ECOLOGY AND ENVIRONMENTAL TECHNOLOGY )

Igor Tolok,

Boris Pospelov,
Evgeniy Rybka,
Andrii Iatsyshyn,
Ihor Morozov,
Olekcii Krainiukov,
Yuliia Bezuhla,
Larysa Prokhorova,
Tatiana Lutsenko,
Dmytro Morkvin

UDC614.8
DOI: 10.15587/2706-5448.2025.339602

DEVELOPMENT OF A METHOD
FOR RAPID IGNITION DETECTION
BASED ON CURRENT SELECTIVE
DISPERSION OF HAZARDOUS
PARAMETERS OF THE GAS
ENVIRONMENT

The object of the study is the current sample dispersion of arbitrary hazardous parameters of the gas environment during the ignition

of materials. A theoretical justification of the method of operational detection of ignitions based on significant deviations of the current
difference of sample dispersions of the measured arbitrary hazardous parameter of the gas environment has been carried out. In this
case, the significance of the current difference of sample dispersions will allow detecting the ignition occurrence in real-time observa-
tion of an arbitrary hazardous parameter of the gas environment. The method allows setting the level of significance for the current
deviation and ensuring the maximum power of fire detection. Laboratory experiments were conducted to verify the proposed method.
At the same time, the differences of sample dispersions of hazardous parameters of the gas environment correspond to the general sets
of reliable absence and occurrence of ignition. The results of the verification showed that at a given level of significance, the method
allows detecting current ignitions of materials based on significant deviations of sample dispersions of the considered parameters of the
gas environment. It was found that the most sensitive in terms of ignition detection are the CO concentration and the temperature of
the gas medium. The maximum rate of increase in the CO concentration during the ignition of alcohol, paper, wood and textiles are
0.7 ppmm?/s, 0.3 ppmm?/s, 6.4 ppmm?/s, 0.0025 ppmm?/s, respectively. During the ignition of alcohol and paper, the rate of temperature
increase is about 1°C/s, and during the ignition of wood and textiles — 0.25°C/s, respectively. The practical importance of the research
lies in the use of significant deviations of the sample dispersions of parameters of the gas medium for the detection of material ignition.
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1. Introduction

Safety is the main need of humanity. One of the reasons for the
violation of human safety is fires. Fires cause death and injury to people,
damage or completely destroy their property and various objects. Ac-
cording to world statistics [1], the largest number of fires (55%) occurs
in residential buildings. The maximum material losses from fires are
characteristic of industrial (45%) and residential (35%) objects. At the
same time, the maximum number of deaths is due to fires in residential
buildings (80%). It is known that any fire occurs due to ignition. If the
ignition is eliminated in time, there will be no fire. At the same time,
modern fire protection systems ensure the detection of the occurrence
of a fire [2]. This means that at the time of the start of extinguishing the
fire, the combustion process is already developed and uncontrolled. Ex-
tinguishing a fire at this stage becomes a difficult task, and in some cases
practically impossible. It is possible to save a building in such conditions
only by ensuring the normalized limit of fire resistance of structures [3].
In this regard, the prompt detection of ignitions (ID) in order to pre-
vent fires is an urgent problem that requires a timely solution.

Fire detectors are used to detect fires, which monitor the concentra-
tion of CO, temperature, specific optical density of smoke [4] or other
hazardous parameters (HP) of the gas environment (GE) [5]. The main
disadvantage of traditional means and technologies is the impossibility
of early fire detection (EFD), i. e. the impossibility of the ID of mate-
rials at an early stage of their development. This is explained by the fact
that fire detection occurs when the GE HP values of the corresponding
thresholds are exceeded. During the HP spread from the location of
the ignition material to the detector, such a process can go from the
ignition stage to the stage of full development. In [6], an intelligent fire
alarm system is studied that uses ultraviolet radiation technology in
the range of 185-260 nm and signal reception using a special aspheri-
cal lens. Achievements in the field of data processing technologies,
identifiers and microelectronics, taking into account a deeper under-
standing of the physics of fire, are considered in [7]. It is noted that in
practice, modern fire detection technologies have limitations in terms
of error, increased response time, and are complex and expensive to
implement. The technology of using dynamic structures of images of
the area of possible fire occurrence for the purpose of their detection is
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studied in [8]. The paper considers the features of processing dynamic
structures in real time. However, a model of only the dynamic structure
of the fire image is proposed. Other fire NPs are not considered. Deep
learning methods for increasing the efficiency of fire detection systems
are studied in [9]. At the same time, the priority of strengthening the
synergy between deep learning methods and remote sensing technolo-
gies for the development of more effective and accurate fire detection
systems is noted. However, the obtained research results cannot be used
for detecting fires in premises. In addition, [9] does not study the main
fire NPs and their dynamic properties at the early stage of fire develop-
ment. The work [10] is devoted to improving existing RVP systems.

