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HHO®OPMAIIHOHHBIE TEXHOJIOTHH

YK 004.931

BBIYUCJIEHUE 1 AHAJIN3 ITPU3HAKOB JIBHKYIIUXCSA OBBEKTOB
JJISA COITPOBOXKIAEHUSA HA BUJEOITIOCJIEJOBATEJIBHOCTHU

Kano. mexn. nayx, ooy. P.Il. BOT'YIII', akademux, 0-p mexn. nayx, npogp. C.B. ABJTAMEHKO??,
H.IO. 34XAPOBA*
Y(Ionoyxuii zocyoapcmeennvlii ynueepcument)
(Benopycckuii zocydapcmeennblii yuueepcument)
3(0O6veounennviit uncmumym npoénem ungpopmamuxu Hayuonanwvnoii akademuu nayx benapycu)

Paccmompena 3a0aua gpopmuposarnus npusnaxos 00vekmos Ha gudeonociedogamenvHocmsax. Ilpeocmas-
JIeHbl OCHOBHbBIE MUNbL O8UNCEHUS 00UHOUHO20 00bekma u epynnul. [Ipednoocena credyrouas Knaccugurkayus oc-
HOGHbIX NPUZHAKOE, XapAKMEPUIYIOWUX 08UdlICeHUe 00beKmMa Ha 6U0e0noCiedo6amenbHOCMU. CMeujeHue, mpaex-
mopusl, cKopocms u yckoperue, epemsa ogudicerus. C ucnoab308anuem npeonodxceHnvlx 0600ujenutl 015 ebluucie-
HUSA NPUSHAKOS OUHAMUYECKUX 00BEKIMO8 ONUCAHA MOOUDPUKAYUA ANCOPUMMA CONPOBOICOEHUS MHOMHCECBA IO~
oetl Ha 8U0eoNOCae008AMENbHOCIIAX 34 CYem UCNOb308anus purvmpa Kaimana 0ns 6u0eonabio0eHus: exe no-
mewenuil. [lepewiti sman aneopumma mpedyem 0OHaAPYHCeHUs: 6CeX T00el 80 6XOOHBIX KAOPAX C UCHOJIb308AHUEM
ceepmounotl Hetipornou cemu YOLOV4. s conocmasnenus uzobpasicenuti io0eil Ha Ka0pax 8bINOIHAENC sl AHa-
JU3 UX NPUSHAKOG 8 NPOCMPAHCMBEEHHOU 001acmuy Kaopoe U 60 8PEMeHHOU 001acmu Ha 6U0e0n0CiIe008aMmenbHO-
cmu. Ilpu amom ucnonw3sylomes nelipocemegoie u 2UCMOSPAMMHbIE NPUSHAKU, 8bIHUCIEHHbIE OIS NOCIEeOHe20 Npa-
BUIBLHO20 OOHAPYIHCEHUS Uelo8eKa 8 Kaope, KOOPOUHAMbl YeHmpa bloeslenHOU 0bacmu yenoseKa 8 kaope, cime-
wjenue 8 mexkyujem Kaope OmHOCUMENbHO NPedblOyue2o; WUPUHA U 8blcOma 00IACmU Ha npeobioyuem Kaope;
mpaexkmopus 08udicenus,; epems osudicenus. Ilpedcmasiensi pe3yibmamsl IKCNEPUMEHIO8 0I5l BUOEONOC1e008d-
menvHoCmel, NOIYYEHHbIX C UCNONb308AHUEM CIMAYUOHAPHOU U OBUIICYIELICS BUOEOKAMEDDL.

Knrwouegvie cnosa: 6udeonociedosamenbHOCMy, AHANU3 00BLEKMOB, NPUSHAKU OBUICEHUS, CBEPMOUHAA
HeUPOHHAs Cemb.

BBenenne. AHanm3 0ObEKTOB Ha BUACOIOCIIEAOBATEILHOCTAX TPEOYETCs PU PELIEHNH MHOTHX MTPUKIIa-
HBIX 3a71a4, BKJII0Yas oOHapy>KeHHUe JIIOJeH M UX paclo3HaBaHHUE, CONPOBOXKICHHE OOBEKTOB /IS YCTAaHOBJICHUS
UX HepeMelleHHs] Ha OJHOM JMHAMHUYECKOH ClieHe, MOBTOPHYIO MICHTU(UKAIMIO (peHIeHTU(DHUKAIUIO) JII0JIeH
B MYJIbTHKAaMEPHBIX CHCTEMaX BHICOHAOIIOACHNUS, ONpeIesIeHHe HeXapaKTepPHOTO TOBEACHUS Pa3INYHbIX KJlac-
COB OOBEKTOB. 3ajjaua aHajau3a M300paKeHU OOBEKTOB Ha BHUJIEONOCIIENOBATENHLHOCTAX 3aKIIIOYAETCS B TOM,
910 TpebyeTcs M3BJICUCHHE PA3IMYHON MH(pOpPMAIMK U3 MOCIIEeIOBATEIBHOCTH BXOTHBIX KaJIpOoB M300paKeHHUH
00BEKTa, OJTHAKO I 00paOOTKU OH MPEICTABIsIeTCA B BUIE IByMEPHOTO MacCHBa 3HAUCHUH ypOBHEH SpKOCTEH
nKcenoB. Takum 00pa3oM, CII0KHOCTB 3aKIIFOYAETCs B TOM, YTO B OTJIMYHME OT CTATHYECKUX N300pakeHNH B 1aH-
HOM Cily4ae HeoOXOIMMO YYHTHIBaTh HAaJIW4IHE ABWKEHHs. M3BecTHO, 4TO BpeMEHHbIE Mepexo sl 0OBEKTOB Ha
TPEXMEPHOH CILIEHE MOTYT NPUBOIUTH K TAKUM MPeoOpa30BaHMUAM HA IBYMEPHOM M300pakeHHH, KOTOPbIE HEBO3-
MOXHO OIIMCATh CYIIECTBYIOIINMH aHAJUTHYECKUMH 3aBUCUMOCTSIMH [ 1], B CBSI3M C 4eM OJTHM U T€ K€ MPU3HAKH
OJTHOTO 00BEKTa OyIyT XapakTepH30BaTh pa3Hble 0OBEKTHI. [103TOMY NpH MPaKTHUECKOH peayn3alny alropur-
MOB 00pa0OTKH BHI€O HA TIEPBOM IIIare BBIMOJIHACTCS OOHApyKeHHEe O0BEKTOB M UX JIOKAJIM3alKs WIN JKe IeTeK-
THUPOBaHME 00JIacTeH-KaHIUIaTOB, KOTOPBIE MOTYT OBITH OTHECEHBI K 00beKTaM nHTepeca. Cleayromuii 3Tam Tpe-
OyeT BBIYKMCIICHHs TPU3HAKOB BBIJICJICHHBIX ()PArMEHTOB, Ha OCHOBE KOTOPBIX BBINOJHIETCS aHAIN3 U KOHEUHast
nx knaccuduxanus. [lonxox ¢ ucmonb3oBaHHEM OOIacTeld-KaHAWIAATOB IMO3BOJSIET COKPATUTh BPEMEHHBIC 3a-
TPAaThI 33 CUET JACTATbHOM KiIacCH(DUKAIIUK TOJHKO 00JIee CX0XKHUX 00BEKTOB C 3aJaHHBIMU U TIOBBICUTH TOYHOCTh
MPaBUIBHOTO OOHAPYKEHUS B LIEJIOM.

Jns ananm3a BBIICNICHHBIX (PparMeHTOB KaJpoB, COJEPIKAIMX OOBEKTHI, Ha BHUIEOINOCIIE0BATEIEHOCTH
HEo0X0ANMO c(hOpPMUPOBATH KOMIUIEKCHBIH JIECKPHUIITOP, COCTaB KOTOPOT'O ONPEIEIISETCs PEIIaeMOoi IPHUKIIaJHOM
3agadeld. Cieqyer OTMETHTh, YTO B HEro HEOOXOIMMO BKJIIOYATh IPH3HAKH, MO3BOJIIOIIME ONUCATH OOBEKT
Ha OCHOBE JaHHBIX HE TOJIBKO TEKYIIEro Kajapa, HO U Ha MOCIEI0BATENbHOCTH MPEAbIAYIINX, KOTOpasl MO3BOJIUT
OLICHUTh OCOOEHHOCTH JBHKEHUS 00beKTa. [JIs BBIACICHHS IPU3HAKOB OOBEKTOB Ha M300PaKEHUSIX CYIIECTBYIOT
pasnuuHble 1oaxoxabl [2]. OxHako, HECMOTpPST HA MMEIOLIMECS PE3yNbTaThl B TEOPHH PAacllO3HaBaHUS 00pa3oB
W aHAJIN3€e CTaTHYECKUX H300paXeHNUH, OKa He BRIPaO0OTaHO YETKUX OTPEICNEeHUI M TEPMUHOB IS KilacCH(HKa-
IIUH ¥ BEIOOPA IPU3HAKOB OOBEKTOB, YYUTHIBAIONINX MX JIBIKCHHE HA BUICOTIOCIEIOBATEILHOCTSIX, a JINIIb IPH-
CYTCTBYIOT OOIIME ITOIXOABI JUT PEIICHNS IOCTABICHHOH 3a/1a4H.
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Lenvro cmamvu sBISIETCS 0000IICHNE U KIaCCU(PUKAIS IPU3HAKOB IBIKEHUSI 00BEKTOB Ha BUACOTIOCIIE-
JTIOBATCIILHOCTAX U MX MPUMCHEHHE IS 3a1a9K COMPOBOXKICHUS MHOKECTBA JIIOJICH C HCIIOJIh30BAHUEM CBEPTOY-
HbIX HelpoHHbIx ceteit (CHC).

MocTranoBka 3agaun. KiroueBbIMH 3TamaMu IpoIecca aBTOMATHUCCKOW 00OpabOTKH BHICOIMOCICIOBA-
TENBHOCTEH SBIAIOTCA OOHApPY)KEHHE OOBEKTOB, BBHIUMCIICHHEC M AaHAIM3 WX NPU3HAKOB IS KIaCCU(DUKAIWH.

ITox o6bexTOM (Ob) MOHMMAeM JIOKAJIbHYI0 00J1acTh, KOTOPAsk OTIMYAETCSI OT OKpy»Karomero Gora u oTodpa-
JKaeT HEKOTOPYIO YacTh MPU3HAKOB OOBEKTA U3 PEABHOTO MHUPA.

BuzeonocneoBarensrocts (V) , KOTOpas MoJIyueHa CO CTALMOHAPHO yYCTAHOBICHHON BUACOKAMEPHI, CO-
CTOMT M3 Habopa n300pakxeHUH (KaJpoB) OJAHOW M TOH K€ CIEHBI, MOJYYEHHBIX C ONpPEJCICHHBIM BPEMEHHBIM
MHTEPBAJIOM (4acTOTOH Kajpos): V = {Fk }, kK — HoMep M300paKeHHs B TOCIICIOBATEIILHOCTH.

[To xputepuio NBIKEHUS OOBEKT (Oquk ) , KOTOPBIH MPUCYTCTBYET Ha KaJIpaX, MOXKET OBITh CTALlMOHAPHBIM
WY IBYDKYIIIAMCSL.

CTaHI/IOHapHHﬁ 00BEKT OMHUCHIBACTCS MHOXKCCTBOM TIPU3HAKOB (Ftcs)b ) 1 HC U3MCHAIOIUMUCA B TCUCHUC
q

MHTEepBaa BpeMeHHn (t) KoopauHaTamu (XObq,yObq ):

Ob; = {thbq 1 Xon, » Yob, - ngﬁq } '

rae (FtObq + Xob, 1 Yon, ) =constvF,, ket;

F o o
NSOEQ — MHOKECTBO HIYMOBBIX BO3JCUCTBHUHU HA OOBEKT.
I[J'Iﬂ ABMIKYIICTOCA 00BeKTa Ha BHUACOIIOCIICAOBATCIIbBHOCTHU Ha6J'IIO,Z[aeTC$[ HU3MCHCHHUC OJHOI'0 WJIM HC-

CKOJIPKHX TTAPaMETPOB: KoopILI/IHaT(XO':kbq , ygkbq ) , pa3MepoB (SZC'):fJq ) , opmer (FRgfJq ) Ha UHTEpBAJIE BPEMEHU (t) .

Fk
Tpancopmarus ero ¢GopMbl U (WIM) pasMEPOB N3MEHSET €ro NMpHU3HAKM Ha KaJpax (ftobq ) . CoOTBETCTBEHHO,

JIBHOKYLIUHCS 00BEKT ONUCHIBAETCA KaK
D _[#R yh R R
Ob,’ = { ftObq +Xob, + Yob, + NSoh, } ,

D D
rIe Fty, — MHOXXECTBO IPU3HAKOB AMHAMHUYECKOTO 00BEKTa, FtObq ) ftggq , Vk et . Kak npasuiio, 1jst 1BH-
q

S
JKyHIerocs o0BeKTa XapaKTEPHO U3MCHCHHNE €TI0 IPHU3HAKOB HA KaJApax, OAHAKO ﬂogq M ﬁob;l .

Ha n300paskeHnn 0OHapyKEHHBIH 0OBEKT BBIIEIICTCS, KaK MPABHIIO, IPSIMOYTOIBHOM paMKO# U JUIS aITh-
HEWITNX uTepannii 00paboTKH UCIONB3YyeTCs aHAIN3 JaHHOW O00JIACTH KaJpa.

AHanu3 00BEKTOB TperoiaraeT mpeodpa3oBaHie BEIICICHHOTO (hparMeHTa n300paKeHHsI U3 ero UCXO/I-
HOTO TIpE/ICTaBJICHUS B KOHEYHOE, B KAY€CTBE KOTOPOTO OOBIYHO HCIIOIB3YETCS BEKTOP MPU3HAKOB, XapaKTePH3y-
IO O0OBEKT B LIETIOM:

Ob={ob,}—> P, ={p}, I=1..L,

rae P, — MHOXecTBO pH3HAKOB (P) M300paXkeHHs 0OBEKTA.

Pesynbprar ananmsa ¢gparMeHTa n3oOpaxxeHUs B KaJpe Ha OCHOBE BBIJEICHHBIX MPHU3HAKOB IOJDKEH
coJepxaTh HHGOPMAIHUIO O HATWYHUU WU OTCYTCTBHM 00BEKTa, O MECTE €T0 MOJIOKEHHS B KaJpe U O Kiacce
00beKTa, T.€. 00BEKT B JaNbHEHIIeM T0JKeH OBITh OTHECEH K ONpeeIeHHOMY Kilaccy (pacrno3HaH). B otnu-
qHe OT N300pakeHUH, A BUACONOCICAOBATEILHOCTH TPEeOyeTCs BRIOIHATH aHAIN3 HE TOJIBKO B IPOCTPAH-
CTBEHHOH 00J1aCTH, HO W BO BpeMeHHOH. [[1s onncanus 00beKTOB HE0OX0ANMO MPUMEHSATh MPU3HAKH, KO TO-
pble HHBaPUAHTHBI OTHOCHTEIHHO SPKOCTHBIX M TEOMETPUIECKUX MPeoOpa3oBaHUil C yUETOM MX BPEMEHHBIX
MU3MEHEHUI Ha BHJIEONOCIEJ0BATEIbHOCTHU: CABHUT, MOBOPOT U M3MEHEHHE MaciiTaba. [l obuero ciydas
3ajmava omnpexaeneHust Hanbosee 3pdexTuBHOrO HabOpa NMPU3HAKOB JBHXKYLIMXCS OOBEKTOB TEOPETHUYECKH
U TeXHUYECKHU HE PelleHa.

Tunsl 1BHKeHNs 00bEKTOB. /|BIDKCHNE OIMHOYHOTI0 00BEKTa, KOTOPOE HaOJII0JaeTCsl Ha OCIJIEI0BATEIb-
HOCTH M300pakeHH, 0OBIYHO TPEICTABIISET COOO0I OMH U3 YETHIPEX OCHOBHBIX 3JIEMEHTOB MIIM X KOMOMHAIIHIO
[3]: cMerenue B cTOpoHy (PUCYHOK 1, @) IPHBOIUT K M3MEHEHHUIO €0 KOOPANHAT, CMELICHHE 10 ONITHYECKOH OCH
BHUJICOKaMephl (PUCYHOK 1, 6) MPUBOIUT K YBEINYCHUIO Pa3MepOB JHOO0 K MX YMEHBLICHHIO, BPAIlCHHE Ha MTOCTO-
STHHOM PacCTOSIHUM OT BHICOKaMephl BOKPYT ONTHYECKONW OCH (PUCYHOK 1, 8) MPHBOAMT K MOBOPOTY OOBEKTA
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Ha N300pakKeHNH, BPAIlICHUE BOKPYT COOCTBEHHO!H OCH MEPIEHANKYIISPHO ONTHIECKOH OCH Ha IIOCTOSIHHOM pac-
CTOSIHUH OT BHJIEOKaMephl (PHUCYHOK 1, 2) MPUBOIUT K BU3yaJlbHOMY M3MEHEHUIO BHEUIHUX ITPU3HAKOB 00BEKTa,
KOOPJAMHATHI U pa3Mep He U3MEHSIOTCS.

o

—> >
> >

I'd %

a o 8 2

Pncyﬂmc 1. — OcHOBHbIE THIIBI IBHKEHHUSI 00bEKTOB HA BH/IE0IOC/IE10BATEIbLHOCTIX

3a Bpems HaOMIOACHHS O0OBEKT MOXKET U3MEHSTH CBOH KJIaccC M0 KPUTEpHIO ABIKECHISA. OH MepexoanuT
U3 KJIacca «CTAIMOHAPHBIN» B KIIACC «ABIDKYLIMICS» Ha K-Kaape, ecim BBIIOIHACTCS XOTS OBl OJJHO U3 YCIOBHIA:

(xei e ) # (6 v8 ) - (FRS ) =(FRE, ) (528 ) #(s23,)-

[epexoxa aBIKyIIErocs 00BEKTa B KJIACC «CTAIIMOHAPHBIN MPOUCXOMT MOCIE MPEKPAICHHS €TI0 IBUXKE-
HHSI, COOTBETCTBEHHO, KOOPJMHATHI, JOpMa U pa3Mepsl 00BbEKTa Ha COCEAHUX KaJpaX JOJKHBI ObITh HACHTHYHBIL.
3a BpEMs Ha6J'IIO[[eHI/I§I BO3MOXHBI HCOJHOKPATHBIC UBMCHCHHUA KJIaCCOB JIA OJJHOT'O U TOI'O K€ O6'I)CKTa 10 Kpu-
TEPUIO JBIDKCHUS, TOT/[A 33 3TOT MEPUO/I JBIKCHHE 00bheKTa Oy/IeT MMETh AUCKPETHBIN XapakTep.

Ha kaxmoM kajpe mociejoBaTeIbHOCTH MOXKET MPUCYTCTBOBATh MHOXECTBO JBHXKYIIMXCSI OOBEKTOB, MO-
3TOMY IIPY BUACOMOHUTOPUHIE YaCTO BO3HUKACT 33/1a4a OOHAPYKEHHs U OTCIICIKUBAHUS TIOBECHHS HE €IMHUYHOTO,
a rpyIIbl 00BEKTOB (MHOMKECTBA MM TOJIIBI JIFOJICH, KJICTOYHOMN MOMYJISINH, IBIXKCHHUS aBTOMOOMIICH | T.11.).

IIpu uccnenoBaHUM OBIDKCHUS TPYIIBl OOBEKTOB HA BUIEO MOXHO BBIJCIUTH TPH THIA JBWXEHHS [4]:
HAIpaBJeHHOE NBIDKCHUE 00BEKTOB, arperaiys 00bEeKTOB WM UX TPYII (JBIKEHUE K 00IIEMY LIEHTPY), pacceu-
BaHUE 00BCKTOB ([IBHIKCHHUE OT LICHTPA).

HamnparieHHOe ABMKCHHE OMPEICIIACTCS TOT/Ia, KOT/Ia HECKOJIBKO 00BEKTOB IBUXKYTCS B OJTHOM U TOM K€
HarpasjeHUH (PUCYHOK 2, a). OCHOBHBIMHU NPU3HAKAMYU TaKOTO ABHKEHHUS SIBJISIIOTCS: OJHOBPEMEHHOE MepemMe-
IICHUE HECKOJBKUX OOBEKTOB M3 OJHOW 00JaCTU M300paKEHUS B IPYTYIO, CKOPOCTh IBIKCHHS 00BEKTOB, Ipe-
BbIIIarOMass CKOPOCThb ABUKCHUA OGLCKTOB (1)0Ha, COBIIaJIAIOIIUEC HAITPABJICHUSA ABUKCHUA O6’LeKTOB.

[Mop arperanueii NOHUMAIOT JBHKEHHE 00BEKTOB MO HAMPABJICHHIO K 00IIeMy [IEHTpY. JBrkeHHe 00beK-
TOB MOXET ObITh CHMMETPHYHBIM UITH MOTYT Mpeo0iaaaTh JBa HanpasieHus (pucyHok 2, 6). K npusznakam arpe-
raiuy OTHOCSTCS: TIEpeMeNIeHne 0OBEKTOB B OJJHY 00JaCTh H300pakeH s, OOJbIIast CKOPOCTh JABUKEHHUS 00HEK-
TOB I10 CPABHEHHUIO CO CKOPOCTHIO UX XA0TUYECKOIrO JABHKEHHSI, BO3ZMOKHOCTD BBIICNICHHS JIBYX U OoJiee mpeoo-
JaJAfONIMX HATPABICHU JIBHKCHUSL.

Ipu paccenBaHuM JIBMKCHHE OOBEKTOB OCYILECTBISIETCS OT OOIIIEH TOUKH Ha H300paXKeHUH (PUCYHOK 2, 6).
K mpu3Hakam paccerBaHUs OTHOCATCS: MEPEMEIICHHE 0OBEKTOB OT UX OOIIEro IEHTPa Ha APYTHe yYacTKH H300-
paXeHus, CKOPOCTb ABUIKCHUA O6’beKTOB BbBIIIE CKOPOCTU XaOTUYECKOI'O JABMIKCHUSA, BO3SMOKHOCTD BBIICIICHUSA
JIByX 1 O60Jjiee mpeoOraaloniuxX HapaBIeHUu IBIKEHUSI.

a — HaNIpaBJIEHHOE IBMKEHHE, 0— arperanusi; 6 — pacceMBaHue

Pucynok 2. — OcHOBHBIE THIIBI IBH:KeHHUsI TPYNINbI 00bEKTOB

AHann3 pacCMOTPEHHBIX TUIIOB ABM)KEHHUS MOKa3bIBAET, YTO I 3()(PEKTUBHOTO aHAIN3A JIBIKYIIUXCS 00b-
€KTOB Ha BHJICOTIOCIIEA0BATENBFHOCTSIX CIEAYET HCII0Ib30BaTh Pa3IMYHble HAOOPHI MPH3HAKOB, BKIIIOYAs POCTPaH-
CTBEHHBIE XapaKTePUCTUKH 00bEKTa B KaJpe, U IPU3HAKH, OTTUCHIBAIOIIE OCOOCHHOCTH JIBHKEHHSI O0BEKTOB.

Kaaccndukanus npu3HaKoB ABIKYIIMXCS 00beKTOB Ha BHAe0. MOXHO BBIJICITUTh CIIEIYOIIHE KIac-
cu(uKaIMy MPU3HAKOB U COOTBETCTBYOIIHE UM KJIACCHI:

— 1o Tumy o0bekTa (00acTH) Ha BHIEO: MHUKCENBI, OJOKW NMUKCENOB, (parMeHTHl 00beKTa, 0OBEKT,
rpymmna 00bEKTOB,;

— TI0 MOJIEJI IIPE/CTABIICHHUS: B CIIEKTPaJIbHOW 1 BPEMEHHON 00JacTH;
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— IO THITYy IBWKCHUS: ISl ONWHOYHOTO 00BEKTa U IS TPYIIIBI OOBEKTOB,;

— MO0 «YPOBHIO» MPU3HAKA: TICPBUYHBIC U BTOPUYHEIC.

K mpusnakaM, XapaKkTepH3YIOUIUM JBHKCHHE 00BEKTa, HA BUACOMOCICAOBATEIBHOCTH LEJICCO00pa3HO
OTHECTH:

1) cMmemieHue;

2) TpaeKTOpHs ABHXKEHHUS,

3) CKOpOCTP M yCKOpPEHHE;

4) BpeMms IBHKCHHUSL.

MO>KHO BBIICTHTE CIEAYIONTHIE TTAPAMETPEI NPUSHAKA CMelyeHs 0O0beKkma: TITMHA BEKTOpa CMEIeHHS 00b-
eKTa OT Kajpa K KaJpy, HalpaBJICHNE BEKTOpa CMEMICHNS 00BEKTa, INIOTHOCTh BEKTOPOB CMEMICHUS, OJHOPOI-
HOCTBh BEKTOPOB CMEIICHNUS, KApTHI ABIKCHHUS, TUCTOTPAMMa ONITHYECKOTO TIOTOKA.

[TepBUYHBIME IPU3HAKAMHU CMEIIIECHIS SBIISFOTCS UTHHA BEKTOPA M €r0 HalpaBlIeHHe, KOTOPBIe MOTYT IIPH-
MEHSTBCS ISl OLICHKU ATHX BEIUYMH MPEACTABICHHBIX YPOBHEH eKoMITO3UIMU 00bekTa. Ha Mx 0cHOBE BBIUHC-
JISIFOTCS. BTOPUYHBIC TIPU3HAKHU: TUIOTHOCTh M OJHOPOTHOCTh BEKTOPOB, KAPTHI JBMKCHHUSI, THCTOTPAMMa OITHYC-
CKOT0 MOTOKa. MaKCUMAabHO TUIOTHBIM CYMTACTCS ONTUYECKUHN TIOTOK, €CITM OH HAWICH JUIS BCEX TOYCK 00BEKTa
unTepeca. OTHOPOIHOCTH BEKTOPOB MAaKCUMaJIbHA, €CITU BCE OHM IO MOJIYJIFO U HANPABICHUIO OJMHAKOBEI.

I'uctorpammel ontudeckoro notoka (HOF) [S] mo3BosisiioT u3BiieYs HHOOPMAIHIO 00 OTHOCUTEIHLHOM JBH-
JKCHUU HEOOJbIINX (PparMeHTOB COCEMHUX KAJAPOB U OLCHUTh UX CBA3HOCTH B IBMkeHUU. Beruncinenue HOF oc-
HOBaHO Ha pa30MeHNH BEKTOPHOTO TI0JIS1 Ha paBHBIC IIPSIMOYTOIBHBIE YacTH (PUCYHOK 3, @) M HAXOXKIECHUH THCTO-
rpaMM KOJIMYECTBa BEKTOPOB M WX CYMMAapHOW JJIMHEI 110 JAWANA30HY HANpaBJICHUN. [ MCTOTpaMMBI COCTOSIT
U3 CTOJIOIIOB, K&KIBIH U3 KOTOPBIX OTPa)kaeT KOJIMYESCTBO MM CYMMAapHYIO [UIMHY BEKTOPOB, IIOMABIINX B 3a/1aH-
HBII HAIa30H 3HAYCHUN HAINPaBIICHUH, U MO3BOJIIOT KIACCH(HUIMPOBATH ABIKCHHE O0BEKTOB OTIPEICICHHBIX
oOnacreil. BuzyanpHO Takue THCTOTpaMMBI OTOOpaKaloT B BHIEC BEKTOPOB, UCXOIIIINX U3 OJTHON TOYKH M UMEIO-
IIUX HAIPaBIICHUS, PABHBIC CPEIHEMY 3HAUCHHUIO AHANa30Ha HAIpaBJICHUH CTONIONA, U IUTHHBI, TIPOIIOPIIHOHAIE-
HBIC cToJIONaM (pucyHOK 3, 6). IToroBas ructorpaMma (OpMUpPYETCsi HA OCHOBE OOBEIMHEHUS THCTOTPAMM, pac-
CUMTAHHBIX JUISA KQKI0H YacTH (PUCYHOK 3, 6).
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PHCyHOK 3.- HpI/IHHﬂH MOJIYyYC€HHUS] TUCTOTrPAaMMBbI OITUYECKOI'0 MOTOKA

WuTerpanbHbIil ONTHYECKUN TIOTOK MPUMEHSIETCS I aHalu3a JBWKEHHUS TPYI OObEKTOB, HAPUMED,
nroneit [6]. Jns xakmoro nukcena win 0g0ka n3o0paxkeHus oH GopMHUpyeTcsi Kak pe3ysibTaT MHTErPUPOBaHHS
3HAUEHUH ONTUYECKOT0 NIOTOKA 10 3aJaHHOMY KOJIMYECTBY KaJPOB BUAEONOCIE0BATEILHOCTH:

N-1
VOFtN ( p) = ZOFHi ( pt+i) !
i=0

rae OFt — KJIACCUYCCKUH ONTHYCCKUHA TTOTOK JUIA BUACOIIOCIICA0BATCIIBHOCTH V,

VOF,N — MHTErpajibHbIH ONTHYECKUH MOTOK (h)parMeHTa BUIEONOCIEN0BATENBHOCTH A1 N Kaapos;

p,,; — NOJIOXKEHUE MUKCeNa |t ( p) na t+1 kagpe Bumeonocae10BaTENLHOCTH.

Jlns onpeneneHns THIA JBIDKEHHSI COBOKYTTHOCTH OOBEKTOB B paboTe [6] mMOCTpOeHs! YeThIpe BUIa KapT
JIBIDKEHUS, NCTIOIB3YIOIINE aHATN3 MHTETPATFHOTO ONITHYECKOTO MOTOKA: KapTa CXOANMOCTH ITHUKCENIOB, OTpesie-
JSTFOIIAst A7 KaXKJ0T0 y3J1a YHCIIO IMTUKCEIIOB, NEPEMEIIAIOIIMXCs [0 HAIIPaBJICHHUIO K HEMY; KapTa PacXoIUMOCTH
MHIKCENOB, ONPEAEIIAOIAs YUCIO0 MUKCENIOB, IBIKYIINXCS 110 HANIPABIECHHUIO OT JAHHOTO Y371a; Pe3yIbTUpPYONIas
KapTa CXOJMMOCTH NHKCEJIOB, 0TOOpaXKaroIasi pe3yIbTUPYIOLIee ABMKEHUE BCEX MUKCENIOB [0 HAIPABICHUIO
K JJAHHOMY Y31y, Pe3YJIbTHPYIOIIasi KapTa pacXOAMMOCTH IHKCENIOB, 0TOOpaKalomas pe3yIbTUPYIOLIee JIBIKe-
HHE BCEX MUKCEIIOB 110 HAIPABJIECHUIO OT JaHHOI'O y37a.
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PaCCMOTpCHHHe BTOPUYHBIC IPU3HAKU ITO3BOJIAIOT BBIIIOJIHATE JIOKAJIU3AIUIO 00BEKTOB U OL€HKY HUX IIO-
BEJICHHUS HA JMHAMHYECKOM CLIECHE Ha OCHOBE aHaJIN3a BUICOIOCICI0BATCILHOCTH.

BTOpLIM IIPU3HAKOM, KOTOpLIﬁ Ba)XXCH MpU aHAJIN3EC ABUKCHUSA, ABIACTCIA mpaeKkmopus, 0T06pa>1<aromaﬂ
JABUKCHUC 00BeKTa HA Kaapax BUACOMIOCICA0BATCIIbLHOCTU B BUIC TOHKOM JIMHUM WM JIMHUM € TUHUIHON IIUPHUHBL
MONEPEYHOTO CCYCHU Ha Kaape. ﬂaHHaH JIMHUS MOXKET OBITh IMOCTPOCHA HAa OCHOBC KOOPAUHAT 00BeKTa Ha npe-
ABIAYHIUX KaJgpaX BUACOIOCICI0BATCIIBHOCTH. MOl"yT OBITE Ppa3HbIC BAPUAHTHI UX OIPCACIICHHUA, HO Hanboiee
paCHpOCTpaHeHHLIﬁ MOoAXOoJa mpeamnojaracT HaxX0KACHUEC LHEHTPa 00BeKTa (OZ[I/IH IIUKCCJI Ha Kaupe) C KOOpaurHa-

TamMu (xgkb , ygg ) Torma TpaekTopus ABIKEHHUS OOBEKTa Ha BHIIEO OMHCHIBACTCS MOCIEJOBATEIIEHOCTHIO B BHIE
q q

Ha6opa KOOpAUHAT LCHTPa 00BeKTa Ha KaxXJ10M Kaape:

Tr(0b%) = (002 ) =4(x5, . v, ). (%6, ¥6, )- (%6, Y65, )oooer (%65, ¥ )} -

Crenyet yuuThIBaTh, 9YTO OOBEKTHI MOTYT IOSIBISTHECS Ha BUICOIIOCIIEA0BATENILHOCTH HE C TIEPBOTO Kaapa
Y BBIXOJUTSH 32 TPEJIEIIBl CIIEHBI B HEKOTOPBI MOMEHT BPEMEHH Ha N-m Kaope, a HE Ha MOcIeAHeM Kaape. Toraa
TPaeKTOpHsI IBIDKCHHS MOXKET OBITh ITOCTPOEHA C Kaapa M, Ha KOTOPOM OOHapy>keH OOBEKT M 0 N-TO Kazpa.
Takum 00pazoM, TPaeKTOPHUS CO3IAECTCs IPH MOSBICHUH HOBOTO 00BEKTa B KaJpe U, KaK MPAaBUIIO, YAAIACTCS TIPH
BBIXO/JIE €ro 3a Ipezaens! kKaapa. Ha BpeMs KpaTKOBPEMEHHOTO CKPBITHS JBIDKYILETocs 00beKTa 3a JPyTUMH UITH
IIPY HEBO3MOKHOCTH €0 00Hapy>KeHHs IO APYTUM NPHYNHAM, TPAeKTOPHUS NPEPHIBAETCS, HO BOCCTAHABIMBACTCS
4yepe3 HeCKOJIbKO KaJpoB, T.e. HabmoaaeTcst pparMeHTalus TpaeKTOpuH IBrkeHus1. [109ToMy [U1s OLIeHKH coCTO-
SIHUSI HEOOXOIMM Y4eT 0COOEHHOCTEH NBIKEHUS 00BEKTa, YTO MOXKET OBITh 00eCIIeueHO HCIOIb30BaHUEM HEKO-
TOPBIX AIPUOPHBIX CBEJCHUI O MepeMeNIeHUH 00BheKTa Ha MPEeAbIIYIINX Kaapax U ero AUHAMHYECKUX BO3MOXK-
HOCTSIX, Ha OCHOBE KOTOPBIX MOET OBbITh ITPEABAPUTEIHLHO MOCTPOCHA MOJIENb TPAEKTOPUH, KOTOPAsi MOXKET OBITH
JTMHEHHON WM HeIWHEHHOH, IeprHoAndecKol Win Henepuoamdeckoi. VicXoas u3 TpaeKTOpHH, MOXKET OBITH BEI-
YHCIIEHO IIepeMelIeHre 00beKTa Ha BUCO IS 3aJaHHOTO MHTEPBala BPEMEHHU, TPAHUYHBIE 3HAYCHUSI KOTOPOTO
OTIPEETAIOTCS. HOMEPaMH KaJpOoB, Ha KOTOPHIX HEOOXOIMMO ONPENEIHTh KOOPAWHATHI MOJOKEHHS 00bEKTa U
HaWTH MEXAy HUMH KpaTdaifliee pacCTOSHAE B KOOPIMHATAX KaJpa.

Crxopocmb u yckopenue NBUKEHHS 00BbEKTa B KOOPIUHATAX Kaapa SBISIOTCS CICAYIOMEH TPpyMIIon Baxk-
HBIX HPU3HAKOB OOBEKTA, KOTOPHIE MOXKHO PAacCUMTATh ITyTeM BBIYMCICHHUS NEPBOH M BTOPOM IMPOHM3BOIHBIX
0 OJTHOMY U3 4 MM 8 HampaBIEHUI B 3aBUCUMOCTH OT UCIOJIb3YEMOT0 THIIA CBSI3HOCTH IMUKCEJIOB.

YeTBepTHIM NMPHU3HAKOM, KOTOPBIIT HEOOXOIUM TP aHAIN3E JBHKCHUSI, SIBIIETCS 6pemMst O8UMNCEHUsL 00D~
exma (BpeMeHHOH npu3Hak). OCHOBHBIMH IapaMeTpaMHy 3TOTO MIPU3HAKa SBIIIOTCS BpeMs Haudana U OKOHYAHUSA
JIBIDKCHUS] 00bEKTa, BTOPUYHBIMU — HHTEPBAJIbI BPEMEHH, XapaKTepPHU3yOIe HePEPhIBHOE BH)KEHHE 00bEKTa
U €TO CTallMOHAPHOCTD 3a BECh NEPHUOJT HAOIIOICHHS.

ConpoBo:kaeHre MHOKeCTBA JI0/ieil HAa BUIeO0I0C/1e10BATEJILHOCTAX HA OCHOBE aHAIN3a KOMILIeKca
TPU3HAKOB. J[J1s CONMPOBOXKACHUSI MHOXKECTBA JII0JIei 3 PEKTUBHBIM SIBJISIETCS MPUHIIMI COIPOBOXKICHHUS Yepe3
obOHapyxenue. B pabore [7] mpemnoxen anroputm, kotopsrid ucnoib3oad CHC YOLOvV3 mis oOHapykeHHS
JrOJIeH. DTam IeTeKTHPOBAHMS SBJISICTCS OAHUM U3 KIIIOUYEBBIX B JITOPUTMaX TPEKHHIa, TOCTPOCHHBIX Ha OCHOBE
COTIPOBOJKICHUS C UCIIOJIb30BAaHIEM OOHAPYXKEHHUS, TaK KaK TOYHOCTb €Tr0 pabOoThl B 3HAUNTEIHLHON Mepe omnpeie-
JSIET ¥ Ka4eCTBO CONPOBOXKACHUS. [103TOMY 111 TalIbHEHIIIET0 pa3BUTHS allrOpUTMa Oy 1T HCIIOJIb30BaThCs Ootee
touHast CHC YOLOv4, npenmMytiecTBa KoTopoii ykazassl B [8]. [lociie oOHapyskeHHs GUTypHI YeTI0BeKa Ha KaJpe
BBIYHCIISIIOTCS M aHAJIM3UPYIOTCS CIIEYIOIINE TPU3HAKK BBIJIEJICHHOTO (PparMeHTa B IPOCTPAHCTBEHHOW 00IacTH
KaJIpOB M BO BpEMEHHOH o0sactu Ha BuaeonocienoBarensHocti: CHC u ructorpaMMHbIe NPU3HAKK KaHANA [IBe-
TOBOTO TOHA npocTpaHcTBa HSV dvenoBeka mpu mocietHeM NMpaBUIIBHOM €ro 0OHapy)KeHWH Ha Kajape, KOOpH-
HATBHI [ICHTPA BBIICJICHHON 001aCTH YeI0BeKa B KaJipe, CMEIICHHUE B TEKYIEM KaJpe OTHOCUTEIHHO MPEABIYIIEro,
HIMPYHA U BBICOTA 00JIACTH Ha MPEIbIIyIIEeM Kaape, TPAaeKTOPHsI IBMKeHNUs, BpeMsi ABrkeHus. [y Bcex compo-
BOJK/Ia€MBIX 1 00HapY»KEHHBIX HAa TEKYIIEM Kaape 00bEKTOB BHIYMCISIOTCS 3HAUEHHSI CXOXKECTH, HA OCHOBE KOTO-
PBIX YCTaHABJIMBAETCA COOTBETCTBHE MEXy 0OHAPY>KCHHBIMH U COIIPOBOXKAaEMBIMU 00BEKTaMH. Y CTAHOBJICHHE
COOTBETCTBUS JUIS ICTCKTHPOBAHHBIX JIFOAEH M MX TPACKTOPHH BBIIIOJIHIETCS HA OCHOBE BEHI€PCKOTO aJrOpUTMA.
Tpaexropus co3aaeTcs Mpy IEpPBOM 0OHAPYKEHUH YEJIOBEKA, a yIANISIeTCs €CIIU JaHHbIH YeJIOBEK Ha MTPOTSHKEHUH
OTIPENIeNIEHHOTO YHCIa MOCIIEeIOBATENbHBIX KaIPOB HE JETEKTHPYETCS M U1 HETO OTCYTCTBYET COIIOCTaBJICHUE
C TIPEeABITYINMH KaJpaMH, T.€. CAUTAETCS, YTO OH BBIIIET U3 CIICHBI, KOTOPYIO CHUMAeT BHIEOKaMepa.

IIpu compoBoxAeHUM IO B MOMELMEHHUAX TPACKTOPHS UX JIBUKEHUS UMEET HEIHMHEHHBIN XapaKTep
U SIBJIAETCS TPYJHOIPEACKAa3yeMO, I03TOMY IOCTPOEHUE M UCIOIb30BAHUE MOAEIH TPAEKTOPUH Il IPOrHO3U-
POBaHUS HOBOTO IOJIOXKEHHSA 00BekTa He mpuMmensercs B anroputMme [7]. [Ipu HaGmoneHnn BHE NMOMENICHUN
YeNIOBEK, KaK IPaBHIIO, TIEpeMeIacTcs B OJHOM HAIpPaBICHHH HA 3HAYUTEIHHO OOJBIIEM KOJIWYECTBE KaapOB,
YeM B MTOMEIICHUH. 3HAUNT, TPACKTOPHS ABIKCHHUS YEIOBEKa IIPH BHEITHEM BHICOHAOIIOICHUHN OJIFDKe K JIMHEH-
HOW Ha OoJiee 3HAUNTENHHBIX BpEMEHHBIX MHTEepBaiax. CienoBaTenbHO, U JAHHOHN 3aa9 MpeiaraeTcs MoIn-
(ukaIys anropuT™Ma JUIA IpeacKa3aHus MONI0KEHHUS YeJIOBeKa Ha TeKyIIeM KaJpe OTHOCHTEIBHO MPEIbIAyIINX
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C WCIOJIb30BaHMeM JnHeiHoro GuinsTpa Kamvana [9]. Ileprsrit mar anroputma KanmaHa BBEITIONHSIET MPOTHO3
3HA4YEHHs BO3MOXHOTO IOJIOKECHUS YEIOBEKa Ha TEKYIIIEM KaJpe Ha OCHOBE €ro TPAacKTOPHH JIBMKEHHUS, a Ha BTO-
POM L1are BBIIOJIHSIETCS KOPPEKTUPOBKA C YYE€TOM MOIyYSHHOT'O ITPOTHO3UPYEMOT0 MOJI0KEHHUS U COMOCTABICHUS
C paHee HailICHHBIMU M300paKeHNSIMH JIIOJICH Ha MOCIIeA0BaTeNbHOCTH KaapoB. CielyeT OTMETHTh, YTO JIMHEH-
HbIH preTp KanMana 4yBCTBUTENICH K €JMHUYHBIM BEIOPOCAM M HEJTMHEHHOCTH TPACKTOPHH JIBHYKEHHSI.

J1y1st OLleHKHM BO3MOXHOCTH HPAKTHYECKOTO HCIIOJIb30BAHUSI allTOPHUTMa BaKHOHM 3a1a4eil sIBIsETCs OIpe-
neneHue 3(pQEKTUBHOCTH COMPOBOKACHHS C YIETOM COBMECTHON pabOTHI 3TAllOB OOHAPY’KEHUS M TPEKUHTI'A, I10-
9TOMY TECTHPOBaHHE AJITOPUTMa COIPOBOXKICHUS JUUIA HAOIIOICHNS! B TOMEIICHUSIX U MOAM(UIIMPOBAHHOTO -
TOpPHUTMA JUIsl IPUMEHEHNS BHE NTOMEIIEHNH, KOTOPBI Hcrob3yeT GuibTp KanmaHa, BBIIONTHEHO ¢ y4eTOM pe-
3yibTaToB oOHapyxerus moaeid CHC YOLOv4. B atom ciyuyae ommbku padotsr nanHoit CHC npuBoIAT K yXya-
IICHUIO KPUTEPHEB OLICHKN COIPOBOKACHHS aJITOPUTMOB, HO SKCIIEPUMEHTHI OTPAKAIOT PEANIbHYIO PE3YIbTaTHB-
HOCTb aJITOPUTMOB COTIIPOBOKACHHSA, YTO OUCHB BayKHO VISl IPUHATHS PEIICHNS 00 X IPUMEHEHHUH Ha MIPAKTHKE.
TectupoBanwne nposeneHo mo Mmeroauke MOT 16 u3 [10] u onipeneneHs! KpUTEPHH OIIEHKH COMPOBOKICHUS aJIro-
putma. OCHOBHBIE U3 ATUX KPUTEPHEB MIPEACTABIICHBI B Ta0JIUIIE 1: 00001IaloMNi TOYHOCTh U IOJTHOTY KPUTEPHI
MyTEeM BBIYHCIICHHSI MX TapMOHHYeCKoTo cpeanero 3a nepuon (IDF1), TouHOCTH ToKamM3aum compoBOXIaeMbIX
moneit (MOTP), xonndecTBo oTcnexuBaeMbIx Tpaektopuil (MT), KonndecTBo MoTepsiHHBIX Tpaekropuii (ML),
o0lIIee KOJIMYECTBO CPHIBOB 3a CUET Iiepe3axBaTa JOXKHOro 00bekTa npu conpoBoxaeHuH (IDS), TouHocTs conpo-
BOJK/IeHHsI MHOXKecTBa 00bekToB (MOTA). /11151 otieHKH 3 pEeKTUBHOCTH COIPOBOIKACHHUS JIFOJIEH BHE TTOMELIICHUH
UCIIOJIb30BaHbI BU/ICOTIOCIIEA0BATEILHOCTH U3 0a3bl taHHBIX MOT16, KOTOpBIE MOTy4€eHBI C UCTIOIb30BAHUEM He-
CTaIMOHAPHOW BUICOKaMEPHI IIPH €CTECTBEHHOM 1 MCKYCCTBEHHOM YJIMYHOM OCBEIICHUH B HOYHOE BpeMs (IpH-
MepHI ITOKa3aHbl Ha PUCYHKE 4).

8 2

Pucynok 4. — [IpuMepslI COMPOBOKIEHHSI MHOKECTBA JII0€il BHE MOMeIIeHUsI
€ HCNOJIb30BaHUEM IBUKYIIelics BUAeOKaMephbl

OKCHEPUMEHTHI JUIsl BUAEOTIOCIIE0BATEIbHOCTEH, TIOJIyYEeHHBIX BHYTPH MTOMEIICHNH, TPOBE/ICHbI Ha IIie-
CTH BHJIEO CO CTAIlMOHAPHON Kamepbl HaOmoneHus: (pUCyHOK 5). OO0Iiee KOJIMIECTBO KaapoB, ISl KOTOPIX Xa-
PAKTEPHO U3MEHEHHE OCBEILECHUS, HeIMHEIHAs TPAeKTOPUs JBHKEHHUS JIF0JeH, UX TIepeKphITHe 00beKTaMu (oHa
WY TIepecedeHre UX TPAEKTOPHH, CXOKHE XapaKTePUCTUKH U JIp., cocTaBisier 11890.
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PucyHok 5. — [IpuMepbI cCONPOBOIKAEHUSI MHOKECTBA JIIO/Ieil ¢ HeJIMHEelHOH TpaeKkTopHei IBUKeHUSs
B NIOMELEHUH € UCI0JIb30BAHUEM CTALIMOHAPHOI BHIe0KaMepPbl

Ta6n1/1ua 1. - Pe3yJ'H>TaTLI OKCIICPUMEHTOB IO OLICHKE PE3YJIbTATUBHOCTU COITPOBOKACHUA MHOXECTBA mronei

Buneopsin IDF1 MOTP MT ML IDS MOTA
MOT16-02 [10] 24,4223 75,6913 7 30 184 21,4266
MOT16-04 [10] 29,3523 77,4336 7 44 253 27,1758
MOT16-05 [10] 34,0707 73,0136 27 27 179 44,7199
MOT16-09 [10] 37,9400 78,9493 9 2 100 48,2024
MOT16-10 [10] 30,1604 70,9951 10 23 239 30,2565
MOT16-11 [10] 38,8816 79,7906 17 29 139 49,2697
MOT16-13 [10] 28,3641 69,5090 16 55 235 23,0742

PucyHok 5, a 66,6366 81,1972 2 0 8 83,5165
PucyHOK 5, 6 74,1494 80,9533 2 0 1 90,2609
PucyHok 5, g 75,3374 83,1033 2 0 13 87,1513
PHCYHOK 5, 2 85,2735 85,9602 3 0 11 98,6632
PucyHok 5, 0 68,8444 79,1090 3 0 3 92,3880
PucyHok 5, e 95,1529 80,9356 3 0 3 90,7566

Amnanu3 Tabnunel 1 ¥ pECYHKOB 4, 5 CBHIETENBCTBYET, YTO HA TOYHOCTh PAOOTHI aJITOPUTMOB 3HAUUTEIHHO
BIIMSIET PE3YJIbTATUBHOCTh OOHApYKeHHUs Jiroziell. Ha BHIeonocienoBaTelIbHOCTSIX, MOTYyYEHHBIX C TIOMOIIBIO JIBU-
JKyIIEecs KaMephl U3-3a 3HAYUTENbHBIX ITYMOBBIX BO3JICMCTBUH, paboTa IETEKTOpa JOCTATOYHO JI0JITOE BPeMs Xa-
paxTepu3yeTcsl MPOIMYCKOM MHOTHX JIIOJIEH, YTO NMPHUBOAUT K MOTEpe TEKYIEro MHIEKCAa U IIPHUCBOSCHHH HOBOTO
1pH BO30OHOBIICHHH 0OHapyxeHusl. Taroke n3-3a IyMOBBIX ()aKTOPOB BO MHOTHX CJIydasX HaOJIIOIaeTCs HETOUHOE
BBIJICTICHAEM O0OJIACTH YelloBeka B Kaapax. Hanmpumep, 001acTh yemoBeka ¢ MHICKCOM 38 B KaJpe Ha pUCYHKE 4, 6
o0OHapy»KeHa ¢ BRICOKOU CTETICHBI0 TOYHOCTH, a TS TOTO XKe YelIOBEKa Ha PUCYHKE 4, 2 IETEKTOp BKJIFOUHII B 00J1aCTh
3HAYNATETHHO OONBIIMIA ()parMeHT Kaapa H3-3a TEHH. JTO MPUBOIUT B JANBHEHIIEM K 3HAUYUTEIEHOMY OTIHIHIO
MPOCTPAHCTBCHHBIX MPU3HAKOB ()ParMEHTOB U MepeHa3HAUYCHHIO HHIICKCa TS COMPOBOXKIAEMOT0 YelloBeKa (B I1aH-
HOM cllyyae — MHIEKC 52 Ha pucyHke 4, 2). Kpome 31010, B HEeKOTOpBIX BUIeo u3 [10], moayyaeMbIx HepeHOCHMOit
Kamepoi B MOTOKE MITYIIHUX JIIOJIEH, IOCTATOYHO POIOIDKUTENILHOE BPEMsI IIPUCYTCTBYIOT JBIIKYIIIMECS JIFOJIH, CHHU-
MaeMble Ha OJIM3KOM PAacCTOSIHUU M JIMIIB YacTh UX (GUryp otrobpaxaercs B kanpax. [Ipavensemas CHC amst Beize-
JIeHHs MIPU3HAKOB JIFOJIeH 00ydeHa ¢ ucrosb3oBanueM 0a3 maHabix PRID [11] u iLIDS [12], koTopble He conepkat
MOJTHBIE M300pakeHns (PUTyp JIFOJEH, TOITOMY I HOBBIIIEHUS] TOYHOCTH COTIPOBOXK/ICHUS B TAKUX YCIOBHSX Tpe-
Oyercst mopaboTka 6a3bl maHHBIX s o0ydeHns CHC, Beramcisroniel mpu3Haku oOHApYKECHHBIX JIFO/IEH Ha BH-
JeorocienoBaTenbHOCTH. OHAKO MPEINIOKEHHBIM alTOPUTM yIy4IlaeT TOYHOCTh COIPOBOXKICHHUS Ha TECTOBBIX
BUICOTIOCIICAOBATEIFHOCTAX, MOIYYCHHBIX BHE MOMEIICHUS, 110 CPABHEHHUIO ¢ anroputMoM u3 [13], Tak kak
JUTS ero peanm3anuu u3 [14] odecreunBaeTcst TOYHOCTH COMPOBOXKIeHMs 11 Beex Bueo u3 [ 0] MOTA = 0,288306,
a urs npeioxenHoro aimroputMa MOTA = 0,300860. st Biaeomnocie1oBaTeIbHOCTEH CO CTAIIMOHAPHOHN KaMephl
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HaOJTIO/ICHUSI B IOMEIICHUH TaKkiKe 00eciednBaeTes yaylieHre TOYHOCTH: it anroputma u3 [13] MOTA = 0,8793,
JUTS TIPEJUIOKEHHOTO ainroputMa ¢ ucrnonszosanueM CHC YOLOv4 MOTA = 0,9266.

[Ipumep MpUMEHEHHUS aNrOPUTMA JUTS BUICOHAOIIOIECHHS B IOMEIEHUH C U3MEHSIOIUMCST YPOBHEM OCBE-
IIEHNS ¥ TOCTPOECHUEM TPACKTOPHUHl IBMKEHUS JIFOJICH MOKA3aH HA PUCYHKE 6.

