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Aviation industry technological sovereignty optimization problem
formulation

LY. Bodrova', A.V. Gostev’, G.D. Fainburg'

"Moscow State Technical University of Civil Aviation, Moscow, Russia
’Moscow Aviation Institute (National Research University), Moscow, Russia

Abstract: The aviation industry faces the difficult task of maintaining and further increasing the population air mobility at the
present stage of domestic air transport and country economy development. It is fixed in the Comprehensive Program for Russian
Federation Aviation Industry Development until 2030 (as amended by Decree of Russian Federation Government No. 1102-r dated
May 4, 2024). There is an urgent need to develop and introduce domestic production components into aircraft type design in the
context of the cessation of interaction between Russian aviation enterprises and foreign suppliers of goods and services. These
actions make it possible to ensure industrial technological sovereignty and further operation of aviation equipment with the required
levels of reliability and safety. The article presents a flowchart of this process developed by the authors. The flowchart considers
possible types of import substitution of components. The authors performed a comparative analysis of the forecast of fleet
retirement and commissioning of newly developed aviation equipment based on the available statistical data on the operation of
short-haul aircraft. The need for the development of sectoral corrective measures is shown based on its results. This fact confirms
the relevance of the chosen research area. The process of integration of Russian-made components into the aircraft structure is
considered from the point of view of program management in the publication. The authors describe the basic principles and
methods of prioritizing projects using the example of 10 components. This considers the total budget of the program, as well as its
resource intensity. The optimization task is formulated in the publication based on the results of the work performed. This
publication is the main one for the further development of an algorithm that will allow solving priority tasks of continued
airworthiness of both the fleet in operation and newly developed aircraft.

Key words: aircraft operation, aviation, component, project, program, planning, prioritization.

For citation: Bodrova, 1.Y., Gostev, A.V., Fainburg, G.D. (2025). Aviation industry technological sovereignty optimization
problem formulation. Civil Aviation High Technologies, vol. 28, no. 1, pp. 8-19. DOI: 10.26467/2079-0619-2025-28-1-8-19

DopMyJHPOBKA 321244 ONTUMHU3AIMH B PAMKAaX peaju3anuu
TEXHOJOTM4YeCKOr0 CyBEePeHUTETA ABUALIMOHHOMN 0TPaC/Iu

1 ) N.E. BoupOBai, A.B. FocTFBz, I'.JI. ®aiinGypr’ )
Mockosckuii 20cy0apcmeer blil meXHU4eCKULl YHU8epCumem epajicoOaHCcKoll asuayull,
2. Mockea, Poccus
’Mockosckuii ABUAYUOHHBIU UHCMUMYM (HAYUOHAILHBIU UCCIe008AMENbCKUL
yHugepcumem), e. Mockea, Poccus

AHHOTaIII/IHZ Ha COBPECMCHHOM 3Tall€ pa3BUTUA OTCYCCTBCHHOI'O BO3AYIIHOI'O TPpaHCIIOPTa U 9KOHOMUKH CTPaHbI B LICJIOM IIEPE]

ABHALIOHHOW OTpPAacibi0 CTOWT HENpocTas 3ajada MOUIEP)KaHWS M JAIBHEHIIEro pocTa aBUaMOOHMIIBHOCTH HaceleHWs.. JTO
3adukcupoBano B KomiuiekcHOH mporpamMme pasBUTHsI aBHALMOHHOW otpaciu Poccuiickoit ®enepamm mo 2030 rona
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(B penaxuu pacniopspkenus paBurenscta Poccutickoit ®eneparm ot 4 mast 2024 roga Ne 1102-p). B yenoBusax npekparienust
B3aUMOJICHCTBUSL POCCUMCKUX aBUALMOHHBIX NPEINIPUATHN C MHOCTPAHHBIMM KOMIIAHMSMH — IIOCTABILMKAMU TOBAPOB U YCIIYT
CYILIECTBYET OCTpasi HEOOXOMMOCTb Pa3pabOTKU M BHEAPEHHUS B THIIOBYIO KOHCTPYKIMIO BO3AYIIHBIX CYIIOB KOMIUICKTYIOIHX
M3/ICNINH  OTEYECTBEHHOTO MPOW3BOJACTBA. JlaHHBIC MEPONPHATHS IO3BOJISIOT OOECIICUUTh OTPACICBOM TEXHOJIOTHMYCCKUI
CYBEPECHHTET U NAJIBHEHIITYIO JKCILTyaTAIWI0 aBUAIMOHHON TEXHHUKU C TPpeOyeMBIMU YPOBHIMH HAJICKHOCTH M OE30MACHOCTH.
B myOnmukarmu  mpencrapiaeHa  pa3pa0OTaHHAas aBTOpaMd OJIOK-CXeMa JIAHHOTO TIPOIlecca € YYETOM BO3MOXKHBIX THIIOB
HMMITOPTO3aMEIICHUST KOMIUICKTYIOIMX W3nenuii. Ha OCHOBaHMM JOCTYIHBIX CTATHCTUYECKUX JAaHHBIX OKCILTyaTalluh
ONMIKHEMArCTPAIBbHBIX BO3AYIIHEIX CYZOB aBTOPAMH BBHIIONHEH CPaBHHUTEIBHBIN aHAI3 TMPOTHO3a BBHIOBITHS (pi10Ta M BBOZA B
SKCIUTyaTallii0 BHOBb pa3padaTbiBacMOi aBHAIIMOHHOW TEXHUKH. 10 ero pesymprataMm IoKa3zaHa HEOOXOAMMOCTH pa3padOTKU
OTpacJIeBBIX KOPPEKTUPYIOMINX MepOIpusTHi. JlaHHBI (pakT MOATBEPKIAET aKTyaIbHOCTh 00JIACTH BRIOPAHHOTO MCCIICIOBAHIIS.
[poriecc BHeApeHHST KOMIUIEKTYIOIIMX H3IEIHHA POCCHIMCKOTO TPOM3BOICTBA B THIOBYIO KOHCTPYKLHIO 3KCIUIyaTHPYEMOT'O
BO3/YIIHOTO Cy/IHA PACCMAaTPUBACTCS B IMyOIMKAIIMN C TOYKH 3PEHMS MPOrPaMMHOTO YIIPaBICHUS. ABTOPBI IPUBOMAT ONMCAHNE
OCHOBHBIX IPHHIIMIIOB M METOIWK MPHOPUTH3ALINN IIPOEKTOB Ha mprMepe 10 koMImekTyronwx u3nenuid. I1pu 3ToM yunTeIBaercst
CyMMapHbBIi OIO/KET MpOrpaMMBI, a TaKKe ee pecypcoeMKocThb. [lo pesynbraraM BBIIOJHEHHBIX pabOT B ITyONHMKAIMn
dopMmynupyercs 3amada ontuMu3aly. JlaHHAs IyOJMKAIMs SIBJSETCS OCHOBOHM JUIsl JMalbHEHMIEH pa3padOTKU alrophTMa,
KOTOPBIY MO3BOJIUT PEIaTh MPHOPUTETHBIC 33/1aull ITOICPIKAHUS JICTHOW TOTHOCTH KaK HaXOJAIIErOCs B SKCILTyaTaIMu (IioTa,
TaK U BHOBb pa3padaThIBACMOI aBUAIIMOHHON TEXHHUKH.

KnrodeBsble c10Ba: SKCIUTyaTalus BO3AYLIHbIX CY0B, aBUALMs, KOMIUIEKTYIOIIEE U3/ENHe, IPOEKT, IPOrpaMma, INITAaHUPOBAHMHE,
HPUOPUTU3ALVS.

Jna umrupoBanmsi: boapoa WM.E., Toctes A.B., ®@aitaOypr I'.JI. ®opmymupoBka 3agadll ONTHMH3AIMHA B paMKax
peaH3aiy TEXHOJIOTHIECKOTO CYBEpeHHUTETa aBHAIIMOHHOW oTpaciu // Hayamsrit Bectauk MI'TY T'A. 2025. T. 28, Ne 1.
C. 8-19. DOI: 10.26467/2079-0619-2025-28-1-8-19

Introduction dix 2 for Comprehensive Program for Russian
Federation Aviation Industry Development
(as amended by Decree of Russian Federation
Government No. 1102-r dated May 4, 2024).

Russian manufacturers are currently facing
the urgent challenge of developing the mecha-
nisms providing the ongoing aircraft operation
by the domestic airlines and maintaining high
flight safety level [1, 2]. Measures on foreign
aircraft maintenance on the territory of the Rus-
sian Federation along with their certain type de-
sign modification and substitute domestic do-
mestically produced components implication,
which are going or have already gone through
testing for new domestic production aircraft un-
der development, were initiated [3].

Transport connexity of the country is the pri-
mary objective of its aircraft field. Sanctions im-
posed by foreign companies in February 2022 have
drastically changed its development environment
and priorities. Interaction in terms of aircraft com-
ponents supply and maintenance was ceased.

Immediate governmental support measures
have allowed to preserve the aircraft fleet and
infrastructure. Comprehensive Program for
Russian Federation Aviation Industry Devel-
opment until 2030 objective is to ensure the air
transport connexity of the regions, mobility of
the citizens and the necessary flight safety lev-
el, along with technological sovereignty within
the air transportation industry. The number of
aircraft necessary for fleet update and replen-  Research methods and methodology
ishment, the optimal classification, supply

scopes and periods are chosen, periods of do- Making a list of priority components [4, 5] is
mestic production components production are a primary objective in corrective actions pro-
scheduled, full range of domestic aircraft  jects. Trade-off fleet retirement analysis is con-
maintenance is formed and sanctions negative  ducted for aircraft in operation on condition of
effects are reduced, including foreign made air- taking or not taking the above mentioned
craft supply, maintenance and leasing in order measures. Accuracy and basing on real statistics,
to preserve air service competitive market. not on forecasts or assumptions [6] are principal

Figure 1 shows the forecast data on domestic benefits of this technique.
production aircraft supply according to Appen-
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Fig. 1. Supply forecast of domestic aircraft
(headlines downwards: Appendix 2 for Comprehensive Program for Russian Federation Aviation Industry Development
(as amended by Decree of Russian Federation Government No. 1102-r dated May 4, 2024). Supply forecast of domestic
production aircraft arranged by the years.
Table header, left to right: aircraft type, seat capacity (by number of people), 2022-2030, a total of units. Aircraft,
downwards: SSJ-NEW, Yakovlev MC-21-310, Ilyushin I1-114-300, Tupolev Tu-214, Ilyushin-96-300, TVRS-44
Ladoga, UZGA LMS-901 Baikal Total

There is a number of aircraft in operation by
years provided not taking any measures in terms
of component technological sovereignty shown
in continuous line in Figure 2. At the same time
the dashed diagram area shows the aircraft num-
ber in case of domestic production components
application. Graph in Figure 3 shows that these
measures are mostly efficient up to 2029, as the
retirement due to lifetime is the reason of further
decrease in number of aircraft in operation.

The monthly schedule of putting new Rus-
sian-made aircraft into operation is unknown.
We assume that they are transferred to airlines
annually in December. Thus, the schedules for
the retirement of the aircraft fleet and the ones
newly developed and put into operation appear
like shown in Figure 4.

Trade-off analysis shows that even if new
aircraft are put into operation, their retirement is
so quick that the total number of aircraft in oper-

10

ation is significantly reduced. Under these cir-
cumstances, transition to cannibalism is natural
one or more units of equipment are selected in
order to ensure spare parts for its remaining
units [7].

When performing the analysis in this study,
the possibility of cannibalization, as well as re-
pair or maintenance of foreign components at a
Russian industry enterprise, is not taken into ac-
count. Each component is considered inde-
pendently, assuming that components do not in-
fluence each other.

All of the above proves the need to build a
global mathematical model and then form a
mathematical optimization problem based on it.
At the same time, it is quite difficult to give an
exhaustive representation of it taking into ac-
count all existing internal connections of objects,
as well as the impact of external factors. Based
on [8], in such a case, it is usually necessary to
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Aircraft in operation Retirement due to components lack

Fig. 2. Aircraft fleet retirement schedule considering the retirement due to components lack

SI
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year
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Alrcraft in operation Eetirement dus to Retirement due to lifetime
components lack

Fig. 3. Aircraft fleet retirement schedule considering the retirement due to lifetime
identify and take into account only the most im- well as the subsequent solution of the problem,

portant aspects of the object under study in order while unaccounted factors should not signifi-
to make its mathematical description possible, as cantly affect the final result of optimization.
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Fig. 5. Process of technological sovereignty ensuring flowchart
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This study presents a flowchart developed
by the authors for the process of ensuring tech-
nological sovereignty, where the input is the
emerging need for import substitution of com-
ponents on the aircraft in operation. This dia-
gram is used to detail the process and also dis-
plays the sequence of operations required to be
performed.

Figure 5 shows that in order to introduce an
alternative domestic product into a standard air-
craft design, it is necessary to perform a se-
quence of actions typical for the process ap-
proach [9].

Thus, it is advisable to consider the activities
to ensure the technological sovereignty of the
aircraft fleet in operation as a set of projects. In
this case, each of the changes introduced into the
standard aircraft design can be taken as a sepa-
rate project [10]. At the same time, they all com-
pete for both financial and organizational re-
sources of the aircraft developer, industry pro-
duction enterprises and certification centers.
Consequently, the introduction of domestic pro-
duction components into the standard aircraft
design is a program, the management of which
allows for the maximum effect of the import
phase-out process [11].

To ensure the most efficient operation of air-
craft, it is necessary that their number in the fleet
were as large as possible [12]. This paper does
not consider the process of putting new aircraft
into operation, as it does not depend on ensuring
the technological sovereignty of the industry. It
is believed that it does not have a significant im-
pact on the disposal of aircraft currently in oper-
ation.

Achieving the maximum possible number of
aircraft in the fleet is possible in the event of the
implementation of the projects of the highest
priority [13]. This problem is solved in within
the framework of program management [14].

It is known that the highest priority is given
to those projects that have a greater effect and
lower costs [15]. At the same time, to ensure
technological sovereignty, it is necessary to im-
plement projects in parallel [16].

In this study, the absence of synergy is as-
sumed: the influence of the effect of previously
completed projects of the program on subsequent

13
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projects. At the same time, the effect of complet-
ed projects does not increase the budget of the
program as a whole [17].

Taking V; as the priority of the i-th project,
the total priority of a program that includes n
projects can be written as

SUM = V]P] + V2P2 + ...+ VnPnJ (1)
where the variables P; take the value 1 if the pro-
ject is implemented, and the value 0 if the pro-
ject is postponed.

For further formulation of the optimization
problem, SUM is taken as the objective function.
Thus, the optimization problem in implementing
technological sovereignty of the aviation indus-
try can be formulated as follows.

SUM — max. 2)

The constraints in this case are:

— the total budget of the implemented pro-
jects for the introduction of domestic production
components into the type design of aircraft in
operation, in this program:

C]P] + C2P2 + ...t CnPn <C; (3)
— program resource intensity:
L,P,+L,P,+...+L,P,< L. 4)

The program for ensuring technological sov-
ereignty of the aviation industry assumes a
phased implementation [18]. In this case, the
launch of at least one project in terms of intro-
ducing Russian made components into a stand-
ard aircraft design, subject to sufficient budget
and resources, partially restored after the com-
pletion of a previously launched project, is the
next stage of the program. In this case, the re-
strictions on C; and L;, given above, change at
each subsequent stage.

For the subsequent formation of a list of pri-
ority components, it is necessary to take into ac-
count data in the form of the number of foreign-
made components remaining in warehouses, as
well as data on their reliability and assessment of
their failures in operation. At the same time, the
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process of import substitution of components
should ensure the safe operation of aviation
equipment with a given level of flight regularity.

The required parameter V;, which allows to
form and sort the list of the most critical compo-
nents, is calculated as follows:

vi=(1-2). (5)

Ui

Here T; is the period of time during which it is
necessary to ensure the operation of the aircraft
due to the components stock available in the
warehouse. As shown above in Figure 3, these
measures will be effective within the next
72 months. Therefore, within the framework of
this study, we take the value of 7; equal to
72 months. Also here is S; the remainder of ser-
viceable components in warehouses, U; is the
current components consumption in operation
per unit of time.

The parameter U; is determined based on the
number of components of one type installed on
the aircraft, the planned fleet of aircraft and its
planned flight time, as well as the statistics of
failures and reliability indicators of components
(MTBUR):

_ i P Fi

I MTBUR; (6)

Here n; is the number of certain type compo-
nents installed on one aircraft, P; is the planned
number of aircraft in the operating fleet (accord-
ing to the 2023 data presented in Figure 2, this
parameter takes the value of 149), F; is the flight
hours per aircraft, MTBUR; is the Mean Time
Between Unscheduled Removals.

Vol. 28, No. 01, 2025

Research results

The list of 987 components, mostly influenc-
ing further aircraft fleet operation was formed
and prioritized according to the trade-off analy-
sis conducted. The necessary solutions on each
component were classified in accordance with
the process block scheme in Figure 5 in the fol-
lowing way:

o foreign-made components replacement
for the equivalent certified domestic production
one without any extra development necessity;

o foreign-made components replacement
for the equivalent certified domestic production
one with the necessity of aircraft structure de-
velopment;

o a brand-new Russian-made component
development with its implementation into the
aircraft structure.

987 projects by the number of selected and
prioritized components were considered within
the program of aviation technological sovereign-
ty. The results of the research are presented be-
low 1in ten entries.

Table 1 shows that sensor with the parameter
V = 71 months is the most crucial in terms of
technological sovereignty ensuring. In other
words, in given period of 72 months stocking
with current aircraft fleet flight experience will
be enough for 1 month.

Project resource intensity, duration and cost
directly depends on technical solution according
to block-scheme of technological sovereignty
ensuring process. Table 2 data are received for
the 10 components considered.

The following optimization restrictions are
adopted in this research:

o the project summary budget C is
1000000 rub.;

o program resource intensity L is 100%.

First-stage restrictions according to project
priority:

87823-1+0+0+0+0+131594-1+0+0+ 7663731+ 0=<1000000; (7
15%-1+0+0+0+0+20%-1+0+0+60%-1+0=<100%. ®)

Project delivery stages may be presented by
Gant diagram [19].

Project delivery in 12 months is shown in
Figure 6. It is shown that resource release takes
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Table 1
Components prioritized list
S, Quantity per | Component con- v
Ne Name stock balance, | MTBUR aircraft, sumption, mm; th
ea (each) ea (each) ea (each)/month
1 Sensor 2 11077 1 2.06 71.0
2 Valve 4 12 378 2 3.68 70.9
3 Pump 5 49 071 3 1.39 68.4
4 Gate 9 32714 2 1.39 65.5
5 Board 7 22 900 1 0.99 65.0
6 Antenna 76 11 644 3 5.87 59.0
7 Alarm system 21 127 221 5 0.90 48.5
8 Fan 8 149 902 2 0.30 45.7
9 Module 26 26 378 1 0.86 41.9
10 Computer 13 57249 1 0.40 39.3
Table 2
Technical solutions
Duration Resource Price per
Ne Name Technical solution type > | intensity, | Price, rub. | 1 month,
month o
Yo rub.
1 | Sensor Without any extra development 2 15 175 645 87 823
2 | Valve Without any extra development 2 15 202 587 101 294
3 | Pump Extra development 6 20 675 999 112667
4 | Gate Extra development 6 20 543 897 90 650
5 | Board Extra development 6 20 890 654 148 442
6 | Antenna Extra development 6 20 789 566 131 594
7 | Alarm system | Extra development 6 20 1 065 066 177 511
8 | Fan Extra development 6 20 589 678 98 280
9 | Module Development of'a brand-new 36 60 27589432 | 766373
component
10 | Computer Development of a brand-new 36 60 31654389 | 879289
component
1 Jlatunk
2 3acioHKa
3 Hacoc
4 Knanan
5 MynsT
6 AHTEHHA
7 Curnanusarop
8 BenTuisrop
9 Briox
10 Kowmnslorep

Fig. 6. Implementation stage within program framework (downwards: sensor, valve, pump, gate, board, antenna, alarm
system, fan, module, computer; Table header, left to right: months from 1 to 12)

place after each project maturation. At the same
time the budget for the period is saved for the
next stage [20]. This allows to start the further

project delivery in accordance with their priority
on the second stage of the program [21].
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Results discussion and conclusion

Research showed that aviation industry tech-
nological sovereignty ensuring in terms of com-
ponents is relevant nowadays. It is necessary to
reduce aircraft retirement due to lack of compo-
nents, by using their maximum number in opera-
tion.

To achieve this goal, the authors proposed to
use the basic principles of software control. With
their help, the optimization problem was formu-
lated in the work. Calculations performed on the
example of 10 components showed a satisfactory
result. In further research, to solve the problem
with modern software, it is proposed to build an
algorithm.

The results of this work can be used by both
design bureau employees and maintenance and
repair organizations to create an effective strate-
gy for continued airworthiness of the fleet. They
allow you to form plans for the development of
components, their purchases and deliveries, tak-
ing into account the needs of operating organiza-
tions.
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Ilpumenenne Seq2seq-mMoesieii J1Jis1 NPOTrHO3UPOBAHNS PA3BUTHA
rPO30BOM AeAITEJIbHOCTH C 1EJIbI0 MOBBINIECHUS YPOBHA CUTYAIMOHHOH
OCBEIOMJICHHOCTH MTUJI0TA B IOJIeTe

1 1
I'.B. KoBasenko , U.A. SAAnpos
! Cankm-Iemep6ypeckuii 2ocydapcmeentbiii yHusepcumen eparcoanckotl asuayuil
umenu I nasnoeo mapwana asuayuu A.A. Hosuxosa, 2. Cankm-Ilemepoype, Poccus

AnHoTammsi: B cratee mnpencraBneHbl pe3ynbTaThl NPUMEHEHUs Mojenedl Seq2seq Ha OCHOBE HEWPOHHBIX ceTell Uit
HAayKacTWHIa — MPOTHO3MPOBAHMS C 3a0JarOBPEMEHHOCTHIO /IO 2 4YacoB TPO30BOM aKTHMBHOCTH C IIENBIO TOBBIIICHUS
CUTYalIMOHHOM OCBEJIOMJIEHHOCTH 3KUMaXe BO3AYIIHBIX CyAoB. Ha OCHOBE MaHHBIX paJHOIOKALMOHHBIX METEOPOIOTHYECKHX
HaOJTIONEHNH 3a TPO30BBIMH O4YaraMu OBUIM CO3JaHbl M OOy4YEHBI PA3JIMUHBIC PEKYPPEHTHBIE M CBEPTOUHBIC PEKYPPEHTHBIC
Mozemi. Pe3ynmpraThl mcciemoBaHMS TOKA3ald, YTO CBEPTOUYHBIE peKyppeHTHbIe HelipoHHble cetd (ConvRNN, ConvLSTM,
ConvGRU) npeBocXosT KIacCHYECKNe PEKyPPEHTHBIE MOIEIH, M TIPH 3TOM ITO3BOJISIOT YIIYUIIUTh MPOTHO3 PA3BUTHSI TPO3BI HA
25-30 % mo metpuxe RMSE (kopeHb cpeTHeKBapaTHIeCKOH MOTPEIIHOCTH) [0 CPAaBHEHHIO C 0a30BOM MOJIENIBIO, KKIBINA pa3 B
KauecTBe IPECKa3aHus BBIOMPAOIIEH MOCIIeAHee JOCTYIIHOE Ha MOMEHT INIPEICKa3aHnsl pauoIOKalIMOHHOE n300paskeHue. Tem
HE MEeHee, HECMOTPS Ha TO YTO CBEPTOUYHBIC PEKYpPPEHTHBIE CETH MO3BOJIIOT JOCTATOYHO TOYHO IHepeaTh OOIILYI0 TEHICHLIIO
n3MeHeHus1 (opMbI TpO30BOTo 00JIaKa, TOYHOCTh MPEICKa3aHHsl MHTEHCHMBHOCTH 3JIEMEHTOB I'PO30BOTO Ovara OKa3bIBaeTCsl, KakK
[IPaBWIO, 3aBbILEHHOW. IIpyMeHeHHe IPEeANoKEHHOM TEXHOJIOTMHM IIPOTHO3UPOBAHMS I'PO30BOM AKTUBHOCTH  MOXKET
CIIOCOOCTBOBATh TMOBBIIICHHIO YPOBHSI CHTYallMOHHOM OCBEIOMJIEHHOCTH JIETHOTO OSKHIIaXa, YITy4lias MPOSKIMIO TEeKyLIeH
00cTaHOBKY Ha OmvKaiiee Oyyiiee U ONTUMH3UPYsI TIPOLECC MPHHSTHS PELIEHNH 10 00X0Ly IPO3bI 32 CUET IPEIOCTaBICHUS
YIeHaM SKHIaXa IPOrHOCTHYECKOH MH(OPMALK O Pa3BUTUH I'PO3bI HA SKpaHe HABUTAIMOHHOTO JucIuies. B pamkax Oymymmx
HCCJIEIOBAHUM TIPEAINOIaraeTcsl AalbHeHIas ONTUMU3ALUs apXUTEKTYpbl MOJENEH, a TaKKe HHTErpalysl MPOrHOCTUYECKON
TEXHOJIOTHH B CUCTEMBI MOICPKKH IPUHATHS PEILICHUI SKUTIKEM.

KiioueBnble ciioBa: Seq2seq, POrHO3UPOBAHUE, PEKyPPEHTHBIE HEIPOHHBIE CETH, CBEPTOUHBIC PEKYPPEHTHBIC HEHPOHHBIE CETH,
CHUTYaLIOHHAs! OCBEJIOMIICHHOCTB, 00XO0[] TPO3BL.

Jas uurupoBanusi: Kopanenko I'.B., SAmpoB M.A. Ilpumenenue Seq2seq-mopemnieid Ui MPOTHO3HPOBAHUS PA3BUTHS
IPO30BOM JEATCIBHOCTH C IICBI0 MOBBIINICHHS YPOBHS CHTYallMOHHOM OCBEIOMIICHHOCTH MiioTa B mosere // Hayunbrii
BectHuK MI'TY T'A. 2025. T. 28, Ne 1. C. 20-38. DOI: 10.26467/2079-0619-2025-28-1-20-38

Application of Seq2Seq models for predicting the development of
thunderstorm activity to enhance the pilot’s situational awareness
in flight

G.V. Kovalenko', I.A. Yadrov'
! Saint Petersburg State University of Civil Aviation named after
Chief Marshal of Aviation A.A. Novikov, St. Petersburg, Russia

Abstract: The paper presents the results of application of Seq2seq models based on neural networks for nowcasting-forecasting
with a lead time of up to 2 hours — of thunderstorm activity in order to increase situational awareness of aircraft crews. Various
recurrent and convolutional recurrent models were created and trained on the basis of radar meteorological observations of
thunderstorm cells. The results showed that convolutional recurrent neural networks (ConvRNN, ConvLSTM, ConvGRU)
outperform classical recurrent models and improve the thunderstorm forecast by 25-30% in terms of RMSE (root mean square
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error) metric compared to the baseline model, which always selects the most recent radar image available at the time of prediction.
Nevertheless, despite the fact that the convolution recurrence models can accurately represent the general trend of thunderstorm
cloud shape changes, the accuracy of predicting the intensity of thunderstorm cells is usually overestimated. Application of the
proposed thunderstorm activity forecasting technology can enhance the situational awareness of the flight crew improving the
projection of the current situation into the near future and optimizing the decision-making process for thunderstorm avoidance by
providing crew members with predictive information about thunderstorm development on the navigation display screen. Future
research is expected to further optimize the model architecture and integrate the predictive technology into flight crew decision
support systems.

Key words: Seq2seq, prediction, recurrent neural networks, convolutional recurrent neural networks, situational awareness,
thunderstorm avoidance.

For citation: Kovalenko, G.V., Yadrov, L.A. (2025). Application of Seq2Seq models for predicting the development of
thunderstorm activity to enhance the pilot’s situational awareness in flight. Civil Aviation High Technologies, vol. 28, no. 1,
pp. 20-38. DOI: 10.26467/2079-0619-2025-28-1-20-38

Beenenue OTHOCHUTENIbHO TPO30BBIX OYaroB B COOTBET-
CTBYIOILIUE MOMEHTHI BPEMEHH B COOTBETCTBUU
C TEKYIIUM IIJIJAHOM TI0JIETa) MOXKET CII0C00-
CTBOBATbH MOBBIIICHUIO CUTYAIIMIOHHONW OCBEIOM-
JICHHOCTH MHJIOTOB, ONTUMU3ALMHU TpoIiecca pa-
0OTHI DKHUIAXKa TPH BHINOJHCHUH TIOJETOB B
CJIOKHBIX METEOPOJOTHUYECKHX YCIOBUSX M, KaK
CJIEJICTBUE, MPUHATHUIO HAanbOoJIee palliOHATBEHBIX
penieHui Mo 00X0 Iy TPO3BI.

Crour OTMETHTH, YTO B HacTosIIeH pabote
OOpTOBBIE PATUOJIOKATOPHl PACCMATPUBAIOTCS B
Ka4ecTBE CIMHCTBEHHOTO HCTOYHHMKA WH(OpMa-
MM, HA OCHOBE KOTOPOH Mpeanojaraercs ocy-
HIECTBJIATh MPOTHO3UPOBAHUE PA3BUTHUS OYAroB
TPO30BOM JIE€ATETBHOCTH. JIOCTOMHCTBO TaKOTO
MOJIX0/Ia 3aKII0YAETCA B MPOCTOTE U aBTOHOMHO-
CTH TMpEeUIaraeMoro MeTojia IMPOrHO3UPOBAHMS,
KOTOPBIH, TAKUM 00pa3oM, He OyJeT 3aBHCETh OT
HaJIM4YMs MHPOPMALUK OT MPOYUX UCTOUHHUKOB —
CIIyTHUKOBBIX CHCTEM, CTAHLIMI HA3EMHOM CETH,
IpO30IIEIEHraTopoB U T. 1. B To ke Bpems 00b-
€IMHEHNE MAHHBIX W3 Pa3IMYHBIX HCTOYHHKOB
MOTEHIMAJIbHO MOIJIO Obl TO3BOJIUTH YYecTb
OoJplliee KOMTUYECTBO (PAKTOPOB, BIHSAIONIUX HA
pasBUTHE TPO3, U O0ECIEeUuTh OO0Jee TMOITHYIO
KapTUHY aTMOC(EPHBIX MPOIECCOB: TAKOW MO-
XOJT UMeEeT OOJIBITION MPAKTUYECKUN UHTEPEC, TO-
CKOJIbKY MOXKET CIIOCOOCTBOBATh 3HAYUTEIHHOMY
YIIYYIIEHHWI0O KayecTBa U TOYHOCTH TMPOTHO30B,
TEM HE MEHee ero peanusanusi TpeOyeT paspa-
OOTKM HOBBIX AITOPUTMOB OOpPaOOTKM U HHTE-
Tpalyl JaHHBIX O Pa3BUTUU I'PO3 U BBIXOAUT 3a
IpEJIeIbl HACTOSIIETO UCCIIEeI0BaHMUS.

[IporHo3upoBaHue pa3BUTHs TPO3OBOTO OYa-
ra MOXeT OBITh PACCMOTPEHO KaK pEIICHHE 3a-

CuUTyallMOHHYI0 OCBEJOMJICHHOCTh YJIeHA
JIETHOTO 3KUMaxka Bo3aymrHoro cyaHa (BC) npu
BBITIOJTHEHUH TI0JIETa MOKHO OIPENETUTh Kak
COBOKYITHOCTBh: 1) BOCIHpPHUSITHS  DJIEMEHTOB
OKpY>Karolleil cpenbl; 2) MOHMMAaHUA UX 3Haye-
HUS; 3) IPOEKIUU X COCTOSHUA Ha Onnxkaiiiiee
Ooynymee [1]. YpoBenb 6e30macHOCTH U HAOEK-
HOCTH, C KOTOphIM 3kunaxu BC rpaxkmaHckoi
aBUAIMM BBITIOJHSIOT TOJIET, BO MHOTOM 00Yy-
CJIOBJICH YPOBHEM MX CHUTYallHUOHHOH OCBEIOM-
JIEHHOCTH [2, 3]: ATOT aKT MOATBEPKAACT aKTY-
IBHOCTH PaOOTHI TIO MOAEPKAHUIO U TTOBBIIIIE-
HUIO CHUTYaIllMOHHOW OCBEJOMJICHHOCTH THJIOTa
Ha pa3IUYHbIX 3TAMax MoJeTa.

CioxHOCTH B o0OecnedeHur HEOOXOIUMOro
YPOBHS CUTYaI[MOHHOW OCBEIOMJIICHHOCTH MOTYT
BO3HHKATH MPHY BBHITOTHEHUH TIOJIETA B YCIOBHSIX
HEONPEIECNEHHOCTH, HalpuMep MpHU IoJIeTax B
30Hax T'PO30BOM JIEATEITLHOCTH W CHUJIBHBIX JIUB-
HEBbIX OcaakoB. HerpuBHalbHOCTH mpolecca
MPUHATHS PEIIEHUS MO BHIOOPY ONTUMAJIBHOTO
MapiipyTa o0Xoaa rpo3bl MOAYEPKUBACTCS B pa-
6ote [4]: HAXOIACh B OHUX M TEX YK€ YCIOBUSX,
MUIOTHl MOTYT MPUHATH KApAWHAIBHO pa3iinda-
IOIHAECS PEeIIeHUs MO 00XOAy 30HBI T'PO30BOM
aKTUBHOCTH, TPUYEM cCaM IMPOLECC NPUHATHUS
pelIeHusT YCIOXKHIETCS HEOOXOIUMOCThIO YUH-
TBIBaTh TEHICHIUIO Pa3BUTHUS T'PO30BBIX OYAro-
BbIX JABWXeHMI oTHocutenbHOo BC. Ilpenmnona-
raeTcsi, 4To MPEJOCTaBICHUE YJIEHAM HKUIIaKa
Ha JKpaHEe HAaBHUTAallMOHHOTO JHCIUICS IPOTHO-
CTHYEeCKOW WHGPOpPMAIUU O PA3BUTHU TPO3bBI
(a Taxoxke wHGOpMaMK o0 MectonoyoxeHun BC
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Puc. 1. Seq2seq-monens [12]: RNN — Recurrent Neural Network, pexyppeHTHast HelipoHHast ceTh; C — KOHTEKCTHBIN
BEKTOP; X; — 2JIEMEHT BXOJIHOM OCIIEIOBATENILHOCTH; Y; — DJIEMEHT BBIXO/IHOM MOCJIEJ0BATEIbHOCTH
Fig. 1. Seq2seq architecture [12]: RNN — Recurrent Neural Network; C — context vector;
X; — input sequence element; y; — output sequence element

a4y TMpesicKa3aHusl BPEMEHHBIX PSJIOB, MPU KO-
TOPOY MapaMeTphl UCIIONIB3YEMOM ISl ITOTO MO-
JIeTTM MaIllMHHOTO OOYy4YeHMsI MOJ0MpPAIOTCS Ta-
KUM 00pa3oM, 4ToObI HanboJiee TOYHO YJIOBHUTH
3aKOHOMEPHOCTH BO BpPEMEHHBIX JaHHBIX, a
TaKk)Ke BBIICIUTH Hauboyiee MPaBIONOO00HBIMA
cueHapuil pa3sutus cutyanuu [5]. K kimaccuye-
CKHM METOJaM TPEeJICKa3aHUsl BPEMEHHBIX PSI0B
MOKHO OTHECTH KakK pa3paboTaHHbIE ClielHalb-
HO JUIS PEIICHUs] NaHHOW 3aa4i MOJIEIH, TaKue
KaK, HalpuMep, HHTETPUpPOBaHHAsI MOJIEb aBTO-
perpeccun — cKodp3smiero cpeanero ARIMA
(Autoregressive Integrated Moving Average) u
ee MoauuKanuu [6] WU MOJETh YKCIOHEHIIN-
anpHOro criaxkuBanus (Exponential Smoo-
thing) [7], Tax u OGomnee oOIIHMe KIACCHYECKHE
MOJXO/Ibl, KaK, HAIPUMEP, MOJAETU TPaJUECHTHO-
ro Oycrtunra [§]. [maBHBIMH JOCTOMHCTBAMHU Ta-
KUX MOJEJeH SBISIOTCA UX CTAOMIBHOCTH MpHU
paboTte ¢ «TaONMUYHBIMWY» JTAHHBIMH M OTHOCH-
TeJbHAasl JIETKOCTh WHTEPIpETallMi HapaMeTpoB
mozeinei [9]. Tem He MeHee COBpPEMEHHBIE HC-
CJIeIOBaHMS MOKa3bIBAIOT, YTO B Cllydae MpHMe-
HEHUSl TaKUX MOJENEH JUIsi IPOTHO3UPOBAHUS B
3ajavyax, /i€ JJaHHble MMEIOT 0oJjiee CIOXKHYIO,
«HETAOMMUYHYI0»  CTPYKTYpY (M300pakeHwus,
TEKCT, 3BYK) WJIH TJI€ HEOOXOAMMO YYHUTHIBATH
Oonee CIOXHBIE HEJTMHEHHBIE B3aUMOCBSI3U
MEXIy 3JIEMEHTaMH BXOJHOW MOCIEA0BaTEb-
HOCTH, KJIACCHYECKUE MOJICTH TMOKAa3bIBAIOT 3a-
METHO OoJiee clalblii Pe3ysIbTaT MO CPaBHEHHUIO
C HEWPOCEeTEeBBIMU TMOAXOJAMH: TaK, MOJEIb
LSTM (Long Short-Term Memory, nmuHHas
[eNb 3JIEMEHTOB KPAaTKOCPOYHOU MaMsATH) MPO-

22

JEMOHCTPHUpPOBAIa MPEBOCXOACTBO HaJ KIIACCH-
yeckoii ARIMA na 5-15% mno wmerpukam
MAPE (Mean Absolute Percentage Error, cpen-
Hsis1 abcomroTHas ommobka) u SMAPE (Symmetric
MAPE, cummerpuuHas cpenHsss aOCoIOTHas
ombka) [10], a Gonee ClOXHBIE APXUTEKTYp-
HbIE PElIeHus, KaK, HalpuUMep, MoJIeNn Seq2seq
(Sequence-to-sequence, reHepamnus IOCIEIOBA-
TEIbHOCTH Ha OCHOBE IOCIEIO0BATEIHLHOCTH),
NPEB3OILIN MTOKA3aTeNN KIACCUUYECKUX MOJeen
Ha 20-30 % [11].

Apxurektypa Seq2seq [12] npencrasisier co-
0oli HEHpOCETEeBYI0 MOJIENb, IMPEIHA3HAUYCHHYIO
JUTsL TIPOTHO3MPOBAHMST BBIXOJJHOW TOCIIEIOBATEb-
Hoctd Y = [y, Y5, .., V]| HEKOTOPOH 3amaHHOM
JUTMHBI M Ha OCHOBE BXOJHOM MOCIEI0BaTEIbHO-
ctu X = [x4,%,, ..., Xy JUIMHBI N Takum oOpa-
30M, YTOOBI MaKCHMHU3HPOBATh YCIOBHYIO BEpOST-
wocth Pr(Y|X) = [17%: Pr (ye|y1:e-1), X), 1pn
ATOM BBIXOJIHOE 3HAU€HHE Y; B MOMEHT BpeMe-
HU t ompenensieTcsl Kak MaTpUIeii BXOJHBIX BEK-
TOpoB X, TaKk U BCEMU MPEIIIECTBYIOIIUMHU BbI-
XOAHBIMH ~ 3HAYEHMAMHU  Yi.r—1). Mogenb
Seq2seq cocTouT W3 3HKOAEpAa U JEKOAEpa: Ha
OCHOBE Habopa 00ydyaromux MpUMEPOB X IHKO-
nep GopMHpyeT KOHTEKCTHBIH BekTop C, KOTO-
pBIif B CBOIO OU€pe/ib UCIIONIb3YETCsl B JAEKOJIEpe
JUISL TEHEPALMM PE3yJbTUPYIOIEH MaTpuubl Y
U B JajbHeieM 0OHOBIISIETCS MTOCIIE TOMyYeHUs
Ha BXOJ JEKOJepa OYEepeTHOrO MPEIbIAYILEro
npezackazanus y;_, (puc. 1). B ocHoBe (pyHKIMO-
HUPOBAHUS OMUCAHHOW MOJEIH JICKUT TPUHIIHIT
dbopMupoBaHUS U OOHOBIEHUS BEKTOPA CKPBITO-
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Puc. 2. Cxembl siueek peKyppeHTHBIX HEHPOHHBIX ceTell [16]: RNN — pekyppeHTHas HEMpPOHHAs! CETh;
LSTM — numHHAS 1IeTh SIEeMEHTOB KpaTKoCpouHOH maMaTi; GRU — ynpaBIsieMbIil peKyppEeHTHEIH 0JIOK
Fig. 2. Recurrent neural networks cells [16]: RNN — Recurrent Neural Network;

LSTM — Long Short-Term Memory; GRU — Gated Recurrent Unit

IO COCTOSIHHS, PEATM30BAHHBIN B PEKYPPEHTHBIX
HeripoHHbIX ceTax (Recurrent Neural Networks,
RNN).

K pexyppeHTHBIM OTHOCAT KJ1acC HEHPOHHBIX
CeTeil, B KOTOPBIX CBSI3U MEXIy JJIEMEHTaMU
0o0pa3yloT  HalpaBJCHHYIO  IOCJEeI0BaTelb-
HocTh [13]: 3a cuer popmupoBaHus U 0OHOBIIE-
HUSl BEKTOpa CKPBITOTO COCTOSHUSI h; HEHpOH-
Has CETh B KaXIbIi MOMEHT BPEMCHH HECET B
cebe mHpopMaIuio 00 3IEeMEHTax BXOJIHOM Mo-
CJIEZIOBATEIIFHOCTH, MOCTYNHBIINX HA BXOJ CETH
panee. Crpykrypy knaccudeckoii RNN [14]
MOJKHO OITUCATh C TIOMOIIBIO YpaBHEHUH OOHOB-
JICHUSI CKPBITOTO COCTOSHUS h; W TONy4YeHUS
MpeCKa3aHus y; B MOMEHT BpeMeHHU t (puc. 2):

he = c(Wyphe—y + Winx, + bp), (1)

Ve = Whyht + byr (2)
rae hy — BEKTOpP CKPBITOTO COCTOSIHHSI B MOMEHT
BpEMEHHU t; X; — BXOJHOH BEKTOP B MOMEHT
BpEMEHH t; 0 — HEKOTOpas HeMuHeiHass QyHK-
IS aKTUBAIUH, KaK MPABWIO TUNIEPOOTNICCKUMA
taurednc win ReLU (Rectified Linear Unit, au-
HEeWHbIN 010K ¢ BeIpsiviieruem) [15]; Wyp, Wi
u Wy, — matpuibl BeCoB (00yuaemble mapameT-
pel ceTn); by u by, — cBOGOAHBIE YieHBI (00y4a-
€MbI€ TapAMETPBI CETH).

Y coBepieHCTBOBAaHHBIA CIIOCOO XpaHEHUS U
00paboTku nH(pOpManKy, IONaBIIeH HAa BXOJ ce-
TH, peasi3oBad B moaenu LSTM [17]: B Heil B
JIOTIOJTHEHUE K BEKTOPY CKPBITOTO COCTOSIHUS, B
KOTOPOM XpaHHUTCS KpaTKOCpOUYHas MH(OpMaIus,
BBOJISTCSL OTBEYAIOIIAs 33 JOJTOCPOYHOE XpaHe-
HUe MH(MOpMAIMK sSYeiKa MaMATH Cp, a TaKKe

23

K03 uIMeHTs i;, f; W 0;, W3BECTHBIE Kak
¢bunbTp Bxoaa (input gate), ¢unbTp 3a0bIBaHUS
(forget gate) u ¢puibTp BbIXOAA (Output gate) co-
OTBETCTBEHHO: 3TH KOI(PPHUIMECHTHI NPUHHUMAIOT
3HaueHus Ha oTpeske [0, 1] u mo3BONSIOT M3Me-
HATH 3HAYEHUsI COOTBETCTBYIOUIMX BEKTOPOB ITy-
TEM WX II03JEMEHTHOTO TEPEMHOXKEHHUS Ha KO-
3pPUuUeHTH Iy, f; U 0 TPH TPOXOKICHUU
BXOJTHOTO BekTopa uepe3 LSTM-sueiiky (puc. 2):

ig = c(Wyixy + Wyihe_q + by), (3)
fe = o(Wypxe + Wyphe—y + by), (4)
0 = o(Wyoxe + Wpohe_1 + by), (5)

¢ = ft ©c_q + iy O tanh
(Wexe + Whehe—q + be), (6)
hy = o O tanh(cy), (7)

rae Wxia Whia fo’ th’ M/xoa Whoa VVxC n th -
MaTpHULbl BecoB (00ydaeMble MmapaMeTpbl CETH);
b;, bs, b, u b, — cBOGOAHBIE WNEHBI (00y4aeMbIe
napameTpsl cetn); (O — onepaTop MOAIEMEHTHO-
0 YMHOXEHUSI.

