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KOPPEKUUA NONrPEWUIHOCTU MHOIOJTYYEBOCTU B NMOKA3AHUAX
CNYTHUKOBbIX HABUTALUMOHHbIX CUCTEM HA OCHOBE
BEUBJIET-NMPEOGPA3OBAHUA UX CUTHATIOB

AkTyanasHOCTb. Hacrosiee uccienoBaHue HalpaBiICHO Ha IOBHIIIEHHE TOYHOCTH CITYTHHKOBBIX HABHTAIlMOHHBIX CHCTEM 3a CUET
KOPPEKIMH OUIMOKH MHOTOJIy4YE€BOCTH IIPHU PACHPOCTPAaHEHHWH CIIYTHHKOBOTO paJAMOCUTHANa. 3ajada YMEHBUICHHS BIMSIHHS d(pQeKTa
MHOTOJTy4€BOCTH Ha TOYHOCTh HABUTALIMOHHOTO PEMICHHS — OHA U3 aKTyaJIbHBIX IPOOJIEM B COBPEMEHHOM CITy THUKOBOM MO3UIIMOHUPOBaHUH,
MTOCKOJIbKY ITOTPENTHOCTh, BHOCHMAs NEPEOTPAKEHUEM CIYTHHKOBBIX CHI'HAJIOB, MOXKET HOCTHTaTh JECSITKOB METPOB, YTO 3HAYHUTEIHHO
3aTpyAHSET 3a/1ady MOCTPOECHUS TOYHOTO HAaBUTAIMOHHOTO PEUICHUS B YCIOBMSAX CIOKHOTO peibeda (Hampumep, B YCIOBHAX IUIOTHOM
TOPOJZICKOI1 3aCTPOMKH, a TAaKXKe IIPH HCIOIB30BAHUN TEXHOJOTUH CITyTHHUKOBOI HABUTALIMU B NPOSKTUPOBAHUH M CTPOUTEIBCTBE).

Heab. OCHOBHOM IETBIO ABIACTCS YMEHBIICHNE MOTPEITHOCTH, BHOCUMOI OIIMOKOH MHOTOTYy4€BOCTH, (MUHMMYM Ha OJIMH ITOPSOK),
YTO MO3BOJIMT 3HAYUTEIBHO YBEIHMYNUTh TOYHOCTh PEIICHHs HAaBUTALMOHHOW 3a/Ja4H.

MeTtoa. PaccmarpuBaeTcs MeToJ KOPPEKIHH OMIMOKM MHOTONyYEBOCTH C IOMOIIBIO BEHBIET-NPEOOPa3OBaHUS MOCTYMAOMINX
JIaTbHOMEPHBIX U3MEPEHUH — Pa3HOBHIHOCTH MPOrPAMMHOTO MeTojia OOPBOBI C MOTPEIIHOCTAMH HaBUTAILMOHHOTO PELICHUS.

Pe3yabTaThl. D¢ (EeKTHBHOCTH MpeIaraéMoro Merojia MpoAEeMOHCTPUPOBaHA KaK HAa CMOJCIUPOBAHHOM CHTHAJIE, TaK M HA PEabHBIX
JITaHHBIX CITyTHUKOBOI HaBUTanuu. [IporpaMMHas peanu3anus alroputMa KOppeKIuy U YUCIEHHbBIE SKCTIEPUMEHTHI PEaN30BaHbI CPEICTBAMHU
nporpammHoro nakera MATLAB. Pesynprats! mokaszanu 3¢ ¢eKTHBHOCTh NPUMEHEHHs JAHHOTO METOJa KOPPEKIUH MHOTOIYyYeBOCTH U
MIOATBEPIUIIN 0XKHJAEMYI0 TOYHOCTh U3MEPEHNUI Toce UX 00pabOTKH MPEeIoKEHHBIM CIOCOO0M

BoiBoabl. Vicxons u3 pe3yabTaToB, MOMy4YEHHBIX B pab0Te, MOYKHO 3aKIIFOUYUTh, YTO HCIOIB30BAHNE IIPEATATaeéMOro alropuT™Ma BeHBIeT-
npeoOpa3oBaHMA MOBBIIIAET KAYECTBO CXOJHBIX JAHHBIX, HCTIOIb3YEMbIX JUIS TIOMyYEeHHUs HAaBUTAI[IOHHOTO PENICHNUs, B UTOTE IOBBIIIASI €TO
TOYHOCTb.

KiroueBsbie ciioBa: mroOanbHbIE HABUTAIMOHHBIE CIyTHHKOBBIE CHCTEMBI, MHOTOJIy4€BOCTh HAaBUTAIIMOHHOTO CHTHAaJa, BEWBIIET-
peoOpa3oBaHUe, TOYHOE MMO3UIMOHUPOBAHHE.

HOMEHKIJIATYPA b — mapamerp caBura Bo BpeMeHH (MO3HLUS (QyHKINH);

BIT — BetiBier-npeoGpa3oBanue;

I'HCC — mob6anbHas HaBUral[MOHHAS CITyTHUKOBAsI CHC-
TeMa;

[ICII — nceBmociydaifHasi OCIEIOBATEIHHOCTD;

[I® — npeobpazoanne Dypswe;

CKO — cpennexkBagpaTUIHOE OTKIOHEHUE;

a — mMacuTaOHbIH nmapaMeTp (IUpUHA QYHKIHH);

B,
JIGHHOCTb );

— cMerienue ¢asbl Hecyiel (pazoBas Heompee-

€ — CKOPOCTh PaCIpPOCTPAaHCHHSI CUTHANIA (CKOPOCTh CBETA);

dT* — CMeIllcHUE YacoB CITyTHHKA);

dt, — cMellleHHe 4acoB MPHEMHHUKA);

d(Df’l- — CMeIIeHUs. U Bapuanuu (Ha3oBOro HeHTpa aH-
TEHHBI (B 3aBUCHMOCTH OT BBICOTHI aHTCHHBI U €¢ OPHUCHTA-
umn);

I} ;/— monocdepras 3anepika;
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M p — ombKka MHOTOIY4EBOCTH IO KOJOBBIM H3MeEpe-
HUSIM;

M 4 — ommbka MHoromydeBocTH 1o (dase;
P — 11ceBIoanbHOCTE,

T} — TpornochepHas 3a1epxKKa;

t_r — MOMCHT INOJYYCHUS CUTHAJIa ITPUEMHHUKOM;

f_S — MOMCHT OTIIpaBKHW CHUTHAJIa CITYTHHKOM;

p) — peaibHas IaNbHOCTh MEXKJy CIyTHHKOM M IPHEM-
HHKOM;

€ — BBIYMCIIMTENBHAS OMIMOKA 110 KOJOBBIM M3MEPEHHSM;

€p — omuOKa BeIYMCIEHUH 10 (ase;

A; — JUIMHA BOJHBI HECYILEH;

S .
@, ; — basoBoe paccTosHNe;

y(t) — nopoxnaatomas (6a3ucHas) GyHKLIHS.

BBEJIEHUE

B nacrosmee Bpems ['HCC sBusttoTest ynoOHBIM 001Ie-
JIOCTYIHbIM MHCTPYMEHTOM AJIsl OIPEEIIEHUS IIPOCTPaH-
CTBEHHBIX KOOPAWHAT M MapaMeTPOB IIBYKEHUS MOOMIIBHBIX
00BEKTOB Ha MOBEPXHOCTH 3€MIIM U B OKOIO3EMHOM IIPO-
crpanctBe [1]. OCHOBHBIMH HMCTOYHHMKAMH IOTPEIIHOCTEH,
HCKaXKAIOLMX HABUTALIMOHHOE PELICHUE, SBJISIOTCS: MOHOC-
¢bepHas u TporocdepHas 3aJepIKKH, MOTPENTHOCTH IIepea-
IoLIed anmapaTypbl CIIyTHUKOB, IOTPEIIHOCTH OLEHKH pac-
YeTHOW KOH(HUT'YpalMy CIYTHHKOB, allllapaTHBIC MOTPell-
HOCTU IPUEMHHUKA M MHOIOIYy4€BOCTb PACIPOCTPaHEHUS
HAaBHUTAIIMOHHOTO CHTHAJA (YTO OCOOEHHO CYIIECTBEHHO IIPH
HaBHTAIMU B YCIOBHSAX CIOXKHOTO pernbeda MECTHOCTH).
BonbIIMHCTBO MEPEeYNCIEHHBIX MOrPEIIHOCTEH MOXKET OBITh
CKOMIICHCUPOBAHO METOIaMU TU( P epeHIINAIBHON KOppEK-
WU, OCHOBAHHOW Ha MpHEME YTOUHSIOIIUX HaBHUTALMOH-
HOE pelleHHe TONPaBOK OT CHEeHHATU3UPOBAHHBIX CTAINO-
HapHBIX MEepPeAalonIuX MyHKTOB.

[MorpemHocTH, CBS3aHHBIE ¢ MHOTOMY4€BOCTBIO, MOSB-
JISTFOTCS BCIIENICTBUE OTPAKEHHsI HABUTAIIMOHHOTO PaMOCHT -
Hajla OT Pa3IMYHBIX MMOBEPXHOCTEH MPHU €ro pacrlpocTpaHe-

MpAseie curnans: ‘—\‘

OTpaosenHse CHIHANGE

Pucynok 1 — Cxema nposiBneHus 3¢ ¢dexra MHOTOIYIEBOCTH TIPH
MpUeMe CIIyTHHKOBBIX CUTHAJIOB

HHUH OT CITyTHUKA K IPHEMHHUKY: CXeMa MPOsBICHUS dPdek-
Ta MHOTOTYYEBOCTH IPH MPHEME CITyTHHKOBBIX CHUTHAJIOB,
npuBeneHa Ha puc. 1. [lapasutHble OTpa)XeHHBIE CHUTHAJBI
nehOpPMHPYIOT KOPPETSIIUOHHBIA MUK MpH AemnupoBKe
MOJIE3HOTO CHTHANA M MCKAKAIOT U3HAYAIEHO CHMMETPHUY-
HYI0 KOPPEJSIHOHHYIO XapaKTePUCTHKY MPUEMHHKA. JTO
MPUBOAUT K BO3HUKHOBEHUIO MOTPEITHOCTEN, KaK B U3Mepe-
HUSX TeKylied (a3bl HecyIled 4acTOThl COIYTHUKOBOTO Ha-
BHTAallHOHHOTO CUTHAJIA, TAK U B OLICHKE PACCTOSHHS IO
ciytHEKa. Kak ciencTBre, IMEHHO MHOTONYdYeBasi MOTPeI-
HOCTh — TJIABHBI MUCTOYHUK OMIMOOK JUISI BHICOKOTOYHOM
HABUTAIIMU B YCIOBHSAX CIIOKHOTO penbeda WIH IIIOTHON
TOpPOJICKON 3aCTpOoMkH [2].

3apaHee HEM3BECTHBIC XapPaKTEPUCTHKU MPSMBIX M OTpa-
JKCHHBIX CHUTHAJIOB JICNAIOT MPOTHO3WPOBAHHE TOTPELIHOC-
Teli MHOTOJIY4EBOCTH BeChbMa CIOXKHOM 3aladeill, Tak Kak
mapaMeTpbl OMUOKH BO MHOTOM OIPENENSIOTCS IMOCTOSH-
HO MeHsIoIIeics KOHpUTypanueid oTpakalolInX MMOBEPXHO-
creit. [Ipy 9TOM MOrpeIrHOCTh AaTbHOMEPHBIX M3MEpEHHH,
00YCJIOBJIEHHAsT MHOTOTY4EBOCTHIO HABHTAIIMOHHBIX CHIHA-
JIOB, B 3aBUCHMOCTH OT THIIA U MMapaMeTPOB MPHHUMAIOIINX
aHTEHH MOXXET TPaHC(HOPMHUPOBATHCS B ONIMOKY OICHKH
MIPOCTPAHCTBEHHBIX KOOPAWHAT BILIOTH O 3HAYSHUH MOPSI-
Ka COTHU MeTpoB [1].

BonpmHCTBO pa3paboToK B 00MACTH KOPPEKIMH OILIHO-
KA MHOTOJYYEBOCTH B HACTOSIICE BPeMsi OCHOBaHBI Ha arl-
MapaTHBIX METOJax IOJABJICHUS MOTPEIIHOCTH, HAIIPUMED,
OHa MOXXET KOMIIEHCUPOBATHCS C MOMOIIBIO y3KHX JHAar-
paMM HamnpaBJIEHHOCTH MPUHUMAIOMINX aHTEHH, MPOCTPaH-
CTBEHHO CEJISKTUPYIOIINX BXOIHBIC PaJNOCUTHAIBI M HE T10-
3BOJISIFOIUX MEPEOTPaKECHHOMY CUTHAITY MOBIUSATH HA Ha-
BUTAIIMOHHOE pemenne. OHAKO TaKkhe METOIbl, KaK IpaBH-
JI0, BECbMa TPYJHO peali3yeMbl B CEpUIHBIX HaBHTaIlMOH-
HBIX MPUEMHHKAX HU3KOTO M CPEAHEro LIEHOBBIX IMAIa30-
HOB. AJIbTEpHATHBHBIM CIIOCOOOM pEILICHUS 3TOH Mmpoliie-
MBI MOT'YT CIY)KHTh MPOrPAaMMHBIC METOBI JOIOIHHUTEIIb-
HOW U POBOI (UIBTPAIIMU CUTHAJIOB, XOTS U HECKOJIBKO
YCIOKHSIONIME WX 00pabOTKyY, HO MPH 3TOM HE TpeOyrolue
BHECEHHsSI KOHCTPYKIMOHHBIX M3MEHCHHU B CTPYKTYpy Ha-
BUTAI[MOHHBIX TPHEMHHUKOB.

TakuM 00pa3oM, IEeTbI0 PabOThI SBISETCS YMEHBIIICHUE
BJIMSIHHS [IEPEOTPAKCHHOTO CUTHAJIa Ha KauyeCTBO HABHIa-
LIMOHHOTO PEIICHUs MyTEeM MOCTOOPAOOTKH MOJYy4EHHOTO
MOTOKA JIAHHBIX CO CITyTHHKA, YTO MO3BOJISET MOBBICUTH TOY-
HOCTh MMO3UIIMOHAPOBAHUS B YCIOBHUSIX CIIOXKHOIO peinbeda.

1 IIOCTAHOBKA 3AJTAYN

PaccmatpuBaercsi BO3SMOXXHOCTh KOMIIEHCALIMM OLIMOOK
JATbHOMEPHBIX W3MEPEeHHH, KOTOpble O0YCIOBIEHBI MHO-
romy4eBocTbio pacrpocrpanenusi curHanoB ['HCC, Ha oc-
HOBE BEUBIIET-IIPEOOpa30BaHMs AaHHBIX, POPMHUPYEMBIX B
pexxnMe (Ha30BBIX M3MEPEHHH HAa YPOBHE aJITOPUTMOB HX
obpaborku. [IpenaraeMblii METO B KaueCTBE BXOIHBIX JaH-
HBIX UCTIONB3YeT Pa3HHIly M3MEPEHHH IO IICeBIOAATEHOCTH
1 (a30BOMY PacCTOSIHHUIO, ISl KaXKJIOrO M3 OTCIEKHBAEMbIX
CITyTHUKOB. Pe3ynbraToM pa0oThl alnroputMa sBIseTcsl OLeH-
Ka TOTrPEIIHOCTH MHOTOJIYYEeBOCTH (B METpax), KOPPEKTH-
pyrooImas nmapaMmerp IceBAoJalbHOCTH. TakuM oOpazom,
MPOM3BOJIUTCS CHUKEHUE Mapa3uTHOrO BKiIaaa 3ddekra
MHOTOJTY4eBOCTH B M3MEPEHUsI, HETIOCPEACTBEHHO YJacCTBY-
IOLINe B MOCTPOCHHH HAaBUTAIIMOHHOTO PELICHHUS.
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2 OB30P JIMTEPATYPbI

B Hacrosiee BpeMsi pa3paboTaHO W pealn30BaHO MHO-
KECTBO MPAKTUUECKHUX ITOAXOTOB K OLEHKE M ITOCICIyIOIeH
KOMITEHCAI[H MOTPEITHOCTEH, 00YCIOBICHHBIX MHOTOIYyYe-
BOCTBIO PacIpOCTPaHEHUs CITYTHUKOBBIX HAaBHTAIIHOHHBIX
curHasioB. OHH MOTYT OBITH YCIIOBHO pa3JieNieHbl MO TPEM
OCHOBHBIM KaTEropvsiIM B COOTBETCTBUH C dTamaMu o0pabot-
ku curHanoB [1]. IlepBast xateropus, kak yxe OBUIO yHOMS-
HYTO, OTHOCHTCSI K CTaJM¥l IIpHUeMa CITyTHUKOBOTO CHUTHAala U
MoJIpa3yMeBaeT HCIIONb30BaHUE AHTEHH C KOJBIIEBBIMH KOM-
nencaropamu (choke-ring) u ¢ onpenenenHoit hopmoit mar-
paMMBbl HANPaBJIEHHOCTH AJISl TIPOCTPAHCTBEHHOW CENEKIHH
MIPUHAMAEMbIX paJIMOCUTHATIOB. BTopas xateropusi METooB
MIPUMEHSIET TEXHOJIOTUH CHEHaIbHON TepBUYHON 00padoT-
K CITyTHHUKOBBIX CHTHAJIOB: Y3KOTO KOPPEISTOpa, KOppemsTo-
pa «YIBOSHHOM NIENBTHD», OMEPEKAFONINX U 3aIa3IbIBAIONINX
yKiIoHeHHH. TpeThs KaTeropusi METOAOB JOTOTHUTEIBHO YIH-
TBIBAET PE3YIBTATHI MPEIIECTBYIONINX HABUTAIIMOHHBIX H3-
MepEeHH JUIsl KOPPEKIHU TOCIeNyIoInX (PeKypCHBHOCTB),
OTCIIeKMBasl TpeOyeMoe OTHOIIeHUe «cHrHal-rym» (SNR)
W3MEPEeHUH, MPOTHO3UPYS IOTPEIIHOCTE MHOTOY4EBOCTH
MyTeM €€ MOJACTHPOBAHHS M HCIOIb3Ysl MYJIBTHILICKCHBIE
AQHTEHHBI U1 OOIIEro CHIKEHHs BIHSHHS d(Pdekra MHOTo-
mydeBocTH [3]. IIpu 3TOM OONBIIMHCTBO METOJNOB TPEThel
KaTerOpUH CIIOKHBI B TPAKTUUECKON peaH3alliid M He YIH-
TBHIBAIOT HAKOIUICHHE OIMHMOKY B (Da30BBIX M3MEPEHHSIX, KOTO-
pBIe HapsTy ¢ JaTbHOMEPHBIMU H3MEPEHHUSMH HCIIONB3YIOT-
csl B TIOCTPOCHUH HABUTAIIMOHHOTO PEICHUS.

Hawubonee OMM3KHM K MpeaiaraeMoMy METONY KOppeK-
UK OITMOKA MHOTOJYYEBOCTH SIBJISICTCS ONMUCAHHBIN B pa-
6ote [4] cmoco6 00pabOTKKM HABUTAIIMOHHBIX U3MEpPEHUI,
KOTOPBIl OCHOBaH Ha MPUMEHEHUH PEKEKTOPHOTO (PHIIBT-
pa. Tak, B uIeaJlbHOM cliydae JaJbHOMEPHOE H3MEpEeHHE
MOAPa3yMEBaeT OLIEHKY PACCTOSHUSI OT aHTEHHBI MPUEMHH-
Ka JI0 CIyTHUKOBOM aHTEHHBI W IpeZronaraer abCoMOTHYIO
CHHXPOHH3ALHUIO MPOIECCOB MEPEeAavyd U MpHeMa KOTOBOH
[ICII. IToaTomMy B Teopwm, OLIEHKAa TAKOTO PACCTOSTHUSI MO-
KeT OBITh IpeJCTaBlIeHa KaK MPOM3BEACHHE CKOPOCTH pac-
MPOCTpaHeHUs] paAuOCUTHalla U BPEMEHHOr0 MHTEpBaja
MeXJy MOMEHTOM NpHUEeMa CHTHAjla U MOMEHTOM €ro OT-
MIPaBKH B CHUCTEME BPEMEHHU 4acoB cryTHHKa. OmHako, Ha
MIPAaKTHKE MOJ JaJbHOMEPHBIMH W3MEPEHUSIMH TTOHUMAIOT
TaK Ha3bIBAEMYIO IICEBAONAIBHOCTD, KOTOPasi BKIIOUAET B
ce0s peasbHyl0 JaJIBHOCTh MEXIY CIYTHHKOM M MPUEMHH-
KOM, a TaKKe Psji MOrpenrHocTeit (TpornocepHyro U HOHOC-
(bepHy0 3aJIepXKKy, OIIMOKY MHOTOIYYE€BOCTH 10 KOJOBBIM
HW3MEPEHHUsIM, OLIUOKY BBIYUCICHHI) [5]:

Bli=p; +c(dt, (t,)—dT“ (ts )j”f”' + I +Mp +e,,.

W3mepeHne nceBOOAaIbHOCTH Ha OCHOBE OMpPEeNeHHs
(ha30BOro paccTosHUS 3aBUCUT OT (pa3bl HECYIIeH YacTOTHI
HABUTAIIMOHHOTO CHTHAja M JUIMHBI BOJHBEI Hecymied. Iloc-
JeHAS, B CBOIO OYepe]b, MOXKET OBITH BBIpa)KeHa depe3
cMmenienne a3l Hecylne 4yactoTel (pa3oBbIX Heompene-
JICHHOCTEH) ¥ BEIMYHMHY TPONoc(hEepHbIX, HOHOCHEPHBIX 3a-
JIepIKeK, OMIMOKY MHOT'OJY4EBOCTH 1O ()a3e W OMIUOKY BbI-
yuciaennit. CreayeT Takke y4ecTb BO3MOXKHBIE CMEIICHHS
Y Bapuanu# (pa3oBOro IEHTpa aHTEHHBI (B 3aBUCHMOCTH OT

BBICOTHI aHTEHHBI M ee opueHTanuu). Takum oOpa3om, Mo-
JIeTIb TICEBIOIAIBHOCTH Ha OCHOBE (ha30BbIX M3MepeHuit ((a-
30BOI'0 PACCTOSIHHUS), B OOIIEM BHUJE, TPUHAMAET CIEIYIO-
LM BUT:

@F ;= pl+cl dt, (Z)—dTS 5
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[TocTpouB pa3HOCTH BENWYMH ICEBIOJABHOCTEH, MOMY-
YEHHBIX Ha OCHOBAaHWU KOJOBBIX M (Pa30BBIX M3MEPEHHH IS
OIHOIM W TOM ke KOHQUTYpaluu CIYTHUKA W MPHUEMHUKA,
MIOY4YHM PaBEHCTBO B KOTOPOM YYacTBYIOT TOJIBKO ITOIpeIll-
HOCTH (TIpeHeOperast (DVV, 7 BCIIEICTBHE €r0 MAaIOCTH):

Pl ®) =205 - MBS+ Mp+ My +e,+ey.(3)

31echk cliemyeT y4ecTb, YT0 HOHOC(epHas KOMIIOHEHTa
TNOIPEIIHOCTH [, ; IPEHEOPEKUMO MAIIO U3MEHSCTCS OT M3-
MEpeHUs K M3MEPEHHIO, X B JAHHOM CIydae MOXET OBITh
MPUHSATA 32 KOHCTAHTY [3], 3TO jke MOXHO cKa3arhb U 0 (a3o-
BOM HEONPENETEHHOCTH BY,; [5], 9T0 TOKa3bIBacT €€ paspe-
mreHue B pabore [6]. BKJIa,Z[’q)a3OBOI7I HEOTPENIETIEHHOCTH M.,
€CTh BEIMYMHA BTOPOrO MOPSAJKAa MAJIOCTU 110 CPABHEHHIO C
BEIMYHHON OMIMOKM MHOTOIYYEBOCTH IO KOJOBBIM H3Me-
peHusaM Mp, CIIeI0BATENEHO, € MOXKHO mpeHeOpeus. Ta-
KM 00pa3oM, KpOMe KOHCTAaHT B IPaByI0 YacTh paBEHCTBA
(3) BXOmAT NUIIH BEIYUCIHUTENIBHBIE OMIMOKN M3MEPEHHIT 1o
xony ¥ dasze €p U g; (KOTOpbIE MOTYT OBITH MPEICTABIEHBI

B BUJIe «0Oenoroy» mryma) ¥ OmImOKa, 0OyCIIOBJICHHAST MHOTO-
JY4€BOCTBIO MO KOIOBBIM M3MEPEHUSIM Mp.

B cuny cBoeit mpupoipl onrmOka MHOTOJTYYEBOCTH 00-
JIaJaeT CBOHCTBOM KBa3HIEPHOAMYHOCTH, MOCKONBKY (hak-
THYECKU 3TO Pe3yabTaT MpHeMa «MCTHHHOI0» CHUTHANa CO-
BMECTHO C €ro OTpa)KeHHOW KOIMHEeH, KOTOphIE MO Omperere-
HUIO SIBISIOTCS CUHXPOHHU3MPOBAHHBIMHU. DTO YIPOLIAET
MIOMCK, MOJIETTUPOBAHHE U MOCIENYIONIYI0 KOPPEKIHIO OIIN0-
KM MHOTOJY4eBOCTH. TakuMm oOpa3oM, OCHOBHOHM 3anaucit
MIPeIaraeMoro MoaX0/a SBJISETCS pa3/iefieHue CTOXacTuIec-
KHX OIIMOOK, CBSI3aHHBIX C MPOLECCOM PacIpOCTpaHEHUs
panuocurHana, ¥ KBasHIepHOIUIECKON MOrpenIHOCTH, 00yc-
JIOBJICHHOM €ro mepeoTpakeHrneM. Takyio Mporeaypy MOX-
HO MPOBOJUTH, UCIIONB3YsS BEHBIET-NPEOOPa3OBaHUS CHI-
HAJIOB, YTO MO3BOJISIET IETEKTUPOBATH BO BXOAHOM Pa3HO-
CTHOM TOTOKE JAHHBIX NapasuTHYIO KBa3UIIEPUOJHUIHOCTS,
MIPOBOJIS YETKYIO TPAHMILy MEXKIY MOTPEHIHOCTHI0 MHOTO-
Jy4eBOCTH M CTOXaCTHYECKUM IIyMOM, KOTOPBIH OIHUCHIBA-
10T ocraBiuecs B (3) ciaraembie.

3 MATEPHUAJIBI 1 METO/IbI

B uudposoii 06paboTke CUTHAIOB HIUPOKO MPHUMEHSIOT
pa3HOBHIHOCTH Z-TipeoOpa3oBanus: Pypwe, Xapriu, Yoi-
[Ia U T.A., WCIOIB3YIOIIUE Pa3InuHble BUJIBI TOTHHOMHAb-
HOT'O Pa3JIOKEHMsl BCe MCXOJHOM MOCIe0BaTeIbHOCTH OT-
cueToB curHana. OHU TO3BOJSIIOT AHAJTU3UPOBATH CHEKTPHI
MOIIHOCTH OLHM(POBAHHOI'O CHUTHANA, a TAK)KE OLEHUBATh
nepegatoyHble GYHKIMHM M UMITYIbCHBIE OTKIUKH OIepa-
nuii ero npeodpasoranus [7]. OnHako B psje cliydaeB Jjis
WCCJIE0BAaHHUSI TOHKOH CTPYKTYypBI CHTHANIa YIOOHO HCIIONb-
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30BaTh ONEpaliH IPeoOpa30BaHUs, U1 KOTOPEIX COOTBET-
CTByIOIHE KO3()(QUIHUEHTH! pa3IoKEeHHsI yIUTHIBAIOT IOBE-
JICHHE CHTHAJA JIMIIb B y3KOM JHAIa3oHe OIM3KOpacHomno-
JKEHHBIX ToueK. IIpuMeHeHue Takoro noaxoaa, o CyTH, 03-
HagaeT Mepexoi OT YacTOTHOrO aHajmM3a HU(POBBIX CHTHA-
JIOB K YacTOTHO-MacmrTabHOoMy. IIpnMepoM Takoii mpore-
IypBl MOXET CIYKHUTh OKOHHOE IpeoOpaszoBaHue Dypse,
OCHOBHBIM HEIOCTAaTKOM KOTOPOTO SIBJISIETCS HEBO3MOXK-
HOCTBh OOECIICYHTH BBICOKOE pa3pelleHHe aHAIN3a OJHOBpE-
MEHHO U IO 4acTore, U 1o BpeMeHu. Ilpeononers 310 orpa-
HUUYCHHE TTO3BOJSAET BEHBIET-IpeoOpa3oBaHHe, MCHIONB3Y-
IoIIee B Ka4ecTBE OA3UCHBIX (DYHKIMH Pa3JIOKEHHS pa3iimd-
HBIE ceMelicTBa JIOKAIBHBIX II0 CHEKTPY U BpPEeMEHH (yHK-
LU, KaXJas U3 KOTOPBIX MOIY4aeTcsl U3 OJHOH IOpOKAA0-
e (CBoeH T KaKIoro ceMeicTBa) IIOCPEACTBOM e¢ CHABH-
TOB U PACTSDKEHUH 110 OCH BPEMEHU:

t—b
ab(t)—| | 1y T ) ©)

Ie a — MacITaOHbI mapaMmerp (mupuHa QyHKOHH), b —

napamerp ciBura Bo Bpemenu (nosuims ¢ynkuun), V(7) —
nopoxjparomas (6a3zucHast) ¢pyskus. CeMelcTBa BeHBIeT-
GyHKIMH KIACCU(PUIMPYIOT 10 MPU3HAKY MPOCTPAHCTBEH-
HOM KOMITAKTHOCTH Y TJIAJKOCTH (HEKOTOpBIE U3 HHUX K TOMY
’Ke MOTYT UMeTh (ppaKTaIBHYIO CTPYKTYpY) [8].

B paborax mo akycTHyeckod TeopuH (pOpMUPOBAHUS
peun u nudpoBoll 00pabOTKe pedeBhIX cHTHANOB [9—11]
MOKa3aHO, YTO PEeueBOil CUTHAN (BOKATH30BAaHHAS PEUb)
IpEJCTaBIsAeT COOOH KBAa3UIIEPHOIUIECKYIO ITOCTIET0BATEb-
HOCTh UMITYNBCOB. {7151 OOHAPY>KEHUS U BBIIENCHUS OTIEIb-
HBIX aKycTuueckux ¢popM (poHem) B pedeBBIX CHTHaNax Ha
(oHE CTOXAaCTHUECKOro ITyMa pa3paboTaHBl METONBI, OCHO-
BaHHBIE Ha NMPUMEHEHHH OKOHHOTO mpeoOpaszoBaHusi Py-
pwe, Hanpumep [11]. Bonee Bbicokyro 3ddekTuBHOCTL TpH
PEIIeHNH 33/1a4d IIyMOMOAABICHUS B PEUEBBIX COOOIIEHU-
sIX (KBa3MIIEPUOJMYCCKUX CUTHANIAX) IEMOHCTPUPYIOT METO-
JIbl, OCHOBAaHHbIE Ha HMCIOJIb30BAHUM BEHBJIETHBIX (YHKLHH
[12]. TIpoBeneHHbIC aBTOpaMU JaHHOW pabOTHI HCCIIEIOBA-
HUS 110 TIPUMEHECHHUIO BEHBIIET-TIPE0Opa30BaHUIl K PEIICHHIO
3aJlayd IIYMOIIOAABJICHUS B pedyeBbIX cooOieHusx [13] mo-
Ka3aJd, 4TO Haubolee MEePCIeKTUBHBIMH B 3TOM CIIydae siB-
JISIOTCS BelBieTHble QyHKIMU JloOemn, CUMIIETBI, a TaKKe
JUCKpeTHas BelBneT-pyHkius Meiiepa. [Tpu npumeHeHus
BeiipieToB J{oOemn Hamrydue pe3yibTaThl MOTydeHbl IS
¢GyHKUMA 4-TO TOpPSIKA, CUMIIETHI MOKA3alld XOPOIIHEe pe-
3yABTaThl MPHU yPOBHE NEKOMIIO3HWIIUN, PABHOM &, BEWIeT-
¢byHkus Meiiepa MCMONIb30BaHA B COUYETAHMM C MSATKHM
BHJIOM TIOPOTOBBIX TIPE0Opa30BaHuii (T.H. TPELUIONIUHTA). DTH
GyHKIMKA 00Naa0T JOCTATOYHOM TIIAJKOCTHIO, TOCTATOYHO
BBICOKMM OBICTPO/ICHCTBIEM, YyBCTBUTEIbHBI K N3MEHEHH-
siM (a3el mone3Horo curHana. [IpemiokeHHbIe BEWBIICTHBIC
(GYHKLIHU C COOTBETCTBYIOIIMMH KPHUTEPHSIMH IO3BOJISIIOT
HA/IeKHO BBIACIATH MOJIE3HBIH KBa3UIEPHOANIECKUN CHUT-
HaJl Ha (OHE IIYMOB pa3IMYHOM npuposl [13].

B Hacrosieid pabote CTOMT BechbMa CXOXkasl 3a/1ada Bbl-
JIeTICHUs] KBa3HIIEPUOIMYECKOr0 CHrHajla (B JaHHOM CiTydae
Mapa3uTHOTO) U3 CTOXAaCTHUYECKOTO ITyMa B Pa3HOCTHOW cXe-
Me u3MepeHuit (cortacHo cootHomenuto (3). Mcexons u3 ato-
0, JIOTHYHO OLIEHUTH BO3MOXKHOCTh NMPHUMEHEHHsI anpoou-

10

POBAHHOTO ammapaTa BeiBIeT-IpeoOpa3oBaHUH AT perre-
HUS 3aJa44 BbIJENEHUS KBAa3UIIEPUOAUYECKOH MOrpeIIHOC-
TH MHOTOITy9eBOCTH Ha (OHE CIIydaifHBIX OMIMOOK H3Mepe-
HUiA. B maHHO# paboTe MPUMEHSUINCH CIIEIYIOIINE BUIbI BEi-
BIIET-TIpeoOpa3oBaHMii.

Beiisners! Jlo6emm — OMH U3 CaMBIX M3BECTHBIX M HC-
[OJIb3yEMBIX BO MHOTUX NPAKTUYECKUX NPHIIOKEHUAX TU-
OB BelBieT-npeodpazoBanms. Belisnetsr Jlobemn mopsn-
ka N OmIMYHBI OT Hylls JIMIIb HA UHTEpBane IMHOU 2N—1 u
nMetoT 2N OTIHYHEIX OT HyIS KO3((UINEHTOB (UIETPOB.
Ipn yBenmuennn mopsinka BeiiBiera Jlobemn Bo3pacraer
€ro «IJIaJIKOCThY, YTO YBEIUYUBAET CHEKTP BO3MOXHBIX IIPU-
MeHenuit [14]. HemocraTkoMm siBiisieTcst OONBIIONW 00BEM BBI-
YHCIICHIH MPH TaKoM IpeoOpa3oBaHMH, KPOME TOrO, BeifB-
nersl Jlobenmn He 00Magal0T CHMMETPHYHOCTBIO, ITO Tpe-
OyeT HEKOTOPOH OCTOPOXHOCTH IIPH HHTEPIIPETAINHU €ro
pesynsratoB. s moctpoeHus BefiBinera Jlobemm 3amaercs
PEKYpCUBHOE COOTHOLICHUE:!

=B oy 303 f 0(2r) -

—¥ Qr+1)+ \/_(p(2r+2) Q)
e

W):”f(p(zr 3+I<p<2 r—)+

3-43 1-3
+ g

-2)+ 2 o(2r -3). (6)

ITpubnikeHHBIE K CHMMETPHYHOH (opMe BEHBIETHI
Jlobemy Ha3bIBAIOTCS CUMIJIETAMH, KOTOphIe 00aIaloT Bce-
MH JIOCTOMHCTBaMH BelBieToB JloOelin, HO IpU 3TOM UMe-
IOT Ha MOPSAOK MEHBUINH IEePHO aJanTalid K W3MEHEHHUIO
¢dasbl curnana. KoadpuumeHtsl cumiiera pacCuuThIBAIOTCS
aHajornyHo kodddunrentam ¢unsrpa dobdemm [15].

HuckperHsrit BeiiBner Meiliepa OTHOCHUTCS K KOPOTKHAM
BeliBlIeTaM, TaK Kak MMeeT OoJiee JIOKAJIN30BaHHYIO BEHB-
neT-(QyHKIUIO U SBISETCS 3HAYUTENBFHO Ooree TaJIkuM, YeM
Beliier JloOemn nepBoro nopsiaka (BeiBier Xaapa), 4to, B
CBOIO ouepenib, 00ycliaBinBaeT Oojee BBICOKOE €ro ObICT-
poxeicTBue.

BeiiBner-¢yHkiun Meiiepa onpeiereHbl B 4aCTOTHOM
00J1aCTH CICAYIOIIUM 00pa3oM:

1

i 27‘C
= (2n) 2¢“sin b —| |-1]].= <o |< :
1 4 8
n n n
v =(2mn) 26/ in Ev —| |— ,—£|o)|s?
o) =00e| 2| ™

B nmanHO#t paboTe MPUMEHSIOTCS CIICAYIOIIUE KPUTCPUH
JUTSL TIEPEYMCIIEHHBIX BBILIE BUJIOB BEHBIIET IpeoOpa30BaHHA:
— MUHHMMAKCHBIH KPHTEPHUH C MATKAM BUIOM TPEIIOi-
JIMHTA, TIO3BOJSIIONINM HCIIOIBb30BaTh MOPOT, MEPECUUTHIBA-
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€MBIH JUIS KaXXI0r0 U3 YPOBHEW Pa3lI0KEHUs JaHHBIX, BEWB-
ner-¢ynknueit Jobemmn 4-ro mopsaka;

— yHUBepcanbHbli Kputepuil JJoHOX0-J[)KOHCTOHA ¢ Ke-
CTKMM BUJIOM TPEILOJAMHIA, O3BOJISIOIIUM UCIOIb30BaTh
HOPOL, €AUHBIA Ul BCEX YPOBHEH Pa3lIOKEHHs, CUMIETOM
BOCBMOI'O IOPSIIKA;

— Kputepuil HecMmeleHHON oneHku pucka Illraiina c
MSATKUM BUJIOM TPEIIOJIUHIA, O3BOJSIOUIMM UCIIONb30BATh
HOPOL, NEPECUUTAHHBIA TOIBKO AJIS IEPBOrO YPOBHS pasilo-
KEHHS JaHHBIX, BeliBieT-QyHKuuei [Jodemu 4-ro mopsika;

— MomuduupoBaHHed kputepuil lllTaiiHa ¢ MATKEM
BUJIOM TPEIIOIAUHIA, TO3BOSIOUIUM UCIOIb30BaTh MOPOL,
€IUHBINA JJIS BCEX YPOBHEH pa3lOkKEHUs, NTUCKPETHOU BEWB-
ner-¢pyHknueit Meifepa.

4 PE3YJIBTATBI

IMpennoxeHHBIH cI0CO0 MOACITUPOBAHUS OIIHMOKH MHO-
TOITY4EBOCTH IIPOBEPSUICS KaK Ha MOJIETBHBIX BXOIHBIX JaH-
HBIX, TaK ¥ Ha PEaIbHBIX CIYTHUKOBBIX CUTHANAX.

B kauecTBe MOJENBHON MOCNIENOBATEILHOCTU BXOIHBIX
JTAHHBIX HCIIONB30BAIaCh KOMOMHAIIMS CHUTHAJOB C U3MCHS-
IOMIeHCs 9acToToH, aMIuuTynoi u ¢asoit. Tak, mepssie 500
OTCYETOB IIPEACTABIAIOT COOOH TapMOHHMUYECKYIO (DYHKIIHIO
(cuHyC) ¢ ammumuTynoit 5 u wacroroit 90I'm, ¢ 501 mo 1800
oTcueT — (QYHKOUIO CHHYC C aMIUIUTyZOW 7 4acTOTOH
120 I'y, a ¢ 1801 mo 2300 otcueT — pyHKINIO CHHYC C aMILTH-
Tynoit 19 wactoroit 120 I'm u caurom ¢assl 7 /2, NOMONHU-
TEIBHO CHUTHAN OBUI YCIOXKHEH Ho0aBleHHEM 0eoro mryma
¢ mucnepcueit 1m. [TomoOHas cxema curHana ObLa UCIIONb-
30BaHa B pabore [4], M1 OLEHKH CKOPOCTH aJaNTAI[UH TIPef-
JIaraeéMoro MeTojla K CMEHE IapaMeTpOB KBa3UIIEPUOAUY-
HOCTU B aHAIM3UPYEMOM IIOTOKE JAHHBIX.

Kpusas «1» Ha puc. 2 — UCXOAHBIA KBa3UIapMOHUYECKHI
CHTHAJI, ONTMCAHHBIN BBIIIE, KpUBas «2» — Pe3ylIbTaT KOppeK-
v ook Ha BeIxoze BII. Kak sugno, CKO ne 3aBucur ot
aMILTUTYOB! BXOMHBIX JAHHBIX, U COCTaBIsteT mopsiaka 0,5 M

M
% v v v
20

) 50 1000 7500 2000

25001
Orcuers:

Pucynok 2 — Ommbka Ha BBIXOJIE BEHBIET-IpeoOpa3oBaHus
(BeiiBer Meiiepa)

(tabm. 1) ms moboro U3 paccMaTpUBaeMbIX BEHBIET-TIPe0d-
pa30BaHUH, YTO IO3BOJNSET YMEHBIIUTh BIHSHHE ONIMOKH
MHOTOIIy4EBOCTH BHE 3aBHCHMOCTU OT €€ aMILIMTYIBL.

Janee, npe1oKeHHBIA METO/, UCIIBITHIBAJICA HA pPeallb-
HBIX JIaHHBIX, KOTOpBIE COOOH IPENCTaBIIOT BEIOOPKY pas-
HHUITB! KOJIOBEIX M (Da30BBIX H3MEPEHUH IS OTHOTO M3 CIyT-
HUKOB cucTeMbl GPS, cHATBIE B yCIOBUAX IIOTHOM ropofic-
KOH 3acCTpOMKH, IPU SICHOM U COMHEYHOH IOrofe.

KpuBas «1» Ha puc. 3 0003HauaeT BXOMHBIE Pa3HOCTU
KOJIOBBIX U ()a30BBIX M3MEpEHHH, OT(GHIETPOBAHHEIE METO-
JIOM CKOJIB3SILEr0 CPEIHEro, Kpupas «2», ABISIETCS PE3yilb-
TaTOM KOPPEKIIMH Ha BEIXOZE MPOLEMYphl (QIIIETpanuy. 3a-
Bucumocts CKO ommbku oT Tuma BeifBieT-mpeobpaszosa-
HUS TIpHBeJeHa B Ta0m. 2.

TakuMm 00pa3oM, MOXKHO 3aKIIOYHTh, YTO HPEIUIOKEH-
HBIH METOJ MOXET JIOCTATOYHO 3(P(PEKTHBHO IETEKTHPOBATH

L
20

12001
Orcuery

0 X0 Lt £ o et 1200t

Orevers

Pucynok 3 — Ommbka Ha BBIXOJIE BEHBIET-TIPEOOPa30BAHNUS:
a — MUHIMAaKCHBIA KpHUTepul, BeiiBier [lobemu 4ro mopsiaka;
0 — BeiiBier Meiiepa

Tabmuna 1 — 3aBucumocts CKO OT THITa HCIOTIB3YEMOTO BEUBIET-IIPe00pa3oBaHuUs

Twun BeiiBnera MMUHUMAaKCHBIA KpUTepuil, BeiBieT Kpurepnii IlItaiina, BeliBaer Cumrrer BeiiBner Meitepa
Jloberu Job6emu
CKO 0,51 m 0,53 m 0,58 M 0,48 m

11
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Tabmuua 2 — 3aBucumocts CKO 0T THIA MCIIONB3YEMOro BeHBIIET-IPe0Opa3oBaHus

Tun BeiiBiera MUHUMAKCHBIH KpUTEpUH, BEHBIET Kpurepwii 1Itaiina, BeliBier Cumiier Beiisner Meitepa
JloGern JloGemn
CKO 351m 1,53 m 1,58 M 0,13 m

KBA3UIEPUOJUIHOCTh CUTHANA B aHAIU3HPYEMBIX JaHHBIX.
Haunyumue pesynbraTel mokaszan BelBieT Meifepa, B cuiy
YHHUBEPCAJIBHOCTH CBOeH BeiiBner-¢pyHknuu. CpaBHEHHE
UTOTOB PabOTH MPEUIOKEHHOTO METONA KOPPEKIHH M Me-
TO/a, MPHUBEICHHOTO B pabore [4], mokaseiBaet, yto CKO
OIMIMOKY MPH KOPPEKINH MHOTOIYIEBOCTH C IIOMOIIBIO ajam-
THUBHOTO PEXEKTOPHOTO (IIBTPAa COCTABIIIO MOpsAAKA 1M.
Takum 00pa3oM, UCIONB30BaHKE BeWBIeT-QyHKINN Meiie-
pa oka3pIBaeTcs Ooiee MPEeqIOYTHTEIBHBIM JUIS PEIICHUS
MIOCTaBJICHHOH 3a/a4X (B OCTAIBHBIX cIaydasx 3ddexr xop-
pekim copasmMepeH ¢ [4]). OxHako B JaHHOM ciydae cie-
JyeT TAKXK€ YYUTBIBATh 3HAYUTENbHYIO BBIYMCIUTEIbHYIO
CIIOXXHOCTH BeHBIET-IpeoOpa3oBaHUil IO CPaBHEHUIO C
AJalITHBHBEIM PEKEKTOPHBIM (DHIIBTPOM.

BbIBOJbI

[IpeaokeH bl METO ITETEKTHPOBAHUS U KOPPEKIIHU
OMMUOKH MHOTOJYI€BOCTH MOXET 3P (PEKTHBHO HCIIONB30-
BaThCs B MPHEMHHUKAX CITyTHUKOBBIX CHT'HAJIOB HA JTalle Io-
cT00paboTKH NaHHBIX. OCHOBHBIM MPEUMYIIECTBOM TIpeIl-
JIaraeMoro IMoAXoJa sSBJSIeTCS YMEHBIICHHE BIUSHUS OLIHO-
KH MHOTOITY4EBOCTH Ha Ka4eCTBO HaBUTALIMOHHOTO pellle-
HUS B peXHUME PEallbHOTO BPEMEHH 0€3 MCIOJIb30BaHUS
CJIOXHBIX B Pealli3alyy anmapaTHbix MeToaoB 0opbobl. Kak
MOKa3BbIBAIOT JAHHBIE UCIBITAHUI MpeIaraeMoro MeToJa,
MOXHO CHHM3HTh BIIMSHHE OIMUOKH MHOTOJIy4E€BOCTH Ha II0-
IPEIIHOCTh OLEHKH MECTONMONOKEHUsI (M3HAYaIbHO TOCTHU-
raromei 10 COTHH METPOB) JO0 YPOBHS CIMHHI[ METPOB U
HIDKE (COOTBETCTBYET MONABICHHIO aMILTUTYIBI 3TOrO BHJA
HABUTAIMOHHOW OIIMOKHU Ha 2 TOpsAKA), YTO MO3BOJISIET CY-
[IECTBEHHO MOBBICHTh TOYHOCTH MMO3HI[HOHUPOBAHHUS B yC-
JIOBHSIX CJIOXHOTO penbeda.
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Horo YHiBepcutery. MiHcbK, Binopychk

KOPEKIISI IIOXUBKHA BATATOIIPOMEHEBUMM V IMOKA3AHHAX CYIIYTHUKOBUX HABITALHIMHUX CACTEM

HA OCHOBI BEMBJIET-IIEPETBOPEHHSI iX CUTHAJIIB

AKTyaabHicTb. Lle 1ocmipKeHHs cripsiMOBaHe Ha MiJBUIIEHHS TOYHOCTI CYIyTHUKOBHUX HaBIraliffHUX CHCTEM 3a paxyHOK KOPEKIIii mOMHII-
K1 06aratornpoMeHeBOCTI IIPH TOLIMPEHHI CYIyTHUKOBOTO palioCUTHATY. 3aBIaHHS 3MEHIICHHS BIUTHBY e)eKTy 0araronpoMeHeBOCTi Ha TOYHICTh
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HaBiralifHOTO pillleHHs — OJHA 3 aKTyaJlbHUX IPOOJIEM B Cy4yaCHOMY CYIyTHHKOBOMY MO3HLIOHYBAaHHI, OCKUIbKH IOXHOKA, SIKY BHOCHTb
HEepEeBIIOUTTS CYIyTHUKOBUX CUTHAIB, MOXKE JAOCATaTH JECATKIB METPIB, 110 3HAYHO YCKJIAJIHIOE 3aBJIaHHs 100YI0BH TOUYHOrO HaBiramiitHOro
PpiLlIEHHS B yMOBaX CKJIaJJHOTO pelbedy (HAIPHUKIA, B yMOBaX LIUIbHOI MiChKOI 3a0y10BH, @ TAKOX IIPY BUKOPUCTAHHI TEXHOJIOTIH CyITyTHUKOBOT
HaBiraunii B IpOEKTyBaHHI 1 Oy/lIBHUIITBI).

Meta. OCHOBHOIO METOIO € 3MEHIIEHHS IOXUOKHM, IO BHOCHTHCS IOMMIIKOIO 0araTornpoMeHeBOCTi, (MiHIMYM Ha OIUH HOPSAAOK), IO
JI03BOJIUTH 3HAYHO 30UIBIINTH TOYHICTH PIlICHHS HaBIraliifHOro 3aBJaHHS.

Metoa. Po3risgaeTbcss MeTo KOpeKLil IOMHIIKHM 6araTolpoMEHEBOCTI 3a JIOIIOMOIOK0 BEHBIIET-IIEPETBOPEHHS ITOCTYIAIOUUX AAJIbHO-
MIPHUX BHMIpIOBaHb — Pi3HOBMJ IIPOrPAMHOrO METOAY OOpOThOM 3 MOXMOKaMHU HaBIralifHOIO pillIeHHS.

Pe3ynbraTn. EQeKTHBHICTH 3aIIPOIIOHOBAHOIO METOAY HMPOAEMOHCTPOBAHO SIK Ha 3MOAEIbOBAHOMY CUTHAII, TaK i HA peaJbHHUX JAaHUX
CyIyTHUKOBOI HaBiramii. [IporpamMHa peanizalis aaropuTMy KOpeKLii 1 YMCeNIbHI eKCIIEPUMEHTH peaji3oBaHi 3ac00aMH MPOrpaMHOIO MaKeTy
MATLAB. Pe3ynbratu nokasaiy e(heKTHBHICTb 3aCTOCYBaHHS JaHOTO METOY KOPEKIIii 6araTonpoMeHOBOCTI 1 MiATBEPJUIN OUiKyBaHY TOYHICTb
BUMIpIOBaHb Micis iX 0OpoOKU 3aIPOIIOHOBAHUM CIIOCOOOM.

BucHoBku. Buxonsuu 3 pesynbrariB, OTpUMaHHX B POOOTi, MOXHA 3pOOUTH BHCHOBOK, ILJ0 BUKOPHCTAHHS IIPONOHOBAHOIO AJITOPUTMY
BEHBIIET-TIEPETBOPEHHS MIABUILYE SIKICTh BUXIIHUX JAHMX, IO BUKOPUCTOBYIOTHCS JJIi OTPUMAaHHS HaBirauiffHoOro pilleHHs, B pe3yNbTaTi
Ii{BUIILYIOYN HOTO TOYHICTb.

KuouoBi c1oBa: mobanbHi HaBiramiifHi CymyTHMKOBI CHCTeMH, 0araTornpoMeHEBICTh HaBiraliffHOrO CuUTHaIly, BEHBJIET-NEepETBOPEHHS,
TOYHE MO3HULIIOBaHHS.

Kozadaev K. V.!, Kozlova E. 1.2, Mitrakhovich I. A3, Kireyeva K. L*

'Ph.D. Head of Intelligent systems department at Radiophysics and Computer Technologies Faculty. Belarusian State University, Minsk,
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Belarus

*M. Sc, Postgraduate student of Intelligent systems department at Radiophysics and Computer Technologies Faculty. Belarusian State
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THE MULTIPATH ERRORS CORRECTION IN THE TESTIMONY OF SATELLITE NAVIGATION SYSTEMS BASED ON THEIR
SIGNALS WAVELET TRANSFORMS

Context. This research aims to improve the satellite navigation systems accuracy due to the correction of satellite signals multipath
propagation errors. The multipath effect errors reducing problem on the navigation solutions accuracy is one of the most pressing problems
in modern satellite navigation, because the error introduced by the satellite signals reflections can be up to tens of meters, which greatly
complicates the precise positioning task in difficult terrain. For example, in dense urban development conditions, with using satellite
navigation technologies in design and construction.

Objective. The main objective is to reduce multipath error signal at least one order, which will significantly increase the accuracy of the
navigation task solution.

Method. When solving the relative positioning tasks, it is often difficult, basically from a financial point of view, to provide the entire
receivers set with the same antennas using hardware methods. Including because of the effective use of funds, it was decided to consider the
software methods. In this article, is considered a method for correcting the multipath error by using the wavelet transform of incoming
navigation signals.

Results. The efficiency the proposed method is demonstrated on real satellite navigation data. Software implementation and all
experiments are made by the computer mathematics package MATLAB. The results showed the multipath correction method efficiency and
confirmed the expected accuracy after processing by the proposed technique.

Conclusions. Based on the results obtained in this paper, we can conclude that the use of wavelet transformation improves the
measurements quality used to obtain a navigation solution, thereby increasing its accuracy, regardless of terrain.

Keywords: Global navigation satellite systems, Multipath of navigation signal, Wavelet-transformation, Precise positioning.
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STUDY OF THE MULTI-INPUT LUT COMPLEXITY

Contex. The programmable logic integrated circuits FPGA (field-programmable gate array) used realization of the generator of
functions LUT (Look Up Table), which is configured by loading a configuration memory for calculating a logic function in perfect
disjunctive normal form (PDNF). The LUT dimension determines the technological limitations of Mead and Conway on the number of
series-connected MOS transistors. The standard number of LUT inputs for many years was 3 or 4, and 4-LUT is constructed from two 3-
LUTs with an additional 1-LUT. However, in many projects, it is required to calculate functions of a large number of arguments. This
requires a multi-input LUT, which is built as a decomposition of 3-LUT, 4-LUT. The speed of computing logic functions determines by the
delay in the coupling matrices, so this decomposition leads to a decrease in performance. In recent years, the direction of adaptive logical
modules (ALM) has been actively developing, in which the user has access to various versions of logical elements for five, six and even
seven, eight variables, which leads to an increase in performance. However, the manufacturer’s documentation does not provide a detailed
description of the features of such multi-input LUTs, taking into account the Meade-Conway constraints. In addition, there are no estimates
of complexity and speed of multi-input LUTs. The analysis of sources allows suggests a further increase in the LUT bit capacity and the
convergence of FPGA and CPLD (complex programmable logic devices) capabilities in terms of bit depth. Therefore, studies of the features
of constructing multi-input LUTs are relevant and the authors attempted to analyze the implementation of such prospective multi-bit logic

Objective. The purpose of this work is to estimate the complexity and speed of the decomposition of a multi-bit LUT.

Method. Obtaining expressions for estimating the complexity and speed of decomposition of a multi-bit LUT on a LUT of a lower bit
length.

Results. A comparison of the complexity and delay in the number of transistors in the decomposition of a multi-bit LUT in the
computer mathematics system Mathcad is performed.

Conclusions. The conducted researches made it possible to establish the features of constructing multi-bit LUTs and to evaluate
various variants of decomposition with further increase in the LUT dimension with the subsequent choice of the optimal ALM variant.

Keywords: logic element, FPGA, LUT, transistor, adaptive logic module, decomposition, complexity, speed.

NOMENCLATURE

ALM - adaptive logic module;

FPGA - field programmable gate array;

LAB — physically grouped set of logical resources Logic
Array Block;

LUT - the lookup table;

SRAM - static memory with random access;

LE — logical element;

RAM - random access memory;

ROM - read-only memory;

PDNF - perfect disjunctive normal form,;

k — the dimension of the basic LUT;

n — amount of elements;

X4, X3, X5, X — input variables.

INTRODUCTION

LE of programmable logic integrated circuits of FPGA
[1-3] type (field-programmable gate array) are ROM
permanent memory devices (often called LUT-Look Up
Table) implemented on a multiplexer whose data inputs are
adjusted by constants. To configure a given logical function
in RAM cells (SRAM), the corresponding truth table is
loaded. When one of the 2" paths in the transistor tree is
activated by variables, the value of the logic function is
read from the corresponding RAM cell and transmitted to
the OUT output. Variable inverters ensure the realization of
all members of a PDNF.

The optimal speed and complexity of representing typical
logic functions is the use of LUT in four variables (4-LUT).
Such LUT for the input variables x,, x5, x,, x; (setting is 16
bits) is described by the expression:

© Tyurin S. F.,, Grekov A. V., 2018
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Zoyr (X4X3%p X)) = ax4x3x2x1 vV bxax3zxax; v
V CX4X3Xy X1V dX4X3X3X) V

V ex4x3X2X1V fX4X3X2X] V EX4X3X) X1 V hX4X3XpX) V
VX4 X3X2X] V X4 X3X2X) V kX4 X3X7 X1 V IX4X3X72) V

V MX4X3X2 X1V NXgX3X2X] V OXgX3Xp X1V pXgX3x3X1. (1)

1 PROBLEM STATEMENT

Given: adaptive logic modules FPGA Stratix III in seven
variables [4, 5].

In the literature [6—8], the problems of decomposition of
multi-bit LUT are not fully covered.

It is required: to assess the complexity and speed of the
decomposition of a multi-bit LUT in order to identify features
of the construction of adaptive logic modules and the
prospects for further increasing the bit capacity.

2 REVIEW OF THE LITERATURE

Stratix IIT FPGAs have adaptive (ALM) logical blocks
that are combined into logical blocks (LAB) [4], which
implement functions of even seven variables. The
peculiarities of the implementation of such LUTs are of
interest. The fact is that due to the limitations of Meade and
Conway on the number of consecutively connected
transistors [5], the tree of transmitting transistors can not
contain more than four transistors in the chain. It is necessary
to decompose the multi-bit LUT into LUTs of lesser length,
that is, to construct a tree from the subtrees.
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FPGA Stratix III is described in a sufficient number of
sources [6—8]. The structure of such FPGAs includes the
so-called logic array blocks containing ALM, which can be
configured to implement combinational logic, including
arithmetic operations, as well as for the implementation of
automata with memory.

The ALM architecture is compatible with the architecture
of the 4-input LUTs, and one ALM can also implement any
functions up to six variables and certain functions of seven
variables. It is noted that such architecture wins on speed
and efficiency (probably, it is a question of hardware
expenses and the area of a crystal) — Fig. 1 [4].

In Fig. 1 indicates eight inputs of the adaptive LUT, which
may give the impression of the possibility of implementing
the 8-LUT. Even more confusing is the information contained
in the presentation [9], where it is indicated that for the
implementation of k-LUT, 2k bits of SRAM and a multiplexer
are also needed 24:1, but this is impossible. Different modes
of using ALM do not clarify the details (Fig. 2) [4].

Let’s consider the primary source — the documentation on
FPGA Stratix III [4], where the details of ALM are shown (Fig. 3).

Thus, it turns out that ALM is built not only on two 4-
LUTs, but there are four LUTs in 3 variables (3-LUT), that
so, from two 3-LUTs we can get one 4-LUT. Therefore, there
are only four 4-LUTs, then it becomes clear how the 6-LUT
is constructed — the two older variables e, f choose one of
the four. In Fig. 5 control signals are not indicated on a
number of multiplexers designated by trapezoids (LUT 1-6
are also multiplexers, but they are shown with control
signals, the setting is implied).

3 MATERIALS AND METHODS

Let & be the dimension of the basic LUT (k € {1, 2,3, 4} ).

For 1-LUT in principle up to »=4 there is no need for an
output inverter. More than 4 for the indicated restrictions &
at the moment is not practiced.

Let’s estimate the complexity of LUT without

decomposition (“ideal” complexity, since this can only be
up to n=4, no more):

L,=2"-8+2"1 12, (¢
where 2-8 is the number of tuning elements (six SRAM
transistors and two transistors are needed for each input of
the tuning to implement the inverter at the input of the
transistor tree); 2" — the number of inverters in n variables;
27t _ number of elements of the tree of transmitting
transistors with the output inverter.

When decomposing an n-tree with k LUT, k € {1, 2,3, 4},
n>k, n<8:

n—k

L =2"-8+Q 42k)- 2" F 122 12k Lo (3)
where 261 is the complexity of the tree k LUT; 2% is the
number of transistors in k inverters, 2% need these trees,
more LUTs for 2" inputs (which can also be decomposed)
are needed to connect the trees obtained with decomposition
of 27k trees, respectively  complexity
kAL o gn—k _pnk+2 here 27K+ s the complexity
of the tree with the output inverter, 2-2" —h Zgnhl
complexity of input inverters. The time delay in the
decomposition is estimated by the length of the maximum
path in the logical element from the input to the output. At
the same time, without decomposition — with the “ideal”

version (Figure 2) we get:
T,=n+2. @)
The path for decomposition in the transmitting
transistors is also estimated by the value n, but due to

additional inverters at the input and output in the LUT chain
(Fig. 3, 4), it will be larger:

T, =n+ 2[@} _ 5)

Adaptive
LUT

WM_ regout(0)

» combout{0)

regout(1)

1_..

» combout{1)

Figure 1 — Stratix III ALM
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Figure 2 — ALM in Normal Mode

4 EXPERIMENTS

In the process of investigation, schemes of various
variants of the multi-bit LUT (n> 4) were obtained and
modeled. An example of the synthesis of a 6-LUT of four 4-
LUTs and one 2-LUT is shown in Fig. 4.

In Fig. 4 2-LUT inputs have inverters, therefore, since
the number of inverters on the signal path is even, the
settings are recorded as usual.

5 RESULTS

We restrict ourselves to #=8, so it is assumed that the
additional LUT will fit into the required decomposition

parameters with k LUT, k € {l, 2,3, 4} . We use the computer

mathematics system Mathcad. The graphs for comparing
the complexity of the decomposition according to the
expression (3) n LUT over k are shown in Fig. 5

16

The result is expected — the larger is the building block,
the less is the cost for implementing a complex LUT for 5, 6,
7 and 8 variables. The graphs of the change (5) for n=5...8
are shown in Fig. 6.

The graphs of the change (5) for n=7...10 are shown in
Fig. 7.

6 DISCUSSION

Thus, in the adaptive logic modules of the Stratix III
FPGA there are two 4-LUTS, as indicated in the translation
articles. However, in fact there are two more LUTs in 3
variables (3-LUT), from which two additional 4-LUTSs can be
built. In total, four 4-LUTs are obtained. It is clear how 5-
LUT and 6-LUT are built from them. There is no difficulty in
obtaining of two 5-LUTs. Therefore, the setting must contain
at least 64 bits to specify any function of the six variables. It
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Figure 3 — Stratix 11l ALM Details

is advisable in the future by analyzing the ALM setup to
obtain a logical model and check on it the compliance of the
declared capabilities of ALM with the variants depicted in
the documentation.

CONCLUSIONS

Analyzed decomposition of multi-bit LUT shows, that
the most effective in terms of complexity and speed is the
use of “building blocks” 4-LUT, as it is indicated in the
available sources. It is interesting to build LUT on the basis
of so-called 3D transistors, which are already actively used
by leading firms. There is information about mitigating the
limitations of Meade and Conway in such “advanced”
technologies. In addition, it is advisable to investigate the
problem of decomposition when introducing the fault
tolerance facilities proposed in [10] into the LUT.

ACKNOWLEDGEMENTS

This research was carried out with the support of the
Department of Automation and Remote Control of the Perm

National Research Polytechnic University, and of the
Department of Mathematical Support of Computer Systems
of the Perm State National Research University. Special
thanks to the honored inventor of Ukraine, Doctor of
Technical Sciences, Professor Kharchenko Vyacheslav
Sergeyevich (National Aerospace University “Kharkiv
Aviation Institute”), and to the Doctor of Technical Sciences,
Professor Drozd Alexander Valentinovich (Odessa National
Polytechnic University).

REFERENCES

1. Kharchenko V. Green IT Engineering / V. Kharchenko,
Y. Kondratenko, J. Kacprzyk (Eds.) // Concepts, Models, Complex
Systems Architectures, Studies in Systems, Decision and Control. —
Berlin, Springer. — 2017. — Vol. 74. DOL: 10.1007/978-3-319-
44162-7.

2. Kharchenko V. Concepts of Green IT Engineering: Taxonomy,
Principles and Implementation / [Kharchenko V., Illiashenko O.]
/I Green IT Engineering: Concepts, Models, Complex Systems
Architectures, Studies in Systems, Decision and Control. —2017. —
Vol. 74. — P. 3-20. DOL: 10.1007/978-3-319-44162-7 1.

17



PAJIIOEJIEKTPOHIKA TA TEJEKOMYHIKALIT

1NT-T duo pue s T-¢ INoj Jo Sunsisuod ‘INT-9 — ¢ 2In31g

s gut 11
ol " L
s | e
| —FedEwEs s il = =
1 reiess = L
| — =i i L
| edimy T P e
T e e I
[ s LT L s
iy T L JHﬁ
e ||| ol
| redEvEs u TPEAE
2 e 5 = ) A g
5. A X X X IX

_D

2 L T LT

Biseadnasnae

—
W

18



p-ISSN 1607-3274. Panioenekrponika, iHpopmaruka, ynpasiinas. 2018. Ne 1
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2018. Ne 1

3500.0 L______i

3000

Leiky !
I b
LTk} 2000

- .
Lalk)
-vwe
LK) »

1000

""""I'

k

Figure 5 — Comparison of complexity of decomposition n LUT by &

30

3000

k

Figure 6 — Comparison of the delay LUT with decomposition for n=5...8 by k



PAJIIOEJIEKTPOHIKA TA TEJEKOMYHIKALIT

3. Kondratenko Y. P. PLC-Based Systems for Data Acquisition and International Journal of Applied Engineering Research. — 2016. —
Supervisory Control of Environment-Friendly Energy-Saving Vol. 11, No. 20. — P. 10264-10266.
Technologies / Y. P. Kondratenko, O. V. Korobko, O. V. Kozlov 8. Tyurin S. Green Logic: Models, Methods, Algorithms / S. Tyurin,
/I Green IT Engineering: Concepts, Models, Complex Systems A. Kamenskih // Green IT Engineering: Concepts, Models,
Architectures, Studies in Systems, Decision and Control. —2017. — Complex Systems Architectures, Studies in Systems, Decision
Vol. 74. — P. 247-267. DOIL: 10.1007/978-3-319-44162-7_13. and Control. — 2017. — Vol. 74. — P. 69-86. DOI: 10.1007/978-
4. Stratix III Device Handbook, Volume 1 [electronic resource], 3-319-44162-7_13.
access mode: https://www.altera.com/content/dam/altera-www/ 9. Presentation on ALTERA’S FPGA Technology [electronic
global/en_US/pdfs/literature/hb/stx3/ stratix3_ handbook.pdf resource], Access mode: http://www.authorstream.com/
5. Intel HyperFlex FPGA Architecture Overview [electronic resource], Presentation/hsrathore158-1410279-fpga
access mode: https://www.altera.com/products/fpga/stratix-series/ 10. Tyurin S. Green Logic: Green LUT FPGA Concepts, Models and
stratix-10/features.html#hyperflexarchitecture Evaluations / S. Tyurin // Green IT Engineering: Concepts, Models,
6. Understanding How the New Intel HyperFlex FPGA Architecture Complex Systems Architectures, Studies in Systems, Decision
Enables NextGeneration High-Performance Systems [electronic and Control. —2017. — Vol. 74. — P. 241-261. ISBN: 978-3-319-
resource], access mode: https:/www.altera.com/products/fpga/ 55594-2.
stratix-series/stratix 10/features.html#hyperflexarchitectur. Article was submitted 22.09.2017.
7. Tyurin S. F. The decoding of LUT FPGA configuration of the finite After revision 16.11.2017.

state machine with Quartus II / S. F. Tyurin, A. V. Grekov //

Tiopin C. @.!, I'pexos A. B.2

'3aciyxenuii BuHaxigHuK Pociiicskoi @enepartii, 1-p TexH. Hayk, npodecop, npodecop kadenpy aBTOMATHKH Ta TeneMexaHiku [lepMcbko-
I'0 HALlIOHAJILHOTO JOCIIJHULIBKOTO MONITeXHIYHOrO yHiBepcutery, Ilepm, Pocis; npodecop kadenpu MaTeMaTHYHOro 3a0€31€4eHHs] 00UUCIIIO-
BaJIbHUX cHCTeM [lepMchKOro Jepx»aBHOro HalliOHAJIBHOTO NOCITIAHHLBKOTO yHiBepcutery, Ilepm, Pocisa

’KaHJ. TeXH. HayK, JOLEHT Kad)eApH MPOrpaMHOro 3a0e3nedeHHs: 00YUCIIOBAIbLHOI TEXHIKH i aBTOMaTH30BaHUX cHCTeM [lepMCBKOTO
BilicbkOBOIO iHCTHTYTY Bilichbk HawioHanbHOI rBapaii Pocilickkoi ®enepauii, [lepm, Pocis

JOCHIXKEHHS CKJIAJHOCTI BATATOPO3PA/IHI LUT FPGA

AKTyaJbHicTb. Y IIporpaMoBaHUX JIOTYHUX iHTerpansHux cxemax FPGA (field-programmable gate array) BUKOPUCTOBY€EThCS peastizallist
rereparopa ¢yukuiii LUT (Look Up Table), sikuil HanaluToBYeThCsl LIULIXOM 3aBaHTa)KeHHs KOH]IrypauiiiHoi nam’sti Ha 0OUMCIEHHs OfHiel
JoriyHoi QyHKUIT B JOCKOHAIH 1u3’oHKTHBHINA HopMaibHiit popmi (CAH®D). Posmipuicts LUT Bu3HauatoTh TeXHONOTIUHI 0OMexeHHs Mina —
Komngeit Ha uncno nocnigosHo 3’egHanux MOII tpansucropis. CranmaptHuM uncioM BxoaiB LUT nmosri poku Oymo 3, 4, nmpuuomy 4-LUT
Oynyerbest 3 1Box 3-LUT 3 nonarkoBum 1-LUT. OznHak y 6ararbox npoekTax norpiono oduncmobatu GpyHKII BEIUKOIo YKciaa apryMenTis. s
nboro HeoOXxigHuit Gararopospsannuuit LUT, axuil Oynyerbes sk pexommnosunis 3-LUT, 4-LUT. llIBuaxonis oOuucneHHs JOriYHUX (QyHKIIH
BU3HAYAETHCS 3aTPUMKOIO B MATPHLSAX 3B’S3KIB, TOMY Taka JEKOMIO3HLis NPU3BOAUTH 10 3HIDKEHHS IBHUIKOAIL. B ocraHHI poKH akTHBHO
PO3BHBAETHCS HAPSMOK aalTUBHUX JIOTTYHUX MOzyliB (AJIM), B sIKMX KOpHCTyBaueBi JOCTYIIHI pi3Hi BapiaHTU JIOTIYHUX €JI€MEHTIB Ha I1’SITh,
LIICTH 1 HABITH Ha CiM, BiCIM 3MIHHHX, 1110 TIPU3BOAUTS 10 MiIBUIIEHHS MBH Kol OHAK, IeTaIbHUIN OIIC 0COOMMBOCTEH TAKMX Oararopo3psa-
nux LUT 3 ypaxyBanusm oOMexxeHb Mina-KoHBeid, OLIHOK CKJIaJHOCTI 1 MIBUAKOAIT B JOKYMEHTaLii BUpOOHUKIB BiICYTHS. Y TOMH e yac aHali3
JUKEpEN JI03BOJIsIE 3p00UTH BUCHOBOK TPO mojanbiie 30inpuieHHst po3psanocti LUT 1 36mmkenust moxnusocreir FPGA i CPLD (complex
programmable logic devices) B miani po3psuuocti. Tomy mocmimkenHs ocobnuBoctei modymoBu Gararopospsiaaux LUT € akryansHuMH i
aBTOpaMH 3po0neHa crpoba aHawi3y peanizamii Takoi HepCHEKTHBHOI 6araTopo3psaHOI JOTIKH.

Meta po6oTH — OLIHKA CKJIAIHOCTI 1 IIBUIKOAII IIPH AeKoMIo3uiii 6araropospsygaoro LUT.

Mertoa. OtpumaHHs BHpa3iB Ui OL[IHOK CKJIQJHOCTI 1 IBUAKOIT qekommo3uiiii 6araropospsigaoro LUT va LUT meHmioi po3psiqHOCTi.

PesyabTaTn. BukoHaHO NMOpIBHAHHA CKIAAHOCTI Ta 3aTPHMKHU B KUTBKOCTI TPaH3UCTOPIiB HpH mexommo3unii 6araropospsauoro LUT B
crcTeMi KoMIT foTepHoi Marematuku Mathcad.

