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INTRODUCTION

Overview of loT-Based Smart Traffic Management Systems

Traffic congestion remains a significant challenge in urban areas worldwide, particularly in developing
nations such as Nigeria, where rapid urbanization and increasing vehicle ownership have placed im-
mense pressure on existing road networks. Conventional traffic management systems, which operate
on fixed signal timing, often fail to adapt to real-time traffic fluctuations, leading to inefficient traffic

flow, increased fuel consumption, and environmental pollution.

The integration of Internet of Things (IoT) technologies into traffic management has emerged as a
viable solution to these inefficiencies. loT-based smart traffic management systems use connected
sensors, real-time data analytics, and cloud computing to dynamically adjust signal timings, optimize
traffic flow, and improve overall transportation efficiency. These systems use a network of embedded
sensors, microcontrollers, and cloud-based platforms to collect real-time traffic data and make intelli-

gent decisions for adaptive signal control.

Importance of 10T, Sensors, and Cloud Computing in Traffic Control

I0T, sensors, and cloud computing play a critical role in traffic control by enabling real-time monitoring
of traffic conditions, allowing for dynamic adjustments to traffic signals based on current data, which
ultimately reduces congestion, improves road safety, and optimizes traffic flow throughout a city or
region, essentially creating a "smart traffic management system" that reacts to changing conditions in
real-time (Kheder & Mohammed 2024).

IoT technology provides a connected infrastructure where smart traffic signals can communicate with
vehicles, road sensors, and cloud platforms to dynamically adjust traffic light timings based on real-
time traffic density. 10T devices enable traffic authorities to collect live traffic data, identify congestion
hotspots, and take proactive measures to manage vehicle movement efficiently. One of the major
applications of 0T in traffic management is vehicle-to-infrastructure (V2I) communication, where ve-
hicles send real-time data (speed, position, and congestion levels) to traffic control systems, allowing
for intelligent traffic signal adjustments (Cai et al. 2013, 355).

Sensors are fundamental to loT-based traffic systems as they detect and relay critical traffic data.
These sensors work in conjunction with microcontrollers to optimize traffic signals, reducing unneces-

sary delays and enhancing road safety. Commonly used sensors in smart traffic management include:

1. Infrared (IR) sensors: This sensor is used to detect vehicle presence and movement at inter-
sections (de Oliveira et al. 2021).

2. Ultrasonic Sensors: Measure vehicle distance and speed to determine congestion levels (de
Oliveira et al. 2021).

3. Radio Frequency Identification (RFID): Helps in automatic vehicle identification for traffic mon-
itoring (Cai et al. 2013, 352).

4. Computer Vision and Al-Based Cameras: Used for advanced traffic flow analysis and violation
detection (de Oliveira et al. 2021).


https://paperpile.com/c/HOcBOC/Ayja
https://paperpile.com/c/HOcBOC/Jii2
https://paperpile.com/c/HOcBOC/Jii2
https://paperpile.com/c/HOcBOC/Jii2
https://paperpile.com/c/HOcBOC/Ayja
https://paperpile.com/c/HOcBOC/Jii2
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Cloud computing enhances the efficiency of smart traffic management by offering scalable storage,
real-time data processing, and remote accessibility. Cloud-based platforms allow traffic data to be

analyzed using big data analytics and artificial intelligence (Al)-powered decision-making systems.

1.3 Research Problem

Urban road networks in Nigeria and many other developing countries experience severe traffic con-
gestion due to outdated traffic management systems that rely on fixed-time traffic signals. These sys-
tems lack the capability to dynamically adapt to real-time traffic conditions, leading mostly to prolonged
waiting times at intersections and increased fuel consumption and air pollution due to idling vehicles.
The inability of conventional traffic control systems to respond to fluctuating traffic volumes necessi-
tates the adoption of an loT-based adaptive traffic management system that can optimize traffic flow

by detecting real-time vehicle density and adjusting signals accordingly.

1.4 Research Questions

The research questions to be addressed in the course of this thesis are:

1. How can loT-based traffic lights dynamically adjust signal timings for better traffic manage-
ment?

2. What are the most effective hardware and software components for an loT-integrated traffic
light system?
How can Blynk be utilized for monitoring and managing smart traffic lights remotely?
What are the technical and infrastructural challenges in deploying smart traffic lights in Nige-

ria?

1.5 Research Objectives

The aim of this thesis is to design and implement a functional prototype of a smart traffic light system
using microcontrollers, cloud-based platforms, and loT technology for real-time traffic control and mon-

itoring. The specific objectives include:

1. To develop a smart traffic light system that dynamically adjusts signal timing based on traffic
density.
To integrate the system with Blynk for real-time monitoring and remote control.

3. To evaluate the efficiency of an loT-based smart traffic light system compared to traditional
fixed-timer systems.

4. To identify challenges in implementing smart traffic lights in Nigerian cities and propose solu-

tions.
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LITERATURE REVIEW

Concept of IoT

The Internet of Things (IoT), also sometimes referred to as the Internet of Everything (IoE), consists
of all the web-enabled devices that collect, send, and act on data they acquire from their surrounding
environments using embedded sensors, processors, and communication hardware. These devices,
often called “connected or smart” devices, can sometimes talk to other related devices, a process
called machine-to-machine (M2M) communication, and act on the information they get from one an-
other (Hegde & Deekshith 2019, 154). Humans can interact with the gadgets to set them up, give them
instructions, or access the data, but the devices do most of the work on their own without human

intervention.

Conventional Traffic Management System

According to Elango et al. (2024), conventional traffic management systems refer to a traditional
method of controlling traffic flow on roads, typically relying on static traffic signal timings, fixed signage,
and limited data collection, with minimal ability to adapt to changing traffic conditions in real-time,
unlike more advanced "Intelligent Transportation Systems" (ITS) that utilize real-time data and dy-
namic adjustments to optimize traffic flow (Elango et al. 2024, 150). In response to the limitations
associated with conventional traffic systems, smart traffic light systems have emerged as a transform-
ative solution. Through the use of advanced technologies and real-time data analytics, smart traffic
light systems offer dynamic traffic monitoring, adaptive signal control, and integration with smart infra-

structure to improve traffic flow, enhance safety, and reduce congestion.

loT-Based Smart Traffic Light Systems

Developed countries and smart cities are already using 0T to their advantage to minimize issues
related to traffic. The culture of the car has been cultivated speedily among people in all types of

nations where residents prefer to drive their own vehicle rather than public transport.

2.3.1 10T in Adaptive Traffic Control

Researchers have developed an loT-based intelligent traffic strategy to supervise significant conges-
tion through centralized and decentralized domain controllers (Majumdar et al. 2021). The information-
gathering component uses sensing devices, camera systems, and radiofrequency identification. Also,
the application layer for the 10T allows management of the traffic lights and notifications based on on-
road vehicle frequency and offers a routine update through a software system. In their study, Arshad
et al. (2017) described an inspection for reducing false projections based on the “Rankine-Hugoniot”
circumstance and an origin-destination traffic facility. In order to authenticate the effectiveness of the
suggested framework, a model was established. The testing results prove that the suggested method

can successfully supervise precision and framework latency traffic congestion (Arshad et al. 2017).