Jpyroii pa3HOBHIHOCTBHIO PEKYPPEHTHBIX
HEHPOHHBIX CETeH sIBisieTcs OoJiee JerKoBeCHas
no cpaBHeHuio ¢ LSTM (¢ MeHpIIUM YHUCIOM
oOydaeMbix mapameTpoB) moaens GRU (Gated
Recurrent Unit, ympaBisieMblii peKyppeHTHBIN
OJI0K): B HEW HE MCIONB3yeTcs sSueika MmaMsTh
Ct, GUIBTPHI BXOJA U 3a0bIBaHUS OOBEIMHEHBI B
enuHblii GuasTp oOHOBIEHUs Z; (update gate),
OTBEYAIOUIUM 3a TO, KaKas J0JIs HPEeIbIAyLIEro
CKPBITOTO COCTOSIHUSI hy_; COXpaHsieTcs B OdYe-
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Puc. 3. Mexanuswm ceepTku [20]: X — BxogHas MaTpuia; K — MaTpuma-QuibsTp; * — OIepaTop CBEPTKA
Fig. 3. Convolution [20]: X — input matrix; K — kernel matrix; * — convolution operator

peIHOM COCTOSHMM h;, a Takxke J100aBieH
bunbTp cOpoca 1, (reset gate), ompeaensrOmuii
o0 HpopMauu h;_;, KOTOpas Ha odvepe-

HOM  wWrTepanmuu  OyIeT  MPOUTHOPUPOBAHA
(puc. 2):
zp = 6(Wyzxy + Whzhe_y + by), (8)
1y = c(Wpxp + Whphe_y + by), )

Flt = tanh(W,p,x¢ + 1. © (Wpphe—1) + bp), (10)

h =2 Ohiy +(1—2) Ohy (11)
rane Wy, Wiz, Wery Wiy Wi 1 Wy, — MaTpuisl
BecoB (OOyuaeMble TapameTpsl ceTu); b,, b, u
by, — cBoGoHBIE WiIeHBI (00yJaeMble TTapaMeTph
CeTH).

Haubonee mmpokoe mNpUMEHEHHE pEKyp-
PEHTHbBIEC HEHPOHHBIE CETHU HAILIUTH B 3a/1a4ax 00-
paboTku ectecTBeHHOro si3blka [18], korma
BXOJIHAs MOCJIEIOBATEILHOCTh HEUPOHHOU CETH
npecTaBisier co0oi Mocaen0BaTeIbHOCTh BEK-
TOPHBIX MPEICTaBICHUN CIOB — 3MOEIIUHIOB.
Tem He MeHee B BHUAE BEKTOpPa MOXKET OBITh
MPEJCTaBICHO M U300pakeHHE OKpY Karolen
METEOPOJIOTHYECKOI 00CTaHOBKH, MPEI0CTaBIs-
eMoe MUJIOTY Ha 3KpaHe OOPTOBOIO pajMoNIOKa-
Topa: JIs 3Toro marpuiry R™ ™, kaxaslii die-
MEHT KOTOPOH COOTBETCTBYET WHTECHCHUBHOCTHU
MUKCENSl HABUTALIMOHHOTO JAMCILIEs,, HEOOXOU-
MO TpeoOpa3oBath B BekTop R™", mocne uero

Uli,jl = X = K)[i, j] = Xnzo Xz X[i + m, j + n] - K[m,n],

24

IIOCJIEZI0BATEBHOCT TAaKMX BEKTOPOB MOKET
OBITH MepeaHa Ha BXOJl pEKypPpPEHTHOW HEHpOH-
HOM CeTH — 2JeMeHTa Seq2seq-MOoJeNu — ¢ Iie-
JbI0 MOJYYEHHs] MPOrHO3a Pa3BUTHUS T'PO3bl HA
3alaHHbI TPOMEXYTOK BpemeHHu. Kak ormeda-
ercs B [19], oueBHUAHBIM HEIOCTATKOM TaKOTO
HOJX0/a SIBJIAETCSl HEM30exkHasi moTeps Moje3-
HOM MH(pOpMaIMu O B3aUMHOM PaCIOJIOKEHUU
Y4acTKOB TpO30BOr0O oO4ara B IIPOCTPAHCTBE.
OauH U3 NOTEHUUANIbHBIX MyTEH pElIEeHUs OMU-
CaHHON mnpoOJeMBbl 3aKiloyaeTcs B JOMOJHU-
TEJIbHOM HCIOJIb30BaHUU MEXaHHU3Ma CBEPTKH U
IEpEeXole K  CBEPTOYHBIM  PEKyPPEHTHBIM
HeiiporHeiM ceTsiM (ConvRNN, Convolutional
RNN) [19].

CeepTka mpeacTaBiseT cOOOW OJUH U3 OC-
HOBHBIX HEHPOCETEBBIX MEXAHHU3MOB, IpEIHA-
3HAQYECHHBIN NI COXPAHECHUS 3aJI0KEHHOM B He-
KOTOpOM BXOJHOM Marpuue X IIPOCTPaHCTBEH-
HOM MH(pOpManuu TpH NPOXOkKACHHH X uepes
HEWpPOHHYIO ceThb. [Ipomecc CBEPTKHM MOXKET
OBITH MPEJCTABIIEH KaK CO3/laHME HOBOW MaTpH-
upl U = X * K, nmosyyaeMoil B pe3yJibTaTe Mat-
PUYHOTO YMHOXEHHUS DJIEMEHTOB HMCXOIHOMN
MaTpulbl X Ha matpuny-punetp K npu mocie-
JIOBAaTEIIbHOM «CKONBXEeHUW» ¢(uibprpa mo X
cJeBa HampaBo, cBepxy BHU3 [20] (puc. 3).

MartemaTUuecKl MEXaHU3M CBEPTKH UL
BxoaHoit Matpumbl X € RW  y punsrpa
K € R™Y wMoxer ObITh OmUCaH 1 (14% 111711
obpa3zom:

(12)
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rae * — omepatop cBeptky; 3amuck Ui, j] coot-
BETCTBYET 3JIEMEHTY Marpulbl U, 3anmucaHHOMY
B i-i CTPOYKE j-TO CTOJOIIA.

Takum o0pa3oM, IpUMEHEHHE MeXaHH3Ma
CBEPTKM B PEKYPPEHTHBIX HEHUPOHHBIX CETSX
no3BosisieT nepertu k apxutekrype ConvRNN,
Ha BXOJ] KOTOPOW B MOMEHT BPEMEHH ¢ MOaeTcs
Marpuua Xy, a MaTpULIa CKPBITOrO COCTOsIHUA H,
(B oTIMYME OT BEKTOpA CKPBITOTO COCTOSHUS
RNNh;) oOHOBISIETCS B COOTBETCTBHH C 3aKO-
HOM

Hy = c(Whp * Hey + Wy * X + bp). (13)

[To ananoruu ¢ ConvRNN 6butn pazpabora-
Hbl  CBEPTOYHAs  Pa3HOBUIHOCTH  MOJCIHU
LSTM — ConvLSTM — ¢ 10NOJHUTEIBHBIM Xpa-
HEHUEM JOJITOCPOYHOU MHPOPMAIUN B MATpPHUIIS
namsitu C; [20]:

ip =0(Wyxi *Xe + Wy Hey + b)), (14)
fe = o(Wys * Xp + Wys * He_y + bf), (15)
0r = 6(Wyo * X¢ + Who x He_y + by), (16)

Ct = f; © Ci—1 +i; O tanh
(Wee * Xp + Whe * He_q + be), (17)
H; = o, © tanh(C,), (18)

a TaKXKe CBEpTOYHas Pa3HOBUAHOCTb MOJEIU
GRU — ConvGRU [21]:
zy = O(Wyy * X¢ + Why * He_1 + b)),

(19)

re = oWy * X¢ + Wy x Hey + b)), (20)
H, = tanh

(Wyn * X + 170 © (Whp * He—1) + bp), (21)
Hy =2z, O Hey + (1—2) O H. (22)
B nactosmeit pabote npeanpuHaTa MONbITKA
OLIGHKM TOTEHLMaJa MPOTHO3UPOBAHUS DPA3BU-
THS TPO30BOIO oOyara ¢ 3abJaroBpeMEHHOCTHIO
MeHee 2 4acoB (HayKacTHHIa) Kak MHCTPYMEHTa
MOBBILICHUS] CUTYAallMOHHOW OCBEIOMJIEHHOCTHU
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MUIOTa TPU BHINOJHEHUH TOJETa B YCIOBHSX
CIIOKHOW METEOPOJIOTUICCKOW OOCTaHOBKH, a
TaK)Ke peaan30BaHO CPABHEHHUE PEKYPPEHTHBIX U
CBEPTOYHBIX PEKYPPEHTHBIX MOJEIEH IPOrHO-
3UpOBaHUS MO TaKUM XapaKTEPUCTHKAM, Kak
TOYHOCTb MPOTHO3a U CKOPOCTh O0yUYEHUS, TIPH-
MEHUTENIbHO K PEIICHHUIO 33/1a4u MpeICcKa3aHus
Pa3sBUTHA I'PO3bI.

MeTtoabl HccIeI0BaAHUS

Co3nanue Mmojeneil peKyppeHTHBIX M CBep-
TOYHBIX PEKYPPEHTHBIX HEUPOHHBIX CETEH, UX
o0OyueHHe M OlLIEHKa KauecTBa, a TaKXKe Mpele-
CTBYIOILI[E OTambl IOJXY4YEHUS U TIOATOTOBKU
JAHHBIX JUIS OOYYEHHUs OCYIIECTBISUTUCH C HC-
HOJIb30BAHUEM SI3bIKa OOBEKTHO OPHEHTUPOBAH-
HOTro mporpammupoBanus Python, a taxxe 6u6-
muorek: NumPy ¢ moanep:xkoil onepanuid Han
MHOTOypOBHEBBIMM MaccuBamu, PyTorch s
CO3JaHUsI ApXUTEKTYpbl HEHPOHHBIX CETEH, MX
oOyueHHsI W OLEHKM KayecTBa, a TaKxke
OpenCV, Rasterio u Matplotlib s npenoOpa-
OOTKM M BU3yaJIM3allUM PacTPOBBIX H300paxe-
Huil. Kog HaxoIuTcst B OTKPBITOM ILOCTyHel.

Jns oOyueHust Mojenel ObUIM MCHOJIb30Ba-
HbI JaHHBIE™ PAIHOIOKAIMOHHBIX METEOPOIOTH-
YeCKMX HaOJIIOJCHUH 3a IPO30BBIMU OYaramu M
CHJIbHBIMU JIMBHEBBIMH oOcajkaMu DUHCKOTO
MmeTeoponorudyeckoro nactutyTta (Finnish Mete-
orological Institute, FMI) 3a mepuox c stHBaps
2021 roma mo uroHL 2024 roma BKIFOYUTEILHO.
JlocToMHCTBa yKa3aHHOTO MCTOYHMKA 3aKir0Ya-
IOTCSl B TOM, YTO JaHHBIE HAXOJAATCS B OTKPBITOM
JOCTyTe, MPEACTABIEHBl 3a JOCTaTOYHO OO0JIb-
IO MPOMEXYTOK BPEMEHH, a TaKKe OOHOBIIS-
IOTCS PETYJIIPHO C TIEPHOAMIHOCTBIO B 5 MUH, TO
€CTh JIOCTaTOYHO YacCTO Ul TOTO, YTOOBI Ha MX
OCHOBE pe€ajn30BaTh Kaue€CTBEHHOE IPOrHO3M-
pOBaHUE pa3BUTHSI IPO30BBIX 00IAKOB.

Kox s npeno6paboTku 1 BU3yaIn3aiy PacTPOBBIX
n300paxeHuit [DnekTpoHHbIi pecypc] //github.com.
URL.: https://github.com/yaaadrov/WxRADNet-
PyTorch (nara ob6pamenus: 08.10.2024).

Cxema JtaHHBIX [DnekTpoHHbIH pecype] // XML-dan.
URL: http://s3-eu-west-1.amazonaws.com/fmi-
opendata-radar-geotiff (nara oopamenus: 08.10.2024).
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Puc. 4. IToxpeiTue cetu pagapoB FMI; mpumep monydeHHOTO pagroIOKallHOHHOTO H300paXeHNUS;
0TOOpakeHHE MOJTyYeHHON KOH(UTYypaIMy rPpO3bl Ha 3KpaHE CAMOJIETHOTO METe0JI0KaTopa
Fig. 4. FMI radar network coverage; example of the obtained radar image; display of the received
thunderstorm configuration on the aircraft weather radar screen

Merteoponornyeckue HaONIOAECHUS IPOBO-
nsatcsi Ha 6aze cetu FMI u3 12 ummynbcHo-
JIOTUIEPOBCKHX ABYXIIOJSPU3AIMOHHBIX PaJapoB
C-nuana3oHa, IOKPBIBAIOIIUX  TEPPUTOPHUIO
@OUHISIHIUN; TOTYYSHHbIE C WX TIOMOIIBIO 3HA-
YCHUS PAJUOJIOKALMOHHOW OTpa)XXaeMoCTH Z
(dBZ) nepeBoasiTCs B 3HAUCHUS] MHTEHCUBHOCTHU
nukcens I (uucio ot 0 1o 255), nocne yero kap-
THUHA PaJMOJIOKAlIMOHHON OOCTaHOBKHU COXpaHs-
eTcs B BHJIE PacTpOBOro 4epHO-Oenoro u3zobpa-
xeHus popmara tiff. [lomyuuts 3HaueHue Z Ha
OCHOBE HMHTEHCHBHOCTH THUKCENs [ MOXHO TO
dopmyne Z = 0,5 - I - 32 (puc. 4).

CoBpeMeHHbIE  Ha3eMHBbIE JIOIUIEPOBCKUE
IpO30BbIE paZiapbl MO3BOJIIOT OOECIEUYUTH BbI-
COKYIO JIOCTOBEPHOCTh IOJY4YaeMbIX C HX IO-
MOIIBIO JAHHBIX, a TAK)KE XOpOIIee MPOCTpaH-
CTBEHHOE TOKPBITHE U JeTaM3alUI0 B pajuyce
10 200-250 kM [22]; TeM HE MEHee HEJI0CTaTOK
TaKUX paJapoB 3aKJIIOYAETCs B UX IMOJBEPIKEH-
HOCTH BIUSHHUIO TIOMEX, BO3HHMKAIOIIUX MpHU
HAJIMYUU B BO3JyX€ OTPaXarolUX 00BEKTOB, HE
CBSI3aHHBIX C OcaJikamu (Hampumep, nruir). Yro-
OBl M30aBUTHCSA OT MOMEX IMOJAOOHOTO pojia, Ha
sTarne npeaoopaboTKH JaHHBIX MUKCENN CO 3Ha-
yeHusiMu UHTeHcuBHOCTH [ meHee 100 (¢ otpa-
xaemMocThio Z meHee 20 dBZ, 4To cooTBEeTCTBY-
€T ciaboMy JOKII0) OT(PHIBTPOBBIBATIUCH: 3HA-
YEeHUsl NX WHTCHCUBHOCTHU 3aMeHsUINCh Ha 0, of-
HAaKO 3TO HE MPHUBOIMWIO K MoTepe MHpopManuu
O CHJIBHBIX JINBHEBBIX OCAJIKaX.

26

CrouT OTMETHUTH, YTO TOJYUYCHHBIC TaHHBIC
UCIIONB30BAIMCH ISl OOYUYEHHUSI MOJIENHU JIHIIb B
UCCJIEIOBATENbCKUX LEJIAX JUISE  CPaBHEHUS
Pa3IMYHBIX MOAXOA0B K MPOTHO3UPOBAHUIO — U
npenoOydYeHHbIE Ha 3THUX JaHHBIX MOJEIU HE
MOTYT OBITh HCIIOJIB30BAHBI CPa3y K€ ISl ajlb-
HEHWIIEero MpaKTUYeCKOro MPUMEHEHUs, TaK Kak
npu WX OOYYEHHHM HE YYUTHIBAIUCH WHIUBUIY-
QJIbHBIC XapaKTEPUCTHUKH KOHKPETHBIX CaMOJIET-
HBIX PaJIMOJIOKATOPOB — MX YYBCTBHUTEIBHOCTb,
MOPOTOBBIE YPOBHM HMHTEHCHUBHOCTH, pa3perie-
HUE, 4aCTOTa OOHOBIICHUS U IPYTUE MapaMeTphl,
KOTOpBIE MOTYT CYLIECTBEHHO MOBIUATH HA TOY-
HOCTb U aKTyaJbHOCTh MPOTHO30B. /s peanb-
HOTO MPUMEHEHUS MPEUIOKEHHBIX B HACTOSIICH
pabote mozenel TpeOyeTcs MOMOTHUTEIBHO pe-
aJIM30BaTh MX 1000y4YeHHE Ha JAHHBIX, COOpaH-
HBIX HEMOCPEJCTBEHHO C OOPTOBOTO pagroIoKa-
Topa KoHKpeTHOro tuna BC.

[Tonyuenue u mpenBaputTenbHas 00pabOTKa
JTAHHBIX TPOU3BOJMINCH CIIEIYIOIIUM 00pa3oM.

1. CooTBeTcTByIOIIEE HAYay OYEPEIHOTO
yaca u3o0paxenue B ¢popmare tiff 3arpysxanocs,
peoOpa3oBbIBATIOCH B MACCUB U Pa3Aeisiioch Ha
YeThIpe HelepeceKaromuecs KBajapaTHble o0ma-
ctu pazmepoM 200 X 200 km kaxnasi, oopazys
MAacCUBBI pa3MepHOCTH 256 X 256 mnukceneu
(manee — [h, w]).

2. B xkauectBe uWHGOPMATHBHBIX BBIOHpa-
JUCHh T€ 00JIACTH, B KOTOPBIX IMHUKCEIN C UHTCH-
cuBHOocThIO Oosiee 100 cocTaBmsin He MeHee
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Puc. 5. [Ipumeps! yacoBBIX MOCIeA0BAaTENbHOCTEN U3 12 N300paskeHN, BKIIOYas ayrMEHTHPOBaHHbIE JaHHBIE
Fig. 5. Examples of hourly sequences from 12 images including augmented data

15 % ot oOmiero yucia; HeMHPOPMaTUBHBIE 00-
JIACTH U3 JANbHEUIEH 00pabOTKH HCKITIOYAIHCh.

3. Jlna xaxaod U3 MOJy4EeHHBIX HH(OpMa-
TUBHBIX 00JIACTEH 3arpyKajucCh CIEAYIOLIHE J10-
CTYINHbIE 3a TEKyUIUI Yac paJauosIOKalMOHHbIE
n300pakeHus, o0pa3ysi MacCUB pPa3MEpPHOCTHU
[a, h, w], toe a 12 — uncno u3obpakeHui,
MOJYYCHHBIX JUIsI WHPOPMATUBHOW OOJIaCTH 3a
1 yac.

4. JIns xaxaou U3 MOJIy4eHHBIX MOCIeq0Ba-
TETBHOCTEH HW300paXEHW pealn30BBIBAIACH
ayrMeHTanus JaHHbIX [23]: Habop oOywarommx
JAHHBIX PACHIUPSIICS MyTEM CO3JaHUS TPEX CUH-
TETUYECKHUX MOCIEA0BATEIBHOCTEN Pa3MEPHOCTH
[a, h, w], kKaxnas 3a cueT MOBOPOTa M300paxe-
HUW HA CIy4alHBIE YIJIbL, JIEXKAIIUE B JHAIA30-
Hax (60°, 120°), (150°, 210°) u (240°, 300°).

5. Bce umHpOpMaTHBHBIE 00NacTH 3a TEKY-
U yac 00bEeIUHSINCh B MAaCCUB Pa3MEPHOCTHU
[i, a, h, w], tme i — uucao wuHGOPMATHBHBIX
CErMEHTOB 3a TeKYIIUH Yac, MOCie Yero JaHHbIN
MacCHUB pacIlUpsuICSd aHAJOTUYHO 3a CUeT JaH-
HBIX 32 TIOCTIEAYIOIIUE YaCHI.

B pesynbTare o011ee yuCiIO MOMyYEHHBIX Ya-
COBBIX TOCJeI0BaTeNbHOCTEN n3 12 m300paxe-
HUN ¢ J00aBiIE€HUEM ayTrMEHTHPOBAaHHBIX JaH-
HBIX cocTaBuio 34 240 (puc. 5), 32 800 u3 xo-
TOPBIX HCIOJB30BAIUCH A1 00yUeHUs: Mojienei
u 1440 (3a urons 2024 roma) — nis TECTUPOBa-
HUSl U CpaBHEHHUs Mojenel. JlaHHble OblIM HC-
MOJIb30BaHbl AJI1 OOy4YeHUs IBYX TPYII MOJe-
neil — pexyppeHTHbIX (RNN, LSTM u GRU) u
cBepTouHbIX pekyppeHTHbIX (ConvRNN, Con-
vLSTM u ConvGRU) HENpOHHBIX CETEN.

27

Kaxxmag m3 4acoBBIX IIOCIIENOBATEILHOCTEH
ObL1a pa3/iesieHa Ha JIBe paBHBIC YaCTH IO MIECTh
MOCNeI0BAaTEIbHBIX HM300paKeHU: TMepBas U3
HUX (TO €CTh TepBbIe MOJYaca COOTBETCTBYIO-
IIETo Yyaca) UCIOJIb30Balach B KaUYeCTBE U3BECT-
HBIX BXOJHBIX BEKTOPOB X;, a BTOpas (TO eCTh
BTOpBIE MMOJIYaca KaKJOro 4aca) — B KadecTBe
BBIXO/IHBIX BEKTOPOB Y;, 3HAUE€HHUE KOTOPBIX
TpeOoBaIOCh MPEICKA3aTh.

JIJiss BceX BUJIOB PEKYyPPEHTHBIX HEHPOHHBIX
ceTeil HUCHonb30Bajach CXOXkas apXUTEKTypa,
COCTOSIIIASI U3 CIAEAYIOLIUX 3JIEMEHTOB:

1) sHKoaepa, mpeacTaBisomero coboil nse
nociuenoBarenpubie suekiku (RNN, LSTM win
GRU), peanusyromue mporecc co3gaHust u 00-
HOBJIGHUSI BEKTOpa CKPBITOTO COCTOSIHUSI hy
(u gononmHUTENBHO ¢, 1151 LSTM) cornacHo ypas-
HeHwsiM (1), (3—7) u (8—11) cooTBEeTCTBEHHO;

2) nekoxepa, IMpEeACTaBISIONIEro coboil 1Be
nocienoBarenbHbie sueiiku (RNN, LSTM wim
GRU), 3a KOTOpBIMH CJEIyET MOJIHOCBS3HBIN
cinoir  (Fully-connected, FC), peanusyrommuii
npeoOpa3oBaHUE BEKTOpPa CKPHITOTO COCTOSHUS
h; B BeKTOp-TpeCKa3aHue y; B COOTBETCTBUU C
ypaBHEHUEM (2).

OC0OCHHOCTh PEKYPPEHTHBIX HEUPOHHBIX
ceTel 3akKiIo4aeTcss B TOM, 4YTO B KayecTBE
BXOJTHOM TMOCJIEIOBAaTEIbHOCTH X; OHHU CIOCO0-
HBI TIOJy4YaTh JIUIIb BEKTOP, IMOATOMY KaXKIbIN
U3 JIByMEPHBIX BXOJHBIX MAacCHBOB MpeoOpa3o-
BBIBAJICS B BEKTOp pasMepHOCTH [h - w]; Mozenb
oOydJanachk mapajuienbHO Ha OaTdax [24] pa3me-
pa 32: TakuM 00pa3oMm, B KaX/Iblii MOMEHT Bpe-
MEHU t Ha BXOJ MOJIEJTIH I0/IaBaJICsl MACCUB pa3-
mepHocTH [b, h - w], rae b — pa3smep Garua.
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Puc. 6. ApxutexTypa UCNOJIb30BaHHbIX ceTel: RNN — peKyppeHTHBIN CIIOM;
ConvRNN — CBepTOUHBIN PeKYPPEHTHEIH ci10ii; F'C — MOTHOCBA3HBIN CIoit; Conv — CBEPTOYHBIN CIION
Fig. 6. Architecture of neural networks used: RNN — Recurrent Layer;
ConvRNN — Convolutional Recurrent Layer; F'C — Fully-connected Layer; Conv — Convolutional Layer

[MpuHmmn oOydeHus: peKyppeHTHOW MOAEIH
3aKJIFOYAETCSl B CIICAYIOIIEM: SHKOZAEP MOCe0Ba-
TEJIGHO TIONyYaeT KaKIbId M3 IIECTH BXOIHBIX
BEKTOPOB X ... Xg, HA OCHOBE KOTOPBIX (POpMHUpY-
€TCSI BEKTOP CKPBITOTO COCTOSTHUS hg; BEKTOp hyg
MOCTYNAeT Ha BXOJ JIEKOJepa, KOTOPBI B CBOIO
ouepenb GopMHUPYET TEpBOE MpeACKa3aHUe y; U
HOBBI BEKTOP CKPBITOTO COCTOSTHUS h, (pHC. 6).

Cxo’kast apXHTEKTypa UCIOIb30BaNach U s
BCEX BHUJIOB CBEPTOUYHBIX PEKYPPEHTHBIX CETCH,
32 UCKJIIOYEHHEM CIEOYIOIIHUX OCOOEHHOCTEN
(puc. 6):

1) Ha BXOIl CBEpPTOYHOMN PEKYypPpPEHTHOW CETH
IOCTYIadl MacCCHBBI pasMepHOCTH [b, h, W],
TaKk KaKk MEXaHWM3M CBEPTKH MpeAHa3HA4YeH IS
obpaborku Mmatpuil [h, w|, mpuuem B cuny
OTPaHUYEHHOCTH BBIYUCIUTEIBHBIX PECYPCOB
WCIIONIh30BAJICs pa3Mep Obatua b = 1;

2) BMECTO KJIACCHUYECKHX PEKYPPEHTHBIX sue-
ek RNN, LSTM umn GRU wucnonp3oBaymcs ux
ceeprounble aHaoru — ConvRNN, ConvLSTM

wm ConvGRU, peanu3yronme OOHOBJICHUE
mpolecca Co3AaHusT ¥ OOHOBJIGHHSI MAaTpPHUIIBI
ckpbiToro cocrosiaust H; (n pomomautensHO C
it LSTM) B cootBeTcTBUM ¢ ypaBHeHUsIMH (13),
(14)—~(18) 1 (19)~«22) coOTBETCTBEHHO;

3) BMECTO MOJIHOCBSI3HOTO CJOS B JIEKOJEpe
B KayecTBE MOCJEIHETO HCIIOJIB30BaH CBEPTOY-
HbIi cioit (Conv) ¢ eIMHUYHBIM (UIBTPOM Ta-
KAM 00pazoM, 4TOOBI pa3Mep BBIXOJIHOW MaTpH-
bl COOTBETCTBOBANl TpeOyeMOMy 3HAUEHUIO
[h, w].

OOyuenne Mmozeneil (HacTpoiika 00ydaeMbIX
napamMeTpoB ceTell) peaTn30BbIBATIOCH C TIOMOIIBIO
IPaJEHTHOTO CITyCKa — METOJIOM OOpaTHOTO pac-
MPOCTpaHEeHUs1 OIMOKM BO BpeMeHu [25] ¢ wuc-
none3oBanueM anroputMa AdamW  (Adaptive
Momentum Estimation ¢ HesIBHBIM m100aBIIEHUEM
£,-perynsipuzanun) [26]: ko3dduimenTsr 0OHOB-
JSUTUCh HA OCHOBE aHTUTPAJIMEHTA CpeIHEKBaIpa-
tHuHOM QyHkuuu ommbku (MSE, Mean Squared
Error) ¢ yderom ckopoctu oOydenus (Learning

28
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Taoauma 1
Table 1

[TapameTpsl 00yueHUs PEKYPPEHTHBIX U CBEPTOUYHBIX PEKYPPEHTHBIX HEHPOHHBIX CETe

Used RNN and ConvRNN parameters

RNN ConvRNN
Yuciio HEMPOHOB CKPBITOTO CJIOS 128 64
Yucno cnoes 2 2
Pa3smep OaTtua 32 1
CKOpOCTh O0yYEHHUS o 0,001 0,001
Ywucno 3mox o0ydeHus 30 20
Pa3zmep ¢unbpTpa cBepTKH — 3

Rate) o, 1 yero Ha Ka)I0W UTEPALH aJTOPUT-
Ma paccuuThiBajioch 3HaueHne MSE Ha oOyuaro-
el BEIOOpKE (a Takke JOMOJHUTENBHO M Ha Te-
CTOBOW BBIOOpPKE MJIsl OTCICKUBAHUS AMHAMHKH
o0ydeHHs: Mojieiel M TMPEJOTBPALCHHUS UX Tepe-
oOyuenwus [27]) mo ¢popmyrie
MSE =TI, v = 9% (23)

rae n — obiee Yucio HaOIIOAEHU, y4acTBYIO-
IIMX B pacuere; y; — pealibHOe 3HAYCHHE MaCCH-
Ba; J; — 3HAUEHUE, MTPEJICKA3aHHOE MOJIEIIBIO.

Jnist yckopeHus: 00y4eHHs: MOJIeNel UCTIONb-
3oBasiack Buaeokapra GPUNVIDIAA100 ¢ Ten-
30pHBIMHU siipamu. Kpome Toro, Bo Bpemsi 00y-
yeHuss OBUIM peanu3oBaHbl: 1) MeToauka
YMEHBIIEHUSI CKOPOCTH OOYy4YeHHsS O Ha IUIaTO
(mpy  3aMeNJICHMH yMEHBUICHUS 3HAYCHHUU
MSE) [28]; 2) paHHssI OCTaHOBKa OOy4YeHHUS B
cllydae, €Clid B TEUCHME IATH IOCIIEeI0BATEIb-
HBIX 910X oOydenwusi 3HaueHue MSE Ha Tecto-
BBIX JTAaHHBIX HE OITyCKAeTCs HIKE MpeablayIe-
ro JIydilero 3HaueHus; 3) oOpe3ka rpaJueHTOB
(Gradient Clipping) Bo Bpemsi 0OpaTHOTO pac-
npocTpaneHus omuOku [29] mis mpenorspartie-
HUSl HETATHUBHOTO BJIMSIHUS B3PBIBHBIX T'PaHCH-
ToB. [TapameTpbl 00yueHus yka3aHsbl B Ta0I. 1.

Pe3y.]1bTaTbl HCCJIeJ0BAaHUA

B xoxe oOyueHust Mozeneil mociae MpoxoxK-
JICHUs OuYepeJHOM 3MoXU (TO ecTh Mocje TOro,
KaK Bce 0Oydarolye JaHHbIle OYepeaHol pas 1mo-
CTYNWIN Ha BXOJ MOJEIHN) PacCUUTHIBAIUCH

29

3HayeHuss MSE Ha oOywaromieil 1 TeCTOBOM BbI-
Oopkax; pe3yibTaThl OOYUYEHHUS TMPEACTABICHBI
Ha puc. 7.

Jns 6onemmHCTBa Mozenei (RNN, GRU,
ConvLSTM un ConvGRU) ucnons3yemoro 4uc-
Ja 3MO0X OKazajoch JOCTaTOYHO [UJIsl BBIXOAA
GYHKIIUU TTOTEPh Ha IJIATO, B TO BPeMsl Kak Irpa-
buku s ceret Tuma LSTM u ConvRNN cBu-
JIETENBCTBYIOT O BO3MOKHOCTH NMOTEHIIMAIIBHOTO
yMenbiieHus MSE npu yciioBuM ganbHEWIIEero
oOyueHHst Mozenen. J{si KIIacCCHUeCKuX peKyp-
PEHTHBIX CETEH CBOWCTBEHHO IUIAaBHOE YMEHbBb-
[ICHHEe METPUKU B Hayaie oOyuyeHHs, 3a KOTO-
pPBIM CJIEIYIOT KojeOaHus, COMPOBOXKIAIOLINECS
MIEPEMEHHBIM POCTOM OIIUOKUA HA TECTOBOM BHI-
O0OpKe, 4TO CBUAECTEIBCTBYET O BO3MOXKHOM BbI-
Xo7ie Mojienieil Ha crajguio nepeoOyueHus. B To
Ke BpeMs rpaduku oOydeHHUs CBEPTOYHBIX pe-
KYPPEHTHBIX MOJENIEH XapaKTepHU3yIOTCS CKad-
KOOOpa3HbIMM HW3MEHEHUSMU (YHKIHUU TIOTEPh
Ha HAYaJbHBIX SM0XaxX OO0ydYeHHs, 32 KOTOPBIMU
CJIelyeT IUIaBHOE YMEHBIICHHE METPUKH, TMOKa-
3bIBAIONIEE, UYTO B TEUYEHHE PACCMATPUBAEMOTO
YHCJIa 310X MOJIENIH HE yCIEeBalOT Mepeo0yynTh-
csa. OTAenbHOr0 BHUMAHUS 3aCIyKHUBAET TOT
dakT, 4TO B OTIMYHE OT TPaaAUIHMOHHBIX RNN,
LSTM u GRU pa5ga ux cBEpTOYHBIX aHAJIOIOB B
TEUEHHUE BCEro Mepuoja OOy4YCHHS 3HAYCHUS
(GYHKIIMN TOTEPh HA TECTOBOW BBIOOPKE OKa3bl-
BAIOTCSl HUKE, UEM Ha 00yYaromen.

MeTpuku KauecTBa MoJeNeld — KOpEeHb Cpe/l-
HekBaapaTtuueckon ommbku (RootMSE, RMSE)
Ha TECTOBOH BBIOOpKE mMoOcie O0yueHus, — a
TaK)XKe CpeIHEe BpeMs, 3aTpauuBacMoOe Ha OJHY
AMOXy 00YyYeHHs], IpeICTaBICHBI B Ta0M. 2.
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Puc. 7. Pe3ynbraTs! 00y4eHuss Moaemnei
Fig. 7. Models’ training results
Taoauna 2
Table 2

Mertpuku kadyecTBa Mojenen

Models’ metrics

Cpennee Bpemsi 00y4eHHUsI IMOXU RMSE
baszoBasa mozennb — 39,5244
RNN 3muH 9 ¢ 43,3217
LSTM 3MuH 7 C 41,8138
GRU 2 muH 53 ¢ 42,3127
ConvRNN 17 mun 21 ¢ 29,3511
ConvLSTM 47 muu 36 ¢ 27,5801
ConvGRU 39 muu 32 ¢ 26,2939

Oﬁcymenne KpETHOCThIO 5 MuH. B kadecTtBe 0a3bl miisi WH-

B koHTekcTe pemaeMoN 3agayu 3HAYEHUE
metpukn RMSE MoxHO paccmaTpuBarh Kak
CPEIHIOK OIIMOKY OIpeNeIeHUs] MHTEHCHUBHO-
CTH TNMKCENS NPU NPOTHO3UPOBAHHUU DPAa3BUTUS
rpo3oBoro oyara Ha Omwkaimue 30 MUH Ha OC-
HOBE JaHHBIX O mpeapiaymux 30 MUH c Juc-

30

TepHpeTany TOYHOCTH MOJIENel ObLIO HCIONb-
30BaHo 3HaueHue RMSE koHCTaHTHOI MoOJEIH,
KOKIBIA pa3 MPeICKa3bIBAIOLIEH MOCIEIHIO0
JOCTYIIHYIO HA MOMEHT IpeJicKa3aHusl (ILEeCTYIO0)
KOH(QUTYpAIMIO TPO30BBIX OYAroB: sl TaKOH
Mozenu mnoiydeHo 3HaueHue RMSE, pasHoe
39,5244, uyto coctaBnseT okoyo 15,5 % makcu-
MaJIbHOW HHTEHCUBHOCTH TTHKCEJIS.
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Cpenu paccMOTpPEHHBIX MOJIeNel HauXyamiast
TOYHOCTh COOTBETCTBYET Kiaccuueckoi RNN:
3Hauenue RMSE, paBnoe 43,3217, cocraBiser
npubnmsurensio 17 % MakcuMaiabHOM HMHTEH-
CUBHOCTH MHUKCeNs, 4To Ha 9,6 % Oombiiie (Xyxe),
yeM 0a30Boe 3HAueHHE TOYHOCTH 39,5244.
Jlyumiasi U3 KJIacCUYECKUX PEKYypPEHTHBIX MOJIe-
neit (LSTM) co 3HaueHWeM cpeAaHe OIMOKH
41,8138 Taxxke He cMOrIa MPEOoNeTh OA30BbIit
nopor RMSE. Hawnyummii pesynpTaT mpoe-
MOHCTPHUpPOBaja CBEPTOYHAS PEKYpPPEHTHas MO-
nenb ConvGRU co 3nauennem RMSE, paBHbIM
26,2939, To ecth 0k0j0 10 % MakCUMAalIbHOM WH-
TEHCUBHOCTH THUKCENsS. 3/1eCh BaXKHO OTMETHUTH,
YTO BCEM MOJENSM, UCIONb3YIOIUM MEXaHU3M
CBEPTKH, yAAJIOCh IPEOOIETh 0a30BOE 3HAYCHHE
RMSE xoHCTaHTHOM MOJIENH U ITOKa3aTh 3HAaue-
Hust Ha 25-30 % MensbIe (Jryyiie).

[Tony4eHHBI pe3yiabTaT CBUAECTEIBCTBYET O
HEMPUTOJHOCTH KJIACCHUECKUX PEKYpPPEHTHBIX
MojieNieil Il MPOTHO3UPOBAHUS PA3BUTHUS TPO-
3bl. bonee TouHOE mpencTaBlieHHE O MPUYMHAX
YCTaHOBJICHHOTO (haKTa, a TaKK€ OCOOCHHOCTSIX
MpeACKa3aHusl Pa3BUTUS TPO3bl KAXKAOW U3 MO-
Jeneid MOXKHO TOJY4YUTh, pACCMOTPEB pe3yJiibTa-
ThI TPOTHO3UPOBAHUS PA3BUTHUS TPO3OBBIX OYa-
rOB JJii KOHKPETHOro oOydalolero npumepa
(puc. 8).

Puc. 8 moxasmiBaeT, 4TO OOBIYHBIE PEKY]-
PEHTHBIE MOJICH OKAa3bIBAIOTCS HECTIOCOOHBI
YJIOBUTh OCOOEHHOCTU PpaCIpeNeeHUs] OTIeNb-
HBIX y4aCTKOB I'PO30BOT0 O4ara B IPOCTPAHCTBE
M, HECMOTpPS Ha TO YTO OIpPEAENSIOT OOIIyIo
TEHJICHLIUIO TIEPEMEIICHHs TPO3bl, HE MOTYT CO-
XpaHUTh MPOCTPAHCTBEHHYIO CTPYKTYpy JaH-
HBIX, B PE3yJIbTaTe€ 4Yero OCOOCHHOCTH (HOpMBI
rpo3bl TEPAIOTCS M yYaCTKU T'PO30BOTO OOaka
MMEIOT HEXapaKTEpHBIE ISl TAKOTO METEOsIBIIE-
HUS TPOCTpPaHCTBEHHbIE odvaru. JlaHHbBIH QakT
MOKHO OOBSCHUTH OCOOCHHOCTBIO pabOTHI Kilac-
cuyecknx RNN: onu ObuTH co3/1aHbI 11 pabOThI
C OJTHOMEpPHBIMH MAaCCHBaMHU JaHHBIX, & Pa3BO-
padnBaHUE JBYMEPHOTO M300pa)keHUs B BEKTOP
MPUBOAUT K TOTEpE MPOCTPAHCTBEHHBIX B3aH-
MOCBSI3€il TTUKCENEH, B pe3yJIbTaTe Yero TepseT-
Cd ¥ BO3MOXXHOCTb CIIPOTHO3UPOBATh TOUYHYIO
dbopmy rpo30BOro oOJIaKa.

B T0 xe Bpemst puc. 8 mokas3bIBaeT, 4TO CBEP-
TOYHbIE PEKYPPEHTHbIE HEHPOHHBIE CETH BEPHO
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VIOBWJIM TEHJEHIUI0 K YMEHBIICHUIO WHTEH-
CUBHOCTH paccMaTpUBAaEMOro rpO30BOI0 Oyara,
a Takke B OOLIMX yepTax Mepefalud ero mnepe-
MelieHne HaiueBo. JlaHHbIN (akT MOKHO 00BsC-
HUTh TEM, 4YTO WCIOJb30BAaHHE B MOJEIIX
ConvRNN, ConvLSTM u ConvGRU mexanus-
Ma CBEpPTKHU MO3BOJSET pearn3oBaTh 00paboOTKy
n300paKeHnid B BHIE ABYMEPHBIX MAaCCHBOB,
U3BIIEKasi U3 JIAHHBIX MPOCTPAHCTBEHHBIC MPH-
3HAKU U YYMUTHIBAs 3aBUCUMOCTU MEXAY COCE-
HUMU MHUKCENIIMU HA BCEX YPOBHSAX CBEPTKHU:

1) B mpouecce 00ydyeHHs mapaMeTpsl (Beca)
GUIBTPOB CBEPTKU MOAOUPAIOTCS TaKUM 0O0pa-
30M, YTOOBI (PUIBTPHI OBIIIN CIIOCOOHBI BBISBIISTD
Ba)XHbIC JIOKAIbHBIC MPU3HAKU H300paKeHUs —
BEPTUKAJIbHBIE U TOPU3OHTAIBHBIC JIMHUH, YTJIbI,
KPUBOJIMHEHHBIE CTPYKTYPHI | T. I1.;

2) B TO BpeMsl KaK OJMH CBEPTOYHBIN CIIOI
3aXBaThIBAECT MPOCTHIE MPOCTPAHCTBEHHBIE MPH-
3HAKHU, JOOABJICHHE MIOIMOJHUTEIBHBIX CBEPTOK
MO3BOJISIET HEHUPOHHON CETH BBISBIATH OoJiee
BBICOKOYPOBHEBbIC ITPU3HAKH, HAIPUMEP KOHTY-
PBI TPO30BBIX 00JIAKOB;

3) THOCKOJIBbKY CBEpTKa BBINOJIHIETCS Ha He-
OOJBITUX JIOKAJTBHBIX O0OJIACTAX H300paXKeHUs,
CBEpPTOYHBIC CJIOM YYUTHIBAIOT TJIABHBIM OOpa-
30M JIOKaJbHbIE MPOCTPAHCTBEHHBIE 3aBUCHUMO-
CTH: 3TO CBOWMCTBO TO3BOJIIET CETH OBITh MHBA-
pUAHTHON K HEOOJIBIIUM CABUTAM, TO €CTh MOCTE
CMEILEHUSI TPO30BOTO OYara CBEPTOUYHBINA CIIOU
CMOXXET HAWTH W HIASHTU(DHUIMPOBATH KaXIBINA
€r0 Y4acTOK Ha CIIeAYIOIIeM U300paKeHHH.

Tem He MeHee, HeCMOTpsL Ha IOCTAaTOYHO BbI-
COKOE KauecTBO MpejcKa3aHus GopMBbl TPO30BO-
ro obiaka ¢ MCIOJIB30BAHHEM CBEPTOUHBIX pe-
KYPPEHTHBIX CETEeH, 3HAYEHUsI WHTEHCHUBHOCTU
Mpe/ICKa3aHHbIX MTUKCENIeH, OYeBUIHO, SBISIOTCS
3aBBIIICHHBIMU 110 CPABHEHHIO C PEabHOM Kap-
TUHOM pa3BUTHUSA TPO3bI; MOMUCK pEUICHHs YKa-
3anHoro Hemocratka ConvRNN, ConvLSTM u
ConvGRU nnanupyercs pa3BUTh B JalbHEHIIINX
UCCIJIEIOBaHUSIX.

