O o

The object of this study is the
dynamics of hazardous parameters of
the gas environment when materials
are ignited in the premises. The task
addressed was the early detection of
fires in the premises. It is proposed to
resolve this issue on the basis of using
an assessment of the coherence of fre-
quency components in the third-or-
der spectrum relative to the dynam-
ics of hazardous parameters of the
gas environment. The results indicate
the nonlinear nature of the dynam-
ics of hazardous parameters of the
gas environment both in the absence
and in the presence of fires. It was
established that the assessment of the
coherence of the frequency compo-
nents relative to the considered trip-
lets in the third-order spectrum con-
tains information on the ratio of order
to chaos in the dynamics of hazard-
ous parameters of the gas environ-
ment. This information can be used to
reliably detect fires. It was found that
when the test materials in the form of
alcohol, paper, wood, and textiles are
ignited, the ratio of order to chaos in
the temperature and CO dynamics in
a gaseous medium is halved. It was
established that the average values
Jor frequency indices from 0 to 20 of
the coherence of the frequency com-
ponents of the dynamics of hazardous
parameters on the ignition interval of
test materials are in the range from
+0.005 to —0.187. At the same time,
in the interval of absence of ignition
of test materials, the average val-
ues of the coherence assessment for
Jrequency indices from 0 to 20 are
in the range from +0.48 to +0.022.
The reported results generally indi-
cate the prospects and further devel-
opment of studies into the coherence
of the frequency components of the
third-order spectrum for the dynam-
ics of hazardous parameters of the
gas environment in order to detect
fires in the premises
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1. Introduction

A special place is given to critical infrastructure facili-

An important and common problem of our times is to
ensure the safety of the functioning of various facilities [1].

ties [2, 3]. This is due to the fact that such objects are sources
of various types of dangerous events at them [4]. Dangerous
events are also characteristic of most objects of the technical




and environmental sphere [5, 6]. In addition, they can also
occur in various objects of the socio-economic sphere [7, 8].
However, hazardous events at facilities are characterized by
different levels of damage and frequency of their occurrence.
From the point of view of the damage caused, as well as the
frequency of occurrence, there are dangerous events in the
form of a fire in the premises (FP) of objects in both the tech-
nical and residential spheres [9]. This is explained by that
FP cause significant damage to both a person [10, 11] and
objects [12]. In addition, the consequence of FP is damage
to the environment [13, 14]. At the same time, according to
world statistics, the measures and technical means used to
protect against FP are not sufficiently effective. Therefore,
an important direction in ensuring the safety of the func-
tioning of various facilities, first of all, should be considered
protection against FP. Since the source of any fire is igni-
tion (I) turning into fires, protection against FP is reduced
to preventing the transition of I into fires. In this regard, the
detection of fires (DI) should be considered a particularly
urgent problem.

2. Literature review and problem statement

Paper [15] notes that early DI should be considered a
constructive approach to reducing damage from FP. In [16]
it is proposed to analyze various hazardous parameters of
the gaseous environment (GE) of the premises for DI. At the
same time, the analysis of hazardous GE parameters in [16]
is limited to the time domain. The frequency domain is not
used for analysis. [17] shows that hazardous GE parameters
are non-stationary. In [17], the non-stationary characteris-
tics of the hazard parameters of GE in I are investigated. To
increase the efficiency of the analysis of non-stationary GE
parameters, a high-speed method of analysis is proposed and
investigated in [18]. However, the method is limited to con-
sidering the schematic approach in the time domain. At the
same time, the frequency domain of analysis is not considered,
and the circuit approach is limited to considering only the
temperature parameter of GE. In [19], for DI under non-sta-
tionary conditions of GE parameters, adaptive approaches
are considered. However, in [19], adaptive technologies are
limited only to non-stationary energy characteristics of haz-
ardous GE parameters in the time domain. The use of group
processing of data from a set of sensors of hazardous GE
parameters and network technologies for DI is considered in
work [20]. The development of technology for group process-
ing of data from two or more sensors of various hazardous
parameters of GE of premises for the purpose of reliable DI
is considered in [21]. Some of these technologies are imple-
mented in EN and ISO standards [22—24]. [22] describes the
DI technology based on a combination of CO sensors and
GE temperature. However, the expansion of the capabilities
of the technology [22] is not envisaged. [23] discusses the
technology of using multiple sensors to detect FP with the
function of monitoring the status of sensors. However, this
technology does not allow indoor DI. It, like the technology
in [22], is limited to measuring GE parameters only in the
time domain. ISO [24] discusses the technology of using the
CO sensor in conjunction with one or more thermal sensors
to detect FP. However, this technology does not apply to the
use of CO and heat sensors with special characteristics that
allow DI. It is proposed to use different types of smoke de-
tectors to detect FP [25]. Smoke detectors have high speed

