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B coBpeMeHHOI rOpHOI0OBIBAIOIIEH TPOMBIIINIEHHOCTH aKTyaIbHONH TEXHHUUYECKOH 3a1auei siB-
JeTca BHEAPEHHE aBTOMAaTHYECKUX CHUCTEM, OOECIEUHBAIOIIUX OPHUCHTHPOBAHUE M ITO3UIIMOHHPO-
BaHHE TOPHO-BBIEMOYHBIX MAIIMH MPU OTPAaOOTKE MPOMBIIIICHHBIX IIacToB. CyIecTByeT HECKOJIb-
KO OCHOBHBIX TEXHOJIOTHH, IPUMEHIEMBbIX I TO3HIMOHUPOBAHUS KOMOAtHOB 1O/ 3eMIIeH, OJJHaKO
chepa MX NPUMEHEHHsS OrpaHWYEHA Pa3IMYHBIMH TOPHO-T€OJIOIMYECKUMH M TEXHOJOTMYECKUMH
(axropamu. B ycrnoBusix orpadoTky npomsinuieHHBIX m1actoB BKMKC nopassiomee 00IbIIHHCT-
BO M3 HUX He nmoaxoaut. Ileap padorsl: pa3paboTaTh HOBBIM MOAXOA K 3aJade OJOMETPHYECKOTO
MO3ULIHOHUPOBAHUS TOPHO-BBIEMOYHON MAIIMHBI O[] 3€MJIEH, a TAKXKE CO3/aTh MIMUTALIMOHHYIO MO-
JIeTTh, TTO3BOJIIOIYIO ¢ HEOOXOIMMOM CTETICHBIO TOYHOCTH OTPEIENATh TEKyIlee U IPOrHO3UpyeMoe
yraneHue kom0aifHa OT Hadaa BHIPAOOTKH B YCIOBHSX 3alIyMJICHHOCTH M3MEpeHUH. MaTepuasbl
U MeToAbl. B xauecTBe TEXHHUECKOTO PELICHHS MOCTaBJICHHOHN 3aJa4M IMpelaraeTcsi MIpUMEHEHHE
texHosorun BLE (Bluetooth Low Energy): iBeacon-masiuku OyayT cOpachIBaThCs 10 X0y JIBHXKE-
HUS KoMOaifHa, a JaT4mK, NMPUKPEIUICHHBIN c3aau OyHKepa-eperpyxarteis, OyIeT CUUTHIBATh pac-
CTOSIHUSA 10 Mastuka. J[JIs1 IMUTAIIMOHHOTO MOJETHUPOBAHNS HEOIPEACIICHHOCTH NIPH IBHKEHUU KOM-
6aifHa paccMaTpHUBaIach THIIOTE3a O HOPMAIBHOM PacIpeaeICeHIH CKOPOCTH IBHKEHUS Ha y4acTKaxX
ciaydaitHot niuHbBL. [Ipu MoaenupoBaHuUW cOpachbIBaHUS Masyka HCIOJb30BANACh TUIIOTE32 O TOM,
YTO BEJIMYUHA PACCESHUs Masuka MPU NaJeHUH SBISIETCS JIBYMEPHOH HOPMANBHO PACIpeneIeHHON
ClIy4ailHOW BENMYMHOM. 3allyMIIEHHBIE M3MEPEHHs I'€HEPUPOBAINUCH CTOXACTHYECKUM IIPOLECCOM C
BO3pACTAIOIIMMH TpaHULIAMHU pa3dpoca MpH YAUICHUH JaT4rKa OT Masuka. B kauecTBe WHCTpyMEHTa,
00pabaThIBarOLIEro 3allyMIICHHsT H3MepeHust, npumensuica ¢unbTp Kanvana. PesyasTarsl. Coznana
MOJIeTb, UMHTHPYIOIIAs CIydalHble CKOPOCTH JBIDKCHHSI KOMOaliHa Ha y4acTKax CIy4aidHOH uin-
HBI, a TaK)Ke CMOJIETIMPOBAH CIIydaiHbIN pa3dpoc mpu ckuasiBaHuu Bluetooth-mastakos. st rene-
pammy U3MEepeHHi JaT4yrKa pa3paboTaH adrOpUTM, HO3BONSIONINN YUHUTHIBATh YBEJINYCHUE 3allyM-
JICHHOCTH TOKa3aHUH MPH yJaJeHUH OT Onmkaiinero copomeHHoro Masaka. [lng o6paboTku Moze-
JUPYEMBIX W3MEPEHHUI M NMPaBIIBHOTO ONpPENeIeHUs AUCTAaHIMK MasdoK-IaTYUK HCIIOJIB30BAaH aj-
roputM KanmaHoBckoi ¢uiabTparmu. 3akiawdenne. [IpengaraeMpiii OAX0M U CO3JAaHHAS HUMHUTA-
LHOHHAsI MOJIENb MO3BOJIIIOT C 33JaHHON CTENEHBIO TOYHOCTH ONPEAEIATh U MPOrHO3UPOBATh pac-
CTOSIHHE JI0 yAAJSIONIerocsi KomOaiiHa 1pu oTpaboTKe MPOMBIIIIEHHBIX IIIaCTOB.

Kniouegvie cnoea: zopHo-gvlemounvlie MauwiuHbl, HOO3EMHOE NOZUYUOHUPOBAHUE, 00OMeEmp,
Bluetooth Low Energy, iBeacon, puremp Karmana.

BBenenue

B coBpeMeHHOI TOPHOH MPOMBIIUICHHOCTH ONTHUMAJIbHBIC PEKUMBI pa0OThI Pa3IMYHBIX KOMILICK-
COB M MEXaHHM3MOB, 00ECIIEYNBAIOIINX HEOOXOANUMYIO 3(PPEKTUBHOCT MPH AOOBIYE MOJIE3HOTO HCKO-
MaeMoro, He MOTYT OBITh BEHITIOJTHEHBI 0e3 BHEAPEHUS aBTOMATH3UPOBAHHBIX CHUCTEM YIpaBICHHs. AK-
TyaJIbHOCTh aBTOMATHU3alMU PACTET M B KAJIUWHOW OTPaCiH, TJie¢ TOYHOCTh OTPAOOTKH OCTATOYHO He-
0O0JIBIINX TPOMBIIUICHHBIX IJIACTOB MOXET OBbITh O0ECIICYCHA TOJILKO COBPEMEHHBIMHU ITPOIPaMMHO-
TEXHHYECKUMU CPEJICTBAMH, BHEJPSIEMBIMH B OTPa0OTaHHBIC TOJJaMH MPOIIECCHl MEXaHU3AIMH TIPU TIPO-
BEIICHUU BEIPAOOTOK [1].
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[IpoBenenue ropHbIX BbIpaOOTOK MpU OTPabOTKE IJIACTOB OCYIIECCTBIISICTCS MOCPEICTBOM JOOBIY-
HBIX KOMOAHOBBIX KOMIUIEKCOB (pHc. 1), B cOCTaB KOTOPBIX BXOJST MPOXOAYECKO-OUUCTHON KOMOaiiH,
OyHKep-TieperpyKareib 1 IIaXTHBIA CAaMOXOAHBIHN BaroH [2].

