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The object of the study is an informative sign of detecting ignition of materials in premises based on the assessment of the bispec-
trum of a dangerous parameter of the gas environment. The problem is to develop a strategy for using the bispectrum to determine an
informative sign of detecting ignition of materials based on the observation of an arbitrary dangerous parameter of the gas environment
in the premises. It is proposed to determine a new informative sign by a measure of the average degree of ‘order” for each frequency in
the spectrum of dynamics of an arbitrary dangerous parameter of the gas environment at a fixed observation interval. The proposed
informative sign was experimentally verified by studying the spectra of the average degree of ‘order” of the dynamics of the main dan-
gerous parameters of the gas environment during the ignition of materials in a laboratory chamber. It was established that during the
ignition of materials, the values of the average degree of ‘order” of the dynamics of temperature and carbon monoxide concentration for
all studied frequencies of the spectrum are significantly reduced and do not exceed the value of 0.1. This indicates a loss of the average
degree of ‘order” for all studied frequencies of the spectrum of dynamics of temperature and carbon monoxide concentration. At the
same time, the value of the average degree of ‘order” of the dynamics of the specific optical density of smoke with respect to the studied
[requencies does not change significantly. The obtained results are useful from a theoretical point of view by using the bispectrum for
an informative sign of ignition and a measure of the average degree of ‘order” for an arbitrary dangerous parameter of the gas environ-
ment. The practical significance lies in the possibility of further improvement of existing fire protection of objects in order to prevent fires.
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1. Introduction

Operational information about the dynamics of dangerous pa-
rameters (DP) of the gas environment (GE) serves as one of the main
components of ensuring proper fire safety in the premises of various
facilities. The GE DP dynamics in the premise carries all the informa-
tion necessary for the flame detection (FD) of the materials and the
occurrence of a fire [1]. Temperature, CO concentration, and specific
optical density of GE smoke are usually the main DPs during a fire in
a premise. Therefore, the timely and reliable detection of changes in
the GE DP dynamics caused by the appearance of flammable materi-
als (FM) is considered an important direction in ensuring fire safety of
premises [2]. Informative signs used in traditional fire alarm systems
do not allow detecting the FM appearance before a fire occurs in the
premises. Therefore, it is necessary to search for new informative signs
of the GE DP dynamics, which allows reliable FM detection. Such signs
can include frequency-phase connections in the GE DP dynamics.
Such connections may be due to the peculiarities of complex physical
processes taking place in the GE, taking into account the influence of

irreversible physical and chemical processes in the materials of igni-
tion. To identify frequency-phase relationships, it is suggested to use
the apparatus of bispectral analysis, which is successfully used in the
processing of various experimental data [3, 4]. In practice, the GE DP
dynamics in the event of FM and fire is usually described by a random
process with an a priori unknown and non-Gaussian probability dis-
tribution density. In these conditions, the phase connections between
the individual components in the spectrum of the GE DP dynamics are
new sources of information about the FM occurrence. In this regard, in
order to ensure the fire safety of objects, it is relevant to use a bispectral
analysis of the GE DP dynamics with the aim of obtaining new infor-
mative FD signs in the premises.

In [5], informative FM features are extracted from observations
of one arbitrary O GE DP using multiple sensors and subsequent net-
work processing of observations. Informative features only in the case
of observation of different GE DPs are considered in [5]. In the noted
works, informative features of fire detection in premises pertain to
the time domain, which is usually not very sensitive to FM. The fre-
quency domain and bispectrum are not considered for identifying new
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informative features. Currently, temporal informative features [5, 6] for
FD have already been approved in EN and ISO standards. Thus, in [7],
informative features in the time domain for CO and GE temperature
observations are used jointly for FD. In [8], the use of temporal infor-
mative features for FD indoors with simultaneous monitoring of the
state of GE DP observation sensors is considered. In [9], FD based on
temporal informative features for CO observations should be carried
out jointly with one or more temperature sensors. However, in [7-9],
the temporary informative features of the GE DP are used to detect
a fire when the absolute DP values significantly exceed their background
values. For this reason, they do not allow the FD of materials when the
absolute GE DP values are comparable with their background values.
In [10], it is proposed to use informative features of the dynamics of GE
smoke to detect a fire.