and relatively low cost. However, such sensors have a high
probability of false DI, which is significantly dependent on
the ambient temperature [26]. For this reason, combined
smoke [27] and temperature sensors [28] are used for reliable
DI. Therefore, new types of FP detection sensors combine
several sensors of various hazardous parameters [29]. Due
to the importance for DI, the pyrolysis processes of various
combustible materials (CM) and the corresponding dynam-
ics of hazardous GE parameters, [30] studies the character-
istics of the hazardous parameters of GE in plantation wood.
The study of the influence of the rate of heat release from
the intensity of wood burning is reported in [31]. However,
in [31], studies are limited to only the average rate of heat
generation and the average intensity of combustion. The
rate of heat generation from the intensity of combustion
of organic glass and cypress is investigated in [32]. At the
same time, in [30—32] there are no results of a study of the
characteristics of the spectra of the second and third order
of hazardous parameters of GE. Due to the diversity and
objective complexity of the real dynamics of the hazardous
parameters of GE of the premises at I, new approaches to the
analysis of the features of the real dynamics of the hazardous
parameters of GE are required. Therefore, approaches to DI
based on the analysis of fractal characteristics of the dynam-
ics of hazardous parameters of GE of premises are becoming
relevant [33—36]. Work [33] considers an approach based on
the analysis of the correlation dimension of the dynamics of
the vector of the state of hazardous parameters of GE. An
approach based on the method of recurrent diagrams for the
dynamics of CO concentrations for the purpose of indoor DI
is considered in [34]. Prediction of W based on the measure
of recurrent state vector GE is considered in [35]. Work [36]
considers the modification of Brown’s forecasting model.
And [37] considers the adaptive method of calculating the
recurrent diagram of hazardous parameters of GE [37].
However, these approaches are limited to considering the
dynamics of hazardous parameters of GE in the time do-
main. New approaches considered in [33—37] do not use the
spectral region. The development of a correlation method for
the rapid detection of recurrent states is considered in [38].
The use of a structural method for identifying hazardous
states of GE is considered in work [39]. The use of the un-
certainty function to identify hazardous GE conditions is
discussed in [40]. However, studies [38—40] are limited to
the dynamics of hazardous parameters without taking into
account spectral characteristics. In [41], the instantaneous
amplitude and phase spectra of the dynamics of hazardous
parameters of GE of the premises in the frequency domain
are investigated. At the same time, it is noted that the am-
plitude frequency spectra are uninformative for DI. Such
a conclusion in [41] is made on the basis of the analysis of
amplitude frequency spectra of only the second order, which
does not make it possible to identify the spectral correlation
of frequency components due to the nonlinearity of the dy-
namics of the dangerous parameters of GE of the premises.
The spectra of dynamics of hazardous GE parameters of
the order higher than the second, capable of detecting the
nonlinearity of dynamics, are not analyzed. In [42], it is
noted that the ceiling zone is the most suitable for DI in the
premises. Therefore, most known models describe the dy-
namics of hazardous GE parameters in the ceiling zone [43]
and are deterministic. [44] considers a general mathematical
model of the quality of detection of fire detectors. However,
in works [43, 44], the models are limited to the time domain.



At the same time, [43] notes that most models need to be
checked by fire tests. The results of fire tests, taking into
account the effects of various interfering factors of GE, are
considered in [45]. According to the results of fire tests, it
is noted that for a reliable DI it is necessary to take into ac-
count together the dynamics of CO concentration and smoke
density. Paper [46] reports the results of an experimental
study of the mutual relationship between various hazardous
parameters of GE at 1. However, the reciprocal relationship
of parameters is limited to the evaluation of mutual correla-
tion, which takes into account only the linear relationship.
Spectral characteristics of the order above the second,
which make it possible to identify nonlinear relationships of
parameters for DI, are not considered and investigated. The
third-order amplitude spectra of hazardous GE parameters
in the laboratory chamber are considered in [47]. It is shown
that the amplitude spectra of the third order make it possible
to identify nonlinear relationships of frequency components
in the spectrum of GE parameters, but the degree of their
detection significantly depends on the magnitude of a par-
ticular hazardous parameter. The coherence of the frequency
components of the third-order spectra, which does not de-
pend on the magnitude of the dangerous parameter, is not
considered. Thus, the features of the coherence of frequency
components in the spectrum of the third order for hazardous
GE parameters at I in the premises are not investigated.
Therefore, an important and unsolved part of the problem of
DI should be considered the analysis of the coherence of the
frequency components of the spectrum of the third order for
the dynamics of the main hazardous parameters of GE at the
stage of I occurrence of various materials in the premises.

3. The aim and objectives of the study

The purpose of this work is to determine the features of
the phase spectrum of the third order of the main hazard-
ous parameters of the gas environment for the intervals of
absence and occurrence of fire in the premises. The results
of the study will allow them to be used in the future for the
early detection of fires in the premises.

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

— to perform a theoretical substantiation of the study of
the coherence of frequency components in the spectrum of
the third order for an arbitrary dangerous parameter of the
gaseous medium during the ignition of materials;

— to identify the features of the coherence of the frequen-
cy components of the spectrum of the third order for hazard-
ous parameters of the gas medium at intervals of absence and
presence of ignition of test materials.

