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INTErPANLHO-AJJANTHBHUIA ABTOMINOT AK 3ACIE INTEREKTYAMISAUIT
CYYACHOTO BE3NINOTHOTO NITANLHOTO ANAPATY

Bemyn. Cyuachi 6e3ninomui nimanwvhi anapamu (bnJlA) ycniwno sukopucmosyoms 8 pisHux
2any3sax nio 4ac GUKOHAHHA HAYKOBO-MEXHIYHUX, eKOHOMIYHUX, 6ILCbKOBUX i pAOY [HUUX
wmicii. E¢exmusnicmo ynxyionyseanns BnJlIA eusHauaemvcs 60pmosum KOMNIEKMOM and-
pamuux 3acobi¢ ma npozpamno2o sabesneyenns cucmemu kepyeanns bnJIA. IIpoyec yoo-
CKOHANEHHA HAABHUX CUCMEM KepyBaHHA MAE HA Memi PO3uUpenus CheKmpy 3a60anb, sKi
po3s’azylombes 3a oonomozu bnJlA 6e3 6e3nocepednvoeo 3anyuenus a0OUHU MA 3anpoea-
0diCeH sl 000AMKOBUX THMeENeKMYanbHUX QYHKYIi 6 pobomy aemoniioma.

Memoro docriorcennn € cmeopeHHs HOB020 MeMOOy IHMeENeKNyanbHO20 KepyeanHs bnJIA ma
11020 BNPOBAONCEHHS HA NPUKIAOT PO3PODIEHO20 THMESPATLHO-A0ANMUEH020 asmoninonty bnJIA.

© TPULEHKO B.I, BOJIKOB O.€., KOMAP MM, LIIENIETYXA 10.M., BOJIOILIEHIOK /1.0. 2019
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Pesynomamu. B pobomi docniodceno anzopummu KepyeauHs, AKi UKOPUCMOBYIOMb 8
aemoninomax Cy4acHux 6e3niiomHux JMmanbHux anapamis, a maKoxc po3eisHymo NUmanHs
CMEOPenHsl ma 3aCmocy8anHsa HOGUX THIMENEKMYATbHUX MemO0i6 i cucmem agmomMamuiHo2o
ninomyeauns  6e3ninomHo20  AMANbHO20 — anapamy.  3anponoHo8ano  iHmezpanbHoO-
adanmueHull asmoninom O peanizayii CKIaOHO20 NPOCHIOPOBO20 MAHEEPYBAHHs OE3NiNom-
HO20 nimanvroeo anapamy. Onucano nioxio 0o po3e ’s3auHsA 3a60AHHA Kepy8aHHs Oe3niiom-
HUM TIMATbHUM Anapamom y Kidci ipmyanbHux cmpamezii 3 6UKOPUCTNAHHAM 8ipmMYailbHO-
20 KepyBaHHs, WO 0dE€ MONMCIUGICMb 00CHIONCY8amu 00'ckm KepyB8aHs KOMWIEKCHO 0e3
cnpowets i Tineapusayii cucmemu pieHsaHb, K 11020 ONUCYIOMDb.

Bucnogku. Buxopucmanms memooy, 3anponoHo8ano2o 6 cmammi, 0ac 3mozy Cmeoprosamu
aoanmusni agmoninomu 0715 GUKOHANHS CKIAOHUX NPOCMOPOSUX MAHESPY8aHb Oe3NiIomHo20 Iima-
JIbHO20 anapamy, OUHAMIKA PYXY K020 ONUCYEMbCS NOGHUMU HETTHIUHUMU CUCTIEMAMU DIGHAHD.

Kntouosi cnosa: 6esninomuuil 1imaneHuti anapam, cucmema Kepy8amHs, Gipmyanvhe Kepy-
BAHHS, a0anmayis, iHeapianmHicmo.

BCTYR

Croroani Oe3minoTHi JiTaneHi anapatu (bnJIA) ycminiHo 3acTOCOBYIOTH B Pi3-
HUX Taly3sXx i yac po3B’s3aHHS HAYKOBO-TEXHIYHHUX, EKOHOMIYHUX, CITbCHKO-
TOCTIOApPChKUX Ta BIHCHKOBHX 3aBlaHb. EQekTuBHICTE (hyHKIIOHYyBaHHSA briJIA
Oarato B 4YOMy BHM3HA4YaeThCS IXHIMH OOPTOBHMH KOMILIEKCAMH amapaTHUX i
mporpaMHuX 3aco0iB kepyBaHHs. OmMHUM 3 Takux 3aco0iB € aBrominor briJIA.
Bin, 3a3Bu4aii, peanizyeTscs iHTETPOBAHOIO aBIOHIKOIO 3 BUKOPHUCTAHHSIM €ITH-
HOi o0uucmoBanbHOl TaT@opmu. CydacHUH MUITX PO3BUTKY OOPTOBUX 00UMC-
JIOBAJIFHUX IUIaT(OpPM Iependavae iMIIEMEHTALiI0 alrOpUTMIB KEpyBaHHS 3a
JOIIOMOTH IIPOTPaMHUX MOAYJIIB, HAIIMCAHMMU MOBaMM IPOIpaMyBaHHs BHCO-
Koro piBHs. Jlo amapaTHOi 4acTUHH aBTONUIOTIB BnJIA BHCYBarOThCSI BUMOTH
10710 OOYMCITIOBANBHOI MTOTYKHOCTI, sIKa IIOBUHHA OYTH TOCTaTHBOIO JUIA peajli-
3amii anropuTmiB kepyBaHHs [ 1-3].

Cepen 6araTtboX 3aBIaHb, SIKI CTaBIIATH Tepen aBTomioramMu briJIA, MoxHa
BUOKPEMHTH PSiJI TAKHX, IO CTOCYIOThCS PO3B’SI3aHHS 3aBAAHb Ii€T CTATTI:

- 3abe3neyeHHs aBTOHOMHOro nonboty brnJIA 3a meBHuM HaGopom 3axa-
HUX TOYOK 1 I[IJTHOBUX 30H IPOCTOPY B aBTOMAaTHIHOMY peXuMi 0e3 BTpyJaHHS
oreparopa;

- cralimizanis 3a7aHUX 3HAYEeHb MapaMETPIB JITANbHOTO amapaTy i Horo
€HEePreTHYHHUX XapaKTEePUCTHK;

- BU3HAUCHHS BiIXWIEHHS (hakTHUIHOI TpaekTopii moipoty briJIA Bin mporpa-
MHOI 1 popMyBaHHsI KOMaH/1 KepyBaHHA J1sl KOpeKuii GakTnaHoi TpaekTopii BriJIA;

- BiAmpamroBaHHS KOMaHAHHX 3HAY€Hb IapaMeTpiB TOJOXKEHHS i Opi€H-
tamii brJIA B mpocTopi Ha BCiX eTamnax mojasoTy;

- 3abe3neyeHHs HEOOXiHOI TUHAMIYHOI TOYHOCTI KepyBaHHS B IIUPOKO-
My Jiana3oHi 3MiH MapaMeTpiB JIITAILHOTO anapary.

[Iponiec BOOCKOHANEHHS HAsIBHUX CUCTEM aBTOIUIOTYBAaHHS CIPSAMOBAHO Ha
BHECEHHS IHTEJIEKTyalbHUX (YHKIIH B poOOTy aBTOMIJIOTY, B TOMY YHUCIi Ha
PO3pO0IEHHS HOBHX METOAIB KEPYBaHHS 3 METOIO PO3IIUPEHHSI CIIEKTPY PO3B's-
3yBaHuX briJIA 3aBmanp 6e3 mpsMoi ydacTi oreparopa.

MeTo10 CTAaTTi € CTBOPEHHS HOBOTO METOJY IHTEIEKTYaJIbHOIO KEepyBaHHS
BrJIA Ta ioro BHOPOBaJKEHHS Ha MpPHKIaAl PoO3poOJIEHOro iHTErpajbHO-
afgantuBHOTO aBTominoty briJIA.

6 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 1 (195)



Iumezpanvro-adanmuenuii asmoninom K 3acio inmenekmyanizayii cyyacHo2o 6e3niiomHozo

MOCTAHOBKA NPOBNEMM

CyuacHuii pO3BUTOK 1H(OpMALIHHUX TEXHOJOTIH a€ 3MOTYy BUKOPHUCTOBYBATH
CKJIaJHI aITOPUTMH KEPYBAaHHS HABITH y BITHOCHO HEJOPOTHX 33 BApPTICTIO aB-
tominoTax BriJIA. CporomHi po3po0aeHO BENMKY KUTBKICTh aBTOIIOTIB Pi3HOTO
TUIY 1 IPU3HAYEHHS, SIKi ICTOTHO Pi3HATHCS MK co00I0 SIK 3a BapTICTIO, TaK i 3a
CTPYKTYpOIO aJTOPUTMIB, IO B HUX BUKOPHCTOBYIOTHCA [4]. B psnl Bumankis
MTOIIHMPEHI aBTOMJIOTH MO3UITIOHYIOTh HAa PUHKY SIK YHIBEpPCAIbHUN 3acib Kepy-
BaHHS LIMPOKOI HOMeHKIaTyporo BbrJIA pisHoro tumy. Cumij 3a3HayuTH, IO
Taki aBTOMIJIOTH B JESIKHX BUMAIKaX MOXYTb OyTH HEJOCTaTHHO €(h)eKTUBHUMHU,
00 BOHM HE BPaxXxOBYIOTH B IIOBHOMY O0CS31 KOHCTPYKTHBHI OCOOJIMBOCTI KOHK-
petHoro BrniJIA, a Takox icTOTHY HeMiHIHHICTH XapakTepucTuk BnJIA mix gac
rIMOOKOTO MaHEBPYBaHHS.

ToMy momanbIMii pO3BUTOK aNTOpPHUTMIB aBTOmijOTIB briJIA mpoBomsTs 3
METOI0 3a0e3MeveHHs SIKICHOTO TOJILOTY 32 YMOB CYTTE€BOT HEBH3HAYEHOCTI,
CKJIagHUX OOMexeHb Ta HaOmmkeHHIO (QyHKIioHyBaHHs aBTominoty BmJIA mo
MOBEIiIHKK KBalli(hikOBaHOTO omepaTopa.

Tpamumifiai aBromiot BbriJIA ocHOBaHI Ha BHUKOPHCTAHHI MPOITOPIIiHO-
iHTerpansaux-audepentitoBanbux ([1I1) perynsropis. [lepcriekTHBHI aBTOMLIOTH,
B CBOIO Uepry, IPYHTYIOTbCS Ha TaKuX MIOXOfax, K aJalTUBHI HEHPOHHI Mepexi,
OTITUMI3AITIHI METO/IH, HediTKa JIoTika Tomio [5]. Jis mpoBeneH s aHamizy CyJacHUX
apromiyioTiB briJIA Ta BUsBIEHHS 0COOMMBOCTEH X (DYHKIIOHYBaHHS Ha Pi3HUX pe-
JKMMaXx HIKYE PO3IIISTHEMO JIeKi 3 HAssBHUX MiIXOAIB A0 KepyBaHHs briJIA.

Hinxin 1o kepyBanusa bnJIA na ocuosi IIIJI-peryasitopiB. Y po6ori [6]
IUISL KepyBaHHS cTa0imi3allielo KyTiB OpieHTalii i BUCOTOO MOboTy brJIA BH-
KOPHCTOBYIOTh IpOMOpIliHO-iHTerpanbHauil kackan ([1l-kackam), 3acTocoBaHwmid
JI0 KOXHOI 3 oceil o0epTaHHsA (KpeH, TaHTaX, pUCKaHH:A) (puc. 1, 1€ ol py, A gps

— MOTO4HUH Ta O6axanuil kytu opienrauii briJIA; o, — HOMHIKa KyTa opie-
Hrauii; Q,., Qg — MO0TOYHA Ta 6a)kaHa KyTOBa IIBMAKICTh 0OEpPTaHHs Ha-

BKOJIO OCi; Q,,, — MOXUOKa KyTOBOI IIBUIKOCTI 00epTaHHs HaBKOJO oci; Out —

err
BUXIJTHUI CUTHAI Ha opraHu kepyBanHs BriJIA; I1 — mponopuiiiHa cknanosa, |
— iHTerpanbHa CKJIalo0Ba).

Agrominoru, nodynosani Ha [11/]-perymnsTopax, MatoTh psJl TAKKX TIepeBar:

- JIETKICTh KOHCTPYIOBAHHS PETYJIISATOPIB;

- IpOCTa CTPYKTypa alrOpUTMIB KepyBaHHS 1 BiIHOCHO HECKJIaAHUI pPo3-
paxyHOK Koe(ilieHTIB perynsropa, 0 3yMOBIIOE 3HWKEHI BUMOTH JI0 00YHC-
JFOBAJIEHUX PECYPCiB.

BojHoyac Taki aBTOIIOTA MAlOTh HENOJIKH:

- 3MiHa XapaKTepUCTUK 00'€KTy KepyBaHHs MPU3BOAUTH OO0 HEOOXimHOCTI
nepeHaamTyBaHHsa napametpis [11/I-perymsaTopa;

- IOMMPEHI METOIW HANAIITYBaHb PETYJSATOPIB (HAPUKIAJ, iHTYITHBHE
HaJIAIITYBaHH, XapaKTepPUCTUUHUI Ta aHANITUYHUI METOIU) HE MOXKYTh 3a0€3-
MIEYUTH BUCOKY SIKICTh KEpyBAaHHS 4epe3 HEMOMJIMBICTh TUHAMIYHOI 3MiHM Ia-
paMeTpiB peryaTopa;

- PO3paxyHOK 1 HajamTyBaHHA KOe(]iLli€HTIB aBTOMIIIOTY MOTPeOYIOTh
3HAYHOTO KOPHUTYBAaHHS Ha PAaHHIX CTalisAX BUIPOOYBaHb i EKCILUTyaTaIlii.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 1 (195) 7
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Puc. 1. Cxema Ill-kackany kepyBaHHs cTaOLli3alli€lo KyTiB OpieHTaLil

Tax, pe3yabTaT KOMITIOTEPHOTO MOJISTIOBaHHs B po0OTi [6] moKa3anu, mo
aBTOMIOT, OCHOBaHM Ha Tpamumidaux [1I/I-peryisropax, He BUKIIOUAE HAsIB-
HOCTI IOMHJIKU KepyBaHHA BiJ 30ypIOBaJLHOTO BIUIMBY 1 HE Ja€ 3MOTY 3abesre-
YUTH HEOOXiIHY AMHAMIYHY TOYHICTh KEpyBaHHS KyTOM Opi€HTaIil y pa3i 3MiHH
PEKUMIB MOJBOTY 1 30BHIMIHIX YMOB.

Ormxe, 3actocyBanHs B aproninotax briJIA Buxmouno I1I/I-perynstopiB oOme-
JKy€ HAIHICTh 1 TOYHICTh TaKUX CHCTEM KepyBaHHA. ToMy € HeoOXiHMM JOIOB-
HEHHS TaKUX aBTOIUIOTIB CKJIAIHIIIIMME CTPATETISIMA KEPYBaHHS, SIKi KOMIICHCYIOTh
Henoiky, mputamansi [11/]-perymstopam.

HMinxin 1o xkepyBanusa bnJIA Ha ocHOBi HelipOHHHX Mepe:K. ABTOILIOT
briJIA Ha OCHOBI agaNTHBHOTO HEHMPOHHO-MEPEKEBOTO KOHTpOJIEpa HE BUMAarae
TOYHOI MaTeMaTHYHOI MOJIEJ, 10 € SIBHOK MepeBaror Takoro aBromiuiora. Lle
Jla€ 3MOTY 3aCTOCOBYBATH IIi MiAXOH ISl KEPYBaHHS IOJILOTOM 0araTolijibOBUX
BrJIA [7]. llpuknax Takoro aBTONuIOTY AJist KepyBaHHs briJIA 3ampornoroBaHo B
po6oti [8]. CuHTE3 BIAMOBITHOTO KOHTPOJIEPY BUKOHAHO 3 MOALIOM Ha BHYTPI-
ITHIN 1 30BHINTHINA KOHTYpH KepyBaHHS (puc. 2: X, p, 6, v, — BEKTOPH CTaHY,
MOJIOKEHHS, KepyBaHHsS (BIAXWIIEHHS KEpPYIOUHX IIOBEPXOHb) Ta IICEBJO-
KepyBaHHs brJIA BimMoBigHO; @, o0 — IMPHUCKOPEHHS Ta KyTOBE MPUCKOPCHHS;
¢ — KBaTEpHIOH; ® — KyToBa IIBUAKICTh. HuxkHi iHAEKCH: /i — OOMEKEHHS;
¢, des, ad — xomaHnHUH, OakaHWH Ta AAaNTHBHUN CUTHANH; M — MOMEHT;
f— cuna). BHyTpiliHil KOHTYp Kepye opieHraiiero BriJIA 3a paxyHok 3MiHH
MOMEHTIB, $5iKi AitoTh Ha brJIA, y pa3i BiAXWIeHHS KEPMOBHX IMOBEPXOHb. 30B-
HIIHIA KOHTYp Kepy€e CHJIaMH, SIKi NitoTh Ha briJIA, nuisixom 3MiHU BeNHYHHH
TATH 1 opieHTarii briJIA.

[MapameTpruHy HEBU3HAUCHICTH, sIKa BUHHUKAE B Tpolieci kepyBanHs BriJlIA,
MiHIMI3YIOTh 32 JOMIOMOTY aJalTUBHOTO eJIeMEeHTy. B sIKOCTI aganTHBHOTO ene-
MEHTY B [8] BUKOPUCTOBYIOTh HEHPOHHY MEpEKy — IEPCENTPOH 3 OJHUM IIpH-
XOBaHHMM IAPOM, SKUH € YHIBEpCAIbHUM allPOKCHMATOPOM.

3 HEOMiKiB, BIACTHBUX CUCTEMaM TaKOI'O THITY, CIIiJi BAOKPEMHTH TaKi:

- CKJAIHICTh CTPYKTYPH aJITOPUTMIB;

-  MOXKJIMBICTh BUHHKHEHHS HeOakaHOI ajanTallii 10 BXiTHAX XapaKTepH-
CTHK 00'€KTa KepyBaHHS;

- BEJMKHI 4ac HaBYaHHS HEHpOMepesKi Al JOCATHEHHs BUCOKOT TOUHOCTI
KEepyBaHHS;

- 3MEHIICHHs TOYHOCTI KepYBaHHS 32 BAHUKHEHHS BUTIAJIKOBHUX 30ypEHb.
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Puc. 2. BuyTpilHili i 30BHIIIHIM KOHTYpHU aBTOIIJIOTY 3 a/1alTALliEI0

Hinxin 10 xepyBanusa bnJIA Ha ocHoBi onTuMizaiiiiHnx MeToaiB. Y podoTax
[9, 10] 3ampororoOBaHO apXiTEKTypy KepyBaHHS BHYTPIIIHIM 1 30BHIITHIM KOHTYPaMH
apronutoty BrJIA. ABTONOT peaizyloTh 3 BHKOpHUCTaHHsSM Hoo-koHTposepa
(B pamkax Hoo-Teopii GopMyITIOrOTE 3a1adi CTEXEHHS, KOMIIEHCAIil, ONTHMAJIBHOTO
HaOJIMDKEHHS 70 3aJaHMX €TAJIOHIB B YaCTOTHIM 00J1acTi, MiHIMAKCHI aHAJIOIM KJIacH-
YHHUX JIiHIHHO-KBaJIpaTHYHUX 3a/a4). ABTOMUIOT CKJIAacThCsl 3 JBOX KOHTYPIB
(puc. 3). 3aBgaHHsIM BHYTPILIHBOTO KOHTYpPY € KepyBaHHs KyTaMH TaHTaxKy, KpeHy,
PHCKaHHS, a TaKOX TArOI0 ABUI'yHA. KOHTpOJIep BHYTPIIIHBOTO KOHTYPY CIYTY€E JUIs
3a0e3redyeHHs poOACTHOCTI JI0 TapaMETPUYHOI HEBU3HAYEHOCTI.

JBa KOHTpOJEpH BXOIATH 10 CKJady 30BHIIIHBOTO KOHTYpY, SIKUil BincTe-
KY€ XapaKTepPUCTHKU €TaJOHHOI MOJEINi: KOHTpOJIep BHCOTH i Kypcy. OOuasa
KOHTPOJIEPH BUKOPHUCTOBYIOTH ONITHMI3aIliiHUNA METOI.

3 pe3yabTaTiB MOJIETIOBAHHS, SIKi HABOJATH aBTOpH podotu [10], BUmmBae,
o 3actocyBanHs Hoo-koHTponepa He 3abe3neuye kepyBanHs briJIA 3 HeoOXin-
HUMHM IIOKa3HUKaMH CTIMKOCTI 1 IKOCTI.

OnTuMi3alliiiHi METOI1 MarOTh TaKi EPEeBaru:

- 3pYYHICTh iHXKEHEpHOI iHTeprpeTalii aJropuTMiB 3a iXHBOI BiZHOCHOI
HPOCTOTH;

- BHCOKa SKICTh KePYBaHHS y BHITaIKaX OOMEXEHOI HEBU3HAUYEHOCTI Xa-
PaKTEPUCTHK 00’ €KTY KepyBaHHS;

- JIeTKiCTh BHKOPHCTaHHS METOMIB JUIS CHHTE3y OJHOMIPHHX CHCTEM aB-
TOMAaTUYHOTO KePyBaHHS.

Henmomiku, BIacTUBI ONTHMI3ALIHAM METOIAM:

- BHUCYBalOTh BHCOKI BUMOTH JI0 SKOCTi, IOBHOTH 1 TOYHOCTI €TaJOHHUX
MaTeMaTHIHUX Mojeliell 00’ €KTa KepyBaHHS;

- ONTHUMI3allis BUMArae 3HauHUX OOYMCIIIOBAJILHIX PECYPCIB 1 Yacy;

- 3acTOCYBaHHS ONTHMI3alliiHUX METOIIB y pa3i kepyBanHsi bnJIA 3 Bu-
KOPHCTaHHIM CIIPOILEHO] JIiHeapu30BaHOi MOJIeIi 00'€KTa KepYBaHHS BUKIMKAE
napaMeTpuIHy HeBH3HAUCHICTb.
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Puc. 3. Apxitektypa aproniyioty briJIA Ha OCHOBI ONITUMI3aIIIHOTO METOLY
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Puc. 4. ba3oBa CTpyKTypa CUCTEMH KepyBaHHS 3 HEUIiTKOIO JIOT1KOIO

Iinxin no kepyBanus bnJIA Ha ocHOBi MeToaiB HeuiTKoOI Joriku. Crc-
TEMH KEepyBaHHS 3 HEUITKOIO JIOTIKOI0 MOXXYTh BUKOPHCTOBYBATHCS B OaraTbox
TaTy3sX, BKIIOYAI0YHM KepyBaHHS Modb0TOM brJIA. ¥V 3HauHIN KiTBKOCTI POOIT
HIeThCsl PO 3aCTOCYBAHHsI B aBTOIIJIOTaX KOHTPOJIEPiB HA OCHOBI HEYiTKOI JIO-
riku [5, 11]. Knacuuna cTpyKkTypa CHCTEMH KEpyBaHHS 3 HEUYITKOIO JIOTiKOIO
CKJIA/IA€ThCS 3 YOTUPHOX OCHOBHUX KOMITOHEHTIB: 0a3u 3HaHb, iHTEpdeicy Te-
PETBOPEHHS NTHUCKPETHOI MHOKMHHM B HEUITKy, MEXaHi3My BHBEICHHS 1 1HTEp-
(¢eiicy mepeTBOPEHHS HEYITKOT MHOKUHH B IUCKPETHY (pucC. 4).

[puxman curtesy aBromiyiory briJIA i3 3acTOCyBaHHSM HEUITKO{ JIOTiKH Ha-
BenmeHo B [12]. Lle#t aBTOIIIOT CKIQAa€ThCs 3 TPhOX KOHTPOJIEPIB HA OCHOBI He-
YiTKO1 JIOTiKH (OAMH KOHTPOJIEp BHKOPUCTOBYIOTH IUIS KEpyBaHHS OiYHUM pY-
xoM BriJIA, nBa KOHTpoNepH — I KepyBaHHS MONEPEYHUM pyxom). Jlist min-
BUIIICHHS TOYHOCTI KEPYBAaHHS B aBTOIIIOT JOJAHO OJIOK KepPYBaHHS IIBHIIKICTIO
1 0JIOK KOMITEeHcaIlil 30ypeHb, BUKJIMKAaHUX TIOPUBaMHU BITPY (puc. 5).

3a pe3yJabTaTaMu MOJEIIOBaHHS, HaBeJeHUMU B [12], BUAHO, IO 3a HasB-
HocTi 30ypeHs briJIA He 3aBkIu BUXOAWUTD Y 3aflaHy TOYKY MapIIpyTy, IO IPH-
3BOMUTH JIO BHUKPHUBJICHHS TPAEKTOpii 1 TMOSBH 3alilBUX MaHEBPIiB. Takox
3’ SIBJISIOTHCS. HETOYHOCTI B IOTPUMaHHI 3a/JaHOT BUCOTH TIOJIBOTY .
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Puc. 5. biok-cxema CUCTEMHU aBTOILIOTY 13 3aCTOCYBaHHSAM HEUITKOI JIOTIKK

ITepeBaru aBTOIIIOTIB, TOOYAOBAHUX 3 BUKOPHUCTAHHAM HEJITKOT JIOTIKH:

- 3HAYHE CKOPOUYEHHS 00CsITy OOYMCIIEHb;

- BHCOKa IIBHIKOIIS;

- 3aCTOCYBaHHS HEUITKOTO KepPyBaHHSI MOXKe OyTH Halie(DeKTHBHIIINM B THX
BUIA/IKaX, KOJIM BIJICYTHS sIBHA MOJIE/Ib TPOIIeCY ab0 aHAITUYHA MOJICIb € 3aHATO
CKJIQJTHOFO JJIs TIOJIAHHSI 200 OTPUMAaHHS PO3B’SI3Ky B pEaIbHOMY MacIuTabi yacy.

3aranbHUMHU HEMOJIIKAMH CUCTEM KEePYBaHHS, OCHOBAaHMX HA METOAAX Hedi-
TKOI JIOTIKH, €:

- CKJIAJHICTh MPOEKTYBaHHS TAKUX CHCTEM;

- JKOPCTKi BUMOTH JI0 0a3u TPaBUII JJIsl PEati30BaHOi CUCTEMH 3 BUKOPHC-
TaHHSM HEUITKOI JIOTIKH.

BMOKPEMAEHHA HEBMPILIEHOT YACTHHH NPOBNEMM

3i cka3aHOTO BHUIIE BUILTUBAE, IO ABTOIMUIOTH OE3MIIOTHHX JIITABHUX araparis,
moOyI0BaHi Ha OCHOBI TIEpEepaxOBaHMUX IIAXOMIB, MOKYTh MaTH OOMekeHi (hyH-
KIIIOHAJIbHI MOJKJIMBOCTI TiJi BIUIMBOM KOMOIHAIiA HECHPUATIMBUX YHHHUKIB,
Hanpuknan y curyarnii, konmu momit briJIA mporikae y 30ypeHiii atmocdepi, a
KepyBaHHS 0 BCiX KaHajaX aBTOIJIOTA 3IIHCHIOIOTH 32 OJHUM IPHHITAIIOM.
BukopucraHHs HasBHHX METOMIB KepyBaHHS Oe3 J0JaTKOBHUX 3aXOJiB MO0
MOJITIICHHS SKOCTI iX pOOOTH Ta BHECEHHS €JIIEMEHTIB IHTENIEKTyalli3allii He Ja€e
HeoOXiTHOT TOYHOCTI i aBTOHOMHOCTI KepyBaHHA. OCOOJHBO 1€ CTOCYEThCA
YCKIIQIHEeHb, AKi BUHUKAIOTH ITiJT 9aC BUKOHAHHS aKTHBHUX MaHEBPIB 31 3HAYHU-
MU 3MiHAMH BUCOTH Ta IIBHIKOCTI MOJIBOTY. Lle BiiOyBa€eThCs 3 TAKMX MPUYHH:
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- BHCOKI JuHaMiuHi BaacTuBocTi BriJIA;

- KOPOTKHI 4ac MepeXiJHUX MPOLECiB, SAKi MPOTIKAIOTh B CUCTEMi Kepy-
BaHHA briJIA;

- BeJHWKa KUIBKICTh EPEXPECHHUX 3B’ SI3KIB MK KaHATAMH KEPYBaHHS.

