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HeiipoceTeBoii moaxoa K 00ecne4eHuI0 BU3YAJIbHON KOrePeHTHOCTH
B AaBHATPEHAXKepaXx JOIMOJTHEHHO! PeajibHOCTH

1 1
AJL T'opoyHnoB , JIu FOubxanb
"Mockoscruii 20CY0apCmeeHHblll MeXHUYeCKULl YHUBEPCUMem 2paicOanHCcKoll asuayul,
2. Mocxea, Poccus

Annoramusi: B 2023 r. mumupyromtas apnakocmirdeckast koproparms CIIA Lockheed Martin o0bsiBIa o pazpaboTke cpasy
HECKOJIbKMX OCHOBAaHHBIX Ha TEXHOJOTHSX PacIIMpEeHHO/MomoMHeHHOH peansHocTH (extended/augmented reality, XR/AR)
TpeHakepoB g mioToB TF-50, F-16, F-22 u F-35, oTHIONs HE SIBISIICH NMMOHEPOM B 3TOM HampaBieHnd — B 2022 T.
AHAJIOTWYHBIE TIPOEKTHI 3aIyCT Boeing u Beaymmid OpHTaHCKUI TPOM3BOIAMTEN aBHAIMOHHON TexHHKH BAE Systems. B
saBape 2024 r. BBC CIIA wuHBecTHpoBaIM CpeACTBa B pa3pabOTKy MITIOTCKHX AR-CHMYIATOpOB Ha OCHOBE CMapT-OYKOB
JonoiHeHHOH peantbHocTH Microsoft Hololens, u Torna e xommanust Apple Hauasna MaccoBble nponaxu AR-rapautypsr Apple
Vision Pro — TpyiHO coMHeBaThCs B TOM, 4TO B 2024 I. OSIBUTCS PSI/l HOBBIX aBUATPEHAKEPOB C IPUMEHEHHUEM 3TOT0 YCTPOMCTBA.
CrpeMuTeNIbHOE DPa3BUTHE HOBOIO TIOKOJICHWSI ABHAKOCMUYECKOW TpeHakepHOW TexHMkH — XR/AR-TpeHaxepoB —
COTPOBOXKIACTCSI OYMOM HCCIICIOBATELCKOM aKTHUBHOCTH B 00JIACTH BH3yalbHOU KorepeHTHocTH (Vvisual coherency, VC) crien
JIOTIOJIHEHHON PEaIbHOCTH: BUPTYAJIbHBIE OOBEKTHI B 3THX CLEHAX MODKHBI OBITh HEOTIMYMMBI OT peanbHbIX. Mmenno VC
o0ecrieynBacT HOBBIE BO3MOXKHOCTH AR-TpeHa)kepoB, NPHHLIMITHAILHO OTIMYAIONIME HMX OT CTABLIMX CTaHAAPTHBIMU
aBHATPEHAXKEPOB C BUPTYaIBHON peabHOCTHIO. B mocnemaee Bpems VC Bee yare obecriednBaeTcsi HEHPOCETEBBIMUA METOIAMU,
IIpH 3TOM HamOosiee BaXHBIMH acriekTamMu VC SBIISIIOTCS YCIOBHS OCBEICHHOCTH, TTO3TOMY OCHOBHAS JIOJISI MCCIICIOBAHWH
TIOCBSIIEHA NIEPEHOCY 3THX YCIIOBHH (PACIIOIOKEHIE HMCTOYHHUKOB CBETA M MIX IIBETOBOH TOH) M3 PEAIbHOTO MHUpPA B BUPTYaJIbHBIH,
HO OOJBIIMHCTBO M3BECTHBIX IOAXOJOB XapaKTEPH3yeTCs HEYHHBEPCAIBHOCTBIO M HEOOXOAMMOCTBIO BBIMOMHEHHUS PY4YHBIX
nporenyp. JIaHHBIX HEZOCTATKOB HE MMEET OCHOBAHHBINM Ha JIBYMEPHBIX CIIEKTPaJIbHBIX MPeoOpa3oBaHUAX N300paXKeHNI METOA
CIEKTPAIBbHON TPaHCIUIAHTAIMH, TPEOYIOIIIIA, OHAKO, OTIPEIENICHIS pa3Mepa TPaHCIUIAHTHPYEMOH OT pealbHON KapTHHBI MHUPa K
BUPTYaJIbHOMY OOBEKTY 4acTH cliekTpa. Hacrosiiasi crarbsi MoCBsillieHa pa3padOTKe HEHpOCeTeBO MOJeNH il MeXaHH3Ma
BBIOOPA ONTHMAIIEHOTO pa3Mepa CIIEKTPaIbHOrO TPAHCIIaHTATa.

KuroueBble ciioBa: aBUAIIOHHBIC TPEHAXKEPHI, TOITOJTHEHHAS PEATIBHOCTD, BU3yaJIbHAasA KOT€PEHTHOCTD.

[ nmtupoBanmsi: ['opObynoB A.JL, Jlu FO. HeiipocereBoli momxon K 00ECIEYEHMIO BU3YalbHOW KOTEpPEHTHOCTH B
aBHaTpeHaXkepax JONOoNMHEeHHOH peanbHocTy // Hayunsiii Bectnik MI'TY T'A. 2024. T. 27, Ne 4. C. 8-19. DOI: 10.26467/2079-
0619-2024-27-4-8-19

Neural network approach to ensuring visual coherence in augmented
reality flight simulators

A.L. Gorbunovl, Yunhan Li'

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

Abstract: In 2023, the leading US aerospace corporation Lockheed Martin announced the simultaneous development of several
extended/augmented reality (XR/AR) simulators for pilots of TF-50, F-16, F-22, and F-35 without being a pioneer in this area of
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focus, in 2022 similar projects were launched by Boeing and the leading British aeronautical equipment manufacturer BAE
Systems. In January 2024 the US Air Force invested in the development of pilot AR simulators based on Microsoft Hololens
augmented reality smart glasses. At the same time, Apple began bulk sales of the Apple Vision Pro AR headset. It is difficult to
doubt that in 2024 a variety of new aviation simulators will appear using this device. The rapid development of a new generation of
aerospace simulator technology, i.e., XR/AR simulators, is accompanied by a boom in research in the field of visual coherence
(VCO) of augmented reality scenes: virtual objects in these scenes should be virtually identical with real ones. It is VC that provides
new capabilities of AR simulators, which fundamentally distinguish from conventional flight simulators with virtual reality.
Recently, VC has been increasingly provided by neural network methods, thereby, the most important aspects of VC are lighting
conditions, so the major share of research is focused on transferring these conditions (location of light sources and their color tone)
from the real world to the virtual one, but the great body of the known approaches are characterized by the lack of versatility and
the need to perform manual procedures. These disadvantages are not found in the spectral transplantation method based on two-
dimensional spectral image conversions, which, however, requires determining the size of the spectrum part being transplanted
from the real picture of the world to a virtual object. This article is devoted to the development of a neural network model for the
mechanism of selecting the optimal size of a spectral transplant.

Key words: flight simulators, augmented reality, visual coherence.

For citation: Gorbunov, A.L., Li, Yu. (2024). Neural network approach to ensuring visual coherence in augmented reality flight
simulators. Civil Aviation High Technologies, vol. 27, no. 4, pp. 8-19. DOI: 10.26467/2079-0619-2024-27-4-8-19

BBenenue AR-rapautypsr Apple Vision Pro — tpynHo co-
MHEBaTbCs B TOM, YTO B Oirpkaiimem OymyrieMm
MOSIBUTCSI PSiI HOBBIX aBHATPEHAXEPOB C TPH-
MEHEHHEM 3TOr0 yCTPOUCTBA.

Ouenp ObicTpoe (maxxe mo mepkam [T-cde-

B 2023 r. nuaupyronias aBUaKOCMHUYECKast
koproparust CIIIA Lockheed Martin o0bsiBuna

0 pa3paboTKe cpa3y HECKOJIIbKUX OCHOBaHHBIX Ha
TEXHONOTMAX DACHINPEHHON PEaNbHOCTH (eX- pbl) Pa3BUTHE HOBOTO TIOKOJICHUS] aBUAKOCMHYE-

tended reality, XR) TpeHaxepos wis mwiotop ~ CKOM TpeHaxepnoif Texmmkn — XR/AR-TpeHa-
TF-50, F-16, F-22 u F-35, OTHIONb HE SBISSCH JKE€POB — COIPOBOKJIAETCS BCIJIECKOM HCCIIENIO0-
BaTEJIbCKOW aKTHBHOCTU B OOJIACTH BU3YalIbHOU

korepeHTHocTH (visual coherence, VC) cuen no-
MOJTHEHHOW PEaTbHOCTU: BUPTYAIbHBIE OOBEKTHI
B OTUX CILIEHaxX JOJDKHBI ObITh HEOTIMYHUMBI OT
peasbHbIX. [IOBBIIEHHBIN WMHTEpPEC HUCCIEAOBA-
Tenei o0ycioBieH TeMm, yTo uMeHHo VC obec-
MEYNBACT HOBBIE BO3MOXHOCTH AR-TpeHaxke-
POB, MPUHIUIHAIBHO OTIMYAIOIINE UX OT CTaB-
mux Je-(pakTo CTaHAAPTHBIMH COBPEMEHHBIX
aBuatpeHaxepoB ¢ VR. Bce nunepsr [T-otpaciu
(Microsoft, Google, Apple, Samsung, Sony u
mpod.) paccmarpuBaloT AR kak crnemyromryio
(mocne TmosIBIEHUS CMapT(OHOB) «OONBIITYIO
BOJIHY» PEBOJIIOLMOHHBIX M3MEHEHUH B LUdpo-

IIMOHEPOM B 3TOM HampaBieHuu, — B 2022 T.
aHanornynsle XR-mpoexTs! 3anmyctunu Boeing u
BEIYIINI OpUTAHCKUN MPOU3BOJIUTEH ABUAIIM-
oHHoil Texuuku BAE Systems. OgHako nHunma-
tuBa Lockheed Martin ocobo moka3zarenpHa mu-
pPOKUM cneKTpoM XR-CUMyJISATOPOB Kak B CMBIC-
JIe MHOKE€CTBEHHOCTH THUIIOB BO3JYIIHBIX CYJIOB,
Tak ¥ pazHooOpa3usi MOJBUIOB TeXHONIOTHH XR:
«0OBIYHAS JOTIOJIHEHHAsl pealbHOCTh (augmen-
ted reality, AR) — mpoekThl B Koomepauuu ¢
Korea Aerospace Industries 1 Red 6 Aerospace,
a Takke KOMOMHALMS BUPTYaJbHOU pealbHOCTU
(virtual reality, VR) m AR — npoekT Ha ocHOBe
pemiennss XTAL 3 or Vrgineers (MHTepecHBIi .
(akT: MomoOHBIA MOAX0/ ObLI ONUCAH B CTAThE, BOii DJIEKTPOHHUKE, N0dTOMY mpobiema VC cra-

ony6iukosannoift B «Hayunom Becrhuke ~— HOBUTCA Kiouesoit n it IT B nenom. Kak
MITY TA» eme B 2016 r. [1]). B smuBape clecTBHe, 3apyOexHas Oubnuorpadus no VC
2024 r. BBC CIIIA uHBecTHpoBamm cpenctsa p  COACPUT yke Ooree ThICAM MyHKTOB (TOria
pa3spaGoTKy MAnOTCKHX AR-cuMysTopos kom-  KaK B POCCHICKOM HaydHOM MPOCTPaHCTBE 00-
mameii Microsoft Ha OCHOBE cMapT-oukop go-  HAPYKMBAIOTCA TONLKO EMHHYHBIC MyOmiKa-
TIONTHEHHOH peambHOCTH Microsoft Hololens, 1~ 1HH ©. & [2]).

TOrJa K€ XOpOoHIO H3BECTHASA CBOCBPCMCHHO- VC 3aBuchT OT MHOTHX q)aKTOPOB' pactio-
CTBIO CBOMX peaKuHﬁ Ha 3ampockl IT-pI)IHKa JIO)KCHUS HCTOYHHUKOB CBCTA, BOCIIPOU3BCIACHUSA

KOMIIAHMUS Apple HAyana MAacCOBbIE IPOIAXKH BUPTYaAJIbHBIX TCHCUW M IIBETOBOTO TOHA, B3aWM-
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HBIX OTPAXCHHUH peaibHBIX U BUPTYATbHBIX 00b-
eKTOB, TEKCTYp IMOBEPXHOCTEH BHPTyaIbHBIX
00BEKTOB, ONTUYECKUX abepparuii, KOHBEpreH-
MY ¥ aKKOMOJIAIIMH | JIp., HO 0OBIYHO Haubosiee
BXHBIMU SIBJISIIOTCS YCJIOBHSI OCBEIICHHOCTH,
MOSTOMY OCHOBHAs JIOJISl MCCIIEJOBAHUI ITOCBSI-
[IEHa TEePEHOCY ATHX YCIOBUH (pacroyioKeHue
MCTOYHHUKOB CBETa M HMX IIBETOBOW TOH) W3 pe-
alIbHOTO MUpa B BHUPTyanbHBIA. [IpakTukyrorcs
nBa 0a30BBIX BapuaHTa oOecrnieueHust VC, ocHo-
BaHHBIC: 1) Ha MpeaBapUTEIHLHOM HCCIEAOBAHUN
YCIIOBHI OCBEIICHHOCTH B pPEATBHOM MHPE
(mpoOrnembl: IIUTENbHAS U CIIOKHAS MPOIeypa,
TpeOyeT cHenuaibHOro 000pyIOBaHUs) U 2)
dbopMUpOBaHUU TIPEACTABICHUS 00 YCIOBHSIX
OCBEIICHHOCTH Ha OCHOBE aHaim3a M300paxe-
HUU peanbHOro Mupa (IpoOJIeMbl: TPYIHOCTU
u3BJeueHUs] MHPOpMaui 00 OCBELICHHOCTU U3
peaIbHbIX HM300paK€HUN MPUBOIAT K HEOJHO-
3HaYHBIM pe3yJbTaTaMm). B mocrnemHee Bpems
VC, kak mpaBuiio, 00ECIeYUBACTCS METOJIAMH
MCKYCCTBEHHOT'O UHTEIIIEKTa [3, 4].

VYkazaHHble TPOOJIEMHBIE MOMEHTHI 0a30BbIX
MeTon0B VC IpUBOIAT K MX HEYHUBEPCAIbHO-
CTH, HEaBTOMAaTHYECKOMY XapaKTepy U HEBO3-
MOKHOCTH TI€peJlaud HEe TOJBKO I[BETOBOH Tma-
JUTPbI, HO U BCEX OCHOBHBIX XapaKTEPUCTHUK
n300paKeHHsT C TOMOUIBIO OJHOM MPOIETypPHI.
OT [maHHBIX HEOOCTAaTKOB CBOOOIEH cHocod
obecnieuennss VC, npencrasiennsiii B [2]. Cro-
co0 OpHUEHTHUPOBAaH Ha XapaKTepHbIC IS aBHa-
LIMOHHBIX NpUiIoXkeHuil ycinoBus (cueHsl AR ¢
peaIbHBIMM  €CTECTBEHHBIMH JaHAmapTaMu U
paccessHHBIM OCBEILleHHEM) U 0azupyeTcs Ha am-
napare ABYMEpHBIX CIEKTpajbHBIX Mpeoldpa3o-
BaHUI u300pakeHuii. [Ipennoxena TeXHONOTUSA
JIBYMEPHOM  CNEKTPaJbHOW TpaHCILJIAHTALINH,
KOTOpass oOecneunBaeT MpsMyI0 Iepenady Xxa-
PaKTEepUCTUK I[BETa, SPKOCTU M KOHTpacTa OT
peanbHOro (OHAa K BHUPTYyaJlbHBIM OOBEKTaM:
crocob mpeArnojaraeT 3aMeHy YacTH CIEKTpa
n300pakeHNsI BUPTYAIbHOTO OOBEKTa Ha TaKyIO
K€ YacTh CIIEKTpa M300pakeHUs PEaIbHOTO MHU-
pa ¢ MoCIeAyImUM O0paTHEIM MpeoOpa3oBaHu-
€M CHEeKTpa C 3aMEHEHHOW 4acTbhl0 B OOBIYHOE
n300pakeHue.

[Tpu 5TOM BO3HMKAeT 3ajaya BbHIOOpa ONTH-
MaJbHOTO pa3Mepa TPAHCILIAHTHPYEMOW YacTu
CIIeKTpa U300pakeHHUsT peasIbHOTO MHpa (1anee —
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TpaHciuianTar). Ilo Mepe yBenndeHus oObema
TPAHCIUIAHTUPYEMBIX IMPOCTPAHCTBEHHBIX Ya-
CTOT OHM HaYMHAIOT COJiepKaTh MHPOPMALIUIO O
COJIEP’)KHMOM peabHOI0 M300pakeHUs, MO3TO-
My OTrpaHHYEHHE pa3Mepa TPaHCIUIAHTaTa Heoo-
XOJIUMO JIJISl UCKITFOUeHUS THOpUIHOTO 3 ekTa.
CnoxHOCTh BbIOOpa 3TOr0 OrpaHUuYEHUs 00y-
CJIOBJICHA TE€M, YTO OH CBSI3aH C XapakTEpPOM H
napameTpamMHu M300pa)KeHHus, 4acTh CHEKTpa KO-
TOPOIr'0 MCIOJIB3YETCsl B Ka4eCTBE TPaHCIUIAHTA-
Ta. MexaHu3M BbIOOpa JOJKEH OOecCreyuBaTh:
a) MaKCUMAaJIbHYIO CXOKECTh N300pakeHUs BUP-
TYaJIbHOTO 00BEKTA C KAPTUHON PeasbHOTro MUpa
B CMBICJIE SIPKOCTHOM, KOHTPACTHOW M LIBETOBOU
TOHHPOBKA U 0) OTCYTCTBHE B HU300paKeHHUU
BUPTYaJIbHOTO OOBEKTa «CIIEOB» COJCPKAHUS
peanbHON KapTUHBI. XapakTep peajJbHOU KapTH-
HBbl MOXET OBITh CAMBbIM pa3HbIM, IIO3TOMY He-
BO3MO>KHO CKOHCTPYHPOBAThb CTPOTUN AHAIUTH-
YECKMM MHCTPYMEHT I PELICHUs JaHHOU 3a/a-
yu. Takoil MHCTPYMEHT HAJ0 HAYYUTh YUYUTHI-
BaTb MHO)XECTBO Pa3HBbIX TUIIOB M300pakKCHU,
YTO €CTECTBEHHBIM 00pa3oM INPHUBOJAUT K HUIEE
HelpoceTeBOM  peanu3anuu. Helipocers A
ONpECIICHUsI ONTUMAJIBHOIO pa3Mepa TpaHC-
IUTAHTaTa JOJDKHA yMETh AETEKTHPOBATh IpH-
3HAKU CTUJISI U OOBEKTHI B PeabHOI KOMIIOHEH-
Te cieHbl AR, 4TO ceromHst siBIseTCS OJHOM U3
KJIFOYEBBIX IPOOJIEM KOMIBIOTEPHOIO 3PEHUS.

00630p nyOanKanmni

OO6mmpubli (230  uCTOYHUKOB)  0030p
HEMpOCETEBBIX METOAOB JETEKTUPOBAHUS 00b-
€KTOB B HW300paKEHUSIX CONEPKUTCI B CTa-
The [5], mpHUBEIEM HECKOJIBKO XapaKTEPHBIX
npumepoB. CyIecTBYIOT JBa OCHOBHBIX IOJAXO-
Ja K OOHapy>KeHHMIO OOBEKTOB: CHH3Y BBEpX
(bottom-up, BU) [6] u cBepxy BHU3 (top-down,
TD) [7]. 3neck «Bepx» U «HU3» aCCOLMUPYIOTCS
C BBICOKHM M HU3KUM YPOBHEM CEMAaHTUKH TIPH-
3HAaKOB, MCIIOJb3yeMbIX MpPU AECTEKTUPOBAHUU
00bekToB. KOHTpacT moKagbHBIX OOBEKTOB WT-
paer ueHTpanbHyto ponb B BU, HezaBucumo ot
CEMAaHTHUYECKOTO COJepKaHUs CIeHbl. YTOOBI
BBISIBUTh KOHTPACTHbIE TI'PaHHIBI OOBEKTOB, U3
COBOKYITHOCTH THKCEJIeH H3BJIEKAIOTCS pa3iny-
Hble JIOKaJbHbIE M TJ00alIbHbIE OOBEKTHI,
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HanpuMmep rpaHu [8]. TunoBoil HeWpPOCETHIO

9TOW KaTeropuu MokHO HazBath R-CNN [9].

R-CNN wucnonb3yer BBIOOPOYHBII MOUCK, YTOOBI

CT€HEPUPOBATh OKOJIO 2 THIC. MPEUIOKEHUH 1O

dbparmenTam 1 u3o0pakeHus. Metoa BbIOO-

POYHOTO TMMOKWCKA OCHOBaH Ha MPOCTOW TPYIIIH-

poBke 1o npuHiuny BU u ykazarensx 3HauuMoO-

CTH, YTO TMO3BOJISIET OBICTPO MOIyYaTh YTOYHEH-

HbI€ CHOUCKU (ParMEeHTOB-KaHAUJATOB MPOU3-

BOJIHBIX Pa3MEpOB M COKPAIIaTh MPOCTPAHCTBO

MoKCKa MpU OOHAPYKEHUH 0OBEKTOB.

HecmoTps Ha o4eBHIHBIE TOCTOMHCTBA CETEH
tuna R-CNN, npu ux mpakTH4eCKOM NMpUMEHe-
HUHM 151 OOHApy)XeHUs OOBEKTOB BBISBISICTCS
MHOTO HEJIOCTaTKOB:

e 13-3a HaJIM4us TIOJHOCBSI3HBIX CIIOEB (BCe
BXOJIHbIE HEHPOHBI CBSI3aHBI CO BCEMU BBIXO/I-
HbIMH) TpeOyeTcss BXOJIHOE H300paKeHHe
(UKCUPOBAaHHOTO pa3Mepa, YTO MPHUBOIUT K
MOBTOPHOMY II€pecueTy BCeH CeTH A Kax-
JIOM OIIEHMBAEMOW O00JacTH, 3aHUMas MHOTO
BPEMEHU B MEPHOJ TECTUPOBAHUS;

e oO0yuenne R-CNN — MHOrocTyneH4YaThlii KOH-
Beliep. CHauana co3maercs CBEPTOYHAS CETh
no gparMeHTaM-KaHIuJaTaM U BBIIOJHSAETCS
TOYHasi HacTpoWka. 3areM KiaccupuKaTop,
paboTarIMIMi IO U3BECTHOM MOJENH BEKTOP-
HOTO TPOCTPAHCTBA, ONPENENIeT BEPOATHOCTh
Hanuuus oO0bekToB. Hakonern, oOyvaroTcs pe-
IPECCOpbl C OTPAHUYHMBAIOIIUMHU (PpPAarMEHTHI
pamKamu;

e o0OyueHue TpeOyeT OOJNBIIMX 3aTPaT BPEMEHU
U PEecypcoB. XapaKTEpUCTUKU H3BIIEKAIOTCS
U3 MPEATIOKECHUN 110 Pa3InYHBIM (hparMeHTaM
U COXpaHsSIoTCsA Ha aucke. OO6paboTka OTHO-
CUTENIbHO HeOobIoro obydaromero Habopa
OYeHb TIIIyOOKMMM CETSAMH, TaKUMH Kak
VGG-16 (cM. HUKE), 3aHUMaeT MHOTO BpeMe-
HU. O0OBEM IaMATH, HEOOXOOUMBIA IS 3THUX
nporenyp, TakKe JOHKEH ObITh BechMa 3Ha-
YUTENbHBIM;

e XOTS BBIOOPOYHBIM MOUCK MOXET T'€HEPHPO-
BaTh MpEAJIOKEHUsl 1Mo (parMeHTam Mpu OT-
HOCHUTEJIFHO OOJIBIIIOM KOJIMYECTBE OICHOK,
MOJTy4YEeHHbIE MPEeaoKeHUsI 1Mo ¢parMeHTam
TEM HE MEHEE SBJISIIOTCA N30BITOUYHBIMHU.

Jns permenust 3TuX mpoOieM ObUT Tpeasio-
kel psag meroaoB. GOP [10] ucnons3yer ycko-
PEHHYIO CErMEHTAllMI0 Ha OCHOBE TIeoJe3uye-
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ckux naHHblX. MCG [11] BbINONHSET MOUCK B
pa3IUYHBIX MaciiTabax H300paKeHUsT MHOXKe-
CTBa MEpPApPXUYECKUX CErMEHTalUid U KOMOMHa-
TOPHO TPYIIHUPYET pa3IudHbIC 00JACTH IS T10-
Jy4eHHUsl NpeasioKeHul. BmecTo BblIeNneHNs BU-
3yaJlbHO pa3JIMYUMBIX CErMEHTOB METOJ Tpa-
HUYHBIX paMoOK [12] MCHONB3yeT HACID O TOM,
9TO 0OBEKTHI CKOpPEE BCETO OYAYyT HAXOAUTHCS B
paMKax C MEHbBIIMM KOJUYECTBOM KOHTYPOB,
OTIPENIETAIOMUX MX TpaHuilbl. HexoTopeie wuc-
CJEeI0BATENIM HW3MEHSIOT pPaHXUPOBAHHE WIIU
YTOYHSIIOT TPEIBAPUTEIHHO BBICICHHBIC 00a-
CTH, C TeM 4YTOOBbI UCKIIOYUTHh HEHYKHbBIE U TO-
JYyYUTh OTPAHUYEHHOE KOJWYECTBO IICHHBIX —
DeepBox [13] u SharpMask [14].

OnHako BBICOKOYPOBHEBass M MHOTOMAcC-
mra0Hasi ceMaHTH4Yeckas WH(OpManus HE MO-
XKET OBITh 3a/1aHa C TIOMOIIBIO 3TUX HHU3KOYPOB-
HEBBIX CTPYKTyp. OOHapyeHHE BbLACTSIONINX-
csi 00bexkToB TD OpHEHTHPOBAaHO HAa KOHKpET-
HbI€ 33J]aydl W HCIOJIb3YyEeT MpEeABAPUTEIIbHBIC
3HAHUS O KATeropusix OOBEKTOB (Hampumep,
BO3JYIIHBIE CyJa A aBUANPWIOKEHUN) AJis
YIOpaBIeHUS CO3/IaHUEM KapT BBIICTSEMBIX 00b-
ekToB. K mpuMepy, npu ceMaHTUYECKON CEerMeH-
TallUd TEHEPUPYETCsl KapTa 3HAYUMOCTH JIJIsl ac-
colManuy HaboPOB MUKCENEH C OIpeIeIeHHBIMU
KaTeropusiMd OOBEKTOB IMOCPEICTBOM IOAX0/a
TD. XapakTepHblid AJi1 ATOr0 MOAXoJa 0o0pa-
e — cetb YOLO, omwmcannas B [15]. YOLO
pa3buBaeT BXOAHOE M300paKEHHUE HA CETKY sde-
€K, U JUISl KaXKJIOM SYEHUKU BBIYUCIISETCS BEPOST-
HOCTb HAJIM4MsI OOBEKTA, COJIEPKAIIETroCs B HEM.
Slyelika CeTKM MpPENCKa3bIBAET OrPAHUYUBAKO-
IIME €€ PaMKHU M COOTBETCTBYIOIIME UM OLICHKH
nocroBepHocTd. TD MOXKHO paccMaTpuBaTh Kak
MeXxaHu3M (HOKYCUPOBKM BHUMAaHHs, KOTOPBIN
YCTPAHSIET 3JIEMEHTHI, BEPOSATHOCTh MPHUHAIIICK-
HOCTU KOTOPBIX OOBEKTY HEBBICOKA.

B nacrosimmee Bpemsi o0a moaxoja 4acTo pe-
aIU3yITCS B BUJAE BapvalMil HA TEMY XOPOIIO
3apeKOMEHIOBABIIEH Ce0s U MIUPOKO MPUMEHSI-
eMoi cBeprouHoM Heipocetn VGG-16[16].
Eme onuH mupokwii 0630p 1Mo TeMe AETeKTHPO-
BaHMsI OOBEKTOB MpeJCTaBjeH B padore [17], rme
JTaeTCsl MPEeABapUTENIbHBIA 3KCKYpPC B HCTOPHIO
pPa3BUTUSL U aAPXUTEKTYPbl COOTBETCTBYIOLIUX
HEHUPOCETEH.



HayuyHbiit BectHuk MITY TA

Tom 27, Ne 04, 2024

Civil Aviation High Technologies

Vol. 27, No. 04, 2024

=l

ObyyeHmne

Ouenka cTuns

RFT

JHKopep
cTMnsA

VF

VF'

WF DFT - g
LFP =
3o
IE L 4\
T LFP+HFP
cr
[¥]
IS
DFT HFP o
&

|

TpaHcnnaHTauma ¢ ynpasne-
HHMEM A0NW TRAHCNAHTANTA
LFP/HFP

SHropep
KOHTEHTA

OueHKa KoHTeHTa

O6yyeHue

=1

Puc. 1. O6mas cxema omnpesesieH!s: ONTUMAaILHOTO pa3Mepa TpaHCIIaHTaTa
Fig. 1. General scheme for determining the optimal size of the transplant

Metoa

OOmast cxema TmpeaaraéMoro MexaHH3Ma
OTpe/ieNieHUs] ONTUMAIbHOIO pa3Mepa TpaHC-
IUTAHTaTa JUIsl METOJa CIEKTPAIbHOW TpaHC-
MJIaHTanuu [2] mokaszana Ha puc. 1.

Ha cxeme: WF (world frame) — kanp kapTtu-
HBI peanbHOTO MHpa; VF (virtual frame) — xaap
KapTuHbl BuptyansHoro mupa; DFT (direct Fou-
rier transform) — naBymMepHoe mpsiMoe TpeoOpa-
3oBanne @Dypwe; LFP (low frequency part) —
HU3KOYACTOTHAsl YacTh CHEKTpPa, MOJIYyYEHHOIO
nocne DFT, tpancmanTar; HFP (high frequency
part) — BBICOKOYACTOTHAsI 4acTh CIEKTpa, MOITy-
yenHoro nocie DFT, pomomnsiomas LFP go
nosHoro crnektpa; RFT (reverse Fourier trans-
form) — nBymepHOe oOpaTHOe NpeoOpazoBaHUE
®ypbe; VF’ — kanp KapTUHBI BUPTYAJIbHOTO MHU-
pa mocie TpaHCIIAHTAIUH;, YHKOJACP CTUII —
CBepTOYHasl HeHpoceTh, 0OOyUeHHas Ha MaccuBe
n3o0paxxenniit WF u nerextupyromas npu3Haku
XapaKkTEepHOTO NIl HUX CTUJIS (OCOOCHHOCTH SIp-
KOCTHOW, KOHTPAaCTHOM M LIBETOBOIl TOHUPOBKH)
B BHAE OOOOIIEHHON KOJUYECTBEHHOMN OIIEHKHA
BBISIBIICHUS] CTWJISL; HHKOJEP KOHTEHTa — CBEp-
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TOYHasi HeilpoceTb, OOydeHHas Ha MacCUBe
u3o0paxxennit WF u perextupyromas npusHaku
XapakTEepPHBIX JJII HUX OOBEKTOB B BUIE 0000-
LHIEHHOW KOJWYECTBEHHOM OLICHKH BBISBICHUS
KOHTEHTA.

Ha puc. 2 noka3zanbl pe3ysbTaThl TPaHCILIaH-
TalUd C pa3JIMYHbIMHU IapaMeTpaMu s pas-
JUYHBIX TUIIOB BUPTYAIBHBIX OOBEKTOB — BU-
TyaJIbHBIX MOJEJIEH CaMOJIETOB, OTJIMYAIOIINXCS
TEKCTYpOH MOBEPXHOCTH, MAPKUPOBKOW U Oiec-
KOM IMOBEpXHOCTU. YacTu pUCyHKa a, 6 U 8 co-
JIep>KaT BUPTYAJIbHBIA CAMOJIET CO CIOKHBIMU
TEKCTypaMH, TEKCTOBBIMU OOO3HAUEHUSIMU U
OTPaXXEHUSAMH BUPTYaIbHBIX UCTOUHUKOB CBETA;
2, 0 U e coJiepKaT BUPTyaJIbHBIA CaMOJIET C MPO-
CTBIMM KOHTPACTHBIMM IIBeTaMu. Yactu a u e
co/iepaT BHUPTyaJbHbIE OOBEKTHI 0€3 TpaHC-
TUTAHTAIMU; O U O COAEPIKAT BUPTyaJIbHBIE 00b-
€KThI 1ocine TpaHcmantauuu LFP ¢ tpems mpo-
CTPAaHCTBEHHBIMU YacCTOTaMH; 8 M e COJEepKat
BUPTYyaJbHble OOBEKTHI MOCIE TPaHCIUIAHTALUU
LFP ¢ mATbi0 IpOCTPaHCTBEHHBIMU 4aCTOTAMH.
BuptyanbHble 0O0BEKTHI HaMEPEHHO IOKa3aHbI
6e3 npyrux s¢pdexkroB VC (TeHH, JIOKAJIbHOE
OCBEIICHUE M T. 1I.), YTOOBI MPOAEMOHCTPUPO-
BaTb YHCThIC PE3YJIbTAThl METO/IA.
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Puc. 2. CneBa a, 2: AR-cuensl, cocrosinpie u3 WF u VF 0e3 tpancnnanrauuu LFP. Cpennuit ctonb6en 6, 0: AP-cuensl,
cocraBieHHbIe Tociie TpancuianTau LFP ¢ Tpems sacrotramu. Cripasa 8, e: AR-CIIeHBI, cocTaBIIeHHBIE TTOCIIE
TpaHciuianTauuu LFP ¢ nsaTeio yacrotamu
Fig. 2. On the left a, 2: AR scenes consisting of WF and VF without the LFP transplantation. The middle column 6, 0: AR
scenes composed after the LFP transplantation with three frequencies. On the right 6, e: AR scenes composed after the
LFP transplantation with five frequencies

Heiipocers VGGNet, npousBoaHbie (OpPMbI
KOTOpOM 1erecoo0pa3HO HCIOJIb30BAaTh B Kaye-
CTBE DHKOJIEpa B CXEME Ha puc. 1, mokaszana BbI-
COKHE pe3yJbTaTbl B HM3BECTHOM KOHKypCE IO
KommbloTepHoMy 3penuto ILSVRC, Oyayun
o0yueHa Ha Habope maHHBIX ImageNet (B HacTo-
Aiee BpeMs COACPXKUT Oojiee 5 MHIIMOHOB
pa3MEYeHHbIX BBICOKOKaYECTBEHHBIX M300paxe-
HUH, pa3feNeHHbIX Ha Ooyiee ueM 22 ThICSYH Ka-
TEropHii, Cpeu KOTOPHIX BO3IYIIHBIE Cyna) W
JI0Ka3aB, YTO MaJlOpa3MEpPHBIE CBEPTKH ILIIOC
yBeIMYEHUE TIyOWHBI CETHU MOTYT OILyTHMO
YIY4YlIUTh  IPOU3BOAMUTENBHOCTh.  ImageNet
npencTaBisier co00il MacCMB aHHOTHUPOBAHHBIX
KapTUHOK, 3TO OJUH W3 Haumboliee TNpencTaBH-
TEJIbHBIX B HACTOSIIEE BpeMSl OTKPBITHIX Ha0O-
pPOB JTaHHBIX B c(epe KOMIBIOTEPHOTO 3pEHHUS.
Kaxnoe wmzobpaxenne B ImageNet comepxur
HECKOJIBKO BBIJICJIEHHBIX BPYUYHYIO IPSIMOYTOJIb-

13

HBIX ()parMEHTOB, COMPOBOKIAEMBIX MPOUH/ICK-
cupoBaHHOW wuH(pOpMaIMed 0 coAep)KaHUU
(hparMeHTOB, YTO MO3BOJISIET OOYIUTHh HEUPOCETh
pacro3HaBaHUI0 OOBEKTOB TpeOyeMoi KaTero-
puu. VGGNet sBisercss MOJAESPHU3UPOBAHHOM
Bepcuerr cetu AlexNet, B KOTOpOl 3aMEHEHBI
6omnpme ¢GuibTpsl (pasmepa 11 u 5 B mepsom
Y BTOPOM CBEPTOYHOM CJIO€ COOTBETCTBEHHO) Ha
HECKOJIBKO (MIBTPOB pasmepa 3 X 3, clemyro-
UMX oJuH 3a apyruMm. Hanbomnee yacto ucnomib-
syemoii Bepcueit VGGNet sBnsiercas VGG-16,
peanuzainusi KOTOpoil BXOJUT BO MHOTHE OTKpBI-
Thie OMOIMOTEKH HEMPOCETEBOTO MPOTPAMMHOTO
obecrieuenuss  (Hampumep, TensorFlow ot
Google). Jlpyras u3BecTHas Bapwalus Ha TeMy
VGGNet — VGG-19. Paznuune mexay VGG-16
u VGG-19 cocrour B ToM, uto VGG-19 umeer
Ha TPU CBEPTOUHBIX cyios Oonbie, yueM VGG-16,
Ha OOJBIIMHCTBE 3aJa4 IOKa3bIBACT JIYYIIYIO
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Puc. 3. Crpykrypa cetu VGG-16 (mntroctpanus neurohive.io)
Fig. 3.VGG-16 network structure (illustration from neurohive.io)

IIPOU3BOJUTENILHOCTb, HO TpeOyeT OoJiblle BbI-
YUCIUTENBHBIX pecypcoB. Ctpykrypa VGG-16
rokaszaHa Ha puc. 3.

B VGG-16 momaercs BUIOEOIIOCIENOBATEND-
HOCTb WM  H300paX€HHE  Pa3MEpPHOCTHIO
224 x 224 x 3 (3 uBeToBBIX KaHama 224 x 224),
ceppie (convolution) mPSAMOYToJBHBIE OJIOKH
NPEJCTaBISAIOT CBEPTOUHBIE CIIOU; KpacHbIe (max
pulling) — cnowu, BeAETSAIONIME HAUOOJIEE CyIIe-
cTBeHHbIe mpusHaky; cunue (fully-connected) —
MIOJIHOCBSI3HBIE CJIOU; JKENThIN (softmax) — cioii,
UCTIOJIb3YEMBIH 11 BEPOSTHOCTHOTO IMPOTHO3a
npuszHakoB, ReLU (Rectified linear unit) — mpu-
MeHsieMass (QyHKIMsS aKTUBAallUU HEWPOHOB, CHU-
JKaroIasi BBHIYMCIIUTENBHBIC 3aTpaThl Ha oOyde-

Le=——" 2 Z

Ange ngny

30€Ch {Pij i} Habop mpm3HaKkoB it VF’;
{tij} — HaOop npusHakoB 111 WF; ny, ny — BbI-
COTa W MIHMPUHA KapThl MPU3HAKOB (IJIs TOCIE-
HEro CJIOs MPU3HAKOB Ha puc. 3 — 7 X 7); ne —
4HUCIIO KaHAIOB (Ha puc. 3 nc = 512); MHOXH-
TeJNb Mepel CYMMOM HCIOJIb3YeTCs AJIsi HOPMHU-
POBKH;

a JUis OLEHKH CTWUJIS EBKJIMIOBO PACCTOSHUE
Mexay wmarpuniamu I'pama G Ha TMOCIETHHUX
CBEpTOYHBIX ciosix 11 VF'u WF

14

aue. Yucino 16 B VGG-16 o0o3HavaeT Koaude-
CTBO 00yYaeMbIX — CBEPTOUYHBIX W IMOJHOCBS3-
HBIX — caoeB cetu VGG.

Hcnonb3oBanne VGG B KauecTBE YHKO/IEPOB
IJIA BBISIBJICHUS HpI/I3HaKOB KOHTCHTA U CTUJIA B
U300paKEHUH CTAHOBUTCS BO3MOXKHBIM 32 CYET
CHEIHATBHON KOHQUTYpaIu >JIEMEHTOB (DUITb-
TPYIOIIMX MaTPHUI] CBEPTOYHBIX, CHHAIICOB TIOJI-
HOCBSI3HBIX CJIOEB U 00pabOTKU Pe3ysIbTaTOB MX
BBEIYMCIICHHH. JIJIsS OIEHOK KOHTEHTA M CTHIIA
CEeroaHs HpI/IMCHHIOTCSI pa3J’II/I‘~IHI)I€ Mepm,
OOBIYHO SIBJISIONINECS Pa3BUTHUEM OIHMCAHHBIX B
pabore [18]. Hanmpumep, 11si OLIEHKH KOHTEHTA
npeJIaraeTcs HCIob30BaTh

2221(pxﬁ;c_ ,]k)z (1)
Js = nc(anW)ZZ Z]' (GVF, GKIJ/'F g )

[IpuBenennsie onenku (1) u (2) nans mocnen-
HUX CJIOEB UMEIOT CMBICT paznuuus mexay VE’
u WF. 3amaua ompexneneHuss ONTUMAaIbHOTO
pasMepa TpaHCIDIAHTATa MPU ITOM QOPMYITUPY-
eTcsl KaKk MakcuMuzanusi Lc TMpH MHUHHUMAJIbHO
BO3MOXXHOM Js 100 MUHHMH3AIUS Js TTPH MaK-
CUMalbHO BO3MOXHOM Lc. B oOmem ciydae
(npumenenue npenodyuyeHHo cetn VGG-16
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Taoauma 1
Table 1
CtpyKTypa 3KCIIEpUMEHTAIBLHON CepUn
Structure of the experimental series
3aBucumble He3aBucumble nepeMeHHbIE
nepeMeHHbIe Tun WF; t™Hn WF,, |,
TiHn VF; N VF; M
LFP/HFP, LFP/HFP,
OreHka CThiIs
O1leHKa KOHTEHTA

HeoOs3aTeNIbHO) OCHOBAaHHAs Ha cXxeme puc. 1
npoleaypa onpeaeaeHusi ONTUMAIbLHOTO pa3Me-
pa TpaHCIUIaHTaTa MOJpa3yMEBaeT CIEIyIOIINe
HIary.

1. Hacrtpoiika HelpoceTeBbIX MOENEH 3H-
KOJIEPOB Ha BBISIBIICHUE MPU3HAKOB CTHJISA U CO-
JepKaHusl.

2. OGyuenue 3HKOJIEpoB Ha Habopax WF,
XapaKTEepHBIX JJIsl MPEAIojaraéMblX CIEH J0-
MOJIHEHHOW peanbHOCTH. [Ipu ucnonbs3oBaHun
VGG-16 ceth yxe oOydyeHa Ha KapTUHKax ¢ aH-
HOTUPOBAHHBIMU (PparMeHTaMu, COACPKAIIUMU
N300paKeHMsI BO3AYIIHBIX CYy10B U CTPOCHU.

