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Abstract—The search for fast and environmentally safe
methods of fighting fires has been a particularly important
topic in recent years. Many academic centres are conducting
research on the use of Deep Neural Networks to detect flames.
One of the most promising is the acoustic method of
extinguishing flames. In theory, an acoustic extinguisher can be
applied to extinguish fires of different classes because acoustic
waves pass through solids, liquids, and gases. In principle, the
technology described in the article can be used to extinguish B-
and C-class fires when gases or liquids are burning. Until now,
the known studies have been conducted only for low-power
acoustic extinguishers. Therefore, there is a need to fill a
theoretical and practical gap in this respect (scientific novelty).
The result of the activities is the development of new
techniques for extinguishing flames with the use of Deep
Neural Networks, and then extinguishing flames using a high
and very high power loudspeaker applied to the acoustic
extinguisher. The main aim of this paper is to present the
possibilities of using Deep Neural Networks to detect fires, as
well as the results of research on the extinguishing of flames
with the use of square waveforms with Amplitude Modulation
(AM) for several frequencies, which is also a scientific novelty,
including the minimum acoustic power and sound pressure
level as a function of a distance from the output of the acoustic
system. On this basis, it became possible to determine the
minimum power delivered to the extinguisher and the
minimum sound pressure level that causes the extinguishing
effect at given input parameters.

Index Terms—Acoustic extinguisher; Acoustic testing;
Acoustic engineering; Amplitude modulation; Fires; Neural
networks; Sound extinguisher.

. INTRODUCTION

Currently, the fire extinguishers filled with an
appropriately selected extinguishing agent are used most
often to extinguish flames. Its composition is selected
depending on the type of fire. Therefore, traditional fire
extinguishers are not suitable for universal use in the
extinguishing of fires of various materials. Depending on
the fire class, fire extinguishers are divided into many
groups, some of which are suitable for extinguishing several
types of fires. In typical fire extinguishers, the extinguishing
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agent is depleted very quickly, recharging the tank is time-
consuming and can only be carried out in designated areas
by authorized units. For this reason, conventional fire
extinguishers have a number of limitations. Other
drawbacks include: adverse impact on the environment and
health, damage to equipment during flame extinguishing,
the need for periodic pressure tests of tanks, and filling the
extinguisher with an extinguishing agent [1]-[3].

The beginnings of the new firefighting technique have
roots in the military. The concept of the acoustic
extinguisher has become the subject of scientific efforts of
the Defense Advanced Research Projects Agency
(DARPA), which deals with the daily creation of new
technologies for the defense sector in the USA. In 2008,
DARPA launched the Instant Fire Suppression (IFS)
program, which aimed to find new methods of rapid and
effective firefighting [4]. This program was divided into two
stages. The first included primarily the analysis of the
outbreak of fires and the spread of fires. In addition, it
focused on finding the most effective methods of
extinguishing flames. The results unequivocally confirmed
that the existing firefighting methodology is based on an
attempt to interrupt the combustion reaction. Meanwhile,
given the physical properties, fire flames can be seen as cold
plasma that can be manipulated to extinguish a fire [5], [6].
Based on this, flame extinguishing using electromagnetic
and acoustic waves was proposed in the second phase of the
project.

At that time, it has been noted that extinguishing flames
with acoustic waves is one of the most promising methods.
In addition, it has been proven in the past that it is possible
to extinguish a fire with an amplified and modulated human
voice (using computer techniques). The level of sound
pressure exceeds the pain threshold of the human ear.
Moreover, two students from the USA - Seth Robertson and
Viet Tran - conducted an independent research. After one
year of experimentation, they created a sound generator
(working at very low frequencies) that can extinguish fires
in various situations.

The acoustic extinguishing method using propagation of
acoustic waves seems to be not only equally effective, but
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also safer, cheaper to use, and better for the environment
than the traditional methods [7]-[15].