BimnosigHo, MOKHa 3pOOHMTH BHCHOBOK IPO HEOOXIJHICTH PO3POOIICHHS
HOBOTO METOAy €(eKTHUBHOIO KepyBaHHs O€3MUIOTHUMH JIITaJIbHUMH arnaparaMu
pI3HOTO MPHU3HAYEHHS B PI3HOMAHITHHUX 1 Hellepea0adyBaHNX YMOBaX iX 3acTo-
cyBaHHS. JIJis JOCATHEHHS i€l METH HEOOXIJHO YJIOCKOHAJICHHS HAasSBHUX i
CTBOpEHHS HOBUX MiJXOiB, TEXHOJIOTIH 1 MeToniB KepyBaHHS bnJIA, 30kpema
IHTeNIeKTyallbHUX. BomHOYac HOBI MigXOAHW i METOIW MOBWHHI MaTH 3/IaTHICTH
ajianTarii sK 10 MOKJIMBHX 3MiH Y 30BHIITHBOMY CEPEIOBHILI, TaK i 10 MOIU}i-
Kaliil XxapakTepuCcTUK 00’ €KTa KepyBaHH:.

InTerpanbHo-aganTHBHUI aBTOMIIOT 0€3MIJIOTHOIO JIITAJBLHOIO anapa-
Ty. MaricTpaibHUM HaNpsSMOM PO3BUTKY iHPOpPMAIIHAX TEXHOJOTIH € MiaBH-
HIEHHS PiBHSA iX iHTeneKTyaui3alii, TOOTO CTBOPEHHs iHTENEKTyalbHUX iH(Op-
MAaLliTHUX CUCTEM.

CucteMH 1HTEIEKTYalTbHOTO KEPYBaHHSA € OCOOJIMBHM KJIACOM IHTEJIEKTya-
npHUX 1H(OpMamiiiHuX cucteM. Po3poOiieHHS B 1ii ramysi cnpsSMOBaHO Ha
CTBOPEHHS KOHILEMLil, TEXHOJOriH, METOMIB 1 Mozened Ui BUCOKOTOYHOTO
KEepyBaHHS ITUHAMIYHAMHU 00'€KTaMU B JTUHAMIYHOMY CepeloBHI (iHaKIIe Ka-
JKY4H, CKJIAJHIMH 1 MiHIUBUMH O0'€KTaMH B CKIIAJHOMY 1 MiHJIMBOMY Cepeio-
BHIIlI) 32 YMOB 30€peKCHHSI HEOOXITHUX MOKA3HHKIB SIKOCTi, MBUIKOMIII 1 CTIH-
KOCTi KepyBaHHSI.

OCHOBHI 0COOJIMBOCTI CHCTEM IHTENEKTYAIBHOTO KepyBaHH: [13, 14]:

- TepMiH «KepyBaHHs» 3a IHTEJCKTyallbHOrO KEpyBaHHS Ma€ 3arajibHilie
3HAYEHH, HK 32 TPaAWLIIHOTr0 KepyBaHHs, TOOTO BKIIIOYA€E MPOLECH AiarHOC-
THKH CHUTYAIlli, TUTAaHYBaHHSA Jiif, IPUAHSATTS PillIeHb TOIIIO;

- 3[aTHICTH IO aBTOHOMHOT'O (DOPMYITIOBaHHS CBOIX LiJiel 1 aBTOHOMHHX JIii;

- MOXIIMBICTh €EeKTHBHHX JIii 32 YMOB HEBU3HAYEHOCTI Ta CKJIaTHUX 00-
MEKEHb;

- HasABHICTb ICTOTHO HENIHIHHMUX 00'€KTIB KepyBaHHS;

- 3IaTHICThH MBHIKOI Ta SKICHOI amamTallii 10 3MiH, IO-TIepIie, 30BHINTHIX
YMOB, MO-ApYre, XapaKTepUCTUK 00'€KTa KepyBaHHs 1, MO-TPETE, MapaMeTpiB
1/ab0 CTPYKTYpH caMoi IHTEIEeKTyaIbHOI CHCTEMHU.

Jinist yCyHEHHsI HEIOJIIKIB BHIIETIEPEPaXOBAaHUX ITiIXO/IB, SIKi BUKOPHCTO-
BYIOTHb B aBTominoTax brJIA, 3amponoHOBaHO HOBHI METOX 1HTENEKTyami3amii
BbrJIA Ta 3acTocyBaHHS po3po0IeHUX Ha HOTO OCHOBI QJITOPUTMIB JJISI CTBOPEH-
HS IHTETPabHO-aJaNTHBHOTO aBTOMINIOTY. CTBOPEHHIA aBTOMIOT Aa€ 3MOTY:

- 3abe3leydTd TeHEpaLilo 1HTerpajJbHO-aJaNTUBHUX KOMaHJA KepyBaHHS
IO BCiX KaHAJIaX Ta JOCSTTH ITiIBUINEHHS SKOCTI 1 CTIHKOCTI KepyBaHHS;

- peai3oBYBaTH CKJIaJHI IPOCTOPOBI TPAEKTOPIi MOJBOTY 3 BENUKUMHU 3MiHA-
MH BHCOTH Ta IIBHIKOCTI, a TAKOXK 3a HASBHOCTI iCTOTHO KPHBOJIHIMHWX IUITHOK
IJIMOOKOTO MaHEBPYBaHHS y BEPTUKAJIBHIH 1 TOPH30OHTATBHIN TUIOIIHHAX;

- KOMIICHCYBATH IE€PEXPECH] 3B’SI3KH Ta B3A€EMHH BIUIUB MOMDK KaHaJIaMU
KEpyBaHHS;

- JisaTH 32 YMOB 0OMEXeHHS AOCTYIy iH(opMallii Ta HeBU3HAUYEHOCTI;

- JIOCSTTH IIiIBUIIIEHHSA TOYHOCTI KepyBaHHA briJIA y pa3i 30BHIMIHIX 30ypeHb.
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Ilix gac po3poOIeHHS IHTErPaTbHO-aIaITUBHOTO aBTOIIOTY B SKOCTI OJI-
HOT'O 3 METOJIIB Ii/IBUIEHHS 1HTEJIEKTyali3alii TpaauuiiHoro kepyBanns briJIA
Ha ocHoBi [1I/I-perynsaropiB BUKOpHUCTaHO METOJ BipTyalbHOTO KepyBaHHs [15].

BipryaneHe KepyBaHHs BKJIIOYA€ €Tl IIOCTAHOBKM Ta PO3B’SI3aHHS 3aBIAHHA
CHHTE3Y BIipTyaJbHOTO 00'€KTa KEPYBaHHS, EKBIBAJICHTHOI'O pealIbHOMY HEINiHIHHOMY
o0'exta (B Hamomy Bumanky — brJIA). [t Takoro HemiHIMHOIO 00’€KTa CHHTE3
3aKOHIB KepyBaHHS aHAIITHYHUM METOJIOM Ma€ 3Ha4Hi TpyaHoIli. Bipryanshae kepy-
BaHHA Ja€ 3MOTY JOCTIIKyBaTh OO'€KT KepyBaHHS KOMIUIEKCHO, O€3 CIIPOIUEHb i
JIiHeapHu3aIlii CHCTEMH PIBHSHB, SKi HOro ormicytoTh [16].

BipTyansHe kepyBaHHs Niepeadayae po3B’si3aHHS 3aBJaHHS B J1BA €TaIlH.

[lepmmii eTanm — Ha OCHOBI MOYaTKOBOTO PEalbHOr0 00'€KTa CHHTE3yBaTU
BipTyaJbHHN 00'€KT 3 1HBapiaHTHOIO Ta aBTOHOMHOIO OPTraHi3alli€lo KepyBaHHS,
Horo BipTyaibHY 00JIACTh CTaHIB i BipTyalbHY O00JIACTH KEpyBaHHS.

Jpyruii etanm — 3a BipTyaJdbHUM 00'€KTOM 1 BIipTyaJIbHUM KePYBaHHSIM CHH-
Te3yBaTH peajbHe KepyBaHHA PEaTbHUM 00'€KTOM.

BipryanpHe kepyBaHHS Ja€ 3MOTY CHHTE3YBaTH BIpTYalbHUN 00'€KT 1 3HAM-
TH 00JIaCTi MOKJIMBOTO KEpYBaHHS BIPTYalbHUM 00'€KTOM, 110, B CBOKO Uepry,
HaJla€ MOXKJIMBICTH PO3B’s3aTH 3aBAAaHHS CHHTE3y KEpyBaHHS peajlbHUM 00'€K-
TOM Ha OCHOBI BipTyaJIbHOT0 KepyBaHHs. CrucremMa nmudepeHIinHUX PiBHIHb, SKa
OTHCY€E BIPTyadbHUH 00'€KT, Ma€ B TOPIBHSIHHI 3 IMOYATKOBOIO CHCTEMOIO PiB-
HSHb, SIK1 OMUCYIOTh pealIbHUH 00'€KT, Ha UIMIIKOBI PO3B’s3KH, & PO3B’S30K KiH-
LIEBOi CHUCTEMHM PiBHSHb OJHOYACHO € PO3B’A3KOM 1 MoyaTKoBOi cuctemu. Tomy
3a0e3MedeHHs yYMOB 1HBapiaHTHOCTI 1 aBTOHOMHOCTI IS BCi€l CYKYITHOCTI
PO3B’SI3KIB KiHIIEBOI CUCTEMU aBTOMATHYHO 3a0€3MEeUnTh IHBAPIaHTHICTH 1 aBTO-
HOMHICTb IJIsi PO3B’SI3KiB MOYAaTKOBOI CHCTEMH DPiBHSAHb. OTXe, 3aCTOCYBaHHS
BIpTYaJhbHOTO KepyBaHHs Ja€ 3MOTY PO3IIAJATH MOBHI HENiHIHHI Mozeli 00'ek-
TiB U TOAANBLIIOrO PO3POOJICHHS MPHHIUIIOBO HOBUX HEIHIMHUX pEryJsTo-
piB, siki 3a0e3mevaTh CTIMKICTh 00'€KTIB KEpyBaHHS, a TAKOXX 1HBApiaHTHICTD 10
30BHIIIHIX 30YPEHb.

PosristHeMO  meTanbHINIE TPHHIMIT POOOTH  PO3POOJICHOTO  iHMESPaibHO-
a0anmueHo20 asMoniiomy KepyeaHHs npocmoposum maneepysannim bnJlA (puc. 6).

Hns peanizanii kepyBanus briJIA B kiaci BipTyanbHUX cTpaTeriid Oyno BuO-
paHO CTPYKTYpy IHTETpaIbHO-aIallTHBHOTO aBTOILIOTY, SIKA MICTHTB: T€HEpaTop
3alaHKX MapaMeTpiB KepyBaHHs, MOIYIb (JOPMYBaHHs MOXHOKH 32 KPEHOM, MO-
Iynb (OpMyBaHHS MOXMOKM 3a TaHTakeM, CEHCOPHHH MOIYJb, MOIYJb OOYHC-
JICHHSI KOOPAWHOBAHOTO PO3BOPOTY, MOAYJIb (hOPMYBaHHs AWHAMIKH BipTyalbHO-
TO KepyBaHHS KPEHOM, MOAYJIb (JOPMyBaHHs AWHAMIKU BIPTYalbHOTO KEPYBAaHHS
PHUCKaHHSAM, MOZYJIb (JOPMYBaHHS JUHAMIKH BipTYalbHOTO KEPYBaHHS TaHTaXeM,
MOJTyJh 30epiraHHs Ta anpoKCHUMallii aepoANHAMIYHUX TaHWX, JHIMHWUN 004mc-
JFOBAJILHUM MOJIYJIb Ta HETIHIMHUNA 009K CITIOBATLHIN MOAYIH (pHUcC. 6).

Pyx BnJIA po3rnsgarots y 3B's3aHiil cuctemi KoopauHat (0XYZ, mouyatok
KOOPJMHAT SIKOi po3TalioBaHo B 1eHTpi mac brJIA, Bick 0X 5exuTh B IIJIONIHMHI
cuMeTpii 1 cripsiMoBaHa 710 HOCoBOiI yacTuHU briJIA, Bichk (Y neXWUTh B TUIOIIHHI
cumetpii briJIA i cipsmoBana Bropy (y pa3i TOpH30HTaJIBHOTO TOJBOTY), a BiCh
0Z nONOBHIOE CUCTEMY A0 MPaBOi CUCTEMU KOOPIAMHAT.
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Puc. 6. CtpykTypHa cxeMa iHTerpajbHO-aJanTHBHOTO aBTonijioTy briJIA

I'enepaTop 3amaHux mapaMeTpiB KEpyBaHHS LUKIIYHO T€HEPYE YaCOBY IO-
CIJOBHICTh KOMAH/IHUX CUTHAIIB KPEHY Yopmg TA TAHTAKY 3 (g 1715 300€31I€UCH-
HSI LUTBOBOTO NTPOCTOPOBOTO MaHEBPYBAHHS Y TOPU3OHTAIBHII Ta BEpTHKAIBHIH
IUTOIIMHAX BiIMOBIIHO.

CeHcopHHIT MOAYIL OopMy€e cUrHAIU moTouHoro crany brJIA. Lli curHa-
U HAAXOIATh Bij HaOOpy JaBadiB, SKi BUPOOINISIOTH CUTHAIU KyTa KpeHy v,
PUCKaHHS 1 TaHTaKy 3, Temieparypu moBitps 7, 6apOMETPUYHOTO THCKY B,
HOBITPSHOT IIBUAKOCTI V, IepeBaHTaXEHb 1, N,, M., @ TAKOXK KYTOBHUX IIBHUAKO-
CTEH Oy, M), O;.

[ToxnOKku 3a KpeHOM Ta 3a TaHTA)KeM BU3HAYAIOTh 32 PIBHSAHHIMU:

AY =Yema =75
AS=9_,-9.

Monynb 004YHCIICHHS KOOPJHHOBAHOTO PO3BOPOTY T€HEPYE CUTHAIH TTOMH-
JIOK KyTOBO{ IIBHIKOCTI KOOPJJMHOBAHOTO PO3BOPOTY A®, Ta OOKOBOTO IepeBaH-
TaxXeHHd An.:

Aw, :KRygsiny—(oy;

An, =K,n,,

Jie ¢ — TPUCKOPEHHS BUTLHOTO MAaJiHHSA; 7, — MOTOYHE 3HAYCHHS OIYHOTO Ie-
peBanTaxeHHS, Kry, K, — TepeaaBaibHi Ynuciia KOOPIUHOBAHOTO PO3BOPOTY Ta
OIYHOTO MEePeBAHTAXKCHHS BiIIIOBIIHO.

Monyii ¢popMyBaHHS TUHAMIKH BipTyaJIbHOTO KEPYBaHHS KPEHOM, PHUCKaH-
HSIM Ta TaHTa)XXeM CYKYITHO CKIIQJIalOTh MEPIIHiA PiBeHb BIPTYaIbHOTO KePyBaHHS
npocTopoBuM MaHeBpyBaHHsAM BriJIA. 1li Moayni 3agar0Th mojaHHS OaraToBH-
MIPHOI CUCTEMHU KEPYBaHHS y BUTJISI CYKYIMHOCTI HE3QICKHHUX OJHOBHUMIPHUX
ABTOHOMHUX CHCTEM KEPYBaHHS:
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T=p,.
v=p,. (1)
S:pg’

ne p,, Py, Py — KOMaHJHI CHIHAIN BIPTYaJbHOTO KEPyBaHHsS KPEHOM, PHC-

KaHHSM Ta TAaHTAXKEM.

[t cuctemu piBHSIHB (1) MOXKYTB 3aCTOCOBYBATHCS BCI METOJM TPOEKTYBAHHS,
po3pobIIeHi 11 OMHOBUMIPHIX CHCTeM. Hampuiinam, MeTomy moOymoBH TPOTOPIIiii-
HO-IHTErpaIbHO-TA(EPEHLIIMHUX PETYIISTOPIB, METOJM TOOYIOBH ONTHMAJBHHX 32
IIBU/IKOJIIEIO PETYIIATOPIB Ta iHIII. 32 JOIOMOTH JIOTIOBHEHHS alTOPUTMIB KEpYBaHHS
3 BuUKopucTaHHsIM [1IJ[-perynsaTopiB BipTyalbHHM KEPyBaHHAM BIAETHCS JIOCSITH
BHLIOI AKOCTI KepyBaHHs. KOMaH/Hi CUrHaIM BIPTyalbHOTO KEPYBAHHS KDEHOM p,

PUCKAHHSM p,, Ta TAHTXKEM pg PO3PaXOBYIOTh 3a (hopMmytamu:

1
py =Ky + ——+pTd, )Ay;
pTz},

1
pg=(Kg+—+pld g)AS;

pTi19
1 .
Py :(Kwy +prley +pTda)y )Aa)y +
@y
+(an +— pTinZ + pTdn,)An,,
pTi

nz

d . .
e p == oneparop audepeHwiroBanHs 3a yacom; K, Td,, Ti, — nepena-

BaJbHI YHWCIIA BIJINOBIIHO TPONOPLIAHOI JIaHKW, Aemridepa 1 iHTerpaTopa
M d-perynsitopa B kaHam kpeHy; Kg, Tdg, Tig — mepenaBajibHi yKcia BigHo-
BIZIHO IMPOTIOPLIHOI JaHKH, neMndepa i interparopa [11JI-perymsaropa B kaHami
TaHraxy; K o, Td o, Tiwy — TepenaBajbHI YHCIa BiANOBIAHO MPOMOPIIHHOL

naHku, AemMidepa i interparopa IIJ]-perynsTopa B kKaHaI PUCKAHHS Ta TOMUIIKH
KyTOBOI LUBMJKOCTI KOOPIMHOBAHOro po3sopory Awy; K, , Tdn, Ti, — me-
penaBanbHI YMCNa BIANOBIZHO MPONOPLiMHOI JaHKH, Oemiidepa i iHTerparopa
[TI/1-perynsTopa B KaHai pUCKaHHS Ta TIOMIIKH OOKOBOTO TIEPEBAHTXEHHS Ant,.
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KinemaTudni piBHSHHSA, SKi OB’ SI3yIOTh MOXiAHI KyTiB y, 3, ¥ 3 KyTOBH-
MU LIBUIKOCTSMH O0EPTaHHS ©, , © y, O BbrJIA MaroTh BUIIIAL:
- (coycos Y —®_sin y) .

— >

cosd

9= ®,8in Y +®.Co8 Y; )

Y=o —((o COSY—® siny)sm8
Y : cos 9

CucreMma piBHSIHB TEPIIOTO PIiBHS BIPTYalbHOTO KEPYBaHHS IUIS IPOCTOPO-
Boro MaHeBpyBaHHS BrJIA (1) Ta cucrema KiHeMaTHYHHX piBHSHB (2) Hamae
MOKJIMBICTh C()OPMYBATH CHCTEMY 3 TPHOX IIIHIHHUX PIBHAHB 3 TPHOMa HEBIiJIO-
MUMH KOMAaHJHUMH CUTHAJIAaMH BIPTYQJIbHOTO KEPyBaHHS JPYroro piBHA

c")xC"d)yC’(sz:

ki Oy + k000 + k00 =K

i

ky O +hy 00 +hp, 0,0 = K5 (3)

>

k3 Oy + k3,0 0 +hs.0.0 = Ky

Koeiuienrn ki, kyy . kiz ko ky ) ko2 K3y ks k3., K1, Ky, K3y cuctemi

PiBHSHB (3) 00YHCITIOIOTH 3a JOTIOMOTH AU(EPEHITIFOBAHHS CITIBBITHOIIEHE B (2)
1 MalOTh TaKi 3HAYCHHS:

cosy —siny
kiy =0k, =—— .k, = ;
lx ly cosd lz cosd

sinysind
k3y =lk3, =———;

cosd

kyy =0,kpy, =siny, ky; =cosy;

siny,  cosysin9
—(—=—)+
cosS) ( cof 9 )

cosy,  sinysind, . “4)
e ey (—Co 29 K

K3 = pg — o), cosy +w, siny;

K1 =py +my[(

cosy ,  sinysind..
cos 9 cosd
cosysind sin

Y n Y ).

cosd co 9

K3 =Dy _(Dy[(

_(Dz[(

ITicns po3B’s13Ky piBHAHB (3) 3 ypaXyBaHHAM PiBHSAHB (4) Ta BUKOPHUCTOBY-
I0YM CUTHAJIM TOTOYHOTO cTtaHy BriJIA, ¢hopMytoTs KOMaHIHI CHTHaIH BipTya-
JLHOTO KePYBaHHsI APYTOro PiBHS Y JIIHIHHOMY OOYUCITIOBAIEHOMY MOIYJIi:
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Wy = c.‘)xC;
Wy =0y, (5)
W, = (sz .

i curranu npu3HadeHo it GOpPMyBaHHS y HOAANBIIOMY PeaJbHUX KOMaH.
KepyBaHHsI KyTaMH BiIXWUJICHHS €JICPOHIB, PyJisl BACOTU Ta PYJIS HAMPSMKY.

VY HeniHiiHOMY 00YHCITIOBaILHOMY MOAYJII PO3B’S3yEThCS CUCTEMA PiBHSHB
pyxy bnJIA, 3amucana BiZHOCHO IEHTPY Mac y 3B's3aHill CHCTeMi KOOpPIWHAT.
MoXITHBI BapiaHTH MOJJAHHS CUCTEMH HENHIMHUX MTU(epeHIiHHIX PIBHAHB, 10
XapakTepu3yloTh napamerpu pyxy bmnJIA, naseneno B mxepenax [17, 18]. [dng
PO3B’sI3aHHS CHUCTEMH pIBHSHb HEJTIHIMHUNA OOYMCIIOBAILHUN MOIYIIb MOXE
BUKOPUCTOBYBaTH OyJIb-SIKWH 3 BIJIOMHUX METOJIIB OOYMCIICHHS CHCTEMH Helli-
HIllHUX PIBHSHB, Hanpukian, MeToan Herotona-Padcona, 3eiinens, Bpoiinena
Tomo. YuM TOuHiIIE 3aCTOCOBAHI PiBHSHHS ONHUCYIOTh PeaibHi MapaMeTpu pyxy
brJIA, TuMm ehekTUBHIITUM Oy/Ie TIpoIleC IHTerPaTbHOI aganTaii aBTOIIIOTY 10
peaJbHAX YMOB MaHEBPYBaHHSI.

[MotpiOHi AN po3paxyHKiB KOeili€eHTH aepOJUHAMIYHUX CHJI 1 MOMEHTIB
3HAXOMSITHCS Y MOMIYJI 30€piraHHs Ta ampOKCHMAIlii acpOAMHAMITHUX NaHUX Y
BUTIIAAI TaOauib naHux. L{i 1aHi OTpUMYIOTh Ha OCHOBI aepOIMHAMIYHUX JOCi-
IDKEeHb BigmoBigHol Momeii briJIA.

3a curHanamy BipTYaJIbHOTO KepYBaHHs APYroro piBHS wy, w,, W, Helli-

HIHHUI 00YUCITIOBAILHUN MOYJIh (POPMYE peaibHi KOMaHIU KePYBaHHS KyTaMH
BIIXWUJICHHS €JIE€POHIB J,, Pyl BUCOTH J, Ta pyJisi HANPAMKY J, . B monamsmio-

My IIi CHTHAJIW HAAXOIITh Ha BHKOHABYI MEXaHI3MH aepoJUHAMIYHUX ITOBEp-
XOHB KepyBaHHs briJIA.

Po3pobrenuii iHTerpaibHO-aqa THBHUN aBTOMUIOT Ma€ TaKi epeBaru:

- 30LIBINEHO KUTBKICTh Ta MiABUIIEHO €(hEeKTHBHICTH AIbTEPHATUBHUX Ba-
piaHTiB TanyBaHHs pyXy BriJIA;

- TOKpAIllEeHO TOYHICTH Ta MiJABHIIEHO HAJIIHHICTh BiINpPAIlIOBaHHS CKIIA]-
HUX MTPOCTOPOBHX TPAEKTOPIiH MONBOTY;

- HaJaHO MOJIMBICTH a/IallTyBaTHCS JO CYTTEBHX 3MiH BHCOTH Ta IIBUJ-
KOCTI HOJIBOTY O€3MIIOTHOTO JITalbHOTO anapary;

- HaJaHO MOXIIMBICTh BUKOHYBaTH MaHEBPYBaHHsS y BEPTHUKAIBHIN 1 TO-
PU3OHTATBHIHN TUIOMIMHAX 3 ICTOTHO KPUBOJIIHIHHUMU JUISTHKAMHU;

- BiIIpaIboOBaHO MEPEXPECHi 3B S3KM Ta KOMIICHCOBAHO B3a€MHHI BILTUB
MK KaHanamu kepyBaHHs brJIA;

- 3a0e3mnedeHo aBTOHOMHICTh POOOTH 332 YMOB HEBH3HAYEHOCTI Ta CKIIAJ-
HUX OOMEXEHb.
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HesBaxaroun Ha 3Ha4Hy KUTBKICTh TEOPETUYHHX POOIT Ta aKTUBHHH PO3BHTOK
iHpOpMaIIHUX TEXHOJOTIH, mpobiieMa ePpEeKTUBHOTO KepyBaHHS OE3IMIIOTHIM
JITAJILHUM arapaToM € HaJ3BUYalHO aKTyalbHOIO. B po0OTI Moka3aHo HeqocTa-
THIO e(eKTHBHICTh (PYHKIIOHYBaHHS TPATUIIMHUX aBTOILIOTIB OE3MMUIOTHUX
JTATHHUX arapaTiB 3a HAIBHOCTI 30BHIMHIX 30ypeHb, HCBU3HAYECHOCTI Ta y pasi
TTMOOKOTO MaHEBPYBAaHHS.

EdextuBHEe KepyBaHHs OC3MUIOTHUM JITaJbHUM amapaTroM 3a Pi3HHX 1 He-
nependadyBaHUX YMOB, SKi JJOCHTh IIBHIKO 3MIHIOIOTHCS, BUMAara€ HOBUX MiJ-
XOJIiB IO CHHTE3Yy CHCTEM aBTOMUIOTYBaHHSA. OJHHUM i3 Cy4aCHUX IHCTPYMEHTIB
BUPILICHHS LbOTO MUTAaHHS € 3aCTOCYBAaHHS 1HTEJIEKTYaJIbHUX CHCTEM KepyBaH-
HS Y CKJIaJli TIEPCIIEKTUBHUX OE3MMIIOTHUX JIITAThHHUX araparis.

BukopucTaHHs 3anpONIOHOBAHOTO MiIXOLY YMOXKIHMBIIIOE€ CTBOPEHHS iHTET-
paJIbHO-3aJaNTUBHOTO aBTOIIJIOTA I peallizailii CKJIaJHOro MPOCTOPOBOrO Ma-
HEBPYBaHHs OE3MIJIOTHOTO JITaabHOTO amapary. [{uM 3a0e3neueHo MOKIHUBICTh
3aCTOCYBaHHS MOBHUX HENIHIMHUX MoOJeNiel Oe3MMJIOTHHUX JTATbHUX anaparib
0e3 crpoleHs Ta JiiHeapu3amii. KpiM Toro, € MOKJIHBUM BUKOPUCTAHHS PO3ILU-
PEHOro Aiana3oHy HapaMeTpiB Ta aJbTEPHATHBHUX BapiaHTIB CTPYKTYpPHOI Op-
rafizamii 6oproBux cucteM. [liTBUIIEHHS TOYHOCTI Ta CTAJIOCTI KEpyBaHHS 3a-
0e3IreueHo 3a paxyHOK IITYYHOTO TEePETBOPEHHS IPOIECiB, MO MPOTIKAIOTh y
0araToBUMIpHii CcHCTeMi, B CYKYIHICTh BIPTyaJbHHUX aBTOHOMHHX IIPOLECIB,
JUTSL KOYKHOTO 3 SIKHX JIOCUTB JIETKO CHHTE3YIOTh aJITOPUTM KEPyBaHHS aBTOHOM-
HOIO TiACUCTeMOI0. HacaMmKiHeIb 3MiCHIOIOTE MTPOIIeTypy KOOpAUHAITT il BCiX
aBTOHOMHUX MIJICUCTEM B €UHMIA (DYyHKI[IOHATBHHUI KOMILICKC.