3. IlpoBeneHue cepuM  HKCIEPUMEHTOB,
KKl U3 KOTOPBIX MPEJCTaBISIET COOOM mpo-
XOJl MO cxeme, nmpuBeAeHHOW Ha puc. 1. Ilpu
5TOM B Ka4eCTBE HE3aBUCUMBIX IE€PEMEHHBIX
MOTYT MCIIOJIb30BaThCd cooTHoweHne LEFP u
HFP (ympaBnenue noneil TpaHCIUIaHTaTa Ha
puc. 1), Tun WF u tun VF; B xauecTBe He3aBH-
CHUMBIX TIEPEMEHHBIX MOTYT OBITh UCTIOJIb30BaHBI
orieHka koHTeHTa (1) W oneHka ctuis (2) audo
WHBIC BapUaHThI pacyeTa TakuX OleHOK. CTpyK-
Typa 3KCHEPUMEHTAIbHOM CEpUH WILIIOCTPUPY-
eTcst Tabu. 1.

Llenp cepun 3KCOEPUMEHTOB — HAXOXKJEHHUE
HaubOosee OJU3KOro pacHoJIOKEHUS TOYEK max
(oyenxa xonmenma) U min (OyeHxka cmuis) st
BeIOpanHoro gwmana3zona LFP/HFP, xortopoe
onpenenser ONTHUMAJIbHOE COOTHOULIEHUE
LFP/HFP u COOTBETCTBYIOIIUI ONTUMATHHBIN
pasmep Tpancminantara LFP. HeobGxomumocTtsb
AKCIEPUMEHTUPOBAHUS ¢ pa3HbIMH TUramMu WF
u VF (M >1,L>1 B 1abn. 1) nukryercs cne-
UQPHUKONW TPEAIoNaraéMbIX CIEH JOTIOTHEHHOU
peanbHOocTH. Illar W3MEHEHHS COOTHOLIEHUSA

15

LFP/HFP — omuH DUCKpeT MpOCTPaHCTBECHHOU
4acTOTBI, 11€J€CO00Pa3HO UCIIOIB30BaTh HUKHHE
5 % Bcex BO3MOXHBIX COOTHOLIEHUH. PazymHbIit
npenen N umcna cootHomenudt LFP/HFP, mo
pAOY KOTOPBIX HAXOJIUTCS MUHUMYM JJIsi MOAY-
751 Pa3HOCTH HOPMAJIM30BAaHHBIX 3HAUEHUH OIle-
HOK KOHTEHTa W CTHWJIS, BBIABIISETCS IO 3aTyXa-
HUIO (QIIyKTyallii JaHHBIX OLECHOK.
OcnoxustomuM (aKTOpOM TpU  OIpeserie-
HUM ONTUMAJIBHOIO pa3Mepa TpaHCIUIAHTaTa
LFP (kak ¥ mpu CHEKTpalibHOW TpaHCILJIaHTa-
[IUU, OCOOCHHO MpHU 00paboTKe OONBIINX U300-
paXeHM BBICOKOTO pa3pelleHusi) SBISAETCS
Oonblasi BBIUMCIIUTENBHAS 3aTPaTHOCTh MeXa-
HHU3Ma JIByMEPHOTO JHUCKPETHOTO INpeodpa3zoBa-
HUst Dypbe, KOTOpoe HEOOXOAWMO BBIIOIHSATH
TPWKIBl MPU KAXKIOM IPOXOJE IO CXEeMe Ha
puc. 1. CHU3UTH OCTPOTY MpOOJEMHON CHUTYya-
IIUM MOKET MCIIOJIb30BAHUE XOPOIIO U3BECTHOIO
B a’poHaBurauuu airopurma Bomgepa [19],
o0ecrevynBaroero CyluecTBEHHOE YMEHBIIEHHUE
00beMa BBIYMCICHUHN MTPU CIIEKTPAIbHOM MPe0o-
pazoBanuu. AnroputM Bomnpepa mnpencraBiser
co0Ol WTEpalMOHHYIO MpOLENypy BpalLlCHUS
BEKTOpAa BOKPYI Hayajla KOOPJAMHAT, MPHU ITOM
Ha KaXI0M UTEepaluyu OCYIIECTBISAETCS IOBOPOT
Ha yron arctg2™, rae i — HOMep uTepamun (pea-
nuzyetcsi Tak HaszbiBaeMbiM CORDIC-miporec-
copoM). To 0OCTOATENHCTBO, YTO Mpeodpa3zoBa-
Hue Dypbe TakkKe MMEET T€OMETPUUYECKYIO HH-
TEPIPETALNIO B BUJE MTOBOPOTOB KOMIUIEKCHBIX
BEKTOPOB, MO3BOJISIET A()PEKTUBHO TPUMEHSATH
anroput™ Bonzpepa npu pacdere, K npuMepy,
owicTporo mpeobOpazoBanus Dypbe. Koneunoe
qHicao uTepanuii anropurMa Bongepa (0ObrdHO
HECKOJIBKO JIECATKOB) MPUBHOCUT JONOJHUTEIb-
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HYIO TIOTPEIIHOCTh B PE3yJIbTaT, OJJHAKO B CIIy-
yae 00paboTku wu300pakeHUil mncuxodusno-
JIOTHYECKUE OCOOCHHOCTH 3PUTEIILHOTO aHaJH-
3aTopa Mo3BOJISIOT MpeHeOpeyb TAKOBBIMH.

3akiroueHue

[Ipoucxonsmuii B HaACTOAIIMI MOMEHT MEpPe-
XOJI OT COBPEMEHHBIX aBHATPEHAXEPOB BHUPTY-
anpHOW peanbHOCTH K XR/AR-Tpenaxepam oT-
paxaet oOmuit Texymuii Tpenn IT-rexHnonorui,
00yCNOBIEHHBIN psgoM mpeumyiiects AR 1o
cpaBHeHHIO ¢ VR. OTu npenmyiiecTBa CBs3aHbI
C IapajuleJIbHBIM cOoCylllecTBOBaHUEM B AR Bup-
TyaJIbHbIX M pEaJbHbIX OOBEKTOB, CPEAM HUX
MO>KHO BBIJIEJIUTD CIIETYIOIINE:

e peaJibHOE pacuupsieT BUpPTyajdbHOEe — B VR
CEHCOPHBIN ONBIT MOJIb30BATEI IPEUMYLIECT-
BEHHO OTPaHWYCH BHJEO- M ayAnodPdeKTamu,
Toraga kak B AR mpHuCyTCTByeT Bech CHEKTpP
OILYLICHUH pPEaIbHOTO MUPA;

e BUPTyaJlbHOE pacliMpser peadpbHoe — B AR
BO3MOKHO MOJEIMPOBAHUE CUTYallMH, KOTO-
pbie HEBO3MOXKHO MJIM HEOE30MaCHO CO3/1aBaTh
B pEaJIbHOM MHpE, OCTaBAsICh IIPU 3TOM B €TI0
paMKax;

e ecTecTBeHHBIN uHTEpdeiic — B AR ympasie-
HUE BHUPTYaTbHBIMH OOBEKTAMHU JIBHKEHUEM
3paykOB M JKECTaMH IMPEACIBHO YIPOLIAET
B3aUMOJICIICTBUE TOJIB30BATENsl U KOMIIbIO-
Tepa;

e CBSI3b MEXKIY BHUPTyalbHbIMH U PEATbHBIMU
00BEKTaMU — TIO3BOJISET TOBBICUTH TUIAKTH-
4eCcKy10 9PPEKTUBHOCTh OOYUAIOIINX CUCTEM.

HecnyuailHO yka3aHHBIM TEpexXoJ] HAadYMHa-
€TCS MMEHHO B AaBUALMOHHBIX IPUIIOKECHUSIX,
IIOCKOJIBKY ~ HbIHEIIHME  VR-aBHaTpeHakepsl
MPaKTUYECKH HCUepHail CBOM BO3MOKHOCTH,
a VC B cuenax AR obemiaer peanusaruio KOM-
IJIEKCa MPUHUUIIMAIBHO HOBBIX HAINpPaBICHUN
00yueHwusl.

[IpennoxenHass HeWpoceTeBas MOJENb AJiA
ONpeleNeHus] ONTHUMAJIBHOIO pa3Mepa TpaHC-
IJIaHTaTa MPU CHEKTPAIbHOW TpPAaHCIUIAHTALIUH,
OCYIIECTBIIIEMON C Tenbio obecrieueHust VC,
MO3BOJISIET PEUIUTh CIOXKHYIO 3a/ady yCpeaHe-
HUSl TIPU BBISIBJICHMM NPU3HAKOB CTHJIS U KOH-
TEHTa B Ype3BbIYafHO pa3HOXapPaKTEPHBIX U300-
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pa’KEHHUSAX, KOTOPbIE MOTYT BO3HMKHYTH B Kade-
CTBE€ pEaIbHOM KOMIIOHEHTHI CLIEH JIOIIOJIHEHHOU
pPEaTbHOCTH B aBMAKOCMHMUYECKHX OOYyYaroIux
CHUCTEMax HOBEHILETO MOKOJEHUs — TPEHaXepax
JOTIOJIHEHHOM peanpHOCTU. Peanmzanus Takoro
oAX0Aa pacmMpuT crekrp XR-cumynsaTopos
(e. g., 6e30macHOe MOJEIIMPOBAHHUE OMACHBIX CH-
Tyallud B pealbHOM cpeie B y4eOHBIX LIENSX)
U TOBBICUT UX TUAAKTUYECKYIO 3P PEKTUBHOCTD.

Cnucok qureparypbl

1. TopoynoB A.JIL. Tpenaxep a3popoMHOI
cnenrexuuku // Hayunsiit Bectnuk MITY T'A.
2016. Ne 225 (3). C. 92-97.

2. TopoOynoB A.Jl. BusyanbHas KOrepeHT-
HOCTh B JIOMOJIHEHHOW peanbHoCcTH // Advanced
Engineering Research. 2023. Ne 2. C. 180-190.
DOI: 10.23947/2687-1653-2023-23-2-180-190

3. Tewari A., Fried O., Thies J. u ap.
State of the art on neural rendering / Computer
Graphics Forum. 2020. Vol. 39, iss. 2. Pp. 701-727.
DOI: 10.1111/cgt. 14022

4. Einabadi F., Guillemaut J., Hilton A.
Deep neural models for illumination estimation
and relighting: A survey // Computer Graphics
Forum. 2021. Vol. 40, iss. 6. Pp. 315-331.
DOI: 10.1111/cgf.14283

5. Ghasemi Y. Deep learning-based object
detection in augmented reality: A systematic re-
view / Y. Ghasemi, H. Jeong, S. Choi, J. Lee,
K. Park [Onexrponnsiii pecypc] // Computers
in Industry.  2022. Vol. 139. ID: 103661.
DOI: 10.1016/j.compind.2022.103661 (nara oOpa-
menus: 05.01.2024).

6. Tu W.-C., He Q., Chien S.-Y. Real-
time salient object detection with a minimum
spanning tree // Proceedings of IEEE CVF Com-
puter Vision and Pattern Recognition Confer-
ence (CVPR), 2016. Pp. 2334-2342.

7. Yang J., Yang M.-H. Top-down visual
saliency via joint CRF and dictionary learning
[Onextponnsii pecypc] // Proceedings of the
IEEE Conference on Computer Vision and Pat-
tern Recognition. USA, RI, 2012.
Pp. 2296-2303. DOI: 10.1109/CVPR.2012.624
7940 (nata obpamenus: 05.01.2024).



Tom 27, Ne 04, 2024

HayuyHbiit BectHuk MITY TA

Vol. 27, No. 04, 2024

8. Rosin P.L. A simple method for detect-
ing salient regions // Pattern Recognition. 2009.
Vol. 42, iss. 11. Pp. 2363-2371. DOI: 10.1016/
J-patcog.2009.04.021

9. Girshick R. Rich feature hierarchies for
accurate object detection and semantic seg-
mentation / R. Girshick, J. Donahue, T. Darrell,
J. Malik [Onextponnsiii pecypc]| // Proceedings
of the IEEE Conference on Computer Vision
and Pattern Recognition. USA, OH, 2014.
Pp. 580-587. DOI: 10.1109/CVPR.2014.81 (na-
Ta obpamenus: 05.01.2024).

10. Krihenbiihl P., Koltun V. Geodesic
object proposals [Dnekrponnsii pecype] //
Computer Vision — ECCV 2014. ECCV 2014.
Lecture Notes in Computer Science. Springer,
Cham, 2014. Vol. 8693. DOI: 10.1007/978-3-
319-10602-1 47 (mata oopamenus: 05.01.2024).

11. Pont-Tuset J. Multiscale combinatorial
grouping for image segmentation and object
proposal generation / J. Pont-Tuset, P. Arbelaez,
J.T. Barron, F. Marques, J. Malik [Dnekrposn-
Heiii pecypc] // IEEE Transactions on Pattern
Analysis and Machine Intelligence. 2017.
Vol. 39, no. 1. Pp. 128-140. DOI: 10.1109/
TPAMI.2016.2537320  (mata  oOpamieHus:
05.01.2024).

12. Zitnick C.L., Dollar P. Edge boxes:
Locating object proposals from edges [Dnek-
TpoHHBI pecypc] // Computer Vision — ECCV
2014. ECCV 2014. Lecture Notes in Computer
Science. Springer, Cham, 2014. Vol. 8693. DOI:
10.1007/978-3-319-10602-1 26 (mata oOGparmie-
Hus: 05.01.2024).

13. Kuo W., Hariharan B., Malik J.
Deepbox: Learning objectness with convolu-
tional networks [Dnextponnsiii pecypc]// IEEE
International Conference on Computer Vision
(ICCV). Santiago, Chile, 2015. Pp. 2479-2487.
DOI: 10.1109/ICCV.2015.285 (mata oOparie-
Hus: 05.01.2024).

14. Pinheiro P.O. Learning to refine object
segments / P.O. Pinheiro, T.-Y. Lin, R. Collo-
bert, P. Dollar [Dnexrponnsiii pecypc]// Com-
puter Vision — ECCV 2016. ECCV 2016. Lec-
ture Notes in Computer Science. Springer,
Cham, 2016. Vol. 9905. DOI: 10.1007/978-3-
319-46448-0 5 (nara oopamenus: 05.01.2024).

17

Civil Aviation High Technologies

15. Redmon J. You only look once: Unified,
real-time object detection / J. Redmon, S. Divvala,
R. Girshick, A. Farhadi [9nexrponnstii pecypc] //
Proceedings of IEEE CVF Computer Vision and
Pattern Recognition Conference (CVPR). USA,
Las Vegas, NV, 2016. Pp. 779-788. DOI:
10.1109/CVPR.2016.91 (mara  oOpameHus:
05.01.2024).

16. Shanmugamani R. Deep learning for
computer vision. Packt Publishing, 2018. 310 p.

17. Zhao Z.-Q. Object detection with deep
learning: A review / Z.-Q. Zhao, P. Zheng, S.-
T. Xu, X. Wu [Onexrponnsiii pecypc] // IEEE
Transactions on Neural Networks and Learning
Systems. 2019. Vol. 30, iss. 11. Pp. 3212-3232.
DOI: 10.1109/TNNLS.2018.2876865 (mata oopa-
menust: 05.01.2024).

18. Gatys L., Ecker A., Bethge M. A Neu-
ral algorithm of artistic style [DaexTpoHHBIH
pecypc] // Journal of Vision. 2016. Vol. 16.
ID: 326. DOI: 10.1167/16.12.326 (mara oOpa-
menns: 05.01.2024).

19. Changela A., Zaveri M., Verma D. A
Comparative study on CORDIC algorithms and
applications [DnexTpoHHsIit pecypc] // Journal of
Circuits, Systems and Computers. 2023. Vol. 32,
no. 05. ID: 2330002. DOI: 10.1142/S021812
6623300027 (mara obpamenus: 05.01.2024).

References

1. Gorbunov, A.L. (2016). Trainer of air-
port the specials-technician. Civil Aviation High
Technologies, mno. 225 (3), pp. 92-97.
(in Russian)

2. Gorbunov, A.L. (2023). Visual cohe-
rence for augmented reality. Advanced Engineer-
ing Research, no. 2, pp. 180-190. DOI: 10.239
47/2687-1653-2023-23-2-180-190 (in Russian)

3. Tewari, A., Fried, O., Thies, J. et al.
(2020). State of the art on neural rendering.
Computer Graphics Forum, vol. 39, issue 2,
pp- 701-727. DOI: 10.1111/cgf. 14022

4. FEinabadi, F., Guillemaut, J., Hilton, A.
(2021). Deep neural models for illumination es-
timation and relighting: A survey. Computer
Graphics Forum, vol. 40, issue 6, pp. 315-331.
DOI: 10.1111/cgf.14283



HayuyHbiit BectHuk MITY TA

Tom 27, Ne 04, 2024

Civil Aviation High Technologies

5. Ghasemi, Y., Jeong, H., Choi, S.,
Lee, J., Park, K. (2022). Deep learning-based
object detection in augmented reality: A system-
atic review. Computers in Industry, vol. 139,
ID: 103661. DOI: 10.1016/j.compind.2022.103
661 (accessed: 05.01.2024).

6. Tu, W.-C., He, Q., Chien, S.-Y. (2016).
Real-time salient object detection with a mini-
mum spanning tree. In: Proceedings of IEEE
CVF Computer Vision and Pattern Recognition
Conference (CVPR), pp. 2334-2342.

7. Yang, J., Yang, M.-H. (2012). Top-
down visual saliency via joint CRF and diction-
ary learning. In: Proceedings of the IEEE Con-
ference on Computer Vision and Pattern Recog-

nition. USA, RI, pp. 2296-2303. DOI:
10.1109/CVPR.2012.6247940 (accessed:
05.01.2024).

8. Rosin, P.L. (2009). A simple method
for detecting salient regions. Pattern Recogni-
tion, vol. 42, issue 11, pp. 2363-2371. DOI:
10.1016/j.patcog.2009.04.021

9. Girshick, R., Donahue, J., Darrel, T.,
Malik, J. (2014). Rich feature hierarchies for
accurate object detection and semantic segmen-
tation. In: Proceedings of the IEEE Conference
on Computer Vision and Pattern Recognition,
USA, OH, pp- 580-587. DOI:
10.1109/CVPR.2014.81

10. Krihenbiihl, P., Koltun, V. (2014).
Geodesic object proposals. In: Computer Vi-
sion — ECCV 2014. ECCV 2014. Lecture Notes
in Computer Science. Springer, Cham, vol. 8693.
DOI: 10.1007/978-3-319-10602-1_47 (accessed:
05.01.2024).

11. Pont-Tuset, J., Arbelaez, P., Bar-
ron, J.T., Marques, F., Malik, J. (2017). Mul-
tiscale combinatorial grouping for image seg-
mentation and object proposal generation. /EEE
Transactions on Pattern Analysis and Machine
Intelligence, vol. 39, no. 1, pp. 128-140.
DOI: 10.1109/TPAMI.2016.2537320 (accessed:
05.01.2024).

18

Vol. 27, No. 04, 2024

12. Zitnick, C.L., Dollar, P. (2014). Edge
boxes: Locating object proposals from edges.
In: Computer Vision — ECCV 2014. ECCV 2014.
Lecture Notes in Computer Science. Springer,
Cham, vol. 8693. DOI: 10.1007/978-3-319-
10602-1 26 (accessed: 05.01.2024).

13. Kuo, W., Hariharan, B., Malik, J.
(2015). Deepbox: Learning objectness with con-
volutional networks. In: [EEE International
Conference on Computer Vision (ICCV), Santia-
g0, Chile, pp- 2479-2487. DOI:
10.1109/ICCV.2015.285 (accessed: 05.01.2024).

14. Pinheiro, P.O., Lin, T.-Y., Collobert, R.,
Dollar, P. (2016). Learning to refine object
segment. In: Computer Vision — ECCV 2016.
ECCV 2016. Lecture Notes in Computer Science,
Springer, Cham, vol. 9905. DOI: 10.1007/978-3-
319-46448-0 5 (accessed: 05.01.2024).

15. Redmon, J., Divvala, S., Girshick, R.,
Farhadi, A. (2016). You only look once: Uni-
fied, real-time object detection. In: Proceedings
of IEEE CVF Computer Vision and Pattern
Recognition Conference (CVPR), USA, Las Ve-
gas, NV, pp. 779-788. DOI: 10.1109/CVPR.
2016.91 (accessed: 05.01.2024).

16. Shanmugamani, R. (2018). Deep learn-
ing for computer vision. Packt Publishing, 310 p.

17. Zhao, Z.-Q., Zheng, P., Xu, S.-T.,
Wu, X. (2019). Object detection with deep
learning: A review. IEEE Transactions on Neu-
ral Networks and Learning Systems, vol. 30, is-
sue 11, pp. 3212-3232. DOI: 10.1109/TNNLS.
2018.2876865 (accessed: 05.01.2024).

18. Gatys, L., Ecker, A., Bethge, M.
(2016). A Neural algorithm of artistic style.
Journal of Vision, vol. 16, ID: 326. DOI:
10.1167/16.12.326 (accessed: 05.01.2024).

19. Changela, A., Zaveri, M., Verma, D.
(2023). A Comparative study on CORDIC algo-
rithms and applications. Journal of Circuits, Sys-
tems and Computers, vol. 32, no. 05,
ID: 2330002. DOI: 10.1142/S0218126623300027
(accessed: 05.01.2024).



Tom 27, Ne 04, 2024 HayuyHbiit BectHuk MITY TA
Vol. 27, No. 04, 2024 Civil Aviation High Technologies

Ceeagenus 00 aBTopax

I'opOyHoB Amnapeii JleoHm10BHY, KaHIWAAT TEXHUYECKUX HAyK, JOLEHT, TOLUEHT KadeIpbl
yrpaBieHus: Bo3aymHbeM apmwkeHrneM MI'TY I'A, a.gorbunov(@mstuca.aero.
JIn FOubxansb, acnupantka MI'TY I'A, antatanoe@gmail.com.

Information about the authors

Andrey L. Gorbunov, Candidate of Technical Sciences, Associate Professor, Associate Professor
of the Air Traffic Management Chair, Moscow State Technical University of Civil Aviation,
a.gorbunov(@mestuca.aero.

Yunhan Li, Postgraduate Student, Moscow State Technical University of Civil Aviation, anta-
tanoe@gmail.com.

[MocTynuia B penaximio 22.03.2024 Received 22.03.2024
Ono006peHa mocie pereH3upOBaHUs 03.06.2024 Approved after reviewing 03.06.2024
[puHsTa B 1e4ath 25.07.2024 Accepted for publication 25.07.2024

19



HayuyHbiit BectHuk MITY TA Tom 27, Ne 04, 2024
Civil Aviation High Technologies Vol. 27, No. 04, 2024

YIK 629.735.07
DOI: 10.26467/2079-0619-2024-27-4-20-33

Research of the crosswind effect on the single-rotor helicopter
unintentional yaw rotation
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Abstract: During the operation of single-rotor helicopters, aviation accidents quite frequently occur in the form of an unintentional
turn or even a yaw rotation, causing, as a rule, a ground collision. Numerous researchers of this problem consider the loss of
helicopter tail-rotor effectiveness due to wind effects as one of its possible causes. There is even a special term — the Loss of Tail
Rotor Effectiveness (LTE) in the foreign literature. Hence, this paper deals with an attempt to determine the capacity of an
unintentional single-rotor helicopter yaw rotation occurrence due to wind effects (the impact of the main rotor on the tail rotor was
not considered in this paper). To solve this issue, theoretical methods (analytical calculations and computational experiments) were
used. To carry out analytical calculations and computational experiments, a mathematical model of the Mi-SMTV helicopter yaw
rotation dynamics was developed, on the basis of which a software package integrating the LTE module (for modeling the
dynamics of rotational yaw motion of the helicopter) and OGL (for helicopter motion visualization) was created. Analytical
calculations revealed that the yaw angular acceleration value monitored in-flight during an unintentional rotation can manifest itself
due to the tail rotor thrust loss in the vortex-ring state. But for the development of an unintentional rotation to angles and angular
velocities recorded in real flights, that kind of tail rotor thrust loss should occur during the entire turn. In computational experiments
using the mentioned above software package, conditions failed to be created for that kind of thrust loss during the entire turn.
Consequently, those yaw angles and angular velocities, that occurred in flights, could not be reached. The tail rotor, when blown by
the wind in the investigated range of wind velocities (from 1 to 20 m/s) does not lose its effectiveness to such an extent that an
unintentional rotation cannot be stopped by means of the tail rotor.

Key words: helicopter, flight dynamics, unintentional helicopter rotation, loss of tail rotor effectiveness, vortex-ring state.

For citation: Efimov, V.V, Ivchin, V.A., Chernigin, K.O. (2024). Research of the crosswind effect on the single-rotor helicopter
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HccnenoBanue BJusiHUS OOKOBOr0 BeTpa HA HempeaHAMepPEeHHOe
BpallleHHe OTHOBUHTOBBIX BEPTOJIE€TOB MO PHICKAHUIO

B.B. Epumos’, B.A. Upuun’, K.O. Yepuurun'

i . o . .
Mockosckuii 20cyoapcmeertblil meXHU4eCKULl YHU8epCumem epajicOaHcKoll asuayull,
2. Mockea, Poccus

2
AO «Xenubropoy, e. Mockea, Poccus

Annotammsi: [lpu  dSKcIUTyaTtalid  OJHOBHMHTOBBIX BEPTOJIETOB HEPEIKO BO3HHKAIOT —ABHMAIMOHHBIC —IPOUCIICCTBUS,
3aKJTIOYANOIIHMECS B BO3HUKHOBEHHH HENPEIHAMEPCHHOIO Pa3BOpOTA WM JIAXKE BPAILCHUS [0 PHICKAHUIO, 3aKAHYMBAIOIICTOCH,
KakK TpaBWIO, CTOJIKHOBCHUEM C 3eMyIei. MHOIOUNCIICHHBIC MCCIIEIOBATEN ITON MPOOJIEMBI CUUTAIOT OJJHOM U3 €€ BO3MOXKHBIX
MPUYHH MOTePro 3(h(EKTHBHOCTH PYJIEBOr0 BUHTA BEPTOJICTA BCIICJICTBHE BETPOBBLIX BO3ZCHCTBHI. B MHOCTpaHHOM NHTepaType
uMeeTcst Jaxe crienmaneHbiii TepmuH — Loss of Tail Rotor Effectiveness (LTE). B cBsi3u ¢ 3TiM B HacTosiimeld padoTe cienana
TOIIBITKA OIPE/ICIICHHST BO3MOXKHOCTH BO3HUKHOBEHHS HEMPEAHAMEPEHHOTO BPAIICHHUSI O/THOBUHTOBBIX BEPTOJIETOB 110 PHICKAHHIO
13-32 BETPOBBIX BO3NCWCTBUI (BIMSIHIE HECYIETO BUHTA HA PYyJIEBOH BUHT B JaHHOW pabOTe HE YUUTHIBAIOCH). [l perreHus
9TOM 3aJ[a4il KCIOJIB30BAIMCH TEOPETHYECKUE METO/bI (AHATUTUYECKUAE PACUeThl U BBIYKMCIHUTEIBHBIC JKCIIEpUMEHTHI). [list
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MIPOBE/ICHUSI aHATMTHYECKUX PACUETOB M BBHIUHMCIIMTENBHBIX SKCIIEPUMEHTOB ObLIa CO3/[aHa MaTeMaTH4YecKasi MOJIENb JUHAMUKH
BpamieHust Bepronera Mu-8MTB 1o pbickaHHio, Ha OCHOBE KOTOpOM OBLI CO3/1aH MpPOrPaMMHBIN KOMIUIEKC, COCTOSIIMNA M3
moxyist LTE (quist MonenmpoBaHus AMHAMUKY BpaIlaTeNIbHOTO JIBIKEHHS BepTosieTa 1o prickanuio) 1 OGL (quist Busyamzanmu
JIBIDKEHHSL BEPTOJIEeTa). AHAJIMTUYECKHE PAcyeThl TOKA3aId, YTO BEJIMYMHA YIJIOBOIO YCKOPEHHS pBICKAHHs, HaOIomacMasi B
TI0JIETe TIPY HEMPEIHAMEPEHHOM BPAILEHHH, MOXKET OBITh JOCTHTHYTa BCIICACTBHE MAJCHHS TATH PYJEBOTO BHHTA Ha PEXHME
BUXPEBOT0 Kojbla. Ho 1yt pa3BUTHS HENpeIHAMEPEHHOTO BPAILECHHS /0 YIVIOB M YIJIOBBIX CKOPOCTEH, 3a()MKCHPOBAHHBIX B
peaNbHBIX MOJIeTaX, He0OXOAMMO, YTOOBI TaKOE MaJEeHNE TATH PYJIEBOTO BHHTA MMEJI0 MECTO B TEUEHHE BCero pasopora. Ilpu
BBIYUCIIUTENBHBIX IKCIIEPHIMEHTAX C TIOMOILBIO BBIIIEYIOMSIHYTOTO IIPOrPaMMHOTO KOMIUIEKCa HE yaloCh CO34aTh YCIOBUS IS
TAKOrO MaJCHUS TSATH B TEUEHHE BCETO Pa3BOPOTA M, COOTBETCTBEHHO, HE yHAJIOCh JAOCTHYb TEX YITIOB M YIJIOBBIX CKOPOCTEH
PpBICKaHMs1, KOTOPbIE BO3HUKAIM B IOJIeTax. PyneBoi BUHT npu 00LyBKe BETPOM B HCCIIELyEMOM JHAIa30He CKOPOCTeN BeTpa (0T
1 o 20 m/c) He Tepsier cBoel 3(hEKTUBHOCTH JIO TAKOH CTENEHH, YTO C €ro MOMOLIBIO HEellb3si OCTAHOBHUTH HETPEHAMEPEHHOE
BpallcHUE.

KiioueBnle ciioBa: BEPTOJICT, AMHAMUKA T10JICTA, HEIPCAHAMCPEHHOC BpalllCHUE BCPTOJICTA, IMMOTCPA 3(1)(1)GKTI/IBHOCTI/I PYJIICBOIo
BHUHTA, BUXPEBOC KOJIbLIO.

st uurupoBanusi: E¢prvos B.B., Upuna B.A., Yeprurua K.O. HccnenoBanue BimsHHS OOKOBOTO BETpa Ha HENpedHa-
MEpEeHHOE BpaIlleHHe OTHOBHHTOBEIX BEPTOJETOB MO phickanuio // Hayunsrit Becrank MI'TY T'A. 2024. T. 27, Ne 4. C. 20-33.
DOI: 10.26467/2079-0619-2024-27-4-20-33

Introduction gle-rotor helicopters, which manifests itself un-
der specific external influencing factors that do
not lead to damage to their design as well as
failures. Atmospheric turbulence, i.e., a wind
gust or a constantly blowing wind (flow) can be
such environment.

Therefore, the present work deals with an at-
tempt to determine the capacity of the uninten-
tional yaw rotation occurrence of single-rotor
helicopters due to wind effects. Theoretical
methods (analytical calculations and computa-
tional experiments) were used to solve this prob-
lem.

In the practice of single-rotor helicopter
flight operation, aviation events of an uninten-
tional turn and a yaw rotation occur quite fre-
quently. This phenomenon has been known for a
long time, which is confirmed by a large number
of various publications on this subject, for ex-
ample, [1-16]. Under certain conditions, an un-
intentional turn can lead to an aviation incident,
including an accident. Most frequently, it occurs
at takeoff and landing modes at flight mass of
the helicopter close to maximum when the heli-
copter main rotor (MR) generates the high thrust
and the considerable reaction torque accordingly, ~ Analysis of the problem
which is compensated by the torque from the tail

rotor (TR) in this scheme. In this regard, many The following wind-induced phenomena are
researchers consider the Loss of Tail Rotor Ef- considered in the literature devoted to the prob-
fectiveness (LTE) in foreign literature)), as the  lem of an unintentional yaw rotation of a single-
cause of an unintentional turn and yaw rotation rotor helicopter':

occurrence since an unintentional rotation occurs 1) the TR entering the vortex-ring state

exactly in the direction to which the MR reaction (VRS) due to wind blowing in the direction of
torque turns the helicopter, and the TR fails to  the TR thrust vector (against the direction of air
respond. throwing by the helicopter rotor, on increasing

An unintentional yaw rotation of the heli-  the angles of attack of the blades), consequently,
copter may occur due to the LTE caused by all  significant TR thrust pulsations, which disorients
possible kinds of failures and inadequate pilot
actions, but it is very important to understand if
there are conditions under which the uninten- " Loss of tail rotor effectiveness in helicopters. National

tional rotation occurrence cannot be prevented transportation safety board. Safety alert SA-062. (2017).
p NTSB. March, 3 p. Available at: https://vast.aero/

by timely competent crew actions, i.e., if an un- archives/Repository/NTSB%20Bulletin% 20tail%20
intentional rotation is a certain property of sin- rotor.pdf (accessed: 12.01.2024).
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the pilot [2]. Some sources also indicate a signif-
icant thrust loss in this case, e.g., [4, 9];

2) the vortex effect on the TR trailing from
the MR, leading to a decrease in the TR thrust
when blowing its blades on increasing the angles
of attack, i.e., on generating a vortex ring. At the
same time, the TR thrust can be affected by the
terrain proximity due to the impact of inductive
flux from the MR, flowing along the ground and
interacting with the TR blades, if the TR rotates
so that its blades, being in the upper position,
move forward (direction of rotation F-F) [4];

3) helicopter nose-turn against the wind
when blown from the rear hemisphere due to its
longitudinal (vane) stability.

Let us note that, in accordance with work [4],
the TR effectiveness at its interference with the
MR is powerfully influenced by the TR rotation
direction (the blades in the upper position can
move forward — F-F or backward — F-B). If the
direction of rotation is F-F, the TR thrust at in-
terference with the MR loses significantly, and if
the rotation direction is F-B, the TR thrust loses,
but insignificantly. In addition to changing the
angles of attack of the blades, the reduction of
the total flow velocity blowing over the blade
cross-sections in the case of rotation direction
F-F is crucial. According to the results of the
analysis of works [17, 18], we can conclude that
both in the direction of rotation F-F and in the
direction of rotation F-B, the TR thrust under the
flow impact from the MR on increasing the an-
gles of attack of the blades does not decrease but
increases. A decrease in the TR thrust occurs
when it is blown by the flow from the MR on
reducing the angles of attack of the blades.
Therefore, the results of the works of different
researchers of the MR and TR interference con-
tradict each other. Moreover, in any case, the
MR impact on the TR is manifested in a narrow
range of angles of helicopter slip due to the fact,
a possible TR thrust loss will be short-term dur-
ing a helicopter yaw rotation. This phenomenon
in this paper will not be taken into account. In
this respect, it should be noted that this phenom-
enon should not be neglected in the study of an
unintentional yaw rotation of the helicopter, be-
cause when a vortex, trailing from the MR, hits
the TR, significant pulsations of the TR thrust
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occur, which can disorient the pilot and cause
him to make inadequate actions with pedals,
which can lead to an unintentional rotation. But
in this paper, as stated above, only specific wind
effects are considered, which themselves can
directly cause an unintentional rotation.

Previously, the authors of this paper have
conducted a study of the conditions for the unin-
tentional yaw rotation occurrence of a single-
rotor helicopter by conducting experiments with
a helicopter model in a wind tunnel. In the pre-
sent work, analytical calculations and computa-
tional experiments will be mainly used.

Research methods and methodology

To carry out analytical calculations and com-
putational experiments, a mathematical model of
the yaw rotation dynamics of a single-rotor heli-
copter was created. This mathematical model
was based on the full mathematical model of
flight dynamics of a single-rotor helicopter with
six degrees of freedom, developed by one of the
authors of this paper — V.A. Ivchin [19]. The full
mathematical model of helicopter dynamics was
evaluated for adequacy in the previous works of
the authors of this article, and on its basis the
software was created for the flight simulation
facility, which is successfully used for scientific
research at the M.L. Mil and N.I. Kamov Na-
tional Helicopter Center.

To achieve the purpose of this paper, the full
model was simplified to a model with one degree
of freedom — yaw rotation. The description of
this mathematical model is presented below.

Let us assume that the helicopter rotation oc-
curs around the normal axis OY of the body axis
coordinate system (neutral point is considered).
Then

=M

Lo, = M,,

y=y

(1

where I, — the moment of inertia of the heli-
copter around the normal axis OY of the body
axis coordinate system;

®,, — the angular yaw acceleration of the hel-
icopter;

M,, — the total moment acting on the helicop-
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ter around the normal axis OY of the body
axis coordinate system.
The total momentum is made up of several
components:
My, = Mygp + Mrg + Mg, (2)
where M,,r — the MR reaction torque;
Mg — the torque generated by the TR thrust;
M, — the aerodynamic moment of the heli-
copter airframe.
In the general case, the MR reaction torque
can be written as follows:
Mur = Mypmr + Irr®7R, 3)
where M,z — the MR torque;
Iyg — the MR moment of inertia;
wpr — the angular MR acceleration.

We will not consider the transients of the MR
rotation, then we can consider that

Myg = MKpMR' 4)
The MR torque can be represented as:
Mpomr = prMRconStTRMng)kpa (5)
where my, g — the MR torque coefficient;
consty = 0.5 pg 6 MR (wyr Ryr)3 the

MR thrust constant;
po — air density, at which the calculation of aer-
odynamic rotor characteristics is performed;

o = 2 _total rotor-width ratio;

MR
n — the number of blades;

F, — the area of a single blade;

Fyr — the MR rotor disk area;

(wpmr Ryr)o — the rotor speed, at which the
calculation of aerodynamic rotor characteris-
tics is performed;

wyg — the angular velocity of the MR rota-
tion;
— the MR radius;
k, ((DMR wy)RMR.
(wmR RMR)o
Wy, the angular yaw rate of the helicopter;

k,
Po
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p — air density at the current flight altitude.
The moment from the TR thrust:
Mrg = TrrTrr, (6)
where Trp —the TR thrust;
rr — the TR thrust arm relatively the MR ax-
is of rotation.
The TR thrust:
Trg = trgeonstr k& ko, 7
where trp —the TR thrust coefficient;
constr, . —the TR thrust constant;
k — WTR
®TR @R’
wrg — the angular velocity of the TR rota-
tion;
wrgro — the angular velocity of the TR rota-
tion, at which the calculation of aerodynamic
blade characteristics is performed.
The aerodynamic moment of the helicopter
airframe:

M, = Mf.y + MK.yv (8)
Mg ,, — the aerodynamic moment of the fuse-
lage;

M ,, — the aerodynamic moment of the fin.
The aerodynamic moment of the fuselage:

My, ©)

= 0.5msy pV?Scon,
where my ,, — the coefficient of the aerodynamic
fuselage moment;
V= V2+ V?+ V2 — the helicopter air-
speed (Vy, 1, V, — projections of the helicop-
ter air speed on the axes of the body axis co-
ordinate system);
Scon — the conditional characteristic area of
the helicopter (usually the rotor disk area of
the MR or a multiple of it is taken);
l.on — the conditional characteristic linear
dimension of the helicopter (the MR radius is
usually taken).
The aerodynamic fin moment:
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Fig. 1. The start window of the LTE module

My, = ZTiy, (10)
where Z, = 0.5 ¢, p V2S, — the aerodynamic
lateral force of the fin (the effect of blowing
over the fin with the flow from the TR is not
taken into account);
¢y, — the coefficient of the aerodynamic lat-

eral fin force;

Ve = JVi& + V2 + V& — the air velocity of

fin flow (V;, V, — projections of the helicopter

air speed on the axis of the body axis coordi-
nate system;

V. , — the lateral air speed of fin flow taking in-

to account the yaw rotation of the helicopter);

Sk — the fin area;

Ty — the arm of the acrodynamic lateral force

of the fin relative to the MR rotation axis.

The coefficients of aerodynamic forces and
moments are specified discretely with a specific
pitch in the form of multidimensional arrays de-
pending on air linear velocities, angular velocities
of a rotor and a helicopter rotation, as a whole, ro-
tor pitch, angles of attack and helicopter slip. The
intermediate values of coefficients are determined
by the linear interpolation method.

Based on this mathematical model, a soft-
ware package consisting of two modules was
created:

e LTE — for modeling the dynamics of rotational
yaw motion of the helicopter. The results of
calculations are presented in the graphical and
test form (fig. 1);

e OGL — to visualize helicopter movement (fig. 2).

24

Fig. 2. The OGL module window

Initial data for the calculation are assigned in
the form of text files containing geometric,
mass-inertial characteristics of the helicopter,
arrays of aerodynamic coefficients, as well as in
the form of the “flight” program, where the con-
trol actions, transmission ratios of the pilot’s
model and autopilot are set. In a separate file,
wind effects in the form of a constantly blowing
wind or a gust are assigned.

Research results and discussion

According to some data’, angular yaw veloci-
ties at an unintentional rotation can reach 165 /s
(SA341G  Gazelle helicopter). Helicopter
Mi-8MTYV at an unintentional rotation, according
to the data of one of the authors of this article, at
the end of the turn, the angular velocity of about
100 °/s at an angular acceleration of 10 °/s* was
recorded. It means the turn lasted approximately
10 seconds. The helicopter turned approximately
390°, i.e., made a full turn during this time.

Let us consider an abstract model case. We
determine by how much the TR thrust must de-
crease for such a turn. We will not be interested
in the cause of the thrust loss. Let us make this
calculation analytically using the above-
described mathematical model.

? SA341G Gazelle 1, G-HAVA. (1998). AAIB Bulletin,
no: 2/98, 7 p. Available at: https://assets.publishing.
service.gov.uk/media/5422{61440f0b61346000617/
dft avsafety pdf 500862.pdf (accessed: 12.01.2024).
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We will consider the steady-state mode of
MR operation when My, = Mypm,. We will not
take into account the aerodynamic moment of
the airframe (M, = 0). In this case, the condition
must be satisfied:

Iy®wy = Mypur + TrrTrr; (11)
Where
Ttg = (Iy(by - MKpMR)/TTR- (12)

The MR torque is found by formula (5). At
the same time, we will assume that the total pitch
of the MR is maximum. Then, for the Mi-8MTV
helicopter, the torque will be
15000 kgf - m. Let us take the moment of inertia
of the helicopter at its normal takeoff weight:
I, = 8280 kgf- m - s*. The TR thrust arm rela-
tive to the MR rotation axis is ryg = 12,7 m.

MKpMR ~

Then, at angular acceleration ®, = 10 0/ s2 =

0,18 s72 we obtain Trg ~ 1064 kgf. Consider-

ing that the TR required thrust for balancing at
MKpMR ~

the same MR reaction torque Trp = -
TR

1181 kgf, we obtain the thrust loss leading to a
rotation with the given angular acceleration
ATrr = 117 kgf, which is approximately 10%.
Such TR thrust loss due to wind blowing on in-
creasing the angles of attack of the blades, i.e.,
creating a vortex ring is quite practical, accord-
ing to the results of [20]. Thus, it can be assumed
that a wind gust on the right can cause com-
mencing an unintentional yaw rotation of the
helicopter. However, the question arises, if such
a rotation can only result from the TR wind
blowing?

