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BUCOKOMNPOAOYKTUBHI KOMITIOTEPHI
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CHUHTE3 MHOTI'OMEPHOM CUCTEMBI YIIPABJIEHUSA
JJIs IPEHU3NOHHOTI'O KOMIIVIEKCA
NCKYCCTBEHHOI'O MUKPOKJ/IMMATA

H.A. TAHKPATOBA, I1.1. BUAIOK, .M. 'TOJIMHKO

AHHoTauus. PaccMoTpena npoueypa CHHTE3a MHOTOMEPHOTO LU(pPOBOTO peryis-
TOpa I IPOMBIIITICHHBIX CUCTEM MCKYCCTBEHHOIO MHUKpOKIMMATa. [ IpoMblii-
JICHHBIX KOHAWIMOHEPOB IpEIOKeHa METOANKa Pa3pabOTKU KOMIUIEKCHOH IuHa-
MUYECKOH MaTeMaTHYeCKOW MOJENM B IMPOCTPAHCTBE COCTOSIHMM Kak €JIMHOrO
MHOTOMEPHOTO OOBEKTa yIpaBiIeHUs. BeINONHEH aHAIN3 KPUTEPUEB IS ONTUMHU3a-
LMY CUCTEMBI YIpPaBICHUs KOHAMUIMOHEPOM. PaccMoTpeHa mporeaypa CHHTE3a OIl-
TUMaJbHOTO MHOTOMEpPHOTO JIMHEWHO-KBaAPATHYHOIO IH(POBOTO pPErynsTopa H
CHHTE3UpOBaHa MaTpULla 0OpaTHON CBA3H, KOTOPas 110 IapaMeTpaM COCTOSHHUS 00b-
€KTa yNpaBICHUS ONpe/eNseT TPAeKTOPUIO JBIKEHHS BEKTOPAa ONTHUMAJIBHOIO BO3-
JieiCcTBUS 1 MUHUMU3UPYET KBaJpaTU4HbIA KpUTepHil kadecTBa. Takoil MHOromep-
HBI JMHEHHO-KBaApaTHYECKUH MU(POBOH pPETryNsATOp OTIMYACTCS HAINYUEM
JIOTUYECKOT0 BBIOOpa 000pYIOBAHUS ISl OCYIIECTBICHHUS] ONTHMAIBHOTO yIIpaBIIe-
HHUS KIMMaTH4eCKHM 00OpyJOBaHMEM KOHIMLHOHEpa. Takoi MOAXOA MO3BOJISET
MEPEOCMBICIUTE NPOLEAYPY CHHTE3a aBTOMATHYECKOW CHCTEMBI YIIPABICHUS Ui
[IPOMBIIUICHHBIX KOHAUIMOHEPOB HA OCHOBE pa3rpaHUYEHMsI B3aUMHOTO BIMSHUS
peryaupyouyx napaMeTpos.

KiroueBbie cj0Ba: cuCTEMa HCKYyCCTBEHHOIO MUKPOKIMMATA, MPOMBIIITICHHBII
KOHJIULIMOHEP, aBTOMATHYECKas CUCTEMa YNpPaBJICHUSA, JIMHEHHO-KBaIpaTHUHbBII
udpoBoil perysTop, ONTUMH3ALINSI.

BBEJIEHUE

CoBpeMeHHbIE MPOU3BOJCTBEHHBIE MPOIECCH MPEIBIBIAIOT BBICOKHE TpeOoBa-
HUS K CHCTeMaM IPOMBIIIIEHHOTO KOHIWIIMOHUPOBAaHUS Bo3ayxa. OT KauecTBa
MHUKPOKJIMMaTa MPOU3BOJCTBEHHBIX MOMEUICHUN B 3HAYUTEIBFHONW CTETIEHU 3aBH-
CSIT Ka4yecTBO IPOAYKIMM U yMeHblIeHue ee cebecroumoctd. IIpomplnieHHbIE
KOHJIUIIMOHEPH! SABISIOTCS PEANBHBIM PHIYAaroM MPHUOBLIM ISl TEXHOJIOTHH B Ta-
KHX OTPaCIIX: JIETKOW, MUIICBOM, arpapHOH, (apMarieBTHICCKOH, mourpadude-
CKOi1, MAaIlIMHOCTPOUTEIBHOM, paAN03IEKTPOHHON U 1ip. [1].

[IpoMbInuTeHHBIE KOMITLIEKCH UCKyccTBeHHOTO MUKpokiauMara ([IKMM) ot-
paxaroT ciokHbIH TexHonorunueckuit mpouecc (TII), koTopblid uMeeT OOMBIION
JMana30H BXOAHBIX BO3MYLIEHMH M yNpaBIsIOMUX Bo3aeicTBuil. [IpoMelnuien-
HBI KOHAWIHMOHEp Kak 00bekT ympasieHus: (OVY) sBisieTcs CIOXKHBIM U HENH-
HEIHBIM, YTO NpEAToiaracT BBINOJHEHUE aHalIHW3a CTPYKTYphl aBTOMATHYECKOM

© H.J[. [lankpamosa, I1.U. Buowx, U.M. I'onunxo, 2020
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H. /. Hankpamosa, I[1.U. buowok, U.M. I'onunko

cucrembl ympasieHuss (ACY) u pa3paboOTKy COOTBETCTBYIOIIMX aJTOPUTMOB
ynpasienus. [nga IIKHM psn ynpaBiastomux BO3AEHCTBUN OrpaHMYEH, a HEKO-
TOpBIE 3JIEMEHTBHl CHUCTEMBI OCTAIOTCS HeylpaBisgeMbMH. [lo 3TuM mpuumHam
MPOEKTUPOBIIMKHN IPUMEHIIOT HECTAHAAPTHBIE PELIEHNS 110 aBTOMATHU3aIMH MTPO-
MBIILIEHHBIX KOHIUIIHOHEPOB [2].

B mporecce aBromatuzanuy KOHAULMOHEPOB WHKEHEPBI-MHTEIPAaTOPHI CTa-
paroTcs 00eCIIeYnTh aBTOMATHUYECKYIO CTAOWMIIN3AINI0 TIEPEMEHHBIX 000c00JIeH-
HBIX aNnapaToB, KOTopble cBsi3aHbl B equHbIi TI1. [Ipu 3TOM B 3agauax cuHTe3a U
aHanuza cuctem ynpabienusi [IKMIM He paccMaTpuBaroTcs 3aJa4u MOCTPOCHUS
KOMIUIEKCHBIX MaTe€MaTHYeCKUX MoJeliel KOHIMLIMOHHPOBAHUS BO3AyXa Kak
enqnaoro MHoroMmepHoro OV, a paspaborka addexktuBrO ACY, B mepByIO
ouepeqb, 3aBUCUT OT BCECTOPOHHEIO aHalIM3a TEXHOJOTMYECKOW CHCTEMBI, OCO-
OeHHOCTEW ee (YHKIIMOHHUPOBAHWS, YTO MO3BOJSET CHHTE3MPOBATh KOPPEKTHHIE
YIpaBISIOINE BO3ACHCTBHSL. TOMBKO B HEKOTOPBIX PadOTax aBTOPHI B IIOCTAHOB-
Ke 3ajauu cuHTe3a cuctembl ympasieHus [IKMM paccmaTpuBarOT CHCTEMHBIN
MOJXOJl C OTPEICIEHHBIMHA OTPaHUYCHUSAMH [3], YTO OrpaHUYMBaeT 00JIacTh MpuU-
MEHEHHMS MOTyUYEeHHBIX PE3yJIbTaTOB.

Ha cerognsmamii nens Bonpoc cunre3a ACY mis [IKUM ¢ B3auMocBsizaH-
HBIMHA KOHTYpPam# PEeTryJIHpOBaHHUS HCCIENOBaH HenocTaTouyHo. CHCTEMBI yIIpaB-
JICHUST TEMIepaTypol M BIIAXHOCTHIO pacCMaTpPUBAIOTCS 0e3 ydeTa MX B3aUMO-
nercTBus. MakcuManbHBIH A(PQPEKT OT KIWMMAaTHYECKOTO 000pYyIOBaHUS
KOHJMLIMOHEpa MOYKHO JTOCTUYb OJaroaaps KomiuiekcHomy ananusy TII u cunTe-
3y MHOoromepHoi cuctemsl ynpasienus. ACY [IKMM nHeoOxomumo paccMatpu-
BaTh B paMKax €IMHOTO KOMIIBIOTEPHO-WHTETPHPOBAHHOTO KOMIUIEKCA C TEXHO-
JIOTHIECKAMHU B3aUMOCBSI3SIMH MKy 000pyI0BaHUEM KOHIUITHOHEpaA [4].

[TpombITIeHHBI KOHIUIIMOHEP COCTOUT W3 pa3HOOOPAa3HOTO KIMMAaTHIECKO-
ro o0OpyAOBaHMS: TEIIIOOOMEHHBIX anmnaparoB (KajJopudepoB Mmoaorpesa, oxja-
JOUTeNnell) U yBIaKHHUTENeH. B 3aBHCcHMOCTH OT TeXHOJIOTUM 00pabOTKH BO3AyXa
MOYKHO BBIIEJNUTH Oojiee OBYX AECATKOB TEXHONOTMYECKUX CXEM JJISl MPOMBIIL-
JICHHOTO KOHJUIIMOHUPOBAHUS BO3ayXa [5], M Kaxkaas TEXHOJOTHYECKas CXema
NoJipa3yMeBaeT COOCTBEHHYIO MAaTeMaTHYECKyl Mojenb it cuHTesa ACY
[IKHM. IlockonbKy OJUHAMHUYECKHe CBOMCTBAa KIMMATHUYECKOTO 00OpYIOBaHUS B
o01mieM ciydae pasHble, COOTBETCTBYIOIINE MaTeMaTHUECKue MOJIENH 000pyI0Ba-
HUS JOJKHBI aIGKBAaTHO OTPaXKaTh MpoIiecc 00pabOTKH BO3/AyXa U MO3BOJISTH CH-
HTE3UPOBATh KOMIUIEKCHYIO TWHAMHYECKYIO0 MoJenb s pazpadborkun ACY KoH-
TUITIOHEPA.

JlutepaTypHbIii 0030p MOATBEPKAAET, YTO CO3/IAHBI BCE MPEATIOCHIIKU IS
CHUHTE32 MHOTOMEPHBIX CHCTEM YIIPABJICHUS MPOMBIILICHHBIMU KOHIUIIHOHEPA-
MU, TJ€ yYUTHIBaeTCS B3amMoJieiicTBue obopynoBanus. B mybmukauumsx [6—10]
aBTOPHI MPEJIOKUIIM MaTeMaTHUECKOE OMHMcaHue A 000pyJOBaHUs MPOMBIIL-
JICHHBIX KOHIMIIMOHEPOB, KOTOPBIE YAOBIETBOPSIOT PACCMOTPEHHBIM BBIIIE TpPE-
OoBaHUM.

IMOCTAHOBKA 3AJIAYN

AHanmM3 aHATUTHYCCKUX MOjeliell 000pya0BaHMs KOHIUITMOHEPA MTO3BOJISIET ClIe-
JIaTh BBIBOJ], YTO THUIOBOW NMHAMHYECKHUHA DJIEMEHT KIMMATHIECKOTO 000pyI0Ba-
HUS MOXXHO paccMaTpuBaTh Kak MHOTOMepHbId OV ¢ OaThi0  BXOoJaMu

T T
V' =[v v, v3 v4 V5] u 1Byma BeIxogamu Y =[); y,]. YuuTeIBasg Hanu4ue
MaTeMaTHYECKUX MoJeneil 000opynoBaHus KOHIAMIMOHEPA B IPOCTPAHCTBE CO-
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ctostHuA [6—10], Ans cTabuan3anny mapaMeTpoB HCKYCCTBEHHOTO MHUKPOKIIMMATa
HEoOXoauMoO pa3paboTaTh KOMIUIEKCHYIO AMHAMHYECKYI0 MaTeMaTHYECKYIO
MOJIeNIb MPOMBIIIJIEHHOTO KOHIUIIMOHEpa KaK eIuHOro MHoroMmepHoro OV u
paccMOTpeTh 3aJady CHHTE3a ONTHUMAJIbHOIO MHOTOMEpPHOTO JIMHEWHO-
KBaJpaTHYHOTO LU(PPOBOTo peryysiTopa B MPOCTPAHCTBE COCTOSHUM, YTO SBISIET-
Cs1 IPEIMETOM UCCIICIOBAHUS.

MATEMATHYECKAS MOJEJb IIKUM B TIPOCTPAHCTBE COCTOSSHUI

TexHOMOTHYECKHE CXeMbl TPOMBIIUIEHHOW 00pabOoTKM BO3/AyXa 3aBHUCST OT KIIH-
MaTHYECKOTO 000pYAOBaHUS MMPUTOYHON CHCTEMBI IIEHTPATHHOIO KOHIUITNOHEPA
(IICLK). Cpenu pacCMOTpPEHHBIX TEXHOJIOTUH, YUUTHIBAsi KOHCTPYKTHBHBIE OCO-
OCHHOCTH M METOJBl YIIpaBIeHHs 000pyIOBaHHEM, HanOOJbIlIee pacIpoCTpaHe-
aue momyumnu [ICIK, koTophlie I CTaOMIN3aluK IMapaMeTPOB MUKPOKIMMATa
UCIIOJIb3YIOT aJTOPUTMBI YIIPABICHUS 110 METOJY «TOYKU POCHD», a TAKXKE IO Me-
TOYy «ONTUMAIIBHOTO pexnuMay. Mcrmonp3yst 0000MIEHHYI0 TEXHOJIOTHYECKYIO
CXeMy KOHIUIIMOHUPOBAHUS BO3IyXa, MOXXHO MOJYYUTH IMapaMETPHUIECKYIO CXe-
My TPOMBIIIJICHHOTO KOHAMIIMOHEpA U Jajiee CHHTE3UPOBATh KOMIUIEKCHYIO MO-
JleJIb MPOMBIIUIEHHOTO KOHIUIIMOHEPA B IPOCTPAHCTBE COCTOSHUM.

[IpencraBnenne MHOrOMepHBIX OY B MPOCTPAHCTBE COCTOSHHA MMEET PSJI
MPENMYIIECTB [0 CPABHEHHIO C 3aIlMCHI0 B BHIE MepenaTovyHbIX ¢(yHKiwmid. Ha-
MpUMEDp, MO3BOJISIET OMUCATh MPOU3BOJILHBIC BHYTPCHHHE CTPYKTYPHI, HEYIpaB-
nsieMble u HeHaOropaeMbie iepeMeHHbie OY ¢ MOMOIIbI0 MHHUMAIBHOTO YUCIIA
napaMmeTpoB. Ecnn maremaTtnueckas monenb OY cocTaBieHa ¢ y4eTOM HaIHYHUS
COBMECTHBIX MEPEMEHHBIX COCTOSHUS, TO TaKas MOJEIb CONCPKUT MUHUMATHHOE
YHCIIO TICPEMEHHBIX COCTOSIHUS M TIOJIY4YCHHAas (popMa OMHUCAHUS COOTBETCTBYET
MUHUMAaJIbHON MaTeMaTtuueckoi peanuzauuu OY. Maremarnueckue MoAenu AJis
kuMatndeckoro obopynoanus [IKMIM B mpocTpaHCTBE COCTOSHUI pa3padoTa-
HBI C YYETOM OOIIUX MEPEMEHHBIX COCTOSIHUS, HA YTO YKa3bIBaCT HAIMUMEC HEAMA-
TOHAJIBHBIX 3JIEMEHTOB MATPUL COCTOSIHUSA B MoAelsx [6—10].

JIOTIOTHUTENEHEIM apTyYMEHTOM B TOJIB3Y BEKTOPHBIX MOJETEH sSBIseTCs 60-
JBIIOE KOIMYECTBO MAaTEMATHYECKUX MAKEeTOB I KOMITBIOTEPHOTO aHAJIN3a CHC-
TEM yIPAaBIICHUS B POCTPAHCTBE COCTOSIHUM, YTO TIO3BOJISIET C HE3HAUYNUTETHHBIMU
BPEMEHHBIMH 3aTPaTaMH BHITTONHATH CII0KHbIE MaTEMAaTHYECKUE HCCIIeIOBAHMS.

METO/IMKA PABPABOTKH MO/IEJIM IKUM B ITIPOCTPAHCTBE
COCTOSIHUM

Bo muorux cnyyasx paspaboranky ACY I[IKMM nonagoOHuTCcs caMOCTOSATENBEHO
MOJyYUTh KOMIUIEKCHYI0 MOJEIb IPOMBIIUICHHOTO KOHIWIMOHEPA, MOCKOJBKY
napameTpuyeckas cxemMa oOpa0OTKH BO3IyXa, pacCMOTPEHHas B MPUBEACHHOM
HIDKE TipuMepe, OyaeT otinudarbes. M3 aTux cooOpaxeHuil ans pa3paboTKu KOM-
IUIEKCHOM MHAMHYECKOH MOZENN KOHIUIIMOHEpa B IMPOCTPAHCTBE COCTOSHUUI
paccMOTPUM METOAMKY €€ CHHTE3A.

1. OnpenenuTb KOJIMYECTBEHHBIN COCTAB KIMMAaTHIECKOro 00opyaoBanust N
U1l KOHKPETHOTO KOHIUIIMOHEPA, TAe N — KOJIMYECTBO eIMHHL 000PYAOBaHHUS.

2. U3 mopeneii [6—10] BEIOpaTh COOTBETCTBHE KIMMAaTHYECKOMY 000pYI0-
BaHUIO NUMEIOIIEr0Cs MPOMBIIIIEHHOTO KOHAUIIMOHEPA.
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3. Ompenenurs BO3MYILIAIOIIUE M PEryJNUPYIOIINME KaHAJbl BIUSHUSA I
TEXHOJIOTHYECKOW CUCTEMBI KOHIUIIMOHEPA U{, Fﬁ F3’ rrei=1,...,N.

4. JInsg xoMIuteKcHOW Mozaenu copMupoBath BeKTop ynpasienuit U u Bo3-
mymenuil F 3 nMmeromuxcsa Bo3aeicTBAN Ui 51 Fﬁ .

5. CdhopMupoBaTh MaTpHIly JTUHAMUKH COCTOSTHUNA A KOMIUIEKCHOM MOJIEIN
KOH/IMIIMOHEPa, AUATOHAJIHHBIMHU AJIEMEHTAMH KOTOPOU SIBJISIOTCS MAaTPHUIBI CO-

crosiuust A’ KJIMMAaTHYECKOro 000py10BaHHUS.

6. Chopmuposars Marpuisl C' U3 COOTBETCTBYIONMX Matpuil B, Koto-
pBIe 00eCcTIeunBalOT Nepeaady BEeKTOpa BBIXOAHBIX MEPEMEHHBIX COCTOSHUS Tpe-

JBITYIIEH MOAEIH X na COOTBETCTBYIOIIHNE NIEPEMEHHBIE COCTOSHUS TEKYIIeH
mozenu X' 000pyI0BaHUs KOHAUIIMOHEDA.
7. Chopmuposars matpuiisl B u D u3 coorBercTByrommx marpuil B; u B .

[Mpu pa3zpaboTke KOMILIEKCHOW MOJENH HEOOXOAWMO YUYUTHIBATH MOPSIOK
JUHAMHYECKUX MOAeJel KIMMaTHYeCKOTo 000py 10BaHUsL.

MATEMATHYECKASA MOJEJIb IKUM C ®OPCYHOYHbBIM
YBJIAKHUTEJEM

PaccmoTpum nmpuMep cuHTE3a KOMIUIEKCHOM MOJENN MPEU3UOHHOTO0 KOHAWLINO-
Hepa ¢ (OPCYHOUHBIM yBIaXHUTeNeM. [ ynpolieHuss HHTepIpeTanuy MaTeMa-
THYECKUX BBIKJIAJOK B JalbHEUIIEM BEPXHUM MHIACKC i MaTpHIl Mozesel odopy-
JOBaHUs B MPOCTPAHCTBE COCTOSIHUM 3aMEHHMM Ha abOpeBHATypy KIMMaTHYECKOTO
o0opynoBaHus. /{1 MPOMBINIIEHHOTO KOHIUITHOHEPa ¢ HOPCYHOUHBIM YBIIAKHH-
TEJIeM HCIIONB3yeTCs CleAyIolee KIMMaTuieckoe 000pyIoBaHue: BOJSHOM Kallo-
pudep mepsoro nogorpesa K1; BoasHoi oxiaautenb O; GOPCYHOUHBIH YBIaX-
HuTenb @V; BomsHOU Kanopudep 2-ro momorpea K2. Ha puc. 1 mpexncrasiieHa
napamerpudeckas cxema [ICLK, koTopast cOOTBETCTBYET TEXHOJIOTHMYECKOM CXe-
M€ MOATOTOBKM BO3AyXa HAa MPOMBIIIICHHOM KOHAMIHUOHEpE ¢ (POPCYHOUHBIM
yBIQXHUTENeM. B 51eBol 4acTH cxembl IOKa3aHbl BO3MYyLIamouiue (axkTopsl, a
B HIDKHEH — ympaBisgomue. Pacxoa MpUTOYHOrO BO3AyXa SBISETCA BO3MY-
matomuM (GakTopom, ogHako s oonpmuHcTBa [IKWIM 3TOT mapameTp siBisieTcst
HEM3MEHHBIM M HE BIUSET Ha paboTy cHCTeMbl KOHIMIMOHMpOBaHU. IlyHKTHD-
HBIMH CTpEIIKaMH Ha CXEM€E IOKa3aHbl KaHaJbl BIWSHUSA, IEPEMEHHBIE KOTOPBIX
HE MEHSIOTCS B IpoLiecce YIpPaBIeHUs ISl 3TOM TEXHOJIOTHMUECKOH CXeMBbI MOAro-
TOBKHU BO3yXa.

CornacHo mnpexncraBieHHOM mnapamerpuyeckoil cxeme, IICHHK umeer aBa

BO3MYIIAIOMINX (aKTopa AO%, Ad fol U TPHU TEPEMEHHBIE YIPABISIFOIINAX BO3-

JeHCTBUI: A@gh , AGWO,O , Aei% . IIpu mpoeKTHUpOBaHUU MPELUZNOHHON CUCTEMBI
WUCKYyCCTBEHHOTO MHKPOKJIMMAaTa HEOOXOIWMO VYHTHIBATH IMHAMUYECKHE IIPO-
IIeCChl B TIOMEIICHUH W B KaMmepe yTWIn3anuu Teruia. [lapamerpudeckas cxema
TaKoil TEeXHUYECKOW CHCTEMBI MIOKa3aHa Ha puc. 2. 31ech B KauecTBe MapaMeTpu-
yeckoro snemenTta [ICLIK ucnone3yercss cxema, paccMoTrpeHHas panee. [lapa-
MeTpudeckas cxema (puc. 2) IOMONHEHA AWHAMHYECCKUMHU diemeHTamu: KC —
KaMmepa CMeIIeHus; [/ — MpOon3BOJCTBEHHOE ITOMEIIIEHHE.
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AG ~--»
\ 4 \ 4 \ 4 \ 4
V3 V3 V3 V3
K1 R . - K2
A 40P V1 Vi >V i1V Vi > Vi > AeA
K1 0] A% K2
K1 K:
A0_> \%) » » V) 2 » V) W > V) Wr—> AdA
V4 Vs V4 Vs V4 Vs V4 Vs
3 3 F 1 3

AOLL AGY' AOL, AGO, ALY AGL:  AOL. AGL’

wo wo

Puc. 1. TTapamerprueckas cxema [ICLK ¢ popcyHOUHBIM yBIOXKHATETIEM

AG ---»
A\ 4 A\ 4 \ 4 A\ 4
V3 V4 V3 V3
A0 —>| 1 iV i vi Vi > A0
KC [ICLK I1
AdES —> v, ya—>{v2 V2—r W2 »2 > Al
Vs V4 Vs
4 4
| |
1 |
1 |
KC K1 K1 17 i
AK AOyo AGy AN;  AOy

Puc. 2. Tlapamerpuueckas cxeMa NPEHU3MOHHOIO KOHIWIMOHEpPa ¢ (OPCYHOUHBIM
YBIQKHUTEIEM

Takum oOpazoM, Uil paccMaTpUBaeMoil mapaMeTpudeckoi cxembl OY nme-

€T TIEPEMEHHBIE BO3MYILIEHHS Aefg , Ad fg , AN g , AGZ U NIEPEMEHHBIE YIIPaB-

msommero BosaeicTus: AKXC, ABK{ ,AGY,, AO5 . TIpu 5TOM MHOrOMEpHBIii

peryyisaTop AoKeH 00ecnednTs B MPOU3BOACTBEHHOM MOMEIIEHUH CTa0MIIbHBIC
3HAYEHUs IEPEMEHHBIX TEMIIEpPaTyphl AOZ 1 BIQKHOCTH Adg .

[To Meronwke, ONMMCAaHHOW BHINIE, pa3pabOoTaHa KOMILICKCHAsS MOJEIb
MPOMBILIJIEHHOTO KOHAUIIMOHEPa, KOTOpas COOTBETCTBYET MapaMETpPHUUECKOU
cxeme (puc. 2):

X'= AX+BU + DF;
6]
Y=CX,

rae
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KomrmiekcHast Momens Tperu3noHHoro Kouaumuonepa (1) comepxut cie-
JYIOIME TUHAMHYECKHUE MOJICNIN KJIMMAaTUIECKOro 000y TOBaHUS:

e BOAIHBIX KajmopudepoB K1, K2 n oxmaaurens O 4eTBEPTOTO TOPSIKA;
e (OpCYHOUHBIH YBIXHUTENhF @Y W TPOMBINIICHHOE TMoMemieHue [/
TPEeTbero nopsiaka, uyro orpaxeHo B marpunax C, — Cg4. Takum oOpaszom, pas-

MepHOCTh MaTpHIl] Takas: A — [20x20]; B — [20x 3].

AHAJIN3 KPUTEPUEB OIITUMHN3ALINA

B pa6ote [11] mist onTUMH3AIIN TEXHUYECKUX CHUCTEM YTPABICHUS MPEIIOKECH
WHTETPAJIbHBIA KPUTEPHIA, KOTOPBIH yYHUTHIBAET TEXHOJIOTHUECKHUE OCOOESHHOCTH
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ynpasistomiero Bo3aeictsus Ha OY. Mcnonbp3oBaHue 3TOro KpUTepHs A ONTH-
MU3aIlM MHOTOMEPHBIX CHCTEM YTPABJICHUS B MMPOCTPAHCTBE COCTOSHUMN MTPHBO-
IUT K PSIIy MaTeMaTHUYECKHUX CIIOKHOCTEH. Bo-NepBBIX, B 3TOM KPUTEPUU YUUTHI-
BatoTcst Ko3pduuueHtsl mnepemauyn OY 1o KaHalaMm pPeryJupoOBaHHUS U
Bo3MyuleHus. g maremaruueckux mogened OY B MPOCTPaHCTBE COCTOSHHUMA
ko2 pUIMEHTHI TIepenayu 1o KaHajaaM BO3IEHCTBHUS ONpenessatoTcs MaTpuliieii B
U BXOIAT B Hee HESIBHO (KOX(QQHUIMEHT Iepenavyd ACIUTCS Ha MHEPUUOHHOCTh
TUHAMHYECKOTO 3eMeHTa KaHana Biausaus OVY). [lockonbKy pazMepHOCTh KOM-
miekcHo# Mozenu (1) Oonbiast, onpeneneHne K03GGUITNESHTOB Iepeaadn Mo Ka-
Hajmam BiausHUS OV sBIseTCS HETPUBUAIBHOM 3amadeil. Bo-BTopbeix, B pabo-
Te [11] wmcnonw3yercs MOIYJNbHBIM MHTErpalbHbIM KpUTEpUN KayecTBa, 4YTO
MpeIyCcMaTpUBAET NCIOIB30BaHIE YNCICHHBIX METO0B onTumu3aimn. [loatomy,
NpUMEHEHUE KPUTEPHs ONTUMH3aUWU U3 padotel [11] ans MHOroMepHOi cucre-
MBI TpeBpallaeTcsl B HETPUBHAIBHYIO 3aady C HCIOJIb30BAHHEM UYHCIECHHBIX
METOJIOB.

C y4eToM pacCMOTPEHHBIX BBIIIE COOOPAKEHUH IJISI ONTUMHU3AIUH MHOTO-
MepHOIl cucTeMbl ymnpasieHus ¢ monenbio OV (1) mpeasaraercss UCIONB30BATh
JUCKPETHBIM BapHaHT KJIACCUYECKOTO KpuTepus kadecTsa [12]:

N-1
I=X)SXy + Y [X;QX, +U/RU,], v
s=0
rae S, Q, R — BecoBble MaTpuIlbl NEPEMEHHBIX COCTOSIHUS W YIPaBJICHUS;
X, Uy — COOTBETCTBEHHO BEKTOP COCTOSIHUS U BEKTOP yIpaBIeHUs 00bEKTa Ha
§ -M IIare AUCKPETH3alMu ¢ nepuogoM Igy ; kK — KOJIMYECTBO MIAroB HaOIIIO-
IOECHUS.

PaccmoTtpum cocraBnsromue kputepus kadectsa (2). IloHsaTHO, 4TO KBajapa-
TUYHOE B3BEIIMBAHHE KOHEYHOTO COCTOSHHS MO3BOJIAET JOCTHYB JKEIAeMOTo Ka-
YecTBa yNPaBJICHUS, HO KBaJPaTHIECKOE B3BEIIMBAHNE CHTHANIA YIIPABICHUS HE-
JOCTaTOYHO OOOCHOBaHHO, OCOOEGHHO €CJIM CTOMMOCTbH PECYpPCOB YIpPaBIICHHUS
HeBenuka. [{nsa kputepust (2) He coOBceM MOHATEH PU3MYECKUN CMBICT ONTHMAIIb-
HOCTH, TIOCKOJIBKY B OJTHO 3Hau€HHE MHTETPUPYIOTCS MEPeMEHHBIC COCTOSHUS U
ympasienus [12]. Kpome Toro, 3amanue 0oybmoro Beca MaTpuisl R BBI3BIBacT
OTKJIOHEHHE (DAaKTHUECKOT0 KOHEYHOTO COCTOSHHS OT 3aJaHHOTO (TPHBOAUT
K CTAaTHYECKOH MOTPEIIHOCTH YIPABJICHHS), & CITUIIIKOM MaJIbIX — BBI3bIBACT 3HA-
yuTeNbHBIE (Qopcupylomue Bo3aelcTeua ynpasieHus U (IpuBoOuT K Koieba-
TENBHON COCTABILIONIEH B MEPEeXOMHBIX Mporeccax). OCHOBHBIMU OTPaHUYCHHUS-
MU Kputepus (2) SBIAIOTCS TpeOOBAaHUE ITOJIOKHUTEIBHONH OIPEeNeICHHOCTH
MaTpuilel R 1 HEBO3MOXKHOCTH 3a7aBaTh siBHbIEe orpanndenns Ha X, U . Ilomo-

JKUTENTFHBIM B KpPHUTEpPHH (2) SBISETCS BO3MOXKHOCTh aHAJTUTHYECKOTO CHHTE3a
ONITHMATBHOTO PETYJISITOPA COCTOSHHUS 10 TAHHOMY KPUTEPHIO.

IMPOLNEAYPA CUHTE3A MHOI'OMEPHOI'O PEI'YJIATOPA

Teopust onTUMHU3aLNN TUHAMUYECKUX CHCTEM IPEACTABISAET JOCTATOYHOE YHCIIO
MPUMEPOB CHHTE3a ONTHUMAJIBHBIX PETYNIATOPOB I TEXHUYECKUX CHCTEM YIIPaB-
JICHUs1, KOTOpble MMEIOT PELICHUE B BHAEC MPONOPLUUOHAIBHBIX MaTpPHLl 00paTHON
cBs3u [12, 13]. Kak u3BeCTHO U3 KJIACCUYECKOM TEOPUU YIPABIECHUSA OPONOPLHUO-
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HAJIBHBIC PETYJSATOPHl HE 00SCICUUBAIOT TOYHOTO OTCIICIKUBAHUS 3a/IaHUS M HE
KOMITEHCHPYIOT TIOJTHOCTHIO BO3MYIIAIONINE (aKTOPHI B CUCTeMe yrpaBienus. [1o
9THM MPUYUHAM HE00XOJIUMO MOIU(PHUINPOBATh IIOCTAHOBKY 3aJjaul CHHTE3a pe-
TYJSITOPa COCTOSIHUS TaKUM 00pa3oM, YTOOBI B BEKTOpPE YIPABJICHUS MOSBUIACH
UHTErpalibHAsl COCTABIISIONIAs, KOTOPas KOMIICHCHPYET CTaTUYeCKUH HebanaHc
PETYIUPOBAaHUA. DTO MOXKHO CHENAaTh HECKOJBKHUMH crocoOamu. OIWH W3 HUX
[12] — pacmmpeHue mpoCTpaHCTBA COCTOSHUS IYTEM JOIMOJIHEHHS H-MEPHOTO
BekTOopa X COCTOSIHUSI p-MEPHBIM BEKTOPOM C MEPEMEHHBIMH, MO KOTOPBIM He-
00X0IMMO UMETH HHTETpHUpYIoIIee BausHue Ha OY

7' =CX. 3)

B pesynbrare pazmepHOCTh BEKTOpa COCTOSHHUS BO3pacTaeT Ha p (mpo-

CTPAHCTBO COCTOSTHHUI ommimeTcsi (p + n)-MEpPHBIM BEKTOPOM), a pacIIupeHHAs
Mozenb OV B mpoCTpaHCTBE COCTOSIHUN MPUMET BUL:
X' A 0]|X B

= + U. 4)
VA C 0|z 0

Ji paciMpeHHOTo MPOCTPAHCTBA COCTOSHUEN B HETPEPHIBHOW (opMe JTH-
HEHHO-KBaIPAaTHYHBIA peryisaTop hopmupyeT [1M-3aKk0H yripaBieHUS:
X ‘s
U=-K / =—Kp X-K;Z=-K, X-K;C[Xdr,
0

3nec K — matpuna oOpaTtHOH CBSI3M MHOTOMEPHOTO PETryJIsITOpa, COCTOALIAs U3
nponopuuonansHo Kp u maTerpansHoit K| uacteit perynsatopa. HeoOxoau-
MBIM YCJIOBHEM CYLIECTBOBAHUS TaKOTO PETryJSATOPA SIBJISETCS BHINOIHEHUE HEpa-
BEHCTBA p <1, T.€., YACIO NEPEMEHHBIX COCTOSHHUS JUIsl KOTOPBIX BBOAMTCS HH-
TEerpalTbHOE BIIMSHUE, HE MOXKET OBITH OOJIBIIIE YHCIIA IEPEMEHHBIX YIIPABICHUS.
3amauy cMHTE3a ONTUMAILHOTO JIMHEWHO-KBaAPATHIHOTO HU(POBOIO pery-
asropa (JIKUP) mns [MIKHUM moxHO chopMyaupoBaTh CIEAYIOMIMM O0Opa3oM.
IlycTs, cormacHO TEXHONOTHMH KOHIUIMOHUPOBaHus, Moaens OV 3agaHa ypaBHe-
HueM (1). HyxHo cuntesupoBaTh MaTpuiy oopartHoii csa3u Ky JIKLIP, xotopas
1o napamerpam cocTossHus OY ompenenuT TpPaeKTOPUIO BEKTOpa ONTUMAIbHOIO

soszeiicteua UY (s s =1,2,...,k —1) 1 MUHUMU3UPYET KBAJPATHUHBIA KpUTE-
puii kauecTBa (2).

[Ipexxne Bcero, HenpepbiBHYO Mozens OV (1) HyKHO pacHIMPUTh TIepeMeH-
HBIMH (3), 10 KOTOPBIM HEOOXOAMMO MMETh MHTETPajbHYIO COCTABISIOILYIO B
3aKOHE YIPAaBJIEHHS U MONYYHUTh paciIMpeHHyro moaens OY B mpocTpaHCTBE CO-
crosiHu# (4). Pacmmpennyio HernpepbsiBHYIO Mojaeiah OY HeoOX0AUMO NpPUBECTH
K JUCKPETHOMY BHUY:

X1 =A¢ X +B4 Uy
Ys :Cdxs’

6))

Tky
re Ag =KV By = I ATk =B g
0
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CrpykTypHas cxema auckpetrHoi moaenu OY (6) nzobpaxkena Ha puc. 3.

Puc. 3. Cmpykmypua cxema ouckpemuoii mooeau OV
B obmiem cimyuae ontumansubiid JIKLIP npeacrasnsercs 3apucuMocthio [13]:

U = KdXS'

L =—
Perynsarop ¢opmupyer oOpaTHyio cBA3b MO COCTOsSHHIO mapameTpoB OV,
UCIONb3ysl MaTpully ko3 ¢uuuentos nepenaun Ky . MaTtpuna obparHoil cBsizu

onpeaeasaeTCs 3aBUCUMOCTBIO
Ky =(R+BJPB,) 'BjPA,. (6)

[TapameTpsl TAKOTO peryIATOPa ONPENEIISIOTCS ¢ UCIIOJIB30BAHUEM PEIIECHHS
ypaBHeHus: Puxkaru, (mpu P =P, mpoBoAuTcs pellleHHe CTalMOHAPHOTO MaT-

pUYHOTO ypaBHEHUs Pukkarn):
T T 1T
P=Q+A4P[I-B;(R+B3PB,;) BiP]A,. @)

[Ipouenypa cunreza JIKIIP cBomuTcs K cieAyromiei MOCieI0BaTEIbHOCTH
IEUCTBUIA:

1) 3agaroTcst mapameTpsl KpuTepus (2) B COOTBETCTBHH C TEXHOJIOTHIECKUMU
TpeOOBaHHUSIMH TTPOU3BOJICTBA;

2) hopmupyeTcs paciimpeHHas HernpepbiBHas mozens OV (4);

3) ¢ ucnosb3oBaHueM (4), onpeneseTcs: AMCKpeTHas Moaenb OV (5);

4) umercs pemienue ypaBHeHust Pukkatu (7);

5) no 3aBucumoctu (6) onpenensercs JIKIIP.

CrpyxrypHas cxema ACY ¢ ontumansaeiM JIKI[P mokaszana Ha puc. 4. Jlms
cTabnim3anyy TeMIepaTypsl U BIAKHOCTHA Ha BBIXOJIE TPOMBIIIEHHOTO KOH/IH-
1moHepa (WM B TOMEIICHNH) UCIIONB3YETCS OT TPEX N0 MATH M 0oJiee ¢IMHMII
KIIMMaTHIECKOTO 000pymoBaHus (B paccMaTpuBaeMoM cirydae mects: KC, K1, O,
@Y, K2, II). Ilpu 5TOM B ympaBiieHHH MPUHAMAET ydacThe He Oojee IByX arma-
paToB, Tak Kak peryJupyeTcs NIBa mapamMerpa — TeMIIEpaTypa U BIAKHOCTH BO3-
nyxa. M3 Teopum ympaBieHHS W3BECTHO, YTO KOJUYECTBO MEPEMEHHBIX PEryJH-
pPOBaHUS MTOJDKHO PaBHATHCS KOJHMUYECTBY VIIPABIBIIONINX Bo3zaeicTBuil Ha OV,
WHaye 3a/1a4a He MMEeeT PeIleHHs U UMeeT OECKOHEYHOE MHOXKECTBO PEIICHHUH,
U3 KOTOPBIX TOJIBKO OJTHO pelIeHHE ONTHMAJIBHO 10 BEIOPAHHOMY KPHUTEPHIO.

Cucmemni docnioxcenna ma ingpopmayiiini mexnonoeii, 2020, Ne 1 15
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Xo

U s Xs-%—l

%:{> Bs | Iz G =

Ay Ke—/——

Ky |k———

Puc. 4. CrpykrypHas cxema 1u¢ppoBoit ACY ¢ ontumanbabiM JIKLP

B nanHOM ciy4yae KOMMYECTBO PETYIHUPYIOIUX KAHAJIOB MPEBBIIIAET KOJH-
YEeCTBO TEPEMEHHBIX CTAOMIM3AINK, U 3ajaua UMeeT OCCKOHEYHOE MHOMXKECTBO
pemenuii. [loaToMy BO3HMKaeT 3aa4a KOPPEKTHOTO BBIOOpa 0OOPYIOBAaHUS IS
OCYIIECTBJICHHUS YIPABISIONINX BO3JEHCTBHNA. JTa OCOOCHHOCTh HAKIIAIBIBAET
OTPAaHUYCHMS HA HCIIOJIb30BAaHUE KIIACCHYECKOM MpOLEIyphl CHHTE3a ONTHUMAb-
Horo JIKIIP. YuurpiBas Hanmuuue JTOTHUECKHUX IMEPEKITIOUEHUN MEXITy 000pyIo-
BaHUEM KOHIWIIMOHEpa, 33Jauy CHHTE3a HEOOXOIUMO pa3JeNIuTh Ha OTIEIbHBIE
nmoa3ajgadyn, 4TO IMO3BOJIMT YUYCCTh HAJIMYUC JIOTUYECKOI'O YIIPABJICHUS. Cunres
JIKIIP st [TIKUM ¢ 31eMeHTaMu JIOTHYECKOTO YIIPABICHUS PACCMOTPUM HHUXKE.

CHUHTE3 OITUMAJIBHOI'O JIKIIP JJIsSI TIPEHU3MOHHOI'O
KOHIAUITUOHEPA C ®OPCYHOYHBIM YBJIA’KHUTEJIEM

[Ipeun3noHHbI KOHIUIIHOHED C (OPCYHOUHBIM YBJIAXXKHHTEIEM OPHEHTHPOBAH
Ha NMPUMEHEHUE alTOPUTMA YIPABIEHUS MO METONY «TOYKH pOCHD). XapaKTep-
HBIMH Y€pPTaMH JUIA DTOTO METOAA YIPABICHHUS SIBISIOTCS CIEAYIOLIHE:

1) crabunuzanus TemMrnepaTypsl «TOUYKH POCBD» IMyTeM M3MEHEHHs TeMIlepa-
TYpBI TEIUIOHOCHTEINSI Ha Kanopudepe K1 B 3uMHee BpeMs roja, WM U3MEHEHHUs
pacxoza xJjaoHocuTeNs Ha oxyaauTene O B JIeTHEE BpeMsi roJa;

2) crabunmsarnus Temreparypsl Bo3ayxa Ha Beixone [ICLK mytem m3meHe-
HUSI TEMIIEPaTyphl TEIUIOHOCHTENS Ha Kajopudepe K2;

3) dbopcyHOUHBI yBIAKHUTENh @V annabaTHO yBIaXKHSET IPUTOYHBINA BO3-
IyX, B IOAJOHE MOCTOSHHO IOJIEPKHUBAETCSI HEOOXOAUMBIH ypOBEHb BOABI Ha
OpOILIEHUE, HO HEMOCPEACTBEHHOIO Y4acThsl B IPOILECCE YIPABICHUS YBIIAXKHH-
TeNb HE IPUHUMAET.

Ha puc. 5 nzo0paxena & — d puarpamma mnporecca KOHIULHMOHUPOBAHUS
BO3/yXa M0 METO/AY «TOYKH POCHI» B KOOpAMWHATaX MaTeMaTudeckoi moaenu (1),
rZie 1Mo OcsAM aOCIMCC U OPAUHAT OTJIOXKEHbI IEPEMEHHBIE MPOCTPAHCTBA COCTOSI-
Huil. Ha BepTHKaIbHON OCH OTKJIAABIBAIOTCS TEMIIEPATypHbIE NIEPEMEHHBIE, a Ha
TOPU30HTAJIFHOM — TepeMeHHbIe Biaroconepxkanus. Jms momenu (1) temmepa-
Typa BO3IyXa Ha BXOAE€ KOHAHLMOHEpAa MOXKET MEHATbCA B JUANa30HE

XL X, a Bmaroconepxkanne — X5 ... X5 . Ha muarpamme mokasano 6 06-

JIacTeN.
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X /

>
>
min min min max max max

dy™ x, X X9 2 d, X
Puc. 5. H— d nuarpaMMa KOHIMIIMOHUPOBAHHS BO3/yXa B KOOpAWHATAX MaTeMaTHYKON
mozen (1)

Ob6nacte IV umeer popmy mapauienorpaMma; 31a 001acTh XapaKTEepU3yeT
HEoOXOoJUMble MapaMeTpbl MUKPOKJIMMATa B MIOMELICHUH B JUANa30He TeMIlepa-

min max min max
TYyp X|g ..-Xjg U1 BIarocOAEpKaHus X;q ... X|qg

Cormacao 7 — d mmarpamme ACK IIKMM momkHa 00eCieunTh CTAOMIIN-
320 MUKPOKJIMMATA B TIPOMBINUIEHHOM MOMEIIEHUH B IMAa30He JOIMTYCTUMON

30HBI pasbamanca s Temmeparypbl (Xg ...X[g ) U  BIArOCOIEpPIKAHHS

(X9 .- X{g") BO3ayXa. UTOOBI MOJIEPKUBATL HEOOXOMMMOE BJIArOCOEPKAHUE

BO3/yXa 10 METOy «TO4YKH pockDy, ACK KoHauIIMOHEpa 00eCIeUnBaET CTA0MIIN-
3aIMI0 TEMIIEPATyPhl «TOUKH POCHD) 3a YBIAKHUTEIEM B JTMANIA30HE TEMIIEPaTyp

min max
xll xll

Ananmu3 obnacteit i — d pauarpaMMBbl MO3BOJISIET JaTh PEKOMEHAAIUH I10
JIOTMYECKOMY YIIPABJIIEHUIO PaOOTON KIMMATH4YECKOr0 000pYyIOBaHUS Ul MOIH-
¢unmpoBannoro anroputMa ynpasienuss ACK [IKUM o MeTomy «TOYKH POCHI».

Obaactp 1. ACK crabmmsupyer:

e TeMIIepaTypy «TOUKU POChD», ynpasisisa kanopudepom K1;

e TeMmIeparypy Bo3ayXa B IOMEIICHUH, YIIpaBisis kanopudepom K2.

Ooaactsp II. ACK crabunmsupyer:

e TeMIepaTypy «TOYKU POChI», BO3ACUCTBYS Ha oxyaauteis O;

e TeMmIIepaTypy BO3/1yXa B IOMEIIEHUH, BO3EICTBYs Ha Kanopudep K2.

Ooaacts III. ACK crabunusupyert:

e TeMmIepaTypy BO3IyXa B IIOMEIICHUH, yNpasisis Kanopudpepom K2, npy-
roe KIMMaTHYecKoe O0OpyAOBaHHME ydyacTUsl B PEryJIHpPOBAaHHU HE NMPUHHUMAET,
BJIArOCOJEP KaHUE BO3AyXa HAXOAUTCS B JOIYCTUMBIX Mpeeliax.
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OoJaactse 1V. [TapameTpsl MUKpOKIIMMaTa HAXOJATCS B IOMYCTHUMBIX Npefe-
Jax, PeTyJIUPYIOLINE KiIallaHbl 000pyI0BaHUs B 3aKPHITOM II0JI0)KEHHH.

Obaactb V. ACK crabummsupyer:

e TeMmIlepaTypy BO3lyXa B IOMELICHHH, yNpaBisisa oxiagureneM O, npyroe
KIMMaTHYeCKOe 000pYyAOBaHHUE yUacTHsl B PETYIIMPOBAHUN HE TIPUHUMACT, BJIaro-
coJiepKaHue BO3yXa HAXOIUTCS B JOITyCTUMBIX Ipeenax.

Ooaacte VI. ACK crabmimsupyer:

® TeMIlepaTypy «TOUKU POCBI», BO3JEHCTBYS Ha oxjaautens O;

e TeMmIleparypy BO3/AyXa B IOMEIICHUH, BO3IEHCTBYsI Ha Kanopudep K2.

g cunte3a ontumansHoro JIKLIP, kotopslil peanusyer [1M-3akoH perymu-
pOBaHMS, pacIIupUM MaTeMaTHYECKyI0 Mojenb (1) mepeMeHHBIMU COCTOSHUS, IO
KOTOPbIM HEOOXOANMO MMETh MHTEIpajbHbII 3aKOH yIIpaBieHus. B maHHOM ciy-
yae cTabuIM3UPYIOTCS TEMIIEpaTypa «TOUYKH POCHD» 32 YBIAKHUTENIEM (II€pEMEH-
Hasl COCTOSIHUSL X ) U TEeMIIepaTypa B IIOMELEHNH (IIEpeMEHHasl COCTOSHUS X3 ),

BBIOOp KOTOpBIX ocymiectBisiercss marpuueii C monenu (1). C yuetom ykasaH-
HBIX COOOpaKeHUH paciiupeHHas HenpepbiBHas Moaenb OV 11 npeuu3noHHOTO
KOH/JMLIMOHEpa MPUMET BUJ]

e

Y=CX,
rae
0 0 0 | (0 0 0 | 0 0 0 |
BK' 0 0 00 0 0 00
0 00 0 B° 0 0 00
B = ; By = ; By = 5
0 00 00 O 0 00
0 0 BY 0 0 B 0 0 B”
0o 00 00 0 | 00 0
0 0 0] 0 0 0] 0 0 0 |
0 00 00 o0 00 0
0 0 0 0 B° 0 0 B 0
B, = ; By = ; By =
0 0 0 00 0 00 O
0 00 00 0 0 0 BY
0 0 0] 00 O] 00 o0 |

HanosHeHre MaTpuilbl yrpaBieHus JUIsl IEeCTH obnacteli h — d muarpam-
MBI pasnuyHoe. Hamonnenne marpun B, , mosBossier opraHu3oBaTh JIOTUKY

yapaBJICHUA KIIMMATUYCCKHUM O60p}/Z[OBaHI/IeM B 3aBUCUMOCTHU OT MapaMETpPOB
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MHUKpOKJIUMaTa OKpY’Kalolled cpenpl A IPOMBIIUIEHHOTO KOHAWIMOHEpa
¢ GOpCyHOUHOH YBIAKHUTEJIEM 110 MOAUGHINPOBAHHOMY METOYy «TOUKU POCHD».
Takum o0pa3oM, yuuThIBas, 4TO MaTpula ynpasieHus By [y A1 xaxnoil us

mectu obnactelt 4 — d nuarpamMmbl WHAMBHIyallbHAs, HEOOXOAUMO CHHTE3H-
poBaTh Matpuiy obparnoit cssu K, , cormacHo 3aBucumocts (6) It Beex

obmacreit. [{nst cuntesa JIKL[P cnemyeT ncrons30BaTh CTaHAAPTHYIO MPOLEAYPY
CHHTE3a, PACCMOTPEHHYIO BbIIIE. B aropuT™Me ynpaBieHUs CUCTEMOI MCKyCCT-
BEHHOTO MHUKPOKJIMMATa [0 MOIU(PHUINPOBAHHOMY METOJY «TOYKH POCHI» HE0O-
XOAMMO NPEAYyCMOTPETh KOHTPOJb HapamMeTpoB MHUKPOKIMMAaTa OKpY KaroLien
Cpeabl U NEPEeKIIUYEeHHEe MEeXIy MaTpUIIaMU OOpaTHOM CBA3M II0 M3MEPEHHBIM
napaMeTpaM MUKPOKIUMAaTa OKPY Karomei cpebl.

BbIBO/bI

Jus [TIKUM npeasnoskeHa MeTOIMKa pa3paOd0TKHA KOMILIEKCHOW MaTeMaTHYeCKOn
MOJIENIH NIPOMBIIIJIEHHOTO KOHAWIMOHEPa B IPOCTPAHCTBE COCTOSIHUNA. MeToauka
MO3BOJISIET TOJMYYUTh KOMIUIEKCHYIO MOJIENb MPOMBIIIJIEHHOTO KOHAMIIMOHEpa
KakK eIMHOro MHOTOMEPHOTrO 0OBeKTa ynpapieHus. s nmpemioxkeHHoi MeToau-
KA HCIOJB3YIOTCA [IWHAMUYECKHE MOJENN KIMMAaTHYECKOIo 000pyI0BaHUs
B TIPOCTPAHCTBE COCTOSIHHI, KOTOPBIE paccMOTpeHbl B paborax [6—10]. Paccmor-
peH mpuMep pa3pabOTKU KOMIUIEKCHON AWHAMHYECKOH MOAETH MPENHU3HOHHOTO
KOHIUIMOHEPa ¢ (OPCYHOUHBIM YBJIa>KHUTEIIEM.

JUI KOMITJIEKCHBIX MOJIEJIEH TPOMBIIIICHHBIX KOHIUIIMOHEPOB MIPEUI0KEHA
METO/IMKa CHHTE3a JMHEHHO-KBAJAPATUYHOTO LU(PPOBOTO PEryysTopa, KOoTopas
YUUTBIBAET JIOTUYECKUE TMEPEKIoUeHus] B paboTe KIMMaTHYeCKOro o0opyaoBa-
Hus. Ot knaccuyeckod mpouenypbl cuHTe3a JIKHP npennoxenHas mpouenypa
OTJIMYAETCs] HAJIMYUEM JIOTUYECKOro BbIOOpa 000OpyNOBaHUS IJI ONTUMAIbHOIO
ynpasnenus [IKUM. B otnuune ot cymectBytomux ACY, KoTopble cTaOHIH3H-
PYIOT TEMIIEpaTypy U OTHOCUTEIbHYIO BIAKHOCTH BO3AyXa, MPEIJIOKEHO PEry-
JUPOBaTh TEMIIEPATypy M BIArOCOACPXKAHHE BO3AYyXd, YTO IIO3BOJSIET yMEHb-
IIUTh, @ B HEKOTOPBIX PEXMMax MCKIIOYUTH B3aUMOCBS3b MEXAY MepEMEHHBIMU
TeMIepaTypbl MW BIAKHOCTU. MMHUTAalMOHHOE MOJAEIMPOBAHHME IUHAMUYECKUX
nponeccoB st ACK ITIKHM B cpene Simulink MatLab noareepauna s¢ddhexrus-
HOCTb MPEJJI0KEHHOW METO/IUKH.

[pennoxxkeHHbIi TOAXO0 K pa3paboTKke KOMIUIEKCHBIX MHOTOMEPHBIX MOjIC-
neit [IKIIIM u nponenypa cunreza JIKLIP mo3BosisioT nmepeocMBICIUTh CHHTE3
ACK IIKMM Ha ocHOBE pa3rpaHUYCHHS B3aUMHOTO BIIUSHHS PETYIHPYIONTHUX
MepeMEeHHBIX. JTO JaeT BO3MOXKHOCTh IepeBecTu cuctemy ympasienus [IKHM
Ha KAa4eCTBEHHO HOBBIH YPOBEHb yIpaBlIeHHS M oOecreduT 3PQPEeKTHBHOE HC-
MOJIb30BaHUE SHEPTOPECYPCOB.
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PEKOHCTPYKIIMS 3D MOJIEJEM 3JIAHAM IO UX TEHSM
C IIOMOIbIO CITYTHUKOBBIX CHUMKOB

X.XABPAMAH, JI.K. MO3IOBO#

Annotamus. Co3Jjanue TPEXMEPHBIX MOJENEH 3JaHUi ¢ TIOMOLIBI0 a3POKOCMHUYE-
CKMX CHMMKOB B IOCIEIHHE I'OJbl CTAJIO OYECHb aKTyaJbHbIM M BOCTPEOOBAHHBIM
HAIPaBJICHUEM, TTIOCKOJIBKY TAKHE MOJENIHU Ceiuac UCIONB3YIOTCS B Pa3iIM4HbIX 00-
JACTSAX YEJIOBEUECKOH AEATENbHOCTH. B Hacrosiiee BpeMsi TaKHE MOIEIH MOXKHO
CO3/1aBaTh PA3IMYHBIMU METOJAMHU: C OMOIIBIO CTEPEOCHEMKH CO CIIyTHHKA, (HOTO-
CBEMKH C KBaJpPOKONTEPa, HM3MEPEHUS CAMOJICTHBIM JIUIApOM CKaHHPOBaHUEM
31aHus ¢ 3eMJIM. OTH METOABl TPeOYIOT JOpOroCTOSIIeTo O00OpYyIOBaHHS H
BBICOKOKBaIM(UIMPOBAHHBIX CIIEHUAIUCTOB, 4YTO SBISETCS CAEPKUBAIOIIMM
(dakTopoM JUI1 IIMUPOKOTO HCHOJIB30BAHMSI TAKUX TEXHOJOTHH  PSIOBBIMU
noJib30BaTenaMu. [1oka3aHO aabTepPHATHBHOE PELICHUE Ul CO3IaHUS TPEXMEPHBIX
MoieNel 3/laH|i Ha OCHOBE CITyTHHKOBBIX CHUMKOB M OECIIATHOTO IPOrPaMMHOIO
obecrieuenus. Mcmonp3oBaHbl H3BecTHBIE makeTsl mporpamMm Google Earth u
SketchUp.