4. The study materials and methods

The object of this study is the coherence of the frequency
components in the spectrum of the third order of hazardous
GE parameters in the absence and presence of I CM in the
room. The main working hypothesis is the difference in the
coherence of frequency components in the spectrum of the
third order for hazardous GE parameters at intervals of
absence and presence of 1. The identification of such differ-
ences will allow them to be used to detect I and prevent FP.
Accepted assumptions and simplifications consist in the as-
sumption that the dynamics of hazardous parameters of GE

in I CM in real premises is similar to the dynamics of haz-
ardous parameters of GE in a laboratory chamber [44] at T of
the same CM. In a chamber [44], it is possible to simulate the
dynamics of hazardous GE parameters in the ceiling area of
leaky rooms at different CM. In the experiment, alcohol, pa-
per, wood, and textiles were used as CM. The gas parameters
of GE in the chamber were temperature, smoke density, and
CO concentration. Temperature measurement was carried
out by the TPT-4 sensor (Ukraine), the smoke density by the
DIP-3.2 sensor (Ukraine), and the concentration of CO by
the Discovery sensor (Switzerland). The results of measure-
ments from the outputs of the corresponding sensors were
stored in the computer memory with an interval of 0.1s.
Forced I CM in the chamber was made at the time of tyqy.
This condition guaranteed the absence of T up to this point
in time. Therefore, the features of the coherence function of
the frequency components in the third-order spectrum for
the dynamics of the measured hazardous GE parameters
in the chamber were studied for two time intervals of equal
duration equal to 100 samples. At the same time, the first
interval is limited to the 100th and 200th measurements
and corresponds to the reliable absence of I. The second
interval is limited to the 200" and 300" measurements and
includes the moment of the beginning of the forced I CM
in the chamber. Features of the coherence function at these
intervals were studied for each CM in the following order:
alcohol, paper, wood, and textiles. To restore the hazardous
parameters of GE in the chamber after the I of each CM, its
natural ventilation was carried out within 5 minutes.

3. Results of the study of the features of the phase spectrum
of the third order of the parameters of the gas medium

5. 1. Theoretical substantiation of coherence research
for an arbitrary hazardous parameter of the gaseous medium

Higher-order spectra are a toolkit for the reliable detec-
tion and identification of higher harmonics in the processes
under study [48]. The use of third-order spectra to detect the I
of electrical equipment is considered in [49]. At the same time,
in [50] it is noted that high-order spectra are a powerful tool-
kit to identify features of non-Gaussian processes and sup-
press additive Gaussian interference. In addition, such spec-
tra contain more information than traditional second-order
spectra. A third-order spectrum is often called a bispectrum.
Estimation of bispectrum B(%1, #2; T) for a fixed time interval
T and the discrete set {x(k)} of the values of the process under
study given on it, following [51], will be determined as:

B(h,h2T)=X (hT)X (h2T) X *(hl+ h2T), 1)

where B(h1, h2; T) is a function of variables %1, 42 for the
interval 7, meaning the corresponding frequency indices;

N-1

X(BT)=> x(k)exp(-j2nhk /N),

k=0

(0<k<N-1) defines the Fourier transform for the frequency
index i (0<h<N-1) and the discrete set {x(k)} of the values
of the process under study at a given interval; * — the oper-
ator of complex conjugation. At the same time, an arbitrary
frequency index % corresponds to the frequency f=h/T.
Here, the value T defines the time interval in seconds for the
discrete set {x(k)}. The bispectrum estimate defined by (1)



is a composite value, which means that the estimate (1) is
determined by the corresponding actual Re[B(h1,h2; T)]
and imaginary Im[B(%1,h 2; T)] in parts. The actual part
of the evaluation (1) characterizes the time-reversible com-
ponent for a given discrete set {x(k)}. The imaginary part
carries information about irreversible changes in the discrete
set {x(k)}. Therefore, the estimation of coherence ¢(41,h 2; T')
of the frequency components (1) on the interval of duration
T can be determined:

o(h,h2;,T)=

=arctg{Im[ B(h1,h2T)]/Re[ B(h,h2T)]}. 2

For the convenience of further investigation, it is proposed
to determine the coherence assessment (2) in

presence of I of tested CM in a chamber. The estimate (3)
was determined for the special case of the frequency trip-
let 21, A1 and A1+A1. The advantage of this type of triplet
is that it is determined by the value of only one frequency
index A1. This makes it possible to investigate particular
features of coherence estimation for frequency components
determined by frequency indices 21 and 2/1 in the frequency
spectrum of dynamics of hazardous GE parameters. Fig. 1
shows the results of the coherence assessment (3) for the
specified type of triplet at different values of the frequency
index A1 at the intervals of absence and presence of 1.