It should be considered that at the very be-
ginning of a rotation, the pilot can apply the right
pedal and prevent a rotation, which is proved by
the flight experiments’. As a rule, even at the
maximum steady-state MR reaction torque, the
balancing position of the pedals ensures a suffi-

? SA341G Gazelle 1, G-HAVA. (1998). AAIB Bulletin,
no: 2/98, 7 p. Available at: https://assets.publishing.
service.gov.uk/media/5422{61440f0b61346
000617/dft_avsafety pdf 500862.pdf (accessed:
12.01.2024).
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cient forward range of the right pedal. The au-
thors of the article have no objective data about
the fact that the balancing position of the right
pedal was in the manner that it was pushed to the
metal in flight experiments with the wind on the
right side of the flight. The computational exper-
iments, conducted by the authors of this paper
using the above-mentioned software, prove it.

At the initial stage of the computational ex-
periment (from 0 to the 20" second), the balanc-
ing position of the helicopter with zero yaw an-
gle is established, from the 20™ second the wind
begins blowing, its speed reaches the maximum
value instantly and does not change until the end
of the computational experiment. The cases of
wind calming down when the maximum angular
velocity was reached were also considered, but
the angular velocity, meanwhile, abruptly de-
creases, and these cases were not of interest.

When conducting computational experi-
ments, the helicopter failed to rotate to the left
under any wind conditions from the right in the
range from 1 to 20 m/s in increments of 1 m/s at
timely actions of the pilot. The authors of the
present work did not manage to do this previous-
ly with a helicopter model in a wind tunnel.

A number of computational experiments
were also conducted under the condition that
when the wind impact begins, the pilot does not
interfere with the control, maintaining the pedal
position. In this case, in a certain range of wind
speeds on the right side of the flight (from 10 to
16 m/s inclusively), a turn to the left was moni-
tored due to a decrease in the TR thrust in the
VRS. Moreover, in the range of wind speeds
from 10 to 12 m/s inclusively for some time after
the onset of the wind effect on the right side of
the flight, the helicopter turned to the left, and
then turned to the right and found the equilibri-
um position, as in Figure 3, which shows the
graph of yaw angle variation during the time un-
der the impact of wind at a speed of 10 m/s. The
yaw angle of the helicopter is positive if it turns
to the left and negative if it turns to the right.

At this wind speed, the yaw to the left was
maximum and amounted to more than 50°. In the
range of wind speeds from 13 to 16 m/s inclu-
sively, the helicopter turned only to the left,
where it found its equilibrium position (fig. 4).
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Fig. 5. Yaw rate variation under the wind impact from the right in the flight direction (wind velocity 10 m/s)

Judging by angular velocities and accelera- the maximum yaw rate was approximately
tions, their highest values at the beginning of the 16 °/s, and the angular acceleration was approx-
turn to the left occurred at wind speeds of 10 and imately 11,5 °/c?.

11 m/s, respectively (figs. 5 and 6). Moreover,
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As it can be seen from the results of compu-
tational experiments, when there is no pilot’s
intervention after the onset of the wind impact
from the right side of the flight, the helicopter
failed to make a full turn to the left, which was
monitored in real flights supposedly due to the
LTE in the VRS. However, at some values of
wind speed, the helicopter turned to the left by a
significant angle at a considerable angular accel-
eration corresponding to the acceleration in
magnitude recorded in the real flight. For the
development of an unintentional rotation with
reaching angles and angular velocities of yaw,
which are recorded in flights, the appropriate TR
thrust loss is required during the entire rotation.
In the conducted computational experiments,

27

only a short-term TR thrust loss was recorded,
because the orientation of the TR relative to the
vector of wind speed in the process of rotation is
continuously changing, and the total blowing TR
by the wind and ram air, arising from the heli-
copter rotation, is sufficient for the TR thrust
loss only in a narrow range of yaw angles. The
dependence of the TR thrust value on time under
the above conditions when there is no pilot’s in-
tervention in the control during a rotation at a
wind speed of 10 m/s is shown in Figure 7.

The negative value of the TR thrust indicates
that it is directed to the left of the flight path.
Figure 7 shows that when the wind begins im-
pacting at the 20™ second of flight, the TR thrust
losses in the absolute value due to wind blowing
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Fig. 9. Yaw rate variation under the wind impact from the left in the flight direction
(wind velocity 10 m/s)

and the VRS, which leads to an unintentional
turn in the absence of a pilot’s reaction.

When the wind impacted on the left side of
the flight in the same range of wind speeds (from
1 to 20 m/s inclusively), the helicopter turned
only to the left. With timely intervention of the
pilot in the control, angles of the turn were in-
significant. When the pilot did not intervene in
the control after the onset of the wind impact,
angles, angular velocities and angular accelera-
tions of yaw reached significant values, although
even in this case, it was impractical to make the
helicopter turn 360° and more without the pilot’s
intervention, as noted in real flights. At the same
right wind speeds in magnitude (from 10 to 16
m/s inclusively), which cause a turn to the left
and, accordingly, are the most dangerous in this

28

wind direction, the left wind led to significantly
larger yaw angles to the left at much higher an-
gular velocities and accelerations. For example,
as can be seen in the above Figure 3, the right
wind at a speed of 10 m/s resulted in a temporary
yaw angle to the left at a maximum angle of
about 57°, after which the helicopter turned to
the right without the pilot’s intervention. The
maximum angular velocity of the turn to the left
was approximately 17 °/s, and the angular accel-
eration was approximately 11 °/s>. At the same
left wind speed, the helicopter turned to the left
at a yaw angle of approximately 80° and then
remained in a balancing position at an angle of
approximately 70° (fig. 8). In this case, the max-
imum angular velocity of the left turn was ap-
proximately 23 °/s (fig. 9), and the angular ac-



Tom 27, Ne 04, 2024

HayuyHblit BectHuk MITY TA

Vol. 27, No. 04, 2024

=}
=}
|

Civil Aviation High Technologies

=
o
|

s
=}
|

5]
=}
1

=}
P

N
=}
1

Y¥rnoeoe ycKkopeHue peiCKaHuAa, rpag/c™2

20

T
30 40 50 60

Bpems, c

Fig. 10. Yaw angular acceleration variation under the wind impact from the left in the flight direction
(wind velocity 10 m/s)

0—

-2,000

-4,000 —

-6,000 4

-8,000 — {\

Tara PB, H

i1

Vass

vV

-10,000 \
-12,000 -

20

T
30 40 50 60

Bpewms, c

Fig. 11. Tail rotor thrust variation under the wind impact from the left in the flight direction (wind velocity 20 m/s)

celeration amounted to approximately 21 °/s
(fig. 10). At the maximum Ileft wind speed
(20 m/s), considered in the computational exper-
iments, the maximum yaw angle to the left was
approximately 90°, the balance angle was ap-
proximately 74°, the yaw angular velocity was
approximately 38 °/s, and the angular accelera-
tion amounted to approximately 43 °/s*. At the
given right wind speed, the helicopter was no
longer turning left at all. To be based on these
results, the left wind is significantly more dan-
gerous than the right wind from the point of
view of initiation of an unintentional yaw rota-
tion of the helicopter, all other conditions being
equal.

Apparently, this can be explained by the fact
that, firstly, the left wind always leads to a de-

29

crease in the TR thrust due to a decrease in the
angles of attack of the blades, and this decrease
in thrust, other conditions being equal, is more
substantial than its decrease in the wind on the
right, causing the VRS, which is monitored only
in a relatively narrow range of wind speeds. The
dependence of the TR thrust value on time in the
absence of pilot’s intervention in the control dur-
ing the rotation at a wind speed of 10 m/s on the
left is shown in Figure 11. If we compare this
graph with the one shown in Figure 7, it can be
seen that, in this case, the TR thrust loss is great-
er than in the right wind, and that led to greater
in magnitude angular accelerations and angular
velocities in the left wind. At the maximum wind
speed on the left, considered in the computation-
al experiments — 20 m/s, the TR thrust loses
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when the wind begins impacting by more than
50% (fig. 11). Such a loss in the thrust at the
vortex ring could not be recorded under any
conditions.

Secondly, the vane (longitudinal) stability of
the helicopter airframe contributes to the left ro-
tation under the wind conditions on the left,
while it prevents the left rotation under the right
wind conditions.

The obvious danger of the right wind lies in
the fact that with increasing wind speed there is
no monotonicity of change in the TR thrust: it,
first, increases then decreases in the vortex ring,
and then increases again. This thrust behavior
disorients the pilot. In addition, at the VRS, the
TR thrust pulsations are monitored, which leads
to helicopter oscillations and complicates heli-
copter piloting as well. Unfortunately, the above-
described mathematical model of helicopter dy-
namics does not reproduce thrust oscillations on
the VRS and does not simulate the pilot's behav-
ior, so rather obviously, it is impractical to intro-
duce the helicopter into an unintentional left ro-
tation.

There is another aspect that is referred to by
the researchers of an unintentional helicopter
rotation, which is the impact of the inductive
flux of the MR on the TR. However, this effect,
to be based on the works of other authors con-
sidered above, is reduced mainly to the fact that
the VRS is shifted toward lower wind speeds
than in the case of the isolated TR wind blowing,
and this effect is manifested in a narrow range of
helicopter slip angles and wind speeds.

Conclusion

This paper presents the results of analytical
calculations and computational experiments us-
ing software developed by the authors, aimed at
investigating an unintentional yaw rotation of
single-rotor helicopters without considering the
inductive effect of the MR on the TR.

Analytical calculations have shown that the
yaw angular acceleration value monitored in-
flight during an unintentional rotation can be
reached due to the TR thrust loss in the VRS.
However, to develop an unintentional rotation to
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angles and angular velocities recorded in real
flights, such TR thrust loss should occur during
the entire turn, which is sometimes performed at
360° and greater. In computational experiments,
when the virtual pilot is involved in the control
after the onset of the wind impact and when the
pilot does not move the pedals, the yaw angles,
and angular velocities, that occurred in-flight,
could not be reached. The TR, when blown by
the wind, does not lose its effectiveness to the
extent when an unintentional rotation cannot be
prevented.

Apparently, unintentional turns of the heli-
copter at yaw angles of more than 90° cannot
occur without the pilot’s intervention, i.e., with-
out unintentional or intentional (but erroneous,
caused, for example, by the TR thrust pulsations
or violation of the monotonicity of the thrust
value variation by wind speed) pushing the left
pedal forward.

The computational experiments, carried out
in the present work, have also revealed that the
wind on the left can be more dangerous than the
wind on the right, leading to the VRS on the TR,
because the value of the TR thrust loss in the left
wind, other things being equal, is greater than in
the right wind, because the left wind is always,
in any magnitude, leads to the TR thrust loss due
to a decrease in the angles of attack of its blades,
and the right wind can lead to the thrust loss only
in the VRS, which occurs in a narrow range of
speeds and by a value smaller than that of the
left wind, which is equal in speed. Moreover, the
left wind contributes to the left rotation due to
the corresponding action of the aerodynamic
moment of the helicopter airframe due to the
presence of its vane (longitudinal) stability.

For further and more detailed consideration
of the problem concerning an unintentional yaw
rotation of a single-rotor helicopter, studies are
necessary on a flight simulator with software
that adequately simulates all the necessary
modes of helicopter operation, its elements and
their interaction, or on a turnover stand using a
real helicopter and artificial air flow, for exam-
ple, in a full-scale wind tunnel. Flight experi-
ments can represent a significant hazard and can
lead to catastrophic consequences. The tendency
to ensure their safety will obviously lead to re-
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strictions that will not allow us to adequately re-
produce all the applicable modes and obtain re-
plies to the issues.
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MeToa BbIIBJICHHSI AKTYAJbHBIX T€M TPEHAKEPHOU MOATOTOBKH
IMJIOTOB HA OCHOBE KJIACTEPU3ALMU OTYETOB 10 0€30IACHOCTH 0JICTOB

3.P. 3a66apos'?, A.K. Bosikos®
4o «Aspogrom — poccutickue asuarunuuy, . Mocxea, Poccus
’ Vawsanosckuii uncmumym epaxcoanckoti asuayuu umeny Inasnozo mapuwana
asuayuu b.I1. byeaesa, 2. Ynvanosck, Poccus

Annotamusi: TexHonmorun 00pabOTKH eCTeCTBEHHOTO si3bIKa (natural language processing — NLP) B o1HOM U3 CBOMX NPUMEHEHUH
obecrieunBatoT A()h(EKTUBHOE HCCIIEJIOBAaHNE 3aKOHOMEPHOCTEH M TEeHJICHIMH B OOJNBIIMX HA0OpaX TEKCTOBBIX JaHHBIX.
TekcroBble [aHHBIE TIO OE30MACHOCTH IMOJIETOB, IPEJCTABICHHBIE B BHJE OTYETOB [0 PACCIICIOBAHHIO ABHUALMOHHBIX
TIPOHCILIECTBHH, SIBISIIOTCS TEPCHEKTUBHBIM OOBEKTOM [UIS M3BJICUYCHHUS HOBOW IMOJIE3HOW WH(OpMAIWH, KOTOPYIO MOXKHO
WCIONBb30BaTh KAK MPH YNPaBiIeHWH OE30IacHOCTHIO IMOJIETOB, TAK M B paMKaxX TPEHaKEPHOW MOATroTOBKU. B maHHO# paGote
paccMaTpuBarOTCS BONPOCHI NpUMeHeHwWs TexHoiornii NLP mis wccnenoBaHust KOpITyca OTYETOB IO OE30MACHOCTH IOJIETOB
ITAO «Aspodnor — poccuiickue aBraniHuNy. Llenbio nccnenoBaHus sSBIsIeTCs pa3padoTka METo/Ia BhISIBJICHHUS aKTYaJIbHBIX TEM
TPEHaXXEPHOH MOJITNOTOBKM IWIOTOB. [IpencTaBmeH aHanmM3 CyHIECTBYIOIIMX 3apyOeKHBIX MHCCIEJOBaHMH B  00IacTH
MHTEIUIEKTYIBHOTO aHANM3a TEKCTOBOW MHGOpPMAIMM B TPaKJaHCKOH aBHalMM. BbpLiBIEHO, 4TO 3a pyOeKOM aKTHBHO
npuMeHsitoT TexHostornd NLP juist w3ydeHust oTd4eroB 1o Oe30MacHOCTH IOJeToB. B crarhe mpencraBieHa cxemMa MeTona
BBISIBJICHUSI aKTyaJIbHBIX T€M TPEHA)KEPHOM MOATOTOBKH IMIJIOTOB, OCHOBAaHHOTO Ha KJIACTEPH3ALMM OTYETOB IO OEe30MacHOCTH
niosietoB. OnucaHbl MPOLEIyphl TPEABAPUTENIBHOH 00pabOTKN TEKCTa M MOCTPOSHHE €ro BEKTOPHOrO NpocTpaHcTBa. HaywHoit
HOBM3HOW IO/IXOZA SIBISIETCSL TO, YTO B OTJIMYKME OT IPEIbIIYIIMX padoT Mpeyiaraercst MCIHOJIb30BaTh ITOJHOE BEKTOPHOE
NIpEZICTaBJIEHNE OTYETOB 10 OE30MIaCHOCTH MOJIETOB, KOTOPOE CTPOUTCST OOBEIMHEHHEM MATPHUL] TEMATHYECKHX U CEMAHTUYECKHX
BekTopoB. IlpoBenena ampoGauysi NPEIoKEHHOTO MeTona. AHAIM3HPYeMbId Kopryc TekcToB coctaBiil 1080 orueros.
B pesynprare mpuMeHeHHs anropuTMa KilacTepH3ali ObUTM HMIOCHTU(UIMPOBAaHBI 36 KIIACTEPOB, KOTOpBIE 3aTeM OBLTH
BU3YaJIM3HUPOBAHBI C TIOMOIIBIO aJTOpUTMa t-pactipeeNieHHOr0 CTOXaCTHYecKoro amoexauara coceneit (t-distributed Stochastic
Neighbor Embedding — t-SNE). IlpakTrmdeckass 3HAUMMOCTh PE3yJIbTaTOB HCCICIOBAHMS 3aKIIOYACTCS B TOM, YTO TOJXO,
OCHOBaHHBII Ha KJIaCTEPU3ALMK OTYETOB, TO3BOJIUT IPOBOAUTH OoJiee MTyOOKHIi aHAIN3 OTYETOB 10 OE30IIACHOCTH MOJIETOB, YTO
MOXXET YMPOCTUTh M YCKOPHUTH PabOTy Kak CIEIMAINCTOB 110 YHPABICHHIO OE30MacHOCTHIO MOJIETOB, TAK U MHCTPYKTOPOB IO
TPEHaXXEPHO! MOTOTOBKE ITMJIOTOB.

KunroueBble ci10Ba: 6e3011acHOCTh MOJIETOB, TPEHAXEPHas! MO/ITOTOBKA, OTYET, KlacTepu3alys, 00paboTka eCTECTBEHHOTO SI3bIKa,
TEMaTHUYEeCKOE MOJIeIpoBaHue, Mozenb Doc2Vec.

Jis uurupoBanusi: 3a06apos 3.P., BonkoB A.K. Meton BbIsSIBIEHNS aKTyalbHBIX TeM TPEHAKEPHOH IOATOTOBKH IHJIOTOB Ha
OCHOBE KJIaCTepH3alliy O0T4eToB o Oe3omacHocTn mnosieroB // Hayunsnii Bectnuk MI'TY TA. 2024. T. 27, Ne 4. C. 34-49.
DOI: 10.26467/2079-0619-2024-27-4-34-49.

A method for identifying relevant topics of pilot simulator training
based on clustering of flight safety reports

Z.R. Zabbarovl’z, A.K. Volkov?
"Public Joint Stock Company “Aeroflot — Russian Airlines”, Moscow, Russia
?Ulyanovsk Civil Aviation Institute named after Air Chief Marshal B.P. Bugaev,
Ulyanovsk, Russia

Abstract: Natural language processing (NLP) technologies, in one of their applications, provide effective research of patterns and

trends in large sets of textual data. Textual safety data presented in the form of accident investigation reports is a promising object
for extracting new useful information that can be used both in flight safety management and in the framework of simulator training,
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This paper discusses the application of NLP technologies for the study of the body of flight safety reports of PISC Aeroflot —
Russian Airlines. The aim of the work is to develop a method for identifying relevant topics of simulator training for pilots. The
paper presents an analysis of existing foreign works in the field of intellectual analysis of textual information in civil aviation. It has
been revealed that NLP technologies are actively used abroad to study flight safety reports. The paper presents a scheme of a
method for identifying relevant topics of pilot simulator training based on clustering of flight safety reports. The procedures of text
preprocessing and the construction of its vector space are described. The scientific novelty of the approach is that, unlike previous
works, it is proposed to use a full vector representation of flight safety reports, which is built by combining matrices of thematic and
semantic vectors. The proposed method has been tested. The analyzed corpus of texts amounted to 1080 reports. As a result of the
clustering algorithm, 36 clusters were identified, which were then visualized using the algorithms t-distributed stochastic
embedding of neighbors (t-SNE). The practical significance of the research results lies in the fact that the approach based on
clustering of reports will allow for a more in-depth analysis of flight safety reports, which can simplify and speed up the work of
both safety management specialists and flight simulator instructors.

Key words: flight safety, simulator training, report, clustering, natural language processing, thematic modeling, Doc2Vec model.

For citation: Zabbarov, Z.R., Volkov, A K. (2024). A method for identifying relevant topics of pilot simulator training based on
clustering of flight safety reports. Civil Aviation High Technologies, vol. 27, no. 4, pp. 34-49. DOI: 10.26467/2079-0619-2024-27-
4-34-49

BBenenue MPUKIAJHYI0 IEHHOCTh TexHonoruii NLP B pe-
HIEHUH 3a/a4d B 00JacTH ympaBiieHus Oe3omac-
HOCTBhIO TIosieToB [1]. Ucmomw3ys TexHomoruu
NLP, 3auHTEepecoBaHHbBIE CTOPOHBI MOTYT IOJIY-
YUTHh LEHHYI0 MH(OpPMALNIO O MPUYMHAX Yello-
BEUECKMX OIIMOOK B aBHAIMM U pPa3paboTath
WHHOBALlMOHHBIE TOAXOMABI JUISl PELICHHs 3TUX
npobsieM. [Ipumenenue texnonoruit NLP takke
IIOMOJKET JIOIIOJIHUTH CYIIECTBYIOIIUE HHCTPY-
MEHTbI OpPraHHU3aluu TPEHAKEPHOU MOATOTOBKHU
nuiotoB, TeM Oosiee uto MKAO pexomenmyer
BHEJPATH MOJXOJ K TIOJrOTOBKE Ha OCHOBE (hak-
Tiaecknx aaHEbIx” (Evidence-Based Training —
EBT). Takoii moaxos mpeanonaraeT omnpenesie-
HUE, Pa3BUTHE U OLIEHKY KOMIETEHIIUH, HE00XO-
JUMBIX THWJIOTaM JJIsl BBINOJHEHUs CBOEH Jes-
TEJIBHOCTH HAa OCHOBE aHaim3a (aKTHIECKUX
TAHHBIX, COOPAaHHBIX B X0/I€ UX O0YyYEHHUS U IKC-
IUTyaTallM¥ MapKa BO3AYIIHBIX CyJIOB. B oTin-
Yye OT CYUIECTBYIOLIUX MPOrpaMM TPEHAKEPHOU
MOJTOTOBKH, TPENNOJaralonmx Hamudue ¢op-
MaJU30BAHHBIX CLEHAPUEB MOJArOTOBKH, IIPO-
rpamma EBT npeanonaraer noselllIeHHE YPOBHS
WHIUBUyalnu3alliy TaHHbIX cleHapueB. B cBs-
3M C 3THM CYIIECTBYET IMOTPEOHOCTh BO BHE/pPE-
HUU MOJeNiell MallMHHOTO U TIyOoKoro obyde-
HMS, OCHOBAaHHEIX Ha TexHojorusx NLP, xoto-
pble momMoryT peanusoBaTh nporpammy EBT B

C mosBiIeHUEM OOIBIINX O0OBEMOB IAaHHBIX U
IIOCTOSIHHO PAaCTyIIE KOMIIBIOTEPHOM MOIIHO-
CTH 00JacTH NPUMEHEHHs TEXHOJOTMH HCKyC-
CTBEHHOTO MHTEJUIEKTa 3a MOCJEAHUE OBl 3Ha-
YUTEIbHO PACHIMPHINCH. [IpMMeHeHue NaHHBIX
TEXHOJIOTUI B OCHOBHOM CBSI3aHO C Pa3pabOTKOM
MozeNied TIyOOKOrO M MAIlMHHOTO OO0y4YeHUs
IUIsi OOHapyKeHUsI 0OBEKTOB U Kiaccu(UKaIu
n300pakeHui, 00pabOTKH TEKCTOBBIX, T'OJIOCO-
BBIX M BUJEOJAHHBIX. B HacTosiiee BpeMs Ha
BO3AYIIHOM TPAHCIIOPTE TEHEPUPYETCS MHOTO
MHPOpPMALIUK Ha €CTECTBEHHOM s3blKe (K INpH-
Mepy, OKOHYATEIbHBIE WM TPOMEKYTOUHBIC
OTYEThI MO PACCIICOBAHUIO aBUAIIMOHHBIX IPO-
UCIIIECTBHH, JOOPOBOJBHBIE COOOUICHUS H Ap.).
[Ipu 3TOM py4HOH aHaIM3 TaKUX TEKCTOBBIX
JTAHHBIX OOBIYHO CJIOKEH M TpeOyeT 3HAYMTEIh-
HBIX BJOXEHUH B 4YEJIOBEYECKHE PECYPCHI.
B cBsi3M ¢ 3THM peryimpyromye Opratsl, K MpH-
mepy EBpomneiickoe areHTcTBO 0€30macHOCTH
1no71eToB', 0OPAIAIOT BHUMAHHE HA MOTEHIHAN
TEXHOJIOTUI UCKYCCTBEHHOI'O MHTEIUIEKTa B pa3-
BUTHM TpaxJaHCKoOM aBuanuu. Taxxke Hanwmo-
HAJIBHBIA COBET MO 0€30MacHOCTH Ha TPAHCIOP-
te CoemmuenHbix lltatoB Amepuxu (National
Transportation Safety Board — NTSB) Buaur

ABUAKOMITAHUSIX.
' EASA-AI-Roadmap [dnextponnsiii pecypc] // EASA.
2020. 33 p. URL: https://www.lboro.ac.uk/media/ 2 DOC 9995: AN/497 PyKkoBOICTBO 110 IOATOTOBKE Tep-
wwwlboroacuk/content/avrrc/downloads/EASA-AI- COHaJjIa Ha OCHOBE aHajmn3a (PAKTHIECKUX TaHHBIX.
Roadmap-v1.0.pdf (nara oopamenus: 20.01.2024). 1-e uzn. // UKAO, 2013. 170 c.
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Ilenpio HacTOSIIEH CTaThbU SBISETCS CO37a-
HUE TOJXO0/a, OCHOBAaHHOTO Ha TEXHOJOTHIX
NLP, nns knacrepus3aluuy TEKCTOBBIX ONMCAHUMI
OTYETOB 1O OE30MMACHOCTH ITOJIETOB, YTOOBI pas-
paboTaTh METOJA BBISBICHHUS AaKTyaJbHBIX TEM
TPEHAKEPHOU MOJATOTOBKH MUJIOTOB.

0030p CylmIecTBYOIIMX HAYYHBIX
padort

OO0mass npobieMa W3BICUCHUSI TOJIE3HOM
nH(pOpMallMU U3 TEKCTOBBIX JaHHBIX HE HOBA U
IIUPOKO OTPAXaeTCsi B PAa3IMYHBIX OOJIACTSIX
UCCIIEIOBAaHUM, TaKUX Kak 3paBOOXpaHEHHE,
IT-cdepa, coepa ycayr u 1. 1. C 3TOH TOUKH
3peHUs] MPOAHATU3ZUPYEM HCCIIEJOBAaHUS, B KO-
TOPBIX MPEANPUHUMAINCH TONBITKM W3BJIEYb
nH(pOpMaIHIO U3 OTYETOB MO OE30MACHOCTH TI0-
JIETOB C UCNOJIb30BaHUEM TeXHOI0ruii NLP.

B pabote [2] peanmuzoBaHa KiacTepu3allus
931 TekcTtoBoro (pparMeHTa OTYETOB, COJAEpXKa-
IIMX CHCTEMHblE COOM M HEUCIPAaBHOCTH, CO-
OpaHHBIE TpaxgaHCKOW aBuanuen Kwuraiickoin
Haponnoii Pecrry6auku B 2017 romy. IToctpoe-
HUE BEKTOPHOIO IIPOCTPAHCTBA TEKCTa OCY-
HIECTBIISJIOCH C MCIIOJIB30BAaHMEM METOAa «4Ya-
CTOTa JTOKyMEHTOB, OOpaTHasi 4acTOTE TEpPMH-
HOB» (Term Frequency — Inverse Document
Frequency — TF-IDF). B kauectBe anropurma
KJIaCTepU3allid aBTOPHI HCIOIb30BAIA METO]
k-cpennux. Busyanu3zamus mojy4eHHbIX KiacTe-
POB MPOBOJAMJIACH C MCIIOJNB30BAHUEM METOAA
MHOTOMEPHOTO IIKAJTUPOBAHUS.

B cratbe [3] TexHomoruu oOpabOTKU ecTe-
CTBEHHOT'O $5I3bIKa MPUMEHSIOTCS K OTYETaM IO
0€30MacHOCTH  MOJIETOB aBUAKOMMAaHUU  Air
France. ABTOpBI TOpeqIOKWIA OPUTHHATIHHBIN
MOJIXOJl, OCHOBAHHBI Ha NPUMEHEHUM JIMHIBU-
CTHUYECKOI'0 aHalM3a TEKCTa JUIsl KOJUPOBAHUS
TEKCTOBOM MH(OpPMAIUK C MOCIEAyIOei Kiac-
cudukanmenn oTuyeToB. B pesynprare npemioxexH
METOJI aBTOMAaTHYECKOIr0 aHajiu3a TEeKCTa C Iie-
JIBI0 BBIYMCIICHUS OLIEHKH CXOJICTBA MEXIY JIIO-
ObIMU JByMS OTYE€TaMH B KOJUICKIIUUA ITyTEM
CpaBHEHMsI UX OIHKCATENbHbIX YacTel. B couera-
HUU C XPOHOJIOTHYECKON MHpOpManuen JaHHBIA
METO/]I MO3BOJISIET BBISABISATH HOBBIE PUCKH HIIU
HEOOBIYHYIO YacTOTY HW3BECTHBIX PHCKOB 0€3-
OIACHOCTH I0JIETOB.
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B pabote [4] paccmaTpuBaeTcs 3amada Kiia-
cTepu3anuu 0a3bl JaHHBIX CHCTEMbI OTUYETHOCTH
no Oe3onmacHocTH mojeToB (Aviation Safety
Reporting System — ASRS), pazpaborannoit u
nojep>kuBaeMoii HanmoHaneHeIM yrpaBiIeHH-
€M II0 a3POHABTHKE W WCCIICIOBAaHUIO KOCMHUYC-
ckoro mnpoctpanctBa CoemaunenHbix IllTatoB
Awmepuku. ASRS npencrasisier co0oi 60bIIyIO
0a3y JaHHBIX JTOOPOBOJIBHO COOOIAEMBIX OIH-
CaHMI COOBITHH, CBSI3aHHBIX C OE30MMACHOCTHIO
MOJIETOB, W OOECme4YrBaeT CPEeICTBO aHalu3a
TOTO, KaK Pa3jUYHbBIC YCJIOBHS TOJETA BIIUSIOT
Ha ero xapakrtep u ucxon. K Hactosmemy Bpe-
MEHU BKJIIOYaeT B ce0s Oojee MUIUTHOHA Jie-
UACHTU(DUIIMPOBAHHBIX TOOPOBOIBHO MPEACTAB-
JICHHBIX OTYETOB, OMMCHIBAIONINX MHIIHICHTHI HA
KOMMEpPUYECKUX BO3AYIIHBIX peicax. 3agaua
KJIACTepU3AlMU U BU3yAIH3AIMH OTYETOB pellia-
Jach C TOMOIIBI0O KOMOWHAIMK MeToaa k-cpe-
HuX u airoputma t-SNE COOTBETCTBEHHO.
B pe3ynbrate mpuMeHeHHs MeToAa ObUIO BbISIB-
aeHo 10 OCHOBHBIX KJacTEpOB U B OOIIEH CIOXK-
HocTu 31 moakiacrep.

B cratbe [5] mpencraBieHa MeTO0JIOTHSA,
KOTOpasi MOXET MCIOJIb30BaTh aBUAIMOHHbBIE
TEKCTOBBIC JAHHBIC JJIs BBISBJICHHS BBICOKO-
YPOBHEBBIX MPUYHUH 33J€PKEK U OTMEH PEHcoB,
UCIIOJIB3YSl 33JICPXKKH B KayeCTBE IMOKa3aTens
oneparnmonHoi HedpdexTuBHOCTH. Habop nmaH-
HbIX u3BiekaeTcs u3 ASRS (4 195 orueros).
BekTopHOE NpPOCTPAaHCTBO MPU3HAKOB TEKCTA
CTPOUTCS HA OCHOBE HCIIOJIB30BAHUS MOJEIH
«wmenika» cioB (Bag-of-Words — BoW) u meto-
na TF-IDF. 3agaua knactepuzalud U BU3YyallH-
3allMM OTYETOB PEIIAeTCA aHAJIOTHU4YHO [2], ¢
UCIIOJIb30BAHUEM METOJa k-CpPeIHHX U alro-
putma t-SNE. B pe3ynbpTare BBISBIECHO CEMb
OCHOBHBIX KJIACTEPOB U B OOIIEH CII0KHOCTU
23 nogkiacrepa.

B pabote [6] mpemioxkeHa cucreMa aHailu3a
U KinaccuduKaMy YenoBeueckoro (hakTopa
(Human Factor Analysis and Classification Sys-
tem, HFACS). /Ins BEKTOpHOTO Mpe/ICTaBICHUS
JTOKYMEHTOB HCTOJIh30BAIKCH JIBA TIOX0/a: Me-
ton TF-IDF u texnomoruss Doc2Vec. Jlna pe-
HICHUS 33]]a49H KIACCU(PUKAIIUU aBTOPHI HCIIONb-
30BajJil METOJ IMOJIyyNpaBiIsieMOro IpHUCBauBa-
Hue MeTok (Semi-supervised Label Spreading —
LS) u wmertom oOmOpHBIX BEKTOpOB (Support
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Vector Machine — SVM). B paGore’ npezncras-
JICH MOAXO0J K aBTOMATHYECKOHN Ki1accu(UKarmm
OTYETOB MO 0€30MAaCHOCTHU IMOJIETOB C MPUMEHE-
HUeM MamuHHoro oOyueHus. [IpemnoxxenHas
MOJieTIb CIOCOOHa KIAacCU(UIMPOBATH OTYETHI
no cemu kiaccam. HabGop naHHBIX 0OyueHus
monenu coctaBuil 19 815 orueTroB. B kauectBe
kiaccudukaropa wucnosb3oBaics LightGBM,
peaNTM3YIOIUI JIepeBbsl MPUHATHS PEIICHUN ¢
TPaJUCHTHBIM OycTHHTOM. BekTopHOe mpen-
CTaBJICHHE OTYETOB CTPOMIIOCH C MCIOIb30BaHU-
eM MeToloB 4YactoThl TepmMuHOB (Term
Frequency — TF) u TF-IDF.

B cratee [7] ommchiBaeTCsS TNPUMEHEHHE
CTPYKTYpPHOTO TEMaTHYECKOTO MOJETUPOBAHUS
(Structural Topic Modeling — STM) k mgaHHBIM
ASRS, oxBaThIBalOIMM HWHUUJEHTHI, MPOU30-
menmue B nepuoa ¢ sueapsa 2010 roma no an-
pens 2015 roga. STM — sto dopma TemaTuye-
CKOr'0 MOJIETTUPOBaHMS, IIpeAnoiaramas Bepo-
ATHOCTHBIN CIOCOO OMHCaHUs JOKYMEHTOB B
tepmuHax TeM [7]. STM sBnsieTcst o6o0eHreM
0osiee YaCTO MCHOJIB3YEMBIX MOJIENEH CKPHITOrO
pacnpenenenuss [upuxne (Latent Dirichlet
Allocation — LDA) u KoppelIupoBaHHBIX TeMa-
THUYECKUX MOJEIEN.

B pa6ote [8] moka3aHa BO3MOKHOCTh aHAJIH-
3a kopryca ASRS B nouckax nepBUYHBIX HHIH-
KaToOpoB TIpobiemM 0e30macHOCTH mojeToB. s
ATOrO aBTOPHl ATANTHPOBAIM IMOAXOJ] aHAIU3a
TOHAJILHOCTH TeKkcTa. [Ipu 3ToM aenaetcs mpen-
MOCBUTKA, YTO CYOBEKTHBHBIC CIOBA (HECKOJIBKO
cloB WK (¢pa3, UCHOIB3YEMBIX B HEraTUBHOM
KOHTEKCTE) B OTYETaX JINOO SBISIFOTCS MPSIMBIMU
MpUYMHAMH, JINOO CBSI3aHBl C TMEPBONPUUNHON
WHITU/ICHTA.

B wuccnenoBanum [9] aBTOpH mpoaHanU3M-
poBamu ot4yeTsl 00 wuHHHMIeHTaXx ASRS Ha
MpeaAMeT U3BJIeUEeHUs] MHDOpMAIUU O TOJ0XKHU-
TEIBHBIX JCUCTBUSAX aBUAIMOHHOTO IMEpPCOHAIA
B Ype3BbIYAMHBIX CUTyalusx. B mocnenyromem
mpeamnoaranachk KiacCU(UKAIUsS OTYETOB IO
0€30MacHOCTH MO BBISIBICHHOMY YeJIOBEYECKO-

My (akTopy.

3 Automatic aviation safety reports classification [Dnek-
TponHbIit pecypc] // Essay. 2019. 60 p. URL: https://
essay.utwente.nl/79286/1/torrescano MA_ewi.pdf (nara
obpamienus: 23.01.2024).
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Takum o6pa3zom, B HacTosllee BpeMs 3a py-
0eKOM aKTUBHO NPUMEHSIOT TexHojoruu NLP
JUI aHalM3a TEKCTOBOW HMH(OpManuu B rpax-
JTAHCKOM aBHanMu (B YacCTHOCTH, OTYETOB IIO
6e3omacHocTH mosietoB). C TOYKHM 3pEeHUst poc-
CUICKUX Hay4YHBIX MyOJIMKalMi aBTOpaM CTaTbu
HE YJaJIoCh HAUTH KaKUX-HUOYAb pabOT MO 3TOH
TeMe. OTO B CBOIO O4YepeAb JOMOJTHUTEIHHO
NOJATBEP)KIAET AKTYaJbHOCTh IAHHOM CTaTbH.
Pa3paboTka 1 BHeApeHUE UHCTPYMEHTOB aHAJIM-
32 TEKCTOBBIX JJAHHBIX B IPAKIAHCKOW aBHALIMH
Ha OocHOBe TexHosornii NLP mo3Bosut pemnts
HIMPOKUHM KpyT 3ajad, TaKMX Kak aBTOMaTu4ye-
cKas Kiaccu(uKaluus U KilacTepu3alisi OTYETOB
no 0e30MacHOCTH MOJETOB, pa3paboTka Ipo-
THO3HBIX MOJIEJIEH, KOTOPBIE MO3BOJIAT BBISBIATD
HOPUYMHBI aBUAIIMOHHBIX COOBITUH U MpeIBUIETD
NOTEHIMAJIbHBIE YEJIOBEUECKUE OIIMOKH, a TaK-
K€ BBIBIATH (PAKTOPHI pHUCKA O€30MacHOCTH
II0JIETOB.

MeToabl 1 METO10JIOTUSA
HCCJIeI0BAHUSA

PaccMoTpuM MeTozbl, KOTOpBIE JIeXkaT B OC-
HOBE MPEAIaraéMoro IOAXONa K BBIABICHUIO
AKTyaJIbHBIX TEM TPEHAXXEPHOM MOATOTOBKH IH-
JIOTOB.

MeToabl BEKTOPHOTO MPeEACTABJIEHUS CI0B
(TekcTa)

JUnist pereHust pa3MuyHbIX 3a/1a4, CBA3aHHBIX
¢ 00paboTKol TekcTa (KimaccuduKaius, Kiacte-
puzanus ¥ Jp.), HEOOXOIMMO IEepBOHAYAIBLHO
MOCTPOUTHh BEKTOPHOE MPOCTPAHCTBO AHAIHM3H-
pyeMoro Kopiyca TEeKCTOB. MHbIMH cioBamy,
KaXJIOMYy TEKCTOBOMY (parmeHTy Ttpelyercs
COIIOCTABUTh CBOM BEKTOp 4YMCEN, KOTOPBIA U
OyZeT MmomaBaThCsi HA BXOJ| PA3JIMYHBIX aJro-
PUTMOB MAIIMHHOTO U TIJIyOOKOTro OOyueHHs.
PaccmoTpuM 11Ba OCHOBHBIX MOJXOAA U BEK-
TOPHOT'O MPEACTaBICHUS TEKCTA!

1) TemaTHUECKOE MOJEIUPOBAHHUE TEKCTA;

2) MozieIM BEKTOPHOTO MPEACTaBJICHNUS CIIOB,
OCHOBAHHBIC Ha TUCTPUOYTHBHOIN CEMaHTHKE.
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Temamuueckoe mooenuposanue mMemooom
LDA

Temarudeckoe MOICTUPOBAHHUE IMPEICTABIIS-
eT co0oil MeTo1 HACHTU(UKAIIMY TEM B TEKCTaX,
KOTOpBIE TpeJCTaBiIeHbl Habopom cioB. [Ipen-
[0JIaraeTcs, YT0 HEKOTOPhIE CIIOBA, YIOMSHYThIE
B TEKCTE, MPEICTABIAIOT OTACIbHYIO TEMY HWJIH,
BO3MOYKHO, HEKOTOPYIO 4acTb OT OOIIEro JIuc-
Kypca. Cpe METOIOB TEMaTHYECKOTO MOEIIH-
pOBaHUS ~ MOXHO  BBIJIGJIUTh:  JIATCHTHO-
ceManTtnueckuii ananu3 (Probabilistic Latent
Semantic Analysis — PLSA) u nateHtHoe pas-
memenue Jupuxine (Latent Dirichlet Alloca-
tion — LDA).

PaccmoTtpum mozens LDA, koropas peanu-
3yeT BEPOSATHOCTHYIO T'€HEPATUBHYIO MOJENb.
B nanHo#t Mogenu BEpOATHOCTH TOTO, YTO B J0-
KyMeHTe d BCTPETHTCS CIOBO W, ONMCHIBAeTCS
dbopmyioit [10]

pd,w)=>" p(d)p(w|1)p(t|d),

teTl

IpU 3TOM Takke (OPMYJIHUPYIOTCS CIIEYIO-
M€ MIPEANOIOKECHHUS:

— BEKTOPBI TOKYMEHTOB O, = (p(t|d):teT)
MOPOKIAIOTCS OJHUM M TEM XK€ BEpOsT-
HOCTHBIM paclpeieieHUEM Ha HOPMHUPOBaH-
HbIX |7 |-MEpHBIX BEKTOpax; 3TO pacrpee-
JeHue yJI0OHO B3SIThb U3 MapaMEeTPUUYECKOTrO
ceMencTaa pacnpeneneHuin Hupuxne

Dir(0,a),a € R|T|;

— BEKTOpbl TeM ¢, =(p(wl|t):weW) mno-
POXKIAIOTCS OJHUM U TEM JKE BEpOsT-
HOCTHBIM pacrpesicliecHueM Ha HOPMHPOBaH-
HBIX BEKTOpax pa3MepHOCTH |W |; aTo pac-

npezeNeHne yA00HO B3ATh U3 HapamMeTpuye-

CKOro cemeicTBa pacrpeneneHui Jupuxie

Dir(0,B), € R".

Jliis moipoOHOTO O3HAKOMIIEHUSI MOYKHO 00-
paTUThCS K OpUrMHanbHOM pabote [10].

ITo pe3ynpraTaM TEMaTH4YECKOIO MOJIEIUPO-
BaHUs KaXJIOMY TEKCTy U3 OOILIEero Kopiyca cTa-
BUTCSI B COOTBETCTBUE BEKTOP, PAaBHBIA UYHCIY
BBIOPAHHBIX TEM, B KOTOPOM COJEPKATCSI BEPO-
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ATHOCTH MNPUHAMJICKHOCTH TEKCTa K KOHKpET-
HeIM TeMaMm. OIeHKa KayecTBa TEMaTHYECKOTO
MOJICJIUPOBAHMSI MPOBOAUTCS MO TaKUM Mepam,
KaK CJIIOKHOCTH (perplexity) Moxenu u ee coria-
COBaHHOCThL (coherence). Jlns mowmcka oOmNTH-
MaJIbHOTO KOJIMYECTBA TEM MOKHO NPUMEHHTH
CIIEAYIOUIMH MOJIXOA: IMOCTPOUTh MHOKECTBO
LDA-Mopenel ¢ pasHbIMM 3HAYEHUSAMHU KOJIUYE-
ctBa TeM (k) u BBIOpaThH Ty, KOTOpas Mdaer
HanOoJIbIIIee 3HAaYEHNE KOTEPEHTHOCTH.

