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MeToa onpeaeseHuss MAPIIPYTA 00X0/1a BO3XYIIHBLIM Cy/THOM
AMHAMUYECKH U3MEHAIOLICHCS 30HbI TPO30BOil 1eATeJIbHOCTH

1 1
I'.B. KoBaJsenko , U.A. SAnpos
! Cankm-Iemep6ypeckuii 2ocydapcmeentbiii yHusepcumen epaicoanckotl asuayuil
umenu I nasnoeo mapwana asuayuu A.A. Hosuxosa, 2. Cankm-Ilemepoype, Poccus

AunHoTammsi: B craree mnpejcTaBieH METOZ MOCTPOEHHs MaplipyTa 00Xo[a AWHAMUYECKH W3MEHSIOIISHCS 30HBI TPO30BOM
JIeSITENTbHOCTH, OCHOBAHHBIHM Ha UCIIOJIb30BAHUH B3BELIIEHHOTO JMHAMUYECKOT0 rpada ¢ (PMKCHPOBAHHBIM MHO>KECTBOM BEPIINH
M3MEHSIIOIIMMCST  MHOXECTBOM  peOep. IIpensio’keHHBI MOIXOA TO3BOJISET YUMTHIBATh IIPOCTPAHCTBEHHO-BPEMEHHYIO
M3MEHYMBOCTh TPO3OBBIX SUEEK, @ TAKKE CIOCOOCTBYET CHIDKEHHIO BBIYHCIMTENBHOM CIOXKHOCTH 33J[a4d IUIAHUPOBAHUS U
TIOBBIILICHUIO OE30MIaCHOCTH MapIpyTa 00Xoza IPU HATMYNH NPOTHOCTHYECKOH MH(OPMALMU O PasBUTUH IPO30BBIX OYAaroB B
CBEPXKPATKOCPOUHOM Treprozie. Takke IpelcTaBieHbl pe3y IbTaThl pa3paboTKi aJIrOPUTMA ONTHMHU3ALUK MapIIpyTa Ha OCHOBE
rpadga BHOMMOCTH, OOECIICYMBAIOMIETO COKpAIICHHE JIMHBI MapiipyTa 0e3 ToTepu KoppekTHocth obxoxma. [IposenmeH
CTaTHCTHYECKUH aHAIN3, NOATBEPAMBILMIT 3()()EKTHBHOCTH METOAA U COMOCTABMMOCTh €0 Pe3yJIbTaTOB ¢ 0a30BBIM IOAXOLOM
IpY MEHBIIMX BBIYMCIMTENBHBIX 3aTparax. [IpakTndeckas 3HAYMMOCTh PabOTHI 3aKIIOYAeTCs B BO3MOXKHOCTH MHTETPaliH
pa3pabOTaHHOTO METOJA B COCTAB MHTEIUICKTYAIBHBIX CUCTEM IOJIEP)KKU IPUHATHS PEIICHNH U aBTOMAaTU3UPOBAHHBIX CHCTEM
IUIAHUPOBaHMsl TPAeKTOPHM TojieTa NpH O0XO/e OMNAacHBIX METEOSIBIICHUH, YTO MOXKET CIIOCOOCTBOBATh MOBBIIICHHUIO
0€30I1aCHOCTH ¥ SKOHOMUYHOCTH OJIETOB.

KaroueBble ciioBa: apumanmsi, 0€30MaCHOCTH IIOJIETOB, ONTHMI3AIMSA, O0XOI TPO3bL, JUHAMHYECKHH Tpad), IDIaHUPOBAHUE
MapIIpyTa, TPaeKTOPHOE YIIPABJICHHUE ITOJIETOM.

Jna mmrupoanusi: Komanmenko I'.B., Snpo M.A. Meron onpenerneHus MapmpyTa 00X0Aa BO3AYIIHBIM CyTHOM
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Abstract: The paper presents a method for plotting an avoidance route around a dynamically changing thunderstorm area, based on
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accounting for the spatiotemporal variability of thunderstorm cells and also contributes to reducing the computational complexity of
the planning task and enhancing the safety of the avoidance route when predictive information on the development of thunderstorm
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cells in the very short term is available. The results of developing a route optimization algorithm based on a visibility graph, which
ensures a reduction in route length without loss of avoidance correctness, are also presented. A statistical analysis was conducted,
confirming the method effectiveness and the comparability of its results with the baseline approach at lower computational costs.
The practical significance of the work lies in the possibility of integrating the developed method into intelligent decision support
systems and automated flight trajectory planning systems for circumventing hazardous weather phenomena, which can contribute
to enhanced flight safety and efficiency.

Keywords: aviation, flight safety, optimization, thunderstorm avoidance, dynamic graph, route planning, flight trajectory
management.
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BBenenue

3anaya obecrieyeHusi 0€30MaCHOCTH MOJIETOB
U TIOBBIIICHHS OINEpanroHHON 3(hdexkTHBHOCTH
rpaxnanckor apuanuu (I'A) B ycnoBusx HebOmna-
TONPHUATHBIX aTMOC(EPHBIX SBICHUN, OCOOECHHO
IrPO30BOM aKTUBHOCTH, SIBJISIETCA OJAHOU M3 KITO-
YEeBBIX B COBPEMEHHOW a’poOHaBUTAIMH. ['po3bl
MIPEACTABIISIIOT CEPbE3HYI0 OMACHOCTH JUISI BO3-
nymHeix cynoB (BC), a Takke SBISIOTCS OTHOM
W3 OCHOBHBIX MPUYHMH 33JICPKEK OTIPABICHUHN U
npudsrtuii BC T'A [1].

TpaauIIMOHHO MUJIOTaM PEKOMEHIYETCS BBI-
MOJHATH 00X0J Tpo3 Ha (UKCUPOBAHHOM Oe3-
OITACHOM PACCTOSIHMHM OT TPAHHI] HHTEHCUBHBIX
PaaNOIOKAIMOHHBIX 3XOCUTHANIOB [2], OJHAKO
pe3yabTaThl UCCIIeOBaHUS [3] MOKA3bIBAIOT, YTO
9T TpaBUia SBISIOTCS CIUIIKOM YHPOIICHHBI-
MU M HE YYUTHIBAIOT BO3MOXHOCTH BOSHHKHOBE-
HUSl KOHBEKTHUBHO-UHAYLIMPOBAHHOMN TypOyJIeHT-
HOCTH 3a TIpelieflaMy 30H BU3YyaJIbHO HaOIro1ae-
MOI KOHBEKIMH. B cBsi3u ¢ 3TUM ObUTH pa3pa-
O0OTaHbl CTAaTUCTUYECKHE MOJENH, TaKHEe Kak
CWAMI (monmenb 00Xoja KOHBEKTUBHOM IOTO-
e, Convective weather avoidance model) u
CWAM?2 [2], noszBosstoue (GOpMHPOBATH
TPEeXMEpHBIC JIETCPMHUHUPOBAHHBIC W BEPOST-
HOCTHBIE KapThl 00X0oAa HEOIarompusTHON Mo-
roabl (Weather avoidance fields, WAF), xoto-
pble OTpa)kaloT 30HBI, HanboJiee BEPOATHO BHI-
Oupaemble nmuioTamu it 00xoxa. Tem He MeHee
JTaHHBbIE MOJENHU B OOJbIIEH CTEIEHU OPUEHTH-
pPOBaHBI HAa CTAaTHMYECKHWI aHAJIN3, YeM Ha oOec-
MeYeHne BO3MOXKHOCTH 00X0/a TPO30BOr0 oyara
C YYETOM JTUHAMUKH €TO Pa3BUTHSL.

CnoxHOCTh BBIOOpa Mapuipyta o0xojia rpo-
3Bl 3aKIJIFOYAETCS B €€ JUHAMHYECKOH M CTOXa-

CTUYECKOM IpUPOJE: TPO3OBBIE SYEHKU MOLYT
MHTEHCUBHO pa3BUBAThCS, pPa3pylIaTbCs, 00b-
EAMHSTBCS WM PA3AEIATHCS, IPU ITOM UX IIe-
peMeNIeHUs COMPOBOKIAIOTCA CIIYYalHHOU KOM-
NOHEHTOU [4], HanMuMe KOTOPOW BBI3BAHO JIO-
KaJbHOW TypOYyJE€HTHOCTbIO, KOHBEKTHBHBIMU
BBIOpOCAMM U ME30MACHITAOHBIMH (PITYKTyarusi-
MU BeTpa, KOTOpPbIE BHOCAT TPYAHOIPOTHOZUPY-
€Mbl€ OTKJIOHEHHs TPACKTOPUU IBUKEHHS IpO-
30BBIX SYEEK OT JIETEPMHUHHPOBAHHOI'O HaIpaB-
JeHus nepeHoca. i pemieHus 3aJaud HaXox-
JEHUs] ONTUMAIBHOTO MapuipyTa o0Xxoaa JuHa-
MHUYECKU U3MEHSIOIUXCS MPESATCTBUNA B 00IIEM
BUJIE Tpeajarajiuch Takue MOAXOMAbl, KaK yiIyd-
IICHHBIA JAMHAMUYECKUH anroputM A* ¢ Bpe-
MeHHbIM OKHOM (Improved dynamic A* algo-
rithm combined with time window) [5], meTon
HCKYCCTBEHHOT'O IMOTEHIMAIBHOTO TMOJS  CO
ckonmp3amM okHoM (Artificial potential field
method combined with rolling window) [6] u mp.

CoBpeMeHHBIE UCCIIEIOBAHUS B 00JIACTH OTI-
THMM3AIMHU TIpollecca BBIOOpa MapiipyTa 06xomaa
IpO3bl COCPEIOTOUEHBI HA Pa3paboTKe METOJIOB,
YUUTBHIBAIOIINX BPEMEHHYIO HW3MEHYUBOCTH U
HEOIPEAEIEHHOCTH TPO30BOM aKTUBHOCTH; Cpe-
JT1 HUX MO>KHO BBIJICIIUTH CJIETYIOIINE.

1. IlporHocTHyeckue M BEPOATHOCTHBIE Me-
TOJIbI, 3aKJTIOYAIOIIMECS B HCIIOJIb30BAaHUH CBEPX-
KpPaTKOCPOYHBIX IMPOTHO30B (HAyKAaCTHHIA), KOTO-
pbI€ TO3BOJSIOT CTPOUTH MapUIPyThl 00X0jAa C
3a/laHHBIM YPOBHEM pHUcKa [4].

2. Meron qMHaAMUYECKON PEONTUMU3ALIMN Tpa-
EKTOpHIA, 3aKJIFOYAIOLIUICSA B I0YAaCOBOM KOPPEK-
TUPOBKE MapiipyTa B xoje nojera BC Ha ocHOBe
OOHOBIISIEMBIX METEOPOJIOTMIECKHIX JAHHBIX [7].

3. AJNropuT™M IUIAHUPOBAHUS TPACKTOPUHU
10JIETa B YCJIOBMAX ABMXKYIIMXCS NPENATCTBUN
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opu 3axone Ha mocaaky  (Spatio-temporal
dynamic window approach, SDWA), peamu3y-
IOUMA TPOTHO3MPOBAHUE JIBWKEHUS NPEsT-
CTBHM IIyTEM IOJIMHOMHUAJIBHOM aIlIIPOKCUMALIN
UX TOJIOKEHHS BO BpeMeHH [8].

Hecmotpst Ha Hanuuue yKa3aHHBIX PEIICHUM,
JI0 HACTOSIIEr0 BPEMEHHU HE IMPEUIOKEHO €Iu-
HOT'O CTPAaTEerM4YecKoro IMOJAXOAd, KOTOpBIA Obl
OJIHOBPEMEHHO YUYUTHIBAJ JIMHAMHUKY U HEOIpe-
JIEJIEHHOCTh T'PO30BOM AKTUBHOCTH, a TaKXke
oOecrieynBall BBICOKUH YPOBEHb O€30MaCHOCTH U
MO3BOJISUI MUHUMM3HPOBATH ONEpallMOHHbIE 3a-
TpaThl NpU IIAHUPOBAHUU MapLIpyTOB. B cBsA3u
C 3TUM aKTyaJIbHOW 3ajadeil sBIseTCS pas3pa-
00TKa METOJOJIOTUU U aITOPUTMUYECKOT0 0Oec-
NEYEHUs JJISl IOCTPOCHHS ONTHUMAJIBHBIX TpaeK-
TOpuil 00X07a Ipo3 B COOTBETCTBUH C KOHILIEH-
el omnepauuii, OCHOBaHHBIX Ha TPACKTOPHIX
(Trajectory-based operations, TBO) [9].

L= Z?I:_f diiy1 = I1[x;41, )’i+1]T — [x;, }’i]T”-

[Ipennonoxum, yto BC BBINONHSIET MOJET
B 30HE I'DO30BOM AEATEIBHOCTH M B HENOCPE-
CTBEHHOW OJM30CTH OT pPacueTHOW TPaeKTOpUHU
nosiera BC HaxonuTcss MHOXKECTBO M30JIMPOBAH-
HBIX TI'PO30BBIX 0YaroB, IPHYEM [UIA KaXXA0ro
MOMeHTa Bpemenu t;, (=1, ...,N umeercs
IPOTHO3 MHOXeECTBAa Tpo30BbIX ouaroB T &),
KaKp1it 13 KOTophIX mveet rpanmiy T, € T
U COOTBETCTBYIOIIYKD 3aMKHYTYIO 00JacTb
BHYTPU DOTOH TI'paHULbI R,(cl), KOTOpass MOXKET
OBITh KaK BBIYKJIOHN, TaK U HEBBITYKJIOM.

B xozne BemonHenus nonera u3 A B B nomxk-
HBbI COOJIIOIaThCS OTPAHNYECHUS:

1. BC npu o6xo1e 30HBI T'PO30BBIX 0YaroB
HE JIOJDKHO 3aXOJIUTh B 00J1aCTh I'PO3bI:

[x;, T & RY, vk € 7D, vi. (4)

dist(7°, 1,) 2

= Hgaps

vk,meTD k =m, Vi.

Vol. 29, No. 04, 2026

IMpencraBum tpaekropuio BC B mpoMeKyTKe
Bpemenn t € [0, T] kak QYHKIHIO OT BpeMEHH t:

s@®) = [x(®), y@®I', t € [0, T]. (1)

I[Iyctb BC BbIONHSET TMOJIET U3 TOYKHU
s(0) = A B touky s(T) = B. Torna 3amauy Mu-
HUMU3aLUKU [IyTH, OpoiaeHHoro u3 A B B, Mox-
HO MPEJCTaBUTh KaK

T
L=,

[IpouzBens nuckperuzauuto no t vHa N Jo-
CTaTOYHO HEOOJIBIIMX OTPE3KOB, MepeiiieM K
MHOKECTBY TOYEK {[x;, vi1TH =
= {[xlr Y1]T: [x2! yZ]T; [XN! yN]T}v 3ajiaro-
mmx MapuipyT nosiera BC; npu 3ToMm anvHa my-
TH, TIpoijieHHOTO U3 A B B, MOXeT ObITh pac-
CUMTaHa KaK

2)

ds .
—dt ” — min.
dt

€)

2. Kpatuaifimee paccTOSHME OT TPAHHIIBI
JF0GOTO TPO30BOTO yYacTKa Tk(l) 70 MapmipyTa
00xo1a dist([xi, yilT, Tk(l)) B KQXJIOM €ro TOUKe

i HE JOJDKHO OBITh MEHBIIE MUHUMAIBHO JIOMY-
CTUMOTO 3HaueHUs d

dist([x;, Y], T") 2 duiay VE € TO, Vi (5)

3. Kparuaiimiee paccTossHUE€ MEXKIY TpaHHU-
IIaMU JIBYX JIIOOBIX TPO30BBIX yYaCTKOB Tk(l) u
T,g) JUTSL TIPOJIETa MKy HUMH HE JTIOJDKHO OBITh
MEHBIIIE MHUHHUMAJIBHO JOMYyCTUMOTO 3HAaYCHUS

dgqp (KaK MpaBUIIo, dyyy > 2d iy ):

(6)

B cooTBercTBUM ¢ yTpatHBmINM crity mpukazoMm «O0 yTBepkaeHnn denepanbHBIX aBHAITMOHHBIX
o 1
NpaBUJ TOJIETOB B BO3AYLIHOM IpocTpaHcTBe Poccuiickort deneparmm» Ne 136/42/51°, ykazanHbIe
MHUHHUMAJILHO JIOMYCTUMBIE 3HAUECHHUS YCTAHABIMBAIUCH PABHBIMU dppin = 15 KM 1 dg,, = 50 K.

' Tpuka3 Muso6opous: P®, Muntpanca PO u PocaBuakocmoca ot 31 mapra 2002 roma Ne 136/42/51 «OG yTBepiIeHHH
®DenepalbHBIX aBHALMOHHBIX MPABIJI IIOJIETOB B BO3AYIIHOM IIpocTpancTBe Poccmiickoit depepannmy. OT™meHeH ¢ 1 sH-
Baps 2021 rona Ha ocHOBaHUM nIocTaHOBiIeHN [IpaBurenscTBa PO ot 26 okTs16pst 2020 roma Ne 1742 [DnekTpoHHBIH
pecypc] // TAPAHT. URL: https://base.garant.ru/184736/ (nara oopamenus: 10.10.2025).
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Taxum o0Opa3oM, paccMaTprBaeMasi 3a/laua yCIOBHOW ONTHMM3ALUU MOXET ObITh chopMysInpoBa-

Ha CJICAYIOINUM 00pa3oM:

Z%V=_11”[xi+1, yi+1]T — [x;, yi]TII — min;
[xl' yl]T = A, [XN; yN]T = B,
Mp%F%R?JﬂETmﬁu

dist([x;, YT, T") 2 duin, VK € TO, Vi;

dist(T0, 1) 2 dygy,

B pa6ore [10] mpennoxkeHn MeTo[ onpeaene-
HUSL Mapumipyta o0XoJa BO3AYIIHBIM CyTHOM
rpo3bl C MOMOILBIO HAXOXKACHUS KpaT4anIliero
NyTH Ha Tpade A CiIydas HEMOJBHKHBIX I'PO-
30BBIX 04aroB, 3aKIIOYAOLIMNICS B CIEAYIOIIEM.

1. Ha sTame moAroToBKM MaHHBIX MPOU3BO-
JUTcs (QUIBTpALUs PaJuoOKALIMOHHBIX H300-
paKEHHA, MO3BOJIONIAs H30aBUTHCS OT CIIy-
YalHBIX MOMEX, a TaKKe OT 00JaKoB, HE SBJIS-
IOIIUXCS TPO30BBIMHU M HE OTHOCSIIMXCS K 30HaM
CHJIBHBIX OCaJIKOB; TaK)X€ OCYILECTBIISETCS Ipe-
o0Opa3oBaHue OT(PHUIBTPOBAHHBIX PACTPOBBIX
n300pa’keHN B MaCCUB BEKTOPHBIX OOBEKTOB —
nomuronoB {P}¥_; [11], kaxaplii U3 KOTOPHIX
COOTBETCTBYET OIPEICICHHOMY H30JMPOBAHHO-
My rpo3zoBomy ouary T, € T (B ciayuyae Hemo-
JBWKHBIX TPO30BBIX 0YaroB Ka)XXJIOMy MOMEHTY
BPEMEHU t; COOTBETCTBYET OJHO M TO K€ MHO-
)kectBo T).

2. Ha sTame arperanuu JaHHBIX pean3yeT-
Cs MEXaHM3M pa3JeleHusl IOJIUTOHOB Pj, Ha
rpymmsl G; TakuMm 00pa3oM, 4TOOBI B paMKax OJ1-
HOM TpYMITbI PACCTOSIHUE MEXIY JTIOOBIMU IBYMS
COCEHMMH TOJIUTOHAMHU HE IPEBBIIIATI0 3HaYe-
HUE dg,,: TAKAM 00pA30M, TPYIIIA MPEICTABIISET
c000W MHOXECTBO TIOJIMTOHOB, IMPOJIET MEXITY
KOTOpBIMU HeformycTuM (puc. 1, a u 1, 6).

3. Janee BOKpPYT Ka)KI0TO U3 MOJUTOHOB P,
ctpoutcs Oydepnas soma B ¢ pagmycom,
pPaBHBIM MMHUMAJIBHO [JOIyCTUMOMY PpaccTos-
HUIO JI0 TPAHUIBI TPO30BOrO ovara d,, Hocie
4ero JJIsl KaXJIoU TPpyImsl G; BOKpYT OydepHbIX
30H BXOZSIIUX B HEE MOJUTOHOB CTPOUTCS MH-
HUMabHast BorHyTast obonouka (Concave Hull)

vk,meT® k =m, Vi.
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(7)
(8)
)

(10)

(11)

H; [12], oObenunsomas Bce MOJIUTOHBI BHYTPU
TPYIIIBI B €UHYI0 TeoMeTputo (puc. 1, 8).

4. Peanu3oBaHHash TakuM 00pa3oM arpera-
1Sl TTO3BOJISIET MEPENUTH K 3a/1aue ONTUMU3ALNU
C IByMs ycioBusiMHU: 1) mapmpyT obxona 10J-
JKEH HAYMHATHCA B 3aJlaHHOM TOUKe 4 W 3aKaH-
YMBaThCS B 3a/JaHHON Touke B, nexamux 3a
npeaenaMu 000JIOUEK; 2) HU OJIMH M3 YYacCTKOB
MapuipyTa MeXIy JIOOBIMU ABYMs IOCIEIOBa-
TEJIbHBIMU NOBOPOTHBIMH ITyHKTaMH HE JIOJIKEH
nepeceKaTh rPaHUIIbl 000T0YEK.

5. Ha ¢wunanpHOM 3Tame 00O0JIOUKH YIpo-
MIAIOTCS — JUIsL 3TOTO TPUMEHSETCS aJTOPUTM
Hyrnaca — Ilekepa [13], pexypcuBHO ynaassio-
IIMHA TOYKH, 33aJar0IKe TPaHHIbl 000JI0YKH, MU-
HUMaJIbHO BIMSS Ha ee (opMy M cOXpaHss ee
OOLIYI0 CTPYKTYpy HpaKTHUYECKH HEU3MEHHOM.
B pesynbrare kaxpas u3z obonouyexk H; mpen-
CTaBIISICTCSI B BHJE aIIPOKCUMHPYIOIIETO €e
IpaHUIIBl MHOXeCTBa Touek H), KOTOpble HC-
HOJB3YIOTCA  MpH  HMHUIMaIM3aluu  rpaga
G (Vh““, E hu“) B KayecTBE MHOYKECTBA BEPIIWH
yhull - JTlanee peanmsyercss Bammmaums pebep
rpapa EM JUIST  KOKIO0M Tapbl BEPIIUH
Vph““, th““ MIPOBEPSICTCS, TMEPECEKAET JIM COESH-
HsIOIIee UX pedpo Eg,lg“ X0Ts1 ObI OJIHY U3 000-
JIOYEK, ¥ €CIIU HET, TO COOTBETCTBYIOIIEE pedpo
CUMTAETCS BAIMIHBIM M J00aBIsieTcs B rpad.

6. OnTUManbHBIM MapLIPYT ONpPENESeTCs C
nomolpto anroputma Jelikerpel [14] kak kpat-
yalmuii myth U3 A B B Ha moJlydeHHOM B3Be-
IIEHHOM Tpade, Ipu 3TOM B KauecTBEe BECOB HC-
MOJIB3YIOTCA PACCTOSTHUSL MEXIY COOTBETCTBY-
IOLUMH BepiinHami (puc. 1, 2).
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o a’
Puc. 1. OnpeneneHre Mapiipyta 00xo/1a HEMOIBHIKHOM IPO3bl: a — Oy(hepHbIC 30HbBI B,f P ¢ orcrynom dgap/2,
MOCTPOCHHBIE IS KAXKIOTO MOJINTOHA; 6 — 00heIMHEHNE TIONapHO NepeceKaroIuxcs OyQpepHBIX 30H B TPYMITHI G;;

min.

6 — BOTHYTBIE 000JIOYKH, IOCTPOCHHbIE BOKPYT MOIYyYEeHHBIX Py Ui OydepHbIX 30H Bi'™"; 2 — BepIuuHbI rpada
JUIsl BOTHYTBIX 000J104€eK 1 KpaTdaiiiuii myTs u3 A B B Ha rpade
Fig. 1. Determination of the stationary thunderstorm avoidance route: a — buffer zones B,%apwith an offset of dgy,/2,
constructed for each polygon; 6 — grouping of pairwise intersecting buffer zones into sets G;; 6 — concave hulls constructed

min.

around the resulting groups for the buffer zones By'""; 2 — graph nodes for the concave hulls
and the shortest path from A to B on the graph

B mHacrosmieir paborte mpemiaracTcsi METOJ
ompezenenuss mapuipyta obxona BC He Hermo-
JIBUKHOW BO BPEMEHH, HO TUHAMHYCCKH H3ME-
HSIOIICWCS 30HBI TPO30BOW JCATEIBHOCTH, BO
MHOIOM OCHOBAHHBI Ha OIMCAHHOM CIIOCO-
6e [10] u nmpeacrasnsomui codoii ero 06001Ie-
HUE JIJIS CITydast MOIBMKHBIX TPO30BBIX 0YaroB.

MeTtoabl

Pazpabotka u ampobamusi mpeaIaraemMoro
METOoJla OINpPEAETICHUS ONTHMAILHOTO MapIpyTa
00x0/a, a TakkKe MPEIIISCTBYIONIUE JTAlbI I10-
JTy4eHUst 1 00paOOTKH TaHHBIX O PACIIOIOKEHUH
IPO30BBIX OYaroB M MOCTPOCHHE caMmoro rpada
OCYIIECTBIIIINCH C UCIIOIB30BAaHUEM SI3bIKa 00b-
eKTHO OpPHUEHTHPOBAHHOTO IPOrPAMMHPOBAHUS
Python u Oubmuotex: NumPy c moamep:xkoi
orepanuii HaJ, MHOTOYPOBHEBBIMH MAaCCHBaMH,
GeoPandas u Shapely mis o6paboTku reomnpo-
CTPAaHCTBEHHBIX JaHHBIX, a Takxke NetworkX,
NPEIOCTABISIONIEH HHCTPYMEHTHI JJIsl pa0OTHI €
rpadaMu ¥ TPOYMUMH CETEBBIMH CTPYKTYPaMH.
Co3maHHBIA aBTOpaMU B paMKax HMCCIEIOBaHUSA
KOJl HAXOJHUTCS B OTKPBITOM JOCTYTIE’.

? Kox ms npenoGpaGOTKH i BU3yalH3aluy PacTPOBBIX
n300pakeHuit [ DnekTpoHHBIH pecypc] // github.com.
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Jlnst pa3pabOTKH M TECTUPOBAHUS AJITOPUTMA
HCIIOIB30BAINCH JJAHHDBIC PaauoJIOKALIMOHHBIX
METEOPOJIOTUIECKUX HAOIIOJEHUI 32 TPO30BBI-
MH OYaramM U CHJILHBIMH JIMBHEBBIMHU OCAJIKAMH
®UHCKOTO  METEOPOJIOTHUYECKOTO  MHCTUTYTA
(Finnish Meteorological Institute, FMI). Ilo-
JIPOOHO TOPSAIOK MONYYCHHSI W TIPEeI00padoTKH
JIaHHbIX omrcaH B [10].

HaubGonee mnpsmonuHelHplii mnoaxon (an-
roput™ 1) k 0000meHn0 MeToga 00Xxoma cTa-
TUYHOU Tpo3bl U3 [10] Ayt coydas TMHAMUYECKU
M3MEHSIOIINXCS. TPO30BBIX OYAroB 3aKJIIOYaeTCs
B TOM, YTOOBI B KaXKIIbIi MOMEHT BpEMEHH t;
JUISl 3aJaHHOTO pa3Mepa OKHa W PacCMOTPETh
MHOJKECTBO ~ TDO30BEIX ~ ouarop T (i+w) —
= (7O, 7D 7Y yak enuHOe M He-
MOJIBIYKHOE ¥ IPUMEHUTH K HEMY METOJ 00Xx0/1a
CTaTUYHOU I'PO3BI.

Aneopumm 1. bazoBbIil METOA ONpeEEICHUS
MapupyTa o0xoJa BO3IyIIHBIM CYIHOM AWHa-
MHYECKH HW3MEHSIOIMIEHCS 30HBI T'PO30BOU Jiesi-
TEJIBHOCTH

URL.: https://github.com/yaaadrov/WxRADNet-
PyTorch (nara o6pamenwus: 10.10.2025).

3 Cxema nauHbIX [InekTporHbIi pecypc] / XML-¢ai.
URL: http://s3-eu-west-1.amazonaws.com/fmi-
opendata-radar-geotiff (mara obpamenns: 10.10.2025).
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TpeGoBanusi: HauyanbHOe mnojoxeHue BC
[x4, y4]T; 3HAUEHMS MUHUMAIBHBIX PACCTOSHMIA
Aimin ¥ dgap; Pa3MEP OKHA W; MPOTHO3 MHOXKe-
ctBa rpo3osbix ouaro {T O . nns kaxmoro
TpeOyeMoro MOMeHTa BpEMEHHU t;; 1iar AUCKpe-
Tu3auuu BpemeHu At; ckopocts nosera BC V;
TOYKA OKOHYaHHUs MapuIpyTa obxona [xg, yg]'.

1. O6o3HaYHTH TEKylllee MOJIOKEHUE
[xcurr .VCur]T < [XAI yA]T'i <1

2. VHunmanu3upoBaTh MHOMECTBO IMOBO-
potHBIX TyHKTOB P = {[x4, Y417}, 3amarommux
MapupyT 00xo/1a rpo3sl.

3. Iloka [xcur' ycur]T 2 [xB' VB

4. CdopmupoBaTh TEKyIIee BPEMEHHOE OK-
HO g::ur — T(i:i+w).

5. Ilpumenuts anroputm u3 [10] ana nomy-
e w3 Ty, rpada Goy (VAR EL

6. C nomompto anroputma JledkcTpsl
HalTH MHOX€ECTBO TOYEK P =
={[Xcur' ycur]Ti e [xB' yB]T}e 3ajlaromux  Kpar-
yaluii MapmpyT U3 [Xey, Veurl ' B [X5, V51T Ha
B3BEIICHHOM Tpade chr(Vc{}}‘“, Ehl,

7. OrpaHMuuTh  IOJIyYEHHBI  MapupyT
qmuHoM L =V - At (inb0 KOHEYHOW TOYKOM
MapmpyTa [Xg, Yg|') M TOJIy4HTH COOTBET-
CTBYIOIIIEE TIOMHOXKECTBO TIOBOPOTHBIX ITyHK-
ToB PL..

8. ITlomyunts HOBBIE KOOPIUHATHI
[Xpews Vnew] | KaK KOHEUHYIO TOUKY MONYYEHHO-
ro oTpeska mMapmpyta PL ..

9. OGHOBUTH MNEPEMEHHBIE: [Xcyr Yeur]l <
[xneW' ynew]T' PP U:Pcllllr' i<i+1

10. BepHyTh MHO>KE€CTBO MOBOPOTHBIX ITYHK-
ToB P, 3amalomux mapuipyT o0xoia BO3AYyLI-
HBIM CYJHOM JMHAMHUYECKU HU3MEHSIOIIeHcs 30-
HBI TPO30BOM IEATEIBHOCTH.

1"

['maBHBIM HEZOCTATKOM TAKOr'O II0IXOMa SIB-
JIsieTcsl HeO0OXOAUMMOCTEL Ha KaXKIOM Iiare I 3a-
HOBO BBITIOJTHSITH OTIEPAIH TIO0 CO3JaHUI0 Tpada

Ger (VAW ERUD) | primiowass Banmpaumio peGep
rpada, — 3TO BEIYMCIUTEIHLHO CIOXKHBIN TIpoLiece

2 o
/ALY ), TpeOyomuil s
KKJIONM Tapbl BEPIIMH Vph““, th““ MIPOBEPHUTb,

hull
qu

CO CJIOKHOCTBIO 0(|

MepeceKaeT JIM COSAUHSIONIee MX pedpo
XO0TsI ObI OJTHY M3 000JI0UEK.

OauH U3 BO3MOXHBIX IOJXO/J0B K PEIICHUIO
3aa4yl OMpeAeNieHUs Mapuipyta o0xoma BO3-
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JOYUIHBIM CyJHOM JMHAaMHUYECKU U3MEHsIoUencs
30HBl TPO30BOM JEATENILHOCTH 3aKIOYaeTcs B
HAXOXKJCHUM KpaTrdaillllero myTH Ha JMHAMuU4e-
ckoM (BpeMeHHOM) rpade (dynamic graph) [15]—
TaKOM, y KOTOPOTO JJsl KaXI0ro MOMEHTa Bpe-
MEHH t;, [ € Z MHOXeCcTBO BepimmH V dukcupo-
BaHO, a MHOXXECTBO pedep MeHsieTcs BO BpeMme-
HHU, TO €CTh KaXIOMy t; COOTBETCTBYET CBOM
Habop E O B IIPOCTEHIIEM CIIydae JUIs HaXOxXK-
JIeHUs KpaTdalIiero MmyTH Ha TakoM Tpade co
CKOJIB3SIIIMM OKHOM pa3Mepa W sl KaxJoro
MOMEHTa t; CTPOMTCS arperupoBaHHbIN TIpad
G® (V, E(i, W)), MOCJIC Yero 3aImyCcKaeTcs Kiac-
CUYECKUH aNroput™m JIeMKCTphl WIM €ro OITH-
MH3UPOBAHHBIN aHajor [16].

B paccmoTpenHom anroput™e 1 B Kaxabli
HOBBI MOMEHT t; OKHO, mpo0eraromiee I0
BCEM MHOKECTBaM Tpo30Beix ouaros {T O |
CABUTaeTCs Ha €IMHHUIY BIEpel, B pe3yJbTaTe
TeKy1Ias paaroIOKaIMOHHAS KapTuHA
T = TEFW) pavensiercss — odepenHoMy t;
OyZeT COOTBETCTBOBaTh CBOH HabOp BepIIMH
vl nonydenmBIX B pesynbTaTe ympoIIeHHS
rpaHul] 00O0JOYEK, M3-3a YEro MCIOJIb30BaHHE
NOCTPOCHHOTO Ha MpeAblaylieM Imiare rpada
CTAaHOBUTCS HEBO3MOXKHBIM.

Jnist mosrydeHus: JTUHAMUYeCcKoro rpaga as-
TOpaMM IPE/UIaraeTcsi MCIOJIb30BaTh MOIXOJ]
(airoput™ 2), BKJIIOYAIOIIMNA CIEAYIOIIHE OC-
HOBHBIE ATaIbI.

1. Illaru 1-5: co3manne MHOXKECTBA BEPIIUH
V Kak ToueK, MOJy4EHHBIX IOCJE YNPOLICHUS
IpaHUI] BOTHYTHIX O0OJIOYEK AJISl BCEX JOCTYI-
HBIX MOMCHTOB BPEMEHU {;.

2. Ilar 6: xiacTepu3anysi ¢ LEIbIO 3aMEHbI
UCXOJHBIX BEpIIMH V Ha LIEHTPOHIBI KIACTEPOB
C = {cj}]c-=1 TakKUM 00pa3oM, YTOOBI MOJyYEH-
HBIA B pe3ysbTaTe NWHAMHUYECKUI rpad He ObLI
Heperpy’keH CIUIIKOM IUIOTHBIMU OOJIaKaMu
BepUINH (puc. 2, a).

3. Iaru 7-9: yuet 60OABLIOrO YKCIA TPO30-
BbIX ouaros (Muoxectsa {T W . g kaxmoro
TpeOyeMoro MOMEHTa BPEMEHHU t;) MPUBOJIUT K
TOMY, YTO Ja)k€ IOCJe KJIAcTepH3alMU YHCIIO
BEPILIMH OKAa3bIBACTCS 3aMETHO OOJIbIIE, YeM B
cilydyae CTaTHYHOW KapTUHBI U3 €IUHCTBEHHOIO
MHO’KECTBa TPO30BbIX 04aroB J', — U3-3a ATOTrO
nporeaypa Balugaluuu  pedep  CTaHOBUTCSA
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Puc. 2. Cosnanne auHammaeckoro rpada’: a — Muoxxectsa Bepims V 1 neHTpornos C; 6 — Tpuanrysmus Jlenone
(mo Banmumaruu pedep); ¢ — pedpa, coenuusitomue k Oamkaimmx cocenel (10 Banuaanuu peoep)
Fig. 2. Dynamic graph construction®: a — sets of nodes V and centroids C; 6 — Delaunay triangulation (prior to edge
validation); ¢ — edges connecting the k nearest neighbours (prior to edge validation)

CIMIIKOM pecypcoeMkoil. [lo 3ToM mnpuunnHe
IIPEJIaraeTcsl MIPOBEPATh HE BCE BO3MOXKHBIC
peOpa, a HEKOTOpOe MHOXKECTBO pebep-KaHIu-
naToB 4,4, NOJIYYEHHOE KaK 00bEeIMHEHNUE!

3.1. Tpuanrymsiimn Jlenose Epejaunay [17] —

TPUAHTYJISIIMA MHOYKECTBAa LIEHTpou10B C, B KO-

gDelaunay = UAETriangulation(C){(pr q) I Cp, Cq EA}'

TOpPOW sl JII0OOOW TPEYTONbHOW SYEHKU OKpYK-
HOCTb, OIMCAHHAsi BOKPYT TPEYrOJIbHUKA, HE CO-
JIEP’)KUT B CBOEH BHYTPEHHOCTH HMKAKUX JPYTHX
Touek u3 C (MO3BOJIIET 00ECIICUNTh HATMIUE CBSI-
3ell MeX Ty JaTbHUMU BepIIMHAMU (puc. 2, 6)):

(12)

3.2. MHoxecTtBa pebep, COCNUHSIONIMX KaXAYH BepIIMHY ¢ k ee OmmKallmmMHu CcocemsiMu
(k-nearest neighbors, kKNN) [18] (103BoJsAIOT OOECTIEYNTh HAJIMUYKE CBSI3€H MEXKIY OIMKanIIMMHu

BepiIuHamu (puc. 2, 8)):

Ein ={P, @) | ¢q € argmin'gjea %y dist(cp, ¢;)}-

4. Ilaru 10-14: mig xkaxa0oro MOMEHTa Bpe-
MEHHM A KaKAoro pedpa-kaHaumara u3 E.ung
MIPOBEPSIETCS, IEPECEKACT JIM OHO XOTsI OBl OZHY U3

* VHpoleHHO: Ha JAHHOM PHCYHKE H JIaliee B KaueCTBE
KO3 PHUIHEHTa JOMYCTUMOTO OTKIOHEHHUS TIPU YIIPO-
IIEHUH TPAHUII 000IOUEK U CO3JaHUH KIACTEPOB HC-
nonp3oBaniock 3HadeHue 30 000 (30 kM), B TO BpeMs
KaK IpH MIPAaKTHYECKOHN pean3alyu MpeiaracéMoro Me-
TOJA JUIsl TOCTHXKEHUS JTydIINX PE3yIbTaTOB aBTOpaMHU
pexoMeHayeTcsa ucnonb3oBath 3HaueHHE 5 000 (5 kM),
YTO NPUBEACT K YBCIIMYCHUIO YHCJIa BCEX BEPIINH
B IIpUMepHO 3 paza (110 CpaBHEHHIO C KaPTUHOM, N300-
paXEHHON Ha PUCYHKE), a UHCIIa LIEHTPOUOB — MPHU-
MepHO B 10 pas.

14

(13)

BOTHYTBIX 000JI0YEK TEKYIIEeH paaroIOKAITMOHHON
kaptuast T O, 1, ecrn Her, pebpo 106aBsIeTCs B
cooTBeTcTBYyIOMmEee MHOKecTBO €W,

5. Hlar 15: monmydeH B3BEIICHHBIH TUHAMU-
yeckuii rpad ¢ (QUKCHPOBAHHBIM MHOXKECTBOM
BeplliH C U YHHUKQJIbHBIMH JUISI KaXKIOTO MO-
MeHTa BpeMeHH t; HaGopamu pebep {€ DIV, .

Aneopumm 2. Meron co3naHus AUHAMHUYE-
cKkoro rpaga

TpeGoBanMsI: TPOTHO3 MHOXKECTBA TPO30BBIX
ouaros {T W | nna xaxmoro TpeGyemoro Mo-
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Puc. 3. Haxox/enue MapmpyTa 06X0/1a Ha TUHAMHYECKOM rpade: a — Kpardaiiumii myts u3 A B B Ha GV (C’, & (1));
6 — ONTUMHU3ALHSI MAPLIPYTa 00X0/1a 38 CYET MOCTPOCHHS TOMOIHUTEIBHOTO rpada BUAUMOCTH;
6 — (DMHAIBHBINA MapIIPYT 00X0a KaK COBOKYIMHOCTh OTPE3KOB JUIUHBI L = V - At ny1s kaxmoro t;
Fig. 3. Finding an avoidance route on a dynamic graph: a — the shortest path from A to B on G (1)((;’, & (1));
6 — route optimization by constructing an additional visibility graph; ¢ — the final avoidance route as a sequence of
segments of length L = V - At for each ¢;

MEHTa BPEMEHHM t;; MapaMmeTp KiacTepu3aluu
dust (B paboTe IpUHAT paBHBIM 5 KM); yucio k
ONMVKAMIINX COCeAeH Uil ompeaencHus pedep-
KaHIUAaToB (B paboTe mpUHATO paBHBIM 10).

1. VHMuManu3upoBaTh IyCTOE MHOXECTBO
BepuH V = {}.

2. Jlma Kaxaoro MHOKECTBA IPO30BBIX Oya-
rop T® pz (T

3. Jlnsa kaxmoi BOTHYTO#M o0onouku H;, co-
OTBETCTBYIOLIEH TEKYILIEH pPaIUOIOKAUMOHHOU
kaptuae 7O B MoMeHT t;:

4. VYnopoctuth rpanunsl H; ¢ MoMoupo ai-
roputma Jlyrnaca — Ilekepa u npeactaButh 00o-
JIOUKY B BUJIE MHOXKECTBA Touek H.

5. OOHOBUTH MHOKECTBO
V <V UH,.

6. Pa3genuTs monydeHHOE MHOXECTBO Bep-
muH V Ha KJIACTephl ¢ MapaMeTpoM KilacTepH3a-
n d e (KJIaCTEp MOXKET BKJIIOYATH OT 1 Bep-
IIMHBI) U TIONYYUTh MHOXECTBO LEHTPOUIOB
3THX KIacTepoB C = {cj}]c-zl.

BEpIIHMH

7. Jns MHOXecTBa TOouek C MOCTPOUTH TPH-
aHryssinuio JlenoHe — mosyuyuTh MHOXKECTBO pe-
Oep-KaHuAaToB Epelaunay-

8. Hns xaxmoit BepmmHbl u3 C Haiitu k ee
Onmmkaliux coceneid MO €BKIUAOBY paccTos-

15

HUIO — TMOJIYYUTh MHOXKECTBO peOep-KaHIu1aTOB
EkNN-

9. TonyuuTh OOBeaMHEHUE pedep-KaHIuIa-
TOB Eang = gDelaunay U Exnn-

10. [IpousBectn Banmumanmio pedep. s
Ka)XJIoT0O MOMEHTA BPEMEHU L;:

11. Uannuanu3upoBath IyCTOE MHOXECTBO
BamunubIx pedep ED = {}.

12. Ins xaxmoro peOpa-kaHauaara qu =
= (p, Q) 3 Ecana:

13. TIpoBepuTh, nepecekaet i E,, XoTs Obl
OlIHy U3 obonouek H; Tekymiel paauoioKaliu-
onnoii kaptuabr T O,

14. Ecnn He mepecekaeT, To 10OaBUTh €ro B
MHOXECTBO  BAJIHMIHBIX pebep ¢  BecoM

: . el i
dlSt(Cp,Cq). ED gy {Epq}-
15.BepHyTh B3BEIIEHHBIM JUHAMUYECKHUN

rpad GO(e, €D).

Ha puc. 3, @ nokazan mapuipyT 06xo/1a 30HbI
rpossl TV, mosyuenHslit 118 AMHAMHYECKOrO
rpada G(l)(C’, 8(1)): OH TIPEACTaBIECH B BUJIE
JIOMaHOM ¢ OOJIBIIMM KOJIMYECTBOM 3BEHBEB, UTO
OOBSICHAETCSI HCIIOJIb30BAHHUEM 3aMETHO OO0JIb-
LIET0 [0 CPAaBHEHUIO CO CTATUYHBIM CIyd4aeM
(puc. 1, 2) uncna BepLIUH, a TaKXKe MPUMEHEHU-
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€M TpHaHTyJsinuu Jlenone g ynpomeHus mpo-
Leayphl Baaugauu peodep.

[Tosny4yeHHbI1 MapuIpyT MOXET OBITH OINTH-
MU3UpPOBaH, Ul 3TOro mpeanaraercs: 1) mo-
CTpoUTh  HEOONBIIOW  Tpad  BHAMMOCTH

G\fils) (Vv(i?, 85115)), BEPUIMHBI KOTOPOIO — IyTh U3

A B B na (¢, €MW); 2) nposammmuposats
ero pebpa; 3) MOJYYUTh ONTHUMH3MPOBAHHBIN
MapuIpyT AJs TEKYIIEro BPEMEHHOI'O OKHa Kak
Kparuaiimuii mapmpyt u3 A B B (puc. 3, 6). Ou-
HAJIHBIA MapHIpyT 00X0/1a JMHAMUYECKH M3Me-
HSIOIIEHCS 30HBI I'PO30BOM JEATENbHOCTH, Ta-
KUM 00pa3oM, MOXET ObITh MOJIY4YEH KaK COBO-
KyIIHOCTb OTPE3KOB UIMHBI L = V - At, B34TBIX
OT ONTUMM3UPOBAHHBIX MAPIIPYTOB 00X04a IJIst
Ka)XJI0TO0 MOMeHTa t; (puc. 3, 6, aroput™ 3).

Aneopumm 3. Meton onpeneneHusi Mapuipy-
Ta 00X0/Ja BO3AYIIHBIM CYJHOM JTUHAMHYECCKH
U3MEHSIOLEHCS 30HBI IPO30BOM ACATEIBHOCTH

TpeGoBanmsi: HavdaibHOe TmonokeHne BC
[x4, y4]T; 3HAUEHMS MUHUMAIBHBIX PACCTOSHMIA
Aimin ¥ dgap; PA3MEP OKHA W; MPOTHO3 MHOXKe-
ctBa Tpo3osbix ouaro {7 WM . nna kaxmoro
TpeOyeMoro MOMeHTa BpeMEHHU t;; 1iar AUCKpe-
TH3auuu BpemeHu At; ckopocts nosera BC V;
TOYKA OKOHYAaHMs MapipyTa obxona [xg, ygl';
napaMmerp KiacTepusanud d,; YUCIO k Ou-
XKAWIMUX Ccocele Julsi ompeselieHust pedep-
KaH/MIaTOB.

1. O0Oo3HAYUTH TeKyIee
[xcur' ycur]T < [xA' yA]T:i <1

2. VHunmanu3upoBaTh MHOMECTBO IMOBO-
potHBIX TyHKTOB P = {[x4, ¥4]"}, 3amarommux
MapuIpyT 00X0/a rpo3sl.

3. IlpumeHuUTH anroput™ 2 Ui NOJyYEHUS
B3BCIICHHOTO JTMHAMUAYECKOTO rpada
G(i)(C’, g(i))'

4. Tloka [xcurl ycur]T * [XB, yB]T:

5. CdopmupoBaTth TeKyliee BpEMEHHOE OK-
HO jéur — T(i:i+w).

6. Iomyuuts rpad A7 TEKyIIEro Bpe-
MeHHOTO  OKkHa G, = GO(C, £EHW) =
=69(c, NIt W), muoxectro pebep KoTO-
pOro TpejcTaBiIsIeT COOON IMepecedeHue MHO-
xecrs EO s i € [i,i + w].

ITOJIOKCHHUEC

16
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7. C nomoliuplo aiaroputMa JledkcTpsl Haii-
v(l) = {[xcur! yCllI']T' b

vis
o, [Xg, Y517}, 3amaromux kparyaiimmii mapri-

PYT U3 [Xoy Veur]| B [X5, ¥5]T Ha B3BEmIEHHOM

TH MHOXCCTBO TOUYCK

rpade G-

8. Tloctpouth rpad BUJUMOCTHU
G.(p® ¢ e® — €
VIS vis ? vis /° r'ue VIS {(p' q) | p’ q
v p % q} NEEHW)  npencranser  coGoit

MEPECCUCHUEC MHOXKCCTBA BCCX BO3MOXHBIX pPC-

Oep Ui BepIINH Vv(ils) 1 MHOXECTBA BCEX BaJMJ-
HBIX JUIs Tekymero okua pebep &EFW) =
n;:+W 8(1)

9. C nomompbo anroput™Ma JIeHKCTpbI

HAaTH ONTUMHU3UPOBAHHBIM MapumIpyT 00Xoja
IS TEKYIIIETO BPEMEHHOTO OKHA Kak MHOYECTBO
TO4CK chur = {[xcur' ycur]Tr s [xB' yB]T}}’ 3a-
JAIOIMX KpaT4aiiuii MapmpyT u3 [Xeu Yeurl |
B [xg ygl" ma  B3Bemennom  rpade

GviS(V(” g(t)).

vis ? “vis

10. OrpannunTh NOJYy4YEHHBIH MapmwpyT P,
mmuHo L =V - At (ub0 KOHEYHOW TOYKOM
MapumpyTa [Xg, Yg|') M TOJIy4HTh COOTBET-
CTBYIOIIIEE TOAMHOXKECTBO TOBOPOTHBIX MYyHK-
ToB PL,.

11. IHomyuuts HOBBIE KOOPJIMHATHI
[Xpews Voew] | KaK KOHEUHYIO TOUKY IIOJYYEHHO-
ro oTpeska mMapimpyta Pk ..

12. OGHOBHTE TNEPEMEHHBIE: [Xoyr Veur) W <
[xnew' ynew]T' Pe? U:PclﬁrJ [ei+1

13. BepHYTh MHOXECTBO MOBOPOTHBIX ITyHK-
ToB P, 33jal0muXx MapumipyT o0Xoja BO3MYyII-
HBIM CYJHOM TMHAaMHUYECKH M3MEHSIOIIECHCS 30-
HbI TPO30BOM J1€ATEIBHOCTH.

Mapuipyt 06Xx01a CUUTAETCS YCIEIIHBIM B
TOM CIIy4ae, €CJIM B KaK/Iblii MOMEHT t; Hayaslb-
noe nonoxkenue BC [Xqyp, Veur] | HaXomuTes 3a
npezeiaMd BOTHYTBIX O0O0JIOYEK Ul TEKYILEro
BPEMEHHOIO OKHa. ECiM ke KOHEe4Has TOYKa OT-
pe3ka IS t;_; OKa3bIBA€TCA BHYTPH BOTHYTBHIX
obomouek mrs T W) B kagectBe HOBOTO
HAYaJbHOrO IIOJIOKEHHs BHLIOMpaeTcs OJvKaii-
mwas JOCTYNHAs K [Xeur Yeur]' BEPIIMHA JIMHA-
MHYECKOTO Tpada, HO MapIIpyT CYMTAETCH He-
YCHELIHBIM.
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YcnewHsie MapwpyTe obxoaa

@

fona ycnewkxsix MaplipyTos

& [NuHamuyeckui rpad 6e3 onTMUIaLUK
&= [duHaMuveckui rpad ¢ oNnTUMKUIaLWen

0.0—=
0 1 2 3 4 5 6

Pa3smep okHa w

Puc. 4. Pacnipenenenne AaiH MapIIpyToB (CiIeBa) U A0S YCIENIHBIX MapmIpyToB 00xozaa (crpasa)
Fig. 4. Route length distribution (left) and proportion of successful avoidance routes (right)

PesyabTaTsl

[Ipennaraembie B pabore metoasl: 1) Ga3zo-
BBl (asroput™ 1); 2) OCHOBaHHBIN Ha MOCTPOE-
HUM TUHAMUYECKOro rpada; a Taxke 3) ero on-
TuMm3aIs (anroput™ 3) — OBUTA TPUMEHEHBI
JUIS HaXOKICHUSI MapIIpyTOB 00xona 27 peasb-
HBIX TPO30BbIX KOH(MUTypaluii, OTOOpPAaHHBIX Ha
sTane noiydeHus naHHbelX [10], mns pasmepos
okHa W oT 0 (B KaXIblii MOMEHT t; MapuipyT
00X0la CTPOMTCS HAa OCHOBE HCKIIOUUTEIHEHO
TEKyIIEH paguoIOKalluOHHOW KapTUHbI T ® Ges
ydeTa mporuosa) a0 6. HauanbHble 1 KOHEUHBIE
TOYKH A U B onpenensiauch aBTOpaMu ¢ y4eTOM
JUHAMUKHA Pa3BUTUS TPO30BBIX OYAroB TAKHM
o0pa3oM, 4yTOObI TOYKM HAXOAWIUCH B HEIMO-
CPEICTBEHHOM OJM30CTH OT TPO3bI, MAKCUMAJIhb-
HO YCIIOJKHSAS 3aJ]a4y HAaXOKJIEHHSI ONTHUMAaJIbHO-
ro Mapupyra o0Xo/aa; Ipu 3TOM CTPOWJIUCH HE
TOJIBKO MapuipyThl U3 A B B, Hou u3 B B A —
BCET0, TAKUM 00pa3oM, I KaKIOro METoJa U
okHa W = 0, ..., 6 ObUTO TIOTY4YeHO 54 MapiipyTa
o0xoma.

Ha puc. 4 cneBa mokazaHo pacmpeneneHue
JUIMH MapIipyToOB JJIsl KaXJIOTO W3 METOJIOB B
3aBUCHUMOCTH OT pa3Mepa BPEMEHHOTO OKHa W;
Ha puc. 4 crpaBa MOKa3aH JUHEHHBIA rpapuk
JIONTK YCTICUTHBIX MAapUIPyTOB B 3aBUCUMOCTU OT
pa3Mepa OKHa W 1111 000MX METOJI0B, OCHOBAH-
HBIX Ha MOCTPOCHHM JWHAMHYECKOro Tpada, ¢
JIOBEpUTEIIbHBIM UHTEpBaJIOM 0,95.

Kak cnemyer u3 puc. 4, 1ist Bcex paccMoOT-
PEHHBIX CIy4yaeB MEAMAHHOE 3HAYEHHE JIMHBI

17

MapuipyTa Ajisi METOJa, OCHOBAaHHOTO Ha IIO-
CTPOCHUM JIMHAMHUYECKOro rpada ¢ onrtumwusa-
1uel, oka3aaoch MEHbIIE, YeM AJis IPYTUX Me-
To0B. HamOonpmmii MPOIEHT  yCHENIHBIX
MapuIpyToB cocTtaBiser 79,6 % u Habmogaercs
JUISE METO/Ia C TWHAMHYECKUM rpad)oM U JONOJ-
HUTENbHON oONTHUMH3aIel (HamoMHUM, 4YTO
YCIICITHBIM HAa3bIBAETCS TAKOM MapIIpyT, LIS
KOTOpOTO KaXkJas (PMHaANIbHASI TOUKA OTpe3Ka AJs
MOMEHTa t;_; HAXOIUTCSI BHE 30H BBIMYKIIbIX
060I104eK, COOTBETCTBYIOIMX OKkHy I (HitW)),
B cnyuae ecnu npu onpeneneHun Mapuipyrta 0o-
X0Jla TpeAcKa3aHusl Pa3BUTHS TPO3bI BOBCE HE
ucrnonb3ytorcs (w = 0), TPOIEHT YCIEUTHbIX
MapuIpyToOB cocTaBiseT nmopsaaka 50 %.

Kak mpaBuiio, ocyuiecTBieHue ONTUMU3AINH
(myHkTbl 8-9 amroputma 3) HampaBlIeHO Ha
Crila)kKMBaHUE 3UI3aroB, 0Opa30BaHHBIX IO MpPU-
YUHE HCIOJIb30BAHUS TIPHU MOCTPOCHUH JUHAMH-
yeckoro rpada (anroput™ 2) HE BCEX BO3MOXK-
HBIX pebep, HO OTOOPAHHOTO MOJAMHOXKECTBA pe-
Oep-kaHauAaToB E.,,q, OJHAKO B HEKOTOPBIX
CIy4asiX BIUSHUE ONTHMHU3AIMUA HA MapHIpyT
00xoma MOeT OBbITh Kyza 0o0Jiee OULyTHMBIM.
Tak, Ha puc. 5, @ BUAHO, YTO IEPBOHAYAIBHO
KaK MapuipyT 6e3 ONTUMU3ALNHU, TAK U MapLIPyT
C onTuMHu3alMed OBUIM TPOJOKEHBI MEXIY
JIBYMsI TPO30BBIMU OYaramM, OJIHaKO B CiIydae ¢
MeTosoM 6e3 ontumuzanuu BC mogonuio k To4-
K€ pa3JeJIeHUsl 0YaroB CIUIIKOM IO3HO, KOrja
BOTHYTBIE O0OJIOUYKH COOTBETCTBYIOUIMX OYaroB
YK€ CIWINCh, Jienasl IpoJieT MEXIy HUMH He-
BO3MOXHBIM. B pesynbrare BC mpumiocs no-
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Puc. 5. IIpumeps! MapuipyToB 00Xoa: @ — ONTUMHU3AIIMS T03BOJISIET 3HAYUTEIBHO COKPATUTh MapIIpyT 00X0/a;
6 — OTCYTCTBHUE yueTa IIPOrHO3a Pa3BUTHS IPO3bI MOXKET IIPUBECTH K IMOIBITKE OOOWTH OYar ¢ IOABETPEHHOW CTOPOHbI;
6 — YBEJIMUSHHE pa3Mepa OKHa, KaK IPaBHJIO, IPUBOJHUT K YBEJIMUSHHUIO JUTMHBI MapuipyTa 00xoza
Fig. 5. Examples of avoidance routes: a — optimization allows for a significant reduction of the avoidance route length;
6 — failure to account for the thunderstorm development forecast may lead to an attempt to avoid the cell from the leeward
side; ¢ — increasing the window size generally leads to an increase in the avoidance route length

MOJTHUTENIBHO OOOWTH OdYar ¢ Ioro-3amaja, 4To
MPUBEJIO K YBEJIMYEHUIO MapiipyTa 00Xxoja Ha
74 % (655,7 kM) IO CpaBHEHHIO C MApIIPYTOM,
MOJTy9CHHBIM METOZOM C NPUMCHCHHEM OITH-
MU3ALINH.

U3 puc. 4 BUIHO, YTO yBETUYEHHUE pa3zMepa
OKHA, KaK MpaBUJIO, BJIEUET 3a cOOOW yBemuye-
HUE JUIMHBI MapuipyTa; pHucC. 5, 6 TO3BOJISET
MPOMJLTIOCTPUPOBATH ATY TEHACHIIUIO: U3-32 HC-
MOJIb30BAHUSI YBEJIMYCHHOTO pa3Mepa OKHAa BO-
THYThI€ OOOJIOYKH JBYX T'PO30OBBIX OYaroB CJH-
BAIOTCS CIIMIIKOM DPaHO, M3-32 Yero IMporagaet
BO3MOXXHOCTh MPOJIETETh MEXAY HUMH. B mpu-
BEJICHHOM MpPUMEpPE UCIOIb30BaHNE OKHA W = 2
M0 CPaBHEHUIO C W = 1 MpUBEJIO K YBEIHUUCHUIO
JUTMHBI MapiipyTa o0xojia (ToJy4eHHOTO METO-
JIOM, OCHOBaHHBIM Ha WCIIOJIb30BAHUH JTUHAMHU-
yeckoro rpada c onrummzanueit) Ha 73,3 %
(629,7 xm).

Opnako eme OoJblliee yBEIHUEHHUE JIUHBI
Mapuipyta 00xXoJa MOXKHO MOJTYYUTh, €CITU BO-
BCE€ HE YYMTHIBaTh IPOTHO3 Pa3BUTUS T'PO3bl U
BBITIOJIHATH 00x0a ¢ w = 0: Tak, Ha puc. 5, 6
BUJTHO, YTO B KaKOW-TO MOMEHT OCYIIECTBIICHUE
00xoma Tpo3bl C MOJABETPEHHOW CTOPOHBI
(MapmIpyT TOKa3aH OpAHXKEBBIM) CTaHOBHUTCS

18

HEBO3MOXKHBIM, U3-3a 4ero BC BBIHYKIEHO Bep-
HYTbCSI B HAYaJIbHYI0 TOUKY A ¥ IPOU3BECTU 00-
XOJ C MOJIBETPEHHON CTOPOHBI, KaK U OBLIO pea-
JM30BaHO M3HAYAJIBHO B cllydyae JIJIsl MaplipyTa
co 3HaueHueM w = 1 (mokaszaH cuHuMm). Takum
o0pa3om, B pacCMaTpUBAaEMOM Cllydae y4eT Mpo-
THO3a PAa3BUTHUS TPO3bI TO3BOJIMI COKPATHUTH
JUTMHY MapuipyTa o6xoxaa Ha 32,6 % (493.5 km).

Jlyis ompeneneHus BIMSIHHS BBIOOpa METOAa
o0xoa ¥ pa3mMepa OKHAa Ha HUTOTOBYIO [UIMHY
MapuipyTa ObUT POBEACH ABYX(PaKTOPHBIN JHC-
nepcuoHHbld aHanmm3 (Analysis of variance,
ANOVA) [19], nocroBepHOCTH KOTOPOTO MOJ-
TBEP)KJIA€TCS TOMOTE€HHOCTHIO JUCIEPCUN BCEX
QITOPUTMOB TIPU KAXKIOM pa3Mepe OKHa W — Bce
3HA4YEHUs p-ypPOBHEW 3HAYMMOCTH 1O TecTy Jle-
BeHa (Levene’s test) [20] coctaBnsitoT p > 0,48.
Pe3ynpTaThl QUCHEPCHOHHOTO aHaiIM3a MO3BO-
JIVITA YCTAaHOBUTH CIIETYIOIIEE.

