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DEVELOPMENT OF A METHOD
FOR RAPID DETECTION OF FIRES
BASED ON COMBINED CURRENT
SAMPLING AND DISPERSIONS OF
A CONTROLLED HAZARDOUS
ENVIRONMENTAL PARAMETER

The object of research is the process of detecting the ignition of materials in a premise based on the joint use of current sample means

and variances of the controlled hazardous gas environment parameter. The problem is to develop a method for detecting the ignition
of materials based on the joint use of current sample means and variances of the controlled hazardous gas environment parameter in
a premise. The synthesis of the optimal method for detecting fires was achieved by moving from the space of controlled hazardous gas
environment parameters to the spaces of sample means, sample variances, and also the space of joint sample means and variances. Under
conditions of large samples, the distribution of sample means, sample variances and its joint values asymptotically tends to a Gaussian
distribution. This allows to use the likelihood ratio criterion, which is optimal, in the synthesis. Unlike the traditional approach, the
likelihood ratio is current and is determined for a fixed Gaussian distribution in the case of a reliable absence of ignition. It is established
that the optimal method of fire detection based on the joint use of sample means and variances with the same quality indicators outper-
forms the optimal methods of fire detection based only on the sample mean or sample variance of the controlled hazardous parameter
of the gas environment. This is explained by the fact that the optimal method of fire detection based on the joint use of sample means
and variances uses a larger amount of information contained in the controlled parameters of the gas environment. The results obtained
are useful from a theoretical point of view for the proposed optimal methods of fire detection. The practical significance of the work lies

in the further improvement of existing fire protection systems of facilities in order to prevent fires.
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1. Introduction

The stability of any state is largely determined by the level of provi-
sion of safe operation of infrastructure facilities in the face of various
threats. In peacetime and wartime, the greatest threats are fires at facili-
ties. Fires are associated with human casualties, destruction and damage
to facilities [1]. Fires at energy facilities are especially dangerous both in
peacetime and wartime [2]. According to world statistics, in peacetime,
most fires occur at residential, public and industrial facilities [3]. At the
same time, the number of victims from fires in residential buildings
is about 80 %. In this regard, the study of the problem of reducing the
threat of fires in premises is relevant and has great practical importance.
A constructive direction for reducing the threat of fires in premises is
the ignition identification (II) of materials at the early stages of their oc-
currence. In [4], an approach to reducing the threat of fires in premises
of facilities by II based on the use of video technologies is studied. It is
shown that this approach generally allows reducing the threat of fire
in premises. However, the II of materials based on video technologies
is produced by the appearance of a flame. At the same time, the reduc-

tion of the fire threat in the premise in the absence of flame remains
unresolved. The specified conditions are typical for the initial stage of
a fire, when there is no flame during ignition (I) of materials. Studies
in [5] show that the I efficiency based on the presence of flame in video
images significantly depends on the shading of I materials and can de-
crease by 50-80 %. In addition, the presence of various distortions in
images can increase the probability of false II to 0.2 or more. It should
be noted that II video technologies require significant computing and
intellectual resources. This significantly limits the capabilities of video
technologies to reduce the fire threat in premises based on I in difficult
conditions. A possible way to overcome the specified limitations of vid-
eo technologies may be the II technology based on current monitoring
of hazardous parameters (HP) of the gas environment (GE) during I of
materials in real conditions. Such technology is studied in [6]. It is noted
that GE HP in the premise carry complete information necessary for
reliable and timely IT of materials. However, it is not easy to obtain such
information for the II, since this information is hidden in most cases,
and also strictly individual for each type of premise and material L
This is explained by complex hidden mechanisms of interaction of the
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GE components with the beginning of the material I. In this regard,
an important direction for reducing the risk of fire in a premise based
on the current values of the GE HP should be considered the study of
ways to identify and methods for using such information for the II in
premises. In [6], the first and second order statistics of the GE HP are
studied. However, these statistics contain complete information only
in the case when the GE HP distributions correspond to the Gaussian
law. At the same time, the study of real wood ignition is characterized
by significant unevenness and complexity of the process of transferring
the released heat to the environment. It is noted that this process differs
significantly from the Gaussian process [7].