KawueBblie cioBa: GpoTtorpaMMeTpusi, reOMH(GOPMAIIMOHHBIC CHCTEMBI, CITyTHHKO-
Bble CHUMKH, 3D mMonenupoBanue.

BBEJIEHUE

B nocneanue roasl Aid co3gaHusa TPEXMEPHBIX MOJENEHN 31aHui IUPOKO MprUMe-
HSIIOT METOJIbI, KOTOPBIE HCIIONB3YIOT CTEPEOCHEMKY CO CITyTHHKA, (JOTOCHEMKY
CKBQIpOKONTEPA, U3MEPEHUS CAMOJETHBIM JUAAPOM WIH JIA3€pHOE CKAHUPOBA-
Hue 3nanus ¢ 3emuu [1-3]. Takue MeToap! TpeOYIOT TOPOTOCTOSIIETO COBPEMEH-
HOTO 00OPYJOBaHUs, JOPOTOCTOSAIIUX MPOTPAMM U ONBITHBIX CIEIHAINCTOB. DTH
(hakTOPBI MPETATCTBYIOT NIMPOKOMY BHEAPEHUIO METOJIOB TPEXMEPHOTO MOJICITH-
POBaHHUS B MPOIIECCHl PEUICHHUS IUPOKOTO CIEKTpa MPUKIATHBIX 3a1ad (HaIpH-
Mep, PAIOBOMY ITOJIB30BATENNIO co3math 3D-Mozens cBoero paiioHa). B mHacTos-
IIee BpeMs BCE 3TO MOXKET OBITh IOCTYITHBIM, BBIIOIHATCS OBICTPO, KAUECTBEHHO
u OecratHo. CTOMMOCTh MPOTPaMM, MUCIOIB3yEMBIX B IpEJiaraeMoil TeXHOJIO-
My U METOJax, MUHMMaJIbHAa IO CPAaBHCHUIO CO CTOUMOCTBIO IMPOrpaMMHOTO U
anmnapaTHOro O00CCIICUCHHsSI UHBIX METOJIOB, KOTOPBIC TPATUIIMOHHO UCIIONB3YIOT-
csl B 3TOM cdepe [4]. DTo MO3BOIAET UCMOIB30BATh UX IMIUPOKOMY KPYTY HETOJ-
TOTOBJICHHBIX TOJB30BATENECH MpU MpOU3BOACTBE 3D-Moeneil KIIbIX paiioHOB,
OTJIENBHBIX BHICOTHBIX 3/IaHUI WM TOPOJICKAX TEPPUTOPHI.

Bo3mo:knbie myTH pemennsi mpooJjembl. OCHOBHAS HIlesl TPEIIOKEHHOTO
METO/Ia — ITO OIpPEAESICHHE BHICOTHI 3IaHUH OTHOCUTEIILHO MTOBEPXHOCTH 3eMIIH
C TIOMOIIBI0 BEKTOPHBIX HM300paXCHWH TEeHEW, MONYYEHHBIX 10 CITyTHHKOBBIM
CHUMKaM CBEPXBBICOKOTO IPOCTPAHCTBEHHOI'O paspemieHus. B uccrnemoBanum
ObLIa UCTIIOF30BaHA OFHA M3 CaMBIX M3BECTHBIX MPOTPAMM BU3YaIH3AIlUU CITyT-
HUKOBBIX CHUMKOB Google Earth Pro [6].

© X. Xaopaman, J].K. Mozeosoii, 2020
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AKTYAJIBHOCTb HCCJIEJOBAHUSA

AXTyalIbHOCTb MPOBOIMMBIX HCCIICOBaHII 00YCIIOBIICHA CIICTYIOIIMMHU (PaKTopaMu.

1. [Ipemmaraercs METOAMKA IOCTYIMHONW M HEAOPOTOH TEXHOIOTHHA (HOPMHU-
pOBaHUS TPEeXMEPHBIX N300paXCHUIT MHOTOATaXXHBIX 3aHUH, B KOTOPOH IS OTI-
pelesieHust BEICOTHI 31aHUS UCTIONIb3YIOTCS CIIyTHUKOBBIE CHUMKHU CBEPXBBICOKOI'O
MIPOCTPAHCTBEHHOT'O Pa3pEIICHNUS.

2. Ucnonp3oBanue MpeaioKeHHONH METOTUKHN AT BO3MOKHOCTE OOJBITIOMY
KOJIMYECTBY HECIICLMAINCTOB B 00JIACTH TPEXMEPHOIO MOACIUPOBAHUS U 00paloT-
KM CIyTHUKOBBIX NAHHBIX JOCTATOYHO MPOCTO CO3/aBaTh YIPOINEHHBIE IH(po-
BbI€ MOZIETT MECTHOCTH [T HEOOJIBIIUX TEPPUTOPHH.

3. IlpeanaraeMblif METOA CO3IaHUS YHPOIIEHHBIX 3D-Moenen st orpaHu-
YEHHBIX TEPPUTOPHUN MOJOWIET BCEM IOJIB30BATEIISIM, KOTOPhIE HE MOTYT KyIIMTh
Joporue pabouue CTaHUMHU U IPOrpaMMHOE 0OecTiedeHue ISl JIA3EPHOT0 CKaHH-
POBaHMs, KBaAPOKONTEPHI, & TAKXKE 3aKa3aTh CIIyTHUKOBYIO CTEPEOCHEMKY.

Ieau uccaexoBanmii

1. Pa3zpaboTaTh METOAMKY TPEXMEPHOTO MOJICIHPOBAHUS C MHOTOITAXHOM
TOPOJCKOM 3aCTPOUKH W TPOMBIIIIIEHHBIX 00BEKTOB C HCIIOJIF30BAHUEM CITyTHH-
KOBBIX CHIMKOB CBEPXBBICOKOT'O TPOCTPAHCTBEHHOTO pa3peIIeHusI.

2. BBINONMHUTE 3KCIIEPUMEHTAIBHOE TECTUPOBAHHUE MPEIOKEHHON METOIH-
KH C HCToJIb30BaHueM nporpamMm Google Earth u SketchUp.

3. OueHnTh, BO3MOXKHOCTh WCIOJB30BaHHS PE3yJIBTATOB TPEXMEPHOTO MO-
ACIIUPOBAaHUA MHOT'O3TAXKHBIX 3I[aHI/II‘/'I JJI U3rOTOBJICHUSA TPEXMCPHBIX KapT.

OcHoBHas 4yacTh. CIyTHUKOBBIE CHUMKH, HCIONB3YEMbIE B MpeiaraeMon
METOAMKE, JOJDKHBI COIEepaTh M300paKeHUs IBYX 3[aHWi, OJHO U3 KOTOPBIX
ucnonb3yercs B kauecTBe 3D sTanoHa (M3BeCTHA €ro BBICOTa). B mccnenoBanun
TaKUM 3[aHHEM SIBJISIETCS TJIaBHBIM Kopmyc J[HEMpPOBCKOTO HALMOHAJIBHOIO YHH-
Bepcutera (JHY), kotopslii umeer 13 ataxeit (puc. 1). Bropoe 3nanue ¢ Heus-
BECTHOM BBICOTOH BBEIOMpAETCS MPOU3BOIBHO.

Puc. 1. TnaBueiii xopryc JJHY: @ — MCXOIHBINA CITyTHUKOBBIH CHAMOK B IPOTpaMMe
Google Earth; 6 — 3D Bux B nporpamme Google Earth
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Takum 00pa3oM, B Ka4eCTBE MCXOJHBIX JNAaHHBIX HCIIOJIb30BaHA M3BECTHAS
BBICOTa TiepBOro 3aaHus. Kpome toro, anms paboThl MPUMEHEHB KOCMHUYECKHE
(hOTOCHUMKH JUI 3TUX OOOWMX 3MIaHUH B OJHO W TO ke BpeMs (T.e. IS OJHOTO
yrna Comaiia). M3BecTHa Takke BBICOTa MepBOro 31aHus B kadectBe 3D Ha kapTe.
C TOMOIIBI0O KOCMUYECKUX (DOTOCHUMKOB MOXHO HM3MEPUTh JUIMHY TEHU STOTO
3manus B nporpamme Google Earth (puc. 2). YuuTsiBas, 9T0 mepBoe 3/1aHNe MMe-
€T BepTHKAJbHBIN (acaj, OyAeT MoimydeH IpsSMOYTOIbHBIA TPEyTroIbHHUK, 00pa3o-
BaHHBIN (pacagoM 37aHUS M TCHBIO 3[aHKs Ha 3eMJIe, YIOJl MEXIY KOTOPBIMH pa-
BeH 90°. TTockobKyY M3BECTHA JUTHHA ABYX CTOPOH TOTO TPEYToOJbHHKA (T.€. ero
KaTeTOB), TO COraacHO (hopMyJie TaHeHCAa MOKHO HaTh ocTphii yrou C (puc. 3).

<& R g

)

Puc. 3. TIpsMOyronbHBIA TPEYyrojbHUK, 00pa30BaHHBIA HM3BECTHBIMHU IJIMHOW TCHHU
H BeICOTOH 3manus (cHUMOK n3 Google Earth)
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BEImonHIM HECTIOKHBIE BEIYUCIICHHUS.

Jano: h=433m (BbICOTa KOpIyca
AHY); y=53,6m (mmHa TeHM Kopmyca g
JHY); £b=90°.

Haittu: Lc=?

z
Pemenue: h
tgc= ﬁ = 43,3 =0,807.
y 53,6 —
U3 TabauIbl TAHTEHCOB HAXOIAM: b c

arctg (0,807) =39°.

OnpenesneHne BbICOTHI APYIOro 34aHUsi HA CHHMKe IO ero TeHH U Io-
ciaexyomee nocrpoenne 3D-moxean. Henopanéky ot 3manms JJHY pacnomo-
JKEHO JBYXdTakHoe 3manue kommanmu DHL (puc. 4), KOTOporo HET Ha KapTe
B KadecTtBe 3D, U HE W3BECTHHI €r0 BBHICOTA M KOHTYPHL. JTO U OyJeT BTOpOE 371a-
HUE, BEIOpaHHOE JIJISl KCCIIeIOBAHMSL.

Lne  Path  Polygon Crde  Dpath  Dpoiygan

Messure the heght and mdth of 1D buidngs and the dutance fom
0nts 0n buldngs o the oround

Puc. 4. 3nanne komnannn DHL (caumoxk u3 Google Earth)

Teneps 0 METOUKE MOXKHO PACCUUTATh BHICOTY BTOPOTO 3/1aHUS, TOCKOJIb-
Ky M3BECTHBI AJUHA TeHHU 3Toro 3gaHus u yroa Connua. CiyTHUKOBBIE CHUMKH
BBITIOJTHEHBI C OJTHOTO yriia, mo3ToMy yriel C U C; OJUHAKOBHI JJisi 000MX Tpe-
yronibHUKOB. CoriacHo ¢GopMyJie TaHTeHCa, MPHUBEICHHOW BHIINIC, MBI MOXXEM
paccuuTaTh BBICOTY BTOPOro 3aaHusi. [locKonbKy M3BECTHA BBICOTA BTOPOTO 3/a-
HUs1, KOTOpOro HeT B Buje 3D mozxenu Ha kapte (puc. 5), KOHTYPBHI 3/IaHUS B IUIa-
HE MOXHO ONPEJICIIUTh C MOMOIILIO0 CITyTHUKOBON ChEMKHU B HaJup (BU CBEPXY)
u co3nath 3D Mogens 3manus ¢ momortibio nporpammel SketchUp [7].
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" - F . ar
. o . L |
N Y
xa eclpg'ldmes Py
gler” b

X ' ‘ v A » Google Earth
i )
.

7 g ¢ 4
6‘- - - o 48°25'56.65" N 35°02'29.89" E elev 498 Rt eyealt 1829.ft )

Puc 5. Caumoxk u3 Google Earth: / — 3xanue rinaBHoro kopryca JJHY (ects B 3D u

W3BECTHA €To0 BBIcOTa); 2 — 3manne kommanuu DHL (set B 3D 1 He n3BeCTHA €ro BHICOTA)

BEIMOITHUM HECI0KHBIC BRIYMUCICHUS: a;
Hano: £b; =90°; Zc;=39°; y, =10,60 m.
Haittu: by =? 2
h
h
Pemenue: tge; =— = hy =y xtgc) =
bl
=10,60-0,807 =8,55Mm. C " b
Vs SO LB SRees R

B0 iy | k Pot.
’h \mag,@Zm}maxa_ﬁechnc\ugies ° -
Puc 6. Pesynprar uccnenoBanus g 34aHus TaaBHOTO Kopmyca JIHY B kawectBa 3D

B nporpammax SketchUp n Google Earth
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Hcnonb3ys pe3yiabTaThl pacuera, MOKHO HapHCOBaTh TO 3/1aHUE B BHJIE
3D-mozenu ¢ nmomorisio nporpammel SketchUp (puc. 6, 7). @oTo 31aHus KoMIia-
Hun DHL B peanbHOCTH NOKa3aHO Ha pHC. 8.

- Gy e i g

AN AL SN KRS L E

Puc. 8. ®oto 3nanns xkomnanun DHL B peansHocTH (cHUMOK 13 Google Maps)

O0sacTH MpaKkTHYecKOro mnpuMeHeHusi. [IpennoxeHHyI0 METOAUKY
MO’KHO HCIIOJIb30BaTh B Pa3JInUHbIX 00JIacTiIX:
1. Co3naHue HCTOPUYECKHX TPEXMEPHBIX MOJAEIEH MECTHOCTH IO apXHB-
HBIM CIIyTHUKOBBIM CHUMKaM CBEPXBBICOKOI'O IIPOCTPAHCTBEHHOTO Pa3peIIEHHS.
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2. Co3naHue peajuCTUYHON TPEeXMEPHOU Cpeapl, KOTOopas IOJIe3Ha s
MIPEIBAPHUTEIHHOTO TUIAHUPOBAHUS CTPOUTENHCTBA JAOPOXKHBIX, MPOMBIIUIEHHBIX
U apXUTEKTYPHBIX O0BEKTOB, @ TAK)KE JJISl TYPHCTOB.

3. HccnenoBanue pacuimpeHus TOPOJOB U €T0 BIUSHUS Ha 3arps3HEHUE aT-
Moc]epsl TOPOJICKOI Cpeipl, TIe MHOTOATAXKHBIC 3/IaHUS TPEMSTCTBYIOT JBHXKE-
HHUIO BO3JlyXa B ATOH cpere.

BbIBOJbl U PEKOMEHJALIUN

Ha ocHoBe NpoOBEEHHOTO TEOPETUYECKOTO HMCCIEIOBAHMS BBIIIOJHEHO JKCIEPH-
MEHTaJIbHOE TECTUPOBAHUE MPEIOKEHHOM METOAUKU TPEXMEPHOTO MOIEIHPO-
BaHHUS C MHOTOATa)XKHOW T'OPOACKOH 3aCTPOMKH M MPOMBIIIICHHBIX OOBEKTOB C
UCIOJIb30BAHUEM CITyTHUKOBBIX CHMMKOB CBEPXBBICOKOTO IPOCTPAHCTBEHHOTO
pa3penieHusl.

Pa3zpaboTannas MeToMKa IMEET CIIEAYIONHE TPENMYIIIECTBA!

1. BO3MOXXHOCTh HM3TOTOBJIECHHS NHA(POBBIX KapT W OCYIIECTBICHHE TpPeX-
MEPHOTO MOJIEIMPOBAHMSA 3[AHUN, MPUTOTHBIX I MCIIOJNB30BAaHUS MHOTUMHU
MOJIb30BATENSIMHE, HE SBJISIOLIMMUCS CIIEHUAIHCTaMH B 00J1acTH 00pabOTKH CITyT-
HUKOBBIX CHUMKOB U U3TOTOBJICHUS TPEXMEPHBIX KapT.

2. Hcnonp30BaHNE METOIOJIOTHH TO3BOJSIET CHU3WUTH (DMHAHCOBBIE M Bpe-
MEHHBIE 3aTpaThl U He TPeOyeT BHICOKOW KBaNMU(UKAIIMH TIOIb30BaTEIICH.

3. Pe3ynbTaThl, NOJly4eHHBIE B XO/I€ UCCIEAOBAHUS, TOATBEPANIN BO3ZMOX-
HOCTb MCIIOJIb30BAHUS MPEAJIOKEHHON METOAUKHU ISl TPEXMEPHOT0 MOAEIUPOBa-
HUS MHOTOATAKHOH TOPOJICKON 3aCTPOMKH M IIPOMBIIIIICHHBIX 00BHEKTOB.
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ESTIMATION COMPUTATIONAL MODELS
OF THE CYBER-PHYSICAL SYSTEMS FUNCTIONING

N.D. PANKRATOVA, Y.A. PTUKHA

Abstract. This paper reviews the use of computational models to support the func-
tioning of cyber-physical systems (CPS) in the parallel world of the Internet of
Things (IoT). Existing models, methods, techniques and their implementation in this
direction are studied. The necessity of using machine learning methods due to inac-
curacy, fuzziness, incompleteness of the transmitted data from sensors of physical
systems is substantiated. The task is to make informed decisions in a timely manner
to support the functioning of real objects of a particular cyber-physical system in re-
al time conditions.

Keywords: cyber-physical systems, the Internet of Things, system methodology,
machine learning, computer systems, sensors.

INTRODUCTION

A cyber-physical system (CPS) is a complex distributed system, managed and
controlled by computer systems, tightly integrated with the Internet and its users.
The main principle of the CPS is a deep relationship between its physical and
computational elements to make decisions regarding the maintenance of the func-
tioning of real objects.

The cyber-physical system was proposed for the study of complex systems
consisting of various heterogeneous natural objects, artificial systems, controllers
and distributed computing systems, including embedded real-time systems,
automated control systems for technical processes and objects, wireless sensor
networks, combined into a single whole [1]. The technological basis of CPS is the
Internet of Things (IoT), which is the “brain” of a system in the form of artificial
intelligence and other technologies for analysis, processing of data received from
sensors in the real world [2].

The Internet of things becomes a modern tool that includes several stages of
interaction with physical systems: collecting data from a specific physical system,
bringing this information to the required format, performing calculations based on
models, methods and techniques that allow you to make decisions based on in-
formation, obtained from physical models. In CPS, it becomes a fundamentally
new fact that not only close communication and coordination between computa-
tional and physical resources must be ensured, but also the ability to effectively

© N.D. Pankratova, Y.A. Ptukha, 2020
28 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 1



Estimation computational models of the cyber-physical systems functioning

respond to emerging cyber-physical effects due to the interaction of physical ob-
jects and computational processes, and the ability to make adjustments to ensure
the survivability of the functioning of physical systems.

Recently, the Internet of things has become quite popular due to its potential
ability to be integrated into any complex system. So, on the market you can
already find many ready-made software products, such as Blynk [3], Fracttal [4],
PRG Network Monitor [5], IoT Analytics [6] etc. Even Google offers its Google
Cloud IoT [7] solution on the market. Also, there are companies that offer their
services to create products for IoT of the customer systems [8]. But most of them
are only ready-made tools and algorithms for the field of study in question for
collecting and processing information, and can offer customers forecasting and
decision making support in the subject area. However, IoT involves the
autonomous functioning and management of the system in cases of detecting
threats of emergency situations. For example, according to the article [9] IoT is
described as a network of connected embedded objects or devices with identifiers
where control can occur without human intervention.

REVIEW OF IOT APPLICATION

The future of IoT is being determined. IoT provides decision-making options in
all sectors, including manufacturing, fashion, restaurant, healthcare, education, etc.

IoT applications have already appeared in many aspects of the smart city. In
the process of developing such applications, conflicting goals specific to the se-
lected city are determined and their performance indicators are taken into account.
For example, the government of Amsterdam is investing its financial resources in
reducing transport, energy efficiency and improving the city safety [10], sensor
technologies are implemented into new bus network in Barcelona [11], and Santa
Cruz police use IoT technology to maximize their presence in the most criminal
areas [12]. The Government of India has announced 100 cities that can be devel-
oped as “smart cities”, and also allocated 7,060 crore in the budget for 2015 [13].

Another equally common example of the use of the Internet of Things is the
creation of a smart home. Smart home systems have gained great popularity in
recent decades because they increase comfort and quality of life by making home
appliances more intelligent, remotely controlled and interconnected. But it is also
important that one of the basic functions of the system — the creation of thief
warning technology, is developed in accordance with the environment and culture
of the country [14, 15, 16].

The versatility of IoT makes it an attractive option for so many businesses,
organizations and government agencies so there is no doubt about using this.
However, organizations face many challenges when integrating IoT devices into
outdated ecosystems. So, when the IoT is implemented, all devices work simulta-
neously and the question of data collection and its potential problems arises. [oT
works through remote sensors that can make enterprise privacy public [17]. And a
separate issue is the big risk of hacking company data on IoT devices. Therefore
the Internet of Things is part of Industry 4.0’s modern strategy, which connects
information systems and big data to form a single digital device [18]. As part of
this strategy, modern researchers are developing various frameworks for IoT sys-
tems management solutions [19, 20, 21].
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For example, in article [22], the authors propose an IoT infrastructure that
focuses on security and reducing complexity, regardless of industry. While
researchers of the Department of Technology Management developed an loT
framework to monitor all the conditions and results of smart agriculture in
Thailand, which also accompanies developers in improving various processes in
the industry [23].

Other scientists from Lancaster University are exploring the challenges of
the widespread service-oriented architecture (SOA) of IoT software, such as
integration, scaling and sustainability in [oT systems [24]. The development of
frameworks in IoT has become so popular that companies even rank the highest
quality solutions [25, 26] .

Smart city, smart homes, pollution control, energy saving, smart
transportation, smart industries — modern development due to the Internet of
things. Many important studies have been conducted to improve technology using
IoT. However, there are still many problems that need to be solved in order to
fully realize the potential of loT. The main ones that most scientists put emphasis
on can be determined by the following list:

e security and privacy issues related to threats, cyber-attacks, risks and vul-
nerabilities;

e compatibility issues that arise due to the heterogeneous nature of the vari-
ous technologies and solutions used to develop [oT;

e cthics, law and regulatory rights to comply with quality standards and
prevent illegal use of people;

e scalability, availability and reliability to support a large number of de-
vices with different memory, processing, storage capacity and bandwidth;

e compliance with quality of service (QoS) standards.

It means that improving existing solutions in the above areas can improve
the quality and safety of human life at the highest possible level for loT systems [27].

APPLICATION OF MACHINE LEARNING METHODS

Despite great progress, developing loT applications is still a complex and time-
consuming task. Basically, there are 5 main stages of developing such solutions
[28-31] (Figure).

A r Business layer ‘ Business model ‘ |
Application laycr ‘ Smart applications ‘ 1
Processing leyer ‘ Decision making 1
Transport leyer ‘Sccurc transmission

v ’ Perception leyer ‘ Physical objects 1

Architecture of IoT
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1. Perception stage is the physical layer that is responsible for collecting en-
vironmental information. It defines some physical parameters or identifies other
intelligent objects in the environment.

2. The transport phase transfers sensor data from the perception level to the
processing level and vice versa through networks such as wireless networks, 3G,
LAN, Bluetooth, RFID and NFC.

3. The processing layer stores, analyzes and processes huge volumes of data
(Big Data) coming from the transport layer, using technologies such as databases
and cloud computing.

4. The application layer is responsible for providing the user with applica-
tion-specific services. It identifies various applications where the Internet of
Things can be deployed, such as smart homes, smart cities, and smart health.

5. The business layer manages the entire IoT system, including applications,
business models and profit models, as well as user privacy.

In this study, we consider 3—4 steps, which involve processing the data re-
ceived and supporting timely decision making.

The existing IoT network architecture allows you to extract, convert, delete
and consolidate structured data from existing databases and unstructured data
from sensors, various transmitting devices. Such data is analyzed using software
services that run on a virtual machine for advanced analysis using various ma-
chine learning (ML) methods. Most aspects such as managing a smart city, home
or business, forecasting water demand, or detecting anomalies are solved directly
using ML methods [32, 33].

It is also necessary to consider the issue of processing a large amount of data
generated by the IoT system, especially possible approaches to creating state con-
trol algorithms that can operate on client devices or nodes with low computational
performance [34]. However, in each specific case, in order to create real systems,
it is necessary to analyze the most effective algorithms for forming a fuzzy
knowledge base and draw fuzzy inference, as well as pre-train systems during the
formation of a fuzzy knowledge base and when choosing algorithms for fuzzy
inference [35].

An additional problem that we face in the process of studying existing loT
applications is the lack of formalization of the methods described in materials
available for research. The main part of the works mentioned above offers only
descriptive materials of architecture, selected methods and obtained application
results.

CONCLUSION

Based on the above review of the development and application of 10T, in this pa-
per, it is proposed to use the IoT concept where, in real-time, data obtained from
physical systems will come to a parallel world and a decision will be formed in a
timely manner to ensure the survivability of their functioning based on the analy-
sis and processing of these data. A feature of the application of ML methods in
IoT systems is that these methods must control the operation of devices or form
decisions on the behavior of the system in emergency and critical situations. In
other words, they must accompany the work of physical systems in real time.
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As an example of the implementation of the system strategy of guaranteed
survivability of the functioning of the system, it is proposed to consider a real
closed deep water supply system [36]. The main purpose of the system is to
provide the indicated level of water consumption for consumers, provided that the
priority is the cooling process of an environmentally hazardous technological
installation.

In order to achieve the goal of timely identification of the causes of
potentially possible emergency situations and to ensure the survivability of its
operation in real time, monitoring is carried out in the form of technical
diagnostics and indicators are taken at key points in the water supply system,
which are transmitted to the IoT to develop a solution to support the functioning
of the system. It is assumed that the implementation of a water management
system can be accomplished by using hybrid neural networks, which is planned to
be presented in further works.
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Absract. The study is directed towards development of an adaptive decision support
system for modeling and forecasting nonlinear nonstationary processes in economy,
finances and other areas of human activities. The structure and parameter adaptation
procedures for the regression and probabilistic models are proposed as well as the
respective information system architecture and functional layout are developed. The
system development is based on the system analysis principles such as adaptive
model structure estimation, optimization of model parameter estimation procedures,
identification and taking into consideration of possible uncertainties met in the process
of data processing and mathematical model development. The uncertainties are in-
herent to data collecting, model constructing and forecasting procedures and play
a role of negative influence factors to the information system computational proce-
dures. Reduction of their influence is favourable for enhancing the quality of inter-
mediate and final results of computations. The illustrative examples of practical ap-
plication of the system developed proving the system functionality are provided.

Keywords: economic and financial processes, adaptive modeling, forecasting
nonlinear nonstationary processes, uncertainties, system analysis, decision support
system.

INTRODUCTION

Modeling and forecasting financial, economic, ecological, climatology and many
processes in other spheres of human activity is important problem that is to be
solved by many companies and institutions in business, at the state and industrial
enterprises, scientific and educational laboratories etc. The most distinctive com-
mon features of such processes today are non-stationarity and nonlinearity that
require a lot of special attention for estimating respective model structure and its
parameters. To improve the forecasts based upon mathematical models it is neces-
sary to develop new appropriate model structures that would adequately describe
the processes under study and provide a possibility for computing high quality
forecasts. One of the most promising modern approaches to modeling and fore-
casting is based upon so called systemic approach that supposes application of
system analysis principles in the frames of specialized decision support system
(DSS) [1-3]. Usually the set of the principles includes the following ones: — con-
structing DSS according to the hierarchical strategy of decision making; — appli-
cation of optimization and adaptation techniques for model building, forecasting
and control; — identification of possible uncertainties (the factors of negative in-
fluence to the computational procedures used in DSS that are of various kind and
origin) and application of algorithmic means helping to reduce their influence on
the quality of intermediate and final results of data processing and decision making
[4]. Some other systemic principles could be hired for constructing DSS, though
perhaps not so important as those mentioned above. The most important for prac-
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tical use are the principles of adaptation, optimization and minimization of uncer-
tainty influence that are helpful for enhancing adequacy of the models being con-
structed and improving the quality of intermediate and final results.

There are many positive examples of adaptation and optimization techniques
application in modeling, forecasting and control [5—7]. This is especially urgent
task for analyzing non-stationary processes met practically in all the areas
mentioned above. There are two basic directions of adaptation while solving the
modeling problems: adaptation of model structure and parameters. According to
our definition the notion of model structure includes the following elements:
model dimension that is determined by the number of its equations; model order
that is determined by the highest order of a model equation; output reaction delay
time (or lag) for independent variables (regressors); system or process
nonlinearity and its type (nonlinearity with respect to variables or to parameters);
type of external stochastic disturbance (distribution and its parameters); system
(process) initial conditions and possible restrictions on variables and/or model
parameters [8]. Thus, we have many possibilities for model structure corrections
and its adaptation to varying system operation modes and conditions of
application.

The books [6—8] consider various possibilities for mathematical models
adaptation and their further applications to short-term forecasting dynamics of
specific processes under consideration. The set of possible model structures
proposed is very wide, starting from linear regression equations and up to
sophisticated probabilistic models in the form of Bayesian networks, various
nonlinear structures and combined models. There also can be found some
adaptation procedures illustrating possible changes of a model structure and re-
computing of their parameters. It is stressed that application of adaptation
schemes helps to increase model adequacy in changing conditions of random ex-
ternal influences, nonlinearity and non-stationarity of the process under study.

The study [9] describes procedures for constructing adaptive regression
models on the basis of large datasets. The authors proposed development of
decision rules in application to machine learning. They stress that model trees and
regression rules are most expressive approaches for data mining procedures of
model development. The adaptive model rules proposed in the study create a one-
pass algorithm that can adapt available set of rules to the possible changes in the
processes under consideration. The sets of rules generated can be ordered or
unordered, and it was shown experimentally that unordered rules exhibited higher
performance in the terms of statistical quality parameters of the models generated.

The results presented in [10-11] consider the problem of adaptive models
constructing for nonstationary heteroscedastic processes widely known today in
analysis of financial time series. The authors proposed a procedure for automated
constructing and model selection in finance. The flexible procedure is general-to-
specific modeling of the mean, variance and probabilistic distribution. The initial
specification of a model starts from autoregressive terms and regressors
(explanatory variables). The variance specification is based upon log-ARCH and
log-GARCH terms, the term of asymmetry, Bernoulli jumps and other possible
explanatory variables. The algorithm developed returns specifications of
parsimonious mean and variance as well as standardized error distribution in
cases when normality is rejected. The extensive Monte Carlo simulations were
performed and three empirical applications studied that support usefulness of the
method proposed for practical analysis of financial data.
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The use of adaptive exponential smoothing for lumpy demand forecasting is
considered in [12]. It showed substantial advantages over some conventional ap-
proaches used in practice due to appropriate selecting the model smoothing factor.
Kalman filter is used to perform preliminary measurement data processing, and
then forecasting models are constructed using adaptive smoothing factor based
upon optimal filter weighting function. As a result the model performance with
this weighting function managed to generate smaller forecasting errors than their
counterparts used in demand prediction.

Adaptive forecasting of dynamic processes in conditions when recent and
ongoing structural changes are present is considered in [13], and the nature of the
changes is unknown. The authors used the method of down-weighting older data
based on the tuning parameter found as a result of minimizing mean square error
of time series forecasts. A detailed theoretical analysis of the forecasting method
is presented as well as positive results of multiple computational experiments
based upon macroeconomic data from US economy.

The problem of short-term forecasting in conditions of availability of struc-
tural breaks is considered in [14]. The optimal one step ahead forecasts are gener-
ated using known exponential smoothing techniques. Analytical expressions are
derived for optimal weights in models with one and multiple regressors. The au-
thors showed that the weight remains the same within a given operating regime of
a system under study. The comparative study of the method proposed was per-
formed using Monte Carlo simulations and the data from industrial economies.
It was shown that robust optimal weights provide high quality short-term fore-
casts when information on structural breaks is uncertain.

A short review of adaptive approaches to modeling and forecasting processes
in various areas of human activities presented above indicates that appropriate
adaptation of the models constructed usually helps to construct adequate models
and to enhance forecast quality. The study proposed is directed towards develop-
ment of adaptive forecasting system providing a possibility for forecasting non-
linear nonstationary processes (NNPs) met in economy, finances, ecology etc.

PROBLEM STATEMENT

The purpose of the study is in solving the following problems: to develop struc-
ture and parameter adaptation procedures for the regression and probabilistic
models; to develop the system architecture for modeling and forecasting nonlinear
nonstationary processes in economy, finances, ecology and other areas based on
the system analysis principles; to consider possibilities for elimination of some
uncertainties inherent in data collecting, model constructing and forecasting pro-
cedures; to develop the methodology for modeling and forecasting linear and non-
linear processes in the frames of the same system; providing illustrative examples
of practical application of the system developed proving the system functionality.

SOME COMMON FEATURES OF THE PROCESSES IN ECONOMY,
FINANCES AND ECOLOGY

A wide diversity of various processes exists in economy, finances, ecology, de-
mography and other areas of human activity. However, there are some general
common features of the process like linearity/nonlinearity, and stationar-
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ity/nonstationarity that allow to divide them into practically understandable
classes and select appropriate modeling and forecasting techniques. Fig. 1 shows
simplified classification of the processes from which we could make a conclusion
about wide variety of mathematical model structures that could be applied for
formal description of the processes dynamics and solving the problem of fore-
casting their evolution in time.

Dynamic processes in economy,
finances, ecology and other areas
[ Linear processes ] [Nonlinear processes]

[ Stationary ] [ Nonstationary ] Piecewise Nonstationary]
stationary
L 0 Integrated i—
inearly
[ integrated
Cointegrated ]»
Heteroscedastic ‘—

Fig. 1. A simplified classification of dynamic processes in economy and finances

Linear processes can be stationary without trend and nonstationary when
they contain linear (first order) trend, /(1), where /(1) means integrated of the
first order. If variance (covariance) of stochastic linear process is time dependent
then it is classified as heteroscedastic and requires nonlinear models for describ-
ing the process variance and possibly the process itself.

There also exists a wide variety of nonlinear processes though we selected
only some of them that are more frequent in economy and finances. Generally the
processes can be split into nonlinear regarding parameters and nonlinear re-
garding variables. The first type is more sophisticated with respect to modeling
and parameter estimation and usually requires more efforts and time for their
model development; it is not considered here. As an example of such a model
could be mentioned widely used in practice logistic regression.

Some nonlinear processes can exhibit linear behavior in their stable (nomi-
nal) mode of operation. This feature allows for linear description of the process in
the vicinity of operating point. Generally NNPs are very often met in the areas of
study mentioned above. The set of the processes includes integrated processes
(IP) that contain a trend of order two or higher as well as cointegrated processes
with the trends of the same order, and the processes with time changing variance,
1. e. heteroscedastic processes. Most of financial processes illustrating price evo-
lution of stock instruments belong to this class [15, 16]. In engineering applica-
tions such processes are studied in diagnostic systems where appropriate decision
is made regarding current system state.
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METHODOLOGY OF MODELING NONLINEAR NONSTATIONARY PROCESSES

The methodology proposed for modeling NNPs illustrates Fig. 2. At the first step
of the methodology the data collected is subjected to preliminary processing that
may include the following basic operations: imputation of missing observations,

Data Foo-TsTTs s T OI T T T T T 1
! 1 — data normalizing !
1 2 — smoothing '
. | ) !
»  Extra data p| Preliminary 3 —filtering !
data processing 1« - - 1 4 — data imputation |
. 1
............................. > 1 5 — extreme value processing !
VY memmmmmmmmmmmmmmmmmmeee-
v A 4 v \ 4 y
Trend type Analysis of Correlation Mutual Analysis
identification ACF and matrix covariance of seasonal
PACF analysis analysis effects
\4 v \4 y
Identification Lag Disturbance Heteroskedasticity
of nonlinearity estimation type (distrib.) analysis
.. bype estimation
identification
v \4 A VL \ 4 v v

Methods of modeling and forecasting: regression analysis, Kalman filter,
» neural nets, GMDH, fuzzy GMDH, probabilistic models, fuzzy logic,

support vector regression, nearest neighbour

*A set of model
adequacy criteria

Model quality
is acceptable?

r . . .
) determination coefficient, R?

1] :
Forecasting function construction | | 2) Durbin-Watson, DW :
' 3) Akaike Inform. Criterion (AIC) |
L ' 4) ¢-statistics P
Forecast estimate computing, 1 5) SSE o i
combining of the forecasts i _6_)_1:_1_51_1?_1? —statisic !
A set of forecast i_ls i\/_[é]_i __________
i quality criteria 1 2) MAPE
Quality 1 3) Theil coefficient
of forecast is - | 4) Mean abs. error
accentahle? Comparison L
of the results
computed

Fig. 2. Functional layout of the forecasting system proposed
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normalization in a given range, digital or optimal filtering dependently on prob-
lem statement, principal component analysis, appropriate processing of outliers
etc. Here it is also appropriate to perform identification and elimination (reduc-
tion) of data uncertainties that may touch the following: non-measurable value
estimation; computing the general statistical parameters (variance, covariance,
mean, median etc.); performing data structuring according to the problem state-
ment; analysis of distribution types and their parameters; estimation of prior
probabilities where necessary [17, 18].

Estimation of a model structure using statistical and probabilistic (mutual)
information analysis that provides a possibility for estimation of the following
elements of a model structure: dimension of a model — number of equations creating
the model; model order (highest order of difference or differential equation of the
model); nonlinearity and its type; estimate of input delay time, and type of prob-
abilistic distribution for the model variables. It is always appropriate to perform
structure estimation for several candidate-models so that to have a possibility
for selecting the best one of the candidates estimated.

Formally, to detect nonlinearity in statistical data available statistical tests
and techniques should be applied. Fig. 3 shows some known techniques for test-
ing the data for nonlinearity.

Nonlinearity detection

Known techniques
Analysis Variance Correlation Generalized :
Y : procedures for : Fisher test
of spectral analysis based Y variable on
function method nonlinearity approach : ;
analysis pp nonlinearity
Preliminary Requires Complex Does not Prelimi
filtering and solving of computing ||require complex re (11mtlnary
extra data complex inte- of functions || computing, can ata.
processing gral represented by || be applied to p roces§1n§
is required equation Volterra series || short samples 1S require
Proposed Empirical Simple
simplified nonlinearity computations,
empirical criterion: can be applied
criterion D=R,, /c to short samples

Fig. 3. Some techniques for testing data for nonlinearity

Along with application known technics we proposed a new simplified em-
pirical criterion for detecting nonlinearity in data that is shown below in the
Fig. 3: here R is maximum deviation of the process under study from its linear
approximation; ¢ is sample standard deviation of the process. It does not require
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sophisticated computations though provides for additional information about
availability of nonlinearity.

The sequence of operations allowing for constructing nonlinear model illus-
trates Fig. 4; actually this is a part of general model constructing procedure given

in Fig. 2.
L Data
<
[ Preliminary data processing
J
A4
4 1\
Testing data for nonlinearity
(. J
v
( 1\
Estimation of linear model structure
(. J
( )
Selection of terms
for describing nonlinear component

I

Is nonlinear
model adequate?

[ Forecast estimation ]

'

Fig. 4. Procedure for formal describing nonlinear process

Possible nonlinearities (with respect to model variables) could be taken in
the following way: first linear part is estimated using known linear structures like
autoregressive equations with moving average with linear trend, paired or
multiple regression etc. Then nonlinear part of the model is added in the form of
nonlinear trend, quadratic, bilinear or higher order terms, nonlinear terms describ-
ing cyclic changes of the main variable etc. The modeling practice shows that ac-
ceptable model adequacy can be often reached using combination of linear and
nonlinear regression, linear regression and Bayesian networks, linear regression
and special nonlinear functions like nonparametric kernels. Using this approach a
set of candidate models could be constructed with subsequent selecting the best
one using appropriate set of statistical adequacy criteria as shown in Fig. 2. Un-
fortunately formal possibilities for determining in a unique way the type of non-
linearity not always exist, especially when the data samples are short.

The next step is model parameter estimation by making use of alternative
techniques; in linear case these are the following ones: ordinary least squares
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(OLS) and its clones, maximum likelihood (ML) and many others. In a case of
nonlinear model estimation the following methods are useful: ML, Markov Chain
Monte Carlo (MCMC) procedures [19], nonlinear least squares (NLS) and other
suitable approaches able to provide unbiased parameter estimates under specific
probabilistic distributions of model variables and model structures. Correct appli-
cation of alternative parameter estimation techniques provides a possibility for
further comparison of the candidate models and selection of the best one. It is also
possible to trace the reasons for existing parametric uncertainties in the following
form: parameter estimates computed with statistical data cannot be consistent,
they may contain bias, and can be inefficient. All these effects finally result in
poor adequacy of the model constructed.

At the next stage is computed a set of statistical parameters characterizing
model quality (adequacy) and selecting the most suitable model out of the set of
candidate models. There is no need to leave only one model for computing fore-
casts (or solving control problem). Again, it can be a set of the “best” models con-
structed on different ideologies. The final choice is always made after models ap-
plication for solving the problem according to the initial problem statement.

After computing the process (under study) forecasts using candidate models
another set of forecast quality criteria is applied to select the best result, say mean
absolute percentage error (MAPE), Theil coefficient, mean absolute error (MAE),
minimum and maximum errors of forecasting etc. The models constructed should
also be tested on similar process, i.e. model calibration process performed.

At this point we can conclude that availability of the data uncertainties men-
tioned, and the necessity for hierarchical construction of the data processing sys-
tem with the features of adaptation and optimization (structural and parametric)
require application of the modern systemic approach that provides a possibility
for successful and high quality solving the problems encountered during statistical
data processing, mathematical model construction, forecast estimation and
generating the decision alternatives. In this study we propose some practical pos-
sibilities for constructing data processing procedures based on modern principles
of systemic approach.

Dealing with model structure uncertainties. When using DSS, model
structure should practically always be estimated using data. It means that ele-
ments of the model structure accept almost always only approximate values.
When a model is constructed for forecasting we build several candidates and se-
lect the best one of them using a set of model quality (adequacy) statistics.
Generally we could define the following techniques to fight structural uncertain-
ties: gradual refinement of model order (for AR(p) or ARMA(p, ¢) structures)
applying adaptive approach to modeling and automatic search for the “best” struc-
ture using complex statistical quality criteria; adaptive estimation of input delay
time (lag) and the type of data distribution with its parameters; formal description
of detected process nonlinearities using alternative analytical forms with subse-
quent estimation of model adequacy and forecast quality. A simple example of the
complex model and forecast criterion may look as follows:

J =[1=R| +|2 - DW|+ B In(MAPE) - min;
9,
or in more complicated form:
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N
J:‘I—R2‘+aln > (k)| +|2 - DW| + B In(MAPE) + U — min,
k=1 0;

N N
where R? is determination coefficient; Z e’ (k)= Z [y(k)— f/(k)]2 is a sum of
k=1 k=1
squared model errors; DW is Durbin-Watson statistic; MAPE is mean absolute
percentage error for one step-ahead forecasts; U is Theil coefficient that charac-
terizes forecasting capability of a model; a, B are appropriately selected weight-

ing coefficients; éi is parameter vector for i —th candidate model. A combined

criterion of this type is used for automatic selection of the best candidate model
constructed. The criteria presented also allow operation of DSS in adaptive mode.
Obviously, other forms of the combined criteria are possible dependently on spe-
cific purpose of model building. What is important while constructing the crite-
rion: not to overweigh separate members in right hand side that would suppress
other components.

Coping with uncertainties of a level (amplitude) type. The availability of
random and/or non-measurable variables results in the necessity of hiring fuzzy
sets for describing processes in such situations. The variable with random ampli-
tude can be described with some probability distribution if the measurements are
available or when they come for analysis in acceptable time span. However, some
variables cannot be measured in principle, say amount of shadow capital that
“disappears” every month in offshore zones, or amount of shadow salaries paid at
some company, or a technology parameter that cannot be measures on-line due to
absence of appropriate gauge or in-situ physical difficulties. In such situations it is
possible to assign to the variable a set of characteristic values in linguistic form,
say as follows: capital amount = { very low, low, medium, high, very high }.
There exists a complete set of necessary mathematical operations to be applied to
such fuzzy variables. Finally fuzzy value can be transformed into exact non-fuzzy
form using known transformation techniques.

Probabilistic uncertainties and their description. The use of random vari-
ables leads to the necessity of estimating actual probability distributions and their
application in inference computing procedures. Usually observed value is known
only approximately though we know the limits for the actual values. Appropriate
probability distributions are very useful for describing the processes under study
in such situations. When dealing with discrete outcomes, we assign probabilities
to specific outcomes using a mass function. It shows how much “weight” (or
mass) to assign to each observation or measurement. An answer to the question
about the value of a particular outcome will be its mass. The Kolmogorov’s axi-
oms of probability are helpful for deeper understanding of what is going on. If
two or more variables are analyzed simultaneously it is necessary to construct and
use joint distributions. Joint distributions allow estimation of conditional prob-
abilities using renormalization procedures when necessary.

Very helpful for performing probabilistic computations is a notion of condi-
tional independence: P(x,y|z)=P(x|z) P(y|z), where x and y are inde-

pendent events. Such identities are very handy though one should be careful when
using them, i.e. the events should be actually independent. The remarkable intui-
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tive meaning of discrete Bayes’ law, P(A/B)=P(B/A)P(A)/P(B), is that it
allows to ask the reverse questions: “Given that event 4 happened, what is the
probability that a particular event B evoked it?”” The marginal probability, P(B),

can be computed using appropriate conditionals. The probability that event B
will occur in general, P(B), could be obtained from the following condition:
P(B)=P(B/A)P(A)+ P(B/A)P(A).

The probabilistic types of uncertainties regarding whether or not some event
will happen can be taken into consideration with probabilistic models. To solve
the problem of describing and taking into account such uncertainties a variety of
Bayesian models could be hired that are considered as Bayesian Programming
formalism. The set of the models includes Bayesian networks (BN), dynamic
Bayesian networks (DBN), Bayesian filters, particle filters, hidden Markov
models, Kalman filters, Bayesian maps etc. The structure of Bayesian program
includes the following elements: problem description and statement formulation
with a basic question of the form: P(Searched /Known) or P(X;/D,Kn), where

X; defines one variable only, i.e. what should be estimated using specific infer-

ence engine; the use of prior knowledge Kn and experimental data D to perform
model structure and parameters identification; selection and application of perti-
nent inference technique to answer the question stated before; testing quality of
the final result. Such approach also works well in adaptation mode aiming to ad-
justing structure and parameters of a model being developed to new experimental
data or a new system operation mode, for example, for estimation of prior distri-
butions or BN structure.

SOME SYSTEM ANALYSIS PRINCIPLES USED IN DSS IMPLEMENTATION

In our study we propose to use the following system analysis principles for im-
plementing specialized DSS for modeling and forecasting: the systemic function
coordination principle; the principle of procedural completeness; the functional
orthogonality principle; the principle of dependence of mutual information
between the functions being implemented; the principle of functional rationality;
the principle of multipurpose generalization; the principle of multifactor adapta-
tion, and the principle of rational supplement [20-22].

The principle of systemic functions coordination supposes that all the tech-
niques, approaches, and algorithms (functions) implemented in the system should
be structurally and functionally coordinated, and should be mutually dependent.
This way it is possible to create and practically implement a unique systemic
methodology for statistical data analysis in the frames of modern DSS, and to im-
prove substantially quality of intermediate and final results. The next systemic
principle of procedural completeness guaranties that the system developed will
provide the possibility for timely and in place execution of all necessary comput-
ing functions directed towards data collection (editing, normalizing, filtering and
renewing), formalization of a problem statement, model constructing, computing
forecasts, and for performing estimation quality of the model and the forecast es-
timates based upon it.

Development and implementation of all computational procedures in the
DSS using mutually independent functions corresponds to the principle of func-
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tional orthogonality. Such approach to the DSS constructing is directed towards
substantial enhancement of computational stability of the system and simplifica-
tion of its further possible modifications and functional enhancement. According
to the principle of mutual informational dependence the results of computing,
generated by each procedure, should correspond to the formats and requirements
of other procedures. This feature is easily implemented with respective project
development solutions for the system created.

Application of the systemic principle of goal directed correspondence to
computational procedures and functions provides a good possibility for reaching
of a unique goal set in advance: high (acceptable) quality of the final result in the
form of forecast estimates for the process under study as well as alternative deci-
sions based upon the forecasts.

According to the systemic principle of multipurpose generalization all func-
tional modules for the system developed should possess necessary degree of gen-
eralization that provides a possibility for reaching high quality solution results for
a set of possible problems that belong to the same class (it can be high quality
forecasting and decision alternative generation regarding future evolution of lin-
ear or nonlinear non-stationary processes). Among these problems could be the
following: accumulating necessary data and their preliminary processing; estima-
tion of structure and parameters for a set of candidate mathematical models; con-
structing forecasting functions on the models developed and computing of appro-
priate forecasts; selecting the best results of computing using appropriate sets of
quality criteria.

The systemic principle for multifactor adaptation is directed towards the
possibility of solving the problems of computational procedures adaptation to the
problems of modeling various processes of different complexity depending on the
completeness of available information and user requirements. The adaptation is
performed within the process of model structure and parameters estimation, i.e.
the whole identification procedure of a process under study is compiled from a set
of adaptive procedures directed towards reaching the main goal of a study: con-
structing adequate model and computing high quality forecasts.

Hiring the rational supplement principle provides a possibility for expanding
the sphere of application of the DSS constructed by adding new processes types,
computational procedures and criteria sets. These new procedures could be di-
rected towards implementation of additional preliminary data processing proce-
dures, model structure and parameter estimation as well as selection of the best
result for its further use aiming generating of appropriate decision. Implementa-
tion in the frames of the constructed DSS of the systemic principles mentioned
above favors its functional flexibility, computational reliability, quality enhance-
ment for the intermediate and final results, prolongation of system life span, and
simplification of possible drawbacks elimination and modification procedures.

Finally, the forecasting models and methods used in the system are the fol-
lowing: regression analysis, the group method for data handling (GMDH), fuzzy
GMDH, fuzzy logic, appropriate versions of the optimal Kalman filter (KF), neu-
ral nets, support vector regression, nearest neighbor and probabilistic type tech-
niques like Bayesian networks and regression. The set of modeling techniques
used covers linear and many types of nonlinear non-stationary processes. The
nearest neighbor technique is hired for generating long term forecasts in a case of
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availability long data samples with periodical patterns. All the techniques are im-
plemented in adaptive versions what makes the system more flexible for newly
coming data and capable to fight some types of possible uncertainties mentioned
above. During the process of model structure estimation an appropriate principal
component analysis technique is applied when necessary.

BAYESIAN NETWORK ADAPTATION

Bayesian networks (BN) create one of the powerful modern probabilistic instru-
ments for solving the problems of mathematical modeling, forecasting, classifica-
tion, control and decision support [23—-26]. To estimate BN model structure the
algorithms are used on the basis of statistical data that characterize evolution of
the network variables. It is possible to develop and use the algorithms that allow
for adaptation of the network structure to the new data coming in real time. This
is a choice used in the DSS with adaptation features.

The adaptation procedure could be explained using the following notation:
Z={X,,....X,} is a set of BN model nodes that is determined by the number

of variables hired to construct appropriate directed graph; E={(X;,X;)|X;,
X;eZ} is a set of BN arcs; X; is a BN node that corresponds to the
observations of one variable; n =|Z| is a total number of BN nodes; 7 is a
number of values that could be accepted by the node X;; v, is the k-th value of
variable X;; II, is the set of parent nodes for the variable X;; ¢ is the set of
possible initializations IT; for the node X;; ¢; = |(p[| is the number of possible
initializations I1; ; ¢, isj-th initialization for the set of parent nodes II; for X;;
Bg is structure of BN; Bp is probabilistic specification of BN, i.e. the part

of BN  description that represents its probabilistic  characteristics,
0,k =p(X; =vy |9;,Bp) under condition that the sum of the probabilities

Zegk =1, f(8;.....8;;,) is the probability density for the node X; and
k g JN

initialization ¢;; D, is database; S, is preliminary estimate of BN structure
computed on the basis of available data D, ; D is database of observations that
were not used for estimating preliminary structure Sy; S is BN structure found
after S, adaptation to the new data D;. The problem is to construct algorithm for
adaptation of initial Bayesian network G :<Z ,E> having the structure, S, to the
new observations D .

This way a new (or modified) model structure will be formed: S;<> D, . The

statistical data used could exhibit arbitrary probability distribution, and the proc-
esses described by the data could be of nonlinear non-stationary nature i.e. their

mathematical expectation £[ X;]#const and variance, E{X; — E[ X l-]}z #const .

Adaptation of the BN to new data is implemented in the following way:

e implementation of the procedure for refining the model structure: here the
model arcs can be eliminated or added,;
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e correcting the probabilistic part of the model (conditional probability
tables or CPTs).

At the initial stage of learning BN the probabilistic part of the model is rep-
resented in the form of CPTs that are computed on the basis of the frequency
analysis of available statistical data. Consider the procedure of correcting this
probabilistic part of the model. For this purpose it is more convenient to save (and
use) the values of Ny, instead of the CPTs themselves, where N is a number

of values corresponding to the, 0 jik - This way it is possible to perform renewing

the data faster regarding conditional distributions and the values themselves could
be computed using the Dirichlet expression:

Ny

Nl»j+r,-'

When correcting the BN structure the order of the nodes analysis will be de-

termined by the value that each node provides for the following conditional prob-
ability [27]:

p(X;=vy |11, =0;) =

Ri O mig
o TITTTT (Vi +u)
p(Dy|Dy,Sy) = H lezﬂllflzl usl .
iZIH (Ny +r—1+u)

t=1 u=1

An informational importance of the model arcs is performed as follows. To
determine the necessity of deleting a node the following value is computed:

Kgelete(So) for the current configuration of the parent nodes set. Also the value of

K getete (S77) 1s computed for the directed graph configurations that represent the
result of deleting one of M (1<m <M ) input arcs for the current node. Under

condition Ky (S77) £ K gerere (So) the m-th arc continues to belong to the model

structure because its elimination results in decreasing of the local quality func-
tional (i.e. for the current node). Otherwise the arc is registered in the list of arcs
that should be tested further on for elimination. The further testing is based upon
computing the value of the local functional for initially set configuration (struc-
ture) and for the configurations that result from eliminating of one of the arcs that
still are left in the list.

As far as BN model constructing strategy is based upon the general functional

P(S|Dy)P(D,|S,Dy)
P(D; [ So, D)
the arcs elimination and adding procedure is of optimization type and is per-

formed in the following way. The arc elimination should result in decreasing the
value of the first member in the nominator, P(S|D,), because it reaches maxi-

b

P(Sy| Dy, Dy, Sy) = argmax
s

mum with §' =S, when initial structure S, is formed. Generally, to get a positive

effect of adaptation it is necessary to compensate the loss due to arc elimination
by the effect of adding new arc. That is why the search for the arc to be added to
the graph is performed as mentioned above. Estimation of effect due to adding the
arc is also based on the local quality functional, its value should increase [27, 28].
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EXAMPLES OF THE DSS APPLICATION

Example 1. Numerous examples of model constructing and forecasting have been
solved with the DSS developed. In this example bank client’s solvency is ana-
lyzed, i.e. application scoring is estimated. The database used consisted of 4700
records that were divided into learning sample (4300 records), and test sample
(400 records). The default probabilities were computed and compared to actual
data, and also errors of the first and second type were computed using various
levels of cut-off value. It was established that maximum model accuracy reached
for Bayesian network was 0,787 with the cut-off value 0,3. The Bayesian network
is “inclined to over insurance”, i.e. it rejects more often the clients who could re-
turn the credit. The model accuracy and the errors of type I and type II depend on
the cut-off level selected. The cut-off value determines the lowest probability lim-
it for client’s solvency, i.e. below this limit a client is considered as such that will
not return the credit. Or the cut-off value determines the lowest probability limit
for client’s default, 1.e. below this limit a client is considered as such that will re-
turn the credit. As far as the cut-off value of 0,1 or 0,2 is considered as not impor-
tant, in practice it is reasonable to set the cut-off value at the level of about
0,25-0,30. Statistical characteristics characterizing quality of the models con-
structed are given in Table 1.

Table 1. Adequacy of the models constructed

Model type Gini index AUC Common accuracy | Model quality
Bayesian network 0,719 0,864 0,787 (0,806) Very high
Logistic regression 0,685 0,858 0,813 (0,828) Very high
Decision tree 0,597 0,798 0,775 Acceptable

Linear regression 0,396 0,657 0,631 (0,639) Unacceptable

Thus, the best models for estimation of probability for credit return are
logistic regression and Bayesian network. The best common accuracy showed
logistic regression, 0,813, though Bayesian network exhibited higher Gini index,
0,719 (the values in parenthesis show improvement due to application o adaptive
mode of modeling). The decision tree hired is characterized by Gini index of
about 0,597, and CA4 = 0,775. It should be stressed that acceptable values of Gini
index for developing countries like Ukraine are located usually in the range
between 0,4—0,6. The Bayesian network constructed and nonlinear regression
showed high values of Gini index that are acceptable for the Ukrainian economy
in transition.