1. Hanuyne 3HaYMMOTO OCHOBHOTO BIIUSIHUSA
Ha CPEIHIOI0 JJIMHY IyTH KaKk MeToja 00Xona

(co  3HauYeHWEM  p-ypOBHS  3HAYUMOCTH
p < 0,001), rak u pazmepa okHa (p <« 0,001).
2. Hamuume 3HaYMMOrO  B3aMMOJICHCTBUS

MEXITy METOIOM U pazmepom okHa (p = 0,0104),
YKa3bIBAIOIIETO HAa TO, YTO pa3Mep OKHA IIO-
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Puc. 6. OTHOCHTENIFHOE N3MEHEHHE /10N YCIICITHBIX MApIIPYTOB ¥ CPEAHEH JUTMHBI MapIIpyTa sl KaXKJ0ro OKHa W IS
METOJa, OCHOBAHHOTO Ha IMOCTPOSHUH JHHAMUYECKOTo rpada (CiIeBa) i ero ONTHMU3HPOBAHHOHN BepcHH (CTIpaBa)
Fig. 6. Relative change in the proportion of successful routes and the average route length for each window w for

the method based on dynamic graph construction (left) and its optimized version (right)

pa3sHOMY BJIMSET Ha CPEIHION JUIMHY IyTH B 3a-
BHCHUMOCTH OT UCIIOJIB3YEMOT'0 METOJA.

OtHocuTenbHasg pazHuua AL, MapuipyToB
Ly v Lg, IOTy4YEHHBIX C IOMOIIBI0 METOAOB A 1
B, MoXeT ObITh MOJTyueHa Kak

La-Lp

ALl = Ciin)/7

(14)

Pesynbrarer  Tecta Illanupo Yunka
(Shapiro-Wilk test) [21] mis mpoBepKu THIIOTE-
361 O HOPMAJIBHOCTU pactpeneneHust AL, co
3HaYEHUEM YpPOBHS CTaTHCTUYECKOM 3HAYUMO-
cti o = 0,05 Ho3BOMWIN CHAENIATH BLIBOI O TOM,
YTO JJI BCEX pacCMaTpUBAEMbIX W IJIs BCEX Map
anropuTMoB pacmnpegenenue AL, crathucTuye-
CKH 3HAYMMO OTJIMYAeTCsi OT HOPMAJIbHOTO, Cle-
JOBATENbHO, JIUIsl IPOBEPKU TMIIOTE3 O CTaTUCTH-
YECKU 3HAYMMOM DPA3IUYUHN CPEAHUX HEOOXOIH-
MO HCII0JIb30BaTh HEMapaMETPUUECKHM TECT.

B cuny mapHocTH NaHHBIX A CpaBHEHHS
CpelHuX ObUI HCIOIb30BaH HeMapaMeTpUYECKUui
TeCT VYWIKOKCOHa Uil TAapHBIX BBIOOPOK
(Wilcoxon signed-rank test) [22] co 3HadYeHHEM
ypoBHs cratucTudeckoi 3Haunmoctu o = 0,05,
pe3yJbTaThl KOTOPOTO MOKa3ajH, YTO ISl BCEX
PaCCMOTPEHHBIX 3HAYEHUN W:

1) He cymecTBYeT CTaTHCTHYECKH 3HAYNMOMN
pPasHUIBl CPEAHHUX [UIMH MapUIpyTa, MOTy4YeH-
HBIX C MOMOUIbI0 0a30BOro MeTofa W MeToja,
OCHOBAaHHOIO Ha NPUMEHEHHUU IUHAMHYECKOIO
rpadga ¢ onTuMm3anuel (3HAYCHUS p-ypOBHEH

19

3HAYUMOCTH ¢ TmomnpaBkoi boHdepponn Ha
MHO>KECTBEHHYIO TPOBEPKY THUIOTE3 IJs pas-
JUYHBIX 3HAYEHUH W JexaT B Juara3oHe
p €0,118;1,0]);

2) MeAMaHHas JAJUHA ONTHUMHU3UPOBAHHOTO
MapuipyTa ¢ HCHOJb30BaHUEM TUHAMHYECKOTO
rpada CTATUCTMYECKH 3HAYUMO OTJIMYAETCS
(MeHbIIIe) OT MEIUWAHHOW IJIMHBI MapuIpyTa C
WCITOJIb30BaHUEM JIMHAMHYECKOTO rpada 6e3 or-
TuMu3anuy, p € [1,04 - 1078;8,42 - 107°];

3) MenuaHHas JUIMHA MapuipyTta st 6a3o-
BOTO aJrOpPUTMa CTATUCTUYECKU 3HAYUMO OTIIH-
yaeTcsi (MEHbIIE) OT MEIUAHHOW IJIMHBI Mapul-
pyTa C UCHOJB30BaHUEM TUHAMHYECKOTo rpada
6e3 ontuMusanuu, p € [8,35 - 1078;0,006].

PesynbpTaThl mapHOro HEMmapaMeTpUIECKOTo
tecta Mak-Hemapa  (Pairwise = McNemar
test) [23] ans METOIOB, OCHOBAHHBIX Ha MCIIOJb-
30BaHUU TMHAMHUYECKOTO rpada ¢ ONTHUMH3AIIH-
et u 6e3 Hee, MOKa3bIBAIOT, YTO HU JUIS OJHOTO
U3 pacCMaTPUBAEMBIX Pa3MEPOB OKHA W HCIIONb-
30BaHME OINTUMU3AIMU HE TOKA3aJI0 CTATUCTH-
YECKH 3HAYUMOTO YIYUIICHHUS C TOYKU 3PEHUs
YBEJIMUEHUS JIONH YCIEIIHBIX MapIipyToB (MH-
HUMAaJIbHOE 3HAYEHUE p-ypPOBHS 3HAUUMOCTH CO-
crapysieT p = 0,386 u COOTBETCTBYET pazMepam
OKHAW =4 uw = 5).

Jl51s BBIOOpa ONTHUMANILHOTO pa3Mepa OKHa W
JUTSE METOJIOB, OCHOBaHHBIX Ha CO3JaHHWM JUHA-
MHYECKOTO Tpada, OB MOCTPOCHBI JIMHEHHBIC
rpaduKy  OTHOCHUTENHHOTO W3MEHEHUS JIOJH
YCHEMIHbIX MapmpyToB AS W cpemHeill ATUHBI
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MapuipyTa AL Juis KaXJI0ro OKHA W TI0 CpaBHe-
HUIO C mpeablaymuM (puc. 6): ONTUMalIbHBIM
IpeJUIaraeTcsi CYUTaTh TOT pa3Mep OKHA, KOTO-
pPOMYy COOTBETCTBYET HauOOJIBIIUI MPUPOCT JI0-
JM YCHEIIHBIX MAapIIPYTOB MpPH Kak MOKHO
MEHBIIEM IPUPOCTE OTHOCUTEIBHOTO H3MEHE-
HUSl MX CpeaHel JUIMHBI (TO ecTh HauOosibliee
3HaueHue kodpdummenta AS/AL). U3 pwuc. 6
BUJIHO, YTO JJIS MeTO/1a 6€3 ONTUMHU3ALUN TaKUM
3HA4YEHUEM SIBJISIETCS W = 2, a 1711 METo/a ¢ OIl-
THMH3aLUEn —w = 4.

Oo0cyxaenue
AHanusupyss ~ anrOpUTMHUYECKYIO  CIIOXK-
HOCTh [24] 06a3oBOoro MeroAa OMNpeaeNeHUs

Mapiuipyta 006xo/la JUHAMHYECKH M3MEHSIOMICH-
csl rpo3bl (anroput™ 1) B MpenrosoKeHUu, YTo
IpY YBEIMYCHUH pa3Mepa OKHAa W Ha OJMH YHUC-
J0 BepwuH rpada chr(l/cﬁ‘r‘“, Eg{};“) yBEJIMUYNBa-
€TCsl Ha CpeJHEe 3HAUEHHME BEPUIMH B KaXKIbIN
MOMEHT BpeMeHH V', MOXKHO 3aKTIOUUTh:

1) B Kaaplii MOMEHT BPEMEHH t; aCUMIITO-
TUKa BaJIMJAMK pedpa MeXIy KaKI0H BO3MOXK-
HOM Mapod BEPIIMH 3aBUCUT B TOM YHCJE OT
pa3mepa okHa W (3HaueHHro w = 0 COOTBeT-

ctByet V BepmuH, w = 1 — 2V BepuuH u T. 1.)
u cocrapiseT O (((w + 1)V)2) ~ 0((wV)?);

2) mpuueM i KaXAoro pedpa HeoOXoauMo
npoBepuTh nepecedenue ¢ (w + 1)P nonurona-
MU, TOe P — cpegHee 4uMCIIO HOJIMIOHOB IS
KaXJI0ro t;, 4ro B HTOTe JaeT CIIO0XKHOCTh
o(w3V?2p);

3) anropuTMHUecKas CIOXKHOCTb aJrOpUTMa
JeiikcTpsl Ha Tpade, pedbpa KOTOPOro COenuHs-
IOT BCE BO3MOXHBIE Mapbl BEPILNH, COCTABISIET
O(V? +VlogV) [25];

4) oOmrasi CJIOXXKHOCTh AITOPUTMa Ui BCEX
MOMEHTOB BpeMeHH NN, TaKUM 00pa3oM, COCTaBIISIET
O((wW3V?P + V2 + VlogV)N) ~ O(w3V?2N) —
KyOu4eckasi 3aBUCUMOCTb OT W M KBaJIpaTU4Hasi
3aBUCUMOCTH OT V' penmaroT 0a30BBIH aJTOPHTM
KpaifHe HelpaKTHYHBIM.

YcoBepiieHCTBOBaHHE 0a30BOTO aITrOPUTMA,
3aKJII0Yaoleecss B IMOCTPOEHUM OOMIero s
BCEX MOMEHTOB t; AMHaMHuYecKoro rpagda c mo-
CTOSIHHBIM YHCIIOM BepuInH V™, a Takxke B BaJu-
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JAlMY JIAIIb OTOOPAHHOTO IOJAMHOXECTBA pe-
Oep-kaHIuaaToB € ,nq, MO3BOJSIET CYIIECTBEHHO
YMEHBIIUTh aJTOPUTMHYECKYIO CIIOXKHOCTh Me-
TOJA:

1) acumnroTHKa 4Ymciaa pedep COCTaBIsET
O(V*) nnsa tpuanrynsuun Jenone u O(kV™)
gk OmmKalmmx coceded, TO €CTb MOXKHO
CYUTATh, YTO MOUIHOCTD € g JTMHEHHO 3aBUCHUT
OT 4YHCJIa BEpUIMH JMHAMUYECKOro rpada:
|Ecanal = cV*, TIe ¢ — HEKOTOpast KOHCTAHTA,

2) CIOXHOCTb TIOJYYEHHUS TPUAHTYIISIUU
JlenoHe, a TakXkKe MOJyUYeHHs OJIMKAWIINX COoce-
Jei (C UCTIONIb30BAHUEM HEPapXHUYECKOTO Jepe-
Ba R-tree wm KD-tree [26]) cocraBuser
O(V* logV™*) nist 060MX aIrOPUTMOB;

3) g Kaxzaoro MoMeHTa t; pebpa E ,nq Ba-
JUIUPYIOTCST TOJNBKO OTHOCHTEIBHO TEKYIIETO
Yucia MOJUIOHOB P, 4TO COOTBETCTBYET aCHUMII-
TtoTUKe O(|EanglP) = O(V*P); Takum 06paszom,
CIIOKHOCTB MOCTPOCHUsI rpada U BaTHIALUH IS
BCEX MOMEHTOB N JIMHEWHA OT YKciia BEPIIUH U
cocrasisier O(V*PN);

4) mociie MOCTPOSHHs JIUHAMHYECKOTO Tpa-
¢da BO Bpemsi HEMOCPEACTBEHHON PabOTHI airo-
puTMa HEOOXOAMMO TMOJIyYUTh TIepECeUcHHe
w + 1 muoxects N €W ¢ npubnmsuTensHoit
acumnrotukoit O(W|E.nql), a Takke mpume-
HUTh AJITOPUTM [[€HKCTpPBI, CIIOKHOCTh KOTOPOTO
coctaBUT O(|Eanal + V™ logV™); cmoxuOCTSH
mis N maroB  cocraButr  O((wcV™ +
V* logV*)N);

5) takum oOpa3oMm, TpeapacueT JAMHAMUYC-
CKOTO Tpada MEepeHOCUT BBIYUCIUTEIHHO CIOXK-
HBIC TIPOIICyphl HA ATam MpenoOpadoTKu aH-
HBIX, 3HAYUTEIBHO YCKOPss paboTy MeToaa mpu
HETIOCPEJICTBEHHOM BBITIOJTHEHUU 00X0/1a TPO3BI;
o0II1ast CIIOKHOCTh TPEIaraeMoro MeTofa CTa-
HOBUTCSl TIPaKTHUYECKU JUHEWHOW oT V™ um co-
craisier O(V*PN + (WV* + V" logV*)N).

OntuMuzanus NpeasioKeHHOTo MeTona (an-
TOpPHUTM 3) MpearoaraeT MmocTpOoeHUE JOMOTHH-
TENBHOTO Tpada BUIAUMOCTH C T BEPIIMHAMH
(r KV*), mnonydyeHHBIMH KaK IOBOPOTHBIE
MYHKTBl HEONITHMH3HPOBAHHOTO MapuipyTa 00-
xona, u O(r?) pebpamu, BaTualUs KOTOPBIX HE
TpeOyeT OMOJHUTEIbHBIX BBIYMCIUTEIBHBIX
3aTpar, TaKk Kak yxe Oblla OCyIIeCTBIIEHa Ha
JTare MOCTPOCHHS JUHAMUYecKoro rpada. YBe-
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JMYEHHE AITOPUTMUYECKON CIIOKHOCTH OITH-
MU3UPOBAHHOM BEPCUM METOJAa MPOUCXOAUT
TOJIBKO 33 CUET HaXOXKIACHUS KpaTdaiIliero myTH
Ha HOBOM HEOOJIbIIOM rpad)e BUIUMOCTH U CO-
crasisier O(r?).

[IpoBeneHHBIE CTATHUCTUYECKHUE TECTHI CBU-
JIETENLCTBYIOT O TOM, YTO HE CYLIECTBYET CTaTH-
CTMYECKH 3HAYMMOM pa3HUIIbl CPEeIHUX paclipe-
JeJIEHUH JUIMH MapHIpyToB JUisi 6a30BOro0 METO-
Jla U ISl MeToJ]a, OCHOBAHHOT'O Ha NMPUMEHEHUH
JUHAMHUYECKOro rpada ¢ onTUMH3aIHe, To ecTh
NpPE/UIOKEHHBI B HacTosmeil paboTe MeTox
MO3BOJISIET TEPEeUTH OT 0a30BOTO AITOPUTMA
C KyOMYECKOM aCUMIITOTHKON OT pa3Mepa OKHa W
U KBaJPaTUYHOM OT CpeJHEro umcia BepiuH V
K METOJy, IOJHOCTbIO HE3aBHUCAILEMY OT W U
3aBUCSAIIEMY OT YHCJa BEPIIMH JUHAMHYECKOTO
rpada kak O(V* logV™).

Takum 00pa3oM, OCHOBHBIE MPEUMYILECTBA
[peIaraéMoro MeTo/a 3aKJII0YaloTcs B CIENy-
IOLIEM.

1. Junamudeckuid rpad CTPOUTCS OAMH Pa3
Ha JTane npeaoOpabOTKU JAaHHBIX, MOCIE Yero
MIEPEUCTIONB3YETCS Ha KaX/I0M IIare ajropurma,
3HAYUTEIBHO CHUXKAsl BBIUYUCIUTENIBHYIO CIIOXK-
HOCTh HAXOKJEHHUS MaplipyTa 00xoja JUHaAMU-
YEeCKHU M3MEHSIOIIENCS 30HbI IPO3BI.

2. Hcnonp3oBaHue a5 HaXOXKJEHUS Kpat-
yaifero MapupyTa Ha IMHaMHYECKOM rpade He
BCEX BO3MOXKHBIX pedep, HO TOJMHOXKECTBA pe-
Oep-kanaunatoB E.,,q MO3BOJSET NepelTH oT
cinoxHoctH  anroputMa  Jleiikerper  O(V2 +
+VlogV) k acumnroruke O(V* + V*loglV™),
YTO TAK)KE€ 3HAYUTEJIBHO YIPOINAET BHIYMCICHUS
U CHOCOOCTBYET YMEHBLICHUIO BPEMEHH, 3aTpa-
YMBAEMOr0 Ha HAaXOXXICHHWE MapuipyTa o0Xxoja
Ha 04epeIHOM Il1are ajJropuTMa.

3. Kpome Toro, moaxoj, ONUCaHHBINA B all-
ropurMe 3, MpeAoCTaBISET BO3MOXKHOCTb HC-
MOJIb30BaTh OJMH U TOT K€ JTUHAMUYECKHNA rpad
HE3aBUCHMO OT BBIOPAHHOTI'O pa3Mmepa OKHa W,
YTO MO3BOJISIET 3aIlyCKaTh €r0 B peajbHbIX yCIIO-
BUSX II0OJIETA 711 HECKOJIBKUX W MapajljIeNIbHO U
BbIOMpaTh MApHIPYT C HAWIy4YIIUM 3HA4YE€HHEM
kodpduuuenta AS /AL (puc. 6).

Jnsa eme Gosee palMOHANIBHOTO HCIOJIb30-
BaHUs BBIYMCIUTENIBHBIX PECYPCOB MPU IPAKTH-
YeCKOW peanu3aluy anropurMa 3 aBTOpaMu
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MpeiaraeTcsi PacCMOTPETh CIEAYIOUIUE BO3-
MOKHOCTH ONTHUMM3ALMN METOAA.

1. Hcnonb3oBaHWe MNPOCTPAHCTBEHHOW HH-
JeKcaluy 1Mo pedpaM MpensiTCTBUM (Hampumep,
C TIOMOUIBIO HEpapXHUeCKUX JIepeBbeB R-tree)
MO3BOJIIET YMEHBIIUTh ACUMNTOTHKY Bajuaa-
nnu pe6ep oT 0(|8candlp) no 0(|8cand|logp)a Ha
HNOPSAJKNA CHUXAasi MPAaKTHYECKOe BPEMSI HaXOXK-
neHus: Mapuipyta obxona. R-tree-mogoOHbIe
CTPYKTYPBI HCIIONB3YyIOT MUHUMAJIbHBIE OIpaHH-
YUBAIOUINE MPSIMOYTOJIBHUKHA U  TO3BOJSIOT
OBICTPO OTOpachIBaTh MPEMSTCTBUSI, TapaHTHPO-
BaHHO HE TMEPECEKAIONIUeCs C TMPOBEPSIEMBIM
pebpom [27].

2. Kpowme Toro, Bammaanus KaxIoro u3 pe-
Oep Ui KaXJIOr0 MOMEHTa t; MOKET BBINOJ-
HATBHCS B MPOU3BOJILHOM TOPSIKE, HE3aBUCHUMO
OT OCTaJIbHBIX BaJIUJALMI, — 3TO MO3BOJIIET BbI-
NOJHATH €€ MapajuielbHo Ha K snpax, yMeHb-
masi, TakuM o0pazoM, o0IIee BpeMsi BaIUIAIIUN
B K pas.

3. BamunmHocth pebep E g ATA KaXKIOTO
paccMaTpuBaeMoro t; MOXHO XpaHUTh Kak Ou-
TOByI0 Macky — owutcer (BitSet) [28]: mHOXe-
ctBo Bamuaueix pebep P mpespamaercs B
ourcer B mumner |E.yng|, KaXkKmblit j-if SMeMeHT
KOTOPOTO SIBJISIETCS €IWHUIEH, ecnu peOpo Ba-
JMTHO, JINOO HyJIEM B IPOTHBHOM CITy4Yae:

1, ecam E,yli] € EW;

B[] = .
Ul 0, ecnu E,qlj] & ED.

(15)

[Tepeceuenue pebdep ﬂ::“LWS @ takum o6pa-
30M, CBOAMTCA K IOOUTOBOMY II€PECEUCHHUIO
N BW u nosponser mepeiitn or 3aBuCcAmIEit
oT pasmepa okHa acUMOTOTUKH O(W|E.4nql) K
cnokaoctd O(|E.anql/p), THE p — mimMHA Ma-
IIMHHBIX CJIOB, B BUJE KOTOPBIX XPAHUTCS OUT-
ceT (00bIYHO p = 64).

4. FEme Oonbliell ONTUMHU3ALUU JTAHHOTO
Iara MOXHO JOOHTHCS, €CITU JJI1 MOMEHTa t; He
cunratk nepecedenne ourcero N BW 3amo-
BO, a HCIIOJIb30BaTh MPEABAPUTEIHHO 3aKEIIUPO-
BanHoe mepeceuenme BL 1) = NIFWTIBD 4
HOJYYUTh MHOKECTBO BaJMIHBIX pebep A Te-
KyIIEro BPEMEHHOIO0 OKHa 3a €IMHCTBEHHYIO
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omepammio  mepecedenms kak W BO =
—g® (i+w)
- Bcache NB :

5. TloMmuMO  KJIACCHYECKOrO  alropuTMa
JleWKeTphl, Uil  HAXOXKACHUS KpaTdaulliero

MapiipyTa Ha MOJYyYEHHOM B3BEUICHHOM JMHA-
MHUYECKOM Tpade MOXKET OBITh UCTIONIB30BaH JIFO-
0ol Jpyroil anropuT™M C JIy4lled acUMITOTHU-
Ko [29].

CpaBHuBas mpenajgaraeMblii B HacTOSIIEH pa-
060Te MeToa OmpeaesieHus MapiipyTa o00xoja
rpo3bl Ha AMHAMHYECKOM Tpade ¢ Apyrumu, B
TOM YHCJIE IBPUCTUICCKUMH, METOAAMH, TAKHMH
KaK, HampuMmep, OBICTpOpacTyliue CciaydyaiiHbie
nepeBbs (Rapidly-exploring random trees) [30],
BEPOSATHOCTHBIE «JIOPOKHbBIE KapThD»
(Probabilistic roadmaps) [31], cToxacTuueckue
MeToAbI [32], MOKHO BBIIEIUTH CIAEAYIOIINE €ro
JIOCTOUHCTBA.

1. OTHOCcuTEeNnbHas MPOCTOTa U BBICOKAA
CKOPOCTbh BBIYMCIIEHUH TOCJE MEPBUYHOIO IO-
CTPOEHHS TUHAMUYECcKoro rpada.

2. Ilpoctora macmrabupoBaHus M Tapai-
JICNIBHOTO TIPUMEHEHUS.

3. B03MOXHOCTH MPUMEHEHUS B CHUTYAIHIX
C MHOXECTBOM TPEMSATCTBUN CIOXKHBIX (OpM U
KOH(Uryparuii.

4. JleTepMUHUPOBAHHOCTb U BOCHPOU3BO-
JTUMOCTB TIPY OJHHX M TE€X K€ HaYaIbHBIX yCIIO-
BUSIX.

OpnHako BaXHOE JIOMYLICHHE, JIeXkKalllee B OC-
HOBE MPUMEHEHHUS METOJa OMpEeeNICHUs MapIil-
pyTa o0xoma rpo3sl Ha AMHAMHYECKOM Tpade,
3aKIJIIOYAeTCsl B MPUHATHH MPOTHO32 MHOKECTBA
rposoeix ouaro {TWIN . kax cosepmenHo
JIOCTOBEPHOI'0, XOTSI Ha CAMOM JieJieé OH HOCHUT He
aOCOFOTHBIN, HO BEPOSTHOCTHBIN XapakTep.

[lepcrieKTUBHBIM HAIpaBICHUEM Pa3BUTUSA
NPEUIOKEHHOTO METOAA SBISETCS YUET BEpOsT-
HOCTHOT'O XapakTepa HayKacTHUHra Tposbl [33],
9YTO MOXHO PEaIn30BaTh, HAIPUMED, 32 CUET Ba-
nuaanuu pedep mo aHcaMOIr0 TPOTHO30B C 3a-
JAaHHOW BEPOATHOCTHIO. KpoMe TOro, BayKHBIM
miar Mo yCOBEPUICHCTBOBAHUIO MPEJIaraeMoro
METO/a OIpEEICHUs] MapuIpyTa 00X0/1a 3aKI0-
gaeTcsi B 00eCreueHnHd MOCTOOPaObOTKH MOJy-
YEHHOTO C MOMOIIBI0 aTOPUTMa 3 MapHipyTa,
KOTOpasi MOXKET MO3BOJIUTH CIVIAJUTh €ro, HcC-
KITIOYUB JIUIIHAE MaHEBPHI, a TaKKe 00EeCIeunB
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MPOBEPKY «KOM(OPTHOCTH» MapIIpyTa U €ro
COOTBETCTBUS a3POJAMHAMUYECKUM OTPAHUYCHHU-
am BC.

B koHTekcTe mpUMEHEHHs METOoha Ompee-
JICHHUs] ONTUMAJILHOTO MapuipyTa o0Xxoaa JuHa-
MHUYECKHA M3MEHSIOIIEICS 30HBI TPO3bl B paiiOHE
a’pOIPOMOB U a3POY3JIOB CYILIECTBEHHBIM (hak-
TOPOM SIBJISIFOTCSI OTPAHUYEHUSI CTPYKTYPHI BO3-
JIYIIHOTO MPOCTPAHCTBA, BKJIIOYAs 3allpETHBIE,
OTacHbIC 30HBI, 30HBI OTPAaHUYCHHS TOJIETOB, a
Takke BpeMeHHble orpaHndyeHus (NOTAM).
VYyeT Takux 30H MOXET ObITh MHTETPUPOBAH B
QITOPUTM aHAJIOTUYHO Mpoleaype o0xoda 30H
rPO30BON JEATEIBHOCTH: IIJII 3TOr0 Tpedyercs
no0aBJeHHE B HABUTALIMOHHYIO CHUCTEMY aKTy-
aJbHBIX TPAHMI] 30H OTPAaHUYCHHUI B BUJIE T'€O-
METPUYECKUX TMPEMSITCTBUIA M Bajuaauus pedep
TUHAMHYECKOro Tpada Ha OTCYTCTBHUE Iepece-
YEHUH C YKa3aHHBIMU OIPaHUYECHUSMH.

OTMeTuM Takke, YTO MpeJiaraeMblii METOJ
HE UCKJII0YaeT 0053aTelbHOr0 YIpPaBJICHUS BO3-
OYIIHBIM JBUKEHUEM CO CTOPOHBI JTUCIIETYEPA
obcmyxuBanus Bo3ayurHoro aBwxeHus (OBJI):
MPEIIOIaraeTcs, YTO KUK OYyJEeT COrIacOBbI-
BaTh PacCUYUTAHHBIN MapmipyT o0xojga ¢ opra-
Hamu OB/] xak npu nosiete no MapuipyTy, Tak u
IIpM MAHEBPUPOBAHMUHM B IIPEJeNIax palioHa a’dpo-
npoma (aspoysna). B mepcrnektuBe mpu peanu-
3anuu (QyHKIUNA aBTOMATH3WPOBAHHOTO 00X0j1a
IpO3 MPOIIECC COTIACOBAHHUS MOXET OBITh 4Ya-
CTUYHO WJIH TOJHOCTBIO aBTOMATH3WPOBAaH, B
TOM YHUCJE 3a CUET aJalTallud aJIroOpuT™Ma s
ydeTa okpyxatomux BC u koomepatuBHOTo 00-
X0Jla TPO30BOW 30HBI HECKOJIBKUMHU OOpTamw,
BBIMTOJIHSIOIIMMHY II0JIET B OOIeil 00JacTh OT-
BETCTBEHHOCTU. Takoil moaxoj o6iIamaer BBICO-
KMM IMPAaKTHYECKUM IMOTEHIUAIOM JJI1 PAliOHOB
C MHTEHCUBHBIM TPa(pUKOM, OJTHAKO MPUBOJUT K
CyIIECTBEHHOMY YCJOXXHEHHIO 3aJayu, IO-
CKOJIbKY TpeOyeT COBMECTHOW ONTUMHU3ALNU
TpPaeKTOpHl, pa3pelieHus] KOH(IUKTOB MEXKIY
BC u yuera orpanuuenuii OB/l B peanbHOM
BPEMEHH, YTO JIelaeT 3a/Jayy 3HA4uTeIbHO 00-
Jiee BBIUUCIUTEIHHO €MKOM U METOJ0JOTUYECKU
TPYJIOEMKOM, 4eM 00X0J MPEensTCTBUS €IUHUY-
HeiM BC.
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Takum oOpa3om, B HacTosmIei paboTe mpea-
JIO’)KEH U pealin30BaH METOJ OINpeAeseHUs Map-
mpyTa 00Xo0Ja U3MEHSIONIENCs BO BPEMEHH 30-
HBI TPO30BOTO (pOHTA, OCHOBAHHBIA Ha CO3[a-
HUM JUHAMHUYECKOro rpada U HaXOXKICHUH Kpat-
YaMIIero MyTH Ha HEM.

1. Maremarudecku ¢opManan3oBaHa 3ajayda
HaxXOX/IEHUs ONTHUMAJIBHOTO MapIipyTa JIWHA-
MUYECKH H3MEHSIOLIEIHCS 30HBI TPO3bI, OCHOB-
HbIe TpeOOBaHUs K MapuipyTy obxoma copmy-
JUPOBAHBI B BHUJE 33Jaud YCJIOBHOH ONTHMMH3a-
uu (7)—(11).

2. PazpaboTtaH MeTOI MOCTPOCHUS TUHAMHU-
geckoro rpada ¢ GUKCHPOBAHHBEIM MHOXECTBOM
BEPIIMH W BPEMEHHO H3MEHSIIOIIMMCS MHOXKe-
CTBOM pedep, B KOTOPOM BEpIIMHBI (hopmupy-
I0TCS Ha OCHOBE KJIACTEPH3AIlMU TPaHUI] BOTHY-
ThIX 000JOYEK JJIsl BCEX BPEMEHHBIX ILAroB, a
pebpa ompenensioTcss Kak OObEeIMHEHHE MHO-
JKECTB, MOJIyYEHHbIX MO TpHaHTyisauuu Jlemone
U 10 anroputMmy Ommkaimmx cocene (kNN) ¢
MOCJEAYIONIEeH BaIMAAIIMEN IO paMOIOKAI[MOH-
HBIM JTaHHBIM. Takoil MOAXOJ MO3BOJWI CyIIE-
CTBEHHO CHU3UThH BBIYUCIHUTEIbHYIO CIOXKHOCTb
M0 CPaBHEHMIO C Mepeco3aanueM rpada Ha Kax-
JIOM IIare U 00€CHeunuTh yCTOMYMBOCTH Tpada
MIPU U3MEHEHUH BPEMEHHOT'O OKHA.

3. IlpemioxxeH MeTOJ ONTUMHU3ALUU MapIi-
pyTa 00x0[a, OCHOBAaHHBIH Ha MOCTPOCHHUU
BCIIOMOTATENILHOTO Tpada BHIUMOCTH, IT03BO-
JSIOUINI yCTPAaHUTh W30BITOYHBIC 3BEHBSI MapIll-
pyTa 0e3 morepu KOppeKTHOCTH o0xona. OnTu-
MU3UPOBAHHBIA METOJ IEMOHCTPUPYET HAWITY4-
M€ pe3yJbTaThl KakK IO JJIMHE MAapILIpyTa, Tak U
IO JI0JIe YCIICITHBIX 00X0/I0B.

4. TlpoBeneHHBIN CTAaTUCTUYECKHM aHAIU3
NOATBEpAUI: 1) OTCYTCTBHE CTATHCTUYECKHU 3HA-
YUMBIX Pa3IMUUid MEXIy 0a30BbIM METOJIOM U
METOJIOM, OCHOBAaHHBIM Ha AMHAMHYECKOM Tpa-
de ¢ ontummsanuen (p > 0,1), 9yTo yKa3bIBaeT
Ha COMNOCTaBUMYIO 3(PQPEKTHBHOCTh MPH MEHb-
el BBIYUCITUTEILHON HArpys3ke;, 2) CTaTHCTH-
YECKU 3HAYMMOE COKPAILEHUE JJIMHBI MapuIpyTa
IpU ONTHUMM3AIMHN JUHAMHYECKOro rpada OTHO-
CUTEJIbHO  HEONTUMHU3UPOBAHHOIO  BapUaAHTA

(p < 0,006).
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5. Tlpennoken MeTon BbIOOpa ONTHMAIBHO-
ro pa3Mepa OKHa NMPOTHO3UPOBAHUS, MO3BOJISAIO-
1M B pealbHOM BPEMEHM aJalTHpPOBATh Mapa-
METpHI TJIAHUPOBAHUS MaplipyTa B 3aBHCHMO-
CTH OT JTUHAMHKHU TPO30BON aKTHBHOCTH, 00Oec-
neynBas 0ajaHC MEXy YCTOMYMBOCTBIO MapIil-
pyTa M €ro JJIMHOM, a TaKkXke MpeJoTBpallas
MPEXIEBPEMEHHOE 00BEIUHEHNE TPO3OBBIX sTUEC-
€K B 000JIOUKH.

6. Ilpaktuueckas 3HaUYUMOCTb pabOTHl 3a-
KIIFOYaeTcsl B TOM, YTO pa3padOTaHHBIM METOJ
MOXET ObITh HHTETPUPOBAH B COCTAB MHTEIIJICK-
TyaJlbHOM aJanTUBHOM CHUCTEMBI MOIACPKKH
NPUHATHS pEelIeHUH Mpu 00Xo0/e rpo30BOil aes-
TenbHOCTH [34], criocoOHOM: 1) yYuTHIBAaTH MPO-
THO3 Pa3BUTHUSI KOHBEKTHBHBIX MPOIECCOB B pe-
YKUME PeaTbHOr0 BPEMEHH; 2) mpeaiarath muio-
Ty Oe30macHble U YIKOHOMUYHBIE MapIIPYyThI 00-
X0Jla B COOTBeTCTBMM ¢ KoHnenmued TBO,
oOecrieunBasi, TaKuM 00pa3oM, TOBBIILICHHE CH-
TyallMOHHOW OCBEJOMIICHHOCTH YJIEHOB JIETHOT'O
skumnaxa BC.

[IpenynoxeHHbIii METOZ] 00ECTICYMBAET OCHO-
BY /I IOCTPOEHUSI UHTEIIEKTYaJIbHbIX HAaBHUTa-
IIUOHHBIX pElIeHUH, 00bETUHSAIONUX TUHAMUYE-
CKO€ MPOTHO3MPOBAHUE T'PO30BOM aKTUBHOCTH,
aJJaNTUBHOE IUIAHWPOBAHUE MapIIPyTa U aBTO-
MAaTU3UPOBAHHYIO TOACPKKY MPUHATUS HKHU-
naxxamu BC pemieHuid B yCJIOBHSX OBICTPO Me-
HSIOIIEHCS METEOPOJIOTrHIeCKOi 00CTaHOBKH.
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A calculation methodology for the quantitative parameters of the
aircraft operational cycle based on current regulatory standards

M.A. Kondratyeva', S.N. Kuznetsov', A.V. Fryazinov'
'Irkutsk Branch of Moscow State Technical University of Civil Aviation,
Irkutsk, Russia

Abstract: Scientific and methodological research by leading scientists in the field of aircraft operational efficiency management
has developed a comprehensive approach to determining the quantitative parameters of operational and technical characteristics.
Significant accumulated experience in continuing airworthiness allows not only to define but also to objectively evaluate and
confirm operational and technical characteristics at all stages of the aircraft lifecycle, creating a unified methodological framework.
The developed model is based on an analysis of the aircraft operational cycle, which consists of the flight duration according to a
typical profile and the ground stay duration. Key interrelated parameters for design and planning are the estimated annual flight
time, defined by industry standards, and the serviceability factor. It has been established that with increasing flight duration and
annual flight time, the number of operational cycles decreases, which objectively leads to an increase in the required ground stay
duration to fulfill the plan. The practical value of this work lies in the calculation results obtained, which allowed for standardizing
the values of ground parking duration and the possible number of operating cycles for various aircraft classes: from local airliners to
long-haul aircraft. A methodology for graphical and analytical determination of the minimum required aircraft availability factor for
achieving a specified annual flight time is presented. This allows for the identification of critical combinations of parameters when
plan fulfillment becomes impossible without changing operating conditions. The presented methodology goes beyond a formal
description of the relationships and provides a practical tool for designing new aircraft with optimized characteristics, for planning
airline production activities, and for the operational management of maintenance processes. The main result is the ability to
quantitatively substantiate management decisions aimed at improving the efficiency of technical operations and reducing labor and
material costs for airlines.

Keywords: aircraft operation, operational cycle, annual flight hours, serviceability factor, ground parking duration, maintenance,
efficiency, standardization.
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MeToanka pacuera KOJJUYECTBEHHBIX IAPAMETPOB ONEPATHUBHOI0
HHMKJIA IKCIUIYATAIIMM BO3YIIHOIO CYy/IHA HA OCHOBE JIeHCTBYOIIHNX
HOPMATHBOB

1 1 1
M.A. KongparseBa , C.H. Ky3neunos ', A.B. ®psi3unoB
"Hprymexuii unuan Mockosckozo 2ocydapemeennozo mexuuuecko2o yusepcumema
epaxcoanckou asuayuu, 2. Upxymcek, Poccus

AnHoTammsi: HaydHo-MeToanuecKre UCCieI0Batus BEAYINX YYeHbIX B 00J1acTH ypaBieHHs 3p(EeKTHBHOCTBIO TEXHUUECKOH
SKCILTyaTauuy Bo3aylnHbix cynoB (BC) chopmupoBaiym KOMIUIEKCHBIH MOIXOA K ONPEACNICHHIO KOJIMYECTBEHHBIX MapamMeTpoB
9KCILUTyaTallMOHHO-TEXHUUECKHUX XapaKTepUCTHK. HakoIIeHHbIH 3HAUUTENBHBII ONBIT B 00J1ACTH MOAJIEP)KaHHs JIETHOM T'OHOCTH
TIO3BOJISIET HE TOJIBKO 33/1aBaTh, HO U OOBEKTHUBHO OLICHMBATh M MOJITBEPKIATH KCILTyaTAlIMOHHO-TEXHUYECKUE XapaKTePUCTHKH
Ha BCeX dTarax >ku3HeHHoro nukia BC, co3naBast eanHyio MeTordeckyto 6azy. B ocHoBe pa3paboTaHHON MOJIENH JIEKHUT aHATH3
OTIEPALIIOHHOTO IUKIIA IKCIDTyaTari BC, KOTOPBIA CKIaIBIBACTCS W3 TPOJOIDKUTEIFHOCTH TI0JIETa TI0 TUIIOBOMY TPO(UITIO 1
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JUTUTENTBHOCTU Ha3eMHON CTOSHKU. KUTIOueBBIMM B3aHMOCBSI3aHHBIMM TapaMeTpaMH JAJI8 HPOEKTHPOBAHMSA M IUIAHMPOBAHMSA
SIBJISIFOTCS| PACYETHBIH TOI0BOM HAJIET, ONPEEIISIEMBI OTPAClIeBBIMU CTaHIAPTaMH, 1 KO3((QUIMEHT HCIIPABHOCTH. Y CTaHOBIICHO,
YTO C YBEJIMUEHUEM NPOAODKUTEIBHOCTH MOJIETA U TOAOBOI0 HAJIETa KOMUYECTBO HKCILTYaTAllMOHHBIX [IUKJIOB YMEHBIIAETCS, UTO
OOBEKTHUBHO NMPHBOAUT K YBEIMUYEHHIO TPeOyeMOH JUIMTENBFHOCTH CTOSIHKH JUISL BBINOJIHEHHS IutaHa. IIpakTuyeckasi 1IeHHOCTb
PaboTHI 3aKITI0YAETCS B TIOJYUCHHBIX PE3YJIbTaTaX pacueToOB, KOTOPHIE MO3BOIMIM HOPMHUPOBATh 3HAUCHHS JTUTEIIEHOCTH CTOSHOK
1 BO3MOXKHOTO KOJIMYECTBA LIMKJIOB SKCIUTyaTalMK TSI Pa3IMdHbIX KiaccoB BC: OT caMOIeTOB MECTHBIX BO3IYIIHBIX JIMHHH 10
JIPHUX MarucTpalbHBIX camoiietoB. [IpencraBieHa MeTomuka rpauueckoro M aHATMTHIECKOTO ONpPENCIeHUs MUHHMAIBHO
notpebHoro koadduimenta ucnpasHoctd BC Ui BBINOJIHEHWS 3aJaHHOTO TONOBOIO HajeTa. JTO IIO3BOJISIET BBIABHTH
KPUTHYECKUE COYETAaHMsI IapaMETPOB, KOIZA BBHINOIHEHHUE IUIaHA CTAHOBUTCS HEBO3MOXKHBIM 0€3 M3MEHEHHsI OIEpalllIOHHBIX
ycnoBuid. IlpencraBneHHass MeTonMKa HE OrpaHMUMBAeTCS (HOPMANBbHBIM OIMCAHHEM B3aMMOCBS3EH, a IPEACTABISIET
MPaKTUYECKUH MHCTPYMEHT JUIS MPOEKTUPOBAHUS HOBBIX BO3AYILIHBIX CYJIOB C ONTHMH3HUPOBAaHHBIMU XapaKTEPHUCTHKAMHU JUIS
IUTAaHUPOBAHUS NPOU3BOJICTBEHHOMN NEATEIFHOCTH aBHAKOMIIAHUHM U JUISL ONIEPATUBHOTO YIPABJICHHUS MPOIECCAaMU TEXHUUYECKOTO
oOcimyxuBaHust. [J1aBHBIM HMTOTOM SIBJISIETCSI BO3MOXKHOCTh KOJIMYECTBEHHO OOOCHOBBIBATH YIPABJICHUECKHE PELICHHMS,
HalpaBJIeHHbIC HA MOBBILICHHE d(P(EKTUBHOCTH TEXHUUYECKOW AKCIUTyaTallid M CHIDKEHHE TPYIOBBIX W MaTepHaIbHBIX 3aTpar
aBHAMPEANPUSITHIA.

KnoueBble cjloBa: SKCIUTyaTalysi BO3AYIUHBIX CyJZIOB, OIEPAlMOHHBIA IMKJI, TOIOBOM HajeT, KO3((UIMEHT HCIPaBHOCTH,
JUIMTENBHOCTh CTOSIHKH, TEXHUUECKOE 00CITyXnBaHne, 3 (hEeKTHBHOCTh, HOPMHUPOBAHHE.

s nurupoBanus: Konnpatsesa M.A., Ky3uernos C.H., ®ps3unoB A.B. Meronuka pacyera KOJHYECTBEHHBIX ITApaMETPOB
OTEPaTHUBHOIO IMKJIA AKCIUTyaTallMy BO3/IYLIHOIO Cy/IHA Ha OCHOBE JieicTBYrOLMX HOpMaTnuBoB // Hayunsiit BectHuk MI'TY
I'A. 2026. T. 29, Ne 4. C. 29-45. DOI: 10.26467/2079-0619-2026-29-4-29-45

Introduction critical metrics such as the annual flight time of
the aircraft fleet, its serviceability level, and, ul-
timately, the profitability of operations.

During aircraft development and operation, a
unified scientific and methodological framework

field of aircraft technical operation efficiency 1S maintained for assessing, confirming, and
management conducted by leading scientists of ~ comparing these metrics. At the same time, there
the Gromov Flight Research Institute, the State 15 @0 objective need to continually improve the
Research Institute of Civil Aviation. and the scientific and methodological framework for air-

Moscow State Technical University of Civil craft technical operation, aimed at increasing

Aircraft fleet planning is a critical task for
airlines aimed at ensuring safety and profitabil-
ity. Scientific and methodological research in the

Aviation. such as N.N. Smirnov. A.A. Itskovich maintenance efficiency and reducing labor and
Yu.M. Chinyuchin, S.V. Daletsky, G.N. Gipich, ~ material costs for airlines.
L.G. Kirpichev, S.V. Kuznetsov, V.S. Shapkin, In practice, aircraft operation management

often encounters a contradiction between regula-
tory targets and operational constraints imposed
by ground handling schedules, the actual tech-
nical condition of the fleet, and flight duration.
The lack of a clear quantitative tool for analyz-
ing the interplay of these factors leads to subop-
timal decisions, failure to meet planned targets,
or unreasonably high resource requirements.

The objective of this study is to develop a
methodology for quantitatively analyzing the
aircraft operating cycle aimed at ensuring
planned annual flight hours by establishing a
quantitative relationship between key operational
parameters (annual flight hours, flight duration,
ground parking duration, and serviceability fac-
tor). This methodology also aims to create a
practical tool for standardizing grounding time

and others, have established objective require-
ments for expected operating conditions that de-
termine the quantitative parameters and design
conditions in accordance with which the opera-
tional and technical characteristics of aircraft
must be specified, evaluated, and confirmed.
Significant scientific and practical experience in
the field of ensuring and maintaining airworthi-
ness has been accumulated [1-13].

In the context of intensive development and
ever-increasing competition in the global air
transportation market, improving aircraft opera-
tional efficiency is a key factor in the economic
sustainability of airlines. One of the challenges
in this area is optimizing the aircraft stand-to-
flight operating cycle, which directly determines

30
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during the design of new aircraft, determining
the minimum required fleet availability for flight
plan execution, and identifying time slack and
bottlenecks in airline operations.

The scientific novelty of this study lies in the
development of an analytical framework for the
theory of technical operation as applied to the
problem of synchronizing the planned, techno-
logical, and actual operating modes of aircraft.

Materials and methods

The research material comprised the follow-
ing: regulatory and technical documentation
(OST 1.02785-2009), the works of leading
scientists in the field of technical operation, and
technological regulations’.

This article presents a multi-level approach
using a set of calculation and analytical methods
characteristic of scientific and methodological
research in the field of aircraft technical opera-
tion.

Based on the analytical and calculation
method, quantitative dependencies were derived,
determining a quantitative assessment of operat-
ing parameters (ground parking duration, num-
ber of cycles) for given basic standard operating
parameters (annual flight time, flight duration).

The comparative-analytical method com-
pared calculated values with regulatory require-
ments and actual data, which helped identify
time reserves and critical conditions for flight
plan execution.

The use of a graphical-analytical method al-
lowed for the visualization of dependencies,
making the analysis clearer and the interpretation
of complex relationships more accessible for de-
cision-making based on visual data.

Using the limit values and constraints meth-
od, critical parameter boundaries (at which the
system failed to meet requirements) were identi-
fied and the system’s resilience to deviations
from the standard state was assessed.

' STO ISM TG 4.1.2.1.03.05-19. (2019). Technological
Schedules for Ground Handling of Aircraft at JSC Interna-
tional Airport Irkutsk. Introduced 2019-10-24. Irkutsk: JSC
International Airport Irkutsk, 579 p. (in Russian)
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The empirical-statistical method validated
the calculation model in practice by comparing
calculations with actual data to confirm their re-
liability.

The used methods made it possible to
achieve the research goal of establishing rela-
tionships between parameters and creating a tool
for improving aircraft operational efficiency.

Results

Estimated values of the key quantitative pa-
rameters of expected aircraft operating condi-
tions, including the flight endurance according to
a typical profile, the estimated annual flight time
of the aircraft, and the duration of transit
maintenance (aircraft preparation for a return
flight), serve as the initial data for the design of
new aircraft [2-5, 14].

The flight endurance of an aircraft according
to a typical profile t¢; is determined based on a

feasibility study of the aircraft characteristics
(flight speed, aircraft weight), airport character-
istics (requirements for the runway or landing
site and its equipment), the purpose and regions
of aircraft operation (average route length, avail-
ability of alternate airfields along the routes,
planned aircraft usage characteristics)'.

In this case, the estimated annual flight time

for one aircraft Ty, , ensured by the mainte-
nance system, is established depending on the
flight duration according to the typical profile
try (tab. 1) [2, 14] and in accordance with
OST 1.02785-2009.

In the scientific works of leading scientists in
the field of technical operation [1-5, 12] it was
established that the technically possible annual
flight time of an aircraft T,,, is determined by
the parameters of the operational cycle of the
aircraft, i.e. the duration of the aircraft’s stay at
airports between adjacent flights (the duration of
the aircraft preparation for flight) at base, inter-
mediate and final airports ty,,, the duration

2 OST 1.02785-2009. (2010). Aviation Standard. Civil
Aviation Aircraft. Operational and Technical Character-
istics. General Requirements. Introduced 2010-07-01.
Moscow: FSUE “NIISU”, 29 p. (in Russian)
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Table 1

Estimated annual flight hours per an aircraft

Flight duration according to typical Estimated annual flight time per
profile &g, hours an aircraft T,,,, hours
1.0< ¢, <15 2500
1.5<tf <25 3000
25<5tsy <5 3500
tr > S 4000

A
Y
A

A

Fig. 1. Diagram of the operational cycle of aircraft operation: a — preparation for flight; b — flight

of a non-stop flight of an aircraft ¢7;, as well as
the available time of a day tyq, for performing
flights (fig. 1), while the total value of the pa-
rameters tg,q and ty; determines the duration of

the operational cycle of operation t,¢je.

teycle = tgna + trr (1)

The available time of day for performing
flights depends on the K., serviceability indi-
cator and is determined as tyqy, = 24 Kery
[4, 5].

The number of cycles (flight preparation —
flight) n¢cyce per year is determined by the ex-

ntcycle -

Based on the number of aircraft operating
cycles per year (i.e. the number of aircraft take-
offs (landings), n¢eyce the cycle duration €y
is determined:

pression [4, 5]:
_365tgay _ 365tgay _ 36524'Ksery _ 8760'Ksery 2)
teycle tgnd"'t_fl tgnd"'t_fl tgnd"'t_fl '

The number of cycles nycy e, multiplied by
the duration of a non-stop flight t¢;, gives the
desired value of the flight time for a certain i-th
period of operation (day, month, quarter, year)
Tonni [4, 5], and taking into account formu-

teycle = 8760 Ksery, (3) las (2), (3), the flight time of an aircraft is deter-
n . .
teycle mined by the expression:
[oFy ¢ B [oF ¢ B

T =n T = —ifservi ¥ — Plservi | FoT } 4

ann.i tcyclei  fla Eeyclen fli _tgnd.l'l'_tfl.l fla ( )
or per year of operation:

—  365tgqy — _ 8760'Ksery — ,

T, =n “te = "t =——-t 4
ann tcycle ‘fl teycle fl Egna sl flr ( )

32
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where Ty, ; — estimated flight time per an air-
craft in the i-th operational period (hours);

tr;, —average flight duration according to the
standard profile in the i-th operational period
(hours);

tyna, — average aircraft parking time at air-
ports in the i-th operational period (hours);

teycler — average operational cycle duration in
the i-th operational period (hours);

@; — time fund in the i-th operational period
of the aircraft;

Koy — aircraft serviceability factor in the i-
th operational period;

N¢eyclei — Number of “preparation-flight” cy-
cles in the i-th operational period.

Formula (4) links all key parameters into a
single system and can serve as a basic equation
for further analytical calculations. It should be
noted that the presented formula operates with
average parameter values based on statistical da-
ta[2, 4, 5].

Based on quantitative requirements for the
operational and technical characteristics of civil
aviation aircraft under expected operating condi-
tions, such as the aircraft’s flight duration ac-
cording to the standard profile tf; and the esti-
mated annual flight time per aircraft Ty,,,, it is
possible to derive calculation relationships that

_ Tann.iteyclei _

Tann'tcycle _

Civil Aviation High Technologies

allow one parameter, in particular tg,4, to be de-
termined with fixed values of the others.

For the estimated values of the annual flight
time T,,, and the aircraft’s flight duration ac-
cording to the standard profile ¢z, (tab. 1), with
the aircraft being technically serviceable, the
possible ground parking duration tg,4 in the
operational cycle can be calculated based on the
transformed formulas (2), (3), and (4) presented
above:
8760-Ksery'tf1

tgna = teycte — U = — &)

Tann
or

(8760'Kserv—Tann) tf1

Tann

tgna = (6)

Thus, the aircraft grounding duration tg,4 in
the operational cycle depends on the serviceabil-
ity Kgery, the flight duration tf; and the aircraft
flight time Tynp, i.e. tyng = f(Kservs Tann tr1)-

Using the given expressions (2), (3), (4), the
possible non-stop flight duration tf;; can also be
calculated taking into account the planned flight
time over a given aircraft operating period (pos-
sible annual flight time) T,,,; and the opera-
tional cycle duration tye; over the same period
(or the aircraft grounding duration tg,q).

Tann'tgnd

tfl'i DiKserv.i

The calculated values of the possible aircraft
parking duration t 4 for the calculated annual
flight time Ty, and the aircraft flight duration
according to the typical profile t7;, as well as
the possible number of operational aircraft op-
eration cycles per year Ny, With a technical-
ly serviceable aircraft are presented in Table 2.
In this case, the maximum possible number of
aircraft operation cycles per year Ny, corre-
sponds to the minimum aircraft parking dura-
tion tgnd.min-

For short-haul aircraft (1.0 <tf; < 1.5 h) with
2,500 flight hours, the permissible parking dura-
tion is 2.5-3.76 hours, which allows for up to six

8760 Ksery

33

8760'Kserv_Tann. (7)
cycles per day. For long-haul aircraft (¢, > 5 h)
with 4,000 flight hours, the parking duration
must be at least 5.95 hours, and the daily number
of cycles is reduced to 1-2.

Using expressions (5), (6), it is possible to
determine the range of aircraft parking duration
values tg,q depending on their class, taking into
account the flight durationa t¢; and the possible
annual flight time T,,,, (with a technically sound
aircraft), as well as the number of possible air-
craft operating cycles per year 1y, (tab. 3). It
should be noted that, based on the calculated
values of aircraft operating cycles nycyqe it is
also possible to calculate the technical service
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Table 2

Values of the estimated duration of aircraft parking and the number of possible

aircraft operating cycles

. Estimated
F.hght dura- annual Estimated du- | Duration of the Nlllflbel' (.)f Number of possi-
tion accord- . . . . . possible air- .
. . flight time | ration of air- operational cy- . ble aircraft oper-
ing to typical . . craft operating .
per an air- | craft parking | cle t.y, hours ating cycles per
profile tg, cycles per day
h craft T 5, tynas hours n year Nycyce
ours hours tcycle day
1.0 < tfl <1.5 2500 2.504 < tgnd < 3.504 < tcycle < ntcycle day = ntcycle =
3.756 5.256 4..6 1666...2500
1.5 < tfl <2.5 3000 2.88 < tgnd < 438 < tcycle < ntcycle day = ntcycle =
4.8 7.3 3.5 1200...2000
25< tfl <5 3500 3.757 < tgnd < 6.257 < tcycle < ntcycle day = ntcycle =
7.514 12.514 2..3 700...1400
tfl >5 4000 tgnd >5.95 tcycle >10.95 ntcycle day = nt(;ycle <800
1..2

Table 3
Values of the estimated ground parking duration tg,4, the number of possible
aircraft operating cycles 1, ¢, depending on the aircraft class
Possibl Estimated Nu:sl:)i;li:f Number of
Flight oss11 ﬂ? 2}::' aircraft | Duration of gircra it possible air-
) duration | U218 ground operational . craft opera-
Aircraft class ¢ time per . operation .
fls . parking | cycle £y, tion cycles
aircraft . cycles per
hours duration hours per year
T y1n, hours £ .4, hours day -
gne ntcycle day cyete
Local Aircraft 0.5...1.0 | 1500...2500 |2.42...2.504 | 2.92...3.504 6...8 2500...3000
Short Haul Aircraft | 1.0...2.5 | 2500...3000 | 2.504...4.8 | 3.504...7.3 3...7 1200...2500
Medium Haul 2.5...6.0 | 3000...3500 | 4.8...9.0 7.3...15.0 1...5 584...1200
Aircraft
Long Haul Aircraft | 6.0...8.0 | 3500...4500 | 7.57...9.0 15...15.57 1 515...645
and more and more

life of the aircraft and its components based on
landings.

As the aircraft class and flight duration in-
crease, significantly increasing the aircraft’s
grounding duration to meet the estimated flight
time requires a sharp reduction in the number of
cycles (landings) per year. For example, for
long-haul aircraft, the number of cycles does not
exceed 515-645 per year, which is critical for
assessing their landing resource.

34

The obtained calculated values of the aircraft
ground parking duration tg,4 in the operational
cycle can be used to develop technological
schedules for ground handling of newly designed
aircraft of various classes, and to adjust them
with due regard for the flight duration t7; and
estimated annual flight time T,,. In doing so, it
should be taken into account that the minimum
parking duration tgn4 min is constrained by the
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Fig. 2. Estimated duration of aircraft parking t;,4 depending on the estimated annual flight time T,y,,, = const and the
duration of the aircraft flight according to the typical profile t¢,

technological ground-handling schedule, while
the maximum parking duration tgyq may is lim-
ited by the serviceability coefficient K., the
estimated annual flight hours Ty, and the flight
time t7; of the aircraft.

The dependence of the calculated duration of
aircraft parking ty,4 on the calculated values of
the annual flight time T,,,,, = const and the dura-
tion of the aircraft flight according to the typical
profile tr) tgna = f(Kserv =1,0,Tgnn =
const, ty = var) are presented in Figure 2.

As the aircraft flight time T,,, and flight
duration ts; increase over the estimated aircraft
operating period, the number of operational cy-
cles nycyce decreases, leading to an increase in
the potential grounding duration tg,4. The air-
craft grounding duration t4,4 in the operational
operating cycle, with increasing flight duration
tr; can increase by a factor of 1.5 to 2, assum-

ing aconstant annual aircraft flight time

35

Tynn = const. Thus, with T,,,, = 2500 h, and
tr; from 1.0 to 1.5 hours, t;,,4 increases by a fac-
tor of 1.5, and with Ty, = 4000 h, and tf
from 5.0 to 11 hours, t,, increases by a factor
of 2 or more.

Figure 3 shows the dependence of aircraft
grounding duration tg,4 on aircraft serviceabil-
ity Kgery , @assuming an estimated annual aircraft
flight time T,,, and a specified flight dura-
tion tfl

A decrease in the aircraft servicability fac-
tor K,,.,,, necessitates a reduction in grounding
time ty,4 to maintain the planned flight time.
To ensure the aircraft’s estimated technically
feasible annual flight time T,,, the aircraft
servicability factor K,,,,. must not fall below
50—60 %. Under such conditions, the ground
parking duration may decrease severalfold,
which affects the maintenance operations per-
formed during pre-flight preparations. Fur-
thermore, with a flight duration along the typ-
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Fig. 3. Dependence of tg,4 0n Kgeppy for the estimated annual flight time of the aircraft Typ,
and the specified flight duration ¢,

Table 4

Aircraft ground parking duration at Irkutsk International Airport

Aircraft ground parking
duration prior to initial
departure tg,,q init, hours

Aircraft ground parking
duration arriving on a
transit (turnaround) flight
L gnd.turn, hours

Aircraft ground parking
duration arriving on a final
flight t 4,4 term» hours

2.t

1.0 0.83

0.77 2.6

ical profile t;; = 11 h and Typy, = 4000 h, giv-
en a pre-flight preparation time tg,q = 13 h,
exceeding the flight time beyond 11 hours
leads to an extension of the daily operational
cycle of the aircraft. The higher the flight
time Tgp, and flight duration tf;, the more
stringent the aircraft’s serviceability require-
ments must be.

In practice, the tg,q value is established on
the basis of standard technological aircraft
maintenance schedules used in preparation for

departure at base, intermediate (transit) and final
airports’.

As an example, Figure 4 presents the techno-
logical schedules for ground handling of aircraft
at Irkutsk Airport, and Table 4 provides the
parking duration values®,

Based on the planned flight time T, ;, the
aircraft flight time tf;;, and the ground parking

3 STO ISM TG 4.1.2.1.03.05-19. (2019). Technological
Schedules for Ground Handling of Aircraft at JSC Interna-
tional Airport Irkutsk. Introduced 2019-10-24. Irkutsk: JSC
International Airport Irkutsk, 579 p. (in Russian)

* Tam xe.
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Irkutsk to STO ISM TG 4.1.2.1.03.05-19

Technological schedule for ground handling of aircraft types CRJ-100, -200, Dash-8, E-170, -175, E-190-195,
§5J-100, F-50, -100, An-148, An-24, An-26 and their modifications, for departure (domestic flight).

