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B0O3MOXXHOCTU NOCTPOEHUS PaCYEeTHbIX HAarpy304HbIX AnarpamMmm
cnupanbHO-TPOCOBOro amopTu3aropa
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HcTOpHﬂ CTaTbu AHHOTaHHﬂ. B HaCTOAIECC BpEMs IJIA OIMMCAHU )KECTKOCTHBIX XapakK-
HOCTyHI/IHa B PEIAKILIMIO: 14 urons 2024 r. TEPUCTUK TPOCOBLIX aMOPTHU3AaTOPOB HCIIOJB3YIOTCA SKCIIEPUMEHTAJIb-
Hopa60TaHa: 6 aBrycra 2024 r. HbIC HArpy304HbIC AUarpaMMbl B HCCKOJIBKMX OCHOBHBIX HAIIPpaBJICHUAX

Ipunsita K myGmukarwu: 15 aBrycra 2024 v, BOCIPHSTHS HArpys3ku. IIpu 5ToM HanpasieHue ASHCTBIE CHII HHEPLIAH
110 OTHOLICHHUIO K CHCTEME aMOPTU3aIIMH MOXKET OBITh IPON3BOJILHBIM.

Wnes mocTpoeHus pacueTHBIX Harpy304HBIX AUArPaMM IIPH H3MEHEHUH
HaIpaBJICHUS JICHCTBUS HATPY3KH 3aKIIIOYAETCSI B MHTEPIOISLIUHN KC-
MEPUMEHTAIBHBIX HArpy304HBIX JHAarpaMM, HAXOISIIUXCS B IUIOCKO-
CTH, B KOTOPOU M3MEHSIETCS HANPABJICHUE AEHCTBUSI Harpy3ku. [{ns mo-
CTPOEHHSI PACUETHBIX HArPy30UHBIX IUArpaMM HCIIOIb3YIOTCS ABa MPHUH-
LUNHATIBHO Pa3INYHBIX [TOJX0/a: HETIOCPEACTBEHHOE UX HHTEPIIONNPO-
BaHME U MHTepHoIupoBaHue Moyt FOHra n30TpomHoro KpuBoro Opyca-
HUMHUTATOpa TPOCa C MOCIEAYIOUIMM €ro OTOOpakeHHEM B YHCIICHHON
MOJICJIM, €TI0 MHOTOBAPUAHTHBIM KOMIIBIOTECPHBIM aHAJIM30M U ITOCTPO-
€HHEM paCUeTHBIX HAarpy30uHbIX auarpamm. [IpuBeneHbI mpumepsl Mo-
CTPOEHHS PACUETHBIX HArPYy30UHBIX JUArpaMM IMpU U3MEHEHUH HalpaB-
JeHusl AeHcTBUs Harpy3kd. OmpeneneHsl OrpaHUYeHHs NPUMEHEHUS
YKa3aHHOTO MTOAXO0/a.

3asiBjieHHe 0 KOH(UINKTEe HHTEPECOB

ABTOpBI 3a5BJISIIOT 00 OTCYTCTBHH
KOH(JIMKTa HHTEPECOB.

Bkaanx aBTopoB
HepasnensHOE COaBTOPCTRBO.

KuoueBble ¢ji0Ba: crucTeMa aMOpPTHU3aINK, CTATUYECKUH pacueT, MoJie-
JTUPOBaHUE TPOCA, KECTKOCTh aMOPTHU3ATOPA, MHOTOMOIETILHBIN MOIX 0T
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Abstract. Currently, experimental load diagrams in several main directions of load
perception are used to describe the stiffness characteristics of cable shock dampers.
In this case, the direction of the action of inertia forces in relation to the damping
system can be arbitrary. The idea of constructing calculated load diagrams when the
direction of load action changes is to interpolate experimental load diagrams located
in the plane in which the direction of load action changes. To construct design load
diagrams, two fundamentally different approaches are used: their direct interpolation
and interpolation of the Young’s modulus of an isotropic curved beam-cable
simulator with its subsequent display in a numerical model, its multivariate computer
analysis and construction of design load diagrams. Examples of constructing calculated
load diagrams when changing the direction of the load are given. The limitations
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BBepeHune

B Hacrosinee Bpems npu pa3pabOTKe CHCTEM
aMOPTHU3aIlMK [IIUPOKOE PACIPOCTPAHEHUE IMOJTY-
YHJT TPOCOBBIE aMOPTH3ATOPBI C TPOCTPAHCTBEH-
HBIM BOCTIPHSITHEM Harpy30K, OCHOBAaHHbIC Ha HC-
MOJIb30BAHUHU CTAIILHOTO TPOCA B KaYeCTBE YIIPY-
roro u nemMidupyromiero anementa. O00CHOBaHUE
KOHCTPYKTHUBHBIX PEIICHUH W KOJIMYECTBEHHBIX
XapaKTePUCTHUK TAKUX CHCTEM JTOJHKHO OCYIIECTB-
JSIThCS HA OCHOBE OOIENPUHSTHIX U OOLICH3BECT-
HBIX METOJIOB MTPOCKTHUPOBAHUS M pacueTa CUCTEM
aMOPTHU3AIHMH C YIETOM CIICITHPUICCKUX 0COOCH-
HOCTEH MEXaHMYECKHX CBOWCTB W IOBEICHUS
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TPOCOBBIX aMOpPTU3aTOpPoB. B mccnenoBanuu 3t
0COOEHHOCTH paccMaTpUBAIOTCS HA IpUMepe Of-
HOTO, HanboJee pacpoOCTPAHEHHOTO TUIIA TPOCO-
BBIX aMOPTHU3aTOPOB, @ MIMEHHO — CIIUPAJILHO-TPO-
coBbIX (puc. 1). Jlanmee, roBopsi O TPOCOBBIX aMOP-
TU3aTOpax, OyZieM UMETh B BULy UMEHHO 3TOT THII
yCTpOUCTB. TpaIuIIMOHHO CTATUYECKHUI pacyeT CH-
CTeM aMOPTH3AIlMH BBITIONHSAETCS Ha HadaJbHOM
JTare ux pa3paboTKH U MpeaHa3HAYCH IS parno-
HAJILHOTO BBIOOpa KOJMYECTBA M criocoda pa3me-
HIEHHUSI aMOPTU3AaTOPOB B COCTAaBE CUCTEMHI [1; 2].
Hcxonnsle naHHbIE AJI1 pacyeTa BKIIIOYAKOT Xa-
PaKTEPUCTUKU KECTKOCTU aMOPTU3aTOPOB, BEJU-
YUHBI 1 HAIIPABJICHUS CUJI HHEPLIUU.
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Puc. 1. CnupanbHO-TPOCOBbLI aMOpTMU3aTop:

4 — BHELWHWUIM BUA,; 6 — KOHCTPYKTUBHAs cxema ( 7 — Tpoc; 2— nnaHku)
M ¢ To4HuMK: BbinonHeHo E.M. PelisamyHT, C.B. JOPOHUHbBIM
Figure 1. Helical cable shock damper:

a— appearance; 6 — design diagram ( 7 — cable; 2— bars)
Source: made by E.M. Reizmunt, S.V. Doronin

XapakTepHoi 0cOOEHHOCTHIO TPOCOBBIX aMOP-
TH3ATOPOB ABJISETCSA HEIMHEHHOCTD JKECTKOCTHBIX
XapPaKTEPUCTUK, OMMCHIBAEMasi HATPY304HOW Jua-
rpammoii F = f(s), BbIpaxkaroleii B3auMOCBSI3b

Harpy3ku F, IpUJIOKEHHON K OJHON U3 IJIAHOK,
u nporuba s — MepeMelleHUs] 3TOW IJIaHKU B
HarpaBiieHuu jaeiictBusi Harpy3ku [3]. CrnoxHoe
HEJIMHEWHOE MOBEJIEHHUE TPOCOBBIX aMOPTU3ATO-
POB WILIIOCTPUPYETCS MX HArpy304HbIMH JHa-
rpaMMaMu, COACPKAIUMUCS B HOMEHKJIATYPHBIX
KaTajorax OTeYeCTBEHHBIX U 3apyOeKHBIX MPOH3-
BOJMTEJIEH .

CuJIbl THEPLUH SIBIISIIOTCS BBIPQ)KEHUEM BCETO
KOMILJIEKCa BO3AECUCTBHM, KOTOpBIE MOTYT OBITh
CBEJIEHBI K CTaTHYeCKUM Harpyskam® [1]. B kaue-
CTBE TaKUX BO3JICHCTBHUI PaCCMaTPUBAIOT COOCTBEH-
HBI Bec (BCerda) W CHJIbI MHEPIMH BCIIEACTBHE
JIMHEHHBIX YCKOPEHUH (B psAIe CIydaeB IMOCTYyIIa-
TEJILHOTO ¥ BPAIaTEeJIbHOTO IBMKEHUs). B 60mb-
UIMHCTBE CIy4aeB HANPABJIEHUS CHJI HHEPLUU U3-
BECTHBI — BEPTUKAJIbHOE 11 COOCTBEHHOTO Beca,
TOPU30HTAJIBHBIE BJIOJIb U NEPIEHIUKYJISIPHO Tpa-

€KTOPUU JIBWJKEHUS Ul JIMHEHHBIX yCKOPEHHIA.
st 5THX cily4aeB PEKOMEHJIOBAH Psii TUIOBBIX
CXEM DACHOJIOKEHUS TPOCOBBIX aMOPTU3aTOPOB
[0 OTHOILEHHIO K HAIpaBJICHUIO ACHCTBUS CHUIIBI
uHepiuH (puc. 2, a)’.

Takum 00pa3oM, MOXKHO BBIIEIUTH HEOOIb-
110€ KOJIMYECTBO OCHOBHBIX HAINPaBJICHUH, BJIOJIb
KOTOPBIX TPOCOBBI aMOpTU3aTOp OyJeT BOCIIPH-
HUMAaTh CTaTUYeCKylo Harpy3ky. Ha puc. 2, 6 B ka-
4yecTBe IPUMepa MOKa3aHbl YEThIPE TAKUX HAIlPaB-
nenus. Takum o0pa3om, UMeeM TPH HATrPy304HBIC
JMarpaMMbl B TUTIOCKOCTH XY (HampaBieHus [, 2
u 3), ABe — B TUIOCKOCTH YZ (HampaBieHus [ u 4)
U JBe B IUIOCKOCTU XZ (HampaBieHus 3 u 4).
NMeHHO 117151 3TUX HamnpaBJIeHHU yalle BCero 3Kc-
NEPUMEHTAIBHO OIPENEISAIOTCS U MPUBOIATCSA B
HOMEHKJIATyPHBIX KaTajgorax' nacrnopTHble Harpy-
304YHBIE AMarpaMMbl KaKk HeIMHEHHbIE XapaKTepH-
CTUKHM JKECTKOCTH aMopTHu3aTtopoB. OHHM I03BO-
JSI0T OJHO3HAYHO OXapaKTepU30BaTh MepeMelie-
HUSI aMOPTH3UPYEMOro OOBEKTa MOJ| JEeHCTBHEM
CHJI MHEPLIUU B 3TUX HallpaBJICHUSX.

! Cm.: Actpon. Bubpousonsuus >nekrponnku Ha tpancnopre. URL: https://dempfer.ru (nata obpamenus: 12.03.2021); Socitec.
Socitec’s expertise & creative solutions. URL: https://socitec.com/ (accessed: 03.05.2024);. Enidine. Shock Absorbers and Vibration
Isolation Products. URL: https://www.enidine.com (accessed: 03.05.2024); Hutchinson. URL: https://stop-choc.de (accessed: 03.05.2024).

Dpflex.URL: https://en.dpflex.com/ (accessed: 03.05.2024).

2Bayyna A.I1. KoHCTpyHpOBaHHE PaIMOdIIEKTPOHHBIX YCTPOICTB : yuebHoe nocobue. Tomck : TOMCKHi MEKBY30BCKUH LIEHTD

JICTAaHIIMOHHOTO 0Opa3zoBanums, 2002. 231 c.

3 UHMOP. URL: http://inmor.ru/ (nata obpamenus: 04.05.2024).
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Puc. 2. Pabota amopT13aToOpoB B COCTaBE CUCTEMbI:
a— TUNoBble KOHOUIypaLmMm CUCTEM aMOPTU3aLMK; 6 — OCHOBHbIE HAMNPaBEHWS BOCNIPUSTUS HArpy3Kku
(7— cxatue; 2— cxartme nopg yrnom 45°; 3— nonepeyHsblii casur; 4 — npoaosibHblA COBUT)
M ¢ T 04 HWUK: BbinonHeHo E.M. PeliamyHT, C.B. [JOPOHMHbLIM
Figure 2. Operation of shock dampers as part of the system:
a— typical configurations of the shock damping systems; 6 — main directions of load perception
(7 — compression; 2— compression at an angle of 45°; 83— roll; 4— shear)
S ource: made by E.M. Reizmunt, S.V. Doronin

J171 HEKOTOPBIX OOBEKTOB M yCIOBUM IKCILTY-
aTalMM IPH NOCTYyNaTeJbHOM M BpallaTeIbHOM
JIBIDKEHUM BO3MOYKHO BO3HHUKHOBEHHE JIMHEHHBIX
YCKOpEHHUH (Teperpy30K) B MPOU3BOJILHOM HaIPaB-
JIeHUH (1101 HEKOTOPBIMH YIJIaMHU IO OTHOLIEHHIO
K OCSIM JIEKapTOBOM CHCTEMBI KOOPJIUHAT, CBSI3aH-
HOH C CHCTEMOM aMOPTHU3allMH U COTJIACOBAHHOM C
OCHOBHBIMH HAIIPABJICHUSIMU JIEHCTBUS CHII HHEP-
ouM). DTO JIeiaeT HEOOXOAMMBIM MOJTy4YeHHE J10-
CTOBEpHOU MH(OPMALIUU O KECTKOCTHU (Harpy304-
HBIX JuarpamMmax) JUisi 3TUX HampaBiICHWHA CHII
uHepuuu. Opranu3anus NOJIy4YeHHs] COOTBETCTBY-
IOLUX SKCIIEPUMEHTAIbHBIX JaHHBIX OOBIYHO 3a-
TPYJHUTEIbHA M3-32 BPEMEHHBIX OTpaHUYEHUI U
OTCYTCTBHSI CIIELIMAIBHOW OCHACTKU Ul MPOBEE-
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HUSI MEXaHUYECKHUX MCTIBITAHHUI C BApbUPOBAHUEM
yria NpwIoKEeHHs Harpy3ku. B cBs3u ¢ 3TuMm ak-
TyabHbI 000CHOBaHHE U Pa3pabOTKa HHCTPYMEHTA
aJlanTalyy MacloOPTHRIX HArPy30YHBIX JAUarpaMM
K U3MEHEHMIO HANPAaBJICHUS IEHCTBUS HHEPLIUOH-
HBIX CHJL

1. TpocoBblit amopTU3aTop
KaK MexaHu4eckKas cucrtema
" 00bEKT uccnenoBaHuns

B nanbosnee mpocToil KOHCTPYKTUBHOM pea-
JU3aIUU TPOCOBBIN aMOPTH3ATOP COCTOUT U3 TPEX
OCHOBHBIX 3JICMEHTOB — JIBYX TUIAHOK U COS/TUHSI-
torriero ux tpoca (cm. puc. 1). Tpoc uMeeT ciokHbIe
CBOICTBa, BHYTPEHHIOIO CTPYKTYpPY (KOJIHYECTBO
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U XapaKTEPUCTHKU MPOBOJIOYEK M MPSIEH, HaIll-
paBiIEHUS M IIar UX CBUBKH) U MPOCTPAHCTBEH-
HYI0 KOH(UTYpaLUIO, peryispHble MEXaHUYECKHe
CBS3M C TUIAaHKAaMU Ha Pa3HBIX Y4YacTKax CBOEH
UMHBL. TakuM 00pazoM, TPOC Kak IEMEHT MeXa-
HUYECKOM CUCTEMBI «TPOCOBBIM aMOPTU3ATOP» SAB-
JSI€TCSL TIOJICUCTEMOM C OOJIBIIUM KOJIHMYE€CTBOM
CTPYKTYPHBIX 2JIEMEHTOB M cBs3eil. CTpykTypa
Tpoca Kak IMOJICUCTEMBbI OKa3bIBaeTCs ropasao 0o-
Jiee CTI0KHOM, 4eM CTPYKTYypa HaJICHCTEMBI (TPOCO-
BOTO aMOPTH3aTOPA B IIEJIOM KaK MaKpOOOBEKTA).

CIO)XHOCTh MEXaHUYECKOT'O MTOBEACHUS aMOp-
THU3aTopa OOYCJIOBIIEHA CBOMCTBAMU TPOCOBOTO
aeMeHTa (BHYTPEHHEH CTPYKTypod Tpoca, ero
MIPOCTPAHCTBEHHOW KOH(UTypalueit) u cBA3SIMU
MEXaHUYECKON CUCTEeMbl (KOJIUYECTBOM M TIPO-
CTPaHCTBEHHBIM PACIOJIOKEHUEM COEIMHEHUI
Tpoca U I1aHoK). OHa BbIpa)kaeTcsl He TOJIbKO He-
JMHEMHOCTHIO )KECTKOCTHBIX XapaKTEPUCTUK, HO U
MX aHU30TPOIHUEN: AJI Pa3HBIX CXEM HarpyKeHHUs
(HampaBJIeHUH CHUJI MHEPLMM) HArpy304yHbIe AHa-
IpaMMbl MOTYT CYIIECTBEHHO OTIIMYAThCA KaK KO-
JMYECTBEHHO, TaK W KauecTBeHHO. [Ipenmomoxu-
TEJIbHO UIMEHHO CTPYKTypa TpOCca U €ro MpocTpaH-
CTBEHHasl KOH(UTypalus OIpeessiioT CTeNeHb
HEJIMHEHHOCTH U aHU30TPOTIHIO )KECTKOCTH aMOp-
TU3aTOpa, HO BBIJCINTH BKJIAX KaKIOTO M3 3TUX
(hakTOpOB 3aTPYAHUTEIBHO.

B cuity 6onbiioro yucia CTpyKTYpHBIX 3J1e-
MEHTOB TPOCa U CBSI3€H MEX/ly HUMU B HACTOSAIIEE
BpeMsl HE yJaeTcs MOCTPOUTh AHAIUTUYECKYIO
MOJIeNIb KECTKOCTH TPOCOBOI'O aMOPTH3aTopa.
N3BectHble MOAENHN [4—6] TOJIy4YEHBI TOJIBKO JIJIs
€IMHCTBEHHOM CXeMbl HarpyXeHus (C:xaTue) 1 He
00Ja4al0T MPOTHOCTUYECKUMHU BO3MOKHOCTSIMHU
JUIS IPOM3BOJIBHOTO HANIPABIICHUS ACHCTBUSA Har-
py3ku. Pa3paboTka 4uCIeHHBIX (KOHEYHO-3JIe-
MEHTHBIX) MO, YUUTHIBAIOUINX BCE CHUCTEM-
Hble APPEKTHl MEXaHHMUECKOrO MOBEJIEHHs Tpoca
[7-9], cTankuBaeTcst ¢ OYCHb BRICOKMMH TpeOOBa-
HUSIMHU K BBIYUCIIUTEIBHBIM pECypcam BCIIEACTBHE
Ype3BbIuaiiHO OO0JIBIIOI pa3MEepHOCTH pelaeMbIX

3a71a4, 4TO MPUBOIUT K HEOOXOAUMOCTH YITPOIIIe-
HUW 1 TOMTYIIEHWH, BEIXOJAIMMBAOIIUX CMBICT U
IOTCHIMANIBHBIE BO3MOXXHOCTH IIOJHOMACIITA0-
HOTO BBIYHCIUTEILHOTO MOJIEITNPOBAHUSI.

F.H/F,N
2000 A -
1500 - _—
, ‘///4/ :
1000 + /////
e
/
500 /
O / U U U U U 1
0 10 20 30 40 50 S, MM /s, mm

=—SP1180-03 =—SP1182-03
=—=SP1186-03 =—=SP1187-03

SP1185-03

Puc. 3. Harpy3ouHble guarpamMmmbsl aMopTn3aTopoB
HUTCHINSON pasHbix TMnopa3mepos
npu cxatmm (No gaHHeim Hutchinson: https://stop-choc.de)
M ¢ T 04 HWUK: BbinonHeHo E.M. PeliamyHT, C.B. [JOPOHMHbLIM

Figure 3. Load diagrams of HUTCHINSON shock
dampers of different sizes under compression
(according to data from Hutchinson: https://stop-choc.de)
S ource: made by E.M. Reizmunt, S.V. Doronin

Taxum 06pa3oM, HECMOTPsI Ha KOHCTPYKTHB-
HYIO IIPOCTOTY TPOCOBBIX aMOPTH3aTOPOB, (haKTH-
YECKH €IMHCTBEHHBIM JI0CTOBEPHBIM HCTOYHUKOM
uHpOpManUu 00 MX >KECTKOCTHBIX XapaKTepH-
CTHKaX SIBJISIETCS 3KCIIEPUMEHTAIBHOE MOCTPOe-
HHE Harpy304HbIX AUarpaMM. AHaINU3 TaKUX Jua-
rpamm* teMoHCTpUpYeT (hu3MUecKkh 06yCIIOBIIEH-
HbI€, KOJTMYECTBEHHO Pa3IMUHbIe, HO KAYECTBEHHO
UJIeHTU4HBbIe 3aBucUMocTU. KonnuecTBeHHOE pa3-
JUYHE BBIpaXKaeTCsl sl KaX 10 CXeMbl Harpysxe-
HUS CMEILEHHEM Harpy304HbIX JUarpamm 1o ocu
OpAMHAT B 3aBHCHUMOCTH OT I'Py30MOIbEMHOCTH
amopTu3aTopa: Ha puc.3 B KauecTBe Ipumepa
IPUBE/ICHBl HArPy30uHbIE AUarpaMMbl aMOpPTH3a-
topoB HUTCHINSON npu cxxaruu. Kauectsen-
Has UIEHTUYHOCTh 3aKJII0UaeTCs B TOM, YTO HE3a-
BUCUMO OT THUIOpasMepa (Irpy30MOAbEMHOCTH)
aMOpTH3aTopa AJsl CIy4aeB BEPTUKAJIBHOIO CXKa-

4 Actpon. Bubpousonsuus 3eKTpoHuky Ha Tpascnopre. URL: https:/dempfer.ru (accessed: 12.03.2021); Socitec. Socitec’s
expertise & creative solutions. URL: https://socitec.com/ (accessed: 03.05.2024); Enidine. Shock Absorbers and Vibration Isolation
Products. URL: https://www.enidine.com (nata oopamenus: 03.05.2024); Hutchinson. URL: https://stop-choc.de (accessed: 03.05.2024).

Dpflex. URL: https://en.dpflex.com/ (nata ob6parmenus: 03.05.2024).

341



Reizmunt E.M., Doronin S.V. RUDN Journal of Engineering Research. 2024;25(4):337-347

THS U CKaTus 1oJl yriioMm 45° Bce quarpaMMbl Bbl-
MYKJIBI (O/THO M TO € MpUpPALICHNE CUIIBI F BBI3bI-
BaeT Bce OoNbIIMA Mporud §), Ui clydaeB more-
PEYHOTO M POJIOIBHOTO CABUTAa — BOTHYTHI (OTHO
1 TO K€ MPHpAIECHHE CUIIBI F' BEI3BIBAET BCE MEHb-
muit mporu® s). OHK OTpakaroT CIEAYIOLIYIO 3a-
KOHOMEPHOCTh CHCTEMHOTO TIOBEJCHHS TPOCOBOTO
amMopTU3aTopa: 3a MCKIIOYeHHEeM OOIacTH MaJbIX
Harpy3o0kKk ¥ Iporu0oB ¢ pOCTOM Harpy3Kku €ro co-
NPOTHBIIEHUE Je(OPMUPOBAHUIO CHUKAETCS TPHU
CXaTWM U pacTeT npu casure (puc. 4). Ita 3aKo-
HOMEPHOCTD SIBJISIETCSl TIPEANIOCHUIKOM MPOrHO3U-
poBaHus AePOPMHUPOBAHHS aMOPTH3ATOPA TIPU U3~
MEHEHUH HAIPABJICHUS IEHCTBHS Harpy3KH.

Puc. 4. KayeCTBeHHbIN xapakTep Harpy304HbIX guarpaMmm
Mpu pasnnyHbIX HanpPaBNEHNAX Harpy>XeHns
M c T04HuK: BbInonHeHo E. M. PeriamyHT, C. B. JOPOHMHbLIM

Figure 4. Qualitative nature of load diagrams
for different loading directions
Source: made by E. M. Reizmunt, S. V. Doronin

2. Npes noCTPOEHUs pacyeTHbIX
Harpys3o4HbIX guarpamMm npm naMeHeHun
HanpaBfieHNs 0eNCTBUA Harpyskmn

OO0oCHOBaHHUE OCYIIECTBIISICTCS Ha MPaBJO-
nonoOHeIX [10] M HEe mpoTHUBOpedanmx ¢Guznde-
CKOHM M TEXHHYECKOM MPUPOJIE TPOCOBBIX aMOPTH-
3aTOPOB PaCCYyXIeHHsIX. B pesysnbrare 3THX pac-
CY)XICHUI M PacCMOTPEHHs DSKCIICPUMEHTAILHO
HOJTyYeHHBIX MACTIOPTHBIX HArPY30UHbIX JHATPAMM’
chopMyIUpOBaHbI CICAYIOIIME OCHOBHBIC YMO-
3aKII0YEHNS OTHOCHUTENBLHO IIABHOIO M MOHOTOH-
HOT'O UX U3MEHEHUS:

— HeOOJIbIIOE U3MEHEHHE yIiIa Ol TPHIIOKEHUS
HAarpy3kd OpuBeAeT K HeOOJbIIOMY KadueCTBEH-
HOMY U KOJMYECTBEHHOMY M3MEHEHHIO COOTBET-
CTBYIOLIEH Harpy304HOU IUarpaMmebl;

—ecliu ISl YyIJIOB Ol MPUWJIOKEHHUS Harpy3Ku

BBIIIOJIHACTCA YCIIOBUE O < O, < O3, TO HArPpy304-
Has JdarpaMma Ui yrjia 0, HaXOAUTCS BHYTPU

00JacT, OrpaHMYCHHON HArPy30YHBIMH JTHarpam-
MaMH JUISl yIJIOB O U O]

— 3Hasi Harpy304Hble auarpammel Fy, = f(s)
u F, =f(s) mut ymios o, U 0Oy, HArPY304HYIO
auarpammy F, = f(s) mns yrma o, MOXKHO IOy~
YUThH MyTEM UHTEPIONAIHH (puc. 5).

F o

Puc. 5. HarpysoyHasa gnarpamma B CBs3u
C HanpaseHneM NPUNOXEHNA Harpy3Kn
M ¢ T 04 HWUK: BbinonHeHo E.M. PeliamyHT, C.B. [JOPOHMHbLIM

Figure 5. Load diagram due to direction of load application
Source: made by E.M. Reizmunt, S.V. Doronin

Takum 006pazom, ujest MOCTPOCHUS PACUETHBIX
HArpy304HbBIX JUarpaMM MpyU W3MEHEHUW HarpaBs-
JIeHUsl JIeUCTBUS HArpy3KW 3aKJIIO4aeTcs B MHTEp-
MOJISILIMK SKCTIEPUMEHTAIBHBIX HArpy304HbIX JHa-
rpamMMm, HaxXoJsIUXCs B INIOCKOCTH, B KOTOPOH U3-
MEHSETCS HAMPaBIICHUE NEWCTBUS Harpy3ku. [lpu
W3MEHEHUM HaIlpaBJICHUs IEUCTBHSI HArpy3Kd B
IUIOCKOCTH XY MHTEpPHOJSLMS OCYLIECTBISETCS
Ha 0a3e Tpex SKCIEePUMEHTAIBHBIX HAarpy30YHbBIX
Jquarpamm Ui Harpasienuit 1, 2 u 3 (puc. 2, 0),
B IUIOCKOCTAX YZ 1 XZ — Ha 6a3e napsl 1uarpamMm
ISt HaripaBieHuilt / u 4, 3 1 4 COOTBETCTBEHHO.
Ha 0a3e Tpex skcriepMeHTalIbHbIX IUarpaMM MOKET

SCwm.: Actpon. Bubpounsomsimus sinextponnkn Ha Tpancriopre. URL: https://dempfer.ru (accessed: 12.03.2021); Socitec. Socitec’s
expertise & creative solutions. URL: https://socitec.com/ (accessed: 03.05.2024); Enidine. Shock Absorbers and Vibration Isolation
Products. URL: https://www.enidine.com (accessed: 03.05.2024); Hutchinson. URL: https://stop-choc.de (accessed: 03.05.2024);

Dpflex.URL: https://en.dpflex.com/ (accessed: 03.05.2024).
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OBITh BBITIOJTHEHA HEMHEIHAS HHTEPIIONAIMS, Ha
0ase ByX — TOJBKO JMHelHas. Torma pacueTHas
Harpy3o4Has AuarpaMma B OOIIeM cllydae MMeeT
Bug F, = f(s,0), TO eCTb 3aBUCUT OT yIVIa U3Me-

HCHHA HAITPABJICHUSA I[CIZCTBI/IH Harpy3kKu OTHOCH-
TCJIbHO HaIlpaBJICHUA, COOTBETCTBYIOLICTO OIHOM
N3 HArpy304YHbIX AUarpaMm.

3. BapnaHTbl NOAX0OA0B K MOCTPOEHUIO
pacyeTHbIX Harpy3o4HbiX anarpamm

Kak nmoxa3pIBaeT npakTuka MOCTPOCHHUS IKC-
IEpUMEHTAJILHBIX HAIPY304YHBIX AuarpamMm’, yron
MIPUIIOKEHUS HATPY3KH F u3MeHsieTcs ¢ marom 45°
i 90°. Tlpu Takux OONBIIUX IIarax H3MEHEHHS
yIila COOTBETCTBYIOIME IKCIIEPUMEHTANIBHBIE 1A~
IpaMMBbI CYIIECTBEHHO OTIHYaroTcs. B aTtom ciy-
Yyae TOYHOCTh MHTEPHOJSALMH 10 OTPAaHUYEHHOMY
YHUCIIy TOYEK (IBE WIM TPHU IKCIIEPUMEHTAIIBHBIC
JarpaMMbl) MPEATIONIOKHUTEIBHO OyAeT HEBBICO-
xoii. Torma menecooOpa3Ho MONMyYeHHE JTOTOTHH-
TENBHBIX (THOPUIHBIX) HArpy304YHBIX IHArpamMM,
COYETAIOMINX B ce0e pe3ysIbTaThl Kak SKCIIePUMEH-
TaJbHOIO ONPEIEIIEHUS, TaK U MaTeMaTH4ECKOro
(KOHEYHO-3JIEMEHTHOTO) MOJETUpOBaHUs nedop-
MHpOBaHUs amopTusaropoB. Mx mnpennasnaue-
HUE — TIOBBICUTh TOYHOCTb IIOCTPOEHHUS pacyeT-
HBIX Harpy304HbIX JUarpamm Jjsi IpOU3BOJIBHOTO
yIila IPUJIOKEHHSI Harpy3KH.

TexHOMOTHUS TTOCTPOCHUS W YHCICHHOW pea-
JAU3alUU TPEXMEPHON KOHEYHO-3JIEMEHTHON MO-
Jieau TpocoBoro amoprusaropa [11] ocHoBaHa Ha
njiee MaKCHMAaJIbHO TIOJTHOTO y4YeTa €ro NpoCTpaH-
CTBEHHON T€OMETPHUU C 3aMEHON TPOCOBOTO 3JIe-
MEHTa U30TPOIHBIM KPHUBBIM OpYyCOM C DKBHBa-
JICHTHO! B HEKOTOPOM CMBICIIE )KECTKOCTBIO. [Ipen-
MOJIOKUTENIBHO B ATOM CJIy4ae BO3MOYKHO B IOJ-
HOW Mepe yuyecThb BKJIaJ IPOCTPAHCTBEHHOM KOH-
¢urypamuu tpoca B (popMupoBaHHE HETUHEHHO-
CTM W aHU30TPONMUMU MKECTKOCTH aMOpPTHU3aTOpA.
Bxnan cTpykTypbl Tpoca mpeanoiaraeTcsi y4ecTb
MoxayneM FOHra E u30TponHOro KpuBoro Opyca

KaK WHTETPAIBHOW XapaKTEPUCTHUKON >KECTKOCTH
Tpoca B COCTaB€ aMOpPTH3aTopa: ISl KaXkJ0ro
3HA4YEHUs HArpy3ku F B pe3ylibTare MHOTOBapH-
AQHTHBIX BBIUYUCIUTEIbHBIX SKCIIEPUMEHTOB MOKHO
HalTH Takoe «3IKBUBAJEHTHOE» 3HaueHUe E u30-
TPOITHOTO KPHBOIO Opyca, MpU KOTOPOM pacueT-
HBII MPOrH0 § OKAXKETCSI COOTBETCTBYIOLIUM JKC-
IIEPUMEHTAJIbHOM HAarpy304HOM IHarpaMme Uit
3TOro 3Ha4eHUs . AIEKBaTHOCTb TAKOW 3aMEHbI
TpOca U30TPONHBIM KPUBBIM OpycOM C BapbUpye-
MbIM MoxyieMm FOHra noarsepxkaaercs npuemiie-
MBIM COBIAJICHHMEM pe3yJbTaTOB MaTeMaruye-
CKOI'O M HATypHOI'O 3KCIEPUMEHTOB 10 aHAJIU3Y
JUHAMUYECKOTO TIOBEACHUS MakeTa Ha BHOpO-
CTCHJIC TIPH MaJIBIX aMIUTATYyAax KoieOanuit [12].
Takum 00pa3oM, MOSBISAETCS BO3MOXHOCTh
KOKIOW JKCIIEPUMEHTAIbHON HArpy304HOM 1aua-
rpaMMe MOCTaBUTh B COOTBETCTBUE 3aBHCHUMOCTh
E = f(s) «xsuBanearnoro» moxyis FOnra uso-
TPOITHOTO KPHBOTO Opyca-UMUTaTopa Tpoca B CO-
CTaB€ KOHEYHO-JIEMEHTHOW MOJENIN aMOpTH3a-
topa. [[pumeuarensro, 4to Beipaxkenus = f(s)

u E= f(s) onuceBaroT oHy M Ty ke HEIMHEN-

HYIO0 3aBUCHMMOCTh JKECTKOCTH aMOPTH3aTopa OT
BeauuuHbl nporuba k(s)=F /s, amexny Eu k

cymiecTByeT nuHelHas 3apucumocts E = f (k).

Torga NMpUHIMNHMATIBHO PA3THMYHBIMH SBIIS-
IOTCSL CJICAYIOLIME JIBa MOAXOAAa K IMOCTPOEHUIO
pacyeTHBIX HaTPY30YHBIX JHATPAMM:

— HETIOCPEJICTBEHHOE UX UHTEPIIOIUPOBAHNE
(17151 KaXK10T0 3HAYEHUSI MPOTUOA § COOTBETCTBYIO-
miee 3HaueHue F,, pacyeTHON JuarpaMmbl ompe-

ACIACTCA KaK pe3yJIbTaT UHTCPIIOJISIONK B AWaria-

soue [F, ins

cmin » Smax] JKCIIEPUMEHTANILHBIX Harpy-
30UHBIX JIHArPaMM);

— uHTepnoaupoBanre monyns FOHra wuszo-
TPOITHOTO KPUBOTO Opyca-uMuTaTopa Tpoca ¢ mo-
CIIEIYIOIAM €T0 OTPaKEHHWEM B YHCIIEHHOW MO-
JIeJIA, €€ MHOTOBAPUAHTHBIM KOMITHIOTCPHBIM aHa-
JIU30M U TIOCTPOCHUEM PACUETHBIX HATPY30YHBIX

JIarpaMm.

6Cm.: Actpon. Bubpounsomsimus sinextponnku Ha Tpancriopre. URL: https://dempfer.ru (accessed: 12.03.2021); Socitec. Socitec’s
expertise &creative solutions. URL: https://socitec.com/ (accessed: 03.05.2024); Enidine. Shock Absorbers and Vibration Isolation
Products. URL: https://www.enidine.com (accessed: 03.05.2024); Hutchinson. URL: https://stop-choc.de (accessed: 03.05.2024);

Dpflex.URL: https://en.dpflex.com/ (accessed: 03.05.2024).
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Kaxprit 13 3THX TOAX0I0B MOXKET OBITh pea-
JIN30BaH B IMHEMHOM UM HEIMHEHMHOMN OCTaHOBKE
B 3aBHCHUMOCTH OT KOJMYECTBA MMCIOIIUXCS DKC-
NEPUMEHTAJIbHBIX Harpy304HBIX JUarpaMmm B ILIO-
CKOCTH U3MEHEHUS HapaBleHUs TPUIIOKEHUS Ha-
TpY3KH.

4. NMpumepbl NPaKTUYECKOro NOCTPOEHUSs
pacyYeTHbIX Harpy304HbIX AuarpamMmm

npv U3MEHEHUN HanpaBieHns

AEeNCTBUS Harpy3ku

PaccMoTpum BapuaHThI IPAKTUYECKOTO MO-
CTPOEHUS pacyeTHBIX HArpy304HbIX JUarpaMm Ha
npuMepe TPOCOBOTO amopTusaropa BMT-350'.
Jnst Hero M3BECTHBI IKCIEPUMEHTAJIbHBIE Ha-
rpaMMmel s Hanpasnenuid [, 2 u 3 (0= 0°, 45°
1 90° COOTBETCTBEHHO) IEHCTBUS HArPYy3KH B IIOC-
xoctu XY. [TocTpoenue u uccienoBaHue Tpexmep-
HOM MOZIeNT aMOPTH3aTopa B IMana3oHe MpornooB
7o 13 MM MO3BONMIIO YCTAaHOBUTD JIMHEHHBIE 3aBU-
cumoctu moayisi FOHra Opyca-mmmTaropa Tpoca
OT KECTKOCTH k IIJISl KaXKJTOW SKCIIEPUMEHTaThHON
nuarpammel (puc. 6).

Pe3ynbrarsl mocTpoeHUsT pacueTHBIX Harpy-
309HBIX JWAarpaMM OTPAXEHBI B Trpaduueckoit
¢dbopme Ha puc. 7-9: CIUIONTHBIMU JTMHUSIMH TIOKa-
3aHbI OKCIIEPUMEHTAJIbHbIC IUAarpPaMMBbl, TyHKTHP-
HBIMH — pacueTHEIE.

Bapuanm 1 3axniouaercs B MOJTyYEHUHU pac-
YETHBIX JAMarpaMMm IIyTEM HENOCPEICTBEHHOTO
HEJIMHEWHOTO MHTEPIOJIUPOBAHUS TPEX IKCIIEPH-
MEHTAJIbHBIX JUarpaMM C TIOMOIMIBIO TOJIMHOMA
BTOPOTO TOpsAJKa: Ha pucC. 7, a B KayecTBe MpH-
Mepa MOoKa3aH UHTEPHOIUPYIOMUN MOTUHOM IS

FH/F,N
3000
2000
1000

90 a, ©

s =7 MM. B 3TOM ciyyae pacdyeTHbIe AUArpamMMbl
JUTst yIJIOB O, paBHBIX 15° 1 30°, 60° u 75°, orpa-
HUYEHBl OONACTAMH SKCIIEPUMEHTAIBHBIX JHa-
rpamm Juist yrioB 0° u 45°, 45° u 90° coorser-
cTBeHHO (puc. 7, 6). PacueTHple nuarpaMmsl Je-
MOHCTPUPYIOT 3aKOHOMEPHOCTH, XapaKTEPHbIE IS
HKCIIEPUMEHTANBHBIX AUarpaMM, & UMEHHO: C yBe-
JHYEHUEM yTIIa MPUIOKEHHsT Harpy3ku ot 0° mo
90° UHTEeHCUBHOCTH CHUKEHUS )KECTKOCTH YMEHb-
mraerca. OTO MPOSBISETCS B YMEHBIICHUU «pac-
CTOSIHHSI» MEXIY CMEXHBIMH JUarpaMMaMu Mpu
MIOCTOSTHHOM II1are M3MeHeHus yria o . BuzyansHo
CEMEHCTBO pacYeTHBIX M SKCHEPUMEHTAIbHBIX
Harpy304HbIX JUarpamm B Juana3zoHe ymioB ot 0°
110 90° ¢ marom 15° BEIIIIAUT Tak, KaK €Ciad OBl
Ka)kJ1asl TuarpaMMa IJIaBHO TEPEXOiia B CMEX-
HYI0 K Hell ¢ um3MeHeHueM yria O . PacuerHbie
JuarpamMMbl BBIIVISIIAT BECbMa MPaBAONOJO0HO U
COOTBETCTBYIOT HHTYHUTHUBHO OXKHJIA€MBIM.

FH/F,N
3000 A
2500 -
2000 -
1500 -
1000 +
500 - E=129.33k-210.6

E=5968k+ 1429

E=9,571k+ 2322

0 T T T T T T T T T T T 1

012345678 9101112 s, MMm/s, mm

Puc. 6. 9xcnepuMeHTanbHble Harpy304Hble
amnarpammel amopTtusaTtopa BMT-350
1 COOTBETCTBYIOLLME UM 3aBucumocTu E= f(k)

M ¢ T04HWUK: BbinonHeHOo E.M. PeliamyHT, C.B. [JOPOHMHbLIM
Figure 6. Experimental load diagrams of BMT-350
shock damper and corresponding dependencies E = f(k)
S ource: made by E.M. Reizmunt, S.V. Doronin

EH/EN —0
3000 ...... 15.
cesees 30

2000 —_—s0
1000 60°
750

0 90°

0 2 4 o6 8 10 12 s vMm/s, mm

Puc. 7. PacyeTHble gnarpamMmmebl, NOAy4EHHbIE NyTEM NOMHOMMANBHOM MHTEPNONSALMN IKCNEPUMEHTANIbHBIX Auarpamm:
a— I/IHTepnOJ'IVIpyIOLLI,I/IVI MNOJINHOM; 6 — CeMelicTBOo Harpy3o4HbIX grarpamMmm
M cT0o4HuMK: BbinosHeHO E.M. PenamyHT, C.B. LOPOHUHbLIM
Figure 7. Calculated diagrams obtained by polynomial interpolation of experimental diagrams:
a— interpolating polynomial; 6 — load diagram family
S ource: made by E.M. Reizmunt, S.V. Doronin
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Bapuanm 2 nipeanonaraer noiay4eHue pacyer-
HBIX JMarpaMM IyTeM MHOTOBapUAHTHOTO YHCIICH-
HOT'O aHaJIM3a KOHEYHO-3JIEMEHTHON MOJIEIIN aMop-
TU3aTOpa IPU PA3IUYHBIX YIIax O MPUIOKEHUS
Harpy3ku. [Ipu stom monyns FOnra 6pyca-umuTa-
TOpa Tpoca JUIsl KaXJJO0ro 3HadeHus mnporuda s
ONpENENAETCS UHTEPIOIUPYIOIHUM TOJIMHOMOM
BTOPOIO MOpPSJKAa COOTBETCTBYIOIIMX 3HAYEHUU
Moxayns FOHra, nomyuyeHHbBIX A7l TpEX SKCIEepH-
MEHTAJIBHBIX JHarpaMM: Ha pHUC. 8, @ B Ka4eCTBE
IpuMepa MoKa3aH UHTEPHOIUPYIOMINNA MTOJIMHOM
s s =7 MmM. Kak BUZHO U3 OTyYeHHBIX Pe3yiib-
TatoB (puc. 8, 06), oTcyTcTBYyeT 3()(HEeKT mIaBHOrO
KOJIMYECTBEHHOTO U KayeCTBEHHOIO H3MEHEHMS
pacyeTHBIX AUarpaMM, OTMEYECHHBIN B BapuaHTe 1.
«PaccrosgHus» Mexay quarpammamu it yriuos 0°
u 15°, 15° 1 30°, 30° u 45° npruMepHO OIMHAKOBBI.

E, MIla/ E, MPa

4000

3000

2000

1000 E=0,489602 —ﬁ27.8778u +2268
0o b L

60 75 90a,°

Pacuernas muarpamma a5t yriia 60° BecbMa OJi3Ka
K JKCIepuMeHTanbHOU ams yria 90°, a pacuer-
Hasi — JUIs yriia 75° OKa3bIBaeTCS HUXKE IKCIICPH-
MEHTaJIbHOM a1 yrina 90°.

HuTepnpeTnpoBaTh MOTYYECHHBIC PE3yIbTaThI
MOXHO clefyomum obpazoMm. Iloctpoenue uH-
TEPHOIHUPYIONIETO MOJUHOMA IO TPEM TOYKaM
(9KCTIeprMEHTaJIFHBIM JTHarpaMmamM) He obecrie-
YUBAET TOYHOCTh, HEOOXOIUMYIO JIJISl TOCTPOCHHUS
pacueTHBIX TUarpamMmm, 0COOEHHO B 00JIACTH OTHO-
CUTETILHO HEOOJIBIINX U3MEHEHUN JKECTKOCTH MIPU
YBEIMYEHUH yIiia 0. JTO SBHO 3aMETHO MPEUMY-
HIECTBEHHO B Juana3oHe yriaoB oT 45° go 90°.
B nmanazone yrmoB ot 0° go 45°, odueBHAHO,
MOTPEIIHOCTh TAKXKE MPUCYTCTBYET, HO BU3YyaJIbHO
HE TIPOSIBIISIETCS M3-3a OOJBIIOTO «PACCTOSHHS
HKCTIEPUMEHTANIBHBIX JUArPaMM JUIsl THX YIJIOB.

FH/FN —_
3000 o 150
eeccce 30":1
2000 —_se
1000 gg:
0 —00°

12 s, MM/ s, mm

Puc. 8. PacueTHble anarpammbl, NOfy4eHHbIE MHOrOBapUaHTHbLIM
KOHEYHO-3/1EMEHTHBIM MOAENNPOBAHNEM aMopT13aTopa

C NONMHOMMUANBLHOM MHTepRonsunen moayns FOHra 6pyca-nmmuratopa Tpoca:
a — VIHTEPNONMPYIOLLNIA NOSIMHOM; 6 — CEeMENCTBO Harpy3o4HbIX AvarpamMmm
M ¢ T 04 HWUK: BbinonHeHo E.M. PeliamyHT, C.B. [JOPOHMHbLIM

Figure 8. Calculation diagrams obtained by multivariate finite element modeling
of a shock damper with polynomial interpolation of the Young's modulus of the cable imitation beam:
a— interpolating polynomial; 6 — family of load diagrams
Source: made by E.M. Reizmunt, S.V. Doronin

Bapuanm 3 otnuuaeTcs OT BapHaHTa 2 TeM,
YTO BO BHUMaHUE IPUHUMAIUCH HE TPH, a JABE IKC-
MepUMEHTATIbHBIE UarpaMMbl — JIJIS1 HarpasJie-
Huii 1 u 2 (00=0° u 90° coorBeTcTBeHHO). [{enn
3aKJII0YaeTCs B aHaJIM3€ Pe3ysIbTaToB B ciyyae,
KOTJIa IO IByM 3KCIIEPUMEHTAIbHBIM AUarpaMMaM
OCYILECTBIISICTCSl JIMHEHHOE WHTEPIIOIIMPOBAHNE
Mozyist FOHra kpuBoro 6pyca-uMuTaTopa Tpoca ¢
MOCIIETYIOIIUM MHOTOBAPHAHTHBIM KOHEUHO-3JIe-
MEHTHBIM MOJICIMPOBAHUEM: Ha pHC. 9, a B Kaue-

CTBE TpUMepa MOKa3aHa WHTEPIOIUPYIOIIast Mpsi-
Mast U1 s = 7 MM. B kauecTBe pe3ynbTrara paccMar-
pHUBaeTCs €OUHCTBEHHAs pacyeTHas auarpaMmma,
nocTpoeHHast Juist Ol = 45° 11si CpaBHEHUS C DKC-
NEPUMEHTAIBHON JUarpaMMON Ul 3TOrO XKe Hall-
paBneHust. M3 momy4eHHBIX pe3ysIbTaToB (puc. 9, 6)
BUHO HACTOJIBKO OOJIBIIIOE HECOOTBETCTBUE pac-
YETHBIX U SKCIIEPUMEHTANIbHBIX JaHHBIX, YTO pac-
YyeTHasl JAuarpamma, OYeBHJIHO, HETPUTOIHA IS
UCTIOJIb30BaHUS B MH)KEHEPHBIX pacueTax.
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E, MIla/ E, MPa

ssscse _1_5
—90°

0 2 4 o6 8 10

12 s, MM /s, mm

6

Puc. 9. PacyeTHasa gnarpamma, nosyyeHHas MHOrOBapuaHTHbIM
KOHEYHO-31IEMEHTHbBIM MOAENNPOBaHMEM aMopPTM3aTopa C IMHENHOM MHTEPNoNsaunen
mopayns KOHra 6pyca-nmurtaropa Tpoca:

a— I/IHTepnOJ'IVIpyIOLLI,I/II7I NMOJINHOM; 6 — CeMelcTBOo Harpy3o4HbIX grarpamMmm
M ¢ T 04 HWUK: BbInoNHeHO E.M. PeliamyHT, C.B. JOPOHVHbLIM

Figure 9. Calculation diagram obtained by multivariate finite element modeling
of a shock absorber with linear interpolation of the Young's modulus of the cable imitation beam:
a— interpolating polynomial; 6 — family of load diagrams
S ource: made by E.M. Reizmunt, S.V. Doronin
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3akniovyeHve

Hcxons u3 paccMoTpeHus: (pU3HKO-TEXHHUE-
CKUX 3aKOHOMEPHOCTEH MEXaHMYECKOIO MOBEIE-
HUSl CIIAPAIBHO-TPOCOBBIX AMOPTH3aTOPOB MpPHU
U3MEHEHUU HallpaBlIeHUs JEHCTBUS CUJI MHEPLUU
UCCIIEIOBAHBI BO3MOKHOCTH TIOCTPOEHHS PacyeT-
HBIX HAarpy304HBIX JHarpaMM IIyTE€M HHTEpIOIs-
UM JAHHBIX KaK HKCIIEPUMEHTAJIbHBIX Harpy3ou-
HBIX JTHarpaMM, TaKk M pe3yJIbTaTOB YHCIEHHOTO
aHanM3a Je(GopMHUPOBAHUS TPEXMEPHBIX MOAENeiH
aMOpPTU3aTOPOB.

VYCTaHOBIEHO, YTO MPH CTAaTUYECKOM Harpy-
’KCHUH B LIMPOKOM JHMaNa30HE N3MEHEHUS HallpaB-
JeHUN JIeHCTBUS CUJI MHEPLUU y4eT BKJIaJa Ipo-
CTPAaHCTBEHHON KOH(UTrypauuu Tpoca B (HopMH-
pPOBaHHE HEIMHEHHOCTH U aHU30TPOIIUU JKECTKO-
CTH amMopTu3aropa HejocrarodeH. IlokaszaHo, 4yTo
IpU HAJIMYUHM TOJBKO JABYX 3KCHEPUMEHTaJIbHbIX
JMarpaMM MOCTPOCHHUE PACUETHBIX C IPUEMIIEMON
TOYHOCTBIO HEBO3MOXKHO. [Ipueminemas TOUHOCTB
PE3yJIbTaTOB MOXKET OBITh M1OJIyY€HA, €CIIU B IUIOC-
KOCTH U3MEHEHUS YIVIa MPUIIOKEHHUS UMEETCsS He
MEHEE TpeX HKCIEPHUMEHTAIBHBIX Harpy304HbIX
auarpamm. B atom citydae HanOosee 3KOHOMMY-
HBIH U 3G (EKTUBHBIM BapHaHT ITOCTPOEHUS pac-
YEeTHBIX JUarpaMM 3aKi4uaeTcd B HENocpen-
CTBEHHO! HEJIMHEHHOW WHTEPIOJALUU JKCIEPHU-
MEHTAJIbHbIX JaHHBIX.
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Abstract. The article discusses the methods of a priori statistical analysis used for
predicting perturbed motion of aircraft in turbulent environments. Theoretical
approaches such as the comparative method and mathematical modeling method
are used to analyze the a priori analysis methods. The paper also utilizes statistical
methods to evaluate the effectiveness of stochastic models to account for random
perturbations caused by turbulence. Special attention is paid to the use of Bayesian
analysis, maximum likelihood method and Monte Carlo method applied for
probabilistic prediction of the aircraft trajectory. The presented models are illustrated
with formulas that describe the dynamics of vehicle motion in turbulent conditions,
including equations of motion based on Newton’s and Euler’s laws. The parameters
that determine the dynamics of the perturbed motion of the aircraft in a turbulent
environment, such as linear and angular velocities, turbulence intensity, acrodynamic
forces, moments of inertia and meteorological conditions, are studied to evaluate
the correctness of the calculations. This allows the effects of turbulence on the
control and flight trajectory of the aircraft to be taken into account. The results of
the study demonstrate the high accuracy of the proposed methods in predicting
aircraft motion deviations and emphasize the importance of further development of
computational approaches to integrate these methods into real-time control systems,
especially for application in conditions of uncertainty and complex external
influences. Further research could focus on improving the adaptability of models
for different types of aircrafts, taking into account the optimization of computational
methods to reduce computational complexity. This will make it possible to improve
the efficiency of forecasts in a shorter time and reduce resource costs.

Keywords: a priori analysis, aircraft, stochastic models, turbulent environments,
Bayesian analysis, Monte Carlo method, trajectory prediction
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3asiBiieHHE 0O KOH(I)JII/IKTC HHTEpPECOB

ABTOpBI 3asIBISIIOT 00 OTCYTCTBUU
KOH(IINKTa UHTEPECOB.

Bxaan aBTopoB

HepasnensHoe coaBTOpCTBO.

AHHOTanus. PaccMOTpeHBI METOIBI ATPHOPHOTO CTATHCTUYECKOTO aHa-
JU3a, UCTIONIb3yEeMBbIE I IIPOTHOZUPOBAHHS BOSMYILEHHOTO JABHKCHHUS
nerarenbHbIX ammnapatoB (JIA) B TypOyneHTHbIX cpenax. [ns anammsa
METOJIOB allPHOPHOTO aHAJN3a IPUMEHSIOTCS TEOPETHUECKUE TIOIXOBI,
TaKkhe KaK CPAaBHUTEIBHBIA METON U METOA MaTeMaTHIeCKOTO MOMIEIIH-
poBanusi. Mcronbp30BaHbl CTATUCTUYCCKUE METO/IBI, TO3BOJISIFOIIUE OIle-
HUTH 3P PEKTUBHOCTH CTOXACTHYCCKUX MOJEIICH JJIs y4eTa CIyJalHbIX
BO3MYIIICHUH, BBI3BAHHBIX TYypOyJIeHTHOCTHIO. Oco00e BHUMAaHUE yie-
JICHO HMCIOJIB30BaHUIO 0alieCOBCKOTO aHaIM3a, METOAa MAKCHMAIBHOTO
npaszononooust u meroga MoHte-Kapio, npuMeHsieMbIX IJIsl BEpOsIT-
HOCTHOTO TIPOTHO3UPOBaHUs Tpaekropuu apmkenus JIA. [Ipencrapnen-
HBIE MOJEIH WITIOCTPUPOBAHBEI (popMynaMu, KOTOPBIE ONHCHIBAIOT JH-
HAMUKy JIBHDKCHHS anmapara B TYpOYJIEHTHBIX YCIIOBMSIX, BKIIOYas
ypaBHEHUsI JBIDKCHHS, OCHOBaHHBIC Ha 3akoHax HproroHa m Dinepa.
JI71s OTIeHKH TPaBUIIBHOCTH PACUeTOB W3yUYSHBI MTapaMeTphl, OIpeaes-
IOIIHE TMHAMHKY BO3MYIICHHOTO JBIKeHuUs JIA B TypOylieHTHOH cpene,
TaKHe KaK JIMHEHHBIC U YIIIOBBIE CKOPOCTH, HHTCHCUBHOCTD TYPOYIICHT-
HOCTH, a3pPOINHAMHYECCKUE CHIIBI, MOMEHTHI HHEPIIUH U METEOPOJIOTH-
YEeCKHE YCIOBHUSA. JTO MO3BOJIET YUUTHIBATh BIUSHIE TypOYICHTHOCTH
Ha yInpasjieHHe 1 Tpaekropuio noisera JIA. Pesysnbrarsl ucciienoBaHus
JIEMOHCTPUPYIOT BBICOKYIO TOYHOCTH HPEATIOKEHHBIX METOJIOB B IIPO-
THO3HPOBAaHUH OTKJIOHCHUH IBIDKEHHS JIA M OAYepKHUBAIOT BaXKHOCTD
ﬂaﬂbHeﬁLHeFO Ppa3BUTHA BBIYMCIIUTECIBHBIX MOAXOA0B JId MHTCIpaliun
STHX METOJIOB B CHCTEMEI YIIPABJICHUS B PEATbHOM BPEMEHHU, 0COOCHHO
JUTS IPUMEHEHUS B YCIOBUSIX HEOMPEINSIEHHOCTH U CIIOKHBIX BHEITHUX
BO3EHCTBHN. JlanpHelre ccaeIoOBaHus MOTYT OBITh HAaIIPAaBJICHEI HA
IIOBBIIICHHUE aJalITUBHOCTHU MOﬂeﬂeﬂ JJIA pa3JINYHbIX TUIIOB .HA C yue-
TOM ONTHMH3AI[UM PACYETHBIX METOJOB JUISI YMCHBIICHHS BBIYHCIIH-
TEJILHOM CJIO)KHOCTH. DTO MO3BOJIUT HOBBICHTH 3((EKTUBHOCTD ITPOTHO-
30B B 0oJiee KOPOTKHE CPOKHU U CHU3UTB 3aTPAThl PECYPCOB.

KonrodeBble cjI0Ba: anpuoOpHBIA aHANN3, JIETATEIbHBIC AIIAPaThl, CTO-
XacTH4YECKHEe MOJIEIH, TYpOyIEHTHBIE Cpe/ibl, 0alileCOBCKUI aHa13, Me-
Tox Monre-Kapio, mnporao3upoBaHue TpaeKTopuu
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Introduction

Disturbed motion of aircraft in turbulent envi-
ronments is one of the key problems of aero-
dynamics, flight dynamics and control. Turbulent
flows arising in the atmosphere significantly com-
plicate the prediction of the aircraft trajectory,
causing random disturbances that can lead to a
change in its motion and deterioration in control-
lability. The problem lies not only in modeling
such motion, but also in developing analysis meth-
ods that allow one to estimate potential deviations
of motion from a given trajectory and predict them
with a high accuracy.

