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Abstract

Introduction. Recently, much attention has been paid to the issues of long-term development of specialized fire and
rescue units of the Federal Fire Service of the State Fire Service. In this regard, there is a need to develop criteria to
justify the use of a particular service as part of specialized fire and rescue units. Therefore, the objective of this study is
to develop a mathematical model to justify the need to use radiation and chemical protection services as part of
specialized fire and rescue units in the subjects of the Russian Federation.

Materials and Methods. Justification of the need to use radiation and chemical protection services as part of specialized
fire and rescue units has been carried out using the theory of fuzzy sets. The mathematical model takes into account the
climatic and geographical features of the subjects, indicators of social, technical and economic development, and the
risks of emergencies and fires. It also takes into account the availability of forces and means of a Unified State system
for the prevention and liquidation of emergency situations in each subject of the Russian Federation. In total,
15 indicators were selected that characterize the need to use radiation and chemical protection services as part of
specialized fire and rescue units. A desirability function is defined for each indicator, which shows which values of the
indicator are the most acceptable from the point of view of the need to use radiation and chemical protection services as
part of specialized fire and rescue units.

Results. Using the developed model, the subjects of the Russian Federation are identified in which the need for
radiation and chemical protection service as part of specialized fire and rescue units is the highest. It is proposed to
create a radiation and chemical protection service of the 1st category in the Moscow, Sverdlovsk and Rostov regions, in
the Krasnoyarsk and Primorsky Territories and in St. Petersburg. In 21 subjects it is proposed to use the radiation and
chemical protection service of the 2nd category. In other subjects, it is proposed to assign the 3rd category to the
radiation and chemical protection service.

Discussion and Conclusion. The mathematical model developed using the theory of fuzzy sets will allow a more
differentiated approach to the creation of a radiation and chemical protection service as part of specialized fire and
rescue units and increase the efficiency of the functioning of this service and specialized fire and rescue units as a
whole. The presented model can be applied to justify the need to use other services and groups as part of specialized fire
and rescue units.
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AHHOTAIHSA

Beeoenue. B mocnenHee Bpems Oonblloe BHUMAHHWE YJETSETCS BOIPOCAaM  IEPCHEKTUBHOTO  Pa3BUTHS
CHeLUaIM3UPOBaHHBIX TT0JKapHO-ClIacaTeNIbHbIX YacTeld PenepanbHO NpOTHBONOKapHOH ciyx0bl ['ocynapcTBeHHOM
npotuBonoxapaoi ciyx0sl (PIIC I'TIC). B cBs3u ¢ 3TUM cymiecTByeT NOTpeOHOCTh B pa3pabOTKE KPUTEPUEB IS
00OCHOBaHHMS HCITIONIB30BAHHUSI TOM WIM HHOW CIy)XOBI B COCTaBe CIICIHMAIN3UPOBAHHBIX I10’KapHO-CIIACATEIBHBIX
gacreit (CIICY). IloaTromy menp OAaHHOTO HCCIIENOBAaHUS COCTOsUIa B pa3paboTKe MaTeMaTHYECKOW MOJCTH IS
000CHOBaHMSI HEOOXOJMMOCTH HCIIOIB30BAaHMS CIYKOBI paJualliOHHOW M XMMH4YEeCcKOH 3amutel B cocraBe CIICY B
cybonexTax Poccuiickoit @enepanuu.