= -
=]
= 2 =
5158 E [« ¢ ¢ s & < sff
& | & g H ® W . o « % 2§
= b S s S > s E |
1 | Installation of passenger stairs™* 01:00 | 0058 | 00102 COIIN
2 | SAB mode 01:00 | 00:00 | 0100 11
3 | Refuelling 00:56 | 0038 | 00:18 |BCTK, T3K|
4 | Inspection of baggage compartments 0056 | 00:46 | 00:10 na
5 | Toilet servicing and water filling 00:54 | 0038 | 00:16 | CnoHO
6 | Cabin crew check-in 0100 | 00:54 | 0006 AK
7 | Flight crew check-in 00:46 | 00:40 | 0006 AK
8 | Loading of onboard meals 0054 | 0038 | 00:16 CAC
9 | Loading of cargo and mail 0046 | 0024 | 0022 | COIITI
10 | Aircraft readiness - 0020 - IACA
11 | Cabin inspection (security check) 0038 | 0032 | 00:16 111,
12 | Baggage loading 0026 | 00:10 | 00:16 COIII1
13 | Passenger boarding 0020 | 00:10 | 00:10 | CnoHO
14 | Delivery of towbar 00:10 |  if needed CnoHO
15| Tug arrival 00:10 |  if needed CnoHO |
16| Removal of passenger stairs** 0008 | 0006 | 0002 COIII | i
17 | Removal of wheel chocks 0006 | 0004 | 0002 | CnoHO (1]
18| Engine start 0004 0000 0004 | Oxunax
19| De-icing and aircraft taxiing if needed CinoHO |
Note: Operations marked with ** are performed for Embraer-170/175 and Embraer-190/195.
Intemational N
Airport Appendix No. 3.5
Irkutsk to STO ISM TG 4.1.2.1.03.05-19
Technological schedule for ground handling of aircraft types CRJ-100, -200, Dash-8, E-170, E-195, S5J-100, F-50, -100, An-148, An-24,
i An-26 and their modifications, for turnaround (domestic flight)
| Vi g
t | o | E s |3 £
£ L] 5 ¢ E o e e = 2
w a l:!l i sl - - A = 8 2
S S ) =3 S = b
1 | Sircraft arrival at pasking stand_installation of chocks - | 00:50 | ue>15] CnoHO [
2 | SAB mode 00:50 | 00:00 | 00:50 L
3 |Installation of passenger stairs** 00:50 | 00:48 | 0002 | COIIIl
4 | Passenger disembasiation 00:48 | 00:40 | 0008 | CnoHO
S | Bagzaze unload 0046 | 0034 | 00:12 | COIII ||
6 | Cargo and mait vnloading 00:46 | 00:34 | 00:12 | COIITI | |
7 & ion of bazrage 00:34 | 0028 | 0006 111
8 | Cabin cleaning 0040 | 00:28 | 00:12 CnoHO
9 |Removal of usad in-flight meals 0040 | 0034 | 0006 CAC
10 Refoslling 0038 | 0028 | 00:10 [BCTK, T3K
11 | Toilat servicing and water filling 0038 | 0028 | 00:10 | CnoHO
12 | Cabin crew check-in 00:50 | 00:46 | 00.04 AK |
13 | Flight eraw chack-in 00:50 | 00:46 | 00:04 AK |
114 | Loading of in-flight meals 0036 | 00:28 | 0008 CAC
15| Cabin security inspection 0028 | 00220 | 0006 T1J1
16| Aircraft readiness - 0020 - IJACA
17| Cargo and mail loading 0028 | 00:10| 00:18 | COIICIN
18 Bagrase loading 0022 | 00:10| 00:12 | COIII
19 | Passenger boarding 0020 | 00:10| 00:10 | CmoHO
20| Delivery of towbar 00:10 if needed CnoHO
21 | Removal of passenger stains** 0008 | 00:06 | 0002 | COIlN
22| Removal of whesl choclss 0006 | 00:04 | 0002 | CnoHO
23| Engine stat 0004 | 00:00 | 0004 | Dcunax
24 | De-icing and aircraft taxiing if needed CnoHO 1 |

Note: Operations marked with ** are performed for Embraer-170/175 and Embraer-190/195.

Fig. 4. Technological schedules for pre-departure ground handling of aircraft arriving
on a transit (turnaround) flight and on a terminating flight, in accordance with the ground handling
organization manual of Irkutsk International Airport
Executor abbreviations: COIIII — Passenger Handling Service; I1]] — Apron Inspection;
BCTK — East Siberian Fuel Company; T3K — Fuel Refueling Complex; CioHO — Ground Handling Service;
AK — Airline; CAC — Aviation Supply Service; COIII'TI — Passenger and Cargo Handling Service;
ITIACA — Apron Security and Aviation Service; Oxunax — Crew, I1O — Security Service

37
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International e
: - : No.
F p—— Appendix No

i e e to STO ISM TG 4.1.2.1.03.05-19

Technological schedule for ground handling of aircraft types CRJ-100, -200, Dash-8, E-170, E-195, SSJ-100, F-50, -100,
An-148, An-24, An-26 and their modifications, for turnaround (domestic flight)

R
El = £ g |
s | & | A # |9 & § g =g
S S S S S S
1 |Aircraft arrival at parking stand, installation of chocks - 0046 He>15 CIIOHO I [ I I I !
2 Installation of passenger stairs** m46 0044 0(}{,,2 CO“H '
3 | Passenger disembarkation 00:44 | 0034 | 00:10 CnoHO i
4 Baggage unloading 00:42 | 0026 | 00:16 COIIIl
5 | Cargo and mail unloading 0034 | 00:14 | 0020 COIIITI
6 | Cabin cleaning 0026 | 00:10 | 0022 CHDHO
7 | Removal of used in-flight meals 0030 | 0020 00:10 CAC
8 |Toilet zervicing and water draining 0030 00:14 00'16 CI] UHO
9 | Removal of passenger stairs** 0002 | 0002 Oom C()ll“ I
10 | Handover of the aireraft to the Aviation Security Service 0008 00_02 OOIK) 11O ] l ' ] I I I

Note: Operations marked with ** are performed for Embraer-170/175 and Embraer-190/195,

Continuation of Fig. 4. Technological schedules for pre-departure ground handling of aircraft arriving
on a transit (turnaround) flight and on a terminating flight, in accordance with the ground handling
organization manual of Irkutsk International Airport
Executor abbreviations: COIIII — Passenger Handling Service; I1J] — Apron Inspection;

BCTK — East Siberian Fuel Company; T3K — Fuel Refueling Complex; CnoHO — Ground Handling Service;
AK — Airline; CAC — Aviation Supply Service; COIII'TI — Passenger and Cargo Handling Service;
IIACA — Apron Security and Aviation Service; Dxunax — Crew, I10 — Security Service

duration tgpq; (constrained by the technologi- accomplishing the flight plan can be calculated
cal ground-handling schedule), the minimum  using the transformed formula:
required serviceability factor Kgoppmini fOr

K . — Tanniteyctei _ Tann.i'(tgnd.ittrLi) _ Tann (Egna+tsy) (8)

serv.min.i q)i'tfl.i (Di'tfl.i 8760'tf[
Figure 5 presents a graphical method for cal- 2. A horizontal line corresponding to the
culating the minimum required aircraft servicea- normalized ground parking duration tgngseq

bility factor Kseppmin to fulfill the annual flight (constrained by the technological
plan using the example of short-haul aircraft, ground-handling time of the aircraft, as given in
subject to T, = 2500 hours with different Table 4) is plotted on the graph. At the intersec-
flight durations t;;=1.0...2.5 hours. A similar tions of this line with the curves representing the

approach is applicable to calculating the mini-  Pparking duration t;,4 the values of the minimum
mum required serviceability ratio of aircraft of ~ required serviceability factorKse,y mini, are de-
other classes. termined. This coefficient can also be calculated
The graph is constructed in the following se- by formula (8) taking into account the normal-
quence: ized parking duration 7,7 4.
1. For the calculated values of annual flight Thus, for the considered example
time T,,, = const, aircraft flight duration ac-  With T4y =2500 hours:
cording to a typical profile t; = var and aircraft o for ty = 2.5 hours and tgngsea
serviceability factor K., = var the technically =26 h‘oursf the minimum required serviceability
possible aircraft parking duration tg,, is calcu- coefficient is Ksery.min=0.58;
lated using formulas (5), (6) and graphical de- * for tp =2 hpurs and.tgnd std ~ 2.6 hoprs,
pendencies tyng = f(ts1; Kserv) are plotted. the minimum required serviceability coefficient

1S Kserpmin = 0.66,

38
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Fig. 5. Graphical determination of the minimum required serviceability coefficient Kz, jmin for short-haul aircraft at a
standardized parking duration value tg,q sta

for t;; = 1.5 hours and tyngsea =
= 2.6 hours, the minimum required serviceability
coefficient is Kgpppymin = 0.78,
for tr; = 1 hour and tgpq stq = 2.6 hours,
the minimum required serviceability coefficient
1S Kgerpmini €Xxceeds 1.0, meaning that under
these conditions, achieving the planned block
hours Ty, = 2500 hours is impossible, since the
calculated parking duration tz,4 = 2.504 hours
(tab. 2) for a technically serviceable aircraft
(Ksery = 1.0), is less than the normalized park-
ing duration specified by the technological
schedule tgpq stq = 2.6 hours (tab. 4).

Based on the considered example, it can be
concluded that to ensure a planned flight time of
Tanni = 2500 hours with t¢; = var it is necessary

39

to maintain the aircraft serviceability level no
lower than the calculated value K.y min-

It should be noted that in this case, the mini-
mum required aircraft serviceability factor is
calculated for a single aircraft, whereas when
planning the production activities of an airline,
the minimum required aircraft serviceability fac-
tor should be taken into account based on the
average fleet size, taking into account departing
and arriving aircraft [15].

The range of permissible values for the park-
ing duration t 4 will be limited by the standard-
ized parking duration according to the techno-
logical schedule of standards tgnqsq and
the calculated value t4,4. Moreover, the dif-
ference between these standard indicators
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Atgna = tgna — tgna sta Provides a reserve time
necessary to eliminate various organizational,
technical, weather, and other causes of aircraft
flight delays. This time buffer is a fundamental
element in the operational risk management sys-
tem [16—18]. A study by the Bureau of Transpor-
tation Statistics (BTS) on the causes of flight de-
lays in 2020 found that 41% of delays were
caused by airline disruptions, including mainte-
nance issues [19].

As an example, let’s calculate the reserve
time. With an aircraft serviceability of 80%, a
planned flight time of T,,,; = 2500 hours, and
a flight duration of tfl 2.5 hours, the parking
duration can be ty,q = 4.51 hours (fig. 5), and
with a standardized parking duration (limited by
the technological time of aircraft ground mainte-
nance) tgnqseq = 2.6 hours. Consequently, the
aircraft downtime reserve for eliminating opera-
tional failures will be equal to A tgug
= 1.91 hours (42% of the estimated parking du-
ration). It is important to note that this reserve
does not prevent departure delays, but it is criti-
cally important for achieving the total annual
planned flight time. This is especially relevant in
light of BTS data for 2019, according to which
18.87% of flights were delayed by more than
15 minutes [19].

Discussion

The conducted study demonstrates a sophis-
ticated level of integration of operational and
technological parameters in the aircraft mainte-
nance system. The presented methodology goes
beyond a formal description of the relationships
and provides a practical tool for analyzing man-
agement tradeoffs in airline planning.

The fundamental physical relationship un-
der consideration (4) represents a theoretical
model of the general dependence of the
planned annual flight time on the operational
cycle parameters and aircraft serviceability

Town =f (Kserv, gnd,tﬂ) The aircraft flight
time Ty, is the dependent variable, and its value
is limited by preparation time and serviceability.
This formula is widely known among leading

40

Vol. 29, No. 04, 2026

specialists in the field of technical maintenance;
it explains the basic principles of calculating
technically feasible annual flight time and is
used as a basis for creating management stand-
ards, strategic planning, and for analyzing the
performance of airlines. It should be noted that
in this formula (4) the operating cycle parame-
ters are averaged based on empirical data on air-
craft operation and are of a statistical na-
ture [13, 15].

The maintenance system management is car-
ried out in a “top-down” manner, based on aver-
aged aircraft operational data, with the question
being posed: “What level of resources is re-
quired to achieve the result?” That is, a search is
conducted for the optimal balance among inter-
related parameters in order to maximize flight
hours (a statistical management approach).

The methodology presented by the authors is
deterministic in nature and is based on engineer-
ing principles, where achieving the planned
flight hours is considered a function of the speci-
fied operational cycle parameters. The proposed
methodology, based on the basic formula (4),
establishes the inverse relationships tg,4 =

_f(Kserm ann’ tfl) tfl = f(Kservr ann’ gnd)
Keerv = f ( nd» Tanm tﬂ) This decomposition
of the system into elements is based on the phys-
ical and technological limitations of the aircraft
(flight time, preparation time, and specified
flight hours), with flight hours being considered
an independent, specified variable. The proposed
methodology offers a mechanism for achieving
these target indicators. It transforms the standard
indicator T,,, from a static control plane to a
dynamic operational management plane, answer-
ing the key question: “By what means and under
what conditions can the specified flight time be
achieved?” (an engineering-deterministic ap-
proach). The developed mathematical model can
be used for two-way management of the mainte-
nance system: both “top-down” (from planned
indicators to operational tasks) and “bottom-up”
(through monitoring the achievement of planned
flight time, i.e., from monitoring execution to
adjusting the plan).
A system of equations (5), (6), (7), (8) based
on academic formulas (1), (2), (3), (4) forms
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an analytical basis for informed decision-
making. It allows:

e to quantitatively assess the effect of
changes in parameters such as flight duration
(tr1), ground parking duration (tg,q) and the

serviceability coefficient (K,,.,,), on the key per-
formance indicator—annual flight hours (Ty,,,,);

« to model various operating scenarios,
conducting “what-if” analyses to assess the con-
sequences of changes in schedules, maintenance
technology, or fleet condition;

« to achieve significant operational flexi-
bility for long-haul airlines by having more time
available for ground handling without compro-
mising scheduled flight hours, while for short-
haul routes, imposing increased demands on the
accuracy of planning and synchronization of all
ground processes due to time constraints;

o to identify the systemic gap between the
technologically standard (¢4,4 stq) and estimated
(tgna) parking times, which represents a hidden
reserve of operational efficiency that can be used
to improve flight regularity, compensate for un-
foreseen delays, and optimize personnel and
equipment utilization;

e« to move to proactive risk management
based on the minimum required availability factor
(Ksery.min» fig. 5) which provides a clear quantita-
tive benchmark and direct management indicator
for airline services, enabling early schedule ad-
justments, reallocation of maintenance and repair
resources, or fleet renewal planning.

Despite its practical value, the proposed
methodology has a number of limitations that
limit its future development:

1. The model is deterministic in nature and
operates on calculated values, whereas in reality,
key parameters (flight duration, ground handling
time, and overhaul intervals) are probabilistic
[17,20-23]. This limits the accuracy of forecasts
under uncertainty.

2. The model does not fully account for:

o seasonal and daily variations in aircraft
operation, when minimum parking requirements
become critical during peak hours;

o the impact of periodic maintenance pro-
cedures that take aircraft out of service for ex-
tended periods and directly impact K-,
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Despite some simplifications, the proposed
methodology not only allows for the calculation
of specific numerical parameters for new air-
craft, resource assessment, and operational plan-
ning, answering the question: “How can opera-
tional management be organized to ensure the
aircraft achieves the required flight time?” but
also for diagnosing problems, assessing risks,
and substantiating requirements for newly de-
veloped aircraft and ground operations.

Conclusion

This article is an excerpt from a scientific
and methodological study devoted to key aspects
of aircraft maintenance efficiency management.
The work is applied in nature and draws on ex-
isting regulatory frameworks and the works of
leading scientists in the field of aircraft mainte-
nance.

According to the authors, the study achieved
its objective and allowed the development of a
methodology for quantitative analysis of the air-
craft operating cycle aimed at ensuring planned
annual flight hours. The following key conclu-
sions were formulated based on the results of the
study:

1. Estimated values for the potential aircraft
parking duration at airports ty,4 along with
quantitative parameters of expected operating
conditions such as the aircraft flight duration ac-
cording to the typical profile t¢;, and the esti-
mated annual flight hours T,,, can reflect the
technical excellence of the aircraft and its opera-
tional documentation and serve as input for the
design of new aircraft and airline operational
planning.

2. Calculations have shown that, as flight
duration increases (when transitioning from local
airliners to long-haul aircraft), achieving the
standard annual flight time requires a significant
increase in grounding time (by 1.5-2 times)
while simultaneously sharply reducing the num-
ber of operational cycles (from 2500-3000 to
515-645 per year). This determines fundamen-
tally different approaches to organizing mainte-
nance for different aircraft classes.
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3. It has been shown that for aircraft with
high annual flight time and long flight duration,
the requirements for the serviceability factor are
extremely stringent. A decrease in K., below
50-60% makes it impossible to fulfill the
planned flight time, since the required grounding
time becomes less than the technologically fea-
sible minimum.

4. A practical method for determining the
minimum required serviceability is proposed.
Using short-haul aircraft as an example, it was
demonstrated that to achieve 2500 flight hours
with a technical standstill standard of 2.6 hours,
the minimum availability factor should be be-
tween 0.58 and 0.78, depending on the flight du-
ration. A case (tr; = 1 hour) is identified in
which the plan cannot be fulfilled, thus avoiding
unrealistic planning.

5. The operational reserve indicator was in-
troduced and quantified. Determining the down-
time reserve (Atgnq) allows airlines to assess
their resilience to operational disruptions and
delays (crew delays, tow truck delays, extended
inspections, etc.). The presence of such a reserve
(for example, 1.91 hours in the case under con-
sideration) serves as a safeguard to ensure flight
regularity.

The presented methodology can serve as a
practical tool for aligning an airline’s strategic
goals with its operational capabilities, enabling
quantitative justification of management deci-
sions, identifying bottlenecks, and assessing
risks. Despite its limitations, the model provides
a reliable analytical foundation for the further
development of decision support systems, im-
proving service regularity, and enhancing the
economic sustainability of airlines in an increas-
ingly competitive environment. A formalized,
deterministic framework is proposed to comple-
ment traditional statistical methods in aircraft
performance management.
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KoHuenuus aBTOMATH3MPOBAHHON CHCTEMBbI YIIPABJICHUSA
No//Iep>KaAHNEM JIETHOM FOTHOCTH C 3JIeMEHTAMM UCKYCCTBEHHOTO
HHTEJUIEKTA
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I «oC-T. exHo100xcuy, 2. Mockea, Poccus
’Mockoeckuii 20Cy0apcmeeHHbIl MeXHUYeCKUll YHUGepCUmem padcoancKoll asuayu,
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AunHoTamms: B cTatbe npeicTaBieHa KOHIENIMS aBTOMAaTU3UPOBAHHOM CUCTEMBI YIIPABJIECHUSI MOIEP>KaHUEM JIETHON TOHOCTH
(ACY IIJII"), uHTErpupyIOLIeH 3JIEMEHTH MCKYCCTBEHHOTO HHTE/UIEKTa. llenb mcciemoBanuss — pa3paboTKa apXHUTEKTYPHOIO
MOX0/1a, 0OCCIICUYNBAOIIETO CKBO3HYIO 00pabOTKY IKCIUTyaTallMOHHBIX NaHHEIX (Tenemerpust, ERP, OEM) mis popmupoBanus
00OCHOBAHHBIX PEKOMEHIAIMIA IO TEXHUYECKOMY OOCITY)KUBAHHIO TP COXPAHCHHWH KIIOYEBOM POJM M OTBETCTBEHHOCTH
HHKEHEPHOTO MepcoHaia. B 0CHOBE METOMOOIMH JICXKHT MPUHIIMIT MHOTOYPOBHEBOM apXHMTEKTYphl, BKIIOYAIOLICH CIION cOopa
reTepPOreHHbIX JAaHHBIX, aHAIMTHYECKOE SAPO Ha ocHOBe aHcaMOist moxeneii (LSTM-cetn, aHamu3 BebKHBaeMocTH 10 Kokcy,
pacnpenencnre BeliOyiuia) U cioil Mo yiepKKH pelieHuid ¢ 00s3aTeIbHBIM KOHTPOJIEM CO CTOPOHBI YeJIOBEKa Yepe3 MEXaHUu3M
Human Verification Gateway. B pe3ynbTrare npejiokeHa KOHIICTIIIS CUCTEMbI, HallpaBJICHHAs: Ha PeaTn3aliio PSTUKTUBHON
AHAIMTUKK [UIS OLICHKH PHCKA OTKA30B KPHUTHYECKMX KOMITIOHCHTOB M ONTHMH3AIMH I'PAHKOB TEXHUYCCKOrO OOCITYKMBAHUS
METOJIaMH TIeJIOUUCIIEHHOTO TpOrpaMMHUpoBaHksl. KITFoueBbIM MPUHITUIIOM SIBIISIETCST TIOIMHEeHHast posib W, BeICTymaromiero B
Ka4eCcTBE WMHCTPYMEHTa aHaIM3a, a HE aBTOHOMHOTO JIMIIA, NMPUHUMAIOIIETO DEIICHHs, YTO COOTBETCTBYET TPEOOBAHHUSIM
HOpMaTHBHOM ©0a3bl. OCHOBHOM BBIBOZ 3aKIIOYAETCS B TOM, YTO NPEIIOKCHHBIA KOHIENTYAIbHBIH IOJXOI CO3daeT
TEOPETHYECKYIO OCHOBY IS TIEPEXO0IA OT PErIAMEHTHOTO K MPEANKTHBHO-ONTHMH3AIHOHHOMY OOCTY>KHBAHHUIO, TIOTEHIHAILHO
CIOCOOCTBYSI TMOBBIIICHUIO 3KCIUTyaTAIIAOHHOW TOTOBHOCTH BO3MAYIIHBIX CYIOB 3a CUET MPOAKTHBHOIO ILIAHUPOBAHMS PAOOT.
KoHrenmust nmpexycMaTprBacT MHTETPAIHIO ¢ IH(MPOBBIME TBOMHIUKAMH W HOPMATHBHOM TIOKYMEHTAIUCH, ()OPMUPYST OPHEHTHP
JUTSL Pa3BHUTHS CEPBUCHO OPUECHTUPOBAHHBIX MOJICIICH TEXHUYECKOTO 00CITY)KHBAHUS B ABUALIUH.

KunroueBble ciioBa: moanepkaHue JIETHOM TOAHOCTH, MCKYCCTBEHHBIN MHTEIUIEKT, IPEIUKTUBHOE TEXHUYECKOE OOCITY>KHBaHME,
aHaM3 BEDKUBAEMOCTH, pactipesiesieHne Beioyma, idypoBoii IBOMHIK, ONITHMH3AIINS PECYPCOB, aBHAIIMOHHAS O€30IIaCHOCTb.

Jns nurupoBanus: IlomocenoB C.C., ®eoxrucroBa O.I'. KoHumemms aBTOMAaTH3MPOBAHHON CHCTEMBI YIIPaBICHUS
MOJIIEp)KaHUEM JIETHOH TOHOCTH C AJIEMEHTaMH UCKYCCTBEHHOro uHTesiekTa // Hayunbtit BectHuk MI'TY T'A. 2026. T. 29, Ne 4.
C. 46-62. DOI: 10.26467/2079-0619-2026-29-4-46-62

The concept of an automated airworthiness management system
with elements of artificial intelligence

S.S. Podosenovl, 0.G. Feoktistova®
'0S-TECH, Moscow, Russia
’Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: This article presents a concept for an automated airworthiness management system (AAMXS) that integrates elements
of artificial intelligence (AI). The aim of this work is to develop an architectural approach that ensures end-to-end processing of
operational data (telemetry, ERP, OEM) to formulate well-founded recommendations for maintenance while maintaining the key
role and responsibility of engineering personnel. The methodology is based on the multi-level architecture principle, that includes a
heterogeneous data collection layer, an analytical core based on the ensemble of models (LSTM networks, Cox survival analysis,
Weibull distribution), and a decision support layer with mandatory human control through the Human Verification Gateway
mechanism. As a result, a system concept is proposed, aimed at implementing predictive analytics to assess the risk of critical
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component failures and to optimize maintenance schedules using integer programming methods. The key principle is the
subordinate role of Al, acting as an analysis tool rather than an autonomous decision-maker, which meets the requirements of the
regulatory framework. The main conclusion is that the proposed conceptual approach creates a theoretical basis for the transition
from scheduled to predictive-optimized maintenance, potentially contributing to improving aircraft operational readiness through
proactive work planning. The concept provides for integration with digital twins and regulatory documentation, forming a guideline
for the development of service-oriented maintenance models in aviation.

Keywords: continued airworthiness, artificial intelligence, predictive maintenance, survivability analysis, Weibull distribution,
digital twin, resource optimization, aviation safety.

For citation: Podosenov, S.S., Feoktistova, O.G. (2026). The concept of an automated airworthiness management system with
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BBeaenue YCIIOBUSIX, UTO U SIBJISIETCS OJHOW M3 LICHTPAlb-

HBIX 3aJa4 Ipe[ylaraéMoi KOHILENIMU aBTOMa-

Cpeau AMHAMHYECKHUX CHUCTEM, B KOTOPBIX TU3UPOBAHHON CHCTEMBI YNPABICHHS TOIUICP-
JUls TOBBILIEHUS 3()()EKTUBHOCTH YIPABICHUS kanueM seTHoi roaHoctn (ACY ILID).

MO’KET OBITh HMCIOJIB30BaH MPOTHO3, 3HAUNUTENb- Oco0y1o aKTyanbHOCTb pa3paboTKe MpHAACT
HO€ MECTO 3aHHUMAIOT CHCTEMbl O0CITYyXHBaHUS npobiieMa OTCYTCTBHSL MEXaHH3Ma, CIIOCOOHOrO
CIIOXHBIX TeXHHYECKUX 00BekToB [1, 2]. Ilpu- KOHTPOJMPOBATH BBIOIHEHHE TPEOOBAHMI MO~
MEpOM TAaKOTO OOBEKTAa SBIAETCS KaK BO3TYII- nepskanus netHor rogHoct BC u obecnedenus
HOE CY/IHO B LIEJIOM, TAK H €ro (yHKIMOHAIbHBIC 0€30MacHOCTH TMOJIETOB, 3aJ0KEHHBIX B aBHAIIH-
CHCTEMBI U UX H3JEIHSA B YaCTHOCTH, Ty[a KE OHHBIX mpaBuiax [S5]. Ilpexnaraemas ACY IUIT
MOYKHO OTHECTM M CHUCTEMY JUISl MOJJIECPKAHUS peanu3yeT MMEHHO TaKOH MEXaHW3M HENpPEephIB-
JIETHOW TOJHOCTH C 3JIEMEHTAMHM MCKYCCTBEHHO- HOTO MOHHUTOPWHIA U MOAMCPXKKU JICTHOW TOM-
IO MHTEJUIEKTA. HOCTH.

Konuenmus cucrembl OCHOBaHa Ha MPUHIU- Konnenryanerno ACY IUIT" npencrasisier
nax, HM3JOKeHHBIX B pabore HO.M. UYmHioun- co0OM cHCTEMY, LIEIBI0 KOTOPOH SIBIISIETCSI ITepe-
Ha [3], TAe mpejcTaBleHA «IMpaMHAA JIETHOM X0l OT PEAKTHUBHOTO (PEriIaMeHTHOT0) TeXHUYe-
TOJTHOCTH», BKJIFOYAIOIIAas TPU OCHOBHBIX y4acT- ckoro obcnyxusanus (TO) x npexuKkTHBHO-
HUKA CHCTEMBI NOJJICPKAHUS JIETHOM TOJHOCTH: ONTHUMHU3ALMOHHOMY. J[JIs TOCTHIKEHMS DTOH 1ie-
pazpaborunka (OKB), uaroroButens u sKcIuTya- JIM TIPEAIIOIAracTcs HCII0JIb30BAHNUE CICAYIOMMNX
TaHTa. B TaHHOU cHCTEME 3TOT NIPUHLIMI Peau- OCHOBHBIX KOMITOHCHTOB.
30BaH Yepe3 MHTETPALMI0 JaHHBIX OT BCEX ¢ COOp M KOHCONHAALMS JAHHBIX W3 Te-
YYaCTHUKOB: HOPMAaTHBHO-TEXHUYECKON [OKY- TEPOTCHHBIX HCTOYHNKOB (Termemerpus, ERP,
MEHTAlMU OT pa3pabOTYMKOB, JAHHBIX O TPOH3- OEM, peecTpbl peryiasTopoB, pe3yibTaThl OC-
BOJICTBE OT H3TOTOBHUTENEH M IKCIUIyaTallMOH- MOTPOB);

HOU MH(POPMALIUU OT aBHAKOMIIAHUH. * AHAJIUTHYECKOC ANpO Ha OCHOBE aH-

HacTosimas KOHIIENIMS ONMpaeTcs Ha CO- cam6ns moxeneit (LSTM-cetu uisi BpeMEHHBIX
BPEMEHHBIE METOJOJIOTMYECKUE IOAXOAbl K psIOB, aHanM3 BbDKHBaeMOCTH 1o Kokcy s
MOJIJIEP’)KAHUIO JIETHOW TOJHOCTH, B KOTOPBIX WHAABUIYAIBHOTO NPOTHO3a pPHCKa, pachpeuc-
KJII0YEBOE 3HAYECHUE MPUIAACTCS DBKCILUIyaTalu- nenue BeiiOymna Juis oueHKn 06a30BOM Haex-
OHHOM (haze KU3HEHHOTO ITUKJIA BO3AYIIHBIX CY- HOCTU KOMIIOHCHTOB);
noB (BC) [4]. CornacHO CymIECTBYIOIIUM HCCIIe- * MOAyJb ONTUMMU3ALMHA Ha OCHOBC LEJIO-
JoBaHUSIM, 110 65 % BCero >XKM3HEHHOIO IMKIIa YUCJICHHOTO MPOrpaMMHPOBAaHUS 17 (pOpMH-
BC npuxonurcs UMEHHO Ha SKCIUTyaTaruio [S]. posanust rpapukoB TO ¢ yderom pecypcHbIX
D10 00YyCIOBIMBAET NPUHLUIUAIBHYIO BaX- OTpaHHYCHUH;

HOCTb CO3JaHUSI HHCTPYMEHTOB, OPUEHTUPOBAH- * obs3aTenbHas BEPH(PHKALMI BCEX PEKO-
HBIX HA MOHUTOPUHI TEXHUYECKOI'O COCTOSIHUA U MEHJIallMil MHXCHepoM 4epe3 MexanusM Human

YIIPABJICHUE UM B PEAIbHBIX IKCIUIyaTAlMOHHBIX Verification Gateway, YTO 00€CIeYHBaAET COOT-
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BETCTBUC HOPMATHUBHBIM Tpe6OBaHI/IHM H COXpa-
HACT OTBETCTBCHHOCTD IIEPCOHAJIA.

MeToabl 1 MeTO/10JI0T U

[Ipennaraemasi KOHIICTIIUSI ABTOMATH3UPO-
BaHHOM CHCTEMbI YIIPaBJICHUS MOJAJIEPKaHUEM
JICTHOW TOJIHOCTH OCHOBBIBACTCS Ha IPHUHIIMIIC
CKBO3HOH 00paboTkKu mHpOpMAIMKH — OT cOopa
MIEPBUYHBIX JaHHBIX 10 (OopMHUpPOBAHUS 0OOCHO-
BaHHBIX PEKOMEHAALNN NIl WHXKEHEPHO-TEXHH-
yeckoro nepconana. KiroueBoit meToionoruye-
CKOM OCHOBOM KOHIIENIIUM SIBJIAETCS Ipejjiarae-
Masi MHOTOYPOBHEBasi apXuTektypa (puc. 1), ko-
TOpasl OJDKHA 00ECTeYUTh MHTETpaluio pa3Ho-
POIHBIX TAHHBIX M KOMIUIEKCHYIO aHaJUTHKY
npu O€3yCIOBHOM IMPUOPUTETE YEIOBEUYECKOTO
KOHTPOJISI HaJ BCEMHU YIPABISIOMIUMHU pelie-
HUSMU.

BHelUHWe MCTOYHMKM
HAaHHbIX

l

Cnoit céopa AaHHbIX

l

Aapo obpaboTku

l

CNoi NPUHATKA pelleHui

|

WHTepdelichl
nosib3oBatenen

Puc. 1. MHOrOypOBHEBast apXUTEKTypa
Fig. 1. Multi-level architecture

B ocHoBe mpeaioKeHHON apXUTEKTYPhl Jie-
JKaT TMPHHIUIB MHOTOYPOBHEBBIX JKCHEPTHBIX
cucteM [6], mpeamnosararone pasjaeiieHue Io-
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BEPXHOCTHBIX 3HAaHUU (IIpaBHUJa TUATHOCTHKHU U
peKoMeHAaluuK) U TIyOWHHBIX 3HaHUU (TIpo-
THO3HBIE MOJIETM M alropuTmbl). Takoe pasze-
JeHue 00ecreynBaeT THOKOCTh M HWHTEPIPETH-
PYEMOCTb PELIEHUN, YTO IMOJIHOCTBIO COOTBET-
CTBYET 3aJI0)KEHHOMY B KOHIIETIIIUIO B3aMOICH-
CTBUIO MOJYJIS TPOTHO3UPOBAHUS U PEKOMEH/Ia-
TEJIbHOU CUCTEMBI.

OyHAAMEHTOM UIsI MPEAUKTUBHBIX OLEHOK
CIY>KUT COBOKYITHOCTh JAHHBIX W3 HWCTOYHH-
KoB — 60opToBhIX cucteM, ERP, OEM, peectpos
perynsaropoB (PABT), a Takxke JaHHBIX PY4YHO-
ro BBojaa (ocmotpel, NDT). D10 mo3BossieT co-
3/1aTh SANHYI0 HH()DOPMAIMOHHYIO Cpedy U Tpe-
ononeth (pparmenrtanuio naHHbIX [5]. CormacHo
KOHIICTIIIMA aHAIUTUYECKOE SIIPO JOHKHO OTBE-
4yaTh 3a 00pabOTKy NaHHBIX M TE€HEPALHUIO Tpe-
JUKTUBHBIX OlLICHOK. [Ipeamnonaraemeiii cocraB
KJIIIOYEBBIX MOJYJEH U X IefeBble (DyHKUUU
IpeACTaBICHBl B Ta0d. 1, a JeTadbHBIA pa30oop
KJIFOUEBBIX M3 HUX, TAKMX KAK MOJIEJb IPOrHO-
3UPOBAHMS OTKA30B Ha OCHOBE aHaJIU3a BBIKU-
BAa€MOCTH, IPUBOIUTCS B Ta0. 2.

Moynb MpOrHO3UPOBAaHUS OTKA30B HCIIOJb-
3yeT aHcaMOJIM MOJIeNieil Ui MOBBILICHUS TOYHO-
ct oueHok. Hanpumep, mist asuratens [1C-90A
npumeHnsiercs komOumHamus LSTM-cereit msa
aHaJn3a BPEMEHHBIX PSAIOB MapamMeTpoB (TeM-
nepatypa razoB EGT, ypoBens BuOparuu), aHa-
JU3a BBDKMBAEMOCTH JUIsl OLIEHKH OCTATOYHOIO
pecypca C y4eToM LEH3ypHUpPOBAHHBIX [IaHHBIX
U puszndecku  MHPOPMHUPOBAHHBIX  MOJeNeh
(Physics-Informed ML), koppeKkTupyrommx mpo-
THO3Bl Ha OCHOBE (hyHIaMEHTATbHBIX TEPMOIH-
HaMHYECKHX 3aKOHOMEPHOCTEM.

JUJis WiUTIoCTpanuy IPUHIUIIOB paloThI, 3a-
JIO’)KEHHBIX B KOHLEIHNIO, PACCMOTPUM THIIOTE-
THYECKU cueHapuid. [Tpeanonoxum, 4to B X04€
MOHUTOPHUHIa  [ApaMeTpPOB  THIPOCUCTEMBI
Boeing 737 BbISBIIIETCS yCTOMYHUBBIA POCT TEM-
nepaTypbl TUAPOKUIKOCTH B COYETAHUU C yBe-
JTUYEHUEM BPEMEHH HAIOJIHEHUS! TUIPOAKKYMY-
JATOpa — NPU3HAKH, XAapaKTEpPHbIE IS CHUXKE-
HUS IPOU3BOAUTENBHOCTU THApPOHacoca. B pam-
KaX KOHULENUWH MPeArnojaraercs, 4To CHUCTEMa
Morja Obl BBIMIOJHUTH TaKyl TOCIEIOBATENb-
HOCTh aHaJM3a: MPOBECTU CPABHEHHE CHUMITO-
MOB ¢ 0a30ff UCTOPUYECKHX HWHIUICHTOB
(manpumep, wucnons3ys Mmeron FTA), ocyme-
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Taoaunma 1
Table 1

KitroueBble MOy M aHAJTUTUYECKOTO SIIpa CUCTEMBI U UX (QyHKINU
The key modules of the system analytical core and their functions

Moayab

Texnosorun

Beixoauble JaHHbIE

[IpenoOpaboTKu TaHHBIX

Apache Spark, Python Pandas

OunieHHbIE BpeMEHHBIC
PAIBI

[IporHo3upoBaHusi 0TKa30B

LSTM-cetn, Prophet, Survival Analy-
sis

Puck-orieHka KOMIIOHEHTOB
(Failure Probability Index)

OnTumMu3anumu pecypcon

JIuneiinoe nporpaMMupoBaHue
(PuLP), reneTnueckue anropuTMbl

I'paduxu TO ¢ yuerom npuo-
pHUTETOB

HudpoBoii ABOWHUK

ANSYS Twin Builder, Unity3D

3D-monens BC ¢ Mmapkepamu
n3HOCA

CTBUTh aBTOMAaTHYECKYIO IPOBEPKY Ha COOTBET-
CTBHE aKTyaJbHBIM HOPMATUBHBIM TPEOOBAHUSIM
(trakum kak aupexktuBa EASA 2023-012R13) u
Ha 3TOM OCHOBE C(HOPMHUPOBATH CTPYKTYPHUPO-
BaHHYIO0 PEKOMEHJaINIo JUIsl MHKeHepa. [Ipume-
pPOM TaKOW pPEKOMEHIAIMU MOTJIa OBl CIYKHUTh
3anuch: «PeKoOMeHIyeTcsi pacCMOTPETh 3aMEHY
ruzipoHacoca B tedyeHue 50 muxinoB. Bo3moxkHas
anpTepHaTtuBa: Jneraidb P/N 65-1234 (anamor
OEM)». [lanHbll clieHapuil WIUTIOCTPUPYET, Kak
KOHILIETIUS TpeAycMaTpuBaeT He TOJBbKO Jua-
THOCTHKY TpOOJIEMbI, HO W TOJJICPKKY TPHUHS-
TUSl PEUICHUs C y4YeTOM OIEpalMOHHOM JIOTH-
CTHKH ¥ HOPMAaTUBHOU 0a3bl.

Ha puc. 2 npeacrasnena UML-auarpamma
KOMITOHEHTOB CHCTEMBI, IEMOHCTPUPYIOIIAs:

e B3auMojaelictBue Mmexay Data Acquisi-
tion Layer u Core Engine uepe3 Apache Kafka;

o ucnoiab3oBaHue Kubernetes nns opkecrt-
paru MukpocepsucoB B Core Engine;

e MexaHusM onoOpenus pemenuit (Human
Verification Gateway) B Decision Support

Layer;

e UHTETPAlMI0 C BHEIIHHUMH CHUCTEMaMHU
yepe3 REST APL

BzaumogelictBue mnepcoHana € CHCTEMOM

OCYHICCTBIISICTCA  1UCPE3 CHCI_II/IaJ'II/ISI/IpOBaHHHﬁ
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uHTepdeiicHbIi cioi. Ero kio4eBbIM 31eMeHTOM
aBJsieTca BeO-namobopa, MpeIoCTaBIsSIIoIUN UH-
KEHEPHO-TEXHIUUECKUM COTPYJTHHKAM HE TOJBKO
HarJBIIHYI0 BU3YalU3aluio cocTosHus napka BC,
HO U MHCTPYMEHTHI [UIsl YIIPABICHHS MPOLIECCOM
TO. Be0-npambop obecnieunBaeT BU3YaIU3aIUIO
coctosiHus mapka BC (Bkio4asi I[BETOBYIO Map-
KHPOBKY M3HOCA Ha HWHTEPAKTHBHBIX CXeMax),
yTBepkIeHHEe  (OTKIOHEHHE) PEKOMEHAllnH,
PYYHYIO KOPPEKTHUPOBKY IUIAHOB M OOpPATHYIO
cBsi3b. Cuctema omoBemieHuil Gpopmupyer push-
YBEIOMJICHUSI TIPU KPUTHYECKUX COOBITUSIX, a
REST API unrerpupyer gamb6opn ¢ ERP u opy-
TMMH KOPIIOPATUBHBIMH CUCTEMaMU.
Obecrieuenne 0E€30MaCHOCTH W ayAHTa
(YHKIMOHUPOBAHUSA CHCTEMbI Oa3upyeTcsi Ha
CTPOTOH pOJIEBOM MOAENN KOHTPOJS JOCTYyIa
(RBAC), xotopasi pasrpaHU4MBacT IpaBa U 30-
HBl OTBETCTBEHHOCTH MEXAYy TEXHHUKOM, WHXKe-
HepoM, HadanpHukoM TO u mpencraBuTeneM
perynsaropa. B pamkax mMojenu TEXHUK MOIyda-
eT Ha mamobopae nudpossie 3amanus (padbodne
KapThl), MOATBEPKIAET BBIIIOJHEHUE OMepaluit
TO u BHOCUT JaHHBIE NEPBUYHBIX OCMOTPOB.
WUnxenep BepupuUIHMpyeT pPEKOMEHIAIUU CH-
CTEMBI, aHAJTU3UPYET OTYETHl U CAHKI[MOHUPYET
cnoxHble pabotel. Hauansauk TO yTBepxmaer
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Puc. 2. Uml-anarpamma noTOKOB JaHHBIX MEXKIYy MOAYJISIMU
Fig. 2. Uml diagram of data flows between the modules

IUTAaHBl U PaCIpelessieT Pecypehl, a MPeACcTaBy-
TelIb PEryJsiTopa HMEET JAOCTYN K >KypHaly

ayauTa s KOHTpoJsi. Bee nelicTBust moap30Ba-
TEeH B CHUCTEME TMOJIeKaT 00s3aTeTbHOMY 1
MPOTOKOJUPOBAHUIO B 3aAlIUILIEHHOM JXypHale
W3MEHEHUH, UYTO TapaHTUPYET IMOJHYIO MPOCIIe-
YKUBAEMOCTD JIFOOBIX OTEparyii ¥ COOTBETCTBYET
TpeOOBaHUSIM K JTOKYMEHTAPHOMY COIPOBOXKIE-

HUIO TPOIIECCOB MOJCPKAHUS JIETHOW TOHO-
1
ctu [7].
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IIpuxa3 Muntpanca PO Ne 246 ot 13 aBrycra 2015 .
«O06 ytBepxneHnn DenepanbHbIX aBUAIMOHHBIX MPABHIT
“TpebGoBaHMs K IOPUANYECKHM JIMLAM, HHIUBH Y aJIb-
HBIM MIPEIPUHUMATEISIM, OCYIIECTBIISIOINM KOMMeEp-
4yecKHe BO3AYyIIHbIe IepeBo3Kku. Popma U IOPSIOK BbI-
JlauX JOKYMEHTa, MOATBEPAKIAIOIIET0 COOTBETCTBHE
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Taoauma 2
Table 2
Knaccudukanus matematndyeckux moaeneid B ACY T BC
The classification of mathematical models in the Automated Control System
Tun 3agauun MaTtemaTHuyeckasi Mojejb IIpumenenue

IIporHo3upoBaHue OTKa30B

Survival Analysis,
Pacnipenenenue BeiiOyiia

Kputuueckue y3ibl
(mBUTaTENH, IIACCH)

Onrummzarus TO Llenouucnenuoe [InanupoBanue
MpPOrpaMMHUPOBaHUE aHTapHBIX paboT
OreHKa OCTaTOYHOTO pecypca Perpeccuonnbie MoeH KommozutHeie
KOHCTPYKIIUU

AHaJlu3 pUCKOB

BaitecoBckue cetn

Cucremsl yrpaBlIeHUS
MOJIETOM

[IpennoxenHas apXxuTEKTypa KOMIUIEKCHO
periaeT KIOYeBbIC OINEpalMOHHBIE TPOOIEMBI:
npeojoneBaeT GparMeHTAINIO JAHHBIX 3a CYET
CO3MaHus eAMHOW WH(DOPMAITMOHHOMW CpeIbl, BO-
IJIOIIAET COBPEMEHHBIE MPUHIIMIBI MPEAUKTUB-
HOTO PECYpPCHOTO MOHUTOPHUHTA U, YTO KPUTHYIEC-
CKH BaKHO, 4epe3 mpuHIUN «CepTuhUKalnoH-
HOCTh MPU MPOSKTHUPOBAHKUI W3HAYATIHLHO COOT-
BeTCTByeT cTporuMm tpeboBanusm WKAO wu
HallMOHAIBHBIX PETYIISATOPOB.

Jnst perieHus: KJIFOYEBBIX 3a7a4 MPEIUKTHUB-
HOTO OOCTY>KMBaHUSI B CHCTEME peaJu30BaH
KOMIIIEKC B3aHMMOJIOIOJHAIONNX MaTeMaTuJe-
CKHX MoJieJieH, KiracCu(pUKAIKsI KOTOPBIX 10 TH-
MaM pelniaeMbIX 3ajiad, MpUMEHIeMOMY armapa-
Ty W 00JacTsIM TNPUMEHECHHS TIpUBEJCHA B
Tabm. 2.

IOPUANYECKUX JIML, HHAUBUYAIbHBIX [IPeAIpHHAMATE-
e, OCYIIECTBISIONIMX KOMMEPUYECKUE BO3IYyIIIHBIE TTe-
PeBO3KH, TpeOOBaHUIM (eiepalbHbIX aBHAIIHOHHBIX
npaBu”» [DnekTpoHHbli pecypc] // Koncynbrant-
[Troc. URL: https://www.consultant.ru/
document/cons_doc LAW 187361/ (nata oOpameHus:
12.11.2025).
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Moaesib NPOrHO3MPOBaHMS OTKA30B
HA OCHOBE aHAJIN3a BLIKHBAEMOCTH
(Survival Analysis)

Mogens OLEHHBAET BEPOSITHOCTH OE30TKa3-
HOH paboThl kKoMroHeHTOB BC B 3aBHCHMOCTH
OT BPEMEHH U YCJOoBUH 3KcruryaTanuu. OcHoBa-
Ha Ha perpeccun Kokca — momymnapamerpuye-
CKOM METOJI€, YYUTHIBAIOIIEM BIUSHHE KOBAPH-
aT Ha QyHKIHIO pucka [8].

[Ipumenenne aHanu3a BBDKMBAEMOCTH B CH-
cTeMe MOJJepKaHUs JIETHON TOHOCTU TpedyeT
ydeTa cnenu(puky aBUallMOHHBIX JAaHHBIX, KOTO-
pBI€ HaCTO COJIeprKaT LIEH3ypUpOBaHHbIE HAOIO-
nenus. Hambonee pacnpocTpaHEHHBIM SBISETCS
IpaBoe LIEH3YPUPOBAHUE, TIPU KOTOPOM H3BECT-
HO BpeMs BbIXO/la U3 UCCIEI0BaHMs O HACTYI-
JIeHUsl OTpeAeNieHHOro coObiTus. B KoHTekcTe
ABUAIMOHHOM SKCIUTyaTalluy 3TO COOTBETCTBYET
ciydasiM, korga kommoHeHT BC cHumaercs ¢
9KCIUTyaTaluy MO TJIAHOBOMY PEMOHTY WJIA MO-
JIepHU3AIMH 10 HACTYTUICHHUS OTKAa3a.

Mopneny BbIKHBAa€MOCTH YUUTBIBAIOT JABE Iie-
JIeBBIE TEpeMEHHBIC: BpeMsi coObiTHs T u Quar
[EH3YPUPOBaHUS O, a TAK)KEe BEKTOp MPU3HAKOB
X HaOII0ICHUS IPU BXOJIE B MICCIIEIOBaHKE. JTO
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JienaeT MOJAENU BBIKMBAEMOCTH OoJiee THOKHMHU Pe3yabTaThl
U TOYHBIMHU 1O CPaBHEHHUIO C APYTUMHU CTaTH-
CTHYECKMMH MeTojnaMu. B pa3pabareiBaeMoit
CUCTEME JaHHBIH IMOJAXOJl pealn30BaH Yepe3
y4eT KaK TEePMHUHAIbHBIX COOBITHH ((akThye-
CKHE OTKa3bl), TaK M IIEH3yPUPOBAHHBIX HAOJIIO-
JeHuil (TIaHOBBIE 3aMEHbI, BBIBOJ M3 JKCILTya-
tanuu) [9]. MaTemaTuyeckd MOJelIb OMHUCHIBA-
eTcsl craeayrwmeld (GopMyIon, ompenaensomen
OMACHOCTh OTKa3a B MOMEHT BpeMEHH t IpHu 3a-

JIns WILTFOCTpaIMK MPUHITUIIOB PalboThI, 3a-
JIOKEHHBIX B KOHIIETIIINIO, PACCMOTPHM THIIOTE-
TUYECKUN TIPUMEP MPUMEHEHHS MOJICITH MTPOTHO-
3UpPOBaHUSI OTKa30B Ha OCHOBe perpeccun Kok-
ca. B xadecTBe 00BEKTa /IS IEMOHCTPAIIUU BbI-
Opan aBuanmoHHbIi asuratens [1/1-14, gro 00y-
CJIOBJICHO €r0 KPUTHYECKOW Ba)KHOCTBIO, CIIOXK-
HOCTBIO KOHCTPYKIIMH M BBICOKUMH TPEOOBaHH-
JlaHHBIX KOBapHaTax X: MM K HaJCKHOCTU. JlaHHBIN mpuMep Tpu3BaH

MOKa3aTh, KaK NPEUIOKEHHBIH B KOHIETIINU

MHX) = ho(t) exp(Bixi + Paxz + ... + Bpxp), (1) noaxon mor Gbl mepeBOANTH aGCTPAKTHBIE BEPO-

SATHOCTH B CTPYKTYPHUPOBaHHBIE PEKOMEHIAINH

rae Mt|X) — omacHOCTh OTKa3a B MOMEHT Bpe- JUTSL CITYKOBI TEXHUYECKOTO 00CTy KHBaHUS.
MCHH t; B cooTBeTcTBUM C KOHIEHIUEH JJIs1 MOCTPO-
Ao(t) — 6asoBast pyHKLHMS PHUCKa; €HUS TTPOTHO3HON OIICHKU MOTYT OBITh BbIJEJe-
Bi — kodhdUIMEHTDI BIUSHUS KOBAPHAT; HbI KJIIOYEBBIE KOBAPHMATHI, OKA3bIBAIOIIUE BIIHSI-
X; — KOBapuarbl (HapabOTKa, TEMIIEpaTypa, HUE Ha pecypc aBurarens. B xadectBe mpumepa
BUOpaIys U T. 11.). TaKUX KOBapHUaT MOKHO PACCMOTPETD:

XIZ HaKOIINICHHAas HUKIHYCCKasa Hapa60TI<a [HI/IKJ'IBI BBHCT-HOCELI[KE[]}

X2: MHTErpan TEPMUYECKUX HATIPSKEHHIT il (T _gas—650°C)*dt], °C?-y;
x3: RMS BubOpanuu [500-2 000 '], mm/c;

x*: Tpen MeTaocoaep;KaHus Macia, ppm/1004. (2)

I[J'IH JACMOHCTpaIn pa60TBI MOJCJIN BBIIOJHCH pacdCT JIA KOHKPCTHOI'O 3K3CMILIAPA ABUTATCIIA
CO CJICIYIOUIMMHU TTapaMeTpaMH:

x'=1800;x2=2,7-10% x>= 4,8;x* = 3.2. (3)

Ha ocHOBe ricTopudeckrx JaHHBIX SKCIDTyaTalluy TapKa JBUTaTelel ObutM ompereneHsl Kodhdu-
ueHThl perpeccun Kokca, oTpaxaroniue BKJIaj KaKI0ro napamerpa B OO pUCK:

Koaddunmentsr: B = 0,021, B2 = 0,18, Bs = 1,75, Ba = 0,93;

S = Pixi + P2x2 + Psxs + Paxa = 0,021 - 1800 + 0,18 - 2,7+ 1,75 - 4,8 + 0,93 - 3,2. 4)
JlaHHBIE TIOJly4eHbl Ha OCHOBE arperupoBaH- Jlanee BbIYMCISAETCS SKCIOHEHTA JIMHEHHOIO
HBIX JIAHHBIX U3 OTKPBITHIX HCTOYHUKOB, TEXHIYE- MPEIUKTOPa U UTOTOBAst OMACHOCTh OTKAa3a.
ckoil mokymentanmu (OEM) u skcriepTHBIX orle-
HOK HWHXXEHEPOB-IKCILTyaTallMOHIIMKOB. B mpo- BoruncrnsieM 3KCIIOHEHTY:
1ecce NpoMbIIUIEHHOH skciutyaranun ACY T eS = o512 k (5)
9TH KOA(P(UIMEHTHI OyIyT aBTOMAaTHYEeCKH Ka-
TUOPOBATHCSI HA OCHOBE PEATbHBIX JAHHBIX MO- YMHO)KaeM 0a30BbIid PHUCK:
HUTOPHUHTA TIapKa JBUTaTeleH, oOecreunBas me- AMt[X) = 0,0005 - e>!? = 0,084 oTka30B B uac. (6)

pPEX0A OT 3KCIEPTHOM K CTATUCTHUYECKH JTOCTO-
BEPHOU MOJIEIIH.
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Ha ocHoBe mpoBeneHHOT0 pacuera cUCTeMa
ABTOMATUYECKH  BBITIOJNHSET  ONpPEACIICHHBIN
Habop naeiicTBuii. I[loporoBbie 3HauYeHUS AJIA
KJIaccupuKanuu puckoB (Hampumep, > 0,05 ot-
Ka30B B 4ac [ cTaryca «BbICOKUN PHUCK») B-
JISIFOTCST HACTPAMBAEMBIMU TIapaMeTpaMH CHUCTe-
MbI. B pamKkax KOHIIENTa OHU yCTaHABIMBAIOTCS
Ha OCHOBE aHajM3a «CTOMMOCTh — PHCK» — Oa-
JaHca MEXAY BEPOSATHOCTHIO MPOMYIIEHHOTO
oTka3za (0E30MacHOCTh) M YAaCTOTOW JIOKHBIX
cpabaTeiBaHMi (IKOHOMUYECKUE TOTEPH OT He-
000CHOBAHHOT'O MPOCTOST). ITO TO3BOJIUT MEPEii-
TH OT aOCTPaKTHBIX PACUETHBIX MOKa3aTeled K
KOHKPETHBIM YTPABJISIONINM BO3JICHCTBUSM B
MIPOIIECCE TEXHUUIECKOTO 00CTY>KUBaHUS.

PazpaboranHas B cucteme MOJENb MPOTHO-
3UpPOBaHMs OTKA30B Ha OCHOBE aHAlM3a BBIKH-
Ba€MOCTH COOTBETCTBYET PEKOMEHIAIUSAM TIO
MCIIOJIb30BAHUIO CTAaTHCTUYECKUX METOMOB IS
MPOTHO3MPOBAHUS HAJC)KHOCTH WIH TEXHUYE-
CKOTO COCTOSIHMSI OOCITy>)KMBaeMbIX OOBEKTOB
KaK BEINUYMHBI, TMOMJEKAIIEH peryiupoBa-
Huto [10]. Kak ormeueno B pabore, «3amaua
npecKa3aHus OyIyIIero COCTOSHUS 00bEKTa 10
M3BECTHOMY IPOLUIOMY U HACTOAIIEMY SIBIISETCS
3a/jaueil BEpOATHOCTHO-CTATUCTUYECKOTO XapaK-
Tepa», YTO MOJHOCTHIO COOTBETCTBYET MOJIXOY,
peann30BaHHOMY B CUCTEME.

Jnst 5bhEeKTUBHOTO MIIAaHUPOBAHUS PECYPCOB
ABUAIIMOHHOTO TPEINPUATHS B CUCTEME peau-
30BaHa MOJEJIb ONTUMHU3ALUU TEXHUYECKOTro 00-
CITy’>KUBaHUS, OCHOBaHHAs Ha METOJIaX EI0YHC-
JIeHHOro mporpammupoBanus [11]. JlanHas Mo-
nenb GopManu3yer 3aJadyy MUHHUMH3AIUH KO-
HOMHMYECKUX MOTEPh OT MPOCTOS BO3TYIIHBIX
CyJIOB TIpH COOJIOJCHUH OTPAaHUYCHHUU IO J0-
CTYNHBIM pecypcam: MPOU3BOJICTBEHHBIM MOII-
HOCTSAM aHrapoB M HaJIW4MIO 3amyacreil. Mare-
MaTH4ecKas TOCTAaHOBKA 3a/layll ONTHUMHU3ALUU
rpaduka TtexHuueckoro obcmyxkuBanus (TO)
dbopMynupyercs Kak 3ajaya ILEeJIOYUCICHHOTO
JTUHEWHOTO MPOTPaMMUPOBAHUSI U MOXKET OBITh
npeactarieHa B Buze (7)

. T
min Yy Y- CicXio
s.t. Z{thl}xit =1 nns Bcex i € 1,---,m;

212k Xip < by st Beex k € 1,-++ K, Vt;
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Xt € 0,1 (7)

HNHupexcsl: 1 — BO3IYIIHOE CYHO; t — MEPUOJ
BPEMEHH B IIJIAHOBOM TOpHU30HTE; K — TuI orpa-
HUYEHHOT'O pecypca, HanpuMep pabouee MeCTO B
aHrape OMpeeNICHHOTO THMa WA KOHKpETHas
3amyacTh.

IlepemenHas pemieHus: x;, — OMHapHas Te-
pemenHas, paBHas 1, ecnmu BC i Ha3Hauaetcs Ha
nposenaenue TO B mepuon t, 1 0 B MPOTUBHOM
ciydJae.

IlapamMeTpsbI: C;; — KOHOMHUYECKUE TOTEPH
(cTOMMOCTB TIPOCTOSI), CBSI3aHHBIE C BBIBOJOM
BC i ma TO B nepuon t; a;, — o0beM moTpedie-
HUs pecypca k (Hampumep, 4emoBeKO-4achl, KO-
JUYECTBO €AMHMUII 3aIT9aCTH) JJIs1 00CTyKUBAHUS
BC 1; by, — noctynsslii o6bem pecypca k B me-
puon t.

LeneBas ¢GyHKUIMS MUHUMU3ZHPYET COBOKYII-
HbIE SKOHOMUYECKHE TIOTEPU OT MPOCTOEB BCETO
napka BC 3a manoBeiii nepuon. IlepBoe orpa-
HUYCHHUE TapaHTHPYET, YTO KAKI0€ BO3AYIIHOE
cyaHo OyaeT oOCayKeHO POBHO OJIMH pa3 B Te-
YeHHe TOPHU30HTa IJIaHUpOBaHUSA. Bropoe orpa-
HUYEHHUE — OrpaHWYeHHE 0 pecypcaM — obec-
MEYUBACT TO, YTO CyMMapHasi MOTPEOHOCTh BCEX
BC, Ha3zHaueHHBIX Ha OOCITY)KMBAaHHE B MEPUOJ
t, o KaXkIoMy pecypcy k He mpeBbIIIaer ero Jo-
CTYITHOTO 00beMa B 3TOT MEPHUO/I.

Kputndeckn BaxHBIMU TSI TPAKTHYECKOM
peanuzali MOJEIW ONTUMHU3ALMU SBISIOTCS
BA THUMA OTPAaHUYCHUI: TPOU3BOJICTBEHHBIC
MOIIHOCTH W HaJIMYHE 3am4acTei.

Bo-niepBbIX, MOJIeh YUHTHIBACT (PH3UUECKUE
orpaHuyeHusi HHPPACTPYKTYPhl, & UMEHHO TPO-
W3BOJICTBEHHBIC MOIIHOCTU aHrapoB. Matema-
TUYECKH 3TO BBIPaXKaeTcsl OrpaHUYeHHEM, KOTO-
poe BKIIIOYAET KOJIMYECTBO PabOYUX MECT, UX
crenuanu3anuio o tunam BC um rpadux mo-
CTYITHOCTH:

YieyX<Cy mmaBcexa€A,teT,vEYV, (8)

rzae x — ounapnas nepemenHast (1, ecou BC 1 06-
CITy>KuBaeTcs B mepuon t");

C} — BMECTHMOCTb aHrapa a jJjis THIa V B
nepuopn t";

I, — MHOkecTBO BC Tuna v.
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Bo-BTOpHBIX, cyliecTBEeHHBIM (HaKTOpOM sIB-
JAETCS HAJM4YME 3am4yacteil. Y4eT JIUMUTHPO-

IPt - Ipt 1
rze L — 3amac gertanu p B KOHLE leproza t;
Sp¢ — MOCTaBKa JICTAIM P B TIEPHO/I t;
dj, — motpedrocTs BC i B ietanu p;
L1 — HavaIbHbIN 3amac JACTaH p;

X; — Ounapnas nepemenHas (1, ecniu BC i
00cIy>KUBaeTCs B MEPUON t).

B pamkax KOHIENIUHU JaHHAS ONTHMHU3AIH-
OHHAsl MOJIENIb CITYKUT (DOPMAaTBbHBIM aINIapaToM
JUIs1 BBIpaskeHus 3a1aun rmanupoBanust TO. Ona
3a/1aeT CTPYKTYpPY LeeBor (PyHKIUHU (MUHUMH-
3alus MOTEPh) U OTPAaHUYCHUN (pecypchl, 3amda-
CTH), AEMOHCTPUPYSI, KaK MPUHIUIBI ONTUMATb-
HOTO TUTAHUPOBAHMSI MOTYT OBITh HHTETPHUPOBA-
HBI B CUCTEMY MOAJICPKKH MPUHATHUS PELICHHH.

Konnenmueit npeanonaraercsi, 4To Ha Kax-
JIOM LMKJIE TUIAaHUPOBAHHUS peIlaTeNb, pPeaau3y-
IOIIUNA METObI LIETOYUCIEHHOTO MPOrpaMMHUpPO-
BaHMs (Hampumep, Ha 0a3e CHUMIUIEKC-METOa U
METOJla BETBEH W TpaHMIl), MOT OBl HCIIOIH30-
BaThCs JJI1 HAXOXKJIEHUS paclucaHus Xit, MUHH-
MU3HPYIOIIETO CyMMapHbIE TOTEPH MPHU 3aaH-
HBIX OTPAHUYCHUSIX.