Understanding turbulent environments is im-
portant in the design and operation of aircraft, as it
can have a significant impact on flight safety and
the efficiency of control systems. To solve this
problem, it is important to use methods of a priori
statistical analysis, which allows one to make
probabilistic forecasts about the behavior of the
system before receiving the observed data.

The aim of this work is to study the methods
of a priori statistical analysis of the disturbed
motion of aircraft in turbulent environments and
to assess their applicability for modeling and pre-
dicting the behavior of aircraft under uncertainty.

1. Mathematical models of disturbed motion

Technical devices designed to move in the
atmosphere or outer space by creating lift or jet
propulsion are called aircrafts. They include both
manned and unmanned vehicles, such as airplanes,
helicopters, airships, rockets, spacecraft, and drones.
Depending on the flight environment and operating
principle, aircraft can use aerodynamic forces
(e.g. airplanes and helicopters) or jet propulsion
(e.g. rockets) to maintain flight and maneuver.

Turbulence is a chaotic and unpredictable
movement of air flows that occurs in the atmo-
sphere, which has a significant impact on flight
dynamics [1]. Turbulent flows are characterized
by rapid changes in wind speed and direction at
different points in space, which leads to distur-
bances in the trajectory, stability, and control-
ability of the aircraft (Figure 1).
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Figure 1. Schematic of dynamic turbulence
Source: made by A.S. Ermilov, O.A. Saltykova

Turbulence near the ground, especially in urban
environments and rough terrain, occurs due to the
interaction of air flows with various obstacles, such
as buildings, trees, and other artificial or natural
structures. These objects create zones of disturbed
flow, where the air movement becomes chaotic,
therefore vortices and sharp changes in wind speed
and direction are formed (Figure 2).

Mountain rotor Houses Tree line

o
SRtts

Figure 2. Formation of perturbed air flows near the ground
Source: made by A.S. Ermilov, O.A. Saltykova

Under conditions where an aircraft is subject
to random disturbances, its trajectory deviates from
the calculated one, which requires the develop-
ment of special methods for describing and pre-
dicting such deviations. The dynamics of an aircraft
under disturbed conditions is characterized by com-
plex nonlinear processes that require taking into
account not only traditional aerodynamic forces and
moments, but also random changes in these para-
meters under the influence of the environment [2].

To describe the motion of an aircraft under
turbulent flow conditions, mathematical models
are used that include both deterministic and sto-
chastic components. The main parameters that
determine the motion are linear and angular velo-
cities, the position of the center of mass, orientation
angles (roll, pitch, yaw) and the forces acting on
the apparatus.
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The classical model of aircraft flight dynamics
includes two types of equations: equations des-
cribing translational motion (based on Newton’s
law) and equations describing rotational motion
(based on Euler’s equations).

Translational motion is described by Newton’s
second law in vector form:

m—=F, (N

. dv .
where m — mass of an aircraft; 7 acceleration
t

vector representing the derivative of the velocity

vector ¥/ with respect to time; F — the resulting
force acting on the aircraft (including aerodynamic
force, gravity and thrust).

The rotational motion of the aircraft is described
by Euler’s equations, which relate the moment
of force to angular accelerations:

dL _ -

—=M, 2

” )
where I — angular momentum of the aircraft

. L L
relative to the center of mass; % — the derivative
t

of angular momentum with respect to time, des-

cribing the angular acceleration; M — resultant
moment of forces acting on the aircraft.

Together, these equations define a complete
dynamic model of aircraft motion that takes into
account both its translational and rotational motion.
However, in a turbulent environment, these algo-
rithms must be modified by adding stochastic per-

turbations to parameters such as drag force, lift
force, and moments of inertia [3].

Models of motion in a turbulent environment
can be divided into two types: deterministic and
stochastic.

Deterministic models describe motion based
on known initial conditions and environ-mental
parameters [4]. It is assumed that all external
influences on the aircraft, including turbulent flows,
are known and can be accurately described, which
is unlikely in real conditions.

Stochastic models, such as random process or
Gaussian disturbance models, allow the uncertainty
associated with the effects of turbulent flows to be
taken into account. For example, the von Karman
wind turbulence model and the Iver model are widely
used to describe the structure of turbulent flows
in the atmosphere [5]. They allow the statistical
characteristics of turbulence, such as the intensity
and spectrum of disturbances, to be calculated,
which is the basis for predicting the effects of
turbulence on aircraft motion.

When modeling the disturbed motion of an
aircraft in turbulent environments, it is important
to take into account many parameters that can affect
the trajectory and dynamics of the flight. They
characterize both external factors, such as atmo-
spheric turbulence and meteorological conditions,
and the internal properties of the aircraft itself,
including its aerodynamic characteristics and mass.
Correctly taking these parameters into account
allows us to create more accurate mathematical
models that predict the behavior of the apparatus
in complex conditions (Table).

Parameters determining the dynamics of perturbed motion of an aircraft in a turbulent environment

Parameter Description

Impact on Flight Dynamics

Linear velocities
forces.

Velocities along the X, Y, Z axes, affected by external | Determine the flight trajectory and rate of

position change.

Angular velocities

Rotational speeds around the X, Y, Z axes.

Influence the orientation and stability of the
aircraft.

Turbulence intensity

Amplitude and frequency of air mass disturbances,
determining the force acting on the aircraft.

Lead to deviations in trajectory and orientation.

Aerodynamic forces

Lift and drag, dependent on the angle of attack.

Affect lift and drag, influencing altitude and
flight speed.

Moments of inertia

Resistance to changes in angular velocities.

Influence rotational stability.

Mass of the aircraft

Affects inertia and susceptibility to external disturbances.

Greater mass reduces trajectory deviation but
increases inertia.

Thrust forces

Engine forces, varying under external influences.

Affect speed and trajectory.

Meteorological conditions

Pressure, temperature and air density.

Affect aerodynamics and controllability.

Source: made by A.S. Ermilov, O.A. Saltykova, data from [6; 7].
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Mathematical models of disturbed aircraft
motion are a combination of deterministic equations
of motion and stochastic models of turbulent effects.
This allows one to describe both short-term changes
in the aircraft trajectory under the influence of
random disturbances and long-term changes in the
stability and controllability of the device. To im-
prove the accuracy of mathematical models, it is
necessary to use a priori statistical analysis.

2. Basic approaches to a priori analysis

A priori analysis is a statistical method that is
based on the use of previously known data or
assumptions to construct mathematical models and
forecasts. In the context of aircraft dynamics in a
turbulent environment, a priori analysis allows for
uncertainties in motion parameters and external
influences, such as turbulent flows, to be taken into
account long before direct measurements or
experiments are carried out. This approach makes
it possible to predict the behavior of a system in
conditions where precise data have not yet been
obtained, but there is enough information to form
reasonable hypotheses.

There are several main approaches to a priori
analysis that are used to estimate the disturbed
motion of an aircraft. One of the most well-known
methods is the Bayesian approach (application of
Bayes’ theorem) to update a priori assumptions
based on the data obtained:

P(D|6)P(6)

P(6|D) “ %) (3)

where P(6|D) — posterior probability of a para-
meter 0 after receiving the data D; P(D|6) —
likelihood function describing the probability of

observing data D at a given parameter value 6 ;
P(6) — prior probability of the parameter 6

before receiving data; P(D) — normalizing

constant called the total probability of the data.

In the context of turbulence and disturbance
modeling, 6 may represent parameters describing
turbulent flows, such as intensity, frequency of
disturbances, or other physical characteristics of
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the medium [8]. Prior distribution P(8) can be given
on the basis of previous experiments, numerical
simulations or theoretical estimates. The likeli-
hood function P(D|0) reflects the probability of
observing real data D (e.g. wind speed measure-
ments or aircraft trajectories) given known values
of the turbulence parameters. After updating the
prior distribution with data, a posterior distribution
P(0|D) is obtained, which provides a more accurate
estimate of the turbulence and disturbance para-
meters. This process can be repeated as more data
becomes available, gradually refining the model
and making the forecasts more accurate.

The Bayesian approach allows one to take into
account the initial uncertainty regarding the para-
meters of the disturbed motion and to correct them
based on incoming information, which is especially
important in conditions of complex and uncertain
external influences, such as turbulent flows.

Maximum Likelihood Estimation (MLE) is
used to estimate model parameters based on known
data and prior assumptions [9]. In this method, the
task is to find parameters 6 that maximize the
likelihood of the data D, that is, maximize the
probability that the observation data could have
been obtained with the given parameter values.
This is expressed through the likelihood function:

L(0)=P(D|0). (4)

In turbulent conditions, the maximum likelihood
method is used to estimate the parameters of the
disturbance model, such as the intensity and
frequency of turbulent flows. For example, if the
observational data D describe the deviations of the
aircraft trajectory in turbulent conditions, then 0
can represent the parameters of the turbulent
effects, such as the mean velocity and variance of
the disturbances.

Another effective tool for a priori analysis is
the Monte Carlo method, especially in the case of
complex stochastic systems [10]. In modeling the
disturbed motion of an aircraft, it allows for statis-
tical analysis of various flight trajectories in a tur-
bulent environment, assessing the probability of
various deviations from the calculated trajectories
(Figure 3).
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factor x < factor y ~" factor z

Figure 3. Scheme of the Monte Carlo method
Source: made by A.S. Ermilov, O.A. Saltykova

The factors x, y and z represent various
external parameters such as wind speed, direction
of turbulent flows and other disturbing forces.
Probability distributions are modeled for each
of these factors, which are then used to estimate
the deviation of the aircraft from the calculated
trajectory. The points on the graphs represent a set
of possible outcomes obtained using the Monte
Carlo method, which allows us to estimate the
influence of each factor on the resulting motion of
the apparatus.

Regularization is used to solve ill-conditioned
problems when there is an excessive amount of
a priori data or there is high uncertainty in the initial
parameters (Figure 4).

>
>

v

Figure 4. Regularization scheme
Source: made by A.S. Ermilov, O.A. Saltykova

In aircraft control, regularization methods
play an important role when working with data
obtained in real time from sensors, for example,
about the position and speed of the aircraft.
In conditions of turbulence or other external in-
fluences, the readings may contain significant
noise, which complicates the calculation of correct
control actions [11]. Regularization helps to smooth

out such fluctuations, making the data more reli-
able for decision-making [12].

In some cases, a priori analysis can be based
on deterministic approaches, when the a priori
values of the parameters are assumed to be known
and unchanged [13]. These methods make it possible
to significantly simplify calculations, but their use
is justified only under conditions of a low degree
of uncertainty. For example, deterministic a priori
methods can be useful for analyzing aircraft motion
in weak turbulence or in conditions when the
nature of the disturbances is well understood [14].

3. Application of a priori models
and approaches to the analysis
of aircraft dynamics

One example of the application of a priori
models is the analysis of the motion of unmanned
aerial vehicles (UAVs) in turbulent flows at low
altitudes [15]. Turbulence near the earth’s surface
can be intense and unpredictable, which complicates
control and trajectory prediction. In such situations,
a priori probability models are used to describe
the parameters of turbulent flows (for example,
the average value of wind speed and its dispersion).
These models allow calculating deviations from the
calculated trajectory and assessing the probability
of significant disturbances. The main equations
describing the dynamics of aircraft motion include
Newton’s equations for translational motion:

F A
m7:F;3p+FTyp6+E“paB ’ (5)
t
where m — mass of the device; ¥ — velocity
vector; ﬁap — aerodynamic forces; F s

disturbances caused by turbulent flows; F .. —

rpaB
gravity.
After applying Newton’s equations to analyze
the aircraft dynamics in turbulent conditions, the
influence of turbulent disturbances on the

trajectory of motion can be assessed. Value F ¢,

which is a random force caused by turbulence, can
fluctuate depending on the characteristics of the
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atmosphere and the flight altitude. This leads to the
aircraft trajectory deviating from the calculated
ones, causing additional maneuvers to stabilize
the flight. Using a priori models, it is possible to
predict the most probable deviations and adjust the
control systems in advance to minimize the effects
of turbulence. This approach improves the stability
of the aircraft and prevents abrupt changes in
trajectory, which is especially important for
unmanned systems or when flying at low altitudes,
where turbulence is more pronounced.

One of the effective methods of a priori anal-
ysis in aircraft control is the Bayesian approach,
which allows dynamically updating turbulence
forecasts as new data arrives. This method is ac-
tively used in high-altitude flight conditions, where
turbulence can suddenly occur and have a signifi-
cant impact on the trajectory.

At cruising altitude (usually above 10 km),
where aircrafts often encounter turbulence, control
is performed using a priori data on the probability
of occurrence of turbulent zones [16]. Initially,
the control system has a priori information on
turbulence obtained from meteorological models,
and it is specified as a priori probability of the
parameter 6 — the turbulence intensity.

When sensors on board detect changes in air
flows, the system updates the prior based on these
observations using Bayes’ theorem:

_P(Do)P(0)

POP)=—20y (6)

where P(6|D) — updated posterior probability of

turbulence after data acquisition D; P(D|0) —

likelihood of observed data.

The aircraft’s control system, based on updated
a posteriori data, can predict increased turbulence
and adjust flight parameters in advance [17].

For example, if the data indicates an in-
creased probability of severe turbulence ahead, the
system can reduce speed or adjust altitude to
mitigate the impact. This process ensures safe and
stable flight, even under unexpectedly changing
external conditions.

354

Conclusion

Methods of a priori statistical analysis of dis-
turbed aircraft motion in turbulent environments
demonstrate high efficiency in predicting trajectory
deviations and flight dynamics. Stochastic models,
such as the Bayesian approach, maximum likelihood
method, and Monte Carlo method, allow for
uncertainty and random disturbances characteristic
of turbulent flows. These approaches make it
possible to estimate the probability of motion
deviations and improve the accuracy of forecasts
under conditions of limited information. The use
of a priori data and probabilistic models contributes
to improving the stability and controllability of
aircraft, especially when they operate in complex
external conditions. However, despite significant
progress, there remain challenges associated with
the integration of such models into real aircraft
control systems in real time. In the future, it will be
necessary to improve computational methods for
prompt processing of large volumes of data and
adaptation of models to changing flight conditions.
In addition, the development of universal approaches
remains to be an important task, that will take into
account the specifics of different types of aircraft
and the ranges of turbulence they encounter.
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3asBeHne 0 KOHQUIMKTEe HHTEPECOB

ABTOp 3asBIISIET 00 OTCYTCTBUHU
KOH(JIKTa HHTEPECOB.

AHHoTanusi. Pa3paboTaHsl METOIBI MOCTPOEHHUSI MHOTOIPO(UIIb-
HOW 3KCIIEPTHON CHCTEMBI NOAACPKKH MPUHATHS peUIeHuit B oba-
CTH CTpoUTeNbeTBA. [Tog0keHHOE B OCHOBY HCCIIEIOBAHUS apXUTEK-
TypHOE PELICHUE BBICTPOCHO HA TEOPHUM HEYETKHX MHOXECTB. Pac-
CMOTPEHBI NPOrPaMMHBIE MOAXOAbI K MPOEKTHPOBAHUIO CIIEUAIIU-
3UPOBAaHHBIX SKCHEPTHBIX CHCTEM, a TAKXKe 3aJ[auH, perIaeMble CH-
CTEMOH HOANEP>KKU MPHUHATHS PENICHUH Ha ATale MOATOTOBKH 00b-
€KTa K CTpOHUTENbCTBY. Llenb ncenenoBanms — pa3paboTka apXHUTEK-
TYpbl 3KCIEPTHONW CHUCTEMBI, COCTOSIIEH M3 CUCTEM JIOTMYECKOIO
BBIBOJIa ¥ Ha0Opa B3aMMOCBS3aHHBIX HEYETKHX 3KCIEPTHBIX MOAY-
neii 6a3pl 3HaHWH. 3ajaga ucciaenoBaHus — pa3paborka 0000mEH-
HOTO anropuTMa (PYHKIIMOHWPOBAHUS 3KCIEPTHON CHCTEMBI, apXH-
TEKTYpbI 0a3bl 3HAHUI U IPOTOTHUIIA TPOTPAMMHOM peajii3aluy IKC-
MEPTHOU CHCTeMBI. B pesynbraTe MpOBENEHHOIO UCCIEJ0BAaHUS pa3-
paboTaHbI ABa MPOTPAMMHBIX MPOAYKTa Ha si3pike Python u mporo-
TU Ha s13b1ke Matlab. [TpuBemensr mpuMepbl HHTEP(EHCOB U TPO-
IPaMMHOTO KOzia pa3pabOTaHHOW HKCIIEPTHOM CHCTEMBI TTOIEPKKH
MIPUHSTHUS PEMICHUI B 00JIaCTH CTPOUTEIHCTRA.
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Abstract. Methods of building a multidisciplinary expert decision support system
in the field of construction have been developed. The architectural solution
underlying the study is based on the theory of fuzzy sets. Software approaches to
the design of specialized expert systems are considered, as well as the tasks solved
by the decision support system at the stage of preparing an object for construction.
The purpose of the study is to develop the architecture of an expert system
consisting of logical inference systems and a set of interconnected fuzzy expert
modules of the knowledge base. The objective of the research is to develop a
generalized algorithm for the functioning of the expert system, the architecture of
the knowledge base and a prototype of the software implementation of the expert
system. As a result of the research, two software products have been developed in
Python and a prototype in Matlab. Examples of interfaces and program code of the
developed expert decision support system in the field of construction are given.
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BBepeHue

CrpouTtenbHas orpacib B Poccun HHTEHCHBHO
pa3BUBaeTCS: BHEIPSIIOTCS HOBBIE METOMBI KaK ca-
MOTO CTPOUTENNBCTBA, TAK ¥ IPOSKTHPOBAHUS B HEM
Pa3IUYHBIX CHCTEM, BKIIIOYAsl pACYETHBIE CHCTEMBI
WHTETPAllUH PA3INYHBIX KOMMYHHKAIIUH, aHaIH-
THYECKHE CUCTEMBI BBIOOPA 1 000 CHOBAHUS MHIKE-
HEPHBIX peIIeHUH. AKTyaJIbHBIMU CTaHOBSTCS BO-
MIPOCHI OPTaHU3aIMN YMHBIX TOPOIOB, ONITUMH3a-
UM CUCTEM DJICKTPOCHAOKEHNSI B MHOTOKBAPTHP-
HBIX JIOMaX, MMOJ/ICPKKU MPUHATHS PEIICHUH 1is
YHpaBJIEHUS] PUCKaMU, HHBECTUIH B CTPOUTEIb-
ctBO u 1p. [1-6]. IlockonbKky 00beM HOBBIX 3Ha-
HUH B CTPOUTENBHOM 001aCTH CTPEMUTEIIEHO yBe-
JMYMUBAETCS, BCTACT 33/a4a UX (opMaIn3aluu,
C TeM, YTOOBI TUPAKUPOBATH ¥ IPUMEHSTD 3TH 3Ha-
HUSI TaM, IJIe HE XBaTaeT CIICIHAIUCTOB (IKCIEp-
TOB) B COOTBETCTBYIOIIUX 00JACTSIX (KaK IIPABHIIO,
B Y3KONPO(MWIBHBIX, CIICITHAIM3UPOBAHHBIX 00JIa-
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CTSIX CTPOUTENBCTBA). B pa3paboTke Takux 3KcrepT-
HbIX cucteM (DC) 3auHTepecoBaHbl KPyITHbIE TOA-
pSAAHBIE U CTPOUTENBHBIE OpraHU3allM, a TaKXKe
OpraHM3alMy U OpraHbl TOCYIapCTBEHHOM BIACTH,
KOTOpBIE 3aHUMAIOTCSI IPOEKTUPOBAHUEM MHOIO-
KBapTUPHBIX JKUJIBIX IOMOB U INIAHUPOBAHUEM T'O-
POICKHUX 3aCTPOEK.

ITopoii u3-3a MHKEHEPHBIX OIHOOK B CTPOH-
TEJILHON 00JIACTH TIOCTPOSHHBIN MHOTOKBAPTUPHBIN
JIOM CIIaeTCsl C HEBEPHBIMU TEXHUYECKUMU XapaK-
TEPUCTUKAMU U BIIOCJIEICTBUM IPU3HAETCS MOA-
JeXallUM CHOCY. DTO HETaTUBHO CKA3bIBAETCS HA
UMUJKE CTPOUTENBHBIX KOMIIAHUN M MHTEpecax
UHBECTOPOB. OYEBUIHO, YTO OONBLUIMHCTBO OLIU-
OOK MPOMCXOUT HA ATAIe MPOESKTUPOBAHHUS, B CBSI3U
C YeM IIPECTABISIETCS AKTyaJIbHBIM PELLUTD 3a/1a4y
3(QPEKTUBHOTO XpaHEHHUs U NIEPEAYX SIKCIIEPTHBIX
3HaHWUW B CTPOUTEIBHON 00JACTH. DTO TIO3BOJIHT
CTaOMIIbHO, C MUHUMAJILHBIM PHCKOM Pa3BHBATh U
BHEJIPSITh NHKEHEPHO-TEXHUYECKHEe petleHus [7].
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JI1s1 BBITTOJIHEHUS MOCTABIICHHOM 3adadu Iie-
J€Co00pa3HO MPUMEHSTH METOJIbI MAIITTHHOTO 00Y-
YEHUSI U CUCTEMBI MCKYCCTBEHHOTO WHTEJUICKTA,
HOJ'Iy‘II/IBHII/Ie B IIOCJICOAHHUEC TOAbl MOIITHOC pa3B1/1—
THE ¥ IIUPOKOe pacnpocTpanenue. CiemayeTr oTMme-
TUTh, YTO CYILIECTBEHHBIM OTPAaHUYECHUEM JIJISI UC-
IMOJIb30BAHUA CUCTEM MAIIIMHHOTO 06yquI/151 SABJIS-
eTCcsl 00s3aTeIbHOE HAJIMYNEe PelpEe3eHTaTHBHON
oOyuarorieit BeI0OpkH. B To ke Bpems CyIeCTBYIOT
9KCIIEPTHBIE CUCTEMBI, (PyHKIIMOHUPYIOLIHNE Ha OC-
HOBE JKCHEPTHBIX 3HAHUN. VIMEHHO WX CTOWT HC-
TIOJIB30BATh JIJIs1 CO3/IaHUS MPOTPAMMHBIX MTPOTYK-
TOB U CUCTEM MOJIECPKKU IPUHATHS PEILICHUN JUIs
HIUPOKOTO KPyTra MHKEHEPHO-CTPOUTENHHBIX 3371a4.

1. PazpaboTKka apXxuTeKTypbl
3KCMNEepTHOI CUCTEeMbl NoAAEPXKKU
MPUHATNSA UH)XXEHEPHbIX peLleHnin
B 00/1aCTU CTPOUTENILCTBA

B cooTBercTBHM € pe3yapTaTaMu TE€OpPETUYE-
CKUX M MPHUKJIATHBIX HAYYHBIX HCCIEIOBaHUM [§]
ApXUTEKTypa HIKCIIEPTHON CUCTEMBI BKIIFOUAET Clie-
IYIOIUE 3JIEMEHTHI:

— MOJyJb IPUOOPETEHHS 3HAHUIA;

— 0azy 3HaHUi (TpaBHIIa JJOTMYECKOTO BBIBO/IA);

— CHCTEMY JIOTUYECKOT'O BBIBOJIA;

— uHTepdeiic B3auMOIeHCTBUS € MOJIb30BaTe-
neM;

— MOAYJIb OOBSICHEHHUS PE3YJIbTaTOB.

CortacHO U3y4YEHHBIM TEOPETUUECKUM TPY-
nam [9—13] nmocTpoeHre SKCIePTHON CUCTEMBI SIB-
JAETCSl UTEPAIMOHHON MPOLENYypOrd, B KOTOPOH
KOTHUTOJIOT (MHKEHEp MO 3HAHUSM), B3aUMOJCH-
CTBYSI C 9KCIIEPTaMHU, UTEPATHBHO IMOTIONHSET a3y
3HaHuii (b3), monnepxuBas SKCHEPTHYIO CUCTEMY
B aKTyaJIbHOM COCTOSIHUU. DTOT MPOLECC peau-
3yeTCsl METOlaMH MH)KEHEPUU 3HAHUI, B COOTBET-
CTBUH C KOTOPBIMH IPOLIECC CO3aHUS IKCIIEPTHON
CHUCTEMBbI HAaYMHAETCA C YCTAHOBKHU NpeabsBIsie-
MBIX K Hell TpeOOBaHMIi; aHAaIN3a JTaHHBIX, MOJY-
YEHHBIX U3 OTKPBITHIX UCTOYHHMKOB; cOOpa UMEI0-
LIUXCS 3HAHUM i1 ONpeesieHUus: HeoOXOAUMBIX
XapaKTEepPUCTUK 0OBEKTOB, 33/1a4, TUIIOB MOJIb30Ba-
TEJIEH U TIp.

OnHa M3 3a7a4 KOTHUTOJIOTa — (popmanza-
1M 3HAHUM B TOM WM UHOW MOJIEIH UX TIPE/ICTaB-

neHus (MPOMYKIIMOHHOH, PpeiiMOBOMA, JTOTHYECKOM
U JIp.) C IOCIIEAYIOIIeH TOCTAaHOBKOW 3aa4H TIPO-
rpammuctam. Takum 06pas3om, B mporiecce mocTpo-
€HUS SKCIIEPTHOM CUCTEMBI OH B3aUMOJICUCTBYET C
HNPOTrPaMMHUCTAMH, SKCTIIEPTAMH U TPYTUMH HCTOU-
HUKaMHU 3HaHUHW 111 cOopa mHpopmarmu u (op-
MUpPOBaHUs 0a3bl 3HAHUIA.

3areM ciemyer pa3paboTka 0a3pl 3HAHHM, BKITIO-
Yaloliasi ONpeAesICHUe TUMA BXOMHBIX JAaHHBIX
(HampuMep, TEKCTOBBIE JJOKYMEHTHI U CTaHAapThI);
BO3MO)KHBIX 3HAYEHHUU U B3aHMOCBSI3H MEKIY Iie-
PEMEHHBIMHU; METOJIOB IMPEICTABICHUS 3HAHUN H
JIOTHYECKOTO BBIBOJA. VICIIONb30BaHNE MaTeMaTH-
YEeCKOro armapara HeYeTKOW JIOTMKH IMpH co37a-
HUHM SKCIIEPTHBIX CHCTEM MO3BOJIAET YYUTHIBAThH
HEJIMHEHHYO0 3aBUCUMOCTb MEX/Y IepEMEHHBIMU
Y OMHUPATHCSA HA CTOXaCTHYECKHE MOJEIH MPHHS-
THUSI PELICHUH, YTO CHOCOOCTBYET CHM)KEHHIO Be-
positHocTH omubok. O000IIeHHAsI CTPYKTYPHO-
(GyHKIIMOHANbHASA CXEMa JKCIEPTHOM CHCTEMBI
CXeMaTHYEeCKH Tpe/ICTaBlIeHa Ha puc. 1.

DKcIepTHas CHCTEMa COCTOUT U3 CIEMYIOIINX
(YHKIIMOHAIBHBIX 3JIEMEHTOB!

— 0a3bl 3HaHUH (Ha OCHOBE HEYETKOM JIOTHKH);

— OJ10Ka IPHOOpETEHNS 3HAHMIA,

— CHCTEMBI JIOTHUECKOTO BBIBO/IA;

— TIOJIb30BATEILCKOTO UHTEpderica.

Cucrema JIOTH4ECKOTO BBIBOJA 00TagaeT MH-
TepHpeTaTopom, uyto oTiandaeT IC oT HEHPOHHBIX
cereil. IlocpencTBom uHTepdeiica mosb30BaTeb
MOJTyYaeT JOCTYIH K 3HAHUSM U MOJKET HHTEPIIPETH-
pOBaTh MOTyYEHHBIE OTBETHI AKCIIEPTHONU CUCTEMBI
B coOoTBeTCTBHU ¢ B3 M mpaBmimamu J0rugeckoro
BbIBOJIA. baza 3nanunii OC cBsi3aHa ¢ onpeeeHHOM
npobiaeMHON o0nacTeio cTpouTenbeTBa. Crucrema
JIOTUYECKOTO BBIBOAA 00ECHEYMBACT SKCIEPTHYIO
OLICHKY U pacyeT YHCJICHHBIX XapaKTEPUCTUK CTPO-
UTEJBbHBIX 00BEKTOB. Takas cucTeMa IpeCcTaBisieT
co00i1 MporpaMMHO-anmapaTHoe sIPO HHTEIUICKTY-
albHOM MH(OPMALMOHHON cucTteMbl. B Hacros-
e paboTe pacCMOTPEH JIOTHUYECKUH (hopmart 00-
paboTku MHQOpPMAIMK, TIPH 3TOM O PACCUHTAH-
HBIM TTapaMeTpaM MOXKHO BHU3yaJIM3UPOBAaTh MpO-
CTPaHCTBEHHYIO MOJIEITb TTOCA/IKH 3aHHH.

Jnst opranu3zanuu paOoThI SKCIEPTHOM CUCTEMBI
ObUT pa3paboTaH ajIrOPUTM, MPEACTABICHHBIA Ha
puc. 2.
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JIaHHBII aNTOPUTM HE COAECPIKUT LUKIIOB, TaK
KaK BCE BXOJHbIE 3HaYEHUs TPe0Opa3yroTCs B BbI-
XOJIHBIE MTOCPEACTBOM CHCTEMBI JIOTUYECKUX IIpa-
BUJI, COZIeprKaltieiicst B 0a3e 3HaHMiA. B cooTBeTCTBIM
C pa3pabOTaHHBIM AJTOPUTMOM IO BXOIHBIM Iapa-
Mmetpam OC omnpenensercs: BUI JOTHYECKOTO BbI-
BOJIa: YETKUH, HEUeTKUI MM KOMOMHUPOBAHHBIM.
Hasmame Momyrist geTkoi JIOTHKH 00y CITOBIIEHO HEO0O-
XOIMMOCTBIO Y4€Ta CTPOTO PENIaMEHTHUPOBAHHBIX
npasui 1 'OCToB (B 4aCTHOCTH KacaroLIUXCs OT-
CTYIIOB 3[TaHUM OT COCEIHMX CTPOCHWH, JTWHUN
CBSI3U U KOMMYHUKAIMH, IEPEBBEB), & TAKKE JAPY-
TUX PENIAMEHTHUPOBAHHBIX NapaMeTPOB U HOpMa-
TUBOB. [Ipy 9TOM OIHM M Te k€ BXOAHBIE Iapa-
METpPBI MOT'YT COOTBETCTBOBATh CPa3y HECKOJIBKUM
MOJIYJISIM KaK B UETKOM, TaK U B HEUETKOH JIOTHKE.
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74"-\. Mogyns no npo6nemHoii o6nacti 2

Mogynb no npoénemHoii o6nactu N

AnropuTmel He4eTKOIA noruku
S

~

e di

Mogaynk no npoénemHoii o6nactu 1

Mogyne no npoénemHoii obnacti 2

@ .. Bxoguuie sHaueHun w ’>..

Moayne no npo6nemHoii o6nactu N

AnropuTMel YeTKON NormKu
\ J

(. /

I

Pac4eTHbIE BbIXOAHEIE SHAYEHWA

v !

2D/3D-BU3yanuzaums
Ha OCHOBe 3HaueHuii

BbiBOO 3HaueHuiA

Puc. 3. MHoromoaynsHas apxutektypa 6a3bl 3HaHWi
39KCNEPTHOWN CUCTEMbI NOAAEPXKKN NPUHATUS PELLEHWN
M cTO4YHMK: BbINOAHEHO A.A. MepkynoBbIM

Pa3paboTranHas apXuTeKTypa MoApa3yMeBaerT,
YTO YaCTh BXOJAHBIX IEPEMEHHBIX OTHOCHTCS TOJIBKO
K COOTBETCTBYIOLIMM MOJYJISIM, @ YaCTh MOXET MPH-
MeHSThCS Oosiee ueM B omHOM Moxnyde. [locne Toro
Kak IO BXOJIaM ONPeIeICHbI MOIYJIN JIOTHYECKOTO
BBIBOJIa, HA BBIXOJ] CUCTEMBI MOAAI0TCS BHIXOJIHBIC
3HAUeHMsl, JOCTYIIHBIE I0JIb30BATEII0 Yepe3 HH-
tepdeiic DC. O600IIEeHHAs apXUTEKTypa JIOTHYIe-
CKOT'O S]Ipa IKCTIEPTHON CUCTEMbI IOAJCPHKKH MPH-
HSTHS PEIIeHUH B 00JIACTH CTPOUTEIHCTBA CXEMa-
THYECKH M300pakeHa Ha puc. 3. OHa COCTOUT U3
psizia OICUCTEM, KaXK/1asi U3 KOTOPBIX pealn30BaHa
Ha OCHOBE METO/IOB MHKCHEPUU 3HAHUU U HEUEeT-
Koii joruku. B pazpadorannom nporoture IC uc-
MOJIB3YIOTCS Pa3PEKEHHBIE CBSI3H MEXKIY BXOTHBIMU
napaMeTpaMu 1 COOTBETCTBYIOIIMMU UM MOYJISAMU.
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Figure 3. The multi-module architecture of the knowledge
base of the expert decision support system
Source: made by A.A. Merkulov
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Pa3zpaborannas 6a3a 3HaHU COCTOUT U3 Ce-
JYIOUIMX SKCIEPTHO-aHATUTUYECKUX MOJYJICH:

— OC pacuera mapameTpoB JU(HTOBOTO 0060py-
JIOBaHHS,;

—OC pacuera OpUCHTAIUH 3/IaHUS IO CTOPO-
HaM CBETa B 3aBUCHMOCTH OT TapaMeTPOB HHCOJIS-
LW

—yetblpex DC pacyeTa KOJTUYECTBA dTaXKEH B
Pa3HBIX YCIOBUSAX TOPOJICKOH 3aCTPOHKH;

— OC OLIEHKH TEXHUYECKOTO COCTOSTHUSA 3IaHH
U COOPYKEHU;

— OC OIleHK! HHBECTUIIMOHHOMN NPUBJIEKATEIb-
HOCTH CTPOUTEIILHBIX 00BEKTOB;

— OC OIEHKH WHBECTHLIMOHHBIX MTPOEKTOB;

— OC pacueTa UHBECTUIIMOHHBIX PHCKOB.

ITo mepe pa3Butus pazpaboTaHHON apXHUTEK-
TYPBI SKCIIEPTHON CHCTEMBI BO3MOXKHO IPHMEHE-
HHUE MaTeMaTU4eCKOro anrapara HeueTKOH JTIOTUKH
JUIsS. aHAJTM3a BBIXOJHBIX 3HAYCHUN C IMOCIEIYIO-
MM HX HCTIOJIb30BAHUEM B KaU€CTBE BXOIHBIX ITe-
PEMEHHBIX PYTUX MOACHUCTEM. DTO TOJE3HO IS
BBIPAOOTKH 00Jiee TOYHBIX PEKOMEHJIAIHIA 110 T10-
caJike 37aHUM WIM APYTHMM TEXHHUUECKUM HHXKE-
HEpHBIM pemieHusM. B takom ciyyae OC Oyner
UMETh KaCKaTHYI0 HEPAPXUIECKYIO CTPYKTYpY 0a3bl
3HaHUI.

2. Pazpa6oTKka nporpaMmMHOi
peanusaummn 3KCnepTHoi CUCTeMbl
noanepXKy NPUHATUS peLueHnin

B oOnacTu cTpoutenbCcTBa

[TpoTroTnn Ka’kA0ro pacyeTHOro MOMIYJIS IKC-
TIEPTHOM CUCTEMBI OB BBIITOJTHEH Ha s13bIke Matlab
B makere FuzzylLogic Toolbox, koTopslii mo3Bo-
JISIET ONPEETTUTh BXOHBIE U BBIXOJHBIC ITEPEMEH-
HbIE, UX (YHKIUHM MPHHAJICKHOCTH W TpaBUIIa
JIOTUYECKOTO BBIBOJIA.

Jlyia BHEeIpeHUs B MPAKTUKY pa3paOOTaHHBIX
HKCTIEPTHBIX CHCTEM HCIIOIB30BaH SI3bIK IIPOTpaM-
mupoBanusi Python (6ubnunorexu Pylab, Numpy,
PySimpleGUI u Skfuzzy), na xoTopoM moMumo
0a3 3HaHU# pa3paboTaH rpapUIECKUil MOITH30Ba-
TeNnbCKUi uHTepdeiic. lannas nporpaMMHas pea-
JAU3alys He 3aBHCUT OT CTOPOHHMX Pa3paboTyu-
KOB M MOXET 3aIlyCKaTbCsl B PA3JIMYHBIX OIEpaIi-
OHHBIX CUCTEMaX.
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Bce pa3paborannbie 6a3bl 3HAaHUI XpaHATCSA
B OT/ENBHBIX python-daiinax, HaYUMHAOIHUXCS C
npedukca baza_, KOTOpble MOXHO MCIOIb30BaTh
JUTSL peTaKTUPOBaHUS MTPABHII BBIBOJIA, TMHTBUCTH-
YEeCKHUX MEePEMEHHbIX U X (QPYyHKIMHA MpUHAIIK-
HOCTH, a TaKKe JJI CO3JAaHUS U OTIAaJKH HOBBIX
0a3 3HaHUH U1 SKCTIEPTHBIX CUCTEM.

Boumn paspaboranbl 1Be MHOTONpPO(UIbHEIE
JKCIepTHO-aHANIUTHYeCKue cuctemsl «llocaaka»
u «O1eHKa», 00bEAUHSIOUINE TPYIIIbI SKCIIEPTHBIX
MOJyJIEH IO Ha3HAYECHHUIO.

dopMar NporpaMMHOTO 3aJaHUs CUCTEMBbI
yrpaBJieHus 0a3bl 3HAHUH:

— UM JIMHTBUCTHYECKOW TEPEMEHHOMN C Tpe-
¢duKCOM _range 3a7aeT Auana3oH U3MEHEHHs U I1ar
COOTBETCTBYIOLLEN IEPEMEHHO;

—unentudukatopsl ctrl.Antecedent() u
ctrl.Consequent() onpenensitoT BXOJHbIE U BbI-
XOOHBIC IIEPEMEHHBIC COOTBETCTBCHHO,

— KOHCTPYKLUSI MM$I IlepeMeHHOM

[‘Ha3BaHMe QPyHKIMU NPUHALJIEKHOCTH | =
fuzz.gaussmf(umsi nepemenHoii_range, 4, 3)

3aJ]aeT rayCCOBCKYIO (DYHKIIMIO IPUHAIEKHOCTH
JUIl JIMHTBUCTUYECKON IIEPEMEHHON C LIEHTPOM B
Touke 4 u mmpuHoit 3. lnsg TpeyroabHbIX (QyHK-
LU NpUHAIIEKHOCTH MpeaycMOTpeHa (pyHKIus
trimf. Takum oOpazom, 3amar0Tcs GYHKIUA TIPU-
HAaJUIeKHOCTH IS BCEX IIEPEMEHHBIX (ITapaMeTphl
3TUX (YHKIMH 3HAYUTEIBHO BIMAIOT Ha paboTy
HKCIIEPTHOU CHCTEMBI);

— 1715l IPOCMOTPA 3aJaHHBIX (PyHKLUH clieyeT
HCIIOJIb30BaTh KOMaHy:

ums nepemenoii.view(); pl.show();

— IpaBUJIa BBIBOAA UMEIOT BUJL «ECIH ..., TO»
¥ 33/1al0TCS B IIporpamMMe B popmare:

ctrl.Rule(nepemennas1|‘3nauenne’] &
nepeMeHHasi2[‘3Hauyenne’],

BBIXOJIHAs IepeMeHHasi[ ‘3HaueHue’]), rae 3Hak &
OTMMCHIBACT YCIOBHE «U» (IS YCIOBUS U CIe-
nyeT (OpMUPOBATh OT/EIbHBIE PABUIIA).
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[Tocne crpoku «if __name  =='_main__ ":»
CIIEYIOT METO/Ibl BU3yaJIU3alluH IByMEPHBIX MPO-
eKIM MOBEPXHOCTU OTKJIMKA ISl OTJIAJIKU DKCIIEp-
THOM cucteMsbl. B [Ipunoxennu npusenen ¢par-
MEHT JINCTUHTa IPOrPaMMHOTO Kojia 0a3bl 3HAaHUM
M0 pacyeTy KOJUYECTBA 3TaKed B CTPOUTEIILHOM
oObeKTe.

[ns mporpaMMHON peann3alud MPOTOTHIIA
9KCTIEPTHOM CHUCTEMBI OBLIM HCHOJIB30BaHBI 3Ha-
HUS SKCTIEPTOB M MH(OpMaLs, TIOITydYeHHAast U3 OT-
KPBITBIX UCTOYHUKOB. B cooTBeTcTBUM C npenia-
raeMoi apxuTekTypoi pazpadoransas 9C cOCTOUT
13 Habopa Crenuanu3upoOBaHHBIX Momyien. Kax-
JIBI MOZYJTb BBITIONHSET CBOM (YHKUIUH M CKOH-
CTpPyHpOBaH Ha OCHOBE SKCIEPTHBIX 3HAHUHN U3 CO-
OTBETCTBYIOLIEH NpeaMeTHO! obnacTu. C UCHOb-
30BaHMEM METOJI0B MH)KEHEPUH 3HAHUI OBLIH BbI-
SIBJICHBI BCE OOBEKTHI MPEIMETHON 001acTH U UX
B3aUMOCBS3U. [{71 3TOro MHXeHep Mo 3HaHUSIM IPOo-
BOJIMJI ONPOC CPEAM SKCHEPTOB U aHAIU3UPOBAJI
TEMaTUYECKYIO JINTEPATYPY.

Takum oGpa3om, Onaromapsi pa3paboTaHHON
MHOTOMOAYJIBHON CTPYKType 0a3bl 3HAaHUH, BBI-
OpaHHBIM JIMHTBUCTHYECKUM IEPEMEHHBIM M HX
3HAYEHUSAM, a TAK)KE BXOJHBIM U BBIXOIHBIM I€pe-
MEHHBIM Ul KaXJ0H MOACHCTEMBI JOTHYECKOrO
BBIBO/Ia OBUIH OTIpe/IeNIeHbI IepEMEHHbIE, HE00X0-
MBI 1715 cO3AaHUs 0a3bl 3HAHUIT MHOTOMOTY b~
HOM DKCIIEPTHON CHUCTEMBI.

Ha omHoMm u3 3TanoB pa3paboTKu ObLIH MPO-
BEJICHBI TOJ00P U OIpeIeIIeHUE TMHTBUCTUYECKUX
MEpEeMEHHbIX M WX (DyHKIMH TPUHAIICHKHOCTH.
Kaxxnas nepemeHHas noasepraiach aHajIu3y ¢ 1e-
JBIO OMpe/esIeHHs TUana3oHa ee 3Ha4YeHud u Gop-
MBI (DYHKIUH TPUHAUICKHOCTH, YTO ITO3BOJIHIIO
CO3JaTh OCHOBY JUIsI 000CHOBAHHOTO JIOTHYECKOTO
BbIBoz1a. Kpome Toro, Obumn pazpaboTaHbl BXOI-
HbI€ U BBIXO/IHBIE NEPEMEHHBIE ISl KaXKIOW MOA-
CHCTEMBI JIOTUYECKOTO BBIBOJIA, 33 CUET YEr0 MOKHO
YAOOHBIM U CTPYKTYPUPOBAaHHBIM 00pa3oM mepe-
JlaBaTh JaHHBIE MEKIY MOAYJISIMU, UCTIONB3YS (PyH-
KIMOHAJIbHBIE BOBMO)KHOCTH 0a3bl 3HAHHUH U pelast
Y3KOCTICIIAIM3UPOBAHHBIE 33/1a4 B 00JIACTH CTPO-
UTENbCTBA, KOTOPBIE TPEOYIOT HATMYUS SKCIIEPTHBIX
3HaHUI.

Crnenyer OTMETUTh, YTO MPH SKBUBAJIECHTHOM
Habope mpaBun B b3 paszpaGoraHHas MHOTOMO-
nynbHas apxurektypa IC sBinsiercst 6oee BbIroJI-
HOM MO0 CPaBHEHMIO C OJHOMOYJIBHOM, MOCKOIBKY
B MHOTOMOJIYJIbHOM TIOZIX0/1€ KK/IbIi MOJTYITh UMEET
WHIIUBH Ty JTbHBIN anropuT™ Aedassudukammu [12].
MmuoromonynbHas apxutekTypa b3 mo3Bomser 60-
Jiee TOYHO U THOKO MOACTPAauBaTh BHIXOAHbIE 3HA-
YCHHMSI TT0]T KOKTYI0 IIPOOIEeMHYI0 0071acTh B chepe
cTpouTenbeTBa. Kak yxe ObLJIO OTMEUEHO paHee,
pa3paboTaHHas apXUTEKTYPa SKCIIEPTHON CUCTEMBI
MOXET PaCIIUPSTHCS U AOMOTHATHCS IPYTUMH MO-
nynsimu. [Ipu 5ToM HeKoTopble 00BEKTHI U ITPaBUIIa
BBIBOJIA SIBIISIIOTCS OOLIMMU JUIS pa3HBIX MOIYJICH.
I[To mepe HanoHEeHMsT 0a3bI 3HAHUH YKCIIEPTHOM CH-
CTEMBbI YHCJIO MPaBUJI, BXOJHBIX M BBIXOJIHBIX I€-
peMeHHBIX OyAeT yBenuuuBaThcsa. KoMIIeKCHBIM
MIOJIXOJI ITO3BOJISIET OXBATUTh MAKCUMAJIbHOE KOJH-
YeCTBO aCIEKTOB CTPOMUTENILCTBA M MAacHITabUpo-
Barb DC 7151 IpHOOPETSHHS U TUPAKUPOBAHUS 3HA-
HUA, HEOOXOAUMBIX JUIS TIPOCKTUPOBAHHUS MHOTO-
KBAPTUPHBIX JKUIBIX JOMOB, C yU€TOM COBPEMEH-
HBIX M aKTyaJIbHbIX TPeOOBaHUN U HOPMATHBOB.

B pesynbrare 6bl1a co31aHa mporpaMMHas pe-
anM3anus SKCIEepPTHON cucTeMbl Ha A3bike Matlab,
a TaKoKe pa3paboTaHa yCOBEPUICHCTBOBAHHAS I1JIAT-
dopma «IIporpeccCrporiDKcmepT» ¢ MOJIB30Ba-
TeNBCKUM UHTepdericoM Ha si3bike Python. Co3nansrl
Bce HEOOXoAMMble (DYHKUIMHU U KIAcChl IS 1ajlb-
HEHIIIero HaroJHEHUs, OTIAKU U COBEPLICHCTBO-
BaHMS MIPOTOTHIIA SKCTIEPTHON CUCTEMBI COBMECTHO
CO CHEeLUAIUCTaMU-IKCTIEPTAMH.

ITporpamma BBIIIOJIHEHA B BUJIE IBYX IOATPO-
rpamm «Ilocamkay n «Ouenka», naTEpdEiic KoTo-
pBIX (parMeHTapHO M300pakeH Ha puc. 4, 5. [lo-
cje BbIOOpa BXOIHBIX 3HAUEHUN B COOTBETCTBYIO-
ieM MOJyJe CIeAyeT HaxkaTb KHOMKy «Paccum-
TaThy JUIS MOJIyYeHUs pe3ysbTaToB pacueTra. Ha oc-
HOBE PAaCCUYMTAHHBIX YHCJIOBBIX 3HAYEHUH MOXKHO
BBICTpOUTH 3D-MOfIeNh J0Ma Ha y4acTKe 3aCTPOUKH.
Taxke BO3MOXHO jgo0aBieHue HH(MOpMALUU O
OM3NIeKANIMX Ta30IPOBOIAX, CTOSHKAX, AEPEBBSIX
Y MIPOYMX CBEICHUH I OonpeiesieHust TpeOyeMoro
OTCTyMa OT IPAHUI] yyacTKa.
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Figure 4. Interface of the multimodule ES “Landing”
S ource: made by A.A. Merkulov

HccnenoBanue onuchBaeT METOJJOIOTHUECKHE
Y MIPOTPAMMHBIE TIOIXO/IbI K TPOSKTUPOBAHUIO IKC-
MEPTHBIX CUCTEM MOAJNEPIKKH IPUHATHS PELICHUN
B cepe crpoutenbcTBa. OCHOBOH CITY)KUT apXwH-
TEKTYPHOE M MPOTPaMMHOE PELICHUE, BHICTPOCH-
HOe Ha 06a3e Teopruu HeYeTKUX MHOXKeCTB [14—18].

3akniovyeHve

PaccmoTrpensl moaxonbl K IPOEKTUPOBAHUIO
9KCIIEPTHBIX CUCTEM, KOTOPBIE IOMOTAIOT aHAIU3H-
poOBaTh JaHHbBIE, JABATh SKCIEPTHbIE PEKOMEHIa-
UM ¥ IPUHUMATh PEIIEHHS C HCIIOIb30BaHUEM J10-
CTynHOU MH(OPMAINK B YCIOBUSIX HEONPEIEICH-
HOCTH.

CrenaH BBIBOX O TOM, YTO MIPUMEHEHNUE UH-
CTPYMEHTapHsl HEUETKON JIOTHKH B Ka4eCTBE METO/A
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Figure 5. The interface of the ES “Assessment”
Source: made by A.A. Merkulov

XpaHeHHs ¥ 00paOdOTKK 3HAHUH MIPU CO3IaHUHU IKC-
MIEPTHBIX CUCTEM ISl IPOSKTUPOBAHUS CTPOUTEIH-
CTBa 3MIaHUH SBIAETCS YPPEKTUBHBIM MTOIXOJIOM K
PELIEHHIO ITMPOKOTO KJ1acca 3a/1ad B 9TOH o0nacTu.
PaccmoTpeHs! mporpaMMHBIE U apXUTEKTYpHBIE
MOZIXOBI K TIPOEKTHPOBAHUIO SKCIIEPTHBIX CHCTEM
Y OCHOBHBIC 3a/1a4H, KOTOPbIC pa3paboTaHHas IKC-
NepTHAsE CHCTEMa CIIOCOOHA pelIaTh Ha dTare Mmoj-
TOTOBKH K CTPOUTEIBCTBY, YTO BaXKHO JUISI ITOBBIIIIE-
HUSI KaUeCTBa, UHBECTUIIMOHHOW TIPUBIICKATEIIBHO-
cTH ¥ 3Q(HEeKTUBHOCTH CTPOUTETHHBIX OOBEKTOB.
ApxuTeKTypa pa3paboTaHHOH SKCIIePTHOH cu-
CTEMBI COCTOHT U3 Ha0Opa aHATUTUYECKUX MOJIY-
JIeH, KOTOPBIE PELIAIOT 3a0a49H, HCXOJIS U3 Pa3iiny-
HBIX aCIIEKTOB INPEACTPOUTEIHHOTO MPOEKTUPO-
BaHus. CTpyKTypa 0ObeIMHEHHOW 0a3bl 3HAHUI,
COCTOsIAsl U3 OTACIIBHBIX MOAYJIEH, KaKIAbId U3
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KOTOPBIX OTBEYAET 32 ONPEIETICHHYIO TPOOIEMHYIO
00J1acTh, MO3BOJISICT PeIIaTh 33/1a4d B Pa3THYHBIX
00JIacTIX CTPOUTENIBCTBA.

Taxkum o0pa3zom, perieHne, Ha KOTOPOM OCHO-
BaHa JKCIEpPTHAs CUCTEMa, YYUTHIBACT PEIICHHE
IIMPOKOTo KJlacca 3ajad, CBSI3aHHbBIX C ITOJIOTOB-
KoM 00BEKTa K CTPOUTENHCTBY, YTO B IIEJIOM CIIO-
COOCTBYeT pa3BUTHIO SKCIIEPTHBIX CUCTEM JIS HC-
MI0JIb30BAaHUS B CTPOUTEIBbHON oTpaciau B Poccun.

MpunoxeHue. JIMCTUHT TPOrPaMMHOTO KOZA

import numpy as np

import pylab as pl

import skfuzzy as fuzz

from skfuzzy import control as ctrl
sg_range=np.arange(0, 4, 0.1)

sg = ctrl.Antecedent(sg_range, 'sg’)

sh = ctrl.Antecedent(sh_range, 'sh’)

kt = ctrl.Antecedent(kt_range, 'kt') # Auto-membership
#hkz.automf(3, names = ['1', '2",'3'])

insl = ctrl.Consequent(insl_range, 'ins1') # Auto-membership
#kz.automf(3, names = ['1", '2,'3'])

ins2 = ctrl.Consequent(ins2_range, 'ins2') #

sg['l'] = fuzz.gaussmf(sg_range, 0,0.65) # [0.65 0] '0-1":

ins1['l'] = fuzz.gaussmf(insl_range, 105, 10) # '85-135"
'gaussmf’,[12.5 105.19]

fuzzy system = ctrl.ControlSystem([
ctrl.Rule(sg['5'] & sh['3'] & kt['l"], ins1[']5"] ),
ctrl.Rule(sg['5'] & sh['3'] & kt['2'], ins1['2'] ),
Y
fuzzy simulation = ctrl. ControlSystemSimulation(fuzzy system)
if _name _=='_main__'":
sg.view()
sh.view()
kt.view()
ins1.view()
ins2.view()
pl.show()
# Set input values
Sfuzzy simulation.input['kz'] = 50
fuzzy simulation.input['pz'] = 7000
Sfuzzy simulation.compute()
out = fuzzy simulation.output['e']
print(out)
outs=[]
foriin kz_range:
Sfuzzy simulation.input['pz'] = 0
Sfuzzy simulation.input['kz'] =i
Sfuzzy simulation.compute()
outs.append(fuzzy _simulation.output['e'])
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3asiBiieHHE 0 KOH(IMKTE HHTEpecoB

ABTODBI 3asIBISIIOT 00 OTCYTCTBHU
KOH(ITUKTa HHTEPECOB.

Bxaan aBTopoB
HepasgensHoe coaBTOpCTBO

AHHOTanMs. AKTYaJIbHOCTb HCCIIEJ0OBaHIS 000CHOBBIBAaETCS pa3padoT-
KoM (pITaHIIEBBIX COSANHEHHUH TePMETUIHBIX KOHCTPYKITHIA aBUAIIOHHON
TEXHUKHN B YCJIOBUAX OrpaHUYCHHA BECa U MATCPHUAIOEMKOCTH IIPU OJ1-
HOBPEMEHHOM YBEIMUYEHUH HX TEXHHKO-?HEPIeTHUCCKHX XapaAKTEpPH-
CTHK 3a CYET NOBBIIICHHUS JaBICHUN M TeMIeparyp pabodeil cpensl B
THPABINYECKUX U THEBMAaTHUECKHUX crcTeMax. [IpoyHoCTh (hriaHmeBbIxX
COEIMHEHUI 00ecIieunBaeTCs HaJEKHOCTHIO H30IMU pabodeit cpenpl,
CTETICHBI0 TEPMETHYHOCTH SJIEMEHTOB KOHCTPYKIMH M JOCTUTACTCS
MPUMEHEHHEM YIUIOTHUTEJIBHBIX 3JIEMEHTOB, BBINIOJHEHHBIX B BHJIE
YIUIOTHEHUS WIM YIJIOTHUTENBHBIX yCcTpoiicTB. OTMeUeHO, 4TO K Iep-
CTIIEKTUBHBIM KOHCTPYKLIMSIM B HACTOSIIIICE BPEMS OTHOCATCS (prraHIIeBbIE
COEIMHEHUS ¢ MPOPHUINPOBAHHBIMI METAIMYECKUMH YIIJIOTHEHHUSIMH,
JJId4 KOTOPBIX B HACTOAIIECC BPEMs OTCYTCTBYIOT HOPMATUBHBIC OOKY-
MEHTBI, TIPEyCMaTPUBAIOIIE EANHBIC TIOAXOABI K PacyeTy MPOEKTHBIX
napameTpoB. Llenb uccnenoBanus — maremaruueckas (hopManu3anys
nporecca (pOPMUPOBAHMS YIUIOTHSEMOIO CThIKA. [IpHBEAEH KpaTKuid
aHaJM3 W3BECTHBIX DPEIICHMH KOHTAKTHBIX 337ad METONAMH TEOPHHU
ynpyrocti. OTME4eHbl OTpaHUYCHUS B MOIYYCHUN PEIICHUN aHATNTH-
YCCKHUMHU U YUCJICHHBIMU MCTOJaMH, CBA3aHHBIC C HEJIMHEHHON 3aBUCH-
MOCTBIO MEX/ly BHEILIHEHN NEHCTBYIOIIEH CUIION U BBI3BaHHBIM €10 TIEpe-
MEIIEHNEM TOUeK KOHTAKTUPYIOLIHNX Tell Jlake Mpu paboTe Marepuaia B
ynpyroii obnactu. ChopMyIrpoBaHa MOCTAHOBKAa KOHTAKTHOM 3a7adu.
[MpenoxeHbl MaTeMaTHuecKass MOJEIb YIIPYyroro KOHTakTa JByX M 00-
Jiee Tell, TOJABEPKEHHBIX CXKATHIO, M allTOPUTM UYHCIICHHOTO PEIICHUS,
ocHOBaHHbI Ha Metoge MKD uHTerpupoBaHMs ypaBHEHHN TeOpUU
YIPYTrOCTH. AJNITOPUTM pean30BaH B mporpammHoi cpese Abaqus CAE.
ITpuBeneHsI pe3yasTaThl MOAETHPOBAHMUS KOHTAKTHOTO B3aUMOJEHCTBHSA
9JIEMEHTOB YIJIOTHAEMOTIO CTHIKA B IPOCTPAHCTBEHHON IOCTaHOBKE Ha
NpUMepe HaTYPHOW KOHCTPYKIMH (DIaHIIEBOTO COCIMHEHHUS C MOJBIM
METAUTHYECKUM YIUTOTHEHHEM TOPOOOpa3HOH (OPMEI.

KunroueBble cjioBa: (raHLIEBble COSOUHEHNS, YIDIOTHEHHE, TPYyOOIpo-

BOJI, TEOPHUS YIPYTOCTH, KOHTAKTHOE JIaBICHHUE, YIIPYTOIUIACTHUECKOES
Jie(OpMHUPOBaHKE, LIMIIMHIPUYECKAst )KECTKOCTb, TBEP/IOE TEJIO
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Abstract. The relevance of the research is justified by the development of flange
connections of hermetic structures of aeronautical equipment under conditions of
weight and material intensity limitation with simultaneous increase of their technical
and energetic characteristics. The strength of flange connections is ensured by the
reliability of the isolation of the working medium, the tightness of the design
elements and is achieved by the use of sealing elements in the form of gaskets or
sealing devices. The relevance of the research is stated, the aim of which is the
mathematical formalisation of the process of formation of a compacted joint. A brief
analysis of known solutions of contact problems by methods of elasticity theory is
given, and limitations in obtaining solutions by analytical and numerical methods.
A mathematical model of elastic contact between two or more bodies subjected to
compression and a numerical solution algorithm based on the FEM method. The
algorithm is implemented in the Abaqus CAE software environment. The results of
the modelling of the contact interaction of the elements of the sealed joint in the
spatial formulation are presented as an example of a full-scale design of a flange
joint with a toroidal hollow metal gasket.is a combination of wavelet transformation
and neural network learning.