[IpennonaraeMplii MOJOKUTEIbHBIA PE3YJib-
TaT TMPUMEHEHHS TMpeAJiaraeMoil TEXHOJOTUH
MIPOTHO3UPOBAHUS PA3BUTHUS TPO30BBIX OYAroB
3aKJII0YAETCsl B MOTEHIIMAIIBHOM POCTE CUTYallu-
OHHON OCBEJOMJICHHOCTH IMHUJIOTOB, BBITIOJHSIO-
IIMX TOJIETHI B YCJIOBUSIX TPO30BOM JESATEIBHO-
CTH U JIMBHEBBIX OCAJKOB, 3a CUET IpeJCTaBe-
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Puc. 8. IlepBbie 1 mocieayonye mecTh paJnoIoKaIMOHHBIX H300paKeHNH 0THON U3 KOH(UTypannii TECTOBOH BRIOOPKH,
a TakXKe IPeICKa3aHus pa3BUTHS I'PO3bI VISl pacCMaTpUBAEMBbIX MOJIEIICH
Fig. 8. First and next six radar images of one of the test sample configurations, as well as predictions of thunderstorm
development for the considered models

HUS Ha 9KpaHE HABUTAIIMOHHOIO JIUCILIES MpPo-
THOCTHYECKOW MH(OpPMAIMK O Pa3BUTHUH T'PO30-
BOro (hpoHTa.

C maTeMaTH4ecKorW TOYKU 3PEHUSI CUTYyallH-
OoHHast  ocBemomiieHHOCTH  SA  (Situational
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Awareness) MOXXET OBITh Npe/ICTaBlIeHa KaK He-
KoTopasi QyHKuus f mepeMeHHbix: 1) P,,, —
BOCTIPHSITHSL TWJIOTOM TEKyIled OOCTaHOBKU
(Perceptionof Current Environment); 2) Copy —
KOMIUIEKCHOTO TIOHMMAaHUsI TEeKyIIed 00CTaHOB-
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ku (Comprehensionof Current Environment);
3) Pgyy — DpoeKuuM TEKyliel OOCTaHOBKM Ha
onmmxkaifiee Oynymee; 4) H — KOMIUIEKCHOTO
napaMmeTpa, OTBEYaIOIIEro 3a BKJIAJ YeloBeye-
ckoro (akTopa (BHUMaHHE, OMBIT YJICHOB JKH-
nmaka, TEKYyIUHA YpOBEHb pabodeil Harpys-
KU U T. .) B O0ECIICUeHUE CUTYaI[MIOHHOW OCBe-
nominenHoctH [30]:
SA = f(Penv' Cenvs Prut, H)- (24)
[IpenocraBienne MUIOTY MPOTHOCTUYECKOM
uH(GOPMAIMK O Pa3BUTHH T'PO30BOTO OYara Mo-

Pr(qut | oy Ipred) =

rae Pr(qut | Leyr Ipred) — anocTepuopHas Be-
POSITHOCTH TOJYYUTh HEKOTOPYIO PaJUOIOKaIHU-
OHHYIO KapTUHY B OyAyIIEeM C Y4ETOM JIOTIOJTHH-
TETLHOTO  HCIOJB30BaHUSI  TPOTHOCTHYECKOU

I/IH(i)OpMaLII/II/I Ipreda Pr(lcur | qut' Ipred) -
YCIIOBHAsl BEPOSITHOCTh HAONIONATh TEKYUIYIO
PaIrOJIOKAIMOHHY0  KapTUHY, Pr(qut) —
MpeABapUTENIbHASL BEPOSITHOCTD MOJIYYUTh HEKO-
TOPYIO PaJMOJIOKAIIMOHHYIO KAapTUHY B Oyny-
mem (o mosyuenus npeackaszanus), Pr(ly,,) —
BEPOATHOCTh HAOMIOICHUS TeKyIIel paauosoKa-
LUOHHOW KapTHUHBI.

Kpome Toro, mpeanosaraercsi, 4To Ipeasio-
J)KEHHasi TPOTHOCTHYECKass MOJENb HE TOJIBKO
MTO3BOJIUT ONTHUMM3UPOBATh MPOLECC MPUHATHUSA
MUWIOTAMHU PENICHUH 0 00XOJy TPO30BBIX OYa-
IOB U CHU3UTh KOTHUTHBHYIO HArpy3Ky YJICHOB
JIETHOTO SKHIMaXXa, HO TAKXKE MOXKET MPUMEHSTh-
¢4 B bailecoBCKUX MOAENsAX OLlEHKH pucka [31] u
CMOXET OBITh WHTETPUPOBAHA B CaMOJICTHBIC
CUCTeMBbI JUIsl oOecredyeHHs aBTOMAaTHU3UPOBAH-
HOTO 00X0/a Tpo3s [32].

3akiroueHnue

Takum o0pa3om, B HacTosmeld padbore mpwu-
BEJICHBbl PE3YyJIbTaThl NMPUMEHEHUS Seq2seq-Mo-
neneil (HEHpOHHBIX CeTei) /Jisd HayKacTHHTa
Pa3sBUTHS TPO30BON JIEATEIBHOCTH C IEIBIO T0-

Pr(lcur | W rut, Ipred)'Pr(qut)

Civil Aviation High Technologies

JKET CMOCcOOCTBOBAaTh TOBBIIICHUIO KadyecTBa
NPOCKIIMH TEKYIIETO COCTOSHHS OKpY’KaIoIIeH
cpenbl Ha Ommbkaiiiee Oymyliee 3a c4eT OOHOB-
JICHHsT BEPOSTHOCTHOTO pacIpenesieHus: Oymay-
el MeTeoponornieckoi oocranoBku Wey,; (Fu-
ture Weather), koTopoe Tenepb OyIeT BbIYHC-
JSTHCS HE TOJBKO Ha OCHOBE MapaMeTpPOB TEKY-
el METEOPOIOrHIeCcKOi 00CcTaHOBKH [, (Cur-
rent Information, Tekymas wuHpopmanus), HO
TaKk)Ke Ha OCHOBE IPOrHOCTHYECKOW HH(popma-
muH Ipreq (Predictive Information, mpornocTn-
yeckas wH(pOpManwms), TaKUM 00pa3oM CHIKAS
YpOBEHb HEOTPEAECIEHHOCTH:
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Pr(Icyr) ’ (25)

BBIILICHUSI YPOBHS CHUTYallMOHHOM OCBEIOMIIEH-
HOCTH YJICHOB JIETHOTO SKMIIaXKa B TIOJIETE.

1. Ha stane moAroToBKM K HMCCIIEOBAHUIO
ObUIM MOJyYEHB! JAHHBIE PaJUOJOKALMOHHBIX
METEOPOJIOTUYECKUX HAOIIOJEHUI 3a T'PO30BBI-
MU O4araMy ¥ CUJIbHBIMU JTMBHEBBIMH OCaJKaMU
@OUHCKOr0 METEOPOJIOTUYECKOr0 HHCTUTYTa 3a
nepuon ¢ suBaps 2021 rona no urons 2024 roxa.
Bcero Obulo moOgyuyeHO M MOATOTOBJIEHO
32 800 obyuaromux u 1 440 TeCTOBBIX MOCIEA0-
BaTeIbHOCTEN 1O 12 pajnoNOKalMOHHBIX U300-
paKeHUH, KOTOPBIE MOTYT HCIIOJIb30BATHCA U B
JAIbHENUIINX UCCIIET0BAHUAX AJI1 0ObEKTUBHOIO
CPaBHEHMsI METPUK KayeCTBa PA3JIMYHBIX MTOAXO-
JIOB K IPOTHO3UPOBAHUIO PA3BUTHUS I'PO3BI.

2. Co3manbl U OOy4YeHbl pEKyppEHTHbIE
(RNN, LSTM u GRU) u cBepTouHBIE PEKYp-
peatHbie (ConvRNN, ConvLSTM u ConvGRU)
HEHpPOHHBIE CETH, PEAU3YIOUINe NpPeICKa3aHue
LIECTU TOCJIEI0BATENIBHBIX PagUOIOKAIMOHHBIX
n300paKeHWd Ha OCHOBAaHUHM TIEPBBIX IIECTH
U300paKeHHIA.

3. Hurepnpertanus npeacka3zaHUil MOJACIICH,
a TaK)Ke aHalIn3 rpadMKoB W3MEHEHMs (YHKIMU
NOTEPh HA PA3NIUYHBIX OI0Xax OOy4YeHHs U
CpaBHEHME MoJeneil Ha ocHoBe MeTpuku RMSE
(KOpeHb CpeHEKBapaTUYECKON OIMOKM Ha Te-
CTOBOM BBIOOpKE) MOKa3aliM, YTO KIACCUYECKHE
PEKyppEHTHBIE MOJENH OKa3aJIlCh HEMPHUTOIHbI
JUIsL TIPOTHO3UPOBAHUS Pa3BUTHS T'PO3bI: Pa3BO-
pauMBaHHE JBYMEPHOIO paJHOJIOKALIMOHHOTO
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M300paxKeHus B BEKTOP MPUBOAUT K TIOTEPE MPO-
CTPAHCTBEHHBIX B3aWMOCBSI3CH, B peE3yJIbTaTe
4Yero TepsieTcsi BO3MOXHOCTh CIPOTHO3UPOBATH
TOUYHY10 (POpMY I'PO30BOT0 O0JIaKa.

4. B TO Xe BpeMsl CBEpTOUYHBIE PEKYppPEHT-
HBIC MOJICTTH IPOJEMOHCTPUPOBATIN PE3YJIHTAT
Ha 25-30 % nyume (mo RMSE), yem GazoBas
MOJIeJIb, B Ka4eCTBE MPEACKa3aHUN HCIOJIBb3YIO-
11asi HocJeHee TOCTYITHOE Ha MOMEHT Ipe/icKa-
3aHUS PAAUOJIOKAIMOHHOE H300paKeHUe: MpH-
MmeHenne B mozeisx ConvRNN, ConvLSTM wu
ConvGRU mexanu3ma CBEPTKH TO3BOJISIET pea-
TU30BaTh 00pabOTKy M300paKeHHI B BUE JBY-
MEPHBIX MAaCCHBOB, HM3BJICKAash W3 JIAHHBIX IIPO-
CTPaHCTBEHHbIC MPHU3HAKU W YUYUTHIBAS 3aBUCH-
MOCTH MEXIy COCCIHUMH IMUKCEISIMH Ha BCEX
YPOBHSX CBEPTKH.

5. TloTeHIMANBHBI TOJOXKUTENBHBIN  3(-
dexT mpuMeHeHHus MpeiiaraeMod TEXHOJOTHUU
MIPOTHO3UPOBAHUS PA3BUTHSI TPO3BI 3AKITFOYACTCS
B BO3MOKHOM IOBBIILIEHUU YPOBHS CUTYallMOH-
HOW OCBEIOMJICHHOCTH UJICHOB JICTHOTO JKHIIa-
’Ka 3a CYET NPEJOCTaBJIEHUS UM IMPOTHOCTHYE-
CKOH mH(pOpPMAIIUU O Pa3BUTHH TPO3BI HA IKpaHE
HABUTAIIMOHHOTO JUCILIES: MPeIIoiaraeTcs, yTo
HaJIMYME yKa3aHHOW WHpopMmanuu OyIeT cro-
coOCTBOBaTh 0oJiee KaueCTBEHHOM peaTu3aliu
MPOEKIIUU TeKyIeld 0OCTAaHOBKHM Ha ONMkaiiiiee
Oynyiiee, a Takke IMO3BOJHUT ONTHUMHU3UPOBATH
MPOIECC MPUHATHUS MUIOTAMU PEUICHUH Mo 00-
XOJly TPO30BBIX 04aroB U CHU3UTh KOTHUTHUBHYIO
HArpy3Ky YWICHOB JIETHOTO DKHUIIAXkKa MPH BBIMOJ-
HEHUU TIOJIETOB B CJIIOKHBIX METEOPOIOTHUECKUX
YCIIOBUSIX.

[TorydyeHHble pe3ynbTaThl MpeJIoiaraeTcs
pa3BUTH B OYIyIIUX UCCICIOBAHUSX.

Ucnonp3oBanne B apxurekrypax ConvRNN,
ConvLSTM n ConvGRU HeckoibKUX ypOBHEN
CBEPTKM pA3HOTO pa3Mepa MOXKET MO3BOJIUTH
3aXBaThIBaTh MPOCTPAHCTBEHHBIC MPHU3HAKK Ha
pa3IMyYHBIX MaciiTtadax u, Kak pe3yJbTaT, CIo-
coOCTBOBATh YIYUIICHHIO Ka4eCTBa IPOTHO30B.

JpyruM MmoTeHIHMAIBHBIM MMOAXOIOM K MpO-
THO3HPOBAHUIO Pa3BUTHUS TPO3BI MOTYT OBITH TH-
OpumHbIE MOJENH, OOBEIUHSIOMMNE B cebe 1oI-
xoael ConvRNN u ARIMA.

Ontumuzanus npouecca NpUHITUS PEIIeHUN
npu 00X0Je TPO3bI MOXKET OBITH JOCTHUTHYTA 32
CYeT MHTEerpaluy MpeisiaraeMoid TEeXHOJIOTUU B
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MHTEIJICKTYAJIbHYI0 aJalTUBHYIO CHCTEMY IIOA-
NEepKKU MpuHATHS 3kunaxkeM BC pemenuil mo
00X0/y OuYaroB TIpO30BOH JAEATENbHOCTH, IS
gero TpeOyeTcst IOMOIHUTENIBHO pa3paboTaTh
QITOPUTM ONPEIEICHNs ONTUMAJIbHOIO Mapli-
pyTa 00xoja Tpo3bl Ha OCHOBE MPOTHOCTHYE-
CKOM MH(opMaIuK o ee pa3BUTHH B Onmkaiiiiee
BpeMs.
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PuckopueHTHPOBAHHOE reOMH(OPMALMOHHOE MOAEJINPOBAHUE
BO3AYLIHOI'0 IPOCTPAHCTBA VIl IOCTPOCHUS
ONTHMAJIbHBIX MAPLIPYTOB NepeMeleHust
0eCIMJIOTHBIX BO3AYIIHBIX CY/I0B IPAXKAAHCKOI aBHALIUH

C.E. MakcumoBa'?

1 o «

Poccuiickuii ynusepcumem mpancnopma, 2. Mockea, Poccus
3
AO «HHUHAC», 2. Mockea, Poccus

AnHoTanus: B Hacrosimiee BpeMst akTyaibHa HEOOXOJIMMOCTh CO3/IaHUsI KaueCTBEHHOTO MHCTPYMEHTA aBTOMATH3MPOBAHHOM
OLICHKH PHCKOB IPUMEHEHHs OecIOTHBIX BO3MyIIHBIX cy0B (BBC). B OecnimnotHo# rpaknaHckoi aBnaimy He chOpMHUPOBaH
YHUBEpPCAIBHBIM MOAXOJ K YIPABICHHIO PHCKAMHU, OLEHKA PHUCKOB OSKCIUTyaTaHTa B 3HAUMTEIBHONM CTEHNEHH MMEET
WHIVMBHUYaIBHBIN XapakTep. Ha TaHHBI MOMEHT He pa3paboTaH MHCTPYMEHT MOCTPOCHHS ONTHMAIBHBIX MApIIPYTOB MOJIETOB
BBC B BO3mynIHOM NPOCTPaHCTBE, KOTOPBI MO3BOSIIT ObI M30€raTh MAIOTUPOBAHKS HA YYAaCTKax C HENPUEMIIEMBIM PHCKOM.
B cratee mpemnokeHO TpEMEHEHHE MOTHO(GYHKIMOHANBHEIX TeonH(popmarmonHbx cucteM (IMIC) nms omeHKH pHCKOB
BBIIIOJIHEHUS TIOJIETHOTO 3afaHusA. {1 Ka4eCTBEHHOM OLEHKM PUCKOB KOHKPETHOTO IIOJIETHOTO 3aJaHMs IIPENJIOKEHO
YUUTBIBATh CUTYallMOHHYIO COCTaBISIOLNIYI0 B COOTBETCTBYIOIIEM CEIMEHTE BO3AYLIHOTO HPOCTPAHCTBA M HA3eMHOMN
(HanmBomHOW) OOCTaHOBKU. B craThe cHCTEMATH3MpPOBAHBI OCHOBHBIE IPYIIBI (DAaKTOPOB, 3HAUMMbIE UL OLEHKH PHCKOB
npumenenus bBC. TTonerst BBC noaBeprarotcst BO3IEHCTBUIO (PAKTOPOB BHEIIHEH CPEJibl, IIPH 3TOM IPECTABIISIOT OIACHOCTh
JUISL OKpYIKAIOIMX 00BEeKTOB. BhiBeneHa (opMyiia aHaimM3a NPOCTPAHCTBEHHO-BPEMEHHOT'O paclpe/iesieHus] 3HaUeHHH PHUCKa B
BO3/YLIIHOM npoctpancTie. [IpeyiokeH MUHUMAaIIBHBIH pa3Mep sueiiku MojienpoBanuss. OO0OCHOBaH YHUBEPCAIBHBIN MOIXO0 K
OLIEHKE PUCKOB BbINONHEHUs nojera BBC pasnmuuHbIME 3KCIUTyaTaHTaMu, JaHa METOAMKA IMPOCTPAHCTBEHHO-BPEMEHHOTO
aHanM3a paclpesesieHus] 3HadeHui pucka Ha ocHoBe npumMeneHus [MIC. Pe3ynbraTel aHami3a MpOCTPaHCTBEHHO-BPEMEHHOM
napopmarmu B I'MIC-cpenie MO3BOJIAIOT BBIIOIHUTG 30HMPOBAHHWE BO3LYIIHOTO MPOCTPAHCTBA IO CTEHEHH NPHEMIEMOCTH
HOJETa ¥ MOCTPOUTH ONTUMAIIBHBINA MapLIPyT 3a NPEIEIaMy Y4aCTKOB C MOBBIIIEHHBIM PHCKOM aBHALIMOHHOTO WHIUJIECHTA I
npouciecTust. Pa3paboTaHHasi IpOCTPaHCTBEHHO-BPEMEHHAs PHCKOPHEHTHPOBAHHAS MOZENb MOJKET OBbITh MCIOIb30BaHA IS
TIO/IEP>KKH TIPUHATHS YIPaBICHIECKUX PEIICHNH B 9aCTH MOCTPOCHHS ONTUMAIBHBIX MapipyToB nepemenieHns bBC.

KnroueBble ciioBa: OeCNWIIOTHOE BO3IYIIHOE CYAHO, TE€OMH(POPMAIMOHHOE MOJICITUPOBAHKHE, OLCHKA PHCKOB,
reorH(OpPMAIFIOHHBIE CHCTEMBI, 0€30I1aCHOCTh TI0JIETOB, IPOCTPAHCTBEHHO-BPEMEHHAS! PUCKOPUEHTHPOBAHHAS MOJEIH.

Jna uurupoBanus: MakcumoBa C.E. PuckopueHTHpoBaHHOE TeOMH(GOPMAIMOHHOES MOJCIUPOBAHUE BO3IYLIHOTO
MPOCTPAHCTBA IJIsl TIOCTPOCHHSI ONTHMAIBHBIX MapUIPYTOB NepeMelleHHs OeCMIOTHBIX BO3IYLIHBIX CYIIOB IPaKAaHCKOW
aBuamy // Hayunsrii Bectauk MI'TY T'A. 2025. T. 28, Ne 1. C. 39-52. DOI: 10.26467/2079-0619-2025-28-1-39-52

Risk-oriented geoinformation airspace modeling for calculating civil
aviation unmanned aerial vehicles optimal routes

S.E. Maksimova'?
"Russian University of Transport (RUT), Moscow, Russia
*JSC NIIAS, Moscow, Russia

Abstract: Currently, there is an urgent need to create a high-quality automated risk assessment tool for the use of (unmanned
aircraft) UAVs. There is no universal approach to risk management in unmanned civil aviation, and the risk assessment of the
operator is largely individual. At the moment, no tool has been developed for plotting optimal routes for UAV flights in airspace,
which would avoid piloting in areas with unacceptable risk. The article suggests the use of fully functional geographic
information systems (GIS) to assess the risks of performing a flight mission. For a qualitative assessment of the risks of a
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particular flight assignment, it is proposed to take into account the situational component in the relevant segment of airspace and
the ground (surface) situation. The article systematizes the main groups of factors that are important for assessing the risks of
using BV. UAYV flights are exposed to environmental factors, while posing a danger to surrounding objects. A formula for
analyzing the spatial and temporal distribution of risk values in the airspace is derived. The minimum size of the simulation cell is
proposed. A universal approach to assessing the risks of a UAV flight by various operators is substantiated, and a methodology
for spatiotemporal analysis of the distribution of risk values based on the use of GIS is given. The results of the analysis of spatial
and temporal information in the GIS environment make it possible to zone the airspace according to the degree of flight
acceptability and build the optimal route outside areas with an increased risk of an aviation incident or accident. The developed
spatio-temporal risk-oriented model can be used to support management decision-making in terms of building optimal routes for
the movement of UVs.

Key words: unmanned aerial vehicle, geoinformation modeling, risk assessment, geoinformation systems, flight safety, spatio-
temporal risk-oriented model.

For citation: Maksimova, S.E. (2025). Risk-oriented geoinformation airspace modeling for calculating civil aviation unmanned
aerial vehicles optimal routes. Civil Aviation High Technologies, vol. 28, no. 1, pp. 39-52. DOIL: 10.26467/2079-0619-2025-28-1-
39-52

BBenenue ¢ npumeHenueM BBC. YHuBepcanbHbIN 10IX0/
K YIIPaBJICHUIO PUCKOM JTsl 6€30MacHOCTH TMOJIe-
TOB B aBMALIMOHHOW OTpPaciu B HACTOAILIEE Bpe-
Mmsi He chopmupoBaH [3]. He paspabotano crme-
UAIU3UPOBAHHOE NPOrpaMMHOE oOecredyeHue
OlIeHKH puckoB nwmiotupoBanuss bBC B B03-
IymHOM npoctpaHncTtBe Poccuiickoit @enepaunu
C YYETOM U3MEHUYMBOCTH CUTYAIIMOHHOM COCTaB-
nsiroted. Jkcruryatantel BBC B xo1e pa3padot-
ku CYBII npennararoT METOMKM OLIEHKH pHC-
KOB, COCTaBJICHHBIE JJISI MPEINPHUATHS C YICTOM
BHYTpEHHEH crhenupuKkd OpraHu3aluu MPOu3-
BOJICTBEHHOI'O MPOIECCA, UCIOJIb3YEMBIX THUIIOB
BBC u ocobenHocrell moneTHbIX 3amannii. Tak-
K€ Ha CETOAHSILIHUN JeHb HE pa3pabdoTaHbl MH-
CTPYMEHTBl aBTOMATU3HPOBAHHOTIO MOCTPOEHUS
ONTUMaJIbHBIX MapuipyToB mnoneroB bBBC wu3
TOYKHM CTapTa B TOUKY Ha3HAUYECHUS B BO3IYIITHOM
npoctpanctee PO. O6ocHOBaHHOCTH M Oe3omac-
HOCTb MOJICJIUPOBAHUS, TOYHOCTb PELIECHUS HU
CHOCOOHOCTh K TJI00albHOM ONTHUMH3ALUU B
CIIOXKHBIX TeorpauuecKux yCIOBUSX SBISIOTCS
OCHOBHBIMH TPOOJIEMaMH aBTOMATH3HPOBAHHO-
ro mianupoBanus nojera bBC B TtpexmepHOM
npoctpanctBe [4]. [locTpoeHne ONTUMAIBLHOTO
MapuipyTa IMoJIeTa 0Ipa3yMeBaeT YPOBEHb pPUC-
Ka, JOIYCTUMBIN WM TMPUEMIIEMbIN IJIs1 IKCILTY-
ataHTa. llenb HacToAIIEro HCcCIeqOBaHUS — pa3-
paboTKa MoAX0Ja K CO3/IaHHUI0 PUCKOPUEHTHUPO-
BaHHOW reonH(OPMAIIMOHHONW MOJAETH BO3IYII-
HOT'O MPOCTPAHCTBA ISl TOCTPOEHUS! ONTUMAIIb-
HBIX MapupyToB nosieroB bBC.

Ha cerogusiHuii 1eHb B POCCUHCKON U MHU-
POBOI MPAKTUKE HAKOIUIEH 3HAYUTEIbHBIN OIBIT
peuieHusl pas3MyHbBIX 3a7a4 C [PUMEHEHHUEM
OecriunoTHbIX aBuanMoHHbIX cuctem (BAC).
AKTYyallbHOCTh BHEIPEHHS M HCIOJIb30BAHUSA
BAC noareepkIaeTcsi CyIIECTBYIOIIMMH Hay4-
HbeiMu TiyOnukarusmu [1]. CoBpeMeHHBIE TEH-
JCHIIMM DPa3BUTUS U COBEPIICHCTBOBaHHs Oec-
MUJIOTHOM AaBUALIMOHHOM TEXHHWKU TECHO CBS3a-
Hbl C IIPOLIECCAMM CTPYKTYpPHOU IEPECTPONKH
pasnmuyHBIX chep SKOHOMUKH [2]. [lesTenbHOCTh
KOMITaHUH-3KCIITYyaTaHTOB, MPUMEHSIOMNX Oec-
nuioTHele Bo3aymiHbie cyna (BBC) nns Bwimon-
HEHMS AaBUAIMOHHBIX PAabOT M KOMMEpPYECKHX
BO3JYIIHBIX TEPEBO30K, MOJJIEKUT O0s3aTeNb-
Hoi ceprudukanuu. CepTuuKanuy moJiexar
TaK)K€ SKCIUTyaTaHThl TPaXIAHCKOM aBHALIMU
o0I11ero Ha3HAYeHHs, KPOME TeX, KOTOpbIe HC-
MOJIb3YIOT JIETKHE JTMOO CBEpXJIETKHE Ipa’kIaH-
CKHE BO3IylIHbIE cyna. MckiaroueHne Moker
OBITh TIPEYCMOTPEHO TOJIBKO JIJISl IPEANPUATHH,
YYacTBYIOUIUX B SKCIIEPUMEHTAIbHBIX MTPABOBbIX
pexumax B chepe nudppoBbIX HHHOBAITUH.

OKcIuTyaTaHThl 00s3aHBI cO3JaBaTh M obec-
neunBaTh (PyHKIIMOHUPOBAHHE CHCTEMBI YIIPaB-
nenusi 6e3omacHocthio monetoB (CYBII). Llen-
TpaJIbHbIM cBsA3yoImuM 3BeHOM CVYBII sBnsiercs
PYKOBOJICTBO MO YMPABICHHIO 0€30MacHOCTHIO
nosietoB (PYBII). CYBII co3natores ¢ yuetom
BHYTPEHHEH OpPraHU3allMOHHOW CTPYKTYpPBI JKC-
IUTyaTaHTa W cnenu(uky 3ajad, BBITOTHIEMBIX
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PesyabTaThl Hccae10BaHUSA
U 00CyKIeHue

B rpaxnaHCKOW NWIOTUPYEMOW aBHUALUU
B PaMKax IpPOEKTUPOBaHHUA U (PyHKIMOHUPOBa-
Hus CYBII npumeHstoTcs pa3ianyHble METOIUKU
OLICHKHM DPHCKOB — MAaTpHUIa OLEHKH PHCKOB
HNKAO, meton «Kontponbasiil nepeuenb CFIT»
(Controlled-Flight-into-Terrain), METOMKA
FRAT (Flight Risk Assessment Tools) [5] u ap.
Crienmanu3upoBaHHBIX METOAMK OLICHKU PUCKOB
JUIsl KOMITAaHUHM, 3KCIUTyaTHUPYIOUIMX HCKIIOYH-
tensHO BBC, He pa3paborano. B CYBII skcrmty-
atanta BAC MOryT ycnenHo NpuMEHSAThCS Me-
TOJIbl OLIEHKU PUCKOB, Pa3pabOTaHHbIE AJIS YHU-
BEPCAJIBHOTO NPUMEHEHUS B Pa3jIMYHBIX OTpac-
nsx HapogHoro xozsiictBa. CYBII moboro mo-
CTaBIIMKA AaBUALIMOHHBIX YCIYT B 3HAUUTEIbHOU
CTEIIEH! OPUEHTHPOBaHA HA CBOEBPEMEHHOE BbI-
ABJICHUE WU CHIDKEHHE PUCKOB. lcronb3oBaHue
METOJIOB OLIEHKH PUCKOB M pa3pabOTKU KOPpEK-
TUPYIOIUX MEPONPUATHH, IPUMEHSIEMBIX B IIH-
JOTUPYEMOI aBUALMH, 3aTPYJHUTEIBLHO BBUIY
AKCIUTyaTallMOHHBIX ocobOenHoctelr BAC [6].
Pa3nensl, cBsi3aHHBIE C BBISIBICHHUEM, aHAJIN30M
(akTOpOB OMAcCHOCTEH M OLIEHKOM pPa3JIMYHbIX
KaTeropuil pUCKOB, 3aHUMAIOT 00Jiee TIOJTOBHUHBI
conepxkanusg PVYDBII, u310)XeHHOro B IIyHKTE
2.13 ®AII-494. Pucku, cBsi3aHHBIE C MPUMEHE-
Huem BBC, cienyer yuuThIBaTh IpU COCTaBIIe-
HUU JIOKAJIbHBIX HOPMATHUBHBIX aKTOB MpEaIpH-
ATHSA, B TOM uucie PykoBoxacTBa Mo Ipou3BOA-
CTBY IIOJIETOB, MHCTPYKLUUN IO BBIIOJIHEHUIO
pabor ¢ mpumenenuem bBC, uncTpykuumii no
AKCIUTyaTallud aBUALMOHHON TEXHUKH, YUUTHI-
BaTh NpYU IJIAHUPOBAHUU U OLIEHKE PUCKOB BBI-
MIOJIHEHUS TOJIETHOTO 3aJlaHusl, OJTOTOBKE Me-
POIIPUATHII 110 CHWKEHUIO PUCKOB, a TaKXe Ha
JTane MNPeAroIeTHON MOATOTOBKHU UJIEHOB 3KH-
naxa bBC. Vka3aHHble Mepbl OKaXyT IOJIOXKH-
TeNbHBIA APPEKT B YACTH, KACAIOIICHCS CHUXKE-
HUSl BEPOSITHOCTU HETaTUBHOIO ABHALIMOHHOIO
COOBITHSI.

B pamkax HacTosiel paboThl clieayeT pyKo-
BOJICTBOBATbCA  CIECAYIOIIUM  OIPEIEICHUEM:
dakTopsl pHUcKa A1 0€e30MacHOCTH IOJETOB —
KOMOMHALMSg IPOTHO3MPYEMON  BEPOSTHOCTU
Y CEPbE3HOCTH TOCIEICTBUN WM PE3yJbTaTOB
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peanu3aluuyd OmacHbIX q)aKTopOBl. DKCIuTyaTaHT
BBIOMPAET METOJUKH OLICHKH PUCKOB U MPHUCBO-
eHUs 3Ha4YeHM mokasareneil. B xoxe pa3pabot-
ki CYBII skcrutyatanTa BO3MOXHO MPETyCMOT-
peTh TpucBoeHHE GakTopaM pucKa (Tpymmam
dakTopoB pucka) KOIP(GUIMEHTOB 3HAYCHUH,
HEOOXOJMUMBIX JJI BBITIOJHEHUS anredpande-
ckux omnepauui. Kpome Toro, ciemyer y4duTsl-
BaTh BApUATHUBHOCTb 3HAYCHUA KOI(PPuIHeHTa
dakTopa pHCKa B 3aBUCHMOCTH OT CE30HHBIX
WM KPATKOCPOYHBIX 00CTOSTENBCTB.

C uenpio mpencTaBlieHUs MPUMEPOB pacue-
TOB B paboTe MpeyiokKeHa CIeAYIoas METOIH-
Ka Ha MpUMEpPE TUMOTETHYECKOTO SKCIUTyaTaH-
ta A. [IporHo3upyemyto BEpOSTHOCTb U CEpPbhE3-
HOCTB ITOCJICJICTBUI OIMACHBIX (DAKTOPOB CIIEAYET
U3MepsATh B Oaiiax mo mkaue ot 1 o 5, a 3Ha-
4yeHue GakTopa prcka JJisi 0€30MacHOCTH MOJeTa
KaKk HuX mnpousBencHue. B Tabm. 1 mpuBenen
pUMEp MaTpPULlbl OLIEHKU PUCKOB THUIIOTETHYE-
CKOT'O JKCIUTyaTaHTa OECHMJIOTHBIX BO3TYIIHBIX
cynoB A. B 1BeTHbIX siueiikax MaTpHIbl OIICHKU
PHUCKOB yKa3aHO 3HayeHHe (akTopa pucka, pac-
CUMTAaHHOE KaK IMPOMU3BEJCHHE 3HAUYECHUU BEpO-
ATHOCTU U CEPbE3HOCTH MOCJICICTBUM. 3HAYEHUS
MPUCBAUBAIOTCS METOJIOM JKCIEPTHOM OIICHKU
KOMHMCCHEN MO OILIEHKE PHUCKOB, COCTOSIIIEH U3
Hanboee KOMIIETEHTHBIX CHEIHAUCTOB 3JKC-
IUTyaTallMOHHOTO W PYKOBOZSAIIETO IEpCOHAa
JKCIUTyaTaHTa, UCXOJs M3 OMNbITA BBINOJHEHUS
pabot ¢ mpumenenuem BbBC, ucmonb3yembix B
OpraHM3alliy, a Takke Apyrod nHpopManuu Ha
YCMOTPEHHE SKCIUIyaTaHTa, B TOM YHCJIE HH-
dopMmaruu 00 aBHAINMOHHBIX MHIMICHTAX U
IIPOUCIIECTBUIX B OTPACIH, CTATUCTUKH OTKa30B
BBC ot pa3pabortunka u T. 1. KpacHbIM 11BETOM
0003HaYeH HEMpHUEMJIEMBIi ypOBEHb pHUCKA,
KENTBIM — JTOMYCTUMBIN, 3€JICHBIM — MpUEMJIe-
MBIH.

PaGotra 1o BBISBICHHIO U OIICHKE PHCKOB
BBIIIOJIHEHHSI KOHKPETHOI'O MOJETHOTO 3aJaHus
BKIIIOUAET B €0 MPOCTPAaHCTBEHHO-BPEMEHHYIO
COCTaBIISIIOLIYI0, KOTOpasi JOJKHA ObITh ydTeHa
B OopraHuzaiuu nojeroB. Kak cnernuanucram mno
yOpaBieHUI0 0e30MacHOCThIO  IMOJIETOB, TakK
u uneHaMm skunaxa bBC akTyanpHO npUMEHATH

' Doc. 9859: PykoBOICTBO 110 yIIPABICHHUIO GE3011aCHO-
CThIO ToJIeToB. 3-¢ u3x. // UKAO, 2013. 300 c.
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Tao6auna 1
Table 1
Marpuiia OIleHKH pUCKOB TMIIOTETHYECKOTO IKCITyaTaHTa A
The risk assessment matrix of hypothetical operator A
Cepbe3HOCTh MOCJIeICTBHIA
BeposiTHOCTB Karactpoduueckas Tsoxenas 3uaunrtenpHas | HesnaunrensHas | HuduroxxHas
(5 6ayuioB) (4 6ayua) (3 bayua) (2 bamna) (1 6amn)

Ouens BeICOKas (5 Oan-
JIOB)

Bricokas (4 6anna)

Cpennss (3 6amna)

10 5

8

Hwuzkas (2 6amra)

Ouens HU3Kas (1 6amn)

B paboTe MpOCTON M HAAEKHBIH HHCTPYMEHT KO-
JUYECTBEHHON OLEHKW U MPOTHO3UPOBAHUSA
PHUCKa IIPHU BBINOJIHEHUH N0JETOB [7]. OgHuM u3
KpUTEPUEB U1 aBTOMAaTU3UPOBAHHOTO MOCTPOE-
HUS ONTHUMAJIBHOTO MapuIpyTa IE€pEMEILEHUs
BBC u3 Touku cTapra B TOUKY Ha3HAu€HUS MO-
XKeT ObITb MUHMUMM3MPOBAHUE WM JAOCTHXKEHHE
PUEMJIEMOT0 YpPOBHSI pUCKOB. OLIEHKY pHUCKa
clle[lyeT MCIOJb30BaTh Kak crnocol ydera pas-
JUYHBIX AaCMEKTOB CUTYallMOHHOW COCTAaBIISAIO-
miei. IloctpoeHne ykazaHHOW MOIEIM BO3MOX-
HO C TMpPHUMEHEHHEM T'e€OMH(POPMALMOHHBIX CH-
cteMm (I'MC). B TUC o00bexkT wuccineaoBaHus
NPEJICTaBIeH C YYETOM HPOCTPAHCTBEHHOIO,
BPEMEHHOI'O U TEMAaTHYECKOTO KOHTEKCTOB.

B Hacrosiiiee BpeMsi Ha aBUAILIMOHHBIX Ipe.-
INPUATHUAX, KaK IPaBUIIO, HUCIOJIb3YIOT CIELU-
aNbHBIE TEepeuHu (PeecTpsl), Te UId KaKI0Tro
BBISIBJIEHHOTO (DaKTOpa OMAaCHOCTH JaHa OLIEHKa
pHUCKa, MPENIOKEHBI MEPONPUATUS 110 KOPPEK-
MM PUCKA, MPOBEJEHA OlleHKa 3()PEKTUBHOCTH
MeponpusaTuid [8]. TpaaIulMOHHO B aBHALMOH-
HOW JEATECIIBHOCTH IIPU OLEHKE PHUCKOB BBIJC-
JSIFOT TPU OCHOBHBIE Tpymnmbl (pakTopoB — «Ye-
noBek — Mammna — Cpega» [3]. Ouenka puckoB
y npennpuatuil — skcmryarantoB bBC umeer
WHAVBUAYaIbHBI XapaKTep H3-3a pa3IM4YHBIX
BUJIOB TPUMEHIEMOro 00OpYyJIOBaHHUS, PETHOHA
BBINOJIHEHUS TOJIETOB, CHELHU(UKHU BBINOJHSIE-
MBIX TIOJICTHBIX 3aJaHUi W JAPYTUX (HaKTOPOB.
PabGoTHMKM M pPYKOBOIUTENH, BBIOJIHSIOIINE
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OIICHKY PHCKOB, PYKOBOJCTBYIOTCS B TOM YHCJIE
JUYHBIM MPOGECCUOHATBHBIM OIMBITOM M MOTYT
UMETh HEKOTOPYIO CYOBEKTUBHOCTH CYXKICHMIA.
Pe3ynbTaThl OLIEHKH PUCKOB JESITEIBHOCTH JKC-
TUTyaTaHTa MOTYT U3MEHUThCS C TEYCHHEM Bpe-
MEHHU HW3-3a BBOJIAa B IKCIUTyaTaIlMI0 HOBBIX TH-
noB BBC, moBbllieHnst ypoBHsI KBanuuKaluu
SKCIUTYaTallMOHHOTO U PYKOBOJSIIETO MEepCOHa-
Ja, KOIIMYEeCTBa U XapaKTepa aBUAIMOHHBIX HH-
IIUJICHTOB U TMPOUCIIECTBHM, Pa3IMYHBIX COOBI-
TUH B PETMOHE BBIMOJIHEHUS padOT U MHOXKECTBA
JIPYTHX OOCTOSITETILCTR.

[Ipy nnaHMpoBaHWM  BBIOJIHEHHUS PabOT
¢ npumeHnerneM bBC HeoOX0ommMMo M3y4uTh CUTY-
AIMOHHYTO COCTABIISIIOILY IO (o6cTaHOBKY
Y TIpEroiaraéMble COOBITHSI) B CETMEHTE BO3-
JTYIIHOTO TPOCTPAHCTBA, a TaKKe HA TEPPUTOPUU
WIA B aKBAaTOPHH, I7I€ IUIAHUPYETCS BBINOJIHEHUE
nosiera bBC ¢ ydeTtom npeamnongaraeMoro BpeMeH!
cTapTa U MpuUOBITHS B TOYKY HazHaueHws. [locie
cOopa u u3ydeHuss HHGOPMAITH O CUTYAITMOHHON
COCTaBJISIIONIEH MPEAINOoJiaraeMoro IojieTa BO3-
MOYKHO OIIEHUTh MPUTOJHOCTb PA3IMYHBIX TUIIOB
BBC k BBINOJHEHHUIO NOCTABJICHHOM 3aj1a4yH, a 3a-
TEM BBIOpPATh KOHKPETHOE CYAHO C yYeTOM WHJU-
BUyaJlIbHBIX Xapakrepuctuk. Kpome Toro, Ha BbI-
MOJIHEHHE TIOJIETHOTO 3aJaHusl MOXKET OKa3aTb
BIMsIHME Ha3zHaueHHbId skumnax BBC. Csoepe-
MEHHasl aJeKBaTHasl pPeaklysi Ha OIMAacHOCThH IIO-
BBIIIIACT IIAHCHI M30EKaTh ABUAIIMOHHOTO HHITH-
JIeHTa ¥ TPOUCHIECTBHS, HA3E€MHOIO TMpOUCIIIe-
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Taoauna 2
Table 2

OCHOBHBIE TPYIIIBI TAPAMETPOB, 3HAYUMBbIE JIJ11 OLIEHKH PUCKOB Ttosieta bBC
The main groups of parameters that are significant for assessing the risks of UAV flight

MBIl rpynnoi ¢gakro-
POB pHCKa

AcCneKT, XapaKTepu3ye- dakTopbl, 0KA3LIBAIOIINE BJIUSIHHE HA OLEHKY PHCKA

- KkBanupuKaIys,

- Jpyrue GaKkTophl

DKHIax - YKOMIUICKTOBAHHOCTD,
- YyCJIOBHUA HpC6LIBaHI/I$I Ha 3aJaHuu,

- cTaxk paboTHl B 00aCTH MpakTHdeckoro nmpumeHeHus bBC,

- OIBIT MPUMEHEHUs U dKcITyaTtanuu tTuna bBC, ucnoixp3yeMoro uist BbI-
IIOJTHCHUS ITOJICTHOT'O 3aJaHuA,

- COCTOSIHHE 3/I0POBBS (YTOMIISIEMOCTD),

- Tun (Mmonens) BBC,
- THII IBUTATEIIS,

- CIIoco0 ITOCaaKH,

- japyrue GhaKTopbl

BBC - MakcuMaJibHas B3jieTHas Macca bBC,
- MakcuMmanbHas ckopocTh nojera bBC,

- Tun npoussojcTBa bBC (3aBockoil uimm caMocOOpHBIif),
- croco0 B3eTa (BepTHKAIBHBIA WM ¢ KaTayJIbTh),
- BO3MOXHOCTh npuMeHeHust BBC-petpancnaTopa (mpu HEOOXOTUMOCTH),

- pa3Mep CTapTOBO-MOCATOYHOM MIIOIMIAIKH,
- crenenb n3noca bBC,

Hazemnas - penbed,
(mamBomHas) - PacTUTEIBHOCTD,

- KpCIOCTb JIbJa,

Y TIpOoH.),

Cpena

- japyrue GaKTophl

oOcTaHOBKa - COCTOSIHHME NayOBbl U CyIHa,

- HaJM4Yue/OTCYTCTBUE KUIIOW 3aCTPOUKH,
- HeXuible 38aHus U coopyxenus (JIDII, TpyOompoBoabl, MOCTBI, 3CTaKa /bl

- Aoporu (BI/I,E[ A0POru, MHTCHCUBHOCTD ABMKCHHUA TPAHCIIOPTHBIX CpCI[CTB),
- MPOMBIIIJICHHBIC 00BEKTEI PAa3JIMYHBIX KJIACCOB OMMaCHOCTH,
- MPOBOJAUMELIC HA3E€EMHBIC MEPOIIPUATHUAA,

- japyrue GaKTopbl

Bo3zaymnoe - CTPYKTypa BO3IYIIHOIO IPOCTPAHCTBA,
MIPOCTPAHCTBO - TIOTOJHO-KIMMATHYECKHE YCIOBUS,
- OpHHUTOJOTrHYecKas 00OCTaHOBKa,
- JeATEeNbHOCTb, BHIOIHIEMAs B BO3AYIIHOM IPOCTPAHCTBE,
- TepeMelIeHUe IPYTUX BO3LYIIHBIX CY/OB,

CTBUS, a TAaKXKE CHU3UTh BO3MOXKHBIA ymiepO B
Cllydae HETaTHBHOTO aBHAIIMOHHOTO COOBITHSI.
VYka3aHHbIC B HACTOAIIEM a03ale acleKThl Io-
JIpOoOHO pacCMOTPEHBI B TabI. 2.