At the same time, the statistics of the heat transfer process and other
GE HP at the stage of flame absence, which are important from the point
of view of the I, are not studied. This increases the practical interest in
the study of sample statistics of GE HP and methods of their use for the
IT at the initial stage before the appearance of flame. In [8], in order to
identify hidden information contained in the GE HP, it is proposed to
use several similar GE monitoring sensors and a neural network for
data processing. However, it is known that the use of a neural network
requires its preliminary training in specific conditions of materials. This
significantly limits the II efficiency in real conditions, and also causes
difficulties in determining the II quality indicators. The II capabilities
based on monitoring sensors of various GE HPs with their subsequent
processing by fuzzy logic methods are studied in [9]. However, the re-
sults of [8, 9] are limited to considering only the first and second order
statistics of the monitored GE HP. In addition, the disadvantage of the
approach [9] is the complexity of implementing fuzzy logic methods and
algorithms that require a large amount of a priori information, which
is usually unknown and can change during the GE HP inspection. In
this case, other statistics of the GE HP are not considered. It should be
noted that all the results considered above relate to the time domain
of inspection of the GE HP and II. However, the time domain can be
matched with an equivalent frequency domain of II. The study of the
GE HP features at intervals of absence and presence of I of materials
in the frequency domain is considered in [10]. It was found that the
differences in the spectra with I of materials are more characteristic
of the high-frequency components of the monitored GE HP. At the
same time, there are no connections between the frequency compo-
nents in the spectra, which makes them insensitive to the nonlinearity
of the change in the GE HP, which is usually inherent in the initial stage
of T of materials. This limits the application of the spectra for II. In [11],
the differences in the bispectra of the GE HP at the stage of I of materi-
als are studied. It is shown that, unlike traditional spectra, bispectra are
sensitive to the features of the HP nonlinear dynamics. The study of the
GE HP bicoherence on the intervals of reliable absence and appearance
of T of materials is devoted to the work [12]. It is shown that there are
differences in bispectra that can be used for II. However, it is difficult
to calculate the IT quality indicators based on spectra and bispectra.
In addition, in practice, the control of the GE HP is carried out in the
time domain. Therefore, when using the features of spectra and bispectra
for II, there is a limitation associated with the correctness and accuracy
of the transition from the time to the frequency domain in the case
of non-stationarity, uncertainty and nonlinear nature of real GE HP.

Thus, the solution to the problem of reducing the risk of fires in
premises is closely related to ensuring II early detection of materials.
Two main approaches are used for this. The first approach is based on
obtaining a video image of the controlled I area and applying image
processing algorithms using complex methods of machine learning and
pattern recognition. The implementation of this approach involves the
use of expensive video image sensors, a large base of reference images
of T of materials, servers for its storage, as well as the presence of reli-
able information exchange channels. In general, this leads to a loss of
efficiency, reliability and autonomy of the II process in real premises.
The second approach is based on the development and application of

methods for statistical processing of controlled GE HP using traditional
fire sensors. However, the development of this approach is hampered
by insufficient research into the features of various distribution statistics
controlled by GE HP. Firstly, this is due to a wide variety of premises, as
well as conditions and types of I of materials. Secondly, it is explained by
the secrecy and sufficient complexity of the mechanisms of interaction
of the emitted products with the controlled GE HP at the initial stage
of fire development in the premises. The features of joint distributions
of current sample means and variances of controlled GE HP for II in
real time remain insufficiently studied.

The aim of research is to develop a method for detecting material
fires based on the joint use of current sample means and variances of the
controlled hazardous parameter of the gas environment in the premise
and to perform its experimental verification during the ignition of test
materials in a laboratory chamber. The use of the method will allow for
the timely detection of material fires in order to extinguish them and
reduce the risk of fire with losses in various premises.