Takoil moaxo1 MO3BOJISIET NEPEUTH OT peak-
TUBHOTO IUIAHUPOBAHUS «110 (AKTUYECKOMY CO-
CTOSIHHIO» K TMPOAKTHBHOMY YIIPABJICHUIO TEX-
HUYECKUM oOcCIyXuBaHueM Bcero mapka BC,
YTO B KOHEYHOM HTOTE CIIOCOOCTBYET MOBBIIIIEC-
HUIO KO3 (dUIMEHTa TEXHHUYECKOW TOTOBHOCTH
AaBUATPAHCIIOPTHOTO npeanpusTus [12].

Jlis KOMIUIEKCHOTO aHaiu3a HaJIeKHOCTH
MEXaHHYECKUX U DIIEKTPOMEXaHUYECKUX KOM-
MOHEHTOB BO3IYIIHBIX CYJIOB (TaKUX Kak 3Je-
MEHTBI THIPOCHUCTEM, IIIACCH, BCIOMOTATEIbHBIC
CUJIOBBIE YCTAHOBKH) B CHCTEME pEaIn30BaH afl-
napar pacnpenencaus BelOymma. JlanHbiii me-
TOJI ABJIIETCS OJTHUM U3 KIIFOUEBBIX MHCTPYyMEH-
TOB NI MOJCIIUPOBAHUS WHTEHCUBHOCTU OTKa-
30B B TEUEHHUE KM3HEHHOIO IIMKJIA, TaK KaK €ro
riuOKOCTh (32 cueT mapamerpa Gopmsl ) mo3Bo-
JSIeT OMHUCHIBATh XapaKTepHbIe (pa3bl IKCILTyaTa-
[IUU: IPUPAOOTKY, HOPMATBHYIO PaboTy U TepH-
on u3Hoca [13, 14]. YHuBepcaqbHOCTh JAHHOTO
pacmpeseNieHusl MO3BOJISIeT ONMUCATh TPU KPUTH-

"r‘Spt—ZiEIdip‘
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BaHHBIX PECYPCOB 3alacHBIX YacTel peatn3oBaH
yepe3 0anaHCcOBOE ypaBHEHUE
X; g Bcexp EP, tET, )
geckux (hasbl dKCIuTyaTanmu: npupadboTKy, HOp-
MaJIbHYI0 paboTy M HM3HOC, YTO HATJSIIHO [e-

MOHCTPHUPYETCSI XapaKTepHOU «BaHHOOOPA3HOM»
KpUBOW MHTEHCUBHOCTU OTKa30B (puc. 3).

KpuBasi «BaHHbI»
(MHTEHCMBHOCTI:I 0TKa3OB)

F
1
o PaHHne W3HocoBbIe
] OTKasbl OTKasbl
E (B<1) (B>7)
@ HopmanbHas
o aKkcnnyarayms
b (B=1)
o
0 Bpems

n (xapakTepHoe Bpems)

Puc. 3. KpuBasi MHTEHCUBHOCTH OTKa30B
Fig. 3. The failure rate curve

[Ipumenenne pacnpenenenuss BeliOymia B
KOHTEKCTE€ aBHALIMOHHOM 3KCIUTyaTallUd MOKET
OBITH PACHIMPEHO 32 CUET yuyeTa KOPPEISIHUOH-
HBIX CBSI3€d MEXKIYy MOCIENOBATEIbHBIMU OTKA-
3aMH, YTO OCOOEHHO BaXKHO JIJIsi IPOTHO3UPOBA-
HUSl BTOPUYHBIX OTKAa30B B CJOKHBIX CHCTEMax
BC [2, 15]. PaGounii mporiecc mpuMeHEHHS JaH-
Horo metona B ACY IUJII', npencraBiaeHHbI HA
puc. 4, BKIIOYAET TMOCJIEAOBATEIIbHBIC ATalbl
cOopa JaHHBIX O HApabOOTKe, OICHKHU MapaMeT-
pPOB pacmpelesieHus M pacueTra BepOSITHOCTU
0e30TKa3HOM paboTHI [8].

Marematnueckuid anmapaT B KOHTEKCTE
ACY TUII" ocHoBaH Ha (DYHKIIMU BEPOSITHOCTH
0e30TKa3HOM PA0OTH ((DYHKIIMU HAIE)KHOCTH).
Jns mpumepa paccuuTaeM JaHHBIM MOKa3aTellb
TUIMOBOTO THAPOHACOCA CHUCTEMbl YIPABIICHUS
Mexanu3zanueit kpoiia SSJ-100 st ruaponacoca
SSJ-100:

0B
R(O)=eW) (10)
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PexomeHparensHan cucrema no

Orvér: {B=2.3, n=61004, R(5000)=0.72}

basa paHHbIX Mogayne Be#bynna

PexomeHaauma: “3ameHuts 40 4800 yacor”

PexomeHpaTenbHas cucTema no

Puc. 4. Pabounii niporiecc pacnpenenenus BeitOysia
Fig. 4. Weibull distribution workflow

PaccmoTpum unmtoctpatuBHbIN npumep. Jiist
tunoBoro rugaponacoca SSJ-100 moxkHO oI1€-
HUTH BEPOSTHOCTH 0€30TKa3HOW paboThl R(t) mo
dbopmyne (10). Ilpu runmoTeTHYECKUX TapaMeT-
pax (mampumep, t=3500 uy, m=5200 u,
B=2,8) pacuer nmaer 3naueHue R(t) = 0,78. B
pamMKax KOHIICTIIIUM TaKoe 3HAYEHHE MOTJIO OBl
WHTEPIPETUPOBATHCS KaK CUTHAN JJIsl TUIAHUPO-
BaHUs KOHTpons. [lopor Ay MHUIMALUUA KOH-
Tpouia (Hampumep, R(t) < 0,8) sBnsiercss Hactpa-
MBAaE€MbIM IapaMEeTPOM KOHIIETILINHU, YCTaHABJIH-
BAEMBbIM Ha OCHOBE aHaJIU3a «CTOMMOCTh
PHUCK.

Wurerpanust maHHOM Moaenu B pabouuit
npouecc ACY IUII' mo3BoJiieT BU3YaJIM3UPO-
BaTh 3aBUCHUMOCTh BEPOSTHOCTH O€30TKa3HOU
paboThl OT HapaboTku (puc. 5). ['padux Harms-
HO JEMOHCTPUPYET B3aMMOCBSI3b MEXJY BpeMe-
HEM JKCIUTyaTallud U HaJeKHOCThIO KOMIIOHEH-
Ta, MOCTPOCHHYIO IO pacmpeaeiieHuo Beitdyna
¢ mapamerpamu 1 = 5200 4, f = 2,8. B peanb-
HOU paboTe CUCTEMBI TapaMeTphl 1 U 3 aBTOMa-
TUYECKU OLEHUBAIOTCS AJISl KAXKJI0T0 KOMITIOHEH-
Ta Ha OCHOBE €r0o YHHKaJbHOM 3KCIUTyaTalliOH-
HOM HMCTOpUH, YTO MO3BOJISIET CTPOUTH IEPCOHA-
JTU3UPOBAHHBIE KPHBBIE W 00ECIEYMBACT TOY-
HOCTb MPOTHO3a. Takas BU3yalu3alus MO3BOJIS-
€T HWHXXEHEPY MIHOBEHHO OIICHUTh 3amac
HAJEKHOCTH, IUHAMHKY H3HOCA, OIU30CTh K
KPUTUYECKUM TOpOraM MW IUIAHUPOBATH MEpPO-
MPUSITHS C YYETOM BU3yaJIbHOTO MPOTHO3A.
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BeposaTHOCTbL 6€30TKa3HOU
pabotbl R(t)

R(t)
10
os{ A
0.6
0.4 1

0.2 4

0.0

8 12
t (Tbic.4)

s 4

0

Puc. 5. BepositHocTh 6€30TKa3HOI pabOTHI
Fig. 5. Probability of failure-free operation

Tekymas HapaOoTka komrmoHeHTa (3 500 u)
cooTBeTCTBYeT Touke A, rae R(t) = 0,78. T'opu-
30HTajJbHas TUHUA Ha ypoBHE R = 0,8 0603Haua-
€T YCTaHOBJICHHBIN MMOPOT: TIPU CHIKEHUHU BEPO-
ATHOCTH HMKE 3TOM I'paHHUIbI CUCTEMa aBTOMa-
TUYECKH PEKOMEHIYET TMPOBECTH TUIAHOBBIN
KOHTpoJb. Takas Bu3yaiau3alusi MO3BOJISET HH-
JKEHEpy MTHOBEHHO OIEHUTH 3armac HaJIeKHOCTU
U TIPUOPUTETHOCTh BMEIIATENbCTBA.

CornacHo KoHIENIUU (HOPMUPOBAHUE TPE-
BAapUTENBHBIX PEKOMEHJAIUN MOXKET WHHIIH-
UPOBATHCS MPU JOCTHIKCHUH TMOPOTOBBIX 3HAYE-
HUH, TaKMX KaK BEPOSITHOCTh O€30TKa3HOU pado-
ToI R(t). Hampumep, npu cHmxenuu R(t) Hipke
YCTaHOBJICHHOTO TIpeesia CHCTEMa MOTja Obl
CT€HEpPUPOBATh CTPYKTYPUPOBAHHOE yBEIAOMIIC-
HUE JUIsl MHKEeHepa. B oTyimuue oT mpocToro ot-
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— 3aKas 3anyacTten

pacduk 3ameH

Puc. 6. nTerpanus ¢ miaHupoBaHUEM
Fig. 6. The integration with planning

CICKHMBAHUs HApaOOTKH IO  JIOKYMEHTaM,
ACY IUIII" B peaJibHOM BPEMEHHU OLICHUBAET MH-
TErpajbHbIi M3HOC KOMIIOHEHTa Ha OCHOBE Te-
JEMETPUH, YCIOBHM HKCILTyaTallid U MPOTHO3-
HBIX MOJIENICH, YTO TIO3BOJISIET MEPEUTH OT 00-
CIIy’»KUBaHUS MO KaJeHIapHOMYy Mpodery K o0-
CIY>KUBAHUIO 10 (DaKTHYECKOMY COCTOSTHUIO.
Hanpumep, npu cHmkenun R(t) HUke ycTaHOB-
JIEGHHOTO MOpOra CUCTeMa F'eHEPUpPYET CTPYKTY-
pPUPOBAHHOE YBEIOMJICHHE.

Kommonent: Typouna asurarens I1C-90A (ce-
puitHblii HoMep 0238).

Texkymas napabotka: 10 050 4.

[Tporuos R(t): 0,82 (B = 3,1, 1 =12 600).
PexoMenmanusi:  3amiaHMpoBaTh 3aMEHY 10
11 000 u.

OkoHYaTeNnbHOE pEIICHHEe O XapakTepe H
CpPOKax BMEIIATEIILCTBA MPUHUMACT MHXKEHEP 110
JICTHOM TOJJHOCTH TMOCJIC aHAJIN3a BCEX JaHHBIX.

K mpeumymectBam peanuzanuu 8 ACY [T
OTHOCSTCS JIBa KITFOUEBBIX acrlekTa. Bo-mepBbix,
obecrieuynBaeTcs TMEPCOHAIM3AMS MOJEICH 3a
CYET KCIOJIb30BaHMs OTIENIBHBIX IapaMeTpPOB
JUTSL K&KIOTO JIBUTATENS C YISTOM YCIIOBUMN JKC-
iyatanuu (KJIuMar, pexXuMbl monera). Bo-
BTOPBIX, peaM30BaHa rIyOOKass WHTETpamus ¢
CUCTEMOM IIAHUPOBAHUS, YTO WILTIOCTPUPYETCS
Ha puc. 6.

JlaHHas peanu3aiusi 00ECHEUYMBACT CKBO3-
HYI0 (QYHKIIMOHAJIBHOCTh: MHTETPALHUIO C 0a30i
JAHHBIX CUCTEMBbI, aBTOMAaTHYECKUI pacueT Be-
POSITHOCTH OTKa3a, TeHEPaIUIo TpeaBapHITHBIX
npenynpexaeHuid st cayx06st TO u amanta-
[IUIO 1OJ] KOHKPETHBIC THUITBI KOMIOHEHTOB. Ta-
KO TOAXOJ TMO3BOJSIET OCYIIECTBISATH MPOAK-
TUBHOE IUIAHUPOBAHNE PEMOHTOB, MUHUMU3UPYS
BEPOSITHOCTh BHE3AITHBIX OTKA30B M CBSI3aHHBIC C
HUMH SKCIUTyaTallMOHHbIE puckd [15, 16].

BaxHO pa3rpaHUYHTh POJIM JBYX KITFOUEBBIX
BEPOSTHOCTHBIX MOJICJICH, UCTIOIb3yEMBIX B CH-
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creme: perpeccun Kokca u pacrpenenenus Beii-
Oymna. Ha mepBblIif B3rMsi, OHU 00€ OIEHUBAIOT
HaJIe)KHOCTb, HO pEelIaloT MPUHIUIHAIBHO pa3-
HbIE 33/]ayd B paMKaxX €IUHOU apXHUTEKTYpPbI
ACY IUIT.

Mopnens nponopuroHanbHbIX pucKkoB Kokca
ABIII€TCS TOJynapameTpuieckoil. Ee raBHas
CHJIa — B OLIGHKE BJIMSIHHS W3MEHSIOIIUXCS BO
BPEMEHM KOBapuaT Ha pUCK oTka3a. OHa OTBe-
4yaeT Ha BOMNPOC, KaK TeKyIllee COCTOSHUE BUTA-
Tenst (BuUOpaiusi, TeMIeparypa, H3HOC Macja)
BJIMSIET HA BEPOSITHOCTh €r0 OTKa3a B ONmxkaii-
mee Bpems. Monenb Kokca nueanbHa 1yl HHIU-
BUYallbHOTO TPOTHO3UPOBAHUS JUIS KaXXAOTO
KOHKPETHOI'O arperata Ha OCHOBE €ro TEJIeMET-
puM B peanbHOM BpeMmeHH. OHa TO3BOJSET CH-
CTeMe OOHAPYKHUTh 3aPOKIAOIIHIACS (KT,

Mopnens Ha OCHOBe pacmpezeneHusi BeiOyn-
Ja sBisieTcs mapamerpuyeckoi. OHa ONHMCHIBAET
0a30BBIN 3aKOH HAJIEKHOCTHU JAJIS 1IeJIOT0 Kiacca
OJTHOTUIIHBIX KOMIIOHEHTOB (HampuMep, BcCeX
ruaponacocoB tuma NS-23). [Tapamerpsr pac-
npeneneHus (B, 1) XapakTepusyoT (QU3NKY H3-
HOCAa JAHHOTO THUMa OOOpYIOBaHMS: TEPUON
npupabotku (B < 1), HOpMaJIbHOH KCILTyaTaluN
(B=1) umu crapenus (> 1). Monens BeliGymna
OTBEYAET Ha BONPOC, KaKOBa BEPOSITHOCTH 0€3-
OTKa3HOI pabOTHI HOBOTO TMAPOHACOCA JAHHOTO
Tuna K HapaboTtke t. OHa wucmonb3yeTrcs s
JOJNTOCPOYHOIO  IUIAHUPOBAaHUS MOTPEOHOCTH
B 3aIYACTSX W CTPATETHYECKOTO YIpPaBJICHUS
MapKOM.

Cama cuctemMa HCHOJB3YeT MOJEIU COB-
MectHO. Pacnipenenenue BeitOymna 3amaer 6a3o-
BYIO JIMHHUIO HajexxHocTH. Mozens Kokca, aHa-
AU3UPYysS TEKyllhe KOBapuaThl KOHKPETHOIO
JIBUTATEIIsl, KOPPEKTUPYET 3Ty 0a30BYIO JIMHHIO,
BBIUMCIISISL €r0 MHAMBHIyalbHbIN puck. Hampu-
Mmep, ecanu asurarens [1/1-14 skcrutyatupyercs B
TSDKETIBIX YCJIOBUSIX (BBICOKAasi BHOpaIlus, xap-
KUl kiumMar), mojens Kokca mokaxeT, 4yTo ero
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YTeepxgeHne—» MHxeHep no JII — Aonyck BC K nonetam
MH-nporxos ——<{_ Bepudmurauma
OTKNOHEHHMEe— AyAUT pelueHmn

Puc. 7. luarpamma oToKOB JaHHBIX MEKIY MOIYJISIMU
Fig. 7. The diagram of data flows between the modules

PHUCK OTKa3a BBIIIE, YEM MPEJCKA3BIBAET «yCpe/-
HEHHas» KpuBas BeiiOymna aims gaHHOTO THIIA
JBUTATEIICH.

Oo0cyxaenue

[IpensioxkeHHass apXUTEKTypHas KOHUEMUHUSA
ACY IUII" 6a3upyercs Ha (pyHIaAMEHTAIHLHOM
MPUHIUIIE MOJYMHEHHON POJIM UCKYCCTBEHHOIO
unremiekta (M), Takol moaxon sIBASIETCS Me-
TOJIOJIOTHYECKUM CTEPKHEM KOHLEMIUU U 00y-
CJIOBJIEH TPEXJE BCEr0 CTPOTUMHU TpeOOBaHMSI-
MU HOPMaTUBHOM 0a3bl [7], a Takxke HEO0OXOH-
MOCTBIO COXPAHEHHUS KIIIOUEBOH pOJIM U OTBET-
CTBEHHOCTU CEPTU(PHUIIMPOBAHHOTO HWHKEHEPHO-
TEXHHUYECKOIr0 IMepcoHana. B pamMkax mTaHHOMN
KOHLICTIIIMM HCKYCCTBEHHBIM MHTEIJIEKT pac-
CMaTpUBaeTCs HE KaK aBTOHOMHBIA CyOBEKT, a
KAaK aHAJTUTUYECKUN UHCTPYMEHT-aCCUCTEHT.

C TexHMYECKON TOYKHU 3pEHMsI apXUTEKTypa
cuctemMbl (GOPMUPYET TPEXYpPOBHEBBIN Oapbep
apToHoMuu WU, 4TO HaArisiHO OTpPaXXEHO Ha
UML-auarpammMe ImOTOKOB JAHHBIX MEXKIY MO-
nyssimu (puc. 7).

AJNTOPUTM NPUHATHUS PELICHUS, OTPAKEHHBIN
Ha puc. 7, GyHKIMOHHpYET cledyromuM olpa-
30M.

NU-nporuo3: AHaIUTHYECKOE PO CUCTEMBbI
dbopMupyeT mporHo3 (OIEHKY pUCKa) U MpelBa-
PUTENBHYI0 PEKOMEHAALUIO.

Bepudukanus: JlanHyio peKOMEHIAIMIO B
00s3aTeIbHOM MOPSAJIKE PACCMAaTPUBAECT HHXKe-
Hep no netHoi roanoctu (MJII). Ha sTom atame
WHXXEHEP aHaIM3upyeT oO0OCHOBaHUE, CHOPMH-
poBaHHOE MexaHu3MaMu oOwsicHumoro WU
(XAI), npoBepsieT UCXOOHBIE JaHHBIE U MOMKET
3alpOCUTh JIONOJIHUTENIbHBIE CBeleHUS. bilok
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«Bepudukamus» u ecTb mporecc 4ea0BeUeCKoro
aHaJIN3a.

Pemenne unxenepa: VMHkeHep NpuUHHUMaeET
OJIHO U3 JIBYX PCIICHUM:

VYrBepxnenue: Eciam pexomenmanusi o0oc-
HOBaHa, NHXXCHEp ee yTBepkaaer. [lanee cucre-
Ma (pUKCHpYeT pellleHHEe W HHULUHPYET COOT-
BETCTBYIOLIME MPOLECCH (IUIAHUPOBAHUE, 3aKa3
3amyacTeu u T. 1.).

Otknonenue: Ecnm MHXEHEp ¢ peKOMEeH[a-
el He COrjlaceH, OH €€ OTKIJIOHAET ¢ 00s3a-
TENbHBIM YKa3aHUEM IIPUYMHBI B CUCTEME.

O6paboTka OTKIOHEHHOTO permeHus: Jlroboe
OTKJIOHCHHOE pEIICHUE HE WIHOPHUPYETCs, a
HAaIpaBIsETC B KOHTYP «AYIUT PpELICHUS.
31eCh OHO AHAIM3UPYETCS JIJI1 BO3MOKHOM KOP-
pextupoBku mojenerr MM (oOpaTHast cBsi3b) U
JUIsL KOHTPOJISL COOTBETCTBUS IIPOLIECCOB HOpMa-
TUBHBIM TPEOOBAaHUAM. DTO KIIOYEBOH HIIEMEHT
11 O0yUYEeHMS U YITyUILIEHHs CUCTEMBI.

Hrorossiii pesynbprar: OUHAIBHOE PEILICHUE
o nonycke BC k moneraM NpuHUMAETCS UCKITIO-
YUTEJIBHO Ha OCHOBAaHUM YTBEP)KIEHHOTO MHXKE-
HEPOM 3aKJIIOUYEHHUS, KOTOPOE YUYHUTBIBAECT Kak
BeIBOABI VI, Tak m mpodeccruoHanpHOe CyKIe-
HUE CIIEIAATINCTA.

Takum oOpa3oM, IuarpaMma OTpa)kaeT He
JIMHEWHBIN, a pa3BETBICHHBIA MPOIIECC, TNIE Ye-
nosek (MJII') sABiseTcs LEHTpPaJbHBIM 3BEHOM
BepU(DUKALUU U NPUHATUS PELICHUs, a CUCTEMA
o0ecreynBaeT IMOJHYI0 MPOCIEKUBAEMOCTh HU
y4eT BCEX CIIy4aeB, BKIOYas OTKJIOHCHUS.

1. Ha ypoBHe mannbix UM umeer nocryn
TOJIBKO K CBIPBIM JAaHHBIM B 3aIMIIEHHOM Xpa-
nwmiie (Data Lake), He B3auMopaelicTBys ¢ cH-
ctemamu ynpasienus BC.

2. Ha ypoBHe pelieHHii Bce BBIBOJBI B 004-
3aTeJIbHOM TOpPSAKE MPOXOIAT Yepe3 yesloBede-
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CKyI0  BepU(UKAINIO Verification
Gateway, HVG).

3. Ha HOopMaTuBHOM ypOBHE 0OecIeUMBacT-
Csl COOTBETCTBHE BCEM TPEOOBAHMSIM, UCKIIIOYA-
IOILIUM MOJAMEHY 3aKJIIOUECHUSI HH)KEHEepa.

LleHTpaabHBIM 3JEMEHTOM CHUCTEMBI SIBIISET-
Csl MPUHIUT BepU(PUIIUPYEMOCTH BBHIBOOB. JIto-
0asi peKOMEeHJalus, CTeHepUpPOBAHHAS MOJEIs-
MU  MalmMHHOrO  OOydeHus  (Hampumep,
LSTM-ceTpi0 WM MOJIENBIO aHAIN3a BBDKHBAE-
MOCTH), COMPOBOXKIACTCSI METOJI0JIOTUYECKUM
000CHOBAaHHEM U BO3MOKHOCTBIO PYYHOH IMpoO-
BEPKH MCXOJIHBIX JAHHBIX. DTO HAMPIMYIO COOT-
Hocutca ¢ TpeboBanuemM ['OCT P 57907-2017
0 BO3MOXXHOCTH TEPEONPEIEICHUSI aBTOMATU3H-
POBaHHBIX pEIICHUNW M obecrneunBaeT HE0OXo-
JIUMBIN YPOBEHb JI0BEPUS K CUCTEME CO CTOPOHBI
AKCIUTyaTaHTOB.

OTO TEXHUYECKH peanu3yeT U o0ecrevynBaeT
BBITIOJIHEHHE KJIFOUEBOTO MPUHIINIA, 3aKPETUICH-
Horo B 'OCT P 57907-2017: oxoH4aTenbHOE
pelieHue M OTBETCTBEHHOCTh 3a JOIYCK BO3-
JIYIIHOTO CyAHAa K 3KCIUTyaTallud OCTAarTCsA 3a
cepTU(pUIIMPOBAHHBIM WHXEHEPHO-TEXHUUYECKUM
nepcoHasioM. IIpenocraBiisasi MHXEHEPY IMOITHOE
METOJI0JIOTUYECKOe 000CHOBaHUE, JOCTYN K HC-
XOIHBIM JaHHBIM M SIBHBI MEXaHW3M YyTBEp-
xkaeaust (orkimoHenws) (Human Verification
Gateway), cucreMa He MOAMEHSIET CeHaIuCTa,
a JIaeT €My pAaCLIMPEHHBbIE aHATUTUYECKUE BO3-
MOXHOCTH, COXpaHssl 3a HUM IIPaBO OKOHYA-
TETBHOTO BepauKTa. Takoil moaxoa u obecredn-
BaeT HEOOXOUMBIN YPOBEHb JOBEpPUS K CHCTEME
CO CTOPOHBI 3KCIUTyaTaHToB. Ha mpakTuke, kak
IIOKa3aHO Ha pHUC. 7, 3TO PEAIM30BAHO YEPE3 Me-
xanu3M HVG, koTopblif BeIcTymaer o0s3aTelb-
HbIM [UIFO30M I BCEX YNPABISIIOUIUX PEKO-
MEHJIAllM{, HAITPaBJISIEMbIX UHXKEHEPY.

®yunkiuoHansHo UM B cricTteMe BBICTYNAET B
HECKOJIbKMX B3aUMOJOMOJHSIOMINX AaCIIEKTaX.
Kak nuarHocTMyecknii aHaJIUTUK OH IO3BOJIAET
BBISIBJIATh CKPBITHIE KOPPEJSIIIMM B MHOTroMapa-
METPUYECKUX BPEMEHHBIX PsAaX TEIEMETPUU U
KIIACCU(PUIIUPOBATH 3apOXKAAOIIHUECS JIePEKTHI,
YTO 3aTPYJAHUTENBHO ISl TPAJAULIMOHHBIX METO-
JIOB KOHTpoJisi. OJHOBPEMEHHO B KaueCTBE IPO-
THOCTHYECKOT0 ONTHMH3aTOpa CUCTEMA PacCUu-
THIBACT HHTEPBAIBl TEXHUYECKOTO OOCITyKHBa-
HUSl HE TI0 (PUKCUPOBAHHBIM perjiiaMeHTaMm, a Ha

(Human
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OCHOBE HETPEPHIBHON OIICHKH (PAKTUIECKOTO
u3Hoca. J[71s 3TOro cucTemMa UCIoab3yeT arperu-
pPOBaHHBIE U TPeOOpa3OBaHHBIC HAHHBIC Teje-
MeTpuH (Takhe Kak TemIeparypa rasoB, BUOpa-
1Usl, TaHHBbIE CIEKTPOCKOMUHU Macja — CM. pas-
nen «Pesynbrarey, hopmynsl (2)—(3)), KoTopsie
CIIy’aT BXOJHBIMH MapaMmeTpamu JUisi TPOrHO3-
HBIX MOJIEJIeM aHalihu3a BBDKHMBAEMOCTH M pac-
npenenenus BeitOymna.

banancupoBka prcKOB 0€30MMaCHOCTH U KO-
HOMMYECKUX 3aTpaT OCYIIECTBISETCS B paMKax
ONTUMU3AIMOHHON Mozenu (7) depe3 HacTpau-
BaeMble BECOBBIE KOI(PPUIIMEHTHI B IEIEBOU
(GYHKIMH U KECTKHE HOPMATHUBHBIC OrpaHHYe-
HUS, HMCKIIIOYAIONIME BBIXOJ 3a Tpenenbl 0e3-
OMacHO 3Kcmulyatauuu. Takum oOpas3oM, cu-
ctema wumer rpapux TO, MUHUMHU3HPYIOIIUN
3aTpaThbl, HO TOJILKO CPEAU CLIEHAPUEB, YJIOBJIE-
TBOPSIIOIIUX BCEM TpeOOBaHMSIM OE30MaCHOCTH,
3aJI0)KEHHBIM B €€ allTOPUTMBI M MPOBEPSEMBIM
WHXEHEepOM TMpu Bepudukanuu. BaxHo mnon-
YEpKHYTh, YTO MPOTHO3HBIE MOJIETH PabOTAIOT B
paMKax MpeaonpeelieHHbIX TapaMeTpoB (MpUH-
MU KOHTEKCTyaJlbHOW OrpaHWYEHHOCTH), aHa-
JU3UPYS HCKIIOYUTENBHO CTPYKTYpPHUpPOBaHHbBIE
TaHHBIC U UCTOPHYECKUE MIA0JIOHBI, U HE BBIXO-
JSIT 32 PaMKH aHAJTUTHYECKON (PYHKITUH.

Hakonen, cucrema peanusyeT (QyHKIHIO
HOPMATUBHOTO KOHTPOJI, aBTOMaTHYECKHU IPO-
BOJSI ayJWUT BBINOJHEHHBIX Pa0OT HA COOTBET-
CTBUE aKTyaJbHBIM JUPEKTUBAM (HAIpumep,
EASA AD 2023-015R2) u ®enepasibHbIM aBHA-
IUOHHBIM TMpaBUjaM. OTO CO3JaeT JOTMOJIHH-
TEbHBIA KOHTYpP O€30MaCHOCTH U CHIDKAET «4e-
JIOBEYECKUU (aKTop» B YaCTH COOJIOCHUS
HOPMAaTUBHOMW 0a3bl.

[Ipouiecc B3aMMOIECUCTBHS B KPUTHYECKOM
CLEHApUU, TaKOM KaKk OTKa3 TeHepaTopa,
HaTJSAHO JEMOHCTPHUPYET paboTy 3TUX MpPHH-
IUIIOB M COOTBETCTBYET IIOTOKAM JAHHBIX,
n300pakeHHBIM Ha puc. 7. CucTemMa ACTEKTUPY-
eT aHOMaIHI, (POPMHUPYET CTPYKTYpPHPOBAHHOE
OpenynpexaeHie C YyKa3aHHeM KPUTHYHOCTH,
KOMIIOHEHTa M MPUOPUTETA MPOBEPKH, IOCIE
Yero MHKEHep MPOBOAUT BepUUKAIIIO, aHATH-
3Upys UCTOPUUYECKHUE AAHHBIE U BU3yaIH3alHUIO,
CT€HEPUPOBAHHYI0 MEXaHU3MaMH OOBSICHHUMOIO
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NN (XAI). Tonbko mocine 3Toro GpuHaIbHOE pe-
1IeHue (PUKCUpYETCs B 3alUIIEHHOM Ky pHaJe.

BaxxHo 0003HaYMTh KJIIOUEBbIE OTPaHUYEHUS
U BbI30BBI, CBSI3aHHBIE C pealu3aluen Npeaso-
KEHHOM KOHIeTLNH.

3aBUCUMOCTh OT JaHHbIX: [IpakTHueckas
3 PEKTUBHOCTh KOHLENIMM B peIlaloniel cre-
neHn Oy/IeT onpeaesIThcs 00bEMOM, KaueCTBOM
U pEenpe3eHTAaTUBHOCTBIO UCTOPUUYECKUX U OIe-
PaIMOHHBIX JaHHbBIX, HEOOXOIUMBIX 1Ji1 00yde-
HUSL W KaTUOpPOBKHM NPEIUKTUBHBIX MOJEIEH.
[TpoGiiema pabOTHI C HEIMOJHBIMH, 3allyMJICH-
HBIMHU UM LIEH3YPUPOBAaHHBIMH JITaHHBIMH TpeOyeT
OTJIEIbHOI'0 METOI0JIOTUYECKOTO BHUMAHHMSL.

WHTerpanuonHas Cl0OXHOCTh: BHenpenue
MOJJOOHOTO PEUICHUsI COTPSKEHO CO 3HAYUTEIh-
HbIMU HMHTErpallMOHHBIMHM BbI30BAMM, BKJIIOYAs
HEOO0XOIMMOCTh B3aMMOJCUCTBHUS C YyHAcleno-
BanHbIMH (legacy) cucremamu, oOecrieueHus
KnOepOe30MacCHOCTH KaHAIOB Iepeayl JaHHbBIX
U TPEOJIOJICHHUs] OpPraHU3allMOHHOTO COIPOTHB-
JICHUSL.

Bomnpockl oBepust 1 MHTEPHIPETUPYEMOCTH:
[l mpUHATUS OTBETCTBEHHBIX PEIICHUN UHXKE-
Hepy TpeOyeTcsi NOHUMaHMWE JIOTUKH, NPUBE-
men Kk pexomenpanuu. [losromy kpaiiHe Bax-
HBIM HaIIPaBJICHUEM Pa3BUTHUS KOHLIETLUU SBJIS-
eTcs  MHTErpalus METOJOB  OOBSICHUMOIO
NN (XAI), koTOpbI€ TOBBICAT MPO3PAYHOCTH
CIIOKHBIX Mojeneil (Hampumep, aHcamOiiell Ha
ocHoBe LSTM) u ykpensrt noBepue mojab30BaTe-
Jen.

Perynsitopnoe coorBerctBue: HecmoTps Ha
3QJI0KCHHBIM B KOHLENUUIO npuHoun Human
Verification Gateway, mpouenypa cepTuduka-
UM TIOJJOOHOM CHUCTEMBI PEryJISITOPHBIMU Opra-
Hamu (PABT, EASA) morpebyer oTaenpHOM
riyOoKol TpOpabOTKU M, BEPOSITHO, CO3AAHUS
HOBBIX CTaHJIapTOB.

3akiIoueHnue

B pesynbpTate mpoBEAEHHOTO HCCIIEIOBaHUS
pa3paboTaHa apxXUTEKTypa aBTOMAaTU3UPOBaH-
HOM CUCTEMBI YIIPaBJICHUS MOLNEPKAHUEM JIET-
HOM TOJHOCTH C MHTETpaluuen 3JEMEHTOB HC-
KyCCTBEHHOr'0 MHTeJIeKTa. OCHOBHBIE HAy4YHbIE
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U TpaKTUYECKUE Pe3ybTaThl pabOThI 3aKiI0Ya-
I0TCSl B CJIETYIOLIEM.

1. Pa3paboraHa u HayYHO OOOCHOBaHa
MHOroypoBHeBas apxutekrypa ACY IUII,
peanusylomas MNPUHLUIB MHOTOYPOBHEBBIX
IKCTIEPTHBIX CHCTEM [6] u obecmeunBaromias
CKBO3HYIO 00pabOTKy JaHHBIX OT cOopa Tene-
METpHUU 10 GOPMHUPOBAHUS YIPABISIONUX pe-
HIeHUH. ApXUTEKTypa BKJIIOYAET YEThIPE KIIIO-
YeBBIX CIIOS: cOOpa MaHHBIX, 00pabOTKH, MpH-
HATHS pelieHud 1 nHTep(eCHBIN CIIOM.

2. Peanu3oBaH NpUHIMN NOJYMHEHHOH po-
JU UCKYCCTBEHHOI'O HHTEIJIEKTa, COOTBETCTBY-
omuid TpeboBanusiM DenepanbHbIX aBHAIIMOH-
HbIx npaBui [7] u TOCT P 57907-2017. Cucre-
Ma no3unuonupyer MU kak aHanUTHYECKUI WH-
CTPYMEHT-aCCUCTEHT, HE O0ONaJaroIui JOCTY-
IIOM K HCHOJHMUTEIbHBIM MEXaHHU3MaM, C 00s3a-
TEILHOUN BepuduUKamueil BpIBoI0B uyepe3 Human
Verification Gateway.

3. Pa3paboTan KOMIIJIEKC MaTeMaTHYeCKHX
MOJIENIEN [UIsl pellleHusl KIKYEBBIX 3a4ay IOA-
JIep>KAHMS JIETHOM TOJHOCTH:

e MOJENIb IPOTHO3MPOBAHUS OTKA30B Ha
ocHoBe perpeccun Koxca [8] ¢ yderoM ILieH-
3ypUPOBaHHBIX JaHHBIX;

e  MOJEJb ONTUMHU3ALNUA TEXHUYECKOTO 00-
CIIy)KMBaHUSl METOJaMHU LIEJIOUUCIIEHHOTO Ipo-
rPAMMUPOBAHMS;

e  MOJEJb aHaJIW3a HAaJEKHOCTU HA OCHOBE
pactipeaenenust Beibymia [13] ¢ yueTom Kop-
PEIALIMOHHBIX CBS3EH.

4. TeopeTHuecKH M METOJOJIOTHYECKH 000-
CHOBAaHO COOTBETCTBHE CHUCTEMBI IPHUHLIUIIAM
MO/ /IepKaHUs JIETHOM T'OJHOCTH, BKJIFOYAsl OpH-
EHTALMIO Ha AKCIUTyaTallMOHHYIO (a3y >KU3HEH-
Horo nukina BC (65 % ot obmiero 1ukia) u pea-
JU3ALUI0 MEXaHW3Ma HEIPEPHIBHOTO MOHUTO-
puHra.

[lepciekTHBBl NAIBHEHIIUX HCCIEA0BAHUM
CBSA3aHBl C PA3BUTHEM METOJIOB OOBSICHHUMOIO
uckyccrBeHHoro uHresmiekra (XAl) mist moBsi-
HIEHUSI JOBEPUsl K PEKOMEHAALMAM CUCTEMBI, a
TaKXkKe C HWHTerpanuel nupoBBIX JBOHHHKOB
KPUTUYECKUX CHUCTEM BO3AYIUHBIX CYJIOB JJIA
0ojiee TOYHOTO MPOTHO3UPOBAHHS OCTATOYHOTO

pecypca.
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Experimental study of the possibility of managing the concentration of
the vapor flow during the applying of a thermal protective coating by
the electron-beam method
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Abstract: Currently, thermal barrier coatings (TBCs) are used on the turbine blades of gas turbine engines (GTEs) in order to
reduce the gas temperature on the blade material, which improves the performance and efficiency of the turbine blades. The authors
have accumulated experimental data that allow them to obtain TBCs of the required microstructure and composition on the turbine
blade using electron beam physical vapor deposition (EB-PVD). The TBCs protect the metal base of the GTE blades from the high-
temperature effects of the gas flow. The article discusses a new approach to the technological process of applying a heat-resistant
coating using the electron-beam method. The experience of applying thermal protection coatings by electron beam evaporation and
condensation in a vacuum show that the thickness of the ceramic pillars and their orientation relative to the turbine blade have a
significant impact on the performance of such a coating, as well as on the thermal conductivity and heat resistance of the coating. In
this article, the process of electron beam evaporation and condensation in a vacuum is examined from the perspective of a
methodology adapted to the process of applying thermal protection coatings, the thickness of the coating, the materials chosen for
the coating, and the desired microstructure of the coating. The presented work focuses on the ability to control the concentration of
the vapor flow on the deposited parts in order to reduce the coating formation time and the consumption of the evaporated material.
The article discusses the features of coating thickness and microstructure formation, depending on the substrate position relative to
the crucible. A method for coating formation is proposed, which allows to increase the density of the steam flow on the blade and
increase the material utilization rate. Experimental studies of the influence of the angle of steam incidence on the turbine blade on
its density during condensation on the part are presented.

Keywords: thermal barrier coating (TBC), steam flow, vacuum evaporation, pool temperature, evaporation rate, ceramic rod.

For citation: Samoilenko, V.M., Ravilov, R.G., Opokin, V.G., Petrov, M.D. (2026). Experimental study of the possibility of
managing the concentration of the vapor flow during the applying of a thermal protective coating by the electron-beam method.
Civil Aviation High Technologies, vol. 29, no. 4, pp. 63—72. DOI: 10.26467/2079-0619-2026-29-4-63-72

BKCHepI’IMeHTaJILHOC HCCJIICA0OBAHUEC BOSMOYKHOCTH YIIPpABJICHUSA
KOHlleHTpaHI/Ieﬁ MapoBOIro NMOToKa Npu HAHECCHUH TCIVIO3AIIIUTHOIO
MNOKPLITUA IJTCKTPOHHO-I1YY€BbIM METOI0M

B.M. Camoiizienko', P.I'. Papuios?, B.I'. Onokun’, M.JI. HeTpOB3
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Annorammsi: B nHacrosmee Bpemsi TerurozamutHble MOKpEITHS (T3I1) mpuMeHsroT Ha JomaTkax TYpOWHBI Ta30TypOHMHHBIX

meurateneit (I'TJ]) ¢ menblo yMeHBIIEHHS TeMIIepaTyphbl Ta3a Ha MaTephaie JIONATKH, YTO TIOBBIIIACT SKCINTyaTaIlMOHHBIC
XapaKTepUCTUKH U AP(EKTHBHOCTh MPUMEHEHHs JIONATOK TypOWHBL ABTOpPAMH HAKOIUICHBI SKCHEPUMEHTAIIbHBIC JIaHHBIE,
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TO3BOJISIIOILKE TTOTY4YUTh Ha sonatke TypOuHbl T3I1 TpeOyemoli MUKPOCTPYKTYPBI M COCTaBa METOJIOM DJIEKTPOHHO-Ty4YEBOTO
ocaknenus u3 naposoit ¢asel (Electron Beam Physical Vapor and Deposition, EB-PVD), koTopbie 3alMIIaI0T META/UTHIECKYIO
ocHOBY Jionatok ['TJ] oT BEICOKOTEMIIEpaTypHOTO BO3/ICHCTBHS TA30BOT0 MOTOKA. B cTaThe paccMaTprBaeTCsi HOBBIH MOAXO K
TEXHOJIOTUYECKOMY MPOLIECCY HAHECEHHMsI TEIUIO3AIUTHOTO MOKPBITHS JEKTPOHHO-ITy4eBbM MeTonoM. Ombit HaHecenus: T3I1
METOJIOM 3JICKTPOHHO-ITyYEBOI0 HCTIAPEHHS  KOHICHCALIMU B BAKyyMe TMOKa3bIBACT, YTO TOJLIMHA KEPAMUYECKHX CTOJIOOB U HX
OPHUEHTALIMS OTHOCUTENBHO JIONATKH TYPOUHBI CYIIECTBEHHO BIMSIOT Ha PabOTOCIIOCOOHOCTh MOJOOHOTO MOKPBITHS, 8 TAKKE
NPUBOAAT K W3MEHEHHIO TAKUX XAPaKTEPUCTHK, KAK TEIUIOMPOBOAHOCTh M TEPMOCTOMKOCTh MOKpbITHA. B  crarhe
TEXHOJIOTUUYECKUI TPOLIECC IEKTPOHHO-IIYUYEBOTO UCIAPCHUSI M KOHACHCAIMU B BAKyyMe PacCMATPHUBACTCS C TOYKU 3PEHUS
METOJIOJIOTUH, aJIalITUPOBAHHON K IMPOLECCY HAHECEHMS TEIUIO3AIMTHOrO MOKPBITHS, TOMIIMHBI (POPMHUPYEMOrO TOKPBITHSI,
MaTepUaNoB, BHIOPAHHBIX JUISl HAHECEHHUSI IOKPBITHS U MOTyYeHHUsI TPeOYeMOi MUKPOCTPYKTYpPbI OKpbITHS. OCHOBHOE BHUMAaHHE
YIEISETCSl BO3MOXKHOCTH YIPABJICHHST KOHIIEHTPAIMEH apoBOro MOTOKA Ha OCAXK/IAEMbIE JETaNN C LIEJIbI0 YMEHBIICHHUS BpEMEHH
(opMUpOBaHHUS TTOKPBITHSI M CHWXKSHHSI pacxofia HCIapseMoro marepuaia. PaccMarprBaroTcsi 0coOeHHOCTH (hopMHpOBaHHs
TOJIIAH ¥ MHUKPOCTPYKTYP MOKPBITHI B 3aBHCUMOCTH OT PACIIONOKEHHS MOUIOKKHA OTHOCHTENBHO THIVIA. [IpesyioxkeH crocoo
(hOpMHUPOBAHS TIOKPHITHH, MMO3BOJISIONINN YBEIMYUTh ITUIOTHOCTh MAPOBOIO MOTOKA HA JIOMATKE M YBEIHYHUTH KOIPQHUIMEHT
HCIIONB30BaHMsT MaTtepraia. [IpecTaBieHbl dKCIEPUMEHTANBHBIC HCCICAOBAHMS BIMSAHHS yIJa MajJCHHs apa Ha JIOMaTKy
TYpOHHBI Ha €ro IJIOTHOCT NPU KOHACHCALIMH Ha JISTAH.

KnrodeBble cy10Ba: TEIUIO3AIUTHOE MOKPBITUE, MAPOBOM MOTOK, BAaKyyMHOE€ HCIApeHHE, TeMIepaTypa BaHHBI, CKOPOCThb
WCHapeHus], KepaMUUIECKHUH ITa0HK.

st uutupoBanusi: Camoitnenko B.M. DkcnepuMeHTabHOE HCCIISOBAHHE BO3MOXKHOCTH YIPABICHUS KOHIIEHTparmen
[IapOBOTO IOTOKA IIPM HAHECEHWH TEIUIO3ALUTHOIO ITOKPBITHA OJIEKTPOHHO-IydeBbIM MetonoM / B.M. Camoiinenko,
P.I'. PaBuios, B.I'. Onokun, M./1. Ierpos // Hayunsrit Bectauk MI'TY T'A. 2026. T. 29, Ne 4. C. 63-72. DOI: 10.26467/2079-
0619-2026-29-4-63-72

Introduction in local absorption/reflection conditions, pro-
truding areas form on the surface; the evapora-
tion rate on these areas tends to decrease, even to
a complete stop, while their height naturally in-
creases [7, 8]. This undesirable phenomenon

resistant alloys of the MCrAlY system and an leads to non-uniform evaporation of the ceramic
outer ceramic layer, most often made of yttria- 104 (fig. 2) and affects the shape of the vapor
stabilized zirconia (ZrO»-Y»0s). The most ad-  cloud [8,9]. .

vanced method for applying the outer ceramic Ther'efore, subqected to the electron beam, a
layer is electron-beam physical vapor deposition ~ zon€ With very high vapor pressure may form

(EB-PVD) in vacuum, which imparts to the de- above the molten material, causing the melt sur-
posited ceramic a specific columnar structure  [ace to become concave (fig. 3). As a result, the

(fig. 1). As the experience of the authors of [1, 2] vapor ﬂow density decreases more sharply with
and of other researchers [3-6] shows, the micro-  increasing angle ¢ (the vapor cloud becomes fo-
structure, thickness, and growth direction of the ~ cused). The deepening of the evaporation surface
columns depend significantly on the technologi- also leafis to this sa.rne.effe.:ct. If the cold crucible
cal parameters of the ceramic deposition process. walls hinder f[h? distribution of the vapor flow

During electron-beam evaporation of the ma- (fig. ,3’ 'c),. their influence on the evaporjltor char-
terial in a high vacuum of 10%...10® mm Hg, acteristic is called the “chimney effect”. Both Qf
the spatial density of the vapor flow above the these faf:tors change.thfa evaporator charac'terl'stlc
evaporator follows a cosine distribution law, ac- S0 that it becomes similar to the SPa“al d1str1bp-
cording to which the maximum density is ob- tion of the vapor flow density issuing from a dis-

served in the direction of normal line towards the charge nozzle.

evaporation surface (angle = 0). The heating of Stable maintenance of the most even shape of
the evaporated material is carried out by auto-  the melt pool (without protrusions or low spots)

matic scanning of the electron beam over the and constancy of its level relative to the crucible
surface of the rod. Over time, due to imperfect are among the main technological conditions for
scanning or the emergence of certain differences ensuring repeatability of the coating deposition

The applied thermal barrier coatings
(TBCs) on turbine blades structurally consist of
a metallic bond coat formed from special heat-
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Fig. 1. Scheme of electron beam evaporation of the material (a) and microstructure (6) of the formed
thermal barrier coating

Fig. 2. Appearance of uneven evaporation of the surface of a ceramic rod made of stabilized
zirconium dioxide in an electron beam installation

process on parts from melt to melt. To achieve
this, the operator must concentrate the beam
scanning on the protruding parts of the rod that
have formed and melt them flush with the pool
surface, and set the melt level by changing the
feed rate of the rod into the crucible. At high
evaporation rates, a zone (1, in fig. 3, d) [7] with
high vapor density may form above the crucible
surface; vapor particles outside this zone distrib-
ute rectilinearly from its surface (the vapor cloud
is substantially scattered).

To improve evaporation stability in modern
electron-beam coating deposition facilities, the
most advanced automated control systems are
used, such as EBCS (Electron Beam Control
System) for precise positioning and control of
the electron beam in equipment manufactured
by ALD Vacuum Technologies GmbH [10, 11].
These systems make it possible to achieve a

65

nearly flat surface of the evaporating ceramic
rod; however, they cannot completely eliminate
the formation of protrusions, and operator in-
volvement in the process cannot be fully auto-
mated.

As it can be seen from the schematic of the
electron-beam evaporation process (fig. 1, a), in
order to obtain the required coating thickness at
each point of the blade, it is necessary to create
conditions for the ceramic particles evaporated
from the crucible to reach that point. For this
purpose, a high vacuum is maintained in the in-
stallation to prevent collisions between ceramic
molecules and their scattering [10, 11]; in this
case, the “line-of-sight” condition applies, i.c.,
only surfaces that are in direct line of sight from
the crucible are coated. However, the cosine dis-
tribution of the vapor flow (fig. 3) also leads to
significant deposition of the evaporated material
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Fig. 3. The effect of the shape of the evaporation surface of real evaporators with a small surface
on the distribution of the flow density: a — the formation of a convex surface due to the surface tension
of the evaporated material; b — the restriction of the vapor distribution by the walls of the crucible
when the crucible is not fully filled with material; ¢ — the formation of a concave surface due to a local
increase in vapor pressure; d — the formation of a vapor cloud 1 that acts as a vapor source
instead of the evaporation surface

Fig. 4. Appearance of the electron beam installation with ceramic condensation on its walls

on the walls of the electron-beam facility instal-
lation (fig. 4), which considerably increases its
consumption. Furthermore, in order to obtain a
uniform coating thickness at every point along
the blade airfoil profile during its rotation in the
facility, it is necessary to select a coating zone
(working zone) with a relatively uniform vapor
flow density [12, 13].

It can be seen that in order to reduce the con-
sumption of the evaporated material, it is neces-
sary to control the vapor flow in a given direc-
tion. Improving the ceramic layer of the TBC by
densifying it, with the aim of reducing gas per-
meability and porosity — which will reduce the
penetration of fuel combustion products into the
inter-columnar space — is one of the directions
for improving TBCs.
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Research Data and Discussion

In the electron-beam method of coating dep-
osition on parts, the material, for example
Zr0O,-Y,03, is evaporated in a vacuum installa-
tion from a crucible by heating with an electron
beam and then condenses on the part surface
(fig. 1, a). Evaporation of oxides is generally
accompanied by a change in the form of the
original molecules. For most refractory com-
pounds used in protective coating deposition,
dissociation of the original molecules with the
formation of gaseous products is characteristic.
However, in works [12, 14, 15], ZrO,-Y,05 ce-
ramic is cited as an example of a material that
evaporates from water-cooled copper crucibles
under a focused electron beam with virtually no
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Table 1
Dissociation of zirconium dioxide during evaporation in an electron beam installation
Vapor phase composition, Temperature, K
percent by volume
2950 3500 4000
O 36.6 38.42 39.67
(0)3 0.33 0.82 1.4
Zr 0.02 0.06 0.13
ZrO 38.95 40.0 42.0
ZrO, 26.1 20.7 16.8
Degree of dissociation, o 0.59 0.65 0.72

change in its original composition. The dissocia-
tion process is discussed in works [4, 16], where
the degree of dissociation of ZrO, is given
(tab. 1) and it is indicated that the oxygen pre-
sent in the dissociation products is partially re-
moved from the evaporation zone and carried
away into the vacuum system. To compensate
for this loss, a method is used in which a certain
amount of oxygen is supplied to the crucible
zone, resulting in the formation of a white layer
of ZrO, Y ;03 of stoichiometric composition.

The degree of dissociation depends on many
process parameters, including the temperature of
the melt pool of the evaporated ceramic, the
evaporation rate, and the vacuum level. Evidence
of the ceramic dissociation process is the black
color (fig. 2) of the surface of the ceramic rod
after it has cooled [4, 16].

In order to investigate the process of for-
mation of thicknesses and microstructures of
coatings deposited in a cosine vapor flow, the
authors conducted the following experiment. To
eliminate the influence of the blade shape (cur-
vature), flat specimens (plates) were fabricated
and welded to the locks of a test blade (fig. 5).
The plates were divided into sections for the
study of the formed coatings.

The coating structure was investigated by
X-ray diffractometry and scanning electron mi-
croscopy. The coating thickness was evaluated
using scanning electron microscopy and optical
metallography (at magnifications of up to
1000x). Thickness measurements for each of the
specimens were performed at least 3 times.
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The formation of coatings begins with the dep-
osition of a thin film of the condensing material on
the substrate (part surface). An atom (molecule)
striking the surface enters the field of attractive
forces of the surface atoms (molecules). The fol-
lowing situations are possible after this: (1) the at-
om is adsorbed and finally “sticks” to the sur-
face; (2) some time after adsorption, the atom
leaves the surface again; (3) the impinging atom is
instantly reflected from the surface [17, 18]. Usual-
ly, the first two possibilities occur. The probability
of capture of an incident atom is characterized by
the condensation coefficient oy, equal to the ratio
of the number of atoms condensed on the surface
to the total number of incident atoms. The value of
a, decreases with increasing substrate temperature
and with increasing size mismatch (difference in
crystal lattice parameters) between the condensing
substance and the substrate [12]. It should be em-
phasized that in electron-beam evaporation, the
vapor flow consists almost entirely of neutral at-
oms; the degree of ionization does not exceed
0.05-0.1% [12].

The material distribution during deposition
from a point source is determined by the formula

dy/dg~ (m/h%) * cose,

where dp, is the mass of material deposited on
the surface element ds, m is the total amount of
evaporated material, h is the distance from the
evaporator to the condensation surface, and ¢ is
the angle between the vapor flow direction and
the normal to the surface element. Typically, the
following values are adopted: h =250 + 300 mm,
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Fig. 5. Appearance of the blade (a) and its model with plates (b)

and the length (diameter) of the condensation
surface | = 150 ~ 180 mm [12]; in fact, these are
limiting values.

As follows from the material distribution
formula for evaporation in vacuum using elec-
tron beams, the zone of uniform deposition oc-
cupies a small area on a hemisphere with a large
radius, i.e., the efficiency of the process (facility
productivity) is low and apparently cannot be
significantly increased.

During the experiment in the UE-175 unit, it
was found that to deposit a ceramic layer of
~100 um thickness on the blades, about
450....500 grams of ceramic are evaporated dur-
ing the process cycle. At the same time, about
1.5 grams are deposited on one blade, and on
14 blades — 21 grams of ceramic. Thus, the utili-
zation factor of the evaporated material is only
4%. Most of the evaporated material overflies
the parts and deposits on the vacuum installation
walls in all directions. Screens are installed to
protect them. Therefore, it seems reasonable to
evaluate the possibility of using special screens
to direct (concentrate) the vapor cloud toward
the parts to be coated.

It was found that the vapor flow density dis-
tribution (fig. 6) changes cosinusoidally. Actual-
ly, the vapor flow density decreases more sharp-
ly with increasing angle ¢ (the angle of inci-
dence of the vapor flow on the substrate), which
is why it is recommended to set the radius R of
the substrate placement relatively large.

The nature of the variation of the vapor flow
profile was analyzed based on the results of
thickness measurements (tab. 2) and microstruc-
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tures (fig. 7) of coatings on different sections of
the plates, depending on their position above the
crucible.

As it can be seen (fig. 7), the inclination of
the crystallites and the thickness of the ceramic
layer are consistent with the variation in the va-
por flow density profile of the deposited ceram-
ic. It can be observed that in the central part of
the plates (fig. 7, a) the coating thickness is
10-15% greater than away from the central part
(fig. 7, b, ¢, d), and the inclination angle of the
ceramic columns reaches 10-13 (fig. 7, ¢, d).
Consequently, the performance characteristics of
the formed coating will be lower at the periphery
of the working zone.

The same pattern of thickness variation is al-
so observed on other specimens — the plates
(fig. 5, 7).

In view of the foregoing, as one possible op-
tion for concentrating the vapor cloud of the
evaporator, it is proposed to install a special
cone above the crucible (fig. 8), either with cool-
ing of its walls or uncooled (this will have to be
determined in experiments, as well as the degree
of condensation of the material evaporated from
the crucible on the walls of this cone). In the
electron-beam installation, the electron beam is
moved by scanning at an angle of ~50° to the
crucible surface. As a result, the electron beam
will impinge on the crucible through an open
aperture in the protective cone near its base. An
observation port for viewing the surface of the
evaporated material is also required. Therefore,
in this case, a part of the vapor flow will imme-
diately escape into the vacuum chamber.
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Fig. 6. Distribution of vapor flow density from a small-surface evaporator with a power of 5 kW,
evaporation from a water-cooled crucible, evaporation rate of 0.4 g/min

Table 2
Coating thickness and microstructure on sample Ne 1

Crucible center distance d, mm 0 10 20 30 40
Coating thickness, mkm 97 98 109 86 77
Microstructure in Figure 7 a b c d

Fig. 7. The microstructure of the TBC on the plate, depending on the location above the crucible: a — above the crucible;
b — 20 mm from the center; ¢ — 30 mm from the center; d — 40 mm from the center
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[

2

Fig. 8. Diagram of the modified electron beam installation: / — sprayed parts, 2 — crucibles, 3 — shutter,
4 — protective screens, 5 — vacuum chamber, 6 — cone
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The modification of the electron-beam facili-
ty proposed by the authors is intended to reduce
the consumption of the evaporated material.

Conclusions

1. It has been established that the vapor flow
of the evaporated material in the electron-beam
facility exhibits a cosine-type density distribu-
tion, which significantly affects the thickness
and microstructure of the resulting coating in
different regions of the working zone.

2. It has been experimentally established
that the coating thickness and the direction of
growth of ceramic crystallites vary depending on
the position of the substrate surface relative to
the centre of the crucible.

3. A modification of the electron-beam fa-
cility has been proposed, aimed at concentrating
the vapor flow in order to increase the utilization
factor of the evaporated material.
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IlepcnekTUBBI U MPOOJIEMbI IPUMEHEHUA 0eCNMJIOTHBIX BO3YIIHbIX
CY/J0B /1JIsl O0HAPYKEHUS MeCT ABUANMOHHBIX KATACTPO(

Ban Cunbmwii', M.A. Kuceses'?, B.B. BOpOﬁbeBl, C.0D. EOpO)IKI/IHI
"Mockosckuii 20CY0apcmeeHHbIll MeXHUYeCKUll YHUgepcumem padcoancKoll asuayui,
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r 0CY0apCcmeeHHblll HAYYHO-UCCAe008AMENbCKULL UHCTIUMYM A8UAYUOHHBIX CUCTEM,
2. Mockea, Poccus

Annoranust: CTaTHCTHKA aBHALMOHHBIX KaTacTpo() yKasbIBaeT Ha TO, YTO JOCTATOYHO YacTo A1 OOHAPY)KEHHS MECT KPYILEeHHUS
Bo3aymHbIX cynoB (BC) tpeOytorcs mimmTensHbIe cpoku. OTOenbHBIE MecTa KaTtacTpod TaKk M OCTAOTCS HEYCTAHOBICHHBIMH.
[Mpuyem nasneko He Bce KaracTpodbl ¢ OONIBIIMM CPOKOM OOHAPYKEHHSI MECT KPYLIEHHUSI TIPOUCXO/IIT Hajl BOJHON MOBEPXHOCTHIO.
MHorue Takue KaracTpodbl MPOUCXOAAT HaJl 3MHOM MOBEPXHOCTHIO. CIIOKHOCTH Moucka MecT najeHust BC n nx o0JI0MKOB B
3TOM cltydae 00yciIoBiIeHa OOJIbLION IUIOMIAIBI0 BEPOSTHBIX MecT nageHus BC, HeBO3MOKHOCTBIO 00CIIeI0BaHMs BCEH IUIOIIAIH
NEMMMH TPYHIIaMH JIFOJIEH, OTHOCHTENILHO OOJIBIION CKOPOCTBIO M BBICOTOH MoOJeTa INMOMCKOBBIX BC, ManbiMM pazmepamu
obnomkoB BC, cokpbiTHeM MecT KaracTpo) pacTHUTEIbHOCTBIO WM OCaJIKaMH. B KadecTBe OAHOTO M3 TNEPCHEKTUBHBIX B
TIOCJIETHNE TOJIbl PacCMaTPUBACTCSl PAAMOJIOKAIIMOHHBIN MeTol orcka obsomkoB BC. Onnako rabapuThl pajroIoKallMOHHOM
craamun (PJIC), criocoOHO# oOHapykuBaTh pagroKoHTpacTHbIe obmoMkr BC ¢ Tex BBICOT, Ha KOTOPBIX CeHYac MPOMCXOINUT
TIOJIET TTOMCKOBBIX MIOTHPYeMbIX BC, IpH CErofHsIIHEM YpPOBHE Pa3BHUTHSI TEXHOJIOTHMH HE SIBISIOTCS IPUEMIIEMBIMH IS
MOCTAaHOBKH Takoi cranmym Ha 6opT BC. Jlomyctimele rabaputsl Takoi PJIC mocTrraroTcst mpy CHIKEHUH BBICOTHI TTOJIETa, YTO
HEBO3MOXHO UTsl IIoTHpyeMbix BC B cuity TpyaHOCTH 0OecrieueHus: HeOOXOIMMOTO YPOBHS O€30IIaCHOCTH TI0JIeTa Ha MaJIbIX
BBICOTaX. B TO ke Bpems IOCTarogHo OypHOE pa3BUTHE OECIIOTHBIX BO3AYIIHBIX cyaoB (BBC), mosiBieHme KOMIaxTHOM
LIEJIEBOW HAarpy3Ky B BHJIE KaMep ONTHUYECKOr0 W TEIUIOBOrO Auana3oHoB, MaibiX PJIC OTKpbIBaeT BO3MOXKHOCTH IO CO3/IAHHIO
CrIenMaIM3UPOBaHHBIX OUCKOBBIX BBC, crloCOOHBIX, 10 MHEHHIO aBTOPOB, KApAWHAIIBHO COKPATUTh BpeMsi OOHAPYKEHHSI MECT
kpytrenus BC. B npencraieHHOl 0030pHO# cTaThe MpoaHATM3UPOBaHa CTATHCTUKA aBUALIMIOHHBIX IPOUCIIECTBUH 32 MOCIIEIHUE
JiecsTh Jet. [Iponsomniene aBuaoHHble KaracTpo(dbl pa3JeNneHsl 10 THITy MECTHOCTH, a TakKe 10 JUTUTEIHbHOCTH MOMCKOBBIX
MEpOIIPHATUIA TI0 YCTAHOBJICHHIO MECT KpylleHWs. BeimeneHsl (akTopsl, 3arpyaHsiompe rnouck Mect nagenms BC u ux
obnomkoB. [IpoaHanm3upoBaHbl NEPCIEKTHBBI M TpoOieMbl Hcroib3oBaHus BBC B monckoBbix omepaumsx. llokasaHa
MEPCIIEKTHBHOCT M BO3MOXKHOCTh CO3IaHMS MOOWIBHBIX TOMCKOBBIX OecrioTHBIX aBHarmoHHBIX cructeM (BAC) Ha 0Oaze
pazHopoaaeix BBC m MOOMIBHBIX JPOHOIOPTOB. B KadecTBe OmHON M3 mpoOiieM, TPEOYIOMIMX PEIICHMs] Ha MyTH CO3IaHHS
YKa3aHHBIX MOMCKOBBIX BAC, 06o3HaueHa mpoOrmema cuHTe3a yrpaeieHus rpymoit bBC, obecneunBaromasi oOciienoBaHme
3a7aHHOTO paifoHa MOKCKa C 00X0I0M IPeITCTBIH Ha ImyTu nosieta bBC.

