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HoBasi Moesib BbhICIIEro 00pa3oBaHusi: NPO0JieMbI U MEPCHEKTHBBI
MOATrOTOBKY KA/IPOB JJI51 aBUATPAHCIIOPTHOM 0Tpac/u

B.I1. Ennceesn’

1 o« o« o o«
Mockosckuii 20cy0apcmeerHblil meXHU4eCKULl YHU8epCumem epajicoOaHCcKoll asuayull,
2. Mockea, Poccus

AnHOTammsi: PaccMOTpeHb! OCHOBHBIE MPOOJIEMBI TIOJTOTOBKH CIIELUAIMCTOB JUISl TPAKIAHCKOM aBHALMM B BBICIINX y4eOHBIX
3aBE/ICHMSIX CTpaHbl, OOYCIIOBJICHHBIE pEOpraHu3alieil OTeuecTBEHHON 00pa3oBaTeNbHONM cucTeMbl. Ha ocHOBaHWMM aHamm3a
Hay4HBIX IMyONWKamuii M JUCKyCcCHil TpodeccHOHAIOB MO MpOOJIEMATHKE COBPEMEHHOTO BBICIIErO OOpa3OBaHMS BBISBIICHBI
MPOTHBOPEYMs 3asBICHHBIX IMPUOPUTETOB M Pa3HOMNIACHsS B MOCIEAOBATEIBHOCTH PEINEHMs IOCTABICHHBIX IEPel BbICHICH
IIKOJION 3a7ad. YCTaHOBJIEHO OTCYTICTBHE OOOCHOBAHHBIX KpPHTEPHEB OLCHKM KadecTBa OOpa30BaTENBHOrO Ipolecca |
MOAroTOBKM crneruanuctoB. CopMynupoBaHa akTyalnbHas MOTPEOHOCTh B YPETYIMPOBAHMM PONM TOCYHApCTBa B OLICHKE
COCTOSsIHHSL 00pa3oBaHUs B LIETIOM M OOpa30BATENBHBIX YUPEKICHHWII B YaCTHOCTH B PaKypce €ro MPaBOBBIX W KOHTPOJBHO-
HajopHbIX QyHKumiA. Ha npumepe MI'TY T'A nokazana crienuuka oTpacieBoii MoAroToBKU npo)eCCHOHANIOB, YHUKAIBHOCTb,
YCTOWYMBOCTh K HOBBIM BBI30BaM M YCIIEHIIHOCTh KOTOPOH TOATBEPKIEHBI HOJIYBEKOBOH BBHICOKOH KOHKYPEHTOCIIOCOOHOCTBIO
BBIITYCKHUKOB Ha POCCUMCKOM U MEXIYHAPOJHOM PBIHKE TPY/la, & CICA0BATEIILHO, COXPAHSIOLLEHCS NIPUBIICKATEILHOCTBIO JJIS
abutypueHToB. B koHTekcTe aHOHcHpoBaHHONM MuHOOpHaykn Poccun B Hadane 2025 roja MHMIMATHBBI IIOCTPOSHUSI HOBOM
MOJIENI  BBICIIEr0 0Opa30BaHWs BBIBICHBI (DAKTOPBHI, CIEP)KUBAIOIIME pPa3BUTHE OTPAcieBOM CcHUCTeMbl 0Opa3oBaHus,
olpe/ieeHbl KOHLENTyaJIbHBIE TIOXO/BI JUIS MX HPEOJIOIEHHs, a TakKe 000CHOBaHA IIE1ecO00pa3sHOCTh COXPAHEHHS CHCTEMBI
MO/ITOTOBKH CIELMAIMCTOB Il IPAKIAHCKON aBHalMi B CTpyKType PocaBharmu, 9to 00ECIeunT COXpaHEeHHE IEITOCTHOCTH
00pa30BaTeNbHO-NIPON3BOICTBEHHON BEPTHKAIM; COOTBETCTBHE OOPA30BATENIBHOTO IPOIECCa MEKTYHAPOAHBIM CTaHIApTaM
NKAO; HemnpepbIBHOCTh 1 BBICOKOE KAueCTBO IMOATOTOBKM aBHAIlCPCOHANIA; BBIMOJIHEHHWE TOCYIAPCTBEHHBIX 33/1ad B 00JIacTH
ABHAIIMOHHON MOOMIBHOCTH M O€30ITACHOCTH IIOJIETOB.

KioueBble ¢j10Ba: 337a4d CHUCTEMBI BBICIIETO OOpa30BaHUs, PUCKH pPEOpraHU3alUK 00pa30BaTeNIbHON cdepbl, crerupuka
TMO/IFOTOBKY aBUAIIMOHHBIX CIIELHAIICTOB, HOBasi MOJIENb 0Opa30BaHHsI.

st uutupoBanmsi: Emicees B.I1. HoBast Monens Bbiciiero o0pa3oBaHust: MpoOIeMbl U IEPCIIEKTHBBI TIOTOTOBKH KaIpoB IS
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A new model of higher education: Issues and prospects for training
personnel for the air transport industry

B.P. Eliseev'

Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: This paper considers the main issues related to the training of specialists for civil aviation at the higher educational
institutions of Russia, which are caused by the reorganization of the national education system. Based on an analysis of the
scientific publications and discussions among professionals regarding contemporary higher education, contradictions in the stated
priorities and disagreements on the sequence of solutions to the tasks set for higher education institutions have been revealed. It has
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been established that there is a lack of substantiated criteria for assessing the quality of the educational process and training of
specialists. An urgent need has been formulated to regulate the role of the state in evaluating the state of education as a whole and
educational institutions in particular, in terms of its legal and supervisory functions. The example of Moscow State Technical
University of Civil Aviation (MSTU CA) illustrates the specifics of sectoral professional training, which uniqueness, resilience to
new challenges and success are confirmed by half a century of high competitiveness of its graduates in the Russian and
international labor markets, thus maintaining their attractiveness for applicants. In light of the initiative announced by the Ministry
of Education and Science at the beginning of 2025 to build a new model of higher education, factors that hinder the development of
the sectoral education system have been identified, along with conceptual approaches to overcome them. Furthermore, the
feasibility of maintaining the civil aviation training system within the structure of Rosaviatsia has been substantiated, which will
ensure: the integrity of the educational-production vertical, compliance of the educational process with ICAO international
standards; continuity and high quality of aviation personnel training; and fulfillment of the state tasks in the field of aviation
mobility and flight safety.

Key words: tasks of the higher education system, risks of reorganization in the education sector, specifics of training aviation
specialists, a new model of education.
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BBenenue

B Hacrosiiee BpeMst mpoOsieMbl 00pa3oBaHUs
00yCIIOBIIEHBI HECKOJBKUMH (PaKTOpaMu TII0-
OaNbHOTO W JIOKAJBHOTO XapaKTepa, BKIIOYast
noJyIep>)KaHue COOTBETCTBUSI POCCHIICKOTO 00pa-
30BaHUSl TPEOOBAHUSIM MEXKTyHAPOAHBIX CTaH-
napToB, (hOpMUpPOBaHHE TapaHTHPOBAHHOTO Ha-
JMYHS CPEACTB JUTS Pa3BUTHs 00pa3oBaTENbHBIX
YUpEKICHNUH, OOHOBJICHUSI MaTepUAIbHO-TEXHH-
4yecKkol 0a3bl y4eOHBIX 3aBEICHHH B COOTBET-
CTBHH C JOCTH)KCHUSIMH HAyYHO-TEXHHUYECKOTO
nporpecca, MaTepHalbHOrO olecredeHust 00y-
YarOIUXCs, OPTaHU3AIHMIO TOCTYITHOCTH HeTpe-
PBIBHOTO TIOBBIIICHHUS KBadH(UKauu mpodec-
COPCKO-ITPENOJaBaTEILCKOI0 COCTaBa U JIp.

[lpn >TOM OAHUM W3 KIIOUEBBIX SBISCTCS
BOTIPOC IO YPETYJIMPOBAHUIO POJIH TOCYAapCTBA
B oOpasoBarenbHO chepe B popmaTe mpaBOBIX
U KOHTPOJBHHO-HAI30PHBIX TPOIEIYp OIECHKU
COCTOSTHHS 00pa30BaHMs B ILIEIOM M 00Opa3oBa-
TENBHBIX yUYpekAeHud B yactHocTH. OnmHa U3
0COOEHHOCTEH, CBsA3aHHAs ¢ IpobIeMoii oOpa3o-
BaHU, 3aKIIIOYACTCS B 3aMHTEPECOBAHHOCTH W
B3aUMOCBSI3M YETHIpeX CyOBEKTOB — rocynap-
CTBa, 00pa30BATEILHOTO yUPEXKACHUS, 00yUaro-
IIero nepcoHana u o0yyarommxcst aui. [loatomy
KPUTEPHH OLIEHOK ISl TIPUHSTHS PEIICHUH MO-
T'YT UMETh POTHBOPEUYMBBIN XapaKTep.

CerogHs aBHAIMOHHBIN TPAHCIIOPT — 3TO
NpeXJe BCEro CIIOKHEWIIash COBPEMEHHas TeX-
HUKA, JOCTIKCHHS HAayYHO-TEXHHYECKOTO TpO-
rpecca KOTOPOH PeaNn3yloTCsi B KOHCTPYKIIHSX,

000pYyIOBaHUM WM CHUCTEMaX, HaIpaBICHHBIX
Ha YJIOBJIETBOPEHUE MOTPEOHOCTH B MEPEBO3KAX
MacCaXUPoOB, TPY30B U O0OECMEUNBAIOIINX B3aH-
MOJICIICTBUE Pa3IMYHBIX BUIOB TPAHCIIOPTA.

[ToaToMy omHOM M3 TJIaBHBIX OCOOCHHOCTEM
ABUATPAHCIIOPTHOTO Y4eOHOTO 3aBEACHUS, OTIIH-
Yaloel ero MpakTHYeCKU OT JIF0OOro Jpyroro
AQHAJIOTMYHOTO 3aBEACHMSI, SBIISETCS TO, UTO CIIe-
[IUAIKCTHI, TIOJYYMBIIUE BBICIIEEC WM CPEIHEE
TEXHUYECKOE TPAHCIOPTHOE 0Opa3oBaHUE, €¥kKe-
JTHEBHO CBSI3aHBI ¢ 00ECIIEYCHHUEM O€30TaCHOCTH
YKU3HU TIOTPEeOUTENeH yCIyT 3TOi oTpaciu, 1 He-
JIOCTaTOYHAsT KOMIIETEHTHOCTb  BBIITYCKHHUKOB
MOXKET MPUBECTU K TPArM4e€CKUM IOCIEICTBUSM.
bonee toro, cormacuo tpeboBanusim MKAO, us3-
JIO’)KEHHBIM B npuiioxeHusx 1 u 6 k Kousenuuu o
MEXIyHapOAHON TpakIaHCKOM aBuanuu u Pyxo-
BOJICTBE MO0 OOYYEHHIO B 00J1aCTH YETIOBEYECKOTO
dakTopa (Doc. 9683-AN/950) momuepkuBaercs,
YTO METOJIbI OOYYECHHs U MOATOTOBKH KBaMU(H-
[IUPOBAHHBIX CIICIIMAIIUCTOB JIOJDKHBI COACPIKATH
HAyYHO OOOCHOBaHHBIE TEXHUYECKUE, TEXHOIIO-
TUYECKHUE U OPraHU3allMOHHBIC PEIICHUs, BHEI-
pEHUE KOTOPBIX IO3BOJUT BHECTHU 3HAYUTEIb-
HBI BKJIaJ B Oe30macHOCTh U 3()(PEKTUBHOCTH
ABUATPAHCIIOPTHOW OTPACIH.

OT0 co37MaeT OOBEKTUBHBIE MPEAMOCHUTKH
JUISL TIIyOOKOTO M3Yy4EHHUs M3MEHSIOIIUXCS Mpo-
OJleM M TEepPCHEeKTUB TOJATOTOBKH KaIpOB st
ABHATPAHCIIOPTHOM OTPACIU, KOTOPbIE MPHUHIIM-
MUAIBHO OTIMYAIOTCS OT OpTaHu3aluu 00yde-
HUS B BBICIIUX Y4E€OHBIX 3aBEJICHUSX TPAHCIIOP-
Ta JPYTrUX TEXHUYECKUX BY30B.
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ObacTh aKTyaJbHBIX 32/124
B o0pa3oBaTeIbHOM cepe

M3ydyeHre U MOMBITKUA PEIICHUS! aKTyallbHBIX
3a7a4, CBS3aHHBIX C O0Opa3oBaHUEM, OCOOCHHO
BBICILICH IIIKOJIOM, IPEICTABICHBI pPe3yJIbTaTAMU
MHOTOYHCIIEHHBIX HAYYHBIX MccleaoBanui [ 1-8].

Cpenu Hamboee pacrpoCTPaHEHHBIX BOIIPO-
COB, paccMaTpUBAEMbIX aBTOpAMHU ITyOJIMKAIHii,
OKAa3bIBAIOTCSL BOIMPOCHI 3(PPEKTUBHOTO HCIOIb-
30BaHUsl CPEACTB Ha 0Opa3OBaHUE; OLEHKU CO-
CTOSIHHSI MaTepUATbHO-TEXHUYECKOTO o0ecte-
YeHUs] y4eOHBIX 3aBEJCHUI; TOCTHXKEHUSI COOT-
BETCTBHUSI POCCUHCKOTO 00pa3oBaHUS MEXIyHa-
POIHBIM CTaHJapTaM; OOecreyeHHsl TOCTYIHO-
CTU M HENPEPHIBHOCTH MOJATOTOBKH U IMOBBIIIIE-
HUS KBaTH(PUKAUU KajapoB U Jp. Tem He MeHee
OTMEYAeTCs] HEIOCTATOYHOCTh M MaJlOM3y4eH-
HOCTb 3a/1a4, CBA3aHHBIX C OLEHKOW pOJIM rocy-
JIapCTBa B CJIOKHOW COLIMAIIBHO-3KOHOMUYECKOMN
CHUCTEME TOCYJapCTBEHHOIO OOpa3OBaHUs, SB-
JSIOIIETOCS] OJJHUM W3 Ba)XXKHEHMIIMX 3JIEMEHTOB
HaIMOHAIBHOM Oe3omacHocTH [9—14].

HNMenHo rocymapcTBo 00s3aHO, C OJHOM
CTOPOHBI, CO3/aTh YCJOBHUA AJig oOecrnedyeHus
MOATOTOBKM HEOOXOIUMBIX CTpaHE CIEIHaln-
CTOB, a C IPYTOM — MOAHATH OOMICKYIbTYPHBIN
U UHTEIUICKTYalbHBI YpPOBEHH 0OIIECTBa,
MPEIOCTaBUB B COOTBETCTBUH ¢ KOHCTUTYIHEN
peajibHOE MPaBO KaXIOMYy Tpa)KJaHUHY CTpa-
Hbl Ha MOJYy4YEHHE BBICIIEr0 OOpa3oBaHHUS Ha
KOHKYPCHOM OCHOBE.

OnHaKoO MPOTUBOPEUYMBOCTH MOHSATHM B pac-
CYXKJIEHUSX O BBICIIEM OOpa30BAaHUM HCKAKAIOT
IIPUOPUTETHOCTh U IOCJIEN0BATEIBHOCTh pEllle-
HUs aKTYaJIbHBIX 3a7a4, BAXKHEUILIEH U3 KOTOPBIX
SBIIIETCS TIOBBIIICHHE KayecTBa 00Opa3oBaTelb-
HOT0 Ipoliecca.

[Ipexxne Bcero 3To OOYCIOBIEHO TEM, YTO
HAOII0TAETCSl CUCTEMHBIN JIe(PUIIUT 3aUHTEPECO-
BaHHOCTH B 00€CleYeHHH BBICOKOIO KadecTBa
MOATOTOBKU CHEIHUATUCTOB CO CTOPOHBI BCEX
KIIIOYEBBIX YYaCTHUKOB 00pa30BaTEIbHOIO MPO-
1ecca — TocyIapcTBa, BBICHINX YYEOHBIX 3aBee-
HUH, TNpPoQeccopPCKO-NPenoaaBaTeIbCcKoro co-
CTaBa U CaMUX CTYAEHTOB, YTO MOATBEPKIAETCA
00BEKTUBHBIMU (haKTOPaAMU:
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e  OTCYTCTBHEM YETKOW KOPPENALHH MEXKITY
IUTAaHUPOBaHUEM OIO/DKeTa Ha OOpa3oBaHHE U
HOTPEOHOCTBI0 B  UYHCIEHHOCTH KOHKPETHBIX
CHEHATHNCTOB OYIyIIETO MOKOJICHHUS;

e HEIOCTAaTOYHOCTBbIO COOTBETCTBHS CO-
JiepKaHusl y4eOHBIX MPOrpaMM M KadecTBa TOJ-
TOTOBKH BBIIyCKHUKOB, OTBEYAIOLINX TpeOoBa-
HUSIM (beepanbHBIX TOCyAapCTBEHHBIX 00pa3o-
BaTenbHbIX cTanAapToB (PI'OC);

o He3()(EeKTUBHBIM HCIIOJIIE30BAaHUEM YHU-
KaJbHOTO HAy4YHOT0 MOTEHIMaa IpodeccopcKo-
IPENoAAaBaTeNbCKOI0 COCTaBa, MMEIOIIUX Yyde-
HbI€ CTENIEHH JJOKTOPOB U KaHIUJATOB HAYK;

e  COLMAJIBHO-3KOHOMHUYECKUMU IMpoOliema-
MU, 00yCJIOBJIEHHBIMH HEOOXOIUMOCTBIO COBME-
IICHUSI CTyJEHTaMH, OOYYaIOUIMMHUCS Ha JIOTO-
BOPHOI1 OCHOBE, paboThI ¢ yueOoi;

o OropokpaTu3zanueil B 00JaCTH OpraHu3a-
MM U OLICHKM TEKyIleH AeATeNbHOCTH Ipodec-
COPCKO-TIPEI0/1aBaTEIbCKOI0 COCTaBA.

[IpyunHa Bcero 3Toro MMeeT BIIOJIHE MaTe-
pHAIBHYIO OCHOBY, COCTOSIYI0 B OTCYTCTBUH
3aBUCUMOCTH MEXJy KauecTBOM OOydYeHus, siB-
JSIOIIKAMCS NIEPBOCTENIEHHOM 3a1adel rocynuap-
cTBa, W (PUHAHCOBBIM OOECIEYECHUEM BY30B.
I'pomo3akuii MexaHW3M (UHAHCUPOBAHUA U
YIIPaBJICHUS BBICIIEH NIKOJON MpPEACTaBIsAET CO-
00l cucreMy co cnaboii 00paTHON CBSA3BIO U OT-
CYTCTBHEM PpEAbHBIX CTUMYJIOB Y Ipodeccop-
CKO-TIPENO0IaBaTeIbCKOr0 U BCIOMOTaTEIbHOIO
COCTaBa 3a pe3yJbTaThl CBOEH paboThI, a TaKXke
OTCYTCTBUEM y OOJBIIMHCTBA CTYJCHTOB aKTHB-
HOW 3aMHTEPECOBAHHOCTH B KayeCTBE IOJydae-
MBIX 3HAHUMU.

VIMeHHO 3TH NPOTUBOpPEUMsI HYXkIAIOTCS
B HEMEIJIEHHOM pa3pelleHUN.

3agaum oOpa3oBaHus U MPOOJIEMBbI HX
peaim3anun

Ponp rocynapctBa B 00pa3oBaHUM 00YCIOB-
JICHA ABYMs KIIIOYCBBIMH 3ajad4aMi — CO3JaHUEM
YCIOBHUH 11 NOJATOTOBKM KaJpOB IO BCEM OC-
HOBHBIM HaIIPaBJIEHUSM OOILLIECTBEHHO MOJIE3HOU
NeSITeIbHOCTH B COOTBETCTBUU C MOTPEOHOCTSI-
MU TOCYJapCTBa M MOBBIIIEHUEM OOLIEKYIbTYp-
HOT'O ¥ MHTEJIJIEKTYaJIbHOTO YPOBHSI 001IeCcTBa.
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OO0 ycrexe pemieHus 3TUX 3a7a4 MOXHO CY-
JUTH TI0 OlleHKE Y((HEKTUBHOCTH MPOIECCOB pe-
OpraHu3aly U ONTHUMH3AINN 00pa30BaTeIbHON
CUCTEMBI INOCPEJICTBOM JIOKAJbHOW MOJEpHHU3A-
MU OTAENBHBIX €€ 3JeMeHTOB. Hampumep, mo-
craHoBieHueM KomurTera mo BbICHIEH IIKOJIE
Munnayku P® Ne 13 ot 13.03.1992' 6r11a BBE-
JIeHa MHOTOYPOBHEBAsi CTPYKTypa BBICHIETO 00-
pa3oBaHUs:

NepBbIi YPOBEHb — 0a30BOE BhICIIee 00pa3o-
BaHHE CO CPOKOM OOydeHHus He MeHee 4 JeT B
paMKax OakajiaBpuarta By3a;

BTOpPOIl ypOBEHb — BBICIIEE OOpa30BaHHUE CO
CPOKOM peanu3anuu 2—-3 roja B paMKax Maru-
CTpaTyphl By3a.

Peopranmzanuss mpousoma B IMOATOTOBKE
HAyYHBIX KaJpOB, TMPEBPATHB ACIUPAHTYPY
NPaKTUYECKH B 6—8 Kypchl 00yueHHs B By3e.

Kpome »sToro, BHenpeHue aAMHHUCTPATHUB-
HBIX Mep MpH OLeHKe 3PPEKTUBHOCTU JESTEIb-
HOCTHU BY30B IMOCPEACTBOM NPUMEHEHUS OYEHb
CHOPHBIX ¥ (pOpMaNbHBIX MOKa3aTesnel 3aTPOHY-
70 OoBIIOE KOJWYECTBO 0Opa30BaTeIbHBIX
YUPEXKIECHUH, CIIEACTBUEM YETO CTAJIU ITPOLIECCHI
3aKpBITUS M OOBEIMHEHHS BY30B W HMX (uma-
JIOB, TIOBJMSBIIME HAa KAa4eCTBO CHUCTEMbI 0Opa-
30BaHUs B IIEJIOM.

[TockonbKy BOMpPOC 0 HEOOXOIUMOCTU M Iie-
necooOpasHocTH  pedopMUpPOBaHHS — 0Opa3oBa-
TeNBHOM cepbl MyOIuYHO He 00CyKaajics, mpo-
LIECCHI TAKOW PEOpraHn3alluy CTaIH MOBOJOM IS
AKTUBHOM JUCKYCCUU IPEACTABUTEICH PEKTOp-
CKOro KOpIyca, C MHEHHEM KOTOPBIX B CIIOXHB-
LIEHCS CUTyallu TPYIHO HE COTIACUTHCSL.

«B Poccuun cerogHs mpouCXOIUT J€BajibBa-
Ul BBICIIETO OOpPa30BaHMs, CIMIIKOM MHOTO
oOelanuii JaloT MCEBAOBY3bl MOJOJIOMY IOKO-
JICHUI0. DTU HAJEXbl HE ONpaBbIBatoTCs. Ecu
YeJIOBEK IMOIy4aeT IUIUIOM, 3TO HE 3HAYUT, YTO

" IMocranosnenne Munnayku PO ot 13.03.1992 Ne 13 «O
BBEJICHUH MHOTOYPOBHEBON CTPYKTYPBI BBICILIETO 00pa-
3oBanus B Poccuiickoit denepannmy [ DNEKTPOHHBIN pe-
cypc] // Koucynprantlnroc. 1992, URL:
https://www.consultant.ru/cons/cgi/online.cgi?req=doc&
base=EXP&n=401487#NuLux9VIz3ddaYIp (nata 00-
pamenus: 20.08.2025).
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OH TIOJTy4aeT 3HAHUS», — MUcall pekTop Muxann
3CKHHILapOBZ.

[Io cmpaBeanmMBOMYy 3aMEUaHUIO PEKTOpa
MI'Y um. JlomonocoBa Bukropa CamoBHHUETO,
«acmupaHTypa y Hac Tenepb — TPETUHl ypOBEHb
oOpa3zoBanus. U s 60r0ch, UTO MO HalIEH Tpaau-
IIUM U B COOTBETCTBUU C STUM 3aKOHOM acCIH-
PAHTOB HAYHYT aKTUBHO Y4MTbh. Y UUTh aclIUpaH-
TOB, KOHEYHO, HAJ0, HO acMUpaHTypa — 3TO B
TEPBYIO OYepe/Ih HAYIHBIC HCCICTOBAHMSY .

CrpaBeasinBo oTMeuana TeHepadbHBIA CeK-
petapp Poccuiickoro Coro3a pexropoB O. Ka-
IIMpUHA, YTO «HBIHEIIHUN 00pa3oBaTeIbHBIN
KypCc BO MHOTOM OCHOBBIBA€TCSI Ha IONBITKAX
UCKJTIOYUTENFHO aJMUHUCTPATUBHOTO PETYJIH-
poBaHMsI  KOHKYPEHTOCIIOCOOHOCTH  BBICHICH
HIKOJIBI, TIPH 3TOM OH HE CO3JaeT CTUMYIHUPYIO-
IIAX MEXaHU3MOB JUIS BCEX» .

MHorouYuciaeHHbIe MyOJIUKAIMd U 00CyXe-
HUSI PE3yJIbTaTOB MOJAEPHH3AIMU 00pa3oBaHUs
paccMaTpuBaiId BapHaHT pEUIeHUs Tpexae Bce-
ro C IO3ULUU OPraHU3allMOHHBIX BOIPOCOB,
HaIpaBJIEHHBIX HAa OOBEAMHEHHE, COKpAaIleHHE
WIN TIpeoOpa3oBaHue By30B B HOBBIE CTPYKTYPHI
0e3 yrnOMUHAHUS O JOCTHMKEHHH KIIIOUEBBIX Iie-
Jeil oOpa3oBaHUsA, OJHOM M3 KOTOPBIX SBISETCA
Ka4yecTBO.

bonee Toro, oTrmeudaroTCs «IPETEH3UU DPEK-
TOPCKOTO COOOIECTBA, CBSI3aHHBIE CO CTUXUITHO
IpOBOIUMON pedopMOi BBICHICH MIKOJBI M CO-
KpallleHHeM BY30B, KOTOpoe 00opaunBaercs
BECbMa PE30HAHCHBIMU NPETEH3USAMU POIUTENEH
abuTypHueHTOBY. Takas OLleHKa CO CTOPOHBI ep-
BOTO 3aMmectutens npenaceparens Komurera mo
obpasoBanuto ['ocymapcTBeHHO# aymbl Poccwmii-
ckoit @enepanu B. BypmaToBa, obnamaroriero
HanOosiee TOJIHONW WHGOpPMAIMEH O COCTOSHUU
oOpa3oBanus B Poccun, 1omkHa Obuia 3aCTaBUTh

Ockurgapo M. B Poccnn mporcxoauT aeBanbBamus
BEICIIIETO 00pa30BaHus [ DIEKTPOHHBIN pecypc] //
RG.RU. 12.12.2011. URL:
https://rg.ru/2011/12/13/eskindarov.html (naTa o6parie-
Hus: 20.08.2025).

CanosHnunii B. He Tak Bce y Hac u mimoxo [DneKTpoH-
HbI pecypc] // I'azera.ru. 25.01.2014. URL:
https://www.gazeta.ru/science/2014/01/25 a 5866277.s
html (nata obpamenus: 20.08.2025).

Kammpuna O. Ctumyn juis pocra // Pexrop By3a. 2014.
Ne 12.
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0osiee KpUTHYHO U 0oJiee TIIATEIBHO OTHOCHUTH-
Cci K MAacCOBbIM OpraHM3allMOHHBIM HOBIIE-
CTBaM, MpejuiaraeMbiM MUHOOpa30BaHuUS.

[TogBoast MHTErpalbHBIA HUTOT, CIEayeT 00-
paTuTh BHHUMAaHME HAa LHUTATy U3 CTaTbU
B. bypmaroBa, B KOTOpOI OH MOJYEPKHYJI, YTO
«OCHOBHBIMU JOCTH)KEHUSAMH B cdepe obOpa3o-
BaHus Poccusi o0s3aHa Ilpe3uwmeHTy cTpaHbl, a
HUKaK He MwuHHCTEepcTBY 0Opa3oBaHUs, Icii-
CTBHUSI KOTOPOTO 3a4acTyl0 MUMEIOT COBEPILIEHHO
WHOU BCKTOp»S.

Tem He MeHee MOXKHO BBIJCIUTDH PsiJi TO3H-
TUBHBIX M3MEHEHUW MOCIEIHEro AECITHIECTHUS.
Hanpumep, meromumuecku mnpoBoauMbele MuH-
00pHayKH MOHUTOPHHTHU 3 QeKTuBHOCTH 00pa-
30BaTENbHBIX YUPEKICHUHN 3aCTaBUIN O-UHOMY
BBICTpanBaTh pabOTy PEKTOPATOB U yUEHBIX CO-
BETOB BY30B IIOCPEICTBOM AKTHUBHOI'O BHEJIpE-
HUs 0oJiee MPOTrPeCCUBHBIX (OPM yIPABJICHUS U
IIPOBEJICHUS PALIMOHAIBHON ONTHMHU3ALMU. 3Ha-
YUTEJIBHYIO pOJIb CHIpajy MpPOBOAUMBIE MUH-
OOpHAayKH KOHKYPCHI MO PACIpPECNICHUIO KBOT
KOJIMYECTBA OIO/IKETHBIX MECT.

Cranu Oonee TOHSATHBI HOBBIE NPaBWIA U
NpOUEAYPhl AKKpEeAUTAlMU, MNpoBoauMon Poc-
00pHaI30pOM.

B pabore Bricmieit arTrecTalinOHHON KOMMC-
cuu (BAK P®) ecth Takxke psn BechbMa IMO3H-
TUBHBIX TpeoOpa3oBaHU, OO0YCIOBICHHBIX Ka-
YECTBEHHBIM MU3MEHEHHMEM COCTaBa U CTPYKTYPBI
JIMCCEPTALMOHHBIX COBETOB, YHCIEHHOCTh KOTO-
PBIX COKpaTHIach Gosee yem Ha 30 %,

3amMeTHbIe U3MEHEHUS NMPOU3O0ILIN B OPraHU-
3allUM yIPaBIEHUS )KU3HEAEATEIbHOCTHIO BY30B.
B Hacrosimee BpeMsi KpyIHBIE BY3bl CTpaHbI
HaXOJATCS B BEJCHUU HE TOIbKO MUHOOpHAYKH,
HO M JPYTMX MHUHHUCTEPCTB M MOAKOHTPOJBHBIX
UM areHTCTB, KOTOPbIE BIIPABE CAMOCTOATEIbHO
BBIITYCKATh MOJI3aKOHHBIE aKThl, HaIlpaBJICHHBIC
Ha OpraHu3aIMio 00pa30BaTEeNIbHOW M HAyYHOU
JnesrenpHOCTH. Kpome Toro, 3HauMTeEnbpHas

Bypmanos B. IIsa1e npuawH He m106uTh MEHKCTpA JIN-
BaHOBa [DneKkTpoHHbIN pecypc] // B3rmsn. lenosas ra-
3era. 19.11.14. URL:
https://vz.ru/opinions/2014/11/19/715634.html (nara
obpamenus: 20.08.2025).

Oumunmosa B. Marepuans! o011ero coopanus peKTopoB
BY30B Mockssl 1 MockoBckoii obnacty // By3oBckuit
BecTHUK Ne 9. 27.04.15.
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4acTh pabOThl MO YIPABJICHUIO OOpa30oBaHHEM
BO3JIaraeTcsl Ha OPTaHbl BiIacTu CyOnekToB Poc-
cuiickon dPenepauuu U CUCTEMY MECTHOIO ca-
MOYIIPABJICHUS, IPEAOCTABIISAS UM TIPABO BBICTY-
naTh B Ka4ecTBe yupeauTeneil 00pa3oBaTeNbHBIX
YUPEKIAECHUN PA3HOTO YPOBHS.

[ToaTomy, 4TOOBI Ha MPAKTHKE peaTn30BaTh
MOJIMTUYECKHUE YCTAHOBKH, BBIPAKCHHBIC B YKa-
3ax IJaBbl TOCYIapPCTBA, CAMHUX YKa30B HEIOCTa-
TouHo. HeoOxomnma s¢ddexTrBHasS cuctema op-
TaHOB MCIIOJIHUTEIHHOW BIACTH, YCIEIIHO pea-
JTU3YIOMIasi 3Ty IMOJUTUYCCKYI0 BOJO. OpraHsl
UCTIONTHUTENbHON BIACTH JOJKHBI CaMOCTOSI-
TEJPHO TOTOBHTH MPOCKTHI MOJ3aKOHHBIX M BE-
JOMCTBEHHBIX akToB. [IpuueM kadecTBO M ore-
PATUBHOCTH TAaKOH NEATEIHHOCTH MMEET KITFoue-
BOE 3HAYCHUE.

HecoMHeHHO, y COBpEeMEHHOW CHUCTEMBI 00-
pa3oBaHUsl JOCTATOYHO >KU3HECIOCOOHBIX 3Jie-
MEHTOB, KOTOpPBIE MOTYT U JIOJDKHBI CTaTh TOY-
kamu pocta’. Ho Hago yMeTb OmpeiensiTh STH
TOYKH U CITIOCOOCTBOBATH WX PA3BHUTHIO.

Heo6xomumo 06paTtuth 0co60€ BHUMaHHE HA
TO, YTO OO0pa3OBaHHE SBISETCS BaKHEHIINM
3JIEMEHTOM 0€30macHOCTH CTpaHbl. VIMEHHO 00
3ToM roBoputcs B CTpaTeruu HaIMOHAJIBHOU
o6e3zonacHoctu  Poccuiickori ®eneparuu, T
OTIpe/IeNAeTCSl, YTO OHOW M3 CTPATETHYECKHX
neeil odecnedeHus HaMOHAIBHOW 0O€30macHoO-
CTH CTpPaHBI SBJISETCS «IOBBIIICHUE YPOBHS 00-
mero W npodecCHOHANTBHOTO  00pa3oBaHUsA
HaCeJIeHUs1, TPO(HeCCHOHANBLHBIX KaYeCTB KaIpoB
BbICIIEH KBaJM(UKAIMK 3a CYET JOCTYIMHOCTH
KOHKYPEHTOCIIOCOGHOTO 06Pa30BaHUs»" .

Cepbe3Hoil mpobieMoit s 00pa3oBaTelib-
HOUM JIESATEIBHOCTH SIBIJIUCH TOCIEACTBUS pa3-
PYILLIEHUSI OPraHUYECKON CBSI3U MEXKIY IIKOJIaMHU
U By3aMH, IMOBJEKIIEH 3a cO0OW pe3Kuil pocT
OTYUCIICHUH CTYJEHTOB 3a aKaJeMHUYECKYIO
HEYCIIEBAEMOCTh B TIEPUOJl TEPBBIX JBYX JIET
0o0y4eHHUsl MPaKTUYECKH BO BCEX By3aX CTpaHbl

7 Enucees b. Yuenas crenens nesapucumoctn // PBK
Daily. 22.02.13.

¥ Va3 Ipesunenta Poccuiickoit dexepamun Ne 400 ot
02 urons 2021 r. «O Crparterun HaloOHaJIbHOW 0e3-
omnacHocTH Poccuiickoit @enepanumy [DneKTpOHHBIH
pecypce] // Koncynprantllmoc. 2021. URL:
https://www.consultant.ru/document/cons_doc LAW 3
89271/ (nara obpauienus: 20.08.2025).
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nu3-3a ciraboi noAroTOBJICHHOCTH IIKOJBHUKOB

K yuebe.
Pexrop CIIOI'Y JI. BepOuiikas, paccyxnaas o
mpoOjeMax  TMEJaroru4eckoro  oOpa3oBaHUs,

CIPaBEeAJIMBO OTMETHIIA, YTO «IIKOJbHOE U BY-
30BCKOE 00pa3oBaHHE — COOOIIAIOIINECS COCY-
B

BoccranoBieHue OpraHu4eckoro €IMHCTBA
IIKOJILHOTO W BBICIIETO0 OOpa3oBaHUs — 3aJioT
YBEpEHHOCTH CTYACHTOB B CBOEH BOCTpeOOBaH-
HocTh B OynymeM. [loatomy HeoOxoammo He
MPOCTO MEHSTHh COJICpXKAHUEC YUYSOHBIX IPO-
rpaMM, a MPaBUIBHO UX CTPYKTypUpOBAaTh, Je-
Jasi 3TH TPOrpaMMBbl OoJiee COAepKATEITbHBIMH
Ha OCHOBE KOMIIETEHTHOCTHOTO TIOJIX0/1a.

Crnenytommii ¢axTtop, Baustonmii Ha 3(dek-
TUBHOCTH TPOIIECCOB 00pa30BaTENBHON JEATelb-
HOCTH, — 3TO YPOBEHb HUCIOJIb30BaHUsI COBPEMEH-
Horo obopynoBanus. Ilpaktmuecku 80 % mnun,
MMEIOIINX YYEHBIE CTENIEHH JOKTOPOB U KaHH/1a-
TOB HayK, SIBJISIFOTCS KaJIpOBBIM COCTaBOM BY30B,
NpPENCTaBIsAs COOOM MOUIHEHIIMKA HHTEIUICKTY-
IBbHBINA TTOTeHITMaN Poccuu, KOTOphIiA MOKET ¢-
(EKTHBHO WCTOJIL30BaTh B CBOCH AEATEILHOCTU
pe3ysbTaThl HayYHO-TEXHHYECKOTO Mporpecca M
HCKYCCTBEHHOI'O MHTEJJIEKTA.

Takoil mogxod MO3BOJUT IIOBLICUTHL BOBJIE-
YEHHOCTb Ipeno/iaBaTesield U CTyJACHTOB B Hay4-
HO-HCCJIeI0BATENIbCKYIO I€ATEIbHOCTh U YBEJH-
9UTh O0BEM IIeNIeBBIX (PYHIAMEHTAIBHBIX U
MPUKJIAIHBIX UCCIIEOBAHUM MPU TOCYIapCTBEH-
HOM MOAJEpPXKKE B MHTEPECAX OpPraHU3alMOHHO-
HAy4YHOTO OOECHEeYEHHUs TOCTHKEHHUS CTpaTeru-
YECKUX HAIMOHAIbHBIX TPUOPUTETOB.

[TogBoast uTor paccMOTpeHus MpodIeM B 00-
pa3oBaTeNnbHON cdepe IeATeNbHOCTH, MOXHO
OTMETHUTH, YTO LEIecO00pPa3HOCTh MX pPEIeHUs
OTpaHHYEHA OTCYTCTBHEM OOOCHOBAHHBIX KpPH-
TEpUEB OLEHKU KayecTBa 00pa30BaTEIHLHOIO
IIpoLecca U MOATOTOBKH CHEUAIUCTOB. JTO He-
MIPOCTOM BOIPOC, TPEOYIOMHKI ChOpMYITUPOBAH-
HOTO pelIeHUs, MOATBEPKIECHHOTO JT0Ka3aTellb-
HOHM 0a30i#i, oTpaxaromeid KOMIIETCHTHOE MHe-
HHUE U Pe3yJbTaThl 00CYXKIECHUS PaOOTHUKOB BY-
3a, TmoTpebureneii 00pa3OBATENbHBIX  YCIYT
U IIPEICTABUTEIICH HAYKHU.

? BepGuuxas J1. [TopTan MexkIyHapoIHOr0 SKOHOMUYE-
ckoro ¢opyma. 18.08.2000.
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AHanu3 Hay4YHbIX JOCTHXKEHHUH B UCCIIETyeMOM
00J1acTy Mokasajl, 4To B Ka4eCTBE OJJHOTO U3 KpH-
TEpHEB OLEHKH SPPEKTUBHOCTH JESITEIBHOCTH
BY30B BCE Yallle 3BYUYHT NPEIIIOKEHHE 00 OLICHKE
UX pabOThI 10 YUCIY BBITYCKHUKOB, Pa0OTAIOIINX
no cneuuanbHoCTH. OIHAKO 3a KaXKyllencs ecre-
CTBEHHOCTbIO U TIPOCTOTOW TAaKOTO KpUTEpHs
CKpPBIBAETCSI JOBOJILHO CEPhE3HOE MPOTHBOPEUHE.
['ocynapcTBeHHBIN By3 HaOMpaeT CTYJICHTOB B CO-
OTBETCTBUH C YCTAaHAaBJIMBAaEMbIMU €My rocyJap-
CTBOM KOHTPOJIbHBIMM TIOKa3aTeNsIMU  IpHeMa
(korTpONbHBIE MLl mpuema — KUIT), roe ms
Ka)XJI0r0 YpOBHsI 00pa30BaHuUsI CTPOro OIpesieieHa
YHCJIEHHOCTh NMPUHUMAaEeMbIX aOUTypueHToB. llo-
CKOJIbBKY KOPPEKTHPOBKa JAHHBIX TOKa3aTenel He
NpEeAyCMOTPEHA, 3TO O3HAYAET, YTO TOCYNAPCTBO
IUTAaHUPYET KOJIMYECTBO IMOJTrOTOBJIECHHBIX CIELH-
aIIMCTOB, Tpelyrolieecst o01ecTBy yepes3 4—6 JeT.
OnHako MpakTHKa peaau3aly 3TOro NoAxojaa U
HAaKOIUIEHHBIM OMBIT TOKAa3bIBAalOT, YTO MHOI'MM
BBIITYCKHUKAM CJIOKHO TPYIOYCTPOUTBCS IOCIE
OKOHYaHUsI 00y4eHHs 110 BEIOpAaHHOMY HaIlpaBlic-
HHUIO BBHUJly OTCYTCTBHS NOTPEOHOCTH B TaKUX
CIEIHAINCTAaX M3-32 CYIIECTBEHHOM OIIMOKU H
NPOTUBOPEUU MEXTy pe3yJIbTaTaMH MpPOrHO3a
rocyiapcTBa U OOBEKTHBHOW peanbHOCThIO. [lo-
ATOMY JIOTUYHEE OBLIO OBl (HOPMYIUPOBATH TOCY-
JAPCTBEHHBIN 3aKa3 HE Ha IIPUEM, a Ha BBIIYCK
CIELMAINCTOB B KOHKPETHOM TOJ1y.

CraTucTiKa MOKa3bpIBaeT, YTO MACCAKUPOIIO-
TOK POCCHICKMX aBUAKOMIIAHUH B STHBape — OK-
Ts16pe 2024 roaa BBIPOC IO CPABHEHUIO C aHAJIO-
ruyHeiM TiepuonoM 2023 roma Oosiee yem Ha
6 %, pa3BuBaeTCs MHPPACTPYKTYpa adpoONoOpTOB
3a cyeT peKoHCTpykuuu 133 aspoapomoB. ITO
O3HayaeT, 4YTO aBUALMOHHOM oTrpacimu Poccuii-
ckori Denepanuu MOTPeOyeTCsT 3HAYUTEIHHOE
YBEIMUEHUE IIOATOTOBJICHHBIX ABUALMOHHBIX
CIELUATHUCTOB.

Pucku peopranmsamuu
o0pa3oBaTe/IbHOI CHCTEMBbI
MOArOTOBKH CHENHAJIUCTOB
aBHALIMOHHOIO NEePCoHAJIA

B Hacrosmee Bpems denepalbHbIM 3aKO-
HOM oT 29.12.2012 Ne 273-®3 npenycmartpu-
BAaeTCsl OTPACIEBOE PETyJIUpOBaHUE MOATOTOB-
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KM CHELHAIUCTOB AaBUAIMOHHOIO IE€pcoHaja
YIIOJTHOMOYEHHBIMU OpraHaMu B  00JacTu
rpakJaHCKOM aBHMalUuM. B cBs3M ¢ 3TUM cyuie-
CTBYIOIIAasi apXUTEKTypa MOIATOTOBKU aBUAIU-
OHHBIX CHEUHAITNCTOB, BKJIOYAIONIAs IOJBE-
JIOMCTBEHHOCTh BY30B PocaBuanuu, Hajguyue
TpeX MHOTONPOUIBHBIX BY30B U ONTHUMAllb-
HYI0 (UIMATBHYIO CeTh, yKE J0Ka3ajga CBOIO
s dextuBHOCTh. [l09TOMY coxpaHeHUE Takou
CHUCTEMBI TOJJIEP)KUBACTCS BCEMH TEPPUTOPH-
anbHBIMU opraHamu PocaBmanuu u paborona-
TEJISIMU, YTO BIIOJHE COOTBETCTBYET rOCyJap-
cTBeHHOUW mnosutuke. I[lockonbky coxpaHeHue
KaJpOBOTO TMOTEHI[MAJNIAa SBJISETCS BaXXHEUIITUM
yciaoBueM Oe3omacHoctu Poccuiickoit dene-
paunu, kKak ykazaHo B OcHoBax Trocynaap-
CTBEHHOI momuTuku mno 2030 ronalo, a TaKXxe
MIOATBEPKAAETCSI MUPOBOM IPAKTUKOU Kaapo-
BOUl MOJUTHKH, B PE3yJbTaTe€ KOTOPOW MOATO-
TOBKA aBHACMEIUAINUCTOB  OCYIIECTBISCTCA
0]l KOHTPOJIEM aBUALIMOHHBIX BEIOMCTB.

B Poccun noaroroBka aBuanepcoHaia pery-
JUpYyeTCsl HE TOJIbKO BBILIEYKa3aHHBIM (ee-
panbHEIM 3aKkoHOM''. Ocobast cremupuka 3a-
¢ukcupoBana B BozmymHom koaekce (BK) u
ctporuMu otpacieBbiMu DenepanbHbIMH aBHA-
nnoHHbIMH TIpaBuiamu (DAIT). B cooTBeTcTBUM
¢ TpeboBanusimu crateit 52-54 BK moaroroska
CIIEHMAJIMCTOB aBUALMOHHOTO MEpCOHaIa rpax-
JJAHCKOW aBHAIlMM OCYUIECTBJISETCS IO Mpo-
rpaMmaM IOJATOTOBKH, YTBEPXKIACHHBIMHU YIIOJ-
HOMOYCHHBIM OPTaHOM B 00JIaCTH TPa)TaHCKOU
aBHaIny, To ecTh PocaBuanmen.

[lenecoobpa3HOCTh TaKOrO MOAXOJA TOJI-
TBEPKIAACTCS HAJIMYMEM MOIIHOTO MOTEHIMAIA
V4eOHBIX 3aBEJACHUN TPAKIAHCKOW aBUAIUH,
MPEJICTaBISIONINX COO0N BEPTUKAIBLHO UHTETPH-

10 ykas [pesunenrta Poccuiickoit @eneparmu Ne 748 ot
31 mexabps 2021 r. «O BHecernnn n3mMereHuit B [lomo-
*eHne o MunncTepcTBe 000poHbI Poccuiickoit Derne-
pauumn» [Dnextponnsiii pecype] / Koncynprantllitoc.
2021. URL:
https://www.consultant.ru/document/cons_doc LAW 4
05651/ (nata oopamenus: 20.08.2025).

' denepanbsiii 3axkon Ne 273-D3 ot 29 nexadps 2012 .
«0O6 obpasoBanuu B Poccuiickoit @enepanmmny [Dnek-
TponHbI pecypc] // Koncynsrantllmoc. 2021. URL:
https://www.consultant.ru/document/cons_doc LAW 1
40174/ (nata obpammenus: 20.08.2025).
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POBaHHBIE YHHUKAIIbHbIE 00Pa30BaTEIbHO-TIPOU3-
BOJICTBEHHBIE KOMIIJIEKCHI, KOTOPHIE:

e OKCIUTYyaTHUPYIOT a’pOJIPOMBI C MOJHBIM
KOMIUIEKCOM HWH(PACTPYKTYPHI, BKIIOYAsT COAEP-
JKaHUE JIETHOTO TOJIsI, CBETOTEXHUYECKOE U IHEp-
reTUYecKoe OOecCTeyeHne, OpraHu3aIuio MOUCKO-
BO-CMacaTeJIbHBIX U POTUBOIIOKAPHBIX PadOT;

e COIEpPKAT W DKCIUTyaTHPYIOT BO3IYIIHBIC
cyna, obecrieuynBasi X JIETHYIO TOJHOCTb 4epe3
cepTUGUIMPOBAHHBIC TEXHUYECKHUE CITY>KOBI;

o 007a1al0T CHENHATU3UPOBAHHON TEXHH-
KOW JUIsl ynajeHusi oOJIeICHEHUs, COACPKAHUS
U pEMOHTa B3NIETHO-MocanouHbIX nojoc (BIIIT),
TEXHUKOW [UJII TEXHUYECKOTO OOCITyKHUBAHUS
BO3ayHBIX cy0B (BC);

e HMCIOT MEAMIIMHCKUE TOApa3/IeIeHuUs
JUTSL TIPOBENICHUST BPaueOHO-IETHBIX SKCIEPTHBIX
komuccuit (BJIDK) M MeauuuHCKHE ITyHKTHI,
MIPOBOJIAIIME MPEAIOJIETHBIE U TOCIIEIIONETHBIE
OCMOTpBHI.