Bexmopnoe npeocmaenenue cnoe (word
embeddings)

HcxoqHo TeKCTOBbIE TOKYMEHTHI OIKCHIBA-
JUCh B TEPMHHAX YaCTOTHOTO CJIOBAps, OJHAKO
€My Ha CMEHY MpPHIILIN BEKTOPHBIC BIOKEHUS
cioB (word embeddings). Ilpu npezncraBieHun
CJIOB YaCTOTHBIM CJIOBapeM COOTBETCTBYIOIIHE
UM OWHApHBIC BEKTOPHI CIHIIKOM Pa3pe:KEHBI.
[IpoGnema Takoro OWHAPHOTO MPEACTABICHUS
3aKJIFOYAeTCs B TOM, YTO CEMaHTHYECKH IMOXO-
JKUE CJIOBa MOTYT MUMETh CUJILHO pa3iHyarole-
Csl BEKTOpHBIE mpenacTaBieHus. D HeKTUBHBIN
Croco0 pemieHust dTOM MPoOJIEeMbl — HCTIOIB30-
BaHue BiOXeHus cioB (word embeddings).
B nanHom ciiyyae KaxkIblidi pa3peKeHHBIH YHH-
TapHBI BEKTOP, MPEICTABIAIOMIMN OTAEIBHOE
CJIOBO B JIOKyYMEHTE, OTOOpa)kaeTcsi B HU3KOpa3-
MEpHBIN IIJIOTHBIA BEKTOP, TaK YTO CEMAHTHYE-
CKHM TIOXOKHME CJIOBa OKa3bIBarOTCA psamoM [11].
DTO MOXET CYIIECTBEHHO CHHU3UTh PA3PEKEH-
HOCTb JaHHBIX. [loJ «ceMaHTUYECKH MOXO0XKH-
MU» CJIOBaMH TOHHMAIOTCSI CJIOBa, KOTOpPBIC
BCTPEUAIOTCS B TOXOKUX KOHTEKCTaX.

CaMoll TONyJSIpHOM MOJENBIO  BIIOKEHUN
cinoB sBisgercs monenb Word2Vec [11]. Dto
HeOOoIbINass OJHOCTIOWHAS HEUpPOHHAS CETh IS
npelcKa3aHus ciIoBa Mo ero koHrekcry. Cytie-
CTBYET JIBa BapHaHTa pealM3alllH JaHHOU MO-
nenu. IlepBast Ha3pIBaeTCs «HENMPEPBHIBHBIA Me-
110K clioBy» (continuous bag-of-words — CBOW),
BTOpas — Skip-gram. B peamuzammum Skip-gram
KOHTEKCT CJIOB (BBIXOJIHBIE CJIOBA) IMPEICKA3bI-
BaeTCsS Ha OCHOBE IIEJIEBOTO (BXOJHOTO) CIIOBA.
B peanuzanmuun CBOW neneBoe (BBIXOHOE) CIIO-
BO TIPENCKA3bIBACTCA MO OJM3ISKAIMM (BXOJ-
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HBIM) clioBaM (ero KoHTekcTy). B Word2Vec
caMo pellleHue 3a7auyd NpeJCKa3aHus CJIOB He
IJIaBHOE — 3TO CPE/ICTBO MOJIYUYECHUsI CEMaHTHYe-
ckux BekTopoB. [locie oOyueHus Mmonenu Ha
OOJIBLIIOM KOpITyCe TEKCTOB MaTpHulla BECOB OT
BXOJIHOTO CJIOS K CKPBITOMY CJIOI0 HEHpPOHOB U
MHTEPIPETUPYETCS KaK BEKTOPHI i cioB. Pas-
MepHOCTH latent vector / 0OBIYHO COCTaBISIET OT
100 mo 500, B 3aBHCHMOCTH OT MAacIITa0OB HH-
dbopmanmy B MCHOIB30BABIIEMCS IJISI KX 00yde-
HUS1 KOpITyCe.

HanpHeimum pa3sutrem metoga Word2Vec
ABJISIETCSl HelpoceTeBast apxuTekrypa Doc2Vec,
KOTOpass OyAeT HCIONB30BaThCcs B Ipenjiarae-
MOM METOZIE U MO3BOJIIET T€HEpUPOBaTh CEMaH-
TUYECKUE BEKTOPBI AJIS LIENBIX MPEAJIOKEHUN U
naparpados.

MeToabl KJAaCTECPHOI'o aHa/JIM3a JaHHbIX

Knacrepupiii aHanu3 mnpeacTaBisieT coOoi
poLeaypy pa3ielieHus Habopa BXOMHBIX JaH-
HBIX HA OTHOCHUTEIHHO OJHOPOIHBIC TPYIIIbI
(KJIacTephl) MO CXOXKECTH KAKHX-THOO IMpH3HA-
KoB. Jlyig penienust 3afaun KJiacTepU3aliu oTde-
TOB 1O 0E30MacCHOCTH IIOJIETOB IpEAaracTcs
UCIIONB30BaTh anroput™ «lepapxuueckas oc-
HOBaHHAasT Ha TUIOTHOCTH MPOCTPAHCTBEHHAsS
KJIacTepu3auus i1 NPUIOKEHUH ¢ IIymMamm»
(Hierarchical Density-Based Spatial Clustering
of Applications with Noise -HDBSCAN) [12].
K ocnHoBueiM npenmymectsam HDBSCAN ot-
HOCSITCSI: 00paboTKa 00JIBIINX 00BEMOB JTAHHBIX,
KOTOPBIE K TOMY K€ MOTYT UMETh MHOTO IITyMOB
1 BBIOPOCOB; OTCYTCTBHE HEOOXOJIMMOCTH 3aja-
HUSl MCXOJHOTO KolmdecTBa KiactepoB. O0s3a-
tenbHbIM  mapamerpom HDBSCAN  saBasiercst
TOJILKO MUHUMAJIBHBIN pa3Mep Kiactepa.

O6mmit mpuaun padbotst HDBSCAN 3a-
KIIF04YaeTcsi B cienyromieM. [lepBeiM 11arom siB-
asieTcsl mpeoOpa3oBaHUE MPOCTPAHCTBA JAAHHBIX
B COOTBETCTBUU C INIOTHOCTHIO. BMecTO ncnob-
30BaHUsl €IMHOTO MOpOra IMJIOTHOCTH aIrOPUTM
CTPOUT HMEpapXHI0 KJIACTEPOB HA OCHOBE pa3-
muyHor miotHoctd. HDBSCAN  ucnonbssyet
paccTosiHue B3aMMHON JOCTHKHMOCTH, KOTOPOE
rapaHTUPYET, YTO TOYKH B OOJiee TUIOTHBIX 00-
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JacTsAX OYAYT pacIioyIoKeHbI OJMKe ApYT K ApY-
Iy B ipeoOpa3oBaHHOM TpocTpaHcTBe. Ha miare
IIOCTPOCHHS HMEpapXuu KJIAcTEPOB aTOPUTM
HAuYWHAET C OOpabOTKU KaKIOW TOYKH JaHHBIX
KaK OTJAEIbHOTO KiacTepa. 3aTeM 3TH TOYKHU
00BEIUHAIOTCA B KJIACTEphl HA OCHOBE PACCTOS-
HHS MX B3aMMHOU JOCTMKUMOCTH. BpicoTa ciu-
SIHUSI B JICPEBE yKA3bIBAET PACCTOSHHUE, HAa KOTO-
pOM KJacTepbl OOBEAWHHINCH, WLTIOCTPUPYSI
JaHamadT TUIOTHOCTH MAHHBIX. 3aTeM JEpPEeBO
YIUIOTHAETCS IyTeM OOpe3KH BETBEH, KOTOpHIC
HE COOTBETCTBYIOT KPUTEPUI0 MHUHUMAIBLHOTO
pa3Mepa Ki1acrepa.

KayecTtBo KiacTtepusanuy OIEHHBACTCS TI0
TaKUM TapaMeTpam, Kak I0Jsi COOBITHI, HE TOo-
NaBIIMX HUA B OJWH KJactep 7, U KO3 UIHECHT
cuiIyaTa s (Mepa yCpeaHEeHHON 000CO0IeHHOCTH
KJIACTEPOB).

Metoabl BU3yaau3auuu pe3yJbTaToB
KJIACTEPHOI0 aHAJIM3a

OcuosHas uned Merona SNE 3akmrouaercs B
TOM, 4TOOBI MpPeoOpazoBaTh €BKIUIOBHI PaccTo-
SHUS B MPOCTPAHCTBE BBICOKOM pa3MEPHOCTU B
YCIIOBHBIC  BEPOSTHOCTH,  MPEICTABIISIONINE
cxoactBo [13]. Hengocratkom SNE sBisiercs To,
YTO OH MBITAETCS CONM3UTH B MPOCTPAHCTBE TO-
rpykeHus (0OOBIYHO JBYMEPHOM) TOYKH, OTCTO-
SIUe JAOBOJIBHO JAlleKo APYr OT Jpyra B Mpo-
CTPAaHCTBE BBICOKOW pa3MmepHocTH. OmHO U3
BO3MOXXHBIX pEIICHWH — WCIOJIb30BaTh B Ja-
TEHTHOM IPOCTPAHCTBE PaCIpeie]ICHUE BEpPOST-
HOCTEel ¢ 0oJiee TSKEIBIMH XBOCTAMHU, YCTPAHUB
TEM CaMbIM He)XeJlaTeNbHbIE CUIIbl MPUTSHKEHUS
MEXIy TOYKAMHU, OTCTOSAIIUMHU NAJIEKO NIPYT OT
Ipyra B IMPOCTPAHCTBE BBICOKOW pa3MepHOCTU
[14]. Jnst 3TOrO OPUMEHSIOT t-pacrpeiesieHue
Creiogenta. CyTth paboter anroputma t-SNE
3aKJTF0YAeTCSs B MHUHUMU3ALNUUA PACXOKICHUS
byukuun Kynebaka — JleiiOnepa mexay AByms
pacipeeieHusIMA BEPOSITHOCTEH, YTO MO3BOJISI-
€T TOJYYUTh MPOEKIHIO JaHHBIX B CHHKEHHOE
npocTpaHcTBo [15].

B nacrosiiee BpeMs CyIiecTBYIOT HECKOIBKO
0000menuit t-SNE, B KOTOpBIX [enaeTcst Io-
IBITKA YJIyYIIUTh OBICTPOACHCTBHE, KayeCTBO
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Puc. 1. Cxema MeTo/ia BBISIBIICHHS aKTYaJIbHBIX TEM TPEHaXXEPHOHM MOATOTOBKU ITMIOTOB
Fig. 1. The scheme of the method for identifying relevant topics of simulator training for pilots

NPOCTPAHCTBA MOTPYKEHUH WM CIIOCOOHOCTH K
MOTPY’KEHUIO B TPOCTPAHCTBO Pa3MEPHOCTH
6onbie 2. OnuuM u3 Hux sBisercss UMAP [11].
Ha 6a3oBom ypoBHe oHO moxoxe Ha t-SNE, HO
OOBIYHO ITydIlle COXpaHsET TI00aTbHYIO CTPYK-
Typy JaHHBIX ¥ ropa3io ObicTpee paboTaerT.
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MeToa BbIsIBJIeHUSI AKTYaJbHBIX TeM
TPEeHAKePHOH MOATOTOBKY MUJIOTOB
HA OCHOBE KJIACTEPHU3AIUN 0TYETOB
1o 0e30MacHOCTH MOJIETOB

[IpennoxeHHbIi METOI BBISIBIICHHS aKTyaJlb-
HbIX TEM TpPEHAXXEPHOM MOArOTOBKH MHUJIOTOB
IpeJcTaBlIeH Ha puc. 1.
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B kagectBe 6a3bpl OTUETOB MOAPA3YMEBACTCS
Ha0oOp MaTepuagoB pacCieIOBaHUM, 3aperu-
CTPUPOBAHHBIX B KaKOU-1100 WH(OPMALIMOHHON
cucTeMe, K NpUMEpPy B aBTOMAaTU3UPOBAHHOU
cuctemMe obecrieueHus: OE30MACHOCTH TOJETOB
aBraKoMIIaHuu. TaxKe B KadecTBE JaHHOM 0a3bl
MOXET HCIOIb30BATHCSI ApXUB MaTepHaJIOB
paccieIoBaHUi MHIIMICHTOB W TPOU3BOJICTBEH-
HBIX mpoucmectBuii PocaBuanuun (AMPUIIIT
PocaBuarum) 60 00beMHEHHBIH HA0Op MaTe-
pHAIOB W3 Pa3IUYHBIX HH(POPMAIMOHHBIX CH-
creM. [log HOBBIMH OTYETaMU TIOIPA3yMEBAIOTCSA
T€ OTYETHI, KOTOPbIE HE MCIOJIb30BAIUCH B MPO-
recce oOy4eHHUs MOJENH KJIACTEepHU3alUu U IJIs
KOTOPBIX HEOOXOAMMO CIPOTHO3UPOBATH Kila-
CTEpHBIC METKH.

PaccmoTpuM koHBeiiep mpenoOpabOTKH Tek-
CTOBBIX JIaHHBIX I JATbHEUIIEro OO0ydeHUs
MOJeJIeH, BKIIOYAIONIMKA TaKWe METOAbl, Kak
TOKEHM3alUsl TeKCTa, HOpMaIu3auus (CTEeMMHUHT
WIM JeMMaTH3alus), yAajJeHHe CTON-CJOB, a
TaKk)Ke BBIJICJICHHE CIIOBOCOYETAHMN (n-Tpamm).
[lo uToramMm maHHOroO 3Tama COCTABISAETCA CJIO-
Bapb TOKEHOB /JI1 aHAJU3UPYyEMOro KopIiryca
TEKCTOB.

Tokenuzamuss B NLP mpexacrasisier coboit
npoueaypy pa3oueHus JOKYMEHTOB Ha OTIENb-
HbI€ CYIIHOCTH (TOKEHbI), KOTOpbIE HECYT KOH-
KpeTHoe MH(pOpMalUOHHOE cojaepkaHue. B ka-
YECTBE TAKUX CYIIHOCTEW (TOKEHOB) MOTYT BBbI-
cTynaTh ab3arbl, IpeIoKeHus, (pasbl, OTACIb-
HbIE CJIOBA U 3HAKU MIPEIUHAHUSI.

Hopmanuzamus — 3To npuBeeHue cioB K Oa-
30BOi Mopdomnoruueckoir ¢opme. OgHEM U3
CaMbIX PacCIpOCTPAHEHHBIX METOJIOB HOPMAaJIH-
3allM SIBISIETCS CTEMMUHT, 3aKJIIOYAIOIIUICS B
MMOMCKE O0IIel OCHOBBI Pa3IMYHBIX (HOPM CIIOBa
(kak mpumep, «ieTtaw» — «ieray). [laHHblll Me-
TOJ TIpEArNojaraeT HUBEIMpPOBaHUE HEOONBIINX
CMBICJIOBBIX pa3IMuuil B OKOHYAHMsIX cjoB [11].
B npennmaraemom Mmerone A HOpMalIU3alHH
CJIOB UCHOJIB3YETCs Apyras mpoieaypa — JieMMma-
TH3alMs, TaK KaK OHA YYHUTHIBACT 3HAYEHUE CIIO-
Ba U MOJXTOMY SBJsieTcss Ooyiee TOYHOM, uUeM
CTEMMHMHT. [[1s1 3TOrO mpu JieMMaTHU3aluyd TpH-
MeHsieTcsl 6a3a 3HaHUI CHHOHUMOB M OKOHYAaHUN
CJIOB. DTO MO3BOJISIET 0OBEUHATH B OJIUH TOKEH
TOJIKO OJM3KHE 10 CMBICTY CJIOBa (Kak mpuMep,
«JIETAIO» — «JIETATHY).
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Crorm-cnoBa — 3T0 HauboOJIee YacTo BCTpeyaro-
IIMECS CJIOBA B KAKOM-TO SI3bIKE, HO IIPU 3TOM He-
CylIHe MEHBIIYI0 MOJIE3HYI0 HH(POPMALHMOHHYIO
Harpy3ky o cMmbiciie ¢passl [11]. C Touku 3peHus
PYCCKOTO $i3bIKa K CTOMN-CIIOBAM MOXXHO OTHECTH
COI03bI (U, @, HO, J1a, €CIM U JIp.), MECTOUMEHHUS
(s1, THI, TBOH, €r0 U JIp.) U T. 1. BBUIY 0c000ii crie-
1 (UKU KOpITyca OTYETOB 0 O€30MacHOCTH TI0JIe-
TOB K 0a30BbIM CTOI-CIOBaM Ha PYCCKOM SI3bIKE
ObUT TOOABIICH ST APYTHX, K MPUMEPY: THJIOT,
KomaHup, sxunax, KBC u 1. m.

N-rpamMMa — 3TO MOCJIEI0BaTEIbHOCTb, CO-
JeprKaIiasi 10 N AJIEMEHTOB, KOTOpbIe ObLIN H3-
BJICUEHBI U3 MOCJIEI0BATEIILHOCTH 3TUX 3JIEMEH-
TOB, OObIYHO CTpoku [11]. N-rpammbl MOryT
MPEACTABISThL COOOM KakK OTHelIbHBIE OYKBBI,
CJIOTH, CJIOBa, TaK M OTICIbHbIE CHMBOJIBIL.
N-rpamMMbl MOTYT T€HEpUpPOBAThCs TUO0 Ha Oase
CJIOXKHBIX CJIOB, JIMOO MO MPHUYMHE MPUBJICUYCHUS
BHUMaHHUSl CYETYMKA TOKCHOB, €CIIM CJIOBa
BCTPEUAIOTCs JOCTATOYHO YaCTO BMECTE.

[Tocne npeaBapuTenbHOH 00pabOTKH OTYE-
ToB oOyuaercss LDA-Momens u reHepupyercs
MaTpUIla TEMaTUYECKHUX BEKTOPOB OTUYETOB IIO
0€30MacHOCTH MOJIETOB C KOJMYECTBOM CTOJO-
IIOB, pPaBHBIM 4YuCIy TeM k. 3areM oOyuaercs
Mozaens Doc2Vec u reHepupyercs MaTpuiia ce-
MAHTHUYECKHX BEKTOPOB OTUETOB C KOJUYECTBOM
CTOJIOIIOB, PaBHBIM BEJIMYMHE JATEHTHOTO BEK-
Topa /. [Ipu 0ObeIMHEHNH TTOYYCHHBIX MATPHII
dbopMupyercss MaTpuila MOJHBIX BEKTOPHBIX
MPEJICTAaBICHUA KOJUICKIIMM OTYEeTOB MO 0e3-
OITACHOCTH T0JIETOB.

[TonHass maTpuila BEKTOPHBIX MpEACTaBIe-
HUM oTueToB pasmepom N x L, rne N — 4ucio
OTYETOB MO 0E30IacCHOCTH MOJETOB, L — pa3mep
MIOJTHOT'O BEKTOPHOTO TpecTaBlieHUus (paBHBIN k
+ [), momaercs Ha BXOJ aJrOpUTMa KIlacTepu3a-
muu HDBSCAN.

3areM TPOUCXOAWT BU3YATH3AIUS MOTYYCH-
HOM KJIACTEPHOM CTPYKTYPhI KOJUIEKIIUH OTYETOB
anroputmamu t-SNE u () UMAP.

[Ipyn mosiBIEeHMH HOBBIX OTYETOB IO Oe3-
OMACHOCTH TOJIETOB, KOTOpBIC TMOSBISIOTCA 3a
aQHAIM3UPYEMBIH TIepUOJ, TOJy4YeHHass MOJEIb
KJIACTePU3AlUN HCIIOJIb3YETCs, YTOOBI MPOTHO-
3UpOBaTh KJAacTepHble METKH. 3aTeM CIelua-
JUCT MPOBOJUT MOCTAHAIN3 U OMHCHIBACT aKTYy-
aJIbHbIE TEMbI TPEHAXKEPHOI MOATOTOBKH.
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25682
4654

14242
28668
38413
11987
21818
21011
13266
9351

45965
32535
11988
27584
34866
30330
20662
44427
23638
25683
23859
23293
3523

23631
23632
6696

AMCneTHep_faBaTk_yKa3aHue 4
AMCNeT4Hep_AaTe_yKazaHuwe 9
AMCNeTHep_gucneTHepckud 3
AUCTNETHED _AMCNETHEPCKUA_MyHKT_KpyT
aucnerdep_ponoxute 1
AMcneTHep_gn_Bhwka 2
AucneTyep_ank 16
AucneTHep_Ank_onozHate 2
AucneTyep_ann 8

AucneTHep_anp 4

AucneTHep_guyn 2

aucneTtyep _mH 1

aucneTyep kgey 1

AucneTyep_kan 4

LUCNETHEP _KOMaHAOHbIR 1

AWCNeTHep KOHTponép 1
aucneTdep_kpacHoApck 1

LMCNeTHep _KPacHOAPCKWA 1
aucnerdep_kpyr 5
AUCNEeTHep_Kpyr_a3poApoM_akyTck 4
AMCNeTHep_n_eafHuiii_pacuwdpoBka 2
AWcneTyep_man 2

aucneTyep_myp 2

aucnetyep_Habpats 1
AUCNEeTHep_HEeBOIMOXHOCTE 3
aucneTtyep_oeg 16
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21997
43048
43940
42776
42777
48168
29228
14128
18829
8995

24418
15346
25478
2717

25533
28873
48881
4878

38682
2198

3e323
8261

18993
91828

18245
14287

ICKagpuaea 1
scTon 1

3cTon_ao 3

acy 2

acy_37 1

3Tax 1

sTakepka 1
3TanoHHLIA 1

3tan 37
ITan_esnét 4
3Tan_BO3HUKHYTE 1
3Tan_esipaBHUBaHKE 3
ITan_saxog 2
3Tan_3axog_nocagka
3Tan_Habop 4
3Tan_oTene4eHne 2
3Tan_nocTaHoBKa 2
3Tan_npober 7
3Tan_npober_BKAn4eHwe_pesepc 3
3Tan_npoW3BogCcTEO 6
3Tan_pazfer 3

ITan_pyneHne 6

ITan_cHuxeHwe 9
3Tan_CcHWKeHWe_3axof_nocaika 6
3Tan_CTONKHOBEHWE 4

sTan_yxog 1

14

Puc. 2. CoBaps TOKCHOB
Fig. 2. The Token dictionary

Pe3y.]'ll)TaTbl HCCJIeaJ0BaHNA

Pe3ysabTaThl anpodanum npeaioKeHHOr o
MeToaa

B kauecTBe 0a3bl OTUETOB 10 0€30IACHOCTH
nmosieToB (oOydaromero Habopa JaHHBIX) HC-
MOJIb30BaJICST HaOOp MaTepuanoB pacclieoBa-
HUH, 3apETUCTPUPOBAHHBIX B aBTOMATH3HPOBAH-
HOH cHCTeMe OOccCIleueHHsT OS30IMacHOCTH IT0JIe-
TOB [TAO «A3poduioT — pOCCUHCKUE aBUATTMHU
(1080 otueroB 3a 2019-2020 romer). OT4eThI
MIPEJICTABIISIIOT COOOM TEKCTOBBIM JTOKYMEHT, CO-
Jep KaIuid CTIeTyOIIe OCHOBHBIC pa3/Ieibl:

— OIHCaHUE COOBITHUS;

— 3aKITIOYEHUE O IPUYUHAX COOBITHS,

— TUTIBI COOBITHIA, ATAITbl SKCIUTyaTalluH, TIPH-

YHHBI/(PaKTOPBHI;

— peKOMEHIAITNH.

B Hacrosimieii pabore anst aHanmuza ObUT UC-
MOJIP30BaH TOJBKO pasnen «OnucaHue coObI-
THUsD», IJIS1 4€TO TMePBOHAYATBHO ObLiIa IPOBECHA
npenoOpadboTka, Mperoarawias BeIIeICHUE U
COXpaHEHHE B OTACIHHOM (haiiie TOIBKO JTaHHO-
ro pasziesna OT4ETOB.

42

Jlia npeaBaputenbHOM 00paOOTKM KOJUIEK-
U OTYETOB HCIONb30BAINCH OUOIHOTEKU
Natural Language Toolkit, Gensim, a Takxke
MOP(}OIOrHYECKUN aHAIMU3aToOp IS PYCCKOTO
s3pika pymorphy?2. st BieNieHUsT OurpamMm u
TPUTPaMM  HUCHOJB30BaJCS METOJM, KOTOPBIi
npenocTaBiseT Moaysib Gensim.

Ha puc. 2 nokazan ¢parMeHT moay4yeHHOTO
CJIOBapsi TOKEHOB (B TIpEACTaBICHHOM (opmare
niepBasi MO3UIINS XapaKTepU3yeT UICHTUDUKATOP
TOKEHa, BTOpasi MO3MUIHS — CaM TOKECH H TOCIIEe]I-
HSIS TIO3HMIIMST OTOOpa)kaeT, CKOJBKO pa3 TOKEH
BCTPEYAETCS B KOJUICKIIUH TEKCTOB).

Jns peanmmzaunn LDA-monenn u Doc2Vec
TaKXKe WCIIOJNBb30BAJICA CIICHUAIBHBIA  MOJYJIb
oubmmorekn Gensim. B kauecTBe KoimdecTBa
teM B LDA-Monenu npuHATO 3HaYEHUE paBHOE
20. lanHoe 3HaueHUE BHIOPAHO HUCXOJS W3 aHa-
J¥3a 3aBUCUMOCTH MEXAY 3HAYCHHEM KOJIHYe-
ctBa TeM (k) U 3HAUYEHHEM KOTEPEHTHOCTHU
LDA-mozeneit, npecTaBIeHHOM Ha puc. 3.

Jns ouenkm kadectBa LDA-Mozenmu ucHoiib-
3yIOTCSL  CIEAYIOUIME  METPHKH:  TEPIUICKCHUS
(perplexity) u KOrepeHTHOCTB (Coherence) TeMaTHK.

[epriiekcust pacCUUTHIBACTCS IO  CIEIYIO-
uieit popmye [16, 17]:
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Puc. 3. 3aBucuMOCTh MEXTy 3HAYCHHUSIMH KOJIUECTBa TeM (k) 1 3HaueHneM KorepeHTHOCTH LDA-Moneneit
Fig. 3. The relationship between the values of the number of topics (k) and the coherence value of LDA models

M
2. log p(w, | d)
Perplexity(D,. ) = exp4 — <=1
Ip Y Ptest p

M 2
2Ny
d=1
rae D,,,, — TeCTOBBII HAOOp NaHHBIX; M — KOJIU-
4YEeCTBO JOKYMEHTOB; p(w, |d) — BEpoAT-

HOCTHAsl MOJIEIb IOPOXKICHHUSI TAHHBIX;
N, — KOJIMYECTBO CIIOB B IOKYMEHTE d.

[leprienexkcruio MOXXHO HHTEPIPETUPOBATH
KaKk Mepy HECOOTBETCTBUSA Moaemu p(w, |d)

TepMHUHAM W, HaAOJIOJaeMbIM B JIOKYMEHTax d
Kojutekuuu D. YeM HUKe 3HAUYECHUE NEPIICKCHH,
TEM JIy4Ille MOJIE b OMUCHIBAET JaHHbIE.

KorepeHTHOCTh TEeMAaTHK XapaKTepU3yEeT UX
COIJIaCOBAHHOCTb, 3HAUEHUE KOTOPOW TEM BBI-
e, YeM BBIIIE€ CpeAHEee 3HAUCHHE KOTepPEHTHO-
ctu. KorepeHTHOCTh paccuMThIBaeTCs MO Clie-
nyromieit hpopmye [18, 19]:

k j-1
C=3% Xlog
j=2i=1

D(w;,w;)+1
D(w;)

b
rae C — KOrepeHTHOCTh TE€MBI ISl JOKYMEHTOB,
D(w;) KOJINYECTBO JOKYMEHTOB, TIJe

43

BCTpeyaercst TepM w;, D(w;,w;) — Koinye-
CTBO JIOKYMEHTOB, IJI€ BCTPEYAIOTCA W; H

Wi

psnake yObIBaHUS Beca B MATPHIE «TEPMBbI —

TEMBbD» U1 TEMBI /, kK — KOTMYECTBO TEPMOB B

TeMe ¢ (mocTtosiHHas | BKJIIOYEHA Jis BO3-

MOHOCTH BhIUUCIICHUS jorapudma 0).

s paspaborannoit LDA-Monenu 3HaueHne
nepriekcun coctaBwio —10,165, a 3HaueHue
corjracoBanHocTH — 0,287.

Hcxonst u3 oOy4varoriero oobeMa KOJICKIIUN
OTYETOB, PA3MEPHOCTh CKPBITOTO CJI0s (BEKTOPA)
moaenu Doc2Vec Op11a BeiOpana pasuoit 100.

B ta6n. 1 npexacraBieH (parMeHT MaTpHIIbI
MOJIHBIX BEKTOPHBIX MPEICTAaBICHUM JIsl TEPBBIX
sty ot4eToB (L = 120).

B kagyectBe  mapaMeTpoB  alropurma
HDBSCAN 0wt BbIOpaHbl cleayromue (Mu-
HUMaJIbHBIN pa3mep knactepa — 10, MUHUMAb-
HOE KOJIMYECTBO BEIOOPOK B OKPECTHOCTH TOUKH,
KoTopasi OyJeT paccMaTpuBaTbCsi Kak OCHOBHAs
Touka, — 1). [1o pe3ynpTaram paboThl aaroputma
ObuUTO BBIZICNIEHO 43 KilacTepa ¢ MapaMeTpaMu
n=0,147 u s = 0,06. OeHka kauecTBa KjacTe-
pU3alMy MO JaHHBIM IIOKa3aTessiM, TOBOPUT O
TOM, YTO €CTh HEOOXOJMMOCTh B JallbHEHIIEM

OJHOBPEMEHHO, W; — i-il TEpMHH B IIO-
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Taoauma 1
Table 1

Marpura noJHbIX BEKTOPHBIX IPEACTaBICHUN OTUYETOB
Matrix of full vector representations of reports

IMoanoe BCKTOPHOC NPEACTABJICHUEC OTUETA

n/n

S

ds

dl 14

dl 20

0,066 | 1,081 | 1,111 | 0,211 | 0,411 | 0,039 | 0,211

0,078 | 1,674 | 1,734 | 0,271 | 0,726 | 0,0491 | 0,441

0,115 0,348

0,121 0,305

DB (W=
(e} fe)l fer)l fer ) Fan)

(e} fe) [l far ) fan)

d6

0

0
0,369

0

0

(=) le) fe) [a) Fa)
(=) fe) fen) [en ) Fan)
(e} fe) fen)l far ) Fen)

0,081 | 0,784 | 0,808 | 0,137 | 0,295 | 0,031 | 0,169

Taoanua 2

Table 2

[Ipumep knacTepos
Example of clusters

Homep
KJIacTepa

Onucanune oTyeTa B BHE TOKCHU3UPOBAHHOI'0 TOKYMEHTA

16

TIPEATIONETHRIA TIOATOTOBKA», «3aMyCK pyJeHHE B3NET HAOODP», «MapIIpyT», KOTKIOHE-
HUE», KCHIKEHUEY, «IIPOJIET OTpCy, «ommenoH_110», «3aMeTHTh», «yMEHBIIICHUE), «TH/-
POKHUIKOCTEY, KIIPHOOPY, «ITUTPY», KOOPTMEXAHUK», KITACCAKUPCKUN CaATTOH», «YKa3aHUE,
«CIeA_TIOTeKaHUEY, KTHIPOKHUIKOCTDY, «3aTHUI, KTOHI0IA, «IaTbHEH-

IV CHIDKEHUEY, IOIIET», «Pa3BOPOTY, «KOJIMUECTBO THIPOKHUIKOCTh yMEHBITUTHCS,

TPOJIbY, «BbIITYCTUTH»

IATP», KBBIITYCK IMACCHU», KIIPOBOJUTHCA», KMEXAHUYICCKU, «60pTMeX3HI/IK», «KOH-

16

«pasrepMeTH3aIus THAPOCHUCTEMAY, KKAIP», KCOCTOSTHUE», «TC_YTEUKa), «KHUIKOCTH,
«MHEMOKAAP», KTUAPOCUCTEMA_ICH», «YPOBEHBb JIUTPY», «OOPTOBOIY, «HMHKEHEPY, KOTKIIIO-
YUTHY», «TUIPOHACOCY, KHACOCHBIN CTaHIHA», «PID_aly», «CIeqyIomui), KIIOSIBUTh-
Csl_HAJINCH», KIC_YPOBEHBY, «KMUHA», «(HaKTUIECKHUID, KKOIMIECTBO JKUAKOCTH

16

«Hacoc_KENTHIIM_ TUAPOCUCTEMAY

«IIOKII/THAs 3aIlUCKay, KTOPU30HTANIBHBIN BILEIIOH», «€C_TIOSIBUTHCS», «CO00IIe-

HUE MAaJCHHUE», YPOBEHb THUAPOKUIKOCTb >KENTHIA THAPOCHUCTEMAY, KIIPOBE-
PUTH_YPOBEHDBY, <OKHJIKOCTbY, «KENTBIA THAPOCUCTEMA», «KENTBINY, «U30JIUPOBATHY,
«3eNEHBIA_TUAPOCUCTEMAY, KOTKIIIOUUTHY, KIIPOAHATU3UPOBATEY, KOOCTAHOBKA, IIOTO-
J1a», «PAacCUUTATh_IOCATOUHBINY, «TUCTAHUUS (DaKTHUECKHUID), «COCTOSHHUEY, KIIPH-
HATBH_PEIICHUEY, KHA3HAYCHHEY, IIPOLELYPay, «3aX01», KIIOAKIIOUYUTHY,

YIyYIIEHUN MOJEIN, HAIIPUMEDP BapbUPOBaHUEM
MUHHMMaJbHBIM DPa3MEpPOM KJlacTepa, KOTOPBIH
ABJISIETCS. OCHOBHBIM MHCTPYMEHTOM IOACTPOM-
KA MOJINIM KJACTepHU3alMU 0]l PEeLIeHUE KOH-
KpETHOM 3aJa4H.

B Tabn. 2 B xauecTBe npumepa MnpeJcTaBiIeH
16-i1 knactep, BBIAEIECHHBIN MOJENbIO KiacTe-
pHU3alMy, C ONMCAHUEM TpeX OTYETOB, IOMaB-
MIMX B JIaHHBIA KJIacTep, B BUAC (PparMeHTOB
TOKEHU3MPOBAHHBIX JIOKYMEHTOB. Bcero B Hero
BolLIM 50 OTYETOB.

44

Ha puc. 4 npeacrasieHa BU3yanusalnus Io-
Jy4YeHHBIX KiacTepoB anroputmMoM t-SNE B
2D-npoeKiuu.

B kauecTBe 3HaueHM MapaMeTpoB aJTOPUT-
Ma t-SNE BbIOpaHbl ciiefyromue: KOJIWYECTBO
u3MepeHuit — 2; nepruiekcust — 30; meTpuka Ou-
30CTH — €BKJIMJ0BO paccrosiHue. [lapamerp nep-
wiekcuss B anropurme t-SNE xapaxtepusyer
KOJIMYECTBO COCeleil, KOTopoe OylIeT y4WThI-
BaThCSl B pacyeTe YCIOBHBIX BEPOSTHOCTEH
CXOJICTBA.
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Puc. 4. Buzyanusaius Kj1acTepoB ¢ oMolsio anroputma t-SNE
Fig. 4. Visualization of clusters using the algorithm t-SNE

[llxana crpaBa Ha puc. 4 oTpaxaer HOMepa
KJIACTEPOB, KOTOPbIE TaKKe XapaKTEpU3YIOTCs U
OTIpe/IeICHHBIM 1IBeTOM. ToukH, umeromue Quo-
JICTOBBIN I[BET, — 3TO COOBITHS C METKOH KIlacTe-
pa paBHOM —1, T. €. HE OTHECEHHbIE HU K OHOMY
KJ1acTepy.

B kauectBe mpumepa CHpOrHO3HMPYEM Kiiac-
TEPHYIO METKYy i1 pEalbHOTO HHIIMJICHTA,
KoTophli npousomen 28.12.2020 (ucxoas u3 To-
ro, uto uHpopmanus 06 UHIUICHTE HOCUT KOP-
MOPAaTUBHBIM XapakTep, KOHKPETHbIE CBEICHUS
0 BO3JIyIIIHOM CyAHE, OOPTOBOM HOMEpE, MOJIeTe
onyuieHsl). [losydeHo noiaHOe BEKTOpHOE Mpe-

45

CTaBJIEHHE M TOKEHU3UPOBAHHOE IIPEJCTABICHHE
oT4eTa, parMeHT KOTOpOro nokasax B Tadi. 3.

B pesynaprate pa®oThl  NPEIOKECHHOTO
METO/a, CIPOTHO3MPOBaHA KJacTepHas MeETKa
Ui nanHoro otdera (16-i xmacrep, Tabn. 2) u
c/ieJaH BBIBOJ, YTO OJHOW U3 aKTyaJIbHBIX TEM
OpU OpraHu3alUy TPEHAKEPHOW IOArOTOBKHU
apisierca «OTpaboTka NEHCTBHM NIpU OTKa3ax
OJIHOM WMJM JABYX THUIPOCUCTEM Ha pa3jIMYHBIX
JTanax nojeray.
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Taoanua 3
Table 3

@®parMeHT TOKeHH3UPOBAHHOTO OTYETA
A fragment of a tokenized report

Onucanme oTYeTa B BHJE TOKCHU3UPOBAHHOI'0 TOKYMEHTA

«JIOJIO)KUTH_JTUCIIETYEP OPBI»

«HabOp_MapuIpyT», «OCOOCHHOCTHY, «IOATOTOBKAY, CHIKEHUE 3aXO0/», «IIPOBECTHU_IIOJIHBIA 00BEMY,
«pIII», «HAYaJIO_ CHIDKEHHE», «3uenoH_fl1350», «3aperucTpupoBaTh INPOXOXKACHHUEY,
«CUTHaNM3aIus_master», «caution cooOIIeHue», KHU3KHH_YPOBEHb TUAPOKHUIKOCTHY, «hyd rsvr_lo_1vly,
«YPOBEHb_THAPOKHUIKOCTh THApOCHUCTEMa bluey, «COCTaBUTH_q», «IHTP», «coobmenne ec _hyd rsvry,
BBIKJTIOUHTHY, «AJECKTPOTHAPABIMIECKANA HACOC», «TuApocucTemMa bluey, «blue elec pumpy,
«BCIIEZICTBHE OTKITIOYCHHE», «IJEKTPOTUAPABIUYECKUNA _HACOCH,
«cpaboTaTh_CHTHaJIM3alus HU3KUN JaBieHHe», «ruapocuctema hyd», «sys lo», «pr_naBneHue», «bl',
'Sys», «CHU3UTBCS», «3002psi», «76psi», «ypOBEHb THAPOKUAKOCTEY, «0aK», KOTKIIIOUYEHHE HACOCH,
«TIOBBICUTBCS, «q_JIUTP», «OOBSICHUTEIBHBIN_3aIHCKay», «3alIUCh_CVI», KTHAPOCUCTEMAY,

3akioueHue

B crarbe npensiokeH moaxoja K BbISIBICHUIO
aKTyaJIbHbIX TE€M TPEHaKEPHOW MOATOTOBKU IHU-
JIOTOB Ha OCHOBE KJIACTEPU3ALMH OTYETOB IO
O0e3omacHoCcTH TMOJeTOoB. HayuHoli HOBU3HOU
MOAXO0/a SIBJIAETCS TO, YTO B OTJIMYUE OT MPE/IbI-
Oymux paboT mpeiaraeTcsi UCIoiIb30BaTh MOJ-
HOE BEKTOPHOE MPEJICTABICHUE OTYETOB MO 0e3-
OMACHOCTH I0JIETOB, KOTOPOE CTPOUTCS 00BeIH-
HEHHEM MAaTpHUIl TEMAaTUYECKUX M CeMaHTH4Ye-
CKUX BEKTOPOB.

[IpakTrueckasi 3HAUUMOCTb PE3YJILTATOB HC-
CJIeIOBaHUS 3aKJII0YaeTcss B TOM, YTO MOIXOJ,
OCHOBaHHBIM Ha KJIACTEpPU3ALMH, [03BOJISET
MPOBOJIUTH OoJiee TTyOOKWH aHau3 OTYETOB IO
0€30MMacCHOCTH TOJIETOB, YTO MOXET YNPOCTUTH
U YCKOPUTH paboTy CHELMATUCTOB IO yIpaBJe-
HUIO 0€30MACHOCTHIO TIOJIETOB.

Pa3paboTanHbiii MeTON TMOKa3bIBaeT TEp-
CIICKTUBHBIE PE3yJIbTaThl B BBISBICHUU OOIIMX
3aKOHOMEpPHOCTEH B OTYeTax Mo 0e30macHOCTU
MOJIETOB, KOTOPBIE HE OYEBUJIHBI IPU UX PYYHOM
aHaJlu3e, U IMpeajaraeT HOBbIM MHCTPYMEHT AJIs
MOJTy4eHUs THPOPMAIIUHN U3 TEKCTOBBIX JaHHBIX
0 0e30IacHOCTH IMOJIETOB, KOTOPBIA JOMOJHUT
CYIIECTBYIOIINE METOAbl  HMH(OPMALMOHHON
NOJAEP>KKA HHCTPYKTOPOB B pamkax EBT.

