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Abstract: One Ambulance delay at traffic intersections is one of the major challenges affecting emergency response time
in metropolitan cities. This paper presents an loT-based Smart Traffic Signal System for Ambulance Prioritization that
integrates artificial intelligence (Al) with 10T control using an ESP32 microcontroller to automatically provide green signal
priority for ambulances. A camera-based Al module continuously analyzes live video using OpenCV and a deep-learning
model (YOLOVS) to detect ambulances based on vehicle patterns, color, and emergency markings. Once an ambulance is
identified, the Al server sends a Wi-Fi command to the ESP32 controller, which operates the LEDs representing traffic
lights. The corresponding green signal is activated to clear the path for the ambulance while other directions remain red.
For reliability, an LM393 sound sensor is installed near the junction to detect ambulance sirens. If the network or Al
module fails, the sound sensor automatically triggers the green signal through the ESP32, ensuring a fail-safe operation. This
dual-detection approach (vision + sound) enhances system accuracy and reliability. The proposed model provides a cost-
effective, automated, and intelligent solution that improves ambulance response time and minimizes manual intervention. It
is easy to deploy, scalable across multiple junctions, and contributes to the development of smart city infrastructure for
real-time emergency management.

Keywords: 10T, ESP32, Smart Traffic System, YOLOV8, LM393 Sound Sensor, OpenCV, Artificial Intelligence

I. INTRODUCTION
Urban traffic congestion continues to be a major problem, particularly during emergencies where ambulances must reach
hospitals quickly. The fixed timing of conventional traffic signals causes ambulances to wait at red lights, wasting precious
time and affecting patient survival rates. Manual control is often unreliable and inefficient, especially in high-traffic zones. To
address this issue, the proposed loT-Based Smart Traffic Signal System for Ambulance Prioritization integrates artificial
intelligence (Al), 10T, and sensor-based technology to automate signal control. The system consists of a camera that
continuously captures live video, processed using a Python Flask server running an OpenCV and YOLOV8 detection model.
Once an ambulance is detected, an HTTP request is sent to the ESP32 microcontroller, which controls red, yellow, and
green LEDs representing the traffic signal. In addition, an LM393 sound sensor detects ambulance siren frequencies and acts
as a backup when the camera or Wi-Fi connection fails. This ensures that the system continues to function in all situations.
By combining visual and acoustic detection, the proposed system guarantees faster and more reliable signal switching,
improving emergency vehicle movement. This hybrid IoT-Al solution represents a step toward smart urban traffic
infrastructure, capable of real-time decision-making, scalability, and high efficiency for emergency vehicle management.
A. Problem Statement
These are two major issues that are part of rapidly growing urban environments: increasing vehicle density causes severe
traffic congestion at intersections. This turns critical when emergency vehicles such as ambulances have to queue up for a
long period, with the traffic light showing no response.
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Inadequate real-time adaptation on the part of traditional traffic control systems results in delayed medical assistance, which

causes serious harm or even loss of life. Most of the existing traffic systems follow pre-defined timing logic, with deficiencies

in detecting and giving priority to emergency vehicles. Manual operations by personnel controlling the traffic or GPS-based

solutions can partially address the issue but are not always reliable, scalable, or efficient. The main challenge here is the

development of an intelligent, automatic, and low-cost traffic system that can instantly detect an ambulance and change the

traffic signal with no human interaction. ESP32-CAM for live video monitoring, integrated with the proposed project, will

work along with sound sensors to detect the siren sounds of an ambulance. It will confirm detection and override the

regular traffic sequence via the microcontroller to give a green signal to the route on which the ambulance is coming and

keep the signals red for the other lanes. Once the vehicle crosses the junction, the cycle automatically comes back to

normal. The goal of this intelligent system is to minimize response time, reduce dependency on manual traffic management,

and thereby enhance emergency services efficiency. This project contributes to the development of safer, smarter traffic

management by incorporating loT-based automation, image processing, and real-time communication for modern cities'

needs.

B. OBJECTIVE

The The proposed system focuses on designing an intelligent, loT-enabled traffic control system that prioritizes ambulances

using real-time data from camera and sound sensors.