Studies have also used loT-based linked vehicles to gather real-time data. The vehicle-to-vehicle con-
nection supports individual vehicle surveillance, allowing precise collision-avoidance planning. A study
on transportation systems in smart cities developed a perfected system for recognizing traffic patterns
to configure on busy roads. The visual signal unit exhibits the ongoing traffic patterns and occurrences

via notifications, indications, or color combinations (Priyanka et al. 2021, 571). In addition, studies
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have suggested an expressive Internet of Vehicles (IoV) routing protocol, recognizing complex rela-
tionships between automobiles, roadways, ecosystems, and pedestrian crossings (Hussein et al.
2018).

2.3.2 Cloud-Based Traffic Monitoring and Management

A cloud-based traffic monitoring and management system refers to a system that uses cloud compu-
ting to collect, analyze, and manage real-time traffic data from various sources like sensors, cameras,
and GPS devices (Shashank et al. 2021, 185). This allows for efficient traffic flow optimization and
control through data analysis and decision-making using algorithms. All these are then hosted on a
remote cloud infrastructure instead of on-premise servers, essentially to enable intelligent traffic man-

agement using the scalability and processing power of the cloud.

2.3.3 Comparison Between Fixed-Timer and loT-Integrated Traffic Lights

2.4

Conventional traffic management systems primarily rely on fixed-timer traffic lights, which operate
based on preconfigured time intervals (Ariffin et al. 2021). These systems use a static control logic,
meaning that the duration of each traffic signal phase remains constant regardless of actual traffic
conditions. In contrast, loT-integrated traffic lights use a dynamic control mechanism that adjusts sig-
nal timing based on real-time traffic data. Unlike fixed-timer traffic lights, which operate on predeter-
mined schedules, l0T-based systems are designed to prioritize traffic lanes with higher congestion
(Qasim et al. 2024).

Fixed-timer traffic lights cannot detect or react to unexpected changes, such as the arrival of emer-
gency vehicles or sudden increases in traffic volume due to road incidents (Dimri et al. 2024, 120).
This lack of adaptability often exacerbates congestion during peak hours and causes unnecessary
delays during off-peak periods when traffic is minimal. loT-integrated traffic lights, on the other hand,
can be programmed to respond dynamically by detecting real-time changes in traffic patterns and
adjusting the signal phases accordingly (Damadam et al. 2022). Fixed-timer traffic lights are relatively
inexpensive to install and require minimal technological expertise for deployment. Conversely, 1oT-
integrated traffic lights involve a higher upfront investment, as they require microcontrollers, sensors,
cloud infrastructure, and wireless communication technologies (Ramadhan et al. 2021, 542). Despite

this initial cost, they are more cost-effective in the long term, community-wise.

Review of Existing Literature on Smart Traffic Light Solutions

As research on sustainable traffic solutions keeps increasing, studies on several aspects of smart
traffic have been conducted. A study on image processing proposed an adaptive traffic light control
system that uses image processing and image matching techniques to control the traffic in an effective
manner by taking images of each lane at a junction. The density of traffic in the images at each junction
is compared. The results showed that more time is allocated for the vehicles on the densest road to
pass compared to other less dense roads (Meng et al. 2021). An edge operation detector is used to
detect the density of traffic at each lane. A study conducted by Lilhore et al. (2022) presented the
design and implementation of an adaptive traffic management system (ATM) based on ML and loT.
The design of the proposed system is based on three essential entities: vehicles, infrastructure, and
events. The design utilizes various scenarios to cover all the possible issues of the transport system.

The proposed ATM system also utilizes the machine-learning-based DBSCAN clustering method to
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detect any accidental anomaly (Lilhore et al. 2022). An Internet-of-Things (I0T)-based system has also
been proposed for health care services to organize and to establish the traffic signaling and pick up a

route under which road congestion can be administrated (Shiny et al. 2023).
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METHODS AND IMPLEMENTATION

System Design

The design of the loT-based smart traffic light system involves a combination of hardware compo-
nents, software integration, communication protocols, and cloud-based data management. The pri-
mary objective of this system is to dynamically adjust traffic signal timings based on real-time traffic
conditions using embedded sensors and cloud computing. The system is structured into three core
components: hardware and sensor selection, software and cloud-based integration, and system work-

flow.

3.1.1 Hardware and Sensor Selection

The selection of hardware components is needed for the smart traffic light system to perform better
and be more reliable. The system consists of a microcontroller, sensors for vehicle and pedestrian

detection, and actuators for controlling traffic signals.

Microcontrollers (ESP32/Arduino): The ESP32 and Arduino microcontrollers are central processing
units for the smart traffic light system. The ESP32 is preferred due to its built-in Wi-Fi and Bluetooth
capabilities. This allows easy communication with cloud-based platforms. The Arduino microcontroller
is used for managing sensor inputs and controlling traffic light modules. The ESP32 is responsible for
the following (Ramadhan et al. 2021, 542):

Collecting real-time data from sensors.
Processing vehicle density information.

Communicating with the cloud platform for traffic analytics.

0w DN PE

Sending commands to traffic light modules for adaptive signal control.

PIR Sensor: The Passive Infrared (PIR) sensor was used as a motion detector for automatically trig-
gered lighting devices and security systems. It detects infrared radiation emitted by objects in its field
of view, making it ideal for detecting pedestrian movement at intersections (Thomas Gilmore et al.
2011, 85). When pedestrians approach a crosswalk, the PIR sensor triggers a signal that prioritizes

the pedestrian crossing phase, ensuring safety and accessibility for walkers.

Sound Sensor: A sound sensor is incorporated into the system to detect high decibels from vehicles
such as ambulances and fire trucks. When a high-decibel sound pattern is detected, the system pri-
oritizes the corresponding traffic lane, allowing emergency vehicles to pass with minimal delay (Rane
et al. 2019).

Led Module: The Traffic Light Module, as shown in Figure 1, is used for visual signalling at intersec-
tions. The microcontroller controls the lighting sequence based on real-time sensor data, thereby op-

timizing traffic flow and pedestrian movement.


https://paperpile.com/c/HOcBOC/MRno
https://paperpile.com/c/HOcBOC/MRno
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Figure 1. Traffic Light

Capacitance Tactile Push Sensor: A capacitance tactile push sensor as shown in Figure 2 was
integrated into the system to allow manual intervention. This hardware component enables traffic of-
ficers to alter signal changes, making it possible to adapt in situations where automatic control needs

manual assistance.

Figure 2. Capacitance Touch Sensor

Figure 3 shows the circuit diagram of the hardware and the Blynk cloud platform.
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& .

Figure 3. Circuit diagram of interconnected hardware

3.1.2 Software and Cloud-Based Integration

The efficiency of the loT-based smart traffic light system is then enhanced through cloud-based mon-
itoring and control mechanisms. Below are the software tools and communication protocols used in

the system.

Blynk for Monitoring and Control: Blynk is a cloud-based IoT platform that provides real-time monitor-

ing and management of smart traffic lights (Blynk IoT Software Platform). For this project, it provides:

1. Display of live traffic data through interactive dashboards.
2. Allowance of traffic authorities to adjust signal timings based on real-time conditions.