Example 2. In this case the following four types of scoring were studied:

e application scoring that is based on the data given by clients during the
process of analyzing the possibility for providing them with a loan;

o behavioral scoring or scoring analysis within the period of loan usage;
this study was directed to monitoring of a loan keeper account state, in this case
we estimated the probability of timely return of the loan by clients, optimal loan
limit for the loans etc.;

o strategic scoring that is directed towards determining the strategy regard-
ing non-reliable loan keepers violating the rules established;

e fraud scoring the purpose of which is to determine the probability of po-
tential fraud on behalf of clients.
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The database used in this case consisted of 96000 records with 30 tokens for
each client. Some results of computational experiments are presented in Table 2.

Table 2. Results of computational experiments for application and behavior
scoring

Application scoring Behavior scoring
Model used| Mean Common | Learning Mean Common Learning
AUC accuracy time AUC accuracy time
Logistic 0,917 0,873 347 0,905 | 0,854 (0,876) | 2,66
regression
Bayesian |, 95, 0,862 2,98 0,913 | 0,851 (0,864) | 2,86
network
Gradient | 57, 0,925 148,64 0,971 | 0,911(0,929) | 150,78
boosting

The table contains common accuracy values for the computational experi-
ments without adaptation and with adaptation in parenthesis. The adaptation mode
has always generated better results than the mode without adaptation feature. For
the purpose of simulating adaptation mode the data were divided into parts of
equal size (3000 records in each part) and then after model constructing and usage
the new data portion was fed into model constructing algorithm.

To analyze strategic scoring the subset of data was used that characterizes
annual income of active clients and their total expenditures according to their
credit cards within a year. The purpose of the study is to divide clients into clus-
ters and to apply a unique management strategy to each cluster using K-means
technique. The basic parameter for using K-means clustering technique is a num-
ber of clusters K. The parameter is estimated using the concept of minimizing
sum of squares criterion within a cluster (WCSS). It was established that six clus-
ters provide for an acceptable clustering of the clients:

e KI1: an average income and low expenses;

e K2:low income and low expenses;

e K3: high income and high expenses;

e K4:low income and high expenses;

e K35: an average income and high expenses;

e KO6: very high income and high expenses.

The fraud analysis was performed with the highly unbalanced data: 187 op-
erations out of the total number of operations 86754 were classified as the fraud.
The positive class of the data (fraud) included 0,215% of all the operations per-
formed. The Bayesian network constructed on the data showed AUC = 0,863.
After the data was corrected with expanding the smaller class of data (oversam-
pling approach) the result of classification was improved to the following: AUC =
=0,896 . Finally a combined approach was applied to solving the problem that
supposes application of oversampling, elimination of “noise” from the observa-
tions, and gradual improvement of balance between the classes to about 40 : 60
and 50 : 50. The result of classification was improved to the AUC = 0,928, and in
adaptation mode to the value of about AUC = 0,935.

Example 3. As an example of methodology application a time series was
studied, the values of which were gold prices within the period between the years
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2005-2006 (sample contains 504 values). The statistical characteristics showing
constructed models and forecasts quality are given in Table 3. Here the case is
considered when adaptive Kalman filter was not used for preliminary data
processing smoothing.

Table 3. Models and forecasts quality without adaptive Kalman filter
application

Model quality Forecast quality
Model type
P R2 | YeX(k) | DW | MSE | MAE | MAPE | Theil
AR(1) 0,99 25644,67 2,15 49,82 | 41.356 | 8,37 0,046
AR(1,4) 0,99 25588,10 2,18 49,14 | 40,355 8,12 0,046
AR(1) + Ist

ordertrend | 099 | 2539139 | 2,13 | 3439 | 25,109 | 455 | 0,032

AP(1,4) +1st
order trend
AR(1) + 4th
order trend

0,99 25332,93 2,18 34,51 | 25.623 | 4,67 0,032

0,99 25173,74 2,12 2592 | 17,686 | 3,19 0,024

Thus, the best model turned out to be AR(1) + trend of 4™ order. It provides
a possibility for one step ahead forecasting with mean absolute percentage error
of about 3,19%, and Theil coefficient is U = 0,024 . The Theil coefficient shows
that this model is generally good for short-term forecasting. Statistical characteris-
tics of the models and respective forecasts computed with adaptive Kalman filter
application for data smoothing are given in Table 4. Here optimal filter played
positive role what is supported by respective statistical quality parameters.

Table 4. Models and forecasts quality with application of adaptive Kalman
filter

Model quality Forecast quality
R> > e (k) DW MSE | MAE | MAPE | Theil

AR(1) 0,99 24376,32 2,11 45,21 39,73 7,58 0,037
AR(1,4) 0,99 24141,17 2,09 47,29 38,75 7,06 0,035

st
ARD =TT 000 | 2306473 | 208 | 3115 2201 | 327 | 0,029
AR(1) +4"
order trend

Model type

0,99 22396,83 2,04 21,35 13,52 2,71 0,019

Again the best model turned out to be AR(1) + trend of 4™ order. It provides
a possibility for one step ahead forecasting with mean absolute percentage error
of about 2,71%, and Theil coefficient is: U = 0,019 . Thus, in this case the results
achieved are better than in previous modeling and short-term forecasting without
filter application.

Example 4. Statistical analysis of the time series selected with application of
Goldfeld-Quandt test proved that gold prices data create heteroscedastic process
with time varying conditional variance. As far as the variance is one of the key
parameters that is used in the rules for performing trading operations it is neces-
sary to construct appropriate forecasting models. Table 5 contains statistical charac-
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teristics of the models constructed as well as quality of short-term variance fore-
casting. To solve the problem we used generalized autoregressive conditionally
heteroscedastic (GARCH) models together with description of the processes trend
which is rather sophisticated (high order process). The models of this type
(GARCH) demonstrated low quality of short-term forecasts, and quite acceptable
(EGARCH) one-step ahead forecasting properties. The values of MAPE (adapt.)
given in the 6th column for the mode of operation with adaptation show im-
provement of short term forecasting for conditional variance when modeling sys-
tem operated in the mode with model adaptation.

Table 5. Results of modeling and forecasting conditional variance

Model quality Forecast quality
Model type ) 2 MAPE .
R Y. e“(k)| DW MSE (adapt.) MAPE | Theil

GARCH(1,7) 0,99 | 153639 0,113 | 9725 | 5153 | 517,6 | 0,113
GARCH (1,10) | 099 |102139| 0,174 | 458,7 | 2082 | 211,3 | 0,081
GARCH (1,15) | 099 | 80419 | 0,337 | 4183 | 118,7 | 121,6 | 0,058
EGARCH (1,7) | 0,99 | 45184 | 0,429 | 67,8 | 7.85 8,74 | 0,023

Thus, the best model constructed was exponential GARCH(1,7). The
achieved value of MAPE = 8,74% (and 7,85% in adaptation mode) comprises
very good result for forecasting conditional variance. Further improvements of the
forecasts were achieved with application of the adaptation scheme proposed. An
average improvement of the forecasts was in the range between 0,8—1,5%, what
justifies advantages of the approach proposed. Combination of the forecasts
generated with different forecasting techniques helped to further decrease mean
absolute percentage forecasting error for about 0,5-0,8% in this particular case. It
should be stressed that analysis of heteroscedastic processes is very popular today
due to multiple engineering, economic and financial applications of the models
and forecasts based upon them.

DISCUSSION

The results of computational experiments achieved lead to the conclusion that
today the family of scoring models used including logistic regression, Bayesian
networks and gradient boosting belong to the family of the best current instru-
ments for banking system due to the fact they provide a possibility for detecting
“bad” clients and to reduce financial risks caused by the clients. It also should be
stressed that DSS developed creates very useful instrument for a decision maker
that helps to perform quality processing of client’s statistical data using various
techniques, generate alternatives and to select the best one relying upon a set of
appropriate statistical criteria. An important role in the computational experiments
performed played the possibility of model adaptation to available and new data.
The adaptation mode has always generated better results than the mode without
this adaptation feature. The extra model variables can be created by combining
available statistical data, and nonlinearities can be introduced into a model by in-
serting appropriate polynomial members. The system proposed performs tracking
of the whole computational process using separate sets of statistical quality crite-
ria at each stage (each level of the system hierarchy) of decision making: quality
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of data, adequacy of models constructed and quality of the forecasts (or risk esti-
mates).

Thus, the systemic approach to modeling and forecasting proposed is
definitely helpful for constructing the DSS possessing the features of directed
search for the best forecasting model in respective spaces of model structures and
parameters, and consequently to enhance its adequacy. The computational
experiments with actual data showed high usefulness of the systemic approach to
modeling and forecasting. It is necessary to perform its further refinement in the
future studies and applications. And it is also important to improve formal
descriptions for the uncertainties mentioned and to use them for reducing the
degree of uncertainty in model building procedures and forecast estimation. It was
found that influence of statistical and probabilistic uncertainties can be reduced
substantially by making use of respective data filtering techniques, imputation of
missing values, orthogonal transforms, and the models of probabilistic type; first
of all those are Bayesian programming models and techniques.

CONCLUSIONS

The systemic methodology was proposed for constructing decision support sys-
tem for adaptive mathematical modeling and forecasting modern economic and
financial processes as well as for credit risk estimation that is based on the
following system analysis principles: hierarchical system structure, taking into
consideration probabilistic and statistical uncertainties, availability of model adap-
tation procedures, generating multiple decision alternatives, and tracking of com-
putational processes at all the stages of data processing with appropriate sets of
statistical quality criteria (known or newly introduced).

The system developed has a modular architecture that provides a possibility
for easy extension of its functional possibilities with new parameter estimation
techniques, forecasting methods, financial risk estimation, and generation of
decision alternatives. High quality of the final result is achieved thanks to
appropriate tracking of the computational processes at all data processing stages:
preliminary data processing, model structure and parameter estimation,
computing of short- and middle-term forecasts, and estimation of risk
variables/parameters. The system is based on the ideologically different methods
of dynamic processes modeling and risk forecasting (regression analysis and
probabilistic approach) what creates appropriate basis for hiring various
approaches to achieve the best results. The illustrative examples of the system
application show that it can be used successfully for solving practical problems of
forecasting dynamic processes evolution and risk estimation. The results of
computational experiments lead to the conclusion that today scoring models,
nonlinear regression and Bayesian networks are the best instruments for banking
system due to the fact that they provide a possibility for detecting “bad” clients
and to reduce financial risks caused by the clients. It also should be stressed that
the DSS constructed turned out to be very useful instrument for a decision maker
that helps to perform quality processing of statistical data using ideologically
different techniques, appropriate sets of statistical quality criteria, generate
alternatives and select the best one. The DSS can be used for supporting decision
making process in various areas of human activities including development of
strategy for banking system regarding risk management and industrial enterprises,
investment companies etc.
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Further extension of the system functions is planned with new forecasting

and decision making techniques based on probabilistic methodology, fuzzy sets
and other artificial intelligence methods. An appropriate attention should also be
paid to constructing user friendly adaptive interface based on the human factors

principles.
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NUMERICAL SIMULATION OF GRAVITATIONAL WAVES
FROM A BLACK HOLE, USING CURVATURE TENSORS

Y. MATSUKI, P.1. BIDYUK

Abstract. In this research we formulated the curvature tensors with the system of
spherical polar coordinates, which describe the gravitational field and gravitational
waves of a black hole; and then we calculated eigenvalues of the curvature tensors to
estimate the relative strengths of their components to the stress-energy tensor in Ein-
stein’s field equation. For this simulation, we assumed that the time and the distance
interact with each other if we travel from Earth to the inside of the black hole, and
then the result of the simulation showed that the gravitational waves carry the same
components of the gravitational field of the black hole. On the other hand, when we
assumed that the time and the distance are independent, which resembles the situa-
tion outside of the boundary of the black hole toward Earth, the curvature tensors are
different between those of the gravitational field and the gravitational waves. Upon
the results of the simulation we conclude that the gravitational waves that come
from the inside of the black hole carry the information of the gravitational field in-
side of the black hole, if we assume that time and space are dependent each other.

Keywords: Gravitational field, gravitational waves, curvature tensor, black hole,
spherical polar coordinates.

INTRODUCTION (Theory)

Curvature tensors of gravitational field and gravitational waves of a black hole

According to Einstein and Dirac [1], the gravitational field of a black hole is de-
scribed by the curvature tensors:

o ra o B o B
R, =T B+ T

uv — Lo,y pv,oo va. >

1
where [}, =g, =Eg°‘°‘ (Capv + 8ovy —&uv)» and g"" are the funda-

mental tensors that describe the curvature of the 4-dimensional space.

Outside of black hole
Gravitational field outside of a black hole. According to Dirac [1], the funda-

mental tensors, g"", of gravitational field outside of a black hole in spherical po-
lar coordinates are as follows:

2 0 0 0
r
-1
r
—r? 0
| 0 —r*sin’0)
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e 0 0 0
o - 0 0
0 - 0 ’

0 0 0 -—r’sin0
where 2m is a constant, and m is assumed to be the mass of a black hole; and
g"¥ are functions of a network of curvilinear coordinates, which provide a geo-
desic, ds* = g%d* + g"ldr? + g?2d0* + g*3do?, outside of the black hole. And
then, the curvature tensors R, of gravitational field outside of a black hole in
spherical polar coordinates are described as follows:

20

ROO — (_ v+ _V12 _ jeZV—Zk , R11 =v' =V + V/Z _
r

w
r

Ry =(1+rv' —=\)e™* =15 Ryy = {1+ V' —rM)e 2 —1}sin?0, (1)

while the rest of R, are all zero. Here, v and A are functions of r, and

dv d*v d\
"= — v”:—z,and A =—.
dr dr dr
Gravitational waves outside of a black hole. The gravitational waves in cur-
vature tensors are described by the equations:

1 1
g“VDG,HV +g,l'(lsv(gpp,v _Egpv,p)"'grjv(gcu,v _Egpv,0)+

+1 pur +1 pur +
58 EppSpupSvupo T 5 8 EppSpupoSvup

+l pu +l pu +
5 8o 8ppEpupEvup 5 & 8pp.o8pup8vup

L1 ou L1 ou N
2 & EppEoupEvipp T 5 E  EPREouppEvip

1 ou 1 ou
T80 EppSoup8vnp T 58 Epp.pSonpSup-

Note. In Dirac’s original article [1], only the first term , g"¥po v, is dis-

cussed, but here in our article we also consider those terms from the second to the
12" which were neglected in [1].

If B=p, g™gppgrup&uupo =8 Cpp&oup8uupes & &pp=&p =1 if
n=p; g™g,,=gh=0 if p=zp; glgg#0 ifu=p=P; otherwise,
g ey =0;and g™gps ; #0 if p=p=P; otherwise, g™ gpg , =0. Therefore,

many terms become zero, and only the following terms remain:

et GRS ety
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-2 -1
A2 25
r v r v
11 2m ! 2m —4m .
g gll,llz_l__ - l-— =T, >
r r ) ri(r=2m)

& g =) =227, =t =
g gy = (=’ sin? 0)(—r?sin?0) ,, =
=—r?sin? 6(—2r_3)7r sin20=6r2"" = % ;
r
€ 833.07 = (=r* sin® 0)(—r sin > 0) g9 = (- sin 0)(2r > sin > Bcos0) 4 =

=—2sin? 0(3cosO-1);

1 1 —4m
11 11
g1 (811,1 _5811,1)+g,1 (g11,1 _5811,1): A4 a2l
1 11 1 11 —81’}12 .
58 gu&in&int58 gu&ini8i=—35
2 2 r
1 1 1 1 2mr —4m?*
Z818n&mn&nt581r&ngini8i=——3
2 2 r
1 11 1 11 8m3
Eg 811,1811,1811,1 +5g 811,1811,1811,1 :—rs(r—Zm)’ (2

* 2%
where (¥) , = ? and (*),, = 86 (2) ; and, (*) is any given function.
r r

Penetrating the boundary of a black hole
As shown in the equation (1), there is a singularity at » =2m in one of the curva-
ture tensors, R;;, which means the presence of the boundary of a black hole, and

we cannot see the inside, where » <2m , from the outside, where » > 2m . In order
to look inside of the black hole, Dirac [1] invented different coordinate system,
assuming that the time and space are dependent, byt=¢+ f(r); and,

p=t+g(r), where tis time, and r is distance. The steps given below show how

Dirac [1] described the system of coordinates that extends to the inside of a black
hole.
At first, the geodesic in the spherical polar coordinates is defined as follows:

ds® = goodt2 + g”dr2 + g22d92 + g33d(p2; but, if and r are dependent on each
other, the first two terms, about time and distance, change to the following:
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r r

( 2’"}& —(1— 2’") @ =di =2 do? = (di + fiiry: — 2" e + g'dr)? =
r r

=dt* +2.fdtdr + [ dr? —2—’"(dr2 +2g'didr + g dr?) =

(1——}# +2(f - ]dtd +[f 2—mg'2)dr2,
r r r

where f’=gl and g’=a—g.

r or

1
The necessary conditions for satisfying (1—2—’"}#2 —(1—2—mj dr? =
r r

=dt’ —2—mde are:
r

-1
(f— jdtdr 0, f——g and—g f’zz(l—z—m) .
2 -1
And then, 2—mg’2—[2—mg) :g,22_m(1_2_m):(1_2_m] ;  then
r

1
-2 = -1
g’ = (1 - 2—”’) ,and then g'= (sz (1 - 2—”’) .
2m r 2m r

Now, assume that 7= y? and, 2m=a”.If r>2m, y* >a®, then y>a:

1 1

- -1 - -1
dg_ o (PP} (PPt L Iy oy
dr a2 32 a2 32 o\ P —dla

3 4
2 dg _dgdr _,.dg _,, v 1 2y 1
dy drdy dr a (y2 -a®) a y2 —a’

2y4 1 ,dr ,
g=] S —— fg—ddyy [g'2ydy

gziy +2ay—a log[y a]’
3a y—a

1 1
-1 -
, W 2m o, 2m r 2m 2m r )2
r r 2m r r 2m
| ETE)
Se=r0P =g f=p-1.
3\2m

2 2 2 2

Thus, 7 =u(p—r)§, where pz(%«/ZmT ,and r =(%«/2m}3 (p—r)g,
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2/3

2=(p- 1:)\/2m%, and r = {%\/2m(p— r)}
Therefore,

dsZ :gOOd[2+glldr2 +g22de2 +g33d(|)2

=[1—2—mjdt2—(1—2—mj dr? —r2de* — r?sin2 0do =

r r

2m

2 —u2(p—r)3/4d62 —Mz(p—’t)4/3 sin2 ea’(pz.
up-1)

_ 2
=dv” - 23 9P

Therefore, the fundamental tensors g°" of gravitational field, which pene-
trate the boundary of a black hole in spherical polar coordinates, are:

gOO gOl g02 g03

10 11 12 13
P S S

g20 g21 g22 g23

g30 g31 g32 g33

1 0 0 0
2m
B ’ ’
0 0 _“2(p_1)4/3 0
0 0 0 —p*(p-1)*sin? 0

where g<"provide functions of a geodesic, ds® =g%dr* + g''dr? + g?2do® +

+ g33af(p2 , which penetrates the boundary of the black hole.

THE CURVATURE TENSORS FOR NUMERICAL SIMULATION

Table 1 and Table 2 show the curvature tensors of gravitational field and gravita-
tional waves, which we made for our numerical simulation. These tensors don’t
have the mathematical singularity; therefore we can simulate the inside of the
black hole.

The curvature tensors of gravitational field are:

_Tra o o TP B
Ry =T —To o ~ToThy + TG0, .

In our simulation, we included the component of, F‘;F(EB +I5 L na , which

Dirac [1] neglected.
For example, for c=m=0, aa=2 and f=1 we have:

_ 12 2 2 1 2+
ROO - r02,0 _FOO,Z _FOOFZI + 1—‘011—‘02 -
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22 22 22 11 22 11
=g r202,0 -8 r200,2 —g& T8 T +&7Thng T =

:%{_Hz(p_1)4/3}{%(_1)@_T)<—7/3>}J ={

*
where {*} :%and e =
T

o*{*}

ot?

-2

3(p—1)

}: 2
< -0t

,and {*} is any given function.

Table 1. Curvature tensors of gravitational field, which extends beyond the

boundary of a black hole
Eqae:; Ryo | Roi =Ry Ry, Ry Ry3
a=0, - 14 -14
B=0 0 0 6m(p—r)4/3 9H2(P—T)10/3 9u2(p—r)10/3 sin2 0
p=1 0 0 £ 4/3 2 ! 10/3 2 _1‘:)/3 )
om(p—1)""" |3u"(p—1) 3u(p—1) “sin” B
5u 22 -2
p=2 0 0 18m(p -0 [ 902 (p -1 | u2(p-1)'"3sin 0
Su 2 —14
p=3 0 0 18mp-1"" | 12(p—1""" | 9p2(p—1)"sin’ 0
a=1, -1 u 4m 4m
B=013p-07| © [8mp-0""| Wo-0' | wip-o'sin0
Bl -2 0 0 32m 32m
IAp-1)° o p-1* | 9’(p—1)*sin’0
B=2 -1 -2 2 4m 44m
3= |9p-07 | Ap-17 | wie-v* | 9’(p-1)*sin’0
B3 -1 -2 2 44m dm
T 30-07 [90-1 | 9p-1* | wp-1' | p(p-1)sin’0
a=2| 2 -2 2 4 1+3cot? 0
B=013p-12 |3p-v?| 3(p-1° |%’(p-1"" sin’ 0
B=1 2 -2 2 —8m 1+3cot’ 0
3p-1)7 [3(p-1° | 3(p-v° | Wi(p-1)* sin20
B=2 10 -10 10 0 1+3cot’ 0
-1 |9p-1° | Yp-1)° sin2 0
B=3 2 -2 2 0 1+3cot’0
3(p-1)° |3(p-1)° | 3(p-1)’ sin2 0
oa=3, 2 -2 2 1 4
B=0 3(p- 1)2 3(p— ‘E)2 3(p- 17)2 sin” 0 9M2(p - 1)10/3 sin” 0
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Continued Tabl. 1

Para-

meter ROO ROI = RIO Rll R22 R33
Bl 2 -2 2 1 —8m
3p-9* |3p-0° | 3(p-1’ sin?8 | 9u’(p-0)*sin”0
j 2 -2 2 1 cot” 6
B =2 2 2 2 .2 T
3(p—1)" [3(p-1) 3(p—1) sin” 0 sin® 0
10 10 10 )
B=3 3 3 3 S—+cot” O 0
p-0” |9p-1" | Hp-1) sin” 0
3(p-1)
—2cot6 . 213 33
pP—7T
fOI‘ Rlz = R21 N Only - F122F§3 = i()te (OL = 2 5 B = 3 ), and r133r233 = 2C—Ote
3(p—1) 3(p-1)

(=3, B=3) remain. Therefore Ry, =R, = —I155; + 335 =0; and all other
components such as Rj3, R3;, Ry; and R3, are 0. Then, according to Einstein’s
rule (R, = ZR“V ) we summate all the components:

nv
Ry, = 56 >+ My yE 2140m 7 .82 +cot? 0+
9(p—-1) 2 9u(p—1)° sin“ 0
18m(p—1)3
140m | 35c0t’0 28
I (p-1)*sin’®  sin’0 10

9u2(p - r)? sin? 0

The curvature tensors of gravitational waves, which penetrate the boundary
of a black hole, are:

1 1
ggnpc,gn +g,g(;](gpg,n _Eggn,p) + g?;(gcg,n _Eggn,c) +

L g% g 18 pe + = 87 e o e +
2 PpSps.pEMc.po Ty BB&pc,poSNg,p

L e g 8 Lo repEncy
5 &0 BpSpg.pSNc,p 7 BP.oSps,pSne,p

L= JRLRE N
2g EppEoc,pEcn.pp 2g Epp8Eoc.ppEcn.p

e e
> &0 EppEoc,pEne.p > & "&pp.p8oc.pEne.p -
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If B=p, €™2pp8pcpo8ncp =8  Cpp&pcp8ncpos & &pp =85 =1 if ¢=p;
g™g,, =85 =0 if c#p; gfygpy 20 if g=p=P, otherwise gf'ggs =0; and,

87 8o # 0 if c=p=p, otherwise g"ggs ;=0.

Table 2. Curvature tensors of gravitational waves, which penetrates the

boundary of a black hole
2 (-
googn,oo:{—u(P—T)Z/S} ={—M(—1)(p—T) ( 1/3)}
s=n=0, 2m woLam 3 "
p=oc= _# gOOg __L
=1,2,3 9m(p — T)4/3 22,00 9H2 (- 1’_)10/3
$=0,1,2,3 00 28
g 8 ==
33,00 9u2(p—1)1"3sin 0
=n=1,
NI I
=6=0, 0811,0 = 2
B=0,1,2,3 P
g“g1111+g111(g111—1g111j+g111(g111_lgmj:_ 2 -2
ST 27T 2% 9p-1)? 9(p-1)*]
1 -2u 1 1 —u
—g Z20& g =2 <~ &1 8008 g = 113
> 00811,0811,01 Sim(p—1)03 2 1800811,0811,0 2Im(p-1)'1°
p=oc=1, *gngoo,1g11,og11,0 =————=> ~& £00,&11,0811,0=0>
B=0 2 27m(p—r)7/3 2
I _ M L1 S,
Eg 800811,0811,01 —W’ Eg 800811,01811,0 = 108m(p—1)"3 ’
1 2n I 11 —H
5818008110810 = 7/3° 58 8001811,0811,0 =
5 8180081108110 Tmp-1)" 2 00,1811,0811,0 om(p—1)*3
11 11 1 11 1 2 4
g gun+tgi(@u—7&u) g1 (gu—58&u)=- - ’
& &I T & 185 8 Np-1)° 9(p—r1)°
1 1 —p? L u —u’
—g 2118 g =7 -8 &118 g =5 3’
) 11811,1811,11 sam(p—1) 2 11811,11811,1 Sam>(p—r1)° 3
I 1 —n’ L, u 5
:1 _ = — =T 5. &3°
B 2&1 811811,1811,1 2Im (p—1) 5 & SIS 27mA(p 1)
I 1 —u’ Ln i
& g =5 53 58 &u8n8i = 3 573
) 11811,1811,11 sam(p—1)7 2 11811,11811,1 Sam*(p—1)° >
I 1 W’ L 15
818181118111 = 5, 53’78 S8 5, 573
5 818181118111 Il (p-1 2 11,1811,11811,1 2Im (p—1)3
11 11 1 11 1
g i t&i| &y~ 78 [ T&1| &1 —5811 |=
2 2
p=2
2 4

-1 9Yp-1)
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Continued Tabl. 2

11 1 1 11 1 _
g &1 T8, 811,1—5&1,1 +8 811,1—5&1,1 =
p=3
_ 2 B 4
Ip-1)° Yp-1)’
= :1,
p@_ Gn—2 3 g”g _ 56m g“g _ 56m
=0=12, 2T o3 7’ BINT o3 F 2,
801,23 ' (p—1) u’(p—1)"sin” 6
16 16
¢=m=2, —gizgzz,o Z—W’ —g,212g22,1 ZW’
p=5=0,3, P oo o Pt
B=0,1,2,3 22 = 9cosY
& &nn sin*0  sin’0
2
G= =3, 33 _ Ccos 9_ 2 33 _ 16
—gPgn =4 =—4cot’0, —glgy = ——,
p=5=0,12, eI TdinZe 1EBRT g0 1)
B = 0719293 - g?23g33’2 = —4C0t2 9
Note. All other components are zero.
Now, we summate all the components:
4u B 112 B 112 N -16 2 B
Imp-v*"? (-0 w(p-1'""sin’0 9Ip-1° 3(p-1)’
2 2 224
B H10/3+ = 773 b 473 >t o3 m4+
81lm(p—1) Im(p —1) Im(p —1) P-1° WW(pP-1
224 24 cos0 8 64
m cos + —32cot?0.

+ +
9u3 (p— 1)4 sin?®  sin*0  sin?0 9(p— 1)2

NUMERICAL SIMULATION

Algorithm

Einstein’s field equation [1] that rules the motion of particles in the gravitational

field is: | RMY —lg“VR =0, where Ris a scalar tensor, R=R" =g""R
) i uv
RY

which are R=R)=g"Ry, R=R =g''R,, R=R}=g*”Ry,, R=R;=
1 1

1

. 1 .
Now, we use the relation: R, 5 guwR=kT , where T is the stress-energy

tensor and k is a constant [2]. Then, we set the following algorithm to simulate
the relative intensities of the components of curvature tensors.

For example, when p=v=0, Ry, —%gOOgOOROO =Ry —%ROO = %Roo . In

our simulation, we omit the factor of, 1/2, because we only use the selected vec-
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tors of the coordinates, which are taken from the obtained curvature tensors in
Table 1 for gravitational field and in Table 2 for gravitational waves.
-1

3(p-1)°

. Then, for example, if we only summate

Then, from Table 1, for example when a=1 and B=0, Ry, =

and when a=3 and $=0, R,, :%
sin” 0

these two components of Ry, (when ao=1 and $=0) and R,, (when o =3 and
B =0), and then, our algorithm is shown as follows:

-1 N 1
3(p-1)* sin’@
H? = (kT = (Ryg + Ryp)}* =[kT —{aX, +bX,}T*,
where a and b are constants.

H:kT_(Roo‘l‘Rzz):kT_{ }=kT—{aX1+bX2},

2 2
Then, we assume: OE(HT) =F oH = 2E[H a—Hj =-2E(X,H)=0, and
Oa Oa Oa

ob ob
E(X,H) are operators to calculate averages of X|H and, X,H .
E(X,H)=0 and E(X,H)=0 are equivalent to solving the problem of
C(X,,H)=0 and C(X,,H)=0, where C(X,,H) is the covariance of X; and
H ;and, C(X,,H) is the covariance of X, and, H .

2 2
6E(H):E(6H szE(H%—]I;Ijz—2E(X2H)=O, where E(X;H) and

a
Now, CZL} where a and b are the eigenvalues of Ry, +R,,, and

Xz[Xl Xz], then H:kT_(ROO +R22)=kT_XC, and XHZO, then
X'(kT — Xc)=0, where X' is transpose matrix of X . Then, XXc= X'kT,
c=(XX)'X'kT=0"'X'kT, and T=V(c)=c’0"'=c?>(X'X)"", where
V(c)=cs2 is the variance of ¢, and c? =e'e/(n—1), where e=M -kT,
M=1-X(X'X)"'X', n is a number of rows of each column of X (in this
simulation n=23), [ is a number of columns of X, /is a 23x23 unit matrix,
X'xX )71 is the inverse matrix of X'X , and e'is the transpose vector of e .

By calculating ¢ and, V' (c), we can estimate the strength of each compo-
nent of (Ry, + R,,) to the stress-energy tensor, in the system of spherical polar

coordinates.
We can also expand the size of matrix not only, /=2, but also to /> 2 such

as c*=[c|,cy,...,c; ], and X =[X| X, ... X; ], where c*is a transposed vector
of ¢, so that we were able to calculate not only (R, + R,,), but more general

va in our numerical simulation.

Input data

At first, our time ¢ on Earth is set as shown in Fig. 1 and Fig. 2, with which its
slope to the distance » from the center of a black hole toward outside is a con-

Cucmemni docnioxcenna ma ingpopmayiiini mexnonoeii, 2020, Ne 1 63



Y. Matsuki, P.I. Bidyuk

stant, which is consistent with Einstein’s theory that the speed of light is a con-
stant. Then, t is a relative time in the coordinate system, which expands and
shrinks depending on the distance r, where t=¢+ f(r); and, p is the relative
distance, which expands and shrinks depending on the time ¢, where p=1¢+ g(r),

and f(r), g(¢) are conjugate functions of ¢ and 7. (For the simulation, we as-

sumed case-1: f(r)=logr andg(t)=e; and, case-2: f(r)=r and
g(t)=(1/4)). According to Dirac [1], the collapse of a star into a black hole
would take an infinite time at our clocks on Earth, but it takes only a finite time
relatively to the collapsing matter on the star itself. From this Dirac’s statement,
we assumed that t is larger when the relative distance, p, from the center of the
black hole is smaller. Also, in this simulation we set the stress-energy tensor k7T
to be 1; because, the purpose of this simulation is to measure the order of magni-
tude of the relative strength of each component of R, to the stress-energy tensor.

24 12E10 26 26
nl Ul o
1E10 22 |-
20 t
18 » 2
8E9 18
16
16
14 6E9
12 " 24
12 p
10 4E9
10
8
2k B
6 T 6 23
4 ot L 0 4
, .
t N 2
1] -2E9 0 22
01234567289 10112131415161718192021222324 012345678 91011121314 15161718192021 222324
Distance 7 Distance 7
Fig. 1. Input data for simulation Case 1: Fig. 2. Input data for simulation Case 2:
f(r)=logr and g(t)=e" f(r)y=r and g(r)=1/4

For the simulation of the gravitational waves we assumed the angles, 0, as
shown in Fig. 3, as if it becomes smaller in far distance from a black hole; on the

120

1020t 0 sin 6.cos 6
@ for gravitational field » ]

100
08

80 06

04
60
02

40 0.0

02
20

04

0 for gravitational waves ™

2 -0.6
012345678 9101112131415161718192021222324 01 2 3 4 5 6 7 8 91011121314151617181920212223 4

Distance p Distance 7
Fig. 3. Angles 0 for simulating gravitational Fig. 4. sin®, cos0 and cot6 for simulation
field and gravitational waves of gravitational waves
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other hand, for the simulation of the spatial expansion of the gravitational field of
a black hole, we assumed as if O becomes larger in far distance. With this as-
sumption, the gravitational waves of sign cosign and cotangent curves behave like
as shown in Fig. 4.

Results

Table 3 shows the calculated eigenvalues ¢ of R, and /V'(c) for the gravita-
tional field, and Fig. 5, 6 and Fig. 7 show selected functions that have the negative
Vic) is
smaller than each element of ¢ . Table 3 also shows the calculated eigenvalues of

coefficients, which mean the gravity, and of which each element of

that have the

the gravitational waves, and Fig. 8 shows the function of — 7y
sin
positive coefficients, and of which /¥ (c) is smaller than its value of ¢. We se-

lected only, , because it has the positive coefficient, assuming that the

sin” 0

gravitational waves should give positive impact to the stress-energy tensor, k7T .

Table 3. Results of the simulation of gravitational field and gravitational waves

¢ and \V(c) ¢ and \¥(c)
Components of Gravitational field of Gravitational waves
Case-1 Case-2 Case-1 Case-2
1 1,850-102 | 4,406-107% | 5.950-10° | .3190.1073
(p—1)° (6,298) (0,0002776) | (-1,059x10') |  (0,7698)
1 -5,750-107> 5118-10° | .2088.102 | -5,308-107°
(p-1)*3 (2,060-107"7) | (3211-10%) | (0,03356) | (1,511-107%)
1 24,58 6,932.107 | 6,591-107" | _6.957.1072
(p-1)° (6546,0) (0,002527) | (2,672-10") (33,92)
1 1,000 1,000 0,1870 1,000
sin20 (6,550-107) | (2,146-107%) | (-1,753-107%) | (9,408-107°)
5 -1,000 -1,000 -1.180-107* -1,000
cot” 6 (2,430-10™) | (6,034-107) (_1”373 10%) | (3,128-107)
1 -0,4142 -1,714-10% | 6,311-107"2 5.784.1072
(p—1)*sin?0 (111,2) (4,359-107°) | (1,833-10") (26,55)
B 1 -0,2985 -2,705-107* 8,995-10'? -2,258.1072
(p-1'"3sin0 (79,94) (8,060-107°) | (-1,442-10") (9,089)
cot” 0 9,974-10°8 1,732-10° ) )
sin2 0 (4,800-107°) | (1,324-107%)
1 ~ B -1,630-107" | 2,608.1072
(p-1)'"3 (-1,618-10") (14,21)
1 - B -1,065-107"° | 6,675.107
(p-1'" (-5221x10'6) | (1,866)
cosO B B -3,160-107* | 5,047-107"°
sin*0 (6,635-10°) | (1,469-1077)

Note. The numeric values in the brackets are, /V'(c) , the standard errors of c.
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Fig. 5. Components of gravitational field, Fig. 6. Components of gravitational
case 1 field, case 2 (1)
Note. (Left axis) means that the scale of the function is shown in the left
axis; and, (Right axis) in the right axis.
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CONCLUSION AND RECOMMENDATION

In this research, we investigated the structure of gravitational field inside of
a black hole, assuming that time and space interact each other with p=17+ g(r),

t=t+ f(r), (¢ is the time, r is the distance from the center of the black hole,
and f and, g, are functions of r). And we also investigated the functions of

gravitational waves that are emitted from the inside of the black hole. As the re-
sult we found that some of the functions of gravitational waves carry the compo-
nents of the curvature tensor of gravitational field. It means that we are able to
investigate the structure of a black hole by the information carried by the gravita-
tional waves.
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Inside of the black hole the functions shown in Table 1 for the gravitational
field and in Table 2 for the gravitational waves, show the same functions:

(p—r)_4, cot’0 and sin20. The function of (p—r)_4 in Fig. 6 suggests the

presence of a boundary of the black hole, where the gravitational waves are dis-
turbed once before they are moving toward the outside.

On the other hand, if we don’t assume the dependence of time and space, the
gravitational waves are to be made outside of the black hole, and they do not
carry the same functions of the gravitational field. The equations (1) about the

gravitational field are Ryyoc7~', Ry ocr ', Ryyocr and Ry;ocr; while the

equations (2) about the gravitational waves are 2, and #70.

In this research, we used the spherical polar coordinate system to describe
the curvature of gravitational field, and this system helped us to make numerical
simulation possible. However, further mathematical investigations are needed
about the curvature tensors.
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NTUATHOCTHUKA MPT-U30BPAKEHUN OTYXOJIEN
T'OJIOBHOI'O MO3I'A C HCHOJIb30BAHUEM I'MBPUIHBIX
CBEPTOYHBIX HEMPOHEUYETKUX CETEN

10.I1. 3BAMYEHKO, K.A. 3/10P, I'. TAMU]IOB

AnHoTamus. PaccmoTpena nmpo6ieMa KiaccH(HKAIUU OITyX0JICH TOJIOBHOTO MO3ra
no MeguuHcKUM MPT-n3o6paxenusm. s ee peruenns pa3padboTaHbl THOPHIHEIE
HedeTkHne cBepTouyHble HelipoHHble ceTH (CNN), B KOTOPBIX CBEPTOYHBIE CETH
VGG-16 u ResNetV2 50 Obutn MCHONB30BaHbI IJIs1 3BJICUEHUS PU3HAKOB M300pa-
XKEHus, a HeueTkas HelipoHHast ceTb ANFIS — B xauecTBe kinaccudukaropa. Paspa-
60TaHbBI ANTOPUTMBI 00y4eHHsI THOpUAHBIX ceTeil. [IpoBeeHbI SKCIIepUMEHTaIbHEIE
UCCIIEOBAaHNUS MNPEIOKEHHBIX THOPHAHBIX CeTed Ha CTaHAApPTHOM JaTaceTe
MPT-n300pa’keHUil TOJOBHOTO MO3ra M CPAaBHEHUS PE3yJbTaTOB C H3BECTHBIMH
IBTEPHATUBHBIMH CTPYKTypaMU CBEPTOUHBIX CeTeil.

KrodeBble ci10Ba: MeAMIMHCKAs JUAarHOCTHKA, KJIacCH(UKanus OIyXoJiel roios-
HOTO Mo3ra, HeueTkast HeiipoHHas cetb ANFIS, cBeprouHble HElipOHHEIE ceTH, THO-
pHIHAS CETb.

BBEJEHUE. AHAJIN3 COCTOSIHUSA ITPOBJIEMBbI

OpHoOl U3 aKTyanbHBIX cep MPUMEHEHUS HH()OPMAIMOHHBIX TEXHOJIOTUH B Me-
JIITHE SBJISCTCS AMATHOCTUKA OIMyXOJiel TOJIOBHOTO MO3Ta Ha OCHOBE 00paboT-
K MEJMIMHCKUX H300paxeHuii mo3ra [1,2].

JuarHoctuka BCIeACTBUE JOKAIMU3AIMHN OMYyXOJIU BHYTPU uepena 3aTpyaHe-
Ha. J/[MartHo3 OHKOJIOTMYEeCKOro 3a00JIeBaHKMsI OKOHUATEIBHO CTABHTCS TOJBKO IOCIIE
TUCTOJIOTHYECKOr0 3aKIIOUEHHUs, 0€3 TMCTOJIOTMYECKOrO WM IIUTOIOTHYECKOTO
UCCJEeI0OBaHUs TUAarHO3 HEIPaBOMOUYEH. B CBsI3U ¢ TeM, YTO OMyXO0JIb HAXOJIUTCS B
MOJIOCTH Yeperna U MpopacTaeT B TKaHb MO3ra, 3a00p OuorTaTa mpeAcTaBisieT Co-
00l CIOXKHYH HEHPOXMPYPrUYecKyro olepanuio. J[MarHo3 «omyxoib MoO3ray»
CTaBUTCS TOATAITHO — CHayasia aMOyJIaTOPHO, 3aTE€M MOATBEPIKIAETCS B CTAIHUO-
Hape. MOXHO BBIJEIIUTH TPH 3Tara B THATHOCTHKE.

1. BonbHoOIi oOpatnaeTcs K TepaneBTy (peke K HeBPOJIOTY WM Bpady JAPYTou
cnenuanbHOCTH). OOpaTUTHCS €ro BBIHYKIACT MPOTPECCHPOBAHNUE 0YaroBOW HITU
0011eM03roBoii cuMnToMaTHkH. [1oka KITMHIKA BhIpaXkKeHa c1a00, OOJBHON PelKo
MoTajaeT B MOJIe 3PSHHS Bpayeil, U TOJBKO KOT/Ia CUTyalus HadYMHAET CTPEeMH-
TENBHO YXY/IIAThCS, OH 00paIiaeTcs 3a IOMOIIBIO K CIICIIHAIIICTY .

2. Bpad olieHUBaeT COCTOSIHUE MOCTYIUBIIETO OOJBHOTO U, B 3aBUCHMOCTH
OT €ro TSDKECTH, NMPUHUMACT PEIICHHE O TOCHUTAIU3AlUU WIA aMOyJIaTOPHOM
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neyeHnd. KpuTepreM OLIEHKH TSKECTH COCTOSIHHS SIBJISIETCS HAaJW4YHe W BBIpa-
JKEHHOCTh OYaroBOW W OOIIEMO3rOBOM CHMIITOMATHKH, a TaK)Ke HAINYHE U THA-
JKECTh COMYTCTBYIOIUX 3a0oneBanuil. [Ipu oOHapyxeHnn y 00OIBHOTO HEBPOJIO-
TUYECKOH CHMITTOMAaTHUKU OH HANPaBISETCS ISl KOHCYJIbTAllMK K HeBpoJory. [pu
BIIEPBBIE BO3HUKIIIEM SITICTITUYECKOM WIIH CYA0POKHOM IPHUTIAAKE 0053aTEIbHO
MIPOBOJIUTCS KOMIBIOTEPHAs TOMOTpadusi TOJIOBHOTO MO3Ta ISl BBISBICHHS OH-
KOJIOTHYECKOW MaTOJOTHH.

3. HeBpouor orieHHBaeT TSHKECTh CUMITOMOB M MPOM3BOIUT auddepeHim-
ANBHYIO TUarHocTuky. CHayalla CTaBUT, KaK MUHHMYM, TIPEIBAPUTEIBHBIH, a T0-
cie noobcnenoBaHNi — W KIMHUYECKHH IuarHo3. Bpad Ha ocHOBaHWHM %aloO
OOJNBHOTO M TOCTYIIHBIX €My METOA0B 0OCIIEI0BaHUS JOJKEH NMPUHSThH PEICHHUE,
Ha KaKHuX 3a00JIeBaHUIX €My CIeAyeT COCPEJOTOUYHUTCS U KaKue WHCTPYMEHTAIb-
HBIE U Ta0OpaTOpHBIE METOABI 00CIeIOBaHHUS HA3HAYUTD.

K obs3arensHpIM MeTOaM 00CIeIOBaHUSI OTHOCSTCA: ONpeNeleHNe aKTHB-
HOCTH CYyXOXXWJIBHBIX pe(IIeKCOB, MPOBEpKa TaKTUIHHONW W OOJIEBOW UyBCTBHUTE-
JIBHOCTU. JIMarHOCTUYECKUE MEPOTIPHSITUS MOTYT OBITh PacUIMPEHBI B 3aBUCHMO-
CTH OT ajo0 marueHTa W ¢ Ieibio auddepeHnaiIbHOi THArHOCTHKH. Tak,
HampuMep, eciu OONBPHOH OTMEeYaeT HapyLIeHHs KOOpAMHAIMH, HEOOXOIUMO
MIPOBECTH TAJbI[E-HOCOBYIO MPOO0Y, MMPOBEPUTH YCTOWYHBOCTH B 1mo3e Pombepra.
Ecnu Bo3HMKaeT momo3peHHe Ha OMyXOoJib MO3ra, TO OOJBHOTO HANpaBIISIOT Ha
koMmbioTepHyt0 (KT) mmm marantHO-pe3oHaHCHYI0 Tomorpaduio (MPT). Mar-
HUTHO-PE30HAaHCHAsT TOMOTpadusi ¢ KOHTPACTHBIM YCHJICHHEM SIBIISETCA «30JI0-
TBHIM CTaHIAPTOM» B JTUAarHOCTHKE OIyXoJieH romoBHOro Mo3ra [4]. IIpu oOHa-
pYy)XEHHH Ha TOMOTpamMMe O0OBEMHOTO o00pa3oBaHHsl OOJIBHOW TMOIJICKHUT
rocruraln3alnuuu B CHCHI/IaJ'II/ISlI/IpOBaHHI)If/'I craguoHap.

[Tocne mocTynieHus: B OHKOJIOTUYECKUH AMCHaHCep MPOBOIUTCS psin oOcie-
JIOBaHWHU C TIENBI0 OIPENEeIeHNs] TAKTHKH JIEUeHHs] JaHHOTO OOJFHOr0, HEe0OXO-
JMMOCTH XUPYPIUYECKOTO BMEIIATENBCTBA M €ro MOCIEICTBHS, a TAKKE IIeIeco-
oOpa3HocTH cTtannoHapHoro nedeHus. llpoBomutcst moBropHas KT wim MPT
rOJIOBHOTO Mo3ra. Ompenensiorcs pexuMBbl U 03Bl JIy4eBOM W XHMHOTEpaIruy,
KaTpUpPyeTcsl OMyXO0Jb, ONMPEAeISIoTca e€ rpaHulbl, pa3Mephl, ToYHas JOKaIn3a-
s, Ecau 60mpHOMY TIOKa3aHO XHPYPTHIECKOE JICUeHHe, TO OepyT OMOITAT OITy-
XOJIM ¥ TIPOU3BOJAT €€ TUCTOJIOIMYECKYI0 BepH(HKAIMIO C IICNIbI0 MoA00pa OIl-
TUMAJIBHOTO peXHMMa MOCIeAyIonel Teparnuu. [Ipenapat TkKaHH OMYXOJIH MOXKET
OBITH MTOJIYYCH IMYTEM CTEPEOTAKCHISCKON OMOIICHH.

B HoBOM HUCCICAOBAHNU HAYYHBIMH COTPYAHHKaAMU OTACICHUA HeI‘/'Ipopa-
IUOJIOTUN  YHHUBEPCUTETCKOW KIWHWUKH XahgensOepra (Department of
Neuroradiology, Heidelberg University Hospital), ['epmanus, Obiia paspaboTana
MOJeNlb aHAJIN3a, OCHOBaHHAS Ha MCKYCCTBEHHBIX HEMPOHHBIX CETSX, MO3BOJISIO-
1as MOJIHOCTHhIO aBTOMAaTHU3MPOBATH IMPOIECC KOJIMYECTBEHHOM oOlleHKHn MPT-
CKaHOB B HeﬁpOOHKOJIOI'PIH N CHHMarImlas, TaKuM 06pa30M, OrpaHUM4YCHHA MEXa-
HUYECKOTo aHanm3a. B paboTe aBTOpPHI MPOAEMOHCTPUPOBAIH, YTO METOIBI Ma-
IIMHHOTO 00yYeHus, TPUMEHseMbIE ISl OIEHKH 3(PPEeKTHBHOCTH, IPOBOIUMON B
HEHPOPaIMONIOTHH TEPAITUU, MOTYT OBITH 00JIEE HAJICKHBIMU U TOYHBIMH, SBISSICH
[IEHHBIM BKJIAJIOM B TIPOIECC HHINBUAYAITH3NPOBAHHOMN Tepanuu omyxonei. Cra-
ThSl 10 MaTepuallaM HCCIeAoBaHus omyOnukoBaHa B w3fanuu «The Lancet
Oncology» 2 anpens 2019 r.

Ucnonw3ys 6a3y manusix MPT-ckanoB Oonee 500 MarueHTOB ¢ OMyXOJISIMH
TOJOBHOTO MO3ra, MCCIeNoBaTeNd pa3paboTaln CHCTEMY allOpPUTMOB, IMO3BO-
JSIONIYI0 aBTOMAaTU3WPOBATh IMPOIECC HACHTHU(PHUKAINN MOP(OIOTHIECKUX Xa-
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PaKTEpPHUCTUK 30H OMYXOJEBOI'O POCTAa, MPUMEHUB HCKYCCTBEHHBIC HECHPOHHBIC
cetn. Kpome toro, Obun pa3paboTaHBl aJTOPUTMBI, MO3BOJISIONINE OIEHUTH I1a-
paMeTpbl OTHENbHBIX 00NacTed (JOKYChl OIMYyXOJIEBBIX TKaHEH, MOTJIOIMIAFOIINX
KOHTPACT, a TaKXe 30HbI MEPUTYMOPAIBHOTO OTEKAa) B OTBET Ha MPUMEHSICMYIO
TEparuio.

KommenTupyst mosydeHHbie pe3yibTartbl, ®. KukuHrepempep OTMETHII:
«IIposenennsiii ananu3 6onee 2000 MPT-ckanoB 534 marueHTOB ¢ TIHO0IACTO-
MO MMOKa3ajl, YTO KOMITbIOTEPU3UPOBAHHBIN MOIXOJ MO3BONISIET OoJice HAlIEHKHO
OIICHUTh TEPANICBTHUSCKUN OTBET B CPABHCHUU C TPAJAUIMOHHBIM METOJIOM pPyd-
HOTO m3MepeHus. lIpuMeHeHne cucTeMbl aJrOpPUTMOB ITO3BOJIMIIO TTOBBICHTH JI0-
CTOBEPHOCTH OLIEHKH Ha 36%. DTO neiiCTBUTEIBHO MOXKET UMETh pelalroliee 3Ha-
yeHue s ONeHKH 3((EeKTUBHOCTH Tepanvd Ha OCHOBE BH3YaJbHBIX JAHHBIX
MPT B knuHuYecKkux HccienoBaHusx. KpoMe Toro, uCnojp30BaHue METOAa Ma-
IIMHHOTO OOYYEHHUS JOCTOBEPHO MOBBIIIATIO TOYHOCTh pacdera MporHo3a oomei
BEDKABAaEMOCTI.

BonsmuHCTBO MOCIETHUX paboT, OTHOCAIITUXCS K 007acTH KiaccH(pUKaIiu
OTyXOJIeH, OPHEHTUPOBAHKI Ha ITU(POBEIC M300paxeHus. Jlo HaCTOAIIEro BpeMe-
HU OOJBIIUHCTBO PabOT, OCHOBAHHBIX Ha TUCTOJIOTMYECKOM aHAHN3e, BBITOIHS-
JMCHh Ha HeOOJBIIINX aTaceTax.

CyI1IeCTBEHHBIM CIBUTOM B 3TOM HAIpaBJICHUU SIBJSCTCS JAaTACET, COCTOS-
mwmii 13 7909 u300pakeHWH MOJIOYHOM Kelne3bl, MOMYYeHHBIX OT 82 MallleH-
ToB [5]. Ha aTOM matacere aBTOPHI OIICHUBANN PA3INIHBIE TEKCTYPHBIE IECKPHII-
TOPHI U KIIACCU(PUKATOPHI, IIPOBEIN IKCIICPUMEHTHI ¥ IOCTUTIIA TOYHOCTH OT 82%
1o 85%.

HosbM moaxonom mist 00pabOTKH METUIIMHCKUX W300paKeHUH M THAarHOC-
TUKH SIBJIETCS UCIIONB30BaHKue cBepTouHbIX ceTeid (CNN) [7, 8]. Ilokasano B pa-
Jie paboT, 4TO CBEPTOYHBIE CETH CIIOCOOHBI MIPEB30OUTH APYTHUE METOABI aHAIN3a
n3o0paxxeHnit. Kpome Toro, TpaguIimoHHBIN MTOAXO0M K BEIACICHUIO IPU3HAKOB Ha
OCHOBE JICCKPUIITOPOB TpeOyeT OONBIIMX YCHIMA M BBICOKOT'O YPOBHS 3HAHUU
HKCIEPTOB M OOBIYHO SBISETCS CIIEMUMUIHBIM JIJIST KaXI0H 3a1a49u, 9TO MPETsITC-
TBYET €ro HEMOCPEACTBCHHOMY MPUMEHEHUIO K ApyruM 3amadam. OosraHo CNN
UCHOJB3YETCS B KAYeCTBE HKCTPAKTOPA MH(DOPMATUBHBIX MPU3HAKOB METUIIHHC-
KOT'O U300paKeHHs, a KaK KIIacCH(PUKATOp — MO0 MaITiuHa OMOPHBIX BEKTOPOB,
00 epeBbsl peIIeHnH.

CyIIeCTBEHHBIM JIOCTHKCHHUEM SIBJIICTCSl pa3paboTKa THOPHUIHBIX CBEPTOY-
HBIX CeTel, B KOTOPHIX B KayeCcTBe KJIACCH(UKATOPA HCIIONB3YyEeTCs HEYeTKas
ueiiponnas cetb (HHC) NEFClass [9]. B pabore BnepBble MpeiiokeHa Takas
APXUTEKTYpa CBEPTOYHOM CETH, KOTOpasi MPUMEHSIIACH [T KIacCU(UKALIUU OITy-
XOJIeW MOJIOYHOH KeJe3bl M TIoKa3asia 0oJiee BRICOKYI0 TOYHOCTh Kiaccu(uKanuu
B CpPaBHCHHUH C TPaJAUIMOHHBIME Kiaccupukaropamu SVM u Decision tree [9].

[pencraBnser uHTEpec ucnonb3oBanue u apyrux TunoB HHC B kauyectBe
KIIaCCH(HUKATOPOB B COCTaBE CBEPTOUHBIX ceTei. [loaTomMy B HacToseM nccie-
JIOBaHUU TpEJIaraeTcsi HOBas TUOpUAHAs CBepTouHas HeuyeTkas ceth CNN-—
ANFIS, B xotopoit CNN ucnosns3yercst s BbIACICHUS IPU3HAKOB HA MEIULUH-
cknx, a HHC ANFIS — misa knaccudukammy oOHapyKeHHBIX OITyXOJICH Ha H30-
OpaXeHUSX Ha J[Ba KJIacca: TOOPOKAUYECTBCHHBIC H 3JI0KAYEeCTBEHHBIEC.

OcHoBHas 11e7b pabOThl — pa3paboTKa W UCCIICOBAHUE THOPUIHON CETH
CNN-ANFIS u uccremoranue ee 3¢pHEKTHBHOCTH B 3a7a4€ paclio3HaBaHUS Me-
JTUITMHCKUX HM300paKCHHUN OIMyXOoJieH Mo3ra M KiacCH(HKalMKU OmyXoJieH, cpaB-
HeHHe ee 3(PPEKTUBHOCTH C M3BECTHBHIMH paboTaMH Ha CTaHIAPTHOM JaTaceTe
MEITUITMHCKAX M300paxkenuit [11].
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CBEPTOYHBIE HEMPOHHBIE CETU ( KPATKOE OIIMCAHUE)

CBepTouHBIE CETH — COBPEMEHHBIH METOJl, IIUPOKO MCIOIB3YyEeMBIil st 00pa-
0otk m3o0pakeHuit. OHM 007a1al0T CIIOCOOHOCTHIO M3BJICKATh TNIOOATbHBIC
MPU3HAKN M300paXeHHUS B MepapXuieckoM Bujae. CBEPTOYHBIE CETH BKIIIOYAIOT
ciemytomue ciou [7,8].

CaepTounblii cjoii. OH paccMaTpuBaeTCsl Kak OCHOBHOM pabounii KOMIIO-
HEHT CBEPTOYHOH CETH W WrpaeT XU3HEHHO Ba)XKHYIO POJIb B 3TOH ceTd. Sapo
cBepTKH (PUABTP) , 0OBIYHO MpPEACTABIAIONICe MATPULY 71X1, TOCIEIOBATEIHLHO
MPOXOANT IO BCEM MUKCEISIM M300pakeHUsI W BBLAETSAET MHPOPMAIIHIO U3 HETro
MyTeM OIIePaINH CBEPTKH.