The main objectives are:

1. To develop an Al-based image recognition module using OpenCV and YOLOVS8 to detect ambulances in live video feeds.

2. To establish Wi-Fi communication between the Al server and the ESP32 microcontroller for real-time signal control.

3. To integrate the LM393 sound sensor for detecting siren frequencies as a backup when camera detection or internet

connectivity fails.

4. To design an automated signal control system using red, yellow, and green LEDs to simulate real-world traffic lights.

5. To restore the normal traffic cycle after the ambulance passes, ensuring smooth operation.

6. To provide a scalable, low-cost solution that can be deployed across multiple intersections and integrated with cloud-

based loT dashboards for remote monitoring.

By achieving these objectives, the system can significantly improve ambulance response time, ensure fail-safe operation

under different environmental conditions, and contribute to developing smarter, more efficient urban transportation

systems.

II.LPROPOSED SYSTEM
The loT-based Smart Traffic Signal System for Ambulance Prioritization combines Al, 10T, and sensor technology to create
a responsive and intelligent signal control system. The system operates through three integrated modules: Al Detection
Module, ESP32 Control Module, and Sound Detection Module.
The Al Detection Module uses a camera feed processed through OpenCV and the YOLOV8 deep learning model to detect
ambulances. When the detection confidence exceeds a defined threshold (0.75), the Flask Al server sends an HTTP POST
command (“AMBULANCE_DETECTED”) to the ESP32 microcontroller via Wi-Fi.
The ESP32 Control Module receives the command and instantly changes the LED signals—activating the green LED while
turning off red and yellow lights. If no ambulance is detected, the normal traffic cycle (red — yellow — green) continues.
The Sound Detection Module, implemented using an LM393 sound sensor, ensures reliability during Al or network failures.
If the sound intensity crosses the pre-set siren threshold, the ESP32 automatically triggers the green signal, giving ambulance
priority even without camera input.
This dual-detection architecture provides fail-safe operation, improves system reliability, and ensures ambulance movement
without human intervention.
A. System Architecture
The proposed IoT-Based Smart Traffic Signal System for Ambulance Prioritization is designed with a layered architecture
that integrates Al-based image detection, I0oT communication, and sensor-based backup control to ensure continuous and
accurate operation. The overall structure comprises three main modules Al Detection Module, ESP32 Control Module, and
Sound Detection Module which work together to deliver intelligent and autonomous traffic management. The Al Detection
Module functions as the server side of the system. A camera installed near the traffic junction captures live video streams of
the road, which are processed using Python (OpenCV) and a YOLOV8 deep-learning model deployed on a Flask web server.
The model analyzes each frame to detect ambulances based on unique visual identifiers such as lettering, color, and pattern.
When the model achieves a confidence score above a predefined threshold, the Flask server immediately sends an HTTP
POST request with the command AMBULANCE_DETECTED to the ESP32 microcontroller via Wi-Fi. The ESP32 Control
Module serves as the hardware interface responsible for controlling traffic lights. Upon receiving the command, the ESP32
activates the green LED and disables the red and yellow LEDs to provide an immediate path for the ambulance. If no
ambulance is detected, the controller maintains a regular signal cycle (red — yellow — green). The Sound Detection
Module, equipped with an LM393 sound sensor, provides a fail-safe mechanism. In cases where the camera or network fails,
the sensor detects the characteristic siren frequency and directly signals the ESP32 to activate the green light. This multi-
module design ensures reliability, quick response, and autonomous control. The integration of Al and l0oT creates a scalable,
cost-efficient, and real-time solution for emergency vehicle prioritization in smart city traffic management.
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Fig 1: System Architecture of the loT-Based Smart Traffic Signal System

