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Hcropust cratbu AHHOTanus. PaccMOTpeHB! BOIPOCH HAYYHOTO 000CHOBAaHUSI CTPYKTYPHO-TIapa-
METPUYECKOr0 CUHTE3a HU3KOOPOUTAIBHBIX CHCTEM CBSI3U C LIMPOKOIOIOCHBIMU
MEKCITyTHUKOBBIMH TPAaKTaMH M MaplIpyTU3alueil TaHHbIX Ha OOPTy CIyTHHKA,
IPUHLUIBL ¥ 3TaIbl, TIOJI0XKEHHBIE B OCHOBY MapLIPYTH3aLUM JaHHBIX Ha OOPTYy
CIIyTHHUKOB, U TOCTPOEHHS HAJEKHBIX U IIHUPOKONOJIOCHBIX MEXKCITyTHHKOBBIX
TpakToB. Llenp uccnenoBaHUsS — KOHKPETH3alWs CTPYKTYpHO-TapaMeTphye-
3asiBJIeHHe 0 KOH(IHKTE HHTEPECOB CKOTO CHHTE3a HH3KOOPOHTAIBHBIX CHCTEM CBS3W C INHPOKOMOJIOCHBIMH MEX-
CIIyTHUKOBBIMU TpakTamu. OOBEKT HCCIeJOBaHUs — TPYNIHUPOBKA CIIyTHHKOB
Ha HU3KHUX OpOHUTax ¢ MapLIpyTH3alueil JanHbIxX Ha 60opTy. [Ipenmerom uccueno-
BaHMs SIBJIETCS IPOLIECC CUHTE3a CTPYKTYPhI COOTBETCTBYIOIIEH HU3KOOPOU-
TaJbHOH CHCTEMBI. METOMOIOT S HCCIEA0BAHUS BKIIOUYAaeT MaTeMaTH4eCKUi
amrmapaT CUCTEM MaccOBOTO OOCIY)KHMBaHHS, MPUMEHSEMBIH KaK YacTh HHCTPY-
MEHTapHs CUCTEMHOro aHanu3a. HayuHas 3Ha4MMOCTh HCCIIEOBaHMSA 3aKII0Ya-
eTcst B pa3paboTKe MPHUHIMNIIOB U METOIOB, MO3BOJSIONINX IIPOBOAUTE CTPYK-
TypHO-TIapaMeTPUUECKUH aHaIu3 U pa3pabOTKy NMEPCIEKTHBHBIX CIIyTHHKOBBIX
CHCTEM CBSI3H, a TAKKE MOJEIUPOBAHUS NTOBEAECHHUS HU3KOOPOUTANBHBIX CUCTEM
CBSI3H C LIMPOKOIOJIOCHBIMH MEXCITYTHUKOBBIMU TPAKTaMH U OLICHKY UX Pe3yJlb-
TaTuBHOCTH. [IpakTHdecKkas 3HAYMMOCTb UCCIIEIOBAHHUS COCTOUT B 00eCTICUCHUH
(¢opmupoBaHUs TepedHs padOT MO CO3AAHUI0 OTEYECTBEHHBIX IPYIITHPOBOK
CIIyTHHUKOB, 00€CIeunBaoIMX a00OHEHTCKYIO IEPCOHAIBHYIO CBSA3b C Iepenaueii
JIAHHBIX OT aDOHEHTa K a0OHEHTY 6€3 IPOMEXKYTOUHOI0 IPU3EMJICHUS CUTHAA.
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Abstract. The paper discusses the scientific rationale for the structural and parametric
synthesis of low Earth orbit communication systems (LEOCSs) with broadband inter-satellite
links (ISLs) and on-board data routing, principles and stages underlying data routing on board
satellites and the construction of reliable and broadband inter-satellite links. The aim of the
study is to specify a structural and parametric synthesis of low-orbital communication systems
with broadband inter-satellite links. The object of the study is the constellation of satellites in
low-altitude orbits with on-board data routing. The subject of study is the process of synthesis
of the structure of the corresponding low-orbital system. The methodology of the study
includes mathematical apparatus of queuing systems, used as part of the system analysis
toolkit. The scientific significance of the research lies in the development of principles and
methods that enable structural and parametric analysis and the development of promising
satellite communication systems. Additionally, the research involves the modeling of the
behavior of low-orbit communication systems with broadband inter-satellite links and the
assessment of their effectiveness. The practical significance of the research is to provide a list
of tasks for the creation of domestic satellite constellations that provide personal subscriber
communications with data transmission from subscriber to subscriber without intermediate
signal landing.

Keywords: space system synthesis, low orbit communications system, data routing on board
of a satellite, intersatellite links
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BBepeHue

Ha Tekyuiuii MOMEHT CylIeCTBEHHO BO3pPOC

BBICOKOYUTUNITHIECKHX M TE€OCTAIIMOHAPHOH Op-
OMTAX TAKOH CEpBUC 3a4acTylo OOECIEUHThH HE B
COCTOSTHUH .

WHTEpEeC K MPAKTUYECKOW pean3alud MPOEKTOB
CHCTEM CBSI3M CO CITyTHUKAaMH Ha HU3KUX OKOJIO-
3eMHbIX opbutax. MuTepec o0yciaoBieH, ¢ OHOM
CTOpPOHBI, TEM, YTO a0OHEHTHI KOCMHUYECKUX CH-
CTEeM CBsI3H TPeOYIOT 00ECIIEUUTh UM TOT K€ ypO-
BEHb CEpBHUCA, KOTOPBIA OOECreyeH UM B Ha3eM-
HBIX COTOBBIX W IIPOBOJHBIX CUCTEMAX CBA3H, IIPpU
3TOM CITyTHHKOBBIE CHUCTEMBI CO CITyTHHKaMH Ha

C npyroii CTOPOHBI, TaKkoi HHTEpeC 00yCIOB-
J€H TeM, YTO Pa3BUTHE MPOMU3BOJCTBA, HAYKH U
Cpenbl YIIPaBIEHUS B HEKOTOPBIX CTPaHaXx, B YacT-
Hoctu B CHIA, caenano BO3MOKHBIM Takou cep-
Brc obecrieunTs [1]. [Ipumepom sBISIOTCS peann-
3oBaHHble B CIIA mpoeKkTsl HU3KOOpOUTAIbHBIX
cucreM HUpunuym u Crapausk [2; 3], koTopble
B 2025 r. mpubamxarTcs K OKYNaeMOCTH HIIU

! Tamnoe A.I1. CUCTEMBI CIly THHKOBOI#i CBA3H C MOJIBHKHBIME OOBEKTaMH : yuebHOe nocobue. Taraupor : Usn-so Taran-
POTCKOTO TOCYJapCTBEHHOTO paamoTexHudeckoro yHuBepcureta, 2004. 92 c.; Kamynun I'I1., Mamueg I'.B., Ilonanmono-
nyno B.H., Illysanog B.Il. TenekoMMyHHUKallUOHHBIE cUCTEMBI U ceTu. Tom 2. PaguocBsi3p, paanoBelianue, TEIEBUACHUE :
yaeOHOoe mocobue. Mocksa : ['opsiaas Jlmans — Tenexom, 2004. 672 c¢. ISBN 5-93517-109-0
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BBILLIM HAa OKYNaeMOCTh>. B TO e BpeMs CTaHo-
BUTCSl OYEBHJHBIM, YTO DPACUIMPEHUE PBIHKA WU
CIEKTpa YCIIyT KOCMHUYECKOM CBSI3U TOPMO3UT PSIJT
KJIFOUEBBIX MPOOJIEM, HE MO3BOJISIOIIUX PEeaTN30-
BaTh TOT K€ YPOBEHb CEPBHUCA, YTO U B HA3EMHBIX
cucremax. B mepeune BakHeHIMX mpobieMm Ta-
KOTO paHra BbIIEISIOTCA 1Be [4—6]: MapiipyTu3a-
LU JAHHBIX Ha OOPTY CITyTHUKOB, COCTABIISIONINX
OopOUTaANIbHYIO TPYIIITUPOBKY U MIOCTPOCHUE HAJIEHK-
HBIX U IIAPOKOTIOJIOCHBIX MEKCITY THUKOBBIX TPaK-
ToB (MCT) B HU3KOOPOHUTALHBIX CHCTEMAX CBS3H
(HOCC). Takum oOpa3oM, MaplupyTH3aLMs AaH-
HBIX Ha OOpTy CIyTHHKA W Tepenadya JaHHBIX 110
mupokononocHeiM MCT sBRSitOTCS KITIOYEBBIMHU
(akTOpaMu CTPYKTypHO-IIApAaMETPHUECKOTO CHH-
te3a HOCC, o0ecrneunBarmoIMMU COOTBETCTBHE
KOCMHUYECKOM CBS3M BO3POCHIMM 3arpocam abo-
HEHTOB.

1. MeToabl 6OPTOBOIA MapLUPYTU3aLUN
n o6ecneuyeHus paboTbl MEXCMYTHUKOBDbIX
TPaKToOB

B pazpaboTke HayyHO-TEXHHYECKHMX OCHOB
MapuIpyTU3alus JaHHBIX Ha OOpTy CIIyTHHKA U
nepeiayu JaHHbIX 1o mupokomnonocHsiM MCT 3a-
JIEWCTBOBAH PAJ MPEANPUATHN KOCMHUYECKON TTPO-
MeinieHHocTH Poccun. B wactHocTtH, B IIAO
«PKK «2Oneprus» pa3paboTaHbl U 3alIaTEHTOBAHbBI
[7-11] pemienus, mMO3BONAIOMINE 00ECTICUUTH IIIH-
POKOITOJIOCHYIO CBSI3b aOOHEHTOB 4epe3 TPYIIIBI
CIIyTHUKOB, 0€3 MPOMEKYTOUYHOT'O TPU3EMIICHUS
cooOmienus, ¢ yderom ocobennocreir HOCC.
Hanpumep, MeToq ¢ YTeHHEM 4YacTH 3arojoBKa,
KOTJa 4acTh MNPEIBIIYIIEro 3arojioBKa 3alloMu-
HAIOT, CPAaBHUBAIOT C AHAJOTUYHOM 4acThIO TEKY-
1Iero, MpU COBMAJCHUH OTHPABISAIOT Aajiee JINOo
MPOYUTHIBAIOT MTOJTHOCTHIO IEPE JaTbHEUIIIEH OT-
MpaBKoii [7], a Takke METO/1, UCTIOIb3YIOIIMMA JIs
MapUIpyTHU3allui TOJIOBHOW OWT, Korma «0» wim
«1» oTmpamnsieT moCIe10BaTENbHOCTD JAHHBIX B
OJIHOM M3 JIByX HallpaBJICHUM W Jaliee He Iepe-

naercst («cpe3aercs») M Ha CIEeIyroIeM KacKazie
JaHHBIC MapIIPYTU3UPYIOTCS CIEAYIOIIUM I'OJIOB-
HeIM OuToM [8]. [Ipm 3TOM BBIOOp HAIpaBIICHUS
PETPaHCIISIIUN TaHHBIX OCYIIECTBISIOT UCXOMS U3
nH(POPMAITUN O KOOpJMHATAX OMIKAHIINX coce-
JIeH, CBOETO MECTOTIOIOKEHUS U KOOPAMHATAX I10-
nydarens. Koopaunatamu sIBISIIOTCS HOMEp 30HBI,
B KOTOPOH HAaXOIUTCS CIYTHUK WM €ro COCEI.
Ecnu cocen BoIeln U3 cTpost (HEUCIPAaBHOCTb, Iie-
perpyska | T.J.) U He Mepeall CBOM KOOPIUHATHI
3a TeKyIui nepuoj oOMeHa, To uHpopmanus o
ero KOOpAMHATAX Ha COCEHHUX CITyTHHKAX CTHUpPA-
ercs. [Ipn BoccraHOBIEHHH pabOTOCIIOCOOHOCTH
OHa MOJKET OBITh BO300HOBIIEHA. [Ipumep Hymepa-
LMY 30H MIpUBEJEH Ha puc. 1.

Bsaumopeiicreue cinyraukos B HOCC noka-
3aHO Ha pHuC. 2.

Jlnst peanm3aiy TeXHUYECKUX PEIICHUH, CBSI-
3aHHBIX C MapUIpyTU3alMedl JTaHHBIX Ha OOpTY
CIyTHHKA U TTepelaueii JaHHBIX 110 HIPOKOTIOIOC-
#eiM MCT, Ha 6a3e METOI0OB CUCTEMHOI'O aHaIN3a
ObUT cHhOPMYITHPOBAH PSI/T TPUHIIUATIOB.

[Mpunuun 1: aboHEHTCKHE TPAKTHI o0ecte-
YHMBAIOT CBS3b uepe3 aTMocdepy 3eMiH U peau-
30BaHbl B paauoauanasone ot 0,3 qo 4 I'T.

[Ipunnun 2: mupokononocHele MCT pea-
TU3YIOT Ha 0a3e yCTpOICTB Jla3epHOM CBS3M (1ua-
na3oH Bbime 300 I'T') mubo Ha Gaze paauoanma-
paTtypbl CaHTUMETPOBOTO HJIM MHUJLTUMETPOBOTO
nuana3oHoB (quamazoH oT 18 1o 60 I'T'1r), mpu 3Tom
yCTaHaBJIMBAs CBA3b C OJMIDKAMIIMMU CITy THUKaMH-
COCeISIMHU, CITyTHUKHU UIIYT IPYT APYTa, CKAHUPYS
Jy4OM LIMPOKYI0 00JacTh W, HAWIS IpyT Apyra,
Cy’KaloT ee.

[puHuun 3: MO3MIKU JIA3ePHOTO WK pa-
JMOJTy4a HyMEpPYIOT Ha CTOPOHE CITy THUKA-OTIIpa-
BUTEIIS, 2 HA CTOPOHE CITyTHUKA-coceaa OepyT me-
JICHT Ha TIPUHSATHIN Jyd U B CIIy’)KeOHOM cooO01e-
HUH B BUZIE KOJIa ITOTIPABKH HaBeIeHHsI, UH(HOPMHU-
PYIOT O TIeJIeHre U HOMepe MO3UIMH CITyTHHK-OT-
IpPaBUTENTb. JTO YCKOPSIET TIOMCK U MOBBIIIAET Ha-
JIKHOCTb COIPOBOKACHUS CITy THUKOB-COCEICH.

2 Otuer o pmoxomax Iridium Communications Inc. 22.04.2025. URL: https://ru.tradingview.com/symbols/NASDAQ-
IRDM/financials-income-statement/ (gara oopamenus: 30.05.2025); [Tomanog U.B. CTajao U3BeCTHO O PE3KOM POCTE JOXO0-
noB ot Starlink (URL: https://lenta.ru/news/2025/02/05/stalo-izvestno-o-rezkom-roste-dohodov-ot-starlink/ (nara oOpaeHus:

30.05.2025).
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Puc. 1. lNpumep Hymepaumm 3oH B HOCC
N ¢ T o4 HKK: BbiNonHeHo C.B. MuyyrnHbim
Figure 1. Sample zone numbering in LEOCS
Source: by S.B. Pichugin
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Puc. 2. Bzanmopeiicteue cnytHukoB B HOCC:
7 — opbuTanbHasa NNOCKoCTb; 2— CNyTHUK, 3 — cnyTHUK — cocen; 4 — MCT
M c T04HwuK: BbiNoAHeHO C.B. MnyyrnHbim
Figure 2. Interaction of satellites in LEOCS:
7 — the orbital plane; 2— satellite, 3— satellite neighbor; 4 — MCT

Source:byS. B. Pichugin
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[Tpuatum 4: B pailoHaX OpPOUTATBHBIX TTO-
JFOCOB, TaM, TJ€ YIJIOBBIE CKOPOCTH B3aMMHOTO
NepeMeIleHHs CITyTHUKOB Ha COCEIHHX OpOMTax
BO3PACTAIOT, MPUMEHSIOT NIEPEXBATHIBAIOIICE CO-
MIPOBOYK/ICHHUE COCETHETO CITyTHHKA Habopom Oop-
TOBBIX QHTEHH CITyTHUKA aHTCHH, YbH 30HBI 00-
CITy>)KUBAHHSI YACTUYHO MEPEKPBIBAIOTCS.

[Ipunuun 5:uneHtuduKanyss abOHEHTCKUX
30H, 00CITY)KMBAaeMbIX CITyTHHKaMHU, OCYIECTBIIS-
€TCsl 30HUPOBAHUEM [TOBEPXHOCTH 3EMIIU 110 YHCITY
CITyTHUKOB, @ JJAHHBIC MECTOIOJIOKEHHS CITyTHUKA
1 a0OHEHTOB BKJIFOUAIOTCS B MapIIPYTHYIO HHPOP-
Maluo, HeOOXOAUMYIO ISl TOCTAaBKU COOOIICHUIN
0T aOOHEHTOB-OTIIPaBUTENCH K a0OHEHTaM-TIONy-
YaTesiM.

Peanuzanus npuBeneHHBIX NPUHIUIIOB B
paMKax TEeXHHMYECKHX PEIICHH, 3aKIabIBaeMbIX
B CO3/1aBaeMbl€ CITyTHUKH OpOUTAIILHOW TPYIIIH-
poBku u B HazeMmHbIl cermeHT HOCC, mo3Bossier
CYIIECTBEHHO YJIYUIIUTh XapaKTEPUCTHKH MPEI0-
CTaBIISIEMBIX CEPBUCOB KOCMHYECKOW CBSI3M U TO-
BBIIIACT €€ KOHKYPEHTOCIIOCOOHOCTD B CPAaBHEHHUU
C Ha3eMHOMU cBsI3bI0 [6; 12; 16]. s 00beKTUBHON
OLICHKH COOTBETCTBYIOILINX XapaKTEPUCTHK TEXHH-
yeckux penrenuit, peanmmsyembix B HOCC, u Hayu-
HOTro 000CHOBaHHS BHIOOpA COOTBETCTBYIOLIUX Me-
TOJIOB MAPIIPYTH3ALNU U MEXKCITyTHUKOBOH CBS3U
B HOCC Heo0x0auM COOTBETCTBYIOLINI MaTeMa-
TUYECKUH arapar.

2. HayyHoe o00cHOBaHMe BbiOOpa meToaa
OopTOBOI MapLupyTU3aUMM n obecnevyeHns
paGoTbl MEXCNYTHUKOBBIX TPAKTOB

ITpu BEIGOpE MeTOIa GOPTOBOI MapLIpyTH3a-
UM U olecredeHuss paboThl MEKCITyTHUKOBBIX
TPAKTOB U COOTBETCTBYIOIINX TEXHUYECKUX pellle-
HUil 0BT pa3paboTaH U NPUMEHSIICA MaTeMaTHye-
CKuil anmnapar Ha 6a3e METOJJ0B TEOPUH MacCOBOIO
06CTyXHUBaHHs", KOTOPBIi MO3BOJIKI HCCIIENOBAT,
JaTh Hay4yHOE OIMCaHHe U O0OCHOBATh Ul pa3-
IUYHBIX ycnoBuil ¢ynkiumonuposanuss HOCC,
B TOM YHCJIE HITATHBIX U HELITATHBIX, COOTBET-
CTBYIOIIMI BEIOOP METOJIOB U CPEJICTB.

MonenupoBaHue 1ajo0 BO3MOXHOCH KOM-
IUIEKCHO HCCIEI0BaTh CIYTHHK C MapIIpyTH3a-
el coobeHuit Ha 60pTy U IByMs TUTIAaMH TPaK-
TOB — aOOHEHTCKUM, HAIMPaBJICHHBIM B CTOPOHY
3eMiH 1 00eCTIeUYnBAIOIINM CBSI3b B JHAINIa30HE OT
0,3 10 4 I'T'i; 1 MEXKCITyTHUKOBBIM TPAKTOM ONTH-
yeckoro auana3ona ot 300 I'T'y no 700 TI'w.

YroObl OLIEHUTH MPOLECCHI, MPOUCXOAIINE
B OOpTOBOM anmaparype CIyTHHKa C IIUPOKOIIO-
JIOCHBIMU MEXCITyTHUKOBBIMHU TPAaKTaMH W MapIIl-
pyTu3anuen TaHHBIX Ha O0pTY, ObLIa MpeIokKeHa
JIBYXOceBas AByX(azHast MOJEINb ero (PyHKIIMOHH-
poBaHus, 6a3UPYIOLIASACS HA MATEMATUIECKOM all-
napaTe CHCTEM MacCOBOT'0 00CITy )KUBaHUsI, TIPUBE-
JIEHHas Ha puc. 3.

Mozenb BKIIIOYaIa YeThIpe 00CITyKUBAIOLIUX
npubopa Ha JBYX OCSIX — IO JBa MpUOOpa Ha Kax-
JIy10 OCb, IMEHYEMBIX T'OJIOBHBIM U 3aMbIKAIOIIHM.

B cooTBeTcTBUM € NpENI0KEHHONH MOAEIBIO
Ha BXOJbI TOJIOBHBIX NMPHOOPOB KaKJIOH OCH IIO-
CTyHaeT MPOCTEUIINK MOTOK 3asBOK HHTEHCUBHO-
CTH Ao (Ha TOJIOBHOM PHOOP MepBOi OCH) U A2 (Ha
TOJIOBHOM mpuOOp BTOpOIi ocu). Bpems oOcmyxu-
BaHU 3as/BOK Ha YKa3aHHBIX TOJIOBHBIX MTPHOOpax
pacripeiesieHO 10 HKCIOHEHIIUAIBHOMY 3aKOHY C
apaMeTpoM o1 UM [21, COOTBETCTBEHHO. [locne
00CITy’)KHBaHHsI Ha TOJIOBHOM ITPHOOpPE MePBOH OCH
3asBKa C OJIOBHOT'O MPHOOpa ¢ BEPOSITHOCTBIO €0
MOCTYTAeT Ha 3aMbIKAIOLINI MPUOOP ITOM Ke och
U C BEPOATHOCTBIO (1 — €0) mOCTynmaeT Ha 3aMblIKa-
IOIIMA PUOOpP APYroil ocH. AHAJIOTHYHO, IOCIe
00CITyHMBaHHsI Ha TOJIOBHOM IpuOOpe BTOPOii ocH,
3asiBKa C TOJIOBHOTO MPHOOpa ¢ BEPOSITHOCTBHIO €2
MOCTYTIAET Ha 3aMBIKAIOLINIA TPUOOP ITOH Ke och
U, C BEpOSITHOCTBIO (1 — €2), mOCTyIaeT Ha 3aMbl-
KaloIui pruOop MepBOi OCH.

Hccnenyemas cuctema MaccoBOro 00OCITyKH-
BaHUsl MOXKET HaXOJIUThCA B cleAyrommx 16 co-
CTOSIHUSX:

S0000 — Bce PHOOPBI CBOOOIHBI;

S0001 — 3aMBIKarOIIM TPUOOpP BTOPOM OCH
3aHSAT, OCTaJIbHbIE IPUOOPHI CBOOOIHBI;

S0010 — TOJIOBHOM MPHOOP BTOPOIA OCH 3aHSIT,
oCTaJibHbIe TPUOOPHI CBOOOTHBI;

* Hazapoe A.A., Tepnyeos A.®. Teopust MaccoBOro obciyxupanus : yueonoe nocobue. Tomck : HTJI, 2004. 228 c. ISBN

5-89503-233-8 EDN: QJOKAZ
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S0011 — TOJIOBHOHM W 3aMBIKAIOMIUN MPHOOP
BTOPOH OCH 3aHAT, MPHOOPHI MEPBOH OCH CBO-
OOIHBI,

S0100 — 3amMbIKaOLIMH NpUOOp MEepBOH OcU
3aHSAT, OCTATbHBIE TPUOOPHI CBOOO/IHEL,

So101 — 3aMbIKaomMe MpUOOPHI MEPBOM U
BTOPOM OCH 3aHATHI, OCTaJlbHblE MPUOOPHI CBO-
OOIHEL;

So110 — 3aMbIKaroLUi TpUOOpP MEepBOil Ocu U
TOJIOBHOM MTPHOOP BTOPOI OCH 3aHSATHI, OCTAJIbHBIC
puOOpPBEI CBOOOTHBI;

So111 — TOJOBHOM MpuOOpP MepBOi OCH CBO-
00/1€H, OCTaJIbHbIE TPUOOPHI 3aHATHI;

S1000 — TroJI0BHOM MPUOOP MEPBOI OCH 3aHST,
OCTaJIbHBIE IPUOOPHI CBOOOIHBI;

volfh =1 mn

=]

S1001 — TOJIOBHOHU MpHOOpP MEPBOI OCH U 3a-
MBIKAIOIINI PHOOP BTOPOW OCH 3aHSTHI, OCTAJb-
HbIE TPUOOPBI CBOOOTHBI;

S1010 — TOJIOBHBIE MPUOOPHI NEPBOM U BTO-
POH OCH 3aHATHI, OCTAILHBIE PHOOPHI CBOOOTHEI;

S1011 — 3aMbIKaOIUNA TpUOOp MepBOi ocH
cBOOO/IEH, OCTaJIbHBIE IPUOOPHI 3aAHATHI;

S1100 — TOJIOBHOM ¥ 3aMBIKAIOIINI TPUOOPHI
NEPBOM OCH 3aHSTHI, IPUOOPHI BTOPOH OCH CBO-
OOIHBIL,

S1101 — roJ0BHON TPUOOP BTOPOU OCH CBO-
00/1eH, ocTaJIbHbIE MTPUOOPHI 3aHSTHI,

S1110 — 3aMBIKAIOUINI TPUOOP BTOPOU OCH
cB00OICH, OCTabHBIE TIPUOOPHI 3aHSTHI,

S1111 — Bce MpUOOPHI 3aHATHI.

uo1

vl = 1 s

-
S

V-

P - i
o v £} =1 s

(1-20)—=

5
p22

Puc. 3. [gyxoceBas apyxdasHas Mmogenb GyHKUMOHMPOBAHWS CIyTHUKA
M cT04HwMK: BbinonHeHo C.B. MnyyruHbim

Figure 3. Two — axis and two — phased model of operation of the satellite
Source: byS.B. Pichugin

CoOOTBETCTBEHHO Dijjkl () — BEPOATHOCTH
HAXOXKJCHUSI CUCTEMBI MaCCOBOTO OOCITYKHBAHHUS
B cocTtosiHUM i, j, k, [, tne i=0wnmu 1,7 =0 nim 1,
k=0wm 1ul=0wnml.

Ecnmu npu mocTyruieHun 3asiBKU COCTOSIHUE
CHCTEMBI «BCE NMPHOOPBHI CBOOOIHBI», TO 3asBKa
CUMTaeTCs ycmemrHo oocmyxeHHoil. Ecnu cBo-
OOIHBI TOJIOBHOW M 3aMBIKAFOIIIUI TTPUOOPHI OTHON

216

OCH, TO 3asIBKa CYMTACTCS OOCITYKEHHOM C BEpOsIT-
HOCTBIO €0 WJIM €2 COOTBETCTBEHHO, JOMOTHEHHON
BeposTHOCTHIO (1 — €2) wm (1 — €) mpoTUBOIO-
JIO)KHOM OCH, YTO O3HAYaeT, YTO YacCTh 3asBOK
MOTYT IepeMenaTbcsi Mexay ocsiMu. Eciu cBo-
0OIHBI TOJIOBHOM NMPUOOP OJHOW M 3aMBIKAIOLINN
npuOOp NPOTUBOIOJIOKHOM OCH, TO 3asBKa CUUTA-
eTCsl 00CITy’)KEeHHOU ¢ BEpOATHOCTHIO (1 — €0) wim
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(1 — €2) coorBercTBeHHO. Ecniu B koMOMHAaLIMU CO-
CTOSIHUI TPUOOPOB CUCTEMBI 00a FOJIOBHBIX NPU-
00pa 3aHATHI, IOCTYIMBILAS 3asBKa TEPSETCS.

Ha 6a3e npemnoxeHHoi Mozenu Obuia moiy-
4yeHa cucTema JuddepeHuaabHbIX ypaBHEHUN
Konmoroposa. [Iponecc nonyueHus: ykazaHHbIX
yYpaBHEHMH MOKa3aH Ha IPUMeEPE COCTOSHUS S0000.

Ha nepBom stame s coctosHUS So000 OBLIT
MOCTPOEH Tpad MepexoqoB, NPUBEIEHHBIN Ha
puc. 4, T1e y4TeHbI IEPEX0/Ibl U3 3TOTO COCTOSHUS
BO BCE BO3MOXHBIE COCTOSIHUSL CUCTEMBI (MX BCETO
16, uto cooTBeTcTBYET 24, T71€ 4 — unCIo npudo-
POB B MOJIEJIH).

Jlanee ucciaenoBaloch U3BMEHEHHE COCTOSHUM
CHCTEMbl Ha OECKOHEYHO MajoM HHTepBajie Af.
HNmeem B BTy, YTO MHTEPBAJ Af TAaKOB, YTO AJIA

2)
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L.
-
w
|
—
;

_“
A

Loz

Aol

Lol 1—&qH

’/—4 HartHzs
}..3+}'..31-23+J". 7

OPOCTEHUIIEro MOTOKa B KOTOPOM HWHTEPBAJIbI
MEXy MOCTYIJICHUSIMU OTAENBHBIX 3asIBOK IMOJI-
YUHSIOTCS 3aKOHY € INIOTHOCTBIO pacIpeesIeHus
p(f) = Ae ™, BepOSATHOCTb TIOCTYIUICHUS OUepeIHOM
3asIBKM UHTEpBaJiec Af IPUOITMKEHHO paBHA AAL.
Kpome Ttoro, Takoil mpocTeinid MNOTOK Xa-
paKTepu3yeTCs TeM, 4YTO CyMMAapPHBIH MOTOK 3asBOK,
MOTyYeHHBI 00beTMHEHHEM KOHEUHOTO YHCIIA T10-
TOKOB C 9KCTIOHEHIIMATbHBIMH 3aKOHAMH pacrpesie-
JICHUS C Pa3IMYHBIMU HUHTEHCUBHOCTSIMHU, SIBIISETCS
AKCTIOHEHIIMAIBHBIM TIOTOKOM C HHT€HCHBHOCTHIO,
paBHOM cyMMe MX MHTeHcUBHOCTeH [13—15].
Ncxons u3 ykazaHHbIX COOOpaskeHH, BEpOST-
HOCTb TOTO, YTO COCTOSIHHE S0000 B MOMEHT Bpe-
MeHH (¢ + Af), 3anMCBIBAaeTCs, B COOTBETCTBUU C
rpacdom Ha puc. 4, B Buze BeipakeHus (1).
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Puc. 4. 'pad nepexonoB U3 COCTOSAHUSA Sy B MPOHME COCTOSIHUS CUCTEMBI
M cT0o4HwMK: BbinonHeHo C.B. MnyyruHbl

Figure 4. Flow graph from the Sy State to all other states of the queuing system
Source: byS.B. Pichugin
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VYpasuenue (1) myOmupoBaoch It BCEX mecT-
Hajanatu cocrostauii. [locine 3Toro Bce moiyueH-
HBbIC YpaBHEHUs, B pe3yJbTare MpeoOpa3oBaHUil,
CBOJUWINCH K BUAY, XapaKTEpHOMY [ CTalUo-
HApHOT'O PeXKHUMa, TAKOMY, KOT'JIa BCE IEPEXOIHbIC
MPOIIECChl B MOJIENN OBUIM 3aBEPIICHBI, a MaJlbie

BTOPOTO U BBIIIE MOPSIKOB MCKIIIOUEHBI U3 pac-
cMoTpeHus. J{J1st cTaliMoHapHOTO peXKuMa (pyHKITH-
onupoBanust mojaemn HOCC nuddepennnanbhbie
ypaBHenus KoimMoropoBa Obuid CBEIE€HBI B CH-
cTemy U3 16 JIMHEHHBIX ypaBHEHUH U JOTIOITHEHBI
YpaBHEHHEM MOJTHOU BEPOATHOCTHU (CM. TabIL.).

poooo(t + Af) = poooo() — poooo(?)* (ho(1—€0) + A2€2)A £ — poooo(£)A2At — poooo(?)[A2 + A2€2 +
+ A2(1—€2)]At — poooo(£)[Aogo + Aa(1—€2)]Az — poooo(£)[Ao€o + Ao(1 — €0) + Aag2 + Aa(1 — €2)]* At —
— poooo(£)*[A2 + Aogo +A2(1 — €2)]A £ — poooo(£)*[Ao(1—€0) +A2€2 + Aot AogotAa(1 — €2)]*At —
— poooo(?)* *ho* At—poooo(£)[Ao + Ao(1—€0) + Aa€2a]* At—poooo(Z)[Ao + A2]* At — poooo(?)[ Aot
+ Ao(1 — €0) + Aag2+ A2+ Aogo + Aa(1—€2)]* At — poooo(£)[ Aot Aogo + Aza(1—€2)]* At —
— poooo(t)[ Aot +Ao(1-€0) + Azea+ Aogo+ A2(1-€2)]* Az — poooo(£)[ Aot Aogot AotAa(1-€2)[*Ar— (1)
— poooo(£)[ AotAogotAz(1-€2) + Aot +Ao(1—€0) + A2€2]* Af +pooo1(f)U2* At + pooto(£)U2r*At +
+ poor1(f) * *(Ua1 + U22)*At + poroo(£)* o2 * At + poro1(£)*(Lozt22) * At + porio(?)* (Loz+U21) * At +
+ por11(#)*(Wo2 + ta1 + U22)* At + prooo(£)* o1 * Az + proo1(£)*(Lo1 + Wa2)* At + proto(2)*[ o1 + pa1 ] * At +
+ pro11(#)*(Mo1 + pa1 + pa2)* At + prioo(#)* (Mot + Ho2) *Af + prioi(£)*(Lor + Moz + U22)*At +piiio(?)*
* (o1 + po2 + W21)*Af + prin(@)*(Wor + Moz + Ha1 + p22)*At

Cucrema NMHeNrHbIX ypaBHEHUN ANs CTauMoHapHoro pexuma ¢yHkuuoHuposaHus HOCC,
AONOJIHEHHas YPaBHEHUEM NOJIHOW BEPOATHOCTU /
Set of linear equations for stationary mode of operation of LEOCS, supplemented by full probability equation

CocTtosiHue /

State YpaeHeHue Konmoropogra / Kolmogorov equation

— 8[Ao+ Aoeo+ Ao (1— €0) + A2+ Aaga + Aa(1— €2)]poooo(?) + Uazpoooi(?) + Uaipooto(?) +
+ (M21 + Wa2)poori(?) + Hozpoioo(?) + (Loz2 + Maz)poioi(?) + (Loz2 + Ua1)porio(?) +

+ (Ho2t21+U22)porti(t) + Hoipiooo(?) + (Lort+U22)piooi(£) + (Mot + Hai)pioio(f) +

+ (Wo1 + a1 + U22)pio11(?) + (Mor+Ho2)p110o(?) + (Ho1 + Moz +Ha2)piioi(?) +

+ (Wo1 + Moz + H21)p1iio(?) + (Mot + Moz + Mot + U22)p1i1i(?) =0

S0000

[A2€2 4+ Ao(1— €0)]poooo(?) — 8[(Ao€otAa(1—€2) + Haz + Ao+ A2)]poocor(£) +

+ [U21 + A€z + Ao(1— €0)poo1o(£) + Waipoor1(2) + [oz + A€+ Ao(1— €0)]poroo() +

+ Mozpoto1(£) + [Hoz2 + H21+ A2€2 + Ao(1— €0)]poro(f) + + [Hoz2 + a1 ]porni(f) +

+ [Wo1 + A&+ Ao(1— €0)]p1000(£) + Hoip1oo1(f) + [HorF+U21+A2€2+Ao( 1= €0) [p1o10 (7) +
+ [Wo1 + W21 ]pro11(£)+ [Moi + Moz + Az€x + Ao(1— €0)p1100(f) + [Hoi+ Moz ]p1101(2) +

+ [Wo1 + Moz H21+ A2€2 + Ao(1— €o) |p1110(2) + [Mor+Moz+H21 ]p1111(2) = 0

So001

A2poooo(?) + [A2+ Ha2]poooi () — 8[A2€2+ Ao(1— €0) + Aogo+ Aa(1— €2) + Ua1 + Aolpooro(f) +
+ Wazpoor1(?) + o2 + A2]poroo(t) + [Hoz + A2+ Uaz]potoi(f) + Hozporio(?) +

+ [Moz2 + Uaz2]por11(f) + ot + A2]p1000(2) + [Wo1 + A2+ U2 ]p1001(2) + Woipioto(f) +

+ [Wo1 + Wazppro11(f) + [Mo1 + Moz + A2]p1ioo(?) + [Moi + Moz + A2 + Uaz]prion(d)+

+ [Wo1 + Moz]p1110(2) + [Hot + Moz + M22]pi111(£) =0

So010
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lponomxerHne tabs. / Continuation of the Table

CocTosiHne /
State

YpasHeHune Konmoroposa / Kolmogorov equation

Soo11

[A2+ A2€2+ Ao(1—€0)]poooo(?) + Aapooo1(Z) + [A2€2+ Ao(1—€0)]pooto(?) +

— 8[Ao€otA2(1—-€2) + Ao+ W21 + Waz]poor1(?) + [Moz + Az + A2€2+ Ao(1—€0) ]poroo(?) +

+ (Mo2 + A2)poto1(2) + [Hoz + A2€2+ Ao(1—€o0) |por1o(z) + Wozpor11(2) +

+ [Wo1 + A2+ A2€2 + Ao(1—€0)p1000(?) + [Wo1 + Az2]p1001(2) + o1 + A2€2+ Ao(1 — €0)]pro10(f) +
+ Hop1o11(f) + [Ho1 + o2 + A2+ Asga+Ao(1 — €0) ]p1100(7) + [Mo1 + Moz + A2]prioi(£)+

+ [Mo1 + Moz + Az2€2+ Ao(1 — €o) |p1110(2) + [Mo1 + Moz ]p1111() =0

S0100

[Ao€o+ A2(1 — €2)]poooo(?) + [Aogo+ Aa(1 — €2) + Ha2]pooor(?) +

+ [Aogo+ A2(1 — €2) + Uai1]pooto(?) + [Ao€o+ A2(1 — €2) + Uai + Waz]poor1(2) —

— 8[Wo2+ A2&2+ Ao(1 — €0) + A2+ Ao]potoo(?) + Mazporoi(f) + Haiporio(?) +

+ [M21 + Maz2]por11(?) + [Ho1 + Aogo+ A2(1 — €2)]p10oo(?) +

+ [Mo1 + Ao€o+ A2(1 — €2) + Moz ]proo1(?) + [Mo1 + A€o+ A2(1 — €2) + Hai]proto(f) +
+[ o1 + Aogo+ A2(1 — €2) + Wa1 + Uz ]pio11(2) + Woip110o(f) + [Moi + Maz]p1i01(2) +
[Mo1 + Ma1]pi110(f) + [Mo1 + M2t + Moz ]prini(?) =0

So101

[Aogo+ A2(1 — €2) + A2z + Ao(1— €0)]poooo(t) + [Ao€o+ A2(1 — €2)]pooor(£) +

+ [Ao€o+ A2(1 — €2) + a1 + Aag2+ Ao(1 — €0) |pooto(?) + (Aogo+ Aa(1— €2) + Wai1)poor1(2) +

+ [A2€2+ Ao(1—=€0)]potoo(?) — 8[or+ao+Ar+Ao|poto1(?) + [Hai+ Azea+Ao(1 — €0)]porio() +

+ [Wo1 + Ao€o+ Ao(1 — €2) + A2€2+ Ao(1—€0)]por11(7) + Waiprooo(?) +

+ [Wo1 + Ao€o+ A2(1 — €2)]p1001(2) + [Uo1 + Aogo+ A2(1 — €2) + a1 + A€z + Ao(1 — €0) |p1o10(f) +
+ [Wol+Aoeo+A2(1—€2)+ 21 ]p1011(2) + [Hot + Az€2+ Ao(1 — €0) [p1100(F) + Horprioi(f) +

+ [Wot + M1 + Az€2+ Ao(1—€0) Jp1110(2) + [Mo1 + H21]p1111(2) = 0

So110

(Mogo+ Aa(1—€2) + A2)poooo(?) + (A€o + Aa(1 — €2) + Aa+ Uaz)pooor () +

+HAo€o+ A2(1 — €2)]pooro(?) + (Ao€o+ A2(1—€2) + Ua2)poor1(2) +

+ Aaporoo(£)+H(AaHU22)poto1(2) — 8[ Moz + M2t + A2€2+ Ao(1 — €0) + Aolporio(?) +

+ U2pori1(f) + [Hol+ A€o+ Aa(1 — €2) + A2]p1ooo(?) + [Mot + Ao€o+ Aa(1 — €2) +

+ A2+ U2 pioo1(f) + [Hol+ Ao€o+ Aa(1 — €2)|p1010(2) + [Mol+ Aogo+ Aa(1—€2) + Uaz]pi011(2)
+ [Mo1 + Ao]p1100()+ [Mol+Ax+Hu22 ]p1101(2) + Hoipiiio(f) +H[ o1 + Uaz]p1111(2) = 0

Sot11

[7\.080+ 7\,2(1—82) + Ao+ M+ 7\,0(1 - 80)]1170000(1') + (7\,080+ 7\,2(1 - 82) + 7\,2)750001(’[) +

+ [Aogo+ Aa(1 — €2) + Aaga+ Ao(1 — €0)]T0010(T) + [Ao€o+ A2(1 — €2)]mo011(T) +

+ [7\.2+ 7u282+ 7\,0(1 - 80)]1'5010()(’[7) + 7»271?()101(17) + [7u282+ 7\,0(1—80)]7[0110(1') -

— 8[(Ao+ Moz + U214+ W22)]/m111(7) + [Mo1 + Aogo+ Aa(1 — €2) + Az + A€z +Ao(1—€0)] mi000( 7) +
+ (Mo1 + Moo+ Aa(1—€2) + A2) Zmio01(7) + [o1 + Ao€o+ Aa(1 — €2) + Aag2+ Ao(1 — €0)] i010(7) +
+ [Wor+Ao€otAa(1—€2)1 7011 () + [Hoi+A2+Aaer+Ao(1 — €0)]m1100(7) + [Wot + A2] 7mi101(7) +

+ [Mo1 + A2&2+ Ao(1—€0) i 110(T) + HorTi111(T) =0

S1000

[Aogo+ Aa(1 — €2)]poooo(?) + [Ao€o+ Aa(1 — €2) + Wa2]poooi(?) + [Ao€o+ Aa(1 — €2) + Uai]pooro(?) +
+ [Ao€o+ A2(1 — €2) + M1 + Uaz]poor1(2) — 8[ Moz + A€z + Ao(1 — €0) + Az + Ao]poroo(f) +

+ Wazpot01(2) + Haiporio(z) + [Wa1 + Ua2]porni(f) + Lot + Aogo+ Aa(1 — €2)p100o(2) +

+ [Wo1 + Ao€o+ Aa(1 — €2) + Uaz]p1001() + [o1 + Ao€o+ A2(1 — €2) + Hai]proto(?) +

+[ o1 + Aogo+ Aa(1 — €2) + Wa1 + Uz ]pi011(2) + Woip110o(f) + [Moi + Maz]p1101(2) +

+ [Mo1 + Ha1]p1iio(?) + [Hor + Ho1 + Ua2]piini(?) = 0
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lpogosmxerHne tabs. / Continuation of the Table

CocTtosiHue /
State

YpaeHeHue Konmoropogsa / Kolmogorov equation

S1o001

[Ao+ A€+ Ao(1 — €0)]poooo(?) + Aopooo1(£) + [Ao+ Ua1 + A2e2+ Ao(1 — €0)]pooro(?) +

+ [Ao+ Ma1]poor1(?) + [Ao+ Moz + Aze2+ Ao(1 — €0)potoo(?) + [Ao+ Woz]poro1(?) +

+ [Ao+ Moz + Ma1 + A2€2+ Ao(1 — €0)[por1o(2) + [Ao+ Hoz + Hai]porni(?) +

+ [A2€2+ Ao(1 — €0)]p1000(r) — 8[Ao€o+ Aa(1 — €2) + A€+ Ao(1—€0) + Mot + Wai]proo1(f) +
+ [M21 + A2+ Ao(1 — €0) [p1010(2) + Waipio11(f) + [Moz + A2z + Ao(1 — €0)|p1100(2) +

+ Wozp1101(7) + [Moz2 + a1 + A€+ Ao(1—€0) |p1110(2) + [Woz + U21]p1111(2) = 0

Sto10

[Ao+ Az2]poooo(?) + [Ao+ A2+ Waza]pooor () + Agpooto(?) + [Ao+ Maz]poo11(?) + [Ao+ Loz + A2]poroo(?) +
+ [Ao+ Moz + A2+ Ua2]poioi(?) + [Ao+ Mo2]porio(f) + [Ao+ Moz + Haz]porii(f) +Azpiooo(?) +

+ [A2+ U22]proo1(?) — 8[Aogo+ Aa(1 — €2) + Aa€z+ Ao(1 — €0) + Mot + Mai]p1o10(f) + Uazpiori(?) +
+ [Ho2+ Az2]p1100(2) + [Ho2 +A2 + W2z ]p1101(2) + Poapiiio(?) + oz + Wz ]piii(£) =0

Sto11

[7\,0+ Ao+ Aogor+ Xo(l - 80)]p0000(l) + [7\,0+ 7\,2]]90001(1‘) + [7\,0+ A2E2+ 7\,0(1 - 80)][70010(1‘) +

+ Aopoor1(2) +[ho+ oz + A2+ A2g2 + Ao(1 — €0) ]poroo(?) + [Ao+ Moz +A2]poroi(?) +

+ [Ao+ WMoz + A2€2+ Ao(1 — €0)Jpor10(2) + [Ao+ Moz ]por11(2) + [A2+ Az€2+ Ao(1 — €0) ]p1o0o(?) +
+ Aaproo1(f) + [A2g2+Ao(1—€0) |p1o10(f) — 8[Ao€o+ A2(1—€2)) + Hol+ Hal+ paz]pioni(?) +

+ [Mo2+ A2+ Aa€2+ Ao(1 — €0) |p1100() + [Hoz + Az]p1101(F) + [Mo2 + Az€2+ Ao(1 — €0) ]p1110(2) +
+ Hozpi111(t) =0

S1100

[Ao+ Ao€o+ A2(1 — €2)]poooo(?) + [Ao+ A€o+ Aa(1—€2) + Uaz]pooor(?) +

+ [Ao+ A€o+ Aa(1—€2) + a1 ]pooto(f) + [Ao+ Ao€o+ Az(1 — €2) + Ha1 + Uaz]poori(z) +

+ Aoporoo(£) + [Ao+ Uaz]poro1(?) + [Ao+ Wai]porio(£) + [Ao+ Ha1 + Maz]porni(f) +

+ [Mogo+ A2(1 — €2) |p1000(2) + (Mo€o+ Aa(1 — €2) + Ua2)p1001(?) + [Mo€o+ Ax(1 — €2) + Uai]p1o10(F) +
+ [Ao€o+ A2(1 — €2) + a1 + Ua2]pio11(£) — 8[Mo1 + Moz + (A2€2+ Ao(1—€0)) + A2]p1100(f) +

+ U2op1101(2) TU21p1110(2) + [H21 + H22]prini(®) =0

St101

[Ao+ Aogo+ A2(1 — €2) + Aa€a+ Ao(1 — €0) [poooo(?) + [Ao+ Aogo+ Ax(1 — €2)]pooo1(?) +

+ [Ao+ Moo+ Aa(1 — €2) + Mot + A€z + Ao(1 — €0) [pooio(?) + [Ao+ Aogo+ Aa(1 — €2) + Mot mo11(7) +
+ [Ao+ A2+ Ao(1 — €0)]potoo(?) + Aopoto1(f) + [Ao+ U1 + A2e2+ Ao(1 — €0)]por1o(?) +

+ [Ao+ W21 ]po111(2) + [Ao€o+ A2(1—€2) + Arer+Ao(1—€0) p1000(2)HAo€o + A2(1—€2) |p1001(2) +

+ [Ao€o+ A2(1 — €2) + a1 + Aoz + Ao(1— €0) |p1010(f) + [Ao€o+ Aa(1 — €2) + Wai]pro11(F) +

+ [A2€2+Ao(1-€0)p1100(2) — 8[Aa+UaoHlorHo2 ]p1101(F) + [Ua1+ A2€2+ Ao(1— €0) |p1110(2) +

+ Wpii(®) =0

St110
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[Ao+ Ao€o+ A2(1 — €2) + Az]poooo(?) + [Ao+ Aogo+ Aa(1 — €2) + Az + Uaz]poocor() +

+ [Ao+ Ao€o+ A2(1— €2)]poo1o(?) + [Ao+ Aogo+ Aa(1 — €2) + Uaz]poor1(2) + [Ao+ Az2]poroo(?) +
+ [Mo+ A2+ H22]poioi(?) + Aoporio(?) + [Ao+ Haz]porni(f) + [Aogo+ A2(1 — €2) + Az]prooo(?) +
+ [Aogo+ A2(1 — €2) + Az + Waz]p1oo1(?) + [Ao€o+ A2(1 — €2)|p1o10(2) +

+ [Aogo+ Ax(1 — €2) + Ua2]p1o11(?) HAzp1100(f) + (A2 + Wa2)pi101(2) — 8[A2€2+ Ao(1 — €0) +

+ Wo1 + Moz + Ha1]pi1io(f) + Mazpiii(f) = 0
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Okonr4varune 1abi. / Ending of the Table

CocrosiHue /
State

YpasHeHue Konmoroposa / Kolmogorov equation

St

— 8[Ho1 + po2 + pa1 + p2]piii(¥) =0

[Ao+ Aogo+ Aa(1 — €2) + Ao+ Aag2+ Ao(1 — €0)[poooo(?) + [Ao+ Aogo+ Aa(1 — €2) + Az2]poooi(£) +
+ [Ao+ Aogo+ A2(1 — €2) + Azea+ Ao(1 — €0)]pooro(?) + [Ao+ Aogo+ A2(1 — €2)]poori(¢) +

+ [Ao+ A2+ A2+ Ao(1—€0)|poroo(?) + [ho+ Az]poro1(?) + [Ao+ Aag2 + Ao(1—e0)[porio(?) +

+ Aopo111(2) + [Mogo+ Aa(1 — €2) + Ao+ Azez + Ao(1— €0)]p1000(?) + (Aogo + Aa(1—€2) + A2)p1oo1(?) +
+ [Ao€o+ Aa(1—€2) + Aze2 + Ao(1—e€0)pro10(?) + [Aogo+ A2(1 — €2)]pro11(2) +

+ [A2+ g2+ Ao(1 — go)[p1100(2) + Aoprio1(2) + [Aag2 + Ao(1— €o)|p1110(2) —

M cT0o4HwMK: BbinonHeHo C.B. MudyruHbim / So ur ¢ e: by S.B. Pichugin

YpaBHEHUE MOTHON BEPOSATHOCTH:

poooo(?) + pooo1(Z) + pooro(z) + poor1(z) +
+ po1oo(?) + poro1(t) + porio(t) + por11(t) + @)
+ p1ooo(?) + proo1(?) + proto(?) + pro11(f) +
+ prioo(f) +p1oi(?) + pruio(?) + pun() = 1.

Ha crnepyromem mare HaXOAWJIM peUIeHUE
MOJTYYEHHOW CHCTEMBI YPAaBHEHUN pPa3MEpPHOCTH
16x17. JInsa peuieHus MpUBEICHHON B TabJHIIE CH-
CTEMBI HCIOJIB30BAJICS METO/I OOpaIeHNsT MaTPHIL.