It is worth noting that the research so far has been
conducted only for low power, so the flames have been
extinguished over shorter distances, so there is a need to fill
in the gap in this respect [5], [6]. The aim of this paper is to
show for cognitive purposes that it is possible to use Deep
Neural Networks for flame recognition and use this
knowledge to activate an acoustic firefighting system
(which seems particularly interesting in the context of
further development of firefighting technology). In turn, the
scientific novelty of this paper is the presentation of the
possibility of extinguishing flames with acoustic waves
using square waveforms and Amplitude Modulation (AM),
which is the main part of the paper and extends the previous
knowledge on this topic. The focus is on the determination
of the minimum power delivered to the extinguisher and the
minimum sound pressure level causing the extinguishing
effect at given input parameters. They are a scientific
novelty, as well as the authors’ contributions to the
disciplines of  Automation, Electronics, Electrical
Engineering, and Computer Science. Contemporary
achievements in signal analysis with the use of computer
methods are also important in this field [16]. The results
presented in the article were carried out at the Kielce
University of Technology and Technical University of
Gabrovo.

I1. IDEA OF USING NEURAL NETWORKS FOR FIRE
DETECTION

Fire can be caused by multiple sources, and to prevent the
spread of the fire, a fire extinguishing system is needed.
Most fire detection systems are based on temperature and
smoke sensors. Recently, fires can be detected using a single
camera and a well-trained neural network for fire
recognition.

Industrial facilities and nature can always be threatened
by fires for different reasons. Classical sensors may not
always be highly efficient, thus the development of more
advanced methods for fire detection is necessary. Artificial
Neural Networks (ANN) are very efficient in finding
various burning objects by analysing images from thermal

cameras [17], [18] and can be used successfully to detect
fire [19], [20]. They can replace any expensive sensors by
just using a surveillance system. When the fire has been
detected, the ANN can automatically show its position in
the image.

Recently published papers [21]-[26] related to fire
detection present different Convolutional Neural Networks
(CNN) networks that can be applied to identify fires and
smokes in images and show that they can be applied and
combined with various types of algorithms and neural
networks in this field.

I1l. ARCHITECTURE OF MASK R-CNN NEURAL NETWORK

AND USED SOFTWARE TECHNOLOGIES

The mask Region-based Convolutional Neural Network
(R-CNN) is a deep neural network used for solving instance
segmentation problems in computer vision separating
objects in a video or image. It is based on the Faster R-CNN
architecture with two major changes:

— It replaces the Region of Interest pooling (Rol pooling)

module with a more accurate Rol Align module;

— An additional branch of the Rol Align module is

inserted.

The additional branch accepts the Rol output, and then
sends it into the convolutional (Conv) layers. The mask is
the output of the convolutional layers. The acquired image
is processed by the neural network and recognized objects
are masked on the image.

The Mask R-CNN has two stages:

1. To generate proposals where the regions might be in an

object based on the input image;

2. To predict the class of the object and refine the

bounding boxes generating a pixel-level mask of the

object in the first proposal.

This network is a Feature Pyramid Network (FPN) style
Deep Neural Network. The FPN outperforms other single
ConvNets mainly for the reason that it maintains strong
semantical features at various resolution scales. The
structure of the Mask R-CNN is presented in Fig. 1.

The neural network is an extension to the Faster R-CNN.
The faster R-CNN can only predict bounding boxes, while
the Mask R-CNN in parallel predicts the object mask.

Fig. 1. Mask R-CNN framework for instance segmentation.

To implement the neural network for fire detection,
several software technologies are used. For image
processing, Opencv is applied, which is an open source
computer vision and machine learning library. It is designed
to provide a common vision application infrastructure and
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speed up machine perception. The library has more than
2,500 optimized algorithms that include a comprehensive set
of classic and advanced computer vision and machine
learning algorithms [27].

NumPy [28] is a library for the Python programming
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language, which supports multidimensional arrays. Using
NumPy, we can display the images as multidimensional
arrays. NumPy has built-in high-level mathematical arrays
that allow for an accurate mathematical analysis of the
image in a quick and easy way.

Matplotlib [29] is a separate library that is used for
different types of visualization in Python. When analyzing
an image, Matplotlib is applied regardless of whether it
separates the image from histograms or simply opens the
image itself.

Imutils [30] is a library with common features, such as
rotation and resizing of the image.

TensorFlow [31] is a comprehensive open source
platform for machine learning. It has a flexible ecosystem of
tools, libraries, and social resources that allows researchers
to push the boundaries of the state-of-the-art machine
learning and allows programmers to easily build and deploy
machine learning applications.