B. Use-Case Diagram

The use case diagram of the proposed loT-based smart traffic signal system for ambulance prioritization is presented in this
section, which depicts how the external actors interact with the main functional components of the system. This system
aims at automatic detection of ambulances using camera and sound sensors and controlling the traffic signal accordingly,
without any manual intervention. The main actors in this system include the Ambulance, the Traffic Control System-ESP32
microcontroller, the Al Server, the Sound Sensor, and the loT Monitoring Platform. Each actor interacts with the system to
perform certain operations that contribute to efficient traffic management and emergency response. When an Ambulance
enters the junction, the Camera connected to the Al Server captures live video and sends it to the YOLOV8 detection
model. The Al Server processes every frame through OpenCV to identify the ambulance. After detection, it sends a Wi-Fi
signal to the ESP32 Controller, which immediately switches the signal light in that direction to green and halts other
directions with red. Simultaneously, the Sound Sensor (LM393) continuously listens for siren frequencies and acts as a
backup trigger to activate the green signal in case of failure in the Al module or network. The loT Cloud Dashboard-Blynk
or ThingSpeak-receives updates from the ESP32 controller in order for authorities to monitor system status in real time.
The automated signal control resumes its normal cycle once the ambulance has passed. This use case representation
ensures a seamless interaction of software intelligence with hardware automation, making the solution suitable for smart
city traffic systems: fast, fail-safe, and scalable.
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Fig 2: Use-Case Diagram of the loT-Based Smart Traffic Signal System
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C. Sequence Diagram

The Sequence Diagram in the proposed loT-based intelligent traffic signal system for ambulance prioritization illustrates
the step-by-step flow of operations between different components in the system and the external actors. This
demonstrates how the system coordinates the process of detecting ambulances, communicating between different software
and hardware modules, and controlling traffic signals automatically in real time. The process is initiated when an Ambulance
approaches any traffic junction. The Camera coupled to the Al Detection Server constantly captures live video of the road.
These are then processed through the YOLOV8 deep-learning model running on the Python Flask server to identify
ambulances by their distinctive markings and color patterns. Once an ambulance is detected, the Al module issues a signal
upon a confidence value that is higher than the set threshold of greater than 0.75. The Flask Server sends the command
AMBULANCE_DETECTED as an HTTP POST request to the ESP32 Microcontroller over Wi-Fi. Upon immediate
interruption, ESP32 stops the normal traffic cycle and switches on the green LED representing the green signal while
switching off the red and yellow LEDs. Simultaneously, the Sound Sensor (LM393) constantly monitors the ambient sound:
When the siren frequency is detected and the network is unavailable, it directly signals the ESP32 to switch on the green
light. Once the ambulance crosses the junction, the ESP32 puts back the normal light sequence. Besides this, 10T
Dashboard-ESP32 updates the present state of the system remotely for monitoring and logging using either Blynk or
ThingSpeak. This sequence will guarantee smooth co-ordination amongst all modules and ensures fail-safe quick traffic signal
control for Emergency Vehicles.
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Fig. 3 Sequence Diagram of the loT-Based Smart Traffic Signal System

I1l. METHODOLOGY
The loT-Based Smart Traffic Signal System for Ambulance Prioritization integrates Artificial Intelligence, l1oT-
based control, and sensor-driven automation to ensure real-time detection and signal switching for emergency vehicles. The
methodology focuses on designing a hybrid system that combines Al-based visual recognition and sound-based detection to
achieve high accuracy, fail-safe performance, and continuous operation even during connectivity failures.
A. System Overview
The system operates through a coordinated interaction between hardware and software components. The camera
continuously captures live video of the road and transmits the frames to an Al server developed using Python Flask. The Al
module processes each frame using OpenCV and the YOLOV8 deep-learning model to identify ambulances based on their
distinct markings and patterns. When the detection confidence surpasses a predefined threshold, the Flask server sends an
HTTP POST signal labeled AMBULANCE_DETECTED to the ESP32 microcontroller via Wi-Fi. On receiving this command,
the ESP32 interrupts the normal traffic signal sequence and activates the green LED, symbolizing a green signal for the
ambulance’s direction. Simultaneously, the red and yellow LEDs in other lanes are turned off, ensuring a clear path for the
ambulance. After a specific delay or once the ambulance leaves the junction, the ESP32 automatically restores the normal
traffic light cycle (Red — Yellow — Green).
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B. Hardware Implementation

The hardware part of the system includes:

1. ESP32 Microcontroller: The main processing unit responsible for controlling the LED traffic signals and managing
data exchange with the Al server through Wi-Fi.