JanpHeiue HanpaBiIC€HHUS HCCIEI0BAaHUN
CBSI3aHbI:

— C YBEJIIMYEHUEM KOJUICKIMU OTYETOB IO
0e30IaCHOCTH I0JIETOB;

46

— MCCIIEIOBAHUEM BIIMSHMS IPEIBAPUTENb-
HOT'O IIOHW)KCHHS Pa3MEPHOCTH IIOJIHOIO BEK-
TOPHOT'O TPEACTABIEHUSA, K NPUMEPY METOJOM
[JIaBHBIX KOMIIOHEHT, Ha KaueCTBO KJIACTEPH-
3alMy;

— HCCIIEIOBAHUEM IPUMEHEHUS IPYIMX Me-
TOJOB (OPMHUPOBAHUSA BEKTOPHOTO MPOCTpPaAH-
CTBa OTYETOB 10 0€30MACHOCTH IOJIETOB U aJro-
PUTMOB KJIACTEPU3ALIHH.
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Algorithm for the synthesis of equations of thermal conductivity of
lithium-ion accumulator for finite volumes during division

E.A. Punt'

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

Abstract: The current level of technology development makes it possible to improve the volumes of on-board equipment
significantly, the same applies to backup power supply systems, in which the use of lithium-ion batteries is promising, which, if
there are significant advantages, have a number of disadvantages that must be taken into account when using them. First of all, this
is thermal acceleration, which is caused by internal physico-chemical processes and improper operation. To prevent thermal
overclocking, it is proposed to use a digital twin, the basis of which is a mathematical model of thermal processes of a lithium-ion
battery, obtained by mathematical prototyping of energy processes. For the numerical implementation of the mathematical
prototyping method, it is proposed to use a modified finite volume method with the implementation of the division procedure until
the required accuracy of the model is obtained. The presented article discusses the procedure for the formation of thermal
conductivity equations when modeling the dynamic distribution of the thermal field in a lithium-ion battery in a three-plane
formulation of the problem. This procedure is necessary when implementing the modified finite element method using the method
of mathematical prototyping of energy processes, which involves dividing finite volumes to achieve the required calculation
accuracy. A special feature of the division procedure is the change in volumes, areas of contact of interacting elements, and the
change in elements that are sources of heat. In the simulation cycle, it is necessary to re-form the system of differential equations,
taking into account the changes that occurred after the division. For clarity, the article discusses the procedures for dividing
volumes into two equal parts according to one of the coordinates, and the Cartesian coordinate system is also considered to obtain a
model. The proposed procedure for forming a system of differential equations is implemented in Python, the simulation results
have shown the adequacy of the model and the efficiency of the proposed method.

Key words: lithium-ion battery, modified finite volume method, diagnostic method, method of mathematical prototyping of energy
processes.

For citation: Punt, E.A. (2024). Algorithm for the synthesis of equations of thermal conductivity of lithium-ion accumulator for
finite volumes during division. Civil Aviation High Technologies, vol. 27, no. 4, pp. 50-62. DOI: 10.26467/2079-0619-2024-27-4-
50-62

AJITOPUTM CHHTE3a YPABHEHHMH TEMJIONPOBOAHOCTH JUTHHNOHHOTO
AKKYMYJSTOPA JJI1 KOHEYHBIX 00beMOB NPH JAeJIeHUN

E.A. Oynt'

] o o o o
Mockosckuii 20cy0apcmeenHblli mexXHUYeCKull YHUugepcumem epaxcoancKkol asuayuu,
2. Mockea, Poccus

Annotaumsi: CoBpeMEHHbI YPOBEHb Pa3BHTHSI TEXHMKA W TEXHOJOTHH IMO3BOJSIET CYILECTBEHHO YJIyYIIHTH BO3MOXKHOCTH
©60pTOBOrO OOOPYIOBAHMS, ITO HKE KACAETCS M CUCTEM PE3EPBHOTO AJIEKTPOITUTAHHMS, B KOTOPBIX MEPCIIEKTUBHBIM IPEICTABIISIETCS
NPUMEHEHUE JINTUHNOHHBIX aKKYMYJISTOPHBIX OaTapei, KOTOpbIE MPH HAJIMYMK CYLECTBEHHBIX NPEUMYILECTB 00JaIal0T PSIIOM
HEZOCTAaTKOB, KOTOpble HEOOXOAMMO YUYMTHIBATh NPH HX HCIOJIB30BaHMM. B TepByIo odepenb 3TO TEIUIOBOM pasroH,
00yCIIOBIICHHBII BHYTPEHHUMH (PU3MKO-XUMUUYECKMMHU TIPOLIECCAMH W HENpaBWIIBHOM dKcIuTyaTtaumei. Jisi npenorBparieHus
TEIUIOBOTO pasroHa IIpeularaeTcsl MCIOJIb30BaTh L(POBOM JBOMHKK, OCHOBOM KOTOPOTO SIBIISIETCS MaTeMaTHyecKas MOJEIb
TEIUIOBBIX TIPOLIECCOB  JIMTHHMOHHOTO — aKKyMYJIATOpa, IOJY4YeHHass METOAOM MAaTeMaTHYECKOro  IMPOTOTHUITPOBAHUS
SHEPreTUYEeCKUX TporieccoB. [ YMCIGHHOW peann3alid METoJa MATeMaTHYeCKOTO HPOTOTHUIMPOBAHMS IIPEUIOKEHO
UCIONBb30BaTh MOAU(UIMPOBAHHBIN METO KOHEUHBIX 0OBEMOB C pealn3anueil IpoLeaypbl ASICHHS 10 MOTydeHUs TpeOyeMon
TOYHOCTH MOJENH. B mpencTaBnenHol craThe paccMaTpuBaeTcs mpouenypa GopMUpoBaHUs ypaBHEHHH TEIUIONPOBOJHOCTH MPH
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MOZCIIMPOBAHUN JUHAMUYCCKOIO pacupeaciCHrA TCIUIOBOTO MO B JIMTUAMOHHOM AKKYMYJIATOPE B TpeXMepHOﬁ IIOCTAaHOBKC
3a/a4u. JTa IpoLeaypa Heo0X0MMa TPy peasTi3aiy MOJU(GHUIMPOBAHHOTO METO/Ia KOHEYHBIX 3JIEMEHTOB C IIOMOIBIO METO/Ia
MaTeMaTHYeCKOro NPOTOTHIMPOBAHMS SHEPIeTHYECKHX MPOLIECCOB, KOTOPBIN MPEAIoaraeT JejeHne KOHEUHBIX 00BEMOB IS
JIOCTIDKEHHS TpeOyeMol TOYHOCTH pacdeToB. OCOOEHHOCTBIO MPOLENYPBI JSNEHHMS SIBISIETCS N3MEHEHne 00beMOB, IUIOMIaeH
COINPHKOCHOBEHHS B3aMMOJICHCTBYIOIMX 3JIEMEHTOB, N3MECHEHHE 3JIEMEHTOB, KOTOPBIC SIBIISIOTCS MCTOYHUKAMH Teruia. B ke
MOJICIUPOBAHIS HEOOXOAMMO 3aHOBO (HOPMHPOBATH CHUCTEMY AW(pQEpeHIAIBHBIX YpaBHEHHH C YYeTOM TeX H3MCHEHHH,
KOTOpBIE TPOM3OLILIM IOCHe JAeieHus. J[fisi HArISTHOCTH B CTaThe PAacCMATPHBAIOTCS MPOLEAYPHI JEeHHS OOBEMOB Ha JIBE
paBHBIE YaCTH O OJHOM W3 KOOPAMHAT, TakKe IUIA IMOMy4YeHHMsS MOIENIM PaccMaTpHBAeTCs JEKapToBa CHCTEMa KOOPIMHAT.
ITpemnoxxeHHas npoueaypa GopMUpoBaHKs CHCTeMb (b depeHInanbHbIX ypaBHeHHI peanu3oBaHa B cpene Python, pesynbrats
MOJEJIMPOBAHMS ITOKA3aIM aAeKBaTHOCTh MOJIENH 1 pab0TOCIIOCOOHOCTD MPeyIaraeMoro MeToza.

KunroueBble cj10Ba: IMTHIHNOHHBIH aKKyMYJISITOP, MOJU(HUIIMPOBAHHBII METO/I KOHEUHBIX 00BEMOB, METOJI IMarHOCTUKH, METOJ
MaTeMAaTUYECKOrO IPOTOTUIIMPOBAHNUS SHEPIETUUECKUX IIPOLIECCOB.

Jna murupoBanus: Ilynr E.A. AnropuT™ cuHTE3a ypaBHEHUH TEIIONPOBOJHOCTH JIMTUHUOHHOTO AKKyMYyJISITOpa ULt
KOHEYHBIX 00beMoB mipu fenennn // Hayuneiii Bectauk MI'TY T'A. 2024. T. 27, Ne 4. C. 50-62. DOI: 10.26467/2079-0619-
2024-27-4-50-62

Introduction tion synthesis is the particular issue based on
mathematical prototyping of energy proces-
ses [17-19] for forecasting the reaching of LIB
thermal limit, as the regular capacity division
procedure involves forming a new differential
equations system for new finite capacities set.

It is assumed to use the presented thermal con-
dition diagnosis and forecasting approach for lithi-
um-ion current sources of on-board power systems
as a thermal process digital twin [20-23], integrat-
ed into promising aircraft power system [24, 25]
smart current distribution schemes.

The current stage of aircraft electrical en-
gineering development is new chemical current
sources — lithium-ion batteries and hydrogen fuel
elements [1, 2], semiconductor, conductor and
magnetic devices implementation. The given
technologies make it possible to both significant-
ly improve the volumes of on-board equipment
and create new aircraft, in which the electrome-
chanical engine is the basic element, empowered
by chemical current sources [2, 3]. The same ap-
plies to backup power supply systems, in which
the use of lithium-ion batteries is promising, = Research methods and methodology
which, if there are significant advantages among

other battery types in terms of specific energy Mathematical prototyping of energy pro-
[4, 5], have a dramatic disadvantage — they are  cesses method [18-20] is the basic one for LIB
eXpOSGd to thermal acceleration in certain exter- thermal condition diagnosis and forecasting’
nal conditions and while being recharged. Be- which a mathematical model, meeting the basic

sides that, lithium-ion batteries (LIB) operation conservation and thermodynamic laws and ana-

temperature increase significantly reduces its  lytic expressions for thermal scalar field distribu-

capacity, which affects its operation features. tion can be obtained with, allowing then to fore-
There is a number of publications [6-9] on cast thermal changes taking into consideration

LIB thermal operation modes, in which diverse the known influencing factors.

approaches of the given phenomenon preven- The following general form of mathematical

tion — by using new materials, teChnOlOgieS, op- prototyping of energy processes equations

eration rules, etc. [10-12] — are presented. It is  presentation [19] should be used for thermody-
important to reveal the reasons of emergency in namical problems:

advance, for instance, by forecasting the thermal
limit values within the batteries [13—16] in terms
of operation.

It is proposed to use a modified finite volume
method, in which the thermal conductivity equa-
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where U, — energetic degrees of freedom

(EDF) inner energies, which are the system
condition coordinates;
x, — other condition coordinates (condition

coordinates vector plane);
Q. — the i-th quantity of thermal component

of the EDF system obtained;

b,, — topology matrix components, common-

ly obtained from conservation laws;

(5Qi/dtjext’ (5Q /dtj ( xk/dt)ext B

external thermal streams in and out of EDF
system and their occasional components;

ext

(dxk /dt)(ez) — external streams in and out of
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other condition coordinates system(s) and
their occasional components;
Ql.(;’.e”) — thermal volumes between the EDF

(destination from the smaller values to the
bigger ones is considered to be the positive
direction of every thermal between the
EDFs);

Ax, — other processes coordinates besides

thermal shift between the EDFs;

\#¢)— uncompensated thermals, arisen

during physical and chemical processes
(irreversible work shifting into thermal);
B;,>0 — uncompensated thermal propor-

tions by EDFs, meeting Zl‘{ B; =1 condition;
i=1
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T. > 0 —the EDF temperatures;
X, — thermodynamic potentials of essential

EDFs interaction by X, condition coordi-

nates;
AFy, . — dynamic powers, thermal shift bet-

ween EDFs driving processes;

AF, . — dynamic powers, driving the other

processes;
T* — the reference temperature, which the W
system free energy is set through;

A A A X .. .
Aagl_,]g. , Aanj., A49'%, 4447 — positive dis-

sipative matrix components;
S — system enthropy;
U - total system inner energy;

. — EDFs interaction energies.

Setting the problem

The equilibrium thermodynamic system, in
which all the components (finite capacities) are
of constant thermal capacity and conductivity,
thermolysis coefficients between the adjacent
elements are also the constant ones, all the capa-
cities are set by inequation systems and planes,
parallel to the Cartesian coordinate system
planes, is the subject of the given research.

The battery having a single electrode, both
positive and a negative one (fig. 1), with an elec-
trolyte in between, is then the object. Component
densities and ohmic resistances are all constant
ones. There are the extra areas (finite capacities)
between the battery, imitating the area environ-
ment, which the inner boundary the temperature
1s constant on.

Zhk

5 ¥

.

Fig. 1. Spatial model of the battery
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The general matrix differential equation of a
variable plane based on mathematical prototyp-
ing of energy processes method is made for tem-
perature distribution calculation in the battery
researched:

oV = AT+T, T +0, @)

dt

where C — thermal conductivity matrix of
the researched objects;
p — matrix of capacity densities;

T=(T,..T,

e T
capacity temperature;

n — capacity quantity, which all the re-
searched space is divided into, this quantity
increases after the division, which all the ma-
trixes of equation (2) changing;

A — matrix for thermal conductivity, thermal
transfer and thermolysis surface areas;

T,, — matrix for conductivity thermal transfer

T
) — column vector of every

with the environment;
T, — environment temperature;

Q — inner thermal source due to currents in
electrodes and an electrolyte.

With K = CpV

dT _
K% =AT+T,T,+0

| ©

is obtained.

It is necessary to divide subsequently the ca-
pacities, calculate all capacity temperature dy-
namics change and form thermal dynamic sca-
lars analytic functions for the given geometry of
the researched space in accordance with modi-
fied finite capacities method procedure.

Mathematical model equation synthesis
algorithm

The quantity of equations in the model (all
the matrix planes) and all the matrixes
K, A, T,,Q themselves in equation (3) both

01’
change while implementing the given method,
which is its fundamental problem. Changes in all
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Hauano — Start;

3ajaHue TeoMeTpUH, CBOWMCTB Be-
IIECTB W CIIPABOYHBIX JaHHBIX — Set-
ting the geometry, substance features
and reference data;

[lepBuuHoe pazbueHme oOIacTU
pacuera — Primary calculation area

division;
Kaxnpiii nj1eMEHT — OTIENbHBIA
Kavkquait oobem — Every single element is a
JIEMEHT - particular capability;
OT/IeMBHBII Jlenenune Bcex 00bEMOB HOMIONIAM —
00bem All the capabilities division in half;

Hosbie cBoiicTBa 00bekTa — New
object features;

Pacuer HOBBIX KOOpAMHAT — New

Pacuer HoBoro

coordinates calculation;

obBeMa Pacuer HOBBIX Trpanun — New

|

! L J L

: Pacuer HOBBIX Pacuer HOBBIX

: KOOpPIHHAT TpaHUI

|

i

i Y Y

{ Pacuer

i Pacuer TokoB

| COIIPOTHBIICHHH

| Hoeele cBoiicTBa 00beKTa I_ ]

|

s s e R s e e
HoBsle cBoiicTBa |

B3aHMOJeHCTBIN 00BeKTa Pacuer miomaeii

COMMPHKOCHOBCHHA 00BeKTOR

PacweT HOBBIX MATPHE

boundaries calculation;

Pacuet HOBOTrO OOBEMA — New ca-
pability calculation;

Pacuer TokoB — Currents calcula-
tion;

Pacuer comnporusiaeHuii
sistances calculation;

Re-

Hosbie cBoiicTBa B3auMo/1eiicTBUS
o0bexTa — New object interaction
features;

B YPABHEHHAX

MMIDII

Pacuer miomaneit conpukocHOBe-
HUs 00bekToB — Object contiguity

squares calculation;

T; = Tis + K [AT;_; + T T + Q]At

Pacuyer HOBBIX MATPHIl B YPaBHe-
ausgx MMIIJII — New matrixes
in in the modified finite volume

Y

Koner

C )

method calculation;

Konern — Finish

Fig. 2. The algorithm for the synthesis of thermal conductivity equations in the division of elements
in the modified finite volume method

volume geometrical parameters are the first
ground for it.

There is the algorithm of equation (3) form-
ing and matrixes recalculation in Figure 2. Equa-
tion (3) is then presented as differential figure
integration equation with Eyler’s method.

T=T,+K'(AT+T,T,+Q)4t.  (4)

Recalculation procedures are divided into

two steps: forming the new object features after
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division and new system features, responsible
for object interaction (thermal transfer in the
given case), which is the algorithm peculiarity.
New object essential feature determination
procedure is quite simplified due to use of ob-
ject-focused programming technology: all sub-
stance features (thermal conductivity, thermal
capacity, density, specific ohmic resistance, cur-
rent densities at all the coordinates), along with
integral features (mass, volume, ohmic re-
sistance, mass centre coordinates) calculation
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Fig. 3. Possible combinations of the intersection of the faces of two volumes
along the X-axis that are in the same plane

methods are inherited from parental objects after
division. Only boundary space coordinates are
redetermined depending on division concept.
Volume division in half at all the Cartesian co-
ordinates is observed in the given paper — that is
the new object boundary coordinate determina-
tion procedure is simplified due to without vio-
lating the general principle of mathematical
model forming. These features are used for K
and Q matrixes determination.

The procedure of new object interaction fea-
tures determination, which is to be run again for
all the system objects after the division, should
be observed particularly. These features are nec-
essary for thermal transfer parameter determina-
tion, primarily depending on their contiguity sur-
face area.
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Besides the new interacting couples multi-
tude it is necessary to determine thermal transfer
coefficients (during object interaction from dif-
ferent substances) or thermal conductivity coef-
ficients (for the same substances in the object
couple). These features are used for A4 and T,

matrixes forming.

It is necessary to observe all the couples of
the system object multitude, which is the pro-
cedure peculiriality, then there are 6 interaction
variants for all the coordiantes (x, y, z) of all the
volumes couples in case the object faces are in
the same plane:

variants 1 and 2 — the second object boun-
dary surface area is within the first object surface
area (fig. 3, 4, b) or the first object boundary
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Fig. 4. The initial scheme for calculating the temperature field of a lithium-ion battery

surface area is within the second object surface
area;

variants 3 and 4 — surface areas do not
overlap (fig. 3, B, I);

variants 5 and 6 — surface area overlapping,
during which every couple object surface areas

overlap only partly (fig. 3, 4, E).
Research results

The presented synthesis algorithm is imple-
mented in Python environment with object-
focused technology use. The following proce-
dures are implemented in program complex:

- the initial material features reference data
setting;

- forming a fundamental “volume” unit,
which is a predecessor of all the new units;

- forming a unit collection, inherited from the
fundamental one and their interaction parameter
determination;

- object division (in half with a plane) at all
the Cartesian coordinates;

56

- geometrical parameters and K, A,7,, and
0 matrixes calculation;

- support procedures.

Numerical experiments demonstrated that the
given method allows to determine temperature
field and obtain thermal scalar field analytical
functions quite accurately even having done a
small amount of divisions and, consequently,
having obtained a small amount of object which
the researched space is divided into.

There is the initial battery geometry in Fig-
ure 4:

- X(0; 0,02); Y(0; 0,02); Z(0; 0,02) — volume
for modelling the electrode 1;

- X(0,02; 0,04); Y(0; 0,02); Z(0; 0,02) — vol-
ume for modelling an electrolyte;

- X(0,04; 0,06); Y(0; 0,02); Z(0; 0,02) — vol-
ume for modelling the electrode 2;
and extra air volumes:

- X(=0,06; 0); Y(0; 0,02); Z(0; 0,02) — vol-
ume for modelling air boundary with electrode 1
(by X axis);



Tom 27, Ne 04, 2024

HayuyHbiit BectHuk MITY TA

Vol. 27, No. 04, 2024

Civil Aviation High Technologies

T.oc 36 4

/

-0.06 0,05 0,04

003

-0,02 -0.01 ) o

YcpeaneHHas KoopauHaTa X

—I=5A —I=10A

I=15A —I=20A

Fig. 5. Temperature distribution inside the volume X = (-0,06; 0); Y = (0; 0,02); Z = (0; 0,02)
when dividing by coordinate X (Ycpenuennas koopanHara X — Mean X coordinate)

- X(0,06; 0,12); Y(0; 0,02); Z(0; 0,02) — vo-
lume for modelling air boundary with elec-
trode 2 (by X axis);

- X(-0,06; 0,12); Y(0; 0,02); Z(0,02; 0,04) —
volume for modelling the above air boundary
with the battery (by Z axis);

- X(-0,06; 0,12); Y(0; 0,02); Z(-0,04; 0) —
volume for modelling the below air boundary
with the battery (by Z axis);

- X(-0,06; 0,12); Y(0,04; 0,02); Z(0; 0,02) —
volume for modelling the front air boundary
with the battery (by Y axis);

- X(-0,06; 0,12); Y(-0,04; 0); Z(0; 0,02) —
volume for modelling the back air boundary with
the battery (by Y axis).

Temperature field was calculated with the
modified finite volumes method for the initial
scheme (fig. 4). Temperature field was calculat-
ed for air volumes. The results are presented in
Figures 5-7.

Judging by graphs in Figures 5-7 obtained,
area above the electrolyte is the most heated one,
which matches the experiment results. The data
obtained may be used for forming the analytical
expression, which lithium-ion battery pre-failure
stages diagnosis method will be based on.
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Conclusion

1. Automatical thermal conduction equation
synthesis algorithm is obtained through modified
finite volume method, involving space division
during calculation, with, consequently, equation
synthesis at every iteration required.

2. The algorithm is implemented in the Py-
thon object-focused program environment for
lithium-ion battery fundamental prismatic geom-
etry, graphs of temperature dependence on space
coordinates, analysis of which has demonstrated
the appropriate resemblance with genuine physi-
cal processes, are obtained.

3. The equation synthesis algorithm present-
ed is developed considering the assumption
about all the volumes presented as rectangular
parallelepipeds, which faces are parallel to the
basic Cartesian coordinates planes. It is neces-
sary to revise some of the algorithm procedures
for any other division shape.

4. The direct forming of electrotechnical air-
craft equipment temperature scalar field analyti-
cal dynamic models is the development of the
algorithm presented.
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Fig. 6. Temperature distribution inside the volume X = (-0,06; 0,12); Y = (0,00; 0,02); Z = (0,02; 0,04)
when dividing by coordinate X (Ycpenuennas koopanHara X — Mean X coordinate)
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when dividing by coordinate X (Ycpenuennas koopanHara X — Mean X coordinate)
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OT00p KaaAPOB B CJIY:K0y aBHAIIMOHHOMN 0€30MaCHOCTH
aBUANIPEeANPUSITHS METOI0M IOPOr0BOr0 arperupoBaHus

ILIL. Xaunksn'

1 . .
Hayuonanvnuiii uccredosamenvcxuii ynusepcumem « Bvlcuias wikona 5KOHOMUKUY,
2. Mockesa, Poccus

Annoramus: ITocnencteusivmu upesBbrdaiiaeix cutyaunid (UC) B aBHAIMu SBISIOTCS 3HAYMTENBHBIE YETIOBEUYECKHE MOTEPH U
BHYIIMTENbHBIA MaTepuanbHblil yiepd. Obecrieuenne 0€30MacHOCTH OOBEKTOB TPAHCIOPTHONW HH(PACTPYKTYpPbI SIBISIETCS
BaXKHEHIIEH CTpaTerMueckod 3amadell Kak JUId TOCYyJapcTBa, TaKk M UIA  OpraHu3alMii-dKcIuTyataHToB. CTaTHCTHKA
aBHATIPOKCIIICCTBUH MOKa3bIBACT, uTo 3a nepuo ¢ 1950 mo 2019 r. npousomnuio 614 ciryyae (57 % ot 00I1ero Yncia) mo MpUYHHe
YeJioBeueckoro Qaxropa (oT JEHCTBUH 3JI0yMBIIUIEHHHKOB JI0 OMIMOOK MHJIOTHPOBAHMS), YTO aKTyalW3HpyeT IMpoOJeMy
YEeJIOBEYECKOro (pakTopa NpH SKCIUTyaTalmu 1 obecrieueHnH Oe30MacHOCTH aBUaMoHHoro tpaHcnopra. [lo nanusiv MKAO, 3a
nepuon 2019-2021 rr. mpomsonnio 210 npoucmectsui, mornd 641 uenosek. 3agauell COTPYIHUKOB CITy>KObI aBHAIIMOHHOM
6e3onacHoct (CADB) siBisiercst Hazexallee BBITOIHEHHE OOS3aHHOCTEH MO O0eciedeHnI0 Oe301acHOCTH, IPEJOTBPAIICHHUIO
HEIITaTHBIX M YPE3BBIYAHHBIX CHUTyaluuid. BosioxkeHHblE O00S3aHHOCTM HAaKJIaAbIBAlOT Ha coTpyaHukoB CAB ocobyro
OTBETCTBEHHOCTh W TIPEHOTPENCIIAIOT MX COOTBETCTBHE 3aIaHHBIM KpuTepmsaMm. Kampomas paborta, mpoBoauMas KaJpOBBIMH
TIOAPA3ICIICHHSIMI aBUATIPEIIPHUATHH, HallpapieHa Ha 0TOOp HamOoJiee COOTBETCTBYIOIIMX JTOJDKHOCTH TIPETEHIEHTOB. B craThe
paccMarpuBaercst mpobiema 0TOOpa KaHAWIATOB KaK 3aJada MHOTOKPHUTEPHAIFHOW OIGHKM W BHIOOpa, TIE 3JIeMEHTaMU
BBICTYTIAIOT KPUTEpUH (KadecTBa) KaHIMIAaTa, a WX B3BCIICHHBIC OLCHKH 3aJIaHBlI SKCIIEPTaMU. PaccMOTpEHBI CyIecTBYOLIHE
MeTo el 0TOopa kaapoB B CAB n mpobiema Beibopa Hanbosee cOaTaHCHPOBAHHBIX 10 CBOUM JIMYHOCTHBIM, KBATH(DUKAITMOHHBIM
u ApyruM TpeOoBaHmsIM KaHmumaToB. IIpemnoken cmoco® otbopa kaapoB B CAB Meronom moporoBoro arperupoBaHUs
HEKOMIICHCATOPHOT'O XapaKTepa, KOTOPbIA 00J1a1aeT 3HauMTENbHBIMH ITPEUMYIIIECTBAMH TIEpe]] PaclpOCTPaHEHHBIMU METOIAMH
o10Opa ¢ MOMOIIIBI0 CYMMHPOBaHUS OAJUIOB M BBIYUCIIEHHEM CPEIHET0 apudMeTnuecKoro 3HaueHus. Pe3ynbTaTbl HCClieIoBaHus
TMOATBECPIKAAOTCA TMPAKTUYCCKUM TIPOBEACHHBIM KaApPOBBIM OT60pOM KaHAWOAaTOB Ha ABa aBUAIPCAIPHUATHA, B PE3YyJIbTATC
KoToporo rpyrnmna uHenekropoB CAB, oToOpaHHast ¢ MOMOIIBI0 METO/1a IOPOTOBOTO arpernpoBaHHs, B OOJIbILIEM YHCIIE YCIICIIHEe
NPOIIUIA MCIIBITATENILHBIA CPOK, YeM TpyINa, OTOOpaHHas ¢ MPHMMEHEHHEM CYMMHpPOBaHHs OaioB KputepueB. [IpuBeneHHbIE B
CTaThe Pe3yJIBTAThl MO3BOJISIIOT paccMaTpuBaTh METO[| IOPOroBOTrO arperupoBanus kKaHnuaatoB B CAB aBuanpenmpusTus kak
MIEPCIIEKTHBHBIA CIOCO0 KaIpoBOTO OTOOpA, IENBI0 KOTOPOTO SBISIETCS TIOBBIIICHHE KadecTBa OOecIedeHMs Oe30IMacHOCTH
aBHATPAHCIIOPTA, YTO MO3BOJIUT CHU3UTH PUCKH BO3HUKHOBEHHS aBUAIIMOHHBIX TIPOUCIIECTBHIA, COXPAHUTH YEJIOBEUECKUE JKI3HI
1 TIPEIOTBPATHTH 3HAYNTEIIHHBIN MaTepUaIbHBIA yIepo.

KaroueBrble ci10Ba: aBHaIpioHHasi Oe30MMacHOCTbh, upe3Bbdaiiabie cutyarmu (UC), cmyxOa aBuanpionHo# 6e3omacHocTr (CAB),
01O0p TIepcoHana, 0TOOp KaJpoB, MOPOTOBOE arPErHpOBAHIE.

Jnsi murupoBanmsi: XaunksH [LII. OtGop kampoB B CIykOy aBHAIMOHHON 0€30TACHOCTH aBHATIPEIIPHUSATHS METOIOM
noporoBoro arperupoBanus // Hayunsnii Bectauk MI'TY T'A. 2024. T. 27, Ne 4. C. 63-79. DOI: 10.26467/2079-0619-2024-27-4-
63-79

Personnel selection in the airline Aviation Security Service by using
the threshold aggregation method

P.P. Hachikyan'
! National Research University “Higher School of Economics” (HSE University),
Moscow, Russia

Abstract: The consequences of emergencies in aviation are significant fatalities and considerable material damage. Ensuring the

safety of transport infrastructure facilities is an important strategic task for both the State and the operating organizations.
The aviation accident statistics show that for the period from 1950 to 2019 there were 614 occurrences (57% of the total number)
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due to the human factor (from malice to piloting errors), which actualizes the human-factor problem in the operation and safety of
aviation transport. According to the ICAO data, 210 accidents occurred and 641 people were killed in the period 2019—2021. The
task of the Aviation Security Service (ASS) employees is the proper performance of duties to ensure safety, prevent abnormal and
emergency situations. The assigned duties impose special responsibility on the ASS employees and predetermine their compliance
with the specified criteria. The personnel work carried out by the personnel departments of the airlines is aimed at selecting the
most appropriate candidates for a position. The article considers the problem of selecting candidates as a task of multi-criteria
assessment and selection, where the elements are the criteria (qualities) of a candidate, and their weighted assessments are set by
experts. The existing methods of personnel selection in the ASS and the issue of choosing the candidates, who are the most
balanced in their personal, qualification and other requirements, are considered. A method of selecting personnel in the ASS is
proposed by the method of threshold aggregation of a non-compensatory nature, which has significant advantages over common
selection methods by summing points and calculating the arithmetic mean. The results of the study are confirmed by the practical
personnel selection of candidates for two airlines, as a result of which the group of ASS inspectors in a growing number, selected
by using the threshold aggregation method, passed the probation period more successfully than the group selected by using the
summation of criteria points. The results presented in the article allow us to consider the threshold aggregation method of
candidates for the airline ASS as a promising method of personnel selection, the purpose of which is to improve the quality of air
transport safety, which will reduce the risks of accidents, save human lives and prevent significant material damage.

Key words: aviation security, emergency situations, aviation security service, personnel recruitment, personnel selection, threshold
aggregation.

For citation: Hachikyan, P.P. (2024). Personnel selection in the airline Aviation Security Service by using the threshold
aggregation method. Civil Aviation High Technologies, vol. 27, no. 4, pp. 63—79. DOI: 10.26467/2079-0619-2024-27-4-
63-79

BBenenue CTYNalOT MHCIEKTOPbl CIY>KObl aBHALIMOHHOU
6e3onactoctu (CADB) asporopra u uHbIEe ynoi-
HOMOYEHHBIE NODKHOCTHBIE Juna [1]. Tlepeunc-
JIEHHOE 00pa3yeT CIOXKHYIO 3pPraTHYecKylo CH-
CTEMY, B KOTOPOHM TJIaBEHCTBYIOIIYIO pPOJIb 3a-
HUMAET YeJIOBEK, HEMOCPEACTBEHHO 3KCILIyaTH-
pYIOIIMI, KOHTPOJUPYIOIIHUM, a B HEKOTOPBIX
cillydasix M IEepernpoBepsIOmUil KOPPEKTHOCTh
pabOThl TEXHUYECKUX YCTPOMCTB.

CBosiHast CTaTUCTHKA aBUANPOMCUIECTBUH B
mupe ¢ 1950 r. mo uronp 2019 r. nokaseiBaer,
gyto 8 % (81 ciyuail) ObUIM COBEpIICHBI YMBILI-
JIEHHO TI0 BHMHE 4eJoBeKa (K 3TOMY OTHOCATCA
JeMCTBUS 37I0YMBIIIJICHHUKOB, KOTOPbIE CMOTJIH
peanu3oBath cBou TwiaHbl), 49 % (533 ciyyas)
SBJISUIMCh TPUYMHONW MWJIOTHPOBAHUS (UTO TaK-
e CJIeyeT OTHOCUTb K YEJIOBEYECKOMY (aKTo-
pY, HO HE B 001acTH CIy>KObl aBHAIIMOHHON 0e3-
OMAaCHOCTH), TOTJa KaK aBUaKaTacTpo(pbl MO
BUHE TEXHUYECKHX CPEICTB COCTaBIAOT 23 %
(253 cmydast) ot oOmiero yucia BCeX KaTa-

OOecnieueHne  0€30maCHOCTH  OOBEKTOB
TPAHCHOPTHON MH(MPACTPYKTYPHI SBISETCA BaX-
HEWIIeN CTpaTernuyeckom 3a1aden Kak JJisi rocy-
JapcTBa, TaKk M JUIsl OpraHu3alui-3KCIulyaTaH-
TOB, HENOCPEACTBEHHO 3aJIeHCTBOBAHHBIX B CO-
OmofieHnu TpeOOBaHUM U MPaBUI OTPACIEBOIO
3aKOHO/ATEIbCTBA Ha OOBEKTaX TpaHCIOPTA.
[TpoucuiecTBUS MPOUCXOAAT HA BO3IYIIHOM
TpPaHCIOPTE, TPU OSTOM cHenuduka OTPaACITH
HaKJIaJbIBa€T HA TaKHe CUTyallud OCOOBIN OTIe-
YaTOK — JaX€ HE3HAUYMTEJIbHbIE HapyIICHUS
NpaBUJ MPAKTUYECKH BCErJa MPUBOAAT K Tparu-
YECKUM TOCJIEJICTBUSAM — KPYLIEHUIO BO3TYIIIHO-
ro Cy/iHa, peau3aly TepakTa U ApyruM, KOTo-
pbI€ BIEKYT 3HAUUTEIHHOE YHUCIIO )KEPTB U BHY-
HIMTENBHBIA MaTepualbHblil ymep0. B obecne-
YeHUH OE30MaCHOCTH Ha TPAHCIOPTE 3aJ1eHCTBO-
BaHbl KaK COTPYAHUKU TOCYIApCTBEHHBIX Ipa-
BOOXPAHUTEIBHBIX OPraHOB M CHEIHAIbHBIX 0
cyx0, Tak U cIy>XObl aBUAIMOHHON Oe3omac- cTpod .

HOCTH aBUANPEANPHUATHI, YaCTHBIE OXPAHHBIE Hecmotps na obiiee BpeMEHHOE CHIDKEHHE
npexmpusTHI.  ObecrieueHne  6e30MACHOCTH MHUPOBOI'0 MAacCaXUPOMOTOKA B CBSA3U C MaHJe-

IPOM3BOAUTCA C IOMOINBIO CIIEHUATBHBIX TEX- mueit COVID-19 B 2020 roxy, uucno asuanpo-
HHUYCCKUX CpCIACTB (peHTFeHOCKOHI/I‘IeCKOC 000- 1

OBAHWE IOCMOTDA MACCAKINOB. VCTDONCTRA He3aBucumas 6a3a JaHHBIX aBUALMOHHBIX IIPOKCIIIE-
pya a P poB, yCcTp cTBUH [DnexkTpoHHbI pecypc] // planecrashinfo.com.

CIICKTPAJIPHOI'O0 aHaj3a BCIICCTB, MCETALIOAC- URL: https://www.planecrashinfo.com/cause.htm (nara
TCKTOPBI H HpOLI.), oreparopaMm KOTOPBIX BBI- obpamenwns: 10.01.2024).
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UCILECTBUM M MOTHUOLIMX MPOJOKAET OCTaBaTh-
Csl HA JOCTaTOYHO BBICOKMX 3HaueHusX. [lo man-
HbIM M3 OTuéra o Ge3omacHOCTH MexayHapo-
HOM  OpraHu3alMd  TPAKAAHCKOM  aBUALMH
(MKAO), 3a nepuon 20192021 rr. mpou3souuio
210 npoucmectsuii, morn6 641 uenosex’. Co-
IJIACHO CBEIEHUAM MeXrocyaapcTBEHHOTO aBHa-
nuoHHoro komurera (MAK) B 2022 r. B rpax-
JTAHCKOM aBHAllMU FOCYAAPCTB — YYACTHUKOB MEX-
rOCYZIapCTBEHHOIO0 COITIAILEHUS O TPaKIaHCKOU
aBMalMU U 00 MCIOJIb30BAHUM BO3AYILIHOIO IPO-
CTpaHCTBa MpOoU30LUI0 39 aBUALIMOHHBIX IPOUC-
IIECTBUI1, B TOM uncie 15 karactpod, B KOTOPBIX
Toru6o 28 YeoBeK .

HanpsbxkenHass MupoBast M OJUTHYECKasT 00-
CTaHOBKA TIOBBIIIAET BEPOSTHOCTh BO3HUKHOBE-
HUSl TEPPOPUCTUYECKHX YIPO3 Ha TPAHCIOPTE.
Ilo manHbIM HanuoHanbHOrO aHTUTEPPOPUCTH-
yeckoro komuteta (HAK) Poccuiickoit denepa-
uu, ¢ ¢espaist 2022 r. mo utoHb 2023 r. ObLIO
NpEeIoTBpalIeHO 28 TUBEPCUN M TEPAKTOB HA
00BeKTax TpaHCIopTa'. 3HAYMTENBHOE UHCIIO
TEPPOPUCTUYECKUX AKTOB SIBISETCA CIEICTBHEM
CHUCTEMHBIX HEIOCTaTKOB B IIPOBEICHHM JIO-
CMOTpPOBBIX U IPOBEPOYHBIX MEPOIPUATUI CO
CTOPOHBI CITy:K0 0€30MacHOCTH, YTO TAKXKE MO-
TBepxKaaeTcst cooprTrsiMu 11 centsopst 2001 1. ¢
3aXBaTOM M KPYLICHHSIMU BO3AYIIHBIX CYJIOB B
CIIJA u apyruMu akTaMyd aBHAIlMOHHOI'O TEPPO-
pu3Ma B mupe [2].

PaccmarpuBas mnpoueaypy ordopa KaapoB
ClIeZlyeT OTMETHTbh, YTO CYIIECTBYeT Ipoliema
BBIOOpa KaHIMJATa, KOTOPBIH OYyIeT COOTBET-
CTBOBAaTh KPHUTEPUSM JOJDKHOCTH B IOJHOM

2 ICAO Safety Report. 2022 Edition [DneKTpOHHEIH pe-

cype] // ICAO, 2022. 24 c. URL:
icao.int/safety/Documents/ICAO_SR 2022.pdf (nara
obpamenwnst: 11.03.2024).

CocrosiHre 6€30MaCHOCTH MOJIETOB B TPAXKIAHCKOM
aBHAIIMH TOCYJapPCTB-yYaCTHUKOB COTJIALICHHS O FPa-
JaHCKOH aBHAlMK ¥ 00 UCIIOIb30BAHHU BO3IYIIIHOTO
npocTpaHcTBa B 2022 1. [OnekTpoHHBIH pecypc] //
MAK. M., 2023. 62 c. URL: mak-
iac.org/upload/iblock/125/c2co11aksaur3c7ou08vO0rb5c8
siurrv/bp-22.pdf (mara obpamenuns: 11.03.2024).
UzBectusi. HAK cooOrmmi o npenorspariesnyu 28 au-
BEPCH U TEpaKTOB Ha TpaHcnopTe ¢ pespais 2022-ro.
[DnexTponnsrii pecypc] // U3sectus. 2023. URL:
iz.ru/1527474/2023-06-13/nak-soobshchil-o-
predotvrashchenii-28-diversii-i-teraktov-na-transporte-s-
fevralia-2022-go (nata oopamenus: 11.03.2024).
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0o0BEME COTNIACHO 3asBICHHBIM TPEOOBAHUSM.
Cy1iecTByeT MHOXKECTBO CIIOCOOOB OTOOpa Kaj-
POB C MTOMOIIBIO POBEJCHUS MICUXOIOTUYECKUX
U MICUXO(HU3UOIOTUIECKIX TECTOB, HHTEPBBIO U
pod., MEXKIY TEM CYLIECTBYET mpodiemMa BbIOO-
pa y KaapoBoro paboTHHKA B TOM CiIy4ae, Korja
KaHIUAAT MOXKET 00JaaTh PSAAOM BBICOKHX IO-
Kaszareled ero JMYHOCTH M KBaTH(DHUKAINH, TO-
I/1a KaK Jpyrue mokazaTenu OyAdyT HaXOAUTHCS
Ha JOCTaTOYHO HHU3KOM ypoBHEe. B ciyuae ¢
KJIACCMYECKHMH CUCTEMaMH OTOOpa KaJIpoB, T
pa3IUYHBIC KPUTSPUU KaHIUAATA CKIIABIBAFOTCS
B 00mmii 0amn CyMMHUpPOBaHUEM, CYIIECTBYET
npoOjema, Korja OJHU HHU3KHE TOKa3aTeln
KOMIICHCUPYIOTCS JAPYTUMHU BBICOKHMH, YTO B
[[EJIOM TIPUCBAMBACT KaHAWIATy OOIIMIA BBICO-
kuii 6amn. B TakoM ciiydae 1enecoo0pa3Ho Hc-
MOJIb30BaTh METOJBI 0TOOpPA, KOTOPBIE TIO3BOJIST
BBISIBUTH HanOosiee cOalaHCUPOBAHHOTO IO CBO-
UM KadecTBaM KaHAWJAaTa, a B CIydyae HaIH4dus
HECKOJBKMX KaHAWJATOB — B YIOOHOU (opme
CPaBHUTH UX MEXY CO0Oii.

BrlmensnoxkeHHoe axkTyaau3upyer mnpoodle-
My 0TOOpa KaJpoB B CIIy>KOy aBHaLlMOHHOM 0e3-
OTMAaCHOCTH W HEOOXOJMMOCTh pPa3pabOTKH H
BHEJIPCHUSI HOBBIX METOJIOB MPOBEACHUS KaJpO-
BOH pa0OThl Ha aBUANpeAnpHUATHSAX. PemieHue
po0JieMbl U 0TOOp HanboJee MOIXOIAIINX KaH-
nunatoB Ha nopkHocTd B CAB aBuanpeanpusi-
TUS TIO3BOJUT CHU3HUTHh PUCK BO3HUKHOBEHUS
YpEe3BbIYANHBIX CUTYyaI[Mi B aBUALIMU, COXPAHUTh
YeJIOBEYECKUE JKU3HU M TPEJOTBPATUTH 3HAUH-
TEJbHBIN MaTepUaIbHbIN yepo.

MeToanbl 1 MeTO10JIOTUSA
HCcJIe10BaHUusA

MC)KILYHapOI[HI)IMI/I " JIOKaJIbHBIMHW HOpMa-
THUBHO-TIPAaBOBBIMH aKTaMH CTPaH YCTaHOBIICH
psAn KpUTEpUEB, KOTOPHIM JOJDKHBI COOTBET-
CTBOBAaTh COTPYIHHKH CIIy>KObI aBHAI[HOHHOW
6esomacuoctr %% Bompocam or6opa Kaz-

> Doc 8973/9: PykoBOJICTBO IO aBHAIIMOHHO# 5€3011acHO-
cru. 9-e u3g. // UKAO, 2014. 152 c.