KiioueBnle cioBa: aBHallTMOHHAas KaTaCTpO(l)a, TIOMCK MECTa IMaJACHUA BO3AYIIHOIO CyJaHa, OecHIOTHOE BO3AYIIHOC CYJIHO,
YIipaBJICHUC IpyHHOﬁ OECIMIOTHBIX BO3QYUIHBIX CYIOB.

st uutupoBanusi: Cunsioil B. IlepcniekTrBel 1 mpoOaeMpl IpAMEHEHHs OSCIIMIIOTHBIX BO3AYIIHBIX CYJOB I OOHAPyKEHHS
MecT aBHalMOHHBIX Karactpod / B. Cunbroii, M.A. Kucenes, B.B. BopoObes, C.®. bopoakun // Hayunsiit Bectauk MI'TY T'A.
2026. T. 29, Ne 4. C. 73-84. DOLI: 10.26467/2079-0619-2026-29-4-73-84

Prospects and problems of using unmanned aircraft to locate aircraft
accident sites

Wang Xinyu', M.A. Kiselev"? V.V. Vorobyev', S.F. Borodkin'
"Moscow State Technical University of Civil Aviation, Moscow, Russia
? State Research Institute of Aviation Systems, Moscow, Russia

Abstract: Aviation disaster statistics indicate that it often takes a long time to locate aircraft crash sites. Individual disaster sites
remain unidentified. Moreover, not all disasters with a long time to detect crash sites occur above the water surface. Many such
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disasters occur above the earth’s surface. The difficulty of searching for aircraft crash sites and aircraft debris in this case is due to
the large area of probable aircraft crash sites, the impossibility of examining the entire area by walking groups of people, the
relatively high speed and altitude of the search aircraft, the small size of aircraft debris, and the concealment of disaster sites by
vegetation or precipitation. In recent years, the radar method of searching for aircraft debris has been considered as one of the
promising methods. However, the dimensions of a radar station capable of detecting high-contrast aircraft debris from the heights at
which manned search aircraft are currently flying are not acceptable for putting such a station on board an aircraft at the current
level of technology development. Acceptable dimensions of such a radar are achieved by lowering the flight altitude, which is
impossible for manned aircraft due to the difficulty of ensuring an acceptable level of flight safety at low altitudes. At the same
time, the rapid development of unmanned aerial vehicles (UAVs), the emergence of a compact target load in the form of optical
and thermal range cameras, and small radars opens up opportunities to create specialized search UAVs that, according to the
authors, can dramatically reduce the time it takes to detect aircraft crash sites. The presented review article analyzes the statistics of
aviation accidents over the past ten years. The aviation disasters that have occurred are divided by type of terrain, as well as by the
duration of search activities to identify crash sites. The factors that make it difficult to find crash sites and aircraft debris are
highlighted. The prospects and problems of using UAVs in search operations are analyzed. The prospects and the possibility of
creating mobile search unmanned aircraft systems based on heterogeneous UAVs and mobile drone ports are shown. As one of the
problems that need to be solved on the way to creating these search UAS, the problem of synthesizing the control of a group of
UAVs is identified, providing a survey of a given search area while avoiding obstacles in the path of the UAV flight.

Keywords: aviation accident, search for aircraft crash site, unmanned aircraft, unmanned aircraft group control.

For citation: Xinyu, W., Kiselev, M.A., Vorobyev, V.V., Borodkin, S.F. (2026). Prospects and problems of using unmanned
aircraft to locate aircraft accident sites. Civil Aviation High Technologies, vol. 29, no. 4, pp. 73-84. DOI: 10.26467/2079-0619-
2026-29-4-73-84

AHAJIN3 CTATUCTUKH AaBHAIIMOHHBIX 3aJ, 4TO 3a 35TO BpEMA B MHUPE TIPOU3OILIO
IPOHCLIECTBHIl 1 756 aBuanimoHHBIX ~ KatacTpod. YKa3aHHBIC
aBUAIIMOHHBIE KaTacTpo(bl MO MecTaM Kpylie-

HUs Bo3ayIIHBIX cyaoB (BC) nendarcsa Tax:
AHaJ'II/I3 CTAaTUCTUKU aBHUAIIMOHHBIX HpOI/IC- Hy y,Z[ ( )H

mwectBuil 3a mocnennue 12 ner (¢ 1 sHBaps 1) 1003 — B patione aspornopra (B pammyce
2011 roma 1o 31 mexabps 2022 roma)' > moka- 10 xen);
8 P 2) 323 — B paBHUHHOW MECTHOCTH (HE BKIIIO-

Yasi MyCTBIHN);

' Accident Archives [nexrponusiii pecypc] // Bureau of

Aircraft Accidents Archives. URL: https://www.baaa- 3) 177 — Hax BOAHO} MOBEPXHOCTHIO;
acro.com/index.php/crash-archives?created=2011-01- 4) 158 — B TOpHOI MECTHOCTH;
Ol&created 1=2022-12-31&field crash _region 5) 85 — B paiioHe HACEJICHHBIX MTYHKTOB;

target id=All&field crash country target id=&field
crash_registration_target id=&field crash_aircraft
target id=&field crash operator target id=&field

6) 10— B myCTHIHSAX.
Hckmouast aBUallMoHHbIe KatacTpo(dsl B palioHe

crash_cause_target id=All&field crash zone target id a3pOIIOPTOB U HACCJICHHBIX ITYHKTOB, TO €CTb TaM,
=&field crash_site type target id=All&field crash TJIe MECTa KPYIICHUI 00HAPYKUBAIOTCS TIOCTATOUHO
phase_type_target_id=All&field_crash_flight type OTIEPATUBHO, & TAKKE CIIyYau, 10 KOTOPHIM HET TOY-

target id=All&field crash survivors value=All&field
crash_city target id (mara oOpamenus: 14.08.2025).
ABHALIMOHHBIE TPOUCHIECTBUSI [ DIEKTPOHHBIH pe-

HBIX [AHHBIX O IMPOIOJDKUTEIBHOCTH IOMCKOBBIX
MEpPOIPUATUI, JalbHENIIMKA aHaMu3 OyleM MpoBO-

cypc] // National Transportation Safety Board. URL: JWTB IO CIIE/IyFOLLei BbIOOpKe (prc. 1):
https://www.ntsb.gov/Pages/search.aspx#k=air%20crash 1) 184 aBuanmoHHBIE KaTacCTPOQbI, TPO-
(mara obpamenms: 14.08.2025). U30IIE/IINE B PABHUHHON MecTHOCTH (49 %);

3 Amakaractpods 01.01.2011-31.12.2022 [DekTpos-
Hbiit pecypc] // @ABT. URL: https://favt.gov.ru/search/ N 20 04)-
2query=2%D0%B0%D0%B2%D0%B8%D0%B0%D0% WeUINX B FOPHOI MeCTHOCTH (29 %);
BA%D0%B0%D1%82%D0%B0%D1%81%D1%82%
D1%80%D0%BE%D1%84%D0%B0&type=&tag=&date
=01.01.2011+-+31.12.2022&sort=date (nata obparie-

2) 108 aBmanuoOHHBIX KatacTpod, mpom3o-

nud: 14.08.2025). B0%D0%BA%D0%B0%D1%82%D0%B0%D1%81%
* Asmaxaractpodsr 01.01.2011-31.12.2022 [IneKTpoH- D1%82%D1%80%D0%BE%D1%84%D0%B0&where

He1i pecypce] // MAK. URL: https://mak- =iblock rassledovaniya&how=r&from=01.01.2011&to=

iac.org/search/?q=%D0%B0%D0%B2%D0%B8%D0% 31.12.2022 (nara oOpamenus: 14.08.2025).
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Puc. 1. CooTHOIIEHNE MECT aBHAITMOHHBIX KaTacTPOd
¢ 2012 mo 2022 rox
Fig. 1. The ratio of aviation disaster sites
from 2012 to 2022
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Puc. 3. CoorHoleHre HeOOHAPY)KEHHBIX MECT KaTacTpod
o Tumy mectHoctu, 2012-2022 roamt
Fig. 3. Proportion of undetected aviation disaster sites by
terrain type, 2012-2022

3) 77 aBuUaUMOHHBIX KatacTpod, MPoOU30-
HIEAMNUX HaJ BOJHOM MOBEpXHOCTHIO (21 %);

4) 7 aBUAIMOHHBIX KaTacTpod, MPOU30-
menmux B mycThiHax (1 %).

Ha puc. 2 npeacrasieHo pacnpezeneHue yka-
3aHHBIX aBUAIIMOHHBIX KaTacTPOd MO JUTHTEITBHO-
ctu noucka Mect naaennd BC. BugHo, uto 1mo-
nmapisromas yacte Mect najaeHuii BC (85 %) 00-
HApy>KUBAeTCsl B TEUCHHE MEPBBIX TPEX CYTOK.
Opnako B jgoctatoyHo Becomoit yactu (11 %)
aBUAIMOHHBIX KaTacTpod MecTa magerus BC tak
M OCTalOTCA HEHalIeHHbIMU. Pacnipenenenue He-
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Puc. 2. Pactipenencaue katacTpod M0 AITUTEIBHOCTH
noucka Mect nagernit BC ¢ 2012 o 2022 rox
Fig. 2. Distribution of disasters by the duration of the
search for aircraft crash sites from 2012 to 2022
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Puc. 4. CootHomeHne KaTacTpod MO THITy MECTHOCTH
¢ JUINTENLHOCTBIO TIOUCKaA OoJiee TpeX CYTOK,
20122022 roasr
Fig. 4. Proportion of disasters by type of terrain with
search duration of more than 3 days, 2012-2022

O0OHapYKEHHBIX MECT KaracTpod IO THUILy MECT-
HOCTH TIpeZCTaBIeHO Ha puc. 3. Buano, 4ro mo-
JABJISIONIAs YacTh yKa3aHHBIX KaTacTpod (86 %)
NPOM3OIUTA HAJ BOJHOW TOBEPXHOCTHIO, TJIE
TPYIHOCTH OIpPEAETICHUsI MeCT KartacTpog M Io-
ucka o6momkoB BC cBsizaHbl ¢ OOJNBIIUMU TITy-
OMHaMM, a TaKKe TEUCHUSAMH, W3MEHSIOLMMHU
NEepBOHAYAILHOE pacmnosoxeHue odmoMmkoB BC.
B 10 e Bpemst Becomasi yacTh aBUALIMOHHBIX Ka-
TacTpop ¢ HEOOHAPYKEHHBIM MECTOM ITaJICHHS
BC (14 %) npouzonun Hax cymeit — 7 % B rop-
HOW MecTHOCTH U 7 % B paBHMHHOH. 3ameTuM
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Taoauual
Table 1

MaKTOpBI, 3aTPyTHUBIINE TOUCK MECT aBHAI[IOHHBIX KATaCTPO() B JICCHBIX pailoHax
Factors complicating the search of aircraft accidents in forested areas

Ne DakTOpbhl, 32aTPYAHUBLINE 00HAPYKEHHE MeCT Bpewms
ABHALIMOHHOE NIPOUCIIECTBHE N
aBHALMOHHBIX NPOUCIIECTBHI MOMCKA
1 Karactpoda An-32, mrat Joxmm.
Apynauan-IIpanem, Muaus, I'opucrast MECTHOCTB, IOPOCIIAsI BBICOKUMH JEPEBbSI- 7 nHen
2019 rox MU
2 3HAYUTENBHOE yIaJeHHE MECTA KPYLIEHHSI OT PENIIO-
Karactpoga AH-2, PecniyOnuka YA Py pea
JIaraéMoro MapIupyTa MojieTa. .
bypsrus, 5 nHen
2020 rox CkanucTast ropHast MECTHOCTb.
HecpabaTsiBaHre 60pTOBOTO aBapUHHOIO paguoMasika
3 Karactpoda BH-2A, 3anannas | HebmaronpustHbIe IOTOJHBIE YCIOBHS, O0JIaYHOCTb.
nposuHys [Tanya — Hosoit I'opHas MmecTHOCTB, TOpOCLIAs JIECOM 4 nus
I'Bunen, 2017 ron
4 Karactpoda M1n-76, [InoTHOE 3aaBIMIIEHHE OT JIECHOTO MOXAapa.
Upkytckas o01acTs, 3Ha4YMUTeNIbHOE YAJICHUE MECTa KPYIIEHUs OT PEeIo- 2 mHA
2016 rog JIaraeMoro
5 Karactpoda AH-2, MecTHOCTB, TOKPBITAsl IECOM, CKPBIBILIUM O0JOMKH 10 me-
paiion Ceposa, 2012 ron BC CALIEB

TaKXe, 9YTO M3 KaTacTpod, B KOTOPBIX BpeMsl IO-
ncka mect kpymenuit BC 3anso 6omee Tpex cy-
TOK, OomnbIast yacth (78 %) mpousoria B MeCT-
HOCTH, TIOKPBITOH JIecOM (puc. 4).

DaKTOPbI, 3ATPYAHAIOLIHE
o0HapyKeHHe MeCT ABHAIHOHHBIX
KaracTpog

B Ttabn. 1 mpencraBieHa wuHOpMAIHS O
(dakTopax, 3aTpyJHHBIIUX OOHAPYKCHHE MECT
aBUAILMOHHBIX KaTacTpod, MNPOMU3OLIEANINX B
MECTHOCTH, OKPBITOi mecom™ 7

> Antonov An-32. Accident. Indian Air Force - IAF
[DnexTponHsIii pecypc] // AviationSafetyNetwork.
URL: https://aviation-safety.net/wikibase/319426 (nara
obpamenus: 14.08.2025).

% Antonov An-2R. Accident [SnexkTpoHHsIii pecypc] //
AviationSafetyNetwork. URL:
https://asn.flightsafety.org/wikibase/319149 (nara 06-
pamenus: 14.08.2025).

7 Britten-Norman BN-2A Islander. Accident [JnexkTpoH-
HBIH pecypc] // AviationSafetyNetwork. URL:
https://asn.flightsafety.org/wikibase/319751 (nata 06-
pamenus: 14.08.2025).

76

Kak cnemyer u3 maHHBIX TaOu. 1, a Takxke U3
aHaM3a UHQOPMAIMK O MOMCKOBBIX OINEpaIMIX
yKa3aHHBIX BbIIE KatacTpod, kK (akropam, 3a-
TPYIHUBIINM OOHapy>KEHUE MECT aBUAI[MOHHBIX
KaTacTpod, cieayeT OTHECTH:

1) orcyrctBue 3(PEKTUBHBIX CPEACTB aB-
TOMAaTU3UPOBAHHOTO Toucka obnomkos BC, no-
MUHUPOBaHUE BU3YyaJIbHOTO METOa MIOUCKA;

2) CNOXHBIN TOPHBIN penbed, KOTOPBHIi:

e 3aTpPyIHSET HCMOJb30BAaHUE TEXHUKHU, B
TOM YHCJE IOHMCKOBOro 00OpyNOBaHHSA, YCTa-
HOBJIeHHOro Ha BC, ydyacTByrommx B craca-
TEJIbHOW OIepalti;

e CYIIECTBEHHO YBEJIWYHBACT
BO3MOKHOTO ntagenust BC;

e 3HAYUTENIbHO COKpAIaeT CBETOBOW JICHb,
IPUBOJUT K OTCYTCTBHIO CYMEPEK;

IUIOIAIb

¥ Ilyushin I1-76 TD. Accident [dmexrponnsrii pecypc] /
AviationSafetyNetwork. URL:
https://asn.flightsafety.org/wikibase/320052 (mxara 06-
pamenus: 14.08.2025).

? Camoner An-2. Katactpoda [Dnexrponnsiii pecype] //
OxoHYaTenbHbIH oT4eT 0 Katactpode AH-2. URL:
https://mak-iac.org/upload/iblock/0f7/report_ra-
40312.pdf (mata obpamenus: 14.08.2025).
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Taoauma 2
Table 2

Bo3moxHOCTH 110 BU3yaTbHOMY OOHApYKEHUIO Pa3INYHBIX OOBEKTOB B MOJIETE
Capabilities for visual detection of various objects in flight

O0bekT Bpems roaa, BricoTa nmoJiera, JanbHOoCTh 00HApPY:KEeHUS,
Ha0JII01eHusl CYTOK M KM
0 3uMa 200 1,6-1,8
JMH YeJOBEK
(rpynma jonei) neto 200 1,0-14
Camorer (BepToJieT) 3UMa U JIETO 200 24
Koctep HOYb 300 8-12
Muraromuii KapMaHHBIR HOUb 300 )4
¢doHaph

3) rycras pacTUTENBHOCTH B BUJE Jieca WM
KyCTapHUKA, 3aTpyJHAIONIas OOHapyKEHUE 00JIOM-
koB BC ¢ Bo3/myxa 1 OCaJKy TOMCKOBBIX BEPTOJIE-
TOB B MeCTax MpearnonaraeMoro kpyuienust BC;

4) HeOnaronpusTHbIE MOTOJHBIE YCIOBUS, B
TOM YHWCIIE HU3Kasg OOAYHOCTh, OCAJKU B BHIE
MIPOJIUBHBIX JIOXKJICH, CIOCOOHBIC HM3MEHHUTH Me-
cTononoxkeHue obnomkoB BC, TymaH, 3aTpynHs-
folre oOHapysxkenue oosioMkoB BC ¢ Bo3myxa.

VYkazaHHble (aKkTOpbl MOKHO OOBEIUHUTH B
TPH TPYIIIIBIL:

1. TIoBepXHOCTh M PaCTUTEIBHOCTH, €€ MO-
KPBIBAIOIIIAs].

2. Mereoponoruueckue (HakTopbl.

3. Texuuwueckuwe (aKTOPBI, CBS3AHHBIE C
HAJIMYUEM CHEIHATU3UPOBAHHOTO MOMCKOBOTO
000pyIOBaHUS M CPEJCTB TOCTABKHU €r0 B PaiioH
npeamnonaraeMoro kpyuenus BC.

Criennanu3upoBaHHOE MOWCKOBOE 000pyIO-
BaHHE O0ecreuyrnBaeT BO3MOKHOCTH IMOHCKa 00-
nomkoB BC nocpencrtsom:

e OOHapykeHHUs (TIEJICHTAIlMN) aBapUHHBIX
paauomasikoB BC;

e oOnHapyxenus ob6momkoB BC onTuue-
CKUMH W WH(PAKpACHBIMH KaMEpaMH, a TaKKe
paauosokanmoHHbIMU cTaHsaMu (PJIC).

Onrryeckre Cpe/icTBA 3HAYUTENHHO MOBBIIIAIOT
3 PEKTUBHOCTh BH3YAJILHOTO TOWCKA. Tak, Harpu-
Mep, KaMepbl, YCTAHOBIICHHBIC HA CIyTHHKAX, B
HACTOSIIIIEE BpeMsi CIIOCOOHBI OTIEPATHUBHO MOTyYaTh

77

M300pakeHne ¢ pasperieHreM 1o 25 cM. B 1o xe
BpEeMs1 ONTHYECKUE CPEIICTBA HE pabOTaloT B CITydae
COKpbITHsl 001oMKOB BC TymaHOM, CHEroM WM
PacTUTENILHOCTHIO. K ONTHYECKNM CliefyeT OTHECTU
Y BU3YaJIbHBIA METOJI MIOMCKA, BBIIOIHAEMBIN C IIO-
uckoBbIX BC, 3((peKTMBHOCTH KOTOPOro OTpaskaroT
JTAHHBIE, TIPEJICTABJICHHBIC B TA0I. 210,
WndpakpacHble cpeacTBa paboTalOT TOJIBKO
B KOPOTKHUH NEpHUOJ IOCJE KPYIIEHUs A0 MO-
MEHTa BBIPDABHMBAHUS TEMIIEPaTypbl OOJIOMKOB
BC ¢ TemmniepaTypoii okpy»Karomien cpebl.
O¢pdextuBHocTs PJIC cyliecTBEHHO 3aBUCUT
oT BBICOTHI moneTa [1, 2]. Tak, npu mosere Ha
BeicoTe 1000 M pazpemaromiasi CrocoOHOCTh
ABUAIIMOHHON aHTEHHBI OOBIYHBIX pPa3MEpPOB W
JNOCTaTOYHO  Y3KOM IIMPUHOM  JUarpammsl
HaNpaBJIeHHOCTH 2° COCTABISET MOPsIKA 35 M,
YTO OYEBHJHO HEJOCTATOYHO Ul IOMCKAa MECT
naaeHus BC. Ilpyu yMeHbIIEHUH e BBICOTHI II0-
neTa paspemaromas cnocooHocts PJIC nuneitHO
YBEJIMUUBAETCS U, HAIIpUMEp, Ha BBICOTE IOJIETA

' PykoBOJCTBO 110 TIONCKOBOMY M aBapHiHO-
CracaTeIbHOMY 00€CIICUSHHIO TI0JIETOB TPaKIAHCKOH
aBuaruu CCCP (ytB. npukazom MI'A CCCP ot
28.03.1991 Ne 65) [Dnexrponnslii pecypc] // Koncyib-
tautlLmroc. URL: https://avam-avia.ru/wp-content/
uploads/2018/01/RPASOP-GA-91.-Rukovodstvo-po-
poiskovomu-i-avariyno-spasatelnomu-obespecheniyu-
poletov-grazhdanskoy-aviatsii-SSSR.pdf (nata oOpae-
Hust: 14.08.2025).
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10 M paspematomiast cnocoOHocTs PJIC mmpu-
HOI JinarpaMMbl HaIPaBJIEHHOCTH 6° COCTABIIAET
yxe nopsaka 1 M. Kpome Toro, nepcrnekTuBHbIM
npencrasisercs ucnonb3zoBanue PJIC ¢ cunTe-
3UpPOBAHHON amepTypoil, obecrmeunBaromeit 1o-
CTaTOYHOE /Jisi OOHAapy)XEHUs pa3pelleHUe Ha
MajbIX BBICOTax mojera (manee OyayT moapoo-
HEE pPacCMOTPEHbl XapaKTEPUCTHKU MOPTATHUB-
Heix PJIC).

Takum o0pa3oM, UCXOAs W3 aHAIMW3a CTaTH-
CTHKHM aBHAIlMOHHBIX KaTacTpod, (akTopos, 3a-
TPYIHSIOMX OOHApYKEHHE MECT aBUALMOHHBIX
KatacTpo(, aKTyaldbHbIM MpPEACTABISAETCS pa3-
paboTKa MEpOINPHUATHN MO TOBBIMICHHIO dPPeK-
TUBHOCTH OOHApy>KEHUSI MECT aBUAIlMOHHBIX Ka-
TacTpod B paBHUHHOUW U TOPHON MECTHOCTH, TIO-
KpbITOH secamMu. O4YEBHIHBIM IIATOM B 3TOM
HAlpaBJICHUU MOXET OBbIThb  NPHUOJIMKEHUE
cpelncTB oOHapyXeHHs] 00JOMKOB (ONTHYECKUX,
PaIMOIOKAIMOHHBIX, HHPPAKPACHBIX) K MECTaM
pacroyio’keHust 00JOMKOB, TO €CTh CHIKEHHE
BBICOTHI TI0JIETa HOCHUTEJIEH Takoro o0opymoBa-
HUSl BIUIOTH JIO 3axoja IMOJA KpPOHBI JIEPEBHEB,
ObICTpoOE (B Ueale B peXUME PeaJIbHOTO BpEMe-
HHU) aBTOMAaTHYECKOE OINpE/IeieHNEe BO3MOXKHBIX
MecCT HaxoxaeHus oOnoMkoB BC Ha ocHOBe
aHajaM3a M300pakeHUM yKa3aHHBIX MECT C IO-
CIEYyIOIIEe TPOBEPKOW OMEpATOpaMH U JIOMOJ-
HUTEJBHBIM 00CJEeI0OBaHUEM TMEUIMMHU TpyIna-
Mu. Peanusanusi yka3zaHHBIX BBILIE MEPOIpPHS-
TUIl BO3MOKHA Ha OCHOBE CO3/IaHUS CIEIHAIIH-
3MPOBAaHHBIX IMOMCKOBBIX CHUCTEM Ha 0a3e rpymir
Pa3sHOPOAHBIX OECHMJIOTHBIX BO3AYLIHBIX CYJIOB
(BBC).

AHAJIHU3 BO3MOKHOCTH CO3IaHUA
NMOMCKOBBIX CCTEM Ha 0a3e
0ecnMJIOTHBIX BO3AYIIHBIX Cy/10B

BBC yxe ceiiuac ucnonb3yrorcst ais oOHa-
pY’KEHHUsI MecT aBUAlMOHHBIX KaracTpod. Tak,
HampUMep, TPU paccleOBaHUU aBHALIMOHHON
karactpodsl Boeing 737 aBuakomnanuu Eastern
Airlines MU5735 B kuraiickoMm paiione Bywkoy
B Mapte 2022 roga BBC wucnons3oBanuce ajist
dororpadupoBaHus MECTHOCTH C IIEJIBIO CO3/1a-
HUS €e KapThl, a TaKxke JJi1 OOHapyKeHUs MecTa
KaTacTpo(bl ¢ MOMOLIbI0 HHPPAKPACHBIX KaMep.
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VYnupasnenne bBC ocymecTBisuioch B pydyHOM
pexume. TeruioBu3MOHHAs KaMmepa uUMesa pas-
pemienne 640 x 512. M3-3a cuibHOroO JOXIs
TEeMIIepaTypa O00JIOMKOB caMoJieTa ObICTPO CHH-
3WJIaCh, YTO HE TO3BOJIWIO OOHApYXHUTh HX C
nomoibsio bBC.

[IpencraBneHHbIl OpUMeEp XOPOIIO HILIIO-
CTPUPYET HEOOXOIMMOCTh HMCIOJIB30BAHUS Pa3-
HOPOJIHBIX CPEJNICTB AJis1 OOHApYKEHUSI OOJIOMKOB
BC, B wacTHOCTH CpeaCTB, KOTOPhIE B MEHbIIICH
CTETNEHH TMOJIBEPKECHBI BIMSHUIO TaKUX (PaKTo-
pPOB, KaK OCaJKM M PacTUTEIbHOCTh. K Takum
cpeacrBam oueBugHO otHocsATca PJIC. Baxno
OTMETHUTH MosBIeHUe KoMMakTHBIX PJIC, koTo-
pble MO CBOMM MacCOTa0apUTHBIM XapaKTepH-
CTUKAM U SHEPTOEMKOCTU JOIMYCKAIOT YCTaHOB-
Ky Ha Hebonbmmx bBC. IIpumepamu takux PJIC
ABJISIFOTCS pajapbl C 4aCTOTHOM JIMHEHHOM MO-
nynsuuedt (FMCW) [3, 4], pagapbl ¢ HECKOJb-
KUMH BXOJaMH U HECKOJbKHUMH BBIXOJIAMU
(MIMO) [5], reopamapsl [6]. K BaxHBIM 3KcIUTya-
TalMoHHBIM cBo¥icTBaM PJIC, moMuMO «Bcemno-
TOJTHOCTU», CJIEAYyeT OTHECTU CIIEAYIOUIUE BO3-
MO>KHOCTH:

o OOHapyKeHUs MPEnsATCTBUS (LIETH);

e oOmpejcieHUusT KOHPUTYpAIMH TPETISIT-
CTBUS;

e U3MEPEHHUs  KOOpIWHAT
(paccTosiHUE U HAMpaBJICHHE).

VYka3aHHble CBOICTBa 00€CIEUNBAIOT MOTEH-
IUAJbHYI0 BO3MOXXHOCTb CO3JaHUSl CHCTEMBbI
ynpasnenuss bBC ang monera cpenu mnpenst-
CTBHUIA, HAIIpUMED B JIECY.

OtnenbHO clienyeT OTMETUTh TaK Ha3bIBae-
MbIE Teopaaapbl, KOTOPbIE MO3BOJISIOT 3aTJIIHY Th
MO/ MOBEPXHOCTh TPYHTA, CHEXKHBIA TIOKPOB C
HENbI0 OOHAPYKEHHUSI CKPBITBIX OOBEKTOB [7].
OTtMetuM wmcciieoBaHue [8], HampaBlieHHOE Ha
pa3paboTKy METOJO0B W aJITOPUTMOB JIHCTAHIIH-
OHHOTO OOHApY>KEHHUs MECT aBUAIMOHHBIX KaTa-
ctpod u uaeHTuGUKAIH 0OBEKTOB ISl HCTIOb-
30BaHUsl B cocTaBe creruanuupoBanHoit PJIC
maa moucka obimomkoB BC. K coxanenuro, B
yKa3aHHOU paboTe He TMpeacTaBlieHa OIeHKa
MaccorabapuTHBIX XapaKTePUCTHK YKa3aHHON
PJIC u ee snepronotpediaeHus.

[IpuBeneM HECKOJIIBKO TEXHMYECKHX pemle-
HUH, TOCTYIHBIX K ycTaHOBKe Ha bBC.

MPCIIATCTBUA



Tom 29, Ne 04, 2026 HayuyHbiit BectHuk MITY TA

Vol. 29, No. 04, 2026 Civil Aviation High Technologies
Puc. 5. Kamepa nns BBC ZW-05 Puc. 6. Kamepa it BBC ZWR-02
Fig. 5. Camera for UAV ZW-05 Fig. 6. Camera for UAV ZWR-02

"“J‘

Puc. 7. Paguonokarnmonnsrii Mmoayis Pulson P410 UWB Puc. 8. OxrokonTep Spreading Wings S1000 ¢ Pulson
Fig. 7. Radar module Pulson P410 UWB P410 UWB Ha 6opty

Fig. 8. Octocopter Spreading Wings S1000 with Pulson
P410 UWB on board

Puc. 9. Csepxmmpoxononocusiii (UWB) paguonpuemonepenarymk, padoratomuii Ha Mmoayse PulsON 440 (P440)
Fig. 9. Ultra Wideband (UWB) radio transceiver operating PulsON 440 (P440) module

Kamepa mna BBC ZW-05 (puc. 5) maccoit Kawmepa nnst BBC ZWR-02 (puc. 6) maccoii 10
seero 90 r'!. Ycranasmusaercs Ha OJTHOOCEBOU 480 r'?. Ycramapnmaercs Ha JIBYXOCEBON WU
mwiardopme. TlogaepxuBaeT (YyHKIHIO OTCIe- TpexoceBoil matdopme. ObOecrieunBaeT OTCIEKHU-
KUBaHUS W uIeHTU(DUKAIMKU 00BeKTOB. OcHa- BaHUE W HICHTU(PUKAINIO OOBEKTOB, a TAKXKE H3-
IIeHAa KaMepoi BUAMMOTrO JHana3oHa ¢ (UKCH- MepeHHe paccTostHus 10 oobekra a0 3 000 M ¢
PyeMBIM (POKYCHBIM PACCTOSTHUEM 7,2 MM. MOMOIIBI0O BCTPOEHHOTO AalibHOMEpa. B cocTtase

KaMCphbl IBAa MOAYJId BUANMOT'O Aralta3oHa € (I)I/II(-

"' Kamepa mis BITJIA ZW-05 [Dnextposssiii pecype] // > Kamepa s BIIJIA ZWR-02 [DnexTpouHsiii pecypc].
HIIK ®otonuka. URL: https://www.npk- URL: https://www.npk-photonica.ru/product
photonica.ru/product/24695/ (nara obparueHus: /24696/?ysclid=mgsd117dm3203543695 (nata oOparue-
14.08.2025). Hus: 14.08.2025).
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CHPOBaHHBIM (DOKYCHBIM paccTosiHuEM 7,2 U 25 MM
Y MOJYJIb TATBHEr0 MH(PPAKPACHOTO TUara3oHa C
¢bukcupoBaHHbM pacctosiHueM 24 mwm. Ilocnen-
HUM oOecrieunBaeT mepeayy KadyeCTBEHHOTO
M300paKeHUsI THEM, HOYBIO M B YCJIOBHUSIX Orpa-
HUYEHHOI OCBEIICHHOCTH.

PJIC Pulson P410 UWB (puc. 7) maccoit He
Gomee 300 r'°. JIMAma3oH UCIOTb3YEMBIX YaCTOT
3,1-5,3 I'Tu. Pa3pemienne no 1aabHOCTH OKOJIO
10 cm. B cocraBe PJIC nBe aHTEeHHBI: mepBas
UCIIONIB3YETCS IS Tepeadu B MPaBOCTOPOHHEH
KpYyTOBOM MOJspU3aliK, BTOpas — AJid IpuemMa B
JIEBOCTOPOHHEW KpYyroBou mnosspusauuu. Ha
puc. 8 npexacrasieH npumep bBC Tuna oxroxo-
ntep Spreading Wings S1000 ¢ ycTaHoBieHHON
PJIC Pulson P410 UWB.

TakuM 00pa3oM, MOXXHO OTMETUTH HAIUUHE
HAyYHO-TEXHUYECKOTO 3a/iefla U TEXHUYECKHX
BO3MOXXHOCTEH Il CO3/aHusl CHEIUAIU3HPO-
BaHHOW OCCHWJIOTHONH aBHAIIMOHHOW CHUCTEMBI
(BAC) nmns oOHapyskeHUST MECT aBHAIIMOHHBIX
KatacTpod, B TOM YHCIIE€ CKPBITHIX JIECOM, TPYH-
TOM WJTU CHEKHBIM ITOKPOBOM.

Konuenuusi 00Hapy:KeHHsI MeCT
aBHALMOHHBIX KaTacTPOo(d Ha Oa3ze
rpynn pasHoOpOAHBIX 0eCIHIOTHBIX
BO3AYUIHBIX CY10B

Kak ObU10 MOKa3aHo paHee, ycmeX MOUCKO-
BOIl omepanuu 1o oOHapy>KEHUIO MECT aBHallM-
OHHBIX KaTacTpo) BO MHOTOM OMpedenseTcs
HaJIMYUEeM CpeACTB, 00eCIeUnBAIOIINX CIIEIYIO-
1€ BO3MOXHOCTH:

1) mouck Ha OOJBIIONH TEPPUTOPUH, HUYTO
00yCIIOBJICHO HU3KON TOYHOCTBIO IIPOTHO3a MECT
nagenus BC;

2) WCHONB30BaHUE PA3HOPOAHBIX CPENICTB
noucka (ONTHYECKHX, PaJUOJOKAI[MOHHBIX, TEM-
JIOBU3UOHHBIX);

3) MakcumanbHOE NPUOIIKEHUE CPENCTB
MOMCKA K MECTY KaTacTpOoQHbI.

" Time Domain PulsON P410 UWB [DeKTpoHHBIii pe-
cypc] // TimeDomain. 2015. 4 p. URL:
https://redecomposition.wordpress.com/wp-
content/uploads/2015/02/timedomain-pulson.pdf (nata
obpamenns: 14.08.2025).
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ObecrieunTh peanu3alnio yKa3aHHBIX BO3-
MOkHOCTel Ha 6aze omHoro BC 3arpyaHuTENb-
HO.

Tak, omepaTUBHBIA OO30pHBII MOUCK MecCTa
nagenus BC u ero o0IIOMKOB B TEpBBIE Yachl
nocJie KaracTpodsl ¢ OXBATOM OOJIBIION TUTOMIA-
i MoryT obecnieunth bBC camoneTHoro tuma ¢
CUJIOBOI yCTaHOBKOW Ha 0a3e MOPIIHEBOIO JIBU-
rarejas C TEIJIOBU3MOHHBIMH M OITHYECKUMM
KaMepaMH, M300paKEHUE OT KOTOPBIX JOJIKHO
nepenaBaThCs B LIEHTP OOpaOOTKH [aHHBIX B
pexXuMe pEealbHOTO0 BPEMEHH C IMOCIEAYIOIINM
ABTOMAaTUYECKUM OIEPATUBHBIM aHAIM30M CIie-
[IMAJTU3UPOBAHHBIMU TTPOTPAMMHBIMH CPEJICTBA-
M. Bricora monera taknx BBC moipkHa OBITH
MaKCHUMaJIbHO BO3MOYXHOM HCXOHS U3 XapakKTe-
PUCTHK YCTaHOBJICHHOTO IIENIEBOTO 000pyI0Ba-
HUS C LETBI0 YBEIUYECHUsI 00CIIeyeMO B €/IH-
HUIly BPEMEHHM IUJIOIIAIU 3€MHOM MOBEPXHOCTH.
OueBUIHO, YTO JIJISl YCTAaHOBJICHUSI KAHAIOB CBS-
3u mexay bBC u nieaTpom ymnpasneHus u odpa-
0OTKM JaHHBIX C HEOOXOAMMOH MPOIYCKHON
CIIOCOOHOCTBIO MOYKET TMOHAJI00UTHCS pEeTpaHC-
JSAUMA CUTHANIOB OT mouckoBbix BBC, xoTopas
MOJKET OBITH OOecIieueHa B TOM YHCJIE U Ha Oase
BBC c¢ cooTBeTcTByrommUM 000OpPYIOBaHHUEM.
[Tpumep Takoro oOOpYyHOBaHUS MPEICTABICH,
HarpuMmep, B 3TOM ucrounnke'*. CrenoBarensHo,
MO>HO YTBEpXkAaTh, UTO CO3AaHUE YCTOMUYMBBIX
KAHAJIOB CBSI3M MEXIY TPYIIUPOBKON IMMOMCKO-
BbIX bBC 1 1ienTpom 00paboTKHN JaHHBIX Ha ce-
TONHAIIHUM JIeHh HE SBISETCS TEXHUYCCKOMN
po0OsIeMOii.

Jleranu3upoBaHHbBI MTOUCK O] KPOHAMU Je-
pPEBBEB, KaK ObLIO MOKA3aHO BBIIIE, MOXKET OBITH
obecrieuen bBC ¢ ycTaHOBIIEHHBIMU CTICITHAIIH-
3upoBaHHbiMU PJIC, neraromumMu Ha MUHH-
MaJbHOM BBICOTE€ HAJl JEPEBBAMH, HCXOAS W3
BO3MOKHOCTH pealu3alud MaKCUMaJIbHOM pa3-
pematomeit cocooHoctn PJIC u obecnieuenust
0€30I1aCHOCTH MOJIETA.

[Touck HemocpeACTBEHHO B pailoHE KaTa-
cTpodbl TMOA KpOHAMH JEPEBHEB BO3MOXKEH C

" Teockan u «oHeIn IIPOBENH YCIIELIIHOE TECTUPOBAHUE
KYIIOJIbHOH CBSI3U Ha OeCMUIIOTHUKE [ DNEKTPOHHBIN pe-
cypc] // GEOSCAN. URL:
https://www.geoscan.ru/ru/press-releases/geoskan-i-
gonec-proveli-uspeshnoe-testirovanie-kupolnoy-svyazi-
na-bespilotnike (mata obpamenms: 14.08.2025).
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nomortipio Hebonpmux bBC ¢ ycTaHoBIEeHHBIMU
ontuyeckuMu kamepamu unu PJIC s moucka
00JIOMKOB TOJ TPYHTOM WU CHEXHBIM MOKPO-
BOM.

Takum oOpaszom, coctaB rpynnupoBku BAC
JUIsL TIOMCKOBOW OIepaluu Mo OOHapy’KEHUIO
MECT aBMAIMOHHBIX MPOUCIIECTBUI MOXKET
BKitouath 4 Tuna bBC ¢ cymiecTBeHHO pa3HbIMU
JIETHO-TEXHUYECKUMH  XapakTepuctukamu. U
eciiu bBC camonerHoro tuma ¢ cuioBod ycra-
HOBKOI Ha 0a3e MOPIIHEBOTO ABUTATENS MOXHO
UCIOJIb30BaTh C IJIOLIAJO0K, 3HAYUTENIbHO YyJa-
JIEHHBIX OT MPEIIOJIAraéMoro pailoHa MOUCKa
(Tak, HanpuMmep, danbHOCTh nojeta bBC camo-
JIETHOTO THUIA C MOPIIHEBBIM JBHUrarenem «l'eo-
ckan 701»" cocraBmser 10 1 000 kM, Bpems mo-
sgeta g0 10 9, mromans cbeMku 10 250 KMz), TO
He6onbimre BBC, crnocoOHble MaHEBpUPOBATH
CpeiM JepeBbEB, AOJKHBI 3aITyCKAaThCS HEMO-
CPEIICTBEHHO B paliOHE MOUCKAa B CUIIy HEOOJb-
IIUX paauyca ACHCTBUSA U MPOAOIKUTEIBHOCTH
nosiera. O4YeBUAHO TaKxkKe, YTO HEOOXOIUMO
o0ecreynTh BO3MOXHOCTh MHOTOKpPAaTHOTO 3a-
nycka Takux BBC u BO3MOXHOCTh HM3MEHEHUS
palioHa oMCKa B Ipesenax paiiloHa BO3MOKHOTO
nagenuss BC. Ykazannele TpeOOBaHHS MO MO-
OMIBHOCTH MOXHO 00€CIeYuTh MOCPEACTBOM
MOOWJIBHBIX JAPOHOIOPTOB C ABTOHOMHOH CH-
creMoil mutaHus. B HacTodliee Bpems APOHO-
MOPTHl CEPUIUHO MPOMU3BOAATCA Kak B Poccwii-
CKOM @enepaunnlé, TaKk W 3a ee mpeaenamu, B
yactHocTH B Kwuraiickoit Hapomnoit PecrnyOmu-
kel [ToaTomMy 3amady co3maHusi MOOMIIBHBIX
JIPOHOTIOPTOB C ABTOHOMHOW CHUCTEMOW 3JJIEK-
TPONUTAHUS, JOCTYINHBIX K TEPEMEIICHHUIO,
HampuMep, BepTojaeToM Tuna Mu-8 (rpy3onoab-
€MHOCTh Ha BHemHel nmojasecke 3 000 kr), Mox-

" Teockan 701-KoMILIEKC s a3pODOTOCHEMKH MAKCH-
MaJIBHOH MTPOU3BOIUTENFHOCTH [ DIIEKTPOHHBIH pe-
cype] // GEOSCAN. URL: https://www.geoscan.ru/ru/
products/geoscan701?ysclid=mgq8g6ezm9804713513
(mara obpamenus: 14.08.2025).

'® Vpasnenue moneramu [DneKTpoHHEIH pecype] //
droneports. URL: https://droneports.ru/#rec618974274
(mata obOpamenus: 14.08.2025).

" DJI DOCK 151 HeHcCIie[OBaHHBIX JIOpoT [DneKTpoH-
ueiit pecypc] // DJ ENTERPRISE. URL:
https://enterprise.dji.com/ru/mobile/dock (mara oOparie-
aus: 14.08.2025).
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HO CUMTAaTh 3a7auei, TEXHHUYECKHU peaTu3yeMoin
B HACTOSAIEE BPEMSL.

K uucny 3amad, kotopsie HeoOXoauMo pe-
IIMTh JJIs CO3/IaHuUs TIOMCKOBOM cucTeMBbl Ha Oa-
3e pazHopoanbix BAC, cneayer oTHecTH 3aiauy
ynpasnenus rpynmnoit BBC, obecneunBaromieii:

1) moner BBC ¢ 06xomom mpensarcTBuUil B
BUJIE JIEPEBBEB;

2) rapaHTHpOBaHHOE OOCIEIOBaHHE 3aJ]aH-
HOT'O paiiOHa MTOUCKA.

OTMmeTHM TpH 3TOM Hajuuue padoT, HampaB-
JICHHBIX Ha (POPMUPOBAHUE TPAEKTOPUI MOJETA
onunounoro BC [9-15], rpynnst BBC [16] ¢ 00-
JIETOM IPENATCTBUN Ha MyTH CJIEOBAHMSL.

3akioyeHue

[IpoBeneHHbIN aHanM3 MOKa3aJl HAIAYHE
npoOJeMbl OOHAPYKEHHUSI MECT aBHUAIMOHHBIX
KaracTpo) B MECTHOCTH, IMOKPBITOH JIeCOM, —
78 % aBUAMOHHBIX KatacTpod ¢ HeoOHapy-
’KeHHbIM MecToM naaenus BC, kotopsie cocTas-
0T 14 % OT BCcero KOJIMUECTBA aBHAITMOHHBIX
katactpod B mupe 3a mocieanue 10 mer, mpo-
M30LUIM B MECTHOCTH, TOKPBITOM JlecoM. OTHUM
U3 TEPCIEKTUBHBIX CIIOCOOOB MOBBIMIECHUS (-
(EeKTUBHOCTH MOHMCKAa B YKa3aHHOW MECTHOCTH
MOXET CTaTh UCIOJIb30BAaHUE CHEIUATU3UPO-
BaHHBIX MOMCKOBBIX BAC Ha 6a3ze pa3HOPOIHBIX
BBC 1 MOOMIIBHBIX APOHOMOPTOB C aBTOHOMHOM
cucteMod nuranus. Co3ganne taknx BAC tex-
HUYECKHU BO3MOXKHO MCXOS U3 YPOBHS Pa3BUTHUSA
TEXHOJIOTMHA Ha CErogHAIHUN JeHb. OIHAKO
CYIIECTBYET psii HEPEIICHHBIX 3a/lay, OAHOU W3
KOTOPBIX SBJIIETCS 3a/a4ya CUHTE3a YIPaBICHUS
rpynnoit BBC mnpu o6cnenoBaHuu 3aaaHHOTO
paiioHa TorcKa ¢ 00X0JI0M MPENSATCTBUN Ha ITy-
tu nonera bBC.
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PerJIHpOBaHHe PEIrMOHAIBHBIX AaBUATPAHCIHIOPTHBIX CUCTEM KaK
OCHOBa KJIACTCPHOI'0O moaxojaa

A.C. Crenanenko', A.B. Cajonopa’'

1 . . . .
Mockosckuil 20cy0apcmeenHvlll meXHUYeCKull YHUgepcumem paircoancKkol aguayull,
2. Mockesa, Poccus

AHHOTaumsi: B crathe mpoBeneH aHAMM3 CTPYKTYpbl M 3((EKTUBHOCTH TOCYIapCTBEHHOTO PETYJIMPOBAHMS Ha BO3IYIIHOM
TPAaHCTIOPTE B OONACTH Pa3BUTHS PETHOHAIBHBIX ABHATPAHCIIOPTHBIX cucTteM Poccutickoit ®eneparm. I[lpemmoskero
OIPENIENICHNE CHUCTEMBI C TOYKM 3pPEHHMS IIPOLIECCHOTO IIOAXOZAA, IO3BOJIIOIIEE PACCMATPUBATh  PETHOHAIIBHYIO
ABHUATPAHCIOPTHYIO CHCTEMY KaK B3aMMOCBS3aHHBIC IIPOIIECCHI aBMATPAHCIOPTHBIX MPEANPUATHH, 00eCTIeUHBarOIIIe
peanM3alio0 KOMIIEKCA CTPAaTeTMYeCKHX M TAaKTUYECKHMX 3aad PerrHoHa B cdepax JIOTUCTUKM M SKOHOMHKH. Tak Kak
CTpaTEern4ecKoe pa3BUTHE PErHoHa TPeOyeT rocyAapcCTBEHHOIO Y4acTHsl, C y4eTOM MEXyHapOIHOTO OIIbITa IpeJCTaBiIeH 0030p
MHCTPYMEHTOB M METOJIOB I'OCY/IapCTBEHHOTO PETyJIMPOBAaHMS aBHATPAHCIIOPTHBIX cucteM. B Poccum HeoOxonmma BbIpaOOTKa
TOCY/IQpCTBEHHOW TMOJIMTHKU TI0 TOJJEPKAHUI0O M Pa3BUTHIO TPAHCIIOPTHOM OTPAacid, CHOCOOCTBYIOLIEH B TOM 4HCIe
CTUMYJIMPOBAHUIO TIOJIBMPKHOCTH HACENICHHs] PErHMOHOB. BBISBIEHBI OCHOBHBIE TIOJHOMOYHS, WHCTPYMEHTBHI CYOBEKTOB
TOCY/IapCTBEHHOTO PEryJIMPOBAaHUs aBHALIOHHOW JESTENbHOCTH. M3ydeHo pacnpocTpaHeHHe 3aKOHOIATeNbHOM Oa3bl Ha
CErMEHTBl ABHATPAHCHOPTHOH cHcTeMbl. [IpOBEEHO KOMIUIEKCHOE HCCIIEOBaHUE IPOOJIEMHBIX BOIPOCOB PEryIMPOBAHMS
ABHALIOHHON JIEATENIbHOCTH B pPaMKaxX pETMOHAJIBHBIX AaBHATPAHCIIOPTHBIX cHCTeM. PaszpaboTana cxema MexaHH3Ma
TOCYIapCTBEHHOTO PETYINPOBAHMS KOMIUIEKCHOH (YHKIMOHAIBHOH TEPPUTOPHM aBHATPAHCIIOPTHOM cucTeMbl. [loka3aHsl
BO3MOJKHBIE HAaNPABJICHHS Pa3BUTHs MHCTPYMEHTOB PEryJIMPOBAHUS C YUETOM AMHAMHKHN BHEIIHeH cpenpl. Ha ocHoBannm (akTa
OTCYTCTBUSI KOMIUIEKCHOW 3aKOHOZATENIbHBIA 0a3bl M OOMMX MOAXOZOB K (POPMHPOBAHHIO aBHATPAHCIIOPTHBIX KIIACTEPOB
npezaraercst KoHenuus (opMupoBaHus 3((PEKTUBHOTO B3aWMOJICIHCTBHS PErHMOHATBHBIX OTPACIEBBIX MPEINPUATHH, B
KauecTBE OCHOBBI KOTOPOM JIEKHT 3aKOHONATENIBHO YCTaHOBICHHOE B3aMMOJEHCTBUE a3pONOPTOB, ABHUAKOMIIAHHI H
ABMAPEMOHTHBIX IPEIIIPUSITHH B paMKaxX 00CITy>KHBaHHsI TEXHOJIOTHYECKHX IPOLIECCOB aBHarepeBo3ok. [Ipencrasiena dpopmyia
pacuera 3(P(EKTUBHOCTH MPUMEHEHHsI MEeXaHU3Ma (OPMHUPOBaHHs KOMIUIEKCHBIX (DYHKIMOHAJIBHBIX 30H 4epe3 aBHALIOHHYIO
HOJBYKHOCTB JUIs OLIEHKH IIPEUIOKEHHOM KIIaCTEPHOM CUCTEMBI Pa3MELLICHUS IPEAIPUSITUIA.

KiioueBnie ciioBa: PETrUOHAJIbHAA aBUATPAHCIIOPTHAA CUCTEMA, a3POIOPT, ABUANPCANPUATHUC, NEPECBO3YUKU, HOpMaTI/IBHHﬁ
HpaBOBOﬁ aKT, KOMIIJICKCHOC pa3BUTUC TeppHTOpHﬁ.

Jonst murupoBanus: Cremanenko A.C., Cadgornosa A.B. PerynupoBanue pernoHaIbHBIX aBUATPAHCIIOPTHBIX CUCTEM KaK OCHOBA
KiactepHoro moaxona // Hayansrtit Bectaiuk MITY T'A. 2026. T. 29, Ne 4. C. 85-101. DOI: 10.26467/2079-0619-2026-29-4-85-101

Regulation of regional air transport systems as the basis of the cluster
approach

A.S. Stepanenko', A.V. Saphonova'

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

Abstract: The article analyzes the structure and effectiveness of state regulation in air transport concerning the development of
regional air transport systems in the Russian Federation. The definition of the system is proposed from the standpoint of the process
approach, which allows considering the regional air transport system as interconnected processes of air transport enterprises that
ensure the implementation of a set of strategic and tactical tasks of the region in logistics and economics. Since the strategic
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development of a region requires state involvement, and drawing on international experience, the article provides an overview of
the tools and methods of state regulation of air transport systems. In Russia, it is essential to develop the state policy for maintaining
and advancing the transport industry, which would also stimulate the mobility of the regional population. The study identifies the
primary powers and instruments of state regulatory entities in aviation activities and examines the extension of the legislative
framework to the segments of the air transport system. A comprehensive analysis of problematic issues in regulating aviation
activities within regional air transport systems is conducted. A scheme of the mechanism for state regulation of the integrated
functional territory of the air transport system is developed. Possible directions for the development of regulatory instruments,
considering the dynamics of the external environment, are outlined. Given the lack of a comprehensive legislative framework and
unified approaches to the formation of air transport clusters, the paper proposes a concept for establishing effective interaction
between regional industry enterprises, based on legally established cooperation between airports, airlines, and aircraft repair
enterprises in servicing air transportation technological processes. Finally, a formula for calculating the effectiveness of applying
the mechanism for forming integrated functional zones through aviation mobility is presented to evaluate the proposed cluster
system for enterprise placement.

Keywords: regional air transport system, airport, airline, carriers, regulatory legal act, integrated development of territories.

For citation: Stepanenko, A.S., Saphonova, A.V. (2026). Regulation of regional air transport systems as the basis of the cluster
approach. Civil Aviation High Technologies, vol. 29, no. 4, pp. 85-101. DOI: 10.26467/2079-0619-2026-29-4-85-101

BBenenue JNOKYMEHTAlM¥, KOHTPOJUPYIOUIEH KIIFOUEBbIE
TEXHOJOTUYECKHE MPOIIECCHI.

TpaHCOPTHBIN KOMIUIEKC MMEET CBOIO CIIe-
uupuKky npearenbHocTu. Jlng perymupoBaHuUs
TaHHOW cdepsl EeATETPHOCTH HE0O0XOIUMO
UMETh ONOpY B BUJE HOPMATHBHOW MpPaBOBOU
0a3bl, KOTOpasg OyAeT OTBeYaTh TAKUM BaXKHBIM
mapamMeTpaMm oTpaciii, Kak oOecnedeHue 0e3-
OTACHOTO TEePEABIKEHHS TPY30B M MACCAKUPOB
Y BO3MOKHOCTb Pa3BUTHS OTPACIH.

Maxkpo3KOHOMHYECKAsl CUTyalllsi B CTpaHE
OKa3bIBACT BIUSHHUE HA KAYECTBO KH3HH KaXI0-
ro ee kurensa. s ObicTporo um 0e€30MacHOTo
JBW)KCHUS TPY30B W HACENICHHs HEOOXOIUMO
UMETh COOTBETCTBYIOILYI0 HHQPACTPYKTYpY,
CpeICTBa TEpenBMXKCHUS (KaK WHAWBUIYalb-
HbIE, TaK W OOIIECTBEHHBIE), a TAKXKE OMpeje-
JICHHYI0 MapHIPYTHYK) CETh W TIEPEBO3YUKOB,
FOTOBLIX OPraHU30BaTb W OCYIICCTBUTL OTHU
MPOIIECCHI, XapaKTEPU3YIOIIHE MOABMKHOCTh. C MeToabl M MCCJIeA0OBAHUE
YU4€TOM 3TOIO OAHMM M3 KIIOYCBBIX HaIlpaBJIC-

HHUI TOCYIapCTBEHHOW TOIUTHKHU SIBISCTCS pa3- B pamkax uccienoBaHus KCIIOJIB30BAHbI aHa-
BUTHE TPAHCIIOPTHOM CHCTEMBI, YTO 00YCIIaBIIH- JINTUYECKHUE MOAXOAbl, CACTEMHBIN aHAIIM3, MaTe-
BacT aKTyaJIbHOCTb HCCIICIOBAHMA. MaTUYeckoe MojenupoBaHue  AddexTrBHOCTH

HeoOxonuMocTh  CBS3aHHOCTH  PETMOHOB, NPUMEHEHNs MEXaHHM3Ma (OPMHUPOBAHHS KOM-
MEXPETHOHANBHBIX U MEXIYHAPOIHBIX CBA3CH TUIEKCHBIX (PYHKIIMOHAJIBHBIX 30H 4Yepe3 aBhall-
00ycnaBIMBacT  CTPATEIMYeCKOe  3HAdYCHHE OHHYIO IOJIBIKHOCTb. PaccMarpuBas HaydHbIe
TPaHCIOpPTa, a B YaCTHOCTH M TPAXKIAHCKOH MOJIXOBI K MPOoOJIeMe CO3/IaHus U PETYTUPOBAHUS
aBHaIMU. B KIMMaTHIECKHX M reorpapmueckux AaBUATPAHCIIOPTHBIX CHUCTEM, MOXHO OTMETHUTH
YCIIOBUAX Poccun HEPCAKO B OTAAJICHHBIX PETHU- O6HIHOCTI) B BOIIPOCE HeO6XO[[I/IMOCTI/I rocyuap-
oHax ApkTuku ¥ JlaneHero Bocroka aBuaums creeHHoro ydactus. B.C. Illankun oTtMedaer, 4To
SIBISCTCS  OC3aIbTEPHATHBHBIM  BHOM TpaHC- 0]l aBUATPAHCIIOPTHOM CHCTEMOW IIOHHMMAETCs
MOpTa, CIOCOOHBIM OOECHEYNUTh TPAHCIIOPTHYIO COBOKYITHOCTb COBMECTHO JICHCTBYIOIIUX BO3-
JIOCTYIHOCTb HEOONBIIMX HACCHCHHBIX ITyHK- JQYLIHBIX Cy/I0B, KOMIUIEKCA HA3€MHBIX CPEZACTB I10
T0B [1]. HoBM3Ha NpencTaBiIeHHOro MCCIIEN0Ba- MMOATOTOBKE M OOECIEYEHHUIO ITOJIETOB, JIMYHOI'O
HHSL 3aKII0YaeTCst B (OPMUPOBAHHM YHHUBED- COCTaBa, 3aHATOTO AKCIUTyaTalluel W PEMOHTOM
CaJIbHOM CXEeMbl MEXaHH3Ma T'OCYJIapCTBEHHOI'O BO3YyIIHBIX cynoB (BC) M Ha3eMHBIX CPEICTB, a
peryMpoBaHHs PErMOHAIBHON aBHATPAHCIIOPT- TaK)K€ CHCTEMBI YIPABJIEHUS MPOLIECCOM DKCILTya-
HOM CHCTEMBI IyTE€M IIPUMEHEHUS HOPMATUBHOU taiuu [2]. Taxke nmokazaHbl pa3IUYHbIE TOAXOIbI
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K aBHaTPAaHCIIOPTHOM CUCTEME KaK K MHCTPYMEHTY
dbopmupoBaHus TpPeOOBaHWA K MEPCHEKTUBHOU
aBUALIMOHHOM TEXHUKE M MHHOBAIIMOHHBIX IPO-
rpammubix pemienuit [3]. A.O. Bnacenko pac-
CMaTpUBAECT aBUATPAHCIIOPTHYIO CUCTEMY C TOYKH
3peHUs1 MAaTEMAaTUYECKON MOJENIN, OCHOBAaHHOW Ha
OIpENIETICHUN BPEMEHH, CTOUMOCTH M PACCTOSTHMUS,
OIpeessisi KaueCTBO CHCTEMbI M3MEPUMbIMU I1a-
pametpamu [4]. ABuaTpaHCIIOpTHAasi CHUCTEMA B
IIMPOKOM CMBICIIE MOXKET pPacCcMaTpUBaThCsa C
TOYKH 3pPEHHS MPOLIECCOB B3aMMOJCHCTBUS aBHA-
TPAHCTIOPTHBIX  TPEANPUSATHA, OOBEIUHEHHBIX
KOMIIJIEKCOB 3aJ]ay M0 pa3BUTHIO PErvoHa B o0Oa-
CTH TPAHCIIOPTHOM JOCTYMHOCTM M SKOHOMHUKU
[5]. B.A. Pomanenko u A.C. E¢umoB moaxomsiT k
PELICHUIO 33/1a4M 0 CHUHTE3y OOCITY>KUBAIOLIUX
CUCTEM aBUATPAHCIIOPTHOM OTpaciv C Y4ETOM
NEPCIEKTUBHOIO CUHEPreTMYECKOr0 MoAXoJa K
JICITETBHOCTH PETHOHAJIBHBIX aBUATPAHCIIOPTHBIX
NPEANpUATHiL [6, 7], peann3yromerocs B KauecTBe
KOHIIECCUOHAPHBIX corniameHuid. Cnemyer ompe-
JIETIUTh HEOOXOJMMOCTh €IMHCTBA IPOLIECCOB U
CUCTEMBI UX YIPABJICHUS B PaMKaX PErMOHAIBHOU
aBUATPAHCIIOPTHOU CUCTEMBI.