The results of the assessment for the dynamics of GE tem-
perature at the intervals of absence and presence of CM I are
shown in Fig. 1, @, b. Similar results for the smoke and CO dy-
namics are depicted in Fig. 1, ¢, d, and Fig. 1, e, f, respectively.

accordance with the expression:

! g1
Chis2(,h2:T) = cos| o(h1,h2:T)]. g \ 7‘ g 1!
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Following expression (3), the coherence -1 S-1

assessment Cbis2(h1,h2;T) at interval T satis-

fies the inequality —1<Chis2(h1,h2; T)<1. This
means that the values of the estimate equal to 1
correspond to the complete coherence of the fre-
quency components of bispectrum B(k1,h2;T),
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and the estimate values of —1 correspond to their
complete opposite coherence. An estimate value

of zero corresponds to the absence of complete 1
coherence between the frequency components
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herence of the frequency components in the spec-
ified spectrum. In other words, the intermediate

values of estimate (3) numerically determine the
relationship between the reversible (order) and
the irreversible part of the bispectrum, which
reflect the ratio of order and chaos in the study
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set {x(k)}. The accuracy of estimate (3) depends
on the accuracy of the estimation of the spec- 1

trum X(%; T), which is inversely proportional to \ Z
W

the duration of the T analysis interval. Follow-
ing [52], with an increase in the duration of T,
the accuracy of estimating the spectrum X(#;T) 1

A

increases. Studies [53, 54] show that, in general,
for large intervals of T (N values), estimates of

the real and imaginary parts of bispectrum (1)
are asymptotically unbiased and solvent. The
estimation of coherence (3), in contrast to the
estimate of amplitude bispectrum, does not de-
pend on the values of the process under study
and makes it possible to study the coherence of
bispectrum for arbitrary triplets determined by
arbitrary frequency indices A1, A2 and A1+h2,
respectively. Therefore, the objective of the con-
sidered study is to assess coherence (3) of the bispectrum for
hazardous GE parameters at intervals of absence and presence
of typical CM L

3. 2. Features of coherence of gas parameters in the
absence and presence of fires of materials

The study of coherence features (3) was performed for
intervals of equal duration of T of the reliable absence and
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Fig. 1. Results of the coherence assessment for the dynamics of
temperature, smoke, and CO in the case of a given type of triplet at different
values of the frequency index A1 at different intervals: g, ¢, e — no fires;

b, d, f— presence of fires

6. Discussion of results of the study of the features of
the phase spectrum of the third order of the parameters
of the medium

From the analysis of the results in Fig. 1, it follows
that the dynamics of temperature, smoke density, and CO
concentration for GE in the chamber at the intervals of ab-
sence and presence of I of alcohol, paper, wood, and textiles



are Non-gaussian. The non-gaussian character is explained
by the presence of different coherence for frequency com-
ponents in the dynamics spectrum of the studied hazardous
parameters. For example, coherence in the spectrum of
temperature dynamics GE (Fig.1,a — red curve) at the
interval absence of I is observed for a greater number of
frequency components. At the same time, for the frequency
components corresponding to the indices A1, equal to 0-6,
19, and 20, the coherence is opposite (the phase difference
is 180°). The presence of coherence and opposite coherence
indicates the predominance in the temperature dynamics
of order over chaos in the interval of absence of 1. For the
dynamics of smoke density and CO concentration, the de-
gree of coherence in the interval of absence of I is irregular
in the range from +1 to —1 (Fig. 1, ¢, d — red curve). At the
same time, the number of frequency components with high
coherence is significantly less compared to temperature.
This means that in the dynamics of smoke density and CO
concentration for GE, the ratio of order to chaos, decreases.
The irregular nature of the coherence assessment for the
frequency components of the dynamics of smoke density
and CO concentration in the absence of paper, wood, and
textiles (Fig. 1, q, ¢, e) is explained by the peculiarities of the
experimental conditions. The assessment of the coherence
of the frequency components of the dynamics of hazardous
parameters of GE in the chamber at the interval of absence
of I was carried out after the I of alcohol, paper, and wood
with natural ventilation of the chamber for a limited time.
Apparently, the natural ventilation of the chamber after the I
of the corresponding CM was insufficient to fully restore the
original dynamics of the hazardous parameters. The results
of the coherence assessment at interval 1 of the tested CM
in Fig. 1, b, g, e indicate a violation of the initial relationship
between order and chaos in the dynamics of the studied
dangerous parameters of GE. This is most characteristic
of temperature dynamics (Fig. 1, b) and CO concentration
dynamics (Fig. 1, e). Violation of the initial relationship
between order and chaos in the dynamics of these dangerous
parameters of GE is manifested in a decrease in this ratio by
almost half. This is due to the predominance of chaos over
order in the corresponding dynamics of these dangerous
parameters for all tested CM. For an approximate numerical
expression of the ratio of order and chaos in the dynamics of
hazardous GE parameters, you can use, for example, the av-
erage value or other statistical characteristics of estimate (3)
for a given range of frequency components. In this study, the
given frequency range was determined by the values of the
frequency index from 0 to 20. It should be borne in mind that
the value of estimate (3), equal to =1, corresponds to coher-
ence or order, and zero or close to zero its values correspond
to chaos. Therefore, the intermediate values of estimate (3)
lying in the range from 0 to £1 will numerically characterize
the order-to-chaos ratio for the corresponding frequency
index. For example, the values for assessing the coherence
of the frequency components of the dynamics of hazardous
parameters at the interval of CM 1 for the frequency index
range from 0 to 20 lie in the range from +0.005 (smoke
density — paper) to —0.187 (smoke density — textiles). At
the interval of absence of CM I, the average values of the
coherence assessment for this range of frequency indices
are in the range from +0.48 (smoke density — textiles) to
+0.022 (smoke density — wood). Thus, the results generally
indicate the non-Gaussian nature of the dynamics of the
studied hazardous GE parameters in the chamber, both at