Ha stom ¢one npenmonaraemas mnepenada
y4eOHBIX 3aBEJICHUI TPaKIaHCKOW aBUAIUU U3
noaunHeHuss denepanbHOro areHTCTBa BO3YIII-
HOro TpaHcmnopra MunTtpancy Poccun mm6o
MunobOpHayku Poccun mpencraBiser coboit ce-
pbE3HBIE PUCKU JJII COXPAHEHHUS CYIIECTBYIO-
el 5PeKTUBHON CUCTEMBI MOATOTOBKH aBHa-
CIEIMAIIMCTOB U MOXKET MOBJIeYb 3a COO0M Hera-
TUBHbIE TOCJEACTBUSA 711 OE30MaCHOCTH TOJe-
TOB, @ TAKXE MEXIYHAPOIHOIO MPU3HAHUS POC-
CUUCKUX JUILIOMOB.

D10 00YCIOBICHO T€M, UYTO TIPU MPOBEACHUH
npoBepok MKAO cmeHa yupeauTens poCCHii-
CKUX Yy4eOHBIX 3aBEJCHUI MOXET paccMaTpH-
BAaThCsl KaK CYIIECTBEHHBIH HEAOCTAaTOK B BO-
Mpocax MOJATOTOBKM M BbIJA4YM CBUJIETEILCTB
ABHALIMOHHOMY NEPCOHANy, HEJOIyCTUMOE OT-
KJIOHEHUE OT cTaThbd 33 YHKarckod KOHBEHIIUU
O B3aWMHOM IIPU3HAHMM CBUJAETEIBCTB U YIO-
CTOBEPEHUI aBUALIMOHHOTO MIEpCOHAaa.

[TosToMy Bompoc CMEHBI yupeauTesen aBua-
[IMOHHBIX BY30B HEOOXOAMMO PEIIaTh C YYETOM
cienyomux (hakTopOB:

e COXpAaHEHMS MEXKIYHApOJHOIO IMpPHU3HA-
HUSL 00OBEKTUBHOCTH POCCHICKON CHUCTEMBI TOJI-
TOTOBKH aBUAIEpCOHANA U JOBEPUS K HEH;

e TPENOTBPAILLEHUS pa3pbiBa OTPACIECBOU
BEPTHKAIH «TOCIIOJIUTUKA — PETYIATOp — 00pa-
30BAHHEY;
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e TPENOTBpAIICHHUS OTpPbIBA OT HEMOCpe-
CTBEHHOT'O PETYJISITOPA M OpTraHU3AIMH ISl TIPO-
BEJICHUS TPOU3BOJICTBEHHOW MPAKTHKH, YTO
HETaTUBHO OTPA3HUTCS HA KAYECTBE MOATOTOBKH;

e TPENOTBpPAILICHUS  MEKBEIOMCTBEHHBIX
KOH()JIUKTOB, BO3HHUKAIOIIMX MEXITy MUHTpaH-
com Poccun (kak yupeaurenem) u PocaBuanueit
(KaK perysisTopom).

Bonee Toro, cnoxxuBmiascs CTpyKTypa B3au-
MooTHomeHn «PocaBuamnus — IOABEIOMCTBCH-
HBIE BY3bD» OCHOBaHA Ha MEXIyHApOIHBIX CTaH-
maprax u mnpaktukax HWKAO. Poccus, kak
yuacTHUK KOHBEHIIMK O MeXAyHapOIHOU Tpaxk-
JAHCKOW aBHAIlMH, 00s3aHa COTPYAHHYATH B 00-
JaCTH YCTAHOBIIGHUS €IUHOOOpaszus MpaBul,
CTaHJApTOB, MPOILEAYpP U OpraHU3aIluu TOJro-
TOBKHU CIIELUATMCTOB BO3IYIIHOTO TPAHCIIOPTA C
[ETbI0 00ECTIEYCHUS BBICOKOTO YPOBHSI KOMIIE-
TEHTHOCTH W TpodecCHoHaNn3Ma B TpaxKiaaH-
ckoi aBuaruu. OCHOBHBIE KBaNU(UKAIMOHHBIC
TpeOOBaHUs, BKIIIOYAs CTPYKTYPY U COACp’KaHHE
MporpamMMm MOATOTOBKM aBUAIIMOHHOI'O MEPCOHA-
Jla, U3JIOXKEHbl B MpuiiokeHun |1 «Bpigava cBu-
JIeTeIbCTBA aBUALIMOHHOMY TiepcoHany» K Kon-
BEHIIMH O MEXAYHApOJHOW T'PaKIaHCKOW aBHa-
MU, DTUM K€ IPUJI0KEHUEM BBOJIUTCS MOHATHE
«YyTBEpIKICHHAs yueOHass OpraHu3aIus.

B npunoxenuun 19 k Yukarckoil KOHBEHLIUU
«YmpaBieHue O€30MacHOCTHIO TIOJIETOB»  CO-
JIep>KaTcsi OCHOBHBIE TOJIOKEHUSI B OTHOILIEHUU
YCJIOBUH YTBEp)KICHUSI y4eOHOW OpraHU3aIlvH,
COTJIACOBAHHOM C TOCYJapCTBOM, OTBETCTBEH-
HBIM 32 YTBEP)KJICHHE TAaKOW OpraHu3alud, B
00s13aHHOCTH KOTOPOU B XOJIe MPEIOCTABIICHUS
00pa3oBaTeNbHBIX YCIYT BKJIIOYAIOT OOecreve-
HHE 0€30ITaCHOCTH TI0JICTOB.

B cBs3u ¢ 3TIM MOXHO CcOpMyITHpPOBATH
PN KIIOYEBBIX apryMEHTOB 3a COXpPaHEHUE
aBUATPAHCIOPTHBIX BY30B B lopucaukuuu De-
JIepaJIbHOTO0 areHTCTBA BO3AYLIHOTO TPAHCIOPTa
Poccuu (PABT), koTopbie 00yCIOBIICHBI:

e HAJIMYUEM YHHUKAIBHBIX KaJpOB: B yueO-
HBIX 3aBEJCHUSAX pabOTAIOT CHEIUATUCTHI (JIEeT-
HO-UHCTPYKTOPCKUM COCTaB, MHXEHEPHO-TEXHHU-
YECKUA COCTaB, KOMaHIHO-JICTHBIH COCTaB), KO-
TOpBIE OTCYTCTBYIOT B JIPYTHUX 00pa30BaTEIbHBIX
opranuzanusax Poccuu u JOMKHBI COOTBETCTBO-
BaTh 0cOOBIM TpeboBanusiM PAII;
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o TOAJEPKAaHHEM HEpPa3pbIBHOM CBS3U C
IPOU3BOJCTBOM: JAEUCTBYIOLIUE PAOOTHUKU OT-
paciay y4acTBYIOT B HOATOTOBKE CIEIMAIHMCTOB,
BXOJSIT B COCTaB TOCYJapCTBEHHBIX AK3aMEHa-
IIMOHHBIX KOMUCCHIA;

e co3gaHMEeM Ha 0a3e aBUAKOMIAHUNA H
OpeANpUsATHA  MPOU3BOACTBEHHBIX  Kadenp,
y4€OHBIX OTPSI/I0B;

o KIJIIOUEBOW pOJIbIO YUEOHBIX 3aBE/ICHUI B
ABHATPAHCIIOPTHON CHCTEME T'PaXAAHCKOM aBHa-
111718

e PHCKOM CHI)XEHHS KayecTBa MOJTOTOBKU
B OTPBIBE OT MPOU3BOACTBEHHOM J€ATEIbHOCTH;

e Pa3sMBITBIMM TpaHUIAMH OTBETCTBEHHO-
CTH B Cllydae OTPULATEIbHBIX MOCIEICTBUH [UIs
OTEYECTBEHHOW CHCTEMbI MOJITOTOBKU aBHAllU-
OHHBIX CIIELUAIUCTOB;

e HCIOJb30BAHUEM TPEHAKEPHBIX YCTPOMCTB
UMHTALUH T10JIeTa, IPUMEHAEMBIX B LENSIX MOA-
TOTOBKH U KOHTPOJISI MPO(ECCHOHATBHBIX HABbI-
KOB CIELIUAINCTOB aBUAIIMOHHOTO IEepCOHaIa
IpaXJIaHCKOW aBHAIMM C LEJIbI0 OOECIeYeHUs
0€30I1aCHOCTH IOJIETOB.

3amauu nmocTpoeHust HOBOM MO
BbICILIET0 00Pa30BaHUA

st coxpaHeHus CTPYKTYpPbI CYLIECTBYOLIEH
00pa30oBaTeNbHON CHUCTEMBI TOJTOTOBKU CHEIH-
aJIMCTOB aBMALIMOHHOIO MEpPCOHAa U B 3aBHCHU-
MOCTH OT c(pOpMYyJIHPOBaHHBIX (HaKTOPOB, BIH-
AIOIIMX Ha KayecTBO OOy4yeHHUs, HEOOXOIUMO
paccMOTpeHHE psiia KIIOYEBBIX 3a7a4, pelieHrue
KOTOPBIX TIO3BOJUT COXPaHUTh BOCTPeOOBaH-
HOCTb M TOBBICUTH KOHKYPEHTHYIO MpHBIIEKa-
TETLHOCTh aBUATPAHCIIOPTHHIX BY30B.

Eme B mapre 2020 roga [Ipesunent Poccun
B cBoeM nopydeHuu Ne 589 . 1'? mocraBun uer-
KyI0 3a]ady «00ecleyuTh MepecMOTp MepeuHs
CIIEHMAJIbHOCTEN W HAINPABICHUNA IOATOTOBKH
BBICILIETO O0Opa30BaHUsA... IPUHATH MEPHI MO HX

12 IlepeueHp nopyyeHuUil IO UTOraM COBMECTHOT'O PaCIIM-
penHoro 3acenanus npesuauyma ['occosera u CoBeta
1o Hayke u odpazoBanuio (yTB. [Ipesnnentom PO
28.03.2020 Ne I1p-589) [Onexrponnsiii pecype] // Kon-
cynapTanTllmoc. 2020. URL:
https://www.consultant.ru/document/cons_doc LAW 3
48837/ (mara obpamenus: 21.08.2025).
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ykpynHeHuto». A B 2023 rogy cBouM YKa3oM
Ne 343 «O HEKOTOpBIX BONPOCAX COBEPLICH-
CTBOBAHMSI CHCTEMBI BBICIIETO OOGPA30BAHHS»
Tl CTapT MWIOTHOMY MPOEKTY, MPeIyCcMaTpH-
BalOIllEMy M3MEHEHHE ypOBHEH BhICIIEro olOpa-
30BaHUs. Y CTaHABIIMBAIOTCS JIBA YPOBHS BBICIIIC-
ro obpa3zoBaHusi: 6a30BO€ BBICIIEE 0Opa30BaHUE
CO CpOKaMHu OCBOCHHUs 4—6 JIeT; creruain3upo-
BaHHOE BhICIIee oOpa3oBanue, 1-3 roma. 1 ypo-
BEHb NPO(ECCUOHATTLHOTO 00pa30BaHUs — aCIIH-
paHTypa. Peanuzanusi muIoTHOTO MpOEKTa Hava-
Jach B MIECTH 0Opa30BATEIIBHBIX OpPTaHHU3AIUIX
BBICIIIET0 00pa30BaHUs.

Kaxk u3BectHo, Yka3om IIpesunenra Poccuit-
ckoii @enepanuu ot 22.01.2026 Ne 27 «O BHe-
ceHnn usMeHeHnd B Ykas Ilpesunenra Poccnii-
ckoii ®enepanuu ot 12 mas 2023 r. Ne 343
«O HEKOTOpBHIX BOMPOCAX COBEPIICHCTBOBAHUS
CHCTEMBI BBICIIETO 00Pa3oBaHHS»» ' MPOICHEI
CPOKHM THWJIOTHOTO TPOEKTa M PaCIIUPEH Iepe-
YeHb YYacTHUKOB. Takum oOpa3oM, 3Kcrepu-
MEHT I10 CO3JaHHI0 HOBOW MOJICIH BBICIIETO 00-
pazoBanus Oymer mpoBoautThes a0 2030 roma
B 17 By3ax Poccumu.

[IpaButensctBo Poccuiickoit  Penepanuu
YTBEPIUT B JAHHBIX BY3aX NEPEYHH CIICIHAITb-
HOCTE€W M HANpaBJICHUW MOATOTOBKH, HAYYHBIX
CIEIHUAIBHOCTEH, MO0 KOTOPHIM OCYIIECTBIISCTCS
peanu3anus mporpaMM 0a30BOTO BBHICIIETO 00-
pa3oBaHUs, CHCIHATU3UPOBAHHOTO  BBHICIIETO
0o0pa3oBaHUs U aCHUPAHTYPbI, BKIIOYas HOBBIC
CIEIUAIBHOCTH 0a30BOTO BBICIIETO 00Opa3oBa-
HUSl, CICIUATILHOCTH U HANPaBJICHUS MOIATrOTOB-
KM CICIUATH3UPOBAHHOTO BBICIIETO 00pa3oBa-
HUS, a TaKKe KBaNU(UKALUNA, MPUCBAUBAEMBIX
M0 COOTBETCTBYIOUIUM  CIECHHATBHOCTAM U

1 Vkas Ipesunenta PO or 12.05.2023 Ne 343 «O Heko-
TOPBIX BOIPOCAX COBEPIIICHCTBOBAHUS CHCTEMEI BBICIIIC-
ro o0pa3zoBaHIs» [ DNeKTpoHHEIH pecypc] // Korcys-
tanT[lmoc. 2023. URL:
https://www.consultant.ru/document/cons_doc LAW 4
46951/ (mara obpamenwus: 21.08.2025).

4 ykas IIpesunenta P® ot 22.01.2026 Ne 27 «O BHece-
HuM u3MeHnenuii B Yka3 IIpesunenta Poccuiickoit de-
neparu ot 12 masg 2023 r. Ne 343 «O HEKOTOPBIX BO-
Ipocax COBEPIICHCTBOBAHHS CHCTEMBI BBICILIETO 00pa-
30BaHus» [DnekTpouHslil pecypce] // Koncynprantlliroc.
2026. URL:
https://www.consultant.ru/document/cons_doc LAW 5
24914/ (nara obpamenus: 28.01.2026).
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HAIpPaBIIEHUSM TOATOTOBKH, B paMKax yTBEp-
JKICHHBIX YKPYIHEHHBIX TPYMI CHEIUATBHOCTEH
U HallpaBJICHUH MOATOTOBKHU BBICIIET0 00pa3o-
BaHMS.

OOpazoBarenbHbIE OPTraHU3AlMUd  BBICIIETO
o0pa30BaHMs — YYaCTHUKHU MHJIOTHOTO IPOEKTa
TOJKHBI pa3paboTaTh U YTBEPAUTH HOBbIE 00pa-
30BaTeNbHBIC CTAHIAPTHI U TPeOOBaHUS 00pa3o-
BaHUS MO YPOBHAM 0Opa3zoBaHusi 0a30BOTO U
CHEUAIM3UPOBAHHOIO BBICILIETO 00pa30BaHUs,
a TaKk)Ke COOTBETCTBYIOIIME OO0pa3oBaTeiIbHBIC
MPOrPaMMBI BBICIIIETO 00pa30BaHUs U MPOTPaAM-
MBI aCIIUPAHTYPHI.

VYcenex peanusaiii HOBOW MapaJurMbl BbIC-
niero oOpa3oBaHHS BO MHOTOM OOYCIOBJICH
HAJIMYMEM B €€ METOJMUYECKOH Tutathopme Tpex
KITFOYEBBIX KOMIIOHEHTOB.

IIepBblil — cOoMOryMaHHUTapHAas YacCTh, BKIIO-
yaromas B ce0st GUKCUPOBAHHBIA NIEPEUCHb JHUC-
UUIUIMH M 3a4eTHBIX eaAuHull. Pe3ynbratom
OCBOGHHUS JMCLUUIUIMH JOJKHBI CTaTh 3HAHUA,
HABBIKM, YMEHHUS U OLICHOYHBIE MaTepHasbl IO
KOHTPOJIIO YPOBHSI 3HaHUWI, 00O3HAYEHHBIE B
eINHBIX (elepalbHBIX MporpaMmax. IJTO IO-
CIIyXHUT (POPMHUPOBAHUIO TBOPYECKOM, TyMaro-
el ¥, 4TO0 HEMaJIOBaKHO, MATPUOTUYECKH Ha-
CTPOCHHON JIMYHOCTU BBITYCKHUKOB BY30B HO-
BOT'O MTOKOJICHUSI.

Bropoit — ¢gyHnamenranbHas dacth. B Hei
IJIAHUPYETCS OMpPEACIUTh HAUMEHOBAHUE JIHC-
IUIUIMH U1 MUHUMAJIbHBIH 00BEM 3a4EeTHBIX eIH-
HUI[ JUIS pa3paOdOTKH TpOTrpamMM, MaKCHUMaiIbHO
oTpaxaromux (enepanbHble peKOMEHIAINH 10
Pa3BUTHUIO 3HAHUM, HAaBBIKOB M YMEHMH, COOT-
BETCTBYIOIIMX PEIICHUI0 AaKTyalbHBIX MPOU3-
BOJICTBEHHBIX 3aj1a4, OOYCJIOBIIEHHBIX OTpacie-
BBIMH OCOOCHHOCTSIMU TPAHCHOPTHOW JIeATENb-
HocTH. [losTOMy (opmoOii NMpoMEXyTOUHOH aT-
TECTallUl ITOro OJIoKa 00y4YeHUs JOHKEH OBIThH
9K3aMEH, OLIEHUBAIOIIHNI CTENIEHb OCBOCHHUS TE€O-
pPETHYECKHX OCHOB W MPAKTHUYECKUX HaBBIKOB
00y4JaOIUMUCS JJIsT PEUICHUS] CHUTYaIllHOHHBIX
3ajad.

OTnuuuTensHOM 0COOCHHOCTHIO  (hOpPMHPO-
BaHMsI TTporpaMM (yHIAMEHTAITHHOM YacTH 00Yy-
YEHUsl JUIS aBHATPAHCIIOPTHBIX BY30B SIBIISIETCSA
pa3BuTHE Y 00YyYaIOIIKUXCS HABBIKOB JIOTHYECKO-
ro M KPUTHUYECKOTO MBIILICHUS, aKTyaJlu3upo-
BAaHHBIX 3HAHWM MOHATHIHOIO ammapara, CHCTe-
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MaTHU3UPOBAHHOTO MOHUMAHUS KIFOUEBBIX KOH-
HEMUIUA W TEOPETUYECKUX OCHOB Mpodeccuo-
HaJbHOU 1€ATEIbHOCTH.

W tpetnii, 0coOeHHO Ba)KHBIN AJIs1 aBUATpaH-
CIIOPTHBIX BY30B, — MpodeccruoHalbHas YacTb,
KOTOpasi JOJKHA OBITh TMOKOW B 3aBUCHMOCTH
oT mpodeccuu, OTPaciu U U3MEHSIOIINXCS Tpe-
OOBaHMI MOTEHIIMATBHBIX paboTomaTeneit K co-
BPEMEHHBIM BBIITYCKHHUKaM.

OxungaemMble U3MEHEHHUSI B CHUCTEME IOJIrO-
TOBKH BBIITYCKHHUKOB ISl TPAXKIaHCKOW aBUALIUU
KOCHYTCSl CTPYKTYpbl OOY4YEHHUS U COCTOST M3
Tpex vacteil. [lepBble 1BE 4acTH pacCUUTAaHbl HA
nBa roxa. Peanmzanusi HOBBIX NMPUHIIUIIOB pas-
BUTUSL TPO(PECCHOHANBHBIX KOMIETCHLIUN, OT-
paXkaromuxcsl B TPEThEH 4acTh, MPeInoiaraeTcs
B TeueHue 2—4 ner. DTO O3HAYAET, 4YTO CPOK
oOyueHHs JJIs MONYy4YeHHs BBICIIETO0 O0pa3oBa-
HUS, B 3aBUCUMOCTH OT CIELUATbHOCTH, OyJIeT
COCTaBJIATH OT 4 10 6 JieT.

B cBs3uM ¢ 3TUM cieayeT BBIIEIWUTH He-
CKOJIbKO HOBBIX HAaNpaBJICHUN, XapaKTEPHBIX
I8  TOATOTOBKM  BBIIYCKHHMKOB, HaIlpuMep
TPAHCIOPTHOE MPaBO. DTOT HMHCTUTYT JaBHO
CJIO)KWJICSI KaK CUCTEMa IPaBOBBIX HOPM, pEry-
JUpylolmas KOMIUIEKC MPaBOOTHOIICHUH B
TpaHCTOpTHOH cdepe (rmepeBo3ka rpy3oB, IMac-
CaXXUPOB U Oaraxxa, OpraHU3anus JACSITEIbHOCTH
TPAHCIIOPTHBIX MPEANPUATHN U T. 11.). Jlisa moa-
TOTOBKHM HMHXXEHEpa SKCIUTyaTallMOHHOTO MpeJ-
NpPUATHS HAJ0 HE TOJBKO 3HATh W IOHMMATh
OCHOBHBIE MOJIOkKEHUS Bo3aylHoOro Kojaekca u
Yukarckoil KOHBEHIIUH, HO U HOPMBI, PEryJiH-
pyIOLllME€ TMPaBOBBIE AaCMEKThl OpraHU3aALUU
MOPCKHX, PEYHBIX U MEXKIYHAapOAHBIX IMEPEBO-
30K. AKTYyaJIbHOCTh 3THUX 3HAaHUW M TpaKTHue-
CKasi NPUMEHHMOCTb OCHOBHBIX IOJIOKEHUU
TPAHCIIOPTHOTO MpaBa 00OCTPUIACH B HACTOSI-
niee Bpems Ha ()OHE PA3BUTHUS CAHKIMOHHBIX
OrpaHUYECHUN U U3MEHEHUH B CUCTEME B3aWMO-
JEUCTBYIOINX BUJIOB TPAHCIIOPTA.

Ecte eme oaHO HampaBieHue, KOTOPOE
YCIIEUIHO PEaNn3yeTCsl YHMBEPCUTETOM, — 3TO
«TexHonorust TpaHCHOPTHBIX MpoueccoB». OHO
TECHO CBS3aHO C Pa3BUTHEM INPAKTUKHA HHTEp-
MOJAQJIBHBIX M MYJBTUMOJAIBHBIX MEPEBO3OK,
00BEM KOTOPBIX MOCTOSIHHO pacTeT. 3HaHUE HO-
MEHKJIATYPBl TPY30B, OTACIbHBIC TPEOOBAHUS K
CIIEHMAJIbHBIM M ONACHBIM I'py3aM, K YCIOBUSIM
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UX XpPaHEHHUs NEPETPY3KU U NIEPEBO3KU, KOTOPBIE
NPAKTUYECKU WIECHTUYHBI NPU MOATOTOBKE CIIe-
[IMAJIUCTOB B 00JIaCTH I'PYy30I1E€PEBO3OK.

O4eBUIHO, YTO MOILHBIM TOJYKOM JJISl pac-
IIMPEHHUS TPY30MEePEBO30K B Halleil HEOOBATHON
CTpaHe JOJDKHA CTaTh KOOPAMHALIUSA MEXIY XKe-
J€3HOJOPOXKHBIM, aBTOMOOMJIBHBIM, PEYHBIM
Y aBUAIIMOHHBIM BHJaMU TpaHcropra. BaxHo
NOHMMATh, YTO OCHOBOW 3TOM KOOpAMHALMU
CTaHOBSITCSI MHTEJUIEKTyallbHbIE TPAHCIOPTHBIE
cuctemsl. byayniemy aBHaTpaHCIOPTHOMY HH-
KEHEepy OYEeHb BA)KHO MOHUMATh MPaKTUYECKOE
IPUMEHEHUE HOPM, 3aJIO)KCHHBIX B 3aKOHE
«O 0e30MaCHOCTH KPUTHUYECKOW WH(POPMAIINOH-
HOMl wmHGpacTpykTypsl Poccuiickoii denepa-
any» .

C nmnepeBo3kaMM  PA3IMYHBIMU  BHUJIAMHU
TPAHCHOPTAa CaMbIM HETOCPEACTBEHHBIM 00pa-
30M CBSI3aH psij OUCLMILIMH, IPENOAABACMBIX B
pamkax kKypca «TpaHcriopTHas 0€30MaCHOCTHY.
TpancnopTHas 0e30MaCHOCTh CKJIAJbIBAETCS U3
HECKOJIbKMX BaXKHBIX AJIEMEHTOB. YeTkoe U mo-
CJIEIOBATEIILHOE BBINIOJIHEHHE KOMAH[ C JOJDK-
HBIM Ka4yecTBOM, a TaKXe COOJIIOJICHHE IpOIe-
Iyp 1O MOATOTOBKE TPAHCIOPTHOIO CPEACTBA K
NIEPEBO3KE MOKET IMPENOTBPATUTH BO3HMKHOBE-
HHUE YIpo3bl B ajpec 0OBEKTOB aBHATPAHCIOPT-
HOW MHQPACTPYKTYPHl U HACTYIUIEHHUE HETaTHB-
HEIX ITOCJIEICTBUH.

IToaToMy 0Z1HOH M3 aKTyaJIbHBIX 3ajay SBJIs-
eTcs 3a/1a4ya MOMCKa HOBBIX pellleHui B (opmarte
KOHIENTYaJIbHBIX IOJIO)KEHUHA MOATOTOBKU Kaj-
pOB ISl TpaHCHOPTHOTO KomIuiekca 10 2035 ro-
1a, YTBEPXKICHHBIX pacnopspbkeHueM IlpaBu-
TenscTBa Poccuiickoi CDe/:[epauHHm. B xonnen-
LMY T[TOJYEPKUBAETCS, YTO KIIFOUYEBBIM D3JIEMEH-

15 ®enepanbblit 3akoH Ne 187-D3 ot 26 uronst 2017 .
«O 6e30macHOCTH KPUTHYECKON HH(OPMAIIMOHHON HH-
¢dpactpykrypsl Poccuiickoit @epepanumy [DneKTpoH-
He1it pecypc] // KorcynsrantlInroc. 2021. URL:
https://www.consultant.ru/document/cons_doc LAW 2
20885/ (mara oopamenwus: 20.08.2025).

' Pacriopsixenue IIpaButenscta PO Ne 255-p ot 6 des-
pansa 2021 r. «O06 yrBepkaennu KoHnenunu moaroTos-
KM KaJpoB JUIs TPAHCIOPTHOTO KomIuiekca 1o 2035 ro-
na» [Dnekrponnsii pecypc] // Koncynsrantllroc.
2021. URL:
https://www.consultant.ru/document/cons_doc LAW 3
76695/f62ee45taefd8e2al 1d6d88941ac66824{848bc2/
(mara obpamienus: 20.08.2025).
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TOM c(heprl TPaHCIIOPTHOTO OOpPA30BaHUS SIBIISI-
€TCSl TOJTrOTOBKA CIIEHUATUCTOB BCEX BHUIOB
TpPaHCIOPTa, HaMpaBiCHHAass Ha OOecledYeHue
0€301acHOTO JABUKECHUSI.

CnexgyeT mMOAYEPKHYTh, YTO BO3AYIIHBIH
TPAHCIIOPT SIBIIACTCS OAHUM W3 TPHUBJICKATEIb-
HBIX OOBEKTOB TEPPOPUCTUYECKUX  YTPO3.
C 2018 roga Hayajack HOBasg DJIIOXa BO3HUK-
HOBEHHSI PE30HAHCHBIX COOBITHUMN, CBSI3aHHBIX C
OCCIIOTHBIMU ~ aBUALIMOHHBIMU  CHUCTEMaMHU.
becnuinoTHUKM CTanu MPEACTaBISATh CEPHE3HYIO
yrpo3y nansi mwiotupyembix BC rpakmaHckoit
aBUAIMU. JDTO OTHOCUTCS KaK K BO3AYILIHBIM CY-
JaM B 30HE (eaepalibHBIX a’dpOoNopPTOB, TaK U K
rpa)XIaHCKOW aBUAIMU (BEPTOJIETHI, TUIAHEPHI,
nenbraruianbl).  CTOJKHOBEHHE —JICTATEIBHOTO
amnmaparta Jaxe C HeOONBIIUM JAPOHOM MOKET
CO37aTh PHCK MAaJCHHS BO3AYIIHOTO CyJHA WA
ero HOBpG)K,I[eHI/IHI7’18’19 [15-19].

IIpaBurensctBoM Poccuiickoit ®Penepanuu
Obl10 TpUHATO TocTaHoBieHne Ne 588 or
30.04.2025 «O6 0cOOEHHOCTH 3aIUTHI OT AKTOB
HE3aKOHHOTO BMENIATeNbCTBA C HCIOIb30BaHU-
eM OEeCHMJIOTHBIX aImapaTroB OOBEKTOB TpaHC-
MOPTHOM MHPPACTPYKTYPHI U (WIH) TPyHn 00b-
€KTOB TPAHCIOPTHON HH(PACTPYKTYpHI, BOKPYT
KOTOPBIX YCTaHaBJIMBAIOTCS 30HBI Oe€30IMacHo-
ct». COOTBETCTBYIOIIME JIOMOJIHUTEIbHBIE W3-
MeHeHus BHeceHbl B BK W psg moa3zakoHHBIX
aKTOB.

Becbma 3akoHOMepHO, uTO MwuHOOpHAyKH
Poccuu B 2026 rony miaHupyeT co3/iaHu€ HOBOM
cneruanbHocTH  «IIpoexkTrpoBaHue, MPOU3BOA-
CTBO M DKCIUTyaTaIus OECIMIOTHBIX MOOHMIEHBIX

' Pacniopsixenue [pasurenscrsa PO Ne 1630-p ot
21 urons 2023 r. «O6 yrBepxnennu CrpaTeriuy pa3Bu-
Tus OecuoTHOU aBranuu Poccuiickoit denepannu
Ha nepuoA 10 2030 rozna u Ha nepcnekTuBy 110 2035 ro-
Jla ¥ TUTaHA MEPOMPHUATHH IO ee pearu3aimm» [ DJIeK-
TpoHHbIH pecypce] / Koncymprantllmoc. 2021. URL:
https://www.consultant.ru/document/cons_doc LAW 4
50667/ (nata oopamenus: 20.08.2025).

" TOCT P 59519-2021 BeCHHIOTHBIE ABHALIHOHHBIE CH-
creMbl. KOMITIOHEHTHI 6ECIIMIOTHBIX aBUAIMOHHBIX CH-
creM. Criennduxanus 1 o0Ire TeXHHIecKue TpedoBa-
Hus. M.: Crannaptundopm, 2021. 12 c.

Y TOCT P 59751-2021 BecnunoTHbIC aBUAIHOHHBIE CH-
CTEMBI C OECIIMIIOTHBIMU BO3AYIIHBIMH CYAaMH CaMo-
netHoro tuna. TpeOoBaHMs K JIETHON roqHOCTH. M.
Crangaptundopm, 2021. 126 c.

18

Vol. 29, No. 01, 2026

cpeacts» [8, 17, 18], X0Ts 3Ta cHeMaNbHOCTH B
TOW WJIM MHOM CTETNEHHU yke pa3zpaboTaHa, BHEI-
peHa U OCBOEHA PSIIOM TPAHCHIOPTHBIX BY30B.

BnepBrie Takas cucTtemHas TOATOTOBKA Ha-
yata B MI'TY T'A B 2022 roay, u B 2026 rony
COCTOUTCS TEPBBIM BHIMYCK OakajiaBpOB MO CIie-
UATBHOCTH «DKCILUTyaTarysi OSCIIIOTHBIX aBUa-
IIUOHHBIX CUCTEM», & MEPBBIM BBIMYCK TEXHUKOB
yke ycmemHo mpouien B MpkyTckom Qunmarne.
Oxomno 500 dYenoBeK MOMYYHIM KBATH(PHUKAINIO
oreparopa OECHMUIOTHBIX BO3AYLIHBIX CYIOB 0
30 KWJIOrpaMMOB B CHUCTEME JOTOJHUTEIHLHOTO
npodeccronanabHoro odpasosanus (I10) By3a.
B Gmmkaiitieid mepcrnekTuBe IaHUPYETCs Opra-
HU3alus OOydYeHHUs BHEIIHEro MHIoTa s
yIpaBieHUs OECHUIOTHBIMU  aBHAIIMOHHBIMU
CUCTEMaMH.

Heorbemnemol 4acTbl0 IOCTPOCHUS HOBOU
MOJIEJIM BBICIIETO 00pa30BaHMsI SBJISETCS BUJO-
U3MEHEeHHEe posid (enepanbHbIX y4eOHO-MeTo-
nudyeckux oovenuuenuit (OYMO) nmpu MunoOp-
Hayku Poccumn. denepanbHble yueOHO-METOIH-
yeckne oowbeauHeHus ¢ 1 saBaps 2026 ronxa co-
3/1aI0TCSl TI0 COBOKYITHOCTH CHEIUATBHOCTEH U
HaInpaBJICHUH MOATOTOBKU OJHOM WJIM HECKOJIb-
KUX YKPYNHEHHBIX TPYII CHEHUAIbHOCTEH U
HaIpaBJIEHUN MOJArOTOBKM BBICIIEr0 0Opa3oBa-
HUs (Zlajgee — COBOKYMHOCTH (Tpymma) CIelu-
AJTBbHOCTEH M HAMpaBICHUN MTOATOTOBKH).

CoBOKYNMHOCTb (TpyINa) CHEeUHATIbHOCTEN U
HalpaBJeHUN MOArOoTOBKH (Gopmupyercss MuH-
oOpHayku Poccun Ha OCHOBE OJHOTO W3 CIEIY-
IOLIUX TPUHIIUIIOB:

e €IMHOE MPEIMETHOE COJEPKAHUE CIICIH-
aJbHOCTEW W HaNpaBJICHUM MOATOTOBKH OJHOMU
WIM HECKOJBKHX YKPYIHEHHBIX TPYINN CIELHU-
aJBbHOCTEN M HAIIPaBJICHUI TOATOTOBKH;

o 00BeAMHEHNE HECKOJIBKUX YKPYITHEHHBIX
rpynn CHeuUabHOCTEN M HaIpaBJICHHWI MOATro-
TOBKH, BXOJISIIIUX B OJIHY 00J7acTh 00pa3oBaHMS;

o 00beAMHEHHE YKPYMHEHHBIX TPYIII CIie-
HUAJIBHOCTEN U HAIPABJIEHUM MMOATOTOBKH, UME-
IOLIUX €MHYIO0 OTPACIIEBYIO ClIeHU(UKY.

B umncno unenoB denepanpHOro yueOHO-Me-
TOOAUYECKOTO OOBEOUHEHUS HOJDKHBEI OBITH
BKJIFOYEHBI:

e TpelacTaBUTENM paboromarene M X
00BbEIMHEHNUH, TIPEeACTaBUTENN (eaepanbHbIX
rOCYJIJapCTBEHHBIX OpPraHoB W (WJIM) OPraHoB
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rOCy/IapCTBEHHOW BiIacTu cyObekToB Poccwuii-
ckoii Deneparun — He MeHee S50 (MATHAECITH)
MPOLIEHTOB OT OOIIEeH YHMCICHHOCTH YJICHOB (e-
JIEpaIbHOTO  YYEOHO-METOAMYECKOTO OO0BEeIu-
HEHUS;

e TMPEICTABUTENM OPTaHU3AIMM, OCYIIECT-
BISIIONIMX  0Opa30BaTENbHYIO  JESTENbHOCTD,
pacrnoyiokeHHBIX B cyObekTax Poccuiickoni ®De-
Jepalni, 3a UCKIIOUEHHEM TopojoB deaepaitb-
Horo 3HaueHust MockBbl u Cankt-IlerepOypra, —
He Oomee 25 (mBaguaTH MSATH) TPOIEHTOB OT
o0lIell 4YHUCICHHOCTH WIEHOB (eaepaibHOro
y4e0HO-METOINYECKOTO 00bETUHEHHUS;

e TMPEICTABUTENM OpPTaHU3AIMM, OCYIIECT-
BIISIIOLIUX 00pa30BaTENbHYIO JESTENbHOCTD, pac-
MOJIOKEHHBIX B ropojax (eaepaabHOro 3Hade-
Husi Mockse u Cankr-IletepOypre, — He Ooinee
25 (mBaAmATH MATH) MPOIEHTOB OT OOIIEH YHC-
JIEHHOCTH 4JIEHOB (he/IepaibHOTO Y4eOHO-METO-
JTUYECKOTO 06I>GILI/IH6HI/15120.

BriBoa

[IpoBeneHHOE WCCIeqOBaHKE, IETBIO KOTO-
poro crasio 00OCHOBAaHWE MEPBOCTEIICHHBIX 3a-
Jad Ui TTOCTPOCHUS HOBOM MOJIETH BBICIIETO
00pa30BaHus PU MOATOTOBKE KAAPOB /ISl aBUA-
TPAaHCIIOPTHOM OTpacid, TIO3BOJSET CHENaTh
CJICTYIOIIE BBIBOIBI.

1. IIpoTHBOPEYNBOCT MOHATHIA B TUCKYCCH-
X W HayYHBIX MyOJMKaLUsIX O BBICIIEM 00pa3o-
BaHHU MCKA)XKaeT MPUOPUTETHOCTH U MOCIIE0Ba-
TENBHOCTh PEUICHHs 3a7ad  peopraHU3aIiH
aBHATPAHCIIOPTHOTO 00pa30BaHMs, BaKHEHIIEH
U3 KOTOPBIX SBIISICTCS TIOBBIIIEHUE KadecTBa 00-
pa3oBaTeIBHOTO TpoLecca.

2. C yyeToM yHHMKaJbHON OTpaciieBOM crie-
U(GUKHA, MEXKAYHAPOJHBIX TpeOOBaHHI U HEOO-
XOJMMOCTH COXpPAaHEHHs aBHALIMOHHOTO TOTEH-
[Maja CTpaHbl BO3MOXKHAs Iepefada ydeOHBIX

20 [Ipuxa3 MuHICTEpCTBAa HAYKH U BBICIIETO 00pa30BaHUs
Poccuiickoit @eneparun ot § aBrycra 2025 1. Ne 622
«O06 yTBepxeHnH THIIOBOTO NMOJI0XKEHHs 00 yueOHO-
METOAUYECCKHUX O6’I)C}11/IH€HI/ISIX B CUCTEME BBICHICT'O 06-
pasoBaHus» [DnekTpoHHbIi pecypc] / Koncysprant-
[Troc. 2025. URL: https://www.consultant.ru/docu-
ment/cons_doc LAW_ 513289/ (mata obpareHus:
22.09.2025).
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3aBEICHUN TPaXAAHCKOW aBMALlUM B BEACHUE
Muntpanca Poccum HeceT B cebe 3II€MEHTHI
pHCKa.

3. MakcumanbHbli 3 dext B popMupoBaHUH
npogecCHOHAIbHBIX KaYeCTB CIELUAINCTOB IS
IPaXXAAaHCKOW aBUAILMM MOXKET ObITh JTOCTUTHYT
IpU UHTETPALUHU IPOLEcCOB 6a30BOro 00yUYeHUs
MOCPEICTBOM OOecCTieueHHsI Hepa3pbIBHON CBSI3U
C TPOM3BOJCTBOM IIyTeM co3/aHus Ha Oaze
ABMAKOMIIAaHUM U NMPEIIPUITHI POU3BOICTBEH-
HBIX KadeIp U OpraHu3aliM MepernojroTOBKH U
MOBBIIIICHUS KBaTH(HUKAIMKA Ha 0a3e aBUAIMOH-
HBIX y4eOHbIX 1IeHTpoB (AYL).

4. llenecooOpa3HOCTh COXpaHEHUs Cylle-
CTBYIOIIEH CHCTEMBI NTOATOTOBKH CIIELIMAIMCTOB
JUISl TPaXKJAHCKOW aBMaluu B CTpykType Poc-
aBUAIMU, KOTOpAs MO3BOJIUT O0ECIICUNTH!

e COXpaHEHHE LEJIOCTHOCTH 00pa30BaTelb-
HO-ITPOU3BOJICTBEHHOU BEPTHKAIIH;

e COOTBETCTBHE 00Opa30BaTENBLHOTO IpPO-
necca MmexayHapoansiM crangaptam NKAO;

e HENPEpPBIBHOCTH U BBICOKOE KayeCTBO
MOJArOTOBKH aBHAINIEPCOHAIIA.

5. KadecTBeHHOE BBINOJIHEHHE TOCYJap-
CTBEHHBIX 3a/ad B OOJIACTH aBUALMOHHOH MO-
OMJIBHOCTH M 0€30MaCHOCTH IOJIETOB, YIpaBie-
HUE KOTOPBIMH NPOJUKTOBAHO HA OCHOBE IIPHH-
IIUIIOB CyOOpIMHALIMK M UEPApPXUH, CBOWCTBEH-
HOM TpaKJaHCKOW aBUAILIMM U 3allUCHU B HOpMa-
TUBHBIX IIPABOBBIX aKTaX.
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The use of onboard decimeter-band radar stations for humanitarian
demining

OV Vasiliev', P.S. Gorshkov', S.A. Zyabkin', I.P. Shepet"

NaukaSoft Sczenttf ic and Productlon Association, Moscow, Russia
’Technological Institute of Service (branch of DSTU), Stavropol, Russia

Abstract: Humanitarian demining is a pressing issue today. This paper examines various technical means used in engineer
reconnaissance to detect mines and substantiates the need for radar support for humanitarian engineer reconnaissance. An airborne
engineer reconnaissance radar system based on a side-looking P-band radar, intended for deployment on unmanned aerial vehicles,
is proposed as the main information link. The physical principles of radar image formation using aperture synthesis are described.
The application of the radar relief function in describing the radio-reflective properties of a surface and the use of the superposition
principle in radar signal processing are demonstrated. The main mathematical expressions used in calculating radar images of a
surface using the aperture synthesis method are presented, consisting of the application of correlation signal processing
independently by the coordinates of the ground and slant ranges. The features of using the decimeter range of electromagnetic
waves in constructing radar images for the purpose of detecting mines on various underlying surfaces are analyzed and a
comparison with the centimeter range is made. The demonstrated advantages include a significant increase in the contrast of metal
objects against the background of reflection from the underlying surface and an increase in the penetration depth into the underlying
surface. Disadvantages are also identified, including increased requirements for the stability of the flight of the carrier, the need to
increase the size of the aperture to achieve comparable detail and take into account the migration of range channels. The software
architecture is demonstrated, comprising an onboard unit for acquiring radar images and a graphical interface for a ground-based
automated operator-decipherer workstation for solving the problem of mine detection during humanitarian demining. A sample
system and the results of its testing on various carriers, including quadcopter and vertical takeoff and landing (VTOL) unmanned
aerial vehicles, are presented.

Key words: humanitarian demining, engineer reconnaissance, airborne side-looking P-band synthetic aperture radar, information
support for humanitarian demining, unmanned aerial vehicle.

For citation: Vasiliev, O.V., Gorshkov, P.S., Zyabkin, S.A., Shepet', I.P. (2026). The use of onboard decimeter-band radar stations for
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HpI/IMeHeHI/Ie 60pTOBbIX PAANOJOKAIIHNOHHBIX CTAHIIUH ACHUMETPOBOI0
AHAIIa30HA IPU T'YMAHUTAPHOM pasMUHUPOBAHUH

O.B. Bacuanes', I1.C. Topmkos', C.A. 3s6xun’, W.I1. Illeners’
IOOO «HIIO HayxaCoghmy, 2. Mocksa, POCCM}Z
? Texnonoauueckuii uncmumym cepeuca (uauan JI'TY), 2. Cmasponons, Poccus

AnHotammsi: [IpoOGnema TyMaHMTapHOrO pPa3MUHHPOBAaHMSI HAa TEKyLI[MH MOMEHT 4Ype3BbIYalHO akTyalbHa. B pabore

PacCMOTPEHBI pa3iIMIHbIe TEXHIYECKHE CPEICTBA, TIPUMEHIEMBIC B HIDKCHEPHON pa3BeAKe [UIS PEIICHUS 331a9i OOHApYKEHUS
MHH, © O0OCHOBaHa HEOOXOIMMOCTH PAIHOJIOKAIIMOHHOTO OOCCIeYeHHsT TYMAaHHTAPHON HH)KCHEPHOW pa3Belku. B kadectBe
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OCHOBHOT'0 MH()OPMAITIOHHOTO 3BEHA MPE/UIOKEH aBUAIIMOHHBIA PAIMOIOKAIIMOHHBIN KOMIUIEKC MHKCHEPHOM pa3Bellku Ha 0ase
PaIMOTIOKAIMOHHOW CTaHIWMK OOKOBOrO 0030pa P-mmamazoHa, mpenHa3HaYeHHBIA Ul pa3MelIeHHs Ha OecIIOTHBIX
JeTaTeNbHBIX armaparax. Omucanbl (M3MYECKHe NPUHIMIB (OPMUPOBAHUS PAMOJIOKAMOHHOTO HM300paKEHHsT METOJIOM
cHuHTe3a anepTypsl. [lokazaHo nprMeHeHne (HYHKINH PaJioJIOKAIIMOHHOTO pebeda MpH OIFCAHNH PATHOOTPAKAIOIX CBOHCTB
MOBEPXHOCTH M HCIOJIb30BAHKME TPUHIMIIA CYIEPIO3MIMNA MpU 00pabOTKe paIroSIOKAMOHHOrO curHajia. IIpencraBieHbI
OCHOBHBIEC MaTEMaTHIECKUE BEIPAKECHHS, MPUMEHIEMbIC TIPH pacueTe PaaroIOKAIIMOHHBIX H300paKeHHH TIOBEPXHOCTH METOJIOM
CHHTE3a amepTyphl, 3aKIIOYAIOIINECS B MPUMCHCHUHM KOPPEIAIMOHHOW 00pabOTKM CHUTHATa HE3aBUCHMO II0 KOOpAWHATAM
MyTeBOH W HAKIOHHOW JambHOcTed. [IpoaHanm3MpoBaHBI OCOOSHHOCTH HCHONB30BAHMS —JEIMMETPOBOTO JAWAria30Ha
3ne1<1p0Mar HUTHBIX BOJIH le/I HOCTpoeHl/II/I paZlI/lOJ'lOKaLII/IOHHI)IX 1/1306pa>1<eH1/11‘/'1 B MHTepecax 06Hapy>KeHm1 MHH Ha pa3J'Il/I'-IHI>IX
TIOACTUNIAIONINX TOBEPXHOCTSX, W TIPOBEACHO CpaBHEHHE C CAHTHMETPOBBIM JHAMla30HOM. B KadecTBe MpeHMYILECTB
MPOIEMOHCTPUPOBAHO 3HAYUTEINILHOE YBEIIMYEHUE KOHTPACTa METAILIMYECKUX 00BEKTOB Ha ()OHE OTPAKEHHS OT MOJICTHIIAIOLICH
MOBEPXHOCTH U BO3PACTaHHUE TTyOHHBI MPOHUKHOBECHIS B MOACTHIIAFONIYIO TIOBEPXHOCTh. Takxke C(hopMyITHPOBAHBI HEIOCTATKY,
BKJIIOYAIOIINE B ceOsl MOBBIMICHHBIE TPeOOBAaHMS K CTAOWIBHOCTH IOJeTa HOCHTENS, HEOOXOAMMOCTh YBEIMYEHHUS pa3sMepa
amepTypsl U JOCTFDKCHHSI CONOCTABMMOM JICTAFHOCTH W y4eTa MUTpPAllMH KaHAJIOB JATBHOCTU. [IpomeMOHCTpupOBaHA
CTPYKTypa TPOTrpaMMHOTO OOECIIeYeHH s, COAEpPIKAIero OOPTOBYIO YacTh IS MOMyYEHHS PaJHOJIOKAIIFIOHHBIX H300payKeHIH 1
rpadudeckuii MHTEp(EHC HA3EMHOTO ABTOMATH3UPOBAHHOTO pabOvero Mecra orepaTopa-Iem(poBIIKa IS PEIICHHS 3a1a491
MOMCKA MHH IPH TYMaHUTapHOM pa3MHHHpoBaHHH. [Tokazan oOpaser; KOMIUIEKCa M pe3yIbTaThl €ro MCIBITAHNA Ha PA3IMYHBIX
HOCHTEIISIX, BKITIOYAFONIMX OCCIITOTHEIC JIeTaTebHEIC amlapaThl KIIacCOB «KBaJIPOKONTEP» M BEPTHKAIBLHOIO B3JIETa U TIOCAIKU
(VTOL).

KnroueBble cioBa: TyMaHHTapHOE pPa3MHHHPOBAHME, HIDKEHEpHAs pa3BelIKa, OOpTOBas paIUOIOKAIMOHHAS CTAHLUA C
CHHTE3UPOBAHHON anepTypoii 00KoBOro 0030pa P-1namnasona, mHpopMarmoHHOE 0OecTiedeHre TYMaHUTAPHOTO Pa3MIHHPOBAHYIS,
OeCIUIOTHBIN JIeTaTeIbHBIH armapar.