Puc. 1. Kom6ariHOBbIW KOMMEKC: 1 — MPOXoA4YeCcKO-OYUCTHON KOMbaWH; 2 — GyHKep-neperpyxaresb;
3 — WWaXTHbIA caMOXOA4HbIN BaroH
Fig. 1. Combine complex: 1 — road heading machine; 2 — loading bunker; 3 — mine self-propelled car

BaxxHoCTh COOMIONIEHUST MapKIIeHJepCKUX YKa3aHWH MpH TOPHOIPOXOJYecKHx padoTax Ha
BKMKC obycnaBnuBaeTcst HEOOXOUMOCTBIO OCTABICHHS [IETHKOB U KaMep 3aIaHHBIX POSKTHPYEMBIX
pa3MepoB B IEJSIX MPEXKIE BCET0 COXPAaHEHUS HECYIIeld MOIITHOCTH BOIO3AUTHON Tommu [3].

Takum oOpa3oM, mpoOeMa OPUSHTHPOBAHUS U TO3UIMOHUPOBAHUS T'OPHO-BHICMOYHOW MAIIMHBI
TIOJT 3eMJICH SIBIIICTCS] BAYKHON TEXHUYECKOH 3a1a4eii, KOTopas MOXKeT ObITh pellieHa B TOM YHCJIe W BHE-
JIPEHVEM aBTOMAaTHYECKHX CHCTEM, 00ECIeUnBAIONINX MPOBEJACHNE BEIPa0OTOK B 33JJaHHOM HampaBlie-
HUH, C IEJbI0 00CCIeYCHH MPOrPaMMHOI0 KOHTPOJIS 33 IMOJOKEHHEM KOMOaliHa B BEPTHKAJIBHON U
TOPU30HTAIBLHON TIOCKOCTSIX.

Jlia penieHus oCcTaBieHHON 3a/1a4l HEOOXOIUMBI TaTYUKH 10 OTKIoHeHUi0 [ BM B ropu3oHTaib-
HOHM M BEPTHUKAIBHOHN TUIOCKOCTH, a TAaKXKE OJIOMETPHUECKHE MAaHHBIC 10 YIAICHHIO KOMOaifHa OT cTap-
TOBOH MO3UIIKH (TIPEATIONaraeTcs, 4To KpeH komOaiiHa BI€BO-BIIPABO OTCYTCTBYET B CBSI3H C HAJEKHBI-
MU JaHHBIMU THPOCKOIIA B KaOMHE KoMOaiiHepa).

B nmanHol paboTe paccMaTpuBaeTCs 3aada MOJCIMPOBAHUS MOKa3aHU BUPTYaIbHOI'O OJIOMETpa,
a TaKXKe MPOIIEeCC MOCTPOSHHUS AITOPUTMA, HEOOXOAMMOTO I Mo3UIoHupoBanust [ BM 1o 3tum noka-
3aausM. [Ipu 3TOM yuuTBIBaETCS, 9TO OJOMETpP OyET UCTIONH30BATHCA KaK BCIIOMOTATEIbHBIN JATYHK B
KOMOWHAIIMU C IPYTHMH JaTdyuKamu [4, 5], Tak Kak u3-3a JBW)KCHUS KOMOaifHa B Pa3HBIX TIOCKOCTSIX
JIAHHBIX OJIHOTO OJIOMETPa JJIsl OLICHKU MOJIOKEHHS OyIET HEIOCTATOYHO.

Cy1iecTBYIOT pa3InyHble TEXHOJIOTHUU, IpUMeHseMble Juist opueHTanuu 'BM nmox 3emuneit [6], ox-
HAKO B YCJOBHAX OTpabOTKH mpombiiuieHHBIX miactoB BKMKC monmasnstomniee OOMBIIMHCTBO W3 HHUX
He moaxoauT. [IpuMeHeHune na3epHbIX U ONTHYECKUX CHCTEM IS OPHEHTAIIMA HEBO3MOXKHO B CBS3H C
HU3KOH BHIMMOCTBIO IO MPUYUHE HEU30S)KHOM 3albUICHHOCTH MPOXOJUMBIX BBIPAOOTOK; TaXEOMETPH-
YECKUE CUCTEMBI HE MOTYT OBITh TPUMEHUMBI M3-32 OTPAHUYCHHI Ha UCIIOIH30BaHUE PA3IMYHOTO BUAA
TpaHCIIOPTa JJIsi OTOMTOM MOPHON MacChl; MPUMEHEHUE MHEPIHABHBIX CHCTEM OyIeT CBS3aHO C OO0Jb-
IIMMH TTOTPEIIHOCTAMU B CBSI3U C BHICOKMMH BUOPAIIMOHHBIMHU BO3MYIIICHUAMHU KOMOaliHa, BhI3BaHHBIMU
paboTOl UCTIONHUTENBHOTO OpPraHa, a TAaK)Ke CAMUM IepeMeIeHIEeM 3a CYEeT TYCEHHYHOT0 XOJ1a.

1. ITpenJiaraemoe TeXHMYECKOE pPellIeHHE

B nannoii paboTe Ui peleHus: 0A0METPUUYECKOH 3a1auu peaIaraeTcsl HCIoIb30BaTh TEXHOIOTHIO
BLE (Bluetooth Low Energy), koTopas y:xe JaBHO BHEAPSAETCS ISl peIliCHHUs pa3IMuHbIX 3aaa4 indoor-
HaBUTAIMK BHYTpH nomemieHuit [7, 8]. C3aau OyHKepa-mieperpyareis 1o IEHTPY Ha BbICOTE /i OT
NOYBBI KaMepbl OyJeT yCTaHOBJECH NaTYMK, MPUHUMAIOIIUA curHan. YyTe HIKE HOA JAaTYUKOM OyAeT
HaXOAMTHCS YCTPOUCTBO, cOpachiBarollee ibeacon-MasyoK MPpHU yJaJICHUU AaTYMKa Ha 3aJaHHbIM mar A
OT MPEIBITYIIET0 COPOIICHHOTO MasiKa (puc. 2).

