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YMNPABJIEHVME TEXHUYECKMMUW OBBbEKTAMMN

JI. B. TAHCELIKHUH

VJIK 62-519

ABTOMATU3UPOBAHHbIX CTPYHHbIU
POBOTOTEXHUYECKUIA KOMMNAEKC KAK
NEPCMEKTUBHbIU METOA MOHUTOPUHIA
BE3ONACHOCTU OBbEKTOB U YYACTKOB
FOCYAAPCTBEHHOU TPAHULIbI

Tocyoapcmeennoe yupescoenue obpazosanus « Mncmumym noepanuunoil ciysxcovl Pecnyonuxu berapycoy

Anoncupyemcs uHHOBAYUOHHBIN NPOEKM NO CO30AHUI0 ONBIMHO20 00pPaA3YaA MHO2ODYHKYUOHANILHO20 MOOUTLHO2O A6-
MOMamu3uUpoOBAHHO20 CMPYHHO20 POOOMOmMeExXHU4ecko2o Komniekca. Omaudumensvnas 0coO6eHHOCMb NPoeKma — MoOUIb-
HOCb 8 NEPeOUCIOKAYUL U MAKCUMALLHOE UCNONIb308AHUE UCKYCCMBEHHO20 UHMELIeKMA OJis peuenus 3a0ay no obecneve-

HUl bezonacnocmu OXpaHsiemozco obvekma unu meppumopuu.

BeBepeHue

Bo Bce Bpemena Ge3omacHOCTh JIIO00H CTpa-
HBI U KaXXJOTO TOCYJapCTBa, B MEPBYIO OYEPEh
HauWHaNach ¢ TpaHumbl. Kak mokaszamo Bpewms,
B XXI Beke 3TO HE CTaj0 UCKIIOUYECHUEM, a MPH-
oOpeno emre OONBIIUN CMBICH, AaKTYaJIbHOCTb
u BocTpeOoBaHHOCTH. [Iporcxonsmue nponeccot
B MHUpE, CBSA3aHHBIC C TAKUMH YIPO3aMH KaK MEK-
JIYHapOJIHbIH TEpPOPHU3M, HAPKOTpapHUK, TOProB-
JIg JIFOAbMU U HE3aKOHHAsA MUTpalus, 3aCTaBJIAIOT
MHOTHE TOCY/IapCTBa OCYIIECTBISITh KOHTPOIb Ha
CBOWX TPaHUIIAX.

B Pecrryomuke bemapyck oxpane locymap-
CTBEHHOH I'PaHHUIIBI YICNSeTCsl 0c000e BHIMAaHNE,
KaK OJIHOH U3 MEPBOCTENIEHHBIX W MPUOPUTETHBIX
3aJlad B 0OECIICYCHUU MOTPAaHUYHOM 0E30IacHO-
cTH U Oe3omacHOCTH CTpaHbl B 1eiaoM. OCHOBY
oOecrieueHs] HaJC)KHOW OXpPaHbl TPAHUIIBI CO-
CTaBIsIeT MHXKEHEPHOE 000pY/IOBaHHUE C OCHAIIE-
HUEM YYaCTKOB TI'paHULbl TEXHUYCCKUMHU CpEA-
ctBamu oxpadbl (TCO), KOTOphIe ITOKA3BIBAIOT
CBOIO BBICOKYIO 3(D()eKTHBHOCTh M HAJEKHOCTH
B OOHapy>KeHHH HapyIIUTENeH W MPU3HAKOB Ha-
pPYILICHHST TPaHHMIIBI, TO3BOJIIOT OCYIIECTBIATH
KOHTPOJb Ha CIOXHBIX W TPYTHOMOCTYITHBIX
y4aCTKax TIpaHUlbl, IMOMOTI'alOT MOTPAaHUYHOMY
Hapsiy JeHCTBOBATh Ha YNPEKACHUE HAPYILICHHUS
[1,2].

Bwmecte ¢ TEM, OCHOBHBIMH aKTyaJIbHbI-
mu npobrmemamu B TCO sBustroTcs 3abmaro-
BPEMEHHOE pAacllO3HAaHUE THMA HapYyIIUTEIs

M CIIOCOOHOCTH OTCIICKHBAHUS HAIPABICHUS €ro
JIBYDKCHHS.

B cBa3u ¢ W3M0KEHHBIM, BO3HHKAaeT HE00-
XOIMMOCTh CO3/IaHUSI KauyeCTBEHHBIX M COBpE-
MEHHBIX HWHTEIUIEKTYaJbHBIX CPEJICTB OXPaHBI
(MCO), otnuunrenbHONU 0COOEHHOCTBEO KOTOPBIX
oyner [2]:

—  HENpepbIBHBIH KOHTPOJb 3a LEIOCTHO-
CThIO pyOeka OXpaHbI;

—  MOOWJIBHOCTh M TOYHOCTH OIPEICICHHUS
KOHKpPETHOTO MecTa (yJacTKa) HapyIIeHHs;

—  BO3MOXKHOCTH OIIpe/iesieHns: (pacmo3Ha-
HUS) TUTIA HAPYIITUTETIS;

—  MUHHMU3AIUA
TPEBOT;

—  BO3MOXXHOCTh MOJICPHHM3AaLlMd U COBMeE-
CTUMOCTB paboTsl ¢ MHbIMHU TUNamu MCO.

CeromHsi Ha MUPOBOM DPBIHKE TPEICTaBICHBI
pasznoobpasupie THIEI UCO, ogHaKo MHOTHE U3
HUX TI0 OIPE/CTICHHBIM KOHCTPYKTHBHBIM U TEX-
HOJIOTHYECKHM OCOOEHHOCTSM HE MOTYT pelIaTh
PSI BBIICOTIMCAHHBIX 33734 JTUOO0 pelraroT uX Ja-
CTHUYHO [2].

B nmanHO# craTthe aBTOPOM TPEACTaBICH OT-
CUECTBCHHBIH MHHOBAILIMOHHBIM MPOEKT IO CO3-
JaHWIO, pa3paboTKe M METOAMKE MPUMEHEHUS
coBpemenHoro MCO — MHOTOQYHKIIMOHATIHLHOTO
AaBTOMAaTHM3UPOBAHHOTO CTPYHHOTO POOOTOTEX-
Hudeckoro komiviekca (ACPK), ormnmuutens-
HOM OCOOCHHOCTBIO KOTOPOTO, OyAeT peIIeHHe
BBHIIICONIMCAHHBIX 3a7ad C HCIOJBb30BaHUEM

KOJIM4YECTBa JIOXKHBIX
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HCKYCCTBEHHOTO  HMHTEIUIEKTa, HEHpPOCETEeBBIX
TEXHOJIOTUH U MOOMJILHOCTH B IEPEAMCIOKAIINN
JUISL TOYHOCTH OMPENICNICHNUSI KOHKPETHOTO MecTa
(yuacTka) HapyIICHHS W PACIIO3HAHWS THITA Ha-
pymmrens [2]. Taxke B JaHHOW cTaThe OMHCAH
npunHiun padorsl ACPK u mpeacraBieHa KOH-
LeNuysl yHpaBJICHUs AaHHBIM POOOTOTEXHHUYE-
CKUM KOMIUIEKCOM.

ABTOMAaTU3MPOBAHHbIN CTPYHHbIN
po60TOTEXHMUECKUI KOMMAEKC

ABTOMaTHU3UPOBAHHBIN CTPYHHBIA pOOOTOTEX-
HUYECKHH KOMIUIEKC — ATO aBTOMAaTH3WPOBAaHHOE
NCO, mnpennasHadeHHOE IS TATPYIHMPOBAHUS
Y OXpaHbl IEPUMETPOB 0CO00 BAKHBIX OOBEKTOB,
CYXOITYTHBIX ¥ BOIHBIX YYaCTKOB I'PaHHLIbI U IPH-
Opexubix akBaropuil. Taxke ACPK moxno Oyner
MIPUMEHSTD 715l OXpaHbl TPyOOIIPOBOIOB, 3aII0BEI-
HUKOB, KOHTPOJISI JBHKCHUSI IO aBTOMOOMIIbHBIM
n xene3nsM foporam. OcHoBy ACPK cocrasnser
MOOMIIBHBI POOOTOTEXHUYECKUI KOMITIICKC.

ACPK mpencraBnser co00il MOOUITBEHBIN PO-
OOTOTEXHUYECKHI KOMIUIEKC B BHIE TEPEIBHK-
HOTO MOJYJISA, OCHAIIEHHOTO CHCTEMOH BHIEO-
HaOMIOAEHUs, TEIUIOBU30POM M IIEPETOBOPHBIM
ycTpoiictBoM. IlepenBukHOM MOIYIb MOXKET
nepeMenarbCss B MPOCTPAHCTBE 10 HATSHYTOH
pernbce-cTpyHe (MOHOPETBCY).

B xommexT (coctaB) ACPK 6ymyt Bxoauts [2]:

—  MEepeBHKHOW MOAYJb, OCHAIICHHBIN CH-
CTeMOH BHUICOHAONIOACHNUS, TETJIOBU30POM H Tie-
PErOBOPHBIM YCTPOICTBOM;

— JMHEHHas 4YacTh, NMPEICTABJICHHAS 4YyB-
CTBHUTEJBHBIM JJIEMEHTOM B BHJE BOJOKOHHO-
OINITHYECKOTO Ka0esb-1aTIuKa, ONTHIECKUX My (T
U BOJIOKOHHO-OIITHYECKOT0 Ka0eIs CBA3H;

—  CTaHLMOHHOE 000pyAOBaHUE, IPEAHA3HA-
YeHHOE U1 KOHTPOJIs, 00pabOTKH, pacTiO3HAHUS
U 0TOOpakeHHsI MH()OPMALIH, TTOyICHHOU C CH-
CTeMbl BHICOHAONIIONEHHS, TEIJIOBU30pa U UyB-
CTBHUTEJBHOTO JIEMEHTA, a TaKXKe AJ1sl TECTHPOBa-
HUsl (IpOBEpKH) pabOTOCTIOCOOHOCTH OTIEIBHBIX
y310B ¥ KoMoHeHTOB ACPK;

— 3apsiiHas CTaHUMS — Ul 3apsKd aK-
kymysstopHoir Oarapen (AKB) mepensmxHOTO

MOJTYJIS.
Oo6mwuit Bunx ACPK npencrasnen Ha puc. 1.
CucremMa  BUICOHAONIONCHUS  IEPEIBHIK-

Horo monyns ACPK Oymer mpeacraBieHa Ky-
MOJBHOM MOBOPOTHON poOoTH3upoBaHHOK PTZ-
BUJICOKaMEpoil ¢ MH(PaKpacHOH MOACBETKOM,
CKOPOCTHBIM 3JIEKTPONPUBOAOM (IIPHUBOJIOM, He-
MIPEPBHIBHO NMOBOpaYMBAroyM Kamepy Ha 360 rpa-
JlyCOB BOKpYT CBOEH OCH, a TaKXKe BBEPX W BHU3
OTHOCUTENIbHO IOBEPXHOCTH 3€MJIM) U YMHBIMU
TEXHOJIOTUSIMU aBTOMAaTH3HUPOBAHHOTO yTIpaBIIe-
HUS U pearnpoBaHusl.

B nenax koHTpois 3a mpuileraromieid Mect-
HOCTBIO B TEPUOJBI CIOXKHBIX MOTOAHBIX YCIO-
BUH — CHET, OXK/b, TyMaH, recyaHas Oypst 1 T.1I.,
ACPK nosmkeH ObITh OCHAIIIEH KaMEPOH TEILJIOBH-
3MOHHOTO HAOJIOIEHUS — TETUIOBH30POM, C JUIMH-
HO(POKYCHON ONTHKOW, BBICOKHM pa3pelicHueM
MaTpHUIBl U CKOPOCTHBIM JJIEKTPONIPUBOAOM, IS

AKB

nepeaBuXHON

Bngeokamepa

pasbembl Ans 3apsakm AKb

W

]

360

UK-usnyyeHue
- — — -

TEenJ0BU30pP

NEeperoBopHOE YCTPOMCTBO

Puc. 1. O0wmuii Bug ACPK

1,2021
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HENpPEpPBIBHOTO TOBOPOTA TEIJIOBU30pA BOKPYT
cBoeit ocu Ha 360 TpagyCcoB U €ro mepeIBIKEHUS
B BEPTUKAIBHOU MIIOCKOCTH (puc.1).

[TeperoBopHOE YCTPOMCTBO OymeT MpencTaB-
JICHO ITWHAMHKOM IS TIPETyTPEXISHUS U OCTa-
HOBKM HapyIIUTENsI, a TaKKe OCYIIECTBICHUS
JIBYCTOPOHHETO JTHAJIOTA.

Jns  ocymiecTBIEHHUsS TEPEIBMKEHHUS —I10
penbCcy-cTpyHe (MOHOpENbCY) MOAYJAb HEoOXo-
JIUMO OCHACTUTh IIaCCH C aBTOMaTHU3UPOBAaHHBIM
AIIEKTPONPUBOIOM M UCTOUHMKOM TTUTAHUSL.

B nemsax coszmaHns yCTOWYHMBOTO ITOJIOKEHUS
KOHCTPYKIIMH TIpH BETPOBBIX HArpy3kax, HIacCH
ACPK mpencraBiieHO JBYXKOJIECHOH ITOJTHOTIPHUBO-
JTHOHM CHCTEMOH C aBTOMaTH3UPOBAHHBIM 3JIEKTPO-
MIPUBOJIOM — 002 KoJIeca OCHAIIEHbI BEHTHIILHBIMU
ANEKTPOABUTATEISIMU ITOCTOSTHHOTO TOKA, KOTOPBIE
paboTaroT Mo NPUHLHUITY «MOTOP-KoJsieco» (puc.2).
Peanuzanus aBTOMaTH3MPOBAHHOTO 3JIEKTPOIPHU-
BOJIa Ha BEHTWJIBHBIX O3JIEKTPOABHUraTeNsIX IIO-
CTOSTHHOTO TOKa TTO3BOJIMT CIeNaTh KOpIycC mepe-
nerxHOTO MOIyist ACPK Goee koMITakTHEIM, W3-
0aBHUTHCS OT IOTONHUTEIBHBIX AETalel, JUITHUX
nmpeoOpa3oBarenieif, a COOTBETCTBEHHO CJeJaTh
BeCh IPUBOJ] MEXaHU3Ma 0oiee HaJIe)KHBIM [3].

Taxke K JOCTOMHCTBAM 3JIEKTPONPUBOAOB
Ha BEHTWJIBHBIX JBHUTATEINSIX MOKHO OTHECTH: He-
OoJiplIME TIOTEpU DHEPruM, Onarofaps Maiomy
MarHUTHOMY CONPOTHBICHHIO; BBICOKYIO 0e30-
MacHOCTh MPH paboTe Ha MaKCUMAaJIbHBIX HArpy3-
Kax; IIMPOKUI MHTEpPBaAI pPaOOYNX CKOPOCTEN; BBI-
COKYIO TOYHOCTH PabOThl M ITWHAMHKY; TJIABHOE

MEPEKIIIOYEeHNE CKOPOCTE; OTCYTCTBHE IIETOYHO-
KOJUIEKTOPHOTO Y3J1a; BO3MOYKHOCTh NTPUMEHEHUS
B arpeccUBHOMN cpefe; Oosee IUTEIbHBIE CPOKU
CIy X081 [3].

VcTouHnKOM mUTaHUS A IEPEIBHXKHOTO
Monyast ACPK BeicTynaeT NUTHH-HOHHAsI aKKy-
MyJITOpHas Oarapesi, KoTopas siBiseTcst Oonee
ONTUMAJILHON B IUIAHE 3JIEKTPOXUMHUYECKUX I10-
Kazaresjeil — BBICOKAash SHEProeMKOCTb, HH3KHE
camopaspsi/ibl, BHYIIUTEIbHBIA HAOOp IUKIIOB 3a-
PAIOB U pa3psoB.

UysctButenbHbiii  smemMeHT ACPK  Oymer
MIPEACTABIATE COOOH  BOJIOKOHHO-OTNITHYECKUM
kabemp-gatunk (BOKJI), pa3outsiii ¢ moMOIMIbIO
ontrdecknx mypt (OM 1, OM 2, ..., OM n)
Ha 30HBI OXpaHbl MPOTsKEHHOCThIO OT 100 1o
500 M — 17 TOYHOCTH OIpENEIeHHs] KOHKpET-
HOoro mecta (ydacTka) HapymeHus (puc. 3).
BOKJI, xoTopslii siBisieTcs AaTYNKOM BHOpaiu-
OHHOTO THIIa, OOBIYHO MOHTHUPYETCS Ha JIMHEH-
HOE OrpaKJeHHE OXpaHSIeMOro oObekTa JIHOOo
TEPPUTOPHH.

B cocTaB craHIIMOHHOTO 000PYIOBaHUS OYyIyT
BXOAUTH (puc. 3): aBTOMAaTHYeCKHH OJIOK KOHTPO-
nst pyakunonupoBanus cuctembl (BKDC); 6mok
npuémo-niepenaun curtana (BIIIIC), B koTopom
OyIyT HaXOIUThCs OJIOK ONTHYECKOTO MepeaaTdnka
(BOII) u 6ok doronpuemunkos (BDIT) — ontrue-
CKMi TIpUEMHUK; OJOK 0OpabOTKH, PacrO3HAHUS
u orobpaxenus curHaioB (BOPOC), cocrosmuii
u3 ananoro-mudpoBoro mpeodpazosatens (AL,
nepecTpanBaeMoro TmosnocoBoro ¢misrpa (I11D)

K 6noky k_/
ynpaBneHus
3apsigHoOMn

\ CTaHunen

NINTUN-UOHHaA
aKKyMynsiTOpHas
b6atapess ACPK

\

I o I |

Il
I

"MoTop-kKoneco"
OrosyioBOK penbca
HarpeBaTeNbHbIN 31IEMEHT penbca
CTpyHa
3anonHuTenb
[aTYUK TeMnepaTypbl penbca
Kopnyc penbca

Pucynoxk 2 — Konerpyxkuus maccu ACPK u MmoHOpenbca
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Pucynoxk 3 — ®yuknuonansHas cxema ACPK

1 MHOTOIIApaMETPUUECKOr0 aHaJIM3aTopa BXOIHBIX
nansblx (ITAJ]); 6mok nmporpaMmHOro odecnedeHust
(BITO), cocrosimuii u3 6a3wl ganubix (B/l) u Hew-
poHHO# cet (0noku 1 u 2); apXUB JIOKHBIX CHT-
HanoB (AJIC); dopmupoBarenb CUrHAIOB TPEBOTH
u Herncnpasaoctu (PCTH); ycTpoiicTBo oToOpaxe-
uust napopmarun (YOU) — MOHUTOD; TIyIABT yIIpaB-
nernns (I1Y) — xnaBuatypa; 6mok OecriepeOoitHOTO
mutaans (BBII); 6mox Wi-Fi, mist GecnipoBomHOM
CBS3U, JUCTAHIMOHHOTO KOHTPOJISI M YIPABICHUS
nepenskHbIM MonyieM ACPK, a Taxke momyde-
HUS MHPOPMALMU B PEXUME PEalbHOTO BPEMEHHU
c cucteMbl BueoHadmonenus (CB) u remoBuzopa
(T) nepensmxknoro monyns ACPK [5, 6].

Sapsnuas cranmms ACPK (puc. 4) npencrasie-
Ha aBTOHOMHOM CHCTEMOH JIEKTPONUTAHUS, KOTO-
pasi OCyIIECTBIISIET 1IPe0OPa30BaHNE KHHETHUECKON
SHEPTUM BETPa U CBETOBOW SHEPIUH COJHLA B HJIEK-
TPUUYECKYIO0 C BO3MO)KHOCTBIO JAJILHEHIIEr0 HaKo-
ruiennst B 0moke AKDB 3apsiiHOl cTanimu u Henpe-
PBIBHOT'O AIIEKTPOCHAOKEHHS Y3JI0B M KOMIIOHEHTOB
ACPK, a UMEHHO — 3IeKTpOCHAOXEHHE 3NEKTPO-
npusofa (JI1) ycrpoiictsa 3axBara AKb nepenBmx-
HOTO MOIYJs W €€ 3apsAKd IyTeM COeIUHEeHUS
Yyepe3 crenuanbHble pa3peéMmbl (puc. 1) u oborpes
penbca-CTpyHBI (MOHOPENbCa) B CIydae €ro oyeje-
HEeHUs TIPU HI3KHUX TeMreparypax (puc. 2).
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MpuHumMn paboTbl
M KOHUenuua ynpaaeHua ACPK

[punnun padoter ACPK Oynet 3akimouarbest
B MEPEIBMKEHNN MOMYJIS BAOJIb pyOex)a OXpaHbl
TI0 PeIbCY-CTPYHE (MOHOPEINBCY) U B MOHUTOPHH-
re MECTHOCTH, NPUJICTaIoNIel K pyOexy OXpaHbl
CHCTEMOH BHUICOHAOIIONCHUSI U TEIJIOBU30POM,
C mepepadeil MoJTy4YeHHBIX JAaHHBIX B IYHKT IO-
CTOSIHHOW JTUCIIOKALIMH TIONpAa3JeNieHus TpaHu-
Lkl Ha TIOCT oreparopa (JIe)KypHOIo) B pekume
peanbHOTO BpeMeHH. B cimyuae BO3JeHCTBHS Ha
YYBCTBUTENBHBIN 3JIEMEHT, Yepe3 CTAaHIMOHHYIO
ammaparypy TpOUCXOJUT 00paboTka curHaa,
1 MOAYJIb HEMEIJIEHHO IEPEABHUIAETCS K MECTY
(ygacTky) HapyIIeHUs, TAE C MMOMOIIBIO CUCTEMBI
BUCOHAOIIONCHNS M TEIJIOBU30Pa, OCYILECTBIIS-
€TCsl pacrlio3HaHue THUIIA HapyluTens [2, 4].

Bornee peranbHo nmpuHLIMI PaOOTHI M KOHIETI-
uuto ynpasinenuss ACPK paccmorpum ¢ momo-
upto QyHkipoHanbHoi cxembl ACPK, npeicras-
JieHHOW Ha puc. 3. Ha puc.5 npencrasien pyoex
oxpanbl, ocHameHHbit ACPK.

Ha xaxzoMm yuacTke OXpaHbl BOJIOKOHHO-
ornrtnyeckuii xkabenpb-garunk (BOKJ) (puc. 3) c
noMotipo ontudeckux mypt (OM 1, OM 2, ...,
OM n) pa30ouT Ha 30HBI OXPaHbl U CMOHTHPOBAH
Ha 3arpakAeHuH pyoOexka oxpausl (puc. 5). biok
ontuueckoro mnepeaatuuka (BOII) dopmupyer
CHHYCOHMJIQIbHbIC CBETOBBIE CHI'HAJbl B MH(]pa-
KpacHOM JMara3oHe, KOTOphIe 1O MHOTOXHIIb-
HOMY BOJIOKOHHO-ONITHYECKOMY KaOemo CBf-
3u (BOKC), gepe3 ontuueckne mypter (OM),

noctynator B BOK/I. [Ipu nonbITke nmpeononeHus
3arpakJIcHUsl, OHO HAYMHAET JePOPMHUPOBATHCS
M CO3/1aBaTh BUOpAIMH, KOTOPBIE B CBOIO OYEPEh
nepenatorcst Ha BOK/I, a mocKombKy CTpyKTypa
CBETOBOH BOJIHBI B OIITHYECKOM BOJIOKHE BOCIIPH-
MMUHMBA K BHEIIHUM BO3JICHCTBUSIM, TO POUCXO-
JUT HCKa)KCHHE CBETOBOTO NOTOKA U MEHSIOTCS
napamMeTpbl ONTHYECKOrO CHrHasa, MPOLIE/IIETo
yepe3 BOK/[ na 6nox ¢oronpuemunkos (bDII).
W3MeHuBIIHIICS ONITUYECKUI CUTHAI TpeoOpasy-
ercst Ha BOII B anexTpuveckuil cUrHam U ouud-
POBBIBACTCS Ha aHAIOTrO-1IM(POBOM IIpeodpa3oBa-
tene (ALLID). Jlanee curaan GumsTpyeTcs B mepe-
crpamBaeMoM TosocoBoM ¢unsrpe (IIID), Tme
OCYILECTBIISICTCA IIOJIAaBJICHUE HEXeJaTeJIbHBIX
NOMEX M IOCTYNaeT B MHOTONapaMeTpHUYEeCKUH
aHanu3arop BXoaHbIX gaHHbIX (ITAJl). [lanee us-
MEpeHHbIE MapaMeTpbl oOpadareiBaloTCsi B O10-
ke nporpammuoro obecneuenust (BI1O). C wuc-
nosp30BaHueM 0asbl gaHHbIX (BJl) u anroputmos
HelpoHHOH ceTH (Ooku 1 U 2), MPOUCXOTUT 00-
paboTka W BBIYHCICHUE AMIUTUTYIBI MOCTYIHB-
mero curHana. Jlamee oOpaOoTaHHBIA CHTHAT
nocrtymnaer B (JOpMUPOBATENIb CUTHAJIOB TPEBOTH
u HeucnpasHoctu (PCTH), kotopsrit popmupyet
3ByKoBOH curHan «Tpesoral» u oToOpaxkaer ero
Ha MOHHUTOPE C YKa3aHHEeM HOMepa 30Hbl OXpaHbl,
I7Ie ¥ IPOUCXOonuT HapymieHue [7, 8]. OmHoBpe-
MEHHO ¢ 3TuM, curHan «Tpesoraly», yepe3 Onoku
Wi-Fi, nepenaercst Ha Onok ymnpasienus (BY)
nepeasmkaoro moayinsa ACPK, kotopsrii ¢ momo-
mpio maccu (1) ocymecTBisieT mepeaBMKeHHE
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PucyHnok 5 — PyGesx oxpansl rpaHnLbl, ocHameHHbIH ACPK:
1 —HapymmuTens; 2 —3arpaxjaeHue u3 cetku capHoit; 3 — BOK/I; 4 — Touxu Bo3neiicTBus Ha 3arpaxaenue u BOK/I;
5 —nepensuxkHoi Monysnb ACPK; 6 —penbca-cTpyHa; 7 —onopa peiabca-cTpyHbI
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PI/ICyHOK 77— AMHJ’[I/ITyHa CUIr'HaJla npu BO3Z[CI>1CTBPIPI JKUBOTHOI'O Ha 3arpaXJICHUE

(mepenucioKaluio), B 30Hy OXpaHbl, IJie Mpouc-
XOJIUT HapylIeHue, /Uil pacro3HaHUd U Ompeje-
JICHUS TUTIA HApYIIIUTE.

[IpumeHeHNne HEKECTKUX HEHPOCETEBBIX AJIr0-
PUTMOB (MCKYyCCTBEHHOTO MHTEIJIEKTA) TIO3BOJISIET
METOJOM OOyueHHsI KJIacCU(HULUPOBATh CUIHAJBI
TPEBOT Ha «JIOKHBIE» — IOCTYIHUBIINE OT BO3ICH-
CTBHS Ha 3arpakeHUe KUBOTHBIMH (KabaH, JOCh,
oJiecHb, cobaka, NMTUIAa U T.J.) JUOO MOTOTHBIMU
yCcIoBUAMHU (IOPBIBUCTHIM BETep, KPYyHHBIN Tpa,
U T.J1.), 1 «TpeBora!» — mocTynusIIre OT BO3/IEH-
CTBHSI Ha 3arpakJCHUE YeJIOBeKa JTM00 TEXHUKH.

B mporecce axcruryaranum cucteMbl ACPK,
AITOPUTMBI MOXKHO JT00OOydYaTh Ha T€, WM HHBIE
pEeLIeHNs], UCXOAsl U3 KOHKPETHBIX YCJIIOBUH HpU-
MeHeHns. OOydeHre HEWPOHHBIX CeTell marema-
THUYECKU BBIpa)kaeTcs B MoA0Ope HEKOTOPHIX Be-
COBBIX KOA((QHUUNEHTOB HEHPOHHOH CTPYKTYPBI,
IPU KOTOPBIX OHA C MAaKCUMaJIbHOM TOYHOCTBHIO
paszzenseT mpUMephl «JI0KHBIX» CUTHAJIOB OT IPH-
MepoB curHajoB «Tpesora!». IIponecc oOyueHus
cocront B co3mannu B BIIO xommbrorepa BJ]
C aMIUTUTYAaMH «JIOKHBIX» CUTHAJIOB M CUTHAJIOB
«Tpesora!», xoropeie OymyT 00OpabOaTBIBATHCA,

BBIUNCIISITbCA M CpaBHUBAaThcad B Onokax 1 u 2.
Ecnu curnan oxakeTcst He JIOKHBIM, TO TTPOTpaM-
Ma chopmupyet curnai «Tpesoraly», a ecnu cur-
HaJl OKKETCS «JTOKHBIMY, TO OH IMPOTPaMMOM aB-
TOMAaTUYIECKH OTOUIBTPYETCS K COXPAHUTCS B ap-
XuBe JOXHBIX curHanoB (AJIC) ¢ mocienyromei
3anuchio B B/I.

[Ipumep, korma mnporpamMma O€30MIHO0YHO
onpenenuna curHan «Tpesora!» oT Bo3aeHcTBUA
BTOPIKCHUS YEJIOBEKA-HAPYIIIUTEIS U OTHECHA €TO
B cnucok «TpeBorm», a Takxke OT(HIBTpOBaA
«IOXKHBIN» CUTHAJ OT BO3JEHCTBUS KUBOTHOTO,
TIPEICTaBIICH Ha PUCYHKAX 6 i 7 COOTBETCTBEHHO.

ITepensmwxnoi moxyns ACPK pabotaet B aB-
TOMaTHYECKOM pEeXHMe, HO B CIlydae HEOOXOIH-
MOCTH MOXKET OBITh IepeBe/ieH Ha PyYHOe yIpaB-
JICHHUE OTIepaTopoM (JIeKYpPHBIM).

MeTtoauka npumeHeHua ACPK

ITpumensate ACPK Oonee Bcero pannoHaib-
HO Ha HaIpaBJICHUAX BEPOATHOTO ABUKCHUSA HaA-
pyLINTENEN rpaHULlbl, HA HAIPABJICHUSAX KOHTpa-
OaHTHOW NEATENBHOCTH W JJISl IPUKPHITHS (IIaH-
TOB IIyHKTa IPOITyCKa. JTO IMO3BOJHT: B PEXKUME
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peanbHOr0 BPEMEHH OCYIIECTBISATH JUCTAHIIH-
OHHBIM KOHTPOJIb 3a MPHJIETaloIIel MECTHOCTBIO
K TOCYJapCTBEHHOW I'DAHHIIE; ITOBBICUTh HAJEXK-
HOCTH OXpaHbl TPAHUIIBI M BEPOATHOCTH OOHAPY-
JKEHUsI HapylLIUTeNel; MeperT OT OXpaHbl roCy-
JApCTBEHHOW TpaHUIlbl MOABMKHBIMU IOIPaHUY-
HBIMU HapsilaMM K PEarupoBaHUIO Ha HM3MEHe-
HUSI 00CTaHOBKH; NMPHUKPHIBATh OTAEIBHO B3SITOE
HampasieHHe JH00 Y4acTOK B XOZ€ MPOBEACHUS
MOUCKOBBIX MEPOIPHUATHI; coOpaTh HEONpoBep-
JKUMBIE JI0Ka3aTeNbCTBA MOMBITKYA HapyIIEHUs I0-
CyIapCTBEHHOU TpaHUIG [2, 4].

3aknloueHue

B pabote paccMOTpeH HpPOEKT HHTEIIEKTY-
albHOTO CPEACTBAa OXpaHbl — aBTOMATU3UPOBAH-
HOTO CTPYHHOTO POOOTOTEXHHMUYECKOTO KOMILICK-
ca. IlpomsBemeno ero mnogpoOHOE OMMUCaHUE,
W3JIOKEH MPUHLUN pabOThl U KOHIEMIUS YIpaB-
nenusi. HoBusHa paspabarbiBaeMoro poOOTOTEX-
HUYECKOTO KOMIUIEKCA 3aKioyaeTcsi B BhIOOpe
HECTAHIAPTHOW ONTHUMHU3UPOBAHHON KOHCTPYK-
UM KOpPIyca M XOAOBOH 4YacTH, MOOMJIBHOCTH
IIPU NEePEIUCTIOKALMN (IIEPEABUKECHUHN) U MaKCHU-
MaJbHOE UCIIOJIb30BAHUE HCKYCCTBEHHOTO MHTEI-
JIeKTa A7l PEeLIeHus 3a1a4 o obecreueHnIo 0e3-
OTMACHOCTH OXPaHAEMOro 00ObEKTa MM TEPPHUTO-
puu. [Ins npupaHus KOMILIEKCY CBOMCTB MHTEI-
JIEKTYyallbHOCTH, TIOCTaBlIeHa 3ajaya pa3paboTKh
METOZIOB, aJIFTOPUTMOB M MPOTPAMMHBIX CPEJICTB

pacro3HaBaHUsl CUTyalluid Ha TpaHHLE MOCpe-
CTBOM HEUPOHHBIX CETEW U APYTHX TEXHOJIOTHU
MCKYCCTBEHHOTO MHTEJJIeKTa. B cBA3mM ¢ mpume-
HEHHEM TEXHOJIOTUH HMCKYyCCTBEHHOTO WHTEJJICK-
Ta CTOUT 3a/1a4a BEIOOpa HauboIiee ONTUMATBHBIX
TUTIOB (BUIOB) HEHPOHHBIX CeTel, MX OOy4eHHe
W TIPOBEJICHNE JNaIbHEHIINX UCCIIeIOBaHUH B Iie-
JSIX CUHTE3a, 00pabOTKH M MOJTyueHHs: HHpopMa-
WU JJ11 ONTUMAIBHOTO YIIPABICHUS KOMILJICKCOM
B nenoMm. OcHoBHbIM HemocTatkoM ACPK mpu
OXpaHe y4acTKa TPaHuIbl, Oy/IeT SBISATHCS Majast
MPOTSDKEHHOCTh OXPAaHAEMOTO y4yacTKa, MpUMep-
HO 1-1,5 KM, Tak Kak HEparMoOHAJIBLHO €ro FWC-
MOJTb30BATh B OXPAaHE BCETO yJacTKa Mofpasserne-
HUSl TPAHMIIBI, TPOTSHKEHHOCTh KOTOPOTO MOXKET
coctaiaTh OoT 15 10 30 kM. [Ipu ucnonb3oBanuu
ACPK Ha OOnbIINX PAacCTOSHHAX, MEPEABHKHON
MOJYJIb IPOCTO HE YCIIEET CBOEBPEMEHHO Iiepe-
JIUCIIOIIMPOBATLCS. K MECTY HapyILICHUS U 3a(UK-
cupoBarh Hapymmrens. Bmecte ¢ tem, s ox-
paHbl TPOTSHKCHHOTO yYacTKa TPAHUIIBI, MOTYT
WCTIOJIH30BATHCSI HECKOJIBKO TIEPENBHKHBIX MO-
nmyneit ACPK. B 1ensx oxpaHbl y9acTKOB TpaHU-
Bl C HEOMATOTPUSATHBIM PAJANAIMOHHBIM (DOHOM,
ACPK wmoOxeT OBITH HOIOJHUTEIILHO OCHAIICH
MpUOOPOM KOHTPOJISL paAMAllMOHHON 00CTaHOBKHU
U HalTU IIMPOKOE MPUMEHEHHUE Ha TEPPUTOPUU
Ilonecckoro rocynapcTBEHHOIO pajHalliOHHO-
9KOJIOTMYECKOTO 3alIOBETHHKA.

JIMTEPATYPA

1. Yepnosoaona, A. PEIIOPTAX: B pexxume peanbHOro BpeMeHH: KaK yMHBIE TEXHOJIOTHM MOMOTAIOT MOrPaHUYHUKAM
B oxpaHe pyOexeil [Dnexrponnsiii pecypc] / A. UepHoBonosa.— 2021.— Pexum noctyna: https://www.belta.by.— Jlata

nocryna 08.01.2021.

2. Tancenxwmii, /I. B. ABTOMaTH31poBaHHBIN CTPYHHBIH POOOTOTEXHUUECKHI KOMIUIEKC KaK MPoo0Opa3 MHTEIIEKTyalbHON
cucteMsl oxpansl rpanuisl / J1. B. Fancenknii / CoBpeMeHHbIE TEXHOJIOTHH 00ECIIEUeHHUs OrPaHUYHON Oe301acHOCTH:
MaTepHalibl Hayd.-IpakT. KoH., MuHck, 29 Hos0ps 2018 r.: B 2 U. / T'YO «MIIC Pby»; penkon.: O.T. Mamuapos [u ap.].—

Munck, 2019.- 4. 1.—- C. 28-31.