Jns nurupoBanusi: Bacuiber O.B. [IpumveneHne OGOPTOBBIX PaIMONOKAIIMOHHBIX CTAHIMH JEIIMMETPOBOTO JTHAra3oHa TpH
rymanuTapHoM pasmunupoBanuu / O.B. Bacwines, [1.C. Ioprikos, C.A. 3s0kun, VLIT. Illenets / Hayunsrit Bectauk MI'TY T'A.
2026.T. 29, Ne 1. C. 23-37. DOLI: 10.26467/2079-0619-2026-29-1-23-37

Introduction In this case, conducting engineer reconnais-
sance using technical means for humanitarian
demining is a pressing issue. At the same time, a
whole range of devices is proposed as technical
means, the operation of which is based on a wide
range of physical principles.

This article substantiates the use of a side-
looking synthetic aperture radar in the decimeter
band for searching for antitank mines over large
areas. The features of using the decimeter band,
as well as its advantages and disadvantages for
conducting engineer reconnaissance, are ana-
lyzed. The results of flight experiments on
searching for and detecting mines and their sim-
ulators on various soils using radars mounted on
various platforms are presented. A conclusion is
drawn regarding the high effectiveness of this
type of radar for conducting engineer reconnais-
sance for humanitarian demining.

Humanitarian demining is an activity carried
out outside combat zones in cooperation with
local governments (territorial administrations)
that leads to the elimination of hazards (risks)
associated with explosive ordnance (EO), includ-
ing a comprehensive survey of the area and facil-
ities for the presence of EO, mapping, searching
and disposal of EO, and preparing documenta-
tion after demining.

A characteristic feature of modern warfare is
the widespread and massive mining of vast terri-
tories. Moreover, the vast majority of mines and
EO are not equipped with self-destruct mecha-
nisms. This makes their search and clearance
mandatory. Current mine search methods using a
deminer do not ensure mine clearance in a short
time, and the use of unmanned mine clearers is
impossible for clearing anti-tank mines.

Technical means used in engineer

reconnaissance

! Practical activities (humanitarian demining). Ministry of Traditi v, th . s f losi
Defense of the Russian Federation. Available at: raditionally, the primary tools for explosive

https://mil.ru/mpc/activities/practical. htm (accessed: ordnance detection and mine clearance are: a probe
21.04.2025).
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and mine detectors. Specially trained dogs can
be used to reduce the risk to the lives of the de-
miners [1].

Attempts to reduce risks and automate the
mine clearance process are underway in many
countries, but so far without significant results.

However, over the past few years, the use of
unmanned aerial vehicles (UAVs) in engineer
reconnaissance has reached a large scale [2].
Many government and non-profit agencies in-
volved in humanitarian demining are implement-
ing UAVs into their standard procedures. In ad-
dition to collecting aerial photographs of poten-
tially hazardous areas to create orthophoto maps,
UAVs already prioritize demining zones and, in
some cases, detect mines.

At the current stage of remote mine recon-
naissance, the following sensors can be used as
UAV payloads: visible-band video cameras
(TV cameras), infrared cameras (IR cameras),
scanning laser locators (SLRs), and magnetomet-
ric sensors (MS). All of these differ in both their
application features and their information capa-
bilities for detecting and classifying explosive
ordnance [3].

TV cameras are characterized by high speed
and detailed viewing of the surface being sur-
veyed. However, image quality is significantly
affected by meteorological and daily conditions.
Furthermore, at least 60,000 images are required
to cover 1 square kilometer with acceptable reso-
lution.

One of the promising approaches to mine de-
tection is the use of infrared cameras. This
method is based on the differences in thermal
radiation between the underlying soil and a small
area where a mine is located or buried. However,
experimental studies have revealed a high rate of
false alarms caused by anomalies in soil mois-
ture or density.

A laser locator is useful for detecting craters
indicating ground disturbances, but it cannot de-
tect buried objects.

Magnetometers are currently the best tools
for detecting buried metal objects. However, the
magnetic signal weakens as the magnetometer
moves away from the ground, necessitating the
use of UAVs at low altitudes.
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One of the most promising areas for increas-
ing the efficiency of mine reconnaissance is the
use of side-looking synthetic aperture radar
(SAR) as a target load for UAVs [4].

Physical principles of radar image
formation in SAR

The radar relief function (RRF) is used as a
mathematical model of the reflective properties
of the observed surface. It defines the complex
envelope of the electromagnetic field é, scattered
from the underlying surface and is numerically
dependent on the local surface reflectivity and
signal parameters according to the following
formula [5]:

é(r,x) = e(r,x) - exp{jy(r, x)}, (1
where x and r =./y?+ H? are coordinates
along the path and slant ranges, respectively;
e(r,x) and P (r, x) are the amplitude and phase
characteristics of the scattered electromagnetic
field. Based on [5], if we do not take into ac-
count changes in the reflective properties of the
surface in the observation interval X, = 1r,0,,
where 0,1s the antenna radiation pattern (RP)
width, we can limit ourselves to the dependence
on spatial coordinates only. The formation of the
synthetic aperture of the antenna in the side-
looking SAR is shown in Figure 1.

In Figure 1, the variable T, characterizes the
pulse recurrence interval, V is the carrier's flight
speed. It is known that the process of generating
and processing a radar signal obeys the principle
of superposition due to the linearity of opera-
tions [6]. This means that the signal from each
elementary reflector on the observed terrain can
be processed independently, and reflections from
a complex spatially distributed object can be rep-
resented as the sum of signals from several point
targets on its surface.

The signal s(z,n) in a side-looking SAR
from the i-th point target at the receiver output is
continuous over slant range T = 27 /c and dis-
crete over ground range nT, (n =0, 1, 2, ...), and
also independent over these coordinates [7]:
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Fig. 1. Formation of the synthetic aperture of the antenna at ¥, = /2

$i(t,n) = $;(zr,nT;) = nU;(r — ;) - G(7,nTy) X

x explj - [ — 1) — a(nl)? + i1}, @
where 7; is the time delay of the signal from the i-th point target along the slant range during the prob-
ing period; a = 21V, /Ary;; Y(7) is the function describing the phase modulation law of the probing
signals; U;(7) is the function describing the amplitude envelope of the signal from the i-th elementary
reflector; G (z,nT,) is the signal envelope along the path coordinate x.

When using a probing chirp pulse, the signal from the i-th elementary reflector, located at a dis-
tance of r;, mAr < r; < (m + 1)A4r, is determined by the formula

si(m,n) = n;U;[(m — m;)Ar]G(mAr, (n—n;)Ax) X

. [2ar 2, 2 2 (3)
X exp {—] : [;Lz ((m—m)ar)” + mA”M ((n—n)dx)" + <pi]},
Ar = ér/k, and Ax = VT, are the sampling in- E(t,n) =3 $(t,n) + n(t,n), 4)
tervals for coordinates x and r; a, = 20w/,
is the chirp step slope; Aw = 2mAf is the fre-  Where 1(z,n) is complex white noise.
quency deviation. As mentioned earlier, the signal cross-

The signal reflected from the earth’s surface ~ sections s;(m, n) along the ground (when fixing
and complex objects £(t,n), is a superposition  the coordinate m) and slant (when fixing n)
of noise and responses from all elementary re- ranges are independent in the absence of signal

flectors within the radiation pattern: migration from point targets in the slant range
band during the synthesis interval, and the signal
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Table 1
Approximate RCS values for typical surfaces
Specific radar cross-section o, dB
Terrain type A=3.0cm A=70.0cm
HH \AY HH and VV
Sea, 2-point waves —38 —28 =45
Sea, 6-point waves =30 -25 —45
Runway -32 —24 —58
Steppe, winter, snow -17 -17 =55
Steppe, summer, grass =15 =15 =53
Desert, rocks, sand -15 -17 —40
Forest -14 =15 =30

itself s;(m, n) is separable by coordinates m and
n [5]. Therefore, algorithms for this processing
can be developed independently by coordinates
m and n. The goal of the processing is to com-
press signals from each element of the observed
surface based on the existing signal spectrum
expansion in the cross-sections by coordinates r
and x, thereby ensuring high resolution in the
ground and slant range coordinates.

It is known that radar signals with an extend-
ed baseline are compressed in duration using
correlation processing [8]. This uses a reference
function matched to the signal from an elemen-
tary reflector. This function, like the signal, is
separated by coordinates x and r: ho(m,n) =
= ho, (M) - hoy(n) = 5,"(m,n) (the * symbol
denotes complex conjugation):

e(m,n) = |ENZESMLEU —m k — n)ho(L, k)| =

= |ZNHEM EA —m k — n)he, (D} - hox (R)),

where m=0,1,..., M, —1;,n=0,1,...,.N,; M
and N and is the number of reference function
samples along the slant Ay, (m) and path Ay, (n)
distances.

The reference function h(m,n), phase-
matched with the signal from the point reflector
over the synthesis interval X, = NV, T, = N_.4x,
is described by the formula

T

- .2

h(m,m) = H(m,n) - exp {j 2= (nAx)?}, (6)
where H(m, n) is the pulse response envelope of
the digital filter, specified on the integrated cir-
cuitn=20,1,2,..,N. — 1.

Features of P-band radar images

Target detection efficiency is determined by
the signal-to-background ratio g, which is equal
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)

to the ratio of the target’s RCS g, to the back-
ground RCS gy, in a resolution element:

G %

o4 T G818

q= (7

where 67 and §! the linear resolutions for range
and angle, respectively, g, is the specific RCS of
the surface.

Approximate values of specific RCS for var-
ious underlying surfaces for the X (3 cm) and
P (70 cm) bands at a 20° radiation incidence an-
gle are presented in Table 1 [9]. The values are
shown for various polarizations, where HH is the
horizontal polarization for reception and trans-
mission, and VV is the vertical polarization for
reception and transmission.

As the table shows, the transition from the
centimeter to the decimeter range is marked by
an abrupt change, primarily in the reflectivity of
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Fig. 2. Radar image of a section with a road, a pond, and a small aircraft airfield:
a — in the X-band; b — in the P-band

the underlying surface. Thus, in the range
A =70 cm the average specific RCS g, decreas-
es by 20...30 dB, leading to an increase in the
radar contrast of objects relative to the back-
ground.

It is also clear from expression (7) that max-
imum detection efficiency is achieved when the
resolution element size of the side-looking SAR
Or, 6l corresponds to the linear dimensions of
the object (target) on the surface in the y and x
coordinates, respectively. High resolution in
slant range (y coordinate) is achieved by using
broadband signals, and in the direction of ground
speed (x coordinate) by using long intervals of
trajectory signal accumulation.

Figure 2 shows radar images obtained using
a dual-band integrated airborne side-looking
SAR [10, 11]. The flight altitude of the carrier
(Antonov-2 aircraft) is 800 m, the range to the
center of the radar image is 2000 m. In Figure 2,
a on the X-band radar image (wavelength
A =3 cm) an airfield for small aircraft with infra-
structure, a road and a pond are observed. In Fi-
gure 2, b on the P-band radar images (wave-
length A = 70 cm) lampposts and a ditch along
the road, individual buildings, technical equip-
ment, aircraft (marked with the corresponding
markers 1-3 in Figure 2, b are clearly visible.

The specific features of P-band use, most of
which are evident in Figure 2, include:
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o the contrast of metallic objects signifi-
cantly increases (by 20-30 dB) against reflec-
tions from the underlying surface;

e resonance phenomena begin to play a
role;

o greater penetration depth into the under-
lying surface is ensured compared to the centi-
meter band.

At the same time, the use of P-band side-
looking SAR poses objective difficulties in radar
image formation.

Firstly, the relatively low carrier frequency
precludes the use of signals with a spectral width
greater than 100 MHz (20-25% of the carrier).
In this case, the maximum slant range resolution
6ris 1.5 m.

Secondly, a longer wavelength for achieving
high azimuth resolution §! (commensurate with
Or) requires a larger synthesized aperture size,
which means longer trajectory signal accumula-
tion intervals at the same carrier flight speeds
[12]. The dependences of the aperture size X, on
the distance to the target r, for different azimuth
resolutions for two frequency bands are shown
in Figure 3.

Thus, for 5l = 1.5 m, r) = 1000 m, 1 = 0.7 m,
the synthesis interval will be more than 200 m. To
achieve the same radar image detail in the X-band,
the synthesis interval does not exceed 9 m.

Thirdly, the condition for a linearly matched
processing range of the accumulated trajectory
signal is satisfied in the absence of migration of
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Fig. 3. Family of curves X, from 7, for different 6/: a — for A = 70 cm, b — for A = 3 cm

signal samples from each elementary reflector
across the range strips [13]. For this, the follow-
ing inequality must be satisfied in the synthesis
interval T, = X./V, :

Ary(t) = 1y(t) — rox < O, (8)
where 7, is the traverse slant range to the k-th
range strip; Ar;(t)is the slant range increment to
the i-th elementary reflector over the synthesis

interval T,. Given the equality 67 = 1 we obtain
the inequality:

8613
rOk S AZ b

)
from which it follows that signal migration
across range channels for the accepted values
begins at a slant range greater than 60 m (for the
X-band, 30,000 m), i.e., in the P-band, it is al-
most always the same.

Fourth, random deviations in the trajectory
signal phase lead to broadening of radar re-
sponses from point reflectors in radar images [6,
12]. This can lead both to distortion of images
from distributed targets and to incorrect identifi-
cation of small targets.

All of these difficulties are addressed in real-
world systems by employing various compro-
mises, such as mathematical compensation for
range channel migration during signal pro-
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cessing, or the need to obtain and incorporate
information from onboard micronavigation sen-
sors to compensate for trajectory instabilities.
All of this significantly complicates trajectory
signal processing algorithms.

Structure of the side-looking SAR
algorithmic support for radar image
formation

Based on the information presented previous-
ly, the radar image formation algorithm can be
generally represented as follows (fig. 4).

First, a radar signal is sent to the input,
from which a radio hologram (RHG) of the re-
ceived complex signal is prepared. Taking into
account (5), it is advisable to perform range
compression of the signal directly in the side-
looking SAR. Compensation is provided for
trajectory instabilities of the RHG and range
channel migration. Next, a two-dimensional
direct Fourier transform is performed to obtain
the RHG spectrum. A direct Fourier transform
of the two-dimensional support function is
then performed to obtain the reference spec-
trum. The spectra of the support function and
the RHG are multiplied. The support function
is calculated for a given range to compensate
for the phase of points at this range. A two-
dimensional inverse Fourier transform of the
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Fig. 5. Structural diagram of the airborne radar reconnaissance complex “Arkheolog-1"

multiplied spectra is performed to convert the
data to the time domain. The result is the de-
sired data — a radar image [14, 15].

Figure 5 shows the structural diagram of the
airborne radar reconnaissance complex “Ark-
heolog-I”, developed on an initiative basis by the
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creative team of NaukaSoft Scientific and Pro-
duction Association.

The onboard unit of the complex consists of
a specialized computer, an onboard navigation
system, and a side-looking P-band radar. Navi-
gation definitions (ND) are used to compensate
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Fig. 6. Interface of the decoder operator’s automated workstation

for trajectory instabilities in radar holograms,
which consist of a range-compressed radio signal
(RCRS). All system operation results, such as
received RHG, ND, and received radar images,
are stored in the specialized computer’s internal
memory.

The ground unit of the complex consists of
a database containing archives of received RHG,
radar images, and geographical maps. Geogra-
phical maps are used for georeferencing the re-
ceived radar images to the terrain. Storing RHG
for each radar image allows for repeated image
acquisition operations with refined parameters,
for example, for precise focusing of the radar
image in a specific area of interest. The interface
of the automated workstation (AWS) for the de-
coder operator for the airborne radar reconnais-
sance complex “Arkheolog-I is shown in Fi-
gure 6.

The decoder operator’s automated work-
station performs the following tasks:

1. Receiving data from the Primary Pro-
cessing Software (PDP) and display of radar im-
ages.

2. Receiving and displaying navigation data.

3. Preliminary processing of radar images.
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4. Geometric correction and transformation
of radar images.

5. Linking radar images to a digital terrain
map [16].

6. Decoding radar images for detection,
recognition, and determination of parameters of
objects of interest [17].

7. Data archiving for repeated access.

8. Generating messages to users.

Experimental Observation Results

Experimental data describing the features of
the use of the P-band SAR as part of an engineer
reconnaissance system for humanitarian demi-
ning missions are presented below.

Figure 7, a shows the appearance of the air-
borne radar reconnaissance complex “Arkheo-
log-1”, placed on a carrier — a medium-class
UAV of the “Quadcopter” type, and Figure 7,
b — airborne P-band radar “Linza”.

On the radar of the P-band in shades of gray
(fig. 8, b) and in the 3D representation (fig. 8, ¢),
mine simulators (fig. 8, @) (three metal bowls up
to 30 cm in diameter) and explosive reactive ob-
jects (two cuts of a metal water pipe 35 cm long)
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a

Fig. 7. a — airborne radar reconnaissance complex “Arkheolog”, b — airborne P-band radar “Linza”,
dimensions 43x38x27 cm, weight up to 9 kg

Detailed radar image Detailed 3D radar image

b

a

Fig. 9. Flight experiment using a VTOL UAV

are observed. The carrier’s flight altitude was up Figure 9, a shows a variant of mounting the
to 300 m, and the slant range to the objects was onboard radar reconnaissance complex on a
less than 600 m. Despite the relative uniformity VTOL UAV. The flight mission involved flying
of the underlying surface, the radar image shows along a rectangular perimeter at an altitude of up
spots resulting from the random summation of  to 300 m, a speed of up to 100 km/h, and an in-
reflected signals from elementary surface areas, clined distance of up to 400 m from the target
a phenomenon known as “speckle” patterns. installation center. A strong crosswind (up to
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Fig. 11. Radar images of targets on a humid steppe background during spring

15 m/s) adjusted the route, significantly altering reflected from the foil-wrapped cardboard box.
the carrier’s flight trajectory, as can be seen in The interpretation process was complicated by
Figure 9, b. Targets in the form of bowls, pipe the relative shift in the maximum reflections
cuts, and TM-62 plastic training anti-tank mines from the targets, caused by the significant devia-
(fig. 10, a) were placed every 10 m, as shown in tion in the carrier’s flight path.
Figure 10, b.

Figure 11 shows 3D (fig. 11, a) and 2D

(fig. 11, b) radar images of a surface area with Conclusion
targets.

Despite the significant trajectory curvature, The conducted flight experiments demon-
processing was able to focus the reflected signals strated the high information content of the
and obtain significant radar contrast. Radar im- P-band SAR system for engineer reconnaissance

age interpretation allowed detection and identifi- missions. A VTOL UAV, with its greater longi-
cation of 10 of the 12 targets (fig. 11, b). The tudinal flight stability, appears to be the pre-
maximum amplitude was observed in the signal ferred carrier. Thus, the task of providing infor-
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mation support for humanitarian demining can
be accomplished through the integrated use of
UAVs with various payloads in several stages.

At the first stage, an orthophoto map of the
area intended for demining is created using TV
cameras and laser locators. Then, radar and IR
images are generated, combined processing, af-
ter overlaying the orthophoto map, will allow for
the construction of a minefield cadastral register.
This information can be refined by an additional
UAV flight with a minefield payload. This will
ensure a consistent increase in the detail, com-
pleteness, and reliability of the information: “no
mines” — “mines localized in the specified are-
as” — “cadastral register of the minefield with
mine coordinates.”

The need to process large volumes of com-
plex information requires maximum automation
of the image decoder operator. This requires the
use of artificial intelligence technologies, which
require large volumes of training samples and
significant computing resources.
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Abstract: With the growth of air traffic, the implementation of environmentally friendly and cost-effective technologies in civil
aviation becomes increasingly important. One promising solution is the Continuous Descent Operations (CDO) mode, which
ensures an optimal descent trajectory, reducing fuel consumption, CO: emissions, and noise near airports. This work develops an
analytical model to evaluate the effectiveness of CDO implementation in the Moscow Flight Information Region, taking into
account the optimization of air traffic control and airspace organization. The methodology includes mathematical modeling, expert
evaluation, and simulation analysis. Algorithms are proposed for multifactor assessment of the impact of traffic density, air traffic
control features, and weather conditions on CDO application. The results can be used to develop regulations and air traffic schemes
in the Moscow area, contributing to fuel savings and environmental improvements in line with ICAO’s 20162030 plan.
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OnruMu3zanus 3axX04a Ha MOCAIKY B pailoHe MOJIeTHOM MHpopMaunu
MOCKBBI: 3K0JIOT0-DKOHOMHYECKas OLeHKA BHEeAPEHUS MPoueayphI
HelNpepbIBHOI0 CHUKEHUS

LA, Mosmyxnnl, B.H. Heuaeg’, P.A. CyﬁﬁOTHHz

"Mockoscruii YEHMP a8MOoMamu3upOBaAHH020 YNPABLEHUS B030YULHBIM OBUNCEHUEM,
2. Mockea, Poccus
’Mockoeckuii 20CY0apcmeeHHbIl MeXHUYeCKUll YHUBEPCUmMem padcOancKoll asuayu,
2. Mockea, Poccus

AHHOTammsi: B ycroBusiX pocTa BO3MYIIHOTO JBW)KEHHS BOXHBIM CTAHOBHUTCSI BHEIPEHHE OKOJOTMYHBIX M AKOHOMHYHBIX
TEXHOJIOTMHA B TpaKIaHCKoM aBuanmu. OJHMM M3 NEPCIEKTHBHBIX PEILEHHH SBJISETCS PEKMM HENpPEPHIBHOTO CHIDKEHUS
(Continuous Descent Operations, CDO), o0ecrieunBaromiyii ONTUMAIBHYIO TPACKTOPHIO CHIDKEHHSI C YMEHBIIEHHEM pacxoja
TorumBa, BeiOpocoB CO: M Imyma BOJM3M a’poropToB. B uccienoBaHuM paspaboTaHa aHAIMTHYECKAss MOJETb OLEHKH
spdexkruBocTn BHeapenms CDO B MocKOBckOM paifoHe MOJETHOMH WH(GOpMalWM, YUYWUTHIBAIOMIAS —ONTHMH3ALHIO
JICTICTYEPCKOTO  YNIPABICHHUS W OPraHW3allii0 BO3IYIIHOIO MPOCTPAHCTBA. METONONOTHS BKIIIOYACT MAaTeMaTHYECKOe
MOJICTIMPOBAHKE, SKCIEPTHBI M WMHUTALIOHHBIN aHaiun3. [IpemmokeHsl anropuTMbl MYyJIBTH(AKTOPHONW OLEHKH BIIMSHUS
TUIOTHOCTH TpaduKa, 0COOSHHOCTEH AUCTIETISPCKOTO PErYIMPOBaHMs 1 MeTeoycinoBuil Ha npuMererne CDO. Pe3ymbratel MOTyT
WCIIONBb30BaThCs 711 (POPMHUPOBAHKSI PETTIAMEHTOB M CXEM BO3/YIIHOTO IBIKEHHUA B MOCKOBCKOH 30HE, CIIOCOOCTBYS CHHKEHHIO
TOIUTMBHBIX 3aTPAT ¥ SKOJIOTMUECKOMY YITyHIIeHHI0 B cooTBeTcTBHH C TtaHoM MKAO na 20162030 rompr.

38



Tom 29, Ne 01, 2026

HayuyHblit BectHuk MITY TA

Vol. 29, No. 01, 2026

Civil Aviation High Technologies

KiioueBnle ciioBa: PEKHUM HEIPEPLIBHOI'O CHUIKCHUS, OLICHKA 3(1)(1)€KTI/IBHOCTI/I, 060Hy>KPIBaHPIe BO3QYIIHOI'O ABHUKCHUS.

Jost murapoBanmsi: Mozxyxun J[.A., Hewae B.H., Cy606otua P.A. OnTuMusanys 3axofa Ha MOCAJKy B paiiOHE ITOJCTHOU
nHpopManm MOCKBBL: 3KOJIOT0-5KOHOMHYECKAs OIIEHKa BHEAPEHHUS TPOLIETYPhl HETIPEPHIBHOTO CHIDKEHIS // HaydHBIN BECTHIK
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Introduction

Given the dynamic development of civil avi-
ation, the implementation of technological solu-
tions aimed at reducing the environmental im-
pact of air transport and enhancing the economic
efficiency of flights is becoming a pressing task.
One promising direction is the Continuous De-
scent Operations (CDO) procedure, which facili-
tates an optimized descent with minimal engine
thrust, contributing to reduced fuel consumption
and lower levels of aircraft noise.'

The relevance of this study is driven by the
necessity to implement the provisions of the
Global Air Navigation Plan (GANP) for
2016-2030, developed by the International Civil
Aviation Organization (ICAO), within which the
Continuous Descent Operations procedure plays
a key role in the BI-RSEQ (Optimization of Ar-
rival/Departure Sequencing and Merging) and
B1-FRTO (Optimization of Flight Routes) mo-
dules.’

On the international stage, leading hub air-
ports, such as Kansai International Airport (Ja-
pan) [1], as well as airports in the USA (Louis-
ville and Los Angeles) [2, 3], have successfully
implemented this technology, leading to signifi-
cant reductions in operational costs and harmful
emissions into the atmosphere. Implementing
similar procedures in the Moscow airspace zone
appears advisable and necessary from the per-
spective of improving the air traffic management
(ATM) system and enhancing the efficiency of
air navigation services.

A key advantage of implementing the con-
tinuous descent procedure is its low capital in-
tensity, as modern civil aircraft are equipped
with Flight Management Systems (FMS) capable

' Doc 9931-2010. (2010). Manual continuous descent op-
erations (CDO). Ist ed. ICAO, 60 p.

?Doc 9750. (2016). Global Air Navigation Plan. 8th ed.
ICAO, 54 p.
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of automatically calculating optimal descent pa-
rameters. The main changes involve adapting air
traffic control procedures, updating the regulato-
ry framework, and training personnel of air traf-
fic services (ATS). International experience con-
firms that the implementation of continuous de-
scent does not require large-scale infrastructure
transformations, yet delivers significant envi-
ronmental and economic benefits.’

The goal of this study is to develop a com-
prehensive analytical model to assess the effec-
tiveness of implementing continuous descent
procedures in the Moscow Flight Information
Region (FIR). The development and implemen-
tation of such models represents a relevant scien-
tific and applied task associated with optimizing
approach trajectories, minimizing fuel costs, re-
ducing carbon dioxide emissions, and lowering
aircraft noise levels in areas surrounding air-
ports.

To achieve the stated goal, the following
tasks were defined in the course of the research:

« conducting a survey of an expert group to
assess the effectiveness of applying the continu-
ous descent procedure;

o application of mathematical modeling to
analyze air traffic processes during the imple-
mentation of Continuous Descent Operations
(CDO);

o development of an analytical model to
assess the impact of continuous descent on fuel
consumption and air traffic controller workload;

o creation of algorithms and software for
simulating various scenarios of applying the con-
tinuous descent procedure in the Moscow air-
space region.

The theoretical significance of this research
lies in the development of a comprehensive
methodological approach for assessing the effec-

? International Civil Aviation Organization (ICAO).
(2005). Rules of the Air. Annex 2 to the Convention on
International Civil Aviation. 10th ed. ICAO, 104 p.
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tiveness of implementing Continuous Descent
Operations (CDO). This approach is based on
the integration of expert analysis, simulation
modeling on a high-fidelity flight simulator, and
the development of specialized software for the
parametric optimization of descent trajectories.

Thus, the research results will contribute to
the scientifically-grounded implementation of
CDO procedures in the Moscow airspace region.
This is expected to enhance the efficiency of air
navigation services, reduce airline fuel costs, and
minimize the environmental and acoustic impact
of air transport.

Research methodology

The methodological foundation of the re-
search is a comprehensive approach combining
theoretical justification, mathematical modeling,
and expert-analytical procedures. The aim of the
methodology is a comprehensive assessment of
the applicability of Continuous Descent Opera-
tions (CDO) procedures under the high-density
air traffic conditions of the Moscow FIR.

The primary research method is mathemati-
cal modeling, aimed at the quantitative assess-
ment of the effectiveness of CDO procedure im-
plementation, taking into account aerodynamic,
navigational, and operational characteristics of
aircraft, as well as the specifics of air traffic
management in the Moscow aviation hub.

To ensure the reliability of the obtained re-
sults, an expert group was formed, including
first-class air traffic controllers with over 10
years of experience. Within the empirical stage,
expert surveys were conducted with the goal of
identifying factors significantly influencing the
composite index of CDO applicability, as well as
determining key constraints related to the current
airspace structure.

Simulation modeling was conducted in two
stages:

1. The air traffic situation was modeled us-
ing a specialized simulator adapted for scenarios
typical of the Moscow zone.

2. Numerical modeling of trajectory solu-
tions was performed in the MATLAB environ-
ment using a multi-parameter optimization mod-
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el that accounts for the aerodynamic characteris-
tics of a Boeing 737-800 aircraft.

Initial parameters for the numerical modeling
included:

o Cruise flight level: FL360;

o Aircraft mass: 71 tonnes;

o Air temperature at flight level: —43 °C;

o Wind conditions: calm;

o CDO profile: descent at a constant flight
path angle of 3°;

o Fuel consumption calculation: based on a
Thrust-Specific Fuel Consumption (TSFC) mod-
el dependent on engine operating mode;

o Trajectory data: obtained from FMS and
simulator scenarios.

The system of differential equations of air-
craft motion [4] during the descent phase has the
following form

dh .
e V- siny; (1)
dv T—-D .
a = T o 9siny @)
dm o _TSFC-T 3
dat ’ )

where h — flight altitude;

V — horizontal velocity;

y — flight path angle;

T — engine thrust (dependent on altitude
and velocity);

D — aerodynamic drag;

m— current aircraft mass;

TSFC — thrust-specific fuel consumption
(dependent on engine operating
mode);

g — gravitational acceleration.

Aerodynamic drag was calculated using the
formula [5]

1

D=5-CD-p(h)-V2-S, 4)
where €, — drag coefficient (according to Boe-
ing data);
p(h) — air density according to the ICAO
standard atmosphere;

S — wing surface area.
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The optimization criterion for the numerical
experiment was formulated as a functional for
minimizing fuel consumption [6]:

J= ft‘Of TSFC(t) - T(t)dt. (5)

The integration of the equations was per-
formed using the fourth-order Runge-Kutta
method with a step of 0.1 seconds. To account
for the influence of uncertainties, such as mass
variations and weather conditions, the Monte
Carlo method was used with a number of itera-
tions N = 1000. The simulation assessed both
fuel consumption and acoustic impact on areas
adjacent to the flight path.

Additionally, a software module was de-
veloped in the JavaScript language, enabling
the simulation of potential trajectory conflict
scenarios within the current airspace structure
of the Moscow FIR. This made it possible to
evaluate the potential for integrating CDO
from the perspectives of flight safety and pos-
sible air traffic conflicts arising during the
simultaneous execution of descent procedures
by multiple aircraft.

The simulation results were subjected to ex-
pert evaluation. The level of agreement among
experts was assessed using Kendall’s coefficient
of concordance. The obtained value of W = 0.7
indicates a high degree of consensus among the
respondents, confirming the reliability of the
conclusions.

Thus, the proposed methodology has enabled
a comprehensive assessment of the applicability
of the Continuous Descent Operations procedure
under the conditions of the real airspace struc-
ture and the high flight intensity characteristic of
the Moscow FIR.

Research results

1. Assessment of CDO applicability in the
Moscow Flight Information Region (FIR)

The expert analysis method was applied to
assess the applicability of the Continuous De-
scent Operations (CDO) procedure in the Mos-
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cow FIR. The goal of the expert analysis was to
rank factors by the degree of their impact on the
implementation of the CDO procedure to identi-
fy the most significant parameters influencing its
application [7].

Based on an analysis of regulatory docu-
ments, features of air traffic organization, and
the results of expert surveys, all factors affecting
the possibility of implementing CDO were clas-
sified into three main groups:

1. Factors reducing the overall airspace ca-
pacity.

This group includes:

« adverse meteorological phenomena (low
cloud cover, thunderstorm activity, strong winds
at flight levels and in the surface layer);

« established temporary and permanent re-
striction zones, including those related to the ac-
tivities of the ministry of defense;

 high density of inbound aircraft traffic;

o the need to apply separation and maneu-
vering procedures deviating from the optimal
trajectory;

o close proximity of airports to each other;

« diversity of aircraft types in the airspace;

o possible misalignment between the CDO
profile direction and established approach pro-
cedures.

2. Factors limiting the capacity of air traffic
control units.

This category includes:

o complexity of the airspace structure
(multiplicity of sectors and their configurations,
presence of intersecting routes);

« regulatory-established sector capacity;

o high workload on controller positions
during periods of intensive traffic;

o limited capabilities to grant priorities to
different flight categories.

3. Organizational and technological factors.

This group includes:

o the need for prior coordination of CDO
application with ATS units;

o absence of unified continuous descent
procedures within the FIR;

o insufficient level of automation in air
traffic management processes (lack of automatic
CDO trajectory prediction);
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Table 1
Data for calculation of integral index characterizing CDO applicability
Key factors . . . Meteorological .
for CDO feasibility Airspace structure| Traffic intensity conditions Equipment
Weighing coefficients 0.25 0.2 0.2 0.2
Factor scores 0.8 0.7 0.9 0.85
o limited compatibility of the continuous Smax —the maximum possible sum of

descent procedure with existing arrival sequenc-
ing algorithms.

To quantitatively assess and verify the expert
opinions, a procedure for evaluating the compe-
tence of each expert was conducted. The compe-
tence assessment was carried out based on the
following expression [8]:

Kq.+Ky.
Ka. = L L

2

Kamax+Kleax, (6)
where Ky, — coefficient reflecting the level of
competence of the i-th expert;
K, — coefficient reflecting the level of in-
formedness of the i-th expert;

, — coefficient reflecting the level of ar-

gumentation of the i-th expert;

Kq, .. and K, —maximum possible
scores for coefficients K, and K,;
typically equal to 1.

The aggregated competence value for the en-
tire expert group was determined by the formula

K,

Q=-%7,Ks, (7)

Based on the calculated competence level, a
final sample was formed and used for the expert
survey to determine the indicator of successful
CDO application in the Moscow FIR.

To assess the degree of consensus among ex-
pert judgments, Kendall’s coefficient of con-
cordance was applied [9, 10], defined by the fol-

lowing relationship:

s S

2203 )y T2 )
22 (m3-m) ZZ]=1T}

W =

, (8)

Smax

where § — the sum of squares of deviations of the
total average ranks for each option from the
overall average rank of all options;
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squares of deviations of the total aver-
age ranks for each option from the
overall average rank of all options,
considering the presence of tied ranks;

z —number of experts;

m—number of alternative options to be
ranked by the experts;

T; — correction factors accounting for tied

ranks.

The calculated concordance coefficient was
0.7, which indicates a high degree of consensus
in the expert assessments and allows for the con-
clusion that there is a significant probability of
successfully implementing continuous descent
operations in the airspace of the Moscow FIR.
The assessment of CDO implementation feasi-
bility was determined using the following ex-
pression [11]:

Wi
Zn 1'

llW

)

where W; — weighting coefficients;
¢ — factor scores.

Table 1 presents the data for calculating the
integral indicator of CDO procedure applicabil-
ity in the Moscow FIR, as determined by the ex-
pert group.

During the research, each expert was asked
to assess the influence of a specific factor (e.g.,
“Airspace Structure,” “Meteorological Condi-
tions,” etc.) on the possibility of applying CDO
on a scale from 0 to 1, where

1 — maximum positive influence,

0 — no influence.

Individual expert assessments were averaged,
taking into account weights dependent on their
level of competence.
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Based on the analysis of the expert survey,
the integral indicator characterizing the possibil-
ity of successfully implementing the CDO pro-
cedure in the Moscow FIR amounted to 0.78.
This indicates a high degree of feasibility for this
technology under current operational conditions.

2. Implementation of the CDO procedure
in the Moscow FIR

The Continuous Descent Operation (CDO)
procedure is a type of flight trajectory imple-
mented during the aircraft descent phase, aimed
at ensuring a smoother, more environmentally
friendly, and efficient approach to the aero-
drome. However, in real airspace conditions,
multiple trajectory intersections and conflicts are
possible due to existing arrival and departure
routes. Given the priority task of ensuring flight
safety, when designing new routes using CDO, it
becomes necessary to develop and apply special-
ized tools capable of identifying potential con-
flicts between new and existing trajectories.
Such tools should provide a comprehensive
analysis of spatiotemporal flight parameters,
model interaction scenarios, and generate feasi-
ble solutions for preventing or resolving identi-
fied conflict situations.

As part of the analysis of the airspace struc-
ture of the Aerodrome Control Center, potential
trajectory intersections affecting safety were
identified at the stage of designing CDO trajec-
tories. Since trajectory creation is based on
known waypoints using interpolation methods, a
specialized program was developed in JavaScript
for this work. Its logic is presented in Figure 1.

As the reference point for calculations, run-
way 06 of Vnukovo Airport was selected, its co-
ordinates specified in latitude and longitude. To
simplify mathematical computations, the coordi-
nates were converted from degrees, minutes, and
seconds format to decimal degrees.

The program utilizes the Haversine formula
to calculate the distance between two points on
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the Earth’s surface, allowing for the considera-
tion of its curvature. The cross product is used to
check the parallelism of two lines defined by
pairs of points (pl, p2 and ql, q2), which is an
important step in analyzing potential conflicts
between trajectories. In the case of parallel lines,
an additional collinearity check is performed to
determine if the lines lie on the same straight
line. If the lines are collinear, they either coin-
cide or do not intersect.

If the lines are not parallel, the program cal-
culates parameters t and u, which indicate their
intersection point. Subsequently, the algorithm
checks whether these intersection points lie with-
in the line segments. If the intersection point is
outside the segments, the program reports no
conflict.

To enhance calculation accuracy, the algo-
rithm analyzes the difference between the coor-
dinates of intersection points using a threshold
value (in this case, 10 units). If the difference
between the coordinates is less than the specified
threshold, the program returns the intersection
point, accounting for computational inaccura-
cies. This approach allows for effective model-
ing and analysis of the interaction between vari-
ous arrival routes, which is important for opti-
mizing air traffic and preventing conflict situa-
tions in the aerodrome zone. Thus, the developed
algorithm provides the capability to flexibly
modify the arrival route with CDO while avoid-
ing the occurrence of conflicting aircraft trajec-

tory intersections.

In Figure 2, the URAGO 1C STAR will be
used as an example of a CDO procedure for an
eastern approach to Vnukovo. It consists of the
following waypoints (data taken from the AIP):

URAGO (553300.00N, 0395953.00E);

GEKLA (553330.00N, 0395923.00E);

ENMUR (553310.00N, 0373419.00E);

WW239 (553531.10N, 0373010.50E);

AFISA (553817.80N, 0372814.00E);

WW451 (553659.54N, 0372221.97E).
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Using the cross
product to verify
line parallelism

Yes
Are the lines paral-
lel?

The intersection point
parameters are calcu-
lated

Are the lines col-
linear?

Checking whether the
intersection points lie
within the line segments

The lines intersect The lines do not
intersect

l

No conflict

Conflict. The intersec-
tion is within the line
segments

C =

Fig. 1. Flowchart for determining the intersection point of aircraft routes

Fig. 2. STAR using CDO URAGO 1C
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Fig. 3. STARs DIMGI 3A and DIMGI 3B

In this arrival procedure, the primary focus
was placed on the Restricted Airspace UUR215
(Ramenskoye Aerodrome), which is active at
altitudes from FL150 to FL980 [12]. However, it
should be noted that this restriction is applied
only during periods of active airspace use by
Ramenskoye Aerodrome.

There are three scenarios for traversing the
UURZ215 restricted area when applying the con-
tinuous descent procedure via the URAGO 1C
arrival:

1. If the flight schedule does not include the
use of this part of the airspace, it becomes avail-
able for maneuvering. In this case, the URAGO
1C arrival will consist of waypoints URAGO-
ENMUR-WW239-AFISA-WW451, and the
flight trajectory will contain a minimal number
of turn points.

2. If there are airspace restrictions, control-
lers at the Moscow ATM center can directly con-
tact controllers at Ramenskoye Aerodrome to
coordinate the transit of the restricted zone for
individual aircraft, even with active airspace re-
strictions.

3. If the airspace in zone UUR21S is re-
stricted, and transit of the zone by agreement is
prohibited, the route using the CDO procedure
will follow the full CDO arrival procedure and
consist of waypoints URAGO-GEKLA-
ENMUR-WW239-AFISA-WW451.

Thus, flexibility in route planning, consider-
ing airspace restrictions and the possibilities for
coordination with aerodromes, allows for the
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effective use of CDO technologies while mini-
mizing risks.

Figure 3 presents the traditional STARs in
Vnukovo: DIMGI 3A and DIMGI 3B.

Navigation routes within the new airspace
structure were designed following the principle
of conflict-free routing [13]. The navigation
waypoint DIMGI is intended for directing air-
craft landing at Sheremetyevo and Vnukovo,
while aircraft landing at Domodedo pass through
the URAGO waypoint. The key difference be-
tween the traditional arrival procedures and the
continuous descent arrival procedure is the shift
of the Top of Descent (ToD) point from DIMGI
to URAGO for aircraft bound for Vnukovo Air-
port. Shifting the ToD point from DIMGI to
URAGO will alleviate controller workload by
redistributing aircraft flows. According to offi-
cial data from the Federal Air Transport Agency,
as of the end of 2024, Sheremetyevo Airport
(Moscow) is the busiest airport in Russia, having
served approximately 43.7 million passengers.
By redirecting a portion of the traffic bound for
Vnukovo through the URAGO point, a more
balanced and safer flow of aircraft can be
achieved.

As a result of moving the Top of Descent
point to above URAGO, potential conflicts may
arise between the trajectories of aircraft arriving
on CDO procedures and those departing from
Vnukovo and Sheremetyevo. Using the devel-
oped software to model the modified airspace
structure within the Aerodrome Control Center
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Fig. 4. Change in departure routes from Vnukovo and Sheremetyevo

zone, intersections of aircraft trajectories were
identified. Accordingly, it is necessary to reor-
ganize a portion of the departures from Vnuko-
vo. Aircraft should depart westward to avoid
conflict with inbound traffic, circumvent the
prohibited areas UUP52 and UUP53, and then
execute a right turn toward the planned flight
route to the KOGOM waypoint. To ensure the
reorganized departures from Vnukovo do not
conflict with departures from Sheremetyevo, air-
craft from the latter must perform a similar ma-
neuver: initially westward, parallel to the Vnu-
kovo departure route, followed by a right turn
towards waypoints DUFAR — TIRDE - KO-
GOM. Altitude constraints are already in place
above KOGOM for aircraft departing from dif-
ferent aerodromes, thus eliminating the possibil-
ity of conflicting trajectory intersections in that
area. The reorganized departure routes are sche-
matically presented in Figure 4.

The development and implementation of the
Continuous Descent Operations (CDO) proce-
dure in the Moscow FIR airspace are aimed not
only at optimizing air traffic flows and enhanc-
ing safety but also at achieving tangible opera-
tional and environmental benefits. The positive
effect of applying CDO is particularly noticeable
in the vicinity of Vnukovo Airport, where the
reduction of engine thrust during descent and the
shortening of level flight segments contribute to
decreased fuel consumption and reduced noise
levels near the airport. Let us examine in more
detail the key advantages that the implementa-
tion of this procedure provides under the condi-
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tions of high-density air traffic in the Moscow
Flight Information Region.

3. Advantages of implementing
the Continuous Descent Procedure
in the Moscow FIR

Continuous Descent Operations are widely
adopted due to a number of significant ad-
vantages. Their implementation not only en-
hances flight efficiency but also reduces the neg-
ative environmental impact of aviation. The pri-
mary benefits of CDO include:

1. Fuel efficiency — reduced fuel consump-
tion during the descent phase compared to the
conventional stepping down descent.

2. Reduction of harmful emissions — de-
creased amount of CO., NOx, and other pollu-
tant emissions into the atmosphere.

3. Noise abatement — diminished acoustic
impact due to a smoother and more predictable
descent profile.

Each of these advantages is important both
from the perspective of aircraft operations and
from the standpoint of the sustainable develop-
ment of the aviation industry. A more detailed
explanation of each follows below.

To assess the effectiveness of the Continuous
Descent Operations procedure in the Moscow
FIR, let’s introduce the concept of fuel consump-
tion. In the Flight Management System (FMS),
fuel consumption during aircraft descent is cal-
culated based on several parameters, including
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Table 2

Aircraft parameters during descent under URAGO 1C (with CDO) and DIMGI 3B arrivals

STAR DIMGI 3B URAGO 1C (with CDO)
ToD fuel remaining 6440 kg 6260 kg
Post-descent fuel remaining 5400 kg 6000 kg
Wind calm calm
OAT at FL300 —43 degrees Centigrade —43 degrees Centigrade
Aircraft mass 71 tons 71 tons
Aircraft type B737 B737
Fuel consumption 1040 kg 260 kg

aerodynamic drag, engine operating mode, air-
craft mass, descent profile, and meteorological
conditions.

The main formulae used to calculate fuel
consumption are [14]

‘Mpye = TSFC - T, (10)

where Mgy, — instantaneous fuel flow rate;
TSFC — thrust-specific fuel consumption;
T — engine thrust.

During descent, engines operate at a reduced
power setting, so T decreases significantly,
which lowers fuel consumption [15].

T=D,
Le,pV2s,

2

D (11)

where D — aerodynamic drag;
Cp— drag coefficient;
P — air density;
V — flight speed;
S — wing surface area.

To estimate fuel consumption during descent,
accounting for speed and altitude data, the FMS
uses the following relationship:

TSFC-CppV2S(hinit—hfinal)

mduel,desc -

2Vyert (12)
After reorganizing a part of the airspace struc-
ture and developing the URAGO 1C arrival uti-
lizing continuous descent, modeling was con-
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ducted on a “full flight” simulator. The fuel effi-
ciency of the procedure using CDO and the con-
ventional procedure was calculated using ex-
pression (12) and is presented in Table 2.

Thus, the reduction in fuel consumption dur-
ing the continuous descent amounted to 780 kg,
which is approximately 75% compared to the
conventional descent, resulting in an average
savings of about 25% of the total fuel consump-
tion for the entire route. Figure 5 shows the rela-
tionship between fuel consumption and engine
operating mode, as well as flight altitude.

The obtained difference in fuel consumption
between conventional descent and descent with
CDO allows for calculating the financial benefit
of implementing continuous descent. In the Rus-
sian market, the price of Jet A-1 aviation fuel
varies depending on the region, purchase vo-
lume, and supply terms. For example, the whole-
sale price for Jet A-1 aviation fuel is approxi-
mately 56,000-62,000 rubles per ton (or about
56-62 rubles per kilogram) according to data
from major suppliers such as Gazpromneft-Aero.
However, exact prices may depend on contract
terms and the supply region. Thus, the financial
benefit from changing one arrival procedure to
continuous descent amounts to about 46,020 ru-
bles per single flight.

In addition to significant fuel savings, the
implementation of the continuous descent proce-
dure allows for a substantial reduction in acous-
tic impact on the surrounding area, which is par-
ticularly relevant for the Moscow area of respon-
sibility. The reduction in engine thrust and the
elimination of level flight segments lead to a de-
crease in the overall noise level during the ap-
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Adjusted Aircraft Fuel Consumption as a Function of Altitude and Thrust Level
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Fig. 5. Graph of dependence of aircraft fuel consumption on engine operation mode and flight altitude

Table 3

Comparison of Sound Exposure Levels (SEL) under Different Descent Scenarios

Scenario SEL, dB(A) per 6 km Difference
traditional DIMGI 3B arrival 81.4
CDO URAGO 1C descent 77.6 —3.8

proach. To assess the acoustic effects of imple-
menting the continuous descent procedure in the
Moscow Flight Information Region, a model for
calculating the sound exposure level on the
ground was used, employing the INM v7.0 (In-
tegrated Noise Model) software package. This
software product is a recognized global standard
for acoustic modeling in civil aviation and is of-
ficially recommended by ICAO for assessing the
impact of aviation noise.

The input data for the calculation included:

» trajectory profiles: obtained from numer-
ical modeling in MATLAB and using a Full
Flight Simulator (for DIMGI 3B and CDO
URAGQO 1C profiles);

o aircraft type:
CFMS56-7B engines;

o aircraft mass on approach: 67-71 tons
(variable mass from Monte Carlo simulation was
considered);

« meteorological conditions: ICAO stand-
ard atmosphere, surface wind speed < 5 knots;

Boeing 737-800 with
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e engine operating modes: According to
FMS and CDO profiles, accounting for reduced
thrust during descent.

The acoustic indicator selected was SEL
(Sound Exposure Level), dB(A) — the total sound
exposure level, which considers both the loud-
ness and duration of the noise (recommended by
ICAO as the primary integrated indicator for an-
alyzing ground-level noise from aircraft over-
flights).

The control point was:

o distance: 6 km from the runway threshold
of Vnukovo Airport (along the runway center-
line);

o measurement point height: at ground sur-
face level (1.5 m above ground level).

In INM v7.0, for each scenario (conventional
descent DIMGI 3B and CDO URAGO 1C), the
trajectories and acoustic impact were calculated
using the “Single Event SEL” methodology.
This allows for assessing the effect of a single
aircraft overflight at the given point (tab. 3).
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Thus, the reduction in aircraft noise exposure
on the ground when transitioning to CDO
amounted to 3.8 dB(A) in terms of the SEL indi-
cator at the control point.