Keywords: flange connections, gasket, pipeline, elasticity theory, contact pressure,
elastoplastic deformation, cylindrical stiffness, solid body
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BBepeHue

HBIM TPYOOIPOBOHBIM KOMMYHHKAIMAM. CHCTeMBbI
UMEIOT OOJIBILIOE KOJIMYECTBO CTHIKOBOUHBIX Y3JIOB

B nerarenbHBIX anmnaparax MUAPOKO IPUMEHS-
IOTCSI CWIOBBIE TMIPABINYECKUE IIPUBOJIBI C IIUTA-
HMEM OT LICHTPAJIN30BaHHbIX TuapocucTeM. [laHHble
arperarsl IpeCTaBIISIOT COOOM CIIOKHbBIE TEXHUYE-
CKHUE CHCTEMBI, (PYHKIIMOHUPOBAHHUE KOTOPBIX OCY-
IIeCTBIAeTCS pabOTOM rMAPaBINYECKUX YCTPOICTB,
NEePEAAONINX YHEPIHIO HOCUTEN IO Pa3BETBIICH-

B TpyOOIPOBO/IAX, COEANHEHHE KOTOPBIX OCYIIIECT-
BJISIETCS. PA3JIMYHBIMU CIIOCOOaMU: JTHOO CBAapKO,
100 MEXaHUYECKUM ITyTeM — Pa3BaJIbIIOBKOM HIIH
C IMOMOIIBIO PE3b0OBBIX, (NIAHIIEBBIX U OyTeIbHBIX
coenuHenuii [1-5]. B Hacrodmee BpeMs IUPOKOe
pacnpocTpaHeHHe MOTyYMIN (hIIaHIIEBbIE COSIUHE-
HUS TPyOOIIPOBOJIOB C METAUTUYECKUMHU MPOQH-
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JMPOBAHHBIMH YIUIOTHEHHUSIMH, KOHCTPYKTHBHBIC
UCIIONTHEHUsI KOTOPBIX TpUBECHBI Ha puc. 1. [Ipu-
MEHSIEMbIC YIUIOTHEHHsSI MMEIOT (haCOHHBIA MpO-
(Wb ¥ MpeACTaBIAIOT CO00M, Kak MpaBuio, Ghop-
MOBAHHY0 TOHKOCTEHHYIO KOHCTPYKIIHIO .
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Puc. 1. ®naHuesble coeanHeHns
C METaININYECKUMU YMSIOTHEHUSMU:
1, 2— dnaHubl; 83— MeTanImyeckoe ynaoTHEHNE;
4— tpybonposoa; 5— 6onT; 6 — raika; 7— wamnba
M cT04HunK: BbinoAHEHO J1.U. MnpoHoBoii,
0.A. KonecHukom, [1.6. Bocakom B nporpamme AutoCAD

Figure 1. Flange connections with metal gaskets:
17, 2— flanges; 3— metal gasket; 4 — pipeline;
5— bolt; 6 — nut; 7— washer
Source: make by L.I. Mironova,

0.A. Kolesnik, D.B. Bosak in AutoCAD

Mertozpl pacyeTa Ha MPOYHOCTH (HIAHIIEBBIX
COC)IPIHCHHIZ C MCTAJUIMYCCKUMH YIUIOTHCHUSAMU
3aKJIFOYArOTCs B (popManu3anuy OOJBIIOrO Yncia
(baKkToOpOB, OKA3bIBAIOIIUX BIUSHUAC HA BEIUYUHY
W pacrpe/ielicHue KOHTaKTHBIX HAarpy30K, repea-
IOIINXCS HA YIUTOTHUTEIBHBIA JIEMEHT TP COITH-
’KEeHHH (IIaHIIEB, a TAK)KE BBI3BAHHBIC UMH J1e(Op-
Marmu yriotHeHus. OT BeTH4YUHBI Aedopmaruii
3aBUCHT HecyIast ClOCOOHOCTh YIIOTHUTEIBHOTO
CTBIKA U IUIOTHOCTh KOHTaKTa, 00CCIeUNBAIOIINE
HA/ICXKHYIO TepPMETU3AIUI0 KOHCTPYKIUH B LIETIOM.

Pacuernas MOJCJIb YIUIOTHUTEJIBHOT'O CTBIKA
JIOJDKHA OTPaXKaTh T YCIOBUSI, PU KOTOPBIX MPO-

UCXOIUT JeopMalus METAIIIMYECKOTO YIIOTHE-
HUS, 2 UMEHHO B3aUMOJCHCTBHE YIUIOTHUTEIb-
HOTO 3JI€MEHTa C KOHTaKTHUPYIOIIUMHU MMOBEPXHO-
cTaMu (raHueB U paboueil repmeTH3HpyIOLIeH
Cpeloi, a Takke yCIOBHs HarpyxeHus. Bemen-
CTBUE CONPUKOCHOBEHUS KOHTAKTUPYEMBIX IIO-
BEPXHOCTEM, a Takke JajJbHEeHIIel ux ynpyroria-
cTudeckoil medopmanuu o0pa3yroTcs HE TOIBKO
KOHTaKTHbIE IUJIOUIAJIKK, HO U BHEAPEHHE OJHUX
noBepxHocTel B Ap. Bennunna u popma BHempe-
HUS TAaKUX TTOBEPXHOCTEH XapaKTEepPHU3YIOTCS CTe-
NEHBIO IJIOTHOCTH KOHTakTa. OTCIoAa BO3SHHUKAET
HEOOXOIUMOCTh OIpPEAETIeHHUs MOTPEOHOro KOH-
TaKTHOTO JaBJICHHS, pa3MepOB KOHTAKTHOM ILIO-
MIaJKU U JeOpMalui KOHTAKTUPYEMBIX ITOBEpPX-
HOCTEH, 0OYCJIOBICHHBIX KHHEMATUYECKUM COIH-
KeHneM (IaHIeB B TIPOIEcce 3aTsHKKH OOJTOB
pu cOOpPKE CTHIKYeMOH KOHCTPYKIUH [6].

Hess uccaenoBanus — Maremarmyeckas (op-
Manu3anus nporecca (GOpMHUPOBAHMS YIUIOTHsE-
MOTO CTBIKa COCMHEHUS, 3aKITI0YAIOIIAsICs B Pa3-
paboTKe a/leKBaTHOW pacyeTHOM MOJIeNId U TpOBe-
JIEHUH YHCIEHHOTO MOJCIMPOBaHMS KOHTAKTHOTO
B3aUMOICHCTBUS IBYX U OoJee Tell.

1. Mopenu v metoabl uccriepoBaHns

3HauUTENBHBII 00bEM MTPOBEICHHBIX HCCIIEN0-
BaHMIA, HAIIPABJICHHBIX HA 0OecIieueHe Ha/Ie)KHO-
CTH T€pPMETUYHBIX HEMOABMKHBIX CTHIKOB B TPyOO-
MPOBOAAX AaBUAIMOHHOTO OOOPYIOBAaHUS, YaCTO
0azupyeTcs Ha paCCMOTPEHUH 33/1a4 TEOPHHU YTIPY-
TOCTHU U IUIACTUYHOCTH, a TAKXKE Ha PEeIeHUH KOH-
TaKTHBIX 3a7a4. Hanbomee pacpocTpaHeHHOH MO-
JIebHOM 3ajadyeil sABiseTcs 3a/jadya O JaBICHHUU
JKECTKOT'0 ITaMIIa Ha YIIPYTroe MoJIyIpOCTPaHCTBO
[7-9]. B paccMOTpeHnN KOHTAKTHBIX 3a/1a4 METO-
JaMU TEOPUM YHIPYTrOCTH CJIEIyeT BBLIECIUTH 3a-
Jladyu O pacrpepeNieHUHN HalpsDKEHUH Ha KOHTYpe
OTBEPCTHSI, PACIIONIOKEHHOTO B HEOTpaHMYEHHOU
mockoctu [10—-12] u o ge¥icTBuU HOPMAaIILHOH CO-
CPEIOTOYCHHOM CHJIBI Ha TPaHMILy yIPYTOd Moiy-

' Cm.: 3,207,524. SEAL. Nicholas D. Trbovich, 59 Fieldcrest Court, West Seneca, N.Y. Filed July 23, 1962, Ser.
No. 211, 569. 4 Claims. P. 277-206; US3520544. YRING SEAL. Dudley D. Taylor, Greenbelt, Md., assignor to Pressure
Since, Inc., Beltsville, Md., a corporation of Mary. Continuation of application Ser. No. 553,361, May 27, 1966. This
application. Nov. 6, 1968, Ser. No. 774, 603. Int, C. F1615/08. U.S. P. 277-206; [6; 7].
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mrockoctH [13]. JlaHHBIN K1ace 3aaa4d MO3BOJISET
HaWTH pelIeHys B paMKax IUIOCKOM Teopuu ymnpy-
TOCTH, HO UMEET PsiJi OTPAaHUYEHUH, CBI3aHHBIX C
ompenenaeHrueM (GOopMbl U TUIONMIAAN BbIIABIMBAC-
MOT0 METaJljla, 3alOJIHSAIOIIET0 3a30Pbl B YIIIOTHH-
TEJIBHOM CTBIKE COCIUHEHUS.

K m3BecTHBIM pemieHusiIM KOHTAaKTHBIX 3a/iad
OTHOCHTCS 3a/1a4a O C)KaTUU JBYX LIUJIMHIPOB HE-
OTPAaHUYEHHOMN JJIMHBI, KOTOPAs MIHPOKO HCIIOJNb-
3yeTcsl B pacdeTax HalpsHKeHHUH PU KOHTaKTe Tel,
PEUMYIIECTBEHHO M3 METATMYECKHX Marepua-
JIOB C HETNTIOCKUMU MOBEPXHOCTSIMHU COTIPSIKCHHUS.
AHanuTHYECKOE PELIEHUE JTOW 3aJayd BIIEPBBIC
noxyunn HeMeukuil ydensiil I. I'epu. OnHoit us
0COOEHHOCTEH KOHTAKTHBIX 3aJ[a4 TaKOTO THIIA SB-
JISieTCs HEJIMHENHAs 3aBUCUMOCTh MEX/1y BHEIIIHEH
JeWCTBYIOLIEN CUION M BBI3BAHHBIM €10 Iepeme-
[ICHUEM TOYEK KOHTAKTUPYIOIIUX TeJl JaXke MpHU
pabote marepuaina B ynpyroit oonactu. Onpenene-
HUE TaKOW B3aMMOCBSI3U CBSI3aHO C MaTeMaThye-
CKUMH TPYIHOCTAMH. JIMHEeHas 3aBUCUMOCTB IIPO-
SIBJISIETCS JIUIIIb B CITy4ae, €CIH TUTOMIA (b KOHTAKTa
B [IPOLIECCE HATPYXKEHUS OCTAETCsl HEM3MEHHOM [ 14].

B KoHTaKkTHBIX 3a7a4ax MpH pacyere aeTayen
W3 TUMEPYNPYTUX MaTepHalioB (pPE3UHBI, MOy pe-
TaHa U JIp.) 4aCTO UCTIONB3YIOT AByXIapaMeTpuye-
ckuil moreHuuan Mynu — Pusnuna [15; 16].

Ha ocnose monenn Mynu — Pusnuna B [16]
MpoBeZIeHa OleHKA YPPEKTUBHOCTU YIIOTHUTEIb-
HOTO YCTPOMCTBa THAPOLMIMHAPA, B KOTOPOM B
KauecTBE YIUIOTHEHHUsI paccMaTpHBaliaCh PE3UHO-
Bas IPOKJIAJKa MPSIMOYTONIbHOIrO cedeHus. OnTu-
MHU3alUs XapaKTepHBIX Pa3MEpOB TepPMETHUYHOTO
COEMHEHUs ObLIa MPOBEJEHA C UCIOIb30BaHUEM
nporpaMMHO# cpeanl Ansys Workbench u makera
MATLAB. OtmeueHo, 4To 3¢ (eKTUBHOCTD YIIIOT-
HEeHHs 00yclIoBJIeHa O0MbIIoN nedopmarueii ma-
TepHasa MPOKJIAJKN U 3HAYUTEIbHBIX CUJI TPEHMS,
BO3HUKAIOIIUX MPU CHKATUH MEXKIY YIUIOTHUTEb-
HOM pe3HHON U BEpXHUM M HIKHUM (PIaHIlaMH.

B [17] oieHKa repMeTHYHOCTH (DIIAHIIEBBIX CO-
€IMHEHUI MTPOBOAMIIACH C UCTIOIB30BAaHUEM TEOPHHU
Kozenn — Kapmana. CoracHO NpHHATOM MOJETH
IIPOCTPAHCTBO MEXy KOHTAaKTHPYIOIIMMHU [TOBEPX-
HOCTSIMHU YIUIOTHEHHUS U (JIaHIa TPEACTABISIOCH
B BUJI€ DKBUBAJICHTHOT'O MMOPUCTOTO CJI0A. Y TeuKa

TepMETU3UPYEMON CPEbI ONIPENETSIIACE C YUETOM
JIABJICHUS U CBOMCTB paboYeil JKUIKOCTH, a TaKKe
ornpeeNeHusl JJIMHbI KOHTAaKTHBIX KPOMOK U KOH-
TaKTHOTO YCHJIHS IPU HArPy>KEHUH YIIOTHIEMOTO
CTBIKA.

UucneHHble 1 aHAJTUTHYECKUE PELEHUs pac-
CMOTPEHHOTO psifia KOHTAKTHBIX 3a7a4 MOCTPOEHBI
Ha OIPEIEIICHNH UCKOMBIX KOHTaKTHBIX J1aBICHUN
Y HalpsDKEHUH, a TakKe MOTyYeHUH KOJIMYeCTBEeH-
HOW umHpoOpManmuu o mnporecce (HopMUPOBAHUSA
KOHTaKTHBIX IUIOIIAJOK, XapaKTEPU3YIOLUIUX CTe-
NEeHb IUIOTHOCTH KOHTakTa. [Ipu 3TOM OTMETHM,
4TO0 00JIACTh KOHTAKTa YIUIOTHEHHS C YIUIOTHse-
MOI IOBEPXHOCTBIO IO CTPYKType HE SIBIIETCS
OIHOPONHOW. B HEl OTCYTCTBYET MOJIHAS OIJIONI-
HOCTh M3-32 HaJHM4Ws MyCTOT HAa TPaHUIAX KOH-
TaKkTa ¥ HEOJHOPOIHON nedopManui MaTepHuaa.
TpeOyemblii yIutoTHsFOIIMNA 3PPEKT JTOIDKEH J10-
CTHUTaThCs 3aM0JIHEHUEM BCEX MUKPOHEPOBHOCTEH
1 1eeKTOB KOHTAKTHOM moBepxHOCTH [18].

Takum oOpazom, npoOiieMa OLEHKH TUIOTHO-
CTH KOHTaKTa MEXy B3aUMOJIEHCTBYIOLIUMHU 3JIe-
MEHTaMH YIUIOTHHTEIHHOTO CTHIKA TMO-TIPEKHEMY
OCTaeTcsl aKTyaJIbHOW B BBIOOpE MPOEKTHBIX Mapa-
MeTpoB (ranHueBbix coequHenuii [19]. [pennara-
€TCsl CIEAYIOIUN TOAXOA B HCCIECIOBAHUM KOH-
TaKTHOTO B3aUMOJEHCTBHS 3JIEMEHTOB YIIJIOTHU-
TEJIBHOTO CThIKa Ha MpuMepe (IIaHLEBOro COeau-
HEHHUS C TOJIBIM METAUTMYECKHM YIUIOTHEHHEM
TOPOOOpa3HOH HOPMBL.

2. Pa3paboTka pacyeTHoOl mogenu

ANS UccnepoBaHUs KOHTAKTHOrO
B3auMOAenCcTBUSA 3N1eMEHTOB ¢pnaHLEeBOro
coeaVHEeHUs C MeTaJlJIN4EeCKUM
yNAOTHEHUeM NoJioilt TopooodpazHoi PopMbl

KoHcTpykius ¢aHIIeBOro COSIMHEHUS C T10-
JBIM METAIMYECKUM YIDIOTHEHHEM TOpooOpas-
HOU (popMBI MpUBEIeHA HA puC. 2.

VYiutoTHeHHE B mporecce COOPKH yCTaHaBIIHU-
BacTCs B KOJIBIICBYIO KaHABKY HIDKHETO (IaHIIA.
[Tpu cOmmxeHnn (GrIaHIeB MOCPEICTBOM 3ATHKKH
OO0JITOB B HEKOTOPBI MOMEHT ITPOUCXOUT HAYaIlb-
HBI KOHTAKT MEXKIY YIUIOTHEHHEM M ONOPHBIMHU
MOBEPXHOCTSIMH KaHaBKH Ha (uaHnax. [Ipu mpamb-
HEHIIIeM C)KaTUH OTIOPHBIX TOBEPXHOCTEH U yIIPyTo-
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TUIACTHYECKOH 1e(hopMaliii KOHTAKTHPYIOIIHX dJIe-
MEHTOB 00pa3yIOTCsl HE TOJIBKO KOHTAKTHBIE TLIO-
Ia/IKK, HO U MOXKET ObITh BHEJPEHHE OJHUX IO-
BepxHocTel B jipyrue. CreneHb MIOTHOCTU KOH-
TaKTa OL[CHUBAETCS BEJIMYMHON KOHTAKTHBIX ILJIO-
a0k U (POpMOil KOHTAKTHPYIOUIMX MOBEPXHO-
cTei.

a 6

Puc. 2. dnaHueBoe coeamHeHne:

a— 3ckun3 cOopkn; 6 — cxema coeanHeHus
B npouecce cobopku: 7, 2— HEKOHTaKTMpyeMble draHLupl;
3 — meTannuyeckoe ynioTtHeHue; 4 — 6onT;
5— raiika; 6 — waliiba
M c T 04HunK: BbInosHeHO J1.U. MupoHoBoii,
O.A. KonecHukom, [1.6. Bocak B nporpamme AutoCAD

Figure 2. Flange connections:

a — sketch of assembly; 6 — scheme of connection
in the process of assembly: 7, 2— non-contacting flanges;
3 — metal gasket; 4— bolt; 5— nut; 6 — washer
Source: make by L.I. Mironova,
O.A. Kolesnik, D.B. Bosak in AutoCAD

HccaemoBanne KOHTAKTHOTO B3aMMOACHCTBHS
1esiecoo0pa3Ho pacCMOTPETh HAa IPUMEPE PacueT-
HOH MOJAEIU B BUAE MEXaHUUYECKOM CUCTEMBI KOH-
TaKTHOTO B3aUMOJICHCTBYSI ABYX M OOJiee TeJ MpH
ckatuu. I1o cBoiicTBaM Tella OTIINYAIOTCS Te€OMET-
PUYECKOHN >KECTKOCTBIO M TNapameTpaMH YIpPYro-
CTH.

[ToctanoBKy 3ama4uu chOpMyIUpPYyEM CIETYIO-
muM oOpaszoM. IlycTh yIUIOTHsI€MBIN CTBIK pa3b-
€MHOT0 COEJIMHEHHUS B MOIMEPEYHOM CEUCHHUU MO-
JIETUPYEeTCs C:KaTUeM TOHKOCTEHHOTO YIIPyroria-
CTUYECKOIrO TeJla B BUJE KOJIbLA JBYMs YIIPYTUMHU
MOJTYTNIOCKOCTSIMH, OJTHA U3 KOTOPHIX HETIOJBUKHA,
npyras cOmmkaeTcs 3a1aHHbIM 00pa3oM. KoHTakT
MPOUCXOAUT MEXIY aOCOTIOTHO-)KECTKHUMH HIIN
YIPYTUMU IPSIMOJTMHEHHBIMH TUIOMIAIKAMH TIOTY -
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IUIOCKOCTEH M YNPYTOIUTACTHYECKUM TEJIOM Kpy-
roBoii popmbl. OOpa3oBaHHAsE KOHTAKTHAs TUIO-
nraaka odyciosneHa aedopmanueit Ten 0e3 B3a-
UMHOTO HETIPOHUKHOBEHHsI APYT B japyra. Cuiibl
TPEHHUSI TIPU KOHTAKTE€ OTCYTCTBYIOT. IL1oTHOCTB
KOHTaKTa B CHCTEME 00eCIIeUNBACTCS CIKATHUEM I10-
JIYIJIOCKOCTEHN ycunueM P 10 3HayeHwus, yJaOBlle-
TBOPSIIOIIETO yCIOBUIO TePMETUIHOCTH, ITPH KOTO-
pOM JIOITyCTUMBbIE YTEUKH pabouell cpeabl COOT-
BETCTBYIOT TPEOOBAHUSM HOPMATUBHBIX JIOKYMEH-
ToB. Bo3HuKaromme B cxxatom Tene aedopmaryn
U3MEHSIIOT TOJIBKO €ro (JOpMY, 3aIONIHSIONIYIO 3a-
30pbI B YIUIOTHSIEMOM CThIKE. Tpebyercst ompere-
JUTH pacupeaeneHne nedopmannii B KOHTaKTUPY-
IONIMX TeNax W BEIMYHMHY OOpa3yIOMIUXCs KOH-
TaKTHBIX TUIOIIA/OK.

[TockonpKy pazMepbl KOHTAKTHOM TIIOIIAJKA
HEHM3BECTHBI, KaK ¥ HEM3BECTHA BEJIMYMHA COKIMA-
IOLIeH CHUJIBI, 3a7a4y OyJeM pemiarbh YHCICHHBIM
METOJIOM, ITOIIIAar0BO 3a1aBast X0 ABIKECHHS BEPX-
HEH MONYIJIOCKOCTH M ONpeAesss AedopManuu
C)KMMaeMOro TeJia Yepe3 U3BECTHbIE COOTHOIICHUS
TEOpPHUH YIIPYTOCTH.

Pazo0bem 001acTh COMVMKEHUS TSI HA paBHBIC
nofo0IacT m TakKuM 00pa3oM, YTO KaXKIBIA IO0-
cienyromuii mar N paccMarpuBaeT mono0iactb
m(N).

[Ipu mocTpoeHUn MaTeMaTU4eCcKO MOJICIH B
Kax o nonobnactu m(N) criemayeT BbIpa3HuTh Tie-
peMeIeHNs TOYeK KOHTAKTUPYIOLINX TeJ Yepe3 CH-
JIOBbIE (DAKTOPBI CHKATUSL TONYIIIOCKOCTEH, aJeK-
BaTHbIE KHHEMAaTHYECKOMY COJIMKEHUIO (IIaHIEB
npu 3arsikke 6onToB. Mmeem

Py =[] {8}, (1)

3nech {P}Y) — cuiibl, BEI3bIBAEMBIE IEPEMEIICHHE
y310BbIX Touek; [K]™) — marpura sxecTKoCTH dTe-
menTa nofobnacty; {8} — y3nosrie nepemente-
HUs1; N — HOMep 1ara.

Crnenys [20], B miaHe OMECTUM MIPOU3BOIBHO
KOHTakTupytome tena (i, j, k) 3amanHoi GopMBbI
B JICKapTOBY cHcTeMy koopauHar XOY (puc. 3).
[Tonepeynoe cedeHne YIUIOTHAEMOTO CTBIKA OTIpe-
JeNsieTCst KOOPANHATAMHU MECTHOM CHCTEMBI KOOP-
muHar MO0E, mpoxoxsmiei depes LEHTp Tena i
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(puc. 3, a). Csa3p Mex 1y 0OIIIEH © MECTHOM CHCTE-
MaMU KOOPJIMHAT OCYLIECTBISETCS BeKTopoM R
Y HaIPaBJSIFOIIUMH KOCHHYCaMHU.

[TycTp Teno i ycTaHOBJIEHO B KaHaBKE TeJa j U
MOZIBEPTaeTCsl CHKATHIO IyTeM KHHEMaTH4eCKOTo
cONMMKEHUs Tenla k C TEJIOM j Ha BeIUYuny d > h.
OO6nactu mpennoyiaraéMbIX KOHTAKTOB Tejla I C
TEJIOM j M Teya i ¢ TeJoM k 06o3HauuM S 1 Sik
cootrBeTcTBeHHO. Touku Cig, Cjq, Ciq, TpUHAIIC-

a

)Kallyue 3TUM MOBEPXHOCTSAM, MOTYT BCTYIaTh B
KOHTaKT ApYr ¢ apyroMm. KonTakTupyromnme mapst
TOYEK Ha30BeM conpsbkeHHbIMU. KoHTakTHpyro-
1€ TOYKU TIOBEPXHOCTEH MPOHYMEPyeM HOMEPOM
q(g=1,2,...). llpu HauaTLHOM KOHTAaKT€ Tela k
C TeJIOM [ MpearnojaraeM, 4to MoJOXKEHUE TOYKU
Cr1 COBIIAZCT C TIOJIOKEHUEM COTPSKEHHOM TOYKU
Ci1. ITo ycnoBuio 3a/1a4u B IPOTUBOIIOJIOKHOM TI0-
moce umeeM Cii = Cj1 (puc. 4, a).

Puc. 3. PacueTHas cxema KoHTakTa AByx 1 6onee Ten:
a— VICXOQHOE NONOXEHWE Ten B BbIOPaHHOW CUCTEME KOOPAMHAT;
6 — BEKTOpPbI NepeMELLEHUNS TEN B UCXOOHOM MOJIOXKEHUN TEN
M ¢ To4Hunk: BbinonHeHo J1.U. MupoHosoi, O.A. KonecHukom, 1.6. Bocakom B nporpamme AutoCAD

Figure 3. Scheme of calculation of contact of two or more bodies:
a — initial position of the bodies in the chosen coordinate system;
6 — vectors of displacement of the bodies in the initial position of the bodies
Source: make by L.I. Mironova, O.A. Kolesnik, D.B. Bosak in AutoCAD

1)
Cp=Ci
g
//rgg'\ n
W
Gi1=Ci
To;
0 - X
a

r
a d™
0 n
R
0 - X

6

Puc. 4. PacueTHas cxema conmxeHns Ten Au j:
a— HayanbHbIi KOHTaKT Ten; 6 — conuxeHue Tena AHa BenniuHy d> A Ha ware m
M cTouHMK: BbINONHEHO J1.N. MupoHosoi, O.A. KonecHukom, [1.6. Bocakom B nporpamme AutoCAD

Figure 4. Calculation scheme for the approach of bodies Aand j:
a — initial contact of the bodies; 6 — approach of body by the value d > hat step m
Source:make by L.l. Mironova, O.A. Kolesnik, D.B. Bosak in AutoCAD
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[Tpeamonaras, uro nedopmanus CKUMaeMOro
TeJa i, yCTAHOBJIEHHOTO B KaHaBKe HM)KHEH TOITy-
TUIOCKOCTH, Pa3BUBAETCS OJJMHAKOBO 32 CUET PeaK-
TUBHOTO JIaBJICHUS, B JIOKAJIBHOM CHCTEME KOOPTH-
HaT PaccMaTpHUBaeM YIpPyTyl 0CECUMMETPUYHYIO
3agadqy. PacueTsl OymeM NpPOBOAWUTH TONBKO ISt
BEpXHEW 00JIaCTH KOHTAKTa Tel i U k.

Cunraem, 9TO MPH KMHEMATHIECKOM COMKe-
HUM MONYIUIOCKOCTEH k M j IEHCTBYIONIHNE COKUMa-
IOIIME HArPy3KH Ha TeJO i, 00YCIOBJICHHBIE YCH-
JUSAMHU 3aTSHKKH OOJITOB, MOCTOSIHHBI M PaBHO-
MEpPHO pacrpe/esieHbl 0 MOBEPXHOCTH KOHTAKTA.
[Ipu oTCYyTCTBUM CHIJT TPEHUS TAKUE HATPY3KH BbI-
3BIBAIOT JIe(hOpMAITHIO TeJa i, TPUBOIAIIYIO K 00-
pPa30BaHUIO KOHTAKTHOW IUIOUIAKU IMUPUHOW 2t
(puc. 3, 6), Ha KOTOpOH NEHCTBYIOT HOpPMaJbHbIC
KOHTaKTHbIe HanpspkeHus ¢(x) [14]. [Ipuanmaem
KOHTAKTHBIE HAIPSDKEHUS MTOJIOKUTEIBHBIMU, €CIN
OHU HAIpaBJICHbI B CTOPOHY BHYTPEHHEH HOpMaJIX
K TIOBEPXHOCTH KOHTaKTa. PaBHOMEpHO pacmpese-
JICHHBIE T10 TIOBEPXHOCTH KOHTAKTa CKMMAIOIINE
Harpy3KH p OTPEJeNIsieM U3 YCIOBHS PABHOBECHSI

pzj.q(x)dx. (2)

B morraroBom paccMoTpeHu# cOMMKeHHs BEpX-
Hell MOJYIUIOCKOCTH & C TEJIOM i BEKTOPHI IlepeMe-
IIEHUS] CONPSIKEHHBIX TOYEK Iig U Ykg OyIyT OIU-
CBIBATbCS CIIEIYIOIUMH COOTHOIICHHUSIMU:

r,=r,+9, 1, =r,+9,, (3)

iq
TJI€ Yok ¥ F0i — BEKTOPBHI HICXOHOTO TIOJIOKEHHS CO-
TIPSKEHHBIX TOYEK; Oig U Oky — BEKTOPHI IIEpEMe-
mieHust Touek Cig 1 Cig IPU COMMKEHUU TeI i U k.

YcnoBrUeM KOHTAKTa pacCMaTpUBAEMBbIX TO-
4ek OyleT coONoIeHIe PaBeHCTBA

(ry; =1y )xm, =0 npu Cig € Si, 4)

TJIe Ni; — BHEMIHSISI HOpMaJTb, KOTOpas iepeceKa-
ercs ¢ 00macTeio Sik.

JIJIs COTPSDKCHHBIX HEKOHTAKTUPYIOIIUX TO-
YeK YCJIOBHE IPUHUMAET BH/T

(r,, —rOk)xniq <0 pu Cig € Sik. (5)
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C yuerom paBeHcTBa (3) u3 cooTHOIICHUS (4)
TIOJTY4MM YCJIOBHE COBMECTHOCTH TIepeMeIieH i [ 15]

(rOi —Tox )Xniq = (51«1 _6iq )Xniq

upu Cig € Sik. (6)

[Tockonbky mpaBast 4acTh cootHorieHus (1)
MpECTaBIsAeT cCOOOM ypaBHOBEIIMBAIOIINE CHIIBI,
BBI3BaHHBIC TIEPEMEIICHUSAMH Y3JIOB, YPaBHEHUE
PaBHOBECHS KOHTAKTHOTO B3aUMOICHCTBHS TETI i U
k B mogo6nactu m(N) 3anuiieM B BUJE

_k. (™ (W

e 0 D
K, +K.| |9, P,

K. + K.
_Kl“

rne Ki, Ki — Marpumbl >KECTKOCTH COOTBET-
CTBEHHO Tell [ U k 6e3 yueTa KOHTAaKTHOTO B3aHUMO-
JencTBus; Kr — Marpula >KeCTKOCTH KOHTaKT-
HOTO CJI0s, KOO(PPHUIIMEHTHI KOTOPOi XapaKTepH-
3yIOT JKECTKOCTU CBSI3€H CONPSDIKEHHBIX TOUEK B
o6meit cucreme koopaunar [14]; 8, & — BexTOpEI
y3710BbIX nepemenienuii; Pi, Px — BekTopsl y3io-
BBIX BHEITHUX CTaTHYECKUX HArpy3o0K, 1eHCTBYIO-
X Ha Tena i U k.

['pannuHbIe yCI0BUS IS TEJIA § MOYKHO 3a/]1aTh
B BHJIE IEPEMEIICHUI B 3aKPEIIIEHHON 30HE, a rpa-
HUYHBIE YCIOBHS TNy kK MOXKHO 3aJ1aTh TOJILKO B
Buae cuil. [lpu OTCYyTCTBUM KOHTaKTa MEXIy Te-
7amu i ¥ k (cM. prc. 3) ypaBHEHHE PaBHOBECHS TSI
M30JIMPOBAHHBIX TEJI UMEET BHL

K 0 (V) 3, (V) 0 (V)

= . 8
0 K, | |8, P, ®)

B o0mieii cucreme koopanHaT ko3 PULIMEHTHI
MaTpHIbl KECTKOCTH KOHTAKTHOTO CIJIOSI OIpere-
JSIFOTCS. COOTHOILICHHEM

[Kr](N) _ [)L]T(N) [Knog ](N) [k](N) , )

rre [Kno:]™Y) — Matpuiia skecTKOCTH CBsi3ei B MeCT-
Ho#t cucteme koopauHnart; [A]Y) — marpuna Ham-
PaBIIOLIMX KOCUHYCOB; ' — HHIEKC TPaclOHU-
pOBaHUS.
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Cucrema perienus ypaBHeHu# (7) siBiseTcs
HenmuHelHoi. Ee pemenne MoxeT ObITh IPOBEICHO
1o cieayromemy anroputMy. Ha kaxaom mare N
IIpeBAPUTEIBHO 3aJat0TCs X0 COMMKeHus d 1o-
JyIiockocTei u y3isl konTakTa Cig € Sk Ha i u k
tenax. KpaitHue y31bl onpeensoT rpaHullbl KOH-
TaKTHOM TJIOIIAIKH.

ITo HaliIeHHBIM CMEMIEHUAM KOHTAKTHBIX Map
OTIPEEIISIOTCS] KOHTAKTHBIE YCHIIUSI B COTIPSDKEH-
HBIX y3J1ax

{P}(N) _ I:Knog :I(N) [K](N) (akq _aiq) .

Hopmanbhast cocraBnstomas BEKTOpa KOH-
TaKTHBIX YCHJIMW TIpOBepsieTca Ha 3HaK. Jis y3-
JIOB, B KOTOPBIX OHA MOJOKUTENbHA, MOJaraeTcs,
9T [Knoz]™ =0, 4To O3HAUaeT OTCYTCTBHE KOH-
TaKTHOrO cJiosl. Beruucnenust nosropsitores. IIpo-
LecC MOMCKAa 30HbI KOHTAKTa 3aKaHYMBACTCS IPU

(10)

OTPULATEIIbHOM 3HAYEHUU KOHTAKTHBIX Harpy3ok
C OZJTHOBPEMEHHBIM BBINIOJIHEHUEM YCII0BUA (5).

3. Pe3ynbTaTthbl

Peanu3anus 4nucieHHOro MoAEIMPOBAHUS KOH-
TAaKTHOTO B3aUMOJCHCTBHS 3JIEMEHTOB yIJIOTHsE-
MOTO CThIKa B NPOCTPAHCTBEHHON NOCTaHOBKE
BBINOJIHEHA B IPOTPaMMHOM KoMIuiekce Abaqus
CAE 2021.HF9 na npumepe HaTypHOU KOHCTPYK-
nuu (IaHIEeBOrO COEIUHEHUsS C MOJIBIM METall-
JUYECKUM YINIOTHEHHEM TOpooOpa3Hoi (popMbl
(puc. 5-8).

HcxonHble JaHHBIE: TEOMETPUUECKUE ITapa-
METpBbI YIUIOTHeHHS 66 *x 0,8 MM; MaTepHa yIuior-
HEHUs — aJIOMHUHUI; Matepuan (UaHIeB — Ma-
JoyriaeponucTas crainb. HarpyxkeHue Mojenu
OCYILECTBIIAJIOCh KHHEMAaTUYECKUM COIM>KEHHEM
IUIACTUH Ha 2,5 MM I10CJIe Ha4aJIbHOTO KaCaHuUs 10-
BEPXHOCTEH! IUIACTHH € YIUIOTHEHUEM.

6

Puc. 5. KOHe4YHO-9n1emMeHTHble Moaenu:
a— obLumin Bng moaenu;
6 — Mofenb YNIOTHEHUS TOPOOBPa3HOM GopMbI
M ¢ T 04 HwMK: BbINnOsHEHO J1./. MupoHoBOW,
O.A. KonecHukom, [.6. Bocakom B nporpamme AutoCAD

Figure 5. Finite element models:
a— general view of the model; 6 — torus seal model

Source: make by L.I. Mironova, O.A. Kolesnik,
D.B. Bosak in the Abaqus CAE

Puc. 6. Cxema HarpyxeHus:
a— nepemMetlleHue no ocu Y Ha 0,25 MM; 6 — rpaHuyHble

YCNnoBUA, XeCTKoe 3alemMiieHne no BCeM CTeneHam cBoGOAbI

M c T 0o4HunK: BbInonHeHO J1.U. MupoHoBon,
0.A. KonecHukom, [1.6. Bocakom B nporpamme Abaqus CAE
Figure 6. Loading scheme:
a— Y-axis movement of 0.25 mm; 6 — boundary conditions,
rigid clamping along all degrees of freedom
S ource: make by L.I. Mironova, O.A. Kolesnik,
D.B. Bosak in the Abagus CAE

375



Mironova L.I., Kolesnik O.A., Bosak D.B. RUDN Journal of Engineering Research. 2024;25(4):368-379

Puc. 7. Pe3ynbratbl MOOENNPOBaHMS:
a — 9KBMBaNEHTHbIE HanpsxxeHns no Musncy, Mla; 6 — KOHTaKTHbIe AaB/IEHUA
M cT10o4HMK: BbiNnonHeHo J1.U. MupoHosoii, O.A. KonecHukom, [1.6. Bocakom B nporpamme Abaqus CAE

Figure 7. Modeling Results:
a— Mises equivalent stresses in the gasket, MPa; 6 — Contact pressure, MPa
Source: make by L.I. Mironova, O.A. Kolesnik, D.B. Bosak in the Abaqus CAE

e
§
#83
EREH

v
0.1003
! 0.0837%
008741
068064

222228
]

aiu

LTI

s3
8

%
Stap: Stap-1
X Increment  13: Stap Tima = 0.1000

Frimary Var: U, U1 Step: Stap-1
Daformad Var: U Daformation Scals Factor: +1,000008-+00 z Increment  i3; Step Time = 9.3000
P Var: U, U3

rimary Var
Deformed Var: U Deformation Scale Factor: +1.00000e+00

Step: Step-1
z Increment  13: Step Time = 0.1000

4]

Puc. 8. lNepemelleHns B yNIOTHEHUN, MM:
a— ocei X(cneea) n Z(cnpaea); 6 — Baonb ocun Y
M ¢ T 04 Huk: BeInonHeHO J1.M. MupoHosoii, O.A. KonecHukowm, [.5. Bocakom B nporpamme Abaqus CAE

Figure 8. Movements in the gasket, mm:
a— X-axis movements (left); Z-axis displacements (right); 6 — Y-axis displacements
Source: make by L.I. Mironova, O.A. Kolesnik, D.B. Bosak in the Abaqus CAE
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3aknio4yeHve

1. K unciy nepcneKTuBHbIX KOHCTPYKLMIL B Ha-
CTOsIIIIee BpeMsI OTHOCATCS (pJIaHIIeBbIE COETUHE-
HUS ¢ IPOGMINPOBAHHBIMU METAJUIMYECKUMH YTI-
JIOTHEHUSIMM, [Tl KOTOPBIX MIOKA OTCYTCTBYIOT HOP-
MAaTHBHBIE IOKYMEHTBI, PETyCMaTPUBAIOIINE €1 -
HBI€ ITOJIXO/IbI K pacyeTy MIPOEKTHBIX apaMeTPOB.
Mertoas! pacyera Ha IMIPOYHOCTb TAKUX COEIMHE-
HUW 3aKITI0Ya0TCS B (opManu3anuu OOJIBIIOTO
yycia (akTopoB, OKa3bIBAIOLIUX BIUSHUE Ha Be-
JUYUHY U paclpesieeHNe KOHTaKTHBIX Harpysok,
MEPEAAIOLINXCS HAa YIIJIOTHUTENBHBINA AJIEMEHT IIPH
cOnmxeHnt (praHIeB, a TAKXKe BHI3BAaHHBIE UMM JIe-
(dhopManuy yIIOTHEHHUS.

2. IlpuBeneH KpaTKuil aHaIu3 U3BECTHBIX pe-
LIEHNH KOHTAKTHBIX 3a71a4 METOAAMU TEOPUHU YIIPY-
roctu. OTMEUYeHbI OTpaHUUEHHUS B PEaTU3aLUH pac-
YETHBIX MOJEJNEH NMPUMEHHUTEIBHO K HCCIEI0Ba-
HUIO HaIpPsKEHHO-1€(OPMUPOBAHHOIO COCTOSIHUS
pOoGUINPOBAHHBIX METATHNYECKUX YIUIOTHEHUN
U OIIPEJIEJIEHUIO TIOTPEOHOT0 KOHTAKTHOTO JaBiie-
HUS JJI HaJIE)KHOW IepMETH3alMK YIUIOTHUTEb-
HBIX CTBIKOB.

3. IIpennoxxeHsl MaTeMaTndecKkasi MOZAEIb yII-
PYroro KOHTaKTa JIByX 1 OoJee TeJl, OABEP>KEHHBIX
CXKaTHIO, U AJITOPUTM YHUCIEHHOTO PEIIeHUs] KOH-
TaKTHOM 3a7a4yu. AJTOPUTM peanu30BaH B MPO-
rpammHoii cpene Abaqus CAE 2021.HF9. ITpose-
JI€HO MOJIEIMPOBAHNE KOHTAKTHOTO B3aUMOJECH-
CTBHSI HJIEMEHTOB YIIJIOTHSIEMOIO CThIKa Ha IpH-
Mepe HaTypPHOI KOHCTPYKIUH (DIaHIIEBOTO COeTH-
HEHUSl C TOJBIM METATMYECKUM YIJIOTHEHHEM
TOPOOOPa3HOI (POPMBI.

4. Ilonyuens! caenyrouiye pe3yibrarsl. [lpu
cOommkeHnn QuanneB Ha 2,5 MM (opma Imosoro
YIUIOTHEHHUS B IIONEPEYHOM CEYEHUHM U3MEHUIIACh
OT OKPY’KHOCTH JI0 3JUTUIICA C 00pa30BaHKUEM B pa-
JMAJIbHOM HaIlpaBJI€HUM KOHTAKTHOMW IJIOLIAIKU
MaJiol BenuuuHbl. UimocTparuBHas KapTUHa Je-
dbopmaruu GopMBI YIUIOTHEHUS TOJlydeHa Oe3
ydeTa TOJHOM CUIIOBON cXeMbl (MIAaHIIEBOTO COeTH-
HEHUS C HEeKOHTAaKTUPYIOUIMMH (raHnamMu. Mak-
CUMaJIbHOE KOHTAKTHOE JIaBJICHUE BO3HUKAET B BEPX-
HEM U HIDKHEM IOJIF0CE CEYEHUS MTPOKIIAIKH, BEIH-
YiHa KoToporo cocrasuia 216 MPa. Makcumais-

HbI€ SKBUBAJICHTHbIE HAIIPSKEHU 110 MU3HCy B HIO-
Jocax npokiaaku cocrasuiu 475 MIla. Kauectsen-
Hasi KapTHHA paclpeieeHusl KOHTAKTHOTO JaBiie-
HUS (HampspKEHUs) COTOCTaBHMa C PEIICHUEM 3a-
Jtaun [ 'epiia 0 KOHTaKTHOM B3aUMOJICVICTBUH ABYX
IMHAPOB. OTHAKO BOMPOC ONPEAETICHHUS IIOTHO-
CTH KOHTAaKTa, MPH KOTOPOM OOECrednBaeTcsl Ha-
JIEXKHOE TEPMETUYHOE COEUHEHUE, TIOKAa OCTAETCS
OTKPBITHIM. J{J1s1 3TOTO HaJ10 NPOBOIUTH JOMOJIHU-
TEJIbHBIE TEOPETUYECKHUE UCCIIEI0BAHUS C TIOCTPO-
CHUEM HOBBLIX PACUHCTHBIX Moz[eneﬁ, YUYUTBIBALO-
MIMX 0COOEHHOCTH KOHTAKTHOTO B3aMMOJIEHCTBUS
BCEX 3JIEMEHTOB COEJIMHEHHUS B YCJIOBHSX CIOXK-
HOT'O HarpyKeHHsI FepMETUYHON KOHCTPYKIIMH.
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MeToabl BUOPOANArHOCTUKU OT CMOCOOOB NOJTy4YEeHUN OaHHbIX
A0 NX 00paboTku COBpeMEeHHbIMU cpeacTBaMu
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3asiBjieHHe 0 KOH(JIMKTE HHTEepecoB

ABTOPBI 3a5IBJISIIOT 00 OTCYTCTBUH
KOH(ITKTA HHTEPECOB.

AnHoTtanus. CeromHs OJHUM M3 OCHOBHBIX HAIlPaBICHUH Pa3BHTH
MIPOMBIIIICHHOCTH SABIIACTCS U(POBU3AIMS MPOU3BOACTBEHHBIX MPO-
neccoB. st TOro 4ToObl TOCTHYb BBICOKMX MOKa3aTejel Mpou3BOA-
CTBa, HEOOXOIMMa HAJAEKHOCTH IMPOM3BOACTBEHHOTO OOOpPYIOBAHUS,
pa3pabarbiBatoTCst Bce OoJiee COBEPILIECHHBIE CPEACTBA €r0 CAMOINarHo-
ctuku. TakuMm 06pa3oM, caMOIarHOCTHKA B COBOKYITHOCTH C BBICOKHM
YPOBHEM aBTOMAaTHU3UPOBAHHON aHAJUTHKH MO3BOJISIET C BBICOKOW J10-
JIeH BepOSATHOCTH TPENCKa3aTh HENCIIPAaBHOCTD, MPEAYIPEIUTE O CPO-
Kax ee BOZHHMKHOBEHHMS U criocobax MPeBEHTHBHOIO ycTpaHeHus. Pac-
CMOTpPEHBI CYIIECTBYIOIIHE METOIBI BHOPOIUATHOCTHKH, B TOM YHCIIC 1
T€, KOTOPHIE MOSBIWIACH B TEUCHHE YETBEPTON MPOMBIIUICHHON peBoO-
JIOIIMY, @ UMEHHO B YCJIOBHSIX IIMPOKOTO PACIpPOCTPAaHEHHS U Kade-
CTBCHHOTO TPUMEHEHHSI CHCTEM MAIIMHHOTO 00y4YeHus1, HelipoceTeil u
HCKYCCTBEHHOTO MHTEIUIeKTa. OMICaHbI METOIBI COOpa MePBUIHON HH-
(dopmaiuy 0 BUOpaIMK U CIOCOOBI aHATUTHKKA JAHHBIX C TOMOIIIBIO
BBIIICTIEPEYUCICHHBIX aITOPUTMOB. PacCMOTpEHBI pe3ysbTaThl SKCIIe-
PUMEHTAIFHBIX MPUMCHEHUH Pa3IMYHBIX AHAUTHYCCKUX MEXaHU3-
MOB, pa3pa0O0TaHHBIX IS ONIPEAETICHNUS B 1e(hEKTOB BPALTAFOIIIXCS
10/1 MEXaHUYECKOW HArpy3KoH JeTajeil, mepedrciieHbl IPeuMyIlecTBa
1 HEIOCTaTKU KaX0ro u3 MeTonoB. Llens 0030pa — omnpexeneHue cy-
IIECTBYIOIINX METOJOB BUOPOAMATHOCTHKH, ONIPEAETICHNE X CBOUCTB
U UX cpaBHeHHe. B pe3ynsrare aHamu3a ObIUIO YCTaHOBJICHO, YTO HAUOO-
Jiee pa3BUBAIOIIMMCS HallPaBJICHUEM B 00JIaCTH UCCIIEA0BaHHS BUOPO-
CUTHAJIOB SIBIIICTCS COUCTAHUE BEHBIICT-TIPEOOpa30BaHus 1 HeHpoceTe-
BOTO OOYYEHHS.

KioueBblie c10Ba: BUOpAIMOHHAS [UATHOCTHKA, U(PpOBas obOpa-
00TKa CUTHAJIOB, BEiBIIET, HEHPOCETh, TIyOOKOE 00yUYeHNE, HeCTAlIU-
OHApPHBIN 00BEKT
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Article history Abstract. Today, one of the main directions of industrial development is the
Received: May 25, 2024 digitalization of production processes. In order to achieve high production rates,
Revised: October 7, 2024 the reliability of production equipment is necessary; more and more advanced
Accepted: October 15, 2024 means of its self-diagnosis are being developed. Thus, self-diagnosis, combined

with a high level of automated analytics, makes it possible to predict a malfunction
with a high degree of probability, warn about the timing of its occurrence and
methods of preventive elimination. This article discusses existing methods of
vibration diagnostics, including those that appeared during the fourth industrial
revolution, namely in the conditions of widespread and high-quality application of
machine learning systems, neural networks and artificial intelligence. Methods for
collecting primary information about vibration and methods for analyzing data
using the above algorithms are described. The results of experimental applications
of various analytical mechanisms developed to determine the type of defects in
parts rotating under mechanical load are considered, and the advantages and
disadvantages of each method are listed. The purpose of the review is to determine
the existing methods of vibration diagnostics, determine their properties and
compare them. As a result of the analysis, it was found that the most developing
direction in the field of vibration signal research is a combination of wavelet
transformation and neural network learning.
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BBepeHue

B ycnoBusix cTpeMuTENbHO pa3BHBArOIIEHCS
MIPOMBIIIJICHHOCTH PACTYyT U TPEOOBAHUS K HAIEXK-
HOCTH 000pY/JIOBaHUS U TpaHcHopTa. bonbmmHcTBO
BUJIOB IIPOM3BOICTBEHHOTO 000y I0BaHUS UMEIOT
B CBOEM COCTAaBE BpAIIAIOUINECs ACTAIN U MeXa-
Hu3MbI. KiltoueByio posib B onpeaeneH!u TeXHH-
YEeCKOT'0 COCTOSIHHS TAaKOT'O 00OPYIOBAaHHS UTPAET
BUOPOIMAarHOCTHKA.

B nepBy1o ouepenb paccMOTpUM CpeCTBa BUO-
PaLMOHHON JMAarHOCTUKY HEUCIIPaBHOCTEH Bpamia-
IOLIMXCsl MexaHu3MoB. K TakuMm cpeacTBaM OTHO-
CATCS TaTYMKW BHOPAITUH, YCTAaHOBIICHHBIE HA 000-
PYZOBaHHUH B TOYKAX TPEXMEPHOTO KOHTPOJISL, CPE/I-
CTBa MpUEMa CUTHAJIOB, 3TO MOTYT OBITh pa3Iny-
HbIE KOHTPOJUIEPHI WIIM OCIIMJUIOCKOIBL. Pe3yibTa-
TOM pabOThl TaKOH CHCTEMBI JUATHOCTUKU SIBIIS-
eTcst rpauK aMIUTUTYAbI KoJleOaHui, rpaduK BUO-
POCKOPOCTH ¥ BUOPOYCKOPEHHSI OTHOCUTENHHO Bpe-
MEHH.

B naHHOI cTaThbe MBI pACCMOTPUM OCHOBHBIE
METO/Ibl MOJTy4eHus: tHpopMauu o (aKTUIECKOM
COCTOSIHUM TE€XHOJIOTHYECKOT0 000py/I0BAHUS HC-
XOZsl U3 KapTUHBI PEaKIIMOHHOTO MOBEIEHHS PU
BUOpPAIIMOHHOM BO3/ICWCTBUU OT BPAIAIOUINXCS
JeTaneid 1 MEXaHU3MOB, HaXOISIIUXCS B €r0 COo-
ctage. [IpoBeneM cpaBHEHUE CYLIECTBYIOIIUX ME-
TOJIOB aHAJIMTUKHA BUOPAITMOHHBIX ITOKa3aTenei Ha
OCHOBE JINTEPATYPHBIX UCTOYHUKOB. Ompenenum
u onuuieM Oyayliiee HalpaBIeHue pa3BUTUS BUO-
POAMArHOCTHKU M y3HAeM, KaKyro PoJib B 3TOM IPO-
necce OyJeT Urpatb MCKyCCTBEHHBIM MHTEIUIEKT.
Cam noxo1 BUOPOAMArHOCTHKY YHUBEPCAICH U
HaXOJUT CBOE MPUMEHEHHUE HE TOJIBKO B IIPOMBIIII-
JeHHOM cdepe, HO U B MEIULUHE — TJIe, HaIlpH-
Mep, ayCKyJIbTaIMs JETKUX O3BOJISET CYIUTh O CO-
CTOSIHUU 3710pOBbs [1].

1. MeTopbl.
KpaTtkoe onuncaHue u cpaBHeHue

B niepByro odepenp paccMOTpUM 0a30BbIC Me-
TOJBI OIIPE/ICIICHNS OCHOBHBIX BUOPAIIMOHHBIX I10-
KazaTteJien.

1.1. Merog nameperus oowjero
YPOBHS LLYMa UJIN BUOpaynm

B 3TOM cityuae B IIMPOKKMX YaCTOTHBIX JHAaIia-
30HaX U3MEPSIOTCS WK CPETHEKBApaTHUHbIC 3HA-
YCHMSI, WM TIMKOBBIC 3HAYCHUS BUOPOYCKOPECHHUS,
BUOPOCKOPOCTH, MM BHOpPOIIEPEMEIICHUsT MeXa-
HUYECKHUX KoJiebaHui mubo kojebaHuil B razo00-
pa3HBIX WX )KHIKUX Cpeax.

[Tpu n3MepeHun oOIIero ypoBHs KojieOaHuit
MaKCUMaJIbHBII BKJIJ MOTYT JaBaTh HECKOJIBKO
OCHOBHBIX COCTABJISIOIINX WM JaXKE OJIHA JIOMH-
HUPYIOIIAsi COCTABIISIONIAs, HAIIPUMEP, COCTABIIS-
IOIasl HA YacTOTE BPALICHHsI. DTa COCTaBIISIOIIAs
uMmeeT, 6e3yCcI0BHO, O0MbIIOE 3HAYCHHE, OJHAKO
pa3BuBaroIrecs 1eHeKThl MOTYT IPUBECTH K PO-
CTy JPYTHMX COCTaBJISIOIIMX, YPOBEHb KOTOPBIX
MOJKET OBITh 3HAUUTEIHHO HIDKE YPOBHS JTOMUHH-
pyromeii cocrapistonieid. Takum oOpazom, m3me-
peHue o0IIero ypoBHsI SBISETCS CIUIIKOM IpyOoid
OIICHKOW C TOYKH 3PEHUS OINpe/IeIeHNUs TeXHUYe-
CKOTO COCTOSIHHSI MAITUHBI WJIM 00OPYJIOBaHUS U
MOJKET OBITh UCIOJIB30BAHO CKOpEE Uil €ro KOH-
TPOJIs, YeM JUIsl MOHUTOPUHTA, HE TOBOPS YXKE O
riyOOKOH JeTalbHOW IMAarHOCTHKE, TpeOyromen
Goliee TOHKMX METOI0B'.

JlocTomHCTBa METOAA:

a) TIPOCTOM M JIETKO MPUMEHUMBIH;

0) DKOHOMHUYHBIHN, JJISI U3MEPEHUsl 00IIero
YPOBHS IITyMa WJIM BHOpaIiu He TpeOyeTcst 10po-
rocrosiiee 000pyI0BaHUE;

B) 00eCIeYrBaeT BBICOKYIO TOYHOCTH M3Mepe-
HUI P IPaBUIIBHOM KaTuOpPOBKE 000Dy I0OBAHHMS.

K HemocTaTkaM MOKHO OTHECTH CIIEAYIOIIEE:

a) HE MMO3BOJISIET ONPEICIUTh UCTOYHUK IIIyMa
WA BUOPALIUK: METO/1 H3MEPEHHS OOILETO YPOBHS
IIyMa WA BHOpauy HE JaeT BO3MOKHOCTH BBI-
SIBUTh MCTOYHHK IITyMa WJIA BUOPAITHH, YTO MOKET
3aTPYJHUTH MMOUCK MPUYUH BO3HUKHOBEHHSI MPO-
OJIeMBI;

0) 3aBUCHMOCTBH OT OKPY’KAIOIICH CPebl: pe-
3yJNbTAaThl U3MEPEHUIH MOTYT OBITh MCKa)KEHBI B
3aBUCUMOCTH OT OKPY’KalolIel cpeibl (Harpumep,
HAJIMYUS IPYTUX UCTOYHUKOB IIIyMa);

' Bapxosa H.A., [Jopowes FO.C., Bapxosa H.A. Hepaspymaromuii KOHTPOJIb TEXHMYECKOTO COCTOSHHS TOPHBIX
MaIvH u 000pyA0BaHUs: yaeOHOe TTocobue aiisl CTyAeHTOoB cnenuanbHocTu 150402 «I"opHbIE MalIMHBI U 000pYyA0Ba-
HHe» By30B pernona. Bnagusoctok: Uzn-so JABI'TY, 2009. EDN: QMYWEB
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B) HEOOXOAMMOCTh IPOBEACHHUS IOTIOTHUTEIb-
HBIX U3MEPEHUI: IS TIOTYYEHUS TTOJIHOW KapTHHBI
YPOBHSI IITyMa I BHOPAIMU HEOOXOMMO TIPOBO-
JUTH JTOTIOJTHUTEIbHBIE U3MEPEHHUS Ha Pa3HbIX Ya-

CTOTax "u ypOBHHXz.