absence intervals and at intervals I of the test CM. At the
same time, the assessment of coherence (3) of the frequency
components indirectly characterizes the ratio of order to
chaos in the dynamics of the studied dangerous parameters
of GE. This makes it possible to use the estimate value (3)
for certain frequency components of the dynamics of haz-
ardous GE parameters at given intervals as a working sign of
detecting CM I at these intervals. The temporal localization
of the detection of I is determined by the localization in time
of a given interval. However, the accuracy of assessment (3)
depends mainly on the duration of this interval and the sam-
pling rate of the measurements. The longer the duration of
the specified interval, the more precise the calculation of the
spectrum and, accordingly, the coherence of the frequency
components of the measured GE parameter, but the temporal
localization deteriorates. In the study, the estimation of the
coherence of the frequency components was determined by
100 discrete measurements of the hazard parameter with a
sampling frequency of 10 Hz. In this case, the duration of
the specified interval was 10 seconds. For this interval, the
frequency resolution was 0.1 Hz. For this case, the temporal
localization of T was limited to an interval of 10 seconds.
This localization accuracy is sufficient to detect I.

In general, the results obtained indicate the solution of
an important and unsolved part of the problem of DI since
they reveal the coherence of the frequency components of the
third-order spectrum for the dynamics of the main hazardous
parameters of GE at the stage of I occurrence of materials in
the premises. At the same time, the advantage of this seminal
study lies in the novelty of the proposed assessment of the co-
herence of the frequency components, as well as the originali-
ty of the results obtained for a given triplet in the spectrum of
dynamics of hazardous GE parameters. At the same time, such
estimates allow them to be used for early detection of 1. Lim-
itations include the fact that the coherence assessment study
was performed on the basis of experimental measurements of
hazardous GE parameters in a laboratory chamber. Howev-
er, the results obtained generally indicate the prospects for
studying the coherence of the frequency components of the
third-order spectrum for the dynamics of hazardous GE pa-
rameters in order to detect I in the premises.

7. Conclusions

1. A theoretical substantiation of the study of the co-
herence of frequency components in the spectrum of the
third order for an arbitrary dangerous parameter of the gas
medium at a given interval is carried out. The basic one is to
determine the complex spectrum of the third order for the
dynamics of the dangerous parameter of the gas medium at a
given time interval and the subsequent calculation of its ar-
gument. At the same time, it is proposed to assess coherence
on the basis of the cosine argument for a third-order complex
spectrum. This makes it possible to investigate the coher-
ence of frequency components for an arbitrary dangerous
parameter of the gas medium at a given interval.

2. The features of the coherence of the frequency compo-
nents of the spectrum of the third order for hazardous param-
eters of the gas medium at intervals of absence and presence
of ignition on the example of ignition of test materials in
the laboratory chamber are revealed. The results obtained
indicate the non-Gaussian nature of the studied hazardous
parameters of the environment both at the interval of absence



and at the interval of appearance of ignition of materials. It is
established that the coherence of the frequency components of
the complex spectrum of the third order contains information
sufficient to detect violations during the ignition of materials.
It is obtained that during the ignition of materials, the coher-
ence of the frequency components of the third-order spectrum
for a dangerous parameter of the gaseous medium and the
transition to its chaotic change decreases. It was found that
the studied assessment of coherence for temperature and CO
in GE is reduced by almost half. At the same time, the average
values of the coherence assessment for frequency indices from
0 to 20 for hazardous parameters of the gas environment at the
interval of the beginning of ignition of test materials lie in the
range from +0.005 to —0.187. At the interval of absence of ma-
terial ignition, the average values of the coherence assessment
are in the range from +0.48 to +0.022.

Conflicts of interest

The authors declare that they have no conflict of interest
in relation to this research, whether financial, personal, au-
thorship or otherwise, that could affect the research and its
results presented in this paper.

Financing

The study was conducted without financial support.

Data availability

The manuscript has associated data in the data repository.

Vambol, S., Vambol, V., Bogdanov, 1., Suchikova, Y., Rashkevich, N. (2017). Research of the influence of decomposition of wastes of
polymers with nano inclusions on the atmosphere. Eastern-European Journal of Enterprise Technologies, 6 (10 (90)), 57—64. doi:

Semko, A., Rusanova, O., Kazak, O., Beskrovnaya, M., Vinogradov, S., Gricina, 1. (2015). The use of pulsed high-speed liquid jet
for putting out gas blow-out. The International Journal of Multiphysics, 9 (1), 9-20. doi: https://doi.org/10.1260,/1750-9548.9.1.9
Popov, O., Tatsyshyn, A., Kovach, V., Artemchuk, V., Taraduda, D., Sobyna, V. et al. (2018). Conceptual Approaches for Development
of Informational and Analytical Expert System for Assessing the NPP impact on the Environment. Nuclear and Radiation Safety,

Andronov, V,, Pospelov, B., Rybka, E., Skliarov, S. (2017). Examining the learning fire detectors under real conditions of application.
Eastern-European Journal of Enterprise Technologies, 3 (9 (87)), 53—59. doi: https://doi.org/10.15587 /1729-4061.2017.101985