@®akTophl pUCKa, paCCMOTPEHHbIE B Tabi. 2,
B3aUMOCBSI3aHbl M OKa3bIBAIOT BIMSHUE IPYT Ha
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npyra. Ilpu paccMorpennu (axkTopoB pHcKa
CJIElyeT YYWUTHIBaTb HE TOJBKO BIIMSHHUE BHEII-
HUX ¢akTopo Ha noser BBC, HO u To, 4TO MMO-
netsl bBC mopoxgaroT IMPOKHHA CHEKTp MC-
TOYHHKOB OMACHOCTH [9] 1151 pa3TuvHbIX 00BEK-
TOB U TPOLIECCOB Ha 3eMiie (Ha BOJE) U B BO3-
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BO3/YIIHOTO
IPOCTPAHCTBA

Puc. 1. Cxema BIHSHHS OCHOBHBIX aCIIEKTOB OLICHKU PHCKOB BBIITOJIHEHHUS MIOJIETHOTO 3a1aHHs
Fig. 1. A diagram of the impact of the main aspects of the risk assessment of the flight task performance

qymHoM npoctpanetBe. Ha puc. 1 mzobpaxena
CXEMa, WUIIOCTPUPYIOLIAsl BIUSHUE NAHHBIX ac-
NEKTOB ApPYr Ha JIpyra B XOJ€ OLIEHKH PHUCKOB
BBITNIOJIHEHMS TIOJIETHOTO 3aJaHusl B COOTBET-
ctBuH ¢ popmynoii (1). Hmwke npusenen npumep
BBITIOJTHEHHSI PACUYETOB.

B 3apy0exHbIX Hay4YHBIX MMyOJUKALUAX ONU-
CaHbl MIPOrPaMMBbI IO PACIIUPEHUIO BO3MOYKHO-
creil npumenenus bBC. Takue nporpammel, Kak
NASA Unmanned Aircraft System Traffic Ma-
nagement (CILIA) [10], UOMS (UAS Operation
Management System, Kwraiickas Haponnas
Pecriyomuka) [11], K-UTM (Korean Unmanned
Traffic Management, Peciybnuka Kopest) [12],
UTM-UAS (Urban Traffic Management of
Unmanned Aircraft System, Cunramyp) [11],
U-Space (EBpomneiickuii coro3) [13, 14], pa3pa-
0aThIBAIOTCA M peau3yloTcs Ha YypOBHE IoCy-
IapcTB M uX o0benuHeHui. Heorhemiiemoit va-
CTBbIO JIO0OW MOMOOHON Mporpammbl SIBJISETCS
MUHUMU3UPOBAHUE PHUCKOB HETATUBHOIO aBHa-
oHHoro co6witust ¢ BBC. ABTOopbhl HayuHOU
paboter [15, 16] mpemIoXuiaM paccUUTHIBATH
BEPOSATHOCTb HEONAronpusATHBIX [UId MOJeTa
BBC morognbix yciaoBuil B siueiikax reomHgop-
MAalMOHHOM MOJENU TeppuTOpuu. B HaydHOU
pabote [17] mpon3BOANUTCS OIICHKA PUCKOB MPH-
yuHeHus yuepba ot BBC Tpersemy nuiy (ero
JKU3HH M HMYILIECTBY) C YYETOM pa3IU4HbIX
IPEMATCTBUA B TOPOJCKOM cpene, NPEeNsIoKEH
QITOPUTM TIOCTPOEHHUS MApUIPYTOB IOJETA.
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B poccutickux [18-21] u unocTpannsix [22-24]
paboTax omy0JIMKOBaHbI pe3yJIbTaThl YCHEIIHOTO
npumenenus ['UC ansg pemeHus: TeMaTHUYECKUX
3aJa4 C OLEHKOW PUCKOB B OOJIACTH pa3IMYHbBIX
BUIOB TpaHcropra. [ 'eomHpOpMaNMOHHBIE CH-
CTEMbI MOTYT OBITh MCIOJIb30BaHbl Ul aHAIN3a
pacmipeneneHnsi (aKTOPOB PHCKA BBHITIOJIHEHUS
pabot ¢ mpumeHenneM bBC B mpoctpaHcTBe U
Bo BpemeHUu. Buecenune B ['MIC TemaTnueckoro
CTPYKTYPUPOBAHHOTO Habopa cjoeB ¢ UHPOp-
Manuend o (QaxTopax, BIUSIONMX Ha Oe3zomac-
HocTh mosneToB bBC, ¢ mpuBs3koil Kk BpeMeHHU
JienaeT BO3MOXHBIM CO3/aHUE PUCKOPHEHTHPO-
BaHHOM IPOCTPAaHCTBEHHO-BPEMEHHON TI'E€OMH-
(opMaIMOHHON MOJENM CErMEHTa BO3YIIHOTO
IIPOCTPAHCTBA, B KOTOPOM JUIsl KaXKI0M STYEHKHU B
MOMEHT BPEMEHU MPUCBOCHO 3HAUYEHHUE KO3(-
¢unmenTa pucka. Takum 06pa3oM, IpUMEHEHHE
reonH()OPMALIMOHHBIX ~ MHCTPYMEHTOB  IpO-
CTPaHCTBEHHO-BPEMEHHOI'0 aHaJN3a IOBBIIIAET
KAa4eCTBO OLICHKM PHUCKOB IO CPAaBHEHMIO C Me-
TOlaMH, B KOTOPBIX JaHHbIE MHCTPYMEHTHI HE
3aJ1eICTBOBAHEL.

AHanu3 NpoCTPaHCTBEHHO-BPEMEHHOIO pac-
IIPEICIICHNs 3HAYEHUM pUCKA C LEIBI0 OIpeje-
JIUTh BO3MOKHOCTb BBINOJIHEHHS TOJIETHOTO 3a-
JlaHUs B IIPOCTPAHCTBE MPOU3BOJUTCS COTJIACHO

dbopmyie

I(x, .z, ) = @9K[®686(R8n & Rma)] ) (1)
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Puc. 2. Onenka puckoB BeinojHeHus nonera bBC
Fig. 2. Assessment of the risks of UAV flights

rae [(oy.z0 — sdeiika mpocTpaHCTBA MO KOOP-
JIMHATaM X, ), Z B MOMEHT BPEMEHU f;

Ren  — COBOKYIHOCTH PHCKOB B CETMEHTE
BO3JIyITHOTO TIPOCTPAaHCTBA, B KOTOPOM BBI-
nosHsercs nuiotuposanue bBC;

Rmwa — COBOKYITHOCTb PUCKOB Ha TEPPUTOPUHU
WIM B aKBAaTOPHM, HAJ KOTOPOM BBINOJHSAETCA
noisiet BBC;

Diec — (YHKIHS, ONMpPEENAIoniasi COOTBET-
CTBUE€ CUTYallMOHHBIX PHUCKOB JUIsl TpUMeE-
asiemoro bBC;

@y — QyHKOMA, OMpEAENIonas Crocoo-
HOCTh Ha3HaueHHoro »skunaxa BbBC k mnpa-
BWJIBHBIM JIEHCTBHUSIM B YCJIOBHUSIX BO3MOJKHBIX
PHUCKOB.

[TpuBenem npumep npumeHeHus: Gopmyisr (1)
JUIS OLIEHKM PUCKOB Ha y4yacTKe, IJi€ TUITAaHUPYETCs
BeimonHeHne mnosnera bBC skcrmmyartanta A w3
TOYKM CTapTa B TOUKY HA3HAUYEHUS. ODKHUIAX U3
JIByX BHEIIHUX IWIOTOB YKOMIUIEKTOBAH IIOJI-
HOCTBIO U3 YHClIa PaOOTHUKOB, OOYYEHHBIX MpH-
MeHeHuto ganHoro tuna bBC, co craxem paboTs
¢ OecrMIIOTHOM aBUAIIMOHHOW TEXHUKOW M OTBITOM
npaktuyeckoro npumenenuss bBC panHoro tuma
2 roga. Mcnons3yemslit BBC ¢ Homepom W (mak-
cUMaslbHasi B3JIETHas Macca— 5 KI) SKCIUTyaTHUpy-
ercs Oojiee 2 JeT U3 IIECTH 3alUIAHUPOBAHHBIX,
OTKa30B TEXHUKM 3a BpeMs C MOMEHTa IpueMa
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C 3aBOJA-U3rOTOBUTENS 0 BPEMEHHU BBINOJIHEHUS
nosiera He 3adukcupoBaHo. [loner BeimonHsETCA
Ha BbIcoTe 50 M OT 36MHOI MOBEPXHOCTH, MOTO[I-
HblE YCIIOBMSI B TpeAenax SKCIUTyaTallMOHHBIX
orpannyenuii Tuna BBC. PaccmarpuBaemsblii yua-
CTOK TIpejcTaBisieT codor craauoH. [Ipemrmomnara-
€MBbIi CLCHApUM HEraTUBHOI'O aBUALIMOHHOIO CO-
Obrtus — nanenue W-ro BBC ua cramuon. Cornac-
HO METOJMKE OLIEHKU PHUCKOB KOMITAHMU-3KCILTya-
taHTa A B ciyvae, eciu nosiet bBC 3amnmanupoBan
B 06:00 mMecTHOro BpeMEHHM, KOrJa Ha CTaJHOHE
NPAKTUYECKA HET JIIOJIEH, COBOKYITHOCTh PHCKOB
Ha TEPPUTOPUHM M B BO3AYIIHOM MPOCTPAHCTBE
Ren & Rna = 6 GasioB (BEpOSTHOCTh HU3Kas — 2 Gayia,
CEePbE3HOCTh MOCCACTBUN — 3 Gajuia), mpu 3ToM Desc
NPUCBOEHO HU3KOE 3HaueHue 1,3 (13-3a cpoka IKc-
IUTyaTaluK, OTCYTCTBHSI OTKa30B TEXHUKH, A TAKXKE
COOTBETCTBHSI MPOTHO3UPYEMBIX MOTOJHBIX YCIO-
BUH DKCIUTyaTallMOHHBIM Xapakrepuctukam bBC),
a 3HayeHne P« cocTaBigeT 1,5 u3-3a HEOONBIIOTO
ombiTa dKunaxa. Takum obpaszoM, [(x.y.zn =
= @y [Désc (Rn & Rna)] =1,5-13-6=11,7 Gan-
Ja, puck pomyctumblil (puc. 2). Ilpu stom, ecinu
noner bBC 3amnanupoBate B 11:00 mectHOTrO
BPEMEHU 10 TOMY K€ MapIIpyTy BO BpeMsl IpoOBe-
JICHU Ha CTAaJUOHE MAaCCOBOIO CIIOPTHUBHOIO CO-
PEBHOBaHUS, M3-32 OOJBLIOrO KOJMYECTBA JIHOJEH
cepbe3HOCTh nocnencTsuid najgeHus bBC ysenu-
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Puc. 3. Onenka pucka BeimonHeHus moieta BBC Bo BpeMst MaccOBOTO MEpOTIPHUSITHS
Fig. 3. Assessment of the risk of UAV flights during a mass event

Ta6auua 3
Table 3

MuHUMaNbHBIA pa3Mep SYEHKU MOJEITUPOBAHUS
Minimum simulation cell size

Pa3mep 3HaueHue
X 1"
y I
z 10 M
t 1 MmuH

YHMBACTCS JI0 KaTACTPOPHIECKOM, a COBOKYITHOCTh
PHCKOB Ha TEPPUTOPHUU U B BO3IYLITHOM MPOCTPAH-
CTBE OIICHMBACTCA KaK Ren & Rna = 6 Oa/LIOB (Be-
POSITHOCTB HU3Kas — 2 0aJiia, cepbe3HOCTh MOCe -
ctBuii — 4 6amwma). B srom ciywae [Goy.zn =
= 15,6 Oana, pUCK HEMPUEMIIEMBI, CIIEIyeT pac-
CMOTPETH JIPyrue MapLpyThl nosieTa (puc. 3), uiu
Ha3HAYUTh OOJiee OMBITHBIX BHEIIHUX MHJIOTOB
B COCTaB dKHUIaXKa, Win BeIOpaTh Apyroe bBC.
Pa3mep sueiiku MoxeT OBITh YCTaHOBIEH
OKCIUTyaTaHTOM B 3aBUCHMOCTH OT OCOOCHHO-
cTeil onleHku puckoB mosietoB bBC u moneTHOTrO
3amanus. B cmydasx xorga nunotupoBanne bBC
BO3MOXXHO TOJIBKO C TOJadeld MpeacTaBICHUN
Ha YCTAaHOBJIICHHE MECTHOTO WM BPEMEHHOTO
pexxuMa ¥ (WIH) MJIaHOB TOJIETOB, JIJIsl BHIYKCIIE-
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HUSI ONTUMAJIBHOTO MapuipyTa MoJieTa aKTyallb-
HO YCTaHOBHUTH Pa3Mephl SYEHKU C YUETOM Tpe-
OoBaHUM, KOTOPBIMH PYKOBOJCTBYIOTCSI OpTraHbI
EanHoil cucTemMbl OpraHu3aludd BO3AYLIHOTO
nBmxenusa Poccuiickoin @enepauuu npu npueme
YKa3aHHBIX JOKYMEHTOB. Mcxons W3 aHamuza
HOPMAaTHUBHBIX JOKYMEHTOB, a TaKXe JIMYHOIO
npo(hecCHOHANBFHOTO OMbITA MOATOTOBKHU MpE-
CTaBJICHUM HA YCTAHOBJIEHUE PEKUMOB U IJIAHOB
MOJIETOB, MUHUMAJIbHBII pa3Mep SYEHKH Ipo-
CTPAHCTBEHHO-BPEMEHHOTO MO/JIETTUPOBAHUS
npeyioxKeH B Ta0. 3.

Ha ocnoBanum pe3ynbTaroB aHamusa Ipo-
CTPaHCTBEHHO-BPEMEHHOT'0 paclpeeIeHUs 3Ha-
YEHU pHUCKa BO3MOXHO BBIITOJIHUTH 30HUPOBA-
HUE CErMEHTa BO3QYIIHOIO MPOCTPAHCTBA IO
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CTENIEHW NPUEMIIEMOCTH BBINOJIHEHUS II0JIETA.
Ha mpakTuke NpuHATO MCNONB30BaTh TPU KaTe-
rOpUM 3HAYEHUN OLIEHKH PHUCKOB: IPHUEMIIEMO,
JOIyCTUMO, Hempuemsemo. Bo3moxHocTy mos-
Ho(yHKIMoHanbHOM [MIC mo3BONIAIOT HCKITIO-
YUTh (CTEPETHY) YUACTKH, B TPAHHUIIAX KOTOPBIX
nosetsl bBC moaBeprarorcs IMOBBILIEHHOMY
PUCKY HETaTUBHOT'O aBUALIMOHHOT'O COOBITHS, U3
MOJIETIM CETMEHTa BO3LYLIHOIO IPOCTPAHCTBA U
TakuM 00pa3oM m30eXaTh TOCTPOCHUST MapIIpy-
Ta TojeTa Ha HeOe30MmacHbIX ydyacTkax. OLeHKy
pUCKAa B paliOHE IUIAHMPYEMOTO IIOJIeTa B MO-
MEHT BPEMEHU WIIIOCTPUPYET pUC. 4.

VYcTaHOBIIEHHBIE 3KCIUTYaTaHTOM IOPOTOBBIE
3HAYEHUS NPEUIaracTcsl MCIOIb30BaTh AJS IO-
CTPOEHHS ONTUMAJIBLHOTO MapuipyTa IepeMerie-
Hus BBC. OneHky pHUCKOB BBIOJIHEHHS KOH-
KpPETHOTO MOJIETHOTO 3aJaHMsl CIIEAYyET BbIPAa3UTh
dbopmyoit

Ri= ;hx,y,z,t), )

rae Rj — olleHKa PUCKOB j-ro IOJETHOIO 3aja-
HUSL.

OKCIUTyaTaHT BIPaBE€ YCTAHOBUTH IIOPOTO-
Bbl€ 3HAYEHUS B OTHOLICHUU S4YEEK [(x,y.z1),
CPEIHEro 3HAYCHMs SUYeeK WIM MX CYMMBbI Kak
OJIMH U3 KPUTEPHUEB OLICHKU IMPUEMIIEMOCTH IIO-
CTPOEHHOI'0 ONTHUMAJIBHOIO MaplpyTa MOJeTa
BBC. C yu4eroM NOJIy4YeHHBIX pe3yJbTaTOB
OLIEHKH PUCKOB 3KCILTyaTaHT MOKET BHECTH M3-
MEHEHUS B IUIAHUPYEMOE IOJIETHOE 3aJaHHE, B
TOM YMCJI€ MPEUIOKUTh 3aMEHUTh OECITMIIOTHOE
BO3AYIIHOE CYJHO WJIM 1MOa00paTh Ipyrux uje-
HOB JKHIIAQXa, a 3aT€M BBINOJIHUTH IMOBTOPHYIO
oneHKy. Takum 0Opa3om peanzyercs MoaaepxK-
Ka IPUHATHS yIPaBICHYECKUX PEIICHU.

3aK/JIo4YeHue

QOYHKIIMOHUPOBAaHNE HHCTPYMEHTAa aBTOMa-
TU3UPOBAHHOTO  IOCTPOEHUS  ONTHUMAJIBHOTO
Mmapupyta nojaera bBC u3 touku crapra B T04-
Ky Ha3HAa4eHMUs HEBO3MOXHO 0€3 MOCTpPOEHUs
CUTYallUOHHOM MOJEIN CErMEHTa BO3AYLIHOIO
npoctpancTBa. B reonHpopmanvoHHONH Mozaenu
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JIOJDKHBI OBITH YYTEHBI M OLIEHEHbI B COOTBET-
CTBHH C TOYKOH 3pEHHS IKCIUTyaTaHTa (paKkTOpHI,
3Ha4YMMble JJIS [UTaHUpOBaHMs nosera. B pabote
npeUIokeHa Kiaccupukanys GakTopoB, 3HAYH-
MBIX Ul OLEHKH pUCKOB nmiotupoBanus bBC.
Ha ocHoBe manHOU Kinaccupukanum pa3padoTaH
HOJX0/A K PHUCKOPUEHTHPOBAHHOMY T'€OHMH(OP-
MalMOHHOMY  MOJIEJIMPOBAHUIO  BO3AYLIHOIO
npocTtpaHcTBa. [Ipemiaraemslii moaxox IO3BO-
JSI€T BBINOJHUTH OLEHKY puckoB nojiera BBC
Y TIOCTPOUTH ONTHMAJIBHBIM MapLIpyT IHepeMe-
HIEHUS C JONYCTUMBIM WM HPUEMIIEMBIM
PHCKOM HETaTUBHOI'O aBHAIIMOHHOTO COOBITHSL.
[IpuBenen nmpumep OLIEHKH PUCKOB TMIIOTETUYE-
CKHM DKCIITyaTaHTOM Ha y4acTKe IIJIaHUPYEMOIO
moiiera. Ilogxon, OCHOBAaHHBIM Ha HMCIOJIL30Ba-
Huu ['UC, saBnsercs yHUBEpCalIbHBIM. JKCIITya-
taHT bBC opranusyer npocTpaHCTBEHHO-BpE-
MEHHBIC U TEMAaTHYECKHE JTaHHBIE B CPENE IMOJ-
HodyukruonanbHoi ['MIC, BEIOMpaeT u KOMOU-
HUPYET MHCTPYMEHTBI IPOCTPAHCTBEHHOTO aHa-
JM3a JJI BBIIIOJHEHUS PaCUETOB B COOTBETCTBUU
C UCHOJIBb3YEMBbIMH B OpraHM3alUd METOJUKAMU
OLICHKH PUCKOB.

I'eonHdopmMalmoHHbIE CHUCTEMBI — COBpE-
MEHHBIH 3((EKTUBHBI HHCTPYMEHT pELICHHUS
IIPOCTPAHCTBEHHBIX 3aaad. JlaHHOoe mporpam-
MHOEe oOecrieueHHe MOXKET MCIOIb30BATHCS IS
BBISIBJICHHSI U ydyeTa OOBEKTOB U SBJICHWMH, 3HA-
YUMBIX Ul OLIEHKH PUCKOB BBIIIOJIHEHHUS MOJIeE-
ToB BBC, KOMIJIEKCHOW MHTErpaIbHOM OLICHKH
(akTOpOB pHCKa, 30HUPOBAHUS CETMEHTa BO3-
JQYIIHOTO IMPOCTPAHCTBA IO CTENECHU IpUEMIIC-
MOCTH JJISl BBITOJIHEHUS To1eToB. Takum obpa-
30M, BO3MOYKHO CO37aHHE T'€OMH()OpPMaIMOHHON
MOJIEIM  PUCKOPHUEHTUPOBAHHOIO  IMPOCTpaH-
CTBEHHO-BPEMEHHOI0 00pa30BaHUs, PE3yIbTaThl
aHaJIM3a KOTOPOTO NpeAHAa3HA4YEHbl Ul MIpUMe-
HEHUS QITOpPUTMa IOCTPOCHHS ONTHUMAIbHOIO
Mmapupyta nnosiera bBC u noanepkku npuHATUSA
YIPaBICHUYECKUX pPEHIeHUud. PuckopueHTHpo-
BaHHOE T'€OMH(POPMALMOHHOE MOJCITUPOBAHHE
OTpakaeT MPEICTaBICHUE BO3LYIIHOIO IIPO-
cTpaHcTBa 3kcrutyatantoM BBC. Ilpumenenune
I'MC ¢ cOOTBETCTBYIOIIMM TEMAaTHYECKUM Ha-
MIOJIHEHUEM TOBBICUT Ka4e€CTBO OLIEHKH PUCKOB
npeacrosimero nojera bBC, a takxke curyanu-
OHHYIO OCBEJOMJIEHHOCTh SKCIUIyaTallMOHHOIO
Y PyKOBOZJSAILETO MEPCOHAIA.
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Puc. 4. Ouenka puckoB B pailoHe IUIAaHUPYEMOTO TO0JIeTa B MOMEHT BPEMEHU
Fig. 4. Assessment of risks in the area of the planned flight at a given time
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Grid influence issues in the methodology of numerical modelling of non-
stationary combustion processes

A.T. Savchuk', L.V. Moskalenko'

"Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: Estimation of reserves of combustion process stability in gas turbine engine (GTE CC) based on artificial modeling of
non-stationary process (NP) excitation in the combustion chambers in temperature-pressure parameters is an actual problem in
engine engineering. An increasing number of aircraft require the use of engines with high gas dynamic stability (GDS) up to 30%
and more, for example, when creating power plants for vertical and short take-off and landing aircrafts, ekranoplans (ground-effect
vehicles) and etc. The use of computational fluid dynamics (CFD) tools for calculating combustion flows in the combustion
chamber of a gas turbine engine is currently an integral part of the design process, since a numerical study, in contrast to a full-scale
experiment, requires significantly fewer material resources providing the ability to model expensive and unsafe cases of aircraft
flight operation that are difficult to implement at the stage of bench tests, such as: crossing a jet distrail or a shock wave front (e.g.,
when an ammunition detonates) in front of the air intake of an air-jet engine, critical crosswind during takeoff leading to flow
separation on the air intake cowl, vertical gusts and atmospheric turbulence, flight at high angles of attack, aircraft evolution (slip,
etc.). The results of numerical simulation are decisively determined by the limitations of the applied models and simplifying
assumptions for the simulated flow. There are many sources of errors in any calculation using computational gas dynamics
methods: accumulated calculation errors, sensitivity to grid size, discretisation, flow extrapolation in grid interfaces of the used
solver (ANSYS.Fluent), errors of turbulence models, assumptions and simplifications applied to the design, etc. This paper
considers the grid effect on the problem of proving the random nature of gas oscillations in the combustion chamber of a gas
turbine engine, which is essential for determining the gas dynamic stability of the engine as a whole.

Key words: computational fluid dynamics, non-stationary process, combustion chamber, grid effect.
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K BOIIPpoCaM CE€ETOYHOI'O BIUAHUA B METOAUKE YUCJTICHHOTO
MOAC/IMPOBAHUS HECTANUOHAPHBIX IMPOIECCOB rOPECHUA

1 1
A.T. CaBuyk , JI.B. MockajieHko
"Mockosckuii 20Cy0apcmeeHHbIll MeXHUYeCKUll YHUgepcumem padcoancKoll asuayui,
2. Mocxkea, Poccus

Annotamusi: OrieHKa 3aracoB YCTOMYMBOCTH TIPOLIECCOB TOPEHMSI B KaMepax cropanusi ra3otypounHsix asurareneit (KC I'T/T),
OCHOBaHHasi Ha MCKYCCTBEHHOM MOJIEIMPOBAaHMM B030yxJeHus HectarmoHapHeix mnporeccoB (HIT) B KC, B mapamerpax
TeMIIepaTypa — JIaBJIeHHE TIPEICTABIIET COO0H aKTyaIbHYIO 3a1ady JIBUTaTeIeCTpOeHHs. Bee Gombliee KOMIecTBO JIeTaTeNbHbIX
armapartoB (JIA) TpeOyroT npuMeHeHHs IBHATaTeNe ¢ BHICOKOM rasonuHammuueckoil yeroitunBocteio (I'1Y) Bmtots 1o 30 % u
Oomnee, HampuMep TPH CO3JAHWH CHJIOBBIX YCTaHOBOK IUII CAMOJIETOB BEPTHUKAIBHOIO M YKOPOYEHHOTO B3JIETa M ITOCAIKH,
9KpaHOIUIaHOB U Ap. [IprMeHeHne MHCTpyMeHTapHsl BhIMUCIUTeNbHOM ruaporazoauHaMuky (anria. CFD — Computational Fluid
Dynamics) mms pacuera ropsiumx TedeHnii B KC I'T/] B Hactosimiee BpeMsi SBISICTCS HEOTHEMJIEMBIM JTAIloOM IIpoIiecca
MPOEKTUPOBAHMS, TAK KaK IIPOBEICHHME YHCICHHOTO MWCCICOBAHMsI, B OTIMYHE OT HATYypHOIO O3KCIIEpHMEHTa, Tpeldyer
3HAYUTENFHO MEHBIINX MAaTepHAIBHBIX PECYPCOB, MPEIOCTABISIONINX BO3MOXXHOCTH MOJCIMPOBAHUS TPYAHO pealn3yeMbIX Ha
JTare CTEHAOBBIX MCHBITAHUH JIOPOrOCTOSIMX M HeOe30IacHbIX CIlydyaeB JIETHOH SKciutyataimu JIA, Takux Kak IepecedeHue
peakTHBHOW cTpyH Brepemu Jiersimiero JIA nmmbo ¢poHTa ynapHOH BOJHBI (HAlpuMep, NPU HOJpbIBE OoenpuIiaca) Iepen
BO3/TyX03a00pHHUKOM BO3yIIHO-peakTiBHOrO Jpuraresst (BPJI), kpurnuecknii G0KOBOI BeTep MpH B3NeTe, MPHUBOISIIHHN K CPBIBY
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MOTOKa Ha obevaiike BO3yx03a00pHMKA, BEPTHKAIbHBIC MOPBIBBI U TYpOYJIEHTHOCTh arMocdepsbl, MoJjeT Ha OONBLINX yIiIax
araky, sBoiom JIA (ckonmbkeHuWe M 7p.). Pe3ynbrarhl YMCIIEHHOrO MOJEIMpPOBAHMS PELIAONIMM 00pa3oM ONpeNessIoTCs
Y4YETOM OTpaHHWYECHHH NPHUMEHSEMBIX MOJIEIEH M yNPOIIAIOIMX MPEION0KEHNH UIsi MoaenpyemMoro tedeHust. CylecTByer
MHOYKECTBO HCTOYHMKOB OHIMOOK B JIFOOBIX pacyerax C HCIOJb30BAHHEM METOJOB BBIYMCIUTEILHONW Ta30BOM MHAMUKH:
AKKyMYJIMPOBAaHHBIE OIMMOKH BBIYHCIICHUH, YyBCTBUTEIBHOCTh K Pa3Mepy CETKH, IHCKPETH3ALMH, SKCTPAIOJLUN HOTOKOB B
ceTouHBIX HHTepdeiicax wucnoms3dyemoro comeepa (ANSYS.Fluent), ommOku mozeme# TypOyJIeHTHOCTH, IONYIICHUS U
YIIPOLIEHUS, IIPUMEHsIEMbIE K KOHCTPYKIIUH, U T. 1. B taHHO# paboTe paccMOTPEHO CETOYHOE BIMSHHE HA 3a/1a4y JOKa3aTelbCTBa
ciyJaitHoi mpupons! konebanmid raza B KC I'Tl, nmeromed cyIiecTBeHHOE 3HAUCHHE [UTS OTIPEeNesNieHHs Ta30[HAMIYECKON
YCTOMYMBOCTH JIBUTATEIIS B LIETIOM.

KiioueBrble ¢JI0Ba: BEIYKMCIUTEILHAS T UAporasoJuHaMmKa, HeCTauHOHaprIﬂ Ipouecc, KaMmepa CropaHusi, CCTOYHOC BIIMAHUE.

Jna muruposanmsi: CaBuyk A.T., Mockanenko JIL.B. K Bompocam ceTouyHOro BiMSHHMS B METOAUKE YHCIEHHOTO
MOJICIIMPOBAHUST HECTAIIMOHAPHBIX IponeccoB ropenust / Hayunsnii Becthuk MI'TY T'A. 2025. T. 28, Ne 1. C. 53-66.
DOI: 10.26467/2079-0619-2025-28-1-53-66

Introduction domain will determine the choice of parameters
of the entire computational model of the transi-
tion process. A number of publications [4-9]
provide recommendations and an assessment of
the influence of the specified flow parameters
and the calculation grid with verification of the
obtained results [10—14].

As described in detail in [1, 3], the proposed
methodology is multi-stage and the solution of
the problem passes sequentially through the
stages of stationary and non-stationary calcula-
tions. As a part of the current study, a series of
non-stationary calculations of the model com-
bustion chamber were carried out on grids of dif-
ferent resolutions (coarse, medium, fine) and
equivalent topology and finite element quality
(unstructured grid with tetrahedral finite ele-
ments generated by the standard ANSYS-Mesh
toolbox using the Delano triangulation method
with comparable quality of the grid elements)
were preceded by a stationary calculation until a
stable solution was achieved according to the
criteria of achieving low root-mean-square re-
siduals (about le-2 on primitive variables) and
mass imbalance of incoming and outgoing flows
(no more than 2%). The actual estimates and cri-
teria of the state of the transient process of non-
stationary combustion according to the formal
calculation criteria used below are described in
detail in [4].

This article covers the issues of problem
formulation and assumptions made on the basis
of the computational model of the combustion
chamber on stationary calculation modes (low
throttle, cruising, maximum thrust mode), in its
non-diverging burning transient solution with the
required levels of basic temperature/pressure/ve-
locity mismatches in the outlet section [1], fol-
lowed by artificial excitation of a non-stationary
process (NP) on the overall accuracy, as well as
the required computational resources and stabil-
ity of the resulting solution. Based on the results
of the work, recommendations will be made to
the main investigated parameters of the compu-
tational model, namely, the productive maxi-
mum size of the computational grid.

The created computational grid should satisfy
the minimum criteria of solvers simulating high-
gradient processes occurring in the combustion
chamber, and it should be borne in mind that
with an increase in the number of grid elements,
the computation time increases accordingly. At
the same time, as studies [2, 3] show, there is an
upper limit of the grid size, when the obtained
result does not depend on a further reduction in
the size of computational cells.

When selecting the parameters of the math-
ematical model, the fundamental physical nature
of the flow in the combustion chamber should be
taken into account. When calculating the com-
bustion chamber with the resulting NP, trans-
and supersonic flow zones inevitably appear, the
joint consideration of which with the subsonic
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Fig. 2. Constant ignition region, velocity on the left, absolute pressure on the right

General parameters of the series of
numerical experiments

The computational grid of the minimum
CAD element of the combustion chamber sector
is created adequate to the computational re-
sources (the main limiting factor is the total
computation time of no more than 48 hours) and
to satisfy the minimum requirements and limita-
tions of the applied ANSYS models:

o turbulence k—¢ Standard;

o Discrete Phase Modeling (DPM) ANSYS
Fluent;

o Linearized Instability Sheet Atomization
(LISA);

Non-Premixed Combustionl;

o mechanism of chemical kinetics of com-
bustion of “kerosene + air” fuel pair (Jet-A) [15].

If a fixed time step is used, its maximum val-
ue should not be greater than the time of passage
of both the flow and its disturbance, one layer of
cells in any direction. The use of an adaptive
time step, implemented in ANSYS. Fluent, al-

' CFD EXPERTS Simulate the Future. (2021). Ansys
Fluent Theory Guide, 1069 p. Available at:
https://dl.cfdexperts.net/cfd_resources/Ansys Document
ation/Fluent/Ansys_Fluent Theory Guide.pdf (ac-
cessed: 25.08.2024).
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lows automated calculation of the values of each
time step, taking into account the above-
mentioned limitations both in solutions for
steady flow and in transient processes.

After achieving the stable result of the
steady-state calculation of the combustion pro-
cess of the fuel assemblies in the combustion
chamber (fig. 1), under the following initial con-
ditions, which are the same for all studied calcu-
lation grids, namely: pressure drop in the com-
bustion chamber 0.5 atm, inlet air temperature
300 K, fuel supply 1.5 g/s (kerosene), turbulence
model k—¢ of the 2™ order of accuracy, number
of inflationary wall layers 12, combustion cham-
ber volume 0.266432 litres.

After switching the problem to an non-
stationary solver with an adaptive time step at a
point 10 mm downstream of the constant igni-
tion region of the fuel assembly (a sphere with a
diameter of 2.5 mm and a temperature of
4500 K) (fig. 2).

Using ANSYS software control, an artificial
non-stationary region with a diameter of 5 mm
was created with a temperature equal to the igni-
tion temperature and an overpressure of 25 atm
(fig. 3).

After the NP excitation (fig. 4), the calcula-
tion on grids of different resolution was contin-
ued at the same settings of the adaptive non-
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Fig. 3. Excitation region of the NP, flow velocity on the left, absolute pressure on the right
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Fig. 5. Outlet section on the right, “fire path” on the left

stationary solver, either until the values close to
stable by primitive variables (tempera-
ture/velocity/pressure) and mass flow rate were
achieved in the outlet section of the combustion
chamber Outlet, provided that there is a “fire
path” (having the physical meaning of a cylin-
drical control volume) from the ignition zone to
the geometric centre of the Outlet section
(fig. 5), or until a critical (poor stall combustion
termination) or non-physical result is obtained,
the time step is assumed to be combined (fixed
at the steady stage and adaptive at the transient
stage).
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According to the authors of this article, the
criterion for stabilization of the burning solution
should be as “inert” as possible, i.e. it should not
be subject to instantaneous computational pre-
cessions in different solvers, inevitable when
calculating transient processes in spatial grids,
which leads to the assumption that attempts to
find criteria for formal stabilization of burning
solutions in the area of high gradients of primi-
tive gas-dynamic variables (temperature, veloci-
ty, pressure) and concentration of unstable
chemical components in the combustion front
are unpromising. In view of the unstable nature
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Fig. 6. Fine grid, mass flow on the left, pressure on the right

of the fuel assembly combustion process in the
combustion chamber caused by the discreteness
of the fuel supply modeling, which is reflected in
the real combustion chamber by pressure pulsa-
tions in the fuel supply path to the injectors, the
criteria for stabilization of the non-stationary
calculation are proposed to be the occurrence of
oscillations of the controlled parameters (primi-
tive variables and mass flow rate) having a pro-
nounced random nature from a specific time
point of the calculation until its completion. It is
proposed to determine the determination of the
random nature of instability of measured varia-
bles as the values of the Pearson criterion for the
average values of flow parameters (temperature,
velocity, pressure, mass flow rate) in the Outlet
section, under the conditions of existence of the
combustion process (temperature in the “fire
path” is not less than 1100 K) and restoration of
engine thrust (not less than 98% of the initial
value).

General parameters of generated grids

The study included a series of combustion
chamber calculations on unstructured grids with
tetrahedral elements of different resolutions
(coarse, medium, fine) of equivalent topology
and finite element quality. The grid model was
built in the standard ANSYS. Fluent grid builder
from the boundary layer (with the highest possi-
ble topological quality of the third layer of pris-
matic boundary layer elements, due to the great-
est energy contribution of these layers to the
formation of the turbulence pattern) with further
moderate growth of finite element sizes towards
the geometric centre of the computational do-
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main. To determine the required grid characteris-
tics in the near-wall regions, the Y+ criterion
was determined according to the method [16] in
a series of cold blowdowns of the combustion
chamber for all computational grids; the number
of prismatic layers in all experiments was as-
sumed to be 12 with exponential growth of
thickness.

Calculation results on a fine grid (1.16 million
cells)

The linearly interpolated calculation results,
namely the average integral values of mass flow
rate, pressure, temperature, velocity and CO
concentration in the outlet section are presented
in Figures 6, 7. The solution on the fine grid did
not require adaptation of the steady result for its
subsequent use by the non-stationary solver,
which allowed to excite the non-stationary pro-
cess at the 5™ iteration.

The red vertical line in Figure 8 indicates the
iteration of NP excitation — iteration No. 5.

The correspondence between calculation
time and time steps (iterations) is shown in Fig-
ure 9.

The calculation results show that at the time
of 0.201965 s (iteration No. 325) from the start
of non-stationary calculations until its comple-
tion, the calculation can be considered as having
a tendency towards non-divergence, all fluctua-
tions of primitive variables and mass flow rate
are predominantly random in nature and the
temperature on the entire “fire path” (fig. 10) is
higher than the temperature of stable combustion
of the fuel assembly.
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The results of calculations on a fine grid, pre-
sented above, allow us to conclude that the pro-
cess of combustion of fuel assembly combustion
in the combustion chamber stabilizes within
about 3e-3 s and thrust recovery at the level of
99.6% of the moment preceding the NP excita-
tion. The formal criterion for determining the
iteration from which the process should be con-
sidered non-divergent is proposed to be the itera-
tion where the value of the Pearson criterion for
all observed variables in the range up to the end
of the calculation minus 10 iterations (for the
possibility of fundamental use of the statistical
mathematical apparatus) does not fall into the
region of small positive values (not less
than 0.2).

Pearson's criteria for achieving output flow
stability are shown in Figure 11.

Calculation results on the medium grid
(668 thousand cells)

The calculation results are linearly interpo-
lated, the average integral values of mass flow
rate, pressure, temperature, velocity and CO
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concentration in the outlet section are presented
in Figures 12, 13. The solution on the medium
grid required adaptation of the steady result for
its use by the non-stationary solver (conducting a
non-stationary calculation up to small fluctua-
tions in the residuals of primitive variables at the
level of 1°-3), the conditions for NP excitation
were achieved at the 78" iteration.

The red vertical line in Figure 14 indicates
the iteration of NP excitation, iteration No. 78.

The calculation shows that during the whole
non-stationary calculation (715 iterations), the
calculation has no formal sign of predominantly
random temperature fluctuations according to
the Pearson criterion (fig. 15 on the right) and
mass flow rate (fig. 17), the surge in the Pearson
criterion value temperature around the 700" iter-
ation is due to the small volume of statistical
sample and is not an indicator of stabilization.
The temperature on the “fire path” (fig. 16) is
higher than the temperature of stable combustion
of the fuel assembly from the 450" iteration, but
the observed intermediate data of the flow veloc-
ity abandonment (= 1.5 km/s) and mass flow rate
after NP excitation do not allow us to consider
this result acceptable.
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Calculation results on coarse grid
(333 thousand cells)

The calculation results are linearly interpo-
lated, the average integral values of mass flow
rate, pressure, temperature, velocity and CO
concentration in the outlet section are presented
in Figures 18, 19. The solution on the coarse
grid required a significant adaptation of the
steady result for its use by the non-stationary
solver; the conditions for NP excitation were
achieved at the 878" iteration.

The red vertical line in Figure 20 indicates
the NP excitation iteration, iteration No. 878, the
correspondence between the calculation time and
calculation iterations in Figure 21.
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The calculation shows that the temperature
on the “fire path” (fig. 22) is lower than the
combustion temperature of the fuel assembly
throughout the entire non-stationary calculation,
i.e. the engine does not provide thrust. The in-
termediate data of the flow velocity = 6 km/s and
mass flow rate = 0.14 kg/s, with the mass of air
in the combustion chamber volume = 3.261e-4 kg,
after NP excitation, as well as a significant dif-
ference in the transition point to the range of
significant value of the Pearson criterion for the
most inert and, as a consequence, the most de-
layed fixed physical quantity (temperature) rela-
tive to other variables (fig. 23) do not allow us to
consider the result obtained on the coarse grid
correct and physical.
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Discussion of results

The results of calculations on grids of differ-
ent resolutions:

o fine — 1.16 million cells;

« medium — 668 thousand cells;

o coarse — 333 thousand cells

have shown the possibility of fundamentally
using medium-resolution grids with obtaining
significant results. Coarse-resolution grids pro-
duce non-physical results. High-resolution grids,
as expected, produce results with significant
computational resource costs.

The size of the computational grid for a par-
ticular problem should be determined by a series
of numerical experiments with equivalent initial
conditions and gradual refinement of the grid
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until obtaining slightly different time points of
the beginning of stabilization of the solution by
the values of throws of the controlled parameters
during the simulation of the entire process under
the conditions specified in paragraph “General
parameters of the series of numerical experi-
ments”.

Conclusion

The currently used numerical methods, wide-
ly used for solving gas dynamics problems, al-
low modeling complex multiphysics processes
occurring in burning gas flows. At the same
time, all numerical methods have limitations re-
lated to grid sensitivity, i.e. the dependence of
calculation results on the size and topology of
the grid on which they are carried out. This can
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lead to errors and inaccuracies in the results, es-
pecially if the grid is coarse or its topology does
not correspond to the features of the problem
being solved.

The Pearson criterion is one of the most
common methods of testing hypotheses about
the correspondence of the empirical distribution
to the theoretical one. It allows assessing the de-
gree of discrepancy between the observed and
expected in accordance with the theoretical dis-
tribution.

