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The object of this study is the
dynamics of hazardous parameters
of the gas environment during the
ignition of materials. The problem
that was solved is the early detec-
tion of fires in the premises. The
research results indicate the nonlin-
ear nature of the dynamics of haz-
ardous parameters of the gas envi-
ronment in the absence and presence
of materials ignition. It was estab-
lished that the bispectrum amplitude,
in contrast to the amplitude spec-
trum of the hazardous parameters
of the gas medium, contains infor-
mation on the reliable detection of
fires. As such information, the value
of the positive dynamic amplitude
range of bispectrum is used. It was
established that during the ignition
of alcohol, the positive dynamics of
the amplitude bispectrum of all dan-
gerous parameters of the gas medi-
um change. Significant changes are
characteristic of smoke density (from
1dBto 30 dB) and temperature (from
1dB to 70 dB). The dynamic range
of amplitude bispectrum for CO con-
centration is increased from 30 dB
to 70 dB. Paper ignition was found
to reduce the dynamic range of the
amplitude bispectrum for smoke den-
sity from 40 dB to 20 dB. At the same
time, the dynamic range of amplitude
bispectrum for carbon monoxide con-
centration and temperature increases
to 60 dB. The ignition of wood caus-
es an increase in the dynamic range
of the amplitude bispectrum relative
to the concentration of carbon mon-
oxide from 40 dB to 60 dB, and the
temperature — from 30 dB to 40 dB. It
was established that when textiles are
ignited, the range of dynamics of the
amplitude bispectrum for tempera-
ture increases from 10 dB to 60 dB.
The results indicate that the dynam-
ic characteristics of the amplitudes
of the bispectrum of the gas medium
can be used in practice for the early
detection of fires in the premises
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1. Introduction

ture facilities are of particular importance [2]. Violation of

The safety and stability of the functioning of various
facilities are important for any state [1]. Critical infrastruc-

the stability of the functioning of such objects is associated
with the occurrence of various levels of dangerous events [3].
Such events are typical for most objects of the technical




and environmental sphere [4, 5]. Dangerous events can also
occur in various socio-economic systems [6, 7]. Fires in the
premises (FP) at various facilities are particularly frequent
dangerous events [8]. The particular danger of FP is associ-
ated with their significant damage to human health [9, 10],
objects [11], as well as the environment [12, 13]. At the
same time, as the main direction of ensuring the safety and
sustainability of the functioning of various facilities, it is
necessary to consider reducing damage to human health and
life [14]. In this regard, the prevention of the occurrence of
FP at facilities is one of the urgent problems of our times.

2. Literature review and problem statement

Paper [15] notes that as one of the constructive ap-
proaches to ensuring the sustainability of the functioning of
technical facilities, the identification of FP at an early stage
should be considered. At the same time, in [16] emphasis is
placed on the particular importance for the detection of FP
at the early stages of the analysis of various hazardous pa-
rameters of the gaseous medium (GM). However, the analy-
sis of hazardous GM parameters in [16] is limited only to the
time domain. Work [17] tackles improving the speed of the
method of analysis of hazardous parameters of GM in the
time domain. In this case, the method is circuit engineering,
and it works only in the time domain. The frequency domain
is not considered, and the circuit method concerns only the
GM temperature. In [18], the non-stationary characteristics
of hazardous GM parameters during fires are investigated.
Adaptive approaches are proposed to identify fires under
these conditions [19]. However, adaptive technologies in [19]
are limited only to non-stationary energy characteristics of
hazardous GM parameters and corresponding threshold ad-
aptation. The characteristics of the hazardous parameters of
GM in early fires (EF) in the premises in the frequency do-
main are not considered or investigated. Work [20] considers
the use of group processing of data from several sensors of
hazardous GM parameters and network technologies for the
detection of EF [20]. The development of technology for
joint processing of data on the dynamics of two or more haz-
ardous parameters of the GM of premises in order to reliably
detect EF is considered in [21]. For example, some of these
technologies are already implemented in the EN and ISO
standards [22—24]. Study [22] describes fire detection tech-
nology based on data from a combination of CO sensors and
GM temperature. At the same time, these sensors are limited
to measuring the time parameters of the GM and do not
make it possible to quickly detect EF. Expansion of the func-
tionality of the technology [22] in order to detect fires is not
envisaged. Paper [23] discusses the technology of using
multiple sensors to detect FP with the function of monitor-
ing the status of sensors. However, this technology does not
detect EF in the premises. It, like the technology in [22], is
limited to measuring only the time parameters of GM. The
ISO standard is considered in [24] as the technology of using
data from CO sensor in conjunction with data from one or
more thermal sensors to detect FP. However, this technology
does not apply to the combined use of a CO and heat sensor
with special characteristics that make it possible to detect
EF in the premises. Usually, different types of smoke detec-
tors are used to detect FP [25]. Such sensors, having high
speed, have a relatively low cost. However, smoke detectors
have a significant drawback associated with false detection