However, they have low detection reliability, which significantly
depends on the GE temperature [11]. For this reason, smoke informa-
tive features [12] are usually used together with temperature informa-
tive features [13]. In this regard, advanced fire alarm systems use a set
of informative features in the time domain for various GE DPs [14]. At
the same time, the use of a set of time informative features does not al-
low the FD of materials. Informative features of the GE DPs in the time
domain during plantation wood combustion in the form of heat release
rate from combustion intensity are studied in [15]. The influence of heat
release rate on wood combustion intensity is studied in [16]. However,
in [16], the studies are limited to only average informative features of
heat release rate and combustion intensity. Similar studies for organic
glass and cypress are performed in [17]. However, in [16, 17] there are
no results of studying informative features for third-order spectra and
GE DP bispectra capable of revealing features of complex dynamics of
real DPs during FD in premises. In [18], instantaneous amplitude and
phase spectra of the GE DP dynamics of premises in the frequency do-
main are investigated. It is noted that the amplitude frequency spectra
have insufficient informative FD features. The results of fire tests taking
into account various background effects without proposing informa-
tive FM features are considered in [19]. However, it is shown that for
a reliable FM it is necessary to take into account the dynamics of the
CO concentration together with the dynamics of the specific optical
density of the smoke of the GE. In this case, informative FD features
are not considered.

In [20] the results of an experimental study of the mutual relation-
ship between different GE DPs under FM are presented. However, such
arelationship is estimated by mutual correlation, which reveals only the
degree of linear relationship. Spectral and correlation characteristics
higher than the second order, capable of revealing nonlinear relation-
ships in the dynamics of the GE DPs under FM are not considered. The
third-order amplitude spectra of the GE DP dynamics are considered
in [21]. It is shown that such an approach allows revealing the nonlinear
relationship of the frequency components in the spectrum of the GE
DP dynamics. However, the degree of nonlinear relationship of the
frequency components (coherence) significantly depends on the energy
of a specific DP. At the same time, the degree of nonlinear relationship
of the frequency components in the third-order phase spectrum, which
does not depend on the energy of the observed DP, is not considered.
Features of the average bicoherence of the frequency components in
the spectrum of the GE DP dynamics under FM are considered in [22].
It is noted that the average value of bicoherence can be considered as
a possible informative FM feature. The disadvantage of this informative
feature is its alternating nature, which complicates the interpretation of
the degree of order or chaos of the observed GE DP dynamics during VM.
The use of the empirical cumulative distribution function of the current
recurrence of the GE DP state as a possible informative FM feature is
considered in [23]. However, the use of this feature is associated with
the implementation of a complex computational procedure. In this case,
the informative feature [23] belongs to the time domain of observation.

In [24], it is proposed to select the probability of the absence of recur-
rence of increments of the state vector of dangerous GE DP determined
on the basis of the empirical cumulative distribution function as an
informative feature.

However, the implementation of this informative feature is associ-
ated with complex calculations, which limits its use in practice. Thus,
from the point of view of the informative FD feature, the use of the
bispectrum of the GE DP dynamics for this purpose is new. At the same
time, the use of the bispectrum of the GE DP dynamics for the purpose
of finding informative FM features has not been sufficiently studied.
Based on the bispectrum, non-traditional informative FM features can
be determined, in the form of the degree of order or disorder (chaos)
of the GE DP dynamics. However, it should be noted that the use of the
degree of order or disorder (chaos) of the observed GE DP dynamics
in premises as a new informative FM feature has been practically not
studied. In this regard, the strategy of using the bispectrum to assess
the degree of order or disorder (chaos) of the GE DP dynamics in the
presence and absence of the FM is of particular interest. Therefore, an
important and unresolved part of the FD problem in premises should
be considered the substantiation of a new informative feature based
on the use of the bispectrum of the GE DP dynamics, numerically
characterizing the degree of DP order in the absence and presence of
FM in the premise.