1.2. MeTtog namepeHusi yaapHbIX UMIyJibCOB

Meton u3MepeHHs: YAapHBIX HMITYJIbCOB OC-
HOBaH Ha U3MEPECHUH aMILTUTY bl HMITYJIbCOB CHT'-
HaJIa, MOJYYSHHOTO C MIOMOIIIBIO MThE303JIeKTPHYE-
cKoro mpeoOpa3oBaTerisi, pe30HaHCHAs YacTOTa KO-
Toporo coctarisier okono 30-32 k' [2]. Taxoi
JATYUK MMEET BBICOKYIO TOOpPOTHOCTH KoJieha-
TEJIBHON CHUCTEMBI, T. €. TICPBUYHBIN MTbE30ITPE00-
paszoBaTens uMeeT pe3oHaHc Ha yvactore 30 k',
YTO TO3BOJIACT BBIICISATH SHEPTHUIO KOJieOaTeb-
HOTO TIporiecca Ha BeiOpanHoii yactore (30 k['r) u
YCWJIMBATh aMIUIATYTy SJEKTPUYECKOTO CHUTHAIA.
HenocratkoB y 3TOro mMerona yJaapHbIX UMITYJIb-
COB 3HAYHUTEIIHHO OOJIBIIIE, YEM Y IPYTUX METO/IOB,
MOATOMY OOBIYHO ATOT METO] PEATU3yeTCsl B BUO-
poMeTpax Kak HanOoJiee JEIeBhIX CpeACTBaxX BHO-
POKOHTpOJIs. [ TaBHBIM sIBIIsICTCS TOT (DAKT, YTO Ja-
JIEKO HE BCE 3apOAaromuecs nedeKThl MOITHII-
HUKA Ka4CHUs MPHUBOJIAT K TOSBICHHUIO yIapPHBIX
UMITYJIbCOB, M TOCTATOYHO YaCTO NSPESKTHBIH ITO/I-
IIUITHAK 00OHAPYKUBACTCS JIUIITh HE3a10JIr0 10 OT-
Ka3a, KOrjia B HEM Pa3BHBAETCS ILIETIOYKA CBSI3aH-
HBIX Je(EKTOB, OJMH HJIM HECKOJIBKO U3 KOTOPBIX
CTAHOBSITCS WCTOYHUKOM YJIAPHBIX HMMITYJIbCOB.
Eme onuH HemocTatok — OTCyTCTBHE HHPOpMa-
UM 0 Bujae aedekra, 6e3 KOTOpor MPaKTUYEeCKU
HEBO3MOXKHO J1aBaTh JOJTOCPOYHBIA MPOTHO3 CO-
CTOSIHUS, TaK KaK MUHMUMAaJIbHBI BPEMEHHON HH-
TEpBAJI OT 3apOKICHH JedeKTa A0 OTKaza HOp-
MaJIbHO pabOTAOMIETO MOAIIUITHAKA B 3aBUCHMO-
CTH OT BHJA Je(eKTa MOXKET COCTaBJIATh OT He-
CKOJILKUX MecSIEB 10 HECKOIBKUX JIET .

JlocTOMHCTBA METO1a U3MEPEHHUS YIapHBIX M-
yJIbCOB BUOPOTMATHOCTHKHU:

a) BBICOKasi YyBCTBUTEIBHOCTh K 3apOKIaro-
HIMMCST Ie)eKTaM — METOJT U3MEPEHUS yIapHBIX
UMITYJIbCOB ITO3BOJISIET OOHAPYKUBATH MaJble U3-
MEHEHHUSI B COCTOSIHUM O0OpYJIOBaHUS, KOTOpHIC
MOTYT CBHUJIETENILCTBOBAaTh O HAYAIBHOM CTaauu
pa3BuTHs Aedekra;

0) BBICOKasi TOYHOCTh U HAJEKHOCTh U3MEpe-
HUI — METOJ M3MEPEHHUsl yJapHBIX HMITYJIbCOB
o0ecreyrBaeT BRICOKYIO TOYHOCTh ¥ HAJIC)KHOCTh
pe3yIbTaTOB M3MEPEHUil Oiarofapsi UCIOIb30Ba-
HUIO CIICIHATBHBIX JaTYUKOB M aHAIN3aTOPOB;

B) IIMPOKHIA TUANIa30H MPUMEHEHHUS — METO]I
U3MEPEHUS yJapHBIX HMITYJIECOB MOXET HpUMe-
HATBCS U1 KOHTPOJISI COCTOSIHUSI PA3IMYHBIX TH-
OB 000OpPYZI0BaHMS, BKIIOYas TypOUHBI, HACOCHI,
KOMIIPECCOPHI U T.7I.

K HemocraTkam mMeTona W3MEepeHus: yIaapHbIX
UMITYJIbCOB BUOPOINArHOCTUKN MOXHO OTHECTH:

a) BBICOKYIO CTOMMOCTH OOOpYAOBAaHHS IJIS
NPOBEJICHUS] U3MEPEHUH yApPHBIX HMITYJIECOB —
HEOOXOAMMO HMCIOJIB30BaTh CIECIUATM3UPOBAHHbIC
JNATYUKH M aHAJTU3aTOPbI, KOTOPHIE MOTYT OBITH
JOPOTHMU;

0) CII0’)KHOCTh MHTEPIPETALNU PE3yJIbTaTOB
W3MEpEeHUN JUIs TPaBUIIbHOW MHTEPIPETAIUU pe-
3yJIETATOB U3MEPEHHI yIApHBIX HMITYJICOB —
HEOOXOIMMO UMETh ONPEAETICHHBIH ONBIT U 3Ha-
HUS B 00J1aCTH BUOPOTMATHOCTHKHY;

B) OTPaHMYEHHOCTH B HCTIOJIb30BAHUH TIPH BbI-
COKHX YacTOTaX — METOJl U3MEpPEHHs YyAapHBIX
UMITYJIbCOB MOKET OBITh OTPaHUYEH B HCIIOJB30-
BaHUM NPU BBICOKHX YACTOTAX, YTO MOMKET OKa-
3aThCs MPOOIEMOH I HEKOTOPBIX THTIOB 000pPY-
JIOBaHUSI.

1.3. Merog crnnekTpasibHOro aHajian3a

CriekTpanbHbIii aHaIM3 — 3TO MeTox olpa-
OOTKH CHT'HAJIOB, TIO3BOJISOIIVI BBISIBUTH 4aCTOT-
HBI COCTaB CHTrHaja. BEIsBIIEHHE TOBBIIIEHHBIX
aMILTUTY T BUOpAIIMK HA 4aCcTOTaX, COBIAAIONIUX

2 I'aspunun A.H., Motizec B.5. JlaarHocTUKa TEXHOJIOTHYECKUX CHCTEM: yueOHoe nocobue : B 2 yacTax. Yacts 2.
Tomck : HanmonanbsHeli uccnenoBarensckuil ToMckuil nonutexuuueckuil yausepcuret, 2014. 128 c. EDN: TVBAMV

3 Kocmiokos B.H., Haymenxo A.I1. OcHOBBI BUOPOAKyCTHYECKOW IUArHOCTUKHA W MOHHTOPWHTA MAIlIWH : yuyeOHOe
mocobue. Omck : M3a-80 OMI'TY, 2011. 360 c. EDN: QMHHFH
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C YaCTOTaMHU BO3MOJXKHBIX TOBPEXKICHHH AIIEMEH-
TOB, PE30HAHCHBIX YaCTOTaX JIETaJIeH, HAa YaCTOTaxX
MpOTEeKaHUsl pabovero mpoiecca MoMoraeT ooHa-
PYXHTb U UACHTUPHUIHUPOBATH HEUCIIPABHOCTh Ha
Pa3IMYHBIX CTAUSIX €T0 Pa3BUTH.

OCHOBHbIE IOCTOMHCTBA METO/IA!

a) IOCTaTOYHO BBICOKAs MOMEXO3alUIIEH-
HOCTb;

0) BeICOKast HH(OPMATHBHOCTh METO/IA, CYIIe-
CTBYET BO3MOXKHOCThH MONMYYHUTH JU(HEpEeHIIHpPO-
BaHHYIO OIICHKY COCTOSIHUSI aCHHXPOHHBIX JBHTa-
TeJIeH OTIENBHO MO KaXKJOMY €ro KHHEeMaTHye-
CKOMY Y31y, IOCKOJIBKY OHU T€HEpUPYIOT pa3HbIe
YaCTOTHBIC PS/IbI B CIIEKTPE.

OcHOBHBIE HEIOCTATKH, IPUCYIIINE TUATHO-
CTHKE IO COCTABJISIOUINM CIIEKTpa BUOPAITUH:

a) CJIOKHOCTH B aIlllapaTHOM peaiu3aliu: He-
00XO0JIMM JTOPOTOCTOSIIINI CHEKTPOAHAINU3ATOP,
UMEIONINI KaueCTBEHHOE IMpOorpaMMHOe obecrtie-
YeHUe;

0) METOJI MaJOUyBCTBUTENIEH K 3apO’KJaro-
IIMMCSI U CJTa0BIM Jie)eKTaM; HEKOPPEKTHOCTh pe-
3yJIBTATOB MPH 00pabOTKE HECTAIIMOHAPHBIX CHT-
HaJoB [3].

1.4. MeTog cneKkTpasibHOro aHaan3sa
orunbaroLyesi BbICOKOYacTOTHOH BMOpaynu

MeTto, KOTOpBIN MPUMEHSIETCS AJisl BbISBIIC-
HUS HAYalIbHBIX Je(PEKTOB, SBISIETCS JEeHCTBEH-
HBIM, TIOCKOJIBKY OH aHaJIM3UPYET BHICOKOYACTOT-
HYI0 BUOpaInio, KOTOpast HOITY4aeTcsl C TOMOIIBIO
JaTYMKa, PACIOJIOKEHHOTO PSAAOM C JTMAarHOCTH-
pyeMbIM y3i10M. Brigenenue orubaromeid MOXeT
OCYIIECTBISITHCA JIBYMsI CIOCOOaMH: OOHapyxke-
HHEM B aMIUTUTYAHBIX/(a30BbIX IETEKTOPAX WU C
MTOMOIIBIO HHTETPAIBHOTO peodpa3zoBanus [ mib-
OepTa B IM(PPOBBIX aHATU3ATOPAX.

Metoa orubaromeil MHUPOKO HCHONb3YeTCs
JUIS AMArHOCTUKU TOAIIMITHUKOB KadeHus [4; 5],
TaK KaK OH TMO3BOJIET ONPEACTUTh THII Ae]eKTa.

JIOCTOMHCTBA METO/1a CIIEKTPAJILHOTO aHaIu3a
oru6arorell BBICOKOYaCTOTHOM BHOpaIryu:

a) 3TOT METOJI TTO3BOJISIET OOHAPYKUBATh HAUH-
Haromuecs: e(eKThl, YTO TO3BOJIAET HpPEANpH-
HSTh MEPHI [0 UX YCTPAHEHHIO JIO0 TOTO, KaK OHU
CTaHYT KPUTHYECKUMU;

0) METO/T CIIEKTPAIIbHOTO aHATN3a OTruOaroIIeH
BBICOKOYACTOTHOM BHOpamuu aeT BO3MOXXHOCTb
OTIpeNIeNIUTh TUN Je(eKTa U ero CTerneHb pPa3BH-
TU, YTO MMO3BOJIACT IMIPOrHO3UPOBATH OCTaTOYHBIN
pecypc paboThI;

B) 9TOT METOJ] MOXKET MPUMEHSATHLCS ISl Tua-
THOCTUKH MHOTHX THUIIOB 000pYIOBaHUSs, BKIIOYas
HACOCHI, KOMIIPECCOPBI, T€HEPaTOphl, TYypOWHBI,
AIIEKTPOABUTATENH U JIP.

K HemocraTkam MeTo/a CEKTPaIbHOTO aHa-
nau3a orubaromiei BbICOKOYAaCTOTHON BUOpanuu
MO>KHO OTHECTH CIIEAYIOIIHE:

a) JUIsl KCTIOJIb30BaHMS ATOTO METO/1a HE00X0-
JMMa TIIaTeabHast paboTa Mo HaKOTUICHUIO CTaTH-
CTHUYECKHX JIaHHBIX 11 KOHKPETHOTO 000py10Ba-
HUS,;

0) creyeT OTMETUTh JAJUTEIBHOCTD Mpolecca
IMOATrOTOBKU U3MEPCHUA U3-3a HCO6XOI[I/IMOCTI/I TOY-
HOH YCTaHOBKH JIaTUUKA;

B) MIPH yJAJIICHUH OT 00bEKTa BHICOKOYACTOT-
Hasi BUOpaIus OBICTPO 3aTyXaeT U 10 Mepe pa3BH-
THs nedeKTa mepexoauT B 00JIacTh HU3KOYACTOT-
HOW BHOpaIuy.

1.5. KencrpasibHbiii aHanms

Hanmume MHOXeCTBa TapMOHHYECKHUX COCTaB-
JIIOIMUX OCHOBHBIX 4aCTOT BO36y)K,ZIeHI/ISI IpH BO3-
HUKHOBEHUH HEKOTOPHBIX /1e(hEeKTOB 3aTPyIHSET 00-
HapyXeHUE TUarHOCTUYECKUX MPU3HAKOB MPH CIIEK-
TpaJIbHOM aHanu3e. JlJ1s OLIeHKH COCTOsTHUS 000pY-
JOBAHMSI HCTIOJIB3YIOTCSl HENTMHEHHbIE MpeoOpaso-
BaHMSA, TaKHe Kak JIOrapu()MHUpOBaHHUE CIIEKTpa C
MOCIIEAYIONUM TpeoOpa3oBanneM Dypbe, TO ecTh
IMOJIYYCHUC BTOPUYHOI'O CIICKTPa WM KEIICTpa.
Cy1ecTByeT iBa MeTo/1a MOIyUYeHus KercTpa [6]:
npuMeHeHue npeodOpazoBanus Dypbe K JTUHEH-
HOMY WJIM JIOTapHu(MHYECKOMY CHEeKTpy. Bropoit
MeToJ1 001a/1aeT HaubOJIbIIeH YCTOWYUBOCTBIO K
nomexam®. B kKadecTBe IMArHOCTHYECKOTO MPH-

4 I'epuxe B.J1., Abpamos U.JI., I'epuxe I1.5. BuOGpoInarnoCTKa FOPHBIX MAIIMH U 000PyIOBaHMs : yuel. mocodue.

Kemeposo, Ky3I'TVY, 2007. 167 c.
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3HAKa HMCIIOJIB3YIOTCS aMIUIUTYIbI CTIEKTPAIbHBIX
KOMIIOHEHTOB — PaxMOHHUK (2HAJIOT TapMOHHUK
cnekTpaibHoro ananusa) [7]. Kenctp tpancdop-
MUpYyeT HHPOPMAIUIO, COJCPKALIYIOCS B CIIEKTPE
U pacrpe/ielIeHHYIO 110 BCEMY JIMara3oHy 4acToT,
B OIPaHUYEHHOE YMCII0 paXMOHUK Kerictpa. Kpome
TOT0, KETICTP HEUYBCTBHUTEIJICH K U3MEHEHHSM (ha3bl
00pabaThIBaeMbIX CHUTHAJIOB, MTOATOMY KETICTPHI
pa3IMYHBIX arperaToB C OJMHAKOBOW YacTOTOM
BpaIEHHUs POTOPA MPAKTUYECCKU UICHTHYHBI.

JocTtonncTBa MeToAA:

a) KENCTPaJbHBII aHaIU3 MOXKET OBITh HC-
MOJIB30BAaH ISl ONPEICICHUS YaCTOThI BPALICHHUS
000pYyOBaHUs, YTO TO3BOJIIET BBISBIISATH HEHC-
MIPaBHOCTHU HA PaHHEH CTaIuH;

0) ATOT METOJ AaeT BO3MOKHOCTh BBISIBUTH U
MIPOAHAIM3UPOBATH CJIOKHBIC BUOPAIIMOHHBIC CHT -
HaJIbl, YTO JIEJIaeT €ro MOJIEe3HBIM MHCTPYMEHTOM
JUIs AMarHOCTUKH Pa3JIMYHbIX THIIOB 000pYyI0Ba-
HUS;
B) KETICTPAJIbHBIN aHAIN3 MOYKET IPUMEHSTHCS
JUTsL ONIPEICTICHHS IIPUYMH BO3HUKHOBEHUS BUOpa-
UM, YTO TIOMOTAeT MPEJOTBPATUTH BO3MOKHBIC
aBapuU U IOBPESIKIACHUS 000PYI0BAHHS.

K HemoctaTkaM MOKHO OTHECTH CIIEAYIOIINE:

a) KENICTPaJIbHBIN aHajIu3 TpeOyeT BBICOKOU
TOYHOCTH M KauyecTBa JAaHHBIX, YTO MOXET OBITh
TPYZHO JOCTHKUMO B HEKOTOPBIX YCIOBUSIX;

0) 3TOT METOT MOXKET OBITh JJOCTATOYHO CIIOXK-
HBIM Ui TOHUMAaHUSI U UCTIOJIb30BaHUS, YTO Tpe-
OyeT OT IMOJIb30BaTENsl ONPECIICHHBIX 3HAHUN U
HaBBIKOB;

B) KCTICTPAJIbHBIN aHAJN3 HE BCETJa MOXET
OBITh MPUMEHEH K Pa3IMYHBIM TUIIaM 000py10Ba-
HUSI, TAK KaK OH MOXKET OTPaHUYMBATHCS OIPEeie-
JIEHHBIMH apaMeTPaMH M yCIOBHAMM. .

1.6. Merog nuk-gpakropa

JaHHBIA MeTOA NMpPUMEHSETCA 11 MOHUTO-
pHWHTa COCTOSTHUSI TIOIIIUITHUKOB. [ [peBbImenue mo-
pOTOBOTO ypOBHSI MUK-(PaKTOpa yYKa3bIBAaeT Ha I0-
SIBJICHUE OT/ICTLHBIX YIAPHBIX UMITYJIBCOB, a J1alTb-

HelIee yMEHbBIIICHHE STOTO TTapaMeTpa CBHICTE b~
CTBYET O BO3HMKHOBEHUH 3HAUYUTEIILHOTO KOJIHYe-
CTBA YJAApPHBIX UMITYJIbCOB, YTO MPECTABIIAET OTIac-
HOCTbH JIJIsl TaJIbHEUIIIEH SKCIUTyaTalluu MmpoBepsie-
Moro oObekra. OTHOIICHHE MUKOBOW AMILTHTYIBI
K CpeIHEKBAApaTUYECKOMY 3HAUYEHHIO YPOBHS BUO-
panuy Ha3bIBaeTCs MUK-(PAKTOpOM. DTO COOTHO-
[IEHHE UMEET SPKO BBIPAKEHHBIM MakCUMyM Ha
BPEMEHHOMH IlIKaJe.

JlocToMHCTBa METO/1a TIHK-(aKTopa:

a) MPOCTOTa U y100CTBO UCIIOJIb30BAHUS;

0) BBICOKAasT YyBCTBUTEIBHOCTh K HAJTHYHIO
yAapHBIX UMITYJIbCOB;

B) MOYKET OBITh MCIIOIH30BaH JIJIsl MOHUTOPHHTA
COCTOSIHUS pa3IMYHBIX THIIOB TTOIITUITHUKOB.

Henocratku metona nmuk-hakropa:

a) HE TO3BOJISIET OINpPENEIUTh NPUYUHY BO3-
HUKHOBEHUS YIapHBIX UMITYJIHCOB;

0) He Bcera Mo3BOJIsIET TOYHO ONPEICIIUTh CTe-
TICHb TIOBPEKICHUS TIO IIIUITHUKA;

B) 3aBUCUMOCTb OT YaCTOThI BpaIlleHUs: 000py-
JIOBaHUSI, YTO MOXKET MPHUBECTH K JIOKHBIM cpada-
TBIBAHUSM TIPH U3MEHCHUN CKOPOCTH BPAILICHHS;

T') HE SIBJISIETCS] YHUBEPCAIBHBIM METOJOM MO-
HUTOPHUHTA COCTOSIHUSI 000PYIOBAHUS U JOJIKCH HC-
TI0JIb30BaThCS B COUETAHUH C IPYTUMHU METOIAAMHU.

1.7. Crarucrunyeckuit aHaan3

Ecnu BuOpanmoHHbBIN CUTHAI SIBISETCS CIY-
YaiHBIM MPOIECCOM, TO JUIS €TO OLEHKH IPUMEHSI-
FOTCSI METO/Ibl CTATUCTUYECKOTo aHaiu3a. [Ipu aHa-
T3¢ BUOPAIIMOHHBIX CHUTHAJIOB UCIIOJB3YETCS KO-
JMYECTBEHHAs OLIEHKA Pa3JInyusl MapamMeTpoB pe-
AITBHOTO PACIIPEICTICHHS ITIOTHOCTHA BEPOSTHOCTH
OT COOTBETCTBYIOIIMX MapaMeTpPOB HOPMaIbHOTO
3aKOHa pacripejenenus [8]. Ita orieHKa ocHOBaHa
Ha YeTBIPEX OCHOBHBIX MapaMeTpax: MepBOM Ha-
YJaJlbHOM MOMEHTE (CpelHeM 3Hau€HUH), BTOPOM,
TPEThEM M YETBEPTOM LIEHTPAIBHBIX MOMEHTaX
pacnpenenenust [9]. Takxe ucrnonb3yeTcss METON
OTIpeIeIeHUs] TOPOTOBBIX 3HAUYEHUH ISl KaXKI0TO
W3 BBIOpAHHBIX MapaMeTpoOB BHOpAIMH, OMpese-

5 Bapkoe A. B., Bapxosa H. A., A306yee A. 0. MOHUTOPHUHT M IHATHOCTHKA POTOPHBIX MAIIKH M0 BUOPAIHHY : yIe6-
Hoe nocobue. Caukr-IlerepOypr : M3a. nentp CII6 IMTY, 2000. 169 c.
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JIeHWE TEeHACHIIUY NU3MEHEHUS OIpE/IeTICHHBIX Ia-
pameTpoB. [Ipon3BoauTCsl yCTaHOBJIEHHUE CTATH-
CTHYECKHUX CBS3EH MEXITy KOMIIOHEHTaMH BHOpa-
LIMOHHOTO curHaa. Pesiko nmpumeHsieTcst CTaTUCTH-
YeCKU aHajau3 B NMPaKTHYECKOW BHUOPOAMArHOC-
TUKE, TJ1aBHBIM 00pa3oM JUIsl OLEHKU OTJIEIbHBIX
rapaMeTpoB CUTHaa.

JlocTonHCTBRA:

a) MO3BOJISIET MOYYUTh KOJIMYECTBEHHYO OLIEH-
Ky pa3jindusi apaMeTpoB peajabHOIo pacipeerne-
HUS IJIOTHOCTH BEPOSTHOCTU OT COOTBETCTBYIO-
IIMX [TapaMeTPOB HOPMAIBHOI'O 3aKOHA paclpee-
JIeHMUS,;

0) 1aeT BO3MOKHOCTB OIPEIETUTh TIOPOTOBbIC
3HAYEHMs! JJIS KaXKI0TO0 U3 BBIOPAHHBIX MapamMeT-
POB BUOpALUK U BBISIBUTH TEHJACHIIMH U3MEHEHUS
OIpe/ieNICHHBIX TapaMETPOB;

B) [IO3BOJISIET YCTAHOBUTH CTATUCTUYECKUE CBSI-
31 MEX/Ty KOMITOHEHTAMHU BHOPAIIMOHHOTO CHI'HAJIA.

Henocrarku:

a) He BCer/ia IPUMEHUM JJIS aHAJIN3a CJIOKHBIX
CUTHAJIOB, TAKMX KaK HECTALlMOHAPHBIE WM HEJIH-
HEIHbIE CUTHAJIBI;

0) TpeOyeT 0OoJTBIIOro 00beMa TAHHBIX JITS T0-
JYUYEHHS! IOCTOBEPHBIX PE3YJILTATOB;

B) He Bcerya sBiseTcst 3 (HEKTUBHBIM METO-
JIOM JIJIs1 OIIPEIENIEHNs] KOHKPETHOM PUYUHBI BO3-
HUKHOBEHHSI BUOPAIIHH.

8. YacrorHas cenexkymns

ITpu nuarnoctuke 4yacTo ObIBaeT HEAOCTATOY-
HBIM HCIIOJIb30BaHKE METO/1a aHaAJIM3a OOIIEro yPOB-
Hsl BUOpalMy WK NHK-(paKTopa, I03TOMY IpuMe-
HSIOT YaCTOTHYIO CEJICKITUIO [ 7] BUOPOIMAarHOCTH-
YEeCKMX CUTHAJIOB, KOTOpasl M03BOJIIET OLIEHUBATh
YPOBHM BHOpaIMy B OrpaHMYCHHOH Mosioce ya-
CTOT. DTO CBSI3aHO C TEM, YTO MOsIBJIEHUE Aedek-
TOB MOXKET IIPUBECTH K YBEJIIMYEHUIO BUOpAIIOH-
HBIX TapaMeTpoB Ha pa3HbIX yacTtoTax. Kpome
TOro, (uibTpanus BUOPOCHIHAJA HCIOJB3YeTCs
JUIs yJaJIeHHsl OTpe/IeJICHHBIX YaCTOTHBIX COCTaB-
JISIOIIMX M3 UCXOJIHOTO curHaia. [[ns srtoro npu-
MEHSIOTCS pa3IMyHble BUIBI (PUIBTPOB, TAKHUE KaK
(GWIBTPHI BEPXHUX M HUKHUX YaCTOT, I10JIOCOBBIE
rpebeHvaTsle U CUHXpPOHHBIE (GUIBTPHL. OOBIYHO
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BBIJICJIEHHASI Y3Kas 10JI0CA YacTOT IOJIBEPraeTcs
criekTpanbHOMY aHanu3y. CoBpeMeHHbIE Cpe/cTBa
1 poBOH PUITBTPAIINN UCITOB3YIOTCS JIJIS BBIZIC-
JICHUSI TUarHOCTHYECKOW MH(OpMAIMK U3 BBICO-
KOYaCTOTHON BHOpAITHH.

JlOCTOMHCTBA YaCTOTHOM CEJICKIIHNHU:

a) MO3BOJISIET OIICHWBATh YPOBHU BUOpAlUu B
OTPaHUYEHHOHN MOJOCE YaCTOT, YTO JaeT BO3MOXK-
HOCTB BBISABJIIATH I[e(l)eKTLI Ha pa3HbIX 4aCTOTaX;

0) MO3BOJISET YAAINUTH ONPEIEICHHBIE YaCTOT-
HBIE COCTABJISIONINE U3 MCXOJHOTO CHTHAJA, YTO
MOJKET yJIyUIIIUTh KQUeCTBO aHAJIH3a;

B) CIIEKTPaJIbHBIA aHAIHU3 BBIICICHHON Y3-
KOH MOJIOCHI YaCTOT MOXKET AaTh 00Jiee TOUHYIO
uHpOpManuio o aedexre.

Henocrarku metona:

a) OTPAaHUYEHHOCTH B BBIOOPE TOJIOCHI YACTOT
MOXET IPHUBECTU K TOMY, YTO HEKOTOPBIE Ae(heKThI
MOTYT OBITh YITyIICHBI;

0) He0OXOUMOCTD HCITOJI30BAHMUS CIICIINAb-
HBIX (PUIBTPOB MOXKET CYLIECTBEHHO YCIIOKHHTH
NpoIIeCC aHaJN3a,

B) B ClTy4ae HEONTUMAIILHOT'O BEIOOPA MOJIOCHI
9acTOT WIN PUIBTPA MOXKET BO3HHUKHYTh HCKaXKe-
HUE Pe3yJIbTaTOB aHAJIH3a.

9. UnTennektyasbHass ANaArHOCTUKa
C rIpuMeHeHneM rnpeoobpa3oBaHnii CUrHaJ1I0B
M r7iy6oKnuM MaLLMHHBIM OBYyYeHuem

TpaauMOHHO CTPYKTYpa UHTEIUICKTYalIbHON
JTUAarHOCTHKH HEHCIPAaBHOCTEH BKIIOYAET B ceds
TPHU OCHOBHBIX ATara:

1) cObop curnana;

2) U3BIICYCHNE U BBIOOP TIPU3HAKOB;

3) KImaccu(UKAII0 HEHUCIIPAaBHOCTEH.

Ha srane nomyuenus curnania mmpoKo UCIob-
30BaJIUCh BUOPALIMOHHBIE CUTHAJIBI, TOCKOJIbKY OHU
MPEIOCTABIISIOT Haubosee TOCTOBEPHYI0 HH(OP-
MaIMIo 0 MEXaHMYECKUX HeucnpaBHocTsIX. Ha BTo-
POM 3Tarne U3BJICYCHHE PU3HAKOB HAPaBICHO HA
U3BJICYCHHE PENPE3CHTATUBHBIX IPU3HAKOB U3 CO-
OpaHHBIX CUTHAJIOB Ha OCHOBE METO/J0B 00pa-
OOTKM CUTHAJIOB, TAKUX KaK CTaTUCTHUYECKUHN aHa-
JIU3 BO BPEMEHHOM 00JIaCTH, CHIEKTPaJbHBINA aHa-
3 Oypbe U BelBieT-npeodpa3zoBaHue. XoTsa 3TH
GyHKUIMK XapaKTEepHU3yIOT MEXaHUYEeCKHUE Heuc-
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MIPaBHOCTH, OHH MOTYT COJEpXKaTh OECHOIE3HYIO
WIA HEYYBCTBHUTEIbHYI0 MHPOPMAIIUIO U BIHUATH
Ha pe3yJIbTaThl TMAarHOCTHKH, a Takke Ha dpdek-
TUBHOCTH BBIYHCIICHUHA. Takum oOpa3om, BEIOOD
00BEKTOB HCIIOJIB3YETCs ISl BBIOOPA YyBCTBUTEIb-
HBIX OOBEKTOB C TIOMOIIBIO CTPATETUH yYMEHbIIIE-
HUS Pa3MepOB, TAKUX KaK aHAJIN3 TJIABHBIX KOMIIO-
HeHTOB (PCA), MeTommKa OIEHKH PacCTOSTHHS U
JTUCKPUMUHAHTHBIN aHanm3 o0bekToB. Ha srare
KJIaccuuKalii HEUCIPAaBHOCTEH BHIOpaHHbBIC
(YHKITUN UCTIONB3YIOTCS ISl OOYUYEHHsI METOIaM
HCKYCCTBEHHOTO HMHTEIJIEKTa, TaKHUM Kak k-Oiu-
xaimmii cocen (KNN), UCKycCTBEHHBIE HEHpPOH-
HBIE CETH ¥ MaIlIHA OMTOPHBIX BEKTOPOB (SVM),
C TIOMOIIBIO ATUX METO/I0B OKOHYATEJILHO ONPeIe-
JISIOTCS. MEXaHUYECKHE COCTOSTHUA paboTOCTIOCO0-
Hoctu. Hanpumep, B [10] ucnons3zoBanu ymydlieH-
HYIO METOJIUKY OIEHKH PACCTOSHUS JJIS BBIOOpA
IIECTH YyBCTBUTEJIBHBIX OOBEKTOB M3 OOBEKTOB
BPEMEHHOW M 9aCTOTHOW 00JIacTeil, M 3TH QyHK-
UM OBUTM BBEJICHBI B KOMIUIEKCHBIE aallTHBHBIC
CHCTEMBl HEHPO-HEYETKOTO BBIBOJA IJISI KJIACCH-
(uKay HEUCTIPABHOCTEH MOAMUITHUKOB. B [11]
MPEJCTaBICH METOJ KIIaCCH(PHKAINU HEUCIIPaB-
HOCTEH MOAMUITHUKOB, B KOTOPOM OJMHHA/IATH
MIPU3HAKOB BPEMEHHOW M YaCTOTHOM 00J1acTei mc-
MOJIb30BATINCH ISl TIPEICTABICHUS Pa3IUIHbBIX
HEUCTPAaBHOCTEH MOAMUITHUKOB, a ANN mpume-
HSUICA U KJIACCH(DMKALMU UCTIPaBHBIX COCTOS-
HUIl Ha OCHOBE NPH3HAKOB, BEIOPAHHBIX C MTOMO-
IIBI0 JIOKAJIBHOW M HEIOKAIBHOW COXpaHSIOIIEH
npoekiuu. B [12] mpeanoxkena nponeaypa yinyd-
meHnus ¢GyHknui. JIsi modydeHus HaIeKHBIX
(GyHKIIH n300pakeHNS aHATH3UPOBAIH CIIEKTPHI
BHUOpAIM ¥ UCIOJIH30BAIH UCKYCCTBEHHYIO HEii-
POHHYIO CETh JJIsl AUATHOCTUKU HEHCIIPABHOCTEH.
MeTton BeiiBIeT-crieKTpa OBIT MCIOIB30BAH IS
BBIJICJICHHS TTpU3HaKkoB B [13], a ycoBepiieHCTBO-
BaHHBIN HEHPO-HEUETKUN KiIaccupuKaTop mpume-
HSUICS IS KITACCU(PUKALIMU COCTOSTHUNA HOCUTEJISL.

MoHO 00HAPYKUTh, YTO OBLIO MPOBEICHO
MHOECTBO HCCIICJOBAaHUH 110 NHTEIUIEKTYaJIbHOU
JMAarHOCTHKE HEHCIPABHOCTEH M IOCTUTHYTHI XO-
pome pe3yabTarbl. OHAKO 3TH UCCIIEOBAHUS
MOT'YT UMETh TPH CIIeIYIOIIUX HeocTaTka. Bo-mep-
BBIX, TPAJUIIMOHHBIE METO/IbI HCKYCCTBEHHOTO MH-

TEJIJIEKTa HEe CIOCOOHBI M3BJIEKATh U CUCTEMAaTH3H-
pOBaTh pa3IMYAIONLYI0 WH(OPMAIUIO HETIOCPE-
CTBEHHO M3 HEOOpabOTaHHBIX TaHHBIX. BO-BTOPEIX,
GbyHKIUKA OOBIYHO HM3BIEKAOTCS W BBHIOMPAIOTCS
B COOTBETCTBUU C KOHKPETHON AMATHOCTHYECKOU
npo0IeMoil 1, BEpOATHO, HE OAXOIAT IS APYTHX
npoGieM. [Ipu BBITOJTHEHWM HOBOM 3amadul JHar-
HOCTHKH MOJKET MOTpeOoBaThcs mepepaboTaTth aj-
TOPUTMBI 3BJICUEHHS IPU3HAKOB. B-TpeThux, n3-3a
OTCYTCTBHUSI BCECTOPOHHETO TOHUMAHUS MEXaHH-
YeCKUX OONBIINX JaHHBIX YacTO OBIBAE€T TPYIIHO
00ecIeunTh, YTOOBI M3BJICUCHHBIE HJIEMEHTHI HECIIN
ONTUMAJIbHYI0 MH(POPMAITHIO JUTS KilaccuuKammm
MEXaHW4YECKUX HencrpaBHocTel. Takum oOpazom,
JUAarHOCTaM MPUXOIUTCS TPATUTh MHOTO BPEMEHU
Ha aHaJIM3 TUX JIAHHBIX ¥ TOHWMaHHE UX CBOMCTB,
YTO SBISIETCS CTIOXKHOU paboToii [14].

B [15] npeanaraercsi HOBbIN MHTENICKTYalb-
HBIIl METOJT TMarHOCTUKH, TIO3BOJISFOLIHIA TIPE0JI0-
JeTh JIBA HEJOCTaTKa PacIpOCTPAHEHHBIX HHTEN-
JICKTYaJIbHBIX METOJIOB JHATHOCTUKHA HEHCIIPAB-
HOCTEW MPU AUArHOCTHUKE HEUCIIPABHOCTEW Bpa-
marmnxcd Mexanm3mMoB. HoBBINM MeTOd MHTEI-
JIEKTyaJIbHOW TMarHOCTUKHU COYETaeT B ceOe BBIOOD
¢bynkmii 1 meror DNN. Metoz BeiOopa GyHKuuni
OCHOBaH Ha PaCcCTOSHHH MEXIY dJIEMEHTaMHU IS
BBIOOPA UyBCTBUTEIIBHBIX AJIeMEHTOB. [IpuHIumI ee
BBIOOPA 3aKITFOYAETCSI B TOM, YTO PACCTOSTHHAE MEKITY
OJTHUMH U TEMH € KIacCaMH SIBJISICTCS HaUMEHb-
IIMM, a PACCTOSTHHE MEXIY Pa3InIHBIMH KiIac-
camu — HaunbonpmuM. Takum 0O6pa3omM, yMeHb-
II1aeTcsi MacITad HeMPOHHOM CETH U MOBBIIIACTCS
TOYHOCTH Kiaccuukanuu. CHavana rnpeaBapu-
TEJIBHO BBIOMPAIOTCS MCXOAHBIE (DYHKINH, a 3aTeM
UCIIONIB3YEeTCS OPUTHHAIBHAS TEXHOJOTHS Strong
feature nmns BeIOOpa OKOHYATEIHHOW HAJIEKHOU
byHKImu. Pe3yibTaThl CpaBHEHUS MTOKA3bIBAIOT, YTO
NPETOKEHHBINA METO]T MOXKET HE TOJILKO MOBBICUTh
TOYHOCTh, HO U COKOHOMHTH BPEeMsI pabOThI.

B sToM Meroze paspexeHHas (QuIbTparus
aJIaTUBHO U3y4JaeT (QyHKITUH, KOTOPhIE COOMPAIOT
pa3IMUUTENbHYI0 WH(GOPMAIUIO W3 BHOpAIMOH-
HBIX CHUTHAJIOB HEKOHTPOJIUPYEMBIM CHOCOOOM.
3arem (DyHKIMHU NTepesaroTcs B sofimax regression
JUTSL KITACCU(UKAIIMU COCTOSIHUH paboTOCIIOco0-
HOCTH KOHTpOJHpYyeMbIM oOpazom. Kpome Toro,
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n3ydaeTcs (Qu3MUecKas UHTEPIPETAIUs BECOBBIX
BEKTOPOB — pa3pekeHHas (UIbTpauusi, U 3TU
BEKTOpBI 00J1aJal0T CBOMCTBaMH, aHAJIOTUYHBIMU
cBoiictBam pumbTpoB ["abopa.

Cy1iecTByeT METO/ TUAarHOCTUKU HEUCIPaB-
HOCTEH C HCIIOIb30BaHUEM TITyOOKOTO OO0y4YeHHUs
¢ nonkpemienueM (DRL — Deep Reinforcement
Learning), KOTOpbI# TpeaOCTaBIsieT HOBBIE UACH
JUISL TATBHEUIIETO TOBBIIIEHUS WHTEIUICKTYallb-
HOTO YPOBHS TUarHOCTHUKHU HEUCIIPABHOCTEN U 00-
JaaeT MOTEHIINAIOM [T peIieHus Ipo0IieM, CBsI-
3aHHBIX C aBTOHOMHBIM HCCIIEIOBaHHEM BUOPALIUH.
OaHMM M3 caMbIX M3BECTHBIX M SIPKHX JOCTHXKE-
nuit DRL aBnsercs AlphaGo, nepBast nporpamma,
nobenuBIIas npohecCHOHaIbHOTO UTPOKA-YeTI0-
Beka B [16].

s ucnionb3oBanus DRL Obuta pazpaborana
cpeaa MOJENUPOBAaHHUS AMATHOCTHKH HEHCIIPAB-
HOCTEH, C TIOMOIIIBIO KOTOPOW MBI MOXEM TPe00-
pasoBaTh 3a/1auy 00y4eHHs MO0l HaOII0JECHUEM B
3aayy 00y4YeHus ¢ MOAKPEIUIEHneM. DTy cpeay
MO>KHO OBLIIO ObI CYMTATh «UI'POM AJIs TUATHOCTUKU
HEUCIIpaBHOCTEN». B maHHOM ciydae mop urpoi
MOJIPa3yMeBaeTcsl MpoIecc, B KOTOPOM BeJeTCs
60pbr0a MEXKIY CUCTEMO M areHTOM 3a MOJTyYeHHe
ONITHMANIBHOTO pe3ynbTrara. Kaxkngas urpa conep-
KUT OIPEICTICHHOE KOJIMYECTBO BOIIPOCOB JIJISI JH-
arHOCTHKM HEHMCIPABHOCTEH, W KaKIbld BOIPOC
COCTOUT W3 00paslia HEUCTIPAaBHOCTH M COOTBET-
CTBYyIOILLIEH METKM HeucnpaBHocTH. Korjga areHt
UTpaeT B UTPy, B UTpe OyJeT OJMH-EAMHCTBEHHBIN
BOIIPOC, KOTOPBIH areHT JI0JKeH MOCTaBUTh. 3aTeM
Wrpa MpOBEPUT, NMPABWIbHBINA JIU OTBET arcHTa.
MexaHi3M BO3HArpaxJIeHUs B UTPE COCTABISET
OJIHO OYKO 3a MPaBUJIILHBIA OTBET U MUHYC OIHO
OYKO 32 HeTpaBHIbHBIN 0TBeT. Korna urpa 3akoH-
YUTCS, aTCHT TIOJYYUT 00N 6asut 3a urpy.

Curnan BuOpaiuu Bpaaromerocs 000pyao-
BAaHUS COJACPKUT JOCTATOYHYIO MH(OpMAIHIO O
HEHCTIPaBHOCTAX. B KauecTBe KPUTHUECKOTO HJie-
MEHTa OOYYEHHUsS! C TOAKpEIUICHHEM pellaroniee
3HaYeHue uMeeT YPPEKTUBHOE BOCIPUATUE OKPY-
JKaroIlel cpeibl M COCTOSTHUS CyOBeKToM. J{71st opH-
THHAJIBHBIX METOJIOB OOYYEHHS C MOJKPEIUICHUEM,
Takux Kak Q-learning, TpyaHo quddepeHmpoBarsb
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U UJICHTH()UIUPOBATH COCTOSIHUSL BPALIAOIIUXCS
MEXaHHU3MOB, OCHOBBIBAsICh TOJIBKO Ha CHTHaJIaX
BUOpAIMH, N3-3a OTPAaHUYEHHON CIOCOOHOCTH 3TUX
METOZOB MPEACTABIATh COCTOSHUSA. B oTnuuue ot
METOJIOB JUArHOCTUKHU HEUCITPAaBHOCTEHN, OCHOBaH-
HBIX Ha KOHTPOJIMPYEMOM 00yUYeHUH, METO, OCHO-
BaHHBIA Ha TITYOOKOM OOYYEHHH C MOJIKPEIUICHHEM,
Npe/ICTaBIsIeT cO00M KOMIUIEKCHOE PEILIeHHe, CII0-
COOHOE MTPOBOIUTH aBTOHOMHBIN aHAJIN3 HEIUHEH-
HOM 3aBHCHUMOCTU MEXIy UCXOJHBIMH JaHHBIMHU O
BUOpAIMU ¥ COOTBETCTBYIOUIUMH TOKA3aTEIIMU
paboTOCTIOCOOHOCTH BPAIIAIOIINXCS MEXaHU3MOB.
Takoe NpenMyIIeCTBO MOMKET 3HAUUTEIBHO CHU-
3UTh 3aBUCUMOCTB OT 3KCIIEPTHOr'O OMbITA U MPE-
BapUTEIIbHBIX 3HAHUM PH pazpadoTKe MoAeen -
arHOCTHKH HencnpaBHocTel. Takum o6pazom, mpe/i-
JlaraeMblii METO/JI MPEIOCTABIIAET UJICIO JIJIS pealu-
3a1n 0osiee 0000IIEHHOTO MHTEIUIEKTYaIbHOTO pe-
LIeHUs 3a]]a4 TMarHOCTUKU HEHCHpaBHOCTEN Bpa-
HIAFOLIUXCS MEXaHNU3MOB.

[amee paccMOTpUM METOJA OUArHOCTUKHU He-
HCIIPAaBHOCTEMN, OCHOBaHHBI Ha BEHBJIET-aHAIN3E
Y HEUPOHHOU ceTH. M3ydeHrneM BeUBIIET B IPUKIIAI-
HBIX 00JacTAX 3aHUMAJIMCh MHOTHE HCCIEI0Ba-
TENW, B TOM YHUCJIE U Te, KTO TpejacTaBiieH B [17].
N3Bnedyenne npu3HakoB HEUCIPABHOCTH Ha OC-
HOBE BEWBJIET-IIAKETA [I0KA3aHO B CIEIYIOIIEM pa3-
nene. BeliBner-npeoOpa3oBanue obOecrieynBaeT va-
CTOTHO-BPEMEHHOE OKHO, U3MEHSIOIIEecs B 3aBU-
CHUMOCTH OT YaCTOThI, KOTOPOE MOKET 00eCeUUTh
JIOKaJIbHBIM aHaINW3 BPEMEHHOM (IIPOCTPAHCTBEH-
HOM) 4aCTOTBI. DTO MOYKET TOCTENEHHO MPUBECTH
K MHOTOMACIITA0HOMY YTOYHEHHUIO CUrHana ((yHK-
1K) C TIOMOIIBIO OIepalui mpeoOpa3oBaHus H
MacIITa0UPOBAaHUS U B MTOT€ JOCTUYb BPEMEH-
HOTO CETMEHTa Ha BHICOKOHM YaCTOTE U YaCTOTHOTO
CerMeHTa Ha HU3KOH 4acToTe, 4YTOObl 00€CIICUUTh
HOBBI METOJ| aHajJu3a CUTHaJIa, KOTOPHII MOXKET
aBTOMATHUYECKU aJalITUPOBATHCS K aHAJINU3Yy 4Ya-
CTOTHO-BPEMEHHOT0 TPeoOpazoBaHusl.

BeiiBner-HeiipoHHas c€Th NPEACTABISAET CO-
00l HepapX1UeCcKyI0 HCKYCCTBEHHYIO HEUPOHHYIO
CeTh C HECKOJIbKUMH PELICHUSIMHU, OCHOBaHHYIO Ha
Teopuu BeiBieT-aHanu3a. OHa coYeTaeT BEUBIIET-
pa3NoKeHUEe ¢ HEUPOHHOW CEThIO MPSIMOU CBSI3H
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U HCTOJb3YyEeT BEUBIET-(QYHKIMIO ISl 3aMEHBI
(YHKIMM CKPBITOTO y3Jla TPaJUIMOHHON OJIHO-
CIIOMHON CKPBITOM HEWMPOHHOM CETH, a COOTBET-
CTBYIOILIME BECA U MOPOTOBbIE 3HAUECHHUSI BXOAHOTO
YPOBHS UIsI CKPBITOTO YPOBHSI OBLIM 3aMEHEHBI
napaMeTpamMu MaciiTaOMpOBaHUSI M TPAHCISILHH
BEHBIET-QYHKIIUN COOTBETCTBEHHO. 3aTeM yCTa-
HaBJIMBAETCs CBSA3b MEX/1y BeiBiieT-npeoOpa3oBa-
HUEM U HEHPOHHOMU CEThIO C UCTIOIb30BaHUEM a(-
¢uHHOTO MPeodpa3zoBaHusl.

Cucrema npuBoga peAyKTopa BETPSIHOU Typ-
OMHBI COCTOUT U3 IIECTEPHHU, TPAHCMHUCCUOHHOTO
Baja, MOAMIUITHUKA U JIPYTUX KOMITOHEHTOB. CHT-
HaJl BHOpaInuu KOMIIOHEHTOB Oy/IeT HEHOPMallb-
HBIM [IPU BO3HUKHOBEHUU HEUCIIPABHOCTHU BETPS-
HO TypOuHbI. ClleqoBaTENbHO, BBIICICHUE CHUT-
HaJIa HEWCIIPABHOCTH, COJIEPIKAIIETO COOTBETCTRY-
IOIIYIO YacTOTY, U3 OOBIYHOTO CUTHAIA BHOpaIiu
SIBJIIETCS MPEANOCHIIKON AMArHOCTUKY HEUCTIPaB-
HOCTH peAyKTopa. XapakTepHas 4yacToTa CUTHaja
HEUCTIPABHOCTH OTIPECIISIETCS] TUIIOM HEHCTIpaB-
HOCTH, YaCTOTOW BpAIICHUSI U TTapaMeTpaMHu KOM-
nonenTa [18].

JlaHHBIN TOJIX0J, COUETAIOIINI UMUTALIUOH-
HYI0 MOJEJIb T'HIPaBINYECKON CUCTEMBI C pealb-
HBIMU JJAHHBIMH, MTO3BOJIMJI COKPAaTHTh 00BEM He-
00XOIMMBIX HCTOPHUYECKHUX JaHHBIX Oe3 ymiepOa
JUIs THOKOCTH M YHUBEPCATIBLHOCTH MOJIETH MAIIIMH-
Horo oOydenusi. Bxmouenne Bcero 0,2 % ¢uznde-
CKHX CHCTEMHBIX JJAaHHBIX B 00yJaroImii Habop JaH-
HBIX 00ecreuno TpedyeMoe KauecTBO KilacCu(u-
KalluHu.

JlaHHbIe, TOJTyYEHHbIE C TOMOILBIO BUPTYalb-
HOTO MOJICJIMPOBAHMs, TIOMOTal0T 00y4aTh Kjac-
cUpUKATOPHl HEHPOHHBIX CETEH I CUCTEM JHa-
THOCTHKHU M MOTYT COKOHOMUTB BpEMS U MaTepHU-
anpHBIE pecypchbl. IIporpammHoe obecrneueHue
SimulationX OBLIO HCIOIB30BAHO I CO3HAHHUSA
MMUTALIMOHHON MOJIENIM THIPABINYECKON CUCTEMBI.
IIpennoxeHHbIil NOIX0I K CMEIINBAHUIO YKCIIEPH-
MEHTAJIbHBIX U CMOJIETMPOBAHHBIX JAHHBIX OTKPHI-
BaeT MHOKECTBO HAIPABJICHUH JIJIs TaTbHEUIITNX

HCCIIEA0OBAHUM U YCOBEPIIEHCTBOBAHUI. Bhrancie-
HUE ONTUMAIBHOTO 00heMa BBOIA pealbHBIX JaH-
HBIX C YUETOM pacipeaesieHns JaHHBIX U YPOBHEH
[IyMa MOTJI0 ObI CTaTh XOPOIIIUM Hay4YHBIM BOIIPO-
COM, B TO BpeMs KaK M3ydeHHe W3MEHEHUH B MO-
JIJIA ¥ BITUSTHUSL THOPUIHOTO TTOAX0J1a Ha BPEeMsl,
CHOKOHOMJICHHOE Ha MEePETnoAroTOBKE MOJIEIIH B OT-
BET Ha pEKOH(UTYpalIMIO anmapaTHOTo obecreye-
HUS, MOTJIO OBl MPUOJIM3UTH 3TO UCCIIENOBaHUE
K MCIIOJIb30BAHHIO B TIPOM3BOICTBEHHOM cpejie Ha
OCHOBE KOHIICTIIIHIA ITU(POBBIX IBOWHUKOB [19].

[IpenmymiecTBa MOIX0/10B, OCHOBAHHBIX Ha
JTAHHBIX, 3aKJTFOYAFOTCS B OTCYTCTBHU HEOOXOIMMO-
CTH CO3/IaBaTh (PM3UUECKUE MOJICITA MAIlliH, a JaH-
HbIE 0 BUOpaluu MOTyT OBICTPO 0OECTeUnTh paH-
HIOI0 MH]IUKAITMIO0 BOZHUKHOBEHUS HEUCIIPABHOCTH.
JlmarHocTrika HEMCIPABHOCTEH BpAIAIOIIUXCS Je-
Tayiel, TTOJTHOCThI0 OCHOBAaHHAs Ha M3MEPEHHBIX
JTAHHBIX, OJTHAKO, OTPAaHUYMBACTCS KAYECTBEHHBIMU
cumrntomamu. KomnruecTBeHHas! OIlEHKa HEHCIPaB-
HOCTEH, TAKUX KaK CEphe3HOCTh ArcOanaHca (MecTo-
TIOJIOKEHNE U KOJIMYECTBO), OOBIYHO TpeOyeT Tia-
TEJIFHOTO TECTHPOBAHUSI YCTAaHOBKH, KOTOPOE MO-
KET 3aHATh OYCHb MHOTO BPEMEHH, €CIIM BOOOIIIEe
BO3MOYKHO.

OcCHOBaHHBIC Ha MOJICIISIX METO/IbI, BBITEKAIO-
e u3 puzndeckort MoaeIH (MTOTHOM WITH YacTHY-
HOM) POTOPHBIX CUCTEM, 00JIaIat0T PEUMYIIIECTBOM
0oJ1ee OBICTPOI ¥ TOUHON KOJTMYECTBEHHOM OLIEHKH
HeucnpaBHOCTe. KpoMe Toro, pe3yiabTaThl, OIY-
YEHHBIC C TIOMOIIBI0 MOJENIeH, OOBIYHO TOJIa-
1oTcs puznyeckoit naTeprperanuu [20].

Henocratku: HeoOxoauma ucxomaHast uHdop-
MaIus JUIsl aHaJIu3a U TECTUPOBAHUS, YTOOBI CPaB-
HUTH TPEIBIAYITYI0 H TEKYIIYI0 BEPCHIO COCTOSI-
HUSl MaIIMHBI, TIPA KOTOPOM BO3HUKAET €€ HEeWC-
MpaBHOCTH [21].

Pe3ymnbTaThl cpaBHEHHUST METOJ/IOB MPEJCTAB-
nieHbl B Tabm. 1.