BeposiTHOCTH pijki ObLTH 0003HAYEHBI Yepes Xi,
a kK03(h(PHUIMEHTHI P po; YEPE3 Amn Y TIEPEBEICHBI
B MaTpU4bIi BUJ:

[Ipu »sTOoM, ecau yMHOXUTH 00€ 4YacTu
MaTpUYHOrO BhIpaxkeHus (4) Ha A', momydum
(A".A).X = A".B xBajpaTHyIO MaTPUILy 1 TIONYUUM
peleHue

(AT.A)" . AT.B=X. (5)

Ha 6a3e pemenust (5) ObLIH MOTyYeHBI 3HAYE-
HUS BEPOSITHOCTEH HAXOXKICHHS UCCIIETyeMOH CH-
CTEMBI B COCTOSIHUSIX OT «BCE MPHOOPBI CHCTEMBI
CBOOOIHBI) 10 «BCE MPHOOPBI CUCTEMBI 3aHATHD),
YTO TIO3BOJISIET OLIEHUTH BEPOSATHOCTH IOCTaBKU
COOOIIIEHHSI IO BEPOSATHOCTH HAXOXKACHHSI CUCTEMBI
B 33JJaHHOM COCTOSTHHHU.

Jnst cuctembl 2X2, puUBEJEHHOW Ha puc. 2,
ypaBHEHHE CUCTEMbI UMEET BUJIL:

N=2*
Pak a2,ad,a% Z [f(arln —ap) + f(a'?n —a})
m=0;

" F(ad - ad) + flak —at)] +
N=2% (6)

+ Z PataZa3at * [f(a — a) + f(a} — a%)
n=0;

n+¥m

+ flan — am) + f(az —am)] =0,

apo a1 a2 ag15
aio an a2 ails
a0 a21 a2 a215
A =
@150 QA151 Q152 a1515
1 1 1 1 (3)
I 0
Ty 0
X = Ty B = 0
1 1

[Ipy MCHONB30BaHUM MAaTPUYHOTO Crocoda
peleHys] JAHHOW CHCTeMBbl OOBIYHO HMPUMEHSIOT
(opMyITy IEpeMHOXKEHHS MAaTPUILL:

A B=X (4)

KOoTOpasi ciuenyeT u3 Beipakenust A-X = B. Ognaxo,
B HallleM CJIy4ae Mbl OLIEPUPYEM C IIPSIMOYT OJIHOM,
a He KBaJpaTHON MaTpULEH.

L Hy
rae f(ap—ap)) =4 0, 0,
_1, )bo
L Moy
f(arzn - a‘rzl) = 0; 0 ’
=1, Ao+ 2 (1 —gy)
Loy,
flay—a))=4 0 0,
_1, 7\,2
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L Koy
f(a;l-n - a;l;) = 0, 0 )
—1, }\,0(1_80) +;\42$2
1, }\.0
f(a‘}L - a}n) = 0, 0 9
-1 Ho1
1, 7\,080 + 7\42(1 - 82)
f@-azy=1 o o,
-1 Hoz
1, >\42
fl@i-ap=10 0,
-1 ny
1, 7\,0(1 - 80) + 7\.282
flat—at) =1 0, 0
-1 K22

brimu takke nmomyuens [15; 16] coorHoMIIE-
HUS JJIsL CHCTEMBI C TIPOU3BOJIGHBIM YHCIIOM MEX-
CITyTHHKOBBIX TPAaKTOB CJIEIYIOILEro BUIa, TO €CTh
JUISL MOZIETIH C /1 TOJIOBHBIMHU U /1 3aMBIKAIOIIUMU
npudopamMu, HyMepoBaHHBIME OT 0 0 2x=m +n— 1.

N=2%
Daat, Y F(@h = a) + o+ flaf — a] +
m=0,

m#n

N=z® (7)

£ Py alf(@h = k) + -+ ek — @)
n=0;

n+Em

Kak mokasano B [15], ypaBaenue (7) npume-
HUMO JJIS CHCTEM JIFo0oi pasMmepHocTu. Korna B

CHCTEME CYIIECTBYIOT HU3KOCKOPOCTHBIEC U BBICO-
KOCKOPOCTHBIE OCH, MOJIEJIb CBOIUTCS K JIBYXOCE-
BOil. HU3KOCKOPOCTHAsE OCh MOIEIHUPYET padoOTy
abonenrckoro Tpakra B HOCC, a BBICOKOCKOPOCT-
Hasi — pPaboTy MEXKCIYTHHKOBOTO TpakTa, Mpu
MPOM3BOJIBHBIX YMCIIAX HANpaBlIeHUU CBS3H (JTy-
Yeil) B KaXKJIOM TpakKTe.

3aBUCHMOCTH BEPOSITHOCTEH COCTOSIHUS CHU-
CTeMBI OT BEJTMYMHBI WHPOPMAITMOHHOW Harpy3Ku
Ao/Wo1, mOCTymarorieii Ha BXOJ abOHEHTCKOTO
TpakTa, B rpa)u4eCcKoM BHUJIE MPEACTABICHBI Ha
puc. 5-7.

W3 rpacduxoB, mpuBeAeHHBIX Ha pHC. 5—7,
CJIEYeT, YTO BEPOATHOCTH 3aHATOCTH MPUEMHBIX
TPAKTOB HE NPEBBIIAET 2 % MPU BEIUUUHE MIOCTY-
naromei Harpy3ku 20 % OT MPOMyCKHOH croco0-
HOCTH a0OHEHTCKOTO TpakTa. To €CTh 3HAYUTEIb-
HYI0 49acTh BPEeMEHH aOOHEHTCKHH TpakT Oyaer
cBOOOJIEH.

3aHATOCTh MEePENaAIOIIEero TPAKTa COCTABIISET
nopsiaka 25 % 1 ¢ poCcTOM YHUCIIA MOCTYMAIOLIUX
OT a0OHEHTOB COOOIIEHUI CHIDKAeTCsS W3-3a yda-
IICHUS B3aMMHbBIX HAJOXEHUN JaHHBIX aOOHEHTOB
(6IOKHPOBOK).

BeposTHOCTB 3aHATOCTH BCEX TPAKTOB CITyT-
HUKa BHauaje HapacTaeT C POCTOM BXOJSIIEH
Harpys3KH, a 3aTeM HaYnHAeT CHIKAThCS N3-3a TOTO,
YTO JaHHBIE A00HEHTOB BCE Yallle HAKJIAAbIBAIOTCS
JpyT Ha Ipyra, 9TO MPUBOAUT K HOTEpsAM HHOP-
Manuu [14].
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Puc. 5. BeposaTtHOCTb 3aHATOCTM MPUEMHbIX TPAKTOB
M ¢ T04HwUK: BbinonHeHO C.B. MNMuyyrnHeim

Figure 4. Probability of busy state of receiving paths
Source: byS.B. Pichugin
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Figure 6. Probability of busy state of transmitting paths
Source: byS.B. Pichugin
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Puc. 7. BepoATHOCTb 3aHATOCTW MPUEMHbIX U NEPEAAlOLLIMX TPAKTOB
M c T04HMK: BbinonHeHo C.B. MuyyrHbim

Figure 7. Probability of busy state of receiving and transmitting paths
Source: byS.B. Pichugin

3. ATanbl HAy4YHOro 000CHOBaHUSA
CTPYKTYPHO-NapamMeTpUu4ecKoro CMHTesa
HOCC

[Tpr HanMYMU TaHHBIX O METOJaX OOPTOBOM
MapIIpyTU3aIuu, 00ecredeHns padboThl MEKCITY T-
HUKOBBIX TPaKTOB M NMPHHIUIAX UX MOCTPOCHUS,
pa3pabOTaHHOCTH U TOTOBHOCTH K NPHMEHEHHIO
MaTeMaTHYeCKOTo ammapara, MpeIHa3HaueHHOTO

JUISl HAYYHOTO 000CHOBAHHS CTPYKTYPHO-TTapaMeT-
PUYECKOTO CHHTE3a HU3KOOPOUTATBHBIX CHCTEM
CBSI3M C HIMPOKOIIOJIOCHBIMHU MEXKCITy THUKOBBIMU
TpaKTaMu ¥ MaplIpyTH3aluel JaHHBIX Ha 00pTy
CIIyTHHKA, UMEETCS BO3MOXXHOCTH C(HOPMYIUPO-
BaTh ATAITHOCTh HAYYHOTO OOOCHOBaHHS CTPYK-
TypHO-napamerpuueckoro cunreza HOCC. Dtot
MPOIIECC BKIIOUAET CICAYIOINE ITaIbL:
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1. Beibop MeToza MapmpyTH3aluu B 3aBHCH-
MOCTH OT pPa3BUTHsI TEXHUYECKHX CPEACTB U IIO-
TpeOHOCTE aOOHEHTOB.

2. ®opmupoBaHrue Habopa TEXHUYECKUX pe-
TICHW, peaTH3yIOIIET0 BEIOPaHHBIN METOI MapIIl-
PYTH3AIMK ¥ METOINK UCCIICIOBAHUSI.

3. OmpeneneHne MOPOTOBBIX IOKa3aTeseH,
CBSI3aHHBIX C MOTPEOHOCTAMU AOOHEHTOB.

4. OueHka mapaMeTpoB (YHKIIMOHUPOBAHUS
TEXHUYECKUX PEIICHUH B IITATHBIX M HEIITATHBIX
CUTYyalusIX C IPUMEHEHHEM 000CHOBAHHO BBIOPAH-
HBIX METOJIUK.

5. KommiekcHoOe HcclieloBaHne peatn3yeMo-
CTH TEXHWYECKHX PEIICHHH B paMKax 3aJaHHbBIX
CPOKOB C ITPUMEHEHHEM 000CHOBAHHO BBEIOPAHHBIX
METOJIUK.

6. 3akI0YeHNEe O pPeam3yeMOCTH TEeXHUYe-
ckux pemennit npu cuateze HOCC.

Ha nepBom 3Tarne cunTes3a U3 nepeyHs paspa-
OOTaHHBIX METOJOB MapIIPyTU3AIUU OTOMPAIOT
T€, KOTOPbIe HAWIYUYIINM 00pa3oM MPUMEHUMBI
st poctkenus uenedt mpumenenuss HOCC B
YCIIOBHUSIX TEKYIIEro YpPOBHS MOTpeOHOCTel abo-
HEHTOB, OIIPEEINIIEMBIX B IEPBYIO OYepeb YCIIO-
BUSIMH KOHKYPEHIIMM C Ha3eMHBIMU CHCTEMaMHU
CBSI3U, a TAKXKE TEXHUYECKHMMH BO3MOXHOCTSIMU
10 yJIOBJIETBOPEHUIO YKA3aHHBIX MOTPEOHOCTEH.

[Tocne Toro KaKk MeTO/ b MapIIPyTU3AIMH HH-
¢dopmarmmn s HOCC onpeneneHsl, HacTymaeT
gyepen (OpMHUPOBAHUS MEPEUHS TEXHUUECKUX pe-
LICHUH, peaau3yIoNnX BHIOpPAaHHBIE METOABI B
pamkax cunTesupyemoit ctpykrypst HOCC ¢ yue-
TOM MapaMeTpoB (PyHKIIMOHUPOBAHUS MOCIETHEH.

Ha cnenyromem starme, mpuMeHss Hay4dHbIE
MOIXO/IBI, 33Jal0T TIOPOTOBBIC ITOKA3aTeNH Iapa-
METpPOB (DYHKITMOHUPOBAHMUS, TIO3BOJISTIOITIX 00eC-
neunTh pyakrmonnpoBanne HOCC u obecrieunTs
MOTPEOHOCTH A0OHEHTOB B KOCMHUYECKOW CBSI3H,
a Tak)Ke OTpeJIeNIeHHBIN 3a/1e1 Ha Oyay1iee.

B pamkax ouepemHOro sTama oCymecTBISIOT
OLICHKY [TapaMeTPOB TEXHUYECKUX PEIICHUH, Tiepe-
YeHb KOTOPBIX ObLT ompeneneH panee. s onenkn
Ha OCHOBE HAay4YHBIX ITOJIXOJIOB BBIOMPAIOT METO-
JIMKH, KOTOpPbIE B HAUOOJIbIIEH CTETIeHN COOTBET-
CTBYIOT WEJNSAM W 3a/1adaM, OMNpPEAETICHHBIM Ha
npeabiaymux stanax cuateza HOCC. Pacemarpu-
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BaTbCsl MOTYT KakK IITaTHbIE, TAK U HEIITATHbIEC CH-
tyanuu ¢yakuonupoBanus HOCC, B 3aBucuMo-
CTH OT TOTO, B KaKHX YCJIOBUSAX M Kakue 3a7aqu
npenctout BeMoiaHATh HOCC mist obecriedeHus
TpeOOBaHUH, IPENBABISIEMBIX A00HEHTAMH K YCITy-
raM KOCMHYECKOHU CBS3H.

Jlanee ciemyeT 3Tarn KOMITJIEKCHOTO MCCIeN0-
BaHMSI PEATU3yeMOCTH TEXHHYECKHX PEIICHHH B
paMKax 3aJaHHBIX CPOKOB, C IPUMEHEHUEM METO-
MK, 000CHOBaHHE BBHIOOPA KOTOPHIX TPOU3BOIH-
JIOCh Ha MPEIBIAYIIEM 3Tare CUHTE3a CTPYKTYPHI
HOCC.

[To pe3ympratam KOMITJIEKCHOTO HCCIIEIOBa-
HUSI, B XOZIe KOTOPOTO MOJTYYESHHBIE JaHHBIE O TE€X-
Huuecknx xapakrepuctukax HOCC u cpokax ee
M3TOTOBIICHHS M BBO/IA B CTPOM CPaBHUBAIOTCA C
MOPOTOBBIMHU TIOKA3aTEJISIMH, OIPEICICHHBIMA B
COOTBETCTBHH C MIOTPEOHOCTAMU aOOHEHTOB, MPH-
HUMAETCsl OKOHYATEIbHOE PELICHUE O peannsye-
MocTHu, cuHTesupoBanHo HOCC c 3amanHOM
CTPYKTYypOU U mapameTpaMH.

B menom mpemioxkeHHas 3TAMHOCTh Hayd-
HOT0 00OCHOBAHUSI CTPYKTYpPHO-TTapaMETPUIECKOTO
cunare3a HOCC nmo3BosnsieT 000CHOBaHHO BHIOpATh
METOJIBI ¥ CPEACTBA JJIS peai3alny TaKkoil KoH(H-
rypammu HOCC, xotopast naet BO3MOXXHOCTb CyIIe-
CTBEHHO YIYYIIHTh XapaKTePUCTUKN KOCMHYECKON
CBSI3U B KOHKYPEHTHOM OTHOIIEHUH K HAa3eMHBIM
CHCTEMaM CBSI3M U OOBEKTUBHO OIICHUTH €€ BO3-
MOXXHOCTH Ha TEKYIIUH MepUOJ] U IePCIIEKTUBY.

3akniyeHve

Jli1a HaygyHOTO 000CHOBAHUS HAy4YHOTO 000C-
HOBaHMsI CTPYKTYPHO-ITapaMETPUUECKOI0 CHHTE3a
HU3KOOPOUTAIIBHBIX CHCTEM CBS3HM C IIHPOKOIIO-
JIOCHBIMH MEKCITyTHUKOBBIMU TPaKTaMU W MapIl-
pyTH3aluen JaHHBIX Ha OOPTY CITyTHHKA MPEJIO-
>KE€HbI IPUHIIUIIBI ¥ 3TAITHOCTh peaju3alii TEXHU-
YECKUX PEIICHUMN, CBSI3aHHBIX C MAPUIPyTU3ALHEH
JTAaHHBIX Ha OOPTY CIyTHHUKA U Mepeaadeil JTaHHbIX
no mupokonoigocHsiM MCT. Pazpabortan psn me-
TOJIMK, TO3BOJISIIOLINX OLIEHUTH PSAJ TEXHUYECKUX
xapakrepuctuk cuHtesupyembix HOCC, B Tom
YHCIIe IPOIYCKHYIO CIIOCOOHOCTH CITyTHUKOBBIX H
A0OHEHTCKUX TPAKTOB W BEPOSITHOCTH JOCTaBKU
unpopmaruu no crpykrype HOCC. Chopmupo-
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BaH IIEPEUYEHb 3TAINlOB CTPYKTYPHO-IIapaMeTpuye-
CKOTO CHMHTE3a HU3KOOPOUTAIBHBIX CHCTEM CBSI3U
¢ mupokonoiocHeiMu MCT u mapmpytuszanuen
JAaHHBIX HAa OOPTY CIyTHHKA M CPOPMYIUPOBAHO
COJIep’)KaHUEe HAyYHOro OOOCHOBAaHMS MJIs Kax-
JI0T0 3Tana u3 cOPMHUPOBAHHOTO TIEPEUHSI.
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HBIX CHCTEMHOW OpraHM3allii MaTeMaTH4eCKHUX MOJEJNeil Ul peleHus 3aJa4uu
yIpaBJeHHs MOTOKaMH 1eieBoi nHGopManuu B kocMuueckoi cucreme /33 B
YacTH aJanTaluy NPeAIOKEHHOTO aBTOPAMH METOIOJIOTHYECKOTO MOAX0/1a AJIst
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Abstract. This study is the next in a series devoted to systematically organizing mathematical
models for managing target information flows in remote sensing space systems. It adapts the
methodological approach proposed by the authors for a network of orbital satellites.
A distinguishing feature of the problem formulation is the necessity to solve the problem in a
complex object environment using promising inter-satellite channels of information interaction
to increase the efficiency and quality of the target information. A generalized form of
representation of the target information flow model of the remote sensing space system is
proposed as an interconnected sequence of functions for altering the amount of information
when applying the corresponding processing process (traffic change functions) to it. This study
explores the general methodologies employed in addressing optimization problems related to
observation planning and inter-satellite transmission of target information. Experimental
testing of the solution to the problem of planning and relaying data to information reception
points has been carried out. The potential for enhancing the information efficiency of remote
sensing space systems through the implementation of inter-satellite data transmission facilities
has been validated.
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BBepeHue

paiioHOB (hopMHpyeT onepaTUBHEIN TUTaH HAOJIO-
JICHUH, BKIIIOYAIOMINI B ce0si MOMEHTBI ChEMKH,

JlaHHas cTaThs ABISETCS MPOIOJIKEHUEM Ce-
puw crateii [ 1-3], MoCBsAIIEHHBIX MPOOIIeMe yIpaB-
JICHHsI TIOTOKaMH 11e7IeBOi nH(OpMAaLu B KOCMHU-
yeckoit cucteme (KC) nucTaHIIMOHHOTO 30HIMPO-
Banwust 3eminu (/133). B Hux paccmotpena otpabo-
TaHHas rOJJaMH KJIaCCHUYecKas cXeMa MOCTPOCHUS
cuctemsl J[33, cocrosimas u3 HazeMHOW WHOpa-
CTPYKTYpbl M OpOUTANBHON TPYNITUPOBKHU, KaX-
Jblii kocmuueckuid anmapat (KA) koTopoii cBs3an
MH(OPMALMOHHBIMH MMOTOKAMHU C IMMyHKTaMH MPH-
ema/nepenaun nadopmanuu (II11). B Takoit mo-
craHoBke onepatop KC Ha ocHOBe MOJIy4eHHBIX
3a5BOK Ha MPOBEICHUE CHEMKH OMpPEACICHHBIX

228

copoca u 06paboTKM IeneBol HMH(pOpMaLUK Ha
[IITN, nocne oTpabOTKH KOTOPOro KaxkapiM KA
opourtansHOU rpynmupoBku (OI') pe3ynbrarsl me-
penarorcs noTpeOUuTerio.

PaccMoTpenHas cxema UMeeT ENbIA psl He-
JOCTaTKOB, KJIIOUYEBBIMH M3 KOTOPBIX SIBIISIOTCS
ONEpaTUBHOCTh MEpelayd M KayecTBO LIEJIeBOU
uHpopmarun. Tak, s poccuiickoii cucremsr /133
OO0JIBIIYIO YaCTh BPEMEHU KOCMUYECKHE aIapaThl
HaxonATcs BHE 30HBI pamuoBugumocTtu (3PB).
Hanpumep, ans ciyTHHUKOB Ha HU3KMX OpOMTax,
Onm3KkuX K MeXIyHapoIHOW KOCMHUYECKON CTaH-
uuu, Bpems HaxoxzaeHus B 3PB naxomgutcs B
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npeaenax 10—12 MuH ¢ nocneayronen «MepTBoi
30HOI» B TeyeHue 80 muH. [Ipobiaema MoxeT ObITH
peieHa kpatHbIM yBennueHrneMm KA B coctase OI'
33 u u3amMeHeHneM MOAXOJ0B K mepemade Iese-
BOI nH(popMaruu 3a cuet noocHameHus KA amn-
napaTypoil MeKCIyTHUKOBOM Mepeiauyl TaHHbIX.
3a cYeT Takoil anmnaparypsl MOSBISETCS BO3MOXK-
HOCTb paCCMaTpuBaThb KOCMHMYECKHH CErMEHT KakK
WHQOPMAIIMOHHYIO TIOJICUCTEMY C CETeBOM opra-
HU3alKen nepeaayn 1eseBoil nHpopmauu.

1. ®opmanusauusa 3agaumn

AHanmu3 TOKa3bIBaeT, 4TO W3MEHEHHE YHC-
neHHocty KA ¢ 0IHOBpEMEHHBIM CYIIECTBEHHBIM
POCTOM KOJIMYECTBA M TUIOIIATN KOHKYPEHTHBIX
3asBOK, B TAK HA3bIBAEMOM HArpy>KCHHOU L[ETIEBOU
o0CTaHOBKe, JUIsi Ha3€MHOTO CerMeHTa Tpedyer
JIUIIB €70 MAaCIITaOMPOBAHUS, a JJIST KOCMHYECKOTO
CEeTMEHTa — M3MEHEHHUS TOXO0/I0B K TUTAHUPOBA-
HUIO CEaHCOB ChEMKH M cOpoca 1iesieBoil mHdop-
marnuu Ha [1I1M. D10 BeI3BaHO TeM, 4To [4—6]:

1) cymecTBytone anropuTMBl B TIOJHOM
Mepe He aJalTUPOBaHbI K padore anmmnapatypbl KA
B CMEILLIAHHOM pPEeXHMe «COpOC U CheMKa OJHOBpe-
MEHHO» U TPeOYIOT KOPPEKTHUPOBKH;

2) 00BEKTUBHO OOJIBIIIAs PA3MEPHOCTH ONTH-
MU3aLMOHHOM 33/1a4U U CBSA3aHHBIX C HEH OrpaHu-
YEHHUH MPUBOJIUT K TOMY, YTO KIACCUYECKUE Me-
TOJIbI OTITUMHU3ALIMN B 3a7]adax OMpeAeTICHHs Che-
MOYHOT0 IJIaHa B psJIe clyyaeB HE 00eCIeUnBaIOT
HaXO0XKJIEHUE PEIICHHUS;

3) B 4acTH 3agBOK NOTpeOUTENeH HArpyKeH-
Has 1eneBas 00CTaHOBKA XapaKTepHU3yeTcCsl HallU-
yyeM OOJBIIOTr0 4YHcia TepecedeHuid (Haaoxe-
HUil) pallOHOB CHEMKHU C y4eTOM TpeOOBaHUH IO
oOnayHocTu. B 3TOM Ccityuae BO3HUKAET 3a/1a4a He-
(opManpHOTrO peleHust BOIpoca O MPUOPUTH3A-
LIUH, YTO PEATH30BATh B CYIIECTBYIOIINX aJITOPUT-
Max pacyeToB 3aTPyIHUTEIHHO.

B pesynbrare Bo3HHKaeT HEOOXOIUMOCTH BO
BBEJICHUU JOMOJHUTEIBHBIX 3BPUCTUYECKHUX JIO-
MyIIEHUH, K YUCITY KOTOPBIX MOKHO OTHECTH:

— TEPPUTOPHUIO pallOHa MHTEPECOB MPOU3-
BOJILHOW ()OPMBI MIPEJICTABIATH B BUJIE OKPYK-HO-
CTH rabapuTHOro paaumyca JuO60 OOBEAMHEHUs
JBYX-TPEX OKPYKHOCTEH;

— YMEHBIIIEHUE YPOBHEU NPUOPUTETHOCTH C 5
1o 3;

— oCyIecTBIeHHe copoca MHPOpMAIH BCe-
raa Ha Omwkaiimmii mo Bpemenu [1TTH.

HecMmotps Ha Takue nomylieHus, pelieHUe
CTPOTOH ONTHUMHU3ALMOHHON 3aJa4dl B IpUEMJIE-
MO€ BpeMsl He JaeT HeoOXOIUMOTO pe3ynbTaTa,
MIOCKOJIBKY:

— anmnpoKCUMaIHs TEPPUTOPUH PAiOHOB MH-
TEPECOB OKPYKHOCTSIMH TOTpeOyeT OONIBIION 10-
MOJTHUTEIIEHON «XOJIOCTOM» padOTHI ammapaTypsl
HaAOIIOIEHUS ¢ TToCIeayromei 3arpy3koit 1111,

—IpU HAJIOKEHHH HECKOJIBKUX PpailOHOB
CBHEMKH, a TAKXKe 00JaYHOCTH HEAOCTATOYHO JINC-
KpETHU3aluH yPOBHEN TPUOPUTETHOCTH, 31€Ch PEYb
CKOpee JTOJDKHAa MATH O (DOPMUPOBAHUU YPOBHS
IIPUOPUTETHOCTH B BUJIE BEIIECTBEHHOIO YHCIA;

— y4eT 00JaYHOCTH MPUBOJUT K HEOJHOPO/I-
HOCTH IPHOPUTETHOCTH KaK BHYTPH OTAEIBHO
B3STOT0 pailoHa HAaOJIOJEHMS, TaK M BCETO 3aja-
HUS Ha CbEMKU B LIEJIOM.

Takum oOpa3oM, OJHMM W3 HANpaBICHUN
aZanTaluuyu MeTOAOJOIMYECKOro MOAX0Aa K HO-
BBIM yCJIOBUSIM (DYHKIIMOHUPOBAHMS C MCIIOJIB30-
BaHHEM CETEBBIX OPOMTAIBHBIX IPYHIIUPOBOK SIB-
JSETCsl pa3BUTHE TEXHOJOTMH IJIAHUPOBAaHUS M
niepeIavn 1esIeBOi nHGOpMAIK B HA3eMHBIH Cer-
MeHT (perpancisinuu Ha [1TTN) (puc. 1).

B mpoextupoBanuu cucrem /133, B Takoi
KOMIUIEKCHOM TIOCTAHOBKE, 10 HACTOSILEr0 Bpe-
MEHH JIaHHOT'O poJia 3aJauyd HE PEeLIAIUCh, OCO-
OCHHO 3TO KacaeTcs Harpy>XKeHHOU IeJIeBOi 00-
CTaHOBKH Ipu Oosbiiom KonmdectBe KA 1 00bek-
TOB CheMKH [4—6]. B ocHOBe mpe/ioxKeHHOTO Me-
Tojonoruueckoro mnoxaxonaa [1-3] nexur mnpen-
CTaBJICHUE PEIIECHNUS 3a/1a4K KaK ONTUMHU3ALU [10-
CJIEZIOBATENILHOCTH BBITTOJIHEHHS IPOLIECCOB 00pa-
00TKH, 00pa3yIOMIMX COBOKYITHOCTh B3aMMOCBSI-
3aHHBIX MAaTEMAaTHUYECKUX MOJEIEN.

Kaxpast u3 atux mMonene NOHKHA B yCIIO-
BUSX OTPAHWYCHHI Ha BXOJIE UMETh HEKHI 00beM
nHpOpMaLuH, MTPeodpa3oBHIBATh €ro (YMEHbIIATh
HIINn YBCJ'II/ILII/IBaTB), BBIYHCIIATH CUCTECMHBIC ITOKA-
3arenu 3 (HEKTUBHOCTH — BpeMsi, TpeOyeMoe IS
peanu3alnuy mpouecca, U €ro yCJIOBHYIO CTOHU-
MOCTb.
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Source: byA.A. Morozov

230



Crapkos A.B., Mopo3os A.A. BectHuk PYIH. Cepus: UixeHepHble nccneposanus. 2025. T. 26. Ne 3. C. 227-244

[lpm sToM oOmmas MaremaTH4ecKas IIOCTa-
HOBKA 3a/1a4¥ 3aKIIFOYAETCs B ONTUMHU3AINH MapIII-
pyTa MpOXOXKICHHUs 3asBKHU 10 y37am rpada, B KO-
TOPOM BEPIIMHOM ABIISETCS 3asBKa, a (hopMann3o-
BaHHBIC JIAHHBIC 3asBKU MEPEAAIOTCS MOCIEA0BA-
TEJILHO HA 3JIEMEHTHI KOCMHYECKOTO ¥ Ha3eMHOTO
CETMEHTOB:

r={T.k=1k}={(0.1), .k=1k).
k; = const, i :1,_N

C y4eTOM BO3MOXXKHOCTH BBIYHCIICHHS B KaKJIOM
y3JIe YAaCTHBIX CHCTEMHBIX IOKa3aTeJei, MiH UX
CBEPTKH, NIPH HAIMYUU TEKYIIUX OTPAHUYCHUH.

B namewm cimyuae, koraa coctaB HOACHCTEMBI
OTpaHUYEH KOMIIOHEHTAMH KOCMHYECKOTO Cer-
MEHTa, 00bEKTUBHOE CBEPTHIBAHUE MTO3BOJISIET Tie-
PEHTH K YaCTHBIM TOKAa3aTeIsIM, XapaKTepU3yo-
M UX 3GEKTUBHOCTD 1EIEBOTO (DYHKITHOHHPO-
BaHUs, KOTOPBIMU SIBJISIFOTCSI IEGHHOCTh HH(OpMa-
LMY U OTIEPATUBHOCTH (BPEMsI) €€ pETPAHCISALIH B
Ha3eMHbII cerMeHT. [Ipu 3ToM 00a STHX YaCTHBIX
nmokasarens oobeaunseT urncio KA OI' 133.

1. 1. OnTtumn3zauyns n1aHnupoBaHnusi Cbe MK

Kak npaBuiio, morpeburens popMupyer 3a-
SBKY C YKa3aHHEM €€ BaXXHOCTH (mpuopurera). C
TOYKHU 3PEHHs OTepaTopa CHCTEMBbI BaKHOCTH 3a-
SIBKM OJTHO3HAYHO OTIPEJICIISIET €€ YCIOBHYIO CTOU-
MocTh. IIpu 3TOM mpocTpaHCTBEHHAs! MPOTSHKEH-
HOCTh OOBEKTOB CHEMKH M OTPAHUYEHHOCTH IIO-
JOCHI 3aXBara amnmapatypbl HaONIOJEHHUS MPUBO-
JIAT K TOMY, YTO BBITIOJTHEHUE 3aIBKH IPOUCXOHUT
32 HECKOJIBKO MPOXO0B, IPH ATOM WHTEPBAJI IL1a-
HUPOBAHHUSI OTPAHUYMBACT BO3MOXKHOCTH IO €€
BBIIIOJTHCHUIO B MOJHOM o0OBeMe. L[eHHOCTh B
3TOM CIIy4ae MOKET OBITh OIpeesieHa KaK COBO-
KyIHOCTb YCJIIOBHBIX CTOMMOCTEH HaOIII0/1aeMbIX
QJICMCHTAPHBIX paﬁOHOB, BXOOAIIIUX B 3asiBKU I10-
Tpebureneid. Takum oOpa3oM, B KadecTBE 4YacT-
HOTO ToKazatenst dp(GEeKTUBHOCTH B 3ajade pac-
npefeneHus LeneBoil uHpopMalMu KOCMHYe-
ckoro cermenra KC /I33 B wactu onTmMu3anuu
TUTAHUPOBAHUSI CHEMKH MOXKHO TPUHSITH CyMMY
BCEX YCJIOBHBIX CTOMMOCTEH HaOIIOaeMbIX dJie-
MEHTAPHBIX PalOHOB MPH OTPAHUYCHUSX Ha:

— yciioBHsI paOOTHI LIEJIEBOM anmaparypsl;

— BHEIIIHUE YCIJIOBHSI HAOMIIOIEHUS;

— 00J1a4HOCTh B pailoHaX ChEMOK.

IIpu GpopmupoBaHUM yCIOBHON CTOMMOCTH
AJIIEMEHTAPHOTO paiioHa HEOOXOIUMO YUUTHIBATH:

— IPUOPUTETHOCTh TOYKH B PAMKaxX IOJAH-
HOM 3asIBKU,

— HAJIOKEHNE PAallOHOB ChEMOK;

— UMEIOIIHICS, BO3MOXHO HE(OPMaIbHBIH,
OIIBIT TJIAHUPOBAHMUSI.

VYcnoBHas CTOMMOCTB CBEMKH OJHOIO 3Je-
MEHTApHOTr0 pailoHa ONpPEeNeNIeTCs BETNYNHON

1_M , Ln Lm

Jy =Gy i=Ln, j=Lm, (1)

max

rac Clj — YCJIOBHad CTOUMOCTHL J3JICMCHTAPHOI'O

paiioHa (i, j); BTOpoit MHOKHTENh — KO3 DHUITH-
CHT Ka4eCcTBa M300paKCHHUsI, YUUTHIBAIOIINI 0CO-
OEHHOCTH pabOTHI LIEJIEBOH anmaparypsbl, XapaKkTe-
PH3YIOILIHECs CHUKCHUEM KaueCTBAa CHUMKOB paii-
OHOB, YIaJICHHBIX OT JJMHUH HAJIUpa, U TOCTHIAr0-
MK HauOOJIBIIIETO 3HAYSHHS TIPH ChbEMKE B HaJTUP
Y HAUMEHBIIIETO 3HAYCHUSI — TPU ChEMKE I0JT YT-
aoM Q,..; N — 4YHUCIO pa30MeHuil MHTEepBaja

[—180°,+180°] 0 JIOJITOTE; M — YHCII0 paz0ue-

HUU UHTEpBaJIa [—90°,+90°J IO IIHAPOTE.

Kpurepuii, xapaktepusyooniuii IeHHOCTh OT-
cusaroit uapopmanuu k-m KA OI' Ha unTepBane

[t T], mpencraBnser co6oit muueitnyio aqtuTHB-

HYIO (DYHKIIHUIO:

Jk(ukﬁk(uk))=2§-v:12§‘~il Ty (14,85 (1)) (2)

Lennocth oTcHsATON HHPOpMaru Bcemu KA
OT Ha uHTepBaJe MIaHUpoBaHus |, T'| mpeacras-

asieT co0OM COBOKYITHOCTh 3aBUCUMBIX ApPYT OT
JpyTa YaCTHBIX KPUTEPHUEB:

Hu)=J (u,0(u)) =17, (u. 0, (). e =LK},  (3)

IJie U, — CTpaTerusi yrnpaBieHHs OOPTOBOW Che-

MouHo# anmnaparypoit k-ro KA; 6, (1) — coor-
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BETCTBYIOIIAs 3TOM CTpaTeruy MporpaMma Inepe-
OpHEHTAllUM ChEMOYHOH ammaparypbl. PakTuue-
CKHU 3HA4€HUE KPUTEpUs MPEICTaBIAET COOO0M Co-
BOKYITHYIO YCJIOBHYIO CTOMMOCTb CHUMKOB 3€M-
HBIX OOBEKTOB, COBEPIICHHBIX 32 MHTEpPBAI ILIa-

HupoBanus [fy, T].
C yueroMm BBeJIEHHBIX 0003HaueHMi omepa-
TUBHBI CBHEMOYHBIA IIIAH, KaK COBOKYITHOCTH

MPOrpaMM ChEMOK 3E€MHBIX OOBEKTOB KaXKIbIM
KA, MoHO 3amicaTh:

ch{Hck (u)=(uk,6k (uk)),kzl,_K}. €))

YacTHas 3a/1a4a IUIaHUPOBAHUS (HOPMYIIHPY-
eTcs cleqyrouM o0pa3oM: MpH 3aJaHHON MaT-
pHlle CTOMMOCTH ONPEAEIUTh TaKyl COBOKYII-

o * 1 -
HOCTh CTpPaTEeTrud yIIpaBICHUS u ={uk, k=LK }

60opToBOi cheMouHON ammapatypoit KA u coot-
BETCTBYIOIIMX UM IPOrpamMM HE€peOpHEHTalUU

CbEMOYHOH ammaparypsl 6° ={6k, k:I,_K} , KO-

TOopble (POPMUPYIOT pAllMOHANBHBIN IJIaH orepa-
TUBHON CBEMKH 3€MHBIX OOBEKTOB W3 YyCIOBHS
MaKCHMHM3AIMH KpUTepUanbHbIX QyHKINH (3):

I, = (u*,e* (u* )) =argmax [J(u,e(u))], Q)
6c0

rae U, © — COOTBETCTBEHHO MHOKECTBA JOITy-
CTHUMBIX CTpAaTEruil ympaBieHHs OOpTOBOH Cbe-
MOYHOI anmaparypoii u nporpamMmm ee nepeopueH-
Taruu Uit BceX KA cuctemsl mpu coO0eHIH
OTpaHUYCHUI:

" Ha BpeMs MaplIpyTa:

toin St St k=1LK; (6)

mmn —
" Ha MEeXMapLIPyTHbIA UHTEPBAIL:

r r
<t

max > k:LK; (7)
" Ha BHEIIHWE YCJIOBUS CHEMKH (OCBEIICH-
HOCTh, MUHMMAJIbHBIII U MaKCHUMAaJbHBIN YIJIbI
Comnnna);
" Ha €MKOCTb OOpPTOBOTO 3alIOMHHAIOLIETO
ycrpotictBa (B3V) KA:
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V.<V,. . k=LK; (8)

ax k 2

* Ha MaKCHMAaJbHO JOMYCTUMBIH yToi BU3U-
poBanusa KA nns HaOnmrogaeMoro 3eMHOro 00b-
eKTa:

6,/ <6 k=1K; 9)

max k °

" Ha CKOpOCTh nepeopueHTanuu KA:

k=1K; (10)

‘ ek‘ < emaxk ’

* Ha yyeT oOJIaYHOCTH B pailoHe ChEMOK.

Kak 6pu10 CKa3aHO BbIIIE, HA OCHOBE yCJIOB-
HBIX CTOUMOCTEH 3JIEMEHTapHBIX PalOHOB Ha I0-
BepXHOCTH 3eMin opMupyeTcst 00001eHHAasT A5
Bcex KA OI /133 3asBka.

[Tpu GopMUpOBaHHH HCXOIHBIX TAHHBIX 10
YCIIOBHBIM CTOMMOCTSIM 3JIEMEHTapHbIX PaliOHOB
BOXHBIM SIBJISIETCSI UX BHU3yaJbHOE IPE/ICTaBIIe-
Hue. J{ns ynoOcTBa MOXKHO HCHONB30BaTh CTaH-
naptHoe rpaduueckoe 24-6utHoe BMP-uzob6pa-
xkenue (RGB24bit), B KOTOpoM B Tpex OuTax
(R, G, B) coxpaHATb YCJIOBHYI CTOMMOCTb 3JI€-
MEHTapHOT0 paiioHa C UCTIOIb30BAaHUEM OIEpaALUU
cyMMupoBaHus (puc. 2):

(R’G’B)01+02 =

=(Ro1 *+ Rpy,Go1 +Gpy,Boy +Byy ), (11)

rae R, G, B— OuUTHI KpacHOTO, 3€JEHOT0 U CH-
Hero B nukcene RGB24bit nzobpaxenus. B kave-
CTBE IpUMepa MOXKHO MPHUBECTH M300paKeHUE B
rpajjausx ceporo, B KOTopom o6utel R, G, B oau-
HaKOBBHI.

OcHoBOH Ui pelieHus 3a7adu MOArOTOBKU
MCXOJHBIX JAHHBIX SIBJISIETCA OIpeieJICHHE CIOCO-
00B TIPEOJIOJICHUST HEOIIpeIeIICHHOCTe TipH (hop-
MHUPOBAHUU YCIIOBHOW CTOMMOCTH 3JIEMEHTaPHBIX
paiioHOB, CBSI3aHHBIX C HAJIOKEHUEM 3a5BOK, B TOM
YHCJIe UMEIOIINX PA3JIMYHBIA TPUOPUTET (pUC. 2).
OnauH U3 croco0oB NpernoaraeT pa3inyHbie Ba-
puaHThl ckansgpuzanuu [7-9]. VX cyiecTBeHHbIM
HEIOCTaTKOM SIBJISIETCS TO, YTO IKCIIEPTHASI OLIEHKA,
3aJI0’KEHHAsl B HUX, SIBJISICTCA CTaTHYHOM, 0e3 00-
paTHOM CBSI3W MO pe3yibTaTaM MPAKTUYECKOTO
MPUMEHEHUSI ¥ BHECEHUS ONEPAaTUBHBIX M3MEHE-
HUI B IPOIIECC TIIAHUPOBAHUSL.
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Puc. 2. YcnoBHas CTOMMOCTb 3/1EMEHTapPHbIX PANOHOB — BU3YyalibHOE NpeacTaB/ieHme
M ¢ TOo4HMK: BbinonHeHo A.A. Mopo30BbIM

Figure 2. The visual representation of the conditional cost of elementary areas.
Source: byA.A. Morozov

HawnGosee nepcreKTUBHBIM SIBIISICTCS TPYIINa
Croco00B, OCHOBaHHas Ha He(GOPMAILHOM aHa-
JIN3€ MHOXKECTBA MCXOHBIX BAPUAHTOB PEIICHHIMA
(puc. 3) [10]. IIpu 3TOM CKamsipu3anus SBISIETCS
OJHHM W3 BapHAHTOB TAaKOTO aHAIW3a, TJE BO3-
MO>KHO HCTIOJIb30BaHHE CIICIIUATU3UPOBAHHOM UC-
KkycctBeHHo# HeriporHoi cetn (MHC). Takoi moa-
XOJI, IOMUMO TPUBJICYCHUS IKCIIEPTOB, MPEAIO-

naraet oOpaTHyIO CBs3b (00y4eHHe) 1o pe3yJibTa-
TaM (QYHKIMOHUpOBaHUs cucteMsl. [1o cyTh, 3a1a-
yamu MHC sBistiroTcst ananu3 U 060011eHue uH-
dopmanuu o 3asiBKax, UX MPUOPUTETHOCTH C yde-
TOM BO3MOJKHBIX TEPECCYEHUN PANlOHOB, METEO-
MPOTHO30B M HAa 3TOW OCHOBE (POPMHUPOBAHHE
YCIIOBHOW CTOMMOCTH 3JIEMEHTApHOTO paioHa
HaOmoneHus (puc. 3).

Ji (uk’ek (”k )) = Zﬁy:]z]}lzl Jij (”k’ek (”k ))

Puc. 3. HedopmanbHbIi aHanmMs ¢ UCNonb30BaHMEM CNELNan3MpoOBaHHON HEMPOHHOM ceTn
M cT04HMK: BbINONHEHO A.A. MOpP0O30BbIM

Figure 3. Informal analysis using a specialized neural network
Source: byA.A. Morozov
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1.2. Petparncraauns s I

Cy1ecTBeHHOE MOBBIIIIEHHE ONEPAaTHBHOCTH
nepenayd MHGOpPMAIUMK MPU PAIMOHATIBLHOM TIO-
ctpoernu OI' [13] MoxeT ObITh JOCTUTHYTO Clie-
JYIOUIMMH CTIOCOOaMHU:

— peTpaHcIsIuel 1eneBoi nHpopMaIH Mo-
cpenctBoM KA-peTpaHciasTOpoB Ha IeocTanuo-
HapHbIX opoutax (I'CP);

— IIPUMEHEHHEM CPE/ICTB CXKaTHs TaHHBIX;

— UCTIOIb30BAHUEM TMEPCTIEKTUBHBIX KaHAJIOB
MEXCIYTHHUKOBOU Tepenadn IeneBoi uHpopma-
U,

Ilepenaya naHHBIX 10 CXEME

KA—KA I'CP—IIIIN,

Ha MEpBbI B3I, peraeT npodaemMy ornepaTuB-
HOCTH IE€pelauu JaHHbBIX, a TAK)KE HAKOIUICHMS
00JBIIOr0 KONMMYecTBa JaHHbIX B naMsaTu KA. On-
HAKO IIpH KpaTHOM yBesnndyeHuu uncia KA /133 B
COBPEMEHHBIX YCIIOBHSIX 3TO MOTPeOyeT KpaTHOTO
YBEJIMYEHUS JOPOTHX B IPOU3BOJICTBE U OOCITYKH-
Bannn KA I'CP, 4To aBTOMaTH4E€CKH HUBEIHUPYET
SKOHOMHYECKHH 2P PEKT OT pa3BepTHIBAHUS KPYII-
Hoil rpynnuposku KA J133.

[Ipy ucnonb30BaHUN Pa3NMYHBIX TEXHOJIO-
TUil cokaTust n300pakeHui, nepeaBaeMbIX B I0-
TOKE JIaHHBIX, Ha MNEPBBIA IUIAH BBIXOIUT IHPO-
6J1eMa TOCTOBEPHOCTH BOCCTAHOBJIEHHBIX JAHHBIX
B [II1IM myst mx manmpHeimen TemaTuaeckoit oopa-
0O0TKH. DTO MPUBOANUT K HEOOXOAUMOCTH HCIIOJb-
30BaHMsI CJIOKHOIO IOMEX0YCTOMYUBOIO KOJIUPO-
BaHUS U Niepeiad HHPOPMAaLIUH.

B xauecTBe anbTepHATHBbI IIPEJIaraeTcs pac-
CMOTPETh TEXHOJOTHIO (DYHKIIMOHUPOBAHUS KOC-
Mudeckoir cuctembl /[33 kak cereBoit opOHTAIh-
HOI TpYNNUPOBKH C MOJECPHU3HPOBAHHBIM aH-
TeHHO-(UIepHBIM ycTpoiicTBoM (ADY) Ha GopTy
kaxaoro KA, cnocoOHbIM K peTpaHCIsIuN JaH-
HbIx BHyTpH OI' KA JI33. Takoii noaxon, ¢ oqHON
CTOPOHBI, TTO3BOJUT 00Jiee ONMEPATUBHO pEIaTh
3a7layy peTpPaHCISIUU JaHHBIX HAa ypPOBHE HeE
xyxe nepeaauu no cxeme KA—KA I'CP—IIIINA,
a C JIpyroil — yMeHbIIUTh BIMSHHE MOMEX Ha
UTOTOBYIO JIOCTOBEPHOCTb IOJIy4€HHOW HH(OpP-
manmu J133.

[Tpu 3TOM CcyIeCTBYOIIAs TEXHOJIOTUS ITEepe-
naun naHHbIX [11-13] ¢ kocMuyeckux anmapaToB
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JUCTAaHIMOHHOI O 30HAUPOBAaHUS 3EMJIU Ha Ha3eM-
HbIe TTyHKTHI puema nHpopmanmu (ITITN) umm ¢
[T na gpyroii ITITHN ¢ nomouIsio ciyTHUKa-pe-
TPaHCIATOpA XapaKTepPHU3yeTCss HEKOTOPBIMH HETa-
TUBHBIMHU (DaKTOPaMHU, CPEeIH KOTOPBIX TpeOyeTcs
oOpalaTe BHUMaHHE Ha HEBO3MOXKHOCTbH OIlepa-
THUBHOTO MpHEeMa JaHHbBIX, HEOOXOAUMOCTh XpaHe-
HUSI OOJIBIIIOrO KOJIMYECTBA AAHHBIX B OOPTOBOM
3anomuHarouieM ycrpoictse (b3VY) kocMuueckoro
anmapara (KA), a Takke 10cTOBEepHOCTH MH(DOP-
MaIi Ha BBIXOJIE TPAKTa BEHICOKOCKOPOCTHOM pa-
nuommann (BPJI), BeIpaskeHHYIO CpeTHEN BeposiT-
HOCTBIO OIIMOKHM Ha OUT uHpopmaryu [ 14—15].

Hanee Oyaem mosarartb, 4To meiieBoe (PpyHK-
nuonuposanne KC /133 B vactu perpaHciasinuu
1esIeBoi HH(OpMaIK pacCMaTPUBAETCS IPH CIie-
JIyronux ponymenusx [16—17]:

— paauocurHansl Mexny KA u aboHeHT-
CKHMHU TEpMHUHAJIaMU PaCIpPOCTPAHSIIOTCS MPSIMO-
JUHEMHO ¥ MTHOBEHHO U PETpaHCIupyloTcs 0e3
BPEMEHHBIX 3aJI€PIKEK;

— aOOHEHTCKUI TepMHUHAJ CIIOCOOEH MOoJIep-
’KMBAaTh HEMIOCPEACTBEHHYIO CBA3b C KaxAbiM KA,
HaXOJSIIMMCS B 30HE €0 PaJluOBUANMOCTH;

— BIIMSIHUE [TIOMEX Ha IIPOLECCHI epeiaun UH-
(dbopmaru UCKITI0YaeTCs;

— opburanbHas crpykrypa KC /133 3a untep-
BaJI IJITAHUPOBAHUS HE U3MEHSIETCS.

ITox mmanOM OmepaTUBHON KOMMYTAITMH MEXK-
cnyTHHKOBbIX KaHanoB B KC /133 Oynem moHu-
MaTh YHOPSA0YCHHOE MHOXKECTBO BPEMEHHBIX T10-
CJIEIOBATENbHOCTEN BBIMOJIHEHUSI OIEpaluid 1o
nepegave JaHHbIX A Kaxaoro KA Ha unrepBane
IUTAHUPOBAHMUSA, B TOM YHCJIE:

— MOMEHTBI BPEMEHHU BKJIFOUCHHSI/BBIKITIOUE-
HUs1 OOPTOBOM KOMMYTHPYIOILIEH anmnaparypsl 1Jis
YCTaHOBJIEHHsI HEMOCPEICTBEHHON CBA3M B CETH
KA (mporpaMMa KOMMYyTaluu paJuOKaHAIOB B
MEKCITY THUKOBBIX JTHHUSX);

— MOMEHTBI BpEMEHH MEPEeKOMMYTAIH O0p-
TOBOH anmaparyphbl JJisl HEOCPEICTBEHHOMN CBA3U
KA (nmporpamMmMa nepekoMMyTaiuu paguoKaHaIOB
B MEXKCITy THUKOBBIX JINHUSX );

— MOMEHTBl BPEMEHH YCTAHOBJICHHS HEIO-
cpenctBeHHOH cBsi3u KA ¢ aOOHEHTCKUMU TepMHU-
HajaMu (TIporpamMma KOMMYTAIMH paJMOKaHAIOB
B A0OHEHTCKUX JIMHHSIX).
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OcHOBHBIE TapaMETPBI TAKOT'O IUIAHA COCTAB-
JIAIOT MOCJEI0BAaTEeIbHOCTH MEPBOr0 THIA, IO-
CKOJIbBKY HUMEHHO OHHU ONPEAESAIT 3(PQeKTUB-
HOcTh 1eneBoro Qynkuuonupoanus KC /133
[18]. IIporpamMmbl mepeKOMMYTAIUN PaTUOKaHa-
JIOB B MEKCITyTHUKOBBIX JIMHUSAX U KOMMYTaIH
panuokaHaioB B a0OHEHTCKHMX JIMHUSX, B CBOIO
ouepenb, ONPENEIIIOTCS MPOrpaMMoil KOMMYTa-
UM PAJUOKAaHAIOB B MEKCITy THUKOBBIX JIMHUAX U
TEXHUYECKUMHU BO3MOXKHOCTSIMU OOpTOBOIl ammna-
patypsl KA [11-13]. C yueTrom 3TOTO B HaibHEN-
HIeM MOJ IUIAHOM OIEPaTHUBHOM pEeTPaHCIALUN
nesneBoi nHpopmanuu 0yJieM MOHMMATh COBOKYTI-
HOCTh IIPOrpaMM KOMMYTAallMM PaJUOKAHAJIOB B
MEKCITyTHUKOBBIX JIMHUAX, 00pa3yeMbIX KaXKIbIM

KA cucremsl. @opmanbHO Ha MHTEpBaJIe [to, T ]

IIJIaH MOXKXET 6I>ITI> 3aIlliCaH B BUIC
I, ={0, (u) = (ue. fi (), k=LK}, (12)

rae u;, — NoCIeAOBATCIbHOCTh HWJIM CTPATCTUA

ynpaBJieHus: 00pTOBON KOMMYTHPYIOIIEH ammapa-
Typoit k-ro KA a1 ycTaHOBIICHUS CBSI3H B MEXK-

CITYTHHUKOBBIX JIMHUAX fk (uk ) — COOTBETCTBY1O-

miasi CTpaTerusi ympaBJIeHUs TPOTpaMMOM Iepe-
KOMMYTAllUH PaJIMOKaHAIOB B MEKCITy THUKOBBIX
muausAX k-ro KA. daktudyecku 3HaueHHE KPUTe-
pust mpeacTaBisgeT co00il COBOKYIHYIO YCIOBHYIO
CTOMMOCTh CHUMKOB 3E€MHBIX OOBEKTOB, COBEp-

NIEHHBIX 32 MHTEpBaJ MaHupoBanus [fy, T].