3. Tancenxuii, /I. B. DnexrponpruBoasl MOOMIIBHEIX poboTOTeXHUYECKUX KomILiekcoB / JI. B. lanceukuit // Mndopmarmon-
HbIC TEXHOJIOTHHU B 00pa30BaHNH, HayKe U [TPON3BOACTBE: Matepuaibl VII MexayHap. Hayd.-TeXH. HHTePHET-KOH(EepeHIHH,
Munck 16 Hosi0ps 2019 1. / benopyc. Hawl. TexH. yH-T.— MuHck, 2019.— C. 193-200.

4. Tanceuxuii, /I. B. TakTuka npuMeHeHHUs aBTOMaTU3UPOBAHHOIO CTPYHHOIO POOOTOTEXHHYECKOTO KOMIUIEKCA B OXpaHe
rpanuisl / 1. B. Tancerkuii / [TepcrieKTUBBI pa3BUTHSI TAKTHKH, HHIKEHEPHOTO, TEXHUYECKOTO U ThIJIOBOTO 00ECIIeUeHUsI
coBpeMeHHOro 60st (k 75-netuto Havana Benukoit OTeyecTBEHHO BOIHBI): MaTepuaisl 69-i peciy0. Hayd.-TeXH. KOH(.
podeccopCKo-NPenoaBaTenbCKOro COCTaBa, abIOHKTOB M aCIUPAHTOB BOCHHO-TEXHHYECKOTo (akyibrera B bemopyc-
CKOM HAalMOHAJBbHOM TEXHHYECKOM yHUBepcureTe, MuHCK, 25 mas 2016 . / Benopyc. Hai. TexH. yH-T.— MuHck, 2016.—

C. 125-127.

5. BonokoHHO-oNMTHYECKHE IEPUMETPOBLIE cpesicTBa oOHapyxeHust «kBOPOH». IlocTpoenne cuCTeMBbI 3alUTHI IEPUMETPA
Ha MX 0CHOBe [DnekTpoHHbIi pecypc].— 2020.— Pesxxum noctyma: https://www.prf-voron.ru/index.php/produktsiya.— Jlara

nocryna 06.10.2020.

6. V3Bemaresnb oXpaHHBbII TMHEHHBIH BookoHHO-onTH4eckuit 1O 212-2 «BOPOH-2M—-C» // PykoBoAcTBO 1O SKCILTyaTa-

. — Mocksa, 2004.

7. PycanoB, A.lO. BojokoHHO-oNTHYECKHE TEPUMETPOBbIE KOMILIEKChl oOHapyxenust cepun BOPOHTM (wacte 1) /
A.1O. Pycanos // XXypnan «be3onacHocte».— 2010.— Ne 2.— C. 2-4.

CUCTEMHbIVI AHAJTIU3 U MPUKITABHAS UHOOPMATUKA

1,2021



MANAGEMENT OF TECHNICAL OBJECTS 11

8. Pycanos, A.IO. Texuonoruss BOPOHTM. BonokoHHO-ONITHYECKHE pacHpe/ielIeHHbIe CeHCOPHI [Tl obecriedeHus 6e30-
nacHocTH 00bekToB / A. 1O. Pycanos // XKypnan «Murerpam».— 2013.— Ne 3.— C. 18-22.

REFERENCES

1. Chernovolova, A. REPORT: In Real Time: How Smart Technologies Help Border Guards [Electronic resource] /
A. Chernovolova.—2021.— Access mode: https://www.belta.by.— Date of access 08.01.2021.

2. Hansetski, D.V. Automated stringed robotic complex as a prototype of an intelligent border guard system /
D.V. Hansetski // Modern technologies for ensuring border security: scientific and practical materials. conf., Minsk,
November 29, 2018: 2 hours / SEE «IBG RB»; editorial board: O. G. Masharov [et al.].— Minsk, 2019.— Part 1.—P. 28-31.

3. Hansetski, D. V. Electric drives of mobile robotic complexes / D. V. Hansetski // Information technologies in education,
science and production: materials of the VII international. scientific and technical internet conference, Minsk November
16,2019 / Belarus. nat. tech. un-t.— Minsk, 2019.—P. 193-200.

4. Hansetski, D. V. Tactics of using an automated stringed robotic complex in border protection / D. V. Hansetski // Prospects
for the development of tactics, engineering, technical and logistical support of modern combat (to the 75th anniversary of
the beginning of the Great Patriotic War): materials of the 69th republic. scientific and technical conf. faculty, adjuncts and
graduate students of the military-technical faculty at the Belarusian National Technical University, Minsk, May 25, 2016 /
Belarus. nat. tech. un-t.— Minsk, 2016.—P. 125-127.

5. Fiber-optic perimeter detection means «VORONy. Construction of a perimeter protection system based on them
[Electronic resource].— 2020.— Access mode: https://www.prf-voron.ru/index.php/produktsiya.— Date of access
06.10.2020.

6. Security line fiber-optic detector IO 212-2 « VORON-2M-S» // Operation manual.— Moscow, 2004.

7. Rusanov, A. Yu. Fiber-optic perimeter detection systems of the VORON-TM series (part 1) / A. Yu. Rusanov // Security
magazine.—2010.—Ne 2 —P. 2-4.

8. Rusanov, A. Yu. VORON-TM technology. Fiber-optic distributed sensors to ensure the safety of objects / A. Yu. Rusanov //
Magazine «Integral».—2013.— Ne 3 —P. 18-22.

llocmynuna Ilocne oopabomku Ilpunsma k neuamu
01.08.2020 17.02.2021 01.03.2021

HANSETSKID. V.

AUTOMATED STRINGED ROBOTECHNICAL COMPLEX
AS A PROSPECTIVE METHOD FOR MONITORING OF OBJECTS’
SAFETY AND STATE BORDER AREAS

An innovative project to create a prototype of a multifunctional mobile automated stringed robotic complex is announced.
A distinctive feature of the project is the mobility in relocation and the maximum use of artificial intelligence to solve problems
of ensuring the security of a protected object or territory.
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YK 629.7.05

B.B. JIETKOCTVII, B.3. MAPKEBUY

YPABHEHUAA KUHEMATUKH
BECIMMUAOTHOIO AETATEAbHOIO AINMAPATA
B SAMMUNTUYECKOU CUCTEME KOOPAUHAT
NPU HABEAEHUWU MO PA3HOCTHO-AAAbHOMEPHOW
HABUFALMOHHON WHOOPMALMUU

OAO «AJIEBKYPII», Munck, Pecnybnuxa Berapyco

Lenvio oannoii pabomel Ovina ebipabomra MemoouKu onpedeietuuss OUHAMUYECKUX CEOUCME KUHEMAMUYEeCKOl C8s3u
MeACOY UBMePAEeMbIMU NAPAMEMPAMU OBUICEHUSI 00bEKMA YNPABLEHUSl, GLIPAICEHHBIMU 8 KDUBOIUHELHOU cucmeme Koop-
OuHam u ynpasisiouumu e20 08UICCHUEM YCKOPEHUSAMU, 8bIPAICCHHBIMU 8 0eKapmogoll cucmeme koopournam. Ipumepamu
KPUBOAUHEUHBIX CUCTEM KOOPOUHAM, GCMPeYaiowuxcsi Ha NPAKMuKe A6IsAI0Mcs: NOAApHAs, OUaneynapuas, ouyenmpuie-
CKasl, DAAUNMUYECKas, napadoruieckas, YUIUuHOPUHecKds, ciheputeckasl, dAAUNCoudarbas cucmemsl koopounam. Odvex-
mom uccnedosanus ovina evibpana sarunmuyeckas cucmema koopounam (ICK), noseonsiiowas nonyuume eecoma npo-
cmble coOomHoOueHUsl MedHcOy napamempamu 08udxicenus becnuiomnoeo iemamenvnozo annapama (bJIA) na nrockocmu u
PA3HOCMHO-0ANbHOMEPHOU HABUSAYUOHHOU UHGOpMayuell, noryuaemou na 6opmy om 08yxX HagueayuouHvlx cmanyuil. Ilo-
JIYUEHHAs KUHeMAMUYEeCKdsl 85136 mpebyemcs 0 nociedylowell 3a0ayu cCunme3sa KOnmypa ynpagienus o6vekmom. Taxoice
ONUCAnO NOCIe008amenbHOe YRPoueHue NOAYYEeHHOU HeTUHeUHOU KUHeMAMUYecKoll c3u U ee JuHeapu3ayus 0as 3a0aqu
cunmesa cucmembl HageOeHus K1accuieckumu tuneinvimu memooamu. OcHosHoe npeumyujecmao 6bl00pa IAIUNMUYECKOTL
cucmembvl KOOPOUHAM COCIMOUM 8 BO3MOICHOCU OCYWECMEIAMb KEAZUONMUMALbHOE HABeOeHUe 00beKma YnpagieHus
600716 HABULAYUOHHOU TUHUU NOTONCEHUS, KAKOBOU 8 OUHHOM CIyUae A6IAemcs cunepooid, Ymo no3601um yMeHbuums Ha
00HY KOIUYeCmeo HA8USAYUOHHBIX NOSULUIL.

Knroueswvie cnosa: sniunmuuecxas cucmema Koopduﬂam, KO3¢d)Ml4u€Hmbl Jlawme, pa3HOCmHO-da/leOWlepHaﬂ cucmema, Ha-

sueayUsl, KUHeMamuieckas 0opamuas céa3v, becnuiomuulil 1emamenvrulii annapam, bBJIA.

BBeaeHue

[Ipu cuHTE3€ CUCTEM aBTOMATHYECKOIO PEry-
JUPOBAHMSA BO3HUKAET 33Ja4a ONpeAeSeHHs aHa-
JUTUYECKON CBSI3U MEXKIY YIPaBISIONIUMH BO3-
JeiicTBUsIMH, popMUpyEeMBbIMU Ha OOpTY 0ObeKTa
yOpaBlIeHHUsS B CBS3aHHOM CHCTEME KOOpJIMHAT
(CK), u oreHHBaeMBIMH TapamMeTpamMH JBHKe-
HUS B KpuBonuHeHON m3mepurensHor CK. Ilpu
9TOM OJHHM W3 OCHOBHBIX TPeOOBAaHUI SBIAETCS
BO3MOYKHOCTb OIUCAHMs YKAa3aHHOH KHHEMAaTH-
YECKOM CBSI3M MEXJy IEepPEUUCIEHHbIMU Mapa-
METpPaMH JIBUKEHHS NPOCTHIM U €CTECTBEHHBIM
00pa3oM IMpH HCHOJIB30BAHUU TPOU3BOJIBHBIX
CK. IlpumepamMu KpUBOJMHEWHBIX CUCTEM KOOp-
JIMHAT, BCTPEUAIOIIUXCS Ha MPAKTUKE, SABISIOTCS:
noJisipHasi, OMaHTyIsipHas, OWUICHTpUYeCKast, dJi-
JUNTHYECKas, TMapabonndeckasi, TWIHHIAPUYE-
cKas, chepuueckas, JUIUICONJAIbHAST CUCTEMBI
KOOPJIMHAT.

Tak xak 3aKOH MPeoOpa30BaHUS MEKIY KpH-
BOJIMHEWHBIMU KOOPJAMHATAMHU BCErAa HOCUT He-
JUHEWHBIN XapakTep, BOSHUKAET mpodiieMa MpH-
BEJICHUS BCEX HCIIOJIb3YyEMBIX B IIPOIIECCE yIpaB-
nenust BenmunH Kk ogHodt CK, B xoTopoii Oymer
peann3oBaH aHAJUTHYECKUH 3aKOH YTpaBIEHUS
oobektoM. [Ipuuem, dopma mpeacTaBieHus aHa-
JIMTUYECKOU CBSI3U, MOJYYEHHOU B pe3ysbTaTe Ko-
OPIWHATHBIX TIPEOOpPa30BAHMM, MOJDKHA ObOecte-
YHBaTh BOBMO)KHOCTb UH>KEHEPHOTO MPUMEHEHUS
YKa3aHHbIX COOTHOLIEHUH Ha MPAKTHUKE.

IIpuMepoM MOXKET CIIy’)KUTb KOHTYpP YIpaB-
nenust nonetoM BJIA mo Kkypcy, KOTOpbIi opH-
EHTHpYETCS. B MPOCTPAHCTBE MO MaskaM, (Qak-
TUYECKH HCHONb3Yys JJI HaBUTALUM YTIIOBBIE
u3MepeHus. B Takom ciydae oka3bIBaeTCs, YTO
cuiel, AeictByromue Ha BJIA (mmaBHBEIM 0oOpa-
30M — MOTNIEPEYHbIe K MPOIOIBFHONW OCH TUTaHEepa)
Hamboylee TPOCTO M E€CTECTBEHHO BBIPAYKAIOTCS

CUCTEMHbIVI AHAJTIU3 U MPUKITABHAS UHOOPMATUKA
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B aexaptoBoit CK ([ICK), a uMeHHO: IpooibHa,
OOKOBasi ¥ BEPTUKAIbHAS COCTABIISIOIINE CHIIBL.
B T0 ke Bpems m3MepuTenbHas HHPOpMAaIus, 1o-
CTyTaloIIas Ha BXOJ KOHTypa yIpaBJICHHUs, MTPe-
CTaBJICHAa B BHJIE PA3HOCTH YIJIOBBIX KOOPIHUHAT,
YTO €CTECTBEHHBIM 00pa3oM MOXHO OTOOPAa3UTh
HEKOTOPBIM YIVIOM B OJHOH M3 KPUBOJIMHEHHBIX
CK — nonspHoii, OmaHrynspHoi, chepuyeckoit
nin nunuHApudeckoil. Ilpu stom, ans cuHTe3a
ONITUMAJIbHOTO 3aKOHA YIPaBJICHUS OOBEKTOM He-
00XOIMMO TOJYYUTh AHAJUTUYECKOE OIHCAHHE
CBSI3M YIIPABIISIONINX CHJI 1 U3MEPsIeMbIX ITapame-
TPOB JBM)KEHUSI.

OOBIYHO Takass CBSI3b BBIPAKACTCS IOCPEI-
CTBOM CHCTEMbl HEJIMHEHHBIX HECTALMOHAPHBIX
muddepeHInanbHbIX YpaBHEHUH, KOTOPbIE BIO-
CJIEZICTBUM JINHEAPU3YIOTCS U U3 KOTOPBIX C HUC-
MOJIb30BAaHMEM METOJa 3aMOpPAKUBAHHUA KOI(-
(UIMEHTOB y#aeTcsl TONYyYUTh IepeJaTOYHbIe
(YHKIMH TaHHBIX CBS3CH JUIS 33laHHON 00IacTH
WU3MEHEHMsI TTapaMeTPOB BCEH CHCTEMBI, KOTOPYIO
B PYCCKOSI3BIYHOM IUTEpaType MO TMOCTPOSHHUIO
CHCTEM YIPABJICHUS paKeTaMH U JIETATEIbHbIMU
annaparaMy TAaK)Ke MHOTJa Ha3bIBalOT KMHEMAaTH-
yeckuM 3BeHOM [1, 11]. 1 ecnu Bompocy mpoek-
TUPOBAHUS CUJI HA OCH MOJISIPHOH, chepruuecKoi,
LIMHIPUYECKON CHCTEM KOOPIUHAT MOCBAILIEHO
JIOCTATOYHOE KOJIMUYECTBO JIUTepaTypsl [2, 12], To
JUIL cllydass MEHEe paclpOCTPAaHEHHBIX CHCTEM,
TaKUX KaK JJUIMNTHYECKasd, Tmapabonnyeckas
u apyrue [3] 3TOT BOMpOC B psijie BaXKHBIX IS
IIPAKTUKHU CIIy4aeB BbI3bIBACT 3aTPYIHCHUS.

KuHemaTuueckue ypaBHeHUs ABWKEHUE
ob6bekTa B aAMAUNTUUECKOWU cUCTEME
KoopAUHaT

OOu1yr0 METOAMKY MONTy4eHHs] KHHEeMaThude-
CKOH 00paTHOH CBSI3M MOYKHO TIPEJICTABHUTH B Clie-
JyIOIeM BUJIE:

—  OmpefieNieHHe  ympaBisiomen  (MChodi-
HATETRHOW) W m3MeputenbHO CK, B KOTOpBIX
YOPABISAIOIIEMY BO3JACHCTBUIO M HM3MEPSIEMOU
BEJIMYMHE COOTBETCTBYIOT CBOM KOOPIMHATHBIC
JMHUY (IUIOCKOCTHOM CIly4yail) MM MOBEPXHOCTH
(mpocTpaHCTBEHHBIN CTydaid);

— ompeieNieHHE 3aKkoHa MpeoOpa3oBaHuUs
OJTHOM CHCTEMBI KOOPJIMHAT B IPYTYIO;

—  BBIYHMCIICHHUE MaTpHIlbl SIkodu u kodhdu-
umeHToB JlamMe JaHHOTO MTPeoOpa3oBaHMUS;

—  OIpeJeseHUE KOMIIOHEHT BEKTOpa CKOPO-
CTH B KPUBOJMHEHHOM NIPOCTPAHCTBE;

—  OIpeJesieHHue BEKTOpa YCKOPEHHUH B KpH-
BOJIMHEWHOM IIPOCTPAaHCTBE;

—  pacyeT IpOoeKUUM yIpaBIsONIuX BO3ACH-
CTBUS, BhIpakeHHBIX B ricxonHoi CK, Ha ocu jo-
KalbHOTO 0a3mca kpuBonuHeiHoi CK.

B kadectBe mprMepa MOIy4YeHHs] KMHEMaTH-
Yyeckoil cBsizu paccMoTrpuM aBukeHue bJIA nHa
IUIOCKOCTH, HABUTALUsl KOTOPOTO OCYIIECTBIISAET-
sl IO U3MEPEHUSIM Pa3HOCTH AT BpEMEH PacIpo-
CTPaHEHHUs paJMOCUTHajNa OT JIByX HAaBUTal[OH-
neix Touek 11, IT, no BJIA (puc. 1):

1
AM=1=—(d,-d,), (1

)

rne d,,d, — paccrosguus or BJIA no aByx
HaBUTAUMOHHBIX mo3unui I,
OTBETCTBEHHO.

n II, co-

Puc. 1. Hapurauus BJIA B pa3HOCTHO-/1aJIbHOMEPHOM
HaBHUTAIIUOHHOMW CHCTEME

OUKCUPOBAHHONW PA3HOCTH BPEMEH paCIpo-
CTpaHeHUus! pajguocurrana AT =const COOTBeT-
CTBYET JIMHUS TIOJIOKCHHUS B BHUJIC TUIEPOOIIBL.
CrenoBareiabHO, €CTECTBCHHBIM IMPEICTABISCTCA
BbI0OOp Takoit CK, B koTOpo# naHHas rurepOosa
SIBIISICST OBl OMHOW W3 KOOPAMHATHBIX JIUHUM,
onuceiBaronieii mecronoiioxkenue BJIA. Tak kak
BTOpasi KOOpJMHATa HE 3aJaHa, €€ CIEAYET J100-
npeneauTb. C TOYKM 3pEHHST TOYHOCTH OLEHKU
Mecromnonoxenns bJIA menecoodpa3Ho BBIOpaTh
TaKue JBE KOOPAUHATHBIX JUHHUH, SIBISIOLIUXCA
muHusIMEA TioJioxkeHus BJIA, 4roObl yron Mexmy
HUMHU B Ipelenax pabouell 30HBI CTPEMHIICS
k 90°. Takoif TMHUEH MO OTHOIICHUIO K THIEPOO-
7ie OyZeT SBIATHCS DIUIUIIC. B3auMHO opTOrOoHaIb-
HbIC KOOPAWHATHBIC JTUHUU B BHUJE CO(POKYCHBIX
runepOoNT W BJUTHIICOB 00pas3yloT TaK Ha3bIBae-
myro ammunTadeckyto CK [3] (puc. 2).

1,2021
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Puc. 2. ITonoxxenue BJIA B 2JUITMIITHYECKOU
CUCTEME KOOpIHHAT

Bropas xoopanHata X1 B BEIOpaHHOI cHCTe-
Me KOOpAHMHAT (puc. 2) 3a1aeT JIMHUIO TTOJI0KESHUS
B BH/IE DJTUIICA, KOTOpasi, [0 CBOEH CyTH, SABIISIET-
ca cymmoil d, +d, BpeMEeH pacnpocTpaHEHHs
paaMoCUrHana OT HaBUIalMOHHBIX mosuumi IT,
u 11, no BJIA.

ITonerTaemces YCTaHOBUTH CBA3b MCXKY Iapa-
MmeTpamu ABWKeHUs BJIA B anmaunThueckon cu-
cTeMe KOOpAuHAT U AeicTByomuMy Ha BJIA tan-
TeHUMaNbHBIM J¥, 1 HOpManbHbIM W, (110 OTHO-
LICHUIO K BEKTOPY CKOpOCTH V) YCKOPEHHSIMH,
BBIPQKEHHBIMHM B JIEKapTOBOM CHUCTEME KOOpJH-
Hat (puc. 3).

b Y

Puc. 3. Yekopenus, neiictByromue Ha BJIA,
BBIPA)KCHHBIC B JICKAPTOBON CUCTEME KOOPAUHAT

Heo6xomumMo OTMETHTH, YTO BEKTOP CHIIBI
WKW yCKOPEHHUs TMPUHATO pPAcCMaTPUBATh Kak
KOBapHUaHTHBIA BEKTOp [2—5], TO ecThb 3amaH-
HBIH Yepe3 MPOCSKINH Ha HOpMaJIH K KOOpIHUHAT-
HBIM TOBEpXHOCTAM. Takwe HOopMayn 00pas3yroT

JIOKaJbHBI 0a3uc yalbHOTO TMPOCTPAHCTBA.
B T0 e BpeMst KoopAUHATHI TOUYKH B BEKTOP CKO-
POCTH IPHUHITO pacCMaTpHUBaTh Uyepe3 KOHTpaBa-
pUAHTHBIE KOOPIWHATHI, SIBIISIOIINECS TIPOCKITH-
SMH Ha KacaTelbHbIE K KOOPIUHATHBIM JIMHUSIM.
B oproroHanpHBIX cucTeMax KOOPIWHAT, K KOTO-
pPBIM OTHOCHUTCSI W JJUIMIITUYECKAsT CHCTEMa, KO-
BapUaHTHBIE ¥ KOHTPaBapUAHTHBIE KOODPIUHATHI
COBIIAIAIOT.

Pe3yabTathl U UX 06CY)XAEHUE

I/I3BeCTHO, YTO ACKAPTOBBI KOOPAWHATBI TOYKU
BBIPAKAIOTCS Yepe3 DIUIHITHYECKUE ypaBHEHUS-
MH [3]

x=ccoshpucosv,

2

y=csinhp sinv,

rae ¢ —nony0asa ui PoKaIbHOE PACCTOSIHNUE;

|l — OTHOCHTENbHAs KOOpAWHATa, 3aJaroIias
SITUIIC TTOJIOKEHHUS;

V — OTHOCWTENbHasg KOOpAMHATA, 3ajaroIas
TUTEpOOITY TTOIOKEHUS.

CBs3b MEXKIY M3MEpSIEMON 3alIepiKKoil AT U
KOOPJAMHATOM Vv BBIPAXKAETCS  HEIMHEHHBIM
COOTHOIICHUEM

At =cosV. 3)

Tpaekropus asuxenus: bJIA Bnonb onHoil U3
TUTEpOOIT TIOJIOKEHUS B DJUTUIITUIECKON cHUCTeMe
KOOPJMHAT, COOTBETCTBYIOIIEH  BBIPAKEHUSIM
npuBeneHa Ha puc. 4. IlTpuxoBpIMU JIMHUSMU
0003HauEHBbI AJUIMICH (IIPU WL = const ) ¥ TUIEP-
0ombl (Ipu v = const ) monoxeHus. Kuaemaruka
JIBUKCHUS Tela ompenenseTcs ypaBHeHueM Jla-
rpanxa [6, 7], KOTOpoe CBSI3BIBAET MEXKAY COOOMH
KOHTPaBapPUAHTHBIE KOOPJAMHATHI ¢, M CKOPOCTH
¢, Tela M KOBapHaHTHbIE KOOpAWHATBI W, neii-
CTBYIOIIUX yCKOPEHUH:

1(doT oT . o 4)

e T=V"° / 2 — KHHETHYECKask SHCPTUs Mare-
pUATBHON TOYKH (TOYKH €AMHHUIHON MacChl);

W, — npoekuus YCKOPEHUS Ha i-i OpT JIO-
KaJbHOTO 6azuca;

H, — xo>pdunument Jlame, cooTBeTCTBYIO-
HIMH i-My OpTY JIOKaJIbHOTO 6a3uca;

1 — KOJIMYECTBO CTENeHe CBOOOIBI.

[Mocne Toro, Kak 3aJiaHbl ypaBHEHUS Ipeodpa-
30BaHMs, HEOOXOIMMO COCTABUTh MaTpHIly SIkoou
U omnpenenuTsh kodddunmentsl Jlame [2]. Matpu-

1a SIkoou nmpeodpazoBanus (2) UMeEeT BU

CUCTEMHbIVI AHAJTIU3 U MPUKITABHAS UHOOPMATUKA
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Puc. 4. Tpaexropus nerxenust BJIA B1oins HEKOTOPOIt OMOPHON rHNIEPOOIIEI
K L[CJICBOM TOYKE B MJLIUITUYECKOHN cucTeMe KOOpAUHAT
ox Ox 2 2
n oy % Ox N oy cy/ch2p—cos2v
u V “ = _— _— = N
T Ag , (&) 2 2
ou  ov oy cyjch2p —cos2v
H v = + | — = ,
cshpcosv cchusinv ov ov V2
—cchusinv  cshpcosv rzie H, — xoodduument Jlame, COOTBETCTBY-
FOLLMH OPTY €, ;
a koo uuuenTs Jlame: H, — xoapdunuent Jlame, cOOTBETCTBYIO-

LU OpTYy e, .

U3 BeIpaskeHus] BHAHO, uTO Kod(durments! Jlame paBHBI MeXIy cobOii, a caMa cHCTeMa KOOp/IH-
HaT SABJISETCSA OPTOTOHANBHOM, YTO TOATBEPYKAAETCS AMATOHATBHBIM BHIOM MAaTPHIIBI METPUUECKOTO
TeH3opa [8]:

CZ
—(cosh2p +cos2v) 0

g=J3"J= ™

2
0 %(cosh2u+cos2v)

KBaszaT BCKTOpa CKOPOCTHU BJIA B smunTudecKo cucTeMe KOOpAUHAT OIPEALIIAACTCA KaK CyMMa
KBaJpaToB HpOI/I3Be,I[CHI/1ﬁ KOB(b(I)I/ILU/ICHTOB Jlame Ha COOTBCTCTBYIOLIUC CKOPOCTHU

2 8
V= (Hupl)2 +(HV\'/)2 =%[u2 (cosh2p—cos2v)+ v’ (cosh2u—cos2v)] ®

OproroHanbHBIE MPOEKINH YCKOPEHHS 00- COOTBETCTBHH C BBEIpAXKEHHEM (4).
erpuraca Ha OpThl JIOKAJIBHOTO Oa3uca 3JuInII- Haiinem uyacTHble NPOM3BOAHBIE OT KUHETH-
THUYECKOH CHCTEMbI KOOPAMHAT ONPEAEISIIOTCS B UECKOH SHEPIHU TOUKH:

1,2021 SYSTEM ANALYSIS AND APPLIED INFORMATION SCIENCE
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T ¢ . o T ¢ .
a—=c—s1nh2u(uz+vz), a—'zc—u(cosh2u—cos2v),
ou 2 opn 2 )
oT c . ) .2 oT C2 .
— =—sin2v +v7), — =—v(cosh2u—cos2v),
o= () = (coshoy )
[loncraBnsas ux B BeIpakeHue (4) momydaem
c(2,,'n'/ sin2v + (pz —v? ) sh2p +i(ch2u— cos2v))
W, = :
ﬁ\/ch2p—cos2v (10)
0(2 pvsh2p+ (\'/2 —n? ) sin2v + i}(ch2u - cos2v))
W = s
. ﬁ«/chZu—cos2v
rae W, — MpOeKuMs YCKOPEHHs Ha OpT JIO- ® - coso —sina (12)
KaJIbHOTO 0a3uca SIUTHITHYECKON CUCTEMBI KOOp- “\sina  cosa )’
JMHAT, COOTBETCTBYIOLIUHI KOOPAUHATE L ;
rae W,,W, — HopMajbHas W TaHICHIIHAJb-

W, — IpoeKLus yCKOPEHHS Ha OPT JIOKAJIbHO-
ro 6a3uca SJUTMITHYECKOW CHCTEMBl KOOPIMHAT,
COOTBETCTBYIOIINH KOOPAWHATE V

CBs3p TPOEKIMI YCKOPEHHS Ha OPTHI JIO-
KaJlbHOTO 0a3mnca JJUTMNTHYECKOW CHCTeMBI KO-
OpAMHAT, B KOTOPOW paccMaTpUBaeTCs ABIKEHHE
BJIA u npoekiuii yCKOpeHHsI Ha OCH JIeKapTOBOM
CHUCTEMBI (PHUC. 5) MOXKHO 33J1aTh MAaTPUIHBIM BBI-

paxenuem [9]
W) (W),
wfol) o

Has poeKIun yckopeHus bJIA;

0. =0—y — yroia Mexay BEeKTOPOM CKOPOCTH
BJIA u opTom e, ;

0 — yron HakioHa BekTopa ckopoctu bIIA;

% — YIOJ HaKJIOHA KacaTeJIbHOM K rurnepoosne
B Touke MectonoyiokeHus: bJIA.

Jus 3amaun HaBuranuu bJIA Bmoib 3amanHoN
TUTIEpOOIBl WHTEpPEC TPECTABISACT BBIpAXKECHHE
jist W, , KOTOpOE® SIBISICTCS YIPABISIOLIMM BO3-
JIEHCTBHEM U KOOPAWHATHI (KaHaia yIpasiie-
Hus) vg BJIA. Onnako 3To BbIpakeHHE CIO0KHO

A

Y

\ s

Puc. 5. [Ipoexnuust yCKOpeHU, BBIPAKEHHBIX B IEKAPTOBONW CUCTEME KOOPAUHAT
Ha OPTHI JIOKAJTBHOTO 0a3uca IUNTUYECKON CUCTEMBI KOOPIUHAT

CUCTEMHbIVI AHAJTIU3 U MPUKITABHAS UHOOPMATUKA
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MOAAETCS aHAIM3Y M JaJbHEWILEMY CHUHTE3Y Ha
€ro OCHOBE ONTHUMAIBHOTO PETYIATOpa M3-3a Ha-
JIM4Us MMOJMHOMHAJIBHBIX, TPUTOHOMCTPUYCCKUX
1 TUNEepOOTMYECKNX HEITUHEHMHOCTEeH, a Takxke
MEXKaHaJIbHBIX HEJTMHEWHBIX CBA3EH.

[ToaToMy BBITIONHUM YTIPOIIEHHE TAHHOTO
BBIpaXeHHA. J[71s1 3a1aum HaBUTaMyY 3a TIpejena-
MH JuHHE Oa3bl (W >1) MOXHO Tonarare, 4YTO

ch2u> cos2v u, TakuM 00pa3oM, 4JeHaAMH C
MHOXKHTENIEM COS2V MOXHO npeHeOpeub. Torma
BTOPOE BEIPAXKEHUE B TPUMET BUJ

c
W, =——F—=x
. \/E«/chZu

x(2p\'/ Sh2],l+(V2 —pz)sin2v +Vch2u).

(13)

Kpowme Toro, kBajgpar runepOoInuecKkoi CKo-
pocTH Vv’ Ul CKOPOCTHEIX OOBEKTOB IPU HX
JBIDKEHUU BIOJb 3aJaHHON TUTIEPOOIIBI HE3HAYH-
TEJIEH 10 CPAaBHEHHIO C KBAJpPaTOM >JUIAIITHYE-
CKOM CKOPOCTH ;jtz , I UIMEET MaKCUMYyM IIPH IBHU-
JKCHUW B paiioHe nuHuM 0asbl. Vckirouenue co-
CTaBJIAIOT CIIy4ad HEYMpPAaBISEMOrO MPOU3BOIb-
HOI'0 I10 OTHOLICHHIO K HaBHFaHHOHHOﬁ CHUCTEMCE
JBUKEHUS, KOTJia TPOEKIUS BEKTOpa CKOPOCTH
BJIA na opr e, COMOCTaBHMa HJIM IMPEBBIIIACT
€ro NpOeKIuIo Ha opT e, . IIpeneOperas Bennyu-
Hoit v B (13), IOMy4aeM BHIpaKEeHHE

C
W o= x
b2 ch2p

x(209 sh2p —1* sin2v + Vich 2u).

(14)

JlaHHOE BBIpaK€HUE BECbMa TOYHO OIKCHIBAET
Tpaekroputo nBuxkeHuss BJIA B COOTBETCTBUH C
JeWCTBYIOIMMHE Ha HETO yckopeHussMu. OfHaKo 10
MpPUYMHE TPUCYIIeH HEIMHEHMHOCTH BHJA Sin2v
HEBO3MO)KHO OIIEHUTH MPUOIM3UTENBHBIN BU T1e-
penaroyHo (pyHKIIMH KHHEMAaTHYEeCKON CBSI3H HJIH
CUHTE3UPOBATh JIMHEWHBIM KOHTYpP YIIPABICHMUS,
YTO BBIHYXK/AAET JIMOO MCIOJIb30BaTh METO/IBI CHH-
Te3a HETMHEWHBIX PETyIATOPOB, JINO0 METOBI JIH-
HeapHu3aluu KuHemaThueckoil cBs3u (14), Takue
Kak pasznoxeHue B psj Teisopa ¢ orOpacsiBaHrEM
HEJTMHENHBIX YJICHOB WM, HalIpUMEp, METO/I JIMHE-
apuzanuu ooparHoi cBs3bio [10]. [Ipu ucmoms3o-
BaHUM JIMHEApU3alMK pasiioxkeHueM B psn Teito-
pa MOJIy4nM CIIEAYIOLIEE BBIPAXKECHUE:!

¢
W, =—F—=x
. \/Ewlch2u

v+b

JIMH JIMH

(15)

x(20vsh2p—1i’ (a )+¥ich2u),

THE dy,, b — KOOQOUIMEHTH Pa3IoKeHUs]
B psn Teitnopa BenuuHb sin2v .

OpnHako HEOOXOUMO OTMETHUTh, YTO BhIPaXKe-
Hus (14) u (15) umeroT B cocTaBe ciaraeéMoe ¢ v,
CIIOCOOHOE MPUBECTU K CTATHUYSCKOW OIIHMOKE B
cllydae HETOYHOTO OMpE/IeseHNs BETMUHHBI [1° .
[Ipu cuHTE3€ METOOB HABEICHUS CTPEMATCS T10-
JMYy4UTh TaKyl0 KHHEMaTHYECKYI0 TPACKTOPUIO
00beKTa yIpaBJieHUsI, KOTOpasi 00ajana Obl Hau-
MEHbIIEN KPUBU3HOM C 11€JIbI0 MUHUMH3AIUU KaK
JIMHAMHYECKON OIIMOKH, BOSHUKAIOIICH MPH JIBH-
JKEHUHU 10 KPUBOM, TaK U MHUHHMAJIBHBIX 3aTpar
sHeprun Ha yrpasnenue [11]. Iloatomy HaBene-
HUE 11eJIeCO00pa3HO OCYIIECTBIATH BIOJIb THIIEP-

001, JIeKAKUX B OKPECTHOCTH V ZE, 4TO COOT-
BETCTBYET TUIepOose HyleBOW KpuBH3HBI. B Ta-
KOM ciyd4ae 4jieH ¢ sin2v B (14) Oyxer Oim30Kk K
HYJTIO 1 UM MOYKHO Takke mpeHeopeys. B pesynb-
Tare TOMYUYUTCs JUHEHHOe muddepeHInaipHoe
ypaBHEHHE BTOPOTO MOPSAAKA MO OTHOUICHHIO K
BEITMYMHE V C MePEMEHHBIMH KOAPDUITNCHTAMU:

M= ﬁ«/ch2u(

Paspemrasie Beipaxkenue (16) OTHOCHTEIHHO
CTaplIeil MPONU3BOAHON MoTydaeM

go 2
cajch2p

CpaBuuTenpHbId aHanu3 BeIpakeHuil (10) u
(16) mpuBenen Ha puc. 6. llpuBenennsie rpaduku
MOKA3bIBAIOT JOCTATOYHYIO CTETIEHb CXOZCTBA HC-
XOAHOU M YyNPOIIEHHON KNHEMAaTHYECKUX CBSI3EH.