B Ta0:. 2 npuBeneHa UCTOPHS pa3BUTHS HC-
CJICIOBaHMA B 00JIACTH BUOPOAMATHOCTUKH, OCHO-
BaHHAas Ha IOCJICJIOBATEIILHOCTH ITyOJIMKAIIUH.
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Tabmya 1

CpaBHeHue meTon0B BMGpaLI,MOHHOI'O KOHTPOJIA U ANAarHOCTUKHN

MeToabl

Mpenmywiectea

Hepoctatku

MeTon n3amepeHust o6LLEero ypos-
HS1 LUYMa Uv BUGpaLmm

npOCTOTa, SKOHOMUYHOCTb M BbICOKadA TO4Y-
HOCTb

HeBO3MOXHOCTb ONpeaenuTb UCTOYHMK LymMa mnn Bubpa-
1K1, 3aBMCUMOCTb OT OKpyXalollen cpedpl U Heobxoam-
MOCTb NPOBEAEHNA A0MNOSIHUTENbHBIX U3MEPEHNIA 4K Nosy-
YeHus NOJIHOM KapTUHbI

MeTopa yaapHbIX UMMy/bCOB

BbiCcokas 4yBCTBUTENBHOCTbL K 3apoXaato-
wumes aedekrtam, BbiCOKast TOYHOCTb U
HaOEeXHOCTb M3MEPEHUN, WIMPOKUIA ana-
nasoH NPUMeHeHNs

Bbicokas cToMmocTb 060pya0BaHUS, CIIOXHOCTbL UHTEPPE-
Tauuu pesynbTaToB M3MEPEHUI, OrPaHNYEHHOCTb B UCMOJSTb-
30BaHNM NP BbICOKUX YaCTOTax

MeTog, cnekTpanbHOro aHannaa

MoaBonsieT guarHocTupoBaTtb 60sbLIOE KO-
JINYECTBO Pa3BUTLIX AedEKTOB U pacnpo-
CTpaHeH BO BCEX COBPEMEHHbIX CPEACTBAx
aHanmsa Bubpauum

B03MOXHOCTb aHann3a TO/bKO CTauMOHapHO Bubpaumm,
cnabas NpoCTPaHCTBEHHAs JI0KanM3aL/ms HaCTOTHBLIX COCTaB-
NALWNX, HEBO3MOXHOCTb ANArHOCTUPOBaHNS AedeKToB Ha
PaHHWUX CTaansx Pa3BUTUS

MeTopn, cnekTpasbHOro aHanmsa
ormbaroLLeit BbICOKO4YACTOTHOM
BubpaLmn

B0O3MOXHOCTb OBHAPYXXEHWS HAYMHAIOLLMXCS
nedekToB, onpeaeneHne TMna U CTeneHn
pa3BuTusa aedekTa, a Takke NPUMEHeHne
ON1S AVArHOCTUKM PasnnyHbIX TMNOB 060-
DVIOBAHUS

HeobxoaMMocCTb TwaTenbHOM paboThl MO HAKOMAEHUIO CcTa-
TUCTUYECKUX OAHHBIX, AJIUTENBHOCTb NpoLEecca NoAroTOBKM
n3mepeHus 1 6bICTpoe 3aTyxaHne BbICOKOHAaCTOTHOM BMOpa-
LK1 NpY yaaneHnun ot oobekta

KencTtpanbHbii aHann3

Mo3BONAET BbIABNATL HEUCMNPABHOCTM Ha
paHHen ctaguu, aHanu3MpoBaTb CJIOX-
Hbl€ CUTHabl M ONPEeAeNaTb MPUYNHBLI BO3-
HUKHOBEHMS BUOpaLmMmn

TpebyeT BbICOKOI TOYHOCTU AAHHBLIX, MOXET ObITb CIOXHbIM
OJ19 UCMNONb30BAHUSA U HE BCErga NPUMMEHUM K PasinyHbiM
Tnam o6opynoBaHus

MeTtop nuk-dakTopa

MpocToTa 1 yao6CcTBO UCMONb30BaHWS, Bbl-
COKas YyBCTBUTENIbHOCTb K HaNIM4uIo yaap-
HbIX MMMYIbCOB Y BO3MOXHOCTU MOHUTO-
PUHra pasnunyHbIX TUNOB NOALLIMMHUKOB

HeBO3MOXHOCTb OnpeaeneHns NpUYnHbl BO3HUKHOBEHUS
YOAPHbIX UMMNYNIbCOB, HE BCErAa TOYHOE OnpeaesieHne cTe-
neHy NoBpPeXAeHNs NOALINIMHMKA, 3aBUCUMOCTb OT YacTOThbI
BpaLlleHnss 06opyaoBaHUA U HEOOXOAMMOCTb MCMOJb30Ba-
HUS1 B COYETaHUM C APYrMMU METOAaMN MOHUTOPUHIa

Cratnctuyeckumii aHanms

Mo3BonAeT BbIABAATL aHOManuu B paéote
060pynoBaHMs 1 MPeaoTBPaLLaTh BO3MOX-
Hble aBapuu, AaeT BO3MOXHOCTb onpeae-
NUTb NapameTpbl BUOPaLMK, KOTOpble MO-
ryT ObITb CBSI3aHbl C ONpPeaeeHHbIMU He-
MCNPaBHOCTSIMW, MO3BOASIET MPOBOAUTHL
MOHUTOPUHI COCTOSIHUS 060PYA0OBaHUS B
DEXMME PeanbHOro BDEMEHN

He yuuTbiBaeT BAVSIHME BHELLHWX (HaKTOPOB HA BUOPALMOH-
HbI CUMHas, TakMX Kak Temnepartypa, BNaxHOCTb U apyrue
YCNOBUS 3KCMJlyaTaumm, He Bcerga BO3MOXHO Onpenenintb
TOYHbIE FPaHMLbl MOPOroBbIX 3HAYEHWI A1 KaX4oro napa-
MeTpa BUOpaLmm, YTO MOXET NMPUBECTU K OLLUMGOYHBLIM BbIBO-
naMm, HeobxoaMMO NMETL ONpeaeneHHble 3HaHusa B 06nacTu
CTaTUCTMKN 1 MaTemMaTnieckol 06paboTkM AaHHbIX 415 npa-
BW/bHOI MHTEPNPETALLMM PE3Y/IbTATOB METOAA

YacTtoTHasa cenekums

OueHka ypoBHei BUbpaumm Ha pasHbIx Ya-
CTOTax M BO3MOXHOCTb yAaneHus onpege-
JIEHHBIX YACTOTHbBIX COCTaBIISIOLLINX

OrpaHu4yeHHOCTb B BbIGOpPE MOJSIOChI 4AacTOT U HeobXxoaum-
MOCTb MCMOJIb30BaHNS crieunasnbHbiX GUALTPOB MOFYT Npu-
BECTU K YNyLEeHNo AedEeKTOB N NCKAXEHWIO pe3ynbTaToB
aHanmsa

MeTon knaccudukaumm Heuc-
npaBHOCTEN MO ONpeaeneHHoOMy
KONNYEeCTBY NPU3HAKOB

Mo3BONSET BbIABUTL KOHKPETHYIO Heuc-
NPaBHOCTb B YCIOBUSIX HEPA3PYLLAIOLLErO
KOHTpONSA

DyHKUMM 0OBIMHO M3BNEKAIOTCS U BLIOMPAIOTCA B COOTBET-
CTBUW C KOHKPETHOW ANarHOCTUYeCKOW Npobaemoli 1, Bepo-
ATHO, HE MOAXOAAT ANs APYrux npodnem. MNpu BbINONHEHUN
HOBOW 333241 AMarHOCTMKM MOXET noTpeboBaTbes nepepa-
60TKa anropuTMOB N3BNIEYEHMS MTPU3HAKOB

AHanus cnekTpa Bnbpaumm ¢ no-
MOLLbIO MCKYCCTBEHHbIX HEMPO-
ceten

JedekT MOXeT ObITb BbISIBIEH HA PaHHMX
CTaamax NosiBNEHNS

TpaanumMoHHbIE METOABI UCKYCCTBEHHOIO MHTENIEKTA HE CMO-
COOHbI M3BNIEKATb Y CUCTEMATU3NPOBATL PA3NYAOLLYIO UH-
dopmaumio HenocpeacTBEHHO N3 HEOBPaABOTaHHbLIX AAHHBLIX

AHanus BemBneT-cnekTpa

[Mo3BonaeT nokann3osaTb HEUCMPABHOCTb

MpuxoonTCs TPaTUTe MHOFO BPEMEHMU HA aHANN3 3TUX AAHHbIX
M MOHMMaHWe X CBOMCTB, YTO SIBNSETCH CNOXHON DaboTomn

MeTon AnarHoCTUKMN C UCMNOJSIb-
30BaHNEM HEKOHTPONPYEMOrO
06y4eHust dyHkUmMsaM gns obpa-
60TKM BONbLUMX AAHHbIX

CHMXaeT 3aBUCUMOCTb OT 9KCMEPTHOro
onbiTa, CNOCOGEH aHanNM3MpPoBaTb HeNu-
HelHble 3aBUCUMOCTH

ns obyveHnsa TpebyeTcs 60bLIOE KONMYECTBO MOMEYEHHbIX
[OaHHbIX, T.€. HYXEeH roTOBbIV knaccudbukaTop HeMcnpaBHoO-
cTen

MHTennekTyanbHaa amarHocTu-
Ka HEeUCnpaBHOCTEN BpaLiaio-
LUMXCS MEXaHNU3MOB Ha OCHOBE
rny6okoro oby4eHusi ¢ BbiIbopom
dVHKUMN

Bbicokasi TOYHOCTb MPM MEHbLUEM Mac-
wtabe HeMPOCEeTH, HTO NPUBOAUT K IKOHO-
MWU BPEMEHW Ha 0by4eHne

TpebyeTcsa 60nbLLON 0OBEM HAKOMEHHbIX AAHHBIX O 3HaYe-
HUsX BUOpaumm n pgedektax, Takke Heobxoamm 60nbLIo
BKCMNEePTHbIN OnbIT

JAnarHocTuka HemcnpaBHOCTEN
C NPMMEHEeHNeM BenBneT-Hen-
DOHHOW ceTn

Mo3BonseT nokann3oBaTb HEMCNPABHOCTb,
onpenennTtb TUM HENCNPABHOCTU

Heobxoaumo Bpemsi ans 06y4eHus HeipoceTn, HaKoMIeHUs
[aHHbIX AN GopMmnpoBaHms knaccudukaTopa HemcnpasHO-
cten

OnpepeneHne owmnbkM C NOMO-
LLbIO CBEPTOYHOrO aBTO3HKOAE-
pa v 4acTU4HO CMOLENNPOBAH-
HbIX AaHHbIX

OTcyTCTBME HEOOXOAMMOCTM COo3[aBaTb
dursmyeckne Moaenn MatlnH, BO3MOXHOCTb
cobpatb 60nblLIOE KOMMYECTBO AAHHbIX
0 HEMCMNPaBHOCTAX, BO3MOXHOCTbL 3abna-
rOBPEMEHHOI0 ONpefeNieHns Heucnpas-
HOCTM, 3KOHOMUS MaTepuasibHbIX pPecyp-
COB MDW NOBbILLIEHHON TOYHOCTH

Ona dopmmnpoBaHus knaccudukartopa TpebyloTcs nepsuy-
Hble JaHHble OT GU3NYeCKOon MoAENN C HEUCMPABHOW NOACK-
cTemMomn

AHanUTUYECKNN METOA, C Nocne-
Aylowum npumeHeHnem FEM-
MOAENNPOBaHNS

OTCcyTCTBME HEOOXOAMMOCTN CO34aBaTb
dunsnyeckne Mogenm mawunH, BO3MOX-
HOCTb cobpaTtb 60nblLIOe KONMYECTBO AaH-
HbIX O HEMCMPABHOCTAX

Heobxoguma ncxogHas nHbopmaums 4ns aHanmsa u Tectu-
pOBaHusl, YTOGbI CPaBHWUTL MPEAbIAYLLYIO 1 TEKYLLYIO BEPCUIO
COCTOSIHVSI MaLLMHbBI, TPU KOTOPOM BO3HMKAET €€ HEUCTPaB-
HOCTb
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Table 1

Comparison of vibration monitoring and diagnostics methods

Methods

Advantages

Disadvantages

Method of measuring the total noise
or vibration

Level is simple, cost-effective and highly
accurate

Inability to determine the source of noise or vibration,
dependence on the environment, and the need for
additional measurements to get a complete picture

Shock pulse method

High sensitivity to incipient defects, high
accuracy and reliability of measurements,
wide range of applications

High cost of equipment, complexity of interpretation of
measurement results, limited use at high frequencies

The spectral analysis method

Makes it possible to diagnose a large number
of developed defects and is widely used in
all modern vibration analysis tools

Ability to analyze only stationary vibration, weak spatial
localization of frequency components, inability to diagnose
defects in the early stages of development

Method of spectral analysis of the
envelope of high-frequency vibration

The ability to detect incipient defects,
determine the type and degree of defect
development, as well as use for diagnostics
of various tvoes of eauipment

The need for careful work on the accumulation of sta-
tistical data, the duration of the measurement preparation
process, and the rapid attenuation of high-frequency
vibration when movina awav from the obiect

Cepstral analysis

Allows you to detect malfunctions at an
early stage, analyze complex signals and
determine the causes of vibration

It requires high data accuracy, may be difficult to use,
and may not always be applicable to different types of
hardware

The peak-factor method

Is simple and easy to use, highly sensitive to
the presence of shock pulses and the ability
to monitor various types of bearings.

The inability to determine the cause of shock pulses, not
always accurate determination of the degree of damage
to the bearing, dependence on the speed of rotation of
the equipment and the need to use in combination with
other monitoring methods

Statistical analysis

Allows you to identify anomalies in the
operation of equipment and prevent pos-
sible accidents, allows you to determine
vibration parameters that may be associated
with certain malfunctions, and allows you to
monitor the condition of equipment in real
time

It does not take into account the influence of external
factors on the vibration signal, such as temperature,
humidity, and other operating conditions. Itis not always
possible to determine the exact limits of threshold values
for each vibration parameter, which can lead to erroneous
conclusions. You must have some knowledge in statistics
and mathematical data processing to correctly interpret
the results of the method

Frequency selection

Evaluation of vibration levels at different
frequencies and the ability to remove certain
frequency components

Limited frequency band selection and the need to use
special filters can lead to missing defects or distorting
the analysis results

The method of classifying faults by
a certain number of features

Allows you to identify a specific fault in the
conditions of non-destructive testing

Features are usually extracted and selected according to
a specific diagnostic problem, and are probably not
suitable for other problems. When performing a new
diagnostic task, it may be necessary to rework algorithms
for extracting features

Analysis of the vibration spectrum
using artificial neural

Networks a defect can be detected at an
early stage of appearance

Traditional artificial intelligence methods are not able to
extract and systematize distinguishing information directly
from raw data

Analysis of the wavelet spectrum

Allows you to localize a malfunction

You have to spend a lot of time analyzing this data and
understanding their properties what is complex work

A diagnostic method using unsuper-
vised learning of functions for big
data processing

Reduces dependence on expert experience,
is able to analyze nonlinear dependencies

Training requires a large amount of labeled data, i.e. you
need a ready-made fault classifier

Intelligent fault diagnosis of rotating
mechanisms based on deep learning
with a choice of functions

High accuracy with a smaller neural network
scale, which this saves time and training

Requires a large amount of accumulated data on vibration
values and defects, as well as extensive expert experience

Fault diagnostics using a wavelet
neural network

Allows you to localize the fault, determine
the type of fault

It takes time to train the neural network, accumulate data
to form a fault classifier

Error detection using a convolutional
autoencoder

No need to create physical models of ma-
chines, the ability to collect a large amount
of fault data, the ability to determine the
fault in advance, saving material resources
with increased accuracy

The classifier requires primary data from a physical
model with a faulty subsystem

Analytical method with subsequent
application of FEM modeling

No need to create physical models of ma-
chines, the ability to collect a large number
of the amount of fault data

You need the initial information for analysis and testing
to compare the previous and current version of the
machine’s state of failure

Source: made by A.O. Zhuravlev
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Tabnmya 2/ Table 2
UccnepoeaTtenu B o6nactu BubpoamarHoctukm / Researchers in the field of vibration diagnostics
NNon
Ne / UccnepoBatenn / ny6aukauum / HasBaHue nsyvyaemoro metopa /
No. Researchers Year Researchers in the field of vibration diagnostics
of publication
XyncoH 4. / . .
1 1970 CraTtuctuka ansa dunaukos / Statistical analysis
Hudson D. ans ¢ / y:
Bannukuii d 5. / CoBpeMeHHble MeTopl M CpeacTBa BUOPALMOHHOM ANArHOCTUKM MaLUWH U KOH-
2 . u o 1990 cTpykuunii / Modern methods and means of vibration diagnostics of machines
Balitsky F.Ya.
and structures [2]
3 LLnpmaH A., ConoBbeB A. / 1996 MeToa, n3mepeHns obLLEro YPOBHS LLyMa Uy BUOpaLmm, KencTpasbHblii aHanus /
Shirman A., Solov’ev A. Method for measuring the general level of noise or vibration, cepstral analysis [71
4 Bapkos A.B. / 2000 MOHUTOPUWHI 1 AMarHOCTMKa POTOPHBIX MaLUMH No Bubpaumm /
Barkov A.V. Vibration monitoring and diagnostics of rotary machines”
5 ;gzg';gz% gLSUh/ 2003 BubpoaguarHocTtuka / Vibration diagnostics [5]
ToWt 10. v ap. / JunarHoctika HeucnpaBHOCTEW Bpallalowerocs obopyaoBaHUsi Ha OCHOBE
6 LeiY e.t al : 2007 MHorokpaTHol kombuHaumm ANFIS ¢ rasom / Fault diagnosis of rotating machinery
' ' based on multiple ANFIS combination with GAs [101
7 lepuke B.J1./ 2007 BubpoamnarHoctuka ropHbix MalvH n o6opynosaHms /
Guericke B.L. Vibration diagnostics of mining machinery and equipment”
8 Bapkosa H.A. / 2009 HepaspyLaoLwumii KOHTPOSIb TEXHUYECKOr0 COCTOSHUS FOPHbLIX MALLNH 1 060pY-
Barkova N.A. noeaHus / Method for measuring the total level of noise or vibration®
9 Jho Ox. v gp. / 2010 YcoBepLweHCTBOBAHHAS CXeMa ANArHOCTUKM s KOHTPOAS COCTOAHUSA NoA-
Liu J. etal. wmnHukoB / An enhanced diagnostic scheme for bearing condition monitoring [13]
KanuHoB A.T. / AHanM3 mMeTonoB BMOPOAMArHOCTUKN aCUHXPOHHLIX ABurateneri / Analysis of
10 . 2012 ) : . )
Kalinov A.P. vibration diagnostics methods for asynchronous motors [3]
JlokanbHas n HenokanbHasa NPOEKLMs COXpaHeHus ans knaccnduvkaumm gedex-
1| 104 /D 2012 TOB MNOALMMNHMKOB N OUEHKN 3KCMlyaTauMOHHbIX xapaktepucTtuk / Local and
’ ’ Nonlocal Preserving Projection for Bearing Defect Classification and Perfor-
mance Assessment [11]
12 Amap A., Tongan U., Yuncon K. / 2015 AHanus cnektpa Bubpaumm ¢ NOMOLLbIO MCKYCCTBEHHBIX HelpoceTel / Analysis
Amar M., Gondal I., Wilson C. of the vibration spectrum using artificial neural [12]
MHTennekTyanbHbli METOA, ANArHOCTUKN HEUCTMPABHOCTEN C UCMONb30BAHEM
13 Nant0. n gp. / 2016 HEKOHTPOSIMPYEMOIro N3ydYeHnss GyHKUMIA Ha OCHOBE OONbLUMX MeXaHNU4eCKuX
LeiYu. etal. paHHbX / An Intelligent Fault Diagnosis Method Using Unsupervised Feature
Learnina Towards Mechanical Bia Data [141
Cunbeep . / OcBoeHune nrpbl N0 ¢ NCNONIb30BaHMEM TYOOKNX HEMPOHHbLIX CETEN U APEBO-
14 . PA. N Ap. 2016 BuAHoro novcka / Mastering the game of Go with deep neural networks and tree
Silver D. et al.
search [16]
)éymao C. ,yLLl\L/{chm '2'/”( JMarHocTvKa HeMCNpaBHOCTEN PeayKTopa BETPOreHepaTopa Ha OCHOBE Beil-
15 Hq:n:(()ygm SF\ aX:]VgI;gHJ - 2018 BNeT-HenpoHHo ceTn / Fault diagnosis of wind turbine gearbox based on wave-
ui . uangxi J.
’ ) let neural network [18
Xianhui W.. Zhivana W. (18]
Xan ., Nism K., W 1. / WHTennekTyanbHas AMarHOCTMKa HEMCNPaBHOCTEN vaam,aro.u_mxcq MexgHmaMgB
16 . . 2020 Ha ocHoBe ry6okoro obyyeHus ¢ BbibopoM dyHkumi / Intelligent fault diagnosis
Han D., Liang K., Shi P. . . A ) .
of rotatina machinerv based on deep learnina with feature selection [151
YnyylweHa auarHocTrka HEMCNPaBHOCTEN B rnapaBinyecknux cuctemax ¢ nomo-
17 lFapeeB A.n ap. / 2021 b0 CTPOOUPYEMOrO CBEPTOYHOIO aBTO3HKOAEPa U HaCTUYHO CMOLENNPOBAH-
Gareev A. et al. HbIX AaHHbIX / Improved Fault Diagnosis in Hydraulic Systems with Gated Convo-
lutional Autoencoder and Partially Simulated Data [19]
MpMeHeHne KOMMbIOTEPHbIX TEXHONOrMIA AN AMarHocTMKM 3abosieBaHnin
Tyuerko K.O. v gp. / S .
18 2022 cepaLua v nerkmnx no AaHHeiM ayckynbtaumm / Application of computer technologies
Tutsenko K.O. et al. . . . :
for diaanostics of heart and luna diseases based on auscultation data [11
Tviks CA1. v / PaspaboTka HOBOro MeToaa MOHUTOPWHIa U AMarHocTMkM gucbanaHca Hecy-
19 <1V ap. 2023 LMX CUCTEM pPOTOpa Ha ocHoBe mogenent / A novel model-based unbalance

Lin C.-L. etal.

monitoring and prognostics for rotor-bearing systems [20]
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Ending of the Table 2 / OkoH4aHue 1absn. 2

WHTennekTyanbHas AnarHoCT1Ka HeMCNpaBHOCTEN BUOpaLMm TypOrHbI C MOMO-
LWbto NpeobpasoBaHns Dypbe N HENPO-HEYETKUX CUCTEM C UCMOSIb30BaHNEM
Berenetos / Intelligent faults diagnostics of turbine vibration’s via Fourier trans-
form and neuro-fuzzv svstems with wavelets exnloitation 1231

Hapxn Xagpyr H. v gp. /
2 202
0 Hadroug N. et al. 023

MNMpumeHeHe MeToaoB NpeobpasoBaHns Dypbe M BeBNET-NPeobpas3oBaHns
ana BVI6pOJJ,I/IaFHOCTVIKVI TEXHNYECKOro COCTOSAHMNA TOHHEJIbHbIX 3CKanaTopoB /
Application of Fourier transform and wavelet transform methods for vibration
diagnostics of the technical condition of tunnel escalators [22]

MopknetHoB C. / 2023

21 Podkletnov S.

M cTo4HwMK: BbinonHeHo A.O. XXypasnesbiM /
Source: made by A.O. Zhuravlev

MNpumeuaHunsa: "bapkos A.B., bapkosa H.A., A3081e8 A.O. MOHUTOPVHI 1 AMArHOCTUKA POTOPHLIX MALLMH MO BUOpaLmm : ydebHoe nocobue. CaHkT-
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3. Pe3ynbTarthl

3. 1. AHa/in3 npegcraB/ieHHbIX METO40B

PaccMOTpeB BBINICTICPEYUCIICHHBIE METOIbI
BUOPOIMArHOCTUKU, MOXHO 3aKIIIOYHThH, YTO HC-
cliefioBaHNe 00BEKTa MPOUCXOIUT B TPH JTAra.

1. Onpeodenenue cnocoba nonyuenus OaHHbIX
o0 subpayuu. Ha naHHOM 3Tane mpou3BOIUTCS BbI-
00p AaTYMKOB BUOpAIMU, MECTa UX YCTAaHOBKH U
HOJIKITFOUEHHE K TICPBUYHOMY IPEOOPA30BATEIIO.

2. Onpeoenenue cnocoba obpabomku noy4eH-
HbIX OaHHbIX. DTOT 3Tall NoApa3yMeBaeT BHIOOp Me-
TOJIa TPeoOpa30BaHMUs 3HAUCHHUI U OIIM(DPOBKH ISt
JaTbHEHIIIeTO UCTIONB30BAaHMS B UCCIIEIOBAHUN.

3. OnpedeneHue 6uoa anarIUMuUyecKkozo noo-
X00a 07151 NOTYYEHUsI KOPPEKMHBIX Pe3yIbMAamo8 Ou-
aznocmuku. Ha aTom 3Tamne BeIOMpaeTcs crocod mu3-
BJICUEHHSI OOBEKTHBHBIX TaHHBIX U3 OJTYYEHHOTO
0 pe3yJbTaTaM MEePBhIX JBYX ATAIIOB MACCHBA.

O3HaKOMUBIIKCH C pE3yJIbTATaAMH UCCIIEIOBA-
HUIA, MOYKHO CKa3aTb, YTO CIIOCOOBI MOTyUCHHUS 3HA-
YeHHI BUOPAIIMOHHBIX BEJIMYUH XOPOIIO H3BECTHBI
U pacrpocTpaHeHbl. Ha nmepBom 3tare uccienona-
HUS CIIEyeT CTPEMUTHCS K MOBBIIIEHUIO TyBCTBH-
TEIILHOCTU CEHCOPOB U (PUIIBTPALIMH IIIyMOB, HECY-
KX Mapa3uTHyIo nHpopmaimio. Ha Bropom stamne
OCHOBHBIM HAaIlpaBJICHHEM paccMaTpUBAETCS Bei-
BIIET-TIPe00pa3oBaHue, MO3BOJISIONIEE MOIPOOHO
AHAJIM3UPOBATH MOJYYCHHBIC JJAHHBIC C BO3MOXKHO-
CTBIO OTpeseeHus Ae(heKTa C ero JIOKaTU3aIHen.

Ho caMbIM npHOpUTETHBIM HalpaBJIEHUEM Ha Tpe-
TBEM 3Talle SBIACTCS NPUMEHEHHE CUCTEM MAlllUH-
HOro O0ydYeHHs W Helpocered. Vcmonp3oBaHue
HENpOoCceTe B BBILIECIEPEYUCIECHHBIX UCCIIEN0BA-
HUSX [TOKA3aJI0 OTIIMYHbIE pe3ynbTaTsl. Hemocrat-
KOM, 00BEIUHSIOIINM BCE METO/IbI, OCHOBAaHHBIE HA
HNPUMEHEHUU MAIIMHHOTO 00Y4€eHUsI U HelpoceTeid,
ABJISIETCSI OTCYTCTBUE OOJIBLIOTO KOJINYECTBA 1aH-
HBIX O CYLIECTBYIOIUX HEUCIIPABHOCTSX, KOTOPOE
TpeOyeT OOJIBIIOro KOJIMYECTBA TPyA03aTpaT JUis
€ro HakoIuieHus. J{pyrumu ciioBaMu — HEHpoCeTh
HeueMy oOyuaTb. IlepcriekTUBON pa3BUTHA AaH-
HOT'O HallpaBJICHUS ABJISIETCSI COKpAILlEeHUE BPEMEHU
Ha 00y4eHHe, COBEPILIEHCTBOBaHUE KTacCU(PUKATOpa
HEHUCIIPAaBHOCTE Ha OCHOBE MOJAECIHMPOBAHUS WIIN
Ha OCHOBE (PU3UYECKUX SKCIEPUMEHTOB.

B HekoTOpBIX Cilydasx UMEET CMBICI ITpUMe-
HEHHE KOMOMHHUPOBAHHOTO METOJA JHATrHOCTH-
YeCKHX HCCIIeI0BaHUM, KOTOPBI 00BEANHACT He-
CKOJIBKO BHJIOB IIEPBUYHOTO NPeoOpa3oBaHus BUO-
pocurHaiuos. B yacTHocTH, HanpuMep, IpH o0cIe-
JIOBaHUU TEKYIIEro COCTOSIHUU I'a30BOI TypOHHBI
WJIN TYHHEJIBHBIX 3CKaJIaToOpoB [22] ucnonb3yercs
KOMILIEKCHBIH MOAXO0, B KOTOPOM HCIOJIb3YIOTCS
nepeaoBble METO/bl, TAKUE KaK IpeoOpa3oBaHME
®dypbe, HENPO-HEUETKUE CUCTEMBI U BeHBIIET-aHa-
JIU3, U1 HETIPEPhIBHOIO MOHUTOPHHTA COCTOSTHUS
o0bekra. [IpemnaraeMelii METOJ HaUMHAETCA CO
cOopa 3KCITyaTallMOHHBIX JAHHBIX U HCII0JIb30Ba-
HUs IpeoOpazoBanust Oypbe A1 U3MEpeHUs BUO-
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PaIMOHHBIX BEJTMYUH, TOYHO MPEACTABIISS UX 9BO-
JFOLIMIO C IOMOIIIBIO CHIEKTPAJIbHBIX JJaHHBIX, TTOJTY-
YEHHBIX M3 aHATM3UPYEMBIX CUTHAJIOB. 3aTeM s
TeHEepaIliy WHINKATOPOB OTKa3a TYPOHHBI HCIIOJb-
3YIOTCSI QAN TUBHBIE aITOPUTMBI HEHPO-HEUETKIX
CHCTEM, OCHOBAHHBIC HA JIOTHYECKOM BBIBOJIC. DTOT
MIOJIXOJI TIO3BOJISIET pa3pad0TaTh METO OOHApYKe-
HUS HEHCHPABHOCTEH Ha OCHOBE MOJENH, KOTO-
pBIii cpaBHHUBAET (PaKTHUECKYIO pabOTy TypOMHBI
C pac4eTHOi paboToM, OTYYEeHHON Ha OCHOBE 3a-
paHee CO3qaHHON MOJIEIH, YTO ITO3BOJISET KIacCH-
¢unmpoBats OOHApYKEHHBIE HEUCTIpaBHOCTH. [1Jist
TIOBBIIIICHUS] KAUECTBA IPUHSATHS PELICHUH, OIICHKA
1 TpoBepKH 3P PEKTUBHOCTH TUATHOCTUICCKON
CTpaTeruy MPUMEHSETCS] MHOTOPa3peIIaloIInii aHa-
JU3 Ha OCHOBE BeiiBieT-npeodpazoBanus. [Ipen-
CTaBIICHHbIE PE3yNbTAThl PA3IMYHBIX pean3aliy-
OHHBIX U TPOBEPOYHBIX UCTBITAHUN JEeMOHCTPH-
pyoT 3(pPEeKTUBHOCTH ITOTO UHTEILICKTYAIBHOTO
JMAarHOCTHYECKOTO MOX0/1a Py 00HApyKEHUH U
aHaJM3e BUOpalui razoBoit Typounsl [23]. B ka-
YeCTBE HOBOT'O HAIIPABIICHHS Pa3BUTHS BUOpOIMa-
THOCTHKHU TIpeIjIaraeTcsi pacCCMOTPETh BHHTOBBIC
KOMIIPECCOPHBIE YCTAaHOBKH, I'/I€ BPAIIAIOLINMCS
AJIEMEHTOM SIBJISIFOTCSI TEOMETPUUECKU CIIOKHBIC
BUHTOBBIC TIAPBI.

3aknioyeHve

B pamkax npoBeaeHHOTO UCCIeI0BaHHS JIUTE-
paTypHBIX HCTOYHHUKOB Ha TpeIMEeT BUOpAIMOH-
HOro aHaljin3a IMpou3BOACTBCHHBIX U JPYTHUX Ma-
IIUH OBUIO OMpEJeNIeHO, YTO Pa3BUTHE METOI0JIO-
THI OTIPEICTICHUS] HEUCTIPABHOCTEW MEHSIIIOCh M CO-
BEpLIEHCTBOBAJIOCH BMECTE C Pa3BUTHEM LUPO-
BBIX TEXHOJIOTHI U CHCTEM UCKYCCTBEHHOTO MHTEJI-
JIeKTa ¥ MaIlIMHHOTO 00y4eHus1. HoBbie MeTO 161 BHO-
POIMArHOCTHKH TIOKA3bIBAIOT BHICOKYTO YK THB-
HocTh. Hanbonee 3¢ hekTHBHBIM TIPEACTaBIACTCS
BeliBIIeT-1IpeoOpa3oBaHue CUTHAIOB BUOpaLny.

bnaronapst mosIBICHNIO HOBBIX METOJIOB aHa-
JMTUKH, OCHOBAaHHOM Ha 00paboTKe OOIBIITNX Mac-
CHBOB JJaHHBIX, [NTyOOKOTO O0Y4EHHsI, UCKYCCTBEH-
HOT'O MHTEJJIEKTA, CYIIECTBYIOIINE METO/IbI BHOPO-
AUArHOCTUKHU TTOJIyUHIIN 3HAYUTEJILHBIM TOJYOK
K COBEPIICHCTBOBAHUIO M MOBBIIICHUIO TOYHOCTH
MPOTHO3UPOBAHHSL.
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Takum 0Opa3oM, McciIeI0BaHNE HeCTAIMOHAP-
HOTO 0OBEKTa TPH MOMOIIN BEUBIET-TIpeoOpa3o-
BaHMI B COYETAHHUH C PA3TMYHBIMHU BHJIaMH HEVPO-
ceTel TO3BOJIMT OCYIIECTBISITh CAMOIUATHOCTHKY
Bpallarouxcs JeTajie MalluH ¢ BBICOKOW TOY-
HOCTBIO, YTO MO3BOJUT COKPATHTH BPEMsI TIPOCTOSI
Y TIOBBICUTH MPOU3BOIUTEIHLHOCTh 000PYIOBAHUSI.
Tem He MeHee JaHHBIM METOJ MMEET CBOX CUJIBHBIC
U CJ1abble CTOPOHBI, YTO TPeOyeT MaTbHEHIINX HC-
CJIeIOBaHUM JIJIs OIpeieNieHHs ONTUMAIbHBIX TIO/I-
XOJIOB B PA3NIUYHBIX YCIOBUAX IKCILTyaTaIlNH.
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Accepted: October 14, 2024 the urban street network in the city of Karbala; and secondly, to evaluate its

effectiveness. Following the delineation of the area of study, traffic data is collected
through the utilisation of video imaging technology and subsequently extracted from
video files. Following this, the city streets are divided into multiple sections, and the
speed of movement in each is calculated, as well as the speed of free flow. The
primary objective of this study is to determine and compare the level of service (LOS)
of a road based on Highway Capacity Recommendations (HCM 2000), including
traffic speed, capacity to assess each segment of the network. The findings of the
study revealed that roads of the first category constituted 25% of the total, while roads
of the second category comprised 75% of the total. Furthermore, the level of
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3asiBjieHHe 0 KOH(UINKTEe HHTEPECOB

ABTOpBI 3asIBJISIIOT 00 OTCYTCTBUH
KOH(IUKTa HHTEPECOB.

Bxaan aBTopoB

HepasnenbHoe coaBTOpCTBO.

AHHoTanus. 3HaHHE XapaKTEPUCTUK JOPOKHOHN CETH SBISIETCS BaXK-
HBIM (haKTOPOM JJIsI IPUHSTHSI OCHOBHBIX MEP MO MOBBILICHHIO 3 hek-
THBHOCTH JIOPOKHOTO ABIDKEHHS M COKpAIEHHIO 3afepikeK. Takum
00pa3oM, LEeNbI0 UCCIEIOBAHMS ABISACTCA KIaCCH(HUKAIMI U OLEHKA
3¢ GeKTHBHOCTH FOPOCKOH yiauuHOM cetu B ropone Kep6ena. [Tocne
oIpeJieNIeHns palioHa UCCIIeI0BaHKs JaHHbIE O JJOPOKHOM JIBUKEHUU
COOMpPAIOTCs C TIOMOIIBIO TEXHOJIOTHH BHUAEOM300paXKEHUs, a 3aTeM
n3BieKaoTcs u3 Buaeodaiiios. [locie pazaeneHust TOPOJICKUX YIIHILL
Ha HECKOJIBKO y4YacTKOB OblIa paccuMTaHa CKOPOCTH JBW)KEHHS Ha
BCEX yYaCTKaxX M CKOPOCTh CBOOOAHOTO moToKa. OCHOBHAS LIENb CO-
CTOHUT B TOM, YTOOBI OTIPEIEITUTE U CPABHUTH YPOBEHB TOPOKHOTO 00-
cyxuBanus (LOS) Ha ocHOBE pekOMeHAanuii 1Mo MPOMYCKHOH CIO-
cobnoctu aBromaructpaneit (HCM 2000), Bkiarodast CKOPOCTh IBUXKE-
HUS, IPOIYCKHYIO CIOCOOHOCTB IS OIEHKH KaXK/I0TO CETMEHTA CETH.
MBI OOHAPY>KWJIH, YTO TOPOTH MEPBOH KATETOPHH COCTABIAIOT 25 %
OT 00ILIEro KOJIMUECTBa, B TO BPEMsl KakK JIBE KaTeropuu BTOPOi Karte-
TOpUU COCTaBISAOT 75 % OT 00ILero KoJau4ecTBa. A ypoBeHb TEXHU-
YEeCKOro 00CITy)KUBaHUS yYACTKOB YJIHII COCTaBIsACT 25 % mpu padoTe
¢ LOS C, 31,25 % npu padote ¢ LOS D, 12,5 % npu padore c LOS E
n 31,25 % npu padote ¢ LOS F, cornacHo oneHke TpaHCIIOPTHBIX OTle-
pauuii, OCHOBaHHOM Ha CpeAHEN CKOPOCTH IBHKEHUSI.

KaioueBsie ciioBa: cBOOOIHBIN OTOK, CPEIHSSE CKOPOCTH, MPOITYCK-
Has CIIOCOOHOCTb, YPOBEHb JOPOXKHOTO OOCITYKUBAHHSA

BaaropapHocTn

ABTOpBI BRIPOXXAIOT 0JarofapHOCTh IPaXXTAHCKOMY (aKyJIbTeTy HHXKeHepHOTO yHHuBepcuTeTa Anb-Kyda u PY/IH
3a MX BKJIQJI B MOJJICPXKKY 3TOI'0 HCCIIECAOBAHUS U 32 COJCUCTBHE B €r0 pealn3aliyy.

J1st uuTHpOBaHUS

Khudhair H.S., Al-Jameel H.A.E., Konoplev V.N., Asoyan A.R. Classification characteristics of some roads in Karbala
city // Bectauk Poccuiickoro yausepcurera apyx0s1 HaponoB. Cepus: UmxeHnepHsie uccinenoBanus. 2024. T. 25.
Ne 4. C. 397-404. http://doi.org/10.22363/2312-8143-2024-25-4-397-404

Introduction

Traffic congestion in cities is one of the big-
gest transportation problems. Traffic jams are very
intrusive activities for people and arise owing to the
high degree of saturation of traffic flow. Because
of the increased trip duration, congestion will have
a detrimental effect on drivers and other road users.
A population with a wide range of activities leads
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to a mobility flow that requires suitable roads [1-5].
The effects of street network design on congestion
levels and characteristics differ greatly in street
network design [6]. In terms of accidents, delays
and CO:2 emissions, the operational efficiency of
urban street networks has a significant impact on
the sustainability of urban road transport. As a
result, governments must regularly inspect road
networks and manage urban traffic patterns [7; 8].
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The quality of traffic flow must be evaluated to
find better solutions to control the increase in traffic
demand [9—11]. It is necessary to assess the quality
of traffic flow in order to find the best solutions to
control the growth in traffic demand [12; 13].
Transportation operations can have both positive
and negative effects. Traffic jams in city centers,
including Palembang, are one of the undesirable
consequences of transport activities. Congestion
leads to a significant loss of travel time, which takes
a long time and slows down, as well as financial,
health and environmental consequences, such as
exposure to air pollution caused by car exhaust
emissions [14]. According to INRIX, lost time,
wasted fuel, and carbon emissions in the 25 cities
evaluated in the United States would cost drivers
an estimated $480 billion over the next ten years [15].

The Highway Capacity Manual provides de-
tailed instructions for estimating the capacity and
service levels based on speed and other factors.
Correction factors for estimating throughput ac-
cording to various parameters are provided if the
HCM handbook does not include lateral friction
parameters for determining throughput and service
level [16, 17]. With regard to access control, which
is considered a key urban traffic issue, statistical
correlations between travel speed and related vari-
ables have been documented. It is used to measure
traffic congestion and quality of services on urban
highways. In addition, speed regulation for ac-
cessibility purposes has contributed to improving
the safety and efficiency of road network [18].
Reliability is one of the most important indicators
of transport system efficiency and service quality.
The large variance in travel time has become a
problem for both travelers and transport manage-
ment companies. Reliability indicators are increas-
ingly used to assess traffic jams and unexpected
changes in travel time [19]. Data from an in-
vestigative vehicle for 200 compounds in Beijing,
China were analyzed. This study examines urban
expressways, auxiliary highways, main roads, and
secondary roads. First, the time distributions of the
passages of various DOW are studied. The results
of tests for compliance with various distributions
have shown that a logarithmically normal distri-
bution can provide higher acceptance indicators

for different time periods and types of roads than
other distributions. In addition, four reliability
indicators (travel time per unit distance, coefficient
of variation, buffer time index, and punctuality
level) were used to investigate the patterns of travel
time variability for various. The results showed that
on weekdays, urban expressways, auxiliary roads,
and important highways exhibit constant and distinct
morning and afternoon peaks [20; 21].

1. Research area

The city of Karbala is a famous city in the
Islamic world. It is known for its religious signif-
icance. The shrines of Imam Hussein and his brother
Abbas can be found in the ancient city or in the city
center. It is located approximately 110 km south-
west of Baghdad. The study area is located in the
center of Karbala Province, where this study examines
a group of urban roads connecting central commer-
cial areas with industrial, commercial, residential,
and educational areas with high population density.
Figure 1 shows the research area where embedded
segments and street nodes were identified.

These segments are then displayed. Table 1
lists the main characteristics of the street segments
studied, such as the local street name, segment
length, and number of lanes. These characteristics
were collected in this study based on a field survey.

2. Methodology

Segmenting of urban street. The methodology
includes the definition of the study area, which is
a network of urban roads in the Karbala province.
The primary objective of the fieldwork was to con-
duct surveys and administer questionnaires on a
street-by-street basis to identify the periods of peak
traffic. The subsequent step involves the distribut-
ion of relevant data. The volume of traffic is deter-
mined by recording cameras, whereas the speed
information is described by the free flow rate in
each network segment. The classes were then deter-
mined using the Speed Gun device, and the average
speed of movement for each segment in the net-
work was calculated. The appropriate service level
(LOS) is then calculated using HCM2000 [22].
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Figure 1. The selected research area
S ource: Karbala Carte, Street Views. Available from:
https://www.istanbul-visit.com/carte/iraq/karbala-plan.asp (accessed: 12.06.2024)

Table 1
Detailed information about the roads in the study area
Road Name Segment NO. Lane number / direction Length, m
1 234
2 443
. 3 790
Fatima Al-Zahraa Street 3
4 811
5 418
6 269
1 1430
Al-Iskan Street 3
2 1380
1 1670
Ramadan Street 3
2 1710

Source: make by H.S. Khudhair, H.A.E. Al-dameel, V.N. Konoplev, A.R. Asoyan
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3. Results and discussion

3. 1. Determine the road class based
on the free flow speed (FFS)

The free-flow speed (FFS) is the average speed
of traffic flow when there is not enough traffic to
influence drivers’ decisions about speed, and when
traffic control at an intersection is either absent or
located at a distance that does not allow the Speed
Gun device to be installed. It is used to determine
the FFS, as shown in Figures 3-6.

3.2. Determine the level of service (LOS) of a road

After classifying each segment based on the
FFS, city streets were evaluated using the average
travel speed (ATS), which is one of the most
fundamental indicators of service on city streets. It
is calculated by collecting travel time data in the

field. Table 2 illustrates the criteria for urban
streets depending on their class and average speed.
There are six levels of service, from USA (free
work and absolutely free maneuvering) to the USA
(congested traffic), when the need for traffic
exceeds the capacity of the street (Figure 2) [23].

K Segment Length

—_—

— =
Link Length

< >

— | oo®—

— 008

Figure 2. Segment length diagram
(adapted from HCM 2010).
Source: Manual HC, HCM2D10 [6]
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Figure 3. FFS for Fatima Al-Zahraa Street,
segments 1, 2,5, and 6
S ource: make by H.S. Khudhair,
H.A.E. Al-Jameel, V.N. Konoplev, A.R. Asoyan

Figure 4. FFS for Fatima Al-Zahraa Street,
segments 3 and 4

Source: make by H.S. Khudhair,
H.A.E. Al-Jameel, V.N. Konoplev, A.R. Asoyan
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Figure 5. FFS for Al-Iskan street, segment 1 and 2
S ource: make by H.S. Khudhair,
H.A.E. Al-dameel, V.N. Konoplev, A.R. Asovan

Figure 6. FFS for Ramadan street, segment 1 and 2
S ource: make by H.S. Khudhair,
H.A.E. Al-dameel, V.N. Konoplev, A.R. Asovan
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Table 2
LOS of urban road based on FFS and ATS from HCM 2000
Urban street class I Il 1] v
Range of FFS, km/h 90to 70 70to 55 551050 55t040
LOS Average travel speed (ATS), Km/h
A >72 >59 >50 > 41
B >56-72 > 46-59 > 39-50 >32-41
(o] > 40-56 > 33-46 >28-39 >23-32
D > 32-40 >26-33 >22-28 >18-23
E > 26-32 >21-26 >17-22 >14-18
F <26 <21 <17 <14
Source: make by H.S. Khudhair, H.A.E. Al-Jameel, V.N. Konoplev, A.R. Asoyan
Table 3
LOS according to FFS data (using HCM 2000)
Road name Seg.no. FFS, km/hr Class by FFS ATS, Km/hr LOS
1 72.2 I 12 F
2 58.5 1] 24 E
3 44.6 v 17 E
Fatima Al- Zahraa Street
4 43.6 \Y 12 F
5 58.1 Il 10 F
6 67.5 Il 16 F
1 69.6 Il 13 F
Al-lskan Street
2 65.6 Il 28 E
1 80 I 42 C
Ramadan Street
2 78.2 I 26 E

Source: make by H.S. Khudhair, H.A.E. Al-Jameel, V.N. Konoplev, A.R. Asoyan

Conclusions

The analysis of Karbala roads has shown the
following:

1. The length of urban roads of the first category
is 25% of the total length of the number, and the
remaining part of the roads belongs to the second
category.

2. The structure of city streets according to the
level of maintenance is characterized by 25% when
working with LOS C; 31.25% when working with
LOS T; 12.5% when working with LOS E; 31.25%
when working with LOS Fastidios.

3. The assessment of traffic efficiency by the
ratio (o/n) shows that the level of maintenance of
street sections is: 50% of the segment’s operating
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with LOS C; 18.75% of the segments working with
LOAD; 25% of the segments working with LOS
E; 6.25% of the segments working with LOS F.

4. According to the HCM 2000 methodology,
all the considered sections of Fatima Al-Zahra and
Al-Iskan streets operate under conditions of traffic
disruptions, while Ramadan Street sections operate
at their maximum capacity.
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UccnepoBaHne matemaTnyeckom mogenm
OGMONCKYCCTBEHHOM NevyeHu ¢ ucnonb3oBaHnem MU -perynaropa
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Hcropus cratbu AnHoTanms. Llens nanHOTO MCcCetoBaHN — pa3paboTka U aHAIN3 Ma-
TEMaTHYECKOW MOJIENN OMOMCKYCCTBEHHOH MEUCHU C HCIIOIb30BaHHEM
IIPOTIOPIIMOHANBHO-MHTETPANbHO- AN G EPEHIINATBHOTO PETYISTOPA AT
YIpaBIeHHUs KIIOYEBBIMHU IpolieccaMu. broHCKyccTBeHHast NedeHb
MPECTaBISIET COOOH CIOKHYIO CHCTEMY, 3a/1a4a KOTOPOH 3aKIII04aeTcs
B BBITIOJIHEHUM OCHOBHBIX (DYHKLHUI NMEYEHU, YTO KPUTUYECKU BAXKHO
JUISL pa3BUTHS AITEPHATUBHBIX METOJOB JICUCHMS IMAIMEHTOB C Iede-
ABTODBI 3asIBJISIIOT 00 OTCYTCTBHH HOYHOH HeJI0CTaTOYHOCThI0. B pabore ommcano crpoenue u QyHKIHO-
KOH(IIMKTa HHTEPECOB. HaJILHOCTb MOJIENIM OMOMCKYCCTBEHHOH INEe4YeHH, OCHOBBIBAsICH Ha 00-
30pe aHaTOMHH YEJIOBEUECKOM ITeUeHH, a TaKXKe Ha N3y4YeHUH OMOTEXHO-
JIOTHYECKUX ACIEKTOB CO3/IaHUs UCKYCCTBEHHBIX OpraHoB. PaccMarpu-
Baercs npumeHenue IIW/JI-perynsTopa, KOTOpBI O3BOISIET TOYHO U
aJalTUBHO KOHTPOJIMPOBATh MIPOLECCH BHYTPU MOJEIH, TAKHE KaK IO-
Jlaya MHTATENbHBIX BEIIECTB U yJalleHMe TOKCUHOB. Mertononorus uc-
CIIEZIOBAHMs OXBATHIBAET CO3AaHUE MATEMAaTHYECKOI MOJIEIH, €€ KOMIIb-
IOTEPHOE MOZAEIMPOBAHUE W AHAIN3 TONYYCHHBIX ITAHHBIX. DKCIICPH-
MEHTaJIbHasl 4acTh PaOOTHI 3aK/IIOYAETCS B BBISBICHUU ONTHMAJIbHBIX
napametpoB [11/[-perynstopa s pa3IuyHBIX YCIOBUM KCILTyaTalluu
OHONCKYCCTBEHHOM MeueHH. Pe3ynbTaTel JaHHOTO UCCIIEOBAHUSA MOTYT
CHOCOOCTBOBATH MOBBIIIEHUIO 3()(EKTUBHOCTH OMOMCKYCCTBEHHBIX CH-
CTEM HOJAEPKKH INEUYCHOYHBIX (YHKIHH, ¢ UX MOMOIIBI0 BO3MOXXHO
MOSABIEHUE U HOBBIX MOJXOA0B K UCIIOJIb30BaHHIO UCKYCCTBEHHBIX Opra-
HOB, 4TO OOJIaJlaeT 3HAYUTENIBHBIM MOTEHIMAIOM A cepbl TpaHc-
IUTAHTOJIOT MU 1 JICUCHNUS 3a00IeBaHUil [TCUCHH.
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BeepeHue HBIX B CIIEIMAJILHOM OHMOpEaKTope, KOTOPBIH CITOo-

cobeH 3¢ ¢peKkTuBHO (YHKIIMOHHPOBATH B Opra-

bronckyccTBeHHas IEYEHb — JTO MHHOBAllM-  HU3ME MAallMeHTa W BBIMOJIHATH OCHOBHBIC 3a/1a4d

OHHO€ YCTPOMCTBO, NPEIHA3HAYECHHOE JUIA 3aMEHBl  [ICYCHH, TAKHe KaK (DUIIBTpanusl KPOBH, YTHIIH3a-
(GyHKIMI NEYEHN y JIOEH ¢ NMEYEHOYHOH HENO- I TOKCMHOB M CHHTE3 BaXKHBIX OEJIKOB.

CTaTOYHOCTHI0. DTO TEXHOJIOTMYECKOE UY/IO0 MPEe- HccnenoBanne MareMaTnieckoi Mojiesu O1o-

cTapjAeT co00i HaOOp KJIETOK NEYEHH, Pa3MELIEH-  HCKYCCTBEHHOM MEYEHH C UCTIOTb30BAHUEM — PEry-
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JSATOpa — 3TO aKTyaslbHAs 3a/1ada B 00acTu Ono-
MeauIuMHCKON nmxeHepuu. [T ][-perynstop (tipo-
MOPLMOHATILHO-UHTETpaIbHO- AU hepeHIaTbHbIH
PEryasiTop) — 3TO AJITOPUTM YIPaBICHUS, KOTO-
pBIii o0ecreunBaeT CTabMIBHOCTh M TOYHOCTH pa-
OOTBI CHCTEMBI ITyTEM CpaBHEHMsI 3aJJaHHOTO 3Ha-
YEHUs C TEKYLIUM U KOPPEKTUPOBKH YIIPaBICHUS
B COOTBETCTBUU C Pa3HUIIEH.

B xoHTekcTe OMOMCKYCCTBEHHOM NIEYeHU MaTe-
MaTH4YeCcKas MOJIENb SIBJIIETCS UHCTPYMEHTOM JUIs
OLICHKHM W YIpaBlieHUs ee (YHKIHOHHUPOBAHHEM.
UcnonszoBanue [ TN /I-perynstopa B JaHHOM Hccie-
JIOBaHUH TMO3BOJISIET ONTUMHU3UPOBATH paboTy Ono-
HCKYCCTBEHHOH NEYEHHU M YIYUIIUTh PE3yJbTaThl
ee (DyHKLIMOHUPOBaHUsS B OpraHu3Me nauueHTa [1].

st mpoBeneHus cCaen0BaHNus MaTeMaTuye-
CKOI Mozieny GMOMCKYCCTBEHHOM MEYEHU C UCTIONb-
3oBanueM [IM/]-perynaropa He0OXOIMMO BBITION-
HUTH CIEAYIOLINE Iaru:

1. Coop maHHBIX O (PU3MOIOTHYECKUX IMapa-
METpPaX YEJIO0BEKA C IEYEHOYHON HEJOCTATOUHOCTHIO
1 0 paboTe peasibHOM MEeYEeHH.

2. Coznanue MareMaTuyeckoi moaenu O6uo-
HWCKYCCTBEHHOM IE€YEHU, YUUTHIBAIOIIEH OCHOB-
HBIE TIPOLIECCHI, IPOUCXOIALINE B HEH.

3. IIporpammupoanue TN /I-perymnsitopa ams
ynpaBJieHHsI OMOMCKYCCTBEHHOM MEUEHbIO U MHTE-
Tpalyy €ro ¢ MaTeMaTHYECKON MOJENbIO.

4. IlpoBeneHNE YUCICHHBIX SKCIIEPUMEHTOB C
MaTe€MaTH4YEeCKONM MOZEIIbIO U aHAJIU3 PE3YJIbTaTOB
pab6otsl [T I-perynstopa.

5. Ontumuzanus napamerpos [1W/]-peryms-
TOpa AJIs JOCTHKEHUSI MaKCUMallbHOU 3¢ dexTus-
HOCTH M CTaOMJIBHOCTH pabOThl OMOMCKYCCTBEH-
HOU neuenu [2].

WuTerpanus maremarnyeckond Moaenu Ouou-
CKYCCTBEHHOM TI€YeHH ¢ ucrnonb3oBanueM [TN]I-
perynsTopa OTKpbIBAa€T HOBbIE IIEPCIIEKTUBBI B 00-
JaCTH pa3pabOTKH OMOMEAUIIMHCKUX YCTPOUCTB U
MO3BOJISIET YAYUYIIUTh Ka4€CTBO KU3HU MMallUEHTOB
C MEYEHOYHOM HENOCTaTO4YHOCThIO. [lanbHeimme
HCCJIEIOBAHUS B 3TOIM 00JIaCTH MOTYT NMPUBECTHU K
co3nanuto 6osnee 3(h(HEeKTUBHBIX U HAIEKHBIX OHO-
HCKYCCTBEHHBIX OPTaHOB, CIIOCOOHBIX MOJTHOCTBIO
3aMEHUTH (PYHKIIMU €CTECTBEHHBIX OPraHOB YeJlo-
Beka [3].

1. MeToabl U MaTepuarbl

1.1.1MU4-perynsrop

U /-perynstop (mIpomopuUHOHATbHO-UHTE-
rpaibHO-1upHepeHIIATBHBIA PEryssaTop) — 3TO
THUI YCTPOUCTBA YIIPaBIEHUS, KOTOPbI HCIIOJB3Y-
eTCsl JJI PEryJupOBaHUS MPOLECCOB M CHCTEM C
LEJIbIO MOJIIePKAHKSI ONPEIEICHHOTO YPOBHS WIIN
3HayeHus1 BbIxogHOro curHana. IIWJI-perymnsrop
COCTOMT U3 TPEX OCHOBHBIX KOMIIOHEHTOB — IPO-
nopuuoHansHoi (P), unterpansuoit (I) u qudde-
pennmansHoi (D) cocTraBnstonmx, KOTopbie pado-
TalT BMECTE AJIsi 00ecreyeHus] CTaOUIbHOCTH U
TOYHOCTH ympaBieHus [4].

[IponoprronanbHasi COCTABISIONIAs OTBEYAET
3a peaKkIUIo CUCTEMbI Ha TEKYIIYIO OIIHOKY MEXTY
JKEJIAEMBIM U peabHbIM 3HaYeHHEM, MPOMOPIHO-
HaJIbHO 3TOM ommbke. HTerpaibHas cocTaBIIsiio-
miast 1o0aBIsieT KOMIEHCAIMIO 32 KYMYJISITUBHYIO
OIMOKY BO BPEMEHH, YTO MOMOTaeT YCTPAHUTh
MOCTOSIHHYIO OLIMOKY M JOCTUYb TOYHOTO YIpaB-
JICHUs B IOATOCPOUHOi nepcnekruse. uddepen-
uanabHas COCTABIAIOLIAS MPEAHAa3HAYEeHA IS M0-
JIABJICHUS KOJIEOaHUI U yCTaHOBJICHHS OBICTPOTO U
CTaOMIILHOTO OTKJIMKA CUCTEMBI [5].

[T -peryasrop MHUPOKO IPUMEHSETCS B pa3-
JUYHBIX OTPACIISIX MPOMBIILIEHHOCTH, aBTOMAaTH-
3allMd U POOOTOTEXHUKHU JJi yIpaBIeHUs pas-
JUYHBIMU CHUCTEMaMH, TaKUMH KakK 3JEKTPOMO-
TOPBI, TEIUIOBBIE CUCTEMBI, TUAPABINYECKHE CH-
CTEMbI, aBTONMJIOThI, 00pabOTKa CUTHAJIOB U JIp.
B coBpeMEHHBIX TEXHOIOTHSIX OH UTPAET BAXKHYIO
poJb B 00€CeYeHNH TOYHOCTH, CTAOMIIBHOCTU U
ONTUMAIbHON MPOU3BOAUTEIBHOCTH PA3TUIHBIX
YCTPOMCTB U MEXaHU3MOB [6].

1.2. UcnonbzoBanne MUL-perynsaropa
A1 MaremMartu4eckosi mogesan

Maremarudeckast Mmozens Ha ocHoBe [T /I-pe-
TyIsTOpa MPEeACTaBisieT co00H aIrOpUTMUYECKOe
OIMCAHUE CUCTEMBI YIIPaBJICHHUS, KOTOPBIN UCTIONb-
3yeT MpONOPLUUOHATBHO-UHTErpaIbHO-TU(PPepeH-
THUAJIbHBIC KOMIIOHCHTHI IJIsA CTa6I/IJ'II/ISaIII/II/I " yn-
paBIEHHS MTPOIIECCOM MM CUCTEMOW. DTa MOJIENb
BKJIIOYAaeT B ce0d ypaBHEHHUS M COOTHOLICHUS,
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KOTOpBIE CBSI3BIBAIOT BXOJHBIE M BBIXOJHBIE IIE€pE-
MEHHBIE CUCTEMEI [7].

Kitaccnueckoe Boipakenue qis [T 1-peryns-
TOpa TPEACTaBISET COOOW CyMMy TpeX KOMIIO-
HEHT:

t de(t)
U(t):er(t)+KiJOe(‘c)d+Kd o
rie U(t) — ynpaBisiomyii cMrHan Ha MOMEHT

BpeMeHH (7); e(t) — ommOKa yIpaBIeHHS Ha MO-

MeHT Bpemenu (1); K,, K;, K, — xoapduum-

€HTBI IPOMOPIIMOHATBHON, HHTETPATBHON U JTU(-
(epeHInaIbHON KOMIIOHEHT COOTBETCTBEHHO; (f) —
TEKyIIUA MOMEHT BPEMEHH; (T) — JIOMOJIHUTENb-
Hasd NEpEeMEHHas, UCIOJIb3yEMasd B HHTeraHBHOﬁ
KOMITOHEHTE /ISl YKa3aHUs MPEeAeSIOB HHTETPUPO-
BaHUSL.

[ponopiyonanbHas Komnonenta K e() pea-

TUpyeT Ha TeKYIYIO OIIHMOKY YIPaBICHHUS U MPO-
HOPLUOHANBHO 3TOW OIIMOKE BBIIAET CUTHAI
YIIPaBIICHHSL.

Unterpanbhas kommoHenTa K, e(T)d BHOCHT

KOPPEKTHUPOBKY Ha CYMMapHYIO OLIHOKY yIIpaBIie-
HUSI 32 BCE€ TPEIBIAYIINE MOMEHTHI BPEMEHH, YTO
MO3BOJISIET YCTPAHUTh MOCTOSHHYIO OILIMOKY.

de(t)

dt

YUUTBHIBAET CKOPOCTh M3MEHEHHUS OIIMOKU U TO03-
BOJISICT MPEJOTBPATHTh PE3KUE CKAYKH U Kojela-
Hus [8; 9].

C ucmonp30BaHNEM 3TUX KOMIIOHEHT U UX KO-
s¢purmentoB [11/]-perynstop obecnieunBaer cra-
OWIBHOE U TOYHOE YIIPaBJIEHHE CUCTEMOH HITH IPO-
LECCOM, TIO/ICTPANBASICH TIOJT U3MEHEHHSI 1 KOMITCH-
CUPYS BO3MOXKHBIE TIOTPENTHOCTH [9].

Hcnonp3ys nanHoe ypaBHEHUE, MOXKHO IPO-
BECTH MOJCIMPOBAHNE M aHAIU3 TOBEICHHS CH-
CTeMbI IIPU Pa3IMYHBIX 3HAUYECHUSX KOIPPHUIIHEH-
toB [I1/]-perynaropa. OnrumanbpHas HacTpoMKa
K03(pPHUIIMEHTOB TO3BOJISET MOOUTHCS OBICTPOIA
peaklUuu CUCTEMbl Ha U3MEHEHHsI BXOJHOTO CHT-
HaJla, MOJIaBJICHUs KoJieOaHui, yMEHBIIICHUS TIepe-
XOJHBIX TPOIIECCOB U MOBBIMIEHUS CTAOMIBHOCTH
cucremsl [10].

Huddepenunanpras komnoneHTa K,
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MareMmarudeckas Moaeinb Ha ocHoBe ITMJI-
peryisiTopa mUPOKO MPUMEHSIETCS B Pa3IUYHBIX
00J1acTAX, TAKMX KaK MPOMBIIIJICHHAS aBTOMaTH-
3aIus, poOOTOTEXHUKA, DJICKTPOHUKA, aBUALAS U
JIp., JJIsl YTIpaBJICHUs Pa3IMuYHBIMU MIpOLEcCaMu U
cucteMamu. Ee BCITOIb30BaHME TTO3BOMSCT ONTH-
MHU3UPOBATh PA0OTY YCTPOMCTB, YITYUIITUTh Kade-
CTBO MPOM3BOACTBA, YBEIUIUTH d3P(HEKTUBHOCTH
Y TOYHOCTH yrpasieHus [11].

1.3. UcnonbzoBanne MUL-perynsaropa
B OBUONCKYCCTBEHHOM nevyeHun

[MU/I-perynsTop MOXXeT ObITh HCIOJIb30BaH
JUTSL yIpaBJIeHHs TporieccaMi B OMOHMCKYCCTBEH-
HOW TICUEHHU C TEJIBI0 YITydIIeHus ee d3PPEeKTUBHO-
CTH U CTaOMIBHOCTH paboThl. bronckyccTBeHHAs
MIEYSHB MPEJICTABISET COO0H YCTPOICTBO, CIIOCO0-
HO€ 3aMEHHUTh (PYHKIUU €CTECTBEHHOM MEUEHU Y
MAIMEHTOB € IEYEHOYHOM He0CTaTOYHOCThI0. OHA
BBITIOJHSIET 3a/1aud (PUIIBTPAIIMH KPOBH, YIAJICHUS
TOKCHHOB ¥ CHHTE3a BaKHBIX Oc¢nKoB [12].