Dubinin, D., Korytchenko, K., Lisnyak, A., Hrytsyna, 1., Trigub, V. (2017). Numerical simulation of the creation of a fire fighting
barrier using an explosion of a combustible charge. Eastern-European Journal of Enterprise Technologies, 6 (10 (90)), 11-16. doi:

Popov, O., Tatsyshyn, A., Kovach, V., Artemchuk, V., Taraduda, D., Sobyna, V. et al. (2019). Physical Features of Pollutants
Spread in the Air During the Emergency at NPPs. Nuclear and Radiation Safety, 4 (84), 88-98. doi: https://doi.org/10.32918/

Vambol, S., Vambol, V., Kondratenko, O., Koloskov, V., Suchikova, Y. (2018). Substantiation of expedience of application of high-
temperature utilization of used tires for liquefied methane production. Journal of Achievements in Materials and Manufacturing

Dubinin, D., Korytchenko, K., Lisnyak, A., Hrytsyna, 1., Trigub, V. (2018). Improving the installation for fire extinguishing
with finelydispersed water. Eastern-European Journal of Enterprise Technologies, 2 (10 (92)), 38-43. doi: https://doi.org/

Kovalov, A., Otrosh, Y., Ostroverkh, O., Hrushovinchuk, O., Savchenko, O. (2018). Fire resistance evaluation of reinforced concrete
floors with fire-retardant coating by calculation and experimental method. E3S Web of Conferences, 60, 00003. doi: https://doi.org/

Ragimov, S., Sobyna, V., Vambol, S., Vambol, V., Feshchenko, A., Zakora, A. et al. (2018). Physical modelling of changes in the energy
impact on a worker taking into account high-temperature radiation. Journal of Achievements in Materials and Manufacturing

Pospelov, B., Andronov, V., Rybka, E., Krainiukov, O., Maksymenko, N., Meleshchenko, R. et al. (2020). Mathematical model
of determining a risk to the human health along with the detection of hazardous states of urban atmosphere pollution based on
measuring the current concentrations of pollutants. Eastern-European Journal of Enterprise Technologies, 4 (10 (106)), 37—44. doi:

Otrosh, Y., Semkiv, O., Rybka, E., Kovalov, A. (2019). About need of calculations for the steel framework building in temperature
influences conditions. TOP Conference Series: Materials Science and Engineering, 708 (1), 012065. doi: https://doi.org/

Vambol, S., Vambol, V., Kondratenko, O., Suchikova, Y., Hurenko, O. (2017). Assessment of improvement of ecological safety of
power plants by arranging the system of pollutant neutralization. Eastern-European Journal of Enterprise Technologies, 3 (10 (87)),

References
1.
https://doi.org/10.15587/1729-4061.2017.118213
2.
3.
3(79), 56-65. doi: https://doi.org/10.32918 /nrs.2018.3(79).09
4.
5.
https://doi.org/10.15587/1729-4061.2017.114504
6.
nrs.2019.4(84).11
7.
Engineering, 2 (87), 77-84. doi: https://doi.org/10.5604,/01.3001.0012.2830
8.
10.15587/1729-4061.2018.127865
9.
10.1051 /e3sconf/20186000003
10.
Engineering, 1 (91), 27-33. doi: https://doi.org/10.5604,/01.3001.0012.9654
11.
https://doi.org/10.15587,/1729-4061.2020.210059
12.
10.1088/1757-899x/708/1,/012065
13.
63-73. doi: https://doi.org/10.15587/1729-4061.2017.102314
14.

Vasyukov, A., Loboichenko, V., Bushtec, S. (2016). Identification of bottled natural waters by using direct conductometry. Ecology,
Environment and Conservation, 22 (3), 1171-1176.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

Kovalov, A., Otrosh, Y., Rybka, E., Kovalevska, T, Togobytska, V., Rolin, I. (2020). Treatment of Determination Method for Strength
Characteristics of Reinforcing Steel by Using Thread Cutting Method after Temperature Influence. Materials Science Forum, 1006,
179-184. doi: https://doi.org/10.4028 /'www.scientific.net/msf.1006.179

Pospelov, B., Andronov, V., Rybka, E., Samoilov, M., Krainiukov, O., Biryukov, I. et al. (2021). Development of the method of
operational forecasting of fire in the premises of objects under real conditions. Eastern-European Journal of Enterprise Technologies,
2 (10 (110)), 43-50. doi: https://doi.org/10.15587 /1729-4061.2021.226692

Pospelov, B., Andronov, V., Rybka, E., Skliarov, S. (2017). Design of fire detectors capable of self-adjusting by ignition. Eastern-
European Journal of Enterprise Technologies, 4 (9 (88)), 53—59. doi: https://doi.org/10.15587 /1729-4061.2017.108448
Andronov, V., Pospelov, B., Rybka, E. (2017). Development of a method to improve the performance speed of maximal fire
detectors. Eastern-European Journal of Enterprise Technologies, 2 (9 (86)), 32-37. doi: https://doi.org/10.15587/1729-
4061.2017.96694