Ilaru (Stride) u nonornenne (Padding). Matpuna dunstpa ( sap0) ABU-
JKETCsl 1Mo m300pakeHHio ¢ maroM Stride), ompenenseMpIM €ro pa3MepoM; IIo
YMOJTYaHUIO €ro pazMep npuHuMaeTcs paBHbIM 1. Eciin pasmep nzobpaxkenus 5x5
CKaHHpyeTcs GUIBTPOM pazMepoM 3x3 U 1marom 1, TO MOJIYYUM IOCIIEe CBEPTKH
BBEIXOJHYIO MaTpuiry 3x3. OgHAKO €CIIM MCIOIB3YETCs IMIar 2, TO pa3Mep BBIXO-
HOTO M300pakeHust Oyaer 2x2.

Takum 006pa3oM, pazMep BBIXOZHOTO M300pakeHUs OMpPEeNsIeTcss pa3Mepa-
Mu punbTpa (sapa) u mara. UtoObl 000HTH 3TO SBIIEHHE, MOXHO JTOTIOIHHUTH HC-
XOJTHOE HW300pakeHue cronduamMu u cTpokamu, coxepxkamumu 0 (Padding).
B takom cirygae pazMep BBIXOTHOTO H300paKeHHs TIOCTe CBEPTKH OyIeT paBHSIT-
cs ucxomHoMy. Takoe moOaBieHHWE CTPOK M CTOJIOIIOB, CONEpKamMX TOJNBKO 0,
Ha3bIBaeTCs zero padding [7, 8].

Henuneiinoe npeodpa3zoBanue (Nonlinear Performance). Kaxnpiii cnoit
HEHPOHHOHN CETH JaeT JTUHEWHBIN BBIXOJ U J00aBICHNE BYX TaKHX CIIOEB TAKKe
OCYILIECTBIISIET JIMHEHHOe mpeoOpa3oBanue. [103TOMy yBelIMYEHHE KOIMYECTBA
CJIOEB HEHPOHHOW CEeTH He M3MEHsIeT XapakTepa ceTH. s mpeojojeHus 3Toro
HelocTaTKa HCIONb3yeTcsl HeMUHelHoe MpeoOpa3oBaHHE B BUAE CIEAYIOLIMX
¢ynxkmit: Rectified Linear Unit (ReLU), Leaky ReLU u mp.

Omnepauus nynaunra (Pooling Operation). CBepTouHast HeipoHHas CETh re-
HepupyeT 6onpmiold o0beM uHpopmanuu. [loaToMy, YTOOB YMEHBIIUTH pa3Mep-
HOCTH INPOCTPAHCTBA MPHU3HAKOB, HMCITONB3YETCS ONEpanys IMyNuHTa. M3BEeCTHHI
HECKOJIbKO CTaHJApTHBIX Olepanuii myjiuHra, Takue kak MaxPooling, Average
Pooling. [7, 8].

B pabote ncnons3yercs oneparust MaxPooling, koTopast BRIOMpaeT MakcH-
MaJlbHOE 3HaYeHHE U3 HEKOTOPOH MOAMATPHUIIBI ITIOCIIE CBEPTKH.

Omnepanust Drop-Out. B pe3ynbrare 00ydeHus ceTH BO3MOKHO SIBJICHUE TIe-
peoOyueHus: Ha TecTOBOM BBIOOpKE, M3BECTHOE Kak over-fitting. DT1o sBrneHue
MO>XHO YCTPaHUTh, UCIIONIB3YsI polieaypy apomayT (Drop-Out), koTopast cocTout
B BBIKJIFOUEHUHN HEKOTOPBIX HEUPOHOB U3 CETH NMPHU O0YUECHHH.

Pematomuii cioit Decision Layer. [Insa knaccudukanuu n3o0pakeHHd Ha
KOHIIC CBEPTOYHOMN CETH HCITONIB3YETCS PEIIAIONINi CII0H, OOBIYHO B BHIE MHOTO-
cioitHoro nepuentpoHa (MLP). C aroit nenbio ucomnb3yercs cinoit Softmax layer
WK CIIOW MeToJ1a OMOPHBIX BeKTopoB (SVM layer). DTOT cioit peanu3yer HOpMa-
JM30BAaHHYIO SKCIIOHEHIHAJIbHYI0 (YHKIHIO U OmpeAenseT (ZYHKIUIO IMOTeph
(loss function) mns aHHBIX KIaccU(UKAITIH.
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CNN MOJIEJIb JIJISI KTACCU®UKAIIMU U30BPAKEHUIN

Apxutektypa cBepTouHoit cetn VGG-16, koTopas uCHoib3yeTcs B paboTe B Ka-

YeCTBE JCTEKTOpa HWH(OPMATUBHBIX NPU3HAKOB W300paKeHUs, IOKa3aHa Ha

puc. 1. OHa oOyd4anach CTOXaCTHMYECKHUM T'PAaTUCHTHBIM METOJIOM Ha JlaTacere

Imagenet. Kak anbTepHaTBHAsI OCHOBa NpUMeHsIach apxuTekTypa ResNetV2 50

(puc. 2). Ora apxuTtekTypa OoJiee IiTyO0Kast K UMEET JIyUIlyI0 POU3BOIUTEILHOCTb.
I 22 x 3 224 x 22 6l

112 %112 = 128

lxlxdﬂﬁﬁ 1x1 = 1000

| P e e

@ convolution+ Rel.LT
max pooling
— fully connected+ReL LT

|
[:.".1 softmax

Puc. 1. Ceprounast HetiponHas cetb VGG-16. 1

B kagectBe KiaccuukaTopa MOJIY4YEHHBIX NPU3HAKOB B JaHHOW paboTe
MIPEIIOKEHO UCTIoNb30BaTh ANFIS B oTimdme OT M3BECTHBIX paboT, B KOTOPHIX
MIPUMEHSIICSI MHOTOCJIOWHBIN IMEPUENPOH U CJIOM MallMHBl ONOPHBIX BEKTOPOB
(SVM).

e o e e e e e e e e 0 L L e e e L e e e
10x 20x 10x
Compressed View

n
TR T;Isjh " i '.':'1@1 m
Y . \/

B o}

@ Convolution
MaxPool
AvgPool

&= Concat

& Dropout

e Fully Connected

- Softmax

@ Residual .".

Puc. 2. CBeprounas HeiipoHHas ceTb ResNet V2

ANFIS — 3T0 uckyccTBeHHas HEHPOHHas CETh, OCHOBaHHAs Ha HEYETKOU
cucteme BeiBoga Takarn—Cyreno [10]. Cets pa3paborana B Havaie 1990-x romos.
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Tak kak 3Ta ceTb HHTEIPUPYET IPUHILIUIIBI HEUPOHHBIX CETEeH C MPUHIUIIAMU He-
YETKOW JIOTUKH, TO Yy HEE €CTh MOTEHIIHAN, ITO3BOJISIIOIINNA COBMECTHTh HX TIpe-
UMYIIECTBA B OJHOU CTPYKType. BBIBOJ Takoil cHCTEMBI COOTBETCTBYET Habopy
HEYETKUX MPABUI «ECIU—TO», KOTOPBIE UMEIOT CIOCOOHOCTh K OOYYEHUIO C IICITBI0
anmpokcuManuyi HenuHeWHbIX ¢yHkiwid. CnenoBatensHo, ANFIS cumraercs
YHUBEPCAIBHBIM ammpokcuMaropoM. st ucnonms3oBanmst ANFIS nHanbonee a¢-
(heKTUBHBIM CITIOCOOOM, MOKHO KCIOJIBL30BATh MMapaMeTPhl, MOIYYCHHBIC C TIOMO-
IIBIO TEHETHYECKOTO aITOPUTMA.

JIATACET

Ucxonuble naHHbIe Ui IPOBEACHUS SKCIIEPUMEHTOB B3ATHI ¢ calita Kaggle [11].
Bcero 6puto 253 m3obpaxkeHus, u3 KOTopsix 98 Oe3 omyxonu (puc. 3) u 155 ¢
omyxoJibio Mo3ra (puc. 4). Bce o0pasnbl pa30uTE Ha 00YYaIONIyI0 U TECTOBYIO
moBEIOOPKH B cooTHOUeHUH 80% / 20%.

Puc. 4. I3o6paxenns MPT ¢ onmyxomsaMu Mo3ra

Jlnst ayrMeHTaIuy TaHHBIX UCIOJIb30BAHbBI: CABUT JAHHBIX TOPU3OHTAIBHO H
BEPTHKAJIbHO, H3MEHEHHE SPKOCTH, TOPH30HTAIBHOE OT3CPKAIMBAHUE M [TOBOPO-
T6I 10 15%.

IKCHHEPUMEHTAJIBHBIE UCCJIEJOBAHUS 1 UX AHAJIN3

B naHHOM WCCieOBaHUM UCIIOJIB30BAHO MPEBApUTEILHOE OOyUeHHE CBEPTOY-
HbIx cereit CNN-VGG 16 u ResNetV2 50. CymiecTByIOT 1Ba OCHOBHBIX CIICHA-
pust obyuenus HC.
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1. U3Biaeuenue npusnHakos (Feature extraction). [lomHocBsI3HBIE cion
OTKITIOYAIOTCS, & OCTABINASCSA YaCTh CETH HCIONB3YyeTCS KaK AKCTPAKTOp MpHU3HA-
KOB B HOBBIX JIaHHBIX (JlaTaceTax).

2. Toukas nHactpoiika (Fine Tuning). HoBrIii maTtaceT MCmoNb3yeTcs s
TOHKOW HACTPOWKH IIpeIBaPUTEIHLHO 00yUYeHHON HEMPOHHOM ceTH.

B uccnenosanuu cets CNN VGG-16 ucnonb3oBanack sl U3BJICUEHUS IPU-
3HaKOB B MEIUITMHCKUX M300paKCHUAX OMyxojiel Mo3ra. HaiineHHbIe IpU3HAKH
nomaBayiich Ha BXoq ANFIS. Jlns oOydeHus HUCIONb30BAIMCH alTOPUTM CTOXAC-
TUYECKHI TPAJUESHTHBINA CITYCK U €r0 MOAH(HKAIIHH.

Brun mpoBeneHBI cepuu SKCIIEPUMEHTOB W CpaBHEHHE C pe3ylibTaTaMu
MIPEAIMIECTBYIONUX PadoT.

Jlyummme pesynbratel oO0ydeHusi ANFIS W anbTepHaTHBHBIX apXUTEKTYp
npuBeaeHs! B Tadu. 1. KomnuectBo ureparnmii 00yuenns puxcupoBano S50 smoxamu.

Tao6auma 1. PesynpraThl kiaccupuKalMy, NOTYYCHHBIE PA3TUYHBIMU apXH-
tektypamu CNN

55 = Accuracy, Specifici isi
SE 2 y,|Specificity, Precision,| Recall, [F1 score,
E i = ApxuTeKkTypa % % % % o
]
| VOGIEINNTWarm-up | 576 | (8649 | 08607 | 09052 | 0.8514
AdamW
VGG16+Warm-up
2 AdamW- ANFIS 0,8368 0,7671 0,8839 | 0,8462 | 0,8378
VGG16+SVM+Warm-up
3 AdamW-+ SVM 0,8737 0,8784 0,8710 | 0,9310 | 0,8722
g4 | ResnetV2 S0 +DR+ | om0 | 62052 | 07840 | 08673 | 07789
AdamW

B apxurektype 1 (tabdmn. 1) 3a ocHoBy B3sita CNN VGG-16, BBIXO U3 KOTO-
poii mpuBeAEH K BUAY: pa3Mep 6arya X KOJMYECTBO MPU3HAKOB C IIOMOIIBIO OIle-
pammm Flatten [13]. K momy4eHHBIM mpu3HakaM B KadecTBe Kiaccudukaropa
pUMeHEeHa HEHPOHHAS CeTh, CTPYKTypa KOTOPOH IpuBeneHa B Tadu. 2. s yiy-
YIIEHNSI CXOTUMOCTH A00aBICH CIIOW OaTdy-HOpManu3auuu, a Iias u30exkaHus
oBepdurTHra — cioil Dropout ¢ BennunHON oOHyneHus 35%. s sToit cetn
UCIIOJIb30BAJIaCh OMHApHAs KPOCC-dHTpONHiHAs GyHKIUs nmotepb. Kak anropurm
ontuMm3auuu ucnonb3oBancsi AdamW[13] ¢ mpuMeHeHnem TexHuku Warm-up
[14, 15].

Tadéamma 2. Apxutekrypa ucnonszyemoit cetu CNN

Caoii ceTn dopma BbIX0AA €105 KounyecTBO napamerpos
VGG16 (Model) (None, 7,7, 512) 14714688
Flatten (None, 25088) 0
Batch Normalization (None, 25088) 100352
Dropout (None, 25088) 0
Dense (None, 1) 25089

OOmee koauuecTBO napamerpos: 14840129,
KonudectBo 06ygaembIix mapaMeTpoB: 75265.
KonuuectBo HeoOyuaembIx mapamerpoB: 14764864,
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B apxutextype 2 (Tabn. 1) 3a ocHoBy B3sta VGG-16, BBIXOA M3 KOTOPOM
NpUBEAEH K BUIY: pa3Mep 0aTya X KOJIWYECTBO MPU3HAKOB C IOMOLIBIO OTIEpaluu
Flatten. [lns yMeHbIIEHUS] KOJIMYECTBA NPU3HAKOB HCIIOIB30BAH IMOJHOCBA3HBIN
cioii HeiipoHHOW cern. K 3TuM mpu3HakaMm OpUMEHEH Kak KIIACCU(PHUKATOP
ANFIS (tabm. 3).

Komuuecto npasun jmiiss ANFIS — 32. Jlns u30Oexanust oBepHUTTHHrA J10-
0aBineHo nBa cios dropout ¢ BenuunHoH o6HyeHus 50% u 25% cooTBETCTBEHHO.
Jns GyHKUMM NOTeph MCIONb30Bajach OMHAPHAs KPOCC-3HTPOIUiHAS (QyHKIHS
notepb. Kak anroputm ontumuzanmu ucnoib3oBancs AdamW [13] ¢ mpumene-
HueM Texuuku Warm-up [14, 15].

Tadoaumuma 3. ANFIS knaccudukarop

Caoii cetn ®opMa BbIX0JA CJI0S KosanyecTBo napamerposn
VGG16 (Model) (None, 7,7, 512) 14714688
Flatten (None, 25088) 0
Dropout (None, 25088) 0
Dense (None, 8) 200712
Dropout (None, 8) 0
ANFIS (None, 1) 544
Dense (None, 1) 2

OO1ee KoaMIecTBO napameTpoB: 14915946,

KonuuectBo 06yduaembix mapametpon: 201258.

KonmaectBo HeoOydaeMbIxX apaMeTpoB: 14714668.

B apxurektype 3 (tabm. 1) 3a ocHoBy B3sita VGG-16, BEIXOD W3 KOTOPOH
MIpHUBEJIEH K BUAY: pa3Mep 0arda X KOJIMYECTBO MPU3HAKOB C MOMOIIBIO ONepaIiuni
Flatten. K >tim mpu3HakaM mpuMeHEH Kak kiaaccudukarop SVM (tabdma. 4). Ila-
pametp «kxo3durmeHT perynsapuszanuny ycranosiaed B 0,01. [ pacdera GpyHK-
W TIOTeph Hcnoiab3oBaHa ¢pyHknus Hinge Loss [12]. Kak anroputMm ontuMuza-
AW uctoiib3oBasicss AdamW ¢ mpuMeHeHneM TeXHuKH Warm-up.

Taoaunma 4.SVM knaccudpukarop

Cuioii ceTn ®opMa BbIX0J1A CJI0S YucJio mapaMeTpoB
VGG16 (Model) (None, 7,7, 512) 14714688
Flatten (None, 25088) 0
Dense (None, 1) 25089

OO6mee komuaecTBO mapamerpos: 14739777,

KonmaectBo 006y4gaembIx mapametpos: 25089.

KonuuectBo HeobygaembIx mapameTpoB: 14714688.

B apxurextype 4 (Tabn. 1) 3a ocHoBy B3siTa ResNetV2_ 50, BbIxoa U3 KOTO-
poi mpuBEAEH K BUIY: pa3Mep 0aTda X KOJINYECTBO (HIBTPOB C IIOMOIIBIO OIe-
parmuu Global Average Pooling 2D, xoTopas mist TpéxMepHOTo siapa (GuiabTpa
HAXOOUT CpefHee AN KaXXIOro ABYXMEPHOTO MPOCTpAaHCTBA (B BHAEC TaOJIHIIBI)
TakK, YTOObI B pe3yJIbTaTe NOIYYUIOCH OIHOMEPHOE SAPO.

K 3TtuM npusHakaMm NpyUMEHEHB! CBEPTOYHbIE CJIOU [UI YMEHBIIIEHUS pa3Me-
pHoctu. [locie ymeHbLIEHHS Pa3MEPHOCTH BBIXOJa, KOTOPOM ObUT MpHUBEAEH
K BUAy: pa3Mep 0arda X KOJIMYECTBO MPU3HAKOB ¢ moMomlsio onepanuu Flatten,
NpUMeHEH Kiaccu(UKaTop B BUJAE HelpoHHOW cetw (Tabn. 5). Jnsa ymydmenus
CXOIMMOCTH J100aBIeHbI CiIoi O6aTu-HOpManu3anuu. /s nzbexanus oBephuTTU-
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Hra nobasieH cioii dropout ¢ BenmnunHON 00HyIeHus 25% Ha CBEPTOYHBIX CIIOAX
u 30% Ha TOMHOCBS3HOM. [l 3TOW CETH MCHOJB30BaNach OWHApHAs KpPOCC-
SHTPONUIHHAS QYHKIMS MOTEPh, & KaK aITOPUTM ONTHMH3AIMH HCIOJIE30BAIICS
AdamW.

Taoauma 5. Crpykrypa cetd ResNetV2 50co CBEPTOUYHBIMH CIOSIMH JUIS
YMEHBIIIEHHUS Pa3MEPHOCTH

Caoii ceTn ®Dopma BbIX0/1a CJIOS KoJinuecTBo napamerpon
Resnet50v2 (Model) (None, 7, 7, 2048) 23564800
Global Average Pooling 2D (None, 2048) 0
Reshape (None, 2048, 1) 0
ConvlD (None, 512, 8) 264
Max Pooling 1D (None, 256, 8) 0
Batch Normalization (None, 256, 8) 32
Dropout (None, 256, 8) 0
ConvlD (None, 64, 16) 4112
Max Pooling 1D (None, 32, 16) 0
Batch Normalization (None, 32, 16) 64
Dropout (None, 32, 16) 0
ConvlD (None, 16, 32) 16416
Max Pooling 1D (None, 8, 32) 0
Batch Normalization (None, 8, 32) 128
Dropout (None, 8, 32) 0
Flatten (None, 256) 0
Dropout (None, 256) 0
Dense (None, 1) 257

Ob6mree koaum4ecTBO mapameTpoB: 23586073.

KommuectBo o0y4daembix mapamerpos: 21161.

KommuectBo HE0OyuaembIx mapamerpoB: 23564912,

B pesynpTare aHammza 3KCHEPUMEHTOB YCTAHOBJIEHO, YTO HAWIYUIIHE pe-
3yJnbTaThl Moka3zal kinaccupukatop SVM. JlaHHBIH METOJ MMENl HAUBBICHIYIO TO-
yHOCTS (10 mokazaTensiM Accuracy, Specificity, Recall u F1 Score). Ognako nau-
JTyYIINA pe3ynbTaT 1Mo MeTpuke Precision mokasan knaccugukxarop ANFIS.
C ucnonp30BaHNEM METOAMKH YMEHBILICHUSI Pa3MEPHOCTH MOTY4YEHBI HEBBHICOKUE
pe3yibTaThl; METOAMKA TpeOyeT OoNbIIeH peryspu3auyd 1 OOJIbLIEro KOJHYec-
TBa nmaHHbIX. C mpuMeHeHueM HelipoHHoH cetn ANFIS B kauectBe kinaccuguka-
TOpa MOJyYeHbI CpeJHHUE Pe3yNbTaThl. s yIydlleHus pe3yabTaToB HE00X0IUMO
YBEIUYUTh 00beM 00yUaromuX JaHHBIX. Takke BO3MOXKEH BapHaHT C pa3Mopa-
KHBaHUEM CBEPTOYHBIX CIIOEB B TIpoLiecce 00yUeHusI.

BbIBO/IbI

Paccmotpena nmpobnema aHanmmM3a METUIIUHCKUX M300pa)KEHUI MO3ra M KIacCH-
(hukarum oOHAPYKEHHBIX OMyXOJIel Ha JBa KJjacca: JOOPOKadYeCTBEHHBIE U 3J10-
KaueCTBCHHEIE.

Jnia pacrio3HaBaHUs OMyXoJel pa3paboTaHa THOpPHAHAS CBEPTOYHAS HEUET-
kast cetb CNN-ANFIS, B kotopoit CNN-VGG 16 Obi1a ucrnonb3oBaHa AJsl BbI-
JleJieHus: Ipu3HakoB Ha m3o0paxenwsx, a HHC ANFIS — mns xnaccudukanun
00HAPYKCHHBIX OITyXOJIeH Ha OCHOBE 3TUX MPU3HAKOB.
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Hns o0yuyenust ANFIS npennoxen u peam3oBaH alropuT™ oOydeHHs ajar-
THUBHBIA CTOXaCTUYECKUH I'PaJMEHTHBIN CIIYCK U MCclieioBaHa ero 3G (eKTHBHOCTD.

[IpoBeneHb! IKCIEPUMEHTAIILHBIC UCCIICAOBAHUS TPEIOKESHHOM THOPHUIHOM
CNN-ANFIS certu B 3agaue KinacCU(pUKAUN peallbHbIX H300pakeHUH Ha CIel-
anpHOM aatacere Brain MRI images for brain tumor detection.

CpaBHEHHE TOYHOCTH KiacCH(HUKAITMN TpemIokeHHon TuOpumaaoii CNN—
ANFIS c pe3ynbrataMy CBEpTOYHOMH CETH C aTOPUTMaMHU Kiaccupukamuu SVM,
NN u Dimensionality reduction mokasano meiaecooOpa3HOCTh HCIOIb30BAHHS
rubpunHoit cetu. CpaBHuBas pe3yabrarel padotst HHC ANFIS ¢ pesynbraramu
HHC NEFClass B kauecTBe KIacCH(PHUKATOPOB OOpaOOTKH METUIIMHCKUX H30-
OpaxeHHI cJieNiaH BBIBOJ O IiesiecooOpasnoctu ucnonb3oBanuss HHC ANFIS mns
3THUX Lenei. 910 MoxHO 00BsicHUTH TeM, uTo HHC ANFIS cnennansHo paspado-
TaHa AJ 32124 KJIacCupHUKanuy.

Haunyumme pe3ynbTarhl mokasan kiaccuduxarop SVM. OnHako pe3yiibTa-
ThI MOTYT OBITh 3HAYUTEIILHO YJIyYIICHBI ITyTEM PaCIIUPEHUS JaTaceTa.
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HEYITKA 3AJAYA OIITUMAJIBHOI'O PO3BUTTSA MHOKUH
3 OBMEXEHHSMMU HA POSMIINEHHSA IEHTPIB
HIAMHOKUH

O.M. KICEJIbOBA, O.M. IPUTOMAHOBA

AHoTamisi. 3anpOIIOHOBAHO AJTOPUTM PO3B’SI3aHHS HEWITKOI HENepepBHOI JiHIHHOT
OJTHOIIPOJIYKTOBOI 3a/ia4yi ONTHMAJIbHOIO PO3OUTTS MHOXKMH Ha ITIIMHOKHHH 3 Bill-
IIYKAQHHSIM KOOPJMHAT LICHTPIB LIUX MiZIMHOXXHH Ta OOMEKXEHHAMH Ha iX pO3MillieH-
Hs. AJITOPUTM TPYHTY€ETHCS HA CHHTE31 METO/IB PO3B’SI3aHHS HECKIHYEHHOBUMIPHUX
3a1a4 ONTHMAJIBHOTO PO3OUTTS MHOXUH 13 71 -BEMIPHOTO €BKIIJJOBOTO IIPOCTOPY HA
MiAMHOXHMHHA 3 HEHPOHEUITKUMH TEXHOJIOTIAMH Ta MOTH(DIKALIAMH 7 -aITOPUTMY
H.3. lopa, siki 3aCTOBYIOTHCS AJIsl YUCIOBOTO PO3B’sI3aHHS IBOICTUX CKIHUCHHOBH-
MIipHUX HETJIAJKHUX 3a7ad onTuMizalii. Po3pobieHy mporpaMHy peami3awito anropu-
TMY IPOUTIOCTPOBAHO Ha MOAENBHIHN 3a1adi.

Kawu4oBi ciioBa: HeCKiHUCHHOBHMIpHE MaTeMaTHYHE MPOTrPaMyBaHHS, TEOpis OIl-
TUMAJIHOTO PO30UTTS MHOKWH, OOMEXXEHHS Ha PO3MIIICHHS [CHTPIB ITiIMHOXHH,
HenudepeHiiioBHa onTUMI3allis, HediTKi napamerpu, 7 -anroputum Llopa.

BCTYII

AKTyaJbHICTh 33/1a4 ONTHMAJIBHOTO PO3OUTTS MHOXHH IOB’S3aHA 3 LIMPOKHM
NPakTUYHUM 1 TEOPETHYHHUM 3aCTOCYBaHHSM TEOPil ONTUMAIbHOTO PO3OHTTS
MHOXHH [1]. CTpyKTypy Teopii ONTHMaIbHOTO PO3OUTTS MHOXKHWH, c(HOpMOBaHY
JOTeTep, Moano y mpari [2].

OnHUM 3 HaNpsIMiB PO3BHUTKY TEOPii ONTUMAIBHOTO PO3OUTTS MHOXHH € JI0-
CIII/PKEHHS 3a]1a4 ONTUMAJIbHOTO PO3OUTTS MHOXHH 3 71 -BUMIPHOTO €BKJIiIOBOTO
npocTopy E, B HEWITKUX yMoBaX. HediTKiCTh € MPUPOIHOIO BIACTUBICTIO HABKO-

JIMIIHBOTO CBITY, TOMY BPaxyBaHHS y MaTEeMaTH4HI¥ MOCTAHOBII 3a1a4 ONTHMa-
JBHOTO PO30OUTTS MHOXHH MOMJIMBOCTI HEWITKOCTI BXIJHHMX JaHUX OYiKyBaHO
3YMOBHWTD MiJABHUINEHHS aICKBATHOCTI JOCIIKYBaHUX MaTeMaTHUYHUX MOJICIICH.

VY po0OTi pO3rIsLAAETHLCA HEUITKA HEIEpEepBHA JIiHIIHA OQHOIPOIYKTOBA 3a-
Jladya ONTHMAIbHOIO PO3OUTTS MHOXKHH Ha IMIIMHOKHHH 3 BiIIIYKaHHSIM KOOPIH-
HAT IEHTPIB I[UX MiJIMHOXHWH, MaTeMaTU4YHa MIOCTAHOBKA SAKOI yCKJIaJHECHA Ha-
SBHICTIO JIOJIaTKOBUX OOMEXEHbh Ha PO3MIMIEHHS IEHTPIB MIMHOXHH Ta
MPUIYIICHHAM, 10 AesKi BXIiJHI JaHi 337134l MOXKyTh OyTH 3aaaHi HediTko. Hewit-
KOIO 33/1a4CH0 BBAKAEMO HEMEPEPBHY 3a71a4y ONTUMAILHOTO PO3OMTTS 3 J0JaT-
KOBUMH OOMEKCHHSAMU Ha PO3MIIICHHS I[CHTPIB MiJIMHOXHUH 3 HEYITKMMH Ta-
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paMeTpaMy y MThoBOMY (DyHKIIIOHANI. Bim3Haummo, 1o oxHy HeCKiHYeHHOBUMIPHY
3a/layy ONTHMAaJIbHOTO PO3OUTTS B YMOBAX HEUITKHX BXIJIHUX HaHUX CHOPMYIIHO-
BaHO Ta po3B’s13aHO y Tpami [3]. 3agada, mo po3rIaaacThCs y mik poboTi, € 1i y3a-
TaTbHEHHSIM.

IHOCTAHOBKA 3AJAYI

CnogaTtky chOpMyTIOEMO MaTeMaTHYHY MTOCTAHOBKY 3ajladi ONTHMAILHOTO PO3-
OMTTS MHOXUH 3 JIOJaTKOBUMHU OOMEKEHHSIMH Ha PO3MIIICHHS IEHTPIB IMiMHO-
JKUH Y Y9ITKHX YMOBaXx.

Hexait (2 — oOmexxena, BuMipHa 3a Jleberom MHOXWHA Y 71 -BUMIPHOMY
eBKiIiioBoMy mpoctopi FE,. CykynHicTe BuMipHHX 3a JleGerom miaMHOXHH
Qy,....,Qpy 3 Qc Ey OynemMo Ha3uBaTH MOXIUBUM PO3OUTTSIM MHOXHUHHU ) Ha

Horo miAMHOXUHU )y,...,Q y , 10 HE IEPETUHAIOTHCS, SKIIO

N
UQi=Q, mes(Q,nQ;)=0, i#j, i,j=1..N,
i=1
ne mes(-) — mipa Jlebera.
[To3HaunMo Knac ycix MOXKJIMBHUX PO3OHTTIB MHOXKMHHM ) Ha MiIMHOXXWUHH

Qy,...,Q  , IO HE IEPETUHAIOTHCS, YEPE3 Zg , TOOTO

N

Yo =29, Q) JQ, =Q, mes(Q,nQ;)=0, i#j, i,j=1.,N
i=1

VYBenemo GpyHKIIOHAT

N
F({Qy,... QN AT Ty ) = Z I(c(x, T;)+a;)p(x)dx . (D)
i=lQ;

Tomi mij HEeEepPepBHOK JIHIMHOI OJHOMPOAYKTOBOKD 33JIa4€l0 ONTUMAIBHOTO
PO3OUTTS MHOXKHMHU () 3 1 -BUMIPHOTO €BKJIJOBOIO IpocTOopy £E, Ha MiAMHO-
axUHE Q,...,Q ), II0 HEe NEePeTHHAIOThCS, 32 0OMexeHb y (hopMi piBHOCTEHl Ta
HEepiBHOCTEH 3 BIALIYKAaHHSIM KOOPAMHAT LEHTPIB T(,...,Tp LUX MIIMHOXHH Ta

JTOJTATKOBUMH OOMEXEHHSIMH Ha 1X PO3MIIICHHS OYIeMO PO3yMITH TaKy 3a/1ady.
3agaua 1. 3Haiitu

min F({Qp, ., Qu 4T Ty ) »
({Ql s-'-aQN }’{Tl s TN })

3a yMOB

[p(x)dx=b,, i=1,...p, [p(x)dx<b, i=p+1..N,

Q; Q;

1Q,..Qy}eXq,
rz(rl,...,r[,...,rN)e A x.x A % x Ay eMzQN ,
AN N

e Tiz(rl(l),...,rl(-"))eQ; X=(X[,...,x,)€Q; A4,..., Ay — 3aMKHEHI MHOXWHHU

MPOCTOI CTPYKTYPH, HANIPUKIIAMA, 1 -BUMIPHUI HEBi €MHHIA OKTAHT, /1 -BUMIPHUHN
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napajuesemninen Ta if.; a,...,dy , by,...,by — 3amaHi HeBix €MHI 4YnCIIa, TPUIOMY
BHKOHYIOTBCSI YMOBH PO3B’sI3yBaHOCTI 3a1adi 1:

N
S=[p(x)dx<Y b, 0<bh<S, i=1,..N.
Q i=1
Hapy ({Q,..., Q% },{t},.... T}, Ka € po3B’s13K0M 3azaui 1, GyneMo Ha3UBa-

TH ONTUMATIBHOIO.

3agaya | € HECKIHYEHHOBUMIPHOIO 33/1a4€10 ONTHMAJIBHOTO PO3OUTTS y HiT-
KuX yMoBax (gkmo a; =0, i=1,..,N, — Lile HeCKIHYeHHOBUMIpPHA TPAHCIIOPTHA

3a/aya).

OnHak HeCKIHYeHHOBUMIpHI 3a/adi ONTHMAaJIbHOTO PO30OHUTTS 3 LiTBOBUM
(dhyukmionagom (1) iCTOTHO yCKIATHIOIOTHECS B YMOBaX HEBH3HAYEHOCTI, 30KpeMa,
KOJIU psin mapameTpiB y (1) € HeUiTKUMHU, HETOYHUMH, a00 € HEJJOCTOBIPHUM Ma-
TEMaTUYHUI OMHC AESKUX 3aJeKHOCTEH B MOJIEI.

VY wift pobOTi po3rNITHEMO BUMANOK, KoM y ¢yHKmioHan (1) mapamerpu
aj,...,dy MOXYTb OyTH 3aiaHi HeuiTKo. [y 3HATTS HEUITKOCTI B 3a7a4i 1 3acTo-
CYEMO METOJl HeWpPOJIIHTBICTHYHOI imeHTH]iKamii CKIaJHUX HENiHIHHHUX 3aJex-
HOCTeH i3 mpansb [4, 5]. OnumemMo KOpoTKo HOTO CYTh.

METO/I HEMPOJITHI BICTUYHOI ITEHTUDIKAILIT

JlJis CTIpOIeHHS OIUCY METOy HEMPOJIHTBICTUYHOI ineHTUdIKaIil s BiJHOB-
JICHHS 3HA4YeHb HEUITKUX IapaMerpiB d,...,dy IO3HAYMMO iX BIJHOBJIEHI 3Ha-
YeHHS SIK ) 1 PO3MNITHEMO (YHKLIOHAIBHY 3aJ€KHICTh BUXOLY » BiJl BXOZIB

Z15eerZg 00’exTa imeHTU(IKAI] Y BHTIIII

y=y(z1524) 2)
TYT Zj,...,Z, — (aKTOpH, 1O BILIMBAIOTb HA ), | MOXKYTb OyTH 3a/jaHi HEUITKO.

Jns 3amadi imeHTHdIKAIT Tepen0dadaroThCs BIJOMUME 00JIacTi BU3HAYCHHS BXO-
MiB Zj,...,Z,, 00JaCTh 3MIHH BUXOMY ) JUISl 3aJIEKHOCTI (2), @ TAKOXK CKCIEPTHO-

eKCIIepUMEeHTaIbHA iHpopMaIlis Mpo 3alexHicTh (2) y BHMIIAAI BUOIpKH TaHUX
PO BXOJH 1 BUXiJ 00’ €KkTa imeHTH]IKAITIi.

3anava igeHTudikamii (BiIHOBICHHS) CKJIaIHOI HEJIIHIKNHOI 3aJI€KHOCTI BH-
gy (2) po3msimaeTees sAK  HOOyZoBa Moneni 00’€kTa 3a  eKCIEepPTHO-
eKCIIEpUMCHTAIFHUMH JTaHWUMH TIPO B3aEMO3B’SI3KM  <BXOIW> — <BHUXIT> 1
pO3B’sI3y€eThes, SIK IPaBUIIO, B 1Ba eTanu [5]:

1) crpykrypHa inenTudikamis: QopMyBaHHS HediTkoi 0a3u 3HaHb NPO
00’ekT 1 MOOymOBa Ha ii OCHOBI HEWITKOI MoJei 00’€KTa 3 KiJTbKOMa BXOJIaMU i
OJIHUM BHXOJIOM, siKa Ipy0O0 BIATBOPIOE 3aJISKHICTh BUXOMAY BiJ BXOJIIB 3a JOIIO-
Mororo JiHrBicTHIHUX TpaBui «SKIIO-TO», mo reHepyroThcs 3 eKCIIepUMEH-
TAJIBHUX JIaHUX;

2) mapamerpuyHa ineHTH(IKaIis (HATAITYBaHHS): TONIYK TaKMX Mapamer-
PiB HEYITKOI MOJIEINI, SKi MiHIMI3YIOTh BIIXWUJICHHS MOJCIBHHUX 3HAYCHB BiJ| €KC-
HEPUMEHTAIbHUX.

VY pesynbTaTi 3aCTOCYBaHHS METOJy HEHpONIHTBiCTHYHOI ineHTHdikamii oT-
puMyeMo TO4HE (4iTKe) 3HAUCHHS BHXiAHOI 3MIHHOI ), SIKE pO3paxOBYETHCS 32

TaKUMH (HOpPMyIIaMu:
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L
Y. diup, ()
y=t— (3)
2up, (1)
k=1

S S
k k
zpj (ZI’Z2"--,Zq), SIKIIO zpj (Zl,Zz,...,Zq)Sl,
=1

* <_
Wh, (1) =171 @)
1 B iHIIINX BHITAKAX,
*k *k g *k
pj (21,22,...,Zq):Vj H“’l] (Z[), (5)
i=1
wy (z;) :—kz, i=l.,q, j=lL.,8:, k=12,....,L, (6)
%
Zi Y
1+
*k
€ij
e y opmynax (3)—(6):

. “*Dk (y) — &yHKUig HamexHOCTI BHUXimHOI 3MiHHOI ) Kiacy Dy,
k=12,...,L; L — KiabKiCTh KJaciB (JIHTBICTHYHUX TEPMIB) BUXITHOI 3MIHHOI
v; d;, — uentp xnacy Dy ;

e f;k (24,25 Z,) — HeUITKi IPOAYKUiAHI IpaBUiIa, OTPUMYBaHI
3 eKCIEePTHO-EKCIIEPUMEHTANIbHOT iH(hopMaIlil po 3aiexkHicTh (2); j — HOMEp
npaBuna y k-my knaci; j=L2,...,5;, s, — KUIbKICTb IpaBUI y k -My Kiaci;
v¥ __Bara j-ro npaBuia y k -My Kiaci BUXOAY;

J
. “Zk (z;) — n3BoHOBaA (DYHKIIiSl HAJIEKHOCTI 3MIHHOI z; 1i JIHIBICTHYHOMY

*k

TepMy y j-My HIpaBWii k -r0 KJacy BUXOAY BHXiHOI 3MIHHOI y; #;

— KOOp-

THATA MAaKCUMYMY 1 e;-k — KoediITieHT KOHIICHTpAITii 11i€i QyHKITI HaJIeKHOCTI.
*k *k
J ij

¢yHknii HanexxHocTi (6) BiIMIUEHO 3ipOYKOI0 SIK ONTUMallbHI, TOOTO TakKi, IO
OTpUMaHi y pe3ylbTaTi eTalmy m[apaMeTpuyHoOi izeHTH(iKalii  MeToxy
HEWPONHTBICTUYHOI 1IeHTH}IKAIT, Y AKUX BIAXUIEHHS €KCIEPHUMEHTATbHUX
MaHUX B MOICIBHHUX, OTPUMAHMX IIICAS HAJAIITyBaHHS HEUYITKOI MOJIEIi

3ayBaxkenns 1. 3HaueHHS v, — Bar npaBwiI y (5) Ta mapaMeTpiB t;-k , e

00’ekta (2), pmocsarae MiHIMaJbHOTO 3HAYeHHS. 3HAaYCHHA “*Dk ),

p_’;-k (21,2950, 24) T2 u’;]-k (z;) y dopmynax (3)—(6) 0OUHCIIOIOThCA 33 ONTHMAIIb-

ko xk *k

*
HHX 3HAYCHb Vj i o eij

3ayBaxkenHs 2. /{19 HajamTyBaHHS HEWITKOI MOZEINI MOJEI 3aCTOCOBAHO
r -anroputm lllopa [6].

,
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Taxum unHOM, y (yHKIioHani (1) KOXXHUH 3 mapaMeTpiB a,...,dy , O3HA-

YeHMX BHUIIE SK BHXiJ ), IO 3alEKUTh BiJ BXOAIB Zj,..,Z,, Yy METOIl

q 9
HEHPOJIIHTBICTUIHOI iMeHTH(IKAIII1, po3paxoByeThes 3a hopmynamu (3)—(6).

AJITOPUTM PO3B’AA3AHHS 3AJTAYT

Jus po3B’si3aHHA 3aadi | 3 BiAHOBIEHMMHU 3HAYEHHIMHU d,...,d) YBEIEMO Xa-
pakTepucTHuHi QyHKUI] miAMHOXUH Q;, i=1,...,N:

1, xeQ,,

Ai(x) =

0, xeQ\Q,,
1 mepenuiiemMo 3afgady 1 y TepMiHax XapakTepucTUYHHUX QyHKLIIH A;(x) y Takomy
BUTJISLII.

3agaya 2. 3HaliTu

min I(A(),7),
(M) v)el x4y

ac

[ = {A(x) = (A (%), Ay (X)): A(x) € I, maiixe Bcroau (M.B.) 11 x € Q

[P ()dx=b;, i=l...p, [p(x)h(x)dx<b;, i=p+1..,N},
Q Q

N
L ={A(x):A;(x)=0v1 z%i(x) MB. I xe€Q, i=1... N}.
i=1

@ynkuii c(x, t;) — aiiicHi, oOMexeHi, Bu3HaueHi Ha (x (), BUMipHi 3a ap-

TYMEHTOM X 3a OyIb-fKOro (ikcoBaHoOro T, = (Tl(-l),...,’tl(-n)) 3 Q s Beix
i=1..,N; t=(1q,...,Ty) — CYKYNHICTb AE€IKHUX €TAJOHHUX TOYOK AJISI IiAMHO-
KUH )y,...,Qy BIINOBINHO, Ki HA3UBAIOTh LEHTPAMHU LUX MiAMHOXKUH, IPHUOMY

. 1 . . ..
xoopmuaat nentpis T; = (t\,...,7")) sasnanerine HeBizoMi i mOTPeBGYIOTH CBO-
T'O BUBHAYCHHA 3a YMOBU
T=(T ceesTjaeens T )eA XX A x..x Ay eQx..xQ=0";
190 Liseees LV 1 1 N =Q&2---7 29 2

N
AN

by,...,b)y, — 3a1aHi HEB1’ €MHI YUCIIA, TPHUOMY

N
S=[p@dr<Yh. 0<b<S, i=1..N,
Q i=1

N
T),7) = [ (e, 1) +a,)p(x) Ay (x) dx (7

Qi=l
V Bupasi (7) uepe3 q; MO3HAYEHI HEUITKI MapaMeTpu dj,...,dy , 3HAUCHHs
SIKMX BiIHOBJIEHI 32 IOTIOMOTOI0 METOJY HEHpOJNIiHTBiCTHYHOI imeHTH]iKamii. 3a-
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Jada 2 € 3aJ1a4CH0 HECKIHYCHHOBUMIPHOTO MaTeMaTUYHOTO MPOrpaMyBaHHs 3 0Y-
JICBUMHU 3MIHHUMU A(-) .

s 3amadi 2 y npaii [7] 1oBeneHO TeopeMy, sika BU3HAYA€E BHUJ 1i ONTHMa-

JbHOTO PO3B’ 3Ky (X'(1),T") mns i =1,..., N, i Maiixe Bcix x€Q:
* — * — *
Le(x,t)+a; +y; <c(x, ;) +a; +vy;,
Ae;(x)=< i#jMB. g xeQ, j=1,.,N, Toni xeQ, (8)
0 B IHIIMX BHIAJKax,
€ Y AKOCTL (T]5eer Ty > W 5eees Wy ) OOMPAETHCS ONTHMATBHUI PO3B’A30K CKiHUEH-
HOBHUMIipHOT HeM(epeHIIIHOBHOT 3a/1a4i ONITHMi3aLlii:

G(y) = min Gy (t,y) =

tedN
N
= min | [ min[e(x,7,)+a; +y;]p(x)dx = Y yb; | - max 9)
‘EEAN Qj=1,N i=1
3a YMOB
v, 20, i=p+1,.,N, (10)
N .
Gi(vw) = =2yt + [ minfe(x.t))+; +lp(x)ds (11)
i=1 QJ=L

Jns BigurykanHst po3B’sizky 3amadi (9)—(11) BHKOpHCTaEMO anropuTM ys3a-
raJbHEHUX MCEBJOTPAIEHTIB 3 PO3TATYBAHHAM MPOCTOPY B HAMPSMKY Pi3HUII
JIBOX TTOCHIIOBHHUX y3araJlbHeHUX TPami€HTIB, OMU3bKUi A0 r -anroputmy Lllopa
[6]. s uporo Bix 3amaui (9)—(11) mepetinemMo 1o 3ama4i 6€3yMOBHOI MaKCHMi3a-
ITii 32 \y 3a JOIOMOTOIO BBEICHHS B IIILOBY (pyHKIiIO (9) Hermankoi mrpadHOoi

Gbynkuii MHOXKUHU {y; >0, i=p+1,...,N}, 3HaiiTH
max min P(t,vy) , (12)
\VEEN tedV
ae
N
P(t,y) =G (t,y)—s- Y max (0,-y,).
i=p+1

TyT s — JMOCHUTh BEeNIMKE JOAATHE YHCIO (3HAYHO OiNbIIe MAaKCUMAaJbHE 3
MHOXHHKIB Jlarpamka mius ¢yakiii (11)). MoxiauBicTh epexoay Bim 3amadi
(9)-(11) mo (12) mokazano y mparii [7].

BusHaunMo i -y koMrnoHeHTy 2N -BHUMIpHOTO BEKTOpa y3arajbHEHOTO Tice-
BIIOTpaIi€HTA

gp(t W) =(gp(n,y),—g} (1, ¥)) =
= (g7 (W) gV (W)~ (L), g Y (T, W)

¢bynkuii (5) y Touti (T,¥) = (Ty5eees Ty s Ypseers Wy ) TAKUM YHHOM:
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[P (x)dx — by, i=1,...,p,

. Q
g (Ly) = . (13)
[ PN, (x)dx = b; +s - max[0,sign(y,)], i = p+1,.... N,
Q

g;,i (t,y)= J.p(x)gctf (T, x)A;(x)dx, i=1,..,N, (14)
Q

ne g.(t,x) — i-a komnoHeHta N -BUMIPHOrO BEKTOpA y3arajJbHEHOTO IPai€H-

ta g (1,X) QYHKIT ¢(X,T;) ¥ TOULE T=(Tf,ees Tpeers Ty ) -

OmummemMo aaropuTM.

Aaropurm. Ilonepeaniii eran. O6mactp () yKiagaeMo B n-BUMIpHUI ma-
paneneninen I1, croponu sikoro napanesbHi BicAM AEKapTOBOI CUCTEMHU KOOPIH-
Hat; BBaxkaeMo p(x) =0 mia x e [T\ Q. [Mapaneneninen 1 mokpuBaemo mpsmo-

KYyTHOIO CITKOIO 1 3aJaEMO II0YaTKOBE HAOIMKCHHS (t,w)z(r[o],\u[o]).
OO0UnCITIOEMO 3HAYEHHS XapaKTepUCTHUIHOI (PYyHKIIIT k[o](x) y By3Jax CiTKH 3a
dhopmynoro (8), sKIIO =10, \|/=\|/[0]. O0UYnCITIOEMO KOMIIOHEHTH BEKTOpa
gp(t,v) yBy3max citku 3a Qopmynamu (13) i (14), sxmo =19, \yz\y[o],
Ax) =N (). OOGupaemMo nouaTKoBHI NPOOHUI KPOK /iy >0 r-anroputmy.

Kpox 1. Anroputm npoBoaumo 3a Gopmynamu:

1 0 0 0
=Py (% = hogp (%, yl™);

Wil =yl 4 gy ¥ (1100 01y

e P v~ OIEpaTop TNPOCKTYBAHHS KOKHOTO 3 LEHTPIB MiIAMHOXHH

t,€4; (i=1,..,N) Haoro qonycTumMy MHOXHHY 4; < Q.
Kpoxk 2. Hexait B pe3ynbTari o0umcnens micist k, k=1,2,... n KpokiB anro-

pUTMY OTPHUMAHO TI€BHI 3HAYCHHS T = 7tk U} =\|1[k] , AX) =l[k_1](x) y BY3JIax
CITKH.
Kpox [k +1]-i:

1) oOuucmoeMo 3HaYCHHS k[k](x) y By371ax ciTku 3a ¢opmynoro (8) mpu

k k
g =yl

2) o0uncII0eMO 3HAUCHHS g p(T,y) B y3nax citku 3a hopmynamu (13) 1 (14)

T=7T

ans t=t* y =yt ) =0 () ;

3) BUKOHY€EMO OOYMCIICHHS 3a iITepaliiHUMU (OPMyJIaMH:

\V[ ]——\|I[ ]+h;chj lg\up(‘t[ ],\|I[ ]),
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ne B, B!, — omeparopu BifoOpaKeHHs MEPETBOPEHOrO MPOCTOPY B OCHOB-
Huii poctip E, , npudomy Bj =1, , [ — OfMHUYHA MATpHIIS; g p (’C[k], w[k]) =
=B,.,.gp (r[k],\v[k]); h;, — BemMYMHA KPOKY, KA PO3PaXOBYETHCSA 3 YMOBH MiHi-
MyMYy Pi3HHLI [Gl(t[kfl],w[k]) -G (r[k],\y[k*l])] y HaIpsIMKY y3arajJbHEHOIO aH-
THUIICEBJIOTPpalieHTa — g p(T,y) Yy IepeTBopeHoMy npocTopi [7];

4) SIKTII0 yMOBa

[yt - @8,y ) <6, >0, (15)

HE BUKOHYETHCS, IEPEXOJUMO 0 [k + 2] -T0 KPOKY allTOPUTMY, SKIIO BUKOHYETh-
csl, — TO JIo 1.5;

5) Beaxaemo t =1, y* =yl X*(x) = (x), ne |— Homep iTepauii,
Ha sIKili BUKOHanIach ymoBa (15);

6) 004NCIII0EMO ONTUMAJIbHE 3HAYEHHS 11Ib0BOro GyHKIioHana Gy(T,y) 3a
dopmynoro (11), axkmo T=1", y =y", i AI9 KOHTPOIIO MPABUILHOCTI PO3pa-

XyHKIB ONTUMallbHE 3Hau€HHS LiJhOBOTO (YHKIIOHANA 3a/1a4i 2 3HaXOIUMO 3a
hopmymoro

N
I ()7 = [ Y (e(x, 1)) + @)p(x) A (x) dx.
Qi=1
3aBepmieHHst po6oTH aaroputTmy. Po3pobieHuit anropuTM mporpamMHo pe-

ai30BaHUH MOBOIO MporpamyBaHHs Java y cepemoBuii po3poOku IntelliJ IDEA.
Horo po0oTy IpoiTrocTpoBaHO HA MOAETBHIN 3a/1adi.

MOJIEJTBHA 3AJTAYA

Hexait 3amano MHOXuHY Q= {(x(l),x(z)) ek,:0< xD<1; 0<x® < 1} cmo-
’KMBA4iB OJHOPITHOT MPOIYKIII, sIKa MOXKE BUPOOJIATHCS 3a ITSIThMa ITyHKTaMH
BUPOOHUIITBA. BapTicTh TpaHCOPTYBaHHS OAWHUIN MPOAYKUii 3 i-ro, i=1,5,

MYHKTY BUPOOHHIITBA JI0 CTIOXKHBaYya (x(l),x(z) ) 3amaeTbes y BUTIISL

SO

(1)’

[ommT Ha mpoxykuito p(x x(z)) =1 ‘v’(x(l), x(z)) € Q. Ilpu upomy TOTyX-

HICTb [-T0 BUPOOHHKA BU3HAYAETHCSA CyMApHHUM IOMUTOM CIOXHBAYiB, 10 HaJe-
xatb (;, 1 He mepeBHIIye 3a1aHux oocsris b; =1, i=1,....,5.
He Bukmro4acTscsl BUMALOK, KOJIU AedKi 3 miaMHoxuH () ; MOXYTb BHABH-

THUCSI TOPOXKHIMH.
[ToTpiOHO PO30MTH MHOXHMHY CIOXMBadiB ) Ha iX 30HM OOCIYroBYBaH-
Ha (), N'ATbMa MyHKTaMM BUPOOHMITBA Ta PO3MICTMTH Li MyHKTH B o0sacti Q

Tak, o0 MiHiMi3yBaTu QyHKIioHaN (1) cymapHHX BUTpaT Ha JOCTaBKY MpPO-
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OyKUii 10 cnoxuBaya. Tako)K Ha KOOPIMHATH T; PO3TAlllyBaHHS IIyHKTiB BUPOO-

HMIITBA HAK/IAIEHO JOJATKOBI OOMEKEHHS:
BapiaHT 1:

1y edy, me A ={x=(x" x?): 0,6<xM<08; 03<x?<0,5;};
BapiaHT 2:
Ty €Ay, ne Ay ={x= (x(l),x(z)) : ||x - 20” <0,12}, z,=1(0,3;0,6).

Jlnist po3B’si3aHHS MOJENBHOT 3a7adi 3a JOMOMOTOI0 OMHCAHOTO AJIrOPUTMY
Ta WOro MporpaMHoi peatizaiii MHOKHHA (Q TMTOKPUBAJIACS MPSIMOKYTHOKO CITKOIO
3 Bysnamu (i, j), i=1,.,100, j=1,..,100. SIx mo4aTkoBi 3HAYEHHS JBOICTHX

[0y _

3MIHHHX 33/1aHO 0, MOYaTKOBI KOOPAMHATH PO3TALIyBaHHS IIYHKTIB BUPOO-

uurea Tl =(0;0),i=1,...,5. {1 ymoBu npunuHenHs oOuucieHs (15) 3amaHo

3Havenns € =10"".

HaBegemo criouaTky pe3ynbTaTH ONTHMAIBHOTO PO30OHTTS MHOXMHU ) 3a
TOYHMX 3Ha4YeHp napamerpis «;: a; =0,07; a,=0,1; a;=038; a,=0,2;
as =0 . Jlns BUnajaKy BiCYTHOCTI JOJATKOBHX OOMEXKEHb Ha PO3MIILCHHS ITyHK-

TiB BUPOOHHMIITBA y pe3yibTaTi poOOTH anroputMy 3a 150 itepariii oTpumaHo:
MiHIMaJTbHE 3HAYeHHS MUThoBOTO (hyHKIoHama F = 0,2679 ; onTuMaibHi KOOpMHA-

¢ neHtpiB: T, = (0,2848; 0,2415); t, =(0,2019; 0,7632); t,4 =(0,8099; 0,1496) ;
T5 =(0,7103; 0,6575) . OnTuMasbHEe pO30UTTA I L[bOIO BUMAJKY IIOKa3aHO Ha

puc. 1, @). Tyt 3amicTh pO30HUTTS Ha I1’ATh MiIMHOXHWH ONTUMAIEHAM BHSBIIOCS
PO3OHUTTS Ha YOTHUPU HiAMHOXKHMHH, OAHA MiIAMHOXHMHA (2; BHABHIACA HMOPOXK-

HBOIO TOMY, I1I0 3HAUYEHHsI @3 3HAyHO Oinblue 3a «;, i =1,2,4,5.

Puc. 1. OntumansHe po3OUTTsS MHOKHHH crokuBadiB () Ha 30HH 0GCIyTOBYBaHHS
KO>KHUM ITyHKTOM BUPOOHHULITBA AJIs YiTKUX napameTpiB «;, i =1,2,4,5: a — 6e3 noza-
TKOBUX OOMEKEHb Ha PO3MIIECHHS MyHKTIB BUpoOHuITBa ( F =0,2679); 6 — 3 noaaTko-
BUM OOMEXEHHSM Ha PO3MIIIEHHS IyHKTIB BUpoOHuTBa ( F = 0,2850); 6 — 3 JI0JATKOBUM

00OMEKEHHSIM Ha PO3MIIICHHs MyHKTiB BUpOOHUITBA ( F = 0,2850)

Jlnst BUTIaiKy HAsBHOCTI NOJATKOBHX OOMEXEHb 3a BapiaHTOM | Ha po3-
MIIICHHSI MyHKTIB BUPOOHHUNTBA Y PE3yIbTaTi pOOOTH alrOpUTMY 3a 8 iTepa-
[ii OTPUMaHO: MiHIMaNbHEe 3HAYEHHS MUIBOBOrO QyHKHioHanma F =0,2850,
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ONITUMaJIbHI KoopauHaTH 1eHtpiB: t; = (0,1755; 0,3981); t, =(0,6000; 0,3000) ;
14 =(0,8805;0,1861); 15 =(0,6238;0,7402) . OntumanbHe po30UTTS A LBOTO
BUIAJKY MMOKa3aHO Ha puc. 1, 0).

Jns BUMagKy HasBHOCTI JAOJATKOBHX OOMEXEHb 3a BapiaHTOM 2 Ha PO3Mi-
IIEHHS MYHKTIB BHPOOHUIITBA Y pe3yNbTaTi poOOTH anroputMmy 3a 28 iTepariit
OTPUMAaHO: MiHIMaJbHE 3HAaUYCHHS LiNboBOro (yHkmioHama F =0,2792, omn-
TUMAaJbHI KoopauHaTu uneHtpis: 1 =(0,2798; 0,2137); 1, =(0,2813; 0,8242);
T4 =(0,1882;0,5564) ; t5=(0,7446;0,5119). OnTumanbHe po30OUTTS AT LBOTO
BHITAJIKY TTIOKa3aHO Ha puc. 1, ).