Ha puc. 6 npencraBieHbl TPAEKTOPUU JBHKE-
nus BJIA Brons runepbonsl v, =1.5 B Hampasie-
HUM JIMHAA 0a3el co Cckopocthio 100 wm/c
(n=0,03...0,05) c ucnoab30BaHUEM HOTHON HEJHU-
HENHOM U TMHEapu30BAaHHON KMHEMATUYECKUX CBS-
3eit uist cinydaes: a) p=1,W, =0:0) p=1,, =50;
B) u=3,W,=0;r) n=3,, =50. HopmansHoe k
THIIEPOOIIC MONOKEHHs YCKOpeHHe WY, rojaercs B
MOMEHT BpeMeHH ¢ = 10 .

IIpu mBuxenun BJIA BAONB THIIEPOOIEI ¢ TTO-
CTOSTHHOHU cKopocThio 100 M/C IS SIUTHIITHYE CKOM
JaIbHOCTH |1 > MOJTyYUM CPEIHIOI OLEHKY CKO-
pocti [1~0,04. YuutbBas, 410 KOdPPUITHEHTHI
M, [l MEHSIOTCSI MEAJICHHO 10 CPaBHEHMIO C ANHA-
MHUYECKUMH TIEPEMEHHBIMH V, V, TIOJYYAM Iepe-
JaTOYHy0 (GyHKOUO a1 Belpaxenus (17), wc-
TOJTB3YS. TPUHIIAT 3aMOPOXKEHHBIX Kod(duinen-
TtoB [1] w  mnpeoOpasoBanme  Jlammaca.

21V sh2u+vch2u). (16)

W, -20V tanh2u . (17)
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2
4+ %
4
15F 3 -
3 L
1 - JIMH ] - 7VTI]/IH
————— v 20— —v
JIHH [ JIHH
051 | Vienn 1 1l HEIHH
""""" ‘uenuu U nennm
O e e ] R ™
0 5 10 15 20 0 5 10 15 20
t s L s
a) 0)
1.5F 1 1.57 T
—— vV — — -V
1 JIHH 4 ] JIHH 4
77777 v s
JIMH JIMH
0.5 HEJIHH 1 0.5 HEIHH 1
.......... ‘Ileﬂ[/lll ‘HeJllle
0 T e e e 0 e
0 5 10 15 20 0 5 10 15 20
5 s L s
6) 2)
Puc. 6. I'padpukn cpaBHEHNS TUHAMAKH UCXOIHON HETMHERHOM (V) \./HCJ'[I/IH )

u HHHeapHSOBaHHOﬁ KHHEMATHUYCCKHX CBS3CH ( A%

[lepenatounas QyHKIMA OT BXOJHOTO YIIPABIIAIO-
LIEro yCKOpEHHst W, 110 BBIXOJHON KOOPJMHATBI V:

V;(z))z h2 : 1 > (18)
utS \/Ec' ShoH s| 1+ s
l/l\/ChZI,l 2 tanh2p

rne s — oneparop Jlamnaca.
Kak moxHO BHzeTh, BhIpakeHue (18) mpen-

CTaBJsIeT COOOH MOCIIEA0BATENILHO COCANHEHHBIC
HMHTETPUPYIOILEE U allepUOINIECKOE 3BEHBS:

v(s) _ Ku

, 19
Wo(s) s(1+T,s) 1
e K, = /ch2u \/ET“ — k09 du-

! \Ec;lsh?,u - cyJch2pu

IMEHT YCHIICHHS;
T, =1/(2j1 tanh 2p) — nocTosiHHast Bpe-
MEHH anepuoJMIeCKOrO 3BEHA.
Takast ke KOMOUHAIMS 3BEHbEB MPEICTABIAET
KMHEMATHYECKYIO CBSI3b B 3a/1a4ax TeJeyIpaBJie-
nus bJIA B Bune [1]:

g(s) _ 1 20)
Wa(s) 27s (rs + lj
27

v

JIUH®> " JIUH /°

IJ€ € — YroJ HaKJIOHA JIMHUM BU3WPOBAHUS
BJIA ¢ myHKTa HaBeneHNUS,

W — npoekuus noaHoro yckopenus bJIA na
MIEPIICHANKYIISAP K JINHUN BU3UPOBAHHNS,

7 — NaJbHOCTh MEXIY ITyHKTOM HaBEICHUS U
BJIA;

r— CKOPOCTb UBMCHCHUS JaJIbHOCTH.

JlanpHelinnee ynpomeHue BhIPAXKCHUST MOXKET
OBITH OCHOBAHO Ha aHAJN3€E IMOCTOSHHON BpEMEHU
arneprionuueckoro 3sena. Eciu T " > 1 u mwpu-
Ha TOJIOCHI MPOIYCKAHUS allepUOJUICCKOTO 3Be-
Ha OKa3bIBACTCA CYHICCTBCHHO HUKC IHUPUHBI 110~
JIOCHI PabOYMX YaCTOT BCEU CUCTEMBI, TO arlepuo-
JIMYECKOE 3BEHO AKBUBAJCHTHO HWHTErPaToOpy M
BEIpakeHne (20) 3amucarh Kak

v(s) . 2 1
= =,
W, (s) ch2p s

KOTOpOE SBJISIETCSl JIBOMHBIM HHTETPHPYIO-
OIMM  3BEHOM C KOX(QQHUIMEHTOM Tepeaadu

2
k=c .
ch2p

€2y
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3aknoueHue

3HaHWe MOJIENN OOBEKTA YNPABICHHS, B TOM
Yuciae W BCEX INPHUCYTCTBYIONIMX KHHEMaTh4e-
CKUX CBSI3€H SIBIISICTCSI HEOOXOJMMBIM YCIOBHEM
JUISL CHHTE3a ONTHUMAJIBHOTO YCTpOMCTBA yIpaB-
nenus. B nanHO# paboTe ObLIM MOTydeHBI HOIHAS
HENMHEHAs W JINHeapU30BaHHAS MOJIEIH KUHe-
MaTU4YeCKOW CBSA3M MEXKAY YNPABISIOIUMH TO-
aerom BJIA yckopeHHSMH M €ro KOOpAMHATaMHU

B JJUIMNTHYECKOW cucteme KoopauHar. IIpose-
JIEHHOE KOMITbIOTEPHOE MOJIETHPOBAHME TOKa3a-
JIO OTIPEJICNIEHHYIO0 CXOKECTh ABYX MOJIeNIei KIHe-
MaTu4yecKo cBsi3u. Mcroap30BaHue ypOIIeHHON
JIMHEHHOM MOJENH TMO3BOJSIET CUHTE3UPOBAThH
KOHTYp ympasienust bJIA nuHeliHOro merompamu,
Pa3BUTHIMU B HAUOOJIBIIICH CTETICHH B TEOPUU CH-
CTEM aBTOMAaTHUYECKOTO PEryJIupOBaHMUSL.

S

= Y * 3

11.

12.

SN O i

= 0o * 3

11.

12.
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This paper discusses the problem of determining a kinematics (in terms of transfer function, as far as possible) of param-
eters of the motion of an aircraft expressed in the curvilinear coordinate system and control accelerations expressed in a rect-
angular coordinate system. Examples of curvilinear coordinate systems using in practice can be polar, biangular, two-center
bipolar, elliptic, parabolic cylindrical, spherical, ellipsoidal, coordinate systems. A technique for obtaining a kinematic link
for the control problem of an unmanned aerial vehicle in the elliptic coordinate system was described. It allowed to obtain
simpler view of the kinematic link which could provide navigation an aircraft along the hyperbola deriving from the time dif-
ference of arrival navigation system. It can. As a result, it is possible to reduce the number of the navigation radio beacons.

Keywords: curvilinear coordinate system, Lame coefficients, navigation, kinematics of navigation and guidance, UAV, TDoA.
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YIK 629.7

A. A. JIOBATBIH, A. FO. BYMAH, C. C. [IPOXOPOBHY

NO3STANMHbIK AHAAUTUYECKUA CUHTE3
MATEMATUYECKOMU MOAEAU ABTOMUAOTA
BECMUNOTHOIO AETATEAbBHOIO AMMAPATA

benopycckuii nayuonanvHulil mexnuueckuti ynugepcumem

Paccmampusaemes 3a0aua nosmantioeo cunmesa MameMamuyeckol Mooeu adgmonuioma 6ecnuiomiozo jiemameb-
noco annapama (bJIA). Ha nepsom smane npouze00umcs aHaiumuyeckutl Cunme3 ynpasisiowe20 YCKopeHusl, NPuiodcet-
Ho2o Kk yenmpy macc BJIA, ons hopmuposanus 3aoannoii mpaekmopuu e2o noréma. Ha ocnose ucnons306anus nonyueHnslx
Ha nepeom smane pe3yibmanmos Ha NOCAeOYIOUUX IMANax peuaemcs 3a0a4a CUHme3a MamemMamuiecKoi Mooeiu agmonu-
noma BJIA npu 3a0annvix mpebosanusx k obecnewenuio yemouuueocmu u OuHamuyeckou mournocmu ynpaesienus bJIA. Ipu
DPeanbHbIX QONYWEHUSX O COOMBEMCMEYIOWEeM XapaKmepe usMeHeHUs. Napamempos mpaeKkmopuu U nepemeHnbLX, XapaKme-
pusyiowux osudicenue BJIA 6 npocmpancmee, 060CHOBAHO UCTONLIOBAHUE TUHEUHOU MAMEMAMUYECKO MOOEIU IBOIIOYUU
sexmopa cocmosinusi BJIA u eco cucmemul ynpasnenus. Ilpu cunmesze mamemamuyecxoi modeau asmonunoma BJIA uc-
NOAb308AH MENMOO MOOAILHO20 YIPAGICHUSL CUCEMOU NPU 3A0AHHOU MAMeMamuieckoi mooeiu obvekma. /s 3a0annou
MoO0enu 08udceHus U arpoounamudeckux xapaxmepucmuk bJIA ananumuvecku nonyyen 3aKoH OMKIOHEHUs YNpasisouell
DPYe8otll N08EePXHOCMU, 3A8UCAWUL O NAPAMEmPO8 NOCMYNAMeNbHO20 U spawjamensrozo nepemewenus bJIA. I[Iposedeno
KOMRbIOMePHOe MOOeNUPOBAHUE NOIYYEHHbIX AHATUMUYECKU Pe3YIbMmamos CUHme3a yYnpagieHus Ois 3a0aHHblX XapaKme-
pucmur BJIA u koHkpemuvix yciosuil npumenenuss, Y¥mo Ha2Asi0H0 NOKA3A1I0 padomocnocoOHOCmb U NepcneKmueHoCb
UCNONBb308AHUS OAHHO20 NOOX00A O cunmesa cucmemsvl ynpagienusi bJIA pasnuunoco npednasnavenus u KOHCMPYKMue-
HO20 UCNONIHENU.

Knruesvle cnoea: decnunommuniii remamenvubiil annapam, mamemamuldecKas Moaeflb, CuHmes, MOOanbHOe ynpasJjierue,

mpaexmopusi.

BBeaeHue

CymiecTByeT OOJIBIIOE pa3sHOOOpa3me MeETO-
JIOB pEIICHHUs 3a]]ad CHHTE3a CHCTEM YIPaBICHUS
(CY) caMOABMXYIIMMHUCS TEXHUYECKIMH OOBEK-
TaMH, TPEICTABISIOIUME COO0H POOOTOTEXHH-
YECKHUEe MEXaTPOHHbBIE KOMIUIEKCHI, TOITyYaroInue
BcE Oorblliee pPacCHpOCTPAHEHUE B Pa3IHUYHBIX
00JIaCTSX YEJI0BEUYECKOM JeSITeIbHOCTU. DTO pas-
HOOOpa3ue MeTOIOB OOYCIIOBICHO pa3InYHbIM
npeaHa3HaYeHneM, KOHCTPYKTHBHBIMH OCOOEH-
HOCTAMU, 0COOEHHOCTIIMHA MOCTPOCHUA Marcma-
TUYECKUX MOJICNICH JIEMEHTOB CHCTEM YIpaBiie-
HUSL U JPYTHX COCTABJSIFOIIUX CHHTE3UPYEMBIX
POOOTOTEXHUYECKUX CHCTEM, a Takke — (akro-
POB, YYUTHIBAIONINX KaK BHYTPEHHEE COCTOSIHHE
CUCTEM, TaK ¥ BHEIITHEE BO3JICHCTBUE.

Cpenn  poOOTOTEXHUYECKUX MEXaTPOHHBIX
cucTeM (KOMIUIEKCOB) CJEIYEeT BBIACIUTh WH-
TEHCHBHO Pa3BUBAIOIIMECS W TONYYarolue BCE
OompIice pacTpoOCTpaHEHHE OCCHUIOTHBIC JIie-
tarenpHble ammapatel (BJIA). Tak kak BJIA
OCYILECTBISIIOT TMEPEMEIEHHEe B TPEXMEPHOM

MIPOCTPAHCTBE, UMEIOT CJIOXHBIA XapakTep Tpa-
SeKTOPHH W Pa3IUIHBIC YCIOBUS MPUMEHEHUS, TO
paspaborannbie st BJIA MeTombl W CHOCOOBI
CHUHTE3a CUCTEM YIPABJICHUSI BO MHOTUX CIIydasix
MOTYT OBITh MPUMEHUMBI U K JPYTUM CaMOJBU-
JKYIUMCSL TEXHUYECKUM OO0BEKTaM (KOMILIEK-
cam), O0JIQIarOIIUM DIIEMEHTaAMH MCKYCCTBEHHO-
TO MHTEJICKTA.

Tak kak COBpeMEHHBIC TEXHUYECKHUE CUCTEMbI
yrpaBlieHHs 00J7aJar0T OOJNBIIONW CIOKHOCTBIO,
COCTOSAT 13 OOJIBIIIOTO YKCTIa JIEMEHTOB U TIOACH-
CTEM, MOCTPOECHHBIX HA Pa3JUYHbIX MPUHIUIAX,
TO B OCHOBE NPUMEHEHHUS PA3NHYHBIX METOJOB
CHUHTE3a UX CUCTEM YIPABICHUSA JIEKUT HUCIIONb-
30BAHME MATEMAaTHYECKUX MOJENEH, OMUCHIBAIO-
IMX KaK BHYTPEHHEE COCTOSHUE CHUCTEMBI, TaK
Y 3BOJIIOLIMIO BHEIIHEHN CPEIbl.

Marematnueckass wMozaeiab bJIA  BkiIrodaer
B ce0s1 MaTeMaTHYeCKUE 3aBUCUMOCTH, OIUCHIBA-
romue auxkenue bJIA B npocTpaHCTBE U BbIpa-
KEHHS OIMUCHIBAIONINE (PYHKIIMOHUPOBAHUE €ro0
3JIEMEHTOB U noacucteM [1, 2]. B nanHOM cityuae
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OTAENBHO CJIEAYET BBIIEIUTH MaTeMaTHYecKylo
Mojienb cucteMbl ynpasienus BJIA, Bkiiouaro-
IIyto B OOIIeM CiIydae MOJENN H3MEepPUTEIIbHBIX
W UCTOTHUTEIBHBIX JJIEMEHTOB, BHJ KOTOPBIX
ONPEAEISIETCS X NPEIHA3HAYCHUEM U KOHCTPYK-
THUBHBIM HUCIIOJHEHUEM.

Tak kak mojHasT MareMaTuyeckas MOJIEIb
BJIA moxker BKIIFOYaTh B ceOsl IECATKU U COTHU
T GepeHIUaNbHBIX YPaBHEHUH W JPYyTrUX Ma-
TEMAaTUYE€CKUX BBIPAXKEHUH, TO aHAJUTUUYECKUI
cuHTe3 3axkoHa yrpasineHus BJIA cnemyer mpo-
BOJUTH B HECKOJIBKO ATArOB, HAYMHAS C PEIICHHS
Haubosee o0IIe 3a71a4y U TOCTETIEHHO MePEXo/Ist
K PELICHUIO YaCTHBIX 3a4a4.

I'maBnas 3amaua cunteza CY BJIA — 310 cuH-
T€3 MaTeMaTU4YE€CKOW MOJIEIN aBTONMUIOTA — KOH-
CTPYKTHBHOTO OJI0Ka, KOTOPBIN (hOPMUPYET 3aKOH
ynpasnenust BJIA. Pesynsratom ¢pyHKIIMOHHpOBA-
Husg CY BJIA sBiseTcs 1eneHanpaBieHHOE U3Me-
HEHHE BEKTOpPa CKOPOCTH €ro IEeHTpa Macc J 1o
HalpaBJICHUIO W TI0 BEIWYUHE, YTO TPUBOIUT
K u3MeHeHuio Tpaekropuu nonera BJIA B coot-
BETCTBHH C TOJICTHRIM 3aanneM. Kpome Toro CY
BJIA pomkna 00€CHeYnuTh COOTBETCTBYIOIIYIO
opueHTauuo BJIA oTHOCUTENBHO LIEHTpPaA Macc.

Ha nentp macc BJIA B oOmiem ciyvae peii-
CTBYIOT TPH BEKTOPA CHIIBI: CHJIA FPaBUTALHH G ,
cua TATH P M a’pojuHAMMYecKas cuia R, co-
CTOAIIAS U3 TIOXBEMHOI CHIIbI ¥ , GOKOBO# CHIIBI
7 W cuibl 1060Boro conporusienns X [3]. [Tpu
3TOM BEKTOPOM TSTH P MPOH3BOINUTCS B OCHOB-
HOM M3MEHEHHe BEKTOpa J/ 10 MOMIYyIo, a Ha-
npaBneHue V M3MEHSETCS ¢ MOMOIIBIO H3MEHe-
HHS COCTABIIAIONIMX BeKTOpa R (adpoaHHAMMHe-
CKOE yIpaBlieHue). B KOHEUHOM UTOTe TOJ 3aKO0-
HOM  yOpaBICHUS  JIETATEJLHOrO  ammapara
MMOHMMAETCsl (PYHKIIMOHAJIbHAS 3aBUCUMOCTh HU3-
MEHEHHsI yIVIa OTKJIOHEHHS COOTBETCTBYIOIEH
a’POIMHAMHUYECKON TTOBEPXHOCTH OT IMapamMeTpoB
nonéra BJIA: a’sponmmHaMHUeCKUX YIJIOB, JTMHEH-
HBIX U YIVIOBBIX YCKOPEHUH, U3MEPSIEMBIX COOT-
BETCTBYIOLIMMU JATYUKAMU.

CUHTEe3 TpaeKTOpHOro ynpaBareHusa BAA

B npouecce nonera BJIA npu BeINOIHEHUH
MM IIOCTaBJIEHHOM 3aJ1auM, KaK MPaBUJIO HE Mpeji-
YCMaTpHUBAETCs €ro JHEPruyHOe MaHEeBPHUPOBa-
Hue, cucreMbl BJIA He paboTaloT Ha TpeIeNbHBIX
peXuMax, mapaMeTphl €ro JBIKEHHS HEe JTOCTH-
rarT NpelieIbHO JOMYCTUMBIX 3HaueHui. Kpome
TOTO YTIOBBIE MApPAMETPBI, XapaKTEPU3YIOIINE

MOCTYTMATEIbHOE U BpalIaTebHOEC JBIKCHHE
BJIA, u3MeHsrOTCS B HEOOJBIINX Mpeesax, YTo
MO3BOJISIET COOTBETCTBYIOUIMM 00pa3oM yIpo-
CTUTh TPEACTABICHUE TPUTOHOMETPHUCCKUX
(GyHKINN, BXOAANINX B MATEMaTHIECKYI0 MOJIENb
nmemwxenns BJIA. Tmapkuwe muddepernmpyembie
(YHKIIMOHAIIEHBIE 3aBHCUMOCTH IE€PEMEHHBIX,
onuchiBaomMX ABMxkeHue bJIA, mo3BossitoT mpo-
BECTH JIMHEAPU3AIUIO STUX 3aBUCUMOCTEH MyTeM
pasioxeHus ux B pan Teinopa. Be€ aTo naér Bo3-
MOXKHOCTh paccMaTpuBaTh MaTEMaTHUECKUE MO-
Jenu nBwxeHus BJIA pa3sHOro ypoBHs CIIOKHO-
CTH B paMKaXx JINHEapu30BaHHBIX ypaBHEHHH |[1,
2]. Kpome Toro pasmernenue mpoCTpaHCTBEHHOTO
newxenns BJIA Ha 1aBa IUIOCKUE IBMOKEHUS —
MPOMIONIEHOE U OOKOBOE (JIEKOMIIO3HIINS) TI03BO-
JISIT JIOCTATOYHO TIOJIHO OIMUCATh JUHAMUKY 00b-
€KTa YIPABICHUS IMMOCPEACTBOM HCIOIb30BAHUA
MaTeMaTUYECKOTO arapar TCOPUU yCTOMYUBOCTH
u ynpasieHus [4]. Takum 00pa3om, SBOJHOIUS
BekTopa X(t) mepeMeHHBIX, XapaKTepU3yIOIMINX
nepemernieane bJIA B mpocTpaHCTBe, TIpencTaB-
JeTCs B BUJIE JIMHEHHOTO, B OOIIEM CITydae — He-
CTAIlMIOHAPHOTO BEKTOPHO-MaTpU4HOTO 1 de-
PEHIIMATFHOTO YPaBHEHHS BHIA

X0 =A0X©O+BOU®) . Xt)=X,. (1)

rne U(f) — Bextop ynpasneHuii, A(t) u B(f) —
MaTpHIbl IEPEMEHHBIX Kod(puuneHToB. Komrmo-
HEHTHI MaTpull A(¢) u B(f) 3aBUCAT OT a’dpojanHa-
MHUYECKUX KOA(PHUIIMEHTOB KOHKpeTHOro bJIA,
KOTOpBIE B COI0 OYEpeAb 3aBHCAT OT CKOPOCTH
ero nosera. Tak Kak IWama3oH U3MEHEHHs CKO-
pocreii BJIA orpanwmueH, TO 3T KO3)PHUITUESHTHI,
Kak MpaBujo, B Mpesenax 3aJaHHOrO Juana3oHa
CKOPOCTEH CUUTAIOTCS MOCTOSHHBIMU (A(f) = A,
B(f) = B). D10 m03BOMNSET NPU CHHTE3E YIIpaBie-
Hus BJIA ncnonp3oBarhk anmapar nepesaTouHbIX
(YHKIMIA, YTO CYIIECTBEHHO YIPOIAET pEIICHHE
3a7a4H.

IlepBonauansubiii 3Tan cunteza CY BJIA
oTpesiessieTcsl XapakTepoM H3MEHEHHS TPaeKTo-
pun nonera BJIA xoTopas, kKak mpaBMIIO, COCTOUT
U3 TPEX OCHOBHBIX YUacTKOB: R((fy, 11), Ry(t), 1),
Rs(ty, 1), Ry — Tpaextopus monera BJIA B 30HY
BBIIIOJIHEHUSI OCHOBHOM 3ajauu, R, — TpaeKkropus
nonera BJIA 110 BBINTOJIHEHHWIO OCHOBHOM 3ajadu
(HarmpuMep, MOHUTOPHUHT 3€MHOM TOBEPXHOCTH),
R; —tpaexTopus noneta BJIA x mecTy npuzemie-
HUS, KaK MPaBIIIO, 3TO BO3BPAILIEHHE €T0 K MECTY
cTapra, fy u f; COOTBETCTBEHHO — MOMCHT CTapTa
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u MoMmeHT npuszemnenust BJIA. [Ins ananutnye-
ckoro cunare3a CY BJIA HeoOXomuMO MMETH Ma-
TEMaTUYECKYI0 MOJIEib TpaekTopun nojiera bJIA.
3aJaHHYI0 TPACKTOPUIO MOXKHO ANNPOKCUMHPO-
BaTh Pa3IMYHBIMU MAaTEMaTHYCCKUMH 3aBHCHUMO-
CTAMHU. B HEKOTOpBIX cilydasx yaoOHO AJIsl ATOM
LEJIM UCTOJIB30BAaTh MOJNMHOMBI, B YacTHOCTH,
oTaenbHbIe yyacTku Tpaektopuu bJIA anmpokcu-
MHPOBATh MOJIMHOMAaMH BUAA [5]
n
R@)=) C,". )
k=0
B Bripaskenun (2) R(f) — u3MeHeHue BO Bpe-
MEHM OJHOM M3 IMHEHHBIX KoopauHar BJIA, ¢ —
tekyiee Bpemsi nosera BJIA, Cy(k=1,n) — 3a-
JaHHBIE KOAPPUIIUCHTBI.

JlocTaTouHO pacnpoCTpaHEHHON M aKTyallb-
HOM sBIIsIeTCS 3a7a4a (POPMUPOBAHUS TPACKTOPUHI
nposnera BJIA depe3 3ajaHHBIE TOUKH MTPOCTPAH-
cTBa. B pabote [6] Ha OCHOBe pelleHMH, TONY-
YEHHBIX B [7] MeTOIaMU BapHAIMOHHOTO MCYHC-
JICHWsSI CHHTE3WPOBAaH 3aKOH YTIPaBIIEHUS Tepe-
rpy3koit rientpa macc BJIA nipu nosiete ero yepes
3aJlaHHBIe TOYKH TpocTpaHcTBa. [IpumMenunTens-
HO K BEPTUKAJHHON IJIOCKOCTH TMOJETa ATOT 3a-
KOH M3MEHEHUs yIpaBistoleil neperpysku bJIA
a, = a,(f) OyneT UMeThb CICAYIOLNA BUL:

4vy _ 6(y_y3az[)

4, =——L D (3)
g tOCT (tOCT)Z g
D+D,
T:—'CT‘ (4)
oc ‘D‘

B Beipaxenun (3) v, — 3Ha4YCHHE NPOEKIUU
ckopoctn BJIA Ha BeprukanbHylo ock Y
COOTBETCTBYIOIIIEH WHEPIUAIBHON (CTapTOBOW)
CHUCTEMbl KOOPJMHAT B MOMEHT f, OKOHYaHMsI
nojera  (OKOHYaHUS  3a/JaHHOTO  y4yacTKa
TPAeKTOPHUH), V., — BEPTHKAJIbHAsA KOOPIMHA-
Ta 3aJaHHOM TOYKHM Tpaekropuu mnosuera BIIA
B MOMEHT {#;, t;, —t = f,.,, — BpeMs, KOTOpOE He-
obxomuMo It gocTmwkeHus bBJIA odepemHOU
3aIaHHOM TOYKM NPOCTPAHCTBA, g — FPABUTALU-
oHHOe yckopenue. B dopmyne (4) D — texymas
nanbHOCTh OT BJIA 10 ouepenHoit 3amaHHON
TOYKH TpaekTopuu. D,., — OCTaTro4dHas Jalb-
HOCTh 70 OkoHuUaHusa moneta bJIA B 3amanHyio
TOYKY TPOCTPAHCTBA, MPU JOCTHKEHHH KOTO-
poil mpH JaNbHEHIIEM HEYNpPaBIsIEMOM IOJETE
o mpsiIMOM TOYHOCTh HaBeneHus BJIA B 3anaH-
HYIO TOUKY fBJIsieTCs npueminemoi. Ilpumenenue

B 3aKOHE yNpAaBJIEHUs BhIpakeHus (4) 1mo3posser
N30aBUTHCS OT HEXKEJIATEJILHOTO JIeJICHUS HA HOJIb

B (hopmyiie (3).

3apaua cuHTE3a
MaTeMaTUuYeCKOW MOAEAU aBTOMUAOTA

Jns pemeHus 3agayd CHHTE3a AaBTOIMIIO-
Ta BCIO cucteMy ymnpasneHus bJIA nmpencraBum
C MOMOILBIO CTPYKTYpHO# cxemsl (Puc. 1).

ag(?)

>

BJIA
| Wenals)

ABTONMUIOT
Wan(s)

Puc. 1. CtpykTypHas cxema cucteMbl ynpasieHus bJIA

Ha Puc. 1 obosnadeHo: () — ynpasisito-
mast meperpyska, Beraucisiemas mo gopmyne (3);
ag(?) — akruueckas meperpyska LEHTpa Mace
BJIA, omnpenensemass ero a’poJWHAMUYECKUMU
xXapaktepuctukamu; Wyna(s) — mepemaTodHas
¢ynkuust BJIA; W, (s) — nepenarounas GpyHKUus
aBTONUIIOTa; Wr(s) — 3TajoHHAs MepeaaToyHast
(GYHKIMS 3aMKHYTOW CHCTEMBI; O(f) — yroJl OTKIIO-
HEHUs! PYJICBOH MOBEPXHOCTH; £(1) = a,(f) — ag(?).
Heo0xoaumMo onpenenuTb 3aKOH OTKIIOHEHUSI PY-
JICBOU MOBEPXHOCTU O(f), peasin3yeMblil OCpe/-
cTBOM W, (S) 1 NO3BOJIAIOLIMNA 00eCHeuuTh 3a-
JTAaHHBIE CBOWMCTBA CHUCTEMBI, OIpeeIsieMble 3Ta-
JIOHHOH nepenaTouHon GyHKIuen Wo(s).

Ilpu 3amanHON mepenaroyHod QYHKIHUU
Wena(s) s ompenenenuss W, (s) Heobxoanmo
3agate Wo(s) ucxons u3 TpeOOBaHUI K cucTeMe
B 1enoM. B mepByro ouepens HeoOxoaumo o0e-
CIIEYUTh YCTOWYMBOCTb CHHTE3MPOBAHHOW CH-
CTEMbl M3BECTHBIMH METOJIAMH, CPEIAH KOTOPBIX
Hanbosee pacrpOCTPAHECHHBIMH SIBIISIOTCS ajre-
Opanueckuit Mmeton Payca-I'ypBuria m 9acTOTHBIH
Mertoa HailikBucra-Muxaiinosa [4].

Ilocne BeIOMHEHUS TpeOoBaHW K 00e-
CIEYCHHUIO YCIIOBHH YCTOMYMBOCTH STAOHHYIO
nepenarounyio QyHkuuio W,(s) BbIOMpalOT uc-
XOIsl U3 TPeOOBaHMH, MPEABSBIIEMBIX K TOUHO-
CTU CHUCTEMBI MpHU ACHUCTBUM HAa HEE IMOJE3HBIX
W BO3MYIIAIOMIMX cUrHanoB. CHcTeMa, uMeromast
W+(s) nomkHa QUIBTPOBATH CIIyYalHYIO ITOMEXY
U OoTpabaThIBaTh TOJIE3HBIM CHUTHAN O3 Ommo-
K B YCTaHOBUBIIEMCsS pexume. Duimprparus

1,2021

SYSTEM ANALYSIS AND APPLIED INFORMATION SCIENCE



24

YMNPABJIEHVME TEXHUYECKMMUW OBBbEKTAMMN

CIly4allHBIX TIOMEX — OT/eJIbHas 3ajiadya, pelae-
Masi Ha OCHOBE TaK Ha3bIBAEMOIl «TE€OpeMBbl paz-
JIEJICHUS TIepe]] JeTePMUHIPOBAHHON ITOCTAHOB-
KO 3a7a4u CUHTE3a yrpasieHus (4, 8].

PaccMoTpuM  IeTEpMUHHMPOBAHHYIO —3ajady
CHHTE3a ONTUMAJIBHOTO YIPAaBJICHUS, MPEATO-
jarasi, 4yTo 3ajada (UIBTPalrU NpeIBapUTEeIbHO
pemiena. YCIoBHEM HACANBHOW OTPaOOTKU BXOJA-
HOTO CHTr'Hajia 0e3 IWHAMUYECKOW OLIMOKH SIBIISI-
eTcs Takas Wo(s), koropasi 00ecreunBaeT TOUHYIO
nepeiady BXOJHOTO CHTHaJa Ha JTFOOBIX 4acTOTax.
AMIUIMTYIHO-4acTOTHAs Xapakrepuctuka (AYX)
Takoll cucremsl |W(jow)| = A5(®) npeacrasiser
coboit maeanbubiit GuasTp (Puc. 2) B nmamazone
II0JI0CHI MPOITYCKAaHUS (O CUCTEMBI.

Alw) 4
1

v

(O] Q)]

Puc. 2. AUX uneansHoro punsrpa

[MTockonbky Wo(s) MneambHOTO HU3KOYACTOT-
HOro (UIbTpa (PU3NYECKU HE peajm3yema, TO Ha
MIPAaKTUKE UCTIONB3YIOT annpoKcuManuio |Wo(jo)|
pa3nMyHbIMU criocobamu. Yaie Bcero it 3Toit
LIEJTH UCTIONIB3YIOT TIOJIMHOMBI barTepBopca (B He-
KOTOpBIX HCTOYHHKaX — barTepBopra) [8], B 0cHO-
B€ KOTOPBIX JIGKUT 3a/1anue kBaapara AUX Wy (s)
B BH/JIC

W, (o) :%, n=1,2,3,...). (5

1+(o0/ o)

B oartom ciyuae Wno(s) 3amaercs B Buue
Wo(s) = Wg(s) = 1/D(s), tae D(s) —nonuHom bar-
tepsopca D(s) = 1 + dys + dos® + dss® + ... + 5"
Kosddunmentsr nomuuomos d,, d, ... d, |, BbI-
YHUCJIAIOTCSA U3BECTHBIMM CIIOCOOAMH U TIpHBEe-
HBI B COOTBETCTBYIOIIMX MCTOYHHMKAX, HAIPUMED:
mpun=2,d,=1.41421;npun=3,d,=2,d, =2,
dy=1;mpu n =4, d =2.61313, d, = 3.41421,
dy=2.61313,d,=1,utn.

CuHTE3 MoAanbHOTo ynpaBaeHua BAA

Ecnu marematrdeckast MOJielb, UCIONb3yeMast
a1 cunreza CY BJIA, 3amaHa B BUIE CUCTEMBI
OOBIKHOBEHHBIX JIMHEHHBIX CTAIllMOHAPHBIX AnQ-
(epeHINaTbHBIX YpaBHEHUH WM TIePelaTOYHBIX
¢byukIwmiA, To i cuaTe3a CY yno0HO MPUMEHUTh

TaK Ha3bIBaeMbI METOJ MOAAJIBHOTO YIpaBICHUS
(cuHTE3 MOJANBHBIX PEryJIsTOPOB), KOTOPBIH 3a-
KJTFOYaeTCs B U3MEHEHNH MOJ (COOCTBEHHBIX YHCET
MaTpHIbl 00BEKTa), ¢ IETBI0 JOCTHKEHHS JKena-
eMBIX Tieneit ympapneHus. [Ipu 3ToM HEoOXomuMO
OIIPE/ICJIUTh MaTpuly Kod(p(UINEHTOB JUHAMUYE-
CKOI 00paTHOH CBs3H, 00eCIIeUNBAIOIICH 3aMKHY-
TOU cucTeMe TpedyeMoe pacroiokeHue Mo [4].