YacrtHas 3aa4a miaHUpoBaHus GopMyIupy-
eTcs CIIEAYIOIIMM 00pa3oM: MPH 3aJJaHHOM COCTO-
SHUM OPOUTATBHOW T'PYNIUPOBKU OINPEIACIUTD
TaKyl COBOKYMHOCTb CTpaTeruil ympaBlIeHUS

u ={uk, k =ﬁ} OOpTOBOIl KOMMYTHUPYIOLIEH
anmaparypoii KA OI', kotopsie ¢popMupyror pa-
LUOHAJIBHBIA MapLIPYT PETPAHCISALUN CUTHANA C
KA na I1I11 13 ycaoBUss MUHUMU3ALUU BPEMEHU

I :(u*):argmin[T(u):l, (13)

uelU

rae U — COOTBETCTBCHHO MHOXXCCTBO JOIIYCTH-

MBIX CTpaTeruil ymnpaBjieHUs MPOrpaMMoil mepe-
KOMMYTAallUM PaJIMOKaHATIOB B MEKCITy THUKOBBIX

JIMHUAX, IIPH COGJ’IIOI[CHI/II/I OIMMCAaHHBIX BBILIC OT'pa-

Huyennii; 1 — cymMMapHOe BpeMs Nepeaadyu HH-
dbopmarum.

Ha srane nnanupoBaHus 1eneBoro (yHKIU-
ornpoBanust KC /133 moxeT ObITh chopMHpOBaHO
00JIbI110€ YHCIIO aJIbTEPHATUB M1aHOB (9), oTiuya-
IOIUXCA TI0 KOJIMYECTBEHHOMY M KaYeCTBEHHOMY
cocraBy KA-perpancnstopoB. Ho He Bce U3 HUX
MOTYT OBITh pealin30BaHbl M3-3a OIPAaHMYEHHBIX
TEXHUYECKUX BO3MOXKHOCTEH OOpTOBOM ammapa-
Typsl KA.

3ajaya MJIaHUPOBAHMS IMpoIEcca LEIEBOro
¢yukunonupoBanust KC /133 B wactu perpancis-
WU 1IeNIeBO mH(pOopManuu cocTouT B (hopmupo-
BaHWU Takoro TuiaHa (9), KOTOpbIi BKJIIOYaN ObI
MUHUMaJIbHOE KouindecTBO KA-peTpaHcisiTopoB
JUTSL YCTAHOBJICHUSI U yAEP)KaHUs KaHAJOB MEX-
CIIyTHUKOBOMH CBSI3M U ITO3BOJISLI OBl IpU CBOEH pe-
alM3alMyd Ha WHTEpBaJle IUIAHUPOBAHUS JIOCTUYD
MUHUMAaJILHO BO3MOXHOT'O CPETHETO BPEMEHH J10-
ctaBku AaHHbIX Ha HKU npu orpannyenusx:

a) Ha 3arpyeHHOCTh OOPTOBOTO 3alOMHUHA-
IOIIETO YCTpoicTBa Kaxoro KA;

0) HA 3arpy’KEHHOCTh KaHAJIOB MEXXCITyTHH-
KOBOH CBSI3H;

B) Ha 3arpy>KeHHOCTbh KaHAJOB NpHeMa WH-
¢dopmanuu B [TNN.

Monens neneBoro (pyHKIIHOHUPOBAHUS CETe-
Boil OI' KA /133 Ha mHTepBajie IIaHUPOBAHUS
MOXXET OBITh MpEJCTaBIEHA B BHJIE OPUEHTHUPO-
BaHHOTO rpada I', BepIIMHBI KOTOPOTO MPEACTaB-
JSA0T cO0OM HEKOE MHOKECTBO LIEJIEBBIX OIepa-
it OI' KA /133, kotopsie popMHpYIOTCS B pas-
JIMYHBIE COBOKYITHOCTU JPYT C JAPYTOM C LEJIBIO
HENOCPEACTBEHHOM nepenayn UHGOPMALOHHOTO
MOTOKA, peaju3yeMble B ONpEeIeICHHbIE UHTEP-
Banbl BpeMeHH. B cBoro ouepens, nyru rpaga
ONpEAEISAIOT CBSI3HOCTh U (POPMUPYIOT COBOKYTI-
HOCTH OIlepalyidi BBINOJHEHUS BepuMH. Mcxonas
W3 BBINIECKA3aHHOTO, MAaTEMAaTUYECKOE TIPEJICTaB-
neHue rpada umeeT BUJ

r=(0.L)=({Q.i=LN}.{L.i=LN}), (14)

rae Q:{qjaj:L_B}arHe ¢; — HOMeEpa BEpLINH

rpada; B — KOJIMYECTBO BEPIIIVH;
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L={(4,.0.). /=T B.s=TB).

e g;.9; ABISIOTCST 0003HAYCHHEM IyTH
rpada Mexny g ; v ¢ BepuuHamu. [Ipu 5ToM ecin
Jlyra MeXay BepIIMHAMH OTCYTCTBYET, TO U Iapa
(q_ i ,qs) TaK)Ke€ HE CYILECTBYET.

Taxoii rpad I' npeacraBum B BUIe MaTpPHULIBI,
3JIeMEHTaMHU KOTOpPOM SIBIIAIOTCS JaHHBIE O B3au-

MOCBSI3M BEPIIUH M BO3MOXKHBIX IICJIEBBIX OIepa-
musx OI' KA J133:

1
zy o my my .. 0 om
—| 1 _
FC_ Z; m; m; m, Nyg|=
e
Zq mql mqZ m, nqd
, (15)
_||! ‘—1la
=||Z; mg, ... m, ngy|,1=L49g
rac g — KOJHUYECTBO CTPOK MAaTpUIbI Fc , 4dTO

PaBHO KOJIMYECTBY YHHKAJIBbHBIX BepInH rpada I,
O3HAYAIOIIUX HA3EMHBIC ITYHKTHI IPHEMa TaHHBIX,
100 TaKOMy YHCITy, 4TO OyJIeT JOCTAaTOYHO JUIS
OINMCAHMs BCEX MAapIIPyTOB IEpeadd LEeNeBhIX

JIAHHBIX. DIIEMEHTEI zg, e=1, Ny, 03HauaroT KOJIH-

4ecTBO LeNeBbIX onepanuil ceemku OI' KA 133,
BBINOJIHEHHE KOTOPBIX HAYMHAETCA MOCIIE BBIIOJ-
HEHMs TpeaplIymei (mpu Haauuuu) i-i omepa-

M. DneMeHTsl my,, i=1,q,e=1,Ny, o3HayaroT

coboii Homepa KA, wucnoigb3yeMbIX B JaHHOM
MapIIpyTe Mepeaadu JaHHbIX, IPH 3TOM, €CIIN KO-
mnuectBo KA, ncnosnb3yeMsIx B MapLipyTe mepe-
Jlau¥ MEHbIIE, 4eM obriee koandaectBo KA B pac-
CMaTpuUBaeMoil cucreme, BMecTo HoMepoB KA
NPUMEHSIOTCS YCJIOBHbIE 0003Ha4yeHus B Bujae 0
Ul TIOAJEP KAHUS MPSIMOYTOJIbHOCTH MAaTpPULIBL.

Onementsl Ry,i=1,q,d =1, Ny, 03HaYaOT HO-

mepa [N, ncnonb3yeMble B JTaHHOM MapuipyTe
nepeaadyd JAaHHBIX U SBJSIOLIMECS B CTPOKE IO-

CJIICAHHUM JJICMCHTOM. PHSMepHOCTB MaTpHIllbI Fc
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HaMpsIMYyIO0 CBSI3aHAa C KOJIMYECTBOM 3aILUIaHUPO-
BaHHBIX LieneBbIX onepanuii ceemku O KA /133
Y KOJIMYECTBOM Y3JI0B JJIs IEPEJadu JaHHbIX.

2. 00w noaxopn, K peLueHuio
onTUMM3aLNOHHOM 3apaun

2. 1. lMocTpoeHnune paynoHasbHOro rjiaHa CbeMKu

B nHamewm cirydae, Korjia UMEIOTCS OOJIBINOE
yucino KA OI u nHarpyxeHHast o6beKkToBasi 00cTa-
HOBKA, TOSIBJISICTCS 33/1a4a MHOTOKPUTEPHATHLHON
ontuMmm3anuu [19-20] B xadecTBe 3amaun OJIHO-
BPEMECHHOW MHWHHMH3AIMA HEKOTOPOH COBOKYII-

HOCTH KPHTEpPHEB {Jk(uk,ek(uk)),kzl,_l(} KaK

CYMMAapHOW CTOMMOCTH TOTIaBIINX B IT0JI€ 3pEHUS
anmapartypsl HaOmroneHust kaxaoro KA O ane-
MEHTapHBIX PaiOHOB C YY€TOM OrpaHU4YeHUi (6)—
(10). Cnegyer OTMETUTH, YTO CTPOTO MaTeMaTH4e-
CKM 3aJ1aua B TAKOW MOCTAaHOBKE CMBICTIa HE UMEET,
TaK KaKk MUHUMYMBbI OTJI€IbHBIX KPUTEPHUEB OITH-
MaJbHOCTH B OOIIEM CiIy4yae AOCTUTaloTCs Mpu
pa3HbIX 3HaUEHHUAX aprymenta [7-9]. Ognako co-
BPEMEHHbIE METO/IbI IPUHSTUS PELICHU B Cilydae
MHOTOKPHUTEPHAILHOW HEOMPEIEICHHOCTH, TO/-
KPETJICHHbIC ONTHMU3ALMOHHBIMU MIPOIIETypaMH,
MOTYT TIOMOYb BBHIOpATh PallMOHAIBHOE PEIICHHE
[7-9].

B mameM cimyyae MOKHO BOCTIOJIB30BATHCS
JIOCTaTOYHO 3((HEKTUBHBIM ITOAXOJA0M, OCHOBaH-
HBIM Ha (POPMUPOBAHUU KOHTPOJBHBIX 3HAUCHUU

*
AJI1 UCXOHBIX KPUTCPHUCB OINTHUMAJILHOCTHU Jk9

B POJIM KOTOPBIX MOXKCET BBICTYIIaTh PCUICHUEC OT-
JACJIBbHBIX OOTHOKPUTCPHUAJIBbHBIX 3a1a4:

J,t (u,’;,e’; (u,t )) =arg max[Jk (uk,ek (uk ))J,

u el

6,0 (16)
k=1,K.

Pemennem 3anaun (16) sBnsiercs mporpaMmma
«HJeaTbHOT0» KPeHa, KOTOPOi COOTBETCTBYET He-
MPEPHIBHOE U3MEHEHUE YIJIa KpeHa JIMHUU BU3H-
poBaHMs, OOECrHeunBaromas IMOJIyYeHUEe MaKCH-
MaJbHON YCIOBHON CTOMMOCTH TPU OTCYTCTBUU
OTpaHUYEHUI Ha YCIOBUS cheMkH. Ecim temepb
BBECTU B PACCMOTPEHHE HEKOTOPYIO CKAJSPHYIO
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(YHKIIHIO, XapaKTEePHU3YIOIIYI0 CTETICHb ATON OJIn-
30CTH, TO €€ MOXXHO HCIIOJb30BaTh B Ka4eCTBE
HOBOTO CKaJSIPHOTO KPUTEPHS ONTHMAJIBHOCTH.
B npocreiimem ciydae takoi (GyHKIHEH MOXeT
OBITh KBaJpaTu4Has (hopma BHUIa

J(.8(u)) =35 (0 (1.8, () -J;) . (D)

HenocpenctBenHoe pelieHue TakoW 3ajadu
MIPEACTABIISIET ONPEEIIEHHBIE TPYJHOCTH. JTO BbI-
3BaHO B MEPBYIO O4Yepeab TE€M, YTO UMEETCS Mpsi-
Mas 3aBUCUMOCTb pelienus Juist ogHoro KA ot pe-
3yJbTAaTOB IJIAHUPOBAHUS JIJIS IPYTOro MPpH JUHA-
MUYECKOM M3MEHEHUU OpOUTATbHON OOCTAHOBKH.
Bo3nukaer He0OX0AMMOCTh B 3alIOMUHAaHUU Oy-
Iymiedl aBosronuu Bced TpynnupoBku KA Ha
Ka)KJIOM I1are ONTHUMHU3AMOHHON poneypsbl. i
paspelieHusi TaKoro «IPOKJIATHS Pa3MEPHOCTH»
HEoOX0UMO TpHuOeraTtb K pa3iudHbIM NPHUOIH-
YKEHHBIM METO/1aM, OCHOBaHHBIM Ha JIOMYIIECHUSAX,
K KOTOPBIM MO>KHO OTHECTH CJIeIyIOIIHE:

— COBOKYIHAsl CTOMMOCTb TE€MaTH4eCKOIro
MIPOAYKTa Ha BCEM MHTEpBAJIE INIAHUPOBAHUS SIB-
JII€TCSl CyMMOM COBOKYIIHBIX CTOMMOCTEMN Ha He-
IepeceKaroIInXcsl MOIbIHTEPBaIaX;

— COBOKYITHAsi CTOMMOCTb Ha Ka)KJIOM TTOJIbIH-
TepBaJIe ONPEAEIAETCS KaK YIOPSAJ0YEHHAs CyMMa
CTOMMOCTH TOIABIIMNX B [OJIE 3pEHUS annapaTypbl
HaOmonenuss KA »snemMeHTapHBIX pallOHOB MpH
YCIJIOBUH, YTO OHH He Habmronanmuck aApyrumu KA;

— Ha KaXJOM IOABIHTEpBaJIe MPOrpaMMa u3-
MEHEHUS yIvla JIMHUM BU3UPOBAHUS aIlaparypsl
HAOMIOACHUSI C YY4ETOM BO3MOXKHOTO H3MEHEHHS
yriia kpeHa kaxaoro KA dbopmupyercst Ha ocHOBe
HpOrpaMMBbI «UI€aJILHOIO» KpeHa (2) u orpaHuye-
Huit (6)—(10).

OT0 NMO3BOJISIET:

— IepEUTH OT HEOTIPEIETICHHON pa3MEePHOCTH
3a/laud IUTAHUPOBAHUS, 3aBUCAILIEH OT MHOTHUX, B
TOM 4HcIie HehopMann3yeMbIx (GaKTOpoOB, K 3a1a9€
C IPOTHO3UPYEMOM pa3sMEpPHOCThIO;

—3a CYyeT JEKOMIIO3UIMU CYLIECTBEHHO CO-
KpaTUTh pa3MEpPHOCTb MOA3a/ay, pellaeMbIX Ha
Pa3IMYHBIX ATAlax;

— IpU Harpy>KeHHOU 0OBEKTOBOM 00CTaHOBKE
rapaHTHPOBAHHO 00ECTIEYUTh HAXOXKICHHE PAIHO-
HaJbHOI'O PEIICHHUS;

— rapaHTHPOBAaHHO 00ECHEYUTh pa3pelieHne
HEOIPEIETICHHOCTEN, CBSI3aHHBIX C MPHOPHUTH3A-
el 1 y9eToM 00JTa9YHOCTH B pallOHAaX ChEMKH.

OTO AaeT BO3MOXKHOCTB pellaTh 3ajady Io-
CTPOEHMS PAallMOHAIBHOIO IUIAHA IO3TAIHO:

1) onmpenensieTcss mporpaMMa «UJCATHHOTOY

*
KpC€Ha 0  Ha 3aJTaHHOM HUHTCPBAJIC INIAHUPOBAHUSI;

2) ompezenseTcss yHnopsiiodeHHass TOCIeno-
BarenbHOCTh KA M MOABIHTEpBAIOB IJIAHUPOBA-
HUSL 17151 IajibHeHel KyCcOUHO-JIMHEHHON anpoK-
CUMAIIMH MPOTPAMMBI «UACATLHOT0Y» KPEeHA;

3) IpOBOAUTCS KyCOYHO-JIMHEHHAs ammpoK-
CUMAIIHS «UACATLHOT0» KpeHa, 00ecneunBaromas
HAauMEHbILIEE OTKJIOHEHUE, IIPH YCIOBHH BBINOJ-
HeHus orpanndennii (6)—(10);

PesynpTaTomM onTUMHU3aLUN SIBISIFOTCSL:

— IUIaH U3MEHEHMS yIUIa KpeHa JINHUU BU3U-
pOBaHMUS anmapaTypbl HAOMIOICHMS B BHIIE Tpadu-
YECKOW M TEKCTOBOW MH(POPMAIIHH;

— KOJIMYECTBEHHBIE MTAPAMETPhI BBIITOJIHEHHS
3asBKH B BHJIE a0CONIIOTHBIX ITOKa3aresei 1o Iio-
maayd HaOltoMaeMbIX PalOHOB W MX COBOKYITHOM
CTOMMOCTH, U €€ JOJIM 0 OTHOIIEHHIO K 00IIen
3a8BJICHHON IUIOIAAN IPU HCIIOJIB30BAaHUM De-
3yJbTATOB IJIAHUPOBAHUS.

2.2. Aniropntm perpaHcasynu gaHHeix Ha I

®opManbHO MPOIECC TMOUCKA BO3MOKHBIX
MapHIpyTOB Mepeiady TaHHBIX CBOJIUTCS:

— K PacCIIUPEHUI0 CIUCKAa MapIIpyTOB Iepe-
JTag¥l JaHHBIX Ha OCHOBE (15);

— OTCEUYCHHUIO 3apaHee HeY/IauHbIX WM HauMe-
Hee yAaYHbIX MapIIPyTOB ITyTEM JIOTUYECKOTO aHa-
NM3a U3-32 HEBO3MOXKHOCTH Tiepe/iaTh JaHHbIe Ha
KOHEUYHBIN MYHKT MpuemMa (OTCYTCTBHE IIENIEBBIX
omepanuii mepeaadr JaHHbIX TMOCe OIpe/eeH-
HOTO BPEMEHH WJIM HEJIOCTATOK BPEMEHHOTO WH-
TepBaja Juisl Iepe/ladd TaHHBIX C YYEeTOM 3aJlaH-
HBIX XapaKTEPUCTUK PAJUOIMHUN MEXTY Y3IIaMu),
a TaKkKe mepefada JaHHBIX HAa YXe CYIIeCTBYIO-
U y3e] B JaHHOM MapiipyTte (Hampumep, repe-
madga maHabeIX ¢ KA Ne 1 ma KA Ne 2 u cHOBa Ha
KA Ne 1).

DaKTUYECKH MTPEIIATAEMBIN MTOAX0/ COCTOUT
B MOCTPOCHHWHU MOJICJIH IIEJICBOT0 (PyHKIIMOHU-
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posanust OI' KA JI33 ¢ yueTom opranuzaiuu mpo-
LEeAypbl CTAaHAAPTHOW MapUIpyTH3aLUH. JTO MO3-
BOJISIET 3HAYUTENIbHO SKOHOMHTH TEXHOJIOTHYe-
CKHE U BPEMEHHBIE PECYPCHI B X0/1€ JaJIbHEHUILIEro
aHajau3a BO3MOXKHOCTEH pealn3aluy JaHHBIX

MapuIpyTOB C Y4€TOM OOIIel 3arpyKeHHOCTH JIH-
HUH CBSI3U B CUCTEME.

VYnpoieHHas 6J10K-cxeMa UCIOJIb3yEeMOro B
[IO anropurma MapuIpyTH3alMM IpEJCTaBlIeHA
Ha puc. 4.
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( HAYATIO

1

MonyyeHue xapaKkTepuCTUK Lienesoin
onepauuy CbemMku

AHanu3 JOCTYNHbIX BapMaHTOB Nepegayu
Ha 1-m wWware, 3anncb Bcex MapLIpyToB

1

O6HoBNEHWE [aHHbIX O
cnefytolem ysne nepegadu

MpoBepKa Bcex 3anNMCcaHHbIX MapLLPYTOB
Ha ycn0BMe OKOHYaHUA Noucka

Bce maplupyTbl He
MMeloT fanbHeNWmnX

BO3MOXXHbIX y310B
{ KOHEL, |

Kak MUHUMYM OfH U3 MapLIpyTOB
He3aKOHYEH N MOXET 6blTb JOMNONHEH

MonyyeHne AaHHbIX O XapaKTePUCTUKaX
HOBOTO y3/1a NepeAayn

— iz

Het [Ja

!

1

Het

Mounck Bcex AOCTYNHbIX
onepau,mﬁ C UHbIMW y31ammn

BapuaHTos
6onblue yem 1?

MpoBepKa AOMONHUTENbHBIX YCII0BUIA
(mocTaTOUYHOCTL YCNOBHOTO BpemeHun
nepesayn AaHHbIX Ha OCHOBE 3aJjaHHbIX
XapaKTepUCTUK PaSMONUHUI)

[lo6aBneHne HoBbIX BapUaHTOB
nepefayu AaHHbIX B MaTpuLy

Puc. 4. bnok-cxema anroputma peTpaHcnsaumm AaHHbelx Ha MM
M cT04HuNK: BbInonHeHo A.A. MOp0o30BbIM

START )

Obtaining characteristics of the target
survey operation

Analysis of available transmission options
at the 1st step, recording all routes

1

Updating data about the next
transmission node

Checking all recorded routes for the

All routes do not

have further possible

nodes

search termination condition

END

As a minimum, orje of the routes is
incomplete and can be supplemented

Obtaining data on the characteristics of
the new transmission node

— opcz_—

No Yes

1

No

Search for all available
operations with other nodes

Are there
more than 1
options?.

Checking additional conditions
(sufficiency of conditional time for data
transmission based on specified
characteristics of radio lines)

Yes Adding new data transmission options to

the matrix

Figure 4. A block diagram of the data relay algorithm on the FIR

Source: byAA. Morozov
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B mpencraBnenHoi OJ0K-CXeMe alropuTMa
MapIIpyTU3alUd OCHOBHBIM YIIPOILIEHUEM SIBJIS-
eTCsl «3aKPBITOCTh» OJI0KAa MPOBEPKH BCEX 3allu-
CaHHBbIX MapuIpyTOB Ha YCJIOBHUC OKOHYAHHA I10-
ncka. [TockonpKy JaHHBIM 3Tan SBISIETCS CaMbIM
Ba)KHBIM, OH SIBJIIETCS TPUTTEPOM, KOI/1a CTOHUT 3a-
KOHYHUTH TIIOUCK JOIIOJHHUTCIBbHBIX BapHUAHTOB
MapmpyToB HJIW OTMCTUTH 3apaHEC HEYyAa4HbIC
MapIIpyTHL.

3. Pe3ynbraTbl 9KCNEPUMEHTAJIbHOMN
OTpaboTKMN

Hike mpezncraBiieHbl pe3ysbTaThl 3KCIEPH-
MEHTaJIbHON OTpabOTKHU Mpe1araéMoro noaxoza,
YUUTBHIBAIOILETO CIEHUPHUKY CETEBBIX OpOMTAIIb-

® ==
o=

Puc. 5. pynnnposka anemeHTapHbIX parioHOB
019 MOAOENbHOIo npumepa
M cT04HMK: BbINoNHEHO A.A. MOpP0O30BbIM

Figure 5. Grouping elementary districts
for a model example
Source: byAA. Morozov

Pesynbrar npuMeHeHHs NpeaaraéMblx TeX-
HOJIOTHH TUTAHUPOBAHMS IS HAIIIETO MOJEIBHOTO
npuMepa HarIsAHO MOKa3bIBaeT (puc. 6), 4To B
YCIIOBUSIX, IPUOIKEHHBIX K Harpy)KeHHOM Lielie-
BOW OOCTaHOBKH, KOTJa 3JIE€MEHTapHbIC PailOHBI
KOHKYpPUPYIOT MEXJy Cc000H I0 I0Ka3aTesto
YCIIOBHOH CTOMMOCTH, MpPEAIaraeMble METOIHYe-
CKH€ IOJXO/bl TapaHTUPOBAHHO HAXOIAT paluo-
HaJIbHBIN IUIaH IPOBEAEHHS ChEMKH.

Ha pucynke BUIHO, 4TO pa3BOPOTHI IO KPEHY
OyZlyT BBIIIOJIHEHBI B CTOPOHY MAaKCHMAJIbHOTO 3a-
XBaTa HanboJee PKOro N300paskeHus U, KaK Ciea-
cTBUE, O0Jiee BHICOKOM YCIIOBHOM CTOMMOCTH dJIe-
MEHTapHOTo pailoHa, IPH 3TOM BCE OTPAHUUCHUS

HBIX rpynmupoBok J[33. OTpaboTka nmpencrapieHa
Ha MOJEJBHBIX NPUMEpPAX, HAMISAHO OTpa)karo-
HIMX CYTh IpeUlaraeMbIX U3MeHeHni. B kauecTBe
6a30B0ii A1 OTPaOOTKH BBIOpaHa CyIECTBYIOIIAs
OI, cocrosimas 3 5 KA tuma «Kanomyce» u 13
Ha3eMHBIX IYHKTOB Ha Tepputopun Poccuiickoil
denepanyu.

3. 1. SxcnepumeHTasrbHas oTPabOTKa peLeHns
3anaYu n1IaHnpoBaHus

Haunbonee HarmsgHO pe3ynbTaThl IUIAHUPO-
BaHUs MOTYT OBITh MPE/ICTABIICHBI ISl BapUaHTAa,
KOT'J1a 3JIeMEHTapHbIE PaiiOHbI TPYNIUPYIOTCS TaK,
YTO UX YCJIOBHBIE CTOMMOCTH 00pa3yroT IoJje rpa-
nueHnTta (puc. 5).

R\ R \|
AR

_ W

Puc. 6. Busyannsaums nnaHa cbemMkum
AJ19 MOAesIbHOro nprmepa
M cT04HuNK: BbinonHeHo A.A. MOpo30BbIM

Figure 6. Visualization of the shooting plan
for a model example
Source: byA.A. Morozov

BBINIOJIHSAOTCS. Ha puc. 6 3eJIeHBIM IIBETOM OTMC-
YCHaA IIOJI0CAa 3axXBaTa JJIs IIOJOKHUTCIbHOI'O KPCHa,
JKCJITBIM — JJIS1 OTpHULIATCIIbHOTO. KpaCHI)IM OBC-
TOM 0003HAYEHA I10JI0Ca 3aXBaTa.

3.2. SxcnepmuMeHTaIbHas oTPaboTka
perpaHcnsaunm gaHHbix Ha TN

Lenpto 3KCIepUMEHTAIBLHOW OTPabOTKHU SIB-
JSUIOCH MOATBEPKJIEHUE BO3MOXKHOCTH peajn3a-
uu perpancisinuu gaHHbeix ¢ KA wa [IIIU ¢ ox-
HOBPEMEHHBIM OIPEEIIEHUEM BO3MOXKHBIX Mapa-
metpoB OI'. Huxe npecraBiieHbl CpaBHUTEIbHBIC
pe3yiabTaThl AJI Pa3jiudHbIX BApUAHTOB PETpPAHC-
nsiun (puc. 7-9).
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2900
2800 ”
2745.67 2757.71 | © Kiraccnyeckuii
2790 €712675.71 BapuUaHT
2600
€7 2547.635
o 2500
§ € 2448.48 ® Bapuanr ¢
o 2400 2394.418 peTpaHcIsIuei
A 2300 KA-KA
€7 2254.85
2200 € 2230.72
2100 ® BapuaHr ¢
€ 2044.77 HCTIONIb30BaHHEM
2000 B3Y npu KA-KA
1900
4 9 14 19
Konnuectso KA B OI, mit.
Puc. 7. CpegHee Bpems nepegaym uenesoii nuHdopmauum ot KA Ha MMNn
M ¢ T04HMK: BbINoNHEHO A.A. MOPO30BbLIM
2900
2800 .
2745.67 ¢ 275771 © The classic
“100 *2675.71 version
2600
©12547.635
© 2500
:. € 2448.48 ® An option
g 2400 ©12394.418 with relay
= 2300 between
€12254.85
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3aknio4yeHve

B pesynbrare CUCTEMHOro aHanM3a cylle-
CTByIOIIIEH KocMuueckor cuctembl J[33, B ToM
yHcie ee NH(OOPMALMOHHBIX MPOAYKTOB U pabdo-
YUX MPOLECCOB, NIPEUIOKEHO JajbHeIee pa3Bu-
THE €AMHOT0 METOUYECKOI0 ITOIX0/1a K PEIICHUIO
3a/a4d yIpaBJeHUS TIOTOKaMH IIeJIeBO HH)OP-
MallM¥ B YaCTH JIETAIBHOI'O y4eTa MpoIEeCcCOoB Iia-
HUpOBaHUsl paboThl 1eneBor anmaparypsl KA u
WCIIOJIb30BAHUS TEPCTICKTUBHBIX MEKCITYy THUKO-
BBIX KaHAJIOB ME€pe/lavyy 1eIeBOr HHPOPMAIIIH.

OcHoBOH TpejularaéMblX HW3MEHEHUH SIBIIS-
€TCsl COBMECTHOE PELIECHUE IBYX YACTHBIX 3aau:

1) 3amaun nIaHUPOBAHUS CHEMKH B yCIIOBHUSIX
Harpy’>kKeHHOW ueneBoi 00cTaHOBKH (0oJibllOE
koinaecTBO KA u pa3sHOPOIHBIX OOBEKTOB s
CBEMKH);

2) 3ajaun JTOMOJHEHUs KJIACCUYECKUX KaHa-
noB miepenaun uHpopMmarmu Mexay KA wu TITTA
HIMPOKOMOJOCHBIMU MEXCIyTHUKOBBIMM KaHa-
JaMu.

B uactu peuienus 3agaud NIIaHUPOBAHUSA
CHEMKH TMPEITIOKEHO TIEPEUTH OT (popMaTnu3aluu
OTAENIbHBIX 3asBOK B BUJE OMHCAHMS UX MPUOPU-
TETHOCTH U JIOTIOTHUTEIbHBIX OTpaHUYECHUH K Pop-
MaJM30BAHHOMY €IMHOMY MPEACTABICHUIO 3asIBOK
B BUJIE COBOKYITHOCTH yCJIOBHOM CTOMMOCTH dJie-
MEHTapHbIX PAWOHOB, SBISIOIIEHCS HePOpMab-
HOH CBEPTKOHN camMHX 3asBOK, UX YCIIOBHOH CTOM-
MOCTH, HAJO)KEHHUS PAallOHOB, a TaKXKe BIIMSHUS
BHEITHUX (DAKTOPOB HAa HEOOXOMUMOCTH TIPOBEJIC-
HUS CbEMKH (METEONPOTHO3a).

B uacTu pemenust 3a1a4u peTpaHCISIUH 1ie-
JeBOI MH(POPMAIMH TPEIUIOKEHBI U MTPOAHATIH3H-
pOBaHbI MEPCHEKTHUBHbIE TEXHOJOTHMH OpraHu3a-
LU MEXCITyTHHUKOBOM CBSI3H, LIEJIBIO KOTOPBIX, C
OJTHOW CTOPOHBI, SBISETCS 00€CIIEYEHNE BO3MOX-
HOCTH 1151 O0Jiee ONepaTHBHOTO PEIICHUS 3a/1a491
Nepeayn TaHHbIX U YMEHBIIEHUS BDEMEHU MEKTY
cheMKoM u cOpoca pesyibraroB Ha [T, a ¢ apy-
rOM — CHIKEHUE BIMSHUS PA3INYHBIX YCIOBUN
Ha UTOTOBYIO JIOCTOBEPHOCTH OTY4EHHON HH(OP-
mauuu /133, TeM caMbIM MOBBICUB €€ YCJIOBHYIO
ctouMocTb. [loaTBEpkaeHa BO3MOXKHOCTD CyIlle-
CTBEHHO MOBBICUTH HH(POPMAITMOHHYIO 3P (HEKTUB-
Hocth KC JI33 3a cuer uMcnonn30BaHUS CPENCTB
MEKCITy THUKOBOW Nepeauy TaHHBIX.
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Bo3ayuwHbie nnatdopmMbl anga uccnenoBaHnm
B 3KCTPEeMaJibHbIX YCNOBUSX B aTMocdepe BeHepsbl

B.A. Boponnos, M.B. Kucnie Mengoza™"™

MockoBCKHI aBHALMOHHBII HHCTHTYT (HAI[MOHAIBHBIN HCCIIe0BaTeNbCKUil yHUBEpeuTeT), Mocksa, Poccutickas ®edepayus
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Hcropus craTbu AHHOTaIUsA. PaccMOTpEHbI pa3innyHbIe BO3AYIIHBIC IIAT(OPMBI ISl HCCICI0-
BaHUs aTMOc(hepsl BeHeps! Ha MeCTe, TOJYEPKUBACTCS HX MOTCHI[HATbHAS HH-
Terpanus B Oymymue muccud. PaccmarpuBaemble IIaT(OPMBI BKIFOYAIOT
a’pocTaThl ¢ QUKCHPOBAHHOI BBICOTOM MOJIETA, a9POCTATHI C IEPEMEHHO BbI-
COTOH MmoJieTa, JeTaTeIbHbIC annaparhl, TOT00HbIE CaMOJIeTaM, ¢ BO3MOXKHO-
CTBIO TPEXMEPHOTO MaHeBpHUpoBaHUA U Ip. OOCYy) Iar0TCs KOHCTPYKTHBHBIE
KOH(HUTypalnuu CHOyCKaeMbIX arapaTtoB M CTPATerHH Pa3BEPTHIBAHHS ITHX
miardopm B armochepe Benepsl. [TonpoOHO onucaHbl KOHKPETHBIE MEXaHU3MBbI
pa3BepTHIBAHKS a3pOCTaToB. VccnenoBanue Takxke MOJAEIUPYeT ANHAMUKY Che-
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JTU3UPYS MapaMeTpbl TPACKTOPHU Ha pasHbIX dTamax. Pe3ynabraTbl MOATBEp-
KOAK0T, 4YTO HmapaMeTpbl OCTAIOTCA B AOIMMYCTHUMBIX MPEACIaxX Ha MPOTAKCHUU
BCEro CITyCKa.
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Introduction ratures, pressures, and clouds of sulfuric acid) limit
the operational life of the probes to a few hours.

Venus exploration programs rely on remote i : \
The Soviet Union’s Vega balloons in 1985

sensing and in-situ approaches, with the latter

offering more accurate and reliable scientific
data. To facilitate remote and contact exploration,
a Venus mission typically comprises two main
modules:

Orbiter: Operates around Venus to relay data
back to Earth.

Descent Vehicle: a capsule able to carry
scientific payloads and aerial platforms into Venus’
atmosphere.

More than 40 Spacecrafts have been sent to
Venus, but its extreme conditions (high tempe-
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demonstrated the scientific potential of aerial plat-
forms (APs), providing critical date of over two
days at altitudes of 51-54 km, where conditions
were moderate. These balloons carried a modest
payload of 7 kg, including 1-2 kg of scientific
instruments [1-4].

Future aerial platforms with large payloads,
longer operational life, and variable operating
altitudes could significantly enhance Venus ex-
ploration. Such advancements are pivotal for
comparative planetology and habitability studies,
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especially given the discovery of Earth-like
exoplanets with Venusian characteristics. Current
General Circulation Models (GCMs) fail to fully
capture Venus’ atmospheric dynamics, under-
scoring the need for improved data acquisition [5].

Increasing the number and diversity of aerial
platforms is essential to address these challenges,
requiring enhanced payload capacities and inno-
vative mission architectures, in particular, aerial
platforms, to expand the fields of the fields of
study of the planet atmosphere and surface, as well
as to obtain updated scientific information about
the phenomena studied.

1. Aerial Platforms for Venus Exploration

The aerial platforms are designed to operate
in the Venusian atmosphere where conditions are
Earth-like, collecting data on atmospheric com-
ponents and phenomena. This paper classifies
these platforms based on altitude and positional
control, evaluating them against three key criteria:

|attachment strop

scientific capability, complexity, and technological
readiness.

Three primary categories of aerial platforms
are discussed:

Fixed-Altitude Balloons: Passive platforms
that drift with wind currents at a stable altitude.

Variable-Altitude Balloons: Platforms capable
of adjusting altitude to exploit atmospheric wind
patterns for trajectory control.

Three-Dimensional Maneuvering Vehicles:
Active platforms offering lateral and vertical
mobility, including aircraft.

1. 1. Fixed-Altitude Balloons

High-pressure balloons, such as those used in
the Vega project, are ideal for stable operations in
Venus’ atmosphere. Despite turbulence-induced
fluctuations, these platforms have proven effective
for long-duration data collection. The Vega balloons,
with a diameter of 3.5 m and a payload capacity of
7 kg, covered 11,000 km over 46 hours (Figure 1)
[1; 2; 6-8].

Payload

Balloon __~|| Hemispherical
antenna

Intermediate strop
Electronics and radio

transmitter

Temperature
Sensors

Photometer
B Pressure sensor
Lithium battery

 Nephelometer
| windows

Figure 1. Balloons with variable altitude
Source: byM.YaMarov, U.T. Huntress [6]
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Figure 2. Balloon probe with payload of the Vega project
Source:byGlaze et al. [20]

1.2. Variable-Altitude Balloons

Variable-altitude systems utilize mechanisms
such as helium compression (mechanical or pump-
based) to adjust buoyancy. These platforms can
leverage vertical wind patterns, such as those
identified by Venus Express, to navigate meridional
wind currents, enabling controlled latitudinal move-
ment (Figure 2) [5; 9; 10].

1.3. Three-Dimensional Maneuvering Vehicles

Fixed-wing aircraft powered by solar
panels can fly high in the cloud layer using the
intense solar flux on Venus. Instead of “floating”

Figure 4. Venus Atmospheric Maneuverable
Platform (VAMP) — Inflatable airplane
Source:byG. Leeetal. [12]
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Figure 3. Solar powered aircraft
Source: byGlaze etal. [20]

around the planet in the field of super-rotating
atmospheric currents, a solar-powered aircraft
must remain on the sunlit side of Venus, and this
requires flying at speeds approaching 100 m/s, in
an easterly direction opposite to the atmospheric
flow. Compared to balloons, a solar-powered air-
craft has the advantage of precise position control.
However, dependence on electric propulsion also
has limitations in the latitudes that can be observed.
In addition, with existing and planned opportu-
nities in the field of energy storage technologies, a
solar-powered aircraft will not be able to cross the
night side. It is also limited in how deep it can
penetrate into the atmosphere, as dense clouds
block the sunlight needed to power the device
(Figure 3) [5; 10].

Venus Atmospheric Maneuverable Plat-
form — An aircraft-type maneuverable aircraft
with the weight of 450 kg, which is capable of
independently entering the atmosphere of Venus
from a low orbit at a speed, and is designed to
survive under conditions of thermal pressure and
hypersonic entry. During the flight phase, VAMP
will move with minimal energy use at speeds of
about 50—70 km/h in the upper and middle layers
of the clouds of Venus and collect scientific data
for transmission to Earth. VAMP is also quite
stable and able to cope with the strong atmospheric
winds of Venus, and can orbit the planet for up to
a year (Figure 4) [5; 11; 12].
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Next, we will examine in detail the related
issues to the deployment and activation of aerial
platforms (using aerostats as examples) as technical
tools for research within the framework of inte-
grated missions aimed at studying the atmosphere
of Venus.

2. Deployment of Aerial Platforms

Descent Vehicles (DVs) serve as carriers and
deployment systems for aerial platforms. This

paper reviews DV configurations and strategies for
releasing balloons in Venus’ atmosphere.

In practice, the following types of DVs have
been utilized in various missions to explore the
planets of the Solar System — Table 1 [1; 7; 16—-17].

Designs for integrating aerial platforms within
DVs are detailed, including configurations for
spherical, conical, and segmental-conical vehicles.
Deployment mechanisms for balloons are illustrated,
emphasizing reliability during atmospheric entry —
Table 2 [2; 7; 18].

Table 1
Types of Descent Modules and Their Characteristics
Shape of the DM Description Dimensions
&
Spherical Ensures stability and compact payload arrangements. e
33
s /]
Conical Acco_mmod_ates elt_)ngated payloads, such as cameras, :c:; Rep=Dm
for high-altitude missions. - ‘
f
\
Dm

Segmental-Conical )
g : atmospheric entry.

Optimized for aerodynamic efficiency and high-speed

=Dm

Venus-D T
enus-L Type stability.

Features a sphere-cone shape for enhanced drag and |

of
1

Source:byV.V. Efanovetal. [21]
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Table 2

Layout Configurations of DVs with Aerial Platforms

Shape of the DM (Descent Modul)

Components

Spherical-Type DV:

1 — Aerostat Probe (AP 1)

2 — Aerostat Probe (AP 2)

3 - Gliding Probe (GP)

4 - Service and Scientific Equipment Compartment of GP
5 — Drifting Probe / UAV Container

6 — Radar

7 — Landing Probe

Conical-Type DV:

1 — Drogue Parachute

2 — Braking Parachute

3 — Descent Module

4 — Truss

5 — Communication Antenna with Orbital Module
6 — Main Parachute

7 — Aerostat Envelope

8 — Aerostat Envelope Inflation System
9 - Aerostat Gondola

10 — Aerostat Guide Rope

11 — Aerodynamic Shield

12 — Second Aerostat

Segmented-Conical-Type DV:

1 — Parachute Container

2 — Aerostat Power Cone, containing the aerostat probe envelope
3 — Instruments

4 — Fore Screen

5 — Delta-V in the entry from orbit

250

Venera-D" Type DV

1 — Fore Screen

2 — Envelope

3 - Landing Module

4 — Parachute Container

5 — Aerostat Power Cone No. 1, containing the aerostat probe
envelope

6 — Aerostat No. 2

7 — Aerostat No. 3

Source:byV.V. Efanovetal. [21]
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The deployment of aerostats in the atmosphere ~ phase. The configurations for the spherical and
of Venus occurs following the descent module’s  segmented-conical descent modules are illustrated
entry into the atmosphere during its descent  in Figures 5, 6.

Figure 5. Commissioning of balloons in the atmosphere of Venus from a spherical descent vehicle
Source:byV.V. Efanov etal. [21]

Figure 6. Commissioning of balloons in the atmosphere of Venus from a segmental-conical descent vehicle
Source:byV.V. Efanov et al. [21]
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Table 3

Drag coefficient and application of different parachute parameters

Type Drag coefficient General application (Mach number, M)
Conical 0.75-0.90 Airdrop (M < 0.5M < 0.5M < 0.5)
Biconical 0.75-0.92 Airdrop (M < 0.5M < 0.5M < 0.5)
Disk-gap-band 0.52-0.58 Airdrop (M < 0.5M < 0.5M < 0.5)
Ring-slot 0.56-0.65 Extraction deceleration (0.1 <M < 0.50.1 <M < 0.50.1< M <0.5)
Ribbon 0.30-0.46 Supersonic deceleration (1 <M< 31 <M< 31<M< 3)
Conical ribbon 0.50-0.55 Airdrop, deceleration (1 <M <31 <M<31<M<3)

Source:byS.C.G. Torres, V.A. Vorontsov [19]

3. Modeling the Motion of a Descent Vehicle
in Venus’ Atmosphere

The motion of a descent vehicle (DV), con-
sisting of aerostats in Venus’ atmosphere is
analyzed using the example of a spherical-type
DV. The process can be divided into the following
stages! [7].

3. 1. Stage One: Ballistic Motion of the DV
in the Atmosphere

During this stage, the vehicle’s velocity
changes according to the laws of motion for a body
falling through the air without a parachute (aero-
dynamic deceleration), transitioning from the
second cosmic velocity to a near-sonic speed.

The equations of motion for the DV can be
simplified and expressed as follows:

2

V=—pV — gsinb;

X
. g 1%
0 =—cos0| =— ;

[V RV+H] (1)
H =V sinb;
L:VRVCOSG’

R +H

where V' — vehicle flight velocity, m/s; 6 —
trajectory inclination angle relative to the local
horizon (angle between velocity vector and local
horizontal plane), rad/deg.; H — altitude above the
planet’s surface, m; L — distance, m; Ry — average

planetary radius (for Venus, Ry = 6051.8 km); p —
undisturbed flow density, kg/m?; g — gravitational
acceleration at the DV’s location, m/s?;, Py —
ballistic parameter, kg/m?.

3.2. Stage Two: Deployment of a Deceleration
Parachute and Descent Using the Deceleration
Parachute Until the Main Parachute is Deployed

The drag coefficient of the parachute depends
on the canopy design, fabric type, permeability,
flight speed, etc. Table 3 presents drag coefficient
values for various parachute canopy types [19].

3.3. Stage Three: Separation of the Deceleration
Parachute, Detachment of the Upper
Hemispherical Heat Shield Containing

Two Aerostats

Subsequently, the upper hemisphere descends
on a parachute, followed by activation of the aero-
stats. For this stage, the equations of motion can
be expressed as:

~ pgUsin® — mgsin® —%sz (C.S, +CpFp+C,F,)
V= ;

E}

(m+kpU)
>
UcosB — mgcos6 +
pPg mg R+ H

0= (mekpl) 2)

H =V sin®:;
j= V' R, cos®
R, +H

E)

! Ivanov NM, Dmitrievsky AA, Lysenko LN. Ballistics and navigation of spacecraft. Bustard Publ.; 2004. ISBN 5-7107-

7085-X
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where: m — mass of the DV (or its components),
kg; Cx— DV drag coefficient (or its components);
Sm — characteristic area of the DV; Cp —
parachute drag coefficient; F'» — parachute area;
C.— aerostat drag coefficient; /', — aerostat area;
k — added mass coefficient; U — aerostat shell
volume, m>.

3.4. Stage Four: Deployment of the Main
Parachute, Descent, and Deceleration
in Venus’ Atmosphere

The simulation yielded trajectory parameter
variation graphs over time (Figures 7—11).
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Conclusion References

This study examines various aerial platforms
carrying payloads for the contact and remote
investigation of Venus’ atmosphere and surface.
The analysis of these platforms demonstrates en-
hanced potential for achieving scientific objectives
in future missions.

Due to the extreme atmospheric conditions of
Venus, prolonged contact-based studies are in-
feasible, emphasizing the importance of increasing
the number of aerial platforms deployed to the
planet, which necessitates a higher payload capacity
for descent vehicles.

Simulation results confirm that trajectory
parameters of a spherical descent vehicle with
payloads up to 100 kg remain within acceptable
limits across all motion stages, enabling the in-
tegration of advanced technical systems, such as
aerial platforms, into the baseline design.
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3asiBjieHUE O KOH([)J'IHKTC HHTEpecoB

ABTOpBHI 3asIBISIFOT 00 OTCYTCTBHH
KOH()JIMKTa UHTEPECOB.

AHHoTanus. J[aHHOE Hcciie0BaHKe TIOCBAIIEHO aHATU3Y METOJ0B IPOTHO3UPO-
BaHMsI 1IeH Ha xuibe B Kanudopuuu. B Hem npuMeHeHs! 1Ba MeTo/ia: Heipocere-
BbI€ METO/IbI IPOTHO3MPOBAHUS M METObI, OCHOBAaHHBIE Ha PErPECCHOHHOM aHa-
nuze. Ha MpUMEPE OTACIIbHBIX IPOTHO3HBIX noxa3aTenel71, TMOJTYUYCHHBIX Ha OCHOBE
IBYX METOIIOB, CPAaBHUBAIOTCS Pe3yJbTaThl MpOrHo3a. Llenb mccinenoBanus —
IIOKa3arb, YTO TOYHOCTDH IIPOrHO3UPOBAHMS C IIOMOILIBIO Hef/’lpOHHle ceTen BBILIC,
4eM y Kiaccuaeckoro merona. OLeHKa OCyIeCTBIEHA ITyTeM CO3AaHus IPOIYKTa
Ha Python, xotopslii 6T BEIOpaH M3 COOOpasKEHUH MTPOCTOTHI MPOBECHUS aH-
HOTO aHaJN3a, MPOCTOTHI BHEAPEHHS MPOXYKTA, a TAKXKE MPOCTOTHI MOCTPOCHUS
rpaduuecKoro aHajaM3a MOJMYUYEHHBIX PE3yJlbTaToB. B kauecTBe pecypcoB s
o0y4eHHs HEHPOHHOH ceTH OBLT MCIOIB30BaH OTKPHITHIM MCTOUYHUK JAaHHBIX,
COCTOALIMK M3 LIECTHAALATU THICAY 3JIEMEHTOB, KOTOPBHIA BKIIOYAET B ceOs psij
KPHUTEPHEB OLICHKU KMIIbS U [1€H, OCHOBAHHBIX Ha 3TUX KpuTepusx. [Iposenen
LIIMPOKHUI 0030p HCCle0BaHMM, CpaBHUBAIOMMNX 3()(PEKTUBHOCTH MIPOTHO3U-
POBaHHUS C IOMOIIBIO METOOB, OCHOBAHHBIX HAa MCKYCCTBEHHBIX HEHPOHHBIX
CeTsX, U APYTUX METOJOB NMpPOTHO3MPOBaHM. boyiblioe BHUMaHUE YIEIeHO
CPaBHEHUIO METOAOB MCKYCCTBEHHON HEHPOHHOM CETH M METOJOB JHMHEHHON
perpeccun. Ilo pesymbraram 3TOH pabOTHI OBLIO BBISBIEHO, YTO TOYHOCTD
HelpoceTeBON MOJIENTN 3HAYUTENBHO BhIIIIE MPU MPOTHO3UPOBAHUY PE3YIIBTATOB C
WCIIONB30BaHUEM METOJIOB JINHEHHOW perpecCH, B 3aBUCHMOCTH OT BBE/ICHHUS HO-
BBIX KPUTEPUEB IIPOrHO3UPOBAHHSI.

KioueBble ciioBa: HelipoHHas ceTb, JMHeiHas perpeccus, MSE, R2, AUC-ROC,
AUC-PR, kpuBast 00y4eHus1, IPOrHO3UPOBAHHE
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Introduction

Regression Analysis

dom factors influencing it both internally and
externally. However, in order for an enterprise to
carry out competent manage-ment, there is a need

The current realities of the modern economy
lead to many risky challenges for companies in
various industries. They are accompanied by drastic
changes that negatively affect the company’s per-
formance and its sustainability as a system. These
circumstances require organizations to make
operational management decisions, their system
flexibility, which can adapt to the influence of ran-

to predict such situations, which leads to the search
for tools for predicting and promptly responding to
emerging negative situations [1; 2].