JIst po3B’si3aHHS MOJICNBHOI 33/1a4i 3 HEUITKUMHU HapaMeTpaMu dj,...,ds 3a-
CTOCOBAHO PO3POOJICHUI aNrOPUTM 3 TUMH K BXITHUMH JAHUMHU, 11O 1 IS YITKUX
HapaMeTpiB a,...,ds .

Jnis BuUmagKy HasiBHOCTI JOJATKOBHX OOMEXKEHb 3a BapiaHToM | Ha po3Mi-
HICHHS TYHKTIB BUPOOHUIITBA ¥ PE3yibTaTi poOOTH alNropuTMy JAJsl BiTHOBICHHX
3HAUEeHb HEYITKUX NApaMerTpiB dj,...,ds 1O HAJAIITyBaHHA OTpUMaHO 3a 21 itepa-

I[if0: MiHIMalbHEe 3HA4YeHHs LLThOBOTO (yHKIioHANa F =0,3189 , onTumanbHi KO-
opauHat neHrpis: 1; =(0,2198; 0,3275); 1, =(0,6000; 0,3000); 14 =(0,8689;
0,2048) ; 15 =(0,5792; 0,7479) . OrrTuMainbHe pO30HTTS VTS BOTO BHUIAKY 110~
Ka3aHO Ha pHUC. 2, a). 3a BIIHOBJIEHUX 3HAUCHb HEUITKUX MapaMeTpiB da,...,ds
TICJIA HANAIITYBaHHS OTPUMAHO 32 § iTepamiii: MiHiMalbHE 3HAYEHHS LiTHOBOTO
¢ynkuionana F =0,2850, ontumanbHi koopauHate HeHTpis: T; = (0,1755; 0,3981) ;
T, =(0,6000; 0,3000) ; T, =(0,8805; 0,1861); t5 =(0,6234; 0,7402) . OnTUM™Ma-
JbHE PO3OUTTS IS IBOTO BUMAMKY TIOKAa3aHO Ha pHC. 2, 6).

F=0,3189 F=0,2850
a 9]

Puc. 2. Onrumansie po30OUTTsS MHOKHHH CHOXHBadiB () Ha 30HH 0OGCIyrOBYBaHHS
KO)KHUM IIYHKTOM BHPOOHHIITBA 3 TOJATKOBUMH OOMEKEHHAMH /s BapiaHTa 1: a — st

BiIHOBJIEHMX 3Ha4Y€Hb HEWITKMX MapameTpiB «;, i=1,2,4,5, N0 HaJTAITyBaHHS, 6 —

TTiCIISl HAJIAIITYBaHHS

Jlyis BUIAaKy HasBHOCTI JOJATKOBMX OOMEXKEHb 3a BapiaHTOM 2 Ha PO3Mi-
HICHHS MYHKTiB BUPOOHUIITBA y pe3yibTaTi poOOTH alropuTMy AJIsl BiAHOBICHHX
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3HAUEeHb HEUITKUX NApaMeTpiB dj,...,ds OO0 HAAIITYBAaHHS OTpuMaHo 3a 10 ireparriii:
MiHIMaJTbHE 3HA4eHHs UThoBOTO (pyHKIioHanma F =0,3145, ontumanbHi KoopArHA-
¢ tentpis: t; = (0,2490; 0,2753); t, =(0,1547; 0,8174) ; t, =(0,3801; 0,6893);
T5 =(0,7523; 0,4238) . OnTuMasibHe pO30UTTA Ul L[bOIO BUMAJKY IIOKa3aHO Ha
puc. 3, a). 3a BITHOBICHUX 3HAUCHb HEUITKUX NAPAMETPIB a,...,ds MiCIs Halall-
TyBaHHSl OTPUMaHO 3a 27 iTepaliii: MiHiMaJbHEe 3HAYCHHS LIILOBOTO (QYHKIIi-
oHama F =0,2792, omrumaneHi koopaumHatH IeHTpiB: T = (0,2802; 0,2090) ;
1, =(0,2845;0,8230); 1,4 =(0,1878;0,5575); 15=(0,7439;0,5086). OntumanbHe
PpO30OUTTS AJs LBOTO BUNIAJIKY TTOKAa3aHOo Ha puc. 3, 0).

.‘[5

a

Puc. 3. Onrumanbhe po3OUTTs MHOXUHY CrIOKHBaYiB () Ha 30HH OOCIYTOBYBaHHS KOXK-
HUM IYHKTOM BHUPOOHHIITBA 3 JOAAaTKOBUMH OOMEKEHHSIMH JJIS BapiaHTta 2: a — i
BiJIHOBJIEHHX 3HA4Y€Hb HEYITKMX IlapamerpiB q;, i=1,...,5, 10 HaJlalITyBaHHA

(F =0,3145), 6 — micnst HanawTyBanHs (F =0,2792)

[TopiBHIOIOYH pe3yAbTATH PO3B’sA3aHHSI MOAETHHOI 3a1a4i (uB. puc. 1, 2, 3),
OTpPHUMAaHi U YITKHX IapaMeTpiB Ta HEWITKUX MapaMeTpiB, BIIHOBICHUX 3a J0-
MIOMOTOI0 METOJy HEHpPOIIIHTBICTHYHOI 1/IeHTU(IKAII] icHs HalamTyBaHHs, Oa-
YUMO, IO ONITUMAIBHI pO3B’SI3KH 30iratoThCs 3 TOCTATHIM CTYIIEHEM TOYHOCTI.

TakuM 4MHOM, MOXHa 3pOOMTH BHCHOBOK, LIO METOJ HEWPONIHIBICTUYHOI
imeHTHdIKAIIl 3 TOCTATHIM CTYIIEHEM TOYHOCTI BiTHOBIIIOE 3HAUCHHS TTapaMeTpiB,
skl HeBimoMi abo HerouHi. [IpuuomMy, sk odiKyBanocs, 3HAYSHHS I1ITLOBUX (PYHK-
LIOHAJIB JJIA 3a7adi 3 OOMEKCHHSIMH Ha PO3MIILICHHS IIEHTPIB HE MEHII, HIXK
3HAYCHHS UTHOBUX (PYHKITIOHAIB 0€3 TaKMX 0OMEKEHbD.

BUCHOBKHU

PoboTy TpHCBIYCHO MOMANBIIIOMY PO3BUTKY TEOpii ONTHMAIBHOTO PO3OHTTA
MHOXHH 3 7 -BHUMIPHOTO €BKJIIZIOBOTO MpOCTOpY £, Ha BHUIIQAOK HENEPEPBHOT
THIHHOT OTHOTIPOAYKTOBOT 33/1a4i ONTUMAILHOTO PO3OUTTS MHOXKHH 32 HassBHOC-
Ti TOAATKOBUX OOMEKCHH Ha PO3MIIICHHS IICHTPIB MiAMHOXHH Ta HEUITKHAX TIa-
pameTpiB y HiTbOBOMY (DYHKIIIOHAJI.
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Po3pobneno anroput™m po3B’si3aHHs Li€l 3agadi, SKUHA IPYHTYEThCS Ha 3a-
CTOCYBaHHI 3arajJbHOTO ITAXO0IY, PO3POOICHOr0 y TeOopil ONTUMAIBLHOTO PO30HT-
TSI MHOXKHH [2], a caMe: 3Be/ICHHS HENEePePBHOI HECKIHUEHHOBUMIPHOI 3a/1a4i Or1-
TUMAJIBHOTO PO30UTTS 10 HETJIaJIKOl CKIHUCHHOBUMIPHOI 3a/1aui ONTUMI3aIlil, s
YHUCJIIOBOTO PO3B’sA3aHHS AKOi 3aCTOCOBYETHCS METOJ y3arajibHEHHX IMCEBIO-
rpamieHTiB, OMM3pKUN 10 r -anroputMy lllopa. 1yis BiqHOBIICHHS 3HAYEHBb HEUIT-
KAX TapaMmeTpiB y LiIbOBOMY (YHKIIOHAJi 3afadi 3acTOCOBaHO HEWPOHEUiTKi
TEXHOJIOT1].

Po3pobnenuit anropuT™M MporpamMHO peaii3oBaHHi MOBOIO MPOrpaMyBaHHS
Java y cepenosumi pospo6ku IntelliJ] IDEA. Moro poGoTy mpoimocTpoBaHo Ha
MOJENbHIN 3amaui. AHai3 pe3ylbTaTiB po3B’A3aHHS MOJENBHOI 3a/1adi MoKa3aB
e(eKTUBHICTh pOOOTH PO3POOICHOTO ANITOPUTMY.
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OPTIMAL STOCK PORTFOLIO DIVERSIFICATION
UNDER MARKET CONSTRAINTS

V. KULIAN, M. KOROBOVA, O. YUNKOVA

Abstract. The problem of optimal portfolio diversification is considered. Based on
mathematical models of the dynamics of the market value formation of a single
share and an optimal stock portfolio, the structure of the optimal portfolio is deter-
mined. Such models are built in a class of ordinary differential equations. One of the
problems of optimal investing is optimizing the expected return of the stock portfo-
lio for the desired level of risk. Another problem is the choice of the stock portfolio
with the same expected return, but with a smaller risk. For this purpose, we use a set
of acceptable and effective portfolios. This sequence of steps of the algorithm allows
consistently solve two optimization problems. The problem of portfolio diversifica-
tion consists of the problem of determining the moments of time and the necessity to
perform such a diversification. In the article, we constructed an algorithm for deter-
mining these points of time, based on the solution of an optimal control problem.
The application of this algorithm enables to select an optimal risk portfolio at a cer-
tain level of its expected profitability. It uses an efficient and acceptable set of in-
vestment portfolios.

Keywords: optimal portfolio, diversification, admissible set, effective set.

THE GOAL OF THE WORK

In this paper an attempt to construct new fundamental approaches for solving
portfolio investment problems, based on the application of dynamic systems
mathematical modeling and the admissible and effective set of portfolio is made.

Main purpose of this paper is to apply mathematical modeling methods and
management theory to solve dynamic investment management problems, to ex-
plore asset and liability portfolio management strategies, and in general financial
instruments in a dynamic case. We develop analytical methods and computational
procedures for solving the problem of two-criterion optimization of a portfolio of
risky securities. The problems are presented in the formulation of H. Markowitz [1]
in the presence of quantitative and qualitative instrumental market constraints on
the structure of the portfolio. It’s important to say, that an alternative approach to
solving the problem of investment optimization and which has proved to be quite
effective is to use the apparatus of fuzzy sets [6,7].

MATHEMATICAL FORMALIZATION AND CONSTRUCTION OF MODELS

Dynamic Asset and Liability Management (ALM) [1] models have found the
most successful use in long-term financial planning, where the need for multiple
decision-making is determined by the essence of the process. Examples of ALM
work include implemented models for pension funds, insurance companies, in-
vestment companies, banks, university funds [1].
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The general scheme of active management of a stock portfolio, as a rule,
consists of the following steps:

1. Calculation of the price of an individual share on the basis of static de-
terministic models.

2. Analysis of static stock portfolio.

3. Modeling of asset dynamics.

4. Modeling the dynamics of the asset portfolio.

5. Integrated management and diversification of assets portfolio.

In order to move from the problem of static to dynamic consider Sharp's
market model

r=o+pBSM;.4 +¢,

where » — the market price of the stock; SM;; — stock market index; o —
some basic value for ». The equation describes the only general principles for
determining market value of a stock. From the above correlation it can be seen
that the market value of the stock is formed by the integral influence of the stock
market index and the random component. The ratio can be formally regarded as a
characteristic of the impact of the market index on the formation of one share
market value. Given that such processes occur over time, we can write down

r(t) = ot) + BSM (£ + 5.

It would be a great simplification, when modeling such a complex process,
to consider function as the primary and the only one that generates value. The
analysis of the factors influencing the dynamics of the process gives grounds to
argue that such significant factors can also be attributed to the correlation between
securities and inflation. So let's write it in the form

(2 +88) = 7;(8) + B(SM g (. 1(1).pyy 1; (DI, i j =L

Given the above, we write the right part in the form

(4 81) = 1)+ (0 SM g () + aa IO (1) + 3 py ()3,
j=l
IO — (0,0 (1) + @l O3 0) + Sy, 0), 1= Tom.
=

Modern securities trading technologies and conditions of formation of mar-
ket value of shares on the stock market make it possible to take the next step
dr n S —
7’ = (0 SM 4 (1) + 0 L)y (1) + D pyr; (1), i =1,m,
t a
where o, a, — model parameters.
In the case Pij» i= I,_n , s also a vector of model parameters that takes into

account correlations between stocks. Here n — the number of shares with which
it correlates i — share.
In the time interval ¢ €[¢,,t] equation that describes the return of the stock

portfolio r, , looks like
NOEDRAGIIGN
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where x; — part of shares i — kind in the portfolio; 7; — expected return on
shares of i — kind. Differentiating both parts by ¢, we will get

Z( ()dx 0, dr(t)

Let us consider that for i # j there are relationships

+x (==

Zx Or; (t)T = Zx O () - ZZX O (2) ]; .

de;(6) 1
dt x;(1)

> OO LD _ 5 311~ £ F 501
— x;(t) dt r T
Function f is the right part of the mathematical model of stock price forma-
tion [3]
dr;
dt

Then the dynamic equation of pricing of the stock portfolio will look like

dr, (1) /; dxj(t) 1 .
i =2r (t) ZZx(t)r(t)( (t) 0 xj(t)]’ i#j.

= (0 SM ;g (t) + 0 L (2))r; (2) + o5 (x(2),7(2)).

The last ratio, assuming the above, describes the dynamics of the behavior of
a portfolio of risky securities. His more detailed analysis points to two important
features that characterize the market value of the portfolio and that it depends on
the dynamics of both the expected return on the shares and the change in the
structure of the portfolio.

For solving and analyzing applied portfolio investment problems there are
wide range of approaches [2], [3]. A significant part of them involves the active
use of technical analysis methods, which make it possible to determine the market
value of the stock in the future. Such rules for constructing the forecast, due to the
well-developed mathematical formalizations and approaches and relatively not
complicated practical implementation, are actively developing and effectively
applied not only in the stock market. An application of fundamental analysis ana-
lytical methods allows for us to answer the question: why the market value of a
stock in the future will be just such? At present, due to the complexity of mathe-
matical models in the study of the market pricing processes of stock market as-
sets, the methods of fundamental analysis have not yet found effective develop-
ment and constructive application. Principles for analyzing processes based on the
development and application of mathematical modeling methods [2—6] are obvi-
ously the most promising and devote much attention to the research.

MATHEMATICAL FORMULATION OF THE PROBLEM

The mathematical problem of constructing the optimal dynamics of the portfolio
of shares in the most general formulation of H. Markowitz has the form [1]
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Pl = max,

X

T — min,

x (1

ITx=1

b

x;20, i=Ln.

Here T — is the sign of transposition.

The content of this two-criterion task (1) is to determine the optimal invest-
ment strategy, which involves maximizing the expected profitability and minimiz-
ing the risk at the same time. According to H. Markowitz, the criteria in the task
are controversial, that is, improving the outcome of one of them leads to deterio-
ration beyond others. In practice, this means that increasing the profitability of
a portfolio corresponds to an increase in its riskiness. There are different ap-
proaches to solving the problem (1), but they are more academic in nature and
difficult to apply to real investment in securities. A step that can bring the prob-
lem formulation (1) closer to the practical investment needs divide this two-
criterion problem into two one-criterion ones. The first of them involves risk op-
timization at a predetermined level of expected profitability at the chosen time
point, and the second is the optimization of the expected profitability for the in-
vestor-defined "optimal" portfolio risk level. In some cases, such mathematical
statements of nonlinear programming problems allow for analytical solutions [2],
but do not consider the essential features. They consist in the fact that at each step
the solution of the problem of diversification of the portfolio of portfolios must be
taken into account as budgetary and instrumental constraints. The constraints
make possible to analyze the availability of the required quantity and quality of
financial instruments on the market

x,(t)e X(t), i=1n. 2)

Here X (¢#) — limited set of admissible portfolios. The mathematical formu-

lation of the problem of optimizing the risk of an investment portfolio at a time
point determined by the level of its expected profitability is

rH(T)x(T) = rp(T),
x (TYx(T) — min,

X

I'x(T) =1, . 3)

x; 20, i=1,_n, telty,T],
=1,n,

x)eX@®),i telty,T].

On an example of investing in a stock, we consider the problem of optimiz-
ing portfolio risk for a given level of its expected return (3), while taking into ac-
count the constraints (2).
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THE PROBLEM OF OPTIMAL PORTFOLIO DIVERSIFICATION

The optimal diversification procedure consists of successive steps, each of which
makes the decision on the best one, taking into account the limitations of the
structure of the stock portfolio.

The first step in solving the problem is to identify the times at which it is ap-
propriate to diversify the portfolio. For this purpose, we will use Algorithm 2 [3]
to solve the problem of determining the optimal moments of stock portfolio diver-
sification. The algorithm procedure allows to determine consecutive time points
that divide the study interval into separate intervals, each of them builds optimal
trajectories of acceptable portfolios in the presence of market constraints on the
portfolio structure. The mathematical problem of optimizing a stock portfolio
based on a programme trajectory and possible algorithms for solving it are de-
scribed in [3]. A graph showing an example of the interval breakdown and corre-
sponding trajectories at each time interval is given on fig. 1.

, G)\

: 2 4 6 7
r\l'_\?
1 3 5 |
0 | | | '
I I I |

L | | L

th ] 1 13 ty ts t

Fig. 1. Stock portfolio trajectories that are optimal over time

On the basis of modeling the dynamics of one share market value and the
portfolio of shares, the task of optimal management of different types of shares in
the portfolio is solving. The result of this task is trajectories 0—1, 2-3, 4-5, 6-7.

The next step is to build an optimal diversification procedure for the
investment portfolio at each individual interval. General task of H. Markowitz of
risky assets portfolio optimization (1) involves consideration of another criterion
— riskiness. Let's use this in the future by the set of admissible and effective
portfolios. At the same time, one of the main tasks of portfolio investment is the
problem of optimal diversification of such portfolio.

The risk optimization procedure for optimal portfolio profitability is to select
at each step the permissible portfolios that lie on the appropriate line. This line
connects the point, that corresponds to the optimal market value of the portfolio
with the point, belonging to the effective set. This line is parallel to the axis of
riskiness of portfolios. The feature of this choice of optimal portfolio is that in this
line, according to the definition, each of the portfolios corresponds to the same
expected profitability, but the risk decreases in the direction of the axis. This
property of the admissible set of investment portfolios allows from one side to
take into account the limitations (2) and on the other — to determine the
portfolio of “optimal” expected returns with less risk. For £ time moment
admissible and effective sets will looks like as on a fig. 2.

In fig. 1 points 1 and 2 are defined for the time moment #,. Point 1 is the op-

timal portfolio for the moment, calculated on the basis of solving the problem of
optimal portfolio management structure using one of the algorithms described
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in [3]. In order to obtain the initial optimal portfolio value for the next time mo-
ment ¢, , we apply a valid and effective set.

A D

Tp

Admissible
set

1H
I
|

3
" >
(o] (¢

Fig. 2. Solving the problem of optimizing the stock portfolio risk for ¢, time moment

In line 1-2, fig. 2, depending on the formulation of the problem, choose the
optimal value of the initial value for the next interval portfolio value. It should be
noted that one of the tasks may involve determining the optimal value of the
expected return for a given level of risk, and the other — on the contrary. Thus, the
built-in algorithm of diversification of the optimal stock portfolio makes it possible
to take into account the instrumental and quantitative constraints in the construction
of the optimal stock portfolio that emerges on the market at any given time.

We will apply this procedure to build an optimal stock portfolio for the
following time intervals.

For ¢, time moment admissible and effective sets will looks like as on a fig. 3.

D
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Fig. 3. Solving the problem of optimizing the stock portfolio risk for £, time moment
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For #; time moment admissible and effective sets will looks like as on a fig. 4.

Admissible

c c
Fig. 4. Solving the problem of optimizing the stock portfolio risk for #; time moment

Let's turn to the second task in the general statement of H. Markowitz about
optimization of risk optimal for the expected profitability of the portfolio of
shares. To do this, we use the sets of admissible and effective portfolios that cor-
respond to the selected set of shares [1, 2].

If a certain portfolio is at a point 5, that is, for which there is no risk of re-
ducing according to the above rule, then we define the “optimal portfolio” by
moving it from point 5 to point 6V that is an element of an effective portfolio of
portfolios. In fact, this means the definition of a portfolio of stocks with a higher
expected return. At the same time, such a procedure allows constructively to take
into account the existing limitations when diversifying the portfolio.

Another mathematical statement of the problem of optimizing the expected
return on the investment portfolio at a time point determined by the level of its
risk, is such

I (T)x(T) > max,

I (TYx(T) =1,
I"x(T) =1,
x; 20, i=1,_n, telty,T],

(e X(),i=Ln, telt,T].

The procedure for optimizing the expected return on a portfolio for a certain
level of its risk is to select a procedure for optimizing the expected return of a
portfolio for a certain level of its risk is to select at each step the admissible port-
folios that lie of the straight line 56 (fig. 4). The line connects the points 5 that
corresponds to the optimal expected return on the calculated portfolio and the
point 6 belonging to the effective set. This line is parallel to the axis of market
value. The feature of this choice of optimal portfolio is that in this line, according
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to the definition, each of the portfolios is responsible for the same risk, but the
market value increases.

This property of the admissible set of investment portfolios, as in the
previous case, allows one to take into account the restrictions (2), on the other
hand, to define a portfolio with “optimal” risk and higher expected returns.

As defined above, portfolio is at a point 5, that is, for which there is no
possibility to increase the expected yield, according to the above rule, then we
determine the “optimal portfolio” by moving it from point 5 to point 6/ that is an
element of an effective portfolio of portfolios. In fact, this means reducing the risk
profile of the stock portfolio.

The above examples of admissible and effective sets are based on statistical
information on the market value of shares in the FMTS and UM markets. Such
information is concise and is provided to describe the computational capabilities
of the stock portfolio diversification algorithm.

CONCLUSION

In this study, new mathematical statements of optimization of stock portfolio
structure are presented and methods of their solution are developed. Mathematical
problems formulated on the basis of models of the dynamics of market value of
one share and portfolio of shares. That gives an opportunity to solve the problem
of optimal diversification of the portfolio of investments, taking into account of
quantitative and qualitative market restrictions on the structure of the portfolio.
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IBPUCTHYECKHUE AJII'OPUTMbI IIOCTPOEHUSA
3®PEKTUBHBIX IIOCJIEJIOBATEJILHOCTEM BLINIOJHEHUSI
3AJAHUA HA OJTHOM MAIIIMHE BO B3AUMOCBS3AHHBIX
IMPOU3BOJACTBEHHbBIX CUCTEMAX

10.A. 3AK

AnHoTauus. Knaccuueckas B Teopuu paclnucaHuil 3aia4a MOCTPOCHUS MOCIIEI0Ba-
TEJIBHOCTH BBIIIOJIHEHMS 3a/JaHUil HAa OJTHOW MalllMHE, YUUTHIBAIOLIAs HE TOJIBKO 3a-
TpaThl BPEMEHU Ha paboTy oOopyaoBaHMs, HO M HOTEpH Ha MOCTOOpabOTKy, pac-
CMAaTPUBACTCS [UIsI MHOTOCTAAUHMHBIX MPOU3BOACTBEHHBIX CHCTEM, COCTOSIIMX H3
B3aMMOCBSI3aHHON IIEMOYKH YYaCTKOB M IEXOB IPOMBILIICHHOTO IPEAIPUSITHSL.
B kauectBe kpuTepus ONTHMAIBHOCTH PAacCMaTPHUBAETCS BBHINOJIHEHHE MHOTOCTA-
JIUHHOTO PacIMCaHMs B KpaTdaifire cpoku. I1pe/oxkeHs! MEeTOIbI pacdeTa HIDKHEH
IPaHULBI JUTHHBI ONTHMAJIBLHOTO PACIIUCAHMS U 3BPUCTUYECKHE aJITOPUTMEI IOJTyYe-
HUS TPHOJIDKCHHBIX pEIIeHUH, TpeOyrounme HeOOJbIIMX O00bEMOB BBIYHCICHHUIL.
ITpensnokeHHbIE AITOPUTMBI WIUTIOCTPUPYIOTCS YUCIOBBIMH TIPUMEPAMH.

KnrodeBble c10Ba: mocaeq0BaTeNbHOCTH BBITIOTHEHHS 3aJaHUH, MHOTOCTaUITHbIE
pacnucaHus, MUHHMAJIbHOE BPEMS, 3BPHCTHUCCKHH alrOpUTM, HIDKHSSA TpaHMIA
3HAYCHUS] KPUTEPHS ONTUMAIBHOCTH.

BBEJEHHE

ITocTpoeHne pacnucanuii B MHOTOCTaIUHHBIX CUCTEMAaX UMEET MHOTO IpaKTH4e-
CKUX IPUIOKEHUH B MAaIIMHOCTPOCHUU M NPHOOPOCTPOECHUH, aBTOMOOMIIBHOH,
9NEKTPOHHOM, AepeBooOpabaThIBAIOIIEH, JETKOW, MUIIEBOM U IPYTHUX OTPacisxX
NPOMBIIUIEHHOCTH, @ TAK)KE B OPraHU3allud TEXHUYECKOTO U CEPBHCHOTO 00CIy-
XKUBaHUS 00bekToB. KaneHnapHoe miaHUpoBaHHE PabOTHI BCEH MOCIIEA0BATEb-
HOW IIEMOYKH MPOU3BOJCTB TO3BOJIUT MOBBICHTH dPPEKTUBHOCTh pabOTHI B3au-
MOCBSI3aHHOM CHCTEMBl YYAaCTKOB U LIEXOB IPOMBIIUICHHOTO MpPEAIPUATHS,
OIIPEENIUT KOHKPETU3AIMIO BO BPDEMEHHU M3TOTOBIICHHSI BCEX U3/, 00ecieunT
BBIYCK Pa3JIMYHBIX BUJIOB IPOAYKIUU B YCTAHOBJIEHHBIE JOTOBOPAMH CPOKH U C
HaWJIYYIIUMH TEXHHKO-3KOHOMHUYECKUMH TMOKa3aTessiMH. B MoHorpadusx u
OONBIIMHCTBE MyOJUKALMK 110 TEOPUU PACIIMCAHUN B NEPHOAMYECKOH JIUTEpaTy-
pe B pa3IM4YHBIX NOCTAHOBKAaX W C Pa3IMYHBIMH KPUTEPHUSIMH ONTHMAJIBHOCTH
paccMaTpuBaIUCh MaTEMaTHYECKUE MOJIENH, TOYHbIE U MPHOIMKEHHBIE METO b
pEIIEHUs] KJIACCUYECKHX 3aad MOCTPOEHUS IOCIENOBATENBHOCTEH BBIOJIHEHUS
3alaHUil Ha ONHOM MallMHE NPHUMEHHUTENBHO TOJIBKO K OJHOMY CTPYKTYPHOMY
NoJpa3feNeHA0 TpeaAnpusiTis. Hanbonpmmii MHTEpeC MpeCcTaBisieT y4eT Bpe-
MEHH, HEOOXOIUMOT0 Ha MOCTOOpabOTKY IMocie 3aBepIICHHUs] U3rOTOBICHUS U3-
Jenuii Ha MamuHe. B kadecTBe KpUTEPHEB ONTUMAJIBHOCTH BBIOMPAETCS BBIIOJ-
HEHHE BCEro KoMIUlekca paboT B Kparyaiimme cpoku [1-5]. Ilpu stom
HE3aBUCHUMBIE APYT OT APyra PaclMCaHMs JUIsl KaKJIO0TO OTAEIBHOIO y4acTKa MO-
T'YT OKa3aThCsl COBEPIIEHHO He3(h(heKTUBHBIMU [T 001Iel MHOTOCTaAMHHON CHC-
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TEMBI, BKJIIOYAIOUICH MOCIEAOBATEIBHYIO IIEMOYKY, COCTOSIIYIO U3 HECKOJIBKUX
YYacTKOB. 3aJadaM IOCTPOSHHUS MHOTOCTaIMIHBIX PACIIMCAHUHA BBITIOJHEHUS 3a-
JIaHUH Ha OHOM MallnHEe, KOTOPhIE HMEIOT OOJIBIIOE MPAKTUICCKOE 3HAUCHHUE U
SIPKO BBIPAXKCHHYIO CIICIU(UKY, HE YICISIOCh IOCTATOYHOTO BHUMAHUS B JIUTE-
parype. [IpakTHuecku BakHbIE IOCTAHOBKU W MYTH PEIICHUS 33]1a4 IMOCTPOCHUS
JMBYXCTaIUAHBIX PACICaHUNA paccMaTpUBAINCh B paboTax M.3. 3rypoBCKOTO H
A.A. TTaBnoBa [3], a B ciy4ae, Korja BTOPO# cTanuedl 00pabOTKH SIBJIIETCS MPO-
recc cOopku uznenuit, — B myonukamusx E.H. Xo6orosa [11]. B pa6ortax aBTopa
[4, 6, 7] paccMaTpuBaINCh TIOCTAHOBKH, MaTeMaTHIECKHE MOJICITH, TOYHBIE H
MPUOTHMKEHHBIC METOMBI PEIICHUSI HEKOTOPHIX KJIACCHYECKUX 3a/ad B MHOTOCTa-
JIUIHBIX TPOU3BOJICTBEHHBIX CUCTEMAaX.

3anayn TeOpUN pacIMCaHUi Il MHOTOCTaIUHHBIX TPOU3BOJICTBEHHBIX CHC-
TEM, KaK MpaBUIO, OTHOCATCS K Kiaccy NP—IOJHBIX 3a1a4 3KCIOHEHUUAIbHOU
cinoxuoctn OHH CIIOKHEE 3a7ad IMOCTPOSHHUS OJHOCTAIUHHBIX DPACTIMCAHUNA H
CBSI3aHBI C CYIIIECTBEHHO OOJIBIIUM YHCIIOM TEPEMEHHBIX U orpaHmdeHuid. [lo-
CTpOCHHE MAaTeMaTHYEeCKHX MOeNiell TakWx 3a/1ad, MCCIIEOBaHWE CBOWCTB HX
JIOTyCTHUMBIX W ONTHUMAJIBHBIX PEIICHUH, a TaK)Ke aJlOPUTMOB TOJydeHUs 3¢-
(DeKTUBHBIX W NPUOIMKCHHBIX PEUICHUN SBISCTCS YPE3BBIYAMHO aKTyalbHBIM
JUTSL TTIOCTPOSHUSI CHCTEM KaJICHJApHOTO TIAHUPOBAHUS TPOU3BOJICTBA, IIAHUPO-
BaHHS PEMOHTHBIX padoT, 00CTyKUBaHHS O0BEKTOB M pabOTHI TPAHCITOPTA.

IHHOCTAHOBKA U MATEMATHYECKAS ®OPMYJUPOBKA 3AJAYN

TexXHOMOTUYECKHA TPOIIecC MPEAyCMATPUBAET M3TOTOBIEHHE HEKOTOPOTO IOJ-
MHOJKECTBA PA3IMYHBIX HE CBA3AHHBIX IPYT C IPYTOM HM3JEIHA Ha HECKOIBKHX
cTanusax oopabotku. TakuMu cTanusaMu oOpabOTKH MOTYT OBITH CTOAIINE B IO-
CJIEIOBATEIbHON I[ENOYKE CTAHKH, MHOTOIPOIICCCOPHBIC ¥ MHOTOMOTOYHBIC HITU
ABTOMATHYECKHE JIMHUH, a TaKXXe Pa3INIHbIe CTPYKTYpHBIC €IUHHIIBI MPEIIpH-
atus. B ganpHelmeM, Kak U BO BCEX KJIIACCMYECKHUX MOCTAHOBKAX 3a7a4 MOCTPOe-
HUS MOCIICIOBATCIILHOCTY BHITIONHEHHS 33JaHUM Ha OJHON MAaIlIMHEe, KaXKAasl CTa-
sl 00paboOTKM paccMmaTpuBaeTcs Kak OJHA MalliHa, T.e. Ha KaXIOW cTaauu
MIPOU3BOAMUTCS 00paboTKa W3ACIUN HA OMHOW MamuHe. M3roToBieHUE H3ACIUS
Ha TMOCJICJHEH CTajuu 00paOOTKH PacCMaTPHUBAETCSA KaK BBIMOJHCHUE 3a/IaHUS.
Ecmu naxe TexHONOTHEW MPOW3BOJCTBA MOXET MPEAyCMATPUBATHCS Ha KaXIOH
cTannu 0O0pabOTKY W3/ETHs BHITIOTHEHNE HEKOTOPOTO TIOJMHOXKECTBA OIIEpaInid,
3aJ]aH0 CyMMapHOe BpeMsi 00paboTKy Ha Kaxaou craauu. [locie M3roToBIeHUS
HA TEXHOJIOTHYECKOM O0OpPYJAOBAHUM KAXKIOW CTaIUKM MPOU3BOAMTCS MOCTOOpA-
00TKa KaXKIOTO W3JIENHs, CBA3aHHAs C KOHTPOJIEM, UCTIBITAHHEM, HEOOXOIMMBIM
BpEMEHEM TMPOJICKUBAHUSA (HapUMep, C OXJAKICHHEM WIM HarpeBaHUEM),
odopMIIEHUEM HEOOXOAMMOI JOKYMEHTAIINU, TPAHCIIOPTHBIMU MOTEPSIMH BpeMe-
HU ¥ T.IL., YTO HApPSALY C HEOOXOAMMBEIM BpEMEHEM Ha W3TOTOBIICHUE TAaKXKE Tpe-
Oyer 3arpaT BpeMeHH. Ha Bcex ctaamsx oOpaOOTKHM HM3TOTOBIICHWC W3ICIHA Ha
TEXHOJIOTUYECKOM 000PYIOBAaHUHU MPOU3BOIUTCS B OJHOM M TOU K€ IMOCIIEOBA-
TENBHOCTH, U Ha 00OPYJOBaHWU KaXIOH M3 3TUX CTaAuii BeaeTcst 0e3 mpephiBa-
Hui. [locie W3roToBIEeHUS M3IENHs HA k- CTaaWd M TMOCIETyIONIeH mocToopa-
0OTKHM Hu3MeNNe TOCTYIMaeT Ha CISAYIONIyIo cramuio oOpaboTku. Ha mammmne
KOKIO0H cTaanu 00pabOTKH MOMKET HA4YaThCs M3TOTOBJICHHE CIICAYIONIETO B IMO-
CJIEIOBATEIHLHOCTH W3/IENUS HETIOCPEICTBEHHO IOCIIE 3aBEPIICHNUS U3TOTOBICHUS

Cucmemni docnioxcenna ma ingpopmayiiini mexnonoeii, 2020, Ne 1 99



I0.A. 3ax

npeapiaymero uiaenus. Havano oOpaboTku KaXIoro W3Aenus Ha CIEAYIOIEM
CTOSIIIIEM B TIOCJICIOBATEIBHON LETIOYKE yJacTKe MOXET HAadaThCsl TOJIBKO MOCIIEe
3aBEpIICHUS TOCTOOPA0OTKM €ro Ha mpeabyayliel craguu. HeoOxoaumo HalTH
MOCIIe0BATEILHOCTD M3TOTOBIICHHUS M3/ACIHUH, KOTOpas 00ecreyuT MUHUMAaIbHOE
BpeMsI BBIIIOJIHCHUS PACIHCAHUS HAa BCEX CTaausAxX o0paboTku. DddexTuBHBIC
QJITOPUTMBI TOYHOTO PEIICHUsS] TaKOH 3a/addl B OJHOCTAAUHHBIX CHCTEMaX, ydH-
TBHIBAIOIIEH MOTEPH BPEMEHH Ha MOCTOOpaboTKy ¢ momolnbio Schrage-algorithms
u ero Moau(UKanuy BriepBble OBUTH TpeioskeHsl B padore J. Carlier (1982) [8] u
Pa3BUTHI B YCIOBHSIX Pa3IMIHOTO BHIa OTPaHUICHUN B paboTax aBropa [2, 4, 12].

BBenewm cremyromniie 0003HaYEHUS:

i=1,...,n — AHIEKCH 00pabaThIBAEMbIX U3ICIIHH;

k=1,...,K — WHIEKCHI Pa3IMYHbIX CTaIHi 00pabOTKY;

dl-k — JIOTIYCTUMBIN HauOoJiee paHHUN CPOK Hayayia BBITIOJHEHHS i-T'O 3a/1a-
HUS Ha k-1 cTamuu oOpaboTKH;
d;, D; — COOTBETCTBEHHO I'DAaHUYHOE BPEMsI Hadasla M 3aBEPIICHUS BHITOII-

HEHUS I-TO 3aJaHus;

k

¢; — BpeMs BBIIOIHEHUS i-T0 3a7aHus Ha k-i cTaguu oOpaboTKY;

k :
i — He0OXOAUMOE BpeMsi TIOCTOOPaOOTKH TOCIIE BBIMOIHEHHS i-T0 3aaHHs
Ha k-1 ctamun 00paboTKH;

xik , Of-c — COOTBETCTBEHHO BpEMs Hayaljla M 3aBEPILCHUS BBIIOJHEHHS i-TO
3a/laHus Ha MalInHAX k- cTaguu 00paboTKy;
zf , rik , Zl-k — COOTBETCTBEHHO BpEMs Hayala, JUIUTSIBHOCTH M 3aBepile-

HUS TTOCTOOPAOOTKY i-TO 3aaHus Ha k- CTaIUN TEXHOJIOTHYECKOTO MPOIIecca;

T, = Z,-k — BpeMs 3aBEpIICHUS BCEeX pabOT MHOTOCTAAMIHOTO HM3TOTOBIIC-
HUSI U TOCTOOPaOOTKH i-I'0 U3/AEIHS;
F =max T, — BpeMs 3aBeplLIeHHUs BceX pabOT MHOTOCTaJUIHOIO pacmuca-
iel
HUS, T.€. 3HAUE€HHE KPUTEPHUs ONTUMAIBHOCTH 33Ja4H.
[Tycth mocTpoeHa HEKOTOpas MOCIEA0BATEILHOCTh BHITOTHEHUS 3a1aHUi

U:{ul,uz,...,uj,l,uj,....,un}.

Bpems Hauana u Bpems 3aBEpIICHUS BBIMOIHEHUS KOKAOTO W3 3aJaHUH U
NOCTOOPaOOTKU M3AENUIA Ha BCEX CTaANIX 00pabOTKH ONpeAerstoTes 1o Gopmynam:
xL :d;1+1, ol =xl 4+ —1, 2 =0l +1, Z) =21 4+, —1; (D

uj up up ujp - up uj ujp up up

k k-1 k k k k k
Xy :max(dul,eul )+L 6, =x, +1, -1, z, =6, +1,

Zh =zh 4 -1 k=2,..K, 2)

x, =max(d, ,Z, )+1, x, =max(d, ,8,")+1, e’,jj = xjjj +t,fj -1, z,]fj = e’;j +1,
Z;‘/ :Zf;],+r1:j—1, k=2,.,K; j=2,..n; 3)
T, =7t j=lean. “4)

J
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Heo0xoaumo HaiiTH MOCIEA0BaTEIIEHOCTD BBHITIOJHCHHS HE3aBUCUMBIX JPYT
OT JIpyra W OAMHAKOBYIO Ha BCEX CTaAMsIX 0OpabOTKW 3amaHmid, 0OecIeunBaro-
LLLY}O BBIMOJIHEHUE KPUTEPUs ONTUMANBHOCTH F =minT, . B kayecTBe 10MONHA-

TCIBHBIX OI‘paHI/I‘IeHI/Iﬁ MOTYT UCIIOJIL30BATHCA YCJIOBUA

1 1 k _
Xy, Zdul , Zu1 SDuj , j=1..,n.

HW)XXHASA TPAHULA JJIMHBI OIITUMAJIBHOI'O PACITMCAHUA

Bpewms 3aBepiiieHUsT BBIMOTHEHUS ¥ MOCTOOPAOOTKM BCEX 3aJlaHWii MHOTOCTa-
IUHHON 00pabOTKH HM3AENNii HE MOXET OBITh MEHBIIEe KaKIOW M3 CIEMYIOLINX
BEJINYNH

n
fk= min(dik +ZtikJ+ minr* ., k=1..K. (5

I<i<n i-1 1<i<n

[Tocrne BIMONHEHUS BCEX 3aJlaHUN ¢ COOTBETCTBYIOIIEH 1OCTOOPabOTKOM Ha
k-# cTamuM TEXHOJIOTHYECKOTO Mpoliecca HEOOXOIUMBI eIlle BPEMEHHbIE 3aTPaThl
Ha BCEX APYTHX OCTAIBHBIX CTAAUAX 00pabOTKH, BENUYMHA KOTOPHIX HE MOMKET
OBbITh MEHbIIIC 3HAYCHUS

W =min(d +£' +r), 1= Loy(k=1),(k+1),..K , [#k. (6)

1<i<n

CrnenoBaTenbHO, HIDKHSS TpaHMLA IJUHBI pacnucaHus — H(F) momxHa
OBITH HE MEHbILIE 3HAYCHUS

K
Py =rF Xy k=LK (7)
g
#*

YuuteiBas BBIIICU3JIOKCHHOC, 3HAUYCHUEC HIKHEH TpaHulbl JJIWHBI MHOTI'O-
CTaJUIHOTrO pacrnucanursd BbIYUCIIACTCA 110 (bopMyne

9(F)= max fk+ iul. (8)

lsk<K I=1,1%k

[Mycts Ha HCKOTOpOM.S-M nrare ajaropuTMa MocTpoeHa MOANOCHe0Ba-
TENBHOCTH  BBINOJHEHMS. TOAMHOXKecTBa 3amanmii [ —U () = {u;(s),uy(s),...
const g (8),u ;(8),eestt, (8)}, M — HIOKHSSL TPAHALA JUIMHBL pacTiucanus m<n,
W BBIMUCIEHBI 3HAYeHUs O o k=1..K, T(s)=4{I /T'(s)} — TMOIAMHOXKECTBO

[MOUIEKAIIUX BBIMTOJHEHNIO 3adaunii. Torma

k : I o -l _ .
)= min [max(di,eum(s))]+m1121r[ > k=1...K;
iel “(s) iel

wl(s)= rgzin [max(dl-l,elum(s))]+tl.l +rl.l)], [=1,..,(k=1),(k+)),..K, [ #k.
iel “(s)

Hixnss T'paHvla JJIMHBI paClIMCaHus JIA MOANOCICA0BATCIBHOCTH BBIIIOJI-
HCHUS ITOJMHOXCCTBA BaﬂaHI/Iﬁ BBIYHCIIACTCA I10 q)OpMyJ'Ie
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S[G(S)]=gg§{fk(S)+ Zu’m}-

1=1,1#k

3BPUCTUYECKUE AJITOPUTMBI MTOJYYEHUS MTPUBJIUKEHHBIX
PELIEHUN

Aaroputm 1
0603HayuM [ ={l,...,n} — MHOKECTBO BCEX M3/CIINH, IOICIKAIINX 00PabOTKE;

s =1,..,8 =n — mociemoBarenbHbIe ATAIB BHIOOpPA W3JENUi, BKIIOYae-

MBIX B 06pa60TKy, T.C. BBI60p OYCPCAHOIO YJICHA MOCICA0BATCIbHOCTHU, CTOAIIC-
'O Ha MOCJICAHEM MECTC B CTpo;m_[eﬁc;[ noAIoCJIEA0OBATCIIBHOCTHU,

~ ~ .

I (s), I7°(s) — COOTBETCTBEHHO IIOJMHOYECTBO M3ICIHM, IS KOTOPBIX
YK€ B TpOLIECCE BBHIIOIHEHUS AJITOPUTMa OMPEICIICHO W HE ONPENeIeHO MECTO
B IIOCJICIOBATEILHOCTH  00paOOTKM HaA §-M IJTalle MPHHATHSA PEIICHUM:

I'UT s)=1, T' (NI s)=D;
lj(s)z{ul(s),uz(s),...,uj,l(s),uj(s),....,un(s)}, m<n; — IOCTPOEHHAs ITOAIOC-

JICIOBATEJILHOCTh BBIMIOJHEHUS 3aJaHMii MHOTOCTaJUAHOW OO0pabOTKH Ha $-M
JTare NPUHATUS PELIEHU;

d,-k (s),xfC (s),Gf-‘ (s),zf‘ ), T;(s)=Z2 ,k (s) — 3HAYEHU BBIIIE ONPENEIEHHBIX TOKa-
3aTeNel Ha $-M JTare NPUHSATUS PEIICHUN.

B nauane npouecca, koraa s =0, nonoxum [ '(s)=@, 12(s)={i=12,...n}.

Iar 0. Ha sroM mare BbYMCISEM 3HAYEHHS HAPAMETPOB dF(s=0),
x{‘ (s=0), 9{-‘ (s=0), zl{‘ (s=0), k=1...K, a Takke T(s=0)=Z"(s=0), mus
BCEX MOJISKAIIUX 00padoTke u3nenuh, i =1,2,...,n no dopmynam (1), (2), (4), (5).

Onpenensem effl (s =0) = max6X (s = 0) . YCTaHABIMBAEM H3JIEHE C HHIEKCOM
1<i<n

i=u, Ha l-e MecTo B CTpOsIUEiCS MOCIeA0BATEIbHOCTH U(s+1)={u,}. Ecim

3Ha4yeHue O’ (s=0) CmpaBeMIMBO i HECKONBKHX HHIEKCOB, TO B KauecTBE
1
i =u; BHIOMpAETCsA M3]ENHEe C HAUMEHBLINM 3HAYCHHEM HHJEKCA WIIH H3JeNHe
C HAaMMEHBIIEM 3HaUeHHeM 0~ (s = 0).
= P
Honaraem 7 °(s)=1{I /u,}. Beraucnsem 7, =7, .

B nmanbHelieM alropuTM mpeaycMaTpUBacT BBHITIOJHEHHUE CIICIYIOIIUX Ia-
roB s =1,...,(n—1).

Ilar s. Ha s -M 3Tamne penieHus, Korjaa mocTpoeHa Mo/ InocaeI0BaTeIbHOCTh
BBIMONHEHU 3amanuit U(s) = {u,u,,... ,u j} , IUIS KaXXIOT0 W3 IOJMHO’KECTBa

W3JSTUNA BBITIOTHSEM BBIYHCIICHUS CICOYIOUINX IMapaMETPOB:

x, (s)=max[d, ,Z! 1+1, x! (s)=max[d},0} 1+1,iel*(s), k=2,..K; (9)
0 (s)=xk(s)+1F, ZF(s)=0F+rF, ieT?(s), k=1,..K; (10)
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Beraucnsem elffﬁl (s)= n32m 0K (s). Eciu 3Hayenune ef:l (s =0) CIpaBeIINBO
iel “(s)

JJI1 HCCKOJIBKHMX MHJCKCOB, TO B KAUYECTBEC i= l/lj+1 n3 IOJMHOXECCTBA BI>I6I/IpaeT-

Ci M3JIeNNe C HAUMMEHBIIUM 3HAaYeHMEM MHJEKCAa MM H3/elHe C HauMEHbIIEM
3Ha4eHueM 051 (5 =0).
Ujtl

OmpenenseM
s+ =" Uusal> P+D={T2 ) ujn}> Uls+D= gy} -

Haxomum 7, = Zf, () Ecnu BBIMONHAIOTCS yCIOBHS
Jt Jt+

1
(j+l=n), I*(s+)=D, T'(s+)=1T, (11)

TO NOCTPOCHHas mocienoBarensHocts U(s +1) = {uy,uyp,...,u;,u; ) sBISCTCSA

PCIICHUEM 3a/1a4u. BpeMH BBITIOJTHCHHA PACTIMCAHUA OIIPEACTIACTCA BRIPAXKCHUEM

F=maxT, -
I<j<n Y
Ecnu ycnoBust (11) He BBIMONHSIOTCA, TO TMOJaraeM s:=(s+1) ¥ CHOBa BbI-

IOJIHSIEM S -H IIIar.

AJaroputm 2

Jns pemieHns 3aa4yy Ha IBYX MallMHaX, YTO 3KBUBAJICHTHO ABYXCTalUIHOM
00paboTKe Ha OHOW MammHe 0e3 MOCTOOPaOpPTKH M OTCYTCTBHS OTPAaHWMYCHUN Ha
CPOKH BBITIONIHEHHS 3aJjaHni, Hanbosee 3(h(HEeKTUBHBIM SBISETCS TOJTHHOMUAIb-
HBIH 110 BpeMeHu anroput™m /Ixxoncona [12, 13]. Bee nznenus pazouBarorcs Ha 2

rpynnsl. IlepBasi rpynna BKIOYAeT U3AENMs, IS KOTOPBIX t_il < t_i2 , 4 BTOpas —

U1 KOTOPBIX t_i1 > t_l.2. Wznenust 1-ii rpynmsl ynopsao4ruBaOTCs O HEYOBIBAaHUIO

_1 ~ - -
BpeMeH /; B mocienosarenbHoctd V'= v v vk i <i!, 1=1,.,L}, a

BTOphlE — 10 HEBO3DACTAHMIO BPEMEHH [ B IOCIEIOBATEILHOCTH
V2= i v v ve il 212, r=2,.,R}. 3necb L 1 R — COOTBETCTBEHHO

r-1 =
o -1 2 o
KOJIMYECTBO 33/IaHUH B MOJMHOXKecTBaxX V' u V. OOpaboTka u3nenwii Ha ABYX
MaIIHHAX OCYIIECTBISETCS B MOCIEIOBATEIIEHOCTH
511 1 1 2 2 2 2 2
Vo= 0V see s VI V] seees VL3 V] 5V seeees Vo5 Vi geees VR S - (12)
Joxkazano [13], yTto B ciiydae 2 MarvH JaHHBIH aJTOpUTM ObOecrieuynBaeT
ONTUMAIBHOE PEIICHUE 33JIJa4d U UMEET MOJMHOMHUAIBHYIO CIIOKHOCThH MOPSIKA
O(n*) JlaHHas 3BPUCTHKA MOXKET ObITh HCIIOIB30BAHA IS MOJTYUCHHS MPUOITH-

JKEHHOTO pemieHus1 chOpMyTUPOBAaHHON B JaHHOW pabOTe 3amayr MHOTOCTATHI-
Hoil 00pabotku. [Ipu 3TOM He MpPUHMMAETCS BO BHUMAaHHE IOIyCTHMOE BpPEMS
Havaja BBITOIHEHN 33JaHUH Ha BCEX CTaANAX 00pabOTKH, KpOME IIEPBOH, a Bpe-
Msl TOCTOOPaOOTKM Ha KaXKJOW CTaJMU PacCMaTPHUBAETCSA KaK (PUKTUBHOE BPEMs
00pabOTKM Ha HEKOTOpPOH Ipyroil MammHe. PaccMOTpUM OOMH W3 BapHaHTOB

pacuera 3HauyeHMH 7} U 1.
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Onpenemam ¢! :=t +d,, t':=t, k=2,...,K . Tlycts m=|K/2

, TIe

|K / 2| — L¢Jj1asa 4aCThb pe3yJibTaTa ACJICHUA ABYX BCJINYNH,

m K
S gl ko, ok T2 ko, ok
D=(d+t,+0)+ Y (ff+17). 1] = D (65 +77).
=2 k=(m+1)
Pemraem 3aga4y IOCTPOCHUA paClIUCaHUA OJIA 2 MalIiH ONMCAHHBIM BEITIIE
AJITOPUTMOM ﬂ)KOHCOHa. B kauecTBe peUIiCHuA 3aaa9u BBI6I/IpaeM BapHaHT U CO-

OTBETCTBYIOIIYIO MOCIEOBATEIBHOCTh IBYXCTaANIiHON 00paboTku V' . [pu BbI-

MOJIHCHUH 3aaHUil B TOCIENOBATEIbHOCTH } , TIOCTPOCHHOH B COOTBETCTBHUH
¢ BeIpakenueM (12), BpeMeHa Hadajga 1 3aBEPIICHUS BHIIOTHEHHS 3aIaHAN | T10-
cTOOpabOTKM Ha MallMHAX BCEX CTaluii 00pabdOTKHU ompenelsieM Mo (popMmysiam
(1)—(5). OnucaHHbIA anrOpUTM, Kak W anroputM J[>KOHCOHA, MMEeT MOJIUHO-
MHAIBHYIO CJIIOKHOCTh M TPEOyEeT TOIBKO B 2 pa3a OOJIbIIeTo 00heMa BEIYHC-
TICHUH.

WJLTIOCTPATUBHBINA IPUMEP

[MapameTpsl 3aTpaT BpeMeHH Ha W3TOTOBJICHUE U MOCTOOPAOOTKY KaXJIOTo U3Je-
JIUSl Ha KaXIOU CTaJNH TEXHOJIOTUYECKOTO Ipollecca CBEJACHBI B Ta0I. 1.

Taoaunal
BpemenHbIe MapaMeTphbl HA Pa3IMYHBIX CTAAUAX 06padoTku k =1,2.3
Honepu 1-g cTagus 2-9 cTagus 2-9 cTagus

i B P R R I
1 2 7 8 12 10 3 3 15 10

2 4 8 6 4 7 5 15 10 15

3 0 12 5 3 8 6 8 9 4

4 5 5 10 0 12 4 10 8 10

5 3 16 3 10 4 6 6 7 7

6 5 10 5 0 10 7 20 10 6

HwxHsist TpaHua JUTMHBI MHOTOCTAIUIHOTO PACIIMCAHUS, BBIYUCIICHHAS 110
tdopmynam (5)—(8), paBHa

9(F) = max[(58 +16+18),(17 + 50 +18),(17 + 16 + 59)] = 92..

Pemrenne npumepa no aaropurmy 1

Ha Kka)1oM mmare BeraucisieM o popmyiam (9), (10) snauenns i € J(s):

07 (1)=(2+7+8)+(10+3)+15=45, 03(1)=(8+9+6)+(7+5)+10=41,
03(1)=(0+12+5)+(8+6)+9=40, 03(1)=(5+10+15)+(2+4)+8=41,
03(1)= B+16+3)+(6+10)+7=45, 02(1)=(5+10+4)+(9+7)+10=45,

0% (s)= min 65(s)> min 67(1)=6;(1)=40-
A ieTz(s) il ? (s)
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VcranaBnmuBaem 3-e¢ 3ajaHue Ha 1-¢ MecTO B CTpOﬂmeﬁCﬂ nociaeaoBa-
TCIBHOCTH.

ITocnemoBaTeIbHOCTE BBHITIOTHEHUS 3aJaHUI
= 3 3
W ={w (D,...ows D105, 1) 65,0y} =1{3,2,4,5,6} -

TpeOyromas HEOOJIBIIOr0 00bEMa BBIYUCICHUH IOCIEAOBATEIBHOCTh BhI-
MIOJTHEHMSI 3aJ]aHWi M TOCTPOEHHAs MO HEyObIBAaHMIO 3HAYCHUU 91'2 1), moxer

paccMmaTpuBaThCs Kak MpUONMKEHHOE pelleHne 3aaadyn. Bpems Havyana u BpeMs
3aBEpILECHMS BHIMOJHEHUS 33aJaHUI HA Pa3IMYHBIX CTagusX 0OpabOTKH B IMOCie-
JIOBaTENLHOCTH, TIOCTPOSHHOM B ONTUMAaJIbHOM PaCIIMCaHWH, IPUBEIEHBI B Ta0II. 2.

Taoauma 2

Hocnenona- Bpems Hauana u Bpems 3aBepLICHHS BbINOJHEHNs 3a1aHuil
TCJIBHOCTH 1-a cTamus 2-s cTagus 2-s cTanus
BBINOJIHEHU . . . 2 5 ) 3 3 5
3aJJaHUI X; ei T; X; ei T: X; ei T;
3 1 12 17 18 25 31 32 40 44
2 13 20 26 27 33 38 41 50 55
4 21 25 35 36 47 51 52 59 69
1 26 32 40 48 57 60 61 75 85
5 33 48 51 58 61 67 76 82 89
6 49 58 63 64 73 80 83 92 98

Pemienue npumepa no aaropurmy 2
Briuncium 3HaueHUs TapamMeTPOB

3
-1 1 1 1 k k 72 _ .k k ;_
By =(d;+ty+r)+ 2 (541 15 =5 +77)s J=10,
k=2
7' =(27,26,25,32,26,28), 72 =(28,20,19,22,20,23), V'={1}, V?=1{6,4,2,5,3}.
CJ'Ie,Z[OBaTeJ'II:HO, IMOCJICA0OBATCIIBHOCTDG BBIITOJITHCHUA 3a,ILaHI/II>'I MHOFOCTaZLHﬁ—
HOM 06paboTKK uMeeT BUI V = {1,6,4,2,5,3} . BpeMs Hauana u BpeMst 3aBepIueHUs
BBIITOJIHCHHUA BCEX 3a,£[aHPII>i, a TaK’KC 3aBCPUIICHUA HOCTO6pa6OTKI/I Ha BCEX CTagu-
X 00pabOTKH CBEICHHI B Ta0I. 3.