The proposed computational technique is
critically sensitive to the volume and quality of
the grids used and shows results of sufficient ac-
curacy when using fine and medium grids with
acceptable time cost and using average power
computing resources (19.2 GFlops).
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K Bonpocy 00 ynpakHeHMH HA TUCIETYEPCKOM TPeHaKepe
IPU NOATOTOBKE JUCIIETYEPOB YIPABJICHUA BO3AYIIHBIM ABUKEHHEM
B 00pa30BaTeJbHbIX OPraHM3ANUAX I'PAKIAHCKOH aBHALMU

P.A. Cy660oTun'

1 . . . .
Mockosckuil 20cy0apcmeenHblll mexXHUYeCKull YHUugepcumem epaxcoanckol asuayuil,
2. Mockea, Poccus

AHHOTanms1: 3aa9a COBEPIICHCTBOBAHMUSA MPO(ECCHOHATBHOM TIOATOTOBKH TUCIETIEPOB YIIPABICHHS BOAYIITHBIM JIBIKCHACM
(YBl) sBusiercss omHOM M3 BaXHEWmmX B TpaxgaHckod asmammu (I'A). Oto oOycrmaBimBaeTcss TeM, YTO YpPOBEHBb
npohecCHOHATIFHON MOATOTOBKM BO MHOTOM OINpPEAEISET YPOBEHb OE30MACHOCTH TOJETOB M A(P(EKTUBHOCTH HCTIOIH30BAHMUS
BO3IYIIHOTO TpocTpancTBa. OOHOBIEHHE M TEXHUYECKAsi MOJACPHU3AIWMS CHCTEeM U cpencTB YBJI TpeOyeT pa3paboTki HOBBIX
IporpaMM M METOAMK NOAroTOBKHM aucrierdyepoB YBJI. Meroguka TpeHakepHOW MpakTHKM Ha AUCIETYEPCKOM TpEHaXepe,
SIBJISIFOLLIASICSL TJIaBHBIM AJIEMEHTOM IPaKTHYECKOH MOAroToBKM qucrierdepoB YBJI B oOpasoBarenbHbIX yupexaeHusx ['A, Taoke
TpeOyeT IMOCTOSHHOTO COBEpIICHCTBOBaHMA. B HacTosiell paboTe Ha OCHOBE aHauM3a W OOOOIICHHS OIbITAa OPTraHH3AIMH U
NPOBEICHUST YUeOHOH TpEeHaKEpPHOM NPaKTUKW Ha JUCIETYEPCKOM TPEHAXKEPE B By3€ MCCIENOBAIOCH TAKOE SIBIICHHUE, Kak
YIIpaKHEHHE Ha JUCIETYEPCKOM TpeHaXepe. BbUIM paccMOTpEeHBI CYILECTBEHHBIE NPU3HAKM YIPaKHEHHS: IeNb, 33j1aua,
A3POHABHUTAIIMOHHBIN (DOH, CBA3HOCTH C YUEOHBIM IPOLIECCOM, THII, & TAKKE CBOWCTBA: TPYAHOCTb, CIIOKHOCTD yrpaskHeHus. [1pu
WCCIICIOBAHNH CIIOKHOCTH YIPaKHEHHUsI OBLTH BBEICHBI MOHSTHS OTHOCHTEIIFHON M a0COMIOTHON CIOKHOCTH. OTHOCHTEITBHAS
CIIOXKHOCTB YIIPAXKHEHHS OTPAKAET €ro BHENTHIOI CTOPOHY BO B3aMMOCBSI3H C €I'0 MECTOM B CTPYKTYpE yIeOHOH ANCIUIITAHEL 1 B
cucTeMe BceX (OPMHUPYEMBIX HABBIKOB. AOCONIOTHAS CIOKHOCTh YIPAKHEHUS OTPaXKaeT €ro BHYTPECHHIOI CTPYKTYPY Kak
B3aMMOCBSI3aHHYIO COBOKYITHOCTh TpPeOYeMBIX /U BBIIOJHEHWS TOJBKO [AHHOTO YHPaXHEHMSI HaBBIKOB. [IpemmoxeHb
AQHAIMTUYECKUE 3aBICUMOCTH TSI pacdyera OTHOCHTEIIFHON M aOCOIOTHOM CIOKHOCTH C YIETOM COOJFOICHHS MPUHLIAIA OIHOM
CJIO)KHOCTU. BBEIEHbI NOHATHS NPaKTUYECKOH, CPEIHECTATUCTUYECKOM W HHIMBUIYAJIBHOM TPYAHOCTH YIPA)KHEHUS Ha
JICTIETYEPCKOM TpeHakepe. [IpeiyiokeHa aHanuTHYecKas 3aBHCHMOCTh IS MX pacyera. [IpemiokeHa KiacchduKauus
YIIpa)KHEHHS Ha JUCIIETYEPCKOM TPEHAXKEPE 110 OCHOBAHMSIM: 1)U BBITIOJHEHHS yIPaXKHEHHS, POPMbI yIIPaKHEHHSI, pelaeMoii B
YIpa)XHECHUU 3aJa41, BDECMEHU BBITNIOJIHCHMS, CTCIICHU YUaCTUA UHCTPYKTOpA-IIpEnoaaBaTeid, (I)OpMe opraHu3alvy MoJAbIrphbILia.
I[MpensoxkeHbl onpeneseHns! TIOHTHS «THI YHPOKHEHHS» M, COOCTBEHHO, CamMOro IOHSTHS «yIpaKHEHHE Ha JUCIIETYEPCKOM
TpeHaxepe». [loiryueHHbIe B paboTe pe3ysIbTaThl HAlpaBiieHbl Ha JalIbHEHIee PA3BUTHE TEOPETHIECKHX TTOJI0KEHUH TTIOJrOTOBKH
JwcrierdepoB YBJI 1 MOTyT OBITh HCIIONB30BaHbI B X0/I€ OPraHHU3ally 1 MPOBEICHNS TPEHAXKEPHO! MPAKTHKH Ha JIUCTIETYEPCKOM
TpeHakepe B 00pa30BaTeIbHBIX YupekaeHmsX ['A.

KroueBble ciioBa: noaroroBka aucnerdepoB YBJI, mucnerdepckuil TpeHaXkep, YNpaKHEHHE Ha TUCIETYEPCKOM TpPEeHaKepe,
HaBBIK, 1IeJIb YNPaXKHEHHs, 3a]a4a yIpPaKHEHHs, TUIl YINPKHEHUS, OTHOCHTEIbHAs M aOCOJIOTHAs CJIOXKHOCTh YIPayKHEHHSI,
TPYAHOCTb YIIPaXKHEHHs1, KJIaCCU(DUKAIINS YTIPKHEHUH.

st uurupoBanus: Cy66otiH P.A. K Bonpocy 00 ynpaXHEeHHH Ha AUCIIETISPCKOM TPEHAKEpe MPHU MOATOTOBKE JUCIIETIEPOB
yIIpaBJeHUsT BO3AYLIHBIM IBI)KEHHEM B 00pa30BaTelIbHBIX OpPraHU3alMsIX TpaXkIaHCKoi aBuanuy // HayuHblii BecTHHK
MITY I'A. 2025. T. 28, Ne 1. C. 67-77. DOL: 10.26467/2079-0619-2025-28-1-67-77

On the subject of an ATC simulator exercise in the training of air traffic
controllers at Civil Aviation Educational Institutions

o1
R.A. Subbotin
"Moscow State Technical University of Civil Aviation, Moscow, Russia
Abstract: The task of improving the professional training of air traffic controllers is one of the most important in civil aviation

(CA). This is due to the fact that the level of professional training largely determines the level of flight safety and the efficiency of
airspace utilization. Updating and technical modernization of ATC systems and aids requires the development of new programs and
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methodologies for ATCO (ATC officers) training. The methodology of simulator training on the air traffic control simulator, which
is a key component of practical training for ATCO in civil aviation educational institutions, also requires continuous improvement.
This study analyzes and summarizes the experience of organizing and conducting training exercises on the air traffic control
simulator at a university focusing on the phenomenon of exercises on the ATC simulator. The essential features of the exercise
were considered: objective, task, aeronautical background, coherence with the training process, type, as well as properties: difficulty
and complexity of the exercise. In studying the complexity of the exercise, the concepts of relative and absolute complexity were
introduced. The relative complexity of the exercise reflects its external aspect in relation to its place in the structure of the academic
discipline and within the system of all the skills being developed. The absolute complexity of the exercise reflects its internal
structure as an interconnected set of skills required exclusively for the completion of that specific exercise. Analytical dependencies
are proposed for calculating the relative and absolute complexity, taking into account the principle of one complexity. The concepts
of practical, average, and individual difficulty of the exercises on the air traffic control simulator are introduced. An analytical
dependence for their calculation is proposed. A classification of the exercise on the air traffic control simulator is proposed based on
the following criteria: the objectives of the exercise, the form of the exercise, the task being solved in the exercise, the execution
time, the degree of instructor involvement, and the form of the comeback from the instructor. Definitions of the concept of the
exercise type and, in fact, the very concept of the exercise on the air traffic control simulator are proposed. The results obtained in
this work are aimed at further development of theoretical principles in air traffic controllers training and can be used in organizing
and conducting simulator practice on the air traffic controller simulator in educational institutions of civil aviation.

Key words: air traffic controller training, air traffic control simulator, ATC simulator exercise, skill, exercise objective, exercise
task, exercise type, relative and absolute exercise complexity, exercise difficulty, exercise classification.

For citation: Subbotin, R.A. (2025). On the subject of an ATC simulator exercise in the training of air traffic controllers at Civil
Aviation Educational Institutions. Civil Aviation High Technologies, vol. 28, no. 1, pp. 67-77. DOIL: 10.26467/2079-0619-2025-
28-1-67-77

BBenenue HIEHWA M HMX HCIOJB30BAaHUIO B TPEHAKEPHOU
noaroroBke cnenuaaucto YBJI. Hccnenosa-
Hust [14, 15] mocsieHsl pa3paOoTke Mojeneit
MOJITOTOBKH  OTIEPATOPOB  aBTOMATHU3UPOBAHHBIX
CUCTEM, B TOM 4uCIIe U aucreryepoB Y B/, ocHo-
BaHHBIX Ha areHTHO OPUEHTUPOBAHHOM IOJIXOJIE C
LEIbI0 TOBBIIIEHUS d()(HEKTUBHOCTH O0y4EHUs 3a
CYET KOHTPOJIA YPOBHS 3HAHWW, YMEHUI U HaBbI-
koB. [Ipu sTOM Oe3 BHHUMaHHUS HccieqOBaTeNei
OCTAETCA TAaKOM BAaKHEHIIMKM 3JIEMEHT COAEpKa-
HUSI TPEHAXKEPHOM MOJTOTOBKH, KaK, COOCTBEHHO,
YOpPa)KHEHUE HA JUCTIETYEPCKOM TPEHAXKEpE: €ro
CYIIHOCTh, CBOWCTBA, KIacCU(UKAIMS, THIIBIL.
Bcecroponnee uccenoBanue MpupoIbl yrpaskHe-
HUI TaKOTO poJia MO3BOJIUT MOBBICUTH 3()(HEeKTHB-
HOCTb MX pa3pabOTKU M NPUMEHEHHs B y4eOHOM
IpoLecce, a TAKKe MPHUBEIET K BO3HUKHOBEHUIO
OJIaronpusATHBIX YCIOBUUM JJIsi CO3/IaHUSI HOBBIX U
COBEpIIICHCTBOBAHUS CYIIECTBYIOIIUX METOJOB
YOpaBJICHUsI TPOIECCOM OOyuYeHHUs AMCIeTde-
pos YB/I.

IleHnTpanbHOE MECTO B IPAKTUYECKOM IOATO-
TOBKE OyIyHIMX AMCIETYEPOB YIpPaBICHUS BO3-
nymHbM arokeHreM (YBJI) B 00pazoBaTenbHBIX
YUPSKICHHUSIX Tpaxaanckor apuanuu (I'A) 3aHu-
MaeT TpeHaXepHas MPaKTHKa Ha JUCIIETYECPCKOM
TpeHaxxepe. Ee nenp 3akimouaercs B (opMupoBa-
HUH y CTYJICHTOB HAaBBIKOB NMPHUMEHEHUSI METOJIOB
yrpaBiieHHs BO3AyIIHbIM aBwxkeHueMm [1]. IIpo-
O7eMe COBEpPILICHCTBOBAHUS TPEHAXKEPHOU MOJTo-
TOBKM TIOCBSIILIEHO MHOIO HCCIIEIOBAaHUM Kak B
OTEYeCTBEHHOHN HayKe, TaK U 3a pyoeskom. B pabo-
Tax [2—6] paccMaTpUBarOTCsI BOIIPOCHI COBEPIIICH-
CTBOBaHMS CHUCTEMBI TMOJATOTOBKM U pa3pabOTKu
METOJIOB YTpaBJIeHUsl Ipoleccamu Tmpodeccro-
HAJILHOM TOATOTOBKU U MEPETOrOTOBKH TUCTIET-
yepoB YB/I. B pabotax [7-9] npencrasieHs! no-
XOAbl K TIOCTPOCHHUIO CHCTEMBI (HOPMHPOBAHUS
npo(heCCHOHATBHO-MBICIUTENIFHON ~ CIIOCOOHOCTH
OIEepPaTOpPOB a3POHABUTAIIMOHHBIX CHCTEM B 00pa-
30BaTeNbHOM opranuzamuu. B pabGorax [10, 11]
[pe/UIaraloTCsl KOHLENTyanbHble CTpYKTypsl Tpe-  YI€TO/IbI H METO/I0JIOT UsI
HaXCPHO-MOJCIUPYIOINX KOMIUICKCOB HOBOI'O HCCJICaA0BaAaHUA
MIOKOJICHHSI, UCTIONB3YEMBIX [l 00yUYeHHs, TOJIro-

TOBKHM W IEPENoOAroToBKM aucnerdepos YB/I T'A. B pabote Obln1 mpoBeneH aHAINU3 PYKOBOJS-
PaGoter [12, 13] mOCBAIICHBI UCCIIEOBAHUIO MO- [IMX JOKYMEHTOB, MyOJIMKAluil B HAyYHBIX H3-
JieNied U aJITOPUTMOB TIOJJCPKKU TIPUHSITUSL pe- JAHUAX, a TAKK€ BCECTOPOHHHM aHamu3 u 0000-
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HICHUE NPAKTUKU MOATOTOBKM M BBINOJHEHUS
YIPAXXHEHUN Ha JHCHETYEPCKOM TpPEHAXKEPE,
BBISIBJICHBI CYIIECTBEHHBIE YCIOBHS U MPU3HAKH,
MO3BOJIMBINKE CHOPMYIIHPOBATH €0 ONperese-
HUE, BBECTH MOHSATHS OTHOCHUTEIHHOW U abco-
JIOTHOM CJIOKHOCTH, TPYAHOCTH, THIA YIIpax-
HEHUs Ha JUCIETYEPCKOM TpeHaxepe. bpuia
npoBeJicHa KiIaccu(UKANMs yHPaXHESHUH Ha
JIUCTIETYEPCKOM TpeHaxepe. [ns konmdecTBeH-
HOI'0 BBIPAKCHHA CJIOXKHOCTU U TPYAHOCTH
MPEAJIOKEHBI AaHATTUTUYECKHUE MOJEIIH.

Pe3y.]1bTaTI>l HCCIeJ0BaHUA

CyIHOCTb, 1eJIU ¥ 32124 YIPAKHEHHUA
Ha JUCIEeTYEPCKOM TpeHaxepe

B obmem crnyyae ynpakHeHHE — CIEIUATBLHO
CO3/IaHHOE Yy4eOHOEe 3aJaHue, IENIBI0 KOTOPOTO
aBysieTcs: (GOpMHUPOBAaHHE YMEHUN W HaBBIKOB, a
TaKXKe UX JAJIbHEHIIIee COBepIIeHCTBOBaHME [ 16].

B nemarornueckoM cMbICIE YNpaXHEHUE —
IJJAHOMEPHO OpPraHU30BaHHOE ITOBTOPHOE BBI-
MOJTHEHUE JEHCTBUS (YMCTBEHHOTO WJIM TIPAKTH-
YECKOro) ¢ IeJbI0 ero ycBoeHus. B pamkax
YIOPaXKHEHUsS] OCYILUECTBISIETCA «YSICHEHUE CO-
Jep>KaHUsl JTEUCTBUS, €ro 3aKperuieHue, 0000-
[IEHWE ¥ aBTOMAaTHU3alus JTUOO0 OJTHOM U3 MmpoIie-
Iyp Hapsay ¢ OObSICHEHUEM U 3ay4UBAaHUEM, KO-
TOpbIE MPEALIECTBYIOT YIPaKHEHUIO U o0ecre-
YUBAIOT MEPBOHAYAIBHOE YACHEHUE COJICPHKAHUS
JIEUCTBUSI U €ro NpeIBapUTEIbHOE 3aKperuie-
Huey [17].

AHanu3upys BBILIEIPUBEICHHBIE OIpeaese-
HUS, MOXHO 3aMETHUTh, YTO YIPAXKHEHUE pac-
cMmaTpuBaercs kKak (opma ydeOHOTro 3aJaHus, 0
COJIEP)KAaHUIO TIPEJICTABIISIIOIIEe COOO0M TMpoIiece
BBITMOJIHEHUST O0YYarOIMIUMCSl HEKOTOPBIX yuel-
HBIX JECUCTBUU. YIPaKHEHUE HOCUT MpPAKTHUYE-
CKUH XapakTep oOy4YeHHs, Pa3BUBAIOIINN MEPBO-
HaYaJIbHOE TEOPETUYECKOE O3HAKOMJICHHE O0y-
YAOIIErocsi C HOBBIM YUEOHBIM MaTepUalIOM, U
HAIpaBJICHO Ha 3aKpeIUicHHe, 0000IIeHNEe U aB-
TOMAaTU3alUI0 JECUCTBUM. YTPA)KHEHUE HMEET
LeNb W, KaK CIEACTBHE, OPHUEHTHUPOBAHO HA JI0-
CTH)KEHHE KOHKPETHOTro pe3yisbrata. B mporecce
OoTpabOTKH yHpakKHEHUS OOYYAIOIIUIiCS perraeTt
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3aja4dy, CoAep Kallyto AeUCTBUs (Oneparum), Bbl-
TMOJTHSIEMBIE OMPEICTICHHBIM CIIOCOOOM WU C HC-
MOJIb30BAaHUEM H3BECTHBIX MpueMoB. [lnanupo-
BaHHUE OMPEENIIECT MECTO YIIPAKHEHUS B CUCTEME
MOCJIEIOBATEbHOCTH APYTUX YIPAKHEHUH, YTO
o0ycIlaB/IMBaeT HapacTaHHWE CIIOKHOCTH YIIPax-
HEHHs 10 Mepe GOPMHUPOBAHUS HABBIKOB U yMe-
HUWA. MHOTOKpaTHOCTh BBINIOJHEHUS THUIIOBBIX
yOpakKHEeHU# TpeOyeTcs sl COXpaHEeHUsl yCTOi-
YUBOCTH (HOPMHUPYEMBIX HABBIKOB U YMEHHIA.
VYnpaxHeHue pa3padaTbIBaeTCs JHUIIOM, HMEIO-
MM CTICIIHATBHYIO KBATH(DHUKAIIHIO.

Lenpto ympakHeHUsT Ha JUCHETUYEPCKOM
TpeHAXKEpE SBIIIeTCS (HOPMHUPOBAHKE, 3aKpeIlIc-
HUE, BOCCTAHOBJICHHE WU KOHTPOJb KaKOTO-
nu00 HaBbIKA WJIM COBOKYITHOCTH HABBIKOB WU
yMeHHH, HeoOxomuMmbix aucnerdepy YBJl s
BBIMOJIHEHHUST (DYHKIIMOHAIBHBIX 00sI3aHHOCTEH
Ha paboyeM MecTe ITUCIETYEPCKOTO IyHKTa
(cextopa). YcnemHo chopMUpOBaHHBIE HABBIKU
U YMEHHUS BXOJAT B COCTaB CJICAYIONINX TEXHO-
JIOTUYECKHUX Olepanui: MNpueM AeKypcTBa H
MOATOTOBKA pabodero MecTa; COOJIIOICHHE Tpa-
BUJI U TIPOLIEAYP YHPABICHUS BO3MYIIHBIM JIBH-
JKEHHWEM; aHaJu3 M PeIIeHrue KOH(JIMKTHBIX CH-
Tyanwii, COONIOJICHHE TPaBWI PATUOCBI3U H
dbpazeonoruu paanuooOMeEHa; MPUOPHUTETHOCTb,
peryJiupoBaHUE OYEPEIHOCTH, YNPABICHUE CKO-
pOCTSIMH, BEKTOpPEHHWE, JIICTOHUPOBAHHE, TEX-
HUKa YIOPaBIICHUS BO3IYIIHBIM JABM)KCHHUEM C
WCIIOJIb30BAaHUEM CPEJICTB HAOJIOJECHUS U aBTO-
MaTHU3alUU OOCITYKHBaHUS BO3AYIIHOTO JBUXKE-
Hus (OBJI); nmelicTBus mpu yIpaBICHUU BO3-
OYIIHBIM JBW)KCHHEM B OCOOBIX Cllydasx H
YCIIOBHSIX B nonere’ .

3amava, pemaemasi B YIpaKHEHUU HA IHC-
METYEPCKOM TPEHAXKEPE, MOKET ObITh YHHBEP-
CaJbHOW W CIELHANbHOM. YHHBEpCalabHas 3a/1a-

! Mpukas Munrpanca Poccun ot 14.04.2010 Ne 93 (pen.
ot 12.08.2020) «O06 ytBepxnennu [lopsinka GpyHkumo-
HUPOBaHMS HETIPEPHIBHOM CHCTEMBI NPO(eCCHOHAIBHOMN
MIOJITOTOBKH, BKJIIOYasi BOIIPOCH OCBHUJICTEIbCTBOBAHNS,
CTa)XUPOBKH, OPS/IKA JOIYCKa K paboTe, IepuoanIHO-
CTH MOBBILICHHS KBATU(PHKALIMN PYKOBOIALIETO U IHC-
METYSPCKOT0 NepCoHaay (3aperucTpupoBaHO
B Mumntocte Poccnn 26.08.2010 Ne 18264) [DnexTpoH-
Helit pecypc] // TAPAHT.PY. 2020. URL:
https://base.garant.ru/199197/ (aara obpaiueHwus:
28.09.2024).
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Puc. 1. ®parMeHT BBITIOIHEHHS 338491 ONPEICTICHHS PACCTOSIHU MeX Iy 1ByMs BC, MexXIy IBYMs TOUKaMH,
Mexay Toukoi U BC ¢ MOMOILbIO HHCTPYMEHTA «BEKTOP-H3MEPHTEIb)
Fig. 1. Fragment of the task to determine the distance between two aircraft, between two points, between a point
and an aircraft using the “vector-measuring” tool

Yya — 3TO 3a/a4a OOILIero xapakrepa, He 3aBUCH-
masi OT BHJIa JUCIETYEPCKOTO MyHKTa, AJS KO-
Toporo oHa Oblta paspaborana. Hampumep,
OTpefieNieHue C TMOMOIIBI0 WHCTPYMEHTa «BEK-
TOP-U3MEPHUTENbY» PACCTOSIHHUSI MEXIy ABYMS
Bo3nymHbIME cysnamu (BC), mexay nByms Tod-
KaMu, Mexay Toukoil 1 BC B okHe BO3mylIHOMN
00CTaHOBKH SIBJISICTCS YHUBEPCATBHOW 3a7adei.
B Heli ¢hopMupyercss HaBBIK pabOTHI ¢ UHCTPY-
MEHTOM «BEKTOP-M3MEepHTENb» . OParMeHT Bbi-
MIOJIHEHMSI TaKOM 3aJjauM MpeJICTaBIeH Ha puc. 1.
CrnenmanpHas 3a7ada pemaercs Ha padodeM
MecCTe JUCIieTYepa KOHKPETHOTO TUCIETYEPCKO-
ro MyHKTa, HalpUMep IUCHETUYEPCKOro IyHKTa
MOAX0Aa, KOMAaHJIHO-JAMCIIETUYEPCKOr0 MyHKTa
(Bprmika), nucrieTdepckoro MyHKTa Kpyra, JIHC-
METYEPCKOTO MYyHKTA CUCTEMBI IOCAJIKH U JIP.
VYropakHeHue Ha JUCTIETYEPCKOM TpEeHaKkepe
BBHITIONHSAETCS Ha ()OHE MMHUTHPYEMOW TUHAMHU-
YECKH HM3MEHSIOMICIHCS BO3IYITHOW OOCTaHOBKH
B 3a7aHHOM paiione (cekrope) OBJl unu Ha
IUIOLIAId MaHEBPUPOBAHUS a’dpoJpoma (Janee —
a’poHaBUTANIMOHHAs 00cTaHOBKa). B 3aBHCHMO-

* TIporpamMMHOe obecIieueHne KOMIUIEKCA ABTOMATH3AIHH
yHpaBlIeHUS BO3AYIIHBIM ABIKeHNnEM «Tomasz OBI».
MHceTpykuums o 3Kkcrutyatauuy 1 qucneryepos Y B/
[DnexTponnsiii pecypce] // AC YB]] «TOITIA3», 2021.
21 c. URL: https://lemz.ru/%D1%82%D0%BE%D0%
BF%D0%B0%D0%B7-10/ (nata obpatueHus:
28.09.2024).
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CTH OT HENU yNpaKHEHHs ¥ 3aJa4H, peraeMon
B HEM, BO3/yIIHas 00CTaHOBKA MOXKET 3a/1aBaTh-
csl, ycTaHaBiuBas TpeOyeMble 3HAUCHUs MHTEH-
CHUBHOCTH BO3YILIHOTO ABW)XCHHUS, MPOIYCKHON
CHOCOOHOCTH 3JIEMEHTOB CTPYKTYPHI BO3IYII-
HOTO  TPOCTPAHCTBA, BBOJS  OTpPaHUYEHUS
Ha UCIIOJIb30BAHKUE BO3AYLIHOTO IMPOCTPAHCTBA,
U3MEHAS METEOpPOJIOTHYECKYI0, OPHUTOJIOTHYE-
CKYyI0, PaJuO3IEKTPOHHYI0O OOCTaHOBKY B paii-
oHe oTBeTcTBeHHOCTH opraHa OBJl. ®parmeHt
a’pOHABUTALIMOHHON 0OCTAaHOBKH, Ha (OHE KO-
TOpOW BBITIOJIHAETCS yrnpakHeHue «Oobecmeye-
HUEe OOKOBOTO JIIECJIOHMPOBAHUS MEXIY [BY-
Mms BC» [1], npencraBiieH Ha puc. 2.

CJ10KHOCTB ¥ TPYAHOCTH YNIPAKHEHHI
HA JUCNEeTYePCKOM TpeHakepe

CHOXXHOCTh YIPaXXKHEHUsI Ha JUCIETYEPCKOM
TpeHaXXepe, Ha Halll B3IV, 9TO KaTeropus, Xxa-
paxkTepusylomas CTPYKTypy YMEHUI M HaBBIKOB,
BKJIIOUEHHBIX B COCTaB ynpaxkHeHus. Kosmue-
CTBEHHO CJIOKHOCTh MOXET OBITh BBIpaXKEHA Yepe3
OTHOILICHHE BHOBb (OPMHUPYEMBIX HABHIKOB B
JAHHOM YNPAXHEHHH K OOIIeMy KOJIUYECTBY
HABBIKOB, COZAEPXkAIIMXCA B HM3yyaeMoOH Teme, ¢
YUETOM HAaBBIKOB, TPeOYyEeMBIX [UIS BBIIOJIHEHUS
9TOTO YNpaXKHEHHS W C(HOPMHUPOBAHHBIX B XOJIE
0TpabOTKU YHPa)KHEHUH MpeAblIyIIuX TeM y4eo-
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Puc. 2. ®parmMeHT a3poHaBUTALIMOHHON 00CTaHOBKH, Ha ()OHE KOTOPOH BBINOJIHSETCS yrpaxHeHne «ObecredeHne
OOKOBOT0 3IIETOHNPOBAHUS MEXKY ABYMS BC»
Fig. 2. Fragment of the air navigation situation for which the exercise “Ensuring lateral separation between two aircraft” is
performed

HOHM nucuuivHbl. [Ipu 3TOM B X0oA€ pa3paboTKu
HOBOTO YIPaXKHEHUsI HEOOXOAWMO TPHICPIKH-
BaTbCsl MPUHIMIA OJHOM crnokHocTH. [IpuHimn
OJTHOM CJIO’KHOCTH O3HA4aeT, YTO B COCTaB yIPax-
HEHUs BKJIOYACTCS] TOJIBKO OJMH HOBBIA HAaBBIK,
KOTOPBI HEOOXOIUMO C(HOPMHUPOBATH, & OCTAIIb-
HbIC HaBBIKM JIOJDKHBI OBITH YK€ M3BECTHBI 00Y-
YaroueMycs, 1 UX TpeOyercsi 3aKperuTh, TPEHHU-
pOBaTh WM BOCCTAHOBUTH. AHAIUTUYECKH CIIOXK-
HocTh C (OT aHrI. complexity) ympakHeHHS Ha
JMCHETYEPCKOM TpPEHAXKEPEe MOXKHO BBIPa3HUTh C
HIOMOIIBIO CIIEYIOMIEH 3aBUCUMOCTH:

nk n{
k kK J°
Yicq S;

¢/ = Clap-D+ 1)
rae Cl.] — CJIOXHOCTb i-T0 yNPaKHEHUs j-i TeMbl
B TEMaTHYECKOM IUIaHe y4eOHOH TUCIUILTHHEI,

nl, — HOMep A-TO KOHEUHOro HABHIKA B [-if
TEME;

K S} — cyMMa BCeX HaBBIKOB § (OT aHTIL

skill) /-it Tembr;

n! — HOMep i-TO BHOBb (DOPMHPYEMOTrO
HaBBIKa B j-# (TeKylel) Teme;

kK J
i=15;

Ieil) TEMBI.

[Ipeanonoxum, 4to ydyeOHas AMCHUILIIMHA
BKJIIOYACT JBE TEMbI, B KaXJOW M3 KOTOPBIX
dopmupyercss 10 HOBBIX HaBBIKOB. be3 yuera
MOBTOPEHUSI OJHOTHUITHBIX YTNPAKHEHUU, HC-
MOJb3ysl 3aBUCUMOCTH (1), MOXXHO paccuMTaTth
CJIOHOCTh KXKIOTO YIPaKHEHUs, (OPMHUPYIO-

— CyMMa BCE€X HaBBbIKOB j-U (TeKy-
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[IETO HOBBIM HABBIK MO MEpe MOCJIe0BATEIHHO-
ro W3y4YeHHUs TeM. PacdeTrbl IOKa3bIBAIOT
(puc. 3), yTO camoe NMPOCTOe yHpaxHEeHUe OyaeT
HMETh cloxHOCcTh 0,1, a caMoe CI0XKHOE —
2,0 yCIOBHBIX €IMHUIIBI.

Ha mpaktuke Bpsg Ju BO3MOXHO pa3pado-
TaTh TaKo€ YIpaXKHEHHE, B KOTOpOE OBLIM OBl
BKJIIOYECHBI BCE paHee u3ydeHHble HaBbIku OBJI.
C yyeToM MpUHIMIA OJHOW CIOKHOCTH HHBIM
CIOCOOOM CJIOKHOCTh YTPAKHCHHSI HA JTUCTICT-
YEepCKOM TpEHaXepe MOXKHO OMpPENEIUTh Kak
COBOKYITHOCTh B3aWMOCBSI3aHHBIX TPEOYyEeMBIX
JUTSL BBITIOJTHEHUSI TOJBKO JAHHOTO YNPaKHEHUS

paHee C(OPMUPOBAHHBIX HABBIKOB §; U OJHOTO
HOBOTO (pOPMHUPYEMOTO HaBbIKa. B aHammuTHde-
CKOM BHJI€ TaKyl CJIOXXHOCTb YINPaKHEHUS
MOXHO BBIPAa3UTh C MOMOIIBIO CIIEIYIONIEH 3a-
BUCHMOCTH:

c’

— Vk
i - l=lsl+1‘

2
CnoXKHOCTh YIpa)KHEHUS, PACCUUTAHHYIO C
HOMOIIBI0 3aBUCUMOCTH (1), Ha30BEM OTHOCH-
TEJILHOM CJII0’KHOCTBIO YIIPAKHEHUS Ci]om- OtHo-
CUTENIbHAsl CJOKHOCTb YIPAKHEHHUS OTpakaer
€ro BHEILIHIOI CTOPOHY — CBSI3bIBACT yNpaXKHeE-
HUE C €r0 MECTOM B CTPYKType y4eOHOU quciu-
IUIMHBI U B CUCTEME BceX (POpMHUpPYyEMBIX HaBbI-
KOB. OTHOCHTENBHYIO CJI0XKHOCTh HEOOXOIMMO
YYHUTBIBaTh IPU IUIAHUPOBAHUU TPEHAKEPHOU
MIPaKTUKH Ha JIUCIIETYEPCKOM TPEHaXepe.
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OTHOCUTENbHAA CNOXKHOCTb ynpaxHeH i

CNOXHOCTb ynparkHeHuA (ea.)
o = = N i
w o (9] o (9]

o
(=]

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16 17 18 19 20

Obwee KONMYECTBO PA3HOTUMHBIX YNPAKHEHMWIA B y4eOHOM
aucumniuHe

Puc. 3. I3MeHeHre OTHOCUTENILHOM CII0KHOCTH YIPA)XKHEHHUS Ha TPEHAXKeEDe,
(hopMHUpYIOLIETO HOBBIH HABBIK 110 MEPE I10CIIEI0BATEIBHOTO U3YYEHHS TEM
Fig. 3. Change in the relative complexity of the exercise on the simulator
that forms a new skill as sequential topics are studied

CnoXXHOCTh YIpaKHEHUS, PACCUYUTAHHYIO C
MOMOIIBIO 3aBUCHUMOCTH (2), Ha30BeM abCONIOT-
HOM CIIOKHOCTBIO YIIPaKHEHUS Ci]aﬁc. AbcomoT-
Hasl CJOXHOCTh YIpPaKHEHUS HE HMEET YETKO
BBIPOKCHHOM CBSI3U CO CTPYKTYpPOH yueOHOM
TUCITUIUIMHBL, HO XapaKTepu3yeT BHYTPEHHIOIO
CTPYKTYpPY HaBBIKOB YIIPAKHCHUS U MOKET OBITH
UCIIONIb30BaHA TPU IJIAHUPOBAHUHM HHIWBUIY-
QIBHBIX TPACKTOPHIA TPOXOXKICHUS TpPECHAXKEP-
HOM MPAaKTUKKA Ha JUCTIETYEPCKOM TpPEHaXepe
JUTSL KQKJTOTO 00YyYaroIierocs.

MonenupoBaHue CIOKHOCTH YIPAKHEHUS Ha
JTUCTICTYEPCKOM TpPEHAXKepe OCYIIECTBIISICTCS C
Y4€TOM OCHOBHBIX U JIOMOJHUTEIbHBIX (haKTo-
POB’, XapakTepusyomux ocoberHoctH OBJI
B 30HE OTBETCTBEHHOCTHU JAMCIETYEPCKOTO IMyHK-
Ta (cexropa) oprana OBJI, mist koToporo paspa-
OaTbiBaeTcs ymnpaxHeHue. K OCHOBHBIM CTpPYyK-
TYpHBIM ()aKTOpaM OTHOCSATCS: CPEIHECB3BEIICH-
HOE BpeMsi HaXOXKJIEHUs BO3IYIIHOTO CyJHa B
IpaHUIAX 30HBI OTBETCTBEHHOCTH UCIIETYCP-

? Tlpukas Pocapuammu ot 07.11.2012 Ne 757 «O6 yrBep-
KICHUH METOIMKY ONpe/elIeHNs] HOPMATUBOB MPO-
MYyCKHOM CITOCOOHOCTH TUCTIETYEPCKHX MTYHKTOB (CEK-
TOPOB) OPTaHOB OOCITY>KHBaHUS BO3AYIITHOTO JIBHKE-
Hust» [Dnekrponnsiit pecype] / TAPAHT.PY. 2012.
URL: https://www.garant.ru/products/ipo/prime/
doc/70165526/ (nata obpamenus: 28.09.2024).
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CKOTO IMyHKTa (CEKTOpa) opraHa 0OCITy>KHBaHUS
BO3/YIIHOTO JBIKEHUS; OCOOCHHOCTh CTPYKTY-
pBl  BO3AYIIHOTO IPOCTPAHCTBA 30HBI OTBET-
CTBEHHOCTH JUCIETYEPCKOr0o IYHKTa (CEKTOpa)
opraHa oOCIy>KMBAaHHUS BO3JYLIHOIO JBM)KEHUS;
YHOPSA0YEHHOCTh CaMOJIETONIOTOKA B I'paHUIaX
30HBI OTBETCTBEHHOCTH JAUCHETYEPCKOTO MyHKTa
(cextopa) OB/I. K momomHuUTENnsHBIM (akTopam
OTHOCATCS: TEXHMYECKOE OCHAILlEHHE AMCIeT-
4yepcKoro myHKTa (cektopa) oprana OBJl; Hanu-
YK€ MOJETOB C NEPEMEHHBIM MpoQuiIeM; HaH-
Yhe TrOCYJapCTBEHHOW TpaHMIBI B 30HE OTBET-
CTBEHHOCTH JIUCIIETYEPCKOTO ITyHKTa (CEKTOpa)
oprana OBJl; otcyTcTBHME mNpsMOIl CBSI3U CO
CMEKHBIMU JAMUCIETYEPCKUMHU MYHKTaMU (CEKTO-
pamu) opranoB OB/I; koiM4ecTBO IHUCIIETYEPOB,
OJTHOBPEMEHHO pabOTAIOIIUX 3a OJHUM ITyJIbTOM
JUCIIETYEPCKOTO MyHKTa (cexkropa) oprana OB/I.

Crnenyer 0co00 OTMETHTh, YTO HAUOOJBIINE
3aTpynHeHus: npu pemenuu 3axad OBJl y o0y-
YAOLIUXCSl BBI3BIBAIOT MOJIEJIUPYEMBIE 3JIEMEHTHI
CTPYKTYpPbl BO3JYIIHOTO IPOCTPAHCTBA, SIBJISIO-
IIMeCs] BEPOSATHBIMU MECTaMHM BO3HHKHOBEHHUS
KOH()JMKTHBIX ¥ MOTEHUUATBHBIX KOHQIUKTHBIX
cutyanuii (KC u [1KC). K HumM oTHOCSTCS: TOUKH
CXOXKJEHUsI M TEPECEUEHHs] MApIIPYTOB JIBHXKE-
musg BC; Touku, MMmeronye ABa Wik Oosee cXo-
JUSIIUXCST TIOTOKA C MEPEMEHHBIM MPOQHIeM I0-



Tom 28, Ne 01, 2025

HayuyHblit BectHuk MITY TA

Vol. 28, No. 01, 2025

Jera; TOYKH, UMEIoIIre Tpu WK Oojiee cekropa
VB/I, npuHrMaronux y4dactue B (GOpMUPOBAHUH
WHTEPBAJIOB JBW)KEHUS; KOJIMYECTBO U IIPOTH-
JKEHHOCTh YYacTKOB BO3IYLIHBIX Tpacc JIByCTO-
POHHETO JBIKEHHS C IEPEMEHHBIM MpodHiIeM
MI0JIETA; YYACTKH BO3IYLIHBIX Tpacc WM TPAeK-
Topuil nBwxkeHus BC, a Takke TOUKM Iepeceue-
HUSL U CXOXKJIEHHsI MapIIpyTOB, HA KOTOPBIX MO-
JENIUPYETCs 3arpyKEHHOCTh B Yachl MUK, JOCTH-
rampmasi MoporoBoro 3HaueHWsi, OJU3KOr0 K HUX
HOPMaTHBHOM nporryckHoi ciocoonoctu (HIIC).

TpyAHOCTh yIpa’kHEHUS Ha JUCHETYEPCKOM
TPEHA)KEpPE — 3TO IOKa3aTelb, XapaKTEpHU3YIo-
U CIOCOOHOCTh CyOBEKTa UCTIHITAHUS B yCTa-
HOBJICHHOE BpPEMs BBIIIOJIHUTD YNPaXHEHHUE 3a-
JTaHHOM coXHOCTH. [1o71 CyObeKTOM HCIIBITAaHHS
NOHUMaeTcs oOydvarolluiicsi, rpynna o0yd4aro-
LIUXCsl, ONBITHBIN nucreryep YBJ/I wmm rpymnma
TaKMX  JUCIETYEpPOB. BpeMs  BBINOIHEHHA
YOPaXHEHUs] TPU TOATOTOBKE JUCIETUYEPOB
YBJI umeet 0coOyr0 BaXHOCTh, 00YCIIOBIEHHYIO
cnenudukoit padotsl opranoB OB/I.

MOXHO BBIIEIUTH IPAKTUYECKYIO, CpEAHE-
CTAaTUCTUYECKYI0 M HMHAWBUAYAIbHYIO TPYJIHOCTbH
YIPa)KHEHUS HA IUCTIETYEPCKOM TPEHAKEDPE.

[IpakTuyeckas TpyAHOCTb YIIPa>KHEHUS — 3TO
CTaTUCTHYECKU ONpefesieMas TPyJHOCTh, C KO-
TOPOI BBINOJIHSIOT JIaHHOE YIIPa)KHEHUE OIIbIT-
Hble aucnetdepbl YBJl Ha nmpoTskeHUM 3amaH-
HOTO IIepro/ia HaOJIIOICHUM.

CpennecraTucTuueckass TPYOHOCTb YIIpaX-
HEHUS 9TO CTAaTUCTUYECKH OIpeaeseMas
TPYAHOCTb, C KOTOpOHl oOyuaromuecs BBIIOJ-
HAIOT JAHHOE YIPaKHEHUE Ha MPOTSHKEHUM 3a-
JIAHHOTO TIEPHOJ1a HAOTIOACHUH.

WHnuBuayanbHas TpyAHOCTh YIPaXKHEHUS —
3TO TPYIHOCTb, OIpenesemMas M0 pe3yJbTaTy
pelIeHHs 3a/laud YNPaKHEHHUs OJHUM 00ydYaro-
LIMMCS.

[IpakTuueckass ¥  cpegHECTaTUCTUYECKAs
TPYAHOCTH YIPAKHEHUs JOJKHBI OBITH CTaTH-
CTUYECKH ycTOMuMBBL. MHauBuAayanpHas Tpyn-
HOCTh TIPU TIOJIOXKHUTEIBHOM 3 deKkTe yueOHOro
Ipouecca J10JKHA UMETh TEHACHLHUI0 K yMEHb-
LICHUIO B 3aBUCHMOCTH OT U3MEHEHUS CTEIICHU
c(OPMHUPOBAHHOCTH HEOOXOJUMBIX JJISI BBIIOJ-
HEHUS YIPAKHEHUS HABBIKOB 0 IOCTHIKEHUS
CTaTUCTHYECKU YCTOMYMBBIX 3HAUCHUH, OIM3KUX
K 9TAJIOHHBIM.
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AHaNUTUYECKN TPYIHOCTh YNPaXHEHUS Ha
JHUCHETYEPCKOM  TpeHaxepe D (0T  aHrImL.
difficulty) Mo>XHO BBIPa3UTh C MOMOIIBIO CIe-
JYIOIIETO BBIPAKCHUS:

Four
i=1Csa)

1-—

n

tBbIl’[ S t33,£l’ (3)
I/I€ 1 — KOJNYECTBO OLIEHUBAEMBIX B yNpa)KHe-
HHUM T0Ka3aTene c(popMUPOBAHHOCTH HABBIKOB;

" — 3HaueHme moKazarensi cHOPMUpPOBAH-
HOCTH HaBbIKA y CyOBEKTa HCIBITAHUS, IMOJIY-
YEHHOE B XOJI€ BBIIIOJIHEHUS YIIPAXKHEHHUS;

P _ sranonHoe (HamTydmiee) 3HAYCHHUE
OLICHUBAaEMOIo  IoOKazaTens  (QopMHUPYeMOro
HaBbIKa, KOTOPOE JOJKHO YUUTBIBATh TPeOOBa-
HUS PYKOBOJSIIMX TOKYMEHTOB II0 peajln3aluu
npouenyp OBJl, cTaTuCTUKY  BBITIOJTHEHUS
YIPa)KHEHMs ONBITHBIMU Jucrterdyepamu YB/[ u

OHpeHeHﬂTBCﬂ pa3pa6OT'-H/IKOM ynpamHeHHﬂ;
cur

n Ti
i=1(r%[;d)

n — BBIPAXKACT YCIICITHOCTDb BBIIIOJI-

HEHUS yIIPaKHEHUS;

typin < tsaq — BPEMEHHBIE OTPAHUYCHUS BbI-
MIOJIHEHUSI YTIPAKHEHUSI.

Jlmama3oH 3Ha4eHUH [ MOXKET HaXOIUThHCS
B uHTepBaie 0 < D < 1, rae 6mu3octh K 0 cooT-
BETCTBYE€T CaMOMYy JIETKOMY YIPa)XHEHHIO,
a 6M30CTh K 1 — camomy TpyIHOMY.

Knaccndukanus n TMIbI ynpaskHeHHI Ha
AUCIETYEPCKOM TPEeHasKepe

B memsix BCECTOpPOHHETO W3YyYEHHUsS] CBOWCTB
yOpaXHEHUH Ha JUCIETYEPCKOM TpEHaKepe
HE0OXOIMMO TIPEUIOKUTH UX KIACCUPHUKAIIHIO.

IlepBbIM OCHOBaHMEM KJacCU(PUKALUU SIBIIS-
€TCS 1eJb BBITIOJHEHUS YNPaKHEHHs. YTpaxK-
HEHHE MOXET OBbITh Pa3paboTaHO B O0YUaIOIIUX,
TPEHUPOBOYHBIX U KOHTPOJIbHBIX Lensax. OO0y-
yaomas 1eib — GOPMUPOBAHUE U 3aKpeIICHHE
HaBBIKOB, HeoOxomuMmbix misi OBJI, Tpenupo-
BOYHAs 1I€Jb — COBEPLICHCTBOBAaHHE WJIM BOC-
ctaHoBieHue HaBblkoB OBJI, koHTponbHas
1eJIb — MPOBEJCHUE MPOMEXYTOYHOTO WIIM UTO-
TOBOTO KOHTPOJISI IPUOOPETEHHBIX HABBIKOB.



HayuyHbiit BectHuk MITY TA

Tom 28, Ne 01, 2025

Civil Aviation High Technologies

[To ¢dopme ympakHEHHS MOXHO BBIICIHUTH
WHJIUBUTyaIbHBIC U TPYIIIOBBIC YIIPAXKHEHUSI.