It is proposed to use addressable fire detectors instead of conven-
tional ones. However, such detectors have limitations regarding the
detection time of exceeding the set thresholds by the measured para-
meters [10]. At the same time, the statistical GE HP properties regarding
their sample dispersions are not used. In [11], new fire detection tech-
nologies based on the use of ultraviolet and Fourier spectral analysis are
proposed. However, the use of Fourier analysis requires a guaranteed
condition of stationarity for the processes of observation of the speci-
fied HPs. However, in conditions of ignitions, the GE HP dynamics is
clearly non-stationary [12]. In [12], it is noted that the features of the
current real dynamics of the GE HPs during the occurrence of ignitions
are complex, non-uniform, individual and nonlinear. In this regard,
it is proposed to use the current estimate of the GE HP bispectrum
for the ID. However, the disadvantage of the current estimate of the
bispectrum is the complexity of its formation in real time. This limits
the possibilities of using bispectrum estimation for operational fire de-
tection. Simpler methods of parametric and nonparametric statistics for
identifying features of the dynamics of the NS GS for operational fire
detection are not considered. In [13], it is proposed to use operational
fire detection systems based on the use of various image sensors for fire
detection. Such sensors allow remote measurement of the intensities of
image pixels caused by the occurrence of material ignition. A common
disadvantage of ID technologies based on image sensors is their low
efficiency, associated with the significant time required for collection,
processing and fire detection in real conditions. The use of image sen-
sors for EFD in the presence of smoke and fire is investigated in [14].

The disadvantage of [14] is the use of complex algorithms for color
image analysis and various machine learning methods. In this case,
the EFD effectiveness based on image sensors in real conditions is sig-
nificantly reduced. In [15], it is proposed to use the assessment of the
bicoherence of the GE HP dynamics for EFD purpose. The magnitude
of the bicoherence of the GE HP dynamics allows detecting nonlinear
effects in the dynamics. However, the possibilities of assessing the ID
quality based on bicoherence are not considered. In addition, the use of
bicoherence for ID is associated with a complex procedure for process-
ing data on the HP.

Thus, the main cause of fires is the ignition of materials. Solving the
EFD problem is impossible without operational ID of materials. In this
regard, the development of operational ID methods with a quantitative
assessment of the quality of detection based on measurements of cur-
rent GE HP carried out by traditional sensors should be considered an
unresolved part of this problem.

The aim of research is to develop a method for rapid detection of
ignitions in premises with a given reliability based on current sample
dispersions of hazardous gas environment parameters monitored by
fire detectors. This will allow for rapid signaling of ignitions of mate-
rials for their timely extinguishing to prevent advanced fires in prem-
ises with significant losses.

2. Materials and Methods

The object of research is the current sample GE HP variance dur-
ing the ignition of materials. The current sample variance differs from

the generally accepted sample variance in that it is determined by
a sample that is tied to the current time. This means that the current
sample variance is determined by a sample that is characterized by the
current GE HP observation and observations that were made earlier.
The hypothesis of the study was that the values of the current sample
variance of the observed GE HP in the absence and presence of igni-
tion of materials are different. Experimental studies were carried out
in a special laboratory chamber [15]. Alcohol, paper, wood and textiles
were selected as test materials (TM). The controlled GE HPs were
the CO concentration, optical density of smoke and temperature [16].
GE HPs were controlled by appropriate sensors. The temperature was
monitored by a digital thermometer DS18B20 (DallasSemiconduc-
tor, USA), smoke (specific optical density of HS) - SPD-3.10 (Arton,
Ukraine), CO concentration — by the MQ-7 module (HengxinElec-
tronicFactory, China) [17].