PaccmoTpum  3amauy cuHTE3a CKaJIIpHOTO
ynpasienus BbJIA B mpeamnonokeHuu Haauuus
MaTeMaTH4eCKOW MOJIENIM IOJHOCThIO H3Mepsie-
MOTO BeKTopa coctosiaus. [lycTh cuHTe3npoBaH-
HBI aHATUTUYECKH 3aKOH yIPABJICHUS TIEPErpy3-
xoit BJIA mpencraBisieTcss B BUAC BhIpakeHUs (3)
a ypaBHeHusl ABwxkeHHs BJIA B BepTHKaIbHOU
IJIOCKOCTH UMEIOT BUJ [ 1]

a, = i(C;‘Sqoc -C.S,qg+ Pcosa) , (6)
m

® =L(mja+mfmz+m§6)saqza. (7

z
zz

B Boipaxennsix (6) —(7) a,, — yckopenue BJIIA
o ocH Y, ®, — yIioBasi CKOpoCTh BpaieHus BJIA
B BEPTUKAIbHON IIIOCKOCTU OTHOCUTENBHO OCH Z,
m —wmacca BJIA, J_, — moment uneprun BJIA, S, —
TUTOMIATh adPOAMHAMUYECKOHN ITOBEPXHOCTH, CO3-
JAIOMIeH MOABEMHYIO CHITY, /, — XapaKTepHBIN JIH-
HEWHBIN pa3Mmep (Xopla Kphliia), o — YIOJI aTakKw,

PV’

o a
= 5 — ckopocrHoil  Hamop, C,C,,
m®,m?”,m® — U3BeCTHbIE A3POIUHAMUYECKHE KO-

a¢dunrenTsr KoHKpeTHOro BJIA.
Cuamras yron araku o MmaneiM (cosa ~1,
sina =), YUHTBIBAs, 4TO

a=o. ——V(C;‘aSq) , npomuddepeHIUpoBaB
m
BbIp@KeHHE (6) 110 BpeMEHH U, 0003HAYMUB @, = X|,

®, = X, 0 = u, nepenuieM Beipaskerus (6) u (7)
B Buje [9]:

)2,'1 =a,Xx; +a;px,, xl(t()) =Xp> (8)
Xy = Ay X+ Ay Xy +hu, X, (8) =Xy, ©)
CiSq+ P
e a“:——( r4 )=—1.54,
mV

an = (€IS ~C,50) =TS,

a.J.
ay =—2 =055,
1,(C7=C))
aszb”a

4
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m’-S-1-q

b= =-170.

Koaq)(bnuneHz;m a;; ¥ b paccMaTpuBauCh LSt
rxoHkpetHoro BJIA [9] mpm ero BwIcoTE monera
1000 M, cxopoctu V' = 50 M/c, maccoit m = 50 kT,
L,=15xrM?, S,=1mM2,[,=1 M, 0pu TsTe ABUTa-
tenst P =100 w.

B cootBerctBun ¢ BeIpakeHusimu (1), (8),
(9) ypaBHeHHE COCTOSIHUSI OOBEKTa yIpaBICHHS
(bJIA) umeer Bu:

X(t)=AX(1)+BU®t), X(t))=X,, (10)

rjie MaTpuilsl A U B B JaHHOM Clly4ae UMEIOT

-1,54 75 0
BUI: A= , B= .
-0,55 -17 -170

HeoOxoaumo cuHTE3UMpOBaTh s 3aJaHHON
CHCTEMBbl MOJAJBHBIA PErylsTop, KOTOpBI 00e-
crieunBai Obl 3aMKHYTOW CHCTEME >KellaeMbIi
cnekrp. s cuHTEe3a MOJAIBHOTO YIpaBiICHHS
BJIA, onuceiBaeMoro crainpoHapHbiM U depeH-
UAIBHBIM ypaBHeHUsMH (10) mpuMeHHM MmeTo-
TTIKY, U3JI0KEHHYTO B [8].

1) TIIpomepsieM yHpaBIIEMOCTh CHCTEMEI,
BBIUMCIISISL  PAaHT  MaTpPUIBl  YIIPABISEMOCTH.

0 1275
-170 —-890

CHUCTEMa

Myz[b Ab]={ }, rank M, = 2,
CJIe/IOBATEIBHO,
yIpasJisiema.

2) OmpenenseM XapaKTepUCTUUECKUH TTONH-
HOM MaTpHIBl A, KOTOPBI UMEET BH/I:

@, (s)=det(4—-sl)=

BTOpPOTI'o nopsaaka

-1.54-s 75 )

=det =s"+as+ay,,
-0.55 -17-s

IJe — eAWHWYHag Marpuma, a; = 18.54,

ay=67.43.
3) CompoBoxaaromiasi MaTpHuila MOJIUHOMA
¢ 4(s) onpenenseTcs caeayonmM o0pa3om:

i, <[5 a6l !
- 11 -18.54)
- 0 1 ~ |0
rne A= , b= .
-a, -—a 1

4) Haxomum wmarpuiy npeoOpasoBanust Q
cormacHo ¢popmyne Q=M -M ;. [Toncrarur
3HAUCHUS DJIEMEHTOB Marpuubl M , U oOpaTHOi
MaTPHUIBI M;l , TOJTy4MM:

—0.0000784 0
0.000121  —0.00588 |

5) OnmnpenensieM xenaeMblii XapaKTepHCTHU-
YeCKUH NOJMHOM. B JlaHHOM cilyyae i cucre-
MBI BTOPOI'0O NOpPsKa NOJIMHOM barTepBopca nme-
er BuUl: @ (S)=s"+a,s+a,. e a =141,

*
a,=1.

6) Berunciasem xkodhUIEEHTH peryiasaTopa
IUIT TIpeoOpa3oBaHHON CHUCTEMBI IO (popmyrre
K"=[K K], me K =a,-a;=6643,
K,=a,—a;=17.13.

7) HaxommMm ko3 PUIHEHTH MOTATBEHOTO
PETYIIATOpa B HCXOMHOM Oa3uce 1o popmyire

K" =K"0=[-0.03141 -0.101].
8) IIpomepsiem, YTO 3aMKHyTas CHCTEMa
uMeeT TpeOyeMblil CIeKTp.
: [-054 75
HNmeem A+bK' = .
-0.016 0.13
@, () =det(4+bK" —sI) =

-1.54—-5 75
=det
-0.016 0.13-5

CpaBHUBas XapaKTEPUCTUUECKUN IOIHMHOM
CIIPOEKTUPOBAHHOM 3aMKHYTOI CHCTEMBI C JKeTae-
MBIM TIOIMHOMOM YOEXHaeMCs, YTO PEryssITop
(aBTOIUIIOT) CIIPOEKTHPOBAH BEPHO
(@, ()= @ (s)) . Takum 06pa3om, aHaTHTHYC-

}=s2+1.41s+1'

CKH TIOJIYYEH 3aKoH ympaBieHus bJIA, xoTopsrid
C y4eTOM BBEIEHHBIX 0003HAYCHUI NMEET BUJT

0=-0.003141la,-0.101w,. (11)

Jannsriii 3akon ynpasnenus (11) obecnieunpa-
eT HeoOX0qUMYT0 ycToiunBOCTh bJIA 1 TOUHOCTH
o0pabotku yrpasistoiieil neperpysku bJIA, mpu
peanmzanuu koTopoir BJIA ocymecTBisier monet
T10 33/IaHHOM TPAEKTOPHUH.

B kauecTBe mpumepa paccMOTpEHO MaTeMa-
TUYECKOE MOJICIMPOBAHNE IaHHOW 3aJ]auMl B Cpe-
ne Mathcad. TpeOyemast neperpyska BJIA ompe-
Jlensnach Ha OCHOBe BhIpakeHUil (3) — (4) mpu
CIIEIYIONINX 3aJJaHHBIX 3HAUYEHUSIX YCJIOBHU MpH-
MmeHenus: v = 50 m/c = const, D, = 50 M. beinu
3a/laHbl  CIEAYIOIINe KOOPAMHATHI TOYEK IIPO-
CTPaHCTBa, 4epe3 KOTOpBIC JOJDKEH IMPOJIETETh
BJIA: x; =0 M, y; =500 m; x, = 850 M, y, = 200 M.
Pesynbrarel MaTeMaTH4ecKOro (KOMIBIOTEPHOTO)
MOZETMPOBAHMS B BUJE TPAQHUKOB U3MECHEHHS BO
BPEMEHHU MEePEMEHHBIX, XapaKTePU3YIOIUX MOJIET
BJIA, npencrasnens! Ha Puc. 4.

Kak BHIHO W3 PHCYHKOB, pe3yabTaThl MO-
JIETAPOBAaHUSl CBUIETENBCTBYIOT O paboTocmo-
COOHOCTH JaHHOM METOAMKH CHHTe3a 3aKOHOB
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Puc. 4. Pe3ynpraTsl KOMIBIOTEPHOIO MOAEIUPOBAHUS
a —rpad¥uK U3MEHEHUs BEICOTHI (TpaekTopun) BJIA; 6 —BepTukanzbHas ckopocTs BJIA;
6 —1moTpedOHas neperpyska bJIA;e — daktnueckas neperpyska bJIA;
0 — yrioBasi ckopocTs BpamieHus BJIA; e — yroi oTkIIOHeHHs! yrIpaBIIsfoniell pyieBol MOBEpXHOCTH.

ynpasienus bJIA. IlonydeHHble BUABI NEpexoj-
HBIX TIPOILIECCOB OOYCIIOBIEHBI MPUOIMKEHHBIM
3aJaHMeM MaTeMaTU4ecKOM Moneinu oObekTa
YIIPaBICHHUS], BEIMYUHBI TAPAMETPOB MEPEXOAHBIX
MIPOLIECCOB HE MPEBBIMIAIOT JOMYCTHUMBIX 3Hade-
Huid. Crieyer 3aMeTUTh, YTO NPU MPAKTUYECKOU
peanu3anyy NOITyYEHHBIX aJITOPUTMOB dTH IEpe-
XOJHBIE MPOLECCHl OyAyT CIVIaKCHbI MHEPLUOH-
HOCTBIO peajIbHbIX 2JIEMEHTOB CHCTEMBI yIpaBile-
Hus bJIA (npuBoaOB pynel, usMepuTeneit u T.1.).

3aknoueHue

Takum o0pazoM, TpeACTAaBICHHAS METOIN-
Ka IIODTAIlHOIO AaHAJIUTUYECKOTO CHHTE3a 3aKOHa

ynpasienuss BJIA sBnsiercss ocHOBOW amist (op-
MHUPOBAaHUS CTPYKTYpbl TOCTPOEHHS aBTOIMHIIOTA
BJIA B BHIE 3aKOHA M3MEHEHUS yIIa OTKIOHCHHUS
PYIIEBOM MTOBEPXHOCTH (PYyJICH M0 KaXXIOMy KaHAITy
yIpaBieHns) B BUje (QyHKIIMOHAIHHON 3aBUCHMO-
ctu 6, = f(ay, p;, 1), B KOTOPOH p; = p(f) — n3mepsie-
Mble gatunkamu bJIA mapameTpsl, XapakTepu3yro-
IIK€ €r0 MPOCTPAHCTBEHHOE NIEPEMEILIECHHUE.

B 3aBucuMocTu 0T BHJa MaTeMaTUYECKHX MO-
JieNiel, OIMUCHIBAIONINX MPOCTPAHCTBEHHOE Tepe-
Memieaue BJIA, B TOM 4Yuclie W OTHOCUTEIBHO
HeHTpa macc g cuHTteza snemeHToB CY BJIA
TIPUMEHATHCS Pa3InYHbIE U3BECTHBIE METO/IBI CHH-
Te3a PEryisATOPOB CHUCTEM yIpaBleHHs. Tak Kak

CUCTEMHbIV AHAJIU3 U MPUKITALOHAS MHOOPMATUKA
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HEBO3MOXHO aOCOJIOTHO TOYHO OMNHMCaTh MaTe-
MaTU4ecKH Bce Ipolecchl, npotekaronie B BIIA
Y BIMAIOUINE HA €r0 COCTOSHHE, TO Ha 3aKII0YH-
TCJIBHBIX OJTalax CHUHTE3a CUCTEMBbI YIIPpaBJICHUA
BJIA, xak u m000# APYTOi CIIOKHON TEXHUIECKOM
CHCTEMBI, MPHUXOIUTCS MPOU3BOIUTH KOPPEKITHIO
perynupyeMbIX TapaMeTpoB aBTONMWIIOTa (mapa-
METPUYECKYI0 ONTHMH3ALHUIO) TOJ KOHKPETHYIO
koHCTpyKuuio BJIA M KOHKpETHBIE YCJIOBHS €ro
MIPUMCHCHU.

HpI/I HUCIIOJIB30BAHNN MAaTCMaTHYCCKHUX MOJIC-
neit BJIA Oonee BBICOKOW pa3sMEpPHOCTH MpUBE-
JICHHAS! BBIIIIE METOJINKA OCTACTCS CIIPABEIJTUBOM.
[Ipu sToM oTnmumst OyIMyT COCTOSTH B OIpesene-
HUU JKETaeMOTO CIEKTpa (XapaKTepUCTHYECKOTO
MOJIMHOMA) 3aMKHYTON cucTembl. Ero mocrtpoe-
HUE LIeIeco00pa3Ho NPOBOAUTH B KJlacce HU3KO-
4acTOTHBIX GUIBTPOB barTepBopca, MpuUHIHMII TTO-
CTPOCHHUSI KOTOPHIX OCHOBAH Ha amMpPOKCHMAINH

aMIUIUTYIHO-YaCTOTHBIX XapakTepucTuk (AUYX)
JTAJIOHHOM CHUCTEMBI B 3aJaHHOI YaCTOTHOH 00-
nactu GyHKIMOHUpoBaHus. [is anmpokcumanuu
AUX MOTyT OBITh UCIIOIB30BAHBI TAK)KE MOINHO-
MBI UeOpleBa win moJIMHOMBI JIeskanmpa.

JlaHHBIA TTOAXOA B ONpPENENCHUH YIPaBIISIO-
IIET0 CUTHAJNA aBTONMMIOTAa MO OTKJIOHEHHUIO pY-
neBoit moBepxHocTH BJIA MoxeT ObITH IpUMEHEH
W JUIA pelIeHus IPOCTPaHCTBEHHON 3a/1a4u yIpas-
nenus BJIA. DTo MoxeT MPOU3BOAUTHCS pa3/ienb-
HBIM PEIICHHEM JIBYX IJIOCKHX 3a/ad C MOCIey-
IOIIMM UX OObEANHEHHUEM, WM PEeIICHHEM 3aa4uu
B HOBOH BBEJICHHOM BpAILIAOLIEICS CUCTEME KOOP-
JIMHAT, CBA3aHHOU ¢ BeKTOpoM JainbHOoCTH BJIA 1o
O4YEepEHON TOUKH NMPOCTPAHCTBA € MOCIETYOIUM
pazzeneHueM no kananam ynpasienust BJIA ¢ no-
MOIIBIO MaTpUIBl NpeoOpa3oBaHUsl KOOPAUHAT
(MaTpHLBI HAMIPABJISIOMINX KOCHHYCOB).
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LOBATY A. A., BUMAI A. Y., PROHOROVITH S. S.

STEP-BY-STEP ANALYTICAL SYNTHESIS OF THE MATHEMATICAL
MODEL OF AUTOMOTIVE UNMANNED AIRCRAFT

The problem of the stage-by-stage synthesis of the mathematical model of the autopilot of an unmanned aerial vehicle
(UAV) is considered. At the first stage, an analytical synthesis of the control acceleration applied to the center of mass of the
UAV is performed to form a specified trajectory of its flight. On the basis of the results received at the first stage, at the subse-
quent stages, the problem of synthesizing a mathematical model of the UAV autopilot is solved with the specified requirements
for ensuring the stability and dynamic accuracy of UAV control. Under actual assumptions about the corresponding nature of
changes in the trajectory parameters and variables that characterize the motion of the UAV in space, the use of a linear math-
ematical model of the evolution of the state vector of the UAV and its control system is substantiated. When synthesizing
a mathematical model of the UAV autopilot, the method of modal control of the system was used for a specified mathematical
model of the object. For a specified model of motion and aerodynamic characteristics of the UAV, the law of deviation of the
control steering surface is analytically received, which depends on the parameters of the translational and rotational move-
ment of the UAV. Computer simulation of the analytically received results of control synthesis for the specified characteristics
of UAVs and specific using conditions was carried out, which clearly showed the efficiency and prospects of using this ap-
proach for the synthesis of control systems for UAVs of various purposes and design.

Keywords: unmanned aerial vehicle, mathematical model, synthesis, modal control, trajectory.
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V.G. MIKHAILOV

DATA TRANSMISSION WITH SIMULINK
ON 6-DOF PLATFORM ON CAN BUS

Use of CAN BUS for data transmission in Real-Time mode with Simulink on control objects is considered (6-DoF a plat-
form).

It is revealed that software of CAN_APLdIl adapters, created in the Microsoft Visual Studio (MVS) does not work with
TDM-GCC-64 Matlab/Simulink because of different approach in names of the dll functions according to the standard
C ++ 11/17. Recompile by the developer of the adapter of its software (dll) in the TDM-GCC-64 environment under Windows
is required.

It is established that CAN BUS considerably reduces modeling speed by 4.5 times. The way of information compression
and fall forward of exchange twice due to byte-by-byte entering of two float values in the data field is offered. Use of identi-
cal values of identifiers is applied to two cylinders 6-DoF of a platform and the subsequent their division in the program
microcontrollers of cylinders.

For implementation of a Real-Time mode in addition to compression it is offered to transfer data with the smaller fre-
quency (quantization) by what a modeling clock period. It was considered that 6-DoF platforms reproduce frequency band
to 10—12 Hz. The program of transfer/data exchange with Simulink on stand control devices with quantization is developed.
Influence of parameter of quantization for the period of modeling is investigated. It is established that the Real-Time mode of
modeling is provided in the range of parameters of quantization (chc=1/350—1/1000). Frequency of exchange with 6 cylin-

ders at the same time corresponds to 230, 150 Hz.

Keywords: Simulation modeling, vehicle, simulator, electroactuator, Matlab/Simulink, CAN BUS, 6-DoF platform.

Now abroad, to reduce the time of develop-
ment and development of designs of aircraft, vehi-
cles, various control objects, simulation methods
are increasingly being used [1, 2]. In the course
of such modeling real control objects, actuation
mechanisms and the human-operator are involved
[1, 2]. An example of this are aviasimulators,
semi-natural modeling of the vehicle at the stand
with involvement of the driver with simulating
of visualization of a road situation and influence
real macro and a microprofile of the road (Fig. 1).
All this significantly influences the mode of the
movement and loading of the vehicle.

It allows to develop for the vehicle on models
a large number of road situations and options of
construction. Test them in bench conditions, ful-
fill ergonomics and considerably to reduce time
of creation of new models of machines, without
putting at risk of drivers and testers. And aviasim-
ulator allows to simulate critical situations and to
train pilots.

As executive elements in them electroac-
tuators in the form of the mechanical cylin-
der with belt and worm ball drive and the elec-
tric motor with the block of electronic control
are widely used now. The cost of the Chinese
6-DOF platform (§ 7800) is one-two orders

lower than at hydropulsators [3]. According to
documentation of MOOG [4] the simulation MB-
EP-6DOF/40/10000 platform can provide accel-
eration of 13 m/s?, the speed of 0,9 m/s with an
amplitude of 0,73/0,81 m. Elektroaktuators of
MOOG, Parker are used in simulators of firms
Mercedes Benz, Volvo, Ford.

Electroactuators are widely used in industri-
al robots, exercise machines. At the same time on
the range of frequencies (0—10/12 Hz) and the en-
closed loadings (10-20 kN) electroactuators nev-
ertheless are inferior to hydropulsators (0-30 Hz
and 100-500 kN). Despite it electroactuators have
the niche of application: robots, research stands,
exercise machines, actuation mechanisms of man-
agement where big values are not required. Hy-
dropulsators are more used for resource tests.

As simulars the Matlab/Simulink package
in the environment of Windows 7-10 64-bit is
generally used now. Most efficiently for model-
ing is creation of the program in language C in
S-Function Builder Matlab/Simulink. Devel-
opment of the last requires use of the compiler
TDM-GCC-64.

An important point is ensuring compatibility
of all software components on digit capacity and
compliances of compilers and OS.

1,2021
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Fig. 1. Simulation modeling of the vehicle (@) in bench conditions and construction of electroactuator (b, c)

Difficult question is simultaneous implemen-
tation of modeling of the vehicle in Real-Time
mode on Matlab/Simulink and transfer of data
from it on control objects with a necessary speed
(to 100 Hz for each 6 cylinders, actually 600 Hz)
to provide an error of 1% at a higher frequency of
10 Hz.

Exchange through binary files on network
does not provide correct data transmission be-
cause of not synchronization of write processes
and reading with such frequencies.

For data transmission it is reasonable to use
the CAN BUS protocol (1024 kbps). It is widely
applied in robots, an avia and automotive industry
in management systems to data exchange between
microcontrollers, thanks to the simplicity, reliabil-
ity and speed now.

Feature of CAN BUS is use of the twisted pair
cable as a cable (Fig. 2).

Data transmission is carried out by means of
the frame containing both the service and trans-
mitted data. The data field consists 8 character
bytes. The number of the connected controllers
is defined by value of a code of the identifier in
a frame. In standard 11 bit option to 127.

Data transmission on CAN BUS requires ex-
istence of adapters which connect the computer
equipment with control devices (Fig. 2) or exis-
tence them in the microcontroller. Now there were
industrial adapters at data transmission rate to 10—
12 Mbps. However their implementation restrains
high cost (> $3000). The majority modern electro
and hydroactuators are equipped with CAN BUS
interfaces and vendors offer instructions and tools
for developing of programs on language C.

Data transmission requires still the software
for adapters, which differs at different vendors in
a look different sale of the adapter. Vendors, as

Computer Master

'CANH CANL|

twisted pair cable

Computer Slave

or microcontoler

Adapter

A 0

USB

LCANH  caNL| Leann  cant|

R =120 Om |

Fig. 2. The offered general transmission scheme of data with Simulink on the stand
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a rule, offer software in the form of CAN_API.
dll created in MicroSoft Visial Studio (MVS) or
Linux without providing source texts.

By testing it is established that CAN_API.dll
software, compiled in MVS do not work with
TDM-GCC-64 Matlab/Simulink because of dif-
ferent approach in names of the dll functions ac-
cording to the standard C ++ 11. To fix this prob-
lem recompile of dll in the TDM-GCC-64 envi-
ronment under Windows which only the dll devel-
oper can execute is required.

For an exception of decline in the perfor-
mance of the computer and the adapter it is of-
fered to transfer data not to a modeling clock pe-
riod, and with quantization is one-two orders less
when ensuring acceptable transmit frequency of
data on the stand.

The limiting factor of CAN BUS is cable length:
at /<40 m can be provided transmission rate of 1-3
Mbps, and already at 100 m only of 500 kbps.

Now in the Matlab/Simulink R2019b version
there were components allowing to create com-
munication on CAN BUS through Virtual Chan-
nel (500 Kbps), Vehicle Network Toolbox. They
demand separate purchase and use of expensive
adapters and the special equipment of certain
firms, such as, Vector, Kvaser, PEAK-System and
others and their software.

Unfortunately, there are no publications on
implementation of this solution for stands with
a large number of cylinders. Not clearly how to
change in the program way the CAN parameters
where tabular configuration of the channel is used,
how to carry out quantization and whether there
will be enough offered exchange rate of 500 Kbps
with for 6 actuators and 3 computers (it is actually
received 45 Kbps with on an object). And as it will
influence speed modeling.

The purpose of this work is the research of
use of CAN BUS for data transmission on elec-
troactuators of 6-DoF platform via the S-Function
Builder module and implementation of modeling
in Matlab/Simulink in Real-Time mode.

1. Choice of the adapter
and development tools

The choice of the adapter is the key moment
for modeling. Basic data is the possibility of im-
plementation of the frequency of 100 Hz on each
cylinder from 6, used in a platform 6-DOF. In this
case it is possible to provide an error of 1% at

a higher frequency. Proceeding from it the adapt-
er of TITAN ELECTRONICS INC was selected,
SN #T16820100, Taiwan. This adapter is the most
optimum, economical and competitive in terms
of price and quality [8]. It is the industrial adapt-
er realizing data transmission with a speed up to
3000 Mbps. Other manufacturers usually have
speed up to 1000 Mbps and the price is higher or
dealers do not provide software for the adapter.
Besides, this firm met requirements of me, free
of charge provided two adapters and recompiled
software under TDM-GCC-64 also helped at the
initial stage with CAN BUS.

I am grateful to it for. It removed a problem of
incompatibility of the created program with use of
CAN_API.dIl for Matlab/Simulink.

Features of use of this adapter are given in ap-
pendix A.

For modeling the Matlab/Simulink R2015b
package was used (ode5 Dormand-Prince,
t=0,001 s). It works twice quicker than R2018b—
R2020b. Perhaps oversaturation is their new func-
tions the reason of deceleration.

Its choice is caused by the fact that it twice
quicker than R2018b. Perhaps the reason for the
latter is the oversaturation of its new functions,
which are not needed for this task.

In the beginning working of of the program
was carried out on the old 2-core computer
(2.5 GHz, RAM of 8 Gbytes) on Windows 7
64-bit. For development of the program the com-
piler TDM-GCC-64 (tdm64-gcc-5.1.0-2.exe)
was used. Its installation and configuration is
described in work [6]. Windows 10 requires still
installation of a way on C:\TDM-GCC-64\bin via
the Set Path button on the Matlab panel.

Modeling was carried out with use of real per-
turbation of the road [9] in the form of an array of
96000 records of the float type in electronic memo-
ry. By means of the module of S-Function Builder
accomplishment of logical actions on switching of
the check point, calculation of traction dynamics of
the vehicle was carried out. More perfect models
providing an error of 10-15% taking into account
arange [6], [7], [9], [10] were used. Besides in sep-
arate Simulink blocks vibrations, controllability of
the car were modelled. Visualization was carried
out by means of the Raspberry 3B+ minicomputer.

The choice of such approach was caused by
need of ensuring maximum speed of modeling in
Real-Time mode.
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2. Implementation of exchange
of information

The realization of modeling with data trans-
mission on CAN BUS was enabled by means
of the skeleton diagram (Fig. 3) and flowcharts
(Fig. 4) in which 18 integrators are involved.

For modeling the computer was used (AMD
Rysen 52600, 6 core 3,4/4 GHz, RAM of
16 GB DDR-42666 MHz, the drive M2. SSD
of 2500 Mbps, MB ASUS PRIME B450 PLUS,

t=0,0001 c) and a detail from the game console.
Data transmission in an asynchronous mode. Re-
ception of messages was carried out on the old 2
core AMD computer of 2,5 GHz, RAM of =8 GB
DDR-2400 MHz, MB ASUS M2-VM which im-
itated the actuation mechanism. Working of of
modeling at this stage was carried out on a model
desktop sample.

For data transmission with Simulink on stands
the program on C is developed for S-Function
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Fig. 3. Scheme of implementation of simulation modeling of the vehicle
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Fig. 4. Process and flowchart of modeling of the movement, fluctuations and controllability of the vehicle
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Builder which total amount made 1372 lines of
a source text. From them 850 lines are the share
of the service S-Function Builder parameters. Ini-
tial debugging of transfer and data reception on
CAN BUS was carried out on the srd.c program
given below which will help you to create the pro-
gram. Its void srd function (struct ds*ps, struct
dr*pr) is used in the general program for S-Func-
tion Builder.

The functions used in the program and con-
figuration of the adapter are in detail described
in [8]. In the directory with the wrdc.c program
the CAN_APIL.dll and CAN_APLh files should be
set. That to compile it enter the team into TDM-
GCC-64 gcc wrde.c. As a result the executable
file of a.exe will turn out.

In the beginning information for 6 actuators is
brought in a data structure of struct ds sf. As void
srd () data compression is realized: entering in the
field of 8 bytes of SendMSG.Data of [0] two float
values of data is byte-by-byte instead of one (this
fragment is highlighted in yellow color). Actually
it is data transmission by blocks on two actuators
at the same time.

Further as void sd (struct ds * sp, struct dr * rp)
realized data compression: entering in the field of
8 bytes of SendMSG.Data of [0] two float values
of data is byte-by-byte instead of one (the frag-
ment is highlighted in yellow color).

Actually it is data transmission by blocks
on two actuators at once having the identical
identifier.

And in the program of the controller of the ac-
tuator their program division is made. It allows to
increase data exchange productivity twice (there-
by to 6 Mbps).

3. Results of modeling

Data transmission was carried out with fre-
quency on a cycle timer of chc which was nullified
at achievement of the maximum value. The cycle
timer of chc defines quantity of clock periods of
modeling after which there is a data transmission
on 6 electroactuators on CAN BUS. It allows to
reduce expenses of time for information transfer.
Quantization in 100 Hz is quite enough for repro-
duction by the stand of the higher frequencies of
10 Hz with a margin error 1 %.

Results of modeling are given in the Fig. 5.

Basic time of modeling without CAN BUS
on 6 core computer makes 105 s at real process
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Fig. 5. Influence of parameter of counter/quantization on
the frequency of sending and reception of messages and
modeling time

of 470 s. According to received data CAN BUS
use considerably slows down process, increasing
modeling time (by 4,5 times at chc=350). The
nature of frequency change of sending and recep-
tion of messages has an appearance of small non-
linearity. At reduction of chc time of modeling
of t sharply increases and it defines the choice of
che. At the parameter of quantization chc =350
the modeling Real-Time mode is reached, the
transmit frequency of data at the same time
makes 230 Hz. It is found out that the Real-Time
mode can also it is reached by selection of a step
of integration, processor frequency in the UEFI
BIOS motherboard, connection of other subsys-
tems, functions, use of newer Matlab/Simulink
R2019b version working more slowly, failure
from data compression; use of more difficult
space model of the vehicle, application of a syn-
chronous transfer mode.

At increase in parameter of quantization from
350 to 1000 the transmit frequency of data changes
from 230 to 150 Hz. It quite enough for control of
stands (100 Hz) also allows to realize further mod-
eling at complication of model of the vehicle.

Testing of weaker 2-core computer with CAN
BUS showed that its productivity is not enough for
implementation of a Real-Time mode: its speed of
modeling is 8.7 times less than at modern.
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Frequency of data reading turns out by 1.5
times quicker than their record at the expense of
a modeling process exception.

Results of modeling demonstrate that only
more modern computers with CPU~4 GHz and
Windows 10 can provide data transmission on
CAN BUS with Simulink in Real-Time mode for
difficult model. It gives diversities of calculations
of subsystems between computers when using
CAN BUS for a solution of complex challenges
and expediency of full transition to CAN BUS de-
spite its strong braking.

It is planned to pass completely to CAN BUS
with circuit implementation in Fig. 4 with an ex-
ception of Samba network.

In a type of a difficult economic situation in
Republic of Belarus it was not succeeded to real-
ize option with the vibrostand on 6-DoF platform
with the turning image on the screen (Fig. 3 on
the right above).

And at development of methods of simulation
modeling in a combination to bench tests of the
vehicle on running drums (according to the origi-
nal scheme offered by me) it is possible to investi-
gate each element of construction and to optimize
it. And an important role is played here by use of
CAN BUS for information exchange.

Conclusion

1. Use of CAN BUS for data transmission in
real time with Simulink on control devices on an
example 6-DoF platform is considered.

2. It is established that CAN_API.dll adapt-
er software, compiled in MVS does not work with
TDM-GCC-64 because of different approach in
names of the dll functions at the compiler MVS.
To fix this problem recompile of dll in the TDM-
GCC-64 environment which only the dIl develop-
er can execute is required.

3. The way of information compression and
increase in an exchange rate twice due to byte-by-
byte entering of two float values in the data field
is offered. Use of identical values of identifiers is
applied to two cylinders 6-DoF of a platform and
the subsequent their division in the program of
microcontrollers of cylinders.

4. It is revealed that CAN BUS considerably
reduces modeling speed by 4,5 times. Therefore
providing a modeling Real-Time mode with CAN
BUS requires use of more high-speed computer
(CPU ~ 4 GHz on Windows 10) and a certain mode
of quantization with a modeling clock period.

5. The program of transfer/data exchange
with Simulink on control devices of stands with
quantization of chc=1/350-1/1000 from a model-
ing clock period is developed. It allows to realize
a Real-Time mode of modeling and frequency of
exchange 230, 150 Hz.

6. The optimum choice for implementation
of data transmission with Simulink on stands with
electroactuators on CAN BUS is use of TITAN
ELECTRONICS INC adapters. They allow to re-
alize the necessary frequency of exchange more
than 100 Hz for 6-DoF platform.
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APPENDICES

Appendix A: Features of use of this adapter

For CAN BUS work it is necessary to install
the USB-CAN CDM21228 Setup.exe driver
in the beginning. Define what COM PORT is
connected (for example, COM3). Then to start in
the command line of CAN_BAUDRATE_SET.
exe COM3. The message should be received

Searching ...

Find COM PORT: COM3

Setting every baud rate to 3Mbit ...

Set baud rate Success

testimonial of successful installation. Then it
is required to disconnect an USB cable from the
computer and through 5 second from again it to
connect or to switch off and turn on the computer.

Note. In some cases to set CAN _BAUDRATE
SET.exe on Windows 10 64 bit it is necessary
to set Properties of this file in the Compatibility
mode, with noted ticks, as shown in Figure A.1.
Then to execute the above-stated command.

Security I Details | Previous Versions
General | Compatibility lcons

If you have problems with this program and it worked comecthy on
an earier version of Windows, select the compatibility mode that
matches that earier version.

Help me choose the settings
Compatibility mode
.Run this program in compatibility mode for:
["u"l.l'indows 7 v]

Settings
[] Run in 256 colors

mv

—

|| Dieable display scaling on high DPI settings

e

Privilege Level
Run this program as an administrator

l Change settings for all users

[ oK H Cancel ” Apply J

Figure A.1. Installation of the mode of compatibility
for CAN_BAUDRATE_SET.exe

Appendix B: Source text of the program of data transmission for CAN BUS

#include <stdio.h> float b2;

#include <stdlib.h> float a3;

#include “CAN_APLh” float b3;

#include <windows.h> };

// struct ds sf; // struct send data

struct ds { struct dr {

float al; float al;

float bl; float bl;

float a2; float a2;
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float b2;

float a3;

float b3;

}3

struct dr rf; // struct read data

double stm=469.997;

int ch;

typedef TCAN_HANDLE (*FNPTRI1)(CHAR *,
CHAR *, CHAR *, CHAR *, void *, DWORD);
typedef TCAN_HANDLE (*FNPTR2)
(TCAN_HANDLE);

typedef TCAN HANDLE (*FNPTR3)(TCAN _
HANDLE, CAN _MSG*);

typedef TCAN HANDLE (*FNPTR4)(TCAN_
HANDLE, CHAR *);

HMODULE hMod;

TCAN_HANDLE Handle;

TCAN_STATUS Status;
//——— - Echange data

void sd(void)

{

byte *yf, *yfl, *yf2;

int q, nbz;

long j;

FILE *fp;

CHAR *ComPort = “COM4”;

CHAR *szBitrate = “1000”;

/1792160007;

CHAR *acceptance code = “1FFFFFFF”;
CHAR *acceptance _mask = “00000000”;

VOID *flags = CAN_TIMESTAMP_OFF;
DWORD Mode = Normal; // a debug mode
“LoopBack “

FNPTRI1 CAN Open;

FNPTR2 CAN _Close;

FNPTR2 CAN_Flush;

FNPTR3 CAN_Write;

FNPTR3 CAN_Read;

FNPTR4 CAN_Version;

FNPTR2 CAN_ Status;

char version[10];

CAN_MSG SendMSG;

CAN_MSG RecvMSG;

// Handle =—1;

Status = 0;

nbz=0;

j=0;

N

CAN_Open = (FNPTR1) GetProcAddress(hMod,
“CAN_Open”);

CAN_Close = (FNPTR2) GetProcAddress(hMod,
“CAN_Close”);

CAN_Flush = (FNPTR2) GetProcAddress(hMod,
“CAN_Flush”);

CAN_Write = (FNPTR3) GetProcAddress(hMod,
“CAN_Write”);

CAN_Read = (FNPTR3) GetProcAddress(hMod,
“CAN_Read”);

CAN Version =(FNPTR4) GetProcAddress(h-
Mod, “CAN_Version”);

CAN Status = (FNPTR2) GetProcAddress(h-
Mod, “CAN_Status™);

RecvMSG.Flags = CAN_FLAGS STANDARD;
//EXTENDED:;

RecvMSG.Size = 8§;

//
if (ch==0)

Handle = CAN_Open (ComPort, szBitrate, accep-
tance code, acceptance mask, flags, Mode);

//- Example read data from RecvMSG.Data
RecvMSG.Id = 0x001;

memset (version, 0, sizeof (char) * 10);

Status = CAN_Flush (Handle);

Status = CAN_Version (Handle, version);

for (j=0; j<60000; j++) {

Status = CAN_Read (Handle, &RecvMSG);

if (Status == CAN_ERR OK) {

switch (RecvMSG.Id) {

case l: yf=(byte *)&rf.al; for (q=0; q<8; gq++)
*yf++=RecvMSG.Data[q]; break;

case 2: yf=(byte *)&rf.al+8; for (q=0; q<8; q++)
*yf++=RecvMSG.Data[q]; break;

case 3: yf=(byte *)&rf.al+16; for (q=0; q<8; q++)
*yf++=RecvMSG.Data[q]; break;

default:

break;

H

fp=fopen(“tc.txt”,”at”);

fprintf(fp,”Handle=%d ID=%X Status=%d%.
41%.41%.41%.41%.41%.4f\n”, Handle, RecvMSG.
Id, Status, rf.al, rf.bl, rf.a2, rf.b2, rf.a3, rf.b3);
fclose(fp);

}

}
//- End Example read data from RecvMSG.Data

/*
//
//—— Example send data into SendMSG.
Data

for (nbz=0; nbz<3; nbz++) {

yf=(byte *)&sf.al+8*nb;

CUCTEMHbIVI AHAJTIU3 U MPUKITABHAS UHOOPMATUKA

1,2021



MANAGEMENT OF TECHNICAL OBJECTS

37

for (q=0; q<8; q++)
SendMSG.Data[q] = *yf++;
//
switch (nbz) {

case 0: SendMSG.Id = 0x001; break;

case 1: SendMSG.Id = 0x002; break;

case 2: SendMSG.Id = 0x003; break;
default:

break;

}

memset (version, 0, sizeof (char) * 10);
Status = CAN_Flush (Handle);

Status = CAN_Version (Handle, version);
Status = CAN_Write (Handle, &SendMSG);
if (nbz==2)

fp=fopen(“tcb.txt”,”at”);

fprintf(fp,”Handle=%d ID=%X Status=%d%.
41%.41%.41%.41%.41%.41f\n”, Handle, RecvMSG.