Mamepuanst u memoosi. OO0CHOBaHHE HEOOXOIMMOCTH HCIIONB30BAHMS CIYXKOBI pajlalMOHHON M XUMHYECKOH
samuthl (PX3) B cocraBe CIICU mpoBeneHO ¢ KCIMOJIB30BaHWEM TEOPUU HEUYETKHX MHOXKECTB. B Marematndeckoit
MOJIENIM  YYUTHIBAIOTCS MPHUPOAHO-KIMMATHYECKHEe U Teorpaduyeckue OCOOCHHOCTH CYOBEKTOB, IOKa3aTelln
COLIMAIBHOTO M TEXHHUKO-3KOHOMUYECKOT0 Pa3BUTHUS U PUCKUM BO3HHKHOBEHHS YPE3BBIYAIHBIX CHUTyaI[Uil U IOXapoB.
Taxxe yunthiBaeTcst Hamuuue cui u cpeactB PCUC B kaxaom cyobekte Poccuiickoit denepanuu. Beero oTrodpano
15 nokazatenei, XxapakKTepu3yONHX HEOOXOAUMOCTh HcIoyb3oBanusa ciyxk0bl PX3 B coctaBe CIICY. [[ns kaxmoro
TOKazaTelsl ompenesicHa (YHKIUS JKENaTelNbHOCTH, KOTOpas IOKa3bIBACT, KaKWe 3HAUCHMS IOKAa3aTelsl SBILIFOTCS
HamboIee MPUEeMIIEMBIMH C TOYKH 3PCHHS HEOOXOJUMOCTH UCTIONB30BaHms ciyk0bsr PX3 B cocrase CIICU.
Pe3ynomamut uccnedosanusn. C WCTONB30BaHUEM pa3pabOTaHHONH MOJENN OIpeneNleHsl cyOBeKThl Poccuiickoii
®deneparyn, B KOTOPHIX MOTpeOHOCTE B ciyk0e PX3 B coctae CIICY nanbonee Beicokas. Ciryx0y PX3 1-ro pa3psima
mpejyiaraeTcs co3nats B MockoBckoit, CBepanoBckoit u PoctoBekoit obmactsax, B KpacHospckom u [Ipumopckom Kpasx
u B T. Cankr-llerepOypre. B 21 cyObexre mpeanaraercs HCIoOib30BaTh ciayxk0y PX3 2-ro paspsma. B ocranbHBIX
cyOBEeKTax MpeIoKeHO MPUCBOUTE ciyk6e PX3 3-nit paspsn.

Obcyacoenue u 3axniouenus. Pa3paboTaHHas C HUCIOJIB30BAHHEM TEOPUH HEUCTKUX MHOXKECTB MaTeMaTHUYECKas
MOJIeNb MMO3BOJUT Oosiee nuHEepEeHIIUPOBAHHO MOAXOIUTh K co3maHuio ciy)0bl PX3 B cocraBe CIICU u MOBBICHUTH
s¢dexTHBHOCTh (HyHKIMOHUPOBaHUs naHHON ciayxObt u CIICY B menom. IlpenctaBiieHHas MOJE/b MOXET OBITh
IIPUMEHEHa /111 000CHOBaHUS HEOOXOMMOCTH UCIIONB30BAHMS IPyTUX ciyk0 u rpynn B coctaBe CITICY.

KiaroueBble ci10Ba: HEYETKOE MHOKECTBO, CIICHUAIU3UPOBAHHAA [IOKAPHO-CHIaCaTClibHasA 4YacCThb, qpeaBanﬁHaﬂ
CUTyalusd, rnoxap, puck, paidalliOHHAd U XUMHUYCCKas 3aliuTa.

BaaronapHocTn. ABTOpHI BBIpaKaroT OJIaroJapHOCTh PEAAKIMOHHOW KOJUISTMM JKypHaJla M pPELEH3EHTY 3a
npodecCHOHANBHBIN aHANIM3 U PEKOMEHJAUH AJIsl KOPPEKTUPOBKH CTaThU.

Jaa uurupoBanus. Mamtakos B.A., bo6punes E.B., Ynasmora E.}0. u ap. ObocHOBaHME HEOOXOAMMOCTH
HCIIONB30BAaHMS CIyKOBl paJuallMOHHOM M XMMHYECKOH 3aIIUTHl B COCTaBE CIEIMATU3MPOBAHHBIX MOXKAPHO-
crmacaTelbHBIX 4acTeld B cyObekTax Poccuiickoit ®enepanuu. beszonachocmv mMexHOSEHHLIX U NPUPOOHBIX
cucmem. 2023;(7)2:27-37. https://doi.org/10.23947/2541-9129-2023-7-2-27-37

Introduction. Specialized fire and rescue units of the Federal Fire Service of the State Fire Service (hereinafter
referred to as SFRU) in the territorial garrisons of fire departments are assigned the tasks of extinguishing xs in
settlements and facilities, carrying out emergency rescue, diving and other special engineering works related to the
elimination of fires, the elimination of the consequences of technogenic and natural emergencies [1, 2].