[To 3amaue, pemaemMoii B ypa>xHEeHUH, MOTYT
OBITh YHUBEPCAJIbHBIE M CIICIHAIIbHBIC YIPaXK-
HEHUsA. YHUBEpPCAIbHBIE YNPAXHEHUs HAIMpaB-
JICHBI HA OTPAOOTKY HABBIKOB BBIIOJIHCHUS TEX-
Hojornueckux onepauuit OBJI, paboTel co
Cpe/ICTBAaMHU CBSI3M, HABUTAIIUU, HAOIIOACHUS U
(GYHKIIMOHATIOM aBTOMAaTU3UPOBAHHBIX CHCTEM
yIpaBJeHUsl BO3YIIHBIM JBIKEHHEM. B cBOIO
ouepenb CHeNHaIbHBIC YIPaKHEHUs HarmpasJe-
Hbl Ha OTPa0OTKY HABHIKOB BBHITIOJHEHUS (DYHK-
[IMOHATIFHBIX O00s3aHHOCTEH C pabodymx MecCT:
nucrieryepckoro mynkta (1) pynenus, crapro-
goro /[II, JII moxxoma, KOMaHIHO-AUCIIETYED-
ckoro myHkra, JIII kpyra, Il cucremsl nocan-
ku, /Il paiioHHoro nenrtpa EnnHON cucTeMBbI
OpraHU3aIMy BO3AYILIHOTO JIBHXKEHHS, MECTHOT'O
HIT u npyrux I1.

[To BpeMeHU BBHITIOJIHEHHS YIPAXKHEHUS MO-
I'yT OBITh C OTpaHWYCHUEM U 0€3 OrpaHHYCHUN
BPEMEHHU BBITTOTHEHUSI.

Bo3MoxHBI U Ipyrue OCHOBaHHS KiacCH(U-
Kalluy yOpa)KHEHUM Ha JUCHETYEPCKOM TpeHa-
Kepe, HalpuMep MO CTENEeHH y4acTUs UHCTPYK-
Topa, MmO ¢opMe OpraHU3alUHd TOJBITPHIIIA
(C MUIIOTOM-YEJIOBEKOM HJIA TTHJIIOTOM — pOOOTH-
3UpPOBAHHON CUCTEMOM).

Baxxnoli 3aiaueii opranuzanuu yaeOHoul Tpe-
HaXXEPHOU MPAKTUKU HA JUCHETYEPCKOM TpEeHa-
xKepe SABJseTcsl pa3paboTKa THIOBBIX yMpa)KHe-
HUW I MHOTOKPATHOTO MOBTOPEHUSI OJHHUX U
TeX K€ YMCTBEHHBIX M TE€XHOJIOTUYECKUX OIepa-
MU C 1eNbI0 3aKPEIUICHUsT BHOBL MpUoOpeTae-
MOTO WJIM TPEHUPOBKH YK€ MMEIOIIErocs HaBbI-
ka. B pabore [18] moHsATHE THIA yIpakKHEHUS
oTpezeNsaeTcss Kak pa3HOBUAHOCTh YIPaXKHEHHIH,
oOnagaromux HabopoM YCTOWYMBBIX MPU3HAKOB,
KOTOpBIE COOTBETCTBYIOT LIEJIM U MECTY YMpaxk-
HEHUs B mporecce (OPMUPOBAHUS 3HAHWI, Ha-
BBIKOB M YMEHUN. TUNOBBIX YIPa)KHEHUHN TOJIK-
HO OBITh JIOCTATOYHOE KOJMYECTBO, YTOOBI HE
IomycTuTh d(QeKTa TPUBBIKAHUSA, HAIPUMED,
KOI/la HAaBBIK 3aKPEIUIIeTCs MyTeM MHOTOKpaT-
HOT'O BBITIOJIHEHUS OJHOTO U TOTO K€ yNpa)KHe-
HUsA. TUMOBBIMU YHPAKHEHUSIMU MOTYT CUH-
TaThCSl YMPaKHEHUSI C HKBUBAJIEHTHBIMU OTHO-
CUTEIIbHBIMHU ¥ a0COFOTHBIMU CIIOKHOCTSIMU, HO
pa3paboTaHHBIC HA Pa3IMYHBIX (oHAx a’poHa-
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BUTAIIMOHHOW 0OCTaHOBKU U C HECKOJIBKO HM3Me-
HEHHBIMHU YCIOBUSIMU 3aayd. OTHOCHUTETbHAsS
CJIIOHOCTh THUIIOBOTO YIpaKHEHUS OyaeT yka-
3bIBaTh Ha €r0 MECTO B y4e€OHOH NUCIMIUIUHE U
B CHCTEME BCeX yXe C(HOPMUPOBAHHBIX HaBBI-
KOB. AOCOJIOTHAs! CIOXHOCTh OyJeT yKa3blBaTh
Ha BHYTPEHHIOIO CTPYKTYPY HaBBIKOB yIPa)KHE-
HUS1, HCOOXOAMMBIX JIJISl PEIICHUS TIOCTABICHHON
B HEM 3a/1aUU.

Tun ynpakHeHUs Ha TUCIIETYEPCKOM TpEeHa-
JKEpe — ATO MPU3HAK HEKOTOPOW Ipynibl yIpax-
HEHU, pa3pabOTaHHBIX C OJMHAKOBOH LEJBIO,
3aHMMAIOIIUX COOTBETCTBYIOIIEE MECTO B yuel-
HOM MPOLIECCE, OTINYAIIIMXCS IPYyTr OT JIpyra
3a/1a4eil WM a3pOHAaBUTAIMOHHON 00CTaHOBKOIA,
Ha ()OHE KOTOPOU OHU BBITTOJTHSIOTCS.

Takum oOpa3om, ynpakHEHHE HA TUCHET-
YEpCKOM TpeHa)xepe — 3TO pa3padOTaHHOE B CO-
OTBETCTBHHU C YYEOHBIMH IIJIJAHOM U MpOorpamMma-
MU y4eOHBIX AWCIMIUIUH 3aJaHUE, BBIMOJHSIC-
MO€ Ha JAMCIIETYEPCKOM TpeHakepe Ha (GoHe Mo-
NENUPYEeMON adpPOHABUTAIIMOHHON 00CTaHOBKU
B LEJSIX (DOpMHUpOBaHUS, 3aKPEIUICHUS UM BOC-
CTaHOBJICHUSI HABBIKOB OOCIYXHBaHUs (yIpaB-
JICHHST) BO3YIIHOTO IBUYKEHUSI.

O0cy:kneHue MoJry4eHHbIX
pe3yJIbTATOB U 3aKJI0YeHue

[Tonyuennsle B paboTe pe3ynbTaThl SBISIOT-
Csl aJbHEUIIUM Pa3BUTHUEM TEOPETHUECKUX IIO-
JOKEHUU MOArOTOBKM aucnerdyepoB YBJl u Mo-
TYT OBITh WCIIONH30BAHBI B XO/I€ OPTaHHU3AINH U
IIPOBECHUS TPEHAKEPHOM NPAKTUKH Ha JIHC-
METYEPCKOM TpEeHakepe B 00pa30oBaTENbHBIX
yupexaeHusx ['A.

3a paMkamMu JaHHOW pPabOTHI OCTaNIHUCh BO-
MPOCHl OIICHUBAHMS BBHITIOJIHEHUS YTMPAXXKHEHUN
Ha JIUCTIETYEPCKOM TPEHAXepe, YTO, 10 MHEHUIO
aBTOpA, SBJSETCS CIIOKHON HayYHOU MPpoOIeMoi
U TpeOyeT CaMOCTOSTETbHOTO WCCIEIOBAHNUS.
Kaxxnp1il TiI ynpa)xHEeHUs 10-CBOEMY YHUKAJICH
B COYETAHMHM LI, 3374, a9POHABUTALIMOHHOTO
¢dona. CrnemoBarenbHO, CHCTEMa OLEHOYHBIX
CPEACTB ISl KaXXOro TUINA YIPAKHEHHS TaKKe
JIOJDKHA OBITh YHUKAJIBHOM, a B IIEJISX aBTOMAaTH-
3alluu — OpUBEACHA K KOJIMYECTBEHHBIM TOKa3a-
TEJISIM.
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B paGotre [19] co cceuikamu Ha TpyHAbI
I'.I. Kupunnosa, 1U.A. Jlepuepa, M.1A. Maxmy-
toBa, M.H. CkaTknHa yka3bIBaeTcs Ha JI0Ka3aH-
HOCTb TOT'0, YTO B YU4e€OHOM Ipolecce Kak B Iie-
JIOCTHOM SIBJIEHUHM LI€JIH, COJIepKaHue o0pazoBa-
HUS, METO/Ibl 00Y4YEHHUsI, KOHTPOJIb U OLIEHKa pe-
3yJIbTaTOB Yy4eOHOH MAeATEeNIbHOCTH B3aWMOCBS-
3aHbBl M B3aMMOOOYCIOBJIEHbl. B3anmocBs3aH-
HOCTb, B3aUMOOOYCIIOBIIEHHOCTh U cHeuu(puka
npouecca noAroToBku nucnerdepa YBJl siBHO
OOHapy’>KMBAIOTCS TpU MOJBEJACHUU HTOTOB
y4eOHOM MpaKTUKU Ha JUCHETYEPCKOM TpEHa-
JKepe, KOrja JeNaeTcsi BBIBOJ O TOTOBHOCTH
yuamuxcs K pemenuto 3agad OBJI. Ecnu 60mb-
11as 4acTh 00YYaIOLUUXCsl YCHEIIHO CIPaBUIaCh
C 3a7ayaMu y4eOHOI MpakTUKH, TO U y4eOHBIN
npolecc B LIEJIOM MOXHO CUMTaTh XOPOLIO Op-
raHW30BaHHBIM U COATAHCHPOBAHHBIM.
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YcoBepuICeHCTBOBAHHASA METOAUKA PACYETHOIO MOHUTOPHUHIA
BbIOPOCOB MAPHUKOBBIX I'A30B OT [1€ATEJIbHOCTH ABTOMOOUJILHOTI0
U BHEAOPOKHOI0 TpaHcnopra B Poccuiickoun Degepauuu
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AnHoTtaumst: IlpemnoxeHa MeTOAMKa, MO3BOJIONIAS IOJNYYaTh HEMPOTHBOPEYMBBIE M COTTIACOBAHHBIE OIICHKH OOBEMOB
BBIOPOCOB MApHUKOBBIX TA30B M Ta30B-TIPEKyPCOPOB OT aBTOTPAHCIIOPTA M BHEIOPOKHBIX MOOMIIBHBIX MAIIMH M KOJINYECTBEHHO
OLICHMBATh MX TOYHOCTb M HEOIPE/ENCHHOCTh. [IOBBIIEHHE TOYHOCTH OLEHOK JOCTHUTAETCs 3a CUeT JETAIM3AlMH HCXOIHBIX
JIAHHBIX, OTPAKAIOIIMX CHELU(HKY CTPYKTYpbl HAllMOHAIBHOIO aBTOIApKa M ITOKas3aTeNiel TPAaHCIIOPTHOM AESITENBbHOCTH, U
4€ro UCMoJIb3yeTCs IJ_II/lpOKl/Iﬁ CIIEKTP CTaTUCTUYCCKHUX, BEPOATHOCTHBIX U IKCIEPTHBIX METO/IOB. C HCIIOJIb30BaHUEM MCTO/JIUKH,
peanm3oBaHHOM B «TpaHCIIOPTHOM MOJENN», BO3SMOXKHO KaK BOCCTaHOBJICHHE BPEMEHHBIX PS/IOB BEIOPOCOB 32 IPE/IILIECTBYIOLINE
MEepUObl C OLEHKOM MX TOYHOCTH W HEONpPENENECHHOCTEH, TaK M BBINOJHEHHE CLEHAPHOTO MOJIEIMPOBAHMS B LIETAX
MPOTHO3UPOBAHMA 00BEMOB BEIOPOCOB B OyaymeM. Ha ocHOBE METOIMKY MOTy4YeHBl KOJMYECTBEHHBIE OLIEHKH BBIOPOCOB TPEX
BHUJIOB ITAPHHUKOBBIX I'A30B U TPEX Ta30B-TIPEKypCOPOB OT aBTOTPAHCHIOPTa M BHEIOPOKHBIX MOOMIBHBIX MallvH 3a reproz ¢ 2010
no 2022 rox, BBINOIHEHO COMOCTAaBICHHE PE3YJbTATOB C JaHHBIMK HalMoOHAIbHOTO KajacTpa, BIEPBBIE IOIYYECHBI OLCHKH
BBIOPOCOB JUISl YETBHIpEX KAaTEropuii BHENOPOXKHOM TEXHUKHW, BBINIOJIHEHA OIGHKA IOTpEOJIeHWs] TOIUIMBA M W3MEHEHUS
YHCJIEHHOCTH aBTOTPAHCIIOpTa BceX Kareropuit Ha mepuox ¢ 1990 mo 2022 ron. CdopmupoBaH MHPOpPMAIMOHHBIA MaccHB,
cozieprKaliii opUIMaIbHBIe CTATHCTUYECKUE JIAaHHBIE O KOCBEHHBIX MOKA3aTeNsIX TPAHCIIOPTHOH JESTENBHOCTH 0 KAaTerOpHsIM
aBTOTPAHCIIOPTHBIX CpesCTB 3a nepuos ¢ 1990 no 2022 rox, ¢ UCTIOIb30BaHUEM METOI0B MHO)KECTBEHHON PErpecCcHy BHITIOTHEHO
COIIOCTAaBJIEHUE PE3YJIBTATOB PACUETOB BBIOPOCOB C KOCBEHHBIMH MOKA3aTEIAMU M KOJIMYECTBEHHO OLIEHEHBl TOYHOCTh U
HEOMPEIENIEHHOCTH 3THX PEe3yJbTaToB. PacueTHble 00BEMBI BHIOPOCOB MAPHUKOBBIX TA30B IPU 3TOM CUUTAIMCH CITy4aiHBIMU
BEIIMYMHAMH, U1 KOKIOW M3 KOTOPBIX OINpPENEIBUINCH NOBEPUTEIBHBIH HMHTEpPBAI KaK IOKa3aTeldb HEONPENCNICHHOCTEH H
MeMaHHast TONpaBKa Kak MOKa3aTeNlb TOYHOCTH. [I0ATBEp)KICHO BBICOKOE KadeCTBO PE3YJIBTATOB PAcdeTOB, BHITIOJHEHHBIX Ha
OCHOBE PacCMaTpUBAEMON METOIHKU.

KnioueBbie ¢JI0Ba: MApHUKOBBIE Ta3bl, ABTOTPAHCIIOPT, MPOTHO3UPOBAHHUE BHIOPOCOB, BEPOSTHOCTHO-CTATHCTHYECKOE
MOJICTUPOBAHKE, METOIMKA PacyeTa BEIOPOCOB, MOKA3ATENM TPAHCTIIOPTHOMN e TEbHOCTH.

Jnst nutupoBanus: Tpodumernko HO.B. YcoBepmeHCTBOBaHHAS METOUKA PACISTHOTO MOHHUTOPHHTA BHIOPOCOB MTAPHUKOBBIX
Ta30B OT JIEATEIHHOCTH aBTOMOOWIIBHOTO W BHENOPOXKHOTO TpaHcmopra B Poccuiickoit @eneparmm / FO.B. Tpodumenko,
B.A. T'um30ypr, A.H. fAxyoosuu, B.M. JIerros, C.B. Illemvakos, M.C. 3encroBa // Hayunsriit Bectauk MI'TY T'A. 2025. T. 28,
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Improved methodology for the calculated monitoring of greenhouse gas
emissions from the activities of road and off-road transport
in the Russian Federation
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Abstract: A methodology is proposed to obtain consistent and coherent estimates of greenhouse gas and precursor gas emissions
from road transport and off-road vehicles and to quantify their accuracy and uncertainty. Accuracy increase of the estimates is
achieved by detailing the initial data, reflecting the specific features of the national vehicle fleet structure and transport activity
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indicators, for which a wide range of statistical, probabilistic and expert methods are used. Using the methodology implemented in
the “Transport Model” software product, it is possible to reconstruct time series of emissions for previous periods with an
assessment of their accuracy and uncertainties, as well as to perform scenario modelling in order to forecast future emissions. The
methodology was used to obtain quantitative estimates of three types of greenhouse gases emissions and three precursor gases from
road transport and off-road vehicles for the period of 2010 to 2022, to compare the results with National Inventory data, to produce
emission estimates for four categories of off-road vehicles for the first time, and to estimate fuel consumption and changes in the
number of vehicles of all categories for the period of 1990 to 2022. An information array containing official statistical data on
indirect indicators of transport activity by vehicle category for the period of 1990 to 2022 was compiled, the results of the emissions
calculations were compared with the indirect indicators using multiple regression methods, and the accuracy and uncertainties of
these results were quantitatively assessed. The estimated greenhouse gas emissions were considered as random values for which a
confidence interval was calculated as an indicator of uncertainty and a median correction as an indicator of accuracy. The high
quality of the results of the calculations based on the methodology considered was confirmed.

Key words: greenhouse gases, motor transport, emission forecasting, probabilistic and statistical modeling, emission calculation
methodology, transport activity indicators.

For citation: Trofimenko, Y.V., Ginzburg, V.A., Yakubovich, A.N., Lytov, V.M., Shelmakov, S.V., Zelenova, M.S. (2025).
Improved methodology for the calculated monitoring of greenhouse gas emissions from the activities of road and off-road
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BBenenue HOCTH aBTOMOOWJIBHOTO MapKa CTPaHbl, TO €CTh
JAHHBIX O YUCIIEHHOCTH U CTPYKTYype IapKa aB-
toTpancnopTHeIX cpenctB (ATC), cpemnerono-
BBIX mpoOerax aBTOMOOWIEH, 00 yHIEeIbHBIX
HOpMax pacxoja TOIMBa W KO3 UIIMEHTAX
npoOeroBeIX BHIOPOCOB. BrIOpOCH OT BHENO-
poxHoro TpaHcnopra B HannonansHOM Kagact-
pe He BBIICISAIOTCS B OTIEIbHYIO KaTErOPHUIO UC-
TOYHHMKOB B CBSI3U C OTCYTCTBUEM HEOOXOJUMBIX
CTaTUCTHYECKUX JAHHBIX O JesATeNbHOCTH. Jlis
YTOUYHEHUS] PACUETOB M IIOBBIMICHHUS YyBCTBU-
TenbHOCTH HarmoHanbHOro KagacTtpa K Mepam
[0 PEryJIMPOBAHUIO TPAHCIOPTHOW AEATENbHO-
CTH, NPOBOJUMBIM B CTpaHe, U B OTCYTCTBHHU
HY>XKHOM CTaTHCTHYECKOW MH(POpMAIMK HEOOXO-
JYMa HalUOHANbHAas METOJUKA MOJArOTOBKH
JAHHBIX O JESTEIbHOCTH aBTOMOOUIBHOTO H
BHE/IOPO’KHOTO TPAHCIIOPTA, MO3BOJISIONIAS YUH-
TBIBATh OCOOEHHOCTH POCCHMCKOIO mapka Jyis
OLIEHKU BBIOPOCOB APHUKOBBIX T'a30B.
3ajaya yCOBEPIICHCTBOBAHMS MOJIXOA0B K
OLIEHKE BBIOPOCOB MApHUKOBBIX T'a30B OT TPaHC-
HOPTHBIX CPEACTB Ba)KHA HE TOJIBKO Ha HALMO-
HAJIbHOM YPOBHE, HO U MOXET OBITh 3(PPEeKTHB-
HO NMPUMEHHMMA Ul OTYETHOCTH TPAHCHOPTHBIX
OPEANPUATHHA, AT OLEHKH YTJIEPOAHOTO Ccliesia
NEepEeBO30K U Ul APYTUX 3a/ad yIJIepoJHOH Io-
BECTKH.
OneHkn BBIOPOCOB MAPHUKOBBIX TIa30B IO
' HJIK. HarmonansHbiii noknaz Poccuiickoii deneparun pasMYHBIM METOJMKAM B TEPPUTOPHATHLHOM
0 KaJlacTpe BIOPOCOB U3 HCTOYHUKOB U aJcOpOLMY HO- WIM OTPAacieBOM aCIIeKTaX IOKA3aHbI, B YACTHO-
TJIOTUTCIIAMU MAaPHUKOBBIX I'a30B, HC PEryJINPYCEMbIX
cTtH, B [1-4]. Pe3ynbpTaTsl cpaBHEHMSI TPEX METO-

Mosnpeanbckum npoTokosiom 3a 1990-2021 rr. M.,
2023.T.1.479 c. JUK pacdcTa BBI6p0(:OB IMAapHUKOBBIX T'a30B OT

3ajaya JOCTUKEHHUS YIIIEPOJHON HEUTpalib-
HOCTH, OOYyCIIOBJIEHHAss HEOOXOAMMOCTBIO TPO-
TUBOACUCTBUS TJIO00ANBHBIM  KIUMATHUYECKUM
W3MEHEHUsIM, TpeOyeT HaIU4yusi JOCTOBEPHBIX
KOJIMYECTBEHHBIX OIEHOK 00beMOB MapHUKOBBIX
razoB (II'), renepupyembix Bo Bcex cdepax
JKU3HEJIEATEIIbHOCTH YeJIOBEYECKOro OOIIecTBa.
Omnpenenenne o0BEMOB SMHUCCUU MAPHUKOBBIX
ra3oB MPOBOJUTCS PAaCUETHBIMU METOJAMH, KO-
TOpBIE OCHOBAaHBI HA JAHHBIX O MOKa3aTENsIX Jie-
ATEJIHLHOCTU M yAETbHBIX 3HAUYCHUAX BBIOPOCOB.
DTOMYy TOCBSIIIICHO 3HAYMUTEILHOE KOJIMYECTBO
HUCCJIEJOBAHUI.

EsxeromHo maHHBIE 0 BRIOpOCax W MOTJIONIC-
HUSX MAapHUKOBBIX Ta30B, O0YCIOBICHHBIX JAEs-
TEITHLHOCTBIO YEJIOBEKA, B I[EJIOM JIJIsl TEPPUTOPUH
Poccun npeacrasnstorca B HanmonansHoM 110-
KJIaJe O KagacTpe MApHHKOBBIX ra3oB' (mamee —
HarnmonanpHblil KagacTp), KOTOPBIA MOJaeTcs B
cekperapuatr Pamounoit konBeHuuu OOH 00
m3menennn knumata (PKHUK OOH). Cyme-
cTByIomIasi mpobiema ydera BbiOpocoB I[N ot
aBTOMOOMIILHOTO TpaHcmopTa B HamuoHanbHOM
KaJacTpe CBsi3aHa C OTCYTCTBHEM TpeOyemoi
JleTaldn3aluy JaHHBIX O TPAHCIIOPTHOM JesTeb-
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napka aBToTpaHcnopTHeIX cpeact (ATC) mpu-
BEJICHHI B [5], T/ie mOKa3aHo, 4TO BEIOOP criocoda
BepU(pUKALMK HMCXOJHBIX JaHHBIX OKa3bIBAaET
3aMETHOE BJIMSIHUE HA KOJMYECTBEHHBIE OIICHKU
BBIOpOCOB. BnusiHME CTPyKTyphl Tapka aBTO-
TPAHCIIOPTHBIX CPEJICTB Ha BHIOPOCHI MapPHHUKO-
BBIX Ta30B paccMOTpeHO B [6], rae oOocHOBaHA
HEOOXOAMMOCTh JIETAIN3alUi CTPYKTYPHI aBTO-
napka B pamMKax roCyJapCTBEHHOW CTaTHCTUYe-
CKOW OTYETHOCTH OTHOCHUTEJIHO BHJA HCIIOJIb-
3yeMOro TOMIMBA M SKOJOTHYECKOro Kiacca.
VY CcTaHOBIIEHO, UTO CaMOCTOSITENILHO T€HEpHUpYe-
Masi CTPyKTypa aBTOMapKa MPUBOIUT K MOTPEII-
HOCTSIM PacUeTHBIX 3HAYCHUI BHIOPOCOB MapHHU-
KOBBIX T'a30B: 10 4 % mpu HACTPOIKE T'OJIOBBIX
npoberoB ATC u no 30 % 6e3 Hactpoiiku. Me-
TOAUYECKUN MOJIXOJ K OICHKE MOTPEIIHOCTE! B
onenkax BbIOpocoB III', ocHOBaHHBII Ha pac-
CMOTpPEHUH BHIOPOCOB Kak CIy4YalHBIX BEIUUUH
C JaJIbHEHIIMM MCMOJIb30BAHUEM JI UX HJICH-
tudukanun kpuBsix [Tupcona, nmpemyoxex B [7].

BcenenctBue wacto BCTpeuaromierocst HeJlo-
CTaTKa NPSMBIX JTaHHBIX O TPAHCIIOPTHOM paboTe
0CO0BIN MHTEPEC MPHOOpPETaeT OIIEHKa 00HEMOB
AMHUCCHH MapHUKOBBIX Ia30B HA OCHOBE KOCBEH-
HBIX IOKa3aTejeil, B MEpPBYI0 OYEpelb MakKpo-
HKOHOMUYECKUX. AHamu3 (pakToOpoB, Ompenesns-
IOIUX BBIOPOCHI YTIEKUCIOrO Ta3a OT aBTO-
TpaHcHopTa B cTpaHax EBpombI, BHIMOJHEH B [8];
aHaJIOTMYHOE HcclienoBanue [9] mMOCBAIIEHO
TpaHcnopTHou oTpaciau B Kurtae. MaremaTuue-
CKHE MOJEJH, OTPAXKAIOIINE B3aUMOCBS3b MEX-
Iy BBIOpOCAMU YTJIEKUCIIOTO ra3a U HECKOJIbKH-
MU SKOHOMUYECKUMHU U COLIMAJIbHBIMU MapameT-
pamu, nipennoxkensl B [10, 11]. Pacuer o6bemoB
BBEIOPOCOB MAPHUKOBBIX Ta30B B MpeJesiax Kpym-
HOT'O TOpOJia C UCIOJB30BAaHUEM KOCBEHHBIX IO-
Ka3areyiell 3JKOHOMUYECKON U TPaHCIIOPTHOM Je-
ATEJIBLHOCTU C Pa3IMYHBIMH YpPOBHSIMHU JI€Tajlb-
HOCTH BBINOJIHEH B [12—14], roe moaTBepkaeHa
MpaKTHUYECKasi IPUTOJHOCTh JIaHHOTO MOAX0/a U
11e1eco00pa3HOCTh HCIOJIb30BaHUS TeouH(]Op-
MaIMOHHBIX TEXHOJOTHH, MPaKTUYECKH peaju-
30BaHHBIX B [15]. AHamoruyHbie METOBI pacye-
Ta YMHUCCHH MapHUKOBBIX T'a30B Ha OCHOBE MaK-
POPKOHOMHMUYECKUX TOKa3aTejael pealn30BaHbI
B [16, 17]. OTaenbHON NEPCIEKTUBHONW BO3MOXK-
HOCTBIO TPU OI[EHKE BHIOPOCOB MapHUKOBBIX Ta-
30B SBJIIETCS HCIOJIb30BaHHWE METOJIOB HCKYC-
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CTBEHHOTO HHTEJUIEKTa, IO3BOJIAIOLUIMX B OT-
JeNBHBIX CITydasX CHI)KaTh HEONpPEIeCHHOCTH
pe3yJbTaTOB pacyeTra NpU HEAOCTaTKE MCXOJ-
HBIX JaHHBIX [18] wim puKcupoBaTh B peabHOM
BPEMEHHU KOJIMYECTBEHHbBIE MapaMeTpbl TpaHC-
MOPTHBIX TIOTOKOB, OOYCIIaBIMBAIOIINE OOBEMBI
SMHCCHUH BBIXJIOMHBIX ra3oB [19].

[IporHo3HbIe OLIEHKN BHIOPOCOB MAPHUKOBBIX
ra3zoB Ha nepuoa 110 2050 rona nonyuensl B [20],
I/ MOKAa3aHo, YTO B OnmKailliell mepcrexkTuBe
TEeMNbl  JeKapOOHU3alMM  aBTOMOOMIJIBHOTO
TpaHcnopTta B Poccun MOTyT CyIIECTBEHHO 3a-
MEIIUTHCA. DTO 00YCIOBIEHO COXPAHAIOLUIMMCS
npeobsiajaHieM B CTPYKType aBTONAapKa aBTO-
MOOWIIeH C IBUraTeIsIMU BHYTPEHHETO CrOpaHus
Ha YIJIEBOJOPOJIHOM TOIUIMBE. AHAIU3 BIUSHUS
Y)KECTOUYECHHUsI TOIUIMBHBIX CTaHJIApTOB Ha CO-
KpalieHHe BBIOPOCOB MAPHUKOBHIX Ta30B, BbI-
MOJTHEHHBIN B [21], Takke MOATBEPIUI, YTO CY-
IIECTBEHHOTO CHIKCHHMS JeKapOOHU3aluN HE
OKU/IaeTCsl — KaK B CHUJIY INPOSIBJICHUS CHUIIBHBIX
o0paTHbIX 3(p(EeKTOB W HapaLIUBaHUA YPOBHS
aBTOMOOWJIM3ALIMU HACEIECHNUS, TaK U BCIEJCTBUE
BO3PAaCTaHMUs BBIOPOCOB MPU BHIPAOOTKE 3JIEK-
TPO’HEPTUH, HCHOIB3YEMOH B TPAHCHOPTHBIX
CpPEZICTBAaxX C HYJIEBBIM YPOBHEM BHIOPOCOB.

3HaYUTENbHOE KOJIMYECTBO HEOIPEEeICHHO-
CTel W TOrpemHocTeidl, 0OBEKTUBHO MPUCYIITUX
KaK pacueTHBIM MOJIEJIAM, TaK U UCXOJIHBIM JIaH-
HBIM, 3aKOHOMEPHO CHMXXAe€T TOYHOCTb PE3YJib-
TaTOB PAacyeTOB 0OBEMOB SMHUCCUU NMAPHUKOBBIX
ra3oB, YTO MOKET HNPUBOJIUTH K 3aMETHOMY HC-
KaXEHHUIO PeaJbHON KapTHHBI BIUSHHUS TEXHO-
TeHHBIX ()aKTOPOB Ha TJI0OANbHBIE KIMMaTHYe-
ckue u3MeHeHHusa. OT TOYHOCTH K€ PACUETHBIX
00BEeMOB BBIOPOCOB B PEIIAONICH CTENECHH 3aBH-
CUT aJICKBaTHOCTh W 3((HEKTUBHOCTH MHKEHEP-
HO-TEXHUYECKUX, OPTaHU3AI[MOHHBIX U B KOHEY-
HOM CYeTe NOJMTUYECKHX pELICHUH, Harpas-
JICHHBIX HA CHW)KCHUE HETaTUBHBIX I(PQEKTOB
OT IIPOJIOJIKAIOIIEroCsl IJ100aJbHOI0 IOTEIJIe-
HUs KnuMaTa. COOTBETCTBEHHO, COBEPIICHCTBO-
BaHME METOJUK pacyeTa 3MHUCCUHU MapHUKOBBIX
ra3oB SIBJISICTCS AKTYaJIbHOU 3a7a4ei, pEIICHUIO
KOTOPOH HPHUMEHHUTEIBHO K aBTOMOOUIBHOMY
¥ BHEJIOPO’KHOMY TPAHCIOPTY IOCBAIICHA Ha-
crosas paboTa.
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MeToabl 1 MeTO/10JI0T U

VY coBepIIEHCTBOBAHHAsA METOMKA PaCYETHO-
ro MOHUTOPHHTA BBIOPOCOB TAPHHUKOBBIX T'a30B
OT JEATENbHOCTH aBTOMOOWJIBHOTO U BHENO-
poxkHOTO Tpancnoprta B Poccuiickoint denepannun
(manee — Meroauka) BKJIOYaeT B ceOsl yeThIpe
CTPYKTYpPHBIX 3JeMeHTa. [IepBbIM U3 HUX SBIIf-
eTcs MpoLeaypa pacnpeoenenus napka no pac-
yemnvlM 2pynnam ¢ (GOPMUPOBAHUEM JABYX
IpPyNIMPOBOYHBIX MAacCHBOB: Ul aBTOTPaHC-
MOPTHBIX CPEICTB U AJIS1 BHEIOPOKHBIX MOOUIIb-
Heix MamuH (BMM). Ilpoueaypa moctpoeHus
rpynnupoBouHoro maccuBa HA s ATC B 006-
IIEM BUJI€ MOXET OBITh MPE/ICTaBIEHA KaK

BA(BS(D,y),G) — HA, (1)
rae D — MaccuB JaHHBIX, COEPIKALINI CBEICHUS
o napke ATC Poccum 3a 2010-2022 roasr (pe-
JSAIMOHHAas ©Oa3a naHHBIX. bonee moapoOHO
(dbopMUpOBaHUE PETSUUOHHON 0a3bl JaHHBIX I10
ATC Obu1o paccmotpeHo B [22]); v — rox, 1
KOTOPOTO BBINOJHSETCS] MOCTPOEHHUE TPYNIHPO-
BOYHOT'O MaccuBa; BS — 006001IeHHbIH onepaTop
dbopMUpOBaHUSA CTPYKTYypbl S aBTOmapka s
roaa y; G — maccuB OQUIMATBHBIX CTAaTUCTHYE-
ckux aaHHbIX o0 nmapke ATC mis roma yG; BA —
0000I1IeHHBIN OmnepaTop MEePecTPOEHUs] MaccUBa
G B COOTBETCTBUU CO CTPYKTYpOH S mpH coxpa-
HEHUU OCHOBHBIX CTaTHCTUYECKUX IOKa3aTesen
(uucnennoct ATC mo kaTeropusiM M 3KOJIOTH-
YECKUM KJIaccaM, BO3PAaCTHOW CTPYKTYpbI Hap-
Ka U T. 1.).

MaccuB D ocHoBaH Ha 6a3ax JaHHBIX ABTO-
crata u [TUBJ1J] (dbopma Ne 1-BJ1J1), comepxut
ceenenus o matu kateropusx ATC (PC — nmerko-
BbIe aBTOoMOOMWIN, LCV — nlerkue komMmmepueckue
rpy3oBukd, HDT — rpy3oBbie aBTOMOOWIH,
BUS - aBT06ycs, MT — mMoTOoTpaHcnopT) u 1o
MOJHOTE MH(POPMALUU pa3jieiseTcs Ha TpU HH-
¢dopManmonHbIx kiactepa. IlepBblii  Kkiactep
(2010-2016) xapakrepusyercs yKpYIHEHUEM
JAHHBIX (OTHOCHUTEJIEHO HEOOJIBIIOE KOTUYECTBO
3amucei, B KaXJA0W U3 KOTOPBIX OTpakeHa JIo-
crarouno Oomnbiras yucieHHocTsh ATC) u oTcyT-
CTBUEM 3allUCEH C TIOJHOCTBIO W3BECTHBIMU
KJIacCU()UKAMOHHBIMU IPU3HAKAMH, YTO JeJIaeT
HEOOXOJUMBIM BOCCTAaHOBJIEHUE IMPOMYILIEHHBIX
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JAHHBIX JUIA KaXIOW 3amucu Kiacrepa. Bropoit
kinacrtep (2017-2019) ornumuaercs moapoOHOMN
JleTann3alue JaHHBIX U MalbIM OTHOCUTENb-
HBIM KOJIMYECTBOM 3alUCEH, JUIsl KOTOPBIX IOJI-
HOCTBIO MJIM YaCTUYHO OTCYTCTBYIOT Kiaccu]u-
KaIlMOHHBIE TIPU3HAKU. DTO JIETAET JIaHHbIE BTO-
poro kiactepa Hauboyiee MNOIXOISIIUMU IS
dbopMHpOBaHUS CTPYKTYphl aBTOMApKa, B TOM
YHUCJIE METOAaMHU HMCKYCCTBEHHOI'O HHTEIUIEKTA.
JlomoTHATENBHO TSI (POPMUPOBAHUS CTPYKTYPBI
MOTYT OBITh UCHOJB30BaHbI M JAHHBIE TPETHETO
kiacrepa (2020-2022), comeprkaiiero cBeIeHUS
TONBKO O Kareropuu PC.

Bcero B maccuBe D conepxkurcs 68,9 miaH
3amMceil ¢ JTaHHBIMU O Oojiee ueM 663 MIIH y4eT-
HBIX CIIMHUI] aBTOTpAaHCIOpTa (OAHOW (u3nde-
ckoii enunuie ATC B kax0l 3alicH 3a pa3Hble
roJibl COOTBETCTBYET CAMOCTOSITEIbHAsI JIOTHYe-
CKasl y4eTHas equHuIa). TakoW 3HAYUTEIbHBINA
00bEeM XpaHMMON M HCIOJB3YyeMOH B pacueTrax
uH(opMaIuu JIeNaeT IeIeCO00pa3HbIM peaH-
3anuio MaccuBa D B ¢opme pensunoHHOM Ga3bl
JIAHHBIX, B pe3yJbTaTe€ 4Yero JAOCTUraercs Co-
KpalieHne o0beMa XPAaHUMBIX JAHHBIX, MPHUBE-
JICHUE JAHHBIX W3 Pa3jIU4YHbIX HCTOYHHUKOB K
eanHOMY (hopmary, MO3BOJSIFOIIEMY HCIIOIH30-
BaTh MpH aHanu3e WHGOPMALUMU CTaHAAPTHHIE
npouenypsl (B Tom umcie SQL-3ampocskr), a
TaK)K€ CYIIECTBEHHOE MOBBIIEHHE OBICTPOICH-
CTBHsI 00pabOTKH MH(OPMAIIUK TPH €€ aHAIIN3e
1 GOPMUPOBAHUU CTPYKTYpbI aBTOMapKa S.

Omnepatop ¢GopMupoBaHHusS CTPYKTYpsl BS
peanmusyet pacnpenenenue ATC u3 maccua D
M0 OT/AEJIbHBIM PAaCUETHBIM IPYINaM Ha OCHOBE
3HAYeHUH KiIaccU(PUKAIIMOHHBIX MPHU3HAKOB B
COOTBETCTBUU C HAOOPOM IMperomnpeeIeHHBIX
npaBui. Jis Bcex kareropuit ATC knmaccudu-
KAlIMOHHBIMU TPU3HAKAMU SIBJISIIOTCS THUIT HC-
MIOJIB3yEMOT'0 TOIUIMBA U 3KOJIOTMYECKUM KIacc.
TperbuM KiIacCU(DUKAIMOHHBIM TPU3HAKOM IS
kareropuii PC u MT ciyxut 00beM JBUTATEIS
WIM MOIIHOCTH (IJIsl DJIEKTPOKAPOB), JUISl KaTe-
ropuit LCV, HCV u BUS — nonnas macca. s
kareropun BUS nononHuTenbHO B KadecTBe
YETBEPTOr0 MPU3HAKA UCIIOIb3YETCS TUIT Ky30Ba.

[Ipy HanmMuuu B COOTBETCTBYIOUIMX MOJISIX
3anucu 0a3bl JaHHBIX MOJHOTO TMEpeyHs 3Haye-
HUM, TpeOyeMbIX IS KOJIMYECTBEHHOW OIEHKU
HEOOXOAMMBIX KJIacCU(UKAIIMOHHBIX TPU3HA-
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KOB, Bcs uncieHHocTh ATC, yka3zaHHas B pac-
CMaTpHUBAEMOM 3aIlMCH, OJHO3HAYHO OTHOCUTCS
K OompeAesieHHON pacuetHou rpynme. Ilpu or-
CYTCTBMM KaKUX-TMOO JaHHBIX BBIIOJIHSAETCS MX
BOCCTAHOBJICHUE C UCIOJIb30BAHUEM BEPOSIT-
HOCTHBIX METOJIOB MCKYCCTBEHHOI'O MHTEJIEKTA.
DT MeToAbl HE BCEr/a MPUBOIAT K OJHO3HAU-
HOMY pE€3yJIbTaTy; COOTBETCTBEHHO, U MPOLETY-
pa GopMHUpOBaHUSA CTPYKTYpPHl B 3TOM Clydae
MOJKET NMPUBOJUTH K PACIIPEAEICHUIO YUCIEHHO-
ctu ATC no HeckonbkuM rpynmnam. /s Boccra-
HOBJICHHUS MPOIYUIEHHBIX JaHHBIX HUCIIOJIb3YIOT-
cs onuMHaKkoBble A Beex kareropuit ATC atpu-
OyTUBHBIE NPU3HAKU: MAapKa, MOJEIb U TOJ BbI-
nycka. B ornuune oT KiaccupUKAIMOHHBIX aT-
pUOYTUBHBIE TNPU3HAKHU BIIMAIOT HAa OTHECEHUE
ATC Kk omnpeneneHHON pacyeTHOW TIpynne He
HETOCPECTBEHHO, 3 KOCBEHHBIM 00pa3oM, uepes
Habop 00pa3IoB, MPU3HAHHBIX MO COBOKYITHOCTH
UMEIOIIUXCA aTpUOYTHUBHBIX U KiaccU(UKaI-
OHHBIX NPU3HAKOB COBHAJAIOIIMMHU C paccMar-
puBaemoii ATC, u naiiee — yepe3 BEpOSITHOCTH
accouunpoBanusi 3toi ATC ¢ TeM WM HHBIM
oOpasuom. Vcnosnp3oBanue aTpuOyTUBHBIX MPH-
3HAKOB CYILECTBEHHO PACIIUPSAET BO3MOXKHOCTH
KOPPEKTHOTO BOCCTAHOBJIEHHMS IPOITYIIEHHBIX
JTAHHBIX; B OTAEJIbHBIX CIy4YasX, KOI/la HECKOJIb-
KO (W1m Jaxke Bce) KiacCU(UKALMOHHBIE NPH-
3HaKM B 3amucu 0a3bl JAaHHBIX OTCYTCTBYIOT,
TOJIbKO aTpUOYTHUBHBIC MPHU3HAKH MO3BOJSIOT
JIOCTOBEPHO BOCCTAHABIIMBAThH JIAHHBIE.
BeposiTHOCTHOE pacmpenielleHue YHCIEHHO-
ctu ATC mo pacuetHbIM TpyrmmaM, Gopmupye-
MO€ Ha OCHOBE XapaKTEPHUCTUYECKOH BBIOOPKH,
MPEACTABISIET COOOW CHEKTPaIbHBIA TPOQIIIH
(manee — mpoduib), COOTBETCTBYIOIIMIA COBO-
KYITHOCTH BCEX HM3BECTHBIX IPU3HAKOB — aTpH-
OyTHBHBIX U Kiaccu(ukannoHHbIX. Yem Oombiie
MPOMYLIEHHBIX MPU3HAKOB, TEM IIUPE pa3max
npoduns ATC, ompenensieMblii MaKCUMaIbHOU
W MUHUMAQJIBHOW TPYIIOW, MUMEIOIIMNX HEHYJe-
BYI0 BEpOSITHOCTh IIONAJAaHUS B HHUX JaHHOU
ATC. U naobopot, B ciiydae Korja Bce MpU3Ha-
KM M3BECTHBI (TMPOIYILIEHHBIE JaHHBIE OTCYT-
ctBy10T), podminb ATC cocpenoTodeH B €IUH-
CTBEHHOM pacyeTHOW rpynne. PopMupoBaHUE
npoduseil ABiIsSETCS YacThIO MPOLEAYphl BOC-
CTaHOBJIEHUS MCXOJHBIX JaHHBIX, BIMAIOIINX Ha
cTpykrypHyto Mozaenb mapka ATC. Ilpu nanm-
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YUH 3aMKCH C HETIOJTHBIMU KIacCU(PUKAIIMOHHBI-
MU TpU3HAKAMHU BBINOJIHAETCS IOCTPOCHUE
npoduns, u ganee yuciennoctb ATC pacnpene-
JSIETCS IO BCEM CTAaHAAPTHBIM TpyIIaM mpodu-
751 — B COOTBETCTBUM C BEPOATHOCTSAMHU IOMNAja-
Husg ATC B KaXIyr0 U3 TPyIIIL.

MaccuB  opuUIUATBHBIX  CTATUCTUYECKUX
nanHbiX G ¢dopmupyercss Ha ocHOBE MH(pOpMa-
[IUH, eXKEToAHo MyOnukyemoit Ha caiite ['IBJ1]J]
(xox dopmer 560, pazmen 03). Jlns ompenene-
Hug unciaeHHocTn ATC, ucnonb3yrommux KoM-
IIPUMHUPOBAHHBIN MPUPOJHBIA Ta3, JOINOJIHU-
TEJIbHO YUMUTHIBAIOTCS CTATUCTUYECKHUE JTaHHBIE
[TAO «"a3mpom» kak Oojiee TOYHO OTpakaro-
IIME pealIbHYIO YUCIEHHOCTh aBTOMAapKa Ha 3TOM
BU/JIE TA30MOTOPHOI'O TOILIMBA.