The fundamental criterion for competent
management in organizations is the predictability
of the system, in this case the organization is this
system. This criterion is necessary for the pre-
mature neutralization of negative consequences
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from the influence of various external and internal
factors. For example, a number of key employees
leave the organization; after such an event, the
business must immediately respond and take
various actions to eliminate the consequences. The
best option would be to implement a department-
function diagram, so that if several units suddenly
leave the department, other participants in the
process can take over their functions. Alternatively,
another example, it is necessary to monitor the
market for the inculcation of innovations to
increase competitiveness. After receiving statistics
about the market needs, the business needs to make
a conclusion about what product the company
needs to make. Recent events related to the
pandemic have also hit the market hard, making it
clear that systems are needed to offer management
solutions that can keep costs to a minimum. All
these and many other factors negatively affect
organizations, in connection with which there was
a need to introduce models that can warn in
advance about such incidents, and offer ways to
eliminate them.

As arule, one of the best solutions will be to
carry out statistical monitoring and data analysis
through mathematical modeling of production pro-
cesses. For which one of the most effective methods
will be the using regression analysis, which allows
you to predict the economic impact based on
retrospective data.

The English statistician F. Galton [1] first
introduced the term “regression”.

Regression analysis, derived from the Latin
word “regression” meaning, “moving backwards”,
is a comprehensive method for studying the
interactions between various indicators. The key
idea is to analyze the dependence of the effective
indicator Y on a set of factor variables (for
example, x1, X2, X»), with each of the variables x;
making a certain contribution to the function
Y=f(x:), which describes their combined impact on
the result under study.

In the regression analysis process, the key is
to establish exactly how these factor features affect
the outcome measure and how changes in these
features may affect the outcome. This study is based
on the assumption that the performance indicator
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dynamics directly depends on changes in factor
characteristics. While other variables that may also
have an effect on outcome are treated as constants
or averages to focus on the main change factors.

Thus, regression analysis not only reveals
relationships between variables, but also helps to
understand how specific changes in some variables
can systematically influence changes in others,
providing valuable data for making informed
decisions in various areas of scientific research.

In the statistical analysis arsenal, there are
two main types of regression models, each of which
serves to study the interactions between variables
and their influence on the result under study.

A linear multiple regression model focused on
studying the influence of one key factor attribute on
a performance indicator, representing the relation-
ship as a simple linear function. This means that
changes in the performance indicator described as
a direct consequence of changes in that factor.

On the other hand, a nonlinear multiple
regression model includes several factor features,
whose impact on the performance indicator can be
described using various mathematical functions
such as exponential, logarithmic, polynomial or
power functions. These models make it possible to
reflect more complex and multi-level relationships,
where each factor characteristic can make its own
unique contribution, which can enhance or weaken
the influence of other factors.

It is especially important that both linear and
nonlinear models can demonstrate both direct and
inverse relationships between factor characteristics
and the performance indicator. This means that
an increase or decrease in one or more factor
characteristics can lead to a corresponding increase
or decrease in the effective indicator. Thus, under-
standing the structure of relationships between
variables through these models opens up prospects
for in-depth analysis and forecasting in various
fields of scientific research.

Mathematical description of regression [3]:

The essence of regression is as follows: at the
input we have a vector X, we need to predict all
values of Y(x) see formula

Y=X"B. (1)
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The error function is the standard deviation,
see formula

E(B)= 27:1 Vi~ ;/right)z = Z,A; Yi— xl.Tﬁright)z. 2

This problem is solved by taking the derivative
of SE equal to zero, see formula
3SE(J7)
op
This will find a minimum, and since SE is a

quadratic function, its minimum always exists.
Therefore, it is not difficult to find  using formula

=2X"(y-XB)=0. (3)

B=(x"x7")x"y. (4)

This completes the description of linear
regression. In reality, linearity in the data is not
always present, which leads to the need to
introduce nonlinearity. Solving this problem on a
large data set is a bad solution because it is not
always possible. In such cases, it may be useful to
train a neural network model to solve a regression
problem, which has in its arsenal various methods
based on gradient descent that provide predictors
that are more accurate.

Regression Neural Network

A regression neural network is a type of
artificial neural net-work specifically designed for
analyzing and solving regression problems [4; 5].
These networks gracefully process continuous
variables to produce quantitative predictions,
unlike their classification cousins that define
categories. Due to their ability to accurately predict
numerical values, regression neural networks find
their application in a wide range of problems. They
play a key role in predicting asset prices, assessing
economic performance, time series analysis and
many other areas where the accuracy and reliability
of forecasts is critical.

These networks are becoming an indispens-
able tool in industries that need to extract deep
quantitative insights from complex data, providing
professionals with valuable insights for informed
decisions. In this context, regression neural net-

works do not just process information, they uncover
hidden patterns and trends, turning raw data into
strategic knowledge that allows for the develop-
ment of optimal strategic decisions. Let’s look at
the key aspects of regression neural networks [6—8]:

Error optimization. The core of regression
models is formed by loss functions such as mean
square error (MSE) [9] and mean absolute error
(MAE) [10], which allow us to estimate deviations
between predicted and true values. In this case, the
main task is to regularly reduce deviations, allowing
you to learn from errors and correct predictions.

Architectural flexibility. The diversity of
input data and unique task requirements dictate the
design of regression networks, which can take the
form of multilayer perceptrons (MLP) [11], con-
volutional neural networks (CNN) [12], or recurrent
neural networks (RNN) [13].

1. Results

Predicate finalization. The final chord in a
regression network melody is its output layer,
usually containing a single neuron with linear
activation or none at all. This allows the network
to express continuous variables, thereby ensuring
accuracy and consistency in the output.

Powerful optimization algorithms, including
stochastic gradient descent (SGD), Adam and
RMSprop, support the training efficiency of
regression neural networks. These methods help
reduce error on the training data, providing a fast
and accurate approximation to the best possible
prediction results. Each of these elements plays a
critical role in the functioning of a regression
neural network, making it not only a tool for com-
pleting tasks, but also a platform for innovation
and discovery in applications ranging from financial
forecasting to medical research [2].

The approach provided in this work visualizes
the performance of two different models — a linear
regression model and a multilayer perceptron
(MLP) neural network — using two key indicators:
mean square error (MSE) and R-square (R?) [14].
These metrics are important for understanding
how well each model predicts home prices in
California’s open housing dataset (Tables 1, 2).
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Table 1
Data on housing characteristics in California
Medinc | House Age | AveRooms | AveBedrms | Popul | AveOccup | Latitude | Longitude | MedValue
8.3252 41.0 6.984127 1.023810 322.0 2.555556 37.88 -122.23 4.526
8.3014 21.0 6.238137 0.971880 2401.0 | 2.109842 37.86 —122.22 3.585
7.2574 52.0 8.288136 1.073446 496.0 2.802260 37.85 -122.24 3.521
5.6431 52.0 5.817352 1.073059 558.0 2.547945 37.85 -122.25 3.413

Source: byV.D. Saushkin

Table 2
Data on home prices in California
House _id Price
1 4.526
2 3.585
3 3.521
4 3.413

Source: by V.D. Saushkin

Let’s look at what each graph represents and
the meaning of the results.

Learning curve. Learning curve is a graph
showing changes in the performance of a neural
model (Figure 1).

Mean Square Error (MSE). MSE is a
measure of the root mean square difference
between estimated values (predictions) and actual
values. Essentially, it captures the deviation of
forecasts from true values, with an emphasis on
more severe penalties for more severe errors due
to squaring each term.

Neural Network Training Curve

0.6 4

0.5

0.4

Loss

0.34

0.2 1

0.14

80 100 120

Epochs

Figure 1. Learning curve
Source: byV.D. Saushkin

Interpretation of the graph (Figure 2): The
graph titled “MSE Comparison” for each model
shows a bar indicating the MSE value obtained
after testing each model. Lower MSE values are
better because they indicate that the model’s pre-
dictions are closer to the actual data. If one band is
significantly lower than the other is, it indicates
that the model fits the test data better.
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Data on the MSE indicators of linear regres-
sion and neural network: Linear Regression —
MSE: 0.55, Neural Network — MSE: 0.26, which
is two times less (Figure 2).

R-squared (R?), also known as the coefficient
of determination, measures the proportion of
variance in a dependent variable that can be pre-
dicted from the independent variables. It indicates
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the degree of fit and is therefore a measure of how
well unseen patterns can be predicted by the
model, with a value ranging from 0 to 1. An R* of
1 indicates that the regression predictions fit the
data perfectly.

Interpretation of the graph (Figure 3): The
graph titled “R*> Comparison” displays bars for
each model’s R? score. Higher R? values are
preferred because they indicate that the model is
accounting for a greater proportion of the variance
in the dependent variable.

A high R? means that the model explains most
of the variability in the target variable based on its
input characteristics.

Comparison of MSE

0.51

o 1
w IS

Mean Squared Error

o
N

0.1+

0.0-

Linear Regression Neural Network

Figure 2. Diagram of the root mean square error
between linear regression and neural network
Source:byV.D. Saushkin

ROC Curve

Data on R? indicators of linear regression and
neural network: Linear Regression — R?*: 0.57,
Neural Network — R?: 0.80.

Precision-Recall Curve (PR) [15-17] is a graph
showing the relationship between correctly pre-
dicted positive observations — accuracy, and the
proportion of correctly predicted actual positive
observations. The values of this curve vary in the
same way as for ROC. The graphs of these curves
are shown in Figure 4.

These graphs show that the performance of
the neural network is higher than the performance
of reression analysis, for NN the indicator is equal
0.95, while for LR is equal 0.9.

Comparison of R?
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Figure 3. A-squared (/) diagram
between linear regression and neural network
Source: byV.D. Saushkin

Precision-Recall Curve
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Figure 4. AUC-ROC and AUC-PR
Source:byV.D. Saushkin
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Conclusion

Linear Regression vs. Neural Network.
Comparing the two methods on each graph gives
you an idea of which model works better on the
dataset in its current configuration. If the neural
network bars are higher on the R? graph and lower
on the MSE graph, it means that the neural net-
work has a higher prediction accuracy than the
linear regression model.

It is very important to note that MLP may
require tuning (e.g., adjusting the number of hidden
layers, neurons, or iterations) to optimize its
performance. Conversely, if linear regression is
superior to or very close to MLP, it may indicate
that the dataset is linearly separable or that the
neural network needs additional functions and more
complex architectures to exploit its capabilities.

This information helps decide which model to
deploy based on the tradeoffs between complexity,
performance, and computational cost. For example,
if the improvement in MSE and R? is small for a
neural network compared to a linear regression,
you may prefer the simpler and more interpretable
linear model, especially in contexts where model
interpretability is critical.

Finally, these visual comparisons guide further
exploration and tuning, providing an easy way to
communicate model performance to stakeholders
and make informed decisions about improving or
deploying the model.
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FeHepauua peanncTUYHbIX U300paXKeHnn
HedTerasoBom MHPPaCTPYKTYPbl HA KOCMUYECKUX CHUMKAX
c ucnonb3osaHnem aAnPpPy3noHHbIX Moaenemn

B.K. Jlo6anos™, M.C. Konapamuua®™, III.M. Il'xues”™, MLIL. Cokudexon
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Hcropusi ctatbn AHHoTanus. B pamkax nccnenoBaHus OblTa N3y4eHa BO3MOXHOCTh IPUMEHE-
HHS METOJIOB MallIMHHOTO OOYy4YeHUs], B YACTHOCTH I'€HEPATUBHBIX MOJICNICH, TS
CEMaHTHYECKOTO PENAaKTHPOBAHHSA KOCMHYECKHX CHHUMKOB. OCHOBHOE BHHMA-
HHE yAENEHO aKTyalbHOH apXUTEKType Ha ocHOBe AU (Y3MOHHBIX MOJIETCH,
CIIOCOOHOH T'eHepUpOBaTh IIENeBbIe 0OBEKTHl HEIIOCPEACTBEHHO Ha CITyTHHKO-
BBIX N300paxeHusx. OHAKo BBUY crieli(uKy BHIOPAaHHOW NpeaMeTHON 001a-
CTH — IeHEpPAINU PEaTUCTHYHBIX H300paxeHHH 00bEeKTOB He(hTera30BoH HH-
(dpacTpyKTyphl (TaKHX Kak TpyOONPOBOIbI) ObLIM OOHAPYKEHBI CYIIIECTBECHHBIC
ABTOPBI 3aABIIIOT 00 OTCYTCTBHH HEIOCTAaTKH CTaHAApPTHOW MOJENHU B YaCTH pealn3Ma U COOTBETCTBUS OKpYKa-
KOH(IINKTA HHTEPECOB. IOLIeMY KOHTEKCTY. JIJis petieHus JaHHOH npo0ieMbl POBOAMIIOCH TI000yUeHHE
HelipoHHOH cetH. Llenb nooOydeHUs — YIydIlIeHHEe KAauecTBAa BU3yalIH3alliH
MPOEKTHBIX PELIeHUH, CBA3aHHBIX ¢ TpyOonpoBogamu. [IpemnoxeH u neTansHO
OIMCaH METOIUYECKHH OAX0T K (JOPMHUPOBAHHIO CIICHUATH3HPOBAHHOTO 00Y-
yarolero Habopa naHHbIX. Ha ocHOBe peasnbHbIX Tpacce TpyOomnpoBoaos B QGIS
CO3/1aHBI IIPOCTPAHCTBCHHO IPHBS3aHHBIE BEKTOPHBIE CIIOW; CTCHEPHPOBAH
Ha0Op TailIOB KOCMHUYECKHX CHUMKOB C TOUYHBIMU AHHOTALMSAMH I'paHHUI] TPYO.
Pe3ynbraTsl SKCHEpUMEHTAIBHOTO JO00YUYEHHsT MOJIETH MPOAESMOHCTPUPOBAIIH
3HAYMMOE YITy4IlIeHne KaueCTBa TeHePUPYEMbIX N300paXKeH i 00bEKTOB He(Te-
ra3oBoil HH(PACTPYKTYpHl HA KOCMUYECKAX CHIMKAX I10 CPABHEHHMIO C TI0Ka3a-
TEeNSIMHA MCXOIHOM, HeaganTHpOBaHHOW Monenu. Pa3paboTanHast 10o0ydeHHas
MoziesIb  00eCHeYMBaeT BBICOKOPEAINCTUYHYIO TEHEpaluio TPpyOoIpoOBOIOB,
KOPPEKTHO MHTETPUPYS HX B CYIIECTBYIONINH NaHAmadT Ha CHUMKe. Busyainb-
HOE CpaBHEHHE Pe3yJbTaToB 10 U IOCe J000ydeHHs MOATBEPKIAeT yCTpaHe-
HHUe apTeaKTOB U JOCTIDKEHUE HEOOXOIMMOTO YPOBHS Ieranu3aimu. Padora
HoATBepskAaeT 3G PEKTUBHOCTH OAX01a C POPMUPOBAHUEM IPEIMETHO-OPHEH-
THUPOBAHHBIX JaTaCETOB U JOOOYUSHHEM IS PEIICHUs ClieNn(pHIecKuX 3a/1a4d
Bu3yanusanuu B J133.
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Generating Realistic Images of Oil and Gas Infrastructure
in Satellite Imagery Using Diffusion Models
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Article history Abstract. This study investigated the feasibility of applying machine learning methods,
Received: April 27, 2025 specifically generative models, for semantic editing of satellite imagery. The research focused
Revised: June 27, 2025 on an architecture based on diffusion models capable of generating desirable objects directly
Accepted: July 5, 2025 on satellite images. However, significant shortcomings were identified in the standard model

with regard to realism and relevance to the surrounding context, given the specific nature of
the chosen subject area, namely the generation of realistic images of oil and gas infrastructure
objects (such as pipelines). To address this limitation, fine-tuning of the neural network was

Contflicts of interest performed. The objective of the fine-tuning was to enhance the quality of visualizing pipeline-
The authors declare that there  related design solutions. A methodological approach for creating training dataset was proposed
is no conflict of interest. and described in detail. Based on actual pipeline routes, spatially referenced vector layers were

created in QGIS, and a set of satellite image tiles with precise pipeline boundary annotations
was generated. The results of the experimental fine-tuning demonstrated a significant
improvement in the quality of generated images depicting oil and gas infrastructure objects in
satellite imagery compared to the original, non-adapted model. The developed fine-tuned
model enables highly realistic pipeline generation, effectively integrating them into the
existing landscape within the image. Visual comparison of results before and after fine-tuning
confirms the elimination of artifacts and the achievement of the required level of detail. This
work demonstrates the effectiveness of the approach involving the creation of specific datasets
and fine-tuning for solving specialized visualization tasks in remote sensing.

Keywords: earth remote sensing, neural network, generative models, machine learning,
semantic editing
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BBepeHue

Vcnonp30BaHNE KOCMUYECKHX CHUMKOB T103-
BOJISIET pemarb MHOTHe 3a1auu. [losTomy paspa-
00TKa MoJIeNield 1 METOIOB 00paboTKH N300paxke-
HH SBJISETCS YPE3BBIYAHO aKTyaJIbHOM.

Lenv uccnedosanuss — OIEHKA UCTIONB30BaA-
HUS HEHUPOHHBIX CeTeil isl BU3yaldu3alud Npo-
KJIaJIKH TPyOOIIpOBOJOB. JIisl pelieHus HOCTaBIeH-
HOIl HAMU 337a4d M3y4YCHBI BO3MOKHOCTH MOJICIH,
npemoxeHHol apropamu crathi “Tackling Few-
Shot Segmentation in Remote Sensing via Inpainting
Diffusion Model” [1].

[IprMeHeHne TaHHON MOJENH IS TPOKIIAIKH
TpyOOIIPOBO/Ia TTOKA3AJI0 €€ HEeJOCTATOYHYIO0 (-
(bexTuBHOCTG. [yt ymydieHus pesyiabTaToB HC-
MIOJTb30BAHUS MOJICIIH ITPOBEIH JOOOydeHHe Ha OC-
HOBE C()OPMHPOBAHHOTO 00yUaroIIero Habopa.

AKXTyaJIbHOCTB TIOJIXO/Ia CBSI3aHA C TIPUMEHe-
HHEM COBPEMEHHBIX HEMPOHHBIX CETEU W peliae-
MO TIpOOTIeMBI BU3yaIH3aIii HeTeTra30BO MH-
(bpacTpyKTypbl HA KOCMHYECKUX CHUMKaX.

1. MeToabl

1. 1. ApxutekTypa He/ipOHHOU ceTu

[Tpoananusupyem npuHIMI pabOTHl MOJEIH,
npenyioxkeHHo# B [1] u cocTosiel U3 HIbKenepe-
YUCIIEHHBIX «OJIOKOBY.

Stable Diffusion — 310 TeHepaTuBHas Aud-
(by3uoHHas MOzieNb, IPEAHA3HAUEHHAS JJIs CO3/1a-
HUsI BBICOKOKAQUeCTBEHHBIX M300paXKeHUM U3 TeK-
CTOBBIX ONMCAHUH WJIN Ha OCHOBE JIPYTUX N300pa-
xeHui. Mozienb paboTaeT ¢ IpoCTPaHCTBOM CKPbI-
TBIX TPU3HAKOB, 32 CUET 3TOT0 CHOCOOHA JOCTH-
ratb BICOKOH 3¢phekTuBHOCTH IIpU paboTe ¢ U300-
paxkeHusiMU. OOyueHHe MOJIEJIN MPOUCXOIUT Ha
3aaye «00paTHOIo IIyMay — OHA YYUTCs MOCTe-
IIEHHO BOCCTaHABJIMBATh M300pakeHHE M3 IIyMa.
ITpu renepanuu Stable Diffusion «aBuraercs B 06-
paTHOM MOPSAIKE» OT CIy4yaiHOro Iryma K cofiep-
KaTeJIbHOMY H300paxeHuro [2; 3].

OcHoBHble KoMnoHeHTHI Stable Diffusion:

1. ABrokomupoBuuk (VAE — Variational
Autoencoder) — ucnonb3yercs A mepeBosa u30-
OpaXeHUl B MPOCTPAHCTBO MPU3HAKOB M 0OPaTHO
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M COCTOWT W3 KOmupoBIIHKa (encoder), KOTOPBIN
C)KMMAaeT U300pakeHHe /10 JATEHTHOTO MPeJICTaB-
neHus u nexoauposinyka (decoder), BoccTaHaBIu-
BAIOIIETO HM300pa)kKeHHEe M3 IONyYEHHOTO KOH-
POBIIMKOM TpencTaBieHus [4].

Hcnionp30Banue aBTOKOIUPOBIIMKA MTO3BOJISIET
3HAYUTEILHO yCKOPUTH 00yUEHHE U TEHEPALUIO IO
CpaBHEHHIO ¢ pabOTOH ¢ OOBIYHBIMU TTHKCEITHHBIMH
N300pKEHUSAMH 32 CUET CHIDKEHHS Pa3MEPHOCTH
JAHHBIX ¥ W3BJICYCHUS TIPU3HAKOB.

2. UNet — 3T0 OCHOBHOI MOmynb, 00pada-
TBIBAIOIINNA CKPBITOE MTPOCTPAHCTBO MPU3HAKOB.

Apxurextypa UNet: cuMMeTprUYHas CETh C
omoxamu downsampling (TTOHMKAIOMIEH AMCKpe-
TH3anuu) 1 upsampling (TOBBITIAOIIEH NHCKpe-
TH3aImn) [5].

B kaxmom 6710Ke UCTIONB3YIOTCS ClIEAYIOIINe
COCTaBIIAIONINE: OCTaTO4YHbIe cBsA3U (residual),
BHHMaHUeE (attention) u HOpMaiu3amus (group
normalization).

Ha Bxox monyns mocTynaer 3alryMIIEHHOE
MPOCTPAHCTBO MPU3HAKOB, BpEMs Il1ara B Iporecce
muddy3un (timestep) U TeKCTOBas MOICKa3Ka (4e-
pe3 cross-attention).

3. Text Encoder (CLIP Text Encoder) —
pa3pabotannbiii OpenAl TeKCTOBBIN KOAMPOBIIUK
CLIP (Contrastive Language — Image Pretraining)
(ViT-B/32), mpeobpasyromuii TEKCTOBYFO MOICKa3Ky
B BEKTOp IMPHU3HAKOB. DTH MPHU3HAKH HCIIONIB3Y-
torcst B UNet depe3 cross-attention MeXaHU3MBI,
9TOOBI HAMPABIISITH TEHEPAINIO N300pakeHus [6].

4. Scheduler (DDIM/DDPM) — ynpaBnsieT
nporeccoM n00aBineHuss M yaaleHus myma. Bo
BpeMsi TeHepaIruu padoTaeT B PEKUME «OOPaTHOTO
npolecca»: HaYuHas Co CIy4aiHOTO TyMa, MOJIENb
MOCTETICHHO MPHUOIIKAET €T0 K N300paKeHHUIO.

[Mpunmun paGoThl 3TOr0 MeToJa 3aKIIoYa-
eTcs B CIIAYIOIEM:

1. Texkct — BekTop mpu3HAKOB: TEKCT 0Opa-
OareiBaeTcs kogupoBiukom CLIP.

2. JlaTreHTHOE MPOCTPAHCTBO: T€HEePaIUs Ha-
YMHAETCS CO CIIyYaiHOTO IIyMa B JJATEHTHOM IIPO-
CTPaHCTBE.

3. IIpouecc muddysun: UNet nureparuBHO
OYHMINAET IIIyM, HAIPABIISAACH BEKTOPOM IPU3HAKOB
TEKCTa.
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4. VAE Decoder: ¢hunHampHOE TAaTEHTHOE MTPE/I-
CTaBIJICHHE JICKOAUPYETCS 00paTHO B M300paKeHHe.

RemoteCLIP — ucnonbs3oBanach i 00-
pabOTKU CIYTHUKOBBIX U a3pO(OTOCHUMKOB (U~
CTaHIIMOHHOTO 30HAMpOBaHUA) [7] U mpeacras-
nsieT coboit agantupoBanHyro Bepcuto CLIP [6].

Mogenb o0y4aeTcsi COMOCTaBIATh CIYTHH-
KOBBIE U300paKEHUS C TEKCTOBBIMU OMUCAHUSAMH.
N300paxenus U TEKCThl KOAMPYIOTCS B oOliee
MPU3HAKOBOE MPOCTPAHCTBO, IJe OJNU3KHUE MO
CMBICITY TIapbl HAXOAATCS PSAOM.

RemoteCLIP comepkuT cienyromme 0CHOB-
HbI€ KOMITOHEHTBI:

1. KogupoBmuk uzo0paxenus (image en-
coder) o0bruHO Hcnonb3ytoT ResNet [8] nnu Vision
Transformer (ViT) [9]. Koguposmuk npeodpazyer
n300pakeHre B BEKTOPHBIE NIPECTABIEHUS, C 1Ie-
JbI0 YMEHBILIEHUSI 00beMa JaHHBIX I Hepeaayu
HCIIOJIb3Y€ETCs KBAHTOBAHUE WJIM KOMIIPECCHSL.

2. TexcroBblii koqupoBmuk (Text Encoder)
(Ha cepepe / B 0b61aKe) — UCIONB3YET TpaHchop-
Mep (Transformer) nns nmomydeHust BEKTOpa MpH-
3HAKOB TEKCTOBOW MOJCKA3KH.

3. KomMmyHukanuonHblii uHTEpPQeiic mnepe-
JlaeT BEKTOPHI MPU3HAKOB OT KJIMEHTa K CepBepy.
BaxxapiMu 3aaqaMu SBISIIOTCS C)KaTHe, Oe3ormac-
HOCTb U CTAOMJILHOCTD ME€peayuu.

4. Fusion Module (Ha cepBepe) — cormocras-
JSIeT BU3YaJbHBIM M TEKCTOBBIA BEKTOp MpH3HA-
KOB, BBIYHCIISISI KOCHHYCHOE CXOJICTBO.

Bzaumooeiicmeue: Stable Diffusion +
RemoteCLIP. Ha nepBoM atane Stable Diffusion
HCIIONB3YETCs B PEKHMME JOPUCOBKH (inpainting)
JUTSL 3aTIOJTHEHHS 00JacTH n300paskeHus (C 3amaH-
HOI MacKO#) CHHTETHYECKUM OOBEKTOM.

BmecTto TekcToBOrO 3amnpoca nojgaeTcst BUsy-
anbHbBIN 00pazel (M300paskeHre ¢ IPUMEPOM 00b-
€KTa Hy»KHOT0 Kjacca).

Ha cnenyromem stane RemoteCLIP mpume-
HSETCSI B KaueCTBE KOAMPOBIIMKA M300paskeHUs,
YTOOBI MOJTYYUTh BEKTOp MPHU3HAKOB OOBEKTA U3
pedepeHCHOro U300paXKeHHS.

[TonmyueHHble BEKTOpHI NMPU3HAKOB MeEpesa-
torcs B Stable Diffusion xak ycinoBue renepamum,
T.€. MOJIEJIb IOHUMAET, KaKoil 00BEKT HEOOX0IUMO
«HapHUCOBaTh» B 00JIACTU MACKH.

1.2. @opmupoBarHue obyyarowyero Habopa

[To mapmpyTam cymecTByroumx Tpyodompo-
Bon10B B QGIS (cB0OOIHAs OecrutatHas reorpadu-
yeckasi WHGOpPMAIMOHHAs CUCTEMa C OTKPBITHIM
KO7I0M ) OBLTH TIOCTPOCHBI BEKTOPHBIE CIIOH. 3aTeM
Uit (hopMupoBaHusl OOydaromiei BBIOOPKHU ISt
MapuUIpyTOB TPYOOIIPOBOAOB OBLIM MOTyUEHBI KOC-
MHYECKHE CHUMKH M BEKTOPHbIE JaHHBIE C TOY-
HBIM PacIoIOKEHUEM TPYO, KOTOPBIE UCTIONIB30Ba-
JUCh JJIs 100OyUSHHS MOZEIIH.

dopmupoBanne olydaromiero Habopa Ha4H-
HaeTcs ¢ noArotoBku cioes B QGIS u npeobdpazo-
BaHUSl KOOpJAMHAT. 3arpy:KaeTcsi BEKTOPHBIN JIH-
HEHHBIN ciIoi (MapmpyT TpyOOmpoBOaa) U pacT-
pOBast MOJUIOXKKA, TIOCTIE YEro ONpeessieTcst HeoO-
XOJIUMOCTb IepexoJia MeX/1y CUCTEMaMU KOOPAH-
Hat. Eciiu tpeOyeTcs, To Bce JTHHEWHbIE 0OBEKTHI
U3 cios MpeoOpasyloTcss K CUCTeME KOOpAWHAT
MIOJUTOMKKH.

Jlanee BBINOJNHSAETCS CO3laHUE (PparMeHTOB
KapThl (TailJIoOB) — KBaJPATHBIX 30H C LIEHTPHPO-
BaHUEM BJOJb JIMHEHHOTO oOBbekTa. KommyecTBo
U PacIlOIOKEHUE PACCUUTBIBACTCS C YUETOM IIPo-
LIEHTA MEePEKPBITHUS coceIHUX TaiioB. Kax bl mo-
JYYeHHBIH Y9acTOK J00aBIsieTCsl B AMsITh B BUJIE
MIOJIUTOHA C YHUKAJIBHBIM UICHTH(PHKATOPOM.

ITocne 3TOrO JUIs KA’kKJ0r0 MOITY4YEHHOTO MO-
JIMTOHA TPOBEPSIETCS, MEPECEKACT JIU €ro XOTS OBl
oJIHa U3 TpyOOINpoBOAHBIX TUHMH. Eciu nepeceue-
HUE OOHAPYXKEHO, BHIYUCIISIOTCS MPSMOYTOJIbHBIC
rpanuiisl (bbox) B MAKCENBHBIX KOOPIWHATAX OT-
HOCHTEINIbHO Taiina. KoopauHare! monmuronos bbox
COXPAHSIOTCS B TEKCTOBBIX (haiimax B (opmare
YOLO pansa nanbHEWIIEro MCIoJIb30BaHUS B 3a-
Jade 0OHapy)KEHHUSI 00ObEKTOB.

Ha srtane coxpanenust nisi kaxmoro ¢par-
MEHTa KapThl (popmupyeTcss BpeMeHHBIN (aiin
GeoTIFF B mpenenax rpaHul] Taitia, KOTOpbIN 3a-
TeM npeodpasyercsa B popmar JPEG ¢ momoripto
nncrpymentoB GDAL ¢ mocnemyromuMm yane-
HUEM HCXOHOTro (aiina. daiin ¢ TeKCTOBBIMU KO-
opArHaTaMu bbox coxpaHseTcs MoJ] TEM K€ Ha3Ba-
HHUEM, YTO U H300paKEHHE.

[Mony4ennsiii HAOOp A1t TOOOYUYCHUST UMEET
CJIEYIOIIYI0 PEKOMEHJOBaHHYIO CTPYKTYpy [10],
MpEICTABIICHHYIO Ha pucC. 1.
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Puc. 1. CtpykTypa o6y4atoLero Habopa JaHHbIX:

bbox — BekTOp 06bEKTA;
images — cooTBeTCTBylOLLEE M300paxeHne
N ¢ T04HwMK: BbINOAHEHO LLI.M. MagxmneBbim

Figure 1. Training dataset structure:
bbox — object bounding box coordinates;
images — corresponding image
Source: by Sh.M. Gadzhiev

2. Pe3synbTaThl M 00CcyXaeHue

2.1. JoobyyeHne

JlooOy4enne TpeboBanoch MPOBECTH U3-3a OT-
CYTCTBHSI B Ha4YaJIbHOM 00yuaroieM Habope Kiacca
¢ Tpybamu. CremoBaTenbHO, MOJIEeIh Obla HE CITo-
coOHa ux reHepupoBarh. i1 reHepanuu HeoOXo-
JIUMBI U3HaUaJIbHOE N300pakeHne, Macka 00JIacTH
W HEMOCPEACTBEHHO OOBEKT, KOTOPHIH MbI OyneM
BCTaBIATh. [Ipu momaue B KadecTBe pedepeHca
ydacTKa TpyOOIpOBOAa CO3MaHHasl TpyOa BBIIIS-
nena Kak Oenast iuHus (puc. 2, a, 0).

Bo Bpemst 1000ydeHunst MOXKHO 3aMETUTh, KaK
€ Ka)J0M 3ITOXOM MOJIEINb CITPABISIIACh C 3a1a4e
TeHeparuu TpyO Jaydlie u iydiie. B kadecTBe MeT-
pUKH ObIIa BRIOpaHa CTTaKeHHAs OIMOKa BaJIU 1a-
My (SKCMOHEHIMalbHOEe cpeaHee). [IpuBeaem
CpaBHEHHUE BEJIMUMHBI Ha 5-11 1 9-11 urepauuu, rae
3HaueHune ymeHnmiock ¢ 0,86 1o 0,77 (puc. 3 u 4).

[Tocie mooOyueHus MozienTn Ha OCHOBE 00Y-
Yaromield BHIOOPKU C YUETOM BEKTOpa KOOPIWHAT
TPYOBI Ha HOBBIH KJIACC — «TPYOBD» MOJIEIb CTana
JIy4Ilie BCTPaMBaTh TPyOOIPOBO B KOCMHYECKHIA
CHUMOK. Pe3ynbrar npejicrapieH Ha puc. 5.

a

6

Puc. 2. NpuMeHeHre OpurmHanbHoONn Moaenu ansa reHepaumm Tpybonposoaa:
a— nogasaemMble NapamMmeTpbl; 6 — NOJIyYeHHbIN pe3ynbTaT
M ¢ T0o4HuMK: BbinosHeHo LW.M. MNagxmnesbim
Figure 2. Application of the original model for pipeline generation:
a— input parameters; 6 — obtained result
Source: by Sh.M. Gadzhiev

Average Peak memory 22746.30MiB

Epoch 5, global step 1949: val/loss simple ema reached 0.08618 (best 0.08618),

Epoch 6: 8% 40/474 [00:24<04:22,

1.65it/s, loss=0.153, v_num=0, train/loss

Data shape for DDIM sampling is (1, 4, 64, 64), eta 1.0

Puc. 3. 3HaueHmne noTepb Ha 5-11 anoxe
M ¢ T04HKK: BbinonHeHo LL.M. Napxvesbim

Figure 3. Loss value at epoch 5
Source: by Sh.M. Gadzhiev
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Average Peak memory 22747.53MiB

Epoch 9, global step 3249: val/loss simple ema reached ©.07785 (best ©.07785), saving model to
1.27it/s, loss=0.11, v num=0, train/loss simple step

Epoch 9: 100% 474/474 [06:13<00:00,

Puc. 4. 3HavyeHne noTtepb Ha 9-11 anoxe
N ¢ T04HwKK: BbinonHeHo LLL.M. MNagxumeBbim

Figure 4. Loss value at epoch 9
Source: bySh.M. Gadzhiev

a

6

Puc. 5. NpumeHeHne 0oobyy4eHHon Mogenu ons reHepauum Tpybonposoaa:
a— nopaBaeMble napameTpbl; 6 — NONyYeHHbI pedynbTaT
M € T0O4HMK: BbINONHEHO LW.M. MNaaxmnesbim

Figure 5. Application of the fine-tuned model for pipeline generation:
a— input parameters; 6 — obtained result
Source: by Sh.M. Gadzhiev

3aknioyeHve

B mccnenoBannym paccMarpuBaiachk mpoodiaeMa
BH3yaJu3allud OOBEKTOB He(TerasoBod HWHIY-
CTPUU HAa CHUMKAX JIMCTAHIIMOHHOTO 30HIUPOBA-
Hus 3emutn. B xome paboTh! ObUT M3y4eH u 10pabo-
TaH MOJXO/ Ha OCHOBE MTU((y3MOHHBIX MOJIEIICH.
JInst ynmydieHns: pe3yabTaToB u3ydaeMol MOAEIH
OBLTO OCYIIECTBIICHO JOOOY4YeHHE Ha OCHOBE C(Hop-
MHPOBaHHOTO Habopa JaHHbIX. [locie Haiero mo-
00yueHHsI MOJIEIIH IOBBICUIIOCH KaU€CTBO CHUMKOB,
MOYYSHHBIX B XOJIe TCHEpaIMd PeaMCTUYHBIX
M300pakeHU He(Tera3oBol HHPPACTPYKTYPHI
Ha KOCMHYECKUX CHUMKAX 110 CPAaBHEHHUIO C MOJIe-
JIb10, B pe(pepeHCHOM CTaThe.
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Abstract. This study examines methodologies for detecting abnormalities in Combined Cycle
Power Plants (CCPPs) through application of vibration signal analysis and machine learning
algorithms. Models’ performances were evaluated using different key metrics. The results
indicated that the Random Forest classifier, particularly in combination with ECPT data,
exhibited superior performance, achieving perfect scores across all metrics. It highlights the
robustness of the Random Forest algorithm when applied to ECPT data, making it the most
effective approach for vibration anomaly detection. The K-NN classifier demonstrated
satisfactory performance when applied to AS and BTT data, attaining accuracy scores of 0.49
and 0.52, respectively; however, it exhibited limitations in handling diverse data distributions,
as reflected in its lower accuracy of 0.44 with LDV data. Both GBM and SVM performed
suboptimal, with GBM achieving a maximum accuracy of 0.52 with AS data, while SVM
attained the highest accuracy of 0.49 with the same technique. Findings underscore the critical
importance of selecting an appropriate combination of machine learning models and
vibration measurement techniques to enhance the accuracy of anomaly detection. Eventually,
the Random Forest algorithm is well suited for complex datasets with varied patterns,
while K-NN may serve as an efficient alternative for simpler, more uniform data.

Keywords: Vibration data, Fault diagnosis, Machine learning classification, Condition
monitoring, Combined cycle power plants, CCPP, Predictive maintenance
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HUcTtopus cratbu

[Toctynuna B pegakmuro: 13 mapra 2025 .
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3asBiieHHe 0 KOH(JIUKTE HHTEPecoB

ABTODBI 3a5BJISIIOT 00 OTCYTCTBUH
KOH(IUKTa UHTEPECOB.

3asiBiieHue 0 AOCTYIIHOCTH JaHHbIX:

JlaHHbBIE MOTYT OBITH MPENOCTaBICHBI
TIO 3a1pocy aBTOPOB.

AHHOTauus. M3y4eHbl MeTo0JI0THN 00HAPYKEHHUS OTKIIOHEHHH B 3JIEKTPOCTaH-
IUsSIX KOMOMHUPOBAHHOI'O LMKJIA OCPEACTBOM IPUMEHEHUs aHalu3a CUIHAJIOB
BUOpaLUK U aJIrOPUTMOB MALIIMHHOIO 00yueHHs. Pe3ynbTaThl IOKa3aly, YTO METO,
cityuailHOro neca, 0COOEHHO B COYETaHUHM C JAHHBIMU BUXPETOKOBBIX JJaATUUKOB
NpUOIIKEHUS, IPOAEMOHCTPUPOBAI IPEBOCXOAHYIO 3 HEKTUBHOCTD, JOCTHT-
HYB MJCJIbHBIX PE3yJIbTAaTOB II0 BCEM IOKA3aTeNAM. DTO MOMYEPKUBAET HAJIEK-
HOCTH aJITOPUTMa CIIy4alHOTO Jieca MPU IPHUMEHEHHH K JaHHBIM BUXPETOKOBBIX
JATYHKOB MPUOJIMIKEHUS, UTO JieNIaeT ero Hanbosee 3 PEKTHBHBIM MOIXOI0M JUIS
obOHapyxeHus aHoManuii BuOpanuu. Kimaccudukarop K-NN mpoaeMoHCTpHpO-
BaJl YAOBJIETBOPHTENbHYIO 3(P(HEKTHBHOCTD NMPH NMPUMEHEHHH K JAHHBIM JaT4H-
KOB YCKOPEHUS U JaTUUKH CUHXPOHU3AIMU KPOMKH JIONIATKU, JOCTUTHYB [10Ka3a-
tenei TouHoctu 0,49 u 0,52 COOTBETCTBEHHO; OJJHAKO OH IPOAEMOHCTPUPOBA
OrpaHUYEeHHMs IpU 00pabOTKE Pa3IMUHbIX pacIpeeIeHHH JaHHbIX, UTO OTPAXKEHO
B ero Oosee HU3KoM ToyHOCTH 0,44 C TAHHBIMU JIa3EPHBIX JIOMJIEPOBCKUX BUOPO-
MeTpoB. MaliuHa JUIs MOBBIIECHUS TPaJUEHTa U METO/ OIIOPHBIX BEKTOPOB MOKa-
3aJIM HEONITHMAaJIbHbIE Pe3y IbTaThl, IPUYEM MaIlMHA I HOBBIICHNS TPAAUCHTA
JOCTHUTIIa MaKCUMallbHOW TouHOCTH 0,52 ¢ TaHHBIMHU JaTYMKOB YCKOPEHUS, B TO
BpeMs KaKk METOJ OIOPHBIX BEKTOPOB NOCTUT HauBbicuiell TounoctH 0,49 ¢ TOi
&Ke METONUKOH. Pe3ynbTaThl MOMYEPKUBAIOT KPUTUUECKYIO BaXKHOCTh BBIOOpA
noaxozsueil KOMOMHAIUY MOAENell MallMHHOrO 00y4YeHUsl U METOJI0B U3Mepe-
HYs BUOpAIM Ul MOBBIMICHUS TOYHOCTH OOHapyKeHus aHoManuil. B urore
QITOPUTM CIIyHYaiHOTO Jieca XOPOILO MOAXOTUT IS CIOXKHBIX HAOOPOB JaHHBIX
¢ pa3HOOOpa3HBIMU MOZEISAMH, B TO Bpemst kak K-NN MoxeT ciyKutb 3Qdek-
THUBHOW aJbTEPHATUBOH IS G0see MPOCTHIX M OMHOPOIHBIX JaHHBIX.

KuroueBble ci10Ba: 1aHHbIE 0 BUOpalMU, TUarHOCTHKA HEHCHPABHOCTEH, Kiac-
cn;’pnxauym MAIIUMHHOI'O O6y'{CHI/I$I, MOHUTOPHUHI" COCTOSAHUSA, DJICKTPOCTAHIIUU
komOuHupoBaHHoro 1ukia, CCPP, nporaocTuueckoe o0ciykuBaHue

Bkian aBTopoB
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Introduction

Vibration analysis is a crucial aspect of con-
dition monitoring in industries that rely on rotating
equipment, such as petrochemical plants and power
plants. In CCPPs, which utilize both gas and steam
turbines, continuous monitoring and evaluation
of vibration signals are essential to ensuring
reliability and efficiency in power generation.
Vibration analysis serves as an effective method
for detecting early signs of mechanical failures,
such as rotary imbalance, coupling misalignment,
and component wear, before they lead to costly
downtime, reduced efficiency, or catastrophic
equipment failure [1;2]. In a CCPPs, vibration
monitoring is particularly critical for primary
energy-generating machinery, such as gas turbines,
where even minor faults like speed fluctuations,
excessive vibration, or timing irregularities, can

result in significant efficiency losses, increased fuel
consumption, and unplanned shutdowns, ultimately
affecting overall plant performance [3; 4]. Figure 1
presents various damages that occurred in the gas
turbine of the Kirkuk power plant located in Iraq.

Multiple factors contribute to vibrations in
gas turbines and other rotating equipment. Common
issues include shaft unbalance, critical speed
occurrence, rubbing, and shorted turns off. Each
of these problems can be detected using specialized
vibration analysis techniques [5; 6]. For example,
shaft unbalance, a leading cause of high-amplitude
vibrations, adversely affects bearings, shafts, and
other rotating components, leading to increased
maintenance costs and reduced operational
efficiency. Figure 2 shows bearing damage due to
misalignment in a gas turbine of the Kirkuk power
plant located in Iraq.

Figure 1.Gas turbine damages in the Kirkuk power plant due to the occurrence of vibrations caused by:
aand b — steam flow fluctuations; ¢ — rubbing

Source: byAI-T.W.K. Fahmi

Figure 2. Bearing damage due to the misalignment in a gas turbine of the Kirkuk power plant located in Iraq
Source: byAl-T.W.K. Fahmi
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Studies suggest that correcting unbalance and
misalignment issues can greatly reduce power
consumption in industrial machinery [7]. Similarly,
critical speed resonance occurs when a machine
operates at or near its natural frequency, causing
excessive wear and potential failure. Preventative
maintenance techniques, such as short-time Fourier
transform (STFT), are often employed to detect
critical speed issues during machine start-up and
shutdown phases [8].

Various condition monitoring techniques are
used to acquire the dynamic signatures of these
mechanical defects. These include Eddy Current
Proximity Transducers (ECPT), Accelerometer
Sensors (AS), Blade Tip Timing (BTT), Laser
Doppler Vibrometers (LDV), and Strain Gauges
(SG), each offering unique advantages and
limitations. ECPT, for instance, provides highly
accurate displacement measurements for high-
speed equipment but requires time consuming
calibration [9]. Accelerometers are versatile and
capable of measuring a wide range of vibration
frequencies, though they are susceptible to electro-
magnetic interference [10]. BTT is a non-intrusive
technique that provides high-resolution data on
blade vibrations, but it is limited to blade tip
measurements [11]. LDV is a highly sensitive con-
tactless measurement method capable of detecting
minute oscillations, though it requires sophisticated
and costly equipment [12]. Finally, SGs are
effective in measuring strain in structural com-
ponents but require precise calibration and are
influenced by temperature variations [13].

Recent advancements in machine learning
(ML) techniques have introduced powerful new
approaches to vibration data analysis and faults in
complex industrial systems diagnostics. ML models
such as Random Forest (RF), Gradient Boosting
Machine (GBM), Support Vector Machine (SVM),
and K-Nearest Neighbors (K-NN) have been
widely used for processing large datasets, detecting
abnormal patterns, and classifying vibration signals
[14]. RF, an ensemble-based decision tree classifier,
is particularly effective in handling high-
dimensional and noisy data, making it well-suited
for ECPT and AS datasets. GBM, another ensemble
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method, sequentially improves predictions by mini-
mizing errors and is particularly useful for structured
datasets, such as those generated by accelero-
meters and strain gauges [15]. SVM, a strong binary
classifier, excels at finding optimal hyperplanes
for separating different vibration patterns, though
its performance is highly dependent on data
structure and dimensionality [16]. K-NN, a distance-
based classifier, operates under the assumption
that a data point’s classification is determined by
its nearest neighbors. Despite its simplicity, K-NN
performs well when dealing with densely clustered
vibration data, such as those obtained from high-
frequency techniques [17]. Its straightforward im-
plementation and low computational requirements
make it particularly useful for real-time industrial
applications where processing power is limited.
Given its efficiency, K-NN serves as a useful
benchmark for comparing more complex models
in vibration classification.

This study aims to evaluate and compare the
effectiveness of RF, GBM, SVM, and K-NN
classifiers in analyzing synthetic vibration data
generated from five monitoring techniques: ECPT,
AS, BTT, LDV, and SG. The synthetic data were
designed to simulate real-world conditions by
varying key parameters such as vibration
frequency, amplitude, and noise levels, allowing
for comprehensive testing across multiple ope-
rational scenarios. To enhance model performance,
preprocessing techniques such as data labeling
(normal vs. abnormal) and outlier removal were
applied. The performance of each classifier was
assessed using standard evaluation metrics,
including accuracy, precision, recall, F1-score, and
the area under the receiver operating characteristic
(ROC AUC) curve.

This study is guided by the following research
questions:

1. Which machine learning classifier demon-
strates the highest accuracy in detecting vibration
anomalies across different monitoring techniques?

2. How do variations in vibration measure-
ment techniques impact classifier performance?

3. Can a specific combination of machine
learning models and monitoring techniques opti-
mize vibration anomaly detection in CCPPs?
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By addressing these questions, this research
seeks to provide valuable insights into the integra-
tion of machine learning with traditional vibration
analysis techniques, ultimately contributing to more
efficient and predictive maintenance strategies in
industrial settings [18].

1. A brief Description of the Most Important
Vibration Measurement Techniques
in Industry

The following is a brief description of the
mechanism of the techniques used in this research
to measure vibration in a gas turbine:

1. 1. Eddy Current Proximity Transducers (ECPT)

ECPTs are widely used in power plants, par-
ticularly for monitoring the movement of the rotat-
ing machinery by detecting changes in proximity
to an electromagnetic field. These sensors are
preferred in high-speed applications and testing
environments due to their reliability.

Research indicates that ECPTs can measure
even the smallest displacement changes, making
them suitable for tracking critical components
such as turbine shafts and bearings [12]. However,
ECPTs have some limitations: they can only sense
movement in one direction, their calibration pro-
cess is highly sensitive, time-consuming, and
requires specialized equipment [19].

1.2. Accelerometer Sensors (AS)

Accelerometers are commonly used for vibra-
tion monitoring due to their high versatility and
responsiveness across a wide frequency range.
They operate based on a mass-spring system,
generating an electrical signal proportional to
acceleration, which is then analyzed to assess
vibration characteristics. These devices are widely
applied in power plants, particularly for monitoring
turbines and evaluating structural integrity'.

However, accelerometers are susceptible to external
vibrations and electromagnetic noise, which can
reduce measurement accuracy and necessitate
frequent recalibration?.

1.3. Blade Tip Timing (BTT)

BTT is an intrusive method commonly used
to detect turbine blade vibrations in combined
cycle power plants (CCPPs). It employs optical or
microwave sensors placed around the rotor to
detect the timing of blade tip passages. Research
has shown that BTT can identify both high- and
low-frequency vibrations without requiring any
modifications to the turbine [11]. For example,
Zhang et al. developed a microwave-based BTT
system in which a patch antenna probe transmits
and receives microwave signals reflected from the
turbine blades, providing highly accurate measure-
ments of blade dynamics [17].

1.4. Laser Doppler Vibrometers (LDV)

Laser Doppler Vibrometers (LDVs) are a con-
tactless and a highly accurate method for measuring
small vibrations using laser beams. They operate
by detecting variations in the frequency of laser
light reflected from a vibrating surface, enabling
real-time observation of rotating equipment. A key
advantage of LDVs is their high sensitivity and
accuracy, making them suitable for detecting even
the smallest vibrations [20]. However, their high
cost and the complex structures required for
implementing control algorithms may limit their
use in large-scale industrial applications. Recent
studies have aimed to improve the applicability of
LDVs by enhancing signal detection for both low-
frequency and high-frequency vibrations [21].

1.5. Strain Gauges (SG)

Strain gauges record distortions caused by
strain or vibration by measuring variations in the
electrical resistance of a small metal strip bonded

! Accelerometer specifications: deciphering an accelerometer’s datasheet. Available from: https://www .scribd.com/
document/650160365/Accelerometer-Specifications-Deciphering-an-Accelerometer-s-Datasheet (accessed: 01.03.2025).
2 Most Common Myths about Accelerometers and Frequency Range. Available from: https://adash.com/articles/myths-

accelerometers-frequency-range/ (accessed: 01.03.2025).
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to a structure. They are particularly useful for moni-
toring large frameworks and support structures in
power plants, as well as detecting structural dis-
tortions over time [13]. However, strain gauges
typically have a low measurement range and can
be affectedby temperature changes. Therefore,
these sensors require precise calibration for accu-
rate strain measurements. Recent developments in
strain gauge technology aim to improve tempera-
ture compensation and enhance accuracy in harsh
environments, making them more reliable for
structural health monitoring throughout a struc-
ture’s lifecycle’.