[Ipu ynanennn komOaliHa OT MOCJIEAHEro COPOIIEHHOTO MasyKa AaT4UK OyJeT NMPUHUMATh BCE
YMEHBIIAIOUINNACS YPOBEHb CHTHAJIa U IMOKA3bIBaTh PACCTOSHUE MEXIY MasdyKOM M JaTYHKOM (pHC. 3).
3Ha4YeHUs paCCTOSIHUHN, COOTBETCTBYIOIIHNE ONPEICICHHOMY YPOBHIO CUTHAJA, OYAYT SBISTHCS TEXHUYC-
CKUMH XapaKTePUCTUKAMH KOHKPETHOT'O YCTPOWCTBA, HACTPAaMBAaEMbIMU IO YCJIOBHUS 3KCILTyaTallUH U
OTIpeIesIIEMBIMU MIPU ero Kanuoposke [9].
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=4 ———— C6poc Maguka

Puc. 2. PacnonoxeHune gaTymka u yctporMcTsa Ans copacbiBaHUs Masyka
Ha GyHKepe-neperpyxarene
Fig. 2. Location of the sensor and device for dropping the beacon
on the loading bunker

Puc. 3. Mpumep copacbiBaHUA MasiuKoB Mo XoAy ABUKEHUA kombainHa (cpe3 cBepxy)
Fig. 3. An example of dropping beacons in the direction of the combine’'s movement
(cut from above)

JIyis MOJCTUPOBAHUS TIOJTYYAEMBIX JATYUKOM OT OJIMYKANIIIEro Masiyka 3allyMJICHHBIX HAOII0ICHUI
ObL1a MOCTPOCHA MOJICIb ABMIKEHHUS KoMOaiiHa.

2. Co3anne UMUTATHOHHOW MOIeTH

2.1. Mooenuposanue osudicenus Komoaina

Ha nepBom miare mozaenupoBaHus ObLIO CIENAHO MPEIINONIOKEHHE, YTO MPOIECC MPOXOJKU BCeH
JUTHHBI 0Tpa0aThIBaeMO KaMephl COCTOUT M3 HECKOJIBKMX yYacTKOB, HA KOTOPBIX CKOPOCTh KOMOaiiHa
nmpuMepHo moctosiHHa. [loaromy kamepa mmuHO# 200 MeTpoB pa3OuBanach Ha CllydaliHOE KOJIMYECTBO
OTpe3KOB ciaydaiHou amunel U . [Ipu 3TOM IpUHUMAaIack TUIIOTE3a O TOM, YTO CaydaiitHas BenudunHa U
pacmpeziesieHa paBHOMEpHO, TaK KakK JUIMHA KaKIO0T0 U3 TAKUX OTPE3KOB PaBHOBEPOSITHA, U UMEET ILJIOT-
HOCTb paclpeieIeHNs:

l .
()= m,ecnnue[a,b], 0

0,ecmuu ¢[a,b],

rzie 3Ha4eHust a u b mMoryt ObITh M00sIME 0T 0 10 200 (B paboTe mpuHUMAaIIOCh, Harpumep, 4to a =0,
b=20).
3nauenus U; MozaenupoBalIuCh O TeX HOP, IOKa UX CyMMa He MpeBbllIana AIUHY OTpabaTbiBae-
k
MO KaMepBl: ZU ; <200 . IIpu 5TOM UIMHA TIOCIIEIHETO YYaCTKa KOPPEKTUPOBAIACh TaK:
i=l
k+1
Ui =Uk — (ZUi —200).
i=1
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Ha cnenyromem mare MoaeaMpOBaHMs JUIs KakJaoro 3HadyeHuss U; reHepHpoBajoCh 3HaYEHHE

V; — npuMepHoOii cpeHel ckopocTH KoMOaiiHa Ha JaHHOM y4acTKe. Bplia MpuHATa TUIOTE3a O TOM,
yTto V' — ciaydaliHas BeIMYMHA C HOPMAJbHBIM 3aKOHOM PAacCHpeIeNeHUs] U MNIOTHOCTBIO BEPOATHO-
ctu [10]:

_ (V_ch )2

f)=—t e 2 ®)

5,21

Iie G, — CPEAHEKBAIpaTHYECKOE OTKIIOHEHHE 0T MV = Vep -

W3 HOpMATHBHBIX JOKYMEHTOB M3BECTHO, YTO MaKCHUMallbHAsh CKOPOCTh KOMOaifHa Ha IeperoHax
paBHsieTcst 3 M/mMuH. OIHAKO MPH OTPaOOTKE T'OPHOH MOPOJABI Takas CKOPOCTh HE TOJUTCS, IMO3TOMY
Cpe/iHee 3HaUCHUE CKOPOCTH Vg, NPH 0TpaboTKe ObUIO paccuuTaHo no-apyromy [11, 12]:

ch = —S ' Y .
rae O — cpeaHss MPOU3BOAUTENBHOCTh KoMOaiiHa Ypan-2011, T/MuH; S — TuIonaas mornepevyHoro ceve-

3)

HUS BBIPaOOTKH, M Y — yIelbHas INIOTHOCTH TOOBIBAEMBIX COJIEBBIX TIOPOI, /™.
B utore 6110 TOMTyYEHO CiEAyIONIEE 3HAUCHHUE IS CPEIHEH CKOPOCTH Vep TPH 0TpaboTKe Tpo-
MBIIIJIEHHBIX IJIaCTOB:
8 T/MuH

Vep = 5 =~ 0,25 m/mun = 0,004 m/c .
15,6 M~ -2,08 /M

I[J'IH pacdc€Ta G, HNpearojaarajloChb, 4YT0O MUHUMaIbHAsl CKOPOCTh U MaKCHUMaJIbHAsl CKOPOCTD IIpHU OT-

paboTKe TIacTa MPUMEPHO PaBHOYIANICHBI OT V., , TO €CTh MUHUMAaJbHAs CKOPOCTH OJIM3Ka K HYJIIO, a

cp
MakcuManbHas 0mm3ka k 0,01 M/c, Tora corliacHO MPaBHITY «TPEX CUTMay:
0,01 m/c—0,004 m/c
c,=
3
TakuM 00pa3oM yaajioch CMOJCIMPOBATh JIBM)KCHHE KOMOaliHa CO CIy4YalHBIMM CKOPOCTSIMH Ha
OoTpe3Kax ciiydaiiHoHM jyinHbl. [I0CeKyHIHBIN 3aMep PacCTOSIHUA OT yNAJNAIOUIErocs JaTyrdka A0 Hadala
KOOpPJIMHAT MOKAa3aH Ha puc. 4.