The aim of research is to develop a strategy for using the bispectrum
to determine the informative feature of combustion, characterizing the
degree of order of the dynamics of an arbitrary dangerous parameter of
the gas environment, as well as to experimentally verify the informative
feature during the ignition of test materials in a laboratory chamber.
The use of the proposed informative feature of the GE DP dynamics
will allow timely FD of materials for the purpose of their prompt ex-
tinguishing and eliminating the threat of fire in the premises of objects.

2. Materials and Methods

The object of research is the informative feature of the FD of materi-
als based on the assessment of the bispectrum of the dynamics of an
arbitrary GE DP in the premise. The rationale for the new informative
FD feature based on the bispectrum was based on the fact that the igni-
tion of any material is accompanied by certain changes in the physical
properties of the material itself, as well as the GE DP in the premise.
Usually, during a FM, a heat flow, toxic combustion products and other
dangerous substances are released into the GE of the premise [25]. This
means that the FD can be carried out based on the corresponding infor-
mative features of the dynamics of the GE DP, sensitive to the initial FM
stage. Considering the complexity and uncertainty of the physicochemi-
cal reactions occurring during FM, as well as the weak level of the indi-
cated processes at the FM beginning, it is not possible to use traditional
informative features of the GE DP dynamics for the FD. Under these
conditions, the bispectral approach offers a way to obtain additional
information on the phase correlation of the corresponding frequencies
in the spectrum of the GE DP dynamics [26]. In general, higher-order
spectra are an effective tool for identifying hidden connections be-
tween different frequencies in the spectrum of processes of different
nature [27]. In [28], it is noted that they allow identifying the features
of non-Gaussian processes observed against the background of additive
Gaussian interference. The use of a third-order spectrum to determine
the informative FD feature of electrical equipment is considered in [29].
Third-order spectra are often called bispectra. Bispectra allow identify-
ing hidden features of nonlinearity of the analyzed processes caused by
quadratic transformations. In this case, the estimate of the bispectrum
B(h1, h2; T) for a discrete set {x(k)} of process values observed over an
arbitrary time interval T, following [30], will be defined as

B(h1,h2:T) = X(hT)X (h2sT) X (W +h2sT), (1)

4o
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where B(h1, h2; T) - a function of variables /11, h2, which have the
meaning of frequency indices, and the duration T of an arbitrary ob-

servation interval; X(h;T) = Ex(k)exp(—jZﬁhk/N), (0<k<N-1)-
=0

the Fourier transform of a discrete set {x(k)} for the frequency in-
dexh (0<h< N-1);*is the complex conjugation operator.

The frequency index h corresponds to the frequency f= h/T'in Hz,
where the value T is measured in seconds. It should be noted that the
bispectrum estimate (1) is a complex value. This means that it is de-
termined by the real Re[B(h1, h2; T)] and imaginary Im[B(h1, h2; T)]
parts of the bispectrum. In this case, the real part carries information
about the time-reversible part of the set {x(k)}, and the imaginary part -
about the irreversible part of this set. Then the estimate of the phase of
the bispectrum (1) will be determined by the function @ (h1, h2; T) of
the form

(2T ) =arctg{Im[ B(hh2;T) |/Re[ B(h2T) ]} (2)

Function (2), being an estimate of the phase of the bispectrum (1),
carries information about the hidden phase relationship of frequen-
cies for the corresponding frequency indices in the spectrum of the
set {x(k)}. In this case, the set of values of function (2) belongs to the
interval (0, 277). At the same time, function (2) serves as a quantitative
estimate of the ratio of the irreversible and reversible parts of the set
{x(k)} of the observed process. This means that function (2) can be con-
sidered as a quantitative estimate of the ratio between the "disorder” and
‘order” of the set {x(k)} of the observed process. For the convenience of
using function (2) as a new informative feature for an arbitrary GE DP
for the FD purpose, numerically characterizing the degree of "order” of
the set {x(k)}, it is possible to introduce a measure defined as

M (hh2:T)=cos| p(hLh2T)] . 3)

Measure (3) depends on the corresponding frequency indices and
the duration of the observation interval of the set {x(k)}. Unlike func-
tion (2), the values of measure (3) lie in the interval (0, 1).