Bucnosxku. IIpoBenieHi TOCTmKEHHS 103BOIMIN BCTAHOBUTH 0coOIMBOCTI M0OynoBu O6araropo3psnaux LUT i oniHtoBaT pi3Hi BapiaHTH
JIeKOMIIO3UIIIT IPH MofanbuIoMy 30inpmenHi po3mipHocTi LUT 3 moganeimM BHOGOPOM ONTHMAIBHOTO BapiaHTa ALM.

Kuarouogi cioBa: soriunnii enement, [IJIIC tunty FPGA, LUT, tpan3ucrop, afanTUBHUR JToriaHMi MOayTh ALM, TeKOMIIO3HI1is, CKJIaAHICTb,
ILIBHIKOIISL.

Tiopun C. @.!, I'pexos A. B.2

'3acmyxenHsIit n300perarens Poccniickoit Menepannu, A-p TeXH. HayK, mpodeccop, mpodeccop Kadeapsl aBTOMATHKH U TeNeMEXaHUKH
IepmMcKoro HaIMOHAIBHOTO MCCIEI0BATENBCKOTO TOMMTEXHNIECKOTO YHUBEpCHTeTa, [lepmb, Poccus; mpodeccop xadenpsr MaTeMaTHIeCcKoro
obecriedeHns] BBIYUCIUTEIBHBIX CHCTEM [lepMCKOro rocynapCcTBEHHOTO HAIMOHAIBHOTO MCCIEA0BATENBCKOTO yHUBEpcHTeTa, [lepmb, Poccus

*KaHJ. TeXH. HayK, IOLCHT Kadephl IPOrPaMMHOTO 00ECIICICHHUS BRIYMCINTEIFHON TEXHUKA M aBTOMATH3MPOBAHHBIX crucTeM [lepMckoro
BOGHHOTO MHCTHUTYTa BOMCK HAIlMOHANBHOM rBapauu Poccuiickoit ®enepannn, [lepmb, Pocenst

HUCCIIEJOBAHUE CJIOKHOCTHU MHOI'OPA3PAJHBIX LUT FPGA

AKTYaJIbHOCTB. B mporpaMMupyembIx JIorndeckux MHTerpanbHbeix cxemax FPGA (field-programmable gate array) ucrons3yercst peanu-
3anust reneparopa ¢yakuuit LUT (Look Up Table), koTopsiii HacTpamBaeTcsi myTeM 3arpy3Kd KOH(GUTYpPaMOHHOW MaMsATH HAa BBIYMCIICHHE
OIHOI1 JIoTHYeCcKOl (PYHKIIMY B COBEPIIEHHOH AU3BIOHKTHBHOW HOpManbHOH (opme (CAHD). Pazmeprocts LUT ompenemnsiror TexXHOIOTHYIEC-
kue orpanndenns Muja u Konseil Ha uncio nocnenoBarensHo coenuHeHHBIX MOII pansucropos. CrannaptHeM unciaom Bxogos LUT nonrue
ronsl 0610 3, 4, mpuuem 4-LUT crpoutes u3 nByx 3-LUT ¢ momomautensabiM 1-LUT. OgHako BO MHOTUX TpoeKTax TpeOyeTcsi BRIYUCITH
(yHkunn G6ompioro yncna aprymenToB. s atoro Heooxonum MHoropaspsianbiid LUT, xotopsiid ctpoutes kak nexomnosuiust 3-LUT, 4-LUT.
BeicTponeiicTBre BBIYHUCICHNUS JTOTHYECKUX (DYHKIMI ONpEAensieTcs 3aIep>KKOi B MAaTpHIaX CBSA3EH, O3TOMY TaKasl AEKOMITO3HLIUS IPUBOAUT K
CHIDKEHHIO OBICTpOIEHCTBYS. B mocienHue roapl akTHBHO pa3BUBAETCS HANPABICHHE aJalTHBHBIX JIOTHUecKuX Momynei (AJIM), B KOTOpBIX
TI0JTb30BATENIO JIOCTYITHBI PAa3INYHbIE BAPHAHTHI JIOTHUECKUX JIEMEHTOB Ha IISTh, IIECTh U JIa’KEe HA CEMb, BOCEMb IIEPEMEHHBIX, YTO IIPUBOAUT K
TIOBBIIIEHNUIO ObIcTpozeiicTBusA. OnHaKo, AETaNbHOE ONMMCaHUe ocoOeHHOcTel Takux MHoropaspsiaabix LUT c yuerom orpanndeHunit Mupna-
KomnBeii, OIIEHOK CII0XKHOCTH M OBICTPOJICHCTBHUS B JOKYMEHTAIIUU MIPOU3BOAMTENEI OTCYTCTBYET. B TO e BpeMs aHalIN3 HCTOYHUKOB TTO3BOJISET
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clenaTh BBIBOJ O JaibHeleM yBenuueHuu paspaaHoctd LUT u compxennn BozmoxHocteil FPGA u CPLD (complex programmable logic
devices) B rutane pa3psaHocTd. [loatomy nccnenoBanus ocobeHHOCTEH TocTpoeHust MHOropaspsaausix LUT sBisiIoTCs akTyalbHBIMHU U aBTOpa-
MM IIPEANIPUHSATA [TONBITKA aHAIN3A PEATN3alMy TaKOH IepCIEKTHBHOW MHOTOPA3PsIHOM JIOTHKH.

Lleab padoThI — OLICHKA CIOKHOCTH M OBICTPOAEHCTBHS IPH JEKOMIO3UIMU MHoropaspsitHoro LUT.

MeTtoa. IloiyyeHue BbIpa>keHUH ISl OLIEHOK CIIOKHOCTU M OBICTponeicTBus Jexomno3uimu MHoropaspsaHoro LUT na LUT menbimei

Pa3pAIHOCTH.

PeSy.]'l])TaT])I. Brimonneno CpaBHEHUE CIIOXKHOCTU U 3aJICPIKKH B KOJIMYCCTBE TPAH3UCTOPOB IIPHU ACKOMIIO3UIIUU MHOI'OPA3psiIHOIO LUT B

CHCTeME KOMIIbIOTepHOH MaremaTtuku Mathcad.

BuiBoabl. [IpoBeneHHbIE UCCIIEIOBAaHMS TTO3BOJIMIIM YCTAHOBHTH OCOOCHHOCTH NOCTpOeHHs1 MHOropa3psausix LUT u oneHuBats pasimd-
HBIC BAPHAHTHI JICKOMITO3UINH P JaibHEHeM yBeandeHnn pasmeprocti LUT ¢ nocnenyronmm BEIOOpOM onTHMaIbHOrO BapuanTa ALM.
Kuatouesrble cioBa: nornueckuii anement, [IJIVC tuna FPGA, LUT, tpan3ucrop, afanTUBHBIH Jorudeckuii Moxyns ALM, 1eKoMITO3HIS,

CIIOKHOCTB, OBICTpOZEiiCTBUE.
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'[-p mexH. Hayk, npogheccop kaghedpb! MPOMbIUWIEHHOU U 6UOMEOUYUHCKOU 3/1EKMPOHUKU HaUUOHAIIbHOZ0 MEXHUYECK020
yHusepcumema «XapbKOSCKUU nonumexHudyeckul uHcmumymsy, Xapbkos, YkpauHa

2[1-p med. Hayk, npogheccop, 3asedyrowuli omdeneHueM apmepuarnsHoU eunepmoruu Y «HayuoHanbHbIl uHcmumym mepanuu
um. J1. T. Manoli HAMHY», Xapbkos, YkpauHa

3KaHO. mexH. Hayk, doueHm kaghedpbl MPOMbIWIEHHOU U 6UOMEOUUUHCKOU 3MIEKMPOHUKU HAUUOHAaIbHO20 MEXHUYECK020
yHuUsepcumema «XapbKOSCKUU nonumexHu4yeckul uHcmumymsy, Xapbkos, YkpauHa

“KaHO. mexH. Hayk, doueHm kaghedpbl MPOMbIWIEHHOU U 6UOMEOUUUHCKOU 3MIEKMPOHUKU HAUUOHAIbHO20 MEXHUYECK020
yHusepcumema «XapbKO8CKUU nonumexHu4yeckul uHcmumymsy, Xapbkos, YkpauHa

%KaHO. mel. Hayk, Xapbkosckol mMeOuyuHcKol akademMuu rnocnedunioMHo20 obpasosaHusi, kaghedpbl meparnuu, Heghporoauu u
cemeliHoU mMeduyuHbl, Xapbkos, YKpauHa

WHO®OPMATUBHBLIE NMAPAMETPbl AUHAMWYECKON
HECTALUMOHAPHOCTU KAPOAUOCUIHAIIOB

AkTyajlbHOCTb. COBpeMeHHas dyeKTpokapauorpadus, HECMOTPS. HAa KaueCTBEHHOE YJIy4YlIEHHE B alNapaTHOM 00ECHE4YeHUH U
BO3MOXKHOCTH 00pa0OTKHU JAHHBIX, HA CETOAHSLIHUM JEHb IPAKTHUECKU MCUepIIaja pecypce MolydeHH s AONOIHUTEIbHOH JHarH0CTHYeCKOM
uHdopmanuu. B cTaTbe clieaHa MONBITKA CO3JaHHs HOBOTO MeToja 00pabOTKM 3JIEeKTPOKapIAHOrpaMM Ha OCHOBE MCIIOIb30BAHHS MOJEIU
OKI'-curHana, KOTOpasi yUUTbIBA€T MbE303IeKTpHUecKuil 3(heKT B HEKOTOPBIX OUOTOrMYECKUX TKAHAX U KIETOUYHBIX COEIHHEHUSX (KPOBb,
CTEHKH COCYJIOB).

HLean padoTel. BeposaTHocTHOE 000CHOBAHUE BO3MOXKHOCTH (POPMUPOBAHMS IPUHLUINAIBHO HOBBIX MHYOPMATHBHBIX JIHArHOCTUUECKUX
MPU3HAKOB, UCIIONB3YIOMHUX YaCTOTHO-BPEMEHHYIO KOPPENALUI0 MEXAY ABYMs BeiiBier-cnexkrtpamu OKI-curnana u ero JuHeiHOro
npeoOpa3oBaHusl.

MeTtoa. B xauecTBe SKCIIEpUMEHTAILHON MOJENU MCIOIb3YeTCs aJIUTUBHAs MOJENb IIOTEHIHala CepJeYHON MBIIIbI (HABEJEHHOTO
3IEKTPUYECKOTO MOJIsS) U IbE30EKTPUUECKOrO MOTEHINAIA CHCTEMbI «KPOBb-COCY/IbI», BBI3BAHHOIO COKpallleHHeM MUoKapaa. J1ist BelieaeHus
BIMSIHMS BBI3BAHHOIO IOTEHIMala B paboTe MpemsIoKeH MeToj jauHeiiHoro npeodpaszoBanus ODKI-curnana, obnanalomuii BeICOKON
YyBCTBUTEIBHOCTBIO K JIOKAJIbHOI CIIEKTPaibHOM HeCTallMOHAPHOCTH. [lJIsl pealin3aliiy TOro MeToja HCII0Ib30BaHO BeiiBIIeT-IpeoOpa3oBanme
U IIPEUIOXKEH KOIMYECTBEHHbIH TT0Ka3aTeNb ClIeKTpanbHoi HectanronapHocti OKI '-curnana — koadGuiueHT HOpMUPOBAHHOH MEXKCIIEKTPaIbHOM
xoppemsinun (KHMK). PaspaGoranHbiii MaTeMaTHuecKuii anmnapar B paboTe MCIOIb30BaH [l aHAIU3a JBYX IEKTPOKapauorpaduyecKux
CHUTHAJIOB, YCJIOBHON HOPMBI U C IIOCIIEICTBUEM MH(APKTa MUOKApP/A.

Pesyabratel. B pesynsrare paccuntanubsix KHMK nokasana BO3MOXHOCTb KOJIMYECTBEHHOIO Pa3nyusl 3THX COCTOSIHUI € JOCTATOUHO
BBICOKOH CTaTUCTHUYECKOH J1OCTOBEPHOCTHIO. Ba3oBBIM pe3ynbraToM paboThl SBISETCS BEPOATHOCTHOE 00OCHOBAHME BO3MOXKHOCTHU
(hopMHpOBaHUS IPUHIIMITHATILHO HOBBIX HH(OPMATUBHBIX JUATHOCTUYECKHUX PU3HAKOB, HCIOIb3YIOIUX YaCTOTHO-BPEMEHHYIO KOPPEIALIHIO
MeXIy IByMs BeliBier-criektpamu OKI'-curHama u ero JuHeHHOro nmpeoOpa3oBaHUs. BeIcokas 4yBCTBHTEIPHOCTh U MHGOPMAILHOHHAS
3HaYUMOCTb KOPPEIAIUOHHBIX JHArHOCTHYECKUX IPU3HAKOB MOATBEPKICHBI IPUMEpaMH JUCKPHMHUHALNHN ITapaMETPHYECKH HEOIHOPOIHBIX
OKT -curHanos.

BriBoabl. TeopeTHuecku U SKCHEPUMEHTANbHO IIOATBEPKIEHA CIEKTPalbHAs HECTAIMOHAPHOCTh KapJUOCHTHANA; IIOIydYeHa
(yHKIOHAIIbHAS CBSI3aTh CIIEKTPaIbHOK HecTannoHapHocTH DKI -cruraana ¢ 3¢ gexraMu KBaHTOBAHHOCTH CKOPOCTH €TI0 H3MEHEHHST; pa3paboTaH
METOJl ITapaMETPHUUECKOro ONpeieIeHUs K03 GHUIIeHTa MEXCIIEKTPaIbHON KOPPEIANUH, IT03BOJIIOIII KONHYECTBEHHO OIUCATh TUHAMUKY
JIOKAJIbHO-CIIEKTPAIbHBIX M3MEHEHUH KapAHMOCHTHANA JULL 3a/1ad aBTOMATUYECKOTO SKCIIPECC KOHTPOJIA M AUATHOCTUKU KapIHOCOCTOSHHI H
IpOBEJEHA ero anpodalisL.

KnroueBble cJ0Ba: KBAaHTOBAaHHOCTh CKOPOCTH KapJHOCHTHAla, CIIEKTpalbHAs HECTAIMOHAPHOCTH, BEHBIET-IpeoOpa3oBaHue,
npeoOpa3oBaHKe KapAUOCUTHANA, KOPPEIIUS BeiBIET-CIIeKTPOB.

HOMEHKIJIATYPA v(a,b) — pe3ynbTaT BeWBIIET-NPeOOpa30BaHUs CUTHAJA

E(t) — anexTpodu3n0NOrHIecKiii CUTHAI, COOTBETCTBY- &(0);

}OH.II/Iﬁ AKTHBHOCTH MHOKApJa 3a BpeMs Ha6J’IIOZ[eHI/I}I; RVU — HOPMHPOBAHHBIM COBMECTHBIM MOMCHT BTOPOI'O

e(t) — HaBeJleHHBIH CyMMapHBIi Mbe30NOTEHLMAN KJI€-  mopsjka coydaiiueix BenuuuH V(a,b) u v(a,b);
TOYHBIX CTPYKTYP CHCTEMBI «KPOBB-COCYIBI», MCHSIOLIMN-
csl CKaukooOpasHo;

A — HHTEHCHUBHOCTH IIOTOKA NMCKPETHBIX M3MeHeHmii ~ POBAHHBIC IO IBYM COCTOAHHAM S| — Hopma (oTCyrcTBHE

X1;n X2, — oi6opkn KT -curnanos U, ; rpynmu-

mpomuecca e(t); cepzieyHOM natonorun) U S, — uH}apPKT;
U(t) — OKI'-curnai; dX1; n dX2 ; — MaccuBbl npousBoanbix IKT'-curna-
S(w) — crmekTpasgbHas MIOTHOCTH CHUTHANA, 108 dU; ;

T — uHTepBaJ BpeMeHU HaOmonenus curnana U(f);

. BBEJEHUE
&(t) — muneiinoe npeobpaszoBanue curnana U(r);
v(a,b) — pesynsTaT BeHBIET-NPEOGPA3OBAKs CHTHATA Bonupocm COBEPUIEHCTBOBAHHS IfH(bOpMaL[I/IOHHLIX Tex-
UGi); HOJIOTHH 3JIEKTPOKApIHOrpaduueCKOl JMArHOCTUKU BPSIL JIU
b

6yI[yT CHATHI C IOBECTKHU IHA, 0COOEHHO JUIA 3a1a4 HCWHBA-
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3UBHOH 3JIEKTPOPU3NOIOTHH. Takue TEXHOIOTHH XOPOIIO
JIOTIOJTHSTIOT BpadeOHYIO JIOTUKY OIMHMCAaHHs M3MEHEHHWH MpH
TpaJUIIMOHHOM KOHTYPHOM aHAaIn3€ 3JEKTPOKapAHOTrpaMMm
(OKT'), obecrieunBasi MOIyYeHHE JOMOIHUTEIEHON, XOTS H
9KOHOMHYECKH 3aTPaTHOM, THATHOCTHYECKON MH(OPMAIIHH.
Takast JOMONHUTENBHAST HHPOPMALIUS XapaKTepHa IS dJIeK-
Tpokapauorpadun 3-ro U 4-ro MOKONECHUH, 0a3UPYIOIIUXCS
Ha WCIIOJIb30BAaHUHU MPOrPaMMHOTO 00ECIeueHUs] CHCTEM
OKTI" Bbicokoro pasperenus [1], criekrpanbHO-BpEMEHHOTO
[2], mOBEepXHOCTHOrO M UCIIEPCHOHHOIO KapTUpoBaHus [4],
JWIONEHOH 3MeKTpokapauoronorpadun [4], aHanmmsa auc-
HEepPCUH aMILIMTYIHBIX M BPEMEHHBIX XapakrepucTuk P-QRS-
T (amanmu3 «beat-to-beat») [5] u T.n. B ocHOBe Bcex coBpe-
MEHHBIX TEXHOIOTHH Kapauorpaguueckoro oocieqoBaHus
nexat Onodusnyecku 00OCHOBaHHBIE MHOTO(MAKTOPHBIE
MOJIENIM MaTEMaTUYECKOTO OMUCAaHMS KapIuOMOTHYeCKUX
IIPOLIECCOB.

['maBHBIA HEITOCTaTOK TAaKUX HH(OPMAaIMOHHBIX TEXHO-
JIOTUA — OTCYTCTBHE MPEAINOCHIIOK MX IOCIEAYIOLIET0 pas-
BUTHSI U COBEPIICHCTBOBAHHS Ha 0a3e NMPHHIUIUAILHO HO-
BBIX BEPOATHOCTHO-CTaTHCTUYECKHUX IOAXOJOB IO BBIJEINE-
HUIO CKpBITOM mHpopMmanmu. Takas uHpopMamus comep-
JKHUTCS B JJHMHAMHUKE JIOKAJBHBIX 3JIEKTPOIMOTCHINABHBIX Te-
PEXOOHBIX MPOLECCOB, 3aBUCSIINX HE TOIBKO OT COCTOSHHUS
CEePIETHO-COCYINUCTON CHCTEMBI, HO M OT JeKTpodu3ngec-
KHX CBOWCTB HEKOTOPBIX TKaHEW opraHu3ma (KpoBb, CTEHKH
cocynoB). Takast ckpbiTass HHQOpMAIIHS MOXET MO3BOJIHTH
KOJIMYECTBEHHO BBIACIUTH NapaMeTpbl JUHAMHUYECKOTO pac-
COIIAaCOBAHMS B «CHUCTEME YIPABICHHUN» IEKTPUUECKOI
AaKTHUBHOCTBIO cepAlia. JDTO PaccoracoBaHUE, Uil CYIECTBY-
OIHUX WH(GOPMAIIMOHHBIX 3JEKTPOKAPIHOTPAPHISCKHX TEX-
HOJIOTWH, CTaTUCTUYECKH HE 3HAYMMO, IOCKOJBKY SIBIISETCS
CITy4aiiHBIM (paKTOPHBIM BO3MYIICHHEM, HecIydailHas au-
HaMHKa KOTOPOTO CKPBHITa B €r0 OCTATOYHOW JHCIEPCHU.

[enp paboThl — BEpOSATHOCTHOE OOOCHOBAHUE BO3MOXK-
HOCTH (h)OPMHPOBAHMS NPHHIMINAIBHO HOBBIX MH(POPMATHB-
HBIX JUAarHOCTHYECKUX NPU3HAKOB, HCIOMB3YIOIIUX YacTOT-
HO-BPEMEHHYIO KOPPEISIHIO MEXKIY ABYMs BEHBIET-CIIEKT-
pamu OKT'-curHaia M ero JMHEHHOro npeoOpa3oBaHM.

1 IIOCTAHOBKA 3AJTAYN

[Tycts MBI MMeeM BBIOOPKH AMCKpeTH3upoBaHHbIX DKI -
curnanos U j TPYNIHMPOBAHHEBIC MO K COCTOSAHHAM, IIe

i=1,2,., K — Homep cocrosuus; i=1,2,..., N — HOMED

curnana B Maccuse. Kaxapiii curnan U j Moxer OBITh NIPE/I-
,

CTAaBJICH aJJUTHBHON MOJEIBI0 MBIIICYHON aKTHBHOCTH
Mmuokapaa E(f) u HaBeIEHHOro CyMMapHOIO NbE30NOTEH-
muana e(t) KICTOYHBIX CTPYKTYpP, MEHSIOIIUNACI CKAIKO00-
Pa3HO C MHTEHCHBHOCTBIO MOTOKA CKAa4yKoB ). CormacHo mpex-
JIOKCHHOI MOJICNIH U3BECTHO, YTO BBIOOPKH CHUTHAIIOB I10
COCTOSIHHSAM K OTJIMYArOTCS WHTCHCHBHOCTBIO MOTOKOB ).
Torna 3amaya paGoThI 3aKIIIOYAETCS B MOMCKEe WHQOpMa-
THBHBIX ITAPAMETPOB [UIsl JOCTOBEPHOH KiIacCH()UKAMU CO-

crosiHust Kapanocuraana U ;, Ha OCHOBE KOPPENSAIHOHHO-

A
CIEKTPATbHBIX (QYHKIHH.

2 JIATEPATYPHbBIN OB30P

B xmaccuueckom mpeacraBnenun ODKI'-curnan sisnser
€000l pa3HOCTh MEKTPHIECKHX MOTEHLIHAJIOB, H3MEPEHHBIX

Ha IOBEPXHOCTU TeNa U SBISIOIIUXCS CIEICTBUEM MBIIIEU-
HOH akTMBHOCTU MMOKapza. Ilpu stom cepaue paccmarpu-

BAETCS KAaK MCTOYHHUK dIIeKTprueckoro monst E(¢), HaBoms-

IIEro BIEKTPUYECKHiM TOK i(f), KOTOPBIH TpOTEKaeT uepes
[OCIEN0BATEIbHOCTh 3JIEKTPUUECKUX CONPOTUBIECHUHN

R,4,Rp,R p (OTHENBl TPYIHOH KIIETKH, KOHEYHOCTH)

(cm. puc. 1) [6]. OKT-curnan U(f) KOHTaKTHO CHUMAETCS C
JIBYX TOUEK MOBEPXHOCTH Tella, M MPEJCTaBIIeT COO0H pa3-
HOCTb TOTEHIIMANOB P4 U Qg . B HOpme OKI -curnan spmser-

Cs1 KBa3UCTAlLlMOHAPHBIM U UMEET CTPOr0 ONpPEAEIEHHYIO
(opMy, YCIOBHO pa3/ielIeHHYI0 Ha MHTEPBAIBI, IO COOTBET-
CTBHIO OIpPEAECNICHHBIM (DYHKIIMOHANBHBIM 3TaraM padoTsl
cepaua.

B psine paboT npencTaBiIeHB! TEOPETHIECKIE U 3KCIICPH-
MEHTAIBHEIE JOKA3aTelbCTBA MbE303IeKTPHIEcKoro 3 gex-
Ta MaKpOOHOJIOTMYIECKHX CTPYKTYp [7, 8], B ToM umcie u
CTPYKTYp, BXOAAIIMX B I'MJIPABIMYECKYIO CUCTEMY KPOBO-
obpamenns. Tak kak, B KauecTBe T€HEPaTOpa MEXaHMUEeC-
KOI Harpy3Ku B TaKOil CUCTEME BBICTYNAET CEPALE, a B Kade-
CTBe 00BEKTa BO3ICHCTBHS — KIICTOUHEBIE CTPYKTYPHI CHCTE-
Mbl «KPOBb-COCYIbl», TO HABEJCHHBIH CyMMapHBIH IbE30-
noreHnuan e(?) TeopeTHdeckn HeceT HHpOpMAImio o GyH-
KI[MOHAJIBHOM COCTOSHHH BCEH CHCTEMBI KPOBOOOPAIICHUS.
B pab6ote [9] sKcriepuMEHTATBHO JTOKa3aHO CYIIECTBOBAHHE
TAaKOro MOTEHLMANa U MOKa3aHO, YTO OHU UMEIOT JAUCKPET-
HBIH (KBAaHTOBBII) XapakTep ¥ MaJible 3HAYECHHS] aMILTATYIbI
(mopsimka MKB). DkBHBaNeHTHAS JIeKTpUUecKas cxema (op-
muposanusi DKI'-curnana (puc. 1) ¢ yderoM 3TOro mpe3o-
MOTeHNMaNa OyleT UMeTh BHJ, NPECTABICHHEIN Ha pHC. 2.

Ry
®4
E(2)
Ryp
i(t)
B

Rp

Pucynok 1 — DkBUBalleHTHAS 3JIEKTpHUYECKas cxeMa (OPMHUPOBAHHUS
OKTI -curnana

R
t Y
e() .

E)
Rys

i(t)

s X7

Rp
Pucynok 2 — DKBUBaJICHTHAS 3JIEKTpHUYECKas cxeMa ()OpMHUPOBAHUSA
OKT'-curnana ¢ y4eToM Ibe30M0TeHIHaIa
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PAJIIOEJIEKTPOHIKA TA TEJEKOMYHIKALIT

IMpu 3Tom DKI'-curHAT MOXKET OBITH IIPE/ICTABIEH B BHAIE
aJJUTUBHOH MOJEIH

U@) = E@)+e(), M

e E(t) — »1nexTpodu3HOIOrHIeCcKiil CUTHAI, COOTBETCTBY-

0L aKTUBHOCTH MHOKap/a 3a Bpemsi HaOmoneHust; e(t) —
HaBEJCHHBIH CYMMapHBIH MbE30MOTEHIHAT KIETOYHBIX
CTPYKTYP CHCTEMBI «KPOBb-COCY/b», MEHSIOIIUICS CKad-
K00oOpa3Ho.

3 MATEPUAJIBI 1 METO/IbI

AmurusHas mozens (1), kak ciydaiiustii nponece U () ,
HECTaIllHOHAPHOCTH KOTOPOTO, OMpeENeNsieT CKauKoOOpa3HbIi
npouece e(t), MOKHO PacCMaTpUBATh, KAK CITyUalHbINA Te-

nerpa¢usrit curaan [10]. Takoit curHan ¢opmupyercs Ha
OCHOBE CTALIMOHAPHOI'O IIyaCCOHOBCKOI'O IIOTOKA C MHTEH-
CUBHOCTBIO ), YHOPSAJAOYEHHBIX BPEMEHHBIX TOYEK

(t;,k=0,1,2,..n). Bynem cuntars, ut0 e(f)=m, ecnu
n — derHoe, u e(t)=—-m, ecium n — HEYETHOE,
m =0,5(emax ~ €min )-

Ecnu Hagano orcyera — JeTepMuHHpoBaHo (e(fy) = m),
9TO MOXKET OBITh 0OECIEYEHO BHIOOPOM JICTEPMHHUPOBAH-
Horo yuactka E(t), Hanpumep Hagano QRS-komruiekca, To

MaTeMaTHIeCcKoe OKHIaHue mporecca e(t) spisercs QyH-
KLUEH BpeMeHU ¢

Mle(t)]=m- e M,

OTO yKa3bIBa€T Ha AlPUOPHYIO HECTALIMOHAPHOCTH IIPO-
necca e(?) Ha KOHEYHOM HMHTepBayie 7 BpeMeHH Habiroze-
HYs KapIHOCUTHajla, a CIEN0BATEIbHO, M BCEH aJUTHBHON

mozmemu U (2).
CriektpasbHast TIoTHOCTh e(t) wmeeT BuL [11]
2o

m
Se(0)=— ———.
(©) T 432 + 2 @

Cuwurast mponeccsl, E(f) u e(t) He3aBHCHMBIMH, YTO

COOTBETCTBYET YCIOBUIO MX aaauTHBHOCTH, cuekrp U (¢)
ONPENIETNM, KaK CyMMY CIIEKTPOB COCTABJISIOUIMX MPOLIEC-

coB E(t) u e(t)

Sy (@) =S5 (0)+ S, (0).
CryqaliHbI TIEpUOJNYECKUN HECTAIMOHAPHBIN MPOLIECC

U (t) 1momKeH MMETh CIIEKTP ¢ M3MEHSFOIIENCS MOIIHOCTBIO
rapMOHHK B Tpefeax WHTepBaja I BpeMeHH ero Habmrone-
HHsI. ITO OOYCJIOBJIICHO CIy4ailHOCTBIO MYaCCOHOBCKOTO

IIOTOKa BPEMCHHBIX TOYCK {Ik }{l U HCCTAIMOHAPHOCTBIO

cilydaiiHoro mpoiecca e() mo MareMarduyecKoMy OXKHia-

auo M [e(t)]. DTo IPUBOIHT, B CBOIO OYepelb, U K H3MEHE-

HHUIO CPeJHEeH MOIIHOCTH TapMOHHK JUIS Pa3HBIX MOMEHTOB
BpeMeHH BHyTpu uHTepBana 7. Eciu paccmarpuBarh criekrp

nporecca U (¢), T.e. CIEKTp BCEro KapaMOCHIHada B 4aCcTOT-

24

HO-BPEMEHHOH TIOCKOCTH [a, b] ero BelBier-mpeodpas3o-
BaHusA (¢ — Macmrad, b — BpeMeHHO# cuBur [12]) To mMeer
CMBICIT PacCMaTpUBaTh ITOT CIIEKTP KaK pealln3aIfio JIBY-
MepHOH (3aBHCSIIEH OT @ U b) ciiydaliHOW BenmduHbl. WH-
(dbopManuio 0 HecllydalHBIX MapaMmeTpax KapAWOCHTHAIa
OyIyT HECTH HE TONBKO CpeIHHe 3HAYeHUS (110 @ WK b) CIieK-
Tpa, HO U OTKJIOHEHUsI OT HErO OTHENbHBIX TapMOHUK. J[is
noy4eHus] HHQOpMaHu HYKHO MOABEPTHYTH IPOIECC
U(r)
&(t) = L[u(?)], xoropoe, He MEHSISI BEPOSITHOCTHOH MOJIEIH

06e3MHEPIIUOHHOMY npeobpa3oBaHUIO

ucxonuoro mpouecca U (%), BHECET YaCTOTHO-BPEMEHHBIE
W3MEHEHUsI B YHUCIIOBBIE XapaKTEPUCTUKHU (Hapumep, B cpell-

Hee W JIACIIEPCHI0) TapMOHHK criektpa L(a,b) mpeobpaso-
BaHHOro mnporecca. VHpopManuio o CBOMCTBAX CIEKTpalib-

HOI HecraruoHapHocTH mponecca U (f) MOXKHO MOTy4UTH
HCCIemys, HalpuMep, (yHKIUIO KOTePEHTHOCTH B3aHMOCBS-

3annsix mponeccoB U () u &(¢). Takas QpyHKUHMS HCIONDb-
3yeTcs JJIs1 KOJIMYECTBEHHOTO ONMMCAHUS CTOXaCTHYECKHUX
CBsI3EH MEPHONUYESCKH HECTAMOHAPHBIX CIy4alHBIX IPO-
neccoB [13], mo3Boisis BEISBIATH B3aUMOKOPPEISAIIMOHHBIE
¥ B3aMMOCIIEKTPAJIbHBIC OTIMYHUS TaKHX MpoleccoB. Yare
Bcero ()YHKIHUSI KOTEPEHTHOCTH KOHKPETU3UPYETCS JUISl aM-
IUTHTYTHO- U (Ha30MONYIHPOBaHHBIX CUTHAJIOB, MIPH HJCH-
TUQHUKAIMN ¥ JIOKAJIM3alUH HCTOYHHKOB MX HCKaXKCHHS.

ITo orHotenuto k cnekrpam V(a,b) u v(a,b) curnana
U () u ero mpeobpazoBanus &(¢), QYHKIHA KOTepEHTHOC-
TH MOXeT OBITH TpaHCc(hopMHupoBaHA B Koddurment Hop-

MHUPOBaHHOM MEKCIIEKTpaJbHON KOppesluyu (Kak aHaiora
(yHKIMH aBTOKOTepeHTHOCTH [14]):

M :/(a,b)-u(c;,b)

1 1

° 2|2 S 2
M| v(a,b)? | M| v(a,b)

PakTuyeckn, R,,, — 3T0O HOpPMUPOBAHHBIH COBMECTHBII

MOMEHT BTOPOIO MOpsAKa COydyaiHbIX BeauuuH V(a,b) u
v(a,b).
Ecnu B kauecTBe nporiecca E(¢) paccMarpuBaTh CKOPOCTh

Vy (t), To xoppemsimust R,,, MEXIy CyMMapHOH MOIIHOC-

TBIO JBYX TrapMoHuKk mpouecca U(f) Ha uacrorax

o1, 0 (0 > 0r)
V=S8.(01)+ S (02)+Sp(o))+Sp(wy)-v=_S
U MOIIHOCTBIO V TapMOHHK CIeKTpa mpouecca Vp (1)

2 2 2 2
V=] S, (0))+®7 S, (0)+ 0] -Sp(w))+0;-Sp(0,),
OyleT ONpeneIsThCs YUCIOBLIMU XapaKTEPUCTUKAMU IBYX

CIoy4aliHBIX rapMOHMK crektpa V(d,b) mexommoro mpomec-
ca. K TakuM XapaKTEpUCTHKAM CJIEyeT OTHECTH JUCTICPCHIO

Glz u G% TapMOHHUK Ha 9aCTOTax 1, U Iy, a TAKIKC HOPMHU-

pPOBaHHBIH KOXPPHUIKMEHT R UX MApHOH KOPPEISAIHH.
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Ecnu BBecTH 0003HAYECHMS

o]
Yo = 5
o]
G2
Yo =— >
S|

TO TIpaBast YacTb ypaBHEHH: (3) IpHMET BUJ

2.2 2
R I+yave +A+v5) R-vs @

e 2 y 4 2 2
(1 + Yo + 2RYG) z. (1 + YoVo + 2RY@Y0)

OTHOIIERHE vy C YY4ETOM MaTeMaTUIeCKOH momenu (2)
CIeKTPaNbHON IIOTHOCTH S,(0) U aCCUMITOTHYECKOM

CTpEMJICHUH JHCIepcuit 512 " c% K HYJIIO, IPUMET BUJ

_| @ rep
02 +03 | ©)

(e

VpaBHenus (4) v (5) MoKa3bIBaIoT, 4TO KO3GunUeHT R,,,
MEKCITEKTPAITBHON KOPPEIIIAN 3aBHCUT TOJIBKO OT BEPOSIT-
HOCTHBIX CBOWCTB criektpa V(a,b) HecrammoHapHOro mpo-
necca e(t). Crnekrp Sg(®) He yuacTtByer B (opMHpOBa-
Huu kodpduuuenta R,,,. Ilo cyru, sHepreruuecku Gonee
cabblif KBAHTOBaHHBIN Tporiece e(?) 3amaeT MOIeNb CIieK-

TpaJbHON HECTAalMOHAPHOCTH BCEro KapauocurHama. Mc-
MoJB3Yys BeIpaxkeHus (4) u (5), MOXKHO BBIJIETUTH CIEAYIO-
IIMe BaKHBIE CBOKCTBA Koodduuuenta R,,), kak uapopma-
THUBHOT'O MapameTpa 00 SHEPreTHYECKUX OCOOCHHOCTSX CIIEeK-

Tpa MEePHOIUYECKH HECTAllMOHAPHOTO KapIHOCHTHAJIA.
1. IIpu cnexTpaibHON CTAaIMOHAPHOCTH Mporecca e(t)
U OTCYTCTBHH CTOXAaCTHYECKOH CBS3M MEXIY rapMOHHKAMH
cniextpa S, (o) (pn |R| = 1]), napamerp R,,, = 1.(CBsi3b Mesk-
Iy TApMOHHMKaMH — JIeTepMUHHUPOBaHa, (yHKIHOHAIBHAS).
2. CnekTpanpHasi HECTAIIMOHAPHOCTH Tpolecca e(t) B
YaCTOTHO-BPEMEHHOW IUIOCKOCTH [@, b] NPUBOOMT K Clemy-
IOIEH MOJENU YIpABIEHUsA 3HAKOM mapamerpa R, :

{RVU 20,ecmu—py < R<1;

R,, <0,ecmu—1< R <—py,

| |_ 1"""/33'737

A7)y ©

e

MpUYEM Bcerza |p0 < 1| .

3. OrpunarensHbie 3HaueHUE (R < () ko3 duiueHTa
MapHON KOppessinuu (MEXKIy COCCIHHMH I'apMOHHUKAMHU
CIIEKTpa KBaHTOBAHHOTO mpouecca e(f)) CBHICTEIbCTBYET
0 IepepacrnpeeieHHd MOLIHOCTH MEXKIY STHMH apMOHH-
kamu. Eciu sxe R > (), TO HIMEET MECTO MHIKEKI[HS JOIOIHHU-
TENIBHON DHEPTUH B OHOIIEKTPHYCCKYIO CHCTEMY yIpaBiie-

HHUS KapauomponeccoM. [loporosoe 3HaueHHe HH(pOpMa-

THUBHOI'O mapameTpa R\(/g), COOTBCTCTBYHOIIIECC YCIOBUIO

R > 0, OIIMCBIBACTCS BBIPAKCHUEM
1476 Yo
1 1/
2 4 2
(1+YG)A(1+Y0) 'YG)A

0
RY) = (7)

C yueroMm (7), mepexox OT dTama HepepacrpeeeHus
MOTY4YEeHHOH SHEPTHH MEXJy TapMOHHKAaMH K 3Taly HH-
XKEKIMH HOBOI MOPIMH HEPTUH omperensercs (1o mH)op-

MaTHBHOMY HapaMmerpy R,,, ) ycioBuem:

Ry, = R, ®)

VU —
4. VIHTeHCUBHOCTB ), IIOTOKA AUCKPETHBIX M3MEHEHHH IIPO-
tecca e(f) BIIMSICT Ha OTHOLICHHE Y s (CIICLyeT U3 BBIPKCHIL

(5)). YBenuueHne HPHBOMNUT K YBEIUUCHHIO Y, @ CIEIOBA-
TEIIBHO, U K YBEJIMUYECHUIO MTApaMeTpOB |p0| , (ypaBHEHHE (6)) 1
rapameTpa R\(,?)) (ypaBuenwue (7). B atom cirydae, yBermmduBa-
eTcsl BEPOATHOCTh CoOBITHS, Korda R,,, = 0, a BeposATHOCTH

CoOBITHS POTUBOMONOKHOTO ( R,,, <0 ) — cHmxaerca. CHu-

KACTCSL U BEPOSITHOCTH BBINIOJTHCHUS HECPABCHCTBA R<0 , 4TO

YKa3bIBaCT Ha YMCHBIICHUC MHTCHCUBHOCTU IICPECPACIPEICTICHUS
MOIITHOCTH MEXAY COCCAHUMHU I'apMOHUKAMMU.

4 OKCIIEPUMEHTbBI

Jnst mpoBeneHus uccieoBalus ObUTH KCrmonb3oBanbl 100
OKT'-curHanoB, U3 KOTOPBIX OBUTH ChOPMHUPOBAHEI BEIOOPKH

X1;u X2; onqunakoBoro obbeMa N =50 IO JBYM COCTOSIHU-
AaM S| — HOopMa (OTCYTCTBHE CEpIEYHOI IIaTONOrHu) U Sy —

undapkr. Kaxapiii OKI-curnan npeacTapisii coO00i BEKTOP
3nadenuil yposHs U ;, KOTOPbIE CIIE/IOBAIA C JIMCKPETHOCTBIO

1000 orcueros 3a munyry, rae i = (0,1...n;) — Homep orcue-
Ta,a 1 ; — JUIMHA j-TO OKI -curnana.
Kaxip1ii 31eMeHT BBIOOPOK OBLIT MOABEPTHYT JTHHEHHO-

My Ipeo0pa3oBaHUI0 — JUCKPETHOMY auddepeHupopa-

auio dU; = 60(U; —Ul-,lj)/IOOO, B pe3ylibTare KOTopo-

ro Obun copmupoBansl aBa maccusa dX1; u dX2 ;.

Bei6opku cxopHble Kapauocursano X1;, X2 u mac-
cHUBBI 110CTIE Iponeypsl auddepenunposanus dX1; n dX2 ;
OBLIM MOJIBEPTHYTHI BEHUBIIET-NIPEOOpPa30BAHNIO HA OCHOBE

rayCCOBCKOTO BEHBIIETa BBICOKOTO MOpsiaka. MaciitaObl Beii-
BJICT-TIPEOOPa30BaHUs BHIOUPATHCH M3 YCIIOBUS KOHEYHOCTH

HHTEpBaNa KOpPeJIsiUH s OLeHOK kod(duimenta R, , 3a-

yu>
JIaBaeMOr0 BEPOSITHOCTHOH Mozeibio (6). O6pasusr IKI -cur-
HaoB U(f), TOCTPOEHHbIE Ha OCHOBaHMH faHHbIX X1/, X2
U X BEUBIIET-CIEKTPHI MPECTaBICHBI Ha PHC. 3.

Belipnersr MaccuBoB ucxogubix DKC-curnanos v(a,b)

U PE3yAbTaTOB MX JIMHEHHOro mpeobpasoBanus L(a,b)

OBLIM UCTIONB30BAHBI IS ONPEICIICHHS KO PUIIMEHTA MEK-
CHEKTpaJIbHON Koppensuu (3).
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5 PE3YJIBTATBI

B pe3synberate mpoBefeHOH cepHH SKCIEPHIMEHTOB OBLIN
MONYYeHBI 3HAYECHUS K03 ((UIHEHTOB MEXCHEKTPaIbHON
Kopemtanuu R,,, JUI KaxAoH mapel BEIOOPOK U 3aBHCH-
Mocts KMK B ¢ynkimm cosura. Ha pucyrke 4 npencrasire-
HBI TIPOM3BOAHAsT Kapauorpammsl Vp; (t) n ¢yHKIpOHAIE-

Hasi MHOpMaLMOHHAs Monelb R,,, =F (b | a[0,2;80]) IS

JIBYX COCTOSIHUH.
AHami3 puCYHKOB 3 ¥ 4 IOKAa3BIBACT, YTO HH()OPMAIIOH-
Hasg Moenb R,,, ABISETCS OOHOMEPHOH (PyHKLIHEH TOIBKO

BpeMeHH HaOMOIeHus1 KapauocurHana (cisura b), a BeifBier-
koo dunmenter W (a,b) — neymepHON (yHKIMEH MaciiTa-
0a a u caBura b. D10 OT, UTO MOZENb R,,, IO CPABHEHHIO C
moznensio W (a,b) umeer nmpuHIMNHANTEHO UHOE MH(OPMA-

HHAOHHOC COACPIKAHNC U OTPAKACT PCAJIbHYIO TUHAMUKY CIICK-
TpaJIbHOﬁ HECTAllMOHApPHOCTU KapAWOCHUIHAJIA.

6 OBCY/K/IEHUE

3aBHcHMOCTh MH(GOPMATHBHOTO mapamerpa R,,, OT
crisura B (puc. 4a, 6) pacKpbIBaeT JUHAMHKY 3JICKTPOIIOTEH-

Uft), mB , Ult), mB
] 6
6 5
5 4
4 3
3 7
1 /\ 0 e o T T - >
0 P tp— T > -1 00 400 600 t, mc
-1 200 400 600 t,mc -2
-3
10 10
0 0
12 - s -12 B
400 \ Sop WM
100 200 300 100 200
a o
Pucynok 3 — OKI'-curHamnbl U UX BEHBIIET-CIIEKTPHI JUIST COCTOSTHUI:
a—§; — Hopma, 6 — S, — nndapkr
VA1), MB V (0, MB
1 1
0.5 0.5
0 - et : 0 "-Mw.‘,\, h. O M
05 4 200 400 600 t,MC 054 200 u 400 600 t, Mc
-1 4 -1 4
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6

Pucynok 4 — Ilponssoaubie OKI-curuanos V() no BpeMeHH U 3aBUCHMOCT RVU B (YHKIUU CIBUTA IS

a—§; — Hopma, 6 — S, — nndapkr
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LUaIbHBIX YHEPreTUYEeCKUX U3MEHEHUH KapJUOCHIHANa IS
cocrossHui S| U S,. Bo-mepBbIX, U151 COCTOSAHMSA S| XapaKTep-
Ha BBICOKAs PUTMUYHOCTb LIMKIOB MOJEIM Iepepacipenc-
JICHUsI 3J1EKTPONOTEHIMAIBHOM SHEPruy B HpeAeaxX CIEKT-
pa MOITHOCTH Ha BCEM IIepHOofe HaOIIONeHNS KapAHOCHT-
Hanma (7 = b

max = 700Mc. ). [ns cocrosHus S, Takas pur-

MHYHOCTH OTCYTCTBYET (3aBHCUMOCTb R,,,(b) — cirydaiHbrii
mporecc).

Bo-BTOpBIX, 1115l COCTOAHMS S| KOJIMYECTBO NMPAKTHYECKH
CHHYCOUJAIBHBIX IIUKIOB B 3aBHCUMOCTH R, (b) coorBer-
CTBYET YHCILy # MOMEHTOB BPEMEHH 3JIEKTPONOTCHIIHAIb-
HOM KBaHTOBaHHOCTH mpomnecca (1), mpuuem n = ny = 15.
Hns cocTosHus S, KONMMYECTBO UMKIOB (XaOTMYECKU HECH-
HYCOM/IaNIbHBIX) yBenuueHo (1, = 26). Ilocnennee ceuje-
TENLCTBYET O HOBBIIIEHHON (7, > n,) CIEKTPAILHOM HecTa-
uuonapHoctd OKI'-curnana ans coctosnus S2; — HH(APKT.

B-tpersux, n3 pucyHka 4 a, 6 cremyer, 9T0 MOpGOIOTH-
9YeCKHi aHaNIHW3 KapJuorpaMM MOXHO 3aMEHHUTH aHATH30M
UX CHEKTPaJbHOH HECTAIMOHAPHOCTH, YTO MO3BOJSAET aBTO-
MaTH3HPOBATh MPOLENYPY BHIYUCICHUS KOITHIESCTBEHHBIX
mapaMeTpoB HECTAIMOHAPHOCTH, HOPMHPOBAHHBIX B IIpe-
nenax o —1 1o +1 (mpu coxpaHeHUM aJeKBaTHBIX pa3iIuyuil B
KIIaCCH(HUITIPYEMBIX KapANOCOCTOSHHSAX).

Jlnst OLeHKH AUCKPUMHUHHUPYIOIINX CBOUCTB K03 ((hHIH-

€HTa MEXCIIeKTpaIbHON Koppemsinuu R, (b) 6bura mpose-

JIeHa JIMHEHHas quckpumubanus [15, 16] cocrosmnit S| u S,
M0 He3aBHCUMBIM BbIOOpKaM DKI'-curHanoB. DKBUBAIEHT-
HBIE, TCOMETPHIECKUM PACCTOAHUAM MEXIy S; u S,, cpea-
HEKBaIpaTHUECKHE PacCTOSHUS COCTaBWIM 3Ha4eHHs OT 8,45
J0 12,27, 4TO COOTBETCTBYET CPEAHEMY PUCKY pacIO3HaBa-
uus menee, uem (1077 + 10710). Kauecro Taxoit JIACKPUMH-
HAIlMK HE TOJBKO MOATBEP)KAAeT MPAKTUUECKH 0e30IIn00d-
HYIO TPaAHLUOHHYIO KapJHOIUArHOCTHKY MH(apKTa, HO U
YKa3bIBaeT Ha BBICOKYI0 MH(GOPMALHMOHHYIO 3HAYMMOCTH
kooddummenta R,,,. Taxol kodpdHUIHEHT MOXKET OBITH HC-
MOJIb30BaH, HAIpUMeEp, AJI CO3/aHUSI METPHUYECKHUX IIKaJ
KapAMOCOCTOSIHUM, 00JaIatolIuX BHICOKOW pasperiaromieit
CIOCOOHOCTBIO, IOCKOIBKY MOAENb R,,, HMEET HOpMY

(<1< Ry, <1).
BbIBO/IbI

B pabote npoBelieHO BEpOSITHOCTHOE OOOCHOBaHUE BO3-
MOXHOCTH ()OPMUPOBAHUSI MPHUHIMIIHAIBHO HOBBIX HH(OP-
MAaTHBHBIX JTHATHOCTHYECKUX MPU3HAKOB, MCIIOIB3YIOLINX
YaCTOTHO-BPEMEHHYIO KOPPEISLUI0O MEXIy ABYMs BEHBIET-
cnektpamu DKI'-curHana u ero JuHEWHOro mpeobOpa3oBa-
HUs. B KauecTBe pe3ynbTaToB HCCIEAOBAHUS MOXHO BBIAC-
JUTH CIeNyroIIee:

1. TeopeTHdeckn M SKCHEPUMEHTAIBHO MOATBEPIKICHA
CIEeKTpabHasl HeCTAMOHAPHOCTh KapAWOCUTHAJIA, KOTopasi
ObUTa MONydeHa ¢ UCIOJIBHOBAHMEM aJUIMTUBHOW MOJEITH
OKTI-curnana u o0yciioBieHa HanmudueMm 3¢ (HEKTOB KBaH-
TOBAaHHOCTH CKOPOCTH €r0 M3MEHEHHSI.

2. IlpoBeneH BEPOSTHOCTHBIN aHAIN3 CHIEKTPOB a/ITUTHB-
Hoit Mozenu DKI'-curHana, KOTOPBIH MO3BONHI (PYHKITHO-
HAJIBHO CBS3aTh CIIEKTPAIbHYIO HECTAIIMOHAPHOCTH KapaH-
ocurHana ¢ 3p¢pexkraMu KBAHTOBAHHOCTH CKOPOCTH €T0 HM3-

MEHEHHS, 00YCIIOBJICHHbBIE ITbE303IEKTPHICCKIMHU 3 heK-
TaMHU B CHCTEME «KPOBb-COCYABD».

3. Pa3zpaboran Merox mapamMeTpHUecKOro OMpeIeNICHIS
METPHYECKH HOPMHPOBAHHOTO KOI((HUIIMEHTa MEKCIIEKT-
pasbHON KOPPEISIUH, TTO3BOJSIONIHI KOMHIECTBEHHO OITH-
caTh JMHAMHKY JIOKAIbHO-CIEKTPAIBHBIX U3MEHEHUH Kap-
JUOCHUTHANIA JUIS 337a4 aBTOMATHYECKOIO SKCIPECC KOHTPO-
71 1 AUATHOCTHUKH KapAHOCOCTOSHHIA.

4. IIpoBeneHa KapAXOAUArHOCTHKA JIBYX COCTOSHUH (HOp-
Ma, HH(}APKT) Ha OCHOBE pa3zpaboraHHOro Meroma. Cpermme-
KBa/IpaTHUECKHE PACCTOSHHUS JUIS STUX COCTOSHUI COCTaBH-
I 3Ha4YeHMA ot 8,45 no 12,27.
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TH®OPMATUBHI TAPAMETPU JUHAMIYHOI HECTAIIIOHAPHOCTI KAPIIOCUTHAJIIB

AkTtyanbHicTb. CyyacHa enexTpokapaiorpadis, He3BaXkalouH Ha sSKiCHe IOJINIIEeHHs B anapaTHOMY 3a0e3I1eUeHHi Ta MOXIIMBOCTI 00po0-
KU JJaHHX, HA CHOTOJHIIIHIH A€Hb IPAKTUYHO BUUEPIIANA PECYPC OTPHMMAHHS JIONATKOBOI AlarHocTH4HOI iHpopmanii. ¥ crarti 3podiieHa crpoda
CTBOPEHHSI HOBOI'O METOHy OOpOOKM elIeKTpoKapiiorpaMm Ha ocHOBI BukopucraHHs moneni EKI'-curnanmy, ska BpaxoBye IT’€30€IeKTpHYHHIM
e(eKT B JICIKHX OIONOTTYHNX TKAHMHAX 1 KIITUHHUX 3’€IHAHHSAX (KPOB, CTIHKY Cy/IUH).

Meta po0oTu. BiporignicHe oOIpyHTYBaHHS MOXUIMBOCTI (JOPMYBaHHS IPUHLIUIIOBO HOBHMX iH(OPMATUBHUX JIarHOCTHYHHX O3HAK, SIKi
BUKOPHCTOBYIOTh YaCTOTHO-YaCOBY KOpPEJIALiI0 MixK JBoMa Beiiier-ciekrpamu EKI'-curnany i Horo JiHIHHOTO HepeTBOpeHHs.

Meton. B sxocti Takoi Mojeni BUKOPHCTOBYEThCS aJUTHBHA MOZENb IIOTEHIIialy CEepLEeBOro M’si3a (HaBEIEHOIO ENEKTPHYHOro Mois) i
I1’€30€NIEKTPHYHOTO IIOTEHIIIAly CHCTEMH «KPOB-CYIHHHY», BUKIUKAHOTO CKOPOUYEHHSIM MioKapaa. [l BUIUIEHHs BIUIMBY BUKIMKAHOTO TTOTEH-
niaay B poOOTi 3aIpONOHOBAHO MeTof JiHiiiHoro nepersopenHs EKI'-curnainy, mo Mae BUCOKY UYTIMBICTH JO JIOKAJBbHOI CIIEKTPalbHOL
HecTalioHapHoCTi. s peanizawii IbOro METOy BUKOPUCTAHO BEHBIIET-IIEPETBOPEHHS 1 3aIIPOIIOHOBAHUH KUIbKICHUI ITOKa3HUK CIIEKTPaIbHOL
HecranionapHocti EKI'-curnamy — xoedinienT HopmoBaHoi MibkcnektpanbHoi kopemanii (KHMK). Po3pobnenuii MmaremaruyHuil anapar B
poOOTI BUKOPUCTAHHHN JUIS aHAII3Y JIBOX eNeKTpoKapaiorpadiuHUX CUTHAJiB, yMOBHOI HOPMH 13 HACIIAKOM iH(ApKTy MioKapJa.

PesyabraTu. B pesynsrari po3paxoBannx KHMK mokazana MOXIHBICTh KUTBKICHOT BIIMIHHOCTI IIMX CTaHIB 3 JOCUTH BHCOKOIO CTATUCTHY-
HOIO JOCTOBIpHICTIO. ba30BUM pe3ynbTaToM poOOTH € BIpOTiAHICHE OOTPYHTYBAHHS MOXIIMBOCTI (POPMYyBaHHS MPUHIMIIOBO HOBUX iH(OpMa-
THBHHX JIarHOCTUYHHX O3HAK, SIKi BUKOPHUCTOBYIOTh YaCTOTHO-4AaCOBY KOPEIIALII0 MiX IBoMa BeliBier-cnekrpamu EKI'-curmamy Ta iforo
JIHIKHOTO TIepeTBOpeHHs. Brcoka 9yTnHuBicTh Ta iH(pOpMAIiifHa 3HAYHMICTh KOPEILSIMIHHIX MiarHOCTHYHUX O3HAK MiATBEpKEHI MPUKIaIaMi
JUCKpHUMiHaMii mapaMerpruaHo HeogHopimauX EKI-curHamis.

BucnoBku. TeopeTHYHO Ta eKCIEPHMEHTAIBHO IiATBEPKEHA CIEKTPaNbHA HECTAI[MOHAPHOCTH KapJiOCHTHAIY; OTPHMaHUH (yHKIIiO-
HaJBHHAN 3B’A30K CIIeKTpaibHOI HecramioHapHocti EKI-curnamy 3 eekTaMu KBaHTOBAaHOCTI IIBHUIKOCTI HOTO 3MIiHH; PO3POOICHHUN METOI
MapaMeTPUIHOTO BH3HAYCHHS KOC(illieHTa MDKCIIEKTPATbHOI KOPEJIMii, M0 JT03BOJISIE KUTHKICHO OMUCATH AHHAMIKY JIOKAJTbHO-CIIEKTPATbHUX
3MiH KapIiOCHUTHAITY JUIS 3a[ad aBTOMaTHYHOTO €KCIIPEC KOHTPOJIIO Ta JIarHOCTHKH KapIiOCTaHIB i MpOBeIeHa HOTO ampoOarris.

Kir040Bi cJ10Ba: KBaHTOBaHICTh IIBUIKOCTI KapJiOCHTHAIY, CIEKTpalbHa HECTAI[IOHAPHICTh, BEiBIIET-TIepETBOPEHHS, IIEPETBOPEHHS Kap-
JIIOCUTHAITY, KOPEIISIIisi BEUBIIET-CIEKTPIB.
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INFORMATIVE PARAMETERS OF DYNAMIC NONSTATIONARY OF CARDIOSIGNALS

Contex. Modern electrocardiography, in spite of qualitative improvement in hardware and data processing capabilities, for today has
practically exhausted a resource of reception of the additional diagnostic information. In the article an attempt is made to create a new method
for processing electrocardiograms based on the use of the ECG signal model, which takes into account the piezoelectric effect in some
biological tissues and cell connections (blood, vessel walls).

Objective. Probabilistic justification of the possibility of forming fundamentally new informative diagnostic features, which uses the
time-frequency correlation between two wavelet spectra of the ECG signal and its linear transformation.
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Method. As such a model is used the additive model of the potential of the cardiac muscle (induced electric field) and the piezoelectric
potential of the blood-vessel system caused by myocardial contraction. To isolate the influence of the induced potential is proposed a method
of linear transformation ECG signal. This method has a high sensitivity to local spectral nonstationarity. Wavelet transform is used to
implement this method. The coefficient of normalized inter-spectral correlation (CNIC) is proposed as a quantitative indicator of the spectral
nonstationarity of the ECG signal. The developed mathematical apparatus in the work is used for the analysis of two electrocardiographic
signals: conditional norm and with the consequence of myocardial infarction.

Results. As a result of the calculated CNIC, the possibility of a quantitative difference of these states with a sufficiently high statistical
reliability is shown. The basic result of the work is a probabilistic justification for the possibility of forming fundamentally new informative
diagnostic features using the time-frequency correlation between two wavelet spectra of an ECG signal and its linear transformation. High
sensitivity and information significance of correlation diagnostic features are confirmed by examples of discrimination of parametrically
inhomogeneous ECG signals.

Conclusions. Main results of the study: the spectral non-stationarity of the cardiac signal has been confirmed theoretically and
experimentally; The functional interrelation of the spectral nonstationarity of the ECG signal with the effects of quantization of the rate of
its change is obtained; A method for the parametric determination of the coefficient of inter-spectral correlation was developed, which makes
it possible to quantitatively describe the dynamics of the local spectral changes in the cardiac signal for the tasks of automatic express control
and diagnostics of cardiac states and carried out its approbation.

Keywords: quantization of cardiac signal speed, spectral nonstationarity, wavelet transform, cardiac signal transformation, correlation of
wavelet spectra.

REFERENCES

Karimipour Atiyeh, Mohammad Reza Homaeinezhad Real-time

electrocardiogram P-QRS-T detection — delineation algorithm

based on quality-supported analysis of characteristic templates,

Computers in Biology and Medicine, 2014, P. 153—165.

DOI: 10.1016/j.compbiomed.2014.07.002.

2. Rudenko M. Y., Krsta¢i¢ G. New philosophy of validation and

verification for cardiology: classical proof theory imported from

natural sciences, Cardiometry, 2014, No. 4, pp. 16-30. DOI:
10.12710/cardiometry.2014.4.1630

Sur M. S., Dandapat S. Wavelet-based Electrocardiogram signal

compression methods and their performances: A prospective

review-Biomedical Signal Processing and Control 14, 2014,

pp. 73-107.

4. ChouakriS. A., Bereksi-Reguig F., Ahmandi S., Fokapu O. Wavelet

Denoising of the Electrocardiogram Signal Based on the Corrupted

Noise Estimation, /EEE, 2005, pp. 1021-1024. DOI: 10.1109/

CIC.2005.1588284

Sasikala P., Banu W. Extraction of P wave and T wave in

Electrocardiogram using Wavelet Transform, International

Journal of Computer Science and Information Technologies,

Vol. 2 (1), 2011, pp. 489-493.

6. Avt. Kol.: D. V. Klark ml., M. R. Niuman, V. Kh. Olson y dr., Red.
Dzhon H. Vebster Medytsynskye prybory: Razrabotka y
prymenenye. Kiev, Medtorh, 2004, 620 p.

7. Halperin C., Mutchnik S., Agronin A., Molotskii M., Urenski P.,

Salai M., Rosenman G. Piezoelectric Effect in Human Bones

Studied in Nanometer Scale. Department of Orthopedic Surgery,

Beilinson Campus, Rabin Medical Center, Petah-Tigwa, 49100,

Israel, and Department of Electrical Engineering-Physical

Electronics, School of Engineering, Tel Aviv University, Ramat-

Aviv. Israel, 2004, pp. 1253-1256. DOIL: 10.1021/n10494531

Catalin Harnagea, Martin Vallié res, Christian P. Pfeffer, Dong

Wu, Bjorn R. Olsen, Alain Pignolet, Francois Légare, Alexei

10.

11.

Gruverman Two-Dimensional Nanoscale Structural and Functional
Imaging in Individual Collagen Type I Fibrils, Biophys J., 2010,
Jun 16, pp. 3070-3077. DOI: 10.1016/j.bpj.2010.02.047.
Boiko V. V., Bandurian B. B., Bulat E. A. y dr.; pod obshch.
red. V. V. Boiko, E. Y. Sokola, P. N. Zamiatyna Pezobyosyntez:
predposylky, hypotezy, fakty: monohr. V 4-kh t. Vol. 4. Kharkov,
Yzd-vo «Pidruchnyk NTU “KhPI”», 2017, 656 p. Na rus. Yaz.
Smith D. R., Holland A. D., Hutchinson I. B. Random telegraph
signals in charge coupled devices, Nuclear Instruments and Methods
in Physics Research, 2004, 15 p. DOI. org/10.1016/
j-nima.2004.03.210

Mohammad Azim Karami, Cristiano Niclass, Edoardo Charbon
Random Telegraph Signal in Single-Photon Avalanche Diodes,
International Image Sensor Workshop. Bergen, Norway, IISW,
2009, pp. 1-4.

12.Jun Li. A Wavelet Approach to Edge Detection: a thesis to The

Department of Mathematics and Statistics in partial fulfillment
of the requirements for the degree of Master of Science in the
subject of Mathematics. Huntsville, Texas, 2003, 80 p.

.Hurd H. L., Miamee A. Periodically Correlated Random Sequences.

Spectral Theory and Practice. New Jersey, Wiley-Interscience,
2007, 353 p.

14.Hinich M. J. A statistical theory of signal coherence, /IEEE J.

Oceanic Engineering. Apr. 2000, Vol. 25, No. 2, P. 256-261.
DOI: 10.1109/48.838988.

.Fraley Chris, Raftery Adrian E. Model-Based Clustering,

Discriminant Analysis, and Density Estimation, Journal of the
American Statistical Association, 2002, No. 458, Vol. 97,
pp. 611-631.

16.Georg H., Langley P. Estimating Continuous Distributions in

Bayesian Classifiers, Proceedings of the Eleventh Conference on
Uncertainty in Artificial Intelligence. San Mateo: Morgan
Kaufimann, 1995, pp. 338-345.

29



MATEMATUYHE TA KOMIT'FOTEPHE MOJEJIFOBAHH S

MATEMATUYHE
TA KOMII'IOTEPHE MOJAEJIIOBAHHAA

MATEMATUYECKOE
N KOMIBIOTEPHOE MOJIEJIUMPOBAHUE

MATHEMATICAL
AND COMPUTER MODELING

UDC 519.6+913

Baranovskiy N. V., Yankovich E. P.2

'"PhD, Associate professor of Department of Theoretical and Industrial Heat Systems Engineering, National Research Tomsk
Polytechnic University, Tomsk, Russia

2Senior Lecturer of Department of Geology and Mineral Prospecting, National Research Tomsk Polytechnic University, Tomsk,
Russia

GIS-TECHNOLOGIES AND MATHEMATICAL SIMULATION TO PREDICT
LIGHTNING-CAUSED FOREST FIRE DANGER

Context. The components of the geoinformation system for monitoring, forecasting and assessment of forest fire danger caused by
thunderstorm activity are developed.

Objective of the work is to create an embedded software tool for physically based forecasting, monitoring and evaluation of the
probability of forest fire occurrence as a result of the impact of a lightning discharge on a tree trunk.

Method. Structural analysis is used to design elements and information flows inside and outside of the developed geographic information
system. Mathematical modeling is used to determine the parameters of tree ignition by the cloud-to-ground lightning discharge. Mathematically,
the process of tree trunk heating is described using a system of non-stationary heat conduction equations with a source part responsible for the
heat release according to the Joule-Lenz law in the core of the tree trunk. The finite difference method is used to solve the differential heat
equation. Finite-difference analogues are solved by the double-sweep method. Program realization is implemented in the built-in high-level
language. The probability theory (conditional probability) is used to develop a probabilistic criterion for forest fire danger estimation.

Results. A software tool is developed to estimate the tree ignition delay time as a result of the impact of a cloud-to-ground lightning
discharge. The GIS-system component is developed in the high-level programming language Python. We have obtained probability distribution
of forest fire occurrences from thunderstorms for the territory of the Timiryazevsky forestry in the Tomsk region is obtained.

Conclusions. We have proposed a physically proved method for forecasting, monitoring and assessing forest fire danger caused by
thunderstorm activity. The deterministic mathematical model is used to simulate tree ignition by the cloud-to-ground lightning discharge in
conjunction with the probabilistic criterion for assessing forest fire danger. We have analysed forest fire danger for a typical territory of the
Tomsk region (Timiryazevskiy forestry).

Keywords: GIS, Mathematical modeling, Forest fire danger, Forecast, Thunderstorm activity, Probability criterion.

NOMENCLATURE

FWI is a Fire Weather Index;

FBP is a Fire Behavior Prediction;

GIS is a Geoinformation system;

P, is the probability of a forest fire for the j* interval on
the controlled forested area;

P(A) is the probability of anthropogenic load;

P(A]/A) is the probability of a high temperature source
presence on the j* day;

Pj(FF/A,Aj) is the probability of a forest fire due to

P}.(FF/L,L}.) is the probability of a forest fire due to
lightning when dry thunderstorms may occur in the forested
area;

P}.(D) is the probability of a fire due to weather conditions
of forest fire maturation (the probability of the fact that the
forest fuel layer is dried);

j is the day of a fire danger season;

N, is the number of days during a fire danger season
when the anthropogenic load is sufficient to ignite forest
fuel;

anthropogenic load on the forested area;

P(M) is the probability of dry thunderstorms in the
forested area;

P(L]/L) is the probability of a cloud-to-ground lightning
discharge;

© Baranovskiy N. V., Yankovich E. P., 2018
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N, is the number of fires due to anthropogenic load;

N, is the total number of fires;

N, is the number of days when lightning occurred (during
dry thunderstorms);

N, is the total number of days in a fire danger season;
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N,, is the number of fires due to lightning (during dry
thunderstorms);

N,,, is the number of fires on the specific day of week;

N, s the total number of fires during week;

N,,, is the number of cloud-to-ground lightning
discharges passed at the definite hour starting from 00.00
o’clock;

N,, is the total number of cloud-to-ground lightning
discharges per day;

NI, is the value from the Complex Meteorological Index
for the day, which the forecast is realised for;

NI, is the maximum value of the Complex
Meteorological Index;

t is a air temperature;

d is a dew point temperature;

n is the number of days after the last rain;

T, is a temperature;

p; is a density;

¢, is a thermal capacity;

A; is a heat conductivity;

i is the internal part of a tree trunk (core) (i=1) and the
bark (i=2);

o, is a heat transfer coefficient;

J is a current;

U is a voltage;

r is a coordinate;

tis a time;

e is the index that corresponds to environmental
parameters;

0 is the index that corresponds to the parameters at the
initial moment of time.

INTRODUCTION

The remote areas of forested territories are characterized
by widely spread forest fires caused by thunderstorm
activity [1]. A large amount of burnt area is noted for such
fires [2]. Such fires in forests are detected with delay when
the ignition has already reached a big fire. It is impossible or
ineffective to extinguish fires in the taiga zone. Fires go out
when flush period begin or the whole forest area has burnt
out before the fire comes across a natural barrier (for example,
a river).

The most promising approach is to predict forest fire risk
and to carry out preventive measures within the controlled
forested territories in such situations [3]. Various forest fire
danger forecast systems taking into account lightning activity
have been developed in different countries [4—6]. However,
all these systems have no physical basis and are mainly based
on the analysis of the statistical information on forest fires
and the characteristics of forests [7].

The purpose of the work is to create an embedded
software tool for physically based forecasting, monitoring
and evaluation of the probability of forest fire occurrence
as a result of the impact of a lightning discharge on a tree
trunk.

1 PROBLEM STATEMENT

Cloud-to-ground lightning discharge leads to ignition
and defragmentation of the tree with the formation of
particles heated to high temperatures. Such particles fall

down and ignite a forest fuel layer. As a result, there is a
surface forest fire. The process of contact of the discharge
channel and tree is stochastic, but the tree ignition might be
described by a deterministic mathematical model. Therefore,
it is necessary to develop a software tool that would allow
the calculation of the conditions for the ignition of a tree as
a result of the cloud-to-ground lightning discharge.
Electronic maps are needed to visualize areas with the highest
probability of forest fire occurrence.

2 REVIEW OF THE LITERATURE

A lightning discharge is one of the causes of forest fires.
Lightning is an electric discharge conditioned by the
division into positive and negative discharges in the clouds
that leads to the difference in potentials in a range of 10-100
mV [8]. Water is necessary in all three phases (solid, liquid,
and gas) [9] so that the division into discharges occurs.

According to the development conditions, storms are
divided into the air-mass and frontal ones. The air-mass
storms over a continent occur due to local air heating from
the ground surface. It leads to the development of rising
flows of local convection and to the formation of heavy
cumulonimbus clouds in them. The frontal storms occur on
the borders of warm and cold air masses [10]. There may be
cloud-to-cloud and cloud-to-ground discharges. Around 90
% of cloud-to-ground discharges are negative, and the
nature of the remaining 10% of positive discharges is not
entirely clear [11]. The cloud-to-ground discharges cause
forest fires [12]. The energetic characteristics of positive
and negative ground storm discharges are different, and
these differences are substantial in terms of igniting forest
fuel. All the energy reaches surface in one stroke due to the
vast majority of positive discharges, while a multi-stroke is
typical for the negative discharges [13].

The full statistics for cloud-to-ground storm discharges
have been collected within the functioning of the US
National Lightning Detection Network [14]. This system can
identify most of the cloud-to-ground lightning discharges
in the USA and Canada with the spatial resolution of several
kilometers and determination accuracy in time approximately
1 msec. The data on the stroke polarity, stroke peak current,
and stroke complexity are archived when the system is
operating (if it is a single or multi-stroke).

The lightning-caused forest fires equaled approximately
37 to 53% of the area where fire had spread with a relative
number of approximately 8.8—17.5% in Russia between 1992
and 2000 [15]. Dry storms, which cause mass ignitions in
large territories, often create a very intensive fire incident
situation [16].

The Canadian Forest Fire Danger Rating System has
two main sub-systems (modules): Canadian Forest Fire
Weather Index System and Canadian Forest Fire Behavior
Prediction System. Two other elements (Fuel Moisture
System and Canadian Forest Fire Occurrence Prediction
System) are not developed for the whole country, but there
are regional versions of these systems [17].

The Canadian method to predict forest fire danger [4]
relies on the analysis of a large number of statistical data,
according to which they form the tables of fire danger
dependence on different factors. The moisture content in
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forest fuels is predicted depending on weather conditions
within the FWI sub-system, whereas the forest fire front
behavior is forecasted for different forest plant communities
within the FBP one.

The system logical structure [4,5] represents the abstract
model of different factors and conditions that impact on the
process of fire occurrence and spread.

All forest fuels are divided into nine typical models. The
system suggests dividing the separately protected areas
into physically and geographically homogeneous parts. Each
area must correlate with one of nine models. Fire danger is
evaluated for each considered area separately. The final fire
danger evaluation uses many tables and corrections obtained
according to empirical data.

The Canadian and American methods are similar in their
structure, approaches, and fire danger index formation
principles. Therefore, they both have similar advantages
and disadvantages.

The European Forest Fire Information System [6]. The
most progressive component of the system repeats the
subsystem of the Canadian Forest Fire Danger Rating
System. This system has the same characteristics and uses
the Earth remote sensing data.

