an in-depth look into the implementation phase of our
public transportation optimization application. We have detailed the various tools and technolo-
gies utilized to transform our conceptual framework into a functional and user-friendly system,

illustrating the technical ingenuity and collaborative effort involved in the development process.

The integration of real-time data sources from public transportation authorities and other
relevant entities was also explored, highlighting the technical challenges and solutions encoun-
tered. The use of development tools such as GitHub, Visual Studio Code, Google Colaboratory,
Expo, Google Maps API, JDK, JRE, and Android SDK played a crucial role in building the ap-

plication’s robust infrastructure.

On the client side, React Native and supporting technologies like Babel and JavaScript were
employed to create a seamless user experience, while server-side components like Node.js and
Firebase provided the necessary backend support. The combination of these technologies en-
sured that the application is efficient, scalable, and capable of providing real-time updates and

personalized guidance to users.

Furthermore, screenshots of the application have been included to provide a visual rep-
resentation of the user interface and functionality. The detailed descriptions of the tools and
methodologies used, along with these screenshots, offer a clear understanding of the practical
aspects involved in creating this public transportation optimization application. The result is
a reliable, efficient, and user-centric system that enhances the public transportation experience

by reducing wait times, optimizing travel routes, and increasing accessibility for all users.
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General conclusion

This project has navigated the dynamic landscape of public transportation optimization by intro-
ducing an innovative application tailored for citizens. This research has centered on enhancing
urban services through advanced technological strategies, aiming to seamlessly integrate into
users’ daily mobility routines. Throughout the exploration across chapters, we have delved
deeply into core optimization principles in public transportation, the intricate technical frame-
work of the application, and the nuanced challenges and opportunities inherent in its develop-
ment.

This project highlights the pivotal role of innovation in shaping the future of public trans-
portation, where personalization emerges as a key component of user satisfaction. The applica-
tion we have developed holds promise in meeting the diverse needs of travelers and residents
alike, offering an efficient solution to enhance public transportation services.

Looking forward, this project signifies a progressive approach to urban mobility, harnessing
the power of artificial intelligence to refine and optimize public transportation operations. By
prioritizing user-centric solutions, this initiative aims to evolve alongside the dynamic demands
of modern commuters, thereby contributing to a more accessible, efficient, and sustainable ur-

ban transportation ecosystem.
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