6 2

PucyHnok 6. — [Ipumep conpoBoskIeHus JI0/iell BHYTPH MOMeLIeHUi
¢ HCMOJIL30BAHMEM CTAIHOHAPHOI BHIe0KaMepPhl ¢ 0TOOpakeHHeM UX TPAeKTOPHUIi IBHKeHHs HAa Kaapax

AHanu3 TpaeKTOpHUil Ha PUCYHKE 6, a TIOKa3bIBACT, YTO B IOMEIICHHE BOIILIU JBa YeJIOBEKA, OMH U3 HAX,
C MHIECKCOM 06, TOIOMIEI K CTOJY M CeJ Ha CTYIL, a YeJIOBEK C HHICKCOM 5 IIel C JIeBOI CTOPOHBI CTOJIA K BHICOKA-
Mepe, 3aTeM pa3BepHYJcsS W, 000U CTOJ, IOMIEI B MPABYIO CTOPOHY 10 HAINPaBJICHUIO K mKkadam. PucyHok 6, 6
CBUJICTEIILCTBYET O TOM, YTO SPKOCTh M300paKeHUS KaJpa 3HAYUTCIFHO YMEHBIIWIACH, T.K. OBLIO BHIKIIFOYCHO
OCBEIIICHUE YEJOBEKOM C MHAECKCOM 5, YTO MOITBEPIKIACTCS CPABHCHHEM SIPKOCTH CBETHJIHLHHUKOB Ha PUCYH-
Kax 6, a u 6, 6. [Tociie 3TOro BO3HUKIIO OOJIBIIOE KOJMYESCTBO IIIYMOB, OJJHAKO COMPOBOXKICHUE BBITIOIHSICTCS KOP-
PEKTHO (CM. PHCYHOK 6, 6), 4TO noaTBepKAaeT 3G (HeKTUBHOCTH pazpaboTaHHOTo anropurMma. Yepes He3HAYUTEIb-
HOE BpeMsi CPE/ICTBAMH allapaTHOW aBTOMOICTPOUKH KaMephI IPKOCTh H300PAKCHUS Kaipa YBEINYHIACh, KOJIU-
YECTBO IIYMOB CTAJ0 MEHBIIE, OOHAPYKCHHE U COMPOBOKICHUE JIFOJICH BBIMOIHAIOCH KOPPEKTHO (CM. pUCY-
HOK 6, ). Tpaekropuu IBH)KEHHUSI HA PUCYHKE 6, 2 CBUAETEIBCTBYIOT O TOM, YTO OCBEIEHUE B TIOMEIICHHH BKITIO-
YU 4eJ0BeK ¢ nHaekcoM 6. Takum o0pa3oM, aHANU3 TPaeKTOpUil Ha BEIOPAHHOM KaJIpe MO3BOJISIET OTPEICIHTh,
KaK MepeABUTaNICS KK bl YEIOBEK Ha JMHAMUYECKON CIICHE, YTO OUYEHBb BaXKHO IS Psfa MPUKIIAIHBIX 3a/1a4.

3akioueHue. AHann3 00ObEKTOB Ha BHJIEOIIOCIIEIOBATEILHOCTH IIPEANOaraeT npeoodpa3oBaHue BhIje-
JICHHOTO (pparMeHTa U300pakeHUs U3 €ro UCXOJHOTO MPEICTABICHHUS B BEKTOP NMPU3HAKOB, KOTOPHIH B Jajb-
HEHIIeM HCIONB3yeTcs A KiIacCH()UKAIMKM W pacro3HaBaHUs. [ mociemoBaTeapbHOCTEH M300pa)k eHHH,
B OTJIMYHUE OT H300PAKEHUH CTATHUECKHUX, TPEOYETCs HE TOJNBKO BBIMOIHATH aHAN3 00BEKTa B IPOCTPAHCTBEH-
HOH 00JlacTH Kajpa, HO U YUYUTHIBATh MPU3HAKU JABUKEHHS, TIOITOMY B CTaThe PACCMOTPEHBI OCHOBHBIC THIIBI
1 0COOCHHOCTH JBHKEHHSI OJHOTO OOBEKTa H TPyl 00BeKTOB. [Ipeuioxkena cieayromas KiacCiu(pUKaIus OCHOB-
HBIX TIPU3HAKOB, XapaKTEPU3YIOINX IBIKCHHE 00BEKTa Ha BHJCONOCIECIOBATEIFHOCTH: CMEIIEHNE, TPAeKTO-
pHsi, CKOPOCTh U YCKOPEHHE, BpEeMs IBHXKCHHS. [[pUBEICHBI OMHMCAHUS aJTOPUTMOB CONPOBOXKIACHUS JIOICH
Ha BHUCOIOCIIEI0BATEILHOCTAX, TIOJYYCHHBIX B TIOMENICHUH U MPU HAPYKHOM HAOJIIOJICHUH, W BBITIOJHEHO
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ux TectupoBanue 1o meroauke MOT16 o oreHke KpuTeprueB KauecTBa padoTsl. [IpeacraBieHsl mpuMeps! pe-
3yJIbTATOB OOHAPYKEHUS JIIOJCH Ha BHICOMIOCIIEIOBATEINBHOCTSX, a TAK)KE Kbl C BU3yIN3aUeH TpacKTOpH i
JIBUKCHUS JIIOJIEH B YCIOBUAX 3HAUUTEIBHOIO U3MEHEHHS OCBELICHHOCTH CLIEHBI.
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CALCULATION AND ANALYSIS OF MOVING OBJECT FEATURES
FOR TRACKING IN VIDEO SEQUENCES

R. BOHUSH, S. ABLAMEYKO, I. ZAHKARAVA

This paper discusses the formation of object features considering the peculiarities of their presentation in
video sequences. The main types of movement of a single object and object group are presented. We propose a
classification of features that characterize the movement of objects in a video sequence. A modification of the
algorithm for tracking multiple people on video sequences using the Kalman filter for outdoor video surveillance
is described. The first stage requires detecting person in the input frames by YOLOv4 convolutional neural net-
work. For assignment problem solving of person we store information about individual object in spatial domain
of frames and in the time domain on a video sequence. For person description feature set is used: neural network
and histogram features, center coordinates of a person in the frame, offset in the current frame relative to the
previous one, person width and height in the previous frame, trajectory and time of movement. The results
of experiments for video sequences obtained using a stationary and moving video camera are presented.

Keywords: video sequence, object analysis, motion features, convolutional neural network.
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YK 664.012

CHUHTE3 ABTOMATHYECKHUX CUCTEM KOMBUHHUPOBAHHOI'O YIIPABJIEHUSA
BAKYYM-BBIITAPHBIMHU YCTAHOBKAMM

KaHo. mexn. Hayk, ooy. M.M. KO’/KEBHHUKOB, C.H. A/TAMOB
(Mozuneeckuii 2ocyoapcmeenHblil yHUgepcumem npoooeoabCmeust)

IIpednodcen memoo cunmesa KOMOUHUPOBAHHLIX ABMOMAMUYECKUX CUCTEM YRPABIeHUs Mmemne-
pamypoii, Konyenmpayueti u er1yOuHoll 6aKyyma 0N 6aKyYM-6bINAPHBIX YCINAHOBOK, OCHOBAHMbIU HA JUHe-
aApU308aHHbIX MOOENAX OUHAMUKU. B X00e 8b1n0IHeHH020 anau3a onpedenensvl KaHaubl HAHeCeHUus 603Myua-
rowux 8030eUcmeutl U HatioeHvl nepedamounvie QYHKYUU OUHAMUYECKUX KOMNEHCAmopos O0asi KOHMYPOs
pezyauposanus memnepamypsi, KOHYyeHmpayuu u eaxyymd. lIpeonoswcenuviii Memoo no3eonsem Havmu
nepedamounvie YyHKYuu OUHAMUYECKUX KOMNEHCAMOPOS 8 PA3IUUHBIX PEHCUMAX PabOmbl 86AKYYM-8bINAPHOL
VCMAHOBKU.

Knrwouegvle cnosa: ounamuueckas mooeib, KOMOUHUPOBAHHOE YNpAGIEHUE, BAKYYM-68bINAPHAS
YCMAaHoeKa.

Ha npennpustusx XUMHUYECKOW M MUIIEBOM MPOMBILIIJIEHHOCTA IIMPOKO PACHPOCTPAHEHO MCIOJb-
30BaHHE BAaKyyM-BBIIIAPHBIX YCTaHOBOK, OOECIEUYMBAIONIMX KOHIEHTPHPOBAHHWE pPAa3IMYHBIX PAaCTBOPOB
IpHU UX KUIIEHUH Ha NOHMKEHHOU TemmepaType. [loaaep:xkanne pexXMMHBIX TapaMeTPOB B TAKUX YCTaHOBKaX
00BIYHO 00ecreYnBaeTCs JOKAIBHBIMU OJJHOKOHTYPHBIMU CHCTEMaMH aBTOMAaTHYECKOTO YIPaBICHUS TeMIIe-
paTypoii, BAKYyMMETPHUYECKUM JaBICHHEM W KOHIICHTpAIMEH CyXuX BemiecTB B ciabom pactBope [1; 2].
[Ipu 3TOM ympaBisromne yCTpOHCTBA MPEACTABISIIOT c000 N(POBBIE PETYIATOPHI, HACTPOIIKa TapaMeTpOB
KOTOPBIX IPOU3BOJUTCS C UCIOJb30BAHUEM YIIPOLICHHBIX JUHAMUYECKUX MOJEIEH BaKyyM -BbIIIAPHOM yCTa-
HOBKH [3; 4].

CyILecTBEeHHBIH HENOCTATOK YIPOLIEHHOTO MOIX0Aa 3aKJII0YaeTCsl B HEBO3MOMKHOCTH y4eTa M3MEHEHHUH
TEeMITEpaTyphl U pacxoja c1adoro pacTBopa, 0JaBaeMoOro B YCTAaHOBKY, & TaKkKe OTKIOHEHHH BaKyyMMETpHUe-
CKOT0 JIaBJIE€HHUSA. DTO MIPUBOAUT K HEOOXOAUMOCTH OINEPATUBHON KOPPEKTUPOBKU NapaMeTPOB HACTPOIKHU aBTO-
MaTHYECKHUX PETYIATOPOB BaKyyMa U T€MIIEpaTypbl IPU OTKIOHEHUSX HArpy30K BaKyyM-BBIIapHOTO ammapara.
TexHONOrHMYeCKH MEPCOHAN, IPOBOAS KOPPEKTUPOBKH MapaMeTPOB, 3a4aCTyI0 CYyIECTBEHHO MOBBIIIAET TEIIO-
BbI€ HArpy3KH, BCJIEACTBHE U4ero Hea((HEKTHBHO HCIOIB3YIOTCS TEIJIOHOCUTEIH.

B nanHO# cTaThe BakyyM-BbIlTapHasi yCTAaHOBKA IIPE/ICTABIICHA, B BU/IE MHOTOMEPHOT0 00bEKTa aBTOMa-
THUYECKOTO yNPaBJICHHUS, HA OCHOBE KOTOPOTO pPeaJIn30BaH METO/I CHHTE3a KOMOWHHPOBAHHBIX ABTOMATHUECKUX
CHCTEM YIIPaBIICHUS TEMIIEPaTypO, KOHIIEHTpaLMel 1 Ti1yOnHoM BakyyMma. [IpenioxkeHHbIi MeTO 1 T03BOJISIET
3¢ (PEeKTUBHO KOMIIGHCHPOBATh BIUSHHE BO3MYILAIOIINX BO3/ICHCTBHH, BBI3BAHHBIX KOJEOAHMSMHU pacxoja
U TeMIepaTypbl ciaboro pacTBopa Ha BXOJE B BBIIAPHOW ammapar, a Takke U3MEHEHUSIMH BaKyyMMeTpHUe-
CKOTO /1aBjeHus. Pa3paboTaHbl CTPYKTypHBIE CXeMBbl KOMOMHUPOBAHHBIX CHUCTEM yIpaBJICHHUs BaKyyM-BbIIap-
HOW yCTaHOBKO# M MOJYYEHBI BBIPaXKEHUS JUIsSL pacueTa nepeJaTouHblX QYHKIHUNA JTMHAMHUYECKUX KOMIIEHCATO-
POB BO3MYIIAIOIINX BO3/ecTBUM. VcTIONp30BaHNE TAKUX CHCTEM aBTOMATHYECKOTO YIIPaBICHH TO3BOJINT 00-
nee 3¢ peKTHBHO MCIOIB30BATH TEIUNIOHOCUTEIHN B BaKyyM-BBINAPHBIX YCTAHOBKaX B XUMHUYECKOW M NMHUIEBOH
[IPOMBIILIEHHOCTH.

Cxema HCCleJOBaHHOHM B TaHHOW paboTe BaKyyM-BBIIIAPHOW YCTAaHOBKH C OJHUM KOHTYPOM IIPEICTaB-
neHa Ha pucyHke 1 [1; 2]. Ha Bxon BeimapHoro ammapata 1 mogaetcs ciiaOblii pacTBOp, KOTOPBIN 3aTE€M ITOCTY-
MaeT B IPEIOIIyI0 KaMepy 2, T0J HIKHIOI TPyOHYIO PelIeTKy, I/l 3aKMIIaeT ¥ HauWHAeT MOCTyNaTh B KUIIs-
TUIbHBIE TPYOBI. [10 KUMATHIBHEIM Tpy0aM MapoKHUIAKOCTHAS CMECh IOCTYMAaeT B €eMKOCTh HaJ TpyOHOM pe-
IIETKOH M HampaBisieTcs 10 MUPKYJIAIHOHHOHN TpyOe 3 B cemaparop 4. BeneacTBue BO3HUKIIEH PH 3TOM IICH-
TPOOEKHOH CHIIBI IPOUCXOAMT Pa3/ieIeHHe BTOPUYHOTO Mapa U XHUIAKOCTH. JKUAKOCTh M0 IHUPKYJSIIMOHHOH
TpyOe 5 mocTymnaeT HazaJl B TPEIONIYI0 KaMepy, a BTOPUYHBIN Map mojaercs B KoHAeHcaTop 7. BropuuHslit nap
TaK)Ke NCIOIB3YETCS I MMOAOTPEBa BRIMMAPHON YCTAHOBKH IOCPEACTBOM TEPMOKOMIIPECCOpHOTO 6J10Ka 6. Bo3-
JyX U HEKOHAEHCUPYEMBIE ra3bl OTBOIATCS MOCPEACTBOM MapoKEKTOPHOro arperata 8. B BakyyM-BbInapHOi
YCTaHOBKE MMEIOT MECTO CJIEYIOUIME IMPOLECCHl: TEMI000MEH MEX1y NMOBEPXHOCThIO HarpeBa M ciaObiM
pacTBOpOM, KHIIEHHE CJIa0OTO PacTBOpPA, CEmapamus mapa u pasfelieHHe XUIKOCTH U MapOB PacTBOPHUTEINS,
KOHJIEHCalus 1apa.

11



2021 BECTHUK I10JIOLJKOI'O I'OCYJAPCTBEHHOI'O YHUBEPCHUTETA. Cepus C

OcTpslii map
Boaa
D)I() t)K
Bropuunslit nap W, i
P E—
8 1
Y Bosayx 6 X _/N_
D, Cna0biit 7]
Scpr Co,
pacTBop
7 < OCEO R |: 2
A Dy, iy
>H
Konnencar

D)I(]J t)Kl

Sipr €, 0
Konuenrpuposa
HHBIHA pacTBOp

Pucynok 1. — Cxema ucc/1e10BaHHOI 0JHOKOPIYCHO BaKyyM-BbINAPHO# YyCTAHOBKHU

[IpencraBum TperoNIyto KaMepy B BUAE COBOKYITHOCTH TaKHX 3JIEMEHTOB, KaK Map B KaMepe, MIEHKa KOH-
JIeHCaTa Ha OBEPXHOCTH HarpeBa, HEKOHACHCHPOBAHHBIC Ta3bl, KOHAEHCAT B IPEIOIEH KaMepe, MeTAITHIECKUH
xopryc u u3ossiims [5]. [Ipu cocraBiaeHHH MOAENH AN TPErOLIeii KaMephl MPEAIOIONKHUM YTO 00beM rperoreit
KaMepsl 1 00beM apa paBHbL, TEMIEPATyPHI INIEHKH KOHJCHCATa U Iapa M3MEHSIOTCS ¢ OMHAKOBOH CKOPOCTBIO,
rperomas KaMepa 1 H30JISIIHSA MPEACTaBIIOT cO00M COCPEOTOYEHHBIE EMKOCTH, TPHYEM TEMIIEpaTypa N30T

paBHa 0, = (GM +60)/ 2,tae 0, — Temmeparypa Kopiyca, 0, — TeMIeparypa BHEIIHEN Cpebl. YUUThIBAs yKa-

3aHHbIC AONYILIEHHUs, TEIJIOBOW M MaTepUalibHbIN OanaHc B Tpelolieil kamepe MOTYT ObITh PE/ICTABIICHBI B BUIIE

p(vpn +VKpK) = D] - DK - D]’ ’ (1)
p(Vp,u, +V,p.ct) +(c,G,, +0.5¢,G,) pt, =(D, - D,)i, = D,i, -0, - 0", @)

rie p=d/dt — oneparop nuddepeHIUpoBaHus, TAE T — BPeMs;
V' — o6bem kamepsl;
p, — TJIOTHOCTH 11apa;
V, — 00beM KOHJIeHcaTa;
p, — TUIOTHOCTbH KOH/IEHCATA;
D, — pacxon napa,
D, — pacxo KOH/IEHCaTa,;
D, — pacxox napa sl yJaneHus HEKOHIEHCUPYIOLIUXCS Ia30B;
U, — 9HEprus napa rperoueil kamepsl;
¢, — TEIIIOEMKOCTh KOHJIEHCATa,;
t — TemmepaTypa KOHJIEHCATa;
¢,, — TEIIOEMKOCTh KOPITyCa;
G,, — Macca Kopmyca;
t — TemmepaTypa napa;
¢, — TEMI0EMKOCTb H30JIA1HH;
G, — Macca M30JIA1uH,
i, — SHTaNbIMA Mapa;
i, — SHTAJBNMSA KOHJIEHCATA,
Q' — HoTepH TeIa BO BHEIIHIOW CPELY;

Ql — TCIUIO, MEPpeaaBac€MOC NOBECPXHOCTU HArpeBa.
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Bennuuny Q, onpenenuM 1o ypaBHEHHIO TeIIoNepeJadn:

Q =Rt —t)/ (Yo +8./22,), ®)

rIe E’

. — IUIOIaab MOBEPXHOCTH CO CTOPOHBI Mapa;

o, — KO3 QULHUEHT TeMI00TAa M,
8, — TOJNIIMHA CTCHKH HarpeBaeMOM MOBEPXHOCTH;

c

7\.C — TCIJIONPOBOJAHOCTb CTCHKH,

t, — TemmepaTypa HarpeBaeMoi OBEPXHOCTH.

Ha ocnoBe Bripaskenwii (1)—(3) momyunm 3aBHCUMOCTB [UIS OTIMCAHUS U3MEHEHHUS TEMIIEpaTypHI ITapa
apt, =-at, +at +a,(D -D))+a, 4

e a,=V(p,ou, /ot +(u, i )dp,/at,)+V,p, (c +1 ¢, /ot,)+c,G,, +05¢,G,;
az :a3 = Fl’/(]/al(tn’tc)—i_sc/z}\‘c) ;

a, =i —i_;
a;=Q.

Temmneparypa IOBEPXHOCTH HATPEBA t, ONMCHIBACTCS ypaBHEHHEM [4]

G ptc = _Cztc + aztn + 039 ! (5)

rae C = CMTG3 , T1IC G3 — Macca METajljla OKPY>KaroUIEro IMapoXuIKOCTHOEC IPOCTPAHCTBO,

” - .

¢ =a, +¢;. e G =F(Voy, (t,0b)+8, /24, + R, (%))

0 — Temmeparypa KumeHust c1aboro pacTBopa;

F" — mromraas HOBEPXHOCTH, HATPEBAEMOH CO CTOPOHBI CJIab0T0 PacTBOPa;

o, — K03 QUIUEHT TEMIOOTAAYH,;

b — BennuMHa KOHUEHTpALIMK CyXHX BEIIECTB B CJ1a0OM PacTBOPE;

R, (?) — BEJIMYMHA TEPMHUYECKOTO COMPOTUBIICHHS HAKUITH;

T — BpeMs pabOThI BBITAPHO# YCTAHOBKH MOCJIE YUCTKH MOBEPXHOCTH HATPEBa.

[Tpu ucnonb3oBaHuK ypaBHeHus (5) HpennonaraeTcs BBIIIOJIHEHUE YCIOBHNA: TPyObl HCIIAPUTEINS OANWHA-
KOBBI IO pasM€paM U UMEIOT OAMHAKOBBIC Tel'[J'IO(bI/I3I/I‘-IeCKI/Ie CBOﬁCTBa, OTCYTCTBYCT TEIUIOBOH MOTOK BJ10OJIb
TpyOBI, TPYOBI HCHAPUTENS MOAYYarOT OJAMHAKOBOE KOJHYECTBO TEIJIa, MOBEPXHOCTh HArpeBa MPEACTAaBIISAET
€000 COCPEIOTOUYCHHYIO eMKOCTH [5].

Jluneapusyem ypaBuenus (4), (5) u 3aMeHUM aOCOTIOTHBIC 3HAUCHUS TIEPEMEHHBIX UX MPUPAIIECHUIMHU
6e3pasmepHoil hopMbl. Pa3genum OTKIOHEHHS IEPEMEHHBIX HA COOTBETCTBYIOIIME UX BEIHMYUHBI B COCTOSI-

HIM PABHOBECH: M BEIIONHMM npeoOpasosanue Jlannaca: t, =L(At, /), t; =L(At /t,), D =L(AD,/Dy),
D/ =L(AD//D},), Q" =L(AQ'/Q;), 6" =L(A6/6,), b"=L(Ab/by), R, =L(AR,/R,), rae L — npeoGpaso-
BaHue Jlamaca; A — oTkIIOHEeHUS ; HHAEKCOM 0 0003HAYEeHBI 3HAUEHU S IEPEMEHHBIX B COCTOSIHUHM PAaBHOBECHS.

Torma nuHEapU30BaHHYIO MOJENb I'PEIOIeii KaMephl ¢ YYeTOM HYJIEBBIX HAaYalbHBIX yCIOBHHA MOXHO 3aIlH-
caTh B BUJIE

t, =W, (S)t; +W,,()D; +W,,(s)D;” +W,,(s)Q", (6)
t: :W21(5)t; +W,, (S)e* +W23(5)b* +W,, (s) R; ) (7)

rae  W(s)=k;/Ts+1 (i=12, j=1:4) — nepenarounsie QyHKIMN KaHATOB BHELIHNX BO3/IEHCTBUI Ha Tpe-

IOIIYI0 KaMepy;
k;j — K03 dULMEHTBI IIepeiau COOTBETCTBYIOLIMX KAHATIOB IPEIOLIEH KaMepsi;

Ti — IIOCTOSIHHBIC BPEMCHH,

S — KOMIUIEKCHas IIEpEMECHHasI.
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Jus onpeneneHus ko3pQUIMEHTOB Iepelayn M IIOCTOSHHBIX BPEMEHH HCIIOJIB3YIOTCS CIISAyIONe
hopmyIBL:

ki IthCO/IlltnO ! k12 13 10/|1ltn0 ! kl3 = I14 10/|1ltn() » Ry = SQO/IlltnO U T _]/Ill !
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[ToncraHoBKa HauanbHBIX ycnoBuit t,t,,D,,D,,,Q,.0,,b,,R,, B BbIIIENpuBeacHHBIE HOPMYIBI MOCTE

BBITIOJTHEHUs U hepeHupoBaHms 0003HaUCHA CUMBOJIOM lo.

Jlyist MaTeMaTHuecKoro ONMUCcaHus ITapoKUIKOCTHOTO MPOCTPAHCTBA UCIIOIb30BaHbI JIOMYIEHHUS: TEMIIepa-
Typa KulleHus caboro pactsopa 0 npeacTtasiseT co00i cocpe0TOUEHHBIH TapaMeTp, paBHbLI TeMIIepaType BTO-
pu4HOro mapa t, Macca napa CyIeCTBEHHO MEHbIIE Macchl cl1aboro pacTBopa, kojaedaHus pacxona cinadboro pac-
TBOpa He npesbimaT +30%, 06bem caboro pactsopa paseH V =V, +nh, rae V, — HadaibHbIH 06beM c1aboro

pacTBopa, 1 — 3HauY€HHUE IUIOLIA[H [IONIEPEYHOrO CEUYEHHsI BHIIAPHOTo anmapara, N — ypoBeHs ciiaboro pactsopa

B anmapare. PaccMOTpUM MapoXHUAKOCTHOE NMPOCTPAHCTBO KaK COBOKYNHOCTH CJICIYIOIIUX JJIEMEHTOB: Cla0bIil
pacTBOp, Nap HIKE 3epKaja UCIIapeHus], BTOPUYHBIN Map, MEeTANIMYEeCKUi Kopryc [5; 6] . MaTepuanbHbli U Tel-
JIOBOI1 GayaHChI IPH 3TOM OyIyT UMETh BUJ

(P=p,) PV +(V, =V)(p,/0t) pt=S, =S -W, ®)
p(Vpco+(V, —V)p,u+c,0G,, ) =Q, +5,,,0,0 —S,,c0-Wi—-Q", 9)

rie P — IIOTHOCTH caboro pacTBopa,
V, — BeluYMHa 00beMa MapOKUAKOCTHOTO IPOCTPAHCTBA,;
S, — pacxo ci1aboro pacTBopa, MoJaBaeMoro B anmapar;
S,, ~ Pacxojl KOHUEHTPUPOBAHHOIO PACTBOPA, OTBOMMOTO U3 allapara;
W — pacxon BropuuHOro napa;
| — BHTaJIbIIKsI BTOPUYHOIO [1apa;
C — TETIOEMKOCTB CJIad0ro pacTBOpa;
U — BHYTPEHHSI 9HEpIUsa BTOPHYHOTO Hapa,
G/, — Macca MeTanna BOKPYT HapOXKUIKOCTHOTO IPOCTPAaHCTBA;

C, — TCIIOECMKOCTb ci1aboro pacTBOpa Ha BXOJC B BLIHapHOﬁ amrapar,

0_, — Temmeparypa cnaboro pacTBopa Ha BXOZE B BEIIIAPHOM ammapar;

cp0
Q' — o0Iue TemIoBble MOTEPH Yepe3 KOPITyC;
Q, — KOJIMYECTBO TEILIA, TI0Jly4aeMOe clIa0bIM PACTBOPOM C OBEPXHOCTH TEMIO0OMEHA.

3HaueHue Q, BHIYMCIIMM [0 YPABHEHHUIO TEILIONEPEAUN:

Q= Cg(tc -0). (10)
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C yuerom Beipakenuii (8)—(10) nnHaMuKa M3MEHEHUS YPOBHS W TEMIEpaTyphl c1aboro pacTBOpa B BHI-
[IAPHOM amrapare MOXeT ObITh ONMCaHa YpaBHSHHUSAMHU BHA

d,po=—d,0+ct, —dW +d,, (11)

eph=S,-S, -W, (12)

rae  d, =Vpc+(V, =V)p,ou/ot+u(V, -V )dp, /ot +c, G/ ;

d,=c;+S,c;

d,=i;
d4 = SCpC(lech -Q";
e =(p—p,)n-

Jlureapmsyem (11) u 3aMeHHM aOCONIOTHBIC 3HAYCHUS MEPEMEHHBIX WX TPHUPAIICHUSAME Oe3pa3zMepHOM
(dopmel. C y4eToM HyJIEBBIX HAYAIBHBIX YCIOBUH HOJIYYUM

0" =W, (S)t; +Wap(8)0” +Woy(S)R, + Wi, (5)S,, +Wis (5)S, + W ()6, (13)

cp0 ’
h™ =W, (s)S, —W,,(s)S,, ~W,,(s\W", (14)

rae W, (s) =k, /Ts+1, W,;(s)=k,; /T,s (i=1:6, j=1:3) — nepenarounsie pyHKUMH I NAPOKUIKOCT-

HOTO MPOCTPAHCTBA;
Ky K, ;i T~ K03 PHUIMECHTHI ITepesadu I MapoKUIKOCTHOTO IIPOCTPAHCTBA;

T3 y T4 — MOCTOSAHHBIC BPEMCHHU AT NAPOKUAKOCTHOT'O IMTPOCTPAHCTBA.

Jns onpeneneHus ko3pHUIMEHTOB Nepefayn M MOCTOSHHBIX BPEMEHH HCIOJIB3YIOTCS CIEOyIOLIHe
hopmyIBL:

k31 = _Isztco/lsleo ) k32 = _|33bo/|3100 ) k33 = _|34Ru()/|3le() ) k34 = _I3SScp()/I3190 ) k35 = _I3BSCp()/I3]eO )

kse = _|37ecp00/l3160 ) T3 :_]/|31 J I(41 =1, k4z = SKpO/SCPO T, = elhO/Sch )
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00 d, . ot d, ob d,
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Ioxcranoska HauanbHbIX yenoBuit 0;,t,0,,R,0,S.0,05,0,,0 B BbILEIPUBEICHHBIE HOPMYIIBI IIOCIIE BbI-
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noJyHeHHs U PepeHIpoBaHus 0003HaYeHa CHMBOJIOM lo.

Amnanu3 Beipaxkenuii (6), (7), (13), a Takxke KOHCTPYKTUBHBIX OCOOEHHOCTEHN paccMaTpuBaeMoOi BaKyyM-
BBINAPHOI YCTAaHOBKH, TIO3BOJIAET BBIJCITUTH B KAUECTBE YIPABIIIIONIETO BO3ICHCTBUS HA TEMIIEPATypPy KHUIIEHUS
craboro pactBopa 0 pacxoz mapa D, U MCIIONB30BaTh AN PeaNu3alii 3aMKHYTOM CHCTEMBI YIIPaBIEHHUS C OTPH-

1aTenbpHON oOpatHoi cBa3bio [IM/I-perynsaTop ¢ nepenaTounor pynkuueit R (s) (pucynok 2). IIpu 3ToM Bo3My-
LIQIOIIME BO3/JCHCTBHSA, BBI3BAHHbBIC KOJIEOAHMAMM PAaCcXO/0B Caboro S, M KOHLEHTPHPOBAHHOIO PAacTBOPOB

S

¢ nepeaarounbiMu Gyrxumamu W, (S) u W,, (S). Ynpasmsouee Bo3jeiicTBie B Takoii KOMOMHHPOBAHHOI aB-

p? MOryT OBITH ITOJIHOCTBIO CKOMIICHCUPOBAHBI BBEJICHUEM COOTBETCTBYIOHINX JUHAMHWYCCKUX KOMIICHCATOPOB

TOMATHUYECKOH crcTeMe OYIeT ONPEeNaTCs CIeIyIONIM 00pa3oM:
D} =R, (5)(6 +W (5)S;, + Wi (5)S,, ~6"), (15)

kp

rae 6, — BeNMYMHA 3a/AIOLIETO BO3ACHCTBYS 110 TEMIIEPATYPE KUIICHHUsI C1a00ro pacTBopa.
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Ilepenarounsie GyHKINN THHAMHYECKHX KOMIIEHCATOPOB OmNpeaeinM, npuMeHuB K (6), (7), (13) u (15)

*

Kkp "

W, (5) =Way (5) (W, (SIWs0 (5) ~2)/R, (5 ()W, (W 5). (16)
W (5) =Wy (5) (W (5 (5) 1)/ R (5 ()W (5 (5). a7)

yciaoBue MOJTHOM HWHBAPUAHTHOCTU CUCTEMbBI aBTOMATUYCCKOT'0 YIIPABJICHUA K BOSMYIICHUAM S:p y S
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| B
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Pucynok 2. — CTpykTypHasi cxeMa KOMOMHHPOBAHHOI CHCTeMbI ABTOMATHYECKOT0 YIIPABJIeHHsI TeMIepaTypoii
B BAKYYM-BbIIIAPHOii YCTAHOBKE ¢ KOPPEKTHPYIOIIMMH KOHTYpPaMHu
10 pacxofaM ¢1a00ro U KOHEHTPHPOBAHHOIO PACTBOPOB

J1st MaTeMaTUYeCKOro ONMCAHMS AMHAMUKH U3MEHEHUS KOHLIEHTPALMK BEIIECTB B yINapHUBaE€MOM pac-
TBOpE HUCIIONB3YEM JOMYIICHHUS: TUIOTHOCTH CI1a0Oro pacTBOpa MPH M3MEHEHHSX KOHIICHTPAIMH TeMIepaTyph
HE U3MEHAETCS, KOHLEHTPALHAs CYATAETCA COCPENOTOYECHHBIM IIApaMETPOM, PaBHBIM KOHIIEHTPAllMA HA BBIXOJE
13 BBIIAPHOTO anmapata. Torjaa ypaBHEHHE MaTepHaIbHOTO OaaHca MPUMET BU]T

db dh
’
(GO + hpn)a + bp'l] = bCpSCp bS p (18)
rae Gy — macca cnaboro pacTsopa B 00beMe, HauMHast OT INIOCKOCTH OTCYETA YPOBHS;
b, — HavasbHas KOHLEHTPALKS BELECTB B CIabOM pacTBope.

C yueroMm TOro, 4To r>>r, , a Takxke BeipaxeHuii (12), (18) quHaMuKa M3MEHEHHs KOHLUEHTPALUH MOKET

OBITH OIKMCAHA YpaBHCHUCM

flﬁzb s, —b(s

dr *°

—W) , (19)

p

rne  f,=G,+hpn.
Jluneapuzyem (19) n 3aMeHHM abCONIOTHBIC 3HAYCHHUS TTEPEMEHHBIX MX MPHpPAIICHHSIMH Oe3pa3sMepHOn
¢opmer. C yueToM HyNEeBBIX HAaYalbHBIX YCIOBHIT ITONYYMM MOJENb AMHAMHUKH 110 KOHIIEHTPALIHH B BHIC

b™ =W, (5)S;, +Wa, ()b, +Was (S)h™ + Wi, ()S,, +Was (S, (20)

rae W, (s) =k /TSS +1 — mepeaaToyHble PYHKIMH MO KaHAJIAM, BIUSIOIIAM Ha KOHIICHTPAIHIO (i =1: 5) ;
Ks;
T, — MOCTOSIHHAsT BPEMEHU,

b, =L(Ab,, /b,,)-

Js ompenenenns ko3¢ HUINEHTOB NEpeaadn M MOCTOSTHHBIX BPEMEHH HCIIOJB3YIOTCS CIEXyIOIne
hopMyIBL:

— KO3 QUIMEHTHI ITepeayy;

k51 = _I4ZScp0/|41b0 s k52 == 43 cp0/|41 k53 :_|44h0/|4lb0 !
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Ky = _|4ss.<po/|41bo J k55 = _|46W0/|41b0 v Ts= _]/|41 ’

o (b,S, —bS,, +bW o (b,S, o (b,S,
|41:_ ! |42 = | |43:_ |
ob f, . Sep\ f. ) ob, \ f )

_ 9 (DS, —bS, +bW L 0 (bW -bS | o (bW -bS,,
“ oh f, LS, f =Y f, .

Amnamms (14), (20) mo3BONSAET BBIIENNUTH B KAYECTBE YIPABIISIONIETO BO3ACHCTBIS HA BEITHMYMHY KOHIICH-
TpALMK CyXUX BELIECTB B CIa0OM pacTBope b BemMumMHY pacxoja KOHIEHTPUPOBAHHOTO pacTBopa S » 1 OTBOIH-
MOT0 W3 ammnapaTa, U UCIOJIb30BaTh IS peaiu3allii 3aMKHYTOH CHCTEMBI YIIPABICHUS C OTPULIATEILHON 00paT-
Hoit cBaspio [TM]]-perynsaTop ¢ nepepatounoii pynknueil R,(s) (pucynox 3). IIpu 3ToM Bo3Mymaroniue Bo3/eii-
CTBUSI, BEI3BaHHBIE KOJICOaHUSIMH PAaCX0I0B CI1ab0T0 S., 1 pacxo/ia BIOPUIHOrO Mapa W, MOTYT OBITh OJHOCTHIO

CKOMIICHCHPOBAHbI BBEJICHHEM COOTBETCTBYIOIIHMX IHMHAMUYECKUX KOMIIEHCATOPOB C TMEPEAATOYHBIMU (DYHKIU-
amu W, (S) uW,, (S)

>|Ws4(S)
b
W1 (s) —> >
b
Wa(S)[—T 4> Waa(s) — > Wss(s) /
by < S A \
Ra(s) > Was(s) Was(s)[< > Wss(s)| | Wsz(s)
Wa(s)[€— -
Sep w* by

Pucynok 3. — CTpykTypHasi cxeMa KOMOMHHPOBAHHOI CHCTeMbI ABTOMATHYIECKOTO YIIPaBJIeHHS
KOHIIEHTpaIMell CyXuX BellecTB B BAKYYM-BBINAPHOH YCTAHOBKeE ¢ KOPPEKTHPYIOLIINMHI KOHTYPaMH
M0 pacxoay c1aforo pacTBopa H pacxoay BTOPHIHOIO NMapa

Ynpasistroniee Bo3eiicTBHE B Takoi KOMOMHMPOBAHHON aBTOMAaTHYECKOH cHCTeMe OyJeT ompenensTcs
CJEeIYIONINM 00pa3oM:
S5, =R, (s)(b + Wy, (s)S;, + W, (s)W™ —b), (21)
rae bé — BEJIMYMHA 33/1al0LIETO BO3AECHCTBHUS 110 KOHLEHTPALIUU.

[epenaTounsle GYHKIMM NTUHAMUYECKHX KOMIICHCATOPOB ompexaesnuMm, npumeHuB kK (14), (20) ycnosue

[IOJIHOW MHBApPUAHTHOCTHU CUCTEMbI aBTOMATUYECKOTO YIPABJIEHUS K BO3MYUIEHUSIM SC*p , W
Wi (8) = =W,y (8)Wes (5) + Wy (5)) /R, () (W, (8)Wey (5) +We, (5)) (22)
W4k (S) = (W43 (S)Wss (S) _W55 (S))/Rz (S)(W54 (S) _W42 (S)Wsa (S)) ' (23)

JIJ'IH MAaTEMATUYCCKOI'0 OINMUCAHUA JUHAMUKU HU3MEHCHUA BAKYYMMETPUUYCCKOTO AABJICHUSA PACCMOTPUM
KOHJICHCATOp cMenleHwust (1M03. 7 Ha pucyHKe 1), Kak COBOKYITHOCTD CJIEIYIOIINX AJIEMEHTOB: KHUJIKOCTh B CTPYSX
1 Ha TI0JIKaX, ApOBO3IyNIHOE IPOCTPAHCTBO, METAJLT MOJIOK U Kopiryca [5; 6]. [Ipu mocTpoeHnu MOIETH UCTIONb-
30BAaHBI JOIMYIICHHWA: ITap B KOHACHCATOPE ABIACTCA CYXHUM HACBIIIICHHBIM, TEMIIEpATypa U JaBJICHHUC NIPEACTABIIAIOT
c000ii cocpesioTOUEHHBIEC MapaMeTPhl, TEMIIEPaTyphl HEKOHISHCUPYIOIIUXCS Ta30B U Mapa paBHbBI, 10 COCTaBY
HEKOHJACHCUPYIOIIUECA Ta3bl OJIM3KU K BO3AYyXYy, MapaMeTpbl METAJIa U KXKHUJAKOCTU HE 3aBUCAT OT JAaBJICHUA
Y TEMIIepaTyphl, JaBJICHUE B BBIIAPHONW YCTAHOBKE MPEIICTABIIET COOOU CyMMY MaplHANbHBIX JaBICHUA BO3IyXa
umapa g=q, +0,, B KOHIEHCATOp MOJaeTcs BTOPHYHEII nap ¢ pacxogom W.

CocrosiHne KOH/IEHCATOPa CMELLICHHU OLIPEIISIeTCs CIEAYIOUMH epeMeHHbIMH: 1 — TeMmeparypa BTo-

pyu4vHOro Imapa, tm — TeMIiepatypa BOAbI AJIA OXJIAXKJICHHA Ha BXOJAC KOHJACHCATOPA, tml — TeMIeparypa BOIbL

17



2021 BECTHUK I10JIOLJKOI'O I'OCYJAPCTBEHHOI'O YHUBEPCHUTETA. Cepus C

nocine koujeHncatopa, D — pacxon Bozsl, mogaBaeMol B konjaeHcarop, D

XK

1~ pacxoa BOJbI MOCJIC KOHACHCA-

Topa, D, — pacxox Bo3zmyxa, mocTymnaroniero B Kouaencarop, D, — pacxox Bo3myxa nmocne KoHaeHcaropa, G, —

B
Macca BO3/lyXa, HaxOJIIerocst B KoHaeHcarope, G, — Macca BOJIbI, Haxosieiics B koHxeHcarope, € =G, /G, ,
Q, — TemnoBBIe MOTEPH. YUUTHIBAS MPHHATEIE JOMYIIESHHS, Ul ONMCAHUA IMHAMHUKH JABJICHHS (| , IPHMEHUM

ypaBHeHHE [6]
g,pq= gzt: + 05t + 9.t + 05+ 0, (24)

rie  g; (i=1:6) — ¢yskuun, 3aBucsime 0T HepeMeHHbIX t!, D, , D,, D

Bl?

W, g, Q, , OIUCHIBAIOLINX CO-

K17
CTOSIHUE KOHJIEHCATOPa CMELIEHNUS, a TAKXKe KOHCTPYKTUBHBIX [TAPAMETPOB M CBOWCTB TEIUIOHOCUTEIEH.
@opmynel 114 BeruucneHus GyHKIuMA g, npuseneHsl B [6]. JIuneapuzyeM ypaBHeHHe (24) U 3aMeHUM

a0COTIOTHBIC 3HAYCHHS IIEPEMEHHBIX UX MPHUpAIleHUsIMHU O0e3pa3MepHoi GpopMbl. Paznenum oTKIOHEHUS me-
PEMEHHBIX Ha COOTBETCTBYIOIIME MX BEJIMYMHBI B COCTOSIHMM PaBHOBECHS M BBHIIIOJIHUM IpeoOpa3zoBaHUE

Jlannaca: t” = L(At//t}), D, =L(AD,/D,,), D,, =L(AD,,/D,,). D, =L(AD,/D,,), D, =L(AD,,/D,,,).
g = L(As/ 80), Q: = L(AQn /Qno). C ydeToM HyIEBBIX HAYalIbHBIX YCIOBUM IWHAMHKA BAKYyMMETPHYECKOTO

JIABJICHHS OTUCHIBACTCS yPABHEHHEM
" =W (St + W, (5)D, + Wy (8)Dy + Wy (5D, +Ws(8)D;, + Wi (S)e™ +Wor (SIW ™ + Wy ()Q; (25)

rme W, (s)=kg/s (i=1:8)—nepenarounsie (pyHKIMN KaHANOB HAPOKUAKOCTHOTO MPOCTPAHCTBA;

k

s — KoaddunuenTsl nepenay, onpeensiemMsle o hopMynam

k61 = I51t;:o /qo ' kaz = |52 Dmo/qo | k63 = |53D)|<10/q0 | k64 = |54Dao/qo | kes = Isstlo /qo )

k66 = Isego/qo ) k67 = |57W0/qo ) kes = |58 nO/qO J

I — ﬁ thni' + gStml + g4t>|< + gS + gﬁ
Ty ]

L= 0 [+ Qs + 9.t + 05+,
¥ oD, 9

0 0

s ob

0 B

I _ 6 g3tm1 + g6
! 57 —
o oW 0

D

x107

o [gzt‘i’+ gs + gﬁj

o _ 2 (gzt.i’+95+g(,]
gl Bl

o
G/ g,

| :L(&j
' 58
0 a(?n gl 0

D,,. D, 0 W,.&,,Q,, B BbILIENPUBEIEHHbIE (OPMYIBI T10-

L9 (Gt +9by+0s+0s
” 6D)K1 gl

0 0

| _g(gzté’+gstm +g4tm+gs+9(,j
56 _a
(3 0,

= 4
[ToxcranoBka HavanbHBIX ycnosui t7,D, ),

cJie BeInosiHeHus! quddhepeHnnpoBanust 0003Haue€Ha CHMBOJIOM lo.
AHann3 (25) mo3BoJISeT BRIICINUT B KAYECTBE YIPABIIAIONIETO BO3/IEHCTBHA HA BEJIMYNHY BaKyyMMETpH-
YECKOT0 JABJIEHHS B BBIIAPHOW yCTaHOBKE (] BEIMYMHY PACX0Ja BOJIBI, IOJABAEMON B KOHAeHCaTop D, , u uc-

MOJIB30BATh JUIS peaju3allii 3aMKHYTOH CHCTEMBI YIpaBICHHS C OTpHLATEeNsHONH oOpaTHO# cBsaspio ITHJI-
perynaTop ¢ nepeaaTouHoil Gpynkimeil R,(s) (pucyHok 4). IIpu 3ToM BO3MYIIAIOIINE BO3AEHCTBHS, BHI3BAHHbIE

KoJIe0aHUAMHU TEMIIEPATyphl BTOPUYHOIO 1apa t” M pacxoa Bo3IyXa Iociie KoHaeHcaTopa D, , MOTyT ObITh 10JI-
HOCTBIO CKOMIICHCUPOBAHBI BBEACHHEM COOTBETCTBYIOIIMX JUHAMHYECKHX KOMIICHCATOPOB C IMepeaTOYHBIMU
bynxumsamu W, (S) u W, (S) .

Vipasistoniee Bo3IeHCTBUE B TaKOH KOMOMHHPOBAHHOW aBTOMATHYECKOW cHUCTeMe OyAeT OmpenessTes
CJIC/TYFOLIIM 00pa3oM:

*

D}, =R, (s)(dfy +Wy, ()t +W,, (5)D;, —1"), (26)

XK

rae qg — BCJIMYHMHA 3aJar01ICro BO3,H€I>1CTBI/I$I 10 JaBJICHUIO.
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Ilepenarounsie QpyHKIMH AWHAMHYECKIX KOMIICHCATOPOB OIpEAEIHNM, MPUMEHUB K (25), (26) ycmoBue
TIOJIHOM MHBAPMAHTHOCTH CHCTEMBI aBTOMATHYECKOTO yIIPABIEHAS K BO3SMyIIeH!sM ., D

Bl *

W, (S) =W, (S)/R3 (S)Wez (S) ' )
W (S) =W (s)/Rs (S)Wez (S) : (28)

Fr—

Qg D
Ra(s) = Wea(s) I/;?,\‘ >§)—
I3

We1(S), Wis(S)| [Wea(S)] [Wes(s)] | Wes(S)| |Wes(S)] |Wer(S)

Wai(s)|«——% T T 1 T T T
t;;* Dml DB Dnl 8* Qn W

Wik(s)|

I

Pucynok 4. — CTpykTypHasi cxeMa KOMOMHMPOBAHHOI CHCTeMbl ABTOMATHYECKOT0 YNIPABJIeHHs 1aBJIeHHeM
B BAKYYM-BBbIIIAPHOif YCTAHOBKE ¢ KOPPEKTHPYIOMIMMH KOHTYPAMH 10 TeMIepaType BTOPHYHOI0 Napa
U pacxojy Bo3/iyXa mocje KOHAeHcaTopa

3akJiroueHue. [IpeaoxeH HOBBII METON CHHTE3a KOMOMHHPOBAHHBIX aBTOMaTHYECKUX CHCTEM YyIpaBlie-
HUS TEMIIEpaTypoi, KOHIIEHTpanueH 1 TIIyOnHOI BaKyyMa JUIsl BaKyyM-BBIIIAPHBIX yCTAaHOBOK. MeToJ] OCHOBaH
Ha JINHEApNU30BaHHbBIX MOJIEIISIX JTUHAMHKH U ITO3BOJIICT CHHTE3UPOBATh JMHAMUIECKHE KOMICHCATOPHI BO3MYIIA-
OIINX BO3/ICHCTBUH, BEI3BAHHBIX KOJICOAHIAMH Pacxo/ia M TEMIIEPaTyphl c1aboro pacTBOpa Ha BXOJIE B BHIITAPHOU
anmapat, a TakKe M3MEHEHHUs] BaKyyMMETPHUYECKOTo AaBieHus. [IpuMeHeHne mpeanoKeHHbIX CTPYKTYp CHCTEM
AaBTOMATHYECKOTO YIPABJICHHS IIO3BOJIHT MOBBICHTH 3(P(PEKTUBHOCT HCIIOJIb30BAHMS TEIUIOHOCHTENEH B BAKyyM-
BBINAPHBIX YCTAHOBKAX B XMMUYECKOH U MUIIEBOW NPOMBIIITICHHOCTH.
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SYNTESES OF COMBINED CONTROL AUTOMATIC SYSTEMS FOR
VACUUM EVAPORATORS

M. KOZHEVNIKOV, S. ADAMOV

The paper proposes a method for the synthesis of combined automatic control systems for temperature,
concentration and vacuum depth for vacuum evaporation plants based on linearized dynamics models. The per-
formed analysis shows the channels for applying the disturbing effects and the transfer functions of the dynamic
compensators for the control loops of temperature, concentration and vacuum were found. The proposed method
allows find the transfer functions of dynamic compensators in various operating modes of a vacuum evaporator.

Keywords: dynamic model, combined control, vacuum evaporator.
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INTEGRATION OF THE SYSTEM OF DIAGNOSTICS OF INDUSTRIAL EQUIPMENT
AND ENTERPRISE ASSET MANAGEMENT SYSTEMS USING FIWARE FRAMEWORK!

D. KECHIK?!, PhD I. DAVYDOV?, Ya. HIERASIMUK?, A. TSURKO?, M. SMOLEV*
Y(Belarusian State University of Informatics and Radioelectronics, Minsk)
2(Belarusian State Economic University, Minsk)

The purpose of this paper is to present integration of vibrational diagnosing system with a FIWARE
framework. This integration increases scalability of the system and facilitates the further developing of the
system. Designed system has been implemented and tested in real life conditions. The best economical effect
can be achieved if the proposed system is used in full-automated manufacturing. Integration with subsystems
of enterprise management of Industry 4.0 trend has been proposed. Operative recomputing of workflow and
costs of each of alternative scenarios can maximize advantages of continuous automated monitoring of tech-
nical state of equipment. Advantages of application of the FIWARE framework for design of proposed Cyber -
Physical System have been shown.

Keywords: cyber-physical system, Industry 4.0, FIWARE, context broker, smart factory, vibrational diag-
nosing, system modeling, function modeling, information system, industrial control system.

Introduction. Non-destructive diagnostics methods are rapidly developed for the last decades. Vibrational
diagnosing is the one of the most effective methods of non-destructive equipment diagnosing. Vibrational signal
is an immediate result of machine parts interaction between themselves and with environment [1-4]. Thus, vibrational
signal contains full information about equipment state. It consists of a lot of components different nature that are
informative features of equipment state. Vibrational diagnosing system extracts these features, evaluates their signif-
icance and occurrence stability. Technical state of each element of machine and its state in general are monitored.

Depending on used technical processes and equipment kind different maintenance approaches may be used:

— breakdown or run to failure maintenance. Machine is allowed to run until its failure. Its parts are repaired
or replaced only after its damage. Such kind of maintenance may be acceptable if equipment shutdowns do not
break workflow or idle losses are not appreciable. The approach has a few serious disadvantages. Large nomen-
clature of details is needed to replace details fast. Equipment is worn faster because of increasing of temperature
and vibrational loads. Installation errors, that are the most frequent reason of damages [5], are not corrected,;

— preventive or time-based maintenance. Maintenance activities are conducted at predetermined calendar
time intervals or equipment running hours. This can prevent unexpected failure and destruction of equipment.
Drawbacks of this method are numerous unneeded assembling operations, destruction and removing of good parts
or missing of defective ones. Probability of mounting errors is higher;

— predictive or condition-based maintenance. Maintenance activities are conducted only when a func-
tional failure is detected. Then significant increasing between-repair intervals (25-40%) and improvement of pro-
duction efficiency (2-10%) [2], reducing need for large inventory spares and mistakes in mounting [5] are possible.
But incorrect machine state assessment may increase damage. Complex diagnosing equipment and qualificated
personnel are required to prevent this;

— proactive or prevention maintenance. The best result may be achieved if reasons of equipment failures
are eliminated in addition to equipment state monitoring. Simple procedures are used to significantly decrease
mounting mistakes and therefore equipment damages [2]. But vibration diagnosing methods can improve detection
and correction of installation errors [2].

Choice of suitable approach depends on relation of diagnosing cost and losses caused by damages and
idle of equipment, workflow and equipment costs. In practice, combined approach can be used [2; 6] (figure 1)
Diagnosing system, considered in this paper, realizes predictive maintenance. The main advantages of this sys-
tem are early defect detection, broken element and kind of defect recognition, the elements remaining useful
life (RUL) estimation. Equipment idle time and its repair cost may be reduced due to better maintenance sched-
uling. The purpose of considered in this paper system is provide information for realization of predictive
and proactive maintenance.

Vibrational diagnosing can be effective only if information about technical state of equipment is opera-
tively applied. It is possible in full automated manufacturing. Many subsystems, such as scheduling, process
control, sparces supply and maintenance, should be integrated. Next Generation Services Interface (NGSI) API

1 The article is a part of "Automatic vibration diagnostics and Prescriptive maintenance service for Industrial equipment in Industry
4.0" grant project supported by MIDIH (“Manufacturing Industry Digital Innovation Hubs”, funded by the European Union Frame-
work Program for Research and Innovation Horizon 2020) under Grant Agreement No. 767498.
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is appropriate solution: it realized system-independent approach means to advertise the existence of data with par-
ticular categories and provide it using an appropriate adaptor [7]. It can share information between various subsystems
that even can be not aware about each other. This means that any of already deployed system of plant management
can be extended, special adaptor is only needed. Any of third-party solution having such adaptor can easily be applied.

The paper is devoted to integration of industrial equipment vibrational diagnosing system with ecosystems
based on FIWARE framework [8]. Such integration has been implemented [9]. The rest of this paper is organized
as follows: maintenance approaches have been described, appropriacy of used approach have been grounded, con-
text management conception has been discussed, the current implementation has been briefly described, integra-
tion of diagnosing system with business administration system has been proposed. Questions for the further re-
search have been raised in the conclusions section.

A
Preventive intelligent Reactive
Maintenance Maintenance Maintenance

Total cost

Optimum

'

Figure 1. — Costs of maintenance
of different strategies [6]

\

Costs

Reﬁair cost

Prevention cost

Number of failures

Data acquisition and processing. Vibration is measured by sensors mounted near important details,
for example, in bearing housings, in such way as to pass vibration freely in all frequency ranges [10-12]. This
means secure direct contact, minimum of irregulations and hard material on the way of wave propagation (to avoid
resonances, achieve good high-frequency response) [5] and low distance from vibration source to sensor to pass
high frequencies dissipating faster. Acceleration, velocity and displacement probes can be used, but accelerometers
are the most widely spread [10]. They are reliable and have wide frequency response range [5]. Velocity can be
obtained by integration of acceleration, integral of velocity is displacement, and vice versa. All the signals carry
the same information, but methods of diagnosing are developed for the concrete type of the signal, e.g., misalign-
ment is diagnosed analyzing displacement (especially trajectories) [2; 10; 13], defects of rotary equipment, espe-
cially rolling bearings, are detected processing acceleration and its envelope [2; 3; 14]. Components of acceleration
signal have comparable magnitudes in different frequency ranges, that makes them convenient for analysis [2].
Some standards normalized vibrational velocity [2]. Vibrational diagnosing system requires telemetry equipment
to transmit observed vibration. It includes multichannel analog to digital (ADC) converter. Note, that the channels
should be synchronized with high accuracy for some tasks, such as shaft orbit analysis (acquisition of vibration
from installed closely sensors in perpendicular directions) and phase measurements (analysis of phases at distinct
ends of shaft to discriminate types of imbalance or rotor bent [10]). Analysis of amplitude spectrum only does
not require synchronization, but signals should be observed simultaneously, especially if they are non-stationary
by amplitude (examples [11]) or frequency (examples [15; 16]). Telemetry block transmits recorded data through
WiFi or Ethernet connection to cloud server where the main signal processing program is deployed. It’s grounded
by high computational cost of algorithms of extraction of informative features and lack of need in real time pro-
cessing. The system is able to process third-party data and share observed vibration and its meta through NGSI
adaptor, particularly, subscribing to updates of third-party observations and updating according entities.