OnepaTop BA BBINOJHSIET NEPEHOC CTPYKTY-
psl S Ha mMaccuB G, B pe3yibTare yero (popmu-
pyercs rpynnupoBouHbli MaccuB HA, panee
UCIIOJIB3YEMBIH B TPEThEM CTPYKTYPHOM D3Jie-
MeHTe MEeTOIMKN KaK OJHO W3 MCXOAHBIX JIaH-
HBIX Ui KOJMYECTBEHHOTO pacyeTa BBIOPOCOB
MapHUKOBBIX Ta30B. [Ipm 3TOM mepBHYHO CyM-
MmapHas uyuciaeHHocTh ATC mo kareropusm u
YKpyImHEHHBIM TrpyrmiaM (3nmektpomoomnu; ATC
¢ ruOpumHON cwioBoil ycrtaHoBkoit; ATC, wuc-
MOJIB3YIOIME KOMIPUMHUPOBAHHBIA WA CHKH-
YKEHHBIN MPUPOIHBIN ra3 U T. JI.) ONpENeNsIeTcs
UCXO0J U3 JaHHbIX MaccuBa G; B mpejaenax Ka-
teropuii ATC u yKpyNHEHHBIX I'pyNI YUCIECH-
HOCTb paclpenenseTcs N0 OTIAEIbHBIM IpyIaM
B COOTBETCTBUU CO CTpyKTypoiu S. Jlanee, npu
OTCYTCTBHUHM IOJHOTO COOTBETCTBUSI MEXy JIaH-
HeiMH U3 G U Kakoi-nmubo rpymnmoii HA coot-
BeTcTBYyIOmas uucieHHocth ATC mepepacmpe-
NeNSeTCs B TPyNIy ¢ Hanbosee OJU3KUMH TIOKa-
3aTeasiIMM  BBIOPOCOB TMApPHUKOBBIX Ta30B WU
YAEIBHOIO pacxoja ToIulMBa. B 3aBepiieHue
BbINOJNHAECTCS TipuBeaeHue HA K cTpykType
HKOJIOTHUECKUX KJIACCOB, 3a(pUKCHPOBAHHOW B
MaccuBe G, 4TO 3aKJIHOYAETCS B YACTHUYHOM IIe-
penoce ATC u3 Tex KJIaccoB, re YUCICHHOCTD
IPYINIbl TPEBBIIAET YHUCIEHHOCTh Hu3 G, B
Hanboee OMU3KHE UM KIIACCHI C HEJOCTATOYHON
YUCIICHHOCTHI0. Takoll MmepeHoC OCYIIECTBIISET-
Ci MEXIY BCEMM TIpYNIIaMHU C COOTBETCTBYIO-
MMM DKOJIOTUYECKUMHU KJIaccaMu € coOrofe-
HUEM paHee JOCTUTHYTOIO COOTBETCTBUS YHC-
JIEHHOCTH KaTerOpHil U YKPYNHEHHBIX TPYII ar-



Tom 28, Ne 01, 2025

HayuyHbiit BectHuk MITY TA

Vol. 28, No. 01, 2025

pPErupoBaHHBIM IOKa3aTeIsiM OOIeH YHCICHHO-
ctu o nanaeiM ['MUBJ1/] u3 maccuBa G. Utoro-
BbIM rpynnupoBouHbli MaccuB HA BkiroyaeT B
cedst 206 pacyeTHBIX TPYII C pacHpeesIeHuEM
UX KOJIMYECTBA IO OTHENIbHBIM KaTeropusiM
ATC: PC - 99 rpynn, LCV — 14 rpynn, HDT —
43 rpynnst, BUS — 32 rpynnst, MT — 18 rpynm.

I'pynmupoBounsiii maccuB  HM  orpakaer
YHUCICHHOCTh BHEIOPOKHBIX MOOMIIBHBIX MAIIUH
[0 YETBHIPEM KaTETOPUSM: CTPOUTEIBHO-I0POXK-
Hble MamuHbl (CAM, 234 rpymnmsl), celbCKOXO-
3SICTBEHHAss TEXHHWKA U TEXHOJIOTMYECKUE Ma-
IIMHBl  JIECONPOMBIIUIEHHBIX  IPEAUpPUATUAN
(CXJI, 99 rpynm), camoxo/iHasi TEXHUKA TOPHO-
pynHoit npomsinuieHHOCTH (I'PM, 84 rpymmsl) u
a’pospoMHas TexHuka (AM, 54 rpynnsi). Ilpu
IpPyIIMPOBKE UCIOIB3YETCS 5 MPU3HAKOB, COYE-
TaHUE KOTOPBIX ONPEIEINIAET PaCUETHYIO IPYIILy:
BUJ TOIUIMBA (2 rpajalyu: AU3EIbHOE TOIUIUBO,
O€H3MH), peKUM pabOTHI IBUTATENSI BHYTPEHHE-
ro cropanus ([IBC) (2 rpaganuu: mMOCTOSTHHBIMN,
nepemeHHsbIi), MmomHocth [IBC (7 rpaganuid, ot
«menee 19 kBt » no «6onee 560 kB1»), TexHo-
noruueckuil yposenb JIBC (3 rpaganuu: no EU
Stage III wim US Tier 3, EU Stage IV unu US
Tier 4, EU Stage V) n npuMeHeHue (KOIUIECTBO
rpajanyii 3aBHUCHT OT KaTErOpHH, HAIpUMED,
st kateropun AM npepycmotpeHo 5 rpaza-
[IUHA: aBTOOYCHI MEPPOHHBIC, OYKCUPHI U TATAYH
a’pOJIPOMHBIE, MOTPY3YMKU a’POAPOMHBIE, IIO-
CaJlouHble MaHAYChl, IPOYUE a’POJPOMHBIE).
Anroputmsl GopmupoBanuss maccuBa HM pas-
JUYAIOTCA 10 KaTETOPHUsAM M OCHOBaHBI HA MC-
MI0JIb30BAaHNUU CTATUCTUYECKHUX, BEPOSTHOCTHBIX
1 DKCIIEPTHBIX METOJOB.

BropeIM CTpyKTypHBIM 351eMeHTOM Metoau-
KU SIBIIACTCSL aKmyanu3ayusi OaHHblX OTHOCH-
tenbHO mpoberoB ATC u HopM paborsi BMM
pasHBIX KJIACCOB, a TAKXE APYTUX PaCYECTHBIX
[IapaMeTpoB,  HCIOJIB3YEMBIX  MPOrpamMMOM
COPERT B OTHOLICHWH ABTOTPAHCIOPTHBIX
cpencts u Meronukoi EMEP/EEA B oTHOIIE-
HUM BHEJOPOXHBIX MOOWIBHBIX MamuH. Cpen-
HeronoBble mpodern ATC oneHHBarOTCS METO-
noM OSINT c mcnoip3oBaHMEM JAaHHEBIX U3 OT-
KpBITBIX MCTOYHHMKOB. Jly11 ompexneneHus cpen-
HETOJI0BBIX MPOOEroB TPAHCIOPTHBIX CPEACTB
Pa3NIUYHBIX KJIACCOB (HOPMUPYIOTCS MAaTPHULIBI, B
KOTOPBIX OILICHMBAIOTCSl JAaHHBIC, HA4YMHAsA C
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5-netHero Bo3pacTa M 3akaHuyMBas 20-IE€THUM
BO3pPacTOM Ka)KJOro TPAHCIOPTHOI'O CPENCTBA.
Ha ocHoBe momy4yeHHOro MaccuBa MH(pOpMaIU
JUISL KaKIOW BO3PACTHOW MOATPYIIBI BBIYUCIIS-
eTCsl CpeAHUI KyMYJIITUBHBIN IIPOOEr U cpesHe-
roJI0oBOM TpoOer (IeseHueM KyMYJISITUBHOIO
npobera Ha Bo3pacT). [1o BbIYMCICHHBIM 3Haye-
HUSIM U1 KYMYJISITUBHOTO mpobera Z ompene-
JSIOTCS alIPOKCUMUPYIOLIUE MTOJIMHOMUANIbHBIE
3aBUCUMOCTHU Z(f) BTOpPOM CTENEHW U Ui Cpe-
HEroJl0Boro mnpodera — 3aBHCUMOCTH TpeTbel
crenenu z(f). Jlanee mpou3BOAUTCS YTOUHEHHE
cpenneronoBbix mnpoderoB ATC B pacueTHbIX
Tpymmax ¢ MCIOJIb30BaHHEM O0BEMOB TOTpPEO-
JIeHHsl pa3HbIX BUJOB TOIUIMBA aBTOMOOMIIbHBIM
TPaHCHIOPTOM. AHAJOTHMYHBIM 00pa3oMm (opMu-
PYIOTCS 3aBUCHUMOCTHM TOZIOBOM HapabOTKHU OT
BO3pacTa w(f) Iuis YKpynHEHHBIX rpynn BMM,
TaKXe C MOCIEeIYIOIUM YTOUHEHUEM TUX 3aBU-
CHUMOCTEM 1O JaHHBIM O MOTPEOJICHNUHU TOIUINBA.

Tpetuii CTpyKTYpHBINA 3JIEeMEHT METOIUKN —
OYeHKa 6b16pOCcos TI0 OTNIENbHBIM BUAAM HapHU-
KOBBIX Ta30B, MEPHOAAM U PACYETHBIM IpyIIaM
ATC u BMM u nonydyeHne cyMMapHON OLIEHKH
00beMOB BBIOpPOCOB. JIjisl OLIEHKH BBIOPOCOB OT
ATC wucnonb3yercsi Crnenualu3upoBaHHas 00-
IICNIPU3HAHHAS KOMIIBIOTEpHAas MOJENb — IIPO-
rpamma COPERT, yacTh HCXOAHBIX TAHHBIX AJIs
KOTOPOH (MHO>KECTBO pacyeTHBIX I'PYII B Mac-
cuBe HA u cpeaHeronoBbie mpoOeru mno pacuet-
HBIM Tpynmnam) copMHUpPOBaHA B paMKax BHIIIIE-
ONMCAaHHBIX CTPYKTYPHBIX 3JEMEHTOB Meroau-
ku. OcTanpHblE MTOKAa3aTeIN, HEOOXOUMBIEC IS
pacueTHON OLIEHKU BHIOPOCOB NMApHUKOBBIX Ta-
30B (yAeJIbHBIE PAaCXOAbl TOIUIMBA, CKOPOCTHOM
PEXUM, TUI aBTOMOOWMJIBHBIX JOPOT, IPOTPEB
aBTOMOOWJISI, TIPUPOTHO-KIIMMATHUECKHE (HAKTO-
pBl, AONM MPOOETOoB Ha pasHBIX pPEXKHUMaX JIBU-
JKEHUs aBTOMOOMIIeH, K03(PPHUIIMEHTH aKTUBHO-
ctu ATC pa3HbIX BO3pacTHBIX I'pyII) MPUHH-
MalTCsl 10 YMOJYaHUIO M3 0a3bl JaHHBIX
COPERT win ycTaHaBIuBalTCsA C MCIOJIb30Ba-
HHUEM HKCIEPTHBIX OLICHOK.

ANTOpUTM OIIGHKHM pacxoja TOIUIMBA U BbI-
OpOCOB NapHUKOBBIX ra30B OT BCEX KAaTEropui
BHE/IOPO’KHBIX MOOWJIBHBIX MAIlllUH Oa3upyercs
Ha wMetoauke Tperbero ypoBHs EMEP/EEA
(2023). Ilotpebnenue tomnuBa FC , BEIOPOCHI
i-ro I1I" paccunThiBatoTcs 1o dhopmyrie
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FC (Egye) = N-HRS-P-LFA - SFC (EFB;) - (1 + DFA (DFA)) %) .10,

rae N — konuuectBo BMM nanHOM pacdeTHOU
rpyIIbl U3 rpynnupoBoyHoro maccusa HM, en.;
HRS — cpenusis TogoBasi HapabOTKa, OINpeaes-
eMasi i1 pacCMaTpuBaeMOM TPYMIbl 110 paHee
chopmupoBaHHOK 3aBucumoctd w(t), 4; P —
CpeaHsisl MOUIHOCTh JBUTATENEH ISl paccMaTpH-
BaeMoi rpymmsl, KBt; LFA — ko3¢ dunment uc-
IOJIL30BaHMS MOIIMHOCTH nBurarenei BMM
JAHHOW pPacyeTHOM TpyMNIbl (BBIUMCIAETCS IS
aOCTpakTHOrO JBHWTaTels, paboTaromero o
HanOoJiee XapaKTepHOMY Harpy304HOMY LHKITY,
3a/1aBa€MOMY B COOTBETCTBHHU C JEHCTBYIOILUMHU
HopmatuBamu I'OCT ISO 8178-4-2013); SFC —
CpEIHUN yIETbHbIA pacxXo ] TOTUIMBA JBUTATEIICH
JUISL paccCMaTpUBAaEMOM Ipymiibl (B 3aBUCUMOCTH
OT BUJA TOIUIMBA, MOLIHOCTH M TEXHOJIOTHYe-
CKOM Tpymisl), I/kBT-u; EFB; — cpeaHul yaemb-
HBI BBIOPOC i-rO MApHUKOBOIO rasa Juisl pac-
CMaTpuBaeMoOM rpymnmnsl (B 3aBUCUMOCTH OT BHUJIA
TOIUIMBA, MOIIHOCTH U TE€XHOJOTWYECKOW TpyI-
nbl), I/kKBT'4; DFA — K03pdUIHMEHT U3MEHEHUS
pacxosa TorumBa, BbeIOpocoB i-ro I1I" gBurarte-
Jei 3a cpelHuil CpoK CIIy:KOBI (B 3aBUCHMOCTH
OT BUJA TOIUIMBA, MOLIHOCTH M TEXHOJIOTHYe-
ckoil rpymmsl); AGE — cpenHuil Bo3pacT Mapka
JUIsL paccMaTpuBaeMOil Tpymibl (MIpUHUMAeTCs
HKCIEPTHBIM IyTEM HCXOJS M3 CYIIECTBYIOLINX
OIICHOK BO3PAacTa HEKOTOPBIX KATETOPUl U TH-
noB BMM, a takxe ucxXoas U3 CpOKOB BBEICHHUS
skojorudeckux HopMm B crpaHax EC u CIIA),
net; ASL — cpennuii cpok cimyx661 BMM nan-
HOM pacyeTHOW rpynmbl (B 3aBUCUMOCTH OT Ka-
TEropuu, BUJIa TOIIUBA U IPUMEHEHHUS ), JIET.

Bei6pocet CO, it KaxIol pacdeTHOM

TPYIIIBI PACCYUTHIBAIOTCA 1O (hopMyJIie

Ecoz = FC - SE¢o2, 3)
rne SEco2 — ynenbHbie BEIOpocsl CO; Amist Kax1o-
'O UCIIOJIb3YEMOr0 BUJia TOITUBA (MOTYT UCHOJb-
3oBatbesi jganHblec EMEP/EEA wimu MIDHUK),
(r COL)/(r ToTINBA).

UYerBepThlld CTPYKTYpHBIA 3J1eMeHT Meroau-
KU — eepupuxayus pacyemHuvlX 3HAYeHUl Bbl-
OpoCo6 TTAPHUKOBBIX Ta30B OT aBTOMOOMIILHOTO
Y BHEJIOPOXKHOTO TPAHCIOPTA, ONpPEAEICHUE KO-
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JUYECTBEHHBIX IOKa3aTeJIeil TOYHOCTH U He-
oTpefieieHHOCTe! pe3yabTaToB pacueroB. [Ipo-
Heaypa KOJMYECTBEHHOW OLIGHKH TOYHOCTHU
U HEOIPEIeJICHHOCTH paHee TMONYYeHHBIX pac-
YETHBIX 00BEMOB BEIOPOCOB TMAPHUKOBBIX Ta30B
U Ta30B-IIPEKypCOPOB aBTOMOOMIBHBIM M BHE-
JIOPOKHBIM TPAHCIOPTOM OCHOBAaHAa Ha CIlENy-
IOLIUX MPUHIIUIIAX U JOMYICHUSIX.

1. OtcyTcTBHE SMIUPUYECKHX JAHHBIX 00
00beMax BBIOPOCOB KaK OCHOBBI JJIA TMPSMOTO
CpaBHEHHUA C pe3yibTataMu pacueToB. COOTBET-
CTBEHHO, OIICHKA HEONPEeIEHHOCTH PaCUETHBIX
3HAUYEHUN BBIOPOCOB BO3MOXHA TOJIBKO TIPH
MPUMEHEHUN TaKXE€ PaCUETHBIX (KOCBEHHBIX)
METOZIOB MYTEM COINOCTABJICHUS MOJTYYEHHBIX
3HaYeHUI BHIOPOCOB CO 3HAYEHUSIMHU, OIpee-
JICHHBIMU QJIbTEPHATUBHBIMU CTIOCOOaMHU.

2. Hcnonb3oBaHue MNpUHIUIIA COTJIACOBAH-
HOCTHU BBIOPOCOB MAPHUKOBBIX T'a30B U Ta30B-
IPEKYpCOPOB C KOCBEHHBIMHU IIOKa3aTeNsiMU
TPAHCIIOPTHON U SKOHOMUYECKOH ACATEIBHOCTH
KaK IoKa3aTeisl JOCTOBEPHOCTH M Heolpese-
JICHHOCTH pPAaCUeTHBIX 3HAYEHUH BHIOPOCOB
B MaciTabax CTpaHsbI.

3. IlpuMeHeHHEe MHOXECTBEHHOU JIMHEHHOM
perpeccuu Kak MOJIENH, OTpaKaroie 3aBUCHMO-
CTH MEX]y KOCBEHHBIMU MOKAa3aTEJSIMH TpaHC-
MOPTHOM JESATENTbHOCTH U BBIOpOCAMM MapHUKO-
BBIX 'a30B M ra30B-IIPEKypcopoB. B xoxe mpen-
BapUTENIbHBIX UCCIIEJOBAHUIN OBbLIIO YCTaHOBIIECHO,
YTO 3HAYUMOCTH JAHHOW MOJENM SIBISETCA JI0-
CTaTOYHO BBICOKOW ISl BCEX paccMaTpUBAEMBIX
BUJIOB BBIOpOCOB. OOBEMBI BHIOPOCOB, Ompee-
JICHHBIE 0 PETPECCHOHHBIM MOJENSAM, B Jlajlb-
HEHIIEeM Ha3bIBAIOTCSI MOJECIbHBIMHU U COIOCTAB-
JSIOTCS C PAacYeTHBIMU 3HAUYEHUSMHU, MOTYYEH-
HBIMU TIPU peaTU3alUUd TPETbETO CTPYKTYPHOTO
3jeMeHTa MeTo UK.

4. PaccMoTpeHHE HEONpEeAesIEHHOCTEN Kak
CIIy4allHbIX BEJIMYMH, pealu3alusiMH KOTOPBIX
SIBIISTFOTCSI  PACXOXKJEHUS MEXAY pPacYeTHBIMHU
(mo meromqukam COPERT u EMEP/EEA) u mo-
JENBHBIMU 3HAUYEHUSMU (BOCCTAHOBIEHHBIMU TIO
KOCBEHHBIM TOKa3aTessiMm). s omucanus »Tux
CIIyYaifHBIX BEJIMYMH TIPUBIIECKACTCS BEPOST-
HOCTHO-CTaTUCTUYECKHI anmapar, OCHOBAHHBIN
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Taoauma 1
Table 1

Pacnpenenenue konm4ecTBa JOCTYHBIX CTATUCTUYECKUX TIOKa3aTelen
10 KaTEropusIM JOPOKHOW U BHEAOPOKHOM TEXHUKH (naHHbIE Poccrara), en.
Distribution of the number of available statistical indicators by categories of

road and off-road equipment (Rosstat data), units

N KounuecTBo moka3areJieii o Kareropusim
I /;1 I'pynna nokasareJiei ATC u BMM
ATC | ACM | TPM | CXJ | AM
1 |HanmoHanbpHbIE 9KOHOMUYECKUE OKA3aTEIN 3 3 3 3 3
OTpacreBble 5KOHOMHYECKUE TIOKAa3aTeNH, BKIIF0Yas B 3 5 1 B
TPYAOBBIE PECYPCHI
3  |YucneHHOCTh TEXHUKU 110 OTAEIHLHBIM BUIAM — 8 — 9 —
4 |T'omoBoe NMPOU3BOJACTBO TEXHUKHU MO BUJIAM — — 7 23 —
5 |lIpnobpeTreHue U BHIOBITHE TEXHUKH 110 BUAAM B 4 B 17 B
(B TOM uncIe HOBOH)
6 |IIpon3BoacTBEHHAs MOUTHOCTh U CTETIEHD €€ HC- 6 3 4 25 )
MIOJTE30BAHMSI 110 BUJIAM TEXHUKHU
7 |Texuuueckue xapakrepuctuku napka ATC, mamuH 23 3 ] 6 B
1 000pyI0BaHUs
8 |O0BeMBI BHIIOJIHEHHOU paboTHI (IO BHIaM padoT) 2 2 — 12 14
9 |IlonyuyeHHas U peaJu30BaHHAS] OPOAYKIIHS - 2 - 9 —
10 |IToxazaTenmm >pPeKTUBHOCTH (YACIBHEIE) — — - 5 2
Bcero no kareropusim 34 22 23 120 21

Ha METOJIE MOMEHTOB (ceMelcTBO KpuBbIX Ilup-
COHA), U JUIsl CPAaBHEHHSI KOPPEKTHOCTU PE3yiib-
TaTOB MOJKET JOINOJHUTEIBHO HCIIOJIb30BATHCA
HOpPMaJIbHBIN 3aKOH paclpeaeeHusl.
VICTOYHMKOM JaHHBIX 10 KOCBEHHBIM IOKa-
3aTessiM TPAHCIIOPTHOM AESATEIbHOCTU SBIISETCS
Enunas MexBeZOMCTBEHHass HMH(POPMALMOHHO-
cratuctuyeckas cucrema (EMUCC), xortopas
COJEPXKHUT O(UIUABHYIO CTaTUCTHUYECKYIO HH-
dbopmaruio, GopMHUpyeMyr0 CyOBEKTaMH CTaTH-
CTHYECKOrO0 ydera B paMmkax PenepanbHOro
IUIaHa CTaTUCTHUYeCKUX pabor. CTpykTypa Koc-
BEHHBIX [T0KA3aTEJIEW TPAHCIIOPTHOMN NEATEIBHO-
CTH, UCIIOJIB3YEMBIX Uil Bepu(HKanuu BHIOPO-
COB MTAPHUKOBBIX ra30B, MoKa3aHa B Ta0. 1.
@opMaNU30BaHHO TMPOLEAYypa MOCTPOCHUS
MOJEJIA MHOXKECTBEHHOU JIMHEHHON pErpeccuu B
nensx BepuUKAIMK BHIOPOCOB TAPHUKOBBIX
ra30B MOXET OBITh Mpe/ICTaBIeHa KaK
R[H(V,P),U,Y,q] - {K,C}, 4)
rae H — onepaTop MOATOTOBKH UCXOIHBIX JaH-
HBIX; V — COBOKYMHOCTh MCXO/JHBIX BPEMEHHHIX
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PAOB 1O OTAENbHBIM TOKA3aTENsIM, H3BJICUYECH-
Has u3 EMUCC u mpounx MCTOYHUKOB; P —
HaOOp TpaBwWI TSI 0OpabOTKM MCXOTHBIX IaH-
HbIX, BKJIIOYAIOIIMKM IIATh U3MEHSIEMBIX Napa-
MeTpoB; U — MHOKECTBO M3BECTHBIX 3HAYCHHIM
BbIOpOCOB; Y — mpaBuiia MOCTPOEHUSI PErpeccH-
OHHOM MOJENIM, B TOM YHCJIE NEPUOABI €€ IO-
CTPOCHMSI M HCHOJb30BaHUA; ¢ — KpPUTEpUH,
ONpeAENSAOMNN KauecTBO Moaenu; K — MHOxe-
CTBO KOCBEHHBIX MOKa3aTeled TPaHCIOPTHOMU
NESITEIbHOCTH, YYTEHHBIX B MoOAenu ((QakTopsl
perpeccun); C — mapameTpbl perpeccum.

[Ipu peanuzamuu npouenypbl MOCTPOEHUS
perpeccu BapbHUpPYyEMBIMU BEIUYMHAMM SIBJIS-
ores P, g m Y. [laxe B npeAnoyioxKEHUH, YTO B
dopmupyemom mHoxkectBe K Bce mokaszarenu
XapaKTEepPU3yIOTCS OJMHAKOBBIMH MPABHIAMH,
MOMCK  ONTHUMAJBHOTO 3Ha4YeHHs  (QYyHKUUHU
q(P,Y) B 9-MepHOM mpOCTpaHCTBE (C Y4ETOM
YyeTbIpex napameTrpoB Y) NPEICTaBISIET HETPH-
BUAJIbHYIO BBIYMCIUTENbHYIO 3aJlauy, KOTOpas
TpeOyeT BecbMa 3HAYUTEIbHBIX 3aTpaT BBIYHC-
JTUTENBHBIX PECYPCOB U MOXET HE UMETh rapaH-
THPOBAHHOTO TOYHOTO ONTUMAJIBHOTO PELICHUSI.
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[Ipouenypa BepOSATHOCTHO-CTATUCTUYECKOTO
aHaJln3a TOYHOCTU U HEONPEJECIEHHOCTEH 3Ha-
YeHWI BBHIOPOCOB MAapHUKOBBIX TAa30B U Ta30B-
IIPEKYpPCOPOB BKIIIOUAET TpH 3Tama pacuera. Ha
MIEPBOM 3Tare BHINONHSAETCS (PUKCHpOBaHHUE Ta-
paMeTpOB MOCTPOEHHUSI MHOXKECTBA PETPECCHOH-
HBIX MOJENEH, MO KaXJI0H U3 KOTOPBIX Jayee
OnpeAeNnsieTcs peanu3anus CIy4YailHOW BETUYH-
Hbl. IlepBpIMM OByMsi mapaMeTpaMu SIBISIIOTCA
IpaHullpl MEpUOJA MOCTPOEHUsT Mojenei (Bo3-
MoskHbIe 3HaueHus ¢ 1990 mo 2022 rox). Tperuit
napaMmeTp — Auarna3oH pa3MepoB Mojenu (2, Ko-
TOPBIA MOXET COCTaBIATh OT 5 10 10 ner. Yer-
BEPTHIM U IATHIA ITAPAMETPhl ONPENEISIIOT MH-
HUMAaJIbHBIN YPOBEHb Ka4eCTBA MOJIEH, MIPU KO-
TOPOM OHa Jajee HUCIOIb3yeTCsa I OmIpenese-
HUSl 3HAYeHHUS BBIOPOCOB KaK peanu3aliul CIy-
YaiiHOW BEJMYHMHBI: CKOPPEKTUPOBAHHBIN KO-
bunueHT neTepMUHAUUU RA U YpOBEHb 3HAUU-
MOCTH PErPECCHOHHOM MOJIENH B IIEJIOM &,

Ha BTropom sTame mpousBoautcs (opmupo-
BAHME MHOXECTBA pPEANU3ALMM CIy4alHBIX Be-
JUYUH 10 OTAENbHBIM rojgam. Ha stom mare
BBITIOJHAETCSl MTOCTPOCHUE MHOXKECTBA pErpec-
CHOHHBIX MOJENEH, Y KOTOpPhIX nuamna3oH () He
BBIXOJMT 3a IPaHULBI Tepuoa nocrpoenus. llpu
3TOM MOCTPOECHHUE MOJEIU C AUAMA30HOM (2 BBI-
noyiHsieTcss mo € BapuaHTaM; KaXJbld BapUaHT
MOJEJIM HE YYHUTHIBAET JAHHBIE 33 KaKOH-TO
OJIMH T'OJl; MOCJE€ MOCTPOEHUSI MOJENN 3a «IIpo-
MyIICHHBIM» TOJ OIpPEAENSIETCS PAaCXO0XKICHHUE
MOJEJIbHBIX M PAaCUYETHBIX AaHHBIX z. JJid Kax-
JIOTO BapuaHTa OIPENEISIIOTCA IMOKa3aTeNnn Ka-
4eCcTBa, U, €CJIM OHU COOTBETCTBYIOT MUHUMAJIb-
HO JIOTYCTUMBIM 3HAUeHUSIM Ra U &, 3HAaUCHUE Z
nobasiisieTcsi B BBIOOPKY Z; (i — TOPSAKOBBIM
HOMEp «IPOMYILIEHHOTO» ro0Ja); B NMPOTUBHOM
cllydae z UTHOpUpYyeTcs (BHIOpAaKOBBIBAETCS) U B
JallbHEMIMX pacueTrax He ydacTByeT. Kak pe-
3yJbTaT, IOCJIE 3aBEPUICHHUs] BTOpPOro J3Tara
bopMHUpYIOTCST BRIOOPKHU Z; ISl KaXKI0TO Toja B
rpaHuLaxX Mepuoja MOCTPOEHUS MOJENIEH, Kax-
Jlasi U3 KOTOPBIX COJEPKHUT pazInyHOE KOoJnye-
CTBO peaJn3aluil CIIy4alHOW BEJIMYUHBI Z;.

Tperuii 3Tan — onpeneeHnue KOJIMYECTBEH-
HBIX TOKa3aTesledl TOYHOCTU W HEONPEEIIEHHO-
CTeil B pacueTHBIX 3HAYEHMSIX BBHIOPOCOB BEpO-
ATHOCTHO-CTAaTUCTUYECKUMHU MeToAamMu. BoisB-
JeHre HanboJiee MOAXOMASIIEro 3aKoHa pacrpe-
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JIETICHUSI KaXIO0M M3 CIIyYalHbIX BEIWYUH Z;
OCYUIECTBIIIETCS M3 YCJIOBUS COBIAJCHUS Iep-
BBIX YEThIPEX MOMEHTOB Ul BBIOOPOYHOM COBO-
KyIIHOCTU Z; U JUIsl 3aKOHA pacIpeieieHusl CiTy-
YailHON BEJIMYMHBI, 3aJaBa€MOr0 IUIOTHOCTBIO
BepoATHOCTEN f(z). B kadecTBe mokasarens He-
OINPEACIEHHOCTE HCIOJIB3YETCS JOBEPUTEINb-
HBI MHTEpBAI [pfnin; pP x| € 3aaHHBIM YpOB-
HEM BEpOATHOCTEH (00ecreyeHHOCThIO) p, Tpa-
HUI[bl KOTOPOT'O ONPENEISIOTCS U3 YCIOBHM

p p
[Pmin f(z)dz = = [Pmax f(z)dz = 2. (5)
[Ipu ompeneneHUU TPaHHUIl JTOBEPUTEIBHBIX
MHTEPBAJIOB Ha OCHOBE KpuBHIX [lupcona f{(z)
BO3MOXKHBI 3HAYCHHS, ACHMMETPHUYHBIC OTHOCH-
TEIBHO CPEJHEr0 3HAYCHUs] PacCMaTpUBACMOM
cilydaiiHOW BenuuuHbl. KoJM4ecTBEHHBIM IMOKa-
3aTelieM TOYHOCTH SIBJISCTCS MEIMAaHHOE 3Have-
HHE TIONPABKH Oz, BBOJUMOE K PAaCUCTHOMY 3Ha-
YEHUIO BHIOPOCOB:
0z =z, — Zp, (6)
TJIe Z) — PaCUeTHOE 3HAYCHUE BHIOPOCOB, JJIsI KO-
TOPOTO OICHUBAETCS TOYHOCTh M HEOMPEICIICH-
HOCTH; Zy — MEJMaHHOE 3HAYCHHUE BBIOPOCOB,
JUIsSE KOTOPOTO

[ f@dz = [ " f(2dz =05 (7

Bce cocraBHbIE 351eMeHTBI METOAMKH peasu-
30BaHbl B « TpaHCIOPTHON MOJAENIN», BKIIKOYAIO-
Hie claeayrolue NporpaMMHbBIE MOAYJIH: «AB-
TOMOOWJIBHBIN TPAHCIIOPT» (peaim3yeT MEPBBIM
CTPYKTYPHBIH 35leMeHT MeTonuku B 4acTu (op-
MHUPOBaHUSI TPYNIHUPOBOYHOrO MaccuBa HA u
BTOPOU CTPYKTYPHBIM 3JIEMEHT JJIsl BBIYUCIICHUS
JIOTIOJIHUTEIBHBIX NTapaMeTPOB, Aajiee Nepeaana-
eMBIX B TMpOrpaMMy pacuera BEIOPOCOB
COPERT); «BuenopoHble MOOWUIBHBIC MalllH-
HbI» (peayiu3yeT MepBble TPU CTPYKTYPHBIX 3Jie-
MeHTa MeTOMKN B OTHOLIEHUH BCEX KaTErOpuu
BMM); «Bepudukanus» (peanusyeTr 4eTBepThIi
CTPYKTYPHBIH 3JIEMEHT MeETOAMKH — B IEJIOM
st ATC, no ornensHbIM KaTeropusim BMM u
[0 CyMMapHBIM BbIOpOCaM MapHUKOBBIX T'a30B U



Tom 28, Ne 01, 2025

HayuyHbiit BectHuk MITY TA

Vol. 28, No. 01, 2025

200 000
180 000
160 000
140 000
120 000
100 000
80 000
60 000
40 000
20 000
0

CO,eqy THIC. T

Civil Aviation High Technologies

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

m KagacTp

TpaHcnopTHaA mogenb

Puc. 1. CymmapHbie BBIOPOCH TAPHUKOBBIX Fa30B aBTOMOOMIIBHBIM TPAHCTIOPTOM, IPUBEACHHBIC
B HaronansHoM Kamactpe 3a 2023 rox u nonydeHHbIe 0 « TpaHCIOPTHON MOJETN»
Fig. 1. Total greenhouse gas emissions from road transport, shown in the National Inventory for
2023 and obtained from the Transport Model

ra3oB-IIPEKypPCOPOB OT BCEX pacCMaTpUBACMBIX
BHJIOB aBTOTpaHcmnoprta); «IIporros3sn» (mpemna-
3HAuUeH /I XpaHEHUS M aHalu3a CTaTHCTUYe-
CKOW MH(OPMAIMU W PACUETHBIX NAHHBIX C IIe-
JBI0 BBISIBJICHHUS 3aBUCHUMOCTEH u (hopMHpoBa-
HUS SKCnepTHOro MHEHUs). C HCIoib30BaHHEM
MeToauku BO3MOKHO KaK BOCCTAHOBJICHHE Bpe-
MEHHBIX PSJIOB BHIOPOCOB 3a MPEANISCTBYIOINE
MEPHUOBl C OLIEHKOW WX TOYHOCTH W HEOTpee-
JICHHOCTEH, TaK ¥ BBINIOJHEHUE CIEHAPHOTO
MPOTHO3HPOBAHUS 0O0BEMOB BHIOPOCOB B Oyny-
IIEM.

Pe3yabTaThl U 00CyKIeHHe

C ucnonp3oBaHUEM BbIIIEONUCaHHON Merto-
JUKU  cpeacTBaMu  «TpaHCHOpTHOW Mojenu»
ObuTH c(HOPMHUPOBAHBI TPYMITUPOBOYHBIE MACCH-
Bl HA ¢ 2010 o 2022 roj, pacyeTHbIe TPYyMIIbI
B KOTOPBIX COOTBETCTBOBAJIM CTaHAAPTHBIM
rpynnam COPERT. B mpouecce pacueroB BbI-
OpOCcOB OBLIM YYTCHBI HAIMOHAIBHBIE OCOOCH-
HOCTH TIpU OIpeJIeIEHUN 3Ha4eHUuH TpeOyeMbIxX
nokasarenei, koropeie B nporpamme COPERT
NPUHUMAIOTCS TI0 YMOJIYaHUIO0, CPEIU HUX: MpH-
POIHO-KIMMAaTH4eCKue (aKTOPHI; pacrpenene-

87

HUE MPOOErOB TPAHCIIOPTHBIX CPEICTB O JOPO-
ram pasHbIX KaTeropuii; pacrpeiesieHue Kymy-
JSTUBHOTO TIpoOera, CpelIHeCcyTOYHas WHTCH-
CUBHOCTb JIBMKEHHSI Ha aBTOMOOWJIBHBIX JOPO-
rax pasHblX Kareropuil g Bcex Tunos ATC;
CpelHsis NalbHOCTh MOE3JKU aBTOMOOWiIeH pas-
HBIX TUNOB. Kak pe3ynbraT, B COOTBETCTBUHU
¢ MeTonukoil OBUTM aKTyaJM3WPOBAHBI COJEP-
xKangecss B HanmoHanbHOM KajacTpe OICHKU
BBIOPOCOB OCHOBHBIX NMapHUKOBBIX Ta30B (CO,,
CH4, N,O) u razos-npekypcopoB (CO, NOy,
NMVOC) B niepuon ¢ 2010 mo 2022 rox ot 1o-
pokHOrOo TpaHcmopra (puc. 1).

MOXHO BHIIETh, YTO 3HAYEHHUS CYMMAapHBIX
BBIOPOCOB TApHHUKOBBIX TA30B aBTOMOOWIBHBIM
TPAHCHOPTOM 3a 3TOT NEPHOJ, MPUBEICHHLIC B
HaumonaneHOM KamacTpe U noixydeHHble no Me-
TOJIMKE, XOpolIo coriacytorcs. CpeaHeB3BelieH-
HO€ OTKJIOHeHHe 3HaueHui coctaBiser 0,55 %,
tosbko B 2015 romy pasuuua gocturaer 9,7 %.

CpaBHUTENBHBII aHAU3 PAcUeTHBIX 3HaYe-
HUN BaJIOBBIX BBIOPOCOB Ta30B-NIPEKYyPCOPOB
(CO, NOy, VOC) aBTOMOOHIBHBIM TpPaHCIOP-
ToM no HanmumonaneHOMy KajgacTtpy U Metoauke
nokasai, 4to o CO 3HayeHUs! B OTJEIbHBIE T'O-
Il oTmyarotes Ha 42...95 %. ITo VOC paznu-
ymne cocrasiseT 28,7...71,4 %. Ilpuyem kak 1o
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Puc. 2. CymmapHbIe BHIOPOCHI ITAPHUKOBBIX [a30B BHEOPOKHBIM TPAHCIIOPTOM I10 BHaM BHEIOPOKHOH TEXHUKH
Fig. 2. Total greenhouse gas emissions from off-road transport by type of off-road equipment

OJIHOMY, TaK U MO BTOpOMY rasy no Metoauke
3HAYEHUS BO BCEX KAJCHIAPHBIX I0Jax IPEBBI-
IIal0T 3HA4Y€HHUs, NpuBeAeHHble B Hanuonanb-
HoM kanactpe. Ilo BeiOpocam NOy coriacoBan-
HOCTh 3HaueHWd no Kamactpy m Meronuke B
nepuoz 2016-2022 rogoB HAMHOTO Jy4Yllle, MaK-
cuManpHas pasHuia cocrtasiusier 4,6 % B
2021 rony.

B cootBercTBUU ¢ MeTonnKkoil BriepBbie ObI-
Ja MpOBeJCHA KOJUYECTBEHHAs OLIEHKa BBIOpO-
coB III' or kareropum «BHEZOpOXHBIA TpaHC-
IOpT», 3HaYEHUsI KOTOPBIX paHee B HamuoHnans-
HOM KaJjacTpe He OTpa)XaJluCh. JTO MO3BOJIET
KaK yTOYHWUTH AaHHble HanmoHanmpHOro Kajgacrt-
pa, Tak ¥ BBLACIUTH BKJIAJ BHEIOPOXHBIX Ma-
LIMH 110 OTPaciIIM U OLICHUTHh BO3MOXHOCTB pe-
TYJIHPOBAaHUS BBIOPOCOB OT ATHX HCTOYHHUKOB.
Heo06xonumMo OTMETHTbH, YTO MO BHEIOPOKHOU
MOOWIBbHOM TexHuke B oriamuue oT ATC otcyT-
CTBYET B OTKPBITOM JOCTyIlEe 0000IIEHHAast U CH-
CTeMaTU3UpOBaHHAsl JeTalbHas MHQOpMALUs C
OCHOBHBIMM II0Ka3aTe/IIMU M XapaKTEpPUCTHUKA-
MH, 9YTO OOYyCIIaBIMBAaCT HEOOXOJIMMOCThH WC-
II0JIb30BAaHUSl JKCIEPTHO-aHAIUTUYECKUX METO-
JIOB BOCCTAHOBJICHHS HEIOCTAOLIeH HH(pOpMa-
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MU O YUCJIEHHOCTH, XapaKT€PUCTUKaX, UHTEH-
CHUBHOCTH HCIIOJIb30BAHUS PaA3JIUYHBIX KaTero-
pUli ¥ MOJKATETOPUM BHENOPOKHOM TEXHHUKHU Ha
OCHOBaHUM BBISIBIICHUS TPEHIOB U3MEHEHUS IO-
KazaTesiel U MX JIOCTOBEPHOI'O0 MaTeMaTHYEeCKO-
IO OIUCAHUS B BUJIE YCTOMUUBBIX KOPPEIALUOH-
HBIX 3aBUCHUMOCTEHN C MOKAa3aTeIsIMH, HCIONb3Y-
€MBIMH JJIS1 OLIEHKH BBIOPOCOB MAPHUKOBBIX Ia-
30B BHEJIOPOKHBIM TPAHCIIOPTOM.

Ha ocHoBe uHpoOpManuum O 4YHMCIEHHOCTH,
HOMEHKJIaType BHEJIOPO)KHON TEXHUKH U JIPYTUX
CBE/ICHUSX O HapabOTKe MAIIMH, COAepKAIUXCs
B cratuctuueckux ¢opmax Poccrata u B
EMUCC, B apyrux mnyOIMYHBIX HCTOYHHUKAX
nHpOpMAIK, HOPMATHBHBIX M METOJUYECKUX
JNOKYMEHTaX, Hay4YHO-TEXHUUECKUX OTYETax, pe-
3yJbTaTaX MapKETUHTOBBIX, AHAIUTUYECKUX HC-
clleZloBaHuM, ObUIM C(HOPMHUPOBAHBI TPYIIUPO-
BoyHble MaccuBbel HM 1O OTAENBHBIM rojaMm ¢
2010 mo 2022 ron. PesynbraTel pacdera Bajo-
BbIX BBIOpocOB III' u ra3oB-mpekypcopoB OT
BHEJIOPO’KHOI'O TPAaHCIOpTa IPEACTaBICHbl Ha
puc. 2.

OcCHOBHBIE OJIOKEHUS U aJITOPUTMBI MeTo-
JUKA OBbUTM HCIIOJIB30BAHBI IPHU BBINOJIHEHUU
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Taoauna 2
Table 2

BrIOpoch mapHUKOBBIX Ta30B aBTOMOOMIBHOM TeXHUKOM 3a nepuof 1990-2022 romos (hparmeHT)
Greenhouse gas emissions from automotive vehicles for the period 1990-2022 (fragment)

Yuciaen- HoTped- Banosbie BHIOPOCHI, THIC. T/TOX
Ton HOCTBH nap- JeHune Tpusenen-
ka ATC, | Tomamea, | CO, | CH, | N;O| CO | VOC | NO, | HbleBbI-
ThIC. €] ThIC. T/TOJ opocs 1T
1990 16 802 50 690 160 280 44 4.5 8992 | 1708 1 049 162 745
1995 23 218 34 782 109 699 35 2,8 8982 | 1083 932 111407
2000 29 052 25905 81 507 28 2,1 8 164 773 798 82 817
2005 35 695 32115 100 991 31 2,7 9525 855 881 102 565
2010 43 679 43 261 136 002 32 3,3 8 838 796 784 137 789
2015 53 588 51332 161 545 27 3,4 6 443 721 583 163 253
2020 58 550 49 055 153 388 22 3,1 4213 519 398 154 872
Tao6auna 3
Table 3

Bb10pocs! napHUKOBBIX ra30B BHEAOPOXKHOW TeXHUKOM 3a epuof 1990-2022 ronos (pparmenr)
Greenhouse gas emissions from off-road vehicles for the period 1990-2022 (fragment)

Yucien- IloTpeod- BaJioBbie BHIOPOCHI, THIC. T/TO/
Tox | "BMM, 1onc. | tommmma Mpunexci-
’ . > CO; CH, | N,O CcoO VOC | NOy | HbIe BBIOpPO-
IIT. TBIC. T/TO co1 TIT
1990 7714 17 627 55742 11 2,0 1 887 273 951 56 603
1995 7210 11 849 37 494 14 1,3 2253 309 587 38 222
2000 6 643 10 588 33515 18 1,1 2492 374 512 34 294
2005 6 329 9043 28 609 11 1,0 1488 231 464 29 168
2010 6 226 8 257 26119 9,0 | 0,90 | 1161 194 424 26 610
2015 6133 8 440 26 685 6,3 | 0,94 729 145 434 27 124
2020 6 181 7567 23 924 5,6 | 0,85 611 127 384 24 318

PETPOCTIEKTUBHOTO MPOTHO3a MOTPEOICHUS pa3-
HBIX BHJIOB TOIUIMBA W JHEPTUU, BAJOBBIX BHI-
OpOCOB MApHUKOBBIX T'a30B, a TAKKE YHCIECHHO-
CTH pacCMaTPUBAEMBIX BUIOB JOPOKHBIX M BHE-
JIOPOXKHBIX MallMH Ha nepuoa ¢ 1990 mo
2022 roj, KoTopble NpUBEACHBI B Ta0. 2.