IV. TRAINING THE NEURAL NETWORK

A neural network has been trained with the Mask R-CNN
architecture, which has a high speed for detecting various
objects [32]. Training of the neural network for fire
detection has been done with 120 images. These images
using a Python script are multiplied by number through
translation and scaling operations and brightness
adjustment. In this way, there are automatically generated
3600 images with different positions of the fires in the
images. The searcher algorithm extracts their characteristics
and pixel annotations and trains the neural network with
Mask R-CNN Inception architecture for 45 000 cycles until
reaching the desired accuracy. In practice, the training
requires an initial database of photographs (some of them
are shown in Fig. 2), from which it is necessary to extract
the characteristics of objects, which must be found later.
This also involves creating a mask annotation in each
image.

Fig. 2. Examples of photos for neural network training.

As mentioned earlier, the neural network is trained using
the library for machine learning TensorFlow. The training is
carried out with the help of a Graphics Processing Unit
(GPU) device - GTX1080Ti. The neural network is capable
of recognizing many objects, and by software filtering, it is
possible to select which object from the list of the trained
objects is a fire and which is not in the image [33].
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The well-trained neural network is possible to be
implemented in various processing systems with Central
Processing Unit (CPU), GPU, and Vision Processing Unit
(VPU). The NVIDIA Jetson Nano kit is used for the current
implementation in Fig. 3. The system includes a USB
camera for real-time detection, an HDMI display, and relays
for control signals to the external extinguisher.

System for fire detection

gm O

Fig. 3. System with Jetson Nano kit and peripherals.

The Jetson Nano board is a developer kit, which consists
of a System on Module (SoM) and the reference carrier
board. It is primarily designed to create embedded systems
that require high computing power for machine learning,
machine vision, and video processing applications [34],
[35]. The board has a camera interface that can be used for
real-time fire detection and General-Purpose Input/Output
(GPIOQ) pins that can be applied to control fire extinguishers.
The trained model is transferred to the memory of NVIDIA
Jetson Nano. The model transferred in Jetson Nano is the
same as the model trained with the help of the GPU, and it
is used to detect fire in the test images.

V. DETECTION OF FLAMES

The neural network has been tested on 400 images that
were not included in the training, and the accuracy of the
detection is 86 %, as the errors include false positive and
false negative responses of the neural network.

Figure 4 shows the fire detection in the image for basic
testing without other objects in it.

Fig. 4. Fire detection of an image with dominant fire source.

The second test of the neural network used the image of
fire in the living room. The image shows objects of the same
color as the fire. Even under these conditions, the neural
network is able to separate the fire from the other objects.
The test results are shown in Fig. 5.
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Fig. 5. Fire detection in a living room.

The third test photo was of a roof that burned during the
day. As shown in Fig. 6, neural networks detect fires
successfully.

Fig. 6. Fire detection in a burning house.

Since all previously used test photos are static, it is worth
checking out the performance of a trained neural network in
real-time. Similarly, for this purpose, the videos of fires
downloaded from YouTube by researchers from Technical
University of Gabrovo were used. These videos show fires
of varying degrees of intensity. The tests of these videos
have demonstrated the ability of neural networks to
recognize the presence of fire in video streams.

A snapshot from a video with burning objects detected by
the neural network is shown in Fig. 7.
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Fig. 7. A snapshot of a video signal with real-time fire detection.

As shown above, the proposed neural network is reliable
in the detection of fires and can be integrated into modern
fire protection systems without any other sensors. The
advantages of this fire detection system are the relatively
low cost of the components used and the commercially
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available high-performance fire detection technologies. This
system can be applied in high temperature facilities, such as
foundries, sand dryers, and heat treatment factories where
other types of sensors are not suitable for fire detection.

It should be noted that robotics along with artificial
intelligence finds application in crisis management [36]. It is
possible to combine a video fire detection system with the
external, non-invasive, high acoustic power extinguisher,
whose construction is presented in the next section
(scientific novelty). This method is perfect for detecting and
extinguishing fires at the first stage of their occurrence, e.g.,
in production halls, dedicated equipment exposed to the
occurrence of flames, etc.