The processing of the obtained data at the rate of discrete GE HP
control was performed using the Mathcad 14 software environment.
The GE HP control sensors were fixed in the upper part of the labo-
ratory chamber, where the characteristic inhomogeneities of the GE
HP occurred when the TM ignition occurred. It was assumed that the
features of the impact of the TM ignition on the controlled GE HPs in
the laboratory chamber are identical to the features of the impact in
real rooms [18, 19]. Forced ignition of the TM was carried out approxi-
mately in the interval between 220 and 260 discrete control of the GE
HPs. This allowed to assume that the controlled GE HPs until the mo-
ment of the TM ignition (up to 220 counts) correspond to the reliable
absence of the TM ignition in the chamber. The study used methods of
mathematical statistics, namely the sampling method and the method of
statistical hypothesis testing [20, 21]. Samples from GE HP observations
were taken from two general populations. The first general population
corresponded to the reliable absence of TM ignition. The second gen-
eral population was current and corresponded to GE HP observations
with an unknown moment of possible ignition of the material or its
absence. From the GE HP observations corresponding to the speci-
fied populations, samples of a fixed size were selected, which included
100 discrete observations each. The relationship between the current
time t of the observation and the number of the current discrete obser-
vation was determined by the function [#/0.1]. The specified sample size
ensured the representativeness of the sample variances for the specified
populations, as well as the approximation of the distributions of the
sample variances to the Gaussian law [20].

3. Results and Discussion

An important component of complex object protection systems
is EFD systems, which allow to significantly reduce the risk of human
death and significant destruction of objects [22], as well as negative
impact on the environment [23]. It is known that for a fixed-size sample
h of observations xy, xa, ..., X, where k = 1,2, ..., h of an arbitrary GE HP,
the complete characteristic is the sample distribution function F(x) [24].
However, the use of the sample function F(x) for operational safety is a
difficult task. Therefore, often instead of the sample function F(x) itself,
its approximate characteristics are used in the form of various sample
moments. The most widely used are sample moments that character-
ize the mathematical expectation and the dispersion of the sample
relative to the mathematical expectation (sample variance or sample
standard deviation). When materials burn, the observed GE HPs are
characterized by an increase in the average values and dispersion.
At the same time, a significant GE HP dispersion can significantly dis-
tort the sample means and lead to errors in the ID. Since the dispersions
do not depend on the mean, the use of current sample GE HP disper-
sions for operational ID is the most promising compared to the use of
current sample means [20, 21]. Taking this into account, let’s assume
that the controlled GE HPs can be caused by both the absence and the
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occurrence of material ignition. This means that part of the controlled
GE HPs can belong to the general population, which corresponds to
the absence of ignition, and part to the general population, which cor-
responds to the occurrence of ignition. In this case, operational ID is
reduced to determining which of these general populations the current
sample of controlled data belongs to.