3 MATERIALS AND METHODS

We have obtained a formula to estimate the probability of
a forest fire to occur for the j-th time interval of a forest fire
season using the basic principles of probability theory [18]:

P; =|P(A)P(A; | A)P(FF | A, 4;)+
+P(L)P(L; / L)P(FF | L,L})|P(D) . (1)

The authors offer to define the probability through the
frequency of events and use statistical data for the definite
forestry in order to determine all multipliers in formula (1).

Obviously, the more cases are considered for this forestry,
the bigger is the accuracy to determine the probability of
forest fire occurrence. Therefore, it is necessary to register all
the fire danger season parameters (N, N, N, N, N, N, N,
N, N, N,,) in forests every year.

Formula (1) contains multiplier P}.(D). This is the
probability of fire danger caused by meteorological
conditions. This probability has been calculated through
the time for forest fuel layer to dry in the previous work [19].
However, it is hard to implement such method on the whole
territory of the Russian Federation at present, because it is
necessary to have the information about the initial moisture
content of forest fuel in order to model the process of drying
the forest fuel layer. The present paper offers to use a
compromise solution. We suggest calculating the probability
through meteorological conditions using the Complex
Meteorological (Nesterov) Index, which has been approved
in the state standard. The range of this index starts from
zero and has no upper border. However, it is possible to set
its upper border as a maximum possible value during a fire
danger season. We normalize the Complex Meteorological
Index to maximum value 1 (one) to estimate the probability
of forest fire danger [18]:

NIp
NI

@

Pi(D)=

max
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The variation range of forest fire danger probability
caused by meteorological conditions will be from 0 to 1.

The Complex Meteorological Index is calculated by
formula [7]:

NI =Y 1,(t,—d). 3)

Fire danger is calculated by the above-stated method. It
differs slightly in different regions within the same forest.
GIS allows the visualisation of fire danger maps for the
quantitative analysis of wildfire risk. It is important to analyse
the spatial distribution of forest fire danger probability in
order to delineate and prioritise the particularly susceptible
forested areas.

The research [20] suggests the simple mathematical model
of tree ignition by a cloud-to-ground lightning discharge,
namely the thermophysical mathematical model of deciduous
tree ignition.

The electric current passage is different in the trunk of a
deciduous and coniferous tree [21]. This is due to the fact
that moisture is transported in the massive central part in
broad-leaved trees. The damper central part is an electric
current conductor.

4 EXPERIMENTS

We consider the following physical model. A cloud-to-
ground lightning discharge strikes in a tree trunk at the
fixed moment of time. The electric current of the cloud-to-
ground lightning discharge passes along the trunk. It is
supposed that heat is emitted in the core according to the
Joule-Lenz law. The electric current is supposed to have the
same parameters in various trunk sections. Moisture
evaporation is neglected within current research, but it is
not difficult to describe this process by the Knudsen-
Lengmuir equation [22]. The wood is heated up due to the
Joule heat emission as a result of electric current passage.
The wood ignites when it achieves the critical thermal fluxes
to ignition surface and critical temperature. The tree trunk is
modeled by a cylinder. We consider the representative
section of the trunk. Fig. 1 shows the decision area scheme.

ZA

/1

R,
0 R >r

Figure 1 — Decision area scheme: 1 is core, 2 is bark
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The system of non-stationary differential equations
mathematically describes the process how the cloud-to-
ground lightning discharge heats up the tree trunk before
ignition [20]:

oy M 0 0T
—=——r—|+JU
Pici ot r or [r ’ @)

oT, M\, 0 OT
i 2 2(,212)

ot r or\_ or (3)
Boundary conditions for equations (4)-5):
7":0, }\,lﬂz()a (6)
or
=Ry, 3,90 3 %%, 1 =1, (7
or r
oT-
r=R, M —2 =T, ~Ty), ®)
or
Initial conditions for equations (4)—(5):
=0, T,(r) = Ty (r). )

The formulated system of equations (4)—(5) with
boundary and initial conditions (6)—(9) is solved by a finite
difference method [23]. A double-sweep method in

combination with a fixed point iteration method [23] has
been used to decide the difference analogues of one-
dimensional equations.

The following ignition scenario was considered. The
negative cloud-to-ground lightning discharge (approximate
duration is 500 ms, approximate stroke peak current is 23.5
kA, and approximate voltage is 100 kV) influences on a wide-
leaved tree, for instance, birch. Fig. 2 shows the temperature
distribution on the tree trunk radius in various moments of
time before and at the moment of igniting by electric current
(initial temperature 300 K).

Table 1 represents the cloud-to-ground lightning
discharge parameters and ignition conditions depending
on the voltage of the cloud-to-ground lightning discharge
obtained by solving problems (4)—(9). The analysis of
dependences presented in Fig. 2 shows that the tree trunk
is heated up to the ignition temperature (more than 1000 K)
by the considered cloud-to-ground lightning discharge. The
analysis of results (Fig. 3 and Fig. 4) shows that the ignition
conditions of a wide-leaved tree are reached at the critical
temperature (801 K) and value of thermal flux (268 kW/m?)
for a typical cloud-to-ground lightning discharge.

We have established the ignition limits for a tree trunk
during the action of the electric discharge at various voltages
(Table 1) and currents (Table 2). When the current is less
than 23.5 kA and voltage is 1-90 kV, ignitions fail to occur
during the action of the cloud-to-ground lightning discharge.
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- ‘.l
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Figure 2 — Temperature distribution on tree trunk radius at various moments of time (discharge action duration is 500 ms):
a—t=0.01 sec; b — 0.1 sec;c— 0.3 sec; d— 0.5 sec
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Figure 3 — Heat flux dependence on time from core to ignition surface
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Table 1 — Ignition condition of tree depending on voltage of the
discharge at current J=23.5 kA

Voltage, Ignition Surface Heat flux from core

U, kV occurrence temperature, K to surface, kW/m?>
1-85 No <801 <210

90 Yes 801 226

95 Yes 801 230

100 Yes 801 232

105 Yes 801 235

110 Yes 801 238

Table 2 — Ignition condition of tree depending on current of the
discharge at voltage U=100 kV

Current, Ignition Surface Heat flux from core
J, kA occurrence temperature, K to surface, kW/m?
1-20 No <801 <210
23.5 Yes 801 232
30 Yes 801 245
35 Yes 801 253
5 RESULTS

GIS enables us to use the mathematical model program
for quantitative assessment of the probability of lightning-
caused forest fire danger. The algorithms of geographical
information system for quantitative assessment of forest
fire danger are implemented in the Python language
embedded into ArcGIS [24]. The quantitative estimation is
carried out relying on the remote sensing data, land forest
taxation, and statistical information. The criteria to assess
forest fire danger are defined relying on the probability
theory, and its values are within the range from 0 to 1. The
calculations are made with the accuracy up to 0.0001. The
forest taxation descriptions of stratums (Fig. 5) are presented
below in the table in MS Excel format (national language).

FFstormactivity.tbx program tool solves the problem to
forecast the fire danger of forest a quadrant relying on the
information about stratum composition and statistical
information on lightning-caused forest fires and visualizes
the obtained information on an electronic map. Python is
the source language for FFstormactivity program [24].

FFstormactivity program tool contains seven forms. It
provides two variants to solve the task: complex and stage-
by-stage with the control of result. Main stages:

2. Fire danger determination for a forest stratum.

3. Fire danger probability estimation for a forest quadrant
according to the forest taxation descriptions.

4. Statistical data import to the geodata base.

5. Estimation of lightning-caused fire danger probability.

6. Attributive and autonomous tables connection.

7. Map formation according to a legend.

The algorithm, how the program tool works, is presented
by a series of figures showing the main steps of the analysis
and information processing by this tool (Fig. 6—10). ArcGIS
options are also used for scheme constructions.

FFstormactivity program tool uses the following
methods:

1. AddField is to add a field. The program adds a field.

2. CalculateField is to calculate the field value. To
determine the fire danger of a stratum, to assess the
probability of forest fire danger on the quadrant of the level.

3. Statistics_analysis is the total statistics. To calculate
the total quantity of stratums in each quadrant and the
quantity of the fire-dangerous ones.

4. JoinField is to connect the fields. The connection
between two tables takes place on the basis of a key field.

5. ApplySymbologyFromLayer management is to add
the layer symbols. To form the layer of quadrants according
to the fire danger level.

The program tool start-up begins with ArcToolbox. It is
necessary to specify the initial data in the dialog window
that appears after start-up. The Russian interface is used in
the current version of GIS-system.

s

Table to Table

Figure 6 — Data import from Excel table to autonomous geodata

1. Data import from the Excel table to the autonomous base table

geodata base table.

uchastok kvart wyidel area sostav age
KanTaickmi 1 1 437 |CEHOROC

KanTafckmin 1 2 2 [BONOTO

KanTafckui 1 5 76([7E2MC B-75 M-120,C-120
KanTamckmi 1 4 145 TMB3E MB-30,B-35

KanTafckui 1 5 19 | 7MB3E MB-30,B-35

KanTafcki 1 5 163 562N B-65,N-120

KanTamckmi 1 7 55/762MC  |B-75N-120,C-120
KanTamcrmi 1 g5 56 |SC2KIN2E  C-140,K-160,N-140,6-75
KanTafckui 1 g 53 |SK2E1C2E | K-180,E-140,C-140,B- &5
KanTadicki | 1 10/ 12|03EPO

Figure 5 — Table of forest taxation data in MS Excel format
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Figure 7 — Determination of fire danger for stratum according to forest taxation descriptions (a) and estimation of fire danger probability
of forest quadrant according to forest taxation descriptions (b)

Figure 7 shows the algorithm to form the table that lists
the level of forest fire risk, which is characteristic for each
quarter of a forest taxation site. Each sub-step of the
algorithm is formed by an attribute table. First, we add the
field, which is responsible for the allotment of forest fire
danger level and statistics on forest fire incidents. Then the
data processing is performed to be entered in the next table.
An intermediate table is formed again, and later it is integrated
with the data of the summary statistics on forest fires. As a
result, the field is calculated according to the level of forest
fire danger. The next step is to calculate the probability of
forest fire on the controlled territory. After a series of
intermediate calculations the attribute table is generated to
estimate the probability of forest fires on the territory of a
forest taxation quarter.

The tool implementation results in creating:

1. The table that assesses the probability of the lightning-
caused fire danger of a forest quadrant with regard to the
forest vegetation conditions
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2. The thematic map that displays the fire danger levels
of a forest quadrant (Fig. 11).

The forest fire danger levels in fig. 11 correspond to the
following gradation:

1: 0.001852-0.030000.

2:0.030001-0.060000.

3:0.060001-0.090000.

The minimum is 0.001852; the maximum is 0.08333.

6 DISCUSSION

The analysis of foreign forest fire danger forecast
systems shows that they show high operational qualities in
their countries. However, it is difficult to apply them in other
countries as it is necessary to carry out the whole range of
works to analyse and adjust empirical formulas for new
forested territories.

All foreign systems usually offer the abstract index of
forest fire danger. The present research offers the new
probabilistic approach to estimate the most probable
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Figure 8 — Assessment of fire danger probability caused by storm
activity

scenarios of forest fire danger. The definite scenario can be
calculated using the deterministic mathematical model
describing how the cloud-to-ground lightning discharge
ignites a tree. We have developed GIS-system to forecast
the lightning-caused forest fire danger. The system reserves
the layers for the subsequent implementation of the
deterministic component based on the mathematical model
of tree ignition by a cloud-to-ground lightning discharge.

CONCLUSIONS

We offer the new physically proved approach to forecast
the lightning-caused forest fire danger as a result of the
current research. The analysis of the methods based on
statistical data shows that it is impossible to estimate
adequately the probability of lightning-caused forest fires.
We offer to use the deterministic models of tree ignition by
a cloud-to-ground lightning discharge and the probabilistic
criterion to estimate forest fire danger. The statistical
approach analysis has been carried out in the territory of
the Timiryazevskiy local forestry of the Timiryazevskiy
forestry in the Tomsk region. The technologies of
geographic information systems are used to visualize spatial
data. ArcGIS software enables the program of algorithms to
be implemented.
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Figure 9 — Attributive and autonomous tables connection

Figure 10 — Map formation according to legend
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Figure 11 — Map of lightning-caused forest fire danger on territory of Timiryazevskiy local forestry of Timiryazevskiy forestry in Tomsk
region
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Bapanoscbkuit M. B.!, Slukoud E. I1.2

'Kann. (hu3.-mar. HayK, JOIEHT KadeIpu TEOPETHYHOI Ta MPOMUCIOBOI TetutoTexHiky, HanionanpHuii focninaunbkuii ToMchKuid momitex-
HiyHuil yHiBepcuret, Tomcbk, Pocis

Crapiunii BuKiagad kadeapu reosorii Ta po3poOKH KOpPHCHHX Kornannt, HaionansHuil qocmigannskuii TOMChKHIA MOJiTeXHIYHUH yHIBEp-
curert, Tomcrk, Pocist

TEOIH®OPMALIHI TEXHOJIOI'Ti TA MATEMATAYHE MOJEJIIOBAHHA SIK IHCTPYMEHT IIPOTHO3YBAHHS JIICO-
BOI NIOKEKHOI HEBE3IIEKH BIJ I'PO3

AKTyabHicTh. PO3p00IieHO KOMIIOHEHTH Te0iH()OPMAIIIHOT CHCTEMH /IS MOHITOPHHTY, IIPOTHO3YBAHHS Ta OL[IHIOBAHHS JIICOBOT MOXKEK-
HOi HeOe31mekn, 00yMOBIICHOT Ji€I0 TPO30BOI AKTHBHOCTI.

Meta po6OoTH — CTBOPEHHSI IPOrPaMHO-aNapaTHOrO IHCTPYMEHTY ISl (i3HYHO OOTPYHTOBAHOTO MPOrHO3YBAHHS, MOHITOPUHIY Ta
OLIIHIOBAaHHS IMOBIPHOCTI BHHHUKHEHHS JIICOBOI MOXEXKI B pe3yJIbTaTi BIUIMBY I'PO30BOr0 PO3psiLy Ha CTOBOYp IepeBa.

Meton. CTpyKTypHUii aHaNi3 BUKOPUCTAHU IS NPOSKTYBAHHS €JIEMEHTIB 1 MOTOKIB iH(popMalii BcepenuHi i 330BHI po3po0IieHol reo-
indopmaniiinoi cucremu. MatemaTnyHe MOJCIIOBAHHS BHKOPUCTAHO JUIS BU3HAYCHHs MapaMeTpiB 3aiiMaHHS AepeBa Ha3eMHUM IPO30BHM
po3psiioM. MaTeMaTH4HO TpoLec po3irpiBy cToBOypa JepeBa OMHMCYETHCS 3a JOMOMOIrOI0 CHCTEMH HECTAalliOHapPHUX PIBHSIHb TEMJIONpPOBIJ-
HOCTI 3 [DKEPEJIbHUM 4JICHOM, 1110 BiJINOBIa€ 3a TEIIOBUALICHHS 32 3akoHoM JIxoyns-JIeHna B cepleBrHi cToBOypa fepeBa. MeToxn KiHLeBHUX
PI3HHUIIb BUKOPUCTAHUHN JUTsl BUPILIEHHS AU epeHialbHUX PIBHAHB TEIIONpoBiaHocTi. KiHIIeBO-pi3HUIIEBI aHAIOTH BUPIIIEHI METOJIOM IIPOTOH-
ku. [Iporpamua peanmi3ailiss BUKOHaHa Ha BOymOBaHiii MOBI BHCOKOTO piBHs. Teopis WMOBIpHOCTI (YMOBHA HMOBIPHICTh) BUKOPHCTaHA IS
PO3pOOKH IMOBIPHICHOTO KPUTEPIFO JIICOBOT MOXKEKHOT HEOE3MEeKH.

Pe3yabraTn. Po3pobneHo nporpaMHuid iHCTPYMEHT JUISl OL[IHKHM 4acy 3aTPHMKH 3allajlioBaHHs JiepeBa B PE3yNbTaTi BIUIMBY HA3EMHOTO
rpo3oBoro po3psiay. Kommonent I'IC-cuctemu po3pobieHnii MOBOKO MporpaMyBaHHsi BUCOKOTO piBHs Python. Otpumano posmomin iiMoBip-
HOCTI BUHUKHEHHS JIICOBHX TIOXEX Bifl Tpo3 uist Teputopii TuMups3iBcbkoro sicHuTBa ToMchKol 0bmacTi.

BucHoBKH. 3anporoHOBaHO (i3U4HO OOTPYHTOBAHHH METOJ IPOrHO3YBAHHSI, MOHITOPHHTY Ta OL[IHIOBAHHS JiICOBOI MOXKEKHOI HEOE3IeKH,
00yMOBIIEHOT 1i€10 TPO30BOI aKTHBHOCTI. JleTepMiHOBaHAa MaTeMaTHYHa MOJIENb 3alallOBaHHs AepeBa HA3EMHUM I'PO30BHM PO3PSIIOM BUKOPH-
CTaHa B CyKYyITHOCTI 3 IMOBIDHICHMM KPHTEPIEM JUISI OLIIHKH JIICOBOT MOXKEKHOI HeOe3neku. [IpoBeieHo aHai3 JicoBOi MOKEKHOI HeOe3MeKH A1
TunoBoi teputopii Tomcekoi obnacti (TuMHpSI3IBCbKE TICHUITBO).

Kuarouogi cioBa: I'IC, Maremarinuse mozemoBanHsi, JlicoBa noxkexHa nedesmneka, [[poraos, [po3oBa akTuBHICTh, IMOBIpHICHHIT KpUTEPIii.

Bapanosckuii H. B.!, SIukosuu E. I1.2

'Kany. (pus.-mar. HayK, JOUEHT Kadeaphl TEOPETUUECKON M TIPOMBIILIEHHON TEMIOTEXHUKH, HalmoHabHBIH HecenoBarenbckuii ToMcKuit
MOJIMTEXHUYECKUN yHUBepcHuTeT, Tomck, Poccust

2Crapuiuii penonasareib Kadeapbl F€0JIOTHH U pa3paOOTKK MOJIE3HBIX HCKOMAEMbIX, HallMoHaNIBHBIN HecienoBaTenbCKiii TOMCKHIA MOJH-
TeXHUUeCcKkuil yHusepcuret, Tomck, Poccus

TEOUH®OPMAIIMOHHBIE TEXHOJOI'MU U MATEMATUYECKOE MOAEJIUPOBAHUE KAKUHCTPYMEHT IIPOT'HO-
3UPOBAHUS JIECHOM MOXAPHON OMACHOCTH OT I'PO3

AKTyaJbHOCTb. Pa3paboTaHbl KOMIOHEHTHI T€OMH()OPMAIMOHHONW CHCTEMBI JJIsi MOHHTOPHHTA, MPOTHO32 M OLEHKH JIECHOH MOKapHON
OITaCHOCTH, OOYCJIOBJIICHHOHW IEHCTBHEM TPO30BOI aKTUBHOCTH.
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ILleas padoThl — co3laHUE BCTPOCHHOIO MPOrpaMMHOIO MHCTPYMEHTa Uil (pu3Muecky 0OOCHOBAHHOTO IIPOTrHO3a, MOHUTOPUHIA M
OLIEHKU BEPOSITHOCTH BO3HUKHOBEHHMS JIECHOT'O [10JKapa B pe3yJbTaTe BO3AEUCTBUS IPO30BOr0 pa3psa Ha CTBOJ JepeBa.

Metoa. CTpyKTypHBIil aHaIM3 MCIOJIB30BAH ISl IPOCKTUPOBAHUS 3JIEMEHTOB M IIOTOKOB MH(OPMALK BHYTPH M U3BHE pa3paboTaHHON
reonH(OpPMAIIIOHHOM CHCTEMBl. MaTreMaTHuecKoe MOACIPOBAHHUE UCIIONB30BAHO JUISl ONPE/ICNICHNS IIapaMeTPOB BOCIZIAMEHEHUS IepeBa Ha-
3EMHBIM TPO30BBIM pa3psioM. MaTeMaTU4eCKH MPOLIECC pa3orpeBa CTBOJA JE€PEBa OMUCBHIBAETCS C MOMOIIBIO CUCTEMBI HECTAlL[OHAPHBIX
YpaBHEHUH TEIIONPOBOAHOCTU C MCTOYHUKOBBIM UJIEHOM, OTBEUAIOLIMM 32 TEILIOBBIIEIEHHE 10 3aKkoHy Jxoyna-JleHna B cepAleBUHE CTBOIA
niepeBa. MeToz KOHEYHBIX pa3HOCTEH MCIIOIB30BAH JUI PelleHus Mu(PepeHINaIbHBIX YPaBHEHUH TEIIONPOBOIHOCTH. KOHEUHO-pa3HOCTHbIE
aHAJIOTH PEIIeHbl METOOM NPOroHKH. IIporpaMMHas peanu3anys BHIIOIHEHA HA BCTPOSHHOM SI3bIKE BBICOKOTO YpOBHS. Teopusi BEpOSATHOCTU
(ycnoBHast BEpPOSITHOCTB) HMCIOJIb30BaHA JUIsl pa3pabOTKH BEPOSITHOCTHOIO KPUTEPHs JIECHON MOXKAPHOW OIACHOCTH.

PesyabTaThl. Pa3spaboran nporpaMMHBIH HHCTPYMEHT AJIS OLCHKM BPEMEHU 3aJIE€PXKKH 3a)KHT'AHUS JIepeBa B pe3yJbTaTe BO3AEHCTBUA
Ha3eMHOro rpo3oBoro pa3psna. Kommnonent I'MC-cucremsl pa3paboTaH Ha s3bIKE MPOrpaMMHUPOBAaHUS BBICOKOro ypoBHs Python. IomydeHo
pacrpeselieHue BEpOITHOCTH BOSHUKHOBEHHS JIECHBIX MTOKapOB OT Ipo3 AJIst TeppUTOpuH THMHUPSA3EBCKOTO JecCHH4YecTBa ToMCKOH 00IacTy.

BuiBoasbl. [Ipeioxen pusndeckn 000CHOBAaHHBIM METOA IIPOTHO3a, MOHUTOPUHTA U OLIEHKH JIECHOW MOXapHOH OIacHOCTH, 00YCIIOBIICH-
HOW JieiicTBUEM I'pO30BOM aKTMBHOCTH. JleTepMUHHpPOBAHHAs MaTeMaTHUYeCKas MOJENb 3a)KUTaHHs 1epeBa HA3eMHBIM I'PO30BBIM pa3psioM
KCIOJIb30BaHa B COBOKYIIHOCTH C BEPOSTHOCTHBIM KPUTEPUEM AJIsI OLEHKH JIECHOH MoxkapHOU onacHOCTH. IIpoBenieH aHanu3 JIeCHO! MoKapHOU
ONACHOCTH JUI TUIHYHOW Tepputopuu Tomckoi obnact (THMUpsA3EBCKOE JIECHUYECTBO).

Kuatouesble cioBa: ['MIC, Maremarnueckoe MozpenupoBaHue, JlecHas noxxapHast OmacHOCTh, [Ipornos, I'po3oBast akTuBHOCTH, BeposiTHo-
CTHBIN KpPUTEPHUH.
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2AcnupaHm kagheOpbl aguayUoHHbIX rpubopos u usmepeHuli, HayuoHanbHbIl a3pokoCMuUYecKuli yHuUsepcumem uM.

H. E. >Kykosckozo «XAW», Xapbkos, YkpauHa

NMPUMEHEHUWE ANMMOPUTMA ONTUMU3ALUN POEM HACTUL
ana MUHUMN3ALUWN CTOUMMOCTU NPOBEAEHUA
MHOIO®PAKTOPHOIO 3KCNEPUMEHTA

AKTya.]'l])HOCT]). Pemena aKTyaJlbHast 3a/ladya IOJIyYCHHUsI TOCICA0BATCIIBHOCTH ONBITOB IIPU IIPOBEACHUHU [TOJIHOI'O (baKTOpHOFO JKcnepu-
MCHTA, OGCCHC‘II/IB&IOIIICI‘/’I €ro MUHUMAJIbHYIO0 CTOUMOCTb.

].Ie.m; paﬁOT])I — CO3JJaHHEC METOAAa IJId ONTUMH3alUHU MHOFO(baKTOpHLIX ITUTAaHOB 3KCIIEPUMEHTA € IIOMOIBIO aJIroOpuT™Ma OINTHMU3ALUN
poeM 4acTull.

Merou. Hpe,HJ'IO}KCH METO IMOCTPOCHUS OINTUMAJILHON MaTpUllbl IJITAHUPOBAHUS DKCIICPUMEHTA 10 CTOUMOCTHU peaiu3allii C UCII0JIb30Ba-
HHEM aJIrOpUTMa post 4aCTULL. MCTO,H POst HaCTUILL 6a3npyeTc;{ Ha MOJCIIUPOBAHUH ITOBEACHUS MOIYJISINNUN YaCTUL] B IIPOCTPAHCTBE IIapaMETPOB
3ala4ud ONTHUMHU3AILUH. Bnauvane BBOIUTCA KOJIMYCCTBO (baKTOpOB H CTOMMOCTSD II€pexoaa AJIsl KaxXJA0ro YpOBHS (baKTOpOB. 3arteM ¢ yueroMm
BBEJICHHBIX JAHHBIX (hOPMUPYETCs CBOJHAS MATpHLA IUIAHMPOBAHMS SKCIepuMeHTa. YacTuubl pa3dpocaHbl clydailHBIM 00pa3oM IO Bceit
CBOHHOﬁ MaTpule IJIaHUPOBAHUS SKCIICPUMEHTA, U KaXKJasi JaCcThula UMeCT CJ'Iy‘IaI\/'IHLII\/'I BEKTOP CKOPOCTH. ITocne atoro YaCcTHI bl HAYXNHAIOT
TIIepeMelaThbCs 110 CTpOKaM U CTOJ'IGHaM MaTpulbl. B Kamoi’[ TOYKE, T1IC mooOkIBaja 4acTula, pacCCUYUuThIBACTCs 3HAYCHNUE CTOMMOCTH IPOBECHU S
OKCIICpUMECHTA. HpI/I OTOM KaXKJas 4JaCThla 3allOMHHACT, KaKo¢€ (I/I I",HC) Jyqniee 3Ha4CHUE CTOMMOCTH SKCIIEPMMEHTA OHA JIMYHO Halllla U Ie
pacnoiokeHa TO4YKa, sIBJISIoLIasICs J'Iy‘II_[ICI\/'I Ccpeau BCEX TOYECK, KOTOPBIC pa3Beaaid YaCTULIbI. Ha Ka)KHOI\/'I urepanyyu 4aCTullbl KOPPEKTUPYIOT
CBOIO CKOPOCTh (MO,HyJ'IL u HaHpaBJ’ICHI/IC), YTOOBI C O,HHOP'I CTOPOHBI OBITH MOOJIMIKE K Hy‘IHICﬁ TOYKE, KOTOPYIO OHA Hallljla caMa U, B TO K€ BpeMsl,
HpI/I6J'II/I3I/ITI>C$[ K TOYKE, KOTOpast B ,HaHHLII\/'I MOMEHT SIBJISICTCS [I00aJIbHO J'Iy‘{L[ICI\/'I. qCpC3 HEKOTOPOEC KOJIUIECTBO I/ITCpaHI/Iﬁ YaCTHUIbI COGI/IpaIOTCSI
BOJIM3HM Haunbolee XOpOH.ICﬁ TOUYKH. 3aTeM KOPPEKTHUPYETCA TEKYILlast Koop/inuHaTa Ka)KHOI\/'I YaCTHULBI. ITocne atoro pacCuuThIBACTCS 3HAUCHUEC
CTOUMOCTH IPOBEACHHUS SKCIICPUMECHTA B Ka)KﬂOI\/'I HOBOH TOYKE, KaXxK/ast yaCTHlla IIPOBEPSCT, HE CTajla JIM HOBasi KoOp/iuHaTa Hy‘ILHCﬁ cpeau BCEX
TOYCK, I/I€ OHA mooOkIBajia. 3aremM Cpeau BCEX HOBBIX TOUCK OCYLICCTBIIICTCS IPOBEPKA, HE HALIW JIU Mbl HOBYIO 100aJIbHO JIy4qnlyro TOYKY, U,
€CJIM HalllIy, 3allOMUHAEM €€ KOOpJAWHAThl U 3HAYCHUE CTOMMOCTH IPOBEACHHUS DKCIIEPUMEHTA B Hel. 3arem PacCUUuTLIBACTCSl BBIMIPBINI 110
CpaBHCHHUIO C I/ICXO,HHOI‘/’I CTOUMOCTBIO IPOBECHUSI SKCIICPUMEHTA.

PeSy.]'l])TaT]xl. Pa3pa60TaHo IIporpaMMHO€ 06CCHC‘ICHI/IC, peam3yrouiee HpC,HJ'IO)KCHHLII\/'I METOZ, KOTOPOC HCIIOJIIB30BAaHO IIPU IIPOBEACHUN
BBIYHCIUTCIIBHBIX SKCIIEPUMEHTOB 110 UCCIICNOBAHUIO CBOWCTB METoaa.

B])IBOH])I. HpOBCﬂCHHLIC SKCIEPUMEHTDI ITOATBEP AN paGOTOCHOCOGHOCTL NIPEATIOKEHHOI'O METO1a U peaJIM3YyIOLIEro €ro nporpaMMHOro
OﬁCCHC‘-IeHI/IH, a TaKK€ MO3BOJIAIOT PEKOMEHI0BATh UX JJIA NPUMEHEHUA HA MPAKTHUKE NPU MMOCTPOCHUHN OINTHUMAJIbHBIX MAaTPUIl IIJIAHUPOBAHUA
OKCIIEPUMEHTOB.

KnwueBble cioBa: METOA, OIITHMH3aIIHA, pOﬁ YJacTull, IJIIaHUPOBAaHUE SKCIEPUMEHTA, CTOUMOCTD, OINTHMAJIbHBIN TIJIaH.

X, — MCXOIHBIA IUTaH SKCIIEPUMEHTA,

HOMEHKJIATYPA
| — KOMUYECTBO UTEPALUH aJropuTMa;

Div — pa3HooGpa3ue posi JacTHII, 2
g — I06albHOE PellieHHe aNTOPUTMa PO YACTHIL; l,,,— 3371aHHOE KOJTUYMECTBO MTEPALMI ANrOPHTM;

k — KommdecTBO (haKTOpPOB OOBEKTA, BBEICHHBIX B HCCIIE- a,,— 3HaueHue i-ro GaKTopa B j-OM OMbITE;
JIOBaHUE;

| — KONMYECTBO MTEpaLnii;

t — BpeMs paboThI MPOTrpaMMEl, C,

1 .
Ci““ — CTOMMOCTb YCTaHOBKHM i-r0 (hakTopa B COCTOSI-

HHUC a, B TICPBOM OIIBITE;

B — BBIUTPBILL C;th %/ _ CTONMOCTb YCTAHOBKH i-r0 (pakTopa B j-OM
C .~ MMHUMAajbHasd CTOMMOCTb NPOBENEHMS KCIEPH-  OmBITE;

MEHTa, YCJI.€A.; C, — CyMMapHas CTOMMOCTb NPOBEICHHUS IKCIIEPUMEHTA.
C, .. — UCXOIHas CTOMMOCTb IPOBEICHHUS SKCIIEPMMEHTA, BBEJIEHHUE

yen.en.;

Pi_ JIOKaJILHOE PEIICHUE aITOPHTMA PO ACTHIL, HpI/IMeHeHI/Ie IUTAaHUPOBAHMA 3KCIIEPUMEHTA ACIACT I10-

BEJIEHUE JKCIIEpUMEHTAaTOpa LieJeHalpaBiIeHHbIM U Opra-

W — k03 GUIMEHT AN «TYIEHHS» CKOPOCTH YaCTHII,
X IJ — 3HaueHue i-ro (hakTopa MCCleqyeMoro mporecca B

J-OM OIBITE;

N — KONHMYeCTBO OMBITOB B MaTpHIIE IUTAHUPOBAHUS dKC-
MEPUMEHTa M MaTpHUIlE CTOMMOCTEH MEepPexX0/I0B U3 YPOBHEH
(hakTopoB;

C(l)( +1),C6(_1),C6( +1)(_1),C6(_1)( 41) — CTOHMOCTH Iepexo-
JIOB U3 COOTBETCTBYIOIIMX YPOBHEW JiIst i-ro (hakTopa;

C — maTpuIa CTOMMOCTEH MEePeXOioB;

nep

© Komeo#t H. [I., BenseBa A. A., 2018
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HHU30BaHHBIM, CYHIECTBEHHO CIHOCOOCTBYET MOBBIIICHUIO
MIPOU3BOIUTEIFHOCTH €0 TPyAa M HaJle)KHOCTH TONyIeH-
HBIX Pe3yJIbTaToOB. BaXKHBIM TOCTOMHCTBOM METONA SIBIISET-
Csl eT0 YHUBEPCAJIbHOCTD, MPUTOAHOCTh B OTPOMHOM OOJIb-
LIMHCTBE 00NacTeil MCCIeNOBaHUs, HHTEPECYIOLINX COBpPe-
MEHHOTO YeJIOBeKa.

OCHOBHOH IEIBI0 DKCIIEPUMEHTA SIBJISETCS MPOBEPKA
TEOPETHUCCKUX TMOJIOKEHUH (MOATBEpkKACHUE padoueii ru-
MOTE3b1), @ TAKXKE O0JIee MUPOKOE U TITyOOKOE M3Y4CHUE TEMbI
HAay4YHOTO HMCCIIEAOBAaHU. DKCIEPUMEHT JOIDKEH OBITH IPO-
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MATEMATUYHE TA KOMIT'FOTEPHE MOJEJIFOBAHH S

BEJICH 10 BO3MOXKHOCTH B KpaTyailIllMii CPOK C MMUHUMAJIb-
HBIMH 3aTpaTaMH M TMO3BOJHT MOJYYUTh JOCTOBEPHBIE pe-
3yJIbTATHI.

OOBEKT MCCIIEOBAHMS: MPOLIECCH ONTUMH3AINH 110 CTO-
MMOCTHBIM 3aTpaTaM IUIaHOB MHOTO(AKTOPHBIX JKCIIEpH-
MCHTOB.

[Ipenmer ucciaenoBaHus: METOJ ONTUMHU3ALMU IO CTO-
MMOCTHBIM 3aTpaTaM IUIAHOB 3KCIEPHUMEHTOB, OCHOBaHHBII
Ha MPUMEHEHWH METO/a POosl 4acTHll.

Lenp ucciaenoBaHus: COKpalleHHEe CTOMMOCTHBIX 3aTpaT
Ha MpoBeAeHNe MHOTO(aKTOPHOTO DKCIIEPHMEHTa 32 CYET
CO3JaHMS METOJIa ONTHMHU3AIMU C IOMOIIBIO MPUMEHEHHS
METO/1a posl YacTHIl.

1 ITIOCTAHOBKA 3A1AUHN

3ajaya ONTHMU3AIMU IUIAHOB 3KCHEPUMEHTOB IO CTO-
MMOCTHBIM 3aTpaTtam spisercss NP-monHoi, T.e. U1 cBoero
pemieHus: TpeOyeT BpeMeHH H OOJBIIOT0 KOMUYECTBa BBI-
YUCJICHUH, OBICTPO PACTYIIMX C YBEIHUYSHHEM pa3MEpHOC-
TH 3agadu. [109TOMY MONHBIA TTepedop BCeX BO3MOXKHBIX
BapHaHTOB PELICHUS SABJISETCS 3aTPYIHHUTENbHBIM. B CBsI3H ¢
9THUM HEOOXOJMMO HAXOJAWUThH PEIICHUS C MOMOIIBI0 TPHU-
OJIVDKEHHBIX aJITOPUTMOB, HANPHUMEpP, TaKUX, KaK aJTOPUTM
ONTHUMH3alMKU poeM yactull. [Ipu 3TOM 3a7aH MCXOIHBIN
TUTaH KCIEPUMEHTA X, ¥ MaTpula CTOMMOCTEH TIEPEXOIOB
yposHeii pakropos C,

[ 1 1 1 1]
xoxyoox L x!
2 2 2 2
X2 XX .. oXP . X
Xp=| j j il
X/ x{ .. X/ .. X
N N N N
XY ox¥ooxr x|
(¢, c., c! o |
) Gy Canen Cenen
2 2 2 2
Cen Con Canen Gonen
Cr—|
Clen Cony Clanen Clnen
k k k k
Sy Gy Canen Cene |

Heo0xoaumo HaiiTH ONTHMAIBEHEIN WK ONMM3KHHA K OITH-
1T
MaJIbHOMY IIJIaH JKCIepuMeHTa X §3 , TIPHU BBITIOJIHEHUHU

OTpaHMYEHHs Ha KOMMYECTBO MTepaumii [=/ Uit KOToporo
CyMMapHasi CTOMMOCTb IPOBE/ICHHUS IKCIICPHMEHTA

k N k
_ a;,1 4, j-15%, j ;
CO—ZC[’ +chi,j — min.
i=1 Jj=2i=l1

2 OB30P JINTEPATYPbI

Bo3MOXHO TpHMEHEHHE METOJ0B KOMOWHATOPHOW OI-
tumu3anuu [1-3]. V3BecTHBI ipUMeEpHI TOCTPOSHUST MHOTO-
(aKTOPHBIX IJIAHOB HKCIIEPHMEHTA, OCHOBAHHBIE Ha MCIOJIb-
30BaHHMU CIIEAYIOMINX METOIOB ONTUMH3ALWH: TOMHBIN Ie-
pebop [4], cny4aiiHblii IOUCK [4], METOA BETBEH M TPaHUI]
[4], meTon nocienoBaTebHOrO NpUOIMKeHHs [4], MeTonT Taly
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moncka [5]. Bruta mokasana 3¢ ¢eKTHBHOCTh IPUMEHEHHS
3THUX METOJIOB IIPH HCCIENOBAHHUH psifia Pa3IMIHEIX 00BEK-
TOB: TEXHOJIOTMYECKHX IIPOLECCOB, IPHOOPOB, crcTeM. Kax-
JIbII U3 3TUX METOJIOB UMEET CBOU JOCTOMHCTBA M HENOCTAT-
Kd. VX cyliecTBEHHBIMH HEJOCTAaTKaMH SIBISIOTCA: HHU3KOE
OBICTpOJIEHCTBHE, HE BCETNA HAXOAWTCS TOYHOE pPEIIeHHe, a
ymaeTcss HaTH JIIIb ONHU3KOe K ONTUMAaJIbHOMY pElICHHE.

BBuny 3Toro menecoobpa3HO IS CpaBHEHHS Pe3yIbTa-
TOB ONTHMU3AIMH IAHOB 3KCIIEPUMEHTa MPUMEHUTH aJro-
PUTM ONTHMH3ALMHA POEM YaCTHII.

OOmupHOe HcclejoBaHue NMPITIOKEHUH METo#a posi 4a-
ctur caenano [lomum [6-7]. Meroz post yacTHIl ONTUMH3UPYET
(YHKITHIO, TTOJIEPKUBAs TTOMYIISIIIIO BOSMOXKHBIX PEIICHHH,
Ha3bIBaEMbIX YaCTHLIAMHM, U MEpeMelllas 3TU YacTHULbl B MPO-
cTpaHCTBe peuleHuid. [lepemenienys NOTUUHAIOTCA IPHHIM-
Iy HaWIy4lIero HaillJeHHOro B 3TOM IIPOCTPAHCTBE IOJNOXKE-
HUsI, KOTOPOE IOCTOSIHHO M3MEHSETCS IIPU HAXOXKAECHUU 4ac-
THIIaMH O0JIee BBITOIHBIX MOJIOKeHuH [8, 9].

3 MATEPUAJIBI 1 METO/IbI

Pa3paboran MeToi ONTUMH3ALUH IUIAHOB 3KCIEPUMEH-
Ta 10 CTOMMOCTHBIM 3aTpaTaM C HCIOJIb30BAaHUEM aJlTOpUT-
Ma ONTHUMHU3alMU poeM 4acTull. CyIIHOCTh NMPUMEHEHHS
aJTOpUTMa, CXeMa KOTOpOro NpHUBeNeHa Ha puc. 1, 3aKiio-
4aercs B CIECAYIOLIEM.

Iar 1. B Hauane pabOTHI alTOPHUTMA IIPOU3BORUTCS BBOJ
KonmgecTBa (hakTopoB k.

[ar 2. Heo6X0anMo BBECTH CTOMMOCTH IIEPEXOJIOB MEXK-
Iy YPOBHSIMH IUTSI KQXKJOTO U3 (haKTOPOB.

Ilar 3. B 3aBHCHMOCTH OT BEIOPAHHOTO KONMMYECTBA (haK-
TOPOB OCYIIECTBIISETCS OCTPOEHNUE MATPHULBI TUIAHUPOBA-
HUS JKCIIEPHMEHTA.

[ar 4. Beruucnsercst McXonHast CTOMMOCTb IPOBEACHHS
9KCIIEPUMEHTA.

[ar 5. ®opMUpOBaHUE CUCTUMKOB HTEPAIUid [.

[ar 6. OcyriecTBisieTcss BBOI KOJTMYECTBA MTEPAIHid /.

Ilar 7. BeimonHsieTcs: mpoBepKa, JOCTHTHYTO JIHM 3aJaH-
HOE KOTMYECTBO UTepanuii win HeT. Eciam mocruranyro, To
BBITIONHSIETCS mIar 15, B MPOTUBHOM CiTydae — mmiar 8.

Ilar 8. [Ipoucxognt mHUNManm3anus yactuil. Havgams-
HBIE€ TMO3WLUHU-TIEPECTAHOBKH YaCTUL WHUIMATU3UPYIOTCS
cinydaiiHeiM oOpa3om. [y mepBoi MO3UIIMKM BBIOHpaeM
CIIy4aiiHBIM 00pa3oM JIFOOYI0 TMO3MIIMI0O WX 3HAUCHUS; JUIS
BTOPOH MO3UIIUK — CO BTOPOH A0 IMOCIETHEH C MOCIEeIyIO-
el MepecTaHOBKOW WX 3HAYEHWH; JJIS TPEThel MO3HUIINN
OCYIIECTBIISIETCSI TIEPECTaHOBKAa 3HAUEHHWH CO CIlydailHO
BBIOPaHHOW TO3HUIMEH OT TPEThEH 10 MOCNIENHEeH U T.1.

Ilar 9. Vcxons u3 aHanm3a BceX BO3MOXKHBIX BApUAHTOB
MEPEXOIOB M3 HAYaJILHOTO COCTOSTHUS B JIOKAJIBHO ONTHUMAJTb-
HOE COCTOsiHME (ITPU KOTOPOM CTOMMOCTH Iepexoaa OymeT
MUHHMAJIbHOI), 3aIHCBIBAETCS TOT JIOKAJIBHO ONTHUMAJIb-
HBI{ OIBIT B ONTUMH3ALHOHHYIO MaTPHILY.

[ar 10. OGHOBIEHUE MOJIOKEHHUS YACTHIL TIPOUCKXOIUT C
MOMOIIBI0 OMHAPHOTO M TEepHAPHOro orepaTtopos. [Tpu mc-
MOJIB30BAaHUM OWHAPHOTO omepaTopa INPOMCXOIUT BBIYHC-
JICHHE PACCTOSHUS MEXAY IepecTaHOBKAaMH, T/e UIs MOA-
cyeTa CTENEHH Pa3JIndMs MEXIY HUMH HaXOIHUTCS IEpBOE
HECOBMaJIeHNEe NPH CKAaHUPOBAHHUHU DJIEMEHTOB CIlIeBa Harpa-
BO. A IpU HCIONB30BAaHUN TEPHAPHOTO ONEPaTOpa HILETCS
HECOBIAJICHUE B CIIy4aiHO BbIOpaHHOHM mo3uumu. Eciu ame-
MEHTBHI 9TOW MO3MLUU COBHAIH, TO MPOU3BOAUTCS IOUCK
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MATEMATUYHE TA KOMIT'FOTEPHE MOJEJIFOBAHH S

NIEpPBOr0 HECOBIAJCHUS CIIpaBa, a B CIydae HEyJadu — Clle-
Ba OT HEe.

[Har 11. BeimonHsiercs: 0OHOBICHHE TEKYILEro JIy4IIero
pelIeHHs] JacTHI] MyTeM 3allOMHHAHUS JY4IIEero peleHus,
KOTOpO€ IOIYy4aeTcsi B pe3yabTaTe CPAaBHEHHUS 3HAUCHMU,
HaWJIEHHBIX MPHU BBINOJHEHUU mmara 10 ¥ UCXOIHBIX.

[ar 12. BeimonHseTcs OOHOBIEHUE CKOPOCTEH YacTHII.
PasHooOpasue st i-0i 4acTHULIBI OINpeneNseTcss Kak cpell-
Hee apu(pMETHYECKOe €€ CTENEeHU OTIMYMS OT HaiJleHHOro
€l JIOKAILHOTO PELIEHHs P, ¥ TII00ATLHOTO pelleHus pos g,
a TaK)Ke OTIMYMEM MEXIy 3THM JOKaJbHBIM M II00aIbHBIM
pelIeHueM.

[ar 13. BeimonHseTcs OIICHKA pa3HOOOpasusi posi U Kop-
peKTUpOBKa ckopocteil. PasHooOpa3ue pos ompexnensercs
CpelHUM pa3HOOOpa3ueM BCeX BXOJISALIMX B HEro YacTHII.
Ecin pa3HooOpa3ue B poe CTAaHOBHTCS MEHbIIE HEKOTOPOIo
3Ha4EHUs, Halpumep, Kak pekoMmenayercs B [10], Div<0,4,
TO NMPOUCXOAUT MEPEUHUIMANN3AIUs 3HAUEHUH CKOpocTei
YaCTHII, YTO JIA€T POI0 BO3MOXKHOCTbH BBIMTH U3 00JIACTH MPH-
TSDKEHUs HalJIEHHOTO JIOKaJbHOIO0 MUHMMYyMa M HpPOJOJ-
XKUTh JabHEHIINKA TOUCK miobanpHOro pemenus. Ilepuo-
JIUYecKasi OLIEHKa CTEHNEHH pa3HOOOpa3us MOMYISILUH U CO-
OTBETCTBYIOIIAs KOPPEKTHUPOBKA CKOPOCTEN YaCTHUI] SBISIETCS
cBOE€0Opa3HOW 00paTHOM CBSA3bI0, PErYIHPYIOIIEH MpoLecc
MOMCKAa U TMO3BOJISIONIEH CHelaTh NPOBEJEHUE ONTUMM3a-
LMY MEHee YYBCTBUTENIbHBIM K BBHIOOpPY YHMCIIEHHOTO 3Have-
HUSL KOO(QPULIHEHTa W I «TYLICHUS» CKOPOCTH.

[ar 14. BeimonHsiercst npoBepka pa3HOOOpasust posi, T.e.
Div<0,4 umu uet. Eciu ga, To BhIMONHsETCs mar 12, B mpo-
TUBHOM ciydae mar 19.

Ilar 15. IMocne nocTMkeHUsT 3aJaHHOTO KOJIMYECTBA UTeE-
panuii BBIIOJHSAETCS MOCTPOCHHE ONTUMAIbHON MaTpUIIBI
IJIAHUPOBAHUS DKCIEPUMEHTa (OCHOBBIBAETCS HAa TOM, 4TO
€CIM Ha Ka)XIOM JIOKAJIbHOM IIlare BBIOMPAJICS ONMTHMAIb-
HBI TIEpeXo]], TO W OOIIWI TUTaH MPOBEACHUS SKCIIEPHMEH-
Ta OyIeT ONTHMAaILHBIM).

[ar 16. Beraucnsiercst o0masi CTOUMOCTh peaTn3aluu
JKCIEPUMEHTA.

[ar 17. Beraucnenne BeIMYUHBI BBIMTPHIMIA (B) KaK OT-
HOIIICHHUS WCXOIHOW CTOMMOCTH TPOBENCHHS DKCIIEPUMEH-
ta (C, ), HaliieHHO! Ha mware 4, K CTOMMOCTH MPOBEAEHHS
skcniepumenta (C ), HalieHHOH Ha mare 16.

[ar 18. Beruucnsercs BpeMs f, 3aTpadeHHOE Ha OMNTH-
MH3aIUI0 TJaHa MHOTO(GAKTOPHOTO JKCIIEPUMEHTa C HC-
MOJIb30BAHUEM AITOPUTMA ONTHMU3AIUU POEM YaCTHII.

[ar 19. Beruucienue I0KaaTbHOW CTOMMOCTH TIPOBEIE-
HHUS DKCIIEPUMEHTA.

[ar 20. BemonHsieTcst MpoBepKa MEHBIIIE I CTOMMOCTb,
HalifeHHas: Ha mare 19, 4yeM CTOMMOCTH, BHIYHCICHHAS BO

Bpems Ipeablaynieil urepauuy. Eciu MeHsble, TO OCyILecTB-
JIsieTCsl IEPEXO] Ha 1ar 22, B IPOTHBHOM clydae Ha miar 21.
IHar 21. Tak Kak MBI TOJY9MIA CTOUMOCTH OOJTBILE, YeM
BO BpeMsl NPEeAbIAYLIEH UTEepalluu, TO HYXKHO UCKIIOYUTh
9TOT BapUaHT U3 PACCMOTPEHMS.
IMar 22. OcymecTBisercs 3alIl0MUHAHKE JIOKAIBHOH CTO-
HIMOCTH NPOBEAECHUS HKCIIEPHMEHTA.

4 OKCIIEPUMEHTbBI

Bbruto pa3paboTaHo mporpaMMHOe oOecHedeHne, pea-
JU3YIOIee METON Posi YacTHIl. SI3BIK MpOrpaMMHUPOBAHUS —
Java. IIpocuersl BBIIOTHIACH Ha KOMITBIOTEpPE C IIPOLEC-
copom Intel Pentium G620 ¢ gacrotoit 2.60 GHz. IIpoBepka
paboToCTIocOOHOCTH Pa3padOTaHHOTO METOJA M MPOrpaMM-
HOro o0ecredyeHHsi, OCHOBAaHHOIO Ha IPUMEHEHHH aJIrOpUT-
Ma ONTHUMH3AIMU POEM YaCTHI], OCYIIECTBISUIACH Ha psle
MPaKTHYECKUX 331ad (IPOCYETHl KOHTPOJBHBIX IPHMEPOB C
KOITIYeCcTBOM (pakTopoB k=3...7, HCCIETOBAaHUU BECOM3Me-
PUTENBHON CHCTEMBI JUIsl JO3UPOBAHUS CHITYYHX MaTepHha-
noB (k=3), MccrnenoBaHNN BUXPETOKOBBIX M3MEpPUTENeH TOM-
[IMHBI UJICKTPHIECKUX TOKPBITHI HA METAJUTMYECKHX T10-
BEPXHOCTSIX (k=4), IPH IOUCKE ONTUMAILHBIX KOMOWHATOPHBIX
IUIAaHOB JKcrepuMeHTa(k=4)), peIIeHHBIX METOAAMH TIOJTHO-
ro mepedopa, Taby-TIonCcKa U CIIy9aifHOTO ITOMCKA.

KonmgecTtBo (hakTopoB M CTOMMOCTH IIEPEXOJIOB BBOMAT-
csl ¢ KiIaBuatypsl. s mpocueTa KOHTPOIBHBIX MIPHMEPOB
BBOJMJINCh CTOUMOCTH HW3MEHEHHS YpOBHeH (pakTopos,
Mpe/ICTaBICHHBIE B Ta0M. 1.

[Ipn mccnenoBaHUU BECOM3MEPUTEIBHOW CUCTEMBI TS
JTO3MPOBAHMS CBHIMTYYNX MaTepHANIOB(k=3) pacueThl BBHITION-
HSJIUCH JUIS CTOUMOCTEH M3MEHEHHMI 3Ha4eHUH ypOoBHEH
(axTOpOB, MPUBEACHHBIX B Ta0M. 2 [4].

[pu MccnenoBaHUy BUXPETOKOBBIX H3MEPHTEECH TOMIIH-
HBl JUDJIEKTPHUYECKUX MOKPBITUA Ha METaJUIMYECKUX I0-
BepXHOCTSX (k=4) pacueTbl BBIMOIHIUCH JJIS CTOMMOCTEH
W3MEHEHHMH 3Ha4YeHUH ypoBHEW (DakTOpPOB, MPUBEICHHBIX B
Tabmn. 3 [4].

[pu moncke ONTUMANBbHBIX KOMOMHATOPHBIX IUIAHOB JK-
cniepuMeHTa (k=4) pacyeTrsl BBIMOIHSIUCH Ul CTOUMOCTEH
W3MEHEHHMH 3HA4YeHUH ypoBHEH (DakTOpOB, MPUBEICHHBIX B
Tabn. 4 [4].

5 PE3YJIbTATbI

[poBeneHHBIE dKCIEPUMEHTHI TOATBEPAMIH PAOOTOCIIO-
CcOOHOCTh MeToJa post yacTull. i CTOMMOCTEH M3MEHEHUS
ypoBHei (hakTOpOB, MPEACTABJICHHBIX B TaOJ. 1, MONIyYeHBI
pe3y/IBTaThl ONTHUMHU3AINH, OTPaKeHHbIC B TaOm. 5. M3meHe-
HHUE BBIUTPHIIA B CTOMMOCTH PeaIn3aliH SKCIEPHMEHTOB
MPUBEIEHBI HAa pHUC. 2.

Tabmuna 1 — CroumocTr m3MeHeHH! ypoBHEH (pakTopoB

CroumocTh nepexopa Konnuectro O603HaueHne HaKTopoB

ypoBHsi (akTopa, yci.ea. | pakropos X1 X2 X3 | X4 | X5 | X6 | X7
u3 «—1» B «t1» 3 1 2 3 — — — —
u3 «+1» B «—1» 1 3 2 — — —
u3 «—1» B «+1» 4 2 2 4 5 — — —
u3 «+1» B «—1» 1 3 3 6 — -
u3 «—1» B «+1» 5 1 2 3 5 2 — -
u3 «+1» B «—1» 1 1 3 6 1 — —
u3 «—1» B «+1» 6 2 2 1 3 2 1 —
u3 «+1» B «1» 1 4 3 6 1 3 —
u3 «—1» B «t1» 7 3 1 4 3 2 1 4
u3 «+1» B «—1» 2 4 3 6 1 3 2
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Ta6mmna 2 — CToMMOCTH N3MEHECHUH 3HaYEeHNH YpOBHEH (haKTOpOB

CTOMMOCTH U3MEHEHUH, yCII. efl.
daxTop u3 «0» B «+1» u3 «0» B «—1»" 3 «+1» B «—1» u3 «—1» B «+1»
X1 10 10 10 10
X2 8 12 24 16
X3 6 4 8 12
Tabmuua 3 — CrouMocTH U3MEHEHU 3HaueHUi ypoBHEl (akTopoB
CTOMMOCTH U3MEHEHHH, YCII. e]l.
®daxTop u3 «0» B «+1» n3 «0» B «—1» u3 «+1» B «—1» u3 «—1» B "«+1»
X1 0,2 0,2 0,2 0,2
X2 0,8 5,65 1,55 4,9
X3 6,65 9,55 74 8,8
X4 6,15 8,65 6,9 7.9
Tabmuua 4 — CrouMocTH U3MEHEHUH 3HaueHUi ypoBHEl (pakTopoB
CTOMMOCTH U3MEHEHHH, YCII. eI
®daxkTop u3 «0» B «+1» u3 «0» B «—1» 3 «+1» B «—1» u3 «—1» B «+1»
X1 3,73 9,43 7,45 18,85
X2 2,23 4,33 4,45 8,65
X3 0,09 0,09 0,18 0,18
X4 0,38 0,58 0,77 1,15
Ta6umna 5 — Pe3ynpraTel ONTHMU3aLMH IITAHOB SKCIIEPUMEHTA
MeTo1 nmoucka KomnuectBo | Cyex, yeu. €. Chin, YCII. €11 B tc
(akTopoB k
onHsiii nepeGop 3 26 11 2,36 24,28
CiryqaifHbIil HOHCK 3 26 12 2,17 1,47
4 116 66 1,76 5
5 156 140 1,11 17,44
6 261 248 1,05 18000
7 654 647 1,01 86400
Taby-nonck 3 26 14 1,86 0,01
4 116 42 2,76 0,04
5 156 76 2,10 0,41
6 261 181 1,44 4,56
7 654 512 1,28 45,18
Merton 3 26 11 2,36 0,01
ONTUMH3ALNU POEM 4 116 41 2,83 0,02
4aCTHIL 5 156 68 2,29 0,1
6 261 153 1,71 1,2
7 654 482 1,36 15

# MonHbIM nepebop

W Cny4anHbiM NONCK

A

HH

7 Taby-nomck

il
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M\\\\\\\\\\\\\\\\\\‘
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Jis cromMocTeil M3MEHEeHUs ypoBHEH (pakTopoB mpu
HCCIIEI0BAHUU BECOM3MEPUTEIILHON CUCTEMBI, IIPEICTaBIIEH-
HBIX B TaOJI. 2, MOMy4eHbI pe3yNsTaThl ONTHMHU3AINH, OTpa-
JKeHHBIE B TaOy. 6. CTOMMOCTB €ro peanu3alud paBHA
110 yen. en. (puc. 3) u Bpems cuera 0,01 ¢, a a1 onTHMAaITh-
HOTO IITaHa, HOJXYYeHHOTO IPHU IIONHOM Iepedope CTPOK —
102 ycn. en. [4] u Bpems cuera 25 c. Mi3mMeHeHHe CTOMMOCTH
peanu3aluy SKCIEPUMEHTOB IIPUBEAEHBI HA PUC. 3.

Jis cromMocTeil M3MEHEeHUs ypoBHEH (pakTopoB mpu
HCCJIEN0BAaHUY BUXPETOKOBBIX M3MEPUTENEN TONLIMHbI JU3-
JIEKTPUYECKUX MOKPBITUH HA METAUIMYECKUX IOBEPXHOCTSX
(k=4), npencraBneHHBIX B Ta0J. 3, MOTYdEHBI PE3YIBTaThI OIl-
THMH3aINH, OTpakeHHbIe B Tabm. 7. [InaH, momydeHHsIH mpu
UCHOJIb30BAHUM METOJA POs 4acTHL, UMEET CTOUMOCTb pea-
mmanuy paBHyo 60,1 yei. en. (puc. 4), a IIaH, TOTyJeHHBIH
METO/IOM OTpaHHMYEHHOro Iepedopa (IpoaHATH3UPOBAHO

300

7777777 BapuanTo) — 112,85 yei. en.[4]. 3menenune cronmMo-
CTH pean3aliy dKCIEPUMEHTOB MPUBEICHBI Ha pHC. 4.

Tabnuua 6 — [Inansl 3kcriepuMeHTa A1 UCCIE0BAHHS BECOU3MEPH-
TEJIbHOM CUCTEMBI JJO3UPOBAHMS CHITYYHX MaTepuaos (k=3)

IMonuslit nepedop Meroz post 4acTHIL
O003HaueHne O0o03HaueHne
Homep (hakTopoB Homep AKTOPOB
OmbITa X1 X2 X3 OTIbITa X1 X2 X3
0 0 0 0 0 0
1 -1 -1 -1 5 1 -1 -1
2 -1 -1 1 7 1 1 -1
6 1 —1 1 3 -1 —1 1
5 1 —1 -1 4 -1 1 1
7 1 1 -1 8 1 1 1
8 1 1 1 6 1 -1 1
4 -1 1 1 2 -1 -1 1
3 -1 1 -1 1 -1 —1 -1

250

200

150

100

0 T T T 1

nnaH HayanbHbIA NNaH mMeToq MeTOo  POoA HacTuL,
MaKCHMMabHOM NnepectaHoBEK
CTOMMOCTH

PI/ICyHOK 3 — MI3MeHEeHHEe CTOMMOCTH peam3anu SKCNEPUMEHTOB

Tabmuua 7 — [naHbpl SKCIIEPUMEHTA IS HCCIIEJOBAHHE BUXPETOKOBBIX H3MEPUTEIEH TONIMHBI JUIEKTPUUSCKUX TOKPBITHI Ha METaJUTHYec-
KUX ToBepHOCTSX (k=4)

AHanu3 nepecTaHOBOK (METOZ OrpaHUUSHHOTO mepebopa) Mertoz post 9acTuIy

Homep O603HaueHne HaKTOPOB Homep O6o3HaueHne PaKTOpOB

OIIBITA X1 X2 X3 X4 OIbITa X1 X2 X3 X4
0 0 0 0 0 0 0 0 0
8 -1 1 1 1 1 -1 -1 -1 -1
7 -1 1 1 -1 5 -1 1 -1 -1
3 -1 -1 1 -1 13 1 -1 1 1
1 -1 -1 -1 -1 15 1 1 1 -1
9 1 -1 -1 -1 7 -1 1 1 -1
10 1 -1 -1 1 8 -1 1 1 1
2 -1 -1 -1 1 16 1 1 1 1
4 -1 -1 1 1 14 1 1 -1 1
11 1 -1 1 -1 6 -1 1 -1 1
12 1 -1 1 1 10 1 -1 -1 1
13 1 1 -1 -1 2 -1 -1 -1 1
14 1 1 -1 1 4 -1 -1 1 1
6 -1 1 -1 1 12 1 -1 1 1
5 -1 1 -1 -1 11 1 -1 1 -1
15 1 1 1 -1 3 -1 -1 1 -1
16 1 1 1 1 9 1 -1 -1 -1
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Jist ctouMocTeit M3MEHEHHsT YPOBHEH (aKkTOpOB MpH
MOUCKE ONTHMAIbHBIX KOMOWHATOPHBIX IUTAHOB JKCIIEPHU-
MeHTa (k=4), IpeACTaBIeHHBIX B Ta0M. 4, MOMTyIeHBI Pe3yib-
TaThl ONTUMH3AINH, OTPpaKEeHHbIE B Ta01. 8. CTOMMOCTD pe-
aJM3aly dKCIEPUMEHTa TIPU METO/Ie OrPaHUYEHHOTO IIe-
pebopa [4] cocraBuseTr 86,62 ycu. en. (puc. 5). Ipu
peanu3anuy IiaHa dKCIEPUMEHTA, MONyYeHHOTO ¢ ITOMO-
LIBbI0 MeToJa post yactull — 53 yci. en. M3MeHeHue crouMo-
CTH peasTi3aluy SKCIIEPUMEHTOB MPUBEICHBI Ha pHC. 5.

6 OBCY/K/IEHUE

PazpaboranHas mporpaMma IO3BOJISIET HAWTH MHHH-
MaJIbHYI0 CTOMMOCTH MPOBEACHUS IMOJHOTO (PaKTOPHOTO
skcnepumenta (I1D3), mociaenoBaTeIbHOCTh peaTn3annuu
OMBITOB, BBIMIPHIII MO0 CPABHEHHIO C MCXOAHOIN MaTpuueit
IUTAHUPOBaHUS U BpeMs cueTa. [Ipu mpocyere KOHTPOIBHBIX
MIPUMEPOB JJIsl 3HAYEHUSI CTOMMOCTEH M3MEHEHUs! ypOBHEH
(akTOpOB, MPUBEACHHBIX B TaONI. 1, MOMy4EeHBI PE3yNBTATHI

ONTHMH3AINHA IUIAaHOB SKCIIEPHMEHTA IIOTHBIM IIepedopoM,
CITy4afHBIM HOMCKOM, Ta0y-TIOMCKOM M METOIOM ONTHMH-
3amuM poeM vactail (tadn. 5). Kak BuaHO U3 Tabi. 5, BBIAT-
PBILK B pe3ylbraTax ONTHMHU3ALHN HOPU HCIOIB30BAHUH
METOJla POsI JAaCTHI] IOTydeHb!I OOJbIINe, YeM IIPH METoAax
Taly-TIOMCKa M CIy4alHOro IOWCKa, U OJHHAKOBBIE C METO-
JIOM TIOITHOTO TIepedopa.

ITpm mccenoBaHNM BECOM3MEPHUTENBHON CHCTEMBI I10-
JydeHHas OCIeI0BaTeNbHOCTh POBEICHHS ONBITOB (TabII. 6),
KOTOpasi MO3BOJIET MOMYYHTh CTOMMOCTH ITPOBENCHUS 3KC-
HeprMEeHTa HEMHOTO OONBIIYI0 YeM MpH HOJHOM Iepebo-
pe, ogHako obecreunBaeT Oonbiee ObIcTpoxericTBre. Kak
BUJTHO U3 PUCYHKOB 5 U 6, TIPH MCCIEIOBAHIN BHXPETOKOBBIX
M3MepHUTeNedl TONMHUHBI JHIIEKTPUIECKUX ITOKPBITHH Ha
METAJUTMIECKUX MOBEpXHOCTIX (k=4) W NIpH HOHCKE ONTH-
MaJbHBIX KOMOMHATOPHBIX IIAHOB dKCIIEpHMeEHTa (k=4) yna-
JIOCh HAITH TaKWe MOCIEAOBATEIbHOCTH OMBITOB (Tabm. 7 u

Tabmna 8 — OnTuManbHble KOMOMHATOPHBIE [UIAHBI MHOTO()AKTOPHOIO KCIIEPHMEHTA JUIsl KOJIMYECTBA (hakTopoB k=4

AHau3 nepecTaHoBOK (METO.
OTpaHUYEHHOTO epebopa) MeToz post 9acTHIT
Homep O003HaueHne pakTopoB Howmep O603HaueHne GakTOpoB
OIbITa X1 X2 X3 X4 onbITa X1 X2 X3 X4
0 0 0 0 0 0 0 0 0 0
5 1 1 -1 1 1 -1 -1 -1 -1
4 1 1 1 1 3 -1 -1 1 -1
6 1 —1 1 —1 4 -1 —1 1 1
7 -1 -1 1 1 2 -1 -1 -1 1
8 -1 1 1 -1 10 1 -1 -1 1
2 -1 1 -1 -1 9 1 -1 -1 -1
9 1 1 -1 —1 12 1 —1 1 1
1 1 -1 -1 -1 11 1 -1 1 -1
10 1 -1 -1 1 15 1 1 1 -1
11 1 -1 1 1 14 1 1 -1 1
12 1 1 1 —1 16 1 1 1 1
13 -1 1 -1 1 13 1 1 -1 -1
14 -1 1 1 1 6 -1 1 -1 1
3 -1 -1 -1 1 8 -1 1 1 1
15 -1 -1 -1 -1 7 -1 1 1 -1
16 -1 -1 1 —1 5 -1 1 —1 -1
300
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Taln. 8 COOTBETCTBEHHO), NPU KOTOPBIX CTOMMOCTH IIPOBE-
JICHUSI SKCIIEpUMEHTa MMeeT MEHbIee 3HAuCHHE, YeM IpH
HCIIOTB30BAaHHH METOJa OrPaHHYEHHOrO Iepedopa.

OnHako, KaK BHAHO M3 PHC. 2, HA KOTOPOM IPEICTABICHBI
M3MEHEHHS! BBINTPHIIIA B CTOMMOCTH PEaIH3aIiH SKCIIEPHMEH-
TOB JUIS KomdecTBa (hakTopoB A=3...7 IpH ONTUMH3ALMN TIIa-
HOB 5KCIIEPHMEHTa IOJIHEIM I1epe0opoM, CIydalHBIM MOHC-
KOM, Taly-IIOMCKOM M METOJOM ONTHMI3AIMH POEM UacTHII,
TIPH YBETHYCHNH KOMIMYeCcTBa (paKTOPOB BBEIMTPHIIIHA B CTOMMO-
CTH pean3alii SKCIePHMEHTa YMEHBIIAIOTCHL.

Kax BumHO 13 TaOin. 5, BpeMs cdeTa HEOOXOAUMOE JUIS
HOJTy9eHUs] KOHEYHOTO pe3ylbraTa IIpH IMPUMEHEHHH METO-
Jla posi YaCTHII, 3HAYUTENEHO MEHBIIE, YeM IPH HCIOIb30-
BaHHH METOJIOB MOJIHOTO Iiepebopa, CIIydaifHOro MOMCKA.
Bpewms cuera pa3pa0boTaHHON IIpOrpaMMBI HE3HAYHTEIHHO
OTIMYAETCS OT IPOTPAMMEI, peaTu3yoouei Tady-monucK,
OJIHAKO BBEIMTPHIIIN ITO3BONSET MOMYyJaTh OONBIIHE.

BbIBO/JbI

B pabore perreHa akTyanbHas 3aja4a IMOMYYEHHS ITOC-
JIEIOBATEILHOCTH OIBITOB TP MPOBEACHUH MOJTHOTO (hak-
TOPHOTO HKCIIEPUMEHTA, 00SCIIeUNBAIOIIEH €r0 MHHIMATh-
HYIO CTOUMOCTb.

Haydnast HOBU3Ha pabOThI COCTOHUT B TOM, YTO BIIEPBEIC
MPEUIOKEHO MPUMEHEHHE METoJa POsl YaCTHUI[ AJIS OITH-
MU3aIUH 0 CTOMMOCTH peajn3aliii IUIAHOB MHOTO(aKTOp-
HOTO JKCIieprMeHTa. PazpaboTaH MeToa u mporpaMMHOe
obecrieyeHne, pearn3yroe ONTHMA3ANI0 MHOTO(PaKTOp-
HBIX TUIAHOB HKCIEPUMEHTOB C MPUMEHEHHEM alrOpuTMa
ONITHMH3ALUH POeM dacTHll. Ha KOHKPETHBIX MpHMepax Jo-
Ka3zaHa paboTocmocoOHOCTh M 3()PEKTUBHOCTE METOAA.
INowck ONTUMATBHOrO WM ONH3KOrO K ONTUMAalbHOMY IDTa-
Ha DKCIIEPHMEHTa, MOJYYEHHOTO dTHM METOIOM, pealinu3y-
€TCsI 32 CYIIECTBCHHO MEHBIIICE BPEMsl CYeTa, YeM IpH IOJ-
HOM miepebope, CIIydailHOM TOMCKEe U METo/e Ta0y-IouCKa.
BeIurpsiiiy, momy4aeMbie B pe3ylbTaTe ONTHMHU3ALUH, IPH
HCIOIb30BaHUH JIAHHOTO METOJA 3HAYMTEIBHO OONbIIe, YeM
[IPY UCIIOJIb30BAaHUH METOJA CIy9allHOTO MOWCKa U Tady-
noucka. [IpuMeHeHne pa3pabOTaHHOTO METO/Aa U IMPO-
IPaMMHOTrO OOCCIICUCHHUsI, OCHOBAHHOI'O HA HCIIOIb30BAHUH
aJroputMa pos 4yactuil, 3pQGEKTUBHO MPH KoMu4ecTBe (ak-
TOpPOB k> 3.

IMpakTrveckasi 3HAYUMOCTD PE3YIIBTATOB PabOThI 3aKIIH0-
YaeTcs B TOM, YTO pa3pabOTaHO MporpaMMHoe obecrieue-
HHE, Pealn3yllee MPEATIOKECHHBII METO/, a TAKKE MPOBe-
JICHBI SKCIIEPUMEHTHI, MOJTBEPIUBIINE €ro padoTOCIOCO0-
HOCTh ¥ MO3BOJISIFOLICE PEKOMEHIOBATH UISI HCIIOMB30BAHHS

Komosuit M. J1.!, Bensepa A. A2

Ha IPAKTUKE IPU IOCTPOEHUM ONTHMAJIbHBIX MAaTpHIL ILIa-
HUPOBAHUS 3KCIEPUMEHTOB.

IlepcnexTuBbl JanbHEHIIUX UCCIEJOBAHUN COCTOST B
IpUMEHEHNH pa3paboTaHHOro MpOrpaMMHOTrO obecrede-
HUS Ha OoJiee ITMPOKOM HaOope MPaKTHYSCKHX 3ajad IUa-
HUPOBAHUS SKCIEPUMEHTOB, B YACTHOCTHU AJs MCCIEN0Ba-
HUS TPEXYPOBHEBBIX IUIAHOB MHOTO(AKTOPHOTO KCHEPH-
MEHTA, a TAKKE KOMIIO3ULIMOHHBIX IIJIAHOB BTOPOIO HMOPSAKA.
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!JI-p TexH.HayK, mpodecop, 3aBinyBad KadeapH aBialliiHuX MpuIIazis i BUMiproBaHb, HamioHanpHui acpokocMiuHui yHiBepeuTeT iM.M. € . )Ky-

KxoBchkoro «XAl», XapkiB, Ykpaina

2AcmipanT Kadenpu aBianifHUX MpUIaAiB i BUMiptoBaHb, HarioHansHuii aepokocMiunuii yHiBepeuter iM. M. €. JKykoBcbkoro «XAly,
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3ACTOCYBAHHS AJITOPUTMY ONTUMI3ALILL POEM YACTOK JIJIsI MIHIMIBAI[ILI BAPTOCTI IIPOBEJEHHS BATA-

TO®AKTOPHOI'O EKCIEPUMEHTY

AKTyaJabHicThb. BupimeHo akTyaibHy 3aBAaq4y OTPUMAHHS MOCTIIOBHOCTI JOCTIAIB PU MPOBEACHHI MOBHOTO (haKTOPHOTO €KCIIEPUMEHTY,

1o 3a0e3neyye HOro MiHIMaNbHY BapTiCTb.