Ha BigMiHy Big HasBHUX CHCTEM, 3alpPONOHOBAHHN iHTErpalbHO-
aJaNTUBHUI aBTOIJIOT Ja€ MOJIHMBICTh JOTIOBHUTH JIiHIAHI pPIBHSHHA PYXY
MOBHUMHM HEJIHIMHUMH aepOJIUHAMIYHUMHU MOJCISMH O€3MIIOTHOTO JITAJILHOIO
amapary. BHacnizok 1boTo MiJBUILEHO SKICTh KEPyBaHHS 3a KDUTHYHHUX YMOB Ta
HEUITaTHUX CUTYaIliif, HAIIPUKIIA/, 32 YMOB Herepe10adeHoro BUXOIYy Py CyT-
TEBHUX IMapaMeTpPiB 3a JOIMYCTUMI MeXi. B po3po0ieHoMy aBTOMNOTI 3AiHCHIO-
€TbCsl POPMYBAHHSI KOMaH/I JIBOPIBHEBOTO BIPTYaJIbHOTO KEPYBaHHS, SIKi AIOTh
3MOTy €(peKTHBHO aJanTyBaTHCS O 3MiH BUCOTH Ta IIBUAKOCTI MOJIBOTY O€3Mmi-
JIOTHOTO JITAJIBHOTO arnapary.

[NoenHanHs B IHTErpaIbHO-aIAIITHBHOMY ABTOIUIOTI TPAAUIIMHUX MiIXOIIB Ke-
pyBaHH: 0€3MUIOTHUMU JITAIbHUMH arapaTamy 13 3alporOHOBAaHUM METOJIOM BipTY-
AILHOTO KEPYBaHHS YMOXJIMBIIIOE TIBUIICHHS PIiBHS IHTENEKTyatizamii 0e3miioT-
HOTO JIITAJIFHOTO armapara Ta 3a0e3Ieduye sSKiCHe BUKOHAHHS 3aBJIaHb, sIKi TTOCTAIOTh
niepez Oe3MiIOTHOIO aBialli€ro.
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MexyHapoIHbIi Hay4HO-y4eOHBII LIEHTP
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WHTEI'PAJIBHO-AJIATITUBHBIN ABTOITAJIOT
KAK CPEJCTBO UHTEJUIEKTY AJIM3ALIMHA COBPEMEHHOI'O
BECIIMJIOTHOI'O JIETATEJIBHOI'O AIIIIAPATA

B pabote mccinenoBaHbl aNropHTMBI YIIPABISHHMS, KOTOPBIE HCTIONIB3YIOTCS B aBTOIMIIOTAX COBPE-
MEHHBIX OECIMIIOTHBIX JICTATENIbHBIX allllapaToB, a TAKXKE PACCMOTPEH BOIIPOC CO3JaHMS U IMpH-
MEHEHUsI HOBBIX MHTEJUIEKTYaJIbHBIX METOJOB U CHCTEM aBTOMATHYECKOro IMJIOTHPOBaHUs Oec-
MUJIOTHBIX JIETATENbHBIX ammnapartoB. [IpemnoskeH HHTErpajgbHO-aJalTHBHBIA aBTONMWIOT s
pean3ay  CIOXKHOTO IIPOCTPAHCTBEHHOIO MAaHEBPHPOBAHMS OECHMIOTHOIO JIETaTeNIbHOTO
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armapara. OnucaH NOAXO K PEISHHIO 3a/1a4H YIIpaBIeHUs OeCIIMIOTHBIM JIeTaTeIbHBIM aImapa-
TOM B KJIacce BUPTYaJIBHBIX CTpaTerHii ¢ UCIOJIB30BAHIMEM BHPTYAIbHOTO YIPABJICHHUS, YTO aeT
BO3MOKHOCTb HCCIIEIOBATh OOBEKT YIPABICHHS KOMIUIEKCHO Oe3 YHpOLEHNH U JIHHeapu3aluy
CHCTEMBl ypPaBHEHHH, KOTOpBIE €ro OMNKCHIBAIOT. VICIOJBb30BaHME METONA, IMPEIOKEHHOTO B
CTaTbe, MO3BOJISIET CO3/1aBaTh a/IAlITHBHBIE aBTONMIIOTHI JUIS BBIITOJHEHHUS CIIOKHBIX POCTPAHCT-
BEHHBIX MaHEBPUPOBAHUH OECIMIIOTHOTO JIETATEJIFHOT'O ammapara, JHHaMUKa JIBHKEHUST KOTOpO-
TO ONHUCHIBAETCS TTOJHBIMH HETMHEWHBIMU CHCTEMAaMH YPaBHEHHUH.

Knrouesvie cnosa: becnunomuulii 1emamenvHulii annapam, cucmema ynpagieHus,, upmyad-
JbHOE Ynpagienue, d0anmayust, UH8APUAHTNHOCTIb.
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INTEGRAL-ADAPTIVE AUTOPILOT
AS A MEANS OF INTELLECTUALIZING
A MODERN UNMANNED AERIAL VEHICLE

Introduction. At present unmanned aerial vehicles (UAVs) are successfully used in various
industries in performing scientific and engineering, economical, military and a number of
other missions. Effectiveness of their functioning is mainly determined by an onboard suit of
hardware and software of a UAV’s control system. The process of the existing autopilot
systems enhancement is intended to broaden the range of UAV’s tasks without direct human
involvement and introduce additional smart functions into autopilot operation.

Purpose. The aim of research is to study the modern algorithms used in autopilots of
unmanned aerial vehicles and formulation of the problem of development and usage of new
intellectual methods for automatic control systems.

Results. The approach considered in the article is based on the theory of high-precision
remote control of dynamic objects and on the complex interaction of methods of theory of
invariance, adaptive control and intellectualization of processes of UAV control.

One of the features of the proposed method of intellectual control for unmanned aerial
vehicle autopilot is the procedure of transforming a multi-dimensional system into an
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aggregate of virtual autonomous processes, for each of which the control algorithm is easily
generated by an autonomous subsystem. Coming up next is the procedure of coordination of
actions of all the autonomous systems into single functioning complex. This provides an
opportunity to improved precision and sustainability of control.

Conclusion. Using the method described in the article allows creating integral and
adaptive autopilots to perform complicated spatial maneuvering an unmanned aerial vehicle
being based on usage of full non-linear models without simplifications and linearization.

Keywords: unmanned aerial vehicle, control system, virtual control, adaptation invariance.
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THE INFORMATION TECHNOLOGY FOR REMOTE AND VIRTUAL
PRACTICAL RESEARCHES ON ROBOTICS

Introduction. The problem of timely updating of laboratory means for research and training in
robotics and intelligent technologies is considered. The information technology is proposed for
organization of the laboratory complex with two types of components — remotely controlled ro-
botics equipment and virtual means for corresponding practical research. Today, such ap-
proaches are the most optimal for providing research and training processes with modern re-
sources for acquiring practical experience in rapidly developing scientific fields.

The purpose of the article is to consider the information technology capabilities in the
organization of remote access to physical equipment and virtual means for practical research
and training on robotics.

Methods. Methods of distributed information and computing processes, communication
protocols, and web application programming are used.

Results. Two types of specialized means of our laboratory complex — physical equip-
ment with remote access and virtual environments are considered. The general structures of
autonomous mobile robot and sensor module that can be used remotely for certain research
and practical training are presented. Some examples of web applications that are intended to
familiarize students with certain types of robotics systems by their 3D models and to perform
corresponding practical tasks with the automatic results checking are shown.

Conclusion. The use of the laboratory complex components according to the created
technology leads to timely expansion of the resources for the state-of-the-art research and
practical training on robotics or intelligent technologies by the students of many Ukraine
technical universities.

Keywords: robotics, remote control technology, virtual laboratory, web applications.
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INTRODUCTION

The high rate of the progress in the intelligent technologies and robotics puts the
corresponding requirements for the educational processes of training specialists
in this area.

However, existing equipment for practical training and research is insuffi-
cient and limits introducing and deepening new disciplines or additional sections
to already approved training programs in technical universities of Ukraine. The
current state of educational technologies in this area of knowledge requires the
active search for new realizations of the virtual laboratories and the development
of appropriate software and hardware tools which can be shared by scientific and
educational institutions.

Let us note that the term “virtual laboratory” can be used in various mean-
ings. For example in [1] resource sharing of a physical equipment in remote
mode is considered as a virtual laboratory. Following [2—5] we will consider two
types of software and hardware systems — physical equipment with remote
access (remote laboratory resources) and software that allows simulating labora-
tory experiments — virtual laboratory resources.

Modern robotic developments combine theoretical knowledge and practical
achievements of many scientific disciplines. But the main task of robotics today is to
increase the mobile robot autonomous abilities to perform complex tasks in a non-
deterministic dynamic environment. Intelligent technologies have a particularly
important role, providing perception, analysis and semantic interpretation of infor-
mation about a mobile robot environment and making decisions for sensible actions
of a technical system. Therefore, integrated disciplines on intelligent information
technologies and robotics meet the current labor market needs, and it is extremely
necessary to create conditions for use of modern laboratory complexes in educa-
tional processes and scientific research, in particular, remotely.

We have created specialized hardware and software components of labora-
tory complex consisting of the web simulator, physical remote controlled
equipment and appropriate information technology for use of these components.
The technique for the practical application of the virtual environment for some
research in the simulator mode of certain physical modules and information
processes that accompany the operation of complex dynamic objects, namely,
mobile robots and manipulators are developed.

The purpose of the article is to consider the information technology capa-
bilities in the organization of remote access to physical equipment and virtual
means for practical research and training sessions on robotics. Hardware and
software laboratory resources and corresponding techniques developed at the
International Center are presented.

FUNGTIONALITY OF LABORATORY COMPLEX EQUIPMENT

Innovative research and training technique in robotics and intelligent technologies
put forward certain functional requirements for laboratory complex components,
first of all, the ability to control remotely certain modes of the physical components
operation and receive the specified information in the given format, as well as using
the resources of the virtual web simulator of some processes.
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Previously in the International Center the prototype of multifunctional
autonomous in-door mobile robot (MR) and unified sensor module (SM) — the
device with changeable sensors for perceptions environment properties were
created as a result of scientific and technical projects. These original hardware-
software systems can be used as basic physical components of the laboratory
complex for research or training experiments directly in the room where equip-
ment is located or in the remote mode.

The mechatronic part of our MR is based on the robotic kit by Evolution Robotics
(USA). The mobile platform is equipped by web-camera and a simple gripper with
two-fingers. The CAN (Controller Area Network) network with microcontroller nodes
was developed for various sensors signal processing, communications and power
supply. For our MR budget models sensors are used: safety movement sensors, infra-
red rangefinders, temperature and illumination sensors, microphones.

The multifunction autonomous MR is the distributed system of interacting
software and computing modules with corresponding communication resources,
software and hardware effectors and modules for perception, analysis and task-
oriented interpretation of the information about surroundings objects (Fig. 1, a).
The MR autonomous functioning at dynamic environment is supported by origi-
nal techniques of a two-modules intelligent control system (CS) with developed
human-machine interface and distributed software (Fig. 1, b) [6, 7].

The computer 3D modelling is used for the MR control system and the
graphic user interface at the same time. This technique provides a user with the
dynamically synthesized models of the MR and environment. Now the repertoire
of our MR has the following missions for autonomous operation:

— self-localization by the artificial visual landmarks;

— navigation to a predetermined position or to a specified object with re-
planning trajectory in the dynamic environment;

— monitoring the surrounding situation or supervise the specific objects in-door;

— pursuit of the moving target object;

— search, taking and moving target objects, etc.

All resources of MR control and obtaining necessary information are avail-
able to the remote user via Internet browser. The Fig. 2 shows the example of
MR web interface screenshot after the robot completes the mission “Come to the
object “Ukraine poster™”.

The concept “run the mission” implies that the software of MR control sys-
tem contains the program components for all MR actions that may be required
for the autonomous achievement of the robot target state specified by the user as
the mission parameters.

During the remote control sessions, the robot user can observe all function-
ally important state variables of the technical system, namely:

— current MR position coordinates;

— current measurement values of all its sensors;

— video images from the onboard camera;

3D models of MR operation environment and model of how the video cam-
era perceives the environment model.
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Fig. 3. SM device structure

In addition, the voice messages about MR current actions are synthesized.

There is a special set of missions when the robot performs specific actions,
that generate a definite type of information, analysis and interpretation of which
is the purpose of independent research with training purposes.

For example, rangefinder data are collecting and sending to the end user
while MR autonomously moves around the target object. This information can
be used as input for such tasks as data processing and approximation for com-
pact description of the object contour [8].

On-line obtaining real sensory data from moving MR is important for the
researcher to understand the specifics of the environment perception by technical
means, and observe the random nature of the signal noise or signal delay, redun-
dancy or uncertainty of such type information.

Another functional equipment of laboratory complex — unified SM. This
device can also be used to collect sensory data about environment characteris-
tics. The SM components and structure are shown in Fig. 3. In this example the
sensor rangefinder is installed on the servo drive axis.

The general scheme of target object scanning process is shown in Fig. 4.
The fixed coordinate system (CS) OXYZ is associated with a horizontal plane,
where the SM and target objects for examination are located. The CS

Ors XriYrrZRrs is associated with the SM case. The axis OZ coincides with
the axis Op¢ZR¢s and with the axis of the servo drive. The position of the central

axis of the sensing zone of the sensor forms with the axis OX of the stationary
SC the angle which changes during the rotational movement of the sensor.
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The angle 3 between OX and OpyXpy axes changes when the servo
drive rotates together the sensor case. So the current sensor position is deter-

mined by one parameter 3 which value is in the range 0° —180°. Each range-
finder signal value corresponds to the specific value of angle 3. During the
scanning process the set of pairs of values (angle 3 and distance to the object)
are formed.

The graphic user interface of the SM control program is shown in Fig. 5.
The user should create a script program that determines the scan mode and range
(bottom right in Fig. 5). The scan results forms the array of pairs (angle, dis-
tance) (center bottom in Fig. 5) which can be stored on the user's computer for
further research. At the bottom left of the Fig. 5, there is a place for real-time
graphic display of scan results.

The general scheme of interaction between equipments of our laboratory
complex is shown in Fig. 6.
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THE VIRTUAL COMPONENTS OF LABORATORY COMPLEX

Practical research is an important form of training processes, but it is critical to
update methodological and equipment base of research and educational institu-
tions in time. Even if the institution has sufficient material resources, the labora-
tory equipment that is needed for modern and actual research in robotics or in-
formational technologies is impossible to purchase due to its lack of sale.

However, now computer resources and communication technologies make it
possible to significantly change the methodology of practical research for train-
ing and to increase the dynamics of updating of the laboratory base. Let's call the
main approaches:

— creation of specialized software that generate virtual images of certain
physical systems or processes and simulates their functional properties;

— organization of remote use of laboratory equipment as hardware-
software technical systems or their components.

Today, only the virtual laboratory recourses are the popular alternative to hardware-
software equipment with remote access. The use of simulation software for such fast-
growing knowledge-intensive areas as autonomous robotics and intelligent information
technologies is particularly reasonable. For training purposes the most popular is simula-
tion software executed as web applications by standard Internet browser. Such applica-
tions do not require installation on users' computers and can be simultaneously used by
an unlimited number of students at any time.

Web applications we developed use 3D modeling, which increases the effect of
representing the real technical systems or their components and often eliminates the
need of the direct access to lab equipment for a number of practical tasks.

As an example, let us show several web applications for performing certain
practical tasks on robotics with automatic checking the results. Appropriate me-
thodical instructions are downloaded from the website for each lab task where the
problem statement and all necessary conditions for its implementation are described.
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Fig. 7. Web-application for the practical task on the program control of MR

One of the practical tasks focuses on checking theoretical knowledge on
automatic control that allows to calculate the parameters of two-wheels MR
motion on a horizontal plane along a trajectory of a specified shape with a given
constant velocity. The web page for this task after checking the calculated mo-
tion parameters is shown in Fig. 7. Here, the trajectory of the red color is speci-
fied by the conditions of the task, and blue trajectory corresponds to the exe-
cuted motion program. At the result box we can see two types of mistakes —
MR velocity along the trajectory differs from the given one and robot final posi-
tion does not match the given one. This web-application allows to correct di-
rectly the motion parameters and to get satisfactory task solution.

Another practical task is concerned with the base autonomous robotics prob-
lem — robot self localization by visual landmarks of a special kind. Web-
application “The virtual environment for determining the position of mobile robot
by visual landmarks” allows one to get familiarized with the spatial model of the
robot, to obtain the images from its on-board camera as input data for solving of
this task with further automated verification of the results of determining the robot
position relative to current visual landmarks. All parameters about on-board cam-
era, its position relative to the coordinate system associated with the robot plat-
form and parameters of artificial visual landmarks are described in detail in the
methodical instructions that are downloaded from the web-page. The Fig. 8 shows
successfully determined coordinates of robot position, in which the on-board cam-
era perceives the given visual landmark properly.
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It is practically important to be able to determine the positions of the grip-
ping device of the multi-link manipulator relative to the Cartesian fixed coordi-
nate system when the generalized coordinates of its links are known (direct
kinematics problem by position). Web-application “The virtual environment for
manipulator position control” helps one to get familiarized with the spatial mod-
els of multi-link manipulators of several types, to understand the kinematic con-
nections of the movements of individual links and the principle of controlling
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the position of the gripper. The interrelation of the movements of complex multi-
link mechanisms is difficult to imagine without computer simulation. This web-
application essentially simplifies the observation of various spatial configura-
tions of manipulators with six degree of freedom in arbitrary viewpoints. Fig. 9
shows the example of input data for practical training on solving task of deter-
mining the spatial coordinates of the object if it is in the gripper of manipulator
of specific type at the given configuration.

CONCLUSIONS

Today, leading research teams and corresponding departments of the largest mi-
croelectronic industry firms are developing and producing robots of various types
and functionalities. A special class of high-tech products has appeared — service
robots, which are already widely used in medicine, agriculture, service sector and
trade, in logistics and transport, in security and safety services, etc. This situation
causes the increase in demand for qualified specialists in the design, maintenance
and operation of modern robotic systems and, accordingly, the increase in re-
quirements for the training of such specialists in technical universities.

The importance of having modern means for laboratory and practical
training on intelligent information technologies, control systems and robot-
ics was discussed as the issues of preparing future scientists and engineers
for the XXI century challenges at the World Congress on Automatic Con-
trol of the IFAC-2017 [9].

This article presents the technology of organizing modern and rapidly updated
means for practical laboratory research for educational purposes, both with remote
use of physical equipment and with the web technology for computer simulation
of the behavior of robots or their functional modules. Our laboratory complex with
the corresponding techniques is successfully applied for practical training on dis-
cipline “Intelligent robots and robotic systems” in the master's degree at the Insti-
tute for Applied System Analysis of National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute” [10].
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[HOOPMALIIHA TEXHOJIOTLS TSI AUCTAHLIMHUX
TA BIPTYAJIBHUX IPAKTUYHUX JOCJII/DKEHD 3 POBOTOTEXHIKA

Bcemyn. Po3risiHyTO TNpoOjieMy CBOE€YaCHOTO OHOBJICHHS J1a0OpaTOpHUX 3aco0iB s
JIOCIIJDKEHB 1 HaBYaHHs 3 POOOTOTEXHIKHM Ta iHTENIEKTYaIbHUX TEXHOJIOTIH. 3arpornoHOBaHO
iH(popMaLliiHy TEXHOJOTIK opraHizaimii J1aOOpaTOPHOTO KOMIUIEKCY 3 JIBOMa THITAMH
KOMITOHECHTIB — JIMCTAHIIIIHO KEPOBAHOTO POOOTOTEXHIYHOTO O0JaHAHHS Ta BipTyaJbHUX
3ac00iB Ui TNPOBEAEHHS BINOBIAHUX NPAKTHYHUX JOCHipkeHb. ChOrofHI came Taki
MiAXOMU CTAalOTh HAHONTUMANBHIIINMU I 3a0e3MedYeHHs NOCHiTHUIBKAX Ta HaBYaJbHUX
MPOLIECIB CYYaCHUMH PecypcaM HaOyTTs MPAKTHYHOTO TOCBIY 32 HAYKOBHMH HAIPSIMKaMH,
K IIBUAKO PO3BUBAIOTHCS.

Memoro ctaTTi € aHaANi3 MOMXJIMBOCTEH iHQOpMaLiifHNX TEXHONOTil B opraHizamil
BiJIaJIGHOTO JIOCTYNy A0 (i3U4HOro OONagHAHHS Ta BIPTyallbHUX 3acO0iB Ul MPAaKTUYHUX
JIOCIIJKEHB 1 HABYaHHS 3 pOOOTOTEXHIKH.

Memoou. BukopucTaHO METOAMKH PO3MOALICHUX iHYOpMALIHHUX Ta OOUUCITIOBAIEHUX
MPOIIECiB, KOMYHIKAallii{HI TPOTOKOJIU Ta IPOrpaMyBaHHs Be0-3aCTOCYHKIB.

Pe3ynomamu. Po3rissHyTO I1Ba THIM CIIEHiali30BaHUX 3aco0IB HAIOTO JIabOpaTopHOro
KOMIUIeKCY — (i3nuHe o0najHaHHSA 3 JUCTAHIIMHMM JIOCTYIIOM Ta BIPTyalbHI CEpeIOBHIIA.
HageneHo 3aranbHi CTpyKTypH 00JNaIHAHHS, 10 CKIIAAETHCS 3 aBTOHOMHOTO MOOUIBLHOTO podoTa i
CEHCOPHOTO MOJYJIS, SIKi MOKYTh BUKOPUCTOBYBATHICS AWCTAHINMHO VI TEBHUX JOCIIDKEHB i
MPAKTHYHUX 3aHATh. [lOKa3aHO JiesKi TPHUKIAaM BeO-3aCTOCYHKIB, SKi MPHU3HAYCHO IS
O3HAMOMJICHHS 3 TIEBHUMH BHIAMH POOOTOTEXHIYHHMX CHUCTeM 3a 1X 3D MomensMu Ta BUKOHAHHSI
BIJIMOBITHMX MPAKTUYHUX 3aBJaHb 3 aBTOMATHYHOIO TIEPEBIPKOIO Pe3yIIbTATIB.

Bucnosku. BukopuctaHHS KOMITOHEHTIB JIaOOpAaTOPHOTO KOMIUIEKCY 332 CTBOPEHOIO
TEXHOJIOTI€I0 TPUBOAUTEH JI0 CBOEYACHOTO TOIIMPEHHS PECYpCiB MPOBENESHHS Ha CydacHOMY
piBHI JOCHI/DKEHb Ta BIANOBIIHMX IPAKTUYHUX POOIT HABYAIBHOIO XapakTepy 3
pPOOOTOTEXHIKM Ta IHTENEKTYaJbHUX TEXHOJIOTIH CTyJCHTaMH 0araThOX TEXHIUYHHX
YHIBEpPCUTETIB YKpaiHu.

Knrwwuosi cnosa: pobomomexwixa, mexHon02ii OUCMAHYINIHO20 KePYBAHHS, BIPMYAIbHA
aabopamopis, 6e06-3acmMoCYHKU.
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e-mail: progonny@gmail.com

MexIyHapOAHBIA HAYIHO-YIEOHBIN HIEHTP UHHOPMAIIMOHHBIX TEXHOJIOT Ut
u cucteM HAH Ykpannst 1 MOH Ykpaunst

mpocn. Akaa. I'mymikoBa, 40, Kues, 03187, Ykpauna

NHOOPMAIIMOHHAA TEXHOJIOT WA UL IMCTAHIIMOHHBIX
W BUPTYAJIBHBIX ITPAKTUYECKHNX UCCJIIEJOBAHMU 110 POBOTOTEXHUKE

PaccmoTpena mpoOieMa CBOEBPEMEHHOTO OOHOBJICHHUS JIAOOPATOPHBIX CPEACTB ISt
o0y4eHHs M HCCIECOBAaHMAN MO POOOTOTEXHHKE W WHTEIUICKTYaJIbHBIM HH()OPMAIUOHHBIM
TexHoJorusaM. IIpeyiokeHa TeXHOIOIUsI OPraHU3aLHy JIAO0OPATOPHOTO KOMIUIEKCA C ABYMS
TUIIaMH KOMIIOHEHTOB — MPOTPaMMHO-ANIapaTHoe OOOpYAOBaHHE C JAUCTAHIMOHHBIM
YIpaBICHHUEM U IPOTPaMMHBIC BEO-TIIPUIIOKEHHUS [UTS TPAKTUYCCKUX 3aHATHH B BUPTYAIbHON
cpene. IlpuBeneHo ofImee CTPYKTypHOE ONMCAHHE ISHCTBYIOIIETO OOOPYMOBaHUS B BHUIE
MOOWIBHOTO po0OTa H CEHCOpHOro Moxyisi. [loka3aHO HECKOJBKO IPHMEPOB BeO-
MPUIOKEHHH,  MMO3BOJSAIOIIMX  O3HAKOMHUTBCS €  TPOCTPAHCTBEHHBIMH  MOJCISIMU
OIPENCICHHBIX  BHIOB  POOOTOTEXHHYCCKHMX CHCTEM ¥ BBIIIONHHTH  KOHKPETHBIC
MpaKTUYECKHE 3aJlaHus C BO3MOXKHOCTHIO aBTOMATHYECKOW IPOBEPKH MOJYUYECHHOTO
pe3yibrara.

Knrouesvie cnosa: pobOTOTEXHIKA, TEXHOJIOTHH TUCTAHIIMOHHOTO YIIPABJICHNUS, BUPTyJIbHAS
naboparopusi, BEO-IIPHUII0KEHUS.
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PO3B’ASAHHA 3A1AY KEPYBAHHA PYXOM TOYKH N0 COEPI

Bcemyn. € psao 00'ekmie kepyeanHs, pyxX SIKUX Y NPOCMOPI MOJXMCHA IHMepnpemyeamu K pyx
moyxu no cgepi 3a0anozo padiycy. Ak npuxiad makozo pyxy MOAICHA NPUBECHU KYMogull pyx
KoCcMIiyHO20 anapama. Axkwo 0na onucy Kymosozo pyxy KA euxopucmogysamu keamepHioH
opienmayii i 1020 NOXIOHY, MO KYMOBUIL PyX MONCHA NPeOCmasumu y eu2isioi pyxy mouku no
OOUHUYHIU cghepi 6 npocmopi R’ Ilpu xepysanHi maxumu 06'cKmamu cmaHosIams iHmepec
Memoou po3e'azanis 3a0au KepyeanHsi pyXom mouKku no 0OuHuuHitl cepi 6 npocmopi R’

Memotro cmammi € po3pobaeHHs MemoOié po36'a3y8aHH MAKUX 300ay KepYEaHHS PYXOM
mouku no cgepi: 3a0aui cmabinizayii pyxy mouxku no cgepi ujooo npoepamHoi mpaekmopii;
3a0a4i npo WeUOKoOio y pasi pyxy mouku no cghepi, 3a0aui mepmiHaIbHO2O KePYBAHHS.

Ocnoenum pe3yibmamom € mMemoou po36'sa3Ku pisHux 3a0a4 Kepy8auHs pyxom mouku
63008621C cghepu.

Bucnoeku. B pobomi 3 uxopucmanusim 0CHOGHUX 61ACTUBOCHIEL PYXY MOUKU NO cepi
HABeOeHO PO36's3KU MAKux 3aday KepyeawHs: 3aoaui cmabinizayii pyxy mouku no cghepi
w000 NPOSPAMHOL MpAEKMOpIi; 3a0aui npo WEUOKOOII0 Y paszi pyxy mouku no cepi, 3aoaui
MEPMIHATLHO20 KePYBaHHs. 3ACMOCY8ANHA OMPUMAHUX Pe3YIbmamie npo0emMOoHCmpO8ano Ha
npUKIadi po3e’sa3anHs 3a0aui cmabinizayii Kymogo2o pyxy KOCMIYHO20 anapama Gi0HOCHO
3a0anoi onopHoi cucmemu koopounam. Ompumani pe3yrbmamu MoJiCyms 0ymu KOpUCHUMU
07151 pO3POONIeHHs PI3HUX CUCMEM KepYBauHs, 30KpeMa CUCHeM Kepy8auHs KYMOGUM DPYXOM
KOCMiYHO20 anapama.

Knrouoei cnosa: cghepa, kepysanns, npoexyis mouxu, KGAmMepHioH.