Pospelov, B., Andronov, V., Rybka, E., Skliarov, S. (2017). Research into dynamics of setting the threshold and a probability of
ignition detection by selfadjusting fire detectors. Eastern-European Journal of Enterprise Technologies, 5 (9 (89)), 43—48. doi:
https://doi.org/10.15587,/1729-4061.2017.110092

Cheng, C., Sun, F, Zhou, X. (2011). One fire detection method using neural networks. Tsinghua Science and Technology, 16 (1),
31-35. doi: https://doi.org/10.1016/51007-0214(11)70005-0

Ding, Q., Peng, Z., Liu, T, Tong, Q. (2014). Multi-Sensor Building Fire Alarm System with Information Fusion Technology Based
on D-S Evidence Theory. Algorithms, 7 (4), 523-537. doi: https://doi.org/10.3390/a7040523

BS EN 54-30:2015. Fire detection and fire alarm systems Multi-sensor fire detectors. Point detectors using a combination of carbon
monoxide and heat sensors.

BS EN 54-31:2014. Fire detection and fire alarm system - Part 31: Multi-sensor fire detectors. Point detectors using a combination
of smoke, carbon monoxide and optionally heat sensors.

ISO 7240-8:2014. Fire detection and alarm systems — Part 8: Point-type fire detectors using a carbon monoxide sensor in
combination with a heat sensor.

Aspey, R. A., Brazier, K. J., Spencer, J. W. (2005). Multiwavelength sensing of smoke using a polychromatic LED: Mie extinction
characterization using HLS analysis. IEEE Sensors Journal, 5 (5), 1050—1056. doi: https://doi.org/10.1109/jsen.2005.845207
Chen, S.-J., Hovde, D. C., Peterson, K. A., Marshall, A. W. (2007). Fire detection using smoke and gas sensors. Fire Safety Journal,
42 (8), 507-515. doi: https://doi.org/10.1016/j firesaf.2007.01.006

Shi, M., Bermak, A., Chandrasekaran, S., Amira, A., Brahim-Belhouari, S. (2008). A Committee Machine Gas Identification
System Based on Dynamically Reconfigurable FPGA. IEEE Sensors Journal, 8 (4), 403—414. doi: https://doi.org/10.1109/
jsen.2008.917124

Skinner, A. J., Lambert, M. F. (2006). Using Smart Sensor Strings for Continuous Monitoring of Temperature Stratification in Large
Water Bodies. IEEE Sensors Journal, 6 (6), 1473—1481. doi: https://doi.org/10.1109/jsen.2006.881373

Cheon, J., Lee, J., Lee, L, Chae, Y., Yoo, Y., Han, G. (2009). A Single-Chip CMOS Smoke and Temperature Sensor for an Intelligent
Fire Detector. IEEE Sensors Journal, 9 (8), 914-921. doi: https://doi.org/10.1109/jsen.2009.2024703

Wu, Y, Harada, T. (2004). Study on the Burning Behaviour of Plantation Wood. Scientia Silvae Sinicae, 40, 131.

Ji, J., Yang, L., Fan, W. (2003). Experimental Study on Effects of Burning Behaviours of Materials Caused by External Heat
Radiation. Journal of Combustion Science and Technology, 9, 139.

Peng, X., Liu, S,, Lu, G. (2005). Experimental Analysis on Heat Release Rate of Materials. Journal of Chongqing University, 28, 122.
Pospelov, B., Andronov, V., Rybka, E., Meleshchenko, R., Gornostal, S. (2018). Analysis of correlation dimensionality of the state of
a gas medium at early ignition of materials. Eastern-European Journal of Enterprise Technologies, 5 (10 (95)), 25-30. doi: https://
doi.org/10.15587/1729-4061.2018.142995

Pospelov, B., Andronov, V., Rybka, E., Meleshchenko, R., Borodych, P. (2018). Studying the recurrent diagrams of carbon monoxide
concentration at early ignitions in premises. Eastern-European Journal of Enterprise Technologies, 3 (9 (93)), 34—40. doi: https://
doi.org/10.15587/1729-4061.2018.133127

Pospelov, B, Rybka, E., Meleshchenko, R., Krainiukov, O., Biryukov, 1., Butenko, T. et al. (2021). Short-term fire forecast based on
air state gain recurrence and zero-order brown model. Eastern-European Journal of Enterprise Technologies, 3 (10 (111)), 27-33.
doi: https://doi.org/10.15587/1729-4061.2021.233606

Pospelov, B., Rybka, E., Krainiukov, O., Yashchenko, O., Bezuhla, Y., Bielai, S. et al. (2021). Short-term forecast of fire in the premises
based on modification of the Brown’s zero-order model. Eastern-European Journal of Enterprise Technologies, 4 (10 (112)), 52—-58.
doi: https://doi.org/10.15587/1729-4061.2021.238555

Pospelov, B., Rybka, E., Togobytska, V., Meleshchenko, R., Danchenko, Y., Butenko, T. et al. (2019). Construction of the method
for semi-adaptive threshold scaling transformation when computing recurrent plots. Eastern-European Journal of Enterprise
Technologies, 4 (10 (100)), 22-29. doi: https://doi.org/10.15587 /1729-4061.2019.176579