B pamkax uccrnenoBaHHs CIEIyeT paccMOT-
pPETh MEXIyHAPOAHBIN ONBIT IOCYAaPCTBEHHOIO
peryJMpoBaHus BO3IYIIHOTO TpaHcmopra [8].
Tak, B CILIA equHOIMYHBIM PETYJIATOPOM aBHa-
uun  BeicTynaer PenepasbHOE aBUAIMOHHOE
yIIpaBJICHUE (®AY)', OCYUIECTBIIAIOLIEE CBOKO
JIeATEIbHOCTh IyTEM W3JaHUs HOPMAaTUBHBIX
LHUPKYJSPOB, HAMPABICHHBIX HAa YCTAHOBJIEHUE
HOPM U TpeOOBaHUN K OTAEIbHBIM KOHKPETHBIM
napameTpam npoBeneHus mnpouenyp. Jlannas
OpraHu3alus pacupoCTPaHSEeT CBOM IOJHOMO-
Yusl HA TaKhe 00JacTH, KaK KOHTPOIb OpraHu3a-
LMY BO3JYIIHOTO IPOCTPaHCTBa, oOecredyeHue
TpeOoBaHUil 0€30MacHOCTH B a’pPOBOK3ATHHOM
KOMIUIEKCE, a TaKXe YTBEp)KIAaeT HOPMAaTHUBbI
(GbUHAHCHUPOBAHUS YACTHBIX MPOEKTOB DPA3BUTHS
a’poNnopTOBOIl HHPPACTPYKTYPBHI.

B EBpone npumeHsieTcs aHAJIOTMYHAs CTPYK-
Typa TOCYJapCTBEHHOTO peryiupoBanus. HeoO-
XOJIUMO OTMETUTh, YTO OTJEIbHBIE CTPaHbl HE

1Federal Aviation Administration. Mission [D1eKTpoHHbIH
pecype] // Odunuanbheiii cait OexepaabHOro aBUAIHOH-
Horo ympasienus CIIA. URL: https://www.faa.gov/
about/mission (nata oopamenus: 19.08.2025).
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MMEIOT COOCTBEHHBIX (HAIMOHAIBHBIX) OPTraHOB
BJIACTH, CO3JIaH €JIMHBIA OpraH peryJMpoBaHUs
(eBporeiickuii) Ha Bce CTpaHbl, Bxoasmue B EB-
POIEHCKUN COIO3.

[To pesynpraram YuKarckoii KOHBEHIIMU B
1944 rony Oblma yupexaeHa MexayHapoaHas
opranuzanus rpaxaaHckoi asuanuu (MKAO),
CO3/IaHHe KOTOpPOH MPOJMKTOBAJIa HEOOXOMIU-
MOCTh OPTraHM3allMy MEXIYHAapPOJIHBIX BO3TYIII-
HBIX MEPEeBO30K MO €AUHBIM CTaHAApTaM M Ipa-
BwiaMm. B 1970 rony CCCP, npeeMHUKOM KOTO-
poro sBisiercst Poccuiickas denepanus, opuim-
anpHO Bcrynuin B MKAO, patudunupoBaB a0-
KYMEHTbI KOHBEHIIHH.

[Tpu 5TOM HEOOXOAUMO OTMETUTH, YTO PE30-
mouun MKAQ, o cytu cBoelt cxoxue ¢ Hopma-
TUBHBIMM LIUPKYJISIpaMH, HOCAT PEKOMEHIATENb-
HBIM XapakTep U HEOOs3aTENbHBI K COOJIIOICHUIO
IIPU BBINOJIHEHUU BHYTPEHHHUX AaBUAIIEPEBO30K.
Cobmonenue Bcex HopM MKAO B Poccum mnst
MECTHBIX M PETMOHAJIBHBIX a’pONOPTOB MU MOCA-
JIOYHBIX IUIOIIAJIOK YacTO HE MPECTaBIsAETCA
BO3MOKHBIM BBUJY OTCYTCTBHSI TEXHHUYECKHX
BO3MOXXHOCTEH WM HEIOCTATOYHOCTH (PUHAH-
CUPOBAHMS.

[Ipuopurer HaMOHAIBHOTO MPaBa HAJ MEX-
JNyHapOJHBIM, YCTAaHOBJICHHBIA IIONpPAaBKaMU K
Konctutyuun Poccuiickoit ®enepaunu, BHe-
cenubiMu B 2020 Tomy, o0s3bIBacT kK obecreue-
HUIO HaJIeXKAIIETO YPOBHS PEryJIMpOBaHUs
TPAHCIIOPTHOM OTpaciii B CTpaHe 3a CYET coO-
CTBEHHBIX CHJI TOCYJ]apCTBa.

B cootBerctBuu ¢ myHkTtom 1 crtateu 27
Koncturyuun Poccuiickoit @enepan Kaxablid,
KTO 3aKOHHO HAaxOJWTCs Ha Tepputopun Poc-
cuiickoit denepanuu, UMeeT cBOOOIY TEpEIBU-
KEHUS 110 €€ TEPPUTOPHH.

TpaHcriopTHasi AESITENbHOCTh, KaK M JIO00I
BHUJI TIPEANPUHUMATETHECKOU ACSATEIHHOCTH, OC-
HOBBIBAETCSA HA KOMMEPYECKUX LENAX, B YACTHO-
CTH TIOJTy9eHUW mpuObUIH. [Ipu 3TOM KIMMaTH-
YeCKUe 0COOEHHOCTU CTpPaHbl, OOIIMPHOCTH TEP-
putopun Poccuiickoin denepanuu U HEOIHO-
POIHOCTh pacCeiCHUsi Ha HEM CO3Jal0T «y3KHE
MeCTa», B KOTOPBIX CEOECTOMMOCTh OpraHH3a-
LIMA U OCYUIECTBJIEHHUS MEPEBO30K BO3IYIIHBIM
TPAHCIIOPTOM TIPEBBINIACT (PUHAHCOBBIE BO3-
MOXHOCTH HacesJeHusl. Tak BO3HMKAIOT PHUCKU
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CHIKEHUSI TPAHCIIOPTHOM MOJBH>KHOCTH TPY30B
1 HacesneHus. BenencTBue 3Toro 3KOHOMHKA pe-
TMOHA MOXKET HCIBIThIBaTh 3aMEJICHHE TEMIIOB
pocTa uiu BoBce crarHanuio [1, 9].

['ocynapcTBeHHBIE CTPYKTYpPBI, PETYIUPYIO-
[IFe OTpacib, CTaBAT mepea coboil 3amady To
CO3IaHMIO KOHILIETIIUU MPUOPUTETOB, Ha (yHAa-
MEHTE KOTOPBIX (POPMUPYETCS CTPATETUSI PA3BH-
TUSL TPAHCIOPTa, KOTOpbIE 00JIaJal0T MOJHOMO-
YUSIMA 110 HOPMATHUBHO-IIPABOBOMY PEryJIUpPO-
BaHMIO ((hOPMUPOBAHUIO TPABWII ACATEIHHOCTH
U TOpsiKa €€ OCYIIECTBICHHUS), BBIMNOIHSIIOT
GyHKIMH pa3paOOTKH HOPMATHUBHOW 0a3bl M
Haa30pa (KOHTPOJIS) 3a €€ COOTI0ICHUEM.

Takum 00pa3om, UCXOM U3 yCTAaHOBJICHHOM
MPaBOBOM cucTeMbl B Poccnu, OCHOBHBIMU 3a/1a-
YaMH TOCYJapCTBEHHOTO PEryJlHpOBaHHs B 00-
JaCTH TPAHCIOPTa, OCOOEHHO AaBHAIMOHHOTO,
MIPEACTABIISIIOTCSA:

1) mpemocraBieHHe  CHEUUATBHBIX  IpaB
Y4aCTHUKAM OTHOUICHHH (Iacca’kuphbl, Biaeib-
bl TPY30B, NEPEBO3YMKU) B LIENAX CTUMYJIUPO-
BAHMSI ABUALIMOHHOW MOJBUKHOCTH HACEJICHMS;

2) BBEICHHE OIPAaHUYECHHUN B LIEIAX pPErysu-
POBaHMSI OTHOLIEHHH B 00JIaCTH TPAHCIIOPTA,

3) ycraHOBIEHHE NpaBWJI M HAI30p 3a HX
COOJIFOIEHUEM.

Bb1paboTKoil rocyapcTBEHHON MOJIUTUKU B
Poccun B obnactu TpaHcmopTa yHMOJIHOMOYEHO
3aHUMaTbCs MuHucTepcTBO TpaHcnopra Poc-
CUNCKON dbenepaunnz.

Crpykrypa Muntpanca Poccun Bkio4aer B
ce0s1 He TOIBKO PO MIIbHBIC JIeTTapTaMEHThI, HO
U TO/BEIOMCTBEHHBIC (peliepalibHble areHTCTBa
U CIy>XObI, a Tak)Ke TOJIBEIOMCTBEHHbBIC yUpe-
JKJICHMS, BBICTyHNaroIMe or juua Poccuiickoit
denepanuu B LENSAX ONMEPATUBHOTO YIIPABICHUS
U XO3SIIICTBEHHOTO BeJeHUS OOBEKTOB TpaHC-
MOPTHON MH(PACTPYKTYPHI U APYTHX OCHOBHBIX
(GOHIOB OTpacieBbIX MPEANPHUITHA.

2[TocranoBnenue [IpaBurensctBa PO Ne 395 ot 30 mrorns
2004 r. «O6 ytBepxkaennu [lonoxxenuss o MuHuctepcTse
TpancnopTa Poccuiickoit deaepanuny [ DIeKTPOHHBIH
pecypce] // KoncynprantlLioc. 2004. URL:
https://www.consultant.ru/document/cons_doc LAW 487
22/8cdd27853edab2751599557bb61efc419fe10225/

(maTa obpamenus: 19.08.2025).
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['ocynapctBenHass mnonuTuka B 0o0JacTu
TpaHcropra B Poccum BKIIIOYaeT cCleqyroIIue
HaIlpaBJICHUS: HOPMATHBHO-IIPABOBOE PpETYJIH-
pOBaHUE; TOCYIApCTBEHHYIO TOJIEPKKY B 007a-
CTH BHUJIOB TPAHCIIOPTA; pa3BUTUE TPAHCIIOPTHOU
UHPPACTPYKTYpHI; obecriedeHrne 0e30macHOCTH
HaceJIeHHs B 00JIaCTH TPAHCIIOPTA; COAEp KaHUE
u obecrieueHne MoTpeOHOCTEN roCyAapCTBEHHO-
ro UMYIIIECTBAa B 00JIaCTH TPAHCIIOPTA.

[Tpu sToM ¢QyHKIUM obOecneueHUs] ypOBHS
0€30MacHOCTH  pa3ensaioTcss MUHUCTEPCTBOM
Tpancnopra Poccun ¢ TpancnopTHON NpoKypa-
Typoil Poccuiickoii ®enepaunu, I'eHepabHOMI
npokyparypoii Pocculickoit deaepanuu, a Tak-
XK€ ¢ IPYTMMH OTPaciIeBbIMH MOJpa3/eICHUIMHA
BEJIOMCTB M CIIy’k0 TaKk Ha3bIBa€MOI'O CHJIOBOTO
osoka (OCh Poccun, MBI Poccun, ®CO Poc-
cuu, MUC Poccumn, a taxoxke MUJ] Poccun).

CtpyKTypa B3aMMOCBSI3M MOJITHOMOYHI Opra-
HOB T'OCYJIapCTBEHHOI'O DPETYyJIMPOBAaHUS TpPaHC-
MOPTHOM AEATENBHOCTH MPUBECHA HA puUcC. 1.

Ha puc. 1 mnokaszanel mnojpasieieHuss u
CTPYKTYPHBIE 3JIEMEHTBI T'OCYJapCTBEHHOH CHU-
CTEMBI, OTBEYAIOIME 3a PA3BUTUE PETHOHAJIb-
HBIX aBUATPAHCHOPTHBIX cHUCTeM: JlemapraMeHT
TOCYIapCTBEHHOW TOJUTUKH B OOJACTH Tpax-
naHckou aBuaumu MunTpanca Poccuun, Poc-
aBuanus, PoctpancHaa3op, a Takke OTpacieBbie
MOJpa3/elieHnus BEJOMCTB U CIYyX O CHUIIOBOTO
6moka. Kpome Toro, He0OX0IMMO OTMETUTH, YTO
NEeATEIbHOCTh MPOW3BOJCTBEHHBIX W aBHape-
MOHTHBIX MOITHOCTEM aBUATPAHCHIOPTHBIX CH-
CTeM BXOJUT B cdepy BeAeHUsS U KOHTpois Mu-
HUCTEPCTBA MPOMBIIIEHHOCTH U TOproeiau Poc-
cuiickon @epepanuu. Ha pucyHke oTpaxeHa
CTENEHb BOBJEYEHHMS B IMPOLIECCHl TOCyAap-
CTBEHHOI'O PETYJIHMPOBAHUS OPraHoOB B 3aBUCHU-
MOCTH OT TOJHOMOYHMH W QyHKIu. TemHbIN
¢oH 0003HAYaET BBICOKYIO CTENEHb, TO €CTh
HEIMOCPEJICTBEHHOE y4YacTHE B CaMOM IIpoLecce
U OTBETCTBEHHOCTH 3a MPOLIECC U €ro pe3yibTa-
ThI, CBETJIbIi (JOH — HU3KYIO CTENEHb, TO €CTh
MpeloCTaBlIeHne MH(OPMALIUK U 03HAKOMJIEHHE
Ui ydeTa B JajbHeimel pabote, a cpeaHUl —
CTENEHb, IPH KOTOPON MPUHUMAETCS y4acTue Ha
YPOBHE COIJIACOBaHMS, NPENOCTABICHUS WH-
dbopmMaluK M CONEHCTBHS OTBETCTBEHHOMY COWC-
MOJTHUTEJTIO.
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=

Puc. 1. Cxema B3aUMO/ICHCTBHSI OPraHOB T'OCYIAPCTBEHHOTO PETyIHPOBAHUS
Fig. 1. The scheme of interaction of state regulatory authorities

Hecmotps Ha hopManbHO PHIHOYHBIN Xapak-
TE€p aBUATPAHCIOPTHOM OTPacCiH, PEryIupoBa-
HUE €€ JIeATEIbHOCTU TOCYIapCTBEHHBIMU Opra-
HAMHU OCTaeTcsi CWJIbHO (HOpMaIN30BaHHBIM U
TpeOyIommM COOMIOeHHsI OONBIIOr0 KOJIUYe-
CTBa MpaBUJI M HHCTPYKUUHA. MOXHO yTBeEp-
XAaTh, 4YTO TOCYAApCTBO BBICTYNAET B HEKOU
CTEIEHU PETYIATOPOM PhIHKA.

Harnsnnee Bcero peryssTOpHYO HOJUTHKY
MO>HO YBHJIETh B CTUMYJIMPDOBAaHUU aBHAIrepe-
BO30K, MMEIOIIMX OCTPBIA COLMAIBHBIA Xapak-
tep. Hanmpumep, moctosiHHas mojaepKka Hesa-
IIMIICHHBIX KaTeropuil HaceleHus (MajoMo-
OMJIbHBIE JIMIIA, TIEHCUOHEPbI, MHOTOJIETHBIE Ce-
MBbH, CEMbH YYaCTHHKOB OOEBBIX JCHUCTBHIl) B
pationax Jlanmeaero Bocroka u Kpaiinero Cese-
pa. MexaHu3mbl CyOCHAMPOBAHUS HUMEIOT Bpe-
MEHHBIE OCOOCHHOCTH MPUMEHEHMs, a TakKxke
CJIOXKHBIN XapaKTep yTBEPKACHUS.

B nensx perynupoBaHusi aBUAIIMOHHOM OT-
paciu B Poccun npuHAT BO3AyLIHBIM KOIEKC
Poccuiickoit ®enepamuu (B3K P®)*, umero-

3 depepanpHblit 3aK0H Ne 60-D3 ot 19 mapTa 1997 1.
«Bo3nymnsit konekce Poccuiickoit denepannmy [Dnek-
TponHbId pecypc] // Koncynprantllnroc. 1997. URL:
https://www.consultant.ru/document/cons_doc LAW 137
44/ (nata obpamenwus: 19.08.2025).
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mmi craryc QeaepaipbHOTO 3aKOHA, a TaKkKe
3akoH «O TOCYIapCTBEHHOM pETyJIHMPOBaHUU
pa3BuTusa aBuanuun» . Kpome TOoro, orHoiie-
HUsI, BOBHUKAIOIINE MPU OCYILIECTBICHUU JEsi-
TEBHOCTH B 00JIACTH BO3IYIIHOTO TPAHCIIOP-
Ta, peryaupyrorcs ['paxkJaHCKUM KOJEKCOM
Poccuiickoit ®enepanun, Konexcom Poccuii-
ckoit denepanuu 00 aIMUHUCTPATUBHBIX Tpa-
BOHApPYIIEHUAX U YTOJOBHBIM KojaekcoMm Poc-
cuiickoit denepanum.

Jns peannzanuu HOpM 3akoHOB [IpaBuTensb-
ctBO Poccuiickoit @enepanun 1 MUHUCTEPCTBO
Tpancnoptra Poccuiickoit deneparuu  yTBEp-
KIAI0T Mo/A3aKoHHbIE akThl. Hambonee pacmpo-
CTpaHEHHOW (OPMOIl YTBEPAUTEIBHBIX JIOKY-
MEHTOB Ui HOpPM, TpeOOBaHUI K ydacTHUKaM
CHEeLHUaIbHBIX MPOLEAYpP OTPACIH U MPABUII SB-
JISIFOTCSI TIOCTAHOBJICHUS U MPUKA3bl, KOTOPBIMU
BBOJSTCS B JeiicTBUe (henepanbHble aBUAIIMOH-
Hble nipaBmita (DAIT).

Ha nannom »Tame kiaccudukaiusi IMOJHO-
MOYMI JIOJDKHA B MEPBYHO OYepenb MPOU3BO-

4 depepanpubiil 3aK0H Ne 10-D3 ot 8 suBapst 1998 r.

«O rocyapCTBEHHOM PEryIHPOBAHUM Pa3BUTHS aBHA-
uum» [DnexTponHslit pecype] // Koncynprantllmoc. 1998.
URL: https://www.consultant.ru/document/
cons_doc LAW 17410/ (nara obpamenus: 19.08.2025).



HayuHblit BectHuk MITY TA

Tom 29, Ne 04, 2026

Civil Aviation High Technologies

IUTHCSI HAa OCHOBaHUHM KpUTEepUs OOBEKTOB, B
OTHOILIEHUU KOTOPBIX HaIpaBi€Hbl MEphl BO3-
JIEHCTBUSI B CBSI3M C HAJIMYUEM IIOJHOMOYMM.
YCI0BHO OOBEKTHI BO3JICUCTBUS METSATCS Clie-
JyIOIUM 00pa3oM:

e TEpeBO3UMKH (YYACTHHKH pBHIHKA aBHa-
MEepPEeBO30K, JIMIA, OTBETCTBEHHbIE 3a TIepe-
BO3KY);

e AJPOMOPTHI M AIPOAPOMBI (MHPPACTPYK-
Typa, MO3BOJISIFOIIAST MPUHUMATh U OTIPABIATH
BO3JIYIIHBIC CY/a);

e TACCAXWPBI,  COOCTBEHHUKHU
(monb30BaTeNM  aBHANEPEBO3OK,
pBIHKA aBHANIEPEBO30K).

Yro KacaeTcsi a3ponopToB, 3/1eCh HEOOXOIu-
MO OTMETHUTh KIIOYEBYIO posib MuHucTEepcTBa
Tpancnopta u PocaBuanuu. CorjiacHo ctatbe 7
B3K P® 00BeKTH BO3AYIIHOTO TPAHCHIOPTA MO-
I'yT HaXOIUThCSA B coOcTBeHHOCTH Poccuiickoi
®enepanun wu cyorexToB Poccuiickoit ®ene-
paruu. [To obmenpunsaToi B Poccuu npakTuke B
Hemsix obecreueHus: Oe30MacCHOCTH a’pOTOPTHI
denepanbHOro 3HAUYEHHUS, KaK MMPaBUIIO, IPUHAI-
nexar HenocpeacrBeHHO Poccuiickoit ®enepa-
MU, TO €CTh PacXojbl Ha UX COJAEp)KaHHUE, HX
CTPYKTYPY, IPOEKTHI Pa3BUTHS 3aBHCAT OT COO-
cTBeHHMKA. PocaBmanms ot nmna MuHTpaHca
Poccun Beimonusier @ynkuuu Poccuiickoit de-
Jiepaluy Kak OanmaHconepkaTesst U COOCTBEHHH-
Ka. Jns ynpaBieHHs ydpexAeHbl Ka3eHHbIE
NOPENNpUITHS. U TOCYAapCTBEHHbIE YHHUTAapHBIE
MNPEANPUATHSI, OCYIIECTBIISIIOIIUE CBOIO JIesi-
TEIbHOCTh Ha OCHOBAaHMM yCTaBa U MPOrpaMMm
NESITEIbHOCTH, COTJIACOBaHHBIX ¢ PocaBuarueii.
Otcroga omepaTtopsl a’3poApPOMOB, OCYIIECTBIIS-
IOIUME B a’pONOPTaxX aBHAIIMOHHYIO M HeaBHa-
[MOHHYIO JEATEIbHOCTh, YIPABISAIOT HMYIIE-
CTBEHHBIM KOMIUIEKCOM a’poApoMa Ha MpaBax
apeHaTOPOB.

Knaccudukanus HWHCTPYMEHTOB Trocyaap-
CTBEHHOTO PETYyJIMPOBAHUS MOXET MPOBOIUTH-
Csl UCXOJs U3 KpUTepus NOoTpeOHOCTH B (PMHAH-
CHpPOBaHHH, B JOJITOCPOYHOCTH TPUMEHECHUS
WK MWHPOTHl cepbl mpumeHeHus. Ucxons u3
¢daxTopa MOTPeOHOCTH B BBIICICHUHN (DUHAHCHU-
pPOBaHUs, MEPHI MOXKHO MOJPA3TACIUTh Ha MEPHI
rOCyJIapCTBEHHOW  MOIJEPKKH, TpeOyromnue
BBIZICJICHUS] OIO/DKETHBIX CPENICTB, U MEPHI, HE

rpy30B
oTpeOuTeTN
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TpeOylomue TOMOJHUTEILHOTO (DUHAHCHPOBA-
Hud. [lo DoirocpodHoCTH: TOCYAApCTBEHHOE
BO3JICHCTBUE MOXET OBITh Pa30BbIM (OHOKpAT-
Has CaHKIUS, WCIOJHEHHWE TMOpYUYEHUs WIN
€MHOPA30BOE BBIJEICHUE CPEACTB), C OMpese-
JICHHBIM CPOKOM JEHCTBHS (Mephl, pUHUMAe-
MbIE€ B CBSI3M C OCOOBIMH OOCTOSITEIBCTBAMU,
HaIpuMep JACUCTBYIOIIME BO BpeMsl MaHAEMUHU
KOPOHABUPYCHON HMH(EKLIHUH, WIH MEpHl, MpHU-
HUMaeMble B CBSI3M C IPOTUBOACICTBUEM
BHEIIHEAKOHOMUYECKOMY JIaBJIEHUIO CO CTOPO-
HBl HEJIPY>KECTBEHHBIX CTpaH), a TakKxke Jeil-
CTByIOLIME OE3BPEMEHHO C MOMEHTa UX BCTYII-
JeHusl B IOpUIUYECKYIO CUIy (Hampumep, us3-
MEHEHUS W (WIM) JOMOJHEHHS IEHCTBYIOIIEH
HOPMATUBHOM MpaBOBOU 0a3bl).

Mepbl ToCyAapCTBEHHOTO pETryJUpPOBaHUS
BBIPA)KAIOTCS IOPUANYECKON (hOPMOIA: MPaBOBBI-
mu aktamu (ykasel Ilpesumenrta Poccuiickoit
denepanuu, (benepanbHO-KOHCTUTYLIMOHHBIE
3aKOHBI, (hefepaabHble 3aKOHBI, MTOCTAHOBIICHUS
n pacnopsbxkeHus IIpaButenscrBa Pocculiickon
®denepanuu, MPUKa3bl MUHUCTEPCTB, MPHUKA3bI
MOJIBEZIOMCTBEHHBIX areHTCTB M CIELHATbHBIX
CITy’0); OTIETbHBIMH TOCYAAapPCTBEHHBIMH IIPO-
rpaMMaMi (KOMIUIEKCHBIE MEDBI); YKa3aHUSAMU U
PE30NIIONMSIMU  TTOJTHOMOYHBIX [TPEICTaBUTENIEH
UCTIOJIHUTENIBHBIX ~OPTraHOB T'OCYJapCTBEHHON
BJIACTH.

Takum o0pa3zom, QenepaibHble aBHALOHHBIC
MpaBuiia, yTBEpXKJAaeMble IpPUKa3aMU BEIOMCTB
w nocraHosieHusmu llpasurensctBa Poccuii-
ckor denepanuy, Kak OCHOBA I PYKOBOJCTBA
MU OCYIIECTBICHUU JESTEIBHOCTH UMEIOT Oec-
CPOYHBIH XapakTep W He TPeOYIOT JOTOIHHUTEIh-
HOrO (PMHAHCHUPOBAHUS CO CTOPOHBI TOCYAAp-
CTBEHHBIX HMCTOYHHKOB MECTHBIX, PETHOHAIBHBIX
u ¢enepansHoro OromkeroB. OCHOBHas 3aaada
®DAII — ycTaHOBUTH MOPSIOK NpOLEAyp, TpeOoBa-
HUSL K YYacTHUKaM M OOBEKTaM JAEATeNbHOCTU
BO31yIIHOrO TpaHcnoprta [10].

['ocynapcTBeHHBIE MPOTPaMMBI MOIIEPKKH
MMEIOT BPEMEHHBIE OrpaHUYeHUs AeucTBus. Mx
OTJIMYUTEIHHBIM MPHU3HAKOM SBJSIETCS 00s13a-
TEJIbHOE HAJIWYHUE CIIEUUANbHBIX (TOCY1apCTBEH-
HBIX) HMCTOYHHMKOB (DHMHAHCHUPOBAHMS, OTPaHH-
YEHHBIN MEpPHOJ] BPEMEHH, a TaKke IUIaHHpYe-
MbI€ PEe3yJbTaThl peaqu3alui.
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Tak, cormacHo VYka3y Ilpesunenta Poccwuii-
ckoit depeparmu ot 7 mag 2018 roga Ne 204 «O
HAIMOHAJIBHBIX LEJSIX U CTPATETMYECKUX 3a7adax
pasButusa Poccuiickoii denepannu Ha Nepuoa 10
2024 roma» B mepuox ¢ 2018 mo 2024 rox ObLT
peanu3oBal (enepabHbI poekT «Pa3ButHe pe-
TMOHAJIBHBIX a3PONOPTOB», B PAMKAX KOTOPOTO
ObLTH TIPOHM3BEICHBI MOJCPHHU3AIIUS, PEKOHCTPYK-
LU U CTPOUTENILCTBO TPUALATH TPEX adpONOpPTO-
BBIX OOBEKTOB (B3JIETHO-TIOCAJIOYHBIC TIOJIOCHI,
IIEPPOHBL, PYJICKHBIC JOPOXKH) . B paMkax (eme-
pasibHOrO TpoekTa «Pa3BUTHE pEruOHATBHBIX
a’poIOpPTOB», BXOJAIIETO B KOMIUIEKCHBIM IUIaH
MOJIEPHU3ALIMKN U PACHIMPEHHUs] MarucTpalbHOU
HHPPACTPYKTYPBI, TIOCIIC PEKOHCTPYKITMH U (WJTH)
CTPOMTENBCTBA, B AKCIUTyaTallUl0 BBEACHO TpPUJ-
1aTh TpU OOBEKTa B TPUALIATH OJHOM a’3pOIOPTY,
B TOM YHCJIE JIEBATHAAUATH B3JIETHO-IIOCAJ0YHBIX
M0JIOC ¥ YETHIPHAALIATh BCTIOMOTaTeIbHBIX 00BEK-
TOB adpONOPTOBON HH(MPACTPYKTYpHI (IIEPPOHEI,
PYJEXKHBIE JIOPOXKKH, CIYXKEeOHO-TaCCaKUPCKUE
3[IaHUS U JIp. ).

K pa3oBbIM Mepam OTHOCSTCS pELIeHUs O
BBIJICJICHUU CYOCHIWU, 3aKIIOUYCHUE COTJIaIle-
HUM, T1e OJHAa W3 CTOPOH — rOCYyAapCTBEHHAs
cTpykrypa. Haubonee spkumu npumepamu Mo-
IYT SBJSATHCA BbIAEJCHUE CYOCUIUU TIpaBU-
TenbcTBY PecnyOnuku Tatapcran s ctpou-
TEJIBCTBA MECT CTOSIHKM BO3IYyLIHBIX CYJOB
B Hensix nposeaeHuss cammuta BPUKC B
r. Kazanu B 2024 rony; cornamenue MwuHuU-
crepcTBa TpaHcnopra Poccuiickon Penepauunu
C TpaBUTEIbCTBOM MpKyTcKoW oOnactu B Iie-
JAX JTUKBUAAUMM TOCIEICTBUA HABOJHEHUS B
2008 rony Ha TEPpPUTOPUU JAECHCTBYIOIIETO
asponopra r. UpkyTcka.

Cy1ecTBy0T OecCpoUyHbIe MPOTpaMMbl CyO-
CUUPOBAHUS ISl CTUMYJIUPOBAHUS U Pa3BUTHUSA
MapIIpyTHOM CETH aBHUAINEpPEeBO30K, HAIPaBIICH-
HbIE Ha MOJACPKKY aBUALMOHHOM MOJIBH>)KHOCTHU
yepe3 Mmoaaepkky mnepeBo3uukoB [11]. Hampu-
Mep, 10 2024 roga peaau3oBbIBaJIaCh MPOrpaM-

> PasBHTHE PErHOHATBHBIX 3POMOPTOB [ DIEKTPOHHBIH
pecypc] // Haunonanshsie npoektsl Poccun. URL:
https://xn--80aapampemcchfmo7a3c9ehj.xn--
plai/projects/modernizatsiya-transportnoy-
infrastruktury/regionalnye aeroporty/ (naTa oOpamieHus:
19.08.2025).
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Ma TIEPEBO30K IO TpaBWjaM, YTBEPKICHHBIM
nocraHosienueM IlpaBurenscrBa Poccuiickon
Oenepanun ot 2 Maprta 2018 roma, ocHOBHOM
[ETbI0 KOTOPOH SBISIIOCH CO(pHMHAHCHPOBAHUE
MEPEBO30K M0 MECTHBIM MapIIpyTaM, UMEIOIINX
coLMaIbHOE 3HAYEHHE, U HEOOXOIUMOCTL 00ec-
MEYEHHUsT TPAHCIIOPTHOW JOCTYITHOCTH YIaJICH-
HBIX PETMOHOB CTpaHBI6.

Takum 00pa3om, CyIIECTBYIOIAs CHUCTEMA
rOCy/apCTBEHHOTO PEryJIUpOBaHUs 10 (HakTy
BBICTPAMBAETCS Ha OCHOBE TAaKOTO HCTOYHHKA
MpaBa, KaK IPaBOBbIE HOPMBI.

[Tpu »TOM cuctema pearupyer Ha W3MEHEHHE
CTpaTeTUYECKUX 3a/1a4 rocynapctBa. MHCTpymMeH-
TaMU pearupoBaHMsl SBISIOTCS: (hopMHUpOBaHUE
CUTYaIIMOHHBIX KOMHCCHM, BBIMYCK CHUTYallMOH-
HOM HOpPMAaTHBHOW JOKYMEHTAllUU, OCYIIECTBIIC-
HUE Mep OIEpaTHBHOro pearupoBaHus. HeobOxo-
JMIMO OTMETHTB, YTO CaMO TOHSITHE «aBHUATPAHC-
MOpPTHAsE CUCTEMa» B OTEYECTBEHHOM 3aKOHOJa-
TeNbCTBE OTCYTCTBYeT. Kak TpeOoBaHMsA, Tak |
NESITEIbHOCTh 3JIEMEHTOB aBUATPAHCIIOPTHOU CH-
CTEMBI PETYIUPYIOTCS OTAeabHO. CyIecTByIOT
OTZAETbHBIEC (eliepalbHbIe aBUAIIMOHHBIC MPABHJIA,
pErJaMeHTUPYIOIIHE TPeOOBaHUS K aapo/:[pOMaM7,
OTJEJIbHbIE HOPMBI MPETYCMOTPEHBI AJIsl TIEPEBO3-
unkoB’. KacarensHo ABUAPEMOHTHBIX MOIIHOCTEMN

% [ocranosnenue Ipasurensctea PO Ne 215 ot 2 mapra
2018 r. «O06 yrBepxaennu [IpaBun npenocraBiaeHus
cyOcunuit u3 peaepansbHOro OrOKETa OPraHU3aAIHSIM
BO3JIyLITHOTO TPAHCIOPTA B LEISX 00eceyeHust 1o-
CTYITHOCTH BO3/yIIHBIX IIEPEBO30K HACEICHUIO U O TIPH-
3HAaHUM YTPATHBIINMHU CHIIy HEKOTOPBIX akToB [IpaBu-
TenbcTBa Poccuiickoit denepannmy» [DIEKTPOHHBIHN pe-
cype] // Tapanr. 2018. URL: https://base.garant.ru/
71892084/ (nara obpamenus: 19.08.2025).

" Ipuka3 MunucrepcTsa Tpancrnopta PO Ne 262 ot
25 aprycra 2015 1. «O0 yrBepxkaeHnn denepanbHbIX
ABUAIIMOHHBIX MpPaBUJI ((Tpe6OBaHI/lﬂ, IpEABABIIICMBIC
K a3pozipoMaM, IpeiHa3HaueHHBIM JUIs B3JIeTa, 110cal-
KU, PYJICHUS ¥ CTOSTHKH I'Pa’KIaHCKUX BO3IYILIHBIX CY-
noB» [DnexTponHsIi pecypc] // Tapant. 2015. URL:
https://base.garant.ru/71220192/ (naTa obpameHus:
19.08.2025).

¥ Ipukas Munucrepcrsa tparcmopra PO Ne 10 ot 12 sin-
Baps 2022 r. «O6 yrBepxxaennn denepanbHBIX aBHAIH-
OHHBIX npaBui «TpeGoBaHMS K FOPHINUECKUM JIULAM,
WHAWBUAYAJIbHBIM NPCANIPUHUMATEIIAM, OCYIICCTBIIAIO-
MM KOMMEpYECKUe BO3AyIIHbIe epeBo3ku. Popma u
MOPSIJIOK BBIIAYH JOKYMEHTA, HOATBEPIKIAIOIIETO COOT-
BETCTBHE I0PUANYECKOTO JINIA, HHINBHUYaIbHOTO
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OT/IENbHBIX HOPMAaTUBHBIX TPEOOBAHUI HE U3/1aHO.
OcHOBOIl 11 pEryJupOBaHUsl ABHAPEMOHTHBIX
MOIIHOCTEN BBICTYIIAIOT HOPMBI, IIPUMEHSIEMBIE K
CTPOUTENBCTBY 3JaHUI NPOMBIIIEHHOCTH, BKJIIO-
gasi TpeOOBaHUS K TIOKapHOM OE30MacHOCTH,
SHEPreTHYeCKO 3((PEKTUBHOCTH. ABHAPEMOHT-
HbIC MPEINPUATHS CTPEMATCA K COOTBETCTBHIO
TpeOOBaHMUAM, TPEIbABIAEMBIM TIPH SKCILTyaTa-
LMY 3[aHHI, COOPYKEHHI, a TAK)KEe BO3MOKHOCTH
BBITIOJIHEHUSI PEMOHTHBIX pabOT B OTHOLICHHU
BO3IYIIHbIX CyA0B. HOpMBI pa3MelieHud Takux
UH(PACTPYKTYPHBIX  OOBEKTOB  MPOIUKTOBAHBI
YCIOBUSMH  HCIIOJIB30BaHUS  MIPUAIPOIPOMHBIX
TeppHTopHﬁg. Cxema obrnacteil pacrpocTpaHeHHs
roCyJapCTBEHHOI'O PEryJIMPOBaHUS MpPE/ICTaBICHA
B Ta0OmI. 1.

MHorue HOpPMBI U INpaBWJIa HEPEIKO SBIIA-
IOTCSl TPYAHOBBINOIHUMBIMH JUISI MaJlbIX CyOb-
€KTOB TPAHCIIOPTHOM JESITEIbHOCTH.

Tak, TpeOoBaHuUs, MPEABSABISIEMblE K a3po-
JpoMaM Tpa)XJaHCKOW aBHALlMM, OJAMHAKOBO
pacnpoCTpaHAIOTCA KaK Ha KPYIIHbIE a3pOIOPTHI,
UMEIOIME CTaTyC MEKAYHApOJIHBIX, TaK M Ha
a’pOJIpOMBI MECTHOI'O 3HAYEHHUS, UMEIOLUE Ma-
JY}0O UHTEHCUBHOCTb I10 BBINOJIHEHHIO B3JIETHO-
nocafouHbix onepauuid [12]. Takue ycnoBus
CTAHOBATCSI MPUYMHON NEpPEeBOAA JIECATKOB Ma-
JBIX a3pOJPOMOB B CTATyC MOCAJ0YHBIX IUIOMIA-
JIOK ¥ BBEICHUS JIONOJHUTEIbHBIX OIpaHUYCHUN
[0 BPEMEHHBIM peXHUMaM paboTHl, YTO B CBOIO
ouepelb HEraTMBHO CKAa3bIBACTCsS HA aBUALIMOH-

MIpeANpUHUMATENS TPEOOBaHMAM (eiepaIbHBIX aBHa-
LUOHHBIX MPaBWI» [DNeKTpoHHbIH pecype] // TapaHT.
2022. URL: https://base.garant.ru/403703518/ (zara 06-
pamenns: 19.08.2025).

? Hocranosnenne Ipautenscta PO Ne 1460 ot 2 ae-
kabpst 2017 r. «O06 yreepxaennu [lonoxeHus o npu-
a’poapoMHoit TeppuTopun u [IpaBun paspenienus pas-
HOTJIaCHH, BO3HUKAIOIIMX MEX/y BBICIIUMH HCIIOIHHU-
TEJILHBIMH OpPraHaMH T'OCY/IapCTBEHHOH BIIaCTH CyObeK-
ToB Poccuiickoit denepanuu, ynoiasHoMoueHHbIMU [1pa-
BuTeNbCTBOM Poccuiickoit denepanmu denepaabHBIMI
opraHamH UCIIOJIHUTENBbHOM BiacTu U denepanbHoi
ciry»x00ii 10 HaJ30py B cdepe 3alIUThI IPaB MOTpeoH-
Tenel U 6J1aronoydrs 4eI0BeKa P COrTIaCOBAHUN
MIPOEKTa aKTa 00 yCTAHOBICHUH MPUAIPOAPOMHON Tep-
PUTOpUU U IIPYU ONPENEICHUY IPAHULL CEABMOM IIOI30HBI
MPHUA’POIPOMHON TEPPUTOPUN» [DNEKTPOHHBIHN pecypc]
// Tapant. 2017. URL: https://base.garant.ru/71825622/
(mara obpamienus: 19.08.2025).
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HOW TMOJBH)KHOCTH HACEJICHUSI U TPAHCIOPTHOMN
JIOCTYITHOCTH B PErMOHaxX. To €CTh B HEKOTOPOU
CTENEHU W30BITOYHOCTh TPEOOBAHUN B HTOTE
MPUBOAUT K CYIIECTBEHHBIM OTPAaHUYECHUSIM pa3-
BUTUS HUHOPPACTPYKTYPHl BO3AYILIHOTO TpaHC-
nopTa.

Tak)xe TeonoIuTuYecKue COOBITHUS BIUSIOT
Ha JAeATEIbHOCTh aBUAKOMITAHUN. Tak, MHUPOKO
pacrpocTpaHeHHas MpaKTUKa 3apyOexHOH pe-
TUCTpAlMd BO3AYIIHOTO ¢JoTa MOJBepria
pUCKY apecTa OOJBIIYIO [OJIO IapKa aBHa-
KOMIIaHui. Peanmusyemsbie «mocThakTym» pe-
TUCTpPAllMOHHbIE JCHCTBUS U OrpPOMHBIE (U-
HAHCOBBIE IOCJIEJCTBHUS BBIKYIa BO3AYIIHBIX
CyJlOB HAaHECIW 3HAYUTEIbHBIN YPOH JEATENb-
HOCTH TEpPEeBO3YMKOB. Mepbl 3aliuThl Mapka
BO3JYUIHBIX CYJOB OTEYECTBEHHBIX aBUAKOM-
NaHUN JOJDKHBI OBITH pa3paboTaHbl rocyaap-
CTBEHHBIMH OpraHaMH B LENIX oOecreueHus
0€30MacHOCTH JeATEeIbHOCTH.

B oTHoOmeHUM aBUApEMOHTHBIX MPEANPUs-
TUI HEOO0XOIUMO OTMETHUTh, YTO OTHEIBHOTO
HOPMAaTUBHOTO PEryJIMPOBaHUS 31E€Ch MPAKTHYE-
CKU He cyuiecTtByeT. Ilopsaok ux nedareabHOCTH
U OCHOBHbIE TpeOOBaHMSI K HUM HE yCTaHOBJIE-
HBI, YTO HE MO3BOJSAET C(HOPMUPOBATH E€IUHYIO
CTaH/IapTU3UPOBAHHYIO CUCTEMY OOCITYKUBaHUS
BO3YIIHBIX CYJIOB Ha (pe/iepaIbHOM YpOBHE.

Takum 00pa3om, COTIIACHO MEPEUHIO OOBEK-
TOB MHPPACTPYKTYPHI BO3AYIIHOTO TPAHCIIOPTA,
o0o3HaueHHbIX B cTaThe 7.1 Bo3mymHoro ko-
nexca Poccuiickoir ®enepanuu, aBuaTpaHC-
IOPTHAsI CUCTEMA B HAI[MOHAJIBHOM 3aKOHOJA-
TEIbCTBE MOXET OBITh ONpeJeieHa KaK KOM-
IUIEKC 00BEKTOB MH(PPACTPYKTYPHI BO3IYIIHOTO
TPAHCIIOPTa, Pa3MELIEHHbIX B paMKaX TI'paHUII
OTIPENICTICHHON TEPPUTOPHUH, 0OECTICUUBAIOLITUIN
MOTPEOHOCTH B MOOWMIIBHOCTH HACEJICHUS U Tie-
peBo3ke rpy30B. Mcxoas U3 naHHoro omnpenene-
HUSl aBUATPAHCIIOPTHON CHCTEMBI HEOOXOIMMO
cOopMHpOBAaTh TOHATHE AaBHATPAHCIIOPTHOTO
KJIacTepa KaK HMHTETPUPOBAHHOIO KOMILIEKCA
NpEeaNpUsITH U OOBEKTOB aBHATPAHCIOPTHOMN
CUCTEMbI, OONAJaroIIUX €IUHBIM MPOCTpPaH-
CTBOM JI€SITEIbHOCTH.
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Taomaunma 1
Table 1

PacnipocTpanenrie HOpMaTUBHOW 0a3bl HA CETMEHTHI aBU
Extension of the regulatory framework to segments of

aTPaHCIIOPTHOM CUCTEMBI
the air transport system

ABHATPAHCNIOPTHAsI CHCTEMA

Asponopt | ABHAKOMIIaHWS |

ABHAPEMOHTHOE NpeINpUATHE

OcHoenble HOpMamueéHble aKnbl

Bozaymmsrii kogexe Poccuiickoit @eneparuu (dacts 1 cratbu 5
«Bo3gymHoe 3akoHOnaTenbCTBO Poccuniickoit @enepanuu peryiu-
PYeT OTHOIIEHHA B 00JaCTH HCIIOIb30BAHUS BO3AYILIIHOTO IIPOCTPAH-
CTBa, OTHOIIIECHHS, BOSHUKAIOIINE B CBSI3U C JESTENBHOCTHIO B 001a-
CTH aBHalMM Ha Tepputopun Poccuiickoit deneparui...»)

®denepanbHblil 3aK0H «O rocy1apCTBEHHOM PETYJIHPOBAHUN PA3BUTHS

€My CTaTbu 1: «aBHAlMOHHAA OCATCIIBHOCTh — OPraHu3alliOHHAaA, IIPOU3BOACTBCHHAA, HAYYHAA 1 MHasA
ACATCIIBHOCTD... JIUII, HAIIpaBJICHHAA Ha MOJAACPIKKY U PA3BUTUC aBHUALlNU, YIOBJICTBOPCHUEC HYXKI S9KOHO-

MHKHU U HACCJICHUSA B BO3AYIIHBIX IECPCBO3KAX, aBUAIIMOHHBIX pa60Tax

HHE U UCIIOJIB30BAHUEC a3p0,£[p0MHOI>i CCTHU U a3POIIOPTOB, U PCIICHUC APYTUX 38.,[[3‘{)))

aBHalum» (COFJ'IaCHO 3.633Lly TPETh-

1 ycilyrax, B TOM 4YUCJIC Ha CO3Ja-

[Mocranosnenus [IpaButensctBa Poccuiickoit @enepanuu (mocra-
HoelieHue [IpaBurensctBa Poccuiickoit @eaeparuu ot 30 uross
2004 roxa Ne 395 «O06 ytBepxkaenuu [lonoxenus 0 MUHUCTEPCTBE
TpaHcnopra Poccuiickoit @enepannn», Tak IIpasurenscrso Poccuii-
ckoil deneparyyl yIoIHOMOUYMIO BEAOMCTBO PETYIUPOBATh BbIPA-
0OTKy rocyJapcTBeHHOH nonutukn MunTpanca Poccnn)

OAIl
Camble pacipocTpaHEHHBIE K IPUMEHEHHUIO:

1) mpuka3 MunTtpanca Poccun ot 28 utons 2007 romga Ne 82 «O06-
II1e PaBUiIa BO3IYIIHBIX MEPEBO30K MMacCaXUPOB, Oaraxa, rpy30B
¥ TpeOOBaHUs K 00CITyKUBAaHHIO TACCAXKUPOB, TPYy300TIIPaBUTEIICH,

Ipy30M0IydaTeneii» — peryJnpoBaHue IesTeIbHOCTH aBUaKOMITa-

HUH (TIEpEeBO30K);

2) npuka3z MunTtpanca Poccun ot 25 aBrycra 2015 roma Ne 262 «O6
yTBepkaeHnn denepaabHbIX aBUAIMOHHBIX TpaBui “TpeboBaHus,
IPeObsABIsIEMbIC K a3pOJpoMaM, IIpeJHa3HAYEHHBIM JUIS B3JIETa, 110-
Ca/IKH, PyJICHUA U CTOSHKHU TPaKJaHCKUX BO3IAYLIHBIX CYIOB”» —
peryiupoBaHue TpeOOBaHUM K a3poropTaM

SKCHHyaTaHI/IOHHaH U TCXHUYCCKast
JAOKYMCHTaluAd

Pezomonun NKAO (Bech nepedeHb TOKYMEHTOB HAalPaBJICH HA YCTAHOBICHHUE PErjlaMeHTa MpoLeayp,

TpeOOBaHM K UCIOIBb30BAHUIO TPAHCIOPTHBIX CPEICTB H 0OBEKTO
TpaHCIIOPTa)

B WH(PPACTPYKTYPHI BO3IYITHOTO

JIOHOJ'IHHTQJII)HLIC HOPMATUBHBIC AKTbI

I'papoctpoutenbubiii koaekc Poc-
cuiickoit deaeparuu

(mampumep, MOAMYHKT 2 cTaTthu 48.1
ornpenenseT 00beKTH HHPPACTPYK-
TypBI BO3LYIIHOT'O TPAHCIIOPTA,
MpelHa3HaYeHHbIE U1 B3JIeTa, Mo-
caJlku ¥ 00CITy>)KUBaHHS BO3LyIIHBIX
CYIOB Kak 0c000 OIacHbIE, TEXHU-
YEeCKHU CIIOKHBIE U YHUKAIbHBIE 00b-
€KTBhI)

I'paxnanckuit kogexc Poc-
cuiickon denepanun

(rnaBa 27 «IlonsTHE U yCT0-
BHUSI IOTOBOPA» PETYIUPYET
B3aUMOOTHOIIEHUS MEXTY
aBHAKOMITAaHHECH M TTaCCaXKH-

pom)

I'panoctpoutenbHblil Koaekc Poc-
cuiickon denepanuu

(mampumep, myHKT 11 craThu 48.1
OTIpe/IeTISIET OMacHbIe TPOU3BO/I-
crBeHHble 00beKThI [ 1 II kimaccoB
OTIaCHOCTH, Ha KOTOPBIX TOTyYar0T-
Csl, HCTIOJIB3YIOTCS, TIepepadaThIBa-
I0TCS1, 00pa3yIOTCs, XpaHATCS,
TPAHCTIOPTUPYIOTCSI, YHUUTOKAIOT-
Csl OTIaCHBIC BEIIECTBA)

3eMenbHbII Kogeke Poccuiickon
Oeneparuu (9acthb 5 crater 90 «B

3eMenbHbIN Kogeke Poccuiickoii
®Depnepanny (B COOTBETCTBHH C Ya-
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ABHATPAHCIIOPTHAsI CHCTEMA

Asponopt

ABHAKOMIIAaHUSA

ABHAPEMOHTHOE NMpenpusATHE

LEJSIX 00SCTICUCHHS ICATSIbHOCTH
OpraHu3alui ¥ SKCILTyaTaluu 00b-
€KTOB BO3yIITHOT'O TPAHCIIOPTA MO-
I'YT IPEAOCTABIATHCS 3€MENbHbIC
YYaCTKH JJIs Pa3MEIICHHUS a3porop-
TOB, a3POAPOMOB, a3POBOK3AJIOB,
B3JICTHO-TTOCAI0OYHBIX MOJIOC, IPYTUX
Ha3eMHBIX 00BEKTOB, HEOOXOIUMBIX
JUTSL DKCIUTyaTalluu, COACPKAHNUS,
CTPOUTENHCTBA, PEKOHCTPYKIIHH,
PEMOHTA Ha3eMHBIX U TOI3EMHBIX
31aHUN, COOPYIKEHUM, YCTPOUCTB U
JIPYTUX 0ObEKTOB BO3IYIIIHOTO
TPAHCIIOPTA)

ctbio 8 crathu 105 mpuaspoapom-
HBIE TEPPUTOPHUH SIBJSIIOTCS 30HAMU
¢ 0COOBIMH YCIIOBUSIME TEPPUTOPHIA
Y UMEIOT OTPaHUICHIS Ha pa3Me-
IIEHUE B UX IPAHUIIAX OOBEKTOB)

I'paxxmanckuii kogexe Poccuiickoi
Oenepanuu (rnaBa 27 «Ilonarue u
YCIJIOBHS IOTOBOPA» PETYIUPYET
B3aMMOOTHOIIICHHS MKy TIpE-
MPUSTUSIMH)

I'paxxnanckuit koaexe Poccuiickoi
Oepnepannu (rnaBa 27 «llonstue u
YCIIOBUS IOTOBOPa» PETYIUPYET
B3aMMOOTHOIIIEHUS MEXKAY Tpe-
MPUSATHSIMH)

Konekc Poccwuiickoii @enepanuu 00 aIMUHUCTPATUBHBIX MPABOHAPYIICHUSX (IPOTUBONPABHBIC ACHCTBUS,
HapyIIaroIUe YCTAHOBICHHBIC MOPS/KH, Ha TeppuTopuu Poccuiickoit denepaiiuu, BKIHOUAsT a3pOHOPTHI,
BO3YIIHBIE CY/Ia, & TAKKE aBUAIIPOM3BOACTBEHHBIC IPEANPUATHS, KBATU(DUIIUPYIOTCS KaK HapyIICHUS
0O0IIIECTBEHHOTO MTPABOIOPSIKA U ITOIJICKAT BMCHEHHIO 32 HUX OTBETCTBEHHOCTH B TIOPSIIKE, YCTAHOBIICH-
HOM KOZICKCOM)

YromoBubIA Koneke Poccutickoit Deaepanun (0co00 TSHKKHAE MPOTUBOIIPABHEIC TEHCTBHS, TTOBJICKIITHE 3a

coboi MIPUYIUHCHUE MaTECPHUAJIBHOI'0 BpE€aa, TAXKKOI'0 Bp€la KM3HU U 3J0POBBIO YHaCTHUKAM BO3yIITHOI'O

TPAHCIIOPTA, a TAKXKE JICTATBHBINA UCXO, ¥ (MJIN) aKT HE3aKOHHOTO BMEIIATEILCTBA B MTPO(ECCUOHATBHYIO

NIesITeIbHOCTh, COBEPILIEHHBIE Ha TeppuTopuu Poccuiickoii denepanu, BKIIFOYas a3pOTOPTHI, BO3AYITHBIE

Cylla, a TaK)Ke aBHAIPON3BOACTBEHHBIE MTPEANPUATHS, KBATH(YULIUPYIOTCS KaK YTOIOBHBIE MMPECTYIUICHUS
Y OJJICKAT BMEHEHHIO 32 HUX OTBETCTBEHHOCTH B MOPSIKE, YCTAHOBICHHOM KOJIEKCOM)

HMcTouHHK: COCTaBICHO AaBTOpaMHU.

C 2022 roma mpocCieXKHUBAETC TEHIACHUUS
dbopMHUpPOBaHUST W AKTUBHOTO DPA3BUTHUS HOBOM
HUILIA, OTIEIBbHOW OTpacid Ha BO3AYIIHOM
TPaHCTIOPTE — OECMUIOTHBIX aBUAIMOHHBIX TEX-
Honoruii. IlepBeIii pa3 HKCHEPUMEHTAIBHO-
MPABOBOM pPEKUM OBUT BBENIEH TOJIHKO B KOHIIE
2023 roma B Tomckoit obmactu. COOTBETCTBY-
I0llle€ HOPMATUBHO-TIPABOBOE PETYJIUPOBAHUE
BBOJIMTCSI TPAKTUYECKU OJHOBPEMEHHO C pealu-
3a0Ueld MPOU3BOJACTBEHHBIX WHULIMATUB JaHHOU
oTpacnu. Takum oOpa3oM, BTOPBIM MPOOJIEM-
HBIM BOIIPOCOM OCTAE€TCSl OTCYTCTBHUE MPOAKTUB-
HOTO TOJXO0Ja K pa3paboTKe HOPMATHUBHO-
NpaBOBOM Oa3bl.

[IpoakTUBHBIN MOAXOA UMEET IEIbIO BBISB-
JIEHUWE W yCTpaHeHUe CIabbIX MECT B pelIeHU-
SIX, COOTBETCTBYIOIIMX pPa3HbIM ATalaMm >KH3-

94

HEHHOTO LIMKJIa aBHAIIMOHHO-IIPOMBIIIIJIEHHOTO
KoMIUIekca. llpuMepom peanm3anuu mpoak-
TUBHOI'O IMOAXOAAa Ha cTaguu (OPMHUPOBAHUS
cnenuuKaul CUCTEMHBIX TpeOOBaHUN MoO-
KET CIYXKUTh IPOBEpKA HAJUYMs y CHCTEMBbI
(GyHKIMOHATBHBIX U HE(PYHKIIMOHAIBHBIX Tpe-
OoBaHmuii cBoiicTB [13].

[TpoakTUBHBIN MOAX0] K pa3paboTke mpen-
cTaBjseT co00il mporuecc NOAroTOBKH MEepBUY-
HBIX PETYJSTOPHBIX HOPM M MEXaHHM3MOB Ha
JTane BHEJPEHMsS COBEPIIEHCTBOBAHUH B OT-
pacib WM BHECEHHUS B €€ JACSATEeNbHOCTb HO-
BU3HBI, B pPaMKax KOTOPBIX (OPMHUPYIOTCA HO-
BbIC THUIIbI CBSI3€H YYACTHUKOB WJIM IIPOLECCOB,
CBA3aHHBIX C OOBEKTaMM IPABOBOIO pEryiu-
pOBaHUSI.



Tom 29, Ne 04, 2026

HayuHblit BectHuk MITY TA

Vol. 29, No. 04, 2026

Tak, TPOaKTHBHBIN MMOJXO0J K pa3paboTKe
HOPMAaTHUBHO-IIPABOBOM 0a3bl BKIIOYALT:

1) moAroTOoBKY 0a30BBIX PETYJIHPYIOUIUX
HOpPM, KOTOpPBIE 3aKPEIUISIIOT KOHLIENTYyaJIbHbIE
MOJIXO/IbI K OCYILIECTBICHUIO 1€ATEIbHOCTH;

2) yCTaHOBJIEHHE TEPMHHOJIOTUH, 0a30BBIX
MIPOILIECCOB;

3) ompeneneHue posiel y4aCTHUKOB MPOILIEC-
COB;

4) ycTaHOBJIEHME Li€lEH, OCHOBHBIX IIPaB U
00s13aHHOCTEN yUYaCTHUKOB.

[IpumeHeHre TpOaKTUBHOTO MOAX0/1a MOXKET
MpelycCMaTpuBaThCS B MPOTPaAaMMHBIX JOKYMEH-
Tax OpPraHoOB IOCYJapCTBEHHOM BiacTh. Hampu-
Mep, B paMKaxX TOCyJapCTBEHHBIX MPOTrpamMM Mo-
I'YT BBOJAUTBHCS JOIOJIHUTENBHBIE PE3YNbTATHl U
MOKa3aTeNH.

OTta Mepa MO3BOJUT MOBBICUTH YPOBEHB J10-
CTHD)KEHHS TOKa3aTenei rocyaapcTBEHHBIX IPO-
rpaMM U MOBBICUTH 3(PPEKTUBHOCTh BHEIPECHHUS
WHHOBAIIMM WM JIPYTUX CTPYKTYPHBIX H3MEHE-
HUI B OTPACIIH.

bosee TOro, mMpoOaKTUBHBIA TOAXOJ JaCT
BO3MOYKHOCTh JKCIEPTHOMY COOOIIECTBY CBOE-
BPEMEHHO BHOCHTb M3MEHEHHUs B pa3pabaTbiBa-
eMyI0 HOPMAaTUBHYIO 0a3y, 4TO B CBOIO OYEpelb
CHU3UT PHUCKU TMPUHATUS HECOOTBETCTBYIOIIMX
pEAIbHBIM YCJIOBHSIM JI€ATEIBHOCTU AKTOB U
PUCKM HEOOXOAMMOCTH peau3allid MHOTOCTY-
IIEHYaTOr0 IIpoLecca 10 BHECEHUIO U3MEHEHNUN B
npuHATyl0 0azy. B wrore obOmas s¢dexTus-
HOCTh TNIPABOBOTO PETYJIUPOBAHUS MOXET OBITh
MOBBILICHA.

Takxe NPOAKTUBHBIA MOAXOJ K TOCylap-
CTBEHHOMY PEryJHpPOBAaHUIO B LI€JIOM IO3BOJISET
OTIEpATUBHO YIPABIATH PUCKAMU U YBEIHMYUBACT
KOOpJMHALIMIO JEATEIBHOCTH B CIIy4ae BO3HHUK-
HOBEHHS SKCTpPaOpAMHApHBIX ycioBuil. Hambo-
Jee SIPKUMH TNpUMEPAMHU MPUMEHEHMsI TaKOro
MOJIX0Ja Ha TOCYJAapCTBEHHOM YpOBHE ObLIN
KOMIUIEKCHI iericTBuil B 2019 roay (00bsiBIeHNE
MaHAEMHUHU KOPOHABUPYCHOW MH(MEKINU U MEpHI,
npuHuMaeMsle [IpaButensctBom Pocculickon
@denepanii O  OpPraHU3allMd  CAHKIUH Ha
BBE3]/BBIe3] U3 cTpanbl) U B 2022 roxy (opra-
HU3alus pabOThl KOMHCCHU TIO MPOTHUBOMACH-
CTBUIO BHEIIHECAHKIIMOHHOMY JIaBJIEHUIO CO
CTOPOHBI HEJIPY>KECTBEHHBIX CTPaH).
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Takum oOpa3oM, TPOAKTUBHBIA TOJIXO]
MOXHO ONPEEIUTh KaK MEPCIEKTUBHBIN MPUH-
WM yOpaBJICHUS PEruOHAIbHBIMU aBUATPAHC-
MOPTHHIMU CHUCTEMaMHM 3a CUET €ro aklIeHTa Ha
MPOTHO3UPOBAHUM CTPATETMYECKUX HaIpaBiie-
HUHM ¥ KJII0YEBOM ponu aHanu3a (pakTopoB TEH-
JICHIIMY Pa3BUTHUS OTPaCIIu.