[MNI-peryasTtop MOXeT ObITh HHTETPHUPOBAH
B CHCTEMY yIpaBlieHHs OMOMCKYCCTBEHHOH meve-
HBIO JIJIs1 aBBTOMAaTHYECKON PETYJIHPOBKHU €€ pabOoTHL.
Hanpumep, nponopuuonansHas komnosnenta [T1/1-
PETYIIATOpa MOXKET pearupoBaTh Ha TEKyIIHHA ypo-
BEHb TOKCHHOB B KPOBH IallUE€HTA U KOPPEKTHPO-
BaTh TNpouecchl (PUIbTpaluu U OYUCTKHU. MHTe-
rpajibHasi KOMIIOHEHTA MOMOXET y4eCTh KyMy-
JSTUBHYIO OIIMOKY W BBIMOJHUTH JOTIOTHHUTEIb-
HBIE PETYJIMPOBKH B Ipoliecce padoThl OMOUCKYC-
cTBeHHOU meuenu. Juddepenuunanpuas KOMIo-
HEHTa CMOXET MPEJOTBPATUTh PE3KNE N3MEHEHUS
U KojebaHusa B mpolecce (PyHKIIMOHHUPOBAHHS
ycrporictsa [13].

Hcnonw3oanue [T ][-perynsatopa ais Gnon-
CKYCCTBEHHOH MEYEHH IMO3BOJIUT JOCTUYb ONTH-
MaJbHOI'O YIPABJIEHUS 3TUM Ba)KHBIM MEIULIMH-
CKUM YCTPOMCTBOM. ABTOMAaTHYECKOE€ KOHTPOJIH-
pOBaHHE MPOIIECCOB B OMOMCKYCCTBEHHOM MEUCHH
¢ noMomipto ITHU/I-perymnsitopa MOXKET YyIy4IIUTb
KadeCcTBO pabOThI yCTPOMCTBA, TTOBBICUTH A (DHek-
TUBHOCTB €r0 (P)YHKIIMOHUPOBAHUS M 00ECHIEYUTD
HAJIC)KHOCTh U CTAaOMIILHOCTH B paboTe.
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1.4. lMocTpoernne MaremaTu4eckos Mmogenu
OuoncKyccTBeHHOM rneYeHu ¢ Ucrosib30BaHnem
nnug-perynsaropa

[Mpusenennsiii xon (IIpunoxkenue) npeacras-
Js1eT co00i MOJIeTb YIIPaBJICHHs! yPOBHEM IVTFOKO3bI
B OMOMCKYCCTBEHHOM IEUEHH C UCIOIb30BAaHHEM
[N d-perynsitopa [14].

B sToM Kone peanusyeTcs MOAeb yIrpaslie-
HUS YPOBHEM IJIFOKO3bI B OMOMCKYCCTBEHHOMU Iie-
yeHu ¢ npumenenuem 11U /I-perynsaropa. BHauane
omnpeneisitores napameTps! [T /-perynstopa (mpo-
MOPIIMOHATBHBIA, WHTETPANBHBIN U muddepeH-
OUATBHBINA KO9((UIIHEHTHI), JKeIaeMblii YpPOBEHb
[JTIOKO3bI, TEKYIIH ypOBEHb TIIOKO3BI U JIPYTHE
HUCXOIHBIE AaHHbIE [15].

3areM NPOUCXOIUT MHUIMAIIN3ALINS [IEPEMEH-
HBIX W 3allyCK IMKJIa MOJEIMPOBAHUS HA IIPOMeE-
KyTke BpeMeHH oT 0 10 T ¢ 3a1aHHBIM 11aroM MH-
TerpupoBaHus dt. Ha xaxaoi urepanuu ukia
paccUMTHIBAETCS OLIMOKA MEX/TY JKeIaeMbIM U Te-
KyIIIUM YPOBHSIMH TJTFOKO3BI, @ 3aTE€M BBIYUCIISIOTCS
3HAYEHUs IPONMOPLUUOHAIBHON, HHTETPAJIbHON U
T QepeHInanbHON COCTABISIOMUX YIIPABICHHUS.

Hanee hopmupyeTcst oOIIHiA BBIXO yIpaBie-
HUS C YYETOM BCEX TPEX COCTABIIAIOIIUX M JIO3BI
uHcynuHa. Kpome Toro, B Kojie MpUCYTCTBYET MeXa-
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YpoBeHb rioKo3bl

HU3M 00paTHO# CBSI3U, KOTOPBIN Oa3upyeTCs Ha Te-
KyILIEM YPOBHE IJTFOKO3bI i IPUMEHSET KOPPEKTH-
PYIOLLYIO 103y MHCYJIUHA U1 YITy4ILeHUs peryu-
poBanus [16].

Pesynbrarel MogenupoBaHus, Takue Kak 3Ha-
YeHMs BBIXOJla YNPABICHHUS M YPOBHS IIIOKO3BI,
COXPaHSIOTCS HA KaXJIOM IIare UTepaluu s Mo-
cienyromel Busyanu3anuu. TakuM o0pa3oM, 3TOT
KOJI peaju3yeT JOBOJIbHO CIIOKHYIO MOJIENIb KOH-
TPOJI YPOBHSI IIIOKO3BI ¢ Hcnonb3oBanueM [TN/1-
perynsitopa 1 00paTHO# CBSI3H.

Jannbiii kom Ha MATLAB mnpencrasnser co-
0011 MOJIeIIb yTIpaBJIeHUs] YPOBHEM INIFOKO3bI B OHO-
HWCKYCCTBEHHOW MEUEHU C uctonb3oBanuem [1N]]-
perynsropa. Jlanee 6osee monpoOHO pa3depeM, 4To
TIPOMCXOUT B 3TOM KOJI€, a 3aT€M PACCMOTPHUM, UTO
oroOpakaercs Ha rpadukax (CM. puc.).

1. Hapamempor [1H/]-pecynsmopa: B Havaie
koja 3ajarorca napamerpst [TW/I-perynsitopa —
MPOTIOPIIUOHANIBHBIN KO3 dunneHT Kp, WHTET-
panbHbIi kK03(pdunueHt K; u audpdepeHInanbHbIH
ko3 punment Ka.

2. llapamempol 6UOUCKYCCMBEHHOU NeYeHU:
3aJ1al0TCs MapaMeTphl, TAaKUe KaK JKeJlaeMblil ypo-
BEHb IIFOKO3bI, TEKYIIUI YPOBEHb IIIFOKO3bI, TPEIbI-
YL ypOBEHb IITIOKO3BI U 1032 HHCYJIMHA.

———— DaKTUYECKMi YPOBRHb MIOKOIbI
— — >Kenaembiit ypOBEHb FNIOKO3bI
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JAnHamurka 3SMEeHEHNS YPOBHS MOKO3bl, Peakuus Ha U3MEHEHNS 0,03bl MHCYIMHA
M cTo4HMK: BbInonHeHo A.C. MaHbLWMHbIM
Dynamics of changes in glucose levels, reaction to changes in insulin dose
Source:done by A.S.Ganshin
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3. Ucxoonvle oannvie u nepemennbvle: yCTaHAB-
JIMBAIOTCS LIAr MHTErpupoBaHus (df), BpeMs Mojie-
mupoBanus (T) u aApyrue nepeMeHHbIE.

4. [Juxn mooenupoganus: 3amycKaeTcs LUKI
MOJIEIMPOBAHUS HA 33/IaHHOM BPEMEHHOM IPOMe-
KyTke. Ha kak/101i uTeparyy BEIYUACIISETCS OMOKa
MEX/1y JKEJIaeMbIM U TEKYUIUM YpPOBHSMH IIIIO-
KO3BI, @ 3aT€M PACCUUTHIBAIOTCS 3HAYEHHS IPOTIOP-
[IMOHAJIbHOW, MHTErpajbHOM U TudQepeHnnasb-
HOM COCTaBIISIIOIIMX YIIPABICHUS.

5. @opmuposanue ynpasnenus u 003vl UHCY-
JIUHA: TIO TIOYYEHHBIM 3HAYEHHSIM COCTABIISIOLINX
yIpaBlIeHUsT W JI03bl MHCYJIMHA PACCUYUTHIBACTCS
00N BHIXOJ yIIPaBICHHS.

6. Obpamnas c6:13b: TPUMEHSICTCS MEXaHU3M
00paTHOM CBSA3M HAa OCHOBE TEKYILIEr0 YPOBHS III0-
KO3bI /1151 KOPPEKTUPOBKH 103l MHCYJIMHA.

7. I'paghuxu: na HUX oTOOpaKaeTCsl TMHAMUKA
W3MEHEHHs YPOBHS TIIFOKO3bI, BBIXOA yIIpaBlie-
HUS M APYTHX NEPEMEHHBIX B 3aBHCUMOCTH OT
BpPEMEHH, YTO IO3BOJHUT BU3YaJIM3HPOBATH IPO-
IIeCC PEryJMpPOBaHUS IIIIOKO3bl OMOUCKYCCTBEHHON
HEYCHH.

IToaToMy pe3ynbTaThl MOJEIUPOBAHUS Ha I'pa-
¢uKax MalT BO3MOXKHOCTH BH3YaJbHO OLICHUTHh
paboTy cUCTEMbI YIPaBIECHHUs YPOBHEM IIIIOKO3bI U
€€ PEaKIMIO HA Pa3IMyYHbIe MapamMeTpsl U BO3ACH-
crBus [17].

Jli1s1 Toro 4toObl GoJee AeTalbHO POaHaIu3HU-
poBatb rpaduku (cM. puc.), ciaeayeT 0OOpaTUTh BHU-
MaHHE Ha CIEIYIOIINE aCIEeKThI:

1. Juuamuxa usmenenus ypogHs 2noKo3bl: Ha
rpaduke ypoBHs IIFOKO3bI MOKHO YBHJIETh, KaK €€
IIOKa3aTeNd U3MEHSIOTCS B TEUEHUE BPEMEHH 0]
BO3zcHcTBUEM ynpasisironiero curnana [TWI-pe-
ryasropa. byner unrepecHo HabmOnaTh, Kak ObICTPO
JOCTUTACTCSI KEJAeMbIii YPOBEHb TNIIOKO3bI M KaK
CTaOMIIBHO CHUCTEMA YICPKHUBAET €TO.

2. Peakyus na usmeHeHus 003bl UHCYIUHA: TIPH
M3MEHEHUH 03Bl MHCYJIMHA MOXXHO YBHJIETh, KaK
OBICTPO M HACKOJBKO CHCTEMa pearupyeTr Ha 3TO
U3MeHeHHe. Ba)kHO OLIeHUTh, HACKOJIBKO OBICTPO
cucTeMa JOCTUraeT HOBOTO PaBHOBECHOI'O COCTO-
STHUS TIOCJIe U3MEHEHUS J103bl MHCYJIMHA.

3. 3uauenuss nponopyYUOHANLHOU, UHMESPATlb-
HOU u QughpeperyuanbHoll cocmasnawwux. Ha Tpa-
(uKax MOXXHO IOCMOTPETh, KAKHE 3HAYCHUS MTPH-
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HUMAIOT IIPOTTOPIMOHATILHAS, MHTETpaTTbHAS U JH(]-
bepeHnnanbHasi COCTABISIONINE YITPABICHUS B TE-
YEHUE BPEMEHH. DTO MO3BOJIUT MOHATh, KaK Kax-
Jlast 13 COCTABJISIFOIINX BIHSET Ha O0IIIee yIpaBiie-
HHUE CUCTEMOIA.

4. Unmeepanvhas cocmasnsaouias u KOMNeH-
cayust ouwuoOKYU ynpaesieHus.: OTCIISKUBAHNE U3MCHE-
HHSI HHTETPAJIbHOW COCTAaBIIAIOMIEN JAET BO3MOXK-
HOCTB OIIEHUTb, KaK CUCTEMa KOMIIEHCUPYET HaKOTI-
JIEHHYIO OIMOKY YIIpaBJICHUS B TCUCHHIE BPEMEHU.

5. Cxopocmwb peakyuu cucmembl. IO BpEeMEH-
HOW NMHAMHKE 3aMETHO, HACKOJIBKO OBICTPO CH-
cTeMa pearupyer Ha MU3MEHEHHS U KOPPEKTHUPYET
YPOBEHb TIIIOKO3bI ITyTEM PETYIUPOBKH J03bI UH-
CyJIMHa.

HccnenoBanne rpadukoB MmoMoraeT JIydiie
MOHATH PabOTy CHCTEMBI PETYIMPOBAHUS YPOBHEM
TJTFOKO3BI M OIICHUTH €€ 3PPEKTUBHOCTH U CTAOMITh-
HOCTh B KOHTEKCTE Pa3INYHbIX YCIOBUI U HACTPOEK
[MU/I-perynsropa [18; 19].

3akoyeHume

B xozne Hacrosiero uccnenoBanus Obuia npea-
CTaBJeHa MaTeMaThyeckass Mojedb OMOUCKYC-
CTBEHHOW TNEUeHH, BKIIIOYAIOIas B ce0sl ypOBEHb
DIIOKO3bI M ucnonb3oBanue [IU/I-perymnsatopa nms
yIIpaBJIeHUS 3TUM yPOBHEM. AHANW3 JUHAMHUKH
W3MEHEHUs YPOBHS IIIOKO3bI 110J] BO3AEHCTBUEM
ynpasinenus [ /I-perynsropa no3Boiani OLEeHUTh
3¢} (PEKTUBHOCTD U CTAOMIBHOCTH CUCTEMBI PETy-
JUPOBAHUSL.

bruTO BRISIBIEHO, YTO HACTPOITIKAa TapaMeTPOB
[TN/I-perynaropa UMEET 3HAYUTEIBHOE BIUSIHUE
Ha CKOPOCTb PEaKIMU CUCTEMbI, KOMIIEHCAIIUIO
oIMOKY yIpaBieHUs U 00lee KaueCTBO peryiu-
poBaHud. AHanau3 rpaUKOB TUHAMHUKU U3MEHE-
HUS YPOBHS INIIOKO3bI, TPONOPLUUOHAIBHON, UHTE-
rpaJibHON U T PEpeHITHATBHON COCTABISIONTNX
yTpaBJIeHHsI TO3BOJIHII BBISIBUTH OCOOEHHOCTH pa-
OOTBI CUCTEMBI TIPU PA3IUYHBIX YCIOBUSX.

DTOT IKCIEPUMEHT MOATBEPKIAET aKTyalb-
HOCTh ucnonb3oBanus [ 11 ][-perynstopoB B cucre-
Max OMOMCKYCCTBEHHOM MeueHH ISl MOep KaHus
CTaOMIILHOTO YPOBHS INIOKO3bI. JlanbHelniee uc-
CJIEZIOBAaHME MOXKET OBITh HAIPaBICHO HA ONTHMH-
3anuro napametpos [ IN/I-perymsTopa, yder pas-
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JUYHBIX (PAKTOPOB, BIMSAIOUINX HAa YPOBEHb IVIIO-
KO3bI, M aJaNTalni0 MOJEIH K PealbHbIM OMOJIO-
THYECKHUM Mpolieccam Ajisi 0osee TOUHOTO MOJIEIH-
pOBaHUA U pa3pabOTKU CUCTEM YIPABICHHUS.

HccnenoBanust u pa3paboTKy B TaHHOM Ha-
MpaBJIEHUN MOTYT NMPHUBECTH K CO3JaHHIO Oonee
COBEpIICHHBIX U KU3HECTIOCOOHBIX 3aMEHUTENEH
OpPraHoB, CITOCOOHBIX 3HAUYMTENBHO YITy4IIUTh Ka-
YEeCTBO )KM3HH MAIUEHTOB U MOBBICUTH 3 PeKTuB-
HOCTb MEUIIMHCKOTO 0OCTYKUBaHHUS.

Mpunoxenue. [lapamerpsl [IN/]-perynsitopa

% Ilapamerpsr [T ]/]-perynsaTopa

K, = 0.6; % IlponopunonanbHbli KO3pOHUUKEHT;
K; = 0.1; % WnTterpanpHbiii koo dunment;

K4 = 0.05; % Juddepenunanbuplii kospduiyent

% IlapameTps! OMOMCKYCCTBEHHOH NEUYCHU

desired_glucose = 100; % Jenaemblil ypoBEHb INIIOKO3bI;
glucose actual = 80; % Tekyumii ypoBeHb TTIFOKO3BI;
previous_glucose = 85; % Ilpenpinyuiuii ypoBeHb INIFOKO3BL;
insulin_dose = 0; % Jlo3a uaCcyIHHA

% WcxonHble JaHHbIE
dt = 0.1; % Llar naTErpUpOBaHus;
T = 50; % Bpewmst monenupoBaHus

% Muannmanuzanys NepeMeHHbIX

error_integral = 0;

output = 0;

feedback time =5; % Bpems ans oTKIINKa Ha 00paTHYIO CBSA3b

time_steps = 0:dt:T;
output_values = zeros(size(time_steps));
glucose values = zeros(size(time_steps));

for idx = 1:length(time_steps)

% Pacuet ommoOku

glucose_actual = glucose_actual + 0.5 * (rand() — 0.5);

% MopenupoBaHue U3MEHEHUS YPOBHSI INIFOKO3bI

error = desired_glucose — glucose actual;

% IlponopuuoHanpHas COCTaBISAOLIAs

P =Kp * error;

% WnterpanbHast COCTaBIISIIOIIAs C OTPaHUUEHUEM Ha HAKOII-
JICHUE OLINOKH

error_integral = error_integral + error * df;

error_integral = min(max(—50, error_integral), 50);

% OrpaHnyeHre Ha HAKOIUIEHHE OIINOKH

I = Ki * error_integral;

% uddepeHunanbpHas COCTaBISAOMIAL
D = Kd * (glucose_actual — previous_glucose) / df;

% Beixoj ynpasieHus ¢ 1o0aBieHueM 00paTHOH CBA3H
output =P + I + D + insulin_dose;

output = max(0, output);

% He momyckaeM oTpHIATENbHON O3Bl HHCYIHHA

% ®uxcanys 0361 HHCYIHHA Ul 0OPAaTHOH CBSI3H
if idx > feedback time

insulin_dose = Kp * (desired_glucose — glucose_actual);
% OO0partHas CBsI3b 110 IPONOPLIUOHAIBHON COCTABIISIOLICH
end

output_values(idx) = output;
glucose_values(idx) = glucose_actual;

% CoxpaHeHue NpeIbIayIIero YpoBHS INIIOKO3bI
previous_glucose = glucose_actual;
end

% Buzyanuzamus pe3yabTaToB

figure;

subplot(2,1,1);

plot(time_steps, glucose_values, 'b-', 'LineWidth', 1.5);
hold on;

plot(time_steps, desired glucose*ones(size(time_steps)),
'r--', 'LineWidth', 1.5);

xlabel('Bpems');

ylabel("YpoBeHb ITHOK035I');

legend('®akTUdecKuil ypoBEHb INIIOKO3bI,

"Kenaemblil ypOBEHb TITFOKO3HI');

title('lunamuka ypoBHs riaoko3ssl ¢ ITH/I-peryistopom');
hold off;

grid on;

subplot(2,1,2);

plot(time_steps, output_values, 'k-', 'LineWidth', 1.5);
xlabel('Bpems');

ylabel('/lo3a uncynuna');

title('Jo3a nncynuHa, BeinaBaemas [11I-perysstopom');
grid on
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3asiBiIeHHE 0 KOH(I)JII/IKTC HHTEpPECOB

ABTOpBI 3asBIISIIOT 00 OTCYTCTBUH
KOH(IINKTA HHTEPECOB.

Bxaan aBTopoB

HepasnenbHoe coaBTOPCTBO.

AHHOTanus. Pa3zpaboTka OCCIIMIIOTHBIX JICTATENbHBIX alllIapaToB SBIIS-
€TCs OJHUM M3 IIEPCIIEKTUBHBIX HAIIPABICHUH UL TPaYKAaHCKOHN aBHa-
LMY, KOTOPOE UMEET LIMPOKUI clieKTp npuMeHeHus. Hellponnsle cetn
MOTYT OBITh OOy4UECHBI A IPUHATHS PELICHHH B PEAIbHOM BPEMEHH,
aIanTHUPYSICh K U3MEHSFOIIUMCS YCIIOBHSIM Ha TI0JIe 0051 1 00ecrieunBast
OIITUMAJIBHOC BBIINTOJIHCHUEC ITOCTABJICHHBIX 3a/1a4. Cpe}m MHOT'UX 3aJ1a4
HaBuranuu u ynpasneHus: BIIJIA coxpaHser akTyanbHOCTh mpodiiema
ABTOMATHYECKOHM MOCaJKi OECIMIOTHOTO JIETATeJIFHOTO ammapara Ha
TIO/IBVMKHYIO TTOCAZI0YHYIO TUIONIAAKy (Kopaliiy, TpaHCIOPTHBIE Cpea-
CTBA, CIICIMATM3UPOBaHHbIE IUTOMAIKH). Oco0yr0 aKTyaIbHOCTh HOCHT
aBTOMATH3HPOBAHHAS MOCA/IKA OSCIMIIOTHOTO JICTATENFHOTO ammapara
Ha MOABMKHBIM HOCHUTENb. B CBA3M C 3THM aBTOpaMU HCCIENyeTCS
CHCTEMa aBTOMAaTHYECKOI MMOCaaKy OECIMIOTHOTO JIETATEIbHOIO ar-
napara (bITJIA) Ha mojBmxkHY0 aTGOpMy € UCTIOIb30BAHHEM HEHPO-
CETEBBIX TEXHOJIOTUI. MeTos uccie10BaHusl OCHOBAaH Ha IPUMEHEHUH
HCKYCCTBEHHBIX HEHPOHHBIX CeTell JJisi pa3paboTKu aJlanTHBHOW CH-
CTeMBI YIpaBJIEHUs, CIOCOOHOW NMPHUHHMMATh PEIICHHS B pPeaJbHOM
BPEMEHH IPH BBINOJIHEHUH IOCAA0YHBIX MaHEBPOB. B pesynbrare pas-
paboTaH anropuTM yrpasieHHs, 00eCIIeUnBaONINN TOYHYIO TTOCAIKY
BITJIA Ha nBrKymmecs miaTgopMbl pa3iInaHOro THIa (Kopadiu, TpaHc-
TIOPTHBIE CPEJICTBA, CHIEUATM3UPOBAaHHBIE IUTOMIAJIKH ), YTO TO3BOJISIET
CYIIECTBEHHO PACIIMPHUTh PafNyC ICHCTBIS OECIIIOTHBIX alapaToB
1 TIOBBICUTH 3()(PEKTUBHOCTD UX MIPUMEHEHHS B PA3INYHBIX YCIOBHUIAX
JKCILTyaTallHH.

KaroueBsbie c10Ba: npueMonepeaarlnee yCTpoicTBo, B3ICTHO-IIOCA-
JIOYHAs YCTAHOBKA, JIUAAP, B3JIETHO-IOCAT0YHON MIATGOPMBI, HEHUpO-
CeTh, OJABIKHBIA HOCUTEITh

JJst uuTupoBanus

Cycnos B.A., I'aeapckuii C.B. ABTOMaTH3MpOBaHHAs MMOCAKa OCCIMJIOTHOIO JICTATSIBLHOIO ammapara Ha MOBHKHYIO
w1at)opMy C UCTIOIB30BaHUEM HEHPOHHBIX ceTelt // BecTHrk Pocculickoro yausepcurtera apyx0b1 HapooB. Cepusi:
Nuxenepusie uccienaopanus. 2024. T. 25. Ne 4. C. 413-426. http://doi.org/10.22363/2312-8143-2024-25-4-413-426

© Cycnos B.A., I'arapckuii C.B., 2024

This work is licensed under a Creative Commons Attribution 4.0 International License
AT https://creativecommons.org/licenses/by-nc/4.0/legalcode

413


https://orcid.org/0009-0007-1028-5993

Suslov V.A., Gagarsky S.V. RUDN Journal of Engineering Research. 2024;25(4):413-426

Automated Landing of an Unmanned Aerial Vehicle
on a Mobile Platform Using Neural Networks

Vladislav A. Suslov“*, Sergey V. Gagarsky

Baltic State Technical University “Voenmeh” named after D.F. Ustinov, Saint Petersburg, Russia

P4 viarsu@mail.ru

Article history

Received: June 10, 2024
Revised: August 16, 2024
Accepted: September 10, 2024

Conflicts of interest

The authors declare that there is
no conflict of interest.

Authors’ contribution
Undivided co-authorship.

Abstract. The development of unmanned aerial vehicles is one of the promising
directions for civil aviation with a wide range of applications. Neural networks can
be trained for real-time decision making, adapting to changing battlefield conditions
and ensuring optimal task execution. Among many UAV navigation and control tasks,
the challenge of automatic landing of an unmanned aerial vehicle on a mobile landing
platform (ships, vehicles, specialized platforms) remains relevant. Automated landing
of an unmanned aerial vehicle on a mobile carrier is particularly significant.
The article examines the system of automatic landing of an unmanned aerial vehicle
(UAV) on a mobile platform using neural network technologies. The research method
is based on the application of artificial neural networks for developing an adaptive
control system capable of real-time decision-making during landing maneuvers.
As a result of the research, a control algorithm was developed that ensures precise
landing of UAVs on various types of moving platforms (ships, vehicles, specialized
platforms), which significantly expands the operational range of unmanned vehicles
and increases their efficiency in various operating conditions.

Keywords: receiving and transmitting device, runway, lidar, runway, neural network,
mobile carrier
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BBepeHue

IIpumeHeHne HEMPOHHBIX CETEeW NJid aBTOMa-
TU3HPOBAHHOW MOCAJKU OECIMIOTHOIO JIETAaTelb-
Horo anmapata (BIIJIA) nHa mogBuxHy0 TIIaT-
(dhopmy sBIsIETCS aKTyanbHOM 3a1aueii. HeliponHbie
ceTd, 0OyueHHbIE Ha JaHHBIX O JIBUKCHUU ILIAT-
(OpMBI M BHEUIHUX YCJIOBUSX, IO3BOJISIOT ajar-
TUPOBATHCS K U3MEHEHUSM B PEaJIbHOM BPEMEHH,
o0ecrieunBasi Ha/IS)KHOCTh OMEpALUil Jake B He-
CTa0MJIBHBIX yCIOBUAX. B Takux cucremax ymnpas-
JIeHUs] HeHPOHHBIE ceTH 00pabdaThIBAIOT JaHHBIE
C CEHCOpOB U KaMep, BKJItOYas I10Ka3aTey BEeTpa,
nepeMelieHust naar(opMbl ¥ IPOCTPAHCTBEHHBIE
napaMeTpbl, YTO CHOCOOCTBYET BHICOKON TOYHOCTH
MOCAIKH.

Pa3paboTrka cucreM aBTOMaTH4YECKON MOCAIKU
BIIJTA Ha moaBwxHBIE MIaT(GOPMBI SBISETCS aK-
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TyaJbHbIM HalpaBIECHUEM HCCIIEIOBaHUN. AHAIN3
Hay4YHOM JUTEPATyphl MOKA3bIBACT 3HAYMTEIbHBIN
nporpecc B 310l ObIlJIAcTu. FO.I1. Tokaper [1]
uccrnenonan Metoss! ynpasienus BITJIA B o6mem
BO3yIIHOM nipocTpaHcTBe. A.B. IlnatyHnosa u co-
aBTOPHI [2] paccMoOTpen 0COOCHHOCTH (POPMHPO-
BAHUS aJalITUBHBIX 3aKOHOB yripasieHus. M.J1. Hu-
kaHopoBa, E.B. 3a6onorckas [3] npeacraBuiu yruc-
JICHHBIE pacyeThl a’dpPOJMHAMUYECKUX XapaKTepH-
ctuk BITIA.

[IpuMmeHeHne HEHPOHHBIX CETEH JUIsl yIIpaBe-
Hus BIUJIA paccmarpuBaercs B [4—5]. OcoOblit
WHTEpeC MpeacTaBiaioT ucciaenopanus B.B. [lep-
OuHMHA [6] MO anropuT™MaM KOppessiliMOHHO-IKC-
TpeMasibHOW HaBuranuu u padotsl A.I. Cmonb-
ckoro [7] mo HeipocereBoli 00pabOTKe Treomnpo-
CTPaHCTBEHHON MH(OpMAIHH.
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Cucrtema ynpasnenus BIUJIA coctout u3 npu-
€MOTIEPEIAIOIINX YCTPOMCTB M SJIEKTPOHHBIX OJI0-
KOB YIIpaBJI€HHs, 00ECIIEUNBAIOIINX TOUHOE MO3H-
monuposanue BITJIA Ha monBmxHOI mardopme.
OTH cHUCTeMbl TOAJEPKHUBAIOT 00OMEH HH(pOpMa-
LMeH C HCMOJIb30BaHHEM ONTHYECKHUX CEHCOPOB,
YTO MO3BOJISIET TMHAMUYHO KOPPEKTHUPOBATH TPACK-
TOPHIO JUIsl YCIIEIITHOM TOCA/IKH AAKE IPH U3MEHSI-
FOLUXCS YCTIOBHSIX OKPY’KaIOIIEH Cpeibl.

3agaya ToyHoit nocaaku BITJIA Ha momBumx-
Hyt0 1arGopMy TpeOyeT JaTbHEHIIIero HeCeno-
BaHUsI, 0OCOOEHHO B YacTH NMPUMEHEHUs HEWPOH-
HBIX CeTeH IIst 00pabOTKH TaHHBIX C ONTHYECKUX
CEHCOPOB B peanbHOM BpeMmenH [8; 9].

Lenpb nuccrnenoBanus — pa3padoTKa aJrOpuT-
MOB Ul aBTOMaTu3upoBaHHO nocaaku bIIA Ha
MOJBMKHBIE HOCUTENH C UCIIOJIb30BaHUEM HEHPOH-
HBbIX ceTeil. JlaHHbIE TEXHOJIOIMH MOTYT INpUMe-
HATBCS JUISL BBITOJIHEHUS 33Jlad B YJIAJCHHBIX U
OIACHBIX 30HaX, CHUKasl 3aBUCUMOCTh OT Y€JIOBE-
YECKOTO0 BMEIIATeIhCTBA M TOBBIIIAs Oe3omac-
HOCTBH OTepaIu.

1. OnucaHune cucrtemsol
aBTOMaTU4YeCKOM nocaaku

1.1. O6was cTpyKkTypa cucrems!

[Ipennonoxum, uto y Hac ectb onuH BITJIA
C CUMMETPHYHO PacTiOIOKEHHBIMU BUHTAMH. Takxke
UMeeTCsl KpyroBasl IUIocKas riatgopma, KoTopas
JIBUKETCS B TOPU30HTAJILHON TJIOCKOCTH B Mpeie-
Jax oOHapyKeHus KBajpokonTepoM. Paanyc miar-
(OpMBI HE3HAYUTEIHHO MPEBBIMIACT PACCTOSHHE
OT LIEHTpa Macc 10 Kpasi J11000ro u3 BUHTOB. Llenbto
SIBJISIETCSI TOCTUKEHHUE COCTOSIHUS, KOTJa KBaJlpo-
KOIITep CaJuTCs Ha JABWXKYIIyIocs miatdopmy. Pe-
menue 3anaun nocaaxu bITJIA Ha moaBMKHBIN HO-
CUTETb BKJIIOUAeT B ceOsi Co3laHue MPOTrpaMMHO-
anmnapaTrHoro KOMIUIEKCa, KOTOPBIN COAEPIKUT MOJ-
CHCTEMY MEXaHU3alluH JaHHOTO Mpoliecca U ajiro-
PUTM yTpaBjieHMs], peaJU30BaHHbII B BUIE MpPO-
TpaMMHOM 9acTH, oOecTednBaroneld paboTy mo-
CHUCTeMBI MexaHu3aruu (puc. 1).

[IporpaMmMHo-anmapaTHblii KOMIUIEKC pa3pa-
00TaH ISl KOOPIWHAIMH JBYX YIPABISEMBIX 00b-
€KTOB: CTOJIa B3JIETHO-NIOCAaJOYHOU YCTAHOBKHU

(BITY) m GecnmiioTHOTO JIETaTeNBHOTO arapara.
B mporiecce mocaaky Ha ABMKYIIYEOCS TUIATHOPMY
cron BITY MoxeT nmepemeniaTbCs HE3aBUCUMO OT
KOpITyca HOCHTEINS. YIIpaBIsieMOe IBUKEHUE CTOIa
oOecrieunBaeTcs ICKTPOMEXaHHUECKUMHU TIPUBO-
JIaMH, KOTOpPbIE CTAOUIM3UPYIOT ar)opMy 1O BCceM
IIECTU CTENCHSIM CBOOOABI. ITO MO3BOJISICT KOM-
MIEHCHUPOBAThH JIBIKEHUE HOCHTENs, oOecreunBast
TOUHYIO TTO3UIIHIO AJist tocaaku [10; 11].

Puc. 1. Bzaumnoe pacnionoxenue BIUIA u BITY
U ¢ T o 9 HuK: BemonHeHo B.A. CycnossiM, C.B. I'arapckum

Figure 1. Relative positioning of the Unmanned Aerial Vehicle
and the Takeoff and Landing Gear
Source: done by V.A. Suslov, S.V. Gagarsky

Cron B371€THO-IIOCAI04YHOM YCTaHOBKH CBSI3aH
C HOCHTEJIEM 4epe3 MOACUCTEMY MEXaHW3alluu U
MOJKET JBUTAThCS B TPEXMEPHOM CUCTEME KOOPAHM-
HAaT, clieqysd KMHEMaTHu4eCKON TpaeKTOpUH HOCH-
Tens. J[BwkeHue riaropMel, Kak MPaBHUiIo, Xapak-
TEpU3yeTCsl CIyYaliHOW COCTaBJISIOIICH, 00yCIIOB-
JIEHHOW TUIIOM HOCHUTEJIS: IBUKYILIEECS CyqHO MO/~
BEPXKEHO KayukKe, a aBTOTPAHCIIOPTHOE CPEJCTBO —
HEPOBHOCTSM zoporu. [loacucrema MexaHuzanuu
HE TOJIBKO CIVIa)KUBAET JIMHEWHbIE U YIJIOBBIE KO-
neGaHus, HO TaKXX€ CHUHXPOHU3UPYET JBIMKEHUE
crona c Tpaekropueit bITJIA.

B mponecce mocagku BITJIA moasepraercs
BO3JEHUCTBUIO BHEIIHUX CHJI, TAKUX KaK MOPBIBBI
BeTpa U TypOyJIeHTHBIE TIOTOKH, CO3/1aBaEMbIE JIBH-
JKEHHEM BOKPYT CTOJIa B3JIETHO-IIOCA/I0YHOM yCTa-
HOBKU. OTU (aKTopbl T00ABISIOT CITy4yaiHbIe KOje-
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Oanus B Tpaekropuio BITJIA Bo Bpems 3axona Ha
MOCAKY, 4TO TpeOyeT NOCTOSIHHOW KOPPEKTUPOBKU
€r0 NOJIOKEHUS U OPUEHTALINH.

1.2. lMpuemonepenamowymue ycTpoucTea

JIJIsT TOYHOTO OTIpeNesICHHsI B3AaMMHOTO TTOJIO-
skenust BITJTA u BITY na crone u Ha guunie BITJIA
YCTaHABIMBAETCSl TIPUEMOTIEpeaaroniee yCcTpoi-
crBo (IIITY), BriTroUarotee Jimaap U MaTpuiry GoTo-
pesuctopoB. Jlumap pacronaraercsi B ieHTpe, a (o-

N — MpUHUMAKOLLEE YCTPORCTBO
Receiving Device

Nepenasaemblil cUrHan
//////Transmitted Signal
i Nepeaaloliee yCTPOUCTBO
Transmitting Device
= DOTO3NEMEHTI

Photocells

TOPE3UCTOPHI 00PA3yIOT KOHIICHTPHUYECKHE KPyTH
BOKPYT HETo, QUKCUPYS JIa3epHbBIC JIydH, HallpaB-
JIEHHBIE C TPOTUBOTIOJIOKHOTO ycTpoiicTBa [12].

Ocb u1apa OpUEHTHPOBAHA MTEPIICHIUKYISIPHO
K marpuiie ¢poropesrctopoB. Korma BITJIA Bxogut
B 30HY ITOCA/IKH, JIUJIApbl U (OTOPE3UCTOPBI 000MX
YCTPOWCTB aKTUBUPYIOTCS, PETHCTPUPYS paccoriia-
COBaHHE OCEe Jnapa, 4YTo MO3BOJSET BHIUMUCIUTD
OTHOCHUTEIHHOE MPOCTPAHCTBEHHOE IMOJIOKEHUE
00BEKTOB (CM. puc. 2).

MpUHUMAlOLLE. YCTPOICTBO
Receiving Device

/ ®oTo3nemeHTbI

Photocells "
Mepeaasaemblit CUrHan
Transmitted Signal

lNepeaaloliee ycTpoicTBo
Tr‘gnsmlttmg Dpev1ce

6

Puc. 2. CocTtaB npuemonepenaloLLEero yCTponcTea:
a— B3JIeTHO-M0CaA04YHast yCTaHOBKA; 6 — 6eCnuoTHbIV NNeTaTeNbHbIM annapar
M cTou4HMK: BbINoNHEHO B.A. CycnosbiM, C.B. Marapckum

Figure 2. Composition of the transceiver unit:
a— Takeoff and Landing Gear; 6 — Unmanned Aerial Vehicle
Source:donebyV.A. Suslov, S.V. Gagarsky

N3nyyarens kaxnoro IIITY nepemaer curnan
Ha npueMHuK coceanero IIITY. TlepenaBaemsrii cur-
HaJ COJICP’KUT KOOPAUHATHI Ty4ya Ha DBY ¢ TouHo-
CTBIO JMCKpPETH3aluu (POTOIIEMEHTOB, PacIoo-
YKEHHBIX Ha naHenu (puc. 2). O6a CeHCOPHBIX MO-
JTyJ1sl pPETUCTPUPYIOT U MIEPEAAI0T KOOPAUHATHI PH-
HATOrO Jy4a Ha DBY, rae npoucxoaur pacyer oT-
HOCHTEJIBHOTO MOJIOXKEHHUs IByX 00bekToB — BITY
u BIUTA. JlonoinHUTENBHO B LIEHTPE JUCKa CEHCOP-
Horo moxyns BITY ycranoBieH nanpHOMEp, KOTO-
Pl OnpeAesseT ATUHY Jy4a oT moBepxHocTd BITY
JI0 TOUKH ciiefa Ha noBepxHocT BITJIA [13; 14].

Jlnist pacueToB HEOOXOIMMO YUUTHIBATH CIETY-
IOILME MTapaMeTphl, KOTOPbIE PErUCTPUPYIOTCS U
nepenarrcs B ObY:

1) nBe xoopamHaTh! Ty4a oT BITY Ha moBepx-
Hoctu monynst BITJIA;
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2) yetbipe KoopauHathl Jdydei ot BITJIA Ha
noBepxHoctu BITY (1o 1Be KoOpAMHATHI HA KakK-
TIBIHA TTy9);

3) tpu jumnsl tydeit BITY u BITIA.

Ha ocHoBe 3THX J€BSITH apaMeTpOB HACTPO-
€HHasi HeMpOHHAs CeTh OMpeAeNsieT MeCTh KOOp-
JIUHAT B3aMHOTO TIOJIOKEHHUS OJHOTO 0OBEKTA OT-
HOCHTEJIBHO JPYyToro.

1.3. Cxema cucremMsl yripas/ieHnNs

CriennanpHast ceHCOpHas cucteMa (cM. puc. 3.)
BKJIFOYAET HECKOJIBKO YCTPOUCTB.

1. Ilpuemonepeoarowee ycmpoticmeo BIIY.

2. Ilpuemonepedarowee ycmpoticmeo BIIJIA.

IIpuemonepenaronue ycrporictea BIIY u
BIUIA sBnsitoTCst KJIFOUYE€BBIMU KOMIIOHEHTAMHU CH-
CTEMBI YIIpaBJICHUS, PETHA3HAYCHHBIMH IS 00-
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MeHa JaHHbIMH B ipotiecce nmocaaku BITJIA na BITY.
OTH yCTpOCTBa IEPEAIOT U IPUHUMAIOT CUTHAJIBI,
cojiepxaliye nHHOPMaIUIO O KOOPIAUHATAX U OpU-
entanuu BITY ornocurensuo BITJIA, uro Heobxo-
JTUMO JIJIs1 TOYHOW | Oe3omacHoi nmocaaku. [Ipue-
Mornepenawouiee ycrpoiicteo BIIY HenpepbiBHO
OOHOBJIISIET TaHHBIE O B3aUMHOM TojioxkeHnu BITY
u BITJIA B peasibHOM BpeMeHH, [TO3BOJISISI CUCTEME
YIPaBJIEHHUs] TOYHO PACCUUTHIBATh KOPPEKLUHU JJIs
ycnenHoi nocaaxku. O6MeH nHpopManueit Mexy
YCTPONCTBAMM OCYIIECTBIISIETCA Yepe3 ONTHYe-
CKHE€ CEHCOPHBIE MOAYJIN O0OUX YCTPOMCTB.

3bY

ECU
/ LY

ety —
TLCU | ¥ o
nny Bny. nny BiA
TLDU UAVRU

Puc. 3. CoctaB CEHCOPHOWN CUCTEMBI
M cTo4HuMK: BbINnoNHeHO B.A. CycnosbiM, C.B. Marapckum

Figure 3. Composition of the sensor system
Source:done byV.A. Suslov, S.V. Gagarsky

3. Onexmponnsiii 610k ynpasienus (OBY) 63a-
uUMHO20 nonodxcerus. ObY B3aUMHOT0 OJ0KEHUS
UrpaeT LEHTPAJIbHYIO POJIb B CUCTEME YIIPaBICHUS,
koopauHupys aeicteust mexxry BITY u BITJIA. On
00OpabarpIBaeT JaHHbIE, TMOCTYIAOIINE OT CEHCOP-
HBIX MOAYJICH 1 IpUEMONepeIatoIInX YCTPOMCTB, U
yOpaBiseT ABMKEHUSIMH OOOUX OOBEKTOB MJIs
YCIIEIIHOTO BBITIOJHEHUS CTHIKOBKU. DBY ananu-
3UpPYyeT U UHTEPIPETUPYET JaHHBIE O LIECTH KOOP-
JUHATaX B3aMMHOTO TIOJIOKEHUS (TPU JIMHEHHBIX
CMELIEHHS U TPH YIJIOBBIX IOBOPOTA HA YIVIbI DMi-
Jepa), KOTOpbIe ONPEAEISIOTCS HEHPOHHOM CEThIO
Ha OCHOBE MH(OPMAIMH C ONTUYECKUX CEHCOPOB.
OH TakXe pacCYMTHIBACT HEOOXOAWMBIE KOPpPEK-
uuu s Tounor nocagaku BITJIA wa BITY, nepe-
JTaeT KOMaH/Ibl CUCTEMaM YIIPaBJICHUS, OJACPKH-
Basi CTAOMIIBHOCTH U 0€30MacCHOCTh OTIEpaIIHH.

4. Cucmema ynpasnenus (CY) BI1Y.

5. Cucmema ynpaesnenus (CY) BIIJIA.

Cucremsl ynpasnenus BIIJIA u BIIY orse-
YaroT 3a KOOPAUHALMIO U YIIPaBIEHUE IIPOLECCOM

nocanku bIIJIA na BITY. CY BIIJIA ynpaensier
JICMCTBUSAMH JIETATEJILHOTO aliapara, HUCHONb3Yys
JlaHHBIE OT CEHCOPOB, BKIIIOYas IpUeMoIepeaa-
I0Ill€€ YCTPOMCTBO, [l BBIIIOJIHEHUS TOYHBIX Ma-
HeBpoB nocaaku. CY BIIY ympasnser nBHXKeHU-
SAMH TUTaTGOPMBI, MOJEPKUBAs CTAOMIBHOCTh U
KOOPAMHALMIO JJIS yCIIEIIHOTO 3aBEPLICHNUS OIlepa-
. O6e CUCTeMBbl YIpPaBJICHUS TECHO B3aHMO-
JEHCTBYIOT, 0OMEHUBasiCb UHPOpPMAIEH U KOOp-
JUHUPYS ieiicTBUs 17151 0€301acHOM ¥ TOYHOM 1o-
canku BITJIA na BITV.

2. Aniroputm pacuyeTta reomeTpum
B3aMMHOIo noJsioxxeHund B3J1IeTHO-
nocapo4Hoi nnatpopmbl U 6ecCnUNOTHOro
sieTatenbHOro annapara

ANroput™M pacdeTa B3aUMHOTO MOJOXKEHUS
BITY u BIUIA HanpaBieH Ha TOUHOE MO3UIIUOHU-
pOBaHUE B MPOCTPAHCTBE JIJISl YCIICIIHOMN CTHIKOBKU
BO BpeMsi OCaJKU. B mpoiiecce ucnonp3yeTcs B3a-
MMOJIEUCTBUE KOOPJUHATHBIX CUCTEM, OJHA U3 KO-
TOpBIX KecTko cBsizaHa ¢ BIIY, a gpyras — ¢
BIIJTA. Anroput™m peanu3yer pacdeT TeOMETPUHU
B3auMHoro nonoxenus BITY u BIIJIA ¢ ucnons-
30BaHHMEM JIaHHBIX OT CCHCOPHBIX MOyJeH [8].

2. 1. Crpyktypa ainropurma

1. Cucmema cencopos. Vcnonb3yroTes nBa
[IITY — onno ycranosieno Ha BITY, npyroe Ha
BIUTIA. Onu oomeHnuBaroTcs HHGOpMaIuen ¢ mo-
MOIIbIO ONTHYECKUX CEHCOpOB, IepeiaBas JaH-
HBIE O TEKYIIEM MOJOKESHUU U IPUHUMAS TaHHBIC
C IPOTUBOIOJIOKHOI'O YCTPOICTBA.

2. Hetlponnas cemv 011 00pabomxu OaHHbIX.
[TocTynaromiue ganHbie 00pabaThIBaIOTCS 3apaHee
00yueHHON HEWPOHHOU CEThIO, KoTOpas mpeodpa-
3yeT UX B IIECTh KOOPJMHAT, BKIIIOUAIOIIUX TPHU JIU-
HEHHBIX CMEIEHUs IIEHTpa TSHKECTH U TPH YIJIO-
BBIX NOBOPOTa (yIibl Difsiepa). DTU KOOpAUHATHI
MOCTYNAIOT B CUCTEMY YIPABJICHUS AJIs1 KOPPEKTH-
poBku nozunuu bITJTA.

3. Komnonenmu I111Y. Kaxnoe IIIIY ocna-
IIEHO:

— nepeoarowum ycmpoticmeom (ONTHUECKUAMA
uznyuarenb) — Ha BIIJIA ycranaBnuBarorcs 1Ba
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YCTPOWCTBA, pPa3HECEHHBIX HA 33JaHHOE PacCTOs-
Hue, a Ha BIIY — onHO yCTpOKCTBO, pacionoXKeH-
HOE B LIEHTPE;

— npUHUMAarOwWuM ycmpoicmeom (CEHCOpHas
naHenb ¢ (oroauonamu/hoTopesucTopamu) —
JUISl PETUCTPALMU CBETOBOIO CUTHAJIA OT IIPOTUBO-
nosoxxHoro IITY.

4. Obpamuas c6:13b U KOppeKMuposKa. Anro-
PUTM MOAJEPKUBAET OOPATHYIO CBSA3b, UTO I1O3BO-
JSIET KOPPEKTUPOBATh B3aUMHOE IOJIOKEHUE IS
TOYHOMN CTBIKOBKH.

2.2. OnucaHune anroputma

CyTph JaHHOTO aNTOPUTMA — B CO3JAHHUU 00-
paTHOM CBSI3U MEXKAY IBYMS YIPaBIsiEMbIMU O0b-
€KTaMH, YTO TO3BOJISIET UM TUHAMUYHO Pearupo-
BaTh Ha M3MEHEHUS OTHOCUTEJIHHOTO TOJIOKEHUS
Y OpPHEHTAIM{ B MPOCTPAHCTBE IS TOUHOW CTHI-
KOBKH. YCIeX JaHHOM MPOLEAypbl 3aBUCHUT OT TOY-
HOCTH CEHCOPHBIX CUCTeM U d(PGEKTUBHOCTH ajl-
rOpUTMa YIIpaBIIEHUs, KOTOPBIN TOJKEH OBICTPO U
TOYHO PACCUHTHIBATH HEOOXOIMMBIE KOPPEKTUPY-
OLIII€ MAHEBPBI JUIs TIOCTHKEHUSI COBMEILICHHS CH-
cTeM KoopauHar it 6e3omacHor cThIKOBKU BITJIA
¢ BIIV.

Cobop oannwix. Cencopuslie nqarynku Ha BITY
u BIUUIA peructpupyioT MOIOKEHUE Ja3epPHOTO
Jy4a, KOTOPBIA CBETUT HA HUX C IPOTUBOTIOIOXK-
HOTO OOBekTa (Hampumep, u3nydarenu Ha BITJIIA
HarnpaBJISIOT Jy4uH Ha naruuku BITY, u HaoGopor).

1. Ananuz pecucmpayuu. Ilo mokazaHusM ceH-
COpHBIX JaTYMKOB OIpENeNsIeTcs, Ha KaKuxX Koop-
nuHarax (X, V) Kaxapli U3 Tydei mormajgaet Ha co-
OTBETCTBYIOLIYIO CEHCOPHYIO NTaHeNb. JDTO JaeT UH-
(hopmanuio 06 OTKIIOHEHUH OTHOCHUTEITLHO HIIEAITh-
HOTO TOJIOKEHUS LIEHTPOB JIMIaPOB.

2. Aneopumm pacuema ceomempuu. Ha ocHoBe
9TUX JAaHHBIX aJTOPUTM PACCUUTHIBAET HYKHOE
nonoxxeHue u opueHTamio BITY u BITUIA, uToOs
COBMECTHTh MX CHUCTEMBbI KOOPAWHAT TaK, YTOOBI
OCH JIUJJapOB 000UX OOBEKTOB COBIAJIAIH.

3. Koppexmupyrowue marnespwol. BITY u BITJIA
HE3aBUCHMO JPYT OT JAPYTa BBHIIOIHAIOT MaHEBPHI
JUISL KOPPEKTUPOBKH CBOETO MOJIOKEHUS TAKUM 00-
pa3oM, 4TOOBI KOOPIMHATHI TOJIOKEHHS CIIeAa X
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Jyda Ha CMEKHOM TeJle COBMAAalv C UJIealbHBIMU
KoopAuHaTamu Ha coocTBeHHOM [TITY

4. Obpamnas cés3v u nosmopenue. Ilocne kax-
JIOTO JIeMCTBUS JaHHbIE CHOBA COOMPAIOTCA U aHa-
JTU3UPYIOTCS JUISl YTOUHEHUS TMOCIEAYIOIMHUX KOP-
PEKTUPYIOMINX ACHUCTBUIN. DTOT MpOIecC MOBTOPS-
€TCsl JI0 TEX TIOP, MOKa CUCTEMBI KOOPJIMHAT HE COB-
MaJyT HACTOJIBKO, YTOOBI 0OECIICUNTH YCIICUIHYIO
nocazaky BITJIA Ha noaBmxHYyO marhopMy B yciio-
BUSX OOEBBIX JICHCTBUIA.

3. HeipoceTeBast cuctema ynpasjieHUs

g o0y4yeHuss HEMPOHHOM CETH, UCTIONB3YIO-
HICHCS JUTI OPUSHTAIMH TTOJIOKEHHUS OECITIIIOTHOTO
netarenpHoro ammapara (BITJIA) B npocTtpaHcTBe,
ObuTa pa3zpaboraHa mporpamma Ha si3bike Python ¢
ucnoibp30BaHueM Onbmmorexu Keras. B aToit mpo-
rpaMMe HCIIONIB3YIOTCSl TaHHBIC, TOJIyYeHHBIE U3
MMUTALMOHHON MOJENH, co3anHoi B SolidWorks,
BKJIIOYasl YIJIbI IOBOPOTA, CMELEHUS], KOOPAHHATHI
n3nydareneii Ha BITJIA u KOHTpOJBHBIE 3aMephI.

C nomo1IpIo 3TOH MPOrpaMMbl IPOU3BOIATCS
pacueTsl CIeI0B NIEPBOrO U BTOPOIO M3Iydarenei
BITJIA Ha TOBEpXHOCTH BepXHEH TMIaT(GOopMbI
B3JIETHO-TIOcaiouHON ycTanoBku (BITY), a Taxoke
CTPOSITCSL MAaTPUILIBI KOOPAMHAT Clie[a U3JIydaTelis
BIUIA na BITY.

Hcnons3oBanue HEHPOHHBIX CETEHN AJIS OIpe-
nenenust opuentanuu BITJIA B mpocTpaHcTBe sB-
nsiercst Oomee APPEKTUBHBIM U TIEIECO0OPa3HBIM
MIOIXOJIOM I10 CPAaBHEHUIO C BBIYMCIECHUSIMH Ha OC-
HOBE JITOPUTMOB. JTO MO3BOJISIET PELIaTh 3a/1a49u
aBTOMaTHU3alluK TOJIETOB OECHMMJIOTHBIX armapa-
TOB, TaK Kak Tpebyercs 00paboTka 00JIbIIOro 00b-
emMa WH(OpMAalUH, BHITIOJIHEHHE MHOKECTBA BbI-
YHCIIeHNH, 00eCIeYeHe aBTOMAaTUYECKON MOCaIKH
BITJTA 1 BBICOKOM TOYHOCTH HOCAJIKH.

st yenenrHoro oO0y4eHuss HEMPOHHOU CeTH
HE00XOIMMO CTeHEPUPOBATh OOJIBIIOE KOJTMYECTBO
BapuaHTOB B3auMHOro nojoxenus BITY u BIIJIA
B IMpeAesax OrpaHMYEHU pa3MepoB CEHCOPHOM
30HbI BITY u BITJIA o Bcem AeBsiTH KOOpAUHATAM
MPOCTPAHCTBEHHOT'O MOJIOKEHUS. ITO 00eCTeunT
HEHPOHHOMW CETH TIOCTAaTOYHOE pa3HOOOpa3ue JaH-
HBIX JUIs 3 PexTuBHOrO 00y4eHHs] U TOYHOIO
onpenenenus nonoxenus bIIIA B npocrpaHcTBe.
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[Tepen Hagamom paboTHI ¢ HEHPOHHBIMHU Ce-
TSMH HEOOXOIMMO 3arpy3UTh JaHHBIC IS 00yde-
HUS MozienH. B KoHTekcTe paboThl Haja anropuT-
MOM pacyeTa reOMEeTPUHU B3aMMHOTO MOJIOKEHUS
B3JIETHO-TTOCAI0YHOM TUIATPOPMBI B O€CITIIIOTHOTO
JIeTaTeIbHOTO amnmapara JaHHble OOBIYHO UMIIOP-
TUPYIOTCS U3 TAOJIHIIBI.

[Ilarn MOATOTOBKM JaHHBIX BKJIIOYAIOT HE-
CKOJIBKO ATAIloB.

1. Umnopm Oanmnwix uz ¢paiina: naHHbIe W3
(aiina 3arpyxaroTcs B mepeMeHHbie X U Y IS 110-
CJIEITYIOIIETO UCTIOB30BAHMS B 00YIEHIH MOJIEIH.

2. Hopmanusayus oauHuix: KaXpaas XapakTe-
pHUCTHKa MacIITabUpyeTcs U Tpeodpa3yeTcs TaKuM
o0pa3oM, 9YTOOBI HAXOAUTHCS B 3aJaHHOM JHara-
30HE 00y4aromIei BBIOOPKH, OOBITHO MEXTY HyJIEM
W eTUHUIEN.

[IpenBapurenbHas 00pabOTKa TaHHBIX MOXKET
BKJTIOUATh CJIEAYIOIINE IIaru:

1) 3anonnenue nponyujeHnvix 3HaueHuli: ooec-
MIEYUBACT TOJHOTY MCXOIHBIX TAaHHBIX;

2) Hopmanuzayus OaHHbIX. TIPUBEJICHUE J1aH-
HBIX K 0011eMy MaciuTaly JUIsi CHUKCHUS BIHSTHUAS
Pa3NMUYHBIX IUHHI] U3MEPEHHUS,;

3) yoanenue 6vlOpocos: NUCKIIOUEHUE HEKOP-
PEKTHBIX WM HEOOBIYHBIX 3HAYEHU, KOTOPHIE MO-
T'YT UCKa3UTh PE3YIIbTaThl MOJEIH;

4) npeobpazosanue OanHbix: IPUBEIICHAC JTAH-
HBIX K HeoOXomuMomMy (opmary mist 00ydeHus MO-
JIeTH, HapuMep, MpeoOpa30BaHNe KaTeTOPHATbHBIX
MIEPEeMEHHBIX B YUCIIOBON (pOpMAT MM MCIIOIb30Ba-
HUE KOTUPOBAHNUS C OJHUM aKTHBHBIM COCTOSTHHEM
JUTSE 00pabOTKH KaTerOpHabHBIX TPU3HAKOB.

MacmtabupoBaHre JaHHBIX UTPAET BAXKHYIO
poib B 00yYSHHUH MOJIENTM MAaITUHHOTO 00ydYeHUs,
MIOCKOJIBbKY 00ecieunBaeT paBHOMEPHBIH BKJIa/ BCEX
MIPU3HAKOB B MPOLECC OOYUEHUs, YTO B KOHEYHOM
UTOTE MOXKET YIy4IINTh IPOU3BOAUTEIBHOCTD MO-
TIeTTH.

JInsi OLEHKH MPOU3BOAUTEIHHOCTH MOJAEIH
MaIIMHHOTO OOYyYeHHUs! JaHHbIE OOBIYHO pa3fe-
JISIFOT Ha 00YYaIOIy 0 U TECTOBYIO BEIOOpKH. O0y-
qaromnasi BHIOOpPKA WCIIONB3YETCS ISl OOydCHHS
MOJIENTH, B TO BpeMsl KaKk TECTOBasi BBIOOpKa HC-
MOJIB3YETCST JJIsl TIPOBEPKH MPOU3BOAUTEIBHOCTH
MOJIETT Ha HOBBIX, paHee He BUICHHBIX JAHHBIX.

[MTocne pazaeneHust JaHHBIX Ha 00YYAIOIIYIO U
TECTOBYIO BBIOOPKH TaKKe CO3/ACTCs BaIUIaIlH-
OHHas BEIOOPKA. DTOT MOAXOJ O3BOJISCT OIICHUTD
HpOI/I?)BOI[I/ITeJII)HOCTI) MOICJIN HA HE3AaBUCHUMBIX OT
00yuJaroIreii BBIOOPKH JTaHHBIX M [TOMOT'AeT BBISBUTh
ee crmoCOOHOCTE 0000IIaTh Ha HOBBIE TaHHEIE.