2. Materials and Methods

The object of research is to detect fires of materials in a premise
based on the combined use of current sample averages and variances
of the controlled hazardous parameter of the gas environment. The
study was conducted under the assumption that a fire of a material
in a premise leads to a change in both the physical parameters of the
material itself and the GE parameters. Usually, a fire of a material is
accompanied by a transfer of excess enthalpy to the ceiling area of
the premise, leading to an increase in temperature and turbulence of
the GE in the ceiling area [13]. This means that it is possible to carry
out II based on the features of statistical distributions of the GE HP
before and upon occurrence of a fire of materials. However, it is not
possible to theoretically identify the specified features of the GE HP dis-
tributions. Therefore, the study was conducted experimentally. For this
purpose, a laboratory chamber was created simulating a non-hermetic
premise. The dimensions of the chamber were: 1500x1000x500 mm.
In the upper area of the chamber, above the source of fire of the mate-
rial, sensors were placed to monitor temperature, optical density of
smoke and concentration of carbon monoxide [14]. This arrangement
of the sensors for monitoring the specified GE HP in the chamber made
it possible to study the features of their statistical distributions with a re-
al I of materials [15]. It is the IT methods based on the differences in the
statistical distributions of the GE HP with a I of materials in the prem-
ises that are important in the practice of reducing the risk of fire. During
the study, the GE temperature in the chamber was monitored using
a DS18B20 sensor (USA), the specific optical density of smoke was
monitored using an IPD-3.2 sensor (Ukraine), and the CO concen-
tration was monitored using a Discovery sensor (Switzerland) [16].
The study materials were the results of monitoring the output sig-
nals of the specified sensors in the absence and presence of I of test
materials (TM). Alcohol, paper, wood, and textiles, characterized by
different specific mass burnout rates of materials, were selected as
TM [17]. Monitoring of the values of the output signals of the sensors
studied by the GE HP as performed discretely in time with an interval
of 0.1 seconds. The obtained discrete values of the output signals of the
sensors were saved in the computer memory for subsequent process-
ing. For an arbitrary monitored GE HP, the values of the output signals
of the sensors were a set of sequential data in time X, x1, X2, ..., X5
where M determines the end time of a given monitoring interval (re-
search interval) [18]. For an arbitrary sample of size N (N<M) from
data X, X1, X,..., Xpp the statistical distributions are usually unknown
and differ from Gauss. However, if the sample size N satisfies the large
sample condition (e. g., over 60), then the statistical distributions of the
sample means and variances asymptotically approach Gaussian with the
corresponding parameters [19]. Taking into account the independence
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of the sample means and variances for the Gaussian distribution, their
joint distribution will also be asymptotically Gaussian. This allows to
determine the quantitative indicators of the II quality in the space of
sample means and variances of the monitored GE HP. In addition, in
such a space, it is possible to formulate and solve problems of finding the
optimal I method based on the likelihood ratio rule. Lets consider the
essence of the optimal I method in the space of sample means and vari-
ances in discrete control of the GE HP. It is possible to assume that the first
N data from the set xg, X1, X3, ..., xpr (N<M) correspond to a sample from
a certain general population, characterized by the I absence, the I appear-
ance or presence. If N satisfies the condition of a large sample [18, 19],
then the sample mean and sample variance will be determined:

N-1

o, —Zx\l/N B, = Z(xN

—a)’/N. (1)

In this case, the variances for the sample mean and sample vari-
ance (1) will be determined by the values:

D,y =By /N. Dy (Z(x\, —ay) B J/N. )

Relations (1) and (2) determine the maximum likelihood estimates
for the moments of the corresponding distributions, which are asymp-
totically Gaussian. This means that in the space of arbitrary sample
means o and variances 3, their joint distribution will be determined by:

PN(O"B) = PN((X)PN(B) =

| Ha—ay) /2D, -
=exp _(B_BN )z /ZDBN

Taking into account representation (3), the joint distribution for ar-
bitrary sample means o and variances B in the case of a sample of size N,
shifted at time j=1, 2, ..., M, i. e. at time N+j, will be determined as:

/21D, Dy, (3)

aN

~(a—a,,

Y /2D, —
Pm,'(a)ﬁ):eXP " Y/2nD .. .D (4)
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Based on (3) and (4), the transition likelihood ratio fj(a., B) at an
arbitrary time j relative to time N will take the form:

[(0B)= py.;(0B)/ py(enB) =1, ()] (B). ©)

where [i(at) = pnj(a)/pn(a) and [(B) = pn(B)/pn(B) are the corre-
sponding partial transition likelihood ratios. Taking into account rep-
resentation (5), the optimal IT rule at time j in the space of arbitrary
sample means and variances will be determined as:

1(0uB)=1 (@) (B)<1, ©)
1 (@ B)=1, ()] (B)>1. ?)

