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Hoxazaro, w0 0nsapantb020 6Us6IEHHA3AZOPAHD 6 NPUMI-
WEHHSAX MONCYNMb BUKOPUCMOBYBAMUCT MEMOOU HeNTHIUHOT
Junamixu, wo nepesepuyromo Mpaouyitini Memoou mum-
4aC068020, HACMOMIO020 AO0O UACMOMHO-4ACO8020 AHANI3Y
nebesneunux paxmopis sazopanns. Bcmanoseneno, wo naii-
Oivu Hebe3neunuM npu noJNceNcax 6 NPUMIUEHHAX € HAAG-
Hicmb 1a01020 2a3y 6 2a3oeomy cepedosuuii. O6TpYHMOBaANO
meopemuuny 6asy 0ns OOCHIOHCEHHS peKypeHmHux oia-
epam KoHueHmpauii 4aoH020 2a3y 6 2a3080My cepedosu-
wi. 3anpononosano mooudixauio pexypenmuux diazpam
eidcmaneii HA OCHOBI CMYNEHEBUX YABJIEHb, WO 00380JI51€
ceslexmusno niokpecatosamu ado 321a0cysamu cmpyxmyp-
Hi ocobaueocmi xonizypauii pexypenmnux mowox diazpam
eidcmaneii. Pesyavmamu 0ocnioxcenns pexypeHmuux oia-
epam OuHaMiKu KOHUeHmpauii ¥aoHoz0 2asy noKa3yomo, wo
3asnavenuli paxmop 3az0pAHHA Mamepiaiie MAe 6 3a2alb-
HOMY 6UNAOKY He CMOXACMU4HY, 4 XAOMUUHY OUHAMIKY.
Axicho 6cmanosnero, wo OUHAMIKA KOHUEHMPAauii 1aoHo-
20 2a3y 6 2a3080MY CepedoSUWi MAE HEPIGHOMIPHUL PO3-
nooin mouox. Ilpu uyvomy rongisypauis ckynuenns pexy-
PeHMHUX MOUOK Oiazpam ONs PIZHUX 20PIOMUX MAMEPIAlie
HeoOHaKo6a i Modice Gymu suxopucmana 01 po3nisHaeanis
muny i NOUAMKY PanHb020 3A20PAHHS 20PI0U020 Mamepiay.
Bcmanoenenuit paxm xaomuunoi ounamixu xonuenmpauii
4a0H020 2a3Yy 6 2a3080MY CePe0osUWi NPU PAHHLOMY 3A20-
pAnHi mMamepianie nosunen pPaxo6yeaAMUcs npu po3pooui
HOBUX MEXHOI02ill HAOIUHO20 0emeKmy6aHHs PAHHIX 3A20-
panv 6 npumimennax. Ompumani 6 pobomi dani eancausi
05 Oinbu 2AUO0K020 POYMIHHA OUHAMIKU NPOUECY YmEo-
PEHHS Ha0H020 2a3Y 8 2A3060MY CePEVOBUUT He2ePMEMUUHUX
npuMiniens nPu 3a20PAHHI PIZHUX Mamepiaie, OCKINbKU ye
noe'azano 3i 36epercenam sycumms uooei, AKi 3HAX00AMb-
€51 8 MAKUX NPUMINEHHAX 1 CBOEHACHON0 €8AKYaAUIEI0

Kniouosi cnosa: pexypenmni oiazpamu, KoHueHmpauis
4a0H020 243y, 2a306e cepedosuwie, HezepMemuvHi NpuMi-
weHHs
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1. Introduction

Hazardous factors of a fire are known to have a negative
influence of the environment, people, and material values. The
main hazards include toxic products of combustion, flame, el-
evated temperature, smoke, and decreased oxygen concentra-
tion. In addition, toxic combustion products pose the greatest
threat to human life, especially during fires in premises.
Indeed, in modern production, household and administrative
premises, there is a substantial amount of synthetic materials,
which are the main sources of toxic products of combustion.
There is a high content of carbon monoxide (CO) in the air
during fires. The content of CO in cellars, mines, tunnels can
range from 0.15 to 1.5 % and in premises, from 0.1 to 0.6 %. In
this case, mortality in premises is more than 80 % of all those
killed in the fires. This is explained by the fact that a person
dies not from fire but from poisoning. Thus, for example, after
one hour of staying in premises, the air of which contains only
0.1 % of CO the person loses consciousness. At CO concentra-
tion in premises at the level of 0.5 %, lethal poisoning occurs
after 20 minutes, and at the content of 1 % — after a minute.