BCTYR

€ psia 00'eKTiB KepyBaHHsI, PyX SIKUX Y TPOCTOpi R" MOXHa iHTeprpeTyBaTH K
PYX TOYKHM 1O cepi 3aJaHoro pagiycy. Sk MpUKIaa Takoro pyxy MOKHa HaBec-
TH KyTOBHH pyx KocMmiuHoro amapara (KA). SIKmo mis omucy KyTOBOTO PyXy
KA BuKOpHCTOBYBaTH KBAaTEPHIOH Opi€HTAIil 1 HOTO MOXiAHY, TO KyTOBHH PyX
MOKHA TIOJaTH y BUTISAL PyXy TOYKH 0 OJUHHYHIN cdepi B mpocTopi R*.
Brneprme et miaxin 0ymo BHKOprCTaHO Y poOoTi [1], B SKiH i3 3aCTOCYBaHHIM

© €OPMMEHKO M.B., 2019
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Pos36’azanna 3a0au kepy8anHs pyxom mouku no cgpepi

MCEBA000EPHEHUX 1 MPOCKIIHHUX MaTpuilh [2—4] OyJlo OTpUMaHO JAMHAMIYHE
PIBHSIHHS I KBATEPHIOHY, SKE OMUCY€E MHOKUHY KEPOBAaHUX MEPEMIllleHb TOY-

KM Ha TOBEPXHi Chepr OJUHHYHOTO pajiiyca B MPOCTOPi R*. Tonanbumii po3-
BHTOK II€H HampsM OTpuMaB y poOoTi [5], me Oyyio AOCTiIKEHO BIACTHBOCTI
JUHAMIYHOTO PiBHSHHS AJIS1 KBAaTEPHIOHY 1 3alIPOIIOHOBAHO 3arajbHi MiAXOIH 10
PO3B’s3aHHS 3a7a4 KEPYBaHHS OPI€HTAII€I0 CYIyTHUKA 3 BUKOPHCTAHHIM LLOTO
piBHSHHS. B 3a3HadueHnx poboTax OyJo 3alpoIOHOBAHO CIIOCOOM PO3B’sI3aHHS
3a7iay KepyBaHHS PyXOM TOYKH 1O cepi A BUMAIKY YOTHPUBUMIPHOI OJMHU-
4yHOI chepu. Y poOOTi OTpUMaHO Pe3yJIbTaTH, y3arajJbHEH1 Ha BUMAA0K #-MipHOi
OMMHUYHOI cepr. Y 3aralbHOMY BUIAIKY PIBHSHHSA PYXy TOYKH IO cdepi B

npoctopi R”" Mae Takuii BUTIISL:

Xo =(1n - X, 'X()T)'f_Xo HXO‘

2
s

ne feR" — Bekrtop kepyBauHs, X, € R" — HopMOBaHHil BeKTOp, IO 3a/a€
TOJIOKEHHS TOUKH Ha cdepi; /, — OJMHNYHA MATPHILI PO3MIPY 7 X7

PiBusaus (1) ommcye 0e3iid KepoOBaHUX TEPEeMillleHb TOYKH Ha ITOBEPXHI
cdepu 3agaHoro paniyca B n-BUMipHOMY npoctopi. B poborti [5] mist uporo pis-
HSTHHS JIOBE/ICHO TaKi TBEPHKECHHS.

TBepmkennsi 1. Hexalt 3amano HemiHiiHY cucteMy TudepeHIIHHUX piB-

wms X =F (X XX X (m_l)). BynemMo po3risgatd KOMIIOHEHTH BEKTOpa
X(t)eR" ax KOOpPAMHATH OJHOWMEHHOI TOUKH, SIKA PyXa€Thesi y mpoctopi R”
3a JIESKOI0 TPAEKTOPi€ro, sIKa BU3HAYAEThCS BEKTOpoM X (¢). BoaHowac BekTop
dynkuii X(r), teltg, t;] 3amoBonsbusie ymoBi || X (7)|-0 . Toai pyx mpoekuii miei
TOYKM Ha OJMHUYHY cdepy B mpocTopi R”, sKka BU3HAYAETBCA OPTOM

X0
Koy

BEKTOPY X (), OMUCYETHCS PIBHAHHAM

Xo=(I,,—X0~X0T)-f—X0-|XO|2, f=§—2gXo+aXo,

o=NxT.x, é=xt-x,

B IKOMY 3MiHHA (¢) € JOBIIBHOIO CKAISPHOIO (QYHKIIIEO Yacy.

Teepaxkenns 2. Hexait Ha oguanuniii cepi y nmpocropi R” 3amaHo Touky
X, (t), pyx sxoi ommcyeThest piBHAHHAM X =(I,, ~-Xo-XT )-f—XO '|X0|2 .
OnuHnYHOMY BEKTOPY X (7) MOXHA MOCTAaBUTH Y BiIMOBiAHICTH BekTOp X (1),
3MiHAa KOOPAMHAT SIKOTO B 4Yaci ONHCYE€ThCS CHCTEMOIO piBHSHB X (1)=Y¥ , me
BiANOBiIHO 110 TBepkeHHs 1, Gynkiis ¥ (1) mae Burisin ¥ (1)=0Jf +26X 0+aXy,
d=VXT.X . SIkuo B OYATKOBHi MOMEHT YaCy BUKOHYIOTHCS CITIBBiXHOLICHHS
X(t9)=X,(t9), X(ty)=Xo(ty), TO € B3aEMHO-O/IHO3HAUHA BiMOBIAHICTD MisK

BekTopamu X () i X(¢), sika BU3BHAYAETHCS BUPA3aMU
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xo0= 20, o= X0, ~xoxf OF L

X(£)=0X(t), X(t)=06X(t)+6X,(t).

Teepmxenns 3. Hexail Ha opunuyHiii cdepi y npocropi R” 3agaHo ToUKy
X, (1), pyx sKxoi onmcyeTbcs piBHSHHAM X (=6, 1€ MPUCKOPEHHA TOUKH O

2
, @ BEKTOp f € BEKTOpOM

BH3HAYAETHCS BUPA30OM @=(1n —XOX({ )f—X0||X0|
kepyBaHHA. Tozi BekTopu @ Ta f TOB'I3aHi CHiBBITHOWIEHHSIM f=O+a X,

Ile 3MiHHAa . — JTOBUIbHA CKaJIIpHA (DYHKIIIS.

Y po6oTi pa3oM 3 BUKOPUCTAHHSIM TBEP/UKCHb 1—3 3ampONOHOBaHO METOIU
PO3B’s13aHHSI OCHOBHHX 3324 KEpyBaHHS PyXOM TOYKH IO OJUHUYHIN cdepi y
npocropi R”, a came:

— 3ajada crabimizalii pyXy TOYKH BiTHOCHO IMPOTPaMHOi TPAEKTOPii;

— 3aja4a mpo IIBUIKOIIO;

— 3aja4a TepMiHAJbHOTO KepyBaHHSI.

CTABINIALIA PYXY TOYKH N0 COEPI BIJHOCHO NPOrPAMHOT TPACKTOPIT

Iocranoska 3aaayi. Hexait na oqunmuHili chepi y mpoctopi R” 3amaHo TOUKy
X (), pyx AKOT ONUCY€ETHCS PIBHAHHIM

X0=(1n—X0'X({)‘f_X0'|X0 ’

b

1 331aHO IPOTPaMHy TPAEKTOPII0 PyXy L€l TOUKH PiBHSIHHAM

ok s ap) el
X0=(1n—X0'X0 )'f -Xo-|Xo

b

Lk
ne f  — 3ajmaHe MporpaMHe KepyBaHHS.

PosrnsHeMO Taky 3amady: 3HAWTH 3aKOH KepyBaHHS [, SKAW 3a0e3redye
ACHMITTOTHYHY CTiHKICTh 3a JISITyHOBHM ITOJI0KEHHIO PiBHOBATH:

%
Xo=Xg-
Pimennsi mocraBjeHoi 3agadvi. BinmmoBigHO 1m0 TBep/UKEHHS 3, PiBHSHHA

pyxy TouoKk X (¢) i Xo(f) MOKHA oxaTH y BUISAA:

Xo=f-at)Xg, (1)

Xo=1"-a(t)Xo. 2
Tak sk a(t) € DOBIIBHOK CKAISAPHOI (YHKIHE, TO IS MOIIYKY 3aKOHY
KepyBaHHS MOKJIaZIeMO 11 piBHOIO HYJIIO:
a(t)=0.
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Pos36’azanna 3a0au kepy8anHs pyxom mouku no cgpepi

VY upomy BUMaAKY piBHAHHS (1—2) MpUAMArOTh BUTIISL:

Xo=1, 3)
Xo=/". 4)
Beenemo y po3risa NOMUIKY KEpyBaHHS

E=X,-X,.

3 ypaxyBaHHAM (3—4) piBHSIHHS TOMHIIKH Ma€ BUTJISI:

E=Af . 5)
V piBHsHHI (5)
af=f~f" (©)
3 BUpazy (6) MaemMo
I=1"af

Cucrema piBHAHB (5) € PO3MIIIIEHOI CHCTEMOIO 3 7 IHTETPYBAILHUX JIAHOK
Jpyroro nopsaky. Bxomamu nux naHoK € KepyBajbHI curHamu Af;. Hus i-oi

nauku (i= 1, 2 ... n) MOXXHA 3aITUCaTH PiBHIHHS

e =A4f;, (7)
Jie e; — I-TAaKOOp/IMHATA BEKTOPY NOMUWIIKY E , Af; — i-Ta KOOpAWHATa BEKTOpY Af .
Busnaunmo Af; sk:
Afi==kire;—kize; . ()

Migcrasusmu (8) B (7), oTpuMaeMo
¢;=—kje;—k;é;. )
Cucrema (9) € MHIHHOIO CUCTEMOIO IPYTOro MOPSIKY 1 IS TOro, 11100 BOHA OyJia
ACHMIITOTUYHO CTIKOI0, HEOOXITHO 1 JOCTaTHBO, 00 BUKOHYBAIHCS YMOBH

ki1>03 ki2>0' (10)

. &
V pasi Bukonanusa ymosB (10) kepyBanusi f=f +Af, Ie €JIeMEHTH BEKTOPY
Af BU3HAUYAIOTHCSA BHpazoM (8), 3abesredye acHMOTOTHYHY CTIHKICTh ITOJIO-

. *
JKEHHIO pIBHOBaru X=X .
st MpakTUYHOTO BUKOPHCTAHHA 3aKOHY KepyBaHHA (5) xoedimieHTH k;; 1
k;» MOXHa 3HAWTH, BUKOPUCTOBYIOUYH BiAMOBIAHI METOAH TeOpii MiHIHHUX cHC-

TEM aBTOMAaTUYHOI'0 KepyBaHHs [6]. Ha mizcTaBi BUILEBUKIAICHOTO CIIPaBEIJIH-
BUM Oyzie TaKke TBepI>KESHHSI.
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Teepmxenns 4. Hexail Ha oxunuaniii cdepi y npocropi R” 3amaHo TOUKy
X (), pyx sIKOT OMHUCY€EThCS PIBHSHHAM X :(In —XOXOT -)-f—XO -|X0| 1 3a1a-
HO MIPOTpaMHy TPAEKTOPIIO pyxy i€l TOYKH PIBHSHHSIM

* %2
ng(]n—X;-XST)-f —XS-XS‘ . Toni 3ak0H KepyBaHHSI

f==K\E-K,E+f",
E=X,-Xg, E=X,-X;,
Kl zdiag(kil), KZ =diag(k,-2), izl, 2, e n,

ne k;;>0, k;»>0 3abe3nedye aCHMOTOTHYHY CTiHKICTb MOJIOKECHHIO PIBHOBArH

Xo=Xg.
WBMAKORIA MA YAC PYXY TOYKM N0 COEPI

MoctanoBka 3amaui. Jlna piBHAHHA X :(1 n—XoX OT ) f-Xo -|X 0|2 3HANUTH
kepyBauHst f (1), sKe 3a0e3meduye MepeBEJEHHS TOYKH 3 MOTOYHOIO CTaHy
Xo(t9), Xo(tp) B 3amanmii cran X (f), Xo(4) 3a MiHiManbHO MOKIMBH Yac.
Po3B’si3anHs mocTaBJieHoi 3aaa4i. BinnoBinHO 10 TBepKEeHHS 2, BEKTOPY
X MOXHa MOCTaBHUTH Yy BiAnoBiaHicTs BekTop X (¢)eR" (HeHOpMOBaHHIl BEK-

TOP), PyX AKOro y mpoctopi R” ONUCYETHCS TAKOK CHCTEMOKO AU()EpEHIiab-
HUX PiBHSHb:

X=v. (11)

Bynemo BBaxkaTH, IO i BeKTopy X i iforo moximuoi X 3amaHo Taki
TpPaHUYHI YMOBH Ul MOMEHTIB 4acy fq 1 f;:

X(t9)=Xo(tg), X(tg)=X0(t9).

X(1)=Xo(n), X(11)=Xo(1).

VY 1poMy BUMAAKy MK BeKTOpaMu X 1 X € B3a€MHO OJHO3HAYHa BiAIO-
BiJIHICTh. BU3HauMMO TporpaMHy TPaeKTOPII0 pyxy TOUYKH TO cdepi (BEKTOp
X(#)) y Takuii croci6:

X(1)
Jx @l (12)

Xo(t)=

Jlyist BU3HAYEHHS TPAEKTOPii pyxy piBHsHHsM (12) 33124y PO MepeBeAEHHs
Toukn X (¢) 3 motounoro cramy X,(fy), Xo(to) B 3amammii cram X,(1),

Xo(#) 3a MiHIManbHUI MPOMIKOK Yacy MOKHA C(OPMYIIFOBATH TAKAM IHHOM:

ons cucmemu (11) snatimu 3axon xepysanns W (t), saxutl nepeeooums cucmemy

40 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 1 (195)



Pos36’azanna 3a0au kepy8anHs pyxom mouku no cgpepi

3i cmany  X(19)=Xo(ty), X(t9)=Xo(ty) 6 momenm wuacy t, 6 cman
X(t)=Xo()), X(t)=Xy(t,) 6 momenm wacy t; 3a minivanbno ModicUSUIL
npomigcok uacy s3a ymosu oomedxcenns |¥(t)|<yo. PiBmsuus (11) mae mysxe
MPOCTHN BUTIIAA 1 JJII HHOTO ICHY€E aHATITHIHUNA PO3B’ 30K 3a71adi TIPO MIBUIKO-
nito [7], To6TO € Bupasm [y po3paxyHKy BekTopiB X (7), X(z) i ¥ (). Boxuo-
4ac, Tak K BEKTOP X, € OPTOM BEKTOpPY X , TO B MOMEHT 4acy f; BeKTop X i
iioro moxigHa X o TpHiiMyTb 3aanHe 3HaueHHS X (7)), X o(#). Bimosigso 1m0

TBEpIKEHHsI 1, 1715 BeKTOpY X (f() € CripaBeUTMBAM PiBHSHHS

X :<]n ~XoX{ )‘[%_2§X0 J—Xo {x0 ||2 ,0=[Xo] -

Otxe, kepyBaHHI f =%—2§X o 3abesmedye mepeMilleHHS TOYKH X MO

onmHMuHiN cdepi 3i crany X, (zy), Xo(ty) B 3amammit cram X, (f), Xo(4) 3a
MiHIMAJTEHO MOKJIMBHHA TIPOMDKOK 4acy. Maroun aHaIITHIHUN PO3B’ 30K 3a71adi
Mpo MBHIAKOAIIO s cuctemu (11), MoXHa JIerko 3HaWTH KepyBaHHsA f . Ha

Mi/ICTaBi BUIIECKA3aHOTO, CTIPABENTUBO TaKe TBEPHKCHHSI.
Teepmxenns: 5. Hexail Ha oquanuHii cdepi y mpocropi R” 3amaHO TOUKy

Xo(t), pyx sIKOi OMHUCYETHCS PIBHAHHAM XO:(In—XOX()T~)-f—XO-|X0|2. Toni

KEpyBaHHA [ :m—zﬁ)'( o(¢), me Bexktop () 3HAXOOUTBCS SIK PO3B’SI30K

o(t) (1)

3a7a4i PO MBUAKOIIO 15 cucTeMu X =¥ | HepeBOUTh TOUKy X () 3 MOTOUHO-

ro crany X, (o), Xo(to) B 3amanmii cran X,(z), Xo(1) 3a MiniMabHuit gac.

TEPMIHANBHE KEPYBAHHA

Iocranoska 3aaayi. Hexait na oqunmuHili chepi y mpoctopi R” 3amaHo TOUKy

X (), pyx siKoi ormcyeThest B R" piBHSIHHSAM
. ( T ) 0
Xo=\1,-XoXq -} f—Xo|Xo|"-

HeoOxinHo 3HaiiTH KepyBaHHs f , SIKE IEPEBOAUTH TOUYKY X (7) 3i cramy

Xo(t9), Xo(ty) B MoMenT wacy ¢, B cTan X,(1), X((4) B MOMeHT yacy 1.
MowmeHTn uacy ¢ i #; € gixcoBanumu. B miteparypi 1 3aga4a € BiJOMOIO SK

3a7jaya TepMiHAILHOTO KepyBaHHSI.
Po3B’s130Kk mocraBiieHoi 3aga4i. BBegemMo y po3riisiy JONOMIKHUN BEKTOD

X(t)eR" (HeHOPMOBaHUIi BEKTOP), PyX KOO y mpocTopi R" omucyeTbes cuc-
TeMO0 TU(EPeHIIHHNX PIBHIHb
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XM _p(x % %o x 00 w), (13)

ne ¥ — BekTop KepyBaHHs. bynemo BBaxaTH, 1110 U1 BEKTOPY X 1 #HOro moxi-
nHO1 X 3aJaHo PaHUYHI yMOBH JUIS MOMEHTIB 4acy f 1 /.

X(t9)=Xo(tg), X(tg)=X0(t9).

X(10)=Xo(t), X(5)=Xo(n).
Bu3Ha4MMO TPaeKTOpiro pyxy TOUKH 110 chepi (BekTop X (¢)) y Takuii criocio:

X
) (19

Jt1 BU3HAYECHHS TpaeKToOpii pyxXy piBHSHEAM (14) 3amady mpo mepeBeneHHs To-
YKM 3 MOTOYHOIO CTaHy Ha cepi B 3amaHuii cTaH Ha chepi MOKHA CHOPMYITFOBATH
TAKUM YMHOM: 3HANTH 3aKOH KepyBaHHst ¥ (t), KU TIEPEBOIUTH CHCTEMY

X(m)zF(X,X,X“-,X(m),'P)

3i crany X (t9)=X((t9), X(t9)=X0(ty) B MOMeHT wacy 7, B cTan X(f;)=X,(4),
X(t)=X,(t,) B MoMenT Hacy ¢, i3abesnedye MiHIMyM (yHKITIOHATY

Dl0)- folx vt

MowmeHTH Hacy ¢, i ¢ € ¢pikcoBaHUMHU. JI1s1 3HAXOMKEHHS HEOOXiaHOI Tpa-

€KTOpii HEOOXiTHO BU3HAYMTHUCS 3 BUTIISAOM IpaBoi yacTuHU piBHAHHA (13). V
3arajJbHOMY BHITAJIIKY, TIpaBy YacTUHY piBHAHHSA (13) MOKHA BHOWpATH ITOBLIh-
HO, OCKUIBKH 4epe3 ABi TOYKM Ha cepi MOXKHA MPOBECTH HECKIHUCHHY Kib-
KICTh TPA€KTOPiH, BIAMIOBIAHUX HECKIHYEHHIN KIIBKOCTI MPaBUX YacTHUH PiBHSH-
Hsl BeKTOpy X . YV BuOOpPI Mojeni pyxy BekTopy X(¢) €IuHOI0 00OB'SA3KOBOIO

BUMOTOI0 € ICHYBaHHS aHAJITUYHOTO PO3B’S3KY HOCTaBneHo'l' BHIIE 3a/a4i OII-

TUMAJIbHOTO KEPYBAaHH:. 3HaI/II[CHI/II/I BCKTOP X 0

IpUIUMEMO 3a Tpae-

IIX ( )||

KTOPIIO TIepeBEACHHS BEKTOPY 3 IMOTOYHOTO CTaHy Ha cdepi B MOTPiOHUH CTaH.
JIns 3HAXOKEHHS KepyBaHHS | , Ke 3a0e3Mmeuye pyx y3/0BXK 3a1aHOi TPAEKTO-

pii, ckopucTaeMocst TBepKeHHIM 1. BinmoBimHo mo TBepmKeHHS 1 iCHye HOp-

MOBaHHI BEKTOp X :é‘X , e 0= X (¢)|, pyx sIKOro ONMHUCY€ThCS PIBHAHHIM
. ( T ) .2
Xo=\I,-XoXq }f-Xo X0

X : . . y
ne f :3—25)( o+0oX(. Tak Ik o — 1OBiNbHA CKaJsIpHA (PyHKIIA, TO IMpHiiMe-
Mo 11 piBHOIO HyI0. Tl oTprMaemo
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X 6.
=—-2—X,. 15
f 5 25 %0 (15)

V Bupasi (15) BekTop X, MoskHa 3HaiTH 32 GOPMYIOIO

Xo=(1,-xox7 )?

3a BU3HAYCHHSAM KepyBaHHs ¥ BHOPAaHO TaKUM YHMHOM, IO TMOYATOK i Ki-
HEIlb TPAEKTOPIl pyXy TOUKH X 3HAXOmATHCA Ha oMWHWYHIN cepi. BomHodac B
MOMEHT 4Yacy #; Jjsi BeKropy X Oylle BAKOHYBATHCS CITiBB1THOIICHHS

X(0)=Xo(n), X(n)=Xo(n).

Tax sik BekTop X(; € OPTOM BEKTOPY X , TO B MOMEHT 4acy f; BEKTOp X i
fioro moximma X, mpuitmMyTh 3anade 3HaueHHS X,(1), Xo(4). OTxe, Kepy-
BaHHA [ 3a0e3medye MepeMillleHHS TOYKH X 1O OJUHHUYHINA cdepi 31 cTany
Xo(ty), Xo(ty) B 3anammit cran X,(z), Xo(f)) 3a dikcopanmii wac =1, .
Togi € cripaBeUTMBUM TaKe TBEPKEHHSI.

Teepmkenns 6. Hexail y mpoctopi R” 3amaHo Touky X , pyX SIKOT ONHUCY-
€TbCs U EPEeHIIHHUM PIBHSIHHSIM

X(m)ZF(X,X,X, . X(m), y/)

b

i Y eR" e BekTopoM KepyBauHs. J[is BekTopy X 1 Horo moximHux 10 m-1 nopsiaky
BKJIIOYHO 3a/]aHi TPaHI4HI YMOBH [UTsl (PIKCOBaHMX MOMEHTIB Yacy f( 1 #; . [lo Toro x

X(’o)=Xo(lo)’ X(IO):XO(ZO)’
X(tl):XO(tl)’ X(tl):XO(tl)’

X(to)

Ry
BaHHA ¥ , IKWH TIEPEBOIUTH BEKTOp X 1 HOro moxXimHi 10 m-1 MopsaKy BKITIOY-
HO 31 CTaHy B MOMEHT 4acy f( B CTaH B MOMEHT 4acy f|. MOMEHTH 4acy f( 1 t

ne Xo(tg)= Jng 3amaHuX IpaHUYHUX YMOB 3HAIEHO BEKTOp Kepy-

€ 3amanuMu. ToJi KepyBaHHS

f=-2X,

X 04
5 "o 0 o=lx(

3a0e3nedye nepeMmileHHs Touku X 3a (QiKCOBaHMH Hac t=f;—f; 31 CTaHy

Xo(t9), Xo(to) B 3ananmii cran X,(1), Xo(t).
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SALLAYA GIAIiIlII3I.l.III'I' KYTOBOIO PYXY KOCMIHOIO ANAPATY
BIAHOCHO 3AJAHOI ONOPHOI CMCTEMH KOOPJLMHAT

3acTocyBaHHs 3alpONOHOBAHHMX CHOCOOIB PO3B'S3aHHS 3a/lad KEPYBaHHS PYXOM
TOYKH Ha chepi MpoIeMOHCTPYEMO Ha MPHUKIAAL PO3B’SI3aHHS 3a/1a4i cTadimi3arii
KyTOBOTO PYXy KOCMIYHOTO amapaTy BiIHOCHO 3aaHOi OTOPHOI CHCTEMH KOOp-
JUHAT. SIK Bke HILTocs BUILE, SIKIIO AJS OMUcy KyToBoro pyxy KA Bukopucro-
BYBaTH KBAaTCPHIOH Opi€HTAIIi] 1 HOTO MOXiTHY, TO KYTOBHH pyX MOXHA TIOJIATH Y

BUTJIA/1 TAKOTO PIBHSHHS PYXY TOYKH MO OAMHUYHIN cepi y mpocTopi R* [17:
A=tg=a-a" Ju-a|df

)
ne A — BekTopHa (opMa MOJAHHA KBAaTEPHIOHA 31 CKAIAPHOIO YACTHUHOIO A 1
BEKTOPHOIO YACTHHOI A€R>, sika BH3Hauae opieHTawiio 38'13aHoi 3 KA cucremu
KOOPJMHAT BiIHOCHO OMOPHOT; UeR* — BekTop KBaTepHIOHOro KepyBaHHs, 38'si-

3aHuii 3 MOMEHTOM KepyBaHHs M, € R BUKOHABUIX OpraHiB 3anexHICTIO [8]
M, =2JA(A)U +wxJo .
b

e @ — BeKTop abcomoTHOI KyToBOI mBuakocTi KA; J — TeH3op iHep-
wii; A(4), @(1) — MaTpuili BUTISLY

0 —iy 1
@(.X)Z /13 O —/11
A=(=1 JoI5—-®(1)) Y

Posrnsiremo Taky 3amady: 3HalTH KepyBaHHsS U , sKe 3a0e3ledye acCUMIITO-
o D T
THYHY CTIMKICTh peKMMY TpUBicHOI opienTanii A=(1 0 0 0)" .
Tak sx piBHSHHS JUISI BEKTOpa A € PIBHIHHIM PyXy TOYKH O OAMHHYHIN

cdepi y mpocropi R*, Tomi mst wporo PIBHSIHHS € CIIPABEATUBUM TBEPIKCHHS
4. 3rigHo 3 UM TBEPKCHHSIM, 3aKOH KEPYBaHHS

U:—KIE—KzE

E=A-A",  E=4

b

A=1 0 0 o)

3a0e3nevye aCMMOTOTHYHY CTIHKICTh HOJ0KEHHIO PiBHOBArH A=A". Byno npo-
BE/ICHO YHCEJIFHE MOJETIOBaHHSA POOOTH 3allPOIIOHOBAHOTO 3aKOHY KEpYBaHHS.
Jnst KA, siKuid 3HaXOAUTHCS Ha KPYTOBill OpOiTi, MPOBEIEHO MOJIEIIOBAHHS TIPO-
necy modymoBu opOiTanpHOI opieHTarii. [lepexbavanocs, mo Ha OOPTY CymyT-
HUKa € iH(opMallis Mpo TMOTOYHI 3HAYCHHS KBaTepHiOHa A 1 BEKTOpa KyTOBOi
HMIBUAKOCTI @ . [TouaTKkOBI yMOBH i IOOY/IOBH Opi€HTAIlil OYJIM Taki: KyT TaH-
raxy gopisHioe Minyc 90 rpamyciB, KyT KpeHy — Iuttoc 60 rpamyciB, KyT puc-
kaHHs — 1omoc 90 rpagyciB. 3anexHICTh KyTiB Opi€HTallii BiJ 4acy 300pakeHO
Ha puc. 1. BigmoBigHi KyTOBI MIBUIKOCTI 300payKeHO HA pPHC. 2.
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Puc. 1. Kyn opienrarii KA BiTHOCHO OpOITAIIBHOT CHCTEMH KOOPIHHAT
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Puc. 2. AGcoitoTHI KyTOBI mBHAKOCTI KA

OTxe, SIK BUJIHO 3 HaBeJCHUX TrpadikiB, mapaMeTpy KyTOBOTO PyXy HaIpH-
KIHIII TIEPEX1THOTO MPOIECY BIAMOBINAIOTH PEKUMY OpOiTabHOT opieHTarii. [le
MIATBEPKYE TMPaIe31aTHICTh 3alPOTIOHOBAHUX aJlTOPUTMIB.
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3 BpaxyBaHHSM OCHOBHHX BIJIACTUBOCTEH PyXy TOUKH IO cdepi 3ampornoHOBaHO
METOJH PO3B’SI3aHHS 3a/Jad KEPyBaHHA PyXOM TOYKH IO chepi B #-BUMIpHOMY
HpOoCTOpi. 3HANIIUTK PO3B’ 30K TaKi 3a/1a4i KepyBaHHS:

— 3ajadi cTabimizauii pyXy TOYKH BiTHOCHO MPOrpaMHOI TPaEKTOPii;

— 3aJa4i Mpo IIBHIKOIIIO;

—  3a/1a4i TepMIiHAIBHOTO KepyBaHHSI.