3. 1. Mpumep pa3buskmu Habopa [aHHbIX

Ha TPEHUPOBOYHbIE, TECTOBbIe U Ba/In[aLNOHHbIe
(anroputm pacyera reomeTpum B3anMHOIro
I10/10)K€HUSI B3/1IETHO-10Caf0YHOM niar@opmel
M 6ecrnnIOTHOro J1eTaTtesIbHoro annapara)

Jnst co3ganusa ycTOMYMBOW MOAENd HEHPOH-
HOU CeTH JaHHbBIE Pa3JesaoTCs Ha TPU BBIOOPKH:
TpenupoBouHyto (70 %), TecroByto (15 %) u Banu-
naroHHy10 (15 %). B Python s atoit 3ana4um uc-
nosnp3yercsa GyHkius train_test_split u3 6ubnuo-
teku scikit-learn:

X train, X val, X test, Y _train, Y _val, Y_test =train_
test_split(
X scale, Y_scale, test_size=0.3, random_state=4)
X val, X test, Y _val, Y_test = train_test_split(
X val_and_test, Y_val and_test, test_size=0.5, ran-
dom_state=4)

ITocne pa3zneneHus JaHHbBIX BBIOIHACTCS HOP-
MajM3alys U IpOBEpKa Ha PENpPEe3eHTaTUBHOCTb.
3T0 HEOOXOANUMO 15 00ECTIeUeHUS CTA0OMIIBHOCTH
¥ KayecTBa MOJIENN IIPH 00pabOTKe HOBBIX JAHHBIX.

3.2. lMpumep nocrpoeHns Mo[esIn HEVPOHHOMH
cetu (anroputm pac4eta reoMeTpun B3aunMHOro
I10J10XK€HUSI B3J/IETHO-MOCa[40YHOM 1m1aT@opmMbi
M 6ecnusiIoTHOro 1eTaresibHoro annapara)

[Tpu paGote Haa aATOPUTMOM HCIIONIB3YIOTCS
JaHHBIE OMOMMOTEKN Kitacca Sequential, KOTOPBIA
TpYIIUPYET JIMHEHHBIH HA0Op CIOEB B NepeMeH-
HY10 model. B nTaHHOM nipuMepe UCTIONb3yeTCs Clie-
IyFOIIIasi apXuTEKTypa HEeHpOHHOM ceTH (puc. 4).

1. Bxoonoii cnoii: Tlnotasiii (Dense) crnoit ¢
9 HelipoHaMH, COOTBETCTBYIOIIMMHU BXOJHBIM I1a-
paMeTrpam.

2. Ckpvimole cnou:

— nepBbId CKpBITHIN coit ¢ 2000 HelipoHaMu
u Qynkuueit akrusaruu ReLU;

— BTOPOM M TpeTuil cKkpbIThie ciou mo 1500
HelpoHOB Kaxiplil ¢ ReLU;
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— nBa ciost Dropout [uist mpeoTBparieHus re-
peobOydeHus.

3. BwixooHou cnou: ¢ 6 HelipoHaMH U (PyHK-
nueit akruBaiuu Hard Sigmoid ams npenckasanus
6 mapaMeTpoB.

dense 4 input | input: | [(None, 9)]

InputLayer output: | [(None, 9)]
A
dense 4 | input: (None, 9)
Dense | output: | (None, 2000)
A
dropout_2 | input: | (None, 2000)
Dropout | output: | (None, 2000)
A
dense 5 | input: | (None, 2000)
Dense | output: | (None, 750)
A
dropout_3 | input: | (None, 750)
Dropout | output: | (None, 750)
Y
dense 6 | input: | (None, 750)
Dense | output: | (None, 375)
A
dense_7 | input: | (None, 375)
Dense | output: (None, 6)

Puc. 4. Cxema HeMpOHHOI ceTn
M cTo4Hwuk: BeinonHeHo B.A. Cycnoseim, C.B. Marapckum

Figure 4. Neural network diagram
Source:compiled by V.A. Suslov, S.V. Gagarsky

DTa apXUTEKTypa HEMPOHHOM CETH MOXKET OBITh
s dexTUBHOM 11 3a1a4M pacueTa reOMeTpUH B3a-
VUMHOTO TOJIOKEHHS B3JIETHO-TIOCAJ0YHON TUIAT-
(hopMBI 1 OECTIMIIOTHOTO JIETATEILHOTO armapara.

3.3. Komnunayms mogesin
(cbopka n HacTporika Mmogesn 471 o6y4eHns)

[Tocne ompeneneHusi apXUTEKTYPbl MOACIH
TpeOyeTcsi KOMITMIIMPOBATh €€ C BEIOpaHHBIMU T1a-
pamerpamu. KoMImusisimst MOJesi BKIIFOYaeT BBIOOD
ONTUMM3aTOpa, (PYHKIHMU NOTEph U METPUK IS
OLICHKH TIPOU3BOJUTEIILHOCTH.
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model.compile(optimizer='adam',
loss="msle', metrics=['accuracy'])

Ha sToMm 3Tame ciemayeT BBIOTHUTH CIETyTO-
LIUE AEUCTBUS:

a) BBIOpaTh ONTHUMH3ATOP;

b) Be1Oparh ynkIuio noteps (loss function);

C) BBIOpaTh METPUKY (Mmetrics);

d) ycTraHOBUTH TOYHOCTH (accuracy).

[Tocne xoMmUIsIMK MOJIENb OyIeT TOTOBA IS
oOyuenus. B mporiecce oOydeHus mozaenu B On0-
mnoteke Keras cieayer BBINOIHUTH CIEAYIOIINE
I1ary:

— IepeaTh MOATOTOBIICHHBIE TAHHBIE B MOJICIb;

— BBIOpATh KOJIMYECTBO DMOX (epochs) M pas-
Mep nakera (batch size);

— BBITOJTHUTH MPOIIECC OOYYEHUsI C TTOMOIIBIO
Metona fit().

[lepen Hagamom oOyueHust MOZIEIN BaKHO TIe-
penarb NoAroToBIeHHbIC nanHbie B MeTof fit(), nc-
MOJIB3Ysl 00y4arolyto BEIOOPKY X_train my_train.

3.4. lMpumep oby4yeHns Mogesin HevrpOHHOH ceTu
(anropnutm pacyera reomeTpumn B3aNMHOrIro
I10J10)K€HUSI B3/1Ie THO-T0Caf04YHOM nar@opmsi

M 6ecrnnsIOTHOro J1eTaTtesIbHoro annapara)

OO0y4eHue MoJeNTH IMPOUCXOUT B TEUEHUE (PUK-
CHPOBAHHOTO KOJIMYECTBA AIOX (MTepaluii Ha Ha-
Oope JaHHBIX), TJIE A0Xa MPEACTABISAET COOOH OIMH
MOJIHBIN TIPOXOJT TI0 BCel oOyuaromieli BEIOOPKE.
Jlnst onpenenieHus MOAXOASIIETo YHciia 30X pe-
KOMEHIYETCS OTCJICKUBATh METPUKH ITPOU3BON-
TEJIBHOCTH MOJIENI Ha BaJHMJAIIMOHHON BBIOOPKE.
Pa3mep makera onpenenser KoIm4ecTBo 00pasIios,
nepeaaBaeMbIX MOJIEIH 33 OJIHY UTEPALHIO, OOBIYHO
BbIOMpaeTcs Tak, 4TOOBI 00ECIEUUTh XOPOIIYIO
CKOPOCTh OOYyYEeHHS U YIOKUTHCA B JOCTYIHYIO
naMsTh.

B nanHoM ciyyae HelipoHHast ceTh 00yJanach
B TeueHnre 100 31mox, UCMOIb3ysT TECTOBBIE BXOI-
HBIE ¥ BBIXO/IHBIC JaHHbIE, KOTOphIe OBLIN Mpe/Ba-
PHUTENBHO MOTY4eHBI NP pa30UEeHNH MOITHOTO Ha-
6opa maHHBIX. OObEM JTAHHBIX (KOJMYECTBO CTPOK),
nepenaBaeMbIX MOJETH MEXIY BBIUUCICHUSIMU
(GYHKIIMH MTOTEPh, BBIOPAH paBHBIM 32.

[Iponecc 0OyueHns BKIIOYAET Hepenady Mmoj-
TOTOBJICHHBIX JaHHBIX B MeTon fit() ¢ ykazanuem
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gucia 3Mmox M pasMepa nakera. Merox fit() o0y-
YaeT MOJedb Ha NMPOTSHKEHUU (DPUKCHPOBAHHOTO
YHCIIa 10X, OOHOBJISISI BECa C UCTIONB30BaHUEM BhI-
OpaHHOTO ONTHMHU3aTOPa U MUHUMH3HPYS (DYHK-
LUIO TTOTEPb.

[Tpu 0OyueHnn MosIeN PEKOMEHIYETCSs COXpa-
HSITh UCTOPUIO METPUK MPOU3BOAUTENLHOCTH IS
MOCIIEYIOIIETO aHaau3a 1 Busyanusanuu. Ilo 3a-
BEpIICHNN 00yUYEHHS MOJIEITh OyJIET TOTOBA IS MC-
MOJIb30BAaHUS B MPECKa3aHUIX WM OILEHKE Mpo-
U3BOJIUTEIIBHOCTH HAa HOBBIX JaHHBIX.

Ucnonb3ytorcss mnepemenHsie X_train® u
"Y_train® a5 XpaHeHHs TPEHUPOBOUHBIX JJAHHBIX,
MOJYYECHHBIX MPHU pa30MEHUU MCXOIHOTO Habopa
JTAHHBIX.

[Tapamerpst metona fit():

— batch_size: xonmu4ecTBO BBIOOPOK ISl 00-
HOBJICHUS TPAJIUCHTA;

— epochs: KONWYEeCTBO AMO0X JJIsi 00yUeHHS MO-
JIeIu;

—validation_data: nannbie, UCTIONB3yeMBbIE JUIS
OLIEHKH MOTEPh U METPHUK MOJICIH B KOHIIE KXKI0U
STI0XH, HO HE /7151 00y4YCHUST MOETIH.

hist = model.fit(X_train, Y_train,
batch_size=32, epochs=100,
validation_data=(X_val, Y _val).

Merton evaluate() ucronb3yercst Ui OLIEHKU
MIPOU3BOIUTENBHOCTH MOJIEIIH B TECTOBOM PEKUME.
OTOT METOJI BO3BpaIllaeT 3HaueHue 1noreps (loss) u
3HAYEHUS BHIOPAHHBIX METPUK Ul MOJIENIU Ha Te-
CTOBOM Ha0Ope JaHHBIX.

ITpumep ucnonb3oBanus metona evaluate():

accuracy = model.evaluate(X test, Y _test)
print('Loss: %.6f" % (accuracy[0]))
print('Accuracy: %.2f%%' % (accuracy[1]*100)),

rne, model — Bania oOydenHast Mmojienb, X test —
TECTOBBIC BXOAHbIC JaHHbIC, Y _test — cOOTBeET-
CTBYIOIIIE 3TUM JIaHHBIM OXKU/Ia€MbI€ BBIXOJHBIC
JIAaHHBIE.

ITocne BeimonHenus Metona evaluate() momy-
YMM 3Ha4YEeHHUE MOTEPh MOJIENIM Ha TECTOBOM Habope
JTAaHHBIX, a TAK)KE 3HAYCHUS BHIOPAHHBIX BAMHU MET-
PUK, KOTOPBIE TO3BOJISIIOT OLICHUThH MPOU3BOHU-
TEIBHOCTh MOJIEJIM Ha HOBBIX, PaHEe HE BUJICHHBIX
JTAHHBIX.

Korna moznens oOyueHa, Mbl MOKEM COXPAHUTD
ee sl OyayIIero MCIOJIb30BaHHS MM TMepeaadn
Ipyrum. B nporecce pa3zpaboTku MOJENH C UCTIONb-
30BaHueM Keras MOXeT BO3HUKAaTh HEOOXOIUMOCTh
B OTJIAJIKE U YITy4ILIEHUU MOJIEIH I JOCTUKEHUS
JYYIIUX Pe3yJIbTaTOB.

AHanu3 U BU3yaJIH3aIsl Pe3y/IbTaToB MOMO-
TYT BaM JIydIlle IOHATH, KaK Ballla MOJeIb paboTaeT
U YTO MOXKET ObITh yiyunieHo. B Keras Bbl MmoxeTe
MCIIOJIb30BaTh HCTOPUIO OOYUEHHS, TOJTyYEHHYIO B
nporiecce 00ydeHus, A aHATIN3a METPHUK IPOU3-
BOJHUTEIBHOCTH, TAKMX KaK TOYHOCTh M (DYHKIUS
MOTEePb.

3.5. Mpumep perynaumnm Mogesin HeVpPOHHOH
certu (anroputm pac4yera reoMeTpun B3auMHOro
I10/10)K€HUsI B3/1IeTHO-10Caf0YHOM naargopmel
M 6ecnusiIoTHOro 1eTaresibHoro annapara)

Ilepen ncnonp3oBaHrEM HEUPOHHOU CETH HE-
00XOIMMO TIPOBECTH OIEHKY JIOCTOBEPHOCTH pe-
3yJIBTaTOB BBIYMCIICHUI CETH Ha TECTOBOM Habope
BXOJIHBIX BEKTOPOB. J{JIs1 3TOTO ClieAyeT NCIOb30-
BaTh TECTOBBII HA0Op, KOMIIOHEHTHI KOTOPOTO OT-
JMYAIOTCS OT KOMIIOHEHTOB Ha00Pa, NCIOIb30BaH-
HOTO JIJ1s1 00y4YeHHSI.

Baxxno obecrieunts pazHooOpaszue u perpe-
3€HTaTUBHOCThH TECTOBOTO HA0OPA JAHHBIX, YTOOBI
MOJyYUTh OOBEKTHUBHYIO OLIEHKY ITPOU3BOIUTENb-
Hoctu mozenu. Ilpu BeIOOpe TecToBOro Habopa
CJelyeT YYUTHIBaTh, UTO OH JIOJDKEH COJEP)KATh
JTaHHBIE, KOTOPbIE MOJIETb HE BUJENA B MPOLIECCEe
00yueHus1, 9To0bI OLIEHUTH €€ CIIOCOOHOCTH K 0000-
IICHUIO Ha HOBBIE, paHee HEM3BECTHBIC JaHHBIC.

[locne npoBeneHUst TECTUPOBAHUS HA TECTO-
BOM Habope TaHHBIX MOXKHO OLIEHUTh paboTy MoO-
JIeNA U TIPUHATH PelIeHUe O ee JajbHeieM uc-
MOJIH30BAaHUH W HEOOXOIMMOCTH JIOTIOTHUTEIb-
HOI HAaCTPOMKH.

Perynsipuzanust Mozjesn HEMPOHHOM CETH MO-
’KeT OBITH MOJIE3HBIM METOJIOM JIJIS IPEeIOTBpaIle-
HUS 1epeoOydeHuss M yaydlleHus o0oO0Imaronen
CroCcOOHOCTH MOJENU. Pa3iuHble METOIBI pery-
nspusanuu, Takue Kak LI u L2 peeynapusayus,
Dropout u Batch Normalization, MOTYT TIOMOYb
VAYYIIATH TIPOU3BOJUTEIIEHOCTh MOJIENT Ha HOBBIX
JAHHBIX U CIeNaTh ee 00oee YCTOWYMBOU K IIyMy
BO BXOJHBIX JJAHHBIX.
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JIOTIOJTHATENTEHO JIJIs1 OLIEHKH TIPOW3BOAUTEIh-
HOCTH MOJIEJI Ha TECTOBOM HabOpe JaHHBIX MOKHO
UCIIOJIb30BaTh METPHKHU, TaKhe KaK TOYHOCTh
(accuracy), monHoTa (recall), TO4HOCTD (precision)
u Fl-mepa. OTv METPHUKH IMTOMOTYT OLICHUTh Kade-
CTBO pPabOTHI MOJECIM M €€ CIIOCOOHOCTh IIpa-
BHJILHO KJIACCH(HUIIMPOBATH JAHHEIE.

BaxHO TOMHHTB, YTO peTyIsIpU3aIys U TECTH-
pOBaHME MOJIENN Ha Pa3HOOOPa3HBIX JAaHHBIX SB-
JSIFOTCSI BOYKHBIMH [IaTaM# B pa3padoTKe HeHpPOH-
HBIX ceTel, yToObl 00ecTeunTh X 3PPEKTUBHYIO
paboTy M CIOCOOHOCTh K 00OOIICHHIO Ha HOBBIS
CUTYaIIHH.

3.6. lMpoBepka mogesin ripu nomoLyn
TecToBOro Habopa faHHbIX

[Tocne BoimonmHeHust Metona “evaluate()” mo-
JIeNTb BO3BpAIlaeT 3HA4YCHHE TOTeph M 3HAYCHUS
BBIOPAHHBIX METPHK Ui MOJICTH B TECTOBOM pe-
*kuMme. B cnenyroiieM npumepe xoaa:

accuracy = model.evaluate(X test, Y_test)
print('Loss: %.6f" % (accuracy[0]))
print('Accuracy: %.2f%%' % (accuracy[1]*100))

OTH YUCIOBBIE 3HAYCHUS MO3BOJISIOT OLCHUTD,
HACKOJIBKO XOpOHmIO MOACIb CIIPAaBJIACTCA C KJIacC-

MoTepn Mogenu / Model Loss

—— Train
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0.020
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(=] w
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Snoxa / Epoch

Puc. 5. Notepn mopenn
M cTo4HwMK: BbinonHeHo B.A. CycnosbimM, C.B. Narapckum

Figure 5. Model losses
Source:done byV.A. Suslov, S.V. Gagarsky
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cudukammeit nanaeix. To4HOCTH (accuracy) yka-
3BIBACT HA MPOIEHT MPABUWJIBHO KIACCH(PHUIIUPO-
BaHHBIX 00pa3noB, a ¢yHkuus notepb (loss
function) usMepsieT pazHUIy MEXIy MpeacKa3aH-
HBIMU 3HAUCHUSAMU U (PAKTUUECKUMU 3HAYCHUSIMH.

WuTepriperanys TOUHOCTH U QYHKIIMH TIOTEPh
MIOMOT'aeT MOHSTh, HACKOJIBKO XOPOIIIO MOJIEIh 00Y-
YEHa U HAaCKOJbKO TOYHO OHA JAENAeT MpeacKasa-
Hus. Tounocts 6mu3ka k 100 % 1 yka3bIBaeT Ha BbI-
COKYIO CIIOCOOHOCTh MOJIENIN K IPAaBUIIBHOM Kilac-
cuuKaluy JaHHBIX, @ HU3KOE 3HaYeHHEe (QYHKIIUN
HOTEPb TOBOPUT O TOM, YTO MOJIEIIb XOPOIIIO COOT-
BETCTBYET JIaHHBIM.

OTH pe3ynabTaThl MOTYT OBITH MCITOIB30BAaHBI
JUISL CPABHEHMSI Pa3IMYHbIX MOJEIIEH WU JUIS OLIEH-
KU yIIy4IIeHUud B mpouecce ooyuenus. JlononHu-
TEJIbHO BU3yaJIU3allUsl METPUK MPOU3BOAUTEIHHO-
CTH MOJIeNIM Ha rpadukax MOXeT MOMOuYb Oolsee
HaIISTHO NPEJCTaBUTh €€ 3()(PEKTUBHOCT U U3-
MeHeHHs BO Bpems o0ydeHus. Ha sTom stane Heil-
pOCETh BO3BpAILAET 3HAYCHUE NTOTEPD U 3HAYCHHUS
nokasareiaeil Iy MOAENN B TECTOBOM PpEKUME
(puc. 5). IIpu gaHHBIX HACTPOHUKAX HEHPOCETH J10-
cturaet TouHocT B 98,17 %, a pyHKIMsI nmoTephb
BbIZIaeT pe3ynsrar 7.0177e-06 (puc. 6).
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Puc. 6. ToyHOCTE MOAENN
M ¢ T0o4Hunk: BoinonHeHo B.A. Cycnosbim, C.B. MNarapckum

Figure 6. Model accuracy
Source:donebyV.A. Suslov, S.V. Gagarsky
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Jnist mpoBepKU MOJIETTH MCTIONB3YIOTCS TECTO-
BbI€ BXO/IHbIE JTaHHbIE. [lomyueHHbIe pencKa3aH-
HbI€ JJaHHBIE MOYKHO CPaBHHUTb C TECTOBBIMU BbI-
XOIIHBIMH JTaHHBIMH, KOTOPBIE SIBISIFOTCSI ATAJIOH-
HbIMU. Tarxke MOXXKHO TMOAAaBaTh KaK OJUHOUYHBIC
CTPOKU C 9 BXOAHBIMU JJAHHBIMHU, TaK U HECKOJIBKO
CTPOK TMOJPSII, IMYJIUPYS MOAa4y JaHHBIX Ha HEl-
POHHYIO CETh OT YIPABJIAIONIETO ITyHKTA YIIpaBiie-
Hus [ITY.

[Ipu cpaBHEHHH KOMITIOHEHTOB ASTaJOHHBIX
BEKTOPOB C COOTBETCTBYIOUIMMH KOMIIOHEHTaMHU
BBIXO/IHBIX BEKTOPOB HEHPOHHOM CETH BHIHO, YTO
MOYTH BCE TOYKHU JISKAT HA MPSMOM, UYTO CBUJE-
TEBCTBYET O MPABWIBHON paboTe CeTH Ha TeCTO-
BOM HaOope MaHHBIX (pHc. 7).

Perpeccua / Regression
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7 0.4

0.2
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Boixoa / Output

Puc. 7. Perpeccus
M ¢ To4Hunk: BoinonHeHo B.A. CycnosbiM, C.B. MNarapckum

Figure 7. Regression
Source:done by V.A. Suslov, S.V. Gagarsky

PaccMOTpeHO HECKONIBKO pacmpOCTPaHEHHBIX
METOJIOB COXPAaHEHHUS M 3arpy3KH MOJIENH, TaKuX
KaK peryisipu3alnysi, COKpameHne pasMepHOCTH U
ayrMeHTauus JaHHbIX. CoxpaHeHHe M 3arpy3ka
MOZCIIN SABJIAIOTCS BaXXHBIMU ITPpOLECCaMU IIPpH pa-
6ote ¢ nryOokuM oOydyenuem. OHU MTO3BOJISIOT CO-
XPaHUTh Pe3yJbTaThl OOYYEHHsI M HCIIOIb30BaTh
MOZCIIb B APYTHUX NPUITOKCHHUAX W IPOAOJIKUTD
o0y4eHHue ¢ COXpaHEHHOH TOYKH.

[Tocne Toro kak Mozienb 00y4YeHa U yiTydIleHa
B Keras, ee MO’)KHO COXPaHUTB JIJIs IOCTIEYIOIIETO
UCIIOJIb30BaHUs 0€3 HEOOXOIUMOCTH MOBTOPHOIO
oOyuenusi. 3arpykeHHasi MOJieb OyAeT roToBa K
MCTIOJIb30BaHMIO /ISl TIPEJCKa3aHUi MM OLICHKU
MPOU3BOJAUTEIBHOCTH Ha HOBBIX JaHHBIX.

Jns Bu3yanusauuu npouecca oOyueHus U
OIIEHKU MOJIEIH MPEICTABICHBI IPa(UKH MOTEPh U
TOYHOCTH MOJICJTM Ha TPEHUPOBOYHOM W BallUIa-
LIMOHHOM Ha0opax JaHHbIX. Takke MpeacTaBieH
rpaduk perpeccuu, oToOpa’karoMUii COOTHOIIIE-
HHUE MEX/Y MpeICKa3aHHBIMU U UCTHHHBIMU 3Ha-
YCHUSIMMU. KpOMe TOTO, ITPUBEICH IPUMED UCIIOJIb-
3oBanus (yaknun plot_model n3 TensorFlow
Keras 11 BU3yanu3anuy apXuTeKTypbl MOJEIH.

Bce 3T maru moMmoraroTt He TOJIBKO OLOCHUTH
MMPOU3BOAUTCIILHOCTh MOJACIW, HO W JIYUlIC IIO-
HSATH e padoTy, a TaKkKe 00eCIeYUTh BO3SMOKHOCTh
MOCJIEAYIOUIETO HCIIOJIb30BAaHUS U AalbHEHIIIero
YILY4ILIEHUS.

4, Pe3ynbTaTbl UCcnenoBaHns

B pezynomame pazpabomku u mecmuposanusi
Helipocemegoll cucmemul ynpagienus J0CTUTHYTa
TOYHOCTh paboTsl cucteMbl 98.17 %, uro mox-
TBEPKAAET BHICOKYIO 3()(EKTUBHOCTH BEIOPAHHOM
apxuTeKTypsbl. [lodydeHo MUHUMAaTbHOE 3HAaYCHNE
¢byskmuu otepsk (7.0177e-06), cBUACTETHCTBYIO-
1iee 0 CTaOMIBHOCTU O0yUYEHHS.

PeanuzoBana onTumalibHas apXUTEKTypa Hel-
POHHO# CeTH C BXOJIHBIM clioeM (9 HEUPOHOB) ISt
00pabOTKH JTaHHBIX C CEHCOPOB — TPEMS CKPBI-
ThiMU citosiMu (2000, 1500, 1500 HelipoHOB) ¢ PyHK-
uueit akruBauuu RelLU, nByms cinosimu Dropout
JUISL TIPEAOTBPALICHUS NIepeoOyUYEeHUs], BBIXOAHBIM
cnoeM (6 HelipoHOB) ¢ ¢yHKIMel akTuBaru Hard
Sigmoid.

Coznan >(pQeKTHBHBIA aNTOPUTM OIIpeee-
Hus B3auMHoro nojoxenus BITJIA u nnardopmel,
OCHOBaHHBIM Ha HCIOIB30BaHUM MpHEMONepea-
IOIUX YCTPOMCTB C JIWJapaMu M MaTpuiaMu ¢o-
TOPE3UCTOPOB U 00PaOOTKE TAHHBIX 9 TapaMeTpoB
TIOJIOKEHMSI JIJIs1 OTIpe/ieSieHHsI 6 KOOpAMHAT Mpo-
CTPAHCTBEHHOTO TOJIOKECHHUS.

Pa3paborana mporpaMMHO-amnmnapaTHas CU-
CTeMa, BKITIOUAIOIIas MEXaHU3aIHIO Mpolecca mo-

423



Suslov V.A., Gagarsky S.V. RUDN Journal of Engineering Research. 2024;25(4):413-426

CaJIKM, aJlTOPUTMBI yIpaBIeHUs Ha 0a3e HEHpOH-
HBIX CETEH, CUCTEMY CEHCOPOB /ISl TOUHOTO MO3H-
LMOHUPOBAHHUS.

3aknioyeHve

3anada TOYHOTO ¥ TUIaBHOTO ommyckanust BILIA
Ha MOABIDKHYIO MOC/I0YHYIO MIaThopMy B YCIIO-
BUSIX OOEBBIX JEMCTBUI MTPECTABISIET 3HAYUTEb-
HBIE CIIO)KHOCTH, Jak€ NPU HAJIUYHUU COBPEMEH-
HBIX TEXHOJIOTUI U CUCTEM yIpaBIeHHs. ITO 00y-
CJIaBJIUBACT HEOOXOIUMOCTb pa3pabOTKU U BHE-
pEHHS TEPENOBBIX TEXHOJOTWM, TaKUX KAaK HEM-
POHHBIE CETH, AJISi MOBBIMICHUS S(PPEKTHBHOCTH
MOCaJIOYHOT0 IIpoliecca B YCIOBHSX PEabHOTO
BPEMEHH U U3MEHSIONINXCS BHEITHUX (DaKTOPOB.

HelipoHHble ceTn UrparoT BaxHYIO pOjib B aB-
Tomaruzanmuu nocanku BIIJIA Ha mDoaBMKHBIE
1aT(hOPMBI, TTO3BOJISASA CHCTEME 00yUJaThCst Ha IIH-
pokoM HaOope MaHHBIX U MPUHUMATh PELICHUS B
peaJbHOM BpEMEHH. AanTHPYsCh K IepeMeHam
B OKpYXalollel cpesie, HeMPOHHbIE CETH YUHUTHI-
BalOT Takue (HaKTOPHI, KaK JABIKEHHUE TIIaT(HOPMBI,
MOTOJIHBIE YCIIOBUS, IPEMATCTBUSA U IpyTrUe napa-
METpBbI, UTO o0ecreunBaeT CTabMIbHYO U Oe30mac-
HYIO TIOCAJIKY.

[IpuMeHeHNnEe HEMPOHHBIX CETEW HE TOJIBKO
yAydIIaeT TOYHOCTh MTOCAIKU, HO M TIOBBIIIAET 0e3-
OTIACHOCTh OTEPALUH, TO3BOJSET OBICTPO pearu-
pOBaTh Ha U3MEHEHHE OOCTOSTEIBCTB U YIyUIlaeT
KOOPJMHAIIMIO BOECHHBIX JAeWcTBUi. Takum oOpa-
30M, HEHPOCETEBBIE TEXHOIOIMH B aBTOMaTH3HPO-
BaHHOU nocajike BITJIA crmocoOCTBYrOT 3HAYHUTEb-
HOMY yBeIMYEHUIO 3()(HEKTUBHOCTH M YCHEIIHO-
CTH OTepalii, 0COOEHHO B OOEBBIX yCIOBHSIX, IIIe
BpeMsl UTPaeT KPUTUUECKYIO poib. [IpoBeneHHOe
HCCIIeIOBaHre MOATBEPANIIO (P PEKTUBHOCTD MPH-
MEHEHHUS HEMPOHHBIX CETeH sl pelleHUs] 3a/1aun
apromarudeckort mocajku bITJIA Ha monBrxHYIO
miargopmy. Pazpaborannas cucrema 1€eMOHCTPH-
pPYET BBICOKYIO TOUHOCTh U HaJI€XKHOCTb, YTO OCO-
OEHHO Ba)KHO TPH SKCIUTYaTaIlH B CIIOKHBIX YCIIO-
BUSIX.

B paGote paccMOTpeHbI OIX0/IbI K aBTOMATH-
yeckoMy ynpasieHuto bITJIA ¢ ucnonb3zoBanuem
HEHPOCETEBBIX PETYIATOPOB, MPOAHATUZUPOBAHBI
CIICHApUU 3aX0/ia Ha MOCAJKY B YCIOBHUSAX BEPTU-
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KaJbHBIX BETPOBBIX BO3MYILEHUH U NPEACTABIECHBI
APXUTEKTYpPbl HEHUPOCETEBBIX PETYISATOPOB IS
yIpaBJieHuUs B IPOJOILHOM KaHaie. Takxke npuBe-
JIEHBl pE3yJIbTaThl MOJACTHPOBAHHS M OOyUYECHHS
CEeTH, TMOKa3aBIlINE BBHICOKYIO TOYHOCTH B BBIMNOJ-
HEHUH JIBYX YIPaBJIECHUYECKHX 3aKOHOB, 00eCTIeUn-
BAaIOIINX CTA0MJIBHOCThH TOJIETa U TOYHOCTH IIO-
canku. [lanpHeiniee COBEpIIEHCTBOBAHNE HEHPOH-
HBIX CETeH U UX MPUMEHEHHUE B OAOOHBIX 3aa4ax
MOTYT 3HAUUTENBHO YIy4IIUTh 3)(HEKTUBHOCTD U
0€30MacHOCTh aBHAIMOHHBIX omepanuid. [IpakTu-
YyecKas 3HAYUMOCTh PE3yNbTaToB 3aKIIOYaeTcs B
BO3MO)KHOCTH WX TPUMEHEHUS ISl TOBBIIICHUS
3pPEKTUBHOCTH U OE30MACHOCTH OTIEpaIMid C WC-
nosb3oBanreM BITJIA, ocoOeHHO B yCIIOBHSIX, TPE-
OyIOIIMX BBICOKON TOUHOCTH MO3UIIHOHUPOBAHUSI.
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Abstract. This research work introduces a robust methodology for estimating three
components of wind speed by leveraging airspeed, angle of attack, and sideslip angle
measurements from both Satellite Navigation System (SNS) data and on-board
sensors. By integrating these diverse sources of information, the proposed algorithm
using parametric identification method achieves remarkable accuracy in determining
the crucial parameters, i.e. wind speed components, necessary for flight operations.
The research was conducted suggesting that the airflow has a constant direction and
speed. The estimation of wind speed components is performed for distinct flight
duration 20, 31 and 46 seconds in various types of flight maneuver. In order to
determine the shortest duration of processing time at which the accurate estimates
of three components of wind speed can be ensured, sliding window approach is
applied. Notably, this approach yields reliable estimations within an impressive
processing time interval of just 0.5 seconds. The findings have significant implications
across various domains such as aviation safety enhancement, meteorology applications,
and overall operational efficiency improvement of aircraft.
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3asiBjieHHe 0 KOH(UINKTE HHTEPECOB

ABTOpBI 3asBIISIOT 00 OTCYTCTBUH
KOH(JIMKTa HHTEPECOB.

Bxkaan aBTopoB

ABTOpBI BHECIT PaBHOIICHHBIN BKJIA]]
B cOOp M aHANU3 JaHHBIX.

AnHoranus. Hacrosmas uccnenosatensckas padora MOCBsIIEHa pas-
paboTKe HaJIS)KHOTO AJITOPUTMA OLIEHUBAHHS TPEX MPOEKLUH CKOPOCTH
BETpa Ha OCHOBE U3MEPEHHUI BO3LyIITHOW CKOPOCTH, yTJIa aTaKH U yria
OOKOBOTO CKOJIL)XKEHHS KaK I10 JJAHHBIM CITyTHUKOBOW HaBHT'allMOHHOM
cucrembl (CHC), Tak u mo 60pToBbIM naTyrkaM. [lyTem mHTErpanuu
9THX Pa3HOOOPA3HBIX MCTOYHUKOB MH(OpMANNH, NpeIoKEeHHBINA all-
TOPUTM, HUCTIONB3YIOMMI METOA IapaMeTpUYecKOd HICHTH(UKAIHH,
JIOCTUTAeT 3HAYUTENbHOM TOYHOCTH B ONpeAeTICHUH BaKHEHIIINX mapa-
METPOB, TO €CThb IPOCKIINHI CKOPOCTH BETPA, HEOOXOAUMBIX JUIS BBINOJI-
HeHus nojaeroB. MccnenoBanue NpoBOAKUIOCH B IPEANIONOKEHUH, YTO
HampaBJIeHHUE U CKOPOCTh BeTpa MOCTOSAHHBL OIleHMBaHUE MPOEKIMH
CKOPOCTH BETpa MPOU3BOJHIICS [UIS PA3IIMYHbIX AJIUTEILHOCTEH MosIeTa
20, 31 u 46 cekyH[ MpHU pa3IMYHbIX TUIAX MOJETHOTO MaHeBpa. Jis
OTIpe/IeTIeHNs] HAMMEHBIIIEro UHTEpBala BpeMeHH 00pabOTKH, MPH KO-
TOPOM MOTYT OBITH MOJTYy4EHBI TOUHBIC OLIEHKU TPEX MPOEKIHI CKOPO-
CTH BETpa, MPUMEHSETCS OAXOA CKOJB3sMIero okHa. [IpuMedarensHo,
4TO TOT NOJXOJ MO3BOJIAET NOIy4YaTh HAaJEKHBIE OLIEHKH 3 BIIEYATIISI-
IO MHTEpBaJ BpeMeHH 00paboTKH, cocTapistommid Beero 0,5 ce-
KyHIb!l. [lomydeHHbIE pe3ynbTaThl UIMEIOT BaXKHOE 3HAYCHUE VIS pas-
JMYHBIX 00acTed, TaKWX Kak MOBBINICHHE OE30MacHOCTH IOJIETOB,
MPUMEHEHNE B METEOPOJIOTHH M TIOBBIIIEHHE OOLIeH SKCIUTyaTalluoH-
HOU 3 (HEKTUBHOCTH BO3AYIIHBIX CYIOB.

KuiroueBble ciioBa: napamerpryeckas HACHTU(PHUKALNS, MAHEBD TOJIETa,
CKOPOCTh BETPA, YrOJl ATAKH, YIOJl CKOJIBKEHHUS, BO3/YIIIHAS CKOPOCTh

Baaropapnoctu

ABTOpBI BbIpaKaroT FJ'Iy6OKyIO MPU3HATCIBbHOCTDb KOJJICTAM 110 KOMAaH/C 3a IIOCHIIbHBIN BKJ1aJ1, o0ecreYnBIINi 3aBEPIIIC-
HUE UCCIIE0BATENbCKON pa6OTbI. ABTOpLI TaKK€ BbIPpAXKAIOT NPU3HATCIIbHOCTDb PELICH3CHTAM 3a I0JIE3HbIC KOMMCHTapHuu
U IPEAJIOKECHUS, KOTOPBIE IMOBBICUIIN KAYE€CTBO HCCHeHOBaTeHBCKOﬁ pa6OTBI.

JJist uuTupoBaHust

Korsun O.N., Om M.H. Real time estimation of the wind speed components based on measurement data from satellite
navigation and barometric measurements / Bectaouk Poccuiickoro yauBepcurera apyx0b1 HaponoB. Cepus: UnHxke-
HepHble uccnenoBanus. 2024. T. 25. Ne 4. C. 427-440. http://doi.org/10.22363/2312-8143-2024-25-4-427-440

Introduction

high angle of attack aerodynamics [4; 5], develop-
ment of a control law for supersonic transport air-

The measurement of atmospheric and aircraft
motion parameters is of paramount importance
during flight tests [1], flight dynamics [2], and
airship design [3]. Wind is also important for
numerous specific problems in aerospace, such as
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planes in the landing phase [6], and engine thrust
estimation from flight data [7-9]. Wind velocity
should be considered in the detection of dynamic
errors in aircraft flight data [10], aircraft flight
simulation [11; 12], and cockpit man-machine inter-
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face design [13]. To estimate the wind speed com-
ponents, this study uses system identification
methods [14-19]. System identification methods
were also applied in [20, 21] for aerodynamic para-
meter identification. Satellite navigation systems
are also used to determine aerodynamic errors in air
parameter measurements during flight tests [22].

Generally, the aerodynamic sensors of on-board
measurements estimate the so-called local angles
of the angle of attack and sideslip angle because of
the limitations of sensors in measuring the true
angle of attack and sideslip angle. The local angles
depend significantly on the characteristics of the
aerodynamic flow of the aircraft at the sensor sites.
This is the main reason why the angle of attack and
the sideslip angle can be obtained from onboard
measurements with significant systematic errors.
Therefore, information about the true values of the
angle of attack and sideslip angle is required to
accurately identify the systematic errors of on-
board sensors during flight tests.

The estimation of wind speed components can
enhance flight safety by providing pilots with up-
to-date information to make timely adjustments
and enhance overall flight safety, particularly
during critical phases such as takeoff and landing.
Airlines can also improve operational efficiency
by quickly adapting to changing wind conditions,
and they can optimize flight paths, reduce delays,
and improve operational efficiency. Moreover,
in emergencies or adverse weather conditions,
real-time wind speed estimation can help pilots
navigate safely and make swift decisions to ensure
the well-being of passengers and crew. Therefore,
the present scientific research work in this paper on
the development of an algorithm for the estimation
of wind speed components in a short period of
flight interval is relevant.

The proposed algorithm provides estimates of
the three components of wind speed in a normal
earth-fixed axis system, integrating data from
a satellite navigation system (SNS) and barometric
air measurements. Parametric identification methods
were used to estimate the three components of
wind speed, and the sliding window approach was
applied to determine the shortest processing time

interval. The effect of the airspeed systematic
measurement error on the wind speed estimation
process was also discussed.

1. Classical method for the estimation
of wind speeds during flight test

The determination of the wind speed method
has been improved because of the simplicity of
determining the actual values of airspeed from
ground speed measurements in the modes of
horizontal level flight of an aircraft with opposite
courses. In addition to the enhancement of a new
generation of on-board equipment and satellite
technologies, the use of full ratios for calculating
airspeed and wind speed was implemented based
on measurements of parameters obtained from
satellite (SNS) and inertial (INS) navigation systems
and air data systems.

The problem for the general case in the hori-
zontal-level flight mode with distinct heading angles
was solved in a previous study [23]. It was supposed
that in an orthogonal, centering relative to the
earth, coordinate system OXYZ, the axis of which
is normal to the horizon plane, the movement of
the aircraft includes the sequential execution of
modes of horizontal level flight without sliding with
maintaining heading angles, and the corresponding
values of airspeed. In this case, the OX axis
corresponds to the north in the coordinate system
WGS-84. The designations of velocity components
on the OX and OZ axes are introduced respectively,
with the indices “N”” and “E”. Under this assumption,
the considered motion, the state of the atmosphere
in the area of aircraft flight, is characterized by the
constancy of the wind speed vector U =(U,,U, ),

which lies in the plane of the horizon, and the
motion itself is characterized by low vertical

V!

velocities 7, : %z <<1. Moreover, the airspeed

direction angles /., \/,,, do not differ from those

of the heading angle Y, \/, . Then, assuming that

in the considered horizontal level flight modes, the
ground speed vector takes on  values

W, =Wy W), Wy =(W,,,W,,) accordingly, and
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the parameters are measured at the same point in
space, the relations are valid for the components of
ground speed, air speed and wind speed:

Vising, +Up =Wpy;

Vysing, +Up =Wy,;

Vicosy, +Uy =W,,;

Vycosy, +Uy =Wy,;

v, =y, tAY;

V=V, +AV, ()

where AY =\, —, is the change in the heading

angle when the modes are applied.

When the values of the parameters W,

Wes Wyys Wesy, Ay, AV are known, the
system of equations determines the heading angles
V,,V,, the wind speed components U ,,,U . and

the airspeedsV,,V, :

V, =V, cos AY)AW, — AW, V, sin Ay

siny, = ;
Vi (AW, )+ (A,)?

V, =V, cos AY)AW,, + AW, V,sin Ay
(AW, +(AW,)’ ’

2
V1=V2+AV=%+,/a+A: , (2)

where AW, =W, —W,

cosy, =

29

2 2 A12
AW =W, qe I +@W,) =AY

2(1—cosAvy)
Uy =Wy =V cosy;
U,=W, -V, siny,. 3)
Otherwise,
U = Wy + Wy, AW sin(Ay)
N 2 2(1—-cosAy)
AV, VAW
2((AW,) +(AW,))
(AV)’ AW, sin(Ay)

2(1—cos AW)(AW, ) + (AW, )Y’
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U — WEl + WE2 _
: 2
AW sin(Ay)  AV(V, + VAW,
2(1—cosAy) 2((AW,)* +(AW,)?)

. (AV)’ AW, sin(Ay)
2(1—cos AW)((AW,))* +(AW,)*)’

The determination of wind speed in this
method is only an intermediate element in the
calculation of airspeed, aerodynamic angles, and
other parameters. As in the case of the method
described above, the solution to the problem is
based on the relationship among the vectors of

wind speedﬁ , ground speeds W and airspeeds y :

UN WN VN
U=|U, |=|W, |-V, | 4)
Uy VVJ Vy

To solve Equation (4), measurements of the
projection of the ground speed obtained from SNS,
the air parameters obtained from the air data
system, and the parameters of the angular position
of the aircraft in the space obtained from the INS
are used. The velocity projections were considered
in the WGS-84 coordinate system. Based on
Equation (4), when flying without roll and sideslip
angles, the components of the wind speed vector
are determined by the following expressions:

U, =W, =V _cosvy;
Up =W, =V siny;
U, =W, =V, (%)

The wind velocity module in the horizontal
plane can be expressed as

U, = W2+ W2 +V2 =2V, (W, cosy +W,siny), (6)

where V.,V are horizontal and vertical compo-
nents of the airspeed; Y — heading angle.

The method described in this section is
fundamental for determining the actual values of
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the air parameters using the SNS. The results
obtained demonstrate the possibility of reducing
the errors in determining the atmospheric and flight
parameters in flight tests of aircraft and on-board
equipment. Despite the current use of the proposed
methods in flight tests [23], this method can only
be applied when the aircraft maintains its horizontal-
level flight without sideslip angles. In addition,
it uses airspeed and groundspeed measurements
only, and does not use the measurements of the
angles of attack and sideslip.

The following publications confirm this con-
clusion. In [24], wind speed components were
estimated using the ground speed derived from
GPS position measurements, true airspeed or
calibrated airspeed, and pressure altitude. In [25],
an interactive procedure was proposed to extract
the wind from trajectory data. In this procedure,
a human operator selects appropriate subsets of
radar data, performs automatic and/or manual curve
fitting to extract the wind data, and validates the
resulting wind estimates. Wind speed estimation
can also be performed using trajectory parameters
such as airspeed, initial heading, turn rate, and
flight path angle, as aircraft motion depends on
these parameters [26] and flight path data [27].
In these studies, wind estimation was based on
trajectory parameters, and only two horizontal com-
ponents were estimated. Kalman filter estimation
can also be applied for the estimation of wind
speed using airspeed and ground speed [28; 29].

In all the above-reviewed cases, the data from
the angles of attack and sideslip angle considered
in this present scientific research work were not
used for the estimation of wind speed. Normally,
the sensors installed in the aircraft are used to
collect atmospheric information such as latitude,
longitude, and air pressure, and wind estimations,
that is, wind speed and wind direction, are drawn
from trajectory parameters.

Therefore, a method for the estimation of three
components of wind speed using the angle of
attack, sideslip angle, and airspeed is proposed in
this paper, whereas a method that uses more
information can naturally ensure more accurate
estimates of wind speed components. To conduct

research on the possibility of determining the three
components of wind speed in various flight ma-
neuvers in real time, the parametric identification
method was used where the SNS data and aero-
metric measurement data were integrated, and the
results demonstrated significant accurate estimates
of the three components of wind speed in both
steady and unsteady flight modes.

2. Problem statement
and algorithm description

The research was conducted suggesting that
the airflow has a constant direction and speed. The
duration of flight for estimating the three compo-
nents of wind speed is 20, 31, and 46 s for different
types of flight maneuvers, such as barrel, stepwise,
snake and snake with a vertical component. This
means that for this time interval, the values of the
components of the wind speed on the normal earth-
fixed axis system are constant. Traditionally, the
object model was first formulated to determine the
processing sequence to generate estimates of the
three components of wind speed. The three
components of the airspeed of an aircraft on a
normal earth-fixed axis system are defined by the
following mathematical equations:

ng,a(ti) = ngﬁCHC(Zi) - VVXg;
Vyg,a(ti) = VyngHC(R‘) - Wyg;
Vzgfa(ti):Vzg7CHC(ti)_VVzg> (7)

where Vx&CHC (), Vyg7CHC (), Vzgchc (¢,) are

the values of the components of the aircraft
velocity on the normal earth-fixed axis system
measured by SNS; W ,W W, are the unknown

xg?'' yg?
values of the components of the wind speed on the
normal earth-fixed axis system to be identified.
The magnitude of the airspeed vector is
defined as

V)=V )+ )+2 ). @®)

For the transformation from normal earth-
fixed axes to body-fixed axes, the corresponding
directional cosine matrix is written as follows:
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V., cosycos® sin —sinycos Y Vi

N . . . . . B 9)
V, o |=| sinysiny —cosysintcosy coscosy cosysiny+sinysindcosy x|V, ,
V. . sinycosy+cosysingdsiny —cosUsiny cosycosy—sinysindsiny 14

During the calculations, the orientation angles
were taken according to the output signal of the
attitude and heading reference system included
in the navigation system. The constant yaw error
\J/, which can be considered constant in a section

with a duration of 30-50 s, should be included in
the vector of identifiable parameters.

The multiplicative error of the measuring
channels is taken into account by the steepness
coefficients of the acrodynamic angle sensors K

andKﬁ.

In the presence of nonlinearity, an additional
approximation is introduced, which is not funda-
mentally difficult but increases the dimension of
the problem.

By using the components of the airspeed (7)
on the body-fixed axes, it is possible to write the
formulae for the values of the angles of attack and
sideslip:

Vy a(ti)
au(ti>=—arctg{V— (t})],

(10)

B,()= —arcsin[l/z—“(ti)j,

V()

where @ (t,),B, (¢) are the output signals of the

measuring channels of angles of attack and
sideslip, respectively.

Therefore, the object model is determined
using Equations (7)—(10). The observation model
takes the following form:

)=V, () +C +&,@);
2,(t) = K,0,(t)+C, +&,(t);
z,(t) = Ky B, () + G+, (1), (11

where G ,C,,C, are the additive errors of the

aerodynamic measurement channels; K K, are

432

zg_a

the multiplicative error coefficients; &V(l‘l.),
&, (%), Ey(t) are the random errors of the

aerodynamic measurements.

Thus, parameter identification is performed to
obtain the estimates of the following values, that is
three components of wind speed that are the

elements of the VectoraT .

aT:[Vng va VVzg :'

3. Maximum likelihood estimation (MLE)
for parametric identification

The problem of wind speed estimation can be
solved using the maximum-likelihood estimation
algorithm [15]. In general, the vector model of the
object and the observation model are presented as
follows:

y(t) =1 (), a, ult)) (12)
2(t,)=h(y(t,),a, u(t))+n(t,), (13)

where y(¢), u(t) are the vectors of the output and
input signals of the object, whose dimensions are

r and m, respectively; Z(t,-) is the observation

vector of dimension; @ 1is the vector of unknown

parameters that must be estimated; M(f,) are

random errors, with respect to which assumptions
of Gaussian, centering, lack of correlation and
availability of information about the covariance
matrix R(¢) are accepted.

We also assumed that the control #(¢)and

initial conditions for the state vector y(f,)are
given.

Owing to the errors caused by the lack of cor-
relation, the joint probability distribution density
is determined by simply multiplying the product of
the probability distribution density at each time.
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Under these conditions, the maximum like-
lihood criterion provides estimates with statistical
properties of efficiency and non-bias. The minimized
objective function of the maximum likelihood
method is expressed as follows:

J@=3 (cl0)-

_h(y(ti)ﬂ a, u(ti )))T X
XR7(t,) (2(t,) = h(y(t,), a, u(t,))) . (14)

Equation (14) is a functional least-squares
method with a weight matrix. To minimize this
objective function, the modified Newton method
was used in this study.

To find the estimates,Z(¢;,a),i=1,2,...,N,

the models (12)—(13) should be numerically in-
tegrated, setting the noise entering it equal to zero.
The identification ends with the condition

, where 0=0.005.

The initial data were obtained by modeling
a semi-natural stand equipped with controls. This
option has an advantage over purely mathematical
modeling because the presence of a human operator
gives the simulated flight data a greater likelihood
degree. A hypothetical training aircraft was simu-
lated in a bench experiment.

‘akﬂ — ak‘ < S‘ak

4. Estimation of three components of wind
speed in distinct types of flight maneuvers

The capabilities of this algorithm were investi-
gated based on bench modeling data. In this case,
random errors were simulated in a traditional
manner that was similar to a sequence of normal
uncorrelated random values. Here, the main focus
was on estimating the influence of the type of
maneuver and duration of the sliding interval.
Maneuvers such as “barrel,” “stepwise,” “snake”
and “snake with a vertical component,” that is, with
additional movement in the pitch channel, were
considered. The northern, eastern, and vertical
components of wind velocity were assumed as
—7m/s, 5, and 2 m/s, respectively, while the

simulated flight airspeed was 65—105 m/s. In this
version of the algorithm, it was possible to signi-
ficantly reduce the duration of the sliding interval.
In this study, the investigation was conducted at
intervals of 0.5 and 1.0 seconds. To determine the
effects of the motion parameters, the beginning of
the sliding interval was shifted sequentially over
the entire processing area in increments of 1 s.

4. 1. The «barrel» maneuver

The results of the three components of the
wind speed estimation conducted for the “barrel”
maneuver are shown in Figures 1 and 2. The
estimation was performed on one section of the
“barrel” maneuver, which lasted for 31s. The
sliding window method was used to determine the
shortest processing time at which accurate estimates
of the wind speed could be obtained. Figure 1
shows the relative errors of the wind speed estimate
performed with a sliding window interval of
0.5 seconds, and Figure 2 shows the results obtained
using a sliding window interval of 1.0 seconds.

Relative errors (Sliding interval 0.5 s)
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Figure 1. The relative errors of the estimation
of three components of wind speed
Source: created by O.N. Korsun in Microsoft Excel

Relative errors (Sliding interval 1.0s)
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Figure 2. The relative errors of the estimation
of three components of wind speed
Source: created by O.N. Korsun in Microsoft Excel
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It can be observed that the errors in estimating
the horizontal components of the wind speed
generally do not exceed 5% in the entire section of
the maneuver, and the errors in estimating the
vertical component are = 10%. A comparison of
the graphs that present the relative errors with
Figure 3, which shows the change in signals during
the maneuver, demonstrates that some increase in
errors occurs at moments of vibrant maneuvering, at
high speeds of flight parameters change.

Finally, a comparison of the graphs for the
values of the sliding window duration of 0.5s
and 1.0 s shows insignificant differences of the
order of 2-3%. This means that the algorithm
can measure three components of wind speed within
0.5 seconds, which distinguishes it from other
options when the required duration of the obser-
vation interval was tens of seconds. The short
duration of the sliding interval also allows rapid
tracking of wind changes during flight.

Figure 3. The values of the main flight parameters for the «barrel» maneuver within first 24 seconds
Source:created by O.N. Korsun

4.2. The “stepwise” mode in the pitch channel

The results of the three components of the
wind speed estimation conducted for the “stepwise”
maneuver are shown in Figures 4 and 5 and tabular
data are excluded for brevity. The estimation
was performed on one section of the “stepwise”
maneuver, which lasted for 20 s. Figure 4 shows
the relative errors of the wind speed estimate
performed with a sliding window interval of 0.5 s,
and Figure 5 shows the results obtained using a
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sliding window interval of 1.0 s. The changes in
the flight parameters in this section are shown in
Figure 6.

According to the graphs, it can be observed
that the errors in estimating the horizontal com-
ponents generally do not exceed 5% in the entire
section of the maneuver, and the errors in
estimating the vertical component are + 10%. As
in the previous case, a comparison of the graphs
for the values of the duration of the sliding window
of 0.5 and 1.0 s shows insignificant differences of
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the order of 2-3%. A comparison of the graphs of
relative errors in Figures4 and 5 with that in
Figure 6, which demonstrates the change in signals
during the maneuver, shows that an increase in

Relative errors (Sliding interval 0.5 s)

-o-W_x—o—W_z+ Wy

Figure 4. The relative errors of the estimation
of three components of wind speed
Source:created by O.N. Korsun in Microsoft Excel

errors in the vertical component occurs at the
moments of vigorous maneuvering, as in the
previous case. Therefore, the favorable flight modes
are close to straight lines with small disturbances.

Relative errors (Sliding interval 1.0s)

t,
W Xp Wz Wy :

Figure 5. The relative errors of the estimation
of three components of wind speed
Source:created by O.N. Korsun in Microsoft Excel
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Figure 6. The values of the main flight parameters for the “pitch stepwise” maneuver within first 31 s
Source: created by O.N. Korsun
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4.3. The “snake” maneuver

The results of the three components of the
wind speed estimation conducted for the «snake»
maneuver are shown in Figures 7 and 8; tabular
data are excluded for brevity. The estimation was
performed on one section of the “snake” maneuver,

Relative errors (Sliding interval 0.5 s)
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% o
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=W x—-W 7~ Wy

Figure 7. The relative errors of the estimation
of three components of wind speed
Source:created by O.N. Korsun in Microsoft Excel

which lasted 46 s. Figure 7 shows the relative errors
of the wind speed estimate performed with a sliding
window interval of 0.5 s, and Figure 8 shows the
results obtained using a sliding window interval of
1.0 s. The changes in the flight parameters in this
section are shown in Figure 9.

Relative errors (Sliding interval 1.0's)
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Figure 8. The relative errors of the estimation
of three components of wind speed
Source:created by O.N. Korsun in Microsoft Excel
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Figure 9. The values of the main flight parameters for the “snake” maneuver within first 46 s
Source: created by O.N. Korsun
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It can be observed in the graphs that the esti-
mation errors of both the horizontal and vertical
components generally do not exceed 5% in the
entire maneuver section, with the exception of
certain short sections, where the estimation errors
of the vertical component reach + 10%. As in the
previous case, a comparison of the graphs for the
values of the duration of the sliding window of
0.5 and 1.0 s shows insignificant differences of
the order of 2-3%. A comparison of the error
graphs in Figures 7 and 8 with Figure 9, which
shows the change in signals during the maneuver,
shows that the increase in errors in the vertical
component occurs at the moments of vigorous
maneuvering, as in the previous cases. Thus, the
previously formulated conclusion confirms that the
most favorable flight modes for evaluation are
horizontal flights with small disturbances.

4.4. The «snake with a vertical component»
maneuver

The results of the three components of the
wind speed estimation conducted for the «snake
with a vertical component» maneuver are shown in
Figures 10 and 11; tabular data are excluded for
brevity. The estimation was performed on one
section of the “snake with a vertical component”
maneuver that lasted 46 s. Figure 10 shows the
relative errors of the wind speed estimate performed
with a sliding window interval of 0.5s, and
Figure 11 shows the results obtained using a sliding
window interval of 1.0 s. The changes in the flight
parameters in this section are shown in Figure 12.

It can be observed in the graphs that the errors
in estimating the horizontal components generally
do not exceed 5% in the entire section of the
maneuver, and the errors in estimating the vertical
component are = 10%. As in the previous case,
a comparison of the graphs for the values of the
duration of the sliding window of 0.5 and 1.0 s
shows insignificant differences of the order of
2-3%. A comparison of the error graphs in Figures 4
and 5 with Figure 6, which shows the change in
signals during the maneuver, demonstrates that an
increase in errors in the vertical component occurs
at the moments of vigorous maneuvering, as in the

previous case. Thus, it was confirmed that favor-
able flight modes are close to straight lines with
small disturbances.

Relative errors (Sliding interval 0.5 s)
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Figure 10. The relative errors of the estimation
of three components of wind speed
Source: created by O.N. Korsun in Microsoft Excel

Relative errors (Sliding interval 1.0's)
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Figure 11. The relative errors of the estimation
of three components of wind speed
Source: created by O.N. Korsun in Microsoft Excel

Therefore, with the full vector of aerometric
measurements and the level of non-excluded syste-
matic errors on the order of 3—-5% for maneuvers
such as straight horizontal flight, steady turn,
snake, pitch stepwise, the errors in estimating all
three components of wind speed do not exceed
5-7% for the duration of the measurement interval
of 0.5-1 s, which allows not only to estimate the
constant wind speed, but also to track its changes.