Furthermore, continuous descent profiles
demonstrate a more uniform and gradual reduc-
tion in acoustic impact across the entire ap-
proach segment. This is achieved by decreasing
the number of segments where engines operate
at higher power settings (intermediate level-off
segments in conventional descent), increasing
the flight altitude over populated areas, and re-
ducing the duration of the sound event (shorter
level flight phases).

Conclusion

Within the framework of this research, a
comprehensive assessment of the applicability of
the Continuous Descent Operations (CDO) pro-
cedure in the airspace of the Moscow FIR was
provided, along with an analysis of the specifics
of its integration into the existing route structure
and air traffic control (ATC) provision.

The analysis of regulatory documents, fea-
tures of air traffic organization, and expert sur-
veys allowed for the identification of key factors
influencing the implementation of CDO in this
high-density airspace. These factors were classi-
fied into three main groups: those affecting air-
space capacity, those affecting ATC unit work-
load, and organizational-technological factors.
To ensure a well-founded ranking of these fac-
tors, an expert assessment methodology was im-
plemented, accounting for the participants’ com-
petence, and the consistency of judgments was
confirmed by a high value of Kendall’s coeffi-
cient of concordance (W = 0.7).

As a result of the quantitative analysis, an in-
tegral indicator of CDO feasibility in the Mos-
cow FIR was obtained, equal to 0.78. This indi-
cates a high degree of readiness of the region for
implementing the continuous descent procedure
under current operational conditions, provided
certain technological and organizational adapta-
tions are made.

To enhance the efficiency of designing CDO
trajectories, a software implementation of an al-
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gorithm in JavaScript was developed as part of
this work. This algorithm allows for the prompt
identification of potential trajectory intersection
points, considering spatiotemporal flight pa-
rameters. This solution aims to minimize the
probability of conflicts and to form safe and op-
timal arrival trajectories.

Special attention was paid to designing the
URAGO 1C procedure utilizing CDO for ap-
proaches to Vnukovo Airport from the eastern
direction. Various scenarios for navigating
around the UUR21S5 restricted zone were consid-
ered, confirming the possibility of flexible CDO
application, taking into account the dynamics of
airspace use and coordination with other ATS
units.

Therefore, this research demonstrates not on-
ly the theoretical validity of applying CDO in the
conditions of complex and dense air traffic in the
Moscow FIR but also proposes concrete solu-
tions for integrating this technology into the ex-
isting air traffic management system. The ob-
tained results can be used for further develop-
ment of recommendations for CDO implementa-
tion in Russia, as well as for improving the regu-
latory and methodological framework that en-
sures safe and efficient airspace operations.
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MapmpyTu3anus IBUKeHNUsI TPY30BbIX 0€CIUJIOTHBIX JIeTATeJIbHbIX
annmapaTtoB HA TPYJAHOAOCTYNHBIX Tepputopusax. YHacts 1

A.T. quHOBl’z, Hn.o. Ho.ﬂemmma3, A.A. quIIOBl, IL.A. Yennos'?

1
Uncmumym mamemamuxu u mexanuxu um. H.H. Kpacoeckoeo ¥YpO PAH,
2. Examepunbype, Poccus
2 . N
VYpanvckuii pedepanvnviii ynusepcumem, e. Examepunoype, Poccus
3 . . . .
Mockosckuii 20cyoapcmeerHblil meXHU4eCKUll YHU8epCcumem eparicOaHcKoll asuayul,
2. Mockea, Poccus

Annoramusi: Cepbe3Hol TPOOIEMOI POCCHICKON APKTHKH, KOTOPYIO MOXKHO DPEIIHTh 33 CYET HCIIOIB30BAHUS OECIIIIOTHBIX
JIeTaTeNIbHBIX aNIlapaToB, B YCIOBHUAX OTCYTICTBHS KPYIJIOTOIMYHO [EWCTBYIOIETO ABTOMOOWIIBHOIO COOOIIEHHSI OCTaeTcs
JIOCTaBKa TPY30B U MATPYIUPOBAHHE JIECOB C IIEJIBIO BBISIBJICHHS M KOHTPOJISI Pa3BUTHS MOXKAPHBIX sBIeHNH. CTaThs MOCBAIICHA
pa3paboTKe METOOB MTOCTPOSHKS ONTHMAJIBHOTO MapIIpyTa 00JIeTa JECHBIX MAaCCHBOB HA OCHOBE PEIIeHHs 0000IIIEHHON 3aqa41
KOMMMBOSDKEPaA € YCJIOBUAMM MPEAUICCTBOBAHUA. P cajim3alys METOJ0B ONTUMU3AIIMN MapIIpyTOB OCHOBaHA HAa MCIIOJIB30BAaHUN
JIMHAMAYECKOI0 IPOrpaMMUpPOBaHMsS B COYETAHUHM CO CHELMAILHOW KOHCTPYKUMEH Ha OCHOBE JEKOMITO3MLIMHU ISl JBYX
BapUaHTOB arperupoBaHusA 3aTpar: aJ/IMTUBHOIO W BapuaHTa, OTBCYANOLICTO MHHHUMaKCHOM IOCTAaHOBKC; yHOMﬂHyTI:IfI II0AX0/,
TIO3BOJISIET B CIIyYae «IBYXKJIACTEPHOM» (B CMBICIIE ACKOMIIO3UIIMK) 3aa4i HAXOIUTh KOMIIO3UIIMOHHBIH SKCTPEMYM 32 BIIOJIHE
npreMiieMoe BpeMsl. B niepBoii yacTi TaHHOM CTaTbu paccMaTpHBAIOTCS BO3MOXKHOCTH €ro MPUMEHEHHUs B MOJICNIBHBIX 33/1a4ax,
OPHEHTUPOBAHHBIX Ha IPOOJIEMBbI B Majol aBHAlMM, KaK IEpBBIA IIar B IMOCTPOSHHHM METONOB M AJITOPHTMOB PELICHHS
MPAKTHYECKUX 3a7a9 ONTUMU3ALNHA MapIIPYTOB JBIKCHHUS OCCITIIIOTHBIX JICTATENBHBIX aIapaToB, TPEACTABIIONX WHTEPEC
JUISL OpTaHIM3alii pabOTHl BOAYIITHOTO TPAHCIIOPTa B APKTHYECKON 30HE M I KapAWHAJIGHOTO YIIYYIIIEHHS B OpPTraHU3AIlN
MOHHTOPHHTA JIECHBIX TIOXKapoB. Pe3ynbTaTsl HCCIeIOBaHMS TIOKA3aITH, YTO HCIIOh30BaHHE TMHAMHUYECKOTO ITPOrPaMMUPOBAHUS
JUIL peIleHMs 3aJa4d C aJOUTUBHBIM KpPHTEPHEM, OCIIOKHEHHOH OrpaHWYeHHEM IIPEIIeCTBOBaHMS, TpeOyeT OobImx
BPEMEHHBIX 3aTparT, B MOJICIFBHOM BapuaHTe BpeMs cueTa coctaBmuio 29 4 24 muH 49 c. [ToatomMy Bo BTOpOii 9acTu cTaTeu OyaeT
PaccMOTpEH BapuUaHT PEeLIeHHs aJUIMTUBHOM 3a/la4i C BbIIEJICHUEM, MpeaBapsitoliel n (PHUHAIBLHON 3234, B KOTOPOM OOBEKTOM
WCCIIEI0BaHUs OyIeT BHICTYIATh KOMIIO3UIIMOHHBIH MapuipyTHbId nipouecc (MIT).

KiioueBble c1oBa: OeCHMIOTHBIC JI€TaTENIbHBIE arraparbl, ACKOMIIO3UINA, JWUHAMHUYCCKOC IpPOrpaMMHpOBAHUEC, JOCTaBKa
T'PY30B, MapuipyT, YCJIOBUS NPCALICCTBOBAHUS, TATPYJIUPOBAHUE JICCOB, ITIOCTPOCHUC ONITUMAJIBHOTI'O MapuipyTa o0era.

Juois murupoBanus: YennoB A.I. MappyTnsaimst JIBIKEHHS TPY30BBIX OCCIMJIOTHBIX JIeTaTelbHBIX almaparoB Ha
TpyaHonocTynHbIX Teppuropusx. Yacts 1 / AT Yennos, N.O. [onenikuna, A.A. Yennos, I1.A. Uennos / Hay4Hblii BecTHHK
MI'TY T'A. 2026. T. 29, Ne 1. C. 53-83. DOL: 10.26467/2079-0619-2026-29-1-53-83

Routing of cargo unmanned aerial vehicles in remote areas. Part 1

A.G. Chentsovl’z, 1.0. Poleshkina3, A.A. Chentsovl, P.A. Chentsov'?
'Krasovskii Institute of Mathematics and Mechanics of the Ural Branch of the Russian
Academy of Sciences, Yekaterinburg, Russia
’Ural Federal University, Yekaterinburg, Russia
SMoscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: A serious problem in the Russian Arctic, which can be solved through the use of unmanned aerial vehicles (UAVs)
given the lack of year-round road access, remains the delivery of goods and the patrolling of forests to identify and monitor the
development of wild fires. This article is devoted to the development of methods for optimal forest area patrol route plotting based
on solving a generalized traveling salesman problem (GTSP) with precedence constraints. The implementation of route
optimization methods is based on dynamic programming combined with a special decomposition-based framework for two variants
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of cost aggregation: additive and a variant corresponding to a minimax formulation; the mentioned approach allows for finding a
compositional extremum in a fully acceptable time for a “two-cluster” (in terms of decomposition) problem. The first part of this
article explores the possibilities of its application in model tasks focused on the problems in general aviation, as the first step in
building methods and algorithms for solving practical UAV route optimization problems, which are of interest for organizing air
transport operations in the Arctic Zone and for radical improvement wild fire monitoring. The research results showed that using
dynamic programming to solve a problem with an additive criterion, complicated by a precedence constraint, requires significant
time costs—in the model variant, the computation time was 29 hours, 24 minutes, and 49 seconds. Therefore, the second part of the
article will consider a variant for solving the additive problem by setting the initial and final tasks, where the object of study will be
a compositional mathematical programming (MP) model.

Key words: unmanned aerial vehicles, decomposition, dynamic programming, cargo delivery, route, precedence conditions, forest
patrolling, optimal flight route plotting.

For citation: Chentsov, A.G., Poleshkina, 1.0., Chentsov, A.A., Chentsov, P.A., (2026). Routing of cargo unmanned aerial
vehicles in remote areas. Part 1. Civil Aviation High Technologies, vol. 29, no. 1, pp. 53—83. DOIL: 10.26467/2079-0619-2026-29-1-
53-83

BBenenue HaceneHus: Poccun (okojio 2,4 MJIH YeOBEK).
Hns BocToyHO#M wacth Poccuiickoil ApPKTHUKH

Cozanue HaJaeXHONW TPAHCHOPTHOW CHUCTE- XapakTepHbl 00JIee CypOBbIE TIOTOAHbIE YCIOBHS

MbI MaJIOHACEJICHHBIX M TPYIHOAOCTYIHBIX Tep- CO CpPEIHEroZOBBHIM IEepernagoM TeMIeparyp B
pUTOpPUI C y4acTHEM KPYTJIOTOAUYHO IEHCTBY- 100 °C: ot +40 no —60 °C. OcoOE€HHOCTHIO ITHX
IOIUX ABTOMOOWJIBHBIX M IKEJIE3HOJOPOKHBIX TeppUTOpUH sBIsIeTCS OOJbIIas pa30pOCaHHOCTD
MarucTpajieil 4acTo OKa3bIBa€TCsl SKOHOMUUYECKU HACEJICHHBIX ITyHKTOB, HU3Kas YUCIEHHOCTH II0-
CJIOHO pealn3yeMbIM B CHIIy OTCYTCTBHUS [O- CTOSIHHO TPO’KMBAIOIIETO HACENEHUs, Ce30HHbBIE
CTaTOYHBIX MACCaXUPO- M TPY30NOTOKOB IS OTPaHUYEHUS HCIIOJIb30BAaHUSI aBTOMOOMIBEHOTO
BO3BpaTa BIIOKEHHBIX MHBecTULMH. B aTHX TpaHcnopTta (100 B CBA3HM C OTCYTCTBHEM JIOPOT
YCIOBHSIX HEOOXOIUM IOHMCK Hambosee TMOKUX C TBEPABbIM IOKPHITHEM, JTMOO H3-32 OCOOCHHO-
Croco0OB OpraHU3aIMK TEPEBO30K, MO3BOJISIO- cTedl penbeda B TOPHBIX MECTHOCTSIX), YaCTHY-
IIMX, C OJHOM CTOPOHBI, ONTUMH3UPOBATH 3a- HO€ WJIM TIOJIHOE OTCYTCTBHUE KEJIE3HOJOPOIKHO-
TpaThl HAa CTPOUTENILCTBO U COJEpKAHHUE TpaHC- ro TpaHCHOPTa, MOCTOSIHHBbINA, HO HEOOJBIION
MOPTHOM MH(PACTPYKTYpBI, C APYTON CTOPOHBI, CIPOC Ha TPAHCIOPTHBIE YCIYTH, 3a UCKIIOYeE-
3G(}EeKTUBHO  HCIIOJIb30BATh  TPAHCHOPTHBIE HUEM CIIy4yaeB OCBOEHHUS HOBBIX MECT J0ObIUU
CpEJICTBA C MX MAaKCUMAaJIbHOM 3arpy3Koil 3a cuer MIOJIE3HBIX UCKOIIAEMBIX.
KOHCOJIUJIAIIMK OTIPABOK, MPUMEHEHUS MYJb- Ha teppuropusax A3 P®, a takxe Ha Teppu-
TUMOJIAJIbHBIX CXEM JIOCTABKU U NMEPEKITIOYECHHUS topusix Kpaitnero CeBepa W HpUpaBHEHHBIX K
napKa Me/y BBIITOJIHEHUEM Pa3HbIX TPAHCIOPT- HUM MECTHOCTSIX MOHO BBIACIUTH CIEIYIOIINE
HBIX 3aJIaHUM. 0COOCHHOCTH TPAHCTIOPTHON CHCTEMBI.

Opmnoit m3 HamboJsiee TPYAHOIOCTYITHBIX B 1. OCHOBY TpaHCHOPTHOW CHUCTEMBI COCTaB-
TPaHCIIOPTHOM OTHOIIEHUU TeppuTopuii Poc- JSIFOT CE30HHBIE MOPCKUE U peuyHble MyTH ¢ Oe-
cuiickoi denepanuu  gBiseTcs ApKTHYECKAs peroBoif ”HGOPACTPYKTYPOH, CE30HHBIE aBTO3HM-
30oHa (A3), oxarbiBatomiasi 4,8 MIH KB. KM HUKH, KPYTJIOTOJMYHO JEUCTBYIOIIUE a3POIIOp-
(28 % ot obmeit tomaau Poccutickoit dene- Thl U TOCAJOYHbIC IUIOMIAJKH, YTO ONPEAEIIIeT
pauuu). Ha Teppuropun A3 pacnonaraercst 4a- €€ N0JIyU30JIMPOBAHHOE COCTOSIHUE.

CTUYHO WJIM TIOJIHOCTBIO 9 cyOBekToB Poccwmii- 2. Tlaccaxxupckue TEpeBO3KH OCYIIECTBIIS-
ckoit @eneparun. Ha ocHoBaHun ocoOeHHOCTEN I0TCS.  KPYIVIOTOJWYHO JEHUCTBYIOIIMM aBHACoO-
MPUPOJTHO-KIMMATUYECKUX YCIOBUI ApKTHYe- oOmieHreM. MecTHbIe MEpPeBO3KU MEXIy Hace-
ckoil 30HBI Poccuiickoit ®enepaunn (A3 POD) JICHHBIMHU ITyHKTaMM BBIIOJIHAIOTCS HAa HEpEry-
MOKHO pa3feliuTh Ha 3amaJHyl0 U BOCTOYHYIO JISIPHOM OCHOBE.

4acTH, TIpaHULA MEXIy KOTOPBIMU YCIOBHO 3. Jlns mepeBO3KU Ipy30B IIHUPOKO HCIONb-
MPOXOANT MO YpanbckuM ropam (puc. 1). Ha 3YIOTCA CE30HHO JEHCTBYIOIIWE BOJHBIE MYTH
tepputopun A3 P® mnpoxuBaer meHee 2 % cooOuieHnss U aBTO3UMHUKU. CEe30HHOCTh HC-
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Apxr IOHBI cornacKo
Yiao Npeswperta PO or 02.05.2014 N 296 «O CyxomyTrHex Depepansisi 33x0H o1 13.07.2020 N 193-03 «0 rocyABPCTBEHHON NOAAEHKE
- TEPPUTOPMAX ADKTHWEOOR 300 POCCHMIACKNOR DeaepaLmits

NPEANDUHMMITEMRCKNO0N QEATENBHOCTI § ADKTHWOCKOR J0me POCCHAMOR Deaepaipine; Deaepansmi

3axost 0T 13.07.2020 r. N 195-@3 «0 BHECEHMH HIMEHEHNR B YACTH BTOPYIO HANOrOBOro KOAexCa

¥xaa Npeswaewrta PO or 27.06.2017 N 287 «0 cyxonmyTHesx
TEPPUTOPMAN ADKTHUECKON 300 POCCHIACKONA DesepaLimns

¥xas Npeamaesta PO or 13.05.2019 N 220 «O CyxomyTHsx
TEPPUTOPMAN ADKTHUECKOR 30ME POCCHACKON Deaepaumns

POCCHRCKONH DEACDILMM B CHAIN € NPUMATWEN DEAEDANLHOND IIKOHA O rOCYABPCTREHHON
NOAAEPXRE NPEANPHHAMATENLOKON SEATENBHOCTH B ADKTHUECKON 30¢e POCCHACKON Deaepaipm=

B COCTan ADKTMUECKON J0MM CONNACH0 O3 N 193-03 1 N 195-03 sownm OTACBMLE CEALONE
NOCENEsMA

Puc. 1. Ctpykrypa Apkrudeckoii 30861 Poccuiickoit denepannu
Fig. 1. Structure of the Arctic zone of the Russian Federation

MOJIb30BaHUS aBTO3MMHHKOB, MOPCKHUX U ped-
HBIX MyTed TpeOyeT COo3JaHHs JOJTOCPOUHBIX
3aracoB IPy30B B MECTaX CTHIKOBKH ATHX BHUJOB
TPAHCIOPTA, YTO MPUBOJUT K YBEITHUCHHIO CTO-
UMOCTH JIOCTaBKHM U CHIDKEHHUIO KaudecTBa [0-
cTaBsieMoro rpysa. B mepuoasl oTCyTCTBUSA
JIpYTUX aJbTEePHATUBHBIX BApUAHTOB JOCTaBKU
CPOYHBIE TPY3bl, MEIUKAMEHTHl M COILHAIBHO
3HaYUMbIE€ CKOPOTIOPTSILUECS IPy3bl, TAaKUE Kak
MOJIOYHBIE TPOAYKTHI C OTPAaHUYCHHBIM CPOKOM
TOJTHOCTH, fAila, GPYKTHI, HEKOTOPBIE OBOILH, B
ApKTUYECKHE paliOHbl JOCTaBIAIOTCS BO3IYyII-
HbIM TpaHcnioptoMm (BT), uTo cymectBeHHO 10-
BBIIIAET UX CTOMMOCTh. K Takum mnepuomam
MPEUMYIIECTBEHHO  OTHOCUTCSI  MEXCE30HbE
(c KOHIIa ampensi 0 KOHEIl Masi — HayaJlo MIOHS
U C CEPEIMHBI OKTSAOPS 10 KOHEIT 1eKadps).

4. Cnoxusle nonrocpounsie (10 365—400 aueit)
MYJIbTUMO/JIaJIbHBIE CXEMbI JOCTaBKH TOILIHMBA
YBEJIIMYUBAIOT €r0 CTOMMOCTh M 3aTPYIHSIOT
IUTAHUPOBAHHE MTOCTABOK.

B ycnoBusix OTCYyTCTBHsI OCTATOYHOM Ha-
36MHOM TPAHCIOPTHOM CBSI3aHHOCTH apKTHYe-
CKUX TEPPUTOPHUN BO3HUKAIOT CIIOKHOCTH HOP-
MaJbHOTO >KU3HEOOECHeUeHUsI 3TUX PETHOHOB.

55

[Ton >xu3HEoOecneueHneM MOHUMAETCS BBIMOJ-
HEHUE TPAHCIOPTHOM CHUCTEMOM YETBIPEX OC-
HOBHBIX (YHKIHUHA: IKOHOMHYECKOH, COIHAIb-
HOM, TEOMOJUTUYECKON U  DKOJOTHYCCKOM.
B Hacrosiiee BpemMsi B apKTUYECKUX PErvMoHax
4acTh 3TUX (DYHKIUH BBIIOJHAETCS BO3IYIITHBIM
TPAHCIIOPTOM, OJHAKO BBICOKas CTOMMOCTH €0
SKCIUTyaTalldd M HEJOCTATOYHOCTh HA3eMHOU
HHOPACTPYKTYpHI (IEHCTBYIOIHUX a’pOAPOMOB
Y TIOCAJIOYHBIX TI0JIOC) TPUBOAHWT K OTpaHUdYe-
HUIO o0BbeMa BBITIONHSIEMBIX (pyHKIui. Kpaiine
BBICOKAs CTOMMOCTb AKCIUTyaTalluu BO3AYIIHOTO
TpaHcmopTa B peruoHax A3 oOycCiIOBJIEHa OTCYT-
CTBHEM JIOCTATOYHOTO KOJMYECTBA MECT Oa3u-
pOBaHMS JIETKUX MHOTOIEJIEBBIX CaMOJIETOB,
HU3KOM MHTEHCUBHOCTBHIO COBEPIIAEMBIX IOJIE-
TOB, BBICOKMMH YyAEIbHBIMU 3aTpaTaMu Ha CO-
JIep>KaHUe a’pONOPTOBOM CETH M MOJIEPIKAHHE
JIETHOM TOJHOCTH BO3AYIIHBIX CYJI0B, BBICOKUMHU
3aTpaTaMd Ha JIOCTaBKY aBUALIMOHHOTO TOIUIH-
Ba [l]. Pemenuem paHHOW mNpoOIEMBI MOXKET
CTaTh BCTpaWBaHHE OCCIMIOTHBIX aBUAIIMOHHBIX
cucteM (BAC) B cymiecTBYIOUIyI0 TPaHCIIOPT-
Hy10 cTpyKTYpy A3 P®. C 3710ii 1enpio HE0OX0-
JUMO ONpENENIUTh BECh CIEKTP OCHOBHBIX
GYHKIUH, KOTOPBIE HA STUX TEPPUTOPHUSIX MOTYT
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s dektuBHO BhIMOMHATECS BAC ¢ yueTom Bcex
JICHCTBYIOIINX OTPaHUYCHUM.
BrlimeynomsiHyThie 00CTOSITENLCTBA OMpeie-
JSIOT OOMmMpHBIN Habop TpeOoBaHuit (B psje
Cly4aeB TMPOTUBOPEUMBBIX) K OpraHu3aluu
aBUacoOOIeHNsT W KOHTPOJIS 3a CUTyallueu ¢
JECHBIMU TOXKapamMu. [0BOops O pa3BUTUU
TPAHCIIOPTHOM CHUCTEMBI, NMPUXOJIUTCA HWMETh B
BUJy BOIIPOCHI BCTPAUBAHUS AaBUALIMOHHON KOM-
MIOHEHTHI B OoJiee 00IIyI0 cTpyKTypy. CuTyanus
C JIECHBIMU TIOKapamMu TpeOyeT CBOEBPEMEHHOTO
UX OOHapyXeHUsS U ONEPATHBHOM pEaKIIUH.
BrionHe ecTecTBEeHHBIMH SIBISIIOTCA COOOpaxe-
HUs, OTHOCSIIHMECS K ONTHMHU3AIMU; BO3HUKAET
BOIIPOC O MATEMAaTUYECKUX MOJENSAX, KOTOphIE
MOTYT HCIIOJIH30BAThCSI B CTOJb OOIIMX MPAKTH-
YecKuX 3aladax. B HacTofleM HccleqoBaHUU
MBI paccMaTpUBAEM JIHILIb HEKOTOPBIE BOMPOCHI,
CBA3aHHbIE C MPUMEHEHHEM MaTeMaTH4YEeCKHX
MeronoB. PaccmaTpuBaeMble MaTeMaTUYECKHE
MOCTAaHOBKHM OTHOCSITCSI K MOJEJbHBIM 3aJladyam,
B KOTOPBIX OyAyT, OJJHAKO, OTPa)KEHBI HEKOTO-
pble HAIPaBJIEHUS B AUCKPETHOM ONTHUMH3ALIH.
[Ipexnae Bcero mpeacTaBisieTcsi, 4TO B MpH-
MEHSIEMBIX METOJIaX JOJIKHBI IIPUCYTCTBOBATH (B
MEPBOM CiIy4yae) HalpaBJIeHHE, CBS3aHHOE C
pacmpe/iesieHueM 3a/laHui MeXAy y4acTHUKAMH
BO3JIYITHOTO JBM)KEHHS, U (BO BTOPOM CIIydae)
HaIpaBlIEHUE, CBSI3aHHOE C ONTHMM3AIMeil Mo-
CJIEIOBATENIbHOCTU BBIMIOJHEHUS 3aIaHUI 3TUMHU
Y4aCTHUKAMU B TpeJielax BBIIEICHHBIX UM CH-
cTeM 3a7aHuil. B oTMedueHHOM (BTOpPOM) cilydae
UMEIOTCS B BUAY 3aJaud Maplipytuzauud. B
CBOEH  COBOKYMHOCTH 3IE€Ch pEaTU3yIoTCA
MapIIpyTHO-pacHpeeIuTeNbHbIE 3aJauH, KOTO-
pbIe BIOJHE OOOCHOBAHHO OTHOCSTCSI K KaTero-
puu TpyaHopemaeMbix [2]. TakoBbIMU SIBJISIFOTCS
U «COCTaBJISIOIINE» KOMIIOHEHTBI: 33/1a4a pazoue-
HUS W 3a]aud, O00OOINAIOIIME HM3BECTHYIO 3a/1ady
kommuBosnkepa (3K). MbI cocpenoTounMmcest 3/1€ch
Ha Tipo0sieMe MapIIpyTH3alu (BOPOCaM, CBs3aH-
HBIM C pacrpe/ielieHHeM 3a/1aHU, TIOCBSILEHBI pa-
oothI [3, 4, yacte 5]. B wactHOCTH, B [4, YacTh 5]
MIOCTPOCH OOIIMI METON PElICHUs] Ha OCHOBE -
HAMUYECKOT0 TMPOrpaMMHUPOBAHUS U yKa3aHa €ro
peanu3auus B 3aJa4€ HECKOJIbKUX KYypbEpOB.
Bbynem mpu 3TOM pasznuyarh MOCTaHOBKH, OPH-
€HTUPOBAHHBIC HAa TPAHCIOPTHHIE 3aJa4H, U TMO-
CTaHOBKH, OTBEYAIOIIME WACHHO 3a/JayaM aBHa-
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MO’KAPHOTO MaTPyJIUPOBAHMS; B TIEPBOM CIydae
noTpeOyeTcsi pacCMOTPEHUE MHUHUMAKCHOW TI0-
CTAaHOBKH, MPUMEHAEMOW B 3a/laye MaplIpyTH-
3aIlMu Ha Y3KHE MECTa, a BO BTOpOM OyJneT pac-
CMaTpUBATbCS CXEMa PELICHUs 3aJa4M C alau-
THUBHBIM KpUTepueM. MTak, B mepBOM cilydae Mbl
OPUEHTHPYEMCSI Ha BOMNPOC O PA3PEIIUMOCTU
TPAHCIIOPTHOM 3aja4u (MPU COOJIOJEHUU OTrpa-
HUYECHUH TIPEeNUIECTBOBAHMS), a BO BTOPOM
CTPEMHUMCSI K OCYIICCTBIICHUIO OOJIBINICH orepa-
TUBHOCTU B peaM3allMd MOHUTOPHHIA JIECHBIX
MacCHBOB.

B cBa3u ¢ pemennem 3K ormetum pabo-
Tol [5—9]. Baxueiii Bapuant 3K npencrasiser
3ama4a Kypbepa [5], B KOTOpOH NpUCYTCTBYIOT
OTpaHUYEHUS MPEIIECTBOBAHUS, KOTOPbIE B [4,
paznen 4.9] ObUIM UCHOJIB30BAHBI B TOJIOKH-
TEJIbHOM HANPABICHUU ISl CHUKEHHUS CIOKHO-
CTH BBIYUCJICHUUN TpHU pealu3aluu JUHAMHUYE-
ckoro mporpammupoBanus (/I1). Msl paccMoT-
puM nanubiid Bapuant JI1 [10, 11] B coueranun
CO CHeIUalbHOM KOHCTPYKIIMEH Ha OCHOBE Je-
KOMITO3HIIMK /Ui JIBYX BapHaHTOB arperuponBa-
HUS 3aTpatr: aJJUTUBHOIO M BapUaHTa, OTBEYa-
FOIIET0 MUHUMAaKCHOM ITOCTAaHOBKE, TaKOH ITOJI-
XO/JI TIO3BOJISIET B CIIy4ae «JIByXKJIacTepHOW» (B
CMBICJI€ JICKOMIIO3UIIMH) 3a/la4i HAXOJUTh KOM-
MO3ULIMOHHBIN 3KCTPEMYM 3a BIIOJIHE IpHUEMIIe-
Moe Bpemsi. MBI paccMaTpuBaeM €ro MmpuMEHe-
HUE B MOJEJIbHBIX 3a/1ayax, OPUEHTUPOBAHHBIX
Ha MpoOjemMbl B MaJloil aBHAllUM, KaK MEpBBIN
niar B NOCTPOEHUM METOJOB M aJrOPUTMOB pe-
IICHUSI YIIOMSHYTBIX B TIEPBOM YacCTH BBEICHUS
BeCbMa KOHKPETHBIX 3aJlay, MpPeICTaBIISIONINX
WHTEpEeC I OpraHu3aIluu padoThl BO3AYIITHOTO
Tpancnopta B A3 W ISl KapJIMHAJIBHOTO YJIy4-
HICHUSI B OPraHM3allMd MOHUTOPHHIA JIECHBIX
M0’KAPOB.

B nepBoii yactu ctaThbu B KaYECTBE MOJCIIb-
HOM 3aJayd pPacCMaTPHUBACTCS MPOCTEUIIHIA
npuMep MmapupyTtusanuu aswkenus BAC npu
BBIIIOJIHEHUH ABUAIIOKAPHOTO MAaTPYyJIUPOBAHUSA
Ha 3agaHHoi miockoct X: X = R X R. Touka-
MU Ha TUIOCKOCTH SIBIISIIOTCS a’pOAPOMBI JTHOO
BEPTOJICTHBIE TUIONMIAJIKH, C KOTOPBIX BO3MOXXHO
ocymectButh B3neT BAC. Meranonucel mnpen-
CTaBIISIIOT ~ COOOM  KOHEYHBIE  TOJAMHOMXKE-
cTBa (11/M) JIECHBIX MAacCHUBOB, KOTOpbIE MOJjIe-
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’)kaT MoHUTOpUHTY. [Ipu 3TOM mpeamnonaraercs,
YTO KaXIbIil W3 MEramojucoOB JOCTaTOYEH C
TOYKH 3pEHUS] BO3MOXKHOCTEH HaOmroaeHus 60p-
TOBBIMH CPEJCTBAMH Il OJJHO3HAYHOTO OTBETa
Ha BOIIPOC, €CTh JIU BO3TOpPaHUE B JAHHOM JIECY
wiu HeT. OCHOBHOM 3ajaueil sBISETCS CMOJe-
JIUpoBaTh MapuipyTusanuio apmxeHus bAC, ko-
TOpasi TO3BOJIUT CKOPEUIIUM 00pa3oM MOCETHUTh
BCE ropojia Meramnojuca, To €cTbh, 110 CyIIECTBY,
pemnth BHYTpeHHI0I0 3K. ITyHKTBI npubbITUS 1
OTIMpaBJeHHs (151 JaHHOTO METaroJinca) MOTyT
BBIOMPATHCS TIPOM3BOJIBHO, @ OCTABIIHECS TOPO-
Jla JOJDKHBI TOCEIIAThCsl  IMOCJIEI0BATEIBHO.
BHemHue nepeMeleHusl OLIEHUBAIOTCS BpeMe-
HaMU COOTBETCTBYIOLUX IEPEIETOB. Y CIOBUSA
IPEIUIECTBOBAHNS OIPEAEISIOTCS TNPUOPUTET-
HOCTBIO TOCEIIEeHUsI Hanboliee MOXKapOOMacHbIX
paiioHOB, HaIlpaBJICHUEM BETpa U IPYTUMH (Hak-
TOpaMH, JEUCTBYIOIIUMHU B JAHHOW MECTHOCTH.
PasmepHOCTH MOIENBHOM 3aJa4d JOCTaTOYHO
BBICOKA, 4TO TpeOyeT MpPOJOHKUTEIHLHOTO Bpe-
MEHHU CUeTa.

1. O0cyxkaeHne MaTeMaTH4eCKOi
Mo/ eJH

Mpb1 ucnosib3yemM MoJieib MErarnojiucoB (He-
MYCTBIX KOHEYHBIX MHOKECTB), KOTOpPbIE TOJIXK-
HBl TIOCEIIAThCS HEKOTOPBIM TPAHCTIOPTHBIM
cpeactBom (TC) ¢ 1enpro BBITIOJIHEHHS TIPH
YHOOMSIHYTBIX TOCEIIEHUSX pPaboT, WMEHYEMBIX
BHyTpeHHuUMHU. [lonaraem mpu 3TOM, 4TO y Hac
UMEIOTCS ~ OTPaHUYEHHS]  MPEIIIECTBOBAHUSA
(ycnmoBus THIA «OJHO TOCTE Ipyroroy). OneHun-
BalOTCS BHEIIHUE TMepeMelleHus (Mexay Mera-
MOJINCAMH, M3 TOYKH CTapTa K METarojrcam),
BHYTPEHHHE DPAOOTHI M TEPMUHAIBHOE COCTOSI-
Hue. 3HadeHus QyHkuuid croumoctu (PC) mo-
TYT arperupoBarbCsi TMO-Pa3HOMY: aIJUTHBHO
700 CTOMMOCTBIO HamOoJiee 3aTPaTHOTO H3Tara
MEPEMEIICHUN.

Urak, cnenys [4, 10, 11], pukcupyem Hemy-
CTO€ MHOXECTBO X, KOHEYHOE HEIyCTOE €ro
OAMHOKeCTBO X© BO3MOXKHBIX TOYEK CTapTa,
Meranonucsl My, ..., M, Tie N — HaTypaibHOE
YHCIIO, N > 2, a Takxke oTHomeHus [12, rim. 2]
My, ..., M,,, cBsi3aHHBIE (C Meramnoaucamu) ycio-
BUSAMU Mj C Mj X Mj Ut Kaxaoro j,1 < j < n;
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3JIEMEHTaMH Ka10ro oTHowmenus M spisrorcs
ynopsiioueHHbIe napsl (y/m) (x,y), Tae X — MyHKT
IpUOBITHS B Meranonuc M;, a y — MyHKT OTIIpaB-
nenust (u3 Mj). Ouenka BHyTPEHHMX paboT, CBs-
3aHHBIX C TocemeHneM M;:, 3aBucuUT OT (X,V).
Ms1 nomyckaeM k paccmotpenuio OC, Bkirouaro-
M€ 3aBUCHMOCTH OT CITHCKa 3aMaHuii (yIZoOHO
UCIIOJIL30BATh CIUCOK 33JaHWH, HE BBITOJHEHHBIX
Ha TEKYIIMH MOMEHT, HO K 9TOMY BapHaHTY JIETKO
CBOJUTCSl U 3aBUCUMOCTh OT CIHCKa YK€ BBIIOJI-
HEHHBIX 3aanuii). J{ns Oosee TOYHOTO ONMMCAHUS
paccMaTpuBaeMbIX 3a1ad motpedyercs Gpopmanu-
3aI|s, KOTOpasi, B CBOIO ouepeb, OyAeT MCIOIb-
30BaTh IHEJbIH psil OOLIeMaTeMaTHYECKUX TOHS-
TUH. DTUM BOMPOCAM TOCBSIIACTCS CIICAYIOLTUI
pazern.

2. O01ue cBeIeHUA

B Hacrosimem pasnmene OyayT BBEIEHBI 00-
meMaTCMaTUUYCCKUEC TIOHATUA U HCKOTOpBIe 06-
e 0003HAYCHHS, BKITIOUYAsT HYKHBIC 3JICMCHTHI
TeOpI/II/I MHO>KCCTB. Mur I/ICHOJ'H:nSyeM CTaHI[apT-
HYI0 TEOPETUKO-MHOXXECTBCHHYIO CHMBOJIHKY,
BKJIFO4Yasa KBaHTOpBI nu HpOH03I/IHI/IOHaHBHBI€
CBSI3KM; Jnaynee dvepe3 @ o00O3HA4YaeM IyCTOe

A

MHO>KECTBO, = — PaBEHCTBO MO OMPEEIICHUIO,
def 3amensier ¢paszy «1mo onpeaencHuo». Bripo-
4YeM, UCTOJb3ysl KBAHTOPHI, Mbl UMEEM B BUIY
IPOCTO 3aMEHY CJIOB: V 3aMEHSIET BBIPAKCHHE
«UIs TF000T0», I 3aMEHSIET CIOBO «CYIIECTBY-
et». Beipaxkenue {x € A | ---}, rne A — MHOXe-
CTBO, 0003HaYaeT MHOXECTBO BceX X € A co
CBOWCTBOM ... (BMECTO X MOXET HCIOIB30BATHCS
npousBosibHas OykBa). Eciim A u B — BBICKa3bI-
BaHMsA, T0 A = B 3amenser 3xech (pazy «eciu
HUCTHUHHO A, TO HEMPEMEHHO UCTUHHO By». Eciu

x¢e C u D 0o (C &
def

D) & ((C = D)&(D = ()), tne & — cBs3Ka
«1»; KpoMe TOro, V HCIOJIb3yeM BMECTO CJIOBa
«wm». Takwe yHOpoIIeHHbIE TOJKOBAHHS B
H&HLHCﬁMHX MNOCTPOCHUAX BIIOJIHEC COOTBCT-
ctBytoT [12]. CemelcTBOM Ha3bIBa€M MHOXeE-
CTBO, BCE€ JJIEMEHTHI KOTOPOTO — MHOXKECTBa;
UTaK, CEMEHUCTBO CYTh MHOXECTBO MHOXECTB.
Eciu x u y — xakue-1100 0OBEKTHI, TO Uepes

BBICKAa3bIBaAHMHA,
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{x; y} obo3Hauaem uX HEYNMOPSAAOUECHHYIO Tapy,
TO €CTh (€IMHCTBEHHOE) MHOXKECTBO, COJEpXKa-
mee X,y W He Ccoaepkallee HUKAKUX APYTHX
aneMeHTOB. Torga BCSKOMY OOBEKTY m B BUIE
{m} £ {m; m} conocraBnsercst cUHTIETOH (O1-
HODJIEMEHTHOE MHOXKECTBO) CO  CBOHCTBOM
m € {m}. MHoxecTBa SBISIOTCS O0OBbEKTaMH, a
toraa [12, c. 67] amst moObIX 1BYX OOBEKTOB P U q
B Bune (p,q) = {{p};{p;q}} nmeem ynopszo-
YeHHYI0 napy (y/m) ¢ MEepPBBIM 3JIEMEHTOM P U
BTOPBIM 3JIeMeHTOM q. Ecim ke h — mobast y/m,
TO 4epe3 prq(h) u pry(h) oGo3HaUaeM COOTBET-
CTBEHHO IIEPBBI M BTOPOM 3JIEMEHTHI JAHHOU
y/n h, OJHO3HAYHO OMNpe/esieMble PABEHCTBOM
h = (pry(h), pry(h)). Ecou x,y u z — Tpu 005-
exta, T0 (x,¥,2z) 2 ((x,y),z) ectb (ymopsmo-
YEHHBII{) TPUIUIET C TIEPBBIM AJIEMEHTOM X, BTO-
PBIM 3JIEMEHTOM Y ¥ TPETHUM 3JIeMEeHTOM Z. J{i1st
IByX J0ObIX MHOXecTB A u B B Buae A X B
UMEEeM HUX JEeKapTOBO INPOU3BEICHHE, TO €CTh
eIMHCTBEHHOE MHOXECTBO CO CBOWMCTBaMH:
1)(a,b) EAXB nipu a €A u b € B;2) eciu
z€AXB, 10 Z=(a,f) 1N HEKOTOPHIX @ € A
uf € B. Ecnu xe A, B u C — Tpu MHOECTBa, TO
AXBXC2(AXB)xC[13,c.17].

Eciu H — mHO)ecTBO, TO uepe3 P (H) (uepes
P'(H)) obo3HauaeM ceMeicTBO BceX (BCeX He-
MyCThIX) /M MHOXecTBa H (31ech, Kak OOBIU-
HO [13, c. 17], /M H ecTb MHOXECTBO, COJEp-
xameecs B H); yepe3 Fin(H) o0Oo3navyaem ce-
MEHCTBO BCEX HEMyCThIX KOHEYHBIX T/M H,
Fin(H) € P'(H). Jdna aByxX JTOOBIX HEMyCThIX
MHO)kecTB A u B uyepes B4 o06o3Hauaem
[13, rm. II] mHOXecTBO BcexX (YHKIIMM, HencT-
Bytonux u3 A B B; npu f € B4 (310 TO %€ ca-
Mmoe, uto f:A—> B) u a € A B Buze f(a) €B
uMeeM 3HadyeHue f B Touke a. [lanee Oynem uc-
TM0JIb30BATh MOHATHE 00pa3a MHOXKECTBA: €Cli A U
B — HemycThle MHOXecTBa, f € B4 u C € P(A),
TO

fYC) 2 {f(x):x € C} € P(B) (2.1)
ecth 06pa3 C mpu aeiicteuu f; f1(C) # @ npu
C # @. Vcnonp3yemM OOBIYHBIC COTJIAIICHHS IS
3HAYCHUH (QYHKIUH HECKOJIBKHX IEPEMCHHBIX.
Tak, B 4aCTHOCTH, IJIsl HEMYCTHIX MHOXKECTB A, B
u C, pynkuun g € CA*B u touexk a €A u
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b € B, xak o6suHo, g(a,b) £ g((a,b)) €C
ecTh 3HaueHue g B Touke (a,b) € A X B. Ecin
ke A,B,C u D — HemycThle MHOXECTBa,
heDABXC y e AXB u vEC, TO ¢ yueToM
onpezaeneHuss A X B X C monyyaem 3HadyeHHE
h(u,v) = h(uy, 42, v) €D, tne wy 2 pry(p) u
a2 = pra(u).

Iyctp Ry 2{E€R|0<KE} (R — Beme-
crBenHas npsimasi), N £ {1;2; ..} u Ny 2 {0} U
N={0;1;2;..}€P'(R,). Ilpu pEN, mu
q € Ny paccmatpuBaeM IHUCKPETHBIA WHTEPBAI
(AN) p,q ={k €Ny | (p < k)&(k < q)}. To-
raa m=(25 u L_mz{kEN|k<m} npu
MEN. Ecru KEP'(N)useN, o KPs =2
{k +s:k €K} e P (N), ecnu cnpur Ha S (He-
nycTtoro) MmHoxkectBa K. Hemycromy kKoHeUHOMY
MHOXECTBY K COIOCTaBISETCS €ro MOIIHOCTH
|K| € N u memmycroe mHoxecTBO (bi) [K] Bcex
ouekuii JI1 1, |K| va K [14, c. 87]. Ilepecta-
HOBKa HEMYCTOro MHOXecCTBa S ecth [14, c. 87]
Ouekiust S Ha cels; MEepecTaHOBKE  JaHHOTO
MHOXECTBAa S COIOCTABISIETCS TIEPECTAaHOBKA
a~! 3TOro MHOXecTBa, 0OpaTHas K @, CO CBO¥-
ctBoM a~1(a(s)) = a(a™1(s)) = sVs € S. Pa-
symeercs, mpu m € N B Buge (bi) [I,_m] uMeeM

MHOXKECTBO Bcex mepecranoBok JM 1,m (B ca-
MoM gene, |1,m|=m). Ilomaraem Taxxe
|@] £ 0. Koprexamu Ha3piBaeM (QyHKIHH,
ofpenieieHHbIe Ha HemycThIX /M Ng. Mcnonb3y-
€M HHJIEKCHYyIo (opmy 3anmucu (yHkuuid [15,
c. 11], cemetictBo ¢ unnekcom). Ecu H — Hemny-
croe MHOXkecTBO, To R, [H] 2 (R.)H (MHOXKE-
CTBO BCEX HEOTPHILATEILHBIX BEIECTBEHHO-
3HauHBIX (B/3) ¢yHKIMi Ha H).OTHOIIEHHEM
Ha3blBaeM II/M JI€KapTOBa TPOU3BEICHHS IBYX
MHOXECTB.

3. DJIeMeHTHI MATEMATHYECKOM
NMOCTAHOBKH 3a1auu 1

Bepnemcs k pasneny 1, ucnosib3ysi, 0JHaKo,
MOHATHS U 0003HAYCHHS, BBEIICHHBIC B TMPEIIbI-
nyuieM paszaene. Urtak (cMm. pasnen 1), nanee, X —
Henmyctoe MHoxkecTBo 1 X° € Fin(X), neN u
npu oM 4 < n (ciydau, xorga n < 4, He
MPEJICTaBISIIOT HHTEpPECa, U Mbl UX HE 00CYKaa-
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€M, XOTSI © OHH MOTYT OBITh «OXBaueHbI» MOCTa-
HOBOYHOH 4acThi0 0€3 MPUMEHEHUS JIEKOMITO3H-
11N ); PUKCUPYEM METaIOJIUCHI

(M;nX°=9vje1n)&M,nM,=0Vpelnvqgeln\{{p})

(Utak, wmeramonucel (3.1) momapHO IU3b-
IOHKTHBI M He cozepxkar Todek m3 X°.) Ilona-
raem, 4to Todkd X°, ¥ TONBKO OHM MOIyT HC-

M; € P'(M; X My),

AJIEMEHTBI KOTOPHIX (a 3TO y/I) COOTBETCTBYIOT
BCSKUN pa3 0ObEAMHEHHIO B Y/II MyHKTA MPUObI-
THSL B METAIOJIMC U MMyHKTa OTIPABIICHUS U3 He-
ro. BooO1ie roBopsi, BO3MOXKHA CUTYaIHs, KOT/1a
M; # M; X M, T0 ecTb YIOMSIHYTbIE IMYHKTHI,
BXOAT B (3.3) IMEHHO «OTMEYEHHBIMI» ITapaMHu.
Kak yxe roBopuioch, Bce wmeramoiuchl (3.1)
JIOJKHBI TIOCELIAThCs (C BBINOJIHEHUEM BHYTPEH-
HuxX pabot) npu crapre 13 X°. B [13—18] u B psze
Ipyrux paboT mpuBeaeHa Mpoleaypa MocTpoe-
HUs ONTUMAalbHOroO pemeHus Ha ocHose /JIII,
Bocxoasmas k [4, §4.9]. Ota npouenypa npume-

My 2 {M;:i € 1,N},M,

it kotopbix (em. (3.1), (3.2)) M = M; UM, u
M, N M, = @. Ilogaraem paiee, yTO CHavaga
pemaercs 3a7a4a 00CITyKHBaHUSI METATIONKCOB W3
M, ¥ TOJBKO TOCIE ITOr0 MOXKHO MPUCTYMATh K
obcmyxwuBanuto M,. Iponenypsr AI1 OyayT nipu
ATOM JIOKAJIM30BaHbl B BO3HUKAIOIIUX HAa OCHOBE
(3.4) mpenpapsiromert M;-3amadye u (HUHATLHON
M,-3amaue; WTaK, pacCMaTPUBACTCS pa3leiIbHOE
npumeHeHue I B yacTHYHbIX 3a1a4ax.

3ameuanmue 1

B cBs3u ¢ (3.4) otmeTum, uto N BBIOMpaAET-
Cs1, KaK TMPaBUIIO, C yYETOM BO3MOXKHOCTEH B 4a-
CTH BBIYMCIMTENILHON peanu3aiuu (rpyoo roBo-

ps, AN 1, n cnexyer pa3douth momosam). B psime
MNPpUKJIAAHBIX 3a/a4, HC CBA3aHHBIX C MaJou
aBUaIlMEH, BO3HHMKAIOT OOCTOATENbCTBA, TPEOy-

., M, € P'(M, x M,),
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M, € Fin(X), ..., M,, € Fin(X), (3.1)
noyiy4yasi ceMencTso M 2 {Mi:i € 1,_n}, OTHO-
cutenbHO (3.1) mosaraeM, 4To

(3.2)

MMOJIb30BAaThCA B KAYCCTBC CTAPTOBBIX JIA Ha-
mero TC. @ukcupyeM TakKe OTHOIICHUS

(3.3)

HUMa U K 3aJja4aM MaplIpyTH3auuu paszena l;
CTPYKTypa ONTHMAJIbHOIO peuieHus sicHa. Bos-
HUKAIOT, OJIHAKO, CYIECTBEHHBIC 3aTPyIHEHUS
Ha dTare BBIYMCIUTEIBHON peanu3anuu. B cBs3u
C TUM MBI, OPUEHTHUPYACH HA «IUATIa30HHbIEY (B
CMBICIIE pa3MepHOCTH) 3a1auu ynpasiaeHus TC,
cpa3y obparumcs k moctpoerusm [10, 11], B ko-
topbix JII coderamocy ¢ IEKOMIO3UIMEN OC-
HOBHON M -3a7jauM IyTeM BBEACHUS ABYX Kia-
cTtepoB M, u M,, peanusyromux pazouenne M.