Loss of consciousness is accompanied by such fatigue that
a person who even noticed the danger is not able to escape.
One of the most effective ways of preventing the dangerous
influence of CO on a human is to identify ignition of materials
at an early stage, which makes it relatively easy to eliminate
ignition and prevent the fire development. However, early ig-
nition of materials is characterized by complexity of processes
occurring in gas medium of premises, as well as minor changes
in dangerous factors, which hamper their earlier detection.
Therefore, the research into dynamics of hazardous factors of
a fire in the gas air medium at early ignitions in premises is a
relevant problem. Given the significant danger, special atten-
tion is paid to studying the CO dynamics.

2. Literature review and problem statement

The main enemy in case of a fire, in addition to the open
flame is CO. It has no color and smell. It is poisonous and is
released in large amount during incomplete burning of prod-
ucts of combustion. Typically, incomplete combustion occurs




at the lack of oxygen, which is typical for fires in premises. Pa-
per [1] is devoted to experimental study of the fire emergence
processes in premises. The results of research into processes of
combustion of materials are presented in [2, 3]. Experimental
study of the rate of thermal release of combustible materials
in case of a fire in premises was carried out in [4]. In papers
[1—4], it is indicated that the dynamics of dangerous factors
of gas medium in premises in the early development of a fire is
sufficiently complex, indeterminate beforehand and essential-
ly non-stationary by nature. Studies [5, 6] focus on develop-
ment of the temporal methods of determining the temperature
of gas medium in premises in case of a fire. Thus, for example,
paper [5] is dedicated to an increase in accuracy of determin-
ing temperature with fire sensors under actual conditions. In
is proposed to improve accuracy due to selection of sensor pa-
rameter that is optimal for each case. Temperature dynamics
is this case is taken into consideration by averaged statistical
parameters of gas medium. A subtle structure of temperature
changes in this study is not considered. Article [6] examines
the method of increasing quick performance of maximal fire
sensors, which also does not take into consideration the struc-
ture of temperature dynamics in premises in case of a fire.
Research [7] addresses development of fire sensors that are
self-adjusting by the ignitions of materials. Self-adjustment of
sensors in this case it limited by the averaged characteristics
of gas medium at ignitions. Paper [8] explores only dynamics
of establishing the threshold and probability of ignition de-
tection by self-adjusting fire sensors. In this case, recurrent
diagrams (RD) of hazardous factors of gas medium are not
considered. Paper [9] explores the temporal autocorrelations
and pair correlations of dangerous factors of gas medium at
ignitions in a special simulation chamber. RD of the dynamics
of hazardous factors of gas medium are not explored. Specifi-
cally, RD of CO concentrations, which are important for early
ignition detection, are not studied.

Analysis and procedures of measurement of random data
that can be used to detect hazardous factors of gas medium
in a fire are presented in [10], and mathematical reference
materials are presented in [11]. However, the presented pro-
cedures are based on the stationary approach, which enables
detection of only the averaged distribution of energy of haz-
ardous factors by lags and frequencies. In this case, a subtler
non-stationary structure, for example, frequency-temporal
structure of hazardous factors of gas medium at early igni-
tion is not taken into consideration.

Review of the methods of getting good temporal and
frequency resolution is presented in [12]. Tt is noted that
the problem of frequency-temporal localization has not been
solved completely because of its complexity. The methods,
presented in [12], are difficult for implementation of an early
automatic detection and are limited to model situations that
differ from actual factors of combustion. That is why they can-
not be used for studying a subtle structure of CO concentra-
tion of gas medium in real time. In [13], temporal analysis of
non-stationary processes is based on the Fourier transforma-
tion, which is true for stationary sections of implementation of
hazardous factors of gas medium. In this case, early ignition
is characterized by non-stationary sections of implementation
of hazardous factors of gas medium. The structure of CO con-
centration in gas medium at ignitions is not considered.