~ (0,002 m/c.
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Puc. 4. MocekyHOHbIN 3aMep pacCTOAHUA OT yAansoLWerocs gaTyvMka Ao Hayana koopauHat
Fig. 4. Secondary measurement of the distance from the receding sensor to the origin
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2.2. Mooenuposanue copoca maauxa

[anee MonennpoBanochk ciydailHOe CKUIbIBAaHHE Masdyka. Masdok u3-3a BuUOpauuu KomOaiiHa mpu
CKUJIBIBAHWUY CIy4aiiHO OTKIIOHSIETCSI B CTOPOHBI Mo KoopauHare X u Y . Jlns monmenupoBanus Obuia
paccMOTpeHa THUIOTE3a O HOPMAJIbHOM pPaCIpEIEICHUN TaKOW JBYMEPHOW Cly4yalHOW BEITWYUHBI
M (X,Y) c IIOTHOCTBIO pacHpeAeICHuUs:

1 -
Quy (6,7) = ——————e” 1, )
216,60 ,41-p
2 2
- - —-a —-a
rre L(x,y) = 1 . x—a, _2p.x a, v v, y—a,
2(1-p%) o, o, c, c,

IIpu sTOM cumTanock, 4to ciydaiiHple BennduHbl X W Y HE3aBUCHUMBI JpyT OT apyra (XOTs, BO-
00I1Ie TOBOPS, 3TO HEOOSI3aTENBHO TaK, HO B JIAHHON MOJIENH pacCMaTPUBANICS UMEHHO TaKo# cirydail),
MO3TOMY KO3(DPHUIIMEHT KOpPeIAlud p MeKIy X U Y NpakTHYeCKH OyAET PaBeH HYJIIO, TO €CTh UM
MOKHO TIpeHeOpeyb, MO3TOMY ypaBHEHHE ISl INIOTHOCTH pPaclpeAeTIeHHs IBYMEPHOH CITy4aitHO! BeJH-
YHHBI YITPOIIAIOCH:

1

— = L(x,y)
Py (xa y) - 2 e > (5)
oM
rae
2 2
l1|{x—a y—a
Lx,y)== =+ =1 |
2 o, c,
rae a, U a, — KOOPAUHATBI X U y ycTpoiicTBa cOpachlBaHUs Masuka B MOMEHT cOpachlBaHus; G, U
G, — CPEAHEKBAJPATHYICCKUE OTKIOHCHHS, XapaKTEPHU3YIOLIMe pa3dpoc [0 X U ) COOTBETCTBECHHO; B
1-0
MOJIC/IH TIPHHUMAJIOCh, YTO G, =0, =T=O,333 M COIVIACHO «IIPaBUJIy TPEX CUIMa» JUIsl MaKCH-

MaJIbHOTO pazbpoca B 1 M.

Ha puc. 5 noka3an nocexkyHIHbIH 3aMep pacCTOSIHUA OT yJAJISIOLIErocsl JaTyuka A0 Hadaja Koop-
nuHat (JuHuS 1), a TakKe MOCeKYHIHBIN 3aMep OT YJaJISIONIerocs JaTyuka 10 OrKaiiiero coporieH-
HOTO Masiuka (JIMHUSA 2), C yI€TOM TOTO0, YTO LIar cOpackiBaHHs paBeH 15 M.

60\d, m

40 /
2

20

t, cex
0 5000 10000 15000

Puc. 5. MocekyHAHbIN 3aMep paccTOAHUA: 1 — OT yAansilowWweroca AaTynka Ao Hayana KoopauHar;
2 — oT ypansiowerocs aaTunka Ao 6nuxaniiero c6poLeHHoro Masiuka
Fig. 5. Measuring the distance per second: 1 — from the remote sensor to the origin;
2 — from the remote sensor to the nearest dropped beacon
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2.3. Mooenuposanue wiyma oamuuxa

[MocnenyronM maroM MoJeIMPOBaHUsT OBUIO MOJCIMPOBAHKE IIyMa U3MEPEHHUH PAcCTOSHUN yia-
JIIOIIETOCS TaT4MKa 10 Oivkaiiiiero masuka. Lllym mokasaHuil maTyvka MOJCIUPOBAJICS HOPMAJIbHO
pacupeneeHHONW CIy4ailHOW BETUYMHON D C MJIOTHOCTBIO PACIpEEICHUs:

1 N 20(2)
fpd)=——p=e %, (6)
Gy V21
e 0; — PacCTOSHHE OT GIIMDKANINEro MasiKa 0 JaTIMKa B k-l MOMCHT BPDEMCHH; G, — CPEIHCKBal-
paTHYecKoe OTKIOHEHME, XapaKTepHU3yIolllee I'PaHULbl pa3dpoca NOKa3aHWH JaTduka B k-l MOMEHT
BPEMEHH.
I[Ipu 5TOM NPy MOJEIMPOBAHMHU HIyMa HEOOXOJAMMO OBLIO YUUTHIBATh, YTO PAHMIBI pa3dpoca 3a-

ITyMJICHHBIX TIOKa3aHWM BO3PACTAIOT JIMHEHHO B 3aBUCUMOCTH OT YIAJICHHs AaTdynka oT masdka [13].
ITosToMy OBLIO MPUHATO, YTO BEPXHsA TPAaHUIA g,(0,) M HWXKHSS TpaHUIBl g;(0;) IIyMa 3aBUCAT OT

PAcCTOSHUSA O) CIEAYIOMIUM 00pa3oM:
£1(0,)=0,50;;
8,(0) =150,

4TO O0TOOpaXeHO Ha puc. 6 (R, — paccTosHUE OT MasuKa 10 JaT4UKa, CPEAHSS JIMHUS — O) , BEPXHSA

(7

rpaHuLa — g,(0y), HIKHsI rpaHula — g;(dy) ), a O, B KaX/blil k-l MOMCHT BPEMEHH PaCCUUTHIBAIOCH
COTJIACHO TIPABUITY «TPEX CHI'Ma) TaK:

_ [gz(ak)_gl(ak)]/z
Gy, = 3 ,

®)

")

0 10 O 20 30 40

Puc. 6. Bo3pacTtaHue rpaHuu pa3bpoca uamepeHur npu yaaneHum gatymka ot Masyka
Fig. 6. The increase in the measurement scatter boundaries when the sensor moves away
from the beacon

B pesynbpTate ynanochk cMOJEIMpOBaTh 3allyMJIEHHbIE CIydalHble MOKa3aHUs d, yOasoILEerocs
OT OurKaifiero Masiaka JaT4rika ¢ marom cKuneiBanus 15 m (puc. 7).
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Puc. 7. 3awymneHHble NOCEeKYHOHbIE 3aMepbl PAaCCTOAHUSA OT AaTyMKa A0 Gnuxanliero Masiyka
(war cépacbiBaHUA paBeH 15 M)
Fig. 7. Noisy per-second measurements of the distance from the sensor to the nearest beacon
(dropping step is 15 m)

3. O6padoTKa pe3yJbTATOB H3MePeHUs!
[Ipu o6paboTke 3alIyMJIICHHBIX W3MEPEHHH MOTYT OBbITh HCIIOJIB30BAaHBI Pa3IMYHbIC MaTeMaTHhde-
ckue WHCTpyMeHTHI [14]. B manHOH paboTe miist ycTpaHEHHs IOTPEIIHOCTH TONYyYaeMbIX H3MEpPeHUH

JaTyuKa d;, W TOIy4eHUs XOpoulel TOUHOCTH Ul TMOCEKYHIHOW OLEHKU PAcCTOSHHSA NP YAAJICHUH
JaTyrKa OT Masuka ObLJIO MPHHATO pelleHHe ucnoip3oBaTh GuisTp Kammana [15]. MaremaTtnyeckas
MOJIEJIb TIPOLIECCa, OMUCHIBAEMOT0 (PMIIBTPOM, BBITTISIANUT TaK:

X, =F-X,_+B-U,+W,, )
rae X; — 3HaUEHUS BEKTOPA COCTOSHMS CUCTEMBI B MOMEHT k , IPOrHO3UpYeMble (PUIBTPOM Ha OCHO-
BaHMU IPEBIIYILEr0 BEKTOpa 3Ha4eHUH X, _;; Tak Kak JJI1 MOAEIUPOBAHUS JBU)KEHUS JAaTUUKa ObLIN
UCIIOJIb30BaHbI JIBE IEPEMEHHBIE: KOOPANHATA X; M CKOPOCTh X; (KOOpAMHATA ); B JAHHOH MOJEIH HE
paccMaTpuBaiach, TaK Kak MPeANoaraioch, YT0 KOMOAHH IBUTAETCs MPSIMO (32 OTKJIOHEHHS IIPH MTOBO-
poTe OyayT OTBEYaTh ApYrue AaTYMKHU), KOOPAMHATA Z;, B JAHHOM MOJENIM TaK)Ke HE pacCMaTpUBalach,
TaK Kak IpeJrosaranock, 4ro komOaiiH nBuraercs 0e3 oTkiaoHeHuil B miockoctu OXY ); Bektop X
BBITJISIIUT TaK:

Xk = ).Ck 5

Xk

F — maTpuna 3BOMIOIMH MpoLIecca; TaK Kak B Ka4eCTBE MOJIENH Ipoliecca Oblia B3ATa MOJIEIb paB-

HOMEPHOTO JBW)KEHUS Ha KaXKJIOM I -M y4acTKe, MaTpHIla 9BOJIIOLUH MPOIiecca MOTyIHIach TaKOM:
1 At
0 1

B — mMaTpuna ynpasiieHHs, KOTOPasi NPUKJIAABIBAETCS K BEKTOPY yNpapisromux BozaencTeui U, ;

2

TaKk KaKk B paccMaTpuBaeMON MOJENN MPOMCXOAMUT TOJHKO HAOIIOAEHHE 3a MOKa3aHMSAMHU JaT4dHKa, TO
JaHHOE CIITaraéMoe OTCYTCTBYET;

W, — HOpMAaNBHBII CIy4aliHBII IIPOLECC C HYJIEBBIM MaTeMaTHYECKHM OXXHIAHUEM U KOBapHalu-
OHHOH MaTpuuei Q, KOTOpPbIH ONMCBIBAET CIy4alHbI XapakTep dBomouun cuctemsl: W, ~ N(0,Q);
MpU MOJICIIUPOBAHNY JIBIXKCHUS JaTYMKA MPEJIoNarajJochk, 4To Ha i -M y4yacTke KomOaliH Oyner nBu-
raThCs CO CKOPOCTBIO V;, HO U3-3a HEPOBHOCTEH MOYBBI KaMEphl, U3-32 PA3HON MJIOTHOCTH OTPabaThl-
BaeMbIX MOPOJ, TPOCKaIb3bIBAHHS TYCEHHUI] KOMOaliHa U psijia APYTHX CIy4alHbIX (aKTOPOB CKOPOCTh
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B MOMEHT BPEMEHH k Bcerjaa OyleT HEMHOTO OTIMYaThCs OT PACCMOTPEHHON CKOPOCTH V; Ha JaHHOM

i-M y4yacTKe; JaHHas CIy4allHOCTb IPH PACXOXACHUH IMPOTHO3UPYEMBIX MOKa3aHUH OT peanbHBIX 00y-
CIIaBJIMBAET HEOOXOAMMOCTh A00aBleHMs K Mojenu ciaaraemoro W, ; KoBapualMOHHas Mmarpuina Q

OyZleT onpenenaThes CleIyIomuM 00pa3oMm:

2

2 T At™ At 2 At
Q=0,GG" = oy G= R (10)

At 1 1
rae G — cron0er U3 MaTpULbl ABOJIIOLHUU CUCTeMbl F ¢ HaMBBICIIUM HOPAIKOM IIPOU3BOIHOH; G, —
CPEAHCKBAPATUICCKOC OTKIOHECHHE OT V, .
[Iponecc nmporno3upoBanus anroputMom Kanmanosckoit ¢punbrpanun [16—19] noapaszymenaer n8a
9Tana: 3KCTPANoJALUK U KOPPEeKIMH. B Hamel Moaenu Ha sTare dKCTparnosIMA pacCUUTHIBATIOCH 3HA-

YyeHHe

X 1 At x4
X 0 1 ){x%
[Ipu 5TOM A7 pacueTa MepBoro mara MpeArnoiaraioch, 4YTo MPH Havyaje BUKEHUS KOMOAalH Haxo-
JUTCSI B TOUKE C KOOpAMHATOH X, =0 M, u uMmeeT ckopocth X, = 0,004 M/c B HauaIbHbI MOMEHT Bpe-
MEHH.