Utak, mpu N € 2,n — 2 BBOAUM (YaCTUYHBIC)
ceMencTaa

2 {M;i€N+1,n}, (3.4)
IOIIUE BBIACIUTh YacTh 3aJaHUN M3 O0OIen
M-3agaun B YKMCIIO MEPBOOYEPEIHBIX; HA ITOU
OCHOBE MOXET (OpMHUPOBATHCA CeMEUCTBO M.
3nech Mbl OTMETHM 3aJady YIpaBJICHUS MH-
CTPYMEHTOM TIpu (PUTYypHOH JHCTOBON pe3ke
netaneil Ha mammHax ¢ UITY, B kotopoii (ciy-
yail TEpMUYECKOM PE3KM) B YUCIIO NIEPBOOYEPE-
HBIX BKJIIOYAIOTCS TaK Ha3bIBaeMble ITTMHHOMEP-
ueie netanu [19, 20, § 1.3.3]. Eciu mogoGHOe
BbIJIEJICHUE TEPBOOYEPEIHBIX 3aJaHUI 3aTpyA-
HUTENIBHO, JJI IeJiel KJacTepU3ali MOKET
NpUMEHAThCS moaxoxd [21], cBsi3aHHBIA C TOpH-
MEHEHHMEM Il TocTpoeHust My u M, xaaHOU
sBpucTuku. B [10] mocTpoen anroputm s pe-
HICHUS 3a7a4l MapHIpyTU3ALHUH C 3JIEMEHTaMU
JNEKOMIIO3UIIMM B CHUTYyallMH, KOTJa KJIaCTEPOB
MOYET OBITh OOJIbIIE ABYX, HO B HACTOSIIEH pa-
00Te MBI €ro He 00CYXJTaeM M OTpaHUIHBAEMCS
cilydaeM JByXKiacTepHoi (3.4) 3agaun.
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[Tonaraem, uto B mpenBapsitomieii u puHaIb-
HOM 3a7auax MMEIOTCS yCIIOBUS IMPEAIIECTBOBA-
HUs (3TU YCJIOBHS MOTYT 33/1aBaThCsl M3HAYAJIb-
HO, a MOryT [21] KOHCTpYHpOBaTHCSI HA OCHOBE

Vol. 29, No. 01, 2026

OTPaHWUYCHUIN  TNPEANICCTBOBAHHS  OCHOBHOM
M-3amaun). Jlns wux BBeaeHHs (GUKCUpYyEeM
MHOXECTBa

K, €P(L,Nx1,N),K, €P(1,n—Nx1,n—N), (3.5)

y/m — snementsl K; u K,(3.5) — HazbiBaem ag-
PECHBIMH; y KaXXIOH aJpecHOM mapsl MNEPBBINA
AJIEMEHT Ha3bIBaeM OTIIPABUTEJIEM, a BTOPOH —
nojyyarejieM. B CBS3M C yCIIOBHSIMH TIpeIe-
CTBOBAHUS HAIIOMHUM O 3ajJjaue Kypbepa B [5].

3ameuanue 2

B cBs3u ¢ 3amavyamMuy Majioif aBHaid OTMeE-
TUM OJMH BO3MOXHBIM BAapUAHT YCIOBUH Ipen-
LIECTBOBAaHUsA, OPHEHTHPYSCh Ha  Clydau
M,-3anaun. Utak, Mbl moaraeM, 4To 00Cy>Ka-
€TCsl BOIIPOC O MEpeBO3Ke ¢ ucrnonb3oBanuem TC
MaCCaXUPOB MEXY ropojaMu (s IPOCTOTHI)
m®, .., m®N: npu sroM momaraeM B JaHHOM

3amMeyaHuu, uro M; = {m(j_N)} npuj €N +1,n.

Kpome Toro, B HexkoTopsix ropogax B TC pas-
MELIAIOTCST TPY3bl C 3aJIaHHBIMU AJPECaMH J0-
CTaBKHU (Takke B BUJIE YIMOMSHYTBIX TOPOIOB).
Urak, B nensx gocraBku naccaxupoB TC pomxk-
HO MOCETUTH BCE rOpOJia, HO €CTh elle IUIaH JU-
PEKTHBHBIX T'PY30MEpPEBO30K C 3aJaHHBIMU aJl-
pECHBIMU TMapaMu HHIEKCOB TOpPOJOB. AHao-
TUYHas CUTyallus CKIaJbIBaeTcs B M -3amade.
Msl orpaHuumMBaeMcsl cedyac ciydaeMm, Koraa
YCJIOBHS TIPEIIECTBOBAHMS CPa3y pa3/IesiCHbI 1O
YaCTHYHBIM 33/JladyaM. B CBs3M ¢ MpPOTHUBOIIO-
JIO’KHBIM CJIy4aeM YCIIOBUHM MpPEIIIECTBOBAHUS B
M-3amaue U MOCTPOCHHEM Ha WX OCHOBE 4Ya-
CTUYHBIX OTPAHWYEHUN MPEAIICCTBOBAHUS OT-
METUM KOHCTPYKLHUIO [21].

Crnenys [4, yacTb 2], yCIOBUMCS, YTO BCIOAY
B JaJIbHEUIIIEM

(VK® € P'(K,)3z° € K% pr,(z°) # pr,(z)Vz € K?),

(3.6)

(VK® € P'(K;)32° € K% pry (2°) # pry(2)vz € K°).

VcenoBus (3.6) MCKIIOYAIOT 3allUKIMBAHUE
MapHIpyTOB, JOMYyCTUMBIX IO TPEANIecCTBOBA-
HUIO B YaCTUYHBIX 3a7avax. JlaHHBIE MapIIpyThI

(>

Ay

A

(1>

n3 (3.7), (3.8) cnemyer, 4TO NOMYCTHUMOCTD
KaXJIOTO YaCTHYHOTO MapIIpyTa CBOAMTCSA K
TPeOOBAHUIO: JUIs KAXKIOH aJipeCHOM Maphl COOT-
BETCTBYIOIICH 3aJaud METamojuc C WHACKCOM
OTIIPABUTEIISI TTOCEIIACTCS PaHbIIIE, YeM METaro-
mic ¢ uHaekcom mnonydarens. Ecmu Ky u K,
B (3.5) ompenenieHbl UCXOAsI U3 TJIAHOB I'Py30Iie-

(mepecTaHOBKM HMHAEKCOB 3anaHuil) npu P, £
(bi) [1,N] u P, £ (bi) [1,n — N] cocTaBistoT
CJIEIYIOIINE JBA MHOXKECTBA:

{a € Py | a ' (pri(2)) < a ' (pry(2))vz € Ky} € P'(Py), (3.7)

{B €P; | B~ (pr1(2)) < B~H(pra(2))Vz € K;} € P'(Py). 3.8)

peBo3ok, To (3.7) u (3.8) o3HaA4arOT, cleaoBa-
TEJIEHO, BBIITOJHEHHE BCEX YMOMSHYTHIX TUIAHOB
nanHelx TC ams MapumipyToB, COCTaBISOLIUX
9T MHOXCCTBA, U TOJIBKO AJId HUX. B03Bpama-
SICb K OCHOBHOU 3ada4d€, BBOJUM CKICHBAaHUC
NPOM3BOJILHBIX MapuipyToB u3 P; u P, : npu

P £ (bi) [1,_n] umeeMm, uto Va € P,VS € P,

aoBEP:((aoB)(t) 2 a(t)Vt € T, N)&((asB)(t) 2 f(t—N)+ NVt €N+ L,n); (3.9)
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cam MmapmpyT a ¢ B (3.9) ycrnoBumcs Ha3bIBaTh a3areM K IOCEHICHUI0 MEramojiucoB u3 M, B
Komno3umoHHbM. 13 (3.9) cnenyer, yro mapiu- 0uepemHOCTH  Mp(1y4pn, - s Mgm-ny+n5  HTEK,
PYT ¥ = @ ¢ B 00s3bIBaCT K MOCELICHHMIO METANo-  cHayana «paboTaeT» a, a 3ateM fB. B Buze
micoB U3 My B odeperHOCTH My (qy, ..., My(n),

P2 {pri(z)opry(2)iz€ Ay X A} ={aof:a € A, B € Ay} €P'(P) (3.10)
uMeeM (HemycToe) MHOXECTBO BCEX IOIMYCTH- TaKoro oOCITyKHUBaHUS — yKa3aTh BapUaHTHI IMO-
MBIX KOMITO3UIIMOHHBIX MapIIpyTOB OCHOBHOU CEICHHUS 3aHYMEPOBAHHBIX MEramojIucoB, TO
M -3agaun. BooOmie ke, BbIOOp MapipyTa (Tie- €CTh 3aJaTh TPACKTOPHUHU.
pECTaHOBKM MHOXecTBa 1,n ) ompenenser i Ilycte 3 £ (X X X)O" (MHOMkeECTBO Bcex
TC numb «yKpymHEHHBIA TIIaH» 00CITYKUBAHUS KopTexei (zg,2y,...,2y) B X X X ), Torma mpu
M. TpeOyercs erie, Mpu BCSIKOM BBIOOpE MapIi- x€X%uy € PBBune

pyTa, NETAIM3UpPOBATh KOHKPETHBIE BapUAHTHI

2, [x] £ {(z)e5m € 3 | (20 = (x,%))&(z; € M(;)VT € 1,n)} € Fin(3) (3.11)
MMEEM MHOKECTBO BCEX TPACKTOPUM MOCEIECHUs Hac B mnepBylo odepenb HHTEpECYeT Cilydau
(3anymepoBaHHbIX) OTHOIIEHHH My (1), ..., My, (), y € P. B »roif cBasu npu x € X° Beenem B pac-
CBSI3aHHBIX C MEramnoJINCaMH, U CTapTOM B X. CMOTPCHHUE MHOKECTBO
D[x] 2 {(y,z) ePx 3 |z€ Z,[x]} € Fin(P x 3) (3.12)
BCEX KOMMO3UIIMOHHBIX JOMYCTUMBIX PELICHHI HOU ¢ MapmpyTom 1o nipasuiy (3.11). Hakoner,
(P) co crapTom B x, uMesl B BUY YK€ U BBIOOp MBI JIOIIyCKaeM M IPOU3BOJIbHBIN BBHIOOp CTapTa
MapuipyTa, U BBIOOP TPAaCKTOPHH, COTJIACOBAH- u3 X°, a noromy
D2 {(y,zx) EPx3xX°|(y,z) € D[x]} € Fin(P x 3 x X°) (3.13)
€CTb MHO>KECTBO BCEX BO3MOXKHBIX (IJIs1 MCCIIe- IIUOHHBIMU MapLIpyTHbIMH Iponeccamu (MII).
Jl0BaTeNsl) BapUaHTOB IIOBEJIEHUS B YCIOBUSX Hapsany ¢ (3.12), (3.13) m1s OLleHOYHBIX Lienen
JEKOMIIO3UIIMM, HA3bIBAEMBIX Jajie€ KOMIIO3M- T0JIE3HO BBECTH TIpH X € X°
Dix] £ {(y,z) e P x 3 |z € Z,[x]} € Fin(P x 3). (3.14)

Kpowme Toro, BBEieM B paccMOTpeHHUE

D2 {(y,zx) EPx3%xX°|(y,z) € D[x]} € Fin(P x 3 x X°), (3.15)
noiy4ass OOBEMIIIONIYI0 COBOKymHOCTH MII YHHE, CHUMas OTPAHWYCHUS TMPEANICCTBOBAHHS
(mbI B (3.14), (3.15) paccmarpuBaeM HE TOJBKO U TpeOOBaHUS IPENBaPSIONIETO O00CITyKUBAHUS
KOMITO3UIIMOHHBIE pelieHus). Toraa, mocKoIbKy METanoaUCOB U3 M, MBI TOTEHIIMATEHO MOXKEM
(cm. (3.10)) P c P, umeem npu x € X°, uro JIOCTUIaTh JIYYIIHX pEe3yJbTaTOB M, KakK CIlel-
D[x] c D[x]. Kak cunexcrBue (cM. (3.13),  CTBHE, NOIy4aTh HIDKHHE OLCHKH; OJHAKO CY-
(3.15)), D c D. Uraxk, B Buze (3.15) umeem 00b- IIECTBEHHOE YBEJIWYECHHE PA3MEPHOCTH 3a CUET
emJroniee MHOKecTBO Bcex MII. Tlo atoit mpu- npusnedenns MII u3 D \ D npusogur 00br4HO
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K PC3KOMY YCJIOXHCHHIO BBIYHCIUTEILHOM pca- JIN3alnm. I[aﬂee’ MBI OTMETHUM, 4TO HpI/I] (= 1, n
(1 £ {pry(2):z € M;} € P'(M;)) & (M; 2 {pry(2): z € My} € P'(M))). (3.16)
C nomompto (3.16) MBI KOHCTpyHpYEM KO- Ha JTalle MaTEMaTUYECKOM IIOCTAHOBKU C IIPH-
HEYHBIE MHOXECTBA, TMPU3BAHHBIE 3aMEHUTH BEJICHUEM IOCJIEIHEN K 3a/laye TUCKPETHON OIl-
(moTeHIMaTbHO OECKOHEYHOE) MHOXKECTBO X TUMU3ALUU:

(M 2 UL, M; € Fin(X))&(X £ UL, M; € Fin(X))&(X 2 (UL, M;) UX° € Fin(X)). (3.17)

B Bume Jt £ ?’(L_n) (ceMeHcTBO BceX He- JKECTB, UIMEHYEMBIX Jlajiee CIUCKaMH (3adaHuil).
nycteix /m U 1,n ) ©UMeeM CeMENCTBO MHO- Durcnpyem ©C
CERLXXXXMN],c; ERL[M; XN, ...,ch €ERL[M, XN, f € R,[M]; (3.18)
3[IeCh 3HAYEHHSI ¢ OLIEHUBAIOT BHEUIHHE TEpeMe- P TIPAKTUYECKH WHTEPECHBIX OOCTOSTEIBCTB
menus (MexIy Meramonucamu, u3 Todek X© [20, § 1.3.3]. B HacrosiieM HUCCIEIOBaHUH MBI
K MErarojimcaM), 3Ha4eHus Cy, ...,C, — BHYTpPEH- COXpaHsieM YIOMSIHYTbIe OOIIME OmNpeneseHus,
HUEC pabOThl TPU MOCEIICHUH METaIlOJINCOB, UMesl LIENbI0 B JTAJIbHEWIIIEM OTPa3UTh Ha YPOBHE
a 3Ha4YeHHs1 f — TEPMHHAIBHOE COCTOSIHHE TpaeK- MOCTAHOBKH T€ WJIM HHBIE COOOpa)KEHHS, CBS3aH-
topun. [Ipu 3tom (cm. paszaen 2) B (3.18) Bce OC Hele ¢ npumeHenueM TC (Hampumep, MOXKHO
CYyThb HEOTpUIATeNIbHbIE BEIIECTBEHHO3HAUYHbIE UMETb B BHIY BO3MOJKHOCThH ITPOTHO3HPOBAHHMS
(8/3) pynkmmu. 3amerum, uto B (3.18) momyckaet- 3arpy3ku TC mo mepe mozera). B mpocreiimem
cs1 ucnosib3oBanne OC ¢ 3aBUCHUMOCTBIO OT CIIHC- ciyqae OC B (3.18) MOXKHO ONpenenuTh OCPEI-
Ka 3aJIaHui (J1aJiee MCIOb3yeTCsl BCIKHUIA pa3 CII- CTBOM €BKJIMJIOBBIX PACCTOSHHUI Ha IJIOCKOCTH,
COK 3aJJaHHl, HE BBIINIOJIHEHHBIX «HA TEKYLIUHA MO- 4TO ¥ Oy/IET OTPAKEHO B MOJIEBHBIX IPUMEPAX.
MeHT»). B uccienoBaHmsX, CBSI3aHHBIX C IPYTHMH B nanbHeiiiem paccMaTpUBaroTCs [1Ba Bapu-
npuKIaaHpMe 3amadamu [18, 20, 21] u np., 3to aHTa arperupoBaHus 3aTpaT: mpu x € X%, y € P

TO3BOJIMJIO OXBATHUTh €IMHOM ITOCTAHOBKOM IIECIIBIH Hu (Zt)teo,_n €2, [x] umeem

(SV[(Zt)teo,_n] 2 Xi-1 [C (prz (Z¢-1), prl(zt),yl(t,_n)) + ¢y (Zt')/l(t,_n))] +
+f(pra(zn)) € Ry, (3.19)

EBV[(Zt)teo,_n] =
2 sup ({{rel% ¢ (pra(ze—), pri(z0), v (E1)) + ¢y 0 (20 v &M £ (b (zn))}) €R:, (3.20)

rae (em. pasgen 2) yi(T,m) = {y(k):k € T,n}  pasn. 2.3]; omHaKo s MOOBIX ABYX YHCEN A U b

ecth 00pa3 /I T,n, T € 1,n, npu aciCTBUM Tie- B Buze sup({a; b}) peanusyercs HanbonbLIee U3
pectanoBku Y. Ha ocnoBe (3.19) onpenensiercs HHX, 9TO U cootBercTByeT (3.20). 31eCch *Ke 3a-
aJTUTUBHBIN KpuTepui, a nocpeactsom (3.20) — metuM, 470 (3.19) 1 (3.20) ompenencHsl B ciy-
KpUTEpUN B MUHUMAaKCHOM 3axade. Harmomuum, dae y € P; B atom ciyqae (3.19), (3.20) moryt
4TO 00O3HAYEHHE SUP HCIOJIB3YETCs TpPHU pac- HCTIONB30BaThCs (cM. (3.12)) mpu mocTpoeHHH
CMOTpEHUH (TOYHOM) BEpXHEH IPaHU YHUCIOBOIO KOMITO3HIIMOHHBIX pelleHuil. B 10 ke Bpems B
(HemycToro Makopupyemoro) MHoxecTBa [13, cuny (3.14) snadenns (3.19), (3.20) onpenenens
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npu (7, (Zt)te(),_n) € D[x], To ecTh B 3a1aue, TIC
HE HCIOJIb3yeTCs ICKOMIIO3UIMS ¥ HET YCIOBHI
TIpeaIIeCTBOBAaHMA. MBI, OIHAKO, COCPEIOTO-
gpMcst Ha Goliee pean3yeMoM BapHaHTe IoCTa-
HOBOK, I'1€ ACKOMIIO3UIIUA, HpI/IBOI[?IHIafl K I[ByX-
KJIACTEPHOH 3ajade, ¥ OrPAHHYCHMS IIpelle-

¢

(2] -» min, (y,z) € D[x],

Civil Aviation High Technologies

CTBOBaHMA B WYACTUYHBIX 3a[auyaX HMEIOTCA
" UCIOJIB3YIOTCA B MHTCPCCAX CHHIKXCHUA CIIOXK-
HOCTH BBIYUCIICHHIA.

3agaya C aQIIUTHBHBIM KPHTCPHEM. YUH-
teiBasg  (3.19), mpu x € X° paccmarpuBaem
(M, x)-3anauy:

KOTOPOU COTIOCTABIISIFOTCS SKCTpeMyM V [X] 1 HemycToe SKCTpeManbHoe MHOKECTBO (sol) [x]:

Vix] 2

(y.z)eDlx]

(soD[x] 2 {(y,z) € D[x] | €, [z] =

B cBsa3u ¢ ocHOBHOM M -3amadeii OTMETUM,
uro (3.19) onpeaesnexo mpu (y, (Ze) rcom x) € D.

€, [z] - min, (y,z x) €D,

(3.21)
min € [z] € R,, (3.22)
Vix]} € P'(D[x]). (3.23)

YHOMSIHYTYyI0 OCHOBHYIO 3aJauy OIpejaessieM
B BUJIE

(3.24)

KOTOpOM comocTaBisgeTcss (KOMIIO3ULMOHHBIN) 3kcTpeMyM V 1 Henmyctoe MHOkecTBO SOL Bcex onTu-

MaJIbHBIX KOMITO3ULIMOHHBLIX MIT:

V£ min €, [z

(y,2z,x)ED )/[

SOL = {(y,z,x) €D | €[

MBI paccMaTprBaeM TakXke 3aady ONTUMHU3AUK cTapTa (yuutbiBaeM (3.25))

V[x] - min, x € X°,

KOTOpo# comnocTtaisieTcs skcTpemyM V (cm. (3.25)) u HemmycToe 3KCTpeMalbHOE MHOKECTBO

XS 2 {x € X1 V[x] =

3anaua (3.27) o cMbICITy ABJISIETCS BCIIOMOTa-
TenbHOIM. B To e Bpems mpu x € X° 3Hauenue

€, [z] - min, (y,z) € D[x],

KoTopoii, moo6Ho (3.22), (3.23), conocraBustoTcs

Volx] £

(sol)g[x

Scno, aro Vy[x] < V[x] Vx € X°. IIpu stom
(cm. (3.15)) 3nauenue (3.19) ompeneneHo st

€,[z] - min, (y,z,x) € D,

min €, |z] € R,,
(y2)eD[x] vzl € R,

2 {(y,2) € D[x] | €, [2] = V]

grcré}(nV[x] R,, (3.25)
=V} € P'(D). (3.26)

(3.27)

V} € P'(XO). (3.28)

(3.19) ompenencro mpu (¥, (2).com) € D[x]
a TIOTOMY MBI IT0JIy4aeM (OLIEHOYHYI0) 3a7a4uy

(3.29)

(3.30)

} € P'(D[x]). (3.31)

(v,z,x) € D. Torna umeeM (OLEHOYHYIO 1O OT-
HOIIICHWIO K OCHOBHOM) 3a/1a9y

(3.32)
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KoTopoii, moao6Ho (3.25) u (3.26), comocTassi-
I0TCS

Vo= min @ z] = minlo[x] € R, (3.33)
S(O)[L 2 ,Z,X (= ID) G 7] = W €
) €D IS = Vol € 53

€ P'(D).

C yuerom (3.25) u (3.33) momy4yaem HepaBeH-
CTBO

V, < V. (3.35)

I/ITaK, moJiyqya€M HMKHIOIO OLCHKY KOMIIO3U-
HUOHHOI'O 3KCTpEMYyMa.

MunuMakKkcHas MOCTAHOBKA

B npanHOM ciydyae HMCHONIB3yeM KPHUTEPHIA,
onpenensemslii B (3.20). Kak u B anauTuBHOM
clydae, cHayaga paccMarpuBaeM npu x € X°
3aa4y ¢ PUKCUPOBAHHBIM CTAPTOM X:

B, [z] - min, (y,z) € D[x]; (3.36)

3amaue (3.36) comocrapisercs dkcTpeMyM V[x]

U HEIyCTOE  JKCTPEMAIBHOE  MHOYKECTBO
('sol )x]:
Vlx] £ min B,[z]€eR,, (3.37)
(v,2)€D|[x]
(so)[x] 2 {(y,Z) € D[x] | B,[z] =
= V[x]} € P'(D[x]); (3.38)

MBI TIOJIy4aeM MHHUMakcHylo (M, x)-3amaqy.
Otmerum, uto (3.20) ompeneneHo B ciydae
(v,z,x) € D. C ydeToM 3TOro mojiy4daem clie-
TYIOIIYIO 33724y

B, [z] - min, (y,z,x) €D (3.39)
(omtumuzanmu B kimacce MII), ans xotopoit
ompenenensl skcTpemyM VO u memycToe 3Kc-
TpeManbHoe MHOXKeCTBO SOLY:

V°2 min B, [z] =

(v.z.x)ED %}{I})V[x] € R,, (3.40)
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SOL’ = {(y,z,x) € D | B,[z] = V°} €

€ P'(D). (3.41)

B (3.39)—(3.41) roBoputcst 06 onTUMH3AIIH

B Knacce komno3uimoHHbeix MII. Kak u B ciiyuae

aAUTUBHOM 3amauu (cMm. (3.24)), BBOIUM 3a1aqy

ONTHMH3AINH CTAPTA:

V[x] - min, x € X°. (3.42)

3anaue (3.42) cooTBeTcTBYET KCTpeMyM VO
(cm. (3.40)) 1 SKCTpEeMaTbHOE MHOYKECTBO

Xpt £ {x € X° | V[x]

€ P'(X9).

=V €
(3.43)

Hanee, ormetum, yto 3HaueHue (3.20) ompe-
neneno npu x € X° u (y,z) € D[x]. MsI noxy-
yaeMm npu x € X° (o1eHOUHYI0) 33129y

B, [z] - min, (y,z) € D[x]; (3.44)

3amade (3.44) comocraBiseTcs dkcTpemyM V[x]

U HEMyCTOe  DKCTPEMAIbHOE  MHOXECTBO
( sol YO[«x]:

V[x] £ min B, [z] €R,, 3.45

X2 min B[z]€R, (345

sol)%[x] & {(v,z) € D[x] | B, [z] =
( )[1 {(r,z) € D[x] | By[z] (3.46)
= V[x]} € P'(D[x]).
Haxonen, (3.20) ompenmeneHo © mpu

(v,z,x) € D. Ilpuxoaum K 3aa4e ONTHMHU3ALNN
MII
B, [z] - min, (y,z,x) € D, (3.47)

KOTOPOU COIOCTABIIIOTCS IKCTpeMyM B u He-
IyCTOE PKCTpeMaibHoe MHOkecTBO SOL ©:

B2 min B[z €R, (3.48)
SOL® 2 {(y,z x) €D | B, [z] =
{( ) v1z] (3.49)

= B} € P'(D).
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3ametumM, uto (cM. (3.37), (3.45)) umerot me-
CTO HEPABCHCTBA

V[x] < V[x]vx € X°. (3.50)

Kpome toro, ¢ yuerom (3.40) u (3.48) peanusy-
€TCSI HEPaBEHCTBO

B VO (3.51)

Mpb1 MOKeM, KOHEYHO, paccMatpuBath (3.35)

n (3.51) kak BepxXxHHE OIEHKH 3KCTPEMYMOB

(3.33) u (3.48) COOTBETCTBEHHO; JaHHBIC HKC-

TPEMyMBbI MOTYT OBITh HEIOCTYITHBI JUIS HETIO-

CPEIICTBEHHOTO BBIYHCIICHHS, B TO BpeMs Kak

(3.25) u (3.40) moxno [10, 11] (mns muamazoH-

HBIX B CMBICJIE Pa3MEpPHOCTH 3a7ad) HAWTH 3a
BIIOJIHE ITPHUEMIIEMOE BpEMSI.

4. Dj1eMeHThI MATEMATHYECKOM
NOCTAHOBKH 3a1a4H 2

Wrax, MBI B Ka4ecTBE OCHOBHBIX pacCMaTpH-
BaeM 3anmaum (3.24) u (3.39), KoTOpBHIE TaKKe
NPEJICTABISIOTCS BECbMa CIIOKHBIMHU, HO JIOITyC-
KaIOIIUMU TEOPETUYECKOE HCCIECIOBaHHE U TO-
CTPOCHHE ONTHMAJbHBIX AITOPUTMOB PEIICHHS.
B 3TOM mocTpoeHHM TTIaBHBIM SIBISETCS CHEIH-
allbHas CBsi3Ka NpeaBapsioulel u (uHaIbHOU
3amady. K mocraHoBKaM JTHX JABYX 3aJad Mbl

Z[x] 2 {(z)¢comw €37 | (20 = (%, %))&(z, e MED) vt € 1,n — N)} € Fin(3")

€CTb IIYUOK TPaeKTOpuil M,-3ajauu, cTapryro-
IIUX M3 X U COIVIACOBAHHBIX C MapIIpyTOM f.
Torna npu x € X°° B Buze

D*[x] £ ((8,2) € A, X 3 |
| z € Zg[x]} € Fin(A, X 3%) 4.5)
MMEEM MHOKECTBO BCEX JIOIYCTUMBIX PEIICHUN
(P) M,-3amauu co cTapTOM B X.

AHaJIOrMYHbIE IOCTPOEHUS OCYIIECTBISIEM U
st M -3aa4u, T1Ie B Ka4eCTBE MHOXKECTBA TO-
yek crapra ucnoiwsyerca X°. Ilomaraem, uto
MHO’KECTBO JIOIYCTUMBIX MO MPEIIIECTBOBAHUIO
MapuIpyTOB B JaHHOM 3a1ade ecTb A,. [lepexo-
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ceiiuac u mnepexoaum, yuuthbiBas (3.4)—(3.8).
Haunem ¢ mocTpoeHHsT MHOXKECTBA TOYEK CTapTa
¢unanbHON  M,-3amauM, Tmoyiaras — CcHadama
K, 2 {pri(2):z€K,} u mnomysas B BuIe
1,N\ K; € P'(1,N) MHOKECTBO BCEX HEOTIpa-
BUTEJIEN IIpeABapsronied 3anaun. Toraa

paccMaTtpuBaeM Jajee B KauyeCTBE MHOXKECTBA
BCEX BO3MOXHBIX TOYEK cTapTta M,-3axauu. Ja-

nee, npu j € 1,n — N nonaraem, 4yTo

MU 2 MN+er(j) A MN+j19n(j) A

£ My, MO 2 My, 4.2)

nosyyas (B (4.2)) HemycTble KOHEYHbIE MHOXe-

ctBa. Umeem B cuity (3.16), (3.17) u (4.2), uto
(‘IRU) = {pri(z):ze MV} € P’(MU))) &

& (MO = {pry(2):z € MD} € P'(MD)). (4.3)

B Buzme A, peanusyercs MHOXECTBO BCEX

MapupyToB M,-3aaui, JOMYCTUMBIX IO Mpea-
IIECTBOBaHUIO. B CBsI3u C BBEJEHHEM TPAECKTO-

puii monaraem 3* £ (X X X)o" N (muoxectBo

Bcex otoOpaxkenuit u3 I O,n—N B X X X ).
Ecin x € X% (em. (4.1)) u B € A,, TO

(4.4)

ad K ONpCACIICHUIO TpaCKTOpHﬁ, BBCICM

32 (X x X)°N (MHOXKeCTBO Bcex oTOGpaKe-
i m3 O,NBX X X ). [lpux €EX°nax € A,

Z4[x] 2 {(2) o €37 | (20 = (1, x)&
&(z, € Myy)VT € 1,N)} € Fin(3") (4.6)

ecTh My4OK TpaeKTopuii M;-3a[aul, CTapTyio-
IUX M3 X ¥ COIJIACOBAHHBIX C MApPIIPYTOM «.
Ipu x € X° B BUJIE

D[x] 2 {(a,z) € A; x 3° |

| z € Z;[x]} € Fin(A; X 3°) 4.7)
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nuMeeM MHOkecTBo Beex JIP (M7, x)-3a1aum, To pro(zy) € X°°vx € X°Va €

ecth M -3a71a4u CO CTapTOM B X. JIErKO BUIETH, € A, V(20,5 € Zalx]. (4.8)
uro [11] ’

B cBs3u ¢ BBenennem @C yacTAUYHBIX 3aj1a4
OTMETHM, YTO

(X" 2 UL, o € Fin(x)) |, (X" 2 (UX, M;) UX° € Fin(X)),
| (M7 2 UK, M; € Fin(0) I, (X" £ U MmO € Fin(x)), 4.9)
| (X* & (UEY M®)u X € Fin(X));

u3 (3.17) u (4.9) 7nerko ciaenyoT BIOKEHUS mpu N° 2 P (1, N) uN* 2 P'(1,n — N) umeem
X c X, X" c X, X* € XuX* c X. Kpome Toro, C OYEBHUIHOCTHIO, UTO

(N < N)&(K B N € NVK € N*). (4.10)

Utak, N° u N* cyTh ceMeiicTBa BceX HEIMYCTHIX KamMu B M- u M,-3a1a4ye COOTBETCTBEHHO. Te-

m/mMm IM 1,N u 1,n — N COOTBETCTBEHHO, HMeE- nepb onpenensiem @C M -3ana4n
HyeMbIX Janee (Kak U MHOXkecTBa u3 ) couc-

c' € RL[XF X XT X 9], cf € Ry[My X N, ..., cpp € Ry[M, x W], f € R, [M*], (4.11)
1A KOTOpI)IX 1oJ1ara€Tcia, 4To

(c*(x,y,K) 2 ¢(x,y,K UN + 1,n)Vx € X"Vy € X°VK € "), (4.12)
(¢/'(z.K) 2 ¢j(z K UN + 1,n)Vj € 1, NVz € M;VK € 9t°); (4.13)

f konkperusupyercs nozauee. [lonoduo (4.11), (4.12), (4.13), BBogum ®C M ,-3axauu:
C'ERL[X* XX X W], ¢c; € Ry [MD x ], ..., c5_y € R [MEO™V) x 9v°] (4.14)
OTIPENIETISIOTCS CICAYIONTUMU TTPaBUIaMU:

(c*(x,y,K) £ c(x,y,K ® N)Vx € X'Vy € X'VK € N)&
&(cj(z,K) 2 ¢jn(z, K ® N)Vj € 1,n — NVz € MDVK € ) (4.15)

MBIl JOMONHSEeM Habop (€*,cy,...,ch_y) DPC HbIMH TpeoOpazoBanusiMu cyxkeHuit PC (3.18).
¢ynkuueit f u3 (3.18). Utak, u B (4.11), (4.12) u BBenem nBa BapuaHTa KpPUTEpHUs B YaCTUYHBIX
B (4.14), (4.15) MBI QakTnueckm paGoraeM ¢  3agadax. Ilomaraem npu x € X°°,p €A, nu
«gactsamm»y OC (3.18), a TouHee, ¢ HECYIIECCTBEH- (Zt)eomn=n € Zplx]

Cs[(2) commn] 2 ZE=T [c* (prz(zt_l), pry(z,), B (¢,n — N)) +

+6h0 (20 B ER = W))] + f(pra(za-n)) ER,, (4.16)
23;3 [(Zt)teo,n__N] = sup ({maxtem—_N [C* (prz (Zt—l)’ pry (Zt): ﬁl(t, n —_N)) n
+ciey (20 B (& = N))]; f(pra(za-n))}) € Ry, 4.17)
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uTak, (4.16) u (4.17) coorBercTBy10T M, -3a1a4e coorserctBeHHo. Torna npu x € X°° umeem

B €€ aJJUTHBHOM M MHHHMMAaKCHOM BapHaHTE CIIEIYIOIIYIO aAIUTUBHYIO (M, X)-3aa4y:
C;[z] - min, (B,2) € D*[x], (4.18)

KOTOpOﬁ COIIOCTABJIAIKOTCS SKCTPEMYM

V*[x] 2 in C;[z] ER 4.19
2 g B el € Re &1

H HEIIYCTOC 3KCTPEMAJIbBHOC MHOXKCCTBO
(soD)*[x] £ {(B,2) € D*[x] | €3[z] = V*[x]} € Fin(D*[x]); (4.20)

kpome Toro (mpu x € X°°), umeem munnmaxcuyro (M, x)-3anaay
Bp[z] - min, (,z) € D*[x], (4.21)
U KOTOPOM OTPEIENIEHbI SKCTPEMYM

V*[x] £ (B‘gg]gl* [x]%ﬁ [z] € R, (4.22)

N COOTBCTCTBYIOIICC HCITYCTOC OKCTPEMAJILHOC MHOXKCECTBO
(sol)*[x] £ {(B,2) € D*[x] | By[z] = V*[x]} € P'(D*[x]). (4.23)

3aMeTHM, YTO Ha JAHHOM 3Tarne (peleHus pUHanbHOM 3aaaun) onpeaeneHsl GpyHkuuu (cm. (4.19),
(4.22))

(7711 2 (7°[x1) o0 € R4 [X°°T) &

& (711 2 (V[x]),_ o0 € R4 [X°0)), (329

KOTOpBIC OYAyT MCITOJIb30BaThCs 3aTeM Juisd onpeneicHus f B (4.11). Mrak, BCloay B JalbHEHUIIEM ITO-
naraem, urto f € R+[M”] ONpeAeseTCs YCIOBUSIMU

(F[x] 2 V*[x] vx € X°0)&(f[x] 2 0 vx € M" \ X°0) (4.25)
B ClIy4ae aJANTUBHON M -3a/1a4¥l U yCIOBUSIMU

(f[x] £ V*[x] Vx € X°0)&(f[x] £ 0 vx € M" \ X°°) (4.26)
B ClIydae MUHMMAaKCHOM M -3a71auM; YYUTBIBAEM IIPH 3TOM, 4TO (cM. (4.1), (4.9))

X% = M*, (4.27)
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Bepuemcs x (4.6)—(4.8). Tounee, paccmor- onepupyst ®C (4.11), (4.12). HUrak, npu x €
pUM TIOCTAaHOBKY IpeaBapstomend M;-3anaum, X% a €A u(z) tconm € Z2[x] umeem

GEK[(Zt)teo,_N | f] 2 ¥ [c“(prz(zt_l),prl(zt),al(t,_N)) +

+sz(t)(zt' al(t,N))] + f(prz(zy)) € Ry, (429
rae yskuus f KoHKpeTH3upyeTcs: MoCPeaCTBOM (cM. (4.7)), 3HaueHue (4.28) ompeneneHo mpu
(4.25) (vbl naumnaem obeyxzenne ¢ ammrus-  x € X° n (a,(2),e5y) € D*[x]. Tpu x € X°
HOro BapuaHTa M;-3amaun). Pasymeercs nonyuaem (M, x)-3axauy

€[z | f] » min, (@, z) € D[x], (4.29)
KOTOPOH COTOCTaBIISIETCS SKCTPEMYM
Vi[x] & (a,z)“éi&[x] € [z] € R, (4.30)
U HEIyCTOE SKCTPEMAIbHOE MHOXKECTBO
(sol)[x] £ {(a,z) € D*[x] | €}[z] = V*[x]} € P'(D"[x]). (4.31)
MBsI paccmatpuBaeM 37ech U Ipo0IeMy ONTHMU3ALUU cTapTa B M -3a1aye:
Vi[x] - min, x € X°; (4.32)

3ayaue (4.32) comocrapisiercst MOHbIHA skcTpemMyM V7 M -3anauu (B aJIMTHBHON BEPCHH) H SKCTpe-
b
MaJbHOE MHOKECTBO XOpt :

5 A i 8
V' s )rcrelgfr}JV [x] € Ry, (4.33)
Ko 2 {x €XO1V7[x] = V} € P'(XO). (4.34)
AHanorn4yHple KOHCTPYKIIMU BBOAMM JUIS yero (opmupyem ¢ynkuuo f mo mnpaswmy
clly4yass MUHUMaKCHOM moctaHoBku. HamoMHum (4.26).
B cBs3u ¢ otuMm (4.17), (4.21)—(4.23), nonyuas Teneps paccCMOTPHM TOCTAHOBKY TpeaBapsi-

KOHCTPYKIIMIO MUHUMaKCcHOU M,-3a1auu, mocie fomien M -3anaun, onepupys PC (4.11), (4.12).
Ipu x € X°, & € Ay 1 (2¢) i € ZalX] nMeeM

23gc[(zt)teo,_z\z] = SUP({maXteml:q(prz(Zt—1)' pry(z.), al(t,_N)) +
+cony (2o at (6, N))]; £(pr2(za))}), (4.35)

riae f coorBerctByeT (4.26). B criy (4.7) numeem, wia (a,z) € D°[x]; monydaeM MHHMMAKCHYIO
uto npu x € X° 3nauenme (4.35) onmpemeneHo  3amauy

B [z] - min, (a,z) € D[x], (4.36)
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1 N . E
Vix] & (a,z)rrglglt‘[x]%a[z] € R, (4.37)

H HEITYCTOC 3KCTPEMAJILHOC MHOXKCCTBO
(sol)'[x] = {(a,z) € D*[x] | B[z] = V*[x]} € P'(D*[x]). (4.38)

[TocpenctBom (4.37) ompenenena
VL 2 (P°[x]), o € R X°]
MpEeABAPSIOLIECH 3a1a4d B MUHUMAKCHOM MOCTa-

HoBKe. [lomyckas Bapualuio cTapra, MPUXOAUM
K 3aj7a4e

byHKIUSA
IKCTpEeMyMa

V*[x] - min,x € X°, (4.39)
KOTOPOW COMOCTABIISIETCS (TIOJHBIN) SKCTPEMYM
Vs ¥ HeMyCcTOE IKCTPEMATHLHOE MHOXKECTBO:

(4.40)

‘X“?ﬁ

ot = (X EXO IV [x] = V5 } € P'(X0); (4.41)
Vs paccMaTpuBacM B KAuecTBE IIOJHOTO 3KC-
TpeMyMa MUHUMaKCHOM M -3a1auH.

Teneps MBI pacrionaraeM JByMs BApHAHTAMHU
OCHOBHOM 3a/1ayl U ABYMs BapHaHTaMU YacTH4-
HBIX 3a/1ad (MMEIOTCS B BHUJAY BapUAHTHI aJIH-
TUBHOW M MUHHMMAKCHOHM TIOCTaHOBOK). BaxkHyto
poap urpatot npasuina (4.25), (4.26), peanusy-
IOIE CBSI3b MpEIBapsrONiei u GuHampHON (Ja-
CTHUYHBIX) 33/1a4 KaK B aTATUBHOM, TaK U B MH-
HUMaKCHOM CITy4asx.

5. OnTuMaabHBIA AJITOPUTM
NMOCTPOCHUSI KOMITO3UIIHOHHBIX
pelIeHuii: 001as CTPYKTypa

Mg BepHemcs k (3.19), (3.20) u paccmoTpum
eIMHYIO JOTHKY pemienus 3amad (3.32), (3.39),
cnenyst KoHcTpykuuu [11, paznen 2]. Urak, B
JAJIbHEMIIEM MBI UCMOJIb3YyEM MPUBOJUMBIN HU-
e alropuTM Ha (PYHKIIMOHAJILHOM YPOBHE.

[ar 1. I'To mpasuiy (4.1) NOCTPOUTH MHOXKECTBO
X% BO3MOXHBIX TOYEK CTapTa B (PMHAIBHOM
M ,-3anaue.

69

Hlar 2. Cdopmupoats ¢unanbHyto M,-3a-
nady Kak cucremy (M, x)-3amad, T1ie X npooeraer
X00,

Mar 3. Haiftu QyHKOUIO BKCTpEeMyMa
M,-3aaum, onpejeieHHy0 Ha MHOxecTBe X 90
(kpome TOro, HaxoAsTCs cinou pyHkuuu bemnma-
Ha).

[lar 4. Ha ocHoBe (yHKIMU SKCTpEeMyMa
bunansHON M,-3amaun chopMUpOBaATH TEPMHU-
HAJIBHYI0O KOMIOHEHTY f KpuTepus mpeaBapsito-
nieit M -3anaun (ucnonb3yercs npasuio (4.25)
B aJ/INTUBHOM cliyyae U npaBuio (4.26) B Mu-

HHUMAaKCHOM).

Hlar 5. CdopmupoBath MpeaBaPSIOLIYIO
M -3amauy kak cucrtemy (M;,x)-3ama4, TAe X
npoGeraer X °.

Hlar 6. Haiitu ¢yHKIHMIO 9KCTpeMyma Ipe-
Bapstonieit M -3amaun (a Takke ciaou GyHKIUU
bennmana), ee MONHBIA SKCTPEMYM M COOTBET-
CTBYIOILIEE OSKCTPEMaJIbHOC MHOXKECTBO TOYCK
crapra u3 X°.

[lIar 7. BeiOpaTh MpOM3BOJIBLHO U 3a(PUKCH-
poBath ontuManbHeli crapt x° € X° B npensa-
patomeit M;-3agade u pemuts (M, x°)-3anauy,
TO €CThb TIOCTPOWTH ONTHMAJIbHOE PEIICHHE
(M, x%)-3anaun (M;-3a0auu co craprom x°) B
BUJIC Y/T MapumipyT — TPaeKTOpus; 3apUKCUPO-
BaTh HAa JAHHON TPACKTOPHH TEPMUHAIBHOE CO-
CTOSIHUEC B BHJIC COOTBETCTBYIOLICH Y/II M BBI-
opars x°° € X B Buge BrOpOro 3MEMeHTa HTOM
y/m.

Illar 8. Ilpunsars x°° € X°° B xauectse
crapta B M,-3a/1aue U HalWTH ONTUMAJIBHOE pe-
menue (M, x°%)-3anaun B BHaE y/I MapuIpyT —
TPaeKTOPHSI.

Iar 9. Ckieuts HaWaeHHBIE ONTUMAJILHEIE
pemenus (M, x%)-3agaun u (M, x°°)-3anaun
(pa3aenbHO CKJICHBAIOTCS MAPIIPYTHI MO MPaBHU-
1y (3.9) u tpaextopuu [11, (4.4), (4.5)], nocne
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4ero JOMOIHUT TOTyYHBLIYIOCS Y/ TOUKOi x°
Ul peanu3aiuu komno3uunoHHoro MII; nan-
Heii MII Oyzer ontumaneH B OCHOBHOU
M-3agaue (To ecTh OynmeT coaepx aTbCs B
SOL (3.26) umu B SOL? B 3aBHCHMOCTH OT TOTO,
paccMaTpuBaeTcs aJAUTUBHASA BEPCUS KPUTEPUs
WJIM MUHUMAaKCHasi IOCTAHOBKA).

OtmeruMm, 4TO B psijie ciaydaeB He TpeOyercs
MOCTPOEHUE ONTUMAIBHOTO KOMIIO3ULIMOHHOTO
MII, a nocTaTO4YHO HAMTH SKCTPEMYM OCHOBHOM
3a/1a4d ¥ ONTUMAJIBHBIA cTapT. B aTOM curyarmun
JIOCTaTOYHO BBINOJIHUATE TOJBKO 3Tamsl 1-6, npu-
9YeM B MaMSITH BBIYMCIUTENS He TpeOyeTcs: coxpa-
HATH Bce citon (pyHkimu bemmvana (mostomy B 3
B 6 0 HUX yIIOMHHAETCs B ckoOkax). Camy ke pea-
mu3aruio niporienyp JIT B mpeasapsitoreit u ¢u-
HAJIBHOM 3a/1aye MOXHO OCYLIECTBIISITH C Tepe3a-
MHUChIO ciioeB [22, 3ameuanue 2.1], yem mocTura-
€TCs HEKOTOpasi SKOHOMHS PECYpCOB IMaMSTH.
3HAaHUE DKCTPEMyMa B KJIacC€ KOMIIO3MIIMOHHBIX
MII mMoxeT OBITh TIOTE3HO ISl OLICHUBAHUSI IBPU-
CTHK B 33/1a4ax OOJIBIION pa3MEPHOCTH.

6. lnnaMmuyeckoe mMporpaMMHpoBaHue,
1: moaroTOBUTEBLHBbIE MOCTPOECHUSI

B cBasu ¢ 1-9 ormeruMm, uro Hamboiee
TPYIHBIMU B BBIYUCIUTENFHOM OTHOIICHHH SIB-
nst0TCst ATanbl 3, 6. ISl BRIMOTHEHUs JAaHHBIX
stanoB B [10, 11] ucnonp3oBanock MIUPOKO MO-
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Humaemoe JIII, peanuszyemoe pa3nenbHO B
M- uB Mj,-3anaue. Ilpu 3TOM OrpaHUYEHUS
MPEAIIECTBOBAHUS B JAHHBIX 337a4aX HUCIOJIb-
30BAINCh B TOJOXHUTEIHHOM  HAaMpaBJICHUU
(B CBsI3M C 3TUM HanloMHKM [4, § 4.9]).

PaccMoTpuM HeEkOTOpBIE aHaJIOrM MOCTpOe-
Huii [4, § 4.9], peanuszyemble yHUBEpPCAIbHO B
aJIUTHUBHOM W MHUHHMAKCHOM TNOCTaHOBKAax.
Peus uget o Tom, 4TOOBI TOMBKO MOATOTOBUTHCS
K BBeJIeHUIO cioeB pyHknuii bemmana.

Hauynem ¢ o0cyxaeHHs KOHCTPYKLIMHA st
M -3anaun, ompenenss ONEpaTop BbIUEPKHUBA-
HUs (3alaHui U3 CIIHCKA)

I": N° > N° (6.1)

MOCPEJICTBOM CleAyroniero npasuwia [4, § 2.2]:
npu K € N°

I'(K) 2 K\ {pr;(2):z € 2°[K]}, (6.2)

rae 2[K] 2 {z € K, | (pry(2) € K)&(pr,(z) €
K)}. Urak, pacnionarast ciuckoM K, MBI OCTaBJIsi-
eM B HeM (6.2) TOIBKO MHIEKCHI 3aJaHuii, HE sB-
JISIONIMECS TIOAyYaTeNsaIMUA Ul aIPECHBIX Iap,
«HOJTHOCTBIO YKJIa/bIBatoIuUXcs» B K (MMeercs B
BHJLYy, YTO 00a DJIEMEHTa COOTBETCTBYIOILCH aji-
pecHol mapsl coaepxkarcs B K).