Paper [14] focuses of measurement of heat and concentra-
tions of combustion products in compartments with decreased
scales. Experimental study of dynamics of combustion rate
in enclosed and ventilated premises is presented in [15].

However, despite the obtained original results, there are no
studies of a subtle structure of hazardous factors of ignition,
in particular, CO concentration of gas medium. Article [16]
deals with the experimental studies of fluctuations of gas
medium parameters as early signs of ignition. At that, the re-
sults are limited to fluctuations of parameters of gas medium.
The study of the actual dynamics of dangerous factors of gas
medium in multi-dimensional phase space was not carried out.

Paper [17] tackles the use of general methods for analysis
of the frequency-temporal representation of processes. The
results of modeling and identification of nonlinear systems
with the use of short-time region of Fourier transformation
are presented in [18]. Application of directional short-time
Fourier transformation to analysis of actual processes is
discussed in [19]. In this case, the methods, presented in
[17-19], appear sufficiently complex in implementation of
structural solutions of the problem of fire protection of
premises. Other methods of nonlinear analysis of dynamic
processes, based on the approaches other than that of Fouri-
er, are not considered. However, detection of early ignitions
requires the studies of a subtler structure of the actual dy-
namics of dangerous factors of gas medium in multidimen-
sional phase space. So far, there have been no such studies
even for modeling experiments of decreased dimensions of
premises. In this case, the known research results are limited
to consideration of the current range of observed processes,
while the RD are not considered. For example, study [20]
discusses the application of the known frequency-temporal
approach to the study of dangerous factors of early igni-
tion in premises. General complexity and low speed of the
known frequency-temporal representations are noted. The
modified method of frequency-temporal representations of
fluctuations of hazardous factors of gas medium at early
ignitions in premises, which is characterized by high speed
of detection, is proposed. Despite its high speed of detection,
the proposed method is quite complex and its effectiveness in
general depends on the parameters and the type of the used
window functions. In addition, this method is limited to en-
ergy representation of hazardous factors of gas medium and
does not make it possible to make explorations in the phase
space at early ignitions in premises.

Thus, it follows from the analysis of literature that the
problem of research into dynamics of hazardous factors of
a fire in the gas air medium at early ignitions in premises
is and remains important and relevant. Owing to the com-
plex and non-stationary nature of dynamics of hazardous
factors, frequency-temporal representations with certain
restrictions have been recently used for analysis. Subsequent
research is associated with examining more subtle structure
of dynamics of the hazardous factors of early ignitions, based
on the study of frequency-temporal representations of fluc-
tuations of these factors. Complexity and low efficiency of
these representations are noted. That is why, the search for
constructive approaches and methods for analysis of dynam-
ics of dangerous factors of gas medium at early ignitions in
premises, based on modern methods of nonlinear dynamics,
remains relevant. Moreover, the dynamics of CO concentra-
tion in gas medium of premises as the most dangerous factor
of early ignitions has been studied insufficiently.

The known methods of nonlinear analysis appear of little
use in studying the actual dynamics of CO concentration
in gas medium of premises in multidimensional phase space,
since they require either rather long or stationary data of ob-
servations. In addition, there are noises in actual observations.



That is why an important and unresolved part of the problem
is research into dynamics of CO concentration in gas medi-
um of premises in multidimensional phase space by actual
observations that contain noise. One of the most interesting
modern methods of research into nonlinear dynamic systems
in multi-dimensional phase space is the RD, which got a wide
theoretical development and practical recognition [21-26].

3. The aim and objectives of the study

The aim of present research is to study RD of CO con-
centration of gas medium by experimental data at early ig-
nition of different types of combustible material in premises.

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

— to substantiate the theoretical base for research into
recurrent diagrams of CO concentration of gas medium;

—explore RD of CO concentration of gas medium at
early ignition of alcohol, paper, wood, and textiles in the
chamber, simulating non-airtight premises.

4. Theoretical grounds for studying the recurrent
diagrams of CO concentration in a gas medium

RD is the tool of dynamic systems analysis, which is used
in various fields for objective characteristics of time series data
[21-26]. For non-linear system, such as gas medium, the study
of hazardous factors based on frequency-temporal representa-
tions and fast Fourier transform (FFT) appears insufficient for
an objective characteristic of dynamics. That is why, RD are
used in order to study the dynamics of CO concentration as
the most dangerous factor of the gas medium at early ignitions
in premises. RD are very important for in-depth studying and
understanding of the processes of changes in CO concentration
of gas medium in premises at early ignition of flammable ma-
terials. RD enable us to distinguish between possible chaotic
changes in CO concentration that are deterministic by nature
and those, where stochastic in nature noise prevail.