VI. MEASUREMENT STATION FOR EXTINGUISHING FLAMES
WITH AcCousTIC WAVES

As mentioned above, the acoustic power is also an
essential parameter. To date, the research has focused on the
use of acoustic waves of very low power, which allows one
to extinguish flames only in a short distance from the output
of the system [5], [6]. The research has shown that effective
extinguishing tests have been carried out using only low-
frequency acoustic waves. The use of high and very high
acoustic power allows us to extend this distance, while the
use of a camera for video monitoring of the object with
computer techniques allows us to fast and accurate detection
of potential flames. This is due to the fact that the
effectiveness of the extinguishing process depends on the
amplitude of the air vibrations.

The measurement station consists of: Rigol DG4102
generator with AM modulation function, Proel HPX2800
power amplifier, and acoustic extinguisher. As a sound level
meter, SVAN 979 was used. The construction of the
acoustic extinguisher is shown in Fig. 8.

Fig. 8. Experimental acoustic extinguisher: 1) signal generator, 2) AM
modulator, 3) high and very high power amplifier, 4) waveguide output
(extinguisher output), 5) dedicated bass speaker, 6) source of fire.

At the beginning of the waveguide, a B&C 21DS115
loudspeaker with a nominal power of 1700 W was installed.
From a theoretical point of view, the required waveguide
length is twice as short in a closed end tube [37]. Both
modulated and unmodulated waveforms can be used for
extinguishing [38]-[41]. For low frequencies, a significant
wavelength is required, e.g., for sound waves at 20 Hz the
required wavelength is equal to A, = 4.28 m for a closed end
tube and A, = 8.57m for an open end tube. Thus the
acoustic extinguisher is made as a waveguide with a single
tunnel bend with a rectangular section of 4.28 m in length so
that the full power of the speaker can be used. In practice,
the standing wave nodes are formed at the open end of the
resonant tube, while the arrows are formed at the closed end
of the tube. With increasing distance from the closed end of
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the tube, the acoustic pressure decreases to a minimum at
the open end of the tube (waveguide output) [39], [40].
During the measurements, the extinguishing device was
powered by a high-power acoustic amplifier to the input of
which the waveform was tested with parameters: 1 V RMS,
1V RMS x 242 = 2.828 V (peak-to-peak value). On this
basis, it became possible to determine the minimum Power
(P) delivered to the extinguisher causing the extinguishing
effect, as well as the minimum Sound Pressure Level (SPL)
causing the extinguishing effect at given input parameters
(specified distance L from the output of the acoustic
extinguisher for several frequencies).

Figure 9 shows the transmission characteristics of the fire
extinguisher. During measurement, the microphone was
located at a distance of 1 m from the extinguisher output on
the axis of the set according to the AES2-1984 standard.
The length of the waveguide was designed to ensure
effective emission of acoustic waves with frequencies in the
range of 15 Hz—20 Hz (for a single-sided closed waveguide,
this length is 4.28 m). The parameters of the extinguisher
were detailed in the article [39].

Sound pressure level of the extinguisher
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Fig. 9. Sound pressure level curve of the extinguisher [39].

The acoustic background noise during the measurements
was equal to 64.7 dB. This value presents a sound pressure
level just before the measurements. In practice, the noise
level is a random variable. Therefore, it becomes possible to
determine the probability that a temporary noise level
belongs to a given range. LN % is understood to be some
limiting level exceeded by the background noise in no more
than N % of the observation time (see the data in Table |
below).

TABLE I. LISTING OF THE LIMITING LEVELS (LN %) EXCEEDED
BY THE TEMPORARY NOISE LEVEL IN NO MORE THAN N % OF
THE OBSERVATION PERIOD.

1 2

1 Profile P1 (Z, Slow)
2 Ln Lzeq Ln spectra [dB]
3 L10 73.0

4 L20 68.6

5 L30 66.7

6 L40 65.4

7 L50 64.5

8 L60 63.7

9 L70 62.7

10 L80 61.9

11 L90 61.1

12 L95 60.5
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For example, during the measurements, the 73 dB
background noise level was exceeded by no more than 10 %
of the observation time, while the 60.5dB level was
exceeded by no more than 95 % of the observation period.

