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Abstract— Fire accidents pose a significant threat to human life and property, making the development of predictive fire
detection systems essential. Traditional systems rely primarily on gas sensors, detecting fires only after significant spread, which can
result in severe property damage or even life-threatening situations. Our Al-driven fire detection system aims to address this by
using a combination of sensors, induding color, temperature, and gas sensors, to detect fires at an early stage. A neural network is
implemented on the Arduino Nano 33 BLE Sense, enabling the microcontroller to predict fires based on proximity and color
intensity patterns. Alerts are sent to users via amobile app, while relevant authorities are notified through messaging protocols. The
system also integrates a central server for data analysis and continuous improvement, enhancing prediction accuracy over time.
This proactive approach ensures faster response times, minimizi ng damage and improving safety in various environments.

Index Terms— ANN, Internet of Things, RGB, Arduino Nano 33 BLE, Fire Detection, ESP32, DHT11.

I. INTRODUCTION

An approach to fire detection using video analysis of
surveillance data is presented in this study. The two main
advancements are a multiexpert system that incorporates
supplementary data from color, shape variation, and motion
analysis, and a system that analyzes motion. This method's
key benefit is that it dramatically enhances the system's
overall performance with very little work required during
design. A novel motion description has been presented that
uses a bag-of- words method. By reducing false positives
while maintaining accuracy and running on embedded
platforms, the suggested technique has been tested on a big
collection of fire footage from both online and real-world
sources [1].

The industrial sector suffers huge losses due to fire
occurrences, which create irreversible damage and have an
influence on the environment. There are a lot of safety
regulations, but fires are still happening more often. The
majority of businesses have installed smoke detectors with
sensors, but their range isn't very good considering how big
the building is. Computer vision-based fire detection systems
that connect with cameras were developed because video
surveillance systems are crucial for building automation.
Identifying the edge of a flame helps to define the border
between portions that are thermally reactive and those that
are not. Although there are several methods for detecting
fires, none of them take the stability of fire zones into
consideration. A novel approach to distinguishing fire zones
in video frames by means of color correlogram
characteristics is presented in this work. Additionally,
features based on saliency are extracted, and the color

auto-correlogram feature is used to evaluate the color
probability of nearby pixels. [2].

Recent advancements in sensing technologies, coupled
with improvements in information and communication
systems, have significantly enhanced fire detection and
prevention capabilities. Contemporary fire detection systems
now incorporate multip le parameters, including ambient heat,
smoke, flames, and gas concentrations, to provide more
reliable and efficient fire detection. However, despite these
advancements, limitations persist, particularly in balancing

early detection, minimizing false positives, and ensuring
system scalability. Furthermore, many traditional systems
rely on centralized cloud-based computing, which can lead to
delays in critical decision-making during emergencies [3].

This project addresses these limitations by proposing an
Al-driven fire detection systemthat operates on the Arduino
Nano 33 BLE Sense platform, integrating TinyML for
real-time, on- device processing. The systemutilizes a range
of sensors, including color, temperature, and gas sensors, to
monitor environmental data and predict potential fire hazards
at an early stage. A neural network is imp lemented to analyze
sensor inputs such as temperature fluctuations, color
intensity, and gas concentrations, allowing for accurate fire
detection and rapid alerts. This approach significantly
reduces the latency associated with cloud-based processing,
enabling the system to function autonomously without
sacrificing performance [4].

This system is ideal for real-time applications in many
contexts since it can run on low-power embedded devices
thanks to TinyML. To guarantee a prompt reaction,
consumers receive alerts using a mobile app, and
notifications are delivered to the appropriate authorities
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through messaging protocok. Furthermore, the system is
designed with a central server that compiles data from
sensors, allowing for continuing data analysis to
continuously enhance the accuracy of predictions. Early fire
detection may limit damage and save lives in both residential
and industrial situations. This solution is scalable and
versatile, making it a perfect fit for both settings [4][5].

By combining neural networks with advanced sensing
technologies, this system overcomes the deficiencies of
traditional fire detection approaches, providing a
cost-effective, scalable, and real-time solution that offers
greater reliability, fewer false positives, and enhanced safety
for occupants [5].

This research suggests an Al-driven alternative to
conventional fire detection systems that uses a combination
of several sensors and machine learning to identify flames in
their early stages. The system analyzes environmental data
including temperature, gas levels, and color intensity in
real-time using a neural network that runs on the Arduino
Nano 33 BLE Sense. For training, validation, and testing
purposes, a bespoke dataset is utilized, which is meant to
mimic real-world fire incidents. The suggested approach
outperforms current state-of-the-art fire detection systems in
terms of accuracy, false alarm reduction, and reaction time.