It is necessary to transform the given observation data
into data of the correspondent phase space. In reconstructed
phase space, proximity of two vectors of states

x, = [y(tl.), y(t,+ 7). y(t; +(d—1)r)]T

and

X = [y(tj), y(tj +Z'),...., y(tj +(df1)2'):|T

can be expressed through recurrence matrix [25]. In the
case that is considered here, y(%;) is the instantaneous value
of observed CO concentration of gas medium, and t and d
represent respectively the delay time and the embedding
size that are selected a priori. A recurrence matrix can be
estimated in different ways. The most common way of evalu-
ation is indication of the vectors’ position at a fixed distance
(hypersphere of radius €) from a certain specified vector e.
A recurrence matrix in this case represents a binary matrix,
determined in accordance with [25]

R, j)=H-(s— i), 1)

where (1) H(*) designates indication function in the form of the
Heaviside function, ¢ is the radius of the correspondent hyper-

sphere, and |*| is the norm (distance). By representing graph-
ically R(i, /)=0 and R(i, j)=1 in the form of the correspondent
white and black points, as, for example, in Fig. 1, it is possible
to construct RD. In this case, the RD diagonal will consist of
black points, for which always R(i, j)=1. This diagonal is called
the line of identity (LOI) and is located at the angle of 45° to
coordinate axes. At this, an arbitrary separate recurrent point (i,
7) will not carry the information about the states of the process
at moments i and j. Only the entire totality of recurrent points
(RD) makes it possible to restore the properties of the examined
process — the dynamics of CO concentration. It is not possible
in practice to detect complete coincidence of states in terms of a
strict equation. By recurrence of CO concentration, we will im-
ply a sufficient proximity of state x; to state xj. This means that
states x; that get to hypersphere of radius € with the center in xi
will be recurrent. In expression (1), all the above is described
by function H(*) and its parameter &. As a norm in (1), we se-
lect norm L. (L-(X)=maxlx], where xi is the i-th coordinate of
arbitrary vector X), which does not depend on dimensionality
of phase space, is most simple to calculate and makes it possible
to explore RD theoretically, since analytic expressions for L.
appear simpler than for other varieties of determining norms.

RD produces important qualitative information about
dynamic properties of the analyzed process. In this case,
the lines that are equal in length and parallel to the LOI,
characterize the periodic component of the analyzed process.
The distance between the lines will determine the period of
a periodic component of this process. Short sections of di-
agonal lines, parallel to LOI, indicate the noise periodical or
quasiperiodic behavior of the process. In this case, line breaks
are caused by noise. Vertical lines represent the intermittent
steady behavior. Box-like RD structure (Fig. 1) corresponds
to chaotic processes, and RD for stochastic processes is tra-
ditionally displayed by white and black points, distributed
evenly over the entire RD area in a random way.

In the general case, the space of states of CO concentra-
tion of gas medium is multidimensional, especially when it
is reconstructed based of experimental data, in which noise
leads to additional increase in dimensionality of phase space.
That is why the phase portrait of CO concentration can be
visualized only in the form of the correspondent projections
in two- or three-dimensional spaces. Therefore, RD makes
it possible to explore visually a multidimensional trajectory
of the state of CO concentration of gas medium through its
two-dimensional representation. RD can be used on fairly
short time intervals and represent repeatability of states
(i. e, the frequency of visiting a small area in the phase
space). Unlike other methods, such as Fourier, Wigner-Ville
or the wavelet methods, RD is easy to implement and can be
used for studying linear and non-linear processes [27].