This means that the values of measure (3) equal to zero will cor-
respond to the absolute "disorder” or "chaos" of the set {x(k)}. In this
case, the values of measure (3) equal to one will correspond to the
absolute "order” of the set {x(k)}. Intermediate values of measure (3) will
determine different degrees of "order” of the set {x(k)} of observations.
This means that the values of measure (3) equal to zero will correspond
to the values of the phase of the bispectrum 7/2, which characterize
the incoherence for an arbitrary pair of frequency components of the
spectrum of the set {x(k)} under a quadratic transformation. This fact
can be interpreted as absolute "disorder” or "chaos” for the specified
pairs of frequency components of the spectrum {x(k)}. In this case, the
values of measure (3) equal to one will correspond to zero values of the
bispectrum phase, which characterize the coherence for an arbitrary
pair of frequency components of the spectrum of the set {x(k)} under
a quadratic transformation. In this case, the specified pair of frequency
components is characterized by coherence under quadratic transfor-
mations, which corresponds to the absolute "order” for the considered
pairs of frequency components of the spectrum {x(k)}. In this case,
intermediate values of measure (3) will determine different degrees of
‘order” for arbitrary pairs of frequency components of the set {x(k)} of
observations. The accuracy of measure (3) will be determined by the
accuracy of the estimate X(h; T), which is inversely proportional to the
duration T of the observation interval of the set {x(k)} [31]. For large
values of T (large N), the estimates of the real and imaginary parts of
the bispectrum (1) turn out to be asymptotically unbiased and consis-
tent [3, 32]. The new informative FD feature in the form of measure (3)
will determine the estimate of the degree of "order” for an arbitrary pair
of frequency components of the spectrum of the set {x(k)} of observa-

tions under quadratic transformations. In this case, the estimate of the
degree of "order” will be numerically determined by the value of the
phase coupling (coherence) for the triple of frequencies of the spec-
trum of GE DP observations, corresponding to the frequency indices
h1, h2 and h1 + h2. For an arbitrary number N of discrete values of the
set {x(k)}, the domain of definition for each of the frequency indices
h1 or h2 will be limited by the interval (1, N/2). The measure of the
degree of "order” (3) determines the value of phase coupling between
three arbitrary frequencies in the spectrum of the set {x(k)}, which cor-
respond to arbitrary frequency indices i1, h2 and h1 + h2. This means
that measure (3) will allow to estimate the degree of "order” (degree of
invertibility) of the set {x(k)} observed on the interval T'of an arbitrary
GE DP. However, measure (3) for a fixed T'is a function of two variables
h1, h2, which makes it inconvenient to use as an informative FD feature.
A more promising measure is one related to (3), but of a different type