Id, Status, rf.al, rf.bl, rf.a2, rf.b2, rf.a3, rf.b3);
fclose(fp);

//-End Example send data into SendMSG.Data
*/

if (ch==3999)

Status = CAN_Close (Handle);

} //——End sd()

int main(void)

{

float f1, 12;

intr;

long j;

hMod = LoadLibrary (“CAN_APIL.DLL”);
if (hMod==NULL) {

printf (“LoadLibrary failed\n”);

§

for (ch=0; ch<4000; ch++)

sd();

FreeLibrary(hMod);

printf (“Test finish_FreeLibrary\n”);
return 0;

}
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MODEL AND STRUCTURE OF THE NETWORK INTERNET
OF THINGS FOR MONITORING MILK QUALITY

Belarusian state University of Informatics and Radioelectronics, Minsk, Republic of Belarus

The quality of milk is evaluated by a number of control points, which include a number of indicators, such as fat content,
protein, lactose, density, etc. It is proposed to use the Internet of things (IoT) technology to control the quality of milk from
distributed dairy farms. A multi-agent model of 10T network and the structure of such an IoT network for monitoring the
quality of milk from different farms is presented. The model is represented by a variety of agents: milk analyzers, converter,
storage of quality indicators, their processing, decision-making, monitoring of milk quality indicators.

The structure of the 1oT network includes milk analyzers, gateways-converters, a cloud platform, and mobile devices.
The cloud platform rents a server that hosts knowledge and data bases, special software (solver) for processing and making
decisions on milk quality, and a farm website. The database of the cloud structure server stores milk quality characteristics,
and the knowledge base stores the rules for processing them. The solver outputs deviations from the current milk quality
indicators from the standards. The site is used for communication of specialists in milk quality control. Monitoring of milk
quality characteristics is implemented from mobile devices of specialists with access to the site components.

The 4th generation LTE network using NB-1oT technology was chosen as the network for transmitting information from
dairy farms to the cloud. The review of milk analyzers of both domestic and foreign companies is carried out. A gateway
solution for querying milk analyzers and transmitting parameters to the cloud infrastructure is presented. Popular cloud

platforms for building a network of 10T are presented.

Keywords: multi-agent model, milk control, loT network structure, NB-IoT technology, cloud IoT platforms.

Introduction

Important issues of automation of dairy pro-
duction management are remote control of milk
quality, which must meet international standards.
One of the approaches for milk quality assess-
ment is the calculation of indicators based on
critical control points (CCP) [1]. The main indi-
cators of milk quality can be used as such points:
fat, protein, SOMO, dry matter, density, lactose,
added water, etc. These metrics are collected and
analyzed within a single farm using computers.
Consider a more modern solution, monitoring
milk quality indicators using the Internet of things
(IoT). General issues of building such networks,
structure, management are discussed in [2-5].
The structure of a multi-agent system for studying
the quality of milk from farms in Lebanon is pro-
posed [6]. Consider more details this approach.

loT network models and structure

To create a model of the IoT network for mon-
itoring milk quality (MMQ), we use a multi-agent
approach [7, 8]. In this multi-agent structure,
select the set of agents of the milk quality sen-
sors, agents, converters, agents, storage quality,

processing agents milk quality indices for opin-
ions, agents monitor these indicators and conclu-
sions. This multi-agent model is represented by
four:

loTeem = {RAM, SC, CP, MAi},

where loTcem is a model of the IoT network,
Rami is a set of sensor agents (from portable milk
quality analyzers on farms), SC is a set of con-
verter agents (network gateways of converters),
CP is a cloud platform for storing milk quali-
ty indicators (quality indicator storage agents
and processing agents), and MAi is a monitoring
agent (mobile devices for monitoring milk quality
indicators).

Based on this model, the structure of the
MMQ IoT network is developed. It is composed
of portable analyzers for quality of milk from
each of the monitored farms — AMQ. These ana-
lyzers usually send the results to a computer, then
their output on printer via a serial port.

In our structure, these milk indicators send
to the gateways-converters — GC. The latter are
necessary for converting and transmitting the
captured milk quality indicators to the cloud en-
vironment (CE). In the cloud environment, we
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use the server. The server in CE contains data and
knowledge bases, the solver, special software and
website.

The database stores data obtained from farms
(milk characteristics) by time (milking number,
time of day, days). Data may be from different
farms, possibly from different herds of cows. This
data are sent to the solver (decision maker) S. It
uses the rules from knowledge base for processing
milk indicators receiving from the data base and
produces issues solutions for certain milk quali-
ty parameters. These solutions are also recorded
in the database. The site serves is as a means of
displaying the results taken and obtained on the
quality of milk.

Each of the specialists use mobile devices
(MA), which has an application installed that al-
lows displaying information of interest from the
cloud database via the website. On a cloud server,
some can install a software system to make deci-
sions about changing the content of cows to im-
prove the characteristics of milk quality.

Milk analyser

The milk analyzer is a device for determining
the quality characteristics of milk and products
based on it (fat content, density, sample acidity,
lactose, sample temperature, etc.). This device
does not use chemical reagents, which ensures the
environmental friendliness of the studied com-
ponent. Milk analyzers are used on farms, food
industry enterprises, milk receiving points, and
when conducting research in the field of food in-
dustry [9].

Milk analyzers have high accuracy and allow
you to make a sufficient number of measurements
in the required time. Currently, the use of analyz-
ers in farms and milk processing plants is becom-
ing a normal process.

Maximum set of measured indicators: 1. Fat;
2. Protein; 3. SOMO; 4. Dry matter; 5. Densi-
ty; 6. Lactose; 7. Added water; 8. sample Tem-
perature; 9. freezing Point; 10. Salt; 11. pH,
12. Conductivity.

Let’s consider some domestic milk analyzers
used in the Republic of Belarus, the characteris-
tics of which are given in [9].

“The lactan 1-4 mini ultrasonic analyzer de-
termines the mass fraction of fat, SOMO, added
water and density in a sample of whole, fresh,
canned, pasteurized, normalized and skimmed

milk. The average measurement time is 3 min-
utes, which is 2 times faster than using the tradi-
tional method of analysis, safer, more economical
and easier. The accuracy of determining the pa-
rameters of milk quality at the same time com-
pletely corresponds to requirements of standard
methods”.

“The lactane 1-4 ISP. 220 analyzer allows
you to determine the six most important param-
eters in 180 seconds without using chemical
reagents — protein, fat, SOMO, density, tem-
perature, and mass fraction of added water in
a sample of whole fresh, canned, pasteurized nor-
malized, skimmed, reconstituted, and long-term
storage milk” [9].

“The Clover-2 milk analyzer provides rap-
id assessment of the percentage of fat, protein,
skimmed milk powder (SOMO) and density in
a single sample of fresh whole, canned milk or
cream. Despite the variety of functions, the Clo-
ver-2 milk quality analyzer is easy to use, which
allows unskilled personnel to perform measure-
ments on it. The main operations on the device
are to fill the sample for measurement and then
drain it after measurement. Select a sample and
pour it into the sample receiver-all this is a matter
of seconds. The process of measuring the quali-
ty of milk or cream takes 2.5-3.5 minutes. Room
temperature milk is measured in 2.5 minutes, and
chilled milk is measured in 3.5 minutes. The de-
vice indicator displays all the necessary informa-
tion for the operator. The measurement results are
displayed in digital form with a sampling rate of
0.01%” [9].

As foreign analogues, we present the charac-
teristics of analyzers from Bulgaria of the Lac-
toscan series [10]. They can be used to measure
fat, solid particles (SOMO), density, protein,
lactose, salt, water content as a percentage, tem-
perature (°C), freezing point, pH, conductivity,
and total solid content of the same sample im-
mediately after milking, collection, and during
processing; somatic cell counters for detecting
clinical and subclinical mastitis; temperature-
regulating devices for various types of tests;
highly sensitive test strips for detecting adul-
teration of neutralizers, hydrogen peroxide and
urea adulteration of raw milk that work in an ef-
ficient and reliable way.

With high accuracy and speed, Lactos-
can portable ultrasonic milk analyzers are
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competitive with FOSS Electric, Delta Instru-
ments and Bentley milk analyzers, which have
a much higher price. Minimal energy consump-
tion and the absence of consumables make the
Lactoscan milk analyzer attractive for the dairy
industry. Low operating costs and low price
make the Lactoscan milk analyzer suitable for
dairy farms, dairy plants, milk sampling centers
and laboratories.

Ekomilk is a range of ultrasonic milk quali-
ty analyzers produced in Bulgaria. The devices of
this series have the following additional features:
connecting a pH electrode to measure the activ-
ity of hydrogen ions in the test sample (display-
ing both the pH and titrated milk acidity values of
°C), monitoring the falsification of the test whole
milk by the parameter “Conductivity”, correct-
ing the calibration of the analyzer by introducing
correction values. In addition, the Ekomilk milk
analyzers are equipped with a self-diagnosis sys-
tem with corresponding errors displayed on the
display, have an RS-232 connector for connecting
to a personal computer, and the ability to connect
a compact thermal printer” [10].

Gateways-converters

The end hardware (our analyzers) can use
different interfaces and protocols, which makes
it difficult to connect and query them with in-
frastructure tools in a cloud environment. In our
case, the information from the analyzers can be
received via parallel or serial ports. Therefore,
we need gateways-converters to interact with the
hardware of the cloud platform. Let’s look at pos-
sible solutions.

One of them is equipment from MOXA,
which has been creating communication solutions
for more than 30 years and using its experience in
the field of Ethernet to COM port converters. It
has developed a solution for connecting devices
with a COM port to cloud environments. MOXA
offers solutions for connecting COM devices
directly to the cloud [11]. Let’s look at some of
these converters:

“The NPort IAS000A-I/O, NPort IA-
WS5000A-1/O series converters and the MGate
5105-MB-EIP gateway support integration with
the Alibaba Cloud IoT Platform, Azure IoT Hub,
or private cloud via the MQTT Protocol.

The NPort [A5000A-1/O and NPort IA-
WS5000A-1/O converters allow you to transmit not

only raw data from the COM port, but also man-
age built-in discrete 1/0 channels. Data is trans-
mitted over the MQTT Protocol in JSON format”.

loT cloud platforms

These platforms support Internet functions for
IoT applications — launch, maintenance, analytics,
data storage, and security measures. Let’s consid-
er the most famous of them [12].

“AWS IoT Core is the foundation on which
any loT application can be built. Ehrough AWS
IoT Core various devices can connect to Inter-
net, to each other and exchange data. The plat-
form supports various communication proto-
cols, including custom ones, which allows to
communicate between devices from different
manufacturers.

AWS IoT Device Management allows to add
and organize devices. It provides secure and scal-
able performance with the ability to monitor, trou-
bleshoot, and update device functionality. AWS
IoT Analytics is designed to automatically ana-
lyze large amounts of various IoT data, including
unstructured data from various types of devices.
The data collected and processed by the service
is ready for use in machine learning. AWS loT
Device Defender service supports configuring
security mechanisms for IoT systems. AWS IoT
Device Defender allows to configure and manage
security policies, controlling device authentica-
tion and authorization, and providing encryption
mechanisms”.

“The Google Cloud IoT platform includes
a number of services that can use to create loT
networks. Cloud IoT Core is a fully managed
service for easy and secure connection, as well
as managing and receiving data from various de-
vices. Cloud Pub/Sub is a service that processes
event data and provides real —time flow analytics.
Cloud Machine Learning Engine that allows to
create machine learning models and use data col-
lected from IoT devices” [12].

“The Microsoft Azure IoT Suite platform of-
fers both pre-configured solutions and the ability
to customize them and create new ones according
to the project requirements. It can get security
mechanisms, high scalability and integration with
any existing or future systems. The platform al-
lows to connect hundreds of devices from various
manufacturers, collect analytical data and use IoT
data for machine learning purposes”.
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Organization of communication
in loT network

The communication technology recommend-
ed for this Internet of things network farm mon-
itoring milk quolity requires covering a signifi-
cant distance [13]. We propose decision which
is called LPWAN (Low-power Wide-area Net-
work — energy-efficient long-range network) [14].
As a network for transmitting information from
dairy farms to the cloud, we will choose the 4th
generation LTE network, which has already been
tested and has proven itself well in the Republic.
However, it is used for Internet clients. Howev-
er, its component — NB-IoT Technology, as part
of LTE, has a low data transfer rate, but a large
coverage-thanks to the use of LTE network capa-
bilities [15].

NB-IoT provides data transfer rates from 20
to 250 Kbit/s, depending on which LTE network
resources are used. Since this is only an exten-
sion of existing standards, testing equipment and

software to verify NB-IoT compliance are al-
ready available.

Conclusion

It is proposed to use the Internet of things
technology for remote monitoring and control of
milk quality of dairy farms distributed through-
out the district. A model of such an loT network
based on multi-agent technology is presented. The
structure of this IoT network is proposed, which
includes milk analyzers, gateways-converters
and a cloud structure where the server platform
is rented. The server components are discussed.
The server database stores the quality indicators
of milk. These indicators can be monitored from
mobile devices of specialists.

The most popular cloud platforms are consid-
ered. The 4th generation LTE network using the
technology for the [IV-NB — IoT network was cho-
sen as the network for transmitting information
from dairy farms to the cloud environment.
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MOAEAb U CTPYKTYPA CETU UHTEPHET BELLEW
AN MOHUTOPUHIA KAYECTBA MOANOKA

Benopycckuil 2cocyoapcmeennulii ynugepcumem un@opmamuxu u paouod1eKmpoHuKU,
Mumnck, Pecnybnuxa Benapyco

Kauecmeo monoka oyenusaemcs paoom KOHMPOIbHLIX MOYEK, 8 KA4ecmee KOMopbiX npueedeHsl pso nokasameneu, ma-
KUX KAK HCUPHOCMb, OENIOK, 1AKMO3d, NIOMHOCHb U M. 0. [IIsi KOHMpOa Kayecmed MONOKA PACHPeOeleHHbIX MOIOUHBIX XO-
3AUCME NPEOLOAHCEHO UCNONB308AMb MeXHoN02uio unmepuem eewell (UB). [Ipeocmasnena mHozoazenmuasn modenv cemu MB
u cmpykmypa maxou cemu MB 0151 KOHMPONA Kauecmea MONIOKA OM PA3IUYHbIX Xo3sucme. Modens npedcmasiena MHoce-
CMBOM A2eHMOB: AHATUZAMOPO8 MONOKA, Npeobpazosamenell, XpaHeHus NoKazamenell Kauecmea MoioKd, ux oopabomku, npu-
HAMUsL peuleHull, MOHUMOPUH2A NOKA3amenell Kauecmeada MOonIoKd.

Cmpyxmypa cemu HUB exknouaem aHanuzamopsl MOIOKA, WIHO3bI-Npeodpazosameit, 00NauHyio niampopmy, MoouibHvle
yempoticmea. B obnaunoil niameopme apenoyemcs cepsep, Ha KOMopom pacnonodicenvl 6a3vl 3HAHUL U OGHHBIX, CNeYUATbHOE
110 (pewamens) no odpadbomke u NPUHAMUIO peuleHUll No Kayecmasy Monoka, catm gepm. B 6aze dannvix cepsepa obnaunoll
CMPYKMYpPbl XPAHAMCSA XAPAKMEPUCTUKU KA4ecmed MOIOKA, 6 6ase 3HaHull — npasuia ux oopabomku. Pewamens evidaem
OMKJIOHEHUs NO MEKVIYUM NOKA3AMENAM Kayecmed Moioka om cmanoapmos. Caiim cayxcum Ons CeA3u CReyuarucnos no
KOHMPOIIO Kauecmea Monokd. MOHUMopuHe Xapakmepucmuk Kawecmeda MOIOKA Peaiusyemcs ¢ MOOUNIbHbIX YCmpoucme cne-
YUAIUCmos, O0CmMynom K KOMROHEHMAam caumd.

B kauecmee cemu nepedauu unghopmayuu ¢ MonouHvIx ghepm 6 obaaunyio cpedy sviopara cemv 4-20 noxonenuss LTE ¢ uc-
noavzosanuem mexronocuu NB-IoT. ITposeden 0630p aHanu3amopos MOIOKA KAK OMeYeCmBeHHbIX, MAK U 3apyOenCHbIX KOM-
nanuil. [Ilpeocmasnen eapuanm peutenus no w3y 0Jid ONPoCd AHATU3AMOPO8 MOIOKA U nepeday Napamempos 6 0ONA4HYI0
ungpacmpykmypy. IIpedcmasnensvt obnauHwvie nonyiapHoie niamgopmvl 015 nocmpoerus cemu UB.

Knroueevie cnosa: mynvmuazenmuas mooeins, KOHMpons Moaoka, cmpykmypa cemu B, mexnonoeuss NB-IoT, obnaunvie
niameopmol.
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JKVK A. A., BYJIOHYHK B. M.

HEMPOCETEBOM METOA PELLUEHUA
HEAMHEUHOW 3AAAYU ONTUMAABHOIO
PACNPEAEAEHUAA HEOAHOPOAHOIO PECYPCA

Boennas axkademus Pecnyonruxu berapyco, Munck, Pecnybnuka berapyco

Jannas cmamos nocesujena 0coOEHHOCMAM pewenus 3a0auu YeiouucieHHO20 HeIUHEeNH020 NPOcPAMMUPOBAHISL,
€ NOMOWbIO Pa3pabomManHo20 HelpoCeneso20 Memood U al2opumma Heaunelnot onmumusayuu cpeocmea «Ilouck pewe-
Husy mabauunoeo npoyeccopa Microsoft Excel. B npeonacaemom netipocemesom memooe peutenue nocmagieHHol 3a0aiu
NPOU3BOOUMCSL ROCPEOCMEOM peKYppeHmHoul Hetponunou cemu (PHC) mampuunoti apxumexmypbl ¢ m HEUPOHAMU 8 KAJiC-
0oll cmpoKe u N HEeUPOHAMU 8 KadcOOM cmondye. Bce netiponsl makoii cemu coeounenvl Opye ¢ OpyeoM CeA3AMU, npuiem
CUCHAT C 8bIX00A HEUPOHA MOJCEM No0Asamvcsi Ha e2o Jce 6x00. Helipocemegoii memoo xapakmepu3zyemcs mem, 4mo Ha
6x00b1 ynomsanymou PHC nodaemcs 6x00HOU 6eKMOp 3HAUEHUL NAPAMEmMpos ONMUMUSUPYEMOL HENUHEUHOU Yeaegoll
Gynrkyuu 3a0auu pacnpedenenus He0OHOPOOHO20 Pecypcd, OCYUeCmEIAemc s pacuen 3HAYeHUI 8eCO8bIX KOI(DPuyuenmos
CBA3AHHBIX MedCcOy c000U Helponos u popmupyemcs cuenan PHC. Dmom cuenan nocpedcmeom Heaunenol QyHKyuu npe-
obpazyemcesi 8 OUCKPEmHblil 8bIXOOHOU CUSHAL, XAPAKMEPUIVIOWULL 3HAYCHUS K8AZUONMUMATILHO20 PeuleHUs. YNOMAHY MO
3a0ayu, seauduna komopozo uzmensemes om 0 0o 1. Oyenxa spgpexmusnocmu pewienus paccmampusaemoll 3a0a4u ul-
NONHANACH NPU ee PA3NUYHBIX 3HAUEHUAX NOKA3amens dPGekmusHocmu Ha 0CHOBe pazpabomantoll UMUMAYUOHHOU MOOe-
au PHC. B kauecmee nokazameneil 5¢pghekmugnocmu npumenenus npeoiazaemozo Helpocenesozo Memood ucnoib306d-
JUCH — CPEOHSsL OMHOCUMENbHAS OUWUOKA U 8PeMsl peuieHus 3a0ayu. 3a mounoe peuieHue NPUHUMAIOCh 3HAYeHUe, NOLYYeH-
HOe ¢ NOMOWbIO aneopumma Heaunelunou onmumuzayuu cpeocmea «llouck pewenusy mabauunoeo npoyeccopa Microsoft
Excel. Ananu3s nonyuennvix pe3yismamog IKCnepuMeHmaibHblX uCcie008aHull, NPeOdIoAICeHHO20 HeUpOCcemeso2o Memood,
NO360MUN COCNAMb 3AKIIOUEHUE O NMOM, YIO 8 CPAGHEHUU C CYUeCMBYIOWUM MeMOoOOM HETUHEUHOU ONMUMU3AYUU Madauy-
nozo npoyeccopa Microsoft Excel ucnonvzosanue npeonazaemoco netipocemesoeo memood no3gousem cyujecmeenno (8 9,4
pasa) chuzums epems pewenus zaoaqu pazmeprocmoio 10 X 8 (m X n) u npu smom obecneuums moyHOCMb ee peuietus He
menee yuem 99,8 %.

Knrouesvle cnosa: yenouuciennoe HeluHelHoe NpopamMmuposanie, KOMOUHAMOPHAS ONMUMUZAYUS, Helpocemesas Onmu-
Muzayus, KeasuonmuMaibHoe pacnpeoeieHue, Helpocemesoll Memoo, PeKyppeHmHds HeUpOHHAs cemb,
oyeHKa 3¢hexmusnocmu.

BBeaeHue

Ha HOPAKTUKEC YAaCTO BCTPCYANOTCA 3ada4du,
OCJIBIO KOTOPBIX SBJISICTCA IIOMCK OITHUMAaJlb-

Mx, =1i=1,2,..,m,
= ()

HOTO BapHaHTa pacOpeAciCHUs] HEKOTOPOro
pecypca. IlpumMepammu Takux 3aaad SBJISIOT-
cs: pacmpeneneHue orHeBbIx cpenctB [IBO mo
CpelcTBaM BO3IYITHOTO HAMaICHUS ITPOTUBHU-
Ka TP MaKCHUMH3aIlM{ YHCIia YHUYTOKEHHBIX
[eyieil B HayeTe; paclpeielieHre HEOTHOPOI-
HBIX CUJ IO paloHaMm AEUCTBHH Il MaKCH-
MH3aIHU TIOJIHOW BEPOSITHOCTH OOHApYKCHUS
uenu U T.4. [Ipu atom neneast Gpynkuus U(x)
U CHCTEMa OTPAaHUYCHHI TaKuX 3a4ad UMEIOT
ClIeNyIOIUNA BUL
n

U(x):icj 1—H(1—pijxi/.) —>max (1)
i=1

J=l

X; e{O, 1}, i=12,....m, j=12,...,n,

rae m, n — KOHCTAHTBI, MPEIONpeIeIIsIoNe
pPa3sMepHOCTH 3a7a49H (CIIOKHOCTH);
¢; — KOHCTaHTa, ONpEJCNSIonas BaKHOCTh

J-TO I{/Ieponpmmﬂ;

p;j — 3HadeHue mokasarens O(QeKTHB-
HOCTH i{-TO CpEICTBAa TPHU BBITOJHEHUH j-TO
MEPOTPUSATHS;

X;; — HapameTp, NPUHUMAIOLIMH 3HaYeHue 1,
€ClM i-€ CPEJICTBO HAa3HAuyaeTcs /JIs BBINOJIHE-
HUS j-ro Meporpustys, u 0, eciu i-e CpescTBO He
Ha3HayaeTcsl.

dopmanuzanus 3aJadyd B BHUIE LIEJIEBOU
¢yakmun (1) w cuctemsr (2) mpencTaBiseT
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co0OH 3amady UENOYHCICHHOTO HEIMHEHHOTO
MIPOTPaMMHUPOBAHUS.

Juist penienust Mogo0HBIX 3a/1a4 BOOOIIE U 3a-
Jladul paclpeiesieHus B YaCTHOCTU HUCHOJIb3YHOT-
CSl pa3IMYHbBIE TOYHBIE W MPUOIIKEHHBIE METO/IBI
KOMOMHATOPHOW onTUMHU3anuu. B OompImmHCTBE
CIIy4yaeB, METOJIOM, T'apaHTUPYIOLIUM HAXOXKE-
HUE ONTHUMAJIBLHOTO PEIICHHUS, SIBISETCS MOIHBIN
repebop BceX BO3MOXHBIX BapHaHTOB. OHAKO
MHOXXECTBO BapHAHTOB JOMYCTHUMBIX PEIICHHI
TaKUX 3a/1a4 OBICTPO PACTET C YBEIMYECHHEM pa3-
MEPHOCTH BXOJHBIX JIAHHBIX, UTO JIeJacT Ha TpaK-
TUKE HEMPUEMIICMBIM HCIIOJIb30BAHIE METOJa
TIOJTHOTO TIepebopa.

Tem He MeHee, BO MHOTHX 00IacTsAX JIesATeNb-
HOCTH, 1 OCOOCHHO B BOSHHOH, 4YaCTO HEOOXO/IH-
MO ONEpaTUBHO pelaTh 3aJadyd paccMaTpHuBac-
Moro kjiacca. [Ipu 3ToM mpuOImKEeHHOE pelie-
HUE 3aJa4d, MOJIYYCHHOE B MPUEMIIEMOE BpEMs,
OoJiee IIEHHO, YeM TOYHOE pellieHHe, HalJICHHOE
yepe3 HeJONMyCTUMbIA MHTEpBan BpeMeHu. [laH-
HOE 00CTOSTENIbCTBO U CTUMYJIMPOBAJIO PA3BUTHE

pa3IMUYHBIX MPUOIMKSHHBIX METOJOB PEIICHUS
KOMOWHATOPHO-ONTUMHU3AINMOHHBIX 3a/1a4, CPEIu
KOTOPBIX HAUOOJBIINN UHTEPEC (C TOUKH 3PEHUS
paccMmaTpuBaeMoO 3a1aui) MPEACTABIISAIOT HEHPO-
CETEBbIC METOABI.

TeopeTHueckue acnekrbl
MCNOAb30BaHUA HEMPOCETEBOro MeToAa
Ha OCHOBE PeKYPPEHTHOW HEMPOHHOM ceTU
MaTPUUYHOW apXUTEKTYPbI

B pamxax BoeHHO-Hay4HOH mmKonbl «Co-
BPEMEHHbIE METOJAbl W CpEJICTBA MareMaru-
YECKOT0 MOJICJIUPOBAaHUSA BOEHHBIX JIEUCTBUI
U BOCHHO-TEXHHYECKHUX CHCTEM» U1 PEIICHUS
KOMOMHATOPHO-ONTUMHU3ALMOHHBIX 33734  ObLI
pas3paboTaH HelpoceTeBOil METOA Ha OCHOBE pe-
KyppeHTHo# HelponHo#t cetn (PHC) marpuunoit
apxutekTypsl [1-3]. Jlnsg paccmarpuBaeMoro Me-
ToAa Hanbosiee OMU3KUM IO peau3aluy sSBJseT-
Csl METOJ] Ha OCHOBE HEHpPOHHOH ceTn Xomnduaa
[4]. OcHOBHBIC OTIWYHS TAHHBIX CETEH MpeACTaB-
JIeHbl B Tabaune 1.

Tabnunma 1. OTan4yuTeSbHbIE 0COOEHHOCTH HEHPOHHBIX ceTeil

Heiiponnas cets Xondunaa

PexyppenrtHas HelipoHHasI C€Tb MaTPUUHON apXUTEKTYPBbI

Curnai Ha BXO/JIbI HeﬁpOHOB C UX BBIXO/JIOB HE IMOAACTCS

Ha BX0z1p1 HEHPOHOB MO/IAETCS CUTHAJI C UX BBIXOJIOB

Pa3mepHOCTB ceTu Ui pelaeMoi 3a1a4u onpenensiercs
CUMMETPUYHON MaTpULEd n X n

Pa3mepHOCTB ceTu Ui pelaeMon 3a1a4u onpenensiercs
MaTpuueil m X n

[Tpu HavyabHOI MHUIMANN3ALUH BECOBBIX KO QUIIMEHTOB
HEHPOHOB BXOJHOM CUrHalI OpeesieTcs 3HaYeHueM
BEKTOpa IapaMeTpoB IeJeBor (GyHKIMU penraeMoi 3a1a4un

[Ipu HauanbHON MHULMANIM3ALIMN HA BXO/IbI HEHPOHOB
[OJJAIOTCSI IOTOJIHUTEIIbHBIC TApaMeTPhl, XapaKTepU3yoIine
OrpaHHYEHUsI pelaeMoi 3a1a4u

Vkazannele B Tabmume 1 ocobOeHHOCTH
TO3BOJISIOT:

— Ha ocHoBe ceTH Xomn¢uiga pemars 3a1a-
Yl KOMOWHATOPHON ONTHMH3AIMU TOJIBKO C yde-
TOM OTpaHMYEHUM, HaKIAJbIBAEMBIX Ha caMmy
LIEJICBYI0 (PYHKIIUIO C CUMMETPUYHON MaTpuilei
3¢ (EeKTUBHOCTH;

— Ha ocHoBe Marpuunoit PHC mpwu permre-
HUHW 3371a9d KOMOWHATOPHOW ONTHUMH3AINH J0-
MTOJTHUTENFHO YYHTHIBATH OTPAaHWUYEHHUS B BHIIE
CHUCTEMbI JIMHEHHBIX YPaBHEHUM.

Jnst pemieHus 3aa4yM, YYMTBIBAIOIIYIO (op-
manuzanuio (1) u (2) npeanaraercs apXuTeKTypa
matpuunoit PHC (puc. 1), kotopas siBisieTcs pas-
HoBHaHOCTRIO PHC, onucannoii B [3].

Pemmenne 3amaun ¢ MOMOIIbIO JAHHOW CETH
OCHOBAaHO Ha YCTAHOBJIEHUW COOTBETCTBHUS MEX-
oy Gyaknuedr E(w) BBIUYUCIHTENHSHON SHEPTHH
PHC u nenesoit pynxiueii (1). Beipazus BecoBbie

ko3¢ durmentsl W HeliponoB PHC gepe3 mapame-
TPBI X pelraeMoil 3a/1adu, UMEEeTCsl BO3MOXKHOCTh
3a BpeMs IEepPEXOJHBIX MPOIECCOB B CETH HAWTH
KBa3UOINTUMAIILHOE PEILICHUE.

IIpumep nmepexona neiiponoB PHC B ycroii-
YHBOE COCTOSIHHE TIPECTABIIEH Ha pUC. 2.

Ha puc. 2 npexacrasnens! 1Ba (pparMenTta oj-
HOM 0071aCTH (IBYMEPHBIN MacCUB) OTICPATUBHOM
mamsita (OI1) TI9BM mipu oTiagke WMHUTAITHOH-
Hou monenu PHC B cpene mporpamMmMupoBaHUs
Borland C++ Builder. 3necpk coctosiHust Helipo-
HoB PHC o6o3nauens! 1 unu 0. Ilepsorii ¢par-
meHT OII (puc. 2a) geMOHCTpPHpPYET COCTOSHUE
uetriponoB PHC B Hauane mepexogHOTro mporec-
ca. Yepes k urepamit PHC npuxoaur B ycToii-
yiBoe cocrosiaue (puc. 20). [Ipu 3ToM nosyueH-
HBIE 3HAYCHHUS BBIXOJIOB );; aKTUBHBIX HEHPOHOB
(puc. 1) oOpa3yioT UCKOMBIA PE3yIbTaT IEICBOM
¢dbysxmn (1).
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Puc. 1. PexyppenTHas HeHpoHHAs CETh MAaTPUYHON apXUTEKTYPHI

{11.1.111.1,111.1,1.1.1,1,01,1,0,1,1.0.1,1,1,1} {0,0,0,0,0,0,1,0,0.0.0.0.0,0,0,0,0,0,0,0,0,0,0,0,0,0}
111.11111111.11.1.1.1.1.1.1,1.1.1,1,1,1.1) {0,0,0,0,1.,0,0,0.0,0,0.0,0,0,0,0,0.0,0,0,0,0.0,0,0.0}
M1111111111111.1.1.1.1.1.1.1.01.1.1.1.1) {0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0.0,0,0,0,0,0}
1111111111111.011.1.1.1.1.1,1.1,1.1.1% {0,0,0,0.0.0.0,0,0,0.0.0.0,0,1,0.0.0.0,0,0,0,0,0.0.0}
A1 11111111111.1.1.1.11.1.1.0.738 {0,0,1,0.0.0.0,0,0,0.0.0.0,0,0,0.0.0.0,0,0,0,0,0.0.0}
11111111011111111.1.1.1.11.1.1.1.78 {1,000.0.0.0,0,0,00.0.0,0,0,0.00.0,0,0,0,0,0.0,0}
1111111.111.11.1.1.1.01.1.1.1.1.1. 1111 [ ,0,0.0.0,0.1,0,0,0,0,0.0,0,0.0,0,0,0,0,0,0,0,0}
0 T T T yepes k uTeparuii -0.0.0.0000000,0,0,0,000.1,00000,0,0,0,0,0,0%
0111111111111 0,0.0,0,0.0,0,0,0,0,0,0,0,0.0.1.0,0,0,0,0,0,0,0}
1.1.1.1.1.1.1.1.1.1.1.1.1.101.1.1.1.1.0.1.1.0.1.1.1) {0,0,0.1.0.0,0.0.0,0.0.0,0.0.0,0,0,0,0,0,0,0.0,0.0,0}
fA11111111113111111.1.030.3.1.1.78 10,0.0,0,0,0.0.0.0,0,0,0,0.0,0,0,0,0,0.0.0,0,0,0,1,0}
11.1.1.1.11.1.1.1.1.1.101.1.1.1.1.1.1.1.1.1.1.0.1} {0,0,0,0,0,0,1.0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}
1.111111111111.1.1.1.1.1,1,1,1,01,1,1,1} {0,0,0,0.0,0,0.0.0.0.0.0.0,0,0,0,0.0,0,0,0,0,1,0,0.0}
a) 6)

Puc. 2. Cocrosnue neiiponos npu nepexone PHC B ycToiiunBoe cocTosiHue: @) Ha epBOM Liare; 6) Ha k-M miare

OyHKIMS SHEPTUU CETH, MUHUMHU3AIIUsl KOTOPOi COOTBETCTBYET 1IEIeBOM (DYHKIIMH peIraeMoil 3a-

Jadqu, UMECT BUJ

Eow)=Y. i{vlim,j LR R AT

ux=1ui=1 i=l j=1

TI€ Yy, Y2, Y3 — MOJOXKHUTEIbHBIE BEIMYUHBI,
orpenesieMble IMIUPUIECKH (TIOPSIIOK HUCIIOIb-
30BaHMs JIAHHBIX BEJIMYMH MOJPOOHO PacCcCMOTpEH
B [4, 5]);

W;; — 3HAYCHMS CHHANITHICCKUX CBsI3eil Helipo-
HOB CETH.

B 3TOM BbIpaxkeHHUM NEPBOE cilaraeMoe Tpe-
Oyer He OoJyiee OHOM €AMHUIBI B KaXKI0M CTPOKe
MaTPHIIBI, YTO COOTBETCTBYET OTPaHUUYCHUIO (2).
Bropoe cmaraemoe ynoBieTBOpsieT TpeOOBAaHHUIO
HaJW4YUsl POBHO M €IUHHII CPEJCTB HAa3HAYCHUS

—m)+Y3iCj {l_ﬁ(l_pux,uiwi,j):l}_)min’ (3)
i=1 Jj=1

B MaTpulle pacnpeieiieHus. Tperbe ciaraeMoe
cooTBercTByeT IeneBod ¢(ynkumu (1) 3amaun.
[Tpu 5TOM BTOpOE M TpEThE cllaraeMbie TPeOYIOT
HaJIN4Msl OOpaTHOMU CBSI3M «caM Ha cels.