It should be noted that RD is formed based on diagram
D (i, ), representing a symmetric matrix of dimensions NxN.
Here each element of the matrix represents the assigned de-
gree a of the distance between x; and xj, which can be displayed
on a certain color palette

D(i,j)=llx; —x, . 2

5. Results of studying experimentally the recurrent
diagrams of CO concentration in a gas medium in a chamber

The study of RD of CO concentration in the gas medium
was based on the experimental data, obtained at ignition of



combustible materials in the form of alcohol, paper, wood
and textiles in the simulation chamber [28]. In the course
of the experiment, registration of CO concentration at ig-
nition of the specified combustible materials was produced
at discrete moments ¢; with the pitch of Az=0.1 second, for
=0, 1, 2,...., 400. At this, the count number i determined the
correspondent moment of time ¢; of the interval of data regis-
tration. This means that for count i, the value of the observed
CO concentration is determined by magnitude y(z;). Before
each session of ignition of tested combustible materials, nat-
ural ventilation of the chamber was conducted. Ignition of
combustible materials in the chamber was made at about the
200" count for each session. The gas sensor, applied in the
existing fire detectors, was used in the chamber.

Fig. 1 shows RD of CO concentration of gas medium, de-
termined by expression (1), for i=0, 1, 2,...., 400 and j=0, 1, 2,....,
400 at ignition of alcohol, paper, wood, and textiles in the simu-
lation chamber in case of parameter e=0,01. Similar RD of CO
concentration of gas medium in the chamber, determined by
expression (1), but for the threshold ¢=0.1 are shown in Fig. 2.
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Fig. 1. Recurrent diagrams of CO concentration in a gas
medium in the chamber at €=0.01 in case of ignition:
a — alcohol; b — paper; ¢ — wood; d — textiles

RD of distances for CO concentration of gas medium
in the simulation chamber at different values of o indicator
in expression (2) were explored at the next stage. Fig. 3
shows, in the appropriate color palette, results of studying
the distances for CO concentration of gas medium at o=1.
Similar results of the study for the case of parameter a=0.5
are shown in Fig. 4. Color palette in Fig. 3 and Fig. 4 cor-
responds to the relative value of distances in the order of
their increasing from blue (minimum relative distance) to
red (maximum relative distance) for the respective counts of
CO concentration of gas medium in the modeling chamber.
Colored lines in Fig. 3, 4 characterize the lines of equal dis-
tances to the correspondent moments of CO concentrations
of gas medium. In this case, the figures on the specified lines
correspond to specific values of these distances.

RD, presented in Fig. 1-4, were constructed taking into
consideration actual errors of measurement of CO concentra-

tion of gas medium by sensors in the simulation chamber, as
well as errors of conversion of measurement results into dig-
ital form for storage and subsequent processing. In this case,
digitization errors are negligible compared to measurement
errors. That is why within a technical error of expressions
(1) and (2), the reduced RD reliably estimate differences for
the studied combustible materials, taking into consideration
errors of CO concentration measurement by the gas sensor.
Assuming the sensors used are applied in actual fire detectors,
it is possible to argue about the adequacy of results, obtained
when studying RD, to actual conditions.
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Fig. 2. Recurrent diagrams of CO concentration of gas
medium in the chamber at €=0.1 in case of ignition:
a — alcohol; b — paper; ¢ — wood; d — textiles
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Fig. 3. Recurrent diagrams of distances for CO concentration
of gas medium at =1 in case of ignition:
a — alcohol; b — paper; ¢ — wood; d — textiles
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Fig. 4. Recurrent diagrams of distances for CO concentration
of gas medium in the chamber at =0.5 in case of ignition:
a — alcohol; b — paper; ¢ — wood; d — textiles

6. Discussion of results of studying the recurrent
diagrams of CO concentration in a gas medium

Ilustration of the results in Fig. 1-4 indicates the pos-
sibilities of making use of RD for in-depth research into dy-
namics of CO concentration of gas medium at early ignitions
of flammable materials in premises. An important feature of
the RD is simplicity of implementation, which provides high
efficiency of obtaining information. This means that RD can
be used in line with the actual pace of monitoring the CO
concentration in a gas medium.

Analysis of results of the study shown in Fig. 1—4 makes
it possible to conclude that the structure of RD depends on
combustible materials and their early ignition. In addition, it
is possible to distinguish two main classes of structures: to-
pology, corresponding to large-scale structures, and texture,
corresponding to small-scale structures of diagrams.