of fires, depending on the ambient temperature [26]. For this
reason, combined sensors are used to reliably detect EF,
which include a gas sensor [27] and a temperature sen-
sor [28]. In this regard, new types of sensors usually combine
several sensors for various hazardous parameters [29]. To
detect EF, the features of pyrolysis processes for various
combustible materials (GM) and the dynamics of hazardous
GM parameters are important. In [30], the characteristics of
the hazardous parameters of GM during the ignition and
combustion of plantation wood are investigated. Paper [31]
studies the effect of the rate of heat release during combus-
tion under various larch conditions. The study of the depen-
dence of the rate of heat release at different intensities of
wood combustion is reported in [32]. However, in [32], the
studies are limited only to examining the relationship be-
tween the average rate of heat release and the intensity of
combustion. The rate of heat generation at different intensi-
ties of burning of organic glass and cypress is investigated
in [33]. At the same time, works [30—33] do not study the
features of the spectral features of the second and third order
for the current dynamics of hazardous GM parameters. Due
to the objective diversity and complexity of the real dynam-
ics of the hazardous parameters of the GM in the premises in
the EF of various GM, it is necessary to apply new approach-
es to the study of the features of the dynamics of these pa-
rameters in EF. In this regard, studies of the features of the
current dynamics of hazardous GM parameters, based on the
use of modern frequency and time approaches applied in
other areas, are becoming relevant. Works [34—37] consider
new technologies for detecting EF, based on various fractal
characteristics of hazardous parameters of the GM of prem-
ises. Thus, work [34] uses the correlation dimensionality of
the vector of the state of hazardous parameters of the GM.
The application of the method of recurrent diagrams for the
concentration of CO in order to detect EF in the premises is
considered in [35]. The use of a measure of the recurrent
state vector of the GM for the short-term forecast of the FP
is considered in [36]. Modification of the Brown model for
FP prediction is described in [37]. The method of adaptive
recurrent diagram is described in [38]. However, in [34-38],
the fractal characteristics of the dynamics of hazardous GM
parameters are based on the representation of GM in the
form of a complex nonlinear dynamic system. The use of the
recurrent diagram method for the rapid identification of
hazardous air conditions is considered in [39]. The develop-
ment of the correlation method for the rapid detection of re-
current states is considered in [40]. The application of the
structural method for the identification of hazardous condi-
tions of the GM is reported in [41]. The use of the uncertain-
ty function to identify hazardous GM conditions is dis-
cussed in [42]. However, the results in those works are
limited to the dynamics of dangerous parameters only in the
time domain. At the same time, important features of the
current dynamics of hazardous GM parameters and their
state during the ignition of GM in the spectral region are not
considered and investigated in those works. In [43], the in-
stantaneous amplitude and phase frequency spectra of the
dynamics of hazardous parameters of GM of the premises at
the EF of various GM are investigated. It is noted that the
amplitude frequency spectrums are uninformative for de-
tecting fires. It should be noted that such a conclusion
in [43] is drawn on the basis of the results of amplitude fre-
quency spectra of the second order, which do not take into
consideration the spectral correlation of frequency compo-