Hepe}laTO‘IHLIe 3HAYCHUS CHHAIITHYCCKHUX
CBA3CH W; ONpPENCIAIOTCS B  COOTBETCTBUM
C BBIPpAXKCHUCM

k
1+ tanh Vi
k Uy

W.. =,

; . )
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rae y,-jk — 3HAYEHHE COCTOSHHS HEUPOHOB CETH
Ha k-1l uTepauu;

1y — KO GUIHUEHT, MPHHUMAOIIIA 3HAYCHUSI
B nuarazone (0...1] n BAMSIOMUNA HA CKOPOCTH
nepexoma PHC B ycTolumBOE COCTOSIHHE M TOY-
HOCTbH pEIIeHUs.

B stom ciyuae gopmupyemsiii PHC curnan
MOCPENICTBOM HENMHEHHOW (DyHKUMHU mpeodpasy-
€TCsl B AMCKPETHBIN BBIXOJHON CHTHAJ, BEIHYNHA
kotoporo usmensiercst ot 0 1o 1 (puc. 2).

AJNTOPUTM HEWPOCETEBOTO METO/A PELICHUS
paccMarprBaeMoi 3a/1aud Ha OCHOBE Ipejjiarae-
moit PHC (puc. 1) Bkirodaet B ce0sl CICTYIOIIYIO
[IOCJIEI0BATENIbHOCTD JCHCTBUI:

1. TlepBonauanbHbie coctostHus (kK = 0) Bcex
HEHPOHOB CETH yijk MIPOMHUINAIN3NPOBAThH 3HAYE-
HUAMHU KOO PULIEHTOB p;; neneBoii pyHkuuu (1).
[Ipu 3ToM HEOOXOAMMO 3HAYCHUSI KOAPPHUIIHCH-
TOB p;;, JIEKAILME B IPOHM3BOJIBHOM [MAla3oHe
peoOpasoBarh K jauanazony [0+ 1].

2. 3HaveHHS] CHHONTUYCCKUX CBSI3EU wijk
(pm k = 0) Bcex HEHPOHOB CETH YCTAHOBUTH PaB-
HBIMM 3HAYCHHSIM BEIMYMHBI 0, BbIYHCISIEMON
COTJIaCHO BBIPAKEHHUIO

1, mipu p; 20,7

0% =20, mpmu p; <0,2; (5)

y
p;;» MHaYe.

3. BeimomHUTh MOIU(DUKAIINIO BRIXOIHBIX 3HA-
YeHUH TepeaaTodHor (GpyHKIMH IS BCEX HeHpo-
HOB CETH B COOTBETCTBUH C BRIpAKCHHUEM (4), B KO-
TOPOM 3HAYCHUS yl-jk OTIpEIeISAIOTCS 110 (popMmyIte

m n
Yy =22y iy, ©)

i=1 j=I
e A — ko3dduimeHT, XapakTepusyrIui
mar W3MeHeHus sHepretuueckoit dynkuu (3),
YTO BJIMSET HA CKOPOCTH CXOJMMOCTH UTEPAIIUOH-
HOT'O NPOLECCa U3MEHEHUSI COCTOSIHUI HEUPOHOB
1, COOTBETCTBEHHO, HA TOYHOCTh M BPEMs OIpe-
JIEJIEHUS TIOKAITFHOTO (TJI00aTBHOTO) SKCTPEMyMa;
dyij" — 3HaYeHWE W3MEHEHUS COCTOSIHHUS HeM-
POHOB CeTH Ha k-ii UTEpaIiH, OIPEILIIIEMOE CO-

IJIACHO BBIPKEHUIO

dy; = Z,Z:,(—yfj‘l +ete,t+e), (1)
i=1 j=

TJC €], €;, €3 —3HAYCHUS, OTIPEICIISIONINE TPe-
OOBaHMsI TIPH MHHUMH3AIAN (QYHKITUH SHEPTUH
cetu (3).

3nech
D W=D |5 j=1n ®)

BbIpakeHre (8) y4HWThIBaeT TpeOOBaHHE HE
0oJee OHOTO CPE/ICTBA HA3HAYCHIS;

&= 3 W -m )

=1 j=1
BeIpaxkeHre (9) yaoBIeTBOpSET TPeOOBAHHIO
POBHO 71 €IUHUI] B MaTPUILIE;

m

n
_ k-1 .
¢ =73 ch/’pi/’wij )

i=1 j=1

(10)

BoIpakeHrne (10) MakcCHMH3HPYET NENEeBYIO
¢ynkmmio (1);

4. TIlpoBepka COCTOSIHHMSI HEHPOHOB CETH:
€CIM COCTOSIHME HEMPOHOB CETH HE MEHSETCS
M HaXOAWUTCS B 00JAaCTH AOMYCTHMBIX PELICHUH,
TO utepanuoHHblil npouecc B PHC 3aBepiiaercs,
MHade Mepexoj K Imary 3.

3aBUCHMOCTh (PYHKIIMU DHEPTrUU ceTu £ oT
BECOBBIX KOA((PHUIIMEHTOB HEMPOHOB W TIpena-
raeMoro MeTosia HOCUT HEMOHOTOHHBIH Xapak-
Tep. OTO OOBSICHSIETCS HAJIMYHUEM MHOMKECTBA
JIOKAJIbHBIX MHHUMYMOB (YHKLUUH SHEPruu
cetu. M3-3a HanMuusg MHOTHMX JIOKaJIbHBIX DKC-
TPEMYMOB U C yBEJIMUEHUEM CIIO)KHOCTHU 3aJa4u
PHC ne Bcerna mpuxoauT B yCTOWYHUBOE COCTO-
STHUE, 1 CTAHOBUTHCS HE BO3MOXHBIM, TIOJIYYUTh
perieHre 3a KOHEYHOE 4ucio urepanui. s
YIyYIIEHUsI CXOAUMOCTH PEIIeHUs], B aJTOPUT-
M€ IpeIIaraéMoro HEWpOoCEeTeBOro MeToja Ha
3aBepLIAIOIINX HUTEPALUSIX JONOJIHUTEIBHO BbI-
MOJIHSIETCSI pacyeT, IpHU KOTOPOM B aKTHUBHOE
cocrosuue (y; = 1) ycraHaBanBaeTcs HEHPOH
¢ HanOOJIBIIMM BBIXOJHBIM 3HAYEHUEM B CTPOKE,
a OCTaJIbHbIE HEHPOHBI JIeNat0TCs HEAKTUBHBIMU

vy = 0).

YcaoBUA npoBepAeHUA
3KCNepUMEeHTaAbHbIX UCCAEAOBaAHUMN

Jns uccienoBaHus HEWPOCETEBOr0 MeETOna
pelIeHusl paccMaTpuBaeMol 3a1a4n Oblia pa3pa-
0oTaHa M peajn30BaHa B cpelle MPOrpaMMHUPOBa-
uus Borland C++ Builder umuranmonsas Moein
PHC (puc. 3).

B kauectBe mpumepa npumenenuss PHC pac-
CMaTPHUBAJIOCh DEIICHUE CICAYIOIICH 3aIadm.
Mmeercst BoceMb paifioHOB Toncka (n = 8), B of1-
HOM W3 KOTOPBIX HAXOAWTCS IeNb. AmpuopHas

BEPOATHOCTH HAXOKICHHSA LEIH C; B KAKIOM j-M
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paiioHe paBHa eaMHHULE (¢; = ¢, = ...= cg = ).
TpeOyercst pacnpenenuTh IecsATh PazHOPOIHBIX
nouckoBbIX enuuaui (m = 10) mo paiioHam Tak,
9TOOBI TIOJTHAST BEPOSTHOCTH OOHAPY)KCHUS IICITH
Oplma MakcuMasbHOW. [lpm 3TOM Kakmas wu3

MOMCKOBBIX EMHUIL JIOJDKHA 0053aTe/IbHO HA3HA-
YaThCsl Ha KaKOM-1100 U3 pailOHOB IMOUCKA.

BepositHocT  o0HapykeHns uenn p; pas-
JIMYHBIMH ITOMCKOBBIMH €ANMHUIIAMHU B KAaXXI0M U3
paloHOB 3a/1aHbI MaTpuliei (puc. 4).

5 Time: 0 mnn 0 ¢ 219 me |_|:| (- |
&
TouHOCTE .
700 - W w3 paiina 7,09040021396362
r— -
[~ wWTa
B
[0 KA I
: % R R
- 0
C i e
700 =
@ Jqpececccssscssosssssesconoses
it ) %
Sanava: : o
] n @ T
=3¢, 1-T] - pyxy) | maz
iml g=1
1 J2 [3a[s 5 [6[r [a]
1 o o 1 o o o0
2 Jo o oo o1 oo
3 (01 0 0 o 000 2000 4
4 01 oo oo oo 1800 4
5 Jo o o o oo ol £ 1 600
6 0o 0o 1 00 0 = 1 400 ]
7 lo o oo oo 1 o 1004
B |1 0 0o 0o o0 0o £ om0
3 Jo 0o 1 o o o0 o o -
Moo o o 1 o 0 0 o e |
2 i
200 4 ;
1] t
1
Kon-go ano: ofyyeHna PHC
[~ boost Save

Puc. 3. Unrepdeiic mporpammuoit peanuzanuu PHC MaTpu4HOi apXUTEKTYPBI

A B © D E F G H | J

1 1 2 3 4 5 B 7 8

2 1 0,58 0,12 052 0,86 0,18 0,78 0,03 054

3 2 0,73 0,03 045 007 0,54 0,07 052 027

4 3 0,63 047 0,05 074 0,86 0,02 055 0,18

5 4 0,16 058 053 0,71 051 0,13 0,88 027

B 5 0,79 0,12 057 0,03 0,54 0,96 0,05 0,09

7 B 0,78 0 057 09 057 0,15 048 052

8 7 0,50 0,70 042 0,24 0,08 0,16 0,26 054

9 8 0,40 0,76 0,05 0,13 051 0,89 0,76 051

108 0,64 077 0,00 051 0,74 0,30 078 0,54

11 10 0,55 033 0,56 048 057 0,09 057 0,28

12

13 1 2 3 4 5 B 7 g

14 1 0 0 1 0 0 0 0 0 1
12 g é Monck p ﬁ] _1
17 4 0| ¥eranoenTe wenesyro Aeiky: 1]
18 5 0]| PasHoii: : |0 1
I e . EBHOH: (@) MAKCHMANEHOMY SHAUEHHHD SHAUEHHHD =
a0 7 il ) MMHMMANEHOMY SHAHEHHD 1
2 3 ol Mameran auedica: Z
2 — TS il
z ) fr— u
258 $E$14:41$23 = ABoH4HDE
2 1514167423 = 1

7

:

2

30

Puc. 4. VicxonHbIe JaHHBIC U OTPAHUYEHUS JUISl TIOUCKA PELICHH S 3a1a4i KOMOMHATOPHONH ONTHMH3aLUH
C TIOMOIIBI0 TaOIMYHOTO mpoueccopa Microsoft Excel
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Ha pucynke 4, B tnanasone siueex [B5,, Cs, ...,
1;;] Tabmuuer Microsoft Excel, 3ammcanbl 3Ha-
YCHHUSl YCIIOBHOW BEPOSTHOCTH OOHApYKEHUSI
LI pj; i-O0ll TIOMCKOBOW eIMHUIIEH B j-M paifo-
He. B okHe «llomck pemeHus» TaOIHMYHOTO TIPO-
neccopa Microsoft Excel (puc. 4) npencraBneHst
MakcuMmusupyemas 1enesast Gpynkius (1) u orpa-
HU4eHus (2) 3a1a4u.

OueHka 3P PEeKTUBHOCTU NPUMEHEHUA
HeMpoceTeBOro MeToAa B 3apaue
paLUOHAABHOIO pacnpeAeneHUn

pPa3HOPOAHbIX MOUCKOBbIX €AUHULL

Ornenka 3G GEKTUBHOCTH pEIICHUS 3a1a9H
IpeaaraeMbIM HEHPOCETEBBIM METOIOM BBIIOJI-
HSUTaCh TP PA3IMYHBIX HCXOIHBIX TAHHBIX YCIIOB-
HOIi BeposATHOCTH 00HapyxeHnus p; (p; € [0 = 1]),
a CIOXKHOCTh 33/1aud ONpeAessuiach Pa3MepoM
10 x 8 (m x n). Ilpu arom napamerpsl PHC, coot-
BETCTBYIOIIME PA3MEPHOCTH (CIOKHOCTH) 3a1a9H
3aJ1aBaJIMCh B COOTBETCTBUM C TaONMUIEH 2.

B xauectBe nmokazareneit 3¢ (peKTUBHOCTH TIPH-
Menenus: PHC ncnonp30Bamich: cpeaHsst OTHOCH-
TenbHas OIMOKa A U BpeMsl peLIeHHs 3a/a4H .

[Toxazarens 3dhdexkrnBHocTr A PHC BBIUMC-
JISIeTCSL COITIACHO BBIPAKECHUIO

A UG)-U,)

(x)

-100 %, (11)

t

Tabnuma 2.
IlapameTpbl peKyppeHTHOIi HelipoHHOI1 ceTn

KonmaecTBo HEHpOHOB ceTH, MIT. 80
DyHKIMA aKTUBAIIMU HEHPOHOB I'unepranrenc
3HaueHue KodpGuIreHTa GyHKIIN 0.02
aKTHBALX HEHPOHOB 1, [4] ’
3HaueHus K03 PHUINEHTa CKOPOCTH

WU3MEHEHUS COCTOSIHUS CETH U TOYHOCTH 1 x10-7
BEIYHCIICHHH CeTH A

3HaueHus: KOdQPUIIMSHTOB OrpaHUUCHHIT 700

Y1 —7v3 GyHKIMN 3HEprun cetu E, ¥; =V, =Y3

rme U (;) — pacdyeTHOE 3HAYEHUE LEeJIeBOU
¢yuku (1) oT BekTopa mapameTpoB ¢ TOMOIIBIO
PHC;

U, (x) — TO4HOE (ONTHMANBbHOE) 3HAYCHUE
neneBoit GyHkiuu (1) momyuyeHHOE OT BEKTO-
pa rmapaMmeTpoB x.

3a TOYHOE pelIeHne TPUHUMAIOCh 3HAYCHHUE,
MOJIy4YE€HHOE C TIOMOILBIO aIrOpUTMa HETMHEHHON
ontumMm3anuu cpeacrtsa «llouck pemenus» Ta-
omuunoro mporeccopa Microsoft Excel (puc. 4).

Pesynbrarel IpUMEHEHHSI PaccMaTPUBACMbIX
METOMOB 11 14 TepBBIX peaau3anuil CIIydaitHo
CTCHEPUPOBAHHBIX 3HAYCHUIH MATPUI] YCIOBHBIX
BEPOATHOCTEH OOHAPYKEHUS p;; MPEICTABIEHBI
B TaoOm. 3.

AHanu3 TabnuIbl 3 TTOKa3bIBALT, YTO CPEIHES
BpeMsl pPELCHHUs 3aa4u JUIl HEHPOCETEBOrO Me-
Toja cocTaBmiio 245 Mmc, a 11 cpeactsa «llouck

Ta6numna 3. Pe3yabrarsl pemieHusi 3a1a4u HeJIMHEHHOIH ONTHMHU3aNUU

Metozpl pereHus
AnropuT™ HenMHENHHON onTuMm3anuu cpezacTaa «Ilouck HeitpocereBoii meTox Ha ocHoBe PHC marpuunoit
Ne penrenus» TabmdHOro nporeccopa Microsoft Excel APXUTEKTYPBI
peanu-
3a1UK ITokazarenn 3bHEKTHBHOCTH PELICHNUS 3a/[a4n
Bpewms pemenns 3agaun | MakcumanbHoe 3HaueHHe | Bpewms pemenus 3agaun | MakcuMalbHOE 3HAUYCHHE
t, Mc neneBoit pynkuun U (x) t, Mc nenesoit pyuxuun U(x)

1 1150 7,1 204 7,13

2 1150 7,4 641 7,33

3 2300 6,8 78 7,01

4 2300 7,16 125 7,11

5 2300 7,35 125 7,31

6 2300 7,55 125 7,44

7 2300 7,1 156 7

8 2300 7,1 641 6,98

9 2300 6,96 187 7,11

10 3600 7,09 219 7,06

11 2300 7,04 157 7,01

12 2300 7,33 250 7,23

13 2300 7,15 125 7,1

14 3400 7,19 406 7,29
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pelieHus» TabIU4YHOTO Mpoleccopa Microsoft
Excel — 2307 mc. CpenHee 3HaYCHHE LIEICBOM
¢ynkmmu (1) mns wHeilipocereBoro merona — 7,16,
JUIS. METOJla HEJIMHEWHOW ONTUMHU3ALUU TPHUIIO-
skenust Microsoft Excel —7,17.

3aknroueHue

Takum oOpa3om, pemieHHe 3a4add  ILeJo-
YHUCJIEHHOTO HEJIMHEWHOro NpOrpaMMHUPOBAaHUS
HellpoceTeBbIM METOAOM JaeT Oosiee ObICTpoOe
pemenue. Ero ucronp3oBaHue s 3ajaddl pas-
MepHOCTHIO 10 X 8 MO3BONIMIIO YMEHBIIUTH BPeMsI
pemenus B 9,4 pa3za u 00eCIEUNTh TOYHOCTH HE
meHee 9eM 99,8 % (¢ OTHOCHTENbHOW OMMOKOH
He Oonee 0,2 %). IIpu 3ToM, MakcUMasbHas IpakK-
THYECKH BO3MOXHAs OMMOKa &, NOMyLIeHHAas
¢ JoBepuTenbHOM BeposiTHOCThIO 0,9 mpu ompe-
JeNICHUN CpeAHed OIMOKU pelIeHus, COCTaBhIIa
7,7%. Kax moka3pIBaroT pacueTsl, Al yMEHbIIIe-
HUS MAaKCUMAaJbHON MPAaKTUYECKON JIOMyUIEHHOMN
OIIUOKHU Pe3ybTaToB HccienoBanus 10 5% tpe-
OyeTcs 4YMCIIO TIPUMEPOB (peanu3anuii) yBelu-
YUTbh, KAK MUHUMYM B 2,5 pa3za.

CpaBHMBasl TONy4YEHHbIE pe3yabTaThl C pe-
3yAbTaTaMM, MPUBEIECHHBIMU B [3], MOXHO cle-
JaTh BBIBOJ, YTO MHCIOJNB30BaHUE IpearaeMon
PHC wmaTpuyHO# apXMTEKTYpbl OIMHAKOBO 3(-
(DeKTUBHO, KaK NPH PEIICHUH 3a7ad [eJIOurCIeH-
HOTO JIMHEHHOTO MpOorpaMMHUpOBaHHs (KOMOWHA-
TOPHOM ONTHUMM3ALMUH), TaK U IEIOYHCICHHOTO
HEJIMHEHHOIO  MPOrpaMMHUpOBAHUSA.  AJTOPUTM

paccMaTpUBaeMOro HelpoceTeBoro Meroja cia-
00 3aBHCUT OT HEJIMHEWHOCTH ILIEJIEBOM (YHKIUH
1 (DYHKIIUI CHCTeMbI OrpaHnYeHuil. 910 00ycIoB-
JICHO JHMCKPEeTHOW (OPMON BBIXOAHOTO CHUTHANA
HEHWPOHOB, TOJYy4YaeMOM MOCPEACTBOM HEJIUHEH-
HOM (yHKLUMM HMX aKTHBaUMHU. B Toxe Bpems, cy-
IIECTBYIOLINE METO/Bl PEUIeHHs 3a1ad LET0YHC-
JICHHOH HENMWHEWHOH onTuMH3anuu o0nagaroT
Oonee 3HAYMTENBHOW BBIYMCIUTEILHON CIOKHO-
CTBIO Iepe] 3aJjauaMi LEJOYUCICHHON JTUHEUHON
ontuMM3aluy. Tak, B cpaBHUBAEMbIX pe3ysbTaTax,
¢ TpeOyeMoii ISt IPAKTHKH TOYHOCTHIO, HCIIOB30-
Banre PHC mo3Bonmizo cCokpaTuTh BpeMst peteHus
B 9,4 pasza — mis 3a7a9M HeJTMHEHHOW KOMOMHATOP-
HOHM ONTHMM3AIINN CO CIOKHOCTBIO 10 x 8, a mis
3aa4y JTHHEHHON KOMOWHATOPHON ONTHMHU3AINH
B 11 pa3, HO yxke As cioKHOCTH 25 % 36.

Crnenyer Takke OTMETUTb, 4TO AnHamMuka PHC
COCTOUT B MHOTOKPAaTHOM IIMKJIMYECKOM Iepecye-
TE MaTpHIBl BECOBBIX KOI(DPHUIUCHTOB M 3a]aH-
HBIX OTPAaHMYEHUH CeTH, MIPHU KOTOPOM K KaKIOMY
SNIEMEHTY MATPHIBl TMPUMEHSETCS OAWHAKOBBIN
Habop mpouenyp. Bee 310 1aet BO3MOXKHOCTB pea-
JM3alyd Tapajyien3Ma U YCKOPECHUsI BEIYUCICHUI
PHC npu obpabotke manupix Ha [[9BM. Hampu-
Mep, TaKUe BBIUMCICHHS MOTYT OBITh pacrapasuie-
JIeHBl Ha rpauIecKkoM MPOLECccope ¢ MPUMEHEHH-
em texHoioruu CUDA [6]. Ilo mpeaBaputensHOi
OLIEHKE 3TO TO3BOJIUT JIOTIOJHUTENIFHO COKPAaTHUTh
BpeMs perrenus 3anaqn ot 10 1o 30 pas.
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ZHUK A. A., BULOICHYK V. M.

NEURAL NETWORK METHOD OF THE DECISION
OF THE NONLINEAR PROBLEM OF OPTIMUM DISTRIBUTION
OF THE NON-UNIFORM RESOURCE

Military academy Republic of Belarus

Given article is devoted features of the decision of a problem of integer nonlinear programming, by means of developed
neural network method and algorithm of nonlinear optimization of means «decision Searchy tabular processor Microsoft Ex-
cel. In offered neural network method the task in view decision is made by means of a recurrent neural network (RNN) matrix
architecture with m neurons in each line and n neurons in each column. All neurons such network are connected with each
other by communications, and the signal from an exit neuron can move on its input. Neural network method is characterized
by that on inputs mentioned RNN the entrance vector of values of parameters of optimized nonlinear criterion function of
a problem of distribution of a non-uniform resource moves, calculation of values of weight factors connected among them-
selves neurons is carried out and signal RNN is formed. This signal by means of nonlinear function will be transformed to the
discrete target signal characterizing values quasi-optimal of the decision of the mentioned problem which size changes from 0
to 1. The estimation of efficiency of the decision of a considered problem was carried out at its various values of an indicator
of efficiency on the basis of developed imitating model RNN. As indicators of efficiency of application offered neural network
method were used — an average relative error and time of the decision of a problem. The value received by means of algorithm
of nonlinear optimization of means was accepted to the exact decision «decision Searchy tabular processor Microsoft Excel.
The analysis of the received results of the experimental researches, offered neural network method, has allowed to make the
conclusion that in comparison with an existing method of nonlinear optimization of tabular processor Microsoft Excel use of-
fered neural network method allows essentially (in 9,4 times) to lower time of the decision of a problem dimension 10 x 8 (m *
n) and thus to provide accuracy of its decision not less than 99,8 %.

Keywords: integer nonlinear programming, combinatory optimization, neural network optimization, quasi-optimal
distribution, neural network method, a recurrent neural network, efficiency estimation.
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D. A. KECHIK, Y. P. ASLAMOV, 1.G. DAVYDOV

METHOD OF ESTIMATION OF FREQUENCY VARIATION
RELYING ON ESTIMATION OF SHIFT
OF SPECTRAL PEAKS

Belarussian state university of informatics and radioelectronics

Problem of estimation of variated frequency of components of polyharmonic signals has been arose. Three-dimension-
al time-frequency representation of signals is usually used to resolve this problem. But simple and reliable method of instan-
taneous frequency tracking is needed. Frequency tracking method based on estimation of shifts of peaks of spectrogram has
been proposed in this paper. It is assumed that shift of spectral peaks of components of signal is proportional to variation of
fundamental frequency. Logarithmic scaling of time-frequency representation is used to make spectral peaks equidistant.
Temporal dependence of shift of spectral maximums is obtained using correlation of windowed spectrum at the first frame
and spectrum of signal in the current window. Then obtained track is translated in linear scale. Proposed method does not
estimate values of instantaneous frequency or central frequency of signal component but estimates its variation. Advantage
of the method is that it can estimate frequency track even if range of frequency variation and its central value are known
roughly or unknown at all. Multiple components do not interfere to estimate fundamental frequency variation. Reduction of
bandwidth is recommended to increase accuracy of frequency track estimation, but analysis of time-frequency representa-
tion containing a few components is also possible. Dependency of performance of analysis of synthetic signals using the
method on various signal to noise ratios under different conditions was estimated. Applicability of the method for vibration-
al diagnosing of rotary equipment was checked out using spectral interference method.

Keywords: instantaneous frequency, wavelets, spectrogram, correlation function, frequency tracking, frequency estimation,
fundamental frequency

Introduction

Processing of non-stationary signals is com-
plicated because the most convenient representa-
tion of speech [1], vibrational and vibration enve-
lope signals [2, 3] is polyharmonic. Frequencies
of components of machinery vibration at low fre-
quencies and components of envelope of vibration

are dependent unambiguously on shaft rotation
speed [2, 3], and their instantaneous frequencies
(IF) are proportional too [4]. Frequency track is
used to resample signal with equiangular step [5]
and obtain spectrums that are suitable to process-
ing by convenient methods. Result of such oper-
ation was demonstrated at Fig. 1. Components of

—— Estimated track

~—— Smoothed track

Frequency, Hz

0 10 20 30 40 50
Time, sec

—— Initial

10 4 —— Resampled

Amplitude

) l
a L -

f T
10 20 30 40 50
Frequency, Hz

a)

0)

Fig. 1. Vibrational signal observed under widely varying speed conditions:
a) —spectrogram and estimated frequency track; b) —spectrum of initial and resampled signals
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signal whose frequency was widely variated were
smeared, components of resampled signal are al-
most discrete in frequency domain.

Hardware tracking techniques are usually
used to eliminate speed varying [6—12]. Time-fre-
quency signal processing methods may be used to
estimate frequency track relying on signal. The
most obvious approach is to filtrate signal at spec-
tral areas containing the most of energy of signal
(e.g. peaks of scalogram, smoothed power spec-
trum [13]) and compute IF of selected component,
but it has been shown to be ineffective [14] and it
is not appliable when components are intersected
in frequency domain due to high (two times and
more) frequency deviation. Alternative approach
is segmented autoregression method [14, 15]. It is
reliable at low SNR and rapid variations of fre-
quency. Drawbacks of this method are runouts
and not smooth track, that may be partially com-
pensated by median smoothing (Fig. 1, a) [15].

Proposed method

In this paper frequency tracking method based
on estimation of shift of spectral peaks is proposed.
The signal is assumed to be polyharmonic and sa-

N
tisfy the model: s(¢) = Z A, (tH)cos(no(t)t + nd(1)) .
n=1

Let fundamental frequency (FF, shaft rotation fre-
quency of vibration signal or the first harmonic
otherwise) w(¢) be variated in time. Then we can-
not restore it relying on spectrum of signal
(Fig. 1b). If signal is supposed to be stationary at
short window, we can obtain spectrum of signal at
short windows that are generally weighted and
overlapped. Short time Fourier transform is com-
monly used procedure. Time-frequency representa-
tion (TFR) may be obtained by equivalent methods
(wavelet transform, filter banks). STFT and
DFT-modulated filter banks were trialed in this pa-
per (Fig. 3a). TFR was obtained using STFT as
modulus of complex valued spectrogram computed
using ‘spectrogram’ function of MatLab package.
The other approach assumes decomposition of sig-
nal using DFT-modulated filter bank (inverse FFT
of windowed complex spectrum). Window func-
tion was Fourier spectrum of MORL wavelet [16]
with central frequency equal to center of each fre-
quency channel [14, 15]. Then signal at each fre-
quency channel was substituted by its envelope
(modulus of analytical signal).

TFR may be treated as instantaneous spec-
trum: its samples S(z, f) at fixed time moment ¢
evaluates amplitudes of each component at this
moment (while S(f) denotes overall spectrum). If
instantaneous FF is changed at the next time mo-
ment, all spectral peaks will shift proportionally
[4]. Frequency axis of TFR is recommended to
be logarithmic scaled to make spectral peaks be
equidistant [17]. Then, multiplicative coefficients
of frequencies of components become additive.
One can express [F of any harmonic as product
of initial value of FF f;, harmonic number k and
frequency shift s(7):

logbasis (f}c (t)) = logbase (S(t) : k : ﬁ ) =
= logbase (S(t)) + logbase (k) + logbase (ﬁ) = (1)
= Slog (t) + logbase (k) + logbase (fl )’

where base is empirically selected base of the
logarithm. Then distance between IF of any two
consequent components is preserved the similar:

logbase (fk+1 (t)) - logbase (f}c (t)) = logbase (k) . (2)

Finding maximum of cross-correlation func-
tion (CCF) is conventionally used method to es-
timate shift between two signals of similar shape.
Shift of frequencies of components of signal at
each time moment is proposed to be estimated as
lag of CCF of spectrums at the first time moment
and at the current moment:

CCF(fl,fh,t,G):V[;S(t,f)-S(O,f—O)df, (3,a)

§,og (t) =argmax,CCF(f,, f,,-t,0), (3,b)

where 0 is lag of correlation function,
f;--.f, are frequency limits of TFR, hat over vari-
able means its estimated value.

Positions of maximums of correlation func-
tions indicate shift of all peaks of amplitude spec-
trum in log-frequency domain expressed in sam-
ples and then variation of fundamental frequency.
Values of logarithmic track s;,,(#) of FF at each
i-th time moment were estimated as frequencies
according to lags of maximums of CCF(f}, f;, ¢, 0)
according to (3b). Then logarithmic track was
translated  to linear  using formula:
s(t)= basis"< e where df} g 1s uniform spac-
ing interval in logarithmic scale. Obtained track
denotes variation of instantaneous FF, times. It is
appropriate to get frequency track estimation in
per cents:
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Sy, (£) = (s(¢) =1)-100% . 4

Relation of power of periodical component of
analyzed signal to wideband noise power (Signal
to Noise Ratio, SNR) enhances due to low cor-
relations of noise [18]. To maximize SNR, pre-
liminary selection of band limits is necessary.
For vibrational signals a few harmonics of shaft
rotation frequency and gear mesh frequency are
recommended to use because they are the most
prominent usually. Then, spectrogram is comput-
ed at frequencies defined by analysis of spectro-
grams of signals ensemble. Spectral representa-
tion of ideal polyharmonic signal and.

Additive white Gaussian noise is uniform
spectrum with weighted deltas at multiple fre-
quencies. Then, noise power may be estimated
as integral of squared noisy samples in assigned
band, signal power may be computed as sum of
squared differences between amplitude of spectral
peak and averaged noise level in the peaks vicin-
ity. Thus, we can roughly define appropriate band
limits through probable range of deviation of FF
harmonics. Let us express local SNR through har-
monics number i

SNRlocal,times (l) =
o
[ <N(H>"]
_ f:fo

X <SER [T <5G7y) 5]
k=1 k=1

)

. <Ny >y 0

where <x> means ensemble average of x, x
means temporal average of x, N(f) is noise power
density obtained as smoothed power spectrum of
signal and noise S(f), <N,,, > is averaged noise
level at low frequencies. Local SNR evaluates re-
lation of power of signal and noise after bandpass
filtration. Then, optimal number of considered har-

monics is i, =argmax,SNR;, ,; . ({) , band-

width is defined as f; ... i, * fo. For the sake of
simplicity, we can rewrite expression of local SNR
through amplitudes of the constant harmonics and
uniform noise and compare SNR(2) and SNR(3):

SNR(3)-SNR(2) =
=(E, +E, +E))/ (N, -2fy) -
~(E,+E,) ! (N~ ) =
=(E; - E, _El)/(Nliw “2f0)s
E =(4,-N,,)".

(6)

Expression (6) is positive if and only if
Ey > E, + E|, then i might be minimized to

enhance SNR. It is appropriate to assign wide fre-
quency range if there is lack of a prior knowledge
about probable shaft frequency range.

Results

Performance of the method was tested on syn-
thesized polyharmonic signals whose fundamen-
tal frequency was variated.

Amplitudes of components were
<S(k- fy))>=4, =1{1,0.8,0.7},k=1...3, global
SNR (relation of power of signal and uniformly
distributed in 0...F noise, Fy = 1 kHz is Nyquist
frequency) variated in wide range. Spectrogram
of synthesized signal with linear and logarithmic
scaled frequencies has been shown at Fig. 2a), 2b)
respectively. Examples of temporal slices of spec-
trogram at three time moments ¢; 3 = {0, 1, 5}
sec are presented at Figure 2c. It is equivalent of
spectrum of temporal frame of signal or values of
instantaneous spectrum at fixed time moments. It
is obvious that spectral peaks are almost equidis-
tant and are shifted along y-axis. ACF of S(¢, f)
and its CCF with S(¢,, f) and S(z;, f) have been
presented at Figure 2d. Maximum of correlation
function indicates shift of the components mea-
sured in samples of frequency. Estimated loga-
rithmic track §,,(#) and track expressed in per
cents So,(¢) are depicted at Fig. 2e, 2f. Variation of
instantaneous frequency has been captured by the
method.

The proposed method does not estimate in-
stantaneous or central frequency. Then, perfor-
mance of the method was evaluated as accuracy of
frequency track estimation (Fig. 3) and detection
rate of harmonics of resampled signal (Fig. 4).

Known frequency track of synthesized signal
was translated to frequency shift in per cents:
s(t) = [f(1) —£(0)]/f(0)-100 %. Accuracy of frequen-
cy shift estimation was evaluated as root mean

squared error: RMSE(x,x)=[1/ nz (x— fc[)z 1)

. . . i .
where x; is estimation of measured variable at
the i-th experiment, x is the true value of mea-
sured variable.

Performance of the method relied on TFR
based on STFT and filter bank was compared at
Figure 3a. Length of the signal was 10 seconds,
frequency of FF variated according to linear law
with 10% per second growth speed (from 100 till
200 Hz) according to expression: s; = sin(2nf{1+k;f)
1), k; is slope of the i-th signal. RMSE of FF shift
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Fig. 2. [1lustration of FF tracking using log-scaled TFR:
a) Filter bank TFR; b) Log-scaled TFR; ¢) slices of log-scaled TFR;
d) CCFs of spectral slices; e) log-scaled frequency track; f) estimation of FF track

of filter bank solution was significantly increased
at lower SNRs due to side lobes of CCF of instan-
taneous spectra, but filter banks are recommended
to be used to decompose short signals.
Performance of proposed method for estima-
tion of shift of fundamental frequency of signals
with different speed of frequency growth (10%,

20 % 30 % per sec) has been shown at The Fig. 3b.
Length of the signals was 1 sec, initial frequency
was 100 Hz. RMSE does not depends strong on
speed of frequency variation, especially at high
SNRs. It is notable that RMSE is significantly
greater if deviation of FF is greater while its speed
is the same at low SNRs and approaches half of
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Fig. 3. Dependencies of RMSE of shift of FF on SNR:
a) — comparison of two methods of TFR; b) — accuracy on conditions of different speed of frequency variation;
¢) —accuracy on sinusoidal frequency modulation conditions; d) — accuracy at different bandwidth

deviation, but at high SNRs it does not depend on
frequency deviation.

According to (6), performance of the method
decreased if bandwidth was extended. RMSE of

FF variation was compared for two cases: when
analyzed band included two harmonics (band-
width 90...270 Hz) and three harmonics (band-
width 90...410 Hz) (Fig. 3d). Theoretically
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Fig. 4 — Dependencies of detection rate of harmonics of resampled signal on SNR:
a) — detection of three harmonics of signals with linear modulation;
b) — detection of the first harmonic of signals with linear modulation;
¢) — detection of three harmonics of signals with sinusoidal modulation;
d) — detection of the first harmonic of signals with sinusoidal modulation

predicted increasing of error due to extension
of bandwidth has been confirmed. Increasing of
RMSE of shift has been shown for two values
of frequency deviation speed (k = {1, 3}) at var-
ious SNRs.