Ha npuknani kepyBaHHs KyTOBHM PyXOM KOCMIYHOTO arapaTa IMpoJieMOHC-
TPOBAHO MpaNe3JaTHICTh CHOCO0iIB MOOYIOBH 3aKOHIB KEPYBaHHS PYXOM TOUKH
o cepi. OTprMaHi pe3yTbTaTH MOXKYTh OyTH KOPHCHUMH IIiJl 9ac po3pobiieH-
HS pI3HUX CHCTEM KEepyBaHHs, 30KpEMa CHCTEM KepyBaHHs KyTOBUM pyxoMm KA.
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SOLUTION OF THE PROBLEMS OF CONTROLLING
THE MOTION OF A POINT ON A SPHERE

Introduction. There are a number of control objects, the movement of which in space can be
interpreted as the movement of a point along a sphere of a given radius. As an example of
such a motion, the angular motion of a spacecraft can be considered. Using the orientation
quaternion and its derivative to describe the angular motion of a spacecraft, the angular
motion can be represented as the motion of a point along a unit sphere in R,

While controlling such objects, the methods for solving the basic problems of control-
ling the motion of a point along the unit sphere in the R" space are of interest.

The purpose of the article is to build the following algorithms for controlling the motion
of a point along the sphere:

— algorithm of a point motion stabilization with respect to program trajectory;,

— algorithm of a point relocation from the current position to a specified position in
minimum time;

— algorithm of a point relocation from the current position to a specified position in
fixed time.

Results. The methods for solving the various problems of controlling the motion of a
point along the sphere have been proposed.

Conclusion. On the basis of main properties of point along the sphere movement, the
methods for solving the problems of controlling the motion of a point along the unit sphere in
n-dimensional space have been proposed. Using the proposed methods, the solutions for the
following control tasks have been found:

—  problems of stabilizing the motion of a point along the sphere with respect to pro-
gram trajectory,

— speed problems taking place when a point moves on along the sphere;

— problems of a point on the sphere relocation from the current position to a specified
position in fixed time.

The efficiency of the proposed algorithms has been demonstrated on the example of
spacecraft angular motion control. The results obtained can be applicable in the development
of various control systems, the spacecraft angular motion control systems in particular.

Keywords: sphere, control, point projection, quaternion.
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PEHIEHUE 3AJIAY YITPABJIEHMA IBMKEHUMEM TOYKU 110 COEPE

BBenenne. CyniecTByer weinblii psii 00bEKTOB yIIpaBICHHs, IBIDKEHHE KOTOPBIX B IPOCTPAH-
CTBE MOYKHO HMHTEpPIPETUPOBATh KaK IBIKEHHE TOUKH HO cdepe 3amaHHOro pammyca. Kak
IIPUMEpP TAaKOTO JBHWXXEHUS MOXKHO INPHBECTH YIJIOBOE IBIKEHHE KOCMHUYECKOro ammapara
(KA). Ecnu st onucanust yriioBoro aewkeHHss KA MCHonb30BaTh KBaTEPHUOH OpUCHTAIIMU
U ero MPOM3BOJHYIO, TO YIJIOBOE JABHKEHHE MOXHO IPEJICTABUTh B BUJIE IBH)KEHUS TOUKHU IO
eMHUYHOU cepe B MPOCTpaHCTBE R’ IIpu ynpaBneHUH TakuMH 0OBEKTAMH MPEACTABIISIOT
MHTEpEeC METOJbI PelIeHHs 3a1ad yNPaBICHHs JBMKCHHEM TOYKU MO eIUHUYHOU chepe B
npocrpancTse R”.

Leabo craTbu ABISETCS pa3padOTKa METOJOB PELICHUs CIEeIYyIONUX 33/a4 yIpaBiie-
HUSL IBIKEHHEM TOUKH 110 cdepe: 3a1aui cTaOMIN3aluy IBWKEHHS TOUKH 110 cepe OTHOCH-
TEJIBHO NPOTPAaMMHOM TPAaE€KTOPHH; 3a/aud O ObICTPOACHCTBHU IPU JBMKEHHHM TOYKU IO
cdepe; 3a1a48 TEPMUHAIBHOTO YIPABICHHUS.

OCHOBHBIM Pe3yJIbTATOM SIBIISIIOTCS METOJBI PEIICHHUS Pa3IMYHbIX 33/a4 yIpaBlIeHHUS
JBIDKCHHUEM TOUKH BJOJB CHEpHI.

BoeiBoabl. B paboTe ¢ ucrnonp3oBaHHEM OCHOBHBIX CBOWCTB JIBHJKEHHUS TOYKH MO cdepe
NPUBEICHBl PEIICHHs CIEAYIONINX 3afad YNpaBleHUs: 3aJadd CTaOMIM3allH IBHKCHHS
TOYKHU 10 cpepe OTHOCUTEIHHO MPOTPAMMHOI TPAEKTOPHHU; 33a4l O OBICTPOJCHCTBUM NPH
JBIDKEHUH TOYKH O cepe; 3aJaun TepMUHAIBHOTO yipaBieHus. [IpuMeHeHne moayIeHHBIX
PEe3yJIbTaTOB MPOJEMOHCTPUPOBAHO HA IPUMEPE PELICHUs 3aJadd CTaOMIM3aLUU YIJIOBOTO
JIBIDKSHUS] KOCMUYIECKOTO arapara OTHOCHTENIBHO 3alaHHON OITOPHOW CHCTEMBI KOOPIUHAT.
[Tony4yeHHbIe pe3yabTaThl MOTYT OBITH MOJIE3HBI MIPU Pa3padOTKE PA3TUYHBIX CHCTEM YIIpPaB-
JICHUsI, B TOM YHCJIe CHCTEM YIPaBJICHUs yTIIOBEIM JBIKeHHEM KA.

Kntouesvie cnosa: cpepa, ynpasienue, npoexyus mouxu, KGAmepHuoH.

48 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 1 (195)



DOI: https:// 10.15407/kvt195.01.049
UDC 62.50

MILIAVSKYI Yu.L., Senior Lecturer,
Department of the Mathematical Methods
of System Analysis

e-mail: yuriy.milyavsky@gmail.com
National Technical University of Ukraine
“I. Sikorsky Kyiv Polytechnic Institute”
37 Peremohy av., Kyiv, 03056, Ukraine

IDENTIFICATION IN COGNITIVE MAPS IN IMPULSE PROCESS MODE
WITH INCOMPLETE MEASUREMENT OF NODES COORDINATES

Introduction. Cognitive map is a popular way of modeling complex multivariate systems.
Usually weights coefficients of edges connecting the cognitive map nodes are suggested by
experts. But such a method is always inaccurate. In case when nodes coordinates are meas-
ured, there is the possibility for mathematical identification of these coefficients. However,
the issue is that often not all nodes coordinates of a cognitive map are measured, but only a
few of them. In this case the problem of identification is much more complicated.

The purpose of the article is to research and develop a method for identifying weights of
cognitive map nodes in case when number of nodes is known, but not all of them are measured.

Results. Identification method based on 4SID method is suggested. It allows finding
some realization of the system equivalent to the original cognitive map in its outputs, with the
control observation matrices remaining unchanged. Invariants of the original and identified
systems are analyzed. Practical example of identifying a cognitive map of an IT company is
considered. It is shown what the accuracy of the suggested method depends on and under
which conditions it is applicable.

Conclusions. As demonstrated in the research, the proposed method of identifying cog-
nitive maps achieves almost full coincidence of measured coordinates between the original
and the identified systems, although the incidence matrices themselves may not be equal.
Invariants of the system, specifically eigenvalues, are identified with sufficient precision if the
problem is well-conditioned, i.e. with sufficient number of measurable coordinates, sufficient
number of measurement periods and low level of measurement noise. If these conditions are
not fulfilled, the identification results become incorrect.

Keywords: cognitive map, identification, 451D method, unmeasurable coordinates.
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INTRODUCTION

Cognitive map (CM) is a weighted digraph that reflects basic concepts of a do-
main area and relations between these concepts via nodes and edges connecting
them [1]. This paper continues the previous study [2] concerning an important
recent problem of CM identification. Usually a CM, both structure and edges’
weights, is composed by experts based on their experience and expectations.
Naturally, the adequacy of such a model can always be questioned. However, in
cases when there are historical data about some values of CM nodes coordinates,
or when it is possible to conduct an experiment by feeding test signals to the
system and measuring at least some of the nodes, the possibility of mathematical
identification of a CM based on identification theory appears. This, of course,
significantly increases credibility of the model and reliability of the results ob-
tained based on it.

In [2] the case when all CM nodes coordinates are measured is studied.
Three methods of identification, which differ in range of applicability and qual-
ity of obtained results, are considered. The first method is designed for a deter-
ministic environment, when all CM nodes are measured precisely. The second
method allows to obtain guaranteed intervals for estimates in case of limited
measurement noise. However, it is applicable only for low noise level or with
very well conditioned measurement matrix. The third method is the most com-
mon and is based on the least squares method. Theoretical and practical studies
helped to find dependence of identification accuracy on ratio of noise to the use-
ful signal, on duration of the observation interval, on period of duration of excit-
ing test signals and on number of CM nodes for which these signals are fed. The
regularization procedures proposed in the study ensure stability of the solutions
obtained and increase the estimation accuracy when additional information about
zero connections between some CM nodes is known.

However, in practice not all CM nodes are often measurable. Thus, the pur-
pose of this article is to find a way to identify a CM when its structure is known
but some of the coordinates of its nodes remain unmeasurable and the previously
proposed methods cannot be applied.

PROBLEM STATEMENT

CM is identified in impulse process (IP) mode, i.e. during transient process in a
complex system when some of its nodes are affected by disturbances (impulses).
CM IP equation is written according to [1] as:

Ax;(k+1)= Y a;Ax; (k), (1
j=1

where Ax, (k) = x, (k) — x,(k —1), @, — weight of the edge of CM connecting its
J -th and 7-th nodes,n — number of CM nodes. In vector—matrix form expres-
sion (1) is presented as:

AX (k +1) = AAX (k), )
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where A — transposed incidence matrix of CM composed of its edges’ weights;
AX — vector of increments of nodes coordinates x, . Difference equation (2)

describes free (uncontrolled) motion of the complex system in the IP.
Suppose there is a possibility to affect some of the nodes directly via feed-
ing external impulses to them (test or control signals). Let us have R such sig-

nals, i.e. we have vector # with size R . Then equation of the forced motion in
CM IP looks like:

AX (k +1) = AAX (k) + Bir(k), 3)

0

for corresponding enumeration of CM nodes in vector X ; I, — unit matrix

with size Rx R .
Suppose also that some of the coordinates x; are measurable and denote

1
where matrix B(nx R) is composed of zeros and ones in obvious way: B = ( RJ

measurable subvector as ¥ (with size M ). Introduce measurement equation:
AY (k) = CAX (k), 4)

where matrix C(M xn)is composed of zeros and ones in obvious way:

C=(I,, 0)for corresponding enumeration of CM nodes in vector X , /,, —unit

matrix with size M x M .

Equations (3), (4) are a system of equations of a discrete dynamic system in
state space.

Let number of nodes be known but existence and weight of connections be-
tween them be unknown. Then weight incidence matrix A4 to be identified is
initially filled with apriori unknown coefficients

a an e Ay

a a .eoa
A= 21 22 2n .

ay A4y .. Auy

Identification problem is to find coefficients @, during CM IP described by
state space model (3), (4).

CM IDENTIFICATION BY 481D METHOD

For systems identification in state space so called 4SID (subspace state
space)methods [3] are usually applied. They will be adapted to the stated prob-
lem in the present article.

Suppose measurements interval is long enough. More specifically, se-

lect N,, N, so that N, > N, (R + M) and observe inputs and outputs of the system
on the interval N, + N, sampling periods. Consider the following matrices com-
posed of inputs and outputs on this interval:
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A0y Au(l) ... AE(N-1)
Uy, - Ab_l:(l) ALT:(Z) = Aﬁ(ZNZ) ’ 5
Az?(]\}l—l) Aﬁle) Aﬁ(N2+'N1—2)
AY (0) AY(D) ... AY (N, —1)
i = AY:(I) AY:(Z) 5 AY(:NZ) ’ ©
AY(A}l—l) AY('NI) AY(NZ;NI—z)

where testing signals Au are selected in such a way that U, , has full rand and

is well-conditioned.It is desirable to select N, so that combined matrix of inputs

U

l,Nl . .
is not too far from square matrix.
LN,

and outputs l:

Question of the nature of input (testing) signals is rather important. It is well
known that signals of white noise type or J -functions are informative signals of
infinite order. So we need to use those intervals which have input signal most
similar to them. Those intervals which contain inputs which have low amplitude
or are not volatile enough can be excluded.

U

Complex matrix { le] is then RQ-decomposed with the following block

Y N,
representation of the decomposition:

Un | {Rn 0 :|[Ql }
Y N, Ry Ry |0 ]
For the block R,, SVD-decomposition is calculated, i.e.

Ry =U-2-¥T, (7)

where X — square diagonal matrix composed of singular values of R,,on the

main diagonal in decreasing order.
Let us represent the matrices in decomposition (7) in the following block form:

| 21 : 0 VT
Rzzz[Ul Uy '{‘0“:‘5-]{-1-- ,
1 <2 V2

where matrixU| has size N\M xn, matrix U, has size NM x(N,M —n), ma-
trix2, — nxn, X, — (N;M —n)x(N,M —n) , matrices V; and V, have corre-
sponding sizes.
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We will find some realization (A’, B', C") of the system (3), (4) according to the
realizations theory, without trying to find original system (A4, B,C) at the beginning.
Matrix A’ is found out of the overdeterminedsystem of matrix equations

@ 4r_77(2)
U1 A —Ul (8)

b

where matrixU"is submatrix of matrixU, without last M rows, and ma-

trixU* is submatrix of matrixU, without the first M rows. Shift invariance
property was used to obtain (8).

Here matrix U, is considered to be observability matrix for some realiza-
tion, as follows from the realizations theory.Then matrix C' for this realization
is the matrix consisting of the first M rows of matrix U, .

To find B'let us introduce auxiliary matrix Z=U, R,,R;; (test signals

should be selected so that R, is invertible) and solve equation

Usy (1: M) UTM +1:2M) .. UT(M(Ny 1) +1: MN,)
UF(M +1:2M) UF QM +1:3M) ... 0
Uy (M(N; =1)+1: MN;) 0 0 ]
Z(1:R) )]

Iy O 0 Z(R+1:2R)
X WX o | = - >
0 U B :

E(R(Ny —1)+1: RNy)

where for all matrices D(a : b) denotes submatrix of matrix D from the a -thto

the b -th columns.
Thus, the system is identified. But for practical application of the results we
need to get closer to the original realization, specifically, to such a realization

1
where matrices B, C have the form B =[ (I;jandc = (1 M 0). Equations from

the realizations theory that link different realizations via non-degenerate transi-
tion matrix 7" are helpful here:

A=T7'4'T, (10)

B'=TB,C=CT. (11)

To find matrix 7', that links the original realization (4, B, C) and the obtained
realization (A', B',C") , we need to solve equations system (11) in which only ma-

trix 7" with sizen xn is unknown. The system is underdetermined if number of
unknown variables is higher than number of equations, i.e. in our case if

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 1 (195) 53



Miliavskyi Yu.L.

n>>n+M that is almost always true. Thus, it’s sufficient to find any its solution
to obtain 7", and then to calculate A4 in the original realization from (10).

To estimate the quality of identification of the CM incidence matrix coeffi-
cients, comparison of the original and the obtained matrices A is not always
advisable, since 4SID method ensures output equivalence of the original and
identified systems (i.e. for any identical input both models give the same re-
sponse), but the method does not guarantee the identity of the state matrices
realizations. Therefore, it is desirable to compare original and identified systems
on the basis of some invariants that are independent on any specific realization.
It is obvious from (10) that the most natural invariants are eigenvalues, which
are identical for the pair 4, A".

In addition to the eigenvalues, the controlled and observable system (3), (4)
has other invariants that can be written in explicit form if the matrix A4 has a

realization in Jordan form (the transition to which is a standard task). For sim-
plicity, consider the case when the system does not have multiple eigenvalues.
Then the matrix A has a real Jordan structure

AZdiag(Jl,...,Jp) 5

(04 - JR—
Jp=( d ﬁpj, p=LP.

where

Bp ap
Here the unified form is used which combines real and complex eigenvalues. In

case of real eigenvalue 8, = 0, and respective rows and columns are removed so that

J, =a,. Let matrices B andC (when A has Jordan realization) be composed of the

: c S c S . . .
coefficients brp, brp +Conp > Cop according to the following rule:
a
%)
B=(b by...b, ...bg), C=|" |,
Cm
974
where b, iscolumn vector, ¢, is Trow vector written as

T _ c 1.8 c s c s _ c K c K c s .
br - (brl brl br2 er "'brP brP) ’ Cm - (cml cml cm2 cmZ cmP cmP)’ in case of

real eigenvalues coefficients with superscript s are absent.
Then the system in “input—output” form, based on Cauchy formula, is written as:

k R P
ymk)= 2 > > by (k= P () S
=0 r=1 p=1 m=1,M

where 4" (5) = p,[fp €Os@, (s =1) + fr, sin, (s = D],
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rc C C S S
£ = B, + bl (12)
rs C S S C
fmp = Cmpbrp _Cmpb”P > (13)
a . B [
@, = arccos —£ = arcsin —£-, Pp = alzj +,3§ .
Pp Pp

Then figures f, ., f,., m=L...M,r=1..,R, p=1,..,P,calculated in

mp

(12), (13), are the invariants of the system; for real eigenvalues respective
rs

p are absent (equal to zero).

EXPERIMENTAL RESEARCH

A set of computational research experiments was carried out using a CM of an
IT company (Fig. 1) [4].

In this CM the following nodes are measurable: 1. Project duration. 2. Inno-
vation expenses. 3. Salaries, bonuses. 4. Project’s budget. 5. Profit. 6. Manager
group expenses. 7. Marketing expenses. 8. Revenue of projects’ sells. 9. Staff re-
assessment expenses. 10. Staff training expenses. The unmeasurable nodes are:
11. Technical control. 12. Intelligent assets. 13. Quality of a final product.
14. Competitive ability. 15. Job satisfaction. 16. Experience exchange. Test
signals are fed to the nodes 2, 3,4, 6, 7, 9 and 10.

After having written I[P equation of this CM in the state space model form
(3), (4) we obtain

Fig. 1. CM of an IT company
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First, let all coordinates be measured precisely. We feed test signals in white
noise form with unit variance in the 7 nodes listed above and measure 10 output
CM coordinates over 500 sampling periods. First, we make sure that the outputs
of the identified CM are equal to the real outputs in the IP mode (in Fig. 2 the
solid line is the real system, the dotted line is the identified one, only the first 20
sampling periods are plotted).

Consider the first group of invariants — eigenvalues of the CM incidence
matrix. In the original (real) system they are the following (Table 1):

Y.
" Yy, 2 Y |
3
1
1 1 2
05
0 0 1
0 0
Bl |
05 4
2
- T T T T
5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 2
i s Y, Yy
1 2
05
0
0 1 0
1 0 05 1
4
2
1 ! 2
50 5w 5 10 15 20 5 10 15 2 5 10 15 2
| yQ N yfa
| 1
0
0 1
2
4

T
5 10 15 20 5 10 15 20

Fig. 2. Output coordinates of the original and identified CM

Table 1. Eigenvalues of the original CM

0.729817358793173

0.288473607378827 + 0.545877212297539i
0.288473607378827 - 0.545877212297539i
0.504529567265151

-0.595168489665732

0.0534731799408301 +0.389920339850528i
0.0534731799408301 - 0.3899203398505281
-0.275361797240735 + 0.212821392357389i
-0.275361797240735 - 0.2128213923573891
-0.209793520825393

0.0374451042749558

-1.95541830461056¢-16 + 9.03643387627237¢-10i
-1.95541830461056¢-16 - 9.03643387627237¢-101
1.71271169154324¢-16

-2.82703848340360e-16

7.56176002022082e-17
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It is likely that the last 5 eigenvalues from Table 1 are actually zero of mul-
tiplicity 5; this significantly complicates comparison of the invariants. Therefore,
we will first of all consider the first 11 eigenvalues in the analysis because they
mostly characterize the CM IP dynamics.

We will compare the invariant vector of eigenvalues of the identified and
the original CM under different conditions. The following metric is suggested
for comparison. Both vectors are sorted by absolute values, their difference is
found and the maximum absolute value of the difference vector is calculated. In
case when the structure of eigenvalues is not violated this metric reflects maxi-
mum deviation of the obtained values from the original ones.

The dependence of the suggested metric on the number of measured coordi-
nates is shown (Fig. 3). For reliability of the research results, 10 models (with differ-
ent inputs) were built and then averaged. With 10 measured coordinates (as in the
example described above), the error is 0.0067, which can be seen as quite satisfac-
tory. When the number of measured nodes is 4 or less, the error grows significantly.

The dependence of the same performance metric (based on the accuracy of
eigenvalues identification) on the number of measurements (also after averaging
over 10 models) is shown (Fig. 4). The number of measured nodes is 10. The
error is 0.059 for 500 measurements (sampling periods). A significant raise of
the error starts when number of measurements is less than 400.

The dependence on measurement noise (in previous studies it was assumed
to be zero) is shown (Fig. 5). We feed uniformly distributed random noise (with
amplitude depending on the maximum value of the useful signal) to all the
measured nodes. So we will investigate dependence of the identification error on
the noise to the useful signal ratio (with 500 measurements of 10 coordinates).

0,05

Errorfor 500 measurements, no noise
0,045

0,04 /
0,035 /

0,03
0,025 /
0,02
0,015 o /
0,01
0,005 = /
0 —_— —_— —
16 15 14 13 12 11 10 ¢ 8 7 6 5 4 3 2

Number of measured coordinates

Fig. 3. Identification error vs number of measured coordinates
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Error for 10 measured coordinates, no noise
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Fig. 4. 1dentification error vs number of measurements
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0,25000

0,20000 //
0,15000 /
0,10000

0,05000 //

0,00000 : |
0% 1% 2% 5% 10% 20%

Maximal noise to signal level

Fig. 5. Identification error vs noise to signal level

The dependence on measurement noise is especially important, so we pre-
sent the results also in tabular form (Table 2). Here we calculate not the maxi-
mum error metric suggested above, but the identified modes of the system them-
selves. The absolute values of the noise amplitude are in the table header.
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Table 2. Eigenvalues of the identified CM

0 1.00E-14 1.00E-10 1.00E-05
0.729990838616750 + 0.729990838616752 + 0.729795701554137 + 0.729991153904236 +
0.000000000000001 0.000000000000001 0.000000000000001 0.000000000000001
0.288527551393047 + 0.504361922199503 + 0.288425185463485 + 0.288525198162765 +
0.5460135523697641 0.000000000000001 0.5458416763798091 0.5460138752581831
0.288527551393047 - 0.288527551393046 + 0.288425185463485 - 0.288525198162765 -
0.5460135523697641 0.5460135523697631 0.5458416763798091 0.5460138752581831
0.504361922199501 + 0.288527551393046 - 0.504727440971184 + 0.504362027516735 +
0.00000000000000i 0.546013552369763i 0.00000000000000i 0.00000000000000i
-0.595167227890913 + -0.595167227890916 + | -0.595212059904572 + | -0.595168251524833 +
0.000000000000001 0.000000000000001 0.000000000000001 0.000000000000001
0.0534059512435629 + | 0.0534059512435720 + | 0.0531856330760910 + | 0.0534124939792743 +
0.3897639574073371 0.3897639574073401 0.3898230254085811 0.3897653167476991
0.0534059512435629 - 0.0534059512435720 - | 0.0531856330760910 - | 0.0534124939792743 -
0.3897639574073371 0.3897639574073401 0.3898230254085811 0.3897653167476991
-0.275098990019907 + -0.275098990019885 + | -0.275481781185811 + | -0.275078260183521 +
0.2131250224523571 0.213125022452346i 0.212239094334225i1 0.213111222276663i1
-0.275098990019907 - -0.275098990019885 - | -0.275481781185811 - | -0.275078260183521 -
0.2131250224523571 0.213125022452346i 0.212239094334225i1 0.213111222276663i1
-0.211145050250800 + -0.211145050250820 + | -0.208941997309267 + | -0.211156370940011 +
0.000000000000001 0.000000000000001 0.000000000000001 0.000000000000001
0.0374188299453503 + | 0.0374188299453380 + | 0.0374653239841545 + | 0.0374077126848873 +
0.000000000000001 0.000000000000001 0.000000000000001 0.000000000000001
0.000853598779548921 +| 0.000853598779766390 + | -0.00808130305896758 | -0.00137761954985350 +
0.000000000000001 0.000000000000001 +0.000000000000001 0.000000000000001
-0.000765459607735681 | -0.000765459608667301 |0.00770399293877252 +| 0.00100933752150903 +
+0.00000000000000i +0.000000000000001 0.000000000000001 0.00000000000000i
-3.46232972558093¢-13 +|-1.14730616044168¢-15 +| 3.62004525836301e-10 |0.000244542992428858 +
0.000000000000001 0.000000000000001 +0.000000000000001 0.000000000000001
-8.38294372987105e-15 +| 5.45925393953776e-14 + | -2.45971146842435¢-11 | 1.07321950169192¢-06 +
0.000000000000001 3.19610528245246e-14i | + 0.000000000000001 0.000000000000001
-9.65897357673646e-17 +| 5.45925393953776e-14 - | -1.43698326020234e-11 | 6.04341025062634¢-06 +
0.000000000000001 3.19610528245246¢-14i | + 0.000000000000001 0.000000000000001

So, starting from the noise with order of values around10~ the error in
some modes becomes significant; after that the structure of eigenvalues is bro-
ken (complex pairs turn into real eigenvalues etc.).

Invariants of the second group were also calculated based on the formulas
(12), (13). The total number of these invariants is very large: for example, if we
consider 10 measured coordinates, with 7 test signals we get 1120 invariants.

60 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 1 (195)



Identification in Cognitive Maps in Impulse Process Mode with Incomplete Measurement

Therefore, the results of the analysis based on them are not shown in the article.
However, in general it should be said that a noticeable discrepancy between
these invariants for the identified and the original systems also starts at noise

level around107~° .

IDENTIFICATION OF A COGNITIVE MAP WITH UNMEASURABLE NODES

The paper studies the problem of identifying weight coefficients of the CM inci-
dence matrix under the condition that some of its nodes are not measurable. For
this purpose 4SID method is used, which allows, firstly, to find some realization
of the system in state space, and, secondly, to get back closer to the original
realization, which has the specific type of control and observation matrices. The
identified and original systems are identical in output, i.e. measured coordinates
response identically to the same input test signals. Quality of the identification
was thoroughly analyzed by comparing groups of invariants of the original and
identified systems. The practical example of the IT company's CM was ana-
lyzed. The analysis confirmed applicability of the suggested identification
method and helped to find its limitations.