nents characteristic of nonlinear processes. Third-order am-
plitude spectra that can reveal the nonlinearity of processes
are not investigated. However, the second-order amplitude
spectrum is determined not only by the true hazard parame-
ter GM but also by the resulting errors accompanying spe-
cific measurements. Paper [44] notes that the optimal area
for detecting EF in the premises is the ceiling area. In this
regard, the role of models of dynamics of hazardous GM pa-
rameters in the ceiling area is increasing [45]. Stochastic
models of hazardous GM parameters in the specified area
and parameters of a random fire are considered in [46]. How-
ever, in [46], the models of the dynamics of hazardous GM
parameters in the ceiling area are limited to the time do-
main. At the same time, [45] notes that many of the models
need to be verified by experimental fire tests. In [46], on the
basis of fire tests, it was established that taking into consid-
eration the dynamics of CO concentration and smoke densi-
ty makes it possible to reliably identify the EF of test sites of
the EN 54 standard. The results of fire tests, taking into
consideration the effects of various interfering factors, are
considered in [47]. It is noted that taking into consideration
the dynamics of CO concentration and smoke density makes
it possible to reliably identify most of the fires. The results of
an experimental study of the mutual relationships between
the hazardous parameters of the GM at EF are presented
in [48]. However, the reported results are limited to the eval-
uation of correlational relationships that take into consider-
ation only the linear relationship. Spectral characteristics
that make it possible to take into consideration other types
of bonds are not considered or investigated. The analysis
performed indicates that the features of the higher-order
amplitude spectra for the dynamics of hazardous GM param-
eters in the EF in the premises are insufficiently studied. In
this regard, an important and unsolved part of the problem
under consideration is the experimental study of the features
of the third-order amplitude spectra for the dynamics of the
main hazardous parameters of the GM during fires of vari-
ous GM in the premises.

3. The aim and objectives of the study

The purpose of this work is to analyze the amplitude
spectra of the third order for the dynamics of the main haz-
ardous parameters of the gas environment during the igni-
tion of materials in the premises, which will make it possible
to use their features for the early detection of fires and the
prevention of fires in the premises.

To accomplish the aim, the following tasks have been set:

— to substantiate studies of the third-order amplitude
spectrum for an arbitrary hazardous parameter of the gas-
eous medium during the ignition of materials;

— to identify the features of the amplitude bispectrum
of hazardous parameters of the gas environment during the
ignition of materials.

4. The study materials and methods

The object of this study is the dynamics of dangerous
parameters of GM at EF in GM. The main hypothesis is that
there is a correlation in the spectral components of the dy-
namics of GM in EF GM. Identification of such correlations
will make it possible to carry out EF GM, which are sources

of FP. Accepted assumptions and simplifications are reduced
to the assumption that the dynamics of hazardous GM pa-
rameters in EF GM in the premises is similar to the dynamics
of hazardous parameters in a laboratory chamber [46]. This
chamber makes it possible to simulate the dynamics of haz-
ardous GM parameters in the ceiling area of a leaky room in
the EF GM. During the experiment, alcohol, paper, wood, and
textiles were used as test GMs. Temperature, smoke density,
and CO concentration were considered as the gas parameters
in the chamber. Temperature measurements were carried out
using the TPT-4 thermal sensor (Ukraine), smoke density —
using the DIP-3.2 optical smoke detector (Ukraine), as well
as the CO concentration — using the Discovery series sen-
sor (Switzerland). The results of measurements of dangerous
parameters from the outputs of the corresponding sensors
were stored in the computer memory. Special software made
it possible to call measuring sensors at an arbitrary time in-
terval. During the experimental study, the sensors were called
at intervals of 0.1s. Ignition of the GM in the laboratory
chamber was carried out approximately at a time #99(, corre-
sponding to 20 seconds from the beginning of the moment t
of the measurement. The study of the features of the third-or-
der amplitude spectrum of the dynamics of the measured
hazardous GM parameters in the chamber was performed for
two different and identical in duration time intervals equal to
100 samples (10 s). The first interval was selected between the
100th and 200th measurements and corresponded to the ab-
sence of GM fire (normal conditions). The second interval was
selected between the 200" and 300" measurements and cov-
ered the moment (beginning) of the EF of the corresponding
GM in the chamber. The study was conducted sequentially
for each GM in the following order: alcohol, paper, wood, and
textiles. To restore the dangerous parameters of the GM in the
chamber before each study, natural ventilation of the GM of
the chamber was carried out for 5 minutes.