The following are the main accomplishments of this study:

¢ Recognizing the significantdeficienciesand
shortcomings in existing fire detection systems,

especially those dependent on traditional sensor and
video-based methodologies.

e Proposing an Al-driven, multi-sensor fire detection
system that improves detection precision and velocity
by amalgamating sensor data with sophisticated
machine learning algorithms.

¢ Performing an exhaustive assessment of the proposed
system with a bespoke dataset, accompanied by
detailed performance metrics that illustrate its efficacy
and dependability.

The subsequent sections of this work are structured as
follows: Section Il examines the current literature on fire
detecting systems. Section Il delineates the suggested
solution, highlighting the innovative elements of the
Al-driven methodology. Section IV delineates the study
technique, encompassing the model architecture, dataset
specifications, neural network configuration, and simulation
framework. Section V examines the outcomes and offers a
comprehensive review of the system's performance.
Ultimately, Section VI finishes the article by summarizing
the findings and outlining prospective future endeavors.

Il. RELATED WORK

Recent advances in fire sensing technology have led to
significant improvements in detection capabilities,
leveraging developments in sensing, information, and
communication technologies. Research in this domain has

predominantly focused on enhancing fire detection accuracy,
minimizing false alarms, and enabling faster response times
through various methodologies. These efforts include
advancements in video- based detection, sensor integration,
and hybrid models combining different machine learning
techniques.

A. Video-Mediated Fire Detection System:

Methods for fire detection based on video have been
created to use frame-to-frame differences for the
identification of possible fire areas. These approaches often
evaluate attributes such as hue, form, and movement to
identify fires, utilizing the erratic behavior of flames [6].
various methods employ classifiers such as the Bayes
classifier to integrate the behavior of various characteristics,
hence improving fire recognition. Nevertheless, these
techniques frequently depend on immobile cameras and
regulated surroundings, resulting in heightened false
positives in dynamic real-world contexts [7]. Conversely, our
study enhances vision-based fire detection by amalgamating
it with additional sensor data (e.g., temperature and gas
concentrations) to augment accuracy in both static and
dynamic settings, providing a more resilient solution. Recent
research have underscored the efficacy of You Only Look
Once -based methodologies for fire and smoke detection in
loT monitoring systems[8], therefore augmenting the
capabilities of conventional video-based techniques.

B. Wireless Sensor Networks (WSNs) and loT-Based
Systems:

Wireless Sensor Networks (WSNs) are extensively utilized
for fire detection in residential and commercial
environments owing to their capacity for continuous
monitoring of environmental parameters, including
temperature, smoke, and gas concentrations. These
systems frequently depend on the detection of flames or
smoke, leading to delayed notifications and the possibility
of exacerbating fire events [9]. loT-based systems have
enhanced this domain by including devices such as
NodeMCU with temperature and gas sensors, providing
continuous monitoring and remote alerts [10].
Notwithstanding these developments, several systems rely
on cloud-based processing, potentially causing delays in
decision-making during emergencies. Our approach
mitigates this constraint by employing on-device
processing with the Arduino Nano 33 BLE Sense, allowing
real-time analysis and expedited identification independent
of external servers. Furthermore, recent studies indicate
that utilizing multi-color space and backdrop modeling
might markedly improve fire detection efficacy in wireless
sensornetworks (WSNs) [11].

C. Hybrid Machine Learning Models:

Recent studies have also explored hybrid machine learning
approaches to improve fire detection accuracy. For instance,
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models that integrate logistic regression, support vector
machines, and decision trees have been proposed to enhance
detection performance and resilience across various fire
scenarios [12]. These hybrid approaches achieve improved
classification accuracy but often require extensive
computational resources, making them more suitable for
centralized systems rather than edge devices. Our project
integrates a neural network directly on the Arduino Nano
platform, allowing for efficient real-time processing with
reduced computationaloverhead. The use of TinyML enables
the system to adapt to new data, refining its predictive
capabilities over time, and maintaining high accuracy in fire
detection with minimal false positives. A recent paper
discusses an improved fire detection approach based on
YOLO-v8, which exemplifies advancements in hybrid
machine learning techniques for smart cities [8][13].
Additionally, some studies have noted the importance of
exploring recent advances and emerging directions in fire

detection systems based on various machine learning
algorithms [14][15].
D. Relation to Existing Work:

Our project builds upon the strengths of the

aforementioned methodologies by combining multi-sensor
data with Al-driven analysis for early-stage fire detection.
Unlike video-based methods that are limited by background
stability [7][8] or WSNs that require direct contact with fire
or smoke [9][11], our approach incorporates temperature, gas
concentration, and visual data. This integration allows for a
more comprehensive assessment of fire risks, ensuring earlier
detection and fewer false alarms. Additionally, by
implementing a neural network on the Arduino Nano 33 BLE
Sense, our solution reduces the latency associated with
cloud-based systems, offering a cost- effective, scalable, and
efficient approach for real-time fire detection.