B MoMeHT BpeMeHH k IPOU3BOAUTCS M3MEPEHHUE d, — PAacCTOSHUS OT Masdka 10 narduka. ITo Ha-
01110/1aeMOMY 3HAYEHHIO ¢, PAacCUUTHIBACTCS KOOPIHHATA

xXp =Ndi —h*, (11)

rie s —3To BBICOTA PACTIONOKEHUS JaTYNKa OT IOYBBI KAMEPHI.
B coorBercTBHu ¢ Mozenbio KanMana 3amrymiieHHbINH BEKTOp u3MepeHnii X; ¥ HCTUHHOE 3HAYCHHUE

BEKTOpa U3MEPAEMOi IepeMeHHON X, CBA3aHbI MEXKAY CO00H ypaBHEHUEM

X, =H-X, +E,, (12)
rac H - MaTtpulia H3MepeHHﬁ, CBsA3bIBAKOIIasn ACTHHHBIA BCKTOP COCTOAHUA U BEKTOP HNPOU3BCACHHBIX
HBMCpeHHﬁ; E Kk Oeblit FaYCCOBCKI/Iﬁ mIyMm € HYJICBBIM MAaTCMAaTUYCCKUM OXXUAAHHUCM U KOBApHUAITUOH-

Hoii matpuueii R,, E, ~N(O,R,); B HameMm ciydyae u3-3a TOro, YTO JATYMK OAUH U U3MEpPSETCS
TOJILKO KOOpAMHATA, MaTpulla u3MepeHuid Oyaer takoii: H = (1 0) , TIe eIMHNUIA 03HAYaeT, YTo napa-
METpP-KOOpAUHATA U3MEPSETCs, a Hyllb — YTO MapaMeTp-CKOpOCTb He U3MepsieTcs, a B KadecTBe R
2 .
MOXXHO PaccMOTPETh JWMCIEPCUI0 O ~CIy4ailHOro mporecca &, XapaKTepU3YIOLIEro LIyM OJHOTO
. _ 2
JaTauKa: &, ~ N(0,0¢, ), Ry =0, .

Tak kak IIpu yaaJICHUU JaTYHWKa OT Masg4dkKa p8,36p00 HBMepeHI/Iﬁ BO3pacCTacT, Aucrepcus mporuecca
G&k TaKXXC OOJDKHA MCHATBHCA, ITOITOMY IJId MOOCIMPOBAHUA 10 KanMaHy HGOGXOI{I/IMO OLCHUTDH XOTsA

OBI TIPEATIONIOKUTETHHO, KaK Oy/IeT U3MEHSTHCS cék NpY yIAICHUH JIATYMKA OT MasdKa; B HAIIEM IIPH-
Mepe MPEe/IIONOKHUTEIbHO Opaoch CpefHee 3HAYEHHEe CKOPOCTH Vg, =0,004 M/c u npexnonaranocs,

4YTO pa3Opoc 3HAUYCHUN & BO3pAacTaeT COTJacHO MPaBUIY, PACCMOTPEHHOMY BHIIIE (CM. pucC. 6).
ITpu Takoii cpetHel CKOPOCTH JUIsl KaXKI0TO X; IIPH yIAJI€HUH OT IOCIETHEro COPOIIEHHOrO Masy-

Ka (C y4eToM TOro, 4To Mas4dok cOpacbiBaeTcs ¢ marom A =15M) MOXKHO paccuuTaTh d; = Jsz +h?,

3aTeM paccuuTaTh NpeanonaraeMelil pasopoc dy =d, —€, u d,, =d; +g, U 3aTeM paccuuTaTh

)?kl=_k—ock1=«/(c7k1—sk)2—h2 u Xy =X, + 0y = \(dy, +8,)° — I (puc. 8),  Torma

[%2 — %]/ 2

[ Xk2 T X

Gik = f (10 IpaBUITY «TPEX CUTMa»).
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Xp—0pn fk .fk+aﬂ Xk

Puc. 8. Npacdhnyeckaa nHTepnpeTauus pacyera Gik

Fig. 8. Graphic interpretation of the calculation of the Og,

Taxxe Ha dTamne SKCTpaoAIuU paCCYUThIBACTCA MaTpUIla

T
P, =F-P,_,-F' +Q. (13)
Ha HYJICBOM MIare 3Ha4CHUsI MaTPUIbL PO 3a1ar0TCA B COOTBETCTBHUU C TCM, YEMY MbI 0oJbIIE n0-

BEpsieM BHadajle NpU MOCTPOSCHUM: 3aJlaHHOM MOJIENM WM TMOJYy4YaeMbIM H3MEPEHUSAM OT JlaTyhKa.
B Hamie#t Mojienii CUIIbHBIN pa30poc 3HaUYCHUH AaTyrKa HaOJIF0AaeTCs IPH YAAJCHUH OT Masiuka, o3To-
My BHayalle ocje coOpoca Masiaka Mbl O0JbIe OyneM JOBEPSITh JaTIUKy, a HE MOJEIIH:

0,1 0
1o o1
Jlayiee IpOMCXOIUT 3TAl KOPPEKIMHK I pacueTa koddduienta ycuienus Kanmana.

PaccunThiBaeM BEKTOp, XapaKTEPU3YIOIINI clydallHble OTKJIOHEHHS IMOJNYYCHHBIX Ha Iiare k 3Ha-
YEHUH U3MEpsIeMON BEJIMYMHBI OT BEJIMYMHBI, 0)KHJAEMOM MPH MPOU3BEACHHOMN 3KCTPANOIALINN:

E, =X, -H-X,. (14)
Hanee paccunteiBaeM Matpully K, , coctosmyro u3 KanmaHoBckux k03 (HIEHTOB YCUIEHHUS:
K, =P, -H' .S, (15)

rac Sk — KOBapualnmMOHHAs MaTpula AJid BCKTOpAa OTKIIOHCHHA (BeKTOpa OH.II/I6KI/I), paccuuTbIBacMast

CIIeIyIomUM 00pa3zoM:

S,=H-P,-H' +R,. (16)
Jlanee npoucxouT KOPPEKIUs NOIy4eHHON SKCTPAOJIAIMKU BEKTOpa X, MOJAEIUPYEMON BEINYMHBIL:

s CKOppGKTPIpOBaHHOﬁ KOOPANHATLI X ;. PaCCUUTBIBACTC CKOPPCKTHPOBAHHOC 3HAYCHUC PACCTOAHMA:

d, =32+ 1> (18)

I[aﬂee Ha MMOCJICAHCM HIare nmpoucCxoJuT KOPPCKIUA MAaTPUILIbL Pk OLICHKHU BCKTOpA COCTOAHUA CUC-
TCMBI.