Takum 006pa3oM, MHOXECTBA — DIJIEMEHTBI
ceMencTBa

G* 2 {K e N | vz €K, (pr1(2) € K) = (pry(2) € K)} (6.3)

Ha3bIBAEM CYILECTBEHHBIMU CIIUCKaMu B M -3a-
Jade. DTH CIHCKUA PAHXXKUPYEM TIO0 MOIIHOCTHU:

npu s € 1, N nonaraem &; 2 {K € &*|s = |K|}.
Scro, uro G5 = {1, N} (omHOIIEMEHTHOE Ce-
MeiicTBO); cemeiicTBO ©; TaKKe OIyCKAeT
odenp mpoctoe onmcanue: npu K; = {pr;(2) :

z € K}
S ={{t}t €1, N\ K} (6.4)

(ceMelicTBO BCEX CHHIJIETOHOB HEOTIIPABHTE-
neit). Hakoner [10, (6.3)], [22, (8.15)]

Sii ={K\{thK et e "'(K)}. (6.5)

[TocpenctBom (6.4), (6.5) onpenenexa pekyp-
peHTHas Tpouexypa g — Sy_q — - — &I,
B KOTOPOH HAYalbHBIA SJIEMEHT COOTBETCTBYET
{1,N}, a peryJspHEIi mIar ONpeIesseTcs IMo-
cpeactBoMm (6.5).

Crenyromuii 3Tan — NOCTPOSHHUE CIIOEB IPO-
CTpPaHCTBA TO3UIIUNA DS, Df, ...,Df, (3ameTum,
YTO TMO3UIMENH 37ech Ha3blBaeM  KaXIYIo
y/n (x,K), tne x € X u K  1,N ). Ipoute Bce-
ro onpexaenstores [11, (3.4)] kpaiinue ciou:

(Dg 2 {(x,0):x € X°°})&(Dy; £ {(x,1,N): x € X°}). (6.6)
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PaccMOTPHM TOCTPOEHHE TPOMEKYTOUHBIX ci10eB. MTak, cHauana pu s € 1, N — 1 u K € & nocie-
JIOBATEIbHO CO3/1a€M MHOXKECTBA

J5) 2 {j e LN\K I GIUKE Sy} MJ[K] 2 Uz gy M,
D;[K] £ {(x, K): x € MJ[K]} (6.7)

(8 (6.7) peamsyercs nenouka J; (K) » M; [K] » DI[K]). Teneps NpoMexXyTodHbIE CIION OIPEIEIs-
€M YCJIOBUSIMU

Di 2 Ukes: Ds[K]Vs € LN — 1. (6.8)

B cBsi3u ¢ (6.6), (6.8) HamoMHEM, 4T [6, pemioxenne 4.9] Di # @ npu s € 0, N. OTMeTnM Bask-
Hoe cBOMCTBO [11, (3.7)] MOCTPOCHHBIX CIIOEB:

(pr2(2), K \ {j}) € D{_,Vs € 1,NV(x,K) € D{Vj € I'(K)Vz € M. (6.9)
AHAJIOTUYHBIM 00pa30oM CTposITCs ciiou B M, -3a1ade. CHavaja BBOAMM OIEPATOP BBIYCPKUBAHUS
I": 9t - 9t (6.10)
a uMeHHO: ipu K € It* nmonaraem
I"(K) 2 K\ {pr,(2):z € Z*[K]}, (6.11)

e 2*[K] 2 {z € K, | (pry(2) € K)&(pry(z) € K)} (B (6.10), (6.11) umeem ananoruto ¢ (6.1), (6.2)). B
BHJIE

S 2{KeNW|vzeK, (pri(z) €K) = (pry(z) € K)} (6.12)
peasT3yeTcsi CEMEHCTBO CYIIECTBEHHBIX CITMCKOB
M, -3anaun. PamwxupyeM MX MO MOIIHOCTH, TOIY- S] = {{t}: tel,n—N\ Kz} (6.13)
yas ipu S € 1,m — N B Bunie G 2 {K € G*|s =
|K|} ceMeHCTBO BCeX S-IeMEHTHBIX CyIIECTBEH- (CeMEWCTBO BCeX CHHIJIETOHOB HEOTIPaBUTENEH

HEIX CIHCKOB; Torma &'_y = {1,n— N} u npu M;-sanam). Ecm ke s € 2,n — N, 1o

K, 2 {pri(2):z € K,}
Cii ={K\{thKeG,tel"(K)}Vs € 2,n—N. (6.14)

B (6.13), (6.14) uMeeM OUYEBHIHYIO aHAJIOTHIO
c (6.4), (6.5). ITomy4mm peKyppeHTHYIO TPOIICTY- MBI BBOMM Dj £ {(x, ®):x €M *}; KpOMe TOro,
Py Sn-n = Gpoy-1 = = Gy lepexomm k. px s {(x,1,n = N):x € X°°}. Wrax, onpene-
MOCTPOCHHIO CJIOEB TPOCTPAHCTBA TIO3MIIMIL: BBE-

neHbl Kpaitnue ciaon. Ecrm s€1,n—N—-1 n
nem MHOokectBa Dy, Dy, ..., Dy _ . [lonaras, uro b ’

K € &5, To monaraem

M* 2 Ujernmi, MY, (6.15)
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J:K) 2 {j € Tn-N\KI{}UKE &1}, My [K] 2 Ujegao MO,
D:[K] £ {(x, K): x € M [K]} (6.16)

(B (6.16) pearmzyem nenouky J; (K) = M [K] - Dg[K] ). Torna
Dg £ Ugee; Dg[K]Vs € L,n—N —1; (6.17)

cornacHo [4, npemioxenuto 4.9.3]1 Dy # @ npu s € 0,n — N. Urak, (6.17) norudecku «moBTopsier (6.8).
[Tomo6HO (6.9):

(pry(2), K\ {j}) € D;_,Vs € 1,n — NV(x,K) € D;Vj € I'(K)Vz € MU, (6.18)
B (6.9) u (6.18) MbI MeeM (paKTUUECKH KOHKpET- MapuIpyToB H Tpaekropuil. Vcnomnp3ys oOruiue
HBIE CITOCOOBI TIPOIBMKEHUS B CIIOSIX IPOCTPAHCTBA cBoiicTBa mepecTtaHoBok [14, c. 87], oTmeTrum
MO3ULIMI YACTUYHBIX 33/1a4. nBa cienctBust (3.9): mpua € A uf € A,

7. Illpouenypsl ckjIeuBaHuA (KpaTKue
3aMeYaHu)

Hanomuum Hekotopsie nonoxenus [11, pas-
nmen 4], kacarommecs CKICHBAaHUS YaCTHYHBIX

((@ePr(Em) =a’(t, N)UN + 1,nvt € 1,N)&((a ° B)*(t,n) =

=B (t—N,n—N)DNVteN + 1,n); (7.1)
B cBs3u ¢ (7.1) em. (2.1), a Taxxe [11, (4.2), (4.3)]. [Tepexons kK BOmMpoCy O CKJIECHBAHHWH TPaCK-
Urtak, B (7.1) MBI yKa3biBaeM SIBHOE OMUCAHUE 00- Topuii, HartoMHuM (4.8); B cuty (4.7)

pazoB 1M, coneprkaruxcs B 1, n mipu JeHCTBUM HA
HUX CKJICCHHBIX MapIIPyTOB.

pr2(z(N)) € X°° vx € X° V(a,z) € D*[x]. (7.2)

Uraxk, ecau BeiOpano moboe AP (M, x)-3anaun, paznene 4 (MHOXecTBa Koprexed B X X X,

rae x € X%, To BTOpOH IeMEHT y/I, SBIsIHO- onpenenenusix Ha JJIWM O, N u 0,n — N cooTBet-

uica QUHUITHON TOYKOH TPAEKTOPUH JTaHHOTO crBenno). Torma npu z’' € 3 u z'’' € 3* onpe-

JIP, MOXeT MCIONb30BaThCS B KAYECTBE CTAPTA jensieM CKIeeHHbIH koprex z' O z' € 3 cie-
M,-3anaun. Haromuum onpenenenns 3° u 3* B AYIOIIMH YCIOBHSIMU:

(@ oz 22(tveed,N)&(@ Oz")(t) 22"t~ N)¥t € N + Ln). (7.3)

[Tpu stom (cm. [14, (4.5)]) cnipaBemIMBO ClemyO- x€X’a€A,BEA,Z €Zi[x] u z"E€
Ie€ OUYECBUHOE CBOWCTBO CKJICMBAEMOCTH: €CIIH Zg[pry(z'(N))], 10

2’ 02" € Za.4lx]. (7.4)
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B cBs3u ¢ [11, (4.6)] nonomaum (7.4) mone3HbIM
CBOMCTBOM CY)KE€HUI TPAaEeKTOPHUI, COrJTACOBaHHBIX
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CO CKJIEEHHBIMH MapumpyTamu: npu x € XO,
a E cﬂl,ﬁ E c/qz )41 (Zt)teo,_ll E Zaoﬁ[x]

(2)eon € Zalx]; (7.5)

¢ yaetom (7.2) u (7.5) umeem oueBuaHOE cieacteue [11, (4.7)]: mpu ycnoBusix, odecneurBaronux (7.5),

pra(zy) € X°°. (7.6)

Hakoner, emie ofyH BapHaHT Cy>KEHHS «COBOKYTI-
HBIX» Tpaekropud ykasaH B [11, (4.8)]: mpu

x €X% a €Ay, B E A, u(2)con € ZaoplX] 1
(z{) tcom=n € 3" UCTMHHA UMILTUKAIHS

<(z$ 2 (pry(zy), prs (ZN))) &(zf & z;yy VL E Lrl——N)) =
= (20 ceom=w € Zslprz(zw)]); (1.7)

B (7.7) HEsIBHO TOBOPHTCS O CY)KEHHUH TPACKTOPHU
(zt)¢cgm Ha M N + 1, n. Teneps, koMOuHUpYs
(3.9) u (7.4), MBI TIOTTy4aeM CBOMCTBO pa3ieibHOM
cknemBaeMoct  JIP: ecrm (a,y) € D[x] m

(B,z) € D*[pry(y(N))], 1o [11, (4.9)]
(a0 B,y Oz) € D[x]. (7.8)

CgoiicTBo (7.8) UrpaeT OCHOBHYIO poJib B 000C-
HOBAHUSAX TEOPETHYECKUX ITOJIOKEHU, 00ecnedn-
BAIOIINX KOMITO3UIIHOHHYIO ONTUMAIBHOCTh aJIro-
put™Ma 1-9 paznena 5. B HacTosiiiem uccie1oBaHum
MBI COBCEM KpaTKO KOCHEMCSl ITHX IOJIOKEHUH,
NPUICPKUBASICh  «aJITOPUTMHYECKOT0» BapHaHTa
U3JIO’KEHHS MaTepuaa.

8. lmHaMuYecKoe NpOrpaMMHpOBaHKe,
2: 3apa4a MapmIpyTH3allUH €
aJIMTUBHBIM KpUTEpHEM

Paccmotpum (6071ee mpocTyio B TOTHYECKOM
OTHOILLIEHUHU) 3a1auy (3.24). OAHO U3 mpaKTUde-
CKMX NPUMEHEHUI JaHHOM MOCTAHOBKH MOKET
OBITh TUIIOTETHYECKHU CBS3aHO C 3a/adeil aBHa-
MOXapHOTO mnarpysupoBanusi, korma bBIIJIA
JIOJKEH TI0 BO3MOXXHOCTH OBICTpee ocylile-
CTBUTH 0030p JIECHBIX MAaCCUBOB C II€JIbIO OIepa-
TUBHOTO TOJTy4YeHUS HHPOPMAITUH O BO3MOKHBIX
BO3TOpaHUSAX AJIsi TOro, YTOOBl HANpPaBUTH IS
TYHIEHUS TOCIEAHUX JIECAHTHUKOB M, BO3MOXK-

HO, HEOOXOIUMYIO TEXHHKY. Meramnoiauchsl, CBs-
3aHHBIC C JIeCaMU, MOXKHO pacCMaTpuBaTh B Ka-
YeCcTBE MUCKPETH3AIMI MOCIEIHUX, IPUUYEM BbI-
MOJIHEHHBIX TaK, YTOOBI MPHU TOCEIICHUH BCEX
«ropooB» (3TO TOYKH JIECHOTO MacCHBa, YyKa-
3aHHBIE 3apaHee) Merarnojuca ¢ HCIOIb30BaHU-
eM OOPTOBBIX CPENICTB HAOIIOIEHUS MOXKHO OBI-
710 OBI OZTHO3HAYHO OTBETUTH HA BOIPOC, ECTh JIH
BO3rOpaHHe WU HeT (OrpaHMYuMCs ceiuac Ta-
KOH YTNpOILEHHOW MMOCTaHOBKOM). MbI nosiaraem
JUTSL TIPOCTOTHI, YTO HAOOP JIECOB BHIOpPAH TaKHM,
YTO OrPAaHUYCHUSMH PECYpCHOTO XapakTepa
MOXXHO TIpeHeOpeub. BHyTpeHHHne paboThl, CBA-
3aHHBIE C TOCEIIEHUEM Ka)XJOoro JIECHOrO0 Mac-
CHUBa, OIICHHBAaeM BpeMeHeM 00JieTa BCeX «ropo-
JIOB» MEramnoJjiuca, 4YTo Npu MOCTOSIHHOM CKOpO-
CTH JIB)KEHUSI MOXKET OBbITh CBEJIEHO K CyMMap-
HOMY paccTosiHuio. B pesynbrare BHYTpeHHUE
paboThl BCAKHII pa3 OLIEHUWBAIOTCS 3HAYECHUEM
BO3HMKAIOIEH METPUYECKOM 3a4a4d KOMMMBO-
sokepa. [lpu 3TOM MyHKT NpuOBITUS U MYHKT OT-
MPABJICHUSI U3 METAIOoJIMCa BEIOMPAIOTCS MPOU3-
BOJIbHO, TO €CTb MOXHO TIOjarath, 4YTO

Pasymeercs, [naHHas MOJENb  SBISETCS
YIIPOIIECHHOM, HO MbI € OrpAaHUYUMCS ceiyac 1
nepeiieM K pacCMOTPEHHUI0 00IIel TOCTaHOBKU
«annutuBHOW» 3amaun (cMm. (3.24)). Mbl umeeM
Opy »HSTOM B BHUAY, UYTO YK€ IIPOBEJICHA
(M, M,)-neKoMIO3UIIMST OCHOBHOM 33a4uu, 4TO
MOXET OBITh CBSI3aHO C OIIMYTUMON pa3MepHO-
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CTBIO TIOCTIEAHEH OO0 ¢ HEOOXOJUMOCTBIO TIep-
BOOYEPETHOTO IMOCEUICHUsT Haubojee MoKapo-
OTACHBIX PaiilOHOB (HampUMep, TEX JIECHBIX Mac-
CHUBOB, B KOTOPBIX IOXapbl MOTYT YIPOXKaTh
HACEJICHHBIM MyHKTaM).

Urak, pu x € X° umeem 3amauy (3.21); go-
MycKas BO3MOXHOCTh ONTHMH3AIUM  TOYKHU
cTapra X, Mbl TMPUXOJUM K OCHOBHOW 3agaue
(3.24). B unTEepecax pemieHHs TOCIeTHEH HC-
nosik3yeM yacTuuHble 3amgaun (4.18), (4.29) u
(4.32). BaxxHyo poJib 3/1eCh UTPAIOT TIOJIOKCHUS
[11, paznen 5]. Tak, cormacuo [11, mpemioxe-
mue 2] mpu x € X° umeem pasenctso V7 [x] =
V[x] sxcTpemymOB mpeaBapsiomieii ¥ OCHOBHO
3aJa4 CO CTapTOM B X. DTO CBOMCTBO, B CBOIO
ouepenp, mocTaBnser paseHctBo VO[] = V]
[14, (5.28)] cooTBeTcTByIOmMUX (PYHKIIUH 3KC-

Vol. 29, No. 01, 2026

TpeMyMma, 3agaHHbix Ha X%, 3mech (yHKImA
V5[] onpenensiercs noao6Ho (4.24), a NMEHHO

Vi1 & (VD) 0 € Re[X]. (8.1

W3 nanHoro paBeHCTBa (YHKIUH SKCTpeMyMa
BeITekaer, uto V° =V [11, (5.29)]. Ormerum,
HAKOHEI, PaBEHCTBO HKCTPEMAIbHBIX MHOXECTB
ijt = X(?pt B [11, (5.30)]. aHHBIC TOJIOXKEHUS,
ykazanuele B [11], ucnoms3yem Hike 0e3 J0-
MOJTHUTENIbHBIX MOSCHEHUN (KII0YEeBYIO POJb B
ux o0ocHoBaHUM urpaert (4.25)).

PaccmoTtpuMm mmar 3 anroputma pasnena S,
UCIIONIB3YSl ONIpeleeHus paszznena 6 u ciemys
[11, pa3znen 6]. Tounee, Mbl yKaxkeM NpPOUEAYPY
NOCTPOCHUS (QYHKITHIA

vy € Ry [Dgl,vi € Ry[D1], .., vp—n € Ri[Dp_n], (8.2)

UMEHyeMBbIX citosiMu (yHkimu bernmana M, -3amaun. Utak, vy € R, [Dg] onpenernsiem yCIoBHIMU

vi(x, ) 2 f(x) Vx € M*; (8.3)

cm. (6.15). Eciu xe s € 1,n— N u ¢dyukuus v;_, € R, [D;_;] yxe moctpoena, o vy € R, [D;g]

omnpenensieM, yautbiBas (6.18), mo npasuty

vs(x,K) £ min_ min [c*(x, pri(2),K) + cj(z, K) +vi_i(pry(2),K \ {j})]v(x, K) € D;. (8.4)

Jer(K) zem®

[Tocpenctom (8.3), (8.4) onpeneneHa peKyppeHTHas Ipoleaypa

v8—>vf—>

S VLN, (8.5)

It KOTOpOoit v_y € R, [Dh_y] peanmsyer (cm. [14, (6.3)]) dyHKIHIO 9KCcTpeMyMa (DHHAIBHOMN 3a/1a-

YY [0 IPABUITY

V*[x] = vi_y(x,1,n — N)Vx € X°0; 8.6
n—N

rpy6o roBops, (8.5) mepeBoaUT TEPMHUHAIBHYIO
dyskmmo f B Tpebyemyro dymkmmio V*[x]
(4.24). Ucnonwsszys (4.25), momydaeM TepMHU-

HaJIbHYI0 KOMIIOHEHTY KpHUTEpHUs MNpeaBapsto-
men 3axadd. Temepp Haled UEIbIO SBISAETCS
MOCTPOEHUE CIIOEB

vg € Ry[Dg| vi € Ry [Df], ..., vy € Ry [Dy] (8.7)

dynxuuu bennvana M) -3anaun. Yuutsisas (6.6) u (8.6), onpenensem v € R+[D§] IIPaBUIIOM
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ve(x,0) 2 vi_y(x,1,n — N) = V*[x] Vx € X°C. (8.8)

Jlanee, ecmu s € 1, N u dyHKuus vi_; € R+[D_f_1] yKe TIOCTpOeHa, TO Vg € R+[D§] ompenesieM
CJICAYIOIIUM MPABHIIOM (YUUThIBatOmUM (6.9)):

vé(x,K) 2 min min[c®(x, pry(2),K) + Cf (z,K) + vi_1(pry(2), K \ §P]|V(x, K) € D;. (8.9)

JEP (K)2EM;
[Tomyunnu pekyppeHTHYIO POLETypy 30BaTh B Ka)XJIOW W3 YAaCTUYHBIX 3a7au PEXKUM
IOCTPOEHHUSI C MEpe3anuchio C€lI0eB (yHKUUN
L N (8.10) bennmana [22, 3ameuanue 2.1] ¢ 1eib0 3KOHO-

MHH PECYPCOB IIaMITH.
vy € R, [Dg] peanusyer (cm. [14, (6.5)]) dbynk-
LMIO SKCTPEMyMa IIPEABAPSIOIIEH 3a1aun: 9. OnTuMaJdbHBIH KOMIIO3UITHOHHBIH
L MapUIPYTHBIN MPOLECC B 3a/1a4e
vy, LN) =Vi[x]vx €X%  (8.11) ¢ aggMTHBHBIM KpHTEpHEM

B (8.11) yuurtbiBaem (6.6). WUrak, mpouenypa
(8.10) nepeoaut v;_y B V[-]. Tem campim pe-
aTM3yeTCs IIar 6 Halero ajiropuTMa B «aju-
TUBHOM» CJIydae; JCHCTBHUTENIBHO, pacrojarasi

Ceityac MBI IPOJOIKUM PabOTy C MPOLEAY-
pamu (8.5), (8.10), umess KOHEUHOH LIENBIO pea-
Tu3anMio mara 9 amropurma pasupena 5. 9To
npejronaracT, KOHEYHO, MpeaBapsrolee Io-

Gymxupeii V°[-], MBI MOKeM BOCIOIB3OBATHCA CTPOCHHE ONTHMAIILHBIX PEIICHHI B YaCTUYHBIX
cooTHOWCHUAMH (4.33), (4.34). 3aja4ax, 4To OBLIO OTMEYEHO MPH ONHUCAHUH

Jlanee, yunThIBas OTOBOPEHHYIO paHee CBA3h  yyarop 7, 8. 31eCh MBI [OJIAraeM, 9To Bee (yHK-
(yHKUHMiT SKCTpeMyMa OCHOBHOM M MpeiBa- man (8.2), (8.7) MOCTpOCHBI W HAXOIATCS B
psiolLei 3a/1a4, a TaKKe COOTBETCTBYIOMINX IKC- HAllleM pAacHoOpsDKEHUM (TOYHEe, HAXOAATCS B
TpeManbHbIX /M X, Mbl Haxomum V[], V u X(?pt NamMsTH  BBIYUCHUTENS). 3HAasT  MHOXECTBO
(3mech, pasymeeTcs, Haa0 HUMETh B BHIY, YTO X(?pt =X§pt, BBIOHMpaeM pou3BoJILHO X° € X(?pt,

MHOK€eCTBO (4.34) 1erko HaXOAUTCS MO WU3BECT-
HO# yxe ¢ynkuun Vo[-]). TloguepkHeM, 9To TIpH

Haxoxaenuu V||,V u X(?pt MBI MOYKEM HCIIOb-

nonyyas [11, (6.7)] uenouky paBeHCTB

v(x,TN) = min min[e’(x",pra(2), TN) + ¢ (2 LN) + i (pra@), TN\ G1)), O.1)

riue (prz(z),l,_N \ {]}) €EDy_,apuj EIF(L,N)uze M B cuny (6.9). Bmecte ¢ Tem (cM. paszen 8)

uMeeM 110 Be6opy x°, uto x° € X° . u npu sTOM
op

t
V =V =V [x] = V[x°] = vy (x% 1,N). 9.2)
C yaerom (9.1) u (9.2) BeiGupaem &; € I*(1,N) n y; € M, u3 ycnosus

V= Cu(xo’ pr1(3’1)»1'_N) + 0?1 (}’1»1._1\/) + 171?1—1(131’2 (J’1).1,_N \ {51}); 9.3)

75



HayyHbiin BectHuk MITY TA

Tom 29, Ne 01, 2026

Civil Aviation High Technologies

Vol. 29, No. 01, 2026

nonyyas Takke Braouernns (pry(yy), 1, N \ {€;}) € Dy_;. C ydeToM 5TOro paccMoTpHM TpesicTaBIie-

e vy_q (pry(vy), 1,N\ {& }). C yuetom (8.9) nomyuaem paBeHCTBO

VN1 (prz 1), LN\ {51}) = min

o _
O [c*(pro(1), pra(2), TN \ (&1}) +

+¢/ (2,1, N\ {&,}) + vi_2(pra(2), LN\ &1;13)],

(9.4)

rne (prz(Z),l,_N\ {51;1}) = (prz(z), (L_N \ {51}) \ {]}) € Dy_, Tipu j € Ih(l,_N\ {51}) uz € M.
C yuerom (9.4) BeiOupaem &, € l“(l,_N \{&})mny, € M, Tak, ato

vy (pr; (1), L,N\ {&1}) = *(pro(n), pri (), 1L,N \ (&) +

¢z, (2 TN\ (63) + v (pr2 ), TN\ {613.623), ©-3)
nonyyas taxke Brmouerne (pry(y,), 1, N \ {15 &,}) € Dy_,. U3 (9.3), (9.5) momyuaem, uto
V= c*(x%pr;(y1), LN) + ¢* (pro(y1), pri (v2), LN \ {&:}) +
+c£, (7 TN) + ¢, (72, TN\ 6}) + w2 (pr202), TN (615 623). (9.6)
Tonaraem faree, 4To Yo £ (x°,x°). Toraa pry (yo) = pra (o) = x° 1 cornaco (9.6)
V=32 [ (pro(e-0), pri(ve), LN\ {&:s € Lt — 1}) + 0

+el, (TN (&5 € T 1))] + via (pro(v2), TN\ &5 € 12).

anee oneparun, momo6Hsie (9.3) u (9.5), cnenyer
MNpoaoJKaTh BIUIOTH A0 HCUCPIIAHUA HWHIACKCHOI'O

MHOXecTBa 1, N; B pesysbTate OyayT HOCTPOEHBI
E = (Ei)iel,_N € cAl un'y = (yi)l'EO,_N € Z; [xO]
CO CBOMCTBOM

Cilyl =V 9.8)

(mpu N = 2 paBeHcTBO (9.8) HEemocpeaCTBEHHO
cnenyet u3 (4.25), (4.28), (8.8) u (9.7)). B cBs3u
¢ moApoOHOCTAIMU B 4vacTu npoBepku (9.8) B
obmem ciyuae cM. [23, §7]. U3 cBoiicTB, oTMe-
YeHHbIX B pazjene 8§, JEerko cjiaeayer, 4YTo

V*[x°°] = min  min
jer*(1,n—N)zeMmW)

+¢/(z,1,n— N) + vy 1 (pr2(2), L,n — N\ {j})],

(£,y) € (sol)?[x°]. Utak, MBI HOCTPOMIH MOJI-
HOE PelleHUE MPeABAPSIONIE 3a1a91 Ha OCHOBE

AT
[MpuctynuM K aHAJIOTUYHOMY IOCTPOCHHIO
Ui GUHATBHOH 3a1a4H, QUKCUPYS

x%0 £ pry(y(N)) = prp(yy) € X°° (9.9)

(cM. (4.8)). TIpu stom (x°°,1,n— N) € D;_y;
cM. (9.9) u onpenenenus pazgena 6. C ydetom
(8.6) V*[x°] = v;_y(x°,1,n — N), a noromy
cornacHo (8.4)

[c*(x%,pry(2),1,n—N) +

(9.10)

rue (prz(z), 1L,n—N\ {j}) ED;_y_,mpuj€I*(1,n—N) uz€ MYPD. C yuerom (9.10) BrIGupaem

ni €EI'(L,n — N) u y; € M7 u3 ycnopus
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7*[x°°] = ¢*(x%, pr; (1), Ln — N) +
+cp, (371; Ln— N) + vs—N—1(pr2(}A’1); Ln—-N\ {771}); (9.11)

npuuem (pry(9;),1,n— N\ {n;}) € Dj_y_;, tien — N — 1 > 1. Teneps MbI nMeeM coracHo (8.4)
PaBEHCTBO

Ur*n—N—1(pr2 1), L,n =N\ {771}) = jel*(g——ig\{nl})zglw}lg) [c*(pr2 (1), pr1(z),1,n =N\ {771})
+Cj*(Z» Ln—N\ {771}) + U;—N—z(prz (2),Ln—N\ {771;1})]» (9.12)

rae (prz(z), Ln—N\ {Ulif}) = (prz(z), (1: n—N\ {771}) \ {]}) €Dy_n— Tpu j € I*(L n—N\
{n1}) u z€ MY (cm. (6.18)). C yuerom (9.12) BbiGupaem 1, € I'(L,n — N \ {Th}) 1 P, € MO2) u3
YCIOBUSI

U;—N—1(pr2(§’1)' Ln—N\ {771}) = C*(prz (J1), pry (}A’z)»l.n——N \ {771}) +
+c5,(2, Ln =N\ (n:}) + vp_y_2(pr2(2), Ln = N\ {n3;m23); (9.13)

00

npu 31oM, koreuro, (pry(9;), 1, n — N \ {1;1,}) € D;;_y_,. Honaraem, uto P, 2 (x°°,x°); torna B

cuny (9.11) u (9.13) nomyuaem, 4to

V*[XOO] = Z%=1 [C*(prz(}A’t—ﬂ,prl(}A’t)’ Ln—N\ {77535 elt— 1}) +_
+c,’f,t(3“1t, 1,n—N\ {ns:s el t— 1})] + v;_N_z(prz(j/Z), 1L,n—N\ {775: S €E 1,2}). (9.14)

Hanee oneparmu, nmomo6Hbie (9.11), (9.13), crexyer mpomoibkaTh BIUIOTH J0 Mcyepranus 1,n — N, B pe-
3yJIBTaTe Yero OyayT MOCTPOCHBI

N2 M)ictazy € A2 Y 2 O icon=y € Z[x°°]
CO CJIEAYIOUIMM CO CBOMCTBOM:
G [y] = V*[x°]

(mpu N = n — 2 mnocnenHee paBeHCTBO JieTko u3Biekaercs u3 (9.14)). U3 (4.20) BbiTekaer, 4To
(1, ¥) € (sol)*[x°°]. Takum o6pa3oM, B HalIEM IOCTPOCHUH

x° € Xgpe (€,y) € (sol)*[x°]; (9.15)
x°0 = pry(y(N)), (0, ¥) € (sol)*[x°°]. (9.16)

C yuerom (9.15), (9.16) u [11, (5.24)] nomydaem paBeH- unin paBeHcTBO G,y [y O ¥] = V. Toraa, xonb
cro Cp,, [y O y] = V[x°], toe V°[x°] = V[x°] ckopo (cM. (3.13))

(cM. paznen 8). Kpome Toro, u3 (4.20), (4.31), (7.8)

1 (9.15) cnenyer, uto (€ o,y O §) € D[x°], rne (onyOyx°) €D,

x% € X(?pt u, kak ciencrsue, V[x°] = V. Iony-
uMeeM B cwity (3.26) OKOHYATEIHHOE BKIIIOYE-
HHUC
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(§on,yOy,x° € SOL. (9.17)

HWrtak, KOMHOO3UIIMOHHO ONTHMalbHBIN MII
MOCTPOEH MOCPEICTBOM CKJICUBAHUS ONTHUMAIb-
HbIX JIP B 4aCTUYHBIX 3aJa4ax.

10. IIpumep (mocTaHoBKa
¢ AJYIMTUBHBIM KPUTEPHEM)

bynem paccmarpuBaTh HMXKE IPOCTEUILIHN
NpuMep, OpPUEHTHPOBaHHBIM Ha 3amauy AIlIIl
(cMm. obcyxnenue B pasnene 8). B xagectBe X
Oyznem ucrnonb3oBath miockocTs: X = R X R. B
KadecTBe Touek X Oy/eM paccMaTpuBarTh a’po-
JIPOMBI JTMOO TUIOIIAIKH, C KOTOPBIX BO3MOXKEH
CTapT OECNUIOTHBIX aBUAIMOHHBIX CPEICTB
(BAC). Meranonucel onpenenstoTcs: B BUAE KO-
HEYHBIX I/M JIECHBIX MAacCHUBOB, MOJUIEKAIIUX
MoHHUTOpUHTY. Kak yke oTmedasnock, npearnoia-
raercs, 4To KakKIblil M3 MEramoJjucOB JOCTaTo-
YeH C TOYKU 3PEHHs BO3MOKHOCTEW HaOmroze-
HUs1 OOPTOBBIMHU CPEICTBAMH AJISI OJTHO3HAUYHOTO
OTBETAa Ha BOINPOC, €CTh JIN BO3rOpaHHE B JaH-
HOM JIECYy WJIM HET. DTO 0OCTOATENbCTBO OIpe-
JensieT crneuu(uky BHYTPEHHUX padoT: HaMm
cleqlyeT CKopeHmM oOpa3oM MOCETHTh BCE To-
pola Meramosmca, TO €CTh, IO CYIIECTBY, pe-
IINTh BHYTPEHHIOK 3aJady KOMMMBOSIKEDA
(3K). Ilpu 3TOM IyHKTHI NPUOBITUS U OTIIpABIIE-
HUs (A7 JAaHHOTO Meramojuca) MOryT B Ipo-
cTeilleM ciayyae BbIOMPAThCS IPOU3BOJIBHO, YTO
cootBeTcTBYyeT ciydato M; = M; X M; npu
jEl,_n. B stom ciyuyae mpu x € M; u y € M;
MBI JOJKHBI permuTh 3K, B KOTOpOii ocTaBuIecs
ropoJa JOJKHBI IOCJIEI0BATENBHO MOCEIAThCS.
[IpenmosnaraeM Mpu 3TOM, 4YTO pPa3MEpPHOCThb
KQKIOro Meramnojuca JOCTaTOYHO MaJla; 3TO
MO3BOJIIET pPELIaTh BCSKUN pa3 BO3HUKAIOIIYIO
3K 3a npuemiemoe BpeMs, NPUMEHSSA anmnapar
Ha ocHoBe /III. B paccmarpuBaemom 31ech Mo-
JIENBHOM TIpUMEpE IPEAINONaraeTcsi, 4YTo 3aBH-
cumocth ®C OT cnucka 3aJlaHuil OTCYTCTBYET;

Vol. 29, No. 01, 2026

3Hauenuss PCcy, ..., c, ONPENENAIOTCS BCIKUN
pa3 3KCTpeMyMaMH COOTBETCTBYIOIIEH «BHYT-
pennei» 3K. BHemHue nepeMelieHust OlEHU-
BAIOTCSl BpEMEHAMHU COOTBETCTBYIOIIMX TEpelie-
ToB. Bmpouem, mnpeamnonarasi, 4TO JIBH)KEHHE
BAC ocymectBisiercs: ¢ GUKCUPOBAHHOW CKOPO-
CTBhIO0, MOXHO nojararb, yto ®C onpenenstorcs
EBKJIMJIOBBIMU PACCTOSIHUSIMU, YTO TIO3BOJISET
paccMaTpuBaTh METPUYECKYIO 3a/1ady (ONTHMHU-
3aIlMI0  CYMMapHOTO pAacCTOSIHUSA). Y CIOBUSA
MPEAIIECTBOBAHUS OMPEACIAIOTCS TMPUOPUTET-
HOCTBIO TIOCEIICHHUS Hanbosee MOoXapoOomacHbIX
paiioHOB, HalpaBJICHUEM BETpa U IPYrUMH (ak-
TOpaMH, JEHUCTBYIOIIUMHU B JAHHOW MECTHOCTH.
B nacrosimem pazgene Mbl He OyJeM paccmart-
pYBaTh KOMIIO3UIIMOHHBIE PEIICHHS, a COCPEO-
TounMCsl Ha mpumepe 3anaun (3.32), ocinoxKHEeH-
HOM, OJHAKO, OTPaHUYCHHUSIMHU TMPEAIIEeCTBOBA-
HUS C TeM, 4YTOOBI MPOWUTIOCTPUPOBATH BO3-
MOXHOCTH onTtumu3anuu Ha ocHoBe [III B gyxe
KOHCTpPYKUUH, Bocxomsmmx kK [4, §4.9]. D10
MpearnojgaraeT, KOHEYHO, YMEPEHHYIO pa3Mmep-
HOCTh OCHOBHOMW 3ajauu. B paccmarpuBaemom
npuMepe Pa3MEpPHOCTh SIBISIETCA BEChbMa OILy-
TUMOM, YTO MPUBOAUT K OONBIIOMY BpPEMEHH
cyera.

Wrak, OyneMm cuuTaTh, 4YTO METANOIKUCHI TO-
CTPOCHBI C YUYETOM BBIIICYIOMSIHYTBIX COOOpa-
JKEHUI OCTaTOYHOCTU B YaCTU (PUKCAIIUU BO3-
MOXHBIX BO3ropaHuil. [loatomy camm necHsble
MacCHUBBl celyac HE paccMaTpUBAaEeM, OIPAHH-
yuMcs Meranonucamu. Jlanee, mosaraem, 4To
TePMHUHANIbHAS KOMIIOHEHTa Kputepus (PpyHK-
ust f) TOXKIECTBEHHO paBHA HYJIIO, YTO OTBEYa-
€T COJEpP>KaTeNbHO OTCYTCTBHIO TpeOOBaHHS O
(UHaTFHOM MEPEMEIICHUH B KaKy0-TH00 Hare-
pel 3aJaHHYI0 TOUKY.

[Tomaraem B mpumepe, urto n = 35. Ilpu
jEl,_n nMeeM |Mj| =10 u Mj = Mj ><Mj.
Ornucanue MerarnojucoB HE MPUBOJUTCA IO CO-
obpaxenussMm oobema. Wrak, umeem 35 necsaru-
5J€MEHTHBIX Meranojiucos. MHuoxectso X° Ta-
KoBo, uTo |X°| = 12; oHO MMeeT Bu

X° = {(30,-55); (0,0); (90,5); (=5, —60); (120,40); (70, —100);
(115,—95); (—80,75); (25, —100); (—70, —85); (40,0); (40,75)},
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mobast Touka X° MoxeT MCIonb30BaThes B Ka-
4eCcTBE CTApTOBOW. 3HaueHUS PYHKIHIA Cq, ..., Cy
OTPEENAIOTCS IKCTPEMyMaMu BHYTPEHHUX 3a-
Jlad KOMMHUBOSDKEpA, TJI€ CTOMMOCTh IepeMelie-
HUH MEXIy TOpOoAaMH 3a/JaeTcsi E€BKIIMIOBBIM
pPacCTOSTHUEM MEX]y IUIOCKUMU BEKTOPaMH.
[Tonaraem, 4TO COBOKYIIHBIE YCJIOBHS MpeJlie-
CTBOBaHMs B M -3a7jaue 3aJal0TCs MHOYKECTBOM,
coaepxanum 49 anpecHbix y/m. OnTUMaTbHBINA
pesyabTar 2894,40356445313. BriOpana (onTu-
ManpHas) Touka ctapta (120,40). Bpems cuera
29 4 24 muH 49 c.

Takum oOGpa3om, moctpoeHus: Ha ocHoBe JII1
B nyxe [4, § 4.9] TpeOyIoT 60NBIINX BPEMEHHBIX
3arpar. B cBsi3u ¢ 3TUM BO BTOpO# yactu Oyner
paccMOTpEeH BapHaHT PEUICHUs aJIUTUBHON 3a-
a4y C BbIAEJICHUEM, TpeaBapsomei u GpruHaib-
HOM 337124, B KOTOPOM OOBEKTOM HAIIETO HCCIe-
noBaHus OyneT komno3uimoHHbei MIT (cm. Tak-
JKe paznenst 8, 9).

[Ipumenenue anmapara /Il kak pa3BuTus
nozaxoja [7] mo3BoJIMIIO K HACTOALEMY BPEMEHU
CYILIECTBEHHO MPOJBUHYTHCS B BOIIPOCAX perie-
HUS TIPUKIATHBIX 3a/a4, JUIsl KOTOPHIX paHee
JTOMHHHUPOBAJIM 3BPUCTUKU. Takass cuTyauus
MMeJla MECTO, B YaCTHOCTH, B Ciyyae 3ajad
MapIIpyTHU3allUY, CBSI3aHHBIX C JIMCTOBOM pe3-
Koi. OTMeTUM psj HCCIENO0BaHUM B 3TOM
HanpasieHuu [24-34]. B 1o ke Bpems B Ipo-
1ecce MCCIEeNOBaHMs 3a7ady MaplIpyTH3ALUU
BXXHYIO POJb HUIpaloT (QyHIaMEHTAJbHBIE HC-
caenpoBanus [9, 31, 32, 35]. Bce 3T0 nmoguepku-
BaeT HEOOXOJWMOCTb B TOCTPOEHUH CTPOroin
MaTeMaTUYeCKOW TEOpUH, KOTOpasl JIOMOJIHSIIA
OBl IBPUCTUYECKUE METObI, IIUPOKO HCIOJIb3Y-
eMbIC TIPH PEIICHUU MPAKTHYECKUX 3a7ad.
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MeToauku OonpeaACICHUSA /KECTKOCTHBIX XaPaKTCPUCTUK JIONIACTH
HECYILIECIo BUHTA BEPTOJIECTA HA 0a3e BLIYHCJIUTEIbHOIO IKCIICPUMCHTA

M.B. Kapraes"?, U1.C. Costonm108°
"Mockosckuii asuayuonnwiii uHCmumym (HayuoHAIbLHLIU UCCIe008AMENbCKULL
yHugepcumem), . Mockea, Poccus
ZHaL;uOHaﬂbelﬁ yeump eepmonemocmpoerus um. M.JI. Muna u H.Y. Kamosa,
Tomunurno, Poccus

AHHOTauMst: B CBSI3M ¢ NIMPOKUM HCIIONB30BaHUEM KOMIIO3UIIMOHHBIX MaTepUaioB B KOHCTPYKIIMSIX JIOTIACTEH HECYIIero BUHTa
(JIHB) BepToneToB HEOOXOIUMO YIEIATh 0CO00€ BHUMAaHHE KOHTPOJIO TMONYYAEMBIX JKECTKOCTHBIX XapaKTEPHUCTHK Ha BCEX
JTanax ux pa3pa60T1<1/1 1 SKCIUTyaTaluyu. H3BecTHBIE OKCTICPUMCHTAJIbHBIC METO/IbI KOHTPOJIA UMCIOT NPUCYIINE UM OTPaHUYCHUSA
M MOTYT OBITh NCIIOJIb30BaHBI TOJIBKO HA MO3IHMX 3Tanax pa3paboTKy JomacTell, a Takke Ha 3Tare MX CEpUHOrO MPOU3BOJCTBA.
B Hacrosimeit paborte mnpemiaratoTcsi METOAMKU OIpPEIETCHUS] JKECTKOCTHBIX XapaKTepPUCTUK KOMIIO3MTHOM JIONAcTH 110
pe3ynbTaTaM BBIYHCIMTENBHOTO 3KCIIEPHMEHTa, BBINOMHAEMOTOo Ha 0a3e MeroJa KOHEYHBIX SJIEMEHTOB B IIOAMOIYJIE
MSC.Laminate Modeler BbrancimrensHoro komiuiekca MSC.Patran/Nastran, 1 unciieHHO# 00pabOTKH HOTy4eHHBIX e opMaruii
MOJIETIFHOW JIOIACTH, TIPUTOIHBIE JUIS MCTIOJIB30BAHMS TAKKE M Ha 3Talax MPOEKTUPOBaHMS W OTpaboTkn KoHCTpykiwmu JIHB.
Yucnennasi 0OpaboTKa pe3ysibTaToB BBIMOJHSAETCS 10 COOTHOIISHUSIM, MOJIyYeHHBIM B Pe3yJbTaTe IMepexosia OT HMCXOIHBIX
ypaBHEHMH W3ruba M KpydeHHs KOHCOJIBHO 3aKPEIUICHHOW OanKM MEpeMEHHOTO CEeYeHWs], MOACIMPYIOIEH JIomacTb, K HX
JIWICKPETHOM MaTpUYHOH 3amucy. [t 4ero mo JIMHE JIONAcTH BBIOMPAIOTCs pacueTHBIE CEUCHHs, KOJIMYECTBO U PACIIOIOXKEHUE
KOTOPBIX 3aBUCUT OT OCOOEHHOCTEH ee KOHCTPYKIMH. [Ipy 3TOM 3HAUEHMS! CTapIINX NMPOU3BOIHBIX (KPHBH3HBI M OTHOCHTEIILHOTO
yIiia 3aKpy4MBaHMS), BXOJAIIMX B yKA3aHHbIC yPaBHEHHS, BBIYHCIAIOTCSA 1O (hOpMyiaM, MPEACTABISIONINM HX Pa3HOCTHBIC
anmpokcuManin. [IpeuioxkeHHbIe METOIMKY arpoOHpOBaHbl Ha KOHEWHO-3eMeHTHOH Mozenmu JIHB Bepronera trma Mu-34.
ITosmy4eHs! OLIEHKN Ka4eCTBA COBIAJICHHS PACUETHBIX M SKCIIEPUMEHTAIBHBIX KECTKOCTHBIX XapAKTEPUCTHUK.

KinoueBble ciioBa: BEPTOJIET, JIONACTh HECYLICrO BHHTA, BBIYUCIIATEIILHBIN OKCIICPUMEHT, KOHCYHO-DJIEMCHTHAsA MOICIIb,
KOMIIO3UITUOHHBIC MATCPUAJIbL, JKECTKOCTD.

Jst mutupoBanmsi: Kapraes M.B., Conommnos U.C. Meroanku omnpeieieHrs )KeCTKOCTHBIX XapaKTEPHUCTHUK JIOTIACTH HECYILIETO
BUHTa BepTosieTa Ha 0asze BBIYMCIMTENBHOTO dKcriepumenTa // Hayunwiii Bectouk MI'TY T'A. 2026. T. 29, Ne 1. C. 84-96.
DOI: 10.26467/2079-0619-2026-29-1-84-96

Methods for determining the stiffness properties
of a helicopter main rotor blade based on computational experiments

M.V. Kargaev'?, LS. Solodilov’
"Moscow Aviation Institute (National Research University), Moscow, Russia
’National Helicopter Center Mil&Kamov, Tomilino, Russia

Abstract: Due to the widespread use of composite materials in the designs of helicopter main rotor blades (MRB), special attention
should be paid to monitoring the obtained stiffness characteristics at all stages of their development and operation. The available
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experimental control methods have inherent limitations and can only be used at the late stages of blade development, as well as at
the stage of mass production. This paper proposes the methods for determining the stiffness properties of a composite blade based
on the results of a computational experiment, performed on the basis of the finite element method (FEM) in the MSC.Laminate
Modeler submodule of the MSC.Patran/Nastran computing complex and numerical processing of the obtained deformations of the
model blade suitable for use also during the design and development stages of the MRB. Numerical processing of the results is
performed according to the ratios obtained as a result of the transition from the initial equations of bending and torsion of a
cantilevered beam of variable cross-section, modeling the blade to their discrete matrix notation. For this purpose, the calculated
sections are selected based on the blade length, the number and location of which depend on the features of its design. In this case,
the values of the higher derivatives (curvature and relative twist angle) included in the specified equations are calculated by
formulas representing their difference approximations. The proposed methods have been tested on the FEM MRB of the Mil-34
(NATO reporting name: Hermit) helicopter. The estimates of the quality of the coincidence of the calculated and experimental
stiffness properties are obtained.

Key words: helicopter, main rotor blade, computational experiment, finite element model, composite materials, stiffness.
For citation: Kargacv, M.V., Solodilov, I.S. (2026). Methods for determining the stiffness properties of a helicopter main rotor

blade based on computational experiments. Civil Aviation High Technologies, vol. 29, no. 1, pp. 84-96. DOI: 10.26467/2079-
0619-2026-29-1-84-96

BBenenue ThI HECYILIEW CUCTEMBI HA 3€MJIE U B IIOJIETE, OT
BEJIMYMH KOTOPBIX 3aBUCUT UX PECYPC.