2. Machine Learning Algorithms
in Vibration Analysis

Machine learning methodologies have signi-
ficantly improved the diagnosis and prediction of
vibrations in complex industrial systems. Many
studies highlight the advantages of using machine
learning for fault detection, particularly in CCPPs,
where early signs of equipment degradation can
greatly impact plant reliability. The following is
a brief description of the machine learning algo-
rithms used in this research for the purpose of
vibration analysis:

2.1. Random Forest (RF)

Random Forest is a widely used ensemble
learning model known for its stability and ability
to handle large numbers of features in vibration
signal classification. It constructs multiple decision
trees during training and integrates their results
to improve classification efficiency. Previous
research has demonstrated that the Random Forest
algorithm performs well in detecting abnormal
patterns from ECPT and accelerometer sensor data
due to its low susceptibility to overfitting and its
strong interpretability in large datasets with many
variables. For example, one study showed that an
RF model trained with synthetic vibration data for
ECPT achieved 100% accuracy in exact measure-
ment [14].

2.2. Gradient Boosting Machine (GBM)

GBM is an ensemble learning method com-
posed of sequentially assembled decision trees,
focusing on error minimization at each stage. This
makes it particularly effective for the discrete
datasets commonly used in vibration analysis.
As misclassified cases are iteratively added to
improve the model, GBM enhances its ability to
identify minute patterns, such as those seen in
accelerometer and strain gauge data. Studies have
shown that GBM efficiently uncovers relation-
ships within data and improves outlier detection by
refining weak learners at each iteration step. In one
study, GBM achieved an accuracy of 0.52 on AS
data, demonstrating its effectiveness in classifying
structured sensor data.

2.3. Support Vector Machine (SVM)

SVM is a well-known classification algo-
rithm that selects the optimal hyperplane to separate
data points. It is particularly effective in cases where
binary classification is essential. Research has
shown that SVM performs well in detecting
vibration abnormalities, especially when using
accelerometer and blade tip timing (BTT) data
[22]. However, its performance dependents on the
dataset structure and its time complexity increases
with large datasets, which can hinder real-time
applications in certain CCPP scenarios [16].

2.4. K-Nearest Neighbors (K-NN)

K-NN is a simple, instance-based learning
model that classifies data points based on their
similarity to neighboring data. Its simplicity makes
it an ideal choice in scenarios where computational
resources are limited, but fast classification is
required. Studies indicate that K-NN performs well
in density-based functions, such as accelerometer
analysis and blade tip timing data, particularly
when dealing with closely grouped datasets [18].
In one study, K-NN achieved accuracy rates of

3 Characteristics of a Strain Gauge Sensor. Bestech Australia. Available from: https://www.bestech.com.au/blogs/
characteristics-of-a-strain-gauge-sensor/ (accessed: 01.03.2025).
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0.49 and 0.52 for AS and BTT data accordingly,
respectively, highlighting its effectiveness as a
lightweight, distance-based classifier in specific
vibration monitoring scenarios [19].

Previous research confirms that combining
vibration measurement techniques with fault
classification algorithms significantly enhances
fault diagnosis in CCPPs. Highly sensitive methods,
such as ECPT and accelerometers, and precise
non-contact methods, such as BTT and LDV,
provide reliable data for analysis. The use of
machine learning models — particularly ensemble
methods like RF and GBM — has improved
classification accuracy in vibration monitoring.
While basic algorithms like K-NN are useful in
limited contexts, real-time anomaly detection often
requires balancing simplicity with execution speed.
This review provides the foundation for the com-
parative analysis conducted in this study, empha-
sizing the importance of selecting appropriate
machine learning models and sensor techniques
based on the specific needs of CCPP vibration
monitoring.

3. Methodology and Its Implementation

The methodology of this study consists of
synthetic data generation, data preprocessing,
machine learning model training, and performance
evaluation. Each step is systematically designed to
evaluate the effectiveness of various vibration
signals analysis methods used in CCPPs for
monitoring and classifying abnormalities.

Step I. Synthetic Data Generation

To simulate real-world vibration monitoring
scenarios, synthetic vibration data was generated
for five commonly used techniques: Eddy Current
Proximity Transducers (ECPT), Accelerometer
Sensors (AS), Blade Tip Timing (BTT), Laser
Doppler Vibrometers (LDV), and Strain Gauges
(SG). The data for each technique was modeled
with varying assumptions regarding frequency,
amplitude, and noise level to better represent the
operating conditions of CCPP systems.

The synthetic data generation process is as
follows:

» Frequency (Hz): Represents the average
number of times per week that each technique is
used. For instance, ECPT was modeled with a fre-
quency of 1,000,000 Hz, while BTT was setat 100 Hz
to reflect their distinct operational characteristics.

» Amplitude: Corresponds to the vibration
signal strength, set to approximate real-world
values. For example, ECPT was assigned an am-
plitude of 100, while LDV was set at 2.5.

= Noise Level: Gaussian noise was added to
the data to simulate environmental interference.
For instance, a noise level of 1.0 was applied to
ECPT data, whereas SG data had a noise level of
0.5, reflecting different levels of noise tolerance
across techniques.

The generated dataset included labeled data
for each technique, where a subset was designated
as ‘normal’ and the rest as ‘abnormal’ to maintain
a binary classification approach. Due to the L and
N nature of the synthetic data, testing, and
evaluation of the model become flexible without
negative influence from real data conditions.

Step II. Data Preprocessing

To ensure the quality and suitability of the
generated dataset for machine learning analysis,
data preprocessing was performed. This process
involved two key steps:

= Labeling: Each dataset was categorized as
“normal” or “abnormal” to establish a binary clas-
sification problem. The “normal” label represents
typical operational behavior, while the “abnormal”
label indicates deviations from expected behavior
that could signal faults or potential issues in CCPP
machinery.

= Qutlier Removal and Clipping: Outliers
were identified and clipped within a specified am-
plitude range (e.g., between —3 and 3) to improve
model training accuracy. This step minimizes the
impact of extreme values and enhances the robust-
ness of classifiers by focusing the model on more
typical operating conditions.

After preprocessing, the data was split into
training (80%) and testing (20%) sets to ensure
a reliable and balanced evaluation of model per-
formance.
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Step II1. Machine Learning Models

Four classifiers were selected for model
training, testing, and feature selection, each chosen
for its ability to handle high-dimensional data and
diverse feature patterns. The selected models include
Random Forest (RF), Gradient Boosting Machine
(GBM), Support Vector Machine (SVM), and
K-Nearest Neighbors (K-NN). The selection aimed
to compare different classifier types, including en-
semble, distance-based, and linear models.

» Random Forest (RF): A machine learning
technique that constructs multiple decision trees
and aggregates their outputs to improve the final
prediction. RF is highly effective for handling high-
dimensional and noisy data, making it particularly
suitable for analyzing complex vibration patterns
recorded in ECPT and AS data. To balance
accuracy and prevent overfitting, the RF model
was trained with 100 trees and a maximum depth
of 10. The details of the algorithm are as follows:

Algorithm 2. Anomaly Detection with Gradient Boosting
Machine (GBM)

1: Input: Vibration monitoring dataset X with features and
labels, where X is split into training and test sets.

: Output: Trained GBM model, Anomaly classification results.
: ProcedureTRAIN_GBM_MODEL(X)

: Preprocess dataset X (feature scaling and outlier removal).

: Initialize GBM with chosen hyper parameters.

: Train the GBM model using the training set.

: Validate performance on the test set.

: Generate precision and recall metrics.

O 0 3 AN bW

: Save the trained model for anomaly detection.

10: End Procedure

Algorithm 1. Anomaly Detection with Random Forest (RF)

1: Input: Vibration monitoring dataset X with features and labels,
where X is split into training and test sets.

2: Output: Trained Random Forest model, Anomaly classifi-
cation results.

3: ProcedureTRAIN_RF _MODEL(X)

4: Preprocess dataset X (normalization and missing value
handling).

5: Train the Random Forest model using the training set.

6: Evaluate the model on the test set.

7: Generate accuracy and classification reports.

8: Save the trained model for anomaly detection.

= Support Vector Machine (SVM): A powerful
binary classification algorithm that identifies the
optimal hyperplane for separating classes, making
it ideal for datasets with well-defined boundaries.
SVM was applied to analyze the BTT and LDV
datasets due to its strong performance in binary
classification tasks. A linear kernel was chosen
after initial experiments indicated that it provided
the best balance between speed and accuracy. The
details of the algorithm are as follows:

Algorithm 3. Anomaly Detection with Support Vector Machine
(SVM)

9: End Procedure

= Gradient Boosting Machine (GBM): A ma-
chine learning method for constructing an ensemble
by training a series of models sequentially while
minimizing generalization error. GBM was chosen
because it is well suited for structured data such as
the vibrations from AS and SG. Specifically, for
the GBM model, the learning rate was set to 0.1,
and the maximum depth was set to 5 to achieve
optimal evaluation results while minimizing com-
putational time. The details of the algorithm are
as follows:
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1: Input: Vibration monitoring dataset X with features and labels,
where X is split into training and test sets.

2: Output: Trained SVM model, Anomaly classification results.
3: ProcedureTRAIN_SVM_MODEL(X)

4: Standardize dataset X (scale features to have zero mean and
unit variance).

5: Choose the appropriate kernel type (e.g., linear, radial basis
function (RBF)) based on dataset characteristics.

6: Train the SVM model using the training set, optimizing for
the margin that separates data points.

7: Validate model performance on the test set using accuracy,
precision, and recall.

8: Tune hyper parameters (e.g., C, gamma) to improve per-
formance if necessary.

9: Save the trained SVM model for anomaly detection.

10: End Procedure

» K-Nearest Neighbors (K-NN): A distance-
based classifier that assigns labels to data points
based on the majority label of their nearest neigh-
bors, providing simplicity and interpretability.
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K-NN was particularly effective for datasets with
densely clustered points, such as AS and BTT. The
model was implemented with n_neighbors=>5,
as this configuration was found to optimize clas-
sification accuracy while minimizing computational
load. The details of the algorithm are as follows:

Algorithm 4. Anomaly Detection with K Nearest Neighbors
(K-NN)

1: Input: Vibration monitoring dataset X with features and labels,
where X is split into training and test sets.

2: Output: Trained K-NN model, Anomaly classification results.
3: ProcedureTRAIN_KNN_MODEL(X)

4: Standardize dataset X (normalize features to a common
scale).

5: Choose the value of K based on cross-validation.

6: Train K-NN model on the training set.

7: Evaluate K-NN model accuracy on the test set.

8: Compute F1-score and confusion matrix.

9: Save trained model for anomaly detection.

10: End Procedure

Each model was trained on the preprocessed
synthetic data to distinguish between “normal” and
“abnormal” vibration patterns. Model parameters
were fine-tuned to optimize performance based on
the characteristics of each technique’s dataset.

Step IV. Model Training and Testing

For each machine learning model employed,
training and testing were conducted on the synthetic
dataset to evaluate its performance in classifying
vibration anomalies. The training process for each
model followed these steps:

» Train-Test Split: The dataset for each
technique was divided into 80% for training and
20% for testing.

» Model Training: Each model was trained
on the labelled training dataset. For some models,
such as K-NN and GBM, hyper parameters (e.g.,
the number of neighbors and learning rate) were
adjusted based on initial training and validation
results.

» Prediction and Evaluation: After training,
each model was evaluated on the reserved test set.
Predictions were made for all test samples, and the
predicted labels were compared to the actual class
labels to assess performance.

Step V. Performance Evaluation Metrics

To comprehensively evaluate the performance
of each classifier, multiple metrics were used to
provide a well-rounded assessment of each model’s
effectiveness:

» Accuracy: Measures the percentage of
correct predictions, indicating the overall effective-
ness of the model in classifying normal and ab-
normal patterns.

= Precision: Evaluates the proportion of true
positive predictions among all positive predictions,
assessing the model’s ability to minimize false
positives.

= Recall: Measures the proportion of true
positive predictions among all actual positives,
reflecting the model’s sensitivity in detecting ano-
malies.

= Fl-score: Combines precision and recall
into a single metric, particularly useful for imbal-
anced datasets.

= ROCAUC: Assesses the model’s effective-
ness in distinguishing between classes by calculating
the area under the receiver operating characteristic
(ROC) curve, independent of a specific threshold
value.

The performance of each model for the P300
speller across different techniques (ECPT, AS,
BTT, LDV, and SG) was analyzed and recorded
to determine the best classifier for each technique.
The evaluation demonstrated that the Random
Forest model yielded the highest estimated accuracy
of 1.00 for the ECPT dataset. Additionally, K-NN
shows remarkable precision scores of 0.49 and
0.52 for the AS and BTT datasets, respectively.
The findings for each technique and model were
presented in tables and visualized using bar charts
to facilitate comparison and identify the most
effective model for each vibration monitoring
technique.

Step VI. Visualization and Comparative
Analysis. To compare the performance metrics of
each model, bar plots and comparison charts were
created for the five vibration measurement
methods. These visualizations provided an intuitive
way to analyze the strengths and weaknesses of
each model, highlighting specific classifiers that
performed well or poorly in certain aspects.
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Insights gained from these comparisons were
applied to the evaluation of models and techniques
in actual CCPP processes.

4. Results and Discussion

4. 1. The Performance of Combining Machine
Learning Models with Vibration Measurement
Techniques

4.1.1. Combining Machine Learning Models
with ECPT Technique

From Figure 3, the Random Forest classifier
demonstrated exceptional performance on ECPT
data, achieving accuracy score of 1.00 for all
criteria. These results suggest that, among all
models analyzed, Random Forest is the most
effective for ECPT datasets, likely due to its ability
to capture complex vibration pattern fluctuations.

K-NN performed reasonably well, achieving an
accuracy of 0.47, but ensemble models, particularly
RF and GBM, outperformed it significantly.

4.1.2. Combining Machine Learning Models
with AS Technique

For AS data, Random Forest and GBM
achieved accuracy scores of 0.49 and 0.52,
respectively. K-NN also performed well, with an
accuracy of 0.49, making it a viable option in
scenarios where simpler models are preferred for
efficiency in terms of time and computational
resources. SVM, however, delivered the lowest
performance, with an accuracy of 0.48, indicating
its limitations in handling highly complex
accelerometer data. Figure 4 displays comparison
of the performance of different machine learning
models on AS data as a bar chart.

Performance Comparison for ECPT

Scores

accuracy precision

Model
B Random Forest
= GBM
. sVvM
. KNN

recall fl
Metrics

roc_auc

Figure 3. Comparison of the performance of different machine learning models on ECPT data
Source: byAl-T.W.K. Fahmi

Performance Comparison for AS
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Figure 4. Comparison of the performance of different machine learning models on AS data
Source: byAl-T.W.K. Fahmi
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4.1.3. Combining Machine Learning Models
with BTT Technique

From Figure 5, the K-NN classifier performed
surprisingly well on BTT data, achieving an accu-
racy of 0.52, which was comparable to Random
Forest and superior to SVM, which scored 0.48.

These results suggest that the distance-based
approach in K-NN is particularly effective when
data points are closely clustered, as seen in BTT
data. Random Forest and GBM also performed
well, with accuracy scores of 0.52 and 0.49,
respectively.

Performance Comparison for BTT

10

0.8 1

0.6

Scores

0.4

0.2 4

0.0-

accuracy precision

Model
B Random Forest

recall roc_auc
Metrics

Figure 5. Comparison of the performance of different machine learning models on BTT data
Source: byAl-T.W.K. Fahmi

4.1.4. Combining Machine Learning Models
with LDV Technique

LDV data posed challenges for all classifiers,
as none achieved an accuracy higher than
0.52. GBM and Random Forest performed
similarly, with accuracy scores of 0.48 and 0.44,
respectively. K-NN struggled with the dispersed

nature of the LDV data, yielding the lowest
accuracy (0.44). These findings suggest that more
sophisticated models or improved preprocessing
techniques may be required for effective LDV data
classification. The bar chart below, Figure 6
illustrates comparison of the performance of
different machine learning models on LDV data.

Performance Comparison for LDV
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Figure 6. Comparison of the performance of different machine learning models on LDV data
Source: byAl-T.W.K. Fahmi

283



Daxvm A. T.B.X. v 4p. BectHuk PYOH. Cepusi: nxxeHepHble nccnepoBanus. 2025. T. 26. Ne 3. C. 273-287

4.1.5. Combining Machine Learning Models
with SG Technique

From Figure 7, Random Forest and K-NN
produced comparable results, both achieving an
accuracy of 0.49. GBM followed closely with an

accuracy of 0.44, while SVM scored 0.48. These
findings indicate that simpler models like K-NN
can be effective for techniques such as SG, where
the data characteristics are relatively straightfor-
ward.

Performance Comparison for SG
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Scores
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Model
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Figure 7. Comparison of the performance of different machine learning models on SG data
Source: byAl-T.W.K. Fahmi

4.2.Comparative Analysis Across All Techniques

A comparative analysis of all techniques
revealed that Random Forest consistently outper-
formed other models, particularly with ECPT data,
where it achieved a perfect classification score
across all metrics. K-NN, despite it’s simplicity,
performed well with AS and BTT data, demon-
strating its suitability in situations where com-
putational efficiency is crucial. GBM also exhibited

strong performance, especially for AS data, where
it achieved the highest accuracy (0.52) among the
ensemble methods. In contrast, SVM consistently
underperformed across all techniques, indicating
difficulties in handling complex vibration patterns
commonly found in CCPPs. Figure 8 compares the
performance of all machine learning models used
in this research with a combination of different
vibration measurement techniques.

Accuracy Comparison Across Models and Technigues

08

ECPT As

BTT v sG
niques

Figure 8. Consolidated bar chart to compare accuracy across all models and techniques
Source: byAl-T.W.K. Fahmi
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4.3. Key Observations and Insights

1. Model-Dependent Performance:

» Random Forest exhibited the strongest
overall performance, particularly with ECPT data,
due to its ensemble learning approach and ability
to recognize complex data patterns.

= K-NN produced competitive results, espe-
cially for techniques involving closely clustered
data points (e.g., AS and BTT), making it a viable
option for scenarios with limited computational
resources.

2. Technique-Dependent Model Suitability:

» The analysis confirmed that Random Forest
is the most suitable model for ECPT data, while
K-NN performed best for AS and BTT datasets.

» LDV data proved difficult for classification
due to its dispersed nature, suggesting that further
data preprocessing or more advanced classification
models could enhance performance.

3. Computational Efficiency vs. Accuracy:

» While Random Forest achieved the highest
accuracy, K-NN offers a balance between efficiency
and accuracy, making it suitable for simpler data
patterns such as AS and SG when computational
resources are limited.

The current study highlights that Random
Forest is the optimal classifier for detecting vibra-
tion anomalies in CCPPs, particularly when dealing
with complex data from ECPT and AS. However,
K-NN emerges as a resource-efficient alternative
for simpler datasets, performing effectively on
AS and BTT data. These findings emphasize the
importance of selecting the appropriate machine
learning model based on the nature of the vibration
data and the computational constraints of the
monitoring system.

Conclusion and Future Direction

This study evaluated the performance of four
machine learning classifiers — Random Forest
(RF), Gradient Boosting Machine (GBM), Support
Vector Machine (SVM), and K-Nearest Neighbors
(K-NN) — in classifying three groups of vibration
data (N, M, and L) for combined cycle power
plants (CCPPs). Various advanced sensors, includ-
ing Eddy Current Proximity Transducers (ECPT),

Accelerometer Sensors (AS), Blade Tip Timing
(BTT), Laser Doppler Vibrometers (LDV), and
Strain Gauges (SG), were used to generate syn-
thetic vibration data for fault diagnosis.

Among the classifiers, Random Forest demon-
strated the highest efficiency, achieving perfect
accuracy, precision, recall, Fl-score, and ROC
AUC (all equal to 1.00) when using ECPT data,
highlighting its robustness with large and diverse
features. While K-NN is less complex than SVM,
it still produced satisfactory results, particularly
with AS and BTT data, achieving accuracy scores
of 0.49 and 0.52, respectively. This suggests that
K-NN can be an effective choice when computa-
tional efficiency is a priority. In contrast, SVM
exhibited comparatively lower performance, indi-
cating its limitations in handling complex vibra-
tion data. Overall, the findings suggest that RF is
the most suitable model for analyzing complex
datasets, while K-NN provides a viable and
efficient alternative for simpler data structures.
Selectingthe appropriate machine learning model
and sensor technique is crucial for enhancing
predictive maintenance in CCPPs.

To further improve vibration analysis and
predictive maintenance in CCPPs, future research
should explore the following directions:

» Utilizing Real-World Data: Validate the
proposed models using actual vibration data from
CCPP environments to ensure durability and accu-
racy in real-world conditions.

= Developing Hybrid Models: Combine the
strengths of Random Forest and K-NN to develop
a hybrid model that optimizes both accuracy and
computational efficiency.

» Applying Edge Computing: Deploy light-
weight models, such as K-NN, on edge computing
devices for real-time vibration monitoring and
anomaly detection directly within CCPP systems.

By addressing these areas, future studies can
enhance the reliability, efficiency, and real-time
applicability of machine learning models in CCPP
vibration monitoring and predictive maintenance.
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aHanu3a U MouQUKaIK reHeTHIeCKUX aropuTMoB (I'A), 000CHOBaHBI CTPYK-
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BBepeHue

[TocTpoenue pacnucanus 3aHATHH y4eOHOro
3aBEJICHUS, B TOM UYHUCIIE By3a, SBJISIETCS TPYHAOEM-
KOH 3ajiaueil, oTHocsuelcs Kk kiaccy NP-ciox-
HbeIX [1]. I')poMO3AKOCTB pelIeHHs] TakuX 3axad
XapakTepHa JUIsi MHOTOypPOBHEBBIX By30B, COYETa-
IOLIMX B CBOUX OPTaHU3AIlIMOHHO-TIEAarOrHYeCKUX
CTPYKTypax HECKOJIbKO ypOBHEH 00y4eHus1, BKIIIO-
yasi mpodeccHoHAIUTET, CpenHee mpodeccHuo-
HaJbHOE U BhICIIEE 00pa30oBaHUeE, a TAKXKe MOJT0-
TOBKY Hay4YHO-II€arOrMYeCKUX KaJIpoB BBICIICH
kBasnnukanuu. [Ipu 3ToM HEOOXOIUMO YUHUTHI-
BaThb MHOTOYMCJICHHBIE U OTYACTU NMPOTUBOPEUHU-
Bble TpeOOBaHUS OrPAHMYEHHOCTH HAJIUYHBIX
pecypcoB M HEYETKOCTh MHTErPaJIbHOIO MHOIO-
KOMITOHEHTHOTO KPUTEPHUEB OLIEHKH KayecTBa I10-
Jy4eHHOTO paclucaHus Y4yeOHBIX 3aHATHUH 1Js
By3a B IIEJIOM M OTAEIbHBIX YYaCTHHUKOB 00pa3o-
BaTEeJIbHOTO Mpolecca.

[TpoGnema yBs3KM NpeabsBIsSEMbIX TpeOOBa-
HUU B popMuUpyeMoM yueOHOM paclucaHuu J10-
MOJIHUTENIBHO yCyTyOisieTcs HeoOXOAMMOCTBIO
yueTa HeJIMHEHHOCTH 00pa30BaTeIbHOrO Mpoliecca,
JUIsL KOTOPOI XapaKTepHa «BO3pPacTaromasi OTKpPbI-
TOCTb U B3aMMoOIlepecedeHrne 00pa3oBaTeIbHbIX U
KyJIbTYpHBIX cpen’. Kak INKOJbI, Tak M BBICIINE
yueOHbIe 3aBeJIeHHs MEePECTaloT ObITH ,,BELbIO B
cebe’, OKa3bIBAIOTCS ITOCTABIIEHHBIMH B 00CTOS-
TEeJbCTBA, KOIJa OAHOBPEMEHHO JOJKHBI Mpeno-
CTaBJIATh CyOBEKTaM BO3MOXKHOCTH i 00yde-
HUSl B MHTETpallMy pa3HOOOPA3HbIX Cpel U MOJ-
JIep>KUBATh COOCTBEHHYI0 00Pa30BaTEIbHYIO CIIe-
nuuKy», oTMedaemas B pabore [2].

Kak ormeuator C.B. Apanosa, JI.K. bopoBuk,
H.B. IIpuMuyk, ynmoMsHyTast HEIMHEHHOCTD ONpe-
JeNseT TaKue XapaKTepUCTHKH, KaK: «IUHAMUY-
HBIi XapakTep B OTKPBITOM B3aUMOACUCTBHU C
BHEIIHEH CpPENO; BO3MOXKHOCTh BHECEHHS H3Me-
HEHMI Ha YpOBHE LieNeH, COAEep KaHuUs U pe3yibTa-
TOB 00pa30BaHMs C YYETOM COLMAIBHBIX U KyJb-
TYPHBIX BBI30BOB; CaMOpeanu3anus 00yJaromuxcs

3a CYEeT BBICTPaMBAHUS MHIMBHYyaJIbHBIX 00pa3o-
BaTeJbHBIX MapIpyToB» [2]. LluTupyemble aBTOpHbI
OTMEYAIOT PsiJl KJIFOYEBBIX MOMEHTOB, HEOOXOAUMBIX
MIpU COCTABIIEHUU pacnucanus «Maremarndeckoe
MOZIETIMPOBAHKE U aBTOMATH3aLMs IPOLIECCA PEATTH-
3auuM yuyeOHoro pacnucanus; Tunomorusauus u
dbopmupoBanue TpeOOBaHU K yuyeOHOMY pacruca-
HUIO C yYETOM CTaHAapTOB U PErIAaMEHTOB; METOJIBI
U QJITOPUTMBI IOCTPOEHUS pacrucanus» [3].

W3BecTHBI pa3inuyHble MAaTEMAaTUKO-aITOPUT-
MUYECKHUE MOAXOBI K PEIICHUIO 3a/1a4l ONTHUMU-
3alMd y4eOHOTO pacHucaHus, UCCIIeI0BaHHbIE
B paborax A.C. XacyxamxkueBa, M.D. Harop-
ueix, .M. Xonona, B.C. lIBanosa, B.A. baOkuna,
N.C. I'puropseBa M JApyrux HcclenoBaTene,
BKJTIOYAsi MaTeMaTHYECKOE MOJICIIMPOBAHKE U CIIe-
UAM3MPOBaHHbIe (hpeliMBopku [4; 5], MynbTHA-
TeHTHBIC CUCTEMBI [3; 6; 7] 1 Ipyrue METOBI.

B kauectBe 3 pexkTUBHOrO MOAXO0AA MpPHU CO-
CTaBJICHUU PAaCHMCaHUs By3a, KaK 0OJIbIIOI MHOTO-
KOMIIOHEHTHOM CUCTEMBI, psiJi aBTOPOB PEKOMEH-
JIyeT METOJ KOMIIbIOTEPHOTO PEIIeHUs 3a]a4u Oll-
TUMU3AIMU [IPU COCTABJICHUU PACIIMCaHU MHOTO-
YPOBHEBOTO By3a Ha OCHOBE T'€HETHUYECKOTO aJiro-
putMa (I'A), sBRsiFOIIEroCcs SBPUCTUUECKUM MOIBU-
JIoM uckycctBennoro untenekra (M) [8].

C 1enbio CUCTEMHOTO CEMaHTUYECKOTO OIH-
CaHMs MpeIMEeTHON 00NacTH 3aJaull COCTaBIICHUS
yueOHBIX pacrucaHuii 000CHOBaH OHTOJIOTMYECKUI
n0axo/ K (JOPMUPOBAHMIO CTPYKTYpPHI €€ JaHHBIX
[1]. Pa3paGoranHble KOMIBIOTEPHBIE MPOTPAMMBI
o0ecreynBaloT MOCTPOSHUE paCICaHUs YUeOHBIX
3aHATUNA MHOTOYpOBHEBOro By3a. M3BecTHbI pa3-
JIMYHBIE METO/IbI OLIEHKH U peain3aiuu 3P HeKTrB-
HOTO MHTErpajibHOTO KPUTEpHUsS KayecTBa, B TOM
YuciIe Ha OCHOBE KOMOMHHMPOBAHHBIX IITPadHBIX
GyHKUMHA 1715 ydeTa OrpaHUYEHUN MaTeMaTuye-
CKOW MOJIEJI ONITUMAIbHOTO PACIIMCAHMSL.

C yuerom NP-ciioxxHOCTH paccMaTpuBaeMoi
3aJ1auu, CyIIECTBEHHOTO BPEMEHH cueTa Jlaxe Ha
COBPEMEHHBIX OBbICTpoieicTBYIONMX DBM, nmoctu-
ralonMx JAECSITKOB MUHYT, U HEOOXOAMMOCTH OIle-

' Cmonenyesa T.E. Texnonoruv undpoBoii TpaHc(opMaluy : IPaKTHKYM : ydebHoe nocobue. Mocksa : PTY MUPDA,
2023. 66 c. URL: https://e.lanbook.com/book/368729 (nara obpamenus: 28.09.2024)

2 Anopuanoea A.A., Ucmazunos JI.H., Myxmaposa T.M. Anroputmusanys u nporpaMmmupoBanue. [[pakTukyM : yueOHOe
nocobue. Cankr-IletepOypr : Jlans, 2022. 240 c. URL: https://e.lanbook.com/book/206258 (nara obpamenus: 12.03.2024)
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PaTUBHBIX KOPPEKTUPOBOK PACIMCAHMS, BOIPOCHI
ONTHMU3ALMN MAIIMHHOTO BPEMEHM SBISIOTCS
BECbMa aKTyaJbHBIMHU, YTO HEBO3MOXKHO 0€3 COOT-
BETCTBYIOIIMX CTATUCTUYECKUX METOJOB yueTa
pu MOAM(UKAIINY TEHETUYECKUX AITOPUTMOB U
CTPYKTYPBI BXOIHBIX ¥ PACUETHBIX TaHHBIX.

1. MeTopabl

baza pgannbix (B/) pemaemoii 3agaun Oblia
chopMHpOBaHa Ha OCHOBE CEMAaHTHYECKOTO OIIH-
CaHus MPEAMETHOM 00JIaCTH MPOSKTUPOBAHUS pac-
MUCAHUS C yUYETOM OCOOCHHOCTEW MHOTOypOBHE-
BOTO By3a, BKJIIOYAOIIETO YACTUYHO TEpeCceKaro-
IMecsl MOJAMHOMKECTBA PECYPCHBIX OTPaHUYCHHMA
JUIS pealiu3yeMbIX ypoBHe oOpasoBanus [9]. dns
KOMITBIOTEPHOM MOJJACPKKU PEIICHUsT ONTHUMM3a-
LUOHHOM 3a/1a4¥ MCTIOJIb30BaHbI METOJIBI OHTOJIO-
THYECKOTO WH)XMHUPUHTA, SBOJIIOIHUOHHO-TEHETH-
YEeCKOT0 U MaTeMaTHYeCKOTO MOJICIIUPOBAHUS, CTa-
TUCTUYECKOTO aHAJIN3a, IOCTPOEHHUS, a TAKXKe HOp-
MaJli3aliy U CTPYKTYPHOU ONTUMHU3AIUU Oa3bl
JTAHHBIX.

OBOIOIMOHHAs ONITUMU3ALUS y4eOHOTO pac-
nucaHus ObUIa pealn30BaHa MOCPEICTBOM MOIU-
¢unmupyemoro I'A, 00o01mIeHHas cXxemMa KOTOPOTro
MpeJcTaBlIeHa Ha puc. 1.

Hcxonuslil BapuaHT paclucaHus, IpeacTaB-
JstronIHiA co00# HavapHYyo momyssiiuio ['A, ¢op-
MUPOBAJICS PAHIOMHO C HCIIOJIb30BaHUEM CITydaii-
HbIX 3HAYEHUH XPOMOCOM.

OCHOBHBIE TEHETHUECKUE ONEPaTophl CEIeK-
MY, cKpemuBanus U mytanuu [10—-12] peanuszo-
BaHBI C BO3MOYKHOCTBIO MOJM(DHUKAIINH, B TOM YHCIIC
B IIpollecce peayn3alui OCeCKOHEYHOTO ITUKJIIA
«while true» ¢ mpeaBapuTEIHHOMN MTPOBEPKON YCII0-
BUSI OCTaHOBA.

Pacuers! Bemonusiiuck Ha [IK co cnemyro-
mmmu xapakrepuctiukamu: CPU: 11th Gen Intel®
Core™ i5-11400 2.60Ghz (12 CPUs); RAM: 32Gb;
SSD: M.2 NVME 1Tb.

2. PeaynbTaTbl n 06CyXaeHune

[Tporpamma i GpopMupoBaHUS ONTHUMHU3HU-
POBaHHOIO PAaCIUCaHUs BKIIOYAET CIIELHATU3UPO-
BaHHYI0 0a3y JaHHBIX M ONTHMM3ATOP, pean3o-
BaHHBII HAa OCHOBE T'€HETUYECKOTO aJIrOPUTMA.

ne .
v
D
8
Puc. 1. O606ueHHas 6nok-cxema A
C MOOUDULMPYEMBIMUN FEHETUYECKNMU OrepaTopamm:
7 — ocTtaHoBa, 0603Ha4YeHbl 610KN reHepaumm NOKONEHNS;
2 — BbluncneHne GyHKUMN NPUroAHOCTH; 3 — npoBepka ycnoBus
0CTaHOBa; 4 — 3ajaHne OCHOBHOIO LUmMKkna; 5 — 610K peannsaumm
reHeTU4Yeckux onepatopos, 6 — 6510k mogudukaumu;

7 — obHoBNeHWe nonynsumm; 8 — 3aBepluexne N
M cT0o4HwMk: BeinonHeHo [.C. 3axaposbiM, A.®D. PorayesbiM

Figure 1. Generalized flowchart of GA
with modifiable genetic operators:
7 —breakpoint, the generation blocks are designated;
2 — calculation of the fitting function; 3— checking
of the breakpoint condition; 4 — definition of the main cycle;
5— block for implementing genetic operators; 6 — modification
block; 7 — population update; & — completion of genetic algorithms
Source:byD.S. Zakharov, A.F. Rogachev

2.1. OcobeHHOCTH pa3pabOTaHHOro
MPorpamMmMHOro cpeacTsa 4Jisl OnTUMUIALINU
pacnucanHuns

OcHoBHBIE 5eMeHTHI bJl, ncnonbs3yemoii s
ONTHMU3AIMY PACTIMCAHNUS MHOTOYPOBHEBOTO By3a
1 pa3paboTaHHOW Ha OCHOBE OHTOJIOTHMYECKOM MO-
JIeJH, TIPeACTaBIeHbI B Tao0. 1.

[lepen HauamoM pabOTHI METOAUCT YYEOHOTO
oTJeNa 3arpyxaet Qaiin yaeOHoi Harpy3KH U mpe-
nonasareneii [13]. B atom ¢aiine conepxkarcs:

a. Ha3BaHHE AMCUUIUIUHBI;

b. yackl Ha AUCUUIUIMHY C pa30UBKOM JIEKIIUH/
npaxktuku/nadel/CPC;

C. MPUKpPEIJICHHBIN NpenoaBareib;

d. xadenpa, 3a KOTOpO# 3aKperieHa TUCITH-
TUTHHA;

€. Ipouue JaHHbIe (KOl TUCIUILUINH, KOJI-BO
rpymnm OrOIKET/BHEOIOMIKET, KOJI-BO YEIOBEK B
rpy1me, GopMbl KOHTPOJISL U TIpodYee).
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[Tocne 3TOro mporpamma 3aryckaeTcsi Ha Bbl-
MOJIHEHUE ONTUMM3ALMH PACTIUCAHUS 10 MOMEHTA
OCTaHOBA I10 3aJlaHHOMY KpuTeputo. Pazpaboran-
Hasi aBTOpaMH 3aBUCHUMOCTb, ONMCHIBAIOIIAs 3HA-
4yeHue 6e3pa3MepHOil PyHKIMH IPUTOAHOCTH €11~
HUYHOT'O MH/IMBH/IA B MOMYJIALMN U YUUTHIBAIOIIAS
OKHAa B CETKE pacluCaHMs, PaBHOMEPHOCTb 3a-
Tpy3KH, THIIBI KAOMHETOB, OTPAHUUYEHUS, & TaAKKe
NPEeaNOYTEeHUs IIpenoiaBaTeniell, UMeeT BU

H*X H*Y
F:KI*Z[NI*X"'(NZ-F)*'NS*Y*'(NAH-)J'F
2 2

+ K, * Y (Gh)+K ¥ (Z,)+ Ky * (R )+ K *S(7,), (1)

rae K. ..i — BecoBble (ypaBHUBatoIue) Koaddurm-
€HTBI [T0Ka3arenel; Ni...j — KOJIIMYECTBO OKOH pas-
JIMYHBIX TUTIOB; X — 1Tpad 3a OKHA B CETKE PACIIH-
CaHUM CTYJIeHTOB; ¥ — mTpad 3a OKHA B CETKE pac-
nucaHuil npenogasareneil; Gp — mokasarenb OT-
KJIOHEHHSI OT CPEJHEro MoKa3aresst 3aHATUI B ICHb
(Ut pacdeTa paBHOMEPHOCTH Harpy3kH); D — NeHb
nenemu (1...6); Zc — mokasarens mrpada 3a Heco-
OironeHye THIA 3aHATUSA U KabuHeTa; C — suelika
pacriucanusi; R — mrpad 3a HecoOMoneHue orpa-
HU4eHus; W — mrpad 3a HecoOI0IeHUE MPeIo-
YTCHHUS;, ! — TIPENoJaBaTeiIb/BPeMs/HHOH OOBEKT
NPEIOYTEHHS W OTPAaHUICHHSI.

Tabnuya 1/ Table 1

®dparmeHT B[, C OCHOBHbLIMU pacyYeTHbIMU NapamMmeTpamm /
Snapshot of the database with the main calculated parameters

f ReannacHncTh wuaHeneat 19.03.00 Nk 23 uemian

14

21(H B1 |0 1 AHEUHCKHTE A3bIK 090302 M6 13

I Bl [0 10 Maremaruka 09.03.02 N6 13 UCTI1A-21, M11a-20

4(0H Bl 0 1 WHdopmarkka 09.0302 N6 13 UCTiig-21

5|0H Bl 0 u VcTopua nHgopMauyonHt 09.03.02  MB 13 ucTiip-21

6/0H 61 [0 4 (Couvionorua  ncuxoork 09.03.02 b 13 MCT11a-21

7T[0H Bl 0 WO 09.03.02 N6 13 UCTiig-21

§[0H Bl 0 |ckpeTHan Maematuka 09.03.02 1B 13 UCTiig-21

9|0 Bl 0 8 KynoTyponorua 09.0302 N6 13 UcTiig-21

0|0 Bl B 8 IneKTHBHbIE AvcuMnAMHD 09.03.02 B 13 UCT118-21, UCT218-20

i 61 [0 2 Wctopua Poceuw, Beeoby 09.03.02 M6 23 UCTiig-21

12|0H Bl 0 1 (AHTAUHCKWT A3bIK 09.0302 M6 23 UCT11p-21, M11g-21

BlH B |0 10 Maremarua 09.03.02 N6 23 UCTI1a-21, M118-20
0

S T U V| W X W/ 7

M N 0 Pl Q

R
oufl

benoseposa E.B.

1 1
2 25 4 nex 1 1 MuEH], o wes  Kucenesa M.H.
25 25 NeK 1 1 MuEHA KW pou  cos  Menyakos M.A.
25 25 ek 1 1 MUEH], npen My Wrxaros A.B.
25 %5 ek 1 1 rn md M K wr CyxuHuHAB.
25 25 ek 1 1 MuEH]] [ag 08 Cupoposa H.I0.
5 5 ek 1 1 MHEHA KW A4 wes  KpymaaueAA,
25 25 NeK 1 1 n [T 1Y wr BanubapanHa .
5 5 ek I i KW A4 wr  [opodeesal.A.
5 5 ek 1 1 Ji] K AU wr GanvbapauHaH..
28 28 4 npak 1 1 rn ooy KM AU wr benoseposa E.B.
2 25 4 nex 1 1 MUEH], o wes  Kucenesa M.H.
11

5 5 nek ThuT3  non ke m nr PeinptHukora M.R.

M cTo4HwMK: BbinonHeHo [.C. 3axaposeiM, A.d. PorayeBbiM / So ur c e: by D.S. Zakharov, A.F. Rogachev

Tabnuya 2

BapuaHTbl MOgudukaumm reHeTu4ecKux onepaTopos

STtanbl peanu3auum A

BapuanTtbl Moandunkaumun

PesynbTatbl MOgudpukauumn

1. MocTpoeHne

HavyasibHOM nonynaunn HUYEHUI

[MocTpoeHve HavanbHOM NONYyNAUMK NO CTPOroMy anro- | HEBO3MOXHOCTb HapyLLEHUS XeCT-
pUTMY, C COBIIOAEHNEM XECTKMX (00S3aTeNbHbIX) Orpa- | KUX OrpaHn4eHuin B xoae paboTsl an-

roputMma, OTCyTCTBUE NepeceveHnin

2. Cenekuusa

MexaHnam «BCTPACKW» Npn CcTarHaunu nonynaumu, ,D,O6aB- COKpaLLl'eHVle BEPOATHOCTN yXo4a
JIeHE HOBbIX HEONTUMN3NPOBaHHbLIX NHOVWBUAOB, COKPA- | anroputma B /I0KaJIbHble MUHUMYMbI
LeHne nonynaunm no NpuHUMny «katakiam3ma»

1 nepuoasl 0fHO0OPa3uns NONynaumia

3. CkpelwmBaHne

pynnoBoe ckpelumBaHme ocobein nonynsaumm ¢ BO3MOX- | YBennyeHme pasHoobpasus nHau-
HOCTbIO CKpeLuvBaTbcs 6onee apyx ocobei

BNAOB

4. Mytaumsa
Taums

[ByxaTanHasa mMyTauma: BbIHYXAEHHAS, B C/ly4ae HaxOX- | YMEHbLUEHVE BEPOSATHOCTU MosiBMe-
OeHNd nepeceYeHnin OTAeNbHbIX FTeHOB, U CllyYanHasa My- | HAS HEXECTKUX OrpaHu4yeHwun, pas-

Hoobpa3ne NHANBNAOB

5. N'mnepnapameTpsbl M'A

'mbkas nogcTporika 1 agantauus napameTpos A (pas- | YckopeHue paboTbl anroputma un 60-
Mep MNonynsiunn, KONMYECTBO CKPELLMBAEMbIX WHAMBU- | nee apPeKTUBHOE UCMONb30BaHMe
[0B, BEPOATHOCTb MyTaLMN U T.4.)

pecypcos 9BM

M cTou4HwMK: BboinonHeHo [.C. 3axapoBbiM, A.®. PorayesbiM
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Table 2

Modification options for genetic operators

Stages of GA implementation

Modification options

Modification results

1. Building the initial population

Building an initial population according to a
strict algorithm, subject to strict (mandatory)
restrictions

The impossibility of violating strict
restrictions during the operation of
the algorithm, the absence of inter-
sections

2. Breeding

The mechanism of “shaking up” during popula-
tion stagnation, the addition of new unopti-
mized individuals, the reduction of the popula-
tion according to the principle of “cataclysm”

Reducing the probability of the algo-
rithm going into local minima and
periods of population uniformity

3. Crossbreeding

Group interbreeding of individuals of the popu-
lation with the possibility of interbreeding more
than two individuals

Increasing the diversity of individuals

4. Mutation

Two-stage mutation: forced, in case of inter-
sections of individual genes, and accidental
mutation

Increasing the diversity of individuals.
Reducing the likelihood of non-rigid
restrictions, diversity of individuals

5. Hyperparameters of GA

Flexible adjustment and adaptation of GA
parameters (population size, number of indi-
viduals crossed, probability of mutation, etc.)

Source: byD.S. Zakharov, A.F. Rogachev

Acceleration of the algorithm and more
efficient use of computer resources

[IpencraBnennsie B Tabl. 2 BO3MOXHbBIE Ba-
puaHTBl MOM(UKAIIMY TEHETUYECKUX OTIePaTopoB
1 31eMeHTOB ['A criocoOCTBYIOT yMEHBIIIEHUIO pe-
CYpCOEMKOCTH MPOBOOUMBIX OIllepaluii, Mo3BO-
JSIFOT CTPOTO COOMIONATh JKECTKUE OrpaHUYECHHUs
MIPU COCTABJICHUH PACIIMCAHUM, & TAK)KE CHUKAIOT
BIIMSIHME CHCTEMHBIX HenocTaTkoB ['A Ha koHed-
HBIN pe3ynbTar.

2.2. Pe3y/ibTatel YUCJ/I€HHbIX IKCITEPUMEHTOB

Pe3ynbrarsl UNCIEHHBIX 3KCIIEPUMEHTOB pac-
YyeTa ONTUMAJIBHOIO PACIUCAHUS C UCIOJIb30Ba-
HHEM pa3paboTaHHOW mporpamMmbl MetonoMm [A,
HCTonb3yome Monyib «Cratuctukay [14], npen-
CTaBJICHBI HAa pUC. 2. YIIOMSHYTBIM MOAYJb CTaTH-
CTHUYECKOr0 aHaiM3a obecrnednBaeT cOop, aHaIu3
U OTOOpa)keHHsI CTaTUCTUKU paboTsl ['A, mo3Bo-
JSIeT B aBTOMaTU3UPOBAHHOM PEXKHUME KOPPEKTH-
poBaTthb runepnapameTpsl I'A, ero XxapakTepucTHKH,
a TaKkKe MmapamMeTphbl OTpaHUYEHU TP OTITUMHU3a-
Y PACTIMCaHUM.

IIpoBenennsle pacuersl Ha I1K nokazanu, yto
0TOOp MHAMBUIOB NOMyJsALMU B konndecTse 50 %,
nocie Tmoxacdera (QyHKIUH TMPHCIIOCOOICHHOCTH
roKa3zaja Jy4nryto 3pGeKTUBHOCTb 10 BpEMEHH U
KOH(UTYpaIlul HUCXOISAIIETO Xapakrepa rpadu-
koB, npu yem 80 %. IToromctBO mator 50 % myu-
mux ocobeit (u3 1000 ocobeit), mpu 3TOM BpeMs

pacueTa COCTaBWJIO 8 MHUHYT U OCTaHOB IMPOMCXO-
Jin B paiione 90 mokoieHui (31ox).

Ha puc. 3 npencraBneHsl pe3ynbTaThbl YUCIEH-
HOTO HKCIIEPHMEHTA, MPEAyCMaTPUBAIOIIETO MPH-
MeHeHHe 0oJiee MUPOKOTO pa3HooOpa3usi ocodei
JUIsL JanbHeWmero ckpemmbanua. OTMETUM, 4TO
80 % smyummx oco0beit garot notomctso (1000 oco-
Oeil), MpU 3TOM OCTAHOB MPOUCXOANUI OPUEHTHPO-
BOYHO Ha 280-M TMOKOJICHUH, a BPEMS pacyeTa Co-
craBisio mopsiaka 30 MUHYT.

Amnanus rpaduka Ha puc. 3 TOKa3bIBaeT, YTO
yBeJIMYEHHE KOJIMYEeCTBAa 0COOEH, y4acTBYIOIIUX B
TYPHUPHOM OTOOpPE JaTbHEHIINX MOMYIALUM, 1aeT
OTPHULIATENIFHYIO JUHAMUKY MTOUCKA ONTHMAIBLHOTO
pesyabrara.

AnHanm3 KoHQUTYpaIy AuarpaMMbl Ha puc. 3
MOKAa3bIBAET, YTO BBICOKHI MTOKA3aTelb 10U CKpe-
IIMBAaEMBIX B IMOKOJIEHMM OCOOel JaeT HeraTus-
HBIA APPEKT KPaTKOBPEMEHHOTO YXYALICHHUS I10-
Kazareysi MPUTOJAHOCTH MOMYJSAUUU (CUHUE MUKU
Ha TpaduKe), a TAKKE CIIOCOOCTBYET YBEITUICHHUIO
BpEMEHH pabOThl aJTOPUTMa U KOHKPETHOH pe-
cypco3aTpaTHOCTH. boree HU3KOe 3HaUYEHHE IMOKa-
zarenst (3040 %) maet 3pQeKT HeTOCTaTOUHOCTH
TEHHOTO Pa3HO0Opa3us WHIWBUIOB U MPHUBOAUT
IpoIlecc pacuyeTa ONTUMAIBHOTO PELICHHUs K CTar-
HAIUH MOMYJSIUU U HEBO3MOKHOCTHU MTPUMEHEHHS
OCTaHOBA 110 JOCTHXEHHU ONTUMAJIBHOTO PEe3yiib-
Tara QyHKIUU OPUCIIOCOONEHHOCTH (puc. 4).
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The best outcome of an individual’s fitness function in a population
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Puc. 2. Pe3ynbTaTbl YACNEHHbIX 3KCNEPUMEHTOB C NCMO/Ib30BaHMEM
moaynsa «Ctatnctukar paspaboTaHHOM NporpamMmebl
N ¢ To4HUK: BoinonHeHo [.C. 3axaposbiM, A.d. Porayesbim

Figure 2. Results of numerical experiments using the developed program module "Statistics”
Source: byD.S. Zakharov, A.F. Rogachev
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: — NyHWniA peaynbTaT GyHKUMM NPUCNOCOBIeHHOCTY MHOMBMAA B NONynsauun /
The best outcome of an individual's fitness function in a population
— cpeaHuii peaynbTaT GYHKLMM NPUCNOCOBAEHHOCT NONynaunn /
Average result of the population adaptation function

Puc. 3. Pe3ynbTaTtbl YNCNEHHOIO SKCNEPUMEHTA NPU YBENIMYEHHOW [0N1€ CKPELLMBAEMbIX XPOMOCOM 0C0bel
M ¢ To4HUKK: BoinonHeHo [.C. 3axaposbiM, A.d. Porayesbim

Figure 3. Results of numerical experiment at increased proportion of crossed chromosome individuals
Source: byD.S. Zakharov, A.F. Rogachev
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Puc. 4. Pe3ynbTaTbl YACNEHHOIO 3KCMEepMMEHTa NPU YMEHbLLEHHOW Aofe ckpelumBaeMbix ocobeit oo 30 %
M cTouHwMK: BbinonHeHo [.C. 3axapoBbiM, A.®. PorayeBbimM

Figure 4. Results of numerical experiment at reduced proportion of crossbred individuals up to 30%
Source:byD.S. Zakharov, A.F. Rogachev

AHanu3 auarpaMMbl Ha puC. 4 MOKa3bIBaeT,
YTO HU3KHUI ypPOBEHb JJOJIM CKPEIMBAEMbIX 0CO0EH
MIPUBOAMT K 3aIIMKIIMBAHUIO AJITOPUTMA, YETO HE0O-
X0auMo n3berars. JluarpaMma moka3bIBaeT, 4To Ha
OIIpeIeICHHOM 3Tare 0oJIbIlas 4acTh 0coOel Mmpu-
1uia K eTMHOMY HEONTHMAIbHOMY PEIICHHUIO U HEe
MOXeET U3 Hero BbIOparhcs. CiydaiiHas MyTanus
CIOCOOCTBYET BBIXOY HA ONITUMAJIbHOE PELICHHUE,
HO 3a4acTy0 HE MO3BOJISIET 3TOT0 JOOUThCA U3-32
YXYIIICHUS TOKa3areNs HeseBO (YHKIUU TPH-
TOTHOCTH, U, COOTBETCTBEHHO, HETIPOXOXK/ICHHS B
CJIEIYIOILY O MOMYJISALHIO.