Taoauma 3

Hocnenosa- Bpems Hauana u Bpems 3aBepLICHHS BbINOJHEHNs 3a1aHuii
TCJIBHOCTH 1-a cTamus 2-s cTagus 2-s cTanus

BBINOJIHEHU . | ] 2 ) 5 3 3 3
3a1aHMii X; 0; T X; 6; T X 6; T;

1 3 9 17 18 27 30 31 45 48

6 10 19 24 28 37 44 46 55 61

4 20 24 34 38 49 53 56 63 73

2 25 32 38 50 56 61 64 73 88

5 33 48 51 57 60 66 74 80 87

3 49 60 65 66 73 79 81 89 93

CrnenoBatenbHO, 10 ANTOPUTMY 2 TIOJIyIeHO Oosiee 3P PeKTUBHOE pelIeHue.
3Hauenue KpUTCPU ONITUMAJIBHOCTH OUYCHDb OM3KO K 3HAYEHHUTIO HIKHEN I'paHUIIbI.
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3AK/IIOYEHUE

PaccmoTpenHbie B paboTe MOCTAaHOBKU M MPHOJIMKEHHBIE METOIbI PELICHHs 38124
HOCTPOCHUS pacICaHuil PaOOTHI MOCIIEI0BATENBHBIX IIETIOYEK YYaCTKOB U IIEX0B
B3aMMOCBSI3aHHBIX TIPOM3BOACTB MOTYT HAWTH IIMPOKOE MPUMEHEHUE B CUCTEMAax
KQJICHIAPHOTO TUIAHUPOBAHUS MEJKO- U CPEJHECEPHIHOTO MPOM3BOJACTBA. B Ka-
4eCTBE KPUTEPHs ONTHMAIBHOCTH PAacCMaTPUBAETCS MOCTPOCHHE IOCIEI0Ba-
TEILHOCTH BBIITOJHEHHS BCEX 3aaHUI CHCTEMON B3aMMOCBSI3aHHBIX IPON3BOJICTB
B Kparyaiimme cpoku. CHopMyIHpoBaHHBIE 3aa4M, YYUTHIBAIOIINE HE TOJBKO
3aTpaThl BpeMEeHH Ha paboTy 00OpyIOBaHMS, HO M BPEMEHHBIC IOTEPU HA II0-
cTOOpabOTKy HM3IeNHid, OTHOCATCS K Kiaccy NP-TOJHBIX 3a/ad KCIIOHEHIIUAIb-
HOH CIIOHOCTH. AJTOPUTMBI TIOJTyYeHHUS] TOUHBIX PEIICHUI TaKHUX 3a/1ad MpHUMe-
HUMBI Ha MIPAKTHKE TOJNBKO Ul PEIICHMS 3a/ad Majoil pasmepHocTH. B pabdore
IPUBEICHBI MaTeMaTHIeCKasi IOCTAHOBKA, (DOPMYJIbHbBIEC BBIPAKEHHS BHIYNCICHUS
HIDKHEH TPaHHIBI 3HAYCHNS KPUTEPHSI ONTUMAIBHOCTH U 2 SBPUCTHYECKHX aJro-
puTMa pemeHns copMyIMpOBaHHEIX 3a1ad. [lomydeHHBIE pe3ynbTaThl WILTIOCT-
pUpPYIOTCS YHCIIOBEIM IpuMepoM. [IpeanokeHHbIe B pabOTe SBPUCTHYECKHE all-
TOPUTMBI TONYYCHUS NPHUOIIDKCHHBIX DPEIICHWH STHX 3aJad NPHUMEHHMBI JUIs
IPAKTUIECKOTO MCIOJIF30BaHMS B aBTOMaTH3UPOBAHHBIX CHCTEMAaX KaJIEeHAApHOTO
iaHupoBaHus. [IpoBefieHHBIE aBTOPOM BBIYHMCIHMTEILHBIE YKCIIEPUMEHTHI TIOKa-
3BIBAIOT, YTO MOJIyYEHHOE MPUOIMKEHHOE pElIeHHE He TPEBOCXOAUT 3HAYCHUE
HIDKHEW TPaHMIbI KPUTEPHUs ONTHMAIBHOCTH OoJiee, ueM Ha 5—10%.
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MOJEJIFOBAHHSI KOHTAKTHOI B3AEMOIIT
JIBOX TPAHCBEPCAJIBHO-I3OTPOITHUX NTPY KHUX
HIBIIPOCTOPIB 3A HASIBHOCTI )KOPCTKOI'O
JUCKOINOJIFHOI'O BKJIFOUEHHSI MI’K HUMHU I TUCKY
HA JIJISTHII PO3IIAPYBAHHS

B.C. KHPUJIIOK, O.1. IEBYYK

AHoTanisi. Bukopucrano crpory MareMaTHYHY MOJEHb I aHaJIi3y KOHTaKTHOI
B3a€MOJII ABOX DI3HMX 32 BIACTUBOCTSMH TPAHCBEPCAIbHO-I30TPOIHHUX HPYKHHUX
MIBIPOCTOPIB MiJ Yac CTUCKAHHS 332 HAsBHOCTI )KOPCTKOTO JMCKOMOAIOHOrO BKIIIO-
YeHHs MK HUMH 1 THCKY B AUITHLI po3iiapyBaHHs MatepianiB. Po3B’s30k 3amadi
OTPUMAaHO Ha OCHOBI MOJAHHS 3arajJbHOTO PO3B’SI3KYy CHCTEMH PIBHSHb PiBHOBaru
JUISL TPAHCBEPCAIBHO-130TPOITHOTO Tijla 4Yepe3 rapMoHiuHi (yHKUIi, 3BeeHHS Kpa-
HOBOI 3a1adi 10 pO3MIsAY IHTErpaJIbHOTO PIBHSHHS, PO3KJIAy IIyKaHOT QyHKIIl O
MajioMy rapamerpy. SIk OoKpeMuid BHIIAJOK 3i 3HalICHUX BUPa3iB BUILIMBAIOTH OC-
HOBHI NapaMeTpH KOHTAKTY UIs IBOX HMPYXKHUX {30TPOITHUX MIBIPOCTOPIB (3a HasB-
HOCTI BKJIFOUEHHSI MK HUMH i THCKY B QUISHII po3mrapyBaHHs). OTpUMaHO YHCIIOBI
pe3yJIbTaTH, BUBUCHO BIUIMB NPY)KHHX BJIACTUBOCTEH MiBIPOCTOPIB, T€OMETPUYHHX
PO3MipiB BKJIIOYCHHS | HABAaHTA)KCHb HA [IAPAMETPU KOHTAKTHOI B3aEMOII.

Kiro4oBi cjioBa: MaTeMaTHYHE MOJICIIOBaHHS, TPAHCBEPCAIBHO-130TPOIIHUI MaTe-
piai, mpy>KHHI MIBIPOCTIP, KOPCTKE IUCKONO/IOHE BKIIOYESHHS, THCK HA MUISHII
po3IIapyBaHHs, HapaMeTPpU KOHTAKTHOI B3a€MOIII.

BCTYII

VY pi3HHX ramy3sx IPOMHUCIOBOCTI ISl CTBOPCHHS €JIEMEHTIB KOHCTPYKIi# mHpo-
KO 3aCTOCOBYIOThCS OiMarepiaiy, CKIaA0Bi SIKUX MarOTh Pi3Hi (Di3UUHI BIACTHBO-
CTi, 30KpeMa aHizoTporHi. Ile, y cBoI0 depry, CTUMYIIOE iHTepeC A0 BUBUCHHS i
aHaJi3y po3MOALTY HAmpyXeHb y TaKHX TilaX MOOJM3y KOHLEHTPATOPiB Hampy-
JKEHb, & TAKOXK IIil yac KOHTAKTHOI B3aemonii. BogHouac po3B’si3aHHS IPOCTOPO-
BUX 3ajJiad Teopii MPYKHOCTI JUIA aHI30TPONHHX TiJl YCKIAJHIOETHCS, OCKUIBKU
y LIbOMY BHIIQIKy HEOOXiIHO po3B’s3yBaTH KpalloBy 3a1ady Ul CHCTEMa PiBHSIHb
piBHOBar" aHi30TPOITHOTO TiJia, IKa Ma€ CKIAAHINTY CTPYKTYpPY (TIOPIBHSHO 3 Bif-
TIOBITHOIO CHCTEMOO TSI 130TPOITHOTO MPYKHOTO TiNa).

Harenep muis TpaHcBepcaqbHO-130TPOMHUX Til 3 KOHIEHTPAaTOpaMH HaIpy-
’K€Hb TPYHTOBHO JOCIIHPKCHO TBOBHMIpHI 3a/1adi TeOpii MPYKHOCTI Ta €IEKTPO-
npysxHocTi [9, 16, 17, 27]. Jlns 3ana4 y TpUBUMIpHIH MOCTAHOBLI IJIs1 TpaHCBEP-
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CaJTLHO-130TPONHMUX TIPY>KHUX Ta €ICKTPONPYKHUX MaTepialliB IMOJAHHS 3araJbHUX
PO3B’A3KIB CHCTEM PiBHAHB PIBHOBArH Yepe3 TapMOHIYHI (QyHKIIT 3aIponoHOBaHO
y mpargx [11] Ta [24, 28] BiANOBiAHO, a MOJaHHS PO3B’S3KIB CUCTEMH PIBHSIHD
TiAPONPYKHOCTI AJIsl TpaHCBEPCANbHO-130TPONHOrO Tina — y npaui [30]. Baxmu-
Bi pe3yjbTaTH BU3HAYCHHS HANPYXXEHOIO CTaHy TPUBUMIPHHX TPaHCBEpPCAJIbHO-
130TPOMHUX MPYKHUX Ta EINEKTPONPYKHHUX TiJI OTPUMAaHO y npausx [3, 4-6, §,
10-12, 15, 18, 22, 23, 26,29,30] ta [1, 2, 7, 19, 20, 24, 31, 32] BignoBigHO.

Bigznaunmo, 1o 3agadi KOHTaKTHOI B3a€MOMIL AJIsl ABOX MPY>KHHUX 130TPOII-
HUX TIBIIPOCTOPIB i 9Yac CTHCKaHHA (3 ypaxXyBaHHSM HAasSBHOCTI MiXK ITBIIPOCTO-
paMH >KOPCTKOTO JMCKOMOAIOHOTO BKIIOYEHHS) HOCIiIKYBaIUCh y Tpalsix [14,
21, 25]. Are 3amaga KOHTAKTHOT B3a€EMOIT IJIs1 ABOX TPAHCBEPCATHLHO-130TPOITHUX
niBnpocropiB (abo xoya 6 OAHOrO 3 HUX) 32 HASBHOCTI KOPCTKOTO BKITFOUEHHS
MDK KOHTaKTHAMH TiJIaMH 1 THCKY Ha TUISHIT pOo3MIapyBaHHs TOCI HE BUBYAIACH.

Y po06oTi Ha OCHOBI MaTEMaTHYHOT'O MOJEIIOBAHHS JTOCHTIKEHO KOHTAKTHY
B3a€MOZIIO IBOX PI3HMX 3a BIACTHBOCTAMH IPY>KHUX TPAHCBECAIBHO-130TPOITHUX
MIBIPOCTOPIB MiJ Yac CTUCKAHHS 3a HasBHOCTI MK HUMH JKOPCTKOTO AMCKOIOi0-
HOT'O BKJIFOYEHHS CTaJIOl TOBIIMHYU Ta TUCKY Ha NUISHLI pO3IIapyBaHHS KOHTaKT-
HUX Tid. J{J1s1 TOCTAaHOBKY 3aJa4i BBaXKAETHCS, IO MOBEPXHS MOLTY JBOX MPYXK-
HAX TUI PO3TalloOBaHAa Ha TUIOMIMHI 130TPOIMii TpaHCBEPCATHLHO-130TPOITHUX
MarepiaiiB MmiBIpocTopiB. [IpHUITycKaeThCs TaKoX, MO MK TiTaMH HasBHUU
rnaakuil (0e3 TepTs) KOHTAKT. 3a TOTIOMOTO0 TIOJaHHS PO3B’SI3KY PiBHSHD PiBHO-
Baru AJs1 TpaHCBECAIbHO-130TpONHOrO Tija (nofanHs Emiora) yepe3 rapMoHiuHi
¢$yHKUii, MOJaNBIIOT0 3BEACHHS 3a/1ai A0 PO3MIAAY IHTETpajJbHOTO PIBHAHHS Ta
po3KIIaTy mrykaHoi QPYHKINI 32 MaJIMM MapamMeTpoM OTPUMAHO HaOIKEHUN aHa-
JITAIHUHA PO3B’SI30K 3a/1a4i. 3HANIEHO OCHOBHI TapaMeTpH KOHTAKTHOI B3a€MOIil
PI3HHX 3a BIACTUBOCTSIMH TPaHCBEPCATHHO-130TPOITHUX MPYKHUX ITiBIPOCTOPIB
(32 HasBHOCTI OPCTKOTO BKJIFOYEHHS MK HAMHU 1 TUCKY Ha JUISHIN pO3IIapy-
BaHHA). SIK OKpeMuil BUNMAgOK 3 OTPUMAaHUX BUPa3iB BUILUIUBAIOTH MapaMeTpH
KOHTAaKTHOI B3a€MOJii IBOX MPYXHUX 130TPONHMX MiBIPOCTOPIB 3a HasBHOCTI
BKJIIOUCHHS [7].

ITOCTAHOBKA 3ATAUI

PosrnsiHeMo MaremMaTuyHy MOJIENb, HA OCHOBI SIKOT BUBYMMO KOHTaKTHY B32€MO-
JII0 TBOX PI3HMX 32 BIACTHBOCTSIMH TPAHCBEPCATBHO-130TPOITHUX MPYIKHHUX MMiB-
MIPOCTOPIB 3a HASIBHOCTI JKOPCTKOTO MHUCKOITOAIOHOTO BKIIFOUCHHS CTaI0i TOBIIIH-
HHU M)XK HUMH Ta TUCKY Ha JUISHII po3iiapyBaHHs MaTepiamiB (puc. 1).
[Ipumyckaemo, mo mwromuHa z =0 (puc. 1), s;ka 0OMeXye aBa MIBIIPOCTOPH,
€ TUTOTITMHOIO 130TPOTIii TpaHCBEPCATHEHO-130TPOITHUX MaTepiaiiB KOXKHOTO 3 ITiB-
mpocTopiB, ToOTO Bich 0z € Bicclo cuMeTpii 000X TpaHCBEPCATHEHO-130TPOITHUX
MatepianiB. Takox BBaXKaeMo, 110 Ha IJIONIMHI KOHTAaKTHOI B3aemopii z =0 BH-
KOHYIOTBCS YMOBH TTIaIKOTO (0€3 TepTs) KOHTAKTY MPYXKHUX Tij. Po3mipu minsH-
KW PO3IIapyBaHHS ABOX MPYXKHUX IMiBIPOCTOpiB (puc. 1) € HEBiJOMUMH 1 BU3HA-
YalThCS Yy TpoIeci po3B’si3aHHS 3anmadvi. [lapamMeTpu KOHTAKTHOI B3aEMOJIIT
MPYKHHUX TUT 3aJIeXKaTh BijJl 3HAYECHHS CTUCKAJIBHUX 3yCHIb P, 3HAYCHHS THUCKY

F, Ha JinsgHLi po3LIapyBaHHs, NPY’KHUX BIACTHBOCTEH ABOX TpaHCBEPCAbHO-

130TPOITHUX MatepiaiiB MiBHOPOCTOPIiB (YCHOro AECATh HE3aJECKHUX BENUYMH) 1
JIBOX T€OMETPHYHUX MTapaMeTpPiB )KOPCTKOTO BKIIOYEHHS (3HAYEHB HOTo paziyca i
TOBIITUHN).
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Jlyis BU3HAYCHHS HAIPYKEHO-1e()OPMOBAHOTO CTaHY Y KOKHOMY 3 TPaHCBe-
PCANbHO-I130TPOITHUX TPYKHUX MIBIPOCTOPIB Ha MOBEPXHI MOMLTY Tii (Ha IUIO-
muHl z =0 ) OTpUMYy€EMO TaKi TpaHUYHI YMOBH:

l

PO P()

o] ;

Puc. 1. KoHTakTHa B3a€EMOJIisl BOX INPY)KHUX MIBIIPOCTOPIB 3a HASBHOCTI KOPCTKOTO
JUCKOTIONIOHOTO BKIIFOUSHHS MK HUMH Ta THCKY Y 30HI pO3IIapyBaHHI

ugl)(r,O):Al, 0<r<a;
G(le)(F,O)Z—PO, a<r<b;

oD (r,0)=c?(,0)=0, 0<r<w; (1)
u§2>(r,0)=—A2, 0<r<a;

o2 (r,0)=-P), a<r<b;

oD(,0)=6P(,0), b<r<w; ()
u(r.0)=ul? (r,0), b<r<oo; 3)
A +Ay =A,

Je iHaekcu «l» 1 «2» BiANOBIAAIOTH MEPLUIOMY 1 APYroMy miBIpocTOpaMm; Fy—
BEITMYMHA TUCKY Ha JUISHII pO3MIapyBaHHs; A 1 @ — TOBIIMHA 1 pagiyc AUCKO-
MoJ1iI0HOTO KOPCTKOTO BKITFOYSHHS BiJIMOBIHO; 3HAYEHHS b —a BIANOBiZae po3-
Mipy 30HH PO3IIApyBaHHSI MiX IMBIPOCTOPaMH. 3 HAaBEIEHWX TPaAaHUYHUX YMOB
Ha IUIOIIMHI oAy yMoBH (1) BiANOBiIal0Th YMOBaM BiZICYTHOCTI IOTUYHUX Ha-
MIpy>keHb Ha BCiid MMOBEpPXHI Moy, yMoBH (2), (3) — yMOBaM i1ealbHOTO MeXaHi4-
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HOTO KOHTaKTy 11032 30HOI0 po3liapyBaHHS Mmatepiany. KpiMm Toro, Maemo Taki
YMOBH Ha HECKIHYECHHOCTI:

(1) ——p (KO0 z —>0); 6(2) —>—p (Kmo z —->—o).

IMogamo HampysKeHHI CTaH Y KOXKHOMY 3 MPYXKHHX IIBIPOCTOPIB CyHepIo-
3MIIIE€I0 OCHOBHOTO CTaHy (IIPOCTOTO CTUCKAHHS 0(1) =—p; O'(Z? =—p) Ta 30y-
peHoro crany. s 3HaXOJUKEHHS! 30ypeHOro CTaHy B KOXKHOMY 3 IiBIIPOCTOPIB
Ha IomuHi z =0 MaeMo Taki rpaHUYHI YMOBH:

ugl)(r,O)zAl, 0<r<a;

(1)(,, 0)=p—-F,a<r<b;
oD(0)=6P(r,0)=0,0<r<o0; 4)

u§2>(r,0)=—A2, 0<r<a;

(2)(r0) p—Fy,a<r<b;

oD(r,0)=6P(r,0),b<r<w; (5)
u" (r,0)=uP (r,0), b<r<wo; (6)

Ymosu (4), (5), (6) MaroTh TOH e 3MicT, o i ymoBH (1), (2), (3), ane qis
30ypeHoro crany. i Toro mo0 JOCTiTUTH 3a1ady Ha OCHOBI BHKOPHUCTOBYBaHOL
CTpOroi MaTeMaTHYHOI MOJeNi, HeOOXiJHO 3HAWTH PO3B’S3KH PIiBHSIHB TEOpil
NPY>KHOCTI Y KO)KHOMY 3 TPaHCBEPCAIbHO-130TPOIHUX MiBIIPOCTOPIB, IO 3310BO-
JTHHSIOTH TPAHUYHI YMOBH Ha TIOBEPXHI MOJILTY MaTepialib.

OcHoBHi piBHsAHHA i cmiBBigHOMeHHs1. CTaTUYHI PIBHAHHS TEOPil MPYK-
HOCTI U TPaHCBEPCAbHO-130TPOIHOrO Tijla y MEpeMIllleHHSX HaOyBalOTh BU-
sy [3, 4]:

1 O, L+ ! (c c )azu +c O, +
11 o A2 117 %12 8)/ 44 622

2 ey 2 b e ea) 22 | 20
ox| 2 T2 Y 137 Ca) 5
1 azuy azuy ﬁzuy
—(¢1—c +c +c +
2( 11—¢12) o T e

0
+—| =(c;; +c L4+ (Cc3+C)—=1=0;
Gy{ (c1y 12) . (c13 44) . }
o*u,  0%u, %u, 0 (ou, Ou
oy Ox oz* ox Oy
O€  C115 C125 €135 €33, C4a — HE3AIEXKHI TPYXKHI CTali TpaHCBEPCAIbHO-

130TPOIHOTO MaTepiaiy.
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Po3B’s130k cuctemu piBHSHB (7) 3rigHO i3 mpanero [11] MoxHa Bupa3utu de-
pe3 Tpu noreHuianbHi pynkuii @; (i=1,2,3) Takum yMHOM:

u, =0®,/0x+0d,/0x+0D5/0y;

u, =00, /0y+0P,/0y—0P3/0x;

u, =mod,/0z+my00,/0z, 8)
ae ©,D,,d; — QyHkuii, mo MicTATbCS B cucteMi (8) , 3a10BOJIBHSIIOTh PiB-
HSHHS

(0% /ox* +0% /oy* +v,;0% 10z )D ; =0, 9)

a TaKOXK V3 =2¢y4 /(c;1 —¢13); Vi,V, — KOpPEHI KBaPaTHOTO PiBHIHHS
>l : =0; 10
C11€4qV" —[Chg + 33611 = (€13 +C44) 7]V +€33¢44 =0 (10)

2 SV " Cas V(13 +caq)

€13t Cyy €33 V€4

(j=12). (11

VBIBIIKM MO3HAYEHHS z; =zv;”2

(9)—(11), nerxo BcranoBuTH, WO ¢GyHKUIT D(x,y,z),DP,(x,,2,5), P3(x,¥,23)

(j=1,2,3) 3 BHKOpPUCTAaHHSIM BHUpa3iB

OyIyTh rapMOHIYHUMH (YHKLISIMU y BIANOBIIHINA cUCTeMI KOOPAUHAT (X, ),Z;) .

Hapami ckopuctaeMoch Mo3HAYCHHSIMH

V1 tCyy . 1V +Caq .
k1=m1=—_1,k2=m2=—_1,
€13+ Caq C13+Cyy
ay=cy(+m) (j=12) (12)

METO/I PO3B’sI3AHHSA

s moOynoBu po3B’sI3Ky I'paHUUYHOI 3ajaui Teopii Mpy>KHOCTI CKOpHUCTA€E-
Mocst onanHsaM (8), Bupazamu (9)—(12). @yukmii @,(x,y,z;) (w1 KOKHOTO
TPaHCBEPCATBHO-130TPOIIHOTO MIiBIIPOCTOPY 3 YPaxyBaHHSIM BIACTUBOCTEH MaTe-
piany) Bi3bMEMO y BUIJISII

D, (x,9,2) = F (x,9,2;), (i=1,2); ®3=0. (13)

. * . ™ .
Crani o; y Bupa3zax noreHuiaiabHux ¢yHKUiH (13) BU3HAYMMO 3 TaKoi cuc-
TEMH JIHIHHUX aNTeOpUIHUX PIBHSIHD:

2 2
Yo (cay(L+k)) =15 Za’;(c44(1+kj))/\/7j=0. (14)
j=1 j=1

V pe3ynbTaTi BU3HAYEHHS CTATUX O 3a CHUCTeMOK (14) 3a10BONBHSAIOTHCS

IpaHUYHI YMOBH TI0 JOTUYHUX HAMPYKEHHSX y3I0BX BCI€i MOBEPXHI MOALTY VIS
TpacBepCaNbHO-130TPOMHOTO MiBIPOCTOPY, & TAKOX YMOBH PIBHOCTI HOpMaJIbHUX
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KOMITIOHEHTIB Halpy»eHb 103a 30HOI0 pO3LIapyBaHHs MmarepiamiB. i rpaHuy-
HHUX YMOB, L0 3JIMIIMJINCh, 3 BUKOPUCTAHHAM MOTEHLIaIbHUX (DYyHKIIH HA OCHO-

Bi (YYHKITI Fl (x,»,z;) 1 F2 (x,5,2;) (byHKUiil 1 MepUIOro Ta APYroro mpyx-

HUX TIBIIPOCTOPIB) Ta 3 YpaXyBaHHSIM CHCTEMH PiBHIHB (14) OTpIMyeMO yMOBH
Ha TwiomuHI z=(0 [UII BU3HAYEHHS HEBIIJOMUX TapMOHIYHHMX (YHKIIH

Fi (xayaz) i F2 (xayaz):

2 (1) * 2k
. OF F
J on (rO)—A1,0<r<a‘a—l(r,O)zp—PO,a<r<b;

o _
e SrEe o

an( r0)=-A,,0<r<a; 0h (r0)=p—Py,a<r<b;

2
Yo 2
=7 o @) & oz

JAC) *

I
Z ar K 6Fl O N N0 S
/ oz g Iv (2) Oz
aFl( ())_aF2 (r,0), b<r<ow, Aj+A, =A. (15)
Z Z

PosrisaemMo a1 MOpiBHAHHS OUTBII MPOCTY 3a7ady Teopii MPYKHOCTI PO
CTUCKaHHS JBOX MPYXHHX 130TPOMHUX IMiBIPOCTOPIB, MK SIKUMH PO3TaIlIOBaHE
JKOPCTKE JUCKOMOIOHE BKIIIOYSHHS CTal0i TOBIIMHM. 3a JIOTIOMOTON IOJaHHS
ITankoBmua—HetliOepa BU3HAYEHHS 30HHW PO3MIAPYBAHHSI CTOCOBHO 30ypeHOTo

CTaHy 3BOAMTHCS [0 TOUIYKY JBOX TapMOHIYHUX (yHKOil fl*(x, v,z) i

f> (x,¥,2), 11 3HAXOMKEHHS SKUX OTPUMYEMO Ha IDIOIIMHI TOALTY MaTepiaiB
z =0 rpaHWYHI YMOBH, SKi CTPYKTYpHO monaiOHi 10 popmy (15). €Equna BiaMiH-
HICTB TIOJIATAE Yy TOMY, IO B IIUX BUpa3ax (I i30TPOITHUX MarTepiajiB) 3aMiCTh

2 2
MHOKHHKIB Zal(-l)*k_gl)/,/vg-l) i Zal@)*kﬁ-z)/ v_(jz) BUKOPHCTOBYIOThCS BUPA3H
=1 =1

A-v)/u 1 A-vy)/u,, ne vy, v,— koediuientu [lyaccona, a 1,11, — Mo-
IyJli 3CYBY IJIsl i30TPOITHUX MaTepialliB MPYXHHUX MBIPOCTOPiB. Buxoasuu 3 Ta-
KOT BiANIOBIIHOCTI TPAHWYHHUX 3a]a4 KOHTAKTHOI B3a€MOJil ABOX i30TPONMHHUX Ta
JIBOX TPAaHCBEPCATHHO-130TPOITHUX MIBIIPOCTOPIB IS BH3HAYCHHS JBOX Tap-
MOHIYHUX (PYHKIIIH, HAJali BUKOPHCTAEMO CXEMY PO3TIISAY OULTBIN MPOCTOi 3a/1a-
4i Teopii Npy>KHOCTI I i30TPOIHUX MiBIIPOCTOPIB.

Ha ocHoBi pe3ynbTatiB [25] I ABOX MPYKHUX 130TPOITHHUX TiJl (32 HAsIBHO-
CTi TMCKOMOIOHOTO BKJIFOUCHHS) Ta BCTAHOBJICHOI BiJMOBIMHOCTI 3a7a4 KOH-
TaKTHOI B3a€MOJIii y BHUIMAAKYy ABOX TPAaHCBEPCAITBHO-i30TPOIHUX TMPYKHHUX ITiB-
IPOCTOpIB (32 HASBHOCTI KOPCTKOTO AMCKOMOAIOHOTO BKIIOYEHHS MK HUMH Ta
TUCKY Ha JTUISHII po3mIapyBaHHS) 3a7ady 3BOJMMO JIO PO3B’S3KY iHTErpaIbHOTO
PIBHSHHSL 10 HEBiJOMOTO 3Ha4YeHHs1 ¢ =bh/a, TOOTO BIIHOUICHHS PO3Mipy HEBi-
JoMoi IUISHKM PO3LIapyBaHHS IO pajiyca >KOPCTKOTO AWUCKOMONIOHOTO BKIIIO-
yeHHs. OTpuMyeMo
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o [ . [e =&, _
o+l T en] e

_ A 2 2 -1 6‘2
i ot {1

ap(1+a)za(” it -
a Lo

3 I0AATKOBOIO YMOBOIO, 1[0 BKa3y€ Ha BIICYTHICTh CHHTYJISIPHOI CKJIAZOBOT y 30H1
po3MapyBaHHs MaTepialiB, KO » =b :

_;J,0<n<1 (16)

J‘ (P(§) ,\%Jr( _p2 2,

. kP 2 kD
ne n=r/a,c=bla, a= Zoc(z) _J Z w* "

= V(j?) / (1)

Jlai, Ha OCHOBI PO3KJIAAY 32 MAJIUM IapamMeTpoM € =a/b=1/c <1 mrykanoi
(hyHKIIII, 0 BXOIUTH JO iHTErpaabHOTo piBHAHHSA (16) (UTKOM aHAJIOTIYHO BH-
najgKy KOHTAaKTy ABOX IMPY)KHUX 130TPONMHHUX MiBOpocTOpiB [25]), HaOimxeHUH
PO3B’A30K IHTETPaIbHOTO PIBHIHHS 3 OJJATKOBOK YMOBOIO MOXHA OTPUMATH 3a
JTOTIOMOT'OF0 PO3B'SI3KY aNTeOpHUIHOTO PIBHSHHS IT"ITOTO TOPSIKY

(l) M
Ql(e)(éj B Y A(l) K 12a@ a7
=1

m a \/T €

J€ BUKOPUCTAHO MO3HAYCHHA

Q@):%w% 24 [— iﬂj

n
84(8—03+2—576j+8 (448 102 j 0"
o i 9r° n’
4 16 , (64 1) 4 16 4(1 8 64 4)
Qe)=l-—e-——e —&|—F+- |- |+ | -5+t <+ ||-
2(%) o (756 8} (3n4 2\24 972 % o9
16 64 8 8 256 4 6
¢ el + +O(e®). (18)
[ [24 o 9n2J 9r® 15n2j

3naiinene 3 anreOpuuHoro piBHsHHA (17) Ta 3 ypaxysaHHsIM ¢Gopmyn (18)
3HauYeHHs €=a/b BHU3HAYa€ PO3MipH 30HM PO3ILapyBaHHSI MiXK JBOMa TpaHC-
BEPCATLHO-130TPOITHUMHU TPYKHAMH ITiBIIPOCTOpPaMH (3a HASBHOCTI KOPCKOTO
JUCKONOAIOHOTO BKJIFOUEHHS MK HMMH) 32 CTHCKaHHs Ta BpaXyBaHHS THCKY Ha
OUISHII ~ po3miapyBaHHs — MatepianiB. Po3mipu  3aryimOnNeHHs  BKIIIOYSHHS
y BIATIOBIIHHIA TpaHCBEPCATBHO-130TPOITHUH MIBIIPOCTIP 3aJ€KaTh Bill MPYKHUX
BJIACTUBOCTEH MartepiaiiB 000X MiBIPOCTOPIB 1 BH3HAYAIOTHCS CHiBBigHO-
HICHHSM
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1 1

A] = Az )
1 @ 2) 1.(2)
22: Ay kj 22: ATk
=i AD = A2 Vg_z)

ToOto 3arnmubneHHs BKJIIOYEHHS y MEpIIMH MiBIPOCTip MPONoOpuiliHe 3Ha-
2 A 2D
Ay kj

YCHHIO —
= AD V(]41)

, @ 3armHOJIeHHs y JPYTHi MBIPOCTIp — 3HAYEHHIO

2 4D D

L)
= SN

I3 ¢popmyn (17) micraeMo CHiBBiTHOIICHHS, IO MOB’SI3y€ 3HAYCHHS CTHCKA-
JbHUX HAaBaHTaXXEHb p 1 THUCKY Ha JUISHII po3LIapyBaHHS F, 3 po3MipoM 30HU

po3LIapyBaHHS MiX MiBIIPOCTOPaMH y BHTIISAIL

1 £Q,(g)/Q, (g A ISQS/QS
b=t 1(2)/ Qs (e) H Lo 2()( J (19)
A(l) KD A(2> KR |\e N
1A(1) NED o 1A(2) o) @

e
2 AD gD 2 AD (@

N'= L+ 241— . (20)
1 2
= AD v;_]) =i AD v;z)

3a momomororo BupasiB (19), (20) MoXxHA 3HAWTH 3HAYEHHS Pi3HUIN HaBaH-
TaXeHb p—F), O A1 BIIOMHX I€OMETPUYHUX HapaMeTpiB AUCKOMOAIOHOrO
BKJIIOUCHHSI, TIPY>KHUX BIACTUBOCTEH TpaHCBEPCATBLHO-130TPOITHUX MartepiajiB
HiBOPOCTOPIB BiANOBigae (GiKCOBAaHOMY PO3MIpy 30HH PO3LIAPYBaHHS MPYKHHUX
TpaHCBEpCATLHO-130TPOIIHUX MiBIPOCTOPIB.

[lepeTBOoprMO BUpasy, o BXOAATh 10 Gopmya (19), (20), anst 6inbi 3pyy-
HOTO iX BUKOpHCTaHHs. i 11boro ckopucraemoch opmynamu (10)—(12). V pe-
3yJbTATI MAEMO

ATrans:i_jk \/E\/q \/q\/g
Ay

1
(—aymy + aymy)———=

) —
a4 a4 1/ 1/\/2

114 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 1

—mz+m




Mooenrosannn KOHMAKMHOL 83aEMOOIT 080X MPAHCEEPCATLHO-I30MPONHUX NPYIHCHUX ...

- 1 My ™ —
(W =) LcaaTmy)  cyy(1+my)
_ 1 my —ny _°n (vi2 + V) ) (g3 +ca) 2N
cas (V2 =Vy ) LA +m) (A +my) | ey (e vy +ep3)(eqg vy +e3)

[Micns mepexony BiA TpaHCBEpCATBLHO-I30TPOMHOTO JO i30TPOIHOTO Ma-
Tepiay OTpUMY€EMO

C=h+2W 03 =Aeyy =V = vy =1

ki a+2p  1-v

-7 — —
A v, 2u(h+p) ow
VY pe3yibTaTi MoJaIbIIKX MepeTBOPeHB BUpasy (21) (3 BUKOPUCTAHHSIM TEO-
pemu Bierta) 3rinHo 3 npariero [20] mictaemo
2 Ak

ATrans — Z__ —
=R

Alxo —

Vil 2
=( 23 o [\/011033 —Ci3 = 2044013 + 2C444/C11C33 } (22)
C11€33 ~C13)4C44

Otpumanuit Bupas (22), Ha Bigminy Bix ¢opmymnu (21), no3Bonse oapasy
3HAXOJWUTH LIyKaHe 3HA4YECHHsS Oe3M0CepeiHiM IiICTaBICHHSIM Y HbOTO IPYKHUX
CTaJIMX TPAHCBEPCAILHO-I130TPOIHOTO MaTepially, He 3HaXOJs UM MONepPeIHbO KO-
PEHi KBagpaTHOTO piBHSHHSA (9).

3a3Ha4uMoO, 10 B KYTOBiH 30HI YKOPCTKOT'O IUIOCKOT'O BKIIOYEHHS (Y3O0BXK
KOHTYpY 7 =@ ) CIOCTEPIraeTbCsl CHHTYJISIPHICTh HANPYXEHOTO CTaHy, XapakKTep-
Ha JUIS 33/1a4 KOHTAKTHOI B3a€MO/I{ IUTOCKMX KOPCTKUX IITAMIIIB 3 TPY>KHUM IIiB-
IPOCTOPOM, BOJHOYAC Y3[0BXK KOHTYpPY 30HM PO3IIApyBaHHS JBOX MIiBIIPOCTOPIB
HANpY>XECHHSI HE MICTSTh CHHIYJISIPHOI CKJIaZoBOi (caMe 3 I1i€i yMOBM 1 BU3HA4a-
IOTHCSl PO3MIpH 30HU PO3IIAPYBAHHS MaTepiaiB, sKa epe0yBac il THCKOM).

AHAJII3 PE3YJIBTATIB YNCJIOBUX JOCJIAKEHb

3B’SI30K MiF0OYMX HABAaHTaKEHb, PO3MIPH SKHX BIAMOBINAIOTH MIJSHIN pO3IIApy-
BaHHs (3a (hiKCOBAHOTO BiJIHOIIEHHS TOBIIMHM BKJIFOUEHHS 70 ii pamiyca A/a),
300paskeHo Ha puc. 2. g po3paxyHKiB 3HaueHHS A/a cranoBwinu 0,15 (-
Hisg /), 0,25 (inis 2) , 0,35 (omiHig 3). BunHo, 110 31 301IBIIIEHASM BiTHOCHOI TOB-
IITUHA TACKOITOAIOHOTO BKIIFOUEHHS TSI TOCSATHEHHSI TAKOTO CaMOT'0 PO3Mipy 30-
HHU pO3IIApyBaHHs, 5K 1 AJsl OUIbII TOHKOTO BKIIFOYEHHS, HEOOXiTHO MPUKIACTH
HABaHTaKEHHSL.

JocniauMo BIUIMB AIFOYMX HAaBaHTaKEHb (PI3HUIIO CTHUCKAIBbHHUX 3YCHIb 1
TUCKY Ha JIISHII po3IIapyBaHHS MaTepialliB) Ha PO3MIpH 30HU PO3MIAPYBaHHS,
(ikcyroun BiTHOCHY TOBLIMHY >KOPCTKOTO BKIIOUeHHA. [lokmamemo st pos-
PaxyHKIB BiJHOCHY TOBIIUHY JTUCKOIOAIOHOTO BKIoUueHHs A/a =0,1.
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(p—PBy)N -10?
3
4
2
R I
é%
0 0,1 0,2 03 alb

Puc. 2. 3B’30K AiFOUYMX HABaHTAKEHb 3 PO3MipaMH 30HH PO3LIAPYBaAHHS

Pe3ynmbraTé BUKOHAHWX PO3paxyHKIB HENMHINHOI 3aJIEKHOCTI 30HHM PO3IIa-
pyBaHHS MiX TpaHCBEpCAIbHO-130TPOIHUMH MPYKHUMH MiBOPOCTOPaMHU Bif pi3-

HULI JIF0YMX HABaHTa)KEHb MOJAHO Y BUTJISLAI puc. 3. MHOXKHUK N 3aleKuTh BifJ
BJIACTHBOCTEH KOJKHOTO 3 TPAHCBEPCAIBHO-I30TPOIHUX MPYKHUX MaTepiajiB 3rif-
HO 3 popmynami (20).

alb
0,3 /
0,2
0,1
0 0.4 0.8 1.2 (p-PB)N-10?

Puc. 3. 3anexHicTe 30HM po3IIApyBaHHs BiJ AiI0OYMX HaBaHTaXEHb (3a (iKCOBaHOI
BiIHOCHOI TOBIIIMHU BKJIFOUEHHST)

OTrpumaHi pe3yiabTaTH KOHTAKTHOI B3aEMOJIi JarOTh 3MOTY 3HAWUTH
PO3B’A30K 3a7aui JUIs BUMAAKY KOHTAKTY TPAHCBEPCATbHO-130TPOIHOTO MPYKHO-
r'o TiBIPOCTOPY 3 130TPOMHUM MPYKHUM IMiBIPOCTOPOM (3a HAsIBHOCTI XKOPCT-
KOTO ITHCKOMOAiIOHOTO BKIFOUSHHS MiX HUMH). Tomi y ¢popmynax (20) Bupas

NTRANS.flSO NTRANS.*[SO —

* . .
N moTpiOHO 3aMIHUTH 3HAYEHHSIM .

116 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 1



Mooenrosannn KOHMAKMHOL 83aEMOOIT 080X MPAHCEEPCATLHO-I30MPONHUX NPYIHCHUX ...

O 0
- A K|, (=vy)

jzlA(l) V(jl) iy

; Vo, Wy, — Kkoediuient [lyaccona ta Mogyib 3CyBY

130TPOITHOTO MPY>KHOTO IMBIIPOCTOPY BiAIOBIAHO.

Jocmigumo BimHOmEHHS A, /A, (BiIHOIIEHHS ITUOMH MPOHUKHEHHS JKOPC-
TKOTO BKJIIOYEHHS Yy NPYXKHI HIBIPOCTOPH) UL pPEaTbHUX TPaHCBEPCAIBHO-
130TpoImHUX MatepianiB. Bukopucraemo nani mparti [13] cTocOBHO TpyKXHUX BiIa-
ctuBoctedt 10 pisnux matepianiB (auB. Tabnuio). Homepu, 3a skuMu TpaHCBEp-
CaJIbHO-130TPONHI MaTepiany MoJaHo y TaOuuii, Oy1eMO BUKOPUCTOBYBATH IS
Mo3HaueHb MMapaMeTpiB KOHTAKTY MIBIPOCTOPIB 3 IIUX MaTepialiB.

IIpy>kHi BIIaCTUBOCTI TPAaHCBEPCATHLHO-130TPOITHIX MaTepialiB

Howmep Cij» ITa

Marepiary Marepian 1 C33 Cqa & 3
1 Be 292,3 336,4 162,5 26,7 14,0
2 C (graphite)| 1160,0 46,6 2,3 290,0 109,0
3 Cd 115,8 51,4 20,4 39,8 40,6
4 Co 307,0 358,1 78,3 165,0 103,0
5 Hf 181,1 196,9 55,7 77,2 66,1
6 Mg 59,7 61,7 16,4 26,2 21,7
7 Ti 162,4 180,7 46,7 92,0 69,0
8 Zn 161,0 61,0 38,3 342 50,1
9 Zr 1434 164,8 32,0 72,8 65,3
10 ZnO 209,7 210,9 42,5 121,1 105,1

Y pe3ynbTari NPOBEACHUX IOCTIKEHh MAaEMO TaKi BITHOIICHHS TJIHOWH
NPOHUKHEHHS YKOPCTKOTO JAMCKOMOAIOHOTO BKIIOYEHHS y TpaHCBEpCaIbHO-
130TPOMHI MaTepiau:

AS/AI :2.022, A6/A1 =6.587: A7/A1 :2319,

Tob6To TIMOMHA TPOHUKHEHHSI )KOPCTKOTO BKIIFOUEHHS y Marepian 1y 18,2
pa3y MeHIa, HiX y Martepian 2 (y pa3i KOHTaKTy HiBIPOCTOPIB 3 IUX MaTepialis),
a Takox y 6,97 pa3y meHma, Hix y Matepian 3 (y pa3i KOHTaKTy HiBIPOCTOPIB 3
Marepiam 1 1 3) i T.1. HaBeneHi 3Ha4eHHs TO3BOJISIOTH JIETKO 3HAWTH BiTHOCHI
TIMOWHYU TIPOHUKHEHHS Ul OyJb-KO1 BHOpaHOi Mapu 3 HaBEACHUX Yy TaOJHIl
MarepiaiiB.

BUCHOBOK

Y poboTi 3a JOMOMOTO CTPOroi MaTeMaTUIHOI MOJIETI OTPUMAHO aHAai-
TUYHUN PO3B’ 30K 3a7adi PO KOHTAKTHY B3a€MOJIIIO JBOX TPAaHCBEPCAIb-
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HO-130TPOIHUX MPY>KHUX MiBIIPOCTOPIB MiJl Yac CTUCKAHHS (32 HasBHOCTI
YKOPCTKOTO TUIOCKOTO JAMCKOMOIIOHOTO BKIIOYEHHS CTal0i TOBIIUHU MiX
HUMH). BUKOHAHO YHMCIOBI PO3paxyHKH 1 JOCHIIKEHO BIUIMB BIAHOCHOI
TOBIIUHM >KOPCTKOTO BKJIIOYECHHS Ta CWJIOBMX HABAHTAXXEHB (CTHCKAIBHHUX
3yCHJIb 1 TUCKY Ha JUISHII pO3IIapyBaHHs MIBIPOCTOPIB) HA PO3MIPH 30HU
po31apyBaHHS.
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TEOPEMA ITPO PEKOHCTPYKIIIO
JAEAKUX TMHAMIYHUX CUCTEM

B.I. TOPOJIELIbKUI

Amnoramisi. J/IoBeneHo TeopeMy, sika Jae cTpore oOTpyHTYBaHHS 3aCTOCYBaHHS JH-
(epeHLiagbHOi MOZAENI ISl CTBOPEHHSI OPHUTIHAIBHOI CHCTEMH, L0 OIUCY€E pealib-
Uil Qi3nuHuMii nporec. Teopema Moxe OyTH BUKOPHUCTAHA /I PEKOHCTPYKLIT MO-
JIelTi 32 €IMHOI0 CIIOCTEPEKYBAHOIO 3MIHHOIO, HAsIBHICTD SIKOi JO3BOJISIE OTPUMATH
nudepeHtiansHy Moaens. Y audepeHmiaabHid MoAemi 3MiHHI, SIKUX Opakye, 3aMi-
HIOIOTBCS MOXITHUMHU 3a 4acOM CIIOCTEpEeXyBaHOI 3MiHHOI mpouecy. IcHyBaHHS
CIIBBiHOIIEHD, SIKi OB’ SI3yI0Th OPUTiHANEHY CUCTEMY Ta AH(EepeHIiaNbHY MOIEIb,
JIa€ 3MOTY 3IIHCHUTH TepeXi Bil audepeHIianbHoi MOJENi 0 OPUTiHAIBHOI CHC-
temu. [Ipy 1iboMy MOXKHa OTPUMATH JIEKiJIbKa OPUTiHAJIBHUX MOJeNeii-KaHu/aTiB.
VY pesyabrari JOCTIIHHK MOXXe BHOpaTu Ty MOJEJb, sKa SKOMOTa IIOBHIIE BilO-
Opaxye dizuxy npouecy. TeopeMy MOXXHa BUKOPUCTOBYBATH i IS CIIPOLLCHHS yXkKe
HasABHOT MOJIEN, sIKa, IMOBIPHO, MiCTHTh HAJTUIIKOBI CKIIaJOBI.

KirouoBi ciioBa: opurinansHa cuctema, qudepeHmiaabHa MOAENb, PeKOHCTPYKIIS,
CIIOCTepeKyBaHa 3MiHHA, MOJENIb-KaHIU/IAT.

BCTYII

Inentudikarnis MaTeMaTHYHOT MOAENTI OyIb-IKOTO (i3UYHOr0 MPOLECY 3a JaHUMHU
BUMIPIOBaHb € aKTyaJbHUM 3aBIaHHAM Oaratbox mociimkeHsb [1]. Skmo Bigzoma
CTPYKTypa TEBHOI MOJEJi, TO TaKe 3aBIaHHS 3BOJUTHLCS 0 ii MapaMeTpUUHOT
igenTudikamii [2,3]. Sxmo cTpyKkTypa HeBizoMa, 3a7aya iCTOTHO yCKIaJHIOETHCS,
OCKITBKM B 3araJlbHOMY BHITAIIKy Iepeadadae HasSBHICTh NEKITHPKOX MOMITHBHX
CTPYKTyp-KaHAuaaTiB [4] y Mexax 3amaHoro kiacy. JlogaTkoBi TpyaHOII MO-
JKYyTh BUHUKHYTH IIiJl 9aC TOIIYKY aJeKBATHUX MOJENEN Ui CUCTEM 3 JeTepMi-
HOBaHUM XaocoM [5]. LIi TpyaHOII 3yMOBJICHO iCTOTHOIO 3QJICXKHICTIO TUHAMIKH
MOJeNi Bil MOYaTKOBUX YMOB [6], 10 HaKJIaJa€ MOJATKOBI BUMOTHU A0 TOYHOCTI
BH3HAYCHHS ITapaMeTPiB MOJIEIII.

BaxnuBuM OKpeMHM BUIagKOM IpoOieMu ineHTUdIKalil € 3a1a4a peKoHc-
TPYKIii MOJeIi 3a €IWHOK CIOCTepeXyBaHOI 3MiHHOIO [7, 8]. ¥ mwmx mocmi-
JUKCHHSX U1 MOJICTIOBAHHS HENMHIMHUX CHCTEM BHUKOPHUCTYBAIHUCS CIIIBBIIHO-
IIICHHS, 1110 3B'SA3YI0Th Pi3HI MOJIENI, SKi MalOTh OJTHAKOBI CIIOCTEPEKYBaHI 3MiHHI.
VY mpangx [9, 10] mokaszaHo, 110 Taki CIiBBIIHOIIEHHS MOXXHA BUKOPUCTATH JIS
OTPUMAaHHS MHOXHHH MOJICIICH-KaHIUIATIB, SKi MafOTh 3aJIaHi BJACTHBOCTI.

Meta po0oTH — OBEIECHHS TEOPEMH, SIKa € CTPOTHM OOTPYHTYBaHHSAM BH-
KOPUCTOBYBaHOI'O MiXOAY 1 MOXe OYTH KOPHCHOIO JUIsi PO3B’sI3aHHS 3aJadi pe-
KOHCTPYKIIii HETHIHUX CHCTEM.

TEOPEMA ITPO PEKOHCTPYKIIIO

Hexaii mrykana Moesb Ma€ BUTIISL

© B.I'. I'opoodeyviuii, 2020
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xl =D (xlﬂ""xn)a

..................... (1)

Jne p; — HOomiHOMH, i=1,...,n. ByneMo BBa)kaTH BiJOMOIO TiJIbKH 3MiHHY X; ()

cucremu (1), sIKy Ha3BEMO CIIOCTEPEKYBAHOIO, a caMy cuctemy (1) — opuriHab-
Hoto cuctemoro (OC). Ilix dyac aHani3y MOBENIHKYA HENiHIHHUX CHCTEM 4acToO He-
BiJIOMi 3MiHHI 3aMIHIOIOTBCS TOXIJIHUMH 33 YacOM CIOCTEPEKYBaHOI 3MiHHOI.
Taka 3amina rpyHTyeThcs Ha Teopemi Takenca [11], 3rigo 3 sixoto OC (1) 1 cuc-
TeMa, 110 Mae sIK 3MiHHI CIIOCTEPEKYBaHy 1 ii MOXiIHi, MAIOTh PsIJ 3arajbHUX Biia-
CTUBOCTEH.

Posrasaemo cucreMy BUTTIATY
VI=D2> Y2 =V3sees V1 = Vo yn:PN/PD’ (2

ne Py i Pp — nomiHOMH:

ln
n

m
_ A l, m L
Py = Z NIIIZ“'lnyl Yo XX Yy, P, :ZDlllz...l,,yllyzz XXy
L=0 L=0

ne Ny . Dy, — crani koediuientn; L =1+, +...+1,, m — HaiiBuLui

CTEIiHb TONIHOMIB. 3ayBa)KUMO, IO IIpaBa YaCTHHA OCTAHHBOTO PiBHSIHHA (2)
Mae Jpi0, 10 MOXe TPU3BECTH 10 HEOJTHO3HAYHOCTI Y BU3HAYEHHI Horo koediri-
eHTiB. [[st 3anmo6iranHs IboMy MOKHA 3a()iKCyBaTH OJUH 3 KOe(illi€HTIB MOJEIII,
HaIlPUKIaJ, HOJUIMBIIN BCi Koe(ilieHTH nomiHoMIB Py 1 P Ha nepimuii koedi-

1i€eHT 3HaMeHHuKa Dy, . Toai cucrema (2) Habye BUIIISLY

VI=Y2s Y2 = Visers Yud =Vus Vu=Pn/Pp> 3)
e

m m
_ h b Iy . _ h b Iy .
PN = 2y g, N VE e Vs Pp =1 Dy, g v e Y
L=0 L=1

iy, = Nlllz...ln /' Dyg..0 5 dlllz...l,, = Dlllz...ln /' Dyg..05 Doo..o/ Dog..o =1-

Busnauenns 1. Bynemo HasuBatu cuctemy (2) mudepeHIianbHOK MOJEe-
a0 (JAM) mnst cuctemu (1) 3a 3MiHHOIO X[ (?), SKIIO iCHYIOTH CHIBBIAHOILCHHS,

sIKi 3B's13y10Th Koedinientu cucteM (1) 1 (2), 3a sikux

i) =x(). “
Busnauenns 2. bynemo HazuBatu cuctemy (3) HOpMOBaHOIO AudepeHIlia-
apHOI0 Mogemwno (HAM) mnst cucremu (1) 3a 3MiHHOIO X(f), AKIIO ICHYIOTBH

CITIBBIHOMIEHHS, SKi 3B's13yI0Th Koedirmientn cuctem (1) 1 (3), 3a SIKUX BUKOHY-
€Tbes (4).

PosrasaemMo cucreMy, 10 HAJIGKUTH JI0 TOTO K KJacy, 1o i cucrema (1):
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..................... (5)

1€ ¢; — HOJIHOMHU.
Teopema. Sxmio OC (1) mae HIAM 3a 3minHOO X,(?), a OC (5) mae H/IM 3a

3MIHHOIO () 1 BUKOHY€ETHCS CITiBBIIHOIICHHS

u (1) =x(7), (6)
to 11i HJIM 30iraroTbcs.
Josenennsi. [lepeTBopuMo ocTaHHE PiBHSHHS CUCTEMH (3), IEPEMHOKHUBILT
fioro mpaBy i J1iBy YaCTHHU Ha pp, 1 IepeHeceMo BCi JOJAHKH, KpiM P, , Y TIpaBy
yactuny. Toni

m m

Vu= DMy VVE XX Y= dy W VE XX YD, (7)

=0 =1
Hexaii mpaBa vactuna (7) mictuth ychoro K nonaskis. [logamo Bupas (7)
Y BUTIISIII

Vo= Z Cify (®)
j=1

j— J— j— ll 12 ln
pe  Cy=mny, , abo Cy=dy, ;. a [,=yyx.xy, abo

— vhyh by +
Ji =0y Xy,
OckKiabKM BBAXKaTUMEMO CIOCTEpexyBaHi x;(¢) 1 u(f) BIIOMHUMHU, TO MOXK-

Ha 0OYMCINUTHU BCi iX MoxinHi 3a yacoM. ToOTo y piBHSAHHI (8) 3aNUIIAIOTHCS HEBI-
pomumu craii koedinientu C;. Jis ix BU3HaUeHHs cQOPMYEMO CUCTeMy anred-

PUYHHX PiBHSHB 4711 K MOMEHTIB Hacy:

Va(t) = Cfit) + Cofo () +..+ C f () + ..+ C [ (1),

Ia(t;)=Cifit)+Cofo(t;) +.. 4+ Ci f(t;) +..+ C fx (t), )

ntg) = Cifitg) + Cofoltg) +. 4 C f (g ) + .o+ Cg [ (1x)
Po3p’si3koM  1i€l cuctemu Oyae BekTop cranux koedimientis HAM (3):
Gy, Ci .

Cdopmyemo cucremy anreOpU4HUX PiBHAHB, aHanoridny (9), ans HAM 3a
3MiHHOIO u;(t) cuctemu (5). OCKUTBKH 32 YMOBOIO TEOPEMH BHKOHYETBCS CITiB-

BifiHOWEHHS (6), TO0TO 1 (¢) =X(7) , TO Bemauuu y,(¢;), f;(¢;) M1st 3MiHHOI
u,(f) OyayTb 30irarucsi 3 aHaJIOTiYHMMH 3HaueHHAMH B cuctemi (9). Orxe, i

po3B’sA30K i€l anrebpuuHoi cucteMu — BekTop C,...,Cx — Takox 30iraTu-

MeThCs 3 Po3B’si3koM cuctemu (9). Takum ynHOM, 00uABI HJIM 30iratroThCest, TOO-
TO TEOpPEMY JIOBE/ICHO.
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PE3YJBTATH

Teopemy MO>XKHa MPOLUTIOCTPYBATH, BUKOPUCTOBYIOUH JESKI Pe3yJbTaTd 3 podo-
tu [12]. Posrassaemo OC Burmsiy

)'Cl =d + a;x; + arXy + asxs,
).Cz = blxl, (10)
X3 = CO + C]xl + C2x2 + C3X3 + C4X1X2.