2. Camera Module (USB/IP): Captures continuous video streams of the intersection for Al analysis.

3. LM393 Sound Sensor: Detects ambulance siren frequencies to provide a backup trigger for signal control during Al
or network failure.

4. LEDs (Red, Yellow, Green): Represent the three standard traffic light states, connected to different GPIO pins of
the ESP32.

Table 1 — Circuit Connections of the loT-Based Smart Traffic Signal System

Component ESP32 Pin Description
Red LED GPIO 5 Stop signal
Yellow LED GPIO 18 Transition signal
Green LED GPIO 22 Go signal
LM393 Analog Out GPIO 34 Siren sound detection
GND GND Common ground
VCC 5V Power supply for LEDs and sensor

5. 5V DC Power Supply: Provides stable power to all modules ensuring consistent operation. The connection between
hardware components follows the mapping shown below:
C. Software Implementation
The software logic is divided into three main modules:
1. Al Detection Module:
Built using Python, Flask, and OpenCV.
The YOLOV8 deep-learning model identifies ambulances in live camera frames.
When detection confidence = 0.75, Flask sends an HTTP request to ESP32 with the “AMBULANCE_DETECTED”
command.
ESP32 Control Module:
Programmed using Arduino IDE (C++).
Receives the Al signal via Wi-Fi and changes the LED state accordingly.
If no signal is received, follows the default 12-second cycle (Red 55 — Yellow 2s — Green 5s).
Sound Detection Module:
Continuously monitors ambient sound through the LM393 sensor.
When siren frequency crosses the threshold, sends a HIGH signal to ESP32 GPIO 34.
ESP32 immediately switches to green mode even without Al input.
IoT Dashboard Integration:
The Blynk/ThingSpeak platform receives updates from the ESP32 about signal status and detection logs.
Enables real-time monitoring by authorities for performance verification.
. Working Process
The system operates in four distinct stages:
1. Normal Mode:
When no ambulance is detected, the ESP32 follows the default traffic sequence — Red (5s), Yellow (2s), and Green (5s).
2. Al Detection Mode:
The camera captures frames that are processed by the YOLOv8 model. When an ambulance is recognized, the Flask server
sends an HTTP POST signal to ESP32, which turns on the green LED and pauses the normal cycle.
3. Sound Detection Mode:
If the Al module or Wi-Fi connection fails, the LM393 sensor detects siren frequencies and triggers the green signal directly
through ESP32.
4. Post-Detection Mode:
After the ambulance passes the junction or 10 seconds have elapsed, ESP32 automatically resumes the normal light cycle.
E. Summary
This methodology ensures that the system remains active and accurate under varying light and sound conditions. The
integration of Al-based visual recognition, loT communication, and sensor-driven fail-safe control offers a cost-effective,
scalable, and real-time solution to manage emergency vehicles efficiently. The system’s modular architecture also allows
future expansion across multiple intersections, aligning with smart city development goals.
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Fig. 4 Methodology Flow of the loT-Based Smart Traffic Signal System
IV. RESULTS AND DISCUSSION

The proposed loT-Based Smart Traffic Signal System for Ambulance Prioritization was tested under various real-time
scenarios using camera-based Al detection and sound sensor backup. The system’s performance was analyzed in different
lighting, sound, and connectivity conditions to ensure reliability. The experiment demonstrated how the integration of
ESP32, YOLOVS, and LM393 sound sensor can automate emergency vehicle prioritization effectively.

A. Frame Capture and Input Acquisition

The system begins with live video capture from the camera, placed to monitor the traffic junction. The captured frames are
sent to the Al server for processing. This stage ensures that the video feed is continuous and stable for real-time detection.
The image shows the YOLOV8 model correctly identifying an ambulance at high confidence under clear lighting conditions.
This confirms that the model accurately detects emergency vehicles at close range.