According to the standard staffing table (Order of the Ministry of Emergency Situations of 21.03.2014 No. 129 "On
Amendments to Order of the Ministry of Emergency Situations of Russia of 30.12.2005 No. 1027 and Invalidation of

the Orders of the Ministry of Emergency Situations of Russia and Certain Provisions of the Orders of the Ministry of
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Emergency Situations of Russia") the following services and groups may be part of SFRU:

— diving service;

— medical and psychological service;

— telecommunications and communications service;

— engineering service;

— radiation and chemical protection service;

— fire extinguishing and emergency rescue service;

— cynological group;

— pyrotechnic work group;

— technical support and maintenance group;

— robotics and unmanned aerial vehicles group.

Currently, much attention is paid to the issues of the SFRU long-term development [2]. In this regard, it became
necessary to formulate criteria for justifying the use of a particular service as part of the SFRU.

The study objective is to develop a mathematical model using the theory of fuzzy sets [3-6] to determine the need to
use the radiation and chemical protection service (RCP) as part of the SFRU to ensure fire safety and protect territories
from emergencies in the subjects of the Russian Federation.

The RCP service in the SFRU of Chief Directorates of the Ministry of Emergency Situations of Russia for the
subjects of the Russian Federation is created to ensure safety measures and improve the SFRU readiness for emergency
situations to extinguish fires, eliminate emergency situations at facilities with chemically hazardous substances, as well
as extinguishing fires and conducting primary emergency-rescue works related to them at facilities with radioactive
substances and other sources of ionizing radiation.

Materials and Methods. In order to develop a mathematical model, a list of indicators was formed that characterize
the need for the use of SFRU and individual services (groups) of SFRU in the subjects of the Russian Federation. A
total of 34 indicators were selected. From these indicators, those that characterize the need to use the RCP service are
highlighted. All indicators are divided into three groups.

Natural-climatic and geographical features of the subject characterize the following indicators:

— area of the territory;

— seismic hazard,;

— presence of mountain ranges;

— social, technical and economic factors, which include the following indicators:

— share of industrial production in the total volume of production;

— degree of depreciation of basic production assets;

— length of highways;

— length of railways;

— number of radiation-hazardous objects;

— number of chemically hazardous objects;

— number of explosive and fire-hazardous objects.

The third group includes the risks of emergencies and fires, as well as indicators characterizing the availability of
forces and means of the Russian System of Prevention and Response to ES (RSChS) in the considered and neighboring
subjects of the Russian Federation:

— average distance to the nearest SFRU, in which there is a RCP service;

— average distance to the nearest unit of the RSChS forces, in which there is a RCP service;
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— presence of the RCP service in the SFRU in the subject of the Russian Federation under consideration;

—risk of emergencies related to chemical and radiation hazards;

— risk of emergencies related to explosions, collapses.

For each indicator, a desirability function is determined [7, 8], the values of which lie in the range from 0 to 1. The
desirability function demonstrates which values of the indicator are the most acceptable from the point of view of the
need to use the RCP service as part of the SFRU.

If, with an increase in the value of the indicator, the demand for the RCP service increases, the desirability function
has the form:

0, x < Xq,
X—X1 < <
) =9 5o A SXS X, (1)
1, X > Xy
If a higher value of the indicator corresponds to a lower demand for the RCP service, the desirability function has
the form:
1, x < Xq,
X2—X < <
() =45, XSXSX 2)
0, x> x,.

Boundary values of x, and x, are determined by analyzing statistical data for each indicator. Functions y, (x)
and u, (x) are used for indicators, the values of which change continuously.

To formalize the indicators set at the qualitative level, linguistic assessments of the degree of expressiveness of the
indicator are used. The desirability function for such indicators takes discrete values.