Informative features extraction methods. The simplest diagnosing methods are based on signal statistical
parameters. Signals root mean square (RMS) is used to compare signals power. Equipment state control standards
(1SO 7919, ISO 15242) assign vibration RMS or peak-to-peak value permissible values for different types of equip-
ment. Also vibration growth is limited. For early detection of defects it’s appropriate to trend these parameters [2; 5].
Additional parameters are also recommended for trending. Peak factor is ratio of peak and RMS values. It’s effective
to detect shocks. Its trending is important because its value grows when pulses energy increases, but the further
degradation leads to noise increasing and decreasing of peak factor value. Shock pulse method (SPM) is extension
of peak factor mearurement. The core of the method is measurement of amplitude of spikes at resonant frequency
of sensor or elements. Shocks in defective bearings excite pusles at resonant frequencies of elements and sensor. Then
shocks amplitude is related to noise level. Further modification of SPM leads to frequency domain methods (analysis
of pulses envelope spectrum) and time domain methods (demodulation and estimation of pulse repetition rate) [17].

Analysis of statistics and power of vibration can indicate technical state of group of elements under sensor
in general, cannot indicate a certain faulty element and its defect [18]. Information about technical state of each
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element is required to reduce maintenance costs as well as disassembling and installation operations leading
to errors and thus failures. Vibrational signal consists of various components of different origin related with peri-
odical impact of unbalanced masses, kinematic forces and shocks [1-4; 10]. These components should be selected
and discriminated. Mainly frequency domain analysis of vibration and its envelope [1-4; 10; 14; 19] is used
to detect a certain defect of a concrete element, especially incipient defects, time-frequency methods are applied
for preprocessing of the signal [11; 20] as well as for informative features selection [21; 22]. Then, remain resource
of each element can be estimated and thus maintenance can be planned more rationally [5; 23].

To estimate the current state of equipment relying on various features, trending and comparison of parameters
of signal with their previous values [5; 11], thresholding of parameters using maximum likelihood rule [24; 25],
Big Data analysis [23]. The system evaluates the current technical state of equipment and its units as well as its
remaining useful life (RUL) that is approximate time of degradation of the machine to its damage or dangerous faults.
RUL estimation is based on trending of informative features [25] or random process analysis (Markov-based models,
Wiener or Gaussian processes) [23]. RUL is based on estimations of the current technical state, cannot be evaluated
exactly and unreliable if defect evolves abruptly, then both of the current state and RUL are used for decision making,
especially rational scheduling [23]. Considered in this paper diagnosing system can estimate the current state as well
as RUL, recommendations on maintenance, such as align shafts or replace bearing are provided.

Unexpected failures. Maintenance and implementation of recommendations can also prevent develop-
ing of new defects. Poor alignment of machines is the main reason of their malfunction [10]. Accurate alignment
is reported to enhance average life time of bearings and couplings by 3...8 times, reduce maintenance costs
by 5...7%, increase interrepair interval by 10...12%, reduce unexpected halt of equipment, caused by misalign-
ment, by 2 times [2]. Basic reasons of failure of rolling bearing are reported [2]: 40% — lubrication defects,
30% — wrong assembling and mounting, 20% — other reasons related with wrong exploitation, such as overloads,
strong vibration, etc., 10% — normal wear. Vibration of bearings is excited by their normal work as well
as defects of bearing or related elements such as shaft, that increases vibration load [2]. Diagnosing system can
detect incipient defects as well as errors of installation, and user can prevent faster degradation of equipment.
Maintenance and elimination of named reasons of failures can offer significant economical advantage if all
actions are conducted timely and do not interfere with production plans. Satisfy contradictory conditions is task
of scheduling system. High priority, unexpected repair works can be reduced [26]. It should consider probabil-
istic nature of failures.

Malfunction of equipment units is a random event by its physical nature due to variability of parameters
of details and operating conditions. Thus, it may be described by failure probability density function (PDF),
hazard rate and reliability function [27; 28]. Failure PDF of rolling bearings is reported to be like one depicted

at figure 2, a. It can be approximated as f (t)=%xe™. This PDF describes electric motor to failure if A is motor

failure rate [28]. Failure (hazard) rate is approximated by bathtub function (figure 2, b) [27; 28] in various fields
of technique: the first period is early failure, burn-in period; useful life period and wearout period. Probability
of breakdown of is higher at burn-in period due to errors of manufacturing and poor quality control [27; 28].
Additionally, errors of mounting discussed above can increase failure rate [28]. During useful life, failures are
caused by a lot of random factors, failure rate is stable [27; 28]. In wear-out period, aging factors are the reason
for breakdown: fatigue, cracks, friction and corrosion, etc. Ageing of the components is accelerated by defects,
such as imbalance or misalignment [28]. Constant failure rate can be described by exponential PDF of failure,
rate of mechanical systems can be described by normal PDF, wear-out period can be described by Weibull distri-
bution [27]. Bathtub curve can be approximated by sum of three Weibull functions with different parameters [29].
Hazard function is also reported to have different shape near zero and do not decrease [29].

Maintenance costs (MC) can be estimated using the methodology [30]. MC of preventive approach can
be evaluated according to the expression:

MC=C,+C, =(C,+C))+(C, +C}), Q)

where C. is unexpected failure work (labor + sparces);
C, is planned maintenance work;
C,. is production costs during unexpected idle;
C,. production costs during planned maintenance idle.

Unexpected expenses are accounted for probability of failure before assigned time of maintenance. Predic-
tive maintenance, together with proper scheduling, can reduce unexpected costs as well as planned, e.g., interrepair
period can be 15-30% shorter due to unreasonable scheduled works [30].

Conclusions of the section:

— preventing of all failures by periodical maintenance is impossible, unexpected failures can interrupt
workflow and delay of production;
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— periodical maintenance leads to additional expenditures;

— mounting errors increase failure rate. They can be eliminated by diagnosing and operative maintenance;

— interrepair period is decreased in case of constant period maintenance, that can lead to additional
mounting errors.
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a - failure PDF [31]; b — hazard rate [28]
Figure 2. — Functions describing probabilistic nature of failure

Integration of diagnosing system with FIWARE framework

Context broker. Interest to development of Cyber-Physical Systems (CPS) growing fast during a few last
years. CPS is kind of ICT systems (sensing, actuating, computing, communication, etc.) embedded or software
integrated in physical objects, interconnected including through the Internet, and providing citizens and businesses
with a wide range of innovative applications and services [32]. Its advantages are increasing of flexibility
and higher integration of production system [33]. Application of CPS in industry improves continuous monitoring
and remote control of workflow and technical state of equipment [34]. Open design and standardized platform
is demanded [32]. FIWARE framework can be convenient solution.

In FIWARE, various producers and consumers of data are interrelated through Context Broker (CB). Con-
text is any actual information about entities: their properties and interrelations with other entities [7]. Each source
is registered as entity in the common data base. Virtual entity is updated by actual metadata containing any infor-
mation about real object: its coordinates, sensor readings, timestamps, etc. Consumer of data should discover ex-
isting producers of information. It sends request to CB and receive which sources match conditions of request.
In next time consumer can request data or subscribe on updates of any selected producer. Possible schemes of data
communication are presented at figure 3.

Contet Context Context Context Context Context

Consumer Consumer Consumer Consumer Consumer Consumer

Discover
Subscribe/

Query Query i i
Subscribe/ Subscribe/ | g.os"czvery
Notify Notify . o

Disgover
Distribution Subscribe/
Broker Notify ™,
Discovery

Context
Producer &
Consumer

Central
Broker

Query

Update Subscribe! | < Register
Notify

Context Context Context
Producer Producer Producer

Context Context Context

Source Source Source

a 4]
a — centralized broker; b — distributed broker
Figure 3. — Context Broker based architectures of integration [7]

Configuration depicted at figure 3, a is more proper for small systems. The only central broker is used for
information interchange. Geographically distributed systems can be realized as it showed at figure 3, b. Central
database is used for metadata exchange only, large amounts of data can be sent directly from producer to consumer.
Advantages of CB application are: flexible system of requests, independence of integrated systems and potentially
limitless of their amount, easy scaling and, unlike data lakes, it does not requires regular cleaning up [7].
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The current implementation. Scheme of realized integration of diagnosing system [9] has been shown
at figure 4. Telemetry blocks (Vbox device) receive signals of accelerometers, translate them to *.wav files and
upload to Vibrobox Cloud service for the further processing, informative features selection and diagnosing.
Metadata, such as uploading link, calculated at VVbox device statistics of vibration signal (RMS, peak factor, re-
cording date, etc.), is updated in CB. Broker is deployed in Docker container at cloud service. Microservice Draco
is used for storing history of updates in Mongo Database. The service is subscribed on updates of the sensor entity.
The system have been deployed and tested under Linux Ubuntu and Windows 10 systems [9]. The following KPIs
were performed [9]:

1) metadata of signals were successfully transmitted from Vbox telemetry units through FIWARE com-
ponents to cloud processing platform;

2) time of deploying of diagnosing system for new type of equipment is less than 14 days from sensors
installation till full readiness system for usage, including self-adaptation and adjustment;

3) the system can be scaled in 5 days or faster for the similar type of equipment if its kKinematic scheme
is known;

4) idle time of equipment has been reduced by 10% during testing on enterprise.

Integration with smart scheduling systems. Smart scheduling can decrease idle time as well as delay
of production manufacturing. Shop-floor scheduling algorithms can be used (artificial intelligence [35], genetic
algorithms or fuzzy logic [36], agent modelling [37; 38], risk minimization or gain maximization [39], usage
of constraints on temporal variables [40]). Note, that these algorithms can dynamically update schedule, unlike
proposed system that minimizes losses by optimizing time to maintenance [41]. Utility maximization approach
is selection of several alternatives. Each of them is according to utility or risk, that is calculated as weighted sum
of a few parameters. It can consider many factors, specificity of workflow and enterprise, time of delivery of produc-
tion, etc. For example, delay of production or leads to increasing of risk or decreasing of utility. Decreasing of idle
time leads to increasing of utility. The simplified scheme of integration of such scheduling framework with mon-
itoring system, relying on [39], is presented at figure 5. Input of decision making block is variables under
weighting. Output of monitoring system is also taken into account. For example, delay of maintenance can increase
risk if equipment state degrading fast. System decides what of alternative scenarios have less risk: losses if pro-
duction delayed or losses on equipment failure. Maintenance costs (1) are also can be taken into account.

Diagnosing system can estimate technical state and RUL that can be used for decision making by humans.
Considered diagnosing system can give recommendations based on actual state and RUL, for example, replace the
bearing during the month. In case of full-automated manufacturing with smart decision making, recommendations
can be used for composing of alternative scenarios further selecting as described above, e.g., stop machine now
and conduct alignment, replace bearing, etc., or finish the current production task and conduct maintenance after.
If maintenance operation is considered as one more operation at the same machine, approach of usage of con-
straints on time variables can be used to compose scenarios for their further selection. Starting time of each oper-
ation is limited by set of constraints [40]. Let O; be the i-th operation, s; be its starting time, p; be processing
duration, cmax be total operation duration. The condition (2) sets end time and duration of each operation. Rules
(3), (4) assign right order of operations [40]:

S+ P —Ch <0,VieO, (2)
2% im +2%5im —Vim —V;mn <0,Vi, j€O,J; #J;,Vme M; "M, 3)
Xiim+ Xjim = Vim —Vim 2-LVi, j€O,J; #J;,Vme M, M,, (4)

where i, j are operation iterators;

m is number of machine tool;

Xijm is equal to 1 if operation O;j is processed before operation O; on the tool m and is equal 0 otherwise;

Vim is equal to 1 if operation O; is assigned to the tool m and is equal to 0 otherwise;

M; is set of machine tools available for operation Oj;

Jg is the g-th job.

Other conditions, such as energy consuming, can be taken into account [40]. Using the same methodology,
rule that define order of operations of maintenance and production (5) is proposed. It means that maintenance
operation can be assigned only if maintenance of according machine tool is prescripted, and production operation
cannot be assigned in another case.

Vin R -S,=0, (5)

where Rj is equal 1 if O; is maintenance, repair operation, 0 otherwise;
Sm is equal 1 if maintenance of the m-th tool is prescripted, O otherwise.
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New operations excepting maintenance are not appointed if the current state degraded to damage level.
Workflow is also interrupted after RUL has expired. Constraint (6) allows exploitation of equipment if its state
is appropriate and factors (such as RMS of vibration or level of some harmonics) are not exceed prescribed
by standards [2; 5; 10] level. The condition can be used for planning operations of the machine whose the current
state is satisfactorily but its soon degradation is expected:

V,n-CS,-RUL, -L, =LR =0, (6)

where CSy is equal to 1 if the current state of the m-th tool is good, 0 otherwise;

RUL is equal to 1 if remaining useful life has expired, 0 otherwise;

Lm is equal to 1 if vibration level is lower assigned threshold and is 0 otherwise.

System of equations can be more complex since halt of the m-th machine leads to interruption of the whole
chain of production.
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Figure 4. — Scheme of realized integration of diagnosing system with FIWARE components
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Figure 5. — Simplified scheme of interrelations between scheduling and monitoring subsystems
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Scheme of proposed system is presented at figure 6. Alternatives construction block prepares a few
of possible scenarios of production and maintenance according to (2)—(6). Maintenance is not included in schedule
if equipment state is good. Scheduling block selects one consequence of operations which have maximum gain.
Both of these blocks are interrelated with each other, maintenance system and additional subsystems (such
as materials supply) through CB. Interaction between systems is unified, one shouldn’t change anything in one
system if another is modified or added. Each of them obtains actual required information.

12 1
Scheduling 13 Maintenance Physical Vbox
subsystem service equipment device

11 2
3

Cloud service of

'y

Alternatives (scenarios)

) Context Broker ) ;
composing subsystem ’_’ > diagnosing system
7

Figure 6. — Scheme of integration of vibration diagnosing system and business management system

Vhbox device observes vibration produced by physical equipment, link 1, converts it to convenient for pro-
cessing form and sends it to cloud service, link 2, updates the sensors entities, link 3. Cloud service can update
entities of machine and its units under diagnosing by their actual estimations of technical state, RUL and recom-
mendations, link 4. Such recommendations as “conduct maintenance of the m-th machine in x days” or prescrip-
tions to halt machine immediately (if it goes to breakdown) can be used for automatic scenarios composing,
detailed recommendations, such as “replace the n-th bearing of the m-th machine in x days”, are useful for person-
nel of maintenance service. Cloud service can receive updated of the third-party observations, link 5, and update
in the similar way according equipment entities. Integration of data acquisition subsystems (Vbox device) and
cloud service with CB (links 1-5) is currently implemented (see figure 4). Scenarios composing subsystem re-
ceives notifications and updates of equipment entities as well as other controlled parameters (production demand,
etc.), link 6, updates entity of production scenarios of the current factory, link 7. It can be implemented according
to (2)—(6) and should take into account workflow of the concrete enterprise and selected maintenance strategy —
see figure 1. Scheduling subsystem receives notifications and updates of scenarios and variables that influence
on cost of each of alternatives, link 8, and updates schedule, workorders and maintenance prescription entities and
equipment status (on/off), link 9. Maintenance service receives prescriptions and recommendations, link 10, it can
request sparces and update required time of maintenance, link 11. The 12-th link designates repair works conducted
by maintenance service and changing equipment state. The 13-th link signifies interrelations with other enterprise
administration systems (demand, supply, etc.) and third-party services.

Each of sensors, machine units and the whole machines are distinct entities. Sensors entities hold infor-
mation about recent observation and the most necessary characteristics of vibration (RMS, peak) required accord-
ing to standards. Machine units, as well as the whole machine, are characterized by their technical state and RUL.
State of machine is estimated by the simplest integral methods and they are needed to capture breakdown if more
accurate methods cannot do it. More accurate methods indicate faulty unit or even its concrete defect, evaluate its
technical state. This is needed to prescript maintenance of a certain unit, decrease number of operations and prob-
ability of mounting errors. A few sensors are needed to evaluate technical state of unit or machine. Observed
vibration of one or a few sensors is processed in cloud service, then it updates state and RUL of unit and the whole
machine. Addition of equipment unit requires just registration of new entities (machine, its units under observation
and sensors) in CB. All the rest blocks will obtain information that match their requirements automatically.

Subsystems of smart enterprise control can be integrated with FIWARE components. A lot of solutions
have been already integrated [8], custom adaptor should be implemented otherwise. Once implemented, it can
be deployed at any other system and scaled fast, as it has been demonstrated. The only condition is the common
context definitions, such as machine, unit of machine, sensor. The system should be aware how they are related,
e.g., failure of the unit or excitation of vibration at the only sensor leads to halt and assigning of maintenance
of the whole machine, stop of machine leads to delay of operations of the whole production chain. Localization
of the defect is needed to repair service to reduce expenditures and risk of errors.

If probability densities of units failure are estimated and production plans are known, probabilities of all pos-
sible scenarios can be evaluated. For example, for the sake of simplicity we can assume that maintenance operations
are assigned in scenarios with the same probability as element failure. But selection of a certain alternative depends
on many variables describing workflow, costs of production delay and potential losses of maintenance delay. Proba-
bility of breakdown of equipment in each moment leads to risk of losses due to failure of fulfillment of production
plans. On the other hand, timely elimination errors of installation and other defects will reduce failure rate.
It should be considered when production is planned.
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Conclusions. Appropriacy of using of FIWARE framework has been shown. The framework can help
to improve scalability of the system. Developing of the system of monitoring of technical state of equipment
together with adaptive shop-floor scheduling leads to full-automated manufacturing. Described system can be real-
ized at the levels of subdivisions (department, shop-floor), the whole enterprise or a few factories (hyperconnected
factories [42]), it should consider modern standards and frameworks for enterprise integration and modelling, see
I1SO 19439. The FIWARE framework can unify interconnection between maintenance and production frameworks.
The questions were raised for the following research:

— How to consider probabilities of breakdown of each element during planning of production to reduce
risk of production delay?

— How to optimize scenarios construction to consider different probabilities of failure of each element
during its life time?

— How to calculate costs of each of scenario considering technical state, RUL of elements and recommen-
dations of diagnosing system depending on workflow and loading of equipment?

— How to integrate the system at different levels, e.g., to connect maintenance, scheduling, etc. systems
at each subdivision independently and connect them at higher level or build the whole factory/group scheduling,
maintenance, etc. systems?
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Tlocmynuna 24.02.2021

HUHTET'PALIUSI CUCTEMBI IUATHOCTUKHU ITPOMBIIIVIEHHOI'O OBOPY/1IOBAHU A
M CUCTEM YIIPABJIEHMS PEANPUSATUEM ITPU IOMOIIU ®PEMMBOPKA FIWARE

A.A. KEYUK, U.T'. JABBL/IOB, A.B. TEPACUMVYK,
A.B. IIYPKO, M.A. CMOJIEB

Lenv Hacmosweil pabomvl — onucams UHMeESPAYUIO CUCEMbL BUOPAYUOHHOU OUACHOCMUKY C (peliMeop-
kom FIWARE. Jlannas unmezpayus nogvliiaem macuimadupyemocms CUCHeMbl U cnocoocmeyem ee OdibHeli-
wemy pasgumuio. Paspabomannas cucmema peanuzosana u onpobosana 6 peanvuvix ycirogusx. Haumyuwiuil
9KOHOMUYECKUL dQhexm om enedpenust OGHHOU CUCmEMbL MOXcem Oblmb NOJYYEH 8 Clydae, K020d OHA NPUMEHS-
emcsl 8 NOTHOCMbIO ABMOMAMUUPOBAHHOM npousgoocmee. Ilpednodicen sapuanm unmezpayuu ¢ ROOCUCTHEMAMU
ynpasnenus npeonpusimuem mpenoa Unoycmpuu 4.0. Onepamugnuiil nepepacuem mexnpoyecca u CmoumMocmu
KAXHCO020 U3 ANbMEPHAMUBHBIX CYeHapUes NOMEHYUATbHO MAKCUMUIUDYEm NPeUMyUecmsed Henpepobi8HO20 dmo-
MAMu3UPOBAHHO20 MOHUMOPUH2A MEXHULECKO20 COCMOsAHUA 060pyoosanus. Tlokazanvl npeumywecmea npume-
nenus gpetimeopra FIWARE ons pazpadomku npeonodiceHHol Kubep@uauieckol cucmemol.

Knioueesvie cnosa: xubepgusuueckas cucmema, Unoycmpus 4.0, FIWARE, 6pokep xoumekcma, ymMHAsS
Gabpuxa, subpayuonnas OUAeHOCMUKA, CUCEMHOE MOOETUPOsanue, PYHKYUOHATbHOE MOOeauposanue, UH@op-
MAYUOHHAS CUCTEMA, ABMOMAMUZUPOBAHHAS CUCTEMA YIPABTIEHUSL.
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YAK 519.876.5

MOJEJUPOBAHHUE IIUJEMHAHN C MIOMOIIBIO KIIETOYHBIX ABTOMATOB

KaHno. mexu. nayk, ooy. A.®@. OCbKHH
(Ilonoukuii zocyoapcmeennulii yHusepcument);
A.A. OChKHH
(Benopycckuil zocyoapcmeenHnblil IKOHOMUYecKuil ynugepcumem, Munck)

Paccmampusaemcesi mexnono2uss nocmpoeHus Mooeu pacnpoCmpaneHus SNUOeMUU ¢ NOMOUbIO KIemoy-
Hoix asmomamos. Ilpueedenvl kKpamkue céedenus HO UCIOPUU CMAHOBICHUS OAHHOU MEXHOIO2UU MOOCTUPOBA-
HUs. Yrazano, umo 6 kauecmee cpedvl 0Jisi ROCMPOeHUs Mooenu eviopan madauunsli npoyeccop Microsoft Excel,
APOAHATUZUPOBAHBL OOCMOUHCTNGA U HEOOCMAMKU MaKko2o evlbopa. Onucana SIR-modens pacnpocmparnenus snu-
Oemuu U NOKA3AHo Kak ona peanusyemcs ¢ cpede Microsoft Excel. Paccmompenvl pesyibmamol MOOEIUpO8anus.
NO PASIUMHBIM CYCHAPUAM.

Knroueewie cnosa: knemounwvle agmomamsi, Microsoft Excel, SIR-moodenv pacnpocmparnenus snudemuu.

BBenenne. Bempimka kopoHaBHpYCHON HH(MEKINH ObUIa 3aperucTpupoBaHa B aekadpe 2019 r. B Yxane
(Kuraiickas Haponnas PecriyOnuka). BcemupHas opranuzanus 34paBOOXpaHEHHs OOBsSBUIIA €€ YPE3BBIYAHHOM
curyanueii B obmactu 3apaBooxpaneHus yxe 30 saBaps 2020 r., a 11 mapra snmaemusi, HadaBimascs B Kurae,
OblTa IpHU3HAHA TAHAEMHCH.

ITannemust BbI3Basla CepbE3HBIC COLMAIBHO-I)KOHOMHMYECKHE MOCHIEICTBHA. Tak, OHa cTaja HMPUIMHOU
KpyHHeHme# MupoBoii perieccun mocne Bennkoii nenpeccun — MEPOBOTO 3KOHOMHYECKOTO KPHU3KCa, HadaBIIIe-
rocs B okta0pe 1929 r. B CIIIA u npogomkasmrerocs 10 1939 r. Bruto 0TMEHEHO WK TIEPEHECEHO MHOXKECTBO
KyJIbTYPHBIX, HAYYHBIX, CIIOPTUBHBIX, MOJIUTUYECKHUX, PEIMTHO3HBIX MEpONpuUsTHiil. Briciiie yuyeOHble 3aBeneHus,
a TaKKe KOJUISIKH U IIKOJIbI OBbUTH 3aKPBITHI HA KAPaHTHH U MEPEBE/ICHbI Ha TUCTAHIIMOHHYO (POpMY 00yUYEHHS.

B cBsi3u ¢ BBIMIEH3II0KEHHBIM BIIOJHE €CTECTBEHHBIM MPEACTABIAETCS OTPOMHBIM MHTEPEC, KOTOPBINA
MPOSBIIAET MUPOBas Hay4YHasi OOIIECTBEHHOCTh K U3yUEHHUIO U MOACIUPOBAHUIO PACIIPOCTPAHEHHUS KOPOHABU-
pycHoit undekiuu. Tak, Ha nHGOpPMAIMOHHOM pecypcee https://kaggle.com, co3naHHOM U 3aIyIIICHHOM KOPIIO-
panueit Google LLC, opranusoBana riatdopma Juisi pa3MeIieHns] KOMITBIOTEPHBIX IPOTPaMM, MOASIUPYIOLINX
JMHAMHKY PaclupoCTpaHeHUsI MH(PEKLIUH U TPOTHOZUPYIONIIUX €€ HOCIEICTBHSI.

Ha nmmatdopme B OTKPBITOM JIOCTYIE HAXOAATCS Bepu(UIMPOBaHHBIE HAOOPHI JaHHBIX 110 JUHAMHKE Pac-
MPOCTPAaHEHUsT KOPOHABHPYCA B PA3IMYHBIX CTPaHaX, M KaXKIbIH JKENAIOIINA MOXKET BOCIOJIb30BATHCS ITUMH
HabOpaMU IPHU MTOCTPOSHUH CBOCH MOJIEH aHAEeMHH. MOXHO TaKkKe pa3MECTHTb 3[I€Ch CBOIO ITPOTPaMMy MOJIe-
JIMPOBAHUS, KOTOPYIO MO JOCTOMHCTBY CMOTYT OLIEHHUTH BCE WIEHBI HAYYHOTO COOOIIECTBA.

CymiecTByeT MHOXECTBO HOAXO0B K PeaIM3alui KOMIIBIOTEPHOH MOJIENN PAaCIPOCTPaHEHHS STUIAESMHUH.
[IpeBanmpyroT MOJENH, B OCHOBE KOTOPBIX JIE)KAaT CHCTEMBI OOBIKHOBEHHBIX IH()(epeHINATbHBIX ypaBHEHHUH.
Yarie Bcero I MOCTPOSHHUS MOJIENeil NCTIONB3YIOTCS IPOTPaMMHBIE TIPOTYKTHI, PeaNnn3yIone MPUHIUIBI CH-
cremuoi auHaMuKH: 1Think, Dynamo, Stella, PowerSim, poccuiickas nporpammuas cucrema AnyLogic.

CaMBIMH pacnpoCTpaHEHHBIMH MOAENAMH siBisitorcest Mogenu SIR (ab0peBuatypa ot anrn. Susceptible,
Infected, Recovered — Bocnpuumuuswvie, Unguyuposannwvie, Boizooposesuiue). Hacenenne B Takux MOJENSX Jie-
JIMTBCS Ha TP YacTH — BOCIIPUUMYHBBIE K 3200JIeBaHUIO, 3apa3uBIIUecs (MHQUIMPOBAHHBIC) U BBI3JIOPOBEBIIINE.
B nporiecce MoeMpoBaHus JTIOM NEPEXOIST U3 COCTOSHUSI B COCTOSIHUE, TI0Ka STIMIAEMUS HE 3aKOHYHUTCSI.

B oTimnume oT MoaX0/10B K MOAETMPOBAHUIO, ONMCAHHBIX BEIIIE, MBI Oy/IeM MOJIEINPOBATH MIPOIECCHI pa3-
BUTHSI SIIHIEMHUH, OCHOBBIBASICh HA IPYTHX NMPHHIUIAX. B 0CHOBe Hamel MoJeny JexaT KJICTOYHbIE aBTOMATHI.

Knerounbie aBToMaThl. KI€TOYHBIM aBTOMAaTOM Ha3bIBAETCSI CTPYKTYPA, COCTOSIIAs U3 MHOKECTBA O
HOPOJHBIX JIEMEHTOB, IS Ka)XJOT0 M3 KOTOPHIX 3a/aHbl COCTOSHHUE U MpaBmiia noBeaeHus. [IpaBuna omnpene-
JISIFOT, KaK OyZeT MEHATHCS MOBEACHHE KaXXIO0TO JIEMEHTa B 3aBUCHMOCTH OT COCTOSIHHSI COCEIHHX DJIEMEHTOB
u BpeMeHH. [Ipuuem kak BpeMs, Tak U COCTOSIHHSI IEMEHTOB MEHSIOTCS TUCKPETHO.

Co3zgareneM KJIETOYHBIX aBTOMATOB sBiseTca J. von Neumann, mpeIoKUBIIUN MCHOJIB30BAaTh UX IS
(hopMaTbHOTO MOJICITUPOBAHKS MEXaHH3MOB camoBocnpounssenenus [1]. B konme 1940-x — Hagame 1950-x rogos
OH pa3paboTall ST TEOPETHIECKNX MOJIeNIe cCaMOBOCIPON3BOISIIUXCS KIIETOYHBIX aBTOMATOB, PEajlM30BaTh KO-
TOpBIE HE yAAIOCh, TAK KAK OHU OKA3aJIMCh CIUIIKOM CIOXHBIMU JJI TOTO BPEMEHH.

CBoil BKJIaJg B TEOPHUIO MOCTPOECHMS KIeTOuHBIX aBTomMaroB BHec W E. Codd [2], mmpoko M3BECTHBIH
KaK aBTOp PEJSIIIMOHHON MOJIENIN XpaHeHHs JaHHbIX. OIHaKO M ero MoJiesb He Oblila peaqn30BaHa.

OcHoBrIBasick Ha pabdorax E. Codd, B Hawane 1970-x ronos J. Convay mocTpomi KJIETOYHYIO MOJIENb,
nonyuuBIryro Ha3Banue Game of Life (urpa «Kuzup»). Moens mMUTHpOBajia MOBEACHHUE TOMYIISIIAN TPHMU-
THUBHBIX OPTaHW3MOB B OJTHOPOJIHON Cpesie U MOTydHIIa IMUPOKYIO MOIYJIIPHOCTD.
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Taroke BKJIaJ] B pa3BUTHE MAaTEMaTHIECKON TEOPHH, ONUCHIBAIOIIEH OBEACHNE KIIETOUHBIX AaBTOMAaTOB, BHECITH
Takue ydensie, kak A. Burks [3], V. Aladyev [4], T. Vollmar [5], A. Smith III [6]. 3aBepmmn ocTpOCeHUE TEOPHU
S. Wolfram [7], pa3paboTaBIiuii MPUHIMIIEI ¥ IIOCTPOMBILIHHI MEPBYIO KIACCU(DUKAIHMIO KIIETOYHBIX aBTOMATOB.

Tabéauunblii mpoueccop Microsoft Excel kak cpega moneaupoBanus. Tabmuunsit npoueccop Excel
SBJISIETCS MOIIHBIM MHCTPYMEHTAIBHBIM CPEICTBOM PEAIM3alMHU BEIYHCINTEIBHBIX aITOpUTMOB. Ham u3BecTeH
MOAXOJI K PEIICHHIO BEIYUCIUTENBHBIX 3a1a4 B cpene Excel, kotopsiit aropst B.1. Anukun, O.B. AHnkuHa Ha3bl-
BAaIOT QJITOPUTMHUYECKUM TabIu4YHbIM MozeiaupoBanueM (ATM), 70CTOMHCTBA M HEIOCTATKH KOTOPOTO CBOASATCS
K CIIEIYIOLIEMY:

1. IIponecc co3nanust TAOIMYHON MOJIENTM CTAHOBUTCS OCMBICIICHHBIM M JIOTWUYHBIM, @ HE BBINOJHSETCS,
KaK 4acTto OBIBacT, METOAOM IPOO M OMIMOOK, YTO YCKOPSIET MPOIECC CO3AaHMs MOJIEIH, TI03BOJIIET H30eKaTh
MHO’KECTBA OIIHOOK.

2. Pa3paborunk o He0OXOAMMOCTH OOJIbIIIe BHUMAHUS yIeJIseT KOHIENTYaJ IbHOW MOAENH U opmainusa-
UM pelIaeMoil 3ajauu, MaTeMaTHYeCKUM M (DyHKIMOHAJIbHBIM 3aBUCHMOCTSIM MEXIy NEPEMEHHBIMH MOJIEIIH,
anroputMy 00pabOTKH JaHHBIX, YEM HEOIBITHBIE Pa3padOTINKH YacTO MpeHeOperaroT.

3. Co3xaBast TabIUYHYIO MOAETH 0 TexHoJorun ATM, pa3paboTynk OONBIIYIO YaCTh BPEMEHH 3aTpadu-
BaeT Ha pabOTy HEMOCPEACTBEHHO C JaHHBIMH, TOTA KaK MPH OOBIYHOM HPOrpaMMHUPOBAaHHMHU €0 BHUMaHUE B OC-
HOBHOM KOHIICHTPUPYETCS Ha MpoLiecce HAMMCaHUS IIPOrPaMMHOTO KOJIa.

4. Texnonorust ATM npeBpaiaeT 3JeKTpOHHBIE TAOIUIBI B yI0OHYI0 HHCTPYMEHTANBHYIO Cpeny 3¢-
(beKTI/IBHOFO MOJCJIMPOBaHUA U BU3yaliu3allu OIPOMHOTO YK CJia NPAKTUYCCKN 3HAYUMBIX BbIYUCIIUTECIbHBIX
aITOPUTMOB.

OO6nagas nmepedynciIeHHbBIMHA JOCTOMHCTBAMHM, TexHoiorus ATM oOmamaer Taxke psiioM HENOCTAaTKOB,
OrpaHNMYMUBaIOIIUX O6H3CTI) €€ MPUMCHECHUA:

1. AnroputM 00pabOTKH JaHHBIX JOJDKEH OBITh BBIYMCIUTENBHBIM, 8 HE IPOLEAYPHBIM, TaK KaK UCXOTHO
(yHKIIMH TaOIMIHOTO MPOLECCOpa MACCUBHEI.

2. Texuomnorus ATM XopoIo MOAXOTUT IJIs CO3[aHUs OJHOMEPHBIX, IBYMEPHBIX, HHOTIA TPEXMEPHBIX
MoJiesiell, B IPOTUBHOM Clly4ae CEpbEe3HBIM OIPaHUYUBAIOLIMM (AKTOPOM CTAHOBUTCA ILTOCKas cTpykrypa JOT.

3. Ilo OBICTpOAECHCTBHIO TAOMUYHBIE MOJIEIH AJITOPUTMOB 3HAYUTENHHO YCTYHAIOT OBICTPOJIEHCTBHIO MX
OpOrPaMMHBIX peau3anuii [8].

YuuteiBas cKazaHHOE BBILIC, B3BCCUB MNEPCUNCICHHBIC TOCTOMHCTBA U HECJOCTATKHU, Mbl OCTaHOBUJIN CBOM
BBIOOp CpeAbl MOJEIMPOBAHMS Ha TaOJMIHOM mporueccope Excel, Tak kak HamMH, ¢ OZHOW CTOPOHBI, pEeIIacTCs
JIBYMEpHasi 3371244, a C IPyroi CTOPOHBI, HU3KOE OBICTPOCHCTBHE TAOIMIHON MO/IENN HE SABIISIETCS BAXKHBIM Orpa-
HUYHUBAIOIIAM (PaKTOPOM.

Onucanne mogesn. ba3oBbsIM 31eMEHTOM MOJIETH ABISIETCS KBaIpaT pazmepoM 50x50 KIeTok, pa3MerieH-
HBII Ha JucTe TabmmaHoro mpomeccopa Microsoft Excel. B cootBercTBun ¢ kouuennueid SIR, kaxmas kietka
MOJIESM MOXET HAXOIUTCS B OJTHOM M3 TPEX COCTOsHUN — Bocnpuumuuesie (Susceptible), Huguyuposannvie (In-
fected), Buizooposesuiue (Recovered). IIpucBorM KakIOMy M3 COCTOSIHHH YHCIIOBBIC 3HaYeHHs. [1ycTh KIIeTKH,
MO/ICTIMPYIOIIUE COCTOsIHUE Bocnpuumuugsie, MeroT 3HaueHue «0», KIETKH, MOJIeUpYyolue coctosnue Mugu-
yuposanuvlie — HadaJIbHOE 3HaueHHE «1», a Buizooposesuiue — 3HaueHne «10». B mporecce momenupoBaHus
KJIETKH, OTOOpaskarouie cocTostHue MHupuyuposanivie, MEHSIOT CBOE TEKYyIIlee 3HAUCHHUE B CTOPOHY YBEITHUCHHS.
Kak Topko TeKyIee 3HaUeHHE TAKOH KIIETKH CTAaHEeT PaBHBIM MJIM OOJIBIINM HEKOTOPOH BETMUHMHBI O, SIBIISTIOIIEHCS
OJTHUM U3 YIPABJISIOLIMX [TAPaMETPOB MOJIEIIH, KJIETKa NEPEHIeT B COCTOsSIHUE Bbizdopogesuiue.

Kpome Toro, Ha cocTosiHEE KaXKI0H KIETKH BIMSIOT COCTOSHUS ee coceei. [ onpeneneHns TeKyIero
COCTOSIHHSI PaCCMaTPUBAEMON KJIETKH, MBI HCIIOJIb3YeM OKPECTHOCTh Mypa — COBOKYITHOCTb M3 BOCBMH KIIETOK,
MMEIOIUX OOIIYI0 BEPIIUHY ¢ paccMaTpuBaeMoil. Ecim Tekymryro KneTKy, HaXOAIIyIocs B COCTOSIHUM Bocnpu-
uMuUgble, OKPYXKaeT He MEHEe TPeX KJICTOK B COCTOSHHM MHuyuposanHsie, TO Takas KIETKa «3aboieBaeT»,
T.€. TIEPEXO/IUT B COCTOSIHUE MHhuyuposantvie.

Jist Gonplieid HarJIAHOCTH KO BCEM KJIETKaM MOJIETIH NPUMEHEHO YCIOBHOE ()OPMATHPOBAHHE CO CIIEy-
IOIIMMH TIPaBHIIAMHU:

— KJIETKa OCTaeTCsl He3aKpallleHHOH, ecJIn ee TeKylee 3HaueHne pasHo 0;

— KJIETKA 3aJIMBACTCs] KPACHBIM LIBETOM, €CIIH €€ 3HaueHHEe PaBHO 1;

— KJIETKa 3aJIMBAETCs 3€JCHBIM IIBETOM, €CIIH €€ 3HaueHue paBHo 10.

ANTOpUTM MOZEIMPOBAHUS COCTOUT M3 TIOCIIEIOBATENLHOCTH 1IaroB (MTEPALUi).

Ha pabouem mosie 6a30BOro KBajpara pasMelaeM B CIIy4yaiHOM HOPs/IKE KIETKH C TEKYIMM 3HaueHueM 1 —
Hnghuyupoeannvie. TIpu 3TOM Ha BCIIOMOTATEIBHOM KBaJ[paTe O0TOOpa)karoTcs KIETKH 3apaszusuiuecs ot Hngu-
YUpoBanHvIX, pACCUNTAHHBIE B COOTBETCTBHH C IIPAaBUIIaMH, U3JI0)KEHHBIMU BbIle. Ha 3TOM 3aBepuiaercs nepsas
urepanust (puCyHOK 1).

Ha Bropoii urepamun CKIaabIBalOTCs TEKYyIHe 3HAUeHHs KJIETOK 0a30BOr0 U BCIIOMOTaTEIbHOTO KBaJpa-
ToB. [lonmyumBIIIasicst COBOKYIHOCTh KJIETOK 00pa3yeT HOBbIM 0a30BbIi kBaapar. Kak u B npensiayiem cirydae,
Ha BCIIOMOTATEFHOM KBapaTe 0TOOpakatoTes KIeTKu 3apasusuiuecs ot Mnguyuposanivix (pUCYHOK 2).
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Pucynok 1. — IlepBast nTepanust npoiecca Mo THPOBAHMSI.
HcxoaHoe cocrosinue (0a30Bblii KBAAPaT) U Pe3yJIbTATHI pacyeTa (BCIOMOraTeIbHbINH KBaapaT)

Pucynok 2. — Bropast ntepanust npomecca MoxenpoBanusi. Yuciio «3a6os1eBmmnx» pacrer

TpeTss 1 nanpHEHIINEe UTEPAIIIK IOBTOPSIOT MpeasIayIre. KauecTBeHHOro M3MEHEHNS KapTHHBI HE TPO-

HUCXOAUT 0 TEX MOP, [NOKA TCKYIHC 3HAYCHU HHd)ML;MpOB(JHHle KJICTOK HE IPEBBICAT MapaMeTp A. B sTtom Cl1y-

Yac Ha BCIIOMOraTe€JIbHOM KBaJpaTe IMOABATCA Bbl300p06€6u/lu€ — KJICTKH C TCKYIIUM 3HAYCHUEM 6oubIire o,

3aKpalleHHbIE 3eJICHBIM [BETOM (PUCYHOK 3).

PucyHnok 3. — N-1 urepanust npouecca moaeauposanus. IlosBuiucs nepsbie Boizdoposesuiue

I[anee Ipouecc NpoaoJIKaAETCA 110 TOM e cXeMme.
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Cuenapuu moaeaupoanus. Moaeas SIR-1. MccrenoBanme mporiecca pacripoCTpaHEHUS STHICMHA
HauHeM ¢ kimaccuyeckod SIR: B Momenu Tpu tHma Kietok (Bocnpuumuusvie, Hnguyuposannsie, Bvizdoposes-
wiue), KyMepIINX» KICTOK HEeT, BAKI[UHALIUSA HE IPOBOIIIIACH.

PesynbraThl MOCTHPOBAHUS MPEICTABICHBI HA PUCYHKAxX 4 u 5.

]

PucyHnok 4. — Pazputue snugemun. PucyHnok 5. — PazButue snuagemun.
HUrepanuu 1, 3, 5 Hrepanuu 7, 9, 11

Kak Obuto yka3aHO BbINe, HA PUCYHKaX KPAacHBIM LIBETOM BbLIENEHbI WHpuyuposannvie, 3eNeHbIM —
Buizooposeswiue.

Ha pucyHkax 6—8 coOTBETCTBEHHO MpeCTaBIIeHb! TpadvKu U3MEHEHHUs urcna Bocnpuumuuewix, boreowux
U Buizoopogesuiux. Kak BuHO 13 rpadurka, NPUBEASHHOTO HA PUCYHKE 7, MUK SMHUIEMHUHU IPUXOUTCS Ha 6-10 UTe-
pauuro. HTepecHbIM sBIIsieTCst TOT (GaKT, 4yTo mocie Toro kak 80% xuteneil perroHa nepedoJesno, B MOAEIUPYEMOM
peruoHe BEIpabaThIBACTCS KOJUICKTUBHBIH MIMMYHHTET, & YHCJIO 3apa3HBIIMXCS PE3KO CHIKaeTcs (PHCYHOK ).
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Pucynoxk 6. — Unciio sxuresieii pernoHa, BOCHPUUMYHUBBIX K 3200/1eBAaHIIO
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Pucynok 7. — Uucjio 6oser0mux
JKUTeJIell peruoHa

Yucno weurene i
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Pucynoxk 8. — UncJ10 BBI310pOBEBIINX
JKUTeJIell peruoHa

Yuecno minrene i

o4

Cuenapuu moaeaupoBanusi. Moaeiab SIR-2. OueHnM BIMsHAE BaKIIIHAIIAN HA TPOIIECC PA3BUTHS AIIH-
JeMuH. J{71s 3TOro JOTOIHIM OITMCAaHHYIO BBIIIE MOJIEIh «BAaKIMHUPOBAaHHBIMI» KiIeTKaMu. [IpucBonM UM TeKy-
miee 3HaueHne «10», Tak Kak 3TH KJICTKH, KaK U KJIETKH, 0TOOpakaromue Boiz0oposesuiux, IBIAIOTCS HOCUTEIAMHU
antuten. OYeBHHO, YTO COOTBETCTBYIOIINE KIETKU OKPACSATCS B 3€JICHBIN IIBET.

Bynem cumrath, 4TO K Hayayly SHUIEMHH NPOBAaKIMHHpOBaIock mpumepHo 30% HaceleHHs perhoHa.
Kak mpu 5TOM OyJ1eT pa3BUBaThCs SNUIEMUsI TIOKa3aHo Ha pucyHkax 9 u 10. Kak B 3ToM cityyae n3MeHsIeTCsl YUCII0
GoserolNx MOKa3aHo Ha pucyHKe 11.

»
i

Pucynok 9. — PazBurue amuaeMun Pucynok 10. — PazButne 3mugemMun
¢ yuerom BakuuHauyuu. Utepamun 1, 3, 5 ¢ yuerom BakuuHauu Urepanuu 7, 9, 11
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Pucynok 11. — Ynco Gosreronux ;kurteseil peruona

3akaroueHue. MoaenupoBaHue pa3INYHbIX CIIEHAPUEB Pa3BUTHUS SMUAEMUH [T0KA3aJI0 CIeAyoIee:

1) HecMOTps Ha NPOCTOTY, MOJETb aJCKBaTHO OTOOPaXKaeT MPOLIECCH Pa3BUTHS SIHIEMHU B HEKOTOPOM
3aMKHYTOM PETHOHE;

2) B MOJEIH €CTeCTBEHHBIM 00pa3oM 0TOOpasmiics GpeHoMeH (HOPMHUPOBAHHS KOJUICKTUBHOTO HMMYHH-
Teta. HUKaKux OMOIHUTEIBHBIX yIYYIICHUH BHOCUTD B MOJIEJIb HE IIOTPEOOBAJIOCH;

3) Takke ecTeCTBEHHO OBUIO YYTECHO BIUSHHE BAaKIMHAIMK Ha pa3BUTHE SnmaeMuu. [Ipu 3anaHHBIX Ha-
pameTpax Mozaenu Bcero 30% BaKIIMHUPOBAHHBIX MO3BOJIMIIN CHU3UTHh MaKCUMaJbHOE YHUCIO OOJCIOIUX MOUYTH
B TpH paza (¢ 1273 B ciyuae orcyTcTBUs BakuHAuu 10 469 npu 30% BaKIIMHUPOBAHHEIX);

4) HanuYHe MapaMeTpoB, MO3BOJIIONIMX PErYIHPOBATH JUHAMHUKY OTOOPaXCHUSI MOJCIUPYEMBIX MPO-
IIECCOB, JIETIaeT BO3MOXKHBIM HCIIOIb30BaHUE MOJEIH AJSI IPOTHO3MPOBAHMS 3MHUIEMUOJIOTHYECKON CHUTyalluH
B 33/IaHHOM PETrMOHE IIPU YCIIOBUHU €r0 OTHOCUTEIBHOW aBTOHOMHOCTH;

5) B MOJEITH HE YUHTHIBAIOTCSI BO3MOXKHBIC JIETAIBHBIC HCXO/IBI, 4TO, OE3yCIIOBHO, SIBISETCS €€ HEIOCTATKOM;

6) mopaboTka MOJENH ¢ y4eTOM OONBIIEro KOJMYECTBA BIUAIOINX (haKTOPOB MMO3BOJIAT HOBBICUT TOY-
HOCTh 1 3P PEKTUBHOCTh MOJICITUPOBAHHUS.
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MODELING AN EPIDEMIC WITH CELLULAR AUTOMATION
A. OSKIN, D. OSKIN

The technology of constructing a model of the spread of an epidemic using cellular automata is considered.
Brief information on the history of the formation of this modeling technology is given. It is indicated that the Microsoft
Excel spreadsheet processor is selected as the environment for building the model, and the advantages and disad-
vantages of this choice are listed. The SIR-model of the spread of the epidemic is described and it is shown how this
model is implemented in the MS Excel environment. The results of modeling for various scenarios are considered.

Keywords: cellular automata, Microsoft Excel, SIR-epidemic spreading model.
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UDC 621

ALGORITHM OF CLASSIFICATION OF SHAFT ORBITS

D. KECHIK, PhD I. DAVYDOQV, I. LOSHCHININ, K. ZHUKOVSKIY
(Belarusian State University of Informatics and Radioelectronics, Minsk)

Classification of spatial patterns of shaft orbits is studied in this paper. Recent methods of signal pro-
cessing, such as spectral interference frequency refinement method, Mallat scattering transform were tested
for task of obtaining patterns, informative features extraction and classification. Strong dependence on fluctua-
tions of signal parameters and significant variability of spatial patterns has been discussed. Effectiveness of rank-
ing of patterns using different approaches has been estimated using computational modelling and natural experi-
ments. Preprocessing of signal and informative features has been considered. Approach of discrimination of dif-
ferent misalignment types and severities, based on rate of occurrence of classes of spatial patterns, has been
proposed, its effectiveness has been demonstrated.

Keywords: pattern recognition, frequency domain, spatial domain, time synchronous averaging, phase
processing, vibrational diagnosing, scattering transform, wavelet transform, convolutional network, support
vector machine.

Introduction. In normal and various defect states displacement of shaft is periodical process. Measurement
of trajectory of center of shaft at its end, or shaft orbit, has been used for diagnosing of rotary equipment for a long
time. Shaft displacement in orthogonal directions carry full information about dynamical forces occurred in rotary
system [1; 2]: shaft and related plain bearings [3-6], rolling bearings [1], couplings [3-6]. Thus, shaft orbit related with
machine state unambiguously [2]. It shows processes in system pictorially [2] and is convenient for experienced expert.
Idea of spatial averaged shaft orbits is close to time synchronous averaging (TSA) [7-9] of signal of vibration for ex-
traction of patterns of signal that are informative features of equipment state. Both methods require synchronization with
shaft rotation frequency. It can be usually achieved by tachometer. Another approach is to estimate instantaneous shaft
rotation frequency using vibration signal [10; 11]. Vibration is assumed to be stationary, and temporal or spatial patterns
can be obtained by averaging of signal frames of length of shaft revolution period. Signals of vibration observed under
condition of variating speed can be resampled with equiangular step [10; 11] to obtain stationary signals and recover
spectral, temporal and spatial informative features could be selected by conventional methods.

To display shaft orbit, let averaged vertical radial displacement be on Y axis and averaged horizontal radial
displacement be on X axis. This idea is close to idea of Lissajous figures that are images of orthogonal oscillations
[12; 13]. Unambiguous dependence of figure form on their phase and frequency relations has been shown [13].
Under frequency relations ratios of frequencies of present components of signals in the both channels to the fre-
quency of fundamental frequency is understood. Phase relations term means relative values of initial phases of the
components of signals in both channels as well as phase shift between channels. Fundamental frequency (FF) is
the first harmonic of the signal, shaft rotation frequency.

The commonly used method of vibrational diagnosing is analysis of amplitude spectrum of vibrational signal
and its envelope. Fourier transform (FT), of fast FT (FFT) is the most appropriate method: its implementation using
modern computational technique is simple, basis functions (sinus and cosine) are correspond to oscillations of real
mechanical system [14] and impulse response of linear system, it has high frequency resolution and noise immunity:
even a component of low power is discriminable at wideband noise or/and harmonic of higher power and close fre-
quency. Amplitudes of harmonics whose frequencies are multiple to FF are selected as informative features. Relations
of the amplitudes and their growth is related with defect kind and its severity (class of equipment state) [15].

Shaft orbit can consider also phase relations (not values of initial phases that are random, but their relations
[13]), non-synchronous vibration (usually at 0.4...0.5 FF), wideband vibration. Variability, sensitivity to small
variation of parameters, relations of orbit classes and equipment state classes are studied in this paper. Recognition
of spatial patterns of shaft orbit of equipment having misalignment has been studied in this paper. The main pur-
pose of the paper is to investigate relations of defect kind as well as its severity with class of pattern, appropriate
selection of spatial patterns among highly variated and distorted orbits and application of recent methods of signal
processing for analysis of vibration and images. Classes of patterns described in literature and observed at testbed
are considered. The rest of paper is organized as the following: in the Section 2 learning dataset (patterns obtain-
ing) is discussed, the Section 3 describes pattern extraction. Pattern recognition and classification of shaft trajec-
tories is discussed in the Section 4. The last section concludes the paper.

Dataset. Review of literature sources has showed that relations of shape of orbit and defect is different
in different sources. Circle (C) [16] or Ellipse (E) [17, 18] orbits may indicate normal state of equipment. El-
liptical [16-18] or close to circle [2] orbits may appear if shaft imbalance is present. Trajectory of misaligned
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shaft may be elliptical [2] or have more complex form, named “Eight” (8), “Heart” (H) or “Tornado” (T) [16],
the similar shapes are reported in [4] for various faults. Classes of pattern are often described as what they look
like (e.g., Tornado, Heart) and what elements they are consist of (e.g., number of loops that may be important
to explain physical processes, see [3]). We will keep this tradition next. Examples of classes adduced in litera-
ture are presented in table 1.

Table 1. — Examples of shaft orbits described in different sources
Class Circle Ellipse Eight Heart Tornado

Image | | |

Misalignment can be described in two partial cases:
— angular misalignment (figure 1, a) is a state when axes of joined shafts are not parallel;
— parallel misalignment (figure 1, b) is a state when axes of joined shafts are parallel and do not lie on the

same straight line.

a b
Figure 1. — Types of misalignment [19]

More generally, both types of misalignment can appear simultaneously, but we don’t discuss this complex
case. Lack of attention is paid to difference between kinds of misalignment in the papers devoted to studying
of shaft orbits, despite even amplitude spectrum significantly differs that affects on orbit shape: the second (more
rarely the third) harmonic grows faster at parallel misalignment rather than at angular misalignment [3; 5]. Sources
that describe features in amplitude spectrum in detail usually do not pay attention to phase relations, and shaft orbits
is only feature that experienced expert can analyze to obtain full information. Make unambiguous decision relying
just on amplitude spectrum is not possible [3; 5]. Axial vibration may be additional source of information [5; 6; 20],
but it is usually ignored. Growth of axial vibration may indicate misalignment [6; 20], but it is not ambiguous.

It is important to detect incipient defect and predict remaining resource of equipment. Tracking of ampli-
tude values and their relations [15], statistical characteristics of signal [21] is used to estimate equipment state
more accurate. Any changing of spatial pattern of shaft orbit may indicate its malfunction [22]. Spatial pattern is
also developing when severity of the defect increases: shaft orbit is reported to be elliptical at the early stage of
misalignment and become Eight further [23]. Estimation of defect severity, tracking and prediction of its evolution
are needed to schedule maintenance of equipment more rationally [21; 23]. Then, we study dependence of spatial
patterns of shaft orbit on defect kind and its severity using testbed vibration as an example.