MeTta po6OTH — CTBOPEHHS METONY U ONTHMi3alii 6araTo)akTOpHUX IUIAHIB EKCIIEPIMEHTY 3a JOIMOMOTOI0 aJTOPUTMY OITHMi3amii

POEM HaCTOK.

MeTop. 3anpornoHOBaHO MeTo[ MOOYJ0BH ONTHMAJIbHOI MaTpHL IUIAHYBAHHS EKCIEPUMEHTY 3a BapTICTIO peatii3allii 3 BUKOPHCTAHHIM
aNrOpUTMy POIO 4acTOK. MeTox poro 4acTok 6a3yeThcss Ha MOJICIIOBAHHI MOBEAIHKH IOMYJIANii YaCTHHOK B MPOCTOpI IMapaMeTpiB 3amadi
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ontuMizauii. Ha moyarky BBOIUTLCS KUIbKICTh YUHHUKIB 1 BapTICTh IEPEXOMy AJIs KOXHOIo piBHs (axropis. [1oTiM 3 ypaxyBaHHAM BBEIEHUX
JaHUX (POPMYEThCS 3BEAEHA MATPULS IUIAHYBAHHS €KCIIEPUMEHTY. YaCTUHKU pO3KHaH1 BUIIAAKOBUM YMHOM I10 BCiif 3BEI€HOI MATPHLLi ILIaHYy-
BaHHS EKCIIEPUMEHTY i KO)KHA YaCTUHKA Ma€ BHIIAJKOBUH BEKTOP MBHUAKOCTI. ITicis LbOro 4aCTMHKM MOYMHAIOTH MEPEMIILATHCS 110 psiaKax i
CTOBIILAX MaTpuli. Y KoxHiil Touli, ne nobyBana YacTHHKA, PO3PAXOBYEThCSl 3HAYEHHS BApTOCTI MPOBEJIECHHs eKcrepuMeHTty. Ilpu npomy
KOXKHA YacTKa 3aIlaMm’siToBye, ske (1 1e) Kpalle 3HaueHHs BapTOCTi eKCIEPUMEHTY BOHA OCOOMCTO 3HAMIa i A€ po3TallloBaHa TOUKA, sIKa €
KpaILIOIO Cepe]l YCIX TOUOK, SIKi po3Bifanu yacTky. Ha KoxHiH iTepalii 4acTKM KOPEKTYIOTh CBOIO LIBUAKICTb (MOZYIIb 1 HAIIPSIMOK), 1100 3 OJHOTO
60Ky OyTu OnmiKUe 10 Kpalloi ToUL, sKy BOHA 3HaiilIa caMa i, B TOH e 4ac, HaOMM3UTUCS 10 TOUKH, KA B JAHUH MOMEHT € NI00aIbHO KPalLo].
Uepes neskuii KUIbKICTb iTepalliif yacTku 30MparoThest 100IM3y HalOLIbII XOpoIo TouKH. [10TiM KOpUTIyeTbCs MOTOUYHA KOOPAUHATA KOXKHOT
yacTky. [1icist 1boro po3paxoByeThCcs 3HAUEHHSI BAPTOCTI IIPOBEJICHHS €KCIIEPUMEHTY B KOXKHiil HOBIil TOYIl, KOXKHA 4acTKa NepeBipsie, 4u He
CTalla HoBa KOOpJIMHATA KPALIO0 CepeJl yCiX TOYOK, Jie BoHa nodyBana. [TotiM cepest ycix HOBUX TOUOK 31iiICHIOEThCS IepeBipKa, UM He 3HAHIIIM
MH HOBY IJI00AJbHO Kpallly TOUKY, i, KIIO 3HAHILIM, 3amaM’ITOBYeMO il KOOPJMHATH i 3HAYEHHS BAPTOCTI NPOBEJCHHS €KCIIEPUMEHTY B Hill.
ITotiM po3paxoByeThCsl BUTPAILl B IIOPIBHAHHI 3 BUXIZHOIO BAPTICTIO IPOBEAEHHS EKCIIEPUMEHTY.

Pe3yabraTn. Po3pobneHo nporpamue 3abe3nedeHHs, 10 pealisye 3alpOIOHOBAHUM METOJ, KU BUKOPHUCTaHO NPH IPOBEIEHHI 00UHC-
JIIOBAJILHUX EKCIIEPUMEHTIB 3 JOCIIDKEHHS BIACTHBOCTEH MeTOxy.

BucHoBku. I[IpoBeneHi ekcriepuMeHTH MiATBEPIUIN [IPaLle31aTHICTh 3aIIPOIIOHOBAHOIO METO/LY 1 pealti3ye Horo nporpaMHoro 3abes3neyeH-
Hl, @ TAKOX JJO3BOJISIIOTH PEKOMEHJYBATH iX JUIsl 3aCTOCYBaHHS Ha NPAKTULII IIPH 1100Y0B1 ONTUMAIbHUX MATPHLb IUNIAHYBAHHS €KCIIEPUMEHTIB.

KuouoBi ciioBa: MeTon, onTuMisanis, piif 4acToK, IJIaHyBaHHS €KCIIEPUMEHTY, BapTiCTh, ONTHMAJIbHUI IIaH.

Koshevoy N. D.!, Beliaieva A. A.”
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M. E. Zhukovskoho “HAI”, Kharkiv, Ukraine
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APPLICATION PARTICLE SWARM ALGORITHM TO MINIMIZE THE COST OF CONDUCTING MULTIVARIATE EXPERIMENT

Context. The actual problem of obtaining a sequence of experiments in the conduct of a full factor experiment ensuring its minimum cost
has been solved.

Objective — is to create a method for optimizing multifactor experimental plans using an optimization algorithm for the particle swarm.

Method. A method is proposed for constructing an optimal experiment design matrix for the cost of implementation using the particle
swarm algorithm. The particle swarm method is based on modeling the behavior of the particle population in the parameter space of the
optimization problem. In the beginning, the number of factors and the cost of the transition for each level of factors are introduced. Then,
taking into account the input data, a composite matrix of experiment planning is formed. The particles are scattered randomly across the
entire composite experiment design matrix and each particle has a random velocity vector. After that, the particles begin to move along the
rows and columns of the matrix. At each point where the particle visited, the value of the experiment is calculated. In this case, each particle
remembers which (and where) the best value of the cost of the experiment, she personally found and where the point is located, which is the
best among all the points that explored the particles. At each iteration, the particles correct their velocity (module and direction) in order to
be closer to the best point on the one hand, which she found herself and, at the same time, to approach the point that is currently globally
better. After a certain number of iterations, the particles are collected near the best point. Then the current coordinate of each particle is
corrected. After this, the cost of the experiment is calculated at each new point, each particle checks whether the new coordinate has become
the best among all the points where it visited. Then, among all the new points, we check whether we have found a new globally better point,
and if found, remember its coordinates and the value of the cost of conducting the experiment in it. Then the gain is calculated in comparison
with the initial cost of the experiment.

Results. The software that implements the proposed method is developed, which was used in carrying out computational experiments to
study the properties of the method.

Conclusions. The conducted experiments confirmed the efficiency of the proposed method and the software that implements it, and also
allow them to be recommended for application in practice when constructing optimal experimental design matrices.

Keywords: method optimization, swarm particle, experimental design, cost, optimal plan.
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METHOD OF NUMERICAL ANALYSIS OF THE PROBLEM
OF STATIONARY FLOW PAST BODIES OF REVOLUTION BY VISCOUS
FLUID

Context. The nonlinear stationary problem of flow past a body of revolution by a viscous incompressible fluid is examined in this article.

Objective. The purpose of this work is to develop a new method of numerical analysis of stationary problems of flow around bodies of
revolution by viscous incompressible fluid.

Method. The mathematical model of the process under consideration is a nonlinear boundary value problem for the stream function
obtained by the transition from the system of Navier-Stokes equations to one nonlinear equation of the fourth order. A special feature of the
formulation the task of the flow past body is that the boundary value problem is considered in an infinite region and both boundary conditions
on the boundary of the streamlined body and the condition at infinity are imposed for the stream function. Using the structural method (the
R-functions method), the task solution structure, that exactly satisfies all the boundary conditions of the task, and also guarantees the
necessary behavior of the stream function at infinity, is constructed. Two approaches are proposed to approximate the uncertain components
of the structure. The first approach is based on the use of the successive approximations method, which makes it possible to reduce the solution
of the initial nonlinear task to the solution of a sequence of linear boundary value problems. These linear tasks are solved by the Bubnov-
Galerkin method at each step of the iteration process. The second approach for approximating the uncertain components of the structure is
based on the usage of the nonlinear Galerkin method and it is proposed to use it in the case of divergence of successive approximations. In this
case, the solution of the initial nonlinear task reduces to solving a system of nonlinear algebraic equations.

Results. A computational experiment was carried out for the task of flow past a sphere, an ellipsoid of rotation and two articulated
ellipsoids for various Reynolds numbers.

Conclusions. The conducted experiments have confirmed the efficiency of the proposed method of numerical analysis of stationary
problems of flow around bodies of revolution by viscous incompressible fluid. The prospects for further research may consist in using the
method developed for the implementation of semi-discrete and projection methods for solving non-stationary problems.

Keywords: flow past bodies, stationary flow, viscous fluid, stream function, R-functions method, successive approximations method,
Galerkin method.

NOMENCLATURE
0Q — boundary of a streamlined body;

U, — unperturbed fluid velocity at infinity;
v =Re~! — viscosity factor;
E — Stokes operator in a spherical coordinate system;
F — class of functions which have generalized
derivatives up to the second order inclusive and are

{9 (7,0)} — a complete system of particular solutions

of the equation g2, —( with respect to the exterior of a

quadratically summable together with the derivatives with

respect to y; on the boundary 9Q they meet to the
homogeneous boundary conditions of the corresponding
task;

J,(£) — Gegenbauer functions of the first kind;
n — outer normal to 9Q ;
r, 6, ¢ — variables of the spherical coordinate system;

Re — Reynolds number;
u — solution of the auxiliary task with homogeneous

boundary conditions;
uflo), , u’(j‘),... — sequence of approximations to the

generalized solution of the task for u , which is considered
in the finite domain;

u: — generalized solution of the task for u , which is

considered in the finite domain;

© Lamtyugova S. N., Sidorov M. V., Sytnykova 1. V., 2018
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sphere of finite radius;

{t,;(r,8)} — a complete system of particular solutions
of the equation g2, _¢ relative to the domain
{o(r,0) <M},

{0;(,0)} — sequence of functions that is complete
concerning whole plane;

®,, ®, — undefined components of the solution
structure;

y =y(r,0) — stream function;

o — a sufficiently smooth function, built with the help
of a constructive apparatus of the R-functions theory;

® =0 — normalized equation of 9Q);

Q - flow domain;

Q, — bounded domain {0<w(r,0)<M,};

€, — any finite part of Q.
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INTRODUCTION

The phenomena, which are observed in the atmosphere
and the hydrosphere, the problems of hydrodynamics,
aerodynamics, heat power engineering, chemical kinetics,
and biomedicine, can be often researched within the
framework of an incompressible viscous fluid model. The
tasks, which represent the practical interest, as a rule, are
described by the nonlinear Navier-Stokes equations. In the
case, when the task possesses symmetry properties and
can be reduced to a two-dimensional one, it is convenient
to enter the stream function instead of components of the
fluid velocity. Methods for solving the external tasks
(problems of flow past bodies) for equations with respect to
the stream function have not been developed sufficiently,
which is due to the high order and nonlinearity of the
equations, as well as the limitlessness of the domain in which
the equations are considered. The structural R-functions
method, which has been used in this work, allows to
construct the so-called structures of the solution of
boundary value problems are bundles of functions which
exactly satisfy all the boundary conditions of the task. The
geometry of the area is taken into account exactly.
Approximating further the undefined components of the
solution structure by some projection method, we obtain an
approximate solution in an analytical form, which facilitates
its further usage for finding various flow characteristics.
Thus, the development of new, as well as the improvement
of existing methods of mathematical modeling of stationary
problems of flow past bodies by viscous incompressible
fluid using the R-function method, is a scientific issue of
current interest.

The object of the investigation is the stationary
hydrodynamic process of flow past bodies by a viscous
incompressible fluid, described by a nonlinear equation with
respect to the stream function.

The subject of the study is a mathematical model of the
stationary problem of flow past a body by viscous
incompressible fluid and the method of its numerical analysis.

The purpose of the work is to develop a new method of
mathematical simulation of stationary flow past bodies of
revolution by viscous incompressible fluid on the basis of
the R-function method.

1 PROBLEM STATEMENT

We consider the nonlinear steady-state problem of flow
past body of rotation by viscous incompressible fluid in a
spherical coordinate system [1, 2]:

vE2w= 1 Oy OEy Oy OEy N
rzsine 00 or or 00
1 oy 20y
+ 2ctgd————— |Ey ;
rzsine( oy 89) Ving, O
oy
:03_ :Os 2
V0 onlag @
. o 1 )
lim y-r“==U,sin” 0, ©)
r—>+o0 2

a2 in® o
where Ey = v, s —(

L ov
or? r2 00 .

sin® 00
2 REVIEW OF THE LITERATURE

In general, the methods of finite differences and finite
elements are used for numerical analysis of hydrodynamic
problems. The main advantage of these methods is the
relative simplicity of implementation, however, when moving
to a new domain (especially complex geometry), it is
necessary to generate again and adjust the calculated grid
under the task. Furthermore, the demolition of the conditions
on infinity on a certain contour, which is located at a finite
distance from the streamlined body, gives the additional
errors in the approximate solution. Using the R functions
method [3, 4] of V. L. Rvachev, the Academician of Ukrainian
National Academy of Sciences, it is possible to take precisely
into account the geometric and analytical information
included in the statement of the problem.

The R-functions method in hydrodynamics problems was
used in [5-10], but the tasks for calculating steady flows of
an ideal fluid, stationary and nonstationary flows of a viscous
fluid in limited domains or viscous liquids in the presence of
helical symmetry were considered. The tasks of flow past
bodies of rotation by a stationary flow of a viscous fluid
using the R-function method were solved in [11-16]. The
task of calculating the external slow flow past bodies by a
viscous incompressible fluid (Stokes linearization) is solved
in [11-13]. Usage of R-functions method, successive
approximations and Galerkin-Petrov method to calculate
axisymmetric stationary flows of a viscous incompressible
fluid was proposed in works [14, 15]. The task of mass
transfer of a body of rotation with a uniform translational
flow was considered in [16].

In this work the R-functions method, successive
approximations and Galerkin method are proposed to apply
for mathematical modeling of nonlinear stationary task of
flow past body of revolution by a viscous incompressible
fluid.

3 MATERIALS AND METHODS

For solving the task (1)—(3), we introduce the function
B

M
l—exp—x, 0<x<M;
Su (x) = x—-M
1, x>M (M =const>0),

which meets the following conditions:

1) g >0 in Q;2) mM|aQ:0;

3) 90| L1 4y ey =1,if ey, =M.

LUNFYe)

In the task (1)-(3) we will make a replacement y = ug +u ,

where wuy is solution of the linear task (Stokes
approximation):

E*uy=0in Q, @
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0
on 50
. -2 1 .2
lim » “ug=—=U,sin" 0, (6)
F—>+0 2

Method for solving the task (4)—(6) was developed in
the works [11-13].

For function u# we obtain a boundary value problem
with homogeneous boundary conditions

vEy = 1 (6‘(140 +u) OE(ug +u)
2 sin @ 00 or
_ O(ug +u) OE(ug +u) N 1 2etgd Oug +u)
8}" 66 r2 sine 67’
r 00
ou
u = 0 , — = O . 8
oo e~ )
. 2
Iim »r “u=0. ©)
r—>+0

We use the method of successive approximations to

solve task (7)—(9). If the initial approximation is given u,ﬂo)
and f approximation ugk) is built, then the new (k+1)

approximation ”r(zkH) will be found as a solution of the linear

problem

szu,(f”) _

2

1 [ 0o +ul®) GE@y +ul)
r“sin@

00 or

g +u) 0 (ug +ul) .
or 00

+

2

r<sin 0 or

(k)
! [mgem_

(k)
_20(ug+u, ) E(ug+u®) in Q,, (10)
r 00
oy F+D
ulf| —0. T =0, (1
a o0

continued by zero outside Q,, .

A theorem on the convergence of successive
approximations (10)—(11) at small Reynolds numbers for each

52

n in the energy norm to a unique generalized solution
u: e F of the task (7)—(9), which is examined in a bounded
domain Q,, was formulated and proved in work [15].

According to the Bubnov-Galerkin method, at each
iteration in the domain ,, we will seek the approximate
solution of task (10)—(11) in the form

(k+1) Z (k+1) (12)

(k+1)
n,j

of linear algebraic equations

Numbers ¢ , j=L..,N, are solution of the system

Zc<"“>v< [0 01+ (Ko 1.0 = (F 5D, 0,), i =
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K= _A(thge 0

2 aJ

2 Al
rc 00 ror
2ctgb 0

20 20
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2 00
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Q

We construct a system of coordinate functions {¢;}.
For this we use a complete system of particular solutions of

the equation E*u=0 [17] and the structure method of
R-functions [3, 4].
In work [13] it was proved that the function of the form

(13)

is the structure of the solution of the boundary value task
(7)-(9), i.e. for any choice of sufficiently smooth functions

®; and @, (d)l-r_2
the boundary conditions (8) and the condition at infinity (9).

Approximations of the indeterminate components @
and @, of structure (13) will be sought in the form

2 2
u :qu)l +(1)M(1—0)M)q)2-
— ( at 7 — +oo) it exactly satisfies

m;
O O =D a0k Dy 2D
k=1

mp
DIIER
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where

{0k (r,0)} = (rF T (cos ), k =2,3,...;

r3_k.]k (cos0), k=4,,...},

{1;(r,0)} ={rJ(cos0), J3(cosH),

erj(cosf)), rj+2Jj(cose), j=23..}.

Then, the complete sequence of functions concerning
whole plane has the form:

{0;(r,0)} = {0}y (,0)0; (1,0),

@iy (1, 0)(1 -0y (,0)7;(7,0)}

In case of divergence of successive approximations we
will use nonlinear Galerkin method. An approximate solution
uy n of the task (7)—(9) which is considered in the finite
domain Q, is sought in the form (12). As a result, we obtain
a system of nonlinear equations, each of which is a quadratic
function with respect to Cp ;. As the initial approximation,
we choose a set €y, j, which corresponding to the solution
of the linear task (Stokes approximation), or, for large
Reynolds numbers, to the solution which obtained for smaller
Reynolds numbers.

4 EXPERIMENTS

A computational experiment was carried out for the tasks
of flow past a sphere, ellipsoids of rotation with different
semi-axes, and two articulated ellipsoids. The double
integrals in the systems for the determination ¢, ; were

L3}

calculated approximately by the Gauss’ formula with 50 nodes
for each variable. For the method of successive

approximations, calculations were ceased at € = 107 It was
experimentally established that for Re >10 the successive
approximations diverge. In this case, the nonlinear Galerkin
method was used to obtain the approximate solution.
Calculations for the tasks of flow past a sphere

x2+y2+zz =1 at Uoo =1, M:lo, my =10, my =14,
2 2

%+z2 =1

1,5

at U, =1, M =10, m; =10, m, =14, Re =10; 30; 50,

two articulated ellipsoids, limited by surfaces

Re =10; 20; 25, ellipsoid of revolution

2 2 2 2
-D7+
u+22 =1, M.FZZ =lLat U, =1,

22 22
M =10, my =6, my=10, Re=35;10;20, were
performed.
5 RESULTS

Fig. 1 shows the streamlined contours of the obtained
approximate solution for the task of flow past a sphere. The
detailed pictures of streamlined contours and vector velocity
field behind the sphere are shown in Fig. 2.

Fig. 3 shows the streamlined contours of the obtained
approximate solution for the task of flow past an ellipsoid of
rotation. The detailed pictures of streamlined contours and
vector velocity field behind the ellipsoid are shown in Fig. 4.

Fig. 5 shows the streamlined contours of the obtained
approximate solution for the task of flow past two articulated
ellipsoids. The detailed pictures of streamlined contours
and vector velocity field behind ellipsoids and in the hollow
between them are shown in Fig. 6.

Fald
=
T

05 k 5
; ; )
-4 —2 2 4 -5 2 4
- b
3.0
————
-—#ﬂ-—:’:- E
=

B

2 4

Figure 1 — Streamlined contours of obtained approximate solution for flow past a sphere:

a— Re=10,b- Re=20,c— Re=25
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a
Figure 2 — Detailed pictures of streamlined contours and vector velocity field behind the sphere:

a— Re=10,b- Re=20,c— Re=25
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Figure 3 — Streamlined contours of obtained approximate solution for flow past an ellipsoid of rotation:

a— Re=10,b- Re=30,c— Re=50
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Figure 4 — Detailed pictures of streamlined contours and vector velocity field behind the ellipsoid:
a— Re=10,b- Re=30,c- Re=50
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Figure 5 — Streamlined contours of obtained approximate solution for flow past two articulated ellipsoids:

a— Re=5,b-Re=10,c— Re=20
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Figure 6 — Detailed pictures of streamlined contours and vector velocity field behind ellipsoids and in the hollow between them:

a— Re=5,b- Re=10,c- Re=20

6 DISCUSSION

For small Reynolds numbers, the flow is symmetrical,
without the formation of a detachment zone in the aft domain
of the body. With an increase in the Reynolds number the
flow pattern changes: the secondary vortices appear behind
the body and their size and intensity increase.

In the task of flow past a sphere, it is found that the
secondary vortices behind the body appear with an increase
in the Reynolds number up to ~20—25. For the task of
flow past an ellipsoid of rotation with the ratio of the semi-

axes of an ellipsoid %2 2, the secondary vortices behind

the body do not appear independently of the Reynolds
number, but appear with a decrease in the ratio of the semi-
axes. For two articulated ellipsoids, a computational
experiment showed that as the Reynolds number increases
up to =10, vortices appear behind the body and in the
hollow at the junction of the ellipsoids.

The obtained results correlate with the known results of
physical experiments [18] and the results obtained by other
authors [19, 20], which indicates the effectiveness of the
developed numerical method.

CONCLUSIONS

A new numerical method for the calculating the external
flows of viscous incompressible fluid is proposed. The
proposed method is based on the joint application of the R-
functions method, successive approximations and Galerkin
method. The algorithm of the method does not change when
the geometry of the domain is changed, and the structure of
the solution accurately takes into account both the
boundary conditions on the boundary of the streamlined
body and the condition at infinity. It is experimentally
established that the iterative process begins to diverge at
Reynolds numbers Re > 10. In this case, to approximate the
undetermined components of the structure of the solution
of the nonlinear stationary problem of flow past a body of
revolution by a viscous incompressible fluid in a spherical
coordinate system the nonlinear Galerkin method was
applied. For various Reynolds numbers, the stationary
problem of flow past a body of rotation in a spherical

coordinate system for a sphere, ellipsoid, and two articulated
ellipsoids has been solved numerically. For each body
Reynolds numbers, at which secondary vortices arise behind
the body, are defined.
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Jlamrioroa C. M.!, Cunopos M. B.2, Cutukosa 10. B2

'Kanz. dis.-mar. HayK, acHCTEHT Ka)epH BHILOI MaTeMaTHKH XapKiBCbKOIO HALIOHAJIBHOIO YHIBEPCUTETY MICBKOIo rocrogapcrsa imeti O.
M. bekeroBa, XapkiB, YkpaiHa

’Kauz. ¢i3.-Mar. HayK, JOLEHT, TOLEHT Kadeapu IpHKIIa HOl MaTeMaTHKy XapKiBCbKOTO Hal[iOHAILHOIO YHIBEPCHTETY PaJii0eieKTPOHIKY,
XapkiB, Ykpaina

SKaup. men. Hayk, TOUEHT KadeIpu BHINOI MaTeMaTHKH XapKiBCHKOrO HANliOHAJIBHOTO YHIBEPCUTETY MICBKOTO TOCIOAapCTBa iMeHi
O. M. BekeroBa, XapkiB, Ykpaina

METO/ YACEJIbHOI'O AHAJI3Y 3AJIAYI OBTIKAHHS TLJI OBEPTAHHS CTALIIOHAPHUM IOTOKOM B’S3KOi
PIAUHU

AKTyaJbHIiCTb. Y CTaTTI pO3IIANAETHCS HEMiHINHA CTalliOHapHA 3aja4a OOTIKaHHS Tia 00epTaHHs B’SI3KOI0 HECTUCIUBOIO PiIHHOIO.

Meta po6oTn — po3poOka HOBOTO METOIY YHCEIBHOIO aHali3y CTalliOHAPHMX 3ajad OOTIKAHHS TN 0OEpPTaHHS B’SI3KOI0 HECTUCIHMBOIO
pinuHOIO.

MeToa. MaTeMaTHYHOIO MOJIEJLIIO PO3IVIsAYBAaHOTO IIPOLECY CITYKUTh HeNliHiliHA KpalioBa 3anaua [ GyHKLUIT Teuii, oTpuMaHa rnepexogoM
Biz cucremu piBHAHb Hap’e-CToKca 10 OIHOIO HEJHIHHOro piBHAHHS 4eTBepTOro nopsaxy. OcoOMMBICTIO MOCTAHOBKY 3a]ia4i OOTIKaHHS € Te,
110 KpaioBa 3aJja4a po3IIAAa€ThCsl B HECKIHUEHHIH o0nacTi 1 1t pyHKUil Teuii cTaBIsThCS SIK KpaioBi yMOBH Ha MEXi Tina, 1110 O0TIKA€ThCS, TAK
i yMOBa Ha HECKIHYCHHOCTI. 3a JOMOMOTOI CTPYKTYpHOro merony (Merony R-dyHKIii) Oymayerbes cTpyKTypa po3B’si3Ky 3a1adi, sika TOYHO
3aJJOBOJIbHSIE BCi KPaliOBI YMOBH 3ajadi, B TOMY YHCII rapaHTye MOTPiOHY MOBeMiHKYy (YHKII Tedil Ha HecKiHdeHHOCTi. J{ist anpokcumarii
HEBU3HAYCHUX KOMIIOHEHT CTPYKTYPH MPONOHYETHCS ABa Mifxoau. [lepumii miaxix 3acHOBaHUN HAa BUKOPUCTAHHI METOY NOCIiTOBHUX HAOIH-
JKEHb, KUl J103BOJISIE 3BECTU PO3B’sI3yBaHHS BHXIAHOI HENMHIHHOI 3a1adi 10 PO3B’sI3yBaHHs MOCIIZOBHOCTI JiHIHUX KpaifoBux 3amad. Ha
KO)KHOMY KpOIIi ITepaIiiifHoOro mpoiecy i JiHiiHI 3a1a4i po3B’si3yroThCst MeTooM byOHoBa-lI'anmbopkina. Jpyruii miaxig 10 ampoKcHMaril
HEBU3HAYCHUX KOMIIOHEHT CTPYKTYPHU 3aCHOBAaHHI Ha 3aCTOCYBaHHI HeliHiiiHOro Merony I'anbopkiHa i HOro MpornoHyeThCsk BUKOPHCTOBYBATH
B pa3i po30DKHOCTI MOCIIIOBHUX HAOIKEeHb. Y I[bOMY BUIAIKy PO3B’SI3yBaHHS BHXITHOI HENHINHOI 3a1a4i 3BOAUTHCS 0 PO3B’SI3yBaHHS
CHCTEMH HENHIHHUX anreOpalyHuX piBHSIHB.

PesyabraTu. OOUKCITIOBANIBHIN EKCIIEPUMEHT MIPOBEACHUH JUTs 3a1a4i 00TiKaHHs cepH, erincoina 00epTaHHs i JBOX 3’ €HAHKX EIIICOI/IIB
JUTSL pi3HUX Yncen PeliHomb/ca.

BucHoBku. [IpoBeneHi ekcriepuMeHTH HiATBEpIUIN NPalLe3JaTHICTh 3aPOIIOHOBAHOI0 METOY YHMCENIBHOTO aHaNli3y CTAal[iOHApHUX 3a/1ad
00TIKaHHS TiJ1 00EPTaHHS B S3KOI0 HECTHCIMBOIO PiMHOIO. [lepCcreKTuBH MoAaIbIINX JOCITIKEHb MOXKYTh TTOJISATaTH Y BAKOPHCTAHHI pO3po0ite-
HOTO METONy TIPH peali3alii HoMyAiCKpEeTHHX 1 MPOSKLUIHHMX METOIB PO3B’sI3aHHS HECTAIlIOHAPHUX 3a/1ad.

Kuarouosi cioBa: 3aaua 00TiKaHHS, CTalliOHApHA Tedis, B’s13Ka pinuHa, GyHKIisA Tedii, MeTon R-(yHKIIii, METO/] MOCIi JOBHUX HAOIMKEHb,
Merox [anbpopkiHa.

JlamrioroBa C. H.!, Cunopos M. B.2, Cutnukosa 10. B.3

'Kanz. ¢u3.-Mar. HayK, acCHCTEHT Kad)eIpbl BHICHICH MaTeMaTHKH XapbKOBCKOIO HAIMOHAJIBHOIO YHHBEPCHTETA TOPOICKOrO XO3SHCTBA
nmernn A. H. bekeroBa, XappkoB, YkpanHa

*Kanz. ¢pus.-MaT. HayK, JOLEHT, JOLEHT KadeApbl IPUKIATHON MATEMATHKH XapbKOBCKOTO HAIIMOHAILHOTO YHHBEPCHTETA PaJHOICKTPOHH-
KM, XapbKoB, YKpanHa

’KaHz. mex. Hayk, JOLEHT KadeIpbl BBICIICH MaTeMaTHKH XapbKOBCKOTO HAIIMOHAIBHOTO YHHBEPCHUTETa TOPOICKOTO XO3SMCTBA MMEHH
A. H. bekeroBa, XapbkoB, Ykpanna

METO/ YUCJIEHHOI'O AHAJIA3A 3AJIAYY OBTEKAHHUSI TEJI BPAIIIEHUSI CTALIMOHAPHBIM IIOTOKOM BSI3KOM
KUIKOCTHU

AKTYya/IbHOCTBb. B cTathe paccmarpuBaeTcs HENMMHEHHAs CTalMOHApHAA 3a7ja4a 0OTEKaHHs Tela BPAIIEHHs BI3KOH HEC)KNMAEMOH XKUAKO-
CTBIO.

Leab paboThl — pa3paboTKa HOBOTO METOIa YUCIECHHOTO aHAIIM3a CTAIMOHAPHBIX 3a/1a4 OOTEKaHHs Tl BPAIICHUS BSI3KON HEC)KMMaeMOn
KUAKOCTBIO.

MeToa. MaremaTrn4eckoif MOZIENIbIO PACCMAaTPHBAEMOTO IIpOLiecca CIY)KUT HEJIMHEHHas KpaeBas 3ajada Uil (YHKIMU TOKa, MOTydeHHas
IIEpEeXo/IoM OT cucTeMbl ypaBHeHHiI HaBbe-CToKca K OHOMY HENMHEHHOMY ypaBHEHMIO 4ETBEPTOro mnopsaka. OCOOCHHOCThIO MOCTAHOBKU
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3a7aul OOTEKaHUs ABJIETCS TO, YTO KpaeBas 3aJauya paccMaTpHBaeTcs B OECKOHEUHOH o0nacTH U Ais (QyHKIMU TOKA CTaBSTCA KaK KpaeBble
YCIIOBHS Ha TPpaHMIe 00TEKaeMOro Tena, Tak U yclIoBue Ha 6eckoHeyHocTH. C IOMOLIBIO CTPYKTYPHOro Meroza (Merona R-(yHKIMIT) CTpouTcs
CTPYKTypa peLIeHus 3a]1a41, KOTopasi TOYHO yIOBJIETBOPSIET BCEM KPAeBbIM YCIOBUSM 3a/1auH, B TOM YHCIIE TAPAHTUPYET HY>KHOE I1OBEJICHHE
(yHKIMHU TOKa HA OECKOHEYHOCTH. JIJIsl allpOKCMMALMK HEOIIPEIeIeHHBIX KOMIIOHEHT CTPYKTYpBI IIpearaercs ABa noaxozaa. Ilepsslii monxoxn
OCHOBAaH Ha MCIIOJIb30BAHUM METOJIa II0CIIEI0BATENbHBIX MPUOIIKEHUI, KOTOPBIH 1103BOJISET CBECTH PELIEHUE UCXOAHOH HEIMHEHHON 3a1auu K
PELIEHHUIO OCIIeI0BATEIbHOCTY JIMHEHHBIX KpaeBbIX 3a7a4. Ha ka1oM IL1are UTepallMoOHHOIO IpOLecca 3TH JMHEHHbIE 3a7auu pelaTcs
MmeronoM byOnosa-I'anepkuna. Bropoit mogxon K annpoKCHMalMy HEONPEIENEHHbIX KOMIOHEHT CTPYKTYpbl OCHOBAH Ha IPUMEHEHHMHU HENH-
HelfHoro mMeroza I'anepkuHa U ero npearaercst UCHONIb30BaTh B CIIy4ae PACXOAUMOCTH IMOCIENOBATENbHBIX NPUOIMKeHuid. B aToM ciyuae
pellieHne UCXOHON HeMMHENHOM! 3aJauy CBOAUTCS K PELICHUIO CUCTEMbI HEJIMHEHHBIX anreOpanueckux ypaBHEHuUI.

Pe3ynbTaThl. BeruuciutenbHbli 3KCIEPUMEHT NPOBEIEH I 3a1aud oOTekaHHs cepbl, HIUIMICOMA BPAIIEHUS U JIBYX COUIEHEHHBIX
3JUIMIICOUJIOB IS Pa3/IUUHbIX uncen PefiHombaca.

BriBoabl. [IpoBeneHHbIE SKCIIEPUMEHTBI MOATBEPANIH PAOOTOCIOCOOHOCTh IPEIOKEHHOIO METO/1a YMCIEHHOTO aHa/IN3a CTallHOHAPHBIX
3a1a4 00TEKaHUs TeN BPaLleHUs BSA3KOH HEC)KMMAEMOMN XKUIKOCTbI0. IIepcrieKTHBbI JaibHEHIINX HCCIeIOBAaHUI MOTYT 3aKJII0YaThCsl B UCIONB30-
BaHMH pa3pabOTaHHOIO METO/A NPH PEAH3aLUU MONYUCKPETHBIX U MPOEKIMOHHBIX METOJOB PELICHNUs HECTALIMOHAPHBIX 3a/1a4.

KioueBble cii0Ba: 3aj1a4a 00TEKaHUs, CTALIMOHAPHOE TEUEHHE, BS3Kasl )KMAKOCTb, (DYHKIHS TOKa, MeTo, R-DyHKIMI, METO] MOCIe10Ba-

TeJbHbIX NPUOIMKeHNH, MeTox ["anepkuHa.
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[-p mexHu4yeckux Hayk, npogheccop [NeH3eHCKo20 20CcydapCmBeHHO20 MexXHOIo2u4ecko2o yHusepcumema, leHsa, Poccus

NONMMNUHTEPBAJIbHAA MATEMATUKA U ONTUMU3ALIUA
B YCNOBUAX HEOMNPEOEJIEHHOCTWU

AKTyalbHOCTB. B nocneguue necsatuneTus B rpakIaHCKOM M BOEGHHOW cepax Bce yalle BCTPEUAIOTCS HOBbIE MH(OPMalLIOHHBIE
TEXHOJIOT'MU, OCHOBAHHBIE HA HOBBIX IOJX0/aX K ONUCAHUIO PA3/IMYHBIX BUIOB HEONPENENECHHOCTH. DTU TEXHOJIOIHU IHUPOKO IIPUMEHSIOTCS
B TEXHUKE, SKOHOMHKE, COLHalbHOI cdepe. s uX MONAEPKKM HEOOXOAUMBI HOBBIE JJOCTATOYHO MOLIHBIE MAaTEMATHUECKHE MOLENU U
MeTObl. B CBSI3U ¢ 3THM JlaHHAs CTaThsl, NOCBAIIEHHAs pa3pa00TKe HOBO MOJIENU HEONPEENeHHOCTH (OJMMHTEPBaN) U MaTEMaTHYE€CKUX
METOJIOB M MOJIENEH IS €€ N3YyYEHHUsI, IPUMEHUTENBHO K PEIICHHIO 33/1a4 ONTUMH3ALUHU B YCIOBUAX HEONPEIEICHHOCTH, SBJISAETCS BECbMa
aKTyaJbHOM.

Leab cTaTbH 3aKJII0YAETCS B IETAIBHON Pa3paboTKe HOBOM MaTeMaTHUECKOH MOJIENN HEOIPEIENIEHHOCTH — TOJMMHTEPBAIA, SBIISIOLETrocs
MOCJIEI0BATENbHOCTBIO KOHEYHOIO UM CIa HE3aBUCHMBIX MHTEPBAJIOB HEONPEIEIEHHOCTH, C LIEJIbI0 OITHMH3ALHU Pa3HOOOPa3HbIX TEXHUUECKHX,
9KOHOMHYECKHX, COLUAIBHBIX U UHBIX CHCTEM C MOJMHHTEPBAIBLHBIMH TaPAMETPAMH.

Metoa. [lns mOCTHKEHHS NOCTaBJIECHHOW LIENHM B CTaThE IPEJI0KEHO PACIPOCTPAHUTh HA M3YyYCHHE ONTHUMANbHBIX ONEpaluil Hal
MOJIMUHTEPBAIaMH M3BECTHBIN B MHTEPBAIbHON MaTeMaTUKE METO]l BBEICHUS ONlepalili HaJl HHTEPBAIaMH B BUJIE TEOPETHKO-MHOKECTBEHHOTO
000011eHUsI COOTBETCTBYIOIIMX ONEPALUH HaJl BELECTBEHHBIMU YHCIAMU.

Pesyabrar. B crathe jgeranbHo pazpaboTaHa HOBas MareMaTHYeCKas MOJENIb HEONpPEJEeNeHHOCTH — MoaMuHTepBan. OnpeneneHsl
OITUMAJIbHBIE OIlepaluy (max, min) HaJl HOIMUHTEPBAIAMH, BHIBEAEHBI IPABHJIA UX BBIIOIHEHHS. YCTAHOBJICHBI HEOOXOAMMBIE U JIOCTaTOUHbIE
YCJIOBHSl CyLIECTBOBAaHHS 3THX ONEpaluii, T.e. YCIOBUS CPAaBHHUMOCTH IOJMMHTEPBAJIOB [0 OTHOLIEHHAM «OOJbLIe» M «MeHbIIe». [Jlan
IPUMEp MCIOIb30BAHUS IOIYUYSHHBIX PE3YIBTATOB ISl IIPHHATUS ONTUMAJILHOIO 9KOHOMUYECKOrO PELIeHUst 0 BbIOOpE HAaMIYdIlero MecTa
paboTHI 10 KpUTEpUIO «HaubobIIas 3apruiatay. [lokazaHo, YTO IMOIMHTEpPBA, SBISIOLIUICS Oolee CIOXKHON MOJEIbIO HEOPEAEIEHHOCTH
CHCTEM, YEM MHTEPBAJI, MO3BOJISAET HCCIEN0BATh HEONIPE/IETICHHBIE CUCTEMBI C TAKMMH K€ BPEMEHHBIMU 3aTpaTaMu.

BriBoabl. Hayunast HoBM3HA JaHHON PabOTBl COCTOMT B IPEUIOKEHHOH aBTOPOM HOBOIl MaTeMaTH4ecKOil MOJEIH HEONpeaeneHHOCTU
Pa3IMYHBIX CHCTEM B BHJIE MMOJHMHHTEPBAIIOB, COBMECTHO C MATEMaTHYECKUM aIlapaToM, I03BOJISIONINM BEIITOJHATE ONTHMANbHBIE ONlEpalliy
HaJl MOJMMHTEPBANAMH M TEM CaMbIM JalOIIUM BO3MOXKHOCTb PEIIATh 3a/1a4M ONTHMHU3AlUH TEXHUYECKHX, SJKOHOMHYECKHX, COUUAIIBHBIX U
HHBIX CHCTEM C TIOIMMHTEPBAIbHBIMU ITapaMETPaMH.

KunioueBble c10Ba: MOJIMUHTEPBAIbI, CPaBHEHHE [TOJIMUHTEPBAIIOB, MAKCHMAJIbHBIN (MUHMMAIbHBII ) TIOJMUHTEPBAIL.

l

HOMEHKJIATYPA 7= B — PaBEHCTBO TOTMMHTEPBANIOB A4, B;

a;,b; — BeleCTBEHHbIE UNCTa; ~ ~ ~ 5

A # B — HepaBeHCTBO momuuHTepBanoB A4, B
a,b — MHTEpBAIbI, - ~ ~
4 > B — OTHOIICHUE > MEXy MOJUUHTepBanaMu A4, 5.

Gob — ONepauys Haj YUCIAMH;

BBEJIEHUE
a — omnepainuys HaJ MHTEpBaJlaMM, . . .
aeb pan A P > B nepuon Bropoit MupoBOii BOWHBI MOSBUIOCE MHOTO
A.B — NOIMHHTEpBAIIBL; HOBBIX TEXHOJIOTHH: OOHapy)KeHHE BO3AYIIHBIX IIEJIEH C 1M0-
2

~ ~ MOIIBIO PasapoB aBJIEHHE OTHEM 3E€HUTHOM apTHilIe-
4o B — omepanus Haj NOIMHHTEPBANaMHU; [P0 pajapos, yIp p

pun, mudpoBka u aemuppoBka HHGOPMALUK B CHCTEMAX
\J — obbennHenne uHTEpBaIoB (IIONIMUHTEPBAIIOB); CBSI3W U T.J. Bce 3TH TEeXHOJIOTMU ObUIM CBSI3aHBI C MCCIIENO-
(| — mepecedeHne HHTEPBAIOB (OINHHTEPBAIIOB); BaHHEM HEONPEICIeHHOCTH M HCIONb30BAIH COOTBETCTBY-

IOI[Me MaTeMaTHIeCKue METOIbI, TIaBHBIM 00pa3oM, Teo-
puto BepositHocTeid. [locre BOMHBI 3TH UCCIIEAOBaHUS ObUIN
a Ab — B3iTHE MUHUMAIIBHOTO U3 YHCeN a,b ; MIPOIOJKEHBI M PACIPOCTPAHEHB HA TPAKIAHCKYI0 chepy —
TEXHHUKY, YKOHOMHUKY, couuyM. [Ipu 3TOM mon Heompene-
JICHHOCTBIO CTaJM MIOHMMAaTh HE TOJNBKO CIy4alHOCTH BO3-
G Ab — B3ATHE MHHUMAIBHOTO M3 HHTEPBANIOB &b ; MOXKHBIX MCXOJOB, HO M UX HEEAMHCTBEHHOCTh WIIM HE3Ha-
HUe, Apeid mepeMeHHBIX, CEMaHTHUECKYI0 HEONpeaeneH-
HOCTbH ILieJel, MHOTOKPHTEPUAIBHOCTD NMPH MPHUHATUU
Z,E; pelieHni, Hel0ONpPEeACICHHOCTh MOJIEIH WU CTPYKTYPBI

- U3y9aeMOW CHCTEMBI U T.JI. YUeT HEONpeNeIeHHOCTH CHUC-

AAB — B3STHE MUHUMAJILHOTO U3 MOIMUHTEPBANOB ey oueHp BaKCH MPH X MPOSKTHPOBAHHHM, TAK KAK TIOTHAS
4,B; OTIPENIeICHHOCTh B paboTe CUCTEMBI MOSBISETCS JHIIL Ha
MOCNIEIHNX JTamlax ee co3manus. lVccienoBaHue Heorpeae-
JICHHBIX CHCTEM BeIEeTCs IMyTeM pEIICHHUs 3a/1ad pacdera,

av b — B3sTHE MAaKCUMaJIbHOIO U3 uucel a,b ;

a v b — B3ITHC MAKCUMAJIbHOI'O M3 MHTCPBAJIOB 5’b 5

l

Av B — B3jATHE MAaKCHMMaJIbHOT'O M3 IOJHUHHTEPBAJIOB

d = b — PaBEHCTBO MHTEPBAIOB b,

G #b — HEPABEHCTBO WHTEPBAIOB &, aHalnM3a M CHHTEe3a Pa3lIWYHbIX QYHKIMH ¢ HEACTCPMUHH-
- POBAHHBIMH HapaMeTpaMH, CIYKAIINX COOTBETCTBYIOIIH-
@ >b — OTHOIICHWE > MEXIy MHTEpBANaMU g, b ; MU XapaKTepPUCTUKAaMHU JaHHBIX cucteM. [Ipu sToMm, B 3aBU-
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CHMOCTH OT BBIOpPAHHOH MOZENH HEONpEeNeNeHHOCTH, UC-
MONB3yeTcd aJeKBaTHBIN e MaTeMaTH4ecKHil ammapar —
TE€OpHsl HEUETKUX MHOXKECTB [1], MHOro3HauHasi ¥ Helpe-
pBIBHAsS JIOrUKa [2], TEOpHs CBEpXCIydaliHbIX IPoLEeccoB [3],
uHTepBaibHas [4, 5] u noauMHTEpBaibHas [6] MaTeMaTHKa,
TEOpUsl CPABHEHUSI UHTEPBAIIOB [7] U Ap.

Hacrosimtas craTes MMeeT Lenb pa3paboTKX MeToJa CHHTe-
3a ONTHMAJBHBIX CHCTEM C HMOJIMHHTEPBATGHEIMA ITapaMeTpa-
MM TIp{ TIOMOIIY amliapaTa IMONMUAHTEPBATEHON MAaTEeMaTHKH.

1 IIOCTAHOBKA 3AJAYHN

[lepeuncnumM cHavajla UCXOJHbIE MOHATHUS U JaHHBIE,
KOTOpBIe OyZeM HCIONIb30BaTh NMpU (GOpPMYITHpPOBKE U pe-
LIEHUH pacCMaTPUBAEMBIX B CTaThe 3a/1ad.

1. B kauectBe 0a3bl OymeM HCIOIb30BATH MCUUCIICHHE
MHTEPBAJIOB, HA3bIBaEMOE MHA4Y€ WHTEPBAJIBHOM Maremaru-
xoii [4, 5]. MHTepBan BBOAUTCA KaK MHOXECTBO BCEX BO3-
MOXHBIX 3HAQYEHHUI HEMOJHOCTHIO OIpENeIEHHOW BeJIHYu-

HBI g , 33[]aBAEMOM JIMIIb €€ HIKHEH d) ¥ BEPXHEH @, Tpa-
Hunamu. ®opManbHO, BEIMUUHY ¢ OIpPENEIHM B BUAC

CJICAYIOMICTO YUCIOBOIO0 MHOXECTBA — OIrpaHUYCHHOIO0 WH-
TE€pBajia HECONPCACICHHOCTU

a=[a,ay]={alay<a<ay}. 6))

CornacHo (1) HeM3BECTHOE UCTHHHOE 3HA4YEHHE HEompe-
JIeTICHHOW BEMYMHBI ¢ JIOCTOBEPHO JIGKHUT B IIpe/eNiaX WH-
TepBana [a;,a, ], He BBIXOS 3a €T0 IPaHMLBl d) U ap. [Ipu
9TOM BCE 3HAUEHHs BEJMYWHBI g B IMpeleiiaX yKa3aHHOro
WHTEpBaJla CYMTAIOTCS PAaBHOBO3MOXXHBIMH B TOM CMBICIIE,
YTO HET HUKAKMX OCHOBAHWH IMPENIIOIUTATh OIHO 3HAYCHHE
npyromy. [loHsATHE paBHOBO3MOXXHOCTH 3/I€Ch HE O3HAYaeT
3aJlaHie PaBHOMEPHOTO BEPOSTHOCTHOIO WJIM KAaKOTO-JIHOO
WHOTO PaBHOMEPHOTO paclpelelieHHs BETUYUHBI ¢ BHYT-
PH YKa3aHHOTO MHTepBaJa.

2. bynem Takke HCIONB30BaTh anreOpanveckue ornepa-
MM HaJ uHTepBaiamu Buaa (1), 00o0maronme CooTBeTCTBY-
IOIMe ONepaluy HaJ YuciaaMu. J{s 9TOro mpuMeHseTcs
TEOPETUKO-MHOKECTBEHHAsI KOHCTPYKLIUS

Gob={aeblacd,beb}, oda={ealacd}. ()

CornacHo (2), nto0ast onepaiusi Haji HHTEPBAJIaMH © OIl-
penensiercs Ha 6a3e COOTBETCTBYIOLICH OMEpaliy Haa TOY-
HBIMH YUCJIaMH e, TIPH YCIOBUH, YTO KOHKPETHBIE 3HAYCHUS
9TUX YHCE] MPOOEraroT BCE BO3MOXKHBIC 3HAYCHHUS U3 COOT-
BETCTBYIOLIMX UHTEpBaIIoB. U3 onpenenenust (2)cienyroT npo-
CThIC MPABUJIA BBINOJIHCHHS ONMEPAIMi HaJ HHTCPBATIAMU:

[a,ar 1+[b1,b5]=[ay +by,ay + by 1;
la,ax]=[b1,by]=[a; —by,as — by ];
[kay,kay], k>0,
[kay,ka], k<0

[ay,a2]-[b1,by] = [H_lijﬂ(ai -b;),max(a; -b;)l;
1, 1,]

k-[al,az]z

la1,a21/[b1,02]1=ay,a3]-[1/by,1/ by ], mipu O & [by,b5]. (3)

3. Hakonern, Mbl OyeM HCIONB30BaTh MOHSATHE TOJIHUH-
TepBajia Kak IOCIeN0BAaTeIbHOCTH HECKONBKUX Helepeceka-

FOLIUXCS OJJMHOYHBIX MHTEPBAJIOB [6)]
A= (E,E,...,J), rie 5,17,...,577 onuHOuHble MHTepBalbl Buia (1) . (4)

B ¢dopmyne (4) npenmonaraercst, 9T0 KaXkKAbIH CIEIyO-
WA OJUHOYHBIA UHTEPBA] CABUHYT BIIPABO OT HPEABIAY-
LIEro ¥ He nepecekaercs ¢ HUM. Onepanuy Hajl NOITUUHTED-
BaJlaMH OBUTH BBEICHHI B [6] aHAJTOTMYHO OIEpalysAM Ha
HHTEpPBAJIaMU C IIOMOIIBIO TEOPETUKO-MHOKECTBEHHON KOH-
cTpykimu Tumna (2)

AoB={aeblac A,beB},od={ealacA}. (5

31ech Z — moNMUHTEpBal Buaa (4), B - JIpyro# IMoju-
WHTEPBaJI TOTO € BHJA, HO C JPYTMMHU COCTaBIISIOLIMMHU
€ro OIMHOYHBIMU MHTepBanamu. Ha 0aze ompenenenus (5)
orepanuii HaJ| MOJIWUHTEPBaIaMu B pabote [6] ObLTH BBIBE-
JIeHBI NPaBUJIa KOHCTPYKTHMBHOIO BBITIOJIHEHUS CIIETYIOIINX
anreOpamIecKux ONepalyii ¢ MOJTHUHTEPBATIAMU: CIIOKEHHE,
BBIYMTAHUE, YMHO)KEHHE MOJMHHTEPBAJIa HA YUCIO, YMHO-
JKEHUE U JIeIEHHE TOJIMMHTEPBAJIOB.

[lepBas 3amaua HacTosIIel CTaTbU COCTOUT B TOM, YTO-
OBl Ha 0a3e TOro e onpeneneHus (5) BRIBECTH MPABUIO KOH-
CTPYKTHBHOT'O BBINIOJIHEHUS €lIe OJHOH, BeChbMa Ba)KHOU
omnepaluy HaJ MOJUHUHTEPBAJIAMH — OIpE/eJIeHHEe MaKCH-
MaJIbHOTO M1 MHHUMAJILHOTO U3 JIBYX IOJMMHTEpPBAIOB. Bax-
HOCTb 3TOI onepanuu cBsi3aHa ¢ TeM, YTO K €€ BBIIIOJTHEHHIO
(paBHO Kak ¥ K BBINOJHEHUIO aHAJIOTMYHOW ONEpalvy Haj
OIVMHOYHBIMH HHTEPBAJIAMH) CBOJISTCS MHOTHE KJIACCHI 3a-
Jlad ONTUMAIFHOTO TUIAHMPOBAHHS Pa3HOOOPA3HBIX CHCTEM
Y TPOLIECCOB, pabOTAIOMINX MPH HATUYHH HEKOTOPOIH Heo-
npenenenHocty [8]. Ha ocHoBe 3Toii onepanuy Taxke MosiB-
JISIeTCS] BO3MOYKHOCTD PEIICHHs BTOPOH 3aJ1a4Ml CTaThbU — CPaB-
HEHHUs TIOJIMUHTEPBAJIOB U MX YIOPSAJAOYCHHUS 1O OTHOLIEHHU-
SIM «OONBIIIE», «KMEHBILE» U «PABHOM.

2 OB30P JINTEPATYPbI

[osBnstoninecs Npu UCCIEAOBAHUH HEONpPeIeIeHHBIX
CHCTEM HOBBIE 3aJau, KOTOPbIE YIIOMSHYTHl BO BBEICHMHU,
3HAYUTENHLHO CIOKHEE MX JeTEPMUHHPOBAHHBIX aHAJIOIOB,
KOTOpBIE MPHUXONUTCS PEIIaTh MPH HCCIEAOBAHUH CHCTEM C
JIETEpPMHUHUPOBAHHBIMH MapaMeTpaMu. DTO YCIOKHEHHE
CBSI3aHO C TeM, YTO ajredpa HeJeTEPMHUHHPOBAHHBIX YHCET
CIIOKHEE COOTBETCTBYIOLIECH anreOphl JeTepMHHUPOBAHHBIX
gucen. [1o3ToMy U1 HCCIeJOBaHMsI HEONPENeTICHHBIX CHC-
TeM MOTpeOOBaIUCh HOBBIE TOAXOMBI.

OTH HOBBIE MOIXOABI K ONMCAaHHUIO HEONPENeIIEHHOCTH
CHCTEM MNPUBETN K CO3TaHUIO HOBBIX MAaTEMATHYECKUX Me-
TOJIOB WX M3YYCHHS: TEOPUS HEUETKHX MHOXECTB [1], MHO-
ro3HadHasi ¥ HEMpephIBHAS JIOTHUKA [2], TEOpUs CBEPXCIy-
yaitHBIX mporeccoB [3] u T. A. OMHUM W3 TOMYISPHBIX METO-
JIOB cTajla TakKe MHTEPBAJIbHAS MaTeMaTHKa, W3ydaromas
BEJIMYHMHBI, ONMpeAeNsieMble C TOYHOCTHIO 10 HMHTEPBAJIOB
BO3MOXHBIX 3HaueHud [4, 5]. OnHako OOMHOYHBIE WHTEpPBa-
JIBl, U3ydaeMble B WHTEPBAJIbHOW MaTeMaTHKE, HE OXBATHI-
BalOT BCEX IMpaKTHUECKUX cuTyarwmid. Hampumep, Heompeme-
JICHHBI TIEPHOJ] BPEMEHH, B T€UEHHE KOTOPOTO BO3MOXKHO
MPOBEJICHNE HEKOTOPOH BOEHHOW OMNEpaIiy, MOXET COAep-
JKaTh HECKOIBKO IOCIIEIOBATEIbHBIX BPEMEHHBIX MHTEpPBa-
noB. HoBble HeonpeeneHHbIe 00bEKThI, IMEIOIIHEe BUJI ITOC-
JIeOBAaTENbHOCTEH MHTEPBAJIOB HEONPENeNeHHOCTH, ObUIH
BBEJICHBI B pabote [6] ¥ Ha3BaHbI MOTMKUHTEpBaIaMu. [Tomnu-
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WHTEPBAJIBl SBJISIOTCS PaCIIMPEHHEM HWHTEPBaIbHOW MOJe-
JIM HEOTIPEIeNEHHOCTH cucteM. B pabore [6] ObuTO mocTpo-
€HO WCYHCIICHUE MOJUHHTEPBAIOB, OCHOBAaHHOE Ha OIepa-
LUSIX HaJ| TOJMMHHTEPBaIaMy, aHAJIOTUYHBIX OIEpaIisaM HaJ
WHTEpBaJIaMH B MHTEPBaJIbHON MaTeMaTHKe. DTHMH Omepa-
LUSIMU SIBJISIIOTCSL CITOYKEHHE, BEIYMTaHUE, YMHOXKEHHUE U JIe-
JICHHE.

Hacrosimast cTaThst MOCBSAIIEHA MOCTPOSHHUIO U HCCIEIO0-
BaHMIO JPYrOi Ba)KHOW OIEpaIly HaJ MOJWHHTEPBaIaMu —
CpaBHEHUs. JTa orepalysi BBOAUTCS Ha 0a3e TEOpUH cpaB-
HEeHWsI HHTEPBAJIOB [7] M MOXeT OBITh MPUMEHEHa JUIS ONTH-
MU3aIUH TOJMHHTEPBAIBHBIX BEMMUNH U QyHKImi. Ipyrue
MOAXOBI K MOJISITUPOBAHUIO M MCUUCIICHHIO XapaKTEPUCTUK
HMHTEPBAJIBHBIX CUCTEM H3JIOKEHBI B [9—12].

3 MATEPUAJIBI 1 METO/IbI

Crnenys [6], OyneM mpencTaBisaTh MOIMUHTEPBAIBI BH/IA
(4) B TEOPETHKO-MHOXECTBEHHBIX TEPMUHAX CIETYIOIINM
obOpazom:

A=3ubu..ud - (6)

HYCTB 3aJaHbl IBa NOJIMHUHTCPBAJIA Anu § CJICAYHOIICTO
BuUaa

n__.

=i i a0 hi i wit i
rie &' =[al,ab],i=1,m u bl =[b).bJ], j=Ln — ommou-
HBIC I/IHTepBaJILI, B COBOKyHHOCTI/I COCTaBIAOIINEC A u B
COOTBETCTBEHHO. TpedyeTcst OnpenennTh MaKCUMAIbHBIA 1
MI/IHI/IMaHBHBIﬁ N3 9TUX HOJH/II/IHTepBaHOB. I[pyrI/IMI/I CJIOBa-

MU, TpeOyeTCsl BHIIIOJIHUTH OMEPaIuu

ézﬂvgs 5:;&/\§3 (8)
moNnyuuB B pesynsrate C, D — MakCHMabHBIA H MHHH-
MaJbHBIH TOMMUHTEPBANIBL. DTH JIBE OIepalii OIpeneInM
(dbopMasibHO, KaK M UHBIE ONEpaIluy HaJ MOJWHHTEPBaIaMHu,
BBEJICHHBIC B [6] (CIIO)KEHUE, BRIUUTAHUE, YMHOXKEHHUE), TIPU
TTOMOIIY TEOPETHUKO-MHOKECTBEHHOH KoHCTpykuuu (5). Ta-
KAM 00pa3oM, MakCUMyM M MUHHMYM JABYX IOJMUHTEPBa-
JIOB OTIPEAEIISIOTCS B BUE

C=AvB={avblacAbeB}

D=ArB={anblacAbeB]. )

Comacho (9), onepaiyy B3THS MakcuMyma (MHHHUMYMa)
JIBYX TIOJIMMHTEPBAIIOB ONMpPEIENSIOTCS Ha 0a3e COOTBETCTBYIO-
LIMX ONEPAIMi HaJl TOYHO 33IJaHHBIMH BEIMIMHAMH TIPH yCIIO-
BHUH, YTO KOHKPETHBIE 3HAYEHHUS 3THX BEJIMYMH MPOOETAIOT BCE
3HAYEHUs U3 COOTBETCTBYIOLIMX IOJMUHTEPBAJIOB.

Ucxons m3 onpeneneHuil onepanyuu B3sTHS MaKCUMyMa
U MUHHMYMa MOJMHHTEPBAJOB (9), HETPYIHO YCTAHOBUTH
bopMyily UIS KOHCTPYKTHBHOTO BBHITIOTHEHHUSI 3THX OIepa-
nui. I 3TOro MCmoib3yeM Clenyrlnyr 0a3oBy ¢op-
MYITy, TIO3BOJISIONIYIO BBIITOTHUTH MPOU3BOJIBHYIO OIlepa-

U0 o HAl 3THMH HoiuuHTepBaiamu A u B B BHze cy-
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NEpIIo3nnn JTOM onepanyy HaJd OAWHOYHBIMH MHTEpBajla-

MH 3§ i, Sj, COCTaBJISIOIIMMU ,K " § [6]

mn
AoB = U U (@' ob ) mu B passepuyTOM BHzIE
i=1j=1

=UOQ%Wy (10)

i=1j=1

Ja' |

T C:

Ioncrasnas teneps B Gopmyny (10) BMECTo o KOHKpeT-
HBIE ONEpallik \/ U A , HOIY4HM HEOOXOmuMEIe (HOpMYIIBI
JUIsl KOHCTPYKTHBHOI'O BBIIOJIHEHHS ONEpalUi B3STUS Mak-
CUMyMa U MHUHHUMYMa JBYX IOJMHHTEPBAIIOB

mn ..
AvB:UU(ﬁ'vbj)nnHBpas'BepHyT(MBnga

Oﬁi v LnJEj :_UU(a‘in) (11)

Uat || Up -0 @

i=1 j=1 i=1j=1

/\b ] (12)

®opmynet (11), (12) cBOIAT BHIYUCICHUE MaKCUMyMa H

MHUHHUMYMa NOJIUHUHTEPBAJIOB A u B K BBIYHCIECHHIO MaK-
CUMYMOB 1 MUHHMMYMOB BCEX IIap OAWHOYHBIX MHTCPBAJIOB

(ai , b 1), cocrapnsommx A u B . Ommako HENOCPEICTBEH-

HOE WCIOJIB30BAHNE BBINICHA3BAaHHBIX (OPMYI AJISI BBIYHC-
JIEHWs] MAaKCUMAJIbHOTO (MMHUMAJIBHOTO) U3 MOJIHUHTEPBA-

JOB A W B He Bcerna ynoOHO, MOCKOIBKY, BO-IIEPBBIX, 3TO

TpeOyeT BBIYUCICHUS MaKCcUMyMmMa (MUHUMYMA) JJIS Kax-

JIOW U3 Map OJAMHOYHBIX MHTEPBAJIOB (ﬁi, 5 J-), i=1m,

j =1,n ,a, BO-BTOPBIX, HE JUIA KaXKIOH Iapbl IIOJIMMHTEPBA-

nos A u B CYIIECTBYeT MAaKCUMAJIbHBIN (MUHUMAJIBHBI)
nonmuuHTepBasl. [Io3TOMY ropasno mpakThdHee cHavana yc-
TAHOBHTH CYIECTBOBAHHE MAaKCUMAaJIBbHOTO (MUHHMAJIBHOTO)
13 ABYX 3aJIaHHBIX MOTUUHTEPBAJIOB, UCIIONB3Ys OIXO LI
KPHUTEPUH CYIECTBOBAHMS, H JIMIIb HOCIE STOrO BBIYUCIATH
MaKCHMAaJIbHBIH 1 MHUHHMAJIBHBIN monuuHTepBait. [Ipocroit
KPHUTEpHUd CYIIECTBOBAaHHMS MaKCHMAJIBHOTO (MHHUMAIbHO-
r0) U3 33/IaHHBIX MOJIMMHTEPBAJIOB JIA€T HIDKECIIEIYIOIIas Te-
opema. OHa >xe cpa3zy yCTaHABIMBAET, KAKOH U3 TOJIHHHTEP-
BaJIOB SIBJISIETCSI MAKCHMAJIBHBIM, & KaKoi — MUHHUMAJIbHBIMH.

B npenpinymieit pabote apropa [7] ObUIH BBEICHBI OTHO-
LIEHHs] MeK Iy HHTepBaslaMH Ha 0a3e Teopun MHOXKeCTB. [Ipu
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3TOM JUIsl JIFOOBIX ABYX HHTEPBAIOB d =[dy,ds], b= [b1,67]
IO OIpEEeNCHHUIO:
d=b.ecmuay=b, ay=by, (13)

b , ecin chvb:Ea 5/\b=ba (14)

\Y2

a

@ He CPaBHHMO C }, , €CIIHI G#b, a2b.bra-(15)
Ha ocnoBanmu ompezaenennii (13)—(15) 6buto mokazano

[7], ato 1) ay1st TOro, YTOOHI HHTEPBANIBI § U J, HAXOAWINCH B
OTHONIEHHH § >} , HEOOXOAMMO M JOCTATOYHO, YTOOBI
BBIIONHSINCH YCIOBUA a4y = by, ap = by ; 2) juist Toro 4robsl

UHTEpBANBl ¢ W }, OBUIM HECPAaBHUMBI, HEOOXOAUMO M J0-

CTaTOYHO BBIIIOJIHCHUIA YCJIOBI/Iﬁ ag <b1, aj >b2 nin

b <ay, by >a,. Ipyrumu cinoBamu, I BHIIOIHEHHS OT-

HOWIEHHUs g > b TpeOyercs, 4ToObl MHTEPBAN ¢ OBLI CABHU-

HYT OTHOCHTEIBHO MHTEPBANA }, BIPABO OOCHMH CBOMMI
TpaHWIAMH, a JUI1 HECPAaBHIUMOCTH YKa3aHHBIX WHTEPBAaJOB
TpeOyercst, YTOOBl OAMH U3 HUX (0e3pa3IMIHO KAaKOW) IMoJ-
HOCTBIO HaKpPBIBAJ JAPYTOH.

OTHOLIEHHS TIOPS/IKA MEXKTY TIOJTMAHTEPBAIAMH MBI BBE-
JIeM TeTieph aHaJOTUYHO TAKOTO XKe polia OTHOIICHUSM MEX-
Iy vHTepBaNaMu. VIMeHHO, JUist IIOOBIX BYX MMOJHUHTEPBA-

a0B 4 u B (7) no onpeseneHnto puMem

A=B.ccmam=n,z =p', G2 =p2.,...a" =p".(16)

-4, AB=8, (17)

=0

ZZE,ean Zv
A HE CPABHHMO C J3 , €CIIH Z;tg, Zzﬁ, E}éz.(l&

Teopema 1. /1551 Toro, 4ro0bI JBa NOMTUMHTEpBaNa A H

B Buna (7) OblIM CpaBHUMBI U HAXOIWJIMCh B OTHOIIEHHH
A> B, HEOOXOAUMO M JOCTATOYHO, YTOOLI BXOISIIHHN B

coctaB 4 MHHHMAJIbHBIN OMMHOYHBIA HHTEPBAT ¢ 1

H BXO-
JAIIAN B COCTaB B MaKCHUMAaJbHBIA OIMHOYHBIN MHTEPBAI

h" HAXOTWIHCH B OTHOWIEHUH &' >h".

yenosue G!>p". Toraa, MO ONPEENCHAIO MOTUAHTEPBA-
JIOB, JUIst BCEX 1, ] CHOPABETMBO HEPABEHCTBO ¢’ >p/ . Orcio-

J1 SICHO, UTO U1 BCeX I, j umeeM @' b/ =Gt Gi abd =p .
Takum obpazom, o gopmynam (11), (12) nonyuaem

Z\/EZ ai:Z,A/\EZ EJIE

s

Il
JUN

a

Il
—_

J
JIBa mOCHEAHUX COOTHOLICHHMS, COMIACHO OIPEICICHHIO
(17) o3Ha4aroT, YTO MONMUHTEPBAIBI 4 U B CPaBHUMBI U Ha-

XOZIATCS B OTHOWEHHH A > B . Uto U TpeboBanoch A0Ka3aTh.

Heo6xomnmocte. Ilycts nBa nommnrepana A nu B cpas-

HUMBI U HaXoAsaTcsi B oTHomieHnn 4 > B. Torma, B coorBet-
CTBUH C ONpeelieHreM 3Toro otHomieHus (17), BepHsI clieny-

IOLIME JIBA PAaBEHCTBA AvB=4 , AAB=B. Boipaxas B
HEX olepamyn \/ U A 1o ¢opmynam (11), (12), a mommuaTep-

Batbl 4, B 10 Gopmyram (7), meperuIeM HX B BHIE

GO(avaf)z

i=1j=1 i=

m . m n . ~ . no .
a,Jya aby=Jb’.
1

i=1j=1 j=1
B TNICPBOM U3 PABCHCTB IIpaBas 4aCTb 3aBUCUT TOJIBKO OT

HHTEpBaNoOB i, j=1,m , 03TOMY, YTOOBI UMENO MECTO

PABCHCTBO, €TI0 JICBasA 4aCTb TAKXKC NOJI’KHA 3aBUCCTh TOJIBKO

OT MHTCPBAJIOB 5i , 1= I’m , 4 9TO BO3MOXHO TOJIBKO IIpH

BBITIOJIHEHNH YCIOBUSL g' >p/ mis Beex I, ] . AHAIOrHYHO

BBIBOAUTCS BBIIIOJIHEHUE D3TOr'0 YCJIOBUS W3 BTOPOI'O BbINH-
CaHHOI'0 paBCHCTBA. Bemonaenne JAAHHOT'O YCJIOBHS O3HA-

qaeT, 4To JOOON OJWHOYHBIM MHTEPBAT o i, BXOASIIUN B
cOCTaB IOJIMUHTEpBAja A , HAXOOUTCSA B OTHOIICHHUH > K
M060My OIMHOYHOMY MHTEPBaly }J, BXOAAIIEMY B CO-
CTaB NMOJUUHTEpBaIa B.B YaCTHOCTH, CIPAaBEIINBO

a 1 > 5” , UTO M TpeOOBAJIOCH JIOKA3aTh.

@Dopmynst (11), (12) naroT KOHCTPYKTUBHBEIE ITpaBHIIa
BBIZICTICHHsT OOJBIIETO M MEHBIIETO M3 JABYX MMEIOLINXCS
TIOMTUMHTEPBAJIOB JUIS TEX CIydaeB, KOIZa OHH CYLIECTBYIOT.
Teopema 1 maer mpocToe MPaBUIO IMPOBEPKH CYIIECTBOBA-
HUsL OONBIIEr0 M MEHBIIETO M3 JBYX WMEIOLIMXCS MOJUHH-
TepBaJIOB. Tenepb alropuTM PEHICHUs Pa3IMYHBIX 3a]ad
WCCIIEIOBAHUS CHCTEM C MOJMHUHTEPBAILHBIMH XapaKTepHUC-
TUKaMH, TPeOYIOIINX CPaBHEHUS TMOJMUHTEPBAIOB, MOKHO
MIPEICTaBUTh CIAETYIOHUM 00pa3oMm.

[ar 1. IToctpoenne abCTpakTHOW MaTeMaTH4ecKod Mo-
JIeNTH, TPEACTaBIAIONel pelleHne 3a1a4u KaK MOmapHoe
CpaBHEHHE HEKOTOPOTO YHCIIa MOJIUHHTEPBAIOB, SBISIONINX-
Csl YUCTIOBBIMH 3HAYEHUSIMH XapaKTEPUCTHK M3Y4aeMOW CH-
CTEMBI B YCIOBHUSX HEONPENENeHHOCTH, C HENbI0 MOCIEyIo-
LIETO BBIACIEHHS MOJHMAHTEPBAJIOB, SBISIOMINXCS PEIICHH-
€M 3aJlavH.

Ilar 2. Aranu3 moIeXaniux CpaBHEHUIO Map MOIUUH-
TEpBaJIOB, C IENbIO BBISBICHHS Map CPaBHUMBIX M HECPaB-
HUMBIX MOJTHUHTEPBANIOB. AHAJIHU3 MPOBOTUTCS C MOMOIIBIO
ycnoBuid (16)—(18). Tlpu 3TOM maphl, yIOBIETBOPSIONINE
yeroBuio (16) (paBHBIC MOTMMHTEPBAIIBI) WU yclioBHto (17)
(ToNMMUHTEPBABI, HAXOISIINECS B OTHOLUIEHHH > ), OTHOCUM
K IapaM CpaBHUMBIX MOJIMHHTEPBAIOB, a Mapbl, YIOBIETBO-
pstome ycenoButo (18) — k mapam HecpaBHUMBIX MOJTUMH-
TEpBAaJIOB.

Ilar 3. [NocTpoeHue CTPYKTypHOU MaTeMaTHUeCKOU
MOJIEJI PeIIeHHs] 3a7a4dl B BUJIE YACTUYHO OPUEHTHPOBAH-
Horo rpada, ¢ ucnoib30BaHueM maros 1, 2. Bepmmnamu
rpada SBIAIOTCS NOTUMHTEPBANbI, BBIJEICHHBIEC HA Iare 1,
ero pedpamMu — JUHHUH, COSAUHSIONIME BEPIIMHBI PAaBHBIX
MTOJIMMHTEPBAJIOB, €ro AyramMu (OpUEHTHPOBAHHBIMU peO-
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paMu) — JIMHUH, COSIUHSIONINE BEPIIMHEI HEPABHBIX ITOIH-
UHTEPBAJIOB B HAIPaBICHUU OT MEHBIIUX MOIMHUHTEPBAIOB
k OompmmM. [Ipm 3TOM BepIIMHEI, OTBEYAIOIINE HECPABHHU-
MBIM NOJIMUHTEPBANIAM, HE COCAMHSIOTCS HUKAKUMU JTUHHSA-
mu. [Ipu moctpoeHnn rpag-MOAeNH UCIOIB3YIOTCS Iaphl
PaBHBIX MOIMMHTEPBAJIOB, Mapbl MOIHMUHTEPBAIOB C OTHO-
LIEHHEM > U Napbl HECPABHUMBIX IIOJUMHTEPBAJIOB, MONY-
YeHHbIE Ha Lare 2.