For the "seismic hazard" indicator, the desirability function has the form:

0, y<6
[ 0;21 y = 6;
04, y=7,
.U3(Y) = { 0,6, z — 8, ) (3)
018) y = 91
1, y=10,

where value y characterizes the presence in the subject of the Russian Federation of settlements with the specified
seismic intensity for the C degree of seismic hazard (according to the set of rules of SP 14.13330.2011 "Construction in
Seismic Areas").
For the "presence of mountain ranges" indicator, the desirability function has the form:
0, z =0,
0,25, 0<z<0,2
Us(z) =4 05 02<z<04,, 4)
0,75, 0,4 <z<0,6,
1, z=0,6,

where value z characterizes the share of the territory of the subject of the Russian Federation occupied by mountain
ranges.
For the "availability of the RCP service in the SFRU" indicator, the desirability function has the form:

0, if the RCP service is created,
1, if there is no RCP service.

us() = { (5)

The integral assessment of the need to use the RCP service in the SFRU in the subject of the Russian Federation is
determined by the formula:
W = X5=1 BnWm, (6)
where B,, — weight coefficient for the m-th group of indicators.
Generalized w,,, estimator for the m-th group of indicators for the subject of the Russian Federation is determined by
the formula:

Wn = ZZZ1 ety (Xg), (7)
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where N,,, — number of indicators in the m-th group; a,,, — weight coefficient for the k-th indicator in the m-th group;
ur — desirability function for the k-th indicator; x,, — value of the k-th indicator for the subject of the Russian
Federation.

To determine weight coefficients for each group of indicators, the method of pair-wise comparisons based on the
linguistic scale of assessments was used [9, 10]. When comparing the i-th and j-th indicators, a;; score is set depending
on the degree of importance of these indicators from the point of view of the need to use the RCP service in the SFRU
from 1 (if the indicators are equally significant) to 9 (if the i-th indicator is strictly preferable to the j-th). The
assessment of the comparison of the j- th indicator with the i- th i has the inverse value of 1/a;;.

As an example, Table 1 shows a matrix of pair-wise comparisons for indicators characterizing social, technical and
economic features of a subject of the Russian Federation. The names of the indicators are given in Table 2.

The desired values of weight coefficients a1, az, ..., an for each group of indicators are the solution to the
optimization problem

S =2 X (aa — ai)z - min; Rl a; =1, ®)
which is found by the method of indefinite Lagrange multipliers [11]. Optimization problem (8) is reduced to a system
of N+1 linear equations, the solution to which is the desired weight coefficients «; and the Lagrange multiplier 1.

Table 1
Matrix of pair-wise comparisons for indicators characterizing social, technical and economic features of the subject of
the Russian Federation from the point of view of the need to use the RCP service in the SFRU

No 1ok. 1 2 3 4 5 6 7
1 1 1 0.33 0,50 0.25 0.25 1
2 1 1 0.33 0,50 0.25 0.25 1
3 3 3 1 3 1 1 5
4 2 2 0.33 1 0.33 0.33 1
5 4 4 1 3 1 1 4
6 4 4 1 3 1 1 4
7 1 1 0.20 1 0.25 0.25 1

Table 2 shows the type of desirability function and its parameters, the calculated values of weight coefficients ay,,
for the indicators included in each group, as well as weight coefficients 3, for each of the three groups of indicators.

Table 2
Parameters of the desirability function and weight coefficients for indicators characterizing the need to use the RCP
service in the SFRU
Weight
No. Indicator name Function Value x; Value x, coefficient
Akm
Natural-climatic and geographical characteristics (8, = 0.127)
1 |Area of the territory, thousand km? wuq (%) 20 200 0.583
2 |Seismic hazard Us(x) - - 0.258
3 |Presence of mountain ranges g () 0.159
Social, technical and economic characteristics (8, = 0.222)
1 |Share of industrial production in the total volume|  p,(x) 20 50 0.063
of production, %;
2 |Degree of depreciation of basic production assets,| g, (x) 40 60 0.063
%
3 |Length of highways, thousand km uq (%) 5 20 0.239
4 |Length of railways, thousand km Uy () 0.5 2 0.084
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Weight
No. Indicator name Function Value x; Value x2 coefficient
Akm
5 |Number of radiation-hazardous objects, units wq () 0 5 0.247
6 |Number of chemically hazardous objects, units q (%) 30 100 0.247
7 |Number of explosion- and fire-hazardous objects,|  u, (x) 50 150 0.057
units
Risks of emergencies and fires (8; = 0.651)
1 |Distance to the nearest SFRU, in which there isa|  p,(x) 50 500 0.075
RCP service, km
2 |Distance to the nearest RSChS unit, in which there| — u, (x) 50 500 0.075
is a RCP service, km
3 |Availability of the RCP service in the SFRU s (x) - - 0.703
4 |Risk of emergencies related to chemical and| u,(x) 0 0.2 0.085
radiation hazards, year
5 |Risk of emergency situations related to| u,(x) 0 0.4 0.061
explosions, collapses, year*