Two datasets of vibration observed at bearing housing of equipment having parallel [24] and angular [25]
misalignment of different severity were recorded. Each of them contains vibration signals observed under condi-
tions of both kinds of misalignment of different severity in three orthogonal directions: radial vertical (V), radial
horizontal (H), axial (A). Signals were observed at bearing housing of testbed using three orthogonal accelerome-
ters. Bearing was separated from motor by jaw coupling. Severity and type of misalignment was regulated by
special apparat that shifted and rotated motor. It is notable that foundation of testbed was not rigid that is not
typical for industrial equipment.

Pattern extraction. Traditionally, shaft orbits were obtained using laser (basics), proximity sensors [12; 18].
Accuracy of vibration sensors has been increased significantly. In this paper displacement of shaft is proposed
to be obtained using accelerometers that are mounted in perpendicular directions. Acceleration signal is integrated
twice to obtain displacement signal. Sensors were mounted on the bearing housing. Vibration contains a lot
of components of different nature, and the components produced by shaft and its interaction with other elements
should be selected. Components related with shaft and coupling defects are multiple to FF. Faulty plain bearing
can produce multiples to FF and its half or 0.1FF in the case of lubrication defects such as oil whirl [26]. Frequen-
cies of the most of components produced by rolling bearing are also multiple to FF [15; 27]. Two controversial
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conditions must be met: suppression of wideband and harmonic noise and passing all informative wideband
and narrowband components. For analysis of spatial patterns low frequencies band (0...200 Hz) as well as notch
filtrated narrow bands may be selected [22]. Harmonic components of vibrational signal at low frequencies are co-
herent with FF [14; 28]. If FF does not variate significantly, energy of components related to shaft is concentrated in
narrow band. Selection of the components using FT is appropriate [11; 21; 29]. Fourier filtration is a procedure of
consequent FT of signal, windowing of complex spectrum, applying of inverse FT [29] and can be realized as [11]:

1 iff,<f <A,
0, otherwise,

S () = SEE (Y (F)-W(H,, £,), W, fz>={ @

where F~*(x)is inverse FT;
Y (f) is one sided spectrum of input signal;

W (f,, f,) is rectangular window.

The first three harmonics of shaft rotation frequency carry information about presence and severity of both
kinds of misalignment [3; 5] and should be selected. Shaft rotation frequency was refined for each signal of dataset
using spectral interference method. The method is used to detect multiple frequencies at mixture of polyharmonic
signal and wideband and harmonic noise. Shaft speed is estimated with high accuracy (less than 1%), then we can
select narrow frequency bands of harmonics of FF. The method is used to detect automatically harmonics of FF
that are prominent enough, are not splitted or leaked and are multiple to FF with high accuracy [11]. Then,
we select the narrow bands in the vicinity of detected harmonics using Fourier filtration. Hereinafter, we denote

multiple to FF components of vibration as nX (1X, 2X, ) where n=1, 2, ... is humber of harmonic.

Shaft orbit is generated as Lissajous figure. We can plot filtrated signal of horizontal direction sensor along
X axis and filtrated signal of vertical direction sensor along Y axis. Obtained figure is smeared and open-ended
due to residual noise and deviations of frequency, as it has been shown at figure 2 on example of vibration of parallel
misaligned testbed and in [12]. Signals should be averaged to obtain spatial pattern. Filtrated signals, consisting
of selected harmonics and negligible residual noise, were averaged in the same manner as it is assumed using TSA
method [7; 8]. Each of the signals was divided at temporal windows of length of the FF period. Tachometer signal,
or keyphasor, is usually used to determine moments of full shaft revolution. Here in this paper, we divide the signal
on equal windows of length of average period of filtrated 1X. It is based on assumptions of high stationarity of the
signal and high SNR of selected 1X signal. Additionally, orbit images were obtained applying technique to vibra-
tion filtrated in range of 0...200 Hz. The patterns were sustainable in both cases. Trajectories obtained by limitation
of harmonics number (1X and 2X) were not variated strong in case of angular misalignment depending on its
severity, but orbits observed under parallel misalignment variated under different defect severity and were not
similar to angular misalignment results.

100

50

-50

Radial vertical displacement, mkm
Radial vertical displacement, mkm

Radial vertical displacement, mkm

200 100 0 100 200 -100 0 100 200 -100 -50 0 50 100
Radial horizontal displacement, mkm Radial horizontal displacement, mkm Radial horizontal displacement, mkm

a b c

a —using low-pass Fourier filtration; b — using selection of 3 narrow band components;
¢ — using selection of 2 components

Figure 2. — Shaft orbit and its average pattern (thick line) obtained in different way

Pattern recognition. Monitoring of evolution of informative features of defects is highly recommended
[3; 15; 21; 23] to detect incipient defects, evaluate equipment state more accurate and then minimize maintenance
costs. Evolution of informative features in frequency domain is well described [3]. Shaft orbits are also depending
on severity of defect. For example, spatial pattern of misalignment evolves from Ellipse to Eight [23]. Shaft orbit
may be distorted under various conditions [3]. Variation of shape of shaft trajectory is recommended to be monitored
depending on variation of speed, load or machine process parameters [22]. Thus, dependence of shaft orbit
on severity of defect should be considered when classes of shaft orbit are selected.
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On the basis of literature sources (e.g. [3]) and results of numerical and natural (observed at testbed orbits are
available [30]) modelling one can reveal, that select classes of patterns relying on similarity of their form unambiguously
is difficult, e.g., variability of form is discussed in [3]. Number of figures are similar to described in sources classes
having distortions of different severity (quantitative difference) or another geometry (e.g., degenerated loop, qualitative
difference). For example, observed at experiment on testbed transient classes of orbits are presented in table 2.

Table 2. — Examples of distorted and transient classes
Transition Transition Degenerated Degenerated
of Ellipse to Eight of Ellipse to Eight Eight Ellipse

Class Distorted Ellipse

Image

Distortions and translations between classes were reproduced numerically. Observed pattern close to transla-
tion class was selected. Three harmonics of FF were discriminated in radial horizontal and vertical channels, average

amplitudes A, ={105.17, 12.92, 2.59}, A, ={124.19, 7.95, 5.53} and initial phases ¢, , ={3.07, —0.72, —3.23},
Oy = {0.08, —0.41, 0.12} were estimated as modulus and angle of analytical signals. Phase of 1X of the second

channel variated to adjust shape of the pattern to obtain observed interested cases. Results are depicted at figure 3.
New classes were introduced: Little_loop (figure 3, b) quantitatively differs from Eight (figure 3, a), Leaf (fi-
gure 3, ¢) qualitatively differs from Eight, the less loop is degenerated) Infusoria (figure 3, d) quantitatively differs
from Leaf, both classes are transient to Ellipse.

It is clear that even little fluctuations of parameters of vibration caused by small fluctuations of operating
mode conditions can lead to significant qualitative or quantitative changes of pattern. Significant influence of these
changes on classification results has been shown by results of numerical modelling. Classes of patterns introduced
before were generated. Phase of 1X component variated to produce variety of pattern shape as it has been shown
at figure 3. Circle and Ellipse (figure 3, e) were generated as result of averaging harmonic signals in both channels
with different shift. Ellipse_degenerated (figure 3, f) class represents the case when phase shift between channels
goes to zero. Heart and Tornado classes were reproduced as Lissajous figure of two biharmonic signals.

To understand how one can rank real patterns for training of classifier, numerical experiment has been
conducted. The purpose was to test three strategies of classification: ranking of quantitatively different patterns
as distinct classes, ranking them as the same class, ranking qualitatively different patterns as the same class. Three
datasets of images were generated. Each class of patterns contained 100 elements. Shape of patterns was variated
in range has been shown at figure 2. Each of datasets was randomly divided into training (25%) and testing (75%)
sets, informative features were obtained using Mallat scattering transform (see Appendix A). Classification
of patterns using Support Vector Machine (see Appendix B) was tested at independent testing set. The first dataset
contained patterns of different classes that are quantitatively and qualitatively different: Circle, Ellipse, Ellipse_de-
generated, Eights, Little_loop, Leaf, Hearts, Tornado, Infusoria. Other datasets contained classes consists of pat-
terns of distinct classes: elements that have only quantitative differences (Eight and Little_loop, Leaf and Infusoria,
Ellipse and Ellipse_degenerated), or qualitative differences (Eight and Little_loop and Leaf). Accuracy of classi-
fication in all three cases approached 99% if training set amounted 15% or more of all dataset.

Learning on incomplete training set has been tested. Training set contained only 15 elements of a few
classes (Circle, Ellipse, Eights, Hearts, Tornado). Testing set contained 100 elements of the same classes and
Ellipse_degenerated, Little_loop, Leaf and Infusoria classes generated independently. Quantitatively different
from Eight class Leaf and Infusoria were classified as Ellipse. As we noted above, signals with close amplitude
and phase relations can produce dissimilar patterns, similar patterns can be produced by signals even with different
number of components. Little_loop has been recognized as Eights. Ellipse_degenerated was mostly (77%) classi-
fied as Eights, the rest 23% were classified as Heart despite they have no visible similarity. If we add Leaf class
to learning set, Infusoria classified Leaf. Little_loop was classified as Eight (78%) or Leaf (22%). Geometric
similarity of patterns does not guarantee that they will be closer in space of informative features.

Classification of Additionally, stability of Mallat scattering transform to rotations has been tested. Testing
set consisted of rotated by 90 degrees patterns of training set. Accuracy of their classification amounted 76%.
Quantitatively and qualitatively different patterns can be ranked as the same class during training of classifier.
Even small variation of testing pattern can lead to misclassification. Results of numerical experiments illustrated
strategy of ranking real patterns for training of classifier. Classes of images should capture variation of patterns
of the same equipment state and difference of patterns along defect severity increasing.
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Figure 3. — Introduced numerical modelled classes of patterns.
Each line is according to phase shift of 1X signed in legend

Observed at testbed orbits are presented in table 3. Only regular occurred patterns were selected for each
class. Classifier has been trained on images of orbits in horizontal-vertical (HV) plane. Classification of patterns
in HV plane, horizontal-axial (HA) and vertical-axial (VA) planes (for vertical parallel misalignment only) has
been proposed [30]. Patterns of both horizontal and vertical angular misalignment and horizontal parallel misa-
lignment in HV plane were classified successfully. Accuracy of classification of images amounted 92% if number
of elements of training set was 0.25 of number of all elements (9-15 elements). Number of patterns of angular
misalignment sets were rated as introduced before classes: Leaf, Eight and Little_loop, and classifier has failed
to select patterns of these classes from set of real data due to variation of form of orbits, that is consistent with
numerical experiments. Classes D, H, Glasses and Rhomb contained highly variated patterns. Classes Pretzel2 and
Distorted_Eight captured small distortions that improved discrimination of equipment state classes. High accuracy
was achieved after training of classifier on real data. Accuracy of classification of testing set approached 95%.
Patterns of vertical parallel misalignment were more stable in HA and VA planes depending on severity.
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Table 3. — Examples of observed at testbed classes of patterns

Class Pretzel Pretzel2 Worm H Glasses
Image
. \ l
\\ \
\E‘C \\“ B /
\ )
End of Table 3
Class Banano D Distorted Eight H_Vertical parallell Rhomb
Image N N n‘ A
\\Q\\ '\I \_‘.\ /\‘\ /.w \
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Accuracy of classification of manually ranked patterns was 89% for horizontal angular misalignment set,
98% for horizontal parallel and only 72% for vertical angular misalignment sets if training set amounted 25%
of dataset. If images were ranked by classes of equipment state, accuracy significantly decreased and amounted 64%.
Training set should be the half of dataset to achieve 86% accuracy. Rate of occurrence (estimated by classifier
and by manual classification proposed in [30]) of each pattern of shaft orbit across each of equipment state class
is presented at figure 4. Each column is a number of observations of the current defect severity that were classified
as the current class of orbit divided by total number of observations of the current severity. Severities of the current
defect are denoted by color of column. Classes were ordered along of X axis in the following way:

‘Banano’

es,

, 'CIRCLE', 'D/, 'Distorted_Eight', 'Eight_angular’,  'Ellipse’, 'Ellipse_degenerated', ‘Glass-
'H', 'H_Vertical parallell’, '"H_Vertical parallel2’, 'Hearts', 'Infusoria’, ‘Leaf_angular’,
‘Little_loop__angular', 'Pretzel’, 'Tornado’, 'Worm', 'Rhomb' (HA plane), 'Pretzel2' (VA plane),

‘Pretzel3' (VA plane).
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Figure 4. — Occurrence rate of each class of pattern across equipment state classes
(beginning)
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Figure 4. — Occurrence rate of each class of pattern across equipment state classes
(end)

As we can see, classes of patterns are discriminable as well as classes of equipment state. The same classes
of patterns occurred with different rates in cases of distinct severities of the same defect. It is notable that classifier
ranks each image, i.e., patterns that were not similar to any class of image were classified too, and results automatic
classification may be corrupted. Used in this paper library of SVM can be used for estimation of probabilities
of each class of pattern, then probability threshold can be adjusted to trade-off between reduction of number
of wrong classified images and missing of potentially right classified images.

Conclusions. Lissajous figures were used for visual observation of phase relations of modulated signals [13].
Occurrence rate of spatial patterns is related with type and severity of defect. But patterns depend strong on fluc-
tuations of amplitudes and phases, variation of conditions of equipment operation. Defining of classes of patterns
can be complicated. Learning of classifiers on synthesized patterns is not reliable. Reduction of number of in-
formative features is appropriate for automatic signal processing, then expression of amplitude, frequency and
phase relations of the components of signals of the orthogonal sensors is more preferrable. Phase shifts between
harmonics of the same signal as well as between signals of distinct sensors can be used. Phase invariant or phase
quasi-invariant are relative phase measurements called inter-component phase relations (ICPR) that characterize
phase shift between harmonics of signal caused by influence of wave propagation medium [31]. ICPR can be in-
formative features in various fields [13; 31; 32], it was demonstrated to be effective for discrimination of severity
of parallel equipment [31]. Analysis of axial vibration is not widely discussed, but amplitude and phase relations
of axial and radial vibration can be useful to discriminate both types of misalignment and estimate its severity.
Applied recent methods of signal processing can improve shaft orbit analysis (both automated and manual) as well
as analysis of amplitude and phase relations of multichannel vibrational signal.

Appendix A

Mallat scattering transform. The transform is based on idea of Scattering Network. It consists of a few
layers. Linear operator is applied at each layer to signal propagated from the previous one. Non-linear operator
is applied to output data of each layer. It can be interpreted as convolutional neural network, whose filters are
predefined, but not learned [33; 34]. Combination of both of operators is called propagator. Non-linear operator
is modulus, wavelet transform is used as a linear operator. As a result, propagator is non-expansive to distortions,
is invariant to translations and rotation. Wavelet transform at each layer is convolution of input signal with trans-
lated and rotated mother wavelet [35]:

Vio(P) =2 y(27'r,p). @
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The operator @ is called nonexpansive if the following condition holds [33; 34]:
V(f ) e (R [ @(f) =) |, <l f~hll 3)

where ||f]| denotes norm of f'in Hilbert space.
This means that variation of output signal of operator is bounded by diffeomorphism of input signal. Invar-

iant operator to transform Lf (x) of function f(x) (e.g., translation: L f(x)= f(x—c)) is operator that satisfy
the condition [33]: CD(Lf ) = CD( f ) Output signal does not depend on transform of input signal. For example,

modulus of Fourier transform is translation invariant, but is instable to deformations at high frequencies. Wavelet
transform satisfies condition (2), but is not invariant to translations and rotations. Non-linear operator resolves
this problem [33].

Informative features. Here we used Matlab implementation of Mallat scattering transform [36]. Wavelets
with three degrees of freedom (translations along both axes and rotation) were used. Default setting of framework
were applied. Variance of each coefficient was used as informative features [34]. Vector of features was of 701 elements
length. High accuracy of classification of images of hand-written digits have been demonstrated [34].

Appendix B
Support Vector Machine (SVM). SVM is a linear supervised learning classification algorithm. It requires
training set of »n points: (X LV ), oo (X o yn), where X, is p-dimensional vector of data points, y, = {1; —1}

is label that indicate class of the current data vector. The p-dimensional feature space is divided by hyperplane that
is assigned by its normal vector ® that should be found. It the task can be solved using the following equation:

o' X, +b=0, @)

where superscript 7 denotes transpose.

Such classifier can margin only linearly separable data with no observation errors. If elements cannot
be accurately divided on both side of plane, this leads to optimization problem. If classes are linearly nonseparable,
so called kernel trick should be used. The approach is to map feature space to another of higher dimensionality,
where the data can be separated by hyperplane. Finally, the task can be formulated [37]:

i
0.5l +CY & — min,,, subjectto y, (o' @(X)+b)21-&, & >0,i=1,...1, )

i=1

where (p(X l.) maps JX; into a higher-dimensional space;

C >0 is the regularization parameter.

The decision function is [37]: f = sign(o ¢(X)+b).

In SVM implementation [37], used in this paper, parameters of classifier C and kernel y are selected auto-
matically using “grid-search” and cross-validation (CV) [38]. In v-fold CV, training set is divided into v subsets.
One of them is selected for testing, classifier has been trained using all remained. Accuracy of classification
is compared in each case, the best classifier is selected. This procedure is needed to avoid overfitting problem.
Accuracy of cross-validated classifiers is compared for each pair of values of C and y. In this paper we trained
and tested all classifiers at independent set. Quarter of full dataset is randomly selected and used as training set
with 5-fold CV (if number of elements is enough).

Multi-class classification is implemented as ‘“one-against-one” approach. In the case of k classes
k(k - 1) /2 binary classifiers are constructed [37]. Each classification is considered to be vote, designated class is

one having maximum votes [37].

Accuracy. Accuracy of binary classification is characterized by four values: true positive (TP), true nega-
tive (TN), false positive (FP, type I error), false negative (FN, type II error). Total accuracy can be expressed in
various ways. Accuracy (6) is widely used and is estimated in this paper [39]:

Accuracy = (TP + TN)/(TP + TN + FP + FN). (6)

Sense of this value is ratio between correctly classified samples and their total number. Overall accuracy
estimated as mean of accuracies of all classes.

Preprocessing of data. Preliminary scaling of train and testing data is important for classification tasks
[38]: it can prevent domination of features in greater numeric ranges and reduce difficulties during calculation.
All features should be restricted to the similar range. Increasing of accuracy after scaling has been demon-
strated [38]. The similar scaling coefficients should be used for training and testing set [38]. The simplest
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solution is min-max: subtract minimum value and divide by maximum. The data is restricted to [0; 1] range.
Standardization can reduce influence of noise and outliers: the feature mean is subtracted from each of them,
then every feature is divided by its STD. In this paper we used median instead of mean that is additionally
reduces sensitivity to outliers.
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Hocmynuna 24.02.2021

AJITOPUTM KJJACCUPUKAIIUU OPBUT BAJIA
JI.A. KEGHK, H.T. IABBI/]OB, H.B. JIOIIIHHHH, K.JI. KXYKOBCKHH

B nacmosiyetl pabome paccmampugaemcsi Kiaccupurayus npOCmMpaHcmeeHHblX wabioH08 opoumsl 6ad.
Onpobosano npumenerue cOBPEMEHHBIX Memod08 0OpaboOmKU CUSHAN0E (MemOO CHEeKMPAlbHOU UHmMephepeHyuu
u pacceusaiowee npeobpazosanue Manna) 6 3a0ave NOIYUeHUs NPOCMPAHCINEEHHBIX WADIOHO8, U3GNEYEHUS UH-
Gopmamuenvix npusHaxkos u kraccuguxayuu. Paccmampusanacey cunvbhas 3a6UcUMocms HPOCMPAHCMEEHHBIX
wabnonoe om PAYKmMyayuti napamempos CUsHAIA U HeNOCMOAHCMEO ux popmol. Oyenusanaces ¢h@exmusHocmo
Kaaccugurayuy npoCmpancmeeHblx wabioH08 npu UCHOIb308AHUU PA3IUYHBIX NOOX0008 8 X00e YUCTIEHHO20
9KCHEPUMEHNA U HAMYPHO20 MOOeauposanus. Paccmompena npedobpabomka cuenana u u3eieuenHvlx uH@opma-
MueHbIX NPpus3Haxos. Ipednosicen n0OX00 K pasiuvenuro muna u CMenenu GblpadceHHOCMU PACYeHmMpPOSKU 6408,
OCHOBAHHBII HA YACHOME GCHPEYACMOCIU PA3IUYHBIX KILACCO8 NPOCMPAHCMEEHHBIX WADIOH08, NOKA3AHA G-
Gexmusrocms nooxoda.

Knrouegvie cnosa: pacnosnasanue 06paszos, yacmomuas o01acmy, RPOCMPAHCMEEHHAs 0OIACb, CUH-
XpOHHOe ycpeOHeHue, azoseas obpabomka, eubpayuoHHAs OUAZHOCMUKA, pacceusaiujee npeoobpazosauue,
setignem-npeobpasosane, CePMOYHAs Cemb, MAUIUHA HA ONOPHBIX 6EKMOPAX.
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AJITOPUTMBI PACITO3HABAHMUS MY3bIKAJIBHBIX OTPBIBKOB, HOT 1 AKKOPJOB

C.B. AHUCHMOBA, kano. ¢us.-mam. nayx, ooy. A.H. FTOJTOBATBIH
(Benopycckuii 2ocyoapcmeennstii ynusepcumem, Munck)

Paccmompenvl cywecmeyrowue memoovl pacnosHasanus My3viKu, Ux NPUMEHUMOCMb K PACNO3HABAHUIO
aKanenbHo20 NeHUsl, d MAKAHCe CROCOObL UX YIYUULeHUS, OOHUM U3 KOMOPBIX A6JIAEMC MPAHCKPUOUPOBAHUE 36VKA
8 MY3bIKAIbHYI0 Homayuio. [Ipednodicenvt memoovl 6bi0eneHls HOmM U AaKkKOPOO8 U3 36YK08020 psod.

Knrouesvie cnosa: pacnosnaganue mMy3viKu, pAcno3HaABaHUe AKANEIbHO20 NEHUs, 8bl0eNeHue Hom, gbloeie-
HUe aKKOpOos.

BonbIIMHCTBO COBPEMEHHBIX IPUIIOKEHHUH 7S paCIIO3HABAaHUS MY3bIKU HE YMEIOT CONOCTABIIATh aKareib-
HOE€ MCIIOJIHEHUE U OpUTMHAJ 3anucu. M3yueHue aaroputMa pacrno3HaBaHHUS OZHOTO U3 CaMBIX U3BECTHBIX MpPHU-
JoKeHuit, Shazam, maet BO3MOXKHOCTD TIOHATD, MOYEMY TaK IPOUCXOMHUT.

Shazam Entertainment, Ltd 6rita ocHoBana B 1999 1. Torja ke MOSBHIIACH HIes CO3aHuUsI CEPBUCA TS pac-
NO03HaBaHus Menoauii. Ha ToT MOMEHT KOMIaHus IpeciieaoBala CaeayIolyo elb: CO3aTh ajJrOPUTM, CIIOCO0-
HBII pacrio3HaTh MEJIOANIO, 3alMCAHHYIO IIPY OMOIIH IpocTeriero Mukpodona tenedona, oTAeNAs ee OT IryMma.
[Ipobnema 3axiro4anach B TOM, 9TO Ha TOT MOMEHT HUKTO HE A€Jaj HU4ero nogo0Horo. B nepBbie ros! pa3sBUTHA
KOMITaHHH, YTOOBI BOCTIONIB30BATHCS MX MPUIIOKECHHEM, HEOOXOANMO OBUIO TMO3BOHHUTH Ha KOPOTKHI HOMEP, I10-
BEpHYTh TelIe(h)OH MUKPOPOHOM K MCTOUHHKY 3ByKa M oxuiarh CMC c Ha3BaHHWEM IECHH W HCIIOJHHUTEIIEM.
B pa6ote [5] B 2003 r. ObLI OMMKCaH ANTOPUTM PACIIO3HABAHUSI MEJIOIHIA, KOTOPBIN HcHonb3yeT Shazam.

Mpunoun padorsl aaroputma «Shazamy. CHauana 3amMCcaHHBINA TPeK, KOTOPHIA HEOOXOIUMO PacIio-
3HATh IPOXOIUT POLIEAYPY, B IpoLiecce KOTOPOH N3BJIeKaroTCs Xemu. [1omydeHHbI «0TIeYaToK» MEIoAUHN CpaB-
HHUBaeTcs ¢ 0a30i TaHHBIX, 3aTeM IIPOUCXOIUT YTOUHEHHE Xelllel, mporeypa nmosropsercs. CTOUT OTMETUTE, YTO
B 0ase aHHBIX ayauoQaiibl y)Ke XpaHITcs B XeIMPOBaHHOM BHJE. Brijenenue xeuiell BKiovaeT B ce0s cieny-
IOIIME 3Talbl: HAa BXOJ] aITOPUTM I10JIy4yaeT YaCTOTHO-MOIUTHOCTHYIO BPEMEHHYIO 3aBUCUMOCTD; B Heil OH BBbIfe-
JISIeT MUKK — Hanbolee «CHiIbHBIe» (aHTII. rOHUStNESS) 4acTOTHI Cpe/r IyMa U JIMHEHHO almpOKCHMHPYET UX 10
MPUHIUITY CYTEPIO3UINH; TOYKa paccMaTpUBAaeTCs KaK MaTeMaTH4YecKas ¢ €JUHCTBEHHOH Mapoil KoopIuHAT.
Touka sBIsICTCS TOJO3PHUTENBHOM Ha JIOKAJIBHBIH 3KCTPEMYM, €CIIM OHa 00J1alaeT OOJIbIIEH SHEPTHE, 9eM TOUKH
B OKPECTHOCTH. AJNTOPUTM COCTAaBIISICT TaK HAa3bIBAEMYIO KapTy «CO3BE3IUI» — rpaduk, Ha KOTOPOM OTMEUCHEI
TOJIBKO JIOKAJIbHBIE SKCTPEMYMBI (pHUCYHOK 1). B TakoMm BHae XpaHHUTh 3allMCaHHYIO MEJIOIUIO TOpa3zo Mpolle,
3TO 3aHMMAaeT MeHblIe oobema. Kpome Toro, 1moibp30BarTestb 3alMCHIBAET TOJIBKO HEOOIBIION OTPHIBOK ayauo,
a He BCIO MECHIO, 3alMCh KOTOPOH BJ0OABOK 3a4acTyio n3obmiyer mymamu. [Ipobnemy nrymMoB Takke HE0OXo-
JUMO OBIIO PELINTh IPU CO3TaHUHU aJITOPUTMA.

1800 X
X X
1600
x
1400 X x
x X
1200 x X X X X x x
f X 0K X XK 0K ROWOW W X x E 3 x
>
% 1000 XX X 3 X X X K X X x X X =mx
S
E X X x X X ® X X xx X x X XX X
800 x x X X X X X X X xx x X X
X X X XXX W< x x X " x
600 x XX x X3¢ MX X X 0C 2% XX M XOTOO0KHOOME W ¢ 200X x
X XK 200000¢ XXX X X mc x X MCECH0C WK MW 00K x xx X X XO0CKMMK X
400 X H0C X 2000¢ B¢ X X >000mK X X XX X x x X XX XXX X %
X B¢ X X 3000¢ € HODC 200C X x 200C E 3 x x
200 x

Pucynok 1. — Kapra co3Be3amii

Pa3pa60Tqm<I/1 JIropuT™Ma NpyuliuIid K JOCTaTOYHO ITPOCTOMY PEHICHUIO. OHu cranu BBIACIIATh TOYKH —
SIKOPSI». Ka)KZ[OMy SIKOPIO CTABUTCA B COOTBETCTBHEC CBOS TAPI'€THAA 30HA. Ka)l(l[aﬂ TOYKa BHYTpHU TapFCTHOfI 30HBI
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MOCJIEZIOBATENBHO COIOCTABIIETCS CO CBOMM SIKOpeM. Takyio mapy MOXHO OIHCaTh ABYMS YacTOTaMH (SKOPS
Y TOYKU BHYTPH 30HBI) U BPEMEHHBIM HHTEPBAJIOM MEXIy HUMH. TakuM 00pa3oM U MPOUCXOAUT HPOLECC XEIIHPO-
BaHus. JaHHBIA anropuT™ OylieM Ha3bIBaTh «OBICTPHIM KOMOWHATOPHBIM XEUIMPOBAHHEM», KaK B OPUIMHAIBHOM
crarbe «Fast combinatorial hashing» [5]. Taxke cTOUT yHOMSIHYTb, 4TO KaX/ast CTpOKa B XEII-Ta0IUIIEe MOXKET OBbITh
nomelieHa B 32-0uTHoe 6e33HaKOBOE YUCIIO, YTO MO3BOJIET CYIECTBEHHO CIKOHOMUTH JMCKOBOE IIPOCTPAHCTBO.

CrouT OTMETHTH, YTO, KOHEYHO K€, HCXOJHOTO KOJa caMoro Shazam B OTKPBITOM JOCTYIIE HET, U HET
OCHOBaHHH JIOCTOBEPHO YTBEPKAaTh, YTO B XOZI€ BBHIIIOJIHEHNUS TPAKTHUECKOI YaCTH €ro yJIajJoch BOCIPOU3BECTH
abcouoTHO ToyHO. OHako Shazam 3mech paccMaTpHBaICs He Kak KOHKpeTHas paspaborka kommanuu Apple Inc,
a KaK «4YEepHBIH SIUK», pabOTAIONIH 1O MPUHIIMITY, ONTMCAHHOMY BBIIIE.

Anroputm Shazam He MOXKET Pacro3HaTh MEIOIHIO [0 OTIEYATKY, OIy9aeMOMy M3 aKalelbHO! 3aIlncy,
TaK KaK KOJIMYECTBO JIOKAJIbHBIX SKCTPEMAaIbHBIX TOUEK B OTIICYATKE OPUIHHANA OYAET CUIIBHO MPEBOCXOANTH UX
KOJIMYECTBO B OTIICUaTKE HameBa. Mlcxons U3 3Toro, Hamu OblIa BEIABUHYTA 2Un0Mme3d 0 TOM, YTO, €CIIH IIPUMEHSTH
JITOPUTM OBICTPOTr0 KOMOMHATOPHOTO XEIIMPOBAHUS B JHAIla30HE YeJIOBEUECKOT0 T0JI0Ca, OH J0JDKEH paboTaTh
KOppekTHO. Ha mpakTrke Tako# MOAXO0/ MOKa3al OTHOCHUTENBHO XOPOIINE PE3YJIbTAThl 0 CPABHEHHUIO C NIPHUME-
HEHUEM aJITOpUTMa Oe3 00pe3KH.

AJIropuTM XelHpoBaHMs. B pazpaboTaHHOM HaMH anrOpUTME XEIMIMPOBAHUS KaXKIas TOUKA Ha «KapTe
CO3BE3UI» SIBJISIETCS Mapod KIII0Y-3HAYEHHE — BPEMsI-4acTOTa SKCTPEMAIBHBIX TOYEK, B3ATBIX C OIIPEACICHHBIM
MOPOTOBHIM 3HAYEHHEM M3MCHEHHMS SHEPIeTHUECKON XapaKTepUCTHKH 3BYKa (ero rpoMkocTH). IloporoBeiM 3Ha-
YEHHEM SIBJISICTCS BhIOpaHHAs pa3HHLA YPOBHsSI TPOMKOCTH CHIHAJIa MEXAY COCEJHUMH TOYKAMHU B IUIOCKOCTH
BpEMSI — 4acTOTa, KOTOpast CAUTAECTCS] JOCTATOYHOM /IS TOTO, YTOOBI B3SITh TOUKY KakK 3KcTpeManbHyro. C ITHHEeH-
HBIM YBEJIMYCHUEM NIOPOTOBOTO 3HAUEHHUSI 00beM 3aHUMAEeMO OJTHO 3aIUChIO TAMSTH YMEHBLIAETCs] IKCIIOHEH-
ranbHo. CaMa «KapTa CO3BE3AMID MPECTaBICT U3 ce0s MaTpHIly OyJeBbIX epeMeHHBIX. [Iouck sKcTpeMyMoB
B (DYHKIMH JBYX NEPEMEHHBIX ObUI pealn30BaH C MOMoIbio cBoiicTBa «diff» knacca «DataFramey» 6ubnuorexn
pandas (oTkpsITON python-OnOIHOTEKN).

IMonckoBelii anropurm. [IprHIKT pabOTH TOMCKOBOTO aJIrOPUTMA: NOCIIE MOTY4YEHHs XelI-Tabnul opu-
THHAJIOB M3 0a3bl JAHHBIX M HANEeTOro (hparMeHTa IaHHBIC B KaXKIOW XEMI-TAOJIMIE MOKPHIBAIOTCS OOBEKTaMHU
knacca «Target», KoTopble 001a1aI0T CIEAYIOLUIMMH CBOHCTBAMU:

1) umeror pazmep 400 I'n Ha 5 cexyH;

2) IMEIOT CBOWCTBO «target property», SIBIAIOIICECS aCCOLMATHBHBIM MAacCHBOM, HJIM XeII-TaOJIULei,
B KOTOPOU XpaHsrtcs xeuu, chopmuposannsie kak df :dt, rae df u dt — pasHuibl 4acTOTH 1 BpeMeHH MEXKITY

BCEMHU TOYKaMu oObekTa Tuna «Targety u Toukoi, obyasarolieil HAMMEHBIIEH YacTOTOH M BpPEMEHEM COOTBET-
CTBEHHO (T.€. TOUYKOW, UMEIOIel HaMEHBIIIee PACCTOSHUE 10 TOYKH OTCYETa B CHCTEME KOOPAUHAT);

3) uMeroT meperpysKky omeparopa «==». J[jis meperpysku omneparopa «==» He0OX0AUMO BHIOpPATH /1B KO-
s¢durmenta: gomycrumoe otkiionenre di s Toro, 4TroObl CUMTATH JBa Xella OMHAKOBBIMU — K, ; HEOOX0IMMOe

KOJIMYECTBO COBIIaAAIOIINX xemei JJIA TOrO, YTOOBI CYUTATH JABa 00BEeKTa TUIIA «Target» OJWHAKOBBIMH — kz'

CreneHb CX0XKECTH 3aITUCe OTpeIessIeTCs] OTHOMICHHEM KOTMIESCTBA HaliICHHBIX paBHBIX 00BEKTOB K UX 00IIeMy
YKCITy B Kare/bHOU 3anucu. HanboubIel cX0KeCThI0 B CPEIHEM sBISUIACh cxoxkecTh mopsiaka 30—-40%. Peanu-
3anus npuBeseHa B [8; 9].

OmHaKO pe3yIbTaThl CCIISIOBAaHHIN TAaHHOTO aJlTOPUTMA, KOTOPBIE OMMCAHH B [ 1] ObLIH Bce paBHO HEJOCTa-
TOYHO XOPOIIH, JaXe C YICTOM «YIYUIICHIsD 32 CUET 0OpPE3KH YaCTOTHOTO IMAIa30Ha 10 00IACTH YeIOBEYECKOTO
royoca, o3TOMY HEOOXOIMMO OBLIO MCKATh APYTHE ITyTH YIYUIICHUs. BpIIO 3aMedeHo, UTOo Te 3aIUCH, T/ TeMOpPEI
TOJIOCOB aKaIelbHOTO W OPUTHHAIBHOTO HCIIOHHUTENCH CHIIFHO Pa3IMJalnCh, MPAKTHYCCKA HE PACIO3HABAJIHCE.
OueBHIHO, 9Ta OCOOEHHOCTD SIBIISIETCSI OJTHUM M3 CJIa0bIX MECT ATOTO ajrOpuTMa, MO3TOMY ONTHUMalbHee ObUIO ObI
TMOCTPOUTH AJITOPUTM, HUKAK HE 3aBHCHHIHﬁ OT 4YaCTOTHOI'O Jualia3oHa IICBLA. HpH 3TOM OYCBUJHO, YTO €CJIM HC-
IIOJIHUTECIIb HE q)aJ'II)HII/IBI/IT, TO OH 6yz(eT HUCIIOJIHATB TC XK€ HOTBI, YTO U B OpI/IFI/IHaJ'IbHOﬁ 3aIllucCH, HO B }IpyFOﬁ OKTaBeE.
Kpome TOro, HCIIONHUTENL MOXKET NeTh ObIcTpee, JIM0O MeJIeHHee OpUTHHAJA, OJJHAKO OTHOILIEHHE BPEMEHHBIX
HMHTEPBAJIOB JOJKHO OBITH OAWHAKOBBIM JJId COXPAaHCHUSA IMPABUIIBHOTO PUTMHUYCCKOTO0 PHUCYHKa KOMIIO3UIIHH.
TaK, 6BIJ'Ia BbIIBUHYTA I'oTe€3a O TOM, 4YTO €CJIN ’I‘paHCKpI/I6I/IpOBaTL OpUTMHAI U aKall€JIbHYTIO 3allMCh B MY3bIKaJIb-
HYIO HOTAIHIO U MIPOBOJUTH CPABHEHHUE IT0 HAM, TO TOYHOCTh PACIIO3HABAHUS MOXKET OBITH ITOBHIIICHA.

Pacno3naBanue HOT. 3ajada pacro3HaBaHUsI OTAEIBHO CTOSIIMX HOT CBOJHTCS K JABYM MOJ3agadam:
HENOCPEJICTBCHHOMY pacllO3HABaHWIO HOTHI W PACIIO3HABAHHMIO HOT BO BPEMEHHOM HHTEpBale, T.€. OTICICHUH
OJIHOW HOTBI OT APYTOil.

AJITOPUTM PAacCIIO3HaBaHUS OTAENBHO CTOAIICH HOTHI J0OCTaTO4HO mpocT. Ha mepBoM arame BbIIenseTcs
CIIEKTp 3BYyKa C MOMOLIBIO peodpazoBanust Pypbe (pUCYHOK 2, @). CleyIONIM [IaroM BbIACISIOTCS TOUKH, 010~
3pUTEINIbHBIC Ha JIOKAITBHBIC SKCTPEMyMbI (B JAHHOM CITydae HHTEPECYIOT TOJIbKO MAKCUMYMBI GyHKIHH). JI1st 3TOTO
peanmu3oBaHa (QYHKITHSI, B KOTOPOH JUTS KQKIOW UCCIIEAYEMON TOYKH BBIUUCIISAETCS Pa3HUIIA C IBYMsI €€ COCEIIMHU.
Ecmm 00a >tu 3HaueHns ITOJIOKHUTCIIBHBI, TO B CIIMCOK 3aITMCHIBACTCSA OoJblIEE U3 ABYX 3”HayeHuH. [Tociie 3Toro BbI-
Oupaetcst IepBbIii IKCTPEMYM, JUIsi KOTOPOTO 3HAUEHHUE B CITUCKE OOJIbIIE OTPEAEICHHOT0, SMITUPUYECKH O100paH-
HOT'0 3Ha4YeHHs ToJepaHTHOCTH. Jlaniee Oepercs MoIy4eHHOE 3HAUeHNE YaCTOThI U 110 HEMY OIPEAENISeTCs] HOTa.
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YToOBI HE XPAaHUTh BECh CITUCOK HOT, a TAKXKE YTOOBI B JTaJbHEHIIIEM UMETh BO3MOKHOCTD CIHYaTh OIHY
U Ty ’K€ MEJIOJINIO HAIIeTYI0 B pa3HBIX TUAIla30HAaX, T.C. HE 3aBUCUTH OT OKTABHI B KOTOPOH HCIIOIHEHA HOTa, OHA
paccUnThIBaeTCS OTHOCUTENHHO 0-i OKTaBHI, TO €CTh CYOKOHTPOKTABHIL. [103TOMY B MamMsATH XpaHUTCS TOIBKO He-
Oopmioit accormaTUBHBIN MaccuB Ha 7 HOT: note_dict = {'E": 20.61, 'F": 21.82, 'G" 24.5,'A" 27.5, 'B": 30.87,'C":
32.7, 'D': 36.95}. [lomy4yenHas Ha TpeABIAYIIEM 3Talle YacTOTa JEIHUTCS MTOCIEIOBATEIbHO HA KAXKI0€ U3 ITHUX
gmcen 6e3 octarka. /s Toro 4ToOBI ONpeAeNTh, KaKasi IMEHHO HOTA IT0TIajia Ha BXOJ aJlTOPUTMa, OCTAETCS JINIIIb
OTIpeNIeNUTh KaKoe W3 3HAUCHUH IT0CIIe ICTICHUS SIBISACTCS CTENCHBIO IBOUKH. J{JIs1 3TOTO JOCTATOYHO BBEIYUCIUTH
pe3yabTaT moOUTOBOH omeparuu «M» Js MONyYeHHOTO 3HAYCHUS W IS 3HAYCHUS, HA CUHUILY MCHBIICTO,
4eM MoJydeHHoe. Pe3ybraT nmpuMmeneHus oneparopa & Oyaer paBeH 0 TOJNBKO IS CTCTICHU TBOWKH U HYJISL.

Tak ke, BeposSTHEE BCETO, /IS pa3IHMYHBIX HHCTPYMEHTOB U3-3a 0COOCHHOCTEH UX KOHCTPYKIIUI U 3ByYa-
HUS HCOOXOAUMO MOIOUPATh OKOHHYIO (DYHKIIMIO IS BBIICICHUS criekTpa. Hampumep, Ui rutapbl Takoi (yHK-
el okasanach QyHKIMs XaHHa

win]=w, L(n—ﬂj 1 1—cos(2inj :sinz(n—nj, 0<n<N.
N 2 2 N N

Ha pucynke 2 BunHO, kKakoi 3(h(eKT MPUBHOCHUT HCIIONB30BaHHEe (PYHKIINN XaHHA 110 CPABHEHHUIO CO CIICK-
TPOM, NOJyYEHHBIM 0e3 UCIIOIB30BaHUS KaKOU-THO0 OKOHHON (DYHKIIMH.

DTOT MEXaHU3M MOXKHO TaKXKe TMPUMECHATH I pacriO3HaBaHUA MAYIIUX IMOAPAA HECKOJBKHX pa3HbIX HOT.
OHAaKO B 3TOM CJIydae y»e MPOCTO BBIJCIUTh CIIEKTP CUTHAA HA BceM ayauodaiiie He moayquTcs. J{is Toro 9toosr
TIOHSTB, KaK Pa3pelInuThb JaHHY0 IpollieMy He0OX0MMO OBbLIIO PAaCCMOTPETh aMILTUTYAHO-BPEMEHHYIO 3aBUCHMOCTB,
KOTOPYIO HECJIO’KHO TIOyYHTh, TAK KaK W3HAYaJIbHO ay1iodaiil cCunThIBaeTCs Ha BXOJE B alTOPUTM (PyHKIMEH, KOTO-
past coxpaHseT JaHHbIe UMEHHO B TakoM (hopmate. HeTpyiHO HOHATB, YTO AJIsL OTAENEHUS] OAHON HOTBI OT APYTOi
HE00XOJMO MPOCTO BBIETUTH CUTHANI Cpey IIyMa. JIJIst pOCTOTHI peanu3ali OblI0 PUHSTO, YTO CUTHAT MOYKHO
Ha3BaTh MOJIC3HBIM, €CJIM OH TPOMYE CPEAHEro Mo ayauodaiiily Ha MPOTSHKEHUH YeTBEPTH CeKyHABl. OHAKO 3TH IPH-
OJIVOKEHHUST HY KAAFOTCS B KOPPEKIMK M 00Jiee TIATENBLHOM ITOAO0PE TIPY AHAJIN3E «OKUBBIX TAHHBIX).

C U
L W Ll At

Amplitude (8]

Trequency (12 Frequency [

a 7]

Pucynok 2. — Cnextp HoTbl E4 Ge3 npuMeHenns: okoHHo# GyHkuuu (a)
U C HCNO0JIb30BaHueM (pyHKIMN XaHHA Ui Bblde/IeHusl ()

PacniosHaBanmne akkopaoB. [Ipy HarmicaHWU My3bIKH UCTIONB3YIOTCS HE TOJIBKO OJIMHOYHBIE HOTHI, HO U aK-
KOpAbI, COCTOAIINEC OJTHOBPEMEHHO N3 HECKOJIbKUX HOT, KOTOPBHIEC BOCIPUHUMAIOTCA Y€JIOBEKOM KaK eI[I/IHI)Iﬁ 3BYK.
3BYK, COIIOCTABJISIEMBIH C OTIpeIeIEHHBIM aKKOP/IOM, SIBISIETCS CyMMOM rapMOHUK. B peansHOCTH Kaxaas mocie-
JyIOIasi FapMOHMKa 3BYUHT THILE MPEAbIIYyIIeH 1 XyXe pazinauma. Yactora 3ByKa TOH WM MHOW HOTHI OIIpejie-
JSIETCSI 10 €€ OCHOBHOI rapMOHHKE.

BonbIIMHCTBO COBPEMEHHBIX aJITOPUTMOB TPAHCKPHUIIIINK AKKOPJIOB COCTOUT U3 JIByX OCHOBHBIX ATAIIOB.
Ha nepBoMm stane ayano3anuchk npeodpasyeTcs B IMOCIEI0BATEIbHOCTh IIPU3HAKOB BeKTOpoB. Ha ciiexytomem
JTarne, UCHOJb3ys IA0IOHBI, KAKIBIH BEKTOP NPU3HAKOB CTABUTCS B COOTBETCTBHE Ka)kKJJOMy aKKOpIY M3 3a-
JAaHHOTO IMPOCTPaHCTBA aKKOpAoB. CyIIEeCcTBYeT MHOKECTBO METOJMK COMOCTABICHHUS ¢ 00pa3l0B Ha OCHOBE
1rabJI0HOB, CKPBITHIX Mozeneil MapkoBa miu 6onee cioxHbIX baifecoBckux cetsax. Mnes manHOTO MOaX0aa 3a-
KIII09aeTcs B TOM, 9YTOOBI 3apaHee MOATOTOBUTH HAOOP MabJI0HOB, COOTBETCTBYIOIINX HA00OPY aKKOPIOB B 3BY-
KOBOM psiie. MTHTYNTHBHO KaXkabpIi 1abJI0H B HA0OpE — 3TO MPOTOTHIT BEKTOPA IIBETHOCTH, KOTOPHIH COOTBET-
CTBYeT OZIHOMY akkopay. Ha BXoj anroputma mojaeTcst 3ByKOBasi JOPOXKKa, B KOTOPOil, KaK U B allTOPUTME
«Shazamy, BbIIENSIOTCS SKCTpeMasibHble TOUKU. OHAKO JJIsl pACTIO3HABAHUS HE O€pyTCs BCE TOUKH, TOTABIINE
B KapTy CO3BE3/IMiA, KaK B MpeAbIAyeM anroput™e. K pacno3HaBaHuio 6epyTcst TOIBKO T€ YaCTOTHI, KOTOPHIE
OCHWJITMPYIOT BOKPYT OJIHOTO 3HaYEHUS! HEKOTOPBIH IMPOMEXYTOK BpeMeHHU. Kakoi Takoi 4acToTe cTaBUTCS
B COOTBETCTBHH C IIA0JIOHOM HOTAa.

ANTOpUTMBI I1a0JIOHHOTO PacliO3HABaHMSI OCHOBAHBI HA COIIOCTABICHUN KOHKPETHOTO aKKOp/a U3 3a/1aH-
HOTO aKKODPJJHOTO MPOCTPAHCTBAa C BXOJIHBIM BEKTOPOM OCOOEHHOCTEH C IMOMOIILI0 MUHMMH3ALNU PAcCTOSHUS
MeK1y BekTopamu. Takyro 3a7ady MOJKHO pemaTh ¢ OMOIIBIO aJITOPUTMOB KIIaCTEPH3ALIH.
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[pu pacrio3zHaBaHWY HOT U aKKOPAOB OYSHB Ba’KHA TOYHOCTH IOJIy9aeMbIX 3HAUCHHUH 4acTOT, TaK KaK OAUH
AKKOPJI MOXET COCTOSIT U3 HOT C HEOOJIBIIOH pa3HuIlel B yacToTax. [loaToMy Aist peanu3aiy HOBOTO aropuTMa
OBUIO NMPHHATO pElICHUE HANUCATh BBIJEJICHUE CIIEKTPa, OCHOBBIBAsCh Ha ObICTpoM mpeoOpazoBanuu Dypne,
C BO3MOXKHOCTBIO CAMOCTOSITEJILHO 331aBaTh KOJIMYECTBO KOMIIOHEHT Pa3JIOKEHUs ¥ TI0JIy4aTh IPH TOM BO3MOX-
HOCTb UCCJIEA0BATh BIUSHUE TPUMEHEHHS PA3IMYHBIX OKOHHBIX (QYHKINH.

B oOmem ciydae akkopn BeneT cedst cXouM 00pa3oM ¢ HoTamu. DyHKIMS, ONMCBHIBAIOIIAs Hauboiee
«CWIBHYI0» KOMIIOHEHTY 3BYKa aKKOpZa, TaKXkKe sIBISEeTCsl nepuoandeckod. OpHaKo, paccMaTpuBas CIIEKTpPO-
rpaMMy akkKopza, ObUT 3aMeueH HHTepeCHbIH 3 (eKT: IHepreTHiecKas MOITHOCTh FAPMOHUK M3MEHSCTCS 110 Ka-
KOMY-TO TIEPHOANYECKOMY 3aKOHY, KaK IPH T€HEepaluy aKKopAa ¢ MOMOILBI0 MPOTPaMMHBIX CPEICTB MaKeTa
Wolfram Mathematica 11.3, Tak 1 mpu BOCIPOM3BENCHUH aKKOpJa Ha TUTape. JTO MPOHMCXOIWT H3-3a TOTO,
YTO TPH CIOKECHUN HECKOJIBKHUX OJM3KHX TI0 YaCTOTE BOJIH HabromaeTcst 3 pexT OneHms.

buenys BO3HUKAIOT IPH CIOKEHUH HECKOJIBKUX BOJH OJMHAKOBOTO HAINPABJICHHUS, MAJIO OTJIMYAIOIINXCS
o yacrore [3]:

X, =acosot,
X, =acos(o+dow)t;

X=X +X, = (2acosd7®tjcoswt.

PesynbpTupyromas 4actota 3ByKa PacCUUTHIBACTCS KaK cpefHee 4acToT HOT. Ha pucyHkax 3, 4 MOXHO
YBHUIETH PE3yJIbTUPYIOLIYIO (DYHKIMIO CYMMBI IIEPUOJMYECKUX (PYHKIUA, COCTABISIONINX OCHOBHBIC TAPMOHUKH
HOT akkopaa C.

=
[=

—
—
—

Pucynok 3. — I'pa¢uk nepunoguuecknx GpyHKumii Pucynox 4. — I'pa¢gux cyMMBbI OCHOBHBIX TAPMOHUK
OCHOBHBIX FTapMOHHK HOT aKkkopaa C U uX CyMMBI HOT akkopaa C

W3 sToro crnemyer, 9To MpH peaan3aluy anropuTMa He yAacTCs BBIACIATh TPU HOTHI Pa3/ieibHO U [0 HUM
OTI03HaBaTh aKkop/. PemeHneM maHHON MpoOJIeMBI SBIAETCS CO3aHue 0a3bl MPU3HAKOB aKKOPJIOB WM PAcIo-
3HaBaHUE aKKOP/a [10 €r0 pe3yIbTUPYIOIIEH 4acToTe.

Ha mpaxtuke oka3anock, 94To 06a 3TH MeToJja IPUMEHUMBIL. J[efiCTBUTENbHO, HHOTa B aKKOPAE YIAAeTCs
BBIJICJIUTh PE3yJIbTUPYIOUIYI0 YaCTOTy, OJHAKO JAHHBIH METOJl HeCTaOWIEH M IOJBEP)KEH BIHMSHMUSAM IIyMOB,
a TaKk)Ke Ha ero pe3yJbTaTUBHOCTH CUIIBHO BIIMSIET BEIOPAaHHOE KOJMUECTBO KOMIIOHEHT pa3iokeHust dypre.

Jpyrum 3¢ (eKTHBHBIM METOJOM SBIISIETCS CO3IaHHUE MIA0IIOHOB XapaKTEPUCTHK WHTEPECYIOMINX aKKOp-
noB. Croco0oB BBIZIENICHISI BEKTOPOB 0COOEHHOCTEH CYIIECTBYeT OUYeHh MHOTO. B padore [6] moka3siBanack 3¢-
(heKTUBHOCTH BBIJICIICHUS BEKTOPOB IIBETHOCTH. KpoMe TOTo, MOKHO TIPEAJIOKHUTH €IIle JBa BapHaHTa CO3JaHUS
Ir1a0JIoHa: CO3/aHUE «3BE3THON KapThD» IO METOAY «OBICTPOTr0 KOMOMHATOPHOTO XEIIUPOBAHUSD», KOTOPOE OBLIO
omucaHo B padoTe [5], u co3manue BeKTOpa 0COOEHHOCTEH aKKOP/IOB IO METO/LY, PACCMOTPEHHOMY BO BpeMs aHa-
JM3a paclo3HaBaHUs OTAEIbHBIX HOT C JIONOJIHUTEIbHBIME OroBopkamu. Ecnu 1uid pacno3HaBaHUs OTAEIbHOMN
HOTBI JOCTATOYHO BBIICIIUTE OJTHY IIEPBYIO OCHOBHYIO TapMOHHUKY, TO €CTh III00aJIbHBII SKCTPEMYyM, TO IS pac-
MO3HABAHUS aKKOPJIOB HEOOXOIMMO OBLIO BELIECTUTH 6—10 JIOKATBHBIX SKCTPEMYMOB CIIEKTpA.