P, =(1-K, -H)-P,, (19)
rae I — equHnyHag matpuua.

[TocekyHaHBIC PE3Y/IbTAThI 3AIIYMIICHHBIX 3aMEPOB PACCTOSHUI OT JaTYKMKa 0 OJMKANUIIEro Mastd-
Ka, a TaKXKe PacCTOSHU, 00paboTaHHBIE MOCpeACTBOM anroputMma KaiamaHnoBckoil ¢unbTpanuu, npen-
CTABJICHBI HA pUC. 9.

BecTHuk HOYplY. Cepus «<KomnbioTepHble TEXHONOrMK, ynpaBreHue, PaauoaneKkTPoHUKay. 131
2021.T. 21, Ne 2. C. 123-135



ABTOMaTVI3VIpOBaHHbIe CuUctemMbl ynpaBJrieHuUA ...

30[d, M

25

20

15 T

10 I

t, cex
0 1000 2000 3000 4000 5000

Puc. 9. O6paboTka nsmepeHumn anroputmom KanmaHoBckon cpunbTpaumm
Fig. 9. Processing of measurements by the Kalman filtering algorithm

3akioueHne

[TogBomst wTOT, MOKHO CKa3zaTh cienmyromiee. IIporecc MOAenupoBaHUS COCTOSII M3 HECKOJBKUX
sranoB. Ha mepBrIx 3Tamax Oblia co3/aHa MMUTAIMOHHAS MOJETh Ipollecca ABMKCHHUS KoMOaifHa mo-
CPEACTBOM €€ CBEJICHUA K MOJEIN PABHOMEPHOTO JIBIKECHUS MATepUATbHOU TOUKH, B KAYECTBE KOTOPOMl
BBICTYIAI JATYUK, PACTIOJIOXKEHHBIN Ha BEICOTE /I OT MIOYBBI KAMEPHI.

Crnenyrommm 3TaroM ObLTO MOJEIMPOBaHUE COPACcHIBAaHUS MasdKOB M 3aMepa PacCTOSHHUM OT JaT-
YUK JI0 TIOCJIETHETO MasiyKa CHadana 0e3 ydera 3auryMICHHOCTH ITOKa3aHWH TaTIrKa, a 3aTeM C yUeTOM
myMa. B pesynprate yaanock cMOAEIMPOBATh 3alllyMJICHHbIE CoydaiiHble MOKa3aHus d) yoalsroLero-

¢S OT OJIbKaiIero Mastyka JaT4yMKa ¢ I1aroM CKUIbIBaHus 15 M.

Hanee mo 3amyMiIeHHBIM HAaOIIOJEHUSM MOCPEACTBOM MHCTpyMeHTa KanMaHOBcko# ¢uibTpannn
yIAIOCh ONpPENeNATh U MPOTHO3UPOBATh PACCTOSHUE A0 YAAISIOMETrocs 00bEKTa.

TakuMm 06pazom, OTyYEHHBIE B XO/I€ PEIICHUs TOCTaBIEHHOW OJJOMETPUUYECKOM 3a7aun pe3yibTa-
TBI JAIOT BO3MOKHOCThH BBIOMPATh Pa3IMUHbIE «aJeKBAaTHBIC» KOMOMHAILIMH TaPAMETPOB C LEJIbI0 MUHU-
MU3ALMU BETUYUHBI 3, XapakTepHU3yIOLIel OrPeIHOCTh 3aMEPOB PACCTOSHUSL:

B:f(quan anaGyaG()kaK)a (20)
IJie ¢ — KOJMYECTBO COPAChIBAEMBIX 3a IIAr MasukoB; A — IIar cOPachbIBaHUS MasyKOB; 1| — KOJIUYECT-
BO M3MEPCHHUH 3a CAMHUILY BDEMEHH; G, M G, — pa30poCkl NPy COpAaChIBAHUM MasuKa; Gy, — pa3opoc

noKa3aHui narumnka; K — «HacTporkm» ¢pmibTpa Kanmana.
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SOLUTION OF THE PROBLEM OF ODOMETRIC POSITIONING
OF A MINING MACHINE UNDER THE GROUND
BY USING A KALMAN FILTER
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Perm National Research Polytechnic University, Berezniki Branch, Berezniki, Russian Federation

In the modern mining industry, an urgent technical challenge is the introduction of automatic
systems that provide orientation and positioning of mining machines during the development of in-
dustrial seams. There are several basic technologies used for positioning combines underground, but
their scope is limited by various mining, geological and technological factors. In the conditions of
industrial development of VKMKS seams, the vast majority of them are not suitable. Aim. To develop
a new approach to the problem of odometric positioning of a mining machine under
the ground, as well as to create a simulation model that allows with the required degree of accuracy
to determine the current and predicted distance of the miner from the start of production in condi-
tions of noisy measurements. Materials and methods. As a technical solution to the task, the use of
BLE (Bluetooth Low Energy) technology is proposed: iBeacon beacons will be dropped in the direc-
tion of the combine's movement, and a sensor attached to the rear of the loading bunker will read the
distance to the beacon. For simulation modeling of uncertainty during the movement of the combine,
the hypothesis of the normal distribution of the speed of movement on sections of random length
was considered. When simulating the dropping of the beacon, the hypothesis was used that
the scattering value of the beacon upon falling is a two-dimensional normally distributed random
variable. Noisy measurements were generated by a stochastic process with increasing scatter bound-
aries as the sensor moved away from the beacon. The Kalman filter was used as a tool for processing
measurement noise. Results. A model has been created that simulates random speeds of the com-
bine's movement on sections of random length, and also a random spread when throwing off Blue-
tooth beacons has been simulated. To generate sensor measurements, an algorithm has been deve-
loped that takes into account the increase in the noise level of the readings when moving away from
the nearest dropped beacon. To process the simulated measurements and correctly determine the dis-
tance of the beacon-sensor, the Kalman filtering algorithm was used. Conclusion. The proposed ap-
proach and the created simulation model make it possible, with a given degree of accuracy, to de-
termine and predict the distance to the withdrawing shearer when mining industrial seams.