Ilar 4. Beraucnenne 0o CTpyKTypHOI rpad-Monenu Bep-
LIMHBI, COOTBETCTBYIOIEH IOIMUHTEPBAILY, IPEICTABIIIO-
meMy coboii pemenne 3agadn. Yaiie Bcero B KadecTBE Ta-
KOTO TOJMUHTEpBaia Oepercs 3KCTpeMaIbHBIH — MaKCH-
MaJlbHbI{ MM MUHUMAJIbHBIA NOMUUHTEpBaN. BO3MOXHBI U
JIpyri€ BapUaHThI.

4 OKCIIEPUMEHTbBI

B cratbe nmeranbHO pa3paboTaHa HOBash MaTeMaTHYEC-
Kasi MOJIeNTb HEONPEeNIeHHOCTH — MmonuuHTepBai. Ompexne-
JICHBI ONTHMAJIbHBIEC ONepaluu (B3sATHE MAKCHMyMa U MH-
HUMYyMa) HaJl MOJHAHTEPBAJIAMH, BBHIBEICHBI MIPAaBUiIa BBI-
MOMTHEHHsI TUX ONepalfii. YCTaHOBJICHBI HEOOXOMUMBIE U
JIOCTATOYHBIE YCJIOBUSI CYI[ECTBOBAHHS ITHUX ONEPAIUi, T.C.
YCIIOBHSI CPaBHHUMOCTH MOJHHHTEpBaiIoB. Huxke naH mpwu-
Mep HCIONh30BaHMS MOTYYCHHBIX PE3YIBTATOB JJISI TPUHS-
THUSI ONITHMAJIBHOTO PEIeHUs] B 3KOHOMUKe. Ero MOXKHO pac-
CMaTpHUBAaTh KaK HEOONBIIONW 3KCIEPUMEHT IO MPOBEPKE
PpaboTOCTIOCOOHOCTH TPEIIOKEHHOTO OAX0a.

[pumep. Ilpu nocrymuieHHH Ha Ciry)0y paOOTHHK BBI-
Oupaer Mexny kommanusmu 4, B u C. @upma A npema-
raeT eMy MECSYHYIO 3apIuiaTy (B 3aBUCHMOCTH OT 3aKa30B
¢bupmer) B pasmepe 10000+£2000 pyOued wunm
1500042000 pybOneii, ananormdao GpupMa B — 3apIuiaTy B
pasmepe 5000+1000 py6. unu 80001000 py6., dupma

C —Bpasmepe 6000£1000 pybneidt mm 9000 £1000 pyo-
neii. PaGOTHHKY HY>KHO BbIOpaTh QUPMY C MaKCHMalbHOW
3apIuIaToi.

5 PE3YJIbTATbI

B kauecTBe MpakTHYECKOro pe3ylibrata NpUMEHEHHs pa3-
paboTaHHBIX BBIIIE METOAOB NPHBEAECM PELICHUE MpHMEpPa
n3 . 4

Pemienue. Illar 1. B ¢pupme 4 mnepByro 3apaboTHYIO
njaaTy pabOTHHKA MOXXHO MPEACTaBUTh KaK HMHTEPBal

[a},a}]=[8000,12000],
[a?,a31=[13000,17000]. Ananoruuno, B hupme B mep-

BYIO 3apIuiaTy pabOTHHKa MOXKHO IPEICTaBUTh KaK WHTEP-

2-10 — Kak UWHTepBal

Ban [b,b}]=[4000,6000], a 2-10 — B BuIe MHTepBaia
[blz, bzz] =[7000,9000], a B upme C 1-ro 3apmiaaTy MOKHO
MPEICTaBUTh KaK HHTEPBAJI [cll,c%] =[5000,7000], 2-0 — KaK
untepsan [cf,c3]=[8000,10000]. Hrak, Mecsunyto 3api-

naty pabotHuka B pupmax 4, B, C MOXHO NPEICTABUTh
COOTBETCTBEHHO MOJHUHTEPBAIaMU

[af,a}]=[8000,12000 ] [13000,17000],

Cwe

A=
1
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B = JIb{ ,b41=[4000,6000] [7000,9000],
j=1

[\

C = Jl¢f ,¢41=15000,7000]U[8000,10000]

J

Il
_

A6CTpaKTHa$[ MaTeéMaTudeckass MOACIb PCHICHUS 3a/a-
41 IPCACTABIIACT coboit COBOKYITHOCTb ITOJIMMHTCPBAJIOB A,

E u 5 , IIOIMapHOC CPABHCHHUC KOTOPBIX AOJDKHO Ha CIICAY-

KX marax BbIACINUTb MaKCHUMaJIbHBIA MOJUUHTECPBAJ, sB-
nﬂ}omnﬁcx PCIICHHUEM 3aa4H.

Hlar 2. IMonapHo cpaBHMBaeM HojuuHTepBansl A, B,

Cc nomorreio yciaouid (16)—(18) u Teopemsr 1. [apa (4,

B). B pesynsrare cpaBHEHHS IIONIUMHTEPBAIOB A U B C

MIOMOIIbIO TEeopeMbl 1, HaXoquM a1:[8000,12000],

52 =[7000,9000], 3zecs 8000>7000, 12000>9000, 1

no3tomy, cornacuo (14), d b> l; 2 , OTKy#a 1o Teopeme 1
A>B.

[apa (Z S 5 ). Ilo Tem e caMbIM YCIOBHSIM HAaXOIAUM
al = [8000,12000 ], c?= [8000,10000 ],

8000>8000, 12000 >10000 u moromy, cornacuo (14),
1

37€Ch
a'>2?, uno teopeme 1 A>C.
IMapa (B, C). C nomouipio Tex %e yCIOBUH HAaXOAUM

b' =[4000,6000], &2 =[8000,10000],  moxyuaem

4000<8000, 6000<10000 1 motomy p ' &2, orkyna mo
teopeme | B # C. AHAIOTHYHO HMeeM ¢ =[5000,7000],

b2 =[7000,9000], Te 5000 < 7000, 7000 < 9000 , TIO3TO-
My &l p2, orkyma mo teopeme 1 C #B.C JIpyroi cro-
ponbl, 1o yenosuio (16), B = C, TAKUM 00pa3oM, B COOTBET-

ctBuu ¢ (18) monmuuHTEpBANEl B, (¢ HE CPABHUMBL

Ilar 3. INo pe3ynsraram maroB 1,2 momxydaem CTPYKTyp-
HO-MaTeMaTHYEeCKyI0 MOJIENb PEUIeHHs 3a/add B BHIE dac-
THYHO OpUEHTHpOoBaHHOro rpada (puc. 1). Bepuiunsl 3toro

==,
ST,

Puc. 1.
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rpacda — monuuHTepBaNIBl 4, B, C, €ro Xyru OpHEHTHPOBA-
HEBI B HaIlPaBJICHNN OT MEHbIINX BepmH B, C K Oonbmer

BepmmHE A4, a ero pedpo He OPHEHTHPOBAHO U COCAUHSET
HECpaBHUMBIE BEPIINHBI, COOTBETCTBYIOIINE NOJIMUHTEPBA-

mam B, C.

llar 4. ITo cTpykTypHOIt rpad-momenu (puc. 1) HaxoqUM
BEpIINHY, COOTBETCTBYIOLIYI0 MaKCUMAJIbHOMY IOJIMUHTED-
Bairy. HemocpencrBeHHo u3 puc. 1 BUAHO, YTO 3TOH BEpIIM-

HOU siBisieTcss A, T.K. COOTBETCTBYIOLIMH HONUMHTEpBaT A

Oonbire apyrux noauuHTepBanoB B u C . OOpaTnM BHIMa-
HHeE, 4TO 00a IOIUIHTEpBala, He SBIAIONIIECS MaKCHMAallb-

HeIMH (B W () HE CPaBHUMBI MEXAy cOOOH, HO 3TO HE

HOBIISIO Ha pEIIeHHe 3aJadi. JTO pelIeHne — BEIOoOp pa-
OOTHUKOM, U3 TpeX HPEIIOKHUBIINX eMy paboTy Gpupm

A,B,C, dupmbl A, KaK IPeUTOKUBIICH MaKCHMATBHYIO
3apIuiary.

6 OBCYKJIEHHE

Kak moka3zaHO B craTbe, JalibHelIee pa3BUTHE U3BECT-
HOW Oomnepanuy CpaBHEHHS HHTEPBAJIOB HEOIPEIEIIeHHOC
TH, C BBIJICIICHUEM MaKCHMAJIBHOTO U MUHHUMAILHOTO WH-
TepBaja [7], IpUBOAXUT K HOBOM onepamnyu CpaBHEHHUS MOJH-
WHTEPBAJIOB, C BBIJCICHUEM MaKCHMalbHOTO U
MUHUMAJIBHOTO MONHUUHTepBasa. Takum oOpa3zom, U s
TaKoi Ooree CIIOKHOM IO CPaBHEHWIO C WHTEPBAIIOM MOJie-
JIU HEOIPENIeIIEHHOCTH, KaK MOJIHMHHTEPBA, OKa3bIBACTCS
BO3MOXXHBIM CPaBHUBATh OOBEKTHI M BHIOUPATh MaKCUMAaJb-
HBIH (MUHUMAJIBHBINA) M3 HAX. DTO OTKPBIBAET BO3MOXKHOCTh
peleHus 3a1a4 ONTUMHU3AINN JUIS HEONPEIeTICHHBIX CHC-
TE€M U MPOLECCOB C MOJMHHTEPBAIbHBIMU MapaMeTpaMHu.
[MonuuHTepBaNbHAS MOJENb HEOMPENEIEHHOCTH SIBIISIETCS
Oolee CIIOKHOM, ueM MHTepBasibHas. OHa BCTpevaercs J10c-
TaTOYHO YacTO B BOCHHOM Jeje, YKOHOMHKE, TEXHUKE, CO-
HUaNIbHOM cepe U APYrux o0JNaCTIX M MOATOMY 3aCIyKH-
BaeT M3YYCHHsI M pa3pabOTKH. DTO M3YUCHHE U Pa3pabOTKy
MPUMEHHUTENBHO K IpoOiieMe ONTUMHU3ALNN €CTECTBEHHO
OCYIIECTBIISTh, HUCHONB3Ys MOAXOAbl HHTEPBAJIHHON MaTe-
MaTUK{ K ONTUMU3anuu [7] u pa3BUBas WX B HANpPaBICHUN
ydeTa MHOTOMHTEPBaIbHOCTH. M 3/1ech BBISABISIETCS] BayKHBIN
(bakT: cpaBHEHHE JBYX MOIMUHTEPBAJIOB, KaK MOKa3bIBACT
Teopema 1, CBOOUTCS K CPaBHEHHUIO MX KpalHUX MHTEPBAJIOB,
0yiarosiapst ’TOMY CJIIOKHOCTh PEIICHUs MPOOJIEMbl ONTH-
MH3alUU CUCTEM C TIOMMMHTEPBAIbHBIMHU ITapaMeTpaMu Ta-
Kasi ’Ke, KaK U B ClIydae CUCTEM C MHTEPBAJbHBIMHU IIapaMeT-
pamu. DTO JAenaer 3aJaud ONTUMHU3AIMU CHUCTEM C TOJIHUH-
TEePBATBLHBIMU MapaMeTpaMH PEajbHO pa3peIinMBIMHU.

[IpencraBisier Takke WHTEPEC CpaBHEHHE OMHMCAHHOU
MpoLEeaYpHl CPAaBHEHUS! MOJTMUHTEPBAIBHBIX BETMYHH C aHa-
JIOTUMHBIMU TIPOIeypaMu AJisi CIydalHbIX BenudauH [13] u
HeueTkux BenuyuH [1]. Y 3;meck BBISICHSIETCS, UTO TiepBasi U3
MpoLeayp HAMHOTO TPOIIE TMOCIEAHHX. JTO CBA3aHO C TeM,
YTO CpaBHEHHE ABYX IMOIMUHTEPBAJBHBIX BEIHUHH, COIIAac-
HO JIOKa3aHHOH Teopeme 1, TpeOyeT BCero JMIb CPaBHEHUS
JIBYX MHTEpPBAJIOB, T.€. IBYX Iap YHMCel, B TO BpeMs KaK CpaB-
HEHHE JIBYX CIIyJaWHBIX WJIM HEYETKHX BEIHUYHMH TpeOyeT
BbIunciieHus: uHTerpaioB [1, 13]. Takum obOpaszom, pabora ¢

MOJIMMHTEPBAJIbHBIMU HCOIIPEACIICHHOCTIMHA (KaK n C UH-
TepBaJIBHBIMI/I) 3HAYUTCIIbHO JICTYEC, YEM pa60ra CO cToxXac-
TUYCCKUMHU U HCYCTKUMHU HCONPCACIIHHHOCTAMHU.

7 BAKVIIOYEHUE

B nmanHO#1 cTathe copMyTHpoBaHA 3amada JanbHEHIIe-
IO U3Y4EHUS HOBOH MOJENM HEONPEEIeHHOCTH — IIOJIUMH-
TepBasia, 0000IIaroIIel U3BECTHYIO MOJETh HEOIpeeleH-
HOCTH — HHTEpBaJl — Ha CIIydai 00JIacTH M3 HECKOIBKUX ITOC-
JIeJOBAaTENBHBIX HHTEPBAJIOB HeomnpeneneHHocTtH. C
MIOMOIIBI0 M3BECTHOM M3 WHTEPBAIBHON MAaTEMATHKH TEO-
PETHKO-MHOXXECTBCHHOH KOHCTPYKIIMHM, BBOISAIIEH omepa-
IIY HaJ HHTEPBAJIaMH, B TOM YHCIE, OIIEPalliy B3STHS MaK-
cuMyMa (MHHHMYyMa), aHAJOTHYHBIM IyTeM BBEJCHA OIle-
pamms B3ATHA MaKcUMyMma (MHHHUMyMa) JBYX
HONMHHTepBaToB. Pa3paboTaHa MeTonMKa CBEJEHHS OIepa-
UM B3SATHSA MaKCHMyMa M MHHHMYMa IIOTHHHTEPBAIOB K
AQHAJOTMYHBIM OIEepamisM ¢ HHTepBasaMi. C ee MOMOIIBI0
JIOKa3aHa OCHOBHAs TeOpeMa, CBOJSAMIAas CPAaBHEHHE ABYX
MOJIMMHTEPBAJIOB, C BEIJEICHHEM MaKCHMAIEHOTO M MHHH-
MaJIBHOTO U3 HHX, K OIIEpAIMy CPaBHEHUS IBYX MHTEPBAJIOB —
KpaifHeTo JIeBOro HHTepBaIa OJHOTO IIOJIHIHTEpBalIa U Kpaii-
HETO IPaBoro MHTepBana apyroro. Ha mpumepe u3 obmactu
SKOHOMHUKHM MOKa3aHa IPAaKTHYECKas Ioib3a pa3padoTaH-
HOHI T€OpUH U METOJOB.
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Jlesin B. 1.

JI-p TexHIYHUX HayK, npodecop [IeH3eHCHKOTO Aep»aBHOrO TEXHOJIOTIYHOro yHiBepcurery, Ilensa, Pocis

HOJIITHTEPBAJIBHA MATEMATHUKA 1 ONTUMI3BALIISA B YMOBAX HEBU3HAYEHOCTI

AKTyaJbHicTb. B ocTaHHI JecaTuiTTs B UUBLIBHIN 1 BificbkoBill cepax yce yacTille 3ycTpiuaroThesi HOBI iH(OpMAaLiiHI TEXHONIOTII,
3aCHOBaHI Ha HOBUX MiIX0O[axX 1O OMHUCY PI3HUX BHIIB HEBH3HAueHOCTI. Lli TeXHOJOrIi MUPOKO 3aCTOCOBYIOTHCS y TEXHilll, €KOHOMILli, COll-
iaspHIM cepi. st iXHPOT MIATPUMKY HEOOXIIHI HOBI JOCUTH MOT'YTHI MaTEMAaTHYHI MOZIEN 1 MeTOU. Y 3B’SI3Ky 3 IIUM I CTATTs, IPUCBSYCHA
po3podui HOBOT MoJieli HeBU3HAYEHOCTI (TIONIIHTEpBa) 1 MaTEeMaTHYHUX METONIB 1 Mozenel aist ii BUBYCHHS, CTOCOBHO JIO PIillICHHS 3a/ad
ONTHMIi3alii B yMOBAaX HEBU3HAYEHOCTI, € YK€ aKTyaJIbHOIO.

Merta cTaTTi nojsirae B AeTanbHiil po3poOii HOBOI MaTeMaTH4YHOI MOJIENi HEBU3HAUEHOCTI — MOJIIHTEPBAITYy, 10 € HOCIITOBHICTIO KiHLIEBO-
TO YHCJIa He3aJIe)KHUX IHTEPBaJIiB HEBU3HAYEHOCTI, 3 METOI0 ONTHMI3allil pI3HOMAHITHUX TEXHIYHUX, EKOHOMIYHUX, COLIAIBHUX 1 IHIIUX CUCTEM
3 HOJIIIHTEPBAJIBHIMU ITapAMETPaAMH.

MeTtoa. /it fOCATHEHHS ITOCTAaBIEHOI METH B CTATTi 3aIIPOIIOHOBAHO MOIIMPUTH HA BUBYCHHS ONTHMAaJIbHUX OIepalliil Haj IojiiHTepBania-
MM BiZIOMUH y IHTEpBaJIbHIN MaTeMaTUIIl METOJ] BBEJCHHS Ollepamiii HaJ| iHTepBalaMy y BUIVIAI TEOPETHKO-MHOXHHHOTO y3arajJbHEHHS BiIIo-
BIZIHUX OIlepaliid Hax AifiCHIMH YHCIaMU.

Pesyabrar. Y crarri fetansHO po3pobiieHa HOBa MaTeMaTHYHa MOJIeIb HEBU3HAYECHOCTI — NONiiHTepBall. BusHaueHo onTuManbHi oneparii
(max, min) HaJ MoJiiHTEpBaJlaMu, BUBE/ICHI TPaBMIa IXHBOTO BUKOHAHHS. YCTAaHOBJIEHO HEOOXI/IHI 1 IOCTaTHI yMOBH iCHYBaHHS LIUX OIEpALi,
TOOTO YMOBH IOPIBHSHHOCTI IOJiIHTEPBAIIB 10 BITHOCHHAM «OLIbIIE» 1 «MeHIIe». JJaHO MpUKIIa] BUKOPUCTAHHS OTPUMAHHUX Pe3Y/bTaTiB s
HPUHHATTS ONTUMAaJIbHOIO €KOHOMIYHOTO PillleHHs PO BUOIp HaMKpaIoro Micus podoTH 3a KpUTepieM «HaiOLIbIIa 3apiiaTay. IlokasaHo, mo
MIOJTIHTEPBAJI, 10 € OLIBII CKJIaJHOI0 MOJICILTIO HEBU3HAYEHOCTI CUCTEM, HIXK IHTEPBaJI, 103BOJISIE JOCHIIKYBATH HEBU3HAYCHI CHCTEMH 3 TAKUMU
X BUTPATaMH 4acy.

BucnoBku. HaykoBa HOBU3HA JaHOi pOOOTH IOJATa€e y 3alpONOHOBaHI aBTOPOM HOBIiii MareMaTHYHIAT MOzelli HEBU3HAUYEHOCTI PI3HUX
CHCTEM y BHUJII NOJIHTEPBAiB, Pa30M 3 MATEMATUUYHHM aIapaToM, 110 A03BOJIs€ BUKOHYBATH ONTUMAJIbHI ONepalii Haj MoJiiHTepBalaMH i THM
caMUM TaKUM, II0 1a€ MOXKJIMBICT BUPINIYBaTH 3a/1a4i ONTUMI3aIii TEXHIYHUX, EKOHOMIYHHX, COLIaJIbHUX 1 IHIIUX CHCTEM 3 IIOJIIIHTEPBAaTbHIMHI
rapaMeTpamu.

Kuouosi cioBa: nomiintepBany, NOPiBHAHHS HOJIIHTEPBaiB, MAKCUMaIbHUI (MiHIMAIbHUIL) TOJTIIHTEPBAL.

Levin V.I

Dr Sc., Professor of Mathematical Department of Penza State Technological University, Penza, Russia

POLYINTERVALMATHEMATICS AND OPTIMIZATION IN CONDITIONS OF UNCERTAINTY

Contex. In recent decades, in the civil and military spheres new information technologies are increasingly encountered based on new
approaches to describing various types of uncertainty. These technologies are widely used in engineering, economics, social sphere. To support
them, new fairly powerful mathematical models and methods are needed. In this regard, this article devoted to the development of a new model
of uncertainty (polyinterval) and mathematical methods and models for its study with regard to solving optimization problems under
uncertainty is very relevant.

Objective. The aim of the article is to elaborate a new mathematical model of uncertainty — a polyinterval which is a sequence of a finite
number of independent intervals of uncertainty in order to optimize various technical, economic, social and other systems with polyinterval
parameters.

Method. To achieve this goal, it is proposed to extend the method of introducing operations on intervals in the form of a set-theoretical
generalization of the corresponding operations over real numbers to the study of optimal operations over polyintervals.

Result. In the article a new mathematical model of non-definiteness is developed in detail — polyinterval. The optimal operations (max,
min) over the polyintervals have been determined and the rules for their implementation have been derived. The necessary and sufficient
conditions for the existence of these operations are established, i.e. the conditions for the comparability of polyintervals over the relations
“more” and “less”. An example of using the results obtained for making the optimal economic decision on choosing the best place of work by
the criterion “the highest salary” is given. It is shown that the polyinterval, which is a more complex model of uncertainty than the interval,
allows one to investigate uncertain systems with the same time costs.

Conclusions. The scientific novelty of this work consists in the proposed by the author new mathematical model of uncertainty of
various systems in the form of polyintervals, in conjunction with a mathematical apparatus that allows performing optimal operations on
polyintervals and thereby enabling the optimization of technical, economic, social and other systems with polyinterval parameters.

Keywords: interval value, polyinterval value, uncertainty, algebra of polyinterval values.

REFERENCES 8. Voschinin A. P., Sotirov G. R. Optimizaciya v Usloviyah
Neopredelennosti. Moscow, MEI, Sofiya, Tehnika, 1989, 226 p.

9. Tsoukias A., Vincke P. A Characterization of PQI Interval Order,
Discrete Applied Mathematics, 2003, No. 127 (2), pp. 387-397.

10. Aschepkov L. T., Davydov D. V. Reductions of Interval
Noncooperative Games, Computational Mathematics and
Mathematical Physics, 2006, Vol. 46, No. 11, pp. 1910-1917.

11. Davydov D.V. Identification of Parameters of Linear Interval
Controllable Systems with Interval Observation, Journal of
Computer and Systems Sciences International, 2008, Vol. 48,
No. 6, pp. 861-865.

12. Gorban’ I. 1. Sluchainost’ i Gipersluchainost’. Kiev, Naukova
Dumka, 2016, 290 p.

13. Ventcel’ E.S. Teoriya Veroyatnostey. Moscow, Vysshaya Shkola,
2016, 575 p.

1. Zade L. A. Ponjatie lingvisticheskoj peremennoj i ego primenenie
k prinjatiju priblizhennyh reshenij. Moscow, Mir, 1976, 176 p.

2. Levin V.I. Nepreryvnaya Logika. Penza, Penza State Technological
Academy, 2008, 496 p.

3. Gorban’ I. I. Fenomen Statisticheskoy Ustoychivosti. Kiev,
Naukova Dumka, 2014, 370 p.

4. Alefeld G., Herzberger J. Introduction to Interval Computation.
N.Y., Academic Press, 1983, 352 p.

5. Levin V. L. Intervalnaya Matematika i Issledovanie Sistem v
Usloviyah Neopredelennosti. Penza, Penza Technological
Institute Publishing, 1998, 55 p.

6. Levin V.I. Poliintervaly, ih Ischislenie i Primenenie, Sistemy
upravleniya, svyazi i bezopasnosti, 2016, No. 3, pp. 239-246.

7. Levin V. . Metody Optimizacii Sistem v Usloviyah Intervalnoy
Neopredelennosti Parametrov, /nformacionnye tehnologii, 2012,
No. 4, pp. 52-59.

64



p-ISSN 1607-3274. PanioenexrpoHika, iHpopmaruka, ynpasiinuas. 2018. Ne 1
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2018. Ne 1

UDC 621.365.32: 621.3.024

Yarymbash D. S', Yarymbash S. T.2, Kotsur M. 1.3, Litvinov D. O.*

Dr. Sc., Associate Professor, Head of the Electrical Machines Department, Zaporozhye National Technical University, Ukraine
2Ph. D., Associate Professor, Associate Professor of the Electrical Machines Department, Zaporozhye National Technical
University, Ukraine

3Ph. D., Associate Professor, Associate Professor of the Electrical Machines Department, Zaporozhye National Technical
University, Ukraine

“Senior lecturer of the Electrical Machines Department, Zaporozhye National Technical University, Ukraine

COMPUTER SIMULATION OF ELECTROMAGNETIC FIELD WITH
APPLICATION THE FREQUENCY ADAPTATION METHOD

Context. A modern stage of powerful radio-electronic and electrotechnical systems development, with a power more than 1 MW, imposes
increased requirements to their energy equipment, uninterrupted operation and power supply reliability in various operational modes. Field
simulation of such systems class is based on modern numerical realization methods of boundary value problems for Helmholtz and Maxwell
equations, both in single-connected and multi-connected domains. It imposes increased requirements to resources, computer hardware speed
and software computing efficiency, defining the relevance of a new mathematical apparatus development or its elaboration, including
combinations of analytical and approximate numerical methods.

Objective. The purpose of work is the elaboration a new numerical realization methods of field models taking into account AC
electrophysical processes with high frequency on the basis of Helmholtz equations in frequency formulations, adapted to software packages
use with a free license.

Method. A new method of frequency adaptation is elaborated, which provides systems of Helmholtz equations reduction in vector
magnetic potential formulations to the recurrent modified Maxwell’s equations, in analogies of DC formulation, and also provides high
precision and field simulation efficiency.

Results. The generalized spatial mathematical model of interrelated electromagnetic and electrothermal processes AC energy conversion
in current-conducting wires of powerful radio-electronic and electrotechnical systems is offered. This model considers operational modes,
nonlinear dependences of electrophysical properties in electrotechnical materials, replacement effects and outer superficial effects, self- and
mutual induction. A new method of frequency adaptation is elaborated, based on Helmholtz system of equations reduction in the vector
magnetic potential formulations, in frequency domain, to the recurrent modified Maxwell’s equations, in analogies of DC formulation, and also
provides high precision and field simulation efficiency. At numerical realization of frequency adaptation methods and finite elements, the
number of freedom degrees decreases twice. It is caused by step-by-step solution the recurrent modified Maxwell’s equations, in analogies of DC
formulations, for real and imaginary components of electric and vector magnetic potentials.

Conclusions. The elaborated new frequency adaptation method significantly expands possibilities of production design preparation for
powerful radio engineering systems. It allows using the software packages with a free license, reduces requirements to computing resources,
reduces time costs and provides high precision in electromagnetic fields simulation.

Keywords: radio-electronic systems, electrotechnical systems, electromagnetic field, finite element method, frequency adaptation, field
simulation, DC, AC, Helmholtz and Maxwell’s equations.

NOMENCLATURE

AC — alternating current;

DC — direct current;

FEM - finite element method;

MBE - boundary elements methods;

o — specific electric conductivity;

0 — local temperature;

[y — vacuum permeability;

K, — equivalent relative permeability;

o; — specific electric conductivity at i component of

o — angular frequency;

Aw — frequency step;

i — component of geometric domain,;

k, n — interval and step of discretization;
X, y, z — coordinate axes;

V — electric potential,

geometric domain,

6; — local temperature at i component of geometric
domain;
K — equivalent relative permeability at i component of
geometric domain,;
i, j, k — unit vectors;
f — frequency;
H — magnetic field strength;
E — electric field strength;
J — current density vector;
E , — projection of the E on the axis x;

V; — electric potential at i component of geometric
domain;

A — vector magnetic potential,

A, Ay, A, — projection of the A on the axis x, y, z;

Ay, A yi> A,; — projection of the A on the axis x, y, z at
i component of geometric domain; J . — projection of the J on the axis x;

Ql, Q2 — sections with different electrophysical
properties;
(Axi )ws (Ayi )m, (Azi )w — frequency derivatives of A ;, Hg,, Hgp, — magnetic field strength at Qf,

A, A Q2 sections;
© Yarymbash D. S, Yarymbash S. T., Kotsur M. I., Litvinov D. O., 2018
DOI 10.15588/1607-3274-2018-1-8

A, V,, — frequency derivatives of A and V;
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Ja1, Jap — current density vector at ()], ()2 sections;

CRre > Cim — real part and imaginary part of coefficient
G

§ — field penetration depth;

¢ — speed of light (universal physical constant);

Zonq — final thickness;

E,.; — electric field strength at z,,;.
INTRODUCTION

A present stage of powerful radio-electronic and
electrotechnical systems development, with a capacity more
than 1 MW, imposes increased requirements to their energy
equipment, uninterrupted operation and power supply
reliability in operating modes [1-3]. High level of competition
in the international markets (in civil and defensive spheres)
and also essential restrictions on mass-dimensional
indicators and prices increase for electrotechnical materials
both conductive, and ferromagnetic, cause relevance of
creation a new domestic production at the level of the best
world samples. Therefore, at the production design
preparation stage of powerful radio engineering systems, it
is necessary to pay great attention to auxiliary systems and
structural elements, in particular, to the systems of special
current-conducting wires which are carrying out a reliable
power supply the basic modules and units.

Despite the large volume of the researches connected
with similar systems design of current-conducting wires for
other industries [4-16] to provide adaptation of their results
for powerful radio engineering systems very difficult. This
is due to high density of their configuration and installation,
the electric power transmission with AC high harmonics
and, as a consequence, a significant influence of proximity
effects, self- and mutual induction, which are usually
neglected in common industrial equipment design. The
known calculation procedures and powerful systems design
of special current-conducting wires, which are based on
circuit simulation methods and root-mean-geometric
distances [4, 5, 17-19], do not satisfy the precision
requirements and reliability. Respectively, it should be
compensated for, by creating and testing prototypes, and
as a result, additional material expenses and financial
resources, labor costs and time for production preparation,
by increasing the final product cost.

Now mathematical simulation methods of electrodynamic
processes in high-frequency systems on the basis of
Helmbholtz [20—22] equations were widely adopted, which
are implemented by expensive specialized software packages
(ANSYS, Comsol Multiphysics, etc.). Their use leads to the
essential growth of financial costs on hardware and software
production design preparation, which becomes very difficult
at the existing crisis factors. In addition, the use of software
with a free license, for example, FEMM, for modeling the
electrophysical processes of high-frequency alternating
current is limited due to the absence of specialized software
modules in them. Besides, the software application with a
free license, for example FEMM, for AC high frequency
electrophysical processes simulation is limited due to the
absence in them specialized program modules. Therefore,
the elaboration problem of perspective approaches for field
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models numerical realization on the basis of Maxwell’s
equations in frequency statement should be consider
relevant. These approaches expand the area of software
use with a free license and adapted to production design
preparation requirements for special systems of current-
conducting wires of powerful power supply modules in radio
engineering systems.

The purpose of the work is the elaboration a new
numerical realization methods of field models taking into
account AC electrophysical processes with high frequency
on the basis of Helmholtz equations frequency formulations,
adapted to software packages use with a free license.

To achieve this purpose, the following tasks are
formulated: to elaborate new numerically-field calculations
methods of interrelated electromagnetic processes during
energy transmission, with AC high frequency, for special
systems of current-conducting wires; to verify these
methods on test mathematical models experimentally and to
elaborate on this base the recommendations about their
practical use.

1 PROBLEM STATEMENT

The electromagnetic field in geometric domains of
current-conducting components and their circumambients
is described by conjugate system of equations for vector
magnetic potential and electric potential complex amplitudes
[7-9, 11]:

Vx [(Houei)_IVXAi]= Jjoo;(0; XA; +VV;),
V- [0:(0,)-V 1] =—jeo V-(c;(0;)- A;). M

In the system of equations (1), the projections of A and
V' are parametric functions of AC angular frequency :

@

Ai :i'Axi((sz5yaZ)+j'Ayi(®>x5yaz)+k'Azi(o‘)axay5z)a
Vi =V(ox.y.2),

which have continuous derivatives in parameter o

(), = ol (0.5 20,

(Axi )w = 6[Axl.(03, X, y,z)l/am,(Ayi )m =
ol 020 (4), -

= 6[Azl.(o), x,y,z)]/@u),

Ai)(n = i’(Axi)m +j'(Ayi)w +k- (Azi)m'

)

The system of equations (1) is supplemented by
magnetic and electric fields conjugation conditions at
environment sections boundaries with different
electrophysical properties for magnetic field strength vectors
and current density in current-conducting wires [7-9]:

nop0x x(Ho —Hgy ) =0,
4
noar-(Jar—Ja2)=0, @
under boundary conditions on the external shields surfaces
[7-9]:

{A=0,n-J=0 )



p-ISSN 1607-3274. PanioenexrpoHika, iHpopmaruka, ynpasiinuas. 2018. Ne 1
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2018. Ne 1

and on the symmetry planes [7-9]:
{axH=0,n-J=0. (©6)
2 REVIEW OF THE LITERATURE

The known engineering techniques of calculation and

current-carrying wires design [4—6, 17—19], based on the
electrical circuit’s theory, methods of generalized expressions
and mean geometric distances, have essential assumptions
and don’t answer modern requirements of precision. In
recent years, at high-frequency electromagnetic processes

description, field simulation has become widespread [7—
16]. The analytical and numerical methods [23, 24] realized
on the computer can be applied to the problem formulations
of electromagnetic fields simulation given above. Numerical
methods are conventionally divided into three main groups
[24]: integral (a boundary elements method, a secondary
sources method, an integration method on field sources
and a inductively connected circuits method) [23, 25, 26],
differential (finite differences method and finite volumes
method) [27, 28] and variation (Ritz’s method, Galerkin’s
method, finite elements method) [29, 30, 31]. The MBE
belong to the most widespread integrated methods [26, 27,
32]. Their feature is that the integrated equation of rather
unknown quantities is formulated only on the computational
domain boundary. They are successfully applied to the linear
partial equations solution in private derivatives of elliptic
type. The FEM belongs to the variation methods based on
the use of variation statements equivalent to an initial
boundary-value problem [30, 33, 34]. FEM is based on the
fact that for the elements into which the investigated domain
is divided, an approximation of the required function is
described [34, 35]. And this approximation has to provide
this function’s continuity throughout the definition range.
FEM allow to realize rather large number of elements, when
using special algorithms for systems numerical solution of
algebraic equations with band matrix coefficients. The
elaboration of this method became possible thanks to
computer technology development and specialized software
with user-friendly interfaces. They are successfully applied
to the field problems solution in irregular geometrical shape
domains. FEM disadvantage is the stability lowering of
computational process for nonlinear frequency field models
and requirements for the use of specialized expensive
software [11-14] and significant computing resources [10].
Because of the essential differences in the elements
geometric dimensions of current-conducting systems, in
electromagnetic processes simulation, the authors [12—16]
significantly simplify computational models or consider
them in a plane-parallel statement [13, 14]. Also, the
community absence of approaches in describing and
simulating low- and high-frequency electromagnetic
processes leads to significant increase in computing and
time resources that complicate the use of field calculation
methods at production design preparation stages. It causes
need of elaboration new approaches based both on

analytical and numerical methods combination and on the
frequency formulations reduction of Helmholtz problems to
other types of problems.

3 MATERIALS AND METHODS

For synthesis a new method for system equations (1)
(3) solution, it is necessary to differentiate system equations
of (1) with respect to the parameter , neglecting magnetic
and electrical properties dependences of current-conducting
wires materials on AC angular frequency m:

Vx [(Hol»le)il 'VX(Ai)w]: —jGi(ei)[Ai +VVi]—
- joo; (ei)[(Ai)o) + (VVi)m]» %)
Vo160, v-02), |- ~¥o:(0)A, ) jovlo 0,)MA, ), )

Replacing continuous range domain of frequency «,

by the discrete sequence {U)O =0,0,...,0p,

(Dk+1,...,con=27'c~f}, transform this system of the

differential equations to an integrated form:

n—10ky

S [7), do=7 (005002705, ,2)

kOmk

n—10ky

> I(Axl')md@ =

k=0 o

Axi(wnﬂx7yﬁz)_Axi(oaxsysz)a

n—10k41
> j( )dco A (o),,,x,y,z)—
k=0 (o

Ayi(O,x,y,z),

®

n—10ky

z I(Azl.)wdo) = Azi(wn,x, y,z)— Azi(O,x,y,z),

k=0 o,
n—1®k4 n—1®+1 n—10k+

lz,[( Xz) d")ﬂz.[( )d“”kz,[( Zl) dw_
k=0 @, k=0 @, k=0 o,

= i~[Axl.(0)n,x,y,z)— Axl.(O,x,y,z)]+

+j- [Ayi(wn,x, y,z)— Ayi(O,x,y,z)].:,.

k~[Azl.(mn,x,y,z)—Azl.(O,x,y,z)]

For the left parts of system ratios (8) the next
designations are accepted:

(Vz) k= (Vl((’)k’x ».z )) ,

( ) ( (og,% 0.2 )) ’

(A y,) =&, (op50.2)) ©)
(A ) =(A;(0p.x 0.2 ))

Zi

and the right rectangles formula [36] is applied
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-1

3

Vj(mnaxay’ )

b

=0
A (mnax y’

n—1

,

n—1

Azi(mn’x’y’z): Z(Azi )w,k+1 '((Dk+1 -
k=0

Perform the averaging of system ratios (7) for frequency

parameter change range ((Dk SO +1)

[ X[(uoua)’1~VX(A) ]d“)— -J lﬂ JA;+v ]+
+o)cs,-(9,-)[Am,- +VVmi]}d(D- (In
O 41
[G 6 )w]d(o:
3
O
=—j TV 0,)A;)+oV(o (ei)(Ai)w)]dm‘ (12)

Oy

and apply the right rectangles formulas [36] to the left parts
in the systems (11), (12) and the left rectangles [36] for their

right parts. By reducing them to ((Dk 41 —(Dk), there are
obtained the recurrent equations of rather unknown

frequency derivative potentials (A, )(D r+ and (V, )m P

V(o )

<Ay |2 =0 A ) +

+V(Vi )k + 0y [(Ai)w,k + V(Vt )co,k]}’ (13)
{ lc ()cok+lJ le( (Vl)k)+
+ka( 10:XA), ) (14)

which allow solutions independent of each other.

If to perform summands regrouping between the left and right
parts of system (13), (14) integrated equations, then it is possible
to obtain the modified systems of equations in the form:

{VX l(Houa)_l X (Ai)m,k+l J: ~joi(6; ){(Ai )k *

+ V(VI )k T O [(Al )w,k + V(Vl )w,k]}’ (15)
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( )mk+1 (®k+1—®k)—
Z(Axl)w,m ()1 — 0 )—

Ay ((Dnax Y,z Z(Ayl) kil 0)k+1 (Dk)_

”_1 . . .
+j- Ayl_(O,x,y,z)—i-k . Azi(O,x,y,z)+ ,{Z‘il . (Axi)m,k+l +j (Ayi)m,kﬂ +k- (Ayi)

Vj (O, x,y,z),

A, (0,x,9,2),

4, (0,x,,2),
(10)

)= 4;(0.x..2),

i~Axl.(o)n,x,y,z)+j~Ayi((on,x,y,z)+k~Azl.(oon,x,y, )—1 A, (Oxy, )

k+l:|'(0)k+l_03k)

,

Vloit0))

==J [V(Gi (6; )(Vz )k )+ (Dk+1v(6i (6; XA, )m,k )l (16)

which differ from the recurrent equations (13), (14) by
frequency parameter .

wk+lJ

In the systems of equations (13)—(16) initial approaches
for vector magnetic and electric potentials are defined from
independent solutions of homogeneous differential
equations

(1o, ) v Ai]= 0,

{V X

(17)
V-[o;(6;)-v-¥;]=0
and can be considered as approximations to direct current.

Initial approximation for (Ai)w o and (Vl )m o are defined

from the system of equations solutions (7), independent
from each other under the condition wy =0

Vg, -9 (A ) [0, A )y +¥02),
V‘[Gi(ei)'v'(V) ]— ~jv(o/(0,)A; ) (18)

Thus, by transformations (8)—(14), the system of
equations in frequency formulation (1) adapts to the
mathematical description and approaches for solutions in
DC analogies (15)—(18). The main advantage of adapted
approach should be considered possibility of independent
solution the magnetic and electric fields equations with
respect to frequency derivatives of vector magnetic and
electric potentials on each step of frequency parameter
discrete change. Initial approximations of the vector
magnetic potential and electric potential are defined
according to direct current. Convergence conditions of
iterative process are defined by convergence conditions
for Euler’s method [37].

4 EXPERIMENTS

In data absence on the application new frequency
adaptation method (7)—(18), for realization electromagnetic
field problems, it is expedient to estimate its efficiency on
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the basis of a model problem, which has an exact analytical
solution. For this purpose there is considered a skin-effect
mathematical description in current-conducting components
of waveguide system [20]. There is investigated the
phenomenon of electromagnetic field localization and electric
current in the domain of electrically conductive plate, oo-
wide and « -extended, with z,,; (fig. 1). It is accepted that

current density vector will be directed along the Ox axis and

there is considered its projection jx,j = ijx(z) which

>

corresponds to condition div(J ): 0 and o extended system

along the Oy axis.
Since the electric current is a harmonic function of time
(with ®), then, taking into account the ratio

E =ol, = E-e/®, it suffices to consider Helmholtz

equation with respect to electric field strength amplitude [20]:

2
d f—jM%‘)GE:O- (19)
dz c
with boundary conditions in the form:
E(0)=E0, E(Zend)zEend’ (20)

General solution of equation (19) has the form [20]:

E(z)= CRe _ei\/—i4ncpm/c2 n Clm .e—iﬂ—i4ncum/c2 (2

Taking into account the expression for skin-effect layer

thickness
o= c/,/ZnGuoa, (22)

expression (21) can be transformed to the next form:
E(2)=Cpe omi(=i)z/8 Cien i)/ (23)

If to enter designation E = E(z)/E,

end >

then, satisfying

expression (23) to boundary conditions (20), we obtain an
analytical solution that describes distribution of the intensity

complex amplitude E in electrically conductive domain (Fig. 1):

(l_e(zm(m))/zs)_ I ST _1)_ei(1—i)z/8

Ez8)= O R e ) [ -(24)
A -
X
Z end
&/ 2 >V
O .
2
= ]
Figure 1 — Skin-effect simulation domain in current-conducting

WIre

By frequency adaptation method for a frequency step
equal to Aw = m, the approximate solution of equation (19)
with boundary conditions (20) will have the next form:

3 3
2_Zend+z

~ V2 2
EAm:m(Z’S)Nl*'gZ‘ Zond *Z 3 +’§Z‘(Z—Zend)- (25)
For analysis of approximate solution precision, obtained
by frequency adaptation method, there were carried out
electric field strength calculations for a planar conductor,
the thickness of which changed in a range

1.4-8<z,,5 <2.0-8 with Az,,; =0.2 step and there was

estimated the approximate solution error (25) with respect
to exact solution (24). A typical feature of frequency
adaptation method is the even number of iterations. On odd
iterations, the imaginary components of the solution are
specified, and on even ones, the real components. At the
same time the number of iterations for studied model doesn’t
exceed 4.

5 RESULTS

Results of numerical experiments for a research of
approximate solutions precision, obtained by an analytical
method and a new frequency adaptation method are
presented in Fig. 2. According to the exact solution, the
nonlinear character of the field strength distribution is
determined by the depth of its penetration into
electroconductive environment, mainly by AC frequency.
At electroconductive layer thickness

1.4-8 < z,,; <1.8-8 the distribution will have a parabolic

form. Comparison of exact solutions the system of equations
(1) and calculations by a new frequency adaptation method
(25), taking into account Am = o , confirms that the error of
this method is lower than 0,6% for parabolic form of field
strength distribution in current-carrying components domain
of current-conducting systems (Fig. 2a).

For exact solution, at z,,; > 2.0-9, the parabolic form of

field strength distribution is transformed into a flattened form
(Fig. 2), and the error of frequency adaptation method
increases to 5.1% due to the effect of the “false” local
convexity on the symmetry axis of current-conducting wires.
This negative effect is easily compensated by a step reduction
of frequency adaptation to Aw =0.5-®, and by increasing
the number of iterations up to 4, at the same time the error
decreases to 1.2% in comparison with exact solution (Fig.
2b). It confirms high precision of the offered frequency
adaptation method, which can be also realized in structure of
application programs packages for stationary field simulation,
as a rule, having a free license (for example, FEMM).

For current-conducting wires with a rectangular plan
configuration, field calculations were performed in Comsol
Multiphysics software structure for frequency model (1)—
(6) and in the FEMM software structure for frequency
adaptation model (18). Field calculations in Comsol
Multiphysics and FEMM structures used triangular finite
elements, the number of which was 55264. When comparing
the arrays of local values for magnetic field strength module,
the relative discrepancy deviation for these methods did
not exceed 1.24% for Aw=w and 0.75% A®=0,5-®. As
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Figure 2 — The exact (24) and approximate (25) solutions comparison of Helmholtz equation (14):

a—for Awm=w; b—for Aw=0.5-®

the number of freedom degrees on each frequency
adaptation step decreases twice, time consumption for
numerical realization the frequency adaptation stationary

model (18) decrease by 2.4-2.8 times at Aw=w. At
Ao =0.5-@ time consumption is decreased by 1.12—1.18
times in comparison with numerical realization frequency
model (1)—(3).

6 DISCUSSION

Thus, the frequency adaptation method has a simple
numerical implementation and doesn’t require the use of
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specialized commercial software. This method can be used
in conjunction with final elements method and can be realized
in the FEMM structure. At the joint application the
frequency adaptation methods and final elements method,
the numerical realization efficiency is caused by reduction
the problem dimension on each step in frequency twice. It’s
provided by step-by-step realization the recurrent equations
(18) both for the real, and for imaginary components of
potentials. Error’s growth of the frequency adaptation

method at z d22.0~ 8 can be compensated by decreasing
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the frequency step from Aw=o to Aw=0,5-w. The
frequency adaptation method’s error for problem solution
of AC electric field in a one-dimensional statement doesn’t
exceed 0.6% for Aw =, in 1.4-8 < z,,; <1.8-drange, and
1.2% for Aw=0.5-w,in 1.8-8 < z,,; <2.0-6 range. Thus,
the frequency adaptation method provides good
computational accuracy for engineering calculations. This
method can be used in problems of calculation and analysis
of electromagnetic fields in one-dimensional, two-
dimensional and three-dimensional formulations. Numerical
realization data, in Comsol Multiphysics and FEMM
structures for frequency adaptation to stationary field
models, correspond with high precision to numerical
realization data for frequency field models, but the time
consumption are reduced from 1.12 to 2.8.

CONCLUSIONS

A new method of frequency adaptation is elaborated,
which provides systems of Helmholtz equations reduction
in frequency domain to the recurrent Maxwell’s equations
in DC analogies, high precision and field simulation
efficiency. At the joint realization the frequency adaptation
methods and final elements method the number of freedom
degree decreases twice, which is provided by step-by-step
realization the recurrent modified Maxwell’s equations in DC
analogies, both for the real, and for imaginary components of
the electrical and vector magnetic potentials. The frequency
adaptation method’s error for problem solution of AC electric
field in a one-dimensional statement doesn’t exceed 0.6% for
Aw=ow, in 14-8<z,,; <1.8-5 range, and 1.2% for

Aw=0.5-0,in 1.8:8<z,,; <2.0-8 range. At calculating
the plane-parallel electromagnetic field for current-conducting
components of current carrying systems the frequency
adaptation method’s error doesn’t exceed 1.24%, and time
consumption are reduced from 1.12 to 2.8.

The elaborated frequency adaptation method
significantly expands possibilities of production design
preparation for the powerful radio engineering systems,
allows to use software packages with a free license, reduces
requirements to computing resources, reduces time
consumption and provides high precision of electromagnetic
fields simulation.
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Speimbam 1. C.!, Spsim6Gam C. T.2, Koryp M. W3, JTursuuos . A.*

JI-p TexH. HayK, JOLEHT, 3aBEAYIOMNI Kadeapoil SMeKTPHIECKUX MAIIMH 3aMOPOKCKOr0 HAI[MOHAIBHOTO TEXHHYECKOTO YHHBEPCHUTETA,
Vkpauna

’KaH]. TeXH. HayK, JOLEHT, JOUEHT Kadeaphl NEKTPHUCCKUX MAIIHH 3alopOXCKOro HaI[HOHAIBHOTO TEXHUYECKOTO YHUBEPCHTETA,
Vkpauna

SKaHJ. TexH. HayK, JOLEHT, JOUEHT Kadeaphl MEKTPHUCCKUX MAIIHH 3alopOXCKOro HaI[MOHAIBHOTO TEXHUYECKOTO YHUBEPCHTETA,
Vkpauna

‘Crapinii pernogaBareis KaQeapsl MMEKTPUIECKUX MAIIHH 3aOpOXKCKOr0 HAIIMOHAIBHOTO TEXHUYECKOTO YHUBEPCHTETA, YKpauHA

KOMITIBIOTEPHOE MOJIEJIMPOBAHUE SJIEKTPOMATHUTHOI'O ITOJISI C IPUMEHEHAEM METOJA YACTOTHOM
AJANITALIUN

AKTyaabHOCTb. COBPEMEHHBIH 3TaIl Pa3BUTHSI MOLIHBIX PaIUOAIEKTPOHHBIX U AJIEKTPOTEXHHYECKUX CHCTEM C MOIIHOCTBIO Ooiee 1| MBT
MIPEIBSBISET MOBHIIICHHBIE TPEOOBAaHUS K MX YHEPTOOCHAIIEHHOCTH, OecrepeOOMHOCTH W HAJEKHOCTH YHEProoOecredeHus] B pa3InIHbIX
IKCITyaTallHOHHBIX pexuMax. [loeBoe MopennpoBaHie TaKOTro Kacca CHCTeM 0a3upyeTcs Ha COBPEMEHHBIX METO/IaX YHCIICHHOW pean3aiuu
KpaeBbIX 33124 JJIsI ypaBHEeHuit [ enpMronbia 1 MakcBesia Kak B OlTHOCBSI3HBIX, TAK 1 B MHOTOCBSI3HBIX 00JIACTSIX. DTO MPEABSBIISIET MTOBHIIIICHHBIE
TpeOOBaHUs K pecypcaM, OBICTPOACHCTBHIO CPEACTB BBRIYMCIUTENLHON TEXHUKH M K BRIYHCIUTETBHON 3 PEKTUBHOCTH IIPOrPaMMHOTO 0bectie-
YEeHUsI, ONPEIeNsisi aKTyalbHOCTh pa3pab0TKH HOBOTO WM PA3BHUTHE HCIOJIB3yEMOT0 MaTeMaTHYECKOTO aImapara, B TOM 4Kcie KOMOMHAIHun
AHAMTHYECKUX U TPUOIIDKEHHBIX YNCIICHHBIX METO/IOB.

Lenpio padoThl sBIsETCS pa3paboTKa HOBBIX METOJIOB YHCICHHON peaM3alny MOJIEeBbIX MOeel AeKTPOU3NIECKUX MTPOIIECCOB Tepe-
MEHHOTO TOKa BBICOKOI 9aCTOTHI Ha OCHOBE YaCTOTHBIX (POPMYITHPOBOK YpaBHEHHH [ ebMronbia, aaanTHpOBaHHBIX K HCIIOIB30BAHHIO TTAKETOB
MPOrpamMM CO CBOOOIHOM JINIICH3HEH.

Mertoa. Pa3paboTan HOBBII METOI YaCTOTHOM alanTallii, 00eCIeYnBAIONINNA PEIYKIUIO CHCTEM ypaBHEHHH [ enpMronbia B (OopMyITHpOB-
Kax BEKTOPHOTO MAarHUTHOTO MOTEHIHANa K PeKypPEHTHBIM MOAH(DHUINPOBAHHBIM YpaBHEHHSIM MakcBelula B aHAJIOTHAX (hOPMYIUPOBOK TI0-
CTOSTHHOTO TOKA, BBICOKYIO TOYHOCTh U 3()()eKTHBHOCTH TOJIEBOrO MOJEIHPOBAHUSI.

PesyabTaThl. [Ipemnoxena o0o0IeHHast MPOCTPAHCTBEHHAS MaTeMaTHIECKasi MOJIENb B3aMMOCBSI3aHHBIX AJIEKTPOMArHUTHBIX MPOIECCOB
peo0pa3oBaHus YJHEPTHUH EPEMEHHOTO TOKa B TOKOITPOBOAAX MOIIHBIX PATUOIEKTPOHHBIX U JJIEKTPOTEXHHYECKUX CHCTEM, KOTOpasl yIUThI-
BaeT JKCIUTyaTallOHHBIE PEKUMBI, HEJTMHEITHBIE 3aBHCUMOCTH AJIEKTPO(YU3HIECKUX CBOMCTB JIEKTPOTEXHUYECKIX MATepHaJIoB, () (HEKTHI BbI-
TECHEHHsI U BHEIIHNE TOBEPXHOCTHBIE 3(p(peKThI, caMo 1 B3aMMOWHAYKIHIO. Pa3paboTaH HOBBII METOJl YaCTOTHOW a/laNTallii, OCHOBAHHBINA Ha
PeAYKIMH CHCTEM ypaBHEHHH [empMronsia B (OpMyIHpOBKaX BEKTOPHOTO MArHHTHOTO ITOTEHIIMAa B YACTOTHOHW 00JAaCTH K PEKyppEHTHBIM
MOIU(HUIMPOBAHHBIM YpaBHEHUSIM MakcBellla B aHAJOTUSAX MOCTOSHHOTO TOKa, 0OECTIEYHBAIONINIA BBICOKYIO TOYHOCTh M BBIYUCIHTENHHYIO
3¢ dexTHBHOCTD. [IpH YHCIEHHOH peann3aiuy METOI0B YaCTOTHOW alaTallii U KOHEYHBIX 3JIEMEHTOB YHCIIO CTETIeHeH CBOOOIBI YMEHBIIAETCS
B JIBa pa3a, 4YTo 00YCIIOBJIEHO IMO3TAITHBIM PEIIeHHEM PEKYPPEHTHBIX MOTU(PUIIMPOBAHHBIX YpaBHEHUIT MaKcBeslIa B aHAIOTHIX (POPMYIHPOBOK
TTOCTOSTHHOTO TOKA ISl IEHCTBUTENBHBIX U MHUMBIX COCTABIIIIOMINX IEKTPUIECKUX U BEKTOPHBIX MATHHTHBIX ITOTEHIIHAJIOB.

BoiBoabl. Pa3zpaGoTaHHbI HOBBI METO YaCTOTHOM aJamnTalliH CYHIECTBEHHO PACHIMPSET BO3MOKXHOCTH KOHCTPYKTOPCKOH IMOATOTOBKU
MIPOU3BOJICTBA MOIIHBIX PaJHOJIEKTPOHHBIX H JIEKTPOTEXHHUECKHX CHCTEM CHCTEM, ITO3BOJIIET UCIIONB30BATh MAKETHI MPOrpaMM €O cBOOOI-
HOW JIMIEH3HEH, CHIDKAeT TpeOOBaHHS K BBIYUCIHTEIHFHBIM pecypcaM, COKpaliaeT BpeMeHHbIE 3aTpaThl H 00eCIeYUBAET BBHICOKYIO TOYHOCTD
MOJIETPOBAHMUS HIEKTPOMATHUTHBIX MOJIEH.

KiroueBble ¢JI0Ba: paauodIeKTPOHHBIE CHCTEMBI, JIEKTPOTEXHUIECKUE CUCTEMBI, JIEKTPOMAarHUTHOE T10JIe, METOJ] KOHEYHBIX 2JIEMEHTOB,
YacTOTHAsI aJjanTanysl, oJeBoe MOIEIMpOBaHue, ypaBHeHUs [ enpMronbia u MakcBeria.
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!JI-p TexH. HayK, JOLEHT, 3aBigyBa4 KaeApH eIeKTPUYHUX MAIIWH 3aropi3bKoro HaliOHAJIBHOIO TEXHIYHOIO yHiBepcurery, YKpaina

’KaH[I. TexH. HayK, JIOLEHT, JOLEHT KadeApH eNeKTPHYHNX MAIIMH 3aI0pi3bKOro HALIOHAJIBHOTO TEXHIYHOIO yHiBepcurery, YkpaiHa

*KaH[. TexH. HayK, JIOLEHT, JOLEHT KadeApH eIeKTPHYHNX MAIIMH 3aI0pi3bKOro HALIOHAJIBHOTO TEXHIYHOIO yHiBepcurery, YkpaiHa

‘Crapumii BUKIaza4 Kadeapy eIeKTPUYHIX MALIMH 3aI0pi3bKOro HaliOHAaJIBHOTO TEXHIYHOIO yHiBepcurery, YkpaiHa

KOMIT'FOTEPHE MOJEJIOBAHHS EJEKTPOMATHITHOI'O NOJISI 3 BUKOPUCTAHHSAM METOIY YACTOTHOI
AJAIITALIIE

AkTyanbHicTh. CydacHuil eran po3BUTKY IOTYXHUX PaJiOeIeKTPOHHMX i €JEKTPOTEXHIYHUX CHCTEM 3 IOTYXHICTIO nmoHaj 1 MBT
BUCYBA€ MiJIBUIIEHI BUMOTHY 10 iX eHeproo30poeHHs, 6e3nepediifHOCTI Ta HailfHOCTI eHepro3abe3neueHHs B Pi3HUX eKCIUTyaTallifHUX pexu-
Mmax. [lonboBe MOJeMIOBaHHS TAKOrO Kiacy CHUCTeM 0a3yeThbCsl Ha CydyaCHMX METOIAX YMCENbHOI peanizauii kpaioBHX 3anay Juis piBHSIHb
lenpmronbiia Ta MakcBesia sIK B OJHO3B SI3HHX, TakK 1 B 0araTo3s’s3HHX oOnacTsax. lle BHCyBae MiIBHINEHI BUMOTH JIO0 pECypCiB, MIBHIKOALT
3ac00iB 00YMCIIOBANIBHOI TEXHIKU Ta [0 OOYHMCIIIOBAIBHOI e(hEeKTHBHOCTI IIPOrpaMHOro 3a0e3NeueHHs, BU3HAYal0uU aKTyaJbHICTh PO3pOOKU
HOBOTO 200 PO3BHTOK ICHYIOYOIO MaTeMAaTH4HOIO alapary, B TOMY 4YHCIi KOMOIHALil aHaNITHUHKX 1 HAOMIKEHUX YHCENbHUX METOIB.

MeTo10 po60oTH € po3poOKa HOBHX METOMIB YMCENbHOI peai3auii MOJbOBUX MOAENEH eNeKTPO(i3MYHUX MPOLECIB 3MIHHOTO CTPYMY
BUCOKO{ 4aCTOTH Ha OCHOBI YacCTOTHHX ()OpMyYIIOBaHb PIBHSAHb [enbMronbua, aJanToBaHUX N0 BUKOPUCTAHHS MAKETiB IPOrpaM 3 BUILHOIO
JLeH3ielo.

Metoa. Po3zpobieHo HoBuil Merox 4acTOoTHOI ajanrauii, mo 3abe3nedye pepyKiilo cucTeM piBHsAHb [enbMronsua B (OPMyIIOBaHHIX
BEKTOPHOIO MarHiTHOIO MOTEHIialy 10 PeKypEeHTHUX MOAM(IKOBAHUM PIBHAHHAM MakcBeia B aHAJIOrisAX (opMynoBaHb HOCTIHHOTO CTpyMY,
BUCOKY TOYHICTb 1 €)eKTUBHICTb I10JILOBOTO MOJEIIIOBAHHSI.

Pe3ynbTaTH. 3anpONOHOBAHO y3arajlbHEHY IPOCTOPOBY MaTE€MaTHYHY MOJEIb B3a€EMO3AJIEKHUX €IE€KTPOMArHITHUX HPOLECIB I1EPETBO-
PEHHsI eHeprii 3MiHHOTO CTPyMy B CTPYMOIIPOBifiaX HOTYXHHMX pafiOeNeKTPOHHUX Ta €IEKTPOTEXHIYHUX CHCTEM, SIKa BPAXOBYE EKCILTya-
TaliifHi peXXMMHU, HeNiHiiHI 3a1eXHOCT] e1eKTPOo(I3HYHUX BIACTUBOCTEN €JIEKTPOTEXHIUHUX MaTepiaiB, e()eKTH BUTICHEHHs 1 30BHIIIHI T0BEp-
XHeBi epeKTH, camMo- Ta B3aeMOiHAyKLil. Po3pobi1eHo HOBHUI MeTO 4acTOTHOT afanTalii, 3aCHOBaHUi Ha penyKuii cucreM piBHAHB [enbMronbua
B (pOpMYIIOBAaHHAX BEKTOPHOIO MArHITHOTO IOTEHIiady B YacTOTHIH 00JacTi 10 peKypeHTHHX MOAU(]IKOBAHUM pIBHAHHAM MakcBemia B
aHaJIOTiAX MOCTIHHOTO CTPYMYy, 1110 3a0€e311euye BHCOKY TOUHICTb 1 00uncIoBaibHy edekTHBHICTb. [Ipy uncenbHiil peanizarii MeToniB 4acTOTHOL
ajanrauii 1 CKIHUEHHX €NEMEHTIB YMCIIO CTYIEHIB CBOOOJM 3MEHIIYEThCS B [IBAa PasH, 110 3yMOBJICHO IIOETAIIHUM PIlIEHHAM PEKypEHTHUX
Moau(ikOBaHUX PiBHAHL MaKcBellUIa B aHAJIOTisAX (OpMyIIIOBaHb HOCTIHHOTO CTPYMy IS AiMCHUX 1 YABHHMX CKJIAJOBUX €IEKTPHYHUX 1 BEKTOP-
HHMX MaArHITHUX IOTEHI[IaJIiB.

BucHoBku. Po3po0rnennii HoBUil MeTo YaCTOTHOI afanTawii icTOTHO PO3MIMPIOE MOXIMBOCTI KOHCTPYKTOPCHKOI ITIITOTOBKH BUPOOHHULTBA
HOTYXKHUX PaliOeIeKTPOHHUX Ta €IeKTPOTEXHIYHUX CUCTEM, JJO3BOJISIE BUKOPHCTOBYBATH IIAKETH IPOIpaM 3 BUIBHOIO JILEH3I€l0, 3HUXKYE
BUMOT'U 110 OOUMCIIIOBAILHUX PECYPCIB, CKOPOUY€E BUTPATU dacy i 3abe3neuye BHCOKY TOUHICTh MOJETIOBAHHS €IEKTPOMAarHiTHUX I10JIiB.

KuouoBi c10Ba: pajioeneKTpOHHI CUCTEMH, €IEeKTPOTEXHIYHI CHCTEMH, €1eKTPOMArHiTHE I110j1€, METO/ CKIHUEHHX €JIEeMEHTIB, YacTOTHA
ajlanTais, NoJIbOBE MOJIENIOBAaHHS, pIBHAHHS ['enpMronbua i Makcsenna.
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SIMULATION OF 3D TRANSIENT FLOW PASSING THROUGH AN
INTESTINAL ANASTOMOSIS BY LATTICE-BOLTZMANN METHOD

Context. Recently, the number of reconstructive operations on the digestive tract has significantly increased. Such operations have
predictable negative consequences associated with disruptions of hydrodynamic processes in the anastomosis area. These negative conse-
quences can be partially avoided by choosing anastomosis anatomical form based on mathematical modeling. Known mathematical models
are cumbersome and do not allow to obtain results in real time. The proposed approach using lattice Boltzmann method allows solving this
problem.

Objective. The purpose of the work is to develop a three-dimensional mathematical model of anastomosis for research of hydrody-
namic parameters of fluids with complex structure in real time.

Method. The method of constructing and analyzing the mathematical model of anastomosis of the digestive tract based on lattice
Boltzmann method is proposed. The method differs in that it provides simultaneous analysis of hydrodynamic parameters of the liquid and
determines the nature of movement of fine-grained inclusions in the anastomosis area. The main stages of the method are the development
of technology for determining the modeling area, discretization of the three-dimensional Boltzmann equation with the choice of lattice and
the nature of the collision operator, taking into account the complex structure of the liquid; development of the technology of transition
from the density distribution function to the distribution of pressure at the mesoscopic level, taking into account the properties of the liquid,
the creation of the process of transforming the set of mesoscopic parameters into the macroscopic parameters of the liquid.

Results include determining the distribution of the velocity field in the anastomosis area to modify its geometry. The study of the
influence of gravity on the nature of motion of fine-grained inclusions has been carried out. The quantitative characteristics of the delay
of particles in the area of anastomosis, depending on the dynamic viscosity of the liquid, are determined.

Conclusions. The three-dimensional mathematical model discussed in this paper is based on the application of the lattice Boltzmann
method for calculating the hydrodynamic parameters of the motion of fluid in the study area. The distinctive feature of the model is that
it accounts for the complex nature of the liquid having fine-grained inclusions. The model allows determining the behavior of these
inclusions and the field of speed with sufficient accuracy in real time.

Keywords: mathematical model, lattice method of Boltzmann, anastomosis simulation.

n— number of fine-grained inclusions in the simulation
area;

NOMENCLATURE

X,¥,z — continuous Cartesian coordinates of three-
dimensional space;
¢t — time of simulation; p p- density of fine-grained inclusions;

d — diameter of the fine-grained inclusion;

v — elocity of the elemental volume of liquid at the
mesoscopic level;

v,, — vector of velocity of the elemental fluid volume in
the node ®; At, Ax, Ay, Az— steps in time and space.

INTRODUCTION
Life science nowadays is a rapidly developing area of
research. The urgent need for obtaining new results in this

field of knowledge arose long ago but was constrained by
the considerable complexity of research objects. Biological

u — vector of macroscopic velocity;
W,,— weight ratio in the node ®;

f (x: sz VJ) — density distribution function;

Jf, — density distribution function at node ®;

f(eq) (x, .z, V,t) — equilibrium density distribution

function; processes, which, as a rule, are the main objects of the study
of life sciences, are characterized by variability, which is

7 — relaxation factor in the direction f (eq) (x, V,z, v,t); caused by the dependence on many parameters. However,

) ) ) the complexity of measuring these parameters is another

8 — parameter of fine-grained inclusions; important challenge that impedes progress in this area. In

¢, — speed of sound propagation in the studied area; most cases, this complexity is due to the fact that there are

difficulties with direct access to the object of measurement.
Another negative factor is that the measuring instruments
significantly affect the investigated process. Therefore, in
P, — liquid density; this area, simulation has been and remains one of the most
P — pressure at the outlet; effective methods of research.

A — kinematic viscosity;

N — dynamic viscosity;
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This work describes the mathematical modeling of fluid
motion with fine-grained inclusions through anastomoses
in the lower section of the human digestive tract. The
importance of this study is based on the fact that this section
of the digestive tract is characterized by high peristaltic
activity and, accordingly, high sensitivity to surgical
intervention. A traditional approach, in this case, is to solve
a boundary value problem based on a system of equations
containing the Navier-Stokes equation and the flow
continuity equation. The process of solving this non-
stationary nonlinear boundary-value problem is cumbersome
and requires a large amount of computational resources since
rapid change in parameters requires a high degree of
discretization and imposes additional conditions on the
convergence of computational methods. Therefore, in recent
years, alternative approaches have been developing rapidly
using neural networks, cellular automata and other means
of description for complex processes. Among the above-
mentioned methods, the method based on solving the lattice
Boltzmann equation in each node of the discrete area is
important and is called the lattice Boltzmann method.

1 PROBLEM STATEMENT

This work describes the development and research of a
mathematical model of fluid motion with fine-grained
inclusions through the anastomosis area of the lower part
of the digestive tract. The objective functions of such a
model are to determine the velocity field, the pressure
distribution and the characteristics of sticking of fine-
grained inclusions in the anastomosis area. To simplify the
simulation process and achieve the possibility of
mathematical modeling in real time, the lattice Boltzmann
method is applied. The Boltzmann equation for 3D simulation
describes the probability of the fact that the elemental
volume of a liquid at a time ¢ will be in a cube with a center at

the point with the coordinates (x, Wz ) and the lengths of

the edges dx,dy, dz, and the velocity of the motion of this
elemental volume will be in the range from v to gy [1].
In general, the equation is represented by the expression:

6]‘(x,y,z7 v,t) . af(x,y,z, v,t) . af(x,y,z, v,t) .
ot Y ox Y

of (x, y,z,v,t)

.|-T =Q(f(x,y,z,v,t)), @))]

The function of the right-hand side of the equation (1) is

called the collision operator. The operator Q2 ( f (x, V,Z,V, t))

describes the nature of the collisions of elemental volumes
during the movement of the fluid. In general, the operator of
collisions is given by the following expression:

o (rznt)) = 2 (zne) -1 (s |

where T — a constant that determines the time scale required
to establish a local equilibrium, § —a parameter whose value
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depends on the presence and the compacted location of the
fine-grained inclusions in the node at the moment of

collision, f (eq> (x, ¥, 2z, VJ) — equilibrium function of the

Maxwell-Boltzmann density distribution.

Equations (1) and (2) describe the fluid behavior at each
point of the investigated area at mesoscopic level. Therefore,
there is a problem of transition from mesoscopic to
macroscopic level, on which the fluid parameters are
represented by the velocity field and the pressure
distribution.

For such a transition, we will apply a Chapman-Enskog
expansion [2] adapted to the conditions of this model, which
forms the connection between the kinematic viscosity and
the Boltzmann equation parameters:

(21 - At8) cz
25 '

The Chapman-Enskog expansion allows replacing the
solution of a boundary-value problem based on the Navier-
Stokes equation by solving a set of Boltzmann equations,
each of which describes the dynamics of the movement of
elementary fluid volumes in the nodes of a discrete lattice
covering the study area.

2 LITERATURE REVIEW

There are two main approaches for simulating the flow
of fluid, which use the macroscopic and mesoscopic level
of process description. A traditional approach to obtaining
fluid flow parameters is involves applying numerical methods
for solving a boundary value problem on the basis of the
Navier-Stokes equation [3]. Methods of finite differences
[4], methods of finite elements [5] and methods of finite
volumes are widely used [6]. These methods have common
disadvantages related to stability and convergence, since
through discretization of the corresponding equations these
methods are reduced to the solution of the system of linear
algebraic equations by iterative methods. Despite the
possibility of achieving high accuracy of the solution, it is
often difficult to achieve the convergence of the iterative
process, provided the variability of the input data and in
areas of complex geometry. Unfortunately, multiple physical
processes, including those processes occurring in biological
objects, have precisely such characteristics [7]. The
disadvantages of numerical methods also include the
complexity of parallelizing the process of solving the
boundary value problem. To overcome these and some other
disadvantages, alternative approaches were explored. The
lattice Boltzmann method, which describes the movement
of elemental volumes of liquid at the mesoscopic level, is
one of the most popular approaches. The first publications
on the lattice Boltzmann method have a nearly 30-year
history [8]. During this time, the method received a significant
theoretical basis and became one of the popular methods of
simulating fluid motion in biological objects [9]. The reason
for the high popularity of lattice Boltzmann method is the
fact that the calculations of fluid flow parameters are
performed locally for each discrete point, which allows the
use of parallel algorithms [10]. The method can also be
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effectively applied to simulate three dimensional areas with
complex geometry [11] and to take into account the complex
structure of the liquid [12]. These properties of the lattice
Boltzmann method are the basis for choosing tools to study
of anastomosis of the digestive tract [13, 14].

3 MATERIALS AND METHODS

The mathematical model of ileum anastomosis of the human
digestive tract is considered in this paper. The shape of a three-
dimensional area has the form of a rectangular parallelepiped
with an internal cavity that corresponds to the investigated
fragment of the ileum. The geometry of this anastomosis is
based on the experience of practicing surgeons. The general
view of the study area is shown in fig. 1.

Through the inner cavity flows a fluid that has a complex
structure. Parameters of this fluid vary during the
computational experiment in the following ranges: liquid
density p, [ kg/m’]: 100 +1000; dynamic viscosity of the
liquid M [ Pa s]: 102+ 100; speed of the fluid through the
inlet ¢ [m/s]: 0 + 0.09; outlet pressure P [Pa]: 103 number
of fine-grained inclusions in the field of simulation [Pcs]:
1-+1000; diameter of the fine-grained inclusion ¢ [m]:
10+ 107; density of fine-grained inclusions p, [kg/m’]:
1000 + 1500 [ kg/m?].