Fig. 5 Sample camera frame showing ambulance detection
B. Object Classification and Model Validation

The Al model classifies multiple objects such as bikes, cars, and ambulances using OpenCV and YOLOVS. This result proves
that the Al model can distinguish between different vehicle types. The classification accuracy slightly decreases in low-light
environments, but remains above 90% overall.

Fig. 6 Example of multi-class detection sﬁowing bike identification
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C. Live Detection Interface (Flask Ul)

Once detection begins, the Flask server displays the live detection interface on the browser. Bounding boxes and labels
appear dynamically for every frame processed. The interface confirms proper integration between the camera, YOLOV8
model, and Flask backend. The status “Running” verifies that frames are continuously processed and updated, ensuring
smooth real-time visualization.

Real-time Vehicle Detection

Deteciing Cars, Bikes, and Ambulances with ¥OLOvE

Camera index: 1 Stap Detectinn

Detection Stalus: Running

5 - al — i
Fig. 7 Live Flask interface showing real-time detection of ambulance, car, and bike
D. Al Server to ESP32 Communication
When an ambulance is detected with sufficient confidence (= 0.75), the Flask server sends an HTTP POST command
labeled AMBULANCE_DETECTED to the ESP32 controller through Wi-Fi. The ESP32 received the command within 0.3
seconds, confirming that network communication latency is minimal. This step demonstrates reliable synchronization

between software and hardware.

Hhdp

E5P32 Dev Module b

Fig. 8 Al server log showing HTTP POST command sent to ESP32 controller.
E. Sound Detection and Fail-Safe Response

In case of camera or network failure, the LM393 sound sensor detects the siren frequency of an approaching ambulance.
When the intensity crosses a preset threshold, the sensor triggers a signal to ESP32 through GPIO 34. The system
responded within 0.5 seconds after the siren was detected, showing that the sound sensor effectively acts as a backup
control mechanism. Calibration was done to reduce false activations from background noise.
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Fig. 9 Sound detection module indicating active siren signal.
F. Traffic Signal Actuation (Hardware Prototype)

The ESP32 microcontroller was programmed to control three LEDs representing red, yellow, and green signals. On
receiving the ambulance command, the ESP32 activated the green LED and disabled the others. This demonstrates the
system’s successful real-world actuation capability. The hardware responded instantly, verifying that both Al and sound
inputs can independently trigger the green signal.

Fig. 11 Prototype setup showing ESP32 controller, LM393 sound sensor, and LED traffic indicators.
G. Post-Detection Recovery
After the ambulance passes or no detection is received for 10 seconds, the ESP32 automatically restores the normal signal
cycle (Red — Yellow — Green). The automatic restoration ensures smooth traffic flow once emergency vehicles have
passed, preventing unnecessary signal holding or traffic congestion.

Fig. 12 System resuming normal cycle after ambulance clearance
V. CONCLUSION AND FUTURE SCOPE

A. Conclusion
The proposed loT-Based Smart Traffic Signal System for Ambulance Prioritization enables the reduction of delays in
emergency responses by effectively integrating Al-based image detection and IoT-enabled control.
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This system ensures real-time detection of ambulances and automatic switching of the signal using an ESP32
microcontroller with the YOLOvV8 model and an LM393 sound sensor. Such hybrid approaches further improve its
reliability in case of network or vision failures. Implementation results have confirmed fast detection and smooth clearance
of traffic, establishing that the system is cost-effective and scalable. In addition, this provides a pragmatic step toward
intelligent, safe, and responsive urban traffic management for future smart cities.
B. Future Scope
More enhancements can be made to the proposed loT-Based Smart Traffic Signal System for increasing efficiency and its
deployment at the city level. Potential future improvements include GPS-based tracking of the ambulance for continuous
updates on location and route optimization. A cloud dashboard can be created with a single management interface for
multiple intersections and real-time analysis of traffic. In this regard, the approach can be extended by including voice-based
emergency alerts, control through a mobile app for traffic authorities, and with 5G-enabled communication with ultra-low
latency. Machine learning algorithms will also enhance the accuracy of detection under diversified conditions of light and
weather.
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