DCP, = %M(hl,hZ;T)Z/N. 4

h2=1

This measure is an estimate of the average degree of ‘order” for each
frequency index h1 taking into account all particular degrees of "order”
of frequency indices h2 in the spectrum of the set {x(k)} of observations
of an arbitrary GE DP. In other words, measure (4) is a spectrum of
average degrees of "order” for the set {x(k)} of observations of an arbi-
trary GE DP. Measure (4) is an estimate of the informative FD feature
in the spectral region determined on the basis of the estimate of the
bispectrum (1) of an arbitrary observed GE DP. This means that, based
on measure (4), it is possible to study the spectra of the average degree
of "order” for the set {x(k)} of observations on characteristic intervals.
The verification of the proposed informative FD feature was carried out
experimentally by studying the measure (4) of the set {x(k)} of observa-
tions for the main GE DP on the intervals of reliable absence and pres-
ence of ignitions of test materials (TM). For this purpose, a laboratory
chamber simulating a non-hermetic premise was created. The dimen-
sions of the chamber were: 1500 x 1000 x 500 mm. In the upper part of
the chamber, above the source of TM ignition, sensors were placed to
monitor the temperature, specific optical density of smoke and CO con-
centration [33]. The GE temperature in the chamber was monitored using
a DS18B20 sensor (USA), the specific optical density of smoke — using
an IPD-3.2 sensor (Ukraine) and the CO concentration — using a Discov-
ery sensor (Switzerland) [34]. The results of monitoring the output signals
of the corresponding sensors served as research materials. Observations
were made at intervals of reliable absence and presence of TM igni-
tion. In the study, alcohol, paper (crumpled A4 sheet), wood (shavings)
and textile (a piece of cotton fabric 50 x 100 mm) were selected as TM.
The specified TM are characterized by different specific mass burnout
rates [35]. Observations of the output signals of the sensors studied by
the GE DP were recorded discretely in time with a sensor polling interval
of 0.1 seconds. The obtained discrete values of the output signals of the
corresponding sensors were determined by sets {x(k)} of observations
and stored in the computer memory for processing. The corresponding
set {x(k)} consisted of a sequential in time data set x1,x2,x3, ..., xN, where
N was determined by the end of the specified observation interval. In this
case, it is proposed that the value of measure (4) equal to one be consid-
ered a sign of absolute "order” for the set {x(k)} of GE DP observations,
and equal to zero — absolute "disorder” or the absence of "order” - "chaos.
The value of measure (4) equal to 0.5 in this case will be a sign of instabil-
ity of the set {x(k)} of observations of an arbitrary GE DP.

3. Results and Discussion

The study of measure (4) for the set {x(k)} of observations of tem-
perature, specific optical density of smoke and GE CO concentration
in a laboratory chamber during TM combustion was carried out for
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a fixed number of frequencies corresponding to 20 frequency indices at
N =100 (T = N0.Is). This means that an arbitrary frequency index g1
from the set (1, ..., 20) will correspond to the frequency fl = g1 x 10/N,
and the index g2 from the set (1, ..., 20) will correspond to the frequency
f2 = g2 x 10/N. For this particular case, measure (4) will be defined as

20
DCPL, = M(gl,g2T)/20.

g2=1

®)

Measure (5) allows to investigate the estimate of the average degree
of "order” for each value of the frequency index gl in the interval from
1 to 20 of the set {x(k)} of observations corresponding to the GE DP in
the laboratory chamber. Based on measure (5), it is possible to investigate
the spectrum of the average degree of "order” taking into account all the
degrees of "order” for the remaining frequency indices. Therefore, the
study of the influence of ignition on the spectrum of the average degree
of "order” of the set {x(k)} of observations for the corresponding GE DP
can be performed based on observations of the corresponding sets on
the intervals of reliable absence and presence of FM. Fig. 1 shows the
results of the study of the spectra of the average degree of "order” for
the set {x(k)} of observations of temperature, specific optical density
of smoke and concentration of carbon monoxide GE in the laboratory
chamber on the intervals of reliable absence and presence of TM igni-
tion. The curves in Fig. 1 red correspond to the observations for alcohol,
blue - paper, green — wood, and violet - textile. The results in Fig. 1
show that the spectra of the average degree of "order” of the studied GE
DP are non-uniform both in the absence and presence of TM ignition.
The value of the measure (4) less than one indicates, in general, the non-
linearity of the GE DP dynamics. The exception are the spectra of the
average degree of "order” for the GE temperature in the chamber in the
absence of alcohol and paper ignition (Fig. 1, a), which are uniform and
equal to one. This indicates that the dynamics of the GE temperature in
the laboratory chamber in the absence of alcohol and paper ignition has
ahidden phase relationship (coherence) of the frequency components in
the spectrum for the corresponding frequency triplets, and also confirms
its sufficient stability and quadratic non-linearity of the transformations.