5. Results of investigating the amplitude bispectrum
dynamics of the parameters of the gas medium during fires

3. 1. Substantiation of the study of the amplitude
spectrum of the third order of the dangerous parameter
of the gaseous medium

Higher-order spectral analysis is one of the relatively
new signal processing tools used to detect and identify
higher harmonics in various processes [49]. The use of
third-order spectral analysis to detect ignition of electrical
equipment is considered in [50]. It is noted that the detection
of fires of electrical equipment is hindered by Gaussian noise,
which is difficult to eliminate as an interference. Paper [51]
notes that the higher-order spectrum is a powerful tool for
analyzing the characteristics of non-Gaussian processes and
suppressing additive Gaussian interference, and also pro-
vides more useful information compared to classical spectral
power analysis. The third-order spectrum is often referred
to as a bispectrum. An estimate B(f1, f2) of the bispectrum,
following [52], will be defined as

B(f1./2)=X(f1)X(/2)X"(f1+f2), ¢))
where B(f1, f2) is a function of the independent variables
f1 and f2 that have the meaning of the respective frequency

N-1
indices; X (/)= x(k)exp(-j2nfk / N) (0<k<N-1)defines

k=0



the Fourier transform for an arbitrary frequency in-
dex f (0</<N-1) and a given discrete set {x(k)} of the val-
ues of the process under study; * is the operator of complex
conjugation. At the same time, an arbitrary fre-

quency index f corresponds to the frequency val- AB 45
ue of the frequency f/T in Hz. Here, the value T 40
is determined by the interval of a given discrete
set {x(k)} in seconds. The bispectrum estimate 35
defined by (1) is a complex value. This means 30
that instead of (1), the corresponding estimates 25
of the amplitude and phase of bispectrum can
be considered. For the study of the third-order 20
amplitude spectrum for an arbitrary hazardous 15
GM parameter, it is proposed to use an estimate
defined as 10
5 -
AB(f1,£2)=
0 -

=101g(|X (f)X(f2)X" (f1+ /2))), @)

where AB(f1, f2) is a function of variables f1
and f2 that determines the estimate of amplitude
bispectrum for an arbitrary hazardous GM pa-
rameter characterized by a discrete set {x(k)} of

studied GM parameters at the intervals of absence of fires of
the corresponding GM. Similar diagrams on the intervals of
GM fires are shown in Fig. 2.
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Fig. 1. Diagrams of the dynamics of positive values of the bispectrum
amplitude of hazardous parameters at intervals preceding (absence) of

ignition of test materials

parameter values over a given observation inter- AB 80

val. The estimation of amplitude bispectrum (2) 70

is essentially instantaneous interval because it is

determined by a specific parameter a discrete set 60

{x(k)} of the values of the hazardous parameter GM 50 |

at a given interval. In this case, the estimate (2) is @ Smoke
measured in dB, which allows for a simple transi- 40 — |l CO
tion from the assessment of the bispectrum ampli- 30 - || |O Temperature
tude to the assessment of the power bispectrum.

The accuracy of the estimate (2) is determined 20 - —

by the accuracy of the estimation of the spectrum

X(f), determined by the interval of the discrete 10 7 B

set {x(k)}. Following [53], with an increase in this 0 - : : : |

duration, the accuracy of estimating the spectrum
X(f) increases. Works [54, 55] show that in the
general case, for large values of N, the estimates of
the real and imaginary parts of bispectrum (1) are
asymptotically unbiased and solvent. The proposed
estimate (2) is based on the use of a logarithmic function
and makes it possible to give appropriate weight to different
amplitudes of bispectrum (1). For example, for amplitudes
smaller than one, the estimate (2) is negative. For amplitudes
greater than one, the score (2) is positive. The objective
of the study is to analyze the amplitude of the bispectrum
of hazardous GM parameters at intervals of absence and
presence of EF. Therefore, it is possible to limit the analy-
sis of only positive values of the assessment (2) for various
hazardous parameters of GM during ignition of GM. At the
same time, negative values (2) corresponding to small values
of the amplitude of bispectrum can be neglected.