¢ MdenepanbHblii 3aK0H «O TPAHCIOPTHOH GE30MACHOCTI
ot 09.02.2007 Ne 16-®3 [Dnexrponnsiii pecypc] // Kon-
cynsTanTlmtoc. 2007. URL:
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POB B aBHAIIMM M YEJIOBEUECKOMY (PaKTOpy Tak-
K€ TIOCBAILEH psAJ Hay4HbIX padoTt [3—8].
HccnenoBanusi KaHIUAATOB HA COOTBETCTBHE
3aHMMAaeMOI JTOJKHOCTH, KakK NpaBUio, MPOBO-
JISITCS TIO IBYM HAIPaBJICHUSM: a) TICUXOAHArHO-
CTHKa U (WIM) NMCUXO(PU3UOIOTNYeCcKasi JUarHo-
cTuka; 0) omneHka kBanudukauuu. Mccrnemosa-
HUSl OCYILECTBJISIIOTCS KaK C IOMOIIbIO 3arodi-
HEHUS TECT-OMPOCOB, TaK U MyTEM IMPOBEICHUS
cobeceroBaHUi (MHTEPBHIO) MPODUIBHBIMHA CIIe-
[UANTUCTaMH, pa3dopamMu «KEHCOBY», pa3iIHyYHBI-
MU MPAKTHYECKUMH 3amaHusMu. OCHOBHBIE Oa-
30BbI€ TMOKAa3aTelu KaHAMIATOB (KaK IMCHUXOIIO-
TMYECKHE, TaK U TCUXO(HU3HOIOTHIECKHE) Olle-
HUBAIOTCA C MOMOIIBIO KIACCHUYECKUX METOJUK
TecTHpoBaHus. PaccmarpuBas Takue M3BECTHBIC
METOJIMKH TICUXOJIOTUYECKOW TUArHOCTUKU de-
JIoBeKa, Kak MMWHHECOTCKMM MHOT0aCHEKTHBIN
TUYHOCTHBIH  ompocHUK (MMPI), onpocHuk

https://www.consultant.ru/document/cons_doc LAW 6
6069/ (nara obpamenus: 11.03.2024).

7 denepanpHas cUCTEMa IOATOTOBKH MEPCOHANA B 00/1a-
CTH aBHAIMOHHOW Oe3omacHocTy (HannoHansHas mpo-
rpamma MoJroTOBKH MepcoHasa B 00JacTH aBUALMOH-
HoU Oe3omacHOCTH) [DaekTpoHHbIN pecypc] // Mun-
tpanc P®. 2019. URL: https://mintrans.gov.ru/
documents/7/9960 (nata oopamenwus: 11.03.2024).

¥ enepanbHas cucTeMa 0OECIICUCHNS ABHALIHOHHOM 6e3-
onacHoctd (HaumoHasnpHas IporpamMMa aBHalMOHHOM
6e3omacHoCcTH) [DNeKTpOHHBIH pecypc] / MuHTpaHc
P®. 2019. URL: https://mintrans.gov.ru/documents/
7/9958 (mata obpamenns: 11.03.2024).

’ Tlpukas Muntpanca Poccuu ot 21.08.2014 Ne 231 «O6
yrBepxkaeHnn TpeOoBaHMi K 3HAHHSM, YMEHHSIM, HABbI-
KaM CHJ1 00ecTieueHHsT TPAaHCIIOPTHOM 0€30MacHOCTH,
JINYHOCTHBIM (NICUXO(pHU3HOIIOTMIECKUM) KauecTBaMm,
YPOBHIO (pH3HUYECKON TOATOTOBKH OTACIBHBIX KATET0-
puii cuit obecrieueHus TPAHCIIOPTHOM O€30MaCHOCTH,
BKJIFOYast 0COOEHHOCTH POBEPKH COOTBETCTBHSI 3HAHUH,
YMEHHi1, HABBIKOB CHJT 00ECIICYSH S TPAHCIIOPTHOM
0€30MacHOCTH, JINYHOCTHBIX (IICHXO(PH3UOTOTHYESCKUX )
Ka4eCTB, yPOBHS (PU3NUECKON MOJTOTOBKH OTACIBHBIX
KaTeropuii Cui obecredeHus TPAaHCIIOPTHOH Oe301acHo-
CTU MPUMEHHUTEIILHO K OTJCIbHBIM BHAM TPAHCIOPTa»
[DnexTponnsii pecypc] // Tapant. 2017. URL:
https://base.garant.ru/70765790/ (nara oOparueHus:
11.03.2024).

' TIpoexr IMpukaza Muntpyna Poccun «O6 yTBepkeHun
npodeccronansHoro crangapra «Crenuaiuct TpaHc-
MOPTHOI ¥ aBHALIMOHHOM G€30MaCHOCTH Ha BO3IYIITHOM
TPaHCIIOPTE TPAXKIAHCKOH aBHal» (T10 COCTOSTHUIO Ha
06.02.2020) [DnexTponHslii pecypc] // I'apant. 2020.
URL: https://www.garant.ru/products/ipo/prime/doc/
56722332/ (nara oopamenus: 11.03.2024).
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arpeccun bacca — [leppu (BPAQ), nuyHOCTHBIN
onpocHUK I'. Ali3eHKa U Apyrue U3BECTHBIE pa-
00ThI, cienyeT oOpaTHUTh BHMMAaHHE, YTO MOJ-
CYET pe3yJbTaTOB OCYIIECTBISETCS CyMMOM
6amoB [9-15].

Hayunyio 6a3y OOJbIIMHCTBA CYILIECTBYIO-
IIMX TICUXOJOTUYECKUX TECTUPOBAHUN COCTaB-
JSIFOT JJAHHBIE O BBIOOPE TE€X I MHBIX OTBETOB
JULAMU C Pa3IMYHBIMU JMATHO3aMH, CKIOHHBI-
MU K T€M WJIA UHBIM OTKJIOHCHMSIM U UX CpaBHE-
HUE C JaHHBIMH HOpPMAaTUBHOW rpymnmbl. Tect
MMPI (unu ero Bapuanuu, HarpuMep pacrpo-
cTpaHeHHblii B crpanax CHI' CMMIJI) cocrout
n3 Oonmee 500 yTBepKaeHUM, O0Opa3yONINX
10 OCHOBHBIX JUMAarHOCTHMYECKUX IIIKaJl, MOKET
co/iepXKaTh U JOTMOJIHUTENIbHBIC mIKaibl [16]. Ha
KOKJI0€ W3 YTBEPKICHUM KaHIUOAT JIOJKEH
MPEIOCTABUTh OTBET «BEPHO», «HE BEPHO» HIIU
«He Mory ckazaTb». OTBET, COBNAJAIONIUN C
KJIIOYOM, OlleHMBaeTcs B oauH Oamt. Ha ocHoBa-
HUU MOJYYEHHBIX OLIEHOK MPOUCXOIUT MOCTPOE-
HUE TaK Ha3bIBAEMOTO MPO(HIIS TUIHOCTH, B pe-
3yJbTaTe 4yero OaibHbIe OLIEHKH MEPEBOISTCS B
BU/JI CTAaHJAAPTHBIX UIsl TECTA CO CPEIHHUM 3Haue-
Huem 50 u cTtaHgapTHBIM OTKJIOHeHueM 10, rae
BBIXO/J] 32 MpEeJeIibl OTKIOHEHUsS OyJIeT paccMaT-
pYBAThCS KaK Ta WIM MHas MATOJIOTHs WIH OCO-
OCHHOCTh JINYHOCTH, B 3aBUCHUMOCTH OT CHJIBI
otkionenus [17]. IIpumep momcuera GamioB u
OIICHKHM KaHIHMAaTa Mo TaKOMY TECTYy OyIeT BbI-
JBSIIETh TaKUM 00pazoM, 4To mokaszaHusti ot 30
10 70 MOryT paccMaTpuBaTbCs KakK BapUaHThI
HOPMBI WJIM HE3HAYUTEIbHBIX OCOOEHHOCTEH,
torna Beixoa 3a 70 u 30 COOTBETCTBEHHO — KakK
OoJee cepbe3HbIe U3MEeHEeHUs (puc. 1).

ITo pe3ynbpratam MmomoOHBIX TECTOB HauOO-
jgee NPEeANOYTHUTEIbHBIMU OyIyT KaHAMIATHI C
HanOosee cOATaHCUPOBAaHHBIMH M YMEPEHHBIMU
yepTamMu Xapakrepa, JUYHOCTU. OIpeneseHHy o
OTAaCHOCTh OTHOCHUTEJIBHO CTa0MIIBHOCTH (B J0J1-
TOCPOYHOM MEPCHEKTHBE) W B3BEIICHHOCTH JCH-
CTBUH y Oynymiero paboroaarens, TeM Ooliee Ha
OTBETCTBEHHBIX JOJKHOCTSX, CBSI3aHHBIX C IIPO-
THUBOJEHCTBUEM HAPYLIUTEISAM (MPECTyITHUKAM,
TEPPOPUCTaM U Jp.), MOTYT BBI3bIBaTh COTPY-
HUKH C SIPKO BBIPAKECHHBIMHU YepTaMH XapaKTepa
U KpallHUMH OCOOEHHOCTSMM JMYHOCTH, 4YTO
MOJATBEP)KIAET TEOPHs AKLEHTYyalluu, U3JI0XKEH-
Has B Tpynax K. Jleonrapaa [18].
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Puc. 1. [Ipumep 3HaueHHs OLIEHKH TUYHOCTHU 110 Tecty CMIUIJI
Fig. 1. An example of the personality assessment value on the SMPRM (standardized
multi-factorial personality research method) test

B kauecTBe KpuTepHeB B paMKax NPOBEICH-
HOTO WCCIIEZIOBaHUS OBUIM yCTAHOBJICHBI: OIIBIT
paboThl, pu3nyeckue KauecTBa (Cuia, BHIHOCITH-
BOCTh W TIPOY.), CTPECCOYCTOMUYMUBOCTh, KOPPYI-
IIUOHHAsl yCTOMYUBOCTh, YPOBEHb O0Opa30BaHMs,
0coOble KadecTBa (HaIM4YMe OCOOBIX 3acCiIyr WU
JOCTH)KEHUI), MOOMJIBHOCTP M aJJalTUBHOCTH
(criocoOHOCTH K aJanTalvy B HOBBIX YCJIOBHMSIX,
penokanuu U npod.). Cieayer OTMETUTh, UTO
MOJl TICHUXOJIOTUYECKHMMHU KAueCTBAMH MOXET
YUUTBIBAThCSl OOLIasi MCUXOJOTMYECKasi OIeHKa
KaHAWJaTa Ha OCHOBAaHMHM HECKOJBKHX MpPOBE-
JICHHBIX CHEIMaIM3HPOBAHHBIX TECTOB, pac-
CMOTpPEHHE KOTOPHIX HE BXOJIUT B 3a7a4l HACTO-
auiero uccinepoBanus. Hexkoropele u3 nepednc-
JICHHBIX KPUTEPHUEB MOTYT OBITh MOITBEPKIACHBI
JIOKYMEHTaJIbHO 0€3 MPsIMOro B3aUMOJICHCTBHUS C
KaHauaaToM (YpoBeHb 00pa30BaHUS — IO JIOKY-
MeHTaM 00 oOpa3oBaHHMH, O0COOBIE KadecTBa IO
HAJIMYUIO TOCYIJApCTBEHHBIX U (WJIM) BEIOM-
CTBEHHBIX Harpaj, 0JarofapHOCTeH, OmbIT pado-
Thl — IO CBEJIEHUSAM O CTaK€ M3 JIMYHOTO Jeja
KaHauaaTa). Kpurepun MoryT oneHHMBATBhCS Kak
C TIOMOUIBIO MPOBEJCHNUS COOTBETCTBYIOIIUX Te-
CTUPOBAHUM, TaK U Ha OCHOBAHMUU 3KCIIEPTHBIX
OLICHOK IO pe3yJIbTaTaM MPOBEACHHBIX C KaHIU-
JJaTOM MHTEPBbIO, BBINOJIHEHHS 3aJJaHUi WK Ha
OCHOBAHMU MPEIOCTABICHHBIX JJOKYMEHTOB.
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B pesynbTare mnpoBeneHHMs TECTHPOBAHUS
KaHIUJaTa U BBIABICHUS ICUXO(HU3UOIOTHYE-
CKUX ¥  KBATU(HUKAIMOHHBIX IOKa3arenen
HR-crnenmanuer mnony4yaer pgaHHble B BHJIE
Ha0opa MTOTOBBIX OLICHOK MO KPUTEPUSM, KOTO-
pbI€ JOJDKHBI TO3BOJIUTH OCYILIECTBUTH BHIOOD
HauOosee mpuroaHoro kanaupaara. [lox ycnos-
HbIM TPUTOJHBIM CJEAyeT HNOHMMATh TaKOIo
KaHAMJaTa, pe3yIbTaThl TECTUPOBAHHS KOTOPOTO
UMEIOT BBICOKHE OauIbl MO OOJBIIMHCTBY KpH-
TEpUeB B Cllyyae, €ClId 3TO CPABHUTEIIBHOE Te-
CTUPOBAaHUE KaHAMJATOB, U HE MEHEE YCTaHOB-
JICHHBIX, €CJIM 3a/1aH ONpe/eCHHbIII MUHUMAJIb-
HBIi ypOBEHb IO KpUTEpUAM (HEOOXOAUMBIN
MUHMMYM). Bo3HuKaeT 3ajaya OLIEHUTh OJTHOTO
KaHIuJaTa cpaszy I0 HECKOJIBKUM KpPUTEPHUSM,
KOTOpbIE MOTYT HE MUMETh OOLIeH MIKalbl U 3Ha-
YUTENBHO pa3auyarbes. B Takom ciydae TpeOy-
€TCsl pelieHue Mmoa3agay oOpabOTKU U arperu-
pPOBaHUS pe3yJbTaTOB, KOTOpas TpedyeT mpume-
HEHMS PA3JIMYHBIX CIIOCOOOB.

B Hacrosiiiee Bpemsi paclipOCTpaHEHbI TUIIO-
Bbl€ CIIOCOOBI arperupoBaHus MOKa3zaTeslel KaH-
IUAATOB (NMpUMEHSEMBIE TaKXe [UIsl IOJAcYeTa
OLIEHOK B cHucTeMe 0Opa3oBaHUs, pEeHTHHIa Ur-
POKOB B CIIOpPTE€ M IpPOY.), B OCHOBE KOTOPBIX
JeKaT clelyrolue MPUHIHKIBI [T0JICYeTa UTOTo-
BBIX pe3yJIbTaToB (0aioB):
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Taoauma 1
Table 1

Kputepuu oneHuBaHus KaHIUIATOB Ha JOJKHOCTh HHCiekTopa CAB
Criteria for evaluating candidates for the position of the Aviation Security Service inspector

Ne ni/m Coxkp. Kputepuii kanauaara Onucanne KpUTEPHUsi KAHAUIATA
Ha3BaHHUe
KpuTepHsi
1 OP OnbIT paboTHI OnbIT pabOTH B aHATOTHYHOMN TOJDKHOCTH
2 OK Omsnueckre kauecTBa | Dusnveckue KayecTBa KaHauaaTa (Tpyrmma 310poBbs, ¢u-
3udeckas popma)
3 [K [Icuxonmoruyeckue MopanbHas yCTOWYUBOCTb, CTOHKOCTh, BOJIEBBIE UEPTHI
KaJyecTBa XapakTepa u Jip.
4 cy CrtpeccoycroitunBocth | CroCOOHOCTh 0€30TKA3HO BBIIOIHATH JTOJKHOCTHBIC
00513aHHOCTH B CTPECCOBBIX CHTYaIUIX
5 KY Koppynuuonnas CriocoOHOCTh MPOTUBOCTOSTH KOPPYIIIHOHHBIM UCKYTIIE-
YCTOWYUBOCTD HUSIM
6 YO YpoBeHb o0pazoBanusi | O6muit ypoBeHb 00pa3oBaHus M 3HAHUU
7 OK Oco0ble kayecTBa YpoBeHb 0COOBIX HABBIKOB M Ka4€CTB, HEOOXOIUMBIX
JUIs1 BBITIOJTHEHUS! JOJDKHOCTHBIX 00513aHHOCTEH (Halu4ne
0COOBIX 3aCIyT, MPOSIBICHUE OTBATH U MTPO. )
8 MA MoOUIBHOCTB I'oToBHOCTS K nEpee3ay, pesIoKaluu, alalTHBHOCTh
Y aJanTUBHOCTD K HCHOPMHUPOBAHHOMY paboueMy AHIO U Jp.

1) meron cymmbl OajyioB U €ro BapHalUH.
[TpousBoauTCsl CyMMUpOBaHHE OaloB MO BCEM
KpUTEPUAM WM BBIYMCIIEHUE CpelHEeapuPMeETH-
YECKOr0 3HAYEHHUs 0 BCEM KPUTEPHUSAM KaHIU-
Jara;

2) MeToJl CyMMbl OajlIOB OIIEHKH C BECOM
Kputepus. Brruucienue cpenHeapupmeTHye-
CKOT'O 3HaY€HUs 10 BCEM KPUTEPUSAM KaHAWUJATa,
IZIe KaXIbId KPUTEPUM HMMEET yCTaHOBJICHHBIN
DKCIIEPTAMHU BEC;

3) uHbBIE METOJbl arperupoBaHUs U OLEHKU
KpUTEpHEB, HHPOpMALU O MPUMEHEHUU KOTO-
PBIX NP NPOBENECHUU KAJAPOBOr0 O0TOOpa OTCYT-
CTBYeT (METOJl B3BELICHHOH CyMMBI KpUTEpHUEB
(MBCK) [19], meton ELECTRE [20], npaBuia
bopaa [21] u np.).

[IpumeHeHre THUNOBBIX METOJOB C LENbIO
BBISIBICHUSI COOTBETCTBYIOILETO TpeOOBaHUAM
KaHJuJaTa MOKa3bIBAECT HA MPAKTUKE Pa3IMYHbIE
pe3yJIbTaThl, KOTOpbIE MOTYT HE BCerja MNpel-
CTaBUTh OOBEKTUBHYIO U PEATUCTUYHYIO KapTH-
Hy 0 KaHaujaare. B Hauane uccnenoBanus Obuia
CMOJIEJIMPOBaHa yCJIOBHAsl CUTyalUsl ¢ BHIOOPOM
KaHIUAaTa Ha JOJDKHOCTB IO Pa3jIMYHBIM THIIO-
BBIM crioco6aM. J[7ist 3Toro ObUTO MpencTaBIeHO
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HaJM4KMe YEeThIpeX KaHAWAATOB Ha JIOJKHOCTH
MHCIIEKTOpa CIIyObl aBHAIMOHHOH Oe30macHo-
CTH ¥ c(POPMYITUPOBAHBI KPUTEPHUH IS UX OIC-
HUBaHMA (Tabd. 1).

[Tocne ananmu3a pe3ynbTaTOB HAyYHBIX J0-
CTH)KCHUM, BKIIOYAIOMIMX KIACCHUYECKHE METO-
JIUKH TICUXOJIOTUYECKOTO U KaJPOBOTO TECTUPO-
BaHus ¥ 0TOOpa [9-17], a Takxke MaTeMaTHKO-
MICUXOJIOTUYECKUX TOJXO0J0B, B TOM YHCIIE Ha
ocHoBanuu mogneneit B.A. Jledespa [22, 23] u
WHBIX KOMOWMHHMPOBAHHBIX MOJEIEH M METO-
IoB [2], B paboTe mpeiokeHa MIKanda OICHOK
KaHIMJaTa CO CJIEAYIONMMU OauIbHBIMU TOKa-
3aTensaMu (Tadm. 2).

B pesynbpTaTe sKCHEpTHOrO OIICHUBAHUS dYe-
ThIPEM KaHJ1JaTaM ObUIH BBHICTABJICHBI OLIEHKU B
Oayiax, mpeacTaBiIeHHbIC B Ta0. 3.

B kauecTBe mepBoro mpumepa pacyera ObLI
WCIIOJIb30BAaH METOJ TMOJICYETa CYyMMBbI 0aJlIOB U
ompezeneHue cpeaHeapupMeTHIecKoro 3Hade-
HUS UTOTOBOTO 0Oayuia 1Mo KaKIOMY KaHIUIATy
(Tabm. 4).

B kadecTBe BTOpOrO TMpuMepa pacuera HcC-
MOJIb30BaH METO/I, aHAJIOTHYHBII TIEpBOMY, B KO-
TOPOM JOTIOJTHUTENIBHO 3aJIaH BEC KaXKJOTO KpH-
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Taoauna 2
Table 2

[IIxana o1EeHOK KaHIMIATOB Ha JOJKHOCTh HHCTIekTopa CAbB
The rating scale of candidates for the position of the Aviation Security Service inspector

3HauyeHHne OLEHKH Bbaan Onucanne
[IpeBocxoaHO 5 Pe3ynbTaT, NpeBOCXOIAIINNA OKUIAHUS
OTIU4YHO 4 Bricokuii mokaszarteib
Xopouo 3 CpenHuil nokasareib
Y 10BIIETBOPUTEILHO 2 Y 1OBJIETBOPUTEIIbHBIN MTOKA3aTEIb
HeynoBneTBopuTensHO 1 Y 1OBIETBOPSICT MUHUMAIHHBIM MPETBSIBISIEMBIM TPEOOBAHUIM

Taoanua 3
Table 3

Pe3ynbTaThl 3KCIIEPTHOTO OIICHUBAHUS KPUTEPUEB KaHANUIATOB
Ha J0JKHOCTh nHcnekTopa CAb
The results of the expert evaluation of the candidates’ criteria for the position of
the Aviation Security Service inspector

Kputepum onenkn
Kangunart oP OK IIK cy KY YO OK MA
Kagmunar 1 4 5 5 1 1 1 1 2
Kangunar 2 1 5 5 1 1 5 4 1
Kangunmar 3 3 4 3 2 2 2 4 3
Kanmupar 4 5 1 1 5 1 1 5 5
Taoauua 4
Table 4

PesynbraThl mogcueTa CyMMbl 0aJIJIOB M ONPEACTICHHUS CpeIHEapUPMETHIECKOTO
3HadeHMs Oajia KaHauAaTa Ha TOJDKHOCTE nHenektopa CAb
The results of calculating the sum of points and determining the arithmetic mean of
the score of a candidate for the position of the Aviation Security Service inspector

Kpurepun ouenxn Cymma | Cpenn. apud.
Kanauaar OP | ®K | IIK | CY | KY | YO | OK | MA | 0anios 0asn
Kangungar 1 4 5 5 1 1 1 1 2 20 2,5
Kangunar 2 1 5 5 1 1 5 4 1 23 2,9
Kangunmar 3 3 4 3 2 2 2 4 3 23 2,9
Kagmunar 4 5 1 1 5 1 1 5 5 24 3

TepUsl C MOMOIIBIO AKCIIEPTHBIX OIEHOK (Tpole-
Jlypa TIPOBEICHHOTO JKCIEPTHOTO OIICHUBAHUS
HC BXOJIUT B paMKI/I HaCTOAIICTO I/ICCJIGI[OBaHI/ISI)
(Tabm. 5).

PaccmoTpenue JaHHBIX O KaHIUIaTax B 000-
WX CIydasx MoKas3ano: B TaOJ. 3 eIWHCTBEHHBIM
cOaaHCUPOBAaHHBIM 110 CBOMM KPHTEPHUSM KaH-
oUOaToM sBiadgercs kamauaaT 3. Ero oneHku

pacupeeuiIuch JOCTaTOUYHO COATTAHCUPOBAHO
M0 BCEM KPUTEPHUSM M HAXOMIATCS HAa YPOBHE HE
Hke 2 OawroB. Kaummmatel 1, 2, 4 SBIAIOTCS
npuMepaMu HecOaTaHCUPOBAHHBIX IO KPUTEPHU-
sIM KaHJIUJAaTOB, KOTOpPhIE MMEIOT KaK KpaiiHe
HU3KWE TOKa3aTelu I0 psAay KpUTEPHUEB
(1 6amm), Tak U KpaiiHe BbICOKHE (5 OayIoB) MO
JIPYTHUM.
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Taoauua 5
Table 5

Pe3ynbTaThl mojcyeTa CyMMBI OaJUTOB KaHAWAATOB (33JaHHBII BEC KPUTEPHEB,
cpenHeapudmeTnyeckoe 3HaUCHNE) Ha JOHKHOCTh HHCekTopa CAb
The results of calculating the sum of the candidates’ points (the specified weight of criteria,
the arithmetic mean) for the position of the Aviation Security Service inspector

Kputepuu onenkn Cpenn.
Cymma

OP | ®K | IIK | CY | KY | YO | OK | MA | & apu¢.

Kangupar a8 0asn
05 | (06) | 07 |08 | ) | 04 | (0,5 | (03

Kanmupar 1 2 2 3 0,8 1 0,4 0,5 0,6 10,3 1,29
Kangunar 2 0,5 2 3 0,8 1 2 2 0,3 11,6 1,45
Kanmupat 3 1,5 1,6 1,8 1,6 2 0,8 2 0,9 12,2 1,53
Kanmunar 4 2,5 0,4 0,6 4 1 0,4 2,5 1,5 12,9 1,61

[Toy4yeHHbIe TaHHBIE CBUACTEILCTBYIOT, UTO
pe3yNbTaThl OIEHKU HE TMO3BOJISIIOT JIUILY, MpH-
HUMAIOIIEMY peIIeHHe, BBHIOpAaTh COOTBETCTBY-
IOLIEr0 JOJDKHOCTH KaHAuJaTa, 00JaJaroliero
cOalaHCUPOBAaHHBIMH TTapaMETPaMH, XapaKTepH-
3YIOIIUMHU €ro MNpo¢eCCHOHATIbHYIO IMPUTOA-
HOCTh JuIsl foipkHocTH mHcnekropa CAB. Vka-
3aHHBII NpuUMep TNpUBENEH A1 HEOOJIBIIOro
(Bcero ueTbIpe KaHJWJATa) YUCIA JIUII, a TaKXKe
5-0ayuTbHOM TIKaJIbl OIICHUBAHUS U BOCBMHU KpH-
TEPUEB OLEHKHU (XapakTepucTuk). CooTBeET-
CTBEHHO, MPHU POCTE YHClia KaHIWJATOB, YBEJIH-
yeHnHu KpuTepreB U 10-0ampHOM 1mIKane 3aqada
BBIOOpa HambOoJiee COATAHCHPOBAHHOTO W TIPH-
rOJTHOTO KaHuJaTa emie 0oiee yCIOKHUTCS.

Brimen3noXeHHBIM aHaAIU3 IIO3BOJIAET Cle-
JaTh BBIBOJ, YTO TPU BBHISBICHUH CIAOBIX H
CHWJIbHBIX CTOPOH KaHAWJAaTa, MPOMCXOAUT BO3-
HUKHOBEHUE CHUTYyallMH, MpPH KOTOPOH oOmas
(uToromast) OIlEHKA KaHAHWJATa MOXET HaXo-
TUTHCS HA IPHEMIIEMOM YPOBHE, TOTIa Kak (hak-
THYECKH OHa OyaeT oOpa3oBaHa Ha OCHOBAaHHUU
HECKOJIBKMX KpalHEe HU3KHX MOKa3aTesied U Of-
HOTO WM JBYX CJIHIIKOM BBICOKHX, KOTOpBIE
MOTYT UMETh HE TPEBATUPYIOUIYIO HaJl HU3KUMHU
BXHOCTh. Takum oOpazoM, CyMMUpOBaHHUE Oa-
JIOB TOKa3aTeseil KaHauaaTa Wi 3aJlaHue Beca
KpUTEPUSAM HE TMO3BOJSET OJHO3HAYHO BBISIBUTH
HauboJee COOTBETCTBYIOMIETO JTOJDKHOCTU KaH-
nuara.

B mensix mpoBepku TpenCcTaBICHHBIX JO0BO-
JIOB OBLT TIPOBEICH OTOOP COTPYJIHUKOB B CITYX-
Ob1 aBmarmonHoit Oe3zomacHoctn (CADB) aBua-
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npeanpusTHii. B mpouecce orbopa KaHIUIATOB
MPOU3BEIEHO CpaBHEHHWE THUIIOBOro crocola
OIICHKU KaHIWUJATOB CyMMHPOBAaHUEM OaJlIOB C
MPEIOKEHHBIM aBTOPOM CITIOCOOOM MOPOTOBOIO
arperupoBaHusi. B pe3ynbrare nmpoBeIeH aHAIU3
nokazatened A()PEKTUBHOCTH TMPEIaraeMoro
crocoba Ha MPaKTHUKE, YTO MOJPOOHO M3IO0KEHO
Janee Mo TeKCTy CTaThU.

Pe3y.]ILTaTI>I HCCJIeJ0BAHUA

Jlns ycTpaHeHus: KaJjpoBOro Je(UIuTa B CIIy K-
0ax aBmalMOHHOH Oe3omacHocTH B 2022-2023 rT.
opranmzaiusi OO0 «I'ocobopoH3akas» MpPOBOIH-
Ja oTOOp KaHAWAATOB U3 YMCIIa PEKOMEHJIOBaH-
HBIX OBIBIIMX COTPYAHUKOB IPABOOXPAHUTEIHHBIX
OpPraHoB ¥ BOEHM3MPOBAaHHBIX OpraHu3auuil (yBo-
JICHHBIX C MPEXHUX MECT paboThl HE MO OTPHILIA-
TEIbHBIM MOTHUBaM) it KomruiektoBanus CADB
JIByX POCCHUUCKHUX aBHANPEAIIPHUATUN, YTO U TIO-
CITy>KUJIO Hay4HOU 0a30¥ 1S MpOBeIeHHs TaHHO-
ro ucciefoBaHus. B paMmkax oxpaHbl MEpCOHAIIb-
HBIX JTAHHBIX, KOH(PUICHIINATBLHON HHBOPMALIUH U
KOMMEPYECKON TaliHbl aBUANPEANIPUATAN JaHHBIE
0 KaHJHJaTaX M KOHEYHBIX 3aKa3uMKax HCCIIeAOo-
BaHMs HE PUBOJIATCS.

B uccnenoanun paccmarpuanocs 30 kaH-
JIMIaTOB, KOTOPBIE OBUIN pa3/IeIeHbl Ha JIBE PaB-
Hple Tpynmbl (rpynoel 1 w2, Tabn. 6-7).
N3 ka0t rpynmel BEIOPAHO CEMb KaH/IHIATOB,
Haubosee COOTBETCTBYIOIIMX IO CBOMM Xapak-
TEPUCTUKAM JOJDKHOCTHM HHcrekTopoB CAD,
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Taoauua 6
Table 6

I'pymnma 1 — ot6op 15 KaHaAUAATOB METOIOM TIOJICUETA CYMMBI 0aJllIOB
U oTpesieNieHue cpeaHeapu(hMETHIECKOro 3HAUCHUSI UTOTOBOTO Oallia KaHauaaTa
Ha JOJLKHOCTH nHenekropa CAb
Group No. 1 — selection of 15 candidates by calculating the sum of points
and determining the arithmetic mean of the final score of the candidate
for the position of the Aviation Security Service inspector

KpuTtepuu oneHkn Cymma Cpenn.

Ne Kawmupar | OP | ®K | IIK | CY | KV | YO | OK | MA | 6amios aﬁl;';‘}';
1 Kanmupar 1 2 3 1 2 5 5 1 4 23 2,88
2 Kangnnar 2 4 3 5 2 1 4 4 3 26 3,25
3 Kanonnar 3 1 2 4 3 1 1 2 2 16 2,00
4 Kanannar 4 2 3 1 1 3 2 3 4 19 2,38
5 Kangunmar 5 1 1 5 3 2 2 3 4 21 2,63
6 Kangunar 6 5 1 5 5 1 4 5 4 30 3,75
7 Kaunngumar 7 4 1 3 4 2 1 4 5 24 3,00
8 Kammunar 8 2 4 1 3 2 2 1 3 18 2,25
9 Kaunumar 9 4 4 2 3 1 1 5 3 23 2,88
10 Kangumar 10 5 3 3 1 5 1 5 1 24 3,00
11 Kangupar 11 3 2 5 2 3 4 3 2 24 3,00
12 Kangupar 12 4 3 5 2 4 5 2 4 29 3,63
13 Kangugar 13 3 5 2 3 3 1 3 4 24 3,00
14 Kangupar 14 1 3 3 5 2 1 2 1 18 2,25
15 Kangugat 15 4 3 3 2 2 4 3 3 24 3,00

C YCIIOBUEM TOCJIEIYIOLIEr0 MPOBEACHUS MOHH-
TOPUHTA PE3yJIbTaTOB MPOXOKIECHUS UMH HCIIbI-
TaTEIBLHOTO CPOKa Ha MPEPUATHUH.

1. Cnoco6 cymmupoBanusi 0aJ1J10B
JJISl OLEHKHN KAHIM/IaTOB

I'pynnma 1 — 15 kaHaAMIAaTOB Ha JOJKHOCTH
uHcnektopoB CAB  momy4ywin  3KcClepTHBIE
OLICHKH  XapaKTEePUCTHUK, TMPUBEIEHHBIX B
TalJs. 2, ¢ TPUBICYCHHEM YETHIPEX SKCIIEPTOB
KaJIpOBOIr0 ToJpa3zenieHus padoroparens, HX
pe3ysbTaThl ObLTH O0paOOTaHBI THUIIOBBIM CITO-
coO0M CyMMHpOBaHUs OAJIJIOB C HaXOXJICHHUEM
CpeaHero apu(MeTHIECKOro 3HaYCHHUSI.

B pesynbprate 00paGOTKM OBUTH TOJYYCHBI
3HA4YEHUS, PEICTaBIICHHBIC B TA0II. 6.

W3 rpynmer 1 661010 0TOOpaHO cemMb Hanboee
MOAXOSANINX KaHIUIATOB C CAMBIMH BBICOKUMU
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OartamMu, MU CTaIH KaHIUAAThl C HOMEpaMH 6,
12, 2,7, 10, 11, 13. B oueHke npuHUMAaIu y4da-
CTHE YeTBIpE JKCIepTa KaapoBOro IMOJpa3jelie-
HUsa pabotomarens. Kammmmar 15 Oblm cHAT
C pPacCCMOTpEHHUs B MPOLIECCE OLIEHKU Pe3yJibTa-
TOB MO OOBEKTUBHBIM NpuuuHaMm. [lepeuncien-
HBbIC KaHAWIAThl OBUTH TMPHUHSATHI HA JTOJDKHOCTHU
nHcnektopoB CAB ¢ ucnbITaTEIbHBIM CPOKOM
3 Mecsua Ha aBuanpeanpusitue 1.

2. Cnoco0 oT00opa KagpoB MEeTOI0M
MOPOroBOro arpernpoBaHus

1 MHOTOKPHUTEPUAIbHOE OLICHUBAHHE
¢ HEKOMIIEHCATOPHBIM XapaKTepoM

I'pynna 2 — 15 xaHAMAATOB MOJIYYWJIU JKC-
NEPTHBIE OLEHKH KPUTEPHUEB OT YETHIPEX 3KC-
NEPTOB KaJPOBOTO MOJpa3eNeHusi paboronare-
ns1. [lomy4yeHHbIe pe3ynbTaThl CTAIM UCXOIHBIMU
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Taoauna 7
Table 7
I'pynna 2 — pe3ynbTarhl S3KCIEPTHOTO OLIEHUBAHUS 15 KaHIUIaTOB
Ha JoJKHOCTh nHCcekTopa CAbB
Group No. 2 — the results of the expert evaluation of 15 candidates
for the position of the Aviation Security Service inspector
Kpurepum onieHkn

Ne Kanguaart oP DK IIK Ccy KY YO OK MA
1 Kaggnnar 1 1 2 4 2 5 2 2 2
2 Kaggnnar 2 1 3 3 5 3 1 2 4
3 Kangnnar 3 5 5 1 3 4 2 1 1
4 Kaununar 4 3 3 3 1 5 2 2 5
5 Kangunmat 5 5 1 2 2 5 4 2 3
6 Kanannar 6 5 4 3 3 1 5 2 1
7 Kaggnnar 7 2 5 1 3 1 3 5 5
8 Kaumumar 8 5 3 1 3 5 1 3 1
9 Kanaumar 9 4 5 4 2 4 1 3 4
10 Kangunat 10 5 5 3 5 4 1 3 5
11 Kagmumar 11 5 3 1 2 4 3 1 3
12 Kanmumar 12 1 2 5 3 3 4 3 5
13 Kangumar 13 5 4 5 4 1 3 3 3
14 Kangunat 14 3 2 5 5 5 2 2 3
15 Kagmunmar 15 1 2 4 4 2 2 5 3

JAaHHBIMU 7S UX 00pabOTKH METOJOM MOPOTo-
BOT'0 arperuposanus (Tad. 7).

Kak crnenyer u3 Tabn. 7, pe3ynabTaThl JKC-
MEPTHOTO OIICHUBAHUS HE TIO3BOJWIH OJTHO-
3HaYHO BBIOpaTh HamOoJee MOAXOIALIETO KaH-
nUaata, T.€. ONPEACTUTh YCIOBHBIA HHJIEKC
MPENNoYTeHus, T.K. OJHH KaHAWUIATHl MOTYT
MPEyCIeBaTh MO OJHUM TOKa3aTeIIsIM, TOTIa KaK
IpyrHe ycTynaTb B HHUX, HO TpEycleBaTh B
HHBIX.

DT0 U ABNSETCS aKTyallbHOM 3ajmadeid, KOTo-
pas OblIa pelrreHa MEeTOI0M MTOPOTOBOTO arperu-
pPOBaHMSI M MHOTOKPUTEPHAILHOTO OLIEHWBAHUS
C HEKOMITCHCATOPHBIM XapakTEpOM, UTO TaKKe
YCHEIIHO MPUMEHSIIOCh Ui PELIEHUs JPYTUX
npukiagaeix 3anad [24-31]. CormacHo o0mei
TEOpeTUYecKoll 0a3ze MOPOTOBOTO arperupona-
HUS M pacueTa TaK Ha3bIBAEMOTO MHJEKCA Mpe/-
nouTeHUs (Itpreshorq): MHOKECTBO albTEPHATUB
A oueHuBaroTcsd Mo n Kpurepusim. Beem x usz 4
COTIOCTaBJIEH BEKTOp (X, ..., X,), TAE X; — paHr
KaHauaaTa mo kpurepuro i. COOTBETCTBEHHO, X;
€{l, ..., 5}, i=I, .., n. B takom ciydae Tpedy-
€TCs C yUETOM OIICHOK KaHauaaTa (X;, ..., X,) 17
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BCEX CYIIECTBYIONIMX albTEPHATUB X MPOU3BE-
ctv pamkupoBanue 4. Tak Kak x; € A, TO UMeeM
X = (X1, ..., Xn), TO A — Bce Bapuallu n-MEPHBIX
BEKTOpOB BUA (X, ..., X,). Jlamee cpaBHUM UmC-
JI0 OLIEHOK CO 3HadeHHeM «1» B BEKTOpax x ).
B cnydae, ecan uncna He paBHBI, BhIOMpaeTcs
BEKTOpP, KOTOPBIA MMEET MEHBIIE OLECHOK «1»,
U TaK Jajee aHaJOTUYHO MJI JPYTHX OILICHOK.
WNunekc anprepHaTHB OyAeT paBeH cyMMe code-
TaHuii u3 a o b (1) [24-33]:

b(j
F(x) = ;:n=1 Ca((j))i

(1)
I7ie m — 4UCIIO0 Tpajlaliiif; n — YKCI0 KPUTEPUEB
OLICHKHU.

Coueranuss ompenenum kak C° =1 u
CM*1 =0, a u b 3aBUCAT OT j, YTO BBIPAKACTCS
crnenyrommmM oopazom [32]:

a)=n-V@+m-j-1 @

b(j) =m —j. 3)
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Table 8

Crnucok KaHIUIaTOB Ha NOKHOCTh nHcekTopa CAD ¢ pe3ynbTaTaMu BEIYMCICHUN
The list of candidates for the position of the Aviation Security Service inspector
with the calculation results

Ne Kanguaar F | Threshold
1 Kangunpar 14 375 0,758
2 Kangumar 10 314 0,634
3 Kagmunar 13 307 0,620
4 Kagmunar 9 283 0,572
5 Kagmunmar 12 275 0,556
6 Kaununar 4 251 0,507
7 Kaunnunar 5 239 0,483
8 Kagmunar 15 238 0,481
9 Kagmunar 1 219 0,442
10 Kaumunmar 7 171 0,345
11 Kangunmar 6 170 0,343
12 Kangunar 2 166 0,335
13 Kagmumar 11 166 0,335
14 Kagmunar 8 111 0,224
15 Kanaumar 3 99 0,200

i 1
Torma V;(x) = ¥g_,n(q) u Ej2, V;(x) =n, 8 = oo (4)

a 1n(g) — KOJIMYECTBO MapaMeTPOB, IO KOTOPHIM
JaHHAs aJbTEpPHATHBA HMMEET 3HAUCHHUE ¢ (g
rpananus ot / 1o m). [lociae HaxoXIeHUS KOJIH-
YyecTBa coueTaHuid a mo b Haxomum C mo ¢op-
Mmyiie [24-33]

F(x)=Ym, )/

C yueToM naHHBIX U3 Tabn. 2-3 n=8; m = 5.
WHnekc nmpennoyTeHus Mo MeETOAy IOporo-
BOT'0 arperupoBanus Oynet paBeH [24—33]

L’ (6)

IThresholda = F
max

rne Fu, — MakcuMajabHOE 3HAYCHHE HHJEKCa
MPEOYTEHUSI.

Jlaniee BBIUMCISICTCS WHICKC MPEINOYTEHUS
o dopmyie (5), a TakKe WHACKC JIYUIICH aib-
TEepPHATUBBI F),,y, KaK ATO TOKa3aHO B paboTax
®.T. Aneckepona, A.W. Sxy0s1, B.A. Kansaruna,
B.B. YuctsxoBa, A.A. T'onuaposa, C.B. Pa3zym-
HUKOBA U J1ip. [24-33].

n=Vjx)+m-j-1 =

m_C
J=1 2 n—(n()+n@)++n(j))+m-j-1'
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Hcnonb3dyeM GyHKUMIO TOpearnodTreHus F,
n3BeCTHYI0 u3 pabot [24-33]. [loacraBus ¢op-
mynel (2) 1 (3) B (1), mOIyYuM CIEIYIONIYIO
dbopmyny [24-33]:

m—j

()

Wupekc myyiieil anbTepHaTUBBI OyIET UMETh
B HAIlIEM CJIy4dae 3HauYeHue [, = 495.

BrrunciisieM panee MHAEKCHI MPEANIOYTEHUN
IUIs1 BeeX 15 kaHauaaToB, a TaKkKe HOPMHUPOBAH-
HBIC 3HaUeHUS 110 opmyie (6).