Pe3y.]'II>TaTbI HCCJIeJ0OBaAHUA

OTHOCHUTENIBHO pa3BUTHUSl PETHOHAIBHBIX
aBUATPAHCIOPTHBIX CHCTEM 3aKOHOJIATEIbCTBO
MOXXET OBITh PACIPOCTPAHEHO B paMKax MeXa-
HU3Ma «KOMIUIEKCHOTO Pa3BUTHUS TEPPUTOPHID»
(KPT)'".

KomrutekcHoe — pas3BuTHE TEeppUTOpUil B
HACTOSIIIIEE BpPEMS aKTUBHO PAaCIpPOCTPAHICTCS
Ha JKUIUIIHBIE 00BEKTHl U 00BEKTHI COLUATIBLHOM
UHPPACTPYKTYphl. MeXaHU3M peau3yercs Iy-
TEM TNepeadn MOJTHOMOYHN TPHHSATHS PELICHUS
roCyJIapCcTBOM (pErHOHAIBHBIM N (enepaib-
HBIM YIIOJIHOMOYECHHBIM OpPIaHOM) OTBETCTBEH-
HoMy nuiy. OCHOBaHWE Tepefadd — pEIICHHE
OpraHa BIIaCTH W 3aKJIIOYEHHOE COTJIAIICHHUE C
OTIpEICIICHHBIMU OOLITMMH YCIOBUSIMH TMEpeIadn
(0OBEKTHI, TPAaHMIIBI TEPPUTOPHUH, TpaBa U 00s-
3aHHOCTH CTOPOH, CPOKH pPEaJHM3alid TPOCKTa
KPT, ¢unaHcOBBIE TNOKa3aTenH M pPE3yJbTATHI
peannzauuu npoekra KPT). IlepbiM sTanom
peamm3zanun npoekta KPT cmyxut pa3paboTka
MPOEKTHOM JOKYMEHTAIlMH II0JI TEPPUTOPHUIO
WM pa3paboTKa M YTBEP)KICHUE MacTep-IUIaHa.
B 5TOM 1IOKyMEHTE pPacCUMTBIBAIOTCS KOJIHYe-
CTBEHHBIC TOKa3aTeNN HACEIEHUs, PacIoyioxkKe-
HUE BHOBb CTPOSIIUXCS OOBEKTOB JKUIHUIIHOTO
dbonma, HEoOXoaMMAs IS KU3HH COIMAIbHAS
UHPPACTPYKTYpa, OOBEKTHI YIUYHO-TOPOKHON
CeTH U TPHUIOMOBBEIE TeppuTopuH. Ha mepBbix
JTanax MacTep-IJIaH PacCYUTHIBACTCS COBMECT-
HO ¢ ()MHAHCOBOW MOJIEINBIO, KOTOpasi MPE/ICTaB-
JSIeT HECKOJIBKO CLIEHapUeB IBM)KEHUS (DHUHAH-
COBBIX PECYpPCOB, OTOOPaXAIOUIMX HCTOYHHUKU
(uHAHCUPOBAHMS, MPOTHO3bl TUHAMUKH U

10 KoMITJIEKCHOE Pa3BUTHE TEPPUTOPHUHU [ DIEKTPOHHBIN
pecype] // Munctpoii Poccun. URL:
https://minstroyrf.gov.ru/trades/kompleksnoe-razvitie-
territoriy/ (nata oopamenus: 19.08.2025).



HayuHblit BectHuk MITY TA

Tom 29, Ne 04, 2026

Civil Aviation High Technologies

CTPYKTYpBI I0XOA0B U PacXx0J0B B paMKax Ipo-
ekta KPT. Mogens (pUHAHCOB MOAJIEKUT OCO-
O0My BHHMMAaHHUIO IPU PACCMOTPEHHM IPOEKTa
iana. Ilocne ogobpenus macrep-IuiaHa HacTy-
MAeT CIACAYIOUIMM JTal pealn3aliy IMPOEKTa, Ha
KOTOPOM MPOBOJATCS MPOLEAYpHl 1O odopmIe-
HUIO 3€MEJIbHBIX Y4acTKOB (YCTaHOBJIEHUE BHJA
pa3pelIeHHOr0 MCIOJIb30BaHus, KaJacTpUpOBa-
HHUE, ME)XEBaHUE, PEerucTpanus mpaB COOCTBEH-
HOCTH U 1p.). [locne BhIMOIHEHUST pacueToB (u-
HAHCOBOW MOJIEIM HAaYMHAETCA IMPOLECC peau-
3allUU IPOEKTA.

B nocnennee Bpemst addexTuBHON cebs mMo-
Ka3aJla KOHLIETLUS €IMHOTo 3acTpoiuka. Kon-
nenuus npumeHeHa B KamyaTckoMm Kpae, rue
OJITHUM 3aCTPOMIIMKOM BBITIOJTHEHBI Takue pado-
ThbI, KAK PEKOHCTPYKLIMS U CTPOUTENIBCTBO Kpae-
BOI OONBHUIIBI, PsJIa KUIBIX OOBEKTOB, a TAKKE
CTPOUTENIBCTBO HOBOTO a3POBOK3AJIBHOIO KOM-
wiekca B asponoptry IlerponaBnosck-Kamuar-
ckuii (EnuzoBo).

Heob6xonmumo oTMeTHTb, 4TO 1711 3P PEKTHBHO-
ro npumeHeHus: mexannsma KPT s pernonans-
HBIX aBUATPAHCIOPTHBIX CHUCTEM HEOOXOAUMO
YCTaHOBJIEHHE 0COOOr0 MPaBOBOI'O PEXUMA.

B Hacrosmiee BpeMs 0cOObIM MPaBOBHIM pe-
KMMOM HaJIeJIeHa JIMIIb IPHAa’POAPOMHAs Tep-
puropust (ITAT). B cnyuae KOMIUIEKCHOTO pa3-
BUTHSlI PETMOHAIBHON aBHUATPAHCHIOPTHOM CH-
CTEMBbI TaKXXe HEOOXOIUMO MPHUHATUE OTEIbHO-
ro HOPMAaTHBHOI'O IIPaBOBOTO AaKTa, MO3BOJIAIO-
IIEr0 KaTeropupoBaTh OOBEKTHI MHPPACTPYKTY-
pBbl, 30HUPOBATH TEPPUTOPUHU 1O (YHKIIMOHAIIb-
HOMY IIPU3HAKY, a TAKXKE pacCMaTpUBATh BOIIPO-
Cbl O TPEJOCTaBICHUM CHEIHAIbHBIX IpaB
yY4acTHMKaM I10 MOJ0OUI0 3aKOHOJATEIbCTBA
OTHOCHUTENIBHO OCOOBIX SKOHOMHUYECKHUX 30H U
30H C 0COOBIMHU YCIIOBHSIMU UCIIOJIb30BAHUS TEP-
putopuid. TakMMu 30HaMH BHYTPY KOMIUIEKCHOU
(YHKIMOHATILHON TEPPUTOPUH MOTYT CTaTh Kak
MPUAdPOJIPOMHAsl TEPPUTOPUSL, TaK U 30HA HE-
aBUALMOHHOM JEATEIIBHOCTH, a TaKXe 30Ha
aBUALMOHHOM J1€ATEIbHOCTH.

Kak m3BectHo n3 IlonmoxxeHuss o mpuaspo-
JPOMHOM TeppI/ITopl/II/I9, y TOpUA3POAPOMHOMN
TEPPUTOPUU CYLIECTBYET LIECTh MOA30H C Orpa-
HUYEHUSIMHM Ha paclpocTpaHeHue (0OBEKTHI
VYB/I, BBICOTHBIE OTPaHUYEHUS Ha 3[aHUs, Orpa-
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HUYEHUS M0 PA3MELICHUI0 PaJUOTEXHUYECKHX
O0OBEKTOB, OTPAHUYECHHS TIO PA3MEIICHUIO IPO-
M3BOJICTB C MHCHOJB30BAHUEM B3PBIBUATHIX U
BOCILJIAMEHSIOIIMXCA BEILECTB, OPHUTOJIOTHYE-
ckue orpannueHus [14] U cBsi3aHHBIE CO CKOII-
JIEHUEM TBEPIbIX KOMMYHAJIbHBIX OTXOIOB) U
ceapMasl OTJEbHAs MOJ30HA C OrPaHUYCHHUSIMU
[0 CAHUTAPHOM 3aIKUTE HACETICHUSI.

VYcTaHOBIEHUE OTAENBHBIX KOMIUIEKCHBIX
¢ysnkunonanbHbIX 30H (KDT) morpebyer mpu-
HATHSL OTIEIBHOTO HOPMATHBHOIO ITPaBOBOTO
aKTa, PeryJUPYIOUIETro AESITeIIbHOCTh MPeIpusi-
TUH, KOTOpble OYyIyT HaXxOOUThCS B UX TpaHH-
11ax, B ToM uuciie BKatoueHue B Hux ITAT.

B cocraB KOT, nomumo ITAT, moryT BolTH
30HBI PACMIPOCTPAHCHUS] HEABUALMOHHOM Jesi-
TEJIBHOCTH U ABUALIMOHHOW JI€ATEIbHOCTH.

Jlist peanu3anuu JaHHOU uaewn moTpedyercs
W3JaHue MOJ3aKOHHBIX aKTOB B pamkax B3K P®,
I'pamocTpouTenbHOro U 3€MENbHOIO KOAEKCOB
Poccuiickoit deneparumu.

[Ipumep cxeMbl pacnpoCTpaHEHHUS TaKOro
MEXaHU3Ma MPUBEJICH Ha puC. 2.

Ha puc. 2 okpyXHOCTSIMU BBIJCIIEHBI COOT-
BETCTBEHHO:

1) ¢yHKuMOHANbHAs KOMIUIEKCHAs Teppu-
TOpHUsA, HAa KOTOPOH YCTaHABIMBAIOTCS OCOOBIE
MOPSI/IKYU, €IMHBIE MTpaBUjia EATEIbHOCTH U B3a-
HMOJICHCTBHS,

2) mpua’poApoMHasi TEPPUTOPHS, UMEIOIAs
0CcOOBbIC OTpaHUYEHUs U TPEOOBaHUS HAa OCHOBE
3eMellb C OCOOBIMH YCIIOBUSIMU HCIIOJIB30BaHUS
TEPPUTOPUIL;

3) 30Ha aBHUAIMOHHOMW AEATEIHHOCTH, B KO-
TOpPOH periiaMeHThl, CTaHIapThl U TPEOOBaHUS K
y4acTHUKaM MOTYT CO3JaBaTh CHelu(HuecKue
YCIIOBUS, C IIOMOULIBIO KOTOPBIX BO3MOXHO
YCTPAHEHHE OPTaHU3ALMOHHBIX U TEXHOJIOIMYe-
CKHX PUCKOB

4) 30Ha HEaBHAIIMOHHOW  JIEATEIBHOCTH,
uMeroImas ocoOble yCIIoBHs 0€30MacHOCTH, pe-
[JIAMEHT JEATEIbHOCTH KOMMEPUYECKOTO CEKTO-
pa. B naHHON 30HE BO3MOXXHO YCTaHOBJICHHE
MpaBWI M OOIIMX CTaHJAPTOB TEXHOJOTHUH Mepe-
CaJIKU MAaCCaXXUPOB, Pa3MEILEHUs TPY30B U JIpy-
ruX O0ECMeunBaOIIMX MPOIECCOB MEPEBO3OK,
CBSI3aHHBIX C OOCTY>KMBaHHEM I[aCCaKUPOB U
IPy30B.
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Puc. 2. Cxema MexaHU3Ma TOCY/IapCTBEHHOT'O PETYJIMPOBAHMUS KOMIIJIEKCHON (YHKIIMOHAILHON TEPPUTOPHUI
aBHa’I‘paHCHOpTHOﬁ CHUCTEMBbI
Fig. 2. Scheme of state regulation mechanism of the integrated functional territory of the air transport system

B pamkax ¢popMupoBaHHUs TAKOTO MEXaHU3Ma
paspemaroTcs mpoOJIeMbl peryJIupoBaHUs B3au-
MOJICHICTBHSI YYaCTHUKOB aBUATPAHCIIOPTHOMU
CUCTEMBI, eMHO00pa3us (hOpMaIbHBIX TPeOOBa-
HUI K OOBEKTaM CHUCTeMbl. B OCHOBEe Takoro
MOJX0/1a K TOCYJapCTBEHHOMY DPETYJIHPOBAHUIO
Oyzer nexath oOlee IeernoaraHie K CUCTeMe
BO3YIIHOTO TPAHCIIOPTA.

Jns hopMUpOBaHHsT KOMIUIEKCHBIX (DYHKITHO-
HAJIBHBIX 30H HEOOXOIMMO UCIOIb30BATh PacyeT
X oOjacTell B paMKax TEXHOJOTHYECKHX TIPO-
IIECCOB OpPTaHU3aIMH MEPEBO30K Ha BO3IYIIHOM
TPAHCIOPTE B KAXKIOM KOHKPETHOM ClTydae,
BBO/IS [TOKA3aTeIN OTPAHUYCHUH B CUCTEMY .

Tak KaK OCHOBHBIM TOKa3zateiaeM A(PEeKTHB-
HOCTU TOCYAApCTBEHHOM TOJIMTUKU B 00JacTH
Pa3BUTHSI AaBHATPAHCIIOPTA SBISCTCS aBHAI[HOHHAST
TOJBHKHOCTh HACCICHHS ||, KOTOpast COIJIACHO

" TIpuka3z Muntpanca Poccuu Ne 388 ot 1 Hosiopst 2024 r.
«O06 yTBepKIEHIHN METOAMK pacyeTa moKa3aTenen
HalMOHAJILHOTO NPoeKTa « P QEeKTUBHASI TPAHCIIOPTHAS
CHCTEMa» U BXOAALIErO B HEro (ellepalibHOTO MPOEKTa
«Pa3BuTHE OMOPHOH ceTH adpoApoMOBy. [IpunoxeHnue
Ne 1 [Dnexrponnstii pecype] // Koncynsrantllimtoc.
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yTBEpKIeHHOW MunucTepcTBOM TpaHcnopra Poc-
cuiickori denepany METOAUKE PACCUMTHIBACTCS
KaK OTHOILLICHHE KOJMYECTBA IIEPEBE3CHHBIX I1AC-
Ca’KMPOB, IIEPEBE3CHHBIX BO3AYIIHBIM TPAaHCIIOP-
TOM, 3a OTYETHBIM NepHoJ K OOLIel YMCIEHHOCTH
HACEJICHUS 3a TOT K€ TepHoj, To pacueT 3dhex-
TUBHOCTH IIPUMEHEHUs] MeXaHu3Ma (OopMHUpOBa-
HUSI KOMIUIEKCHBIX (DYHKIIMOHAJIBHBIX 30H 4epe3
aBMAIIMOHHYIO HOJABM)XHOCTb MOXET OBITh Mpen-
CTaBJICH T10 CIeayIoIel popmyIie:

Hep — Mg

Ants(b =i [{t 5

(1

rae Allygy — KodQ@UIMEHT aBHAMOHHOW I1O-
JIBHKHOCTH;

Iy — KOIMYECTBO MEPEBO30K BO3IYIIHBIM
TPAHCIIOPTOM 3a TEepUoJ t Ha TEPPUTOPUU aBHA-
IIMOHHOTO y3JIa C MPUMCHCHHEM KOMIUICKCHOU
(YHKIIMOHATILHOM 30HBI;

[Ty, — KOJIMYECTBO MEPEBO30K BO3IAYIITHBIM
TPAHCIIOPTOM 3a TEeproJ t Ha TEPPUTOPUU aBHA-

2024. URL: https://www.consultant.ru/document/cons_
doc LAW 496736/ (nata obpamenus: 19.08.2025).
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[MOHHOTO y3/1a 0e3 MPUMEHEHUs KOMIUIEKCHOU
(YHKIIMOHATILHOM 30HBI,

Yt — cpenHss YUCICHHOCTh HACEJICHUs 3a Tie-
puon t.

PazpabGorannass aBTopamu ¢opmysa IMO3BO-
JUT OMNPENEIUTh OTHOCUTENBHBIN 3PQeKT oT
NPUMEHEHHUS  KOMIUIEKCHOTO  IUJITAHUPOBAHUS
(YHKIIMOHATLHON TEPPUTOPHH, CPOPMHUPOBATH
Y IPOaHAIM3UPOBATh MPOTHO3 TAKOTO MOIX0a K
Pa3sBUTHIO PETHMOHAJIBHBIX aBHATPAHCIOPTHBIX
CHUCTEM Ha TMEePBUYHOM YPOBHE C OpHEHTaluen
Ha KIJIIOYEeBOHM MoKa3aTtesb 3((eKTuBHOCTH Toc-
YAApCTBEHHOW MOJIUTUKU B OOJACTH Tpa’kKIaH-
CKOM aBMallMM — aBUAIMOHHAs MOJBH)KHOCTb
HACEJICHHs, B TOM YHCJE IO PErHOHaIbHBIM
MapuipytaM MuHyst MOCkBy.

OO0Omag cucreMa nokKasarelled Uil aBHa-
TPAHCHOPTHOTO KJIACTepa JOJIKHA BKIIOYATH!

e KapTy TEXHOJOTUYECKUX IMPOIECCOB IO
00eCTIeYeHHIO aBUATPAHCTIOPTHBIX IEPEBO30K;

e TOKa3aTelab OIEHKH 3(PPEeKTUBHOCTH
NPUMEHEHHS KJIAaCTEPHOTO mojaxoza (pacder 3¢-
(EKTUBHOCTH TPUMEHEHHsS MeXaHu3Ma ¢op-
MHUPOBaHHUA KOMIUIEKCHBIX (DYHKIMOHAIBHBIX
30H Yepe3 aBUAIIMOHHYIO TOJIBUKHOCTB);

e 3aKOHOJAATENBHYIO 0a3zy peryIupyromux
JTOKYMEHTOB.

Takum 00pa3oMm, TNpelCTaBlICHHAs CHCTEMa
MOKET OBITh c(hopMupoOBaHa Ha 0a3ze PErMOHAIb-
HOW aBUATPAHCIIOPTHOW CUCTEMBI JIJIsl YBEIIMYCHHUS
cUHepruu (yHKIIMOHUPOBAHUS aBHATPAHCIIOPT-
HBIX npennpustuil. Ha 6aze npennokeHHON KOH-
LEMLUU B KAUeCTBE Pa3BUTHS TEMbI HCCIICAOBAHUS
MOTYT OBITh PACCMOTPEHBI BOMPOCHI 00ECTICUSHHUS
3P PEKTUBHOCTH TPOIECCOB ABUATPAHCIIOPTHOTO
KJlacTepa, B YACTHOCTU OIEpAllIOHHAs JeATelb-
HOCTh a3pOIOPTOB M aBUAKOMIIAHUM, BKIIOYAIO-
nias obecreyeHre 6e30MacHOCTH, IOCTPOCHUE CH-
CTEeM JyIsl 00eCTIeYeHus TPY30I0TOKOB M MaCCaKu-
POIOTOKOB ¥ (POPMHUPOBAHUS TOITOCPOYHOM CTpa-
TETHH Pa3BUTHSI KAIPOB U TEXHOJIOTHH.

3akioueHue

YuuteiBas H3JIOKCHHOC, MPCACTABIACTCSA
BO3MOXHBIM OINPCACINTb, YTO T'OCYdapCTBCH-
HOC PCryjJupOBaHHUC PA3BUTHUA PCTUOHAJIBLHBIX
ABUATPAHCIIOPTHBIX CHCTEM ABJISACTCA BaX-
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HEWIIMM pBIYAroM B Pa3BUTUU BO3IYIIHOTO
TpaHCIIOpTa W HMeeT ocoboe 3HadYeHue s
Poccuiickoii denepanuu BCIEeACTBUE TEPPUTO-
puanbHBIX ocoOeHHOcTel. [Tomumo npaiiBepa
SKOHOMHUYECKOTO POCTa, TPAHCIOPT obecreyun-
BAaeT MOJBWXHOCTb HACEJIEHUs, Pa3BUTHE OT-
JaJICHHbIX peruoHoB cTpansbl [15]. [loaxoas! k
Pa3BUTHUIO PETHOHAIIBHBIX aBHUATPAHCIIOPTHBIX
cuctem Poccuiickoit denepaniu UMEIOT 4YET-
KYI0 TOCYyJapCTBEHHYIO COCTABJISIIONIYIO B CBSI-
3u co crnenudukoir orpaciau. OTmMeyaercss OT-
CYTCTBHE IMMAapaMeTPOB OLCHKU (PYHKIIMOHUPO-
BAaHUS aBUATPAHCIIOPTHBIX CUCTEM C TIOMOILBIO
roCyJapCTBEHHBIX MeXaHU3MOB. OTCyTCTBUE
MOJTHOTO KOMILJIEKCca IMOJ3aKOHHBIX MPaBOBBIX
aKTOB B HEKOTOPBIX BOMPOCAX KOMILIEKCHOTO
Pa3BUTHS TEPPUTOPHUIA.

[IpennoxeHHass cxema MeXaHHU3Ma TOCY-
JApCTBEHHOTO PETyJHUPOBAaHUSI KOMILIEKCHOMN
(YHKIIMOHATBHON  TEpPUTOPHHM  aBHATpPAHC-
MOPTHOM CHCTEMBbI OCHOBBIBAETCS Ha MOAXOE
dbopmupoBaHus (QYHKIHOHAIBHBIX 30H, YTO
MO3BOJIUT NPUMEHUTHh MPOLECCHBIH MOIXO0N
BHYTPHU CUCTEMbI U ONITUMU3UPOBATH TEXHOJIO-
rUYecKHe ONepaly OpraHu3aluyd BO3IYIIHBIX
nepeBo30K, MoBbImas 3()PeKTUuBHOCTh (GyHK-
LMOHUPOBAHUS BCIEICTBUE CHUHEPreTUYECKOTO
s dexra [16].

dopmMupoBaHrue 0COOBIX (PYHKIIMOHATHHBIX
30H aBUATPAHCIIOPTHBIX CUCTEM obecrieunt (op-
MHUpPOBAaHHE E€AMHON CETH BO3QYLIHOTO TpaHC-
MopTa Ha TOCYJapCTBEHHOM YpOBHE, UTO, HECO-
MHEHHO, OyJeT CHocOOCTBOBAaTh YBEIUYCHHIO
yIPaBIsEMOCTH U CO3/1aCT MOTEHIMAT Pa3BUTHUS
JUTsI BCETO aBHAKOMILIEKCA.
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CpaBHHTEILHBIH AHAJIN3 KHHEMATHYECKNX CXeM KOHBEPTOIJIAHA
Ha 0a3e URANS-moaeanpoBanus

1 1 1
A.C. barpaxkoB , JI.U. I'apunosa', M.A. KayuakoBa
"Kazancrui HAYUOHAILHBIL UCCTe008AMENbCKUL MEXHUYECKUL YHUBEPCUmMem
um. A.H. Tynonesa — KAH, 2. Kazans, Poccus

AHHOTanms1: B CBsI3U ¢ pOCTOM phIHKA OSCITIIIOTHBIX JieTaTenbHbIX anmapaTtoB (BITJIA), criermdukoi BRIMONMHAEMBIX HIMH 33124
Bce OoJiee aKTya bHOM CTAHOBUTCS 3a/1ada TPOSKTHPOBAHHSA NPEeoOpa3yeMbIX JIETATEIbHBIX allapaToB — KOHBEPTOILIAHOB,
KOTOpbIE 00JIaZaloT MPEUMYIIECTBAMU BEPTOJIETHOM M CaMOJIETHOW CXEM: OHHM CIIOCOOHBI COBEpILATh BEPTHUKAIBHBINA B3JIET U
MOCAJIKy C HENOATOTOBJIICHHOW TOBEPXHOCTH M O0JIANAt0T OOJbIIel KpelcepcKol CKOPOCThIO M JaJbHOCTBIO MOJIETa, YeM
BeproneThl. KiroueBod MpoOsieMOil KOHBEPTOIUIAHOB  SIBJISIIOTCSL NEPEXOAHBIE PEXKUMbI, XapaKTEpPU3YIOLIUECS CIIOKHOM
HECTaLMOHAPHOM a’pOAMHAMHKOW M PE3KMM W3MEHEHHEM JMHAMHUYEeCKMX CBOWCTB ammapara. B pabore npexcrasieH
CPaBHUTEIILHBIA aHAIN3 JByX KMHEMAaTHYECKHX CXEM KOHBEPTOIUIaHA: C IIOBOPOTHBIM M HEMOJBIKHBIM KpbUIOM. OCHOBHOM
AKLIEHT B UCCIIEI0BAHNN CJIeJIaH HA TIEPEXOIHBIE PEKUMBI TI0JIETa, KOT/Ia IIPOUCXO/IUT IIePeX0/] KOHBEPTOIUIaHA OT BEPTUKAIBLHOTO
TOJIeTa TI0-BEPTOJICTHOMY K TOPH3OHTAIIBHOMY ITO-CaMOJICTHOMY. LIebio0 paboThI SBIETCS KONMYESCTBEHHAS OICHKA BIMSHUS
BHUJIa KHHEMATHYIECKOH CXeMBI Ha HHTETPAJIbHBIE a3POIMHAMUYECKUE XapaKTEPHCTUKH JIeTaTeNbHOTO armapara. [ JocTmkeHns
9TOH Tenn Oblia paspaboraHa 3D-mMonenb KOHBEpPTOIDIAHA, MPOTOTHIIOM Ui KoTopoit mociyxwi ammapar Bell Eagle Eye.
MopenupoBaHue MPOBOAWIOCH B TpOrpaMMHOM Kominiekce Ansys Fluent Ha OCHOBe pelIeHHs] HECTAIMOHAPHBIX YPaBHEHUI
Peitnomsica (URANS) ¢ ncnons3oBanueM Mozpemu TypOyieHTtHoctrn Cramapra — AjMapaca. [ Kakmol KHHEMaTHYecKOi
CXeMBI ObIT pacCYnTaH Psi YIIIOB IoBOpoTa critoBor ycranoBku (0, 30, 60, 90°). CxopocTh mosieTa 1 9acTOTa BPAICHHs BHHTOB
JUISL Ka)XIOTO PacyeTHOIO CJy4yash HMTEPalMOHHBIM METOJOM NONOMPAIMCh IS OOECHeYEHUsI YCIIOBHS DPaBHOMEPHOTO
TOPU30HTAJIBHOTO ToJieTa (PaBEHCTBO HYJIIO CYMMBI CHJI, IEHCTBYIOIIMX Ha JIeTaTeNbHBIN ammapar). B pesysibrare YuciIeHHOro
MOJIETIMPOBAHMS TIOJY4EHbl MHTETPAIBHBIC XapaKTEpPUCTHKH: IOTpeOHas MOLIHOCTh M KPYTSLIMM MOMEHT Ha Baly BHHTA,
CKOPOCTb T10JIeTa. Y CTAaHOBJICHO, YTO KOMIIOHOBKA C HETOJIBIDKHBIM KPBUIOM JIEMOHCTpUPYET 00jiee BBICOKYIO CKOPOCTh IOJIETa
(22 m/c mpotuB 10 M/c ipu yriie 30°) 1 Gosnee BBITOAHOE OTHOIIEHHE MOTPEOHON MOIIHOCTH K CKOPOCTH TI0JIETa 10 CPABHEHHMIO C
KOMIIOHOBKOH C IIOBOPOTHBIM KPBLUIOM.

KnroueBble c10Ba: KOHBEPTOILIaH, OCCIMIIOTHBIN JICTaTebHBIN arapar, KHHEMaTHIecKas CXeMa, TIePEXOIHBIN PEXHIM TI0JIeTa,
YHCIIEHHOE MOZIETMPOBAHHUE, CPaBHUTENBHBIN aHAIN3, HHTETPaJIbHbIE a3POANHAMIYIECKUE XapaKTEPUCTHKH.

Jna uutupoBanus: barpakos A.C., 'apunosa JL.U., KaydakoBa M.A. CpaBHHUTENBHBIN aHAIN3 KHHEMaTHYECKUX CXEM

koHBeproruiana Ha 6aze URANS-moznenuposanns / Hayunsiii Becthuk MI'TY T'A. 2026. T. 29, Ne 4. C. 102-117. DOL:
10.26467/2079-0619-2026-29-4-102-117

Pabota BBIIIOTHEHA B paMKax roCyIapCTBEHHOTO 3a/laHiss MUHHCTEPCTBA HAYKU H BBICIIEr0 00paso-
BaHus Poccuiickoit @enepanun, rema Ne 123030100016-5, FZSU-2023-0005.
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Comparative analysis of the kinematic schemes of a tiltrotor based
on URANS modeling

A.S. Batrakovl, L.L Garipoval, M.A. Kauchakova'
'Kazan National Research Technical University
named after A.N. Tupolev — KAl (KNRTU-KAI), Kazan, Russia

Abstract: Due to the growth of the unmanned aerial vehicle (UAV) market and the specific tasks they perform, the design of
convertible aircraft, such as convertiplanes, is becoming increasingly relevant. These aircraft combine the advantages of helicopters
and airplanes: they can take off and land vertically from unprepared surfaces and have higher cruising speeds and ranges than
helicopters. The key problem of convertiplane aircraft is transient modes, characterized by complex unsteady aerodynamics and an
abrupt change in the dynamic properties of the device. This paper presents a comparative analysis of two kinematic configurations
of the aircraft: tilt-wing and tilt-rotor. The primary focus of the study is on the transitional flight modes, during which the aircraft
transitions from vertical flight in helicopter mode to horizontal flight in airplane mode. The goal of the study is to quantify the effect
of the type of kinematic scheme on the integrated aerodynamic characteristics of an aircraft. To achieve this goal, a 3D model of the
aircraft was developed, based on the Bell Eagle Eye prototype. The simulation was carried out in the Ansys Fluent software
package based on the solution of nonstationary Reynolds equations (URANS) using the Spalart-Allmaras turbulence model. A
number of rotation angles of the power plant were calculated for each kinematic scheme. (0°, 30°, 60°, 90°). The flight speed and
rotational speed of the propellers for each design case were selected iteratively to ensure a uniform horizontal flight (equal to zero
the sum of the forces acting on the aircraft). The flight speed and rotor speed for each case were iteratively selected to ensure the
condition of steady horizontal flight (the sum of forces acting on the aircraft equals zero). The numerical modeling characteristics
resulted in obtaining the required power and torque at the rotor shaft, flight speed. It was concluded that the configuration with a
fixed wing demonstrates a higher flight speed (22 m/s compared to 10 m/s at a 30° angle) and a more favorable ratio of required
power to flight speed compared to the rotary-wing layout.

Keywords: convertiplane, unmanned aerial vehicle, kinematic scheme, transient flight mode, numerical modeling, comparative
analysis, integral aerodynamic characteristics.

For citation: Batrakov, A.S., Garipova, L.I., Kauchakova, M.A. (2026). Comparative analysis of the kinematic schemes of
a tiltrotor based on URANS modeling. Civil Aviation High Technologies, vol. 29, no. 4, pp. 102—117. DOI: 10.26467/2079-
0619-2026-29-4-102-117

The research was carried out within the state assignment of the Ministry of Science and Higher
Education of the Russian Federation, theme No. 123030100016-5, FZU-2023-0005.

BBenenue TOJCTHBIC CHUCTEMbI 00JIaHal0T  HEOOBIION
PeiHOK O€CHUIIOTHBIX JIeTaTeIbHBIX ammapa- KPEHCEPCKON CKOPOCTBIO, @ Ul CaMOJIETHBIX
toB (BIIJIA) B Hacrosimee BpeMs SBJISCTCS OJI- CHUCTEeM HEO0OXOoJMMa B3JIETHO-IIOCAIOYHAS IIO-
HEM M3 CaMbIX ObIcTpopacTymmx B mupe [1].  JI0ca. OQOEKTUBHOCTH CO3/aHHS IIOJBEMHON
OTOT POCT BO MHOTOM OOYCIIOBJIEH CHOCOOHO- CHJIBI IIpY BEPTUKAJIBHOM B3JICTC I TAKUX all-
cteto BIIJIA pemate mMpokuil CHIEKTp 3anad, napaToB TECHO CBA3aHA C HArPy3KOH Ha JHMCK
KOTODPBIM paHbIIE BBIIOIHAICS IHIOTHPYEMOU BUHTA (pHC. 1).
apuanuel uianM BpydHyro. CylIecTBYIOT CLEHa- CymiecTByIOT pas3aM4HbBIE BaPUAHTHI TEXHH-
pun npumeHeHus, korma ot BIIJIA Tpebyercs YCCKOH pean3alii U adPOANHAMHYCCKON KOM-
BO3MOXKHOCTh B3JI€Ta C HEMOATOTOBICHHOMN IIO- 1oHOBKHU BITJIA BepTHKAILHOTO B3/I€TA/MOCAIKH
BEPXHOCTH IIPpHU 00€CieYeHUH OOJBLION albHO- [2-4]. Hanbonee nepcreKTUBHBIME B 9TOM Cer-
CTH M CKOPOCTH moJjera. Takue 3agauu permaroT- MCHTE SBJIAIOTCA allllapaThl C IIOBOPOTHBIMHA
s C TIOMOIIBIO aNaparoB Mpeobpa3yeMoro TH- JIBUKUTEILHBIMA CUCTEMAMH — KOHBEPTOILIAHEI,
mna, CIIOCOOHBIX OOECIIEYUTh BCpTI/IKaHBHHﬁ rJ1aBHAs 0COOCHHOCTD KOTOPBIX COCTOUT B U3MC-
B3seT/mocanky. OHU JIMIIEHBI KIFOYEBBIX HEJ0- HEHHUM aj3POJIMHAMUYECKON KOH(pUIypauuu: OT
CTaTKOB BEPTOJIETHOW M CaMOJIETHOM CXEM: BEp- BEPTOJICTHOTO PeXKMMa (OCH JIBHKUTEICH BEpTH-
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Puc. 1. DpPexTnBHOCTH BEPTUKAIEHOW MOJEMHON CHIIBI IPY 3aBUCAHUH OT HATPy3KH HA AUCK BUHTA [2]
Fig. 1. Vertical lift efficiency during hovering due to rotor disk load [2]

KaJIbHBI) JUIsl B3JIETA, TOCAJKK U TOJeTa Ha Ma-
JBIX CKOPOCTSIX J0 CaMOJIETHOTO pekruMa (OCH
JIBIKUATENIEH TOPU3OHTAIBHBI) ISl KpeHcepcKo-
o MoJieTa Ha BHICOKUX CKOPOCTSIX.

B 3aBucuMOCTH OT a3pOJIMHAMHYECKOU KOM-
MOHOBKHM U €€ TeXHUYECKOW peanu3aliyl Bblie-
JISIIOT HECKOJIBKO TMOATHUIIOB KOHBEPTOIUIAHOB: C
MMOBOPOTHBIMU BHHTaMH (pUC. 2, @) WX MOTO-
rogjonamu (puc. 2, 6), ¢ IOBOPOTHBIM KPBLJIOM
(puc. 2, 0, 2, €), CMEIIaHHBIA TUIT C TIOBOPOTHOM
YacThIO KpbUIa BMECTE ¢ BUHTaMU (puc. 2, 6, 2, 2).
KonBepTroriansl ¢ MOBOPOTHBIMUA BUHTAMU HIIN
MOTOTOHAOJAMHU  TPEANOoNaraloT  HU3MEHEHHUe
BEKTOpA TATHU 3a CYET MOBOPOTA OTJEIbHBIX BUH-
TOMOTOPHBIX TPYMNI TpU (PUKCUPOBAHHOM IIO-
JoXKeHUuW Kpblaa. KoHBepTomiaHel ¢ MOBOPOT-
HbIM KpBUIOM XapaKTepU3YIOTCS CHUHXPOHHBIM
MOBOPOTOM BCEr0 KpbLIa BMECTE C 3aKperieH-
HBIMHA Ha HeM aBurareisMmu. HamOoibleil mo-
MYyJIIPHOCTHIO Y aBUAKOHCTPYKTOPOB MOJIb3YyET-
Csl IePBBIN THUIT KOHBEPTOIUIAHOB (puc. 3) Onaro-
Japsi OTHOCUTENbHOM MPOCTOTE MEXaHU3aluu U
HACJICIOBAHHUIO TPHUHIIMIIOB, OTPa0OTAaHHBIX Ha
NWIOTUPYEMBIX ammnapaTax, Takux Kak V-22
Osprey.
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OCHOBHOH CJI0)KHOCTBIO IIPHU IMPOEKTHPOBa-
HUU KOHBEPTOIUIAHOB SBJIAIOTCS TEPEXOHbIE
PEXHMBI, IOCKOJIbKY Ha 3THX 3Tanax BO3HHUKAET
KOMIUIEKC TpoOJieM, CBA3aHHBIX C KapJIWHalb-
HBIM M3MEHEHUEM a’pOJUHAMUKH, OalaHCHUPOB-
KU U YTIPaBJICHHUS.

KitoueBoit mpo0iaemMoil mepexoaHoro pexu-
Ma KOHBEPTOIUIAHOB SIBJISIETCS CJIOXHash M He-
CTalliOHApHAasl KapTUHA OOTEKaHWsl, BbI3BaHHAs
a’spoauHaMuueckor wuHTepdepennueit. BozHu-
KAaeT B3aMMHOE BIUSHUE BO3AYLIHBIX BUHTOB U
KOpITyca JIETaTelIbHOIO afmapara, 4To MOKET
INPUBOIUTH K morepe 3(peKTUBHOCTH ympaBe-
HUS, PE3KOMY CHIKEHHIO TATH BUHTOB M BO3-
HUKHOBEHUIO OmnacHbIX BuOparwmii [5]. IloBopor
IUIOCKOCTH BUHTA MPHUBOJIUT K BO3HUKHOBEHUIO
BUXPEBBIX KOJICIl, CPBIBHBIX SIBICHUW Ha JIOIa-
CTSX WU 3HAYUTENbHBIM KOJEOAHUSM Harpy3KH.
UucnenHoe MoieIMpoBaHue [6] 1eMOHCTPUPYET,
49TO 3TH IP(DEKTHI HOCAT SPKO BHIPAKECHHBIN He-
CTAllMOHAPHBIN XapakTep U TPEOYIOT BBICOKO-
touHoil CFD-monenu. Ilpu mnoBopoTe Kpbuia
KOHBEpTOIUIaHA, M3-3a OOJBIIMX YIJIOB aTaku
BO3MOXKEH CpBIB MoToKa [6, 7]. Jlnga mapupoBa-
HUSL ITOTO SIBJIEHUS KpPbUIO IOTPYXarT B CKOC
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Puc. 2. BILIA Tuna kousepromian: a — Wingcopter', 6 — Bell TR911X Eagle Eye?, 6 — BJIA-koHBepTOILIaH
«BP Ttexuonornm»’, 2 — CH-10 Rainbow-10", 0 — NASA GL-10 Greased Lightning’, e — DHLParcelcopter®
Fig. 2. Convertiplane Tiltrotor UAVs: a — Wingcopter', 6 — Bell TR911X Eagle Eye®, 6 — VR Technologies tiltrotor
UAV?, 2 — CH-10 Rainbow-10", 0 — NASA GL-10 Greased Lightning®, e — DHL Parcelcopter®

CTPYH OT HECYIIMX BUHTOB Ipu paboTe JBUTaTe-
JIEW HAa IOBBLINIEHHONW MOIIHOCTH. XOTS PTOT Me-
Ton 3(pdeKTUBEeH AN B3JETa, €ro MPUMEHEHHE
Ha JTalle 3axo0Jja Ha MOCa/JKy CTAaHOBUTCSI KOHTp-
NPOJYKTUBHBIM M BEAET K M30BITOYHOMY pacxo-
ny sHepruu. KpoMme TOro, HakJIOHEHHOE KpBLIO
MOJBEPraeTcs MPsIMOMY BO3ICHCTBUIO BETPOBO-
ro Hamopa, YTo yXyJIIaeT YHIpaBiIseMOCTb MpH
3aBUCAHMHU B YCJIOBUSAX IOPBIBUCTOTO BeTpa [8].

HenocpencrBenHoe clencTBUE OMHUCAHHBIX
HECTALMOHAPHBIX  ad3pPOJAMHAMUYECKUX  sIBJIE-
HUHN — TPYIHOCTH B OOECIIEUEHUHN YCTONYMBOCTHU
U ynpasisieMocTH. B mpouecce Tpanchopmanmu
JIETAaTEILHOTO arapaTa MPOUCXOIUT U3MEHEHHE
MOMEHTOB MHEPLUH, MOSBISIETCS HETUHEHHOCTh
IUHaMu4Yeckux cBoucTB [9, 10], mabmromaercs
U3MEHEHHE CTaTMYeCKOW M  JIMHAMHYECKOU
ycrovtunBoctu BITJIA [11, 12]. [lockonbky me-
PEXOJIHBIN PEKUM TOJIeTa HE ABJISIETCS yCTOHUu-
BBIM, TpeOyeTcst pa3padoTKa eIUHON apXUTEKTY-
pBl CHCTEMBI yTpaBieHHs, CHOCOOHON 3 dek-
TUBHO ()YHKIIMOHHPOBATH BO BCEX PEKHMAX IIO-
nera [13-15].

' Wingcopter 178 HL [nextponnsiii pecypc] / Wikipe-
diA. URL: https://id.wikipedia.org/wiki/Wingcopter
(mata obpamenns: 11.11.2025).
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HCpC‘-II/ICJIeHHI:IC HpO6JI€MI>I HaKJIaabIBAKOT
OTIIEYaTOK W Ha KOHCTPYKIIMIO ammapata. Pas-
MCHICHUC TSAXKCJIBIX BHHTOB Ha KOHIAX KpbLIa
OTPaHMYMBACT €r0 Y/UIMHCHHE, YTO HETaTHBHO
CKa3bIBaCTCS HA a’POJAMHAMUYECKOM KA4ECTBE.
KOHCTpYKTHBHO TOBOPOT BHHTOB TpeOyer
MEHBIIEH IIPOYHOCTH OINOPHBIX TOYEK IO CpPaB-
HEHUIO C MOBOPOTOM KpBUIA, TJIe IMOBOPOTHBIN
MEXaHU3M JIOJDKEH OBITh pAaCCUUTAH Ha HAarpy3Ku
oT Bcero kpeuia [4]. VMcnonb3oBanue emauHON

? Bell Eagle Eye [Dnextpoussiii pecypc] / Bukumeusl.
URL.: https://ru.wikipedia.org/wiki/Bell Eagle Eye (na-
Ta odpamenust: 11.11.2025).

3 «Bepronersl Poccum» npeacTaBat 3 HOBEHIIIX Gecr-
JIOTHUKA [ DIEKTPOHHEIH pecypc] // BoeHHOE 0003peHue.
URL: https://topwar.ru/95454-vertolety-rossii-
predstavyat-3-noveyshih-bespilotnika.html (nara o6pa-
menus: 11.11.2025).

* CH-10 Rainbow-10 Drone [dnekTpoHHsiit pecypc] //
GlobalSecurity. URL:
https://www.globalsecurity.org/military/world/china/ch-
10.htm (mara obpamenus: 11.11.2025).

> NASA GL-10 Greased Lightning [nexrponubiii
pecype] // WikipediA. URL:
https://en.wikipedia.org/wiki/NASA GL-
10_Greased Lightning (nara oopamenus: 11.11.2025).

% DHL Parcelcopter 3 — vDrone [Dnexrponnsiii pecype] /
vDrone. URL: https://blog.vdr.one/dhl-parcelcopter-3/
(mata obpamenns: 11.11.2025).
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CMemaHHBIH THII

Puc. 3. [IponertHoe cootHomenne bITJIA-KOHBEpPTOIIaHOB Pa3NUYHBIX TUIIOB [4]
Fig. 3. Percentage of convertiplane UAVs of different types [4]

CHJIOBOW yCTaHOBKH ISl PEeaj3aliy KaK BEPTO-
JETHOT0, TaK U CaMOJIETHOI'O PEKUMOB I0JIeTa
NPUBOJUT K TIOBBIIIEHHUIO YJIEIBHOTO Pacxoja
TOIUTMBA ¥ CHIDKCHHIO O01Iel 3HeprodPheKTrs-
HocTH ammapata [16], Oospmive mo TUIONMIAAX
BUHTBI IPUBOJAT K 3HAYUTEJIBHBIM OIPaHUYEHU-
AM B KpPEUCEPCKOW CKOPOCTHU IIOJIETa U BBICOKO-
My pacxoay TorumBa [17].

Taxum 006pazom, Mpu NPOSKTHPOBAHUY JIE€Ta-
TEJIBHOT'O almnapaTa TUIAa KOHBEPTOIUIaH OJHOM
U3 aKTyaJbHbIX 3a7ay SIBISETCS ONpeAeTICHHUE
a’pOJIMHAMMYECKMX XapaKTepUCTUK Ha Iepe-
XoqHOM pexume. Llenpio HacTosiiel paOoThI

SABJISAICTCA CpaBHHTeHBHBIfI AHAJIN3 a3pOoJuHaMU-
YECKMX XAPAKTEPUCTHUK JIBYX KOMIIOHOBOYHBIX
pELICHUIT KOHBEPTOIUIAHA HA IEPEXOJHOM pe-
JKMME TMOJIeTa C IMOMOIIBI CPEICTB BBIYMCIH-
TEJIbHOW a3pOJMHAMUKH.

O0nBeKT uccijiefoBaHusd

B kauecTBe mpoToTHNA JETATEIBHOIO amma-
para paccMmatpuBaeTcst KouBeproruial Eagle Eye
(puc. 4), OCHOBHBIE T€OMETPUUECKUE TTapaMeTPhl
KOTOPOTO MPEJICTABICHBI B Ta0I. 1.

Puc. 4. becniunoTHslii eTarenbHblii annapat Eagle Eye
Fig. 4. Eagle Eye unmanned aerial vehicle
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Taoauna 1
Table 1
OCHOBHBIE TEOMETPHUYECKHE XapAKTEPUCTHKH ITPOTOTUTIA
Main geometric characteristics of the prototype

ITapameTp 3HaueHus

Jnvuna 5,182

Bricota 1,737

Pa3max kpbuia 4,633

HuameTp BUHTA 3,048

MaxkcuMalbHbIH B3JIETHBIM BEC, KT 1 360,7

CkopocTh mosieTa, KM/4 408

Jns mpoBeneHus: YUCIEHHOIO MOJEINpOBa- Kpbuto koHBepTOIIaHa MOCTPOCHO Ha 0Oasze
HUsl pa3paboTaHa Mojnenb (puc. 5) KOMIIOHOBKU aspoaunamudeckoro npodmis GOE 434, umeer
KOHBepToIuiaHa. Pro3esk JeTaTeIbHOro amnma- OpsIMOYTOJIbHYI0 (QOpMy B IUIaHE. YTONI ycCTa-
paTa BBHIMIOJTHEH B BHUJEe HaOOpa SJUTMITUYECKUX HOBKHM KpbUIa [0 OTHOILIEHUIO K CTPOUTEIHHOU
ceuenuit. J{nmmHa ¢rozemspka coctaBuna L = 2 M, TOPU3OHTANIM JieTaTelbHoro ammapara 5°. Oc-
BbicoTa — h = 0,4 M (puc. 6). HOBHBIE T€OMETPUYECKHE MapameTpbl MOAEIHU

Puc. 5. PacueTHast Moziesib KOHBEPTOIUIAHA
Fig. 5. Computational model of tiltrotor

d=0.9m

h=0.4m

%EF:: lﬂ 5‘3(

Puc. 6. ['eomerprueckue mapaMeTpsl (rO3essbKa JICTATEIBHOTO alnapaTa
Fig. 6. Geometric parameters of the aircraft fuselage
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npejcTaBieHbl B Tabu. 2. B kauecTBe ABMKUTE-
Jeil UCHOJB3YIOTCS IMOBOPOTHBIE BHMHTHI THIMA
KII2, pa3paGoraHHble B Hay4yHO-HCCIEI0Ba-
Tenbeckoi saboparopuun Ne 1 KHUTY-KAU.
B paMkax naHHOrO uccienoBaHMs Yrojl ycTa-
HOBKH JIONacTe BbIOpaH paBHBIM 16°, Tak Kak
OpU 3TOM HAOIIOAAETCS MaKCUMaJbHBIM OTHO-
CUTCIIbHBIN KOA()(DHUIIMEHT TOJE3HOTO NEHCTBUS
BUHTA.

Ha 0a3e omHOW reoMeTpuvecKod MOIETH
paccMaTpuBaeTCs JiBa BapHaHTa TpaHchopMa-

Vol. 29, No. 04, 2026

UM JIETATEeJIBHOIO ammapara: ¢ IOBOPOTHBIM
KpbUIOM (puC. 7-9) U ¢ HENOJIBUKHBIM KPBUIOM
(puc. 10-12). Ha kpeiicepckom pexxume o0e Ku-
HEMAaTUYECKHE CXEMBl HMEIOT OJWHAKOBYIO
koHpurypauio (puc. 13). Ilpu peanuzanuu
pa3IMYHBIX KHHEMATHYECKHUX CXEM BO3HUKAET
pasHasi KapTUHa a’pOJUHAMUYECKON HHTepde-
perrn. OrneHKa a’pOJMHAMUYECKOW HHTEpQe-
PEHLIMU BBINIOJHEHA C TIOMOIIbI YHUCIEHHOTO
MOJICIIMPOBAHMS ISl psiZia YTIIOB TIOBOPOTA BHH-
Ta: Oguura 0, 30, 60, 90°.

Taoauna 2
Table 2

I'eoMeTpuueckre XapaKTepUCTUKH MOJCIN
Geometric characteristics of the model

ITapamerp 3HaveHus
Jwnametp BunaTa D, M 0,9
KonmnuectBo nomacrei 4
Pasmax kpbuta L, m 1,35
Y umMHEeHHE KphTa A 4,5
Xopaa Kpbuia, M 0,3
[Tnomans kpeiia, M 0,405

Puc. 7. KonBepTomnaH ¢ MOBOPOTHBIM KPBUIOM

(aBI/lHTa = 00)
Fig. 7. Tilt-wing (Ouying =

=

Puc. 9. KonBeproruiasn ¢ mOBOPOTHBIM KPBUIOM
(aBI/lHTa = 600)
Fig. 9. Tilt-wing (Olying =

60°)

Puc.

8. KonBepToruraH ¢ MOBOPOTHBIM KPBUTOM (Olgyra =
Fig. 8. Tilt-wing (0lying = 30°)

30°)
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Puc. 10. KonBepromias ¢ HEMOABHXHBIM KPBIIIOM

(aBHHTa = Oo)

Fig. 10. Fixed wing convertiplane (0Oyj,, = 0°)
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Puc. 11. KoHBepToruiaH ¢ HETIOABMKHBIM KPBIJIOM
(aBMHTa = 300)
Fig. 11. Fixed wing convertiplane (0ying = 30°)

Puc. 12. KorBepTormiaH ¢ HSMOABMKHBIM KPBUIOM
(aBMHTa = 600)
Fig. 12. Tilt-rotor (Olying= 60°)

Puc. 13. KonBepromiaH (O, = 90°)
Fig. 13. Airplane configuration (Oying= 90°)

MaTtemaTudeckasi MoaeJb

UucneHHoe MOJEIMPOBAHUE OOTEKAHUS KOM-
MOHOBKH TPOBOJUTCS Ha 0a3e pelieHus Oocpe-
HEHHbIX 10 PeiHONbACY ypaBHeHWT Habe —
Crokca B TPOrpaMMHOM KOMIUIEKCE Ansys
Fluent B  HecranmoHapHOW  IOCTaHOBKE
(URANS). [l1s1 3aMbIKaHUSI CUCTEMBl ypaBHEHUN
UCTIONBb30BaIach Mojens TypOyneHTHoctn Cra-
napta — Amimapaca. Monens TypOyJIeHTHOCTH
BbIOpaHa BBUAY HAMMEHBIIUX TpeOOBaHUU K
BBIYMCIIMTENBHBIM pecypcaM. Pemenue ypaBHe-
HUI CTPOMJIOCH C HCIOJIb30BAaHUEM METOJA KO-
HEYHBIX 00HEMOB.

Ha nepBoM 3Tamne BBINOIHEHO YMCIECHHOE U
buznyeckoe MOAENUPOBAHHUE H30JIMPOBAHHOTO
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BUHTA Ha PEXXHME OCeBOro obrekanus. Ouznde-
CKO€ MOJEIMPOBAaHUE MPOBEIAEHO B a’poJIMHA-
muueckoit Tpyoe T1-K. DkcnepumeHrtanbHas
Mojenp BUHTa umeeT auamerp 0,9 m, dacrtora
BpaleHus BuHTa coctasisuia 1 800 o6/mun. M3-
MEpEHHE TATU W KPYTSIIEr0O MOMEHTa OCy-
HIECTBJISUIOCH  TEH30METPUUECKUM  METOIOM.
OKCNMEpUMEHT BBIMIOJHEH IS psAJa YrioB ycTa-
HOBKM JIOITIACTEH B Juamna3oHe oT 8 go 20° ¢ ma-
rom 4°. YuciaeHHoe MOAECIUPOBAHUE BBITTOJTHEHO
B CTAllMOHAPHOM IIOCTAHOBKE IJIs OJHOM JIOIA-
CTU C IPUMEHEHUEM IPAaHUYHOTO YCIIOBUS MEPH-
OJIMYHOCTHU. [[7s pacueToB mocTpoeHa MHOIO-
0JIoYHas TEeKCaroHallbHas CETKa, COJepiKaias
nopsiika 6 MJIH situeek. Pe3ynbTaThl 4MCIIEHHOTO
1 (U3UIECKOTO MOJICIUPOBAHUS MPEACTABICHBI
Ha puc. 14.
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Puc. 14. 3aBucumocTs kodpdunueHTa Tsru BuHTa (Cr) OT KOAPPHUIHEHTA KPYTAIIET0 MOMEHTA (1my)
Fig. 14. Dependence of the rotor thrust coefficient (Cr) from the torque coefficient (my)

L=Tm

Puc. 15. 'eomMeTprudeckne mapaMeTpsl pacueTHON 00IacTh
Fig. 15. Geometric parameters of the computational domain
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Puc. 16. Pa3zensl pacueTHoii obnactu
Fig. 16. Sections of the computational domain

W3 mpencraBieHHBIX NaHHBIX CIEIYET, YTO
pe3yNbTaThl YHUCIEHHOTO MOJCIUPOBAHUS XO-
POIIO COTIACYIOTCS C SKCIIEPUMEHTOM.

Bremrnsiss pacuetHas o0nacTh MpeCTaBiseT
co00#l Karcyiny, COCTOSIIYI0 W3 IFIWHAPUIC-
cKolt yactu anuHout L = 7 m, nuamerpom d = 6 M
u 1ByX noiychep nuamerpom d = 6 M (puc. 15).

Jns MopenupoBaHUs BpalllaTelbHOTO JBU-
JKCHHs BHWHTA BBIICJICHA NWIMHIPUYECKas 00-
nacth (puc. 16), cogepxaias reoMeTpuI0 00Te-
KaTeJssl U YEThIPEX JIONACTEM.
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C y4eToM TOro 4To pacyeThl BHIIOJIHEHBI 0€3
CKOJIBXKEHHUS, pacCMaTpUBajOCh OOTEKaHUe Io-
JYMOJENU ¢ IPUMEHEHNEM IPaHUYHOIO YCIOBUS
CUMMETPHH.

Juckperusanusi MpoCcTpaHCTBA OCYILECTBIIS-
Jach C MOMOULIBIO TETPA-CETKH. MaKCHUMabHBIN
pa3mep SYeKKM BO BCeW 00JacTH HE MPEBBIIIAT
0,5 M. K noBepxHOCTH JIeTaTENBHOIO anmnapara u
K 00JIaCTH BpAIICHUS! BUHTA BBIITOJHEHO CTYIIE-
Hue cetku a0 pasmepa 0,01 m. B obnactu me-
peaHeil KpOMKHM Kpblia BBINOJIHEHO CryILICHHE
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mo Beamumael 0,001 M, a B obmacTv 3amgHeHl
KPOMKH Kpblja CETKa U3MEJIbYaeTCsl 10 BEIUYH-
Hbl 0,0005 M. AHanoru4yHoe CryuieHue mpume-
HEHO Ha XBOCTOBOM OIIEPEHHM JIETATEIbHOIO
anmnapara. PacnpeneneHue sueek B IJIOCKOCTU

CUMMETpPUHU JIETATENbHOIO anmnapara MpeacTaB-
JeHo Ha puc. 17.

Jns moaBWKHOM 007acTH ¢ BO3IYIIHBIM
BUHTOM MaKCHMAaJbHbII pa3mep slUeKH COCTaB-
nsiet He 6onee 0,02 M. Bnons rpanuil Bpaiiaro-
nieiicst obmact pazmepsl ssueek He 6onee 0,01 M.

Civil Aviation High Technologies

Okono mepeaHel KPOMKH KaXAOW JIOMACTH
Ha3Ha4eHbl O0JACTH TMOBBIIIEHHON IUIOTHOCTHU
sayeek ¢ pazmepom He 6omee 0,0005 m (puc. 18).
Ha noBepxnoctu nonactu (puc. 19) BBINOIHEHO
U3METbYCHHUE CeTKU B 00JIACTH 3aHEH KPOMKHU U
B KOHIEBOM 4YacTH JIOMAacTH [0 pa3Mepa
0,0005 m.

Pacuernas ceTtka cocTouT U3 7,9 MIIH DJIEMEH-
TOB B 00JIAaCTH BO3IYIIHOTO BHHTA U 2,6 MITH 3Jie-
MEHTOB B HEMOJABIKHOW obOmactu. CymmapHOe
KOJIMYECTBO IEMEHTOB cocTaBuiio 10,5 miH.

Puc. 17. PacueTHas ceTka B INIOCKOCTH CUMMETPUU
Fig. 17. Computational grid in the plane of symmetry

Puc. 18. Bpamaromasics obiacts
Fig. 18. Rotating area

Puc. 19. Pactipenenenue sueex BIOIB JIOTACTH
Fig. 19. Distribution of cells along the blade
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Ha rpanune Bpamaromeiics ob6nactu uc-
nosib3yeTcst ycnoBue interface. Ha Bcex moBepx-
HOCTSIX MOJIEJIM MCHOJIb3YETCsl TPAHUYHOE YCIIO-
BUE TUTA TBEPJIOW CTEHKH 0Oe3 MpOCKallb3bIBa-
Hus. Ha nepenneil monycdepe u nuimuHIpuye-
CKOM TOBEPXHOCTH BHEUIHEW OOJIACTH 3aJaeTcs
rpaHuyHoe ycioBue Bxoja ckopoctu (Velocity
inlet). Ha 3amneii momycdepe ycTaHaBIMBaeTCs
JlaBJIEHUEe HEBO3MYyIIeHHOro mnoTtoka (Pressure
outlet).

Tun pemarens Pressure-Based. OTHoweHue
TypOynentHoi Bsizkoctm 10 %  (Turbulent
Viscosity Ratio). MeTton compsbkeHHOTO periie-
HUus 1o gasieHuto u ckopoctu (Coupled). Uc-
MOJIB3YETCsl CXeMa allpoOKCUMAIMM BTOPOTo IO-
psanka. lllar mo BpeMeHH COOTBETCTBYET YTITy
MOBOPOTA BUHTA 10 a3UMYTy Ha y = 6°. BHyTpu
Ka)KJI0ro I11ara 1o BpeMeHu nposoautcs 20 ute-
panmii.

PacueTsr mpoBOAMINCH 10 OOECTIEYCHHS CXO-
JUMOCTH, KOTOpOE YCTaHABJIMBAJIOCh IIOCIHE
6—8 o0opoToB Bo3ayuIHoro BuHTa. Ilocme ycra-
HOBJICHHSI CXOAMMOCTH TPOBOAMIIACH OILIEHKA
a’pOMHAMUYECKOTO COTPOTUBIICHUS M TTOIHEM-
HOW cuJjIbl JeTaTesibHOro ammapara. Ha ocHoBa-
HUHM TIOJYYCHHBIX JIAHHBIX BBIMOJHSIIACH KOP-
PEKTHpPOBKa CKOPOCTH I0OJIETa U 4YacTOThl Bpa-
[ICHUS] BUHTA IS KOKIOH KOH(HUTYypamuu s
o0ecrieyeHHs yCIOBHUS PAaBHOMEPHOI'O T'OPU30H-
TAJIBHOTO TOJIeTa (PAaBEHCTBO HYJIIO CYMMBI CHJI,
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NEHCTBYIOIIMX Ha JeTaTelbHBIM ammapar). Bec
JeTaTeapbHOro ammapata 3agaH paBHbiM 200 H.
[locne 3aBepuieHUsT WUTEPALMOHHOTO Mpolecca
BBITIOJIHEHA OIIEHKAa KPYTAIIEr0O MOMEHTa U TI0-
TpeOHOIl MOIIHOCTM Ha Bajdy BHUHTA. Pacuersl
BBITIOJTHCHBI C HWCHOJb30BaHueM cepBepa Dell
PowerEdge R440 ¢ oOmmM 4ucioM BBIYKCITH-
TenbHBIX sinep 32 tumna Intel Xeon Gold.

PesyabTaThl uccie10BaHUSA

B pe3ynbTare BBINOIHEHHS YUCIEHHOTO MOJIE-
JMPOBAaHMS TIONYYEHbl HMHTErpajbHBIC a’pOJHHA-
MHYECKHE XapaKTEePHCTUKH JICTAaTENBHOTO arapa-
Ta Ha Pa3MYHBIX CTAIMAX IEPEXOIHOTO PEXUMa
nosiera. IlomydeHHsle pe3ynbTaThl I ABYX pac-
CMOTPEHHBIX MoOJeNiell KOHBEPTOILUIaHa IIPEe/ICTaB-
JeHb! B rpaduueckoM Buzie Ha puc. 20-23.