5. 2. Features of the amplitude bispectrum dynamics
of the parameters of the gas medium during the ignition
of materials

The study was performed on the basis of an analysis of
positive values of the score (2) at intervals of absence and
presence of ignition of test GM. At the same time, the dy-
namic range of positive values (2) was used as an integral
feature to characterize the third-order amplitude spectrum
(bispectrum). Figure 1 shows diagrams of the dynamics of
positive values of the bispectrum amplitude (in dB) for the

Alcohol Paper Wood Textile

Fig. 2. Diagrams of the dynamics of positive values of the bispectrum
amplitude of the studied hazardous parameters at the intervals of fires

Thus, the above (Fig. 1,2) diagrams do not make it
possible to analyze the features of amplitude bispectrum for
smoke density, CO concentration, and GM temperature in
the laboratory chamber at intervals of absence and presence
of GM ignition.

6. Discussion of results of investigating the amplitude
bispectrum of hazardous parameters of the gas medium
during ignition

From the diagrams in Fig. 1, 2, it follows that the dynam-
ics of hazardous GM parameters in the laboratory chamber
at intervals of both absence and presence of fires of test GM
in general has non-Gaussian statistics. In this case, the di-
agrams shown in Fig. 1 indicate a different level of positive
dynamics of amplitude bispectrum at intervals of absence of
fires of GM. This fact is explained by the peculiarities of the
experiment. First, it concerns the accepted order of ignition
of GM. Secondly, it is the natural ventilation of the chamber
after each ignition of GM, and the final time of ventilation.
At the same time, the limited ventilation time, apparently,
is insufficient to fully restore the original state of GM in



the chamber. The limited time of natural ventilation of the
chamber is more pronounced when the original values of the
dangerous parameters of GM are restored after the ignition
of alcohol, paper, and wood. For example, the initial state of
GM before the ignition of alcohol is characterized by a pos-
itive dynamics of amplitude bispectrum only for CO, equal
to 30 dB. After burning alcohol and time-limited natural
ventilation of the chamber, the state of GM in the chamber
before burning paper is characterized by the positive dynam-
ics of amplitude bispectrum for smoke, CO, and a tempera-
ture determined by 40 dB, 10 dB, and 10 dB, respectively.
After burning paper and ventilation of the chamber, the
residual state of GM, following Fig. 1, is characterized by the
positive dynamics of amplitude bispectrum for smoke, CO,
and temperature determined by 40 dB, 40 dB, and 30 dB,
respectively. This means that the ignition of paper in the
chamber leads to an increase in the positive dynamics of
the amplitude bispectrum of CO and temperature to 40 dB
and 30 dB, respectively. After the ignition of wood and the
subsequent ventilation of the chamber, the residual state of
the dangerous parameters of GM, following Fig. 1, is charac-
terized by a decrease in the positive dynamics of the ampli-
tude bispectrum for the concentration of CO and the tem-
perature determined by 30 dB and 10 dB, respectively. From
the data in Fig. 2, it follows that the dynamics of the hazard-
ous GM parameters in the chamber at the intervals of the
EF of the GM is non-Gaussian. For example, when alcohol is
ignited, the positive dynamics of the amplitude bispectrum
change for all GM parameters. At the same time, significant
changes occur for smoke (from 1 dB to 30 dB) and tempera-
ture (from 1 dB to 70 dB). The dynamics of the amplitude
bispectrum for the concentration of CO in the case of alcohol
combustion increase from 30 dB to 70 dB. This means that
the EF of alcohol causes significant nonlinear changes in
the studied hazardous parameters of GM. Early ignition of
paper, following Fig. 2, reduces the dynamics of the ampli-
tude bispectrum of smoke from 40 dB to 20 dB. At the same
time, the dynamics of the amplitude bispectrum CO and
temperature increase to 60 dB. This means that the signs of
the EF of paper can be the specified nature of the dynamics
of the amplitude bispectrum. The EF of wood leads to an
unequal change in the initial dynamics of the hazardous pa-
rameters of GM. The dynamics for smoke do not change and
are characterized by a value of 40 dB. At the same time, the
dynamics of the concentration of CO increase from 40 dB
to 60 dB, and the temperature — from 30 dB to 40 dB. This
means that a sign of the EF of wood may be an increase in the
dynamics of the amplitude bispectrum of CO. When burning
textiles, the dynamics of the smoke do not change and are
determined by the value of 40 dB. The dynamics of CO also
do not change but are characterized by a value of 30 dB.
At the same time, the temperature dynamics increase from
10 dB to 60 dB. This means that the sign of the EF of textiles
is an increase in the dynamics of the amplitude bispectrum
of temperature.