To justify the method, let’s assume that there are two general sets
of current values of controlled GE HPs. Let the first general set of con-
trolled data be due to the reliable absence of ignition. Let's consider
this general set as the training set, and the sample of controlled data
from this set as the current training sample. Let’s assume that the sec-
ond general set of controlled data can be due to both the absence and
occurrence of ignition. Lets consider this general set as the verifica-
tion set, and the sample of controlled data from this set as the current
verification sample. Taking this into account, the task of operational
ID can be formulated as the task of testing a simple hypothesis against
a complex alternative. As a simple (null) hypothesis (HO), let’s consider
the hypothesis that the current sampling variance of the sample from
the verification population of controlled GE HPs is equal to the training
sampling variance of the sample taken from the training population,
which corresponds to the reliable absence of fire. The complex hy-
pothesis (H1) will be that the current sampling variance of the sample
from the verification population of controlled HS NPs is greater than
the training sampling variance of the sample taken from the training
population, which corresponds to the reliable absence of ignition. Lets
suppose that there is a current sample of controlled GE HPs of free size
h1: x(1), x(2),..., x(h), where h = 1, 2,..., h1, belonging to the training
population. According to the proposed method, for each discrete time
moment f, a current sample of size g2 of the GE HP control is formed:
x(t = 1), x(t = 2),..., x(t — g), where g = 1,2,..., ¢2. In this case, the condi-
tion that g2 < 11 is satisfied for the sample size is met. In general, the
selection of sample sizes 711 and g2 should be carried out taking into ac-
count contradictory requirements — the accuracy of the ID moment and
the error of representativeness of the current sample variances. It should
be taken into account that with a decrease in the sample size, the accu-
racy of the ID moment increases, but the errors of representativeness
increase. In addition, for small sample sizes, mathematical difficulties
arise in assessing the ID reliability [24]. Therefore, let’s use the condi-
tion of large sizes h1 and g2 with respect to the current samples. This
will allow to assume that the distribution of the corresponding current
sample variances approaches Gaussian [24]. According to [25], for the
current sample variances of controlled GE HPs, a suflicient condition
can be considered to be the sample size determined by 100 discrete
values. At the same time, for the representativeness of the current sam-
ple variances of the samples for the corresponding general populations,
it is sufficient to use samples which size exceeds 40 discrete values. In
this regard, the final sample size for the proposed method can be chosen
equal to 100 discrete values. At the same time, the conditions for the
approximation of the distribution of the current sample variances to
Gaussian and their representativeness will be ensured. This will allow
to draw statistical conclusions based on them.

The current sample variances D1 and D2, for samples from the
training and testing general populations will be determined in the form:

ml

D1=Y"(x()-X1)' /1, (1)

D2, =if [tzhl,nzzz(x(t—i)—X;f / g2.0], )

i=1

ml n2
where X1=Zx(i)/h1, X2,= if(t > hl,Zx(t —i)/gZ.Oj — current values
i=1 i=1
of sample means for the corresponding samples of controlled GE HPs;
ml, n2 - number of controlled data in the samples.

The proposed method is based on testing the two considered hy-
potheses HO and H1 for the current difference (1) and (2). In this case,
the method of operational VT will be based on the study of the value
of the current difference D2, — D1 = D,, which can be performed on
the basis of the theory of standard errors [25]. Given that, the pro-
posed method is reduced to testing the simple hypothesis HO, that
the current difference D, = 0, against the complex alternative H1,
that D1 < D2, Testing the specified hypotheses is based on deter-
mining the corresponding critical region. The specified critical region
will be determined by the current standard error 1[dl2 /hl+er2 /82,
increased by r times. In this case, the value r is characterized by the
probability of the current normalized difference of variances falling into
the region of acceptance of the hypothesis H0, which would be equal to
the given ID probability (given significance level ). Since the normal-
ized difference D, when the hypothesis HO is valid has an asymptotic
symmetric distribution with respect to zero, the desired value r will be
determined by a symmetric point with the opposite sign [20, 21]. Lets
consider that the probability of the normalized current difference falling
into the interval (0, e=) when the hypothesis HO is valid is 0.5. Then the
value r will be determined by the argument r of the probability integral

function @(x)= Je'ZZ/ZdZ/VZH , which is equal to the value (0.5 - a).

Taking this into ;ccount, finally the method of operational ID with
a given reliability can be presented in the form of the following rule

D, >r (di*/hi+d2,/g2) " (3)

The value of rin (3) is constant and is determined by the given ID
probability (given significance level a). Method (3), which is based
on testing the considered hypotheses at an arbitrary discrete time
point [/0.1] for a given ID probability, will provide the maximum ID
probability [20]. For the inverse rule, the probability of correct ID may
be less than the given ID probability. In order to simplify the implemen-
tation of the proposed method, it is proposed to choose the same and
equal sample sizes for the considered general populations h1 = g2 = p.
Denoting by R the value r (d1* / h1+d2, / 2)*, method (3) can be rep-
resented as

D, >R, 4

where R - the current ID threshold, which takes into account the given
probability of false ID (significance level &) and the current error in
calculating the current difference D,.