3. Storage of traffic patterns for future optimization and decision-making.

The ESP32 microcontroller transfers sensor data to Blynk, where real-time analytics determine optimal

traffic light operations.

Communication Protocols (MQTT/HTTP): Proper data transmission between the hardware compo-
nents and the cloud is made possible through MQTT (Message Queuing Telemetry Transport) and
HTTP (Hypertext Transfer Protocol) (Atmoko et al. 2017).

MQTT: This is a lightweight protocol suitable for real-time loT applications. It ensures fast and
reliable data exchange between the microcontroller and Blynk.
HTTP: This is used for occasional data transmission, particularly for system updates and sta-

tus reporting.

Programming Framework: The system is programmed using Arduino IDE and Python for data pro-
cessing and visualization. The microcontroller is coded in C++ using Arduino libraries, while Python
scripts are used for data analytics and cloud integration. The programming framework focused more
on; (i) acquisition of sensor data using analogue and digital pins; (ii) the processing of data to deter-
mine vehicle density; (iii) establishing communication with Blynk using MQTT/HTTP protocols; and

(iv) using traffic light control logic for adaptive signal timing.


https://paperpile.com/c/HOcBOC/2ubR

15 (46)

The Arduino IDE provides an integrated development environment for writing, compiling, and upload-
ing code to the ESP32 microcontroller. The programming logic consists of defining sensor input han-
dling, configuring MQTT communication, and implementing the decision-making algorithm for signal
control (Hercog et al. 2023).

Python is used for backend data analytics and visualization, specifically in processing real-time data
received from sensors. Python scripts interact with Blynk to retrieve and analyze traffic patterns. This
helps in making the adaptive control logic better.

3.1.3 System Workflow

The system workflow begins with data collection from the PIR and sound sensors, which detect pe-
destrian and vehicle presence, respectively. The ESP32 microcontroller processes this sensor data

and determines the appropriate traffic light phase adjustments.

When the system detects heavy vehicle traffic, the microcontroller increases the duration of the green
light to optimize flow efficiency. If the sound sensor detects an emergency vehicle's siren, the system
overrides normal traffic light sequencing to prioritize the corresponding lane. Data is continuously
transmitted to the Blynk cloud platform, where it is stored and analyzed for future optimization. Traffic
authorities can remotely monitor conditions and intervene manually if needed.

3.1.4 Experimental Environment

To evaluate the system’s performance, experiments will be conducted in a controlled environment
simulating real-world traffic conditions. Figure 4 shows the designed traffic intersection model, which
was developed to replicate vehicle movement. A computer interface using Blynk will function as the
central monitoring hub, presenting real-time traffic data and allowing for manual intervention when
required. The simulated traffic scenarios from Figure 5, was used to evaluated using dynamic entities,

such as strategically positioned obstacles, to activate sensor responses.
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Figure 5. Environmental simulation of smart traffic light

3.2 Hardware Setup

The hardware setup was designed for an adaptable traffic management system that integrates real-

time sensor inputs with intelligent signal control to improve road efficiency and safety.

3.2.1 Components Used

In Figure 6, the hardware setup consists of multiple components that work together to enable real-

time traffic monitoring and signal control. The assembled components are shown in Figure 6 below

ESP32 Development Board

PIR Sensor

Sound Sensor

Traffic Light LED Module / Pedestrian Signal LED Module

AR S

Capacitance Tactile Push Sensor
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Figure 6. Assembled control components on the development board.

3.2.2 Traffic Light Module Configuration
The traffic light module is equipped with LED indicators for red, yellow, and green signals, all controlled
by the ESP32 development board. The setup is shown in Figure 7. This board orchestrates the timing
and sequence of light changes based on sensor inputs. The pedestrian signal module operates inde-
pendently, ensuring a dedicated crossing phase is provided when triggered by the PIR sensor. Our

system employs a robust dynamic control algorithm, extending the green signal duration during high-

traffic conditions while reducing it when traffic flow subsides.

hed
b

by
ISy

Figure 7. Configuration setup of traffic light module
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3.2.3 Sensor and Microcontroller Setup for Traffic Detection

The setup we have in place combines sensors and a microcontroller to monitor both vehicles and
pedestrians in real-time. | positioned a PIR sensor near pedestrian crosswalks to pick up on any
movement. When it detects someone, it sends a signal to the microcontroller, which then decides
whether it's safe for people to cross. Additionally, sound sensors are placed in key areas to catch the
sound of emergency vehicle sirens. All these sensors are connected to an ESP32, which processes
their signals and makes adjustments to the traffic lights as needed. To keep traffic authorities in the
loop, all the data collected is sent to Blynk, allowing them to monitor current road conditions from the

cloud. This way, they can step in whenever necessary to ensure everyone’s safety on the roads.

3.3 Algorithms and Signal Processing

Signal processing and algorithms are computational methods used to analyze and transform raw
data into useful information. They are required for various applications, such as sound processing,
image processing, and data transmission systems. Signal processing involves filtering and feature
extraction to enable the extraction of good signals.

3.3.1 Adaptive Traffic Control Algorithm

The adaptive traffic control algorithm dynamically adjusts traffic light timings based on real-time data

received from PIR and sound sensors. From Figure 8, the algorithm prioritizes lanes with higher con-

gestion to make sure that pedestrians and emergency vehicles receive timely signals.

Figure 8. Adaptive traffic control system (Gandhi 2023)

The steps of the algorithm include, (i) collect sensor data from the PIR sensor, sound sensor, and
traffic density inputs, (ii) determine the level of congestion in each lane using a camara shown in Figure
9, (iii) adjust the traffic light duration dynamically based on congestion levels, and (iv) allow pedestrian

crossings when the PIR sensor detects motion.
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Figure 9. Camera sensor for scanning traffic density

3.3.2 Data Processing for Real-Time Traffic Management

The ESP32 microcontroller is capable of processing data in real time. It consistently gathers readings
from various sensors and applies conditional logic to manage them. This processed information is
crucial for adjusting traffic signals, which helps maintain smooth traffic flow and reduces congestion.
The data can also be sent to the Blynk cloud platform, where it's stored and analyzed for further

optimization.

3.3.3 Code Explanations and Logic Implementation

Program Structure: The code is primarily written in Python and embedded C for microcontroller pro-
gramming. Sensor data acquisition was conducted using IR sensors or cameras to detect traffic den-
sity. The microcontroller was used to process, analyze, and make traffic control decisions. The signal
control module was used to adjust traffic light durations dynamically. The communication module al-
lowed data transfer between sensors, microcontrollers, and cloud storage for analytics.

Logic Implementation: The core logic of the system follows these steps:
Traffic Data Collection:

1. The IR sensors or cameras detect the presence and density of vehicles at each intersection.

2. The microcontroller reads sensor values at predefined time intervals.

Data Processing & Decision Making:
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1. The collected data is processed using an algorithm that determines the traffic flow.
2. If alane has heavy traffic while another is empty, the signal timing is adjusted dynamically.