OmHAKO 3TH TOYKH TaKXKe He MOTYT OBITh TapaHTHUPOBAHHO TAKMMH K€, KaK U B BEKTOpe CBOHCTB. IHCTPY-
MEHT, Ha KOTOPOM HCIIOTHEH aKKOPH, MOXET YCHJIMBATh T€ WM WHBIE YaCTOTHI B 3aBUCHMOCTH OT CBOICTB €ro
PE30HATOPOB, a TAaKXKE CBOW BKJIAJ MOXET BHOCHTH 3alHChIBaroniee odbopyaoBanue. Kpome Toro, cam MCIomHu-
TEJIb MOKET CHITPaTh aKKOP/ HETOCTATOYHO YHCTO. [103TOMY M3 MMEIOIIUXCS STAIOHHBIX BEKTOPOB BBIIEISIOTCS
Hanbosee CX0KMe KOMIIOHEHTHI U YK€ OTHOCHTENIbHO HHMX BBIYHCISIETCS PACCTOSHHE /10 M3y4aeMOro BEKTOpa.
Heo6xoaumMo 0TMETUTD, YTO JaHHBIH AITOPUTM SBISIETCSI YCTOWYMBBIM K CMEIICHHIO JHAana3oHa HCIIOJHEHUS,
TaK KaK ONUPAETCs HE HA KOHKPETHBIE YaCTHbIE 3HAUEHUS 4acToT, a Ha EBKINIOBY METPUKY.
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3akJ/04yeHue. B 3akiIroueHNe MOXKHO CKa3aTh, YTO MPHU TOPa0OTKE METONUKA PACHO3HABAHHS HOT U aK-
KOPJIOB MOXKET OBITh MPUMEHEHA /sl paclio3HaBaHus akamnelibHoro nenus. Kpome Toro, ncxoxas u3 uccienosa-
HUI anropurMa «Shazamy MOKHO caenaTh BBIBOJ, YTO 00pe3Ka YaCTOTHOTO JUara3oHa OpUIHHANA J0 Juaria-
30Ha yesoBedeckoro rojoca (1o 4000 I'n) MoxkeT NOMOYb B paclo3HaBaHUM MYy3bIKH. HeMaaoBakHBIM L1arom
B pa3paboTKe aJropuT™Ma pacro3HaBaHMs AKaIeJbHOTO IEHHS CTall aHaJIM3 COCTaBJSIFOIIMX MY3BIKQJIEHOTO
psiza, a TaKke MeToJI0B paboThl ¢ HUMU. Ha naHHBII MOMEHT pa3paboTaHbl aITOPUTMBI BBIIEICHUSI HOT U aK-
KOPJIOB, KOTOpBbIE HEOOXOANMBI JUIsl CO3/IaHHs AJITOPUTMa PAacliO3HABAHUS MEJIOANN HAa OCHOBE MY3BIKaJIbHOM
HoTanuy. [Jis ycreImHoi pa3paboTKH TAKOTO alropuT™Ma TakKe HeoOX0MMMO pelIeHHe Ul paclio3HABaHUS aK-
KOPJIOB CpeId HOT M Ha000POT.
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ALGORITHMS TO RECOGNIZE MUSICIAL EXCERPTS, NOTES AND CHORDS
S. ANISIMOVA, A. HALAVATYI
The paper discusses existing methods of music recognition, its adaptability to recognition of acapella sing-

ing and methods of its improvement. One of the improvement methods is sound transcription to musical notation.
Methods of note and accord extraction from sound series were proposed.

Keywords: Music recognition, acapella singing recognition, extraction of notes, extraction of chords.
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VK 620.1.08

MOJEJHUPOBAHME TPEIIHHOOBPA30OBAHUS B KEJJE30OBETOHHBIX KOHCTPYKIMSAX
HA OCHOBE JIE@OPMAILIMOHHOM PACYETHOM MOJIEJIA

Kano. mexu. nayx, oou. /I.0. I'TVXOB, 0-p mexn. nayx, npog. /I.H. IA30BCKHH,
KaHno. mexu. nayk, ooy. E J[. TA30BCKHH, T.M. I7ITYXOBA
(Ilonoukuil 2ocyoapcmeenHblil yHugepcument)

Ipeonazaemcs memoo MoOeruposanuss MpewuHooopaz08anus 6 Hceie300emoHHbIX KOHCIMPYKYUSAX, OCHO-
BAHHYII HA UHMESPAYUU HETUHEUHOU 0ePOPMAYUOHHOU MOOENU HCeNe300eMOHHO20 dNIEMEHMA NO HAKIOHHOMY
Ceuenulo, U, KaxK 4acmHulii CIyyai, CeueHuio HOpMAIbHOMY K NPOOOIbHOU OCU JJIeMEHMd, U Menood KOHEUHbIX
9leMeHmos. B pamkax makoi uHmezpayuu nosigisencs 603MOAICHOCHb YUeCb He MOLbKO USMEHEHUE JHCeCmKOo-
cmetl KOHEYHbIX 2NEeMEHNMO08 N0 OelcmeueM HAZPY3KU U COOMBEMCmEYIowee nepepacnpedeienue 6HympeHHUX
yeunutl, HO U nepepacnpedeieHue HANPsICEHUL NO CeYeHUsIM, USMEHeHUe NOJisl Y208 HOBOPOMA 2NAGHbIX HANPSL-
JHCeHUll 8 npoyecce pachpPoOCMpPaHe st HOPMATbHBIX U HAKIOHHLIX mpewun. B pabome npednosicen memoo Kom-
OUHUPOBAHHBIX cIMpame2uti, NO360IANOWUL IPHEKMUBHO Peuamsb CUCMEMY YPAGHEHUT PAGHOBECUS. U COBMECHI-
Hocmu Oeghopmayuil pacuemHou Mooeu.

Knrwouegvle cnoga: memoo KOHEUHbIX deMEHMO8, niacmuyeckue oe@opmayuu, HaAKIOHHbIE MPEeujuHsl,
npoyecc mpewunooopazoeanus, nepepacnpeoeneue yCunull, useuoHas u npoOoabHAS HCECMKOCHU.

Beenenne. Meton koHeuHbIX dneMenToB (MKD) ycToitunBo Bolen B MPpakTHKY PAcyeTOB CTPOUTENBHBIX
KOHCTpyKLuIl. B HacTosIee BpeMs CyIecTByeT OTpOMHOE KOJIMYECTBO MPOTPAMMHBIX NMIPOIYKTOB KOHEUHO-3JIe-
MEHTHOTO aHaJIh3a, pa3paboTaHbl BHICOKOTOYHBIE CTEPKHEBBIE, NIACTUHYATHIE, 00BEMHbIE KOHEYHBIE JIEMEHTBI,
KOHEYHBIE 3JIEMEHTHI, MOACTUPYIOLIHIE MIACTUUECKUE IIaPHUPHI, HIEMEHTHI C MEHSIOIIMMCS [TOTIEPEYHBIM ceue-
HueM U T.1. MKD nmeeT HaChIIIIEHHYI0 HCTOPUIO, KOTOpas Hadaach ¢ pabot JIk.Y. Paned u B. Putna u nomyunna
passutne B pabdorax W.I'. By6Hosa, b.I'. ['anepkuna, JI.B. KonrpoBuua, O. 3enkesuua, P. ['ammarepa, 1.Yanra,
A.B. IlepensmyTepa, B.J. CnuBkepa 1 MHOTHX APYTHX.

s MoenpoBaHys HANPSHKEHHO-Ie()OPMUPOBAHHOTO COCTOSIHUS CTPOMTENBHBIX KOHCTPYKIIUH, a TAKXKe
MOJICTIMPOBAHMUS BaYKHOTO IS JKENIE300€TOHHBIX KOHCTPYKIUH MpoLiecca TPEIMHO0OPa30BaHus CyIIECTBYET He-
CKOJIBKO OCHOBHBIX MOAX0A0B. IIpexe Bcero, 3To ynpoLeHHbIE HHKEHEPHBIE METObI TIOMCKA KPUTHIECKUX Cede-
Huit [1]. HenoctaTkoM JaHHOTO MOAX0/A SBISIETCS HEBO3MOXKHOCTD YUeTa Nepepacipeie/ieHUs yCHIIHI B IpoLiec-
cax TpeImuHO00Pa30BaHMsI, HEOOXOIMMOCTh IIEPECMOTpa YIPOIIEHHBIX (OPMYII IPH U3MEHEHUH CXEM apMHPOBa-
HUS, paboTa ¢ OrpaHMYEHHBIM PSIOM MPOCTHIX CUMMETPUYHBIX cedeHuil. [IpenmyinecTBoM sSBISIETCS MPOCTOTa
pacyeToB M JOCTAaTOYHAs TOYHOCTb.

Taroke Bce GOJIBIIYIO MOMYIIPHOCTh MPHOOPETAIOT MOJIETIH HAa OCHOBE CETOK U 0OBbEMHBIX KOHEUHBIX 3JIe-
MeHTOB [2—4]. [IpenmyIecTBa JaHHOTO MMOX0/1a OUEBHIHBL. [10SBISCTCSI BO3MOKHOCTD MOJICITHPOBAHUS IPOU3-
BOJIHOH (DOPMBI [TOTIEPEYHOTO CEYCHHUS U apMHUPOBAHMUS, B TOM YHCIIE TIPEIBAPUTEIIFHO HANIPSDKEHHOH xKene300e-
TOHHOHM KOHCTPYKINH, Bepupukarmu u 3¢ dexTHoi Bu3yannzamm pe3ynsraroB pacdera. OCHOBHBIMH HEJIOCTAT-
KaMU JAHHOTO MOJXO0J1a ABISIOTCS BBICOKAs BBIYHCIIUTENBHAS CI0KHOCTb M PECYPCOEMKOCTB, CIIOKHOCTh IEpe-
X012 OT KOHCTPYKIHH CIUIOIIHOTO MONEPEYHOTO CEYeHHsI K KOHCTPYKLHUH, COCTOSIIEH M3 OTAEIBHBIX OJIOKOB,
pa3ieNICHHBIX TPEIMHAMH, HEOOX0IMMOCTb CYIIECTBEHHOTO CTYIICHUS CETKH B 00JIACTH allpHOPHOTO CYIIECTBO-
BaHUsI TPELIVH.

OcHoBHas1 yacTh. [IpeanaraeMplii METOJ OCHOBAaH Ha HMCHONIb30BaHUN MKD i CTepKHEBBIX CHCTEM
(B TOM ymCIe U A7 yyeTa MIIAaCTHYEeCKUX CBOMCTB MAaTEPHUANIOB) U HETMHEHHBIX PACUETHBIX MOJETIEH CEUeHHH xKe-
JIe300€TOHHOTO 3JIEMEHTA B CII0KHOM HaIPSHKEHHO-/1e(hOPMUPOBAHHOM COCTOSIHUH TIPH OJJTHOBPEMEHHOM BO3/ICH-
CTBHE MPOIOJHHON CHIIBI, H3TNOAOMIET0 MOMEHTA M Tepepe3bIBaroNIeii CHITbL. JIaHHBIH METO MO3BOJISET MOJY-
YUTh TapaMeTpsl HANPSIKEHHO-I1e(OPMHPOBAHHOTO COCTOSHHS JKEJIe300€TOHHOTO 3JIeMEHTa: pacIpeelicHue
CABHIOBBIX Ae(opMariiii, TIaBHBIX CXKMMAIOIINX M PACTATHBAONINX AedopMaruii n HaNpsDKEHUH, MoJie YIIoB
MIOBOPOTA HAIpPaBJICHUI INIaBHBIX CKUMAIOIINX/PACTIATUBAIONINX HANPSDKEHNH, BU3yaIM3UpoOBaTh Ipolecc mepe-
pacrpeieNieHus] yCUIUHA B KOHCTPYKLIUY, CBSI3aHHBIN ¢ U3MEHEHHEM COOTBETCTBYIOIIMX KECTKOCTEH KOHEUHOIO
3JIEMEHTAa, a TaK)Ke BIMSHUE Ipoliecca Mepepacipe/ielieHns] YCHINH Ha MPOLecc TPEINHO00pa30BaHMUsI.

Henuneiinble pacueTHbIe MOEHN JKeIe300€TOHHOTO 3JIEMEHTA 110 CEUYEHHIO, HAKJIOHHOMY K €0 IPOI0JIb-
HOM OCH, ¥ aITOPUTMBI PELICHUS] CHCTEM UHTETPAJIbHBIX CUHTYJISIPHBIX YPaBHEHUH HCCIEJOBAHBI HAMH B TEUCHUE
nocienaux 10 ner. OHM OCHOBaHBI Ha MOTU(PUIMPOBAHHON TEOPUH TOJIEH CKaThs, pa3paboTaHHOH KaHAJCKUMHU
yuerbiMu Maiikiaom Kosumnazom, @pankom Bekkbo u Jlearncom Mutuenom. MCFT (Modified Compression Field
Theory) Bomuta B cTpouTenbHbie HOpMBI 1 ipaBiuia Kanamsr CSA-A23.3 1994 (CSA1994) [5-8].
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Cuctema ypaBHEHHH HCCIIEyeMO HAaMU MOJIEITH CIIOKHO-1e(hOPMUPOBAHHOTO COCTOSIHUS CEUCHHUS JKelle-
300€TOHHOTO DJIEMEHTa TIPEICTABICHA B BHIE

M, =—”c(s(x, Y))(y—Y,)dxdy + N (Y, —V,)
M, =—_[Cjc(a(x,y))(x—xo)dxdy+ N (Xee =X, )

: @
N :Hc(s(x,y))dxdy

e G(S(X, y)) — HOpMaJIbHBIC HATPSUKCHUS B OeTOHE Witk apMatype, &(X,Y) — npogonbHbie aedopmanmu Oe-

TOHA MJIM apMaTypsbl (IPOEKIHS Ha OCh X CYIEPIO3UIINH TIIaBHBIX CKUMAFOIIUX M TJIABHBIX PAacTSATUBAIOIINX nedop-
Maluii, IOTy4eHHas! ¢ y4eTOM ITOBOPOTA IEMEHTapHbBIX IIOLIAJ0K IO/ AefiCTBUEM epepe3bIBAIOIEeH CHUIIbI);
X, MY, — PacCTOsHHE OT [EHTpa M3riba cedeHus, HeHTPaIbHOH TOUKH, 10 Oceil X 1 Y COOTBETCTBEHHO;

Xoe A Yo — PACCTOSHHUC OT MCCTA NPHJIOKCHHUS IIPOAOJIBLHOI'O yCHIINA 1O oceli X u Y COOTBETCTBCHHO,

N — mpopmonbHast cuna OT AeHCTBUS BHEIIHEH Harpys3Ku;
M,, M —usrubaromue MOMEHTbI, ACHCTBYIOIIHE B IULIOCKOCTAX XZ, YZ;

(X, Y) — KacarenbHbIC HAMPSKEHUs B OETOHE.

YpaBHEHUS COBMECTHOCTH JIe(hOpMANHil BRITIISAAT CICAYIOMIAM 00pa3oM:

o, =0,,C08" o+ o, sin“a+p,c,,
a2 2
G, =0.,SIN"a+06,C08" a+p,c,

Ty =(-0, +0y)sina-cosa,

@
2 in2
€, =&, C08" o+ g, 5in’ a,
in?2 2
€, =€,8IN" a+¢, COS" a, 3

Y .
2 =(-g,, +&,)Sina-cosa,

[€ O, Oy, Oy, Oy, Ty, — HANPSDKEHNS B OETOHE;

Gy Oy, — HAalPSDKEHHUs! B IPOJIONIbHO U [ONIEPEYHON apMarype;

sx !

Lo Sy, ny — OTHOCHTCJIBHBIC I[e(i)OpMaHI/II/I 3JIEMCHTAPHOTO Y4aCTKa,

0 — yron, onpenensromui NoJ0KeHNE HAKIOHHBIX TPEIIUH U TJIAaBHBIX HAIPSKEHUH.

Jist onipeneneHust pacipeesieHIs KacaTelIbHBIX HAIPSDKCHUH, 00ECTICYNBAIOIINX PABHOBECHE TI0 TIepepe-
3BIBAOIIEH CHIIE, HAMH HCITOJIB30BAJICS METO IBYX cedeHuit [7]. OCOOCHHOCTH JaHHOW MaTeMaTHIeCKOH MOJICITH
1 aJITOPUTM pEIICHUsI CUCTEMBI YPaBHEHHI paBHOBECHS U COBMECTHOCTH JeopMaItiii HopoOHO OMICAaHBI B TUC-
cepraruu E.J1. Jlazosckoro [9] u B paGore T.M. I'nyxosoii [10].

ANTOpUTM OMpeAeNeHUs] HAMPSHKEHHO Ie(hOPMUPOBAHHOTO COCTOSIHHS JJIEMEHTOB MOJ BO3CHCTBHEM
cpesa ¢ M3rubOM U TPOJIOIBHBIM CKATHEM CTPOUTCS HAMU TIO CIEIYIOIIeH cXxeme:

1) 3amaercst HaYaJIbHOE paclpeseeHre KacaTelIbHbIX AeopMalnii;

2) 1o MeToJy JIBYX ceueHuit [/] onmpenensieTcs pacnpeeneHie KacareibHbIe HAPSHKEHHH, 00eceunBa-
I0Illee paBHOBECHE TI0 TIepePe3bIBAIONICH CHIIE;

3) s 3aIaHHOTO U3TUOAIOIIEr0 MOMEHTA U YCHJIHS MIPOJIOIBHOTO CHKATUS/PACTKEHUS] HAXOIUTCS Pac-
npeJeNicHre MPOIOIBHBIX Ae(opMaIiuii;

4) 10 MOJTyYEHHBIM PACTIPEISICHUSIM IPOIOIBHBIX JedopManuii pa3paboTaHHBIM HAMU METOJIOM KOMOM-
HUPOBAHHBIX CTPATETHil HAXOIUTCS TAaKOe paclpenencHue aedopMaluii, Ipu KOTOPOM TIIIaBHBIC CIKUMAFOIIUC
HAIPSDKCHUS, OTIPE/ICTICHHBIC JUArPAMMHBIM METOJIOM, paBHBI 3HAUYCHUSIM, OIIPEICIICHHBIM 110 KpyraMm Mopa;

5) wuMes pacrpejenieHusT BCEX COCTABISIFONIMX TEH30pa aedopMaIiuii, ONpeIessioTCs BHYTPEHHHE YCH-
JIUs1, BOSHUKAIOIINE B CEYEHUH, HOPMAJILHOM K MPOJIOJILHOM OCH 3JIEMEHTa;

6) ecnu ompeneseHHbIE BHYTPEHHUE YCUIIMS HE YIOBJIETBOPSIOT YPABHEHUSAM PaBHOBECHS, TO COOT-
BETCTBYIOIIMM 00pa3oM KOPPEKTHUPYETCS MCKOMOE pacmupejeneHue aeGpopManuidl U BBIMOJHIECTCS TMEPEX0]
K MYHKTY 2, HHAYE — YCIEIIHOE 3aBEPIICHUE HTEPALIMOHHOTO MpoIiecca.
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ITyHKT 4 anropuTMa SBIAETCS KITIOYEBBIM AT PELICHHS CHUCTEMbI ypaBHEHHH. [yl moHMMaHus 3agaqd,
paspelraeMoil B MyHKTe 4, IpUBeIeM MaTeMaTHYeCKOEe OMMCAHUE 3aBUCHMOCTH IJIaBHBIX COKUMAIOIIUX HaMpsiKe-
HUM, ONpeeNeHHbIX 10 AuarpaMMaM 1 Kpyry Mopa, ¢ 3alaHHBIM paclipe/ie/ieHHe MIPOA0JIbHBIX, TTIaBHBIX U Kaca-
TENBHBIX JeopMaIuii.

Yron HakJIOHa Oceil TTIaBHBIX HAIIPSHKEHUH 10 OTHOLIEHUIO K IPOIOJILHOM ocH onpezesieTcs o Gopmyiie

b-s-f._.
—bist + [4A,Es (8 —&,;) (A8, Es +g) + bizsz'ci2

1+ /200 ¢,

2: ASWES (gl,i - Sx,i)

tan @, = , €CIIU & ; > €

crt ?

-bst + \/4ASWES (e — &) (A&, s +1 8, -8 E ) + 178"t
2 : ASWES (Sl,i - 8><,i

OTHOCHUTEILHEBIE ,He(l)OpMaIlI/II/I IO HAIPaBJICHUIO I'NIABHBIX CKUMAIOIINUX HaHpH)I(eHI/Iﬁ

tan®, = y €CIIH & < &gy -

&, =6, (1+tan’0,) —¢,, -tan’o,.
OTHOCHUTENLHBIE Z[e(l)opMaLlI/H/I 10 HarmpaBJICHUIO OCHU y
2
_ & g -1an 6,
gy = 2
’ 1+tan® 6,
Hamnpsoxenust B monepeyHol apmarype
oyi=¢,; Es.
I'maBHBIE PpacCTATUBAOIINUC HAIPSIKCHUS B oetoHe

O =8, " E..,ecim € <&y s

fCt

C,. =—F—,€eCl1 ¢,; <E_, .
1, > 1, rt
M 14.,f200-¢, LT

Kacarenpubie HaIlpsKCHUs, CIIOCOOHBIE nepeaaTrbesd 4€pe3 HaKJIOHHYHO TPCIINHY,

_018.f
0,3_1_247W
+16

ci

amax
OFpaHI/I‘-II/IBaeM 3HAYCHUC I'IaBHBIX PACTATHUBAIOIINX HaHpH)KeHI/Iﬁ B OeToHE

G, =0C,4,;,€CIH G, <1, -tano;

cl,i

G,; =1, tand, ecm o, > 1, -tano.

cl,i
I'naBHBIE CKMMAIOIUE HAMPSDKEHHsT B OSTOHE 10 M3MEHEHHOW jauarpamme JIedopMUpOBaHHs OeTOHA
C YYETOM JBYXOCHOTO HAIMPSIKEHHOTO COCTOSIHUS
2
€ €

VY=o, .. -2 -
(6.2.:)" = O mas —0,002 —-0,002

['1aBHbIE CKUMAIOLIUE HATIPSHKEHUS B OETOHE M3 KPYTroB Mopa Juisl HanpshkeHUiH
n 1
(0,2,)"=1,-(tan 0+ m) —G; -

B Monenu mpucyTCTBYET HECKOJIBKO TOYEK pa3pblBa MOBEPXHOCTU PELICHUS AJs INIABHBIX CKUMAFOLIUX
HanpspkeHui. Bo-iepBrIxX, Hammane 06JacT B OKPECTHOCTH HYJIA, [UISI KOTOPO 3HAYCHHE SBIISIETCS] HEBBIUUCITH-
MBIM (TOYKa pa3pbiBa BTOPOTO poja). Bo-BTOPBIX, XapaKTepUCTUUECKUM 3HAYCHHEM IPOJIONBHOHN JedopMannu

Ha pacCTAKCHUE ABJIACTCA NpCACibHAA He(l)OpMaIII/Iﬂ Ha pacTsDKCHUE g, , ONIPCACIIAIONIAsA CKa‘lK006pa3HOG n3Me-

HEHHE HAIPSDKEHHS B pe3yJIbTaTe TPEIIMHOOOpa3oBaHMs (TOYKa pa3phIBa MEPBOTO POja), BRIpakarolieecs B 3a-
MEHE MaTeMaTUIECKOTO OTNPEICICHHsI yTila HAKIIOHA HAPaBJICHYsI TIaBHBIX HAMPSKCHHM.
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Ne 4

[IpowmmrocTpupyeM TaHHYIO CHTyalnio Ha ceMelicTBe rpadukoB (pucyHok 1). HarmsagHo BmmHO, 9TO

AJI1 onpeAcJICHUA T'paHUILl 06J'IaCTI/I, B KOTOpOﬁ JIOKQJIM30BaHO PCIICHUC, HeO6X0[[I/IMO

CTpAaTCruuv NOMCKa rpaHuil U peuICHUs KaK TaKOBOTO.
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Eert

& — TOYKH COBHA/IeHHSI 3HAYEHHIi IVIABHBIX CKUMAIOLINX HANPSIKEHUH, ONpeIeJeHHbIX IHATPAMMHbBIM MeTO0M
U reOMETPUYECKUM CrocodoM mo kpyry Mopa; b — xapakrep 3aBucuMocTH npu 6oJIbIINX 3HAYEHHSIX AedopManuii,
COOTBETCTBYHLINX [VIABHBIM CKHMAIOLIIHM HANPSKEHUSIM; C — CKAYK000pa3HOe H3MeHeHHe HANIPSIKEHUsI IPH I0CTH-

JKeHuH AedopManuei 3HaYeHUsl ¢

crt ?

d — aHAIOrHYHBII CKAYeK /ISl HATIPSIKEHUI, ONpe/IeJeHHbIX 10 Kpyry Mopa

Pucynok 1. — 3aBUCHMOCTbD IJIABHBIX CKMMAKOIIMX HANPSKeHUi oT AedopManuii npu 3aJaHHBIX pacnpeneleHUusx
NMPOAOJBHBIX M CABUIOBbIX AepopManuii 1151 3Ha4YeHUIi H3rudaroiero MOMEeHTAa 10 MOMEHTa 00pa30BaHMsI TPeIU HbI

I[J'I?[ «OOIIBILINX 143r1/16a10m1/1x MOMCHTOB XapaKTEP 3aBUCUMOCTHU MCHSCTCA. Touku peHICHUA «KyXOIsAT»
B 06J'IaCTB, 3HAYUTCJIbHO IMMPEBBIMIAIOIIY0 TOYKY pa3pbiBd, YTO BUAHO U3 PUCYHKaA 2.
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PucyHok 2. — 3aBHCHMOCTD IIABHBIX CKUMAIOINUX HANPSKeHUH oT JedopManmii MPH 3aJaHHBIX pacnpeieTeHHsIX
NPOJ0JIBHBIX U CABUIOBBIX AedopManuii 1isl «001bIINX» 3HAYEHUH H3rudaomero MOMeHTa
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C y4eToM BBISABICHHBIX 0COOCHHOCTEH MaTeMaTHYeCKOH MOJEH pa3paboTaH alrOpUTM ITOUCKA PEIICHUS
IUIsL 3aJJa4M OIIPENIeNICHUsl pacnpeneieHus aepopManiii, COOTBETCTBYIONIMX INIAaBHBIM CKMMAIOIIMM HaIpsDKe-
HUSIM, KOMOMHUPYIOIMH pa3InyHble CTPATErHU MOMCKA IPaHKIl 00JIaCTH PELICHHS U PELIeHHUs KaK TaKOBOT'O:

1) MeTomoM TOCIIEA0BATENbHBIX MPUOIMKCHUM HIEM HIDKHIO TPAHHILYy O0JNACTH OmpeaeeHus (QyHK-
MU TTIaBHBIX CKMMAIOIINX HANPSHKEHHH, OnpenersieMbIX 13 Kpyra Mopa;

2) cClIn Haﬁ}.‘leHHafI HHXKHSA 'paHUlla MCHBIIC g, , TO alIpMOPHAA BCPXHAS I'PaHHlla IPMHAMACTCA paBHOﬁ

€, , MHAYE TIPUHUMAETCS KaK MaKCHMAIBHO BO3MOKHAsS Cxkumarornast gepopmarust (0,06).

crt 2
3) MeTOomOM TUXOTOMHH KOPPEKTHPYEM BEPXHIOIO TPAHHITY 00JIACTH pemieHuns (061acTh OTPUIIATETbHBIX
3HA4YEHHH) TJIaBHBIX CKMMAIOIINX HANPSDKEHUH, ONPEAeIsIeMBIX UarpaMMHBIM METOJIOM;

4) MeToIOM CeKyIIHX B IpeAesax OMPEASICHHON 00JaCTH PEIICHHS HIEM TOUKY COBIAICHHS HCKOMBIX
HaIpsDKEHUU.

JlaHHBIN aNrOpUTM peann30BaH HaMU Ha s3bIke nporpammupoBanus C++. CpaBHUTEIbHBIE TECTHI C Ka-
HAJCKHUM IIPOTrpaMMHBIM KomIuiekcoM Response-2000 [11] yauBepcurera TopoHTO, ITOKa3aj, 4TO MPeaIoKeH-
HBIl HAMH JITOPUTM oOJiafiaeT Gosiee BHICOKOW CKOPOCTBIO CXOIMMOCTH M TOYHOCTBIO pacyeTa, JAaeT Ooiee
cTaOMIIbHBIE PE3yIbTAaThI pacuyeTa (OTCYTCTBHE «BBIKOJIOTHIX» TOUEK Ha IpaduKax pacrpesesieHuii) Ha Bcell 00-
JaCTH ONPEAETICHHUS.

C menplo peanu3aly NPeIOKEHHOH KOHEYHO-2JIEeMEHTHOH MOJIeIH B paMKaX HUCCIICIOBaHHMs pa3pa-
6orana OnbaMoTeKa PyHKIUH 110 (POPMUPOBAHUIO, PACUETY M BU3yaIM3aIIMK PE3yJIbTaTOB pacueTa NpoCTpaH-
CTBCHHBIX CTCPIKHCBBIX KOHCprKHHﬁ, TOCTPOCHHLBIX Ha CKATO-U30THYTBIX CTCPIKHCBBIX KOHCUYHBIX 3JICMCH-
tax. J{ns miockoro ciyvast ¢ 6 cTeleHsIMH CBOOOABI MaTpHUIla )KECTKOCTH U BEKTOP PEakIHii HUMeeT ClIeyo-
1107078820791

] q,L
EA o -EA 0 ES
| | 2
12E]  6EJ 12E]  6EJ a,L
e N E E 2 Y
6EJ  4EJ 6EJ  2EJ q,L* Vi
0 E | O | 12 0,
[k]; = A= Aak =
_E_A 0 0 % 0 0 % U,
I I 2 v,
0 _1251 _6523 0 12I3£J _6!52.1 q,L 0,
| | | | 2
o B 28, 6E) 4E) oL
L | | | I 2

rae  EJ— m3ruOnHas )KeCTKOCTh CEUCHUS,

EA — npotonpHas ’KEeCTKOCTh CCUCHHS;

L — mirHA KOHEYHOTO AJIEMEHTA;

u, V, 6 — ropu3oHTaIbHOE, BEPTHKAILHOE TIEPEMEIICHUS M YTOJI IOBOPOTA Y3JI0B KOHEYHOTO 3JICMEHTA.

[Ipu popmupoBaHUH TI0OATHHON MATPHUIIBI KECTKOCTH, JOKATBHBIC MATPHUIIEI YMHOKAIOTCS Ha MATPHIIEI
TpaHcGopMaIuil ¢ 1eNIbl0 MPUBEIEHUS UX K MI00ATBLHOW crcTeMe KOOPJAWHAT M COOTBETCTBYIOIIUM CTEIEHIM
cB000/IbI TI00ATBHON CUCTEMBI. Jlajiee TOKaIbHbIE MATPUIIBI OOBEAMHSIOTCS 110 PABIITY CYNEPIIO3UIIMHU TIO TIIO-
GaspHBIM cTerneHsM cBo0obl. K rinobansHoMy BekTopy {f} m00aBisiFOTCS COCpeIOTOYCHHBIE Y3I0BbIE HATPY3KH
U TpaHUYHBIC YCIOBUS. [loMydeHHYI0 CHCTEMY JHMHEHHBIX alreOpandecKuX ypaBHECHHH PEIAlOT MPSMBIMHU HJIH
HUTCPAUOHHBIMU METOaMU.

TpaaunOHHO H3TUOHAS KECTKOCTD Kele300€TOHHOTO JIEMEHTa OIPEISISIeTCs] KaK MPOU3BEICHNE H3TH-
Oarorero MOMEHTa Ha PaJyCc KPUBH3HBI HEUTPaJIbHOM ocH areMenTa. OIHAKO JUIs YCHUIICHHOTO O] Harpy3Koit
3JIEMCHTA MbI ONCPUPYEM IMOHATHUEM KPUBU3HBI 1 MOMCHTA JIO U IIOCJIC YCHUJICHUA. B Takom ciydae I/I3FI/I6Ha${
Y IPOAOJbHASI )KECTKOCTh ONPEIEISIETCS MHTEIPUPOBAHUEM:

EJ, =—[[E(x.y)(y—y,)*dxdy;

EA= —H E(x,y)dxdy.

54



OYHIIAMEHTAJIPHBIE HAYKHU. HUngopmayuonuvie mexnHoarocuu No 4

OCHOBHOE YpaBHEHHUE METOJa KOHECYHBIX 3JIEMEHTOB UISI BBIYUCIICHUSA HCpeMeH.[CHI/Iﬁ HUMECT BU

{8} =[K]"{F},
rae {8} — BeKkTOp nepeMeleHuil;
{F} — Bekrop BHewHEIl HATPY3KH;

[K] — rinobanpHas MaTpula )KXE€CTKOCTHU CUCTEMBI.

BekTop BHYTPEHHUX YCHIIHIA OT/IEIBHO B3SITOrO KOHEUYHOTO 3JIEMEHTA ONPEICISIFOT KaK MPOU3BEICHHE JIO-
KaJIbHON MaTPHIIbI )KECTKOCTU M BEKTOPA IIEPEMEICHU I y3JI0B KOHEYHOTO 3JIEMEHTA.

ITocTpoeHHass KOHEYHO 3JIEMEHTHAsI MOJICIb MOJBEPraeTcs aJanTHBHOMN JUCKPETU3AIUH: JajbHEHIIEMY
ABTOMATHYCCKOMY Pa30MCHHIO C IIaroM, COOTBETCTBYIOUIUM CPEIHEMY PACCTOSHUIO MEKAY TpemuHamu. Kax-
JIOMY KOHCYHOMY DJICMCHTY Ha3HA4YaeTCsl [UarpaMMa 3aBHCUMOCTH U3THOHON YKECTKOCTH OT M3THOAOIIETO MO-
MEHTA U MPOI0JILHOU CHITBI B BUZIEC KYCOUHO-TUHEIHO# 3 D-MHTEPIOIIAINY 10 BBIICIICHHBIM XapaKTePUCTUICCKUM
TOYKaM 3aBUCHMOCTH, MTOJyYCHHOM B MOIyJIC HEJIMHEHHOTO MOICITHPOBAHUS.

B nporiecce MOIeTUPOBaHKS HATPYKEHHUSI OPraHU3YETCsI [IUKIT TOCIIE0BATEBHOTO YBEIHMUCHHUS HArPy30K
¢ (ukcanueit MUHUMAaIbHOM KECTKOCTH KaXKIOTO CeYCHUs. Pe3ybraTel MOJCIMPOBAHNUS BHIBOSTCS B BUJIC aHU-
MaIllMU PACUETHOU CXEMbI, aHUMAILIUH U3MEHEHUsI 3M0P MOMEHTOB, Iepepe3bIBatoIIeil CHiIbI U poruba. Ha smrope
MOMEHTOB IIBETOM MILTFOCTPUPYETCSI U3MEHEHHUE KECTKOCTH KOHEYHBIX 3J1eMeHTOB. [Ipoliecc aHuMAaIuu OCTaHaB-
JIMBAETCS TIPU TOCTHXKCHUH MTPEACIBHOIO MOMEHTA, OIPEACIICHHOTO B MaTepualie, B KAKOM-TH00 KOHEUYHOM 3Jie-
Mmente. OTIHYMS B DMIOPAX MOMEHTOB, OTPEICICHHBIX 0 JTHHEHHOW M HEJIMHEHHOW MOJENN, MOTYT JOCTUraTh
30%. Pe3ysbTaT MOAEIMPOBAHUS 3-TPOJICTHOM Hepa3pe3HOi OaJIKu MMOKa3aH Ha PUCYHKE 3.
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Pucynok 3. — Pe3ysibTaT pacuera no JuHeiiHoii (¢) u HennHeiinoii (6) Moaeasm.
OTtianyue B onpegeeHM MAKCUMAJIbHOTO MOMEHTa cocTaBuI0 16,98%
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Kpome 3Toro Msl BUIMM, 9TO 3aMEeHa 00J1acTei TPEIMHOO0Pa30BaHNs €JMHCTBEHHBIM IIJIACTHYECKNM IIap-
HHPOM, YCTaHABIMBAEMBIM B CEpEIUHE MPOJIeTa UIN HaJ ONOPaMH, HE OTPa)kaeT pealbHOro Mpolecca mepepac-
npeJieIeH s HalpsDKeHUH W, COOTBETCTBEHHO, YCHIIMH. JlaHHOE 00CTOSTEIECTBO MMEET U AKCIIEPUMEHTAIBHOE O/
TBEPKJICHUE B LIEJIOM psifie UccienoBaHui, BoImoaHeHHbIX B NI ITosonkoro rocy1apcTBEHHOTO YHHBEPCHUTETA.

OmnpenenuB A1 KaXKJOro KOHEYHOTO 3J€MEHTa BHYTPEHHUE yCUIINS, TI0 HEJIMHEHHOH aedopMalioHHON
MOJIETIH MBI IMEEM BO3MOKHOCTB BBIYMCIUTE paclpeesieHne eopManunii 1 HanpspKeHUH 10 CEYSHUIO XKese30-
0ETOHHOTO 3JIeMEHTa U TOCTPOUTH M0JIe COOTBETCTBYIOLIUX IIAPAMETPOB B KOHCTPYKIMH B 11esoM. [IprMep BbI-
YHCIIEHHBIX MOJIEH IPUBOANTCS HA PUCYHKE 4.

17.00xkH
9.60kH/m

I““f'si‘”’fu¢wuuusf°‘f'”¢u“i““HHuui
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17.00cH

T SERREEE FERRE R RREY ERRERY EPTEEY!
P — T
17.00xH

9.60kH/M 9.60kH/M 9.60kH/M

IREREEEERRRE ZRRRRRREEEERRR iiil¢lliilli

) !
PP[CyHOK 4. — Tons Yriia HaKJIOHA O HANPAaBJICHUSA IJIABHBIX PAaCTATHBAOIIMX Haﬂpﬂ)l(el—lﬂﬁ,
HOPpMaJIBHBIX (npoeKuml Ha 0Cb X) Hanpsmcenm‘i Ox, KacaTeJbHbIX Haﬂpﬂ)l(e]-ll/lﬁ T

AHanu3 BBINOJIHEHHBIX UCCIIEOBAaHHUHN TT0Ka3all, YTO B OOJIBIIMHCTBE JIUTEPATypPHBIX UCTOYHUKOB [9] 11u-
PHHA PaCKPHITHS HAKJIOHHOM TPEUIUHBI W (MM) ONpeienseTcsl U3 OTHOCUTENIBHOIO YAJUHEHUS TOIIepeyHON apMa-
TYPBI €y, MM/MM, Ha OTIPEACICHHOM y4acTke |, Mm:

W= ssyl . (4)

Jnuny yuactka |, Ha K0oTOpOM onpezensercst e opMaliis ONEPEYHON apMaTyphl, pa3Hble HAyYHBIE [IKOJIBI
npejyIaraloT npuHUMath no-pasaomy. [lo EKB-®UB — 310 paccTosiHre MeX Ty HAKIIOHHBIMU TPEIIUHAMHE, MM

B 1
m™ 7 sin® coso ’
Smx Smy
rac Smx’ Smy — Iar HaKJIOHHBbIX Tpe].[II/IH COOTBCTCTBCHHO B HpO}IOHBHOM, HOHCpe'—IHOM HaHpaBHeHI/IﬂX, MM

%
s —2(c +2x]v025 %% s :2[0 +ij+0,25kl—y
10 Y 710 Paw

Psx

e C,, Cy — paccTosiHUE OT LEHTpa TAKECTU CEUEHMs O LUEHTpa TAKECTU COOTBETCTBEHHO IPOJIOIBHOM,

HONEPEYHOI apMaTyphl, MM;
0 — yros HakJIOHA IJIaBHBIX HANPSHKEHUH 10 OTHOLIECHUIO K MIPOJIOJIBHON OCH 3JIEMEHTA, paJl;
S, — PacCTOSHUE MEXKIY CTEPKHSAMHM MPOJOILHON apMaTypbl, MM,

S — Ilar MONEepEeYHON apMarTypsl, MM;
k, — koaddurmenT, yunTeiBaromuii GopMy NoBEpXHOCTH apMaTyPHBIX CTEpKHEH (MpoduibHas/TnanKkas);

D, &, — mMameTp COOTBETCTBEHHO MPOIOILHOM, ONEPEYHON apMaTyphl, MM;
P, — CTENEHb [POJOJIBLHOrO aPMUPOBAHKS, MM%/MM?;

P,, — CTEICHb MOIIEPEUHOr0 aPMUPOBAHKS, MM*/MM?;
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A, — IWIOWaabL CEYEHUs IPOIOILHON apMaTyphbl, MM
h — BBICOTa ceueHus dIIEMEHTa, MM,
b — mmpuHa ceuenus seMeHTa, MM;

A, — IJIOIA/Ib CEYEHHUs IIONEPEYHOMH apMaTypel, MM

AL _ A
“hpt P T

Bonee no3nuue nyonukanun EKb-OUB pekoMeHIyI0T BMECTO OTHOCHTENIFHOTO YAJIHHEHHUS OIIEPEYHOM
apMaTyphl g, NPUHUMATh OTHOCUTEIbHBIC AepOPMALMK [0 HANPABICHUIO [TIABHBIX PACTATMBAIOLIMX HANPSIKE-

2.
)

pSX

Huii B 6eToHe ¢, MM/MM. Takum o6pasoM, BeIpaxkeHue (4) mpuodperaer Bug W=¢,S .

cl?

Opnako oOpamjaeM BHAMaHHE Ha TO, 9TO B O0JIaCTH TPEUIMHOOOPA30BaHMS ONPEAEINTH YroJl HaKJIOHA
TJIaBHBIX HANpsDKEHWH MO OTHOLICHUIO K NPOJOJBHOW OCH 3JeMeHTa 0 He mpencraBisieTcss BO3MOXHBIM, HO-
CKOJIbKY HAaIlpsHKCHHUSI B OETOHE OTCYTCTBYIOT B CBSA3H C TEM, 4TO JeopManuy B OETOHE pacTIHyTOH 30HBI IIpe-
BBICHIIH TIPEJEIbHYIO IeopManuio Ha pacTsbkeHne. [103ToMy Mbl PMKCHpYEM yroJ MoBOpOTa, MPEALIeCTBOBAB-
Uit MOMEHTY 00pa30BaHMs TPEIIMHBL.

C y4eToM M3MEHEHHs )KeCTKOCTEHl KOHEUHBIX 3JIEMEHTOB I10Jl Harpy3KOoH U mepepacrpeesieHus yCUIni,
(uKcaly yIioB IOBOPOTA IVIABHBIX HANPSDKCHWH, a CIIEAOBATENILHO, HAIIPABICHUH 00pa3yIOMMXCs TPEIuH,
HaMH peajM30BaH allf'OPUTM IJIACTHYECKOTO PacueTa TPEIMHOOOpa30BaHus B KeJIe300€TOHHOM KOHCTPYKLIUH.

CpaBHEeHHE KapTHH TPEIIMHOOOPA30BaHMSA, ITOJMYUCHHBIX IUIACTUYECKHM M YIPYTMM METOAAaMH pacdera,
MPUBOAUTCS HA PUCYHKE 5.
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Pucynok 5. — CpaBHeHHe pacyeTHBIX KAPTHH TPELIHHO00Pa30BaHus IIacTHYeCKHM (a) u ynpyrum (6) meTogamm.
Vriibl HAKJIOHA IIABHBIX HANPSKEHHI MOKAa3aHbI KOHTYP-JTHHUSMU

-—

3akJjroueHue.

1. B pesynbpraTe BHITOJHEHHOTO UCCIIEAOBAHIS OCTPOCHA CHCTEMa KOHEYHO-3JIEMEHTHOTO aHAIIN3a TIPO-
CTPAHCTBEHHBIX CTATUYECKH HEOMNPEIEIUMBIX CTPOUTENILHBIX KOHCTPYKIMH C y4eTOM (PU3NUECKON HeJMHEHHO-
CTH, HCITONB3YIOIIEH peabHbIe TpadUKH 3aBHCUMOCTH KECTKOCTH JKeIIe300€ TOHHOTO 3JIEMEHTa OT BEKTOpa BHYT-
PEHHUX YCHUIIUHL.

2. DKCHEepUMEHTHI MOKa3alli, YTO MOJCTUPOBAHNE (PUIUICCKON HEIMHEHHOCTH ITyTEM HCKYCCTBCHHOTO
TOYEYHOTO TO3HIMOHUPOBAHMS CIEIHAIBHBIX KOHCYHBIX AJIEMEHTOB, HMUTHPYIONINX IDIACTUYCCKUN HIapHHUP,
HEKOPPEKTHO, IOCKOJIbKY Ul OLIEHKH PEaJbHOr0 HaNpsHKEHHO-IeOPMUPOBAHHOTO COCTOSHHS CYIIECTBEHHOE
CHIDKEHHE M3THOHOM U MPOAOIEHON )KECTKOCTH MPOUCXOTUT IO BCEH JUTMHE HATPYKCHHBIX KOHEUHBIX JJIIEMEHTOB
Y TpoIlecC TPEIUHOO0Pa30BaHUS UET Ha JOCTATOYHO MPOTSHKEHHBIX YYacTKaX KOHCTPYKIIUH.

3. HccrnenoBaHa 3aBUCHMOCTh TOYHOCTH MOZICITHPOBAHUS OT CTEIICHH AUCKPETH3AINN MOACITH U KOJI4e-
CTBa IIaroB MOCJIEIOBATEILHOTO HAPAIIMBAHUS HarPy30K.

4. TlocTpOeHBI aTOPUTMBI AITIPOKCHMAIIIH M BU3YATU3AIUH ITOJIS IeopMaIiii U OIS HATIPSHKSHHUH B JKeTe-
300€TOHHOM DJIEMEHTE Ha OCHOBE pacieTa CepUH CEUCHUH (HOPMATIbHBIX M HAKJIOHHBIX K MPOJIOIFHOM OCH DJIEMEHTA).
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MODELING OF CRACKING IN REINFORCED CONCRETE STRUCTURES BASED ON
DEFORMATION CALCULATION MODEL

D. GLUKHOV, D. LAZOUSKI, Y. LAZOUSKI, T. GLUKHOVA

The article proposes a method for modeling crack formation in reinforced concrete structures, based
on the integration of a nonlinear deformation model of a reinforced concrete element and the finite element
method. Within the framework of such integration, it becomes possible not only to take into account the change
in the stiffness of finite elements under the action of the load and the corresponding redistribution of internal
forces, but also to take into account the redistribution of stresses over the sections, the change in the field
of rotation of the principal stresses in the process of crack propagation. The paper proposes a method of combined
strategies that makes it possible to effectively solve the system of equations of equilibrium and compatibility
of deformations of the design model.

Keywords: finite element method, plastic deformations, inclined cracks, crack formation process, redistri-
bution of forces, bending and longitudinal stiffness.
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YIIK 004.932

OBPABOTKA U30BPAKEHUI
JIJIS1 ONPEJAEJIEHUS IPOYHOCTHBIX MAPAMETPOB INOJJUMEPHBIX IIVIEHOK

C.H. POTOBCKHH, O.B. TAHAHA, H.B. BABHUII[EBHY,
Kano. gus.-mam. nayk, ooy. C.A. BABUIIIEBUY
(Ilonoukuii zocyoapcmeennulii yHusepcument)

Paccmompenvt sonpocwl uchonv3oeanus yugpposoi 06pabomru u306padcenuli N0epXHOCMU noaumepd
nPU UCNLIMAHUAX HA MUKPOMEEPOOCHTb Olls ONPedeNeHUs 20MEMpPUIecKux pasmepos Omneyamro8, 301l paspy-
wenus u oegpopmayuu. Ilocmpoen aneopumm oOpabomku u300pAHCEHU U PedarU308aAHA NPOSPAMMA 0OPaAbOmKU
uzobpaxcenuil. Pe3ynomamvi MoOeauposans mo2ym 6bims UCHOIb3068AHbI NPU UCHBIMAHUAX NOTUMEDHBIX NILEHOK
HA MUKPOMBEPOOCHb Oid OnpedeieHUs NPOYHOCHHbIX XaPaAKMePUCTuK. MUKpomeepoocmu, mpeujuHoCmouKo-
cmu, yOerbHoll SHepeUuY OMCIAUBAHUS NIAEHKU.

Knrwouegvle cnosa: obpabomra uzo0opadicenust, npoepammuposanue, N08epPXHOCb, MUKPOUHOEHMUPOBA-
Hue, NPOYHOCMHbIE XAPAKMEPUCHIUKU.

Beenenne. llHpopManMOHHBIE TEXHOJIOTHUH IINPOKO PACIPOCTPAHEHBI BO BCEX chepax KU3HEACITEIb-
HOCTH 4yenoBeka. OHM JafoT BO3MOXKHOCTH OBICTPO M HanboJsiee TOYHO MPOBOANTH pacueTsl, 00pabaThIBaTh HH-
(hopManHrIo U UCKIIIOYUTh CYOBEKTUBHOCTh B aHAJIM3€e pe3yibTaToB. OJHAKO IPU OpraHU3alMy Hay4YHO -HCCIle-
JIOBATEJILCKOM pabOThl JajieKo He BCETAa JOCTATOYHO BO3MOXKHOCTEHW CTAaHIAPTHBIX MAaKeTOB MPOTPaMMHBIX
NPOAYKTOB Ui aHanu3a rpaduueckoit uadopmanuu. Kpome TOro, akTyanbHOCTh MCCIIEAOBAaHUN B 00JIACTH
QG poBoi HHGOPMAIMH TOCTOSIHHO BO3PACTAET, YTO CBA3aHO C BHICOKOH MH()OPMATHBHOCTBIO U JOCTYITHOCTHIO
ee mosryueHus. Bce 3T0 CBUIETENBCTBYET 0 HEOOXOAMMOCTH CO3/IaHUsl CIIELUATU3UPOBAHHBIX IPOTrPaMMHBIX
MPOIYKTOB, MO3BOJISIOIMX 00padaTeiBaTh crenn(puuecKyo HHPOPMAaLUIO, NOJIYYEeHHYIO B Buae Gororpaduu
WJIN BUICOCHUMKOB.

Lenpto HacTosmel paboOTH SBISIETCS pa3paboTKa MPOTPAMMBI, TO3BOJLIONICH MOTYYHTh MH(OPMALUIO
0 NPOYHOCTHBIX XapaKTEePUCTHUKaX MAaTEPHUAIOB HA OCHOBaHMH aHAJIN3a OTIIEYATKOB, 00Pa3yIOIUXCsl IPU MUKPO-
WHJICHTUPOBAHUN 00pa3IoB.

dusznyeckue acnekTsl NpoekTa. CoOBpeMEHHBIH MPOLIECC MPOU3BOACTBA IOIYTTPOBOAHNKOBEIX MPHOOPOB
NpeyCMaTPUBAET PsiJ TEXHOJOTMYECKUX 00paboTOK, B pe3ysibTaTe KOTOPBIX, IOMUMO IPOYHX, U3MEHSIOTCS Me-
XaHUYECKHE CBOMCTBA MaTepHaliOB, YTO, B CBOIO OYEPE]b, MOXKET MPUBOJUTH K MOSBICHHIO MUKPOTPEIINH, Iapa-
IMH, CKOJIOB U MHBIX Je€()EKTOB MOBEPXHOCTH. Y Ka3aHHbIE SIBJICHUS U MPOLECCH IPUBOIAT K MOBBIIICHUIO TIPO-
LIEHTa BBIOPAKOBKH TOTOBOI MPOIYKIUH U CHIKAIOT 3KOHOMHYECKYIO 3 PEeKTUBHOCTh MPOU3BOCTBA IPUOOPOB.
YcTaHOBIIEHO, YTO MEXaHUYECKUE CBOICTBA TIOJIYITPOBOAHMUKOB 3aBHCST OT M3MEHEHUS! UX Ae(hEeKTHO-ITPUMECHOTO
COCTaBa, KOTOPBIA CYIIECTBEHHO M3MEHSETCS IPH TEXHOJIOTHIECKNX o0padoTkax. C Hepio ONTUMHU3ALNN YCIIO-
BUil U PeXKMMOB IPOBE/ICHHS yKa3aHHBIX 00pab0TOK HEOOXOJMMO ITPOBOAUTH MTOCTOSHHBIM KOHTPOJIb TPOYHOCT-
HBIX XapaKTEPUCTUK MaTepUalioB Ha Ka)KJIOM dTalle MPOM3BOJICTBA U pa3pabaThiBaTh HAYYHO OOOCHOBAaHHbIE Me-
TOJVKH HM3TOTOBJIEHHS ITOJYITPOBOAHUKOBBIX CTPYKTYpP, KOTOPBIE YYMTHIBAIM OBl M3MEHEHHE MEXaHHMYECKHX
CBOMCTB HCIOJIb3yEMOT0 MaTepHuara.

st onpeniesieHusi IPOYHOCTHBIX XapaKTEPUCTHUK TBEPbIX MaTEPHAIOB HCIOJIb3YIOTCS Pa3jM4YHbIE Me-
TOJIBI, OZTHAKO METO/IOM, Hanboiiee MpUOIIKEHHBIM K PEIFHOMY TEXHOJIOTHYECKOMY TPOILIECCY, SBISIETCS MUK-
POMHIECHTHPOBAHKE, T.K. OHO IT03BOJIIET HanOOJIee TOYHO MOJIETIMPOBAaTh KOHTAKTHOE B3aMOIeicTBIE abpas3nB-
HBIX 4acTul ¢ 00pabaTbiBaeMbIM MaTepHAIOM. M3MepeHHst MUKPOTBEPAOCTH IIPOBOJISITCS 110 CTAHAAPTHON METO-
muke [1]. [Ipu 3ToM Ha UCTIBITYEMYIO TIOBEPXHOCTh 00pa3na HaHocATcst 30—50 OTIIeYaTKoB 1Mo/ IeHCTBHEM CTATH-
YeCKOW Harpy3Kd, IPHJIOKEHHOH K MHAEHTOpY. [0 M3MepeHHBIM TUaroHassiM OTIIEYaTKOB M JUITMHE 00pa3oBaB-
HIMXCSl MUKPOTPEIINH ONPEACISIOT MUKPOTBEPIOCTh, MUKPOXPYIIKOCTh, TPEIIMHOCTONKOCTh MaTepuala, a TakxkKe
YZICJIBHYIO SHEPTUIO OTCIauBaHMUs IIJICHKH.