I1l. PROPOSED SOLUTION

Fires pose a serious risk to people and their possessions,
and the best way to limit damage and increase safety is to
catch them early. This research presents a predictive fire
detection system that integrates modern sensor technology
with machine learning to provide real-time, early alerts of
probable fire incidents. This technology, unlike conventional
systems that depend on gas sensors and identify fires only
after considerable damage has transpired, notifies users at the
earliest stage, hence enhancing reaction times and mitigating
risks.

The system employs multiple sensors—such as RGB
color, temperature, and gas sensors—to detect environmental
changes that signal early fire conditions. An artificial neural
network (ANN) processes the data, recognizing complex
patterns like temperature fluctuations and gas concentrations.
This enhances accuracy and reliability, outperforming
conventional fire detection methods.

A. Key Features:

o Early Detection and Proactive Alerts: The system
leverages advanced sensors to detect early-stage fire
indicators like color temperature and gas emissions,
offering much faster detection compared to traditional
systems. This proactive approach allows users to take
action quickly by either extinguishing the fire or
evacuating the area, minimizing damage and danger.
By continuously monitoring environmental conditions
and providing real-time alerts via a mobile app, the
systemsignificantly reduces the risk of large -scale fire
outbreaks, offering a highly efficient and proactive fire
detection method suitable for residential, commercial,
and industrial settings.

o Hybrid Approach: The system integrates a variety of
sensors, such as RGB color, temperature, and gas
sensors, to create a comprehensive detection network.

While traditional gas sensors detect fires after flames have

spread, the hybrid approach uses color and proximity sensors
to catch fires at their earliest stages. This layered defense
mechanis m ensures that false alarms are minimized, as gas
sensors serve as a secondary confirmation, making the
system highly reliable. Additionally, the sensors' ability to
function in various lighting conditions makes the system
adaptable to different environments, providing robust and
precise fire detection.

o Al-Powered Predictions: Using a neural network
(ANN), the system continuously learns and adapts to
new data, identifying patterns in sensor inputs that
improve its ability to predict fires. By learning from
historical data, the system refines its predictions over
time, reducing false positives and negatives, and
adjusting to different types of fires and environmental
conditions. This Al-driven approach also allows for
customized detection setups, making the system
versatile enough to handle both industrial settings with
hazardous materials and residential areas with common
household fire risks.

o Cost-Effective and Scalable: The system is both
economical and scalable, employing inexpensive
components such as the Arduino Nano 33 BLE Sense
and the APDS9960 sensor, hence enhancing
accessibility for a diverse user base. The modular
architecture facilitates effortless expansion, permitting
the incorporation of supplementary sensors without
necessitating substantial alterations to the fundamental
configuration. This renders the system flexible for
bigger buildings or locations with fluctuating fire
dangers, guaranteeing that customers may enhance or
expand their fire detection capabilities over time
without incurring significant expenses.

¢ Mobile and Cloud Integration: One of the system's key
strengths is its mobile app, which provides users with
real-time alerts about fire risks, enabling immediate
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action even when they are offsite. The systemalso uses
cloud-based data storage and analytics, allowing
centralized control, long-term monitoring, and detailed
analysis of fire incidents. This integration ensures that
users have constant access to sensor data, enabling
swift decision-making, and improving the system's
performance through historical data analysis, making it
an ideal solution for both personal and large- scale
deployment.

This approach markedly improves the speed, reliability,
and preciseness of fire detection systems by mixing modern
machine learning algorithms with loT technologies. The
predictions generated by the neural network, in conjunction
with real-time sensor data, guarantee that users are notified of
potential fire threats at the earliest opportunity. This novel
methodology can preserve lives, reduce property damage,
and establish a new benchmark for fire detection systems in
residential and industrial environments.