3. A predefined threshold value is used to determine congestion levels.
Traffic Light Control:

1. The microcontroller controls the traffic lights based on computed results.
2. The system ensures minimal wait time for vehicles in low-traffic areas.

3. Emergency vehicle priority logic is implemented to provide green signals when required.
Cloud Connectivity & Data Storage:

1. Traffic data is uploaded to a cloud database for analysis and further optimization.

2. The system can be monitored remotely for performance tracking.

Code Implementation: The code for the development of smart traffic light is presented at Appendix

1. This section will give explanation of code chunks that carry out specific functions.
Sensor Data Acquisition (Python for Raspberry Pi)

In Figure 10, the time module introduces delays, allowing periodic sensor readings.

The RPi.GPIO module provides functions for interacting with the Raspberry Pi’'s General-Purpose

Input/Output (GPIO) pins.

time

RPi.GPIO GPIO

Figure 10. Importing required libraries

In Figure 11, the SENSOR_PIN = 17, assigns GPIO pin 17 to the IR sensor. GPIO.set-
mode (GPI0.BCM), configures the Raspberry Pi to use Broadcom (BCM) numbering, which refers to
the pin numbers on the processor rather than the board layout. GPIO.setup(SENSOR_PIN,

GPIO.IN), configures pin 17 as an input, allowing it to read data from the IR sensor.
Defining the GPIO pins connected to each component:

e RED_PIN, YELLOW_PIN, GREEN_PIN: Vehicle lights.
e PED_RED_PIN, PED_GREEN_PIN: Pedestrian lights.
e PED_BUTTON: Button for pedestrians to request crossing .

e SOUND_SENSOR: Analog sensor to detect emergency vehicle sirens.

SENSOR_PIN =

GPI0.setmode(GPTI0.BCM)
GPIO.setup(SENSOR_PIN, GPIO.IN)
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RED_PIN 7
YELLOW_PIN 3

GREEN_PIN @
PED_RED_PIN 8
PED_GREEN_PIN 9
PED_BUTTON 1
SOUND_SENSOR 2

Figure 11. Define and set up the GPIO Pin

GPIO.input(SENSOR_PIN) as show in Figure 12, reads the digital signal from the IR sensor. If the
IR sensor detects an obstacle (i.e., a vehicle), it returns 1 (high signal). If the IR sensor detects no
obstacle (i.e., an empty road), it returns 6 (low signal). The function returns either "High Traffic" or

"Low Traffic" based on the sensor input.

OF
GPIO. input(SENSOR_PIN):

Figure 12. Function to determine traffic density

The code in Figure 13 controls durations (in milliseconds) for different states and features:

e Regular cycle timings (GREEN_TIME, GREEN_BLINK_TIME, etc.)

e Pedestrian crossing times

e Emergency handling durations

e MIN_RED_BEFORE_PEDESTRIAN ensures pedestrians only cross when it's been red long

enough.

RED_ONLY TIME =

Figure 13. Timing of traffic constants

In Figure 14, while True creates an infinite loop to constantly check traffic density. get_traf-
fic_density(), calls the function to obtain the traffic status. print("Traffic Status:",
traffic_status), displays the traffic status on the console. time.sleep(2): Introduces a 2-

second delay before the next sensor reading to prevent excessive processing.

traffic_status = get traffic_density()

print( , traffic status)

time.sleep(’)

Figure 14. Continuous monitoring of traffic density
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Traffic Signal Control

The integer variables in Figure 15, redPin, yellowPin, and greenPin store the pin numbers to

which the red, yellow, and green LEDs are connected on the Arduino board.

redPin =

yellowPin

greenPin

Figure 15. Declaring of pin to numbers

TrafficLightState in Figure 16, Enum for different light states. Several state and control variables

track:

e The current and previous state
e Pedestrian status and timings
e Emergency detection flags

e Blink toggles

{ RED_ONLY, GREEN, ... };

TrafficlightState currentState = RED ONLY;

Figure 16. Management of Traffic state and variables

The functions Figure 17 runs once when the Arduino starts.

e pinMode(redPin, OUTPUT) ; Configures the pin for the red LED as an output.
e pinMode(yellowPin, OUTPUT) ; Configures the pin for the yellow LED as an output.
e pinMode(greenPin, OUTPUT) ; Configures the pin for the green LED as an output.

While the code in Figure 18 keeps the traffic system on a loop, the code in Figure 19 controls pedes-

trian traffic and the code in Figure 20 controls traffic for emergency.

01
pinMode(redPin, OUTPUT);
pinMode(yellowPin, OUTPUT);

pinMode(greenPin, OUTPUT);

Figure 17. Setting up function

01
digitalWrite(greenPin, HIGH);

delay( );
digitalWrite(greenPin, LOW);
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digitalWrite(yellowPin, HIGH);
delay( );

digitalWrite(yellowPin, LOW);

digitalWrite(redPin, HIGH);
delay( );
digitalWrite(redPin, LOW);

Figure 18. Code for traffic light system

0 {

Figure 19. Handling pedestrians in traffic

0 A

;1< 225 iw) {

=ad (SOUND_SENSOR) ;

Figure 20. Handling emergency siren

Dynamic Signal Adjustment

The code in Figure 21 defines a function named adjust_signal_duration that takes one param-
eter: traffic_density. The parameter is expected to be a string value, either "High Traffic"

or "Low Traffic", based on sensor readings.

(traffic_density):

Figure 21. Defining the traffic density function

In Figure 22, the function checks the value of traffic_density; If traffic is high ("High Traf-
fic"), the green light duration is set to 15 seconds. If traffic is low ("Low Traffic"), the green light
duration is set to 5 seconds. In figure 23, If current_traffic = "High Traffic", the output
would be as shown in Figure 24, if current_traffic = "Low Traffic", the output would be as

shown in Figure 25.
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traftfic_density ==

Figure 22. Code for conditional logic

current_traffic =

adjusted time = adjust signal duration(current traffic)

print( seconds based on {current_traffic}.”)

Figure 23. Simulating signal adjustment

Green light duration seconds based High Traffic.

Figure 24. Simulating high traffic signal adjustment

Green light duration seconds based Low Traffic.

Figure 25. Simulating low traffic signal adjustment
3.3.4 Signal Processing and Data Transmission

Signal processing and data transmission are very important components of a smart traffic light system.
These processes enable the collection, interpretation, and transmission of traffic data to ensure effi-

cient traffic management and reduce congestion.

Signal Processing Techniques: Signal processing involves converting raw traffic data from sensors
into actionable information. Various signal processing techniques are used for the smart traffic light,
which include:

Sensor Data Acquisition: Smart traffic lights gather data from various sources, including video
cameras, inductive loop sensors, and infrared sensors. This raw data needs to be processed
for meaningful interpretation.

Image and Video Processing: Computer vision algorithms analyze the footage from cameras
to detect vehicle presence, count traffic density, and even identify emergency vehicles. Tech-
nigues like edge detection, background subtraction, and deep learning-based object detection
are commonly used.

Signal Filtering and Noise Reduction: Raw sensor data often contains noise due to environ-
mental factors such as weather conditions or sensor imperfections. Filtering techniques like
Kalman filters and wavelet transforms are applied to refine the data.