CoBepuieHcTBOBaHUE (YHKIMOHUPOBAHUS
SBOJIFOIIMOHHBIX BEIYMCIICHUH NP PEIICHUH 3312491
ONTUM3ALMN PACIUCAHUS MHOTOYPOBHEBOIO By3a
MOXHO COBMELIATh C pa3IMYHbIMU MoAM(UKaIU-
SIMU pean3alusiMi HemocpeacTBeHHo [A.

OO6ecneunBaeMblii IpU 3TOM CUHEpPreTHYe-
ckuit A (heKT Tarke MOXKET CIIOCOOCTBOBATH TOBBI-
mIeHUIO Y3PPEKTUBHOCTH ONITUMHU3AIINH |, TIPEHKJIC
BCET0, COKPAIIEHUIO BPEMEHHU TOCTIKEHUS MPH-
€MJIEMOTO BPEMEHHU CcueTa IO 33aJaBaeMOMy KpH-

TEpUIO ero kayectna. [lJi 3TOro MOXKHO HCIOJb-
30BaTh OTJIEJIbHYIO MTpOrpaMmy grid-onTuMuzaium,
KOTOPYI0 YI00HO pa3zpaborarh Ha s3bike Python.

3aknioyeHve

[IpoBeneHHBIE TEOPETUYECKUE U YUCIICHHBIE
UCCIIEIOBAHUS CO3/IaHUsl KOMIIBIOTEPHOH Ipo-
rpaMMbl AJIs ONTUMH3ALMU COCTABICHUS pacIu-
CaHUs1 MHOTOYPOBHEBOI'O By3a I103BOJIMIIN C(HOPMY-
JIMPOBATH CIEIYIOIINE BHIBOJBI.

1. Pa3paboTanHbIi TPOrpaMMHBINA KOMITJICKC,
BKJIFOYAIOIIMH OJIOKM BBOJA MCXOTHBIX JAaHHBIX
(yueOHBIX IJIAHOB JUCLMILINH, ayTUTOPHOTO (POH/IA,
y4eOHBIX T'pyMIl, IpenoaaBarenaeii TUCHUIUINH 1
ap.), GopMUpOBaHMs HA4YaJIbHOI'O BapHaHTa pac-
MUCAHUS METOAOM CIIy4aifHOro BbIOOpa, ONTUMHU-
3allMM pacnucaHus MetoaoM A, Momynst craTu-
CTHKH, a TaKXXe BBIBOJA PE3yJbTaTOB ONTHMH3A-
UK 00ecIieunBaeT aBTOMATU3UPOBAHHOE TTOCTPO-
€HHE ONTHUMAJIBHOIO PACIMCAHUA IO 3aJaHHOMY
KPUTEPHIO, IIPU TOM BpeMs cueTa I 3alaHHOrO
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MHoroypoBHeBoro ¢umana Bonrl TY cocrasisiio
nopsiaka 6...30 MUHYT.

2. Pa3paboTaHHbII MOAY/Ib CTATUCTHKH 00Oec-
MeYMBaET BO3MOKHOCTh IPOBEACHUS aBTOMATHU3H-
POBaHHOI'O TECTUPOBAHUS PA3JIMYHBIX TAPAMETPOB
C IIPOBE/ICHHEM aHajJIM3a M BbIBOJA HA SKpaH CTa-
TUCTUYECKUX JJAaHHBIX O MPOILIECCe TeCTUPOBAHUS.
Taxoke JaHHBIM MOIyJb Ha OCHOBE IMPOBEACHHBIX
TECTOB CIOCOOCH BBIIaBaTh ONTHMAILHBIA HAOOp
[apaMeTpOB Ha OCHOBE KOHKPETHBIX JIAHHBIX, YTO
MOXXHO MCHOJIB30BATh U1l OLEHKH 3((EKTUBHOCTH
(GyHKIMOHUPOBaHUS TeKyIel koHpurypauuu ['A,
CPaBHEHHUs BapHaHTOB €ro MOAM(UKAIUU U CO-
BEPIIIEHCTBOBAHUS TUIEPIIAPAMETPOB, UTO CIETYET
BBIIIOJIHATS JIJIs1 KayKJ0ro Habopa napameTpoB OIl-
THMHU3UPYEMOTO PacICaHus, a TaKXKe MPU UX Cy-
IIECTBEHHOM M3MEHEHHH.

3. CoBeplileHCTBOBaHUE (PyHKIIMOHUPOBAHUS
3BOJIIOLIMOHHO-TEHETHYECKOTO aIrOPpUTMa IIPH pe-
IICHUH 3312491 ONITUMH3AIUN PACIUCAHUS MHOTO-
YPOBHEBOI'O By3a BO3MOXHO COBMEIIATH C pa3Iny-
HBIMH MOIU(UKAIMAMHU peau3aluy Hemocpe-
ctBeHHO ['A. JlocTuraemslii mpy 3TOM CHHEPTETH-
yeckuit 3G HeKT MOKET crocoOCTBOBATH MOBBIIIE-
HUIO 3(PPEKTUBHOCTH ONTUMHU3ALMU U COKpalle-
HUIO BPEMEHH €€ JOCTHKEHUS IO 33JaBaeMOMY
KPUTEPHIO €ro KauecTBna.
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CpaBHeHVIe Mmopgesnein u metoaos Knaccmbm(au,vm TeKCTa

A.B. 3axaposa®™, A.JO. BumnsikoBa®”, A.A. JlerkoB

Vpanbsckuii GpenepanbHblii yHUBepcUTeT nMeHu nepsoro [Ipesunenta Poccun B.H. Enbiuna, Examepunbype, Poccutickas ®edepayus
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HcTopust ctatbu AHHOTanus. PaccMOTpeH Mmpoliecc aBTOMaTHYECKO# KiaccuuKanuu TeKcTa |
€ro COCTAaBIIIOMINE. AKTYaJIIbHOCTh JAQHHOW TeMBI OOYCIIOBIIEHAa CTPEMHTEIb-
HBIM POCTOM 00beMa JIaHHBIX M Pa3BHUTHUEM TEXHOJIOTHH MalIHHHOTO OOyUYCHHS.
Ilens uccnenoBaHus — OIpeeTIeHNe HAWTYYIINX METOIOB U MOJIeTIeif aBTOMAaTH-
4ecKOi KiacCH(UKAIMK TeKCTa. B KauecTBe MaTepHaioB Ul aHalU3a ObUIN
BbIGpaHLI Hay4YHBIC CTaTbH, HAIIUCAHHBIC B TCUCHUC IMMOCICAHUX YETBIPEX JICT,
3asiBiieHUE 0 KOH(JIMKTE HHTEPECOB HauboJiee NOAXOAALINE 10 TeMe. B pesynsrare onpeneneHo, 9To 3G QeKkTuBHas
penoOpaboTKa TEKCTOBBIX JAHHBIX JOJDKHA COCTOSTH M3 HOPMATH3allUH, TOKe-
HU3ALHUH, yIaIeHUs CTOI-CIIOB M CTEMMHHTA WU ke JleMMarn3anuu. s npen-
CTaBJICHUS TEKCTa [eJIeco00pa3Ho Ucoab30oBaTh Moaens BERT. Onnako ciemyer
OTTAJIKUBATHCS OT YCIOBUI KOHKPETHOMW 33/1a4H, B KOTOPBIX albTePHATHBHBIC O/
XOZIBl MOTYT OBITh HpENNOoYTHTENbHEe. HammydliiMH METOJaMH HEHoCpeN-
CTBCHHO KJIACCH(HMKAI[MH TEKCTa MOXKHO CYHTATh METOI JIOTHCTHYECKOH perpec-
cHuH, cBepTouHble HelpoHHble ceTH U ROBERTa. BriGop cpeau 3TuX Mozneneit
3aBUCHUT OT Ha3HAYEHHS U TEXHUYECKUX BO3MOXKHOCTEH.
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BeepeHue 1IecC MO3BOJISIET CHUCTEMAaTH3UpOBaTh WH(MOpMa-
LIMI0, o0Jierdasi ee MOMCK U aHaJIu3.

[Ipouecc wiaccudukanum TekcTa OOBIYHO
BKJIIOUAET B ceOs TPU KIIFOUEBBIX IIara, KaXkJbIi
M3 KOTOPBIX B TOW WJIM MHOW CTENEHH BIMSIET Ha
KOHEUHBIN pe3ynbTar. [logpoOHee 3T dTarmbl pac-
CMOTPEHBI B TEOPETUUECKOM pasziesie JaHHOU pa-

B coBpemeHHOM MHpe 00bEM TEKCTOBOW HH-
(dbopManuu pacTeT ¢ KaXKIbIM JHEM, 1 3D PeKTHB-
Hasi 00pabOTKa JaHHBIX CTAHOBUTCS OTHOM W3
KJTIOUEBBIX 33]1a4 B PA3IMYHBIX 00JIACTIX, OT OU3-
Heca 10 HayKu. IHCTpYMEHTHI, O3BOJISIONIHNE H3-
BJICKaTh TOJIC3HYI0 MH(GOPMALIUIO U3 HECTPYKTY-

PYPOBaHHBIX JJAHHBIX, TAKUX KaK TEKCTOBBIE JJOKY- OOTBL.

MEHTBI, CTaThbd, HOBOCTH M OT3BIBBI, CTAHOBITCS 3adauu uccnedosanus:

Bce Oosiee BocTpeOOBaHHBIMU. OJJHUM M3 KITIOYE- — (hopMyIMpOBaTh, U3 KaKMX IIAr0B JIOJDKCH

BEIX TIPOLIECCOB, MCIHOJNB3yeMBIX IS pelleHHss ~ COCTOAThH ONTHMANbHBIA IIPOLECC MPe/BAPUTEIIb-

TaKuX 3aJlad, SBJISCTCS KIacCHU(PHUKAIUI TEKCTO- HOW 00pabOTKH TEKCTOBBIX JIAHHBIX;

BBIX JAHHBIX. — OTIPEJICINTh MOJIENIN TPEJCTABICHUS TEK-
Knaccudukanus tekcra — 3T0 mporecc as- cra, Haubosee NOAXOISIIME IS PELICHUS 3a/1a4K

TOMAaTUYECKOTO pacIpe/ie]ieHus] TeKCTOBBIX JaH- KJTaCCHU(UKAIIMHI TEKCTOBBIX JaHHbIX;

HBIX TI0 3apaHee ONpeIeICHHBIM KaTeTOPHsIM UITH — CpPaBHUTh M BbIOpaTh HAWMIYYIIIHE METOJbBI

KJlacCaM Ha OCHOBE MX colepkaHHus. JTOT Mpo- KJTacCHU(UKAIH TEKCTA.
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1. TeopeTnyeckume acnekTbl

1. 1. OcHoBHbI€E Warv npeaBapmuTesIbHOH
00pabOTKN TEKCTOBbIX AAHHbBIX

Jns paboThl C TEKCTaMU Ha €CTECTBEHHOM
s3bike (Natural Language Processing, NLP) Heo6-
XOMMa TIpeiBapuTeNibHasi 00padoTKa, TOCKOIBbKY
QJITOPUTMbl MAaTMHHOTO OOYYEHHsI HE CIOCOOHBI
paboTarh ¢ TAKUMH TaHHBIMHU.

[TpenobpaboTka TeKcTa, MO3BOJSIONIAS KOM-
MbIOTEpPaM MOHUMATh U MHTEPIPETUPOBATH YeIO-
BEUECKHI SI3bIK B TIOJIE3HBIN U 3HAYMMBIN (opmar,
BKJIIOYAET B ce0s1 HECKOJIBKO ATAIOB, KOTOPHIE MO-
TYT OTJIMYAThCS B 3aBUCUMOCTHU OT 3ada4u. Janee
NEPEYHCITUM OCHOBHBIC U3 HUX:

® Hopmanuzayus — 3Taml, MO3BOJISIONIUN
HCKIIIOYUTh M3 TEKCTa LIYMOBYIO HH(pOpPMAIUIO,
B pe3yJibTaTe KOTOPOTO TEKCThI MPUBOIATCS K HYXK-
HOMY DPETUCTpY (3a4acTylo K HIXKHEMY), ydals-
IOTCSl 3HAKHM MpPENMUHaHusA, NU(QPHI U IpodyHe He-
OyKBEHHbIE CHUMBOJIBI.

® ToxeHusayus — MPOLECC pa30MEHUs TEKCTa
Ha OTAEJbHBIC 2JIEMEHTHI, HA3bIBAEMbIE TOKEHAMHU
U TpeAcTaBisione coboil ciosa/dpazbl/cum-
BOJIBI/TIPEITIOKEHUS (B 3aBUCIMOCTH OT KOHKPET-
HOM 3aj1a4y ¥ MoAXo/a K TokeHu3anuu) [1].

® VianeHue CTON-CJIOB, T.€. CJIOB, HE HECy-
IIMX CMBICTIOBOM Harpy3ku. K HUM MOXXHO OTHe-
CTH YaCTHIIBL, TIPE/JIOTH, COI03bI U T.II. Takue cioBa
4acTO BCTPEYAIOTCS B TEKCTaX U 00eCleYrBarOT
CBSI3HOCTh NPEIOKEHUH, OTHAKO MPU MAITUHHON
00paboTKe €CTECTBEHHOTO S3bIKA SBIIAIOTCS IIy-
MOM [2].

® Cmemmune — METOJ HOpMaJIN3aIUH TOKe-
HOB, B XOJIe KOTOPOTO OT CJIOB OTCEKAaroTCs Ipe-
¢ukcel, cyhdUKCHI U OKOHYAHHWSA, B pe3yJbTare
4yero BhIZENSAETCS OCHOBa cioBa [2]. Llenp crem-
MUHTa 3aKJIF0YAeTCs B TOM, YTOOBI CBECTH pa3ny-
HbIe (POPMBI OTHOTO U TOTO XK€ CIIOBA K €IUHOU U
6a30BOM, UTO MO3BOJISIET YIPOCTUTH aHAJIN3 TEKCTA
Y YMEHBIIHUTD pa3Mep CI0Bapsl.

m Jleumamuzayus (anbTepHATUBA CTEM-
MUHTa) — METOJl, OCHOBHAsI /ISl KOTOPOTO 3aKJII0-

4arcsi B TOM, YTOOBI IIPUBECTH CJIOBA K CIIOBapHOU
dopme, Ha3pIBaeMoit «iemmay [3]. Jlemmaruzarus
0oJsiee TOHKUI MPOLIECC, UCTIONB3Y IO CII0BAph
u Mopdonorndeckuit aHanus [1]. B ormume or
CTEMMUHTa, KOTOPBI MPOCTO yAaNseT OKOHYAHUs
U cyQpPUKCHI, IeMMaTU3alMsl YYUTHIBAET TpaMMa-
TUYECKUE TIPABUIIA U KOHTEKCT, YTOOBI OMPENEIIUTh
IIPABWIBHYIO JIEMMY JUISl JAHHOTO CJIOBA.

1.2. KiroyeBbie mogesiv ripegcraB/ie HnUs 4aHHbIX

TexkcT Henmb3s HAMPSAMYIO MOAAaTh Ha BXOI
MOJIEJIH MAaIlTMHHOTO OOYYCHHMsI, €0 HAJI0 CHadaia
nepeBecTy B M(poBoit hopMar. ITOT miar Ha3bl-
BAIOT MpejicTaBiIeHreM TekcTa. COBpeMEeHHBIE MO-
JICJTA OTTUPAIOTCS HAa SMOCTUHTY (MITH BEKTOPHBIC
MPEICTaBIIEHUs) — CIOCO0 MPEICTaBIEHUS CIIOB,
¢bpa3 nim Apyrux 0ObEKTOB B BUE YUCIOBBIX BEK-
TOPOB B MHOTOMEPHOM ITPOCTpaHCTBE. Takoi nmoj-
XOJ] IO3BOJISIET 3aXBaThIBaTh CEMAHTUUECKHE U CUH-
TAaKCHYECKHE CBOICTBA A3BIKA' .

K Hanbosee n3BeCTHBIM MOJIENSIM BEKTOPH3a-
MU TEKCTa C MCIIOJIb30BAHUEM AMOCIJINHTOB, KO-
TOpBIE Yallle BCETO BCTPEYAIOTCS B HAYYHBIX HC-
CJIEIOBAHUAX TI0 KJIACCU(PHUKAIIUN TEKCTa, MOXKHO
OTHECTH CIICAYIOIIHUE:

® Word2Vec (Word to Vector) — monxon,
OCHOBaHHBIM Ha YHCIICHHOM TPECTABJICHUH CJIOB,
COXPAHSIONINX KOHTEKCTHYIO OJHM30CTh (CeMaH-
TUYECKYIO CBs3b). COMIaCHO aJIropuTMy: CIOBa,
4aCcTO BCTPEYAIONINECS B TEKCTE C OJMHAKOBBHIMH
CJIOBaMH, UMEIOT Ou3KHe (10 KOCHHYCHOMY pac-
CTOSIHUIO) BEKTOPHI [4].

® GloVe (Global Vectors for Word Repre-
sentation) — IOXOI, OMUPAIOIIMICS Ha TII00AITb-
HBIE€ CTAaTUCTHKH, B KaU€CTBE KOTOPBIX OepeTcs Be-
POSATHOCTH COBMECTHOTO TIOSIBJICHHS CJIOB B JIOKY-
MeHTax. OCHOBHAsI €ro UIes COCTOUT B TOM, YTOOBI
U3BJI€Yb CEMAaHTHUYECKUE OTHOIICHUS MEXIY CIIO-
BaMU HCIIOJNIB3YsI MAaTpPHUIly COBMECTHOTO HCTIONb-
30BaHUA [5].

O6a moaxoma OTHOCST K TPyIIe METOIOB,
KOTOPBIE UCTIONB3YIOT CTaTHUECKUE dIMOCITUHTH,
TIPE/ICTABIISIONINE KaXXI0€ CJIOBO OJTHUM M TEM K

! Knaccuukauus NOKyMEHTOB: 7 MPAaKTHYECKHX TOAXOIOB il HEOONMBINMX HabopoB HaHHbX // Habr: [caiit]. URL:
https://habr.com/ru/articles/504744/ (nata obpamenus: 19.01.2025).
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BEKTOPOM HE3aBUCUMO OT OKPY>KEHUSI. 3HAYUTEITh-
HBIM JOCTIKeHHeM B o0mactu NLP sBisieTcst Bo3-
MOXXHOCTh KOJAMUPOBAaHUS MHOTO3HAYHBIX (HMJIH T10-
JMCEMHUYHBIX) CJIOB Pa3HBIMH BEKTOPAMHU B 3aBH-
CUMOCTH OT KOHTEKCTa, B KOTOPOM OHHU UCIIOJIb3Y-
I0TCA. DTO A0CTUTaeTcs O6aarogaps KOHTEKCTyalb-
HBIM SMOEIIMHTraM, KOTOPBIE CO3MAIOTCS TpaHC-
¢dbopmepHbIME MonensaMu. K TakuM Monesnsim oT-
Hocutcs, Harnpumep, BERT (Bidirectional En-
coder Representations from Transformers) u GPT
(Generative Pre-trained Transformer) [6].

1.3. MeroasI, ucriosib3yemsie
npu Knaccuukaun TeKCToB

MeTozbl, KOTOPbIE HCIIOIB3YIOTCS IS perie-
HUS 33/1a4¥ KITacCU(pHUKAIUN TEKCTa, MOKHO pa3-
JIeNTUTH HA TPH OCHOBHBIE TPYIIIHL:

1) MamIMHHBIE METOMBL;

2) HelpoceTeBbIe METObI;

3) MeTO/IbI Ha OCHOBE TPaHC(POPMEPOB.

B Tabn. 1 otoOpakeHbl 4acTO BCTpEUArOIIH-
€Csl B HayYHBIX UCCIICIOBAHUSAX METO/IbI aBTOMATH-
YeCKO# KitacCu()UKAINH TEKCTOBBIX JaHHBIX.

Tabnya 1
00630p MeToA0B, UCMOJIb3YyEMbIX NPU Knaccudukaumm TekcTa
Ne MeTop O6Go3HauyeHue | Fpynna OnucaHue metopa
HauBHbIA OcHoBbIBaeTcsl Ha Teopeme baieca ¢ npeanonoxeHnemMm 0 He3aBMCUMOCTU
1 BalieCOBCKMI NB 1 NMPU3HAKOB 1 NO3BOJIIET ONPEAENUTL KNlacC 00bekTa, OnNnupasch Ha npeaLe-
METO CTBYIOLLEE pacrnpeneneHne BeposaTHOCTM [4]. Xopolo paboTaeT ¢ TEKCTO-
A BbIMW J@HHBIMU 1 3aaa4amu, rae Tpebyetcs ObicTpas knaccudukaums
Mcnonb3yeT APEBOBUAHYIO CTPYKTYPY AN NPUHSATUSA PELLEHNI HA OCHOBE
2 Lepeso DT 1 3HavYeHu NpuaHakoB. Kaxabli y3en aepesa npeacrasnsieT coboii Bonpoc o
peLwenui 3HaYeHMM NpU3Haka, a BETBU — BO3MOXHbIe OTBeThI [7]. lepeBbsa nerko nH-
TepnpeTpyeMsbl, HO MOryT ObITb NOABEPXEHLI NEPeoby4eHnIo
CTpOUT MHOXECTBO AEPEBLEB PELUEHNIN N 06bEAVHSET UX pe3ynbTaTthl ANs
CryuaiiHbiii YAYYLWEHUS TOYHOCTU N YCTOMYMBOCTM Moaenun. Micnonb3yeT cnyyariHyio
3 nec RF 1 BbIOOPKY NOAMHOXECTB AaHHbIX U MPU3HAKOB A1 CO34aHUS Kaxaoro ne-
peBa, 4To noMoraeTt usbexaTb NnepeodyyeHns 1 nosbilaeT 0600LLatoLLYI0
crnocobHocTh [8]
MoaenunpyeT BepOSITHOCTb NMPUHAANIEXHOCTN 0ObEKTA K KNACCy, NCMONb3ys
4 Jlornctuyeckas LR 1 noructmnyeckyio ¢pyHkumio [1]. Moaxoant ana 3apay, roe 3asmcumas nepe-
perpeccus MEHHas ABASETCS KaTeropuanbHOM 1 NO3BONSET NHTEPNPETUPOBATL KO3P-
GULMEHTBI KakK BIVSIHWE NPEeOUKTOPOB Ha BEPOSITHOCTb COObITUS
MeTo OnpepensieT knacc 06bekTa Ha OCHOBE KJTaCcCOoB ero k-6nanxanwmx cocenen
5 k-6 alu' KNN 1 B NPOCTpaHCcTBe Npu3HakoB [4]. MpocT B peanudauumn u He TpedyeT oby4e-
K V'”m"v'x HUS1, HO MOXET ObITb YyBCTBUTEJIEH K LLUYMY 1 TPEOYET 3HAUYUTENbHbIX BbIYUC-
cocene JNINTENbHbIX PECYPCOB NP 60MbLLMX 06beMaXxX AaHHbIX
MueT rmnepniockoCTb, MakCUManbHO Pa3fensioLLyto Knacchl B MPOCTPaH-
MeTOm ONODHbIX CTBE NpM3HaKoB [8]. MoxeT ncnonb3oBaTb PasfnyHble 9apa 419 06paboTkm
6 Be‘?'(TO o?s SVM 1 HENIMHENHbIX OAaHHBIX U XOPOLLO paboTaeT B BbICOKOPA3MEPHbIX MPOCTPaH-
p CTBaX, HO MOXET ObITb HyBCTBUTEJIEH K BLIOOPY NapaMeTpoB 1 TpebyeT Twa-
TeJIbHO HACTPOIKN
COCTOUT 13 OJHOrO UM HECKOJIbKUX CKPbITLIX CNIOEB, KOTOPbLlE 0b6pabaThl-
7 MHoOrocnomHole MLP 2 BalOT BXOAHbIE JAaHHbIE U MepeaatoT NX Ha BbIXOAHOWM cnoi. Kaxabli HEMPOH
nepuenTpoHbl B CJI0€ CBSI3@aH C HEMPOHaMM CNeayLwero cros, 1 0by4yeHrne NponucxXoamT
C MCMONb30BaHNEM anropmuTMa 0bpaTHOro pacnpocTpaHeHus owmnokm [1]
MpepHasHaveH ansg 06paboTkm NocnenoBaTesbHbIX AAaHHbIX, TAKUX Kak TEKCT
P nnu BpemMeHHble psgbl. RNN nmeloT unknnyeckme CBsisn, 4TO NO3BONSIET
eKYPPEHTHbIE
8 HEMPOHHBIE CETI RNN 2 COXPaHATb MHMOPMALMIO O NpedblayLimMX COCTOAHUAX WU YY4UTbIBATb KOH-
TekcT [1]. OgHako, MoryT cTpagaTh OT NpobsieMbl 3aTyXaloLWero rpagneHTa,
YTO 3aTPyOHSET 0Oy4YEHNE Ha ANIMHHBIX MOCIe[0BaTENbHOCTSX
OOyyaloTcs pacno3HaBaTb MPU3HAKM BO BXOAHbIX AAHHbBIX C MCMONb30Ba-
CBepToYHble HUEM CBEPTOYHbIX C/I0EB, MOC/E YEero Bbl4MCIIEHHbIE MPU3HAKN NepenaTcs
9 HEeNpOHHbIE CNN 2 B MOJIHOCBSI3HYIO CeTb. NS pelueHns 3aaa4, KOTopble CBsi3aHbl ¢ 06paboT-
cetn KO nocnepoBaTeslbHOCTEN, BMECTO ABYMEPHbIX CBEPTOK MCMONb3YKOTCH
ogHOMepHble [1]
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OkoH4aHmne 1abi.

7

10

BERT

BERT

OOyyaetca Ha 3apadye Masked Language Model (MLM), roe HekoTopble
CrioBa B MPEAIOXEHMM 3aMELLAITCS MackaMu, U MOAENb NpeackasbiBaeT
nx [1]. YunTbIBaeT KOHTEKCT KaK C/ieBa, Tak U cnpasa OT C/I0Ba, YTO NMO3BO-
NSET NyyLle NOHUMATb 3HAYEHME CNOB B 3aBMCYMOCTU OT UX OKPYXXEHUS

11

SciBERT

SciBERT

Mcnonb3ayeT Kopryc Hay4HbIX NyOAnKaunin onsa yaydweHns npon3soanTesib-
HOCTM B 3aa4ax, CBA3aHHbLIX C HAY4YHOW TEPMUHONIOIMEN N KOHTEKCTOM [9].
MpumeHseT ToT e noaxon, 4To u BERT, HO € y4yeToM cneumdukm Hay4yHoOro
A3blKa, YTO AeflaeT ee 0COOEHHO MONEe3HOM ANa 3a4a4, Takux Kak n3sneye-
HUe nHdopMaLMn N3 Hay4HbIX CTaTen, knaccudukauma n aHanam3 TEKCTOB B
obnactu Haykum

12

RoBERTa

RoBERTa

OnTummnaupyeT npouecc npenobyyeHns BERT, ncnonb3ysa 6onee KpynHbie
06beMbl AaHHbIX, 6onee ganTenbHoe Bpems 0by4eHnst 1 pasinyHble name-
HEeHUs1 B apxutekType. LleMOHCTpUpYyeT nydllne pedynbTaTtbl Ha MHOMMX 3a-
nadax NLP no cpaBHeHuio ¢ opurnHansHbiM BERT, 6narogaps 6onee ag-
dekTMBHOMY 00y4eHMto 1 6onee rnybokoMy NoOHUMaHMo KoHTekcTa [10]

13

T5

T5

MpeobpasyeT Bce 3anaum NLP B popmaT «TEKCT B TEKCT» — 3TO O3HAYaeT,
4YTO KaK BXOAHble AaHHble, Tak N BbIXOAHbIE AaHHble NPencTaBeHbl B BUAE
TEeKCTa, 4YTO MO3BONSET UCMONb30BATbh OLHY U Ty Xe apXUTEKTYpy Ans pas-
JINYHBIX 3a4a4, TakUX Kak NepeBod, CyMMUPOBaHue, knaccudukaumsa u re-
Hepaumsa Tekcta [11]

M ¢ T0o4HuMK: BeINONHEHO A.B. 3axapoBoii

Table

Overview of the methods used in text classification

~

Method

Designation

Group

Method description

Naive Bayes
classifier

NB

This approach is founded on Bayes' theorem, operating under the
assumption of feature independence. It facilitates the determination of an
object’s class based on its prior probability distribution [4]. It is well-suited
for text data and tasks that require rapid classification

Decision tree

DT

It employs a tree structure to make decisions based on feature values. Each
node of the tree represents a question regarding the meaning of a feature,
and the branches represent possible answers [7]. Trees are easily
interpretable but may be susceptible to overfitting

Random Forest

RF

It creates multiple decision trees and combines their results to improve the
accuracy and stability of the model. The approach involves a random
selection of subsets of data and features to create each tree, which helps to
avoid overfitting and increases generalizing ability [8]

Logistic
regression

LR

This approach utilizes a logistic function to simulate the probability of an
object belonging to a given class [1]. This is an appropriate solution for
situations in which the dependent variable is categorical. It allows for the
interpretation of coefficients as the influence of predictors on the probability
of an event

K-nearest
neighbor
algorithm

KNN

This method utilizes the classes of its k-nearest neighbors in the feature
space to define the class of an object [4]. The implementation of this system
is straightforward and does not require specialized training. However, it is
sensitive to noise and requires substantial computing resources for effective
operation, particularly when dealing with large volumes of data

Support vector
machine

SVM

It looks for a hyperplane that maximizes the separation of classes in the
feature space [8]. The method utilizes multiple cores to process non-linear
data and functions effectively in high-dimensional spaces. However, it is
susceptible to parameter selection and requires thorough configuration

Multilayer
perceptron

MLP

It consists of one or more hidden layers that process the input data and
transmit it to the output layer. Each neuron in a layer is connected to the
neurons of the subsequent layer, and learning is enabled by the error
backpropagation algorithm [1]
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Recurrent neural
network

RNN

It is designed to process sequential data, such as text or time series. These
systems have a cyclical relationship, which allows for the storage of
information about previous states and the consideration of context [1]. They
may experience a decaying gradient issue, which can hinder learning
effectiveness on long sequences
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Ending of the Table 1

Convolutional
neural network

CNN 2

The model is trained to recognize features in the input data using
convolutional layers. The calculated features are then transmitted to a fully
connected network. To solve problems related to sequence processing,
one-dimensional convolutions are used instead of two-dimensional
convolutions [1]

10

BERT

BERT 3

It is trained on the Masked Language Model (XML) task, where some words
in a sentence are replaced by masks, and the model predicts them [1].
It considers the context both to the left and to the right of the word, which
allows you to better understand the meaning of words depending on their
environment

11

SciBERT

SciBERT 3

This tool utilizes the extensive collection of scientific publications to enhance
productivity in tasks related to scientific terminology and context [9]. The
model employs a similar approach to BERT, but it is tailored to the nuances
of scientific language. This makes it particularly well-suited for tasks such as
extracting information from scientific articles, classifying and analyzing texts
in the scientific field

12

RoBERTa

RoBERTa 3

It optimizes the BERT retraining process by leveraging larger data sets,
extended training times, and diverse architectural modifications. This model
has been shown to achieve superior outcomes in numerous NLP applications
when compared to the original BERT model. This enhancement can be
attributed to its more effective training methods and a more profound
understanding of the context [10]

13

T5

T5 3

2. PeaynbTaTtbl M 00CyXaeHue

J1nist omipenienieHust HaWTyqIlero MeTo1a ObLTi
M3Yy4EHbl HAy4yHBIE CTAaThbU 10 TEME aBTOMATHYe-
CKOM KJTacCU(pHKaIMU TEKCTa 3a [ocaeiHue 4 roaa.
Ha ocHoBaHMM pe3ynbTaTOB HCCIEIOBaHUI,
a UMEHHO 3Ha4yeHui nokasatens F1, 6pun cdop-
MHPOBaHbl CBOJAHBIE TAOJMIBI JIJIs MAIIWHHBIX

It converts all NLP tasks into a text-to-text format, ensuring that both input
and output data are presented as text. This allows for the use of a common
architecture for various tasks, such as translation, summation, classification,
and text generation [11]

Source:byA.V. Zakharova

(Tabn. 2), HelipoceteBbix (Tabu. 3) u TpaHcdop-
MEpHBIX METOJIOB (TabiI. 4).

W3 Tabin. 2 BUOHO, YTO HAWBBICILIEE 3HAUYCHHUE
nokasarens F1 coorBerctByer LR u npumepHo pas-
ustercs 82,2 %.

W3 Tabi. 3 BHAHO, YTO HAUBBICIIEE 3HAUCHHE
nokazarensa F1 coorBerctByer CNN u paBHseTCs
npumMepHo 85,6 %.

Tab/muya 2
Pe3ynbTaTbl UCCEeA0BaHNIA MaLLMHHBIX METOA0B Kilaccudukaumm tekcrta, %
MeTop
Uccneposanue
KNN DT NB RF SVM LR
BobuHa T.C [12] — - 53,7 72 - 69,8
ManbyeHko H0.B. [13] — — 80,6 — - 89,8
NHomoB B.6. [14] 70,3 65,6 - 63,8 - 81,8
Kycakun U.K. [15] — — - 80,6 80,8 79,8
MuHaes B.A. [16] - - 85,4 - 87,5 87,4
MoToBckux J1.B. [17] — — - 86 - -
MoTtoBckux J1.B. [18] - - - - 60 -
Mnewakosa E.C., Maraynnud C.T., Ocunos A.B., o
PomaHoga E.B., Cambypos H.C. [19] 2 70 65 & 88 7%
Pawmntos T.®d. [20] - - - 72,7 - -
Yenbiwes 3.A., Ouokos LLL.A., PackaTtosa M.B., B B o B
LLlérones . [21] 5% 88 90
CpepnHee 3HavyeHne 49,7 67,8 71,9 76,9 79,1 82,2

M cTo4HuMK: BbinonHeHo A.B. 3axapoBoii
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Table 2
Results of research on machine methods of text classification, %
Method
Research
KNN DT NB RF SVM LR
Bobina T.S. [12] — — 53.7 72 — 69.8
GalchenkoY.V. [13] - - 80.6 - - 89.8
Inomov B.B. [14] 70.3 65.6 — 63.8 — 81.8
Kusakin I.K. [15] — — — 80.6 80.8 79.8
Minaev V.A. [16] - - 85.4 - 87.5 87.4
Motovskikh L.V. [17] - — - 86 — -
Motovskikh L.V. [18] — — — - 60 —
Pleshakova E.S., Gataullin S.T., Osipov A.V.,
Romanova E.V., Samburov N.S. [19]p 29 70 65 5 88 77
Rashitov T.F. [20] - - - 72.7 - -
Chelyshev E.A., Otsokov S.A., Raskatova M.V.,
Shchyegolev P.[21] - - 7 88 - 90
The average value 49.7 67.8 71.9 76.9 79.1 82.2
Source:byAV. Zakharova
Tabmya 3
Pe3ynbTaThl UCCNEeAOBaHNI HEeAPOCeTeBbIX MeTOA0B kKnaccudukaumm Tekcrta, %
MeTon
Uccneposanue
MLP RNN CNN
BobuHa T.C [12] 70 68,2 —
BHykoB UN.A. [22] 78,4 75,8 82,3
ManbuyeHko H0.B. [13] - 89,2 -
NHomoB B.6. [14] 81,5 — -
Kynukos A.A. [23] - 92,5 -
KycaknH U.K. [15] 75 84,5 -
MwuHaes B.A. [16] — 89,7 89,6
HexHukos P.N. [10] - 83,5 85
Mnewakosa E.C., Mataynnuu C.T., Ocunos A.B., PomaHosa E.B., 79 B _
Cambypos H.C. [19]
CpepnHee 3HavyeHne 76,8 83,3 85,6
M c 704 H MK BbinonHeHo A.B. 3axapoBori
Table 3
Results of research on neural network methods of text classification, %
Research Method
MLP RNN CNN
Bobina T.S. [12] 70 68.2 -
Nepotes |.A. [22] 78.4 75.8 82.3
GalchenkoYu.V. [13] - 89.2 -
Inomov B B. [14] 81.5 - -
Kulikov A.A. [23] - 92.5 -
Kusakin I K. [15] 75 84.5 -
Minaev V.A. [16] - 89.7 89.6
Nezhnikov R.l. [10] - 83.5 85
Pleshakova E.S., Gataullin S.T., Osipov A.V., Romanova E.V., 79 _ _
Samburov N.S. [19]
The average value 76.8 83.3 85.6
Source:byAV. Zakharova
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Tabmya 4
Pe3ynbTaTbl UICCEeAOBaHNA MeTOAO0B Kilaccudukaumm TeKkcTa Ha ocHoBe TpaHchopmMmepoB, %
MeTon
UccnepoeaHue
SciBERT BERT T5 RoBERTa
BonpapeHrko B.U. [9] 71,6 64,8 - -
BHykos U.A., dunnnnos ®.B. [22] - 75,7 - -
KycaknH U.K. [15] - 86,5 - -
HexHukos P.U. [10] - 90 - 92,5
MpowuHa M.B. [11] - 69 78 90
CpepnHee 3HayeHne 71,6 77,2 78 91,3
M cTo4HuMK: BbinonHeHo A.B. 3axapoBoii
Table 4
Results of research on text classification methods based on transformers, %
Method
Research
SciBERT BERT T5 RoBERTa
Bondarenko V.I. [9] 71.6 64.8 - -
Vnukov I.A., Philippov F.V. [22] - 75.7 - -
Kusakin I.K. [15] - 86.5 - -
Nezhnikov R.l. [10] - 90 - 92.5
Proshina M.V. [11] - 69 78 90
The average value 71.6 77.2 78 91.3

Source:byA.V. Zakharova

W3 tabin. 4 BUIHO, YTO HaWBBICIIEE 3HAYCHHE
nokazarenst F1 coorBeTcTByeT ynmydilleHHON Bep-
cun monenmu BERT — RoBERTa u mpumepno
paBHo 91,3. OnHako cieayeT OTMETUTh, YTO IO
METO/IaM Ha OCHOBE TpaHc(hopMepoB OBLIO pac-
CMOTpPEHO MEHBIIIE HCCIIEIOBAHMIA, YTO CBUICTEIb-
CTBYET O MEHEE TOUHBIX CPETHUX 3HAUEHUAX MOKa-
3arens F1.

Taxum oOpaszom, ecii paccMaTpuBaTh MO OT-
JIeTbHOCTH TPYIITHI METOJIOB aBTOMATUIECKON KJ1ac-
cu(UKAIUN TEKCTOBBIX JAHHBIX, MOYKHO BBIJICIIUTh
Hanbosee TOYHbIE:

— Cpely MAaIIMHHBIX METOJOB HAWITYYIIIHM SIB-
asieTcst noructuueckas perpeccust (Flir = 82,2);

— CpeI HEMPOCETEBBIX METONOB HAVITY I —
9TO CBEPTOUYHBIC HEWPOHHBIE ceTH (F1cvy = 85,6);

— CpeIu METOJI0B Ha OCHOBE TpaHC(hopMepoB
HawyqiM siBisiercsi ROBERTa (F1roBerta = 91,3).

3aknioyeHve

Ha ocHoBanuu HN3YYCHHBIX HAYy4YHBIX HCCJIC-
I[OBaHI/II\/'I 10 TEME aBTOMAaTHUYECKOM KJ'IaCCI/I(l)I/IKa-
oUW TCKCTAa MOXXHO CACJIATh CIACAYIOIHE BbIBOIbI:

1. OntumaneHbIil mporecc npenoOpadboTku
JAHHBIX JJIsl pelIeHUs 3aJa4d KIacCH(PHUKAIUH
TEKCTa COCTOUT U3 HECKOJIBKHUX IIar0B U BKJIIOYAET
B ce0sl KaKk MUHUMYM HOpMaJlM3alnio, TOKEHU3a-
LUIO0, yAJIEHUE CTOI-CJIOB U CTEMMUHI/JIEeMMaTH-
3anuio. OJTHAaKO B 3aBUCUMOCTH OT KOHKPETHOM 3a-
JIa4¥ 3TU IIard MOTYT ObITh CKOPPEKTHPOBAHBI.

2. 1ns nepeBona TekcTa B U poBoit popmar
nyuure Beioupats BERT, Tak kak ata Mozens uc-
MOJIb3YET JIByHANpPAaBICHHbBI KOHTEKCT U JIEMOH-
CTPUPYET BBICOKYIO TOYHOCTb B Pa3jIMYHBIX 3a/1a-
yax NLP. Ecnu pecypcbl orpaHuYeHbl, MOXHO
paccmarpuBats GPT kak ansrepHaTuBy, HO 3Ta MO-
JieNib OOoJIbIlle OPUEHTUPOBAaHA HAa TEHEPALIUIO TEK-
CTa, MO3TOMY MeHee 3 PeKTUBHA A 3a7a4, Tpeoy-
IOIIUX [TYOOKOTO MOHUMaHus KoHTekcTa. Word2 Vec
n GloVe Moryt OBITh HCHONB30BaHBI B MECHEE
CJIOXKHBIX 33/1a4aX, IJIe KOHTEKCT HE TaK KPUTUYEH.

3. Haunmy4dmmmMuy MeTogaMu aBTOMaTHYECKON
KJIacCU(UKAIIMM TEKCTa SBISIOTCS METOJ| JIOTH-
CTHUYECKOM perpeccuu, CBEpPTOYHbIE HEHPOHHBIE
cetr © RoBERTa. TouyHOCTh KaXX/10TO U3 HUX Mpe-
BBIIIAET 82, YTO SABJSETCS JOCTATOYHO XOPOIIUM
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pe3yiabTaToM, MO3TOMY BCE 3TH METOJBl MOTYT
paccMaTpuBaThCs TIPH PEIIEHUH YK€ KOHKPETHBIX
3a7a4:

— LR Oomnbliie moaxoauT ISl IPOCTHIX 3a1a4y
1 HEOOJIBIITX HAOOPOB JaHHBIX;

—CNN u RoBERTa moryT ucnonb30BaThCst
JUISL CJIOKHBIX TEKCTOB M OOJIBIIUX HAOOPOB JaH-
HBIX, BBIOOP 3aBHCHUT OT JIOCTYITHOCTH PECYpPCOB H
TpeOOBaHUM K TOYHOCTH.
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Article history Abstract. Breast cancer remains one of the leading causes of morbidity and mortality among
Received: April 29, 2025 women worldwide. Despite the global emphasis on early detection, breast cancer continues
Revised: June 17. 2025 to pose a significant public health challenge. The object of this study is to predict the breast
Accepted: July 1 i 2025 cancer risk using various machine-learning approaches based on demographic, laboratory,

and mammographic data. It employed a quantitative research design to assess the potential
of machine learning (ML) in predicting breast cancer. It integrated supervised ML algorithms,
including Support Vector Machines (SVM), Decision Trees, Random Forests, and Deep
Learning models, to evaluate their accuracy, efficiency, and applicability in medical
diagnostics. The dataset revealed significant variability in tumor features such as mean radius,
mean texture, mean perimeter, and mean area. The target variable demonstrated a class
imbalance, with 62% benign and 38% malignant cases. Among the evaluated models, Random
Forest outperformed others with the highest accuracy, precision, recall, F1-score, and ROC-
AUC, indicating superior predictive capability. The Logistic Regression and Support Vector
Machine models showed competitive performance, particularly in precision and recall, while
the Decision Tree model exhibited the lowest overall performance across metrics.
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3asiBjieHUE O KOH(I)J'IHKTC HHTEpeCcoB

ABTOpBI 3a5IBIISIFOT 00 OTCYTCTBHH
KOH()JIMKTa HHTEPECOB.

AHHoTanus. Pak MOJIOUHO# *kele3bl 0CTaeTcs OJHOW M3 OCHOBHBIX IPUYHH
3a001€Ba€MOCTH U CMEPTHOCTH CPEIr JKeHIIWH BO BceM mMupe. HecmoTpst Ha
3HAYUTENIbHBIC YCHIIWS, HAPABJICHHBIC HA PaHHEE BBISBICHUE OOJIE3HH, PaK
MOJIOYHOM KeJie3bl MO-NPEKHEMY TPENCTABISAET COO0H Cepbe3HyI0 MpobiemMy
JUI 3I0pOBbsl HacesdeHus. Llenb uccieqoBaHMs — IMPOTHO3HMPOBAHUE pHUCKA
paka MOJIOYHOM KeJe3bl C UCTIOIB30BAaHHEM PA3THYHBIX ITOAXO0I0B MAITHHHOTO
00yueHHsl, OCHOBaHHBIX Ha JIeMOTrpapMUECKHX, JTJA00OPATOPHBIX U MaMMOTpadu-
YeCKHUX JaHHBIX. VMcnonp30BaHa MOAENb KOJIMYECTBEHHBIX OIIEHOK METO/OB
MAaIIMHHOr0 00Y4YeHUs B IPOTHO3UPOBAaHUU paKa MOJIOYHOM >kene3bl. Moaenb
WHTETPUPYET alTOPUTMbl MALIMHHOTO OOy4YeHHMs, BKJIIOYAs METOJ OMOPHBIX
BEKTOPOB, JIEPEBbs PEIICHUH, CITydaiiHbIe JIeca U MOJICIHU TITy00KOro 00y4eHus,
JUIS OLEHKH UX TOYHOCTH, 3PPEKTUBHOCTH U MPUMEHHUMOCTH B MEAWIMHCKOM
quarnoctuke. Habop JaHHBIX BBISSBUIJI 3HAUYUTENBHYO H3MEHYHBOCTh B Mapa-
METpax OIyXOJIH, TAKUX KaK CPEJAHHUU pajnycC, CpeAHssl TEKCTypa, CPeAHUN
MepUMETp U cpeiHsas Iuowmas. LleneBas nepemeHHast IpoAEeMOHCTPUpPOBaIa
nucbananc Kimaccos, ¢ 62 % moOpokadecTBeHHBIX U 38 % 37I0Ka4eCTBEHHBIX
cinyvaeB. Cpenu oreHeHHbIX Mojeneii Random Forest nmpes3omnuia apyrue no
HanOOJIbIIEH TOYHOCTH, YyBCTBUTEIILHOCTH, TTOJIHOTE, F 1-Mepe u riomaau nox
KPHBOH OINEPAalMOHHBIX XapaKTEPUCTHK, YKa3blBas Ha HAWIYYIIYH) CIIOCO0-
HOCTb IIPOTHO3MPOBaHUs. MOJIENN JTIOTHCTUYECKOI perpeccuu 1 MeTojia orop-
HBIX BEKTOPOB MOKA3aJIl KOHKYPEHTOCTIOCOOHOCTh, OCOOCHHO MOYyBCTBUTEIb-
HOCTH U TIOJIHOTE, B TO BPEMS KaK MOJIENb JIepeBa PEUICHUH MPOJEMOHCTPHUPO-
BaJla CaMyl0 HHU3KYIO 001y 3 QEKTUBHOCTH 110 BCEM OKa3aTesM.

KiroueBble cJIoBa: paHHSS AMArHOCTHKA, OOIIECTBEHHOE 3[PaBOOXPaHCHUE,
OIyX0JIb, MAMMOTpa(usi, MEIUIMHCKAs JUATHOCTHKA, aITOPUTMBI MAIIHHHOTO
o0y4eHus
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Kumenuii A. — nanucanue texcra; Kpyenoea JI.B. — pellakTUpOBaHUE U YTBEPKAECHUE TEKCTa pyKkonucu. Bee aBTopsl 03Ha-
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Uwingabiye F., Kimenyi T., Kimenyi A., Kruglova L.V. Prediction of breast cancer using machine learning // Becthuk Poc-
cHUiicKoro yHUBepcuTeTa Apysk0bl HapooB. Cepust: Mmxenepusle uccnenosanus. 2025. T. 26. Ne 3. C. 310-322. http://doi.org/

10.22363/2312-8143-2025-26-3-310-322

Introduction

women were diagnosed with breast cancer, making
it the most prevalent cancer globally'.

Breast cancer remains one of the leading Despite advancements in medical techno-
causes of morbidity and mortality among women  logies, early detection remains a critical challenge,
worldwide. In 2020, an estimated 2.3 million as many cases are identified at advanced stages,

' WHO. Breast cancer: Early diagnosis and screening. Geneva: World Health Organization. 2021.
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particularly in low-resource settings. This delay
often leads to higher mortality rates, with breast
cancer accounting for approximately 685 000
deaths in 2020 alone’. The increasing burden
of breast cancer underscores the need for inno-
vative diagnostic solutions that can enhance early
detection and improve survival rates.

Traditional diagnostic methods, such as
mammography, clinical breast exams, and bio-
psies, play a pivotal role in detecting breast cancer.
However, these approaches are often limited by
human error, accessibility challenges, and high
costs, particularly in low-and middle-income
countries (LMICs). Studies have shown that mam-
mography, while effective, has sensitivity rates
ranging from 77 to 95% depending on patient
age and breast density [1]. Furthermore, false
positives and negatives can lead to unnecessary
procedures or missed diagnoses, emphasizing the
need for more accurate and efficient diagnostic
systems.

In recent years, machine learning (ML) has
emerged as a transformative tool in the medical
field, offering promising solutions for breast cancer
prediction. ML models, leveraging large datasets
and advanced algorithms, have demonstrated
superior performance in identifying early-stage
cancers. For instance, deep learning models have
achieved diagnostic accuracy rates of over 95% in
distinguishing malignant from benign lesions [2].
By integrating ML into breast cancer diagnostics,
healthcare systems have the potential to overcome
existing barriers, improve early detection, and
ultimately reduce global mortality rates.

By focusing on breast cancer, this article aims
to develop a machine learning model capable of
predicting breast cancer risk with high accuracy.

1. Background

Despite the global emphasis on early detec-
tion, breast cancer continues to pose a significant
public health challenge. Traditional diagnostic
methods, while valuable, are often constrained

by factors such as high costs, limited access in
LMICs, and variability in interpretation by radio-
logists. These challenges contribute to delayed
diagnoses, with up to 60% of breast cancer cases
in developing countries detected at advanced
stages®. This disparity highlights an urgent need
for innovative approaches that are both accurate
and accessible.

Machine learning has shown remarkable po-
tential in transforming breast cancer diagnostics,
yet its adoption faces significant barriers. Although
ML models have demonstrated diagnostic accuracy
rates exceeding those of traditional methods,
their integration into healthcare systems remains
limited. A lack of resources, technical expertise, and
standardized implementation strategies impedes
the use of ML, particularly in resource-constrained
settings [3]. Furthermore, concerns about algo-
rithmic bias and the reliability of Al-driven
diagnostics contribute to skepticism among health-
care providers.

Given these challenges, the global healthcare
community must address the gap between techno-
logical advancements and their practical application
in breast cancer prediction. This study seeks to
explore the potential of ML in overcoming these
barriers, focusing on its accuracy, cost-effective-
ness, and ability to improve early detection rates.
By addressing these issues, the paper aims to
contribute to the broader goal of reducing breast
cancer mortality and enhancing healthcare out-
comes worldwide.

Breast cancer prediction focuses on identi-
fying individuals with the risk of the disease
development or distinguishing between benign
and malignant cases. Early and accurate prediction
significantly improves treatment outcomes, as it
allows for timely interventions and better manage-
ment strategies [4]. The predictive process involves
evaluating various factors, including genetic pre-
dispositions, lifestyle behaviors, and clinical
markers, to assess the likelihood of developing
breast cancer. For instance, mutations in the BRCA1
and BRCA2 genes are well-documented predictors

2 Globocan. Global cancer statistics 2020. International Agency for Research on Cancer (IARC). 2020.
3 WHO. Breast cancer: Early diagnosis and screening. Geneva: World Health Organization. 2021.
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of breast cancer risk, accounting for 5-10% of
hereditary cases [5].