Thus, the results of the experimental studies shown in
Fig. 1, 2 indicate that the statistics of the dynamics of the
dangerous parameters of the GM in the chamber at intervals
of absence and presence of fires of test GM are not Gaussian.
This means that in order to identify dangerous changes in
the dynamics of the GM parameters caused by the EF GM,
the use of spectral analysis methods of the third and higher
order is required. Methods of spectral analysis of the sec-
ond order are not effective enough for this. As a method of

spectral analysis of the third order, the amplitude of bispec-
trum can be used. However, the use of the dynamic range of
bispectrum amplitudes for the measurement interval does
not provide information on the temporal localization of EF,
which is an important practical indicator for detecting EF
and preventing FP. In this case, the moment of ignition
based on the dynamic range of bispectrum amplitudes at the
measurement interval is determined by the time position of
this interval. It should be noted that the accuracy of calcu-
lating the amplitudes of bispectrum depends mainly on the
duration of the analysis interval and the sampling rate of
data measurements. The longer the duration of this interval,
the more accurate the calculation of the spectrum and, ac-
cordingly, the amplitude bispectrum of the dangerous GM
parameter. In the study, the amplitude of bispectrum was
determined for 100 data samples. The data were received at
intervals of 0.1 seconds. At the same time, the duration of the
intervals was 10 seconds. Therefore, the results of the study
of the positive dynamics of the amplitudes of bispectrum are
limited to an interval of 10 seconds. For this interval, the
frequency resolution corresponds to a value of 0.1 Hz. The
advantage of the study is the novelty and originality of the
results associated with the use of amplitude bispectrum of
the dynamics of hazardous GM parameters and the possi-
bility of its use for the detection of EF in order to prevent
FP. Therefore, it is not possible to compare the results of
this seminal study with the known ones. The limitations of
the study include the fact that the results were obtained on
the basis of experimental measurements of hazardous GM
parameters in the chamber. In this regard, verification of the
results obtained requires additional fire tests taking into
consideration the real GM and facility premises.

7. Conclusions

1. The substantiation of the study of the amplitude spec-
trum of the third order for an arbitrary dangerous parameter
of the gaseous medium during the ignition of materials is
carried out. The base is determining the amplitude bispec-
trum of the dynamics of the dangerous parameter of the gas
environment during the ignition of materials in the premises.
At the same time, the amplitude values of bispectrum for a
given interval of the studied dangerous parameter of the
gas medium are proposed to be logarithmed and formed on
the basis of these values estimates of amplitude bispectrum.
This makes it possible to study the features of the amplitude
bispectrum of the dynamics of hazardous parameters of the
gas environment for various intervals based on the analysis
of the dynamic range of the amplitude bispectrum during the
ignition of various materials in the premises.

2. The features of the third-order amplitude spectrum
for the dynamics of the main hazardous parameters of the
gas environment are investigated on the example of ignition
of test materials in the laboratory chamber. The results of
the studies indicate the non-Gaussian nature of the studied
hazardous parameters of the gaseous environment in the
absence and presence of ignition of materials. It is estab-
lished that the amplitude of bispectrum, in contrast to the
amplitude spectrum of hazardous parameters of the gas
environment, contains information sufficient to reliably
detect the appearance of fires in the premises. As such
information, the value of the positive dynamic range of
the amplitudes of bispectrum is used. It is established that



during the ignition of alcohol, the positive dynamics of the
amplitude bispectrum change for all dangerous parameters
of GM. Significant changes are characteristic of smoke
density (1-30 dB) and GM temperature (1-70 dB). The
dynamic range of amplitude bispectrum for CO concentra-
tion increases from 30 dB to 70 dB. It was found that paper
ignition causes a decrease in the dynamic range of ampli-
tude bispectrum for smoke density from 40 dB to 20 dB.
In this case, the dynamic range of amplitude bispectrum
for the concentration of CO and temperature increases
to 60 dB. Wood ignition causes an increase in the dynamic
range of amplitude bispectrum for the concentration of

CO from 40 dB to 60 dB, and the temperature from 30 dB
to 40 dB. It is established that when the textile is ignited,
the dynamics range of the amplitude bispectrum for tem-
perature increases from 10 dB to 60 dB.
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