Thus, the proposed method is based on determining the current
sample variances for the training and testing populations, calculating
the current difference of the specified sample variances and comparing
the obtained difference with the current threshold. Experimental verifi-
cation of the proposed method of operational ID (4) was carried out on
samples from the current values of the controlled CO concentration, the
amount of smoke (controlled specific optical density of GE) and the GE
temperature in the laboratory chamber during the ignition of alcohol,
paper, wood and textiles. Fig. 1-3 show the dependences of the dynam-
ics of the difference D, (red curves) and the threshold R (blue curves)
for the significance level o = 0.05 and the sample size p = 100 from the
considered discrete controlled GE HPs during the ignition of the indi-
cated TM. The abscissa axis indicates the numbers of the current dis-
crete measurements. The designation /0.1 on the abscissa axis means
the integer part of the indicated ratio, which is a dimensionless quantity
and determines the number of the discrete control. The interval of
forced ignition of the TM is indicated by vertical dashed lines.

Before the ignition of paper, wood and textiles, the value of the cur-
rent difference D, of the CO concentration is close to zero (Fig. 1, b, ¢, d).
When materials are ignited, the current difference D, for the CO con-
centration significantly exceeds the current threshold and has a positive
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sign. At the same time, in Fig. 1, the results confirm that the ignition of
materials is characterized by a different nature of the non-uniformity of
the current difference D, for the CO concentration. Thus, according to
the data in Fig. 1, a, it was established that during the ignition of alcohol,
the non-uniformity is close to a jump-like character (the growth rate is
approximately 0.7 ppmm?/s). At the same time, in Fig. 1, the dynamics
of the difference of the sample dispersions at the moment of ignition
turned out to be less than zero. This is explained by the fact that the
current sample dispersions are random variables that can take on dif-
ferent possible values. Therefore, their difference can have a different
sign. In this case, the given difference between D2,and D1 turned out
to be negative. Following the method (4), a decision is made about the
absence of ignition in the interval from 0 to 220 counts. In this case, this
decision is characterized by the maximum probability of the correct
decision for a given probability of an incorrect decision [19, 20]. The
time of occurrence of a jump-like change in the current difference D,
for observing the CO concentration practically coincides with the igni-
tion of alcohol. When paper ignites, there is also a close to jump-like
increase in the current difference D, relative to the controlled CO con-
centrations, but it is characterized by 0.3 ppmmz/s. At the same time,
there is a shift in time of the IM moment by approximately 4 s. For
wood, similar indicators of the increase in the current difference D,
and the shift in ID time when observing the CO concentration are ap-
proximately 6.4 ppmm?/s and 3 s, respectively.

2 0.4 \ = 0.4
D, D,
0.2 J 02
0 0
0 100200300400 t/0.1 0 100200300400 t/0.1
a b
E_r 0.4 ]l;_r 0.4 N /
0.2 0.2 '/ \/
0 VN 0

0 100200300400 t/0.1 0 100200300400 t/0.1
c d
Fig. 1. Dynamics of the current difference of sample dispersions and
the current threshold for the CO concentration during the ignition of:
a — alcohol; b - paper; ¢ — wood; d — textiles

R 004 R 004 {" VV MW
D, D,
—0.02 —0.02
0—— 0=
0 150300450600 t/0.1 0 150300450600 t/0.1
a b
R _0.04 R 004
DI Dr
0.02 —0.02
0 e

0 150300450600 t/0.1 0 150300450600 t/0.1
c d
Fig. 2. Dynamics of the current difference of sample dispersions and

the current threshold for the specific optical density of GE during ignition:
a — alcohol; b — paper; ¢ — wood; d — textiles

In the case of textile ignition, similar indicators of a slight increase
in the current difference D, when observing the CO concentration are
approximately 0.0025 ppm/s and 0 s, respectively. At the same time,