Pospelov, B., Andronov, V., Rybka, E., Krainiukov, O., Karpets, K., Pirohov, O. et al. (2019). Development of the correlation method
for operative detection of recurrent states. Eastern-European Journal of Enterprise Technologies, 6 (4 (102)), 39-46. doi: https://
doi.org/10.15587/1729-4061.2019.187252



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Sadkovyi, V., Pospelov, B., Andronov, V., Rybka, E., Krainiukov, O., Rud, A. et al. (2020). Construction of a method for detecting
arbitrary hazard pollutants in the atmospheric air based on the structural function of the current pollutant concentrations. Eastern-
European Journal of Enterprise Technologies, 6 (10 (108)), 14—22. doi: https://doi.org/10.15587/1729-4061.2020.218714
Pospelov, B., Rybka, E., Meleshchenko, R., Krainiukov, O., Harbuz, S., Bezuhla, Y. et al. (2020). Use of uncertainty function
for identification of hazardous states of atmospheric pollution vector. Eastern-European Journal of Enterprise Technologies,
2 (10 (104)), 6-12. doi: https://doi.org/10.15587/1729-4061.2020.200140

Pospelov, B., Andronov, V., Rybka, E., Bezuhla, Y., Liashevska, O., Butenko, T. et al. (2022). Empirical cumulative distribution
function of the characteristic sign of the gas environment during fire. Eastern-European Journal of Enterprise Technologies,
4 (10 (118)), 60-66. doi: https://doi.org/10.15587 /1729-4061.2022.263194

McGrattan, K., Hostikka, S., McDermott, R., Floyd, J., Weinschenk, C., Overholt, K. (2016). Fire Dynamics Simulator Technical
Reference Guide. Volume 3: Validation. National Institute of Standards and Technology. Available at: https://www.fse-italia.eu/
PDF/ManualiFDS/FDS_Validation _Guide.pdf

Floyd, J., Forney, G., Hostikka, S., Korhonen, T., McDermott, R., McGrattan, K. (2013). Fire Dynamics Simulator (Version 6) User’s
Guide. Volume 1. National Institute of Standard and Technology.

Polstiankin, R. M. (2016). Mathematical model of quality detection ignition point heat detection. Problemy pozharnoy bezopasnosti,
39, 201-207. Available at: http://nbuv.gov.ua/UJRN/Ppb_2016 39 34

Heskestad, G., Newman, J. S. (1992). Fire detection using cross-correlations of sensor signals. Fire Safety Journal, 18 (4), 355-374.
doi: https://doi.org/10.1016/0379-7112(92)90024-7

Gottuk, D. T, Wright, M. T., Wong, J. T., Pham, H. V., Rose-Pehrsson, S. L., Hart, S. et al. (2002). Prototype Early Warning Fire
Detection System: Test Series 4 Results. NRL/MR/6180-02-8602, Naval Research Laboratory. Available at: https://apps.dtic.mil /
sti/pdfs/ADA399480.pdf

Pospelov, B., Rybka, E., Savchenko, A., Dashkovska, O., Harbuz, S., Naden, E. et al. (2022). Peculiarities of amplitude spectra of the
third order for the early detection of indoor fires. Eastern-European Journal of Enterprise Technologies, 5 (10 (119)), 49-56. doi:
https://doi.org/10.15587 /1729-4061.2022.26578 1

Saced, M., Alfatih, S. (2013). Nonlinearity detection in hydraulic machines utilizing bispectral analysis. TJ Mechanical engineering
and machinery, 13—21. Available at: http://eprints.utm.my/id /eprint /42178 /

Yang, K., Zhang, R., Chen, S., Zhang, F, Yang, J., Zhang, X. (2015). Series Arc Fault Detection Algorithm Based on Autoregressive
Bispectrum Analysis. Algorithms, 8 (4), 929-950. doi: https://doi.org/10.3390,/a8040929

Yang, B., Wang, M., Zan, T., Gao, X., Gao, P. (2021). Application of Bispectrum Diagonal Slice Feature Analysis in Tool Wear States
Monitoring. Posted Content. doi: https://doi.org/10.21203 /rs.3.rs-775113 /v1

Cui, L., Xu, H,, Ge, J., Cao, M., Xu, Y., Xu, W,, Sumarac, D. (2021). Use of Bispectrum Analysis to Inspect the Non-Linear Dynamic
Characteristics of Beam-Type Structures Containing a Breathing Crack. Sensors, 21 (4), 1177. doi: https://doi.org/10.3390/
s21041177

Max, J. (1981). Principes generaus et methods classiques. Vol. 1. Paris, 311.

Mohankumar, K. (2015). Implementation of an underwater target classifier using higher order spectral features. Cochin. Available
at: https://dyuthi.cusat.ac.in/xmlui/bitstream/handle/purl /5368 /T-2396.pdf?sequence=1

Nikias, C. L., Raghuveer, M. R. (1987). Bispectrum estimation: A digital signal processing framework. Proceedings of the IEEE,
75 (7), 869-891. doi: https://doi.org/10.1109,/proc.1987.13824