O0cy:xkaeHue pe3yabTaToB

W3 mony4eHHBIX aHHBIX CIEIYeT, YTO MO-
TpeOHass YacToTa BpaIlIeHUS BHUHTA B 000UX
KOH(UTypaIusx MNPUOIU3UTEIBHO OJWHAKOBA,
HO HAOJIOACTCsl OTIMYHME TPU YIJIE YCTAaHOBKH
BUHTA Ogyra = 00° (puc. 20). Ha nanaoM pexxnme
B Clly4ae HETOJBMKHOTO Kpbla MOTpeOHas Ja-
CTOTa BPAICHUS BUHTA BBIIIE, YEM TS CIIydast C
MTOBOPOTHBIM KPBLIOM.

40 60 80 100

Yro;i noBopoTa BUHTA, TPaayChl

—&— HenoaBuxHoe KpbUIO

—@- [10BOpPOTHOE KPBLIO

Puc. 20. 3aBucuMOCTb NOTPEOHOI YaCTOTHI BpAILlEHUs! BUHTA OT YIJla €ro HoBOpoTa
Fig. 20. The dependence of the required propeller rotation speed from the angle of its rotation
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Puc. 21. 3aBUCHMOCTh CKOPOCTH TOJIETA JIETATENLHOTO afnmnapara oT yrijia IOBOpoTa BUHTA
Fig. 21. The dependence of the flight speed of an aircraft on the propeller rotation angle
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Puc. 22. 3aBucuMocTh TOTPEOHOH MOIITHOCTH HA BAIY OT yTila MOBOPOTAa BUHTA
Fig. 22. Dependence of the required shaft power from the propeller rotation angle
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Puc. 23. 3aBucuMOCTh NOTPEOHOT0 KPYTSIIEr0O MOMEHTA Ha Bally OT yIJia IOBOPOTAa BUHTA
Fig. 23. The dependence of the required torque on the shaft from the angle of rotation of the screw
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Puc. 24. OtHouieHre MOTpeOHOI MOIIIHOCTH Ha Bally K CKOPOCTH TI0JIETa B 3aBUCUMOCTH OT yTIJia [I0OBOPOTa BUHTA
Fig. 24. The ratio of required shaft power to flight speed depending on the propeller rotation angle

CkopocTh 1oJjeTa JIeTaTeNbHOIO anmapara ¢
HETOABIKHBIM KPBUIOM 3HAUUTENIBHO BBILIE HA
BCEM IIEPEXOTHOM JHMAINa30HEe W3MEHEHHS yTJIOB
aTaky BO3QylIHoOro BuHTa (puc. 21). IIpuunHoit
TAKOTO TIOBEJCHUSI SIBISIETCS yMEHBIICHHOE
a’3pOJMHAMUYECKOE COIPOTHBIIEHHE KOpIyca
JIETaTENILHOTO ammapara 3a CYeT Majioro yria
aTaky Kpblia.

Ha pexxume B3iera (Opura = 0°) UI KOHPUTY-
palyy ¢ MOBOPOTHBIM KPBUIOM MOTPEOHBIN Kpy-
TSAIIAA MOMEHT W TIOTPEeOHAs MOIIHOCTH BHHTA
HECKOJIbKO HIDKE, YeM JUIs KOH(Urypauuu ¢ He-
MOABWXKHBIM KPBUIOM. Takoe OTIMuue 00yCIoB-
JIEHO CONpOTHBIEHMEM Kpbula. Ha mepexoiHbix
peXMMax KpPYTSIIHA MOMEHT HEMOHOTOHHO 3aBH-
CHT OT yIJIa TOBOPOTA KpbLia (puc. 22).

Ha puc. 23 BHIHO, YTO KOMIIOHOBKA C TOBO-
POTHBIM KpbUIOM TpeOyeT OOJBILIEro KpYyTAIIEro
MoMeHTa npH yriie nosopota 30°. Ilpu 3Tom cko-
pocTh moneTa cymectBeHHO Hike (10 m/c) mo
CPaBHEHHMIO C QHAJIOTHMYHBIM TIOKa3aTesieM JIIs
KOMITOHOBKH C HETIOJIBIKHBIM KPBLIOM (22 M/C).

W3 anamm3a MaHHBIX, NPEICTABICHHBIX Ha
puc. 24, ciemyeTr, 4yTO KOMIIOHOBKa C HEIO-
JBWDKHBIM KPBUIOM 00JIalaeT JIyYIINM OTHOIIE-
HUEM NOTPEOHON MOIIHOCTH K CKOPOCTH MOJIeTa
JIETAaTENIFHOTO armaparta M0 CPaBHEHUIO C KOH-
¢durypanueil ¢ MoABMKHBIM KpBUIOM Ha Iepe-
XOJTHOM peXHME TI0JIeTa.

Takum obOpa3om, B HacTosmiel pabore pac-
CMOTPEHO OOTEKaHHe KOMITOHOBKH KOHBEPTO-
IUIaHa B JBYX KOH(UTYpalusx: ¢ IOBOPOTHBIM U
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HEMOABWXHBIM KpbuIoM. [Ipy BeIXoae Ha pexum
TOPU30HTANILHOTO TOJIETa MO-CaMOJIETHOMY 00e
KOH(uUrypauu uaeHTuuHsl. Ha pexxume BepTH-
KaJIbHOTO B3JIETA W MOCAJIKH OTJIMYUS HE3HAUH-
TenbHbl. Ha mepexonHbIX pexxumax KoHQuUrypa-
1Yl C HEMOIBM>KHBIM KPBLJIOM MTOKa3aJia JIyqIlne
XapaKTEPUCTUKHU 10 CPaBHEHUIO C MOBOPOTHBIM
KPBUIOM.

B Hactosimieir pabore paccMoOTpeHa ympo-
IICHHAs MOCTAaHOBKA MOJEIHpPOBaHUs 0e3 ydera
IUKJIMYECKOrO Iara BUHTA, OTKJIOHEHUS PYJIs
BBICOTBI, JAMHAMHUKH IEPEXOJHOTO Ipolecca.
[losnyueHnHble JaHHBIE CIIENYET paccMaTpHUBaTh C
TOYKM 3pPEHUS KAYECTBEHHOI'O COIOCTaBIICHUSA
KOMIIOHOBOYHBIX PEIICHUH.
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HayuyHo-mMeToguyeckuil moaxoa K GopMUPOBAHUIO PALMOHAIBHOIO
NapKa 0eCMUIOTHBIX JICTATEIBHBIX ANNAPATOB, IPEAHA3HAYEHHBIX 1JIA
peleHys 3aJaHHOI0 NepeYHs 3a1a4

A.E. Ilapuenkos'?, A.B. Cu30B!
'Hayuonanvmwii yeump eepmonemocmpoerus um. M.JI. Muna u H.U. Kamosa,
Tomununo, Poccus
’Mockosckuii ABUAYUOHHBIU UHCMUMYM (HAYUOHAILHBIU UCCIe008AMENbCKUL
yHugepcumem), . Mockea, Poccus

AunHoTtammsi: B Hacrosiiee Bpemst OecriiyIoTHbIe JietarenbHble anmaparsl (BJIA) crpemurenbHO PUOOpPETAIOT MOMYJISIPHOCTD U
IIMPOKO MPUMEHSIIOTCS B Pa3IMUHBIX cepax, BKII0UAsi BOCHHYIO, IPAXKIAHCKYIO M HAyYHO-UCCIIE0BaTeNbeKyto obnactu. Ocoboe
BHUMAaHHUE YJAENSETCS Pa3sBUTUI0 CUCTEM M CPEACTB KOMIUIEKCOB ¢ BJIA, Tak Kak 3TO fBISETCS OOHOM M3 KITFOUEBBIX
COCTABJISIIOIIMX JUTsl A((EKTUBHOIO HCIIONB30BaHUs M mHTerpauun BJIA B cdepbl BO3OyHIHOrO TpaHCHOpTa MpU pPELICHUH
o0IIMpHOTo Kpyra 3a/ia4. BaxkHOH TeHIeHIMel pa3BUTHsI OECIIIUIOTHBIX JIeTaTelbHbIX ammaparoB BeprosierHoro tina (BJIA BT)
SBJISIETCS TIOAXO/! K (POPMHUPOBAHHIO NX PAIMOHATIBHOTO MapKa. AKTYaJIbHOCTD JAHHOTO TOAXO0A OIPEEsieTcs] HEOOXOANMOCTBIO
pa3zpabotku mMerononoruu GopmupoBanus napka BJIA BT mis coBMecTHOro mpHMEHEHHUs C MAIOTHPYEMBIMI BEpPTOJIETaMH U
Pa3HOPOIHBIMUA POOOTOTEXHHYECKUMH CHCTEMaMH B MHTEpecax pemeHusl Oorbiioro kpyra 3amad. Ilox mapkoMm HOHMMaeTcs
COBOKYITHOCTb OZHOILIENEBBIX U MHOroneneBbix bJIA BT, npeaHasHaueHHBIX U1 PEILICHHS 3aJaHHOTO MEpeyHs 1 00beMa 3a/1ad.
Merognonorust popmuposanus napka bJIA BT Bkirodaet B ce0st IOCTaHOBKY 3a/1a4H; (POPMATTM3ALIMIO €€ ONMCAHUSI; OIIpe/IeICHUe
001acTH JOMYCTHMBIX PEIICHHH, a TaKKe pa3pabOoTKy YaCTHBIX METOAMK. Peanmsalyisi 4acTHBIX METOAMK CBOAUTCA K
COKpAIIICHUIO UCXOJIHOTO MHOXKECTBA PELICHUH; ()OPMUPOBAHHUIO CIEIUAIBHBIX METOJOB M NPHEMOB KOMIUICKTAIMM TapKa M3
onHoreneBbix ¥ MHorouesneBbix BJIA BT; oueHku chopMHpOBaHHBIX TapKOB, OOECIHEUMBAIOIIMX 33JIaHHBIH YPOBEHb
3¢ GEeKTUBHOCTH pelIeHHs 33124 [P YCIIOBUM MUHUMH3AIMH CTOMMOCTH. J[ist orieHku 3¢hdekTrBHOCTH perenust 3anad bJIA BT
NPUMEHSIETCS. METO MHOTOKPHTEPUAIBHON ONTHUMH3AIMH O0JIMKOB K)KI0TO TUIIA OJIHOLIeNeBbIX 1 MHoroneneBbix bJIA BT. Ipu
onpenenennu croumoctd BJIA BT ucnons3oBaH MeTON CyMMHPOBAaHMS CTOMMOCTU equHH4HOro oxHouenesoro bJIA BT u
JIOTIOJTHUTEIBHOM cToMMocTH obopynoBanus MHororeneBoro bJIA BT. C y4yeroM Goinblioi pa3MepHOCTH pereHus 3a1ad, s
OLICHKH BAapUAHTOB MApKOB pa3pabOTaH MpOrpaMMHO-aNIIapaTHRI KOMIUIEKC aBTOMAaTH3HPOBAHHOTO pacydeTa BAPHUAHTOB MapKa
BJIA BT.

KnroueBbie ciioBa: OeCWIOTHBIA JIETATENbHBIM armapar BEPTOJIETHOTO THIA, MApK, OJHOLEJEBbIE, MHOTOLEIEBbIE,
3¢ PEKTUBHOCTH, CTOMMOCT, OOJIHIK.

Jns nutuposanusi: [lapuenkoB A.E., CuzoB A.B. HayuHo-Meromdeckuii moaxoa K ()OPMHPOBAHUIO PAIIMOHATIBHOTO
mapka OeCIIIOTHBIX JICTATENBHBIX alllapaToB, NpeIHA3HAYCHHBIX IS PEIICHUS 33JaHHOTO Tepedrs 3amad // Hayunsrit
BecTHUK MI'TY T'A. 2026. T. 29, Ne 4. C. 118-133. DOI: 10.26467/2079-0619-2026-29-4-118-133

Scientific-methodological approach to forming a rational fleet of
unmanned aerial vehicles intended to solve a specified list of tasks

A.E. Parnenkovl’z, A.V. Sizov'

"National Helicopter Center Mil & Kamov, Tomilino, Russia
’Moscow Aviation Institute (National Research University), Moscow, Russia

Abstract: Unmanned aerial vehicles (UAVs) are rapidly gaining popularity and are widely used across various fields, including
military, civilian, and research domains. Special attention is paid to the development of systems and means for UAV complexes,
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since these are key components for the effective use and integration of UAVs into air transport sectors when solving a wide range
of tasks. An important trend in the development of helicopter-type unmanned aerial vehicles (helicopter-type UAVs) is the
approach to forming their rational fleet. The relevance of this approach is determined by the need to develop a methodology for
forming a fleet of helicopter-type UAVs for joint use with manned helicopters and heterogeneous robotic systems in order to solve
a large number of tasks. A fleet is understood as the aggregate of single-purpose and multi-purpose helicopter-type UAVs intended
to solve a specified list and volume of tasks. The methodology for forming a fleet of helicopter-type UAVs includes: problem
statement; formalization of its description; determination of an area of acceptable solutions; and the development of particular
methods. The implementation of particular methods involves: reducing the initial set of solutions; developing special methods and
techniques for composing a fleet from single-purpose and multi-purpose helicopter-type UAVs; and evaluating the formed fleets to
ensure a given level of task-solving effectiveness while minimizing cost. To assess the effectiveness of tasks execution by
helicopter-type UAVs, a multicriteria optimization method is applied to the configurations of each type of single-purpose and
multi-purpose helicopter-type UAV. When determining the cost of helicopter-type UAVs, the method of summing the cost of a
single-unit single-purpose helicopter-type UAV and the additional cost of equipment for a multi-purpose helicopter-type UAV is
used. Taking into account the large dimensionality of the problem, a hardware-software complex for automated calculation of
helicopter-type UAV fleet variants has been developed to evaluate fleet options.

Keywords: helicopter-type unmanned aerial vehicle, fleet, single-purpose, multi-purpose, efficiency, cost, concept.

For citation: Parnenkov, A.E., Sizov, A.V. (2026). Scientific-methodological approach to forming a rational fleet of unmanned
aerial vehicles intended to solve a specified list of tasks. Civil Aviation High Technologies, vol. 29, no. 4, pp. 118-133. DOI:
10.26467/2079-0619-2026-29-4-118-133

BBenenue B OyIyIIUX BOCHHBIX KOH(DIMKTaX U3MEHUTCS B
COOTBETCTBUU C HOBBIM IOJXOJIOM, HaIpaBJICH-
HBIM B [IEPBYIO OYEPE/Ib HA COBMECTHOE U COIJIa-
COBAHHOE MPUMEHEHUE KAK MUIOTHPYEMOM, TaK
1 OECIUIOTHOM aBHAIIMOHHOM TEXHUKH, a TAKIKE
JIPYTUX POOOTU3UPOBAHHBIX CHUCTEM B €IMHOM
KOHTYpE YIpaBJICHUSI.

OnHMM W3 BaKHBIX HAINPaBJICHUH MPH CO3/1a-
HUU CMEIIAHHBIX TPYNIUPOBOK MUIOTHPYEMBIX
BeptTosieToB u BJIA sBisiercst pazpaboTka meTo-
TUK  (GopMHpoOBaHUS CcOCTaBa TPYIITUPOBOK
(mapka) BJIA pa3znu4yHOr0o Ha3HAYEHUS JJISI COB-
MECTHOT'O MPUMEHEHHS C MUJIOTUPYEMBIMU BEP-
ToJieTaMu [4—6].

Benymme skcriepTsl B 006J1aCTH BOGHHOM HAYKH
U TEXHUKH B HACTOSIIEE BpeMs MPEICTABISIOT
MHOTOYHCIICHHBIE OICHKH TIPUMEHEHHs1 Oecru-
JIOTHBIX JIETATEJbHBIX ammapaToB OT HEOONBIINX
a/lalTHPOBAaHHBIX KOMMEPUECKUX Mojenel 10 6o-
Jiee CJIOKHBIX CUCTEM BOEHHOro HazHaueHus. Oc-
HOBHBIMHU 33[lauaMH JTUX alllapaToB SBISIOTCS
pa3Beqka, IlelieykazaHhe, KOPPEKTHPOBKA OTHS,
PaaMO3JIEKTPOHHAsE OOpbOa U OTHEBOE MOpPaYKEHUE
LeJIe KaK B MHTEpPECAaX CyXOIyTHBIN BOMCK, TaK U
BOEHHO-MOpPCKHX cui [1-3].

C TOYKM 3peHHs pa3BeIKU OECIUIIOTHBIE Jie-
tatenpHble annapatsl (BJIA) urparor kiroueByro
poJb B TPEIOCTABICHUM pa3BeAbIBATEIbHBIX MeToauuecKkre OCHOBBI
JaHHBIX O MCPCABMIKCHUAX U TMO3HUIHUAX BOMCK (l)OpMHpOBaHI/Iﬂ pPauMoOHAJIBHOI'0
MPOTUBHUKA B PEXHME PEaTbHOTO BPEMEHH. ITO mapka
MO3BOJISIET TUIAHUPOBATH M MPOBOAUTE OTMEPALAN
¢ Oompmoin 3 dexTrBHOCTRIO. BJIA HCmonb3y-
IOTCSl TaKKe JUIS MPSMBIX aTak, B TOM YHUCIE B
BUJIe OappaXupyromux OoernpunacoB. JTa Tak-
THKa OKa3ajachb OCOOCHHO A(PQPEKTUBHOU IpH
pelieHNH 3a7ad MOpakKeHUs TaHKOB, OpoHema-
[IMH, apTWUICPUHCKUX M PAKETHBIX CHCTEM,
YKPEIJICHHBIX ITyHKTOB U IPYTHX Ba)KHBIX IIETICH.

OnbIT BefCHUS COBPEMEHHBIX OOEBBIX JEH-
CTBUH BHUMATEIBHO H3YyYalOT 3alajgHble BOCH-
HBIC AaHAJIMTUKU | JCTAIOT ONPE/ICIICHHBIE BEIBO-
Ibl [2, 3]. OHM nmonararoTt, 4TO pojib BEPTOJIETOB

MeToau4eckie OCHOBBI M IPOTPaMMHBIE
cpeactBa GOpPMHUPOBAHUS PALMOHAIBHOTO BEP-
TOJIETHOTO TAapKa, PEHIAlOIIero 3aJaHHBINA Te-
peUeHb 3a/1au, pacCMaTPUBAIUCh paHee B psjie
pabot [7-9], OTHOCHUTENBHO XK€ OeCIMIOTHBIX
JeTaTeNbHBIX alMapaToB BEPTOJIETHOTO TH-
na (bJIA BT) nanHble HampaBieHHUsS B HacTOs-
1Iee BpeMs TOJbKO HAYMHAIOT CBOE Pa3BUTHE.

YuureiBas OOJBIIYI0 Pa3MEpPHOCTh pellac-
MO 3aJlau¥l U CIOXKHYIO MEepPapXUYECKYI0 B3au-
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MOCBSI3b COCTABIISIOIIMX €€ HJIEMEHTOB, LIEJIECO-
00pa3HO NpPEJCTaBUTh BEpOAIbHYIO IMOCTAHOBKY
U TIPOBECTH JEKOMIIO3UIIMIO HMCXOAHOM 3amaun
Ha psJl ATAIOB.

BepOanbHas nocTaHOBKa 3ajjaud BBIPAXKaeT-
Csl B CJIEYIOIIEM BU/JIE.

3aaHsbl:

OINKCaHUE CUTYalMOHHOW OOCTAaHOBKH H
nepeveHb 3ajad, AJs BBINOJIHEHHUsS KOTO-
pbix npenHasHayaercs napk bJIA BT na
3aJJaHHOM BPEMEHHOM HHTEpBAJeE [fy, t];
ACCUTHOBAHUS Ha CO3aHME MapKa pa3Ho-
tunHbiX BJIA BT u TpeboBanus k 3¢-
(EeKTUBHOCTH 3aJad, KOTOpBIE JOJKHBI
ObITh BhIMOTHEHBI TapkoM BJIA BT.

TpebOyeTtcs: onpenenuTs paluOHAIbHYIO CO-
BOKYNHOCTbh pa3HOTUNHBIX BJIA BT, Bxomsumx
B COCTaB IapKa, OTBEYAIOILYIO HauOobLIeH -
(EeKTUBHOCTH NPH 33/JaHHBIX 3aTpaTax JUOo 3a-
JaHHOM 3()(h)eKTUBHOCTU NMPU MUHUMAJIBHBIX 3a-
TpaTax Ha €€ CO3JaHHe, a TaKXKe ONpPEIeIUTh
TpeboBanus k xapaktepuctukam BJIA BT, Bxo-
JSIINX B €€ COCTaB.

OO01mas cxema JEKOMIO3UIMM MCXOAHOM 3a-
Jlauu Ha 3tansl 1-5 npexacraBneHa Ha puc. 1, rae
0003HaYEHO ClIeAyIOIIEe.

Oman 1

3anaHbl:

HepeveHb 3a/ay, A PEeIIeHUs] KOTOPbIX
npeanasHadeH napk bJIA BT;

YCIOBHS W ONHUCAaHWE (PYHKIMOHHUPOBA-
Hus bJIA BT npu pemenun 3anayq [10].

TpeGyetcsa: cdopmupoBath TpeOOBaHUS K
BJIA BT npu pemennn 3a1ay.

Oman 2

3asaHbl:

YHUCIIO 334a4 (m) U UX KpaTkoe 0003Ha-
YEHHUE;

3alpelICHHbIE COYETaHNUs MHOXKECTB OJI-
HoueneBbix (OL) u muoronenesbix (ML)
BJIA BT.

Tpebyercs: chopmupoBats MHOkecTBO Ol
u ML BJIA BT c y4eToM ux pa3pelieHHbIX CO-
YeTaHUM MCXo/sa U3 TpeOOBaHMIA U YCIOBHUI BbI-
IIOJIHEHUS 3a7ad.

Oman 3

3amaHbl:

MHoxkecTBo OLl 1 MI] BJIA BT;
MHOYKECTBA UCXOJHBIX JaHHBIX Ui (op-
MupoBanus o0oaukoB bJIA BT.
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Tpebyercs:
OIPEIICITUTh OCHOBHBIC TapaMeTphl M Xa-
paxtepuctrku (06muku) BJIA BT [11-13];
3HAauUeHUsl ToKa3atene 3(h(HEKTHBHOCTH
peuieHust Kaxnaou i- 3agaum j-m OL[ u
MII BJIA BT (UMt

max

1 4

CTOUMOCTh Kakjoro otaenbHoro Ol u
MI] BJIA BT.

Oman 4

3agaHbr:

s dexruBHOCTs OLl 1 ML BJIA BT mpu

peIICHUHU 3aa4.

TpeOyercsi: omnpeaenuTb m 3aBUCUMOCTEH
(o umcny 3agad) Buga U, = U, (N, ), OTpa-
KAIOMINX W3MEHEHHE d(PPEKTUBHOCTH PEIICHUS
3a71a4 B 3aBUCUMOCTH OT KoimdecTBa Ol u MI]
BJIA BT.

Oman 5

3anaHbl:
matrpuua OLl u MI]| BJIA BT, u3 xo-
TOPBIX (POPMHUPYIOTCSI BAPUAHTHI TTApKa;
saBucumMoct Buaa U, = U, (N, 5r) I

Ka)KJION M3 33744,

OKHJIaeMble PacXOJbl Ha CO3JaHHE Kax-
noro tuma bJIA BT;

YPOBEHB pacIioyiaraeMblX aCCUTHOBAHUU.

Tpebyetcs: onpeaenuTs panvoOHAIbHBIN CO-
craB napka pasHorunsslx bJIA BT c coorser-
CTBYIOIIMMHM TaKTUKO-TEXHUYECKUMHU XapaKTe-
PUCTHKAaMH, OTBEYAIOMIETO TPEOOBAHHIO MaKCH-
MaJIbHOW 3((HEKTUBHOCTH MPH 33aJaHHBIX aCCHUT-
HOBAHUSX.

B kadecTBe OCHOBHOIO KpHUTEpHs OIpeaee-
HO MAaKCHMaJbHO BO3MOYHOE€ JOCTH)KEHHUE J(-
(EeKTUBHOCTH pELICHUsS COBOKYIHOCTH 3ajay
napkoM BJIA BT B TeueHne nporpaMMHOIO Iie-
pHoJa IIpH 3aJaHHBIX PAcIoJIaraéMbIX aCCUTHO-
BAHMSIX.

] = max fttok(Z{Zl q: Uy) dt,

pacn

npu Cy < CZ

rae i — K03 HUIMEHT BaXKHOCTH 3a]1a4;
Ui — s dexTuBHOCTS -1 3a0a4u;

pacm
Cy — pacrionaraembIe pecypcel.
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[TocTaHoBKa H (I]OpMﬂJ’IbHoe OMHUCAHHE

3a0a4M

Oran 1
®opmHpOBaHHE TPeOOBaHHIH K
BJIA BT npu pemennu 3ana4

'

Ycnosus peeHus 1-ro tama:
- M — YUCTI0 3a1a4;

- YCIOBHUSA U ONHCAHKUC (JYHKLIHOHHPO-
BaHus BJIA BT npu pemenun 3anay

TpeboBauus K

BJTA BT
Oran 2 !
DOPMHPOBAHHE MHOKECTBA YcnoBus pelieHus 2-To 3Tamna:
OLL u ML BJIA BT ¢ yuerom ux - - MEPEYCHb 3444 M ONPEACIICHHE HX
3AMPCLICHHBIX COUCTAHHIL 3aMpPEILCHHBIX COYETAHUI
| Matpuua
Ol n M1
BJIA BT l
Oran 3 Yenoeus pemesus 3-ro rana:
OmnpeaeneHue XapakTePUCTHK - - maoskectso OL] u ML[ BJIA BT;
OIl u MI1I BJIA BT, ux h - HCXOZHBIE JaHHBIC 1151 (DOPMHPOBA-
3()()eKTHBHOCTH U CTOMMOCTH Hus 00mukoB BJIA BT
| XapakTepHCTHKH
OLl u M1 BJTA
BT 1
Otan 4 YcnoBus penenust 4-ro Jtamna:
OnpeaeneHue 3aBUCHMOCTE - 3(ppextuBHOCTE OL] M MI] BJIA BT
Ui = Ui(NBJI;\ |.;'|‘) - NPH PCIICHUH 3a4a4
| _3aBucumocTH
U; = Ui(Nga p1) |
Jtan 5 Yenosus pemeHus 5-ro Jramna:

I'enepaumst BApPHAHTOB MApKA
BJIA BT u ux oueHKa 110 KPUTEPHIO
MaKCHMAIBHOH 3()()EKTUBHOCTH NPH

3a1aHHBIX ACCHTHOBAHHAX

- matpuua OL[ u ML[ BJIA BT;

. -
J = max LU“(EEL q: U;

n pH CE Cpﬁc

- 3aBUCHMOCTH U; = U;(Ngja 51):
- croumocte Ol u ML BJIA;
- 33JJAHHBIC ACCHTHOBAHMSA

A

)dl L]

Jlyuumii BapuaHT
napka BJIA BT

Puc. 1. Cxema 1eKOMITO3UIMH UCXOIHOH 3a/1auu
Fig. 1. The decomposition scheme of the original problem
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Cornacno IlonoxxeHnio o co3gaHuu aBUALIH-
OHHOM TE€XHUKM BOCHHOTO HAa3HAYCHHWS M aBHa-
LMOHHOM TEXHHUKU CIELHAIbHOIO0 Ha3HAYEHUs
0oeBast Ap(EKTUBHOCTL 00pa3la aBHAMOHHON
TEXHUKH OIpEIeNsieTcsl KaK CTENEeHb IPHUCIIO-
COOJICHHOCTH K BBIMIOJTHCHUIO OOEBBIX W CICIIH-
aNbHBIX 33/1a4 B COOTBETCTBUU C €r0 MpeAHa3Ha-
yenueM. Kpurepuii 3¢ dexruBHOCTH — 3TO TIpa-
BUJIO MpuHATUS pemieHus. OH ¢opMupyercs Ha
OCHOBE TIoKa3aTetst 3Q(GEKTUBHOCTH TS KaXKIOU
i-u 3agaun U;. Hanpumep, ms 3apaum nopake-
HUS Ha3eMHBIX Iienieil kputepuil 3¢dexTuBHO-
CTU — MAaT€MaTHUYECKOE OKUJIAHUE TOPAKEHHBIX
Leyied NpOTUBHUKA, JUIS 3a/1a4M PAa3BEIKU U Iie-
JeyKa3aHusi Ha 3aJaHHOM CEKTOpe JI0JIS
OCMOTPEHHOM IUIOIIAM OT 3aJaHHOM 3a omepa-
uuto. IIpu 3ToM 111 aBTOMaTU3UPOBAHHOTO pe-
IIEHUSl 3aJa4d MCMOJb3YIOTCS OTHOCUTEIIbHBIC

= U
nokazarenu 3pdextuBHocTU Uj =U—T‘p — OTHO-

CUTEIbHBII YpPOBEHb peIIeHus i-i 3agadd oT
TpeOyemoro (3aJaHHOTO).

[IpencraBnenue oOuiei 3amauu B BUAe psaaa
O0OBEAMHEHHBIX JIOTMYECKUMHU CBSI3IMHU JTAIOB
MO3BOJISIET:

IPOBECTU CTPYKTYPHBIN aHAJIN3 337a4u B
LEJIOM;

ONpEAEIUTh TOCJIEI0BaTENIbHOCTh  BbI-
NOJHEHUsl 3TanoB (B paboTe OHa COOT-
BETCTBYET MX HyMEpalluu), UX CoaepriKa-
HHE U HalpaBJICHUS TIOTOKOB JIaHHBIX;
OIpeAeNuTh Mepy ydyacTus B paboTe cre-
[IUAIMCTOB CMEXHBIX Mpoduiei (0bopy-
JIOBaHWE, SKOHOMHKA U T. ]1.);

BBIJICJIUTh OCHOBHBIE HANpaBICHUS pPa3-
paboTOK U HEOOXOAUMBII HAyUYHO-TEXHHU-
YeCKUHU 3aJ€ell.

B o6mem cinyuae BJIA BT moryT ObITh Ki1ac-
CU(pHUIMPOBAaHBl MO KOHCTPYKTHBHO-a3pPOJIMHA-
MUYECKOW cxeMme (ThmamM), MO Ha3HAYECHHUI0 U
OCHOBHBIM ITapaMeTpaM U XapaKTepUCTUKAM.

O6nacTe BO3MOXKHBIX pelIeHud npu Gpopmu-
poBanuu napka bJIA BT onpenenstor:

)yM= 1, m — 4Kcio 3a1a4, /TS BBITOTHSHUS
KOTOPBIX MpenHazHavaercs napk bJIA BT;

2) S =1,s — uncno tumoB BJIA BT (omHo-
BHUHTOBBIE, COOCHBIE, MHOTOPOTOPHBIE);
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3) (X, L, B)s — MHOecTBa TapaMeTpOB U Xa-
paKTepUcTuK, onpeaenstonux oosmk bJIA BT:

X — onTUMU3HUpYEMBIE TAPAMETPHI;

L — napametpsl u xapaktepuctuku bJIA BT,
€ro MOJICUCTEM, YHMCIICHHbIE 3HAYEHUsI KOTOPBIX
MPUHUMAIOTCS TIOCTOSIHHBIMU;

B — naHHble, XapaKTepU3YIOIIHE YCIOBUS
MpUMEHEHHUs U 0a3UpOBaHNS,

4) Z — KOAM4eCcTBO BO3MOKHBIX Ha3HAYEHUI
OLl u MII BJIA BT B cocraBe mapka (THmax
BJIA BT B cocraBe nmapka);

5) N — 4ucno BapMaHTOB KOMIUICKTAIUI
napka BJIA BT, cocrosimero u3 OLl m MI]
BJIA BT.

I'paHMYHBIMH ~ TOYKAMH  TEOPETUYECKOTO
MHOKECTBa BO3MOKHBIX BAPHAHTOB KOMILIECKTA-
uuu napka bJIA BT no Ha3HaueHUIO SBISIOTCS:

— napk, coctodamui u3 M pazHotunssix OL]
BJIA BT, xaxaplii U3 KOTOPBIX pEIIAeT OTACINIb-
HYI0 33714y U3 MHOKecTBa M = 1, m (puc. 2);

m

Puc. 2. [Tapk pasnotunusix O] BJIA BT
Fig. 2. Fleet of various single-purpose
helicopter-type UAVs

— MapK, COCTOAIMA W3 OAHOTHUIHBIX MI]
BJIA BT, kaxaplii U3 KOTOPBIX PELIAET BECH IIE-
peuens 3anay 1, m (puc. 3).

1.2.3.....m

Puc. 3. [Napk ogHotunueix ML BJIA BT
Fig. 3. Fleet of similar multi-purpose
helicopter-type UAVs

[IpomexxyTOUHBIMM BapHaHTaMU MHOXECTBA
komruiektauu nmapka BJIA BT mo HazHaueHuto
MOTyT OBITh Tapku, cocrosimme u3 Ol u MI]
BJIA BT B pa3znuunbix coueTanusix (puc. 4).

KonuyecTBo coueranuit Z = p," 10 KakI0My
U3 3HadyeHuit n = 1, 2, ..., m (KOJTUYECTBO 3ajad,
pemaembix ogHuM BJIA BT) ompenensercs us
BBIPKEHHUS JIJIsl OTPEICTICHUS YhCia COUeTaHUN
U3 M 10 1
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1 2.4 3 5, 4, ....m
1,2 3 4 5 6,...,m
1,4 2,3 5,6 .m
1,2,3 4,56 . m

u Jp.

Puc. 4. Kommnexramms napka u3 OLl u ML BJIA BT
Fig. 4. Complete set of a fleet of single-purpose and multi-purpose helicopter-type UAVs

Puc. 5. Kommiexranus napka u3 6 oguouenessix bJIA BT
Fig. 5. Complete set of a fleet of 6 single-purpose helicopter-type UAVs

3 1,4 1,5 1

3 k] k] k] ?

6

2,3

E

2,5

3

2,6 3,4 3,5

4,5

]

4,6

3

Puc. 6. Kommekranus mapka u3 15 nByxienessix bBJIA BT
Fig. 6. Complete set of a fleet of 15 dual-purpose helicopter-type UAVs

m!

M = =)

b

Jlyis mpuMepa HUKE MPUBEACHO TOJTHOE pas-
OueHre MHOXKEeCTBA M3 M = 6 (IS IIeCTH Ha3Ha-
yenuit BJIA BT).

I[Ipu n = 1 B cocraB mapka OyAyT BXOIUTh
mecth oxHoueneBoix BJIA BT, mpennaznauen-
HBIX JJIS1 PEeLICHUS CIeAYIOMUX 3a1a4 (puc. 5):

1 — pa3Benka u neneykazanue (PLL);

2 — nopakenue HazeMHbIx 1eneit (ITHLL);

3 — pamuosnekrponHas 6oproa (POB);

4 — TMOUCKOBO-CIIacaTeNbHOE oObOecreueHue
(IICO);

123

5 — perpancasius curHanos (PC);
6 — TpancniopTupoBka rpy3oB (TT).

n 6!

= e @ —_
Hm 11(6-1)!

120

IIpu n = 2 B cocraB mapka OyIqyT BXOAWUTH
15 neyxueneBsix bJIA BT, npenHazHaueHHBIX
JUISl pELIEHNUs CIIEeIy0IMX 3a1a4 (puc. 6):

n 6!

_ 720
Hm 21(6—2)!

15.

48

IIpu n = 3 B coctaB mapka OyIqyT BXOAWTH
20 tpexueneBbix BJIA BT, mnpeanazHaueHHbIX
JUTSL pellIeHus CAeAYIOMMX 3a1a4 (puc. 7):
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1,2,3(| 1,2,4]| 1,2,5]|] 1,2,6|| 1,3,4|| 1,3,5|] 1,3,6]|| 1,4,5( 1,4,6|| 1,5,6|| 2,3,4
2,3,5 (1 2,3,6 2,45 2,46 2,56 3,4,5]] 3,4,6]]| 3,561 4,56
Puc. 7. Komnnexranus napka u3s 20 tpexuenesbix bJIA BT
Fig. 7. Complete set of a fleet of 20 three-purpose helicopter-type UAVs
1,2,3,4 | 1,2,3,5|| 1,2,3,6/ | 1,2,3,6| 1,2,4,5| 1,2,4,6 1,2,5,6(| 1,3,4,5
1,3,4,6] | 1,4,5,6/ | 2,3,4,5 | 2,3,5,6{ | 2,3,4,6] | 2,4,5,6[ | 3,4,5,6
Puc. 8. Kommnexranus napka u3 15 uersipexuenessix bJIA BT
Fig. 8. Complete set of a fleet of 15 four-purpose helicopter-type UAVs
1,2,3,4,5 1,2,3,4,6 1,2,3,5,6 1,2,4,5,6 1,3,4,5, | 2,3,4,5,6
Puc. 9. Kommekranus napka u3 mectu nsaruuenessix bBJIA BT
Fig. 9. The complete set of a fleet of 6 five-purpose helicopter-type UAVs
n_ 6 _70_
Hm =360~ 36 20. 1,2,3,4,5,6

IIpu n = 4 B cocTaB mapka OyaeT BXOAWUTH
15 gyetwipexneneBsix bJIA BT, npennasHauen-
HBIX JJIS1 peIIeHUs CIAeAyoMuX 3aaa4 (puc. 8):

el
41(6—4)!

n

_ 720 _
Hm

= 15.
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[Ipu n = 5 B cocTtaB mapka OyAeT BXOIUTH
mecth natuneneBsix bJIA BT, npennasnauen-
HBIX ISl peIIeHUs CAeAYIOMuX 3aaa4 (puc. 9):

n 6! 720 _

Hm :5!(6—5)! T 120 6.

[Ipu n = 6 B cocTaB mapka OyAeT BXOIUTHb
onuH wectuneneoii bJIA BT, npenna3znauen-
HBIN U1 pelIeHus cienyomux 3aaad (puc. 10):

el
 6!(6—6)!

n

720 _
Hm =

720

1.

124

Puc. 10. Kommnekrarus napka u3 0JHOTO MIECTHIICTIEBOTO
BJIA BT
Fig. 10. The complete set of a fleet of 1 six-purpose
helicopter-type UAVs

Taxkum oOpazom, TIpu m = 6 B COCTaB Mapka
MOKET OBITh TEOPETUYECKH BKIIIOUEHO Z = 6 +
+15+20+ 15+ 6 + 1 =63 Tuna oaHOIIEIEBLIX
u MHoroneneBbix bJIA BT, ¢popmupyromnmx pas-
JIMYHBIE BAPUAHTHI KOMILJIEKTAIlUH MTapKa.

W3 »THX »3J€MEHTOB, KaKk M3 AcTaleid KOH-
CTPYKTOpa, MOKHO HaOMpaTh caMble pa3HbIE CO-
yetanus MHoroueneBsix BJIA BT mpu coburo-
JICHUW YCIIOBHS, 4YTO KaXIblil BapUaHT KOM-
IUIEKTAllUM MapKa JIOJDKEH pellaTh BeCh 3a/1aH-
HBIN [IEpEYEHb 3aa4.

Jns ciiydass HEMOBTOPEHHSI OJHOTO M TOTO
)K€ IICJICBOTO HA3HAYCHHSI B  HECKOJBKHX
BJIA BT, Bxomsumx B COCTaB IMapkKa, KoJuye-
CTBO BAPHUAHTOB MAPKOB MOKHO ONPEACIUTH KaK
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Taoauma 1
Table 1
3aBHCHMOCTBH YHCJIa BAPUAHTOB MAPKOB OT YKCIIa 3a71a4
The dependence of the number of fleet options on the number of tasks
Yucao 3apa4, m Yucy10 BADUAHTOB NAPKOB
2 2
4 15
6 203
8 4 140
10 115975
Tabauna 2
Table 2

3aBUCUMOCTh YHUCIIa BAPUAHTOB MTAPKOB OT YUCIIA 33/1a4 C TOBTOPEHHEM
The dependence of the number of fleet options on the number of tasks with repetition

Yucao 3apay, m Ymncji0 BApDHAHTOB MAPKOB
2 4
4 299
6 16 454
8 347216
10 >5-10°

YHCI0 BCEX BO3MOXKHBIX pa3OueHwid m — dJe-
MEHTHOTO MHOKECTBAa Ha HeINepeceKaromuecs
MOJMHOKECTBa, o0o3Havaemoe B, (uucna ben-
na) [14].

B(m +1) = ¥350(C(m,n) * B(n)),
rae B(0) = 1;

C(m,n) — OUHOMUATBHBIN KO3 UIIUEHT, KO-
TOPBINA TPEACTaBISIET COOOW KOJIMYECTBO CIIOCO-
OOB BBIOpATh /1 DJIEMEHTOB U3 /.

AnropuTMHYecKH mporeaypa (GopMHpOBa-
HUSl BapHaHTOB MapKOB CBOJUTCS K KOMOHMHa-
TOPHOU 3aJjaue OIpEeNeICHUsI BCEX BO3MOXKHBIX
pazOuennii MHOXecTBa {1, 2..., m}, KOJTUIECTBO
KOTOpBIX BbIpakaeTcs unciaamu bemna (B,,) nns
mo0o0ro 3amanHoro m (taou. 1).

Eme oqun crnocod omnpepeneHus 4ucia BCex
BO3MOXXHBIX pa3OMEHUIl m — BBHIYHMCIECHUE Yepe3
yuciaa CtupauHra Broporo poza [15].

B(m) = X3L0(S(m,n)),

125

rae S(m,n) — obliee KOJIMYECTBO pa3OHEHHI U3
m 3JI€MEHTOB Ha 7 MHOXECTB.

Heo0xoauMo OTMETHTH, YTO YMCIIO BO3MOX-
HBIX pa30MeHMii (BapuaHTOB MapKOB) C yBeIUYe-
HHUEM YHCIIa 3a]1a9 /11 PaCTeT YKCTIOHEHIIUAIBHO.

B ciryuae moBTOpeHUs 11€1€BOr0 Ha3HAUEHUs
B paznmmuHbix BJIA BT (mambonee oOmmii ciy-
Yaif) 4UCI0 BO3MOXKHBIX BapUAaHTOB KOMILIEKTa-
M1 TTapKa BO3pacTaeT JaBHHOOOpa3Ho (Tabd. 2).

Amnanu3 001acTH BO3MOXKHBIX pEIIeHUH 103-
BOJIWJI CAETIATh MPEIBAPUTEIBHYIO OIEHKY pa3-
MepHocTH 3anaud. CpaBHUTENbHas OLIEHKa Ta-
KAX KOJIMYECTB BapUAHTOB KOMIUICKTALUHU Tap-
koB pazHoTUNHBIX BJIA BT tpebyer MHOTUX Ya-
COB MAIIMHHOTO BpEeMEHH. B Takux yCIIOBHSIX
OpUMEHEHHe METOJI0B NIpsMOro mnepedopa 0e3
UCTIOJIb30BaHUS CTICIUAIBHBIX MEP COKpPAIICHUS
00J1aCTH BO3MOXKHBIX PELICHUNA MOKET NPUBECTU
K CEPbE3HBIM BBHIUYUCIUTEILHBIM TPYTHOCTSIM.

C y4eTroM H3I0XKEHHOro B MpOLECce HcClle-
JoBaHUsSI ObLTH pa3paboTaHBl MEphI, TO3BOJISIO-
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1 2 3 4 5 6
1 12 13 14 15 16
2 23 24 25 26
3 34 35 36
4 45 46
5 56
6

l:l — 3aIlIPpCIICHHBIC COUCTAHUA l:l — Pa3pCIICHHBIC COYCTAHUA

Puc. 11. Matpuia 3anpeiieHHbIX 1 pa3pelIeHHbIX COUeTaHUH 3a1a4
Fig. 11. Matrix of prohibited and permitted task combinations

LIME CBECTH 3aJady K pas3psny NPAKTUYECKH pe-
maeMbIX. K HUM oTHOCSTCS:

— OTpaHMYECHHUE YMCIIA 33/1a4, PEeIIAaeMbIX Of-

HuM BJIA BT, ucxons u3 peanbHBIX YCIOBUN
NPUMEHEHHUS M BO3MOXKHOCTH pa3MEILEHUs Ha
OopTy cneuuanbHOro obopynoBanusi (m’ < 2-3
He 0OJIbIIe IBYX-, TPEXIIENICBHIX);
UCKIIIOYCHUE U3 HMCXOJHOTO MHOXECTBA
MHoroueneBbix bJIA BT tex u3 HUX, KOTOpHhIE
HE MOTYT OBITh PEATM30BAHBI U3 MPAKTHUUYECKUX
WIN TEXHUYECKHX COOOpakeHUHl (ompeneneHue
3allPEICHHBIX U PA3PEIICHHBIX COYCTAHMH 3a-
naq);

— uckiroyeHue u3 paccmorpenust bJIA BT,
3¢ (HEeKTUBHOCTh KOTOPBIX XOTS OBI MO OIHOU
3aJa4e OKaXETCA MEHBIIE 3aJaHHOTO MHUHH-

MajbHOro yposus U i=1,m;

— MPUMEHEHHE CIeLUaIbHBIX (B3aMEeH 00b-
€MHBIX CTaHJIAPTHBIX) AITOPUTMOB JJIsl PEILICHUS
CJIO’KHBIX KOMOMHATOPHBIX 3a/1a4.

Jnsa ompeneneHus 3anpellleHHBIX W paspe-
HIEHHBIX CcOoYeTaHWi 3amad (opMupyercs MaT-
punia coueranuid. Tak, ansg OMHAPHBIX COYETa-
HUM (pparMeHT 3TON MaTpHLbl MpeJICTaBlIeH Ha
puc. 11.

Crnenyrolee cokpalleHue, Teeph YkKe cop-
tupoBanHoro mMHoxectBa BJIA BT, npoBoaurcs
UCXOAs U3 MHHHMMAJIBHO JOIyCTUMOIO YpPOBHS

3QPEKTUBHOCTH pEUICHUS pa3INMYHBIX 3a]ad

Uimin omaum BJIA BT. 3nece moa Uimin moHu-
MaeTcs TOT PACUETHBIN OTHOCHUTEIIBHBIN YPOBEHb
pemeHnss Bo3noxeHHbIX Ha BJIA 3amau, koro-
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pBIi UMEET CMBICI YUYUTHIBaTh B JaJbHEHIINX
MCCJIEIOBAHMSIX BAPUAHTOB IIapPKOB.
MuHMMaIIBHBIA  yPOBEHb pELICHHs 3aj]ad,
KaK [PaBWJIO, ONPENENIAETCS SKCIEPTHBIM IIyTEM
JUISL KaXJIOM 3aauydl U CUMTAETCS W3BECTHBIM.
BrelpakeHHBII B OTHOCHUTENbHOW (opMe, OH
00b19HO 3akiouaercs B auanaszone (0,2—0,3) ot
MaKCHUMaJIbHOTO YpOBHS 3()()EeKTUBHOCTH OITH-
MasbHOro omuouenesoro BJIA (U ). Torma

1 max

Bce MHorouenessie BJIA BT, nns koropsix
cripaBeuMBO ycioBre UM< 0,2U 1 x0T OBl

i max
JJIsA OI[HOﬁ H3 3ada4, CHHUTAIOTCA IMPAKTUYCCKU
HECpCAJIN3YyCMbIMU U U3 ,Z[aJ'ILHeI\/'IH_Iel"O paccMoT-
PpEHUA UCKITIOYAIOTCSL.

OnpeaesieHne NOTPpeOHOr0 KOJIUYECTBA
BJIA BT

Crenyromeii BaxxHOM 3anaveid mpu (opmu-
poBanuu napka bJIA BT sBisiercs onpenenenue
UX MOTPeOHOr0 KOJIMYECTBA, HEOOXOIUMOTO WU
JIOCTAaTOYHOTO MJis1 3((HEKTUBHOTO PEIICHHS 3a-
TaHHOTO 00BEeMa 3a1ady.

JJ1s 3TOTO UCIONIB3YIOTCS 3aBUCUMOCTH 00b-
€Ma BBINOJHSAEMBIX 3a7a4 OT KOJUYECTBa
BJIA BT, pemaromux 3Ty 3agavy.

Ha rpadukax (puc. 12) npeacraBieHsl 3aBu-
CUMOCTH OOBEMa BBITIONHSAEMBIX 3aa4 ﬁsaﬂ oT
konnuectBa omHoueleBeIX bJIA BT Ngja gt IO
paccMaTpuBaeMbIM 3aaadam m = 6.
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Puc. 12. 3aBucuMocTs 00beMa BBIMOIHAEMEIX 3a7a4 OT KOJIM4ecTBa oaHoueaeBbix BJIA BT
Fig. 12. The dependence of the volume of tasks performed on the number of single-purpose helicopter-type UAVs
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Puc. 13. 3aBucuMocTh 00eMa BEIMOIHAEMOH 33/1a4H OT KOJIMYECTBA OAHOIETICBHIX U AByX1eneBbix BJIA BT
Fig. 13. Dependence of the volume of the task performed on the number of single-purpose and dual-purpose helicopter-
type UAVs

HeobxonuMo oTMeTuTh, 4To 3(HEKTUBHOCTH
mHororeneBbix bJIA BT u ux morpedHOE KOJIH-
YeCTBO JUISl BBIIOJIHEHUS 33JJaHHOT0 oObeMma 3a-
Jnad OyAeT OTIWYaThCsA OT 3HAUYCHUM OJHOIIETe-
BbIX BJIA BT u 3aBUCHT TakXe OT NPUHITOU
CXEMbl KOMIIPOMHKCCA NPU PELIEHUH MHOTOKPH-
TEPUAJIHOM 3aJauM OINpEAENICHUs] ONTHUMAJIBHO-
ro muorouenesoro bBJIA BT. Tlpumep cpasHe-
HUS 3aBUCUMOCTH 00bEMa BBHIMOIHAEMBIX 3aJau
OT KOJIMYECTBA OJHOLENEBBIX U JIBYXILIEJIEBBIX
BJIA BT npencrasnen Ha puc. 13.

Jlis OLIEHKM KaXk/I0TO ajlbTEPHATHBHOIO Ba-
pHaHTa Mapka HEOOXOAUMO 3HATh CTENEHb «II0-
JIE3HOCTU» BCEX COCTABIISAIOLIUX €r0 3JIEMEHTOB.
Jns mosiydeHus TakuX MOKas3aTeled HCIOJIb3y-
IOTCSl XapaKTePUCTUKU «CTOMMOCTh — 3(pdek-
TUBHOCTB», PACCUUTAHHBIC I KAKIOTO DdJe-
MmeHTa napka (tuna BJIA BT). Otu xapakrepu-
CTUKM MWCIOJNB3YKOTCS B BHIE 3aBUCUMOCTEN
(puc. 14)

Cg:p M BJIA — C%p M1 BJIA(UisaLL’ NJ]A i)r i = 1’ m.

KonkpeTtusupysi moHSTHE «CTOMMOCTH 3Je-
MeHTa napka» (rpynmnsl BJIA BT B cocraBe nap-
Ka), HEOOXOJIMMO OTMETUTh, YTO OHO BKIIIOYACT
B ce0s croumocTh camoro BJIA BT, ux xomande-
CTBO M 3aTpaTbl HA BBHIMIOJIHEHHE 3a/Jaud (BOC-
CTAHOBJICHUE BEPOSATHBIX IOTEPh, CHAOKECHHE,
oOcy)KuBaHuE U T. 11.):

128

Crp mu BJIA

5 = Chiaij * Njaij + AChon i),

rie Njp i — kommuectBo BJIA BT, pemrarommx
i-10 3a71a4y B j-U TPYIIIIE;
Chia; j — cronmocts oxHoro BJIA BT [16];
ACzlon ij
JUig OLICHKM aJIbTEpHATHBHBIX BAapUAHTOB
komruiektarmu mapkoB BJIA BT mist moGoro

— 3aTpaThl HA BBIIIOJHCHHUE 3a1a4H.

3aJIaHHOTO YPOBHS PEIICHUS 3a]a4 Ui dbop-
MUpyeTcsl 0a3a JaHHBIX, PEACTABICHHAS B BUJIC
Martpull TunoB bJIA BT, crouMocTu OTAEIBHBIX
BJIA BT, ux HeoO0X0QUMOro KOJIUYECTBA U CTO-
umoctn rpynn  BJIA BT xkaxmoro Tuma

Nlr]l/)\l] = N;iij(U?aﬂ)a CEP = Cil;P(NHA) (Ta6ﬂ. 3)

Ha »srame wuccnenoBanHusi anbTEpHATUBHBIX
BapHaHTOB NapkoB pazHOTUNHBIX BJIA BT npo-
U3BOJUTCS HX OIEHKa C Ledblo  BbIOOpa
HAaWIy4lllero BapHaHTa (BapUaHTOB) IO KpUTe-
pUI0 HAaMMEHBIIEH CyMMapHOW CTOMMOCTH TpHU
3a1aHHoM A (PeKTUBHOCTH peleHus 3a1ad.

@dopmanbHO TMpolecc BbIOOpa CBOAUTCS K
npoleype NpsMoro nepedopa Bcex BO3MOKHBIX
KOMIUIEKTALMI MapKa, COCTABJICHHBIX U3 JOIY-
CTUMOT'O0 MHO’KECTBA OJHOLIEJIEBBIX M MHOTOIE-
neBbix BJIA BT.
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Puc. 14. 3aBrcUMOCTE CTOMMOCTH OJHOLIENEBBIX M MHOTOIENEBEIX BJIA BT

OT 3alaHHOT'O yp

OBHsI 3G (EKTHBHOCTH

Fig. 14. Cost dependence of single-purpose and multi-purpose helicopter-type UAVs on the specified performance level

Taoauma 3

Marpuia UCXOIHBIX JAHHBIX JJISI OLIEHKH AJIbTEPHATUBHBIX
BapHaHTOB KoMIUIeKTaluu napkoB bJIA BT
Initial data matrix for evaluating alternative options for complete set of helicopter-type UAVs fleets

Ne Tunsl CTouMoCTh KonnuectBo CTOMMOCTB rpynnbl
n/n bJIA BT BJIA BT BJIA BT B napke BJIA B napke

1 1 Ci Ny Ci*N,

2 2 G, N, C*Ny

3 3 G N; Cs* Ns

4 4 C4 Ny Cy* Ny

5 5 Cs N;s Cs* Ns

6 6 Ce N6 Ce* N

7 1,3 C,+ACs Nis (Ci+AC19)* Nis

8 1,5 Ci+ACs Nys (Ci+AC15)* Nys
9 2, 3 C2 + ACz 3 Nz 3 (C2 + AC2’3)* N2 3
10 3,5 C3+ AGCss Nss (C3+ AGC55)* Nis

* Ilpumeuanue:
C,—C¢— crommoctu omuorieneBblx bJIA BT, nmpennazHaueHHBIX AT pelIeHns 3aaa4d 1—6;

Ci+ AC; 3, Ci+ AC, 5, Co+ AC, 3, C3+ AC; 5 — croumoctu ayxieneBbix bJIA BT, kotopsie
BKJIIOYAIOT B ce0s1 cTONMOCTE oxHolesieBoro bJIA BT, a Takke CTOUMOCTD JOIOJIHUTEIBHO-

ro obopynoBanus g AByxuenesoro bJIA BT.
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Table 3
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PacnpeneneHie accirHoBaHi 1o THnas

EED

OBoanavenne 3anay: 1 - pasegka v Ueneykazakue (PL); 2 - nopaskenue HazemHbix uenei (MHU); 3 - pagueanekTporHan Gopeba (P3B); 4 - nouckoso-cnacatensHoe obecnedetue (NCO)

06

3agay; 5 - (PC); &- Tvpoeka rpysos (TP)

KomiuecTao AK, BbIENAEMbIX Ha PEUISHHE 33134 B HOBOM NaPKE

7 8 3 W N 12 13 W15

Wamererie ShexTHBHOCTH CIELIAHHOTS NapKa

SipexTianocTs Hoawix AK N0 sanaan

07
06
05
04
03
02
0.1

0

12 3 4 5 & 7 8 8 10 M 122 13 # 15

IparTHEHOCTI MY HILIX BADHAKTOR

[E|

0,352
0334

Puc. 15. dparmeHT annapaTHO-IPOrpaMMHOI0 KOMILJIEKCa aBTOMAaTH3UPOBAHHOTO
(dhopmupoBanus BapuanToB napkos BJIA BT
Fig. 15. A fragment of the hardware and software complex for the automated
formation of fleet options for helicopter-type UAVs

Heo6x0oauMo OTMETHTH, YTO BCS ONHCAHHAS
BBIIE  TIporieaypa (GopMHpOBaHUS  MMAPKOB
BJIA BT npoBoauTcsi Ha 3aJaHHBIN BpEeMEHHOU
cpe3 # 1100 Ha 3aJlaHHBI BPEMEHHOIN MHTEpBaJ
[fp, %], HA KOTOPOM HCXOIHBIE ONEPATUBHO-
TAKTUYECKUE M TAKTUKO-TEXHUYECKUE YCIOBUS
peunieHus 3aja4 OCTAIOTCA HEM3MEHHbIMU. [lpu
W3MEHEHUU JaHHBIX YCJIOBUM C KaKOro-Iudo
MOMEHTa ¢, (U3MeHeHHe TpeOoBaHUM, coBep-
MICHCTBOBAHHE TEXHWKH, HApaAIlMBAaHWUE WM CO-
KpalleHne MPOTHBOOOPCTBYIOMINX CHII, KOPPEK-
s 00bEMOB U YPOBHEH 3a7a4 U T. [I.) PEIICHUE
dbopMupyeTcst 3aHOBO HA UHTEPBAJE [Z,, k).

Jns moanepKKu mpoLecCOB MPUHATUA TaH-
HBIX PEUICHUI B HacTosiIiee Bpems pa3zpadarbi-
BAIOTCSI METOJIbI, MOJIETIM M MPOTPAMMHBIE KOM-
IJIEKCHI, MO3BOJIAIONINE aBTOMATU3UPOBATh WH-
(dbopMaIMoOHHbIE TEXHOJOTUU OTNEPATUBHOTO pe-
arupoBaHMs Ha MU3MEHSIOLIUECS YCIOBHs 00CTa-
HOBKH, BKJIIOYasi dTambl pa3pabOTKH, KOMILIEK-
TOBaHHUS U IPUMEHEHUSI COBPEMEHHBIX CIOKHBIX
POOOTHU3HPOBAHHBIX CHUCTEM, YYHUTHIBAIOIIUE B
TOM YHCJIIE HOBBIE BO3MOXHOCTH IEPCHEKTHUB-
HBIX aBUAIIMOHHBIX KOMILUIEKCOB, UX 000pyI0Ba-
HUS U BOOPYKEHUSI.
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@parMeHT annapaTHO-NMPOrpaMMHOIO KOM-
IUIeKCa aBTOMATHU3MPOBAHHOTO (OPMHUPOBAHUS
BapuaHToB napkoB BJIA BT, npegHaznaueHHbIX
JUIs PELIEHUs 3aJaHHOTO IIEPEYHs 3a1ad, Mpe-
CTaBJIEH Ha puc. 15.

3akiioueHue

B Hacrosimee BpeMs posib aBUALIMOHHBIX
CPEACTB MOJJICPKKH YACTEH W MOApPA3IACICHUI
CYyXOITyTHBIX BOWCK M BOECHHO-MOPCKUX CHJ B
BOCHHBIX KOH(DIUKTAaX MEHSIETCS B COOTBETCTBUU
C HOBBIM IOJXOJIOM, HAaIpaBJICHHbIM HA COB-
MECTHOE M COIIaCOBAHHOE NMPUMEHEHUE KaK IH-
JOTHPYEMOH, TaK U OECITMIIOTHOW aBUAITMOHHOM
TEXHUKHU, & TaKXkKe IPYTHX pPOOOTU3NPOBAHHBIX
CHUCTEM B €IMHOM KOHTYpE yIPABJICHHUS.

OnHuM U3 BaXKHBIX HAIpaBJIECHUH MPU CO3/a-
HUU TPYNIHPOBOK MHJIOTUPYEMBIX BEPTOJIETOB U
OCCIMIIOTHBIX JIETaTEIbHBIX AIMIapaTOB SBIISETCS
pa3paboTka MeETOAUK (OPMUPOBAHUS PaIHO-
HaJBHOTO COCTaBa IMapKa JETaTEeNbHBIX ammapa-
TOB Pa3JINYHOTO Ha3HAYEHUS JUIsI UX COBMECTHO-
r'O MPUMEHEHUS B HOBBIX YCIIOBHSIX OOCTaHOBKH,
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B TOM YHUCJE C YYETOM OIbITa BEJCHHS COBpE-
MEHHBIX KOH(JIUKTOB.

KommuiekcHoe pemienue GpopMupoBaHus mnap-
ka bJIA BT gns ux COBMECTHOTO NMPUMEHEHHUS
C NWJIOTUPYEMBIMHU BEPTOJIETAMHU B COCTaBE pas-
BE/IBIBATEIbHO-YIAPHBIX KOHTYPOB TO3BOJIET
ONEPATUBHO NPOBOJUTH OLEHKH IO CO3JaHUIO
CMEIIaHHBIX moapa3aeneHuii JIA paznuaHoro
YPOBHSI HWHTETpAIlH, OMPEIeIsITh MOTPEOHBIM
COCTaB M YUCIEHHOCTHh JIA, MPOBOAUTH OLIEHKY
3¢ (HEeKTUBHOCTH U CTOUMOCTH pEILICHHs 3aaH-
HOT'O MEPEYHs 3aJay, MIAHUPOBATh HAYYHO-TEX-
HUYECKHE U TMPOU3BOJICTBEHHO-IKOHOMUYECKUE
MEPOIPHUATHS PEATU3ALNH MTEPCIIEKTUBHBIX MPO-
extoB BJIA BT B 3amanHblil nepuos.
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