Proposed method was also tested for sig-
nals with sinusoidal frequency modulation
law (modulation frequency was 3 and 4 Hz) in
the similar terms of accuracy. Dependence of
RMSE of frequency shift was presented at Fig-
ure 3c at different frequency and depth of fre-
quency modulation. Increasing any of frequen-
cy and depth leads to significant increasing of
error at various SNRs.

Detection rate of three harmonics (Fig. 4a,
4c¢) and detection rate of the first harmonic (Fig.
4b, 4d) were calculated. Estimated shift of fre-
quency was used to resample the signal to com-
pensate frequency variation using interpolation

procedure (function interpl of MatLab pack-
age, ‘pchip’ method) [15]. Sample points were
computed as phase of harmonic signal whose
frequency was variated according to estimated
track. Query points were calculated as phase
of signal with the similar initial frequency that
was constant. Instantaneous frequencies of com-
ponents of resampled signal were constant and
were equal to their initial values. Detection of
harmonics was carried out using spectral inter-
ference method [19]. This method takes into
account accuracy of frequencies of multiple
components, splitting of the components and
presence of various spectral peaks in the same
analysis frame and has been used for evalua-
tion of performance of the frequency estima-
tion methods [15]. The highest spectral peak has
been searched in spectral window of 10 % width
of each component. Each spectral component
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is accepted to be detected if peaks of amplitude
amounted 66 % of maximum of analysis frame
were not detected in the same window and lo-
cal SNR > 3 dB. This condition restricts splitting
(amplitude and number of prominent side com-
ponents) and harmonic and wideband noise in-
fluence. Three harmonics shall be treated as de-
tected if all of them were detected separately, and
accuracy of central frequencies of multiple com-
ponents better than 1%. Accuracy was checked
out using spectral interference method. Even
small FF sweeping leads to leakage or splitting
of the components, especially at high frequen-
cies. Three harmonics of shaft rotation frequen-
cy are desirable for diagnosing using frequency
domain methods [2], and it requires higher ac-
curacy of shift estimation. Detection of spectral
peak of FF indicated that deviation of estimated
track from real one is not significant, and then
FF of resampled signal is almost stationary. De-
tection of multiple harmonics requires higher ac-
curacy. In some cases, three harmonics are not
detected by spectral interference method due to
leakage and offset of peaks.

In practice of processing of vibrational signals
two-three harmonics of shaft rotation and gear
mesh frequencies are usually present. Tracking of
components of vibration envelope is also appro-
priate, especially if energy of useful components
is low. Many harmonic components related with
shaft rotation frequency are present in envelope
of vibration of bearings and gearings [2] till 30-£,

(the third harmonic of ball pass outer ring fre-
quency of 6213 bearing) and higher.

Conclusions

The method of instantaneous frequency
tracking for processing of poyharmonic signals
has been proposed. Its effectiveness was tested
on synthesized signals. High performance of the
method has been shown for various values of pa-
rameters of tested signal and SNR. Error of shift
estimation grows when SNR decreased lower
than —4 dB under conditions of any frequency
modulation law for signals of 1 sec length. Rate
of single harmonic detection decreased at the
same SNR values. Detection of three harmon-
ics using spectral interference method requires
higher SNR and starts to decrease approximate-
ly at 1 dB. Unlike segmented Prony method,
the proposed one cannot estimate absolute FF
and compare errors of frequency estimation.
RMSE of frequency estimation of Prony meth-
od remained less 2% of central frequency un-
der the similar conditions and SNR > -5 dB.
Error grows faster when SNR decreased under
estimated threshold. Narrow band of analysis
is recommended rather than wide band. It may
be appropriate to use weighted least squares ap-
proximation to eliminate outliers and decrease
error assuming some model of continuous fre-
quency variation (e.g. [20]) and consider infor-
mation carried by all components as well as en-
velope of vibration.
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KEYUK JI. A., ACJIAMOB IO. I1., IABBIJ]JOB U. I'.

METOA OUEHKW USMEHEHUA YACTOTDI,
OCHOBAHHbIA HA OUEHKE CMELLEHUA CMEKTPAAbHbIX MUKOB

Benopyccruii cocyoapcmeennwiil ynugepcumem uH@opmamuxy U paouodieKmpOoHUuKy

B pasnuunvix obnacmsx o6pabomku cuenanos 603nukaenm npobiema o4eHKy UsMeHsIoWelcs: 4acmonuvl KOMIOHEHMO8 No-
JUSAPMOHUYECKUX CUeHAN08. [lisi peuwienust OaHHOU 3a0ayu mpaouyuoOHHO UCNONL3YEMCs MPEXMEPHOE YaCOMHO-6DEMEHHOe
npeocmasnenue cuenana. Ho mak sice HeobXo0um npocmoii u Ha0ENCHbIL Memoo CLeNCeHUs: 3a MCHOBEHHOU YACMOMOU CUSHA-
na. B dannoii pabome npeonosicen Memoo Ciexucenust 3a 4acmomotl, OCHOBAHHbII HA OYeHKe CMeWeHUsi NUKO8 CHeKMpPOcPam-
mut. [Ipedononacaemes, ymo cmewenue cCneKmpaibHbiX NUKOE KOMNOHEHMO8 CUSHALA NPONOPYUOHATLHO USMEHEHUI0 OA30601
yacmomsl. Jlocapugpmuueckoe macumadbuposanue 4acmomno-epeMeHHO20 PACPeOelenus UCRONb3Yemcs, Ymobbl pacnoio-
JHCUMb CNEKMPATbHble NUKU HA PAGHBIX PACCIMOAHUAX NO YACMOMHOU ocU. Bpemennas 3asucumocme cmeujenus 4acmomubix
NUKOB 8bIYUCTAEMCS NPU NOMOWU KOPPETAYUY CHEKMPA CUSHALA 8 NEPEOM U MeKYUeM BPEMEHHbIX OKHAX. 3amem nonyueHnblil
YacmomHulll mpex nepegooumcsi 06pamno 8 Tunetinbil macuimao. IlpeonosicenHblii Memoo He oyeHusaem Havenus MeHOGEH-
HOU 4acmomul U YeHmpaibHylo 4acmonty KOMNOHEeHm CU2Hald, a oyeHugaem usmeHneHue yacmomol. Ilpeumyuecmeo me-
Mo08 — BO3MOIUCHOCTb OYEHUBAHUSL YACMOMHO20 MPEKA 0adice NPU U3ECHMHbIX 2pYOO Ul HeU3BECHHbBIX 8068Ce OUANA30HE U3-
MEHeHUs 4acmomol Uy eé YeHmpanbHo20 3HaveHus. Hanuuue mMHodxicecmea KOMNOHEHMO8 8 OKHe AHANU3A He NPensimcmeyem
oyenke uzMeHenus: yacmomsl. Pexomenoyemcesi cysicenue uacmomnozo ouanazona 0isi OYeHKU UsMeHeHUsl Yacmonivl, 0OHAKO
AHANU3 HACMOMHO-8PEMEHHO20 PACNPEOeNeHUs], COOEPIUCAUe20 HECKONLKO COCMABIAIOWUX, MAK dice 603modicho. Tax dice 6 pa-
bome oyenusanacs dhgexmueHocms ananu3a CUHMEIUPOBAHHBIX CUSHATOE NPEOTIONCEHHBIM MENMOOOM NPU PATULHBIX OMHO-
WEHUSIX CUCHAT-WYM U NPOYUX YCaogusx. Memooom cnekmpanvbhoil unmepghepenyuu npogepsnact RPUMeHUMOCMb NPedio-
JICEHHO20 Memo0a OYeHKU USMEHEHUs. YaCcnmOmbl 05l BUOPAYUOHHOU OUASHOCIUKY POMOPHO20 000PYO0BAHUSL.

Knrwuesvie cnosa: menosennas wacmoma, getieiemst, CneKmpozcpamma, KoOppeiAyuOHHaA (ﬁyHKL;uﬂ, Cledcerue 3a uacmo-
moti, OYEHKd wacmomivl, 4acmomda OCHOBHO20 NMOHA
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YK 004.932

L. MA, B. IO. [[BETKOB, B. K. KOHOIIEJIbBKO

ABYXLUIATOBAAA CKEAETU3ALMUA
BUHAPHbIX U30EPA)XEHUM HA OCHOBE MOAEAU
3AHTA-CYEHA U NOPOXXAAIOLLEA MACKMU

Benopyccruii 2ocyoapcmeentviil ynueepcumen uHGOpMamuKy u paouoieKmpoHuKu

Lenvio pabomut sisnsiemes npedenvroe ymonbuleHue U nogbluenue YCmoudugocmu K KOHMYpHOMY WyMY CKelemog ou-
HAPHBIX 00BLEKMO8 NPOU3BOILHOU POPMbL NPU COXPAHEHUU 8bICOKOU cKopocmu ckenemusayuu. Ckenem npeocmasisem co-
001l MHOJICECMBO MOHKUX JUHULL, 83AUMHOE PACNONONCEHUE, PA3MePbl U YopMA KOMOPLIX nepedaem unGopmayuio o pas-
mepe, hopme u opuenmayuu 8 NPOCMPAHCMBE COOMBEMCMEYIoUeti 00HOPOOHOU obaacmu uzobpasicenus. [{ns obecnevenus
YCMOUUBOCIU K KOHMYPHOMY WIYMY KAJICOAsl umepayus aieopummos CKeiemusayuu pazoensiemcs Ha HecKoabKo uazos.
FBnacooaps omnocumenvro kauecmeennvim ckenemam u cpeonell npou38o0UmenbHOCU WUPOKYIO U36ECMHOCHIb NOLYYUT
ogyxwazoswiil aneopumm 3anea-Cyena. E2o neoocmamkamu A8IS10MCs pA3MbINUe OUALOHATbHBLX TUHULL MOJWUHOU 2 NUK-
censi u yoanenue obnacmetl pasmepom 2x2 nuxceneil. [{is ux ycmpanenus 6 Cmamoe npeoiodcend Mamemamuyeckds mo-
denw, donoansiowas mooes 3anea-Cyena nopodicoarouei Mackol u 08yMs 102UHeCKUMU YCI0BUAMU OYEHKU ee INeMEHMOB.

Kniouesvie cnoea: cKeilemusayust u3o6pa9/celmﬁ, ajieopumm 3aHea—Cyena, Oeyxmazoea}z CKejlemusayus, napdiilellbHas

cKeilemusayus.

BBeaeHue

B 3amadax mapamerpuszauuu OOBEKTOB H30-
OpakeHMHI YacTO MCIIOJB3YeTCsl CKeJIeTU3alHs
(yToHBIICHHE) — TMPeoOpa3oBaHUE OIHOPOIHOM
00JIaCTH, COOTBETCTBYIOLIEH 0OBEKTY, BO MHOXKE-
CTBO TOHKHX JIMHMH, B3aUMHOE€ pACIOJIOKEHUE,
pasmepsl U (popMa KOTOPBHIX Mepemaer HH)Op-
MalMIo 0 pa3Mepe, GopMe U OpUEHTAlUU B MIPO-
CTPaHCTBE COOTBETCTBYIOIIEH oOmactu. Auro-
PUTMBI CKEJICTH3aLMH JESTCS Ha IBE OCHOBHBIC
rpynns! [1]: HenTepalMoHHbIE U UTEPALMOHHBIE.
Heutepanuonbsle anropuTMbl peannu3yroT CKe-
JIETU3ALUI0 32 OJUH IPOXOJ, YTO OOecleunuBaeT
BBICOKOE€ OBICTpOJICIiCTBHE, HO NMPUBOAUT K HU3-
KOMY KauecTBY CKeJeTOB. MTepanmoHHBIE airo-
PUTMBI TTOCTETIEHHO YJAJSIIOT CJIOW MHKCEIeH Ha
rpaHuLe o0JacTu A0 MOJyYeHHsS TOHKUX JIMHUH,
YTO YJAyYIIAeT KaueCTBO CKEJIETOB, HO MPUBOAUT
K BBICOKOH BBIYMCIUTEIBHOM cliokHOCTU. UTepa-
LIMOHHBIE AJITOPUTMBI Pa3JeNAIOTCA Ha MOCIEN0-
BaTeNbHBIE U MapajulefbHble. B mocienosaresns-
HBIX aJTOpUTMax pe3yjibTaT CKeJEeTHU3alud Ha
Ka)KI0M UTepalru 3aBUCHUT OT MOPSIKa BHIOOPKU
MUKCEeJIeH, YTO TPUBOIUT K HEWHBAPUAHTHOCTH
cKesera K MoBOpOTY M3o0pakeHus. B mapamiens-
HBIX aJITOpUTMax MOPSIOK O0OpabOTKH THKCEIeH
Ha KOKIOW WTEepallu HE BIUSET Ha Pe3yIbIarT,

YTO TOBBIIIACT CTAOMJIBHOCTH CKeJleTa K ITOBO-
pory wu3oOpaxkeHus. OCHOBHBIMH TpoOIeMaMu
napajieIbHbIX aJTOPUTMOB SIBISIETCSI COXpaHe-
HUE CBSI3HOCTH (DparMEHTOB CKEJeTa U YyBCTBU-
TETLHOCTh K KOHTYypHOMY Imymy. [lmst ux pere-
HUS B HEKOTOPHIX MapaUIeIbHBIX aJITOPUTMAax
KaKIasi UTepanus pa30uBaeTCs Ha HECKOJIBKO
maroB. [1IpoKyr0 M3BECTHOCTD IMONYIIII TTapa-
nenbHBI anroput™m 3anra-CyeHa (ZS) ¢ aByms
miaraMM Ha Kakaod urepauuu [2], 0CHOBaHHBIN
Ha 6-TH JIOTMYECKUX YCIIOBUSIX WU OOecIednBa-
IOIUNA CPEeHUE XAPAKTEPUCTUKU IO CKOPOCTU
Y KaueCTBY 110 CPABHEHUIO C APYTUMHU MapalICiib-
HeiMu anroputMmamu [3]. Kak ycranosneno B [4],
OCHOBHBIMH HEJIOCTATKU aJTOpUTMa ZS SBIISIOT-
Cd pa3MbITHE JUArOHaJbHbIX JIMHUH TOJIIMHON
2 TIAKCeNs W yaaleHwe obmacted pazmepom 2x2
nukcenel. J{ns ycrpaHeHus: JaHHbIX HEJOCTAaTKOB
Y Pa3BUTHS alTOpUTMa ZS TMPENTIOKEHBI CIeyIO-
e ero MoauUKaIi: U3MEHEHUE [TOPOTOBOTO
3HAUEHUS B [IEPBOM JIOTUYECKOM yCIOBUH [4]; U3-
MEHEHHUE JIOTHUECKUX YCIOBUN HAa BTOPOM IIIare
[5]; pacmupenue Habopa JIOTHYECKUX YCIOBHIMA
Ha TIEpBOM U BTOpoM Imarax [6—10] B coueranuu
¢ Mackamu [10]; o6paboTKa CKeIETOB MOCIE TPH-
MEHEHHUs anropuT™Ma ZS ¢ WCIOJB30BaHUEM [0-
MOJIHUTEIBHBIX JIOTMYECKUX ycioBuil [11-14],
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pacIIMpeHHbIX OpsaMoyroiapHou [11] u kBagpart-
HbIX [13] Macok, U3BMEHEHHOTO MMOPOTrOBOTO 3HA-
YeHHWss B TIEPBOM JIOTHUECKOM ycioBum [14];
TpeBapuTeIbHas 00paboTKa CKeJeTa Tepes ai-
TOPUTMOM ZS C WCTOJB30BAHUEM JIOTIOTHUTEINb-
HBIX Jorudeckux ycnosuil [15]. IloBblueHue ka-
YEeCTBa CKEJIETOB B 3TUX MOTUPHUKAIMIX JOCTUTA-
€TCs1 32 CYET POCTa BBIUUCIUTEIBHON CIOKHOCTH.
HexoTopsie U3 paccCMOTPEHHBIX aITOPUTMOB OPH-
EHTHUPOBaHbI Ha 00PabOTKy CIEHUPHUECKUX HU30-
OpaXeHUH: CKaHUPOBAHHBIX CHUMBOJIOB [2, 4, 8,
11-15], Tonomoruueckux cxem [10], oTmneyarkos
maneiieB [5]. Llenpio paboTsl SIBIISIETCS TIPEISITh-
HOE YTOHBIIEHWE W TIOBBIIICHWE YCTOWYHBOCTH
K KOHTYPHOMY IIyMY CKEJIeTOB OMHapHBIX 00BEK-
TOB MPOU3BOJIBHON (POPMEBI MPU COXPAHEHUH BBI-
COKOM CKOPOCTH CKEJIETU3allUH.

MocTtaHoBKa 3apauu
Hns OuHapHOTO HU300pakeHus
1 =||i(y,x)||(y=m’x=m) pasmepoMm Y x X,
MTMKCEIN KOTOPOTro uMeroT 3HadueHus 1 wium 0 B 3a-
BUCUMOCTH OT MPHUHAJICKHOCTH ILIOMIATHOMY
00beKTy WK (POHY COOTBETCTBEHHO, aJITOPUTMBI
CKeJIeTU3aIluU hopmMupyroT MaTpPHILY

S :”s( y,x)” - CKeNeTH3alluK, 3Ha-
( y:O,Y—l,x:O,X—l)

YEHUS 3JIEMEHTOB KOTOpoi | min 0 yKa3pIBaroT Ha
(hbparmeHTHI cKeneTa Ui poHa COOTBETCTBEHHO.

B anroputme ZS kaxnas utepauus COCTOUT
Y3 JIBYX IIIArOB M MPHUBOAUT K OOHYJIEHUIO 4acTH
€JMHUYHBIX JJIEMEHTOB S, ( y,x) MaTpuipbl S,
cKeneTu3anuu (Tepen mepBod nTepanueil 3Hade-
HUS IMKCcenel OnHapHoro n3o0paxenus / mepe-
HOCATCS B MaTpuLly S, CKEIeTH3alHH), CMEK-
HbIE€ DJIEMEHTBl B  OKPECTHOCTH  KOTOPBIX
(puc. 1, a, p(l) =S, (y,x)) YAOBIIETBOPSIOT
OTIPENICTICHHBIM YCIOBUSIM.

Ha mepBoM miare OOHYMNSIOTCS AIIEMEHTHI
S, ( y,x), CME)XHBIE 3JIEMEHTHI KOTOPBIX YIOB-
JIETBOPSIIOT YCIIOBUSIM

2skz;p(k)36, (1)
A(p(1))=1, )
p(2) p(4) p(6)=0. 3)
p(4) p(6) p(8)=0, )

e A(p(1)) —uucno komGrHarwmii 01, Berpe-
garomuxcs cpeu snementos p(2) — p(9).

Ha BtOopoM 1mare OOHYJSIOTCA AIIEMEHTHI
S ( y,x) , CME@XHBIC DJIEMEHTBl KOTOPBIX YIOB-
JIETBOPSIOT ycsioBusM (1), (2) u ycnoBusiM

p(2) p(4) p(8)=0, )

p(2) p(6) p(8) =0. (6)

Wrepanuu mpomoinkaroTcs A0 TeX Mop, Mmoka
DJIEMEHTHI S ,¢ ( V, x) OOHYJISIFOTCSL.

W3 Bepakenuit (1) — (6) ciemyer, 4To aie-
MEHTBI p(2), p(4), p(6), p(8) BBIOMPAIOTCS
JUIst 00paboOTKK 7 pa3, OCTalbHBIC AJIEMEHTHI — 4
pa3a. Takum 00pa3oM, Ha KaKIblH €IUHHUYHBINA
DIIEMEHT S, ( y,x) MaTpuupl S, npuxoautcs 44
ormeparu 00paboTKH CMEXHBIX AJIEMEHTOB.

B xauectBe mpumepa Ha puc. 1 mpuBeICHBI
OunapHoe n3o0paxenue / pasmepom 15x15 nuk-
ceneii (puc. 1, 0), comeprxaiiee HECKOJIBKO 00BEK-
TOB, OMHApHOE M300pAKEHUE MAaTPHUIbI CKEIICTH-
3auu S, COOTBETCTBYIOLIEE ITOMY H300paxe-
HUIO U CPOPMHUPOBAHHOE C MTOMOIIBIO ATOPUTMA
ZS [2] (puc. 1, B). U3 puc. 1 caenyer, 4ro airo-
put™M ZS He o0ecneyuBacT MUHUMAIBHYIO TOJ-
IIMHY JIMHUH CcKeneTa (MHOTHE HEY3IJIOBBIC dlie-
MEHTBI UMEIOT OoJiee IByX COCellel) U TepsieT He-
KOTOpBIC AMATOHAIBHBIC TUHUH U 00NIacTH 2X2.

Mpeanaraemble maTemaTuueckas MOAEAb
U aATOPUTM CKeneTUu3auuu
Jl1st mocTpoeHust pefesIbHO TOHKUX, YCTOU-
YUBBIX K KOHTYPHOMY LIIYMY CBSI3aHHBIX CKEJIETOB
(Hey3JI0BbIE IEMEHTHI CKeJIeTa UMEIOT He Oojee

pO) | P(2) | pG)

p(8)

p(7)

p(1)

P(6)

p4)

p(5)

EEEEEN

[ T[] \ [ [T TT1

a o

6 ped

Pucynoxk 1. bunapHoe H300pakeHHe U pe3yIbTaThl €ro CKeJICTH3AIHH:
a —OuHapHas MacKa alIropuT™a ZS; 6 —bnHapHoe n300paxeHue; g — CKeleTsl ZS; ¢ — ckeneTsl ZSM (T - yrom)
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JIBYX COCEJICH W KaXK/blii (hparMeHT CKejeTa, co-
OTBETCTBYIOLIMI HEKOTOPOMY OWHApHOMY OOBEK-
Ty, IMEET B CBOEM COCTaBe JIEMEHT, TpaHUYaIIni
C DJIEMEHTOM Jpyroro ¢parMeHTa, COOTBETCTBY-
FOIIIETO TOMY XK€ OMHApPHOMY OOBEKTY) OMHAPHBIX
M300pakeHNH ¢ HU3KOW BBIYHUCIUTEIHHON CIIOXK-
HOCTBIO TIpe[IaraeTcsi MareMaTHYecKas: MOAETb
ZSM (Zhang-Suen Super Mask) aByxmaroBoit

CKEJICTU3allMd Ha OCHOBE MOIU(DHUIIUPOBAHHOMN
Mozenu ZS, JOTOJHEHHONW 0a30BOM MacKoi 5x5
9JIEMEHTOB (pHC. 2, a), KOTOpast SBISETCS TTOPOXK-
Jaromei I OMHOW TMPOW3BOMHON Macku 4x4
aneMenTa (puc. 2, 6) u 4-X MPOU3BOIHBIX MaCOK
4x3 smemenTa (puc. 2, B), ¥ AByMSI JJOTHUECKUMU
YCIIOBUSIMH OIEHKH D3JIEMEHTOB IOPOXKIArOIIeH
MAacKH.

m(25) | m(10) | m(11) | m(12) | m(13) 010]|X|X Y|Y|Y Y|0]O Y|Y|Y 010]Y
m24) | m(9) | m2) | m3) | m(14) 011 ]|X|X 01 11]Y 1 |m(1) 0 Y| 1]0 0 [m(1)| 1
m(23) | m®8) | m(1) | m(4) | m(15) X | X |m@) 0 1 |m@)| 0 0| 1]Y 0 |m(1) 1 Y[1]0
m(22) | m(7) | m(6) | m(5) | m(16) X|1X]0]|X Y[O0]O Y[Y|Y 0(0|Y Y|Y|Y
m(21) | m(20) | m(19) | m(18) | m(17)

a 0 6

Puc. 2. bunapubie Mmacku ZSM: a — moposkaaromas Macka 5x5; 60 — mpou3BoHas Macka 4x4; B — MpOU3BOJHBIC MACKH 4X3

Ha nepBom mare B Mmonenu ZSM equHUYHBIN
IEMEHT s, (y,x) Marpuusl S, cKeneTH3a-
uuu oOHyInseTcs (Tepen NepBoi uTeparuel 3Ha-
YeHHs IUKCeNe OMHApHOTO n300paxenus [ me-

peHocaTcs B MaTpuly S, CKCJ‘ICTI/IBaLII/II/I), ecu

3HAYCHUS DIIEMEHTOB BbIOOpKU P = ” p ” (k—ﬁ) ,

dbopMupyeMOil U3  JNEMEHTOB  OKPECTHOCTH

S zour ( y,x) , ~ToKazaHHOM Ha  puc. 1l,a
(p(1) =55, (y,x)), yronersopser ycmosuio (1)
Moaenn ZS, a Takke IJIsi 3JIEMEHTOB BBIOOPKH
M = ”m(k)”(kiﬁs) , (OPMHPYEMBIX U3 DJIEMEH-
TOB OKPECTHOCTH 8, (,X) MOKpHIBAEMBIX I10-
pOXKJIaronie MackoM, MmoKa3aHHOW Ha puc. 2, a
(m(1) =55, (,X)), BHITONHACTCS yCIIOBHE:

((4(p(1)=1)A=(m(4)=0Am(6)=0Am(9)=1Am(10)=0Am(24) =0 Am(25)=0)|v

vl (4(p(1)=2)A

m(3)+m(7)+m(10)+m(11)+m(12)>O/\ y
Am(2)=1Am(4)=0Am(5)=0Am(6)=0Am(8)=1Am(9)=0 . (D

/\m(2)=0/\m(3)=0/\m(4)=0/\m(6)=1/\m(7)=0/\m(8)=1

wae A(p(0) = XJo(h)-

2
9KBUBAJICHTHO A(p(l)) B ZS.

Ha BTopom miare B mogenu ZSM euHUYHBIN
JIIEMEHT S, ( y,x) Marpuibl S, CKeleTusa-
107051 06HYJ'IHGTC$I €CJIM 3HAUYCHUS JJIEMEHTOB BBI-
oopku P = ” p ”( =1i)’ hopmupyemoit u3 ie-

(Ao 0) 1) (o

v (A(p(l))=2)/\

p(mody(k-2+1)+2)[ -

[m(S)+m(9)+m(18)+m(19)+m(20)>0/\ }

MEHTOB OKPECTHOCTH S, ( y,x) , TIOKQ3aHHOM Ha
puc. 1, a, ynoBierBopsieT ycioBuro (1) momenu
ZS, a Takke NS DJIEMEHTOB  BHIOOPKH
M :”m(k)”(k:ﬁ), (GOpPMHUPYEMBIX W3 DIIEMEH-
TOB OerCTHOCTi/I S your ( y,x) MTOKPBIBAEMBIX I10-
poXKaarouieil Mackoi, mokKa3aHHOM Ha puc. 2, a,

BBITIOJIHACTCA YCJIIOBUC!

4)=0Am(6)=0Am(9)=1Am(10)=0Am(24)=0Am(25)=0)}v

m(5)+m(9)+m(10)+m(11)+m(12)>0 A y
Am(2)=1Am(3)=0Am(4)=1am(6)=0Am(7)=0Am(8)=0) || ®

/\m(2)=0/\m() l/\m(S) O/\m() 1/\m(8)=0/\m(9)=0

W3 Beipakennit (1), (3) — (8) cmemyet, uro
anemenThl p(2) — p(9) BeIOHparoTCs Takoe ke

v[m(3)+m( )+m(18)+m(19)+m(20)>0A J

YUCIIO pa3, Kak B anropuTMe ZS. MiHorma, mpu BHI-
TIOJIHEHUH yCIIOBUs A ( p (1)) =1 JONOJHHUTEIHHO
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BBIOMPAIOTCST 3JICMEHTHI m(4) R m(6) R m(9) ,
m(lO) , m(24), m(25) , UTO YBEIMYMBAET YUCIIO
orepanuii Ha 6 pa3. A Mpu HEBBHITOJHEHUH YCIIO-
BHS A( p(l)) =1, nmpoBepsieTcss  yCJOBHE
A ( p (1)) =2 U JIOTIOJIHATEIBHO BEIOMPAOTCS eIile
psa 3IeMEHTOB H3 Habopa m(Z) - m(25).
C y4eToM TOro, 4TO KOHTYPHBIX 3JIEMEHTOB, 00-
pabarbIBaeMBIX anropuTMoM ZSM, 3HaYNTEIBHO
MEHBIIE 10 CPAaBHEHUIO C OOIIMM YHCIOM dJie-
MEHTOB Marpuibl I, ycioBus A( p(l)) =1 u
A( p(l)) =2 BBINOJHIIOTCS OTHOCHUTENIBHO pefl-
k0. TakuM 00pa3oM, BEIYHUCIUTEIbHAS CIOKHOCTD
anroput™Ma ZSM HECKOIBKO BBIIIEC BEIYUCITUTEIb-
HOH CIIO)KHOCTH ajroput™a ZS.

Anroput™ ZSM COCTOUT U3 CIAETYIOUIMX ILIAroB.
Bxon: bunapnoe nzobpaxenue I.
Nununuanu3zanusi MaTpHIbI

man: S,q, <1 .
Huka 1 (ureparuBHas 00paboTKa MaTPUIBl S

S, CKeleTH3a-

ZSM ):
NHunuanuzanust cyeTdyMka YHaJCHHBIX »dlie-
MeHTOB: N, <=0
Huxa 2 no (y, X) (yraneHue n30bITOUHBIX dJIe-
MEHTOB MaTpuIibl S ¢, ):
Ecnu nna s, ( y,x) =1 BBINOJHAIOTCSA yC-
nous (1), (7), 1O s, (1x)<0;
Npp < Np +1.
Konen nukna 2.
Huxka 3 no (y, X) (yraneHue n30bITOUHBIX dJIe-
MEHTOB MaTpuIbl S ¢, ):
Ecnu nna s, ( y,x) =1 BBINOJHAIOTCSA yC-
nopus (1), (8), 10 s, (y,x) «~0;
Npp < N +1.
Konen mmkJia 3.

Ecmu N pE = 0, To BBIXOA M3 IUKIIA 1.

Konen nukaa 1.

Beixon: Marpumna S,

CKEIICTH3aIUH.

Takum 00pa3oM, B pe3ysbTaTe BBITOJHCHUSI
anroput™a ZSM dopmupyercs marpuna S,
CKeJICTU3aluru, C€AWMHHUYHBIC JJICMCHTHI KOTOPOMU
YKa3bIBAIOT Ha JIMHUU CKEJETOB, COOTBETCTBYIO-
X OMHAPHBIM 00BEKTaM Ha MCXOIHOM H300pa-

skeHuu 1.

OueHka 3$pHeKTUBHOCTH
anropuTMa cKeneTUsauum

[IpousBeneHo cpaBHEHHE MPEIIOKEHHOTO
ajgroputMa ZSM c aJrOpUTMOM JBYXIIaroBOM
ZS ckeneTn3anuu [2], a Takke aJITOPUTMOM OJI-
HommaroBoi ckenernzaruu OPTA [16] u ero mo-
mudukamueit OPCA [17]. Anroputm OPCA

otnuyaercs ot anroputMoB ZS u OPTA uckiro-
YeHHEM M30BITOUYHBIX MAaCOK U YIPOIICHHUEM yC-
JIOBUH ymalleHns MHKCeJIeH, YTO JeslaeT ero 0o-
mee OBICTPBIM. ANTOPUTMBI pEaJU30BaHbl Ha
sI3BIKe TporpamMmMupoBanmst C++ U MPOTECTHPO-
BaHBI Ha KoMmbioTepe ¢ OC Windows 8 64-0wur,
CPU i7 2,6 GHz, RAM 8 GB. Ilpu sTom wuc-
MOJIB30BAHBI, MPENIOKEHHBIE B [6, 18] oueHku:
tonumuaa ckenera ST (ST E[O,l:l; 4YeM 3Have-
Hue ST Oimke K eIMHUIIC, TEM CKEJIeT TOHBIIIE)
[6], ckopocTh ckeneruzanuu TS (dmcio ymamise-
MBIX 3JIEMEHTOB B CEKyHAY; 4eM 3HadeHue TS
OompIlle, TEM CKOPOCTh YTOHBIICHHUS BBIIIE)
[18], cpemasis ocs MA (ompemenseTr BO3MOX-
HOCTh BOCCTAHOBIIEHHS HCXOJHOTO H300pake-
HUS TIO CKeJleTy; 4eM 3HadeHne MA Ommxe
K €IMHULE, TEM BOCCTaHABIMBAEMOCTH BBILIEC)
[6], ompenensieMble C TOMOIIBIO BBIPAKECHUI

(9)—(11).
US o k)/y 1 X- 1S

ST =1- (9)
e Q(k) — GunapHas Macka (puc. 3), mo3Bo-

JITromast BBISIBUTH N30BITOYHBIE DJICMCHTBI
CKEJICTA.
1
1 1 1 1
1
o) 00)
1
1 1 1 1
1
00) 0(4)

Puc. 3. bunapusie Macku

Y-1 X-1 Y-1 X-1
= i(y x)— s ET, (10)
y=0 x=0 y=0 x=0

rne ET —BpeMs ckeneTu3aiuu B CEKyH1ax.

Y-1X-1 Y-1X-1
MA:ZZi'(y,x Zzi(y,X), (11
=0 x=0 y=0 x=0

rae i’ ( y,x) — IIUKCEJIM BOCCTAHOBJICHHOI'O 110
ckenety S n3o0paxeHust

! !
I'=|li'( y,x)H(yzm,xzm).
Pe3ymnbraThl ckenmeTH3anuu  6-TH TECTOBBIX
nzobpaxenunit [ (1) -1 (6) W 3HAUEHHs UX OIle-
Hok ST, TS, MA s anroputmoB ZS u ZSM mipu-
BEJICHBI Ha puc. 4 U B Ta0m. 1.
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TectoBoe n300pakeHNE C BbIIEICHHBIM (DParMeHTOM JUIst

VBennyeHHbIe H300pakeHus PParMeHTOB, OrPAHUYEHHBIX OKPYKHOCTIMHU

anroput™a ZSM

Jus anroput™a ZSM JUIst anroput™a ZS

b K

12) \ EL\\;\ g;if: 5

=

14

@~
e,

1(6)

YN/

SO/

Puc. 4. Pe3ynbTaThl CKeIeTH3alnN TECTOBBIX N300paKEeHUH ¢ MTOMOIIEI0 anroputMoB ZS n ZSM

N3 tabn. 1 cnemyer, uto mo orenke ST anro-
put™ ZSM TIpEeBOCXOIUT aNTOPUTM ZS, YCTyTIast
eMy B OOJBIIMHCTBE CITy4aeB B MPOM3BOTUTEIb-
HoCTH (orieHKa 7S), 4TO MOATBEPKIAET TEOPETH-
yeckyro oueHky. Onenka MA He gaeT ogHO3HaY-
HoOro pe3ynbrara. [loatomy B Tabn. 1 mpuBeneHbI
TaK)Ke 3HAYCHMSI M30BITOYHOCTH CBSI3CH MEIKIY

mukcensivu ckenera SC (SC >0 ; uem 3Ha4eHUe
SC Ommwke K HyII0, TeM MEHBINE H30BITOUYHBIX
CBA3EH U MUKCENIEH B CKEJIETE; HEKOHLIEBBIC U He-
y3JIOBBIC THKCENU TPEACIbHO TOHKOTO CKelera
JIOJDKHBI KIMETh CBSI3U TOJIBKO C IBYMSI CMEKHBIMHU
MUKCEIISIMK), TS ONIPE/ICIICHUST KOTOPOH mpeia-
raeTcs MCIOJIb30BaTh BRIPAKCHUE

Y-2X-2 Y-2X-2 Y-2X-2
s( ZZ s(y+Jj,x+i) —12>2> (¥, x) =Ny s(y,x).(12)
y=Il x=1 J=li=-1 y=1 x=1 y=1 x=1
rae NEP — YHCJIO KOHIICBBIX DJICMCHTOB CKEJICTA.
CUCTEMHBIV AHATIU3 U MTPUKNAOHAS MHOOPMATUKA 1,2021
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Tab6nunma 1. OueHKH pe3yabTaTOB CKeJIETH3AINU TeCTOBBIX H300pakenuii 1(1) —1(6)

W3obpaxenue Anroput™ ST s MA Ne S
CN=5% CN=10% CN=20% CN=40%

ZS 0,78 854 0,92 0,19 0,79 0,83 1,21 0,99

1 ZSM 0,99 802 0,91 0,02 0,86 0,83 1,17 0,99
OPTA 0,86 645 0,85 0,12 1,21 1,33 1,87 1,32

OPCA 0,99 1318 0,93 0,02 3,52 4,54 4,04 3,15

ZS 0,88 462 0,96 0,12 0,85 1,67 2,15 2,32

12) ZSM 1,00 431 0,96 0,01 0,81 1,57 2,16 2,09
OPTA 0,90 195 0,91 0,10 1,38 2,19 2,57 2,85

OPCA 1,00 575 0,96 0,00 4,36 7,67 7,41 7,48

ZS 0,84 516 0,95 0,15 0,46 1,16 1,77 1,79

1) ZSM 0,99 482 0,95 0,02 0,57 1,13 1,83 1,70
OPTA 0,98 204 0,89 0,03 0,90 1,98 1,87 2,42

OPCA 1,00 705 0,95 0,01 6,46 7,91 9,93 9,73

Z3 0,80 1352 0,95 0,17 0,88 1,11 1,12 1,21

1) ZSM 0,99 1116 0,94 0,01 0,94 1,11 1,13 1,31
OPTA 0,94 793 0,90 0,07 1,28 1,40 1,18 1,16

OPCA 1,00 2549 0,95 0,00 4,87 5,38 5,55 5,56

Z3 0,66 766 0,93 0,28 0,77 1,33 1,50 1,56

15) ZSM 0,99 649 0,94 0,01 0,86 1,38 1,49 1,37
OPTA 0,70 428 0,85 0,24 1,64 1,75 2,42 1,59

OPCA 0,99 1092 0,94 0,02 3,96 4,71 4,80 5,55

Z3 0,73 633 0,94 0,22 1,14 1,20 2,07 2,40

ZSM 0,99 632 0,92 0,02 1,17 1,34 2,06 2,26

16) OPTA 0,96 351 0,72 0,04 1,23 2,16 2,54 2,37
OPCA 0,99 916 0,95 0,01 4,26 6,64 6,68 6,45

B Tabn. 2 mpuBeneHs 3HaYeHUS OLIEHOK (9)—
(12), ycpennennsie o 100 6unapHBIM H300paske-
HUSIM, coJiepKalnuxcs B padorax [2, 4, 6] u Te-
ctoBoit 6asze Kimia’s 99 [19]. U3 tabi. 2 cnenyer,
YTO alroput™M ZSM mpeBOCXOAUT anroput™m ZS
Ha 21 % mo onenke ST u B 9,5 paza no onenke SC,
YCTyTIasg eMy B IIPOU3BOAUTEIHLHOCTH (O1ieHKa 7.5)
TONBKO 2 %0.