It should be noted that all measurements were made at the
same time and under the same weather conditions, so the
results are meaningful. Z filter was used according to IEC
61672-1. The integration period was equal to 15s. To
obtain the most stable background noise level possible,
averaging of the result over a specified time interval of 1 s
was applied. It means that the results were averaged every
ls.

In these experiments, the sources of the flames were
burning candles. When a candle is used, as opposed to a
diffuse fire source, such as one using a gas-fueled mock-up,
it is clear whether the flames were extinguished. In the
experiments with the gaseous fuel mock-up, it could be
observed that if sometimes the flames were not completely
extinguished, they would be reignited. Therefore, it was
considered that a point source, such as a candle, would
allow the extinguishing process to be clearly observed. The
flame height was approximately equal to 20 mm.

VIl. EXPERIMENTAL RESULTS OF THE INFLUENCE OF THE
SOUND FREQUENCY ON THE EXTINGUISHING EFFECT

Flame extinguishing is possible not only with
unmodulated acoustic waves, but also with modulated
waves, which has been confirmed experimentally [38]-[41].
A scientific novelty besides the use of high and very high
acoustic powers is the presentation of results on the
possibility of extinguishing flames with the use of AM
modulated waveforms. Such tests were carried out in Kielce
as a part of the project “Inln+” (No. 3/2017), which was co-
financed by the Ministry of Science and Higher Education.
The results concerning the electrical power supplied to the
loudspeaker (capable to extinguish the flames) and the
sound pressure level as a function of distance from the
extinguisher output (0.1 m, 0.3 m, 0.5 m, and 0.7 m), at the
three analysed frequencies: 15 Hz, 17 Hz, and 20 Hz, for a
sinusoidal waveform modulated by a square waveform (AM
modulation, fuop = fmreq= 0.125 Hz = const.) are presented
below. The authors’ intention was to present minimum
sound pressure levels at which the extinguishing effect was
observed, as well as minimum power delivered to the
extinguisher, causing the effect of extinguishing as a
function of the selected input parameters. Therefore, each
measurement was treated individually and evaluated. It is
worth noting that the flames have not been extinguished in
the frequency range of 10 Hz-13 Hz.

The results for the frequency of 15 Hz depending on the
distance of the extinguisher output are presented in Fig. 10.

On this background, the results concerning the minimal
Sound Pressure Level (SPL) causing the extinguishing
effect as a function of the distance (L) from the output of the
extinguisher are very interesting (Fig. 11).

The results for the frequency of 17 Hz depending on the
distance of the extinguisher output are presented in Fig. 12.

The minimal SPL causing the extinguishing effect as a
function of the distance from the output of the extinguisher
for the frequency of 17 Hz is presented in Fig. 13.
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Fig. 10. Minimal power (P) delivered to the fire extinguisher causing the
extinguishing effect as a function of the distance (L) from the fire
extinguisher output for the frequency of 15 Hz.
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Fig. 11. Minimal SPL causing the extinguishing effect as a function of the
distance (L) from the fire extinguisher output for the frequency of 15 Hz.
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Fig. 12. Minimal power (P) delivered to the fire extinguisher causing the
extinguishing effect as a function of the distance (L) from the fire
extinguisher output for the frequency of 17 Hz.
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The results for the last frequency analysed in this study,
i.e., 20 Hz depending on the distance of the extinguisher
output, are shown in Fig. 14.

For this frequency, the diagram of the minimum SPL that
causes the extinguishing effect as a function of the distance
from the extinguisher output is presented in Fig. 15.
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Fig. 14. Minimal power (P) delivered to the fire extinguisher causing the
extinguishing effect as a function of the distance (L) from the fire
extinguisher output for the frequency of 20 Hz.
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Fig. 15. Minimal SPL causing the extinguishing effect as a function of the
distance (L) from the fire extinguisher output for the frequency of 20 Hz.

The article clearly proves that the effect of extinguishing
the acoustic waves depends on the frequency of the acoustic
waves. As the distance increases, more power is needed at
the source of the sound to extinguish the flames. This
phenomenon was observed for each of the frequencies
analysed. On the other hand, the measured sound pressure
levels decrease inversely proportional to the square of the
distance from the source with an increase in the distance
from the fire extinguisher output.