[TonmyuenHble pe3ynbTaThl OBLTH O(POPMIICHBI
B Ta0JIMYHOM BUJIC KaK PaHKHPOBAHHBIN CIIHCOK
KaHIUAATOB CO 3HAUYeHUSAMU (DYHKUUN Tpeamno-
yTeHu# (Tadm. 8).

I'paduueckoe mpepcTaBieHue pacyeToB Mpu-
BeJIcHO Ha rpaduke (puc. 2).

[IpuMeHeHne TOPOTOBOTO arperupoBaHUs
MO3BOJIWJIO BBISIBUTH, YTO HAMITYYIITUMHU (TIPUM. —
HauOosnee cOalaHCUPOBAHHBIMU) KaHIUAATaMU
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Puc. 2. 3nauenne ¢pynkunu F(x) (MHOEKCA TpeanoYTeHuMIN)
Fig. 2. The value of the function F(x) (preference index)

W3 UMCIOIIUXCS SABIISIOTCS KaHIUAATHI HA TOJDK-
HocTh uHcnekTopa CAb aspomnopra ¢ HoMepaMu
mo uucxomsuien: 14, 10, 13, 9, 12, 4, 5. Ykasan-
HBbI€ KaHIUAAThl ObUIM MPHUHSATHI HA JTOJDKHOCTU
uHcnektopoB CADB ¢ ucnbITareabHbIM CPOKOM
3 Mecs1a Ha aBUarpeAnpusTie 2.

O0cykaeHue moJy4eHHbIX
pe3yJbTaTOB

B pesynbrare mpoBeneHHOro 0TOOpa IBYMSI
pa3iauuHBIMH crioco0aMu ObLTM BHIOpaHBI Clie-
TYFOIINE KaHUIATHI:

1) rpymma 1 — 6, 12,2, 7, 10, 11, 13 (Tabmn. 6,
croco0 CyMMBbI 6aJUIOB);

2) rpymnma 2 — 14, 10, 13,9, 12, 4, 5 (Tabmn. 8§,
CIIoco0 IMOPOTOBOTO arperuPOBAHMUS).

OToOpaHHbIe KaHAMIATHI OBUIM MPHUHSTHI HA
paboTy Ha JOHKHOCTH HHCIIEKTOPOB CITY>KOBI
aBHALMOHHON 0E30IMaCHOCTH Ha JBa HE CBS3aH-
HBIX MEXIy COO0OW aBWampennpusatus (manee —
aBuanpennpuartue 1| u 2 COOTBETCTBEHHO). B 11e-
JSX COXPAaHEHUS YHCTOTHI DSKCIICPUMEHTA HH
KaHIMJIAThl, HU KaJpPOBbIC Pa0OTHUKH HE 3HAIU
O CyIIEeCTBOBAHUHM JPYrOd TPYIIEI HAa HHOM
aBUANPEANPUATAN W TMPUMEHEHUH Ui OTOOpa
Pa3IUYHBIX CITOCOOOB.
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Hacrosiiee uccrnenoBaHue NpOBOAMIIOCH C
utons 2022 1. v ObUTO MOJTHOCTBHIO 3aBEPIICHO C
OKOHYAHUEM HCIIBITATEILHOTO CPOKA y MOCIHe-
HEro MPUHATOrO Ha paboTy COTPYAHMKA JIULIb B
despane 2023 r.

B mponecce cbopa maHHBIX O pe3ysbTaTax
MPOXOXJACHUS UCIBITaTEIbHOIO CPOKA KaHIUAA-
TaMH M3 KaJpPOBBIX CIYX O aBHANpPEINpUATHHA
OBLIM MOJTYYEHBI CIIEAYIOIINE JaHHbIE!

1) rpynna 1 — u3 7 coTpyaiHMKOB (aBHAa-
npeanpusitue 1):

a) YBOJIEHO 10 WHHIIMATHBE pPabOTOmATEeNs,
HE MPOILIM YCIEIIHO HCHBITATENbHbBIM CPOK —
4 COTpyIHHKA;

0) YBOJIEH O COOCTBEHHOMY J>KEIaHUIO —
1 coTpyaHuK.

BriBoa: 2 U3 7 COTPYIHUKOB MPOAOTKHIN
paboTy mocie NPOXOKIEHUS HCHBITATEIBHOTO
CpOKa;

2) rpynna 2 — u3 7 COTPYAHMKOB (aBHa-
npeanpusitue 2):

a) YBOJICH 110 MHUIIMATHUBE paboToaaTess, He
MPOIIIEJN YCIIEIIHO UCIBITATeNbHBIA CPOK — 1 co-
TPYIHHK;

0) yBOJEH TO COOCTBEHHOMY J>KEJIaHUIO0 —
1 coTpynHUK.
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BeiBox: 5 u3 7 COTpYIHHMKOB MNPOIOJIKUIINA
paboTy TMociie TPOXOXKACHHUS HCIBITATSIHHOTO
CpoOKa.

B macmrabax nmaske HeOONBIIOH TPYNIBI MPO-
BEJICHHOE HCCJICIOBAHKE MOKA3ai0 OOJbIIyIO 3-
(bekTUBHOCTH crocoba oTOopa KaapoB METOIOM
MOPOTOBOTO arpeTHPOBAHMUS B CPABHEHUH C THUIIO-
BBIM CIIOCOOOM CYMMHPOBaHHsI 0aJlIOB.

[To pesymbraTam NPOBENECHHOTO KaIpPOBOTO
0oTOOpa M O3HAKOMJICHHUS C pe3yJbTaTaMH CIIO-
co0 oTOopa METOJ0M TOPOTOBOTO arperupoBa-
HUsl OB 0J100OpEH PyKOBOJICTBAMU OOOMX aBHa-
NPEANPUATHA W YCIEIIHO BHEApPEH B pabdoTy
KaJIPOBBIX CITYXO.

3akJoueHue

OT60p KaapOB BKIIOYACT B CEOS TIPOBEACHHE
COOTBETCTBYIOIIUX MEPOIPUATUH MO BBIOOPY
HauOosee MPUrOJHbIX KAaHIUAATOB Ha OCHOBa-
HUM COIOCTABJICHUS X JMYHOCTHBIX, KBaJTU(U-
KallMOHHBIX U MPOYUX KAa4YeCTB (KPUTEPUEB), UYTO
IpeaoIpeaesseT Heo0X0AUMOCTb HCIOJIb30Ba-
HUSl Pa3IMYHBIX CIOCOOOB PaH)KUPOBAHUS KaH-
JUAATOB TI0 UX COOTBETCTBUIO JOJKHOCTHBIM
TpeboBaHUsIM. B OoTIM4mMe OT TUIIOBOW METOIUKU
CYMMUPOBaHHsI OILICHOYHBIX OaJlJIOB BHEAPEHHAs
METOJIMKAa MOpPOTOBOr0 arperupoBaHUs HEKOM-
IIEHCATOPHOI'0 XapakTepa I03BOJISET BBIACIATH
MHJEKC MpeAnodYTeHus F 1 6ojaee TOUHO OLECHU-
BaTh COAJIAaHCUPOBAHHOCTh KPUTEPUEB KaHAMIa-
TOB, B TO BpeMs Kak B THIIOBOW OayUIbHOW CH-
CTeMe CyMMapHBIH Oa/ul y KaHIUJAaTOB MOXET
COBMNAJaTh WM OTJINYAThCSI HA MHUHHMAaJbHbIE
3HayeHus1. OOBEKTUBHO, 03 MpUMEHEHUs JaH-
HOM METOJMKHU HE INPEACTaBISAETCS BO3MOKHBIM
IIPOBECTU B3BEIICHHYIO OLIEHKY KAaHIUAATOB U
COCTaBUTb PEUTHHI, T.K. B ClIy4ae IIPOCTOrO
CJIOKEeHUsI OAJUIOB KaHAMJATa pe3ysbTaT He IO-
JayyaeTcsi cOalaHCUPOBaHHBIM U OOBEKTUBHBIM,
4TO OBUIO J0Ka3aHO (PaKTHUECKU MPOBEAECHHBIM
HCCJIEIOBAaHUEM C TOMOIIBIO JABYX TPy KaH-
JUAATOB M IIPOXOKIEHUEM HCIBITATEIbHOIO
CpOKa Ipu TPYyHOyCTpoucTBe. Pesynbrarsl Hc-
CIIEIOBaHUS  MOATBEPKACHBI  MPAKTUYECKUM
IPUMEHEHHUEM, UYTO CBUIETEILCTBYET 00 ycIem-
HOCTH arpobanuu.
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ABTOMaTH3aIMs IPUBEJICHHBIX B CTaThe pac-
YETOB MOXKET OBIThH pcain3oBaHa ¢ MPUMCHCHU-
€M MPOrPaMMHBIX CPEJICTB pabOTHI ¢ TaOIHIAMH
u dopmynamu Ha 0a3e IUIATHOTO M OECIIaTHO
pacmpocTpaHsIeMoro MpPOrpaMMHOTO obecrieye-
HUS, 9TO 00ECIeYUT MPOCTOTY BBOAA M oOpa-
OOTKHM IaHHBIX, BBIAa4y TOTOBBIX PE3yJbTAaTOB
JUTSE COTPYTHUKOB KaJIPOBOM CITyKObI aBHarpe-
TPUSTHS.

Pemenne 3amaun otbopa xampoB B CAb ¢
NPUMEHEHHEM TpaBHiIa MOPOTOBOTO arperupo-
BaHUsI HEKOMITEHCATOPHOTO XapakTepa U MHOTO-
KPUTEPUATBHON OIIGHKHM TI03BOJIUT KaJpOBBIM
CJ'Iy7K6aM ABHUAIIPCANIPUATUA ITOBBICUTH KAaUCCTBO
oTOopa MepcoHana, 4YTo B CBOIO OYepe/lb CHU3UT
PUCK HACTYILIICHUA I-IpGI%BI)I‘IEII\/'IHI)IX 1 HemrTar-
HBIX CHUTYyalui, aBUAIIMOHHBIX IPOUCIIECTBUMA
Ha BO3JYILIHOM TpaHCIOpTe, OyJIeT crocoOCcTBO-
BaThb COXPAHEHHUIO 4YEJIOBEYECKUX IHKHM3HEH W
nNpeaAOTBPAICHUIO 3HAYUTCIBHOIO MaTCpuajib-
HOTO ytepoa.

baarogapuocTu

JlanHasi paGoTa BBITIOJTHEHA TPH TIOAJEPIKKE
MexyHapoAHOTO LIEHTpa aHaiu3a W BbIOOpa
pemennii (MIJABP) HUY BIID B pamkax npo-
rpaMMBbI HaydHOro npoekra «Mccnenosanue Mo-
Jieliel 1 METOJ0B MIPUHSATHS PEIICHUN B YCIOBH-
X TIyOOKOW HEONpeAeNCHHOCTH: pPa3BUTHE H
ampoOanust pa3paboTaHHBIX MeTomauk» HUY
BIIS B 2024 rony.
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O KOHUENTYaJILHOU OLICHKE ITy0OKO! MOAePHU3AIUU
PEeruoHaJIbLHOr0 camoJieTa Ha npumepe Ax-40

A.C. Kperos', B.B. I'1yxos’, JI.B. Tunsikos®

"Mockosckuii asuayuonnuiii UHCmMumym
(HayuoHaNbHYILL UCCIe008aMENbCKUL MeXHUYecKull yrnusepcumem), 2. Mockea, Poccus
’Kasanckuii asuayuoHHbwlll 3a600, 2. Kazanw, Poccus
 Hankunckuii VHU8epcumem a’sporasmuxu u acmpornasmuxu, 2. Hanxun, Kumati

AnHorammsi: Ilepen coBpemeHHoil Poccueil cTouT BaxkHas 3afada BOCCTAHOBJIEHMS OTEYECTBEHHOIO IACCAXKUPCKOrO
CaMOJICTOCTPOCHHUS B CaMble KpaTuaiiiie cpoku. [laHHas paboTa MOCBSIICHA OLCHKE BO3MOXKHOCTH, CBS3aHHOH C CO3[aHHEM
CaMOJIETOB PErMOHAITLHOTO HAa3HAYESHUS], IMEIOIIMX OrPOMHOE 3HAYE€HHE HE TOJBKO JISl Halllel cTpaHbl. Vcronbp30BaHUE OMbITa
MPOCKTUPOBAHUS M SKCILTyaTaIlMH SIBJISCTCS B&KHBIM 3BCHOM B IICIIM CO3/IAHMS JIFOOOT0 HOBOTO caMojieTa. BaxkHast posib B 3TOM
mporecce MPUHAIICKUT TIyOOKOH MOICpHU3AIK 0a30BOM Mojenmu camoieTa. B pabore paccMarpuBacTCs KOHIICNTYATbHAS
orieHKa 3(h(EKTHBHOCTH MOJICPHI3AIMI YK€ CYIISCTBYIOIIMX CaMOJICTOB, KOTOpask B JIAHHOM CJIydae CBS3aHa, B YaCTHOCTH, C
MEPEXO/IOM Ha KOMITO3UTHBIC KPBUIbsI, KOTOPBIC OOCCIICUMBAIOT Oliaromapsi OOJBIICH JKECTKOCTH BO3MOXKHOCTH YBEIHYCHUS
VIUTMHEHHUS |, KaK CIICJICTBHE, CHIDKCHIE a3POJMHAMITIECKOTO CONPOTUBIICHIA. Kak mpaBmito, MoJepHI3aIMs CTapbIX CaMOJICTOB
o0s3aTeNbHO  3aTparMBacT MpHMEHeHHWe Ooee COBPEMEHHBIX —JBHTaTelel, oOmamarommx —Ooliee  COBEPIICHHBIMHU
XapaKTepPUCTHKAaMI, B TOM YHCJIE W JIydileld TOIUTMBHOM 3(dekTrBHOCTRIO. VccmenoBanie MPOBOAMIOCH C HCIIONB30BAaHUEM
aHalM3a YyBCTBUTEIFHOCTH B3JIETHOM MAacChl K MPOCKTHBIM HM3MEHEHHSM, KOTOpas XOpOmIo ceOs 3apeKOMEHIOBaia Uit
pPa3TIMYHBIX THUIIOB JIETAaTENBHBIX ammapatoB. B kadecTBe KOHKPETHOTO IpUMepa aHAIM3HPYETCS IPOEKTHBIA BapHaHT,
(dopMHEpyeMBIii Ha OCHOBE pETHOHANBHOTO camoiera Sk-40 ¢ opmeHTamyell Ha BBITOJHEHHBIC AKCIEPUMEHTANBHBIE PabOTHI,
nposenenHble B CubHUA B mepuon 2012-2019 rr. PesympraThl OGONBIIONH 3KCIEPUMEHTATBbHON pabOThI, IOIyYEHHBIC
crermanictamu CuOHWA, paccMaTpHBarOTCs B JAHHOM HCCIICIOBAHHK KaK XOpoIas 0a3a Jyisi MPOBEPKU pabOTOCIIOCOOHOCTH U
TOYHOCTH METOJa aHAIW3a YyBCTBUTEIHHOCTH. lONydYeHHbIC XapaKTepPUCTHKA B MOMM(HUIMpOBaHHOM BapuaHte SIk-40 10
JTATTBHOCTH XOPOIIIO COTJIACYIOTCSI C Pe3yJIbTaTaMU YKA3aHHBIX MPAKTHUECKUX paboT. OTMedaeTcs, YyTo MOAUGBHITUPOBAHHBIN
Sx-40 ¢ manmpHOCTHIO TIOpsiAKa 4000 KM MOXKET YCHEIIHO HCHOJIL30BAaThCsl HE TOJNBKO KaK PErHOHANIBHBIN, HO U KaK CaMoJjeT
ousHec-kinacca. [1o CBOMM TEXHHYECKAM XapaKTCPUCTHKAM PACCMATPUBACMBIA CaMOJIET HE OyJeT YCTyIaTh W3BECTHBIM
caMoJieTaM-aHaJloraM. B cTaTthe CTaBUTCS BOIPOC O HEOOXOMMMOCTH CO3/IAHUS IS TOJOOHOTO KJIacca CaMoJICTOB HOBOTO
POCCHIACKOTO JIBHTATENs. [Iprm 3TOM MOXKHO paccMaTpHBaTh CIJIOBYEO YCTAHOBKY C 3allacOM IO TSATE, MMOCKONBKY H30BITOK
BHYTPEHHETO 00heMa MacCaKUPCKOTO CAIOHA MOXKET OBITh UCTIONIB30BAH ISl YBEIIMICHHUS MTaCCaKUPOBMECTUMOCTH.

KiroueBble cj10Ba: pernoHAIBHBIN CaMOJIET, MOJICPHH3AIIISL, B3JIETHAS Macca CaMoJIeTa, KOMITO3UTHOE KPBLIO.
HJass uurupoBanusi: Kperop A.C., I'myxoB B.B., TumsxoB J[.B. O xoHuenTyaapHON OIEHKE TIIyOOKOH MOJECpPHU3AINN

perroHabpHOro camonera Ha rpumepe Sk-40 // Hayunsiii Bectauk MI'TY T'A. 2024. T. 27, Ne 4. C. 80-94. DOLI: 10.26467/2079-
0619-2024-27-4-80-94
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On the conceptual assessment of an extensive retrofit
of a regional aircraft on the example of the Yakovlev Yak-40

A.S. Kretov', V.V. Glukhov’, D.V. Tinyakov’

"Moscow Aviation Institute (National Research University), Moscow, Russia
’Kazan Aviation Plant, Kazan, Russia
Nanjing University of Aeronautics and Astronautics, Nanjing, China

Abstract: Nowadays Russia faces a big challenge of restoring the domestic passenger aircraft industry in the shortest possible time.
This paper is devoted to the assessment of the potential to develop regional aircraft, which are of great importance not only for our
country. The design and operational experience is an important link in the creation of any new aircraft. An extensive retrofit of the
basic aircraft model is crucial in this process. The paper considers the conceptual assessment of the existing aircraft retrofit
effectiveness, which is specifically related with the transition to composite wings, that provide a capability to increase the aspect
ratio due to greater rigidity and reduce the acrodynamic drag, as a consequence. As a rule, the retrofit of out-of-date aircraft models
necessarily involves the use of more advanced engines with enhancing performance, including better fuel efficiency. The study was
conducted using the sensitivity analysis of takeoff weight to design changes, which has been well established for different types of
aircraft. As a specific example, a draft version based on the Yak-40 regional jet is analyzed with a focus on the conducted
experimental research carried out SIBNIA in 2012-2019. The results of extensive experimental research obtained by SIBNIA
specialists are considered in this paper as a good basis for testing the performance and accuracy of the sensitivity analysis method.
The obtained performance in the modified version of Yak-40 in terms of flight range comply well with the results of these practical
studies. It is noted that the modified Yak-40 with a flight range of about 4000 km can be successfully operated not only as a
regional, but also as a business jet. By its performance, the aircraft under consideration will not be inferior to known aircraft
analogues. The paper emphasizes the relevancy to develop a new Russian engine for this aircraft category. In this respect, it is
possible to consider a propulsion system with a thrust margin since the excess of internal volume of a passenger cabin can be used
to increase the passenger capacity.

Key words: regional aircraft, retrofit, aircraft take-off weight, composite wing.

For citation: Kretov, A., Glukhov, V., Tiniakov, D. (2024). On the conceptual assessment of an extensive retrofit of a regional
aircraft on the example of the Yakovlev Yak-40. Civil Aviation High Technologies, vol. 27, no. 4, pp. 80-94. DOI: 10.26467/2079-
0619-2024-27-4-80-94

BBenenue nesaBucumoctr. CormacHo oTdery MunTpanca',
ormyOnMKoBaHHOMY B jaekabpe 2023 r.: 3a 9 me-
csaueB 2023 roga B Poccun ObUTO MPOU3BEACHO
12 camoseToB, IpU ATOM MATH U3 HUX C Maccou
MyCTOTO CHApsOKEHHOTO ammapata He 0Oosee
2000 kr. KoHe4yHO, mpH CEroJHAIIHUX TeMmax
npousBectu cBbiie 1000 oTeyecTBEHHBIX camo-
aetoB Kk 2030 roay, kak ObUIO OGUIIMANBHO 3a-
aBieHo B koHie 2023 r., — 3amaya KpaiiHe He-
npoctasi. Poctex 0003HA4YMI TMEepecMOTPEHHBIE
1aHbl — BeIMycTUTH A0 2030 r. Gonee 500 ca-
MosieToB, B ToM umcie 270 naiiHepoB MC-21,
142 camoiera Superjet m 115 Ty-214 [1].
OpHako B TMpPUBEACHHBIX IUTaHAX TIOKAa He
OueHb sICHA Cyap0a HAaTbHEMarucTpaibHOW U pe-

CloXuBIIMECA B HACTOSIIEE BPEMSI YCIOBUS,
BO MHOI'OM CBSI3aHHBIE C T'COMOJIMTHYECKOU 00-
CTaHOBKOM, MocTaBwin nepen Poccueit MHOXe-
CTBO 3ajay, 0e3 pemeHus KOTOPhIX CTpaHe
TPYAHO OOecHeuYnTh HEOOXOIUMOE IBIKECHUE
BIlepea. DTO KacaeTcsi Bcex obmacTeil, HO OqHON
W3 Hau0oJee BaAXKHBLIX SBISCTCSA 00JACTh, CBS-
3aHHas ¢ aBuanmeii. Camas OoJbIlas IO IIOIIA-
A CTpaHa JOJDKHA pPacCUUThIBATh B IEPBYIO
ouepelb Ha TpakIaHCKUH (DIOT, OCHAIICHHBIN
[JIaBHBIM O00pa3oM OTEYECTBEHHBIMHU CaMOJIeTa-
MH, COCTaB KOTOPOTO JOJDKEH OBITh MpEeICTaB-
JIEH BO3IYWIHBIMU CYyJIaMH pa3HOro kiuacca. B

HaCTOHH_II/Iﬁ MOMCHT pPacCMAaTpUBACTCSA MHOKC- 1
o TPAHCIIOPT POCCHUU. NupopmanioHHO-
CTBO MCPOIPHUATUH, KaCAIOIIMUXCA OTCUCCTBCH- o
craThucTHUeCKuil Oromierens 9 mecsies 2023 roga

HOT'O MAaCCaKUPCKOro camosieroctpoenus. Ilpu [Duekrpormsiii pecype] / MUHTPAHC P®. URL:
5TOM 0OJBLIOE BHUMAHHUE YJESAETCS MMIOPTO- https://mintrans.gov.ru/ministry/results/180/documents
(mara obpamienus: 08.02.2024).
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TMOHATBbHON aBHUaru. OYeBUIHO, YTO JaBHO 00-
CyX/aemMblil nanbHemarucTpaibuelii Nin-96-400M
npu B3neTHOoM Bece 270 T U JAaTbHOCTH
10 TBIC. KM~ JKe€NaTeabHO  PEMOTOPU3UPOBATH
C YETHIPEX/IBUTATEIbHOTO Ha JIBYXJBHUTaTelb-
HBIM, HO TOKAa €IMHCTBEHHO BO3MOKHBIA BapH-
aHT Ui TaKOM peanusaiy — 3TO HOBBIN JABHUTa-
tenb [1/1-35. Tak xak cepuiinbie 00pa3ibl ITOTO
JBUTATENs JOJKHBI TIOSABUTHCS TOJNBKO OJIKE K
2030 r., TOBOPUTH O CO3JJaHUU HOBOT'O BapHaHTa
JANbHEMaruCTPaIbHOTO CaMoJieTa C IByMS JBH-
rarensmu Ha 0aze Mn-96-400M moka nelcTBH-
TEIbHO HE MPUXOIUTCS.

Eme oana npobinemHas HuUIlIAa B IUIAHUPOBa-
HUU POCCUICKOTO TPakJIaHCKOTO aBUaIrpoMa J0
2030 r. — aTO pernoHanbHas aBuanusa. Ha mog-
XOJI€ K 3aBEPIICHUIO MPOEKTHBIX W UCIBITATEb-
HBIX paboT perumoHanbHbIi camoner Win-114.
OIHaKoO 10 €ro CepHilHOTO MPOM3BOJICTBA CIIIE
nanexo. M rmaBHas mpoOiemMa aHAJIOTHYHA — 3TO
IBUratenb. B JaHHOM cilydae peub MIET O 3a-
BepuieHnH padot nmo cozganuto TB7-117CT-01.
N nostomy BoOmpoc pa3BUTHUA PETHOHAIBHOMN
aBUAIUH TTOKA OCTAETCSI OTKPBITHIM.

OnHUM 13 BapHaHTOB BO3MOKHOTO PEIICHUS
ABJIAETCS MOJEPHM3ALUs YXKE€ CYLIECTBYIOIIUX
camosnieroB. [lpum Hamuuuu OoybLIOrO Mapka
yCTapeBIIUX JeTaTeNbHbIX annaparoB (JIA) BbI-
MOJIHEHUE UX TIyOOKON MOAEpHU3AIMU MOXKET
MO3BOJIMTH O0OECTIEYUTh UM KOHKYPEHTOCIIOCO0-
HBIE XapaKTEPUCTUKU U Ha OIpe/IeICHHOE BpeMs
3aKpBITh BOMPOC O PETHOHAIBHOW aBHAIIMH.
AHanuzy STOro BapuaHTa, OCHOBAaHHOMY Ha
JIABHO U LIMPOKO U3BECTHOM camoliere Ak-40, u
MOCBSIIIEHA JaHHas cTaThs. B mpenioxeHHOM
aHaJlM3e PacCMOTPEHBI BApUAHTHI TITyOOKOH MO-
muduKaluyd caMoJieTa 3a CYEeT MPUMEHEHHUS HO-
BBIX KOHCTPYKIIMOHHBIX MAaTE€pPHAJIOB, a TaKKe
CUJIOBOIl YCTaHOBKM Ha OCHOBE ABYX M Ooiee
COBEPIICHHBIX JABUTATEIICH.

IIpumepsl riry0oKoii MogepHU3aALUA
0a30BbIX CAMO0JIETOB

Co3nanue a0CONIOTHO HOBOI'O CaMOJIETA, T. €.
«TIPOCKTUPOBAHUE C YHUCTOTO JIUCTAY, 3TO
KpaiiHe JOpPOTOCTOSIIMN U BECbMa JUIUTEIIbHBIN
MPOLECC, KOTOPBIA MOMXET 3aKOHYUTHCS BBIXO-
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JIOM M Ha HEYJOBJIETBOPUTEIbHBIE PE3YJIbTATHI.
HarnsgaeiM mpuMepoM Takoro ciyvast sSiBIsSETCS
co3znanue B 1960-x rr. cBEpX3ByKOBOI'O caMoJie-
Ta Ty-144, KOTOpPBIN Tak U HE HaIIEN MIHUPOKOIO
npuMeHeHus. HemHoro nyumiasi cyas6a, HO KO-
TOpasi TAKXKe MpepBasiach 10 MOJHON BbIPaOOTKU
MOTEHI[Mala CBEPX3BYKOBOIO JIallHEpa, *kAajla U
dbpanko-anrnuiickuii «Konkopma». Ho u B atux
ClIy4yasix KOHCTPYKTOpBI HCIIOJb30BAaJIM Hapa-
OOTKH TI0 CBEPX3BYKOBBIM BOCHHBIM CaMOJIETaM.

OOBIYHO TIpoIeCC MPOESKTHPOBAHMS HAYMHA-
eTcd C aHaiau3a HaubOosiee OJIM3KOro aHalora,
KOTOpBI B JaHHOW paboTe OyJeM Ha3bIBaTh Oa-
30BbIM camosieToM. Kak mpaBuio, TOJIbKO mocie
TOro, Kak 0a3oBasi MOJENb MOATBEPIUT CBOIO
YCHEIIHOCTh, HAUYMHAIOTCA paboThl MO €€ Mo-
JNEPHU3AINHU C LENbI0 MOBBIMIEHUS 3P PEKTUBHO-
CTH CaMoJIeTa, PACUIUPEHUsI €r0 BO3MOXKXHOCTEU
[0 JAJIBHOCTH, IO ONTHMHM3AaLHUHA IACCAXKH-
POBMECTUMOCTH U T. A. B kauecTBe mompoOHOrO
npuMepa MOXHO OTMETUTh 0a30BbId Maru-
CTpanbHbIi camoner Boeing-777, pa3paboTka
KoToporo Hayanach B 1989 r., a yxe B 1995 1.
OH NPUCTYNUJI K BBIIOJTHEHUIO KOMMEPUYECKHUX
peﬁCOBz. 3a mpormeame Tpy IecATUIeTUs y Oa-
30BO¥ MOJIENH MOSBUIIOCH MHOTO MOTU(DUKAIIHIA:
777-200/200ER, -200LR, -300, -300ER. A B
2013 r. yxe Ha 6a3e Boeing-777-300ER Obuia
3amyleHa IporpaMma MpOeKTUPOBAHUS HOBOI'O
IIOKOJICHUS  aBUalaiiHepoB 777-  cepuu
Boeing-777X2. IlepBhIii MOJIET Takoro JaitHepa
B BapuaHte Boeing-777-9 Obul BBINOJIHEH B
2020 T., a ero cepuilHOE€ MPOU3BOJCTBO IUIAHU-
pyercst HayaTh B 2025 r. OTa MOAENb MONTy4yuia
HOBBII JBUTATENh, KOTOPBIH SKOHOMHUYHEE 0a30-
Boro Ha 10 %. Ho ecnu npakTuka 3aMeHbl J1BU-
raTenel Ha OoJjiee COBEpIIECHHBIE (pEeMOTOpH3a-
1Us1) — AOCTAaTOYHO MPUBBIYHAS MpoIeaypa, TO
3aMe€Ha METaJUIMYeCKOro Kpblla Ha HOBOE, KOM-
MO3ULIUOHHOE, a TaK)Ke MPUMEHEHUE CKJIa/IbIBa-
€MBIX 3aKOHI[OBOK, HEOOXOJIMMBIX MPHU YPE3BbI-
YailHO TUTOTHOM O0a3WpOBaHHUU B adPONOPTY, —
9TO HOBBIA M JIOBOJIBHO CEPbE3HBIN IIar, Tpely-
IOIUI OONBIINX JITUTENBHBIX TIyOOKHUX HCCie-
noBanuid. [1o orneHke pa3pabOTUYUKOB, TAKOE HO-

? Boeing: 777X [dnekTpoHHsIii pecypc] / boeing.com.
URL: https://www.boeing.com/commercial/777x/ (nata
obpamenuns: 08.02.2024).
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Taoauna 1
Table 1

HeKoTopbIe XapaKTePUCTUKH 0Ga30BEIX PETHOHAIBHEIX CAMOJIETOR’
Some performance of basic regional aircraft >

XapaKTepUCTHKH

Haccamnpcxne CaMo0JIEThI L, KM V, KM/4 nr{acc , uel. ey i r/(r[ac. KM)
o AH-24 1850 460 50 36
§ STx-40 820 510 40 79,4
5 ATR 42-500 1500 560 48 26,3
5 CRJ100 1800 790 50 442
3 Saab2000 2000 665 50 35
A ERJ145ER 2000 830 50 35
2 Ty-214 6500 850 210 19
= B-737-400 5000 910 168 20,9
g A-320-200 5600 840 220 19,1
5 Un-96-400M 1000 870 400 19,4
g B-777-300 14680 905 451 19
p A-350 15000 905 420 18

Boe KpbUio Ha Boeing-777-9 momxkHo obecre-
YUTh Ha CEPUHHBIX CaMOJIETaxX MOBBIIICHUE KO-
HOMHYHOCTH caMoJieTa ete Ha 10 %>,

B pabGorax [2, 3] Ha OoCHOBe aHanW3a YyB-
CTBUTEJIBHOCTH B3JIETHOW MacChl K NPOEKTHBIM
M3MEHEHHSM JUTSI CAMBIX Ha4allbHBIX TPOEKTHBIX
UCCIIeIOBaHUM ObUIM TOJY4YEHbl pPe3yJIbTATHI,
XOpOLLIO COTJacyloluecss ¢ pealbHbIMU Iu(pa-
MU TIpU OLIEHKE TOIUIMBHON 3¢ddexTuBHOCTH
Boeing-777-9. B pabore [2] Taxke ObUT pac-
CMOTPEH OIBIT MPUMEHEHHs KOMIIO3UTHOTO
kpputa camoseta MC-21 u ucciaenoBaHbl BO3-
MOJKHBIE PE3yJIbTaTbl MOJOOHOIO YCOBEpILEH-
CTBOBaHHUSI Ha POCCHUHCKUX MarucCTpPalbHBIX Ca-
mouterax Ty-214, Cynepmxer 100, Mn1-96-400.

PaccmarpuBasi permoHanbHbIE  CaMOJETHI,
JUIs KOTOPbIX HauOoJjiee XapaKTepHa JajlbHOCTb
500-1500 kM, HY>)KHO OTMETHTh, YTO MX IMOKa3a-
TEJIM TOIUTMBHOU 3()()EeKTUBHOCTH, B YACTHOCTH
yIEeNbHBIA pacxoj] TOIUIMBA Ha KM-TIacCa)Kupa,
3HAUUTEIbHO OOJbIIE, YEM Y MAarkucTpalbHBIX.
31O 00BSACHAETCS B NEPBYIO OYepenlb TEM, UTO
JI0JIs. KpecepeKoro pexumMa Iosiera y Takux ca-
MOJIETOB CYIIECTBEHHO MEHbIIE, YeM Yy Maru-
CTpaJIbHBIX, a NIPU COKPALIECHUHN KOJINYECTBA Iac-
CaXUPOB Ha OOPTY HEM30EKHO YMEHBIIACTCS Be-
coBasi 3HEKTUBHOCTh, TaK KaK BO3PACTACT JIOJIS
KOHCTPYKIMH, 000pYJOBaHHUSA BO B3JIETHOM Mac-
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ce, 4TO B CBOIO OYepelb BBI3OBET YXYJIICHHE
yAEIbHBIX XapaKTEPUCTUK IO pacxojay TOIUIUBA.
CpaBHeHME OCHOBHBIX MapaMmeTpoB Ul HEKOTO-
PBIX TUIIOB CAMOJIETOB, KOTOPBIE MOT'YT OBITh HC-
HOJIb30BaHbl B KayecTBE 0a30BBIX Ml TITyOOKOH
MOJIEpHHU3aIuU, NpuBOAUTCS B Tabn. 1. B Hei
BBEJICHHI clieytomue o0o3HaueHus: A — Airbus:
B — Boeing; L — nanpHOCTh Ip MaKCUMAaJIbHOM
3arpy3ke [kM]; V — kpeiicepckasi CKOpOCTh [KM/4];
Mnace — MAKCHUMaJIbHOE KOJIMYECTBO IACCa’KUPOB;
My yy =My | (Litgaee) [1/(kM nace)] — ynenbHbii

pacxo]i TOILIMBA.
OTmeTHM, YTO HaJIM4YuE XOPOIIO IPOBEPEH-
HBIX CTaTUCTUYECKHX JAHHBIX MO 0a30BBIM ca-
MOJIeTaM SIBJISIETCS. HEOOXOIUMBIM  yCIIOBHEM
JUIS TIONY4€HUS! OOBEKTUBHBIX MIPOTHO3UPYEMBIX
pe3yIbTaTOB IO HOBBIM IIPOEKTAM.
OcraHoBMMCA Ha OCOOEHHOCTSIX camMoJieTa
Sx-40, KOTOpBI BbIENCH B TaOd. 1 HOTyXHp-
HBIM IIPU(TOM U, KaK BUAHO, CUIIBHO BBINAJAET
U3 oOmel CTaTUCTHKU MO TOIUITMBHON 3¢ddek-
TUBHOCTH. fIk-40 Mo CyllecTBy cTaja NepBOM ce-
PUNHOHN <«JIaCTOYKOW» B MHUPOBOM aBHALUU IIO
JAaHHOMY KJlaccy BO3QylIHbIX cyaoB. K cepe-
muHe 1960-x rr. B CCCP octpo Hazpena HEOO-
XOAUMOCTh CO3[AaHUS HOBOI'O PErMOHAIBHOIO
camoJjieTa. ¥ MCHOJIb3yEMBbIX NMOpIIHEBbIX Mn-14
yKe 3aBepmiajcsi pecypc u TpeboBaics Oosee
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COBPEMEHHBIM caMOJIeT KaK C TeXHUYECKOM, TaK
U C DKOHOMHYECKON TOUKM 3peHHs. OueHb 3Ha-
YUMBIM IIarOM B 3TOM HANpaBIEHUU SBUIOCH
co3nanue SIk-40, KOTOpBIM BIOJHE MOXKHO CUH-
TaTh MEPBBIM B MUPE CEPUNHBIM PETUOHATBHBIM
CaMOJICTOM C PEaKTUBHBIMH  JIBUTATEIISIMHU.
C 1965 mo 1981 r. ux ObIO MOCTpOEHO Oosee
TBICSTYU DK3EMIUISIPOB.

Cnemmmamuctel OKb um. A.C. SIkoBneBa co-
37aJT1 KOHCTPYKIHMIO C HECKOJIBKO MOBBIIIEHHBIM
3aracoM MPOYHOCTU U TSATOBOOPY>KEHHOCTH, YTO
MO3BOJISVIO AKCIUTyaTUpOBaTh CaMOJIET C TPYHTO-
BBIX B3JIETHO-TIOCAIOUHBIX TONOC. brnaromaps
ATOMY OH OTJIMYAJICS YHUKAJIbHON HAJEKHOCTBHIO
U KuBy4ecThio. SIk-40 cTan 1 mepBbIM COBETCKUM
CaMoJIETOM, KOTOpBIA IMPOJABAJICS B 3alajHble
CTpaHsI, 125 camoneroB OBUIO TPOJAHO B
18 crpar’. B 1972 romy SIk-40 nonyumn ceprudu-
KaThl JIETHOM TOAHOCTH B tamnu u B ®PI™. Crie-
[UAJILHO CO3/JaHHBIE JIJIs1 HETO PEaKTUBHBIE JIBUTa-
Teau AU-25 MONMYYWINCh TOXKE BBICOKOHAICKHBI-
MH, HO HEJOCTAaTOYHO MOIIHBIMH — Ha B3JIETE
HE XBaTaJIO TATU JIBYX JIBUTATENEeH, MO3TOMY KOH-
CTPYKTOpaM NPUIUIOCH YCTaHABIMBATh TPETHUL.
U xoTs 3T0 crtocoOCTBOBAIO TOBBILICHUIO HAIEHK-
HOCTHU CaMOJIeTa B 11eJIOM (OH MOT JIaXKe JIETEeTh Ha
OJTHOM JIBHTaTele), HO MOPOJIUIIO TJIaBHBIA HEMlO0-
CTaTOK — OOJBIION pacxoll TOIUIMBA, KOTOPBIHA
Y yZIeIBHOM  pacxoze ¢, = 0,078 [kr/H/4] co-

crapmsin 1241 [kr/a]  (oxomo 80 [r/kmM-macc.],
CM. Ta0II. 1)3 . B xome wognepumzammm Sx-40
B 1980-1990-€ rT. ynanock yBeIn4nuTh JATbHOCTD
10 2500 kM 3a cYeT yBEIMYEHUS 3araca TOIUIMBa,
B3JICTHAsI Macca MAIUHBI TP 3TOM BO3pOCHA JI0
17,2 T. Pe3knii cKadoK IIeH Ha aBHATOILIMBO ILIIOC
pa3Ban Coserckoro Coro3a Mo CyIIECTBY IMpe-
onpeaenu Oymymee Ak-40.

ITockonbky B Poccuum Ha ceromHsHUNA J€Hb
OCTAJIOCh 3HAYUTENLHOE KOJIUYECTBO €IIE TOJ-
HBIX JJI T0JIeTOB camosieToB Ak-40 (1mo pa3HbiM
oneHkaM, 3To mnopsaka 100 3K3€M1‘IJ‘I5IpOB4),
B2011 r. CubHUA wum. YaruislruHa WHHIHAA-

3 All the world's aircraft. jane's publishing [ dnexTpoHHBbIii
pecype] // JANES. URL: https://janes.migavia.com (1a-
ta oopamenus: 08.02.2024).

* Vronok Heba. Sx-40 [Dnexrponusiii pecype] //
airwar.ru. URL: https://airwar.ru/enc/craft/yak40.html
(mara obpamienus: 08.02.2024).
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TUBHO PAaCCMOTPEN BO3MOXHOCTH TTyOOKOH MO-
nepauzanmu Ak-40. B 2013 r. Munnpomtopr
Poccun Bo ucnonnenune denepanbHON LIENIEBOR
nporpamMmmbl  «Pa3BuTue rpaxaaHCKOW aBHALM-
oHHol TexHuKH Poccun Ha 2002—2010 roxel u
Ha niepuof 1o 2015 rona» moxneprkan 3Ty UICHO
n 3akaszan HUOKP «KowmmnekcHble HCCIIEq0Ba-
HUS B O0JIACTH CO3JIaHUS TIEPCIICKTHBHBIX PETrH-
OHAJIBHBIX M MECTHBIX ABUATPAHCIOPTHBIX CH-
ctem». [lo 3T0#1 Teme OBLIIM Ha4aTHl UCCIIEIOBA-
HUS JUISI TIPOEKTa «IETKOTO MHOTO(YHKIIHO-
HaipHOTO camonetay JIMC-19 na 19-32 mecra
Ha ocHOBe Sk-40 1711 MECTHBIX BO3JYIIHBIX JIH-
HUW ¥ BHYTPUPETUOHAIBHBIX TMEPEBO30K C IOJI-
HOCTBIO KOMITIO3UTHBIM IIJIAHEPOM.

['maBHBIE 3amaum Takoil MOpaOOTKU PETHo-
HAJIBHOTO camoJlieTa ObUIM CBSA3aHBI C TOBBIIIE-
HUEM ero J(PQGEeKTUBHOCTH ¥ YBEITUYCHHEM
JanbHOCTH. [lanee B kauecTBE OCHOBHOIO IPO-
€KTHOTO OpUEHTHpa OyJIeM HCIOJIb30BaTh JAJb-
HOCTb I0JIeTa, KOTOPYIO YI0OHO paccMaTpuBaTh
B JIByX BapHaHTaX — MPU MAKCUMAJIbHOU KOM-
MEpPYECKON HArpy3Ke /Mgy W NEPETOHOUYHYIO
JAIbHOCTh Lpep, KOTAA BMECTO KOMMEPUYECKOM
Harpy3Kyd CaMoOJIeT J03alpaBiIsIeTCs] TOILUIMBOM
TAaKOM K€ MaCCBhI.

[TepBoeiii aTan monepuuzanuu B CuOHUA,
a TOYHEEe pPEMOTOpU3AlMU, KOCHYJCS 3aMEHbI
Tpex ycrapeBmux nauratened AN-25 Ha nBa
neurarens: Garrett TFE731-3, kotopsie Obun Ha
JECATh JIET MOJIOKE U Oo0Jiajanu Jy4IIUMU Xa-
PaKTEePUCTUKAMHU.

3ameHa aBuraTene olecreumsia yMEHbIIIe-
HUE B3JIETHOM Macchl U 3aMETHOE YBEIMYCHUE
SKOHOMUYHOCTH. [lepBbIil MoJIET TakOW pPeMOTO-
pusupoBanHoit Bepcun Ak-40-MC cocrosiics B
Hos10pe 2016 1. (puc. 1).