Parameters of the mathematical model vary in the

following range: maximum number of time steps m
1-100;

max max max

time layer [s]: 0.01.
The first step in the implementation of the mathematical
model of fluid motion in the area, shown in fig. 1, is to

max:
number of nodes in the discretizing grid

:2000500000; maximum step in the

Jo (xm +Ax, Y, A2, +Az(D,t+At)—f(D (xm + Ax

discretize the area. In this case, the rectangular parallelepiped
G is covered by a three-dimensional lattice (), the nodes

(O(x,-a Vs xk) of which are elements of the set:

Q- {u)(xi,yj,zk)‘i =0i =) —Lk=0k —1},

Each of the nodes belongs to one or three types: “wet”
nodes or nodes in the fluid area, “dry” nodes or nodes of
the environment and boundary nodes constituting the
limiting surface.

We describe the evolution of elementary fluid volumes
in the nodes of the area by a system of equations:

o, 1 e
28y, =;(fw 4 q)], ©=012..]0-1,03)

where f - density distribution function in the direction of

the mesoscopic velocity vector v, fo()eq) — an equilibrium

density distribution function corresponding to the vector v .

We discretize the system of equations (3) over time and
spatial variables for numerical solutions. Let us represent
the vector of the mesoscopic velocity of the elementary
volume of a liquid at the point ® by the tuple

Vo = (Vm Vo Vo j of its projections on the axis X, ), Z .
X y z

Marking the time step as Ay, and spatial steps for each
coordinate as Axw = wa At, AyOJ = V“Jv At, Azw = vwz At

we can produce the discrete version of the Boltzmann
equation:

o Ve T Aym,zm +Azm,t) .

X

Figure 1 — General view and geometric dimensions of “side-to-side” anastomosis
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+

fOJ (Xw +Axm7ym)zwat) _fm (xmvywazmat) + fm (xmvyw + Aym,Zw,f)—fm (xmvywaymvt) n

Ax

()

+

Jo (xwxw,zw + Azwt)—fw (xwywzw,t) ~

Ay

()

_fo) (xwywzwt)_fk(eq) (xco’yco’zcwt).

Az

()

Let’s set Ax, = At =1. Then equation (4) will look
like:

S (x(D + A, Yy T A2, +Azw,t+At)—fm (xm,ym,zm,t) =

— —%(fm (Xm,y(,)a vat) - fo()eq) (xm’ym’ Zm’t)j )

The simulation of the process of solving equation (5) is
carried out in two stages.
1. Collision at the node :

fw( Yo Vo 2 UJ’t+At) f ( O)’yo)VZm’t)_

_%(fm<xm’ym72m’t)_fo()eq) (xm’yw’zo)’t)j~ (6)

2. Distribution of the obtained value of the distribution

function fm (xw,yw,zw,l‘+At) for the moment of time

t + At to the neighboring nodes of the grid:

fm (xw ALY Az, Azt At) = fk (xw,yw,

Zw,t+At),(7)

Neighborhood relationship identifies those nodes for
which the interaction with the current node ® is given. For
this model, the nature of such connections is unified and is
called D3Q19 (fig. 2).

Equation (6) includes an equilibrium density distribution
function for anode .

We apply an expression for this function, which was first
proposed in the work [15].

10 3 13 4

17

18

14

Figure 2 — The structure of the connections for an arbitrary node
on the grid D3Q19
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)

A Zpgp| 142 vm~u+i4(vm'u)2—%(“'“) , (8)

Ax .
where ¢ = v constant that determines the speed of
’ t

the activity in the lattice.

We will determine scaling factors w_ using the

expression

1/3, ®=0,
o =11/18, ®=1,2,3,4,5,6,
1/36, ©=17,8,9,...,18,

for each node velocity

(0,0,+1)¢,k =1,2,3,4,5,6,

Ve =1(£1,0,0)c, (0,£1,0)c,
,+1)c,(0,£1,%1)c, k=7,8,9,...18.

Considering the fact that the fluid pressure p in each

node o is related to the distribution function through the

expression p = Cssz’ we can write the expression for

pressure in the equilibrium state:

s S S

2 Ve ' U
P =2 75 = wo {p+ 1o [3 3

where Py = cfp — average pressure.
Let’s modify equation (5), replacing f with p

2 (xm +Axm,ym +Ayw,zm +Azm,t + A),‘)—p(D (xw,ym,zw,t) =

= _%(pm (xmaymazmvt) - p((;q)

(xw’ym’zm’t)j: (9)

Having solved the equation according to the scheme
(6), (7), we can determine the macroscopic parameters of the
pressure distribution and velocity fields from the equations:

p:zp(n,
o

4 EXPERIMENTS

The main results of the simulations were obtained on
the example of the classical spatial form of anastomosis,

1
u :_Z"mpm. 10
Po o (10)
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which is shown in fig. 1. During the simulation one of the
important tasks was to determine the distribution of pressure
and velocity fields in the study area, depending on the fluid
parameters. Such research allows to determine areas with
extreme values of measured parameters and, based on this
information, formulate recommendations for choosing the
geometric form of anastomosis, which would allow to
critically reduce the risk of the so-called “blind bags” or
unwanted additional cavities.

The second group of experiments aimed to determine
the trajectories and the behavior of fine-grained inclusions
in the fluid under study. The main parameters of the variation
during these experiments were the size and number of
particles, which can simultaneously be in the area we are
investigating. To simplify the calculations, it is assumed
that all the fine-grained inclusions have the same shape,
size and density. The tasks of this group of studies were to
determine the areas of accumulation of particles, which
indicate the possibility of occurrence of stagnant phenomena
in the application of a particular form of anastomosis.

The study used self-created software written in the
algorithmic programming language Python in the
environment PyCharm. Third-party software in the form of
additional modules pyLBM-0.2.1, numpy-1.12.1, Cython-
0.25.2, mpidpy-2.0.0, matplotlib-2.0.2 and others was also
used. To prepare geometric forms of anastomosis, the
package for creating 3D computer graphics Blender-2.78 was
used.

5 RESULTS

The main results are obtained through the creation and
study of a mathematical model of fluid motion with fine-
grained inclusions in a three-dimensional complex domain.
To determine the fluid parameters, a technology based on
the application of the Boltzmann lattice method was used.
The created model allows to get parameters of speed of a

liquid with accuracy & < 107" m/s. However, the great
variability of biological processes makes absolute values of
field velocities less informative when evaluating biological
phenomena. The simulation results presented in a graphical
form allow us to qualitatively evaluate the field of fluid
velocities and draw conclusions about the correction of the
form of anastomosis. For example, the velocity field shown
in fig. 3, displays areas that require shape correction.

The trajectory of the motion of fine-grained inclusions
at each time of the modeling time was determined as the
result of the action on the particle of three forces: the
interaction force of the particle with the liquid, the force that
is the result of collision of this particle with the adjacent
particles and the force of gravity. Studies have shown a
significant dependence of the location of anastomosis in
space on the trajectory of fine-grained inclusions. We can
observe on fig. 4 difference of arrangement of particles at
different positions of anastomosis in relation to gravity.
Parameters of this experiment: total simulation time —
fmax = 6005s; moment of time, shown in figure 4 —

m
feur = 325s. Number of particles in the research area
B4 Y
/ e \
z X
Figure 3 — Critical areas of “side-to-side” anastomosis
—
Z
iy |
]
1 2 3 4 Ve nixl0™

Figure 4 — Dependence of the distribution of fine-grained inclusions on the position of the area
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n =100 Pcs; fluid density p; = 1000 kg/m?; particle density
p, =1500 kg/m?; particle size d =102 m. The distribution

of particles at speeds is determined by the tint in m/s.
From the picture, it is obvious that the position of
anastomosis affects the nature of the movement of fine-
grained inclusions, which can lead to stagnant phenomena
in the anastomosis area. The nature of such influence
depends essentially on the relationship between the density
of the liquid and the density of the fine-grained inclusions,
as well as the dynamic viscosity of the liquid, which can
vary in a certain range. Figure 5 shows the dependence of
the percentage of “sticking” of fine-grained inclusions,
depending on the dynamic viscosity of the liquid. This study

used fine-grained inclusions with size d = 1073 m and
density p, =1500 kg/m’.

6 DISCUSSION

Simulations of fluid movement in the digestive tract of a
person have a certain history, both in our country [16] and
abroad [17]. Relevant mathematical models have allowed a
qualitative assessment of the phenomena studied. However,
the high variability of biological processes and the
complexity of geometric shapes did not allow practical
application of simulation results. The current level of
development of computer technology and new methods of
parallel computing have significantly increased the accuracy
and reduced computation time due to the parallel processing
of large data sets. The approach to the simulation of physical
processes proposed in this paper has a number of
advantages, among which is the important fact that the
complexity of the mathematical model does not depend on
the shape of the area. The reason for such an effect is the
locality of the calculations, the nature of which is unified for
each node of the discretized area of the study. In addition,
the local nature of data exchange with neighboring nodes in
the area lies at the heart of creating algorithms that have the
property of natural parallelism. The mentioned factors
allowed to build software with the ability to interact online
in real time. The advantage of this approach is accounting
for the fine-grained inclusions in the liquid. This significantly
increased the adequacy of the mathematical model and made
it possible to estimate the effect of gravity on the processes
associated with undesired accumulation of these inclusions

4 [Pas]
0 02 04 06 08 10 12 14 16 18 20

Figure 5 — The percentage of “sticking” of fine-grained inclusions
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in certain areas of anastomosis. The practical value of this
work is that by applying these research results it was possible
to reduce 10—15% negative consequences of reconstructive
operations on the digestive tract. The further direction of
research includes increasing area of modeling and
accounting for peristaltic oscillations, as the main source of
fluid flow through the area of anastomosis. A separate aspect
of the study is the consideration of possible peristaltic
oscillations of the actual anastomosis area, which has not
yet been used in practice and has not been considered in
mathematical modeling. In the research plan, there is also
the construction and research of models of reconstructive
operations on different parts of the digestive tract.

CONCLUSIONS

The work involves the development and research of a
mathematical model that describes the parameters of the
functioning of anastomosis in the lower parts of the human
digestive tract. The importance of these studies is due to a
significant increase in such operations and the presence of
negative consequences of surgical intervention. The
proposed approach to the description of the motion of the
fluid in the anastomosis area is based on the use of lattice
Boltzmann method. Due to the use of this method and the
application of modern software development technologies,
the adequacy of the mathematical model in comparison with
the traditional mathematical models based on the solution
of the boundary value problem based on the Navier-Stokes
equation and the flow continuity equation is significantly
increased. Experiments have shown that this method allows
us to calculate the volume velocity in anastomosis zone

with an accuracy of €<10™ m/s for the geometric
parameters of the area and physical parameters of the fluid
given in the work for 2—3 minutes.

A feature of the proposed mathematical model is the fact
that it takes into account the complex nature of the liquid,
which includes fine-grained impurities. The character of the
behavior of these impurities in the field of anastomosis,
depending on the dynamic viscosity of the fluid, is
investigated. The second advantage of the proposed
approach is the possibility to reduce the simulation time by
applying parallel algorithms for calculating local mesoscopic
fluid parameters for each node in the investigated area. Thus,
for the first time it became possible to obtain the results of
model experiments using three-dimensional mathematical
modeling in real time.
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imeHi Iropst CikopcbKoro»

2JI-p TexH. HayK, npodecop, 3aBigyBad kadeapu 0OUUCITIOBAILHOT TeXHIKK, TexHiuHKMA yHiBepcuTeT YKpainu «KHiBCHKHMHN TOMITEXHIYHUI
iHCTUTYT iMeHi Iropss CikopchKoro»

3II-p ¢us.-Mar. Hayk, podecop Kadeapu oOUHCIIOBAIBHOI TEXHIKH, TeXHIUHMI yHiBepcuTeT YKpainu «KHUiBCHKUH TOTITEXHIYHUN IHCTH-
TyT iMeHi Iropst Cikopcpkoro»

MATEMATUYHE MOJEJIOBAHHS TPUBUMIPHOI'O HECTAIIIOHAPHOI'O NIOTOKY YEPE3 AHACTAMO3 TPABHO-
'O TPAKTY PELHITYACTUM METOAOM BOJIBLIMAHA

AxkTyaapHicTb. OCTaHHIM YaCOM ICTOTHO 3pOCia KUTbKICTh PEKOHCTPYKTUBHUX Ollepalliii Ha TpaBHOMY TPAKTi JIOAWHU. Pe3ynmsraT Takux
orepamniii MaloTh MPOTHO30BAaHI HETaTHBHI HACIHIIKH, IO TTOB’s3aHi 3 MOPYIIEHHSIMH TiIPOIUHAMIYHHX MpOIIEciB y 30HI aHacTomo3y. Lli Hera-
THBHI HACIIZKA MOXKJIMBO YaCTKOBO YCYHYTH IULIXOM BHOOPY ()OPMH aHACTOMO3Yy Ha OCHOBI MaTreMaTHYHOIO MOJETIOBaHH:. Bimomi matema-
THYHI MOJENI € TPOMI3IKHMH 1 HE JO3BOJISIIOTH OTPUMYBATH PE3YNIBTaTH B peaJbHOMY MacIuTadi yacy. 3ampOoroHOBaHHHA B POOOTI miaxin 3
BUKOPHCTaHHSM PELIiTYacToro Meroay bosibpliMaHa 103BOJISE BUPIMIUTH IO TIPOGIEMy.

Merto10 pobotu € po3podka TPUBHMIPHOT MATEMAaTHYHOI MOZENI 00JIACTi aHACTOMO3Y JUISl JOCIIKEHH 3 JOCTATHHOIO TOYHICTIO TiIpOIH-
HaMiYHUX MApaMeTPiB PIOIUHH 31 CKJIAJHOIO CTPYKTYPOIO B pealbHOMY MacmTadi Jacy.

MeToa. 3anponoHOBaHO METOA MOOYIOBU Ta aHAN3y MaTeMaTHYHOI MOJei aHAaCTOMO3y TPABHOIO TPAKTY HAa OCHOBI PELIITYACTOTO
Merony bonmpiMana. Meron Bipi3HSI€ThCS THM, IO 3a0e31euye OJHOYACHHUH aHa3 TIAPOJUHAMIYHAX MTapaMeTpiB PiMHN Ta BU3HAYAE XapaK-
Tep pyXy OpiOHO3EpHUCTUX BKIIIOUEHH y 30HI aHacToMo3y. OCHOBHI €Tali MeTOAy: po3po0Ka TEXHOJOTIi 3aaBaHHs O0IACTi MOJIEIIOBAaHHS,
JIUCKpPETH3allis TPUBUMIPHOTO PIBHSHHS BosbiMaHa 3 BHOOPOM PEILITKH Ta XapaKTepy oneparopa Komi3id, SKHii BpaXoBye CKIAIHY CTPYKTYPY
pinuHN; po3poOKka TEXHOJOTIl mepexoay Bif (YHKIIl po3momilly TYCTHHH A0 PO3MOALTY THCKY HAa ME30CKONIYHOMY PiBHI 3 ypaxyBaHHSIM
0COONMMBOCTEH BIACTUBOCTEH PiIUHU, TEePEXil Bil ME30CKOMIYHIX 10 MAKPOCKOIIYHUX ITapaMeTpiB piIHHU.

Pe3yabTaTi MOICIIOBAHHS BKIIFOYAIOTh BU3HAYEHHS PO3IIOALLY MOJISI LIBUAKOCTE B 30HI aHACTOMO3Y 3 METOI0 Moaudikail Horo reoMmerpii.
[poBeneHo DoCIiPKEH s BIUIMBY CHJIN TSOKIHHS HA XapaKTep pyXy ApiOHO3EpHUCTHX BKIIOYEHb. BU3HAYEHO KIIBKICHY XapaKTePUCTHKY 3aTPHM-
KH 9YaCTHHOK B 00JIaCTi aHACTOMO3Y B 3aJIGXKHOCTI BiJl AMHAMIYHOI B’SI3KOCTI PiAHHHU.

BucHoBku. Po3nisiHyTa B 1aHiil poOoTi TpUBHMIpHA MaTeMaTHYHA MOZENb 6a3yeThCsi Ha 3aCTOCYBaHHI pelnriryacToro Merony bosbiMana
pHu OOYHMCIICHHI TiIPOANHAMIYHIX MapaMeTpiB pyXy pilHU B o0nacti gociimkeHHs. OcoONMMBICTh MOJIEN MOJIATaE B ypaxyBaHHI CKJIAIHOTO
XapakTepy PiAMHHU, sKa BKIIOYA€E APIOHO3EPHMCTI BKIIOYEHHS. MoJenb J03BOJISE BU3HAYATH XapaKTep MOBEMIHKM IUX BKJIIOYEHb Ta IOJe
LIBUJIKOCTEH 3 JOCTATHBOIO TOYHICTIO B peaibHOMY MaciuTadi yacy.

KuouoBi ciioBa: MatemMaTH4Ha MOJIENb, peIIiTIacTHii MeTo bonbliMaHa, MOJEIOBaHHS aHACTOMO3Y.
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3[1-p ¢u3.-mar. Hayk, npodeccop Kadeapbl BEIYHCIUTENBHON TeXHUKH, TeXHNYeckuil yHuBepcuteT Ykpantsl «KueBCKuil momTexHudec-
Kuif uHCTHTYT MMeHH Mropst Cukopckoro»

MATEMATHUYECKOE MOJEJIMPOBAHUE TPEXMEPHOI'O HECTAHIUOHAPHOI'O IIOTOKA YEPE3 AHACTOMO3 I1H-
HIEBAPUTEJIbBHOI'O TPAKTA PELIETYACTBIM METO/JIOM BOJIBIIMAHA

AKTyaJIbHOCTB. B nocieHee BpeMsi CyHNIeCTBEHHO BO3POCIIO KOIMYECTBO PEKOHCTPYKTHBHBIX ONEpalMii Ha MUILIEBAPHTENBHOM TPAKTE
4esioBeKa. Pe3ynbTaThl TaKHX onepanyii UIMEIOT IPOrHO3HPYEMBIE HETaTUBHBIE TIOCIIE/ICTBUS, CBA3aHHBIE C HAPYHIICHUAMH THIPOJIUHAMHYECKUX
IPOLIECCOB B 30HE aHACTOMO3a. DTH HEraTUBHbIE IIOCIEACTBUS BO3MOXKHO YACTUYHO YCTPAHUTH ITyTeM BbIOOpa (JOpMBI aHACTOMO3a Ha OCHOBE
MareMaTUY€eCKOro MOJEINpoBaHus. M3BecTHbIE MaTeMaTHYeCKHE MOJEIHU SBJISAIOTCA T'POMO3IAKMMH M HE MO3BOJIAIOT TOMy4aTh PE3yIbTaThl B
peanbHOM Macmtabe BpeMenu. IIpenoxeHHblii B paboTe MOIX0/ ¢ UCIONb30BAHHEM PELIETYaTOro MeToa boibliMaHa 03BOMISET PEIUTh 3Ty
npobemy.

Henabo paboThl sBisieTCs pa3padOTKa TPEXMEPHOH MaTeMaTH4ecKod Mozienu o0JIaCTH aHACTOMO3a Il MCCIENOBaHUS C NOCTaTOYHON
TOYHOCTBIO THIPOAMHAMUYECKUX T1apaMeTPOB JKMAKOCTH CO CIOXKHOM CTPYKTYpOil B peabHOM MacITabe BpEMEHH.

MeTon. [Ipennoxen MeTO IOCTPOEHH U aHATM3a MATEMATHYECKOH MOJIENIM aHACTOMO3a IMIIEBAPUTEILHOIO TPAKTa Ha OCHOBE pelleTya-
Toro Merona bonbimana. Meron omiMyaercs TeM, 4To 0OecreunBaeT aHaJM3 THAPOANHAMUYECKUX NapaMeTPOB >KHIKOCTH U OXHOBPEMEHHO
OIpeJeNsieT XapaKTep JBHKEHUS MEJIKO3EPHUCTIX BKIIFOUEHUH B 30He aHacToM03a. OCHOBHBIE 3Tallbl METO/1A: pa3paboTKa TEXHOIOTUH 3aaHUs
00J1aCTH MOZEIUPOBAHUS, JTUCKPETH3alMs TPEXMEPHOIO ypaBHEHUsl BoibliMaHa ¢ BHIOOPOM peLIEeTKM U XapaKTepa OIepaTopa KOJIM3uii,
YUHMTBIBAIOILETO CIOXKHYIO CTPYKTYPY KHJKOCTH, Pa3paboTKa TEXHOJIOTHHU epexoa oT (GyHKIMU PaclpeieeHus! INIOTHOCTH K Pacpe/eeHHI0
JIABJIEHUSI HA ME30CKOIMYECKOM YPOBHE C Y4ETOM OCOOEHHOCTEH CBOMCTB XMIKOCTH, HEPEXOI OT ME3OCKOINMYECKHX K MAaKPOCKOIUYECKUM
rapamMeTpaM KHUAKOCTH.

Pe3ynabTaThl MOIEIMPOBAaHHS BKIIOUAIOT ONpEJEICHUE PACIPENENeHHs M0 CKOPOCTEH B 30HE aHACTOMO3a C LIENIbI0 MOAU(UKALUY €ro
reomerpuu. IIpoBeieHO HcCe0BaHNE BIMSHUS CHIIbI TSDKECTH Ha XapaKTep JBHXKEHUsS MENIKO3€PHUCTBIX BKIOYeHHH. OnpeseneHsl Koauyue-
CTBEHHbIE XapaKTEPHCTUKH 3aJEPHKKU YaCTHL B 00IACTH aHACTOMO3a B 3aBUCUMOCTHU OT JMHAMHYECKOH BA3KOCTH KU JIKOCTH.

BriBoabl. PaccMoTpenHast B JaHHOH paboTe TpexMepHash MaTeMaTH4ecKas MOJENb 0a3Hpyercs Ha IMPUMEHEHUH PEIeT4YaToro MeToza
BbonbumaHa npu BEIYMCIEHUH M'HAPOIMHAMUYECKHX 1apaMETPOB ABMKEHHUS XKUAKOCTU B 0051acT HccnenoBanust. OCoOEHHOCTh MOJIENHU 3aK/II0ua-
€TCsl B YUYETE CJIOKHOIO XapaKTepa KHKOCTH, COAEpIKaIleH METKO3EpPHUCTHIE BKIIIOYEHHU. Mo/IeNb MO3BOIISIET ONPEAEIATh XapaKTeP MOBEICHUS
9TUX BKIIIOYEHUH U MOJIe CKOPOCTEH ¢ J10CTaTOUHONH TOYHOCTBIO B PEaIbHOM MacITabe BPEMEHH.

Karouesnle c10Ba: MaTeMaTH4YECKas MOJIENb, PEIIETYAThII MeTo/ bonbiMana, MOAETMPOBaHHE aHACTOMO3A.
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NEUROINFORMATICS
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Y/IK 004.93

KaepuH [I. A.", Cy66oTtuH C. A.2

TAcnupaHm kaghedpbl npoepaMMHbIX cpedcme 3arnopoXcKo20 HaUUOHANIbHO20 MEXHUYECK020 yHuUsepcumema, 3arnopoxbe,
YkpauHa

2[1-p mexH. Hayk, npog., 3asedyrowjuli kaghedpol npoepamMmHbIX cpedcme 3arnopoXCKO20 HaUUOHAIIbHO20 MEXHUYECK020
yHusepcumema, 3anopoxbe, YKkpauHa

METOAbI KOJIMHECTBEHHOIO PELWLEHUA MNMPOBJIEMbI
HECBAJIAHCUPOBAHHOCTMU KIIACCOB

AKTyaJbHOCTB. PenieHa 3a/jaua BOCCTaHOBJICHH S OajTaHCa KIIacCOB B HecOaJIaHCUPOBAHHBIX BEIOOPKaX I MOBBIIEHHS 3(P(HEeKTHBHOCTH
JIUAaTHOCTUYECKUX U PACHO3HAIOIINX MOJENIEH.

Leas padoThl — MOIM(UKAIUS CYIECTBYIONIETO METO/Ja BOCCTAHOBIICHN S OajlaHCa KJIACCOB M CPABHUTENBHBIN aHAIN3 [TOKa3aTeleH ero
IIPOM3BOAUTEILHOCTH C HEKOTOPBIMHU COBPEMEHHBIMH METOJJAMHU.

Merton. Ilpemnoxxer Meron npeaBapuTeabHON 00paboTku HecOanaHCHPOBaHHOH BBIOOPKHU, KOTOPBIH Oasupyercs Ha OOBEIUHCHHUH
crparerun undersampling u TEXHOJIOTHH KJIACTEPHOTO aHaiHM3a. MeTo O3BOJIIII BOCCTAHOBHUTH OalaHC KIIACCOB M COKPATUTh 00hEM BBIOOPKH,
IIPYM 3TOM OBIIM COXPAHEHBI BaXKHbBIE TOIOJIOTHYECKHE CBOMCTBA BRIOOPKH, BHICOKHI ITOKA3aTeNlb TOYHOCTH U MPUEMIIEMOE BpPeMsI paOOTBHI.

PesyabTarbl. PazpaboraHo mporpaMMHOe oOecreueHHe, pean3yoliee NpeaIoKeHHbI MeTo/l, KOTOpoe OBIJIO MCIONB30BaHO MU
MPOBEJCHHH BBIUYMCIUTEIBHBIX IKCIEPUMEHTOB 110 HCCIIEIOBAHUIO CBOWCTB METOJAa M CPABHUTENBHOMY aHAIU3y C APYTUMH METOJaMU
BOCCTaHOBJICHHs OallaHCa KJIACCOB.

BoiBoabl. [IpoBeieHHbIE SKCIIEPUMEHTBI TOTBEP AWIH PAOOTOCIOCOOHOCTD, MIPEITIOKEHHOTO METO/IA H PEATIM3YIOIIEro €ro MPOrpaMMHOT0
obecnieyeHust. MeToJ MO3BOJIMI YMEHBIIMTh Ma)KOPUTAPHBII KJAcC 0 Pa3MEpPOB MUHOPUTAPHOrO Kiacca, COOTBETCTBEHHO YMEHBIINB
00y4Jaronryro BEIOOPKY (BBIOOpKA CUMTaeTCsl HecOaTaHCUPOBAHHOM, €CITH pa3Mep MHHOPHTApPHOTO Ki1acca cocTasiseT Meree 10% ot pasmepa
HCXOHOI BBIOOPKH), TIPH 3TOM MPOIEMOHCTPUPOBAIT CAMbIE JIYUIIHE CPEIU UCCISYEMbIX METOIOB TI0Ka3aTe M TOYHOCTH MOJIEIN H CPAaBHUMYIO
CKOPOCTb ()OPMUPOBAHHS BBIOOPKH. DTO TO3BOJISIET PEKOMEH/I0BATh UX AJI MPUMEHEHHsS Ha NIPAKTHKE NPH PELICHuH 3a1a4 (popMUpOBaHHMS
00y4aronMx BEIOOPOK B yCIOBHUSIX HecOalaHCHPOBAaHHOCTH KJIACCOB AU ANATHOCTHYECKHMX U PACTIO3HAIOMIMX MOJIENCH.

KunioueBble ciioBa: BhIOOpKa, KIacCU(pHUKATOP, METPUKA Ka4eCTBA, MAYKOPUTAPHBII KJIacC, MUHOPUTAPHBIHA KJIacc, IK3EMILIP.

HOMEHKJIATYPA

S’ — YKCIIO 3K3EMIUISIPOB B cOAIAHCHPOBAHHOW BBIOOP-

; . Ke;
Cpna — Il LIEHTp Macc Ki1acTepa MakOpHTAPHOIo Kiac- ’
Sma — YHCIO 9K3eMIUIIPOB Ma)KOPUTAPHOrO Kiacca B

ca BBIOODPKH; .
X, HCXOIHON BBIOOPKE;

C? — j-it npusHak uentpa mMacc (-ro kmacrepa;

K — 4HCJIO KJIaccoB B BBIOOpKE;

k — uncno OmmKaMIIMX COoCenei;

M — OTHOLIEHHUE YHUCTIa KIaCTePOB Ma>KOPHTAPHOTO Kirac-
ca K YMCIy 3K3eMIUISIPOB MHHOPHTAPHOIO Kiiacca;

N — 9HCIO BXOAHBIX IMPHU3HAKOB XapPaKTEPU3YFOLIHX K-
3eMILISIPBI BBIOOPKH;

Qma — 4HCIO KIAaCTEpPOB Ma)KOPHTAPHOrO Kiacca B
HCXOIHON BBIOOPKE;

0 — HOMEp TeKyIero Kiacrepa;

S — YHCIO K3eMIUIIPOB B MCXOAHOHN BBIOOpKE;

© Kaspun [I. A., Cy66otun C. A., 2018
DOI 10.15588/1607-3274-2018-1-10

Sr%a — YHCIIO 3K3EMIUIIPOB (-TO KIacTepa MasKOpH-
TapHOTO Kilacca;
Smi — YHCIIO 3K3EMIUIIPOB MHHOPHTAPHOTO Kilacca B

HCXOIHON BBIOOPKE;
S — HOMEp TEKYLICro 3K3eMILIIpa,
X — MCXOJIHasi BhIOOpKa;

X' — cOanaHcupoBaHHas BBIOODKa;

Xfha — MHOXECTBO HPELEICHTOB O 3aBHCHMOCTH Ma-
YKOPUTAPHOTO Kjlacca B cOajaHCHPOBAHHOW BBIOOPKE;

Xmi — MHOXECTBO INPELEJICHTOB O 3aBUCUMOCTH MH-

HOPHUTApHOrO Kjacca;
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X — HaOOp NPHU3HAKOB B MCXOJHOH BBIOOPKE;

x' — Habop NPHU3HAKOB B cOATaHCHPOBAHHOM BBIOOPKE;

x* — - oK3eMIUIAp BBHIOOPKH;
y — BBIXOZIHOU IIPH3HAK (KJ1acc) B UCXOAHOU BBIOOpKE;

y' — BbIXOHOM TpHU3HaK (K1acc) B cOalaHCUPOBAHHOM
BBIOOpKE;

y® — BBIXOJHOI NPU3HAK §-TO JK3EMILIAPA BEIOOPKH;

CBU - cluster based undersampling.

BBEJIEHUE

JIist IOCTpOEHUST TUarHOCTHYECKUX W PACIO3HAIONIUX
MOJIEJIeH 10 IKCIIEPUMEHTAIBHO MOTyYeHHBIM HaOIrone-
HUSIM (TIpereiecHTaM) HeoOXOAUMO W3 Habopa MMEIOIINXCS
HaOMroneHni 0OIpIIOro 00beMa BBIACTUTH 00yUYaOIYIO
BEIOOpPKY, 00NaaroNIyl0 MEHBIIMM O00BEMOM, HO OTpaxa-
IOIIYI0 OCHOBHBIE CBOWCTBA MCXOJHOI COBOKYITHOCTH Ha-
OIOICHHIA.

OOBEKTOM HCCIECIOBAHHMS SIBISUTICH METOIBI aBTOMATH-
4eCcKoro (pOopMUPOBaHHS BBEIOOPOK JUIsI MIOCTPOCHUS JHAar-
HOCTHYECKHX M PAcHO3HAIOMINX MOJENEH IO IpereieHTaM.

OO0yyaromasi BBIOOpKa SIBISIETCS OJHUM W3 BaXKHEHIIHX
KOMIIOHEHTOB JHATHOCTUYECKHX W PACIO3HAIOIIUX MOJIe-
neit. OT o0beMa BBIOOPKH W TPEICTABUTENFHOCTH €€ JIaH-
HBIX OyleT 3aBHCETh NMPOU3BOAUTEIBHOCTh ITOCTPOSHHOMN
MOJI€IIH, €¢ TOYHOCTh U CKOPOCThb. BONBITUHCTBO cTaHIapT-
HBIX ITOPUTMOB KIIACCU(PUKAIMH TPEANONaraloT paBHO-
MepHOe pacrpe/elieHue JaHHBIX B 00ydJaroIlinX BBIOOpKAX,
OJIHAKO, B PEATbHON KHU3HHU 3TO JOCTATOYHO PEIKOE SBIIC-
nue [1]. IoaToMy aKkTyalbHBIM SIBISETCS IPUMEHEHHE pa3-
JIMYHBIX TOAXOMOB JJIsI BOCCTAHOBIICHHS PAaBHOMEPHOTO
pacrpezeneHusl JaHHBIX B 00y4aromux BeIOOpkax. OIHIM
W3 TaKUX TMOAXOJOB, SIBISIOTCS METOJBI BOCCTAHOBIICHUS
0allaHCa KJIACCOB B HecOaJIaHCHPOBAHHBIX BBIOOPKAX.

[IpeameroM mcciieOBaHUS SBISUICH METOABI (hOPMH-
poBaHuUsl cOaTaHCUPOBAHHBIX BBIOOPOK.

JlocTaTOYHO pacnpOCTPaHEHHBIM SIBICHHEM SIBISETCS
CUTYyallus, KOTAa B BBIOOPKE JK3EMIUISIPOB OJHOTO KJacca
3HAYUTENILHO OOJbIIe (MaXKOPUTAPHBIM KIIACC) YeM 3K3EeM-
IUISIPOB JIPYroro kiacca (MUHOpUTapHBIA kiacc) [1]. B ta-
KHX YCIOBHUSIX OOJNBLIIMHCTBO METOAOB MAIIMHHOTO 00yde-
HUS IPUBOJAT K MONTYYECHHIO MOZAENIEH, KOTOpble HePaBUIIb-
HO OMPEENAIOT PEIKHe dK3EMILISIPhl MUHOPUTAPHOTO Kiac-
ca u3-3a HOJABJICHHS dK3EMIUIIpaMH Ma)KOPUTAPHOTO Kiac-
ca 9K3EeMIUISIPOB MHHOPUTApPHOrO Kiacca MpU oOydeHUH
Monenu. JlJis mpuMepa paccMOTpUM OWHAPHYIO BBIOOPKY,
B KOTOpoi 99% MMHOpUTapHBIX IK3eMIUIApoB U 1% maxo-
putapHbIX. Eciy mocie mocTpoeHust MOfIeNid Ha OCHOBE Ta-
KOIl BBIOOPKH MOZIENB OTHECET BCE DK3EMIULIPHI K MajKOPH-
TapHOMY KJaccy, TO OMIMOKa KiacCU(PUKAIUU COCTABUT
Bcero 1%, T. €. IpH OYeHb BBHICOKOH TOYHOCTH KJIACCHU(HKa-
TOp HE CMOXKET MPABHJIBHO OMPEACIHUTH YK3EMILISIPEl MH-
HopuTapHoro kiacca. OgHaKO UMEHHO MHHOPUTAPHBII
KJIACC MOXKET MMETh NEPBOCTENECHHYIO BKHOCTh B TaKHX
MIPUKITATHBIX 337a4aX, KaK MEAUIIMHCKAs TUarHOCTHKA, Kpe-
JIUTHBIA CKOPHHT, BBISIBIEHHE MOIICHHUYECTBA C KPEIUT-
HBIMH KapTaMmH, 3alliTa KOMIObIOTEpHBIX ceteit [2, 3]. Tlo-
9TOMY aKTyaJIbHOU sIBIsieTCss mpobiieMa GpOopMHUPOBaHUS
00y4YarIKuX BBIOOPOK ISl TOCTPOCHUSI MOJENEH Mpu He-
cOalaHCMPOBAaHHBIX KJIaccax B UCXOIHOH BBIOOPKE.

W3BecTHO MHOXKECTBO METOAOB PEIIEHHS MPOOIEeMBI
HecOaTaHCHPOBAHHOCTH KJIACCOB [1], KOTOpbIE MOXHO pa3-
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JIeINTh Ha JIBa OCHOBHBIX BUJA: YPOBHS NAHHBIX H YPOBHS
meTonoB [3].

VYpoBeHb METOOB IpEAIONaraeT CO3AaHHe HOBBIX MU
MOAN(DHUKAINIO CYNECTBYIOMUX KIACCU(PUKATOPOB IIPH
TIOCTPOCHHH MOJIEITH JUIS KaXK[0TO HOBOTO Habopa MaHHBIX
W HOBOH 3a/la4M, YTO MOXET MOTpeOOoBaTh JIOIOTHUTEIh-
HBIX PECypcoB U 3aTpar.

B ornmune oT ypoBHS METONOB, YPOBCHb JAHHBIX HE
TpeOyeT MOAH(pHUKAIINH METOJOB KIAacCH(UKAINU, TOCTa-
TOYHO IMPOCTOH M MOXKET HCIOIB30BATECS C TIOOBIMH THIIA-
MH KJIacCU(pHUKaTOPOB. MeTONBl YPOBHS JaHHBIX OCHOBA-
HBI Ha TIPEIBapUTENFHON 00paboTKe NAaHHBIX C ITOMOIIBIO
COMILTHHTA [4], CTpaTerny KOTOPOro JAENSATCS Ha JBa THIIA!
undersampling (yIanasioT 3K3eMIUISPBl Ma)KOPUTAPHOTO
Kiacca) u oversampling (100aBISIOT (CHHTE3UPYIOT) dK3eM-
IUISIPBI MHHOPUTApHOTo Kiacca). IIpm 3ToM MeToxms! Ha oc-
HOBE COMIUIMHTA JOCTATOYHO 3((EKTHBHO PEIMIAlOT MpPo-
61eMy HecOaTaHCHPOBAHHOCTH KJIACCOB M ONTUMH3HUPYIOT
IPOU3BOAUTEIIFHOCTD HCIOIb3YEeMBIX KIacCH(UKATOPOB [4].

Ha mpaxruxe ctpaterus undersampling paboraer 60-
nee 3¢ ¢dexTrBHO, YeM crpaTerus oversampling. 3T1o cBs-
3aHO C TEM, YTO CTpaTerus oversampling yBenm4mBaeT pas-
Mep BBIOOPKH, YTO MOXKET HOBBICHTH BEPOSTHOCTH Iepe-
obyuennus [5] n Bpems pabotThl kiaccuduxatopa. B cBoio
ouepenb, IPH NpHUMEHEeHHH crpareruu undersampling cy-
IIECTBYET BEPOSATHOCTh IOTEPH BaXKHOW MH(OpMAIHH.

Jlnst coxpaHeHHs penpe3eHTaTUBHOCTH BBEIOOPKH B psze
paboT mpeayaraeTcsl UCIOIb30BATh CTPATETHIO yalleHUS
HK3EMIUISIPOB Ma)XOPUTAPHOrO Kjacca ¢ MpUMEHEHHEM
knactepHoro aHaimza CBU [1, 5, 6]. Ilpu 3ToM 3K3eMIuIspbl
Ma)KOPUTApHOTO KJlacca CHaJana pa30MBaloTCA Ha KJlacTe-
PBIL, a 3aTeM M3 KaXJOTo KJIacTepa II0 OIpe/eleHHBIM IIpa-
BHJIAM BBIOHMpAeTCsl HEOOXOAMMOE KOTHUYECTBO 3K3EMILIS-
poB. Takoii moaXox yMEHBIIAET PUCK YAAJICHUS 3HAYMMBIX
9K3EMIUISIPOB, YTO IMO3BOJSET YBETHYUTH IPOU3BOAHUTEINb-
HOCTh KJIACCH(UKATOPOB.

Lens paGoTbl — yCOBEPIIEHCTBOBAHUE METO/]a BOCCTAHOB-
nenust 6ananca kinaccoB CBU u cpaBHUTEINBHBINM aHAIM3 TTOKA-
3aTeNei ero MpOU3BOAUTENBLHOCTH € JPYTMMH METOIAMHU.

1 IIOCTAHOBKA 3AJTAYA

I[Iycte 3apmana HecOanaHcHUpOBaHHasE BBIOOpKaA

X=<x,y> — Habop S MNpEUeACHTOB O 3aBHCHMOCTH

y(x),x - {XS }’y - {(VS },s =1,2,..,S , XapaKTepU3yIOLHXCs
HabOpoM N BXOJHBIX TPHU3HAKOB {xj},j =12,...N, u BbI-

XOMHBIM Tipu3HaKoM Y. Kaxaplit § - mpemeneHT mpenacra-

BHUM Kak <xs,ys>,xs = {v;}yq € {1,2,...,K},K >1.
Torma 3amaua GpopMHpoOBaHUs cOATaHCUPOBAHHOW BbI-
GOpKH ISl TOCTPOCHHUSI MOJICITH 3aBHCUMOCTH y(x) cocTo-

UT B CO3/IaHUM HAa OCHOBE MCXOIHOW HecOaTaHCUPOBAHHOM

Mo KJiaccaM BBIOOPKH X=<x,y> Tako¥W MOIBBIOOPKHU

X' =<x',y'>, 4TOObl BHIMONHSAIOCH OJHO U3 CIEAYIOIUX

YCIOBHIA: [UIsl 1OOABICHHS 3K3EMIUIIPOB MHHOPHUTAPHOIO
kiacca (oversampling):

el by = b e exlstz s e ) - o
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JUISL ylalleHus DK3eMIUISIPOB Ma)KOPUTAapHOTO Kjacca
(undersampling):

celeby=br et exdss. o o)

T.e. HeoOXomMMO B HecOATaHCHPOBAHHOHN BBIOOpKE H3-
MEHHTH PacHpefieNiecHne KIaccoB TaKMM 00pa3oM, 4TOOBI
HONYYUTh COAJIAHCHPOBAHHEBIM HA0Op NAaHHBIX.

2 OB30P JIMTEPATYPbI

Jns Toro, 9TO00BI B HecOaTaHCHPOBAHHOH BEIOOpKE H3-
MEHHTH paclpeieleHie KIaccoB TaK, YTOOBI MOIYydUTh cOa-
JIAHCUPOBAHHBIN HA0Op NAaHHBIX, IPUMEHSIOT Pa3IHYHbIC
CTpaTeruy COMIUTHHTA.

Crparerus COMILTMHTA MPUMEHSFOTCS Ha JTare MpeaBa-
purensHO 00paboTky maHHEIX. OHU 10CTaTOYHO 3¢ hex-
THBHBI U IIPOCTHI B MCHONIB30BaHMY, He TpeOyroT Momudu-
KaI[i METONOB KJIACCU(HUKAIIMK M MOTYT MCHOJIB30BAThCS
¢ Mo0BIMH KITaccupuKaTopaMu. [1o3ToMy HaHHEIE TEXHO-
JIOTHH IITUPOKO HCIONB3YIOTCS JUISL PEeIIeHUs IpodiieM He-
cOaTaHCHPOBAHHOCTH KIJIACCOB.

PaccmorpumM Hambonee MHMPOKO HCHONIB3yeMBIE CTpa-
TETHH COMIUIMHTA Pa3HEIX THIIOB C BO3MOXKHOCTBIO KOHTPO-
JIS1 KONMYECTBA YHAJIAEMBIX (00ABIIEMBIX) SK3EMILIIPOB.

CiyuaiiHoe ynaJeHHe 3K3eMIUISIPOB Ma)KOPHTapHOTO
kinacca (random undersampling) — HanGoxee mpocras cTpa-
TErus, B KOTOPOIl CIydalfHBIM 00pa3oM YHaJSIOTCS 3K3EM-
IUTIPBI MAXOPHTAPHOTO Kacca IS JOCTHXKEHHUS HeoOXo-
JUMOTO COOTHOIIEHUS KJIACCOB. YPOBEHb COOTHOIICHHUS
KJIaCCOB ITOAOUPAETCS HMIHPUIECKUM ITyTeM. J[OoCTOMH-
CTBAMHU CTPATETHHU SIBISIOTCS BBICOKAs CKOPOCTH PaboTHI,
YMEHBIIEHHE pa3Mepa BBIOOPKH U IIPOCTOTA peaTH3amii,
a HeOCTaTKaMH — BBICOKAsl BEPOATHOCTh MOTEPH 3HAYH-
MBIX JaHHBIX.

VYhanenue dSK3eMIUISIPOB Ma)KOPUTApHOTO Kiiacca ¢ MpH-
MeHeHHeM kiactepHoro aHanuza (CBU — cluster based
undersampling) — cTparerus ynajieHHUs 3K3EMIUIIPOB Ma-
YKOPUTAPHOTO KJIacca ¢ MPUMEHEHHUEM METOJOB KIacTep-
HOro aHanu3a. Ha mepBoM 3Tame MHOXKECTBO IK3EMILIIPOB
Ma)KOPUTApHOTO KJIacca pa3OMBaeTcss Ha YMCIO KIACTEPOB,
paBHOE YHCIY JK3EMIUIIPOB MHUHOPHTapHOro kiacca. Ha
CIIeNyIOIIeM JTale BBIOMPAETCS IO OTHOMY JK3EMIUIPY
13 KaKIOro KiacTepa, U YIAJIOTCS BCE OCTAaJbHBIE DK3EM-
IUISIPBI MAKOPUTApHOTo Kiacca [5]. JlocromHcTBaMu ctpa-
TETUU SIBJISIIOTCS YMEHbIICHUE O0ydaromiei BoIOOPKH /10
pasmepa 2S,,; (T.e. ecnu IO MHHOPHTApHOTO Kjacca Co-
crasnser 1%, pasmep obpaboraHHOH BbIOOpKH OymeT 2%
OT pa3Mepa HCXOAsIeld BBIOOPKH), COXPAaHCHHE BaXKHBIX
TOMOJIOTHYECKUX CBOWCTB BBHIOOPKH, a HENOCTATKOM — HH3-
Kasi CKOPOCTb pabOTHI.

JybnupoBaHue 5K3eMIUIIPOB MUHOPUTAPHOTO Kjacca
(oversampling) — 3TO cTpaTerusi, B KOTOPOi s JOCTHXKE-
HUSL HEOOXOAMMOrO COOTHOIIEHHS KIACCOB, AYOIHUPYHOTCS
9K3EeMIUISIPEl MHHOPUTAPHOTO Kiacca. JIoCTOMHCTBaMHU
CTpaTeTuH SIBISIOTCS BBICOKAsi CKOPOCTh padoThI M MPOCTO-
Ta peayn3alii, a HEIOCTaTKAaMH — BO3MOXKHOCTh IEpeody-
YeHUs] MOJIETIM M YBEIHMUEHHE pa3Mepa BHIOOPKH.

CrtpaTterusi HCKyCCTBEHHOTO YBEIHYEHHS K3EMILIIPOB
muHoputapHoro kiacca (SMOTE — Synthetic Minority
Over-sampling Technique) [7] — oaHa K3 MOMYISAPHBIX CTpa-
TETUH COMIUIMHTA, KOTOpas 0a3upyercs Ha TEXHOJIOTUHU

oversampling. JlaHHas cTpaTerus IpearnoyiaracT CHHTE3
HCKYCCTBEHHBIX 3K3EMIUIIPOB ITyTeM CO3JaHHS ORHOTO MM
HECKOBKUX OMIDKAMIMIX cocefed IS SK3eMIUIIPOB MHHO-
pPHUTapHOTrO Kiacca, B 3aBHCHMOCTH OT HEOOXOIMMOTO CO-
OTHOIICHHUS KJIACCOB. JIOCTOMHCTBAMH CTPATETHH SBIIAIOT-
s BBICOKAsi CKOPOCTh PabOTHI M IPOCTOTA, a HEAOCTATKAMHU
— BO3MOXHOE IIepeo0ydeHHss IOCTPOCHHOH MOJenH, yBe-
nudeHne pasMepa (popMHPYeMOil BEIOOPKH.

AnanTuBHAs TEXHOJIOTHS MCKYCCTBEHHOTO YBETHYCHHS
9K3eMIUIIPOB MUHOpHUTapHOTo Kiacca (ASMO — Adaptive
Synthetic Minority Oversampling) [8] — cTpaTerus, sBisro-
masica Mogudukanueit SMOTE, B koropoif nonck Onmxaii-
MIMX coceliel MPOU3BOANTCS TS SK3EMIUIIPOB MasKOpPHTAp-
HOTO KJIacca, YTO I03BOJIET JIy4YIle Pa3AeNHuTh KJIACCHI.
JIOCTOMHCTBAMH CTPATETHH SBISIOTCS BBICOKAs CKOPOCTB
paboTHl U MPOCTOTA pealau3aniy, a HEAOCTaTKAMHU — BO3-
MOXXHOCTH ITepeoOydIeHIsI MOJCIHN H yBEINYEHHEe pa3Mepa
bopmMupyemMoil BEIOOPKH.

CymecTBeHHOE BIMSHHE Ha Ka9eCTBO ITOCTPOEHHBIX MO-
Jeneil kpoMme cTpaTeruii popMUpPOBAaHUS BEIOOPOK TaKkKe
MMEIOT METPHKH (CIOCOOBI OL[CHUBAHMS) KauecTBa MOJIENEH.

JUIs omeHKH KadecTBa MOJENeH C MUCKPETHBIM BEIXO-
JIOM TPaAUIMOHHO HCIIONb3yeTcs omuoka [9]:

E= i{l | y* = f(xs)}—> min.
s=1

310 mocTaTogHO mpocTas U 3¢ (HEeKTHBHAS METpPHUKa, KO-
TOpasi IMUPOKO HCIONb3yeTcss Ha npakTuke. OJHAKO B YCIO-
BHSX HecOaJTaHCHPOBAHHOCTH KIIACCOB (DYHKIHUS OIIUOKHU
HE SBISIETCS] TOAXOASIIEH METPHKOM, MMOCKOIbKY MUHOPH-
TapHBIA KJIacC OYEHb C1a0d0 BIHsIET HA OMUOKY IO CpaBHe-
HUIO C Ma)KOPHTapHBIM KiaccoM. Hampumep, B cuTyanmwy,
KOTJ]Ja MUHOPHUTApHBIA KJlacc mpeacTaBieH Tonbko 1% BbI-
OOpKH, MPOCTasi CTPATErHsi MOXKET MPENCKa3bIBaTh MaXko-
pHUTapHBIN Kiacc Ui BCeX dK3eMIUIApoB. [Ipu 3ToM omno-
Ka OymeT cocTaBisTh Bcero 1%. OmHako 5To U3MEpeHus He
MMEET CMbICa ISl IPWIOKCHHM, B KOTOPBIA 3ajada o0y-
YeHHs] COCTOUT MMEHHO B ONpEIeNIeHHH MHUHOPUTAPHOTO
kiacca. [ToaToMy Juisi HecOalaHCHPOBAHHBIX BBIOOPOK Iie-
necoo0pa3Ho HCIOIb30BaHHE METPHK, B OCHOBE KOTODPBIX
JISKHUT MOHATHE MaTpuIpl ommnb6ok [10]. Dto crocod rpym-
MHUPOBKH IK3EMIUISIPOB B 3aBHCHMOCTH OT KOMOHMHAIMHU
HCTUHHOTO OTBETa M OTBETA alTrOpUTMa OO0YYEHHS.

B cnyyae ¢ OuHapHOW BBIOOPKOM, IK3EMILIIPHI MOKHO
pasaenuTh Ha YeThipe KaTeropu (Tabdi. 1). DK3eMIuIspsI Kiiac-
ca, MPEeACTaBISIONIEro OONBIINK HHTEPEC, Ha3bIBAIOT IO3H-
TUBHBIMH, OSK3EMIUISPHI APYroro Kiacca HeraTHBHBIMHU.

C moMoIp0 MaTpuilbl OmUO0K (Taba. 1) MOXHO moiy-
yuTh paziaudHble MeTpuku [3]. Ecnu aktyansHOM 3amadeit
SIBIISICTCSL N3Y4eHUE DK3EMIUIIPOB MHHOPHTAPHOTO Kilacca,
€ro MPEeJCTABISIOT KaK MO3UTHUBHBINA. B aTOM ciydae, mHTe-
pec OyayT MpeACTaBIsATh TaKHE XapaKTEPUCTHKH, KaK TOY-
HOCTh M TONHOTA. TOYuHOCTH (precision) MOKa3bIBACT, CKOJIb-

Tabmuna 1 — Matpuna omubox

y=1 y=0
f()=1 True Positive (TP) | False Positive (FP)
_ False negative True Negative
x)=0
S() (FN) (TN)
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KO U3 OpeACKa3aHHBbIX MO3UTHBHbBIX O6’beKTOB, OKa3aJIuChb
I[eﬁCTBHTeHBHO IIO3UTUBHBIMHU

P
P=———
TP + FP
IonHora (recall) moka3bIBaeT, CKOJIBKO OOBEKTOB U3 00-

LIero yuciaa peaJbHbIX MO3UTUBHBLIX O6’b€KTOB, OBLIO BEPHO
MpeaACKa3aHO Kak IMO3UTHBHBIN KJIacc

R
TP + FN

UeM BbIIIIE 3HAYCHHS ITUX XaPAKTEPUCTHUK, TEM KaueCTBEH-
Hell knaccupukatop. OgHAKO, HA TPAKTUKE, HEBO3ZMOXXHO
OTHOBPEMEHHO JIOCTUTHYTh MAaKCHMAJBbHBIX 3HAYCHUH TOY-
HOCTH W TIOJHOTHI, TIO3TOMY MPHUXOAUTCS BBHIOMPATh Kakas
XapaKTEePUCTHKA BaKHEe JUISI KOHKPETHOH 3anaqu, 0o uc-
KaTh OaJlaHC MEXJIy dTHMH BeJMYMHAMH. J[aTh OIEHKY O-
HOBPEMEHHO 10 TOYHOCTU W TIOJTHOTE TIO3BOJISIET XapaKTepH-
CTHKa rapMOHWYecKoe cpermHee (F-measure) [11]:

Fo 2PR
P+R

B Hacrosimie#t pabote sl OIEHKH H3Y4aeMBIX METOJIOB
BOCCTaHOBJICHHUsI OajlaHca KIIACCOB MPEJIaraeTcsl UCIIOJb-
30BaTh F-measure, MOCKOJIBKY JJaHHAsi METPUKA IO3BOJSET
SIBHO BBIICJIMTH JUIS aHAJIM3a WHTEPECYIOLIUIN MO3UTUBHBIN
KJIacC, B HaIlleM Cllydyae MUHOPHUTapHBIN.

Jnis cpaBHEHHsI METOOB ()OPMUPOBAHHS BEIOOPOK He-
00X0IMMO 3aJaTh KOHKPETHBIM THI KiIaccu(UKaToOpoB.
Meron k-Ommxkaiimmx cocene (kNN — k& Nearest Neighbor)
[12] sBsieTcst MMPOKO UCMONB3YEMBIM, HO MPH 3TOM J0C-
TATOYHO MPOCTHIM H d(PPEKTUBHBIM METOIOM. B ero ocHo-
B€ JIGKHT TMIIOTe3a O KOMIIAKTHOCTH Ki1accoB [13], koropas
MPEIoiaraeT, 9YT0 TeCTUPYEMbIH dK3eMIUIsp OyleT OTHO-
CHTBCSL K TOMY e KJacCy, 4YTO M SK3EeMIULIPHl U3 ero Omu-
JKANIIETO OKPYKEHUSI.

3 MATEPHUAJIBI 1 METO/IbI

Mertox yaasieHHs dK3eMIUIIPOB Ma)KOPUTAPHOTO Kiac-
ca ¢ mpuMeHeHnneM kinacreproro ananuza CBU mpogemon-
CTPUPOBAI BBICOKYIO IPOU3BOAUTENFHOCTh B YCIOBHUSX HeE-
cOaJTaHCHPOBAHHOCTH KJIACCOB, YMEHbINas pa3Mmep oOyua-
foIIel BBIOOPKH, YTO TMO3BOJISICT B JAJIbHEHIIIEM CHU3UTh
BpeMs paboThl mocTpoeHHo# monenu. OmHako Bpems (op-
MHUPOBaHHs OOyuaronieil BHBIOOPKH AaHHBIM METOJIOM
OKa3bIBAa€TCS 3HAYMTENBHO OOJbINE, YeM JUIS IPYrHX pac-
CMOTPEHHBIX MeTOoNOB. [109TOMY, AJIs1 yMEHBIIEHHSI BpeMe-
HU (GOpMUpOBaHMs O0ydaromiei BHIOOPKH Mpeaiiaractrcs
YCOBEpPLICHCTBOBAThH JAHHBIH METON CIEAYIOLINM 00pPa3oM.

1. 3apath k03 PHULMEHT jKETaeMOro COOTHOIICHHUS YHC-
Jla KJIacTepOB MaKOPHUTAPHOTO Kilacca K YUCIY DK3eMIUIS-
POB MHUHOPHTapHOTO Kjiacca m. PexoMeHayeTcsl 3a1aBaTh
1< m <10, TaK KaK IpH 3HAYEHUAX 3 > | () IPOU3BOOUTEID-

HOCTh KJIACCU(PHMKATOPOB JOCTATOUYHO OBICTPO Majact, u
pAcCUHMTHIBATh HAa JOCTaTOYHYIO TOYHOCThH KiacCH(pUKa-
LUK HE TIPUXOIUTCSL.

2. Pa30uTh MHOXECTBO 3K3EMILISIPOB MaKOPUTAPHOTO

_ Sml'
kracca Ha Oy =—— kmactepoB. TakuM o6paszoM, paszie-
m

JIUB MHOX>XECTBO 3K3CMIUIAPOB MAXXOPHUTAPHOT'O KjlacCa Ha
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KOMIIAKTHBIE 00JIACTH B TPOCTPAHCTBE MPU3HAKOB. J{iIst 3TOTO
MOXXHO HCITOIB30BATh MPOCTEHINA METO/ KIACTEPU3AUU
k-cpenuux (k-means) [14].

3. OnpenenuTh KOOPAMHATHI [EHTPOB MACC MONYYEH-
HBIX KIIACTEPOB:

S,
1 ma .
g T 5 Z{Xj |y = qk] =12,.,N,qg=12,...,0,,.

ma s=1

4. Jlns BocCTaHOBJIEHUS OallaHca KIAacCcoB MPOAyOInpo-
BaTh LIEHTP KaXIOro Kiacrepa m pas

m .
r i
Xma - UCma >
i=1

BHOCSI HE3HAYNTENIbHbIE KOPPEKTHBBI B KOOPAMHATHI LIEHT-
POB KJIACTEpOB IO (opMylIe:

C;Z = C}Z (1+0,lrand - 0,1rand),

rae rand — QyHKIMSA, BO3BpaImaomas cirydaifHoe 4ncio B

. s . s 2
JMarna3oHe 0;| max {xj}_ min {x/} /S
s=1,..., s=l,...,
5. Vnanuth U3 BHIOOPKH BCE HK3EMILISAPHI MAXKOPHTAp-
HOro Kliacca, ¥ O0BbEIMHUTH MHOXKECTBO I[EHTPOB KIIACTe-
POB Ma)XOPHTapHOTO KJIAcca ¢ MHOXECTBOM 3K3EMILISPOB

muHoputaproro knacca X' =X, UX,,; . [lomydennsrii

Ha0Op NMaHHBIX C BHECEHHBIMH KOPPEKTHBAMH pacCMaTpH-
BaTh KaK Pe3yIbTHPYIOIIYIO BBIOOPKY Il TOCTPOCHHS
MOJIENIEH.

JIOCTOMHCTBOM TPEANIOKEHHON MOAU(PUKALIUN METOIa
CBU sBnsieTcst To, 9TO OHa 3HAYUTENBHO CHIDKAET BPeMsi
00paboOTKH BBIOOPKH, NMPHU ITOM COXPaHSIsT OCHOBHBIE OCO-
OeHHOCTH JaHHBIX. HemoctaTkoM mpeniokeHHOW MOomudu-
kannu Metona CBU sBrsieTcst To, 9TO MpH yBEIMYEHUU KO-
s duLreHTa m , yBETHUUBAETCS BEPOSTHOCTH MOTEPH BaXK-
HBIX JK3EMIUISIPOB Ma)KOPUTAPHOTO Kiacca.

4 OKCIIEPUMEHTDI

Jlns mccrnenoBaHusi CBOWCTB PACCMOTPEHHBIX METO/OB
OHM OBLTH MPOTPaMMHO PEATU30BAHBI KaK 4acTh «ABTO-
MaTHU3UPOBAHHON CHCTEMBI O0TOOpa ONTHUMAJIBHOTO METO-
Jla BOCCTAHOBJICHHS OajlaHCca KJIaccoB Mpu (OPMHPOBAHHUU
oOyuarorieid BEIOOpKW» [15], B KOTOpyt OBLI MHTETPUPO-
BaH gononHuTenbHBIA Moayns CBU. Monyns CBU mpen-
cTaBiseT co0oi (YHKIUIO, KOTOpas pa30HUBAET MHOXECTBO
9K3EMIUIAPOB Ma)KOPHTAPHOTO Kiacca HUCXOAALIEH BBIOOP-
KM Ha 33JaHHOE YHCIIO KITaCTePOB, ONMpPEAeNsieT HEHTPBI Macc
MOJIYUYCHHBIX KJIACTEPOB, POPMUPYET COATAHCHPOBAHHYIO
BBIOOPKY M3 MHOXXECTBA JK3EMIUISIPOB MHHOPUTAPHOTO
KJlacca U MHOXKECTBA IIEHTPOB KJIACTEPOB Ma>KOPHTAPHOTO
KJ1acca, Mpu HeoOXOIUMOCTH, MPOAYOJIMPOBAHHBIX CITydaii-
HBIM 00pa3oM Juisi OaTaHCUPOBKH WX YMCIIA C YUCIOM K-
3eMIUISIPOB MUHOPHTAPHBIM Kjlacca.

MoauduuupoBaHHOE POrPaMMHOE OOECIICUCHHE WC-
MOJIb30BAJIOCH NIPU MPOBEACHUH BBIYUCIUTEIBHBIX DKCIIe-
PUMEHTOB, KOTOpBIE BKJIIOYAJIH J[BAa JTama: Ha MEePBOM JTa-
e MPOBOAMJIICS CPABHUTENBHBIN aHAIHU3 CYHIECTBYIOLIMX
METOJOB BOCCTAaHOBIJICHHs OasiaHca KJIacCOB, HA BTOPOM
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JTane MPOBOJMINCH UCCIEHOBAHUS MOIU(DUIIMPOBAHHOTO
merona CBU u cpaBHEHHE €ro MPOM3BOAUTEIBHOCTH € 0a-
30BbIM MerogoM CBU.

HccnenoBaHus MpOBOIMIINCH HA CHHTETHYECKUX OMHAp-
HBIX BBIOOpKAaX, YTO TO3BOJIMIO PErYIUPOBATH COOTHOIIE-
HUS KiaccoB. Ha Bcex sramax cHHTE3MpoBaiach OMHApHAs
Berbopka m3 10 000 3K3eMILIAPOB, UMEIOIIUX 10 ABA MPH-
3HaKa, MPUHUMABIIMX 3Ha4eHus u3 MHOXxecTBa {0, 1}. Ma-
Jiee, ISl TECTUPOBAHUS CTpaTeruii, BBIOOpKa ObLIa pasJerne-
Ha MeToiioM crpatudukanuy [16] Ha 00yJaronIyro BBIOOD-
Ky (90% ot ucxomHo¥ BBIOOpKH) M TecToByIO (10% oT mc-
XOJTHOM BBIOOPKH).

Pemaromye npaBmia CTPOWIMCH MO MPUHIHITY OOJIb-
IIMHCTBA TONOCOB. [103TOMY 11 OMHO3HAYHOCTH BEIOOpA B
paboTe UCIOIB30BAINCH METOIBI C HEYETHBIM YUCIOM OJTH-
xaimmx coceneit (k=9,25, 49).

Jlnst cpaBHUTENBHOTO aHAJU3a METOJOB BOCCTAHOBJIE-
HUsl 0allaHCa KJIacCOB JUIsl KaXKJOro METOJa PacCYUTHIBA-
JIOCh 3HaYeHWE METPUKH F-measure JJisi pasIMuHBIX Tapa-
METPOB BBIOOPKH M KJIacCU(PUKATOpA: JOJST MHHOPHTAPHO-
ro Kiacca B BeIOOpke (25%, 10%, 4%, 1%), urcio Onmkaii-
mmx coceneil knaccudpuxatopa kNN (3, 49). 3arem crpou-
J1ach 3aBHCHMOCTb METPHKU F-measure OT J0JW MHHODPH-
TapHOTO KJIacca, U CPABHUBAIIUCH €€ 3HAUCHHS ISl pa3iiid-
HBIX MTOAXOJIOB.

Janee ObUTH PEANIPUHSATHI IIATH ISl YMEHBIICHUS Bpe-
MeHH pabdorel Metona CBU, Momudukamus KOTOPOro co-
CTOsUIa B COKpAILEHUH YHCIIa KJIACTEPOB, Mpearonaras, yTo
9TO MPHUBEAET K YMEHBIICHHIO BpeMEHU (OPMUPOBAHUS
BBIOOPKY NMPH HE3HAYUTEIHHOM YMEHBIICHUH TOYHOCTHU
MIOJIyY€HHON MOJIEIIH.

kNN 3

F - measure

25 10 4 1

Minoritary class, %

a

3HadeHne F-measure PacCUUTHIBATIOCH JUIS Pa3IHIHBIX
mapaMeTpoB BEIOOpKH U kiaccudukaTopa kNN: moms mu-
HOpHUTapHOrO Kiacca B BbIOOpke (10%, 1%), umcio O6mu-
xaimux cocenert knaccupuxaropa kNN (3, 49). Crpounacsk
3aBHCHUMOCTh F-measure OT 4HCla KIacTepoB B MaKOpH-
TapHOM KJacce.

5 PE3YJIbTATHI

PesymbraTel MccienoBaHUN IpPEeIOKEHHOH MOAU(IKa-
mun Meroga CBU B cpaBHEHHMHM C M3BECTHBIMH METOJaMH
IpeJICTaBIeHB! Ha prC. 1 U B Tabm. 2.

W3 puc. la u puc. 16 BHAHO, 9TO NPH Pa3NYHBIX Ha-
crpoiikax kNN kmaccupukatopa, meron CBU chopmmupo-
BaJ CaMyl0 NPEACTaBUTENbHYI OOydJaloIrylo0 BEIOOPKY.

W3 tabn. 2 cuemyer, ato Bpems padorsl CBU 3HaunTensHO
TPEBBICHIIO BpeMsl pabOTHI OCTAIBHBIX METOJ0B. Takum 00-
pasoM, mpu paboTe ¢ GONBIIMMH BBIOOPKAaMH, BpeMs pado-
THI METOJ]a MOXKET HUBEITHPOBATh NPEUMYIIECTBA METO/a,
00 CTaTh NPUYMHOM OTKa3a OT ITOZOOHOrO ITOAXOAA.

Ha puc. 2 n3obpaxeHsl rpaduKH 3aBHCHMOCTEH
F-measure oT yucla KJIacTepOB Ma)KOPUTAPHOrO Kiacca.
B Tabn. 3 mpexcTaBieHa 3aBUCHMOCTB BpeMeHH (hOPMHPO-
BaHMS BEIOOPKH OT M.

Kax BungHO 13 puc. 2a u puc. 20, MpH YMEHBIICHUH YHC-
Jla KJIACTEPOB Ma)KOPUTAPHOrO Kilacca KauecTBO IOCTPO-
€HHOM MOIeNH JIOBOIBHO ObICTpO yxymmaercs. OmHOBpe-
MEHHO yMEeHbIIaeTcs M BpeMs (GOpMHUPOBaHUS 00ydaro-
miedi BeIOOpKkH (Tab:. 3). Takas cuTyamust qaer MccliienoBa-
TEJII0 BO3MOKHOCTb HAXOAUTh KOMIPOMHUCC MEXIY IIPOU3-
BOJUTEIBHOCTBIO U CKOPOCTBIO IIOCTPOEHUSI MOJEIH, UCXO-
Il U3 TIPENbSABICHHBIX TPEOOBaHMUIH.

kNN 49

175

F - measure

07 ............................................

—&— Undersampling
—0— Oversampling

0.65} | —o— ASMO
—— SMOTE
——CBU,, L
i i
25 10 4 1

Minoritary class, %

0

Pucynok 1 — I'paduku 3aBucuMocteit F-measure oT mponeHTa MHHOPUTapHOTO Kiacca:
a—kNN=3, 6 — kNN=49
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Tabnuua 2 — 3aBUcUMOCTb BpeMeHH (opMupoBaHus BEIOOPKH (C)

Tabnuua 3 — 3aBucUMOCTb BpeMeHH (popMupoBaHus BEIOOPKH (C)

OT 0JIM MUHOPHUTAPHOI'0O Kjacca oT m
Me’l'OZ[bI I[Oﬂﬂ MHHOPUTAPHOI0 KJjlacca B Bblﬁopth % COOTHOIICHYE 11
COMILIMHTA 25 10 4 1
I[OJ'I;[ MHHOPHTapHOTO
Undersampling | 0,00801 0,00212 0,00206 |  0,00204 wiacca, % 1:1 1:10 1:100 | 1:1000
Oversampling 0,00103 0,00087 0,00082 |  0,00081 1 1,5964 02231 | 0,0063 | 0,0063
ASMO 0,13606 0,10825 0,08979 |  0,09459 10 50,2719 3,1516 | 0,1852 | 0,0063
SMOTE 0,06319 0,02020 0,01242 | 0,01150
CBU_100 50,89648 | 13,17416 234512 | 2,33082
Minoritary class 10% Minoritary class 1%
0.82 ! | 0.82 ! !
—— kKNN3
0.78
0.78
2 2
2 2
< <
oé g 0.74
1 1
~ o074 =3
0.7
0.7
0.66
f 3 n
1 i ] L 1
11 110 1:100 LIK 11 110 1:100 LIK
Clusters/Minoritary class Clusters/Minoritary class
a 0
Pucynok 2 — I'paduxu 3aBucuMocteil F-measure oT KoIM4ecTBa KJIACTEPOB MAYKOPUTAPHOTO KJIacca:
a — MuHOpUTapHBIHA Ki1acc 10%, 6 — MuHOpHUTapHBIH Kiace 1%
6 OCYXJIEHUE kiacca Ha 100 3K3eMIUISIpOB MUHOPUTAPHOTO Kjacca), T.K.

Hcnonb3oBanue MpeiokeHHOW MOAU(PUKALUN METO/A
CBU 3HauuTeNbHO YMEHBILIWIO BpeMsi (OpPMUPOBAaHUS 00Y-
yaronie BHIOOPKU MPH CTAOMIJILHON MOJICPIKKH HpUeMIIe-
MOTO 3HaueHHMs MOKa3arelysi KadecTBa Kiaccupukamun. Ox-
HaKo, MPY YMEHBLICHUH YHCJIA KIACTEPOB, YBETUUNUBACTCS
KOJIMYECTBO YHAICHHBIX 3HAYMMBIX 3K3EMILISPOB, YTO MPH-
BOIIUT K CHIDKCHHUIO KauecTBa oOydaromeil BoIOOpku. DakTu-
YEeCKM MHHOPHUTAPHBIA M Ma)KOPUTAPHBIN KIIACChl MEHSIOT-
¢Sl MecTaMH, KOrJa JJIsl BOCCTAaHOBIIEHHMS OasaHca HeoOXomm-
MO YK€ CHHTE3HPOBATh IK3EMIULIPHl Ma>KOPUTAPHOTO Kilac-
ca, 1100 yIalsATh SK3EeMIUISIPbl MUHOPHTapHOTO Kiacca. Ec-
TECTBEHHO, TaKOEe TIOJIOKEHHE BeIlel He MOKET JUTHThCs Oec-
KOHEYHO, B KOHEYHOM HTOTe BHIOOpKA MOXET OKa3aThCsl IMy-
croil. [loaToMy B Ka)KZIOM KOHKPETHOM CiIydae BaXKHO HAWTH
MpeAenbHbIe 3HAYCHUS MTapaMeTPOB METOoNa, MPH KOTOPBIX
MoJielib OyleT JeMOHCTPUPOBATh TpeOyeMble MOKa3aTelu
TOYHOCTH, CKOPOCTH, 00beMa U T. 1.

Ucxons u3 mpopenaHHbIx UCCIEAOBAHUM, NTaHHBIA Me-
TOJ MOJKHO PEKOMEHJIOBaTh NMPHU KOIMYECTBE KJIACTEPOB B
cootHouiennu He Oonee 1:100 (1 kmacrep MaKOpUTAPHOTO
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IpH AajbHEeHIIeM YMEHbUICHHN YHUCIa KIACTEPOB MPOH3-
BOJUTENBHOCTD KJIACCH(HUKAINKN PE3KO MasaeT.

B xozme uccnenoBanus ObLIO 3aMEYEHO, YTO METOI pa-
0oTaeT JIydllle JAPYrux, €ClM KIACChI MepeMelanbl (T.e. He
BBIMOJHSIETCS YCIIOBHE KOMIIAKTHOCTH), 1O BCEH BHUAMMOC-
TH, 9TO CBS3aHO C YIAJIECHHEM DK3eMIUIIPOB Ma)KOPUTAPHO-
ro Kjlacca, KOTOpble MOTYT PacCMaTpUBaThCs Kak MIyM (9K-
3eMIULIPE] CHJIBHO YAaJeHHBIE OT CBOETO Kiacca).

Takum 06pa3oM, MpeUIOKEHHBIA METO/] TO3BOJISET Hal-
TH KOMIIPOMHCC MEXAY BpEMEHEM CO3/laHHsS BBHIOOPKH U
€e pernpe3eHTaTUBHOCTHIO, & COOTBETCTBEHHO M TOYHOCTBHIO
MOCTPOCHHOW PACIIO3HAIONIEH MOJEIH.