RD produce important qualitative information about
dynamic properties of the analyzed process. In Fig. 1, the
structure of RD in the interval of absence of ignition (ap-
proximately the first 200 counts) is characterized by the
evolution of box-like structures, corresponding to transition
from some chaotic processes to the others. In this case,
parameters of chaotic processes change over time. Single,
separately located points of the diagram characterize chaotic
states of CO concentration of gas medium that are rare or
unstable in time or due to strong fluctuations. Vertical and
horizontal lines (Fig. 1, b) or close to them (Fig. 1, d) indi-
cate the laminar nature of dynamics of CO concentration of
gas medium before ignition of paper and textiles.

At the initial and subsequent moments of ignition of
tested combustible materials, RD of dynamics of CO con-
centration in gas medium in the chamber have contrasting
areas and characteristic bands, indicating the presence

of chaotic dynamics along the main diagonal. The lack of
uniformed distribution of points suggests that dynamics of
CO concentration in gas medium at ignition of the studied
materials is generally chaotic in character with the elements
of insignificant stochastic nature.

An increase in radius ¢ of the hypersphere in (1) by the
order of magnitude does not significantly alter the structure
of RD of CO concentration, smoothing a subtle structure
and highlighting its most essential characteristics (Fig. 2).

Analysis of structure of RD of distances, presented in
Fig. 3 at a=1 as the form of the correspondent contours of
equal distances taking into consideration the color pal-
ette, allows recognizing the beginning of ignition of tested
combustible materials, as well as the type of combustible
material. Thus, for example, white areas on the diagrams
correspond to the absence of ignition. Sudden transitions of
the white structure into blue one indicate the beginning of
an increase in CO concentration of gas medium — the begin-
ning of the ignition of material. The most intense changes in
CO concentration out of tested combustible materials occur
at ignition of alcohol (8 or more units in Fig. 3, @). In the case
of using in (2) of exponent a=0.5, it is possible to identify the
structure of CO dynamics in the absence of ignitions and
somewhat smoothen the structure, corresponding to igni-
tions (Fig. 4). In this case, the basic character of structures
of RD distances of dynamics of CO concentration of the gas
chamber remains, which allows recognition of the beginning
and the type of flammable material.

It should be noted that in Fig. 1-4, the areas of RD of
CO concentration of gas medium, corresponding to the
absence of ignition of combustible materials, have different
structures. This is explained by the fact that the sequence
of ignition sessions of materials was determined by the
sequence — alcohol, paper, wood, and textiles. Moreover,
after each session, combustion material was removed out of
the chamber and the chamber was subjected to the natural
process of ventilation. That is why the dynamics of CO
concentration from the previous session with consideration
of natural ventilation of the chamber was overlying on the
structure of RD, correspondent to the absence of ignition.

This study is limited to consideration of norm L.. only.
Other possible varieties of norms are not considered in this
study. In addition, the research into RD was carried out on
condition of the same values of the radius of hypersphere &
or exponent o for all observable values of CO concentration
that are discrete in time. In the general case, the value of the
radius of hyper-spheres and of the exponent can be select-
ed depending on the current dynamic of the process. The
problems of quantitative estimation of structures of RD of
CO concentration and other related hazardous factors of gas
medium at early ignitions of flammable materials in premises
remained beyond consideration.

7. Conclusions

1. The theoretical grounds for studying RD of CO
concentration in a gas medium were substantiated. It was
shown that the methods of nonlinear dynamics, surpassing
traditional methods of temporal, frequency or frequen-
cy-temporal analysis of dangerous ignition factors may be
used for early detection of ignitions in premises. It was noted
that the RD are the simplest and most constructive of them.
Modification of the RD of distances, based of power repre-



sentation, is proposed. It was established that considered
parametric RD enable real-time tracking of dynamics of CO
concentration and detecting its deviation at occurrence of
ignition of combustible materials in premises. It was noted
that the basic parameters of regulation of sensitivity of the
studied RD to detection of early ignitions are the radius of
hypersphere € or magnitude of exponent a.