B teuenune 20162018 rr. camosier nosyuns
HOBOE€ KOMIIO3UTHOE KpBLIO C 3aKOHIIOBKAMH
(BUHTJIETaMH), TMO3BOJISIIOIIMMH YIYUYIIUTh U
JIETHBIE XapaKTEpUCTUKU. B pesynbraTe mosBu-
nace Bepcus CTP-40/IT — pemoropusupoBas-
HbIH W MOJACpHU3NPOBaHHBIN SK-40, KOTOpPBII
B 2018 1. moxHscs B HEOO (puc. 2).

Coznannbiii CTP-40IT mMoxHO paccmarpu-
BaThb KaK XOPOLIMHM JEMOHCTPATOp TEXHOJIOTMH
IIPOM3BOJICTBA HOBBIX PErMOHAJIBHBIX CAMOJIETOB
B3ameH Sk-40. ITo 3ambicny, CTP-40AT npenna-
3Hayasicsl i1 nepeBo3ku  19—32 maccaxxupoB
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Puc. 1. Camoner fx-40-MC ¢ aByMsi ABUraTeIsiMu
Garrett TFE731-3 Bmecto Tpex AH-25
Fig. 1. Aircraft Yakovlev Yak-40 MC with two engines
Garrett TFE731-3 instead of three AI-25 engines’

C YBEIIMYEHHOM CKOpOCThIO Tiepeniera (1o 700 km/a
BMecTo 510 kM/4) Ha maabHOCTH 0KoJi0 4000 KM
IIpY BO3MO>KHOCTH HCIIOJIb30BAHUS a’3pOIPOMOB
nerkoi aBuanuu. Ilo cooOmennio pa3padoTyu-
KOB, IPUPOCT JIETHBIX IIOKa3aTejeil camosera
ObLT 00eCIeUeH 3a CYET MPEXKIEe BCEro MEHbIIEH
Maccel myctoro camoisiera (¢ 9850 kr Sk-40
10 8500 Kr) ¥ CyIIECTBEHHO Ty4IlIe IKOHOMUY-
HOCTH.

B 2019 r. sta nporpamma 0bljia TOTHOCTHIO
cBepHyTa. [IpnunHa 3aBeplIeHHs 3TUX UCCIENO0-
BaHUH, BKIIIOYAsl U MOJIETHl OOHOBJICHHOTO CaMO-
JeTa, BHOJHE o4eBUAHA. CHIyCTS HECKOJIbKUX
NECATUIIETUN OCTaBIIMECs JIeTHbIe O0OpTa, KOTO-
pble ycTapenau He TOJIbKO MOPajbHO, HO U (PHU3H-
YEeCKH, CHOBA «CTaBUTh Ha KPbUIO», AK€ €Cld
OHO U HOBOE, AEMCTBUTEIBHO BPSIZ JIU SKOHOMHU-
YeCKU 00OCHOBAHHO.

Tem ne menee nocturaytsie B CuOHUA pe-
aJIbHbIE Pe3yJIbTaThl UMEIOT 0e3yCIOBHBIN Hayu-
HBIM MHTEpEC, T. K. HA UX OCHOBE MO>KHO IIPOBE-
CTH BepU(PHUKALMIO METOAMKH KOHIENTyalbHON
OLICHKM HOBBIX BO3MOKHOCTEM PpPErMOHaIbHOIO
camoJieTa ¢ KOMIO3UIIMOHHBIM KPBIJIOM U HOBBI-
MU JBUTATENSIMU, YTO U OyJET BBINOJHEHO B
nanHoi pabote. IIpu sTomM OyAeT HMCMOIB30BaH
MIOJIXOJl HA OCHOBE aHAJM3a YyBCTBUTEIbHOCTU
B3JIETHOM MacChl K MPOEKTHBIM U3MEHEHUSIM.

> Yak-40 [Dnextponnsiii pecype] // clint-
international.com. URL: https://clint-
international.com/gallery/ (nara obpauieHus:
08.02.2024).
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Puc. 2. Camoner CTP-40/IT ¢ «uepHBIM KpbUIOM»
Y C 3aKOHIIOBKaMH
Fig. 2. Aircraft STR-40DT
with the composite wing and winglets’

OueHka pe3yJbTaTOB MOJAEPHU3AIMHA
HA OCHOBE AaHAJIN3a YYBCTBUTEJIbHOCTH
B3JIETHOM Macchl camoJieTa

K IPOEKTHBIM U3MEHEHUAM

Kak u B mpenpiaymieit padore [2], paccmar-
pUBaeTCs MOJX0/l, OCHOBAaHHBIM Ha aHAIU3€E YyB-
CTBUTEJIBHOCTH MAaKCHUMAJIbHOM B3JIETHOM MaccChl
(MBM) camomnera K HayaldbHbIM H3MEHEHUSIM
INPOEKTHBIX MapaMeTpoB (BECOBBIX, a’POJIUHA-
MUYeCKUX U Ap.). OCHOBHbBIE MOJIOKEHHS ITOTO
noaxona OobutH pazpabotansl B [4-7]. [lepBoHa-
YaJlbHOE Ha3BaHME TOro nojaxona osuto «Meron
k03 duuuentoB pocra». Ilo coelt cytu 3T1O
€CTh HE YTO HMHOE, KaK aHaJIu3 YyBCTBUTEIbHO-
CTH, IIOCKOJIbKY B HEM pacCMaTpUBAETCs OLIEHKA
BIMSHUS M3MEHEHHMS] HCXOJIHBIX IapaMeTpoB
MIPOEKTA HA €ro KOHEYHbIE XapaKTEPUCTUKHU [§].
[lo npumeHeHuto aHaiM3a YyBCTBUTEIBHOCTH
JUIsl TIEPBOHAYAJILHOW OLIEHKH BIIMSHUS M3MEHE-
HUSl TPOEKTHBIX MapaMeTpOB IMPOBEIEHBI MHO-
TOUYHUCIIEHHBIE MCCIIEIOBAHNSA, B YACTHOCTH: IIPH
OLICHKE NPHUMEHEHUS KPUOTE€HHOTO TOIJIMBA Ha
naccaxxupckux camoierax u Ha BIIJIA, B Tom
YHClie MPU MEePeX0Jie Ha MHTETPAIbHYI0 KOMIIO-
HOBOYHYIO CXEMY, JJISl BEPTOJIETOB M I MHO-
rOCTYNEHYAThIX PAKETHO-KOCMUYECKHUX CUCTEM.

CornmacHO 1OAXOXLy, COOTBETCTBYIOLIEMY
AQHAJIN3Y YYBCTBUTEJIBHOCTH, HayajIbHOE IpO-
eKTHOE M3MeHeHHe dg MpHuBeneT K U3MEHEHHUIO
B3JIETHOHM Macchl dg, KOTOpOe MOXET OBITh OIle-
HEHO B CJIEIYIOLIEM BHJIE:

om
—dg=p dg,
oy 2= 1ada

dm

(1)
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rae pg — Kod(hGUUUEHT YyBCTBUTEILHOCTH
B3JICTHOW MAacChl K TPOCKTHOMY U3MEHEHHUIO ¢.

Kak moka3piBaeT OIBIT, B cly4ae KOHIICTITY-
QIBHOM OLIEHKHM HOBOTO MPOEKTA MPHU MPOEKTHOM
W3MEHEHUH, B pe3yJbTaTe KOTOPOTO B3JIETHAA
Macca MeHseTcs He 0onee yeMm Ha 10-15 %, Moxk-
HO TIOJIb30BaThCS MPUOIMKEHHBIM 3HAYEHUEM

Am
r—, 2
MakcuManbHYI0 B3JIETHYIO Maccy camoJjieTa

NpeaACTaBUM B BUJAC UCTBHIPEX (bYHKHHOHaHLHBIX
KOMIIOHCHT:

4
m= Zizl m; =My + My + My ¢ + My, (3)

T1€ My, — Macca KOHCTPYKIUH ITAHEPa; Mcy —
Macca CUJIOBOM YCTaHOBKH, CBSI3aHHAsI C MAacCOil
JBUTaTeNel My, COOTHOIIEHUEM My = KeyMiyg;
My — Macca TOIUTMBHOW CHCTEMBI, CBSI3aHHAS C
Maccoil TOIUIMBA #; COOTHOIICHUEM My
= ky.cMy; My — Macca IeJICBOW Harpy3KH, BKIIO-
YaoIas KOMMEPUYECKYIO HATPY3KY Moy, & TAKKE
OKUNAXK, MUTAHWE W JIPYroe, JAOCTAaBIIIEMOE Ha
OOpT HEMOCPEJCTBEHHO MEPE]] BBIIETOM (Miceps).
K m, Taxxe OTHECEHO Bce HEChEMHOE CHapsKe-
HUE U pa3uYHOe 00OpyIoBaHHE, oOecrednBa-
I0IIIEe TTOJIET (Mog.cp)-

3anuch (yHKIIMOHAJIBHBIX MacC B OTHOCH-

TENBHOM BHJAC  /M; = m;/m MO3BOISIET MOy~

YUTh W3BECTHOE yPAaBHEHUE CYIIECTBOBAHUS Ca-
MOJIETA, & TAK)KE €r0 BapUaHT MPU MCIIOJIb30Ba-
HHUY MOHATHH HE3aBUCUMOM (M3BECTHOM) Mindep U
3aBUCHMOMN (HEU3BECTHOM) Migep, COCTABIIIOIINX
maccel oT MBM:

m :mH/(l_mK.H —Mey _mT.C)' 4)

OTMeTuM, 4TO B KaXXJOW KOHKPETHOH Ipo-
€KTHOM CHUTyallMM TaKoW ITOCTAaHOBKM 3a/auu
MACCBI Mindep U Mdep MOTYT OBITH PAa3HBIE.

1

Vol. 27, No. 04, 2024

Cornacno (1) u (2) B coOTBETCTBUU C pac-
CMaTPUBAEMBIM ITOIX0JIOM KOHEUYHOE N3MEHEHHE
B3JIETHOM MAacchl MPU HAYaIbHOM (JIOKAJIEHOM)
U3MEHEHUU I-i (YHKIMOHAJIBbHOW Macchl Amio,
BBI3BAHHOM MPOEKTHBIM U3MEHEHUEM, COCTABUT

om
Am = a—ml_AmiO = WmiAmj, (5)
om
rae Am === Amjo = WmiAmi0, Wmi — K09~
1

(UIHMEHT YyBCTBUTEIHHOCTH B3JIETHOW MAacCChl
(KUBM) k HayalibHOMY M3MEHEHHMIO MacChl
Am;) .

B paborax [6, 7] moka3aHo, YTO IpU YCIOBUHU
COXpAaHEHUS JIETHO-TEXHUYECKHX XapaKTepH-
CTHK, Kak y 0a30BOro caMoJieTa, CBSI3aHHBIX C
drozensxem, KUBM coctasiser:

— s (PYHKIIMOHABHBIX MAacC, 3aBUCHUMBIX
oT m:

Wmi = 1/[”_“11 —Am; +(’7_7c.y +”_7fr.c)cxa i) Cxa}a (6)

— st QYHKIIMOHAJIBHOW MAcCChl, HE3aBHCH-
MOM OT m:

Wm = 1/|:”_’lu + (ﬁ’c.y + ”_"T.C)Cxa ) Cxa}a (7)

TI€ Craps Cra — KOIQOUIMEHTHI adpoaUHAMUYE-
CKOTO JI00OBOTO COMpPOTUBICHHS (ro3eismKa U
BCETO CaMOJIETA.

Tak xax BenmuuHbl Am; () B (6), OTHOCSIIUE-

Cs K OTHOCUTEJIBHBIM MaccaM HadaJIbHbIX HU3Me-
HEeHMH  (YHKIMOHAIBHBIX  COCTAaBJISIOIIUX,
OOBIYHO 3HAYMUTEIHLHO MEHBIIE OCTAJIbHBIX Cia-
racMblX, 4acTo MJI1 YIPOUICHMs 3aJaud HMH
MOKHO IpeHeOpeub, U Torqa KUBM mno Bcem
(YHKIHMOHATIBHBIM MaccaM OyIyT OJUHAKOBBI, a
¢ yueToM (4) noayyum

Mmu :MmK.H :Mmcy :l'l’mrc:um = —

mindep
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— = — — 8
l—mdep m, +(m°y +m, )c,, o /c (8)

xa
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B ciydae pemoropusanuu 6a30Boro camose-
Ta 3aME€Ha JIBUraTellsl OTPa3uTCs Kak Ha Hayajb-
HOM H3MEHEHMM MacChl C€aMoro JBUraTels
Amg o, TaK ¥ Macchl TOIUIMBA BCIEACTBHC W3-

MEHEHHs yJICILHOTO PACcXoaa Aniy ¢ (c.y) 0 -

3aMeHa METaJUIMYECKOro Kpblla Ha KOMIIO-
3ULIMOHHOE IIPUBEAET K HayaJIbHOMY H3MEHE-
HUIO0 HECKOJBbKUX (PYHKLMOHAJIBbHBIX Macc. Bo-
IIEPBBIX, ITO HaYAJIbHOE U3MEHEHNE MACChI KpBbI-
na Amy i (xp) 0 - BO-BTOPBIX, IIEPEX0J HA KOMIIO-

3UTHOE KpPbUIO JacT TJaBHbIM 3¢ ¢eKkT 3a cyer
TOTO, YTO IMOSBIISIETCS BO3MOXKHOCTD YBEJINYUTD
YAJIMHEHUE KPbUIa, BCIEICTBUE YET0 YMEHBILIUT-
Csl MIHAYKTUBHOE CONPOTHUBIICHHE, a 3HAYMT, U3-
MEHHUTCS Macca TOIUIMBA, MOTpeOHast A BbI-
HOJTHEHHSI TAKOTO JKe IepeeTa, Kak U 'y 06a30Bo-
ro camoiera Amy ¢ (xp) o [Ipn 9TOM MOXKET u3-

MEHHTBCSI IICHTPOBKA CaMoJIeTa U MOTYT IOTpe-
0oBaTbCsA JPYrHe IUIOMAAN TOPU30HTAIBHOTO
omepeHust isl obecriedeHus HeoOxoaumoit Oa-
JAHCHPOBKHU | ympasisiemoctd. Ho it koHIen-
TyaJbHOHN OLIEHKU M3MEHEHHE IIEHTPOBKU U Mac-
CBI OTNIEPCHHSI BO BHUMaHUE IPUHUMATHLCS HE OY-
ner. Takum oOpazom Oylem cuuTaTh, YTO
HAYaJIbHOC M3MEHEHHE MAcChl TIPH MEepPexXoje Ha
JPYTOE KPBIJIO COCTABUT

)

Am o = Amy (xp) 0 T Amy ¢ (xp) 0-

IIpoexTHas oLeHKA
MOAH(PUKAIMOHHOI0 BAPDHAHTA
camoJiera SAx-40

[IpoBenem aHanmu3 BO3MOXKHOCTH CO3JIaHUS
monudukanuu Ha ocHoBe Sk-40. B kauecTe
TPAIUIIMOHHOTO BapHaHTa OOBIYHO pacCMaTPH-
BaeTCs caMoJIeT ¢ JalbHOCThIO 820 KM U 36 mac-
caxupamMu (Macca KOMMEPUYECKOW Harpys3ku
Mgoym =36 [nacc] -90 [Kr/nacc] = 3440 [Kr]) B

JAHHOM cliyyae OyJieM CUMTaTh, YTO MOAU(DUIIH-
pPOBaHHBIN BapUaHT paccuuThbiBaeTcs Ha 19 mac-
caxupoB U nanbHOCTh 35004000 kM (kak 3TO
Obu10 caenano Ha co3ganHoM B CuOHUA ne-
moHctpatope CTP-40/0T).
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PaccmoTpuM Gonee moapoOHO XapakTepu-
ctuku camoiseta SIk-40, HeoOXOOWUMBIE IS
TAIbHEUIIero KOHIENTYyalbHOIO aHajn3a ero
MoaudukaoHHoro BapuanTa. [IpuBenem nan-
HbIe U3 paboThl [9]: pazmax kpeuia [ = 25 [M];
mromans S = 70 [Mz]; yanuHeHue A = 8,9; cpen-
HSS adpOAMHAMUYECKAs XOPAA Xeax = 2,97 [M];
MaKCHUMallbHas B3JIeTHas macca my. 14,85; 16,1;
16,8; 17,2 T; wmakcuMalnbHas KOMMeEpUYecKas
Harpy3kKa Myen: 2,3; 2,43; 2,88; 3,24 1; makcu-
MaJlbHasg Macca camosieta Oe3 TorumBa: 12,2;
13,5; 13,75 1; MmakcuMaibHasg BMECTHMOCTH Oa-
KOB-KECCOHOB 3aBHUCUT OT 3aBOJICKOI'O HOMEpa
caMoJIeTa U MOKET cocTaBiATh: 3,0; 4,4; 6,0 T.

Hanee Bocrionbzyemcst nadopmarueit u3 [10]:
MpakTUYeCKas JalbHOCTh II0JIETa HA BBICOTE
8100 M mpu MakCHUMaJbHOM B3JIETHOM BECE C
KoMMepueckoi Harpy3kod 1000 kr um ocraTke
torurBa 700 xr nmocine nocaaku — 2200 kM.

N3 Bcex BO3MOXKHBIX BapuaHToB Sk-40, B
KOTOPBIX MOXKET BapbUPOBATHCS Macca TOILIMBA
B 3aBHCHUMOCTH OT MAacChl KOMMEpYECKOU
Harpy3Kd U JAJIbHOCTH, B KAYECTBE HCXOJHOTO
paccMaTpuBaeTcs BapuaHT, ykazaHHbld B [10]:
MakcuManbHas nanbHOCTh L = 2200 [kM], mMak-
CUMaJIbHBIN 3amac ToriMBa m; = 6 [T] U Makcu-
MaJlbHasl B3JIETHAS Macca Momax — 17,2 [T]. Yum-
ThIBasi, YTO CPEAHEYACOBOW pPAcXo] TOIUIMBA Y
camoJieta cocrasisieT nopsaka 1250 kr, ynomsi-
HyTbId octatok 700 Kr, MOKHO paccMaTpuBaTh
KaK a’pOHaBUTalIMOHHBIN 3amac. OH 3aBUCHUT OT
JMAIBbHOCTH TOJIeTa U KoyeOyieTcs B Ipeaenax
0,18...0,21 mist OMMOKHEMArucTpaabHBIX Tacca-
KUPCKUX camoieToB. [Ipu BbIuMCIeHUH (YHK-
[UOHAIBHBIX MAacC MOXXHO HCIIOJIb30BaTh W3-
BeCTHBIEC BecoBbIe (hopmyibl u3 [11-14]. B yact-
HOCTH, Macca 00OpYyIOBaHUS U CHAPSHKEHUS, CO-
riacHo [11], coctaBut myg oy, = 2362 [kr]. dus

yno0cTBa JaabHEHIEro pacyera B 3Ty (DyHKIH-
OHAIILHYI0 MacCy TaKXKe BKIIOYHM U YIOMSHY-
TBIA HepacxoayeMbld 3anac toruBa B 700 kr,
OJIHOBPEMEHHO HMCKJIFOUMB €ro M3 00IIel Macchl
TOIIMBA, PaCX0lyeMOH B MOJIETE.

Jnst cuoBOM yCTAHOBKM U TOIUIMBHOU CH-
CTeMBI TNpHUMEM KOX(PPUUIUEHTBI K.y, 1,18,
k.= 1,037. Onsate-Taku mjis yaoOCcTBa T€ J0-
0aBKHM Macc, KOTOpBIEC JAOT ATH KOA(PHUIIMESHTHI,
OTHECEM TaK)Ke B HEU3MEHSEMYIO OT B3JIETHON



HayuyHbiit BectHuk MITY TA

Tom 27, Ne 04, 2024

Civil Aviation High Technologies

Vol. 27, No. 04, 2024

Taoanmna 2
Table 2
XapakTepucTuku (QYHKIIMOHAIBHBIX MACC MCCIEAYEMOTO CaMoJIeTa
Performance of the functional masses of the aircraft under consideration
CocTaBsromue Macc
> — — Cymma
Bapuaut Macchl IIPOEKTHBIX Wcxonnbiil Bapuant, L = 2200 [kM], Ppaee= 11
camoJieTa BapHaHTOB _ My
m Mey =m Mpc=m
o Y A TTe B Mog.cu. | Mxom.
2,69 +
AOcomoTHBIE M}, T 6,46 1,05 5,3 % 1,00 | 17,20
Hcxoanblit 0,7
OTHOCUTENBHBIE 71; 0,376 0,061 0,349 0,156 |0,058 | 1,00
M3menenne kommdgectBa maccaxupoB L = 2000 [km], Ay = 19
T AOGCONIOTHBIE M, T 6.46 1,05 48 2(,)479: 17 | 1720
OTHOCUTENBHBIE 771; 0,376 0,061 0,28 0,185 [0,099 | 1,00
AGCOIMIOTHEIE ;. T KomnosutHoe kpbuio ¢ A = 10,5 ¢ BUHIIIeTaMH, JiBa JIBUTATEIIs
OKoOHYATEIbLHDII P 5,66 0,95 4,8+0,5% | 249 1,7 | 16,1
OTHOCUTENBHBIE 71; 0,352 0,059 0,329 0,154 [0,105| 1,00

* HaBUTaI[MOHHBIN 3a1ac TOIUIABA.

Macchl 4acTb — Maccy OOOpyAOBaHUSA U CHaps-
JKEHUs, KOTOpas TeNepb COCTABUT MgG . =

2362 + 333 = 2695 [kr]. 13 ypaBHeHus OanaHca
Macc OIPEJEUTCs Macca KOHCTPYKIIMU IUIaHepa
my .= 17200 — 2695 — 6000 — 1050 — 1000 =

= 6455 [kr]. Takum oOpa3zom, Macca IyCTOTO
camosneta Oyzaet okojo 10 T, 4ToO mMpUMEpHO Co-
otrBetcTBYeT U NaHnHbIM CHOHUA (9850 xr).

XapakTepucTUKH ~ (QYHKITMOHATBHBIX  Macc
UCXOJHOI0 BapuaHTa, HEOOXOIUMBIEC ISl J1ajlb-
HEHUIINX pacyeToB, IPUBEIEHBI B Ta0II. 2.

B Toli xe Tabnuiie HapsAy ¢ MCXOIHBIM Ba-
PHUAHTOM TPHUBOJSATCS MACChl BapUAHTOB CaMO-
JieTa, KOTOpPbIE MOCIEI0BATENIbHO OYIyT BBIYHC-
JSATHCS HA CIACAYIOIINX dTanax:

1) BBeleHHE JOMOJHUTEIHHOW KOMMeEpYe-
CKOW Harpy3ku, 00eCleYrBaIoIIe B 1IEJIOM pa3-
MernieHne 19 maccaxupoB M CHATHE YacTU OBITO-
BOT'0 MAaCCAXUPCKOT0 00OPYIOBaHUS B CBSI3U C
M3MEHEHUEM YHCIIa Maccaxupos ¢ 36 a0 19;

2) 3amMeHa METaJUIMYeCKOro KpbuUla C Y/JIH-
HeHueM 8,93 Ha KpbUIO ¢ OONBIINM YITMHEHUEM
Y C BUHTJIETAMH C TIOCJIETYIOIIUM IEPEX0/I0M Ha
KOHCTPYKIIUIO U3 KOMIIO3UTHBIX MaTepUasoB;

3) mepexon OT [BHUraTeIbHON YCTaHOBKH,
cocrosen u3 tpex ANU-25, k 2-1BUraTenbHOM.

[Tepeiinem k Gosiee moAPOOHOMY paccMoOTpe-
HUIO KaXKI0r0 JTarna.

1. CxoppeKkTupyeM HCXOJHBI BapHaHT,
npe/CTaBiIeHHbIH B Tabi. 2, B KOTOPOM Macca
KOMMEPYECKOW Harpy3kd | T COOTBETCTBYET
npuMmepHo 11 maccaxkupam, HoJ HOBYHO KOM-
MEpUYECKYI0 Harpy3Kky Ha 19 maccaxxupo. Macca
LIEJIEBOM Harpy3ku yBenuuurcs Ha & - 90 =
=720 [xr].

C yuerom TOro, uro 00BIYHBIN SK-40 060OpY-
JIOBaH Ha 36 maccakupoB, MOKHO CHU3UTh Mac-
cy OBITOBOrO 000pYAOBaHMS, UCXO U3 pacyera
12 xr/macc: (36 — 19) - 12 =204 [kr]. Takum 00-
pa3oM, YBEIMYEHHE MAacChl IIEJIEBOM Harpy3Ku
coctaButT 720 — 204 =500 [kr]. dns coxpane-
HUSI B3JIETHOM MaccChl HA YPOBHE MaKCUMAJIbHOM
m = 17,2 [T] 106aBIeHHYI0 KOMMEPYECKYIO Mac-
Cy CKOMIICHCHPYEM COOTBETCTBYIOIIMM yMEHb-
nieHueM Macchl Tormea Ha 500 Kr, 4yTo mpuBe-
IeT (C y4yeToM HEHCHOJIb30BaHHOIO OCTaTKa
toruBa 700 Kr) K CHHXKEHHUIO JAIbHOCTU Ha
2200-0,5/5,3 = 200 [km]. Janee 3TOT BapuaHT
¢ nanbHOCThIO 2000 KM OyzeT paccMaTpuBaThCs
yKe Kak 0a30BbIi, B KOTOPOM MAacChl IICJICBOM
Harpy3KH{ U TOILIMBA COCTaBAT: my, = 2,49 + 0,7 +
+1,7 = 4,89 [1], mc.= 6 — 0,5 - 0,7 = 4,8 [1],
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Taoauua 3
Table 3

HexoTtopbie asponnHaMUYECKIE XapaKTEPUCTHKH [T UCCIIEAYEMBIX BAPHAHTOB CaMOJIeTa
Some aerodynamic performance for the studied aircraft configurations

Bapuanr kpbuia e A, Cra win Cra Acyq, % K
Basoseiii A= 8,93 0,589 5,62 0,0204 0,0387 0 15,5
A = 8,93 ¢ BuHrIeTaMu 0,589 6,09 0,0188 0,0371 -3,86 16,16
A = 10,5 ¢ BuHrIETAMU 0,482 7,63 0,0150 0,0333 -13,9 18,00
A =11,5 ¢ BUHrIETAMU 0,416 8,72 0,0131 0,0314 —18,9 19,07

a UX CKOPPEKTHPOBAHHBIE OTHOCHTEIBHBIC Mac-
col: my = 0,284; my . =0,279.

Hns pacuera KUBM no dopmyne (6) npu-
MeM Cxq ¢ /cxa = 0,25. o pesynpratam pacue-

Ta 6a30BOro BapHaHTa MOJTy4YUM
W, =1/[0,284 + (0,279 + 0,061) - 0,25] = 2,7.

2. YBenuueHue yAJIUHEHUS Kpbula A U ycTa-
HOBKAa BHUHIJIETOB SIBJISIETCS OAHUM U3 3Pdek-
THUBHBIX CHOCO6OB, HCMOCPCACTBCHHO BJIMATO-
[IMX HA CHW)KCHUE WHIYKTUBHOT'O COIPOTHBIIC-

HUA C, yy M, KaK CIEICTBHE, CIOCOOCTBYIOIMUX

MOBBILICHUIO TOTUTMBHOU 3 deKkTuBHOCTH [15]:

2

c
e (1())

=c_ o+
Xxa MH] xa 0 >
TAew

Cxa =cxa0+c

rae ¢ KO3 QHUIHUEHT J000BOTr0 CONPOTHUB-

xa 0
JICHHUs BCETO caMoJieTa MPU OTCYTCTBUHU IMOIb-
€MHOU CHIIBI (BPEIHOE COMPOTHUBJIEHHUE); € — KO-
spdurnment OcBayibja, KOTOPHIA OyJ1eM BbIUUC-
75Th 110 hopmyrie u3 [13]

e =4,61(1-0,045.")(cos )" 3,1, (11)

a w — kod(h(UIIMEHT, YYUTHIBAIOUIUN HaIU4ue
BHUHTJIETOB [9]:

w=1+1,9h /1. (12)
n®Ay 0,022 #/m
w y—o,75 15 0,85+
PoCy " (cos X0,25)

89

[Ipu orcyrctBum BuHTIETOB B (opmyne (12)
h, =0uw=1.

[pousBeneHne Aew SBISETCS 10 CYIIECTBY
> QEKTHBHBIM yITHHEHHEM A, .

Jnis aHanu3a a’poauHaMudeckoro s¢¢exra
OyzneM HCIoNb30BaTh KOA(HUIIMEHT a’poanHa-
MHYECKOT0 KadecTBa K =cyq/cxq. B Tabm 3

NPEJCTaBICHbl A3POAMHAMUYECKHUE XapaKTepH-
CTHKH KpbLIa UcXoaHoro camoneta k-40 u Ho-
BBIX BO3MOJKHBIX BapHaHTOB C YUIMHEHUAMU
A=10,5u 11,5. ¥V Bcex BapHaHTOB NPUHUMAET-
Csl OJMHAKOBOI: IUTOmans Kpsuia S = 70 [M°] u
CTPEJIOBUHOCTh KpbUIa MO TEpeIHEH KpoMKe

y=4". TIpu pacuete K K0>(hDUIMEHT HOXBEM-

HOW CHJIBI Ha KPEHCEPCKOM PEKUME PUHUMAET-
Csl OCPEIHEHHBIM ¢),; = 0,6. M3meHeHne koa¢-

(UIHMEHTOB AcCy, TPHUBOAMUTCS B ITOU TaOIHIE
JUTsE OOJIBIICH HATJISITHOCTH B MPOLEHTAX IO OT-
HOIIIEHUIO K 06a30BoMy BapuaHTy. [Ipu wmcmonb-
30BaHUM BUHTJICTOB HMX BBICOTA MPUHUMAJIAChH
hs=1,1 [m].

JHanee B MOmMGUIIMPOBAHHOM BapHaHTE
OCTAaHOBHUMCHA TOJIBKO Ha OJHOM BAapHUaHTC KPbLIa
¢ A =10,5 c BUHIJIETAMU.

JI7is OLIEHKW MacChl KpbLia, CBSI3aHHOM C Tie-
pexonom ¢ A = 8,93 Ha A = 10,5 B mpexxHEM Me-
TAJJTAYECKOM HCITOJTHCHHH, BOCIIOJIB3YEMCSI Be-
coBoii (hopmyIoit u3 paboThI [2]

¢ le —1

N 4,5k, k,
Do

), +0,01, (13)

n+3
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TAe n) — pacyeTHas Meperpyska, p, =mg/S —
ylenbHas Harpy3ka Ha KpbUIO; j,,s — YIOI

CTPEJIOBUIHOCTH II0 JIMHUU YETBEPTH XOPHbI;
C,,C, — OTHOCHUTEJIbHbIC TONLIMHBI NMPOPUIL B

KOPHEBOM U KOHIIEBOM CEUYCHHMSAX; |y — KOdPH-
IIMEHT, YYUTHIBAIOIINHA pasrpy3Ky Kpblia H3TH-
OaromuMH MOMEHTAaMH OT TOIUIMBA U COCPEJO-
TOYCHHBIX TPY30B Ha KpbLJIE:

v =092-0,5m, - 0,1k, (14)

k,,— KO3)(OHUIMEHT, YYUTHIBAIOLIMA pPaCcIOIo-

JKCHHE JIBUTATeJIeH, B JAHHOM CiIy4ae TpU HX
OTCYTCTBUM Ha Kpblie k= 0; k; — koddduim-

€HT, YUUTBHIBAIOUIMN pecypc kpelia, k, = 1,1;
k, — K03(hULKEHT, YUYUTHIBAIOUIUN UCIIONb3YE-
MBII BUJ MeXaHM3auuu kpsuta (k, = 1,5); k, —

K03()(UIMEHT, YYUTHIBAIOIINI BHJl TepMeTH3a-
LM TOIUIMBHBIX 0akoB (k, = 1,1).

Pesynprartel pacuera mo ¢popmyse (13):

— st kpputa ¢ A = 893 — m . = 0,142;
m, = 2,45 [1],

— st yamasennss A = 10,5 — m, = 0,161;
m, = 2,77 [1].

TakuMm o0pa3om, sl METaJUTMYECKOTO Kpblia
HAYaJbHBIM MPUPOCT MACCHI KPbLla COCTABUI OBl
2,77 -2,45=0,32 [T].

Jlst olieHKM Macchl KOMITO3MIIMOHHOM KOH-
CTPYKLUHU KPbLJIa pACCMOTPUM CTPYKTYPHYIO Be-
coByto hopmyny B.A. Komapona [16]

m =2C.PL, (15)
(¢

rae @ — Ko3(h(HUIUEHT MOTHOTHI MACChl, YUUTHI-
BAIOIIUNA peabHbId NPUPOCT MACCHI K TEOPETH-
YECKOMY 3HAYE€HMIO; G— YJeJIbHas NPOYHOCTH
OCHOBHOT'O KOHCTPYKIIMOHHOTO MaTepuaia, Hc-
MOJIb3yEMOT'0 B arperare, BbIUMCIsEMas KaK OT-
HOILIEHUE JIOMyCKAaeMOro HAIpsDKEHHUsI K IUIOT-
HocTu Matepuana; Cx — KO3 PHUIIMEHT CUIOBOTO
dakTopa, yYHUTHIBAIOIIMA OCOOCHHOCTH BHEIII-
Hell popMBbI KOHCTPYKIIUU, €€ CHIIOBOW CXEMBI U
pacupeneneHus Harpysku, P, L — XapakrepHas
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Harpyska M XapakTepHBIH pa3mep paccMaTpHuBa-
€MOro arperara.
B paborte [2] OblT npeaioxkeH BapuaHT 3TOM

q)OpMyJII)I MNPUMCHUTCIIBHO K KOMIIO3UTHBIM
KPbUIbAM, 3allMCaHHBIN B BHIC
— p
prKM _BKMnym gZa’ (16)
ooo”B—gC P=n’ L= e
B KOTOpOU KM—E K> —nymg, —Za,rﬂ

P _ -
n; pacuetHasi neperpy3ka (mis Sk-40 ona

OospIie OOBIYHOM IJISi MACCAKUPCKUX CaMolie-
TOB U cocTaBisieT 5,1), z, — pacCTOSHHE OT OCU
CHMMETPHH CaMoJIeTa JI0 CPeIHEH a’dpoTuHaAMU-
YeCcKOM xopasl (z, = 5,38 [M]).

Koa¢punuent B, Oepercs u3 craTucTHue-

CKHUX JAaHHBIX CaMOJIECTOB C KOMIIO3UTHBIMHU
KPbUIbSAMU. CoracHo HUCCICOOBAHUAM N3 pa6o—
61 [2] s MC-21 B = 0,00029 [1/(1m°/c%)],

mis Boeing777-9 — B = 0,00025 [1/(tm*/c?)].
IIpoBens NHMHEHHYIO aNIpOKCUManuio f3 - 10

B3JIETHBIM MaccaM st Sk-40, nomyuum
B, =0,0003 [t/(t™*/c)]. B pe3yybTarte macca

KOMIIO3UTHOTO Kpblia Juisi BapuaHTa ¢ A = 10,5
COCTaBUT 1,49 [T] ©e3 BHHIJIETOB U

m,, = 1,62 [1] ¢ BuHIIIeTaMH (IIpH 9TOM pacyere

BUHTJICTHI YCIIOBHO DPa3BOPAYMBAINCH B TUIOC-
KOCTh KpbLJIa, U UX BBICOTA JO0ABIsIIA K pa3Maxy
KpbUTa eme 2,2 M).

B pesynbrare Macca KOHCTPYKIIUU CHU3UTCS
32 CYET MacChl KpbUla Ha  BEJIHYUHY
Am, =2,45-1,62=0,8 [1].

VYiyuyiieHue a’poJMHAMUKA OOECHEYUT BO3-
MO>XHOCTh MOTEHLUHUAIBHOTO CHUXKEHUS MacChl

TOIUTMBA W Macchl nBurarens [8]. Bripaxe-
Hue (5) 111 9TOTO ciydasi IPUMET BUJ
Am=pngAK, (17)

rae pg =—py(my+myg)/ K.

B pe3ynbTaTe MOMYYUM BBIPAKCHUE I yde-
Ta BJIUAHUA pPOCTAa A3POAUMHAMHYCCKOIO0 Kayc-
CTBa HAa KOHCYHOC COKpall€HUC MAaCChI
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Am =~y (mp +myp)AK /K, (18)

KOTOpO€ JacT MOTEHIMAIBHOE CHUKEHUE B3JIET-
HOM Maccel Am = 2,7(4,8 + 1,05) - 2,5/ 15,5 =
2,34 [1]. Ilpu ycnoBuu COXpaHEHHs IAIbHOCTH
Am wmorna Obl pacrpeieluTbCs CIEAYIOIIIM
o0Opa3om: cHKeHue ToruiBa Ha 1,93 T u 3a cuer
nsuratens 0,42 1. OTu 1u@pel MOKHO BOCIIPH-
HUMaTh Kak TOSBUBIIMICS pe3epB B OanaHce
Macc, KOTOPBIM MOXHO OyJeT HampaBuUTh Ha
yBelnuueHue nanbHOCTH. Ho, 4TOOBI OIICHUTH
OKOHYATEeIbHBIN 2P QeKT, BHAYAJIC 3aMEHUM CH-
JIOBYIO YCTaHOBKY.

3. B kadecTBe CHJIOBOM YCTaHOBKH PacCMOT-
pum nBa nsurarenss TFE731-5BR, obGecnieunBa-
romux 1ary 2 X 21,1 [kH] ¢ ynenbHbIM pacxo-
noM cpp = 0,0515 [xkr/H/4]. J(Ba Taxkux jasura-

tenst nerye tpex AM-25 na 155 kr. Torna Bo3-
MOKHOE€ CHIDKEHHE MacChl TOIIMBA 3a CYET
a’POIMHAMUYCCKOTO YIIYYIICHUS W OoJiee Jier-
KHX JBUTaTene, Koropoe coctaBuT 1,93 +
+ (0,42 + 0,155) = 2,5 [T], HanlpaBUM Ha yBeJHYe-
Hue panpHOCcTH. Ilpu crapeix asurarensx AM-25
JATBHOCTh Bo3pocia Ol Ha 2000 - 2,5 / 4,8 =
~ 1040 [kM] u coctaBmia 661 2000 + + 1040 =
= 3040 [xm™m].

bonee oxoHommunbie TFE731 yBennuar
JmanbHOCTH Ha 2916 - (0,078 — 0,0515) / 0,078 =
~ 990 [km]. IIpu >TOM a’poHABUTAITMOHHBIA 3a-
1ac TOIUIMBA MOXKHO elle yMeHbLUTh: 700 [Kr] X
% (0,078 — 0,0515) / 0,078 ~ 240 [kr]. ITpu pacxo-
ne neyx TFE731-5BR 270 [ramn/4] = 800 [kr/4]
nobaBok TorumBa B 240 KT mpu KpeicepcKoit
ckopoctd 510 kM/4u facT emie q00aBKY AalbHO-
cti AL~ 510 -240/800 = 150 [kMm].

Takum oOpa3om, mojiHasi AaJbHOCTH HOBOTO
camorera Oyner coctaBnsath L = 3040 + 990 +
+ 150 = 4180 [kMm].

BriBoabI

1. TlomyueHHble pe3yabTaThl B MOIUDUIIN-
poBaHHOM BapuaHTe fk-40 Mo JaabHOCTH XO-
POIIO COTJACyIOTCSl ¢ pe3yJibTaTaMU MpPaKTHYe-
CKHX HMCCJICAOBAaHMM, BRIIOIHEHHBIX B CHOHUA
B 2012-2019 rr.
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2. MoaudunupoBannsiii fk-40 ¢ nganbHO-
cThio nopsiika 4000 KM MOXKET YCHELIHO HC-
HOJIb30BaThCsl Kak camousieT OusHec-kiacca. Ilo
CBOMM TEXHMYECKUM XapaKTEpUCTUKAM IIOJY-
YUBILUICS caMmolieT He OyJeT ycTynaTh U3BECT-
HOMY M XOpPOIIO 3apEeKOMEH/I0BaBIIEMY ceOsl ca-
moznety Dassault Falcon 900.

3. YuuTeiBas, 4TO CaMOJIET MOXKET JKCILTya-
TUPOBATbCA U C a3POJIPOMOB, PACCUUTAHHBIX Ha
pervoHasbHBIE caMOJIETHI (T. €. 0ojee HU3KOTO
KJlacca), a B psjie ciiydaeB U ¢ rpyHToBbIX BIIIL,
JUIsl KOHCTpyKuuu Kpbeuta u3 KM, Buaumo, mno-
TpeOyercst elle OJUH JOMOJHUTENBHBIA KO3 (-
¢urmenT Oe3omacHOCTH. EciM TpHHATH 3TOT
kodpduumenr k. = 1,5, T0 Macca KOMIO3HT-

HOM KOHCTPYKLIHMHM KpbUIa COCTAaBUT YK€
m, = 1,62 - 1,5 = 2,43 [1], u Torma obmiast Macca

Bo3pacteT Ha 0,8 T. [Ipy >KBMBaJICHTHOM CHH-
JKEHUM MacChl TOIJIMBA JAJIbHOCTh B TAaKOM Ba-
pUaHTe yMEHBIIUTCS Ha 660 KM M COCTaBUT
3400 kM. Ho Bompoc OLEHKM panoHaIbHOCTU
NPUMEHEHUS KOMIIO3UTHBIX KOHCTPYKIMH Ha
PErHMOHANBHBIX CAMOJIETAaX C TOYKH 3PEHMSI JKC-
IUTyaTallMOHHBIX TpeOOBaHUI Hy)KIaeTcs B CIie-
[UAIBHBIX TJIYOOKHMX MHOTOCTOPOHHUX HCCIe-
JTOBaHUSIX.

4. JIns co3maHus HOBOTO POCCHUHCKOTO pe-
THOHAJBHOIO caMoJieTa HEoOXOJUM  OTede-
CTBEHHbI ABuratenb. OIHUM M3 BO3MOMXHBIX
BAPUAHTOB JJI1 HOBOM CWJIOBOM YCTaHOBKH MO-
KET OBITh PACCMOTPEH Ha OCHOBE CO37aBacMOI0
nepcnektuBHoro nsuratens HIIL «Camot»
CM-100. Dtor aBurartenb oOiamaeT OOJbIIEH
Tsaro (ot 25 kH), 6oapmmM pacxoroM TOIUIMBA
u mMaccol no cpasHenuro ¢ TFE731-5BR. 3amac
M0 TATE TAK)KE MOXKET OBITh HCIIONB30BaH ISt
YBEJIMUYEHUSI TMACCAXUPOBMECTUMOCTH HOBOTO
PErMOHANBHOIO CaMoJIeTa.
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