Data Merging: Different sensor data streams are combined to provide a more comprehensive
view of traffic conditions. For instance, integrating video analytics with inductive loop sensor

data improves accuracy in detecting traffic congestion.

Data Transmission Mechanisms: Once processed, the data must be transmitted to various compo-
nents of the smart traffic system for prompt decision-making. The categories of data transmission

include:
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Wired and Wireless Communication: According to Pons et al. (2023), smart traffic lights use
multiple communication methods, including fiber-optic cables for high-speed data transfer and
wireless technologies such as Wi-Fi, Bluetooth, and 5G for flexible, real-time data exchange
(Pons et al. 2023).

Internet of Things (loT) Integration: In a study conducted by Sharma and Gondhi (2018), smart
traffic systems often use loT protocols like MQTT (Message Queuing Telemetry Transport)
and CoAP (Constrained Application Protocol) for efficient communication between sensors,
traffic lights, and central control systems (Sharma and Gondhi 2018).

Cloud-Based Data Management: Many modern smart traffic lights also make use of cloud
computing for real-time data processing and storage. Cloud services enable scalable data
analysis and non-contact monitoring.

Vehicle-to-Infrastructure (V2I) Communication: Smart traffic lights communicate directly with
vehicles using Dedicated Short-Range Communications (DSRC) or Cellular Vehicle-to-Eve-
rything (C-V2X) technology (Taylor 2023).

Integration With Control Systems: The processed data is transmitted to centralized traffic control

systems that adjust signal timing based on current road conditions. The adopted integration includes:

Adaptive Traffic Signal Control (ATSC): Using real-time data, traffic signals can dynamically
change timing to optimize traffic flow and reduce congestion (Kamal et al. 2020).

Emergency and Priority Vehicle Detection: The system prioritizes emergency vehicles by ad-
justing signals to allow faster passage.

Pedestrian and Cyclist Detection: Smart traffic lights incorporate pedestrian detection sensors

to improve safety for non-motorized road users (Kamal et al. 2020).

Security and Reliability: In securing the system and making it reliable, an important strategy in this
regard is data encryption. Using secure communication protocols ensures that organizations can sig-
nificantly enhance the confidentiality and integrity of the transmitted information, thereby removing the
risks associated with unauthorized access and data breaches. Moreover, the implementation of re-
dundancy mechanisms is highly important for system reliability. These mechanisms involve establish-
ing backup communication links that can easily take over in the event of network failures. In addition
to these, real-time monitoring is necessary for maintaining the reliability of the system. Continuous
monitoring of data transmission and processing activities enables the timely detection of anomalies,

which can be indicative of potential issues or security threats.

3.3.5 Implementation Challenges

Implementing smart traffic light systems presents a number of technical and logistical. While the tech-
nology will significantly improved traffic management and road safety, some challenges are to be

noted.

1. Smart traffic light systems face technical limitations caused from sensor inaccuracies, inte-
gration complexity, scalability, and environmental exposure (weathering). Sensors may be
affected by factors like weather and lighting, leading to unreliable data. Sometimes, integrating
components like hardware, software, and communication systems can be difficult, especially
when ensuring compatibility. As cities expand, scaling up smart systems requires advanced

and adaptable architectures capable of handling more data without reducing performance.


https://paperpile.com/c/HOcBOC/NXzN
https://paperpile.com/c/HOcBOC/mBJj
https://paperpile.com/c/HOcBOC/VfDq
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https://paperpile.com/c/HOcBOC/bdaX

3.3.6 Sources of Data

27 (46)

Additionally, providing consistent power supply and maintaining outdoor equipment in harsh
conditions could presents operational difficulties.

There has always been high necessity in providing real-time data. High data volumes from
multiple sensors demand powerful processing units and efficient algorithms. Network delays
or instability can disrupt the timely flow of information, affecting traffic light responsiveness.
Moreover, security risks such as hacking or data breaches pose a threat to system reliability
and public confidence.

High upfront costs associated with smart traffic light infrastructure can deter investment, par-
ticularly in developing regions. Beyond installation, long-term maintenance and operational
expenses must also be considered. These systems require regular updates, technical sup-
port, and hardware servicing. There could also arise public resistance to adopting the system

due to a lack of awareness, skepticism about benefits, or privacy concerns.

Smart traffic systems collect data from multiple sources:

1.

Sensors and Detectors: Inductive loop detectors, radar, infrared sensors, and ultrasonic de-
vices are installed at intersections as in Figure 26, to count vehicles, determine speed, and
detect presence.

Cameras and Visual Analytics: Surveillance cameras equipped with Al-driven video pro-
cessing track traffic flow, vehicle types, and pedestrian movements.

Connected Vehicles: Vehicles equipped with communication modules share data such as
speed, direction, and braking patterns with traffic infrastructure.

5[ —e(1)

Figure 26. Road intersection model (Ajayi et al. 2019)

3.3.7 Data Types

3.4

The data collected include:

A 0w DN PE

Traffic volume and density
Vehicle classification and speed
Intersection occupancy

Pedestrian presence

Testing and configuration

Before full deployment, the smart traffic light systems were subjected to testing, system configuration,

and optimization. This is to ensures that the system operates as intended under various conditions

and execute traffic management goals efficiently.
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Comprehensive testing includes:

1.

Functional Testing: Verifies that sensors, controllers, and communication modules perform
their assigned tasks accurately.

Integration Testing: Assessment on whether different subsystems which are hardware and
software, communicate and function as an integrated unit.

Field Testing: Real-world traffic scenarios are simulated to evaluate system responsiveness
and stability under actual conditions.

Vulnerability Testing: Checks for vulnerabilities in the system’s communication and data

storage pathways.

3.4.2 System Configuration

After successful testing, configuration involves:

1.

Calibration of Sensors: Tuning detection devices to reduce false positives and improve ac-
curacy.

Signal Timing Settings: Setting baseline timings for red, green, and yellow signals based on
traffic patterns.

Adaptive Logic Implementation: Programming the system to adjust timings dynamically ac-

cording to real-time traffic data.

3.5 Results and Analysis

3.5.1 System

This section presents an evaluation of the loT-based Smart Traffic Light system designed in this study.

The efficiency results, and response time of the system in comparison to conventional traffic manage-

ment systems are presented. The simulated scenarios in a controlled environment provided the data

used to assess the performance of the system across traffic conditions.

Efficiency and Response Time Evaluation

This evaluates the operational efficiency and responsiveness of the smart traffic light system in real-

time traffic scenarios. The tests were performed under varying levels of traffic congestion, with vehicle

presence and emergency sirens detected by sensors (PIR and sound sensors). The response time

refers to how quickly the system reacts to traffic changes and adjusts the signal accordingly. Table 1

shows a summary of the system efficiency and response time.

The system efficiency was assessed based on:

el

Time required to clear congested lanes.
Traffic light adaptation accuracy.
Pedestrian crossing coordination.

Emergency vehicle prioritization.