Pa3mMepsl 0TIIEYaTKOB M TPEIIMH B COBPEMEHHBIX YCIOBHIX MOKHO IOJy4YaTh KaK B Pe3yJbTaTe IpoBe-
JICHHSI HETIOCPECTBEHHBIX SKCIIEPUMEHTOB 110 MUKPOWHICHTUPOBAHHIO, TAK ¥ HA OCHOBAHNH aHAJIN3a LU(PO-
BBIX (poTorpaduii u3o6paxeHuii ornevyatkos. OJHAKO U B TOM H B IPYTOM CiIy4ae HeOOXOANMO yUUTHIBATE PSJ
YCIIOBHH, CHIKAIOIIUX CyOBEKTHUBHOCTD B IPOBEJICHUHU U3MepeHHii. Tak, HanpuMep, NpakTHIeCKH HEBO3MOKHO
TOYHO M3MEPUTH THHY TPEIINH OT HHIEHTOpa, KOTOPhIE HMEIOT CIOKHYIO0 (popmy. OneHka 6anma MUKPOXPYII-
KOCTH TaKXe MOXET HOCHUTh CyObeKTHBHBIN xapakrtep. [loBbieHne 3 (GekTHBHOCTH NpOBeIeH s YKa3aHHBIX
BBIIIIE U3MEPEHUI U PACYETOB BO3MOKHO B PE3yJIbTaTe UX aBTOMATH3allMHU C NPUMEHEHUEeM HH(POpPMa IMOHHBIX
TEXHOJIOTHiA. B 4acTHOCTH, CylecTByeT HEOOX0MMOCTh CO3/[aHuUs IPOTPAMMHOI0 TPOYKTa IJisl paclo3HaBa-
HUsI 1IM(POBBIX HM300paXKeHHUH, MO3BOJSIIONUIETO POBOAWTh HA OCHOBAaHUM aHann3a (OTOCHHUMKOB IOJHBIN
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pacdeT NPOYHOCTHBIX XapaKTEPUCTUK Marepuana. B xadecTBe cpensl pa3paOOTKH MPOrpaMMHOIO MPOIYKTa
ObL1 BEIOpaH s13bIK TporpammupoBanus Python. Cxema 00paboTKy 1 aHaJIN3a JaHHBIX HU(PPOBBIX H300paKEeHUH
BKJIIOYaja B ceOs CIEIYIONINE ITAIIbI:

— aHaJIN3 BXOJHBIX JTAaHHBIX N300pakKeHHUS;

— 00paboTKa BXOJHBIX TAHHBIX;

— HCHOJIb30BaHUE MEIMAHHOTO (QUIBTPA;

— TpUMeHeHHe (QYHKIHMH IOPOTOBBIX 3HAYCHHH;

— IIOUCK KOHTYPOB H300paKeHUS;

— oToOpakeHHe KOHTYPOB Ha M300paXKCHUH;

— BBIYHCIICHHE T€OMETPHUYECKIX TapaMeTpoB 00beKTa POTOrpadupOBaHHUS.

PaccmoTpum Goree monpoOHO Tambl 00paboTKH H300paKEeHHS.

Bxoanble nanHble M300pakeHusl. BXOAHBIMM NaHHBIMH SBISIOTCS (OTON300paKEHHS OTIEYATKOB
NIPY MHICHTUPOBAHMH MOJIMMEpPa, HAHECEHHOTO HAa KPEMHHUEBYIO MOJUIOKKY (pUCYHOK 1, a). 300paskenue moay-
YeHO MeToJoM Iu(depeHInanbHO-NHTEP()EPEHIIMOHHOTO KOHTpacTa [2], HO3BOJISIONIETO BBHISIBUTH HEPOBHOCTH
MIOBEPXHOCTH IoJuMepa. B eHTpe Habiro1aeTest OTHeYaToK MUpaMuIbl MHIICHTOPA B TIOJIMMEPHOM IJIIEHKE, OKPY-
JKCHHBII HaBaJlaMHU MOJUMEpa. 30HA HABAJIOB UMeeT chepuueckyto dhopmy. M3o0pakeHrne cocTout U3 Habopa
nkcenei. Ecnu npencraBute n300pakeHHe B BUJIE CETKH, TO KaXK/bIil KBaApaT B CETKE COJIEPKUT OJIUH ITHKCEb,
rae kBaapat ¢ koopaunatamu [0, 0] — 310 neBbiii BepxHuit mukcens. Pazmep nzobpaxenus cocrasmsiet 200x200
MUKCeJIeH, 4To B COBOKyMHOCTH cocTaBisiet 40000 mukceneil. Bee mukcenu B n300pakeHUH PEACTABIICHBI B I[BE-
ToBOM mpocTpancTtee RGB (red, green, blue — kpacHsiii, 3eneHbIi, CHHHUIA), TIe OJHO 3HAUEHHUE IS KPACHON KOM-
NOHEHTBI, OJJHO IS 3eJICHON M OIHO Ui cuHed. Kakias u3 TpeX KOMIIOHSHT NpENCTaBlIcHa LEJbIM YKHCIOM B
nuana3one oT 0 10 255 BKIIOUUTENBHO, KOTOPOE YKa3bIBAET KAK «MHOT'0» LIBETA COAEPKUTCSI.

Ecnu nmpoBecTH THHUIO 110 HEHTPY M300paskeHus (PUCYHOK 1, 0) U B3ATh Bce 3HaueHMsT KOMIIOHEHT RGB,
MO>KHO MOJYYHUTh FTUCTOrPAaMMYy 3HaYeHHH LBeTa (PUCYHOK 2, @). Ha ructorpaMmme MOKHO yBHAETb, KaK U3MCHS-
FOTCS 3HAUCHHUSI KOMIIOHEHT B 3aBUCUMOCTH OT LIBETOB HA TOH JIMHUH.

2 0

a — BX0/IHOe N300pakeHNne; 6 — H300paskeHHe Mocje HCNOIb30BAHNUS MeIHAHHOTO QUIbTPA;
6 — H300pakeHUe C JUHHEIl, 10 KOTOPOoii OepeTcs 3HAYeHHe KOMIIOHEHT;
2 — H300pakeHNe Mocjie NpuMeHeHHs! QYHKIMH MOPOTOBBIX 3HAYEHHIl; 0 — GUHAPHOE N300pakeHHe

PucyHnok 1. — Jtanbl 06padoTKH BXOJHOI'0 H300paxKeHUs
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O0pabdoTka BXOAHBIX AaHHBIX. 111 00paboOTKM MaHHBIX M300paxkeHHH BhIOpaHa Ombimmoreka OpenCV
H 36K porpammuposanus Python [3]. OpenCV (Open Source Computer Vision Library) — onxa u3 camsix mo-
OyJISPHBIX OMOIMOTEK AT MPUIIOKEHHH M0 KOMITbIoTepHOMY 3peHuto. OpenCV-Python — ato Python-Bepcust uH-
tepdeiica s OpenCV. Hannune kona Ha si3pike C/C++ naHHOM Bepcun OMONMMOTEKH B O3KEHJE TapaHTHPYyeT
obicTpoTy ee pabothl, a Python-o6epTka Bo dpoHTEHIE 0OecreunBaeT JIETKOCTh HACTPOHKH U pa3BEpPTHIBAHUSL.
Bnarogapst atomy OpenCV-Python siBisieTcst OTIIMYHBIM pelICHUEM JJIsl BHICOKOHATPYKEHHBIX BBIYACIUTEIBHBIX
MPOTpaMM I10 KOMITBIOTEPHOMY 3peHHI0. Takxke B OMONINOTEKE CONEPKUTCS OTPOMHOE KOJIMUECTBO aIlOPUTMOB,
ecTh HHTEP(EHCHI JUTT MHOTHX SI3BIKOB ITporpaMMupoBanus — Java, Ruby, Matlab, Lua, C/C++.

DuabpTpanMs MCXOAHBIX AAHHBIX. BXo1HOE H300pakeHHE CONEPIKUT IIYM, KOTOPBII MELIAIOT aHATIN3Y
n3o0paxxeHns. CymecTByeT MHOTO Pa3IMYHBIX THIIOB IIYMOB, TAKHX KaK FayCCOBCKHH LIyM, IIYyM «COJIH»
U «mepla» u T.A. Mbl MOXXeM YAAIUTh 3TOT IIYyM U3 U300paKeHUs, IPUMEHUB QUILTP, KOTOPBIHA €ro yaaiseT
WY, TI0 KpaifHe#l Mepe, CBOJUT K MHUHHUMYMY ero BiusHHe. CyIIecTByeT MHOYKECTBO Pa3IMYHBIX (HIBTPOB,
HanpuMmep, ycpeauasromuii ¢punsTp (box filter), Mmennanusiii unsTp (median filter), pmibTp THIIOB BOIH (MO-
JoBbIi GuibTp, mode filter), punbTp 'aycca (Gaussian filter) u np. ns yaaneHus mryma B HallleM alrOpUTMe
00paboOTKU UCTONB3YeM MeIuaHHBbIH GuIbTp. MenuanHbli QUIBTP — OJUH U3 BHIOB HU(PPOBBIX (UIBTPOB,
KOTOPBII IIHPOKO UCHOJIB3YyeTCs B IIM(PPOBOI 00pabOTKe CUIHAJIOB U N300payKeHUH U1l yMEHBIICHHS YPOBHS
myma. MeanaHHOe CrilaXMBaHUE MPUMEHSIETCS B allTOPUTMax OOHapyKeHHUs KpaeB, IOTOMY YTO IPH Onpese-
JICHHBIX YCJIOBHUSIX OHO COXpaHs’eT Kpas, ynaiuss myM. B pesynbrare npuMeHenus: GuibTpa rucrorpaMma 3Ha-
yenuit RBG crana 6osiee poBHO#M (pUCYHOK 2, 0).

R

200 2004

——B

150 150

100 100

3HaueHMe uBeTa
3HaueHue uBeTa

50 504

T T T T
0 100 200 0 100 200
Homep nukcens Howmep nukcens

a o
a — IBETAa HA UCXOHOM H300paKEHNH; 6 — BETA HA H300PaKEHUH Mocae GUIbLTpa

PucyHnok 2. — BuszyaiabHoe npeacTaB/ieHne IBETOB Ha H300paKeHHH

IIpumenenue moporoBuIX 3HaAYeHUH. [y onpenieneHnst KOHTypa ciesa npearaetcesi QyHKIUs Moporo-
BBIX 3HAYEHHH, pa3aensionas (oH 1 NCKOMBIH ciel. POH XapaKTepHu3yeTcs TOCTOSHHBIMY 3HAYEHUSAMH [IBETOB,
a 714 cJlefia XapaKTePHO Pe3Koe N3MEHEHNe 3HAUCHUH [1BeTa OTHOCUTENILHO (poHa. I1o rHcTorpaMmme MOXKHO OIIpe-
JIeIINT, TJIe HaxoAuTcst OH M HYKHbIH ciiea. /s oTnenenus cnena oT (oHa UCTIONb3yeTcs (DYHKIIMS TIOPOTOBBIX
snauenuii cv2.threshold(). @yukums npuHIMaeT u306paxeHue, Toporopoe 3Hauenue ot 0 10 255, MakcuManbHOe
3Ha4YeHHe, KOTOPOE MIPHUCBANBAETCS 3HAUSHHSIM MTUKCEJIEH, TUIT TOPOTOBOro npeodpaszoBanusi. Kak ykazaHo Bsiile,
n300pakeHne cocTouT u3 komroneHT RGB u kaxxaas komnoneHTa umeeT 3Ha4eHus ot 0 1o 255. Ecnu ycTaHOBUTD
B IIporpaMMme noporosoe 3HadeHne 140, To Bce 3Ha4eHNS KOMITOHEHT Bbime 140 mpuMyT 3HadeHus 255, a KOMIO-
HEHTHl co 3HaueHWsMHU Hmke 140 mpumyt 3Hadenue 0. [locime mpumeHeHHS (QYHKIMH MTOPOTOBBIX 3HAYCHUH
Ha M300pa’keHnH ciiel uMeeT 0ojiee OTYETIIMBBIN KOHTYp (CM. pUCYHOK 1, 2). T.e. oH cranm YyepHBIM M TIPHHSIT
3HaueHwus 0, a 006JacTh BHYTpPH ciena cTajia Ooliee IPKOM 1 MpHHSUIa COOTBETCTBYIOIIECE 3HAYCHHUE.

IMouck koutypoB. KoHTYp 00BeKkTa — 3TO €ro BHIUMEBIA Kpal, KOTOPBIH OTHeNnseT ciex oT ¢poHa. B neii-
CTBHUTEIILHOCTH OOJIBIIMHCTBO METOJIOB aHAIN3a N300pa)kKeHHH paboTaloT UMEHHO ¢ KOHTYpaMH, a He C IHUKCe-
JSIMU Kak TakoBbIMU. bubimoreka OpenCV peanusyet ynoOHbIE METOABI ISl ISTEKTUPOBAHUS ¥ MAHUITY LUK
C KOHTypamu n300paxenus. J[jist morncka KOHTYpoB ucmoib3yercst dyukmmst cv2.FindContours(). Jauuas GpyHk-
L1l IPUHAMAET TPH 3HAYCHHUS: M300paKEeHUE, PEXKUM IPYIIIIUPOBKU U METOJI yIIAaKOBKH:

1) peorcumobr epynnupoeru:

CV2.RETR.LIST — BblzaeT Bce KOHTYpBI 0€3 rpyIITUPOBKH;
CV2.RETR.EXTERNAL — BbIiaet TOJIbKO KpaiiHHE BHEIIHHE KOHTYPBI;
CV2.RETR.CCOMP — rpynnupyer KOHTYpbI B IBYXypOBHEBYIO Hepapxuioo. Ha BepxHeM ypoBHE —

BHEITHHE KOHTYpHI 00bekTa. Ha BTOpOM ypoBHE — KOHTYpHI OTBEPCTHH, €CIIM TaKOBble MMeroTcs. Bce

OcCTalIbHbIE KOHTYPHI ONAIaf0T Ha BEPXHUH YPOBEHb;

CV2.RETR.TREE — rpynnupyer KOHTYpbl B MHOTOYPOBHEBYIO HEPAPXHIO;
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2)  Memoobl YnaKosKu.:

CV.CHAIN.APPROX.NONE — ymakoBka OTCYTCTBYET M BCE KOHTYPBI XpaHSATCS B BUJIE OTPE3KOB,

COCTOSIILIUX U3 ABYX IHKCEJIEH;

CV2.CHAIN.APPROX.SIMPLE — cknenBaeT Bce ropH30HTANIBHBIE, BEPTHUKAJIbHBIC U TUarOHaJIbHbIE

KOHTYBI;

CV2.CHAIN_APPROX.TC89.L1, CV2.CHAIN.APPROX.TC89.KCOS — mnpumMeHsieT K KOHTypam

MeToA ynakoBku (ammpokcumaimu) Teh-Chin.

CortacHo cBoeMy (opmaTy GyHKIms Toncka kouTypos cv2.FindContours() mpurmMaeT n3o0pakeHue, mpej-
CTaBIICHHOE B IIBETOBOM IIPOCTPAHCTBE I'paaliuii ceporo(MoIyToHOBOe). UTOOH mepeBecTH n300pakeHUe B I[BETO-
BOE MPOCTPAHCTBO Tpaaluii ceporo mpuMensiercs Gpyukims cv2.cvtColor(image, cv2.COLOR_BGR2GRAY). Jlan-
Hast QYHKIWS C MCTIOJB30BAHUEM CIIENHANBHBIX (DIIaroB rmpeoOpa3oBEIBaET H300pakeHNE B IPYTOe IIBETOBOE IPO-
CTPaHCTBO COTJIACHO 3aaHHOMY ¢uary. B oubmmorexe OpenCV noctymao 6onee 150 ¢maros npeodpazosanust. [1o-
cIie PUMEHEHHs (PYHKIMH MOMCKa KOHTYPOB H300pakeHHE TOTOBO [is 00paboTKH (M. prCYHOK 1, 0). [TonyueHHbie
KOHTYPBI Clie]a HY’KHO OTOOPa3UTh Ha HCXOAHOM M300pakeH!H Npu nomoru GyHkimu cv2.drawContours(). OyHk-
¥s IPUHUMAET U300paXkeHHe, KOHTYP, IIBET KOHTYypa (3agaHHbi B nanuTpe RGB), TonmuuHy KOHTypa B MUKCENsIX.

PesynbraT 0TOOpakeHUI KOHTYpa Ha U300paKeHUH MPECTABICH HA pUCYHKE 3, a. Ha m300paxeHuu BbI-
JIETIHIIOCh HECKOJILKO HEOOJBIINX HEHY)KHBIX KOHTYPOB, KOTOpBIE clienyeT yopaTs. IIpu oToOpakeHHH KOHTYPOB
Ha H300paXEeHUH UX HEOOXOTMMO OTCOPTHPOBATH M0 ruroraau. [Ipu momornu yrkiu cv2.contourArea() MoxHO
MOJYyYUTh 3HauCHHE IUomann. OyHKIHS NPUHUMAET Bce KOHTYPHI U BBIAACT 3HAUYCHHE IUIOMIAAN B MHUKCEISX,
TIOCJIE YETr0 HyXKHO yOpaTh Bce HEHY>KHbIE KOHTYPBI, OTCOPTHPOBAB MX MO Iuromany. OyHKIus IIomanay 3aJaeTcs
BeIpakeHneM S = cv2.contourArea(contours[i]).

2 0

a — n300pakeHne ¢ HAHECEHHBIM KOHTYPOM;
0 — n300pakeHHe ¢ HAHECEHHBIM KOHTYPOM I0CJIe COPTHPOBKH KOHTYPOB 10 pa3Mepy;
6 — cJIe]l MOJIy4eHHOT0 KOHTYpa Ha YepHoM ¢one;
2 — clie]] 00beKTa Ha YepHOM GoHe Mocjie coeIHHEHNsI KOHTYPOB;
0 — NCXO/IHOE M300pakeHHe ¢ HAHECEHHBIM KOHTYPOM

PucyHok 3. — JTanbl NoucKka 1 0TO0OpPakeHUs] KOHTYPOB HA HCXOHOM M300paskeHUU

W3-3a HEpaBHOMEPHOT'O OCBEMICHHS MbI TOJYYHIH HECKOJbKO KOHTYpPOB (CM. PUCYHOK 3, 6), KOTOpBIE
HYKHO 00BeIMHUTH B 0J1H. KOHTYp COCTOMT M3 TOYEK, M MPH COEAMHEHUH TOYEK KOHTYpa MOJYYMIN O0BEKT,
KOTOPBII COBIAX CO CIIEAOM (CM. PHCYHOK 3, 8). [lomy4deHHBIN clie COBIIaaeT ¢ MCXOTHBIM 00pabaThIBaeMBIM
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n300pakeHneM (CM. PUCYHOK 1, @), KOHTYp K KOTOPOMY SIBIISICTCS IIeTbI0 00padoTKU. JIJIsl MOTydeHHS TOJHOTO
KOHTYpa OCTaeTcsi IPUMEHHUTh (YHKIHIO ITOMCKa KOHTYPOB M OTOOpa3HUTh MOJNYyYEHHBIH KOHTYP Ha UCXOJHOM
n3o0paxeHnu. Pe3ypraT nokaszaH Ha pUCyHKe 3, 0.

Peanu3zanus JaHHOTO aITOPHUTMA MOUCKA KOHTYpa MOXKET OBITh MCIIOIb30BaHa ISl ONPE/ICIECHHs TeOMET-
PHYECKUX ITapaMEeTPOB OTIIEYATKOB IPH WHASHTUPOBAHUH IIOJIMMEPOB, YTO Ja€T BO3MOXKHOCTh PACCUUTATh HEKO-
TOpPBIE MPOYHOCTHBIE XaPaKTEPUCTUKU:

— OKOHTYpHBaHHE OTIICYaTKa JIaeT BO3MOKHOCTh ONPECIIHUTD JIBE INaroHajiy oTiedaTka, HabpaTh cTa-
THCTHKY PACIpelesIeHUs] OTIIEYaTKOB, ONPEACIUTh CPEeIHee 3HAYCHHE U PacCUMTaTh MHKPOTBEPIOCTH MOJH-
mepa [4];

—  OIIpeAeNICHHE KOHTYpPa PaANaIbHOMN TPEIIHMHBI I03BOJIACT HAWTH JUTMHY TPEIMHBI, CTATHCTHYECKOE pac-
npeneseHre JJIMH TPEIMH M C YISTOM BEJIMYMHBI MHKPOTBEPAOCTH PacCUUTaTh TPEIIMHOCTOUKOCTE Ki. (K03(-
(huIIieHTa HHTCHCHBHOCTH HAIIPSDKEHUN) MaTepuana [5];

— HaxoXXIEHHE pa3MepoB Pa3pyLIEHHON 00JIaCTH MO3BOJISIET PACCUUTATH YJICIBHYIO SHEPTHUIO OTCIIauBa-
HUS TUICHKH, SIBIISIFOLYIOCS] XapaKTEPUCTUKOM a/ire3uH MOJIMMEPHOH IUIEHKH K OCHOBE [6].

3akaouenne. Takum 00pa3oM, peaM30BaH alropuT™M 00pabOTKM LBETHBIX M300payKeHUH, MMOTyYEeHHBIX
npu GpororpagupoBaHNH TOBEPXHOCTH MOJIMMEpa MOCHIE UCTIBITAHUH Ha MUKPOTBEPIOCTh, MMEIOIINHA CBOEH Iie-
JIBIO ONpeieNIeHHEe IEOMETPUIECKIX Pa3MEPOB OTIIEYAaTKOB, KOHTYpPOB 00J1acTeld HAaBaJIOB, [UIMH TPELIUH U JPYTHX
00BEKTOB. ITO MUMEET CYIIECTBEHHOE 3HAYCHUE JJIsi OOBEKTHBHOIO ONpPEEICHUS IPOYHOCTHBIX XapaKTEPUCTUK
MaTepHaJIOB U JJII aBTOMATH3aLMHK IIPpoLecca N3MEPEHHs B MaTePHAIOBEICHUH.

JIMTEPATYPA

1. JlutBuuOB, FO.M. MeTonmonorus onpeneneHns MEXaHHUECKUX CBOMCTB MOJTYHIPOBOIHUKOBEIX MaTEPHATIOB C MTOMOIIBIO
METOZa HEeMpPEephIBHOTO BaaBiuBaHus uHIeHTopa / FO.M. JlutBunos, M.1O.JlutBunoB // M3BecTus By30B. Martepuaisl
anekTpoHHoM TexHUKU. — 2004. — Ne 4, — C. 11-16.

2. Anncosuy, A.T'. Ontuueckue 3QdEKTs MPH MHUKPOCKOIIMH HEMETaUTHuecKix MarepuaioB / A.I.Anucosud // JIutbe
u Metamtyprust. — 2017. — Ne 1. — C.110-114.

3. Bradski, G. Learning OpenCV. Computer vision with the OpenCV library / G.Bradski, A.Kaehler // O'Reilly Media,
Inc. — 2008. — 580 p.

4.  Dusnko-MexXaHWYECKUE CBOMCTBA OOIYUEHHBIX IJICHOK JHAa30XWHOH-HOBOJIAYHOTO (hoTopesucta Ha kpemunu / C.A.Ba-
ouesuy [u ap.] // Bectn. [Monou. roc. yu-ta. Cep. C, ®ynnam. Hayku. — 2020. — Ne 12. — C. 60-64.

5. TIpo4HOCTHBIC CBOWCTBA CTPYKTYpP (POTOPE3UCT — KPEMHUA, yY-00IyUCHHBIX U UMILUIAHTHPOBAHHBIX HOHaMu B* u P* /
C.A. Babumiesuu [u ap.] // Bectn. Iono. roc. yu-ta. Cep. C, ®ynnam. Hayku. — 2016. — Ne 12, — C. 30-36.

6.  Adhesion of diazoquinon-novolac photoresist films with implanted boron and phosphorus ions to single-crystal silicon /
S.A. Vabishchevich [et al.] // High energy chemistry. — 2020. — V. 54, Ne 1. — P. 46-50.

Hocmynuna 12.05.2021

IMAGE PROCESSING FOR DETERMINING STRENGTH PARAMETERS OF POLYMER FILMS
S. RAHOUSKI, V. TANANA, N. VABISHCHEVICH, S. VABISHCHEVICH

The issues of using digital processing of images of the polymer surface during microhardness tests to de-
termine the geometric dimensions of indentations, zones of destruction and deformation are considered. An image
processing algorithm has been built and an image processing program has been implemented. The simulation
results can be used when testing polymer films for microhardness to determine the strength characteristics: mi-
crohardness, crack resistance, specific peeling energy of the film.

Keywords: image processing, programming, surface, microindentation, strength characteristics.
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DOU3HUKA

YK 546.28:621.315

TPEIIMHOCTOMKOCTH IJIEHOK TUA30XUHOH-HOBOJIAYHOI'O ®OTOPE3UCTA
HA INTACTUHAX MOHOKPUCTAJUVIMYECKOT'O KPEMHUA

Kano. gus.-mam. nayx, ooy. C.A. BABHIIIEBHUY, H.B. BABHIII[EBHY
(Ilonoykuii zocyoapcmeennwlii yHugepcumem),
kano. gus.-mam. nayk /I.4. BPHHKEBHY, kano. ¢pus.-mam. nayk, ooy. B.C. IPOCO/IOBUY
(benopycckuii 2ocyoapcmeennuiit ynugepcumem, Munck)

Memodom MUKpouHOeHmuposarus ucciedo8anvl Koagguyuenm eazxocmu paspyuienus K c u spgpexmue-
Has dHepeusi paspyuwieHus y NieHOK NO3UMUBHO20 OUA30XUHOH-HOB0AUH020 (omopesucma mapku DPI19120
Ha kpemuuu. [loxkasano, umo oba napamempa mpewuHoCmMouKoCmu Y8eauiu8aromcs ¢ pOCMOM HASPY3KU U cyuje-
CMBEHHbIM 00pA30M 803PACMAIOM NPU CHUNCEHUU MOTWUHBL (POMOPE3UCTNUBHOU NIeHKU. V HAHeCeHHbIX Ha Nia-
cmunbl Kpemuus ¢ opuenmayueti (100) naenox @I19120 0ba napamempa mpewurnocmotixocmu eviute Ha 50-80%,
uem y NIeHOK Ha Kpemuuu ¢ opuenmayueti (111). Honnas umnianmayusi npusooum K y8eiuteHur0 mpeuwjuHoCcmo-
KOCMU (homope3ucmusHol NieHKy, npuvem npu umnianmayuu ocgopa sgpgexm npossnsemcs cuivhee, yem
npu enedpenuu B*. Tlocie camma-obnyuenus kosgpguyuenm ssazkocmu paspyutenus Kic cHuxcaemes npumepho
6 2-3 pasa 0na écex uccredosasuiuxcs nienok. Ommeuennvle gvluie 0COOEHHOCNU MUKPONPOYHOCHHbIX CEOUICE
NIEHOK (homopesucma Ha Kpemuuu 00ycio6ienvl ad02e3UOHHbIMU NPOYECCAMU, NPOMEKAIOWUMU Y 2PAHUYbL PA3-
dena pomopesucm/kpemuuti npu oonyuenuu 2amma-keanmamu °Co u uonnoti umnianmayuu.

Knroueeswvie cnosa: ouazoxunon-HoBOIAYHBIL PE3UCH, MUKPOUHOCHMUPOBAHUE, MPEUWUHOCIOUKOCTb, KO-
agpPuyuenm es3xK0cmu paspyulenus, 2amma-ooyiuernue, UMNIAHMAayus..

Beenenne. OHIUM M3 OCHOBHBIX TEXHOJOTHUECKUX IPOIECCOB COBPEMEHHOM 3JEKTPOHUKHU SBISETCS
¢doronurorpadus (DJI) — MeTox MosydeHUs ONpEIeICHHOT0 PUCYHKa Ha TIOBEPXHOCTH MOJIYIIPOBOAHHUKOBOM I11a-
ctussl [1]. Posb ee moctosiHHO Bo3pacTaet. Tak, eciu nmpu GOpMUPOBAHUH 3eMeHTHOH 6a3bl mo N-MOII texHo-
noruu npuMensiercst 1o 10 omepanmii poromurorpadun, N3 KOTOPEIX MaCKHPOBaHNE HOHHOTO JISTUPOBAaHHS 0bec-
neunBaroT TpH, To B BUKMOII texHonorun npumensietcs yxxe nopsiaka 22 onepauuit ®JI, u3 KoTopbIx MacKupo-
BaHMe obecrieunBaloT 6osiee aecaTy [2]. OCHOBHBIMM MaTepHaIaMH ISl OCYIECTBICHHS JINTOTpa(uIecKux mpo-
LECCOB CIyXaT PE3UCTHl — OPraHUYECKHE MHOTOKOMIIOHEHTHBIE MOJIMMEPHBIE KOMIO3HMLIUU, YyBCTBUTEIbHBIC
K BO3JIEHCTBHIO KaKOTO-THOO BBICOKOIHEPIETHUECKOTO M3JIydeHHUs! (ONTHYECKOTO, PEHTI€HOBCKOI0, TIOTOKA
MOHOB MM JIEKTPOHOB). Pa3nuuaroT HeraTUBHBIC M IO3UTHBHBIE PE3UCTHL. B MO3UTHBHBIX poTOpesncTax mposkc-
MOHUPOBAHHBIE CBETOM 00JaCTH M3MEHSIOT CBOM CBOIMCTBA M CTAHOBSTCSA PACTBOPUMBIMH B mienodax. Hanbomnee
IIMPOKOE MPUMEHEHHUE B TEXHOIOTHYECKHUX MPOLECCaX MUKPORIEKTPOHUKHU MOTYIHIIN IIO3UTHBHbIE IBYXKOMIIO-
HEeHTHbIe (OTOPE3UCTHI HAa 0a3e CBETOUYBCTBUTEIHHOIO JMA30XMHOHA W HOBOJIAYHOW CMOJIBI, MCIIOJIb3yEeMOU
B KauecTBe OCHOBbI. OIHOW M3 HanboJsee BaXKHBIX XapaKTePUCTHK (POTOPE3UCTUBHBIX IUICHOK Ha MOJIOKKE MO-
HOKPHCTAJUTMYECKOT0 KPEMHUS SIBIIICTCS MX YCTOHYMBOCTh K MEXaHWYECKUM Bo3JeiicTBusAM. Panee B [2—5] moka-
3aHO, YTO MOHHAs MMIUIAHTALMSA U TaMMa-00JydeHHe MOTYT CYIIECTBEHHBIM 00pPa3oM M3MEHSATH CIIEKTPaJIbHbIC
XapaKTEepPUCTUKN (POTOPE3UCTUBHBIX IUICHOK M MX A/Ar€3HI0 K MOHOKPHCTAUTMUECKOMY KpeMHHIo. B HacTosme
paboTe METOZOM WHAECHTUPOBAHUS HMCCIIEOBaHbI (PM3MKO-MEXaHHUECKHE CBOMCTBA (TPEIIMHOCTOMKOCTH M 3(-
(eKkTUBHAs SHEPTHs paspylleHHUs) OOJYUYCHHBIX M WMIUIAHTHPOBAHHBIX HOHAMU B* u P* mieHok mo3uTHBHOTO
JTNa30XMHOH-HOBOJIAYHOTO (oTope3ucta mapku PI19120.

Metoauka uzmepenuii. [Inenku quazoxuHoH-HOBoJAYHOrO pe3ucta Mmapku ®I19120 Tonmmnoit ot 1,0
J10 5,0 MKM HaHOCHWJIMCh Ha MOBEPXHOCTh MOHOKPUCTAJUTMYECKHX IIacTHH (auametp 100 MM) KpeMHHUS pa3iIndHBIX
Mapok (tabauuel 1, 2) meTogoM nentpupyruposanus. TolKHa NIEHKH pe3ucTa h =~ OIpenesslach CKOPOCTbIO

BpamieHust U cocrapisuia 1,0 Mk mpu ckopoctu Bpamienus V = 8300 o6/muH; ~ 1,8 Mkm — nipu V = 2900 06/muH;
~ 2,5 MM — mipu V = 1200 06/muH. [Tnenku tommuuaoi h = 5,0 MKM (OpMHUPOBANTKCE B [IBE CTAIHU IPU CKOPOCTH
Bpamienus V = 1800 o6/MuH Ha 00eux craausx. TommyHa MIIEHOK KOHTPOJIUPOBAIACH C TIOMOIIBI0O MUKPOUHTEP-
tdepomerpa MNUN-4 o msitn prKCHpOBaHHBIM TOYKaM (LIEHTP, BEpX, HU3, CIIEBA, CIpaBa) Ha KaXKA0H IUIaCTHHE,
MIPH 3TOM OTKJIOHEHHS OT CPEIHEr0 3HAYEHUS IS BCEX MCCIENyeMBIX 00pa3IoB (HE3aBHCHMO OT OpHUEHTAINH
Y JIETUPOBAHMS TUIACTHHBI) HE TPeBbImay 2%, 4To OJIM3KO K MOTPEIIHOCTH H3MEPEHHH.
MUuKpouHIeHTHpOBaHEe TpoBoMIIock HA pudope I[IMT-3 no craHnapTHOW MeTOIUKE NMPU KOMHATHOM
TemriepaTtype. B kauecTBe MHIEHTOpPA HCIIOJIL30BAIICS aIMa3HbIl HAKOHEYHUK B (OpMeE YeThIpEeXIpaHHOM IHpa-
MHJIBI C KBaJpaTHBIM OCHOBaHWEM M YIJIOM IpH BepiiuHe o = 136°. Harpyska P Ha MHIEHTOp BapbHpoOBanach
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B mpexaenax oT 1 go 100 r. M3mepeHuss MUKPOTBEpAOCTH H TPOBOAMINCH MO BOCCTAHOBJICHHOMY OTIIEYATKY
C UCTIOJIb30BaHUEM CTaHAapTHON metomuku cormacHo [OCT 9450-76. Jlnsg Hajiexamnieid BU3yaln3alu OTIIe-
JaTKa M3MEPEHHs BBIMOJHTUCH HAa MUKpOcKome Axiovert-10 B momsipu3oBanHoM cBete [6]. [lapameTpsl, onpeze-
JSFOLIME TPEIIMHOCTOMKOCTh TUICHOK JIMa30XHMHOH-HOBOJIAYHOT0 pe3ucta (KO3 QUIMEHT BSI3KOCTH pa3pyLICHUs
Kic 1 adpdexTrBHas sHEprus pa3pyIIeHHs ), PACCUYUTHIBAIUCEH MO CpEIHEH JIMHE paJualbHBIX TPELIUH B yIiax
OTIEYaTKOB COTJIACHO ClieAyrommM Gopmyiam [7]:

1
E P

K. =0,016 — | —;
1C (Hj L%

2
KlC

2E "’

rne  E—wmonyns FOHra (ams ruteHku ¢oropesucta npuauMacs pasusM § ['Tla);

L — nnuHA TpeluHbI,

H — MUKPOTBEpOCTH MICHKH.

JlnHa TpemuHbl pacciIoeHus NPUHUMANIaCh PAaBHOM PacCTOSIHUIO OT IIEHTpPa OTNeYaTKa 0 TPAHUIIBI pa3-
pylieHus: chepudeckoi obnactu. [t Kaka0ro orneyarka JJIHA TPEIMHBI PACCIOCHHS ONpeesiach U3 cpell-
HEro 3HAa4YeHHs OT ABYX AUaMeTpoB Oc, cepsl paspylieHus. 3aTeM pacCUMTHIBAIOCH CPEAHEE 3HAUCHUE JITHHBI
TPEIIMHBI PAacCIOCHUS AJI1 BCEH CEpUM OTIEYATKOB JaHHOW Harpys3ku [8]. 3HaueHue MUKpPOTBEPAOCTH H NOJu-
Mepa a1 pacuetoB Kic Beroupanocs paBHeM 0,35 I'Tla, 9T0 COOTBETCTBOBAJO 3HAUCHISIM H IS HATPY30K 2—5 T,
IPY KOTOPBIX MHAECHTOP HE MPOKAJIBIBACT CIION TOJIMMEpa U HE JJOCTUTACT IPaHMIIBI TIOJIUMEP — MOJIOKKA. DTOT
BBIOOD OOYCIIOBJIEH TEM, YTO IOJUTIOKKA OKa3bIBAET CYNIECTBEHHOE BIMSHIE HAa BEIMIMHY MUKPOTBEPAOCTH TBEP-
JOTENBHBIX KOMITO3HUIUH IJICHKA — MoI0KKa [9—11]. B cimydyae «MArkoin IIEHKH Ha «TBEPAOID» IOATIOXKKE IIa-
cTrdeckas fedopmanust JIOKaIU3yeTcsl B IUIEHKE, U MUKPOTBEPIOCTh KOMITO3UIUH IUIEHKA — MOIJIOKKA CyIIIe-
CTBEHHO BO3PACTaeT JIMIIb IPH IIyOHHE IPOHUKHOBEHHS UHJCHTOPA, PABHOM TOJIIINHE TUICHKH.

[Tpu kaxa0M U3MEpEHNH Ha TOBEPXHOCTH 00pa3iia HaHocuoch He MeHee 50 ornedaTtkoB. [I0CKOIBKY 0kH-
JaeMblii 3G dexT MoTr OBITH HEBEIUK, ISt 00PaOOTKH SKCIEPHUMEHTANBHBIX JAHHBIX HCIOJIb30BAJIMCh CTaHIapTHHIC
METOJIbl MaTEMATHYECKOM cTaTUCTUKH [ 12]. BblIO MOKa3aHO, 4TO KMEET MECTO HOPMAaNbHEIH (TayCcCOB) 3aKOH CITy-
9alHOTO pacHpeAeIeHUs BeIUYNH MUKPOTBEPJOCTH U TPEIIMHOCTONKOCTH. Bo Beex cityuasix BBIYHCIISIACEH CPEl-
HsIsL KBaZIpaTH4HAast OIIHOKa

CpEIHEro 3HaYeHUs] TPELUIMHOCTOMKOCTH, TAE Gn — AUCIEPCUS] U3MEPEHHBIX 3HaueHud Kic npu N = 50. AHanu3
MOJIyYEHHBIX JKCIIEPUMEHTAJIbHBIX JAaHHBIX JUISi PE3MCTHBHBIX IUICHOK Ha IUIACTUHAX MOHOKPUCTAIIMYECKOTO
KPEMHHSI B COOTBETCTBUHM C KpurepueMm CTBIOJEHTa IOKa3ajl, YTO IOTPEHIHOCTh M3MEpeHHs Kod(QHuIreHTa
Bsi3KOCTH paspymenus Kic 1 3¢ dexTnBHOI 3Hepruu paspymenus y coctasisiia ~ 10% (¢ zoBepuTessHOM Bepo-
sTHOCTBIO 0,95).

WmmnanTanus noHamu P* (3aeprust 100 k3B) u B* (3neprus 60 x3B) B unteppane 103 @ = 5x10% — 1x10%6 cm?
B PeXKHMME MOCTOSHHOTO HOHHOTO TOKa (INIOTHOCTH HOHHOTO TOKa j = 4 MKA/cM?) NPOBOMIIACH TIPH KOMHATHO
TEMIIEPATyPE B OCTATOYHOM BakyyMe He Xyxe 107 TTa Ha noHHO-JTyueBOM yckoputene «Besysuii-6». O0nyueHne
ramma-kBanTamMu °Co ocyIecTBIAIOCH P KOMHATHOM TeMIIEpaType U aTMOC()EPHOM JIABJICHHM HA YCTAHOBKE
MPX- y -25M. MomHOCTh mOrIoIeHHOH 10361 coctaBmsia 0,12 + 0,008 I'p/c. IHTEpBan MOTIOMEHHBIX 103 —
ot 1 1o 300 xI'p.

JKcnepuMeHTATbHbIE pe3yJbTaThl U X 00cysKAeHne. TPemnHOCTONKOCTD MICHOK MMO3UTHBHOTO JHa-
30XHHOH-HOBoOJauHOTO (hoTopesucta PI19120 (korpdunueHT BA3KOCTH pa3pymieHus Kic u d3pPeKTHBHAS dHEP-
Ml pa3pyIleHHs ) MOBbIIIANACh C POCTOM HArpy3KH JUIs BCeX UCCIIeJoOBaBIIUXCs 00pa3uoB (pucyHnku 1-3). Takas
3aBHCHMOCTh YKa3aHHBIX [TapaMEeTPOB MPOTUBOIOI0KHA 3aBUCHMOCTH ITapaMeTPOB TPEIIHMHOCTONKOCTH TUTACTHH
MOHOKPHCTAJUTMYECKOTO KPEMHHUSI, B KOTOPBIX HA0J0AAI0Ch CHIKeHNE Kic 1 Y IIpH yBeJIM4YeHUN Harpysku [13].
OtMmeTnM, 4T0 K03(p(uMeHT BA3KOCTH paspymieHus Kic n 3((deKTHBHAsE SHEPTHs pa3pyIICHHs Y UCCIIEOBaB-
IIUXCS CTPYKTYP (OTOPE3NCT — KpeMHHUH ObIIH B 2—3 pa3a HIKe, YeM aHAJIOTHYHBIC ITapaMeTphl TPEIUHOCTOMH-
KOCTH IJIACTUH MOHOKpHCTaIuaeckoro kpemuus [ 14]. Kak u juis MukpoTtBepaocT [§], CHIKeHHe Harpy3Ku Ipu-
BOJIMJIO K CYIIECTBEHHOMY YIIMPEHUIO KPHUBBIX CIIyYaiHOTO pacIipeAesieHus BeJIHMYMH KOA(PQUIEHTa BSI3KOCTH
paspymenus AKic/Kic. Tak, ecnmu npu P =10-20 r 3nauenns AKic/Kic 1 pasHbIX 00pasoB COCTaBJISLIH
~10-15%, To mnst marpy3ok 1-2 r pazOpoc 3HaueHHH KO3()(HUIMEHTa BSI3KOCTH Pa3pyIICHUS YBEIUUUBAJICS
10 50-70%. C yuerom sToro B Tabumnax | u 2 npuBeneHsl 3Ha4eHHs napaMeTpoB Kic 1 y it Harpysku 10 r,
KOTJa pa30pOoChl N3MEPEHHBIX 3HAYCHNH HEBEIHKH.

W3 cpaBHEHHS SKCHIEPUMEHTANBHBIX JTAHHBIX, IPHBEICHHBIX B Tabimnax 1 u 2 mig GOoTOpe3nCTUBHBIX
TUTEHOK, HAHECEHHBIX Ha IJIACTHHBI MOHOKPHCTAJUTNYECKOoro kKpeMHns Mapku KOO 4.5, Buano, uTo 00a mapamerpa

65



2021 BECTHUK I10JIOLJKOI'O I'OCYJAPCTBEHHOI'O YHUBEPCHUTETA. Cepus C

TPEIINHOCTOMKOCTH CYIIECTBEHHBIM 00pa30M BO3pAcTalOT NMPH CHWKEHHH TOJIIMHBI IUIEHKH. OTMETHM TaKike,
4TO mapaMeTpsl TpemnHocToikocTu Kic u y Heckonbko Boime (Ha 50-80%) y mieHok (poTope3ncTa, HAHECEHHBIX
Ha IUTaCTHHBI KpeMHUs ¢ opuenTanueid (100), Ho cpaBHEHHIO ¢ TUICHKaMU Ha MOBEPXHOCTH KPEMHHS C OPHEHTa-
mueit (111). Dto xapakTepHO 11 (OTOPE3UCTHBHBIX IUIEHOK Pa3HON TOMIUHEI (cM. Tabauis! 1, 2). CymiecTBeH-
HOM 3aBUCHMOCTH Ko3(dHLneHTa BI3KocTh paspyuieHus Kic u apdexTHBHON SHEpTUu paspylieHus y OT TUIIa
JICTUPYIOIIEH IPUMECH U €€ KOHICHTPALIMHU B [NICHKAX Pa3HON TOJIIMHBI 3aMe4YeHO He ObLT10 (CM. Tabnuis 1, 2).

Tabmmma 1. — TpemuHOCTORKOCTD INICHOK TONIMKUHOHN 1,8 MKM, HAHECEHHBIX Ha Pa3IMIHBIE TTOII0KKH KPEMHHS.
Harpyszka 10 r

VenbHOE CONPOTUBJIEHHUE, Kic'1078, Y,
Ilonnoxka OpueHTanus Tun npumecu Om-om Ha/mY2 Ha/u
KJb-12 100 60p 12 0,66 0,28
K5C 0,01 111 cypbMa 0,01 0,48 0,12
Kod 4,5 100 hochop 4,5 0,62 0,16

Tabmuma 2. — TpemuHOCTORKOCTD INICHOK TOMMUHON 1,0 MKM, HAHECEHHBIX Ha Pa3IMIHBIE TTOIJIOKKH KPEeMHUS.

Harpyska 10T

VaensHOE COMPOTHBIICHNE, K110, A

Toanoxka OpuenTanus Tun mpumecu Om-om a/mY2 Ta/m
KJb-10 111 6op 10 11 1,6
KAb-12 100 6op 12 1,9 2,8
KDD 45 100 dochop 45 2,0 3,6

[omy4eHHBIE SKCIIEPUMEHTAIBHBIE JaHHBIE MOTYT OBITH 00y CIIOBJICHBI CIICAYONMMH IpHunHamMu. Kak oT-
MeYaJoch BBIIIE, HAa MPOYHOCTHBIE CBOICTBA CTPYKTYP CYLICCTBCHHOE BIMSHUE OKas3bIBaeT mojuioxka [10; 11].
B ciydae «MATKOM» IJICHKH Ha «TBEPAOI» MOIIOKKE, KOTOPBIA HaOMIOAAJCA W B HAIIEM HCCIIEIOBaHMH, IPOY-
HOCTHBIE XapaKTEepUCTUKH KOMITO3UIIUH MJICHKA — IOJIOXKKA JTOJDKHBI CYIIIECTBEHHO BO3pACTaTh, KOI/Ia HHACHTOP
JIOCTHTAeT IPaHUIIBI pa3ielia IIeHKa — MOAJI0KKA. B HaliX sKcriepuMeHTax riryOuHa MPOHUKHOBEHHS HHACHTOpA
B ()OTOPE3UCTHUBHYIO TUICHKY BapbupoBaiack oT 0,9—1,0 Mkm mpu Harpy3ke 1 r no 2,8-3,2 mxm npu P =50T.
T.o., U151 TUIEHOK (POTOPE3UCTA TOIIMHON | MKM MPAaKTUUECKH BO BCEM JIHaIa30He UCIIOIb30BaBIIUXCS HATPY30K
UHJICHTOp IPOHHUKAET 4epe3 IPaHMIly pa3ziena IUIeHKa — MOJI0KKa, ¥ KPEMHUEBAs MOI0KKA OKa3bIBAET CyIIle-
CTBEHHOE BIIMSHUE Ha NMPOYHOCTHBIE XaPAKTEPUCTUKU KOMIIO3UIMH IIEHKA — IOJUIOKKA. YKa3aHHBIM 00CTOs-
TEILCTBOM O0YCIIOBJIIEHO BO3pacTaHNE OOOMX IapaMeTPOB TPEIIMHOCTOMKOCTH NTPH CHW)KEHHUH TOJIIIMHEI UNICHKH
Y BO3pacTaHWH Harpy3kd. B rureHkax ¢oTope3ncTa TOIMIMHON 2,5 MKM WHJIICHTOP IepeceKaeT IpaHully paszera
IUICHKA — TT0JUIOKKa TOJIBKO MPY MaKCHMaJIbHOI McIob30BaBIeiicss Harpyske 50 r, uto oOyciaBnuBaer Oosee
HU3KHE 3HAYCHUs] BEJIMYMH TPEIIMHOCTOMKOCTH B YKa3aHHBIX IUICHKAX 110 CPAaBHEHHIO C IUICHKaMH TOJIIMHOMN
1,0 MkM. BiiusiHIE OpHEHTAIMH KPEMHHUEBOH TOIOKKH Ha TPEIMIMHOCTOMKOCTD (POTOPE3UCTUBHON IICHKH 00Y-
CJIOBJICHO, BEPOSTHEE BCETO, IyUlIeH aaresneil poTopesucra K miactTuHaM ¢ opuenrarmeit (100).

8

R

Q

K., 10° Ma/m"
T

Harpyska, r

PucyHok 1. — 3aBHCHMOCTb TPEIIMHOCTOHKOCTH OT HArpy3Ku 1js mienoxk ®I19120
Ha njactuHax kpemuus mapku Kb 10(111) Tosrmunoii 1,0 mxm ncxoansix (1)
H HMILIAHTHPOBAHHBIX HoHaMu P* (2) u B* (3) dunoencom 1-10% cm2
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VoHHast IMIUTaHTAIWS IPUBONIA K YBEJIMUEHHIO TPEITMHOCTONKOCTH (DOTOPE3NCTHBHON TIeHKH. Oco-
OEHHO 3TO 3aMETHO Ha MpHUMepe TOHKHUX IUICHOK (OTOpe3ucTa — Iocie UMIUIaHTalluu Kak 6opa, Tak u dochopa
KO3 UIHMEHT BSI3KOCTH paspyureHus Kic Bo3pacTan mpu BCeX HCIOIb30BABLIMXCS HAarpy3Kkax (CM. pUCYHOK 1),
NpUYeM IpU UMIDTaHTauuu Gocdopa (kpuBas 3 Ha pucyHke 1) 3h(deKT nposBiIsiCsS CHIbHEe, YeM IPH UMILIaHTa-
1K O6opa (kpuBasi 2 Ha pucyHke 1). 3aMeTHOH 1030BOM 3aBUCUMOCTH (P (eKTa yBEINUSHHS TPEIIMHOCTOHKOCTH
OTMEUYEHO He ObUI0. AHAJIOTHYHO BEJET ceOst M 9 PEKTUBHAS SHEPTHS pa3pyLLICHUS Y.

YKa3aHHBIH IKCIIEPUMEHTAIILHBIN Pe3yJIbTaT 00yCIOBIIEH YCUIICHHEM B ITPOIIECCE HOHHOW MMIUIaHTallu|
aAre3un MOJIMMEPHOH IJICHKH K KPEMHUEBOM ITOII0KKE, HAOMIOAaBIINM S paHee B padboTte [4]. Takoe yBenmaeHue
anresun (oropesrcta 0OyCIIOBICHO, Kak MOKasaHo B [15], oOpa3oBaHWeM NMpW MMIUIAHTAllMM HOHOB OGopa B*
1 pocdopa P* crnioxxHOdGUPHBIX cTMBOK (HOBO#H CBsi3u Si—O—C) MekIy THAPOKCHIBHBIME TPYTIIIAMHE Ha ITOBEPX-
HOCTH OKCHIHOTO CJIOS KPEMHHEBOH IIACTUHBI U KapOOKCHIIBbHOI rpymnmoii 1-H-manen-3-kapOoHOBOWH KHCIOTHI,
SBIISTIOMICHCS TPOU3BOTHON HA(PTOXMHOHANA3KUAA — OJHOTO M3 OCHOBHBIX KOMIOHEHTOB (oTopesucta PI19120,
0 peaKuuu

oH —O—S,i—o—
e}
i | o)
C —0—Si—0— o
R
R

Kpowme Toro, crefyer yauTsIBaTh 00pa3oBaHKE B IPOLIECCE UMILIAHTALH IPUIIOBEPXHOCTHOTO YIIIEPOANCTOTO
CJI0SI, CHUIMAIOIIETO YIPYTHE HANPSDKEHNS B PE3UCTHBHOMN IUICHKE H IPEMATCTBYIOIIETO PA3BUTHIO TpEeuH [16].

D¢ dexT, TPOTHBOMOIOKHBIH HOHHOW UMIUTAHTAINH, Ha TPEIIMHOCTOWKOCTh (DOTOPE3UCTHUBHBIX IIICHOK
OKa3biBaeT 0bydeHne ramma-ksantamu °°Co. ITocie ramma-o6mydeHns Kod(pOUIMEHT BI3KOCTH Pa3pyLICHUs
Kic GpoTope3sncTuBHOM MIEHKN CHIDKAJICS IPUMEPHO B 2 pa3a BHE 3aBUCHMOCTH OT TOJIIHMHBI ()OTOPE3UCTUBHOMN
IUICHKH (CpaBH. KpuBbie 1 U 2 Ha pucyHKax 2, 3). CHIKEHHUE TPEIIMHOCTOUKOCTH HA0JIIOAIOCH U TIPH 00IyYCHUU
IUICHOK, HMIUIAHTHPOBAaHHBIX HoHamu P* u B* (kpuBbie 3 u 4 Ha pucyHkax 2, 3). [Ipudem 310 CHMKEHUE OBLIO
6oJiee BRIPAXKCHO, YeM MPH 00TyUYCHUH HeUMILUTAHTHPOBAHHBIX TUICHOK. Tak i HMIUTAaHTHPOBaHHBIX P* 06pasios
tomuuHOK 1,0 MKM K03 duitnenT Ba3kocTH pazpyuieHus Kic npu Harpyske 50 r mocie raMMa-o0nydeHus] CHH-
xKajcs Gonee uem B 2 pasza — ¢ 6,2:10° IMa/mY? (kpuBas 3 Ha pucynke 1) mo 2,3-10° Ila/m*? (kpusas 4
Ha pucCyHKe 2). AHanoruunoe cHmwkenne Kic HaOII0IANOCh TaKKe Mocie O0NydeHns] UMIUTAHTUPOBAaHHBIX B*
wieHoK. CyIecTBEeHHOTO BIMSHMS THIIA TIOAJI0KKH (MapKi KPEMHHS) Ha TPEIIMHOCTOWKOCTh TaMMa-00TyYeHHBIX
CTPYKTYp (hOTOpE3HUCT — KpEMHHI He 0OHAPYKEHO.

0 10 20 30 40 50
Harpyska,r

PucyHok 2. — 3aBHCHMOCTb TPEIIMHOCTONHKOCTH OT HArPy3KH /1 MCXOAHBIX (1) M raMMa-00/1y4yeHHBIX (2—4) NIeHOK
®I19120 na naacrunax Kb 10(111). Toxrmuna miienok 1,0 mxm. YacTb 06pa3uoB nepes od,1ydeHneM 0bLIa MMILJIAH-
THpoBaHa HoHaMu P* (kpuBas 4) u B* (kpusas 3) qunoencom 1-10%6 cm
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[IpuBeneHHBIC BHIIE HKCIIEPHUMEHTAJBHBIE PE3YJIbTaThl MOTYT OBITH OOYCIIOBJICHBI IBYMS NPHYMHAMH.
Bo-nepBbIX, CIIMBaHUE MOJIEKYJI pe3UcTa B Ipoliecce raMMa-o0nyueHus1, HadoiaBieecs panee B padote [17],
MOXET NPUBOJMTH K CHIPKEHHIO IUTACTHYHOCTH TOJIMMEPHOM IIJICHKHU 1, COOTBETCTBEHHO, K CHIDKEHHMIO €€ TPEIlH-
HocToiikocTu. Kpome Toro, CliiMBKa MOJIEKYJ I MOXKET ITPUBOIUTH K BOSHUKHOBEHHIO YIIPYTUX HANpPSDKEHUH, KOTO-
pble TaKkXKe CrOCOOCTBYIOT CHIDKEHHIO TPEIIMHOCTOMKOCTH IUIEHKH. Bo-BTOpBIX, raMma-o0iydeHne NpUBOAUT
K pa3pylueHuro HectabwmibHOU 1-H-mHIeH-3-kapOOHOBOI KUCIOTHI M, COOTBETCTBEHHO, pa3phiBy cBsizeil B Si-O-C
TpyINIIe Ha TpaHHuIle pa3neina Gporope3nct — kpeMHuii [ 18]. YkazaHHBII nporiecc NPUBOJUT K CHIDKEHHIO TIPH raMMa-
00Jy4eHNH aare3un GoTOPEe3NCTUBHON IUICHKN K KPEMHHEBOH MOIOKKE M CHIDKSHHUIO TPEIINHOCTOHKOCTH KOM-
no3ura GOTOPE3NCT — KpeMHHH. B IMIITaHTHPOBaHHBIX IUICHKAX aATe3Us H, COOTBETCTBEHHO, TPEIIMHOCTOHKOCTD
BBILLIE, I09TOMY BIIMSHHE IaMMa-0O0Iy4YeHHs Ha TaKue IUICHKH BBIIIE, YTO MOJHOCTHIO COOTBETCTBYET IOTyYCH-
HBIM 3KCIIEPUMEHTAILHBIM Pe3yJIbTaTaM.