Inequality (6) defines the optimal decision rule about the I absence
at time j (hypothesis Hp), and inequality (7) defines the optimal deci-
sion rule about the I presence at time j (hypothesis H;). Since the partial
transition likelihood ratios in the space of sample means and variances
are analytically defined and are Gaussian, it is possible to determine
quantitative indicators of the quality of solutions (6) and (7). Let’s con-
sider the essence of the partial transition likelihood ratio [i(et) in more
detail. Taking into account (3) and (4), the partial transition likelihood
ratio [j(ct) can be represented as:

(a—a,)* /2D, — D,,
I ()= eXP{ (o M)Z/ZDW} o (®)

oN+j

It follows from (8) that /() at time j depends on three parame-
ters o, oLy, oLy, two of which are the maximum likelihood estimates
of the sample mean for samples of size N at times N and N+j. In this
case, the maximum (8) will take place at oo = ouy. This means that for
the maximum likelihood estimate of oy at time N for a sample from
the general population corresponding to the reliable absence of Z,
representation (8) will take the form:

(C(N _(’“N+j)2 DocN
2D +D,,

cx‘\+/ ocN+7

()= exp{ ©)

O.N)

Taking the logarithm and transforming (9), the IT optimal rule at
an arbitrary time j based on the partial transition likelihood ratio of the
sample mean will be determined as:

(10)

In this case, if the condition H, / < is met, then a decision is made
about the I absence, if >/H, - decisions about the I presence. Since
the sample oLy, oy in (10) have asymptotically Gaussian distributions,
their difference is also asymptotically Gaussian. In this case, the value
(o, =)/ Da\u; .~ has an asymptotically Gaussian distribu-
tion with unit variance. This means that if the estimates oty, oLy, are
determined for samples from similar populations corresponding to the
reliable absence of I, then their normalized difference will have an asymp-
totic Gaussian distribution with a mean close to zero and unit variance.
In this case, using the Laplace integral, it is possible to determine the value
of the threshold Ay corresponding to a given significance level y (reliabil-
ity) of the solution. Taking this into account, the rule of optimal II (10)
with a given signiﬁcance level y (reliability) will be determined:

(R N) = Ay ID,.,+D 1n(1+ “N*’J
aN

l
The optimal rule (11) differs from the known rules obtained on dif-
ferent assumptions without using the likelihood ratio by an additional
correction of the known threshold Ay /D, + D, by multiplyingit by
thevalue /In(1+ D,/ D, ). Carrying out similar transformations for
the particular transition likelihood ratio [(By), it can be shown that the
optimal II rule with the same significance level y will be determined by:

HO
In 1+% .
Dy,
1

Taking into account (6) and (7), as well as (11) and (12), the opti-
mal II rule with a given significance level y in the space of joint sample
means and variances will be determined by:

(11)

(B1V+j_BI\’) (12)

Dﬁ\ﬂ

((X‘N-pj_(x‘;\')(BN+,_BN) A’YZSN,J> (13)

D D
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the generalized error for the product of differences between the current
sample means and sample variances at an arbitrary time j.

Rule (13) determines the optimal II method at an arbitrary time j
with a significance level y, which is based on the transition likelihood
ratio (5) in the space of joint sample means and variances. The proposed

T|v ||/\ s

1

where S | \/(me +D, )(Dﬂ\,ﬂ+DB\,)ln(l+
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II method was subject to verification based on experimental data ob-
tained during the TM ignition in a laboratory chamber.

3. Results and Discussion

Based on relations (11)-(13), it is possible to write the final formu-
las that determine the optimal II methods based on the use of sample
means, sample variances, and their combined use as follows:

0

H
D N

— aN+p | <
Amo =(ay,, =0ty )=Ay,D,y,,+D,y [In [1+ D.. ]>0,(14)

1

. [ <
BdlSp:(Bl,\#p—BN)—A'Y DBAN'+P+D13N TO, (15)
AB, =(0ty,, ~ B, By )~ AT, (16)

where p=0, 1,2, ..., 2000.

Formulas (14)-(16) allow to compare the indicated optimal
I methods since they have the same right-hand sides. The results of the
experimental comparison of such optimal II methods for four TMs of
ignition in a laboratory chamber at the same significance level y=0.05 and
fixed N=100 for the concentration of carbon monoxide are shown in Fig. 1.