Table 1. System Efficiency and Response Time Evaluation

Test Scenario Average Green Time | Time to Clear Conges- | Manual/Smart ~ System

(sec) tion (sec) Response
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Low Traffic Volume 5 7 Manual: 12s
Moderate Traffic Vol- | 10 15 Manual: 22s

ume

High Traffic Volume 15 25 Manual: 35s
Emergency Vehicle | Signal switch in 2 sec | N/A Manual: ~10s delay
Detection

From all cases in Table 1, the smart traffic system outperformed the traditional method, optimizing
green light duration dynamically. The inclusion of a sound sensor for emergency vehicles significantly
reduced response time from an average of 10 seconds (manual) to 2 seconds (smart system), helping
improve road safety.

3.5.2 Sensor Accuracy and Data Reliability

Both sensors in Table 2 showed high reliability in detecting pedestrian presence and emergency si-

rens. Occasional false readings were due to background noise or abrupt pedestrian movements.

Table 2. Sensor Accuracy and Data Reliability

Sensor Accuracy (%) False Positives False Negatives
PIR Sensor 96.4 1 2
Sound Sensor 94.7 3 1

3.5.3 Cloud Integration and Monitoring Performance

The system in this thesis utilized the Blynk platform to display traffic data in real-time as shown in

Figure 27. A summary of integrating the Blynk platform with the system is presented in Table 3.
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Smart Traffic System Cancel
Web Dashboard
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=) + 8
C -
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Number Input . . O
— O +
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Image Button
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Figure 27. Blynk cloud computing platform (a) sound sensor (b) Emergency vehicles (c) Traffic lights

(d) Pedestrian light

Cloud connectivity showed some level of latency, limiting real-time data visualization, although the
Blynk dashboard remained stable throughout the test period.

Table 3. Cloud Integration and Monitoring Performance

Parameter

Observed Performance

Data Transmission Delay

<5s

Dashboard Update Interval

30 — 50 seconds

Cloud Uptime

65% during the test period

Remote Signal Override Delay

10 seconds

3.5.4 Comparative Analysis with Fixed-Timer Systems

The smart system was benchmarked against a regular fixed-timer traffic control setup to validate per-
formance gains and a comparison was made as in Table 4.

Table 4. Comparison with Fixed-Timer Systems

Metric Fixed-Timer System Smart System (loT)
Average Wait Time per Vehicle | 18 seconds 10 seconds
Emergency Vehicle Delay ~9 seconds 2 seconds
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Energy Efficiency

Low

High (sensor-driven)

Adaptability to Congestion

None

Medium
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DISCUSSION

The development and implementation of the loT-based smart traffic light system demonstrated a
promising shift from traditional fixed-timer mechanisms toward a more responsive and intelligent traffic
management approach. Through the integration of PIR sensors for pedestrian detection, sound sen-
sors for emergency vehicle identification, and a cloud-based monitoring platform (Blynk), the system
successfully responded to real-time road conditions. These functionalities allowed the traffic light to

dynamically adjust signal timings, enhancing both vehicle flow and pedestrian safety at intersections.

A major achievement of the system was its ability to improve operational efficiency. Under various
traffic conditions, the adaptive algorithm effectively regulated the green light durations in proportion to
the congestion levels detected by the sensors. During high-traffic scenarios, the green light remained
active longer to ease congestion, while in low-traffic periods, the signal cycled faster to reduce unnec-
essary wait times. Moreover, when emergency sirens were detected, the system promptly prioritized
the respective lane, switching signals in less than two seconds. These capabilities were unachievable

with traditional fixed-timer systems and mark a major improvement in intelligent traffic control.

Beyond responsiveness, the system offered significant benefits over conventional traffic management
methods. It optimized traffic flow, reduced average wait times for vehicles, and ensured safe and
timely passage for emergency vehicles. The integration of sensors allowed for smart decision-making
without human intervention, while the cloud platform facilitated remote monitoring and control. Addi-
tionally, by reducing idle time at signals, the system promoted better fuel efficiency and minimized

unnecessary emissions, contributing to sustainable urban mobility goals.

However, while the system showed strong results in controlled settings, several challenges emerged
during implementation. Calibration of the sensors was a critical process, as both false positives and
missed detections initially affected performance. The sound sensor, in particular, occasionally mis-
classified loud environmental noises as emergency sirens. Likewise, the PIR sensor sometimes failed
to detect fast-moving or narrowly angled pedestrian movement. These issues were mitigated through
software-side filtering and signal smoothing techniques, but they highlight the importance of refined

calibration and environmental testing for reliable performance.

Hardware integration and network dependency were also key concerns. Powering the system con-
sistently proved challenging in mobile prototype scenarios, indicating that long-term deployment would
require stable or renewable energy sources, such as solar panels. Additionally, the system's reliance
on cloud communication meant that delays in internet connectivity could affect real-time responsive-
ness. Although cloud latency during tests was generally under five seconds, this delay could be critical

in emergency response scenarios if not addressed.

From a broader perspective, the study also identified some real-world limitations to be considered in
future scaling. Environmental exposure, cyber threats, and the need for robust failover systems remain
obstacles to large-scale implementation. The potential for unauthorized access or data breaches un-
derlines the need for secure communication protocols and encrypted cloud services. Moreover, public
awareness and trust in such systems must be cultivated to ensure wide-scale adoption, especially in

developing regions where digital infrastructure and investment are still maturing.
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Despite these challenges, the system aligns well with the original objectives set out at the beginning
of the research. It successfully demonstrated a functional prototype capable of adjusting to real-time
traffic dynamics, integrating 0T sensors with a cloud interface, and outperforming conventional traffic
lights in efficiency and responsiveness. In addition, the thesis offered practical insights into the infra-
structural, technical, and operational challenges that may arise in deploying such systems in Nigerian

cities or similar urban environments.

In summary, the smart traffic light system implemented in this thesis offers a viable, scalable, and
adaptable solution to modern traffic challenges. With further refinement, particularly in sensor calibra-
tion, hardware durability, and cybersecurity, this system could significantly reduce traffic congestion,

enhance road safety, and contribute to the smart city vision of the future.
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5 CONCLUSION

The increasing demand for smarter urban infrastructure has placed traffic management at the fore-
front of city planning priorities. This project set out to design, implement, and evaluate an loT-based
smart traffic light system capable of dynamically responding to real-time traffic conditions using sen-
sor inputs and cloud-based analytics. The results obtained from the prototype system demonstrate
the viability and advantages of using Internet of Things (loT) technologies to improve the efficiency,

safety, and adaptability of conventional traffic light systems.

Through the integration of motion-sensitive PIR sensors and sound sensors, the system effectively

detected the presence of pedestrians and emergency vehicles, adjusting traffic light phases accord-
ingly. The incorporation of an adaptive algorithm ensured that green light durations reflected actual

congestion levels, significantly reducing wait times, fuel consumption, and the environmental impact
of idling vehicles. Moreover, the system's cloud connectivity via Blynk enabled real-time traffic data

visualization and remote-control capabilities, positioning it as a comprehensive traffic monitoring

tool.