VIII.

The proposed neural network is reliable for fire detection
and can be integrated into modern fire protection systems,
replacing other sensors. The advantage of the system is that
it uses relatively inexpensive components and high flame
detection accuracy as the vision system. It should be noted
that this system can be used in high-temperature facilities,
such as foundries, sand dryers, and heat treatment factories
where other types of sensors are not suitable for fire
detection.

A non-invasive project of acoustic extinguisher using
natural mechanisms of sound wave propagation to
extinguish flames is a response to the search for innovative
solutions for extinguishing flames. The result of the joint
activities carried out at the Kielce University of Technology
and the Technical University of Gabrovo tends toward the
development of new techniques for extinguishing flames
with the use of Deep Neural Networks, and then
extinguishing flames using a high and very high power
loudspeaker applied to the acoustic extinguisher [38]-[42].
Moreover, other scientific efforts have resulted in some
inventions that add to the state-of-the-art, e.g., [43]-[48].

The research presented in this paper has confirmed the

CONCLUSIONS
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effectiveness of flame extinguishing using a high-power
acoustic extinguisher and AM modulated waveforms. It was
shown that acoustic waves with lower frequencies cause
higher amplitudes of flame oscillations, and thus show good
effectiveness in extinguishing flames. Therefore, the use of
long waveguides is recommended, but it is associated with
technical problems. A key issue, especially when using
mobile extinguishers, is their size (the aim of designers is to
reduce the dimensions of the extinguisher as much as
possible). Acoustic waves are emitted omnidirectionally, but
the main acoustic stream is located in the axis of the
waveguide. Undoubtedly, the dispersion of the acoustic
beam reduces the distance from successful fire
extinguishing [39].

The range of possible applications with direct human
involvement limits the impact of low-frequency acoustic
waves on human health. Therefore, careful analyses are
needed in this regard. The benefit of using the acoustic
extinguisher activated by the neural networks, proposed in
this paper, is the possibility of replacing traditional fire
protection measures with an acoustic extinguisher in the
future. However, to make this possible, a lot of research is
still needed, including, e.g., studies focused on the impact of
other waveforms, modulations, and fire sources. Another
issue is determining the effect of low-frequency waves on
building structures. On the other hand, autonomous
firefighting systems equipped with artificial intelligence and
modular robots that operate without human intervention can
be used in crisis situations [36]. This is especially important
as there has been a year-over-year increase in crisis
management spending [49]. For the analysis of development
trends, methods known from economic sciences may be
applied [49], [50]. In addition, a fire extinguisher can be an
additional (supportive) protection mean. Its unquestionable
advantage over traditional solutions is the non-invasive
character of its operation. Currently used hand-held
extinguishing  agents  (e.g.,  extinguishing  foam,
extinguishing powder, and hand-pump extinguishers) may
cause damage to room or vehicle equipment (including the
electrical system). As many other studies have shown, some
of the solutions are harmful to health (e.g., halon
extinguisher, which is filled with liquid with a very low
vaporization temperature). Since harmful gases are emitted
during fire extinguishing, the use of such extinguishers is
now being phased out. A better solution seems to be the use
of extinguishing blankets. However, in the case of a
significant fire, the fire extinguishing blanket is not very
effective and dangerous, especially for persons in the fire
zone (due to the formation of uncontrolled air blasts caused
by the movement of the extinguishing agent, which causes
the possibility of burning the person and the spread of fire).

In summary, the technique proposed by the authors to
extinguish flames with the use of neural network-controlled
acoustic waves may constitute an essential element of
equipment, permanently installed in rooms and vehicles, and
dedicated equipment exposed to the occurrence of flames.
The technology described in the article may, in the future,
be, among others, a technique supporting the safety of
industrial halls. Contemporary research on image
recognition, including computer analysis of data from
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camera monitoring, e.g., buildings and devices, is also
crucial in this respect. The technology of extinguishing
flames with acoustic waves can become the element that
supports the fire protection of warehouses or tanks of
flammable liquids. The unquestionable advantages of this
solution are the diametrically lower costs of firefighting and
exploitation than in the case of typical traditional methods.
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