2. RD of dynamics of CO concentration of gas medium
at early ignition of alcohol, paper, wood, and textiles in
the chamber, simulating non-airtight premises, for two
values of radius of hypersphere (¢=0.01 and 0.1) and of
exponent (¢=0.5 and 1.0) were studied. It was determined
qualitatively that dynamics of CO concentration of gas
medium at ignitions of various materials has generally not
stochastic, but chaotic nature. This is explained by the fact

that the RD in the case of a stochastic nature of dynamics of
CO concentration would be displayed as uniformed random
distribution of points on the recurrent plane. However, the
results of the conducted study, presented in Fig. 1, 2, indi-
cate non-uniformed distribution of points on the recurrent
plane, as well as existence of significant areas of white color
and a complex configuration of the local clustering of points.

Beyond the framework of our study is the problem of
quantitative assessment of complex structures of RD of the
CO concentration dynamics and other hazardous factors of
a gas medium for the comprehensive reliable recognition of
early ignitions of combustible materials in premises in actual
situation. Solving a given problem is of great practical im-
portance for the environmental protection of humans at the
occurrence of ignitions in various premises.
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Ompumano meopemuuny ma excnepuMeHmManvHy OUIHKU MOH- m
Hocmi neopmozonanvhux xondizypauii MEMC-damuukie na ocHoei DOL: 10.15587/1729-4061.2018.131945

AK 00HOOCHUX 0amMuuKie, Max i MPUOCHUX GUMIPIOBANLHUX O0JI0KIE.
Axmyansnicms 00CHI0NHCEHHA 3YMOBTICHO MONCTUBICIIO BUKOPUCMAHN- T H EO R ETI CA L
Ha maxux xonisypauiii 6 Hasizauii 0e3niiomuux pyxomux o0’cxmis.
Pesynvmamu 0yno ompumano Ha 0cHO6 Memoois inepuianvhoi Hagiea- A N D

uii, anHaimuuHoi MexawiKku, MamemMamutHoi CmamucmuKu ma Hanie-

namypnoz0 modenosanns. ITio wac docaidxicens 6yno npoananizosano Ex P E R I M E N T A L

Heopmozonaavii xoudizypauii oonoocnux MEMC-damuuxis, 6xio-

uarouu mampuyi Hanpamuux xocunycie. Ilpedcmagneno neopmozo- As s E s s M E N T s

HawHI KOHDieYypauii Ha O0CHOBI THEPUIANLHUX MPUOCHUX NPUCMPOi6

MPU-6050 ma xoHcmpyKkmusHux esemMenmie y 6uzaadi mpuxymmoi ma 0 F ACC U R ACY

yomupuxymnoi nipamio. Ompumano 6i0n06IOHI MAMpuyi HANPAMHUX

xocunycie. Ha 6iominy 6i0 éidomux neopmozonanshux xondizypauii, o F N o N -
B8PAX0BYIOMbCA GUMIPIOBANHSA YCIX 0amuuKie, w0 6x00amv 00 CKIA-

0y mpuocnux npucmpoie. Haoano onuc e3aemmnozo posmawyeanns ORTHOGON AL

BUMIPIOBATLHUX OCEU OKPeMUX 0AMUUKIE 8 3anPONOHOBAHUX KOHi2y-

payiax. Ompumano meopemuuny OUiHKy HeOPMO2OHAILHUX KOHDi2y- M E M s s E N s 0 R
pauiti MEMC-0amuuxie na ocio6i 00HOOCHUX Ma MPUOCHUX BUMIPIO-
6auig Kymoeoi wmeuodKocmi 3 6UKOPUCMAHHAM KOPENAUTUHUX MAMPUUD
noxuoox eumiptosans. Busnaueno excnepumenmanviy ouinKy mounoc- A R RAY s
mi euweszadanux Konieypayii na niocmaei ouHAMIMH020 aHAi3Y 3 O. Sushchenko

BUKOPUCMAHHAM MPUCMYNEHEE020 OUHAMINHOZ0 CMEHOY NPOCMOPOBUX
nepemiwensv. Ilpu ybomy nadano zpadiuni 3anexncnocmi adcoOmHux
noxXuOoK GUMIPIOBAHL MA HABEOEHO POPAXYHKOBI 3HAMEHHS BI0HOCHOT
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1. Introduction navigation and motion control. Among these applications,

autopilots of unmanned aerial vehicles (UAVs) and rockets

Nowadays sensors based on micro-electromechanical  designed for launching small satellites into orbit should be
systems (MEMS sensors) are widely used in the areas of — mentioned. These applications are characterized by the high