Additionally, predictive models often rely on
epidemiological data, which include variables such
as age, family history, and reproductive factors.
However, these models can be limited by the
complexity of cancer development, which involves
interactions between genetic, environmental, and
hormonal factors [6]. The integration of bio-
markers, such as hormone receptor status (e.g.,
HER2, estrogen, and progesterone receptors), has
enhanced prediction accuracy, but the reliance on
laboratory-based tests creates barriers in resource-
limited settings. Consequently, there is a growing
emphasis on developing advanced and accessible
predictive techniques.

The global rise in breast cancer incidence,
with 2.3 million new cases reported in 2020,
underscores the need for innovative prediction
methods. Emerging technologies like artificial
intelligence (AI) and machine learning are being
increasingly explored to bridge the gaps in pre-
diction accuracy and accessibility, particularly in
LMICs. By leveraging large datasets and compu-
tational power, these methods aim to improve
precision and reduce diagnostic disparities.

1. 1. Rationale

The practical significance of this study lies in
its potential to improve the accuracy and efficiency
of breast cancer diagnosis through the integration
of ML models. As breast cancer continues to be
a leading cause of cancer-related deaths, early
detection remains the most critical factor in
improving survival rates [7]. By utilizing ML
algorithms, the study aims to develop diagnostic
tools that can assist healthcare professionals in
accurately identifying malignant tumors at earlier
stages, potentially saving lives and reducing the
need for invasive procedures. ML models, with
their ability to analyze large volumes of data
rapidly and accurately, have the potential to
provide a more consistent and reliable alternative
to traditional diagnostic methods, which are often
limited by human error and resource constraints.

Furthermore, the adoption of ML in breast
cancer diagnostics can address significant challenges
in resource-limited settings, with a small amount
of trained radiologists and expansive diagnostic
equipment. By automating the detection process,
ML algorithms can enable faster diagnoses, reducing
delays in treatment initiation and improving
overall patient outcomes. This is particularly
relevant for low- and middle-income countries,
where healthcare disparities often result in delayed
diagnoses, with up to 70% of breast cancer cases
detected at advanced stages [8]. The implemen-
tation of machine learning could help bridge these
gaps, offering a more equitable solution to cancer
care across diverse healthcare environments.

Finally, the study’s findings could have a
significant impact on the global healthcare land-
scape by providing evidence-based support for the
widespread adoption of ML tools in breast cancer
diagnosis. The practical significance extends bey-
ond improving individual health outcomes to
reshaping healthcare policies, particularly in the
areas of early cancer screening, public health aware-
ness, and resource allocation [2; 9]. As ML techno-
logy becomes more affordable and accessible,
its integration into healthcare systems worldwide
could lead to a paradigm shift in cancer care,
ultimately contributing to the global fight against
breast cancer. Therefore, this paper is particularly
relevant as it explores the potential of ML to revo-
lutionize breast cancer detection globally, reducing
mortality rates and improving patient outcomes.

1.2. Objectives

The objective of this paper is to predict the
breast cancer risk using various machine-learning
approaches based on demographic, laboratory, and
mammographic data.

The novelty of this paper lies in its innovative
approach to integrating machine learning (ML)
algorithms into the early detection and diagnosis
of breast cancer. While traditional methods, such
as mammography and biopsies, have been the
cornerstone of breast cancer screening, they often
face limitations such as high costs, human error,
and accessibility issues [10]. This paper introduces
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advanced ML models, such as deep learning and
ensemble methods, to automate and enhance the
accuracy of breast cancer diagnosis. By doing so,
it aims to not only improve diagnostic accuracy but
also reduce the time and resources required for
screening, offering a more efficient and scalable
solution that can be implemented in both high-
resource and resource-limited settings [11].

The paper also aims to contribute to the
growing body of knowledge regarding the use of
machine learning in medical diagnostics by pro-
viding a comprehensive comparison of different
ML algorithms for breast cancer prediction. The
paper not only assessed the predictive accuracy of
models but also evaluated their feasibility in real-
world clinical settings. The ultimate goal lies in
offering a systematic approach to identifying the
most effective ML models for early breast cancer
detection, which could ultimately influence health-
care policies and improve early diagnosis and
treatment worldwide.

The theoretical basis of the paper is under-
pinned by the Technology Acceptance Model
(TAM), which was introduced by Fred Davis in
1986 in Boston, Massachusetts. This theory aims
to explain how users come to accept and use
technology, emphasizing two main factors: Per-
ceived Usefulness (PU) and Perceived Ease of Use
(PEOU). Perceived usefulness refers to the degree
to which a person believes that using a particular
technology will enhance their job per-formance,
while perceived ease of use refers to the degree to
which the user expects the technology to be free of
effort [9]. The theory postulates that these two
factors influence an individual’s attitude toward
using a system, which in turn affects their behavioral
intention to use the system, and ultimately, their
actual use. TAM has been widely applied across
various fields, including healthcare, to assess tech-
nology adoption and integration [12; 13].

In the context of predicting breast cancer
using machine learning, TAM provides a frame-
work to analyze how healthcare professionals and
institutions adopt and integrate machine learning
tools into diagnostic practices. First, regarding
the PU, healthcare providers may adopt machine
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learning systems if they perceive that these tools
can enhance diagnostic accuracy and efficiency. For
example, machine learning’s ability to detect breast
cancer with higher precision than traditional methods
[14] directly influences its perceived usefulness.

Second, regarding the PEOU, the ease with
which healthcare providers can use machine
learning-based diagnostic tools, such as user-
friendly interfaces or automated processes, plays
a crucial role in their acceptance. Studies indicate
that simplifying workflow integration can improve
adoption rates in low-resource settings [15].

And third, regarding the Attitude and Behavi-
oral Intention, positive experiences with machine
learning tools, such as reduced diagnostic errors or
faster patient outcomes, may improve attitudes and
foster a willingness to rely on these techno-logies,
ultimately leading to widespread adoption [16].

Therefore, by applying TAM, this study
explores not only the technical efficacy of machine
learning in breast cancer prediction but also the
human and organizational factors influencing its
adoption in clinical settings, thereby bridging tech-
nology with practice.

2. Methodology

This study employed a quantitative research
design to evaluate the potential of ML in pre-
dicting breast cancer. Quantitative methods are
well-suited for analyzing the accuracy, efficiency,
and applicability of ML models using large data-
sets, as they facilitate objective measurement and
statistical analysis [17]. By leveraging secondary
data from publicly available breast cancer datasets,
such as the Wisconsin Diagnostic Breast Cancer
Dataset (WDBC), the study ensured robust and
reproducible analysis. These datasets provide
valuable features, including tumor size, shape,
texture, and histological characteristics, which are
critical for training and testing ML models [18].

2. 1. Machine Learning Algorithms

The study integrated supervised machine
learning algorithms, including Support Vector
Machines (SVM), Decision Trees, Random Forests,
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and Deep Learning models. These algorithms were
selected due to their proven effectiveness in
medical diagnostics. For instance, studies have
shown that SVMs achieve up to 97% accuracy
in distinguishing malignant from benign tumors
[13; 19]. The ML models underwent a rigorous
training process using 70% of the dataset, while
the remaining 30% was used for testing to
evaluate their predictive performance. Key metrics,
such as accuracy, sensitivity, specificity, and area
under the receiver operating characteristic curve
(AUC-ROC), was used to assess the models [20].

2.2. Cross-validation and cost-benefit analysis

The study also adopted a cross-validation
technique to ensure the reliability and generali-
zability of the results. Cross-validation minimizes
overfitting and enhances the robustness of ML
algorithms, which is crucial for real-world
applications. By comparing the performance of
different ML models, the study aims to identify the
most suitable algorithm for breast cancer pre-
diction. Furthermore, the study included a cost-
benefit analysis to evaluate the practicality of
integrating ML tools into routine diagnostics,
considering global healthcare disparities.

3. Implementation and Tools

This section outlines the programming lan-
guages, libraries, frameworks, and system specifi-
cations used to implement the breast cancer
prediction models. The choice of tools and hard-
ware ensured efficiency, compatibility, and repro-
ducibility of the study.

Python was chosen as the primary program-
ming language due to its simplicity, versatility,
and extensive support for machine learning and
data analysis. Its advantages include a vast eco-
system of libraries, extensive community support,
and flexibility for integrating all stages of the
workflow, from data preprocessing to model
evaluation and visualization [11].

Several Python libraries and frameworks were
utilized throughout the study. For machine learning
tasks, Scikit-learn was employed to implement

algorithms such as Support Vector Machines,
Random Forest, Logistic Regression, and K-Nearest
Neighbors (KNN), as well as evaluation metrics
like precision, recall, and ROC-AUC. TensorFlow
and Keras were used to design, train, and optimize
Artificial Neural Networks (ANN), providing
robust support for deep learning tasks [12].

Data manipulation and analysis were faci-
litated using Pandas and NumPy. Pandas was par-
ticularly useful for handling tabular data, per-
forming cleaning, and preprocessing tasks, while
NumPy was employed for numerical computations
and matrix operations. For visualization, Matplotlib
and Seaborn were utilized. Matplotlib enabled
the creation of basic visualizations such as data
distribution histograms and ROC curves, while
Seaborn enhanced these plots with more appealing
aesthetics and statistical insights [13].

4. Recent Developments

Machine learning has revolutionized breast
cancer prediction by addressing the limitations of
traditional methods. ML algorithms have demon-
strated high accuracy in identifying malignant
cases from imaging data, with convolutional neural
networks (CNNs) achieving diagnostic accuracies
exceeding 90% in recent studies [14]. These models
can analyze mammograms, ultrasounds, and MRIs
to detect anomalies that may not be visible to
human radiologists. For instance, a 2021 study
found that ML models reduced false-positive rates
by 20% compared to traditional radiological eva-
luations [15].

Beyond imaging, ML has been applied to
genomic and biomarker data to predict individual
risk and treatment responses. By integrating
multiomics datasets, ML models can uncover
personalized insights, enabling precision medicine
approaches [16]. In LMICs, ML holds potential for
bridging healthcare disparities by enabling cost-
effective and scalable diagnostic solutions. For
example, smartphone-based ML applications are
being explored for low-cost breast cancer screening
in rural settings [17].

Despite its promise, the implementation of
ML in breast cancer prediction faces challenges,
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including the need for high-quality labeled data,
computational resources, and algorithm interpre-
tability. Ensuring ethical considerations, such as
data privacy and minimizing bias, is also critical
for the responsible adoption of ML in clinical
practice [18]. These challenges underscore the
importance of continued research and collabo-

ration to maximize ML’s potential in improving
breast cancer outcomes.

5. Results

Key statistical measures for each feature and
the target variable are summarized in Table 1.

Table 1
Key Statistical Measures
Feature Mean Median Standard Deviation Minimum Maximum
Mean Radius 14.12 13.37 3.52 6.98 28.11
Mean Texture 19.29 18.84 4.30 9.71 39.28
Mean Perimeter 91.97 86.24 24.13 43.79 188.50
Mean Area 654.89 551.10 351.91 143.50 2501.00

Source: byF. Uwingabiye

Table 1 presents key statistical measures for
four tumor-related features: mean radius, mean
texture, mean perimeter, and mean area. Starting
with mean radius, the average tumor radius is
14.12 units, with a median of 13.37, indicating
a slight right-skew in the distribution, where a
majority of tumors have smaller radii. The standard
deviation of 3.52 suggests moderate variability in
the data. The range, from a minimum of 6.98 to a
maximum of 28.11, further highlights the presence
of some tumors with considerably larger radii.
This variability may require addressing through
data preprocessing techniques such as scaling to
ensure uniformity during model training.

For mean texture, the mean value is 19.29,
with a median of 18.84, showing a small right-
skew in the distribution. The standard deviation of
4.30 indicates notable variation in tumor textures.
The minimum recorded texture value is 9.71, while
the maximum is 39.28, which suggests a wide
range in surface roughness among the tumors.
The variability in texture could be significant for
distinguishing tumor types and may require careful
handling during analysis, especially when deve-
loping models.

Moving to mean perimeter, the average
perimeter is 91.97, with the median being 86.24,
which is slightly lower than the mean, again
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pointing to a right-skew in the data. The large
standard deviation of 24.13 indicates considerable
variation in perimeter sizes, from a minimum of
43.79 to a maximum of 188.50. This substantial
variability in tumor perimeters further suggests
that outliers could affect model performance, em-
phasizing the importance of preprocessing steps
to handle extreme values.

Finally, the mean area has an average of
654.89, with a median of 551.10, revealing a highly
skewed distribution. The large standard deviation
of 351.91 reflects considerable diversity in tumor
area sizes, with values ranging from a minimum of
143.50 to a maximum of 2501.00. The skewed
distribution, with some tumors having extremely
large areas compared to the majority, suggests that
outliers may have a disproportionate influence on
the model. As such, scaling or transformation
techniques should be considered to manage this
variability effectively.

5. 1. Visualization of Data Patterns

Histograms for features such as mean radius
and mean area reveal their skewed distribution,
with most values concentrated around lower
ranges but with long tails (Figure 1). This high-
lights the need for normalization during prepro-
cessing.
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Figure 1. Mean radius and Mean Area
Source: byF. Uwingabiye

The histogram for mean radius demonstrates
a right-skewed distribution, where the majority
of tumors (around 70%) have a radius smaller
than 14. However, a few outliers (with a radius
of up to 25) stretch the distribution. This suggests
that the data needs scaling to mitigate the effect
of large values and ensure all features contribute
equally during model training. A potential approach
could be log transformation or z-score normali-
zation.

Similar to the histogram for mean radius,
the histogram for mean area indicates a highly
skewed distribution with a concentration of smaller

Boxplot: Mean Texture
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tumor areas (around 60% of values are less than
500 cm?). A small number of outliers, reaching
up to 2000 cm?, could heavily influence model
performance. To address this, proper scaling
methods like log transformation or standardiza-
tion should be employed to stabilize the variance
across features.

Boxplots illustrate the presence of outliers in
features like mean texture and mean perimeter
(Figure 2). These outliers could impact the perfor-
mance of machine learning models and may require
handling through techniques such as winsorization
or transformation.

Boxplot: Mean Perimeter

20 40 60 80 100 120 140 160
Mean Perimeter

Figure 2. Mean Texture and Mean Perimeter
Source: byF. Uwingabiye
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The boxplot for mean texture reveals the
presence of several outliers beyond the 1.5 IQR
range, indicating irregularities in the surface texture
of some tumors. For instance, the upper quartile
(Q3) is at 20.2, while one data point exceeds 40,
far outside the typical distribution. These outliers
can substantially affect the model’s sensitivity,
potentially skewing results. Handling these out-
liers through techniques such as normalization
(e.g., Min-Max scaling) or using robust statistical
methods should be considered during data pre-
processing.

The boxplot for mean perimeter highlights
outliers above 130 that are significantly higher
than the upper quartile of 98.5. This suggests that
these outliers could distort model training by in-
fluencing the model disproportionately. Address-
ing these outliers through preprocessing techniques
like normalization (scaling all data within a spe-
cified range) or log transformation (to reduce the
effect of extreme values) would be essential to
improve model robustness.

Scatterplots between pairs of features, such
as mean radius and mean perimeter, indicate strong
positive correlations (Figure 3). These correlations
suggest potential redundancy, which can be ad-
dressed through dimensionality reduction techni-
ques such as Principal Component Analysis (PCA).

The scatterplot clearly shows a positive cor-
relation between mean radius and mean perimeter,
with a correlation coefficient of approximately
0.85. This implies that larger tumors tend to have
higher perimeters. Understanding this relationship
can help with the feature selection or dimensionality
reduction techniques, where it might be advanta-
geous to keep one feature (e.g., mean perimeter)
while discarding the other to reduce redundancy
and improve model interpretability.

A bar chart of the target variable demonstrates
the class imbalance, with a higher prevalence of
benign cases (62%) compared to malignant cases
(38%) (Figure 4). This imbalance necessitates tech-
niques like oversampling the minority class, under-
sampling the majority class, or using weighted loss
functions during model training.
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Figure 3. Mean radius vs. Mean Perimeter
Source: byF. Uwingabiye
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Figure 4. Class Distribution
Source: byF. Uwingabiye

The class distribution bar chart shows a sig-
nificant imbalance favoring benign cases (62%
benign vs. 38% malignant). To mitigate bias during
model training, strategies like oversampling
malignant cases or employing cost-sensitive learning
are necessary.

5.2. Model Performance

The performance metrics for the machine
learning models, including Logistic Regression,
Decision Tree, Random Forest, and Support Vector
Machine, are summarized in Table 2.

The Table 2 presents the performance metrics
of four classification models: Logistic Regression,
Decision Tree, Random Forest, and Support Vector
Machine. These metrics include accuracy, pre-
cision, recall, F1-score, and the confusion matrix
for each model.
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Table 2
Accuracy and Classification Metrics
Model Accuracy Precision Recall F1-Score Confusion Matrix
Logistic Regression 95% 94% 92% 93% [[80, 5], [3, 112]]
Decision Tree 91% 89% 88% 88.5% [[78, 7], [5, 110]]
Random Forest 97% 96% 94% 95% [[81, 4], [2, 113]]
SVM 96% 95% 93% 94% [[80, 5], [3, 112]]

S ource: byF. Uwingabiye

Logistic Regression: The model achieves an
accuracy of 95%, indicating that it correctly
classifies 95% of the data. The precision is 94%,
meaning that 94% of the predicted positive cases
are true positives, which reflects the model’s ability
to minimize false positives. The recall is 92%,
showing that the model successfully identi-fies
92% of the actual positive cases, thus reducing
false negatives. The F1-score of 93% balances pre-
cision and recall, indicating strong overall per-
formance. The confusion matrix shows 80 true
positives (TP), 5 false positives (FP), 3 false nega-
tives (FN), and 112 true negatives (TN).

Decision Tree: This model has a slightly lower
accuracy of 91%. The precision of 89% and recall
of 88% suggest that the model tends to have more
false positives and false negatives compared to the
Logistic Regression model. The F1-score of 88.5%
is also lower, reflecting a compromise between
precision and recall. The confusion matrix shows
78 true positives, 7 false positives, 5 false nega-
tives, and 110 true negatives, indicating that the
model’s classification performance is less optimal
than Logistic Regression.

Random Forest: The accuracy of 97% is the
highest among the models, indicating the best
overall classification performance. It also achieves
a precision of 96% and a recall of 94%, indicating
the model is both highly precise and able to identify
most positive cases. The F1-score of 95% reflects
excellent performance, with a balance between
precision and recall. The confusion matrix reveals
81 true positives, 4 false positives, 2 false negatives,
and 113 true negatives, reinforcing the model’s
strong classification capabilities.

Support Vector Machine: The SVM model
performs similarly to the Logistic Regression model

with a 96% accuracy. The precision of 95% and
recall of 93% show that the model performs well
in both identifying true positives and minimizing
false negatives. The F1-score of 94% indicates solid
performance in balancing precision and recall. The
confusion matrix shows 80 true positives, 5 false
positives, 3 false negatives, and 112 true negatives,
similar to the Logistic Regression model, further
confirming its strong classification capabilities.

Overall Comparison: The Random Forest
model outperforms the other models in terms of
accuracy, precision, recall, and F1-score, indicating
it is the most effective at correctly classifying
the tumor data. The Logistic Regression and SVM
models perform similarly and are competitive
in terms of precision and recall, with the Logistic
Regression having slightly better recall. The De-
cision Tree model, while still effective, performs
slightly worse across all metrics, indicating that it
is more prone to errors in classification compared
to the other models.

5.3. ROC-AUC Analysis

The ROC-AUC analysis highlights the ability
of the models to distinguish between malignant
and benign cases effectively. Random Forest
achieved the highest AUC value of 0.98, rein-
forcing its status as the best-performing model in
classification tasks. In contrast, Decision Tree
demonstrated the lowest AUC at 0.89, consistent
with its lower accuracy and Fl-score. Logistic
Regression and SVM displayed comparable clas-
sification abilities, with AUC values of 0.95 and
0.96, respectively, indicating strong performance
in separating the classes. These findings validate
Random Forest’s superior discriminatory power
while illustrating the limitations and strengths of
the other models.
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Comparative Analysis. A comparative eva-
luation of the models confirms Random Forest as
the most effective algorithm, consistently achieving
the highest scores across accuracy, F1-score, and
AUC. Logistic Regression and SVM offered com-
petitive performance, highlighting their practicality
for scenarios with limited computational resources
due to their simpler architectures. Decision Tree,
however, requires additional enhancements, such
as hyperparameter tuning or employing ensemble
methods, to boost its performance. Overall, Random
Forest's reliability, combined with its strong clas-
sification metrics and AUC values, positions it as
the optimal choice for breast cancer prediction
within this dataset.

Feature Importance Ranking Using Random
Forest. Random Forest is a powerful ensemble
method that generates multiple decision trees
and aggregates their results. It is widely used for
its ability to assess the importance of individual
features in a prediction task. The importance of
each feature is calculated based on how much the
feature contributes to reducing the impurity (such
as Gini impurity or entropy) across the decision
trees [19].

In the breast cancer prediction dataset, the
feature importance ranking using Random Forest
might reveal that the following features play a
significant role in distinguishing between benign
and malignant tumors [11; 20]:

® Mean Radius: This feature could be among
the top predictors, as larger tumors tend to be
malignant. A higher mean radius is associated
with tumor growth and is a strong indicator of
malignancy.

® Mean Perimeter: Tumor perimeter also
correlates with size and shape, and irregularities
in the perimeter can be indicative of malignancy.
Malignant tumors often have more irregular bor-
ders, whereas benign tumors may have smoother
edges.

8 Mean Texture: Texture refers to the rough-
ness or smoothness of the tumor’s surface, which
can be a distinguishing factor between benign and
malignant cases. Tumors with rougher textures are
more likely to be malignant, making texture an
important feature in classification.
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® Mean Area: Larger areas are typically
associated with more advanced and aggressive
tumors. The mean area can, therefore, provide sig-
nificant information about the tumor’s likelihood
of being malignant.

Feature Importance Using SHAP. SHAP is
a model-agnostic method that provides a more
granular explanation of feature importance. Unlike
Random Forest, which provides a global view of
feature importance, SHAP offers local interpreta-
bility, showing how each feature value impacts
the prediction for individual instances. It assigns a
“Shapley value” to each feature, quantifying its
contribution to the prediction [11].

Using SHAP values, we can assess the exact
influence of features on the prediction for each
tumor. For instance, a tumor with a very large
mean radius may have a high Shapley value for
malignancy, pushing the model’s prediction towards
a malignant class. Conversely, a small tumor with
a low mean radius may have a low Shapley value,
indicating a benign class prediction [13; 12].

Alignment with Clinical or Domain Know-
ledge. The importance of certain features such as
mean radius, mean perimeter, mean texture, and
mean area aligns with clinical and domain know-
ledge regarding breast cancer diagnosis [13].

® Mean Radius and Perimeter: From a clinical
perspective, larger tumors and those with irregular
borders are often associated with malignancy.
Benign tumors, in contrast, tend to be smaller and
have smoother edges. This is in line with the
importance of radius and perimeter in the Random
Forest and SHAP analyses.

® Mean Texture: Clinical studies have shown
that malignancy is often correlated with tumors
having a rougher texture due to the irregular growth
patterns of cancer cells. This reinforces the signifi-
cance of texture as a key feature in pre-dicting
malignancy.

® Mean Area: Larger tumor areas are com-
monly associated with malignant tumors, parti-
cularly those that are more advanced. Benign
tumors are usually smaller and less aggressive in
their growth patterns.

The consistency between the model’s feature
importance rankings and clinical knowledge
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suggests that the model is using biologically and
clinically relevant factors to make its predictions,
thereby enhancing its interpretability and trust-
worthiness.

Practical Implications for Clinical Decision-
Making. Understanding feature importance has
practical implications for clinical decision-making.
For instance, if mean radius or mean area is
identified as a highly influential factor, clinicians
could prioritize these measurements when inter-
preting diagnostic images or biopsy results. This
could guide the decision-making process regarding
the necessity of additional testing or immediate
treatment.

Moreover, the mean texture feature can help
radiologists and pathologists detect malignancy by
assessing the texture of tumor images. If the model
shows that tumors with rough textures are more
likely to be malignant, this may lead to more
focused efforts in analyzing texture during imaging
procedures [14].

Conclusion

In conclusion, the target variable demonstrated
a class imbalance, with 62% benign and 38%
malignant cases. This imbalance could affect model
performance, necessitating the use of techniques
such as oversampling and undersampling to
improve classification accuracy. Among the
evaluated models, Random Forest outperformed
others with the highest accuracy (97%), precision
(96%), recall (94%), Fl-score (95%), and ROC-
AUC (0.98), indicating superior predictive
capability. The Logistic Regression and Support
Vector Machine models showed competitive per-
formance, particularly in precision and recall,
while the Decision Tree model exhibited the
lowest overall performance across metrics. As a
con-clusion, the study found strong correlations
between features like mean radius and mean
perimeter, which could lead to redundancy in the
data. Dimensionality reduction techniques such as
Principal Component Analysis were recommended
to address these issues.

The findings of this study have important im-
plications for the future of breast cancer diagnosis

and treatment. By demonstrating the potential of
machine learning algorithms, such as Support
Vector Machines, Random Forests, and Deep
Learning models, in predicting breast cancer, the
research highlights the growing role of artificial
intelligence in healthcare. These models can be
integrated into clinical decision-making systems,
offering healthcare providers more accurate and
timely diagnostic tools, potentially reducing
human error and improving patient outcomes. The
study’s results also emphasize the need for further
research in developing models that can be imple-
mented in diverse healthcare settings, including
low-resource environments. Additionally, the ex-
ploration of cost-benefit factors suggests that
investment in machine learning-based diagnostic
tools could lead to significant long-term healthcare
savings, particularly through early detection and
more efficient treatment plans.
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Hcropust craTtbu AHHoTanus. KitoueByio poib B MUPOBOIl 3KOHOMHKE UI'PaeT TPaHCIOPTHO-
IMocTynuna B peakumio: 27 mapra 2025 1. JIOTHCTHYECKAs cdepa. KoHKypeHTOCIOCOOHOCTH U MOBbIIIEHHE () (HEKTUBHOCTU
JlopaGorana: 1 uronst 2025 1. TpeOyIOT OT CIIeNUAIUCTOB 00MaJaHusl ITUPOKAM CIIEKTPOM KOMIETEHIMH. AHa-

Ipunsrta k my6mukauy: 13 monst 2025 1. M3 HATIPAB/ICH HA BBIABICHHE KOHKPETHBIX KOMITETEHIIUH, ONpeAesIomux 3¢-
(bexTuBHYIO padoTy B oTpaciu. [IpeanokeHsl HeneBble CTPATEeruyl IS Pa3BUTHS
HaBBIKOB [IJIs1 YCIEIIHON pealu3aludl COBPEMEHHBIX 3ajad. MccienoBaHo Bius-
3asiB/ieHHe 0 KOH(INKTE HHTEPECOB HHUE KOMIIETECHIMH Ha IOBBIIIEHHE NPOQECcCHOHATbHBIX TPeOOBaHUN B TpaHC-
MOPTHO-JIOTUCTHYECKOH cdepe. [IpoaHam3upoBaHbl BUIBI KOMIETESHIMH, OIpe-
nemsomye 3¢GeKTUBHOCTE paboThl B oTpaciu. IIpenyioxkeHbl MepOnpHUsTUS 110
Pa3BHUTHIO 9THX KOMIIETCHIUH TSI COOTBETCTBHSI COBPEMEHHBIM BBI30BaM. Takast
ajanraius TpedyeT 3HAYUTEIFHOTO OBBIIICHNS YPOBHS KBaTH()UKALUH CIICIHa-
JIUCTOB B 00JIACTH TPAHCIIOPTA U JIOTMCTHKH JUIsl TOTOBHOCTH K PELISHUIO 3a7a4
B JIMHAMHYHOM U NMOCTOSHHO MeHstouencs cpege. CoBeplIEHCTBOBAHHE CUCTEM
B cepe IKCILTyaTalii aBTOMOOMIJIBHOTO TPAHCIOPTa ¢ y4eTOM IH(POBU3AINH,
BHEJPCHUE HOBBIX TEXHOJOTMH YKa3bIBAIOT Ha 3HAYMMOCTH BIAJCHUS HOBBIM
YpOBHEM TPeOOBaHUI M KOMIIETCHIIMN K CIICIIMATUCTaM B chepe TpaHCIIOPTHOM
JIOTUCTUKY, BKIIOYAIOMINX B ceOsl aHANIN3 NaHHBIX, TEXHOJOTMUECKYIO IpaMoT-
HOCTb ¥ YCTOMYMBBIE ITPAKTUKH.

ABTOpBI 3asBJIAI0T 00 OTCYTCTBUU
KOH()JIMKTA HHTEPECOB.

KnaioueBble ¢j10Ba: TpaHCIOPTHO-JIOTUCTHYECKas cdepa, npodeccHoHAIbHEIE
TpeboBanus, nudpoBu3alys, Joructika 4.0, yrnpapieHrue HenoyKaMH IMOCTaBoK,
SCM, TpaHCHOpPTHAs JIOTUCTHKA, HH)OPMAIIMOHHBIC TEXHOIOTHH, HABBIKH MEX-
JIMYHOCTHOTO OOLICHUS
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Abstract. The transport and logistics sector plays a key role in the global economy.
Competitiveness and increased efficiency require specialists to possess a wide range of
competencies. The analysis is aimed at identifying specific competencies that determine
effective work in the industry. Targeted strategies for developing skills for the successful
implementation of modern tasks are proposed. The influence of competencies on increasing
professional requirements in the transport and logistics sector is studied. The types of
competencies that determine the effectiveness of work in the industry are analyzed. Measures
are proposed to develop these competencies to meet modern challenges. Such adaptation
requires a significant increase in the level of qualifications of specialists in the field of transport
and logistics to be ready to meet challenges in a dynamic and constantly changing
environment. The improvement of systems in the field of road transport operation, taking into
account digitalization, and the introduction of new technologies indicate the importance of
having a new level of requirements and competencies for specialists in the field of transport
logistics, including data analysis, technological literacy, and sustainable practices.

Keywords: transport and logistics sphere, professional requirements, digitalization, logistics

4.0, supply chain management, SCM, transport logistics, information technology, interpersonal
communication skills
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BBepeHue

B ycnoBusix 1MHaMUYHOTO pa3BUTHUS TpPaHC-
noptHo-noructuyeckux yenyr (TJIY) u axrtus-
HOTO BHEJIPEHHUs LU(POBBIX TEXHOJIOTUN HAOIIO-
JlaeTCsl HECOOTBETCTBUE MEXJy ypOoBHEM chop-
MUPOBAHHOCTH MPO(ECCHOHAIBHBIX KOMIIETEH-
LIUH CHEUATNCTOB aBTOMOOMIIBHOTO TPAHCIIOPTa
U pacTyUIMMH TpeOoBaHUSIMH paboToaresneil, 4To
HEraTMBHO CKa3bIBaeTcsl Ha A3PPEeKTUBHOCTU (yHK-
LMOHUPOBAHUSA ABTOTPAHCIIOPTHBIX MPEATPHUSITHIA.

[ToBpimenue 3¢pheKTUBHOCTH pabOTHI aBTO-
TPAHCIIOPTHBIX MPEANPUATHI W KayecTBa TpaHC-
MOPTHO-JIOTUCTUYECKUX YCIYT MOXKET OBITh J10-
CTUTHYTO MyTEM pa3pabOTKU U BHEIPEHUS KOM-
IJIEKCHOTO MOJXoJa K (POPMHUPOBAHUIO U OIICHKE
npodeccuoHaIbHBIX KOMIETEHIIUN CIIEIIHATUCTOB
aBTOMOOWJIBHOTO TPAHCIOPTa, OCHOBAHHOTO Ha
ydeTe COBPEMEHHbIX TpeOOBaHMUI phIHKA TpyJa U
MIPUMEHEHUH MEPEIOBhIX 00pa30BaTeIbHBIX TEXHO-
JIOTHH, YTO Ha CErOJHS HEJOCTATOYHO OTPAKEHO B
MyOIMKALUSIX TPAHCTIOPTHO-JIOTUCTUUECKOM Cepbl.

B paGore npencrasnen koMIuieke npodeccu-
OHAJIBHBIX KOMIETEHIMH, HEOOXOIUMBIX CIIeIra-
JMCTaM IO 3KCIUTyaTallii aBTOMOOMIIBHOTO TPaHC-
MopTa JiJIsl COOTBETCTBHS COBPEMEHHBIM TpeOoBa-
HUSM cepbl TPAHCTIOPTHO-JIOTUCTUUECKHUX YCIYT,
U pa3paboTaHbl MPAKTUYECKHE PEKOMEHIAINH TI0
COBEpIICHCTBOBAaHUIO CUCTEMbI KaJpOB, Halpas-
JICHHBIE HA TTOBBITIICHHE YPPEKTUBHOCTH (DYHKITH-
OHHMPOBAHHUSA aBTOTPAHCIIOPTHBIX MPEATIPUATHIA.

Tpancnoptrao-noructrueckas chepa (TJIC)
SBIIIETCS CUCTEMOOOpa3yIoue il SKOHOMUKU
11000 cTpaHbl, 0OecreunBas JBUKEHUE TOBAPOB
W YCITyT OT IIPOU3BOAUTEIS K oTpeduTento. B ycio-
BUSIX IVI00AJIM3alU1, PA3BUTHS SIEKTPOHHON KOM-
MEPIMH B pOCTa TPEOOBAaHUH K CKOPOCTH U HA/ICK-
HOCTH J1ocTaBkH KoHKypeHuus B TJIC nocrosiHHO
BO3pacTaer. JTo, B CBOIO 04Yepe/ib, IPUBOIUT K I10-
BBIILICHUIO IPO(PECCUOHATIBHBIX TPEOOBaHUH K CIIe-
[UAIMCTaM OTpaciu. B TpancnmoptHo-norucThye-
cKkoil cdepe HaAONIOMAECTCS 3HAYUTEIBHBIA POCT

crpoca Ha KBaIU(UIIMPOBAHHBIX CIHEIMATHCTOB,
YTO MOJYEPKHBAET BAKHOCTh X MPO(eCcCHOHAb-
HOW TIOATOTOBKHU W TIPHOOPETEHUS HEOOXOIMMBIX
KOMIIETEHLIU.

ITo nanneiM kommanuu ANCOR, 3a nepseie
mwecth MecsiteB 2024 r. KoJIMYecTBO BaKaHCHUN B
obnactu «TpaHCHOPT, JIOTHCTHKA U NTEPEBO3KI
yBeIuuuiIoch Ha 52 %!,

[Iporunosupyercs, uto k 2030 1. gepuunT Kaa-
POB B 3TOM chepe MOXKET TOCTUTHYTh 1,5 MUiLIH-
OHOB 4eJIOBeK. B HacTosIiee BpeMsi B JIOTUCTHKE
3aHATO OKOJIO 6 MIIH YEJIOBEK, YTO COCTAaBIISIET OKOJIO
8 % oT 00lIel YMCIIEHHOCTH 3aHATOTO HACEJIeHHs .
OpHako, HECMOTPs HAa pacTyLUi cIpoc, cylle-
CTBYeT IpobiemMa HEAOCTAaTOUHOH KBaJU(pUKAIU
crienuaaucToB. MHOTHE paOOTHUKH HE 001 1ar0T
HEOOXOAMMBIMHM HAaBBIKAMU U OIBITOM, YTO CHHU-
*aeT 3PPEKTUBHOCTD JIOTUCTHYECKHUX MTPOIIECCOB.

Jlns peuieHus 3TOH MpoOIeMbl HEOOXOIMMO
COBEPILIEHCTBOBATh CHCTEMBI MpPOdeccHoHab-
HOM IOJTOTOBKY U pa3BUTH KaJIpoB B chepe j1o-
TUCTHUKH, YTO TpefroaraeT oOHOBIEHHE 00pa3o-
BaTeJIbHBIX MPOrpaMM, BHEAPEHHE COBPEMEHHBIX
TEXHOJIOTMH U METOZ0B O0y4EHHUs, a TAKXKe MOBbI-
IIEHUE IMPUBJIEKATEIbHOCTH Mpodeccuu JIorucra
JUIS. MOJIOJIBIX CTICI[AJIUCTOB.

1. TeopeTnyeckue OCHOBbI UCCJIeA0BaHUSA
KOMMeTeHUunin u npodeCcCcnoHasibHbIX
Tpeb6oBaHuii B cdepe TJIC

MunucrepcTBo TpaHcnopra Poccuiickoit ®e-
nepauuyd 0OHOBUIIO Tpod)eccCHOHAIbHBIE W KBa-
nuduKanmoHHbIe TpeOoBaHMs K pabOTHHUKAM Op-
TaHW3alMN MTPH BBHITIOJTHEHUH NIEPEBO30K aBTOMO-
OWJIBHBIM TPAHCIIOPTOM, YCTAaHOBIICHHBIE MPUKa-
30M Ne 287. C 1 saBapst 2021 1. Oyzer BBesieH B neii-
ctBue HOBbIN [Ipukaz Muntpanca ot 31.07.2020
Ne 2822,

B kontekcre TJIC nmox koMneTeHIUsAMU MO-
HUMAETCsl COBOKYITHOCTh 3HAHWi, HABBIKOB, yMe-
HU, TMYHOCTHBIX KQYECTB U OIBITA, HEOOXOAUMBIX

! Xapuenxo E. PbIHOK TpyJa B TPaHCIIOPTHO-JIOTHCTHYECKOH orpacmu — Ttpenabt 2024, URL: https://ancor.ru/press/
insights/rynok-truda-v-transportno-logisticheskoy-otrasli-trendy-2024/ (nata o6pamienus: 16.02.2025).

2 Yuebnerii nentp «Cdepa oxpanbl pyna». URL: https://sferaot.ru/novosti/159-mintrans-vvodit-novye-kvalifikatsionnye-
trebovaniya-k-voditelyam-i-spetsialistam-s-1-yanvarya-2021-goda (mara obparuenus: 6.05.2025).
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it 3(pPEeKTHBHOTO BHITIONHEHUS 3a/1a4, CBS3aH-
HBIX C OpTaHU3AIMCH, YIIPaBICHUEM U KOHTPOJIEM
JBUKEHUSI TOBApOB U YCIYT B LIEMOYKax MOCTa-
BOK [1].

DTH KOMIIETCHIIUW BKJIIOYAIOT B cels HE
TOJBKO TEXHUYECCKUE HABBIKA, HO M «MSTKHUCH
HaBBIKH, TAKKE KaK KOMMYHUKAITUS, IPUHATHE Pe-
MICHH, aHAJTUTHYECKOE MBIIIIJICHHE B pa0doTa B KO-
MaH/Ie, KOTOPbIe KPUTUICCKU BaXKHBI JUIS yCIICII-
HOTO B3aWMOJICHCTBUS C Pa3IUYHBIMH y4YaCTHH-
KaMH IETIOYKH TTOCTaBOK.

[Tpodeccronanbubie TpeOOBaHUS B cdepe
TJIC — 3TO COBOKYITHOCTH KOMTIETEHITUH, HE00X0-
JUMBIX JIJIS BBITIOJTHCHHS TPYAOBBIX (DYHKITHH Ha
OTIPE/ICTICHHON JODKHOCTH HJI B OTPEACICHHON
(YHKIIMOHATIBHOM 00J1acTH (HampuMep, TPaHCIIOPT-
Hasl JIOTUCTHKA, CKJIaJICKast JIOTUCTHKA, YIIPABJICHHUE
[IEMTOYKAaMU ITOCTABOK, TAMOKEHHOE 0(hopMITCHHE)
[1]. DT TpebGoBaHUS TOCTOSHHO MEHSIOTCS TIOI
BIUSHUEM (DAaKTOPOB, ONTMCAHHBIX HIDKE.

1.1.06wyme TeopeTnyeckue oCHOBbI
KOMIeTeHUni pa3inYHbIX aBTOPOB

B xHure «¥YmpapieHue MEMsSMH HOCTAaBOK)
non penaknueid [[x. [aTTopHBI (Hay4yHBIA pemak-
TOp W3/IaHUs Ha PYCCKOM SI3bIKE J1.3.H., Tpodeccop
B.U. Ceprees) BbIIBUHYT COBPEMEHHBIH TE€3HC OT-
HOCUTEILHO TIEPCTIICKTUB Pa3BUTHUS YIIPABICHHU
LEMsMU [TOCTABOK, CONNIACHO KOTOPOMY IIpeNIpu-
SITUSI, KOTOPBIE CTPEMSATCS CJIE0BATh MO MyTH W3-
BJICUCHHUS LIEHHOCTHU, JAOJDKHBI JEMOHCTPUPOBATH
WCKITIOUHTENTbHBIC JIMJEPCKUE CITOCOOHOCTH U JKe-
JaHWE BBIUTH Ha JI000M ypoBeHb TpaHcdopma-
MU, TPEOYIOUINICS NIl OTEPaTHBHOTO TOJTyde-
HHSI MakCUMalibHOU 1ieHHocTH. U nanee: «Jlydiue
KOMITAHMH IIOHHMAIOT, YTO MM HEOOXOJUMO OT-
KpBITh pe3epByaphl C UEIOBEUECKON SHEpruen u
KOMITETEHITUEN, UMEIOIINECA KaK B CAMOW OpTraHHu-
3aIMy, TaK U 3a ee pejenaMu»’. B nanuom ciydae
peub UAET O TOM, YTO MEXAY JIyUIIUMU U Cpell-
HUMH TEMSIMH MOCTAaBOK CYIECTBYET Pa3phiB IO
nokaszaressiM (QyHKIIMOHUPOBAHHUS.

P.3. Bositiuc cunTaercs ogHUM K3 TIEPBOMPO-
XOJIIIEB B pa3pabOTKe MOIEIH KOMIETCHIUN [2].
Ero pabora «KoMrmeTeHTHBIH MEHEIXKep: MOJIEIb
3¢ dexTuBHONM pabOThD) 3aJ0KUTA OCHOBY IS
MOHUMAaHM KOMIIETEHIINI Kak Habopa XapaKTepH-
CTHK, TO3BOJSIOMUX 3(P(HEKTUBHO BBHIMOIHITH
paboty. Xots ero pabora He oKycupyercs: KOH-
kpetHo Ha TJIC, ero Mojens MIUPOKO MPHUMEHS-
eTCsl JJIs aHaIn3a KOMIETeHIIUNA B pa3IUYHbIX OT-
pacisix.

JLM. Cnencep u C.M. Cnencep B cBoel
kaure «Komnerenuu Ha padoTe: Mozienu i J10-
CTHDKEHHUSI BBICOKHX PE3yJbTaToB» paszpaboTanu
Oonee NEeTaIbHYI0 MOJENb KOMIIETCHIIUH, OCHO-
BaHHYIO Ha SMIIMPUYECKUX UCCIIEOBAHUIX yCIIEI-
HBIX npodeccronanoB. X Momenb Takke MOXKET
OBITH alanTHpPOBaHA JJIS aHAIU3a KOMIIETEHIIUH
B TJIC [3].

. Makkiennan n3BeCTEH CBOUMHU UCCIIEN0-
BaHUSIMU MOTHMBALIUU U CBSI3U KOMIIETEHIIUH C pe-
3yJAbTaTUBHOCTHIO. XOTS OH HE 3aHUMAJICS HEIO-
cpenctBenHo TJIC, ero pabora «BpisiBieHne KoM-
METEHIIMA C TOMOUIbIO TOBEACHYECKUX HHTEp-
BbIO» OKa3aJla 3HAYUTEIbHOE BIMSHUE HA METOJI0-
JIOTHIO OIIEHKH KOMTIETEHIUH [4].

I1. bennep npemioxuina Monenb «OT HOBUUKA
K akcriepty» (1984), ommchIBaroNnIyo 3Tamsl pas-
BUTHUSL MPO(PECCHOHANBHBIX KOMIETEHLUH, KOTO-
pasi MOXKeT OBITh TIOJIE3HA JIJIsl aHajKM3a mpolecca
nproOpETEHHsT OTbITa M Pa3BUTHUSA KOMIIETCHIIUN
B TJIC [5].

1.2. ABTOPbBI, N3y4amoLmue KOMrneTeHunu
u npogeccroHaibHblie TPeboBaHNd
HernocpegcTeeHHo B TJ/IC

M. Kpucropep — aBTOp MHOTOYHCICHHBIX
paloT MO JOTHCTUKE W YIPABJICHUIO IETIOYKAMH
MOCTaBOK, B TOM 4ncIie «JIOTHCTHKA U yTIpaBleHHE
LENOYKaMH OCTABOK». XOTs OH HE (POKycUpyeTcs
HCKJTIOYUTEIHHO HA KOMIIETEHIIUSX, OH MTOJYEPKH-
BaeT B)KHOCTh PA3BUTHUS HABBIKOB M 3HAHHI B 00-
JIACTH JIOTUCTUKHU JUIsl TIOBbIIEHUs 3()(HEKTUBHO-
CTH 1IeTI0YEeK MOCTaBoK [1].

3 Fammopna J]oc.JI. v np. YpaBJieHue NENOYKaMK IIOCTABOK : [yueOuuk]. Mocksa : UH®PA-M, 2008. 651 c. ISBN 978-

5-16-003135-4

326



Inywkosa f0.0., MHauyakaHsH B.Y. BectHuk PYOH. Cepusi: ViHxeHepHble nccneposanus. 2025. T. 26. Ne 3. C. 323-336

A. Pamrron, @. Kpayuep, I1. belikep — aBTopbI
CrpaBovHHKa MO JIOTUCTUKE U YNPABIEHUIO JUC-
TpuOyuueit. Jlannoe u3nanue conep>Kut uHpopma-
IIUIO O Pa3IMYHBIX ACTIEKTaX JIOTUCTUKU U TUCTPH-
Oy1H, BKJIIOUask TpeOOBaHUS K 3HAHUSM M HaBBI-
KaM CIEIHaIMCTOB B 3TOM 00nacTu [6].

C.Yompa u II. MaitHan — B cBoell KHuUTE
«YmpaBiieHue IETNOYKaMu TIOCTAaBOK: CTpAaTerws,
IUIAaHUPOBAHHUE M OmNepaluu» OOCYXKAAI0T Bax-
HOCTh YEJIOBEUECKOrO (haKkTopa U HeOOXOTUMOCTh
Pa3BUTHSI KOMITETSHIIUHN JUTs1 3D ()EKTHBHOTO YIIpaB-
JICHHsI TICTTOYKaMH TocTaBok [ 13].

J1. Cuvmxu-Jlesn, @. Kamunckn n D. CumMxu-
JleBu — aBropb!I KHUTH «IIpoexTrpoBaHue u yrpas-
JICHHE [IETTIOYKaMH TIOCTABOK: KOHIICTIIIUHU, CTpaTe-
TMM U TEeMAaTUYECKUE HCCIETOBAHMS MOAYEPKH-
BalOT HEOOXOIMMOCTh AN Talluy HAaBBIKOB U 3Ha-

HAU CIICIIUAJINCTOB K MCHSIOIIINUMCST p]':xIHO"IHBIM
YCJIOBI/IHM U TEXHOJIOTHMYCCKHUM HMHHOBAIIUAM B
TIIC [7].

2. BiimsiHne KJ1i04eBbIX KOMMNeTeHUni
Ha roBbILeHne rpopeccuoHaIbHbIX
TpeboBarwii B T/IC

PaccmoTpum BiaMsHUE Pa3TUYHBIX BUJIOB KOM-
NEeTeHIM Ha TOBBINIEHUE MPO(eCcCCHOHANTBHBIX
TpeboBaHuil B TpaHCIOPTHO-JIOTUCTUYECKOH cdepe
B Ta0m. 1. B Hell mpecTaBieHo BIMSHUE pa3iuy-
HBIX BUJIOB KOMIIETCHIINI Ha IOBBIILIEHHE ITpodec-
CHOHAJIbHBIX TPEOOBAHMM B TPAHCHOPTHO-JIOTH-
CTHUYECKOH cdepe.

PaccmoTpum (akTopsl, onpenesnsionie B3a-
UMOCBSI3b KOMIIETEHIMH M IpOoQecCHOHATIbHBIX
tpedoBanwmii B TJIC, Ha puc. 1.