CONCLUSIONS

As a result of the research, it can be concluded that the identification method for
a CM in IP mode is efficient, but only under certain conditions and limitations.
Its efficiency severely depends on number of measurements, number of meas-
ured nodes coordinates and especially on measurements noise. In fact, even
without measurement noise, identification is not completely accurate because of
the computational error, which is essential for multivariate complex systems
(e.g., a 16-dimensional CM). When noise exceeds a certain threshold (about

10~ in this case, but in general it depends on the structure of the CM), accurate
identification becomes impossible. This is not a disadvantage of the suggested
method, but an inevitable property of any identification method, since, starting
from a certain threshold, the problem becomes incorrect (ill-posed). Thus, the
4SID method is recommended to be used for CM identification with a sufficient
number of measurements with low noise. A general case method will be devel-
oped in further research.
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INEHTU®IKAIIA B KOTHITUBHUX KAPTAX
Y PEXKUMI IMITVJIbCHUX IMTPOLECIB 3A YMOBHM HEITOBHOI'O
BUMIPIOBAHHA KOOPAMHAT BEPIINH

Beryn. KorniTuBHa KapTa — MOMYJISpHUNA CIIOCIO MOJIENIIOBAHHS CKJIaJHUX 0araTo3B’s3HUX
cucreM. 3a3Bu4ail BaroBi koedilieHTH pebep, 110 3B’SI3YIOTh BEPUIMHU KOTHITHMBHOI KapTH,
BU3HAYAIOTHCS SKCIEepTaMH. AJle Take BU3HAUCHHS 3aBXIU € HeTOYHHM. Y pasi, SIKIIo KOoop-
JIUHATH BEPIIMH BUMIPIOIOTHCS, € MOXKJIMBICT 3/IIHCHUTH MaTEeMaTHYHY 1eHTU(DIKAIII0 [HX
koeinienTiB. OqHak npobieMa MoJIrae B TOMY, IO AyKE YacTO BUMIPIOIOThCS HE BC1 KOOP-
JTIUHATH BEPILIWH KOTHITUBHOI KapTH, a JIMIIIE JesKi 3 HUX. B npoMy pasi 3aiava ineHTudikaii
3HAYHO YCKJIAJHIOEThCS.

MerTo1o ctaTTi € po3po0IeHHS 1 TOCIKEHHSI METOAY iMeHTUdIKallil BaroBuX Koedirli-
€HTIB peGep KOTHITUBHOI KapTH Y BUIAJKY, KOJIHM KUIBKICTh BEPIIUH KapTH BiJoMa, alie He yCi
3 HUX BUMIPIOIOTHCSL.

Pe3yabTaTn. 3anponoHoBaHo MeToA ineHTHdikanii, mo 6a3yerbcs Ha 4SID Meroni
(Meroni BumieHoro mianpocropy). Lleit Meron mae 3Mory 3HaWTH JESKy peai3allifo CUCTe-
MH, €KBIBAJIEHTHY 3a BHMXOJOM 3 IIOYaTKOBOIO KOTHITUBHOIO KapTOIO, BOJHOYAC MAaTPHIl
KepyBaHHsI Ta CIIOCTEPEKEHHS 3aTMIIAIOThCs 0e3 3MiH. [IpoaHanizoBaHo iHBapiaHTH BUXiTHOT
Ta ineHTU}ikoBaHOi cucTeM. PO3INIIHYTO NpakTUUHUN NpHUKIA] iAeHTUdiKalil KOTHITUBHOL
kaptu [T xommnanii. [TokazaHo, BiJf 4OT0 3aJIeXKHUTh TOYHICTh 3alIPOIIOHOBAHOI'O METOY Ta 3a
SKHX YMOB H10r0 MO>KHa 3aCTOCOBYBATH.

BucHoBku. STk moka3aio AOCIIPKEHHS, B Pe3yJbTaTi iieHTH]iKalii KOTHITUBHUX KapT
3aIIPOIIOHOBAHUM METOJIOM OYJI0 JOCATHYTO HNPaKTUYHO IIOBHOrO 30iry 3a BUMipIOBaHUMHU
KOOpJIWHATAMH MK MOYAaTKOBOKO Ta iACHTH(IKOBAHOI CHCTEMaMH, X04a caMi MaTpHili Cy-
MDKHOCTI MOXKYTb HE CHiBIajaTd. [HBapiaHTH cUCTeMH, 30KpeMa BIacHi 4ucia, iJeHTU(IKy-
FOTBCSI OCTATHBO TOYHO, SIKIIO 337ady A00pe 3yMOBJIEHO, TOOTO 3a JIOCTATHBOT KiJIBKOCTI
BUMIPIOBAHUX KOOPAMHAT, JOCTAaTHBOI KiJIbKOCTI IHTEpBaliB BUMIPIOBaHb Ta 32 YMOBH HEBE-
JIMKOTO PiBHS IIYyMy BHUMIPIOBaHb. SIKINO I1i YMOBH HE BUKOHYIOTBCS, Pe3yJIbTaTH imeHTHdi-
KaIlii CTaloTh HEKOPEKTHUMH.
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Kniouogi cnoga: xorHiTUBHA KapTa, ijeHTH(DIKAIi1, METOA BUALIEHOTO MiANPOCTOPY, HEBU-
MIpIOBaHI KOOPJHHATH.

Munsascxuii FO.JI., ctapimii penojaBaTeib

kadeappl MATEMATHIECKUX METOOB CUCTEMHOTO aHaJH3a
e-mail: yuriy.milyavsky@gmail.com

HarmmonansHuil TEXHIYECKUH YHUBEPCHUTET Y KPAHHEI
«KueBcpkuil monutexHuyeckuii MHCTUTYT UM. . Cukopckoroy,
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NAEHTUOUKALMSA B KOTHUTUBHBIX KAPTAX
B PEXXMME UMITYJIbCHBIX ITPOLIECCOB
IMTPY HETTIOJIHOM M3MEPEHNU KOOPAMHAT BEPIINH

HccnenoBana 3anaya uaeHTU(UKAIIMNA BECOBBIX KO3()(UIIMEHTOB MAaTPHUI] CMEKHOCTH KOTHH-
THUBHBIX KapT B cliy4ae, KOT/Ja 4acTh KOOPJMHAT BEPIIMH HE u3Mepsercs. [IpemioxkeH MeToa
uaeHTudukanuy, ocHoBbiBatommiicss Ha 4SID merone. [IpoaHanu3upoBaHbl MHBAPHAHTHI
HCXOHON U WACHTH()UIIMPOBAHHOW CUCTEM. PacCMOTpEH MpakTHYECKUN TPUMEpP HACHTU(H-
Kaluy KOrHUTHBHOM KapThl IT xomnanuu. [TokazaHo, Mpu KakuX yCIOBUSX MPEATIOKESHHBIN
METO/I IPUMECHHUM.

Knrouesvie cnosa: xocHumusHas xapma, UOeHMUGUKayusl, Memoo 6bl0eisieMo20 NOOnPoCHi-
pancmea, neusmepsemvie KOOpOUHAmMol.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 1 (195) 63



Menuyunckasn
Il Ouonoruyeckan KubepHeTuxa

DOL: https:// 10.15407/kvt195.01.064
UDC 617.7-073.178: 004

KAPLIN LV.!, ophthalmologist of the Kyiv Center
for Eye Therapy and Microsurgery,

PhD student of the Ophthalmology Department
e-mail: smashdown@mail.ru

KOCHINA M.L.%, DSc (Biology), Professor,

Head of the Medical and Biological Basics

of Sports and Physical Rehabilitation Department,
e-mail: kochinaml@gmail.com

DEMIN Iu.A.!, DSc (Medicine), Professor,

Head of Ophthalmology Department,

e-mail: deminprof@gmail.com

FIRSOV O.H.}, PhD (Technics), Chief Designer
e-mail: shagrath.hire@gmail.com

! Kharkiv Medical Academy of Postgraduate Education,
58, Amosova str., Kharkiv, Ukraine, 61000

? Petro Mohyla Black Sea National University

10, 68-Desantniv str., Mykolaiv, Ukraine, 54000

* ASTER-AITI, LTD

1, Aviation str., Kharkiv, Ukraine, 61166

THE SYSTEM OF INTRAOCULAR PRESSURE
ASSESSMENT USING INTERFERENCE EYE PICTURES

Introduction. According to the World Health Organization (WHO), glaucoma accounts for
4-5% of the total ocular pathology, making it one of the most common eye diseases in the
world. The first sign of the disease is a constant or periodic increase in intraocular pressure,
which leads to the development of visual field defects, optic nerve atrophy, and dystrophic
changes in eye tissues. Detection of glaucoma and ocular hypertension is done by measuring
the intraocular pressure, which is the standard procedure for diagnosis of the condition of
eyes in all patients over 40 years of age. Patients with a diagnosis of "glaucoma" should
constantly measure the intraocular pressure, which is necessary to control the effectiveness
of treatment, its correction and evaluation of the effectiveness of drugs.

The purpose of the article is to develop the system for assessing the intraocular
pressure level using the interference pictures parameters observed on the eye cornea in the
polarized light.
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Results. The proposed system of two-level classification of the intraocular pressure
level, which contains a pair of complementary fuzzy models, formalized in the form of logical
rules and sets of numerical parameters of functions (membership and conclusion), and addi-
tional decisive rules that consist of a regression equation and a classification criterion.

Such a hybrid system adequately reflects the general communication of adjusted inter-
ference picture parameters with a measured value of intraocular pressure by classical Gold-
man tonometry, which allowed offering it to practical use as a basis for intraocular pressure
express assessment.

Conclusion. Using the developed software module evaluation of intraocular pressure,
based on the proposed concept of express assessment of intraocular pressure, integrates
fuzzy models and decisive rules allowing to improve the results of glaucoma treatment at
early detection of high level of intraocular pressure.

Keywords: intraocular pressure, central eye cornea thickness, interference pictures, express
assessment.

INTRODUCTION

According to the WHO, glaucoma accounts for 4-5% of the total onset of the
pathology, making it one of the most common eye diseases in the world. About 3% of
the total population of the Earth suffer from glaucoma (in particular, from 0.5 to 2%
comprise people younger 40 years old, and 7% of the world population by the age of
80) [1-5]. In the world, there are more than 8 million people who got blinded because
of this disease, among them 7 million people lost sight of both eyes. Glaucoma takes
the second place after cataract as to the frequency of blindness, with a clear tendency
to increase the rate of morbidity of glaucoma [6-9].

The first sign of the disease is a constant or periodic increase in intraocular
pressure (hereinafter — IOP), which leads to the development of defects in the
vision fields, the optic nerve atrophy, dystrophic changes in the eye tissues. The
earlier this pathology will be detected, the more effective the treatment and
prevention of changes in the visual system will be [10]. Detection of glaucoma and
ocular hypertension is carried out by measuring the IOP, which is the standard
procedure for diagnosis of the eyes condition in all patients over 40 years of age.
Patients with a diagnosis of "glaucoma" should constantly measure the IOP, which
is necessary to control the effectiveness of treatment, its correction and evaluation of
the effectiveness of drugs [10]. This requires a permanent visit to the hospital, that is
difficult in many cases, for example, in rural areas.

THE PROBLEM SETTING

For the IOP express estimation using interference pictures (hereinafter — IP)
observed on the eye cornea in polarized light, there was proposed the
telemedicine system creation, developed the IP parametrization method, and
implemented in the working software [11].

The interference pictures parameters of each eye consist of axial segments
(OK, OH, OP, OR) drawn from the center of the cornea to the isochrome points
located on the vertical and horizontal corneal diameters, as well as diagonal
segments (OB1, OB2, OB3 , OB4) that are held at an angle of 45° to the axial
straight lines from the center of the cornea to certain points of the isochrome.
The lengths of all the segments after their definition are automatically
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normalized by the software on the average diameter of the cornea (by dividing)
and are dimensionless values.

According to many studies, the thickness of the cornea has a definite effect on the
IOP values obtained using appanatometric tonometry; therefore, at present, corrections
are made to the measured values of the IOP, depending on the central corneal
thickness [12—16]. Based on physical representations that the thickness of the cornea
has a definite influence on the value and distribution of internal stresses in it, there is a
need to consider it when using the IP parameters to determine the IOP. The eye cornea
has a complex geometric shape, which is manifested by a change in its thickness from
the center to periphery and affects the shape of IP [17].

The value of the eye cornea thickness in its center differs in different patients. In
addition, studies have shown that it may be different for the right and left eyes in one
patient [16] which should also be taken into account when evaluating IOP.

Determining the level of IOP by IP parameters is the next step in the
development of the telemedicine system. To do this, it is necessary to develop a
system for assessing the level of IOP using the IP parameters.

The object and methods of research. To develop the system of IOP level
assessment using the [P parameters, we determined the IP parameters of 100
eyes with different levels of IOP, 70 of which were used as a training sample
and 30 of them were used for checking the system. Since it is known that the
IOP value has a certain effect on the eye cornea thickness, we determined its
value using the method of parathyroidism in all patients.

The purpose of the article is to develop the system for assessing the
intraocular pressure level using the interference pictures parameters observed on
the eye cornea in the polarized light.

DEVELOPMENT OF THE SYSTEM OF ASSESSING THE INTRAOCULAR PRESSURE
LEVEL USING THE INTERFERENCE PICTURES PARAMETERS

The process of developing models and solving the problems of the system for
assessing the IOP level using IP parameters observed on the eye cornea in
polarized light is shown in Fig.1. The interference pictures obtained from the
patients are processed (parameterized) using previously developed software [11].

As noted earlier, the thickness of the cornea is different for different
individuals, and varies from the center of the cornea to its periphery. This led to
the need to develop measures taking into account the thickness of the cornea of a
particular eye by correction of the length of all measured segments of
parametrizated IP. For this purpose, the central thickness of the cornea was
determined in all patients by the method of optical pacemecia. Next, for the
whole sample, the median value was determined and the correction coefficient
of the IP parameters for each eye was calculated using the following formula:

cor M comea ’
e
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i . . i .
where kco is correction coefficient of IP parameters, {_,., — is measured

7

thickness of the cornea, Mzomea — is median thickness of the cornea, I — is ordinal

index of the eye.

The correction of the IP parameters values was carried out by dividing the
length of the segments by the corresponding correction coefficient. These
measures allowed to bring all the [P parameters to a single scale.

After registration of patients IP photos, were performed IOP measurements
using Goldman tonometer. The obtained IOP values were conventionally
divided into classes according to the following rule: IOP up to 24 mm Hg
(inclusively) were treated as acceptable with code 1; larger IOP values were
considered to be high-pressured with code 2:

_|LIOP<24mmHg
|2, 10P>24mmHg’

where PC — conditional indication of the intraocular pressure class.

Since the pressure class is presented as a real number in the range of 0 to 3
at the output of the fuzzy inference system, then there was a need for additional
solving rules, by which one can uniquely determine the discrete code of each
class. In addition, the models M1 and M2 mutually complement each other, that
is, erroneously determined PC with the help of one model will be clearly defined
by another model, and vice versa. The rules for obtaining a discrete PC code are
the form of a linear regression equation derived from the initial data of models
and a priori values of PC in conjunction with a simple rule:

PC, y,=a-PC, +b-PC,,

1, PCyjy0r <15
|2, PCypyn > 15

where PC is the discrete value of PC, PC),,,,, is the PC of the total result of

the models M1 and M2, pC
model M1, PC,,,

are coefficients of the regression equation.
To construct the model for the IOP class determining, a Takagi—Sugeno fuzzy
inference system [18] was used, which is executed on the following odd basis:

(x,=4a,,0,x,=a,,0,...x,=a,)=> yj:bj0+2bﬁxi,

1 1s a separate result of the fuzzy output of the

is a separate result of the fuzzy output of the model M2, a q, b

i=1,n
where d w18 the fuzzy term, which evaluates the input variable X, in the j-m

rule; n is the number of rules in the base; ® . is logical operation, which com-

J
bines fragments of the rule j-th (logical operation "AND", "OR"); = is a
fuzzy implication; b ;i are coefficients of the linear function (products) repre-
sented by some real numbers.
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Fig. 1. The process of developing the system for assessing the IOP level

Fuzzy rules are synthesized based on clustering results. For this purpose, for
each cluster, one fuzzy rule is put into conformity: "IF x = X', then y = y' ",
where x is the input value of the parameter, y is the output value of the
parameter, x ', y' are fuzzy terms "CLOSE TO x"," CLOSE TO y". The
coordinates of the maxims of the functions of affiliation (hereinafter — AF) are
taken equal to the centers of the obtained clusters. AF of these fuzzy terms are

given by Gaussian function [18]:

-(x-b)
pix)=qe ¥ Lx#b,
1, x=b
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where 4 (x) AF of variable » to the term Z; b is AF parameter,

is
corresponding to the maximum coordinate (in this case to the coordinate of the
cluster center); C is parameter of AF compression-stretching.

The algorithm for the synthesis of models for determining the IOP class is shown
in Fig. 2. Uploaded from the database matrix with the prepared data, they are first
subjected to subtractive clusterization (under the mountain algorithm) [19]. Next, each
of the received clusters corresponds to one fuzzy rule, and the coordinates of its center
are the points of the AF maximum (for the Gaussian function, parameter b) [18].
Further, coefficients of linear functions of the conclusions used in the Sugeno fuzzy
deducing system are calculated. The set of logical rules and sets of AF parameters and
conclusions form the fuzzy model for determining the IOP class. After that, a fuzzy
logical conclusion is made using the Sugeno fuzzy excursion. According to its results
and the a priori value of PC, the value of the mean square error pressure classification
error (hereinafter — SPCE) is calculated.

Next, the configuration of the model is made. For this purpose, we
cyclically change the AF parameters (for the Gaussian function parameter c) and
the coefficients of the conclusion functions and repeat the conclusion and the
calculation of the values of the SPCE to obtain its minimum value. Since the
number of cycles required to set the model is not known in advance, then the
restriction is introduced for this operation: the cycle is interrupted if for each
subsequent cycle of the setting the value of the SPCE decreases by less than 1%
of the value obtained in the previous cycle. To reduce the dimensionality of the
model and reduce the probability of its re-training it is optimized. To do this, the
cycle changes the parameters of the clustering algorithm (acceptance and
rejection coefficients), with subsequent repetition of all subsequent operations
(clustering, matching and model setting). This cycle is repeated until the number
of clusters becomes minimal, provided that the accuracy of the model
determined by the SPCE does not decrease by more than 1%.

To confirm that the resulting model not only corresponds to the training
data, but also adequately reflects the general relationship of the IP parameters
with the measured IOP value, an additional verification is carried out. To do this,
one line is extracted from the input matrix, the corresponding IP parameters and
PC set of one patient, and the synthesis of the model is performed again. If the
values of SPCE then do not change by more than 1% (when deleting any data
row) then such a model is considered adequate if all lines are checked.

According to the study samples consisting of 50 photos of patients eyes IP
with glaucoma with different levels of IOP and 20 IPs of healthy people (70 eyes
on the whole), we obtained 2 fuzzy models for determining the class of the IOP.
They consist of 6 fuzzy logic equations, 6 AF fuzzy rules (estimate the
corresponding input variable) approximated by the Gaussian function and 6
linear functions in the conclusions of fuzzy rules, the definition of the IOP class.
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Fig. 2. Algorithm for the synthesis of IOP classification models
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The knowledge database rules of the M1 model correspond to the system of
fuzzy logic equations:

e (X) = pipye (X ) A gy (X ) A g (Xor) A iop (Xop)
e (X) = o (X0 ) A 031 oy ) A o (o) A o (Xop)
e (X) = 1o (Ko ) A 0y oy ) A Mo (o) A oy (Xop)
Hpe (X) = iy (Ko ) A gy (o) A g (o) A o (Xop)
Hie (X) = 115 (or ) A oy o ) A o (Xor) A i (Xop)

where p,.(X) is the degree to which the fuzzy knowledge base rules are
executed for the input vector of the indices X ={x,x,X,y,Xor>Xop}

How Xox )s o (Xop)s Hor (Xor)s Hop(Xop) is AF of the corrected normalized

length of the axial segments of the fuzzy term of the knowledge database, n is

the serial number of the fuzzy rule.

Table 1 shows the AF parameters of the fuzzy rules of the model M1
approximated by the Gaussian function (parameters of maximum and
compression-stretching).

Table 2 shows the coefficients of linear functions in the derivation of fuzzy
rules of the model M1.

Table 1. Parameters of the membership function of the model M1 fuzzy rules

Values of Parameters
Rule number | AF paramaters
OK OH OR OP
1 b, 0,36918 0,41677 0,37697 0,37844
¢ 0,03991 0,03997 0,02856 0,02180
) by 0,41500 0,46013 0,44946 0,38566
2 0,03699 0,05173 0,04774 0,04744
3 bs 0,40862 0,44621 0,42220 0,38232
) 0,04007 0,02737 0,01566 0,04982
4 by 0,38057 0,36672 0,34821 0,35697
4 0,02576 0,04400 0,03318 0,03718
bs 0,42269 0,50764 0,45839 0,43533
> Cs 0,03299 0,04585 0,02240 0,04389

Table 2. Coefficients of linear functions in the derivation of the model M1fuzzy rules

Values of Linear Functions
Rule ;

number oK OH OR oP Residual
Member
1 -12,27402 -25,87299 -24,12933 -20,15253 32,68096
2 17,54735 5,53546 -4,80440 -67,90470 19,38437
3 -6,60772 -65,54054 -55,83284 60,54832 34,55925

4 7,26108 -16,19525 -3,23262 12,52714 1,36121
5 20,66198 -48,97063 30,44241 -15,30205 12,22603
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The rules of the knowledge database of the model M2 correspond to the
system of fuzzy logic equations:

:U}Jc (X)= :ulom (Xos1) A /Ulogz (Xp52) A /U1033 (Xo53) A /U1034 (X054)
ﬂ12>C (X)= /u(Z)Bl (Xop1) A /JéBz (Xop2) A /uém (X0p3) A /Jém (X054)
,U;c (X)= ﬂ(3331 (Xop1) A ,UéBz (Xop2) A ,Ugm (Xop3) A ,UéB4 (X054)

,U:’c (X)= ﬂgBl (Xo51) A ,UéBz (Xo52) A ,Ugm (Xog3) A ,UgB4 (Xop4)
,U;c (X)= :ugBl (X051) A ,U(S)Bz (X052) A ,U<5333 (X0g3) A ,U(S)B4 (X084) »
where t,-(X) is the degree of execution of the fuzzy knowledge database

X ={Xpp1>X0525 %0835 X084} 5

Hos1 (Xog1)s Hoss (Xop2)s Hogs (Xop3)s Hops(Xops) 18 AF of corrected normalized

length of diagonal segments of the fuzzy term of knowledge database, 1 is the

rules for the input vector of indicators

serial number of the fuzzy rule.

Table 3 shows the parameters of the AF fuzzy rules of the model M2
approximated by the Gaussian function (parameters of maximum and
compression-stretching).

Table 4 shows the coefficients of linear functions in the derivation of fuzzy
rules of the model M2.

Table 3. Parameters of the membership function of the model M2 fuzzy rules

Values of Parameters
Rule number | AF parameters
OB1 OB2 OB3 OB4
1 b, 0,34248 0,34743 0,35303 0,31608
¢ 0,03340 0,04569 0,11324 0,04307
’ b, 0,37303 0,35059 0,35440 0,34852
c 0,02613 0,03143 0,11114 0,04170
3 b; 0,38751 0,39324 0,37913 0,36465
3 0,04704 0,02782 0,11554 0,03125
4 by 0,42245 0,39006 0,41332 0,37167
Cy 0,02453 0,04276 0,11587 0,04478
bs 0,30514 0,27628 0,34245 0,30944
3 Cs 0,03212 0,03403 0,11676 0,04423

Table 4. The coefficients of linear functions in the derivation of the model M2 fuzzy rules

Linear function Parameters

Rule Residual
mumber OBI 0B2 0B3 OB4 e
Member

1 -78,62481 -33,51865 -7,69473 -25,87150 47,59678

2 -72,83438 17,35565 -8,78933 -88,77824 58,90563

3 -102,65654 -11,93603 44,8187 -82,18424 57,16713

4 18,85960 -44,30061 -13,91040 -11,47781 25,42608

5 -5,80666 -54,26055 5,09097 78,50133 -7,18751
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Decisive rules for obtaining a discrete PC code are obtained in the form of a
linear regression equation derived from the data output models and a priori
values of PC and simple rules:

PC,;,,1, = 0,60x PC,,, +0,59% PC,,, —0,26

1, PCy, 0, <1,45
|2, PCy 0, > 1,457

where PC is the discrete value of PC, PC,,, ,,, is the class of PC total result of

models M1 and M2, PC,,, is a separate result of the fuzzy output of the model
M1, PC,,, is aseparate result of the fuzzy output of the model M2.

THE SOFTWARE FOR THE SYSTEM OF ASSESSING THE INTRAOCULAR PRESSURE LEVEL USING
THE INTERFERENCE PICTURES PARAMETERS

Initial data processing and analysis, as well as the development of IOP
classification models, were conducted using the Scilab computer algebra system
[20] and sciFLT's fuzzy logic package [21], which implements the Sugeno fuzzy
logic output machine. The Scilab package was developed by the staff of the
French National Institute of Computer Science and Automation (INRIA) and
distributed free under the free CeCILL license. Formalized M1 and M2 models
in the Scilab system are stored in the form of text files with the description of
membership functions (the type of approximating function with tabulated
parameters), the parameters of linear functions in the output of the rules and the
type of the system of fuzzy output (Sugeno). In order to get the IOP class you
have to input data of the vector of IP segments values in the Scilab command
window. Then, with the help of commands, a file with the description of the
model was downloaded and a fuzzy output procedure was launched (built into
the sciFLT package), the results of which were the calculation of PC using
decisive rules. Scilab's capabilities for the practical application of already
developed models are redundant, and the need for working with the command
interface makes it unsuitable for untrained user work.

In this regard, for the practical use of the results of work, was developed a
software module, which integrated a fuzzy pull-out machine of Sugenio with
models and decisive rules. It allows to form a fuzzy conclusion using M1 and
M2 models, and to obtain an IOT class with the use of decisive rules with the
help of normalized IP parameters and measured corneal thickness to
automatically adjust the lengths of IP segments.

The program module is developed using the C# programming language
from the Microsoft .NET Framework software platform and integrated into the
software that performs the parameterization of the IP [11]. Fuzzy Logic Library
for Microsoft .Net (fuzzynet) [22], which is provided by its author in the form of
a dynamic library of executable codes or source codes in the C # programming
language, is used to implement the fuzzy inference system. The diagram of the
classes of the software module EyePressureClassifier is shown in Fig. 3.
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EyePressureClassifier

-m1: ModelM1
-m2: ModelM2

-_Instance EyePressureClassifier

+GetPressureClassisegments: double[], thickness: int): int

ModelMA1

ModelMZ2

T

|

FuzzyModel

#fuzzy: SugenoFuzzySystem

+ComputeResultinput: double]]):double

!

Al.Fuzzy Library::SugenoF uzzySystem

/£7

‘D\

Al.Fuzzy Library::FuzzyVariable

Al.Fuzzy Library::SugenoVariable

Al.Fuzzy.Library::FuzzyTerm

Fig. 3. The diagram of the classes of the software module EyePressureClassifier

The class of the program module implements the static method
from the program code of the application with
segments of type double with the normalized
lengths of the IP parameter segments and the thickness of the int type. The result

GetPressureClass, which is called
the input parameters: an array of

of the calculation will be represented by integer type int.
The algorithm of the GetPressureClass method is presented in Fig. 4.
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Fig. 4. Algorithm of the GetPressureClass method

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 1 (195) 75



Kaplin 1V., Kochina M.L., Demin lu.A., Firsov O.H.

Since the EyePressureClassifier class implements the Singleton software
template and if the GetPressureClass method is called for the first time, an
application object called EyePressureClassifier is created in the program
memory and the link to it is stored in the instance variable. Further, the values
of the normalized IP segments transmitted into the form of an array of segments
are adjusted to take into account of the cornea thickness (parameter thickness)
and followed by a fuzzy conclusion using the models M1 and M2 carried out by
calling the method Calculate objects instance.ml and _instance.m2 objects
ModelM1 ModelM2 type, respectively. After that, the calculation of the pressure
class is carried out using the regression equation. If this value is PCyy, mp is less
than or equal to 1.45 there appears an IOP message on the screen showing the
normal range (Fig. 5). If the value of PCyy;, M2 exceeds 1.45 there is a message
about high IOP (Fig. 6) and recommendations to follow up.

Calling the GetPressureClass method in the IP parameterization software
application is performed automatically when selecting the "Calculate PC" menu
item (Fig. 7).

Pressure class

Pressure within the normal range
Pericdic pressure menitoring is recommended

Ok

Fig. 5. Message about IOP within the normal range (class 1)

Pressure class

High pressure!
l % Itis recommended to contact a dector immediately !

oK

Fig.6. Message about high IOP (class 2)
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Tick off
Turn around

Save

Calculate PC

Fig. 7. Menu item "Calculate
PC" application for IP
parameterization

Thus, the development of the telemedicine system of the IOP express
assessment was developed by the introduction of an additional integrated
software module, which enables the automatic interactive mode to process [P
images and determine the IOP level.