Compared to traditional fixed-timer systems, the smatrt traffic light prototype exhibited faster re-
sponse times, increased energy efficiency, and a clear ability to prioritize lanes based on situational
demands. Emergency response was enhanced, pedestrian safety was improved, and traffic bottle-
necks were alleviated more effectively. These findings affirm the benefits of transitioning to data-

driven, context-aware traffic control systems in modern urban environments.

However, the research also highlighted a number of technical and infrastructural challenges. These
include sensor calibration sensitivity, network reliability, power stability, and cybersecurity concerns.
Addressing these issues is essential for deploying smart traffic systems at scale. Additionally, real-

world implementation would require policy support, community awareness, and collaboration be-

tween city authorities and technology providers.

In conclusion, this study contributes to the growing field of smart transportation by offering a practi-
cal, functional model of a responsive traffic light system that utilizes the power of I0T. While the pro-
totype was tested in a controlled environment, it provides a scalable foundation for future deploy-
ments in cities facing complex traffic problems. With further refinement and support, this system can
be a key component in the advancement of smart city infrastructure, ensuring safer, greener, and

more efficient urban mobility.
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APPENDIX 1: 3D DESIGNS FOR THE SMART TRAFFIC
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APPENDIX 2: 3D PRINTING OF DESIGN




APPENDIX 3: CODE FOR PROGRAMMING THE SMART TRAFFIC
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enum

ks

bool
bool
bool
bool
bool
bool
bool

unsigned long blinkStartTime

// --- Pin Definitions ---

#define RED_PIN 7 // GPIO7

#define YELLOW_PIN 3 // GPIO3

#define GREEN_PIN © // GPIO0@

#define PED_RED_PIN 8 // GPIO8

#define PED_GREEN_PIN 9 // GPIO9

#define PED_BUTTON 1 // GPIO1 (internal pull-up)

#tdefine SOUND_SENSOR 2 // GPIO2 (Analog input)

// --- Timings (ms) ---

constexpr unsigned long RED_ONLY_TIME = 13000;
constexpr unsigned long GREEN_TIME = 10000;
constexpr unsigned long GREEN_BLINK_TIME = 10000;
constexpr unsigned long YELLOW_BLINK_INTERVAL
constexpr unsigned long PED_GREEN_TIME_BUTTON
constexpr unsigned long PED_GREEN_TIME_AUTO = 8000;
constexpr unsigned long EMERGENCY_WARNING_TIME = 8000;
constexpr unsigned long EMERGENCY_GREEN_TIME = 20000;
constexpr unsigned long PED_EMERGENCY_WARNING_TIME = 7000;
constexpr unsigned long BLINK_INTERVAL = 500;
constexpr unsigned long MIN_RED_BEFORE_PEDESTRIAN = 2000; // New safety constant

500;
13000;

// --- State Definitions ---

TrafficLightState {

RED_ONLY,

GREEN,
GREEN_BLINKING,
YELLOW_BLINK,
EMERGENCY_WARNING,
EMERGENCY_ACTIVE

// --- Variables ---
TrafficLightState currentState = RED_ONLY;
TrafficLightState previousState = RED_ONLY;

unsigned long stateStartTime = 0;

9;

unsigned long pedestrianStartTime = 0;

unsigned long pedEmergencyWarningStartTime = 0;

pedestrianButtonPressed = false;
pedestrianCrossingActive = false;
pedestrianBlinkState = false;
pedestrianEmergencyWarningActive = false;
greenLightState = true;

yellowlLightState = true;

emergencyTriggered = false;

unsigned long pedestrianGreenTime = PED_GREEN_TIME_AUTO;
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void setup() {
Serial.begin(115200);
pinMode (RED_PIN, OUTPUT);
pinMode(YELLOW_PIN, OUTPUT);
pinMode (GREEN_PIN, OUTPUT);
pinMode (PED_RED_PIN, OUTPUT);
pinMode (PED_GREEN_PIN, OUTPUT);
pinMode (PED_BUTTON, INPUT PULLUP);
pinMode (SOUND_SENSOR, INPUT);

// Initial state

digitalWrite(RED_PIN, HIGH);

digitalWrite(PED_RED_PIN, HIGH);

stateStartTime = millis();

Serial.println("[INIT] System started: RED_ONLY | Pedestrian: RED");

void loop() {

unsigned long currentTime = millis();

handlePedestrianButton();

handleEmergencyDetection(currentTime);

if (pedestrianEmergencyWarningActive) {
handlePedestrianEmergencyWarning(currentTime);
if (!pedestriankEmergencyWarningActive && emergencyTriggered) {
currentState = EMERGENCY_WARNING;
stateStartTime = currentTime;
updateLights();
}

return;

if (currentState == EMERGENCY_WARNING) {
if (currentTime - stateStartTime >= EMERGENCY_WARNING_TIME) {
currentState = EMERGENCY_ACTIVE;
stateStartTime = currentTime;
updateLights();
}

return;

if (currentState == EMERGENCY_ACTIVE) {
if (currentTime - stateStartTime >= EMERGENCY_GREEN_TIME) {
emergencyTriggered = false;
currentState = previousState;
stateStartTime = currentTime;
updateLights();
}

return;
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handlePedestrianCrossing(currentTime);

handleStateTransition(currentTime);

void handlePedestrianButton() {
static unsigned long lastDebounceTime = ©;
static bool lastButtonState = HIGH;
bool currentButtonState = digitalRead(PED_BUTTON);

if (currentButtonState != lastButtonState) {

lastDebounceTime = millis();

if ((millis() - lastDebounceTime) > 50) {
if (currentButtonState == LOW &% lastButtonState == HIGH) {
pedestrianButtonPressed = true;
Serial.println("[INPUT] Pedestrian button pressed");

¥
lastButtonState = currentButtonState;

bool isEmergencySiren() {

long sum = 0;

for (int i = 0; i < 32; i++) {
sum += analogRead(SOUND_SENSOR) ;
delay(1);

¥

sum >>= 5;

//Serial.print("[SOUND] Level: ");

//Serial.println(sum);

// Increased sound range to 1000-1200
return (sum >= 1200 && sum <= 1400);

void handleEmergencyDetection(unsigned long currentTime) {
if (isEmergencySiren() && !emergencyTriggered) {
emergencyTriggered = true;
previousState = currentState;

Serial.println("[ALERT] Emergency vehicle detected!");

if (pedestrianCrossingActive) {
pedestrianEmergencyWarningActive = true;
pedEmergencyWarningStartTime = currentTime;
} else {
currentState = EMERGENCY_WARNING;
stateStartTime = currentTime;

updateLights();
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void handlePedestrianEmergencyWarning(unsigned long currentTime) {
if (currentTime - blinkStartTime >= (BLINK_INTERVAL / 2)) {
blinkStartTime = currentTime;
pedestrianBlinkState = !pedestrianBlinkState;
digitalWrite(PED_GREEN_PIN, pedestrianBlinkState ? HIGH : LOW);

if (currentTime - pedEmergencyWarningStartTime >= PED_EMERGENCY_WARNING_TIME) {
pedestrianEmergencyWarningActive = false;
pedestrianCrossingActive = false;
digitalWrite(PED_GREEN_PIN, LOW);
digitalWrite(PED_RED_PIN, HIGH);

void handlePedestrianCrossing(unsigned long currentTime) {
// Only allow pedestrian crossing during RED_ONLY state after minimum red time
if (currentState != RED_ONLY ) {
if (pedestrianCrossingActive) {
// Immediately terminate any crossing if not in RED_ONLY state
pedestrianCrossingActive = false;
digitalWrite(PED_GREEN_PIN, LOW);
digitalWrite(PED_RED_PIN, HIGH);
Serial.println("[STATE] Pedestrian crossing force-ended (not RED_ONLY)");
}

return;