Power Supply Input

Emergency Alert System

If anything detected

4 2.2

Fig. 1. System Architecture for the Fire Prediction Model

IV. RESEARCH METHODOLOGY

A. Model Architecture

This systemdesign demonstrates a robust approach for live
fire detection and environmental monitoring by integrating
many sensors with an Arduino Nano 33 BLE. The power
supply is the systems core, providing constant and
dependable power to the whole design. A reliable power
source is essential for the uninterrupted operation of the
Arduino Nano 33 BLE, which functions as the system's main
microcontroller. The Arduino collects and analyzes data from
several connected sensors to monitor environmental
conditions, making real-time decisions based on the sensor
outputs.

The APDS9960 color sensor is mostly tasked with
identifying variations in light or color, such the flickering of
flames or the emergence of certain shades that may indicate
irregular situations. For instance, firelight often produces a
certain pattern of illumination within the red and yellow
spectrum, which the APDS9960 is capable of detecting. This
feature improves the system's capacity to identify possible
fire dangers promptly.

A crucial element is the DHT11 or DHT 22 sensor, which
quantifies both temperature and humidity. These two
environmental factors are critical indications of possible fire
hazards. A fast rise in temperature, particularly alongside a
decrease in humidity, may indicate an early warning of fire.
The system perpetually monitors these quantities,
transmitting them to the Arduino Nano 33 BLE for
processing. Should temperature measurements surpass a
specified safety level, the system identifies this as a potential
fire hazard and initiates required measures.

The MQ-2 smoke sensor is essential for smoke detection, a
very accurate sign of fire. The M Q-2 sensor identifies gas
concentrations including methane, butane, propane, and
smoke in the atmosphere. When smoke levels exceed a
specific threshold, this information is transmitted to the
Arduino for processing. The sensor's capacity to identify a
diverse array of gases renders it especially efficient in
settings where smoke or toxic gasses may indicate the
occurrence of fire.

Upon collection of data from various sensors, the Arduino
Nano 33 BLE analyzes the incoming information
instantaneously. It locally retains essential data and
continually assesses whether any sensor values exceed the
established fire risk criteria. Should any parameter surpass
safe thresholds, the Arduino promptly activates asequence of
actions, including relaying the gathered data to a central
server using Wi-Fi. This connectivity functionality
guarantees that sensor data is kept both locally and remotely
for subsequent analysis or alert production. The data
transmission to the server enables the systemto utilize more
robust computational capabilities, perhaps executing
machine learning models to identify trends and evaluate the
probability of a fire.

The central server retains all sensor data, serving as a
long-term archive for environmental conditions throughout
various durations. It also facilitates more intricate data
analysis, encompassing pattern detection and risk
forecasting. The server may be configured to initiate
warnings upon the detection of hazardous patterns, such as a
rapid increase in both smoke levels and temperature. This
central hub facilitates the integration of data from numerous
Arduino units, creating a networked system for extensive
monitoring in environments such as buildings, industries, or
campuses.

Simultaneously with data transfer, the Arduino activates
the emergency warning system. This system may incorporate
loud alarms, lights, or automatic notification systems that
alert authorities or safety workers to the identified hazard.
The emergency alert can be triggered using data from one or
more sensors, guaranteeing prompt issuance of warnings in
the case of fire or dangerous situations.

The architecture's integration of real-time local processing
via the Arduino and distant data storage and analysis through
the central server renders the system exceptionally efficient.
The systememploys a mixof sensors fors moke, temperature,
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humidity, and light to deliver a comprehensive fire detection
mechanism. The incorporation of Wi-Fi connection
guarantees constant data availability for remote access,
facilitating real- time monitoring, decision-making, and
prompt action. This system may be expanded to oversee
bigger regions or employed in smaller, more focused
applications where fire detection and environmental
monitoring are essential.

Fig. 2. Proposed Circuit Diagram for the Fire Prediction
Model

B. Data Description

The dataset for this project comprises RGB color and
proximity data collected under controlled conditions using
the APDS9960 sensor. The data was gathered from
candlelight flame experiments, simulating fire-like
conditions, with variations in proximity and ambient lighting.
The dataset includes RGB values representing the flame’s
color intensity, along with proximity readings, which serve as
key features for the predictive fire detection model. This
structured data was saved in CSV files, ensuring ease of
access and use for preprocessing and model training.

Dataset Information: The dataset is crucial for training a
predictive fire detection system as it accurately simulates
real- world fire scenarios in a controlled setting. The dataset
captures differences in flame behavior, including closeness
and intensity, providing diverse and precise data for model
training, enabling the neural network to learn and generalize
fire predictions under various settings. The dataset's structure
and organization guarantee good data quality, enhancing the
fire detection system's precision and dependability.