Tabmuya 1

Bnuanue Pa3JIN4HbIX BUAOB KOMneTeHLI,I/Iﬁ Ha NnoBbilLeHue npocbeccuouanbublx
TpeGoBaHNii B TPAHCNOPTHO-JIOrMCTU4YECKO chepe

BnusaHue Ha noBbilLeHue

Bua komneteHuum

OcCHOBHOe copepXxaHue

npodgeccuoHasnbHbIX TPpe6oBaHNit

MpodeccronanbHbie
KoMneTeHunn B obnactu
nornctnkm u SCM

YnpaeneHue 3anacamu, naaHMpoBaHue ne-
PEBO30K, CKNaAcKas NOrMcTuka, aHanms us-
OepXekK, onTUMM3aLMsa MapLUPYTOB, yrnpas-
NieHne pruckamm

TpeboBaHMs NOBLILLAIOTCA M3-3a BHeOpe-
HUA CcOBpeMeHHbIXx MetomoB (JIT, Lean
Logistics, Agile Logistics) n Heobxoanmo-
CTW NOCTOSIHHOW ONMTMMKN3aLLMN MPOLLECCOB

KomneTeHumn B obnactu
TPaHCNOPTHOM NOMMCTUKWN

OpraHmsaums nepeBo30K, 3HAHME BWOOB
TpaHcnopTa, opopMsIeHNne AOKYMEHTOB, Ta-
pudHaa NoNNTUKa, MeXAyHapoaHble TPpaHC-
NMOPTHbIE KOHBEHLMM

Poct TpeboBaHuini cBsi3aH C pasBUTUEM
MyJibTUMOOAsIbHBIX NMEepeBo30K M Heobxo-
OUMOCTbIO paboTbl CO CNOXHBLIMW TpaHC-
MOPTHbLIMW CXEMaMM

KomneTeHumn B obnactm
MHGOPMALIMOHHBIX
TexHonormn (IT)

Paborta c WMS, TMS, ERP, o6na4yHbiMn TeX-
HONOrMsMn, aHanm3 gaHHbIX, Big Data

Lindposuzsauma TJIC TpebyeT BnageHus
aHaNUTUYECKUMMU MHCTPYyMEeHTaMu, Mme-
ToaaMu 06paboTkn GONbLUNX OAHHbIX U
paboTbl ¢ IT-cuctemammn ynpaeneHuns no-
rMCTUKON

KomneteHunun
B 0611aCTN TAMOXEHHOIrO
odopmneHuns

TamMOXeHHOe 3aKOHOOATENbCTBO, 0dopmMIe-
HWe LOKYMEHTOB, AeK/IapupoBaHe TOBapoOB,
onpepgeneHune TaMOXEHHOW CTOMMOCTN

YCNoXHEHNE TaMOXEHHbIX Mpoueayp u
pPOCT MexXAyHapoaHoi Toprosnu TpebyeT
rny6oKnx 3HaHW 1 HaBbIKOB B 3TOM cdhepe

YnpasneH4eckune
KOMMNeTEeHLMN

MnaHnpoBaHue, opraHM3auns, MoTuBaLms,
KOHTPOJIb, MPUHATUE PELUEHUIIB YCOBUSIX
HeonpeneneHHoCcTn, NMAEPCTBO

Poct MaclwitaboB nornMcTuyeckmx ornepa-
umin TpebyeT aPpPEKTUBHOIO yrnpaBneHus
pecypcamMu 1 KOMaHaom

CoumanbHble
1N KOMMYHUKaTUBHbIE
KkomMneTeHumm («Soft Skills»)

KomMMyHuKauusi, BegeHve neperoBopos, pa-
60oTa B KOMaHge, ynpassieHne KOHMAMK-
Tamu, MexKyNbTypHOE B3aMMoaencTene

mob6anusauus n HeobxoAUMOCTb B3aMMO-
DEencTBMA C pasHbIMM y4aCTHUKaAMU Lienu
MOCTaBOK MOBbLILIAIT 3HAYNMMOCTb AAHHbIX
HaBbIKOB

JIN4HOCTHbIE KOMMNETEHUMN

ADanTMBHOCTb, OPMEHTaUMa Ha peaynbTar,
aHanMTUYeckoe MbIlLeHne, CroCoOHOCTb K
camMooby4eHuto

BbICTPO MeHSAIOLWAACA CUTyaLUs Ha PbIHKE 1
BHEOPEHNE HOBbLIX TEXHONOMMn TPedytoT
rMOBKOCTU N FOTOBHOCTM K 0BYYEHUIO

W ¢ T0o4HuMK: BeINONHEHO T.Yu. Bazarov n gp. [9]
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Table 1

The impact of various types of competencies on increasing professional
requirements in the transport and logistics sector

Type of competencies

Main content

Impact on increasing professional
requirements

Professional competencies
in logistics and SCM

Inventory management, transportation
planning, warehouse logistics, cost analysis,
route optimization, risk management

Requirements are increasing due to the
introduction of modern methods (JIT, Lean
Logistics, Agile Logistics) and the need for
continuous process optimization

Competencies in the field
of transport logistics

Transportation organization, knowledge of
modes of transport, paperwork, tariff policy,
international transport conventions

The growth of requirements is associated
with the development of multimodal trans-
portation and the need to work with complex
transport schemes

Competencies in the field
of information technology (IT)

Working with WMS, TMS, ERP, cloud
technologies, data analysis, Big Data

Digitization of TLS requires possession of
analytical tools, big data processing and work
with IT logistics management systems

Competencies in the field
of customs clearance

Customs legislation, paperwork, declaration
of goods, determination of customs value

The complexity of customs procedures and
the growth of international trade require
in-depth knowledge and skills in this area

Managerial competencies

Planning, organization, motivation, control,
decision-making in conditions of uncertainty,
leadership

The growth of logistics operations requires
effective management of resources and a
team

Social and communication
skills (“Soft Skills”)

Communication, negotiation, teamwork,
conflict management, intercultural interaction

Globalization and the need to interact with
different participants in the supply chain
increase the importance of these skills

Personal competencies

Adaptability, result orientation, analytical
thinking, self-learning ability

Source: byT.Yu. Bazarov et al. [9]

The rapidly changing market situation and the
introduction of new technologies require
flexibility and willingness to learn

Hudposusanus U BHeAPeHHe HOBLIX TexHoJoruii (Jorucruka 4.0): BHeapeHue

B TPAHCIIOPTHO-JIOTUCTUYECKOM COEPE:

®AKTOPBI, ONPEJAEJISIIOLIUE B3AUMOCBSI3b
KOMIIETEHIIUA U TPO®ECCUOHAJIBHBIX TPEBOBAHUHA

unreprera Bemtedl (loT), uckyccrsennoro uutemnekra (AT), Gompummx manueix (Big Data),
poOOTH3aLMKM ¥ aBTOMATH3AL[MK CKJIAICKHX MPOILIECCOB, OECIMIOTHOTO TPAHCIIOPTa U JIPYTHUX
HOBBIX TEXHOJOrMH paankanbHO MenseT jJaHmmadgr TJIC u npexbsBiser HOBbIE TPeOOBaHUS K
CHEIUAIIICTaM OTPACIIH.

I'nobanu3anuss ¥ pa3BHTHE MEKIYHAPOJAHOW TOPTOBJIM: pacIIMpeHHe reorpaduu
JIOTHCTHYECKUX OIEpaliid, YBEINYCHHE O00BEMOB MEXKIYHAPOIHOH TOPTOBIM M YCIOXHEHHE
Lene MOocTaBOK TPeOYIOT OT CIEHMAIHCTOB 3HAHUS OCOOCHHOCTEH pa3NMYHBIX PHIHKOB,
MEKIYHAPOAHBIX TPAHCIIOPTHBIX KOHBEHIIUIT U MPABUII TAMOXKCHHOTO O(OPMIICHHS.

H3MeHeHne MOTPeOMTENBCKUX OXKHMIAHMII: pacTyliue TpeOOBaHUS MOTpeOUTENned K
CKOPOCTH, HaJIeKHOCTH M THOKOCTH JIOCTaBKM 3acTaBisitoT kommnaHuu TJIC moctossHHO
COBEPILICHCTBOBATh CBOM IIPOLECCHI W BHEIPATh HOBBIC TEXHOJOTHMH, YTO, B CBOIO OYepelb,
MPEABSIBISAET HOBBIE TPEOOBAHMUS K KBaTH(DUKAIINH [TEPCOHATIA.

YixecTouenne TpedoBaHUIi K 0e30MaCHOCTH M YCTOWYHMBOCTH LeNell MOCTABOK:
YBEJIIMYCHHUE PHUCKOB, CBS3AHHBIX C KHOEpOE30MacHOCTHIO, TEPPOPU3IMOM, CTHUXHHHBIMHU
OencTBUSMH U ApyruME (hakTopamu, TpeOyeT OT CIEIHUAINCTOB 3HAHHS METO/OB YIPaBICHUS
pUCKaMHU M O0ECIeYeHUs] YCTOWYHMBOCTH LieMel MocTaBoK. Takke BO3pacTaloT TpeOOBaHHS K
9KOJIOTMYECKON YCTOWYMBOCTH JIOTUCTUYECKUX OIeparvii.

PeryaupoBaHue M cTaHAApPTH3aLHsI: NU3MECHEHHUS B 3aKOHOJATEIbCTBE, BBEACHHE
HOBBIX CTAaHJAPTOB M HOPMATHBOB B OOJACTH TPAHCIOPTA, JOTUCTHKH M TaMOXCHHOTO
odopmiteHHsT TPEOYIOT OT CHEUATICTOB TOCTOSHHOTO MOBBIIICHHS KBATU(QHUKAIMKA 1 HABBIKOB
JUTS COOTBETCTBHSI COBPEMEHHBIM TPEOOBAHUSM.

Puc. 1. ®aktopbl, onpeaensioume B3aMMoCBSA3b KOMMNETEHLMI 1 NpodeccnoHanbHbix TpebosaHuii B TSIC
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customs clearance rules.

FACTORS DETERMINING THE RELATIONSHIP
BETWEEN COMPETENCIES AND PROFESSIONAL
REQUIREMENTS IN THE TRANSPORT
AND LOGISTICS SECTOR

Digitalization and the introduction of new technologies (Logistics 4.0): the introduction
of the Internet of Things (IoT), artificial intelligence (Al), big data (Big Data), robotics and
automation of warehouse processes, unmanned vehicles and other new technologies is radically
changing the radar landscape and imposes new requirements on industry professionals.

Globalization and the development of international trade: the expansion of the geography
of logistics operations, the increase in international trade and the complexity of supply chains
require specialists to know the specifics of various markets, international transport conventions and

Changing consumer expectations: the growing demands of consumers for speed, reliability,
and flexibility of delivery force TLS companies to constantly improve their processes and introduce
new technologies, which, in turn, imposes new requirements on staff qualifications.

Stricter requirements for security and sustainability of supply chains: increased risks,
associated with cybersecurity, terrorism, natural disasters and other factors require specialists to
know how to manage risks and ensure the sustainability of supply chains. The requirements for the
environmental sustainability of logistics operations are also increasing.

Regulation and standardization: changes in legislation, the introduction of new standards
and regulations in the field of transport, logistics and customs clearance require specialists to
constantly improve their skills and knowledge of current requirements.

Figure 1. Factors determining the relationship between competencies and professional requirements in the TL
Source: byYu.0O. Glushkova

JunamuuHoe pa3BUTHE CPepbl TPAHCTIOPTHO-
noructuyeckux ycayr (TJIY) u aBroMoOMIEHOTO
TpaHCHOPTa 00yCIaBINBAET IOCTOSHHOE U3MEHe-
HHE MpodecCHOHANIBHBIX TPeOOBaHMM K crenua-
JMCTaM MO AKCILTyaTallui aBTOMOOMIIEHOTO TPAHC-
nopra. DT U3MEHEHHsI BbI3BaHbl BIUSHUEM pa3-
JUYHBIX (DAKTOPOB, BKIIIOYAs TEXHOJIOTHYECKHE
WHHOBAIIUU, U3MEHEHUS B 3aKOHOJIATENILCTBE U I10-
Tpeburenbckue npennoureHus. Hecoorsercrue
00pa3oBaTebHBIX MPOTPaMM 3THM TPeOOBaHUSAM
MPUBOAUT K CHUKEHUIO IPPEKTUBHOCTH PabOTHI

ABTOTPAHCIIOPTHBIX TMPEANPUATHI U YXYALICHUIO
KadecTBa mpeaocTapisieMbix yeuyr [10].

TakuMm 00pa3oM, BBISBISIOTCS, CHCTEMATU3H-
PYIOTCSI Ml @aHATTM3UPYIOTCS 3TH (PAKTOPBI, & TAKKE
npeayiaraeTcst MeTOJMKa X ydera npu (Gopmupo-
BaHMH 00Pa30BATEIBHBIX IPOTPAMM.

B Tabn. 2 npexcraBneHs! (hakTophl, onpene-
JSFOIINE JMHAMUKY MPO(ECCHOHABHBIX TPEOOBa-
HUH K CIEIHAUCTaM IO 3KCIUTyaTalii aBTOMO-
OUJIBHOTO TPaHCHOPTa B cepe TPaHCIIOPTHO-TIO-
ructuaeckux ycnyr (TIIY).

Tabnuya 2

dakTopbl, onpegensowme AMHaAMUKY NnpodeccrnoHanbHbIX TPeOoBaHMii K cneunanucTam
no aKcnjyaTauum aBTOMOOMIbHOro TpaHcnopTa B chepe TPAaHCNOPTHO-JIOrMCTUYECKUX YCIyr

dakTop

OnucaHue

BnusHune Ha npodeccuoHanbHble
TpeGoBaHus

Heo6xoaumbie KOMNeTeHunn

1. TexHOnornyeckue NUHHOBaLUn

1.1. ABTOMaTU3auusa
1 undpoBmn3aLms

BHeppeHne TMS, WMS,
ERP, ADAS, 6ecrvnot-
HOro TpaHcnopTa (B nep-
cnexTee)

HeobxoammocTb paboTbl ¢ UMdPOBLIMA
cucTemMamu ynpasieHus

TpeboBaHus K aHaNN3y JaHHbIX U NPUHS-
TUIO PELUEHNI HA NX OCHOBE

MameHeHne ponu Boamtenst (MOHUTOPUHI
cucTem, yaaneHHoe ynpasnieHue)

Lindpposasi rpamoTHOCTL (paboTa c TMS,
WMS, ERP)

HaBbiky paboThbl C aHANNTUYECKUMU
NHCTPYMEHTaMM

3HaHwue npuHumnoB paboTtel ADAS
[oTOBHOCTbL K paboTe ¢ 6eCcnunIOTHLIM
TPaHCNOPTOM

1.2. AnbTepHaTuBHbIE
BUAbl TOMMBA U 9M1€K-
Tpomobunu

[Mepexon K anekTpo-
Mobunsam, rubpuaam,
rasomMOTOPHOMY TOmM-
nmey

3HaHMe ocoBeHHOCTeN akcnnyaTauum
n O6CJ‘Iy>KVIBaHVIF| aJlbTEPHATUBHLIX BUOOB
TpaHcrnopTa

TpeboBaHus K COOMIOAEHUIO MpaBun
6e3onacHoOCTY Npu paboTe ¢ 91eKTPo-
obopynoBaHMeEM M rasoBbiM 060pyno-
BaHMEM

3HaHue 3KOTorn4ecKmnx CTaHOapToB

3HaHue ycTpoihcTBa M NPUHLUNOB
paboTbl anbTEPHATUBHBIX BUAOB TPAHC-
nopta

HaBblkn 6e30nacHoi akcnayaTaumm
N 06CNyXNBAHUSA 31EKTPOMOOUNEN
1 aBTOMOBUIIEl HA Fra30BOM TOM/NBE
3HaHWe 9KONOrMYeckoro 3akoHoaa-
TenbcTBa
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OkoH4aHune Tabn. 2

dakTop

OnucaHue

BnusiHne Ha npodeccuoHanbHble
TpeGoBaHus

Heob6xoanmMbie KOMNeTeHUun

1.3. Vicnonb3osaHve
60/1bLUINX AAaHHbIX
(Big Data) n aHanutuku

Cb6op n aHann3 paH-
HbIX 0 paboTe aBTO-
TpaHcnopTa, AOPOX-
HbIX YCNOBWSX, MOBeE-
LeHVUn BoguTenei

TpeboBaHus K aHaNM3y AaHHbIX N NPUHSI-
TUIO PELLUEHNI HA X OCHOBE
Heo6xoaMMOCTb NCMONb30BaHUS aHaI-
TUHECKUX MHCTPYMEHTOB ANd ONTUMmn3a-
L1 MapLUPYTOB, CHUXEHWSA 3aTpaT 1 Mno-
BbllLEeHNss 6e30MacHOCTH

HaBblkv paboTbl ¢ 6a3aMm faHHbIX
YMeHne uncnonb3oBaTb aHanauMTu4ye-
ckne nHCTpymeHTbl (Excel, Power BI,
Python)

3HaHMe OCHOB CTaTUCTMKM U MaTema-
TUYECKOro MOAENMPOBaAHMS

1.4. HTepHeT Beluen
(loT)

Mcnonb3oBaHne ceH-
COpPOB N JATYNKOB A1
MOHUTOPVHIa rpy308B 1
COCTOSIHUSI aBTOTPAHC-
noprta

TpeboBaHus kK paboTe C CEHCOPHbIMU
CEeTAMU U [aHHbIMU, MOCTYNAOLWMMU C
[aT4ynKoB

HeobxooMmocTb onepaTMBHOrO pearu-
poBaHWs HAa WU3MEHEeHVe napameTpoB
rpy3a unm COCTOSIHUS TPaHCMOPTHOro
cpencTea

3HaHve NpUHLMNOB paboTbl CEHCOPOB
1 [aT4ymKOB

YMeHNe WHTEPNPeTMPOBaTh AaHHblE,
nocTynatwoLpe ¢ JaT4mkos

HaBbikM OnepaTuMBHOrO MPUHATUSA
peLueHui

2. U3meHeHuns B 3aKoHOAaTeNbCTBE

2.1. MpaBuna AOPOXHOro
OBUXEHUs 1 6e30nacHo-
CTW [OPOXHOIro ABUXE-
HUs

BHeceHne nameHeHunn
B MAA, yxectoyeHne
TpeboBaHmii kK Ge3onac-
HOCTU

Heo6x0aMMOCTb NOCTOSSHHOrO OGHOB-
neHuns 3Hanuin o NAL
TpeboBaHusa K cobnoaeHUo npasun
6e30nacHOCTN Npu MNEepPeBO3KE pas-
JNINYHBIX BUO0B rpy30B
YcuneHune KOHTpons 3a cobnogeHnem

naa

3HaHue akTyasnbHbIX NPaBUI OOPOX-
HOrO ABUXEHUS

HaBblkn 6€30nacHOro BoXxaeHus
3HaHve npaBui NepeBO3KN passiny-
HbIX BUOOB rpy30B (OMacHbIX, CKOPO-
MnOPTALWUXCA U T.4.)

2.2. 3aKoHOOAaTeNbCTBO
B 06/12CTM OXpPaHbl OKPY-
XaroLen cpefbl

YXxecToyeHne 9Kono-
r’MYecknx CTaHOAPTOB
01 aBTOTpaHcnopTa

TpeboBaHUs K NCMOJIb30BaHMIO 3KO0MU-
YeCcKM YNCTbIX BUOOB TpaHcrnopTa
HeobxoammocTb cobnioaeHns aKonorun-
4YeCcKMx HOPM 1 MpaBui Npu aKcnayaTa-
LMY aBTOTpPaHCnopTa

3HaHuMe cnocoboB CHUXEHMS BbIOPOCOB
BPEAHbIX BELLECTB

3HaHne BKOJOrMYecknx CTaHOapToB
(EBpo-5, EBp0-6)

YMeHMEe 3KOHOMUTb TOMAMBO U CHU-
xaTb Bblopockl CO»

HaBblky MCNonb3oBaHUS 3KONOrmye-
CKM YUCTbIX BUOOB TOMNBa

2.3. TaMOXeHHOe 3aKo-
HOOAaTENbCTBO 1 MeXay-
HapoAHble cornaiwieHnsa

M3meHeHns B npa-
BUJSIaX TAMOXEHHOro
opopmeHns rpy3os

TpeboBaHUs K 3HAHMIO NPaBUI TAMOXEH-
HOro odopmeHUs rpy3os
Heo6xoaMMOoCTb BnageHs MHOCTPaHHbIM
A3bIKOM (AN8 MeXAyHapoOHbIX nepe-
BO30K)

YMeHune paboTaTb C TaMOXEHHOI OOKY-
MeHTaumnen

3HaHMe TaMOXEHHOro 3akoHoaaTeNb-
cTBa

BnapgeHve MHOCTpPaHHbIM $3bIKOM
(@aHMMNCKUM, HEMELKUM, KUTANCKNM)
HaBbikn 0popMNeHns TaMOXEHHbIX A0-
KYMEHTOB

2.4. TpynoBoe 3akoHoaa-
TeNbCTBO

M3meHeHns B NnpaBu-
nax Tpyha u otabixa
BoauTenen

TpeboBaHus kK COONIOAEHNIO pexnmMa
TPyZAa n otabixa

Heo6x0aMMOCTb MCMONb30BaHUs Taxo-
rpadoB 1 opyrvux npubopPOB KOHTPOSIS 3a
pPexnMomM Tpyaa 1 otabixa

3HaHue TPyA0BOro 3aKOHOAATENIbCTBA
(B yacTu, KacaroLelics pexvma Tpyna
1 OTAbIXa BOOUTENEN)

YMeHune paboTaTthb ¢ Taxorpadom

3. NMoTpebuTenbckue NpepnoYTeHUs

3.1. PocT anekTpoHHom
KoMMepunn

YBennyeHme o6beMoB
OHNalriH-3aKa30B 1 A0-
cTaBka «0 ABepu»

TpeboBaHMsA K CKOPOCTU U HaOEXHOCTU
[OCTaBKM

HeobxoauMocTb paboTbl C PasMyHbIMKN
TUNamu rpy30B 1 YNakoBKM

BaXXHOCTb KOMMYHUKALLMK C KIIMEHTaMM

HaBbikn ObICTPON M akkypaTHOW [0-
CTaBKu

YMmeHune pabotatb C pasnnyHbIMU TU-
namu rpy3oB 1 ynakoBku
KoMMyHMKabenbHOCTb, BEX/IMBOCTb

3.2. NosbiweHne Tpedo-
BaHWIA K kKayecTBy 0OCy-
XUBaHUSA

TpeboBaHus K KOMMY-
HUKaTUBHBLIM HaBblKaMm,
npeaocTaBNeHNIO NH-
dopmauum o ctatyce
[OCTaBKM

HeobXoanMMOCTb YCTaHOBNEHUS KOHTaKTa
C KJ/INEHTOM

YMeHuve paspeluaTtb KOHPANKTHbIE CUTY-
aumn — lNpepocTtasneHve nHpopmaumm
O cTatyce AOCTaBKM B pexuMme peasib-
HOro BpEMEHMU

KoMMyHnKabenbHOCTb, BEXINBOCTb
YMeHue paspewatb KOHPIUKTHbIE
cuTyaumm

HaBblkn MCNONb30BaHNS MOOUIIbHBLIX
NPWIOXEHN NSt CBA3U C KIIMEHTaAMU

3.3. TpeboBaHusa K 3KO-
JIOFTMHHOCTU U YCTOMYM-
BOCTMN

330

[MoBbiLWEeHMEe cnpoca Ha
3KOJIOMMYECKN YUCTBIN
TPaHCMOPT N «3e/IeHYI0»
JIOTUCTUKY

TpeboBaHUs K MCMNOJIb30BaHMIO 3KO0TM-
4eCKM YUCTOro TpaHcnopTa

BaxHOCTb yyeTa couuanbHbIX U 3TUYe-
CKWNX aCMeKTOB AeATeIbHOCTH

M ¢ 104 Hwnk: BoinonHeHo t0.0. MyLukosow

3HaHne 3KOornMYeckmnx CTaHOapToB U
TpeboBaHWI K yCTOMYNBOMY PA3BUTUIO
YMeHMe 3KOHOMWUTb TOMINBO W CHU-
xatb Bblopockl CO.

3HaHMe OCHOB couManbHO OTBET-
CTBEHHOCTM B13Heca
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Table 2

Factors determining the dynamics of professional requirements for specialists
in the operation of motor transport in the field of transport and logistics services

Factor

Description

Impact on professional requirements

Required competencies

1. Technological i

nnovation

1.1. Automation
and digitalization

Implementation of TMS,
WMS, ERP, ADAS, un-
manned vehicles (in the
future)

The need to work with digital control systems
Requirements for data analysis and decision-
making based on them

Changing the role of the driver (system
monitoring, remote control)

Digital literacy (working with TMS, WMS,
ERP)

o Skills in working with analytical tools
¢ Knowledge of ADAS principles
e Willingness to work with unmanned

vehicles

1.2. Alternative
fuels and electric
vehicles

Transition to electric
vehicles, hybrids, and
gas-powered fuels

Knowledge of the operation and maintenance
of alternative modes of transport
Requirements for compliance with safety
regulations when working with electrical and
gas equipment

Knowledge of environmental standards

Knowledge of the design and operating
principles of alternative modes of
transport

Skills in safe operation and maintenance
of electric and gas-fueled vehicles
Knowledge of environmental legislation

Collecting and analyzing

Requirements for data analysis and decision-

e Database skills

;%Séi;hDeaLtjze data on the operation of making based on them ° égwg, é? g\sﬂeh;:l)alytlcal tools (Excel,
- hicles, road conditions, | ® The need to use analytical tools to optimize ’ . -
and analytics ve > ; ’ ) . e Knowledge of the basics of statistics
and driver behavior routes, reduce costs and increase security and mathematical modeling
Usi d o Requirements for working with sensor networks ° 5? ;J;vrl]eszggg ;]:éhse e;?]rsir;(;isples of operation
1.4. Internet SINg SEensors and sen- | 4,4 data coming from sensors

of Things (loT)

sors to monitor cargo
and vehicle conditions

The need for rapid response to changes in
cargo parameters or vehicle condition

Ability to interpret data coming from
sensors
Operational decision-making skills

2. Changes in legi

slation

2.1.Rules of the
road and road
safety

Amendments to traffic
regulations, stricter safety
requirements

The need for constant updating of knowledge
about traffic requlations

Requirements for compliance with safety rules
when trans-porting various types of goods
Strengthening control over compliance with
traffic regulations

e Knowledge of current traffic rules
e Safe driving skills
o Knowledge of the rules of transportation

of various types of goods (dangerous,
perishable, etc.)

2.2. Legislation

Requirements for the use of environmentally
friendly modes of transport
The need to comply with environmental

Knowledge of environmental standards
(Euro-5, Euro-6)

in the field of Stricter environmental ) h e Ability to save fuel and reduce CO.
environmental standards for vehicles \s/teir;gzrsds and regulations when operating emissions
protection « Knowledge of ways to reduce emissions of | ® Skills in using environmentally friendly
harmful substances fuels
e Requirements for knowledge of the rules of
2.3. Customs customs clearance of goods ¢ Knowledge of customs legislation

legislation and
international

Changes in the rules of
customs clearance of
goods

The need to speak a foreign language (for
international transportation)

Foreign language proficiency (English,
German, Chinese)

agreements e The ability to — work with customs docu- | ¢ Customs clearance skills
mentation
. Reguirements for compliance with the work | | Knowledge of labor legislation (in terms
: t regime \
2.4. Labor Changes in the rules of andares of the work and rest regime for
legislation work and rest for drivers | ° The need to use tachographs and other drivers)

devices for monitoring the work and rest
regime

The ability to work with a tachograph

3. Consumer preferences

3.1. The growth
of e-commerce

The increase in online
orders and door-to-door
delivery

¢ Requirements for speed and reliability of delivery
¢ The need to work with different types of goods

and packaging
The importance of communication with
customers

o Skills of fast and accurate delivery
e The ability to work with different types

of goods and packaging
Sociability, courtesy

3.2. Improving
the quality of
service

Requirements for com-
munication skills, pro-
viding information about
the delivery status

¢ The need to establish contact with the customer

The ability to resolve conflict situations
Providing information about the delivery status
in real time

Sociability, courtesy
The ability to resolve conflict situations

e Skills in using mobile applications to

communicate with customers

3.3. Requirements
for environmental
friendliness and
sustainability

Increasing demand for
environmentally friendly
transport and “green”
logistics

Requirements for the use of environmentally
friendly transport

The importance of taking into account the
social and ethical aspects of activities

Source: byYu.O. Glushkova

Knowledge of environmental standards
and requirements for sustainable
development

The ability to save fuel and reduce CO-
emissions

Knowledge of the basics of social
responsibility of business
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Taxum oOpa3om, B TaOJI. 2 TIpe/ICTaBICHA CH-
CTEeMaTh3alusl OCHOBHBIX (DaKTOPOB, OIPEIEIISIO-
[IUX TUHAMUKY ITPO(eCCHOHATTBHBIX TPEOOBaHUI K
CHCHUAINCTAM TIO 3KCIUTyaTalii aBTOMOOWIIb-
HOTO TpaHcropra B chepe TIIVY.

[TepeyeHb KOMITETCHIMI HE SIBISIETCS HCUEP-
MIBIBAIOIIMM U MOXKET OBITh JTOTIOJTHEH B 3aBUCHMO-
CTH OT KOHKPETHBIX TpeOOBaHMI paboTomaresns u
crier (KA NeTeTbHOCTH. BaKHO yIHUTHIBATH B3a-
MUMOCBSI3b MKy Pa3IMYHBIMU (DAKTOpaMH U UX
KOMILIEKCHOE BIIMSIHUE Ha IPO(ECCUOHAIIBHBIE TPe-
OoBaHwMs.

JlanHast Ta0IMIa MOJKET OBITh UCIIOIb30BaHA
B Ka4€CTBE OCHOBBI JUIS pa3pa0OTKH M KOPPEKTH-
POBKH 00pa30BaTeNbHBIX MPOTPaMM IMOATOTOBKH

CHEIHMAIHMCTOB I10 AKCILTyaTallii aBTOMOOMIBHOTO
TpaHncnopra. [lon crienuanucTaMu 1mo SKCIuTyaTa-
UM aBTOMOOWJILHOTO TPaHCIIOpTa MOApa3yMeBa-
I0TCS KaK BOJUTENH, TaK U CIIEIUAIUCTHI MO Op-
TaHW3aLUH TIEPEBO30K, JIOTUCTHI, MEXaHUKH U IPY-
rue padOTHUKH aBTOTPAHCIOPTHBIX MPEATPHS-
Tui [14].

CrnemyeT OTMETUTh, UTO KOHKPETHBIE TpeOoBa-
HUSI K KOMIIETCHIIUSIM MOTYT Pa3iIMyarhCsi B 3aBU-
CHUMOCTHU OT YPOBHSI KBaJH(HKALUHU CIICIUAINCTA
(Hanpumep, BOAUTENb, TEXHUK, HHXeHep) [12].

Jliis Toro 4ToOBI MpeCTaBUTh WU pa3zpado-
TaTh METOAMKY y4eTa (pakTopoB mpu GopMUpoBa-
HUM 00pa3oBaTENbHBIX MPOTPaMM, HEOOXOIUMO
BKJTIOUUTb JTAllbl, IPEACTaBICHHBIE B Ta0M. 3.

Tabmya 3

MeTtoauka yyeta pakTopoB npu GopMUpoOBaHMU 0Opa3oBaTesibHbIX MPOrpaMm

drtan

ConepxaHue

MeToabl peanusaumnmu

Oxunpaemblie pe3ynbTaTbl

1. AHann3 dakTopoB
(onpeneneHve
1 OLEHKA BNIUSIHUS)

OnpepnenenHvie knoyeBbix HakTopos,
0Ka3bIBAIOLLMX HAUGOSIbLLEE BIVSHNE
Ha npodeccunoHanbHble TPeGOBaHMS.
OueHka CTeneHu BANSHUS KaXaoro
dakTopa Ha KOMMeTeHUUn (3HaHus,
YMEHWS, HaBbIKW, JIMYHOCTHbIE Kaye-
cTBa)

AHanNM3 HOPMATUBHbLIX LOKYMEHTOB,
vccneaoBaHnii peiHka Tpyaa, OTHeToB
0TPacneBbIX OPraHM3aumnn
OKcnepTHblIE OMPOCbl U MHTEPBbLIO C
NPeACTaBUTENSIMU aBTOTPAHCMOPTHbLIX
NPeAnpPUaTUA, OTMCTUYECKMX KOMMa-
HUIM, 06pa3oBaTesbHbIX YHPEXOEHWN
SWOT-aHann3 pgasi oueHKN BAUSHUS
bakTopoB Ha cusibHblE 1 cnabble CTo-
POHbI CUCTEMbI MOArOTOBKM KaApOB

ChOpPMUPOBAHHBIA MEPEYEHb KO-
4yeBbIX (PakTopoB, OnpeaensoLwmx
AVHaMUKY NPOheCCUOHasbHbIX Tpe-
6oBaHui

OueHKa cTeneHn BANSHUS KaXa0ro
dakTopa Ha GopMUPOBaAHME KOM-
neteHunn

MporHo3 pa3sutus $HakTopos B
KPaTKOCPOYHOM 1 A0/FOCPOYHON
nepcnekTuee

2. ®opmMmupoBaHne
npodunns KoMneTeHunn
(onpeneneHve
Heo6X0aNMbIX
KOMMNeTeHuuin

1 YPOBHEl BnageHus)

OnpepneneHne nepeyHst KOMMNETEHLNIA,
HeoBX0AMMbIX CrieumanncTam no aKe-
nnyataumMm aBTOMOOWIBHOMO TPaHC-
nopTa, C y4eTOM BbISIBNEHHbIX akTo-
poB. Onpepnenexve TpebyemMbix ypoB-
Hel BnageHns KOMNeTeHUMsaMN B 3a-
BUCUMMOCTU OT JO/MKHOCTU U DYHKUM-
OHaJsIbHbIX 06A3aHHOCTEN (Ha4YabHbIN,
CpeOHWiA, MPOABUHYTLIN, SKCMEPTHBIN)

PaspaboTtka MaTpuubl KOMMAETEHLMIA,
conocTansioweln GakTopbl, KOMNe-
TEHLWW 1 YPOBHW BRageHns
Mcnonb3oBaHne npodeccnoHanbHbIX
ctangaptoB, ®roOC, nyywmnx MUpPOBbLIX
nPaKkTmK

KoHcynbTauuu ¢ pabotopatensimu u
npodeccroHanbHbIMM aCCoLMaUUSaIMU.

CdhopmnpoBaHHbIi Npodunb KOM-
NeTEHUNI, BKIOYAOLLMIA NepeYeHb
Heo6X0ANMbIX KOMNETEHLMIA 1 Tpe-
©OyeMmble YPOBHM BNafeHNs O1s Kax-
[0 KOMNEeTeHUMn

Knaccudukaupsa koMmneTeHumMn no
rpynnam (TexHuyeckue, onepaum-
OHHble, ynpaBneH4yeckue, coumanb-
Hbl€, IMYHOCTHbIE)

OnpepenexHvie KoMmneTeHuuii, Tpe-
BYIOLLMX NPUOPUTETHOIO Pa3BUTUS

3. PaszpaboTka y4ebHoro
niada u Nnporpamm
(dopmuposaHue
OMCUMMNH, pa3paboTka
Martepuasnos,
BHepeHue MeTof0B
oby4eHus)

dopmupoBaHme y4yebHoro nnaHa,
BKJTIOHAIOLLLEr0 AVCUMIMINHBI Y MOZYNN,
HanpaBfieHHble Ha GOpMUpPOBaHUE
KoMneTeHuuit. PaspaboTka y4ebHbIx
MaTepuanoB, Y4YMTLIBAOLLMX COBpe-
MEHHbIE TEXHOJIOMMYECKMEe [OCTUXE-
HUS U TpeboBaHMsA pbiHKA TPyAa.
BHeapeHve COBpPEeMEeHHbIX METOLOB
06y4eHus (MPakTUKO-OPUEHTUPOBAH-
Hoe oby4eHune, gucTaHuMoHHoe 00y-
yeHune, NPoeKTHoe oBy4eHne, Npeno-
[aBaHye Ha OCHOBE AaHHbIX)

PaspaboTka Moay/bHbIX 06pasoBaTesb-
HbIX MPOrpaMm, OCHOBAHHbIX Ha KOMIe-
TEeHLMSX

Mcnonb3oBaHne akTUBHbIX U UHTEpak-
TUBHbIX METOA0B 00y4eHuns (Kelichl, ae-
JIOBbIE UFPbI, TPEHWUHIU, CUMYNALAM)
MpuBneYeHne NPakTUKOB K Npenoaasa-
HWIO N MPOBEAEHMIO MACTEP-K/1ACCOB
CospaHune oHnariH-KypcoB 1 06paso-
BaTebHbIX NNaTtdopm

Pa3paboTka cuCTeMbl OLEHKM Pe3yiib-
TaToB 06Yy4eHUsi, OCHOBAHHOW Ha KOM-
neTeHumnsx

PaspaboTaHHbIin y4ebHbIi nnaH,
BKJIIOHAIOLLMIA NepeyeHb ANCUMNIVH
1 Moaynen, HanpasieHHbIX Ha dop-
MUVPOBaHNE HeobXOoOMMbIX KOMre-
TEHUNN

PaspaboTaHHble y4ebHble MaTepu-
asnbl, yYUTbIBAIOLLME COBPEMEHHbIE
TEXHONIOTMYECKNE OOCTUXEHUS
BHenpeHne COBPEMEHHbLIX METO-
00B 00y4eHus, NoBblLLAIOWLNX 3b-
PEeKTUBHOCTb y4ebHOro npouecca

4. OueHka 1 KOHTPOJIb
KayecTBa (paspaboTka
CUCTEMbI OLIEHKN,
MOHUTOPVHI PE3YNLTaToB,
KOPPEKTUPOBKa
nporpamm)

Pa3paboTka CUCTEMbI OLEHKM KOM-
neTeHUN, BKYalOLWEeN pasnnyHblie
METOAb! I UHCTPYMEHTbI (TECTUPOBA-
HWe, NPaKTUYecKmNe 3aJaHus, 3awmTa
NpPOEeKToB, aTTecTauusi, oueHka Mo
npuHumny «360 rpagycos»). MOHUTO-
PUHF 1 aHanu3 pesynbTaToB obyuye-
HUSl, KOPPEKTUPOBKa 06pasoBaTesib-
HbIX MPOrpamMm

PaspaboTka KpUTEPMEB OLEHKU KOM-
neTeHunin

Co3paHune 6aHKa OLEHOYHBIX CPeACTB
MpoBeaeHMe NPOMEXYTOUYHOW U UTOTO-
BOW aTTecTauumn

AHanus3 ycneBaemMoCTU CTYAEHTOB U
0T3bIBOB paboTogarene
Mcnonb3oBaHue CTaTUCTUYECKUX METO-
[0B OJ19 aHanM3a pesynbTaToB obyye-
HUs

PaspaboTaHHas cucteMa OLEHKU
KOMMeTeHuui, No3Bonsiowas o6b-
€eKTUBHO OLIEHUTb YPOBEHb MOAro-
TOBKM CMELnannucTos
CBOEBPEMEHHOE BbISIBIEHNE MPO-
61eMHbIX 30H B y4e6HOM MpoLecce.
KoppekTnposka 06pasoBaTesnbHbIX
nporpamMm 1 y4yeGHbIX MaTepranos
Ha OCHOBE pe3ynbTaToB MOHUTO-
puHra n aHanuaa

5. Bsaumopenctene

c paboTtomarensMm
(onpocsl, npuBneyeHmne
NPaKTUKOB, OpraH13aLms
CTaXMPOBOK, y4acTune

B pa3paboTke nporpamm)
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MpoBeaeHne ONPOCOB N KOHCY/bTa-
uuii ¢ pabotogartensmu Ans BbisiBne-
HUA UX NoTpeBHOCTEn B KOMMETEH-
umsx crneumanucTos. MNpuenedyeHve
npakTMKoB K nmpenogasaxuio. Opra-
HM3aUMs CTXMPOBOK W MPaKTUK Ha
npeanpuatusx. Yuactne paboTtoma-
Tenen B pas3paboTke U IKCMepTU3e
o6pasoBaTesibHbIX MPorpaMm

3aksoyeHne JoroBOpoB O COTPYAHMU-
4yecTBe C NPeAnpUATUSMU
OpraHnsaums Kpyribix CTONI0B 1 CeMU-
HapoB C y4acTnem paboTtogarenei
CospaHue HabnogaTenbHbIX COBETOB C
y4yactTuem npeacrasutenein paéorona-
Tenen

OpraHuzaumsi KOHKYpPCcoB npodgeccuo-
HaNIbHOrO MacTepcTBa

M ¢ To4HwMK: BbinonHeHo K0.0. Mywkosoi

YyeT notpebHocTei paboToparte-
neii npu dopmupoBaHun obpaso-
BaTesbHbIX MPOrpamMm

MoBbILeHMEe NpaKTUYecKol Hanpae-
JIEHHOCTN 06y4eHUs

YnydweHne TpyaoycTpoucTea Bbli-
NMYCKHMKOB
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Table 3

Methodology for taking into account factors in the formation of educational programs

Stage

Content

Implementation methods

Expected results

1. Factor analysis
(identification and
assessment

of impact)

Identify the key factors that have the
greatest impact on professional
requirements. Assessment of the
degree of influence of each factor on
competencies (knowledge, skills, per-
sonal qualities)

Analysis of regulatory documents, labor
market research, and reports from industry
organizations

Expert surveys and interviews with repre-
sentatives of trucking companies, logistics
companies. and educational institutions
SWOT analysis to assess the impact of
factors on the strengths and weaknesses
of the training system

A list of key factors determining the
dynamics of professional require-
ments has been formed
Assessment of the degree of influence
of each factor on the formation of
competencies — Forecast of the
development of factors in the short
and long term

2. Formation

of a competence
profile (determination
of required
competencies and
proficiency levels)

Determination of the list of compe-
tencies required by specialists in the
operation of motor transport, taking
into account the identified factors.
Determining the required levels of
competence depending on the
position and functional responsibilities
(beginner, intermediate, advanced,
expert)

Development of a competence matrix
comparing factors, competencies and
proficiency levels

The use of professional standards, the
Federal State Educational Standard, and
the best international practices
Consultations with employers and pro-
fessional associations

A developed competence profile,
including a list of required compe-
tencies and required proficiency
levels for each competence
Classification of competencies into
groups (technical, operational,
managerial, social, personal)
Identification of competencies requi-
ring priority development

3. Development

of the curriculum

and programs
(formation of disciplines,
development

of materials,
implementation

of teaching methods)

Formation of a curriculum that includes
disciplines and modules aimed at
building competencies. Development
of educational materials that take into
account modern technological advances
and labor market requirements.
Implementation of modern teaching
methods (practice-based learning,
distance learning, project-based
learning, data-based teaching)

Development of modular educational
programs based on competencies

The use of active and interactive teaching
methods (cases, business games, trainings,
simulations)

Involvement of practitioners in teaching
and conducting master classes

Creation of online courses and educational
platforms

Development of a competency-based
learning outcome assessment system

A developed curriculum that includes
a list of disciplines and modules
aimed at developing the necessary
competencies — Developed edu-
cational materials that take into
account modern technological ad-
vances.

The introduction of modern teaching
methods thatincrease the effective-
ness of the educational process.

4. Evaluation

and quality control
(development of an
evaluation system,
monitoring of results,
program adjustments)

Development of a competence
assessment system that includes
various methods and tools (testing,
practical tasks, project protection,
certification, 360-degree assessment).
Monitoring and analysis of learning
outcomes, adjustment of educational
programs

Development of competence assessment
criteria

Creation of a bank of appraisal funds
Conducting intermediate and final attestation
Analysis of student performance and
employer reviews

The use of statistical methods to analyze
learning outcomes

A developed competence assessment
system that allows an objective
assessment of the level of training of
specialists

Timely identification of problem
areas in the educational process
Adjustment of educational programs
and teaching materials based on the
results of monitoring and analysis

5. Interaction with
employers (surveys,
recruitment of practi-
tioners, organization
of internships,
participation

in the development
of programs)

Takum 00pa3oMm, NMpH MPUMEHEHUH JTAHHOMH
METOAMKHU MCIIOJIb3YETCSl KOMIUIEKCHBIA TOAXOM,
TaK KaK YYUTHIBAIOTCS BCE 3Talbl Ipouecca noi-
TOTOBKH KaJIpOB, OT aHaJIN3a 10 OLEHKU pe3yJibTa-
ToB. TakXke cileqyeT OTMETHTb KOMIIETEHTHOCT-
HBIN TOXOJ, KOTOPBI OpUEHTHPOBAH Ha (HOPMH-
pOBaHHE KOHKPETHBIX KOMIIETCHIUH, He00X01u-
MBIX JUIsl YCTIEITHON MPO(ECCHOHATBHON JIESTeIhb-

HocTH [13].

AKTHBHOE UCIIOJIH30BaHUE MMPAKTHUECKUX ME-
TOZIOB OOYYCHHS M B3aMMOJICHCTBHE ¢ paboTomare-
JSIMH TIPUJIAET METOJMKH MPAKTHYECKYIO HalpaB-

JICHHOCTb.

Conducting surveys and consultations
with employers to identify their needs
for specialist competencies. Involve-
ment of practitioners in teaching.
Organization of internships and intern-
ships at enterprises. The participation
of employers in the development and
examination of educational programs

Conclusion of cooperation agreements
with enterprises

Organization of round tables and seminars
with the participation of employers
Creation of supervisory boards with the
participation of representatives of employers
Organization of professional skills compe-
titions

Source: byYu.0O. Glushkova

Taking into account the needs of
employers when forming educational
programs

Increasing the practical orientation
of training

Improving the employment of gra-
duates

Heo0xonumo perysnsipHO IPOBOAUTH MOHUTO-
PUHT U KOPPEKTHPOBKY 00pa3oBaTeIbHBIX MPO-
rpaMM Ha OCHOBE pe3yJIbTaTOB U 00paTHOM CBA3H,
TaKHM 00pa3oM COBEPIIICHCTBOBATH METOIMKY ydeTa
¢dakTopoB mpu (popMHUpOBaHUU 00Pa30BATEIBHBIX
IporpaMM, a TaKkke OBICTPO aIaTHPOBATHCS K Me-
HAIOLUMCS TPeOOBAaHUSAM PBIHKA TPyJa U TEXHO-
JIOTUYECKUM WHHOBAIusM [ 15].

HpI/IMeHCHI/IC HaHHOﬁ MCTOAUKH ITO3BOJIUT

dbopmupoBarh 00pa3zoBaTeIbHBIE IPOTPAMMBI, OT-
BEUAOIIFE COBPEMEHHBIM TPEeOOBaHUSAM CQepbl
TPAHCHOPTHO-JIOTUCTUYCCKUX YCIIYT U obecneun-

Barouiye rnoAroToBKy BBICOKOKBaJ'II/I(l)I/ILII/IpOBaHHBIX
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CICIMAIIUCTOB, CIIOCOOHBIX 3(PPEKTHBHO periarh
CJIO’KHBIE 33]1a4 B YCJIIOBUSAX TUHAMHYHO MEHSIIO-
miedics cpensl [16]. Heo6XxoquMo 0TMETHTB, 9TO
MpeAIoKeHHash METOMKA MO3BOJISIET YUUTHIBAThH
JTMHAMUKY TIPO(eCCHOHATBHBIX TPEOOBAHHH K CITe-
HUAJIMCTaM TO 3KCIUTyaTallid aBTOMOOHJIBHOTO
TpaHCIIOpTa B c(hepe TPAHCTIOPTHO-TOTUCTUIECKUX
yCIIyT pu (POpMUPOBAHUHN 00Pa30BATENbHBIX MTPO-
rpamm [14]. Ee peanuzanus criocoOCTBYET MOBBI-
LIEHUIO KayecTBa MOATOTOBKH KaJpOB, yIydllle-
HUIO COOTBETCTBHS BBIYCKHUKOB TPEOOBAaHUSIM
PBIHKA TPyJa U TOBBIMIECHUIO YPPEKTUBHOCTH pa-
00TBI aBTOTPAHCIIOPTHBIX NpeanpusTHii [18]. Pery-
JSIPHBIA MOHUTOPHHT U aHaIU3 (DaKTOPOB, a TaKkKe
B3aUMOJICHCTBUE C pabOTOAATENSIMU SIBISIOTCS
KJIFOYEBBIMU 3JIEMEHTAMHU YCIIEIIHON peanu3ayu
metonuk [17].

3. Pe3ynbraTthl M 06CyXAaeHUe

[TocraBnenHas 3agaya B paboTe BBHINIOIHEHA!
IPEICTaBIeH KOMIUIEKC MPO(eCCHOHATBHBIX KOM-
METeHIUI, HEOOXOIMMBIX CIIEI[HATUCTaM IO JKC-
IUTyaTali aBTOMOOMIIBHOTO TpaHCIIOpTa JJIsl CO-
OTBETCTBUS COBPEMEHHBIM TpeOOBaHMSIM chephl
TPAHCIOPTHO-JTOTUCTHYECKUX YCIYT, U pa3pado-
TaHbl TPAKTHYECKUE PEKOMEHJALUHU IO COBEp-
IICHCTBOBAaHUIO CUCTEMBI KaJIpOB, HAIIPABJICHHBIC
Ha MOBBIIIEHNE YPPEKTUBHOCTH PYHKIIMOHHPOBA-
HUS aBTOTPAHCTIOPTHBIX MIPEATPHUITUH.

Takum 00pa3oM, MpOaHAIU3UPOBAHBI (ak-
TOPBI, BIUSIOIINE HA MPOQecCHOHATBbHBIE TPebo-
BaHHS (TEXHOJIOTUYECKUE HHHOBALIMHU, U3MEHCHUS
3aKOHOJIATEIbCTBA, TIOTPEOUTENBCKHE MTPEIIOUTe-
Hust). Taxoke B paboTe cuCTeMaTU3UPOBAaHBI BUJIbI
KoMIteTeHIni (Tpodeccnonansubie, |T-HaBBIKH,
yHpaBiIeHYECKHEe U Jp.) U UX BIUsSHUE Ha 3ddek-
tuBHOCTH TJIY. Ha ocHOBe 3TOTO pa3zpaborana me-
TO/IMKA y4eTa (aKTOpOB MPHU CO3JaHUU 00pa3oBa-
TEJIBHBIX MPOTPaMM, BKIIIOYAIOIIAs STarbl aHa-
au3a, (GopMupoBaHUs TPOGWIS KOMIETCHIU,
pa3paboTKu y4eOHBIX TUTAHOB, OIIEHKH KauecTBa U
B3aMMOJICHCTBUS C PaOOTONATEIIIMH.

[IpencTaBieHo M3JIOXKEHUE HOBBIX HAyYHBIX
PE3yJIbTaTOB, MOIYYEHHBIX AaBTOPOM :
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1. BrisiBieHa B3aUMOCBSI3b MEK/Iy pPa3BUTHEM
mudposix Texnonoruit (TMS, IoT, Big Data) u po-
ctoM TpeboBanmii K [T-koMIeTeHIMSIM CTIeTInaIH-
CTOB.

2. [Ipeanoxena kinaccuuKays KOMIICTECH-
Ui, aJanTUPOBaHHAs K COBPEMEHHBIM BBI30BaM
TJIC, Bito4ast HaBBIKA pabOTHI C albTEPHATHUB-
HBIMA BUJAMH TPAHCIOPTAa M DKOJIOTHYECKUMHU
CTaHJapTaMH.

3. Pa3paboTana mpaKkTUKO-OpHEHTHPOBaHHAS
MeTo/IuKa GOopMUPOBaHUs 00pa30BaTEIbHBIX IPO-
rpamMM, OCHOBaHHasl Ha PETYJISIPHOM MOHUTOPHHTE
(baxTopoB 1 0OPAaTHOH CBSA3M OT paboTOATEIEH.

4. O6ocHOBaHa HEOOXOIUMOCTh MHTETPALIUU
«TUOKHMX» HABBIKOB (KOMMYHUKAIHS, aJalTHB-
HOCTb) B IPOo(heCcCHOHATBHYIO MOATOTOBKY IS IO-
BBIILIEHHSI KOHKYPEHTOCTIOCOOHOCTH BBIITYCKHUKOB.

3aknioyeHve

Pe3ynbrarel HCCIEOBAHUSA MOTYEPKUBAIOT
BO)XHOCTb HENPEPHIBHOIO OOHOBICHUS 00pa3oBa-
TEJIBHBIX CTAHAAPTOB U AKTUBHOIO COTpPYAHHUYE-
CTBa y4eOHBIX 3aBEICHUHN C OTPACIIEBBIMU IpEN-
OPUATHAMH JUIS TIOATOTOBKU KaJpOB, OTBEYAOIIUX
3anpocam HU(PPOBON SIKOHOMUKH.

KomnereHuu sBISIOTCS KIIOYEBBIM (DaKTO-
POM, OIIpEIEIAIONUM MpodeccruoHanbHbIe TPEOOo-
BaHUs B TPaHCHOPTHO-JOTUCTHYECKOH cdepe.
[TudpoBu3zanus, rmodanuzans, U3MEHEHUEe oTpe-
OUTENBCKUX OXKHJIAHUN U JpyTHe (haKTOPbI IPEb-
SIBJISIFOT HOBbIE TPEOOBaHMsI K KBaTM(PUKALIUY CIIe-
[IUAMCTOB, TpeOys OT HUX OONAJaHUs ITUPOKUM
CHEKTPOM KOMIIETEHIIMH — OT IpodeccroHab-
HBIX 3HAHUH B 00JIACTH JIOTUCTHKH U YIIPABICHUS
[[ENIOYKaMHU IOCTABOK J10 HaBBIKOB PabOTHI ¢ CO-
BpeMeHHbIMH [T-cuctemamMu U pa3BUTBIX «THO-
KHX» HaBbIKOB.

s yenenrHol Kapbepbl B cdepe TJIC HeoO-
XOJUMO IOCTOSHHO DPa3BHBAaThb CBOM KOMIIETECH-
IIMH, CJIEIUTD 3a HOBBIMH TEHAEHIUAMH B OTPACIIU
U aJalTHPOBAThCS K MEHSIOIUMCS TPpeOOBaHUAM
pbIHKA Tpyaa. IHBeCTUIIMM B pa3BUTHE KOMIIETEH-
U SIBISIFOTCS. Ba)KHBIM YCJIOBHEM IS HOBBILIE-
HMSI KOHKYPEHTOCTIOCOOHOCTH U JIOCTIKEHMS yCrexa
B 3TOH AMHAMMYHO Pa3BUBAIOIIEHCS OTPaCIIu.
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