Results. The developed mathematical model was applied to determine the need to use the RCP service as SFRU part
to ensure fire safety and protect territories from emergency situations in the subjects of the Russian Federation. The
values of indicators of socio-economic development of the subjects are determined according to the data of the Federal
State Statistics Service. The number of hazardous objects in the subjects is determined using data [12]. The risks of
emergencies are determined based on the analysis of data on the types of sources of occurrence and nature of
emergencies in the subjects of the Russian Federation for the period from 2010 to 2021.

At the first stage, the subjects of the Russian Federation were identified, in which it is necessary to use the 1st-class
SFRU. For these subjects, the condition must be met:

W= W, = zwmax;wmm’ )
where W — value of the integral indicator of the need to use the SFRU in the subject of the Russian Federation; W,,;,
and Wy, — the minimum and maximum values of the integral indicator among the subjects of the Russian Federation.
Boundary value W, was obtained equal to 0.650.

According to the calculation results, the 1st-class SFRU is proposed to be used in six subjects of the Russian
Federation: in the Moscow, Sverdlovsk and Rostov regions, in the Krasnoyarsk and Primorsky Territories and in
St. Petersburg. In all the 1st-class SFRU, the RCP service is assigned the 1st class.

At the second stage, for the rest of the subjects of the Russian Federation, the values of the indicator "average
distance to the nearest SFRU" were determined, taking into account the 1st-class SFRU, and the values of the integral
indicator of the need to use the RCP service in the SFRU were calculated.

The 2nd-class RCP service is proposed to be used in the SFRU, if the condition is met:

_ 2Wpx3,maxtWpx3min
Wexz = Wexzrp = 3 ) (10)

where Wpy3 — value of the integral indicator of the need to use the RCP service in the SFRU in the subject of the
Russian Federation, Wpy3 min and Wpyz ;ma, — the minimum and maximum values of the integral indicator among the
subjects of the Russian Federation in which there is no 1st-class SFRU. Boundary value Wpys ., Was obtained equal
to 0.759.

In the remaining subjects of the Russian Federation, it is proposed to use the 3d-class RCP service in the SFRU.

The obtained values of the integral indicator of the need to use the RCP service in the SFRU in the subjects of the
Russian Federation Wpyxs are shown in Fig. 1. It is proposed to use the 1st-class RCP service in 6 subjects of the
Russian Federation (highlighted in red in the figure), the 2nd-class RCP service — in 21 subjects (highlighted in
yellow), the 3d-class RCP service — in 58 subjects (highlighted in green).

The calculation results based on a mathematical model are compared with the actual presence of the RCP service in
the SFRU in the subjects of the Russian Federation. For this purpose, information was collected from the Chief
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Directorates of the Ministry of Emergency Situations of Russia in the subjects of the Russian Federation on the
availability and need for the RCP service as part of the SFRU.

Of the subjects included in the red group, the RCP service was not created only in the SFRU of St. Petersburg.

Of the subjects included in the yellow group, the RCP service in the SFRU was created in 19 subjects out of 21.
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Fig. 1. Distribution of the subjects of the Russian Federation according to the integral indicator of the need to use the RCP service
in the SFRU in the subjects of the Russian Federation
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Of the subjects included in the green group, there is a RCP service in the SFRU in 40 subjects of the Russian
Federation out of 58, 9 subjects declared the need to create a RCP service, 5 more subjects in which this service was
created declared no need for it.