7 s after the material is ignited, the current difference increases, which
is characterized by approximately 0.04 ppm/s. These results do not
contradict the known results and are explained by the different specific
burnout rates of TM [26]. The dynamics of the current difference D,
when controlling the specific optical density of GE for smoke (Fig. 2)
indicates that when alcohol ignites, the indicator of the increase in the
current difference D, for the controlled specific optical density of GE
in the case of smoke control is approximately 0.02%. At the same time,
this effect is observed almost at the moment of ignition of the mate-
rial (Fig. 2, a). When other materials are ignited, the indicator of the
increase in the current difference D, for the controlled specific optical
density of GE has a similar value at the moment of ignition. However,
when wood and textiles are set on fire (Fig. 2, ¢, d), the growth rate
of the current difference D, for this GE HP is an order of magnitude
smaller compared to the ignition of alcohol and paper (Fig. 2,a,b). For
the current difference D, when controlling the GE temperature when
igniting alcohol and paper, the growth rate is approximately 1°C?/s
almost at the moment of ignition (Fig. 3, a, b). When wood and textiles
are set on fire, the growth rate of D, when observing the GE tempera-
ture is approximately the same and is about 0.25°C2/s (Fig. 3,¢,d). The
time of appearance of the growth of the current difference D, for the
above materials for the moment of their ignition is approximately 3 s.
The obtained results experimentally confirm the overall efficiency of the
proposed method (with a delay from 0 to 3 s) of the ID of the studied
TMs, taking into account the hidden and complex mechanism of the
influence of the combustion products of materials on the controlled GE
HP chambers. It was found that the most appropriate from the point
of view of operational control with a given reliability are the current
differences D, of controlled CO concentrations and GE temperatures.
The exception is materials with a low specific burnout rate (wood and
textiles). Less appropriate from the point of view of operational control
is the current difference D, in the case of GE specific optical density.
But this is not a drawback of the developed method, but is explained
by the individual characteristics of ignition and combustion of TM.
A limitation of the study is the need to place GE HP control sensors
in the ceiling zone of the chamber [26], where significant fluctuations
of controlled GE HPs occur. At the same time, the disadvantage is
that the verification of the method was limited to a finite set of TMs
and controlled GE HPs in the laboratory chamber. Further develop-
ment of the study should be aimed at overcoming the noted limitation
and disadvantage.

R R
—8 I — 23
D, 6 IR D, |5
4 \
5 \ 1
0 Ve 3 A
0 150300450600 /0.1 “0 150300450600 /0.1
a b
R ] 1 1 1 R l\
Pl s /S I I g BB E S
SIS (I
4 A 1
2 R 5
0 N A L A

-1
0 150300450600 t/0.1 0 150300450600 t/0.1
c d

Fig. 3. Dynamics of the current difference of sample variances and
the current threshold for the GE temperature during ignition of:
a — alcohol; b — paper; ¢ — wood; d — textiles

4. Conclusions

A theoretical justification of the method of rapid ignition detection
with an assessment of the reliability of detection based on the use of
current sample variances of controlled hazardous parameters of the gas
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environment of premises has been carried out. The method is based on
testing a simple hypothesis that the current sample variance of controlled
hazardous parameters of the gas environment is equal to the sample
variance of controlled hazardous parameters of the gas environment of
the same parameter in the reliable absence of ignition. At the same time,
the alternative hypothesis is complex and consists in the fact that the
current sample variance of controlled hazardous parameters of the gas
environment is greater than the sample variance of controlled hazardous
parameters of the gas environment in the absence of ignition. An experi-
mental verification of the proposed method has been carried out. It has
been established that rapid ignition detection is based on significant
differences between the current sample variance of controlled hazardous
parameters of the gas environment and the sample variance of observa-
tions in the absence of ignition. The results obtained generally confirm
the ability of the proposed method to promptly detect the ignition of test
materials, taking into account the hidden complex mechanism of interac-
tion of ignition materials with hazardous parameters of the gas environ-
ment in the laboratory chamber. It has been established that the most
appropriate from the point of view of prompt detection of ignition is to
control the temperature and CO concentration of the gas environment.
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