// Rest of the existing pedestrian crossing logic...
if (!pedestrianCrossingActive) {
if (currentTime - stateStartTime >= MIN_RED_BEFORE_PEDESTRIAN) {
if (pedestrianButtonPressed || (currentTime - stateStartTime >= 3000)) {
pedestrianCrossingActive = true;
pedestrianGreenTime = pedestrianButtonPressed ? PED_GREEN_TIME_BUTTON :
PED_GREEN_TIME_AUTO;

pedestrianStartTime = currentTime;
digitalWrite(PED_RED_PIN, LOW);
digitalWrite(PED_GREEN_PIN, HIGH);
pedestrianButtonPressed = false;

Serial.println("[STATE] Pedestrian crossing activated");

}

if (pedestrianCrossingActive && !pedestrianEmergencyWarningActive) {

unsigned long elapsed = currentTime - pedestrianStartTime;

// Blink pedestrian green during last 2 seconds




if (elapsed >= pedestrianGreenTime - 2000 && elapsed < pedestrianGreenTime) {

if (currentTime - blinkStartTime >= BLINK_INTERVAL) {
blinkStartTime = currentTime;
pedestrianBlinkState = !pedestrianBlinkState;
digitalWrite(PED_GREEN_PIN, pedestrianBlinkState ? HIGH : LOW);

}

else if (elapsed >= pedestrianGreenTime) {
pedestrianCrossingActive = false;
digitalWrite(PED_GREEN_PIN, LOW);
digitalWrite(PED_RED_PIN, HIGH);
Serial.println("[STATE] Pedestrian crossing ended");

¥
void handleStateTransition(unsigned long currentTime) {

unsigned long elapsed = currentTime - stateStartTime;

switch (currentState) {
case RED_ONLY:
if (elapsed >= RED_ONLY_ TIME) {

// Force pedestrian red when leaving RED_ONLY state
pedestrianCrossingActive = false;
digitalWrite(PED_GREEN_PIN, LOW);
digitalWrite(PED_RED_PIN, HIGH);
currentState = GREEN;
stateStartTime = currentTime;
updateLights();
Serial.println("[STATE] Transition to GREEN");

}

break;

case GREEN:
if (elapsed >= GREEN_TIME) {
// Immediately force pedestrian red when entering blinking state
pedestrianCrossingActive = false;
digitalWrite(PED_GREEN_PIN, LOW);
digitalWrite(PED_RED_PIN, HIGH);

currentState = GREEN_BLINKING;

stateStartTime = currentTime;

greenLightState = true;

blinkStartTime = currentTime;

updateLights();

Serial.println("[STATE] Transition to GREEN_BLINKING");
}

break;

case GREEN_BLINKING:
if (currentTime - blinkStartTime >= BLINK_INTERVAL) {
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blinkStartTime = currentTime;

greenLightState = !greenLightState;

digitalWrite(GREEN_PIN, greenLightState ? HIGH : LOW);
}
if (elapsed >= GREEN_BLINK_TIME) {

currentState = YELLOW_BLINK;

stateStartTime = currentTime;

blinkStartTime = currentTime;

yellowlLightState = true;

updateLights();

Serial.println("[STATE] Transition to YELLOW_BLINK");

}

break;

case YELLOW_BLINK:
if (currentTime - blinkStartTime >= YELLOW_BLINK_INTERVAL)
blinkStartTime = currentTime;
yellowLightState = !yellowlLightState;
digitalWrite(YELLOW_PIN, yellowLightState ? HIGH : LOW);
}
if (elapsed >= YELLOW_BLINK_INTERVAL * 6) {
currentState = RED_ONLY;
stateStartTime = currentTime;
updateLights();
Serial.println("[STATE] Transition to RED_ONLY");
}

break;

default:

break;

void updatelLights() {

// Turn off all vehicle lights first
digitalWrite(RED_PIN, LOW);
digitalWrite(YELLOW_PIN, LOW);
digitalWrite(GREEN_PIN, LOW);

switch (currentState) {
case RED_ONLY:
digitalWrite(RED_PIN, HIGH);
digitalWrite(YELLOW_PIN, LOW);
// Pedestrian lights handled in handlePedestrianCrossing()

break;

case GREEN:
digitalWrite(GREEN_PIN, HIGH);
digitalWrite(YELLOW_PIN, LOW);
digitalWrite(PED_RED_PIN, HIGH);
digitalWrite(PED_GREEN_PIN, LOW);
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break;

case GREEN_BLINKING:
digitalWrite(GREEN_PIN, greenLightState ? HIGH : LOW);
digitalWrite(YELLOW_PIN, LOW);
digitalWrite(RED_PIN, LOW);
// Force pedestrian red during blinking green
digitalWrite(PED_RED_PIN, HIGH);
digitalWrite(PED_GREEN_PIN, LOW);

break;

case YELLOW_BLINK:
digitalWrite(RED_PIN, LOW); // Ensure red is off during yellow
digitalWrite(YELLOW_PIN, yellowLightState ? HIGH : LOW);
digitalWrite(GREEN_PIN, LOW); // Ensure green is off during yellow
// Force pedestrian red during yellow
digitalWrite(PED_RED_PIN, HIGH);
digitalWrite(PED_GREEN PIN, LOW);

break;

case EMERGENCY_WARNING:
digitalWrite(RED_PIN, LOW);
digitalWrite(YELLOW_PIN, HIGH); // Solid yellow for emergency warning
digitalWrite(GREEN_PIN, LOW);
digitalWrite(PED_RED_PIN, HIGH);
digitalWrite(PED_GREEN_PIN, LOW);

break;

case EMERGENCY_ACTIVE:
digitalWrite(RED_PIN, LOW);
digitalWrite(YELLOW_PIN, LOW);
digitalWrite(GREEN_PIN, HIGH); // Solid green for emergency
digitalWrite(PED_RED_PIN, HIGH);
digitalWrite(PED_GREEN_PIN, LOW);
break;
}
// Debug output
Serial.print("[LIGHTS] Vehicle: ");
switch(currentState) {
case RED_ONLY: Serial.print("RED"); break;
case GREEN: Serial.print("GREEN"); break;
case GREEN_BLINKING: Serial.print("GREEN_BLINK"); break;
case YELLOW_BLINK: Serial.print("YELLOW_BLINK"); break;
case EMERGENCY_WARNING: Serial.print("EMERG_WARN"); break;
case EMERGENCY_ACTIVE: Serial.print("EMERG_ACTIVE"); break;
}
Serial.print(" | Pedestrian: ");

Serial.println(pedestrianCrossingActive ? "GREEN" : "RED");