The existence of a statistical relationship between the calculation results based on a mathematical model and the
actual presence of the RCP service in the SFRU in the subjects of the Russian Federation was verified using the ¥?
Pearson criterion [13, 14]. The results can be displayed as a conjugacy table (Table 3).

Table 3
Conjugacy table to verify the relationship between the calculation results based on a mathematical model and the actual

presence or declared need for the RCP service in the SFRU in the subjects of the Russian Federation

Number of subjects of the Russian Federation in which ]
_ Total number of subjects
) RCP service is .
Group name RCP service has been created o ) of the Russian
. . missing or there is no )
or there is a need to do it Federation
need

Red group 5 1 6
Yellow group 19 2 21
Green group 44 14 58
Total 68 17 85

The value of y?-statistics for two-field Table 3 is 2.11. The critical value of criterion y? for two degrees of freedom at
a significance level of 0.05 is 5.99. The calculated value is less than the critical one, which indicates that there is no
relationship between the calculation results based on the mathematical model and the actual presence of the RCP
service in the SFRU in the subjects of the Russian Federation. This indicates that the RCP services as part of the SFRU
are currently created without taking into account the risks of emergencies and fires and other features of the subjects of
the Russian Federation. The use of the approach proposed in the article will allow for a more differentiated approach to
the creation of the RCP service as part of the SFRU and increase the efficiency of the functioning of this service and the
SFRU as a whole.

Discussion and Conclusion. The mathematical model based on the theory of fuzzy sets has been developed to
justify the need for a radiation and chemical protection service as part of specialized fire and rescue units to ensure fire
safety and protect territories from emergencies in the subjects of the Russian Federation. The model takes into account
the climatic and geographical features of the subjects, indicators of social, technical and economic development, and the
risks of emergencies and fires. It also takes into account the presence of forces and means of RSChS in the considered
and neighboring subjects of the Russian Federation.

It is proposed to assign a class from the 1st to the 3rd to each SFRU, depending on the scale of the tasks to which the
SFRU is involved, taking into account the risks of emergencies and fires. Similarly, it is proposed to assign classes for
services and groups as part of the SFRU.

On the basis of the developed model, the calculations of the integral assessment were carried out to justify the need
to use the RCP service in the SFRU for each subject of the Russian Federation. The subjects of the Russian Federation
are identified in which the need for the RCP service as part of the SFRU is the highest. In these subjects, it is proposed
to use the RCP service of the 1st and 2nd classes.

The developed model can be applied to substantiate the need to use other services (groups) as part of the SFRU.
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3asenennwvili 6x1a0 a8Mopos.

B.A. MamrakoB — Bepu(HKaIUsA CTATUCTHYECKUX NAHHBIX, PEIaKTHPOBAHNE OKOHYATEIHHOTO BapHaHTA CTATHU.
E.B. BoOpuneB — cOOp CTaTHCTHYECKHX ITAaHHBIX, COIIOCTABICHHE PE3YJIbTATOB pacyera ¢ (paKTHYSCKHMMH JaHHBIMH.
E.IO. YnaBuoBa — mpoBesieHHE pacyeToB [0 MaTeMaTH4eCKONW MOJIENH, PeJaKTHPOBAaHNE OKOHYATEJIHHOTO BapUaHTa
cratbu. A.A. KonmamoB — pa3paboTka MaTeMaTH4ecKOW MOJIENH, HalMcaHWe I[epBOr0 BapHaHTa CTaTbU.

E.C. TpeumH — noAroToBKa MaTpHIl TAPHBIX CPABHEHMH, ONpeieIeHIe NapaMeTpoB (BYHKIMH jKeNaTeNbHOCTH.

Kongpnuxm unmepecos

ABTOpBI 3asBIISIOT 00 OTCYTCTBHH KOH(INKTa HHTEPECOB.

Bce agmopur npouumanu u 0006punu OKOHUAMENbHBII 6APUANI PYKONUCU.
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