B KOHCTpYyKLMSAX COBPEMEHHBIX JIONIACTEN He- OKCIIEPUMEHTAIIBHOE ~ ONPEJICICHUE  JKECT-

CyLIEro BUHTA Bepronera [1] mmpoxo mpumeHs- KOCTHBIX XapaKTEPHUCTUK JIOMMACTH HE MOMKET

FOTCS KOMITO3HIIMOHHBIE MATEpHAlbl, OIarofaps OBITH BBHITIOJTHEHO HEMOCPEICTBEHHBIMHU H3MeEpe-
YeMy yJAeTCsl TOCTHTaTh X OOJBIINX PECYPCOB U HUSMHU M TPAIMIIMOHHO OCYILIECTBIACTCA C HC-
CPOKOB CITy>KObI B CPABHEHUHU C METAJUTMYECKUMHU TOJIB30BAHMEM KPHBH3HOMEpa M Iu(depeHiu-
JIoracTsaMu. M3BeCTHO, 9TO M M3ACHUI M3 KOM- aJpHOTO yriomepa [6, 7]. YKazaHHbIC CpeACTBa
MO3UIIUOHHBIX MAaTEepUaNOB HEOOXOIUM OCOOBIi A MCTOAWKM OIPCACIICHUA KCCTKOCTHBIX Xapak-
KOHTPOJIb CTAOMIBHOCTH MaCcCOBO-KECTKOCTHBIX H TEPUCTUK JIOMACTH HMCIOT MNPUCYIIHE HM IIO-
MPOYHOCTHBIX XapaKTepucTuk. B ocobeHHOCTH rpemrHocTd [8]. TOYHOCTH ONpENENeHUs KECT-
3TO BAKHO JTSl JIOMACTEH, SIBISIOIIMXCS 0C000 OT- KOCTHBIX XapaKTEPUCTUK 3HAYUTEIHbHO 3aBUCUT
BETCTBEHHBIMM arperaramu, pa3pyleHue KOTOPbIX OT PAaCCTOSHUI MEXy ONOpaMH KPHBH3HOMEpa
B MojieTe ¢ OOJBIION BEPOSTHOCTBIO MPUBOIHT K 1 1ubGbepeHIHaIbHOIO  yIIoMepa, BEIHYNHBL

katactpode [2]. KoHTposb 3a KeCTKOCTHBIMU Xa- KOTOPBIX ONpPENEIAIOT XapaKTCPHbIH ~pasMmep
PaKTEepUCTHKAMH JIONACTel, @ IMEHHO W3TMOHBIMHU ydacTKa JIONacTH, Ha KOTOPpOM HAaXOIWUTCA €ro
B IUIOCKOCTSIX HaUMEHbIIIeH U HanOOJbIIEH KecT- CpexHss XKECTKOCTh. Tak, Ha yJacTKax JIONAcTH
KOCTH, a TaKKe Ha KpydyeHHe, HeOOXOJMMO BbI- C PE3KO MCHAIOMMMUCA XapaKTEPUCTUKAMM, HaA-
MOJIHATH Ha 3Tarax ux pa3paboTKy, MPOU3BOICTBA NpUMep B KOMJICBOH YacTH JIONACTH, TIOTPEIIHO-
¥ SKCIUTYaTalHN. CTH 3HauMTeNbHBL. [Ipu 3TOM Ha TOUHOCTH Ompe-
[Ipyu npoeKkTHpOBaHMY JIONACTEN UX KECTKOCT- ACICHHA JKCCTKOCTHBIX XapaKTCpHUCTHK MOIYT
HbIE XapaKTEPUCTUKH HCHOJIB3YHOTCA MpH [3-5] CKa3bIBATBCSL M HeOOmbLIME edopMalui pac-
MMOCTPOCHUH PE30HAHCHBIX JHAarpaMM; pacyeTe CMATpHUBACMOTI'0 YyYaCTKa JIOMACTHU, IMOJTYYCHHBIC
HanpsDKeHUH U edopMalmii JonacTu U arpera- B PE3YyJIbTATE HAIPy>XCHHA IPU OTHOCUTEIILHO
TOB HECYILEH CHCTEMBI Ha 3€MJI€ U B MOJIETE, a MajOM 3HA4YCHWM IIPHKIA/BbIBACMON HArpy3KH,
TaKKe TIPH OLCHKE MX PECypca; aHAIN3e IPAHMIL OTPaHMYMBAEMOI COOOpaKEHUSIMU TTPOYHOCTHU
OTCTPOMKH OT Pa3IW4HbIX BUJOB HEYCTONYMBO- KOHCTPYKIHH.
cti Tuma QuaTTep, AMBEPreHIUsS W 3eMHON pe- VYKa3zaHHbIE HEJOCTATKW HATyPHBIX HCIIBITA-
30oHaHc. Ha oartame cepuitHOro mnpou3BOACTBA HUH MOTYT OBITH YaCTHYHO HHUBEIMPOBAHBL IPU
BEpPTOJIETA  BAXXHOCTb  KOHTPOJIS  MacCOBO- UMHTALUHA TIPOUENYPBl HATPYIKEHHUA JIOMACTH B
YKECTKOCTBIX XapaKTEPUCTUK JIOMACTH TJIaBHBIM YHCICHHOM OkcrepumenTe. O630p u  aHanu3
00pa3oM 00ycJIOBIeHa UX BIUSHHEM Ha YPOBEHb IPUMCHACMBIX MCTOIOB YHCICHHOIO OMpEaAC/IC-
HArPY30K, ACHCTBYIOMNX HA JOMACTH W arpera- HUSL KECTKOCTHBIX XapaKTEPUCTUK aBHAIMOH-
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HBIX KOHCTPYKIMI TmpuBeaeH B pabore [9].
[IpencraBnsieTcs NEPCHEKTUBHBIM MOIXOM OTIpe-
JEJNEeHNs YKECTKOCTHBIX XapaKTEpUCTUK, Coye-
TAIOLUI HCIIOJIb30BAHWE METOAa KOHEYHBIX
sanemeHToB (MKD) [10-12] M HCKyCCTBEHHBIX
HEUpOHHBIX ceTelt [13—15].

B Hactosimieit pabore mpesuiararoTcsi MeTo-
VKU OTIPE/ICTICHUST JKECTKOCTHBIX XapaKTepu-
CTHUK KOMIIO3UTHOM JIOMACTH TO pe3yibTaTraM
BBIYUCIIUTEIILHOTO SKCIIEPUMEHTA, BBITIOTHIEMO-
ro Ha 6aze MKD B mogmomyne MSC.Laminate
Modeler BBIYMCIIUTEIIBHOTO KOMILJIEKCA
MSC.Patran/Nastran [16], u uucienHoit oOpa-
OOTKM IMOJIy4EHHBIX JedopManuil MOJEIbHON
nonactu. YucnenHnas oOpaOoTka pe3yJIbTaToOB
BBITIOJTHSICTCS] TI0 COOTHOIICHUSM, TOIYYEHHBIM
B pe3yJbTaTe Mepexoja OT HMCXOTHBIX ypaBHE-
HUI 13ruba M KpydeHUs: KOHCOJIBHO 3aKperieH-
HOM OajKu NEepPEeMEeHHOT0 CEuYeHUs, MOJECIHpPY-
IOIIUX JIONACTh, K UX JUCKPETHOW MAaTpUYHOU

3nece EI_ — jxecTKOCTHasi XapaKTepHUCTUKA JIO-

MacTH B IUIOCKOCTH HAUMEHbBIIEH KECTKOCTU;
EI, — %eCTKOCTHAsI XapaKTEepHUCTHKA JIONIACTH B

IJIOCKOCTH HAWOOJIBIIEH >KECTKOCTH; P - co-

CpE€AOTOYCHHAd Ha KOHIIC JIOIIACTH NEPEPE3bIBaA-
omas  Cuia, I[eﬁCTBYIOH_IaSI B IIIIOCKOCTH

HauMeHbIIeH sxecTkocTH; P — cocpenoToueHHas

Ha KOHIIE JIONACTH Tepepe3bIBaloIas Cuia, Jaei-
CTBYIOIIAsl B TUIOCKOCTH HaWOOJIBIICH YKECTKO-

Vo =0u y._,=0; (Elxy”)

_ '
X_,=0ux_,

B (1) BBegem o6o3HadyeHHsI 111 KPUBU3H JIO-
[MaCTH B INIOCKOCTIX HAWMMEHBIIEH U HauOOJIb-
IeH JKECTKOCTH COOTBETCTBEHHO:

2)

(zl—z); El
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3anucu. C TakoW LEJbI0 MO JUIMHE JIONACTH BbI-
OMpArOTCS pacueTHhIC CEYEHUS, KOJIUYECTBO U
pacmojo)KeHNe KOTOPBIX 3aBUCHT OT OCOOEHHO-
cteil ee KOHCTpykmuu. [lpum »>TOM 3HaueHus
CTapUINX TMPOU3BOJIHBIX (KPUBU3HBI M OTHOCH-
TEJPHOTO YyIJIa 3aKpPYYMBaHMs), BXOIAIINX B
yKa3aHHbIE ypaBHEHUs, BBIYHCISAIOTCA 1O (op-
MyJiaM, TIPEJCTABISIONMIUM HMX Pa3HOCTHBIC arl-
npokcumanuu [17].

Boipaskenusi /151 onpe/eieHUs
KECTKOCTHBIX XaPAKTEPUCTUK
JIONACTH

bynem monenuposate JIHB B Bume Oanku
nepeMeHHoro ceueHus. Toraa nuddepeHnmanb-
HbIC YpaBHEHHs M3rH0Oa JIOMACTH B TIJIOCKOCTSIX
HauMEHBIIEH 1 HauOOJIbIIEH KECTKOCTH HUMEIOT
BHJ] COOTBETCTBEHHO [9, 18]

"

X

v N2 =-b (ZI_Z)' (1)
(1 +x )
CTH; y — TIEpEMEIICHHsI CEUCHHH JIOTAacTH B

MJIOCKOCTH HAaMMEHBIIEH KECTKOCTH; X — Tepe-
MEILIEHUS CEYEHUH JIOMAacTH B INIOCKOCTH
HauOOJbIIIEH JKECTKOCTH, z — MPOMAOJbHAsT KO-

OpAvHAaTa JIONMacTu, Z; — NpoAoJIbHasA KOOpJANHA-

Ta KOHIIEBOT'O CCUCHU JIOIIACTH.

I'pannunbie ycnmoBus uisi ypaBHeHumit (1),
MOJICTTUPYIONIMX JIOMACTh KOHCOJBHO KECTKO
3aKpETUICHHYIO B KOMJIE, UMEIOT BH]T

=0;

z=z

=0 u (EL)")

Torna ¢ yderom (2) ypaBuenus (1) mpumyT
BUJ

Elk,=-P, (Z, —Z); El k. =-P, (Z, —Z). 3)
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[IpencraBum ypaBHeHus (3) B MaTpUYHOM
Bujzie [9], mis yero pazoObeM JiomacTh Ha 1 pac-
YETHBIX CEYEHUI, paBHOMEPHO (C paBHBIM IIa-
rOM JIpyT OT JIpyra) pacloJIOKEHHBIX 110 JUINHE
JIOTIACTH, TIOCJIE YETO MOTYyYUM

(o) = (2): (21,101 =)

B ypaBuenmsax (4) o0003Ha4YeHO: [EIX]I/I

(4)

[EI y] — JMaroHajJbHbIE MAaTpPHUILBl 3HAYCHUU
EIX,[I/I Ely,l. B PaCUYETHBIX CEUECHUSIX [=1, ..., n;
{ky} u {kx} — CTOJIOIBI KPUBM3H (2) B pacyer-
HBIX CEYCHHUSIX i=1,...,n; {Pyz} u {sz}
CTOJIOIBI M3rHOAIOIMX MOMEHTOB CO 3HAYEHMUS-
mu —P, (Z, -z) u —Px(zl —zl.) B PacyYeTHBIX Ce-
YeHUAX i =1, ..., n.

PemmB npsimyro 3anauy ans ypaBHeHHH (4),
HOTY49UM

AN CARLA IS A

Jnst onpeneneHusi 3HaYEHU AJEMEHTOB JUa-
TOHAIBHBIX MaTPHIL (4) MO U3BECTHBIM M3 YUCIICH-
HOTO 9KCIIEPUMEHTa KOOpIMHATaM JIONACTH IO

PxZ

Q)

-3/2

(yl'+1 —Via )2
4(Zi+l -z )2

_ (yi+1 _Zyi +yi—1)

- 2
(Zi+1 - Z[)

|1+

il

B BeipakeHusix (8) mepemMenieHust B pacyeT-
HBIX CCUYCHHUAX ONPCACIAIOTCA U3 paBHOCTeﬁ KO-
OpAMHAT KOHTPOJBHBIX TOYEK, PACIIOJIOKEHHBIX
BIOJIb OCH JIONACTHU, B HAI'PYXCHHOM W HCHaA-
IPY>KEHHOM COCTOSTHUAX (B MHJEKCaX 0003Haye-

o1
HO «H» U «OH» COOTBETCTBEHHO): Y, =y, — V",

z=z',i=1.n.

1 1

_ M .0n
X =x' —x",

JuddepenunanbHoe ypaBHEHUE 3aKpydHBa-
HUS MOJIEIMpYyEeMOH JionacTu uMeet Buf [9, 19]

(GL,¢') = . )

b
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P

X

JIEHCTBUEM COCPEIOTOUYEHHBIX CHIT PyI/I BbI-

MIOJTHUM 3aMEHY JIEBBIX YacTel ypaBHEHUH (4) k-
BUBAJICHTHBIMU TIPOU3BEACHUSAMU [9], @ UMEHHO:

[EL){k, | =]k, {EL}: [ EI, |{k} =[k]{EL}. (6)

B ypaBHenusix (6) o0o03HauEHO: {EIX} u
{E]y} — cronOupl 3Hayenuit Ef u El , B pac-

YETHBIX CEUCHUAX i=1, .., 7 ; [ky] u [kr] -

UaroHaJIbHbIE MATPUIbl 3HAYEHUN KPUBU3H (2)
B PACYETHBIX CEYEHUSIX [ =1, ..., 1.

Torna aHamoru4HO BBIpAXKEHUSIM (5), yUUTHI-
Bas (6), MoIyuuM

-1 -
(eny=[e ] {p s e =[RS )
DJIeMEHTBI O0PATHBIX MATPHIL [ky ]71 u [kx]f1
umeror 3uasenus 1/k,, n 1/k, (i=1,..,n)
cooTBeTcTBeHHO. [IpM >TOM 3HauenHus k,, u k,

yI0OHO BBIUMCIATH, 3aMEHUB KPHUBH3HBI (2) UX
IICHTPAIBbHBIMI PAa3HOCTHBIMU ANNPOKCUMALUS-
mu [17]:

-3/2
_ (xi+1 _2xi + xi—l) d14 (xi+] X )2

- z —z) 4z —z)
i+1 i i+1 i

®)

X,

3neck GI,, — HECTKOCTHAS XAPAKTEPUCTHKA JIO-

NacTH Ha KpPy4Y€HHE; ¢ — YroJjl 3aKpy4yuBaHUS
CEYCHUH JIOMACTH; x — MOTOHHBIM KPYTSIIUN
MOMEHT.

I'pannunbie ycnoBus s ypaBHeHus (9),
MOJICJINPYIOIIETO JIONACTh, KOHCOJBHO JKECTKO
3aKpEIJIEHHYIO B KOMJIE, UMEIOT BH]L

P.o=0u (G]KP(D’) =M,,,

z=z

rge M,, — COCpeIOTOYCHHBIA KPYTSIUMA MO-

MCHT Ha KOHIIC JIOIIACTH.
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[Tpounrerpupyem ypaBHeHue (9) mo umHe
JIOTIaCTU € YYETOM TpaHU4HbIX ycioBui (11),
TOT/1a NOJTYYUM

Gl ¢ =M, (10)

[IpenacraBum ypaBuenue (10) B MaTpuaHOM
BUJIE TaK XK€, KaK M B CIy4yae C ypaBHEHUSIMU
n3ruba, pa3OuB JIOMACTh HA 7 PACUETHBIX Cede-
HUU, TIOCJIE YETO NOJIyYUM

|61, {0

rue [lep] — JMaroHajabHasi MAaTPHULA 3HAYECHUN

. l
GI,, n; {o'} -
CTOJ‘I6€I_I OTHOCHUTCIIBHBIX yFJIOB Sapr‘II/IBaHI/IH

M, {e},

B PacUETHBIX CEYCHUIX =1,

CCUCHUI JIONACTH; {e} — cToyi0er] eANHMII pa3-

MEPHOCTH A.

AnasiornyHo paBeHcTBaM (6), NpencTaBUB
OTHOCHUTEJIbHBIE YIJIBI 3aKpy4YMBaHHs B BHJIE
JIMaroHajabHOM MaTpHULbl, a KECTKOCTH Ha Kpy-
YEeHHE B BUJIE BEKTOPA-CTOJIO1A, OTYyUYUM

[0'){G1,} =M, {e}.

Torga BEKTOp HMCKOMBIX »KECTKOCTHBIX Xa-
PaKTEpPUCTUK HA KpPy4YEHHE ONpeJessieTcs BbIpa-
JKEHUEM

{GL,} =M, [0] {e}. (11)

o -1
OnemeHThl 00paTHOH MATpHIbl [¢'|  MMeroT

! .
sHauenust 1/ ¢, i=1, ..., n. Ilpu 3TOM 3HAYEHHUS

!/
@ mpeAyaraeTcsl BBIYMCIATH, 3aMEHHUB ' IICH-
TpaJbHOM pa3HOCTHOM anmpokcumaunuen [17]:

(¢’,+1 O, 1)
=7 (12)

(Zz+1 )

3HaueHUSA @ y,Z[O6HO BBIUUCJIATH, UCIIOJIb3YS

BI:Ipa)KeHI/Ie JJIA CKaHHpHOFO HpOI/IBBeI[eHI/DI, 3a-
MMUCAHHOTO JUII BEKTOPOB 00pa30BaHHBIX KOOP-
TUHATAMH TOYEK «HYJIS» M «KOHIQ» XOpJ cede-
HUW JomacTH (B WMHIEKCAX O0O03HAYCHO «HX» H
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«KX»  COOTBETCTBEHHO) B  HEHarpy>XEHHOM
’“} A Harpy-

_ _ HX KX HX
{a[}_{ax,[:ay,i}_{xi - 3y[ _yi

(B} ={boiby = {5 -5 =)
KpyTdlmiuM MOMCHTOM COCTOAHHAX,

KCHHOM
moJjiaras

> S o .
z,=z;, =z, ,i=1l.n:

a b .+a b

X,07x,0 YTy

2 2
\/ax,i +b,, -\/aw. +b,,

(13)

@, = arccos

Onucanue K9OM jgonactu

JIst BBITIOJIHEHUSI BBIYUCIUTEIBHBIX JKCIIe-
pPUMEHTOB OblIa pa3paboTaHa KpyMHOMACIITAO-
Hasi KOHEYHO-3JIeMeHTHass mojenb (KOM) kom-
no3utHo JIHB Bepronera tuna Mu-34 B noa-
moayine MSC.Laminate Modeler BerauciuTenb-
Horo komriuiekca MSC.Patran/Nastran ¢ nmocinoii-
HbIM MOJICJIUPOBAHUEM IMAKETOB KOMIIO3UI[MOH-
HBIX 3JIEMEHTOB KOHCTPYKLHH, BKJIKOYas 3a]a-
HUE UX MEXAaHUYECKHX XapaKTEePHCTUK, C oOec-
MEYCHUEM M0/I00USI 110 TEOMETPUUYECKUM U Mac-
COBO-MHEPLUOHHBIM Xapaktepuctukam. [loamo-
nynp MSC.Laminate Modeler mo3BomnsieT numu-
TUPOBATh BBIKJIAAKY CJIOEB Ha MOBEPXHOCTSIX
pa3HOM KPHUBH3HBI, UCHOJIb3Ys INPU 3TOM pa3-
JUYHBIE aJTOPUTMBI JJOKAJILHOTO U TTI00aThHOTO
nepepacnpeeeHus.

Cxema mnoctpoeHus wmojeneit LM-nakeros
13 KOMITO3ULIMOHHBIX MAaTepralioB IPEACTaBIICHA
Ha pUC. | ¥ COCTOUT U3 CIEAYIOUIUX 3TAMOB CO-
3/1aHUS:

— MOJIETIM OAHOPOJHBIX, MPEUMYIIECTBEHHO
OPTOTPOITHBIX MaTEPHUAIIOB;

— LM-marepuanos, cofaepKamux CCbUIKM Ha
CO3JIAaHHBIM OJHOPOJHBIA MaTepuas, TOIIIUHY
CJI0sI, aJITOPUTM JIOKAJIBHOM JAParUpOBKHU U TIpe-
NEeNbHYI0 AeopMalluio cBUra B Mmpolecce apa-
MUPOBKY;

— LM-cnoeB, coaepkalux CChUJIKH Ha BBI-
Opannble LM-marepuanbsl U HampaBieHHUE BbI-
KJIQJIKH;

— LM-nakeToB, coaepkanmx HHPOpMAIIIO
0 MOCJIEIOBATENBHOCTAX yKIaaku LM-cioes.

KSM JIHB nocrtpoena ¢ npuMeHEHUEM clie-
OYIOIUX THIIOB KOHEYHBIX 3JIEMEHTOB: YEThI-
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Coznanne LM-cnos
(BBIGOP CO3TAHHOTO
LM-matepnana, BeIGOp

Cosznanne LM-matepnanos
(BB100p 0Gpasyiomero
MaTepHaa, olpe/e/eHie
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C6opka LM-nakera
(co3zanie CTPYKTYpBI
KOHCTPYKIII, TyTeM Habopa

aNTOpHTMa pacnpe;ieneHns LM-cnoes)
TOTIIHHBI .\IOHOC.'IQS”
Marepnajia o ero XapElKTCPIICTIIK)
Action Create ¥ [ Action Create ¥ Action e B LM_Layup definition =
| HEEEETTTT Bd i & A S
Object LM_Material ¥ Object LW_Py ¥ Object M _Leyup ma N s ] | i
Method  Agg ™ Method  Ada v | Method:  agd ¥ ol L e I e
[ ] Current Layup Py nia
Exiating LI_Materiaa — Existing LM_Plys LU_Layup Name LM_Layup detmenn (Expanded vew
= Spar_UD7_VISE_12 [EXC T
1014 A po. - amD Py Groep Soquence Lu_Py [LM_Usteria] | [Thickness] |Refersncedn | =
T25VM v Sper UOT VMSE 14 i Descrption ' 10001 Viaka_U_L__ | e _sn [ 1
E\RaschetyliD4_BiadesiLNV 10002 Viaka_U_R_ |bTH16ue_sn | 3 5ewnen 0
: LM_Ply Name WD4_MRB_0S s 001 Siopa_ULT_ | TiOone 02 0
5002 Skoce_UL_! Tion =
L Mt Name it o L S L 0
] 5001 Skoba_UR_T TION4 02 [}
[1at_1 Trpe Drape (Side) ¥
Offset Defintion & 2004 Skoba_UR_T. T4 (¥ o
Type Drape (Scssor) ¥ Select LU_Material 7 10101 Jhos{_U_IBH_ | 1oAY 1 0
W Ansiysis Model s 501 SWL_KAST_. | KASTV | 080000001 [
y e s sioz Swb_XAST_ | KAST.V | 080000001 0
natyss Materal
T = n Selsol Kl By 1® Lol Skota_kom_ OrpaatiiTL 0.15000001 e
T10-14 ~ o B - oz oo _om | OepesetTL | 815008091 0
128 VTS M Element TSI ITIZAETINEZ Lamnate Orientation ? G ] (G | T o
| Coordinate System - J 13 8201 Obi_kom_UD_ | OrgantiiTL | 0.15000001 [
Start Point 18 6202 Ubi_kom_UD_ | CrpaaifTL | 0.15000001 o
Refresh Material | [859. 24.4853 -5.74546) Primary Coord System - -
Appication Direction [Cooed 0
‘Addtional Properties LM_Layup contro Existing LU_Pys LM_Layup Dats
Thickness fo1.0> Mewal ¥ | IS;“:C"""“ Acten: s v =
[ozs Reference Drecton umomo v| o
Maximum Strain (degrees) ldElDr— Secondary Coord System .
Py Group | Compress |
[ 60.000004 —
WarpAYen Angle (degrees) e = asgiated | coars |
3 (—
[s0 Foot Expent
Addtional Controls. Laminate Options 00 J |

Puc. 1. Cxema noctpoenust mojieneir LM-makeToB n3 KOMITO3UITMOHHBIX MaTEPHUAIOB
Fig. 1. The scheme of building LM-packeges models from composite materials

pexy3noBbIX mpsMOyroibHBIX (Quad) u Tpex-
y3noBbIX (Tr1) anemenToB Tuna Shell mys ToHKO-
CTEHHBIX KOHCTPYKIIMOHHBIX JJIEMEHTOB (JIOH-
KEPOH, OOIIMBKH, HEPBIOPHI, OKOBKH H 1p.);
BOCBMUY3JIOBBIX 3JIEMEHTOB-TIAPAIIICIICITUTICIOB
(Hex), mectuy3noBeix (Wed) u yeThipexysio-
BbIX asieMeHTOB-TeTpasapoB (Tet) tuma Solid
JUTSL TPEXMEPHBIX KOHCTPYKIIMOHHBIX 3JIEMEHTOB
(MaHOIIACTOBBIM  3aMOJHUTENb, KPOHILITEWH,
MPOTUBOQIIATTEPHBIN TPY3); OMHOY3JIOBBIX TO-
YeUHBIX S3JIEMEHTOB THma Point nis 3amaHus
Macc 0allaHCUPOBOYHBIX Tpy30B. Ilpu sTom amns
ydera OOBOJOB TEOPETHUYECKON IMOBEPXHOCTH
nonacTu mpu pazpadorke KOM TonmuHbl make-
ToB Shell-aneMeHTOB OTKIaAbIBATUCh BHYTPb
OTHOCHUTEIIBHO 3JIEMEHTOB CETKH. B KomuieBo
YaCcTH MAaKeThl JIOHKEPOHA JIONMACTH 10 BEpXHEH
U HIDKHEH MOBEPXHOCTAM CQOPMHUPOBAHBI U3
75 MOHOCIIOEB (C Yy4E€TOM TMAaKEeTOB YCHIJICHHUS),
3a[HsAsS CTEHKa JIOHXKEpOHAa BKIIOYaeT 9 MOHO-
cnoeB. Jlanee mo mepe ymaneHUs OT KOMIJIEBOU
YacTH KOJIMYECTBO MOHOCJIOEB B MAaKeTaxX HU3Me-
HSIETCSI B COOTBETCTBUU C PUC. 2 M HA KOHIIE JIO-
MACTU COCTABJISET 5 MOHOCIIOEB.

CucreMa KOOpAMHAT, IPUMEHsIEMasi TIPU MO-
JIeTTUPOBAaHMH, BBIOpaHa CIEIYIONUM 00pa3oM:

89

Hayayo KoopauHat O pacrojoKeHO Ha BEpXHEU
MOBEPXHOCTU KOMJIEBOM YaCTH JIOMACTH MEXIY
MpPOyUIMHAMU; OCh Z HaIlpaBJeHa BAOJb OCH JIO-
MacTy; OCh Y HampaBJieHa BBEpX; och X oOpasyer
IIpaByl0 TPOMKY BEKTOpPOB C¢ Y u Z. Pacnpenene-
Hue TonmuH no pmHe KOM JIHB u npumense-
Mas CHUCTEMa KOOPAMHAT TMpPEACTaBICHbl Ha
puc. 2.

MeToaANKHN BBINOJIHEHUS
BBIYUCJIUTEC/IbHBIX OKCICPUMECHTOB

[lepen HauaaOM BBIUMCIMTEIBHBIX JKCIEPU-
MEHTOB II0 ONPEIEICHHUIO KECTKOCTHBIX Xapak-
tepuctuk JIHB onpenensercs monoxenue mnu-
HUU €€ LIEHTPOB XXECTKOCTH, HApUMEpP IO Me-
toauke [7]. Tlom LEHTPOM MKECTKOCTH CEUEHUS
IIOHMMAETCS TOUKA, IIPY NPUIIOKEHUH K KOTOPOH
IIOTNIEPEYHON CHWJIBI HE IIPOMCXOAMT IIOBOPOTA
9TOrO0 CEYEHMS] OTHOCHUTEIBHO OCH JKECTKOCTH.
B ob6miem ciydae JMHMS KECTKOCTH MOXET CO-
CTOATH U3 HECKOJIBKUX YYaCTKOB IPSIMBIX JIMHUN
C OJJTHUM WJIM HECKOJIbKMMHM HU3JIOMaMH.

JUis onpeneneHust KECTKOCTHOM XapaKTepu-
CTUKM JIONIACTH HA KPYYEHHE IO pe3yibTaraM
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Puc. 2. Pactipenenenue TommuH mo mmHe KOM JIHB ¢ BeIOpaHHON cHCTEMON KOOPIUHAT
Fig. 2. Distribution of thicknesses along the length of the FEM MRB with the selected frame of references

BBIYHMCITUTENILHOTO AKCIIEPUMEHTA, BBITIOIHSAEMO-
ro Ha 6aze MKD, npemaraercsi crieayromias mo-
CJIEZI0BATENILHOCTD ONIEPALIUH.

1. Monens JIHB ¢uxcupyercs depe3 CThI-
KOBOYHBIE MIPOYIINHBI, PACIIOJIOKEHHBIE B KOM-
Jie JIOTACTH, — YCJIOBUS 3aKPEIJICHUSI COOTBET-
CTBYIOT KECTKOU 3aJEJIKe.

2. BpiOuparoTcsi KOHTPOJBHBIE TOYKH Ha
Mozenu JIHB u onpenensarorcs UX KOOpIAUHATHI

{x;”‘, yi"x,z;‘x} u {x?”‘, yl.’“,zfx} («HYTB» U «KO-

1

HEIl» XOpJl CeYeHU) B HEHArpyKEHHOM COCTO-
SIHUU JIOTIACTH, i =1, ..., n.

3. K monenu JIHB B KOHIIEBOM CEUEHHHU CO
CTOPOHBI 3aKOHIIOBKHM MPUKJIAJIBIBACTCS IMapa
CHJI, CO3JAroliasl KPYTSIIMH MOMEHT OTHOCH-
TEJIbHO OCHU KECTKOCTH B HAMPABICHUU YACOBOU
CTpEJKM IIPU BUJE HA JIONMACTh OT KOMJS K 3a-
koHIoBKe. CoOCTBeHHass Macca JIONACTH HE
YUYUTBHIBAETCS.

4. OnpenenstoTcst KOOPAUHATHI KOHTPOJIBHBIX
touek JIHB nop neiictBueM Harpy3ku myHKTa 3.

5. OmnpenensitoTcsi NUCKPETHBIE 3HAYCHUS
XKecTKocTHOM xapaktepuctuku JIHB mo d¢op-
mynam (11-13).

Jns onpeneneHus HU3TMOHBIX KECTKOCTHBIX
xapakrepuctuk JIHB B mIOCKOCTSX HauMeHb-
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nIei 1 HanboJbIIeH KECTKOCTH 1O pe3yJibTaTaM
BBIYMCIIUTEIBHOIO HKCIEPUMEHTA, BBINOJIHSC-
moro Ha 6aze MKD, mpemaraercs mpuBeleH-
Has MO0CJIEI0BATENBHOCTh ONIEPALIUN.

1. Monens JIHB ¢ukcupyercs yepes CTbI-
KOBOYHBIE MTPOYIIHHBI, PACIIOIOKEHHBIE B KOM-
Jie JIONACTH, — YCJIOBUS 3aKPEIJICHUS COOTBET-
CTBYIOT JKECTKOU 3a/esIKe.

2. BwiOuparorcsi KOHTPOJBHBIE TOYKH Ha
Monenu JIHB, pacnonokeHHble BIIOJIb OCH JIO-
NacTd, U ONPEACNSIIOTCS HMX KOOPJIUHATHI

o o
{xi”, yi”} B HEHArpy>X€HHOM COCTOSHHH JIOIIa-

ctu, i=1,..,n.

3. K monenn JIHB B KOHIIEBOM CEYECHHUH CO
CTOPOHBI 3aKOHIIOBKH MPUKJIAIBIBAETCS Mepepe-
3BIBAIONAS CHJIa B IUIOCKOCTH HaMMCHbB-
nieii/Hanbonpmet  kectkoctd. CoOcTBeHHAs
Macca JIONacTH HE YUUTHIBACTCS.

4. OnpenensitoTcsi KOOPAUHATHI KOHTPOJIBHBIX
Touek JIHB {x;*, v, zl.”} MoJ JEHCTBUEM HArpy3-

KU IIyHKTa 3.
5. OnpepensitoTcsi AUCKPETHBIE 3HAYECHHUS
YKECTKOCTHBIX Xapakrepuctuk JIHB mo ¢popmynam

&9
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Puc. 3. IlepeMereHus I0MacTy B TUIOCKOCTH HAUMEHBIIEH KECTKOCTH: 1, 3, 5 — pacueT; 2, 4, 6 — SKCTIepUMEHT
Fig. 3. Blade deflections in the plane of least stiffness: /, 3, 5 — estimated; 2, 4, 6 — experimental

Taoanua 1
Table 1

O1eHKH KayecTBa COBIMACHUS PACYETHBIX M AKCIIEPUMEHTAIBHBIX TIEPEMEIICHUN JIOTTACTH
Quality estimates of the match between the calculated and experimental deflection of the blade

O003HaueHns1 KPUBBIX Harpymeﬂune B ILIOCKOCTH SSE RMSE R-square
HA PUCYHKe 2 HauMeHblIeH kectkocTu JIHB
1,2 CobOcTBeHHas Macca 0,000716 0,007726 0,991255
2.4 CoOcTBenHast Macca + 2 KI' B KOHIIEBOM 0.000222 0,004304 0.998654
ceuenuu JIHB
5.6 CoOcTBenHas Macca + 5 KI' B KOHIIEBOM 0,001447 0,010980 0,995833
ceuennu JIHB

Pe3y.]Il)TaTLI BBIYUC/IUTEC/IbHBIX
IKCIEPUMCECHTOB

[lepen nmpoBeneHNEM BBIYUCIUTENBHBIX KC-
HNEPUMEHTOB 10 ONPEIENCHHIO ECTKOCTHBIX
xapakrepuctuk JIHB Bepronera Tuma Mu-34
BbINONHUIack Banmpanuss KOM myrem cpaBHe-
HUSl PaCUYETHBIX U SKCHEPHUMEHTAIbHBIX Iepe-
MEILEHUH JIOMacTH B IUIOCKOCTH HaMMEHBIIEH
KECTKOCTH IOJ JCUCTBUEM pacIpeAeIeHHOM
Macchl JIOMACTH U COCPEIOTOUEHHON CHJIbI, Jeii-
CTBYIOLLICH B COOTBETCTBYIOLIEH IUIOCKOCTU H
NPUI0KEHHOM B KOHIIEBOM CEYEHMH JIOMACTH.

91

PacueTHble M SKCHEpUMEHTAIBHBIE pacIpe-
nenenus nepemenienui JIHB no nnuHe nonactu
(B OTHOCHUTEJIHHBIX BEJIMUMHAX Z ) TIPHBE/ICHBI HA
puc. 3 (0003HaYECHUS KPHBBIX B COOTBETCTBHHU C
tabmn. 1). OneHKH KayecTBa COBIIAJICHUS pacyeT-
HBIX U SKCIEPUMEHTAIbHBIX MEPEMEIICHUM, BbI-
paXXEHHbIE 3HAYEHUSAMH KpPUTEPUEB KadecTBa
noaronku [20] SSE, RMSE, R-square, npusee-
HBI B TaOI. 1.

W3 ananuza nony4yeHHBIX (Taba. 1) 3HaueHUI
kputrepueB SSE, RMSE, R-square st cpaBHU-
BaembIx nepemeniennii JIHB cienyer xopoiee
COBIIQJICHUE MX PACUYETHBIX M SKCIEPHUMEHTAJIb-
HbIX 3HaUeHU. UTO B CBOIO OUepe/lb CBUIETEIIb-
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Taoauma 2
Table 2

O1eHKH KauyecTBa COBIAJICHUS PACYCTHBIX M AKCIICPUMEHTAIBHBIX )KECTKOCTHBIX XapaKTEPUCTHK
Quality estimates of the match between calculated and experimental stiffness properties

7KecTKOCTHAsI XapaKTePUCTHKA SSE RMSE R-square
El 1,627684 - 10~ 0,000013 0,731083
EIl, 1,804455 - 10’ 0,000134 0,717295
Gl 2,050299 - 10~ 0,000016 0,728205
El.
1
0,9
0,8
0,7
0.6
0,5
0,4
0,3
0.2
0,1
r . - e . - E
0 0,2 0.4 0.6 0.8 I

Puc. 4. HopmupoBaHHBIE )KECTKOCTHBIE XapaKTEPUCTUKH JIONACTH B INIOCKOCTH HAaMMEHBIIEH >KECTKOCTH:
1 — pacuer; 2 — H3KCIEPUMEHT
Fig. 4. The normalized stiffness properties of the blade in the plane of least stiffness:
1 — estimated; 2 — experimental

CTBYeT O jaoctaroyHoM momodouu KOM Hatyp-
Hoit JIHB.
Pacnipenenenuss HOpMHUPOBAHHBIX (IO Mak-

cuManbHbIM BennunHam) mrubmbix (Bl wu

EI y) U KPYTHJIbHBIX GI xp IKECTKOCTHBIX Xa-

PAKTCPUCTUK I1O JJIMHE JIOMACTH (B OTHOCHUTCJIb-
HBIX BEJIMYMHAX Z ), MOJYYCHHBIX B JKCIICpPH-
MCHTC W PACCUHHUTAHHBLIX II0 MpeajiaracMbIM B
HACTOALIEH CTAaThe METOJHMKAaM, MPEICTaBICHEI
Ha puc. 4—6. OLeHKH KauecTBa COBIAJICHUS pac-
YETHBIX W DKCIIEPUMEHTAIBHBIX JKECTKOCTHBIX
XapaKTCPUCTHUK, BBIPAKCHHBIC 3HAYCHUAMMA KPU-
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TepueB kadectBa noaronku [20] SSE, RMSE,
R-square, npuBezeHs! B Tab. 2.

N3 ananu3a nomydeHHbIX (Tabi1. 2) 3HaAUYCHUH
kputepueB SSE, RMSE, R-square mia cpaBHU-
BAEMBIX KECTKOCTHBIX Xapakrepuctuk JIHB
CIIEIyeT YAOBJIETBOPUTEIILHOE COBNAJEHUE MX
pacyeTHbIX M HKCIIEPUMEHTAJbHBIX 3HAUCHUH.
DTO B COBOKYMHOCTH TJIaBHBIM 00pa3oMm o00y-
CJIOBJICHO TEM, YTO:

1) KOM JIHB He noiHOCTbIO COOTBETCTBYET
HatypHoi JIHB. A Takke ycnoBus 3aKpernsieHust
u npwiokeHus Harpysku st KOM JIHB He
UJCHTUYHBl TAKOBBIM, HMEBLIUM MECTO s
HatypHou JIHB;
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Puc. 5. HopmupoBaHHbBIE )KECTKOCTHBIE XapaKTEPUCTUKH JIOIACTH B IFIOCKOCTH HANOOJIBILIEH KECTKOCTH:
1 —pacuer; 2 — 9KCHEPUMEHT
Fig. 5. The normalized stiffness characteristics of the blade in the plane of maximum stiffness:
1 — estimated; 2 — experimental
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Puc. 6. HopmupoBaHHBIE )KECTKOCTHBIE XaPAKTEPUCTUKH JIONACTH HA KPY4EHHE:
1 — pacuer; 2 — 5KCEPUMEHT
Fig. 6. The normalized torsional stiffness characteristics of the blade:
1 — estimated; 2 — experimental

2) xpuBu3HOMEp M AupdepeHInalbHbINA yT- KOoHTpoaupyemoMm yudactke JIHB, paBHom pac-
JIOMEp ONPEIEISIIOT CPEIHNUE 3HAUYEHUSI COOTBET- CTOSIHUIO MEXJly UX KpallHUMH onopamu. B pac-
CTBYIOIIMX JKECTKOCTHBIX XapaKTEPUCTUK Ha CMaTpUBAEMbIX SKCHEPUMEHTAX 3TO PACCTOSHHUE

93
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cocrtaBisiio 400 MM, a mpu pacuere mar pazoue-
Husi He mnpesbiman 10 mm. PesynbraT Takoro
OCPEIHEHMSI 3aMETHO IIPOSBIAETCS HA ydacTKax
JIOMACTH C PE3KO U3MEHSIOLIUMUCS >KECTKOCT-
HBIMHU XapaKTEPUCTUKAaMM, HAIPUMED Ha y4acT-
ke z ot 0,7 no 0,9 Ha puc. 5;

3) paccmotpennsie HatypHsle JIHB Bepro-
nera tuna Mu-34 UMEOT NPOU3BOJCTBEHHBIN
JIOITyCK Ha pa30dpoc >KECTKOCTHBIX XapaKTepH-
CTHK B KOHTPOJIbHBIX cedeHusix 10 7 %. Iloaro-
My NPUHATBIE AJI BaIUJAaLUU KCIEPUMEHTab-
HO IIOJIyYE€HHBIE YKECTKOCTHBIE XapaKTEPUCTUKU
MOTYT OTJIMYaTbCA OT TAaKOBBIX, IOJYYEHHBIX
JUIsL APYTHUX HATYPHBIX JIONAcTed B YKa3aHHOM
Juana3oHe. To ecTb CTaTUCTHUYECKH BO3MOYKHO
AKCIEPUMEHTAJIBHO MOIYYUTh JKECTKOCTHBIE Xa-
pakrepuctuku JIHB, umeromue iydiee cos-
NaJICHUE C IOJIyYEHHBIMH pPaCUETHBIMU 3Hade-
HUSIMU.

3akJoueHnue

B pesyabrate anpobanmmun na KOM JIHB
BeprosieTa TUna Mu-34 npensoKeHHbIX METO-
JIVK OTPEEeNICHHS KECTKOCTHBIX XapaKTePUCTHK
[0 pe3yibTaTaM BbIUMCIUTEIBHOIO 3KCIEpH-
MEHTa, BBINOJIHsAeMOro Ha 0aze MKD B mogmMo-
nyne MSC.Laminate Modeler BeruuciuteabHOro
komiiekca MSC.Patran/Nastran, ¥ 4YHCIIEHHOM
00paboTKK MOJTY4YEHHBIX NedopMalui, Mmoiryde-
HBI YZOBJIETBOPUTEIIbHBIC OIICHKH Ka4eCTBA COB-
NaJIeHUs] PacyeTHBIX U HKCHEPUMEHTAIbHbIX
JKECTKOCTHBIX XapaKTEepHCTUK. lIpennoxeHHbIe
METOAMKH MOTYT ObITh PEKOMEH/I0BaHbI JUIsl UC-
MOJIb30BAHMS HA ATalax MPOCKTHPOBAHUSI U OT-
pabotku koHcTpykuuu JIHB.
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Cratucrtuyeckoe MojaeMpoBanne 00eBoro GQyHKINOHNPOBAHUS
CHCTEeMbI aBHALMOHHBIX KOMILJIEKCOB APMEHCKON aBHallUU

AJL TapacoB1

1
Quauan Boennozo yuebHo-HayuHo2o yenmpa 60eHHO-8030VUWHbBIX cUl « Boenno-
8030yuHas akademus umenu npogheccopa H.E. JKykosckozo u IO.A. ['acapunay,
2. Cuizpamns, Poccus

AnHoTtammsi: Pa3paboTka MaTeMaTHyecKux Mojeneil 00eBOro (hyHKIMOHMPOBAHMS ABHALMOHHBIX KOMILIEKCOB SIBIISIETCS
BaKHEWIIeH 3a/1a4eil B 00J1aCTH MCCIIEIOBAHMS NIEPCIIEKTHB Pa3BUTHS aBUAILIMOHHOM TEXHUKH U 000CHOBaHUS TPEOOBAHHH K HEH.
OnHUM W3 OCHOBHBIX TPEOOBaHHWH K JaHHBIM MOJENSM SIBJSIETCS WX OOBEKTMBHOCTb M aJEKBAaTHOCTh pEalbHOMY OOEBOMY
TIPOLIECCY, YTO JOCTUraeTCs BEIOOPOM COOTBETCTBYIOIIEIO MAaTEMaTHYECKOro ariapara ¥ yTOYHEeHHEM COJEPIKaHHUs pacueTHBIX
00€eBbIX 33124 PH W3YUECHHUH OIbITa COBPEMEHHBIX BOWH M BOOPYXXEHHBIX KOH(UIMKTOB. B pabore npemioxkeHa craTncTuieckas
Mozelns 00eBOTO (PYHKIIMOHMPOBAHUS CHCTEMbI aBHAIIMOHHBIX KOMIUIEKCOB apmeiickoit aBuarmi (CAK AA) mpu BBITIOTHEHUN
pacueTHO THIOBOW (yOApHOHM) 3alaull — YHHYTOKCHHS OJWHOYHON MAalopa3sMEpHON IIONBIDKHON HA3eMHOW LIEJIH.
OTnUuuTeFHOW YepTol pa3pabdO0TaHHOM MOJENH SIBIIETCS TO, YTO OHA YYHTHIBACT OCOOCHHOCTH OOEBOTO TPHMEHCHUS
BEPTOJICTOB B COBPEMEHHBIX YCIOBUSX (IEHUCTBUSI B COCTaBE OOEBBIX BEPTOJIETHBIX IPYIIIL, TIOJIET HA MPEAEIBHO MAJIbIX BBICOTAX,
BBITIOJIHEHNE 3374 B YCJIOBHSX CHJIBHOIO IIPOTHBOJAECHUCTBHSI CPEJCTB IPOTUBOBO3IYILIHOM OOOPOHBI MPOTHBHMKA), & TaKKe
3NIEMEHTHI CIIy4daliHOCTH B 00BEME paccMaTpuBaeMoi 3amaud. lIpencTaBieHO ommMcaHHe NPOLELYpbl CTaTUCTHYECKOTO
MozenupoBaHusi 6oeBoro QynkuronupoBanus CAK AA mpu BBINOJIHEHMH PAacCMOTPEHHOM pacueTHOW 3amauu. PesynbraTtom
MOJIEJIMPOBAHHMS SIBUJIACH OLIEHKa BEPOSTHOCTU Cily4aitHoro coObiTus — BbinosiHenne CAK AA pacuerHol 3amauu ¢ 3aJaHHOM
TOYHOCTBIO M HAJIeXHOCTBIO. [IpeioxneHbl BoIpaKeHHUs ISl pacueTa rokasateneld 00eBoil 3((heKTHBHOCTH U OOEBBIX CBOMCTB
CAK AA 1o pesynbratam MozenupoBaHus. Ha ocHOBe Merona IpeelbHBIX TOYEK OCYIIECTBIEHA IPOBEPKa aJeKBATHOCTH
pazpabotanHoi Mozeny. C NCIONIb30BaHUEM TPEITIOKEHHO MOJIEIH TIPOBEJICHBI NCCIIEIOBAHMS BIIMSHUS 3HAYCHUI TTapaMeTpPOB
JIETHO-TEXHUYECKHX XapaKTEPUCTHK BEPTOJIETOB M KOMIUIEKCOB MX aBHAIMOHHOTO BOOPY)KEHMS! HA M3MEHEHHE MOKa3areseH
6oeBoit apexrrBHOCTH 1 00eBBIX cBOiicTB CAK AA Tipy BBHINIONHEHWH pacdeTHOH 3amaun. PaspaboTaHHas MOZENTh MOXKET
OBITh MCIOIb30BaHA MPH MOCTPOSHUH CHCTEMbI MOJENEH 60eBOro (hYyHKIIMOHUPOBAHMS aBHALIMOHHBIX KOMIUIEKCOB apMEHCKOH
aBHAllMM C YYETOM COBPEMEHHOH KOHLENIMM MPUMEHEHHs IS IPOBEJCHHS HCCIECAOBAHMHA IO OOOCHOBAHMIO TAKTHKO-
TEXHUUYECKHUX TPEOOBAHHUI K COBPEMEHHBIM BEPTOJIETAM BOGHHOTO Ha3HAYEHNMs! IPH (JOPMUPOBAHUH X TEXHUYECKOTO OOJIMKA.

KitioueBble ¢J10Ba: CTaTHCTHYECKOE MOJEIHPOBaHUE, 00eBast 3(Q(EKTHBHOCTh, CUCTEMa aBHALMOHHBIX KOMIUIEKCOB apMEHCKOM
aBHUALIMH.

Jost murupoBanmsi: TapacoB A.JI. Crarucriyeckoe MozenupoBaHrue 60eBoro (hyHKIIMOHHPOBAHUS CUCTEMbI aBUALIMOHHBIX
KOMIUIEKCOB apMmelickoii aBuarmy // Hayunsnii Bectauk MI'TY T'A. 2026. T. 29, Ne 1. C. 97-111. DOI: 10.26467/2079-0619-
2026-29-1-97-111

Statistical modeling of combat functioning for army aviation airborne
complexes system

A.L. Tarasov'
'Branch of the Military Educational and Scientific Centre of Air Force “Professor
N.E. Zhukovsky and Y.A. Gagarin Air Force Academy”, Syzran, Russia

Abstract: The development of mathematical models of the combat functioning of army aviation aircraft complexes is the most
important task in the field of researching the prospects for the development of aviation technology and substantiating requirements
for it. One of the main requirements for these models is their objectivity and adequacy to the real combat process, which is achieved
by choosing the appropriate mathematical apparatus and clarifying the content of designed combat tasks when studying the
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experience of modern wars and armed conflicts. The paper proposes a statistical model for the combat functioning of the system of
aircraft complexes of the army aviation (SAC AA) while performing a typical calculated strike mission — the destruction of a single
small-sized mobile ground target. A distinctive feature of the developed model is that it takes into account the specifics of
helicopter combat use under current conditions (operations within battle helicopter groups, flights at extremely low altitudes,
carrying out missions amidst intense enemy air defense counteraction), as well as random elements within the scope of the
considered task. A description of the procedure for statistical modeling of the combat functioning of the SAC AA during execution
of this calculated task is provided. The result of the modeling was an assessment of the probability of a random event — execution of
a calculated task with a given accuracy and reliability by the SAC AA. Expressions for calculating indicators of combat
effectiveness and combat properties of SAC AA based on modeling results are proposed. Based on the method of limit points, the
adequacy of the developed model has been verified. Using the proposed model, studies have been conducted on the influence of the
values of the helicopter technical specifications and their air weaponry complexes on changes in the combat effectiveness and
combat properties of SAC AA while executing the calculated task. The developed model can be used to construct a system of
combat functioning models for the army aviation airborne complexes, taking into account the contemporary concept of application,
thus enabling further investigations aimed at substantiating the tactical and technical requirements for modern military helicopters
in shaping their technical design features.