3rigno i3 mpaueto [12] it Bignosigae JIM 3a 3MiHHOIO X, (?):

V1=V,
V2 =V3 (11)
2 2 3
By = Nyt + Noyy + N3ys + Nayi + Neyiys + N7y + Ngyoys + Nygdi
Dy + Dy y,
abo HIIM:
V1= Y2,
V2 =3, (12)
2 2 3
_ MmN Yy Y3 Yy TRy TRy Yy T 1gYy Y3 F o)
3 1+d,y

VY npani [12] oTpuMaHO CITiBBiTHOMIEHHS

N, =ab (ac; - a3cz)2,

N, = a5c,(ay¢; — asc,y) + ay(aye, — aye, Nae; — ase, —ayb),
N, =—a,(c; +a,)a,c, —asc,),

N, = _2a32b1c4 (a,¢5 — ayc,),

N6:a3204(c3+a1)a (13)
N, = —a3zc4(c3 +a,),

Ng = a3204,

Ny = afblcf,

Dy =—a,(a,¢;, —ayc,),

D, = Ny,

siki OB’ A3y10Th Koedimientu OC (10) i M (11) i 3a AKUX BUKOHYETHCS PiB-
HICTB (4).

SAxmo Hamatu peskuMm koedimientam cucrtemu (10) HymBOBI 3HaYeHHS,
OTPUMAEMO 11 OKPEMU BUNANOK, HAIIPUKIIAJ, CUCTEMY
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X| = ayx) + ayx, + azxy,
X, =byxp, (14)
X3 =C3X3 + CaXpXy.

Jlist Toro mo6 orpumaru HJIM, sxa Bignosimae cuctemi (14), Tpeba B cuc-
temi (13) mopiBHATH 10 HyNA KoedilieHTH, skux Hemae B cucteMi (14). o6 ne-
peittu Bix JAM no H/IM, moxHa Bupasu ais Beix koedinientis (13) moxinutu Ha
Bupas 11t D, . Toxi maemo d, =1, a HIAM ansa OC (14) naOyne Burmsmy

n =—aybics, ny =—(a;c3 —arby), n3 =3 +ay,

ny = 2azbicq, ng =—azcq(c; +ay) N(axcs), 15)
ny = ascy(cs +a) (ayes), ng = —asey (axcs),

mo =—(a3bicy) (aye3), dy =1, dy = g

Cucrema (14) mocmimKyBanack 3a TAKMX 3HAYEHb KOEQIIli€HTIB:

a; =1147, a, =-22,786, a3=1, b =1, c3=—1L147, ¢, =-143. (16)

[Ipu ibomy 3HaueHHs Koedimientis HJAM (15) ckmamu:

n =-254, n, =-10, ny =-10, n, =-286, nc =-5,62992,
ny; =5,62992, ng =0,56299, n, =-80,50787, d; =0,56299. a7n
3a 3nauens koedimienTi (16) OC (14) mae pexxuM AETEPMIHOBAHOTO Xa0Cy.

YacoBuii psia 3miHHOL X, (f) cuctemu (14) 306paxkeHo Ha puc. 1.

10 4

-6 . . . " . r

(o] 5 10 { 15 20 25

Puc. 1. Yacosuii psia crioctepexyBanoi sminnoi X, () OC (14)

Bapro 3ayBaxutu, mo OC (14) — He equHUI OKpeMHIl BHUITAIOK CHCTEMHU
(10), siknii MOXe MaTU Taky caMy CIOCTEpeXyBaHy 3MiHHY X, (), 1 AKiii BiamoBi-
nae HIAM (12) 3 koedinientamu (17). Ko po3risaaTé TUTbKHA CHCTEMH BUTIISLY
(10), sxi MaroTh B MpaBHX YacTHHAX PIBHSHB MO 6 J0AaHKIB (TOOTO CTINBKH XK,
ckimbku B cucremi (14)), to Takmx OC BusaBHTBCS 5. UHMCIIOBI 3HAYCHHS
KOeQIIIEHTIB TAKMX CUCTEM HaBeleHO B Tabmwuii, y ski OC (1) Bignosigae cu-
cremi (14). Yci cuctemu 3 TaOIUII 3/1aTHI 32 BiJIIOBIIHUX MOYaTKOBUX YMOB TO-
YHO BIATBOPHUTH YaCOBUI psj 3MiHHOI X;(¢), mofaHui Ha puc. 1.
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Yucnosi 3HaueHHs koedinieHTiB OC

3HavenHs koedimieHTiB
oc a a a, a b, Co q Cy 3 Cy
1 - L147 |-22786| 1 1 - - - |-1L147| —143
2 - - =254 1 1 - 154 - -10 | -143
3 2735 | - —254 1 1 - - - -10 | —143
4 - - =254 1 1 |-2734| - - -10 | 143
5 - - -10 1 1 - - -14 | -10 | 143

nm= —a2b1C3, ny, = asC; + azbl, ny =cy,
ny = 2a3b104, Hg = —A3Cy /az,
(18)

ny =azcyl ay, ng =—cy /l(ayc3),

o = —(bied) ascs), dy =1, d; = ng.

2
n =—aybicy, ny = —(agaze, —ayb)/ ay,

Ny =C3, Ny = 2a3b104, Hg = —A3Cy /az,

(19)

ny = a3cq /Gy, ng = —ascy Naycs),

mo = —(a3bicy) Nases), dy =1, dy =ng.

2 2
n =—aybicy, ny =—(ajcoey +azybies) Nayes),

ny =C3, Ny = 2a3b1C4, Ng = —a3Cy /az,
(20)
ny = axcy/ ay, ng =—azcy Naxcs),

mo =—(a3bicy) Naycs), do =1, dy =ng.

ny =-by(ayc;3 —asc,), ny =ayby, ny =cs,
ny =2azbicy, ng =—azcscy Mayes —azey),

e2y)

ny =aycyey l(ayes —azcey), ng =—ascy l(ayc3 —azcs),
2, 2
mo =—(a3bicy) (aye; —ascy), dy =1, dy =ng.

CriBBigHomeHHs Mixk Koedinieatamu OC (2-5), HaBegeHUMH y TaOJIULI,
1 koedimieatamu HJAM (12), mogano cucrtemamu (18)—(21). Lli criBBigHOIIIEH-
HSl BHBEJCHO Ha OCHOBI 3anexHoctedl (13) anamoriuno cmiBBimHOWmEHHAM (15)
st OC (14).

dazosi moprpern OC 1-5 3 TaOuuili nmoka3zaHo Ha puc. 2 B Tid caMiid
MOCTiIOBHOCTI, IO 1 B TaOMMIIi. 3 pUCYHKA BHHO, IO IIi IOPTPETH BiAPI3HAIOTH-
Csl OZIMH BiJ] OJIHOTO, OCKLIBKM B HUX 30Iral0ThCs TUIBKU CIIOCTEPEKYBaHI 3MIiHHI
x1(t), a x5(¢) 1 x3(t) MOXyTb BiApi3HATHCA. Takox A7 HOPIBHSHHA Ha puc. 3

HaBelleHO (azoBuii moptper HAM (12).
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-80

Puc. 2. ®a3oBi xapaKTepUCTHKH cucTeM 1—5

126 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 1



Teopema npo pekoncmpyKyiio 0esaKux OUHAMIYHUX cucmem

800
404
600
201 4001
04 200
¥V, 204 3 0
200
40
400
504
600
-804 -800 1
& 4 2 0 2 4 6 8 10 80 60 40 20 0 2 40
Y1 Y2

Puc. 3. ®azoBi xapakrepuctuku HIAM (12)

BUCHOBKHU

JloBeneHa B poOOTi TeopemMa OOTPYHTOBYE MOXKIUBICTh IMEPEXOAY BiA JOCITIIKY-
BaHOI OpPUTiHAJIBHOI HENiHIMHOI CHCTEMH IO CHCTEMH CIICHialbHOTO THUILY, TaK
3BaHO1 mudepeHItiaaTbHOl MO, IKy MOXKHA OTPUMATH Ha MiACTaBl €IWHOI CITO-
cTepexyBaHoi 3MiHHOI. HasiBHiCTH Takoi Mojeni jae 3MOry OTPHMATH B 3aralib-
HOMY BHNAJKy €Ky MHOXXUHY OPUTIHAIBHUX CHUCTeM-KaHIuAaTiB. Marouu Ta-
kuii Habip OC, mOCHiZHUK MOXXe BHOpaTH Ty MOJENb, SIKa SKOMOra IMOBHilIe
BimoOpaxye (i3uky mporecy.

Teopema Moxe OyTH 3aCTOCOBaHA /IS CHPOIICHHS BXKE HAsBHUX MOJEINEH,
SKI MOXYTh MaTH HaanumkoBicTe [10]. B 00ox Bumamkax TeopeMa € CTPOTHM
MaTeMaTHYHUM OOTPYHTYBaHHSM [UIS 33/1a4 TAKOTO THITY, IO J03BOJISIE YHHKHY-
TH HEKOPEKTHOCTI, 5IKa MOXKJIMBA 32 IHTYITHBHOTO MiIXOAY.
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METO/J TPUKYTHHKA JJI IIOBYJ1OBH ITIOJITHOMA
KET'AJIKIHA: 3B’30K 3 TPUKYTHHKOM ITACKAJISA

I.51. CHEKTOPCBKHI, O.A. TAJITAHOB

Amnoramnisi. [Toxinom XKerankina — 3py4Huii croci6 300pakeHHs OyyieBol (QyHKINT
y BUDJIAI CyMHu 3a onepaniero @ (xor, a6o cyma 3a MojysieM 2) CKiHUEHHOT KiJIbKO-
CTi KOHIOHKIIH 3MIHHHUX — 3alpONOHOBaHMK y 1927 p. paasdHCBKHM YYEeHHM
L.I. XKerankinum. OHUM 3 anropuT™MiB OOYA0BH moJiiHOMa JKerankina st 3a1aH01
OyJieBoi yHKLIT € METOJ] TPUKYTHHKA, 3anporioHoBanui y 1985-1987 pp. pagsHcs-
kuM MmatematukoM B.II. CynpyHoM. 3acTocyBaHHS METOLY TPHKYTHHKA 30ira€Thcst
3 N0YEProBoI0 MOOYA0BOIO PANKIB TPUKYTHHKA [Tackans 3 BUKOPUCTAHHSM BilOMO-

r0 CITiBBiHOLICHHS C/;Ill =

nenHst noniHoma JKerankiHa METOJOM TPUKYTHHKA 3 PO3TALIyBaHHAM OiHOMialbHUX
KoedimieHTiB y TpUKyTHHKY Ilackams. [IpoaHasizoBaHO 3B’S30K METOLY TPUKYTHHKA
3 moOYyI0OBOIO PSZIKIB TPUKYTHHKA [lackais; 3apornoHOBaHO BiTHOCHO TIPOCTE JTOBE-
JICHHSI KOPEKTHOCTI METOJy TPUKYTHHKA IUIIXOM 3iCTABJICHHS KOXKHOI'O KPOKY all-
TOpPUTMA 3 TIOKPOKOBOIO MOOYIOBOIO PSIKIB OIHOMIaJIbHUX KOE(DIIIEHTIB Y TPUKYT-
Huky Ilackamus.

ko okl . ,
C, +C," . llpuponno odiKyBaTH Ha 3B’A30K 00UHMC-

KunrodoBi cinoBa: OyneBa ¢ynkiis, moninoM XKerankina, MeToJ TPUKYTHHKA, TPH-
KyTHUK [Tackamns.

BCTYII

[Moninom Xerankina — 3py4Huii croci6 300paxkeHHs OyneBoi QpyHKIIT y BUTISIII
cymu 3a omepaiiiero @ (xor, abo cyma 3a MomyJiieM 2) CKIHYCHHOI KiJIbKOCTI
KOH IOHKIiH (JIOTTYHOTO OOYTKY) 3MiHHHX — 3allporoHoBaHuid y 1927 p. paasH-
cekuM yuennM LI, XKerankiamm ([1]). Bigomo (muB., Hamp., [2, 3]), mo KOXHY
OyneBy (QYHKIIIO MOXXHA 300pasuTH y BHIJIAAI mojiiHoMa JKerankiHa €IWHUM
croco0oM (3 TOYHICTIO JI0 TEepecTaBlIeHHS J0JaHKIB Ta MHOKHHUKIB Y MeXax J0-
JaHKa).

Binowmi pizHi anroputmu mobyaoBu noninoma JKerankina it 3aaHoi OyJe-
Boi (yHKIIIT — MeToJ eKBIBAJCHTHHX IEPETBOPEeHb (3 T100YA0BaHOI
I3’ IOHKTUBHOI 200 KOH IOHKTHBHOI HOpMalbHOI ()OPMH), METOJ] HEBU3HAUYECHHX
koedimientiB, meron [lackans (mosioBuHHE AineHHs) TOImO. MeHII Bigomuit
3pydHAd (X04a He HalleeKTHBHINIMIA) METON TPHUKYTHHKA, 3alpOMOHOBAHHMA
y 1985 p. pagsacekum MatematukoM B.I1. CynpyHoM st cuMeTpUYHUX OyJIeBUX
¢ynkuiii [4], a B 1987 p. — mommpenuii Ha AOBiBHI OyneBi QyHKLIT [5].

3acToCyBaHHS METOly TPUKYTHHKA TI0 CYTi 30iraeThCst 3 o0y I0BOIO KOKHO-
IO HACTYITHOTO PsijIKa TPUKYTHHKA [lackaisi HO4eproBUM JIOJaBaHHSM JIBOX CYCij-
HIiX 3Ha4eHb y MONEPEeIHbOMY PSIKY, TOOTO 3 BHKOPHUCTAHHSM CITiBBITHOIICHHS

C,],{Ll = C,]f + C,]f o [IpupomHo ouikyBaTH Ha 3B’A30K OOUMCICHHS moJiiHoMa JKe-

rajkiHa MeTOJIOM TPUKYTHHKa (i 3peIITO0 OyAb-SKUM 1HILIUM METOIOM) 3 pO3Ta-
IIyBaHHSAM OiHOMiambHUX KoeimieHTiB y TpukyTHHKY [lackans. IIpore aHi ommc

© I.A. Cnexmopcokuii, O.A. I'areanos, 2020

129 Cucmemni docnioxcenna ma ingpopmayiiini mexnonoeii, 2020, Ne 1



LA. Cnexmopcworuil, O.A. I'anearnos

METOAy TPUKYTHHKA Yy Tpalsix [5, 6], ani qoBeaeHHs y [S5] (K y3araabHEHHs aHa-
JIOTIYHOTO PEe3yJIbTATy, JOBEACHOMY JUISI CHMETPHYHUX OyJieBHX (QYHKIIH [4]) HE
PO3KpPHUBAIOTH 3B 30K IIbOTO METOAY 3 OiHOMiaTbHUMH Koe]ilieHTaMu.

Meta po6oTH: Ha/JaTH BiTHOCHO MPOCTE IOBEJCHHS METONY TPHKYTHHKA 3
PO3KPHUTTSM TICHOTO 3B’5I3Ky MK MaTpHIIEIO IEPETBOPEHHS BEKTOpa 3HaueHb Oy-
neBoi GyHKIIT y BEKTOp KoedillieHTiB moiHoMa JKerajikiHa 3 po3TalryBaHHIM
O1HOMIiaNbHUX KOE(II€HTIB y TPUKYTHHKY [lackas.

ONIEPATOP NEPETBOPEHHS BEKTOPA 3HAYEHD BYJIEBOI ® YHKIIII
Y BEKTOP KOE®IIIEHTIB ITOJIHOMA KET'AJIKIHA

Hexait f — n-apna OyneBa QyHkuis, Tooto f:B" — B, ne B={0,1}; 3a norpe-
Ou apHicTh 7 >0 BKa3yrTh y Mo3HaueHHi QYHKUIl f , BAKOPUCTOBYIOUH IO3HA-

yeHHS [ m y Bunaaky n=0 QyHkuito f ) ppasators KoHCTaHTO0 0 460 1.

byneBy ¢ynkuito f(x;,x,,...,X,) 3a3BUYail 3a1ar0Th ii BEKTOPOM 3HAUCHb

wr=fos 15 fon ) B€ (0<k<2"-1) — 3nHauenHs f Ha ABIIKOBOMY

Habopi (x;,X,,...,X,) € B", mo Bigmosigae aBiiikoBoMy 3amucy uucia k, T06TO

n
fi=F(x,xp,..,x,) , Ko k=Y x,2"" .
i=1
[Moninomom XKerankiHa Ha3UBalOTh CyMy 3a omepaiiero @ (cymy 3a Momy-
JeM 2) CKiHYeHHOi KiNbKOCTI KOH IOHKTIB (ZOOYTKYy 3MIiHHHMX); KOXXKHa 3MiHHA
BXOJIUTH Y KOXKEH KOH IOHKT HE OLbIIe OJJHOTO Pasy; MOPOXKHIH KOH IOHKT (IO
HE MICTHTPH KOTHOI 3MiHHOi) € KOHCTaHTOI |; KOH IOHKTH, III0 MICTATh Ti caMi
3MiHHI 1 BiIPI3HSIOTHCS JIUIIE MOPSAKOM iX 3aIlUCy, BBaXKalOTh OJHAKOBHMU; KO-
’KE€H KOH IOHKT BXOJMTh Y TTOJIIHOM He OuibIie ogHoro pasdy. O4eBHIHO, IO MOJi-

HoM JKerankiHa € «TpaaMIliiHUMY TTOJIHOMOM HAJ MOJIEM <{0, 1},@,~>, sKe 130-
moppue mnomo [amya GF(2) (Takok BHKOPHCTOBYIOTh mHoO3HaueHHs [F,) Tta
KiJIBLIO KJIACiB MUIIKIB Z, =Z/27 , 1 sKe y 1IbOMY KOHTEKCTI Ha3MBaIOTh anreo0-

poro XKerankina.
[Tominom JKerankiHa MOKHA TTOAATH Y BUTIISAII

f(xl,xz,...,xn)= G‘) amlesz"'xjka (1)
1<j1<ja<..<jr<n
0<k<n

ae a,, €{0,1} (1 <Jp<Jp<-<Jp <n,1<k<n), iHIeKCU J|, j,,...,j; BIATO-
BiJJAIOTh pO3psiaM Yy ABIIKOBOMY 3aruci HOMepa m1, TOOTO

n

k .
m=z2"7”20...010...010 ...... 010...0.
i=1 J1 J2 Jk

Ipuxaan 1. 3senemMo y TabauIl0 HOMEpPH KOe(]iLlieHTIB a,, y AECSITKOBiH
cucTeMi Ta aBikoBoMy koxi it 7 =0,1,2,3 1 3anmumemMo BiaNOBiAHI KOH IOHKTH
(nmuB. TAOIMIIIO).
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KonmyBanHs1 KOH 10HKTIB y mostiHoMi JKerankiHa mist 7 =3

m m
R Kon’tonkT JecATkoBa | Apifikosnit | KOH TOHKT
cucrema cucTeMa KOJI
n =0 : Homep BijCyTHIl 1 n=3
n=1 000 0 1
0 0 1 001 1 X3
1 1 x| 010 2 X
n=2 011 3 XXy
0 00 1 100 4 x|
1 01 X 101 5 X1 X3
2 10 Xy 110 6 XX,
3 11 X1 X, 111 7 X1 XyX3

Hns n=1,2,3 cniBBigHomuenns (1) HaOyBae BUTTISAY

f(xl) =4a @ apxy, f(xl,X2) =4a @ a X, @ arXp @ asxix, N

J(xX1,x5,x3) =ag @ ajx; @ ayx, @ azx,x; @ ayx; @ asx;x; @ agxyx; @ azx;x,x3;

y Bumaaky n=0 OyneBa QyHkuis f Ta BiamoBimHui noiinom XKerankiHa a €
koHcTanTor 0 abo 1.
OueBunHo, mo noaiHoM JKerankiHa Haa 3MIHHUMHU X{,X,,...,X, OJHO3HAY-

HO (3 TOYHICTIO IO TIOPSIKY JOAaHKIB Ta MHOKHHKIB ¥ MeXaX KOJKHOTO JOJIaHKA)

BHU3HAUEHO Koediientamu a,, (0<m<2" —1), axi GopmMyIOTH BEKTOp p  Koe-

(himienTiB moiHoMa JKeraikiHa.

Bimomo [2, 3], mo mis kKoxxHOT 0yiieBol GyHKIIIT iCHY€E €TUHUIA (3 TOUHICTIO
JI0 TOPSAKY JOJAaHKIB Ta MHOKHHKIB Y MeXaX KOXXHOTO JoJaHKa) moniHoM JKe-
rajKia. YpaxoByloun OYeBHAHY JIHIAHY 3aI€XKHICTb MK BEKTOPOM 3HA4YCHb W,
Ta BEKTOPOM KoediwieHTiB roniHoma JXerankina p, OysneBoi QpyHKuii f | Mo-

JKEMO pO3TJISAATH CIiBBIIHOIICHHS (TYT 1 Jaji, SKII0 HE BKA3aHO iHIIE, onepartii
JI0laBaHHS Ta MHOYKCHHS, BU3Ha4eHi 3a apudmeTukoro nons I, )

A, pp=wp, 2

ne A, — wmarpuns posmipaocti 2" x2" wan nonem F, (aBiiikoBa marpuiis).

Marpuust 4, y cniBBigHoweHHi (2) Bu3Havyae cucreMy 2" JiHIMHUX PiBHSHb, AKi
(a otxe 1 A4,) MOXKHA OTPUMATH MIJCTAaBICHHAM y hopmyiy (1) ycix MOXKIMBHX

HaOopiB 3HAYCHb 3MIHHUX X[,X;,...,X

n .
k = le'zn_l .
i=1

. Y TOpSAAKY 3pPOCTaHHS 3a HOMEPOM
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Hpuxnan 2. {ns n=0,1,2,3 coieeigHouieHHs (2) HaOyBa€ BUTIIALY

10 0 0)(ay) (f(0,0)

0
(1)a=f;(1 o][ao]:(f(m} 110 0| a _ £(0,1) ;
1 1)q fO) |1 01 oflay| | £0,0)
111 1)\a F@,n
1 00000 0 0)a) (£(00,0)
1100000 0fgq £(0,0,1)
1 01 0000 Oflay,| | £(0L0)
1 111000 0fa £(0,L,))
10001000 a4=f(1,0,0)'
1 1001 1 0 0as £(1,0,1)
1 010101 0fag £(1,1,0)
1111111 1la FALD

3asHauuMo, 11O 3a 00paHOi Hymepalii eJCMEeHTIB y BEKTOpax w, Ta p

matpullst 4, s Oyab-saKkoro 7 >0 € HIKHBOTPUKYTHO. 3 OIJIsAAY HA ICHYBaHHS

Ta €IWHICTH MoniHoMa JKerankiHa 11t KO>kHOI OyneBoi QpyHKUil piBHAHHS (2) Bi-
JHOCHO p, 3a OyAb-SIKOTO (IKCOBAHOIO W, MA€ €AMHHIA PO3B’SI30K.

MHOXUHY B* mus k>1 PO3TIAAATUMEMO SIK JHIHHUA TPOCTip HAJ TTOJIEM
F, 3 moKOOpAMHATHUM 3aCTOCYBaHHSAM @ sK CyMH BEKTOpiB; A, — MaTpuus

JiHIHHOTO IepEeTBOpEHHs y B 2 , BU3HAUEHOT'O 32 CITiBBIJHOIICHHSIM (2).
Marpuuio 4, MokHa moOyIdyBaTH peKypcuBHO 3a 7 >0 (ous., Hamp., [6]);
JUTSL 3pYYHOCT] HaBEJIEMO BiATIOBIZHE TBEP/KEHHS Ta HOTO MPOCTE TOBEICHHSI.
Jlema 1. Jns nocninoBHOcTi MaTpui A, (72>0) CIpaBIKyeThCs peKypeHT-
HE CIIBBIIHOIIEHHS:
e (asa pexypcii

Ay =1); 3)
® KpOK peKypcii
2)1 27[
—_ =
ntt4, 0
Ay = i A : 4)
2”{ Al’l An

JoBenenHsi. 3acTOCyeEMO TTPUHITUI MAaTEMATHYHOT iHAYKIII1, SIKI0 7> 0.
baza. Ing n=0 oTpumMyemo: f(o) (X)=ay, pr=wy=(agy), 3Biaku 4,=(1)

SK MaTpPHUI TOTOXXHOTO IEPETBOPEHHS Y B'=B. Orxe, cuiBinsomenns (3)
CIIPaBIXKY€ThCA.
Tpunywenns. Hexait m > 0,11 n = m TBEpIPKESHHS JIEMH CIIPABIHKYETHCS.
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Kpox. JloBeneMo TBEpKEHHS JIeMH I n=m+ 1. YBIBIH m -apHi QyHK-
mii fxl(xz,...,xm,me)=f(l,x2,...,xm,xm+1) Ta Sy (X Xy X)) =

= f(0,x5,...,X,,,X,,,1) , OTPUMAEMO:

f(xlﬂx2""’xm=xm+1) :)_le)?l (x2""’xm=xm+1)@x1fxl (x2=""xm9xm+1) =
= (0 @D S5 (X X0 X)) @ Xy [y (X X X)) =

_fxl(x2a axmaxm+l)®xl(fx1(x27 :xm’xm+l)®fxl(x2a X m+l))' (5)

Bu3sHnaueHHst pyHKIIIH fx1 1 Ta po3kiaja (5) MO3BOJISIOTH 3aMUCATH

X
BEKTOP KOCQILIEHTIB p . Ta BEKTOp 3HAYCHb W, 14epes3 p 15 ip 1,y TA Uepes

Wi iw T BIAMOBITHO (TYT 1 #auti omnepariss €© Ha BEKTOpaxX 3aCTOCOBYETHCS T10-

KOOPIMHATHO):
| I S (8
Wf Bl mf{| W ’ pf Bl mf| P ® p
{ fxl 2 { .f)?l fxl
3B1OKHA
4, 0 A4, 0 Pr, APy
Ay Ay Ay Ay pf)—rl @ pfxl mp/‘”)r ® A (pfxl @ pfxl )
A p,
_ mpffl _ wfxl
= y = w Wf
mpfxl fxl
4, 0
OTtxe, Py =W, s NOBiIBHOT GynieBoi PyHKuii f (m)  Ockinbku
Am Am

MaTpHIO JiHiiiHOro y B”" neperBopenHi p P> w, y crniBBifHOWEHHI (2) BH-
3HAQYCHO OJIHO3HAYHO, OTPUMYEMO TBEP/UKCHHS KPOKY pekypcii  (4):
A 0

m

A

m+l =

A4, A

m m

Hacainok. IlepetBopeHHst p > w, IHBOIIOTHBHE, TOOTO An2 :]2,, (abo
A4, = An_l) JUTSL KOKHOTO n>0.

.. 2 .
Josenenns. JlocraTHbO n0oBeCTH PiBHICTh A, =1 ,n JV1 JIOBITBHOTO 71 >0,

3aCTOCOBYIOUH MPHHIIAI MATEeMaTUYHOT 1HTYKITi1.
baza. Jns n=0 3 ypaxyBaHHSIM CIiBBiZHOmEHHS (3) OTPHUMYEMO:

2
4" =) =) =1,.
Ipunywennsa. Hexatt m >0, 1 1ns n=m TBEpIKEHHS A,f =1 o CTIPABJKY-

€THCH.
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Kpok. ]JloBeneMo TBepaKEHHS A,,2 =1 n IS =+ 1. 3 ypaxyBaHHAM
CITIBBiAHOMIEHHS (4) MaeMO:

2 2 0
PRI b A 0 I =1
= = = = = m+1 = ne

4, A, A, ®A4, Amz 0 7, 2 2

Hpuxaag 3. O6unuciumo 4, mis 0<n<33a peKypeHTHHUMHU CIHiBBIIHO-
meHHs M (3) 1 (4):

4, 0 1/0 4 0
Aoz(l);Alz(A AJ:(l IJ;AZZA A]: ;
0 <10 1“1

1000[000O0O
1100[0000

101 0[000O00

A3:[A2 0}211110000'
A, 4,) |1 00 0[1 000
11 00[1 100
101 0[1 010

111 11111

3ayBakenns 1. [cHyBaHHS Ta €IUHICTH PO3B’SI3KY PIiBHSAHHA (2) 1 TPUKYT-
HiCTh MaTpulli A, Ui 10BUIBHOrO 7 >0 N03BOJISIE 3HAXOAUTH Koe(illieHTH I10-

miHoMma JKeramkiHa moOpe BIJJOMHM METOJIOM HEBHU3HAYCHUX KOCQIIlIEHTIB,
PO3B’SI3Yr0YH PIBHSHHS (2) HOCIIJOBHUM OOUYNCICHHSIM KOOPAMHAT BEKTOpA p

0e3 6e3nocepenHBOr0 O0UUCIEHHS A, (AeTanpHile IUB., Hamp., [6]).

3ayBaxkenHs 2. Trepmkenus geMu 1 (GakTHIHO OOTPYHTOBYE KOPEKTHICTH
Bimomoro metony llackans — pekypcuBHE OOYMCIIEHHS BEKTOpa Koe(illi€HTIB
nojinoma JKerankiHa 3a BEeKTOpOM 3HaueHb OyieBol (QyHKMII MOCTiIOBHUM Ii-
JICHHSM BEKTOpa 3HAUCHb HABILI (IETANBHIIIE JUB., HAMp., [6]).

.. -1

3ayBakeHHs 3. 3aBASKM CHIBBIOHOIIEHHIO A, = A, , sKe 3a0e3nedye Ha-
CIIOK 3 sieMu 1, piBHSHHSA (2) nomyckae obepraHHs: A4,w, = p,, O H03BOIsE
(3a HasBHOCTI Matpuli A, ) 6e3mocepeHbO OOUUCIIOBATH BEKTOP KOE(DILiEHTIB
noniHoMa JKerajnkia p , 3a 3aaHUM BEKTOPOM 3HAYEHb W .

METO/] TPUKYTHHUKA: MATPULSI OIIEPATOPA IIEPETBOPEHHSA

Meron TpuKyTHHKA MOOymoBH ToiiHOMa JKeramkiHa must OyieBoi (yHKIINT
f:B" — B, saxuii 3anponoHyBaB pagsHcekuii Buenuii B.IT. Cynpyn [4-6], momsrae

n n
y mo6yoBi Bextopis v',v!,...,v> 7 € B 3a peKypeHTHHMH CITBBiTHOLICHHAME
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W0 = W, vl{“rl =

(6)

vik, sakmo 0<i<k;
k k s n
viig @v;, gakmo k+1<i<2
st 0<k<2"-2. loBeneHo [5] i A1 BUMAAKY CHMETPUYHKX OyJIEBUX (YHKIIiH

[4], m0 KoOpAMHATH vg (0<k<2"—1) yrBOprOIOTH BEKTOP KOE(ILiEHTIB IOIi-

noMma JKerankina, To0TO
0 1 271
pf =(V0,v1,...,v2n_1) .

. .. k_ kel _ 2"
31 cmiBBigHOmEHHS  (6)  OueBMAHO, IO  V, =V; =-=V
(0<k<2"-1),aorxe,
0.1 2"-1 2"-1 271 2"-1 2"-1
pfz(VO,Vl,...,Vznl):(Vo s V] ,...,Vznljzv .
n —
TOOTO 3aCTOCYBAHHSM PEKYPEHTHOTO CIIiBBIJHOIICHHs (6) AiCTaEMO p, = v2 s

2" —2 KpokiB.
Mpukaag 4. {ns Oynesoi ¢yHkuii f @ 5 BEKTOpoM 3HaueHb w, =(1101)
MaeMo:
W =w, =(1101);

V=(1L191,190,0@1)=(1011);
v =(1,0,001,1®1) = (1010);
v =(1,0,1,1©0)=(1011).

Takum uuHOM, p/ =? =(1011), To6To momnminom XKerankina ¢yHKOii f

MICTHTh KOH FOHKTH 3 HOMepamu 0, 2 1 3, mo BignoBigae neiiikoBum kogam 00
10 ta 11. OTxe, oTpuMyeMo Takwii moxiHoM JKerankiHa:

f(xl,X2)=1®xl @xle.

Hpuxnag 5. Jna OyneBoi  ¢GyHKmii  f SO BEKTOPOM  3HAYCHb
w, =(11111101) orpumyemo:

W=w, =(11111101);
V=(L101L101L,191,191,101,1®0,0®1) = (1000001 1);
v? =(1,0,080,0©0,0©0,0®0,0®1,1®1) = (10000010);
v’ =(1,0,0,0©0,0©0,0©0,0®1,1® 0) = (1000001 1);
v*=(1,0,0,0,0©0,0©0,0®1,1®1) = (10000010);

v’ =(1,0,0,0,0,0®0,0@ 1,1 0) = (1000001 1);

v® =(1,0,0,0,0,0,0®1,1@®1) = (10000010);

v’ =(1,0,0,0,0,0,1,1® 0) = (10000011).
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Takum 4uHOM, p/ =y = (10000011) , To6TO MONiHOM JKerankina QyHKIIT
f MicTHTh KOH IOHKTH 3 HOMepamu 0, 6 Ta 7, 10 BiIMOBITAE MBIHKOBUM KOJIaM
000, 110 ta 111. Omxke, MaeMo Takuii momiHoM JKerankina:

S (x1,%5,%3) =1D x1x7 @ x7X,x3.

3a3HaynMo, 110 32 Mo0yI0BOIO (CIiBBiAHOIIEHHS (6)) Y KOXKHOMY 3 BEKTOPIB
Vi e B (1<k<2"-1) nepwi k xoopauHAT 30irarOThCs 3 BiAMOBIAHUMH KO-
OpAMHATaMHU BEKTOpa vF1 o nossonsie Busnauatn BEKTOPH vk (0<k<2"-1)
SIK BEKTOPU MEHIIOI PO3MIpPHOCTI (vk € an_k, 0<k<2"-1), i came TaKk 3a3Bu-
yail Aif0Th mijg yac onucy meroay [4—6]. OmHak y mid poOOTi ISl OJAJIBIIOTO

pO3IIIALY JOLINBEHO HE 3MEHIYBAaTH PO3MIPHICTH BEKTOPiB vk (0<k<2"-1)mna
KOJKHOMY KpOIIi peKypcii, JOMOBHIOIOUH TepIli & KOOPJWHAT BiAOBIIHUMH KO-
OpAMHATAMH BEKTOpa v\ || OTPUMAHOTO Ha MOMEPeAHBOMY KPOLI.

3amuiemMo peKypeHTHE CIiBBiIHOMIEHHS (6) Y BEKTOPHO-MAaTPUYHOMY BH-

Al Hag nosieMm [, ¢

0 ke+l k
v :Wf’ 14 = n’k+1v 5
o 0 0 -~ 00
0 0 O 0 0
Tk
0 0 O 0 0
0 0 O 0 0
ne T,,={0 0 - 0 1[1 0 0 0 0|, 1<k<2"-1,
o0 - 0O0f1 1 O 0 0
0 0 0 0 0 1 1 00
o0 - 0O0(O0 -~ 0 1 10
o0 - 000 O 0 1 1
3BIZIKH JUISL TIGPETBOPEHHS W, > p JICTAEMO P =Tn’2,,_1Tn’2n_2---Tn,lwf 3a
apudmetukoro [, .
YBemeMo 10 po3TIII Iy MaTPHITI
T, =Tn’2n_1Tn 2o ---T,,; 3a apupmerrkoro nons [, ;
Z = LY 1
T, _Tn,z"—lTn,Z”—z T, 32 apu)METUKOIO Kinbls 7 .

OueBunno, mo T, =TnZ mod2, ne mod?2 3acTOCOBYETHCA O KOXKHOTO

eneMenTa Marpuii 7, nZ .
Hpukaang 6. {ns n=2 oTpumyeMo:

1 0 0 O)f1 0 O O)1 O O O 1 000
T2=O 1 0 0O 1 0 Off1 1 O 0:1 1 00
001 04011 040 T1TT1O0 1 010
001 1){o0 01 1){0 0 1 1 1 1 11
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3a apudpmerukoro [, ;

1 00 0)f1 0 0 O)f1 0 0 O 1 000
T2Z= 01 001(0T1O0O0O|]j1T 1 00 _ 1 100
001 04(0T1TT1TO0O|]jO0OT1T1TO0 1 210
001 1)lo 01 1)I0 0 1 1 1 3 31

3a apumMeTukor 7 .

Jlerko nepecBiguuTucs, mo 7, =T2Z mod 2. HaBenemo mpomikHMI eTamn

obuncenns ams Ty :

100 0)1000) (1000
2 7 o1 oollt 1 00| 1100
A= ollo 11 ofTl 21 of
o001 1)loo1 1) o121
Hpukaan 7. {nga n=3 oTpumyemo:
1000000 O0)1000000O0) 10000000
01 000000[01000000/[01000000
00100000[00100000/[|00100000
;7 _[00 0 10000]00010000[00010000
3> loooo1o000llo0oo0o01 00000001000/
000001 00[00000T100/[0000T1T100
0000001 0[00000T1T10/[00000T1T10
00000011 looo0oo0oo0o011JlooooooT1 1
1000000 01000000 O0) 10000000
01000000/[01000000/[01000000
00100000/[00100000/[01100000
000100000011 0000/[00110000
“looo1 10000001 1000ll0001100o0]|
00001 100/[00001T100/[00001T100
000001 10[00000T1T10[00000T1T10
ooo0o00011)loooooo1 1)loooooo11
10000000) (100 0 0 0200
1'1000000| [T 1T 0 0 0 0200
01100000 (121 0 0 000
001 10000 [133 1 0 000
looo1 1000 |146 4 1 000
00001100 [15101 5 100
000001 10| |16152 15 6 10
000000 1 1) \1 72135352 71
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3a apuMETHUKOIo 7 ;

00 0O0OO0OO

1

0

1
0
0

00 0O0O0O0

1

00 0O0O

1

00 00

1
1

00 0

0 00
1
1

00 00
0000
00O0O0O0O 0

0

00 00O

1

1

00 0O0OGO0OO

1

0

1
0
0

00 0O0O0O0

1

00 00O

00 0O
1

1

0 0 0

000
1
1

00 00O
00 0O00O0
00 0O0O0
000 O0O0TO

0
0

0
1
1

1

00 0O0OGO0OO

1

00 0O0O0O0

1

1
0
0 0 01

00 0O0O0

0 0 0O

1

000

1

00 0O

0
0

1

0

00 00O

1
1

00 0O0O0TO0
000 O0O0TO

I

00 0O0O0O0OTO0

1
1

0

1
0
0
0

00 0O0O0TO

1
1

00 0O0O

1
1

00 00

00 00

1 000
11
00 00001

0 0 0

0

1

00 0O0O0O0°1

000O0O0O0O0OTO0
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0
0

1
0
0
0

00 0O0O0O

1
1

00 0O0O0
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1
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00 0O0O0OO0

00 0O0O0O0OTO0

1
1
1
1
1

00O0O0O0O0
1

1

1

0

00 0O00O0

1

00 00

1

1

0 0 0

0 0 0

00 0O0O0O0OTO0

1

1

00O0O0O0OO 0

00 0O0O0

1
11
1
00 00O

00 00
1

1

0
0 0 0

0 0 0

0

1
1

00 0O0O

1

1

00 0O0OO0OTO

3a apuMeTuKoI 7Z;

T3Z mod 2 . HaBenemo nmpomixkHi eranu 06-

Jlerko mepecBiguuTHcs, mo 13

YUCJIECHHS IS T3Z :

b

00 0O0O0GO0OTO O

1

2

1

00 0O0O0TO0

1

00 00O

1 00 00
331000
1

33 0

0
0 0 0

0

33
1

1

3 3

0000

00 0O0O0GO0OTO0

1

2

1

00 00 OO

1

00 000

0 0

1

2

1

2

1

00 01

00 0O

2

00 00O

7 7
Tz,zT 1=

b

00 0O0O0OO0OO

1

1

000 O0O0O

1
33

00 0 00O

0000
1
4 6 4

1

1

1
1

000

1

4 6 4
1

0
0 0 0

0

0

1

4 6 4

4 6 41

1

Z _

31—

ZT.

3,2

ZT.

33

T4T,
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10 0 0 0 O 0O
1 1.0 0 0 O 0O
121 0 0 0 0O
T3%5T3%4T3%3T3%2T3%1= b b8 0ot >
14 6 4 1 0 00
1 51010 5 1 00
01 5 1010 5 10
00 1 5 10 10 5 1

100 0 0O 0 0O
1 1.0 0 0 0 0O
12 1 0 0 0 0O
]32,36T3%5T3%4T3%3]§%2T3%= beooa b 8o
14 6 4 1 0 00
1 510 10 5 1 0 O
1 6 15 20 15 6 1 0
01 6 15 20 15 6 1

Teopema 1. Matpuns 7, HZ (n=0) mictuth TpuKyTHHK [lackans mig roio-

BHOIO J1arOHAJUIIO:

o 0 0 - 0
c? c! 0 - 0
o= . (M
0 1 2 2" 1
Cz" 1 Cz” 4 Cz” a7 Cz” 1

JoBenenHss. MateMaTuuHO0 iHAyKLi€w 3a k>1 (k<2" —1) nosexemo
PiBHICTB

c) o 0 0 0 0 0 0

cl ¢ o 0 0 0 0 0

cl ¢ cE 00 0 0 0

0 1 k
TnZanZk—lanZIZ oo Cl(; 1 o Ok ’ ! ®)

1T, Aolo 0o & ¢ 00 0 0

o o0 o

0 1 k

0 0 o ¢ c cf oo

0 0 0 0o ¢ ¢ cf 0

0 0 0 0 - 0 C C - C

baza. Y Bunagky k =1 croiBBigHOmEHHS (8) € TPUBIATHHUM:
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0 0 O 0 0
0 0 O 0 0
Il
1 0 0 0 O
0 0 0 00
1 1 0 0 0
0 0 O 0 0
Z 0O 1 1 0 0
Tn,1=00 01|11 0 O 0 0=
0 0 0 0|1 1 O 0 0
0 0O 1 1 0
0 0 0o 1 1
o 0|~ 0 1 1 00O
o0 - 00O0[0 -0 1 10
o0 - 000 0 -~ 0 11

IIpunywenns. Hexait 1<m<2"-2, i mina k=m cuisBigHowenus (8)
CIPaBAXKYE€THCA.
Kpox. JoBenemo piBHicTh (8) it k =m +1. BUKOPUCTOBYIOUH BiIOMY TO-

toxuicrs CoH 4+ C! =C™l | a rakox ouesmmmi pismocti C) +0=C,, Ta

0+C™ =C"H, orpumyemo:

0 0 0 0 0
0 0 0 0 0
I
0 0 0 0 0
0 0 0 0 0
Tl Th = 11 0 0 0 0|x
00 - 001 1 0 0 0
00 00 0 1 1 0 0
00 0 0|0 0 1 1 0
00 0 0/0 0 0 1 1
el 0 0 0 000 00
o0 0 000 00
c, c cmlo0 000 00
Cn  Cp o Cptocm 000 00
xv o b ¢k . cmt om0 0 0 o0 |=
0 0 cd  ..oocm2oocmtoceroo 0 0
0 0 0 0 0 cd ¢, - crmoo0o o
0 0 0 0 0 o ¢ ¢, - cr o
0 0 0 0 0 w0 ) ocl, o oocm
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G 0 0 0 0 00 0 e 0 0
¢ ¢ 0 0 0 00 0 - 0 0
Coct Coi 0 0 00 0 - 00
Cp  Cu cptoeml oo 00 0 «nn 00
Cot Connt Coit Coist Coa 00 0 e 00

|0 Co Cot ot Coa crl 0 0 0 0
0 0 Coy o Cpf ool ocnycmo0 0 0
o 0 0 0 o 0 Cr(r)H—l Cr1n+1 o Cr’:ﬁ-—ll 0 0
0 0 0 0 0 o 0 Cr?m Crln+1 o C;ﬁll 0
00 0 0 0 0 0 Coy Chu o o

Otxe, cmiBBinHOWIEHHS (8) cnpaBmkyeTbest ansl k =m+1. Takum yuHOM,
3TiHO 3 MPUHLIUIIOM MaTeMaTHYHOI 1HAYKUii, piBHICTH (8) cIpaBIKyeEThCS IS

koxHoro 1<k <2" —1. Illykany piBaicts (7) Ternep AicTaemo 3i CIIiBBiAHOIIEHHS
(8), sxkmo k=2"-1.0

TBepmkeHHs TeopeMu 1, a TakoXK «IIPOMDKHY» PiBHICTB (8), TPOIEMOHCT-
poBaHO y IpuKiIanax 6 ta 7.

KOPEKTHICTb METOAY TPUKYTHUKA

Jesiki BJJacTHBOCTI NapHOCTi OiHOMiaJbLHMX Koe(ilieHTIB

[TapricTe OiHOMiaNFHUX KOE(]IIEHTIB 3pYYHO JOCITIIKYBAaTH, BUKOPHUCTOBYIOUN
TeXHIKy Kinbls nomiHoMiB [F,[x] nax nmonem F,. Haramaemo (muB. [7]), mo ki-
JBITe TTONTiHOMIB K[X] HaJx KOMYTaTUBHHUM KiJbIleM K 3 OQMHMIICIO BU3HAYAIOTH SIK
CYKYIIHICTh HECKIHYEHHUX IMOCIIOBHOCTEH eNeMeHTiB i3 K, y KOXHiH 3 AKuX yCi
YJICHHU, TOYMHAIOYH 3 JIeSKOro, NopiBHIOIOTH 0 (Hymto kinbis K). Onepauii goxaa-
BaHHS Ta MHOXEHHS KUTBII K MPUPOTHUM YHHOM IOIIHMPIOIOTH Ha K[Xx], TpakTy-
I0YM €JIEMEHTH IIOCIIJJOBHOCTEH SK Koe(]ilieHTH mMmomiHOMa. EneMeHTH KinbIlst
K[x] nast 3py4HOCT] 300pakyrOTh MOJiHOMAaMH 31 3MIHHOIO X (3MiHHY X YBEAEHO
BHHSATKOBO ISl 3pYYHOCTI ITO3HAYEHB ).

VY xinbmi nmosiHoMiB K[x] CHIpaBIKy€eThCS HHU3KA alreOpHYHUX BIACTUBOC-
TeH, BiOMHX JUIS KJIACHYHUX MOJIHOMIB Kiibls R[x]; 30xpema, y kimbmi K[x]
CIIPaBIKYETRCS OiHOMIanbHa (popmyria. JleTabHime mpo Kilblle MOJiHOMIB JIHB.,
Harmp. [7].

Jlema 2. Yncmo C;‘,, € mapHuM uist Beix n>0, 1<k <2" 1.

Josenennsi. TBepKeHHS JIEMH JOBOJTUTHMEMO MATEMATUYHOK 1HIYKIIEO
3a n>0.

basza. Ins n=0 TBepmKeHHs JIeMU TPUBIATbHE 3aBISKU BIICYTHOCTI ILIAX
1<k<2%-1.
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Ilpunywenns. Hexail TBepIKEHHS JIEMH CIPaBIXYETbCA AL 1 =N , TOOTO

Cé(no € TIapHuM Juist Beix 1<k <20 —1,

. . no+l1
Kpox. Hexait n=ny+1. I noninoma (1P x)2

MYJIOIO OTPUMY€EMO PO3KIaJ

3a OiHOMianbHOK (HOp-

270 +1

(1®x) =

no+1 1 2”0*1_1 2n0+1 2)10+1

= Cougnt @ Chupux @ Clppx” @@ Chpy 2" T @C 0", (9)

a 3 ypaxyBaHHSM MPHUITYIIEHHS iHAYKLi1 32 apudmeTnroro [, :

np+1 n 2 n 2 n ngo+1 ngo+1
1@ x)*" =((1®x)20j =(169x20) —1@e2x* @x?" =1@9x¥" . (10)

[NopiBHIOOYM KOedillieHTH TOJiHOMIB Y po3kianax (9) ta (10) 3a apudme-
koo [, (30kpema, OTOTOXHIOIOUYM IiJIi YHMCIa 3a €KBiBaJIeHTHICTIO mod2),
OTPUMY€EMO TBEPIKEHHSA KPOKY 1HIYKLIi:

1
‘ 1, sxmio k=0 abo k=2"0"";
C2n0+1 = » (mod 2).
0, sxkmo 1< k< 20",
TakyuM YWHOM, 3TiAHO 3 MPUHLMUIIOM MaTeMAaTHYHOI 1HAYKLIi, TBEPIKEHHS

JIEMH CHPABIKYETHCS I KOKHOTO 7> (), TOOTO 4HCII0 Cfn € MIApPHUM IS BCIX

n>0, 1<k<2"-1.
Hanmani mst 3pydHOCTI TO3HAYEHD MTOKIAAEMO

C/ =0 ma j>i, (11)

BBaKalO4UM OIHOMialibHI KOeQillieHTH C,-] BU3HAYEHMMU IS BCIX HEB1A €éMHHX

i,je€Z. Jlerko mepecsimuntich, mo totoxuicts C/ +C/H =C/H!

L A j i

TaKOXX CIIPABIIKYETHCS:

j>i: ¢/ +c/t=cli =0,

i+1
j=i: Cl+cit=ch =1.
Jlema 3. Yucna C,l;, ct

m+2" 7

0<m<2"-1,0<k<2"-1,n>0.

n
C k:’én MarOTh OJHAKOBY TMApHICTH IS BCIX
m

Hosenenns. s nominoma (1@ x)2n+m (0<m<2" -1) 3a apuMETHKOO

F, 3 ypaxyBaHHSM JieMH 2 OTPUMYEMO:
1®x) " =(1®x)> (10x)" =(10x> NCLOC x®- ®C"x™) =
—Ceclxe-ocx" o’ ocl M e .ocrx¥. (12)
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[NopiBHroroun KoediuieHTH y posknani (12) 3 BigmoBizHUME KoedilieHTaMu
y po3KJai 3a OiHOMiaTbHOIO (HOPMYIIOF0, TICTAEMO IITYKaHE TBEPKSHHS JIEMH:

Ch=Ct , =CH2 (mod2)

m+2"

e 0<m<2"-1,0<k<2"-1,n20.
Hpuxaanx 8. I[IpomeMoHCTpy€eMO pe3yabTar Jiemu 3 g n=2, 0<m <3,
0<k<3:

L5 51 10,0 10,0
1 2 1 0
LI5 66 151 20,0

3 1
1 217 351

3

2

4 6 4 1 0 00
1 5 10 10 5 1 0 O

6 15 20 15 6 1 O

7

1 21 35 35 21 7 1

VY naBeneHoMy QparmenTi TpuKyTHHUKa [lackans 3 ypaxyBaHHSIM PiBHOCTI

(11) 6inst KOXKHOTO eleMeHTa C,]f, it 0<m<3, 0<k<3 (niBuil BepxHill KyT)
HaBEJICHO EJIEeMEHTH C,],‘; 4> C,If,ﬂ. Jlerko mepecBigUMTHCS, MO OIS KOXKHHUX

0<m<3, 0<k<3 emementu C*, Ck. ., C4 nilicno marors oxmakosy map-

HICTb.

3ayBaxenHs 4. Posrnsanaroun po3kiiaj MOJIiIHOMIB HAJ MOJIEM IFP , MOXKHa

JOCITIKYBATH TOMUTHHICTE OIHOMIabHUX KOEQIIi€HTIB HAa MOBIIBHE IPOCTE p;
HATIPUKIIA]], HECKIIQJHO JIOBECTH:

o C];n =0 (mod p) s 1<k<p"-1,n>0;

. Cl;n_l =0 (mod p) ms 0<k<p", n>0.

JleTanbHimIe PO BIACTHBOCTI OIHOMiaNhbHUX KOEQiIlieHTIB 32 modp mis

MPOCTOrO p IUB., HAaMp., [8].

JloBeaeHHSsI KOPEKTHOCTi METOAY TPHMKYTHHKA

Teopema 2. Marpuus 7, , 110 BU3HAYa€ METOA TPUKYTHUKA AJ1s1 OyneBoi GpyHKIiT
f () pusnauae IEPETBOPEHHS. Wy > p o, TOOTO T, W, = p, 3a apupMETHKOIO
nois I, .

JoBenennsi. 3 ypaxyBaHHAM JieMu | njst 1oBedeHHs piBHocTi T, = 4, Ho-

CTaTHBO JTIOBECTH MATEMAaTUYHOIO IHIYKIIEI0 peKypeHTHi criBBimHomeHHs (3) i
@ma T, (n=0).
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baza. [1nst n=0 orpumyemo: T = Ay = (1), ToOTO cniBBigHOmEHHS (3) W15
Ty = Ay cCIpaBAXKYEThCSL.
Ilpunywennsn. Hexall TBepIKEHHS TEOPEMHU CIIPaBIXKYETbCS UL N = Ay,

100710 7)) =4, -

Kpox. Hexait n=ny+1. 3a reopemoro 1 gt 0<i, j < 20 1 a3 ypaxy-
BaHHAM piBHOCTI (11) Maemo:
Cl-j mod 2, sxmio j <1 .
(T +1)i,j = o =C/ mod2;
0, sxmno j > i,
ne mod — OiHapHa omepallisi B3STTs 0CTavi BiJI AUIEHHS; 30KpeMa, I a € Z
0, sKmo a mapHe;

amod?2 =
I, 4KmWO a HemapHe.

Hami 3 Teopemn 1 meraiino summmsae piBuicts (T, 1) ; = (T, ); ; =

= Cl.j mod2 mma 0<i, j<2"0 —1. 3Bixcu 3a 1eMOKO 3 OTPUMYEMO:

(Tno )i,j = (Tno +1)i,j = (Tno +1)i+2n0 JJj = (Tno +1)l-+2ng ’j+2n0 = Ci] m0d2

P L
wit 0<i,j<279-1. Takum 9uHoM, Tpu  Omoku (T, Jrl)()gigzn0 L
0<,;<2"0 1
(Tn0+1) 0<i<ca™0 | (T"0+1)2"0 <ol 30iraroThCsi Mik COOOI0 Ta 3 MaTpH-

20 < j<2"0+! 270 < j<oM0+!
ueto 7, . Omxe, 3 ypaxyBaHHSIM KPOKY IHIYKUIT Ta Jiemu 1
T, 0 A 0

o no

Tl‘lo+1 = T T A A = An0+1 ’

no o no g
IO JIOBOAMTH TBEPKCHHS KPOKY IHAYKIIi. 3TiHO 3 MPUHIUIIOM MaTeMaTHYHOT
iHnyKuii chiBBigHOmEHHS pekypcii (4) niust 7, chpaBmkyeTbes Uit Beix n2>0,
III0 3aBEpILy€ JOBEACHHSI TEOPEMU. O

BUCHOBKH

1. MeTton TpuKyTHHKa MMOOyJ0BH MoiHOMa JKerankiHa, 3alpoTiOHOBAaHUN
y npansx [4, 5], TicHO TOB’si3aHul 3 TPUKYTHUKOM [lackans: psSaKu TPUKYTHUKA
ITackaist 3 TOUHICTIO 10 €KBiBaJIeHTHOCTI 32 mod2 (GopMyIOTh HE TUTBKH MaTpH-
uro merony 7,, a i mpomixui marpuri 7, , (1<k<2"-1), sxi BixnosigaooTs

OKPEMHUM KpPOKaM alropuTMa.

2. 3’30k 3 TpuUKyTHHKOM [lackams mo3Boiisie OOTpYHTYBaTH KOPEKTHICTh
METOJly TPUKYTHHUKA, 3iCTaBIAI0YH PEKypeHTHY noOynoBy marpuils 7, (n>0) ta
MOKPOKOBY MOOY/IOBY PSIKiB TpUKyTHHKA [lackans (IuB. moBeneHHs TeopemH 1).
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PE®EPATHU ABSTRACTS

MNPOTPECUBHI IHOOPMAIIINHI TEXHOJIOTT, PROGRESSIVE INFORMATION TECHNOLOGIES,
BHUCOKONMPOJAYKTHUBHI KOMIT'FOTEPHI HIGH-EFFICIENCY COMPUTER SYSTEMS
CUCTEMHU

YK 681.5.015.8:519

Cunre3 6araToBUMipHOI cHCTeMH KepyBaHHS JJISI MPeun3iiiHOro KOMIIeKkcy mTy4HO-
ro mikpokigimaty / Ilankparosa H./I., Bugiok ILI., Toainko I.M. // CucremHi mocii-
JoKeHHs Ta iH(popManiiiai TexHouorii. — 2020. — Ne 1. — C. 7-20.