Keywords: mining machines, underground positioning, odometer, Bluetooth Low Energy,
iBeacon, Kalman filter.

References

1. Sekuntsov A.I. [Ways to improve the combine technology for the development of the
Verkhnekamskoye potash deposit]. Proceedings of higher educational institutions. Mining Journal,
2013, no. 2, pp. 23-28. (in Russ.)

2. Shishlyannikov D.I., Maksimov A.B. [Development of means of mechanized mining of potassi-
um ores]. Proceedings of higher educational institutions. Mining Journal, 2019, no. 3, pp. 15-21.
(in Russ.)

3. Soloviev V.A., Sekuntsov A.L., Skopinov M.V. [Reservoir preparation of mining blocks during
the development of the Verkhnekamskoe potash salt deposit]. Mining information and analytical bulle-
tin (scientific and technical journal), 2014, no. 4, pp. 56—62. (in Russ.)

4. Evdokimova T.S., Sinodkin A.A., Fedosova L.O., Turikov M.I. [Positioning and identification
system of a mobile robotic platform in a confined and open space]. Proceedings of NSTU named after
R.E. Alekseev, 2018, no. 2, pp. 16-25. (in Russ.)

5. Golovan A.A., Nikitin .V. Combined use of strapdown inertial navigation systems and odome-
ters from the standpoint of mechanics of inertial navigation systems. Part 1. Moscow University Me-
chanics Bulletin, 2015, vol. 70, no. 2, pp. 46—49.

134 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2021, vol. 21, no. 2, pp. 123-135



Lllesenee U.M., 3amoHckuli A.B. PeweHue 3ada4yu oGomMempu4yecKo20 Mo3uyuoHUpPo8aHus
20pPHO-8bIEMOYHOU MaWUHbI M00 3emred...

6. Batyukov A.V., Gummel A.A., Puzin V.S., Zhivodernikov A.V., Zemlyanoy M.A. [Analysis of
positioning systems of microtunnel-boring complexes]. Proceedings of higher educational institutions.
North Caucasian region. Technical science, 2019, no. 2, pp. 26-36. (in Russ.)

7. Kaluza M., Beg K., Vukelic B. Analysis of an indoor positioning systems. Zbornik Veleucilista u
Rijeci, 2017, vol. 5, no. 1, pp. 13-32.

8. Falkov E.V., Romanov A.Yu. [Application of «Beacon» beacons and Bluetooth Low Energy
technology for building navigation systems in buildings]. New information technologies in automated
systems, 2015, no. 18, pp. 62—65. (in Russ.)

9. Grinyak V.M., Devyatisilny A.S., Lyulko V.1, Tsybanov P.A. [Possibilities of indoor positioning
using bluetooth devices]. Modeling, optimization and information technology, 2018, vol. 6, no. 2,
pp. 132-143. (in Russ.)

10. Kleijnen J. Statistical techniques in simulation (in two parts). Part 1. M. Dekker, Inc. New York,
1974. 221 p.

11. Semenov V.V., Mapcher M.A., Petrov V.P., Morozov S.P. [Heading-and-shearers “Ural”
for the extraction of potash ore and rock salt]. Mining equipment and electromechanics, 2008, no. 8§,
pp. 17-21. (in Russ.)

12. Krasnikov Yu.D., Shcherba T.P. [Analysis of the theoretical performance of the shearer in
sylvinite mining]. Mining information and analytical bulletin (scientific and technical journal), 2014,
no. 1, pp. 159-164. (in Russ.)

13. Ionescu G., Martinez de la Osa C., Deriaz M. Improving distance estimation in object localiza-
tion with Bluetooth Low Energy. SENSORCOMM 2014: The eighth international conference on sensor
technologies and applications, 2014, no. 8, pp. 45-49.

14. Korikov A.M., Meshcheryakov Ya.E. [Orientation of mining technological machines based on
microelectromechanical systems]. Reports of Tomsk State University of Control Systems and Radio-
electronics, 2018, vol. 21, no. 4, pp. 92-97. (in Russ.)

15. Okhotin A.L., Belyaev E.N. [Inertial navigation in underground mine surveying]. Irkutsk State
Technical University Bulletin, 2010, no. 1, pp. 180—182. (in Russ.)

16. Kalman R.E. A new approach to linear filtering and prediction problems. Journal of Basic En-
gineering, 1960, vol. 82, no. 1, pp. 35-45.

17. Kalman R.E., Busy R.S. New results in linear filtering and prediction theory. Journal of Basic
Engineering, 1961, vol. 83, no. 1, pp. 95-108.

18. Brammer K., Siffling G., Kalman-Bucy-Filter. Deterministische Beobachtung und Stochastische
Filterung, Methoden der regelungstechnik, R. Oldenburg verlag Munchien Wien, 1975. 232 s.

19. Foxlin E. Inertial head-tracker sensor fusion by a complementary separate-bias Kalman filter,
Proceedings of the IEEE 1996 Virtual Reality Annual International Symposium, 1996, pp. 185-195.

Received 31 March 2021
OBPA3EIl HIUTUPOBAHUS FOR CITATION
[1leBenes, .M. Pemienue 3amaun 0g0MeTPHUIECKOTO Shevelev .M., Zatonskiy A.V. Solution of the Prob-
HO3ULHOHUPOBAHHUSA TOPHO-BBIEMOYHOM MAaIIMHBI HOJ lem of Odometric Positioning of a Mining Machine under
3emiiell TocpeicTBOM mpuMeHeHust ¢uibrpa Kanmana / the Ground by Using a Kalman Filter. Bulletin of the South
.M. IlleBenes, A.B. 3aronckuii / Bectauk HOVYpI'Y. Ural State University. Ser. Computer Technologies,
Cepust «KOMITBIOTEpHBIC TEXHOJIOTHH, YIIPaBICHHE, Pa- Automatic Control, Radio Electronics, 2021, vol. 21,
nuosnekTporukay. — 2021. — T. 21, Ne 2. — C. 123-135. no. 2, pp. 123-135. (in Russ.) DOI: 10.14529/ctcr210212
DOI: 10.14529/cter210212
BecTHuk HOYplY. Cepusi «KomnbloTepHble TEXHOMOMUY, ynpaBreHne, pagnoarneKTPoHuKay. 135

2021.T. 21, Ne 2. C. 123-135