B Tabn. 1 w 2 npuBeneHsl JaHHBIC 1O aJlroO-
putMaM ogHomaroBoi ckeneruzanuu OPTA [16]

u OPCA [17], u3 KOTOpBIX CIEAYET, YTO ajiro-
puT™M ZSM 110 IPOM3BOANUTENBHOCTH (OLeHKa 1.5)
u kauectBy (ouenku ST, MA, SC) npeBocxonuT
OPTA, no ycrymaer OPCA. IlpousBeneHa oreH-
Ka yCTOMYMBOCTH paccMaTpHUBAaEMBIX aJITOPUTMOB
K KOHTypHOMY 11yMy. Ha puc. 5 npuBeneHs! 3a-
mymJieHHOe m300paxenue /(1) m COOTBETCTBYIO-
IIME €My CKEJICTbI, OIy4YEHHbIE C IIOMOILBIO aJl-
roputMoB ZS, ZSM, OPTA u OPCA, nns ypoBHA
CN xontypHoro myma 20 %.

Tab6nuna 2. CpenHue 3HA4YEHHS OLIEHOK Pe3yJbTaToOB cKejieTu3auuu 15 100 u3odpakeHuii

Auroput™ ST TS MA SC 5
CN=5% CN=10% CN=20% CN=40%
ZS 0,78 640 0,93 0,19 0,82 1,22 1,64 1,71
ZSM 0,99 627 0,93 0,02 0,93 1,23 1,61 1,62
OPTA 0,92 305 0,86 0,10 1,27 1,80 2,08 1,95
OPCA 1,00 860 0,95 0,01 4,57 6,14 6,40 6,32

YpoBenb CN KOHTYpHOTO Iryma (B TpOIICH-
Tax) onpexaessiercs: Ha ocHoBe Oa3oBoro / (Hesa-

Y-1X-1

CN = ZZ(

y=0 x=0
e @ — omepais MOAIEMEHTHOTO CyMMH-
POBaHUsI IO MOJIYJIIO J[BA.
B Tab6mn. 1 u 2 mpuBeneHsI 3HAUYCHHUS B3BEIICH-
HOW ommOku SE GopMUpOBaHHS CKelleTa, Xapak-

X)®i(y,x ))

LIYMJICHHOTO) M 3allyMJIEHHOTO [ W300pa)KeHUi
C TMIOMOILBIO BBIPAKECHUS

-.<

-1 X-1

) |-100%, (13)

z x
x=0
TEPU3YIOIIEH YCTONYUBOCTh K KOHTYPHOMY LIyMY.
3uadenust SE BBEIUNCIIIOTCS Ha OCHOBE M300paske-
wnii 1, [ u COOTBETCTBYIOIINX MM MaTpHI] CKeJIe-
TH3aK S U S ¢ MOMOIIBIO BBIPAKCHUS

Bi
(=]
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ZS ZSM

OPTA OPCA

Puc. 5. Cxenetst uzodpaxenus /(1), nonydeHssie ¢ nomonisto ZS, ZSM u OPTA, npu ypoBHe KOHTYpHOTO Tiryma 20 %

Y-1X-1

SE=3 2 (s(»

y=0 x=0

Uwucnutens BeipaxkeHus (14) mokasbiBaeT Ko-
JIMYECTBO HECOBNA/IAIOIIMX MMUKCEIIEH CKENETOB S
u S, a 3HaMEHaTeIb — KOJIMIECTBO HECOBIIA AIOIINX
IHUKcened n3obpaxenuit [ u I. Vi3 ta6n. 1 u 2
CJEIIyET, YTO M0 CPABHEHUIO ¢ ZS anroput™ ZSM
YCTyHnaeT B yCTOWYHMBOCTHU K c1a0OMy KOHTYpPHO-
My mymy (CN=5%) B 1,13 pa3a u BbIMIpBIBacT
B YCTOHYHBOCTU K CHJIBHOMY KOHTYPHOMY IIyMY
(CN=40%) B 1,06 paza. Ilpu sTOM anroputm
ZSM B cpemnem B 1,33 u 4,45 pasa Oonee ycroii-
YUB K KOHTYpPHOMY IIyMy 10 cpaBHeHut0 ¢ OPTA

y-1
x)®5(y,x )/y=0x

><

-1
14)

( 691 (y,x ))
3aknoueHue
[Ipemnokena maremMarndeckas: MOJENb JIBYX-
MIarOBOM CKENETH3allil Ha OCHOBE MOIM(HUIIH-
poBaHHOM Mozenu 3aHra-CyeHa, IOTOJHEHHOU
TIOPOK/TAIOIIEH MacKOH M BYMs JIOTHYECKUMH yC-
JIOBUSIMHU OIEHKH €€ dIIeMEHTOB. Peanmsanus mpen-
JIO)KEHHOW MOZENTH O00ecrevurnBaeT Mo CpPaBHEHHIO
¢ Mozenbio 3aHTa-CyeHa yTOHBIIEHHE CKelleTa Ha
21% wu cokpamieHne 4nciia M30BITOYHBIX CBS3EH
MEXKTy MTUKCEsIMU cKeleTa B 9,5 pa3a npu npuoiu-
3UTENTFHO TaKOM JKe TIPON3BOAUTENLHOCTH U CHIKE-

Il
(=

1 OPCA cOOTBETCTBEHHO.

HUM YCTOMYMBOCTH K KOHTYpHOMY 1Iymy B 1,1 pasa.
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MA J., TSVIATKOU V. Yu., KANAPELKA V. K.

TWO-STEP SKELETIZATION OF BINARY IMAGES BASED ON THE
ZHANG-SUEN MODEL AND THE PRODUCING MASK

The aim of the work is to limit excessive thinning and increase the resistance to contour noise of skeletons resulted from
arbitrary binary image shape while maintaining a high skeletonization rate. The skeleton is a set of thin lines, the relative po-
sition, the size and shape, which conveys information of size, shape and orientation in space of the corresponding homoge-
neous region of the image. To ensure resistance to contour noise, skeletonization algorithms are built on the basis of several
steps. Zhang-Suen algorithm is widely known by high-quality skeletons and average performance, which disadvantages are
the blurring of diagonal lines with a thickness of 2 pixels and the totally disappear patterns of 2x2 pixels. To overcome them,
a mathematical model that compensates the Zhang-Suen algorithm has proposed in this paper, along with a producing mask
and two logical conditions for evaluating its elements.

Keywords: image skeletonization, Zhang-Suen algorithm, two-step skeletonization, parallel skeletonization.
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A. V. PETUKHOV

IMPLEMENTATION OF INTEGRATED DESIGN SYSTEMS
IN THE LEARNING PROCESS

Sukhoi State Technical University of Gomel, Gomel, Republic of Belarus

The modern stage of development of CAD-systems is characterized by a significant expansion of the scope of their use.
An interesting direction for improving CAD systems is their integration with CAM systems. One of the main tasks solved by
CAM systems is the development of control programs for CNC machines. Many software developers for automation of de-
sign and technological preparation of production have already equipped their systems with appropriate modules. These
circumstances pose an urgent task for higher educational institutions to introduce the study of integrated CAD/CAM sys-
tems into the educational process of training design engineers. In this case, the emphasis should be placed on the practical
mastery of the skills of developing control programs using a 3D-model of the manufactured part. The stages of preparation
for the implementation of the system are described, starting with the analysis of the market of necessary software products
and ending with the adaptation of the licensed system to the conditions of use in the educational process of the university.
A link is given to the description of the methodology used in the assessment of automated systems at the stage preceding the
tender for their purchase. It is emphasized that the study of the possibility of using a CAD/CAM system in the preparation of
design engineers was carried out by students during the course and diploma projects in the discipline “Automated systems
for technological preparation of production”. The methodology for designing control programs used by students is given,

and the results obtained are assessed.

Keywords: training of design engineers, control software, CAD/CAM system, software-controlled equipment.

Introduction

The modern stage of development of CAD-sys-
tems (Computer-Aided Design) is characterized by
a significant expansion of the scope of their use.
Now it is quite simple to obtain a 3D model of
a part from a 2D drawing (and, vice versa), while
it became possible to quickly and accurately deter-
mine a number of parameters, such as the weight of
the part, its surface area, coordinates of the center
of gravity and moments of inertia relative to the X,
Y, Z axes. An interesting direction for improving
CAD-systems is their integration with CAM-sys-
tems (Computer-Aided Manufacturing). One of the
main tasks solved by CAM systems is the develop-
ment of control programs for CNC machines.

Many software developers for automation of
design and technological preparation of produc-
tion have already equipped their systems with ap-
propriate modules.

Firm “Ascon” has integrated into the system
of three-dimensional modeling KOMPAS-3D
module CNC, which allows you to receive control
programs for various types of processing.

Firm “Top-Systems” has supplemented the
T-FLEX CAD computer-aided design system
with the T-FLEX CNC option.

1. Purpose of the study

These circumstances pose an urgent task for
higher educational institutions to introduce the
study of integrated CAD/CAM systems into the
educational process of training design engineers.
In this case, the emphasis should be placed on the
practical mastery of the skills of developing con-
trol programs using a 3D-model of the manufac-
tured part.

At the stage of choosing an automated sys-
tem for obtaining control programs for further
use in the educational process of the Sukhoi State
Technical University of Gomel, the technique de-
scribed in [9] was used.

2. The sequence of the research

Preparation for implementation in the educa-
tional process of designing using CAD/CAM sys-
tems consisted of the following stages:

1. Purchase of licensed software for 20 us-
ers, namely, T-FLEX CAD 3D and T-FLEX CNC
3D systems.

2. Installation and adaptation of the speci-
fied software to the conditions of use in the ed-
ucational process of the Sukhoi State Technical
University of Gomel.
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3. Preparation of educational and method-
ological literature containing guidance on the
use of a CAD / CAM system in course and di-
ploma design. The features of this stage are de-
scribed in [10].

The study of the possibility of using a CAD /
CAM system in the training of design engineers
was carried out by students of the specialty 1-53
01 01 “Automation of technological processes
and production (by directions)” when performing
a course project in the discipline “Automated
systems for technological preparation of
production” and when completing a diploma
project.

The development of the control program was
carried out in the T-Flex CAD computer-aided de-
sign system using the T-FLEX: CNC option.

To obtain the control program, the following
steps were performed:

1. Using the “Tool Editor” command, a cut-
ting tool with the required parameters was created
and saved in a file with the “.too” extension (Fig. 1);

2. On the toolbar, the command “Drilling
5D” was selected, and in it the name of the op-
eration, the tool, the surface relative to which the
machining is performed and the drilling parame-
ters (depth, speed, feed, etc.). The results of this
processing are shown in Fig. 2—4;

Tun wHcrpymerTa PacuerHan Touka  Jcks
Caepro = ]
e ]
Vin/uomep; | CBepro(Caepno L=6) s
Wucpp: Eightotv
P 9 (O LeHTp ceprl o H
i 6 1 H
O prilieonciar @Foxc. wporia N
1 H
NapameTpei 0 |
= H
[wavierp ceepna (D) 8.00 |~ -y
I I
Yron satoukn (PA) 120.00 [~ ol
BhicoTa pesxyLueii uacTh (H) 40,00 |2 | HE H
[lameTp xBocToBmKa (S) 8.00 |2 N
Jnwea ceepna (L) 60.00 |~/ |
PA et
D
.
CKOpOCT nogaun: 50.00
YacToTa Bp. WAMHARNA: 1000.00
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Fig. 2. Vector diagram of drilling

Fig. 3. Drill in start position (Block N105)

Fig. 1. Tool editor

Fig. 4. Drill in end position (Block N115)
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3. On the toolbar, the command “3D mill-
ing” was selected, and in it the name of the op-
eration, the tool, the face that will be milled, the
angle of inclination of the tool, the type of pass
and the milling parameters (depth, speed, feed,
etc.). The results of this processing are shown in
Fig. 5-7;

4.  To check the developed program, the “Pro-
cessing simulator” command was launched, during
which the tool path was presented in the form of
a video;

5. The result obtained in the form of a con-
trol program presented in fig. 8 was saved in a file
for transfer to the machine.

6. To check the developed program, the
“Processing simulator” command was launched,
during which the tool path was presented in the
form of a video.

N195G90

N200MO3

N20551000

N210F50

N215F1000
N220G00X-31.1305Y11.4865297.1635B7.99999C-90
N225F50
N230G01X-31.1305¥12.1824%92.2121B7.999938C-90
N235X31.1266

N240F1000
N245G00%¥31.1266Y11.4865Z97.1635B7.99999C-90
N250M11

NZ55M02

NZ260M30

Fig. 8. Listing of the control program:
Operation 030 Horizontal milling
(Cylindrical mill L=80 D=30)

Conclusion

The introduction of an integrated design sys-
tem into the educational process has shown not
only the possibility of obtaining a control program
for a CNC machine tool, but also the practical im-
plementation of this possibility by students on the
basis of licensed software. The results, in the form
of control programs obtained in the course of di-
ploma design using integrated CAD/CAM sys-
tems, were highly appreciated by the members of
the State Examination Commission

Fig. 5. Approach cutter (Block N220)

Fig. 6. Bevel milling (Blocks N230-N235)

Fig. 7. Cutter retraction (Block N245)v
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IIETYXOB A. B.

BHEAPEHUE UHTETPUPOBAHHbBIX CUCTEM NPOEKTUPOBAHUA
B YUYEBHbIU NMPOLECC

Yupescoenue obpazosanus «lomenvckuii cocyoapemeennulii mexuudeckuu ynusepcumem umenu I1. 0. Cyxoeoy,
2. Tomenw, Pecnyonuxa benapyce

Cospemennviii sman pazsumusi CAD-cucmem (Computer-Aided Design) xapaxmepu3zyemcsi 3HQUUmMeIbHblM PACUUPEeHU-
em cep ux ucnonvzosanus. Mumepecnvim nanpasnenuem cosepuwiencmeosanus CAD-cucmem signsiemcs ux unmezpayus
¢ CAM-cucmemamu (Computer-Aided Manufacturing). Oonou u enasuvix 3adau, pewaemvix CAM-cucmemamu, sensemcs
pazpabomxa ynpasnsaiowux npoepamm s cmaukos ¢ 4I1y.

Mnuoeue pazpabomuuxu npocpammnozo obecneuenus O A6MOMAMU3AYUU KOHCIPYKIMOPCKO-MEXHON02UHECKOl N0020-
MOBKU NPOU3BOOCEA YIICe OCHACMUNU CBOU CUCTEMbL COOMBEMCMEYIOUWUMU MOOYIAMU.

Vkazanunvie oocmosmenvcmea cmassam nepeo 8blCuiMU Y4eOHbIMU 308€0CHUAMU AKMYATLHYIO 340ady 66eCmu U3yUeHue
unmezpuposannvix CAD/CAM-cucmem 6 yuebuwiii npoyecc noo20mosKU UHICEHEPOG-NPOEKMUPOSWUKOS. Ynop npu 3mom
HYJICHO CcOenamv HA NPAKmudeckoe 061d0eHue HABLIKAMU paA3pAbOMKU  YAPAGIAIOWUX NPOSPAMM € UCHOTb308AHUEM
3D-mo0enu uzeomagnusaemoul oeman.

Onucanvl smansl NH0OO20MOBKU K GHEOPEHUIO CUCTEMbl, HAYUHAS C AHATU3A PbIHKA HEOOXOOUMbBIX NPOSPAMMHBIX NPOOYK-
MO8 U 3aKaH4U6as aoanmayueli TuYeH3UpoSaHHOU CUCIEMbL K YCIOBUAM UCNOTb308ANUS 8 YUeOHOM npoyecce YHUGepCumema.
Haemcs ccoiika na onucanue mMemoouku, UCHOIb3YeMOl NpU OYeHKe A8MoMamu3upoSaHHblX CUCEM HA cmaouu, npeouie-
cmeylowjell npogedenuio menoepa Ha ux 3axkynky. Iloouepkuymo, umo ucciedosanue 8o3modicnocmu ucnonvsosanus CAD/
CAM-cucmemul npu n0020mMo8Ke UHICEHEPOB-NPOEKMUPOBUUKOE DBbIIO NPOBEOEHO CIYOEHMAMU NPU 8bINOTHEHUU KYPCOBO2O
U OUNIOHO20 NPOEKNMO8 NO OUCYUNIUHE KABMOMAMUUPOBAHHBIE CUCIEMbL MEXHONI0UYECKO NOO20MOBKIU NPOU3B00CNEAY.
TIpusooumcs memooura npoeKmuposaniusl Ynpasiaiouux NPOSPaAmMM, UCNOIb3YeMasi CIMYOeHMamu, U 0demcsi OYeHKd noayyeH-
HbIX pe3yibmamos.

Knrouesvie cnosa: noozomosxa umdicenepos-npoekmuposujuxos, ynpasisowas npoepamma, CAD/CAM-cucmema,
npoepamMmHo-ynpasnaemoe 06opyoosanie.

IMeryxoB AJjexkcanap BaagmmupoBuu — cTapmuii mpernogaBaTeib Kadenpbl
«TexHOMOTHsI MAIIMHOCTPOCHH» YUpEeKACHUSI 00pa3zoBaHust « OMeNbCKuil ro-
CyZapCcTBEHHBIN TexHuueckuil yausepcutet umenu [1. 0. Cyxoro»

Petuhov Aleksandr Vladimirovich Senior lecturer of the chair «Technology of
mechanical engineering» of the Sukhoi State Technical University of Gomel.
E-mail: Petukhov(@tut.by
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OT PEAAKLIUHA

YBa)kaemble aBTOPbI!

OOmuMH KpUTEPUSIMH JUIsl IyONMKalMU CTaTel B JKypHaJe SIBISIIOTCS aKTyaJbHOCTh, HOBU3HA MarepHalia
1 €ro [EHHOCTh B TEOPETHYECKOM W/MITH PUKIITHOM aCHeKTax.

C uenpro mpUBEAECHUS PIEMEHTOB JAaHHBIX, COAEPIKAIIUXCS B )KypHAJle, B COOTBETCTBUE MEXKTyHAPOAHBIM
TpeOOBaHUAM 3apyOeKHBIX aHAIUTUYCCKUX WH(POPMAIMOHHBIX CUCTEM (MHJCKCOB IIMTHPOBAHMS), HCIOIb3Ye-
MBIX JUISl OLIEHKH JICATEILHOCTH YUPEXkKACHUH 00pa3oBaHUs IIPU pacdeTe MokKasaresieil B MeXyHapOJIHBIX pei-
TUHTaX YHUBEPCUTETOB, PEIKOJIETUS XKypHaja IpeAsaracT pyKOBOACTBOBaThbcs IIpaBmiiaMu B IpPHUBEIEHHON
HIDKE PEIAaKINK MPUOIKEHHS K YHU(DUIIMPOBAHHOW CHCTEME IUTHPOBaHUs HayyHbIX myonukanuit SCOPUS,

C 2016 r. Peqxonnerus »xypHajia IpeagaraeT pykoBoJcTBoBaThcs [IpaBuiamy B PUBEAECHHON HIKE PETaKLIUML.

lMpaBuna ana aBTOPOB

1. 06wue TpeboBaHuna

Marepuansl cTareil mpeacTaBIAIOTCA Ha OyMa)KHOM HOcCHTeNe (B ABYX 2K3.) Mo azapecy: 220013, MuHCK,
yin. ©. Cxopunsl, 25/3, xopm. 20, ka6. 508 (CaruxoB Urops AOy3apoBWd) m B JIEKTPOHHOM BHIAE e-mail:
ca_pi@bntu.by. Tenedon must cripaBok: (017) 266 26 58.

Crarps1, npencrasisiemMas Ha OyMa)KHOM HOCHTENE, JI0JDKHA OBITh IOANMCAaHA BceMM aBropamu. K crarbe
TIPUJIAraloTcs CBEACHHUS 00 aBTopax: (haMuMIIUs, UMs, OTYECTBO MOJHOCTBIO, IIOYTOBBIA ajapec, Teae(oHsl, aapec
9NIEKTPOHHOM MMOYTHI, MECTO PAOOTHI, yUEHas CTETIEHb U 3BaHKE, JOIDKHOCTD. [Ipy HaIMYUKM HECKOJIBKIX aBTOPOB
JIOJDKEH OBITh yKa3aH aBTOP, OTBETCTBEHHBIN 3a MEPEIHCKY.

Crarby, TOCTYNUBIINE B PEAKIMIO )KypHAJIA, PETUCTPUPYIOTCS B yCTaHOBICHHOM mopsiake. CtaTbu, opopm-
JICHHBIE C HapyIIEHHEM IPUBEICHHBIX IPaBHJI, K PACCMOTPEHUIO PeAaKLIuel He nmpuHuUMaroTces. [IpunsaTee cTa-
TBH PELEH3UPYIOTCSI.

[Tpn monoXXNTEIbHON PEIIEH3NH CTaThsI IPEAIAraeTCsl K OITyOIMKOBAHMIO.

Pepakuust He IPUHUMAET CTaThH, OIyOIMKOBAHHBIE PaHEE B IPYTHX JKypHANIaX WM HAYYHBIX H3IAHUSX.

T'onopap aBTOpy 3a IMyONUKALMIO CTaThU HE BBIILUIAYMBAETCsA. Marepuaibsl, IPUCIaHHBIE B PEAAKIUIO, aBTO-
paM He BO3BpAIaroTCsl.

2. MpaBuna opopmaeHUs cTaTen

2.1. O0beMm crarei (¢ WIUTIOCTPAMSIMK) HE JIOJDKEH IPEBBIIIATh!

* ISl ODUTHMHAJIBHOW cTaThu — 7 cTpaHuL (He Oosee § MILTIOCTpaLuii);

* ISl KpaTKOro COOOIeHNs — 3 cTpaHuLl (He Gosee 2 WILTIoOCTpaLuii).

Crarbst JoJKHA OBITh HAOpaHa ¢ IIOMOIIBIO TEKCTOBOTO penakTopa Microsoft Word 2007.

[Mapamerpsr crpanunsl: popmar A4 (Bbicota 29,7 cM., mpuHa — 21 ¢M.); OTCTYI /ISt JIEBOTO TOJISL M TTOJIS
CBEpXy — 25 MM, IpaBoro U HIKHero — 20 MM; HyMepalusi CTpPaHUIl CBEPXY B KOJIOHTHTYJIE, CO BTOPOH CTpaHH-
1IbI, C BBIPABHUBAHKEM I10 [IPABOMY Kpalo.

Tekct nabupaercs mwpuprom TimesNewRoman, 12 nT. MexXcTpo4dHbIi HHTEPBAJI — MOy TOPHBIA. AO3aHBIH
orcTyn — 12 MM.

2.2. Napexe Y/IK mabupaercs mpugprtom TimesNewRoman, 12 rT, Bce iporvcHEIE, BEIpABHUBAHHE — IO TTPaBO-
My Kparo.

2.3. ®amMuus ¥ HHUIHAJIB aBTOpa (aBTOPOB) B IMEHUTEIHFHOM TaJIeKe, TODKHOCTD, YUCHAs CTETICHb U y4e-
HOe 3BaHHe redaTtarorcs mpudrom TimesNewRoman, 12 nT, KypcuB, BEIpaBHHBaHUE — TI0 JIEBOMY Kparo.

2.4. Ha3Banue crarbu Habupaercs mpudrom Arial, 12 1T, )KUpHBIH, BCe MPOITMCHBIE, BRIPABHUBAHKE — 110 LIEHTPY.

2.5. TlonHoe Ha3BaHWE OpraHu3aiuy (OpraHu3aiKii), B KOTOpoil padotaet (yuurcs) aBrop (aBTophl) HabUpa-
ercs mpudrom TimesNewRoman, 12 nt, BelpaBHHBaeTcs 0 LEHTPY, [lociie Ha3BaHUsI OpraHu3alMy MPOITyCcKa-
eTCsI IBE CTPOKH, Jlajee CleayeT ajipec (aapeca) AIeKTPOHHOM MOYTHI, MPOIYCKaeTCs ABE CTPOKH.

2.6. AuHOTanms u KiroueBble cioBa (00beM 200-250 ciioB Ha pycckoM (AHIVI.) SI3bIKE CTAaTbU HaOMpaeTcs
mpudrom TimesNewRoman, 10 nT, MexxcTpounslit uHTepBai 1,15 0T, KypcuB, BBIpaBHUBACTCS 110 LEHTPY. AHHO-
TaIMs JTOJDKHA COZIepXKaTh (PEKOMEH/I0BaHHAsI CTPYKTypa): LeNb M 337adu paboThl, METObI NCCIIEJOBAaHUH, pe-
3yJIBTaThl, BHIBO/IBI. AHHOTAIMS JI0JKHA OBITh MPUTO/IHA JUIS OIyOJIIMKOBAHUS OTJEIBHO OT CTAaTbU. AHIIMHCKNI
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BAapUaHT HC JOJIKCH OBITh MEXaHUYECKUM NEepeBOAOM PYCCKOIro TECKCTA, a obecreurBaTh MOHUMAHUE CyTu pa6o-
ThI 11 THOCTPAHHBIX yurareneii. [locie AHHOTAIUM MPOIYCKACTCA OJHA CTPOKaA.

2.7. Tekct crareu (Habupaercs mpudrom TimesNewRoman, 12 nt, ¢ ab3ameM, BEIpaBHUBaHHE — IO MIUPHU-
HE) JI0JDKEH COZIEPKATh CIIETYIOIIHIE 3IIEMEHTHI:

1) 66edenue (MOXKET coepkKaTh: KpPAaTKUH 0030p JIUTEpaTypsl IO MPOoOIEeMe MCCIIEA0BaHNUS, IEPEUNCIICHHIE
HEpEIICHHBIX paHee BOIPOCOB, IIOCTAHOBKY HpoOJeMbl, enb uccienosanuii). CioBo «Benenue» nedaraercs
mpudTom TimesNewRoman, 12 nit, )upHBIi, BRIpaABHUBAHUE — TI0 JIEBOMY Kpalo.

2) ocHoéHas yacme ucciedosanusi (BOSMOXKHO JI€IIEHHE HA TIOJPa3Aeibl), BKIOUaromas rpauku u 1pyroi
WIITIOCTPATHBHBIN Marepuall (Ipy MX HAJIWYHH), TIPH 3TOM TaOJHIBl U PUCYHKH HE JOJDKHBI JyOIMpOBATh APYyT
npyra. Ha3zeanme kaxmoro mompaszena crateu nedaraercs mpudrom TimesNewRoman, 12 nt, >KUpHBINA, BEIpaBHU-
BaHME — I10 JIEBOMY KpaIo.

3) 3axarouenue (GOpMyTUPYIOTCS OCHOBHBIE TOJIYYEHHBIC PE3YJIbTaThl C YKa3aHHEM HX HOBU3HBI, IIPEUMY-
IIECTB 10 CpaBHEHMIO ¢ aHanoramu). CioBo «3akirodeHue» mnedaraercs: mpudrom TimesNewRoman, 12 m,
YKUPHBIH, BRIPABHUBAHHE — I10 JIEBOMY Kpalo.

2.8. Jlumepamypa. Crucok nuteparypsl oopmisercs mpugptom TimesNewRoman, 12 it B cooTBeTCTBHI
¢ Muctpyknueit mo odopmieHnio nuccepranuy, aBropedepara u myOmuKaui Mo TeMe JUCCePTaliy, YTBEPK-
JICHHON TTOCTAHOBJICHHEM Ipe3nanyMa [0CyJapcTBEHHOTO BBICIIETO aTTECTAMOHHOTO KoMmuTera PecrmyOnmku
Benmapych 24.12.1997 Ne 178 (8 pemaxiun noctanosienuss BAK Benapycu ot 22.02.2006 Ne 2). www.edu.grsu.
by/files/liter.doc.

CnoBo «Jlurepatypa» medaraercs mpudTtom TimesNewRoman, 12 1T, Bce mponucHbIe, BRIPaBHUBAHUE — TT0
JIEBOMY KpaIo.

VIcTOYHMKY OIDKHBI PACIIONaratsCsl B MOPSAKE IIUTHPOBAaHMS B TeKkcTe. [TopsiikoBble HOMEpa CCBHUIOK B TEK-
CT€ JOJDKHBI OBITH HANMCAHBI BHYTPH KBaAPATHRIX cKOOOK (Hampumep: [1], [2]).

B cTaThax Ha pycCKOM SI3BIKE TOIKHO OBITH 10 10 MCTOUHHMKOB, BKITIOUAs CTATHH M3 MEKIYHAPOIHBIX JKypHa-
JIOB, @ TAKXKE CCBUIKH HA COOCTBEHHBIC MCCIIENOBAHNS. B aHMIOA3BIYHBIX CTATHSIX AOHKHO OBITH 10 30 HCTOYHH-
KOB, BKJIFOYasl CTaThH M3 MEXKTyHAPOJHBIX *KYPHAJIOB, a TAK)KE CCHUTKM Ha cOOCTBEHHbIE HccyenoBanmus. O630p-
HBIE CTaTbH JIOJKHBI BKIIIOUATh /10 50 CCBITOK, BKITIOUYAsl CTAThH U3 MEXTyHAPOIAHBIX KYPHAJIOB, @ TAKXKE CCHUTKH
Ha COOCTBEHHBIE UCCIICAOBAHUSL.

CHHCOK NCTOYHNUKOB TOTKEH O()OPMIISITECS] HA PYCCKOM M aHITIMHCKOM SI3BIKaXx.

C nesnpio MOBBIIIEHNUS IUTHPOBAHMS ABTOPOB B JKypHAJIE MPOBOANTCS TPAHCIUTEPALHSI PYCCKOS3BIYHBIX HC-
TOYHHUKOB C HCTIOIBb30BaHNEM O(HUINAIBHBIX KOJUPOBOK B CIEAYIONIEM TOPS/IKE: NMEHA aBTOPOB TPAHCIUTEPHU-
PYIOTCS TaTWHUIIEH, Ha3BaHUE CTATbHU — CMBICIIOBON TpaHCIUTEpanueil (mepeBo Ha aHTITHHCKHNA S3bIK), Ha3Ba-
HHE WCTOYHUKA, TAe ommyOnrnkoBaHa padoTa, TPaHCIUTEPHUPYETCS JaTHHUICH, €CIIM Y UCTOYHUKA (3KypHayia) HeT
oUIIHANEHOTO Ha3BaHUS HAa aHTIIUHCKOM S3BIKE).

s ynobcTBa TpaHCIATEPaIi BO3MOYKHO UCTIONF30BAaHNE OHJTAH-cepBHCOB: http://www.translit.ru.

Bce pycckosi3pIuHBIC HCTOYHUKH JINTEPATYPBI JOIKHBI OBITh TIPE/ICTABICHBI B TPAHCIUTEPUPOBAHHOM BapH-
aHTe. 3a MPaBUIBHOCTh MPUBEICHHBIX B CITUCKE JIUTEPATYPhl JaHHBIX OTBETCTBEHHOCTh HECYT aBTOP(bI). B crn-
CKE JIOJDKHBI MMETh MECTO CCBUIKH HA W3/aHUs, BKJIIOUYCHHBIC B MEXIyHapOAHBIC 0a3bl UTHPOBAHHUA Scopus
u Web of Science).

2.9. locne cnucka rumepamypel HA PyCCKOM M aHIJIMHCKOM SI3bIKaX B CTaThe HAa PyCCKOM (QHIVL.) SI3bIKE JIOJDK-
HO CJIeI0BaTh HAa3BaHKE CTAThU, CIIMCOK aBTOPOB, CBE/ICHUS O HUX M aHHOTAIHMSI HA aHIJIMHCKOM (PYCCKOM) SI3BIKE.

Jlanee ykaspIBaeTCs: TpaHT, roc. mporpaMma, Tema rocoromkernoir HUP (Ne Toc. perucrpanumn) wid WHOM
JIOKYMEHT, B paMKax KOTOPOU BBITIOJHEHA paboTa (MiIvM HHULIMATHBHAS ).

2.10. Pesiome asmopos (mpudrom TimesNewRoman, 10 1t.,) conpoBoxaaercst pororpadueii (3x4 cm.), JPG.

2.11. Ogopmnenue popmyn. Tonpko cioxHbIE HOPMYIIBI TOJKHBI OBITH HAOPAHBI C ITOMOIIBI BCTPOCH-
Horo B MS Word penaxropa ¢popmyn Equation. [Ipocto OykBbI ¢ MHAEKCAMU MOTYT OBITH HAOpaHBI O€3 UCIIOIB30-
BaHMsI (QOPMYIBHOIO peJakropa ¢ HoMollnbio cpeacts odopmienuss MS Word. JlaTuHCKHE CHMBOJIBI JIOJKHBI
ObITH HAOpaHBI KYpCUBOM, KakK B (hOpMyJiax, Tak ¥ Ha PUCYHKaX, U B TEKCTE, & PYCCKHUE U IPEUECKUE — OOBIYHBIM
TEKCTOM.

B penakrope ¢popmyi goimkeH ObITh YCTAHOBIICH CIIEAYIONIMH pa3Mep CUMBOJIOB: OOBIYHBIN cMMBOI — 11 1T,
KPYIHBIA UHJIEKC — 7 NT., MEJIKUHA UHAEKC — 5 IT., KPYNHBIA CUMBOJI — 17 OT., Menkuii cumMBoi — 12 nT. dopmyisl
BBIPABHUBAIOTCS 110 LEHTPY CTpaHulbl. [Ipy HEOOXOMMOCTH AeiaTh CChUIKM Ha (POPMYJIBI UX CIIEAYET HyMepo-
Barb apaOCKUMu nuppamu, IIOMEIIEHHBIMU B KPYIJIble CKOOKH, B ropsiike yrioMmuHanus. Homepa ¢opmyi Bepas-
HUBAIOTCSI 110 TIPABOMY Kparo CTPaHUIBI.
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