PosrissHyTO mponenypy cuHTe3y OaraToBHMipHOTO HH(POBOro perynsropa Juis
MPOMHUCIIOBHX CHUCTEM IITyYHOTO MIKpOKIiMary. J[JIs MpPOMHUCIOBHX KOHIWIIOHEPIB 3a-
IPONIOHOBAHO METOAUKY PO3POOICHHS KOMIUIEKCHOT ANHAMIYHO! MaTeMaTHYHOI MOAEIi B
MIPOCTOpi CTaHiB K €AWHOro OaraToBMMIipHOro 00'ekTa ympaBiiHHS. BukoHaHo anaimi3
KpUTEpiiB Ul ONTHMIi3alii CHCTeMHU YNpaBlIiHHA KOHIULiOHepoM. Po3risHyTo nporeny-
Py CHHTE3y ONTUMAaJbHOTO 0araTOBMMIPHOTO JiHIHHO-KBaJPaTHYHOTO LIU(PPOBOTO pery-
JATOpA Ta CHHTE30BaHO MATPHIIIO 3BOPOTHOIO 3B'SI3KY, SIKa 32 MapaMeTpaMu cTaHy 00'ek-
Ta YIpPaBIiHHS BU3HAYA€ TPAEKTOPIIO PyXy BEKTOpa ONTHMAJIBHOTO BIUIMBY i MiHIMI3ye
KBaIpAaTHYHUN  KpUTEPid  AKOCTI. 3almpoNOHOBaHWN  OaraTOBUMIPHHHM  JIHIHHO-
KBaZpaTU4HUH U(POBHUIA PEryJIsITOp BiIPi3HAETHCS HASBHICTIO JIOTIYHOTO BHOOpY 00Ja-
JHAHHS JUI 301HCHEHHS ONTHUMAJIBHOTO YIIPABIIHHS KJIIMAaTHYHUM yCTAaTKyBaHHSM KOH-
qunionepa. Takuil migxix 103BOJISIE TIEPEOCMUCIUTH IPOLENYPY CHHTE3y aBTOMAaTHYHOI
CHCTEMH YIIPABIIHHSA IS IPOMUCIOBHX KOHIMIIOHEPIB HAa OCHOBI PO3MEXYBaHHS B3ae-
MOBILIHBY PETyIIOBAIBHUX HapamerTpiB. Puc.: 5. Bibmiorp.: 13 Ha3B.

UDC 681.5.015.8:519

Multidimensional control system synthesis for a precision air-conditioner / Pankratova
N.D., Bidyuk P.I., Golinko I.M. // System Research and Information Technologies. —
2020. — Ne 1. — P. 7-20.

The article considers the synthesis procedure for multidimensional digital controller
embedded into industrial artificial microclimate systems. The methodology is proposed
for constructing the complex dynamic mathematical model for industrial air conditioners
represented in the state space of a combined multidimensional controlled system. An
analysis of possible control system optimization criteria is performed. Also, the synthesis
procedure for an optimal multidimensional digital linear quadratic controller is given. The
feedback matrix is synthesized that determines the control vector optimal trajectory using
controlled system states by minimizing the quadratic quality criterion. The proposed mul-
tidimensional linear digital controller has a feature of logical selection for elements of
industrial equipment for performing the optimal control of a microclimate conditioner.
The proposed approach allows for reconfiguring the synthesis procedure for the industrial
conditioners automatic control system on the basis of delimiting the mutual influence of
control parameters. Figs: 5. Refs: 13 titles.

V]IK 004.92

Pexonctpykuis 3D moaeneii OyaiBesib 3a iX TiHSIMU 32 10MIOMOI0K0 CyNyTHUKOBUX 3Hi-
MmkiB / Xabpaman X., Mo3rosuii JI.K. // CuctemHi nociimkeHHs Ta iHGopMaIliifHi TEXHO-
norii. — 2020. — Ne 1. — C. 21-27.

CTBOpeHHS TPUBUMIPHUX MOJIeNnel OyAiBensb 3a JOMOMOTOK aepOKOCMIYHUX 3HIM-
KiB B OCTaHHI POKH CTaJlO0 AyXK€ aKTyaJlbHUM i 3aTpe0yBaHUM HAmpsIMOM, OCKIIBKH TaKi
MOJIeJIi BUKOPUCTOBYIOTBCSI B PI3HHUX Tally3siX JIIOACHKOI HisuibHOCTI. Hartenep ui moneni
MOKHa CTBOPIOBATH PI3HUMH METOAaMH: 33 JONOMOIOI CTEPEO3HOMKHM i3 CYyITyTHHKA,
(hoTO31OMKH 3 KBaJIpOKOITEPa, BUMIPIOBAHHS JIITAKOBUM JIiIapOM CKaHyBaHHs OyZiBii i3
3emui. Li MeTonn moTpebyrOTh TOPOroro yCTaTKyBaHHS 1 BUCOKOKBaTipikoBaHUX (axiB-
IiB, 110 € CTPUMYBILHUM (PaKTOPOM JJIsl IIMPOKOTO BUKOPHUCTAHHS TAKUX TEXHOJOTIH
psAIOBUMH KOpHcTyBauamu. [loka3aHO ajbTepHATHBHE PIillIEHHS JUI CTBOPEHHS TPUBHMI-
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pHHX Mozeneli OyiBesb Ha OCHOBI CYITyTHUKOBHX 3HIMKIB 1 O€3KOIITOBHOTO ITPOTpaMHO-
ro 3abesrmedeHHs. Bukopucrano Bimomi maketum mporpam Google Earth i SketchUp.
Puc.: 8. Bibmiorp.: 7 Ha3B.

UDC 004.92

Reconstruction of 3D models of buildings from their shadows using satellite images /
Habraman H., Mozhovoy D.K. // System Research and Information Technologies. —
2020. — Ne 1. —P. 21-27.

The creation of three-dimensional models of buildings using aerospace images in re-
cent years has become a very relevant and sought-after area, since such models are now
used in various fields of human activity. Currently, the creation of such models can be
performed in various ways: using stereo shooting from a satellite, taking pictures from a
quadcopter, measuring by an airplane lidar by scanning a building from the Earth. But all
these methods require expensive equipment and highly qualified professionals, which is a
limiting factor for the widespread use of these technologies by ordinary users. The pur-
pose of this article was to show an alternative solution for creating three-dimensional
models of buildings based on satellite imagery and free software. In this work, we used
the well-known software packages — Google Earth and SketchUp. Figs: 8. Refs: 7 titles.

MPOBJIEMH IPUAHATTS PIIEHD TA DECISION MAKING AND CONTROL IN
YIPABJIIHHSI B EKOHOMIYHUX, TEXHIYHHX, ECONOMIC, TECHNICAL, ECOLOGICAL AND
EKOJIOTTYHHUX I COIIAJIBHUX CUCTEMAX SOCIAL SYSTEMS

YIK 303.732.4,519.816

OuiHoBaHHA 00YHCTIOBAJILHUX MoJeneil (pyHKUHionyBaHHs KiOepdizuunux cucrem /
Manxpatosa H./I., IITyxa SI.A. / CuctemHi HOCTiKeHHS Ta iHPOPMAITIHHI TEXHOIOTIT. —
2020. — Ne 1. — C. 28-33.

Po3risiHyTO  BUKOpHCTaHHS —OOYMCIIOBAIBHMX — MOAENEH sl MiATPUMaHHS
¢dyHukiionyBanns kibepdizuunux cucrem (CPS) y mapanensHOMy CBiTi iHTEpHETY pedeid
(IoT). BuBueHo icHyroui Mozeni, METOIM, MPUHOMH Ta iX pealizalis B [IbOMY HalpsMi.
OOrpyHTOBaHO HEOOXiIHICTH BHKOPHCTAaHHS METOIB MAIIMHHOTO HAaBYAaHHS dYepe3 He-
TOYHICTB, HEUITKICTh, HE3aBEPIICHICTh EPEAAHUX JAHUX BiJl MaTYUKIB (Hi3WIHUX CHC-
TeM 3 METOI0 CBOE€YACHOTO OOTPYHTOBAaHHA pIilleHHS IIOAO MiATPUMAHHA
(yHKIIOHYBaHHS peaJibHUX 00’ €KTIiB MeBHOI Kibep(di3n4yHOI ccTeMU B yMOBax peajbHOTO
yacy. Puc.: 1. Bibmiorp.: 36 Ha3s.

V]IK 303.732.4, 519.816

OueHnBaHne BbLIYHCIUTEIBHBIX Mofedell (PYHKIMOHMpPOBaHMS KuOepdu3myecKknx
cucrem / [lankparoa H.JI., [ITyxa SI.A.// CuctemHi pocii/pkeHHs Ta iH(OpMAIiHHI Tex-
Hostorii. — 2020. — Ne 1. — C. 28-33.

PaccMoTpeHO MCTIONB30BaHUE BBIMHUCIUTENBHBIX MOAENEH IS MOJIEPKKH (PyHK-
nroHupoBanusi knoepdusnueckux cucrem (CPS) B mapauiensHOM MHpe MHTEpHETa Be-
mer (IoT). M3ydeHBl CyIIECTBYIOUINE MOJEITH, METOIBI, METOIWKH W WX peau3alius
B 3TOM HarpaieHnu. OO0CHOBaHA HEOOXOJMMOCTh HCIIOJIB30BAHUS METOI0B MAIIMHHOTO
00y4eHUs U3-3a HETOYHOCTH, HEUYETKOCTH, HETIOJIHOTHI IIEPEJaBaeMbIX JAHHBIX C JaT4UH-
KOB (DM3MYECKUX CHCTEM C LIEJIbI0 CBOEBPEMEHHOTO OOOCHOBaHHS PELICHUsS 10 TOJIEp-
JKaHUIO (DYHKIIMOHHPOBAHUS PEANbHBIX 00BEKTOB KOHKPETHOW KHOEP(PUIUIECKON CUCTe-
MBI B peKHMe peasbHoro Bpemenu. Puc.: 1. bubnuorp.: 36 Ha3s.

YK 004.942+519.816
AaniTHBHE MPOTHO3YBAaHHA Ta ouiHIOBaHHSA ¢(iHaHcoBux pm3ukiB / Janmnaos B.A.,
Toxnii O.I1., Kaginina 1.O., Bexac A.O., Bigwok ILI., ’Kupos O.JI. // Cuctemui nocii-
JoKeHHs Ta iHdopManiiiai TexHouorii. — 2020. — Ne 1. — C. 34-53.

JlociipkeHHs CIIpSIMOBaHO Ha CTBOPEHHSI aJ[aliTUBHOI CUCTEMHM IIATPUMAHHS TpH-
WHSATTS pilIeHb JUIS MOJICIIIOBAHHS 1 IPOTHO3YBAaHHS HENiHIHHUX HECTaIl[lOHApHHUX IpOolle-
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CiB B eKOHOMINI, (piHAHCAX Ta IHIIMX Taly3sX JFOJCHKOI AisUIBHOCTI. 3aIIPOIIOHOBAHO IIPO-
HeAypHy U aJanTHBHOTO OIIHIOBAHHS CTPYKTYPH 1 apaMeTpiB perpeciiiHux i HMoBipHi-
CHHUX MOJEJEeH, a TaKOXK apXiTeKTypy i (yHKIIOHANBEHY CXEeMy BiONOBITHOI iHpOpMAITiii-
HO1 cucTeMH. Po3po0OieHHsI cUCTEeMHU IPYHTYEThCS Ha NPHHLIMIAX CHCTEMHOIO aHali3y,
TaKuX K aJalTHBHE OLIHIOBAaHHS CTPYKTYPH MOJENEH, ONTHUMIi3allis MPOLEAyp OLIHIO-
BaHHS IMapaMeTpiB MOAeNeH, iIeHTH(IKAIlis Ta BpaXyBaHHSI MOXIJIMNBUX HEBU3HAUEHOCTEH,
SKI BpPaXxOBYIOTbCS MiJ 4ac oOpoOieHHs AaHuX i moOyJOBM MaTeMaTHYHHX MOJEJeH, a
TaKOX Ui 30MpaHHs JAaHUX, MOOYJOBU MOJeEINeH, y Mpoleaypax MporHo3yBaHHS 1 Bili-
rparoTh pojb (aKTOPiB HEraTHBHOTO BIUIMBY Ha OOYMCIIIOBAIBLHI MpoLEAypH B iHpopMa-
LiHHIA cucTeMi. 3MEHIIEHHS 1X BIUIMBY CIIPHSE MiIBUIEHHIO SKOCTI IIPOMDKHHX Ta OCTa-
TOYHHX pPE3yJbTAaTiB OOYMCIEeHb. PO3IISMHYTO UTIOCTPAaTHBHI NPUKIAAM HPAKTHYHOTO
3aCTOCYBaHHS pO3pOOJICHOT CUCTEMH, 1110 MiATBEPKYIOTH il (QYHKIIOHAIBHICTE. Puc.: 4.
Tabmx.: 5. biomiorp.: 28 Ha3B.

YK 004.942+519.816

ANanTHBHOE NPOrHO3UPOBAHNE U OLeHHUBaHMe GHHAHCOBOrO pucka / Jlanuiaos B.A.,
Toxuii A.IL., Katununa U.A., Beaac A.O., bumiok I1.H., ’Kupos A.JI. // CuctemHi aoc-
JipKeHHs Ta iHGopMartiiai TexHomorii. — 2020. — Ne 1. — C. 34-53.

HccrienoBanne HampaBIieHO Ha CO3[aHUE aalTUBHONW CHCTEMBI TIOJICPKKA TIPUHS-
THS PELIEHUM Ul MOJEIMPOBAHUS U IIPOrHO3MPOBAHMS HEIMHEWHBIX HECTALIMOHAPHBIX
MIPOIIECCOB B AKOHOMUKE, (PMHAHCAX M OPYTUX OTPAcIsAX AEATENbHOCTH ueroBeka. [Ipen-
JIOXKEHBI ITPOLEAYPHI A7 aJallTUBHOIO OLICHUBAHUSA CTPYKTYPEI H IIapaMETPOB PErpeccHu-
OHHBIX W BEPOSITHOCTHBIX MOJIEIIEH, a TaKXKe apXUTEKTypa W (PyHKIMOHAIBHAS CXeMa CO-
OTBETCTBYIOIICH WH(POPMALMOHHOW CHUCTEMBbI. Pa3paboTka CHCTEMBI OCHOBBIBACTCS Ha
MIPUHIUIIAX CHCTEMHOTO aHaJii3a, TAKUX KaK aJlalTHBHOE OIIEHWBAHHE CTPYKTYpPHI MOJIe-
JIel, ONTUMH3aLUsl POLEYP OLIEHUBAHUS TApaMETPOB MOJIEIIEH, UIEHTU(DHUKALIUS U yUeT
BO3MOXKHBIX HEOIIPEIEIEHHOCTEH, KOTOPhIe YUUTHIBAIOTCS IPU cOOpe MaHHBIX, MOCTpOE-
HUM MOJIeJIeii, B MPOLIeAypax MPOTHO3UPOBAHUS M MIPAIOT POJb HEraTHBHBIX (PAKTOPOB
BIIMSIHUS Ha BBIYUCIIMTENIFHBIE TPOLENYPhl B MH(MOPMAIIMOHHOW cucTeMe. YMEHbIIECHHE
WX BIUSHHUA CIIOCOOCTBYET MOBBIMICHHIO KAa4eCTBA MPOMEXKYTOUYHBIX M OKOHYATEIBHBIX
pe3yJIbTaToOB BBIYMCICHHH. PaccMOTpeHbl WMIUTIOCTPATHBHBIE IIPUMEPBI MPAKTHYECKOTO
WCTIONB30BaHUs pa3pabOTaHHON CHCTEMBI, KOTOPBIE IMOATBEPKAAIOT €€ (yHKIHOHATIH-
HOCTh. Puc.: 4. Tabn.: 5. bubmuorp.: 28 Ha3B.

VYJK 519.004.942

YucjioBe MOJEJTIOBAHHSA IpaBiTaliiiHUX XBUJIb YOPHOI AipH 3a JONMOMOrOI0 TeH30piB
BukpuBjenns / Manyki M., Bimiok ILL // Cuctemui nocimkenss Ta iHpopMmariiini Tex-
Hosorii. — 2020. — Ne 1. — C. 54-67.

CchopMynioBaHO TEH30pH BUKPUBIIEHHS 332 CHCTEMOIO MOJISIPHO-CHEPUIHHUX KOOp-
JIHAT, SIKI ONMCYIOTh rpaBiTalliiiHe MoJie Ta TpaBiTaliiHi XBUII YOPHOI AipH; OOYUCICHO
BJIACHI 3HaYEHHS TEH30piB BUKPUBIICHHS 3 METOO OLIIHEHHS BIJIHOCHHUX CHJI iX KOMITOHEH-
TiB TOPIBHAHO 31 3HAYEHHSIM TEH30pa Hampyru-eHeprii B piBHAHHI mois EiHmTeiHa.
Y Mexax MOJETIOBaHHs 3pO0JICHO MPUITYIIEHHS, 10 Yac i BiJICTaHb B3a€MOIIOB’sI3aHi 3a
YMOBH, AKIIO pyXaTHCS Bif 3eMJyi 1O BHYTPIIIHBOI YaCTWHHU YOPHOI IipH; pe3yIbTaT MO-
JICJTFOBAHHS TI0Ka3aB, 110 TPaBITAIlIiHI XBUJII MAIOTh OJJHAKOBI KOMIIOHCHTH TpaBiTalliiHO-
TO TIOJIS YOPHOI AipH. 3a MPUITYIISHHS, IO Yac i BiCTaHb € HE3aJIEeKHUMH, 110 HATaIye
CHUTYyallil0 11032 MEXaMH YOPHOI AipH BIITHOCHO3EMJIi, TEH30PH BUKPHBIICHHS BiAPI3HSIIH-
Csl BiI TEH30DIB TPaBITAI[IHOTO IOJIA 1 TPaBITAIIITHAX XBHJIb.3a pe3ylbTaTaMHd MOJIEIIO-
BaHHs 3pO0JICHO BHCHOBOK, IIO TPaBiTalliiHI XBWII, SIKI HaAXOISTh 13 CEpeIUHHU YOPHOI
IipH, MICTATH iH(QOpPMAIIiFO PO TpaBiTaIliifHe MMOJIe BCEPEeaNHI YOPHOI JipH 32 YMOBH, SIK-
IIOBBayKaTH, II0 Yac Ta NpocTip B3aeMonoB’si3ani. Puc.: 8. Tabux.: 3. bibmiorp.: 2 Ha3B.

YK 519.004.942

YuciieHHOE MOJIEJIMPOBAHNE TPABUTAIIMOHHBIX BOJIH Y€PHOii AbIPHI ¢ MOMOIIbIO TEH-
30poB uckpusieHust / Manyku U., Bugiok ILH. // Cuctemui gocmimkents Ta inpopma-
uinHi rexnonorii. — 2020. — Ne 1. — C. 54-67.
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CchopMynupoBaHbl TEH30Pbl UCKPHUBJIEHUS 110 CHCTEME IMOJISIPHO-CHEPUUECKUX KO-
OpAHMHAT, KOTOPBIE ONMCHIBAIOT TPABUTALMOHHOE TOJIE ¥ TPABUTAIIMOHHEIC BOJHEI YEPHOU
IBIPBI; BRIYHCIICHBI COOCTBEHHBIC 3HAYCHHS TCH30POB MCKPUBICHUS C IETHIO OICHKH OT-
HOCHTENIFHBIX CHJI UX KOMIIOHEHTOB IO CPaBHEHHUIO CO 3HAYCHHEM TEH30pa HalpsHKEHUS-
SHEPTUH B ypaBHEHHH MOJIs DWHIITEHHA. B pamMKax MOAETHpPOBaHUS CAETAHO MPEanoo-
JKEHHE, 9TO BPEMs U PAaCCTOSHHE B3aMMOCBS3aHbI IPH YCIOBHUH, €CIIH IBUTATHCS OT 3EMITH
JI0 BHYTPEHHEW 4acTH YEPHOU JbIPbI; PE3yJIbTaT MOJAEIMPOBAHUS I0KA3aJl, YTO I'paBUTa-
IUOHHBIC BOJIHBI UMCIOT OAMHAKOBBIE KOMIIOHCHTBI I'PABUTAIIMOHHOI'O I1OJIA qepHoﬁ JAbI-
pel. IIpu npenaronoKeHuy, 4To BpeMsl U PaCCTOSHUE HE3aBUCHUMBI, YTO HAIIOMUHAET CH-
Tyaluio 3a MpeaesaMyd YEepHOH IbIpbl M0 OTHOUIEHHIO K 3emile, TEeH30pbl UCKPHUBIICHUS
OTJIMYAJIUCh OT TEH30POB IPABUTALIMOHHOTO IMOJISI U TPaBUTALIMOHHBIX BOJIH. [1o pe3yinb-
TataM MOJENIUPOBAHUS CII€IaH BBIBOJ, YTO I'PAaBUTALMOHHBIE BOJIHBI, TIOCTYMAIOIINE U3~
HYTPH YEPHOH IBIPHI, HECYT MHPOPMAIIUIO O TPAaBUTAIIMOHHOM TI0JIe€ BHYTPH YEPHOH IbI-
pBI TIpH YCIIOBHH, €CIIM MPEAIOoJiaraTth, 9TO BpeMs U IPOCTPAHCTBO B3aMMOCBS3aHEL.
Puc.: 8. Tabmn.: 3. bubnuorp.: 2 Ha3B.

TEOPETHYHI TA MPUKJIAHI ITPOBJIEMHA THEORETICAL AND APPLIED PROBLEMS OF
IHTEJIEKTYAJIBHUX CUCTEM INIATPUMAHHS INTELLECTUAL SYSTEMS FOR DECISION
NPUAHATTS PILIEHD MAKING SUPPORT

VK 519.925.51

JiarnocTnka MeIU4YHHX 300pakeHb IYXJHH TOJOBHOTO MO3KY 3 BHKOPHCTAHHSAM rio-
PUIHMX 3rOPTKOBUX HeiipoHeuiTkux Mepe:xk / 3aiiuenko FO.IL., 3a0p K.A., I'amigos T'.
// CucremHi nociipkeHHs Ta iHopmarriiiai TexHomoril. — 2020. — Ne 1. — C. 68-77.

PosrsnyTo mpoOGnemy knacuikamii myxiuH rojgoBHoro Mo3ky mno MPT- 3006pa-
seHHsX. st T BupilIeHHs po3po0JieHo TiOpHUIHI HEYiTKi 3ropTKOBI HEHpPOHHI Mepexi,
y sikux  3ropTtkoBi Mepesxki CNN VGG-16 i ResNetV2 50 Bukopucrani Ui eKCTpakiii
03HaK 300pakeHb, a HediTKa HeiipoHHa Mepexa ANFIS — sk ximacudikaTtop MyXJIdH.
Po3pobneHo anropuTMu HaBYaHHS TIOPUAHUX Mepex. BUKOHAaHO eKCIIepHMEHTANBHI 10-
CIIDKEHHS 3allpONOHOBAHMX TIOPWAHMX MepeXk Ha CTaHZapTHOMy nataceti MPT-
300pakeHb TOJIOBHOTO MO3KY 1 HOPIBHSIHHS PE3YJbTATiB 3 BIIOMHMH albTePHATHBHUMHU
CTPYKTYpaMHu 3TOPTKOBHX Mepex. Puc.: 4. Tabmn.: 5. bibmiorp.: 15 Has3s.

UDC 519.925.51

Brain tumor diagnostics with application of hybrid fuzzy convolutional neural
networks / Zaychenko Yu.P., Zdor K.A., Hamidov G. // System Research and
Information Technologies. — 2020. — Ne 1. — P. 68-77.

The problem of classification of brain tumors on medical images is considered. For
its solution hybrid CNN-ANFIS is developed in which convolutional neural network
VGG-16 and ResNetV2 50 are used as feature extractors while ANFIS is used as the
classifier. Training algorithms of ANFIS were implemented. The experimental investiga-
tions of the suggested hybrid network on the standard dataset Brain MRI images for brain
tumor detection were carried out and comparison with known results was performed. Figs:
4. Tables: 5. Refs: 15 titles.

METOAU Ol'lTl/lMBAllﬂ, OIITUMAJILHE METHODS OF OPTIMIZATION, OPTIMUM
YIIPABJIIHHSI 1 TEOPISA I'OP CONTROL AND THEORY OF GAMES
VJIK 519.8

Heuerkas 3a1a4a oNTHMAJILHOIO pa30HeHHs] MHOKECTB ¢ OTPAaHUYEHHMSIM HAa pa3Me-
1eHne HeHTpoB noavuo:kects / Kucenepa E.M., [Ipuromanosa O.M. // CucremHi no-
ciipkeHHs Ta iHdopmaniiHi Texnomnorii. — 2020. — Ne 1. — C. 78-89.

IIpennoxxeH alropuTM pELIEHUs HEUETKOM HEIPEPhIBHOW JIMHEHHOW OIHOIPOAYK-
TOBOM 3aJaudl ONTUMAaJIbHOTO Pa3OMEHUs] MHOXKECTB Ha IOJMHOXKECTBA C OTBHICKAHHEM
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KOOpAMHAT LEHTPOB ATUX MOJMHOXKECTB M OTPAHMYEHUSMH Ha HX pasMelleHHue. Anro-
pUTM Oa3upyeTcs Ha CHHTE3€ METOAOB PEIIeHUsT OECKOHEUHOMEPHBIX 3a71ad ONTUMAIIbHO-
ro pa3OneHuss MHOXECTB W3 N-MEPHOTO €BKJIMIOBA IPOCTPAHCTBA HA IMOJMHOXECTBA C
HEHPOHEYETKUMH TEXHOJIOTHAMH M Mogudukanusmu r-anroputma H.3. [lopa, koTopsie
MPUMEHSIOTCS [UIA YHCJICHHOTO PEIIeHUs BOMCTBEHHBIX KOHEYHOMEPHBIX HETJIaIKUX
3amad ontuMm3anuu. Pa3paboTaHHYI0 MPOTPaAMMHYIO PEATM3aIHI0 ANTOPUTMa IIPOUILTIO-
CTPHPOBAHO Ha MOJIENIbHOM 3aaue. Puc.: 3. bubauorp.: 7 Hazs.

UDC 519.8

Fuzzy problem of the optimal set partition with constraints on the subsets centers
location / Kiseleva E.M., Prytomanova O.M. // System Research and Information
Technologies. — 2020. — Ne 1. — P. 78-89.

An algorithm is proposed for solving the fuzzy continuous optimal sets partitioning
problem with constrains for the centers location. The algorithm is based on a synthesis of
methods for solving infinite-dimensional problems of optimal set partitioning from an 7 -
dimensional Euclidean space into subsets with neuro-fuzzy technologies and modifica-
tions of the Shor’s 7 -algorithm, which are used for the numerical solution of dual finite-
dimensional nonsmooth optimization problems. The developed software implementation
of the algorithm is illustrated on the model problem. Figs: 3. Refs: 7 titles.

YK 519.925.51

OnrumansHa quBepcudikanis noprdest akuiii 3a puakoBUx o0Mexkenb/ Kynsan B.P.,
Kopo6osa M.B., FOubkoBa O.0. // Cuctemui gociimkeHHs Ta iHDOPMAaIIiiiHI TeXHOJIOTII.
—2020. — Ne 1. — C. 90-97.

[IpucBsueHo po3poOICHHIO HOBUX Ta 3aCTOCYBAaHHIO BiJOMHUX METOMIB MaTeMaTH-
HOTO MOJICITIOBAHHS JUIsS PO3B’A3aHHs 3a7adl ONTHMAaIbHOTO 1HBECTYBaHHS y PH3MKOBaHI
uinHi nanepu. ChopMysIb0BaHO HOBI OCTAHOBKHU 337134 1 T00Y10BaHO METOJU TPAEKTOP-
HOTO MOJICJIOBAaHHS AMHAMIKM PUHKOBOI BapTOCTi OAHIET akuii Ta noprdens akuid. s
PO3B’s13aHHS 33/1a4i MOJIETIOBAHHS ONITUMAJIBHOI TPaeKTopii mopTderns akiii 3acTocoBaHO
METOJIY ONTHMAaJILHOTO YIPABIIiHHS CHCTEMOIO, Y SIKii mapaMeTpaMy KepyBaHHS € YaCTKU
aKWii pi3HUX BUIIB y nopTdeni. 3a1ady ONTUMAIBHOTO YIPaBIiHHA JUHAMIKOIO iIHBECTH-
miitHoro mopTdens chopMyIHOBAaHO TSI KPUTEPIFO, IO BUKOPHCTOBYE «IIPOTPaAMHY Tpae-
KTOpito». Po3B’s13aH0 3a1ady moOyIOBH ONTHMAIBHOTO 32 O4iKyBaHOIO PHHKOBOIO BapTic-
TIO Ta/ab0 pU3MKOBaHICTIO TOpTQens akmiif. Po3rmsHyTo 3amady mpo auBepcHdikariiro
nobynoBanoro noprdens iHBectuuiid. s 11 po3B’s3aHHs 3aCTOCOBAHO JAOMYCTUMY Ta
e(eKTUBHY MHOXHUHY MOPT(]EniB. AJNTOpUTM PO3B’I3aHHs 3a]adl 103BOJISE TUHAMIUYHO
BPaxOBYBaTH IHCTPYMEHTAJIbHI PUHKOBI OOMEXEHHS, AKi 3aJaf0ThCA JJIs1 MAaTeMaTHIHOTO
dhopmymtoBanHs 3a1adi. Puc.: 4. Bidmiorp.: 7 Hass.

YK 519.925.51

OntumanbHasi quBepcuukanus noptdelisi AKUUIl NPU PHIHOYHBIX OrPAHHYEHHSIX/
Kyasu B.P., Kopo6osa M.B., IOnbkoBa E.A. // Cucremni nocnijmkeHHs Ta iHpopMauiiHi
texHoorii. — 2020. — Ne 1. — C. 90-97.

[TocesimeHo MOCTPOEHNIO HOBBIX U MPUMEHEHHIO CYIIECTBYIOIINX METOJIOB MaTeMa-
THYECKOTO MOJIEJIMPOBAHUS ITPH PEIICHUH 33/1a491 ONTHMAJIbHOIO HHBECTUPOBAHHS B PHC-
KOBBIe IeHHBIe OyMmaru. CdopMymupoBaHBI HOBBIE NMOCTAHOBKH 3a/a4 M Pa3pabOTaHBI
METO/IbI TPAEKTOPHOT'O MOJIEIIMPOBAHUS TUHAMHUKH PHIHOYHON CTOMMOCTH OJTHOM aKLIUH U
mopTdenst akuuid. Ilpyu pemreHuH 3agadd MOICIHUPOBAHHS ONTHMAIBHON TPaCKTOPHH
noptdens akuuil IPUMEHEHBl METOJbl ONTUMAIIBHOTO YIPABICHUS CHCTEMOMW, mapamer-
paMH ynpaBJeHHs B KOTOPOH SIBJISIOTCS 4acTH akUMil pa3HOro BHIa B mopTderne. 3agaya
ONTHMAJIBHOTO YIPAaBJICHUsI JAWHAMUKOW MopTdens MHBECTHUIUH CHOpPMYJIHpOBaHA JUIs
KPHUTEPUsI KauecTBa, KOTOPBIH MCIIOJIB3YET «IIPOrPaMMHYIO TpaeKTopHioy. Pemena 3aiaua
MOCTPOEHHST ONTHMAJIBHOTO MO IPOTHO3MPYEMOH PBHIHOYHOW CTOMMOCTU W/WIIM PHUCKY
noprdens akuuid. PaccMoTpena 3amada o quBepcHHKalUK MOCTPOSHHOTO MOPTQEIs.
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i ee penreHusi IPUMEHEHO JOIMYCTHMOE U 3(PPEKTHBHOS MHOXKECTBA HHBECTHIIMOHHBIX
noprdeneil. AITOpUTM pelIeHUs 33Ja4k MO3BOJISET AUHAMUYHO YYUTHIBATH UHCTPYMEH-
TaJIbHBIC PHIHOYHBIC OTPAHUUYCHUS, KOTOPbIe (POPMYIUPYIOTCS HPU MAaTEeMaTHIECKOW MO-
cTaHoOBKe 3a7auu. Puc.: 4. bubnuorp.: 7 Ha3B.

YK 519.8

EBpucTnyni aaropur™Mu nody10Bu eeKTHBHHX MOCTiI0BHOCTEll BUKOHAHHS 3aBIaHb
Ha OJHiii MammHi y B3aeMonoB'sizannx BUpodHnunx cucremax / 3ak 10.0. // Cucremni
JOCIiKeHHS Ta iH(popMariiiai TexHomnorii. — 2020. — Ne 1. — C. 98-106.

Knacuune B Teopii poskiaiiB 3aBnaHHS MOOYJOBH ITOCITIJOBHOCTI BUKOHAHHS 3a-
BIaHb HA OJHIH MalIMHi, 0 BPaXOBY€E HE TUIBKKM BUTPATH yacy Ha poOOTy oOJiajiHaHHS, a
H Ha MOCTOOPOOJICHHS, PO3MIAAETHCS A 0ararocTaliiHUX BHPOOHWYHMX CHCTEM, IO
CKJIAJIAETHCS 13 B3a€MO3AJIEKHOTO JAHIIOKKA JAUISTHOK 1 IIEXiB MPOMHUCIOBOTO MiATIPHEMC-
TBa. SIK KpUTepiii ONTUMAIBFHOCTI PO3TIAA€THCI BUKOHAHHS 0araToCTaliifHOTO PO3KIIAIy
B HAWKOPOTHIITEPMIiHH. 3apOIIOHOBAHO METOIM PO3PAXYHKY HIDKHBOI MEXi JOBKUHH
ONTUMAJIFHOTO PO3KJIAAY i eBPHCTHUYHI aITOPUTMH OTPHMAaHHS HAOMIKEHHX PO3B’S3KiB,
10 NOTPEOYIOTh HEBEMUMKUX 00CATIB 00YMCIIEHBb. 3ampOIOHOBaHI aJTOPUTMH 1ITIOCTpPY-
I0TBCS YUCIIOBUMU Tpukiaagamu. Taou.: 3. biGmorp.: 12 Ha3B.

UDC 519.8

Heuristic algorithms for constructing effective sequences of tasks on one machine in
interconnected production systems / Zack Yu. O. // System Research and Information
Technologies. — 2020. — Ne 1. — P. 98-106.

The classical task in the theory of scheduling which is the task of constructing a se-
quence of tasks on one machine, taking into account not only the time spent on equipment
operation, but also the loss of post-processing, is considered for multi-stage production
systems consisting of an interconnected chain of sections and workshops of an industrial
enterprise. As an optimality criterion, the implementation of a multi-stage schedule in the
shortest possible time is considered. Methods are proposed for calculating the lower
bound on the length of the optimal pattern along with heuristic algorithms for obtaining
approximate solutions that require small amounts of computation. The proposed algo-
rithms are illustrated by numerical examples. Tables: 3. Refs: 12 titles.

MATEMATHYHI METOJH, MOJEJI, TPOBJEMH I MATHEMATICAL METHODS, MODELS,
TEXHOJIOTT{ TOCJIKEHHSI CKJIAJTHAX PROBLEMS AND TECHNOLOGIES FOR
CHCTEM COMPLEX SYSTEMS RESEARCH
YK 539.3

MopneaupoBaHue KOHTAKTHOTO B3aHMOJEHCTBHS IBYX TPaHCBepPCAIbHO-U30TPOMHBIX
YHPYIHX HOJYNPOCTPAHCTB NPH HAJIMYHH KECTKOT0 IUCKOOOPA3HOT0 BKJIIOYEHHS
Mexk1y HUMH U JaBjeHusl B o0jactu pacciaoenus / Kupumox B.C., Jlepuyk O.U. //
CucremHi gociimkeHHs Ta inpopmariiiai texaoorii. — 2020. — Ne 1. — C. 107-119.
Hcnonp3oBaHa cTporasi MaTeMaTideckasi MOJeNb Ul aHaIu3a KOHTAaKTHOTO B3au-
MOAEHCTBHSA IBYX Pa3iM4HBIX II0 CBOHCTBAM TPAaHCBEPCAIBLHO-U30TPOIHBIX YIPYIHX II0-
JTyIPOCTPAHCTB NPH CXKaTUH IPH HAJTWYUH XKECTKOI0 TUCKOOOPa3HOrO BKIIIOUCHUS MEXKIY
HUMH ¥ JIaBJICHUS B OOJIACTH PacCIOCHMs MaTepHaloB. PemieHue 3alaud MOIy4eHO Ha
OCHOBE IpE/CTaBJIECHUS] OOILEro pelleHns] CUCTEMbl YPaBHEHUH PaBHOBECHs Ul TPaHC-
BEPCAIbHO-U30TPOIIHOTO TeJa C MOMOLIBI0 TAPMOHHYECKUX (DYHKIHMH, CBEEHUS] KPaeBOn
3aJa4l K PaCCMOTPEHUIO MHTETPAJIbHOTO YPAaBHEHUs, Pa3JIOXKeHUSI UCKOMOH (DYHKIIHH 110
MasioMy mapamerpy. Kak yacTHbIH ciy4ail 3 HaliIeHHBIX BBIPa)KEHUI BBITEKAIOT OCHOB-
HBIE TIapaMeTpbl KOHTAKTA Ul ABYX YIPYT'HX M30TPOIHBIX NOJIYIPOCTPAHCTB (IIPU HAH-
YUM BKIIOYEHUH MEXIy HHMHU M JaBJeHHUs B obmacTu paccioeHus). [lomydeHsl yuc-
JICHHBIE PE3yNbTaThl, M3YYCHO BIMSHUE YINPYTHX CBOWCTB  IOJYHPOCTPAHCTB,
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TCOMETPUYECKUX Pa3MEPOB BKIFOUCHUS M HAIPY30K Ha MapamMeTpbl KOHTAKTHOTO B3aUMO-
neiictBus. Puc.: 3. Tabn.: 1. bubmmorp.: 32 Ha3s.

UDC 539.3

Modeling the contact interaction of two transversally isotropic elastic half-spaces in the
presence of a hard disk-like inclusion between them and pressure in the region of
separation / Kirilyuk V.S., Levchuk O.I. // System Research and Information
Technologies. — 2020. — Ne 1. — P. 107-119.

A rigorous mathematical model is used for analyzing the contact interaction of two
transversally isotropic elastic half-spaces with different properties under compression in
the presence of a hard disk-like inclusion between them and pressure in the region of ma-
terial separation. The solution to the problem is obtained by presenting a general solution
of the system of equilibrium equations for a transversely isotropic body through harmonic
functions, reducing the boundary-value problem to considering the integral equation, ex-
panding the desired function in a small parameter. As a special case, the found contact
results for the main contact parameters for two elastic isotropic half-spaces (in the pres-
ence of inclusion between them and pressure in the region of separation). Numerical re-
sults are obtained, the influence of the elastic properties of half-spaces, the geometric di-
mensions of the inclusion and loads on the parameters of contact interaction are studied.
Figs: 3. Tables: 1. Refs: 32 titles.

YAK 517.925
TeopeMa 0 peKOHCTPYKIMM HEKOTOPBIX AMHAMHYeckux cucteM / I'opoaeuxwuii B.I'. //
CucreMHi gociipkeHHs Ta iHpopManiiiHi TexHosnorii. — 2020. — Ne 1. — C. 120-128.
JlokazaHa Teopema, KoTopas JlaeT cTporoe o00CHOBaHHME NMpuUMeHeHHs nuddepen-
LUANbHOM MOJEIM IJIs1 MOJYYEHUS OPUTHMHAIBHOM CHCTEMBI, ONUCHIBAIOIIEH pEAbHBIM
(usngeckuit mporece. TeopeMa MOXKET OBITh HCIOIB30BAHA MIPHU PEKOHCTPYKIIMHA MOCITH
M0 eAMHCTBEHHOW HaOIIOMaeMOl MEepEeMEHHOW, HaJMYHe KOTOPOW ITO3BOJISIET IMONyYUThH
muddepenumansHyo Moaenb. B anddepeHuuanbHOi MOIETH OTCYTCTBYIOLIME MIEPEMEH-
HBIE 3aMEHSIOTCS IPOM3BOTHBIMHU II0 BpEMEHH HaOJrogaeMod IEepeMEeHHOW mpoliecca.
CyiiecTBOBaHHE COOTHOLICHHU, KOTOPBIE CBS3BIBAIOT OPUTHHAJIBHYIO cucTeMy U audde-
PEHIMAIBHYIO MOJIEb, TIO3BOJISIET OCYIIECTBUTH Mepexo] oT AuddepeHnnansHoi Mogenu
K OpHFMHaﬂbHOﬁ CHUCTEME. le/l 3TOM MOKET 6])ITI> IMOJIYYCHO HECKOJIbKO OPpUTHMHAJIBHBIX
MoJIeJieli-KaHuJaToB. B pe3ynbraTe ncciaenoBaTeb MOKET BBIOpATh TY MOJIENb, KOTOPast
HanOostee IoJIHO oTpaxkaeT Pu3uKy npouecca. Takxke TeopeMy MOXKHO HCIIOJIB30BaTh IPH
YIPOIIEHUN paHee IOJIyYeHHOH MO, KOTOpasi MOXET COJep)KaTh M30BITOYHBIE Clla-
raemele. Puc.: 3. Tabm.: 1. bubmmorp.: 12 Hass.

UDC 517.925
Reconstruction theorem for certain dynamical systems / Gorodetskyi V.G. // System
Research and Information Technologies. — 2020. — Ne 1. — P. 120-128.

A theorem which gives a rigorous justification for using the differential model to ob-
tain an original system that describes a real physical process is proved. The theorem can
be used to reconstruct the model from a single observed variable, the presence of which
allows us to obtain a differential model. In the differential model, the variables that are
missing are replaced by the time derivatives of the observed variable. The existence of
relations that connect the original system and the differential model allows the transition
from the differential model to the original system. In this case, several original candidate
models can be obtained. As a result, the researcher can choose the model that most fully
reflects the physics of the process. The proved theorem can also be used to simplify the
previously obtained model, which probably contains redundant terms. Figs: 3. Tables: 1.
Refs: 12 titles.
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YIAK 512.563: 517.987.3
Meton TpeyroJibHHKa 1151 HOCTPOEHHUsI NMOJIMHOMA JKerajikuHa: CBsI3b ¢ TPEYroJbHH-
koM Iackans / Cnekropekuii U.S51., TanranosB A.A. // CuctemHi qOCHiIKeHHS Ta iH)O-
pmariitai Texaomnorii. — 2020. — Ne 1. — C. 129-145.

[omuaoM JKerankuHa — yHOOHBIA CHOCOO TpencTaBleHHUs OyleBOW (yHKIHN
B BHJIE CYMMBI 110 orepanny @ (Xor, Wik CyMMa 110 MOJYJIO 2) KOHEYHOTO Yhciia KOHb-
IOHKIUH TIepeMEeHHBIX — TpeiokeH B 1927 1. coBerckuM yueHbM V.. XKeramkuHpim.
OmHUM 3 aNTOPHUTM)B TOCTPOCHUS MonuHOMa JKerankwHa Ay 3aaHHON OyleBoi (hyHK-
UM €CTh METOJ TPEYTOJIbHHKA, IpeAoKeHHbIH B 1985—-1987 rT. coBeTckMM MaTeMaTH-
koM B.IL. Cynpynom. [IpuMeHeHne MeToma TpeyrojJbHUKa COBMAJAET C MOILIATOBBIM II0-
CTpOEHHEM TpeyrosibHHUKa Ilackas «CTpoka 3a CTPOKOH» 10 N3BECTHOMY COOTHOIIEHHIO

C ,’:11 = C}’f + C:“. EcTtecTBeHHO 0’kMIIaTh CBA3b MEX]Y BbIUMCIEHHEM MorHOMa JKeran-

KHHa METOJIOM TPEYTOJIbHHKA C PAaCIOI0KEHHEM OMHOMHAIBHBIX KOI((PHUIUESHTOB B Tpe-
yronbHuke [lackans. [IpoaHanu3upoBaHa CBsi3b METOAA TPEYTOJILHHKA C IIOCTPOCHUEM
CTpOK TpeyronpHuka Ilackais; NPeAno’keHO OTHOCHTENIBHO IPOCTOE JI0KA3aTeIbCTBO
KOPPEKTHOCTH METOJa TPEYTOJIbHUKA ITyTeM COIIOCTABJICHHUS IAroB ajropuTMa C Iomla-
TOBBIM IIOCTPOEHHEM CTPOK OMHOMHAJIBHBIX KOA(QQUIMEHTOB B TpeyrosbHuke [lackais.
Tabmx.: 1. bubmmorp.: 8 Ha3B.

UDC 512.563: 517.987.3

Triangle method for constructing Zhegalkin polynomial: connection with Pascal's
triangle / Spectorsky I.Ya., Galganov O.A. // System Research and Information
Technologies. — 2020. — Ne 1. — P. 129-145.

Introduced by Soviet scientist I. Zhegalkin in 1927, Zhegalkin polynomial is a way
to represent a Boolean function as an exclusive or of conjunctions of variables. One of the
known algorithms for constructing Zhegalkin polynomial is so called ‘triangle method’
proposed in 1985-1987 by Soviet mathematician V.P. Suprun. Applying of the triangle
method mainly coincides with step-by-step constructing Pascal triangle rows using the

equality C*' =C : + Cf”. Therefore, it would be natural to expect for the relation be-

n+l
tween the calculation of Zhegalkin polynomial by the triangle method and an arrangement
of binomial coefficients in Pascal triangle. In this paper, the connection between the trian-
gle method and constructing of Pascal triangle is studied. Besides that, a rather simple
proof of the triangle method correctness is proposed. This proof is based on juxtaposition
of the triangle method steps and a step-by-step construction of Pascal triangle.Tables: 1.
Refs: 8 titles.
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BIZJOMOCTI ITPO ABTOPIB

Beaac Angpiii Onerosny,
Marictp, acmipanT ITICA KIII im. Irops Cikopcbkoro, Ykpaina, Kuis
Bimtok IleTpo IBanoBHY,

npodecop, NOKTOp TEXHIYHHX Hayk, npodecop kadeapu mMaTeMaTHUYHUX METOJIB
cucremHoro ananizy IIICA KIII im. Irops Cikopcbkoro, Ykpaina, Kuis

TI'aaranos Ouexciii AnapiiioBuy,
crynent IIICA KIII im. Irops Cikopcpkoro, Ykpaina, Kuis
I'aminos I'aio,

JIokTop ¢igocodii, AupeKTop iHGOPMALIHHOTO ACMAPTAMEHTY KOMIIaHil « A3epIIur,
A3epb6aitmkan, baky

T'oxnii Osexcanap Ierposny,
npodecop, IOKTOp TEXHIUYHMX HayK, npodecop YOpHOMOPCHKOTO Hep:KaBHOTO
yHiBepcurety imeHi [lerpa Morunu, Ykpaina, Muxomnais

I'osinko Irop MuxaiijsioBny,
JIOLIEHT, KaHIUAAT TEeXHIYHUX HayK, IOLEHT Kadeapu aBToMaru3alii TeIuIoeHepre-
TUYHUX TIpoueciB TeruoeneprernyHoro ¢axkynasrery KIII im. Iropst Cikopcekoro,
VYkpaina, Kuis

I'oponeunkuii Biktop I'eopriiioBuy,
JIOLIEHT, KaHAUJAT (Pi3MKO-MaTeMaTHYHHUX HayK, JOLUEHT KadeaApu eJeKTpOMEeXaHid-
HOro oOJjaJHaHHS EHEPrOEMHHMX BHUPOOHUUTB I[HCTHTYTYy eHepro3OepeKeHHs Ta
enepromenepkmenty KIII im. Iropst Cikopebkoro, Ykpaina, Kuis

Jannnaos Banepiii AxoBuy,
npocecop, mokTop TexHIYHUX HaykK, mpogecop IIICA KIII im. Irops Cikopcrkoro,
Vkpaina, Kuis

Kupos Ogexcanap JleonizoBuy,
JIOLIEHT, KaHauaar TexHiuHux Hayk, fgoueHt ITICA KIII im. Irops Cikopcekoro,
VYkpaina, Kuis

3aiiuenko FOpiii [leTpoBuy,

npodecop, MOKTOp TEXHIYHHX Hayk, npodecop kadeapu mMaTeMaTHUYHHUX METOJIB
cucremHoro ananizy IIICA KIII im. Irops Cikopcbkoro, Ykpaina, Kuis

3axk HOpiii Onexcanaposuy,
JIOKTOp TEXHIYHUX HayK, HAYKOBUH €KCHepT i KOHCYIbTaHT, HiMmeuunHa, AaxeH
3nop KoctsinTun AnapiioBuy,
6axanasp KIII im. Iropst Cikopcekoro, Ykpaina, Kuis
Kaninina Ipuna Onexcanapisna,
JIOLEHT, KaHAWIAT TEXHIYHUX HAyK, MOLECHT YOpPHOMOPCHKOTO AEp>KaBHOTO
yHiBepcurety imeHi [lerpa Morumu, Ykpaina, Mukomnais
Kupumok Bitaniii CemeHoBHY,
CTapIIMi HAyKOBUH CIHIBPOOITHHUK, TOKTOP (hi3MKO-MaTEeMAaTUYHUX HAYK, TPOBITHHUN
HaYKOBHI1 CHIBPOOITHUK BNy MEXaHIKM CTOXaCTHYHO-HEOIHOPIAHUX CEpeIOBUIL
Incrutyry mexaniku imeni C.I1.Tumomenka HAH Vkpainn, Kuis
KiceanoBa Onena MuxaiijiBHa,
uneH-kopecrionnenT HAH VYkpainu, npodecop, 1okTop (i3uko-MaTeMaTHYHUX HayK,
JIekaH (akyapTeTy MPHUKIAZHOI MaTeMaTWKH JIHIMPOBCHKOTO HAIIOHAIHHOTO
yHiBepcutery iMeHi Onecs ['oHuapa, Ykpaina, JAHinpo
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Kopo6oBa Mapuna BitaxiiBua,
JIOLIEHT, KaHAuIaT (i3uKo-MaTeMaTHYHUX HayK, AOLEHT Kadeapu MOAETIOBaHHS
CKJIaHUX cHUCTeM (aKyJIbTeTy KOMII'IOTEPHHX HayK Ta KibepHeTnkn KwuiBcbkoro
HallloHaJIbHOTO yHiBepcuTeTy iMeHi Tapaca llleBuenka, Ykpaina, Kuis

Kyasu Biktop PomanoBuy,

JOLEHT, KaHIWAAT TEXHIYHMX HayK, IOLEHT KadeXph MOJICIIOBAaHHA CKIAaJHHX
cucreM (QakynbreTy KOMIT'IOTEPHMX Hayk Ta KiOepHetnkn KwuiBcbkoro
HallloHaJIbHOTO yHiBepcuTeTy iMeHi Tapaca llleBuenka, Ykpaina, Kuis

JleBuyk Ouibra IBaniBHa,

CTapIIuii HAYKOBHH CIiBPOOITHHUK, KaHAUAAT (i3MKO-MaTeMaTHIHUX HAYK, CTapIIAi
HAYKOBHI CIIBPOOITHUK BiIIUTy MEXaHIKH CTOXaCTHYHO-HEOTHOPITHUX CEPEOBHII
IacturyTty Mexaniku imeHi C.I1. Tumomenka HAH Vkpaiau, Kuis

Manyki ﬂomio,
JIOKTOp TEXHIYHHX HayK, 3aBijyBad jaboparopii eKOHOMETPHUKH 1 IPOTHO3YBaHHS
CBiTOBOTO LEHTPY JaHMX 3 reoindopmaruku i craioro po3sutky KIII im. Irops
Cikopcbkoro, Ykpaina, Kuis

Mosrosuii Imutpo KocTAHTHHOBUY,
JIOLIEHT, KaHAWJAT TEXHIYHUX HayK, JOLEHT Kadeapu eNeKTPOHHUX 3aco0iB
TeJeKOMYyHiKamii JIHIIPOBCHKOrO HAIlOHAJIBHOTO yHiBepcuTeTy iMeHi Omnecs
I'onuapa, Ykpaina, J{Hinpo

IankpatoBa Harania /ImurpiBHa,
aneH-kopeciouaeHT HAH Ykpainn, npodecop, TOKTOp TEXHIYHUX HAYK, 3aCTYITHUK
nupektopa ITICA KIII im. Iropst Cikopebkoro, Ykpaina, Kuis

IIpntomanosa Onbra MuxaiiBHa,
JIOLIEHT, KaHJUJIaT €KOHOMIYHHMX HayK, JOLCHT Kadeapu oOUMCIIIOBAIBHOI MaTreMa-
THKH 1 MaTeMaTUYHO! KiOepHEeTHKH JIHIMPOBCHKOTO HAIIOHAIEHOTO YHIBEPCHTETY
iMeHi Onecs ['oHuapa, Ykpaina, Juinpo

Mtyxa KOuaist AnaroutiiBHa,
acmipanTtka ITICA KIII im. Iropst Cikopcbkoro, Ykpaina, Kuis

Cnexrtopcbkuii Irop SAAxkoBuy,

JIOLIEHT, KaHAuAaT (i3uKo-MaTeMaTHYHUX HayK, MOLEHT Kadeapn MaTeMaTHYHHX
MetoniB cuctemHoro aHanizy IIICA KIII im. Iropst Cikopebkoro, Ykpaina, Kuis

Xaopaman Xani,
acripaHT kKadeapu eNeKTPOHHHUX 3aco0iB TeleKoMyHikaliii ¢akynbrery (Qi3HKH,
€JIEKTPOHIKH Ta KOMITIOTEPHUX CHCTEM J[HIMPOBCHKOrO HAI[IOHAIBHOTO YHIBEpCUTE-
Ty iMeHi Onecst ['onuapa, Ykpaina, {ainpo

IOnbkoBa Osnena QuexcanapiBHa,
JIOLIEHT, KaHaugaT (i3uko-MareMaTHYHUX HAyK, JAOLEHT Kadeaph eKOHOMIKO-
MAaTeMaTHYHOI0 MOJETIOBaHHS KHiBCHKOro HalliOHAJIBHOTO €KOHOMIYHOTO YHIBEpPCHTETY
imeni Baguma I'etbmana, Ykpaina, Kuis
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Ilpasuna ogpopmnenns cmameii

IMPABUJIA O®OPMJIEHHSI CTATEHA
IJIS1 JKYpPHAJLY

«CUCTEMHI JOCJIIKEHHSI TA IHOOPMA LI HI
TEXHOJIOI'Ti»

1. Crarrs 3 aHOTalisIMHU Ta 1HIIOIO 1H(QOPMAILI€I0 MOJAETHCS 3 BUKOPHUCTAHHIM
BeO-caiity xypHany (http://journal.iasa.kpi.ua).

HasBa cratti, mpi3Buine Ta iHiliagau aBTopa (aBTOPiB), a TAaKOXK aHOTAIlig (Bifg
700 no 1000 cuMBOJIIB) MOAAOTHCS YKPATHCHKOIO, POCIFICHKOIO Ta aHTIIIHCHKOI0 MOBa-
MH.

2. Tekcr craTti HabUpaeTbes B pegaktopi Microsoft Word 2003 mpudrom Times
New Roman i3 BupiBHIOBaHHSM T10 ITUPHHI.

3. Ha novarky crarti Bkasyetbes inaeke Y/JIK, Ha3Ba crarTi, iHII[iaTH Ta MPi3BUIIE
aBTOpa (aBTOPIB).

4. Cnucok JiTepaTypH IOJAETHCS B IMOPSAKY HMOCHJIAHHS IICIS TEKCTy CTaTTi.
SIKIII0 € MOXJIUBICTB, y CHUCKY BKa3yeTbess DOI K0)XHOTO OCHITaHHS.

5. HaGip ¢opmyn 3xilicHioeTbest B peaakropi popmyn «Equations». J{ist 3MiHHEX
3 iHIeKcaMu Ta 0€3 1HIEKCIB 3aCTOCOBYIOThCS IyXKKH KJIaBiaTypHOTO HAOOpy, HAPHKIIA

/. 75)-

6. CumBonu y (opmynax (KpiM OCOOJMBHX BHUIIQJIKIB) HAOUPAIOTHCA KYPCHBOM.
JlomrycKaroThCs PsIMi CUMBOITH, ajie X Tpeba po3MIiTHTH a00 BKIFOYHUTH IO CITUCKY CIie-
iaJbHUX CUMBOJIIB.

7. HywmepyBatn HEOOXigHO TiNBKK Ti GOpPMYIH (BHHECEHI Ha CEpeIUHY PAIKIB),
Ha sIKi € IOCUJIAHHSI B TEKCTI.

8. Tabyuui Ta PUCYHKHM BHKOHYIOTHCS B OJHOMY CTWIJI, IM HaJa€Thcsi HOMEp, Ha3Ba
1 PO3TAIIOBYFOTHCS MICIISI TIOCHIIAH y TeKCTi. He citig moBTOpIOBAaTH B CTATTI MiAIMCH 10
PHUCYHKIB Ta TaOIHIIb.

9. Crartst pa3oM i3 TabIULSAMH, PUCYHKaMHU i CIIMCKOM JIiTepaTypu Mae OyTH He
outbie 15 cropinok. OrIsIOBI CTATTI 00CATOM A0 25 CTOPIHOK NPUAMAIOTHCS 32 JJOMOB-
JICHICTIO i3 PEIKOJIETIETO.

10. [lo pykommcy A0Aal0THCS BiIOMOCTI PO KOKHOTO aBTOpa: KpaiHa, MiCTO, MicIie
poboTH, cityk0oBa 1mocaja, BUSHUH CTYIIHb Ta 3BaHHs, cepa HAYKOBHX JOCIIIKEHb,
KOHTaKTHI TesiehoHH, ajpeca Ta e-mail.
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