CONCLUSION

The cornea thickness differs in different people, as well as in one eye depending on
the position relative to the cornea center. To take into account these features of the
cornea during determining the level of intraocular pressure we introduced the
correction factor for the parameters of interference patterns for each eye, which was
determined by the ratio of the measured central corneal thickness of a particular
patient to its median, calculated on the basis of the obtained indicators of 70 people.
Correction of the parameters values of parametrized interference pictures was
carried out by dividing them into an appropriate correction factor, which made it
possible to bring all measured parameters of interference pictures to a single scale.

A proposed system of two-level classification of intraocular pressure
contains a pair of complementary fuzzy models, formalized in the form of
logical rules and sets of numerical parameters of functions (membership
and conclusion), and additional decisive rules that consist of a regression
equation and a simple criterion. Such a hybrid system adequately reflects
the overall correlation between the corrected parameters of interference
pictures with the measured values of intraocular pressure using the classic
Goldman's tonometry, which allowed offering it for practical use as a basis
for the express assessment of intraocular pressure.

The use of the developed software module for assessing the level of in-
traocular pressure, based on the proposed concept of express assessment of in-
traocular pressure and integrating fuzzy models and decisive rules provides an
opportunity to improve the results of glaucoma treatment due to the timely de-
tection of high intraocular pressure.
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CUCTEMA OLIHIOBAHH PIBHS BHYTPIITHBOOYHOI'O TUCKY
3A IHTEP®EPEHIIMHUMHN KAPTUHAMUM OKA

Beryn. 3a manmmu BOO3 rimaykoma ckianae 4-5% Bciei oyHOl marodsorii, mo poOuTh ii
OJIHUM 3 HaNTOMIMPEHIIINX OYHUX 3aXBOPIOBaHb Yy CBITI. [IepIior 03HAKOI0 3aXBOPIOBAHHS €
[oCTiliHe 200 HepioAnyHe MiJBUIIEHHS BHYTpilIHbOOYHOro THcKy (BOT), mo mpusBoauth
JI0 PO3BUTKY JAe(dekTiB TomiB 30py, aTpodii 30poBOro HepBa, AUCTPOPIUHHX 3MIH TKAHHH
OKa. BUsBIEHHS IllayKoOMHU Ta O4YHOI rinmepTeHsii 3AicHIOTh nusixoM Bumipy BOT, mo €
CTaHJAPTHOIO TPOLECAYPOIO MiJ Yac MPOBEACHHS JIarHOCTHKU CTaHy OYeH y BCIX MAIliEHTIB
crapiue 3a 40 pokiB. XBopi 3 BCTAHOBJICHUM J[iarHO30M “TiIayKoMa” MOBUHHI MTOCTIHHO BUMi-
proBat BOT, mo HEOOXiZHO Ui KOHTPOIIO e()EeKTHBHOCTI JIIKYBaHHS, HOTO KOpPEKIi Ta
OLIiHIOBAHHS €()EeKTUBHOCTI Iii JiKiB.

Merta po60TH — po3po0JICHHS CHCTEMH OLIHIOBAHHS PIiBHS BHYTPIITHHOOYHOTO THCKY 34 T1a-
pameTpamu iHTep(epeHIIIHHIX KapTHH, CIIOCTEPEKEHUX Ha POTiBIIi OKa y MOJSPU30BAHOMY CBITII.

Pe3yabTaTu. 3amporioHOBaHO CHUCTEMY JBOPIBHEBOI KiacH]ikailii piBHS BHYTpPILIHbO-
OYHOTO THCKY, sIKa& MICTHTh, OKpPIM Mapy B3a€EMOJIONIOBHIOBANIBHUX HEUITKHX Mojenel, Ghop-
MaJIi30BaHUX y BUIJIAJI JIOTTYHHUX HPABWII i HAOOPIB YMCIIOBHX MapameTpiB QyHKuil (mpuHa-
JIS)KHOCTI Ta BUCHOBKY ), IOJIATKOBI BUPILIYBaJIbHI TIPaBHIIA, SKi CKJIAJAIOThCS 3 PErPECiifHOTO
PIBHSHHS Ta KIAaCH(DIKAIHHOTO KPUTEPITO.

Taka riOpuiHa crcTeMa aJeKBaTHO BijloOpakae 3arallbHHi 3B'I30K CKOPUTOBAaHUX Ila-
pameTpiB iHTeppepeHUIHHIX KapTHH 3 BUMIPSIHUM 3HAYEHHSAM BHYTPIIIHBOOYHOTO THCKY 3a
KJIaCHYHOIO TOJbIMaHIBCEKOI0 TOHOMETPI€I0, 110 a0 3MOTY 3alpOIIOHYBATH ii AJISI IPAKTH-
YHOTO BUKOPUCTAHHS SIK Oa3H JUIS eKCIIPEC-OLiHIOBAHHS BHYTPIITHHOOYHOTO THUCKY .

BucnoBku. BukopucranHs po3poOJIEHOrO MPOTrPaMHOrO MOJYJIO OIIHIOBAHHS PiBHS
BHYTPIIIHBOOYHOTO THCKY, SKHH 0a3yeTbcs Ha 3alpoONOHOBAaHIA KOHIEMIII eKcIpec-
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OLIIHIOBaHHS BHYTPIIIHHOOYHOT'O THUCKY 1 IHTETpy€e HEUiTKi MOJIENi 1 BUPILIyBaJbHI MpaBuJia,
HaJae MOXIIMBICTh TOKPAIIUTH PE3yJbTAaTH JIKYBaHHS TJayKOMH 338 PaxXyHOK CBO€YACHOTO
BUSIBJICHHS ITiJIBUILIEHOTO PiBHS BHYTPIIIHEOOYHOTO THCKY.

Knrwouogi cnosa: sHympiuiHb004HUll MUCK, YEeHMPATbHA MOBWUHA POI6KU, iHmepdepenyitini
KapmuHu, excnpec-oyiHio8aHHA.
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CHUCTEMA OLEHKHM BHYTPUI'JIABHOI'O JABJIEHUA
MO MHTEPOEPEHIIMOHHBIM KAPTHUHAM I'JTIA3A

IIpencraBnena cucremMa ABYXYpOBHEBOH KiIaccU(HKAIMK BHYTPHUIVIA3HOTO JAaBIECHUS, KOTO-
pasi COIEPXKUT Mapy B3aWMOJOIMOIHSIONINX HEUSTKAX MOJelel, (hOPMaTM30BaHHBIX B BHIC
JIOTHYECKUX TpaBHJI U HAOOPOB YHCIOBBIX IapaMeTpoB (GYHKIHMH (MPHUHAIICKHOCTH U 3a-
KITIOUEHHIT), ¥ JIOTIOJIHUTEIIbHBIC PEIaIoIIne PaBuila, COCTOSIINE U3 PETPECCHOHHOTO YpaB-
HEeHUS] M TIpOCTOro Kpurepus. Takas ruOpuaHas cHcTeMa KJIacCU(pHKAIMU aJleKBaTHO OTpa-
JKaeT CBSI3b CKOPPEKTUPOBAHHBIX MapaMeTPOB WHTEPPEPEHLIMOHHBIX KaPTHH TJIa3 co 3Haye-
HUSIMH BHYTPUIJIA3HOTO JaBJICHHS, U3MEPEHHOTO C MOMOIIbI0 TOHOMeTpa [oipamana, 4ToO
MO3BOJISIET UCIOJIB30BaTh €€ B Ka4eCTBE 0a3bl JJIs AKCIPECC-OLEHKH BHYTPUTIIA3HOTO JaBiie-
HUs. Mcnonp3oBaHue pa3paOOTaHHOTO NMPOTPaMMHOTO MOIYJIS OLEHKH YPOBHS BHYTPHIJIa3-
HOTO JIaBJICHUS TO3BOJISIET YJIYUIIUTh PE3YJIbTAThI JICUCHHS TJIAYKOMBI 32 CYET CBOSBPEMEH-
HOTO BBISIBJICHUS €T0 MOBBIIICHHOTO YPOBHSI.

Knroueswvie cnoea: snympuenaznoe oasienue, YeHmpaibHas MoawuHa po2osuybsl, unmepge-
PEHYUOHHbIE KAPMUHDBL, IKCNPECCc-OYEHKd.
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CRITERIA AND METHOD FOR DETECTION OF CIRCULATING TUMOR GELLS

Introduction. Modern advances in science and technology have substantially expanded the possibili-
ties for detecting malignant neoplasms. A great number of methods for the detection and allocation of
circulating tumor cells clearly indicates the interest of researchers to this problem.

The purpose of the work is to form a complex of criteria for tumor malignancy evaluation
and to improve the method of detecting circulating tumor cells in human blood.

Results. The proposed method for determining circulating tumor cells, which is an im-
provement of ISET technology, combines two stages. At the first stage the improvement is in
adding two additional polycarbonate filters with 5 and 3 micron diameter pores, and provid-
ing a mode of 100% sealing of the chamber with hemolysis, and constant pressure through-
out the filtration process. At the second stage, we carried out the determination of malig-
nancy degree of the isolated cells using the developed set of criteria. The use of the developed
method in the automated system for the analysis of digital microscopic images of circulating
tumor cells provides the detection and calculation of characteristic features for assigning an
object to a certain class of malignancy and the creation of scanned images database with
recorded existing cells or their entities, as well as the final verification of the results of tumor
malignancy evaluation for template masks of circulating tumour cells and benign tumor cells.

Conclusions. The application of the proposed method for the detection of circulating tu-
mor cells allows detecting smaller cells than in case of using traditional methods, ensures their
integrity and intactness.

Keywords: circulating tumor cells, criteria for evaluation of tumormalignancy, method of de-
termining circulating tumor cells in human blood.

INTRODUCTION

Modern achievements in science and technology have substantially expanded the
possibilities for detecting malignant neoplasms. However, despite the wide arsenal of
auxiliary research methods, the physician often has significant difficulties in making
the accurate diagnosis, which is ultimately reflected in the treatment. The problem of
detecting and recognizing the circulating tumor cells (hereinafter — CTC) has become
relevant in the last few decades because it is important for the treatment of a patient for
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a number of reasons [1-2]. At the beginning of the primary tumor development, the
detecting of CTC allows making an early diagnosis. The amount of CTC is reduced in
response to treatment, that is why monitoring the CTC amount let us analyze the effec-
tiveness of a particular treatment regimen [3]. At the same time, the change in the CTC
amount can be used as a means for tracking relapse in patients with no signs of disease
in case of adjuvant chemotherapy [4].

There are a great number of methods for CTC detecting and allocating which
clearly point to researchers interest to this problem. Despite the diversity of meth-
ods, the findings of patient screening and determining the clinical prognosis of
existing CTC is always associated with a negative prognosis for survival.

THE PROBLEM STATEMENT

Now, the tremendous efforts of doctors and scientists are focused on optimizing
the methodological, informational and technical aspects of the CTC detection and
evaluation for various types of cancer and, above all, breast cancer, prostate can-
cer, skin cancer (melanoma), colorectal cancer and micellar lung cancer.

These efforts are mainly aimed at reducing the qualitative and quantitative er-
rors in the CTC calculation, as well as minimizing the CTC loss caused by exces-
sive blood transfusion during treatment. Most of the available approaches for cap-
turing CTC are based on the differences in these cells from normal cellular blood
components by physical (size, density, potential difference) and molecular (e.g.,
surface expression) characteristics.

Optical method for estimating the CTC amount in a blood sample is based on
automatic digital microscopy. To reduce the time of scanning large areas of cyto-
logical preparations, the technology of massive optical fiber scanning is proposed,
which can scan 500 times bigger area than automatic digital microscopy technology
without degrading the sensitivity of this process for a shorter period of time [5, 6].
There are a number of technologies and systems based on the methods of im-
munofluorescence, immunomagnetic division, flow cytometry and other immu-
nomagnetic methods that allow the tumor cells isolation by means of magnetic field,
using the ability of these cells to interact with antibodies against CTC markers with
conjugated magnetic particles [7—14]. But there is no analytical consideration of
using such technologies for the purpose of early non-invasive detection of cancer.

The CTC selection was also performed morphologically. One of the direc-
tions of such methods development is the detection of the studied CTC by size
using microfilters [15, 16]. Although these methods allow a significant increase in
resolution, cells are often deformed and destroyed during detection [16, 17], which
stimulates to pay special attention to prevent such destruction or to increase the
integrity of the detected cellular fractions [15, 17].

One of the most informative markers for the tumor process progression is the
CTC in blood, the increased number of which can lead to a more thorough examina-
tion of patients in the "asymptomatic period" [18, 19]. According to the results of
randomized trials conducted in several clinical and research centers, authors deter-
mined the role of the CTC level increasing in the development of tumor progression
in breast cancer, prostate and colorectal cancer [20]. In the studied patients, elevated
levels of CTC (from 3 to 400 cells per specimen) were detected in 75% of cases.
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Table 1. Dependence of the amount of CTC in peripheral blood on the degree of the tumor

differentiation [20]

Degree of the tumor differentiation

Number of patients,
absolute numbers (%)
with CTC >3n =30

Number of patients,
absolute numbers (%)
with CTC <3n=10

noma

Well differentiated adenocarcinoma 5(12,5 %) 3(7,5 %)
Moderately differentiated adenocar- 925 %) 5(10 %)

cinoma

Poorly differentiated adenocarci- 16 (42,5 %)* 22,5 %)*

Note: * - a statistically significant difference in the detection of patients with CTC > 3 and < 3 with
poorly differentiated adenocarcinoma, p = 0.0235.

According to the standardized requirements for the CTC study, the sample is consid-
ered to be positive for any number of CTC which exceeds 3 cells. The degree of tumor
differentiation affects the amount of CTC in peripheral blood (Table 1).

Retrospective analysis showed that early relapses and metastases (up to 24 months)
developed more frequently in patients with the CTC level of more than 3 cells.

Due to the analysis of numerous studies in this area, the presence of circulating tu-
mor cells in the blood indicates the acquisition of fundamentally new qualities of tumor
such as invasiveness and the ability to metastasize. Undoubtedly, CTCs are not the only
key to understanding the biology of metastasis, but also a prognostic and predictive
newcomer oncomarker that reflects the effectiveness of antitumor treatment. One of the
most important issues for improving the methods of determining the CTC is to ensure
the separation of integral and intact CTCs with further evaluation and determination of
effective criteria for assigning selected cells to malignant neoplasms.

The purpose of the work is to form a complex of criteria for tumor malig-
nancy evaluation and to improve the method of detecting circulating tumor cells
in human blood.

COMPLEX OF CRITERIA FOR DETERMINING
THE MALIGNANCY OF CIRCULATING TUMOR CELLS

The principle of forming a set of criteria is a combination of the sequential defini-
tion of two groups of criteria and the expansion of the criterion space to 5 micron
and 3 micron cells.

The I* group of criteria. By the ISET method [21-24], the definition of tumor
malignancy is carried out according to five criterion characteristics: the variation of
the nuclei size of isolated cells, anisonucleosis — C1; exceeding the size of the cell
nucleus for a triple calibrated pore size — C2; presence of abnormalities of the nu-
cleus (shape, contours, area) — C3; the value of nuclear-cytoplasmic ratio (NCR),
that is, the ratio of the area of the nucleus (Sn) to the area of the cytoplasm of the cell
(Sc) — C4; the presence of cellular complexes-C5 (Table 2).
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Table 2. Criteria for tumor malignancy according to ISET in our version

Criterion characteristics Criterion
1 Anioniculosis is the ratio of different sizes of cell nuclei C>0,5
Nuscleus - for 8 pm pore size Cy>24 um
2 size - for 5 um pore size C,>15 pm
- for 3 pm pore size C,>7,5
3 Abnormality of the nucleus (shape, contours, squares) present
4 Nuclear-cytoplasmic ratio high
5 Cellular complexes present

Table 3. Criteria for the degree of the tumor malignancy according to P. Scarft,
H. Bloom, W. Richardson [25]

Index Criterion Points

R, >75%
75% >Ry >10%
R; <10%
R,<10%
The number of mitoses 20% > R, >10%
R»>>20%
cells of the same size and shape, shallow,
with dispersed distribution of chromatin, 1
without nucleoli
small polymorphism of the nuclei and some
aggregation of cells
The nuclei are large, of different shapes,
with one or more nucleoli and coarse chro- 3
matin

Formation of tubular and flow
structures

W N =W —

Cellular polymorphism

A detected CTC is considered to be malignant if it meets 4 of the above 5 criteria.

The 2™ group of criteria. To improve the results reliability in the case of some
forms of cancer and, when determining the degree of tumor malignancy becomes a
complex and time-consuming process, we additionally use the modified scheme of
P. Scarft, H. Bloom, W. Richardson [25]. It reveals 3 groups of malignancy ac-
cording to such characteristics as formation of tubular and flow-like structures
(R1), number of mitoses (R2), cellular polymorphism (R3) (Table 3).

The degree of tumour malignancy (hereinafter — DTM) is determined by the
sum of points according to three characteristics:

DTM =R1+R2+R2

Classification of the degree of malignancy:

I (low) — 3-5 points;

II (moderate) — 6—7 points;

I (high) — 8-9 points.

Thus, the developed set of criteria for the DTM is based on a combination of
sequential determination on two criteria scales: 1) ISET with the proposed expan-
sion of the criterion space on the cell range (5 microns and 3 microns), and 2) the
modified scheme of P. Scarft, H. Bloom, W. Richardson [25].
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DETECTION AND EVALUATION OF MALIGNANCY OF CIRCULATING TUMOR CELLS

Using the Isolation by Size of Tumor Cells Isolation Method. The basic method
of our study is the Isolation by Size of Tumor Cells (ISET®) method [21, 22, 26].
This innovative, proprietary method allows for the loss of isolation from CTCs (as
well as circulating tumor microembolism or clusters from several CTCs), provided
that their integrity is maintained and analyzed by various methods, including blood
cytopathology [27, 28]. In addition, ISET® Cytopathology for blood is the most
sensitive method for CTC diagnosis, which is an early sign of cancer invasion.
Long before the metastases, the CTCs flow in the bloodstream and can be diag-
nosed using this technology. Thus, oncologists receive additional information
about the invasive potential of cancer which helps to stop cancer invasion before
the formation of metastases [28].

The ISET system is based on the classic cytopatological criteria: tumor cells,
originating from various solid tumors (more than 16 microns in diameter) are lar-
ger than blood cells. The ISET technology allows quick processing of a blood
sample on a filter without using antibodies and isolated unharmed fixed tumor
cells up to 8.5 um in diameter using a standard membrane with a nominal pore
size of 8 um [29].

Improvement of the method. The question of the hypothetical loss of
"small" CTC through pores of 8 microns is really important. We emphasize that to
this day the minimum size of the CTC diagnosed with different methods was more
than 8 microns.

Improvement of the basic method is carried out due to:

- installation of two additional polycarbonate filters with 5 and 3 microns
diameter pores,

- providing a mode of 100% sealing of the camera with hemolysis and con-
stant pressure throughout the filtration process,

- use of the developed set of criteria,

- application of the proposed method for processing microscopic CTC im-
ages, which enables to detect CTC of any size, integral and intact.

The research was carried out on an experimental installation, which was de-
veloped by an author team of scientists from Vinnitsa and Mariupol [30]. Differ-
ences in the methods, approaches, information provision and hardware and soft-
ware used provided practically 100% sealing of the cylinder and the uniform dis-
tribution of pressure on CTC during their filtration, as well as the exclusion of the
influence of the subjective factor in the process of creating pressure on the sample.

The proposed method involves two stages which are two blocks of research.

The first stage is the allocation of integral itact CTC. The principle of this stage
involves filtering of patients' blood through a polycarbonate membrane with specified
pore sizes using the ISET system [22] with the inclusion of two additional polycar-
bonate filters with pores diameter of 5 and 3 microns. Thus, the filtration module con-
sists of 10 membranes; each of them allows to simultaneously filter 1 ml of blood (10
ml of blood) through 10 membranes with 8 um diameter pores, then 10 membranes
with 5 um diameter pores and 10 membranes with 3 um diameter pores.

At the first, preparatory step, a blood sample of a patient is prepared for the
study. A blood sample of 10 ml (peripheral or venous) obtained from the patient
was mixed to prepare hemolysis with 100 ml of distilled water. The prepared sam-
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ple was mixed in a haematological scanner-analyzer such as Vision Hema @ As-
sist. Next, we performed citation tests — the division of the blood sample into
plasma, red blood cells, lymphocytes, platelets with selective removal of pathol-
ogically altered cells using a centrifuge-generator of the scanner. The degree of
sedimentation of the particles in the solution (precipitation or expulsion, depend-
ing on the density of the solution) was estimated by the sedimentation factor (S):

:M(I—Vp)
A

where M — is the molecular weight of the particle; f— is a form of the particle

S

b

(coefficient of friction); V' — is the partial volume of particle; p — is the
solution density.

The preparatory step ended with the procedure of disaggregation of cells and
lyse of red blood cells (within 20 minutes). The general view of the membrane
with the study areas is presented in Fig. 1.

In subsequent steps, the membranes were dried, washed with 96% alcohol or
phosphate-basic buffer. We performed cytomorphological, cytoimmunological
and molecular analysis on the slots of the received membranes. The painting of
slots was carried out using the Romanovskii-Giemsa methods or the modified
May-Grunwald-Giemsa method [30].

After filtration and appropriate treatment of the membrane, the doctor re-
ceives a sample of the cell preparation.

The study process involved the step-by-step obtaining of microscopic images
of the CTC, where we can see the lymphocyte (1), the CTC (2), the nuclear-free
CTC, i.e. the CTC death due to the courses of therapy or the body's immune re-
sponse (3), and filter pores (4) (Fig. 2).

Fig. 1. The general view of the membrane with the study areas
(1 — the site was treated with Cytokeratin clon AE /1 AE /3;
2 — the site was treated according to Romanovskii-Giemsa)
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Fig. 2. Results of the CTC detection

Thus, the first stage of the advanced method of the detection and allocation of
integral intact circulating tumor cells comprised the following steps: step 1 —
preparation of a patient’s blood sample for research; step 2 — the blood sample
division into plasma and uniform elements with the help of a centrifuge-generator
of the scanner; step 3 — sedimentation of particles in solution (sedimentating) or
(expulsion) and determination of degree of sedimentation.

The second stage Il — confirmation of the tumor malignancy. This is the
key stage of the method because it is precisely at this stage we determine
whether there are CTCs in the patient’s blood. At the first steps of this stage,
confirmation of tumor malignancy is carried out using the developed set of crite-
ria described above. For this purpose, the criteria of the first group are sequen-
tially determined. If there are at least 4 criteria out of 5 in this group, the primary
conclusion about the tumor malignancy is drawn.

As a result of empirical and practical laboratory studies using the ISET method,
we found out that the NCR of two or even three cancer cells might have practically the
same meaning for essentially different sizes of CTCs and their nuclei. To avoid the
ambiguity of the results integration, we proposed to switch to the absolute sizes of
cells and their nuclei and introduce a blood contamination index, which was defined as
the amount of CTCs detection in 1 ml (or 10 ml) of blood.

For the final examination of the results of the tumor malignancy evaluation,
we compared them with the CTC template masks and benign tumor cells. The
algorithm for evaluation of tumor malignancy is presented in Fig. 3.

Automated CTC image formation. The developed method is the basis of the
automated system for the CTC digital images analysis [31, 32]. In order to automate
the analysis of a biomedical image, in particular blood cells, in the first stage imag-
ing procedures are performed that are associated with suppressing the distorting
factors of the image (filtering obstacles, eliminating lighting inequalities, etc.).
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Fig 3. An algorithm for determining the tumor malignancy

Next, the process of scanning images of cells located on the surface of poly-
carbonate membranes is carried out. The size of the image which is scanned in
one step of the microscope's subject table should not exceed the microscope
monocular diameter. At the beginning of the process of scanning the 8 um pores
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membrane, there are images (scans) that lack any cells or their formation regard-
less their origin (malignant or benign) and they are excluded from further proc-
essing and analysis. Detected scans with existing cells or their entities are re-
corded and stored in the appropriate database (DB 1). After completion of the 8
um pores membrane scanning, all of the above procedures are performed with
the 5 um pores membrane (DB 2), and then with the 3 um pores membrane (DB
3). The databases with CTC images scanning of various sizes provide a qualita-
tive and flexible classification of types of cancer and create the basis for on-
cological patients’ registration with their CTCs.

The further steps of this stage deal with the identification of disseminated
tumor cells and CTCs. Bringing the image to the required quality is based on
changing the contrast of the image, changing the narrowed or shifted range of
pixel brightness of the image, and its uneven filling, etc. [33].

Processing of histological sections images containing cellular structures is a
set of solutions of the following tasks: evaluation of visual quality of digital
images; linear image filtering; threshold processing; median filtration. Figure 4
shows the CTC image after calculating the brightness gradient (Fig. 4a) and the
CTC image after filling in the inner regions (Fig. 4b).

At the description stage we perform the definition and calculation of feature
characteristics of the object which are the basis for the third step connected with
the assignment of an object to a particular class. The description stage is the
main stage out of these three. The choice of signs and their informativity (the
possibility of attributing an object to a particular class due to its characteristics)
are crucial in determining the result of detection.
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Fig 4. CTC image after calculating the brightness gradient (a) and the CTC image after
filling in the inner regions (b)
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RESEARCH USING THE PROPOSED METHOD

We performed the analysis of peripheral blood samples in patients with primary
diagnosis of colon, breast, lungs, prostate and skin cancer. Blood samples were
provided by oncology centers and clinics in Mariupol, Vinnitsa and Ternopil,
and were encoded by the name of the city and the serial number of the sample.
The studies were conducted at the specified clinical bases simultaneously with
other methods because of the need to adhere to certain requirements, such as:
blood sampling should be 10 ml in anticoagulant test tubes EDTA (blood from
the peripheral vein); storage time before the analysis beginning should be no
more than 90 minutes; storage temperature should be 4 °C; blood dilution in the
ratio of 1:10 (up to 100 ml) shoul be performed with a proprietary buffer solu-
tion (sanolin, paraformaldehyde, EDTA, pour albumin), which was used for red
blood cells lysis [34, 35].

The obtained results analysis showed that the use of the developed method
enabled to determine false-positive diagnoses in 6.2—8.9% of cases.

We also found out that in patients with colorectal cancer, CTC in the blood
was more often detected in the case of low-differentiated tumors. In patients with
breast cancer, the most cases of CTC detection fell on the third stage of the disease
(85% or 12 patients), other 15 % were on the second stage. It should be noted that
most patients with prostate cancer with detected CTC had metastases in the liver
and bones. The obtained data for small-cell lung cancer did not contradict the lit-
erary data indicating a decrease in the CTC incidence in non-small cell lung can-
cer than in the case of small-cell lung cancer. A similar conclusion can be made
about skin cancer. That is, the obtained results correlate with a high degree of sta-
tistic significance (> 95%) with the data suggested by the literature.

We sent the obtained microscopic CTC images and diagnosis made accord-
ing to them with unchanged codes to the appropriate clinics and conducted a
final discussion of these results. After a full-format analysis, we performed the
correction of range and treatment tactics in cases where it was necessary.

CONCLUSIONS

The proposed method for determining circulating tumor cells, which is an im-
provement of ISET technology, combines two stages. At the first stage we im-
proved the ISET technology by adding two additional polycarbonate filters with
5 and 3 micron diameter pores, and providing a mode of 100% sealing of the
chamber with hemolysis, and constant pressure throughout the filtration process.
At the second stage, we carried out the DTM of the isolated cells using the de-
veloped set of criteria. The application of the proposed method for processing
microscopic CTC images allows to detect smaller CTCs than in the case of using
traditional methods, and to ensure their integrity and intactness.

The use of the developed method in the automated system for the digital images
analysis of circulating tumor cells provides the detection and calculation of charac-
teristic features for assigning an object to a certain class of malignancy. Scanning of
images of the researched cells is carried out and detected scans with existing cells or
their entities are sequentially recorded and stored in the appropriate database. For the
final examination of the results of the tumor malignancy evaluation, comparisons are
made with the CTC template masks and benign tumor cells.
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Clinical and experimental study using the proposed method for CTC detect-

ing revealed an opportunity to clarify the diagnosis and identify false positive
diagnoses. The study proved that colorectal cancer was more often diagnosed
with low-differentiated tumors and, the highest breast cancer incidence occured
at the third stage of the disease. The effectiveness of the proposed method was
also confirmed in patients with other types of cancer.