BbIBO/JIbI

C 1enpro NOBBILIEHHUS CKOPOCTH MOCTPOSHUSI H TOYHOC-
T pabOoThI, TUATHOCTHYECKUX M PACHO3HAIOLINX MOeIen
[0 TpereficHTaM pellleHa 3ajada BOCCTAaHOBJICHUSI OajaHca
KJIACCOB B HecOaJaHCHPOBAHHBIX OOYUYAIONIUX BBIOOPKAX.

Hayunass HOBU3HA MONYYEHHBIX PE3YIBTATOB COCTOHT B
ToM, uto MoguduuupoBan meron CBU, koTOpbIii yMeHb-
[IaeT YUCIO K3EMIUISIPOB Ma)KOPUTAPHOTO Kilacca IyTeM
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pa30ueHns MX Ha KJIacTephl U 3aTeM YIalsis OIpeIelIeHHOe
YHCII0 3K3EMIUIIPOB M3 KaXKJOro Kiacrepa. ITO MO3BOISET
BOCCTAaHOBHUTH OallaHC KJIaccoB B HecOaTaHCHPOBAHHBIX
BBIOOpKAX, MCHONB3Ys TaKHe MPEHMyIIecTBa 0a30BOTO Me-
Torma undersampling, kKak BEICOKast CKOPOCTH PaOOTHI U Cy-
IIeCTBEHHOE yMEHbIIEHHE pa3Mepa oOydaromiei BHIOOp-
ku. IIpu 3TOM MORMGUIMPOBAHHEIN METOH OOecreunBaeT
YCKOpEeHHE MpoIlecca MOCTPOCHHS MOJeNeil U MOBEIIIAeT
UX aJeKBaTHOCTh, 00ecIeunBas TOMOJIOTHYIECKYIO perpe-
3€HTaTUBHOCTH BBIOOPKH JAaHHEIX.

IMpakTHdeckas 3HAUUMOCTH IOMYICHHBIX PE3yIbTaTOB
COCTOHUT B TOM, 4TO pa3pabOoTaHO IporpaMMHOE obecre-
YeHHe, pealn3ylolee IPeIoKEeHHbIH METO, a TakXke Jpy-
rue Metonsl ¢popmupoBaHus BeIOopok (ASMO, CBU,
Condensed Nearest Neighbor Rule, Neighborhood cleaning
rule, One-side sampling, Oversampling, Random
undersampling, SMOTE, Tomek Links), xoropoe axcnepu-
MEHTAJIFHO HMCCIIE0BAaHO IPH PEIIeHWH 3a7ad COMILIHHTA
B YCIOBHUSX HecOaTaHCHPOBAHHOCTH KilaccoB. IIpoBeneH-
HBIE HKCIIEPUMEHTH HOATBEPAIIH PabOTOCIOCOOHOCTE
pa3paboTaHHOTO MaTeMaTHYeCKoro obecmedeHus. Pe3yns-
TaTHl TPOBEICHHBIX SKCIIEPHMEHTOB MO3BOISAIOT PEKOMEH-
JIOBaTh UCHOJIF30BaHUE pa3pabOTaHHOTO METO/a U eTo Mpo-
TpaMMHOH peann3aliy JIs PEelIeHHs 3a]ad TeXHHIECKOTO
1 OMOMEIUIIITHCKOTO HATHOCTHPOBAHMS, a TakKe IIPOTHO-
3MPOBaHMSA B Pa3IMYHBIX 00JACTSIX.

INepcrekTHBBI TaMbHEHIINX UCCISIOBAHUN 3aKIIIOUAIOT-
Csl B TOM, YTOOBI HCCIENOBATh U YIyUIIUTh METONBI, YIUTHI-
BAIOIUX HE TOJIBKO CTATHCTHYECKYIO PENpe3eHTaTHBHOCTh
o0yuaromieif BBIOOPKH, HO M TOIOJOTHYECKYIO, UTO IIPHBE-
JeT K (pOpMHUPOBAHMIO MAJOUYHCICHHBIX U IIPH 3TOM Oolee
KaueCTBEHHBIX 00ydaromux BeIOOpok. Takke mpeprmonara-
eTcsl M3YYUTh CBOMCTBA IMPEMJIOKEHHOTO METoJa Ha Oolee
LIMPOKOM KJIacce NMPaKTHYECKHX 3a]ay U pa3padoTaTh na-
paJUIeNbHYIO pean3altIo IPEAI0KEHHOIO METOa.

BJIATOJAPHOCTH
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VYkpaina

METO/IM KIJIbBKICHOI'O BUPIIHNEHHS MIPOBJIEMU HE3BAJIAHCOBAHOCTI KJIACIB
AKTyabHicTh. BupiliieHo 3aB1aHHs BiTHOBJICHHs OanaHCy KJaciB B He30anaHCOBaHMX BUOIpKAx ISl MiIBUINCHHS epEeKTHBHOCTI [liarHoC-

THYHHX Ta pOSHi?:HaBaJ'II)HI/IX MOJIENeH.
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HEMUPOIHOOPMATHUKA TA IHTEJIEKTYAJIbHI CUCTEMU

Meta po6oTH — Moau(iKallis iCHyI0OUOro MeToy BiTHOBJIEHH: OaJIaHCy KJIACiB Ta MOPIBHAIBHUI aHaIi3 OKa3HUKIB HOro NpOJyKTUBHOCTI
3 ISIKUMH CY4aCHUMHU METOJAMH.

MeToza. 3anpornoHoBaHO METOI oIepeHbOI 00poOKH He30amaHCOBaHOI BUOIPKH, KUl 6a3yeThes Ha 00 eqHaHHI cTpaTerii undersampling
Ta TEXHOJIOTi KilacTep-aHai3y. MeTo 103BOJNUB BiTHOBUTH OallaHC KJIACIB Ta 3MEHIIUTH 00°€M BUOIPKH, IpU LIbOMY OyII0 30€peKeHO BaXIIUB1
TOIOJIOTYHI BIACTUBOCTI, BUCOKI MOKA3HUKM TOUHOCTI Ta NPUHHATHUN yac poOOTH.

Pe3syabTaTn. Po3pobieHo nporpamue 3a0e3leueHHs, M0 peanidye 3alpOIOHOBAHMI MeTon, sike Oyl0 BUKOPHCTAHO NPHM BHKOHAHHI
00YHCITIOBAJILHUX €KCIIEPUMEHTIB BJIACTUBOCTEH METO/Yy Ta MOPIBHAILHOMY aHai3y 3 IHIIUMHU METOJAaMM BiJHOBJIEHHs OallaHCy KIIACIB.

BucHoBku. IIpoBesieHi eKCIepMMEHTH MiATBEPANIH MIPale3AaTHICTh 3aIPOIIOHOBAHOTO METO/y Ta IIPOrpaMHOro 3a0e3nedeHHs, 1o Horo
peaunisye. Meros 103BOJIMB 3MEHIIUTH Ma)KOPUTAPHUIA KIIAC 10 PO3MIpiB MIHOPUTAPHOTO KJIacy, SMEHIIMBILIH TAKMM YHHOM HaBYaJIbHY BUOIPKY
(BuOipKa BBaXa€ThCsl HE30aJIAHCOBAHOIO, KOJIM PO3MIp MIHOPUTapHOTO KJacy CTaHOBUTH MeHII Hix 10% Bix po3mipy BUXinHOI BUOGIpKH), pu
LbOMY IPOJEMOHCTPYBAB HaWKpallli cepel] JOCIIPKEHNX METOAIB ITOKA3HUKU TOYHOCTI MOZENI Ta NPUHHATHUI yac (opMyBaHHS BUOIPKH.
Pe3ynbraTu eKCriepuMEHTIB 03BOJIAIOTH PEKOMEHIYBATH IX 1Js BUKOPUCTAHHS HA INPAKTHLI IPH BUPIIIEHH] 3a1a4 (opMyBaHHs HaBYaIbHUX
BUOIPOK B yMOBaX He30aJIaHCOBAHOCTI KJIACIB JUIs IIarHOCTUYHMX Ta PO3Ii3HABAIbHUX MOJeNei.

KuouoBi ciioBa: Bubipka, eK3eMILIsp, METPHKA SIKOCTI, KIacu]ikaTop, Kiacrep, MaxXOpUTapHUI Ki1ac, MIHOpUTapHUI Ki1ac

Kavrin D. A.!, Subbotin S. A.?

'Post-graduate student of the Department of Software Tools of Zaporizhzhya National Technical University, Zaporizhzhya, Ukraine

Dr. Sc., Professor, Head of the Department of Software Tools of Zaporizhzhya National Technical University, Zaporizhzhya, Ukraine

THE METHODS FOR QUANTITATIVE SOLVING THE CLASS IMBALANCE PROBLEM

Context. The problem of recovery the classes’ balance in imbalanced samples is solved to increase the efficiency of diagnostic and
recognition models.

Objective. The purpose of the work is to modify the existing method of recovery classes’ balance and to conduct comparative analysis
of performance indicators with some modern methods.

Method. The proposed data preprocessing method is based on combining the undersampling and cluster-analysis technologies. The
method has allowed restoring the balance and reducing the sample while maintaining important topological properties of the sample, high
accuracy and acceptable operating time.

Results. The software that implements in proposed method has been developed and used in the computational experiments on the study
of method’s properties and comparative analysis with other methods of restoring classes’ balance.

Conclusions. The experiments confirmed the efficiency of the proposed method and its implemented software. The method has allowed
reducing the majority class to the size of the minority class, thus reducing the training sample (the sample is considered imbalanced if the size
of the minority class is less than 10% of the original sample size), while demonstrating the best indicators of model accuracy and comparable
sampling speed. It can be recommended for the practical application in solving problems of imbalance data for diagnostic and recognition
models.

Keywords: sample, example, quality metric, cluster, classificatory, majority class, minority class.
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IMPOI'PECUBHI IHOOPMAIINMHI
TEXHOJIOTII

HPOI'PECCUBHBIE HHO®OPMAIINOHHBIE
TEXHOJOI'NAN

PROGRESSIVE INFORMATION
TECHNOLOGIES

Y/IK 004.55

Akcak H. I

KaHO. mexH. Hayk, doueHm, rnpogheccop Kaghedpbl 3MNEKMPOHHBIX 8bIYUCIUMENbHbLIX MawuH XapbKOBCKO20 HauUOHaslbHO20
yHusepcumema paduo3neKmpOoHUKU, XapbKos, YKpauHa

PASPABOTKA CUCTEMbI NEPCOHAJIUSALINUU
CNEUMANTN3NPOBAHHOIO BEB-NMOPTAIJIA

AKTyaJabHOCTB. Pemena akryasnpHas 3ajjada nepcoHU(UKANMK BeO-opTana, MpeJoCTaBISIONIEro OM3HEC CEpBHCH (TeleMeauIuHa,
KOHCYJIBTallu¥, YJaJCHHbI MOHHUTOPHUHT, IUCTAaHIIMOHHOE 00pa30BaHue U T. 1.).

Llean padoThI — pa3paboTKa CUCTEMBI IEpCOHU(UKAIIN BEO-1I0pTaa, IIPEOCTABIIONIETO CIIEHaIN3UPOBaHHbIE YCIyTH, YTO O3BOJISET
YYUTHIBATh NPEANOYTCHHUS II0IB30BATENCH C LIENBIO YITyUIICHU S KadyeCTBa 00CITy)KUBaHUSI, YCKOP €HHSI HH(POPMAIIMOHHOTO IIOMCKa, HCKITIOUCHHS
HEMHTEPECHBIX CTPAHMUIL, a TAKXKE YJEep KaHHUs KINCHTOB.

Merton. IIpemnoxena 00001IeHHAs MOZIEIB ITpoLecca epcoHann3anuu MHTepHeT-cepBUca, B KOTOPOH Ha OCHOBE COYETaHUS areHTCKUX
1 HEHPOCETEBBIX TEXHOJIOTHH NPEUIOKEH METOJ| aJlaNTallii BeO-pecypca, aBTOMATHYECKH T'€HEPUPYIOIMI KOHTEHT Ul OIpE/IeICHHBIX
kareropuil HTepHET-TONIB30BaTEeNnel. Takke mpemsiokeHa OOBEKTHAsE MOJENIb JOKYMEHTOB caiiTa B BUJE rpada Ui MOoMcKa aKTyaJlbHOH
nH(POPMANNH, YTO MO3BOJIIO OCYIIECTBUTH NEPCOHANM3AIu0. Mcrnonp30BaHne MyJIbTHATEHTHOW CTPYKTYPHI MO3BOJHMIIO OCYIIECTBHUTH
B3aMMO/IEHICTBHE KOMITOHEHTOB Pa3paboTaHHOI Moaenu. MeTos BKII09aeT COBOKYITHOCTb CIIEAYOIINI AefICTBHUIA: aBTOMaTHYECKasi BRIpaOoTKa
THIIOTE3, YTO JAET BO3MOXKHOCTb OTPEICITUTh HATMYHE UM OTCYTCTBHE LIEJIEBBIX CBOWCTB MOJIB30BATENS; AHAIHN3 TOBEACHU IOJIb30BATEIS IO
ero cepduHry B HTepHETE, YTO MO3BOJIACT BBIAABAaTh OOJIEEe PENEBAHTHBIE PE3yJIbTaThl; IOCTPOCHHE MH(OPMAMOHHOTO MOPTpETa I
cOopa CTaTUCTHYECKH 3HAYMMOIl COBOKYNHOCTH MH()OPMAIMOHHBIX XapaKTEPUCTHK C IENbI0 MIAHWPOBAHHS AalbHEHIINX AEHCTBUIL;
napajuieTbHas KIACTEpPHU3alMs MONb30BaTeNIed ¢ MCHOIb30BAaHUEM CaMOOpTaHH3yromuxcs kapT KoxoHeHa ¢ 1enpro yckopeHus o0paboTku
OonpmIMX HaHHBIX. [l yCKOpEHUS BBIYUCICHHUH caMoopraHu3ylomuecs kKapTel KoxoHeHa aganTHpOBaHBI MOJ CHMMETPUYHBIE
MYJIBTHIPOIIECCOPBI cucTeMbl. [10ka3aHo, 4To 1 yMEHBIIEHHS BDEMEHH BBIYMCIICHNI HEOOXOIMMO BEIONPATh KOH(HUTYPAIHIO BEIYHCIUTEIbHON
CHCTEMBI KPaTHYIO Pa3MEPHOCTH BXOIHBIX JJaHHBIX.

PesyabTatsl. PazpaboTansl mporpaMMHOe obeciedeHre 1 BeO-HHTEpQEic, pealn3yIoIie IPeII0oXKEHHbIE MOIEIN U METOJ, UCIIONb3yEMbIe
IIPY NIPOBEACHUN BBIUYHCIUTENBHBIX IKCIIEPUMEHTOB 110 BEPU(PHUKAIMN MOAENH, OLIEHKH aJeKBaTHOCTH U MCCIIEIOBAHUIO CBOMCTB MOJIEIHU U
MeTona.

BeiBoabl. [IpoBeeHHBIE IKCIEPUMEHTHI MOATBEPAMIN PabOTOCIOCOOHOCTh MPENIOKEHHBIX Mojeneid u MeTonoB. [IpumeHeHue
COBOKYITHOCTH METO/IOB U CPEACTB MOXKET OBITh HCIONB30BAHO HA MPAKTUKE AT IPOBIXKEHHS TOBAPOB M YCIYT B CETH, IJISI IPELOCTABICHUS
Pa3IMYHBIX CEPBHCOB WM OT/EIBHBIX €TO COCTABHBIX YacTeH, IS pa3BUTHA OU3HECA.

Knarouessle ciioBa: nepconanusanus, JJCM-meTon, HeifpoceTeBas KiIacTepu3anys, MyJIbTHAaTeHTHAs CHCTEMA, NH(GOpMaMOHHBIH TOPTPET
I0JTb30BATEIS.

HOMEHKJIATYPA A, — areHT IOJb30BATEIS;
DBSCAN - Density Based Spatial Clustering of B, aipy — MOMENb AHANHM3A TIOBEICHUS MOMH30BATEIS,;
Applications with Noise; B,, — Mojie/b TPEIOCTaBIICHHs CEPBHUCA;
BJ1 — 6a3a MaHHBIX; B,,, — MOJIeNb MOPOXICHHUS! THIIOTES;
B3 — 6a3a 3uanuii: B, — mozenps npouecca nepconanusauuun Web-noprana;
’ o
JCM — MeTon aBTOMAaTHYECKOTO MOPOXKACHHS TMIIOTES By, — MOAEND KaTeropusauiu nob3osatenei;

C — MHOXXECTBO JIaHHBIX O TIOJIB30BATCIIC,

Jxona Crroapta Mus; .
C* — MHOXECTBO IIEJIEBBIX MOJOKUTEIBHBIX CBOWCTB

HC — mneiiponnas cets;

A — MHOXKECTBO are¢HTOB; HOHZ?OBaTeM? 5
) ~ — MHOYKECTBO IIEJIEBBIX OTPHIATENIbHBIX CBOMCTB
A, — areHT o6paboTKH HHYOPMALKHK; p
IIONE30BATENS;

— arc¢HT JKCIEpTa,

expert
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¢! () — 3Hauenne k-ro BxomHoro npmsHaxa C¥(), xapakre-

pusyrollee n-blii SK3eMIULSP;
b — 3871248 AHAJIN32A MOBEIECHHS HONb30BATEN;

D,, — MHOX€ECTBO 3aJaHUH [/ IPENIOCTaBIIEHHs CEPBUCa;

D, — 3a1a4a NOPOXKIEHUs TUIIOTE3 O HAJTUYIUH WIH OT-
CYTCTBHH OIIPEICNICHHBIX CBOMCTB momb3oBatens U(i);

D,, — MHOXECTBO 3alaHWH [Is aJanTaluy Web-nopraina;

D,,,, — 3a1a4a yCKOPEHHOH KIacTepU3allky I0Ib30BaTe-
nei ¢ nomoublo cetu KoxoHeHa;

E — arenrckas cepena,

G — rpad Beb-cepdunra momszosatens U();

IPU MHOXeCTBO MH(OPMAIMOHHBIX MOPTPETOB IOIB30-
BaTesei;

K — xonmdectBo BeO-cTpaHull B Tpade mepexonoB G

L — xomm4ecTBO KIIacTepoB BeO-TIONb30BaTeNeH;

M — obmee uncio mocerutenedr Web-moprana;

MAS — MynbTHareHTHasi CUCTEMa;

N — KOnMM4ecTBO IENEeBBIX CBOHCTB MHTEepHET-IONb30Ba-
TEIICH;

O — MHOXECTBO IIEJIEBBIX CBOMCTB mojb3oBaTeneii U()
Web-noprana;

Op, — KONMUYECTBO ONEPaAMi MOCIEN0BATENBHOIO ayro-
putMa OOydeHHUs HEHpOHHOH ceTu;

Op, — KOIMYeCTBO ONEPALHi NapAICTBHOIO ATOPHT-
Ma OOy4deHHsI HEWPOHHOM CETH Ha p BBIYMCIHTENSX;

Arc — MHOXeCTBO Oyr Tpada Res;

P — KOIMYECTBO BBIYUCIIHTENEH;

R — MHOXeCTBO KaTeropmii monb3oBareneii Web-moprana;

Res — oObexTHas Monens JOKyMeHTOB Web-moprana B
Bune rpada;

RS — Bo3BpaT B pe3ynbTaThl IOUCKA;

rs () — IOKa3aTeNb BO3BPATa B PE3YNBTAThl HOUCKA;

S — MHOXECTBO THMIIOTE3;

S~ — TUMNOTE3Bl, SBISIOMINECS TPUYUHON OTCYTCTBHUS IIie-
JIEBOI'O CBOMCTBA;

S§* — runorespl, SABIAOLIMECS NPUUYMHON HaIM4Us Liene-
BOI'O CBOMCTBa,

SOM — self-organizing map;

T — Bpems mnoceleHust crpanun Web-noprana;

t () — BpeMs MOCEIIEHUs a-Of CTPaHULbL;

TR — tnyouna mpocmorpa Web-noprana;

tr () — KOJIMYECTBO HEPEXOMIOB;

U — mHOXecTBO VHTEpHET-TI0ONb30BaTENCH;

V — MHOXecTBO BepiuH rpada G,

T — BpeMs TeHepaly CTPaHHI;

v () — a-as Bepmmna rpada G;

W — mHOXecTBO BecoB rpada G,

W — CTENEHb PEJIeBAHTHOCTU OTOOpakeHHOH uHOp-
Mallvy;

w () — BEC JIyrd, COeIUHAIOMEH a-yI0 BEPIIUHY ¢ b-0i;

X — MHOXeCTBO BepiuH rpada Res;

X' — cTpaHHIa, KOTOPYIO MOJb30BaTeNb MIOCETUII BO Bpe-
M 1

X}, — aganTupoBaHHas CTPaHHUIIA;
| (X k) — o0paTHOE COOTBETCTBHE, MOKa3bIBAIOIICE

JUIs KakuX BepuiuH rpada Res Bepumina X sBisercs Ko-

HEYHOM;
A — MHOXecCTBO uHTepdeiicoB Web-noprana;

92

A ; —uHTep(eiic j-ro knacrepa;

P — orobOpaxenue, spnsroleecs pemieHdeM 3afauu D,
8§ — BepoATHOCTH cOpoca HEOE30IaCHBIX CTPAHHII;

T; — CTalliOHapHas BEPOATHOCTh PACIIPEENEHus MPo-

LIECCOB;

Y — 0T06pa)K€HI/Ie, SABIAIOMICCCA PCHICHUCM 3aJdadun
D

S()M;
A — KONHMYEeCTBO BepIIwH rpada Res;

@ — orobpakeHue, ABIAOLICEC PellenueM 3a1adu D,

() — KonmuecTBO 00pa3oB BeO-HHTEp(EHCOB;

P — oroOpaxeHne, ABIAIOMEECs pelIeHueM 3aJjauu

behavinr;

R — MOKa3aTeldb BAXHOCTH CTPAHUIIBL,

X — MaTpUYHOE MPENICTaBICHUE BXOJHBIX JIaHHBIX;

Y — BBIXOTHOE MHOXKECTBO;

7, — TIOTHOE MHOXKECTBO YHHBEPCYM;

BBEJIEHUE

C poctom WHTepHeTa, UCIONB30BAaHUEM COLUATBHBIX
ceTelf, MOOWIBHBIX YCTPONCTB, ITOAKIIIOUEHHBIX U COOOIIa-
IOIIHUXCS 00BEKTOB, HH(POPMAIIUS YBEINUUBACTCSI SKCIIOHSH-
uanbHo. OOpabaThIBaTh TaKylo JTaBHHY HH(OpMAIWH, a
TaK)Ke OCYIIECTBIIATh MOUCK C KAXKIBIM JTHEM CTaHOBUTCS
Bce crokHee. C OTHOH CTOPOHBI, B 3TOM TUTAHTCKOM XpaHH-
Jie THPOPMAIMH [Tl HAXOXKICHHST HEOOXOIMMOTO Pecyp-
ca 00BIYHO MPUXOAUTCS OCYIIECTBISTh [UTUTENBHBIHN cepuHT
o MHTepHeTy, ¢ Ipyroil — o4eHb MHOTO YIEJSTh BHUMAHUS
JUTSL ylep KaHHsl TOCeTHTeIeH Ha caiTe.

ITpu pa3paborke Web-pecypca oqHOIT M3 CaMBIX Bax-
HBIX 3a/1a4 SBJISIETCS CHOENATh €r0 MaKCUMallbHO MpHBIIEKa-
TENTBHBIM TSl IOTSHIINAIBHBIX [TOTb30BaTeNel U IPUIATh EMY
WHIMBHUAYAIEHOCTE. B cCOBpeMEHHOM MHpE B YCIOBHSX BBI-
poclieil KOHKYpEHIIMH Be0-CalT, KaK MpPEJCTaBUTEIbCTBO
(GbupMBbI, ABISETCS LIEJICBOW peKIiaMoii, oOecrieunBaeT MH-
(hOpMAITMOHHYIO TOJICPKKY KIMEHTOB U COTPYIHHKOB (up-
Mbl. HezaBucuMo OT TOro coszpgaercsi caT Juis npeacraBiie-
HUS KaKoi-mn0o Gupmbl wian Juis 3apaboTka Ha pekiame,
OCHOBHOMW €ro (yHKIMEH sIBJISCTCS MPUBJICUYCHUE KAK MOXK-
HO OOJIbIIIeH ayAUTOPHH.

Lenpto maHHO# pabOTHI ABNISIACH pa3pabOTKa CUCTEMBI
MIepCOHANN3AIMH CEePBHUC-OPUEHTHPOBAHHOTO BeO-mopTana,
MO3BOJISIONIEH YYUTHIBATh MPEAMOYTEHUS MOJIb30BaTeNeH
JUIS YITY4YLIeHUs] KauecTBa OOCIY)KMBaHHS, YCKOPEHHS HH-
(OopMaIMOHHOTO MMOUCKA, UCKIIOUSHHUS] HEMHTEPECHBIX CTpa-
HHUII, a TaKXKe YIep:KaHHUs KIUCHTOB.

1 IIOCTAHOBKA 3AJTAYA
[ycts nmeercs uudopmauus o nonssosarene U(7)

(i = L_M) (ums Opaysepa, HOMEp BEpCHH, S3bIK, matdop-
Ma, BCTPOSHHBIE PACHIMPEHUs, aApec NpeAbIAyIed cTpa-
HULIBI, YaCOBOH IOSIC, BPEMsl MOCEIIEHHsI CTPaHUIIbI, HHPOP-
Marms 0 MOHUTOpE U T.I1.) C (i) = [C ' (i), C 2 (i),...,C*(i)].

Torma 3amaua mepcoHanu3zanuu BeO-pecypca Res mpu
OTpaHHYCHHOM KOJIHYECTBE 00pa3oB BeO-MHTEp(hEHCOB ()
OyleT 3aKiIrouaThCsi B pa3padoTke:

— MOJIEIH IIEPCOHANN3AUMH B, €¢ COCTaBHBIX KOMIIO-
HEHTOB M UX B3aMMOJCHCTBHS;

— 00BEKTHOW MOJIENU JTIOKYMEHTOB HTepHeT-pecypca B
Buze rpada Res;
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— MeTo/ia IepCOHAIN3AMY BeO-TIOpTaia, MO3BOJISIOLIE-
TO JUTSl KXKJI0H R(n)-0i KaTerOpHH TOJIb30BaTENeH (7 = 1L )
alanTHPOBAaTh HHPOPMAIMOHHOE HAIIOJHEHUE CTPaHUI]

)?keR_esn@cRes(k<A).

Kputepuem 3¢ (pekTHBHOCTH pa3paOdOTKH SBIIAETCS YIOB-
JIeTBOPEHHE TpeOOBaHUAM

k:¥(D, e D)[(t<t™) & (w>w™)]= B,, rne D, —
nomzazada obmeit 3agaun D, .

2 OB30P JIMTEPATYPbI

OpnHol 13 HanOoee aKTyalbHBIX IPodiIeM 00paboTKH
OOJIBIINX NTAHHBIX SIBISIETCS KIIAacTepH3alus BeO-1oabp30Ba-
Telnel Ha OCHOBE MX 00X CBOMCTB. B cratbe [1] mpencras-
JIeH CIoco0 OINpemeneHns CXOACTBAa WHTepecoB MHTepHeT-
nonb3oBareneil. Bed-xypHanbel qocTyma moyib3oBaTenei
o0ecreunBaOT TOYHYI0 U O0BEKTHBHYIO HH()OPMAIHUIO O
MOCETUTENSAX. 3aluch xKypHana conepxat [P-aapec BeO-
MoJIb30BaTeNsl, AaTy U Bpems 3ampoca, URL-anpec 3ampa-
[IMBaeMO¥ CTPaHHMIIBI, TIPOTOKON 3arpoca, Ko BO3Bpara cep-
Bepa C yKazaHUEM cTaTtyca o0paOOTKH 3ampoca W MpH yc-
MEeIHOM 3ampoce pa3Mep cTpaHumbl. M3 >xypHaia
BeO-cepBepa M3BIIEKACTCS MOJNB30BATEIBCKUN MIA0JIOH, CO-
CTOSIIIUN W3 CTPAHUI], KOTOPBIEC MOJIb30BATENb IMOCETUI U
MOTPAYSHHOTO Ha 3TO BpeMeHH. [IpoBeIeHHBIE dKCIIEPHMEH-
THI TIOKA3aJld, YTO TPEJIOKESHHBIH METOJ KIacTepHU3alHu
TpYNIHpPYeT BeO-TIOIB30BaTENSH CO CXOKUMHU MHTEPECAMHU.

B pabote [2] mpemnokeHo o0beanHEHHE BEO-10IH30BA-
Teleil Ha OCHOBE DBOJNIOLUM TocemeHus BeO-cTpanui. O0-
Hapy)XEeHHbIE 3aKOHOMEPHOCTH M3MEHEHUI MH()OpMAaIOH-
HBIX MMOTPEOHOCTEH BeO-IOIb30BaTENeH UCTIOIB3YIOTCS IS
ux rpynmupoBku. CreHeprpOBaHHBIE HA OCHOBE UCTOpUYEC-
KHX BeO-ceccuid kiactepbl Web-onb3oBareneii, Moryt ObITh
WCIIONB30BaHbI AJIsl MIEPCOHATN3UPOBAHHBIX BEO-TIPUIIOKE-
HUii: BeO-peKsiaMbl U BEO-K3LIHPOBAHMSI.

Uto0bI ONTY4YnTh HHPOPMAIIMIO 00 UHTEpecax MOJIb30-
Barelneil Ha BeO-cTpaHuLax B pabore [3] ucciemyercs moBe-
JIeHre KIMEHTa MOCPEACTBOM M3y4eHUs 3amuceil BeO-Kyp-
Hama. Bpemsi, mpoBeaeHHOe Ha BeO-CTpaHHIE, U THUIIBI CO-
BEpIIEHHBIX  ONepalWii  MOKa3bIBAalOT  CTEHEHb
3aMHTEPECOBAaHHOCTH BeO-monb3oBaTens. Mccnenyembie
JIaHHBIC TPEJCTABISIOT COOOH JKypHAIbI MOJIb30BATENCH,
coOpaHHBIC 32 IIECTh MecsleB. B pabore mpemiokeHa Mo-
JuduKanys aaropuT™Ma Kiactepusanuy K-means JUis TPpyII-
MUPOBKH MONB30BATEIECH ITyTeM BBIUYMCIEHUS HAadyalbHBIX
LIEHTPOUJIOB HA OCHOBE BHIOPAHHOTO BEO-KOHTEHTA.

Jro6oit aTepHeT-nopTan MOKET MOCTOSHHO COBEpIICH-
CTBOBAThCS, OMMUPASCh HAa MHPOPMAIMOHHYIO MOTPEOHOCTH
nonb3oBatesst. s coopa u aHai3a JaHHBIX O MOIB30BATENSIX
B pabote [4] ucnonb3yercsi METO/I POEBOTrO MHTEIJIEKTa, Oaro-
Jlapsi KOTOPOMY BBISIBIISTIOTCS «ITyTEIIECTBUS» BEO-MOIB30Ba-
Telel ¢ ONMHAKOBBIMU MHTEpecaMu. Pe3ynmerarhl KiacTepusa-
mn cpaBauBaroTCs ¢ Merogamu DBSCAN u K-means.

Bnarogapsi camoopranusaiuu, MpocToTe U OBICTPOICH-
CTBHUIO YIPOIIEHHAsi MOJeNb HelipoHHo#l cetn KoxoHena
MpesIaraeTcsl NCIoNb30BaThC B MH(OPMaLMOHHO-TIOMCKO-
Boit cucreme [5]. st ee ycnenrHoro mpuMeHeHHs: HE00Xo-
JIUMO PEUIUTh 3aJadu (pOPMHPOBAHUS CONEPHKATEIBHOTO
o0Opa3a JOKyMEHTa U WACHTH(UKALIUIO KIacTepa.

IpoGnembl 00pabOTKH OONBIINX JAHHBIX, CBS3aHHBIE C
MX MHOTr00Opa3ueM, CO CIOKHOCTSIMU cOopa, XpaHEeHUs], YII-
paBJICHUs] W aHaIu3a, 00bEMOM IaMSTH M CKOPOCTHIO BBI-
YHCJIEHUH paccMOTpeHsl B [6, 7]. OnucaHbl METOAMKU U all-
TOPHUTMBI, UCIIOJb3yeMbIe JUIS YIpaBJICHUS OOJBIIUMH Ha-
6opamu nanHbIX. [TokazaHa 1emecoo0pa3HOCTh MPUMEHEHUS
CaMOOPTaHU3YIOIINXCS KapT JUIs aHaHM3a JaHHBIX OONBIION
Pa3MepHOCTH.

3 MATEPUAJIBI 1 METO/IbI

B obmewm Buae mporecc nepcoHanu3anuu MHaTEpHET-
pecypca, IpeJoCTaBIsIOUEr0 CEPBUCHBIE YCIYIH, OIMMCHI-
BaeTcs Mozenbio (1), KoTopas BKJIIOYAET CIEAYIOIIHE KOM-
noHeHTs! [8]: Web—wuHTepdelic, OIOK HHTENIEKTyalIbHBIX
METOZIOB, areHTCKUH OJOK, a Takoke OJOK HAKOIUICHHS U aHa-
nm3a omblta (puc. 1).

Arent monp3oBarens» A, coOupaer HHGOPMALHKIO O
IOJIb30BATENIE, HA OCHOBE KOTOPOIl pelaercs 3a1ada IOpOoX-
Jenus runores D, ¥ aHAaIM3UPYeTCs MOBENEHUE I0Ib30Ba-
tenaD,, . 110 BBIXOZHBIM JAHHBIM PELICHHBIX 3224 «ATEHT
00paboTku unpopmauum» A, , GopmupyeT HHpopMany-
OHHBIN TOpTpeT nonb3oBatens [PU(Q), u nepenaer/mpuHu-
MaeT HHpOpManuio OIOKy HAaKOIICHHS M aHann3a MHbOp-
MalMH. «ATEHT 3KCIepTa» Aexpm Ha OCHOBE IOJIy4EHHOMH
UH(OpMalUU OT «AreHTa IOJNb30BaTENs» A M «AreHTa

Web-unmepgeiic

n -
h

baok
UHMETTERHLY LTBHBLY Arent
Memodos MOIBS0EATEIA
JCM-uetoq -
Reforit Gre
i Ll  Arenr
Kaacrepmsamua Y | | Azenmeran | < oxcuepTa
—
naampapma
" m =
ATeHT 00patoTER
Kraccudmmama HEGOPMATTHE

iR i

Biok HAKONIEHUA | AHAANFA

ORI

BT B3

Pucynok 1 — O6o0mienHast MOAENb epCOHATN3AIIH CIISIIHATH3H-

poBanHoro Beb-noprana: X — MaTpH4YHOE NpeJCTaBlIeHHE

BXOZHBIX JaHHBIX; ) — BBIXOZHOE MHOXeCTBO; B/l — 6a3a naHHBIX,
b3 — 0a3a 3HaHui
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00paboTKH JaHHBIX» A, oOpallaercs 3a NpeaoCTaBIeHH-
em ycryr D,,. Ilox yciayramu Oynem HOHMMATh, HalpUMeED,
aHaIN3 MEJUIMHCKIX H300paXKeHHil (MEeTaHOMBI, OIyXOJeH,
MaMmorpadum, nmeMIdecKoil Oone3H: cepaua u T. I.), yra-
JICHHBIA MOHMTOPUHI COCTOSIHUS 3[0pOBbsl YEIOBEKA U T.J.
Jlns pemienus 3a1a4n KaTeropu3aluu monb3osarencd D,
UCIIONIB3YETCS MHOXECTBO HMH()OPMAIMOHHBIX MOPTPETOB
nons3oBarens [PU. s kaxaod KaTeropud BeO-MOIb30Ba-
Telel «ATeHT Nojb30BaTeNs» A  BhIPa0ATLIBAET ONTHMANIb-
HYIO CTPaTETHI0, MO3BOJSIONIYIO YUUTHIBATH JIUYHbIE HPEA-
MOYTEHUS], U HACTPAUBAET COOTBETCTBYIOLIUN KOHTEHT.

Mogenb npouecca nepcoranuzauuu MHrepHer-pecyp-
ca Res [9] BeIpaxkaeTcs Kak IpeoOpa3oBaHHE BXOAHBIX 3Ha-
4yeHUH R B BBIXOJHbIE BEJIMYUHBI A:

B, c RxA. @))]
IMomHOEe MHOXKECTBO (YHUBEPCYM) 7, — X XY BKIIOUa-

er B cebst B, < (RxA), 310 03Ha4aeT, 4TO CyLIECTBYET TaKoe
MOIMHOXECTBO R = {R(l),R(Z),...,R(L)}, P — X H OTHO-

IICHAN MEXIy HUMH A, Ha KOTOPBIX CTPOUTCS MOIENb By,

Taxum oOpazom, uHTEepdeiic UaTepHET-pecypea, mpe-
JIOCTABJISAIONIETO CEPBHCHI IS MONB30BaTeNeH, afanTHpyeT-

Csl HA OCHOBE KJIACTepoB R = {R(l),R(2),...,R(L)} Gnaro-

Japsi MOJEN! BR IpU KOHEYHOM 4wmciie o0pa3oB BeO (2 .

I[JIS[ BBIXOTHBIX BCIMYHUH A IIOCTPOCHO MHOXKECTBO 3aja-
HI/II71, PpCHICHUEC KOTOPBIX IMPHHAAICKUT MHOKCCTBY

Dy =D/, VD,

Otobpaxenne I]: R —» A TIO3BOJISIET IS KaXKJIOM KaTe-

U Dy, -

ehavior

ropun R(n) (n :L_L) MOJTYYUTh TaKoe 7»/. eA (j =L_g)),

KOTOpOE SABIAETCS PenIeHneM 3a1aqu D, IOTy4eHHOE B BHAE
rpadoBoii Mozienu (2) nepapXu4ecKoro MpecTaBICHUs aar-
tupoBanHoro MHTepHeT-pecypca

Res=<X,T"\, >, ©)

rme X ={X,} — MHOXeCTBO aJaNTHPOBAHHBIX CTPAHHII

(k< A), chopMUpPOBAHHBIX B PE3yJbTAaTe OTOOpaKEHUS

X, = F’k(xm) MHOKECTBA MHTEPECHOIr0 JJIsl IOJIb30BaTeNs]

UH(POPMALMOHHOTO HANOJHEHHA X, C X.

C noMOLIbI0 METOJa aBTOMATHYECKOrO ITOPOXKICHUS
runore3 xona Crioapra Mwnis (JJCM-meron) nenarorcs
MPEIONOKCHHS O MPUYHUHAX HAIUYHS WIH OTCYTCTBHSI OI-

peneneHHBIX cBoWcTB MHTepHeT-moap3oBarens U(i),

(i =1+ M ) BO Bpems ero noceiienus MHTepHET-pecypca
1o cobpanusiM pauasiM C(i) = [C' (i), C*(i),...,C*(i)].

Anements MuOKecTB C =[C',C?,...,C*] Gynem Ha3bI-
BaTh MPUMHUTHBHBIMHU 3yeMeHTamu (aromamu) [10]. TToBe-
nenne monb3oBarens U(i) Oymem Ha3bIBaTh (I[EIEBBIMH)
coiictBamu O(7) € O . Uccnexyemsrit o6bekxt (MaTEpHET-
MOJIb30BATEIb) MPEACTABISCTCS B BHIC KOHEYHOTO MHOXE-
CTBa NMPUMUTHUBHBIX 3JEMEHTOB C(i) =[C'(i),C’(i),...,C*(i)] e C.
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Takoe MOAMHOXECTBO HpEeACTaBIICTCA (ParMEeHTOM.
IMonb3oBarens MoxeT obOmafarh (WM He 00NanaTh) HEKOTO-
PBIM MHOXKECTBOM LiENEBBIX CBOWCTB. Ilpennonaraercs, 4ro
KaK y HAJIMYHs, TaK U Y OTCYTCTBHS HabOpa IeIeBBIX CBOHCTB
MOXKeT OBITh NpHYNHA (He 00sA3aTeIbHO CAMHCTBCHHAS), 3Ta
IpHYHHA SBIAETCS (PParMEeHTOM CTPYKTYphI 00BekTa. MHO-
xecTBO C BKIIOYAaeT OOBEKTHI C M3BECTHBIMH I[EJIEBEIMH
CBOICTBaMH, KaK MONOXKUTENbHbIMU C¥, TaK U OTPULIATENb-
HBIME npuMepamu C-, a TakxKe OOBEKTHI ¢ HEOIpEIeICHHbI-
Mu npuMepaMu. OOBEKTHI ¢ H3BECTHBIMHU LIETICBEIMH CBO¥-
CTBaMH 00pa3yloT 00yd4aromylo BBEIOOPKY, OOBEKTHI C HEO-
IpeAeIeHHBIMU IpUMepaMu — TecToBYl. MHoxecTBO O
COAEPKUT BCE MHTEPECYIOLIME LEIEBbIE CBOICTBA MOIb30-
Barenel MHTepHeT-pecypca, IpeJoCTaBIAIOIEr0 CEPBUC-
HBIE YCIIYTH.

Peammzarmas ICM-Merona mpexcraBisieT coboit urepa-
TUBHYIO IIPOLENYPY U COCTOMT U3 TPEX OCHOBHBIX 3TaIlOB:
WHIYKIWH, aHAJIOTHH M aOxykinu. Mojens NpHIrHHO-CIIe]-
CTBEHHBIX CBsA3el, ucnonb3dyemas JICM-meronom ans 31a-
OB MHYKIUH U aHAJIOTHH, MOXKET OBITh IIPE/ICTaBIIeHa Ipa-
¢dom, m300paxkeHHOM Ha puc. 2.

ABTOMAaTHUYECKOE MOPOXKAECHHE TUIOTE3 O BO3MOXKHBIX
TPIYUHAX HAINYWS WA OTCYTCTBHUS IETEBBIX CBOMCTB Y BEO-
IOJIb30BaTENE! MPOUCXOAUT HA 3Tale MHAYKUUH. I Unoressl
(OPMUPYIOTCS OTAENBHO JUI KaXKJOro IeJIeBOr0 CBOHCTBA
Ha OCHOBE IOMCKA OOImMMX ()parMeHTOB Y IOJIB30BATEINCH,
00IaJal0muX (WM He 00JIafafoNHX) JaHHBIM CBOMCTBOM, H
IPEACTAaBIAIOT cO00H mapy — ¢parMeHT u cBoicTBo. s
Ka<JIOr0 1I€IEBOr0 CBOWCTBA FEHEPUPYIOTCS J1BA MHOXKECTBA

rumore3: S — IUIIOTE3HI, ABIAIONMINECS TIPHIMHON HATMIHS
LEIEBOrO CBOMCTBA, U S — TMIIOTE3bI, SBIAIOIIMECS TPUYH-
HOH €ro OTCYTCTBUS.

PesynpraTom 3Tanma WHAYKIHUH SBISIOTCS 2N MHOXECTB

runore3: @ : C — S . Orobpaxaromas GyHKImsA P LI KO-

HeuHoro MHoxectBa C(i) popmupyer (S,J; uS,)es

(n =1, N ), KOTOpOE SBIISETCSA pemennemM 3anaam D . . mo-

JIydeHHOE B BHJIe Mojaenu nopoxjaenus rumore3 [JCM-me-
TonoM (3)

B, cCxS. 3)

Ha osrtame ananoruy mopo<I€HHbIE THUITOTE3bl MPUMEHS-
IOTCS € LETBIO ONPEACICHNS] HAJIMYHS WIN OTCYTCTBHS LieJie-
BBEIX CBOMCTB y HeomlpeleneHHbIX npumepoB. Kiaccupumm-
pOBaHHBIE HEONMpe/eTIeHHbIE TPUMEPHI MOMONTHIIOT MHOXE-
CTBa MOJOXKUTEIBHBIX M OTPULATENBHBIX OOBEKTOB. DTaIbl
WHIYKIUN ¥ aHAJIOTHU TIOBTOPSIIOTCS /10 TEX HOp, IOKa MHO-
JKECTBa MOPOXKIAEMBIX TMIIOTE3 HE MEePecTaHyT M3MEHSATHCS.
[Mocne sToro BEIMOMHIETCS dTal aOAYKIUH, Ha KOTOPOM
MIPOBEPsIETCS YCIOBHE Kay3aJIbHOW MOTHOTHI — OOBSICHSIOT
nu ¢OPMHPOBAHHBIC THIIOTE3bl MCXOJHBIE O0ydYarouue
nanubie [11].

B pesynbraTe ompemensioTcs 3HauCHHUS MapaMeTpoB,
OIMCBHIBAIOIINX MOJIB30BATENs, MO0 KOTOPBIM MOXKHO CIIENaTh
MIPEATIONOXKEeHNE, HAaPIMeEpP, O COIMAIBHOM CTaTyce («HH3-
KHil», «CpeHUil», «BBICOKHIT»). Pacnonaras nqaHHBIMHU O
yacoBoM mosice u [P-agpece, a Takke ceTkoil pacmpenene-
mus [P-agpecoB mexnay UHTepHET-poBaiiiepaMu, MOKHO
BBIJBUHYTH TUIIOTE3Y O reorpapuyeckoM paclolOKeHUH
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Pucynok 2 — Mozens nopoxzaenus runore3 JCM-meronom

nosib3oBartelns (ropoln, odyiacte, crpana). [lo BpeMeHH co-
€IMHEHUS] MOXKHO BBIYMCIUTH MECTO COCIHMHEHHS (JIoMAlll-
Hee WIN CiIy)keOHoe momenienne, MHTepHeT-Kade U mp.).
AHaU3UPYsI CTATHCTHKY 32 TPOAODKUTEIBHBIA EPHO]] Bpe-
MEHH, MOXXHO OT/ENIUTH TOIb30BaTeNel CTallMOHAPHBIX KOM-
MBIOTEPOB OT MOOMIIBHBIX, KOTOPBIEC MOJKIIOYAIOTCS depes3
Pa3HbBIX MPOBaiIEpOB M M3 PA3HBIX THIIOB IOJCETEH.

Takxxe CTpOHUTCS MOBENEHYECKUH rpad) C LEeTbI0 BBIYHC-
JICHWs] BaXHOCTH TIOCEHIEHHBIX cTpaHWI. Kakmoe Hampas-
JIEHHOE pedpo MPENCTABIIIET MEepexo] MEXIy ABYMS Bep-
OIMHAMH, OTPAKAIOIIMMHU KOJHMYECTBO IEPEXOJOB B Kaue-
cTBe Beca crpaHuibl. [pyrumu cioBamu, rpad mepexomos
noJsib3oBateeil (4) sBIseTCS B3BEIICHHBIM rpadom ¢ ped-
paMu, COAEpIKAIMMHU BeC BeO-CTPAHMUIIBI M BEPIIMHAMH, B
Bune URL aapeca crpanung

G(i) =<V (i),W(i),T(i),TR(i),RS(),5(i) >, “)
e V(i) = {v, (i)} — Moxectso sepuns; (i) = {w,, (1)} -
MHOXXecTBO BecoB; 1'(i)={t, (i)} — Bpems moceleHus;
TR(i) = {tr,(i)} — mybuna npocmotpa; RS(7) = {rs, (i)} —

BO3BpAT B pe3y/bTaThl IIOMCKA, IPUHUMaET 3HayeHue 0, eciu
BO3BpAT He MPOU30IIeN, | — eciy BO3BpAT HMeN MECTO OBITh;

8(i) — BeposATHOCTH cOpoca HeOe30macHBIX CTPaHUL;
(a,b=1,...,K) — xonu4ectBo BepLIMH B rpade HepexoyioB.

Orobpaxenue P : G — R nossoister mist V U(i) nomy-
4uTh TaKoe T, € N (T, — CTauHoHapHAs BEPOSATHOCTb Pac-
npeneneHus mponeccos X = {X', t>0}, X' — cTpaHuIa,

KOTOPYIO TIONIB30BATeNb MOCETHIT BO Bpems ¢, (¢ >0)), Koro-
poe SBIAETCA PellenreM 3aaadn D MOYY4EHHOE B BHJIE

cGxN.

WHpiMH crioBaMH, 110 BPEMEHHU MOCELIEHHUs CTPAHMIIBI,
THUITy TIEPEX0JI0B U MH(POPMAIMK O TOBEJCHUH MOJIb30BaTe-
71 Ha BBIXOZIEe Oy#eT MOMydeHO 3HAaYeHHE IOKa3aTelsi Bax-
HOCTH CTpPaHHUIIBI.

behavior’

MOJIETIH ONpeJIeNIcHUs BaKHOCTH CTpaHuIl: B,

ehavior

Takum 00pa3oM, IMoaydyaeM HHPOPMAIIMOHHBINH TTOPT-
per nonw3oBatens [PU>E) =[S(i),R(i)].
Orobpakenue Y : [P — R TO3BOJSET JUIsi MHOXECTBA

IPU nonyuuts Taxoe 7, € R, KOTOpOE SBISETCS PELICHHEM
3agauu D, , MONTydeHHOE B BHJE MOJENH KATErOpH3alun
nosip3oBateneit (5):

B,y < IPUXR. ®)

AreHTCKH OJIOK MPEACTaBICH CIEAYIOIUMH MHOXe-
crBaMu MAS={A,E,Res}. MHOXeCTBO aJJaITUBHBIX arcHTOB
A Moxer ObITh NPEICTABIEHO B BUAC A={A4 , I ) s
cpena E mpencraBiiseT co00W MpOrpaMMHYIO MiaThopMmy
JUISL BBITIOJTHEHHSI areHTOB W IPENOCTaBIsIeT (PYHKIHMOHAIb-
HOCTB JJISI CO3JIaHMsI/YHUUITOXKEHHS areHTOB, JJIsl pruema/
nepeiadn cooOuieHni; Res — 00beKTHAs MOJEIb JOKYMEH-
TOB B BHJE rpada (6)

Res =< X, Arc, A >, (6)

e X ={X,} — MHOXecTBO BepunH rpada, mpeacTaBiIsio-
Imee CTPaHMIIBI caiiTa, Kakaas ctpanuna X, = {x} mpex-

CTaBJICHA MHOXKECTBOM MH()OPMAIIMOHHBIX 3JIEMEHTOB: TEK-
CTOBBIC OJIOKH, MEHIO, CCBUIKU, TpaduuecKkue AIEMEHTHI U T.

o (x={l..|x|} =), Arc — MHOXecTBO Iyr rpada, npu
aToM ayra arc =(a,b) NTPUHAUISKHUT Tpady TONBKO, ecin
HanpapJIeHHe TPEAINOIaraeTcs 3alaHHBIM OT BEPIIUHBI d K
Bepunbe b (q,b =1,...,A— xonudecTBo BepuuH rpada Res),

A ={\_} — MHOXecTBO HHTep(deiicoB BeO-pecypcoB Res,

(c=1,...,Q)— xomu4ecTBo 00pa3oB Bed-uHTEPDEHCOB.
B0k HakomieHUs U aHann3a WHGOPMALUU BKIHOYAET

6a3y nmanneix  (BJ]), XxpaHsmyr®  MHOXECTBa

C=[C",C?...,C"], mBoxectBO VHTepHET-nONB30BaTEEH

U, ueneBbie cBoiicTBa O, MHOKECTBO WH(OPMAITMOHHBIX
nopTperoB nonb3oBatenei [PU, a Taxke 6a3y 3Hanuii (B3),
coziepKaIyo 00IIue 3aKOHOMEPHOCTH O BO3MOKHBIX MPH-
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[IPOTPECHBHI IHOOPMALIMHI TEXHOJIOI'TE

9YUHAX HaTH4us (OTCYTCTBHSI) LIETIEBBIX CBOMCTB M MH(OpMa-
LUIO, SIBISIONIYIOCA PE3YIbTaTOM HAKOILIEHHOIO OIBITA.

4 OKCIIEPUMEHTbBI

IloBeneHHBIE SKCIEPUMEHTBI XOPOLIO COITACYIOTCS C
mpeaaraeMol MOZENbl0 Ipolecca nepcoxanusanuu. Pac-
HapayIeTIBaHue OCYIIECTBICHO C ITOMOIIBIO TEXHOJIOTHH
OpenMP u MS MPI Ha s3bike nporpammupoBanus C++ B
onepanuoHHOH cuctreme Microsoft Windows Compute
Cluster Server 2003 Ha ueTBIpeXIAePHBIX BEIHCIUTENX Intel
Core 2 Quad CPU Q8200 @2.33GHz. Be6-untepdeiic pea-
JMU30BaH C IIOMOINBIO S3BIKA THIIEPTEKCTOBOH pa3METKH
HTML, xackagusix Tadnun criieid CSS U CKpUNTOBOTO S3BI-
ka JavaScript. [IporpamMmmHoe obecniedueHue At MOOHIIb-
HBIX areHToB peanm3oBaHo Ha miatdopme .NET Framework
C HCTIONB30BaHUEM s13bIka C# 7S ONepanioHHOH CHCTEMBI
Windows 1 Windows Mobile. A3k JavaScript mo3Bommn
HMOJTYIHTh MaKCHMAJIbHO IOTHYI0O HH(GOPMALUIO O CTpaHe
HOITB30BATENsA, KOTOpasi MPUMEHSIIach IS aBTOMATHIECKOH
JIOKAIN3AIIH CTPAHMIIBI, a TAKXKE pa3Mepsl JUCIUISS, 9TO
MO3BOJIMIIO aBTOMAaTHYECKH MEepPecTpanBaTh Pecypc B 3aBHU-
CHMOCTH OT HHX.

Krnacrepusanus monb3oBateneii sSBIseTCS OXHOH M3 ca-
MBIX TPYLOSMKHUX II0A3a]a4 IpU BeO-IepCoHATH3auH, 0~
CKOITBKY TpeOyercst 00padoTka O0ibIIoro o0beMa NaHHBIX.
IMosToMy JUIsl YCKOpEHHUS BBIYHCIECHHI CaMOOpPTaHHU3YIOIIH-
ecs kapTbl KoxoHeHa ObLH amanTupoBaHs! o SMP cucre-
MBI JUJI TIpOBeJeHNs BHIYHCIHTENBHBIX JKCIIEPHMEHTOB
HCHONb30BaHa 0a3a JaHHBIX KoMraHuH Mapker Pemopr [12].

BbI10 mogaHo MHOXECTBO 00pasLoB [PU = {IPU',...IPUM},

. . T R
e IPU’ :(ipu{,...,ipu,{,) , j=1,M . Cerp coctout u3
OJTHOTO CJI0Sl, IMEET 71 BXOJHBIX HEHPOHOB, COOTBETCTBYIO-
LIMX KOOP/MHATAM PACCMATPHBAEMBIX OOPA3LOB, H j2 BbI-
XOIHBIX HEMPOHOB, MPEACTABISAIOMINX COOOH KBaJPaTHYIO
pelerky pasMepoM k xk .

[MapasnensHas peanu3anus Ha CHCTEMax ¢ OOLIeH mamsi-
TBIO, BKIIIOYAIOIINX p BBIUYUCIUTENEH, OCHOBaHA Ha OIHO-
BpeMEHHOW paboTe MaKCUMalbHO BO3MOKHOTO KOJIHMYECTBA
HEpoHOB B oxHOW rpymme Groupax ( p,k). Konuuecrro

orepanuil mMocjae0BaTeIbHOIO ajJropuT™Ma O0y4eHHUs Hew-

pOHHOﬁ ceTn BBIpa)KaeTCS[ CJIC,Z[yIOHII/IM COOTHOIICHUECM
K
2
Op;=6+T|8+M|2+21k‘m+3) - ||,
i=2!

MapauICJabHOr0 aJropuT™Ma COOTBETCTBCHHO BBIPAXKCHHUCM

Op,=6+T|8+M|2+21Groupy,y (p.k)m+

Groupmax(p’k) 1 p

+3 > 7+3Zl+(3m+2)p
i=2 L=t
5 PE3YJIBTATDI

PesynmeraTel MONETMPOBAHUS MapAILIEIBHON peatn3aiin
cern Koxonena mis 250 noceruteneit BeO-pecypca mpusene-
HBI Ha puc. 3.

Ha puc. 3a TeMHbIM 1IBETOM OTMEYE€HbI YKPaWHCKHE IO-
CETUTENH, CBETIBIM IIBETOM — 3apy0e)HBIE MOJIb30BATEIH.
U3 pucyHKa BHIHO, YTO BCE MOIBH30BATENM Pa30OMTHI Ha 4
KJIacTepa, IpudeM OONBITHHCTBO ITOCETUTENEH COCPEeOTOo-
YEHO B OJHOM Kjacrepe. DKCIEepUMEHTAIbHBIM aHaJIu3 I0-
Kazajl, 4TO JUIs MapauIelbHON peali3alyy KIacTepu3aliu
MoNb30BaTeliell Hanbomnee menecoodpa3sHo BBIOMpATh KOJNHU-
94eCTBO YCKOpHUTENed p KparHOoe BemuumHe k°. Takum oOpa-
30M, HAHOOJBIINIA BBEIMTPHINI 110 BPEMEHH TOTy4aeTcsi B TOM
ciry4ae, Korja B 3aBUCUMOCTH OT pa3MEpPHOCTH BXOJIHBIX JAaH-
HBIX BBIOpaHa COOTBETCTBYIOIIAsI KOH(DUTYpalysi BBIYUCITH-
TeNBHOU cucTeMbl (puc. 30, 3B).

Jnst pa3pabotaHHOr0 BeO-pecypca Ha OCHOBE BBISBIICH-
HOIl KaTeropuu IMOJb30BaTeNIed C MOMOIIBIO CaMOOPTaHU-
3ytotmeiicst cetn KoxoHeHa ocyiiecTBieHa ajanTanus WH-
(hopMaIIOHHOTO HAIONHEHUs caiTa (puc. 4).

Jlnst monp3oBatenei, nepBhIi pa3 MOCETHBIIUX BeO-pe-
cypc, oToOpakaercsi crapToBasi cTpaHuLa. B 3aBucumocTa
OT MONYYSHHBIX JAHHBIX O MMOJb30BaTeNe (CTpaHa, pazmep
JICIUIes, TIOJM, BO3pAcT U T. JI.) HA TIABHYIO CTPaHHUILY BBIHO-
CSATCSI pa3UYHbIE pa3fensl. Tak, Ha puc. 4 a I MOCETUTENs
MYXKCKOTO T0JIa MOYKHO 3aMETHTh, YTO B 00JacTH, 0003Ha-
YeHHOM cxemarnuecku mudpo -, ectb pazgen «Cropty.

4 2 18 40

438 18 40

PucyHok 3 — Pesynbrarhl KJIacTepu3alyy: a — BU3yalM3alus JaHHBIX Ha OCHOBE MPSIMOYTOJIbHBIX KYCOUHO-IIQAKUX KapT KoxoHeHa;
6 — rpaduk yckopenus; B — rpaduk 3ppeKTUBHOCTH; U1 YCKOPEHUE UCTIONb3yeTcs BennunHa Acc; mist s dextuBaoctu Perf
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Personalization

PHCyHOK 4 — HCpCOHa.]'II/BaI_II/Iﬂl a — JJIs1 MOJIOABIX MYXYNH, MECTOXKUTCIILCTBO KOTOPBIX praI/IHa, Ipeanaraercs pexkiiama HOX(Cﬁ; 60— It
JACBYIICK, IIPOXKUBAIOIINX 3a py6C)KOM, Ipeanaraercst pekjiaMma KOCMETHKHU

B 10 e Bpems, Kak IMOKa3aHO Ha pHC. 40, IS )KSHCKOH aynu-
TOPHH CKPBIT 3TOT pa3ziell U Jno0aBieH pa3men «Momay», oT
BBIOPAHHOTO IIOB30BATENEM I[BETa, MOJACTPOCH (HOH caiTa.

6 OBCY/KJIEHUE

IMpennoxeHHBI Ha OCHOBE 0OOOIIEHHOW MOIETH Me-
TOJ TIO3BOJISIET PeliaTh KOMIUIEKCHYIO 3a7ady aJanTaiuu
BeO-TIopTana COBMECTHO C IPEIOCTABICHHEM CIICIHAU3HU-
POBAHHBIX YCIYT B OTIMYHE OT TOIXOIOB, B KOTOPBIX MHTEp-
HET-TOpPTaJl MOCTOSTHHO COBEPIICHCTBYETCS, ONMUPAsCh Ha
MHPOPMAIMOHHYIO MOTPEOHOCTh MOJNb30BaTeNs. [Ipemio-
YKEHHBIH METOJI OTIIMYAETCS TEM, YTO KIIACTEPH3ALHS TOJIB30-
Barenell BBHITOJTHEHA OJaromapsi MOCTPOCHHBIM HH(pOpMa-
LOUOHHBIM TOPTPETaM Ha OCHOBE BBIABHHYTHIX THIIOTE3 O
HAJIMYUU WM OTCYTCTBHU ONPEACIECHHBIX CBOWCTB IMOJB30-
BaTeNsl U C yYETOM TOCEIICHUs] UM MHTEPECHBIX CTPaHHMII, B
OTJIMYHE OT MOIXOOB, B KOTOPBIX KIIACTEPH3AIMS TIOIb30Ba-
Telel OCyIIeCTBIISeTCS Ha OCHOBAHMH CXOJICTBA CEAHCOB IO
BPEMEHHU IIOCEIICHHS BeO-CTpaHHI, OOHAPYXEHUS mabio-
HOB TIOBEAEHHUS 10 UCTOPHUYECKUM BEO-CECCHSIM U C HCIIONb-
30BaHHEM METOJ]a POEBOro MHTeIekTa [1-5].

D¢ HeKTUBHOCTh MCIONB30BAHUS MPEIJIOKEHHOTO Me-
TOJa TIPH YBEIWYCHUH KOIM4YecTBa mocerutenedt MarepHer-
mopTajia HOBBICHTCS, €CIIM B KOH(QUIYpalluy BBIYHUCIUTENb-
HOHM CHCTEMBI YBEIWYUTh KOTHYECTBO BBHIYMCIHTEIEH 10 Be-
JIMYHMHBI, KpaTHOW pa3mepHocTH KapThl Koxonena. [Ipu atom
nenecooOpa3sHo YBEIWYUTh KOTUYECTBO MEPCOHAIBHBIX
areHTOB, KOTOpPBIE CMOTYT aJalTHPOBAThCS MOJ WHLIUICHT
MePCOHAIM3UPOBAHHOTO OOIIEHUS C KJIMEHTOM s Ooree
JUTUTENIBHOTO YAEpKAaHUS €r0 Ha caiTe.

BbIBO/JbI

B pabore periena akryanbHas 3ajada NMepcoOHU(HUKAIIIH
BeO-TopTana, MpeloCcTaBisoNIero OU3HEC YCIYTH.

Hayunass HOBH3HA MONYYEHHBIX PE3YIBTATOB COCTOHT B
TOM, 4YTO TMOJIy4HJIa JajbHeWlee pa3BUTHE 0000IICHHAs
MOJIeNTb aJaNTally CIeHUATH3UPOBAHHOTO BeO-mopTaa,
KOTOpasi B OTJIMYUE OT CYyIIECTBYIOIIUX, OMMCHIBAET B3aUMO-
neiictBue BeO-MHTEpdeiica, 0J0Kka MHTEILICKTYalIbHBIX Me-
TOJIOB, aT€HTCKOro OJI0Ka, OIOKA HAKOIIEHHS M aHAIN3a OIbI-
Ta, Oaroaps COYETaHUIO MHTEIUICKTYIbHOTO aHAIN3a J1aH-
HBIX JJIS peUIeHHs] 3ajJad MpeNoCTaBIeHUS CepBUca,
aJlanTalliy caMOOpTaHMU3yIoIuXxcsi kKapT KoxoHeHa mon cum-
METPUYHBIE MYJIBTHIIPOLECCOPHI A MapajuIeIbHON Kare-
ropuzanuy OOJBIIOrO KOMHYecTBa MHTEpHET-moab30BaTe-
JIed, TUHAMUYECKOTO pacIpefeNieHus] pojieil MeXIy areHTa-

MU JUIS yOpaBJICHHS Pa3UYHBIMA WHIUICHTAMU B 3aBHCH-
MOCTH OT IPEIOCTABISIEMOrO CEPBHCA, YTO MO3BOJISIET YIIyd-
IINTh Ka4eCTBO OOCIY)KHBaHUS, YCKOPUTh WH(POPMAIIMOH-
HBIH TIOWCK, UCKITIOYNTh HEMHTEPECHBIC CTPAHHMIIBI, a TAKKe
JIONbIIE YIep )KUBaTh KIMEHTOB 3a CUET ydeTa MPeIouTe-
HUI ToNb30oBaTeNiell. BriepBbie npemioxkeHa 0OBEKTHAS MO-
JleTb TOKyMeHTOB BeO-noprana B Buae rpada, B KOTOpod B
Ka4eCTBE Y3JIOB BBICTYNAIOT CTPAHHUIIBI U UX COCTaBHBIE dJIe-
MEHTBI, KaXKIbIii U3 KOTOPBIX SIBIISIETCS TIOTOMKOM W/VITH TIPE-
KOM JIPYTOTO JJIEMEHTa, a JYTH — Mepexobl MEXIy HHMH,
Oyilarogapsi 4eMy MOXKHO OTPENEeNUTh MyTh 10 JJIEMEHTOB,
COZIEpIKANINX HHTEPECYIONIYIO MONB30BaTeNs] HH(OPMAIIHUIO,
9TO MO3BOIIJIO MEPCOHATM3UPOBATh KOHTEHT caiita. Taroke
B paboTe BIEPBbIE MPEMIOKEH METOJA MePCOHATU3AINU
UnrepHeT-cepBuica, B KOTOPOM BEISIBICHHE MTPUIUHHO-CIIE-
CTBEHHBIX 3aKOHOMEPHOCTEH OOYCIOBHIIO BO3MOXHOCTH
BBIPaOOTKM TUIOTE3 O HAJMYWUU WK OTCYTCTBHH OIpEe-
JICHHBIX CBOMCTB MOJB30BATENs; HA OCHOBE COOpPaHHON O
HeM mHpopManuy, mo ero ceppunry B MHTEpHETE TOCTPO-
eH MH(OPMAIMOHHBIN MOPTPET MOJIb30BaTelNs, Oaarogaps
KOTOPOMY OCYIIECTBJIEHAa YCKOpEHHas KiacTepH3aLus
MONTE30BAaTENeH, YTO MO3BOJIMIIO HACTPAaWBATh KOHTEHT, OCY-
LIECTBISITh KOHCYIBTAllMd B PEXKHME PeaJbHOrO0 BPEMEHH,
MPEAOCTaBIATh AKTYyalbHYI0 MH()OPMAIHIO 1O pa3IHIHBIM
acrmeKkTaM MpeaaraeMoro CepBHca.

[IpakTHueckass 3HAUUMOCTH MONYYEHHBIX PE3YIbTaTOB
3aKJIFOYAeTCs B TOM, YTO pa3paboTaHO MporpaMMHoe obec-
nevYeHue u BeO-uHTepdeiic, peanu3yroliue MpeaoKeHHbIC
MOJIETH U METOJI, HCIOJIb3YeMble MPHU MPOBEIECHUN BBIYHC-
JIUTENBHBIX SKCIIEPUMEHTOB 110 BepU(PHUKAIIMN MOJIEIH, OLIeH-
KH aJeKBaTHOCTH M MCCIEIOBAHHUIO CBOMCTB MOJIEIEH U Me-
tTona. Pa3paboranHbIii BeO-pecypc MO3BONSET HACTPAUBATH
nH(}OopMalMOHHOE HANONHEHUE (HABUTAIUIO, MOMCKOBYIO
MOJICPIKKY, NIEPCOHAIU3AIUIO BEO-TIPUIIOKEHHH, BEO-peK-
JlaMy ¥ T.J1.) B 3aBHCHMOCTHU OT COCTOSTHUS BHEIIHEH CPEbl U
OT WHIMBHAYaTbHBIX MPEANOYTEHUH ITOJIB30BATEIs, a TAKKE
MO3BOJSIET PEKOMEHIOBAaTh NPEAIOKECHHBIE MOJCIHN U Me-
TOJ JUISl IOCTPOEHHUSI CUCTEM, HANpPaBJIEHHBIX Ha MPOJIBIKE-
HHE TOBAPOB M YCIYT B CETH, MPEJOCTABICHUE Pa3IMIHBIX
CEPBHCOB WJIN OTHAEIBHBIX €r0 COCTABHBIX YacCTeH, A pas-
BuTHs Ou3Heca. B pesynbrate coOpaHHOH M ITpOaHAIH3HPO-
BaHHOW MH(OPMAIMU O TOJB30BATENBCKUX MPEANOYTEHHUSIX
chopMUpOBaHBI KIacTEPhl MOJIB30BATENEH CO CXOKUMHU
cBoOiCTBaMH, Ojarojapsi 4eMy OCYIIECTBIIEHA IepCOHAIU-
3aius Web-npocTpaHCTBa.
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IepcnekTuBbl AanbHEHIINX UCCIENOBAHUN 3aKIH0YAOT-
Csl B TOM, YTOOBI YCKOPHTh 00pabOTKy MEepCOHATBHBIX NaH-
HBIX TI0JIb30BaTeNel OOIBIIOro 00beMa ¢ UCHOIB30BaHUEM
pacnpenenéHHoit (ainooit cucrems! Hadoop, a Taroke ocy-
IIECTBUTHh NEPCOHAIH3ANUI0 BeO-pecypca I KaXkJoro
[0JIb30BaTENsl C Y4ETOM €ro NPEANOYTEHUN.
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IMomydeHHBIE PE3YABTAaTHl COOTBETCTBYIOT IPOOIEMaTH-
K€ TOCOIOKETHOH TeMbl «DBOIIONMOHHBIE THOPHUIHBIE CH-
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«OBOITIONIMOHHBIE THOPUIHBIE METOIBI M MOJETN HHTEIUICK-
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Typoif B ycroBusix HeonpeaeneHHocT» (Ne JIP 011U000458).
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Kang. TexH. Hayk, noueHT, mpodecop KadeapH eneKTpOHHHX 00YUCIIOBAIFHIX MAIIUH XapKiBCHKOTO HAIIOHAJIBHOTO YHIBEPCUTETY pali-

OeJIeKTpOoHiKH, XapKiB, YkpaiHa

PO3POBKA CUCTEMU MEPCOHAJIIBALIIL CIEHIAJAI3OBAHOI'O BEB-IIOPTAJTY

AKTyanbHicTh. Bupimeno akryanbHe 3aBIaHHs nepcoHidikaiiii BeO-mopTaiy, skuii Hagae Gi3Hec cepBicH (TeneMeIuInHa, KOHCYIIBTALl,
BiJTAJICHU# T MOHITOPUHT, AUCTAHIIIHA OCBITa 1 T.11.).

MeTa po6oTH — po3poOKa cHCTeMH IepcoHidikamii BeO-nopTaiy, skl HaJjae cremniani3oBaHi MOCIyTH, O 103BOJISIE BPAaXOBYBaTH IepeBa-
I'l KOPHCTYBAYiB 3 METOIO MOJIMIICHHS SIKOCTI 00CITyroByBaHHs, IPUCKOPEHHS 1H()OPMALIIHOTO MOLIYKY, BUKJIIOYEHHS HELIKaBUX CTOPIHOK, a
TaKOX yTPUMAHHSI KIII€HTIB.

MeToa. 3amponoHOBaHO y3aralbHEHy MOJEINb MpoLecy MepcoHaisauii [HTepHeT-cepBicy, B sKiif Ha OCHOBI IMO€JIHAHHS AreHTCHKUX 1
HEeWpPOMEPEKEBHUX TEXHOJIOTIil 3alpoIOHOBAaHUI MeTox ajanTalii BeG-pecypey, 110 aBTOMATHYHO I'eHEpYye KOHTEHT JUIsl MEBHUX Kareropii
InTepHeT-KopucTyBadiB. Takox 3anporoHoBaHa 00’ €KTHA MOZIeIb IOKYMEHTIB caiiTy y B rpada 1uIs MOLIyKy akTyaibHol iHpopMallii, 1o
JIO3BOJIMJIO 3/IIHCHUTH NEpCOHaNi3ali0. BUKOpHCTaHHS MYyJIbTHATEHTHOI CTPYKTYPH A03BOJIMIIO 31IHCHUTH B3a€MO/IiI0 KOMIIOHEHTIB PO3po0IIeHOT
Mozeni. MeTo/1 BKIIFoYa€e CyKyIHICTh HACTYITHHM JTil: aBTOMaTHYHE BUPOOJICHHSI TiI0Te3, 110 JA€ MOMKJINBICTh BU3HAUMTH HASIBHICTB 200 BiICYTHICTh
LTBOBHUX BJIACTUBOCTEH KOPHCTYBaya; aHAJI3 MOBEAIHKH KOPUCTYBadya Ha #oro cepdinry B [HTepHeTi, 10 103BOJIsIE BUAABATH OLIBII PEICBaHTHI
pe3yabrary; nobynoBa iHpopManiifHOro moprpera aJs 300py CTATHCTHYHO 3HAYYLIO CYKYIHOCTI iH(GOpPMALIHHUX XapaKTEPHCTUK 3 METOO
IUIAHYBaHHSI TIOJANBIINX Jil; MapaieibHa KIacTepu3allis KOpUCTYBadiB 3 BUKOPHCTAHHIM CaMOOpPraHizyrounx kapT KoxoHeHa 3 METO0 MpUCKO-
peHHst 00pOoOKH BENMKUX JaHUX. J{Jisi IPUCKOPEHHs 004YMCIIeHb CaMOOpraHizyrodi kapt KoxoHeHa aanToBaHi miJ] CHMETpUYHI MyJIBTHIIPOLIE-
copu cucremu. [TokazaHo, 1110 AJ1s1 3MEHIIEHHS yacy 004nCIIeHb HeoOXiIHO BUOMpary KoH}Irypaio o0uiCIIIoBaNIbHOI CHCTEMH KPaTHY PO3M-
ipHOCTI BXiJHUX JaHUX.