B Tabn. 3 mpencraBieHbl 3HaYCHUS YHCIICH-
HOCTH, TIOTPEOJICHUS TOILJIMBA, BAJIOBBIX BEIOPO-
COB MapHHUKOBBIX T'a30B BHEJOPOKHOM TEXHUKON
B ATOT K€ MEPHOI.
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PesynbraTsl peanuzauuu MeToIuKu B 4acTH
OLICHKM HEONPEJIETICHHOCTEN pacueTHBIX 3Haye-
HUM CyMMapHBIX BBIOPOCOB OT BCEX PaccMOT-
PEHHBIX KaTeropuii aBTOMOOMIIBHOTO TPaHCIIOP-
Ta MokasaHbl B Ta0x1. 4. JloBepuTenbHbIE UHTEP-
BaJibl (6) OBUIM BBIYHMCIICHBI C MAKCUMAJIbHO BBI-
COKOM o0ecnedeHHOCThI0 99 %; ¢ yBenuueHueM
«pa3Maxay JOBEPUTEIBHOIO HHTEpBaja yBEJIH-
YMBAETCS U HEONPEAEICHHOCTh PacyeTHOIO 3Ha-
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Tao6auua 4
Table 4

JloBepuTenbHbIE HHTEPBAJIbI K PACUETHBIM 3HAYEHHSIM BBIOPOCOB MAPHUKOBBIX T'a30B

u razoB-npexypcopoB ATC u BMM c obecnieueHHOCTBIO 99 % (PpparmeHT)
Confidence intervals to the calculated values of the emissions of greenhouse gases
and precursor gases of road and off-road mobile vehicles with 99% sufficiency (fragment)

Ton I[MapHukoBHIii ra3, raz-npekypcop, %
CcoO, CH, N,O co vOC NO,

1990 | -3,0/+4,2 -1,9/+1,5 -2,6/+3,6 -2,1/+0,9 -2,3/+0,8 —2,5/+3,3

1995 | —11,3/+14,4 -5,1/+7,9 -6,7/+11,1 —4,6 /+6,8 —4,4/+6,5 -7,5/+11,1

2000 | —10,6 /+15,4 -7,6 / +17,5 -7,8/+14,6 —4,7/+5,1 -6,2 /+6,5 —-8,5/+14,5

2005| -4,0/+6,2 —4,5/+6,5 —8,9/+9,2 -6,3/+4,7 —4,9/+4,8 -9,3/+9,5

2010 | —15,3/+17,4 | —18,4/+18,5 | —26,8 / +26,2 | —42,4/+40,3 | —31,6/+29,7 | —35,0/+35,7

2015| —14,0/+12,2 | —15,8/+15,8 | —20,0/+18,8 | —21,3/+22,9 | —21,8/+22,9 | —22,0/+21,9

2020 | —27,0/+28,1 | —-16,8 /+23,1 | —15,1/+27,1 | —40,1/+39,8 | —26,9/+30,1 | —25,2/+31,8
Tabauua S

Table 5

MCI[I/IaHHBIe SHAYCHUS MOIPABOK K PACUCTHLIM 3HAYCHUAM BBIGpOCOB MMapHUKOBBIX T'a30B
u ra3oB-nipexypcopoB ATC u BMM (¢dparmenr)
Median values of corrections to the calculated values of greenhouse gases emissions
and precursor gases of road and off-road mobile vehicles (fragment)

Tox 3HadyeHMs nonpaBku, %

CO, CH, N,O CO VOC NO,
1990 0,58 —0,20 0,48 —0,60 —0,74 0,41
1995 1,58 1,40 2,19 1,12 1,08 1,80
2000 2,40 —0,05 3,39 0,20 0,16 2,96
2005 1,09 1,00 0,13 —0,82 —0,06 0,11
2010 1,02 0,06 —0,31 —1,02 —0,95 0,35
2015 —0,88 0,04 —0,61 0,80 0,54 —0,06
2020 0,56 3,19 6,00 —0,16 1,58 3,29

YeHUsl BBIOPOCOB ISl COOTBETCTBYIOUIETO I'0/1a U
BH/JIa TAPHUKOBOTO T'a3a WU Ta3a-IpeKypcopa.
[To pesynbpraraM aHanmM3a MEIUWAHHBIX 3HA-
YEHUW TONPABOK K PACUYCTHBIM 3HAYCHHSIM BHI-
OpOCOB TApHUKOBBIX Ta30B M Ta30B-TIPEKYyp-
copoB BMM u ATC (7) xak TJIaBHOTO KOJH4Ye-
CTBCHHOT'O IIOKa3aTeysl TOYHOCTH  (TaliL. 5)
MOXXHO CJIeaTh BBIBOJI O JIOCTATOYHO BBICOKOM
TOYHOCTH paHEe IMOJyYCHHBIX PACUCTHBIX 3HA-
4yeHUH BBIOPpOCOB TO MeToauke: 3a TEpUo.
1990-2019 romoB 3aUKCUPOBAHO TOJBKO TPHU
3HAUYCHHUsS] MEJIMAHHOW TIOMPABKH, TMPEBBIIIAI0-
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meit 3 %, nmo oraenbHBIM Tazam (2000 rox, N,O,
oz = 3,39 %; 2016 ron, CO, &z = —3,58 %;
2018 rox, NOy, 6z = —3,08 %). IIpu 3TOoM OTpH-
HaTeIbHbIC 3HAYCHUS TIONPABOK CBUICTEIb-
CTBYIOT O IEpeoleHKe 00BEeMOB BBHIOPOCOB (I1e-
Jecoo0pa3HO MX YMEHBIIICHHE HA BEIMYHMHY I10-
IPaBKH), a TIOJIOKUTEIbHBIC 3HAYCHUS, HA000-
POT, OTpa)karOT HEIOOIEHKY PAacYeTHBIX 3Haue-
HUI BBIOPOCOB.

B menom BHeIOpOXHBIE MOOWJIBHBIC MalllH-
HBl XapaKTepH3YIOTCSl 3aMETHO Ooyiee HU3KOM
TOYHOCTBIO U 00Jiee BBICOKUMH HEOTIPEICTICHHO-
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CTSIMU PacUeTHBIX 3HAUEHUHN BHIOPOCOB T'a30B MO
CPaBHEHMIO C aBTOTPAHCIOPTHBIMU CPEACTBAMHM.
B 10 xe Bpemsi B CyMMapHBIX BIOpOCax 1Mo BceM
BHUJaM ra3oB BeIOpockl oT ATC AOMHHUPYIOT,
YTO CYILLECTBEHHO yJIy4llaeT MOKa3aTesid TOYHO-
CTH U HEOIPENEICHHOCTEH PACUYETHOM OLICHKH
CyMMapHBIX BBEIOPOCOB.

[Ipyn mpakTHYECKOM HCIIONB30BAaHUM M WH-
TEepIpeTaly MMOKa3aTele TOUHOCTH U Heolpe-
JIEJICHHOCTEM pacyeTHbIX 3HAuY€HUN BHIOPOCOB
MAapHUKOBBIX Ta30B HEOOXOIWMO YYHUTHIBATH
cienytomiee. JlocTOBepHOCTh pe3yibTaToB, OC-
HOBAHHBIX Ha COIVIACOBAHHOCTU PACUETHBIX 3HA-
YEeHU BBHIOPOCOB MAaPHUKOBBIX T'a30B C KOCBEH-
HBIMU TIOKA3aTeJIIMH TPAHCIIOPTHOW JEATEIbHO-
CTH, OIpEAENseTcsl KaK aJeKBaTHOCTbIO pacyeT-
HOM Mozenu (HaTu4MeM peallbHO CYLIECTBYIO-
IIMX 3aBHCHUMOCTEN MEXJIy KOCBEHHBIMHU IIOKa-
3aTesIMU U 3HAYEHUSIMH BBHIOPOCOB IO OTJIENb-
HBIM BUJaM IOKa3aTeled M KaTeropusiM BHEIO-
POKHBIX MOOMJIBHBIX MallMH M aBTOTPAHCHOPT-
HBIX CpPEICTB), TaK WU IOJHOTOM M TOYHOCTBIO
CTaTUCTUYECKUX JTaHHBIX, OTPAXAIOIIMUX 3HaYe-
HUsl KOCBEHHBIX I10KAa3aTeIeH TPAHCIIOPTHOU Je-
ATEJIBLHOCTU B OTAeNbHbIE ToAbl. [lo o0bemy u
Ka4yecTBY JOCTYIHOM CTaTUCTHUYECKOW HHQOP-
Malld MOXHO BBIICIUTh YEThIPE PACUETHBIX
nepuoga. Ilepseiii nepuon (1990-1999) xapak-
TEPU3YETCS MaJlbIM KOJIMYECTBOM KOCBEHHBIX
[IOKa3aTeJIe TPAaHCIIOPTHOW JEATEIBHOCTU H
MUHUMAaJIBbHBIMH (110 CPaBHEHHIO C OCTaJIbHBIMU
nepuogamMu) odbeMaMu (PaKTHUECKUX ITaHHBIX,
MCIIOJIb30BaHHBIX MPH pacueTe BbIOpocoB. CooT-
BETCTBEHHO, [TOKA3aTeIM TOYHOCTH U HEOIpeae-
JIEHHOCTEM 3a ATOT MEPUOJI ABIISIFOTCS HaMEHEe
noctoBepHbIMU. Btopoit mepuon (2000-2009)
XapaKTepu3yeTcsi HECKOJbKO ©o0jiee BBICOKOM
(akTOIOrHUECKO OOECIEYeHHOCThIO pacyeT-
HBIX 3HAYEHHH BBHIOPOCOB, U MOKA3aTEIU TOYHO-
CTH M HEOIPEAEICHHOCTEN IJI1 3TOro Iepuona
MOXHO CUUTaTh OoJiee JOCTOBEpHBIMU. Tpernii
nepuon (2010-2019) ornuuaercs MakcHUMallb-
HOM JOCTOBEPHOCTBIO PE3YyJIbTATOB, B TOM YHCIIE
Y TIOKa3aTeJled TOUHOCTH U HEONPEEIIEHHOCTEN.
s werBeproro nepuoaa (2020-2022) 3Hauyumo
IIPOSIBIISIETCS. HEJOCTATOYHOCTh BO3MOXHBIX Pe-
QIA3alMi CIy4YalHBIX BEIWYUH, BO3HUKAOIIAS
BCJIEICTBHE MaJOro KOJIMYECTBA JOCTYIIHBIX pe-
IPECCUOHHBIX MOJEJIEH, YTO CHUKAET TOCTOBEP-
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HOCTb BEPOSITHOCTHBIX OLIEHOK TOYHOCTU U He-
ONPEAECIEHHOCTEN.

Cucrema rocy1apCcTBEHHBIX CTATUCTUYECKUX
HaOmoeHuil Poccun 3a paccmaTpuBaeMblil 1ie-
puon (1990-2022) ne ornuvaercs AOCTATOYHO
IIOJIHOM COTJIACOBAHHOCTBIO JIAHHBIX: HEKOTOPBIE
NIOKA3aTeNM TPAHCIIOPTHOM JEATEIBHOCTH B pas3-
HbI€ TOJIbl PAaCCUUTHIBAIMCH KaK MHUHHUMYM IIO
TPEM Pa3IUYHBIM METOAUKAM. JTO 0OCTOSTENb-
CTBO SIBJIIETCS JIONOJHUTENIBHBIM HCTOUYHUKOM
HEOIIPEACICHHOCTEN, HE CBA3aHHBIX HENOCpe-
CTBEHHO C HEONPEAEICHHOCTIMU PaCUETHBIX
3HaueHuil BBIOpocoB. B pamkax Meroauku c
MOMOIIbI0 HOPMUPOBAHMSI, CTJIAKUBAHUA U HC-
NI0JIb30BAaHUsl BPEMEHHOTO Jlara 3TU JONOJIHH-
TEJIbHBIE HEOIPEACICHHOCTH B MAaKCUMAaJbHO
BO3MOYKHOH CTENEHH OBbIIM CHUXKEHBI U UX BIIH-
STHAE MOXET OBITh MPU3HAHO HECYIIECTBEHHBIM.

3akioyeHue

VY coBepIIeHCTBOBaHHAsT METOJMKA PacyeTHO-
IO MOHHMTOPHHTA BBIOPOCOB MApHUKOBBIX Ta30B
OT JEATENIbHOCTH aBTOMOOMJIBHOTO M BHEIOPOXK-
HOT'O TPAaHCIOPTa AA€T BO3MOKHOCTb MTOBBIIIICHUS
TOYHOCTU U JOCTOBEPHOCTH Ppe3yJbTaTOB IPH
OlLIEHKE 00BEMOB BBIOPOCOB MAPHUKOBHIX T'a30B
OT aBTOTPAHCIOPTHBIX CPEACTB U BIEPBBIE IM03-
BOJISIET OLICHUTH OOBEMBI BBIOPOCOB OT BHENO-
POKHBIX MOOMJIBHBIX MallIMH. Beicokast TOUHOCTD
U JIOCTOBEPHOCTh PE3yJIbTaTOB JIOCTUTAIOTCA 3a
CUeT JIeTalM3allid UCXOIHBIX IAaHHBIX, OTpaXka-
fonmx cnenuduky HarpoHarbHOTo mapka ATC u
BMM B yacTu €ro CTpyKTypsl, a TakKe IOKa3a-
TeJiel TPAaHCTIOPTHOM EATEIbHOCTH.

Metoauka JaeT BO3MOXKHOCTh IOJY4EHUS
JIOCTOBEPHBIX KOJWYECTBEHHBIX OLIEHOK TOYHO-
CTM U HEOIpPENEeICHHOCTEH M0 OTIACNIBHBIM TO-
nam, kareropusim ATC u BMM, Bugam napHu-
KOBBIX Ta30oB M Tra3oB-mpekypcopoB. [lomyuen-
Hble B pa0OTe 3HAUEHUS TOYHOCTH U HEoIpee-
JIEHHOCTEH MOXXHO CUYMTaTh «OLIEHKOM CHH3Y»,
BBINIOJTHEHHOM B YCIIOBHSIX HENOCTAaTKa CTaTH-
CTHYECKUX JaHHBIX.

Pazpaborannass  «TpaHcriopTHast ~ MOJEIbY
dbopmupyer enuHyIo cucteMy cbopa U 06padoTKU
ucxomHoH uH(popMalK O (YHKIIOHUPOBAHUH
aBTOMOOMJIBHOTO TapKa B JETaM3alli, HE0OXO0-
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MO JUIst TOCTOBEPHOM otleHKH BbIOpocoB [1I" oT
aBTOMOOMJIBHOTO M BHEIOPOYKHOI'O TpPaHCIIOPTA.
BepoATHOCTHO-CTATUCTUYECKUI aHAJIN3 TOYHOCTH
Y HEOINpPEIeIIEHHOCTH 3HAUE€HUH UTOTOBBIX BBIOPO-
COB OT aBTOMOOHMIIBHOTO U BHEIOPOKHOTO TPAHC-
IIOpTa Ha OCHOBE AHAJIM3a COIJIACOBAHHOCTH MO-
JIeTie MHOYKECTBEHHOW JIMHEMHOM Perpeccuu I1o3-
BOJISIET BOCCTAHOBHUTBH OTCYTCTBYIOLIYIO MJIH CKOp-
PEKTUPOBaTh OMMOOYHYI0 WH(pOPMAIHIO, MpHUBE-
JICHHYIO B (JOpMax rocyJJapCcTBEHHbIX CTaTUCTHYE-
CKUX HaOIOJCHUI 10 aBTOMOOWIIEHOMY U BHEJIO-
POXKHOMY TPaHCIIOPTY. DTO MO3BOJISAET NPOBOANUTH
JOTIOJTHUTENBHYI0 BepU(DUKAIMIO JAaHHBIX TOII-
JUBHOW CTAaTHUCTUKUA W BBISIBISITH CYIIECTBEHHBIC
OTKJIOHEHHUSI B TOTPEOICHUN MOTOPHOTO TOTLTUBA
B OT/IETIbHBIE TOBI, B KOTOPBIX MOTYT CO/IEPKATh-
cs ommOku. Vcrons3oBanue pa3pabOTaHHON Me-
Tonukd B HalmoHambHOM KajgacTpe MOBBIIIAET
MPO3PAaYHOCTh PACUETOB BBIOPOCOB MAPHUKOBBIX
ra30B MOOWJIBHBIMUA UCTOYHHKAMU U CIIOCOOCTBY-
€T JIy4IlleMy [TOHUMAal0 OCHOBHBIX (h)aKTOPOB, BITU-
SFOLIMX HA M3MEHEHHE BEIOPOCOB.

HanbHeiimee pazsutue MeToauku B MEPBYIO
ouepelb TOJKHO OBITh HANPABIEHO HA IOBBI-
LIEHUE TOJHOTHl OXBaTa M JOCTOBEPHOCTH HC-
XOJIHBIX CTAaTUCTUYECKHX MJaHHBIX, HCIOJIb3ye-
MBIX KaK HEMOCpPEJICTBEHHO MpH pacuere o0be-
MOB BBIOPOCOB TMapHUKOBBIX Ta30B, TaK U TpU
OLICHKE TOYHOCTH W HEOIPEAEIIEHHOCTEN pe-
3yJIbTaTOB 3THUX pacueTroB. B memom Meroauka,
peanu3oBaHHas B BUAE «TpaHCIOPTHOM MoOje-
T, SIBJISIETCS] BBICOKO3()(PEKTUBHBIM CpeICTBOM
MH(GOPMaLIMOHHON TOJJCPKKU yIPaBICHUECKUX
pemieHuii B OOJIACTH TPOTHUBOJACHCTBHS Hera-
THBHBIM MOCJIEJICTBUSIM KJIMMAaTHYECKUX H3Me-
HEHMH, OOYCIOBIECHHBIX BBIOpOCAMHU MAPHUKO-
BBIX ['a30B TPAHCIIOPTHBIMU CPEACTBAMU.

B mnepcnektuBe «TpaHCnopTHass MOIEIbY
MOXET HE OIPaHWYMBATHCS TOJIBKO HA3€MHBIMU
BHJIaMH TPAHCIIOPTA, a PACTIPOCTPAHITHCS TAKKE
Ha BO3AYIIHBIA, BOAHBIM MU KEJIE3HOIOPOKHBIN
TPAHCIOPT.

baarogapuoctu

HccnegoBaHue BBINIOJIHEHO B PaMKax Ba-
HEWILIEr0 WHHOBAIMOHHOTO MpPOEKTa rocynap-
crBenHoro 3HadueHus (BUII I'3) «Enunas Hamm-
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OHaJIbHAsl CUCTEMa MOHUTOPHUHIA KIUMAaTUYECKU
AKTHBHBIX BEILIECTB», YTBEPKACHHOTO pacrops-
kenueM lIpaBurensctBa Poccuiickoir Penepa-
nuu ot 29.10.2022 Ne 3240-p, B Xoae peanuza-
[IUU HAYYHO-UCCIIEIOBATENLCKON paboThI MO Te-
Me «AKTyanu3alusi pacrpeiesieHus aBTOMO-
OounpHOrO mapka Poccuu mo BHIaM TOIIMBA U
HKOJIOTMYECKHUM KJIACCaM, OIPEIEIICHHs pacxoaa
TOIJIMBA, CPEIHEB3BEIICHHBIX MPOOETOB aBTO-
TPAaHCHOPTHBIX CPEACTB pPa3HBIX KIJIACCOB IS
apronapka Poccuiickonn Penepauun» 1o A0ro-
Bopy Ne 32312317348 ot 17 mas 2023 rona
000 «ITN».

B nannHoif pabGoTe Takke NpUHUMANIU yda-
ctue corpymaukn MAJIM B.M. Kowmkos,
E.B. [llamuna, JI.A. desHos, B.A. 3opuH.

Cnucok ureparypbl

1. 3pipsnoB U.B. Onenka BbIOpOCOB map-
HHUKOBBIX Tra3oB aBTorpancrnoptoM AK «AJIPO-
CA» / N.B. 3bipsnos, H.E. Kynunuy, @.10. HBa-
HOB, B.A. Koxun // I'opHoe oGopynoBaHue u
anekTpomexanuka. 2016. Ne 1 (119). C. 9-13.

2. Maruayanun A.P. Pacuer BbIOpOCOB
MapHUKOBBIX Ta30B MPHU OSKCIUTyaTallud aBToO-
TpaHCIIOPTa Ha TEPPUTOPUM KPYMHBIX TOPOJOB
Pecriybnuku Tarapcran / A.P. Hlarupynnus,
A.P. MargeeBa, A.®. I'misazosa, I'.d. AmupsiHo-
Ba, P.A. arunynnuna, P.P. Mlarunynmun //
Poccuiickuii  KypHan NpPHUKIATHON HKOJOTHH.
2016. Ne 2 (6). C. 22-25.

3. Joxkkuna O.B., Jloxkun B.H. Konn-
YECTBEHHAsI OLIEHKAa BBIOPOCOB MOJUTIOTAHTOB U
NAapHUKOBBIX Ta30B aBTOTPAHCIOPTOM IO €BpO-
nerickoid Mmeroponorun COPERT, agantupoBan-
HOW K ycioBusim Cankr-IlerepOypra // ITpo0Gie-
MBI yTpaBlIeHUs puckamMu B TexHochepe. 2013.
Ne 4 (28). C. 19-26.

4. JIBoeraazoa H.B., Uyb6apenko b.B.,
Ko3noBa S.A. AHTpONOreHHAs] COCTaBIISIIOILAS
SMUCCUH TIAPHUKOBBIX Ta30B ¢ Tepputopuun Ka-
JUHUHTPAJICKON obnacTu // ['mapomereoposorus
n skonorug. 2020. Ne 58. C. 94-110. DOI:
10.33933/2074-2762-2020-58-94-110

5. Maxkcumona O.B., JIbiToB B.M., I'nn3-
oypr B.A. CpaBHUTEIBHBIN aHANW3 METOIUK
pacuera yTAEpOAHOrO cliefa aBTOTpaHCHOpTa



Tom 28, Ne 01, 2025

HayuyHbiit BectHuk MITY TA

Vol. 28, No. 01, 2025

B Poccun // KoHTposnb KauecTBa NpPOIYKIUH.
2020. Ne 7. C. 44-48.

6. Tpodumenko FO.B. BinsHue cTpykry-
pBI MapKa aBTOTPAHCHOPTHBIX CPENCTB MO BHIY
TOIJIMBA U SKOJIOTHYECKOMY KJIacCy Ha BBIOPOCHI
napaukoBeix razoB / F0.B. Tpodumenko,
B.A. I'un30ypr, B.M. KomkoB, B.M. JleiToB //
Bectauk Cubupckoro rocyaapCTBEHHOTO aBTO-
MOOUIIBHO-IOPOXKHOTO ~ yHUBepcuTera. 2018.
T. 15, Ne 6 (64). C. 898-910.

7. SkyooBuu H.A. IlorpemHocTy B OLEH-
KaX 00BEMOB BHIOPOCOB TTAPHUKOBBIX T'a30B aBTO-
TPaHCTIOPTOM U crocoObl ux cHmxkenus // [Ipo-
OJ1eMBI TEXHUYECKOM SKCIUTyaTalld M aBTOCEPBH-
ca MOJBIKHOTO COCTaBa aBTOMOOMJIBHOIO TpaHC-
nopra: COOpPHMK TpynoB 77-0H Hay4YHO-METO-
JMYECKOW M HAy4YHO-HMCCIIEI0BAaTEIbCKONW KOH(pe-
penimu MAJIU. Mocksa, 29-30 smBapst 2019 .
M.: Texnmomurpadientp, 2019. C. 127-130.

8. Amin A, Altinoz B., Dogan E. Analyz-
ing the determinants of carbon emissions from
transportation in European countries: the role of
renewable energy and urbanization // Clean
Technologies and Environmental Policy. 2020.
Vol. 22. Pp. 1725-1734. DOI: 10.1007/s10098-
020-01910-2

9. Liang Y. Factors affecting transporta-
tion sector CO, emissions growth in China: an
LMDI decomposition analysis / Y. Liang, D. Niu,
H. Wang, Y. Li [Dnexrponnslii pecypc] // Sustain-
ability. 2017. Vol. 9, 1iss. 10. ID: 1730.
DOI: 10.3390/su9101730  (mata  oOpareHwus:
19.07.2024).

10. Mishalani R.G. Modeling the relation-
ships among urban passenger travel carbon diox-
ide emissions, transportation demand and sup-
ply, population density, and proxy policy varia-
bles / R.G. Mishalani, P.K. Goel, A.M. Westra,
A.J. Landgraf // Transportation Research. Part D.
Transport  Environment. 2014. Vol. 33.
Pp. 146-154. DOI: 10.1016/;.trd.2014.08.010

11. IlecrakoB H.U. Metoas! pacuera yr-
JEPOJHOrO cjiela OOBEKTOB JOPOKHO-CTPOU-
tenpHoro komimiekca / H.M. Illecraxos,
J.K. Taprounckwuii, H.C. Aprar, b.A. Moproes //
Okonoruss  ypOaHU3UPOBAHHBIX  TEPPUTOPHIA.
2024. Ne 1. C. 76-81. DOI: 10.24412/1816-
1863-2024-1-76-81

93

Civil Aviation High Technologies

12. Jdexuuu B.C. MogenupoBanue 065eMOB
BBEIOPOCOB TAPHHUKOBBIX TAa30B B IrOPOJax C HC-
MOJIb30BAHUEM JAHHBIX PA3JIMYHON JIETAIbHO-
ctu // WarepKapro. Matepl UC. 2020. T. 26,
Ne 1. C. 257-270. DOI: 10.35595/2414-9179-
2020-1-26-257-270

13. UoparumoBa H.A., KocsikoBa A.A.,
TaiicapunoBa A.C. OneHka 3arpsi3HEHUs BO3-
nyxa B AJIMaThl ¢ MCIOJ30BAaHHEM KOCBEHHBIX
metosoB // HoBoctn maykm Kazaxcrana. 2017.
Ne 2. C. 175-188.

14. Boxmun .M., Ko3un E.C. OcHOBBI
MOHHUTOPHHTA YTJIEPOIHOTO ClieJla TPAHCIOPT-
HBIX TIOTOKOB KPYITHBIX TOpoaoB // TpaHcmopt:
HayKa, TeXHHKa, yrpasieHue. Hayunbrid uadop-
MaluoHHbIN cOoopHuk. 2024. Ne 6. C. 11-17.
DOI: 10.36535/0236-1914-2024-06-2

15. SAxyoosnu A.H., SAxy6oBuu U.A. Uc-
M0JIb30BaHNE TEOMH(DOPMAITMOHHBIX TEXHOIOTHI
IpU aHAM3€ W TPOTHO3MPOBAHHH JKOJIOTHUYE-
CKOT'O COCTOSIHHSI TEPPUTOPHUI TOPOKHOU ceTH //
B mupe Hayusbix otkpeiTuid. 2015. Ne 6 (66).
C. 52-63. DOI: 10.12731/wsd-2015-6-5

16. Sarkodie S.A. Environmental sustaina-
bility assessment using dynamic autoregressive-
distributed lag simulations nexus between green-
house gas emissions, biomass energy, food and
economic growth / S.A. Sarkodie, V. Strezov,
H. Weldekidan, E.F. Asamoah, P.A.Owusu,
IN.Y. Doyi // Science of the Total Environment.
2019. Vol. 668. Pp. 318-332. DOI: 10.1016/
j.scitotenv.2019.02.432

17. Nasreen S., Saidi S., Ozturk 1. As-
sessing links between energy consumption,
freight transport, and economic growth: evidence
from dynamic simultaneous equation models //
Environmental Science and Pollution Research.
2018. Vol. 25. Pp. 16825-16841. DOI:
10.1007/s11356-018-1760-5

18. Tynaxkoma FO.A. HeiipocereBoii pacuer
KOHIIEHTpanuid nuokcuaa yraepoaa / FO.A. Ty-
HakoBa, C.B. HosuxoBa, A.P. Ilarunymnun,
B.C. Bamue // HOxHO-CuOupCcKuii Hay4HBIN
BecTHUK. 2021. Ne 6. C. 18-23. DOI: 10.25699/
SSSB.2021.40.6.050

19. Ilenenes B.JI. BnusHue mnpomyckHOU
CTIIOCOOHOCTH PETYJUPYEMBIX IEPECCUCHUH Ha
KOJINYECTBO BBIXJIOMHBIX a30B OT aBTOTPAHCIIOP-
ta/ B.JI. enenes, A.W. TI'mymkos, O.C. ®a-



HayuyHbiit BectHuk MITY TA

Tom 28, Ne 01, 2025

Civil Aviation High Technologies

muHa, B.E. Kyty3zoBa // Bectuk IOxHo-
YpallbcKOTo TOCYIapCTBEHHOTO YHHBEPCUTETA.
Cepusi: OxkoHOMUKA U MeHeKkMeHT. 2023. T. 17,
Ne 1. C. 168-178. DOI: 10.14529/em230116

20. Tpodpumenko IO.B., Komkxor B.H.
AKTyaJ M3upOBaHHBIM IPOTHO3 YHCICHHOCTH,
CTPYKTYpbl aBTOMOOWIBbHOTO mapka Poccuu mo
TUITy SHEPrOyCTaHOBOK W BBIOPOCOB IMAPHHUKO-
BbIX ra30B 10 2050 roga // Bectauk Cubupckoro
TOCYJapCTBEHHOTO  aBTOMOOWIIBHO-TOPOKHOTO
yHusepcurera. 2023. T. 20, Ne 3. C. 350-361.
DOI: 10.26518/2071-7296-2023-20-3-350-361

21. Hocudos B.B. CrannapTsl TONIMBHOU
3¢ (HEKTUBHOCTH KaK WHCTPYMEHT JOCTHIKCHUS
Henei KIMMaTHYeCKON TMONUTUKH: aHAIU3 pe-
3yJIBTATUBHOCTH // DKOHOMHYECKUH BECTHHUK
UITY PAH. 2021. T. 2, Ne 1. C. 40-52. DOI:
10.25728/econbull.2021.1.4-iosifov

22. Trofimenko Y.V., Yakubovich A.N.,
Lytov V.M. Development of approaches to updat-
ed database on the vehicle fleet of various coun-
tries for assessing gross greenhouse gas emis-
sions // 2023 Intelligent Technologies and Elec-
tronic Devices in Vehicle and Road Transport
Complex (TIRVED). Moscow, 2023. Pp. 1-5.
DOI: 10.1109/TIRVEDS58506.2023. 10332670

References

1. Zyryanov, L.V., Kulinich, N.E., Iva-
nov, F.Y., Kozhin, V.A. (2016). Assessment of
greenhouse gas emissions by motor transport of
“Alrosa”. Mining Equipment and Electrome-
chanics, no. 1 (119), pp. 9—13. (in Russian)

2. Shagidullin, A.R., Magdeeva, A.R.,
Gilyazova, A.F., Amiryanova, G.F., Shagi-
dullina, R.A., Shagidullin, R.R. (2016). Calcu-
lation of greenhouse gas emissions during opera-
tion of motor vehicles in the big cities of the re-
public of Tatarstan. Russian Journal of Applied
Ecology, no. 2 (6), pp. 22-25. (in Russian)

3. Lozhkina, O.V., Lozhkin, V.N. (2013).
Quantitative estimation of road transport pollu-
tants and green house gases by means of the Eu-
ropean methodology copert adapted to the condi-
tions of Saint-Petersburg. Problemy upravleniya
riskami v tekhnosfere, no. 4, pp. 19-26. (in Rus-
sian)

94

Vol. 28, No. 01, 2025

4. Dvoeglazova, N.V., Chubarenko, B.V.,
Kozlova, Y.A. (2020). Anthropogenic compo-
nent of greenhouse gas emissions from the terri-
tory of the Kaliningrad region. Hydrometeorolo-
gv and ecology, no. 58, pp. 94-110. DOI:
10.33933/2074-2762-2020-58-94-110 (in Rus-
sian)

5. Maksimova, O.V., Lytov, V.M., Ginz-
burg, V.A. (2020). A comparative analysis of
methods for calculating the carbon footprint of
vehicles in Russia. Product quality control,
no. 7, pp. 44-48. (in Russian)

6. Trofimenko, Yu.V., Ginzburg, V.A.,
Komkov, V.I., Lytov, V.M. (2018). Influence of
the motor vehicle parking structure by fuel type
and ecological class on greenhouse gas emis-
sions. The Russian Automobile and Highway In-
dustry Journal, vol. 15, no. 6 (64), pp. 898-910.
(in Russian)

7. Yakubovich, I.A. (2019). Errors in es-
timates of greenhouse gas emissions from motor
vehicles and ways to reduce them. In: Problemy
tekhnicheskoy ekspluatatsii i avtoservisa po-
dvizhnogo sostava avtomobilnogo transporta:
sbornik trudov 77-oy nauchno-metodicheskoy i
nauchno-issledovatelskoy konferentsii  MADI.
Moscow: Tekhpoligraftsentr, pp. 127-130.
(in Russian)

8. Amin, A., Altinoz, B., Dogan, E.
(2020). Analyzing the determinants of carbon
emissions from transportation in European coun-
tries: the role of renewable energy and urbaniza-
tion. Clean Technologies and Environmental
Policy, wvol. 22, pp. 1725-1734. DOL:
10.1007/s10098-020-01910-2

9. Liang, Y., Niu, D., Wang, H., Li, Y.
(2017). Factors affecting transportation sector
CO; emissions growth in China: an LMDI de-
composition analysis. Sustainability, vol. 9,
issue 10. ID: 1730. DOI: 10.3390/su9101730
(accessed: 19.07.2024).

10. Mishalani, R.G., Goel, P.K., Wes-
tra, A.M., Landgraf, A.J. (2014). Modeling the
relationships among urban passenger travel car-
bon dioxide emissions, transportation demand
and supply, population density, and proxy policy
variables. Transportation Research. Part D.
Transport Environment, vol. 33, pp. 146—154.
DOI: 10.1016/j.trd.2014.08.010



Tom 28, Ne 01, 2025

HayuyHbiit BectHuk MITY TA

Vol. 28, No. 01, 2025

11. Shestakov, N.I., Targonskij, D.K., Ar-
gat, N.S., Morgoev, B.A. (2024). Methods for
calculating the carbon footprint of road construc-
tion facilities. Ekologiya urbanizirovannykh ter-
ritoriy, no. 1, pp. 76-81. DOI: 10.24412/1816-
1863-2024-1-76-81 (in Russian)

12. Dekhnich, V.S. (2020). Modeling vol-
umes emissions of greenhouse gas in cities using
data with various details. InterCarto. InterGis,
vol. 26, no. 1, pp. 257-270. DOI: 10.35595/
2414-9179-2020-1-26-257-270 (in Russian)

13. Ibragimova, N.A., Kosyakova, A.A.,
Tajsarinova, A.S. (2017). Assessment of air
pollution in Almaty using indirect methods.
Novosti nauki Kazakhstana, no. 2, pp. 175-188.
(in Russian)

14. Vohmin, D.M., Kozin, E.S. (2024). Ba-
sics of monitoring the carbon footprint of traffic
flows in large cities. Transport: Science,
Equipment, Management. Scientific Information
Collection, no. 6, pp. 11-17. DOI: 10.36535/
0236-1914-2024-06-2 (in Russian)

15. Yakubovich, A.N., Yakubovich, L.A.
(2015). Use of geographic information technolo-
gies for the analysis and prediction of environ-
mental status of the road network. V mire
nauchnykh otkrytiy, no. 6 (66), pp. 52—63. DOI:
10.12731/wsd-2015-6-5 (in Russian)

16. Sarkodie, S.A., Strezov, V., Weldeki-
dan, H., Asamoah, E.F., Owusu, P.A.,
Doyi, I.N.Y. (2019). Environmental sustainabil-
ity assessment using dynamic autoregressive-dis-
tributed lag simulations nexus between green-
house gas emissions, biomass energy, food and
economic growth. Science of the Total Environ-
ment, vol. 668, pp. 318-332. DOI: 10.1016/
j.scitotenv.2019.02.432

17. Nasreen, S., Saidi, S., Ozturk, 1.
(2018). Assessing links between energy con-

Civil Aviation High Technologies

sumption, freight transport, and economic
growth: evidence from dynamic simultaneous
equation models. Environmental Science and
Pollution Research, vol. 25, pp. 16825-16841.
DOI: 10.1007/s11356-018-1760-5

18. Tunakova, Y.A., Novikova, S.V.,
Shagidullin, A.R., Valiev, V.S. (2021). Neural
network calculation of carbon dioxide concentra-
tions. South-Siberian Scientific Bulletin, no. 6,
pp. 18-23. DOI: 10.25699/SSSB.2021.40.6.050
(in Russian)

19. Shepelev, V.D., Glushkov, A.lL., Fadi-
na, O.S., Kutuzova, V.E. (2023). Influence of
the capacity of regulated crossings on the quanti-
ty of exhaust gases from vehicles. Bulletin of the
South Ural State University. Series: Economics
and Management, vol. 17, no. 1, pp. 168-178.
DOI: 10.14529/em230116 (in Russian)

20. Trofimenko, J.V., Komkov, V.L
(2023). Updated number forecast, Russin car
fleet structures by type of power plants and
greenhouse gas emissions until 2050. The Rus-
sian Automobile and Highway Industry Journal,
vol. 20, no. 3, pp. 350-361. DOIL: 10.26518/
2071-7296-2023-20-3-350-361 (in Russian)

21. Tlosifov, V.V. (2021). Fuel efficiency
standards as a tool for achieving climate policy
goals: performance analysis. Economic Bulletin
of ICS RAS, vol. 2, no. 1, pp. 40-52. DOI:
10.25728/econbull.2021.1.4-iosifov (in Russian)

22. Trofimenko, Y.V., Yakubovich, A.N.,
Lytov, V.M. (2023). Development of approaches
to updated database on the vehicle fleet of various
countries for assessing gross greenhouse gas
emissions. In: 2023 Intelligent Technologies and
Electronic  Devices in Vehicle and Road
Transport Complex (TIRVED). Moscow, pp. 1-5.
DOI: 10.1109/TIRVED58506.2023.10332670

Cgenennsi 00 aBTopax

Tpodumenko KOpuii BacuiabeBu4, TOKTOp TEXHUYECKUX HAYK, Mpodeccop, 3aBeayromuii kade-
poii TexHoc(hepHO# 6e30macHOCTH MOCKOBCKOTO aBTOMOOMIIBHO-TOPOXKHOTO TOCYJAapCTBEHHOTO TEX-
Huaeckoro yausepcurera (MAJIN), ywtrofimenko@mail.ru.

I'nn36ypr BepoHuka AnexkcaHapoBHA, KaHIUIAT reorpadUuecKux HayK, 3aMECTUTEINb TUPEKTO-
pa HucTHTyTa Tim00aThbHOrO KJIMMAara W JOKOJOTMH WMEHH akamgemuka FO.A. Uzpasns (UI'KD),

veronika.ginzburg@gmail.com.



HayuyHbiit BectHuk MITY TA Tom 28, Ne 01, 2025
Civil Aviation High Technologies Vol. 28, No. 01, 2025

SAxyooBuu Anatosmii HukosaeBuY, JOKTOp TEXHUYECKUX HayK, JOLEHT, mpodeccop kadeapst
TexHOCc(epHOi Oe30macHOCTH MOCKOBCKOTO aBTOMOOMIBHO-I0POKHOTO TOCYIaPCTBEHHOTO TEXHHUYE-
ckoro yausepcuteta (MAZIN), 5408 1(@mail.ru.

JIbiToB Baaaucinas MuxailjioBu4, HayYHbI COTPYJHUK OTAEA MCCIEAOBAHUS MPOIECCOB CTa-
Onnuzanuy rao0anbHOro KimMmara MHCTHTyTa T100anbHOrO KIMMaTa W AKOJOTUM MMEHH aKaJleMHUKa
10.A. Uspasns (UT'KD), vladislav.lytoff@gmail.com.

IleamakoB Cepreii BadeciaBoBHY, KaHIMIAT TEXHUYECKHX HAyK, JOLEHT, JOLECHT KadeIpbl
TexHOCc(epHOi Oe30macHOCTH MOCKOBCKOTO aBTOMOOMIIBHO-I0POKHOTO TOCYIaPCTBEHHOTO TEXHUYE-
ckoro yausepcuteta (MAJIN), shelwood@yandex.ru.

3enenoBa Mapus CepreeBHa, KaHIUIAT TeorpapuyecKix HayK, BEIYLIHA HAYYHBIH COTPYIHHUK
HNuctutyTa T700a7pHOTO KIMMaTa MW OSKojmormu uMeHH akagemuka [O.A. Wszpasns (UI'KD),
mszelenova@gmail.com.

Information about the authors

Yurij V. Trofimenko, Doctor of Technical Sciences, Professor, The Head of the Technosphere
Safety Chair, Moscow Automobile and Road Construction State Technical University (MADI),
ywtrofimenko@mail.ru.

Veronika A. Ginzburg, Candidate of Geographical Sciences, Deputy Director of the Institute of
Global Climate and Ecology Named after Academician Y.A. Izrael (IGCE), veroni-
ka.ginzburg@gmail.com.

Anatolij N. Yakubovich, Doctor of Technical Sciences, Associate Professor, Professor of the
Technosphere Safety Chair, Moscow Automobile and Road Construction State Technical University
(MADI), 54081 @mail.ru.

Vladislav M. Lytov, Researcher at the Department of Global Climate Stabilization Research, Insti-
tute of Global Climate and Ecology Named after Academician Y.A. Izrael (IGCE),
vladislav.lytoff@gmail.com.

Sergej V. Shelmakov, Candidate of Technical Sciences, Associate Professor, Associate Professor
of the Technosphere Safety Chair, Moscow Automobile and Road Construction State Technical
University (MADI), shelwood@yandex.ru.

Mariya S. Zelenova, Candidate of Geographical Sciences, Leading Researcher, Institute of Global
Climate and Ecology Named after Academician Y.A. Izrael (IGCE).

[Toctynuia B pegaxmuro 01.11.2024 Received 01.11.2024
Ono0peHa mociie perneH3upoBaHMUs 02.12.2024 Approved after reviewing 02.12.2024
[IpuHsTta B me4yarsb 23.01.2025 Accepted for publication 23.01.2025

96



HayuyHbiit BectHuk MITY TA Tom 28, Ne 01, 2025
Civil Aviation High Technologies Vol. 28, No. 01, 2025

BBK 05
H 34
Cs. tan 2025

Hayunsiii Bectauk MI'TY T'A
Tom 28, Ne 01, 2025
Civil Aviation High TECHNOLOGIES
Vol. 28, No. 01, 2025

CBuzerenscTBO 0 peructpanuu B @enepanbHoii ciyx0e 1o Hanzopy B chepe cBszy,
WH(POPMAIMOHHBIX TEXHOJIOTHH 1 MacCOBBIX KoMMyHuKaruii (Pockomuanzop) ITN Ne ©@C77-47989
ot 27 nexabps 2011 r.

OdopMuTh TONIMCKY Ha NEYATHYIO BEPCHIO JKypHajla MOXXKHO Ha caiite OObeamneHHoro kataijora «Ilpecca Poc-
cum» www.pressa-rf.ru. [lognuchoii nnaekc 84254.

IToamucaHo B 1e4aTsb ....... 2025.
[Meuats nudposas ®opmar 60x90/8 11,88 ycu. meu. 1.
3aka3z Ne 1065/ ... Tupax 50 3k3.

MockoBcKuil rocy1apcTBEHHbII TeXHUYeCKUil yHuBepcuTeT I'A
125993, Mocksa, Kponmrraarckuit OymsBap, 1. 20
Wsroroeneno B U/ Axagemun nmenu H. E. )KykoBckoro
125167, Mocksa, 8-ro Mapra 4-1 yi1., 1oM 6A

Ten.: (495) 973-45-68

E-mail: artpress@mail.ru

© MockoBCKHil rocy1apCTBEHHBII
TexHH4eckuil ynuepcutet I'A, 2025