C. Neural Network:

The neural network architecture for the fire detection
systemis constructed with TensorFlow and Keras, according
to a sequential design. The input layer receives three
floating-point values that reflect the normalized RGB data
obtained from the APDS9960 sensor. It has 128 neurons that
use the ReLU activation function in its first hidden layer. This
lets the network find non-linear patterns in the data that are
necessary to tell the difference between fire and non-fire
situations. The second concealed layer has 64 neurons,

utilizing the Re LU activation function to further enhance the
characteristics collected from the sensor input. In order to
minimize  overfitting and enhance the network's
generalization across various datasets, a Dropout layer is then
included, which randomly sets 30% of the input neurons to
zero during training.

The last concealed layer has 32 neurons utilizing the ReLU
activation function to enhance the depth and intricacy of the
network's feature extraction mechanism. It has one neuron
with a sigmoid activation function in the output layer. This
neuron sends out a chance between 0 and 1 that tells us if the
input data fits a fire situation or not. This design enables the
network to process RGB and proximity sensor data
efficiently, facilitating real-time forecasts regarding fire
situations with elevated accuracy and dependability.

Model: "“sequential_12"

Layer (type) Output Shape Param #
dense_44 (Dense)  (None, 128) s2
dense_45 (Dense) (None, 64) 8256
dropout_5 (Dropout) (None, 64) 2}
dense_46 (Dense) (None, 32) 2080

dense_47 (Dense)

Total params: 10914 (42.63 KB)
Trainable params: 10914 (42.63 KB)
Non-trainable params: @ (©.20 Byte)

Fig. 3. Layer-wise Breakdown of Neural Network Model
Parameters

D. Simulation Framework

The backend is hosted on an ESP32, which serves as a
central server. It receives the RGB and proximity data,
processes it, and feeds it into the neural network model,
which is converted to TensorFlow Lite format to run
efficiently on the microcontroller. This enables the backend
to make real-time predictions by analyzing sensor inputs and
determining the likelihood of a fire.

In addition to making predictions, the backend is
responsible for managing communication between the
microcontroller, users, and authorities. Upon detecting a fire,
the backend triggers alerts, sending notifications through
messaging protocols or a mobile application. The ESP32's
network capabilities, such as built-in Wi-Fi and Bluetooth,
allow it to communicate seamlessly with external devices and
cloud services. The backend also stores historical sensor data
on a remote database for long-term analysis and model
refinement. This combination of real-time prediction and
data management ensures that users receive timely and
reliable alerts, while the system continuously improves its
accuracy.
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Fig. 4. Prototype of Arduino-based fire detection system
displaying sensorreadings and fire status

V. RESULTS AND DISCUSSIONS

The developed ANN-based fire detection systemachieved
a high training accuracy of 94.24% over 100 epochs,
demonstrating consistent performance between training and
validation with minimal overfitting. The system effectively
captured early fire indicators like temperature, gas
concentrations, and color changes from the input sensors,
allowing for timely fire detection.

Training and Validation Accuracy

0.90 4

0.85 1

Accuracy

0.80

0.75 A

—— Training Accuracy
—— Validation Accuracy

0 20 40 60 80 100
Epoch

Fig. 5. Training and Validation of Accuracy Graph

Compared to traditional fire detection systems, which rely
onsingle sensors and often suffer fromdelays or false alarms,
this multi-sensor approach (gas, temperature, color)
significantly enhanced detection speed and accuracy. The
integration of proximity and color intensity data from the
APDS9960 sensorallowed for early-stage fire detection, with
minimal false positives. Real-time data transfer enabled
continuous monitoring and systemimprovement.

Confusion Matrix

200
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nofiredata
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firedata

nofiredata
Predicted Label

Fig. 6. Confusion Matrix of the Test Dataset

For future enhancements, expanding the training dataset to
cover a wider range of environments and fire types could
improve the system’s adaptability and accuracy.
Additionally, implementing advanced hyperparameter
optimization and fine- tuning the neural network model may
further reduce false positives and improve detection
precision. Exploring the integration of more sophisticated
sensors, such as thermal cameras or advanced smoke
detectors, could also enhance performance in diverse
scenarios, making the systemmore robustand scalable.

VI. CONCLUSION

The ANN-based fire detection system proved to be
effective, cost-efficient, and reliable, with an accuracy of
94.24%. It provides timely alerts by detecting early fire
indicators, making it suitable for residential and commercial
applications. Future improvements in model architecture and
dataset diversity could enhance its accuracy and adaptability
across various environments, offering a scalable solution for
fire safety.
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