Figure 13 presents the results of fitting the
simulated flight data with the wind velocity using
the aircraft motion model, which ignores the wind.
The graph shows that the discrepancies are con-
siderable, especially for aerometric parameters,
such as angles of attack, slideslip, and airspeed.
This example illustrates the importance of con-
sidering the wind velocity.
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Figure 12. The values of the main flight parameters for the “snake with a vertical component” maneuver within first 46 s
Source: created by O.N. Korsun
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Figure 13. The values of the main flight parameters for the “snake with a vertical component” maneuver within first 72 s
Source: created by O.N. Korsun
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Conclusion

According to the simulation data from the flight
simulator, a study on the accuracy characteristics
of the algorithm for estimating the three compo-
nents of wind speed based on the data obtained
from the satellite navigation system was performed.

The influence of the duration of the sliding
window and types of flight maneuvers, such as pitch
stepwise, barrel, straight horizontal flight, steady
turn, snake and snake with a vertical component,
on the accuracy of identification of the three
components of wind speed was investigated.

According to the results given by the proposed
method for estimating three components of wind
speed using parametric identification where the
angle of attack, sideslip angle, and airspeed are
applied, it can be observed that more accurate esti-
mates of the three components of wind speed can
be ensured when the estimation method utilizes
more information about the aircraft’s motion.
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Mopaenb ynpaBneHus COpeBHOBaTEJIbHOW AeATEeIbHOCTbIO KOMaHL,
TOMN-yPOBHS HA OCHOBE KOMMNbIOTEPHOro 3peHns B OHNauH
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Hcropus craTbu Annortanus. McnonszoBanue texHonoruu PIRS B pabote ¢ myxckoii cOop-
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JlopaGorana: 10 urons 2024 . 110 2018 I. MO3BOJHIIO €1 MEPEMECTUTHCS C MATOTO MECTa B MUPOBOM PEHTHHTES

Ha nepBoe. [Ipobnema yripaBieHns: CIOPTUBHOM KOMaH/101 BHICOKOTO YPOBHS
COCTOHT B TOM, YTOOBI IOAOOPATh HHAMKATOPHI YIIPABICHUS M UX 3HAYECHHS C
LENbI0 NOTYyYESHHUs] HAWTYYIlIero pe3yabTara omkaiimero Marda. OOBIYHO Ta-

IMpunsra k my6auxanuu: 12 arycra 2024 r.

3asiBiienne 0 KOH(INKTE HHTEPecoB KHMH [TapaMeTPaMU SIBJISIFOTCS ONITUMH3ALINS COCTaBa, HAIPABJICHHOCTh UTPBI,
ABTOpEHI 325BISIOT 06 OTCYTCTBUH paccTaHOBKa CBOMX UIPOKOB, PeKOMEHIyeMble UM 3aaHus. Llenp ucciaemnosa-
KOH(JIHKTA HHTEPECOB. HUSI — CTPYKTYpHPOBAHHUE NIESITENLHOCTH 110 TIepexoay oT TexHonoruu PIRS

B paboTe ¢ KOMaH/AaMH TON-ypOBHS K co3aanuto cucteMbl PIRSonline. Omnu-
canue cucreMsl PIRSonline st pa3paboTky ee TEXHUUECKOH YacTi NoTpebo-
BAJIO MOJYYEHHS PSa CXEM C UX ONMCaHUEM, KOTOpBIE PErIaMEHTHUPOBAIU
pa3paboTKy mHpoekra. OTO COCTaB JOKYMEHTALWH, MOACUCTEMBI, (YHKIHO-
HaJIbHAs CXeMa, KOMIIOHCHTHas CXeMa, MaTpulla «(QyHKIHSI — KOMIIOHEHT».
Bxuiax aBTopos CdopmupoBaHHast B UTOre IOCIEAOBATEIILHOCTh JACUCTBHHA 1O pa3paboTke
HepasnensHoe coaBTOpCTBO PIRSonline BkiIro4aeT mony4deHne n300pakeHus1, OJOK HHUIHANIN3AINY apa-
METPOB UTPHL, JETEKIUs Ms4a, onpeneieHne 3D-koopanHaT Ms4a, JeTeKIns
UTPOKOB, TPEKHUHT, KIaCCU(HUKALIS UTPOKOB U CYJeH, OnpeeseHHe O3kl Ur-
poxa. OTO TO3BOIMIIO OCYIIECTBUTh KOMIUIEKCHBIA TTOAXOM K OHJIaWH-YIIpaB-
JICHUIO COPEBHOBATEJILHOM JeATeIbHOCTHI0 KOMaH] ToI-ypoBHs. Mcnonb3o-
BaHHE COBPEMEHHBIX METOZ0OB KOMITBIOTEPHOTO 3pEHUS U MALIMHHOTO 00y4e-
HUS J1aJI0 BO3MOKHOCTD CO3/IaTh MHTEPAKTUBHYIO BU3YaJIH3alUIO JaHHBIX.
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Abstract. The use of PIRS (Polozov Information Rating System) technology in
working with the Russian men’s national futsal team (head coach S.L. Skorovich)
in the period from 2010 to 2018 allowed it to move from 5th place in the world
ranking to first. The problem of managing a high-level sports team is to select
the control indicators and their values in order to get the best result of the next
match. Usually such parameters are: optimization of the composition, the direction
of the game, the placement of their players, the tasks recommended to them.
The aim of the study was to structure the activities for the transition from PIRS
technology in working with top-level teams to the creation of the PIRSonline
system. The description of the PIRSonline system for the development of its
technical part required obtaining a number of schemes with their description, which
regulated the development of the project. This is the composition of documentation,
subsystems, functional diagram, component diagram, function-component matrix.
The resulting sequence of actions for the development of PIRSonline includes
image acquisition, a block for initializing game parameters, ball detection,
determining the 3D coordinates of the ball, detecting players, tracking, classifying
players and referees, determining the player’s pose. This made it possible to
implement an integrated approach to online management of competitive activities
of top-level teams. The use of modern computer vision and machine learning
methods has made it possible to create interactive data visualization.

Keywords: computer vision, online management, decision-making system, visualization,
sports team, tracking, tactics, rating
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BBepeHune

Torga Hameil KOMaHE CIOKHEE BCETO AABAJIHChH
urpsl co coopnoit Mcmanuu. C 1995 o 2010 1. BBI-

Texnonorus PIRS (Polozov Information Rating
System) 6112 chopmupoBana B iepuon ¢ 2010 mo
2018 r. B oTBeT Ha MPOCchOy TpeHepa coopHoit Poc-
cuu 1o MuHu-(yT60my C.JI. CropoBuu. OH Hayai
pyxoBoguTh komanoi B 2010 . C 2010 mo 2018 1.
texnonorus PIRS axTuBHO mcnonbs3oBasiack Tpe-
HEpOM JUUIsl aHAJIW3a pe3ylnbTaToB urp. B sror me-
puox Mmyxckas coopHast Poccun Bcerna BeIxoauia
B punan (UE, UM). Kak pe3yiapraT — U3MEHEHHE
peiiTuHra cOOpHOM C MATOrO MecTa Ha MepBOeE.
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WrpaTh HE yAANOCh HH pazy. [loaTomy oCHOBHOMU
aKLIEHT ObLI C/IeJIaH Ha MOAEIMPOBAHUM Marya co
coopnoii Mcnanun.

Axmyanonocms. CoOBpeMeHHBINH Mpodeccro-
HaJIBHBIN CHIOPT MPEIbsBISLET BCe 00Jee BHICOKHE
TpeboBaHuss K 3(PGEKTHUBHOCTH TOATOTOBKU H
yIpaBieHus KoMaHaamMu. TpaaulnOHHbIE METO/BI,
OCHOBaHHBbIE Ha SKCHEPTHOM OLIEHKE TPEHEPOB,
YK€ HE BCET/1a MO3BOJISIIOT JOOUBATHCS JKEIAeMOT0
pesynbrata. B 310l cBs3u Bce Oosee akTyallbHBIM
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CTaHOBHUTCS UCIIONH30BAaHUE HAYYHBIX METOIOB U
TEXHOJIOTHH, B TOM YHCJIE OCHOBaHHBIX Ha COBpE-
MEHHBIX METOJ]aX KOMITBIOTEPHOTO 3PEHHUSI.

Lenv uccneoosanusi — oGecTiedeHUE B PEKUME
online ympaBieHHsI CIIOPTUBHON UTPOH KOMaHIbI
TOII-ypOBHS 10 MUHH-(PyTOOITY.

1. 0630p cocTosiHUSA NPOOGEMbI

Urpossie BUIBI criOpTa caMble KOHCEPBAaTHB-
Hble. B HUX 110 HAcTOSILEro BPEMEHH, HECMOTPS
Ha BCE JOCTHEHMs CLIOPTUBHOM HAayKH, YPOBEHb
TPEHEPCKOW 3KCIEPTHON ONEHKH OCTAETCS BBIIIE
YpOBHSI HayYHBIX MHIUKATOpoB. OqHaKo HH)OP-
MalMOHHBIM MAacCUB CIIOPTUBHOW WIPHI SIBIISIETCA
OTPOMHBIM U HE MO3BOJIIET BOZMOXKHOCTSIM OJJTHOTO
yesloBeKa 00pabareiBaTh U yNpaBisaTh UM. Peub
UAeT 0 OONBIIOM YHCJIE YYAaCTHUKOB BUJOB HTPO-
BBIX €IMHOOOPCTB.

CambIM pacrpoCTpaHEHHBIM CIIOPTHBHBIM TEp-
MHUHOM YK€ MHOI'O JIET SIBJISIFOTCS TEXHUKO-TaKTH-
yeckue neiicteusa (manee — TTJ). MHoXecTBO
YYEHBIX HE CMOIIIM JaTh €My a/IeKBaTHYIO Tpak-
TOBKY HH IO omnpenaesienuto nouarus TT, au no
ux yucieHHoct. OneHka nHaAuBUAyanbHbIX TT]]
o metouke FO.A. MopozoBa coctout u3 8 acrex-
toB [1], ['A. Tonnenko — u3 9 TT/] [2]. B pab6o-
tax B.B. KocTrokoBa, a taxxke M.M. IllecTakoBa
(1991) mx yxe 12; C.}O. TronenbkoB (1997) — 9;
E. ®enoros (2004) maror Ham 7 BumoB TTI [3].
M.A. Tonuk [4] npearan, HanpuMep, BBEACHHUE
nepesad Ha XOJ NMapTHEPY Ha YyXKOH IOJIOBHHE
IOJISL IO MOMEHTA IOJTyY€HUs, B MOMEHT IOTy4Ye-
Hus U nocne. M.A. Toquk cuuTan B urpax coop-
HOM miporteHT Opaka TTJl m oObeM IBHIKSHHS WT-
poKa ¢ cyOMaKCUMaJIbHOW ¥ MaKCHMaJIbHON MOIII-
HocThI0. B.H. IInaTtoHOB IpuBOAUT psii quarpamm
C OYCHb OOJIBIIIMM MHOYKECTBOM WHIMKATOPOB [5].
[Tpumepno c¢ 2015 r. HAYMHAIOT TOSBISITHCS JAH-
HbIe 00 aBTOMarM3anuu nporecca moacdyera TT]]
B xoze urpel. A.l. [lonuBaeB caenan 3To Ha npu-
Mepe MuHHU-QyTOONa [6]. VM3BEeCTHBI aHANIOTH B
I'epmannu [7]. OnHako pe3koe yBEIMUEeHHE Yncia
TTH (c 10 mo 100) mpuBeno k o6Baty ko3ddurm-
eHTta koppensunu cyMMmsl T T ¢ pe3ynpratoM Urp
[8]- B menom mauckyccus mponomkaercs [9; 10].

Ceroassitiaue auzeps! [T-ppiHKa CHOPTUBHON
aHamMTHKH, Takue kak InStat, Wyscout, Iceberg,
Stats, mpegOCTaBIAIOT TPEHEPY JIMIIb CTATUCTHU-
YEeCKYIO CIIPaBKy O paHEe ChITPAaHHOM MaT4de €ro
koMaH bl [IpeoOpa3zoBanue 31O HHDOpPMAITUU B
MOCJIeIOBATEIbHOCTD LIAroB 10 YIIPABJICHUIO B Clie-
JYIOLLIEM MaT4de C APYTHMM COIIEPHUKOM TPEHEP 101~
JKEH JIeNaTh caMocTosTeNnbHO. KoMnanuu crnopTus-
HOW aHAJMTHUKKA HE PacrolaraloT ajJrOpUTMOM Ta-
KOT'O peIIeHus, a JIMIIb NBbITal0TCA 1aTh YAOOHBIN
uHTep(EC CIOKUBILECHCS MPAKTUKH paOOTHI B TOTI-
KiTy0ax.

Heo0xonnmo oTMeTUTb, YTO HOCTABIIIMKOM HO-
BOCTeN cTanu uMeHHo IT-komnanuu, a He Hayd-
HbIe )KypHaIHI B IT-orpaciu. B [11] obcyxnanmch
pa3ianyuHble TPUIOKEHHUS KOMIIBIOTEPHOTO 3PEHUS
B CIIOPTE, TAKHE KaK OTCIICKUBAHHE UTPOKOB U MsI-
4eil, OLlEHKA 103 ¥ CUCTEMBI MOAJEPKKH IPUHATHS
pemennid 11st cyneit. Ocoboe BHUMaHHE YIEIEHO
OyAyIIMM HAaINpaBJICHUSIM HCCIIEIOBaHUH, B 4acT-
HOCTH IPUHATHUIO PELICHUH B PEaIbHOM BPEMEHHU
B KOMaHJIHBIX BHJIaX CIOPTA, TAKUX Kak (yTOONI U
6acker6oin. B [12] mpuBenensl (akThl TOrO, Kak
KOMITBIOTEPHOE 3pPEHHME IOMOTaeT B pacro3HaBa-
HUU JICCTBUI B peaJIbHOM BPEMEHH, TPOrHO3HPO-
BaHUU TPACKTOPUHM MsS4Ya M aHAIM3€ MPOU3BOIM-
TEIBHOCTH KOMaHbl. PaccMOTpEeHBI TIPUITOKESHUS
B TaKMX BHUJAX CIIOpPTa, KaK XOKKeW u (pyrdoi, ¢
YHOPOM Ha ONITUMU3ALUIO TPEHUPOBOK U TaAKTHYE-
ckux peuieruil. B [13] paccmoTrpeHo ucnonb3oBa-
HUe ucKyccTBeHHoro natesuiekra (M) mos orcie-
JKUBAHUS UTPOKOB, MIPEIOTBPAIICHUS TPABM U TaK-
TUYECKOTO aHaJIM3a B CIOpPTE, MPOJEMOHCTPUPO-
BaHbI Takue cuctembl, kak SportVU u Prozone,
KOTOpBIE OBUTM PUHATHI BEAYIIUMHU (DY TOOTHHBIMU
1 6ackeTOOTHHBIMU KOMaHAaMHU ISl TIOBBIIICHUS
s dextuBHOCTH UTPHL. B [14] 00cyx)maercs poib
U B cioptuBHOM cyneiicTBe, Hanpumep Hawk-
Eye B TeHHHCE U KpUKETE, TAK)KE PACCMOTPEHO OT-
CIIE)KMBAHHME MS4a, MOHMTOPHUHI TOJIIBI U IOX-
JIep>KKa MPUHATHUS PEIICHUH B peaJIbHOM BPEMEHH
JUTsL cyzied B pyTOOIIE U IPYTUX KOMAaHIHBIX BHIAX
cnopra. Mccnenosanue [15] pokycupyercs Ha oT-
CIIe)KUBAHUH MA4Ya M UACHTH()HUKAIUU COOBITUH B
HACTOJIbHOM TE€HHHCE 1 6ackeT0oJIe C UCIOIb30Ba-
HUEM KOMITBIOTEPHOTO 3peHus. [[pumensembie Me-
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TOJBI ITOMOTAOT YIYUYLIUTh AHAJIN3 MPOU3BOIH-
TEITLHOCTH UTPOKOB B peanbHOM BpemeHu. B [16]
JEMOHCTPHUPYETCS MPUMEHEHHUE HHTEIUIEKTYallb-
HBIX CHCTEM OTCJICKHBAHUS JIJIs1 yIITyOJIEHHOTO aHa-
JM3a JIBMYKCHUH UTPOKOB B hyTOOIE M OackeTOOoIIe.
Mogenu U dokycupyroTcst Ha ONTUMHU3ALUHN UT-
POBBIX CTPATEeTUH U CHI)KCHHUH PHCKOB TPaBM.
B [17], nocsimenHoii GpyTdoITy, paccMarpuBaeTcs,
KaK ONTUYECKUE CUCTEMBI OTCIICKUBAHUS B peab-
HOM BPEMEHH ITOMOTAIOT YIPABISATh TAKTHKON UT-
POKOB M aHAJIM3UPOBATh CTPATErMH KOMaH . Takue
CUCTEMBI, KaK SportsVu, HoIy4YiIn IIMPOKoe pac-
NpOCTpaHeHne B TMPOPECCHOHATBHBIX JIUTAX II0
Bcemy mupy. B [18] paccmarpuBaercs coTpymHu-
gectB0O AWS ¢ BenymmMu GyTOOTBHBIME KOMaH-
JlaMu 1o ucnois3oBanuio MU aiis nmporuo3uposa-
HUS Pe3yJIbTaTOB MaT4el, ONTHUMHU3ALNU IOCTPOE-
HUS UTPOKOB U aHAJIM3a CTPATETruil UTPhl B peaib-
HOM BPEMEHH.

OnuchIBatOTCSA MPHUIIOKEHUS KOMIIBIOTEPHOIO
3peHus B (uTHECEe, OT MOHUTOPHHTA KadyecTBa
YOpaXHEHUH 10 OTCIEKUBAHUS JIBUKEHHUU UTPO-
koB!. CHCTeMBI aHATU3UPYIOT JaHHbIE B PEKUME
pEeaIbHOrO BpEMEHH, IPEIOCTABIIAS OOPaTHYIO CBA3b
o ¢opme 1 Mpo(PHUIAKTUKE TPABM BO BpEMsI CIIOP-
TUBHBIX TPEHUPOBOK. OOcyxmaercs, kak MU wuc-
HoJb3yeTcs Ul NMPOrHO3UPOBaHUs (PyTOOIBHBIX
TOJIOB TIyTEM aHaliu3a MO3HUIIMUA UTPOKA, TPAEKTO-
pUM MsYa U IPYrHX JaHHBIX UTPBI B PEKUME pe-
aJILHOTO BpEMEHHU>. DT PEUKTUBHAS TEXHOIOTHs
MOMOTaeT TpeHepaMm NpUHHMaTh Oosiee 00OCHO-
BaHHBIE TAKTUYECKUE PEILICHUS BO BpeMs MaTyeil.

B urpoBbIx BHax criopTa 10 CUX I0p ypOBEHb
TPEHEPCKOM IKCIEPTHON OLIEHKH OCTAaeTCs BbILIE
YPOBHSI HAYYHBIX HHIUKATOpOB. OrpOMHBIN 00bEeM
nH(pOPMAaLINH, TEHEPUPYEMBI BO BPEMSI UTPHI, JIe-
JlaeT HEBO3MOXKHBIM €€ dPPEKTUBHYIO 00pabOTKy
YeJIOBEKOM. AJITOPUTMBI 1JIsl OHJIAiH-yTIpaBICHUS
KOMaH/IaM{ B peajbHOM BPEMEHH Ha OCHOBE KOM-
MBIOTEPHOIO 3PEHUsI HAXOATCS B MpOLECCe pas-
pabotku. Hu B aHaynu3e maTeHTOB, HU B aHAIM3E
HAY4YHBIX CTaTeid Mbl HE BHJIUM pa3pabOTaHHBIX
MOJIETIEN UTPBI.

[Npenmaraemoe pemenne — cucrtema PIRSonline,
ocHoBaHHas Ha TexHosoruu PIRS, pa3paborannoii
aBTOpaMHU, MO3BOJIHT:

— B PeKUME OHJIAH OTCIIC)KUBATh M aHAJIN3U-
pOBaTh IEUCTBUS UTPOKOB M KOMAH[IbI B LIEJIOM;

— OLIEHUBATh AIPPEKTUBHOCTH TEXHUKO-TAKTH-
yeckux neictsuii (TT/);

— IIPOTHO3UPOBATh Pa3BUTHE UT'POBBIX CUTYya-
LM,

— BeIpabaThIBaTh PEKOMEHJAINU JJIsi TpeHe-
POB IO YIIPABIECHUIO KOMAHAOM.

[IpeumymectBa cucremsl PIRSonline:

— noBbIlIeHNe 3()(HEKTUBHOCTH MOATOTOBKH U
YIPaBICHUS KOMaHIaMU;

— 00beKTUBHOCTH O1leHKH TT/;

— BO3MOXHOCTH TPOTHO3HPOBAHMS PA3BUTHSL
WTPOBBIX CUTYaIIH;

— OINEPaTUBHOCTh MPHUHSTUS PELICHUN TpeHe-
pamu.

2. MaTtepuansl u meTtoabl. TexHonorusa PIRS

[Ipex e Bcero, aBTOPBI MOCYUTAITN HEOOXOIH-
MbIM pazaenuTs TT/] 1 TeXHUKO-TaKTUYeCKue eu-
HoOopctBa (manee — TTE) [10]. [lepemaun, xoto-
pble cocTaBisOT Oonblyto yactb TT/l, MOXHO
HaOUpaTh MpU OTCYTCTBUU COMEPHUKA HA IOJIE.
TTE cunTaeT UMEHHO BBIMTPAHHBIE STHOOOPCTBA.
Crona oTHOCSTCS! OOBITPBIBAHKE, TTAC 3a CIIUHY U T.1.
Kaxnoe Ttakoe Beiurpansoe TTE naer nepemenie-
HHUE MsYa C TOYKH MEHbIIEeH BEepOSITHOCTH 3a0HUTh
roJI B TOUYKY 0OJiee BBICOKOW BEPOSTHOCTH. DTOT
npupoct fanee 6yaem Ha3biBaTh cmoumocmuio TTE.
CyMMa npupoCTOB CTOMMOCTH BCEX BBIMTPAHHBIX
TTE ¢ yuetoM (akTopa peaym3aiuy BOILIONIA-
eTcs B 4MCII0 3a0UThIX ronoB. bananc 3 (3a0UThHIX)
u I1 (mpomny1eHHbIX ) TOJI0B SABJISIETCS OCHOBOM IS
onpeseNeHus] peTHHra KOMaH bl B LIEJIOM Cpein
JIpyrux Komasn. J{js pacuera BEpOSTHOCTU BBIUT-
patbe TTE nHeobxonumo paccuurars Rtil u Rtjl —
PEUTHHIM HIPOKOB CONEPHUYAIONIMX KOMAH] B
npexacrosmeM Marue no komnonenram TTE, koro-
pbie, B CBOIO OYepeb, JODKHBI OBIThH TOMYYESHBI U3

! Computer Vision in Fitness and Athletics // Voxel51. URL: https://voxel51.com/ (accessed: 21.02.2024).
2 Predicting Soccer Goals with Al and Computer Vision. Sportradar // SportsData 2024. URL: https://sportradar.com/

(accessed: 21.02.2024).
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petitunroB komaz. CepBuc ra-first.com coszgan st
OTpe/ieNICHHs PEHTUHTOB KOMaH/] Ha OCHOBE pelie-
HUS cCUCTeMbI JTUHEHHbIX ypaBHeHuit (CJIY) meto-
nom l'aycca u3 pesynpratoB komanpa (uefa.com,
flashscore.com u ap.). 3anumiem pe3yabrar MaTya
B CIIOPTUBHBIX Urpax (1):

Bi=3i—-Ili= 3i;—Ili;+ ...+ 3in—Ilin, (1)

rne 3i, [1i — 3a0uThie W TPOIYIICHHBIE TOJBI
i-KOMaHZbl B TypHUpe; B — 0OanaHc koMaHnbI B
TypHUpE (IO YCJIOBUSAM UIPBI KOMaHbl OOprOTCS
3a B > 0); n — uwucno urp.

(3i—Hi) _ (3i1 _Hli) (3in _Hin)
(Bi+lL)  (3i+1) @ (3i+1Li)’
~_(3_H)_(31+H1) (31_H1)
T(3+1) (3+1) (3,+11,)

(3,+1,) (3,-1,)
(3+10) " (3,+1,)°

rae Ai = (3 — IT) /(3+I1) — 6ananc romos 3 u I1
10 MHTEpBAITy UTp i-kKoMaH 16! (popmyna 2):

8i = (31 +11ij) / (£3i + =1, 2)
Ai =(3i-1Ii) / (3i+11i), 3)
Rt; = Rt,cp+1000x Ajj,

rne Rti — pedTUHT OgHOM i-KOMaHbI 3a N urp u3
€€ PEUTHHIOB B KaXXJ01 Urpe

Ricp+Ai =8 x(Rtcp+A, ) +---.+3x(Ricp+A).

CuntaeM cpelHUM 3HAYEHUEM YYaCTHHKOB
TypHupa 2200:

Rt, =06, XRt, +0,XRt,, +---.+3, XRt,;
Rt = Rtj + Ajj;

N
Rt, =) 8 XRt, +A;

1 n
Rt = (;jx > R, =2200, 4)

e Ricpen= 2200 — cpegHee 3HaYEHUE PEUTHHTA
TypHUDA, NPU KOTOPOM 3HAYEHHE PEUTHHIa ca-
MOTO CJ1a00r0 YYaCTHHKA — YHUCIIO MOJOKUTENb-
Hoe (popmyisl 3 u 4).

B pelitTuHre HENpUHATO BbIpaXkaTb YPOBEHb
YYaCTHUKOB OTPULIATENLHBIMUA U APOOHBIMH YHUC-
namu. OTcrozia cpejiHee 3HaueHHe peHTHHra Beex
ygacTHHUKOB — 2200.

Tenepp HaM HEOOXOAMMO pa3JEIUTh 3aJauu
BBIUTPHIIMIA (M peaqu3aiy rojJeBbIX MOMEHTOB.
CyTbh UTPBI CBOAMUTCS K JOCTaBKEe Ms4a (IIaiObI
U T.01.) yepe3 nocienosareabHocTh TTE B TOUKy
HauOoJbIlIel BEpOATHOCTH 3a0UTh IO U peaau3a-
MM TojieBoro MoMeHrta. Ham mpunercs coOparb
JTAHHBIE 110 TEXHUKO-TAaKTHYECKUM €JMHOOOPCTBAM
(TTE) u peanu3anuu rojaeBsIx MOMEHTOB. M3 aHa-
JH3a BUIEO TONydYaeM V/Vep — CKOPOCTB IOJIETa
Msiya B CPAaBHEHUU CO CPEIHEH CKOpOCTH MOjeTa
Msya Ha OCHOBE MOKAJIPOBOM OIICHKH JBUKECHUS
MsT4a TI0 TPACKTOPUH JTUOO HAa OCHOBE IKCIIEPTHOU
onenku (puc. 1).

o%

Puc. 1. OnpeneneHne nHpekca
M ¢ T 04 HWUK: BbInOAHeHO A.A. [101030BbIM
Figure 1. Definition of the index
Source: made by A.A.Polozov

axpB axp
Q=—"="XV=0,XV, (5)
T r
rae a, B — FOpI/ISOHTaJ'IbHHﬁ u BepTI/IKaJ'IBHBIG

YIIIBI, MOJl KOTOPBIMU BUAHBI BOPOTa U3 JAHHOMN
TOYKHU IOJIS; T — BPEMs MOJIeTa Msda J10 BOPOT;
7 — PacCTOsIHKUE OT MsI4a JI0 BOPOT; D— CKOPOCTh
IOJIETa MS4a 10 BOPOT; Vcp — CPEIHSSA CKOPOCTh
nojera Ms4a B TYpHUpPE NPH yiapax Mo BOPOTaM;
() — 3HAYCHHE MHJEKCA TOYKH IOJIsl, CKOPPEKTH-

poBaHHOE Ha V/Ucp; (o — 3HAYCHHUE HHJEKCA
TOYKH TIOJIS B 3aBUCUMOCTH OT d, 3, T (popmyna 5)
[8; 10].

I[anee BBIICIIATIN ONPEACIICHHBIC MHTCPBAJIbI
3HAYCHUM HHJCKCA U 060611_[3..]'[1/1 BHYTpPH HHX CTa-
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TUCTUKY YCIIEIIHOCTH YIapoB 1o BopoTam. Ot-
JIEbHO BBIAEISUIM yAaphl MO0 BOPOTaM TOJIOBOM,
MpaBOil U JIEBOM HOTOM, BBIMIOJIHSAEMBIE C CONPO-
TUBJICHHEM, B TaJICHUH, TIPU BBICOKOM CKOPOCTH
nepenayy u T.1. B aToMm cinyuae aucnepcus 3Hade-
HUN YCHEIIHOCTH YAapoB MO JAHHON METOAMKE
6buta MUHMMAaIBbHOM. Eciin Mstu mipu yaape 1o Bo-
poTam JIeTHT ObICTpee B HECKOJBKO pa3, TO 3TO
PaBHOCHJIbHO MPUOIMKEHHUIO TOYKH yapa K BOpo-
TaM 3a c4eT BpeMeHH nojera msa4a. [lostomy 3Ha-
YeHHE (¢ MacmTaOdupyeTcs: KOAPPHUITMSHTOM V/Vep,
yTto noka3aHo B [10]. O60o3HauuM p — BEpOAT-
HOCTh peajM30BaTh MOMEHT (3a0uUTh MY, 1Iai0y
U T.J.) C TOUYKH @, IPU CKOPOCTH TOJIETa MsAYa V,
OJTHMM U3 ueThIpex TunoB yaapa (A(N)):

p(x,y)=1-exp M : (6)

rae A — kod(UIMEHT YCIEIHOCTH peaan3aluu
rosieBoro MmoMeHTa (opmyina 6). Ix 4 Buga — s
yIapoB ToJI0BOI, 00EMMHU HOTaMH 1 B O€30ITOPHOM
MOJIOKEHUH. A PaCCUUTHIBACTCS KaK MUHUMAJIb-
Has qucnepcus D ¢ peanuzanueit (CyMMa 3a0UThIX
1 cymMma p) B urpax (popmyna 7):

D(A)=min(23(4)-Zp(4)). (7)

VYuuteiBaem Toneko T¢ TTE, B pe3ynprare ko-
TOPBIX pacteT (popMyiia 8) BEpOSTHOCTh 3a0UTh
TOJI C HOBOI TOYKH npeObiBanus Msda (P1 — P2> 0):

Ct (x,y) = B(xp,¥) = P(x,%), (®

rae Ct — ctoumMocTb BeiurpanHoro marda; TTE —
OXHUJaeMOe M3MEHEHHE CueTa Marda B CiIydae
ycnemHoct TTE; Pi(x, y) — BepoATHOCTB 3a0UTh
TOJI C TOUKH TI0JISI C KOOpAMHATAMH (X, V).

Ct(x, y) = P{(x, ), (stats)). B utore — ¢op-
my1bl 9 u 10:

(X Ctix Ni(+)— X Ctix Ni(-))
= . . x1000; (9-10)
Y Ctix Ni(+)+ X Ctix Ni(-)
8 =X (Ctatx Nat + Ctobx Nob)/ (3+11),

rne Ct,, Cto — croumocTth BeiurpanHoro TTE B
arake (Naf) u obopone (Nob).
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Ouenka peanuzanuu ronesoro momenTa PIRS
C HAaHECEHHBIMH Ha Hee 3HAYCHUSIMH MHACKCa IS
¢byrooma. U3 [14] u3BecTHO

Rti = Rtoi % exp(—C x Ntte):
3max :zi,j,l,kXCZ’ (11)

rne XTTE — uucno ycnemnbix TTE B marye
(popmymna 11).

N3 crommoctu TTE nonydaem 6 u A kaxaoro
UTpOKa B Marye MO KaKIOMY KOMIIOHEHTY WIPBI.
Rti u Rtj nonmyuaem c cepBuca first.com mo ¢op-
myie (12) (puc. 2).

Puc. 2. PacnpepeneHne nHpekca
no wrpadHon nnowaake 8 dytbone
M ¢ T04HwWMK: BbinonHeHo A.A. T1on030BbIM

Figure 2. Distribution of the index
in the penalty area in football
Source: made by A.A. Polozov

Riil =37 Sijl X Rijl + Ail
Riil =Y * &jil X Reil + Ail ; (12)
(X Rtil+ X Rjl)/ (n+k) = Rt (ij First.com),

rae Oij — JoIis pe3ynbTara j Hrpbl B 00IIei COBO-
KyIIHOCTHU PE3yJbTaTOB i-i KOMaHJIbl; # — KOJI-BO
UTPOKOB Haleil KOMaHJbI; kK — KOJI-BO HUTPOKOB
KOMaH/IbI COTIEPHUKA.

Pacnipenenenue 6/ mo urpe B 06opoHe Oepem
C MPEIBIAYIIEro MaTya MPEeACTOSAIIETO CONEPHHKA.
[To xaxxnomy TTE (46 BUIOB) eCTh OTAETBHOE pe-
menue CJIY (12). CocrosiHEE CUCTEMBI B 3aBUCH-
MOCTH OT YIPAaBIIIOMNX BO3AECUCTBUA B MOMEHT
BPEMEHHU f MOXKET OBITh 3aIMCaHO CIECAYIOUINM 00-
pa3om (popmymna 13):

S =Si(t, PIRS) =

:{(x,y)0,(x,y)é,T(TTE),(Nl,N2);tl}. 13)

i
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YnpaeneHwe cocTaROM (BHIGOP Urpoka) |

CocTosHHe CHCTEMEL

Si(r, PRS) = {(x,y)o,(x,y)%,

i

T(TTE),{ NLN2), 1}

YnpaeneHwe CTPYKTYPOR (Ha Kakol No3vMuyMK OHWM MIPaioT) |

YnpaeneHve PpyHKUNOHUPOBAHWEM
(pekoMeHyeMble KomOuHauwn, TTE)

PaHxwmpoBaHue komaHf online

ﬁ:
S

nop ero SomxeT

ONTUMAU3ALKS DKOHOMWYECKOTO aBCNeKTa Kyda

Puc. 3. BekTop ynpasneHus

M cTo4YHMK: BbINoNHEHO A.A. [10N1030BbLIM

Squad management (player selection)

/’

System status

T(TTE),{ NLN2). i}

Si (I,PIRS) = {(x,y)%,(x,y)%

el

Structure management (what position they play)

|

Operation management
(recommended combinations, TTE)

Cser

Online Team Ranking

Optimization of the club budget

Figure 3. Control vector
Source: made by A.A. Polozov

Py4Hoi BBOA METKM Urpoka

Pexx1um 3ameH nog paccTaHOBKY cornepHuka

WHdopmaLms o rpaHnLax urpoBoro nons

PenTuHrim komaHa v urpokos

yncno TTE ANnsa Kaxaoro Urpoka B KaXaoM KOMMOHeHTe

\ 4

A 4

PIRSonline

Paauyc maya B meTpax

KTO Koro onekaeT B obopoHe

\ 4

MapameTpbl Ang kanubpoBky kamepsb |

KOMOMHaLMN ¢ HanBonbLLe YCnewHoCTbo

\ 4

>

Light

>

Puc. 4. «<HepHbli1 Awmk» mogenn PIRS
M CcTO4HuKK: BbiNONHEHO H.A. ManbLesoin

Manual label entry

\4

Information about the boundaries of the playing field

Team and Player Ratings

Ball radius in meters

Parameters for camera calibration

Substitution mode according to the opponent's line-up
L g >
»
Number of TTEs of each player in each component
»
>
PIRSonline

N Who is guarding whom in defense?

Ll ;

»

Ll

Combinations with the greatest success

|-
»

Figure 4. The PIRS model “black box”
Source: made by N.A. Maltseva
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Caer

Py4Hoit BBOA METKM Urpoka

VHdpopmaLys o rpaHuLiax Urposoro nons |

Paguyc Mada B MeTpax

MapaMeTpsl AnS KanuBpoBkM kamepbl

KomnbtoTepHoe
3peHue

KoopavHars! urpokos
KoopauHats! Meya
VHMUManu3auvs urpokos
I

PenTUHM KOoMaHg 1 UrpokoB

UrpoKos

*

»Anroputm onpeaenetus TTE

KoachcpuumenTsl Ans ypasHenuit PIRS

Pexvm 3aMeH Nog paccTaHoBKY ConepHuka

Yueno TTE ANS KAKAOTO Urpoka B KaxAOM KOMNOHEHTe

PIRS K70 KOro onekaet B 060poHe

KomBuHaumum ¢ Hanbonbluei YenewHoCTb

¥ VvV VY

Light

Puc. 5. Nogcuctemol mogenu PIRS
M € T0o4HWMK: BbINOAHEHO H.A. Manbuesoin

Manual input players date

Field carners data

Ball radius in meters

Camera calibration parameters
>

Players and teams ratings

Computer
vision players coordinates

ball coordinates

players initialization

player movements

TTE detection
algorithm

PIRS equations coefficients

Substitution mode for the opponent's lineup
Components players count TTE

Pl RS Players patronize in defense

The most successful combinations

Y ¥ Y X

eab nmpoekra:

Figure 5. Subsystems of the PIRS model
Source: made by N.A. Maltseva

- pa36I/I€HI/I€ CUCTCMBI Ha €€ IIOACHUCTCMBbI

CrpykrypHpoBaHHe pabOThl [0 MEPEXOAY OT  (puc. 5);

texHosiorun PIRS B pabore ¢ komaHgaMu TOII-
ypoBHS K co3nanuto cuctemsl PIRSonline.
OcHoBHBIE 3a1a4n PoekTa (puc. 3):
— OmpeJieNIeHHe TPAHUIl CUCTEMBI, €€ BXOJIOB

1 BBIXOZIOB (puc. 4);
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— omnpenenenue GyHKIHA cuctemsl (puc. 6);

— onpe/iesieHue KOMIIOHEHTOB CUCTEMBI (puc. 7);

— TpacCUpOBKa KOMIIOHEHTOB K PEaIi3yeMbIM
bYHKIHSIM.
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Figure 6. Functional diagram of the system through its decomposition.
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3. Pe3ynbTaTbl

IIpencraBienne cucTeMbl Kak MpocToi yHK-
uu peoOpa3oBaHus f(x), €€ BXOIBI U BBIXOJIBI.

DKCnepuMeHTaIbHAs YacTh paOOThI BBITTOTHS-
Jach B CIEIYIOLIEH MOCIe10BaTENbHOCTH.

1. I[lonyuenue uzobpasicenus. B cucremy
yIpaBleHUsI CIOPTUBHON KOMaHAOW JaHHBIE 00
urpe noctymnatot ¢ cereBoil kamepsl HikvisionDS-
2CD2087G2-LU (pwuc. 8), ycTaHOBIEHHOI B 3a1€
BO BpeMs MPOBEACHUSI copeBHOBaHUs. [lomyuen-
HbI€ IaHHbIE UTEPATUBHO MOCTYIAIOT U 00padaThI-
BAaIOTCA B MOCJEAYIOUIMX OJ0KaX ¢ 3alaHHBIM HH-
TEPBAJIOM.

Puc. 8. Kamepa HikvisionDS-2CD2087G2-LU
M ¢ T04HwuK: BbinonHeHo H.A. ManbueBoin

Figure 8. Hikvision DS-2CD2087G2-LU camera
S ource: made by N.A. Maltseva

2. Brok unuyuanusayuu napamempos uepol.
OTOT GJI0K BBIMIOIHSIETCS OUH Pa3 B Hayase MaTya
JUIsL 3aJaHusl TIOCTOSIHHBIX 3HAYEHHH, TaKUX Kak
napamMeTpbsl KaMepbl, IapaMmeTpbl MOJsl, pa3Mmep
Ms4a. DTH 3HAYEHUS XpaHITcs B ¢aitie koHpury-
paumii B TeyeHue Bcero Marya. K nmapamerpam ka-
MEPbI OTHOCATCS BHYTPCHHUEC W BHCIIHUEC 3HAYC-
Hus. OHHM HEOOXOTUMBI JJIS1 BBIYUCICHHUS KOOPIH-
HaT MOJIOKEHHSI UTPOKOB U Mstua Ha nose. K BHyT-
PEHHUM NapamMeTpam Kamepbl, HEOOXOAMMBIM TSI
nepecyeta 2D-koopauHarel B 3D-koopavHATH B
CHCTEME KOOPAHMHAT KaMepbl, OTHOCAT MaTpUILY
Kamepbl K, BKIFOYAOIIYO f — (OKYCHOE paccTo-
SIHUSI B MM, YCTaHOBJICHHOE B HACTPOMKaX KaMepbl
KakK MOCTOSIHHOE 3HAaYeHHE B paMKax Urpbl; d —
IUIOTHOCTH MUKCENeH; w, i — pa3mep ceHcopa:

_ .
d* 0o =
S 2
h

k=l 0 dxf 2 (14)
0 0 1

Taxoke K BHyTPEHHUM IapaMeTpaM OTHOCATCS
KOA(PHUIMEHTHI IUCTOPCUH, BEIYUCIICHHBIC HA TATIe
KaTMOpOBKU KaMepbl. OHM MO3BOJISIOT KOPPEKTH-
pOBaTh 3HaYEHUE KOOPIUHATHI, YCTPAHSIsA UCKaXKe-
HUE TUH3bl. BHemHMe napaMeTpsl KaMepbl OTHO-
CATCS K COOTHOIICHHIO CUCTEMbI KOOPJIMHAT Ka-
Mepbl K MUPOBOI cHCTEME KOOpPAMHAT, KOTOpas B
CUCTEME YIIPaBJIIEHUU PAaCCMATPHUBAETCS B paMKax
CIIOPTHBHOIO 3aJIa M COAEpXaT MaTpHIly Bpalie-
HUS M BEKTOP TPAHCIISAIMH, T. €. CABUT KaMephl OT-
HOCHTEJIbHO HaYaJIbHOM TOYKH OTCUETa KOOPIMHAT.
B nanHOM city4ae 3T0 HYKHM JIEBBII YTOJ MOJS.

3. Hemexyusa maua. K napameTpam 1osist OTHO-
cATCs 8 OMOPHBIX TOYEK (pHC. 9) ¢ 3apaHee U3BECT-
HBIMHU KOOpJMHATaMH OTHOCHUTEIbHO HAaYaJIbHOU
TOYKH OTCYETA U TPAHULIBI TIOJIS 111 UTHOPUPOBa-
HUS BCEX JIETEKIIUN Ms4a ¥ UTPOKOB BHE 3TOM 00-
nactu. [locie Toro kak kaap MOCTYIWI Ha BXOJ B
MH(GOPMAIIMOHHYIO MOJIENb, OH 00pabaThiBaeTCs B
o6moke aeTexkropa Msda. Ha mepBom mare u3o0-
paxeHHue MPOXOAMUT IMpolecc NnpeaodpadoTKu,
COCTOSIIIMH U3 U3MEHEHUs pa3Mepa n300paKeHns
(1024, 1024) n HOpMaNM3alMK 3HAYCHUN THKCE-
neit B quanasoHne [0,1] o Tpem kaHanam.

[Tocne mpeanpoieccunra JaHHBIE MMONAIOTCS
Ha BXOJ B CETMEHTALIMOHHYIO HEHPOHHYIO CETh C
3apaHee OOyYEHHBIMHM TapaMeTpaMu JUIsl JETeK-
o Msda. [locnenuuii cliod B TaHHOM CETH 3aMe-
HEH Ha IOJIHOCBSI3aHHBIN, YTO MO3BOJISAET KIACCH-
(bUIMpoBaTh KaXKJbIi MUKCEIb 10 MPUHAICKHO-
CTH K OOBEKTY JETEKIMH, CO3/1aBas TEM CaMbIM
MAacKy BBIZICJIEHUS TPaHHI] OOBEKTa.

4. Onpeodenenue 3D-koopounam msaua. J1s BbI-
YUCIIEHUS KOOPJUHAT JOCTATOYHO OHOM NepCIeK-
TUBBI BHJA YacTH Msda'. OObeKT 3anaercs 2D-ko-
OpAMHAaTaMU TOYEK B IJIOCKOCTH Kajpa. YToObI
BBIYHCIIUTH NOJOKEHNE Ms4a B 3D-nipocTpaHcTBe,

! Computer Vision in Fitness and Athletics. Voxel51. URL: https://voxel51.com (accessed: 21.02.2024).
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JOCTAaTOYHO MUHMMYM 5 TakuX TOYEK, PACIIOJO-
JKCHHBIX Ha TpaHUIle 00beKTa. 3aTeM IO ypaBHe-
HUIO 2JIUIICA

C XX +Cyx X XY +C,xY* +
+C,x X +C;xY+C, =0 (15)
BBIYUCIAOTCA KOOPAUWHATHI, OITMCBhIBAOIIWE OBaJIb-
HYI0 (QUTYpy BOKpPYT 33/IaHHBIX TOYEK OOBEKTa
MCTOAOM MHHHMM3AIIMK OTKJIOHCHHUA OT 3aJaH-

HOTO ypaBHeHuUs. B Hamiem ciyuae 2D-koopauHars
00BEKTa B TUIOCKOCTH KaJpa OBbUIM TMOTYy4YEHBI Ha

BBIXO/I€ CETMEHTAIIMOHHOM CeTH Ha MPEeAbIIyIIeM
miare. 3ateM ¢ ToMoIbo ypaBaeHus (15) mposo-
JUTCSl ONTUMHU3ALUs TOYEK s Oojiee TOYHOTO
OTHMCAHUSA AIUTUIICA, U 3TU KOOPIUHATHI MEpecyu-
TBIBAIOTCS B CUCTEMY KOOPAMHAT KaMEPhl COITIACHO
BHYTPEHHUM IIapaMeTpaM KaMmephl. 3a Ha4allo CH-
crembl koopauHat (manee — CK) crnopTUBHOTO
3aya, B KOTOpoil cuutatorcsa 3D-koopauHarh
UTPBI, ObLIA IPUHATA TOYKA TTOJIS B JIECBOM HUKHEM
yIIIy, OTHOCHUTEIBHO KOTOPOH 3a(MKCUPOBAIIH T10-
JIOKEHHE KaMephl TIo TpeM ocsiM (puc. 9, 10).

Puc. 9. OnopHbie TOYKN 1 rpaHuLbl
N ¢ T04HwUK: BbinonHeHo H.A. ManbugeBon
Figure 9. Anchor points and boundaries
S ource: made by N.A. Maltseva

G

Puc. 10. CK 3ana, oTHOCUTENBHO KOTOPOW
durKcmpyeTcs kKamepa
M ¢ T04HwuK: BbinonHeHO H.A. ManbueBon

Figure 10. SC of the hall relative
to which the camera is fixed
Source: made by N.A. Maltseva
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3Hast KOOPAMHATHI TOYKH TTOJIS M KaMepbl, ObLia
BBIUMCJICHA MaTPHILIa BPAIIEHUS U BEKTOP TPaHCIIs-
uK. BHemrHne mapamerpsl KaMepbl HEOOXOIHUMBI
JUIs1 TIepecyeTa noiny4yeHHbIx koopaunar u3 CK ka-
mepsl B CK 3ana.

5. Hemexyus ueporos. Jlerexkuus atone B Bbl-
JIeNIEHHOM 00JIACTH BBIMIOIHSAETCS € TOMOIIBIO CET-
MEHTALMOHHOW MOJIeN HelpoHHoM ceTtH Yolov7,
IJI€ YeJIOBEK OMMCHIBAETCS KOOPIMHATAMHU MAaCKH
10 KOHTYpY (QUTrypsl. DTH JaHHBIE MOCTYNAIOT HA
BXOJ B OJIOK OTpeNieieHus] KOOpINHAT UTPOKOB Ha
noJie v B OJIOK KJIacCU(PUKAIIMU «UTPOK U CYIbU».
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6. Tpexune. KaxkIblii HITPOK Ha TI0JI€ PUKCHPY-
€TCsl He TOJIBKO CBOMMM KOOPJMHATaMM Ha IIoJe,
HO ¥ HOMEpPOM TpeKa, KOTOPBIi MPUBA3BIBACTCS K
HEMY B Hayalle COPEBHOBAHHS M COXpaHSETCs Ha
NpOTSHKEHUHM Bcel urpel. Ecnu Tpek tepsiercs,
pPeUICHTHU(PHUINPOBATH UTPOKA TIOMOTAET HOMEP Ha
Maiike, ero pacro3HaBaHKUE IOMOIaeT MPUBSI3aTh HO-
Mep TpeKa K KOHKpPETHOMY UIpoKy. B aTom Gmoke
B KQu€CTBE BXOJHBIX TAHHBIX BBICTYIAIOT KOOP/IU-
HaTbl UTPOKA U €ro0 U300paKeHHe, B KAYECTBE BbI-
XOJIHBIX JaHHBIX — HOMep urpoka. Urpok cuura-
€TCsI HOBBIM, €CIIM OH paHee He ObLT HICHTUUIIH-
pOBaH, UCIOJIb30BaHHBIN paHee, €CIIU 3TO TOT XKe
UTPOK.

7. Knaccughuxayus uepoxos, spumeneti u cyoet
(puc. 11).

8. Onpeoenernue nosvl uepoxa. J1s Toro 4ToObI
pacnio3Hars TTE Ha BHIE€O B MOMEHT BpPEMEHH i,
HEJ0CTAaTOYHO 3HAaTh MOJIOKEHHE Wrpa Ha TOJe.
HeoOxonnma koMOMHAIUS TOJOKEHUS €0 PYK U
Hor Hakazpe i — 1 ui. Monens OpenPose no3soursier

OIPENENINTh KOOPAMHATHI 5 TOUEK YEIOBEKA B KaJIpe
(muK). OTH TaHHBIE COXPAHAIOTCS B TEUEHHE HE-
CKOJIBKMX KaJpOB U MOAAI0TCA B OJIOK ompenere-
Hus TTE.

Puc. 11. lNpumep Tpex KNaccoB: cyabsi, Urpok, 60enbLmK
M € T04HwuK: BoInonHeHO H.A.Manbueson

Figure 11. Example of three classes: judge, player, fan
Source: made by N.A. Maltseva.
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6. cronbey 1 Mpobenoe: 4 UTF-8  CRLF
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Puc. 12. ItoroBshliii pesynstaT KomMnbloTepHoro 3peHus ana PIRSonline
M ¢ T04HunK: BoinonHeHo H.A. ManbLeBo
Figure 12. Final computer vision result for PIRSonline
Source: made by N.A. Maltseva
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9. B uTore mpeapIyIuX IaroB MbI IOJTYYHIIN
KOOp/IMHATHI UTPOKOB U MsT4a B UTPOBOM IPOCTPAH-
CTBE. DTO MO3BOJIMIIO HAM OINPENEIUTh BCE MHAM-
KaTopbl, HEOOXOIUMBIE JJISl TOAKIIOYEHHS TEXHO-
norun PIRS:

— MHJEKC Ms9a ¥ UTPOKOB;

— BJIaJICHHE MSYOM;

— peanu3aius rojieBOro MOMeHTa (M4 B KOp-
3UHE);

— CKOPOCTh MIEpEMEIICHUS UTPOKOB U MsIua;

— pa3MeH UTPOKOB (KTO KOTO OTEKaeT);

— paccTaHOBKY 1O MO3UIMSIM Ha TI0JIE;

— OTJIMYHME MPOCTOr0 TEXHUYECKOTO JACHCTBUS
0T eIMHOOOPCTBA;

— BEJICHHE CUeTa Marda, BpeMs Mar4a;

— OIpeAeIeHHE T10 KeCcTaM CyIbH (oma, ocTa-
HOBKH UTPHI, 3aMEHBI;

— ONpe/IeTIeHNE TEXHUKO-TAaKTHUECKUX eTUHO-
00OpCTB;

— onpeiereHrne 000X Y4aCTHUKOB eTUHOO0D-
CTBa;

— Ompe/ieJIeHne PEHTUHTOB UTPOKOB B MaTue;

— Onpe/ieleHre yTOMIIIEMOCTH UTPOKOB TI0 JTU-
HaMHKEe PEHTHHIOB;

— ONpe/IeICHNE TIOTePH MSYa;

— BBISIBIICHHE Y(PPEKTUBHOCTH Pa3TUYHbBIX KOM-
OMHAIIHIA.

B pe3syinprare nosry4eHo pemeHne ¢ JeTEKIHEN
BCEX YYaCTHUKOB Mar4a, Msa4a u Jip. (puc. 12).

3aknioyeHve

[TomyuenHast HaMu CUCTEMa OTJIMYAETCS KOM-
IJIEKCHBIM IOAXOAOM. B HEll OpraHu3oBaHbI IOJ-
CUCTEMBbI BBIMOIHSIOMINE (PYHKIUU JETEKIIUH 00b-
€KTOB, [IEpeBOJIa HalICHHOTO O0BEKTa B CUCTEMY
KOOpIWHAT 3a1a, pacnio3HaBanua T T/], anammza peii-
TUHTA U TIOACKAa3KU TPEHEPY B OHJIANH-pEXHUME.

Texnonorust PIRS ucnonp3oBanace B padore
co coopHoit Poccun mo muam-(yT60my ¢ 2010 MO
2018 1., 4TO TIO3BOJIMIIO KOMAH/IE TIEPEUTHU C MATOTO
MECTa B MUPOBOM PEHTHHIE Ha nepBoe. B 3Toit
TEXHOJIOTMH 3a/1a4a yIpaBJICHUS KOMaHAO0U TOI-
YPOBHSI COCTOMT B TOM, 4TOOBI MOA00paTh Mapa-
METpPbI YIPABICHUS U UX 3HAYEHUS, TO3BOJISIOIHE
JNOOUTHCS MAaKCHMAJBHOTO CYETa MPENCTOSIIETO
Marya. OJJHaKoO JajbHENIIee pa3BUTHE TEXHOIOI MU
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PIRS TpeOyer ee Tparchopmariy B OHIAH-PEKUAM.
[TomyuyeHHast HaMHM KOMIUIEKCHAs CUCTEMa COCTOUT
U3 HECKOJBKUX IOJICUCTEM, KaXKIas U3 KOTOPBIX
Obu1a afganTupoBaHa moj TexHosnoruto PIRS ¢ yye-
TOM paboThI B OHJIAMH-pesxuMe. B pesynsrare Ob110
c(hOopMHPOBAHO HECKOJIBKO MOJICUCTEM.

1. Jlemexyus u mpexune uzpokos u mada. B atoi
YacTU CUCTEMa IPUMEHSET METOJbl KOMITBIOTEp-
HOTO 3pEHUS JIJIs IETEKTUPOBAHUS M TPEKUHTA UT-
POKOB M Ms4a Ha noine. Mcnone3yercs cerMmeHra-
[IMOHHAsT HEHpOHHAsl CETh, a TAKXKE alTOPUTMBI
TpeKuHTa, OCHOBaHHBIC Ha Kalman-dumnsrpe.

2. Onpeoenenue 3D-koopounam. Cuctema uc-
MOJIb3yET METO/bI PEKOHCTPYKILIUHU JUIsl OIIpesiee-
Hua 3D-koopauHaT MA4Ya U UTPOKOB. ITO TO3BO-
JsieT 6oJiee TOYHO OTCIICKUBATh UX TOJIOKEHHUE Ha
MOJIE M aHAJIM3UPOBATh JBUKCHUS.

3. Knaccugpuxayus uepoxos, 3pumeneti u cyoeil.
Cucrema UCTIONIB3YET arOPUTMBI MAITHHHOTO 00Y-
YeHUs JUId KilacCU(pUKaIMi 00BEKTOB Ha IoJie, Ta-
KHMX KaK UTPOKH, 3pUTEIN U CYIbU. DTO MO3BOJISIET
CHCTEME UTHOPUPOBATH HEHY)KHBIE OOBEKTHI U (HO-
KyCHpOBaTbCs HA UTPOKAX.

4. Onpeoenenue nozvl uepoxa. Cucrtema UcIob-
3yer Mozesib OpenPose 111 onpe/iesieH s o3kl Ur-
poka Ha BuJeo. briaromaps sToll Moaenu cuctema
pacno3Haet pa3nuusble TUIbl TTI urpokos.

5. Oyenka TTE. Cuctema UCTIONb3YET aJITOPUTMBI
MammHHOTro o0yuenus s onieHku TTE urpokos.
DTO MO3BOJISAET CUCTEME KOJIMYECTBEHHO OLICHUBATh
3¢ GEKTUBHOCTD IEHCTBUIA UTPOKOB M KOMaH[IbI B
LEJIOM.

6. Busyanuzayus oannvix. CucreMa npejcTas-
JSIeT pe3ysbTaThl aHAIN3a B BUAE MHTEPAKTUBHBIX
BU3yaJIU3alMi. ITO JaeT BO3MOXKHOCTb TPEHEpPaM U
JIPYTHM 3aUHTEPECOBAHHBIM JIUIAM JIETKO B YI0OHO
IIPOCMaTpPUBaTh U AHAJM3UPOBATh JIaHHBIE.

CdopmupoBaHHasi B UTOTE€ TPACCUPOBKU KOM-
MOHEHTOB K peain3yeMbIM (DyHKIIUSIM MOCIe0Ba-
TEJIBHOCTh 3371a4 Mo pa3paboTke MH(OpMAIMOH-
Holi cuctembl PIRSonline coctout u3 momy4enus
n300pakeHus1, OJI0Ka MHUIMATIN3AMY TapaMeTPOB
UIPBI, IETEKINUN Ms4a, onpeaeneHus 3D-koopau-
HaT Ms4a, JETEKLUH UTPOKOB, TPEKUHT A, KJ1acCU(u-
KaI[{ UTPOKOB U CYJICH, OTIPE/ICIICHHS TT03bI UTPOKA.

Pa3zpaborannas wHpOpPMANMOHHAS CHCTEMa
PIRSonline:
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— obecrieynBaeT KOMIUIEKCHBIN MOJIXO/ K OH-
JaliH-yTIPaBJICHHUIO COPEBHOBATEIHHOM JIEITEIBHO-
CTBIO KOMaH]I TOII-YPOBHSI;

— HCTIONIB3YET MEPEIOBBIC METO/IbI KOMITBIOTEP-
HOTO 3pEHUS] K MAIIMHHOTO 00yYeHHS JJIs1 BBITIOJI-
HEHHsI CBOUX (DYHKIIHIA;

— MPE/ICTABISAET Pe3yNbTaThl aHAJIN3a B BUE
WHTEPAKTUBHBIX BU3YyaJIN3aIldii, 9TO 00JIerdaer 00-
paboTKy.

Cucrema PIRSonline npeacrasinsier coboii nep-
CIIEKTHBHBIA HHCTPYMEHT JJIsl OHJIAWH-YTIPABIICHHS
COPEBHOBATEJILHOW JIEATENFHOCTHIO KOMaH/I TOTI-
YPOBHSL.
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