REFERENCES

L.

10

11.

12.

13.
14.

15.

92

Krivacic R.. Ladanyi A., Curry D., Hsieh H., Kuhn P., Bergsrud D., Kepros J. A rare-cell
detector for cancer. Proceedings of the National Academy of Sciences of the United
States of America. 2004. V. 101, N 29. P. 10501-10504.

. Harouaka R., Kang Z., Zheng S.Y ., Cao L. Circulating tumor cells: advances in isolation

and analysis, and challenges for clinical applications. Pharmacol Ther. 2014. Vol. 141.
P. 209-221.

. Tewes M., Aktas B., Welt A., Mueller S., Hauch S., Kimmig R., Kasimir-Bauer S.

Molecular profiling and predictive value of circulating tumor cells in patients with
metastatic breast cancer: an option for monitoring response to breast cancer related
therapies. Breast cancer research and treatment. 2009. Vol. 115, N 3. P. 581-590.

. Danila D.C., Heller G., Gignac G.A. et al. Circulating tumor cell number and prognosis

in progressive castration-resistant prostate cancer. Clin Cancer Res. 2007. Vol. 13(23).
P. 7053-7058.

. Krivacic R.. Ladanyi A., Curry D., Hsieh H., Kuhn P., Bergsrud D., Kepros J. A rare-

cell detector for cancer. Proceedings of the National Academy of Sciences of the United
States of America. 2004. Vol. 101, N 29. P. 10501-10504.

. Ntouroupi T., Ashraf S., McGregor S., Turney B., Seppo A., Kim Y., Wang X.

Detection of circulating tumour cells in peripheral blood with an automated scanning
fluorescence microscope. British journal of cancer. 2008. Vol. 99, N 5. P. 789-795.

. Bauer K., de la Torre-Bueno J., Diel 1., Hawes D., Decker W., Priddy C., Bossy B.

Reliable and sensitive analysis of occult bone marrow metastases using automated
cellular imaging. Clinical cancer research: an official journal of the American
Association for Cancer Research. 2000. Vol. 6, N 9. P. 3552-3559.

. Kagan M., Howard D., Bendele T., Mayes J., Silvia J., Repollet M., Doyle J. A Sample

Preparation and Analysis System for Identification of Circulating Tumor Cells. Journal
of Clinical Ligand Assay. 2002. Vol. 25, N 1. P. 104-110.

. Andreopoulou E., Yang L.-Y., Rangel K., Reuben J., Hsu L., Krishnamurthy S., Valero

V. Comparison of assay methods for detection of circulating tumor cells in metastatic
breast cancer: AdnaGen AdnaTest BreastCancer Select. Detect™ versus Yeridex
CellSearch™ system. Int. journal of cancer. 2012. Vol. 130, N 7. P. 1590-1597.

Nezos A., Pissimisis N., Lembessis P., Sourla A., Dimopoulos P., Dimopoulos T.,
Tzelepis K. Detection of circulating tumor cells in bladder cancer patients. Cancer
treatment reviews. 2009. V. 35, N 3. P. 272-279.

Tewes M., Aktas B., Welt A., Mueller S., Hauch S., Kimmig R., Kasimir-Bauer S.
Molecular profiling and predictive value of circulating tumor cells in patients with
metastatic breast cancer: an option for monitoring response to breast cancer related
therapies. Breast cancer research and treatment. 2009. V. 115, N 3. P. 581-590.
Ignatiadis M, Lee M, Jeffrey SS. Circulating Tumor Cells and Circulating Tumor DNA:
Challenges and Opportunities on the Path to Clinical Utility. Clin Cancer Res. 2015.
No 21(21) P. 4786-800.

Alix-Panabieres C, Pantel K. Technologies for detection of circulating tumor cells: facts
and vision. Lab Chip. 2014. No 14(1) P. 57-62.

Ferreira M.M, Ramani V.C, Jeffrey S.S. Circulating tumor cell technologies. Mol Oncol.
2016. 10(3) P. 374-94.

Gertler R., Rosenberg R., Fuehrer K., Dahm M., Nekarda H., Siewert J. Detection of
circulating tumor cells in blood using an optimized density gradient centrifugation.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 1 (195)



Criteria and Method for Detection of Circulating Tumor Cells

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Recent results in cancer research. Fortschritte der Krebsforschung. Progres dans les
recherches sur le cancer. 2003. Vol. 162. P. 149-155.

Tan S., Yobas L., Lee G., Ong C, Lira C. Microdevice for the isolation and enumeration
of cancer cells from blood. Biomedical microdevices. 2009. V. 11, N 4. P. 883-892.

Tan S., Yobas L., Lee G., Ong C, Lira C. Microdevice for the isolation and enumeration
of cancer cells from blood. Biomedical microdevices. 2009. V. 11, N 4. P. 883-892.
Kovalev A.A, Grudinskaya T.V., Kuznetsov T.P., Kovalev K.A. Heterogeneity of circu-
lating tumor cells. Oncology. 2012. V.4. No. 2 12.12-12.(in Russian)

Pavlov S.V, Kozhemyako V.P, Burdenyuk I.I. Rami Rebhi Hamdi. Optical and elec-
tronic technologies for the analysis of biomedical images. Vinnitsa: VNTU, 2011. 166 p.
(in Ukranian)

Nepomnyaschaya E.I., Kit O.I., Nistratova O.V., Novikova I.A. and others. Circulating
tumor cells and some morpho-immuno-histochemical indices at colorectal cancer.
Modern problems of science and education. 2016. No. 2. (in Russian)

G. Vona, C. Béroud, A. Benachi, A. Quenette, J.P. Bonnefont, Y. Dumez, B. Lacour, P.
Paterlini-Bréchot. Enrichment and genetic analyses of fetal cells circulating in the
maternal blood by the ISET technique and single cell microdissection: a non-invasive
tool for early prenatal diagnosis. Am. J. Pathol. 2002. No 160. P. 51-58.

Ismayilova G., Laget S., Paterlini-Brechot P. Diagnosis of circulating tumor cells using
ISET technology and their molecular characteristics for fluid biopsy. URL:
https://cyberleninka.ru/article/n/diagnostika-tsirkuliruyuschih-opuholevyh-kletok-s-
pomoschyu-tehnologii-iset-i-ih-molekulyarnaya-harakteristika-dlya-zhidkostnoy.  (Last
accessed: 08.12.2018)

Ledov V.K., Skrinnikova MA, Popova O.P. Isolation of Circulating Tumor Cells by
Isolated Size (ISET) (overview). Voprosy Oncologii, 2014. Ne60 (5). P.548-552. (in
Russian)

Baikhenko A.K, Shaimardinova G. M., Popova N.V., Zhusinova B.T., Ismayilova G.N.
Circulating Cancer Cells: Molecular Characteristics and Monitoring of Cancer Treat-
ment. Clinical Medicine of Kazakhstan. 2013. Vol. 4 Ne30. (in Russian)

Volchenko N.N. Cytological diagnostics of tumors of the mammary gland. Mammology,
2006, No. 1, P. 35-39. (in Russian)

Paterlini-Bréchot P, Benali-Furet NL. Circulating tumor cells (CTC) detection : Clinical
impact and future directions. Cancer Letter. 2007. No 253. P. 180-204.

Zubtsov D.A., Zubtsova J.I., Lavrov A.V., Legchenko E.V. et al. Circulating tumor cells
(CAC) in breast cancer: prognostic significance and methods of excretion. Trudy MFTI.
2012. Volume 4. No. 3. P. 18-26. (in Russian)

Chimitov A.A.,.Ryantsantsev N.V, Dambayev G.T., Khitricheev V.E. and others. Filtra-
tion of venous blood of boluses with the aim of cytological diagnostics of malignant
neoplasms. Bulleten VSNI SO RAMN, 2010. No. 3 (73). (in Russian)

Laget S, Broncy L, Hormigos K, Dhingra DM, BenMohamed F, Capiod T, et al.
Technical Insights into Highly Sensitive Isolation and Molecular Characterization of
Fixed and Live Circulating Tumor Cells for Early Detection of Tumor Invasion. PLOS
ONE, 2017, 12 (1): e0169427. https://doi.org/10.1371/journal.pone.0169427

Ushakova G.O. Modern methods of clinical diagnostics. Guidelines. Dnipropetrovsk:
DNU. 2003. 52 p.

Zlepko S.M., Chernyshova T.A., Timchik S.V., Krivonosov V.E., Zlepko O.S. Informa-
tion system (IS) for receiving and processing microscopic images of circulating tumor
cells (CTC). Achievements of clinical and experimental medicine, 2017, Ne 4. P. 39-46.
(in Ukranian)

Azarhov O.Yu., Zlepko S.M., Timchik S.V., Chernyshova T.A.,. Danilkov S.O Methods
and tools for computer analysis of microscopic images of circulating tumor cells.
Bulletin of scientific researches. 2017. No. 4. P. 162—166. (in Ukranian)

Golovnya V.M., Zlepko S.M. The system of express diagnostics of formed blood ele-
ments. Measuring and computing engineering in technological processes. 2010, 2.
P. 163-168. (in Ukranian)

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 1 (195) 93



Chernyshova T.A.

34.

35.

Lyadov V.K,, Ledin E.V., Skrypnikova M.A. Cytological diagnostics of pancreatic adenocarci-
noma by the method of isolating the size of circulating tumor cells from peripheral blood: a
message from practice. Clinical Laboratory Diagnostics, 2017. No. 11. P. 31-39. (in Russian)
Kit O.I., Novikova I.A, Selutina O.N., Dontsov V.A., Chernikova E.N., Samaneyeva
N.Yu., Nistratova O.V. Investigation of the level of the central ankylosing spondylitis in
epithelial tumors of various localizations. International Journal of Applied and Funda-
mental Researches. 2018. No. 12-5. P.817-820. (in Russian)

Resieved 26.12.2018

JIUTEPATYPA

L.

10

11.

12.

13.

14.

15.

94

Krivacic R.. Ladanyi A., Curry D., Hsieh H., Kuhn P., Bergsrud D., Kepros J. A rare-cell
detector for cancer. Proceedings of the National Academy of Sciences of the United
States of America. 2004. V. 101, N 29. P. 10501-10504.

. Harouaka R., Kang Z., Zheng S.Y., Cao L. Circulating tumor cells: advances in isolation and

analysis, and challenges for clinical applications. Pharmacol Ther. 2014. Vol. 141. P. 209-221.

. Tewes M., Aktas B., Welt A., Mueller S., Hauch S., Kimmig R., Kasimir-Bauer S.

Molecular profiling and predictive value of circulating tumor cells in patients with
metastatic breast cancer: an option for monitoring response to breast cancer related
therapies. Breast cancer research and treatment. 2009. Vol. 115, N 3. P. 581-590.

. Danila D.C., Heller G., Gignac G.A. et al. Circulating tumor cell number and prognosis

in progressive castration-resistant prostate cancer. Clin Cancer Res. 2007. Vol. 13(23).
P. 7053-7058.

. Krivacic R.. Ladanyi A., Curry D., Hsieh H., Kuhn P., Bergsrud D., Kepros J. A rare-

cell detector for cancer. Proceedings of the National Academy of Sciences of the United
States of America. 2004. Vol. 101, N 29. P. 10501-10504.

. Ntouroupi T., Ashraf S., McGregor S., Turney B., Seppo A., Kim Y., Wang X.

Detection of circulating tumour cells in peripheral blood with an automated scanning
fluorescence microscope. British journal of cancer. 2008. Vol. 99, N 5. P. 789-795.

. Bauer K., de la Torre-Bueno J., Diel 1., Hawes D., Decker W., Priddy C., Bossy B.

Reliable and sensitive analysis of occult bone marrow metastases using automated
cellular imaging. Clinical cancer research: an official journal of the American
Association for Cancer Research. 2000. Vol. 6, N 9. P. 3552-3559.

. Kagan M., Howard D., Bendele T., Mayes J., Silvia J., Repollet M., Doyle J. A Sample

Preparation and Analysis System for Identification of Circulating Tumor Cells. Journal
of Clinical Ligand Assay. 2002. Vol. 25, N 1. P. 104-110.

. Andreopoulou E., Yang L.-Y., Rangel K., Reuben J., Hsu L., Krishnamurthy S., Valero

V. Comparison of assay methods for detection of circulating tumor cells in metastatic
breast cancer: AdnaGen AdnaTest BreastCancer Select. Detect™ versus Yeridex
CellSearch™ system. Int. journal of cancer. 2012. Vol. 130, N 7. P. 1590-1597.

Nezos A., Pissimisis N., Lembessis P., Sourla A., Dimopoulos P., Dimopoulos T.,
Tzelepis K. Detection of circulating tumor cells in bladder cancer patients. Cancer
treatment reviews. 2009. V. 35, N 3. P. 272-279.

Tewes M., Aktas B., Welt A., Mueller S., Hauch S., Kimmig R., Kasimir-Bauer S.
Molecular profiling and predictive value of circulating tumor cells in patients with
metastatic breast cancer: an option for monitoring response to breast cancer related
therapies. Breast cancer research and treatment. 2009. V. 115, N 3. P. 581-590.
Ignatiadis M, Lee M, Jeffrey SS. Circulating Tumor Cells and Circulating Tumor DNA:
Challenges and Opportunities on the Path to Clinical Utility. Clin Cancer Res. 2015.
No 21(21) P. 4786-800.

Alix-Panabieres C, Pantel K. Technologies for detection of circulating tumor cells: facts
and vision. Lab Chip. 2014. No 14(1) P. 57-62.

Ferreira M.M, Ramani V.C, Jeffrey S.S. Circulating tumor cell technologies. Mol Oncol.
2016. 10(3) P. 374-94.

Gertler R., Rosenberg R., Fuehrer K., Dahm M., Nekarda H., Siewert J. Detection of
circulating tumor cells in blood using an optimized density gradient centrifugation.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 1 (195)



Criteria and Method for Detection of Circulating Tumor Cells

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Recent results in cancer research. Fortschritte der Krebsforschung. Progres dans les
recherches sur le cancer. 2003. Vol. 162. P. 149-155.

Tan S., Yobas L., Lee G., Ong C, Lira C. Microdevice for the isolation and enumeration
of cancer cells from blood. Biomedical microdevices. 2009. V. 11, N 4. P. 883-892.

Tan S., Yobas L., Lee G., Ong C, Lira C. Microdevice for the isolation and enumeration
of cancer cells from blood. Biomedical microdevices. 2009. V. 11, N 4. P. 883-892.

A.A Kosanes, T.B. I'pynunckas, T.I1. Ky3nenos, K.A. KoBanes. I'ereporenHocts 1iup-
KyJIUPYIOIIUX OIYXOJEBbIX KIETOK. Onkonoaus. 2012. T.4. Ne2. C.126-129.

IManor C.B., Koxem’siko B.I1., Bypaentok L.1. Pami Peoxi Xamui. Onmuxo-erexmponHi
mexHon02ii ananizy biomeduunux soopasxcens. Binauusa: BHTY, 2011. 166 c.
Henomusimas E.U., Kut O.U., Huctpatosa O.B., HoBukoBa 1.A. u ap.. Hupkynupyro-
[IHMe OIyXOJEBbIE KIETKA M HEKOTOPBIE MOP()O-UMMYHO-TUCTOXHMHUUECKHE MTOKa3aTeIH
IIpH KOJIOPEKTATIbHOM pake. Cogpemerubie npodiemvl Hayku u oopazosanus. 2016. Ne2.
G. Vona, C. Béroud, A. Benachi, A. Quenette, J.P. Bonnefont, Y. Dumez, B. Lacour, P.
Paterlini-Bréchot. Enrichment and genetic analyses of fetal cells circulating in the
maternal blood by the ISET technique and single cell microdissection: a non-invasive
tool for early prenatal diagnosis. Am. J. Pathol. 2002. No 160. P. 51-58.

Ucmamnosa I'. Laget S., Paterlini-Brechot P. [luarHoctika OUPKYJIHPYIOMIHX OITyXOJIe-
BBIX KJIETOK ¢ momombio TexHonorud ISET u ux MonekymsipHas XapakTepUCTHKA IS
KHAKOCTHOH Owmomcnu. https://cyberleninka.ru/article/n/diagnostika-tsirkuliruyuschih-
opuholevyh-kletok-s-pomoschyu-tehnologii-iset-i-ih-molekulyarnaya-harakteristika-
dlya-zhidkostnoy.

Jlenos B.K., CkpurnnkoBa M.A., [Tomosa O.I1. Beigenenne mupKyIupyOMIAX OIMyXoJie-
BBIX KJIETOK METOZOM «m3oisnuu o pasmepy» (ISET) (0030p). Bonp. Oukonozu. 2014.
Ne60(5). C.548-552.

Baituenko A.K., lllaiimapaunosa I'. M., [lonosa H.B., XKycunosa b.T., Ucmaunosa I'".H.
Lupkynupyronire pakoBble KIETKH : MOJIEKYJIsIpHAs XapaKTePUCTUKa 1 MOHHTOPHHT JIe-
yeHus paka. Knunuueckas meouyuna Kasaxcmana. 2013. Vol.4. Ne30.

Bomaenko H.H. L[{uTonorndeckass TuarHoCTHKa OMyXoJieil MOJOYHOH kene3bl. Mammo-
noeus, 2006, Nel, C. 35-39.

Paterlini-Bréchot P, Benali-Furet NL. Circulating tumor cells (CTC) detection : Clinical
impact and future directions. Cancer Letter. 2007. No 253. P. 180-204.

J.A.3youos, XK.U. 3y6uora, A.B. JlaBpos, E.B. Jleruenko u ap. Iupkysiupyromiue
onyxonesble kietkn (LJOK) mpu pake MOJOYHOM jKene3bl: MPOTHOCTHYECKAsl 3HAYH-
MOCTb ¥ MeTO/IbI BhienieHust. Tpyost MOTH. 2012. Tom 4. Ne3. C. 18-26.

A.A. YumutoB, H.B.Psa3anuesa, I'.I].[lam6aeB, B.E.Xurpuxees u np. @uistpanus Be-
HO3HOW KPOBH OOJIHBIX C LIENBIO [UTOJIOTHYSCKOH JHArHOCTHKU 3JI0KaYeCTBEHHBIX HO-
BoOOpa3oBanwuii. brotemens BCHU CO PAMH, 2010. Ne3(73).

Laget S, Broncy L, Hormigos K, Dhingra DM, BenMohamed F, Capiod T, et al.
Technical Insights into Highly Sensitive Isolation and Molecular Characterization of
Fixed and Live Circulating Tumor Cells for Early Detection of Tumor Invasion. PLOS
ONE, 2017, 12 (1): e0169427. https://doi.org/10.1371/journal.pone.0169427

VYmakoBa ['.O. Cyuacui memoou kniniunoi diacnocmuxu. Memoouuni pexomeHnoayii.
Huinponerposcrk: JJHY. 2003. 52 c.

3nenko C.M., Yepnumora T.A., Tumuuk C.B., Kpuonocos B.€., 3nenko O.C. Iudop-
Mariitna cucrema (ILIC) ans oTtpumanHHs Ta 0OpOOJIEHHS MIKPOCKOMIYHMX 300pa)KeHb
nupkymoounx myximuHHuX KiTHH (LK), 3006ymxu xainiunoi i excnepumenmansroi
meouyunu, 2017, Ne 4, C. 39-46.

0.10. Azapxos, C.M. 3nenko, C.B. Tumunk, T.A. Uepuumosa, C.O. Jlannnkos. Meto-
I 1 3acO0M 11 KOMIT'IOTEPHOTO aHalli3y MIKPOCKOIIYHUX 300pa)KeHb LUPKYIIOHYNX
IMyXJUHHUX KIITUH. Bicnuk naykosux docniodcens. 2017. Ne 4. C. 162-166.

Tonoeust B.M., 3nenko C.M. Cucrema ekcrpec-miarHoCTUKH (DOPMEHHX €JIEMEHTIB KPOBI.
Bumiprosanvra ma obuucnosanvua mexuika 6 mexronociunux npoyecax. 2010, «2, c. 163—168.
JlsapoB B.K., Jlenun E.B., CkpunmaukoBa M. A. LluTromornveckast TuarHocTuKa ageHoKa-
PIMHOMBI TOKETYA0YHOM JKee3bl METOZIOM BBIICIICHHUS TI0 Pa3Mepy MUPKYTUPYIOIIHX

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 1 (195) 95



Chernyshova T.A.

OITyXOJICBBIX KJIETOK M3 IepU(EepUIecKOi KpOBU: COOOIIEHNE U3 MPAKTHKH. Knunuuec-
Kas nabopamopuas ouaenocmuxa, 2017. Nell. C.31-39.

35. Kur O.1., Hosuxora N.A., Cemotuna O.H., [lonnos B.A., Yepuukosa E.H., CamaneeBa
H.IO., Huctparosa O.B. HccnenoBanue yposHs IIOK mpu snuTenalbHBIX OIIYyXOJAX
PA3MYHBIX JIOKATU3AMHA. MencOyHapoOHblll HCYPHAL NPUKIAOHBIX U (DYHOAMEHMATb-
Houix uccredosanuii. 2018. Nel12-5. C.817-820.

[Tomyueno 26.12.2018

Yepruuwosa T.A., nixap,

e-mail: tetyana.che@gmail.com
ABiariitHuii MeJUYHHUIA HEHTP
HamnionansHOro aBianiifHOro yHiBepcHuTeTy,
mpocn. Komaposa, 1, 03058, Ykpaina

KPUTEPIT TA METO/] BUSIBJIEHHS LIUPKYJIIOIOUNX TYXJIMHHWUX KJIITHUH

Beryn. CydacHi IOCSATHEHHS HAYKH 1 TEXHIKH CYTTEBO PO3MIMPHIN MOXIHBOCTI pO3Ii3Ha-
BaHHS 3JI0SKICHUX HOBOYTBOpPEHb. HasBHICTh BENTMKOI IPYIH METOIB BUSIBJICHHS 1 BUIUICHHS
mUpKysrorounx myxnuHauX Kiitud (LTTK) sBHO Bkasye Ha iHTepec, KU TPOSBIAIOTH TOCITi-
uHuka 1o LITK.

MeTta po6oTH — (HOpMyBaHHS KOMIUIEKCY KPUTEPIiB OLIHIOBAHHS 3JIOSKICHOCTI IyXJIMHU
Ta YIOCKOHAJICHHSI METO/Ty BUSIBJICHHS IUPKYIIIOIOUHX ITyXJIMHHHUX KIITHH B KPOBI JIFOIUHHU.

Pe3yabTaTn. 3anponoHOBaHUI METO] BU3HAYECHHS LUPKYITIOIOYUX MyXIMHHHUX KIITHH,
KU € ynockoHaneHHAM TexHoiorii ISET, 06’ennye nBa eranu. Ha nepmomy erami 3fikc-
Hioetbes BuainenHs LIIK 3 ymockoHaneHHAM 3a paxyHOK BCTAQHOBJIEHHS ABOX JIOAATKOBHX
noJrikapOoOHAaTHUX (BINBTPIB 3 TTopaMu JiaMeTpoM 5 1 3 MM Ta 3abesmedeHHi pexumy 100%
repMeTr3allii KaMepy 3 reMoJIi3aToM i TIOCTIHHOTO THUCKY MPOTATOM BChOTO Tpoliecy (hiibTpa-
mii. Ha gpyromy erami 3a BUKOpPHUCTaHHS C()OPMOBAHOIO KOMIUIEKCY KPHTEpIiB 3ifiCHIOETHCS
BU3HAYCHHSI CTYIEHS 3JI0SKICHOCTI BUAUICHUX KIIITHH. BUKOpUCTaHHS PO3POOJICHOTO METOY
y aBTOMATH30BaHill CUCTeMi aHali3y HU(PPOBUX MIKPOCKOIIYHUX 300paxKeHb LUPKYITIOIOUUX
MyXJIMHHUX KIITHH 3a0e3leuye BU3HAUCHHS 1 PO3PaXyHOK XapaKTEpHUX O3HAK JJIS BigHE-
CeHHsS 00'€KTa JI0 IEBHOTO KJIACcy 3JI0SKICHOCTI Ta (opMyBaHHS 0a3d JaHUX CKAaHOBAHUX
300pakeHb 3 HAasSBHUMH KIITHHAMU ab0 iX YTBOPEHHSMH, & TaKOX OCTATOYHY MEpPEBIPKY
Pe3yJIbTaTIB OLIHIOBAHHS 3/10SIKICHOCTI ITyXJIMHY 3a madaoHamu-mMackamu LITK 1 no6posikic-
HOT MyXJINHHOT KITITHHH.

BucHOBKH. 3acTOCYBaHHS 3allpOIIOHOBAHOTO METOJY BU3HAUCHHS IUPKYIIOIOYUX ITyX-
JIUHHUX KJTITHH YMOXKJIMBIIFOE BUSIBIICHHS IIMX KJIITHH MEHIIIOTO PO3MIpy, HIK Y pa3i BUKOPHC-
TaHHS TPAAULIHHUX METO/IB, 8 TAKOXK 3a0€3MEeUeHHS iX IUTICHOCTI Ta HEYIIKO/PKECHOCTI.

Kntouoei cnosa: yupxynioroui nyxXaunui Kiimuuu, Kpumepii OYiHIO8AHHSA 310AKICHOCI nyX-
JIUH, MeMOO GUHAYEHHS YUPKYIIOIOUUX NYXAUHHUX KIIMUH Y KPOGI TIOOUHU.
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KPUTEPUU U METO/I BBISIBJIEHU A
HUPKVYJIMPYIOIINX OITYXOJIEBBIX KJIETOK

[Mpenno>xeHHBIN METON ONPEeNIeHNs IMPKYIUPYIOMINX OITyXOJIEBBIX KIETOK, KOTOPBIH SIBIIS-
eTrcs ycosepuieHcTBoBaHMEM TexHonoruu ISET, oObenunser npa stana. Ha nepBom srame
ocyuiectsisercs Beenenne LIOK ¢ coBepiieHCTBOBaHHEM 3a CUET YCTAHOBKH JIBYX JIOIIOJ-
HUTEJBHBIX MOJIUKapOOHATHHIX (HIBTPOB C MOPaMHU ITUAMETPOM 5 U 3 MKM U obecreyeHun
pexxuma 100% repmerusanuu KaMepbl T'€éMOJH3alMU M MOCTOSHHOIO JABJIEHUS B TE€YEHHE
Bcero mpouecca ¢uinpTpanud. Ha BTOpoM 3Tame NpH KCIOJIB30BaHUU CGHOPMUPOBAHHOIO
KOMIUIEKCa KPUTEPHEB OCYILIECTBISIETCS ONpEAeTIeHHe CTEIEeHHU 3JI0KaueCTBEHHOCTH BBIJE-
JIEHHBIX KJIETOK. Vcrnonp3oBaHUE pa3pabOTaHHOIO METO/a B aBTOMATU3MPOBAHHOU CHCTEME
aHanM3a MUGPOBBIX MUKPOCKOIMYECKUX H300paKEHUH IUPKYIUPYIOLIUX OIyXOJEBBIX Kile-
TOK 00ecIe4nBaeT ONpeaeiIeHHe U PacueT XapaKTEePHBIX IIPU3HAKOB UL OTHECEHUS 00BEKTa
K OTpeesIeHHOMY KJIAacCy 3J0KauyeCTBEHHOCTH U (POPMHUPOBAHMS 0a3bl JaHHBIX CKAHHMPOBAH-
HBIX M300pakeHUH ¢ 3aHECEHHEM HMEIOIUXCs KIETOK WIN UX 00pa30BaHUM, a TakKe OKOH-
YaTeNbHYI0 MPOBEPKY PE3yJNbTaTOB OIEHKH 3JI0KAYECTBEHHOCTH OIyXOJH II0 MIabJIOHaM-
mackaM [JOK u n1o6pokauecTBeHHON OIIyXO0JIeBOM KIETKH.

Knrouesvie cnoga: IMpKyIMpyIOIHE OIyXOJIEBbIE KIETKH, KPUTEPUH OLIEHKH 3/I0KaY€CTBEHHOCTH
OITYXOJIEH, METO/1 OTIpEe/IENICHHS LIMPKYINPYIOIIHX OITyXOJIEBBIX KJIETOK B KPOBH YEJIOBEKA.
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