In contrast, in the absence of combustion of wood and textile (Fig. 1, 4,
green and violet curves, respectively), the spectrum of the average de-
gree of ‘order” for the GE temperature is of an uneven random nature.
In this case, the value of the spectrum of the average degree of "order”
does not exceed 0.6, which indicates a more complex nonlinear nature
of the GE temperature dynamics. This can be explained by the specifics
of the study, in which the FM in the chamber was carried out sequen-
tially, and after the combustion of each of the materials at the end of the
observation interval, natural ventilation of the chamber was carried out
for 5-7 minutes in order to restore the GE DP in the chamber. Perhaps,
this time was insufficient for complete restoration of the dynamics of
the chamber GE temperature after the combustion of paper and wood.
The results in Fig. 1, ¢, e also take into account the FM sequence and cor-
respond to the ventilation time of the chamber for 5-7 minutes. However,
these results indicate the important fact that the dynamics of temperature,
specific optical density of smoke and carbon monoxide concentration of
the GE chamber in the interval without FM are characterized by unequal
spectra of the average degree of ‘order”. This indicates differences in the
complex hidden mechanisms of interaction of the combustion materials
with the studied GE DP in the chamber. When TM ignites in the cham-
ber, the results shown in Fig. 1, b, f; show that the values of the average de-
gree of ‘order” of the studied GE DP for the dynamics of temperature and
carbon monoxide concentration for frequency indices do not exceed 0.1.
This means that when materials ignite, the average degree of "order” of
the dynamics of temperature and carbon monoxide concentration is
significantly reduced and loses "order’, approaching "chaos At the same
time, the average degree of "order” of the optical density dynamics of
smoke with FM in the studied interval changes insignificantly. Hence,
the conclusion follows that the proposed FD feature in the form of the
value of the average degree of ‘order” is advisable to apply to the dynamics
of temperature and CO concentration of the GE. The proposed FD
feature can be used in practice when developing new and improving
existing fire automation systems and tools capable of FD by a significant
reduction in the average degree of "order” of GE DP observations. The
limitation of this research is that the obtained results of checking the pro-
posed FD feature were performed based on observing a limited GE DP

number at two intervals of a fixed duration of reliable absence

and presence of TM ignitions in a laboratory chamber. In this
regard, it is advisable to expand further studies in the direction
of checking the proposed FD feature in the case of fire tests in

real premises for different fire loads.

4. Conclusions

A strategy has been developed for using a bispectrum

to determine a new informative feature of material ignition

N in the form of a measure of the degree of "order” for the ob-

served dynamics of an arbitrary dangerous parameter of the

gas environment over a fixed time interval. For the purpose of
practical use of this informative feature of ignition, a measure

of the average degree of "order” for each frequency component
of the spectrum of the observed dynamics of an arbitrary dan-

gerous parameter of the gas environment has been proposed.

This measure is an spectrum estimate of the average degree

of "order” of the observed dynamics of the gas environment

dangerous parameters. An experimental verification of the
proposed informative FD feature has been performed based
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Fig. 1. Experimental spectra of the average degree of "order” of dangerous
parameters of the gas environment in the absence and presence of material combustion:
a — temperature in the absence of combustion; & — temperature during combustion;
¢ — specific optical density of smoke in the absence of combustion; & — specific
optical density of smoke during combustion; ¢ — CO concentration in the absence of

combustion; /'~ CO concentration during combustion

on a study of the spectra of the average degree of "order” of the
dynamics of the main gas environment dangerous parame-
ters during ignition of test materials in a laboratory chamber.
It has been established that during ignitions, the values of
the average degree of "order” of the studied gas environment
dangerous parameters of the dynamics of temperature and
carbon monoxide concentration of the gas environment for

G
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the studied frequency components of the dynamics spectrum decrease
and do not exceed 0.1. This means that ignition causes a decrease in
the average degree of "order” of the temperature dynamics and carbon
monoxide concentration, bringing it closer to "chaos” At the same time,
the average degree of "order” of the smoke optical density dynamics dur-
ing ignition of materials in the studied interval changes insignificantly.
It is shown that the proposed FD feature in the form of the value of the
average degree of ‘order” for the frequency components of the spectrum
is appropriate to use for the temperature dynamics and carbon monox-
ide concentration of the gas environment. In practice, the proposed FD
feature can be used in the development of new means and systems of fire
automation to prevent the development of fire in the premises of objects.
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