In this case, the content of the designations along the ordinate axis
in Fig. 1-3 corresponds to the right-hand sides of expressions (14)—-(16),
respectively.

AB, 25 AB, g
— 20 — 6
Amo, 15 Amo, 4
o —
Bdis, 5 Bdis, 2
— — &

-5 -2
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a b
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—' 4 — 4
Bdis, 2 Bdis, 2
— o0 — 0

2 2

0 200 400 600 800 p 0 200 400 600 800 p
¢ d

Fig. 1. Results of comparison of the proposed optimal methods
for carbon monoxide during ignition of various materials:
a — alcohol; b - paper; ¢ — wood; d — textiles

Similar results for the specific optical density of smoke are shown
in Fig. 2. Experimental results of comparison of the indicated optimal
methods for temperature are shown in Fig. 3.

The results of comparison of the optimal II methods for carbon
monoxide concentration, specific optical density of smoke and GE
temperature indicate the advantages of the Il method (13) compared
to methods (11) and (12). This is explained by the fact that the optimal
method (13) carries out II based on the maximum amount of informa-
tion contained simultaneously in the sample mean and sample variance
of the controlled GE HP. At the same time, the optimality of the proposed
I methods is guaranteed by the fact that, unlike the existing IT methods,
they are obtained based on sufficient statistics in the form of likelihood
ratios and the choice of the corresponding optimal threshold. It is shown

that the value of the optimal threshold in this case additionally depends
on the nonlinear function of the ratio of the variances (accuracies) of the
corresponding estimates of the sample moments for the control interval,
which depends on the current time, and the training interval of a fixed
value, determined by N. The training sample should be selected from
a fixed interval of reliable absence of I of material. In this case, the value
should satisfy the condition of a large sample. In this case, the obtained
optimal methods of II can be considered as asymptotic optimal ones,
which provide the maximum probability of correct detection of I for
a given probability of its false detection (detection error) [19].
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— 20 —’ 20
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20 -20
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Fig. 2. Results of comparison of the proposed optimal methods
for the specific optical density of smoke during ignition of various materials:
a — alcohol; b - paper; ¢ — wood; d - textiles
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Fig. 3. Results of comparison of the proposed optimal methods
for smoke temperature during ignition of various materials:
a — alcohol; b — paper; ¢ — wood; d - textile

The obtained results in the form of the proposed II methods based
on the GE HP control can be used in practice in the development of
new means and systems of fire automation, capable of promptly II for
preventing fires in the premises of various objects [20].

A limitation of this research is that the results of checking the op-
timal IT methods were carried out in a laboratory chamber, and not in
real premises with a real fire load. Therefore, the results of the check
should be considered experimental and model.

The martial law conditions in Ukraine led to random power outages
during the experiment, which caused the failure of two GE HP control
sensors in the laboratory chamber. This required additional financial
and time costs for organizing and conducting the experiment.

The prospects for further research are related to a larger-scale veri-
fication of the proposed optimal II methods during fire tests in real
premises and with different fire loads.

;34

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — No. 2/3(82), 2025



ISSN-L 2664-9969; E-ISSN 2706-5448

CHEMICAL ENGINEERING:
ECOLOGY AND ENVIRONMENTAL TECHNOLOGY )

4. Conclusions

The results are obtained based on the synthesis of optimal methods
in accordance with the likelihood ratio criterion. A rigorous synthesis was
achieved by moving from the space of controlled hazardous parameters
of the gas environment to the spaces of sample means, sample variances,
and the space of joint sample means and variances. Under the condition
of large samples, the distribution of sample means, sample variances, and
their joint values tends to the Gaussian distribution. This allows using the
likelihood ratio criterion. Unlike the traditional approach, the likelihood
ratio is current and is determined relative to a fixed Gaussian distribution
in the case of a reliable absence of a fire. It is established that the optimal
method for detecting fires based on the joint use of sample means and
variances with the same quality indicators surpasses the optimal methods
for detecting fires based only on the sample mean or only on the sample
variance. This is explained by the fact that the optimal method for de-
tecting fires based on the joint use of sample means and variances uses
a larger amount of information contained in the controlled hazardous
parameters of the gas environment. The results obtained are useful from
a practical point of view of improving existing fire automation equip-
ment and systems in facility premises in order to prevent fires in them.
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