2,0 /3:
_ i .

109 na/m?1/2
L

[6)]

\

1c

1,01 / x
] /I/ /+/
_—

¥ 05 .,:/X

010 T T T T T T T T T T
Harpyska, r

Pucynok 3. — 3aBUCHMOCTH TPELIHHOCTOHKOCTH OT HATPY3KHM ISl HcXOAHBIX (1) M raMMa-00/1y4eHHbIX (2—4) MIEHOK
®I19120 na nuacrunax Kb 10(111). Toamuna nienok 2,5 mxm. Yacts 00pa3noB nepea 00,1y4eHrneM 0blIa HMILJIAH-
THpoBaHa uoHamu P* (kpusas 3) u B* (kpusas 4) qunroencom 1-10%6 cm

3akirouenne. B HacTosmel pabore METOOM MHAESHTHPOBAHUS SKCIIEPUMEHTAIBLHO MTOKA3aHO, YTO Tpe-
MIMHOCTOWKOCTP (K03 uiment Bsazkoctu paspymenus Kic u adhdexktuBHas SHEPTHS pa3pylIeHHS ) IDICHOK T0-
3UTHBHOTO JTNa30XMHOH-HOBOJaYHOTO (oTopesncta Mapku PI19120 Ha KpeMHUH yBEIWYMBAETCS C POCTOM Ha-
rpy3KkH. TpemmnHOCTOMKOCTh CyIIECTBEHHBIM 00pa30M BO3pACTaeT MPU CHIDKEHWH TOJIIMHBI (POTOPE3UCTUBHOM
TUICHKW. Y HaHECCHHBIX Ha IUIACTHHBI KpeMHUs ¢ opueHramuei (100) mureHok @I19120 ob6a mapaMmeTpa TpemiHo-
croiikoctu Bbime Ha 50-80%, ueM y miieHOK Ha KpeMHuU ¢ opuenTtauueii (111). MoHHas uMIUIaHTalys IPUBOUT
K YBEITMYCHHUIO TPEIIMHOCTOWKOCTH (POTOPE3UCTUBHOMN TUICHKH, TIPUYEM MPU UMILTaHTAIMH P* addext npossis-
eTcsi cuibHee, yeM pu BHeapenun B*. [Tocne ramma-o6uydenus ko3hhumueHT Bsa3koctu paspynrerns Kic cHu-
JKaeTcsl MpUMEpPHO B 2—3 pasa I BCeX MCCIIENOBABIIMXCA IIEHOK. OTMEUEHHbIE BBIIIE 0COOEHHOCTH MHUKPO-
MIPOYHOCTHBIX CBOMCTB IJICHOK (pOTOpE3ncTa Ha KpEeMHHUH 00YCIIOBICHBI aAT€3HOHHBIMH ITPOIIECCaMU, IPOTEKal0-
IIMMH Y TPaHUIIbl pasena (OoTOpe3nCT — KPEMHUI PU raMMa-o0J1yueHHH 1 HOHHOW MMIUIAHTAIUH.
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Hocmynuna 07.05.2021

CRACK RESISTANCE OF DIAZOQUINONE-NOVOLACH PHOTORESIST FILMS
ON MONOCRYSTALLINE SILICON PLATES

S. VABISHCHEVICH, N. VABISHCHEVICH, D. BRINKEVICH, V. PROSOLOVICH

The fracture toughness coefficient Kic and the effective fracture energy y of films of FP9120 positive di-
azoquinone-novolach photoresist on silicon have been investigated by the microindentation method. It is shown
that both parameters of crack resistance increase with increasing load and significantly increase with decreasing
thickness of the photoresist film. For FP9120 films deposited on silicon wafers with orientation (100), both pa-
rameters of crack resistance are higher by 50-80% than films on silicon with (111) orientation. lon implantation
leads to an increase in the crack resistance of the photoresist film, and the effect is more pronounced upon
the implantation of phosphorus than upon the introduction of B+. After gamma irradiation, the fracture toughness
coefficient Kic decreases by ~ 2-3 times for all studied films. The aforementioned features of the microstrength
properties of photoresist films on silicon are due to adhesion processes occurring at the photoresist/silicon inter-
face during irradiation with 8°Co gamma quanta and ion implantation.

Keywords: diazoguinone-novolac resist, microindentation, crack resistance, fracture toughness coefficient,
gamma-irradiation, implantation.
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YK 621.371: 550.837.6

OPUMEHEHUE JBYXYACTOTHBIX 3JIEKTPOMATHUTHBIX BOJIH
JIUIS1 ONTPEJIEJIEHUSI CBOIMCTB CPEJIbI HAJ] YTJIEBOJOPOJAMHU

KaHo. mexH. Hayk, ooy. B.®@. AHYIIIKEBHUY, C.B. KAJ/IHHI]EB
(Ilonoukuii zocyoapcmeennulii yHugepcument)
0-p Qus.-mam. nayx, npogp. B.A. BOI'YHI
(Benopycckuii 2ocyoapcmeeHHblIl yHUGEPCUMEN UHGOPMAMUKY U paduodieKmporuxu, Munck)

TIpusooumcs ananuz npumeHeHus O8YX4aACMOMHbIX IEKMPOMASHUMHBIX 60IH C UCHONb308AHUEM MOUWHO20
HUZKOYACTNOMHO20 CUSHANA OISt NOUCKA U OKOHMYPUBAHUS 2DAHUY, Y2Ie8000POOHbIX 3aedicell. Mccnedosanvl Xapak-
MEPUCIUKY AHU30MPONHOU CPedbl HAO 3ANeANCAMU HA OCHOBAHUU NOLYHEHHO20 OMKIUKA OM 8030€liCMEUst 08yXud-
cmomno2o cuenana. Ilpoananusuposamnst gewecmeennvie u (hazosvle cOCMAGIOUUE KOMOUHUPOBAHHBIX dNEMEH-
MO8 MeH30pa OUINIEKMPUYECKOU NPOHUYAEMOCHU, AOCONIONHble, MHUMbIE U (DA308ble XAPAKMEPUCTUKU NOGEPX-
HOCIHO20 umMneoauca cpedsl Hao yenesodopodamu. [Ipoeedern ananus xapakxmepucmux cpeobl Hao yeneo0opooamu
0151 9NEKMPOMASHUMHBIX GOJIH C NPABOLL U JIeBOIL KPY208bIMU NOJSAPUSAYUIMU 8 3A8UCUMOCIU OM YACHMOMbL, KO3~
Quyuenma omHoOwEHUsL AMIAUMYO CUSHATIO8 U YOCIbHOU NPOGOOUMOCHIU. YCMAHOBNEHO, YMO NO AMIIUMYOHbIM
U haz06bIM XAPAKMEPUCTUKAM KOMROHEHINO8 MEH30PA OUINLEKMPUYECKOU NPOHULAEMOCHU U HOBEPXHOCMHO20 UM-
neoamca cpeovl HAO Y2e8000POOaAMU MONCEM OCYWECETAMbCI OUACHOCMUKA CPEO C Yebio NOBbIULEHUSI NPOU3BO-
OUMENbHOCMU 2€0J1020PA36€004HbIX PAOOM U MOYHOCMU ONPEOeeHUsL ZPAHUY 3aledcell Y2le6000P000s.

Knroueswvie cnosa: y2]1660()0p0()Haﬂ 3AJ1ediCb, DNEKMPOMACHUMHAA 60JIHA, Oequacmomyblﬁ CucHaJl.

Benenue. CoBepIIeHCTBOBaHHE U pa3pab0TKa HOBBIX METOJOB ITOHMCKA YTIIEBOJOPOAHBIX 3anexeit (YB3)
SIBIISIETCS aKTYaJIbHBIM HATIPABJICHIEM B COBPEMEHHOM TOUCKOBOM reodusuke [1-3]. AKTHBHOE BHEIPCHUE IEKTPO-
MarHuTHBIX MeTOJI0B (OMM) M TeXHHYECKHX CPEICTB JUIsl IOMCKa YrIIeBOAOPOIOB (He(TH u Ta3a) 00yCIIOBICHBI
Hay4YHbIM W NPAKTUYECKUM MHTEPECaMH 0 PELICHHIO JaHHBIX 3a/1a4 11 00ecTieYeHUs: SKOHOMUK CTpaH Ba)KHEH-
IIMM UCTOYHHKOM DHEPTUH. B COOTBETCTBUM € 3TMM TeHIECHIMH pa3BUThs DMM B MOMCKOBOI reo(r3KKe HaIpas-
JIeHBI Ha pelIeHHe 3a/1a4 BHeAPEeHUs () (DEKTUBHBIX METOJIOB FE€OpPa3BEAKU C BBICOKHM YPOBHEM TOUYHOCTH U JIOCTO-
BEPHOCTH OOHAPY>KEHHUsI MECTOPOK/ICHUH YTIIEBOAOPOAOB. Peann3anus 3THX METOJIOB Ha TPAKTHKE 00yCIIOBIICHA HX
BBICOKOH MH()OPMATHBHOCTHIO. PYHKIIMOHAIBHBIEC 3aBUCHMOCTH KOMIIOHEHTOB TEH30POB THICKTPHIECKOH IPOHH-
[[AEMOCTH Cpe/Ibl HaJl 3aJ1€)KaMH YTJIIEBOAOPOAOB JAIOT JAOTIOTHUTEIILHBIE BO3MOKHOCTH /AT T€OPa3BEIKH.

B nanHOI cTaThe MCCIeI0BaIOCh NPUMEHEHHE JIBYyXUYACTOTHBIX CUTHAJIOB /I MOJICPHU3AINH U Pa3padoOTKu
OMM noucka YB3 Ha 0CHOBE HCCIIeIOBaHUS XapaKTEPUCTHK dEKTpOMarHuTHRIX BoH (OMB) Hax 3amexamu. Pe-
3yJbTaThl IPUMEHEHHSI METOIOB TTIONCKa, UICHTH(UKANMK MecTopoxaeHnid YB3 npencraBineHs! BO MHOTHX pabo-
Tax. Paznnunble MonuduKkanny crioco60B BEPTUKAIBHOTO 30HANPOBAHMS MIMPOKO UCHONB3YIOTCS [UIS IOMCKA yTile-
BOJI0poioB [4]. B pabore [5] nccenoBanbl 371eKTpOGU3HIECKHE U DJIEKTPOXUMHIECKHE MPOLIECCH] HAJ 3aJIEKaMK
YIJIEBOJIOPOIOB Ha OCHOBE IEKTPOJMHAMHIYECKOTO MOJICIMPOBAHUS Cpe/Ibl HaJl 3aJIEXKbI0 110 aHAJIOTHH HCCIIeTye-
MO¥ cpeipl ¢ 1a3MOI0I00HBIMI 00pa30BaHMAME Ha 0a3e KBa3UIMAPOINHAMUYECKOTO TOIX0/1a.

PainoBOITHOBBIE METOIBI TIOUCKA [6] ITUPOKO IPUMEHSFOTCSI IS PEIIEHHUS IOCTABICHHBIX 3a/1a4. PasmiaHble
BapUAHTHI ATEKTPOMArHUTHBIX 30HAMPOBAHMH MPH MOMCKAX YTIICBOAOPOIOB B TpaH3UTHOI! 30He Kacmuiickoro Mops
MOTYYMIIN IIHPOKOE PACIIPOCTPaHEHHUE, HA OCHOBAHUM UX ONBITAa MPUMEHEHH HapaOOTaHBI pa3HOOOpa3HbIE METO-
IuKky 30HaupoBanus YB3 [7]. MccnenoBanne KOMIIOHEHTOB COCTABILIIOIINX HOBEPXHOCTHOIO UMIIECAAHCA aHH30-
TponHOM cpenbl Hasl YB3 ¢ yueToM BIusSHUS Ha caMblil BEpXHUH CIIOM OT BCEX HHUIKE PACIIOJIOKEHHBIX CIIOEB MIPOBE-
JeHo B padorte [8]. MeTtox Ha OCHOBE JIEKTPOPE30HAHCHBIX 30HAUPOBAaHMIT IIMPOKO UCHIOIB3YETCs LIS ONIpeIeNICHHS
CBOWCTB I'e0JIOrH4ecKoro npoduist MectHocTd [9]. MeTtonsl HccienoBaHus CBOHCTB OOBEKTOB MIPH MOPCKUX H3Me-
PEHUSX, OCHOBaHHBIE Ha CPaBHEHWH CTATHCTHYECKHX CBOWCTB yCTaHABIMBAIOLIMXCS JIEKTPHUECKHX TTOJIEH, TIpea-
NoJIararoT MOJIydeHne HeoOxomumoi mHdpopManuu aas pasnudenus cpen [10]. Mcnomb3yrotes uccieqoBaHust
He(TerasoBbIX pe3epByapoB, BEISIBISIEMbIC Ha OCHOBE aHOMAIIHH TIOJIS B aHU30TpOmHOM cpene [11]. Moaudukarmu
croco6o0B roncka YB3 ¢ ucnonb30BaHNEeM aMITIATYJHO-MOIYIMPOBAHHBIX CUTHAJIOB IIOCTPOSHBI HA 00HAPYKEHUH
MECTOPOXKICHUH YTIEBOJOPOIOB MO PETUCTPALINH aMIUIUTYIHBIX U (pa30BBIX KOMIIOHEHT IMOBEPXHOCTHOTO HFIMITE-
JaHca reojorudyeckoro npoduis [12; 13]. VHuBepcanbHBIi CrOCO0 Ui MOHUTOPHHTA KOJUIEKTOPA U Te0TEPMAIb-
HBIX UCCIICJIOBAHUI MOKET MPUMEHATHCS HA MPAKTHKE YIS PEIICHHS 3a/1a4 31eKTpopassenku [14]. Pasnuunsie mMo-
JU(UKALUKA CIOCOO0B BEPTHKAIBHOTO 30HIMPOBAHHS MIMPOKO HCIOJIB3YIOTCS Ul TOUCKA yrieBoaoponos [15].
[pumenenne ais noucka YB3 merona 3D-anektpopa3Beaku cTaHOBIeHHEM 1oJIs [16] mpUBOIMT K paciiMpeHHIo
(DYHKIIMOHAIBHBIX 3aBUCUMOCTEN TUAIIEKTPHIECKOH IMPOHUIIAEMOCTH CPeJIbl HaJl YIIIEBOA0POIAMHU OT PEKHMOB 30H-
JMPOBAHMS, YTO TIO3BOJISIET MOBBICUTH TOYHOCTB pa3padaThiBaeMbIX METOIOB roncka Y B3.

Mertoauka npoBegenus ucciegoanmii. [Ipumenenue apyxuactoTHeix OMB s onpesenenus: cBoOicTB
AHM30TPONHBIX cpex Hax YB3 ocHOBaHO Ha MCHOIB30BaHWHM (PYHKIIMOHAIBHBIX 3aBUCUMOCTEH KOMIIOHEHTOB
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TEH30POB JIUAJEKTPUUICCKON MPOHHUIIAEMOCTH Cpeibl Haja yriiesomopomamu [1]. dust dpopmupoBanus OMB
JUIsl UCCIIEIOBAaHUsI CBOWCTB cpesibl Hax YB3 BriOepeM AByX4YacTOTHBIM CUTHAI BU/A

8(t) =€ (t) +E,(t) = 4 cosm + A, COSw,¢, 1)

rae A, A, ®,®, — COOTBETCTBEHHO aMILUIUTY bl ¥ YACTOTHI AaHHBIX OMB.

Pexxumebl H3MepeHHI7[ OIIPEACIISAOTCA KOS(I)(IJI/IHI/ICHTaMI/I COOTHOIICHUS aMIUIUTYJ ABYX BOJIH M MX YaCTOT:

ke =22, k=%, @

MOATOMY MPOILIECC PACIIPOCTPAHEHUSI ABYXYaCTOTHOTO curHaia (1) Haa cpeoil ¢ HaTHYUeM YIIeBOI0OPOI0B IpeI-
CTaBIICT MHTEPEC C TOUKH 3PCHUS aHAIIN3a B3auMOieiCTBrsI DMB ¢ aHU30TPOITHBIME CpeZlaMu, 00Pa3yOIIIMUCS
HAJT 3aJIe)KaMH ¥ CKOIUICHUSIMH YTIIEBOJIOPOJIOB, B 3aBUCHMOCTH OT TUDJICKTPHUIECKOH MPOHUIIAEMOCTH U yIEib-
HOU TIPOBOANMOCTH TIOPOJI, HAXOIAIIMXCS HaZ YB3 1 onpeaensromux 31eKTpoAnHAMIYeCKUi OTKIINK. Pa3midane
BO3MOJKHBIX BapUAHTOB MOCTPOCHHS CHCTEM MOUCKA MO3BOJIAET (hopMupoBath DMB ¢ pa3Iu4HBIMUA COOTHOIIIE-
HUSIMU NTapaMeTpoB. B naHHOM cTaThe MpoBeAeH aHanu3 pacpocTpanenus OMB Hafn cpenoit pacnionoxenus YB3
U MoTHOTO HI3KodactotHOoro (HY) curnana ¢ koadumnueHTamMu

ke <1, k, <1 3)

HpOBeJleHO HCCICAOBAHUC DJICKTPOANHAMHNYCCKUX XaPAKTECPUCTUK CPECJIbl HA OCHOBE TCH30pa AUIJICKTPU-
YeCcKOn MIPOHUIAEMOCTH CPCbl B PEIKMMEC NIBYXUACTOTHBIX CUT'HAJIOB [1]

2 ~ 2 ~2 2
Oy 0y Oy —0 VY,

2
) 2 2 ~2 ~2.2
~ ) > (Vi + oy, 031) +4m,V

o,

o 1

sl—sr—+§ '
o,

| ek (1-kg )sinat L oV, OV + o,
~ 2 ~
1+kg cosat M8, (VI2 +od — u)f) +40V?
2 | 2 2~ 2 i 2
& = z Op; O O — 0 +V; _ 2o,V 05,0
,=

< 2 2 ~2)\2 ~2 2 ~2)\2 ~
= , (vi +0)ri—m1) + 40V, (Vi2+0)12‘i —@f) +4V? |,

1
®, * ® & 1+Kk. cosat ®,€ ®, O +Vv?
b=l o |V oy E 2€0 . O Y

4)

~ 2 2 ~ ; 2
(Ql+z OO, 1 . —srkE(l—kE)smat+ o, +(oniv

roe ¢, &, & — KOMIIOHEHTHI TEH30Da;
®,— 4aCTOTHAs COCTABILIONIAs, XaPAKTEPHU3YIOIIAsl JAHHBIN PEXKUM 30HAUPOBAHUS;
®©p; — IIa3MEHHas 4acToTa;
®; — FTMPOTPOIIHAS YaCTOTa;

V.

; —4acToTa CTOJIKHOBCHHU: 9aCTHIL,

€, — OTHOCHUTCJIbHAS JUIJICKTPUUICCKAs NPOHUIACMOCTDb CPC/bI;

r
G, — y/IelIbHas NPOBOJMMOCTh CPEJIbI;
€,— JAUDIICKTPUYECKAs ITOCTOSIHHAS;
oa=m, -0 =n,(1-k, ) — pasHocts yacToT 1ByXx OMB.
IIpoBoawniics aHau3 KOMOWHAIIMOHHBIX COCTABIISIONINX TCH30Pa AUAICKTPUICCKOH IPOHUIIAEMOCTH U T10-
BEPXHOCTHOI'O UMIIeAaHca cpeabl Hasl YB3.
Mertoarka UCCIEeIOBAaHIH 3aKITFOYAETCS B ONIPEACTICHIN KOMIIOHEHTOB AMAJICKTPHUECKON MPOHUITAEMOCTH

cpensl Hag YB3 Re &, u KOMIIOHEHTOB MOBEPXHOCTHOTO UMIIeJanca Z,, U Z,,.

Pe3yabTaThl nccjienoBanmnii. Pacuer KOMIOHEHTOB TEH30POB AUAJIEKTPUUECKON MPOHUIIAEMOCTH MPOU3-
BOJIMTCS] HA OCHOBAHHH DKCIIEPUMEHTAJIBHO MMOJIYYEHHBIX MAPaMETPOB CPEbI HAJT 3AJIEKAMH YTIIEBOA0POI0B [1]:
— 3aneranus YB3 Ha ry6unax h=2,0—3,5 km;
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— 3HAYEHUH JUAIIEKTPUYECKON NMPOHULAEMOCTH BMeIIAoMMX nopos €, =1—30 M 31IeKTpUUeCcKOM mpo-
BOJMMOCTH G, =1.10°-1 Cwm/m;
— konuentpammu vactug N, =N, = (1016 —1018) M3

—  YacTOTHI CTOJIKHOBEHHUS yacTul v =2-7-10° pan/c.

IpoBeneH aHanu3 BeIpaKeHUi (4) 17151 KOMIIOHEHTOB AUAJICKTPUUYECKOM POHUIIAEMOCTH cpeibl Haa YB3,
BemiecTBeHHbIC 3HAYCHUS 11 KOMIIOHCHTOB JHAJICKTPHUCCKOM MPOHUIIAeMOCTH cpebl Haa YB3 mis DMB c¢ npa-
BOM KpyroBoy moisipu3anueil npuBeaeHsl Ha pucyHke 1. Kak BUAIHO U3 pUCYHKa, BEIICCTBEHHAS COCTABJISIONIAS

Re €, numeer 1Be TOUKH Mepexo/a yepes3 HyJib Ha yacToTax forp ¥ for, COOTBETCTBYIOIMX 2JIEKTPOHHOMY LIMKJIOTPOH-
R 1

HOMY U DJIEKTPOHHOMY IIJIa3MEHHOMY pe3oHaHcaM. YacToTa SJIEKTPOHHOIO IMKIOTPOHHOTO PE30HAHCA JICKUT
B npegenax 100-200 k[, mpuyeM ¢ pocTOM AMIIEKTPUYECKOH MPOHUIIAEMOCTH OHA CMEIIASTCsl BJIEBO MO OCH
abcrmcc. YacToTa AIIeKTPOHHOTO IIa3MEeHHOTo pe3oHanca cootBeTcTByeT 20—-100 MI't 1 ¢ yBenmmueHneM AndIIeK-
TPHYECKOH NMPOHHUIAEMOCTH TaKXKe YMEHbIIAeTCs. TakuM 00pa3oM, IS IPHUHATHIX 3HAYCHUH IapaMeTpOB Cpebl

CIIelyeT BBIICIHUTh YaCTOTHBIN Auana3oH BeicokoyacToTHOH cocTapistomei 100 k' — 100 MI'w, rne Re €, sBns-

eTcs oTprnaTeasHo. Da30BbIe XapaKTEPUCTHKH TOCTOSHHBI B muana3oHe 9actoT 10 k['m — 10 MI'm u 3-10 [T,
[IpumeHeHre BEpXHEH YacTOThl 30HIUPOBAHMUS, JSkKALICH MEXKIY YKa3aHHBIMH JHAITa30HAMHE, COMPOBOMKIACTCS
poctoMm ¢azer ot —1,6 mo 1,1 pax ¢ mepexomom depe3 Hynb Ha yactotax 100400 MI'. VBenuueHue TU3ICKTPH-
YEeCKO# MPOHUIIAEMOCTH CPE/IbI CMEIIACT TAaHHYIO TOUKY BJICBO.

l

E

.
3,

£ 045
s(eR(2)) & 0.4

 o° 6 on?
Re(eR1(D) 5o| | M| D), 1f10* 10° 10! 10
Re(eR2(22)) arg(eRAM))

—
e~

a o

a — 1efCTBUTe/IbHASl YaCTh CYMMAPHOH KOMIIOHEHTHI; 6 — (pa30Basi COCTABJISIOIAS CYMMAPHOH KOMIIOHEHTHI;
Re(eR(f2)), arg(eR(f2)) mst ¢, =10, k, =107, k. =107";

Re(eR1(f2)), arg(eR1(f2)) ans e, =200, k, =10°, k_ =107
Re(eR2(f2)), arg(eR2(f2)) aas ¢ =30, k, =107, k, =107

Pucynok 1. — 3aBHCHMOCTH KOMIIOHEHTOB TEH30Pa OT 4acToThI f2!

BemecTBeHHBIC 3HAYCHUS TSI KOMITIOHEHTOB IOBEPXHOCTHOTO UMIIEaHCca cpeabl Han YB3 s nByx-
yacTOTHEIX DMB npuBeeHBI COOTBETCTBEHHO Ha pHCYHKe 2. HabmomatoTes sipko BEIpaKeHHBIE MAKCUMYMBI
MOJIyJIsl MOBEPXHOCTHOTO UMIteanca cpeabl Ha yactorax 100—400 MTI't. C yBenu4eHHEM 3HAUCHUS TUIJICK-
TPUYECKOH IPOHUIIAEMOCTH CPEbl YaCTOTa PE30HAHCA CMEIASTCs BIEBO M 3HAUCHHE KOMIIOHEHTHI YMEHBIIIAeTCs.
®Da30BbIc XapAKTEPUCTHKK MMOBEPXHOCTHOTO MUMIICJAHCA HE MEHSIOTCS B Auana3zone yactor 10 k[ — 10 MI'm.
Ha yuactke 10-200 MI'y npoucxonut ymensinenue dasel. [Ipencrasnstor unTepec yactorsl 70-200 MI'n, xa-
paKTepu3yIoLIHecs CKaukooOpa3HbIM pocToM (asbl. B ocTaBiieMcs auana3oHe 3Haue€HUI BBICOKOYACTOTHON KOM-
MOHEHTHI MPOUCXOINT YMEHBIIICHUE 3HAYCHHIA IO OTPULIATEIILHBIX C IepexooM depes Hysib mpu 500 MI'q— 1 I'T.

3Ha4YeHUsI MOAYJIA ¥ (Da3bl MOBEPXHOCTHOI'O UMITEAAHCA AaHU30TPOITHON CPEIbl HAJT YIIIEBOIOPOIAMH 3aBHU-
CSIT OT IPOUCXOANIHNX (PUINKO-XMMHIECKHX IPOIIECCOB B CAMOM 3aJIEXH U B CPEJIE, ONPEIEIIIONICH OKOJIO3aIeKHOE
MPOCTPAHCTBO, OT COCTaBa KPUCTAIUIMICCKON CTPYKTYPBI CKEJIeTa U TEPMOJMHAMIYCCKIX YCIIOBHIA 3ayieranus (3Ha-
YCHUS JaBJICHUS M TEMIIEPATypPhl), BIUSIOMINX HA 3JICKTPHYESCKUE CBOMCTBA BMEIIAONINX TIOPOJ U cpex Hax YB3,
JloToTHUTEIBHO OBUTH TPOAHATM3UPOBAHBI AMIUIUTYIHBIC B ()a30BBIC COCTABIISIOIINE KOMIOHEHT OBEPXHOCT-
HOTro uMmIenanca cpeasl Hax YB3 Z12 (pucyHok 3). BBINOJIHSETCS YCIOBHE CUMMETPHYHOCTH, T.e. Z11 = Z22
nZ12 = Z21. Crniemyet OTMETHTD, YTO IS JAHHON KOMIIOHEHTHI TAK)KE CYIIIECTBYIOT TOUKH PE30HAHCOB, BHIPAYKCHHBIC

! 3nech u nanee Ha pucynkax 7, =711, 7, =712, 7, =721, 7, =Z22.
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HE TaK CYIIECTBEHHO, KaK JUIsl TpepLayIero ciydas. OHH XapaKTepHbI IUisl TOTo ke nuana3ona yactot 100-400 MI .
[locne mpoxokieHHsT TOYEK PE30HAHCOB BEJIMYMHBI CONPOTUBIICHHS YMEHBIIAIOTCS, MPUHHMMAsl CTAOWJIBHBINA
XapakTep B CAaHTUMETPOBOM Juana3oHe. Pa3oBble XapaKTEPUCTUKU MOCTOSIHHBI IpH yacToTax 10 k' — 10 MI'g
U B CAHTHMETPOBOM Juarna3one. Hanbonee HHTEpeCeH 0TPE30K YacTOT MEX/ly yKa3aHHBIMHU JUara3oHaMH C TOY-
Koit mepexoja yepe3 Hyub s 100-400 MTI 1.

on  14x107Y m Pan 4
126x10° 33
1.12x107Y 24 \Ih
9.8x107% 16
zie| S0 f ey e
E”‘ml 104 [ ilelQ)) | |
Jziz@)| HZIND) 110 10* 10° 10 o iy N 0
5.6x107% -e {
421074 \ ~1.6
28107 \ - e
1.4x107Y N X -32
T S )
1x10* 1x10° 1x10° 1x107 1x10° 1x10° 1x10%
) Tun 2 Tu
a o
a—monyab Z,;; 6 — dasoas cocrapusiomas Z, ;
|Z11(f2)|, arg(Z11(f2)) aas ¢ =10, k, =10"°, k. =10";
|212(f2)], arg(Z12(f2)) aan &, =20, k, =10°, k, =10";
|Z13(f2)|, arg(Z13(f2)) nast &, =30, k, =10°, k. =10"
PucyHnok 2. — 3aBHCHMOCTH MOTYJIst Z'11 u ero (pasel oT yacToThI f2
Om L Pan 9 ~~
s A \
08 , 0.5 A
0 '\ S 03
Jz@|* / { a2y % }h\
E‘D”o: A o HEDAD) oy
lzso] ‘\._ I HZ() Il \l
o4 ~084o 0" I'mxo' 10 T \ 10 THlo®
03 -018
11 T AR
AN I AN
LIl T B} I |||
1x10* 110 1x10° 1x10 1x10° 1x10° 1x10"
2 Iy n I'm
a 6

a—monynb Z,; 6— dasosas cocrapisiomas Z,;

|Z21(f2)|, arg(Z21(f2)) aas ¢ =10, k, =10"°, k. =10";
|Z22(f2)|, arg(Z22(f2)) nas & =20, k, =107, k. =10";
|Z23(f2)|, arg(Z23(f2)) nast &, =30, k,=10"°, k. =10"

Pucynok 3. — 3aBucuMoOCTH MOYJIsT 212 = 221 u ero ¢a3spl oT YacToThi T2

JIonOIHUTENIBHO OBLTH MPOAHATU3UPOBAHBI 3aBUCHMOCTH MHUMBIX COCTABJISIONIMX M (ha30BBIX XapaKTEPH-
CTHK KOMIIOHEHT IIOBEPXHOCTHOTO MMIIEAaHCa TPH U3MEHEHHWHU YACIBHOM MPOBOIMMOCTH Cpeibl (PUCYHOK 4).
Y CTaHOBJIEHO, UTO HU3KHE 3HAYECHUS YaCcTOThI f, He BIMSIFOT HA aMILTUTYIHYIO KOMIIOHEHTY MHUMO¥ COCTaBIISIFO-
e, 3a uckmouenuem f, =10°T1, Korja HaGIOAETCS PE3OHAHCHBIN BCIUIECK TIPU 3HAYEHUSX MPOBOJMMOCTH
0,01-0,1 Cm/M. AHaJIOTMYHO BIUSIHUE YJICIBHOM MPOBOJIMMOCTH CKa3bIBaeTCs Ha (paze cocTaBisIOLICH MOBEpX-
HOCTHOT'O MMIIeIaHca. YHHUKAIbHBIM 3HaueHHeM siiisieTcst BeinurHa 0,1 CM/M, KOria MpOUCXOIMT CKaYyKooOpas-
HOE M3MEHEHHE (as3bl OT MOJOKUTEIBHBIX 3HAUEHUH 10 OTPULATENHHBIX.

Ipu onpejeneHrn KOMOMHAMOHHBIX COCTABIIAIOIINX KOMIIOHEHTOB JHUDJIEKTPHYECKON MPOHUIIAEMOCTH
Cpemsl Haj YTIEBOJOPOJAMH BaXXHYIO POJb WUTPAIOT (PM3HKO-TEONOTHYECKHE CBOMCTBA MOPOI-KOJIIEKTOPOB,
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KOTOpBIE B CBOIO OYepeIb ONPENEISIOTCS MUHEPAIIOTHYECKHM U I'PaHyJIOMETPUIECKUM COCTaBOM OO, 0COOCH-
HOCTSIMU CTPYKTYPHO-TEKCTYPHOTO CTPOCHUsI CKeJeTa. JJOMONHUTEeNbHO ObLIH MPOaHATH3UPOBAHBI 3aBHCHMOCTH

MHUMO# cocTaBsiomel Z, TNpU U3MEHEHHH yeNbHON MPOBOIMMOCTH CPEbl U MOAYJIS Z,, NP U3MEHEHUM
K03 dunneHTa oTHOMmEHNS aMIDIHTY X (pucyHOK 5). [To rpadukaM BHIHO, UTO HU3KHE 3HAUYEHUS 9aCTOT 30HIHU-
POBaHMs HE BIMSIOT HA HA AMIUTMTY/IHbIE, HU Ha (Da30Bble XapaKTEPUCTUKH, 3a ucKmoueHnem f, =10°T'1, koraa
MPOUCXOJUT PE3KOe U3MEHEHHE JaHHBIX XapaKTEPUCTUK MPOBOAMMOCTH C OTPHULATENBHBIX (EMKOCTHBIX) Ha HO-

JoxuTenbHble (MHAYKTHBHBIE). Touka nepexona nexur B paiione 0,03-0,04 Cm/m. [1pu yBenuueHun ynenbHOM
IPOBOJIMMOCTH MPOUCXOAUT YMEHBIICHHE BETNYUHBI TIOBEPXHOCTHOT'O HMIICIAHCA.

O Pan
i /
/
Im(Z11(o: ) Arg(Z11(c9) 2
El:(a, » EZ)I(C’» = -4 -3 i /
@) 1x40° 0) o 1 )
il __.ﬂ
gt
o™ 0™ t = T T =
C LI LT
Or Cu/nt Or Cn/m
a o
a—moayab 7 ; 6— dasosas cocrapnsiiomas Z, ;
Im(Z11( s, )), arg(Z11(o, )) ama g =10, k, =10", k. =107, f,=10°Tw;
Im(Z12( 5, )), arg(Z12( s, )) ans g =10, k, =10°, k. =10", f, =10°Ty;
Im(Z13( o, )), arg(Z13( s, )) mas g, =10, k, =10°, k. =107, f,=10°Tn
Pucynok 4. — 3aBucuMocTH MHIMO# cocTaBJisiiomieii 1 ¢a3bl
NPU U3MEHEeHHH Y/1eJbHOi MPOBOIUMOCTH Cpebl
Pay Oum
N
\\
™
L’ﬁ“("'» |Z11xE)| / Rdl
m(Z22(c)) Jznom)| K
IEJB(G,)) 1fos Il g 1 1 E“:‘ml /
A / il
/ ul
/ \
" 1x10 107 1107 001 04
Or N/M iE
a o

a — MHAMasl COCTaBJISIFOIIAsT le1; 0 — Moxyb le;
Im(Z21(s,)), |Z11(k, ) mas g, =10, k, =10"°, k. =107, f, =10°Tm;
Im(Z22(,)), 1212(k, )| nas & =10, k, =10"°, k. =107, f, =10°T'w;
Im(Z23(s,)), |Z13(k, )l nast g, =10, k, =10°, k., =107, f,=10"Tn

PﬂcyHOK 5. —3aBucumocTu MOBEPXHOCTHOT0 HMIIEIaHCA

30HIUPOBAaHUE AaHW3OTPOITHBIX CPel JIByXUacTOTHRIMH DMB B pexxuMax c MpaBoil W JIEBOM KPYrOBBIMHU
MOJIIPU3AIUSMHE TIO3BOJISICT MOBBICUTH MPOM3BOJUTEIBHOCTE METOMIOB AJICKTPOPA3BEIKH U TIOBBICUTH HH(pOpMa-
TUBHOCTbH 32 CUET MOJYUYCHHUS JTOMOTHUTEIBHBIX JAHHBIX MO HCCIICIYEMOMY T'€0JIOTHIECCKOMY MPOQIITI0 MECTHO-
ctu. OnpeeneHne TU3ISKTPHIECKOM MPOHUIIAEMOCTH, YSITHHOM MPOBOIMMOCTH CPE/IbI ¥ IITyOHHEI CII0Sl BO3MOXKHO
Ha OCHOBAHUH JIOTIOJTHUTEIBHOM allpUOPHOI MHPOPMALINY, TIOITyYaeMON ¢ TIOMOIIBIO IEpEeMEICHHS TIepeIaTInKa
U MPUEMHHKA TI0 TEPPUTOpHH Hccleayemoro npodwis. [Iponenypa auarHoctuku cpensl Hag YB3 ocymiects-
JSETCS 10 METOJUKE pEelmIeHHs oOpaTHOW 3amadd 3a cueT Habopa KOHKPETHBIX 3HAYCHUH pPacCTOSHHMA
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Y KOHKpPETH3aIMH1 3JIEKTPOAMHAMUYECKHX MoJienieit YB3 ¢ yueToM BIaXXHOCTH CIIOEB, KITUMAaTHYECKUX (DaKTOPOB
1 0COOCHHOCTEH M3MEPEHHUI CE30HHOTO XapaKTepa.

CucteMbl IOMCKa Ha OCHOBE JIByXKaHAJIBHBIX CXEM OIpe/eIeHHs KOMOMHAIIMOHHBIX COCTABIISIONINX 1103~
BOJIIFOT YYUTHIBATh XapaKkTep MMOPUCTOCTH U MPOHUIIAEMOCTH CPel, XapaKTePUCTUKH [EMEHTHPYIOIINX BEIIECTB
Y MEXaHNUYECKHE CBOMCTBA IIOPOJI CKENeTa, KOJIMUECTBO IJIACTOBOM BOABI B ITOPAX, €€ MUHEPAIH3aLUI0 U PSI APY-
rux (aKTopoB.

Bbu10 npoaHani3upoBaHo BIMSHUE BapHALMU WAlla30Ha M3MEHEHHUS XapaKTePUCTHK 30HIUPYIOLIUX CUT-
HaJoB (ko3 puuuenToB K. ), HOKa3aHHBIX Ha PUCYHKaX 6.

Pan On

|Z210¢8)|

a — ¢a3zoBas cocraBiasiiomas Z,,; 6 —moayiab Z, ;

arg(Z11(k.)), |z21(k. )| aas g, =10, k, =10°, k. =107, f, =10°Tu;
arg(Z12(k.)), 1z22(k. )| nas g, =10, k,=10°, k. =107, f,=10°Tm;
arg(Z13(k. )), 1223(k. )| aas ¢, =10, k,=10", k. =107, f,=10"Tu

Pﬂcyl—lOK 6. — 3aBucHMOCTH MOBEPXHOCTHOI'O UMII€/IaHCA

IIpu 3navenusax K. B auamasone ot 0,01 mo 0,1 mporcxoauT pe3oHaHCHBIH POCT KOMIIOHEHTHI, CBUICTENb-

CTBYIOLIMIA O TOM, YTO BO3MOXKHOCTb MEPECTPONKU CHCTEMBI IIOMCKA YIJIEBOJOPOIOB AT BO3MOKHOCTh HOBBICUTH
MH(POPMATHBHOCTh METOJIOB F'€0Pa3BEAKHU YIIIEBOAOPOJIOB. AHAIOTMYHO NPH TAKKX XKe 3a4eHUsIX KO3(DPHUIMEHTOB OT-
HOILICHHS aMILTUTY 1 IIPOUCXOJIUT CKauKooOpa3Hoe U3MeHeHHUe (POCT) BEJMUMHBI MOTYJISl TIOBEPXHOCTHOTO UMIIEAaHCa.
3akiouenue. [IpoBeJeHHBIN aHATIM3 KOMOHMHALMOHHBIX COCTABIISIOIINX KOMIIOHEHTOB JIMAJICKTPUYECKON
MPOHUIIAEMOCTH ¥ MOBEPXHOCTHOTO UMIIEIaHCA CPEJIbl HaJl YIJIEBOIOPOAAMH MOKa3all Clie/yoliee:

— 4acToTa 3JIEKTPOHHOIO LMKJIOTPOHHOI'O pe3oHaHca i pexkuma HY B3auMoaeicTBYS JIEKUT B TIpejie-
max 100-200 k['m, gacToTa 3JIEKTPOHHOTO IUIa3MeHHOTO pe3oHaHca cooTBercTByeT 20-100 MI' m ast npyrux
3HAUYCHUI TapaMeTPOB CPEAbl MOXKET CMEILIAaThCsl B AWANa3oH 0oJiee BRICOKHX YaCTOT, BKIIIOYAs CAHTHMETPOBBIN;

—  HabIMOAIOTCA APKO BHIPAKEHHBIE MAKCHMYMbI MOJTYJISl IOBEPXHOCTHOTO HMIIEaHca Z,, CPe/Ibl Ha ua-
crotax 100-400 MT'1g;

— U1 KOMIIOHEHTBI Z, TAaKKe CyIIECTBYIOT TOUKH PE30HAHCOB, BHIPAXKEHHBIE OJHAKO HE TAaK CyIIe-

CTBEHHO, KaK JIJIsl peAblayiero ciay4das. OHM XapakTepHbI Ui TOro e nuana3zona yactor 100-400 MI;

—  (ha3oBble XapaKTEPUCTHKHI MOTYT OBITh IIPUMEHEHBI [JIst [iu)(epeHIHain Cpell, TaK KaK OHU XapaKTe-
PH3YIOTCSI CKAYKOOOPa3HbIM POCTOM (ha3bl;

—  BIMSHHE YACTHHOM MPOBOIUMOCTH U KOI(D(PUIIMEHTOB OTHOIICHHUSI aMILTHTYI MOXKET PHHECTH JIOTIOJI-
HHUTEJBbHYIO HH)OPMATHBHOCTh METOJIOB MMOUCKA U BbiAeNeHUs: Y B3.
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Hocmynuna 25.03.2021

APPLICATION OF TWO-FREQUENCY ELECTROMAGNETIC WAVES
FOR DETERMINING THE PROPERTIES OF A MEDIUM OVER HYDROCARBONS

V. YANUSHKEVICH, S. KALINTSEV, V. BOGUSH

The article analyzes the application of two-frequency electromagnetic waves using a powerful low-fre-
quency signal to search and delineate the boundaries of hydrocarbon deposits. The characteristics of the aniso-
tropic medium above the deposits were investigated on the basis of the received response from the effect of a two-
frequency signal. The real and phase components of the combined elements of the dielectric constant tensor,
the absolute, imaginary and phase characteristics of the surface impedance of the medium over hydrocarbons
are analyzed. The analysis of the characteristics of the medium over hydrocarbons for electromagnetic waves
with right and left circular polarizations is carried out depending on the frequency, the ratio of signal amplitudes
and conductivity. It has been established that, based on the amplitude and phase characteristics of the components
of the dielectric constant tensor and surface impedance of the medium over hydrocarbons, it is possible to diagnose
the media while increasing the productivity of exploration and the accuracy of determining the boundaries
of hydrocarbon deposits.

Keywords: hydrocarbon reservoir, electromagnetic wave, dual-frequency signal.
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YIK 621.315

BPEMSI )KU3HU HOCUTEJEM 3APAJA B IINIACTUHAX MOHOKPUCTAJIJIMYECKOT O
KPEMHMUSI C IIVIEHKAMMU JIMA30XUHOH-HOBOJIAYHOI'O ®OTOPE3UCTA

Kauo. gus.-mam. nayx, ooy. C.A. BABUIIIEBUY, H.B. BABHII[EBU Y,
(Ilonoukuil zocyoapcmeennulii yHugepcument);
Kano. ¢us.-mam. nayx /.. BPUHKEBHY, kano. ¢u3z.-mam. nayx, ooy. B.C. IPOCOJ/IOBHY,
kano. gus.-mam. nayxk M.U. TAPACHK
(benopycckuii zocyoapcmeennutit ynugepcumem, Munck)

Bpewms oicuznu nepasnosechvix Hocumerneil 3apa0a T 6 NAACMUHAX MOHOKPUCIANTUYECKO20 KPEMHUSL C HaHe-
CEHHBIMU HA €20 NOBEPXHOCb NIICHKAMU OUA30XUHOH-HOBONauH020 pe3ucma mapok PI19120 u SPR700 usmepsanocsy
Paszosbim memodom ¢ npumenenuem beckonmaxmuoti CBY-mexnuxu mpexcanmumemposozo Ouanasoua. Ycmanos-
JIEHO, YMO 8 YeHmpe NAACUNbL 3HAYEHUsS 6DEMEHU JICU3HIU HECKONILKO eblute, Yem y kpas. Ilosepxnocmnoe epems
AHCUSHU Ts OBLIO HUICE 00BEMHO20 Ty. [iumenvHoe xpanenue nPUGOOUNIO K CHUICEHUIO BPEMEHU JHCU3HU, Hauboree
BbIPAIICEHHOMY 8 CyHae Ts. IMO C6A3ANO, NPEONONONHCUMENLHO, C HAKONIEHUEM 8 KDEMHUEBOU naacmute Oblcmpo-
ougppynoupyrowux enyooxux npumecei. Hunianmayus uonos 6opa u ¢ocgopa npugoouna K CHUMCEHU 3Hade-
HUll Ty, 00ycro61eHHOMY Hazpesom (0o ~70 °C) kpemuuesou niacmurul 8 npoyecce umnianmayuu. Ilogepxnocmuoe
8peMsL HCU3HU Ts 8 npoyecce 0OyyeHus Y-Keanmamu 0030u sviue 1 klp crudicaemes 6onee uHmMeHCUHo, yem 06%o-
eMHoe Ty, Ymo, sepoamuee 6ceeo, cea3ano ¢ obpuvisom ceaseil Si—-O—C na epanuye pasoena omopesucm/KpemHuil.

Knroueswvie cnosa: erMHuﬁ, OUA30XUHOH-HOBOLAYHbLIL pe3ucm, e6pems HCUu3Hu, 2aMma-06ﬂyquue.

Beeaenne. BpeMs )U3HU HEPAaBHOBECHBIX HOCUTENEH 3apsiia T SIBJSIETCS OAHUM U3 BAXKHEHIINX 3JIEKTPO-
(u3MUECKHX MTapaMeTPOB, ONPEAEIIONINX OBICTPOAEHCTBHE MOIYIPOBOIHIKOBBIX IPHOOPOB U PETIIAMEHTHPYE-
MBIX MEXTOCyAapcTBEHHBIMU cTaHAapTaMu [1]. MccnenoBanne pekOMOMHAIIMOHHBIX CBOMCTB MPeI0CTaBISeT Cy-
IIECTBEHHYIO HH(POPMANHNIO IPH U3YUYEHHN 1e(PEKTOB CTPYKTYPHI OIYIPOBOIHUKOBBIX MaTEPHaIOB U CTPYKTYD.

Jlutorpadus — OMH U3 OCHOBHBIX TEXHOJIOTMYECKUX MPOLIECCOB MHUKPO- M HaHO3JIEKTpOHUKH [2]. OHa
MHOTOKPATHO TTOBTOPSIETCS Ha PA3IMYHBIX CTaANSIX MIPOM3BOACTBA. TaK, MpH (GOPMUPOBAHUN SIICMEHTHOH 0a3bl
no BUKMOII texHosoruu npuMeHseTcs ao 22 omepanuit ¢poromurorpaduu [3]. UIMeHHO TexHUYECKHE mapa-
METpBI JTUTOrpady, €€ NPOU3BOAUTEIEHOCTh U SKOHOMHYHOCTh OIPEACISIOT CTONMOCTD U3AETHH 3JIEKTPOHUKA
1 3G PEeKTUBHOCTH MMPOU3BOACTBA. B KauecTBe Macok B Ipolieccax CyOMHUKPOHHOI U HAaHOMUTOrpaduH COBPEMEH-
HOHM 3JIEKTPOHMKH MIMPOKO HCIIOJIB3YIOTCS ITO3UTHUBHBIEC JIBYXKOMIIOHEHTHBIE (DOTOPE3HUCTHI Ha 0a3e CBETOUYB-
CTBHUTEIBHOTO XMHOHIMA3U/Aa M HOBOJAYHOI CMOJIBI, HCHOJIB3YyEMOH B KaueCTBE OCHOBBI, — TaK Ha3bIBaeMbIe
JAXH-pesuctsl [2; 3]. XuHOHANA3UA SBISCTCS HHTHONTOPOM pacTBOpeHUs HoBodadHOU cMoibl B 0,1-0,3 M me-
JIOYHOM TIPOSIBUTEJIE U pasjlaraeTcs MpH o0JydeHUH U3Ty4eHHeM BHIUMOro auamna3ona [3]. s cHkeHus Bpe-
MEHH JKU3HH B TTOJYNPOBOJIHUKOBBIX MPUOOpax MIMPOKO HUCTIONB3YeTCs 00IydeHNE Y-KBaHTaMH.

Y4uuThIBas BRIIIEU3IOKEHHOE, SN0 HACTOAIICH PabOTHI IBUJIOCH HCCIIeIOBaHUE BPEMEHHU KU3HU HEPaB-
HOBECHBIX HOCUTEJEH B IIIACTUHAX MOHOKPHUCTAIITMYECKOTO KPEMHHSI C HAHECEHHBIMH Ha €r0 MOBEPXHOCTH IIJIEH-
KaMH JTUa30XWHOH-HOBOJIAYHOTO pe3ucta mapok ®I19120, S1813 u SPR-700, a Takxke BIMsSHUE HA YKa3aHHBIN
napameTp y-0OJIydeHus..

MeTtoauka 3KcniepuMeHTa. BpeMs KU3HM HEPaBHOBECHBIX HOCHTENCH 3apsaia T M3MepAioch (a30BBIM
METOZOM C MpHMeHeHHeM OeckoHTakTHOH CBU-TeXHHWKH TpeXCaHTUMETpPOBOTO Awarna3oHa [4]. Bo3mokHOCTH
perucTpanuy mapameTpoB HOIynpoBogHMKOB Ha CBY cBsf3aHa C MOTJIOIMIEHHEM 3JIEKTPOMArHUTHOW SHEPTUHU
CBOOOIHBIMH HOCHUTEIISIMU 3aps/ia HIIM TOBOPOTOM IUIOCKOCTH MOJISIPU3AIIMH BOJIHBI, BBI3BAHHBIM JIBIPKEHUEM CBO-
6oaubIX HocuTenei 3apsaa. CBU-MOIIHOCT TOCTYNAeT B U3MEPUTEIBHBIN y3€ U HOTJIOMAETCs B MOy IPOBOA-
HHKOBOM 00pa3lie BcJelCTBHE 00pa30BaHMs PE30HAHCHOW CHCTEMBI «M3MEpsSeMblil yJacTok oOpasma — MHielb
BOJIHOBOJ1a». CHHYCOUIATbHO MOTyJTUPOBAaHHBINA ONTHYECKUH TTy4, CHOKYCHpOBAaHHBIN HA ydacTke oOpasiia B Me-
cte koHHeHTpauuu CBY-sHeprum, M3MeHseT ¢ 4acTOTOM Moaymsanuu creneHs nornomeHus CBY-momuoctu
Ha u3MepseMoM ydacTke obOpasma. C MOMOIIBI0 AETEKTOpa BBIAENSACTCS DJICKTPUUECKUI CUTHAI, IT0JaBaeMBIN
MoCJIe YCUJICHUS Ha OJWH M3 KaHaJloB (hazoMeTpa, Ha BTOPOH KaHaJ KOTOPOTO IOAAETCS OIIOPHOE HampshKEHHE
C CHHYCOMJIaJIbHOTO T€HEpaTopa NUTAHUS CBETOAUOA.

B sTOM ciryuae BpeMst )KHU3HH ONPEAEISIIOCH M3 COOTHOIICHUS

tgA
= g (P’
[0)
rie  A¢@ — YrJoBOW cIBUT Mexay (aszamu (OTOINPOBOIMMOCTH 00pasla, perucTpupyeMoil OECKOHTaKTHO,

1 CBC€TOBOI'O IIOTOKA, Bo36yx<)1a}0mer0 (I)OTOHPOBOI[I/IMOCTB;
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o= 2xf,
rze f —gacroTa MOZYJISLMK CBETOBOTO IIOTOKA.

Monynsamnus CBETOBOrO MOTOKa INMPOBOAMUNACH C MOMOIIBI0 HHM3KOYAaCTOTHOIO TE€HEpaTopa CHUTHAJOB
I'3-112/1. YrnoBoit cusur a3 A perucrpupoBaiicst usmepurenem pasHoctu a3 ®2-16. [Ipu Beibope ucrou-
HHUKOB ONITHYECKOTO BO30YKACHUS JUI N3MEPCHUS BPEMEHN JKU3HU YUUTHIBAINCEH CIIEAYIOMNE 00CTOATENHCTBA!
B auana3oHe aiuuH BoJH 360—1000 HM HaXOIUTCS OKHO IPO3PavyHOCTH JUA30XHHOH-HOBOJIAYHOTO (poTOpe3u-
cta [5]; kpait PpyHAaMEHTAIBHOTO TOTIONICHNS! MOHOKPUCTAIUTHYECKOTO KPEMHHS [IPH KOMHATHOW TeMIeparype
~ 900 HM. YuuTHIBas H3T0KEHHOE BBIIIE, JI U3MEPEHHA 00BEMHOTO BPEMEHH KU3HU T, HCIOJIB30BAJICA CBETO-

Mo ¢ JUIMHOM BoyiHBI A =950 HM. M3MepeHHe BpeMEeHH YKH3HHU Ts MPHIIOBEPXHOCTHOTO CIIOS KPEMHHS OCY-
[IECTBJISIIIOCH Ha JUIMHE BOJHBI A =630 HM.