Key words: statistical modeling, combat effectiveness, army aviation aircraft complexes system.

For citation: Tarasov, A.L. (2026). Statistical modeling of combat functioning for army aviation airborne complexes system. Civil
Aviation High Technologies, vol. 29, no. 1, pp. 97—111. DOI: 10.26467/2079-0619-2026-29-1-97-111

BBenenue HOJTHO M OOBEKTUBHO BOCIIPOU3BECTU peaJIbHBIN
00€eBOI MpoIlecC U yUeCTh 3JIEMEHThI HEolpee-
JICHHOCTHU (CITy4alHOCTH) B 00BbEMax BBIMOIHSI-
embIx AK 00eBbIX 3a1a4 MMO3BOJISIET METOJ CTa-
TUCTUYECKOro Moaenupoanus 1, 10].

OnpIT MOKa3bIBAaET, YTO COBPEMEHHBIX YCIIO-
BUSIX IVIAaBHBIM (PaKTOPOM, BIMSIOLIMM Ha H3Me-
HEHUE TaKTUKU MPUMEHEHUS BEPTOJIETOB apMeii-
ckoit aBuaruu (AA) Boopyxennbix cun Poc-
cuiickon @enepaunu, SBISETCS HACBIIIEHHAS
cucreMa NpOTHBOBO3AYyIIHONW oOopons! (IIBO)
IPOTUBHUKA, OOecrieunBaeMas pa3BeablBaTENb-
HOM nHQOpMaIe 0 BO3IyIIHON 00CTaHOBKE B
pexumMe peasibHOTro Bpemenu [11].

Ienpto mccnenoBanys sBIIACh pa3pabOTKa Ha-
YYHO-METOJJMYECKOI0  amlmnapara CTaTUCTUYECKOro
MOJICTMPOBaHKsI 00€BOTO (PYHKIIMOHUPOBAHHKS CHIC-
TEMbl ABUALIMOHHBIX KOMIUIEKCOB apMENCKOU aBUa-
i (CAK AA) npu BBITOJTHEHWH PACUETHOM THIIO-
BOM (yIapHOM) 33/1a4M C YUETOM COBPEMEHHBIX YCIIO-
BUI U CIIOCOOOB TPUMEHEHUS (HCITONIh30BaHUE Ooe-
BBIX BEPTOJIETHBIX I'PYII, MOJET Ha MPEIEIbHO Ma-
JBIX BBICOTAaxX, CWIBHOE NMPOTHBOACHCTBUE CPEICTB
[1BO npoTuBHUKA pa3INYHOIO THIIA).

MonenupoBanue 00eBOro (HyHKIIMOHUPOBAHUS
U OleHKa 3(P(EeKTHBHOCTH aBHAIMIOHHBIX KOM-
wiekcoB (AK) siBnseTcs BakHEHIIUM BOMPOCOM
BOCHHO-HAy4YHBIX MCCJIEIOBaHUI B obiacTu 0boc-
HOBaHMsI TEPCHEKTUB PAa3BUTHs aBUAIIMOHHOU
TEXHUKU U TPEIbSIBISEMbIX K HEH TpeOOBaHMIA.
JlaHHBII BOMpOC pelIaeTcsi ¢ HCMHOJIb30BAaHUEM
pa3pabOTaHHBIX HA  ©IUHOM  OIEPaTHBHO-
TaKTH4YeCKOM (DOHE pacyeTHOW OMepalul CHCTEM
mozeneit 6oeBoro ¢yHkmmonuposanust AK (orre-
pPaTUBHO-TAaKTHUECKUX Mojenell OOoeBbIX JAei-
CTBMIA), OIMUCHIBAIOIIMX BBIOJHEHHUE UMM COBO-
KyITHOCTH PacueTHBIX (THIOBBIX) OOEBBIX 3a/1a4 B
TEUYEHHUE 3a/IaHHOTO TIeprojia Bpemenu [ 1-3].

OmHUM U3 OCHOBHBIX TPEOOBaHMIA K JaHHBIM
MOJIENISIM SIBJISIETCSI UX OOBEKTUBHOCTD U a/1€KBaT-
HOCTh peabHOMYy 0OEBOMY MPOLIECCY, UYTO JIOCTH-
raercss BbIOOPOM COOTBETCTBYIOILETO MAaTeMaTH-
YeCKOro arfmnaparta MOJCTUPOBAHUS U TIOCTOSIHHBIM
YTOUHEHHUEM COZEP)KaHHUs pacyeTHBIX OOEBBIX 3a-
nad AK npu u3ydeHnu OIbITa COBPEMEHHBIX BOWH
Y BOOPY’KE€HHbIX KOH(IMKTOB [1, 2].

s moctpoenus moaeneit 6oeBoro GyHKIHU-
onupoBaHusi AK HCHonb3yloTcs pa3iauyHbIe Me- MeToabl M1 METOX0JIOTHUS
TOJbI UCCIIEIOBAaHUS ONepaluii: TMHEHHOe U JH- HCCJIeI0BAHUSA
HaMU4ecKoe MporpamMMmupoBanue [2, 4, 5], map-
KOBCKHE TMpolecchl [3], ceTeBoe IIaHUpOBa-
Hue [6], Teopus MaccoBoro ooOcCiIyx uBaHus [7],
teopus urp [2, 8, 9] u 1. . OgHako Hambonee

Paccmotpum ¢ynkmmonupoBanne CAK AA
(OoeBol BEpTOJIETHON TPYNIIBI) MPHU BBITIOJIHE-
HUM PACUETHOM TUINOBOW (ynapHOW) 3ajaud —
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! [Ipeononenne O6uapy> e ]
. J10J PYKEHHE| | Ao neny [APIME
na ueme | [1BO (3PK) = Lenu manchp | ATakd UCIH [Fgye €)
nenepac- [Moner k uenu —— ] . | == ==
l;:{llltl:l}:l- npfl:ll:jw_ [fonrotoska pper | © MTPCOIOJICHHEM e .
| KT1 K BBUICTY = [IBO (I13PK) -
= s =S B 30HY | JlexypeTBO B 30HE
iy g iy

‘<. _ ynapHblii BepToneT
gy — BEpTONET [1CO

Puc. 1. Cxema ¢pynxnuonnposanns CAK AA mpu BHIIOIHEHAH pacueTHON THITOBOU 3a1a4ui
Fig. 1. Operation scheme of SAC AA while performing a typical calculated task

YHUUTOXEHHUSI OJJMHOYHOM Majopa3MEepHOU Mo-
IBIKHOM Ha3eMHOM LICIIH.

CocraB CAK AA: nBa yaapHbIX BEpTOJIETa U
OJIMH TMIOMCKOBO-CIIacaTeNIbHbIA BEPTOJIET.

Cnoco6 6oeBeix aeiictBuii CAK AA: ynap
10 33/IaHHOM 1IeJIM C BBUIETOM IO BBI30BY U3 IO-
JIO’KEHHMSI IeKypCTBa Ha 3eMJIE.

Cxema QynkumonupoBanust CAK AA mpen-
CTaBJICHA HA pUC. | M BKIIOYAET CIEAYIOIINE O-
CJIeI0BaTEeIIbHBIC ATalbI (COOBITHS):

e TMOJy4YeHHE 3aJaud, BbIpabOTKa perie-
HUs, LeJepacnpeiejieHue U MOAr0TOBKa BEPTO-
netoB CAK AA Ha momanake k 60eBOMY Bblje-
Ty (coObITHE A);

e TIOJIET BEPTOJETHOW IPyNIbl IO MapLIpy-
Ty 10 pyOexxa moucka u oOHapy>KeHHUs IeNd Ha
NpeAenbLHO Majloi BeIcoTe /|~ ¢ KpercepeKon

CKOPOCTBIO V5 TIPOTHBOACHCTBHE CO CTOPOHBI

NPOTHBHUKA Ha JIaHHOM JTalleé BBIPAXKAETCS B
BO3MO>XHOM IPHUMEHEHHUU IEPEHOCHOIO 3EHUT-
Ho-pakeTHoro komrutiekca (I13PK) (mpu monana-
Huu B 30HY nyckoB [I3PK rpynma BeinmosHser
pa3roH 10 MakcHMalbHOH ckopoctu V) (co-

osiTHe B);

e B paiilOHE BBINOJHEHUS 0O0EBOM 3amauu
ynapusle BeptoneTsl CAK AA HabuparoT BbICOTY
0o H_, ¥ BBIIONHAIOT IOJET CO CKOPOCTBIO

7

6. » UTO OOecrieyrBaeT OJaronpusITHbIE YCIOBHs
IUTE OOHAPYKEHUS eI U HaBEJICHHsI YIIpaBsie-
MBIX PaKeT; MPOTUBOJCHCTBHE CO CTOPOHBI TPO-
TUBHUKA HAa JAHHOM 3Tarle BBIPAKACTCS B TIpUMe-
HEHUW 3eHUTHO-pakeTHoro komiuiekca (3PK)

(cobmiTHE C);

o O0OHapy)XeHHE LIeJH yJapHBIMHU BepTOJie-
TaMHM IPU TI0JIETE HA BBICOTE H ; €O CKOPOCTBIO

Vs, (coObiTre D);

e aTaka IENU YJApHbBIMU BepTOJIETaMHU
CAK AA ¢ nmyckoMm KaXIbIM 1O OJHOM ympas-
JsieMoll pakeTte; Imociie MPUMEHEHHs OOpPTOBBIX
CPECTB MOPAKEHUSI BEPTOJIETHI BBIXOAAT U3 30-
Hbl nopaxenus 3PK mpoTuBHuKa, 3aHUMas BbI-
coty H_ (coOwitue E);

e  MOWCKOBO-criacatesbHbIi Beprosier CAK AA
IpU MOJX0/€ K pyOexxy oOHapy>KeHHs LelH 3a-
HUMAaET 30HYy JIEXKYpCTBa B BO3AYXE, HE BXOIS B
30oHy nopaxenust 3PK mpoTtuBHHKaA, OCTaBasich
Ha BbICOTE H M CKOPOCTH V.

T
[Mpoduns monera CAK AA nipu BBEITIOTHEHUHT
pacueTHOM 3aJja4u MPEJCTABIICH Ha PUC. 2.

Kpurepuem (moxasarenem) OoeBoi 3¢ dek-
tuBHOCTH CAK AA mpu nelicTBUU 1O OAMHOY-
HOM HAa3eMHOW LENH SBJISIETCS BEPOSTHOCTH €€
nopaxenust W, . Ecian coObITHs, COOTBETCTBY-

Iol[Me JTanaM 00eBOro (PYHKIIMOHUPOBAHUS
CAK AA, cuuraTh HE3aBUCHMBIMH, TO W

nop
IPE/ICTAaBISAETCS B BUC NPOMU3BECHUS YaCTHBIX
KputepueB dppexTuBHOCTH [12]:

_ D II3PK H3PK
Wnop - POPHBO PHBO PBLIXPHOp s

(1)

rac PO — BCPOATHOCTHb CBOCBPCMCHHOI'O BBLIJICTA
FI'BPK

CAK AA; Pz, — BEPOATHOCTH IPEOIOJIECHHS

IIBO nporusnuka (II3PK) CAK AA npu nonere

K 1eH; Prs — BEPOATHOCTH Ipeoposenus [IBO
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Puc. 2. ITpoduis nonera CAK AA nipu BBIITOJHCHUH PACY€THON THITOBOM 3a1a4n
Fig. 2. SAC AA flight profile while performing a typical designed task

npotuBHuka (3PK) CAK AA B 30He moucka u
oOHapy>keHUs 1enu; P, — BEpOsSTHOCTh BBIXO/Ia

BBIX
P

nop

CAK AA Ha Ha3eMHYIO IElb; — BEpOSAT-

HOCTb IOPAYKEHUS LeIU OOPTOBBIMU CPEICTBAMU
nopaxeHus yaapHbix BeproietoB CAK AA.

BeposTHOCTP  CBOEBPEMEHHOTO
CAK AA onpenensiercs o ¢popmyre [12]

BBIIICTA

2)

0XK

e ¢, — BpEeMs HaHECCHHWs ynapa; f, — Bpems
npeObiBaHus (0KUIAHKSI) TTOJBHKHOTO HAa3eMHO-
ro oObekTa (LeNM) Ha TO3UIHMH (SBISETCS CITy-
YalHOW BEJIMYMHON C II0Ka3aTelIbHBIM (DKCITO-
HEHIIMAIBHBIM) 3aKOHOM pactipeaenenus [13]).

+t

MoAr

(=t +t 3)

mnona ?

rje f,, — BpeMsl, 3aTPauMBacMOe Ha OLECHKY 00-

CTaHOBKH, LeJepaclpe/ieIeHue U IOCTaHOBKY
6oesoii 3amaun CAK AA; ¢ — BpeMs MOATo-
toBku CAK AA k 0oeBoMy MoOJeTy B COOTBET-
CTBHUM C 3aJlaHueM; t BpeMsl II0JIeTa

CAK AA x nenmu.

noar

100

t

cy
TEJIBHBIM 3aKOHOM pacnpenenenus [13]; ¢

ot

Ut

noar

— CHy‘-I&fIHBIG BCJINMYHUHEBI C IIOKa3a-

MOCTOSIHHAs BEJIMYMHA, 3aBUCAIIAS OT Kpewncep-
ckoit ckopoctu monera CAK AA V- u paccros-

gust oT wiromagku B3ierta CAK AA no nenu L.

Bepositnoctes npeoponenus I[1BO (I13PK)
kaxaeiM BeprosieToM CAK AA (uucno omHo-
BPEMECHHBIX HABEJCHUI KOMILJIEKCA OTpaHUYH-
BaeTCsl KOJMYECTBOM DACIOIaraeMbIX KaHAJIOB)
omnpenensercs no gopmye [12]

T13PK T13PK
AT 113PK

pII3PK NP

meo — € (4)
rie A" — cpenHAs MHTEHCHMBHOCTH IMyCKOB
(uucno myckoB B eaunHunly Bpemenu) II3PK;
t™" — Bpems mpe6piBanus CAK AA B 30He

myckos II3PK, N,°* KOJIMYECTBO IIEJIEH,

Haxozsmuxcss B 30He myckoB [I3PK (xommuye-

cro BeproieroB CAK AA); P — Beposr-

HOCTb COWTHS BEPTOJETa CPEICTBOM IepexBara
II3PK B oxHoii aTake.

tH3PK — l3n + l6n

I

u

3
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Puc. 3. 3ona obcrpena [13PK B BepTuKalbHOM M TOPU30HTAIBHOM TUIOCKOCTSIX
Fig. 3. MANPADS engagement area in vertical and horizontal planes

rae [, — IOyTh, OIPEOAOJIEBAEMbIH KaXK/bIM BEp-
ToneroM B 30He myckoB II3PK; [, — mmna Goe-

Boro mopsaka CAK AA; V, — ckopocTs mojera
CAK AA.

2
_ L2 _ L6Ll
61 ’

h — Hnonth
tgo

tgo

(6)
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rae o, B, ¢ — yriabl, ONpeAemsIomue 30Hy IIyC-
xoB II3PK (mpencrasnensl Ha puc. 3); L, — 0o-

koBoe otkinoHeHne CAK AA or II3PK na mioc-
KOCTH 3€MJIH (SIBIISIETCS CITyYailHON BETHMUHUHOM C
HOPMAaJIbHBIM 3aKOHOM pactipezenenus [14]).

BepostHocts mpeogonenus I[IBO (3PK)
kaxnbiM BeptoietoM CAK AA (komudecTBo Ka-
HAJIOB HaBeIEeHUS KOMILIEKCa 00eCIIeUnBaeT OJl-
HOBPEMEHHOE HaBEJACHHUE BCEX CPEICTB MOpake-
HUs), onpenensiercs mo gopmyne [12]

7N3PK pare
cO

P _, N3P

[IBO — >

(7)

rie N — KxomudecTBO CpeACTB MOpaXKeHHUs
(mepexsara) 3PK (sBnsieTcst cimydaiiHOW BeTH4YH-
HOit), N ' — komuuecTBO wenell, HaXOSIINXCS

B 30He nyckoB 3PK (koJiMuecTBO yaapHBIX Bep-

tonetoB CAK AA); PI* — BepositHOCTb cOUTHS

BeprosieTa cpeacTBoM nepexBara 3PK B omHoit
aTake.

101

HOCKOHBKy BO3MOJKHBIC 3HAUYCHHS BCINYNHBI

N> nexar B U3BECTHBIX Npeaenax U OTCYT-
CTByeT MH(OPMAIMSI O XapaKTepe ee pacrpene-
JeHus (HeU3BeCTHBI 0coOeHHOCTH 60eBOi pado-
Tel 3PK), TO npuHuMaeTcs, 4To AaHHas Ciiydaii-
Hasl BeJIMUMHA pacrpeereHa paBHoMepHo [ 13]).

P ompenensiercss U3 yCIOBHs, YTO HKUIA-

BBIX
KM BEPTOJICTOB TOMCK M OOHApYyKEHUE IeNu
OCYILIECTBIISAIOT BU3yaIbHO [12]:

P

BBIX

=P -P

pu [Ji8d

(8)

Irac [‘;u — BEPOATHOCTH BBIXOJa OJHOI'O BCPTO-

Jera B palioH 1ienH; P, — BEpPOATHOCTH ONMKHE-

T'O HAaBCACHHA BEPTOJICTA.
Pp - OIpPCACIIICTCA KaK BEPOATHOCTL «II0IIa-

JaHUsD BEPTOJIETA HAa OTPE3OK [y, MPEICTABIIEH-
HBII Ha puc. 4, ¢ pa3mepaMu

206, + 1, 9)

ly

rae [, — JaIbHOCTb OOHAPYXKEHUS Majopas-
MEpHO¥ Ha3eMHOM LeNH; [, — pa3Mepsl LEJH 1Mo

ocu Oz.

JlanbHOCTh OOHApy>XEHHS MaJlopa3MepHOM
HA3eMHOM 1eNu (TUMNa TaHK, MyCKOBAasl YCTAHOB-
Ka PEaKTHUBHOM CHUCTEMBI 3aJIIIOBOIO OTHS U JIp.)
omnpenensercs no gopmye [12]
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Puc. 4. K onpenenenuio BeposITHOCTH BBIX0/1a BEPTOJIETA B PaliOH 1IN
Fig. 4. To determine the probability of a helicopter approach to the target area

3,6V 6

100

I =0H D10 e

rae D — MakcMMaJIbHO BO3MO’KHas HaJdbHOCTH
BUJUMOCTH TIeNIU (SIBJISICTCS CIIyYaiHON BEITUYH-
HOM C paBHOMEPHBIM 3aKOHOM pacIpe/eNCHHUs,
MOCKOJIBKY JUISI 33JIaHHOM BBICOTHI MOJIETA BEP-
TOJETOB H , NMama3oH €€ BO3MOXKHBIX 3Haye-

+0,78, (10)

.
HUI M3BECTeH, a MH(OpMaLUs O XapakTepe pac-
Ipe/IelIeHUs] OTCYTCTBYET (HEM3BECTHBI OCOOCH-
HOCTH METEOPOJIOTHYECKHX YCIOBHH, 0COOEHHO-
CTH penbeda MECTHOCTH U XapaKTep 3acTPOCK B
paitone nenu [13]).

[Ipu oTCcyTCTBUU CHCTEMATHYECKHX OIIMOOK

l
P, =20 == (11)

(12)

3

z

6. =0,01L,,

rac Lu — pacCTOSAHHUC OT IUJIOIIAaJAKU B3JICTA BCP-

TOJICTa 00 LCIM;, G, — CPCAHCKBAAPATHIHOC OT-

s

20

z

KJIOHEHHE Bepronera no ocu Oz; D -
¢bynxkius Jlamnaca — [aycca.

B paccmarpuBaeMoMm cityuae MOHMCK M OOHa-
pY’KEHHUE LIeNH BEAET Mapa yAapHbIX BEPTOJIETOB
CAK AA, Torga [12]

P

pu

=1-(1-P, )™, (13)
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’
rac fl)su — BCPOATHOCTH BbIXOJa YAAPHBIX BECPTO-

neroB CAK AA B paiion uenn; N, — Koiude-

CTBO yJapHBIX BEPTOJETOB, BEAYIIUX MOUCK U
0oOHapyXKeHHE IICIIH.

Hcxons U3 TOro 4to BEpTONETHI 00JIAHArOT
BBICOKMMH MaHEBPCHHBIMU XapaKTEPHUCTUKAMH,
npuauMaercs P, =1 [12]. Oro o3Hagaer, 4ro

eciu Beprosnetsl CAK AA, Beaymue NOHUCK U
oOHapy’KeHHe, «IOoNajalT» Ha OTPe30K [, TO

oejib UMHU 6yI[CT aTaKoBaHa € XO0y.
Taxum o6pazom:

[
pu *

(14)

BBIX
BepOﬂTHOCTB MOpaAKCHUA LCIIN 60pTOBbIMI/I

CpPEeICTBAMHU TOPAKEHUS YIAPHBIX BEPTOJIETOB
CAK AA p, onpenensiercst [12]:

:1_( )Nnop’

— BCPOATHOCTL IMOPAKCHUA LCIU OHO-

P

mop

1-P

nop 1

(15)

rae P

opl
HHUM yI[apHI)IM BepTOHeTOM HpI/I HyCKe O[[HOI\/JI
pakeTsl; N, =~ — KOJIHYECTBO BEPTOJICTOB, BEAy-

IIMX 0O0CTpET IIEIIH.

[Ipouenypa CTaTUCTUYECKOTO MOJEIHPOBA-
HUs 60eBoro ¢pynkunonupoBanusi CAK AA npu
BBITIOJTHEHUH PACCMOTPEHHON pacueTHOM 3a1auun
3aKirovanach B cienytomeM [ 14]:
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e MPOU3BOAMICS PO3BITPHIII  IOSIBICHUSL
(HemosBIEHUS) CIIly4aliHOrO coOBITHS A — MOIy-
YeHUs 3a/]a4M, BBIPAOOTKHM pEIIeHHMs, lieJepac-
npenencaus U moaroroBku CAK AA x 6oeBomy
BBUJIETY, — 3aBUCSIIErO OT CIly4yalHbIX MapameT-
poB f , t W f . €CIH IOJy4EHHOE IIPU MO-

cy ? noAr
JIEMPOBAHUM TIPOTPAMMHBIM  CIIOCOOOM  CITy-
YaiiHoe 4ncio R, < P, TO CYMTAIOCh, YTO COOBI-

THE A NIPOM30LLIO, eclu R, > F, — cobbitne A

HE MPOU30ILLIO;

e TPOU3BOAMJICS PO3BITPHII  MOSIBICHUS
(HemosiBNeHMsI) ciaydaiiHOro coObiTuss B — mo-
nera CAK AA x uenu c npeogosieanem [1BO
(ITI3PK), 3aBHcAIIETO OT CIIydyalfHOrO Mapamerpa
L, : cOOBITHE CYMTANOCH NPOU3OIIEIIINM, ECIN

xoTs1 Obl oiuH U3 BeptoseroB CAK AA ycnem-
HO TIPEOJI0JIeN NaHHBIA dTan (He ObLI cOUT); ec-
JM TIOJlyY€HHOE TpU MOJETUPOBAHMU MPO-
IPaMMHBIM CIOCOOOM JISi KaKJOTO BEpPTOJIeTa

CAK AA crywaiinoe uncno R, < P, o cun-

Tanock, yTo naHHbl Beprosner CAK AA Ha pac-
cMaTpuBaeMoOM  3Tanme  He  cOuT,  eciu
R, > P{I"® — Beproner cOuT;

T1BO

e TPOU3BOAMJICS PO3BIIPHII  IOSIBICHUS
(menosiBieHus1) ciryvaitHoro coOertust C — moJte-
Ta ynapHeix BeproietroB CAK AA Ha BbicoTe
H_, # co cKopocThio V. , C IPEOJOICHUEM
I[MIBO (3PK), 3aBucsiiero ot ciydyailHOro mapa-
metpa N*™: cobbITMe cumTanOCh MPOM3ONIE-
IIMM €CITU XOTS Obl OJIMH U3 yAAapHBIX BepTOJe-
TOB, IPEOJOJEBUIMX BTOPOM ITam, YCIEUIHO
MPeoosesl U JaHHBIA ATall; €Clid MOJIy4YeHHOe
pU MOJEIMPOBAHUU MPOTPAMMHBIM CIIOCOOOM
o kaxaoro ynapHoro Beprosieta CAK AA

cityyaiiHoe Ymcino R, < P, TO CUMTANIOCh, YTO

00H

JAHHBIA yJTapHBIA BEPTOJET HAa paccMaTpUBac-
MOM 9Tarne He cOuT, ecu R, > Prs — BepToner
cour;

e  TPOU3BOAWICS PO3BITPHIII  IOSIBICHUS
(HemosiBIeHHs) ciy4aiiHoro coOsitus D — oOHa-
PYXKEHHS UeNH  yNApHBIMA  BEPTOJIETAMH
CAK AA npu nonere Ha BbicoTe H ,, CO CKO-

pocTBIO Vo , 3aBHCAIIETrO OT CIy4aifHOTO mapa-

Merpa D (mouck u OOHapyXeHHE WEIH OCYy-
HICCTBIISIFOT YJapHbIE BEPTOJIETHI, YCICIIHO Mpe-

103
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OZIOJICBIINE BTOPOH M TPETHIl STaIbl): €CiIU I10-
JIydeHHOE INIPU MOJECIHPOBAHUU HPOTrPAMMHBIM
crnocoboM ciydaiiHoe uuciao R, <P, , To c4u-

BBIX ?
Taloch, 4To coOeitTe D mnpousonuio, eciau
R, > P, — cobbiTue D He npounsomnuno;

Bix

e MPOU3BOAWICS PO3BITPHIII  MOSBICHUS
(HemosiBeHMs) ciiydaitHoro coObiTus E — atakm
nenu ynapusiMu - Beprosetamu  CAK  AA
(ycriemHo mpeoaoSIeBIIMMUA BTOPOM M TPETHH
9Tambl): €CNU MONTYYSeHHOE MPH MOJCIUPOBAHUU
IPOTPAMMHBIM ~ CITIOCOOOM  CIIy4aifHOE  YHCIIO
R, < P, , TO CYATANOCH, YTO coObITHE E mpowu-

mop ?
3011710, €U R, > P,

op — COObITHE E HE mpouso-
11J10.

[Ipn MopenupoBaHWU KaxAbIH MOCIETYyIO-
U 3Tan Npoleayphl Peairu30BbIBAJICS TOJIBKO
B TOM CJy4ae, KOT/ia Mpeablayui Ol ycren-
HbIM. Pe3ynbTraroM MOJENMpPOBaHUS SIBUJIACH
OLICHKa BEPOSATHOCTU CIy4alHOTO COOBITHUA —
BoinosiHeHust CAK AA tumnoBoi (yaapHoit) pac-

qyeTHOW 00€eBOM 3amaun ¢ TOYHOCTBIO € =0,05

IIPYU HAaJEKHOCTH (JOBEPUTEIBHON BEPOSATHOCTH)
vy=0,9:

* m

(16)

I7Ie m — YUCIO HACTYTICHUH JaHHOTO COOBITHUS;
n — Y9UCJIO peanu3aluuil (MCTIbITAHUN) MPU MOJIe-
JUPOBAHUHU.

Tpebyemoe YHMCIO WUCIBITAHUN JUIS TTOJTyde-
HHSI HOPMAJIGHOM OIIEHKHM BEPOATHOCTH W~ ¢

nop
3a/IaHHOM TOYHOCTBIO M HAJEKHOCTBIO OIpee-
nsiercs [ 14]:

2 * *
n= uy erop (1 - Wnop )
- B
82

(17)

rae u, = ;' (%J — obparnas ¢pynkuus Jlarua-
ca—l"aycca.

JU7st mocHeAyIOIero aHaiau3a pe3yabTaToB MO-
JICTTMPOBAHUSI PACCMOTPEHBI OLICHKH BEpPOSTHO-
CTell  4YacTHBIX KpuTepueB 3PQeKTHBHOCTH
CAK AA, ompenensiemble OTAEIBHO, O€3 yueTa
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rae m,, my, Me, m,, 0, YUCJIO HMCXOJOB,
onaronpusaTHeix coositusimM A, B, C, D u E co-
OTBETCTBEHHO; 1 — YHUCJIO peaau3aiuil mpu Mo-
JICTUPOBAHHH.

I/ICXOIIHI)IC JAaHHBIC, HMCIIOJIBb30BAHHBLIC IIPpU MO-

P = m, . (18) NEIUPOBAHUH, TIPEACTaBIeHbI B Ta0n. 1 (JieTHo-
0 B
n TEXHUYECKHE XAPAKTEPUCTUKH BEPTOJIETOB, Xa-
PGP _ mg (19) PaKTEPUCTUKU OOPTOBBIX KOMIUIEKCOB BOOPY-
fBo = 2 JKEHUsl BEPTOJIETOB, Ha3€MHOM CHCTEMBI yIPAB-
— JIEHUsl, CHUCTEMbl HWHKECHEPHO-aBUALMOHHOTO
pke = Me 20 :
mo T (20) obGecnieuenusa u cucreM IIBO mporuBHuKa oT-
m paxkaloT COBPEMEHHBI YpPOBEHb HX pa3BH-
1
> ==L (21)  Tus [15-17] u HE COOTBETCTBYIOT KOHKPETHBIM
n o0pasiam TeXHUKH).
« m
_ E
mop > (22)
n
Taoauna 1
Table 1
HcxonHble naHHbIE, UCTIOB3YEMBIE TP MOAETUPOBAHUN
The initial data used in the modeling
XapaKkTepuCcTHKA Oo0o3Havenune | 3HaveHHe
Bricora nonera CAK AA 1o mapuipyTy A0 pyOexa rmoucka neim, M H,, 20
Kpeiicepckas ckopocts nojiera CAK AA, km/4 Vo 250
MaxkcumainbHas ckopocth nonera CAK AA, km/4u V ax 300
BricoTa nonera yaapusix BeprosietoB CAK AA nHa sTamne noucka H 100
¥ 00HAPYKEHHUS €U, M oon
CxopocTts nosnieta yaapasix BepronetoB CAK AA Ha 3Tame moucka y 200
1 00HapyKEHUs IIeITH, KM/ oou
Paccrosnue ot momaaku B3aera CAK AA 1o menu, kM L, 150
Paccrostaue ot miomaaku B3nera CAK AA no pyOeka moucka 1eim, KM L., 80
Jmina 6oesoro mopsaka CAK AA, m L, 50
cpenHee
Bpems npeObIBaHNs TOABUKHOTO HA3eMHOI'O OOBEKTa Ha MO3UIUU, MUH y SHAYCHIE
(cnyuatinas eeautuna ¢ NOKA3amenbHbIM 3aKOHOM Pacnpeoenens) o 120
Bpemst olieHKH 00CTaHOBKH, LieJIepacipeieieHus U TIOCTAaHOBKH 0OEBOM 3a- cpenHee
Jaud, MUH ley 3HaUYCHHUE
(cnyuaiinas éenuduna c NOKA3amenbHulM 3aKOHOM pacnpeoeienus) 5
cpenHee
Bpems noarorosku CAK AA k 60eBOMy BBUIETY, MUH : SHI;l‘IHeHI/Ie
(cryuatinas 6enuNuHa ¢ NOKA3amenbHbIM 3aKOHOM Pacnpeoeienus) o 10
BepositHOCTE cOMTHS BepToiieTa cpeacTBoM nopaxenus [13PK P 0,4
CpenHss HHTEHCHBHOCTH 1yckoB I13PK, 1/c ALK 0,04

' BeproneTh! i GECIMIOTHEIE JIeTAaTe/bHbIE AMIAPAThHI
Poccun. M.: Ctyausa Otauka, 2020. 512 c.
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OxoH4yaHue Ta0IUIbI 1
Continuation of Table 1

XapakTepucTHKa Oo6o3Havyenne | 3HaveHHe
BbokoBoe otknonenne CAK AA ot [13PK nHa minockoctu 3emnu
(cryuaiinas 6enudUuHA ¢ HOPMATbHbIM 3AKOHOM PACHPEOeleHUs)
matemaTtuyeckoe oxunanue (kypc CAK AA nwa II3PK) m, =0, L,
CpeIHEKBapaTHYHOE OTKIOHEHHE G, =1500 M
VYris1, onpenenstomue 300y obctpena [13PK, rpagycer a; B ¢ 0,3; 10; 10
BepostHOCTE cOMTHS BepTOJieTa cpeacTBOM mopaxeHust 3PK P* 0,8
KommaectBo cpencts nmepexsarta 3PK NIK [0, 1]
(cryuaiinas 8enu4UHA ¢ pABHOMEPHBIM 3AKOHOM pacnpedeieHus) ’
MaxkcuMallbHO BO3MOXKHAS JaTbHOCTh BUAMMOCTH LIETH, KM D 4, 10]
(cnyyaiinas 8eaUUHA ¢ PAGHOMEPHBIM 3AKOHOM pacnpedenetsl) ’
BeposiTHOCTh TOpakeHUs 11EJIM OJIHOM PaKeTOM yJIapHOTO BepTojieTa P 0.9
CAK AA nop! ’

B BoeHHO-HAy4YHBIX UCCIIEIOBAHUSIX, CBSI3aH-
HBIX C OIleHKOoW OoeBor 3pdexkruBHOCTH AK
(cucrem AK), ucronb3yroTes moka3aTennu ux 00-
eBoit addexTuBHOCTH (00EBOM MOTEHIIUAT (BO3-
MOKHOCTH), BEPOATHOCTh MOPAKEHUS LENH) U
00eBBIX CBOMCTB (0O€Basi MOIb, MOOMIBHOCTb,
BeDKHBaemocTh) [1, 18]. Ilpeanararorcst BwIpa-
KEHHsI JUIsl pacuera JaHHBIX IOKa3aTesed IO
pe3yJbTaTaM MOJETUpOBaHUsA 00eBOro (GpyHKIH-
onupoBannsi CAK AA ¢ ucnonp3oBaHHEM pas-
paboTaHHOW CTATHCTUYECKON MOJECIH.

ITox 6oeBoii morpro CAK AA moHnMmaercs ee
CMOCOOHOCTB BBIOJIHUTE OOEBYIO 33/1auy Oe3 yue-
Ta TPOTHBOJCHCTBUS TPOTHUBHHUKA (KOHKPETHOM
paboThl MO cBoeMy mpeaHasHaueHuro) [1, 18].
Ornenka 6oeBoit Mo CAK AA ompenernsercs:

» m
D
o, = "o (23)
n
rae m, — 4YWCIO HACTYIUIEHHH COOBITHUS

®=D-F; n —4ucno peanuszaiuii npu Moaenu-
pOBaHUMU.

BepkuBaemocte CAK AA — cnocoOHOCTH
CAK AA coxpaHSTh BO3MOKHOCTb BBITIOJTHEHUS
00eBOIl 3amauM B YCIOBUSIX MHPOTHUBOJCHCTBUS
npotuBHukKa [1, 19]:

(24)

105

rIe m, — KOJIMYECTBO HECOUTHIX yIapHBIX BEp-

TOJIETOB B Ka)/IOW pealn3aluu; 1 — YUCIO pea-
JM3aIHN TIPU MOJICITUPOBAHHH.

MobunsHocTe CAK AA CIIOCOOHOCTh
CAK AA BBHIIOJHUTH TOCTABJICHHYIO OOEBYIO
3amadyy 3a Tpebyemoe (IIaHHUpPyeMOe) BpeMsi U
MIOJITOTOBUTHCSI K BBITIOJIHEHUIO CIICAYIOMICH 3a-
nauu (Bpemsl LUKIIA BBIMOJTHEHUS OOEBOH 3aia-

gn) [1, 18]:

+2t (23)

1oJ1

f,+1

noar

OneHka BEpOSTHOCTH TOPAXEHHUS 1NN
(ouenka BeposiTHOCTH BbimonHeHuss CAK AA
0oeBoii 3aaun) omnpenensercs no popmyne (16).

Koaddumment 6oeBbix Bozmoxknocteit CAK
AA (uHTErpanbHbIM NOKa3aTeab MO OTHOLICHUIO
K 00€BOii MOIIY, BEDKHBAEMOCTH M MOOHILHO-
ctu [1, 19]) onpenensiercs:

O - P
r= 26)
Ny;[.B - QS
rac Ny):[,B — KOJIHNYCCTBO y,[[apHLIX BepTOHeTOB
CAK AA.
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Taoanmna 2
Table 2

PesynbraTel MogenupoBanus 6oeBoro ¢pynkuonnpoanus CAK AA
Modeling results of the combat functioning of the SAC AA

CoObITHE OueHka BepOATHOCTH
O603HaueHune Onucanue O6o3Hauenne | 3HaveHue
A Coespemennsbiit BeuteT CAK AA P’ 0,7
B IIpeononenne kaxxnbm BeptoiaeToM CAK AA TIBO mpo- IR 0.96
tusnuka (I13PK) npu mosnere K uenu 11BO ’
C [Ipeononenue kaxnpiM yaapasiM Beptoiietom CAK AA P 0.84
ITBO nporusuuka (3PK) B 30He 00HapyKEHHS 1IN 18O ’
D Brrxon yaapusix BeptoietroB CAK AA Ha HazeMHYTO . 0.93
Lesb BBIX s
E [Mopaxenue 11e OOPTOBBIMU CPEJICTBAMHY MTOPAKCHHUS p* 0.8
ynapubix BeprosietoB CAK AA e ’
Iloka3zaresan 6oeBoii 3ppexTBHOCTH U 60eBbIX cBONiCTB CAK AA
Ha3Banue Oo0o3navenue | 3HauyeHnue
Onenka BepositHocTH BeinonHenus CAK AA 6oeBoit 3aiaun W 0.55
(OIICHKA BEPOSITHOCTH MOPAKEHHUS TISITH) fiop ’
Onenka 6oesoit Mo CAK AA D 0,78
BenkuBaemocts CAK AA Qg 1,32
Mob6unsrocts CAK AA, 1/4ac Y 0,67
Koa¢ddumment 6oeBbix BozmoxkHocTeit CAK AA X 0,32

Pe3yabTaThl ucciae10BaHUS
U 00Cy:K/IeHH e MOJTyYeHHbIX
pe3yJIbTaTOB

B T1abn. 2 npexcraBiieHbl MOJSyYEHHbIE MPU
MOJICJIIMPOBAHNN OLIEHKU BEPOSTHOCTEH CIlydai-
HBIX COOBITMH, COOTBETCTBYIOLIUX ATaram Ooe-
Boro ¢ynkuuonuposanusi CAK AA npu BbIIOI-
HEHUM pacyeTHOM TumoBoW (yoapHO#) 3amayw,
3HAYEHUs TOKazaTeseil 00EBBIX BO3MOKHOCTEU
u 0oeBbIx cBoiicTB CAK AA.

[TockonbKy pe3yabTaThl MOJCIUPOBAHUS 00-
eBoro ¢ynkunonupoanusi CAK AA npu BbI-
IIOJIHEHUM PACCMOTPEHHOM pPACUETHOM 3aJa4u
HEBO3MO)KHO COIOCTaBUThH C pE3yJIbTaTaMUu pe-
aJIbHBIX OOEBBIX NEHCTBHIA, TO Ui TPOBEPKU
aJIeKBaTHOCTU IPENJIOKEHHOW MOJENIH HCIIOJNb-
30BaJICA METOJ MpeeabHbIX Touek [19, 20].

B cooTBeTcTBUM ¢ JaHHBIM METOAOM Ha OC-
HOBE pslia MPENNoNoKEeHHH ObUIO obecreueHo
(YHKIIMOHMPOBaHUE pa3pabOTaHHONW MOJENH Ha
pEeXHUMax, IpU KOTOPBIX MPOMEXKYTOUHbIE U KO-

106

HEYHBIN pe3yJbTaThl MOJCIUPOBAHUS SBIISIOTCS
0’KHJJAEMBIMHU.

[IpuHsATHIE MPEANONOKEHUS, OXKHUAAEMbIE U
IIOJIlyYEHHBIE PE3YJIbTAaThl MOJEIBHBIX IKCIIEPH-
MEHTOB TIPEJCTaBJICHBI B Ta0u. 3. AHaim3 Tab-
JMLBI JEMOHCTPUPYET aJeKBaTHOCTh pa3zpabo-
TaHHOW MOJEIIH.

C wucnonp3oBaHueM pa3pabOTaHHOM MOJENU
NPOBE/IECHBl HCCIEOBAHUS BIMSHUS 3HAYCHUN
[IapaMETPOB JIETHO-TEXHUYECKUX XapaKTEPUCTUK
BEPTOJIETOB (MaKCUMAIBHON M KPEHCEPCKON CKO-
POCTH TI0JIETa) U KOMIUIEKCOB MX aBUAIMOHHOIO
BOOPY’KEHUs (BEPOSATHOCTU TOPAKCHHSI 11€7TH) Ha
U3MEHEHHe Moka3areneii 60eBoil apdexkTuBHOCTH
u 60eBbix cBoiicTB CAK AA mpu BBINOJHEHUU
PAacCCMOTPEHHOM PAaCUETHOM 3a4auH.

PesynbraThl HMccnenoBaHUN  TpeACTaBICHbI
Ha puc. 5. Toukoi Ha rpadukax OTMEUYEHbI 3Ha-
YEeHUs TTapaMETPOB JIETHO-TEXHUUECKUX XapaKTe-
PUCTUK BEPTOJIETOB, KOMIUIEKCOB MX aBUALMOH-
HOTO BOOpPY)KEHHUs, Mokazatenu 0oeBoi 3¢ddek-
THUBHOCTH U 00€eBBIX cBoiicTB CAK AA, cooTBer-
CTBYIOIINE UCXOTHBIM JaHHBIM (Tabm. 1 u 2).
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Taoauua 3

Uccnenosanue agekBaTHOCTH MOJEIU
Investigation of the model adequacy

Table 3

Puc. 5. Pe3ynbTarhl mapaMeTpUyeCKUX UCCIEI0BaHUN
Fig. 5. The results of parametric studies

107

IpenmoJiokeHust Pe3ynbTaThl MOACIMPOBAHUS
Peanuzauus | Oxugaemblii s | BT o ) . .
OﬂﬂcaHI/Ie 1 A P() 1180 Pl'?l;)g BBIX P‘"Op nop
B MOJIeJIN pe3yabTar
C KOMaHIIHOTO ITyHKTa P’ =0,
MIpEACTABIICHA JOKHAS ' =0 W -0 0 0,96 0,84 0,93 0,8 0
nHGbOpMAaIHs O IIeITU op
P?I'BPK* — 1
OTtcyTCcTBYET 18O ’
IPOTHBOACHCTBHE A —o | Bae LR 07 1 0,95 | 099 | 092 | 0,64
[13PK npoTtuBHHKA P’ 1, Wi 0
OTcyTCTByfiT . P 1 p 1,
MPOTUBOJICHCTBUE N =0 . . 0,7 0,96 1 0,94 0,92 0,63
Pno T’ Wno T
3PK npoTuBHHKA > P
P _"=0
€JIb n1€aJIbHO BBIX >
Lens mn D=0 * 07 | 09 | 084 | 0 | 08 | 0
3aMacKUpOBaHa W, =0
CpenctBa nopakeHus P =0,
CAK AA sBisioTcs By =0 ", 0,7 0,96 0,84 0,93 0 0
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Ananus IOJy4YEeHHBIX 3aBMCHMOCTEH IIOKa-
3BIBAET:
ysenuuenue V., V. ou P,

. , IpUBOIUT

K pOCTYy OLEHKH BEPOSTHOCTH BBIOJHEHHUS

CAK AA pacuetHoll 60€Boil 3aaun (BepOATHO-
*

CTH MOpaxeHust uean) W, =~ (CBA3aHO C yBeiu-

YCHUCM P(')* BCJICACTBUC YMCHBIIICHHA BPCMCHU

HII3PK*
P

noJIeTa K UeH ¢, ; yBEAHMYEHHEM P

BCJIE]I-

CTBHE YMEHBLICHHMS BpPEMEHU HAXOXICHHUS B
sone myckos [13PK ™" u yBennuennem P, p*

COOTBETCTBEHHO);
yBEJIMYEHHE V= TPUBOJUT K POCTY MO-

ounsHocTH CAK AA W BenenctBue yMeHblle-

HUA ¢

nos 2

yBenuuenue Vo
BeDkMBaeMocTn CAK AA Qg

YMEHBIIEHUS MOTEPH BEPTOJIETOB IPH IIPEOIO-
nennu 30861 nopaxkenus [13PK;

yBenu4eHue P, NPUBOJMT K pocty 6o-

MPUBOJIUT K POCTY

BCJICACTBHUEC

esoil Mo CAK AA @ BeiencTsue yBenu-

YeHUS OLICHKH P

mop

u P

° nopl

yBenuaenue Vo, Vo HPUBOJUT

K pocTy ko3¢ duienta 60eBbIX BO3MOKHOCTEH
CAK AA y Benencteue pocta O, B, u Q;

pa3paboTaHHas MOJEIb JIEMOHCTPUPYET
«HENPEPHIBHOCTbY PEaKLUUU Ha W3MEHEHHE MC-

XOJHBIX HAHHBIX (VKp s Ve B P opl ) B auamna-

30HE BO3MOYKHBIX 3HAUYECHUIL.

3akJoueHue

Takum o6pazoM, B paboTe mpeiokeHa cTa-
TUCTHYECKasi MOZeNIb 00eBOro (pyHKIIMOHUPOBa-
Husi CAK AA 1npu BBINOJIHEHUH PAacUyE€THOM TH-
noBOH (ylIapHOi) 3a7aul — YHUUYTOXEHUS OJU-
HOYHOM Majopa3MEpHOM IOJIBWXHOW HA3eMHOU
LEJIM C 33JaHHOW TOYHOCTBIO U HAJEKHOCTBIO.
JlanHast Mozenb y4YUTHIBaeT 0coOEHHOCTH Ooe-
BOI'0 NMPUMEHEHUs BepTOieTOB AA B COBpEMEH-
HBIX YCJIOBHUSX (JGHUCTBHSI B COCTaBe OOEBBIX
BEPTOJIETHBIX TPYII, MOJIET Ha MpeieiabHO Ma-
JBIX BBICOTAX, BBINOJHEHHE 3aJ1a4 B YCIOBUSIX
cuibHOrO npotusoencTeus cpeacts [IBO mpo-
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TUBHHMKA) M 3JIEMEHTHl ClyyailHOCTH B o0beMe
paccMOTPEHHOM 3a/1a4H.

[IpennosxeHsl BBIpaKEHUS ISl ONPEeIICHUS
nokasaresneii 00oeBoit 3(pPeKTUBHOCTH (B TOM
YlCJIe YaCTHBIX KPUTEPUEB, COOTBETCTBYIOIUX
sTanam 00eBOTro (PYyHKUIMOHHUPOBAHUS CHUCTEMBI)
u OoeBbix cBoiicTB CAK AA mo pesynbratam
MOJIETTUPOBAHUSI.

Ha ocHoBe MeTona mpenenbHbIX TOYEK IMOJ-
TBEP)KJIEHA aJIeKBaTHOCTb MPEIJIOKEHHON MO-
JieIu.

JUig 3aaHHBIX MCXOJHBIX JTAHHBIX MPOU3BE-
JIEH pacyeT IokazaTene 0oeBoil 3 (heKTUBHO-
ct u 6oeBbix cBorcTB CAK AA mpu BBITIOTHE-
HHUM PACCMOTPEHHOM pacueTHO 3a/1auu.

C ucnonp3oBaHueM pa3pabOTaHHON MOJIETH
NPOBE/IEHbl HCCIIEAOBAaHMUS BIUSHUS 3HAYCHHUN
[IapaMeTPOB JIETHO-TEXHUYECKUX XapPaKTEPUCTHK
BEPTOJIETOB U KOMILJIEKCOB HX aBHAIMOHHOIO
BOOPY’KEHUSI Ha M3MEHEHHWE IoKazaTtenell Ooe-
BoM d(ddexkTuBHOCTH W OOEBBIX CBOMCTB
CAK AA. Viyumenue napamerpoB JIETHO-TEX-
HUYECKMX XapaKTEePUCTUK BEPTOJETOB U KOM-
IUIEKCOB UX aBHAIIMOHHOTO BOOPY KEHMS MPUBO-
JUT K POCTY JAHHBIX MTOKa3aTeeH.

[Ipennonaraercsi, 4To MpENJOKEHHAs MO-
nenb OyJeT UCIOIb30BaHa PHU MOCTPOEHUH CH-
cTeMbl Mojesneil 00eBoro (yHKIIMOHUPOBAHUS
ABUAIIMOHHBIX KOMIUJIEKCOB AA ¢ y4eToM Co-
BPEMEHHON KOHUENIUN TPUMEHEHUS.

Pesynbrarsl paboThl MOTYT OBITH HCIIOJIB30-
BaHbl JUIsI OOOCHOBAaHUS TAKTUKO-TEXHMYECKUX
TpeOoBaHUIl K BepTOJieTaM BOEHHOIO Ha3zHaye-
HUS TIpH (OPMUPOBAHUM HUX TEXHUYECKOTO 00-
JUKa.
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