[Inenkun nra3oxuHOH-HOBOJauHOTO oTopesucra (PP) mapoxk ®I19120, S1813 u SPR-700 nHanocuiuch
Ha TOBEPXHOCTh MOHOKPHCTAJUIMYECKHX IUIACTUH KpeMHus Mapku KO®D4,5 metonom nienTpudyruposanus [6].
Tommuuna nenky pesucta h — onpenensnack CKOPOCTHIO BpallleHHs IUIACTHHBI M cocTaBsna: 1,0 MKM IpH cko-
poctu Bpamienus V=38300 o6/MuH; ~1,8 Mkm — mpu V=2900 06/Mun; ~2,5MMm — npu V=1200 06/muH.
ITnenkn tonmmHoi h=>5,0 Mkm ¢opMupoBanuCch B ABE CTaluM IPH CKOPOCTH BpameHus V=1800 o6/MuH
Ha 06omx cragusax. O6inyueHue raMma-kBanTamu °Co 0CyIIeCTBIANOCH IPM KOMHATHON TeMIEpaType U aTMo-
chepHOM naBieHNH Ha ycTaHoBke MPX-y-25M. MoriHocTh nmorioneHHo# 10361 coctaisiia 0,12 +0,008 I'p/c.
Wutepsan nornoieHHbix 103 — ot 1 1o 300 x['p. Ummnantaiust nonamu P* (3Heprus 100 k3B) u BT (s3neprus
60 x3B) mo3o0it 1x10 cM? B pexuMe TOCTOAHHOTO HOHHOTO TOKA (IIOTHOCTh MOHHOTO Toka 4 MKA/cM?)
MPOBOJMIACh NPH KOMHATHOH TeMIlepaType Ha HOHHO-Iy4eBOM Yyckoputene «BesyBuii-6» (ocTaTouHBIA
Bakyym ~107° ITa).

JKcnepuMeHTA/IbHbIE Pe3yIbTaThl U UX o0cy:kaenue. B tabnuie | npuBeneHBI SKCIIEpUMEHTAIbHBIC
JIAaHHBIE 10 M3MEPEHUI0 00BEMHOTO Ty U MOBEPXHOCTHOTO Ts BPEMEH JKU3HM HEOCHOBHBIX HOCHUTEJEH 3apsiia
B IUIACTUHAX KPEMHHMsS C HAHECCHHBIMH Ha UX MMOBEPXHOCTH IUICHKAMH JAWA30XMHOH-HOBOJIAYHBIX ()OTOPE3UCTOB
pa3IMYHBIX MapoK. B cTaThe UCmonb3yeTcss TEPMUHOJIOTHS B COOTBETCTBUH C MEKIOCY IapPCTBEHHBIM CTaHIapTOM
I'OCT 22622-77. V3mMepeHus: NPOBOJMINCH KaK CO CTOPOHBI (POTOPE3UCTUBHOIO CJIOS, TaK U ¢ 00OpaTHOU (Tak
Ha3bIBAEMOM «Hepaboueii») croponsl. O0pasibl Ne 5—8 mepe H3MEpPEHUsIMU XPaHIIKCh JIIUTEIbHOE BpeMs (00-
nee rofa), a oopasmsl Ne 1-4 m3MepsiInch He MO3IHEE MECSIA TIOCIE H3TOTOBICHHS.

Tabnuna 1. — O0beMHOE Ty ¥ IOBEPXHOCTHOE Ts BPEMEHA KM3HUA HEOCHOBHBIX HOCUTEIICH 3apsiaa
B IUIacTHHE KpeMHUS Mapku KO®-4,5 mpu ocBemeHnn co CTOpOHBI POTOPE3UCTa M ¢ 0OPaTHOH CTOPOHEI

Tv, MKC Tv, MKC Ts, MKC Ts, MKC
Ne ITonoxenue Mapka Tonmuua
o6pasua | Ha macTuHE OP P, MkM CO CTOPOHBI ¢ obparHoi CO CTOPOHBI ¢ oOparHoii
(0] CTOPOHBI OP CTOpPOHBI

Kpai 77 69 72 68

! wenp | DP9120 18 103 923 % 82
Kpaii 95 74 90 71

2 LEHTP SPR700 12 101 94 96 81
Kpait 9,0 3,5 8,7 <1

8 HEHTD SPR 700 18 11,3 8,7 10,8 <1
Kpait 6,1 59 <1 <1

4 LHEHTP 51813 18 7,7 7,1 <1 <1
Kpait 14,0 12,9 <1 <1

5 LEHTP PIOT20 10 13,1 13,0 <1 <1
Kpaii 14,0 13,1 <1 <1

6 LEHTP PTI9120 18 13,1 13,0 <1 <1
Kpai 11,1 11,0 <1 <1

! LEHTP PrI9120 2,5 12,1 11,8 <1 <1
Kpaii 9,6 9,6 <1 <1

8 LIEHTP PIIO120 50 10,5 9,8 <1 <1

B nienTpe miuacTUHBI 3HAYSHHUS BPEMEHH KH3HN HECKOJBKO BhIe. OcOOEHHO 3TO 3aMETHO I 00pas-
1oB 1 1 2 ¢ BbICOKMM BpeMeHeM ki3HU. CylIeCTBEHHON 3aBUCHMMOCTH BEJIMYHMH Ty M Ts OT Mapku QoTopesucra
He oOHapykeHo (cpaBH. 00pa3ipl 1 1 2 Tabmuier 1). TonmmHa TIeHKH (OTOpE3ncTa TaKKe He OKa3bIBaIa 3aMeT-
HOTO BJIMSIHUS HAa 3HAUCHHSI BpeMeHH sknu3HH. CleyeT OTMETUTb, YTO KaK OOBEMHOE Ty, TAK M TOBEPXHOCTHOE Ts
BpEMEHa JKM3HU NPH U3MEPEHHH ¢ 00paTHON CTOPOHBI IUIACTHHBI ObUTH HECKOJILKO HMXKE, YEM IIPH U3MEPEHHUH
¢ pabodeil CTOPOHBI C HaHECEHHOW IUIEHKOH QoTopesucra. BeposTHee Bcero, 3To 00yCIOBIEHO OOJbIICH
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IIEPOXOBATOCTHI0 OOPATHON CTOPOHBI IUIACTHHBI, YTO NMPUBOAUT K OOJiee BBICOKOI KOHIEHTpAlMd Ie(eKTOB
1, COOTBETCTBEHHO, K CHIDKCHHUIO BPEMEHH YKHU3HHU.

[ToBepxHOCTHOE BpeMsl )KU3HH Ts PAKTUUECKH JUI BceX 00pasLoB ObUIO HIXKE 00beMHOTO Ty. OCOOEHHO
OTYETIIMBO 3TO MPOSBILLIOCH IIPH H3MEPEHUH CO CTOPOHEI (hoTopesncTa B oOpazmax Ne 1 u 2, MErOIUX BBICOKOE
BpeMst JKH3HH (cM. Tabmuiry 1). DTo 00yCIIOBIEHO TEM, YTO B IPUIOBEPXHOCTHOM 001aCTH KOHICHTPALHs Ae(eK-
TOB ¥ IIpUMeceii ¢ rTyO0OKMMH yPOBHSIMH CYIIECTBEHHO BBILIE, YeM B 00bEME TIOJIYTTPOBOAHHUKA.

B cBexenpuroToBIeHHBIX 00paslax BpeMs JKHU3HH ObLIO HECKOJIBKO BBIIIE, YeM B XPaHHUBILIHXCS JUTUTSIIBHOE
Bpems. Ha Hamn B3ruisia, CHIOKEHHE M3MEPeHHBIX 3HAYEHUH BPEMEHH JKM3HU B JUIMTEIBHO XPaHHUBIINXCS 00pasnax
00YCJIOBJICHO HAKOIUICHHEM B KPEMHHEBOH IutacTiHe ObicTpoauddyHanpyomux riryookux npumeceit. Ha ato yka-
3bIBa€T TO, YTO MOBEPXHOCTHOE BPEMsI )KH3HHU Ts IIPH XPaHEHHUH CHIDKAJIOCH JI0 3HAYCHHI HIDKE TIpeieNia IeTeKTHPO-
BaHU IPUMEHsBIIeHcs MeToqukH 1 MKc. [1o HarieMy MHEHHUIO, OCHOBHBIM ITAPaMETPOM, OIIPEIEIISIOIIIM BETHIHHbI
BPEMEH KU3HH Ty U 0COOCHHO Ts, IBJISIETCS 00paboTKa (04MCTKA) IUIACTHH ITepel HAHECEHHEM TUICHKH (hOTOpe3HCTa.
OO0 3TOM CBHUIIETEIBCTBYET CPaBHEHHE 00pa3IoB 2 U 3, HanboJIee HarJIAHO TIPOSBUBILIEECS IPH H3MEPEHHUH ¢ 00paT-
HOH CTOpPOHBI, Ha KOTOPO He OBLIO IUIeHKH oTopesncta. C 00paTHOH CTOPOHEI Ts B 3THX 00pa3nax pa3iIndaiiuch
Ha 2 mopsigka. BeposiTHee Bcero, 3T0 CBS3aHO € KaUE€CTBOM OYHCTKH IIOBEPXHOCTH IIACTUHBI OT 3arpS3HEHUH.

Ha cremytromem stare OpLIO HCCIIEIOBAHO BIMSHUE BHEITHUX BO3ACHCTBUN — MOHHON MMIUIAHTALINH B CJIOH
(hoTopesncTa TONMIIIHOHN 5 MKM (Tabmuna 2) u y-o0myderns. OTMETHM, YTO MPOCIIMPOBAaHHBIH poOer HOHOB Oopa
u ¢ocdopa B cnoe doropesucra cocraBist ~ 400 MKM, T.e. HOHBI 3aBEOMO HE JOCTHUIAJIM I'PAHUIBI pa3zeia
¢doropesuct/kpemuuii. Hebounpioe cHukeHre 3HaYSHHI Ty B UMILUIAaHTHPOBAHHBIX 00pa3liax 1o CpaBHEHUIO C HC-
XOJTHBIM OOYCIIOBIICHO, BEpPOsITHEE BCETo, BIUsAHMEM HarpeBa (10 ~ 70 °C) kKpeMHHEBOH IUIACTHHBI B IIPOLIECCE
HMILIaHTaluu. Bausaue na HU3MEPCHUE Ty Kap6OHI/ISI/IpOBaHHOFO B pE€3yJIbTaTe HOHHOM HUMIIJIAaHTAlUH CJ104 ITOJIN-
MEpa, Mo-BUAUMOMY, HECYIICCTBCHHO, ITOCKOJILKY aHAJIOTUYHBIC N3MCHCHUA 3HAYCHMIH BPEMCHU KU3HU Ha6HIO-
JAJIMCh TIPH M3MEPEHUH C 00PaTHOM CTOPOHEI INIACTHHBI, Ha KOTOPOH He ObLIO IUICHKH (oTope3ncTa.

Tabmuma 2. — O6beMHOE Ty ¥ TIOBEPXHOCTHOE Ts BPEMEHA JKU3HH HEOCHOBHBIX HOCHUTEIEH 3apsizia B IUIaCTHHE
kpemans Mapku KO®4,5 npu ocBereHnu co ctopoHsl oropesncta @I19120 TommuHoi 5,0 MKM U ¢ 00paTHO
CTOpOHBI MIacTHHEL VIMmianTauus 1030 1x10 cm2 ocymmecTBisanacs co cTOpoHs! GpoTopesncTa

Tv, MKC Tv, MKC Ts, MKC Ts, MKC
Ob6paszen - -

co ctopoHsl P ¢ 0OpaTHOI CTOPOHBI co cropoHsl P ¢ 00OpaTHOH CTOPOHBI
WcxonHbiin 7,0 6,5 <1 <1
WmmnantupoBanHblii P* 4,0 3,9 <1 <1
Wmruiantuposanssiii B* 4,9 45 <1 <1

Bricokoe BpeMs KU3HU (~ 100 MKc), MPUTOTHOE ISl WCCIEAOBaHUSl BIUSHUS Y-OOydeHUs, UMeln

TOIBKO 00pas3ibl, BeIpe3aHHble ¢ racTiH Ne 1 1 2 (cm. Tabmuny 1). Ha pucynkax 1-3 mpenctaBieHbl H3MEHEHHS

B Tporiecce y-00uydenns obparHoro Bpemenn xkusun A(1/t)=1/1, -1/, , TAe T, — 3HAYCHHS BPEMEHH

ucx !
JKU3HHU B UCXOOHBIX IJIaCTUHAX, 1'-0611 — TO XK€ IIOCJIC 06Hy‘IeHI/I$[ 06pa3L[OB, BBIPE3aHHBIX U3 IECHTPA 3TUX TTJIACTHUH.
Bo Bcex ClIy4dasx BpEMs )KM3HU HECOCHOBHBIX HOCHTENICH 3apsiaa 1nocjie O6Hy‘I€HI/IH CHHMIKAJIOCh, 4 3BHAYCHUA 1/ T,
COOTBETCTBECHHO, BO3pAaCTaIH. HpI/I J03ax ~ 2-4 KFp 3HaueHus 1/ Tosy BPIXOIAT HAa HACBIIICHUE U B Z[aJ'ILHefILHeM

A3MEHSIOTCA C1a00.
Ha pucynxke 1 mokaszaHo n3MeHEHHe B IIpoliecce 00IIydeHHs 0OpaTHOro moBepXHocTHoro 1/t (ymHus 1)

u obbemuoro 1/t, (MMHHS 2) BpeMeH KH3HU IIPH U3MEPEHHU CO CTOPOHBI IUICHKH (oTtope3ncra. CHIbKeHHE
MOBEPXHOCTHOTO BPEMEHHU KHU3HH Ts IIpH 103ax P <1k[p MeHee BHIPAXKEHO IO CPABHEHHIO C OOBEMHBIM Ty.
OpnHaKo NpH yBeNIWYeHNUH /10361 KapTuHa uHast. [Ipu @ >1 kI'p y-o0iyueHne 6osree MHTEHCHBHO BIIMSIET Ha BEJIH-
YHHY HOBEPXHOCTHOTO BPEMEHH XHM3HHM — 3aBHCHMOCTH A(l/ ’C) oT @ U1 TOBEPXHOCTHOTO Ts JIC)KHUT BBIIIIE,

4yeM Il 00bEMHOTO BPEMEHH XXHU3HHU Ty U1 000MX Mapok ¢oTope3ucrta (cM. pucyHoK 1). DTo yka3plBaeT Ha To,
4yTo nedekrooOpa3zoBaHue BOJIM3H IPAHUIIBI pa3zaesa (GOTOPE3UCT/KPEMHHUI BHE 3aBUCHMOCTH OT Mapku (oTope-
3HCTa MPOTEKaeT Ooree MHTEHCHBHO, YeM B 00BbeMe TOITyIPOBOIHHKA.

CrnenyeT Takke OTMETHUThH 0OJiee BHICOKYIO YCTOWYMBOCTh K OOJydeHHIO TpaHHIbI paznena ¢ortope-
3UCT/KPEMHHI 10 CPABHEHHIO C TpaHuUIeil pa3aena Bo3ayx/kpemuuii. Ha pucynkax 3, a, 6 KpHBbIE JO30BBIX 3aBH-
CHMOCTel TOBEPXHOCTHOTO BpeMenH xu3Hu A(l/ t,), n3MepeHHbIe co CTOPOHBI HOTOPE3HCTA, IPU BCEX HCIIONb-
30BaBIIUXCS A03aX JIKAT HIKE TEX )K€ 3aBUCHMOCTEH, N3MEPEHHBIX ¢ 00paTHOM CTOPOHBI ITACTHHBI (TPaHHUIIA pa3-
Jiena BO3Myx/KpeMunit). Mapka GpoTope3nucTa He 0OKa3blBajia CyNIECTBEHHOTO BIMSHHUS (CPaBH. PHCYHOK 3, a U 0).
1 006eMHOTO BpeMEHH KHU3HH Ty Pa3IHIHI MEXy H3MEPEHUSIMH CO CTOPOHBI (POTOPE3UCTa U ¢ 0OpaTHOI cTO-
POHBI IUIACTHHBI C1a00 BBIPaXEHBI sl 00enx Mapok (GoTope3ncToB (PUCYHOK 2, a, 6). DTO CBHICTEIBCTBYET
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0 TOM, 9TO paJHallHOHHAS TPaHCHOPMAIIKS TICHKH JHA30XUHOH-HOBOJIAYHBIX PE3NCTOB OKA3bIBACT HAa H3MEPEHHUE
BPEMEHH JKU3HH CYIIECTBEHHO MEHbIIIEE BIUSHUE, YUEM MPOIIECCH Y IPaHHUIBI pasjiena poTope3ucT/KpeMHHIA.

OOBSICHUTD TOJTyYEHHBIE SKCIIEPUMEHTAIBHBIE PE3YJILTATHl MOXKHO, IPUHUMAs BO BHUMAHUE CIEAYIOIIEE.
B pa6orax [7-9] MeTogaMu MEKPOTBEPIOCTH U U3MEPEHUS CIIEKTPOB HAPYILICHHOTO MOJHOTO BHYTPEHHETO OTpa-
JKEHHs TI0Ka3aHo, 4To 0bnydeHue y-kBantamu °Co MpHBOAUT K CHMIKEHMIO air€3UH JHA30XUHOH-HOBOJIAYHOTO
(dhoTope3ncTa K KpeMHHIO, 00yCIOBIeHHOMY pa3pbiBoM cBsizeil Si—-O—C Ha rpanuie pasaena GpoTope3ncT/KpeM-
HHUI, B pe3yJIbTaTe Y€ro MOTYT 00pa30BhIBATHCS PEKOMOHHAIIMOHHO-AKTHBHBIE IIEHTPHI. Y Ka3aHHOE 0OCTOSITENb-
CTBO MOXET MPUBOAUTD K JOTOTHATEIFHOMY CHIDKEHHIO BETMYMHBI TIOBEPXHOCTHOTO BPEMEHH JKH3HH Ts B TPO-
necce obmyuenus [9; 10].
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Pucynok 3. — J[030Bble 3aBHCHMOCTH 00PATHOI'0 IOBEPXHOCTHOIO 1/ T, BPeMEeHH 3KU3HH, H3MEPEHHOT0 ¢ 00PATHOI

croponbl miacTunbl (1) 1 co cTopoHs! IIeHOK (poTopesucrta (2) mapok ®I19120 (a) u SPR700 (6)
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3aknrouenue. Takum 00pa3oM, IPH MCCIIEIOBAaHUH BPEMEHH KU3HH HEOCHOBHBIX HOCHTENCH 3aps/a B Iia-
CTHMHaX KpeMHus ¢ rieHkamu QotopesuctoB mapok PI19120 u SPR700 ycTaHOBIIEHO, YTO B IIEHTPE ILIACTHHEI
3HAa4YeHUs] BPEMEHH )KU3HU HECKOJIBKO BBIIIE, YeM Y Kpast. [loBepXHOCTHOE BpeMs )KHU3HHU Ts OBUIO HUXKE 00beM-
HOTO Ty. J[nnuTenpHOe XpaHeHHe MPUBOJUT K CHI)KEHHIO BPEMEHH JKM3HHU, HanboJiee BHIPAXKEHHOMY B CIIy4ae Ts.
3TO CBA3aHO, NMPEIIOJIOKHUTEIBHO, C HAKOIUICHHEM B KPEMHHEBOH TUIacTUHE OBICTPOAN(DGYHANPYIONINX TIy00-
KuX npumeceil. UMmianTanust noHoB 60pa u Gocdopa NpUBOAMIA K CHIKCHUIO 3HAYEHUH Ty, 00YCIIOBIEHHOMY,
BeposiTHee Bcero, HarpeBoM (10 ~ 70 °C) KpeMHHEBOH ILIaCTHHBI B NpOIecce MMIUIAHTAMU. [loBepXHOCTHOE
BpEMS KH3HH Ts B IIPOIIecce 00ITyUeHNs Y-KBaHTaMH 10301 Beitie 1 k['p cHIDkaeTcst boee HHTEHCHBHO, YeM 00b-
eMHO€ Ty, UTO, BEpOSITHEE BCETO, CBA3aHO ¢ 00pbIBoM cBszeit Si—~O—C Ha rpanune paszaena GoTope3ncT/KpeMHUi.
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THE LIFETIME OF CHARGE CARRIERS IN PLATES OF SINGLE CRYSTALLINE SILICON
WITH FILMS OF A DIAZOQUINON-NOVOLAC PHOTORESIST

S. VABISHCHEVICH, N. VABISHCHEVICH,
D. BRINKEVICH, V. PROSOLOVICH, M. TARASIK

The lifetime of nonequilibrium charge carriers T in monocrystalline silicon wafers with films of diazoqui-
none-novolac resist FP9120 and SPR700 deposited on its surface was measured by the phase method using con-
tactless microwave technology in the three-centimeter range. It was found that the lifetime values at the center
of the plate are slightly higher than at the edge. The surface lifetime ts was lower than the bulk lifetime t,. Long-
term storage led to a decrease in the lifetime, which was most pronounced in the case of ts. This is presumably due
to the accumulation of fast-diffusing deep impurities in the silicon wafer. The implantation of boron and phospho-
rus ions led to a decrease in the values of , due to heating (up to ~ 70 °C) of the silicon wafer during implantation.
The surface lifetime ts during irradiation with y-quanta with a dose higher than 1 kGy decreases more intensively
than the bulk ©,, which is most likely due to the breaking of Si-O-C bonds at the photoresist/silicon interface.

Keywords: silicon, diazoquinone-novolac resist, lifetime, gamma irradiation.
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YIK 621.371: 550.837.6

BBICOKOYACTOTHBIE PEKUMbI 30HIUPOBAHMUS
C IPUMEHEHUEM /IBYXYACTOTHbBIX CUTHAJIOB /UISI IOUCKA YIJIEBOAOPOJOB

KaHno. mexu. nayk, ooy. B.®@. AHYIIIKEBHY, C.H. APAMEHKO, C.B. KAJIUHIIEB
(Ilonoukuil zocyoapcmeennulii yHugepcument)
0-p Qus.-mam. nayx, npogp. B.A. BOI'YIHI
(benopycckuii 2ocyoapcmeennslil ynugepcumem ungpopmamurku u paouoidnekmponuku, Munck)

Ilpusooumces ananu3z 6030elicmaus 08yX4acmomnblX SNeKMpPOMASHUIMHBIX B0JIH 8 PedCUMe MOUWHO20 BbICO-
KOUACTNOMHO20 CUCHANA HA AHUSOMPONHYIO Cpedy HAO yenesodopodamu. Hcciedosarnsvl KOMNOHEHMbL MeH30PO8
OUINIEKMPULECKOU NPOHUYAEMOCTU cPedbl HAO 3anexcamu. 1Ipednodiceno eHedpenie pasiuinblx Memooos U anna-
pamypul 018 HOUCKA Y2Ne8000PO008 HA OCHOBE AHATU3A 8CUJECTNBEHHBIX U (DA308bIX COCMABTAIOUUX KOMOUHUPOBAH-
HBIX 271eMEHMO08 MeH30pa OUIEKMPUYECKOTi NPOHUYAEMOCTU CPeobl HAO Y2neso0opodamu. Hccrnedosanvl xapaxme-
pucmuxu cpedvl Hao yeneso0opooamu A IAEKMPOMASHUMHBIX 80IH C NPABOTL U €0L KPY20SbIMU NOTAPUSAYUAMU
8 3a6UCUMOCIIU 0T YACTHOMbI, KOIPPUYUEHIMA OMHOWEH U AMATUTNYO CUSHANO08 U YOeTbHOU NPOo8oouMocmu. Pe-
KOMEHOOBAHbI PEAHCUMBL 30HOUPOBAHULL AHUZOMPONHBIX CPed HAO Y21e8000p00ami 0Jis NOBbIULEHUS NPOU3BOOUMETb-
HOCMU 2€071020PA36€00YHbIX pAOOM U MOYHOCMU ONPedeNeHUs SPAHUY 3anedicell Y2ie6000p0008.

Kniouesvie cnosa: ya/zeeodopodﬁa}z 3Aa1€ed2iCob, IIEKMPOMACHUMHAA 60JIHA, OeyxltacmomeuZ CucHal.

BBenenne. B HacTosmee BpeMsi pa3paboTka METOIOB NIOMCKA W OKOHTYpPUBAHHS YTIIEBOIOPOIHBIX 3aje-
xeit (YB3) Ha ocHOBe aHaui3a 3JeKTPOPHU3NIECKUX U ANEKTPOXMMUYECKHX POLIECCOB HaJl aHHU30TPOITHBIMU Cpe-
Jamu, 00pa3yIOIIMMUCS HaJl CKOIUICHISIMHA He(TH U ra3a (YIJIEBOIOPOIOB) MPEIoiaraeT MoCTPOSHHE AIEKTPO-
JIMHAMHUYECKON MOJIETH CPe/Ibl U HaXOXKICHHE OTKIIMKA Ha BO3JCHCTBHE 30HIUPYIONINX curHayoB [1; 2]. Anano-
THSI UCCIIeTyeMOM Cpebl HaJl 3aJIe)KbI0 HETH | rasa ¢ IIa3MOoIoI00HEIM 00pa30BaHNUEM MO3BOJISIET HCIOIB30-
BaTh JIJISl U3YUYEHUsI B3aUMOICHCTBHS AIEKTPOMarHuTHeIX BoJH (OMB) ¢ YB3 cymiecTByomue penieHus mpu u3y-
YCHHUH IDIa3MBl U TUIa3MOMOAOOHBIX Cpell Ha OCHOBE KBAa3UTHIPOAWHAMHYECKOTO IMOIXOAA C HCIOIB30BAHUEM
MHOTOYaCTHYHBIX JJIEKTPOHHO-MOHHBIX TOKOB U ()€HOMEHOJIOTHYECKH 3aJJaHHBIX YacTOT CTOJKHOBEHHH. Brioop
METOZa TeOpa3BeKN OIPENeIsieT METOAUKY MPOBEICHIS HATYPHBIX MCIBITAHUNA W TOBHIIAST TOYHOCTH OTIpeie-
JICHUsI TPaHHUI] U YPOBEHb HIeHTU(]UKAIMN MecTopoxkaeHuid YB3 [3].

Pasnmuunple MOgMQUKaNUK CIOCOO0B BEPTUKAIBHOTO 30HAMPOBAHUS HAXOAAT IIMPOKOE IPUMCHEHUE
JUIsL TIOUCKA yri1eBoiopoioB [4]. TeHneHuun pa3BUTHs MOMCKOBOM reo(HU3UKN HANpaBlIeHbl HA pPelIeHHEe 3a/1a4
BHEIpCHUS 3PPEKTHBHBIX METOJIOB T€0Pa3BEIKU C BEICOKIM YPOBHEM TOYHOCTH U IOCTOBEPHOCTH OOHAPYKEHHS
mecropoxaenuit YB3 [5]. JlaHHbIe METOBI 2IEKTPOMAarHUTHOW Pa3Be/IKM CO/IEPIKAT YHUKAIBHYIO HHPOPMAIIHIO
00 yCTaHOBIJICHHBIX Ha JAaHHBI MOMEHT CBEICHHUIX O XapaKTEPUCTHKAX 3JICKTPOMATHUTHBIX moJiei Han YB3. Ak-
TUBHOE BHEJIPEHNE PA3IMIHBIX METOJIOB M alllIapaTypsl IS IOMCKA YTIIEBOIOPOOB O0YCIIOBICHO HAYYHBIM U IPaK-
THYECKVM WHTEPECaMH 10 PEICHHIO JAaHHBIX 3a]a4 sl CO3IaHMs HaJIe)KHOTO MHCTPYMEHTA TIPH TTOUCKE, OKOHTY-
PHBAHUHU U UIACHTU(UKAIMH 3aJIe)Kel He()TH U ra3a ¢ IMOMOIIbIO JIEKTPOMArHUTHBIX METOJOB reopas3Benku [6].
CoBpeMeHHOE COCTOSTHUE HAYKH M TEXHUKH JAaeT OIICHKY BO3MOKHOCTEH MCITONIb30BaHMS TUCTAHITMOHHBIX TEXHO-
JIOTUH MOUCKA MOJIE3HBIX HCKOMAEMBIX MIPU OCBOCHUH YTIIEBOJJOPOIHBIX PECYpCOB Ha mieibdax [7].

HccrnenoBanre KOMITOHEHTOB COCTaBILSFOIINX ITOBEPXHOCTHOTO HMITEAaHCA aHW30TPOIHON Cpeabl Hal
YB3 ¢ yueToM BIUSHUSI Ha CAMbI BEpXHHIA CIIOH OT BCEX HMKE PACIIONOKEHHBIX CJIOEB MPOBEACHO B padote [8].
CelicMIYeCcKie METOIBI C YUYETOM COBEPIICHCTBOBAHUS M Pa3pa0OTKU HOBBIX METOJVK ITOMCKA YTICBOIOPOIOB
SIBJISIFOTCSI aKTYaJIbHBIM HAIPABJICHUEM B COBPEMEHHOM ITOMCKOBOH reodusuke [9]. Peanmzanus 3TUX METOIOB Ha
paKkTHKe 00yCIOBIICHAa X BBICOKOW WH(POPMATUBHOCTHIO. METOMBI HCCIIeJOBaHUS CBOWCTB OOBEKTOB MIPH MOP-
CKHX M3MEPEHHUSIX, OCHOBAHHBIE Ha CPABHEHHM CTATHCTHYECKUX CBOWCTB YCTAHABIMBAIOLIUXCS DJIEKTPHUUECKUX
MOJIeH, MPEe/oararoT mojay4eHne Heobxoaumoin uabopmaiwu st pasiuuenus cpen [10]. [lns onpenenenust
CBOMCTB T'€0JIOTMYECKOTO MPOQHIISE MECTHOCTH LIMPOKO MCIIONB3YETCsS METO]] HA OCHOBE BBISIBIICHHS aHOMAIIHii
NoJIS B aHM30TPOITHOH cpene [11]. AKTHBHO NPUMEHSIOTCS HAa IPAKTHKE CIIOCOOBI JUIsl peLIeHus 3a1a4 dJIeKTPO-
pas3Bexaxu [12]. Micmonb30BaHNe aMIUTUTYJHO-MOAYIMPOBAHHBIX CUTHAIOB M MOJN(UKAIIIH HA OCHOBAaHUH 3TOTO
crioco6oB noncka YB3 noctpoeHsl Ha 00HapYKEHUH MECTOPOXKACHHUH YIiIeBOJOPOIOB 110 PErUCTPaLliK aMILIU-
TYAHBIX U ()a30BBIX KOMIIOHEHT MMOBEPXHOCTHOTO MMIIEAaHca reojioruaeckoro npoduis [13]. YHuBepcanbHbIe
CIIOCOOBI /It MOHUTOPHHT'A KOJUIEKTOPA U Te0TepMaJIbHBIX CCIIEA0BaHUI IPUMEHSIOTCS B IONCKOBOH reou3uke
JUTS pelIeHns 3a7ad deKTpopasBeaxu [14]. Pasmimarsle Mogudukannm cmoco60B U anmapaTypsl A1 BEpTHKATb-
HOTO 30HIUPOBaHMS HaXOMAAT HMIMPOKOE NMPUMEHEHHUE JUIA MOoKcKa yriaeBogopoaos [15]. CoBMecTHas MHBEpCUs
MOPCKHX MarHUTOTEJUTYPHUYECKUX U IPaBUMETPHUYECKUX JaHHBIX C YIETOM CEHCMUYECKUX OrpaHUYEHHUN HCIOIb-
3yeTcsl B COBPEMEHHBIX CHCTEMax MOMCKa MOJIEe3HbIX nckomaeMsix [16]. IIpumenenne amns noucka YB3 meTonos
paaroKOMIUIEKCHpoBaHus [17] NpUBOANT K pacIIMpeHHIo (PyHKIMOHAIBHBIX 3aBUCUMOCTEH JANAIEKTPHYECKOH
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MPOHULIAEMOCTH CPefbl HaJl YIIeBOAOPOAAMHU OT PEKHUMOB 30HAUPOBAHUS, YTO MO3BOJISIET MOBBICUTh TOUHOCTh
pa3pabaTbIBaéMbIX METOJIOB IOwCKa YB3.

B3aunmoneiictue IMB co cpenoii nag YB3. Pactipoctparenne nByxuactotHsix OMB B cpene Han YB3 pac-
CMOTpeHO B paboTe [2]. BMecte ¢ TeM sl peain3allii HOBBIX METOIOB [€Opa3BeIKU MPEACTABISCT HHTEPEC aHATH3
Hpoliecca B3auMOJIeHCTBHA ABYyX4acTOTHRIX OMB ¢ aHN30TPOITHEIMU CpPEAaMHU B PEKUME MOIITHOTO BBICOKOYAaCTOTHOTO
(BY) curnana. KomnoHeHTsI TeH30pa AUAIEKTPHUECKON IPOHUIIAEMOCTH CPEbl B JAHHOM PEXXUME UMEIOT BUT [2]

~ 2 ~ 2 ~2 2 2 ~2 2 2
W, - ) O — 0, —V; 1 Oy W, V; W, +Vv, + 0o
81:8r—+z 2 2 a2V 1 A2 2 + 2 2 _ 520V L A2y 2
W, s ®, (Vi top —0,)" +4o,v; 0,5, ©, (V" +op—d) +40,v;
2 2 2 ~ 2 2 s~ 2
& = Z WOy O O — ) +V; _ 2 J®, V00 1)
2~ 2 2 ~2\2 4~22 2 2 ~2\2 4~22 '
i-1 o, (v tof-0)) +40,v,"  [(vi +of —6))" +40;v] ]o,
~ 2 ~ 2
, O, &|opd, 1 | oo, ogvy 1
83:8r__z 7, ~2 + 2 2
o, T o V+, W,&, ®, ©,+V,
rae €, €, & — KOMIIOHEHTBI TEH30Da;
®, — 9aCTOTHAsI COCTABILIONIAs, XapaKTepu3yomas pexxuM BY 3onnmpoBanus;
®; — TTa3MEHHas YacToTa;
®; — TUPOTPOITHASI 4ACTOTA;
V; — 4acTOTa CTONKHOBEHUS YaCTHII;
€, — OTHOCUTENbHAs TUIICKTPHYECKas MPOHUIIAEMOCTh CPEIbI;
G, — IPOBOJIMMOCTb CPEJIBI;
€, — JMDICKTPHIECKAst IIOCTOSHHAS;
a=m, -0 =0,(1-k, ) —pasnocts gacToT 1ByX OMB ¢ ammiuTynamu u yactotamu 4, 4,, o, o, .
Pesxxumbl n3MepeHnii 3a1ar0TCs KOAQUIIEHTaAMH COOTHOUICHHSI AMIUIUTY JIBYX BOJH U UX YaCTOT
A o,
kE:_2| km:_l! (2)
Al 0‘)2
Jutst pexxuma BY BeiOuparoTcest KoahpHIMeHTh
ke >1,
3)
k, <1

ITpoBomuncs aHanu3 KOMOMHAIIMOHHBIX COCTAaBIJIIONIMX TEH30pa AWAJIEKTPUYECKON NPOHUIIAEMOCTH
cpenst Han YB3 s mapaMeTpoB cpeibl HaJl 3aIeKaMe YTIeBoA0poaoB [1]:
— 3HAUYEHUH JUAIEKTPUUECKON MIPOHULAEMOCTH BMelaomux nopoy €, =1—30 U anekTpuyeckoit npo-

BOJMMOCTH G, =1.10"° -1 Cm/m;

— xoHuenTparmu yactu N, =N, =(1O16 71018) M,

9
— YacTOTHI CTOJKHOBEHUS yacturl v =2-1-10" pan/c.

PesyabTaThl HcciaenoBanuii. Ilposenen ananu3 BeIpakeHHH (1) U1 KOMIIOHEHTOB AMANEKTPHUYECKON
MIPOHUIIAEMOCTH cpenbl Hal Y B3. BelnecTBeHHBIE 3HAUEHUS I KOMIIOHEHTOB AMANEKTPUYECKON MPOHUIIAeMO-
ctu cpensl Hax YB3 mst OMB ¢ mpaBoil u neBoif KpyroBBIMM IMOJISIPU3ALUSIME TIPUBEICHBI Ha pHCcyHKe 1.
Kak BunHo u3 pucyHka 1, va wacrorax f, wm f,;, coorBeTcTBYIOMMX 371€KTPOHHOMY IMKJIOTPOHHOMY H 3JIEK-

TPOHHOMY INIa3MCHHOMY PE30HAHCaM, BCIICCTBCHHAA COCTAaBJIAOIIAA Re 8R HUMECT IBC TOYKH IIEPEXO0Ja 4E€EPE3

HyJb. YacToTa 3JIEKTPOHHOTO LIMKJIOTPOHHOIO pe30HaHca JexXUT B npenenax 30-50 k['u, mpuyemM ¢ pocToM au-
AIEKTPUIECKON MPOHHUIIAEMOCTH OHA CMEIIAETCs BIIPABO MO ocHu abcmmcce. YacToTa 3IEKTPOHHOTO MIa3MEHHOTO
pe3oHaHca cooTBeTcTBYeT 8—20 MI'T1 11 ¢ yBenmM4eHHEM AMAIEKTPHYECKON IPOHUIIAEMOCTH TaK)Ke YMEHBIIIACeTCS.
TakuMm 00pazoMm, B JTaHHOM peKUME 30HIUPOBAHUS JUIS MPUHSATHIX 3HAYSHUH TTapaMeTPOB CPEIbI CIEAyEeT BhIje-

JIMTh YaCTOTHBIN JIana3oH BeICOKOUacToTHOM cocraistomieit 30 k' — 20 MI'm, rne Re&; sBnstiercst oTpuna-

TCIBLHOM. BeH_leCTBeHHaﬂ COCTaBJIIrOIIAA pa3HOCTHOﬁ KOMITOHCHTBI IEPEXOAUT YEPE3 HYJIb B JUANTA30HE YaCTOT
8-20 MI'u. YBenudyeHne QU3ICKTPUICSCKOM MPOHUIIAEMOCTH CPE/Ibl CMEIIAaeT JaHHYIO TOUKY BIIeBO. B nuanasone
HU3KHX 4acTOT JaHHAs KOMIIOHEHTa OTpPHIATeNbHa B Ha yacToTax 0ojee 20 MI'1 mocTosiHHA. 3HAYEHUS COCTaB-
JSIIOLIMX TEH30pa AHM30TPOIIHOM Cpelbl Haj YIJIIEBOJOPOIAMH 3aBUCAT OT (HM3MKO-XMMHUYECKHX IPOLECCOB
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B CaMoO# 3aJIeH W YCIOBHIA 3aieraHus (3HAYCHWS IaBJICHUS W TEMIIEPATyPhl), BIHSAOIINX Ha JJIEKTPHUCCKUC
CBOMCTBA BMEIAIOIIKX MMOPO U cpel Hag YB3, Mo3ToMy 4acToTa 3JEKTPOHHOTO TIa3MEHHOTO PE30HAHCA MOXKET
cMmematbes B oomacts 100 MI'y — 1 I'Tm.
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a — IeficTBUTEJIbHAS YaCTh CyMMAPHO KOMIIOHEHTBI; & — IeHCTBUTE/IHLHASI COCTABJISIIOLIAS PA3HOCTHOW KOMIIOHEHTHI,
Re(eR(f2)), Re(eL(f2)) m1s ¢ =30, k, =10"°, k. =10;

Re(eR1(f2)), Re(eL1(f2)) nas e, =20, k, =10"°, k_=10;
Re(eR2(f2)), Re(eL.2(f)) nast ¢ =10, k, =10"°, k. =10

Pucynok 1. — 3aBHCHMOCTH KOMIIOHEHTOB TEH30pa OT 9acToThI 2!

®a3oBble U AMIUTUTYJHBIE XapaKTEPUCTUKHU [JIs COCTAaBIAMOIIEH ¢ mpaBoil mossipusamnueit DMB
JUIS IBYXYaCTOTHBIX CHTHAJIOB MPHUBEICHBI Ha pucyHke 2. HabGmromaercs pocT (a30BOH COCTaBIAMOIICH
Ha yactotax I|MI'1 — 1T C yBenuueHneM 3HAYCHUS AMDICKTPUUECKON MPOHUIIAEMOCTH CPEIbl YacTOTa
yBenudyeHus ¢Ga3pl cMemaeTcs BieBo. Pa3oBbie XapaKTEPUCTUKH CYMMAapHON KOMIIOHEHTHI HE MEHSIOTCS
B auanazoHe 4actoT 10 k['m — 1 MI'm u Ha ygactke 1T — 10 I'Tu. 3HadeHnss cyMMapHOH KOMITOHEHTHI
C POCTOM IHAIIEKTPUIECKON MPOHUIIAEMOCTH YBEINIUBAIOTCS, IIPHIEM C POCTOM 3HAYCHUH BEICOKOYACTOTHOM
KOMITOHEHTBI IPOUCXOIUT YMEHBIIEHUE 3HAUYEHUN BELECTBEHHOMN COCTABIISIIOLIEH.
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R O] Re(eR(er)) > / /
HHRUD)_ g Re(eR1(er))y

arz(eR2(2)) Re(eR2(er)) LA /
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a 0
a— (1)330]339[ qacTb cyMMapHOﬁ KOMIIOHCHTBI; 0— ﬂeﬁCTBHTeﬂLHaﬂ cocTaBJIdAOLIAsA cyMMapHOﬁ KOMIIOHEHTHI,
arg(eR(f2)) —aum k, =10°, k_ =10, ¢ =30, Re(eR(er)) aas: k, =10°, k_=10, f, =10°Tw;
arg(eR1(f2)) — aam k, =10°, k. =10, &, =20, Re(eR1(er)) mas k, =10"°, k_=10, f, =10"Tu;
arg(eR2(f2)) —aas k, =10°, k_=10, g =10, Re(eR2(er)) aaz k, =10°, k_=10, f, =10"Tu

PucyHok 2. — 3aBHCHMOCTH BellleCTBEHHOM COCTaBJIsIIOLIell CYMMAapPHOiIl KOMIIOHEHThI

JlomoHUTEIBHO OBUTH MPOaHATH3UPOBAHBI AMIUIUTYIHBIC U (Pa30BbIC COCTABISIOIINE KOMIIOHCHT CPEIIbI
Haj YB3 s neBoit u npaBoi mosspuzanuu (pUCyHOK 3). 3aKOH M3MEHEHUs BEIIECTBEHHOW COCTaBIISIOIIEH
JUIst 1eBod mosspuzanuu OMB Takoil ke, Kak U AJs MPaBO, TOJBKO ¢ POCTOM 3HAUYEHUH BBICOKOYACTOTHOM
KOMITOHEHTBI MPOUCXOAMUT yBEIMYEHUE 3HAUCHM BelleCTBEHHOW coctaBisitomei. ®Paza mis OMB ¢ mpasoit

! 3neck u manee Ha pucynkax k =Kk, -
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nonxpmauneﬁ YBEIMYIUBACTCS IIPU YBEINICHUU HHBHCKTpPI‘-IeCKOﬁ TIPOHNIAEMOCTHU HATIOJIHUTEISA BMEIAOIINX
mopoJa Hazx VYB3. YBenuueHue 4acToThl 30HAUPOBAHUA JACT 6OHBHIyIO HH(bOpMaTHBHOCTL MECTOOOB IIOUCKA.
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a — JeiCTBUTE/IbHAS YACTh PA3HOCTHOI KOMIIOHEHTBI; 0 — (ha3oBasi cOCTABJISIIOILAS CyMMAapPHOii KOMIIOHEHTBI;
Re(eL(er)), arg(eR(er)) ams k, =10"°, k_=10, f, =10°Tu;
Re(eL1(er)), arg(eR1(er)) must k, =10°, k. =10, f, =10"Tu;
Re(eL2(er)), arg(eR2(er)) mmst k, =10°, k_ =10, f, =10°Ty

Pucynok 3. — 3apucuMocTH BelleCTBEHHOI cocTaBJsiionieil komnoHeHT IMB oT 1M3/IeKTpUYecKoii MPOHNIAeMOCTH

[IpoBeneHO MOETUPOBAaHNE 3aBHCHUMOCTEH MHUMBIX COCTABIIAIONINX U (Pa30BBIX XapaKTEPUCTHK KOMITO-
HEHT CyMMapHOW COCTaBISIONIEH OT yJeIbHONH MPOBOAUMOCTH CpeAbl (PUCYHOK 4). YCTaHOBIEHO, YTO HU3KUE
3HAYEHHS YaCTOTHI f2 BIMSIIOT HA AMIUTUTYIHYIO KOMIOHEHTY MHUMOM COCTABJISIOIIEH MMPY 3HAYCHUAX MPOBOJIHU-
moctu 0,01-1 Cm/M. AHANOTUYHO BJIMSHHE YACIHHON MPOBOAMMOCTH CKa3bIBaeTCS Ha (pa3e COCTABIIIONICH
MpaBoil moisipu3anui. B maHHOM Jnama3oHe 3HAUSHHH MPOBOIUMOCTEH MPOUCXOAUT pe3Koe M3MEHEHHUe (pasbl

npu yacrore curuana f, =10°Tm.
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a — MHHUMAasl COCTaBJIAIIOIAasf 0— Q)asoBaﬂ COCTABJIAIOIIAA,
ImEeR(o,)), arg(eR(s,)) aas ¢ =10, k, =10"°, k. =10, f, =10°Tw;
Im(eR1(o,)), arg(eR1(c,)) must ¢, =10, k, =10"°, k. =10, f, =10°Tu;
Im(eR2( 5, )), arg(eR2( s, )) mmat ¢, =10, k, =10", k. =10, f, =10y

PucyHnok 4. — 3aBucuMocTH MHUMOII cocTaBJisonleii ¥ ¢a3bl NpH U3MEHEHUH YIeIbHON NPOBOAUMOCTH Cpeibl

30HANPOBAaHNE aHU3O0TPOITHBIX CPeJ IByX4acTOTHRIMH OMB B pexxnMax ¢ IpaBod U JEBOH KPyTOBBIMU
MOJIAPHU3ALISIMU TIO3BOJISIET HCCIIEI0BATH (DM3UKO-TEOIOTHUECKHE CBOHCTBA OPOA-KOJUIEKTOPOB, MUHEPAIOTrnye-
CKMHM U IPaHyJIOMETPUYECKUN COCTaB MOPOJ, CTPYKTYPHO-TEKCTYPHOE CTPOECHME CKeJIeTOB. JlONOJHUTENbHAs
anpuopHas MH(pOpPMAIUs MOIY4YaeTcsl ¢ MOMOIIBI0 MepeMeNIeHHs IepelaTInKa U IMPUEeMHHKA 110 TePPUTOPHU
uccnexyemoro npodmins. Ilpn onpeneneHnn KOMOWHAIIMOHHBIX COCTABIISTFOIIMX KOMIIOHEHT AWAJICKTPHIECKOM
IIPOHULIAEMOCTU CPEelbl HaJ, YINIEBOAOPOJAMU IIOBBIIAIOTCS IPOU3BOAUTEIBHOCT METOJLOB 3JIEKTPOPA3BEAKU
¥ MH(OPMATHUBHOCTh 32 CUET IOJYYEHHs JOMOJHHUTEIbHBIX AaHHBIX II0 HCCIENYEeMOMY I'€0JOTHYeCKOMY Ipo-
¢umo mecTHOCTH. [Iponieypa quarHocTiky cpeabl Hax YB3 ocyiecTBisieTcs Mo METOMKE pelIeHns 00paTHOM
33J1a4M 3a cueT Habopa KOHKPETHBIX 3HAYCHUH PACCTOSIHUM M KOHKPETU3AIMHU JJICKTPOJUHAMHIECKUX MOJIEIICH
VYB3 ¢ yueToM BIaXHOCTH CJIOEB, KIIMMAaTHYECKUX (PaKTOPOB U OCOOEHHOCTEH N3MEPEHHUT CE30HHOTO XapaKTepa.
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CucteMbl NMOKMCKAa HA OCHOBE JIByXKaHAJBbHBIX CXEM OIpECTCHUS] KOMOMHAIIMOHHBIX COCTABIISIONINX
MO3BOJISIFOT HCTIOIb30BAaTh XapaKTEPHCTHKY CUTHAIIOB COTJIACHO PUCYHKY 5. IIpencTaBiseT nHTEpEC OTPE30K 3Ha-
YyeHuid kodpduimenta orHouieHus ammntyx 1-10. Bapuarust faHHOTO MapaMeTpa OJMHAKOBO BIIMSET U Ha CyM-
MapHyI0 KOMIIOHEHTY 1 Ha Pa3HOCTHYIO C TEM JIHIIb OTIMINEM, YTO C POCTOM YaCTOTHI 30HANPOBAHUS XapaKTep
M3MEHEHHSI KOMIIOHEHT MPOTHUBOMOJIOKHBIH. /laHHOE 00CTOSATENHCTBO MO3BOJISIET YUUTHIBATH XapaKTep HOPUCTO-
CTH ¥ IPOHHIAEMOCTH aHU30TPOIHBIX CPEJl, XapaKTEPUCTHKN W BHIbI IEMEHTHPYIOMINX BEIIECTB, MEXaHMIECKHE
CBOHCTBA TOPOJI CKEJICTOB, MPOLICHT IUIACTOBOM BOJIBI B IOPaX, €€ MUHEPATU3ALIUIO U P APYTHX (HaKTOPOB.

3_\\ ,k\
AN 14 \‘\
™
- i \‘\N
] ]
Re(eR(KE)) = Re(eL(kE))
Re(eRI(KE)) Re(eLI(E)) g
Re(eRA(KE)) \ Re(eL2(KE))
e l_\\ —
14 N -t T 1 g
RN
11 — =
™
.
5 A X
1 10 100 1x10°
1 KE 1000 kE
a o

a — IeiicTBUTEIBHASI YaCTh CyMMAPHOI KOMIOHEHTBI; 6 — 1eiiCTBUTEIHLHASI COCTABJISIIONIAs PA3HOCTHOI KOMITIOHEHTHI;
Re(eR(kE)), Re(eL(kE)) aas ¢, =10, k, =10", f, =10°T'y;
Re(eR1(KE)), Re(eL1(kE)) pas ¢, =10, k,=10"°, f, =10"T;
Re(eR2(KE)), Re(eL2(kE)) aas ¢, =10, k, =10", f, =10°Tu
Pucynok 5. —3aBucHMOCTH BellleCTBEHHOIi cocTaBsomeil komnoHent JMB

oT KO3(QPUIHMEHTA OTHOLIEHHS AMILIMTY/

BBI10 MpoaHaTU3UPOBAHO BIMSHUE BapHallMy JHAIIa30HA H3MECHEHUS XapaKTEPUCTHK 30HIMPYOIINX CUT-
HayoB (ko3dduiuenTor ky u K ), MOKa3aHHEIX HAa PUCYHKAX 6.

Pan T : | 6718,
- 0.1
-03
~048
arg(eR(KE)) ~ 06 Re(eR(kw)) T T T T T T
arg(eRICKD)) _ Re(eR1(kw))
arg(eR2A(KE)) Re(eR2(kw))
-0.
-1
-128
- 1 44— i
L]
10048, -
-1
1x10 <107 x107% 001 0.1
! KE 1000 10 o 0
a 0

a — (pazoBasi YaCTh CyMMAaPHOI KOMIIOHEHTbI; § — 1IeHCTBUTEJILHAS COCTABJISIOIIAS CYMMAPHOH KOMIIOHEHTHI;
arg(eR(kE)), Re(eR(kw)) st ¢, =10, f, =10°Tw;
arg(eR(kE)), Re(eR(kw)) aas ¢, =10, f, =10"T'y;
arg(eR(kE)), Re(eR(kw)) anst g, =10, f, =10°Tn

Pucynok 6 — 3aBHCHMOCTH BellleCTBeHHOH COCTABJISAIONIEH CYMMAPHOil KOMIIOHEHTHI

Ilpu 3nauennsax k. =1-10 u k, =0,01—0,1 mpoMCXOAAT M3MEHEHHUs BEILIECTBEHHOH COCTABIAIOIEH

CYMMapHO# KOMITOHEHTBI, CBUACTEIBECTBYIONINE O TOM, YTO BO3MOKHOCTB IEPECTPONKH CHCTEMBI ITOUCKA YTIIe-
BOJIOPOJIOB JTa€T BO3MOXHOCTH MOBBICHTh MH(POPMATHBHOCTH METOJIOB TE€OPA3BEIIKA YIIICBOIOPOIOB.
3akmouyenue. [IpoBeeHHBIN aHATN3 KOMOMHAIIMOHHBIX COCTABJISIONIUX KOMIIOHEHT JAHAICKTPHYECKON
MPOHHUIIAEMOCTH CPEIbl HaJl YIIICBOOPOJAMH TIOKa3all CIeAyIOoNIee:
—  9acToTa 3JCKTPOHHOrO IUKIOTPOHHOTO Pe30HaHCa B pexxume BU 30HANPOBAHMS JCKHUT B Mpereiax
30-50 kI'1, mpuyeM ¢ POCTOM AMIICKTPUUYCSCKON MPOHHMIIAEMOCTH OHA CMEIIAETCs BIPABO MO OCH abCImCC,
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OYHJJAMEHTAJIbBHBIE HAVKHU. ®usuxa Ne 4

4acTOTa IEKTPOHHOTO IIa3MEHHOTO pe30HaHca cooTBeTcTBYyeT 8—20 MI'I 1 ¢ yBeIM4YeHHEM IMAIEKTPHIECKON
MPOHUIIAEMOCTHU TAKXKe YMEHBIIACTCS;

— BEIIECTBEHHAs] COCTABJIAIOIIAS KOMIIOHEHTHI [UIS JIEBOH moispu3anun OMB mepexoaut depes HyIlb
B auMamna3oHe 9actoT 8—20 MI'm;

— HabmomaeTcst pocT Ga30Boi coCTaBISIONICH A1t TipaBoi mossipu3aril OMB Ha actotax IMI'm— 11T

— BJIMSIHHE YIETBHOW MIPOBOANMOCTH U KO3((HUINEHTOB OTHOLIEHHUS aMIUIUTYA MOKET 00ECIEIHTh J0-
MOJTHUTENbHYI0 HH)OPMATUBHOCTH METOAOB ITONCKA 1 BhIAeNeHHus Y B3.
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Hocmynuna 25.03.2021

HIGH-FREQUENCY SENSING MODES USING TWO-FREQUENCY SIGNALS
FOR SEARCHING HYDROCARBONS

V. YANUSHKEVICH, S. ABRAMENKO, S. KALINTSEV, V. BOGUSH

The article analyzes the effect of two-frequency electromagnetic waves in the regime of a powerful high-
frequency signal on an anisotropic medium above hydrocarbons. The components of the tensors of the dielectric
constant of the medium above the deposits are investigated. The introduction of various methods and equipment
for the search for hydrocarbons based on the analysis of the material and phase components of the combined elements
of the dielectric constant tensor of the medium over hydrocarbons is proposed. The characteristics of the medium
above hydrocarbons for electromagnetic waves with right and left circular polarizations are investigated depend-
ing on the frequency, the ratio of signal amplitudes and specific conductivity. The modes of sounding of anisotropic
media over hydrocarbons are recommended to increase the productivity of geological exploration and the accu-
racy of determining the boundaries of hydrocarbon deposits.

Keywords: hydrocarbon reservoir, electromagnetic wave, dual-frequency signal.
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