PesyabraTn. Po3pobneno nporpamue 3abesmnedeHHs Ta Beb-iHTepdeiic, 0 peai3yoTh 3aIpOOHOBaHI MOIEMI 1 METO/, 10 BUKOPHUCTO-
BYIOTBCSI IIPU NIPOBEJICHHI 00YMCITIOBAIbHUX EKCIEPUMEHTIB 110 Bepudikailii MoJeni, OLiHKY a/IeKBaTHOCTI, IOCIIPKEHHIO BJIACTHBOCTEH MOJIeli
Ta METOLY.

BucHoBku. [IpoBeneHi ekcriepuMeHTH MiATBEPIUIN NPALe3IaTHICTh 3alPOIOHOBAHUX MOJENEH Ta METOMIB. 3aCTOCYBaHHS CYKYIHOCTI
METO/IIB 1 3aC00IB MOXKe OyTH BUKOPHCTAHO Ha MPAKTHIII ISl IPOCYBAHHS TOBAPIB 1 OCIYT B MEPEXKi, ISl HAJJAHHS PI3HUX CepBiciB a00 OKpeMux
HOro CKJIaJIOBUX YaCTHH, JUISl PO3BUTKY Oi3HECY.

KuouoBi caoBa: nepconanizauis, JICM-Meron, HelipoMepexeBa KilacTepHu3allis, MyJIbTHareHTHa cHcTeMa, iH(GOpMaliiHUil mOpTpeT KO-
pucryBaya.
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Ukraine

DEVELOPMENT OF PERSONALIZATION SYSTEM OF SPECIALIZED WEB PORTAL

Context. The actual task of personifying a Web portal providing business services (telemedicine, consultations, remote monitoring,
distance education, etc.) has been solved.

Objective - development of a personalization system for a web portal that provides specialized services, which allows to take into account
preferences of users for the improvement of quality of service, an acceleration of information search, an exception of uninteresting pages, and
a customer retention.

Method. The generalized process personalization model of Internet service is offered. The method of adaptation of the Web-resource
based on the combination of agent and neural network technologies is proposed in a model which automatically generates content for certain
categories of Internet users. The document object model of site in a graph form to search of relevant information was proposed that allows the
site personalization. The use of multi-agent structure allowed to realize interaction of the components of the developed model. The method
includes the following actions: automatic generation of hypotheses, which determines the presence or absence of target properties of the user;
analysis of the user’s behavior on his surfing the Internet that allows to give more relevant results; construction of information portrait for
collection statistically significant set of information characteristics for the purpose of planning of further actions; parallel clustering of users
with use of the self-organizing Kohonen maps for the purpose of an acceleration of processing big data. The self-organizing Kohonen maps
are adapted to symmetric multiprocessing system for accelerating computations. Thus, the configuration of the computing system shall be a
multiple of the dimension of the input data for reduction of computation time.

Results. For the proposed models and method, software and a web interface are developed. They are used to realization computing
experiments to verification of the models, valuation of the adequacy and study the properties of the model and method.

Conclusions. The conducted experiments have confirmed the proposed models and methods. The use of a set of methods and tools can
be used in practice to promote goods and services in the network, to provide various services or individual parts of it, for business development.

Keywords: personalization, JSM-method, neural network clustering, multi-agent system, informative portrait of user.
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KaHO. mexH. Hayk, doueHm, doueHm kagheOpbi MpukIadHOU MexaHUKU U KOMIMboMmMepHbIX mexHonoaul [JoHeukoeo HauyuoHaribHO20
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OBOBLUEHME MATEMATUYECKOW MOLENN
MUKPONMPOIPAMMHOI'O ABTOMATA HA CHETYUKE

AKTyanbHOCTB. Pemena 3anaua pa3paboTKM CTPYKTYpPHBIX MOJU(HKALUA MHKPOIPOrpaMMHOIO aBTOMAaTa Ha CUETUYHMKE, KOTOpbIE
MOT'YT CIIOCOOCTBOBATh CHHXKEHMIO allapaTypHbIX 3aTPaT B JIOTHYECKOH CXeMe MUKPOIIPOrpaMMHOI0 aBTOMATa 110 CPAaBHEHHIO C U3BECTHBIMU
CTPYKTYPaMH.

Heap padoTsl — 00001I€HNE CTPYKTYPHBIX OCOOEHHOCTEH MHKpPOIPOrpaMMHOI0 aBTOMAaTa Ha CUETYHKE C MCIOJIb30BAHHEM
MaTeMaTHYeCKOH MOJENH Ha OCHOBE IMPOMEXKYTOUHOH anredpbl IepexonoB.

Mertoa. Ilpoananu3upoBaHa M3BECTHAs MaTeMaTHYeCcKass MOJEIb MUKPOIPOIrPaMMHOIO aBTOMAaTa Ha CUETYHKE, OCHOBAaHHAs Ha
IpeACTaBIeHNH (DYHKIMH TI€PEXO0I0B B BUJIE JBYX YaCTHYHBIX (yHKIUIA. MIcr0ab30BaHKe B CTPYKTYypE aBTOMATa HHKPEMEHTHOIO CUETYHKA
BBIPAXKAETCs B JAHHOM MOJIEJIN IIPOMEXKYTOUHOM anre6poii 1epexo0B, CUrHaTypa KOTopoil 00pa3oBaHa eJUHCTBEHHOH QyHKLUEH HHKPEMEHTa.
ITpu 3TOM aprymMeHTOM (yHKLUUM SIBISETCS KOI TEKYLIEro COCTOSIHUS aBTOMAaTa, MHTEPIPETHUPYEMblH Kak Lenoe uuciao Oe3 3Haka. Jlns
pacCcMOTPEHHOI MaTeMaTHYECKOH MOJENu clienaH ps 0000LMeH il B 4aCTH KOJIIMYECTBA POMEXKYTOUHBIX aaredp MepexoioB, UX CUTHATYP U
Hocuteneil. IIpoaHanu3upoBaHbl U3MEHEHHs] B MAaTeMaTU4eCKOH MOJENU U CTPYKTYpe aBTOMATa Ha CUETUHUKE, SIBIIAIOLIMECS CJIEICTBUEM

CIIeNIaHHBIX 00O00IICHHHA.

PesynbraThl. Ha ocHOBaHMU cienaHHBIX 0000IIeHHH MonyyeHbl 0000IIEHHbIE CTPYKTYPHAs CXeMa U MaTeMaTHYecKas MOJelb
MHKPOIPOrpaMMHOIO aBTOMAaTa ¢ HEKAaHOHMUYECKUM CIIOCOOOM peanu3anuu (QyHKUMM IepexonoB. IIpoBeneHbl 3KCIEpUMEHTAIbHBI
uccnenopanus 3 dexTuBHOCTH pazpaboTaHHON 0000MEeHHON cTpyKTypbl MIIA 10 KpuTepuio anmaparypHbIX 3aTpar.

BriBoasl. IlonyueHHble B 1aHHOH paboTe pe3yibTaThl MOTYT OBITH HCIIONB30BaHbI MPU Pa3pabOTKe HOBBIX CTPYKTYP U (hOpMasbHBIX
METOJI0B CHHTE3a MUKPOIIPOrPaMMHBIX aBTOMATOB C HEKAHOHMYECKOH peanu3alueil QyHKIUK epexooB, OPHEHTHPOBAHHBIX HA ONITHUMH3ALHI0

arnaparypHbIX 3aTpaTt B JIOTHYECKON CXeMe aBTOMara.

KiaoueBbie cioBa: MHKpOHpOFpaMMHBIP’I aBTOMAaT Ha CUCTYHKE, MaTeMaTU4C€CKass MOICIb, IPOMEKYTOYHAS anrera IIepexoa0s,

anrnapaTypHbIE 3aTPaThl.

HOMEHKJIATYPA

MIIA — MHKpOIpPOrpaMMHBIA aBTOMAT;

KC — xoMOuHAI[MOHHASI CXEMA;

MX — MyIbTUILIEKCOD;

PII — peructp mamsitu;

COMO - cxema (HOpMUPOBAHUS MUKPOOIIEPAIIHIA;

I'CA — rpad-cxema anropurma;

JIIIC — nuueliHas MoCIen0BaTEILHOCTh COCTOSIHUM;

[IK — npsmoii kox;

JIK — nonoigHUTENbHBINA KO,

T — CTPYKTYpHBIH (IBOMYHBIN) KO TEKYIIETO COCTOSI-
HUS,

1} — paspsiz CTPYKTypHOIO KOZA TEKYILIETO COCTOSHHS;

R — pa3psaHOCTh KOAa COCTOSTHHS;

X — MHOXKECTBO BXO/IHBIX CHUTHAJIOB;

Y — MHOXeCcTBO MHKpoonepaluii, GoOpMHPYEMbIX aBTO-
MaToM;

8§ — abcrpakTHas (pyHKIHMS MEPEXOJIOB;

d — cTpykTypHas (QYHKIMS NepexooB (CTPYKTYpPHBIN
KOJI COCTOSIHHS TIepexofia);

D; — pa3psan CTPYKTypHOTO KOJia COCTOSHHMS IEpPEXoia;
d; — dacTH4Has abcTpakTHas (QYHKUUS I1EPEXOIOB;

d; — JacTU4HAsA CTPYKTypHas QYHKLHS IEPEXOIOB;
Gg — abcTpakTHas anredpa Mepexosos;

G, — cTpyKkTypHas anredpa HepexoJoB;

GS,' — abcTpakTHas mojajiredpa mepexoos;

Gd,- — CTPYKTypHasi mojanredpa nepexooB;

G — npomexyTouHasi anredpa MepexojioB;
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A — MHOXECTBO COCTOSTHHUH aBTOMarTa,
d; — COCTOSIHHE aBTOMATa,

K;(a;) — OpoMexyTO4HBIH KON COCTOAHMA ;]

As, — MHOKECTBO COCTOSHMIA, BXOUINX B HOCHTEIIb 110~
nanre6psr G, ;

K (45,) — MHOXECTBO POMEXKYTOUHBIX KOZIOB COCTO-
sHuit u3 MHOXKecTBa 43, ;

Oy, — onepanys HHKPEMEHTa;

Opee — onepanus IeKPEMEHTa;

N; — KOIMYeCTBO IMPOMEXYTOUHBIX alureOp IepexonoB;

Kg(a;) — cTpyKTypHBIH (IBOMYHBL) KOI COCTOAHMA A, ;

X; — BXOJHOM CHI'HAJl aBTOMATa;
K (x;) — mpoMexyTO4HBIH KO BXOTHOTO CHTHAkA X; ;

Xgi — MHO>XXCECTBO BXOJOHBIX CUT'HAJIOB, BXOOAIIMUX B HO-

curens nopanreoper Gy, ;

KX 5l.) — MHOKECTBO NMPOMEXKYTOUYHBIX KOJOB BXOJ-
HBIX CUTHAIIOB M3 MHOYKECTBA X ;5

L, — GJIOK JIOTHYECKOTO CIBMIa Ha OIMH Pa3ps/l BJIEBO;

Y — cymMmarop;

Z — CWTHAaJ YNpaBJIeHHUsS MYIBTUIUIEKCOPOM;

Z — CTpYKTYpHBIH 0JI0K, (opmupyrooimuid curnan Z (Z-
rmoJicxema).

M — KOJIWYeCcTBO COCTOSIHMM aBTOMaTa;

B — xonmyecTBO MepexofoB aBTOMATA;
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N — KONHYecTBO MHKpOOIepanuii, (OpMHPYEMBIX aBTO-
MaToM;

E — >¢pdextuBHOCTS MITA 10 KpHTEpHIO ammapaTypHBIX
3aTpart;

k, — k03 pUIHMEHT MUHMMM3ALHMU alNapaTypHbIX 3aT-
part;

k, — o1 aBTOMATHBIX IIEPEXO/IOB, PEAIM3YEMBIX ONepa-
LHOHHEIM CIIOCOOOM;

k, — xo3ppuurenT 3QHEXTUBHOCTH HCIIOIb30BAHUS

onounoi mamatu [IJIMC FPGA.
BBEJIEHHE

OpHUM U3 LEHTPAIbHBIX y3710B COBPEMEHHBIX BBIYUCIIH-
TEJIbHBIX CUCTEM SIBIIETCSA YCTPOMCTBO YNpPAaBIEHUS, KOOP-
JTUHHpYIoIee paboTy Beex OMokoB cucteMsl [1]. OmHEM w3
CI0CO00B pearn3anuy yCTPOUCTBA YIIPaBICHUS SBISETCS
MIIA, noruueckasi cxemMa KOTOPOTO XapaKTepHU3yeTcsi OTHO-
CHTEIIFHO BBICOKMM OBICTPOCHCTBHEM IPH 3HAYUTENBHBIX
annaparypHsiX 3arpaTax [2]. IIpu 3ToM akTyanbHOH Hayd-
HOI1 3ajaueif sABiseTCs pa3padoTka HOBBIX CTPYKTyp MIIA,
00JIaJal0myX MEHBIINMH 3aTpaTaMH ammapaTypsl 10 CpaB-
HEHUIO C U3BECTHBIMU CTPYKTypamu [2—4].

OpHOH 13 CTPYKTYpHBIX pa3sHoBuaHocTed MIIA sBuser-
CsI MEKPOITPOrPaMMHBII aBTOMAT Ha cuerdnke (C-aBTOMAT)
[3]. B HeM uacTh MUKpPOIPOrpaMMHBIX NEPEXOIOB PEAU3y-
eTcsl KAHOHWYECKHM CIIOCOOOM TI0 cHcTeMe OylneBEIX ypaB-
HEHUH, 4acTh — C IOMOIIbI0 MHKPEMEHTHOIO CYETUUKA.
INockonbKy anmapaTypHbl€ 3aTpaTbl B CXEME CUETUMKA HE
3aBHUCAT OT YUCIIA PEAIU3YyEMBIX C €r0 IOMOIIBIO aBTOMAT-
HBIX [1E€PEXOJIOB, BBIUTPLIII B alllapaTypHbIX 3aTpaTax B JIO-
ruyeckoil cxeme MIIA co cueTunKoM BO3pPAacTaeT C yBENH-
YEeHHEM JONIU TaKUX HEPEXOJOB.

B Hacrosmeit pabore IS MHKPOIPOIPaMMHOTO aBTO-
MaTa Ha CYETYMKE MpeyiaraeTcs psj 000OIIeHNH, TPUBO-
JIAIIUX K Pa3IUIHBIM CTPYKTYPHBIM Moaubukamusam. Lle-
JIbI0 paloTHI sIBIIsieTCs (hOpMaNIM3alusl TaHHBIX 0000IIeHUI
Ha YPOBHE MATEMAaTHUYECKHX M CTPYKTYPHBIX MOJENCH.

1 IIOCTAHOBKA 3AJJAYA
OCHOBHOW Hay4YHOH 3aja4el, pemaeMod B JaHHOW pa-

0ote, sBIsieTcs pa3paboTka HOBBIX MoauGUKaimid Gopmaib-
HOM MaTeMaTH4eCKOW MOJAEIW aBToMaTa Ha CYETYHKe, MpPHU-
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BOJSIIUX K COOTBETCTBYIOLIMM MOJH(UKAIHSAM CTPYKTYPBI
aBromMata. MomuQHuKanuu MaTeMaTHYecKod MOJETH Tpel-
CTaBIIEHBI B BHUJIe 00OOLICHU, JIOTHUECKH CIEAYIOIINX H3
CTPYKTYPHBIX OCOOCHHOCTeW aBTOoMara. J[aHHYyIO 3amady
CIIEyeT paccMaTpUBaTh Kak 4acTh Ooyiee oOIIel HaydHO-
MPAKTUIECKON 3a/1a4H pa3pabOTKH HOBBIX CTPYKTYP U METO-
JIOB CHHTE3a MHKPOIPOrPAMMHBIX aBTOMATOB, CIIOCOOCTBY-
IOIMX YMEHBIICHHUIO alapaTypHBIX 3aTpaT B JIOTUYECKOH
cXeMe aBTOMara.

2 OB30P JIMTEPATYPbI

CTpyKTypHasi cxeMa aBTOMara Ha CYETUYMKE MpPUBEICHA
Ha puc. 1 [5]. 3mece kOMOMHAIIMOHHAS CXeMa chl npen-
cTaBisieT co0ol R-paspsIHbIN HHKpEMEHTOp, Tae R — pas-
PSAHOCTD CTPYKTYPHOTO (JIBOMYHOTO) KOJa COCTOSTHUSI aB-
tomara. Ha BXoJ MHKpeMeHTOpa Mojaaercs KOJ TEKYyILIEro
cocrostHus 7, Ha BBIXoAe popMuUpyeTCs T.H. YACTUIHAS CTPYK-
TypHas (yHKIHS NEePexofoB, 0003HAYEHHAs CUMBOIOM d].
TepMUH «4acTUYHAS» MOAPA3yMEBAET, YTO C MOMOIIBIO
WHKPEMEHTOpa peajn3yercs JIMIIb 4acTh IEPEX0Ji0B aBTO-
MaTa, TMpUYeM, COTNIacHO [3], BEIUTPHIII B anmapaTypHBIX
3arpaTax MpH UCHONb30BaHNH C-aBTOMaTa MO CPAaBHEHHIO C
kaHoHH4YeckuM MITA [2] oka3biBaeTcsl TeM BBILIE, 4eM OOJIb-
mrast J0Jisl TIEPeX0/IoB pealtu3yercss AJaHHbIM criocoooM. Tlox
TEPMUHOM «CTPYKTYpHas» CIIeIyeT MOHUMATh IpPeCTaBIIe-
HUE apTyMEHTOB W 3HAaUYeHWH (QYHKIHMH B BHUIE BEKTOPOB
CTPYKTYPHOTO (IIBOMYHOIO) an(aBuTa.

Bropas gacTe mepexonoB peanmusyercs OIIOKOM ch27
KOTOPBIH CHHTE3UPYETCsl MO0 CUCTeMe OyNeBBIX ypaBHEHUH

AQHAJIOTHYHO cXeMe (OPMUPOBAHUS MEPEXOJ0B B KAHOHU-
geckoM MIIA [2] u popMmupyeT YacCTHUHYIO CTPYKTYPHYIO

(yHKIMIO mepexonoB d, Ha OCHOBaHUM Kozja I’ M MHOXe-
CTBA CTPYKTYPHBIX BXOIHBIX CHTHANOB X = {X{,..., X[ }.
Beixonp! 6710K0B KCa,1 n KC d, TOCTyNaioT B R-paspsin-

HBbIA MynbTHIUIEKCOp MX, GOpMHPYIOMIHI CTPYKTYPHYIO
GyHKIMIO TIepexona d, COOTBETCTBYIOIIYIO KOy COCTOSHHS
nepexofa aBToMara. YIpaBlIeHHE MYIBTHILIEKCOPOM OCY-

mectBisiercs omoxom KC.

inc B COOTBETCTBMU CO 3HAYCHHU-

mu curHaioB T u X. Curnan Inc npuHAIMaeT HylIeBOe 3Have-

y

COMO—» Y

Pucynox 1 — CtpykTypHas cxema aBTOMaTa Ha CYETUHKE
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HHe [IPH Nepexoax, peann3yeMbix GyHKIMeH d), 1 equHIY-
HOE 3HA4eHHE IIPY Iepexonax, pealnsyeMblX (yHKIueH d,.

Taxoke B CTpYKTYpY BXOUIT PETHCTP IAMSTH U cxeMa (op-
MUPOBaHUsSI MUKPOOILEpAaLUi, HA3HAYEHUE U apXUTEKTypa
KOTOpBIX aHAJIOTHMUYHbI KAHOHUYECKOH cTpykType MIIA [2].
Hanuuue cBsi3y, NOKa3aHHOU ITyHKTHUPOM, IIO3BOJISET CUUTATh
JIAHHYIO CTPYKTYpY aBTOMaTOM MMM, OTCYTCTBUE — aBTO-
MaToM Mypa.

B paborte [5] npemioxkena MaTeMaTHIeCKast MOJIENb aBTO-
MaTa Ha CYeTYHKE, OCHOBAHHAS HA IPE/CTABICHHHN (DYHKIIH
MIEPEXOI0B AaBTOMATA B BUJIE JIBYX YACTHYHBIX (DYHKIIHIA M TIpef-
CTaBisieMasl CleAyromell cucteMoi n3oMop(pu3MOB anredp:

Gs < Gy; (1)
GSI <> G[ g Gdl .

3nmeck kaxjgas anreOpa IpecTaBiIsIeT co0O0il COBOKYII-
HOCTBh CUTHATYphI U Hocutels [6, 7]. CtpykTypa anrebp moa-
pobHO paccmotpeHa B [5]. CurHatypa Kaxaoi anreOps
o0pa3oBaHa COOTBETCTBYIOIIEeH (QyHKIHEH, HOCHTEIb —
MHOKECTBAMH €€ apryMEHTOB M 3HAYEHUM.

W3omopdusm Gy <> G; ycTaHAaBIMBAET B3aHMHO-OIHO-
3HaYHOE COOTBETCTBUE MEXTY aOCTPaKTHBIM aBTOMAaTOM
(3amaBaembIM, Hanpumep, B Gopme I'CA, [2]) u cTpykTyp-
HbIM C-aBTOMAaTOM. DTO BBIPAXKAETCS B TOM, UYTO KaKJOMY
COCTOSHMIO M BXOJHOMY CHUTHAIy aBTOMaTa CTaBUTCSI B CO-
OTBETCTBUE YHUKAIbHBIA CTPYKTYPHBIN KOJ, 8 KaXKJOMy Ile-
pexomy B aOCTpaKTHOM aBTOMATe — CAMHCTBEHHBIH IIEPEXON
B CTPYKTypHOM aBTOMate. B C-aBromare cyliecTBOBaHUE
JTAHHOTO M30MOp(H3Ma HE 3aBHCHT OT CIocoda pa3OHeHUs
(YHKIMH TIepexoi0B aBTOMATa Ha YacTHYHEIE (yHKINH [5].

Bropoit m3omopdmsm B cucteme (1) Bkirouaer B cebs

tpu m3omoppusma: Gs, < Gy, G <> Gy u Gy < Gy,
[Momanre6ps GSI U (G, COOTBETCTBYIOT TOM 4acTu Mepexo-
1

JIOB aBTOMara, KOTOpas peaju3yeTcsi ¢ MOMOIIBIO MHKpe-
MeHTOpa. BO3MOXHOCTh HCIONB30BAHUSI HHKPEMEHTOpPA
o0ecreynBaeTcsi CyIlieCTBOBaHHEM HM30MOP(QHU3MOB JaHHBIX
nozjanredp ¢ mpoMmeKyTodHoH anrebpoil mepexonos Gy,
CHUTHATypa KOTOpOoH oOpa3oBaHa (yHKIMECH MHKpEMEHTa, a
HOCHUTENb MPEACTaBiseT co00H MOIMHOKECTBO HATypalb-
HBIX YHCeJ. DTO BBI3BAHO T€M, YTO B HCIOJb3yeMas B
C-aBroMate omepauus uHkpementa Op,. oIpenencHa Iy
ckassipHbix BenmmuuH. CornmacHo [3], B mpouecce cuate3a C-
aBTOMarTa Ha dTane (pOPMHUPOBAHUS JIMHEHHBIX MOCIEIOBa-
TENBHOCTEN COCTOSTHUM KaJ0e COCTOAHHME «; € A, BXOHd-

miee B HOCHUTENb MOAanreOps Gsl, MOJIy4aeT YHUKaJIbHBIN

«CKaJISApHBIN» (mpoMexyrounslil) xox K;(a;) u3 MHOXe-

CTBa HaTypaJIbHBIX uncel. «CKaJspHbIe» KOIbl Ha3HAYaIoT-
Csl BCEM COCTOSIHUSIM, MEPEXObl B KOTOPHIE WIIH MEPEXOIbI
13 KOTOPBIX BBIMONHSIOTCS C MIOMOLIBIO OTEpaluy MHKpe-
MeHTa. Takum 00pa3oMm, pe3ynsTaToM KOIUPOBAaHUS COCTO-
SIHUH, MPUCYTCTBYIOLINX B HOCHUTENE MOAAIreOphl G51’ SIB-

JIICTCSI MHOXKECTBO CKAIIPHBIX KomoB K (Aal ). Cocrosiuus,

OTCYTCTBYIOIIME€ B HOCHUTEIE Gal, «CKAJIIPHBIX» KOJIOB HE
MIOJTY4atoT.
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Taxum obpa3oM, HocuTenb anreOpsl nepexonoB Gy co-

JACPIKUT MHOXKXCECTBO K[ (A6| ), CUrHarypa — onepaunuro Olnc:
Gl =< {KI (A81 )}a {Olnc} > )

B JAAHHOM BBIPpAXXCHUH OIlCpalusa O[n c €CTb MHOXECCTBO

KOpTeXel Buaa
<Kj(a;),Ki(a;)>, 3)

e K;(a;), K; (aj) e K; (Agl). IMockonbKy MHOXECTBO
BXOJHBIX CHUTHAJIOB X HE SIBISICTCS apTyMEHTOM OIEpaIliy
Oy, » OHO OTCYTCTIBYeT B Hocutene anreOpst Gy, a ero ie-

MEHTHI — B KopTexe (3).

3 MATEPUAJIBI U METO/IbI

CrnenaeM JUisi aBTOMaTa Ha CUSTYHKE Psill 0OOOIICHUI.

O6o6menne 1. B curaatrype nmpoMexyTrouHOH anreOpsl
[IEPEX0JI0B MOXKET HCIIOJIb30BAThCs ONEpalysi, OTINYHAS OT
omnepalnyuyd MHKPEMEHTA.

B nponecce cunteza C-aBromara npu KOAWPOBAHUU CO-
crosHni B ucxonHOi ['CA BBIIENAIOT T.H. IMHEWHBIE MOCIIe-
noBatensHOCTH coctosamit (JITIC), B mpenenax KOTOPHIX me-
pexoapl BBIIOIHAIOTCS C MOMOUIBIO ONEpalii MHKPEMEHTa
[4]. Konuposanue cocrosiuuii B npenenax JIIIC Beimonnser-
csl B €CTECTBEHHOM MOPSAKE — TaK, YTOOBI ECATHIHAS WH-
TeprpeTanys Koja Ka)JIOoro CIEIYIOIIero COCTOSHUS ObLia
Ha eTUHUILY OOJbIe, YeM y MPEeAbIIYIIEr0 COCTOSHHUSL.

3amerum, uyTo HMUYTO He Memraer B npenenax JIIIC BoI-
MOJTHUTH KOIHMPOBAHHE COCTOSIHHHA B TOPSAKE YOBIBAHUS
JIECSTUYHBIX 3HAYEHUH KOJOB COCTOSHHM, YTO MO3BOJIUT pe-
aM30BbIBATH COOTBETCTBYIOIIME MEPEX0JIbI C MOMOUIbIO
ornepanuu aekpeMeHrta. [Ipy 3ToM B BeIpakeHUH (2) omnepa-
mus uHKpeMeHTa Op,. OyoeT 3aMeHeHa orepanueil mekpe-

meHta Op,., @ B CIpyKType Ha puc. 1 G0k chl Oyzer

MPENCTABISATh cOO0W R-pa3psiaHblii gekpeMeHnTop. Takoi
aBTOMAT MOXKET OBITh Ha3BaH D-aBTOMaTOM, a METO/IMKA €T0
cuHTe3a nogooHa C-aBTOMATY.

B Gornee 001ieM citydae MOKHO YTBEpXK/IaTh, UTO B CHI'HA-
Type IPOMEKYTOUHOH anreOpbl MePexo0B MOXKET UCIIONb-
30BaThCs JII00Ast orepanys Haj KOoJaMH COCTOSIHUE (HE TONb-
KO MHKPEMEHT WM JiekpeMeHT). Omnepaiys MOXeT ObITh OIl-
peneneHa Kak Ha MHOXECTBE NMPOMEXYTOUHBIX KOJOB
COCTOSTHUH (CJIOKEHHE WM BBIYMTAHUE C KOHCTAHTOM, YMHO-
JKeHHE WIH JeleHNe Ha KOHCTAaHTY, BO3BEJCHUE B KBaJpaT,
W3BIIEYCHNE KOPHS H T.IL), TAK U Ha MHOXKECTBE CTPYKTYPHBIX
(IBOMYHBIX) KOIOB COCTOSIHME (KOHBIOHKIIMS WIIN JU3bIOHK-
LM ¢ KOHCTAHTOM, JIOTMYECKHH MM NUKIMYCCKHH CJIBHI, WH-
BEpCHs BCEX WM OTHENBHBIX OWTOB W T.I.) JlOMycTHMO BBI-
TIOJTHEHHE TAaKUX OINEpaliii HaJl YaCThIO IBOMYHBIX Pa3psiaoB
Kofa cocTosiHMs. TakuM 00pa3oM, HUKAKHUX MPUHIMIHAATBHBIX
OTpaHUYCHUI Ha BBIOOP OIEpaIlH, MCHOIb3YEMON B CHI'HA-
Type MPOMEXYTOUHOU anreOpbl, HE CYIIECTBYET.

Kak Obu10 oTMeueHo, 3¢ dexTuBHOCT, C-aBTOMATA MO
anmapaTypHBIM 3aTpaTaM OO0YCJIOBJIEHA TE€M, YTO 3aTPaThl
anmnapaTypbl B HHKPEMEHTOpPE HE 3aBHCAT (Npu (PUKCHUPO-
BaHHOHM Pa3psIHOCTH CTPYKTYPHOTO KOJA COCTOSIHHS) OT
YHClla aBTOMATHBIX TEPEX0/I0B, Pean3yeMbIX JTaHHBIM 0JI0-
koM. BeiiBUHEM mojo0HOE TpeOoBaHME K JIFOOOW omepa-
LIMH, UCTIOJIb3YEeMOW B CHTHAType MPOMEXYTOYHOH anred-
pwl iepexonoB. Kak u B ciiyyae C-aBromara, 3 pekTuBHOCTH
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IO anmapaTypHBIM 3aTpaTaM OyIeT TeM BBIIIe, YeM OOib-
hiee 4YKuclIo HNEPEXOJO0B peallu3yeTcs IMOCPEICTBOM JAaHHOH
onepanuu.
O6o0menne 2. AnreOpamdeckuii CHHTE3 aBTOMAaTa JIOIyC-
KaeT HCIOMBb30BAaHNE HECKONBKIX IPOMEKYTOYHBIX anrelp.
ITycts MukponporpamMMmHsiii aBromar Mypa 3agan I'CA

I (puc. 2).

Beigemam B I ase JIIC: <a, a, a,, a,> v <a,, a,, a>.
3amaguM COCTOSHUSM IPOMEXXYTOUHBIE KOIBI U3 MHOXE-
CTBa HATYpalIbHBIX YHCENI CIEAYIOIHM O00pa3oM:
Ki(ag)=2, Ki(a)=3, Kj(a)=4, K(a3)=5,
K;(ayg) =1, K;(as) =0. MoxHO 3aMeTHTb, YTO IPU JaH-
HBIX 3HAUCHHSAX IPOMEKYTOIHBIX KOJOB COCTOSIHHI ITepeXo-
1l B ipenenax nepBoid JITIC Moryt ObITh BBITIOTHEHBI C TIO-
MOIIBIO ONlEpallMy MHKpEMeHTa, B npezenax sropoi JIIC —
¢ IIOMOLIBIO OIepanuM AekpeMmeHTa. Ilepexon u3 cocTos-
HUS a5 ¢ kKoztoM O B COCTOSHUE @) C KOZIOM 2 HE MOXET OBITh
BBITIOJTHEH C TIOMOIIBI0 OFHOH M3 3THX OIepamiii U JOIDKEH
OBITH peann30BaH KAHOHHMYECKHUM CIIOCOOOM IIO CHCTEMe
OyIeBBIX ypaBHEHUH.

TaxuMm 00pa3oM, MOXXHO TOBOPHTH O TPEX YaCTHUHBIX
GbyHKIMAX nepexonos: QyHKIHUA O; OHpENENsieT Nepexopl
BHyTpH nepsoii JIIIC, &, — Bryrpu Bropoii JIIIC, &5 ompe-
JeNseT «KaHOHWYECKUID» epexon as — d. IlomobHoe pa3-
OmeHHe MO3BOIAET cHOPMUPOBATH JBE MPOMEKYTOTHBIX
anreOpBI TePeXooB, IepBas U3 KOTOPIX ONpENeNseTcs BhI-
paxenueM (1), Bropas — BeipaxkeHueM (1), B koropom Oy,

3ameHeHa Ha Op,.. COOTBETCTBEHHO, MAaTEMAaTHIECKask MO-
JIeTb TIOJTy9eHHOT0 aBToMaTa, rmo anainoruu ¢ (1), mpencrae-
JISIeTCsl BBIpayKeHUEM (4).

G5 <> Gd;
G5] © G,1 e Gdl; 4)
GSZ <~ G[2 L d Gdz'

HAYAJIO ) 4o
1 0
Ny ai Y13 as
Y3 a Y3Y4)s as
|
Ya)ys as

KOHEL] ) ao

Pucynok 2 — I'pad-cxema anropurma 1)

B obmeM cirydae KOMHYECTBO IPOMEKYTOUHBIX anredp
MOXeT OBITh OOMNBINE ABYX (B MPEIENHHOM CIydae — PaBHO
KOITMYECTBY HepexoioB aBTroMara). IIpm sTom cucrema (4)
IPUMET CIEAYIOLIMN BUI:

GS <> Gd;
Gal (—)GII e d Gdl;
®)

GS <> G]NI <> GdNI .

Ny

OTMeTHM, YTO LeNecCO0OpPa3HOCTh HCIIONB30BAHUS He-
CKONBKHX MPOMEXYTOIHBIX anreOp ompenemnsercs, IOMIMO
BBINTPHIIIA B alllapaTypHBIX 3aTpaTaX, CIOKHOCTHIO CHHTE-
3a aBTOMATa, CBS3aHHOW C ITOMCKOM HEOOXOIMUMOro pasOme-
HUA QYHKIMN TEepexoJ0B Ha YacTHYHbIE (DYHKIMH, BBIOO-
pPOM omepanuii M CIenHaTbHBIM KOAWPOBAHUEM COCTOSHHIL.

O6o6menne 3. B mpomMexyTouHBIX anredpax IOMyCTH-
MBI pa3JINYHbIe HHTEPIPETAaliH CTPYKTYpPHBIX KOTOB COCTO-
STHUH.

B crpykrypHoii anrebpe nepexonoB G,; KO COCTOSHHS

€CTh OMTOBBII BEKTOp, YHHKAJbHBII B paMKax HCIOJb3Yye-
MOT0 MHOXKECTBA CTPYKTYPHBIX KOIIOB COCTOSIHHMIA. B BbIUmC-
JIUTEIBHON TEXHUKE OMTOBBIN BEKTOpP paccMaTpUBAETCS HE
TONTBKO KaK YHHKAJIBHBIH Ha0Op OMTOB, HO M JIOMYCKaeT pas-
JMHYHYI0 YHCIOBYIO (CKalsipHYyI0) nHTepnperanuio [8]. Ta-
KHMH WHTEPIPETAMSIMH MOTYT OBITh: YHCIO C (PUKCHPO-
BaHHOW 3arsToi (0e3 3Haka, B MPSIMOM, OOpaTHOM WIIH JIO-
MOJTHUTENBHOM KOJax), YHCJIO C IUIaBalOIell 3amsaToi
(HOpMaJlM30BaHHOE, IEHOPMAIM30BAHHOE, Pa3IMYHON TOY-
HOCTH), YUCJIO B JTBOMYHO-AECITHIHOM (opmaTe (ymaKoBaH-
HOE, HEYIAaKOBAHHOE) U JAPYyTHe.

Ipu ¢uKcHpoBaHHOM KOIMYECTBE ABOMYHBIX Pa3psaoB
KaXIbIi U3 JTaHHBIX (POPMATOB COOTBETCTBYET HEKOTOPOMY
MHOXKECTBY YHCeJ, HaJ] KOTOPBIM MOXXET OBITH OIpEeAeneHO
MHOXKECTBO OIepanuid pa3nugHoi apHoctu. [Ipu atom mro-
0ast orepaiysi MOXKET ObITh peain30BaHa CXEMHBIM ITyTEM B
OONBIINHCTBE W3BECTHBIX AIEMEHTHBIX 0a3HCOB, 3a4acTYO
JIOTyCKasi pa3fIMuHble apXUTEKTYpHBIE BapHAHTHI peanu3a-
UM, XapaKTepU3yIOLINecsl 3aTpaTaMy ammnaparypsl, ObICT-
pomeiCcTBIEM, PEryIsIPHOCTBIO, YHUBEPCATIBHOCTBIO U T.J.

OnavH U TOT XK€ aBTOMATHBIM MEPEXo]l, pacCMaTpuBae-
MBIH Kak Npeo0pa3oBaHUE OJHOTO CTPYKTYPHOrO (ABOMY-
HOT'0) BEKTOpa B JIPYroi, MOXKET ObITh peaJin30BaH NpH pa3-
JUYHBIX HHTEPIPETAIUAX CTPYKTYPHBIX KOJIOB COCTOSTHHH.
I[Tyctb, Hanpumep, A COCTOSIHMS ; U3BECTEH CTPYKTYp-
bl ko K g (a;)=11101011,. JlanHbIi koI MOXET HHTEPIIPE-
THPOBATbCA Kak ILiejoe 0e3 3Haka, paBHoe 235, MO0 Kak
uenoe B OpsAMoM Koze, pasHoe —107,, 1ubo kak 1enoe B
JIOTIOTHUTENIBHOM KoJie, paBHOe —21 e

[Iycts B aBTOMAaTe BBIOMHSETCS MEPEXOA M3 COCTOSHHS

a; B COCTOsHME d;, IIPU KOTOPOM Tpelbyercs Ipeobpaso-
Bath Kof cocrosumst Kg(a;) = 11101011, =235 =-107 =
_21m< B KO KS(aj) = 00010100, = 20, = +20,, = +20m<'
[ToHATHO, YTO B 3aBHCHMOCTH OT YHCIOBOTO (hopmara Ko-

JIOB COCTOSIHHII OyIy HCIIONB30BAHBI PA3IHYHBIC OMEPALMH.
Tak, B 0e33HAKOBOM JAeCATHYHOM (hopmare Takoi orepa-
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oA OyIeT CIIOKeHHE ¢ KOHCTaHTOM 41,,, B IPAMOM KOZIE —
CIIO)KEHUE C KOHCTaHTOM +127 ., B IONONHUTENLHOM KOJIE —
CIIOKEHHE C KOHCTaHTOH +41 e [Ipu sTOM Kaxkaast U3 3TUX
omepanuii JaeT B pe3ylbTaTe HYXHBI OUTOBBIH BEKTOD

Kg(a;) =11101011,,
Boree TOro, Ipu HCIOJIb30BAHMH HEKOTOPOIro YUCIOBOIO

CbOpMaTa OIHO U TO XKCE Hp€O6pa3OBaHI/I€ JBOHMYHBIX BCKTO-
POB MOXET OBITH BBIIIOJIHEHO C NIOMOIIBbIO pa3JIMYHBIX OIlC-

panuii. Tak, npeobpasosanue xoma Kg(a;)= 21 1k B KO

K S (a i )= +20 i MOXKeT OBITH BEIIIOIIHEHO C IIOMOIIBIO OIle-
paunit «Kg(a;) +41,», «(Kg(a;)+1)*(-1)p, «Kg(a;)*(—
1)+1». Bee st onepanym, (hakTHISCKH, BHIIOMHSIOT IPeod-
pasoBanue asonuHoro Bekropa 11101011 B Bekrop 00010100.

3aM€TI/IM, 49TO B pacCMaTpuBa€MOM IIpUMEPE Hamboiee
6I>ICTpI>IM M DKOHOMHBIM CIIOCOOOM HpeO6pa3OBaHI/I$[

Kg(a;)=11101011,B Kg(a;)=11101011, sBnsercs onepa-

s TopaspsAgHod mHBepcun. OTHAKO IeNIeco00pa3HOCTh
UCIOJIB30BaHUS TOM WM MHOI ONepaniy 3aBUCHT OT TOTO,
KaKoe CyMMapHOE KOJMYECTBO aBTOMATHBIX IIEPEXOJOB MO-
XKeT OBITh peaTH30BaHO C ITOMOIIBIO JTAHHOW OIepalud B
npoexkrupyemom MIIA.

O6001menne 4. BxonHble CUrHaabl aBTOMaTa MOI'YT BbIC-
TymnaTh B KaueCTBE apryMEHTOB ONEpaIiy, oOpasyromiei
CUTHATYPY IMPOMEXYTOYHOH anreOphl MepexoIoB.

B cootBercTBHM ¢ 0000meHEeM 3, B MIPOMEXYTOTHOMH
anrebpe MepexooB CTPYKTYPHBIH KOX COCTOSHHUSI MHTEpIIpe-
THpYeTCs KaK HEKOTOpas CKallsipHas WM BEKTOpPHAs BEIU-
grHa. BMecTe ¢ TeM CBOIO MHTEpPIPETALHIO MOTYT UMETh H
CTPYKTYpHBIE KOIbI BXOAHBIX CHTHAJIOB, IIPHYEM HHTEpIIpe-
TaI[ KOJOB COCTOSIHHMI M BXOMHBIX CHTHAJIOB MOTYT Kak
COBIIAJIaTh, TAK U OBITh PA3INYHBIMH.

ITycts nexoropas I'CA [, OTMeYEHHas COCTOSHHUAMHU

apromara MuIH, CONCPKUT (hparMeHT, H300paKCHHBIH Ha
puc. 3. JlaHHBIH (parMeHT COACPKHUT JBa YCIOBHBIX Iepe-
XOlla U3 COCTOSHHSA (), KOTOPBIM B KaHOHHMYeCKoM MIIA
COOTBETCTBYIOT [IBa Pa3JIMYHBIX TepMa B CHCTEMe OyIeBBIX
ypaBHEHUH (YHKIUH TIEPEXOOB.

B aBTOMare Ha cueTuuke JHO00H M3 ATUX MEPEeXonoB (HO
He 00a cpa3y) MOXKET ObITh pealIi30BaH C MOMOIIBIO Orepa-
LUK UHKPEMEHTA, APYroi — KaHOHHYeCcKuM crocodbom. Crio-
€00 peasu3alyy TOro WM WHOTO Mepexoia OnpeieseT 0ok

KC,,., peanu3ylomuii ¢ yHKIUIO

Inc=1Inc(T,X). 6)
/\|/
ai
1 0

Pucynok 3 — ®parment I'CA 1)
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Kak u B xanonuueckom MIIA, B cucreme ypaBHEHUH

6noka KC Inc K@KIOMy NEPEXOIY COOTBETCTBYET YHUKAIIb-
HBII OyleB TepM, BKIIOUAIOIIWH MPsIMOE WM HHBEPCHOE
3HAUYCHHUC [EPEMCHHON X ;. B TO 3¢ Bpems Ha BXOX MHKpe-

MEHTOpa CHUTHaibl X HE MOCTYNAIOT, IIOCKOJIbKY HE SIBJISIOT-
Cs apryMeHTaMHu OIepaluid MWHKPEMEHTa.

Ilo ananornu ¢ C-aBTOMaTOM JaJWM KOJaM COCTOSTHHH
CKAISIPHYIO MHTEPIPETANUIO B opMaTe MENbIX YHcen 0e3
3HaKa, MOJYYHB TaKHUM 00pa30M MHOXKECTBO ITPOMEKYTOU-

HBIX K0710B cocTosHni K (a;). Peannsyem oba nepexona u3
COCTOSHHS (] C MOMOMLIBIO OfHON onepauuu O], NpeaCTaB-
nsieMolt B BUJe HHTepBaIBHON (yHKIMH (7).

Kl(a,-)~2, X = l,
'K @) 241, 3 =0. ™
I/IHTepHpeTI/IpyeM JIOTHYCCKOC 3HAUYCHUC HepeMeHHOﬁ

X| KakK CKaJIIpHYI0 BEIMYHHY B TOM K€ (opmare, 4TO U

IPOMEXYTOYHbIE KOIBI COCTOSHUH. Takum obpazom, mpo-
MEXYTOUHBIMU KOZAMH IIEPEMEHHOH X| MOTYT OBITh KOJIBI
K (x))=0,,um K;(x))=1,, D10 no3ponser npeodpasoBaTh
BbIpakeHHe (7) K HEMHTEPBAJIBHOMY BUILY:

O =Ky(a;) 2+ K (x)). ®)

ITycts K;(ap)=5. Torma Moryr ObITH OIpPENENEHBI MPO-

MEXYTOYHBIE KOABI COCTOSHHU mepexonoB K;(ay) u
Ki(ay) =

npu x; =0 momydaem

Ki(ap): npu x =1
:Kl(al) . 2+K1()C1):5'2+1:11
Kj(a3)=Kj(ay) 2+ K;(x) =52+0=10 . Pesynsrars uc-
MOJIE30BaHUs BhIpaXkeHHs (8) HOIDKHBI YUHUTBHIBATHCS MPHU
KOIUPOBaHUU ocTanbHbIX coctosHuid ['CA.

nojydacm

10°

Jlormueckas cxema GJ0Ka KC01, peanu3yromias onepa-

uuo O), MOXET ObITh Takoi, Kak Ha puc. 4. B neii 6110k «L »
peanu3yeT ONepanuio JOTHIECKOTO CIABHra R-pa3psiaHOro
CTPYKTYPHOTO KOJa COCTOSIHHSI Ha OJWH Pas3psii BICBO, YTO
JUTst O€33HAKOBBIX IIEJIBIX YHCENT SKBHUBAJICHTHO YMHOKEHHUIO
Ha 2. Cymmatop (OJI0K «3») OpraHu30BaH TaKUM 00pa3oM,

Tl TR X1
i KCO1 i
| Ly |
I !
I |
| |
I |
: |
| z |
* _______ *
D, .. Dp

PI/ICyHOK 4— (DyHKHI/IOHaJ'II)HaSI CXeéMa, COOTBETCTBYIOIIAsA

onepanun O]
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4TO 3HAUECHHE CHTHaNa X; MpuOaBIseTcs K MIaAIeMy pas-
Py KOfa TEKYyIIeTO COCTOSHHSL

OcobeHHOCTBIO OIIoKa KCO1 SIBIII€TCS TO, 4TO HA €ro
BXOJI, IIOMUMO KOZfa COCTOSHUS 7, ToffaeTcsl BXOTHOM CHTHAII
X1, MCHONB3yeMblil B onepaii O] B Ka4ecTBE CIIaracMoro
U HETIOCPEICTBCHHO BIUSIOMMN Ha €€ pe3ylbTar. Takum
00pa3oM, B OTJIMYME OT ONEpaluy MHKpeMeHTa, O ABIseT-
CsI omepanuell yCIOBHOTO Iepexofia W JOKHA BBIMONHATH-
Csl aBTOMAaTOM IIPH IIEPEXOJIE U3 COCTOSHUS ] HE3aBUCHMO
OT TEKyIIEro 3Ha4eHHs Xj.

I1pu ucnonp3oBaHuy onepanyi, mogoOHeIX O], B CTPYyK-
Type aBTOMAaTa JOJDKEH HCIONIB30BAThCA OJIOK, YIPABIISIONIHI

MymsTHIDIEKCOpoM TTogo6no Omoky KC, . B aBromare Ha

Inc
cyetynke. [Tockonbky B HameM mpumepe omnepanus O co-
MOCTABJISICTCS HE OTICILHOMY aBTOMAaTHOMY IEPEXOY, a BCEM
HEPEXOiaM U3 COCTOSHUS @, ONOK YIpPaBIECHUSI MYIBTHILIEK-
cOpoM (Ha30BeM €ro Z-MojACXeMOi) UHUIMUPYET €€ BBINOJ-
HEHHE JHIIb 110 KOJy COCTOSHHUA @), 9TO B CHUCTEME OyleBBIX
YpaBHEHHH Z-TIOICXEMbI COOTBETCTBYET €IMHCTBEHHOMY Tep-
My, 00pa3oBaHHOMY IlepeMeHHbIMU T, ..., T, ¥ HE comepxa-
nieMy IepeMeHHBIX 13 MHoxkecTBa X. Ecimu ObI mepexomsl u3
coctostHUS @) (puc. 3) peann30BBIBAINCH ABYMs Pa3JIMYHbI-
MU ONepanysIMi, KaKIOW U3 HUX COOTBETCTBOBAJI B CHCTEME
YpaBHEHUH Z-TIOACXEMBI COOTBETCTBOBAJ OBl OTHEIBHBIN
TepM, oOpa3oBaHHbIH nepeMenHbiMd T, ..., T, , xj. Taxum
00pa3oM, IpUMEHEHHe YCIOBHBIX ONepalvii, UCIOIb3YIOMINX
BXOJIHBIE CHTHAIIBI B Ka4eCTBE apIyMEHTOB, MOXKET CIOCO0-
CTBOBaTh YIPOLICHUIO CXEMbI YIPABICHUS MYIBTHILIEKCO-
poM. OfHAKO TIPH 3TOM CIIENyeT yYWUTHIBATH almapaTypHbIe
3aTpaThl B CXeMe, pealli3yloulell YCIOBHYIO ONepaluio, KO-
TOpbIE MOT'YT HUBEJIHPOBATh BBIUIPHII B Z-MIOJICXEME.

Kak 0bL10 OTMEYEHO NPH W3JIO0XKEHHUHU 0000meHus 1,
BBIUTPHIII B allapaTypHBIX 3aTpaTax OT MCHOIb30BAaHUS
orepanuii Oka3bIBaeTCsl TeM BBILIE, YeM OOJbIIe NEePEXO0B
peanmsyer Kakaas orepanus. B OTHOLIEHHH yCIOBHBIX OIle-
parnmii nepexofos, mogobHeIX (), CIELyeT OXKUIATh, YTO KO-
JIMYECTBO TMEPEXOAO0B, peaiu3yeMbIX TaKOW omepanueil B
pamkax 3aaanHoii ['CA, OyneT OTHOCHTEIHHO HEOONBIINM
(o cpaBHEHHIO C TOif ke onepanueii nHKkpemenTta). OnHa-
KO, TIOCKOJIbKY (MCX0/si M3 0000IIeHusT 2) UCIONb30BaHUE
YCIOBHBIX ONEpaluii He MCKIIYaeT OJHOBPEMEHHOIO HC-
MOJIb30BAHMSI ONEPALlUid, HE MCHONB3YIOUINX BXOJHBIE CHUT-
HaJlbl B KaueCTBE apryMEHTOB, LEJIeCOO0Pa3HOCTh MOAXO/A,
onpenensieMoro 00o0IeHrHeM 4, MOXET CIIEOBaTh TOIBKO
13 Pe3yNbTUPYIOIUX XapaKTEPUCTUK JOTHYECKOW CXEeMBbI
aBTOMATAa.

Crioco0bI UCTIOIB30BaHUS BXOJHBIX CHTHAJIOB B OlEpaly-
SIX TIEPEX0/I0B MOTYT OBITh pa3iIH4YHBIMU. Bce crocoOwr nH-
TEpIIPETAlMH CTPYKTYPHBIX KOIOB COCTOSHHH (CcM. 0000111e-
HUE 3) B TOW WM MHOM CTETICHU NMPUMEHHUMBI M K CTPYKTYp-
HBIM BXOJIHBIM CHTHaJIaM. B oOrmieM ciydae BbIOOp criocoGa
MHTEPIIPETANK BXOAHBIX CHTHAJIOB HE SIBISIETCSI OYEBUTHBIM.

Ecnu BXOAHBIE CHTHAIIBI SIBISIOTCS apTyMEHTaM omepa-
UM U3 CUTHATYPhl MPOMEXYTOUHON anreOphl MepexoioB,
BeIpakeHue (2), 3ajaroliee JaHHYIO anre0py, NpUuHUMAET
CIIEeyIOINN BU;

Gy =<{K;(45 ), K[ (X5 )5, 101} >, ©)

TAC Oorepanusa 01 CbOpMa.HBHO MpeaAcCTaBJICHAa MHOXCECTBOM

BekTopoB Buza (10).
<K1(ai)9K1(aj)sK1(xk)>a (10)

B xotopeix e K (a;), Ki(a;) € Ki(4s,), K;(xg)e
K (Xs,).
O6odmenune 5. KomndecTBO MPOMEXYTOYHEIX anreOp

MOXCET COBIIaAaTb C KOJIMYECTBOM HYaCTHUYHBIX beHKI_[I/Iﬁ ne-
pexoaoB.

B npumepe, npusenennoM st 06o6menus 2 (I'CA 17,

pHC. 2) mepexol U3 COCTOSHHUS d5 B COCTOSIHHE d () IIPU BBIO-
PaHHBIX 3HAYEHUSAX IIPOMENKYTOUHBIX KOJIOB COCTOSIHUH

(K7(a5)=0, K;(ay)=2) He MOxeT ObITH BHIIOIHEH C II0-

MOIIBIO0 ONepalnnii HHKPEMEHTa WU JeKpeMeHTa, BCIell-
CTBHE YE€ro JIOJDKEH OBITh pealn30BaH KAHOHHYECKHUM CIIO-
coboM 1o cHucTeMe OyIeBBIX YpaBHEHHH.

OnHaKo HUYTO HE MeIIaeT Ul pealu3alliyd JaHHOTO Iie-
pexoia MCIONb30BaTh TPETHIO OMEPAIUIO, PE3YIBTATOM KO-
Topoil Hax aprymentoM 0 siBisercss 3HaueHue 2. CoriacHo
00001IeHNI0 2, TaHHOE MPeodpa3oBaHHe MOXET OBITh BBI-
MOJTHEHO C MOMOIIBIO Pa3NIMYHBIX ONEpAIil: CIOXKEHHE C
KOHCTaHTOW 2, WHBEPCHsI BTOPOTO CIpaBa JIBOMYHOTO pas-
psna u T.00. [Ipu 5TOM B MareMaTHUecKyl0 MOIENTb aBTOMAaTa
n00aBUTCS TPEThS MPOMEXKYTOUHAsI anredpa Mmepexomuos,
HOCHTENb KOTOpOW 0Opa3oBaH MPOMEKYTOUHBIMH KOJTAMHU
COCTOSIHMH () M (5, a CUTHATYpa CONEPXKUT BBHIOPAaHHYIO
oIepanuio.

B pesynbraTe Bce mepexombl aBToMara OyoyT pearn3oBa-
HBI OIEPAalMOHHBIM CIIOCOOOM, M HE OJWMH Tepexoja He Oy-
JIeT peali30BaH KaHOHHMYECKHUM CIIOCOOOM IM0 cucreme Oy-
JIEBBIX YpaBHEHWH. XOTS peanu3anus eIUHCTBEHHOTO Iepe-
XO/Ia C MOMOIIBIO OTAENBHOW ONEpalnu C TOUYKH 3PEHUS
anmapaTypHbIX 3aTpaT OOBIYHO MEHEe ONTHMANIbHA, YeM €ro
KaHOHHMYECKasl pealn3alusi, HUUYTO HEe MeIlaeT HCIONIb30-
BaTh JAHHYIO OIEPaIHIO JUIS peaju3aliy APYTUX Mepexo-
JIOB aBTOMara. B olmiem ciydae JOMYCTHMBI CHTYaIldH, KOT-
Jla B aBTOMAaTe, COZleprKallleM COTHH MepeXooB, Bce 0e3 Hc-
KITFOYEHHS TIEPEXO/Ibl PEATNU3YIOTCS C TIOMOIIBIO HECKOIBKUX
olepanui, Kaxaas U3 KOTOPHIX 0OeCIeYrBaeT peatn3aliio
HECKOJIBKHX JECATKOB IepexonoB. [10CKOIbKY 3aTparhl ar-
maparypsl B JIOTHUECKOW CXeMe€ KaXX[I0i M3 omepanuil He
3aBUCAT OT KOIMYECTBA PEATH3YEeMBIX MEPEXO0B, CIEIyeT
OXHUJIaTh CYIIECTBEHHOW SKOHOMHH aIMapaTypHBIX 3aTpaT
10 CPaBHEHUIO C KAHOHMYECKHM aBTOMAaTOM. be3ycioBHO,
JTAHHBIA MOAX0MA TpeOyeT pa3pabOTKU CHEUUATbHBIX METO-
noB cuHTe3a MITA, BKIIFOUAIOLIMX TAKUE ATAIlbl, KAK BEIOOD
MHOXECTBA Omepaluii, pasoueHne QyHKIMU MEPEXO/I0B Ha
4acTHYHBIE (YHKIUH, KOAUPOBAHHUE COCTOSHHUH, CXeMHas
peanu3anys onepanuii u Apyrue.

4 OKCIIEPUMEHTDI

CpenaHHbie 0000IIEHHS MO3BOJISIFOT MOCTPOUTH 0000-
LICHHYIO CTPYKTYPY MHKPOIPOrPaMMHOI'O aBTOMATa, MC-
MOJIB3YIOIIEr0 HEKAHOHUYECKHE CIOCOObI Tpeo0pa3oBaHus
KOJIOB COCTOSIHUM (pHC. 5).

B nannoii crpykrype 6ok KCy, ..., KCdN1 COOTBET-

CTBYIOT OIEpAaLMAM, 00pas3ylolmUM CHTHATYpPbl N, mpoMe-
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PI/ICyHOK 5 - O606H.ICHHa$[ CTpYKTYpHasi cX€Ma MHUKpPOIPOrpaMMHOI'0 aBTOMara, UCIOJIb3YIOMEro HEKAHOHNYECKUE CIIOCOOBI npeoGpa3OBa—
HHS KOJIOB COCTOSTHUMA

KYTOUHBIX anredp mepexonoB. CormacHo o0o6meHHIO 1,
KaK/IbI U3 ITUX OIIOKOB MOXKET MMILIEMCHTHPOBATH JIFOOYIO
OMepaIyio, KOTOPasi BXOJAUT B CHTHATYPY IIPOMEKYTOUHOM
anreOpsl mepexoqoB. Ilpu 3TOM amnmapaTypHbIC 3aTpaThl B
TaKoM OJIOKE HE JIOMKHBI 3aBHUCETh OT KOIMWYECTBA IIEPEXO-
JIOB, pean3yeMbIX JaHHbIM O1okoM. biiok KC dy; HE OTOX-

JIECTBIIIETCS C MPOMEXKYTOUHOM anreOpol MepexooB U pe-
amu3yeT MOJAMHOXKECTBO NEPEX0/0B aBTOMaTa KaHOHHYEC-
KAM CIIOCOOOM MO cHcTeMe OyneBbIX ypaBHeHWi. CortacHO

o6oGmenuto 4, Kaxptii u3 6nokos KCy, .., KC, v, MOKeET

WCTIONB30BaTh BXOJHBIE CHTHAJNIBI aBTOMaTa B KadecTBE ap-
TYMEHTOB OIEpalliy, Peann3yeMol TaHHBIM OJOKOM.
OTMeTHM, YTO B COOTBETCTBHH C 0000IIEHNEM 3 B KakK-
JIO TIPOMEXYTOUHOH ajredpe mepexomoB MOKET HCIIOJIb-
30BaThCsl CBOM CIOCOO MHTEPIPETAK CTPYKTYPHBIX KOJOB
COCTOSIHUH, ONpEeNesIoNIuii BHYTPEHHIOID CXEMHYIO pea-
JU3aIHI0 coOTBEeTCTBYIoMIero omoka KC d; Crnenyer, onHa-

KO, OTMETUTD, YTO, €CIIH HECKOIBKO OJTIOKOB MCIONB3YIOT OTHY
U Ty K€ WHTEPHPETAlMIO CTPYKTYPHBIX KOIOB COCTOSIHUH,
CYIIECTBYET BO3MOXKHOCTh COBMECTHOW peanu3anuu 070-
KOB, MPH KOTOPOH OJWH U TOT k€ (PYHKIMOHAJBHBIA Y3
(HampuMep, CyMMaTOp) HCIOJIB3YyeTCs] 00OMMH OJOKaMH
OAHOBpEMEHHO (MeToJ 00O0OIIEeHHBIX OmepaTopos, [9]).
JlaHHBIN MOAX0A MOXET CIIOCOOCTBOBATh YMCHBILICHHIO all-
nmapaTypHBIX 3aTpaT B CXeMe aBTOMAara, a Ha CTPYKTYPHOM
YPOBHE MPHUBOJIUT K MPEICTABICHHUIO IBYX COBMECTHO pea-

muzyembix 6nokos KC; n KC; . B Buge onnoro Gnoka ¢
J
JIBYMsI BBIXOJAMH, Ka)K/bIii M3 KOTOPBIX COOTBETCTBYET CBO-
ell YaCTUYHOM CTPYKTYpHOH (DYHKIIMH TEPEXOJIO0B.
Ha ocnoBanun 0606menus 5 6ok KC dy,,» PEIH3yI0-
1

M 9acTh MEPEXOJ0B aBTOMAaTa KaHOHMYECKHM CIIOCOOO0M,
B YAaCTHOM Clly4ae MOXET oTcyTcTBoBaTh. Ho mockonbky Ha
CTPYKTYPHOM YpPOBHE BHYTPEHHSISI apXUTEKTypa OJIOKOB He
JIeTaIM3UPYeTCsl, JaHHBIH OJIOK HUKAaK He BBIACNSETCS CPEean

npyrux 6moxoB KC d,-
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Z-nonicxeMa 1ofoOHa OJIOKy [nc B aBTOMaTe Ha CUCTUH-
ke ¥ (GopMHpYeT KoX Z, MOCTYHAIOMINIl Ha YIPaBIISAIOLNIIe
BXOJIbl MYJIBTUILIEKCOpa. B pesynbrare, B KaXKJJOM TaKTe pa-
00THI CTpyKTypHast GYHKIHNA Hepexona d MPUHUMAeT OJHO

U3 3Ha4eHwdt dp, ..., d N, +1, OpeCTaBsoNiee COO0H CTPyK-

TYPHBIA KOJI COCTOSIHUSI TTepexofa.

B ocraixbHOM HaHHBIA aBTOMAT MOJOOEH aBTOMATY Ha
cueryrke. Hamuume cBsI3W, MOKa3aHHOW MYHKTHPOM, MO3BO-
JISIET CYMTAThH JAHHYIO CTPYKTYpy aBTOMaToM MM, OTCYT-
CTBHME CBs3UM — aBTOoMaroM Mypa. MaTtemaTnueckass MoJieib
JTAHHOTO aBTOMaTa B YacTH (QYHKLUUH IEPEXOJOB 3aJaeTcs
BhIpakeHUeM (5), B KOTOpOM KakJiasi MPOMEXKYTOUHAs ajl-
redpa nepexonoB (HOpMaIILHO MPENCTABISACTCS aHAJIOTHYHO
BbIpaxkeHuto (9).

Jns MITA, n300paXkeHHOTO Ha pHUC. 5, MPOBEICHBI 3KC-
MepUMeHTaIbHbIe HCCleoBaHus d()(HEKTUBHOCTH MO KpHU-
TEPHIO amnmapaTypHBIX 3aTpaT B cpaBHeHuu ¢ MIIA c¢ xaHo-
HUYECKOU CTPYKTypod. MeTojonorusi ncciaefoBaHui H3JI0-
)keHa B [10] u Te3umcHO ompexpensieTcs CIeqyIOIIUMHI
MTOJIOKEHUSMHU:

— 3¢ GEKTHBHOCTh CTPYKTYPBI ONPEICISACTCS] OTHOIICHU-
€M YHCIICHHO BBIPa)KEHHOW BETMYMHBI ammapaTypHBIX 3aT-
pat B SKBHBaJleHTHOM KaHOHMYeckoM MIIA k Bemmuumne
anmapaTypHBIX 3aTpaT ucciexyeMon cTpykrype MIIA;

— DKCHEepPHUMEHTaJIbHbIE UCCIIEIOBAaHMSI MPOBEIEHBI C MO-
momrsio VHDL-monenupoBanus; B KauecTBe Cpeasl MoJie-
nupoBanus ucnonb3oBad CATIP Xilinx Webpack v. 9.2;

— B KauecTBe deMeHTHoro 6asuca Beiopansl [IJIMC FPGA
komranuu XilinX; B Ka4ecTBE €IMHMIIBI U3MEPEHUS armapa-
TypHBIX 3aTpar — Tabnuipl nmoucka (LUT-37eMeHTbI), SBIISHO-
Iuecs peryipHbIMH (QYyHKIIMOHAJIBHBIMH Y3JaMH JaHHO-
ro knacca IIJIMC,;

— 3arparhl ammaparypsl B orudeckor cxeme MIIA ects
CyMMa 3aTpaT B KakKIOM OJIOKE CTPYKTYPHI;

— Juisi OJIOKOB, KOTOPBIE MOTYT ObITh CHHTE3UPOBAHBI B
0a3uce 3aMMOMHHAIONINX YCTPOMCTB, JOMYCKAETCs peann3a-
mus B 0asuce Omounoi mamstu [1IJIMC FPGA;
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— ammapatypHble 3aTpaTsl B 61oke COMO s obenx
CTPYKTYp HNPHUHATBHI OJJMHAKOBBIMH.

Hccnenopanys npoBeJeHbl OTAEIBHO Al aBTOMAaTOB
Mwmm u Mypa. g xaxxnoro Tuna aBTOMaTOB paccMoOTpe-
HBI YETHIPE KJIACCa CIOXKHOCTH, OIpENeNieMble 3HAUEHUS-
MU napamerpoB M, R u B: aBTOMaThbl MaJlodl CIIOKHOCTH
(M=100, R=7, B=200), cpenneii cinoxHocta (M=500, R=9,
B=1000), 6onbmoit cnoxxnoctu (M=1000, R=10, B=2000) u
cBepxOonbIoi cnoxknocta (M=2000, R=11, B=4000).

5 PE3YJIbTATHI

B Tabmn. 1 mpuBeneHs! pe3ynbraThl UCCIENOBAHHIA, OTpa-
KAIOMUX 3aBUCUMOCTE 3 pexTusHOCTH MITA Mypa co
CTPYKTYpOH, N300pa’keHHOI Ha pHC. 5, OT psAna mapamer-
pos aBTomara [10].

ConepxuMoe TaOJIHIBI NPEACTABIACT COO0H BEIOOPKY
Ha0OpOB 3HAUCHHWH MMapaMeTpoB, MPH KOTOPHIX 3HAUCHHE
s dexTHBHOCTH OKa3bIBaeTcs He Hike 1,10, 9To cooTBeT-
CTBYeT HPEBEHINICHUIO aNIapaTypHBIX 3aTpaT B KaHOHHIEC-
koM MITA Ha 10% 1o cpaBHEHMIO C 3aTpaTaMu B HCCIENye-
Mo cTpykType. Takum obpaszom, st Bcex HaOOPOB 3HAUE-
HHI TapaMeTpoB, IPUBEACHHBIX B Ta0I. 1, cTpykTypa MIIA,
n300pakeHHas Ha PHC. 5, 0 KPHTEPHIO alapaTypHBIX 3aT-
part sBisercs 3((eKTHBHOH, T.e. Oonee MPEANOYTUTENBHOM,
4eM KaHOHHMYECKasl CTPYKTYpa.

Amnam3 Tabn. 1 MO3BOMSET CAENATh CIISIYIONIHE BEIBOMBL:

— C YBEIMUYECHHUEM CIIOXKHOCTU aBTOMAaTa BO3PACTAaET KO-
JIMYECTBO MUKPOOIEpAaluil, IpU KOTOPBIX UcclIeayeMas
CTPYKTypa octaercst d3ppekTuBHOM (cTonden N);

— B aBTOMaTax 0ojee BBICOKOH CIIOXKHOCTH JOITyCTHMO
UCIIONB30BaHHE OONBIIET0 KOJIMYECTBA ONEPALH IIepexo-
JoB (cronber N j);

— HccIeyeMas CTPYKTypa ocTaercs 3 QeKTUBHOH B TOM
ciIydae, €CIH IOCJie UCIONb30BAHMS M3BECTHBIX METOJIOB
MUHUMH3AIHN PE3yIbTUPYIOIIHE 3aTPaThl almaparypsl B
CTPYKTYPHBIX OJIOKaxX, CHHTE3HPYEMBbIX 1O cucTteMe Oyie-
BBIX YPaBHEHHH, COCTABISIOT OKONO 90% OT HCXOAHBIX (CTOIN-
Geu ky);

— 00s3aTe’bHBIM yCI0BHEM 3 (HEKTUBHOCTH UCCIEIye-
MOW CTPYKTYPBHI SBISETCS BO3MOXXHOCTH ONEPAllMOHHOMN
peanmzauun He MeHee 90% aBTOMATHBIX MEPEXOA0B (CTON-
[Bit kz);

— ISl MCClIelyeMOM CTPYKTYpPbl OTHOCHUTENbHAS CTO-
nMocth 0asuca Oiounoit namstu [IJIMC FPGA no orHomre-
Huro K 6a3ucy LUT-anementoB cocrasister 0,1 (cronben k3),
YTO TOBOPHUT O LENECOO0Pa3HOCTH HCIOIB30BaHUS JaHHO-
ro 6a3uca mpu cHHTE3e OJOKOB C MAJIBIM YHCIIOM BXOTHBIX
CHTHAJIOB, KOTOpbIE MOTYT OBITh peain30BaHbl B Oa3uce 3a-
ITOMHMHAIOIIUX YCTPOWCTB.

CrenaHHbIe BBIBOJBI MO3BOJIIIOT OLEHUTH 00JacTh (-
(eKTHBHOTO NpUMEHEHHs cTPYKTypsl MIIA, m3o0paxeH-
HOH Ha puC. 5, a TakKe MOTYT OBITh YUTEHBI IPU pa3padoTKe
(opMaIH30BaHHBIX METOJOB CHHTE3a JAHHOH CTPYKTYPHL.

6 OBCYKJIEHHE

Crenannasle B paboTe 0000IIeHN U aBTOMAaTa HA CYeT-
9HUKe MOTYT OBITH HCIIOJIB30BAHBI IIPU pa3paboTKe HOBBIX
CTPYKTYp W METOJOB CHHTE3a MHKPOIIPOTPAMMHBIX aBTO-
MaTOB, HANpPaBJIEHHBIX HA ONTHMH3AIMIO allapaTypHBIX
3aTpar. Kaxkmoe n3 caenaHHBIX 00OOIICHNH SBISETCS CaMo-
CTOSITETEHBIM M HE CBSI3aHO C JIPYTHMH, BCIEICTBHE UYEro
IPOEKTHPYEMBIIl aBTOMAT MOXET 0a3MpOBAaTHCS HA OJHOM
WIH HECKONBbKHX 0000mmeHusx. B odmem ciydae morudec-
KWl CHHTe3 aBTOMAaTa CBOAUTCSA K (POPMHPOBAHHUIO CHCTE-
MBI H30MOP(GMI3MOB (5), CTPYKTYpHBII CHHTE3 — K HOCTPO-
€HHIO JIOTHYECKOH CXEeMBI aBTOMAaTa CO CTPYKTYypOH, M300-
pakeHHOH Ha puc. 5.

OTMeTHM, 9TO Pe3yIbTaThl, MOTydeHHBIE B JaHHOH pa-
6ote (0000meHns 1 MonH(HUKAIINE MaTeMaTHIECKOH U
CTPYKTYpHOH Mojeneif), OTHOCATCS K (YHKINH IepexoI0B
aBTOMAaTa M HeE 3aTParuBaioT ()YHKIMIO BBIXOJOB, pealisye-
MyI0 cxeMoil popmupoBaHus Mukpoomnepamuit COMO.

7 BJIAT'OJAPHOCTU

HccnenoBanust BBIOTHEHB! B COOTBETCTBUU C IPHUOPH-
TETHBIM HalpaBIeHUEM Pa3BUTHSI HAyKW M TEXHHUKH B YKpa-
une 10 2020 roga «MHpOpMAIMOHHBIE ¥ KOMMYHHKAIIMOH-
HbIE TEXHOJIOTHM» M COIEpKaT HeKoTopble pe3ynsrarel HUAP
«MeToa070THUECKUe ACHEKTHl CHHTE3a MUKPOIPOrpaMM-
HOrO aBTOMAaTa C OINEPallMOHHBIM aBTOMAaTOM IEPEXOJI0B)»
(Homep rocynapcrBenHoit peructpaiu 01170U004098), ¢u-
HAaHCHPYEMOH 3a CUET CPENCTB HMCIIOIHUTEIEH.

BbIBO/IbI

B nacrosiieir pabore uisi MUKpPOIIPOIPaAMMHOTO aBTO-
Mara Ha CUETYHMKE C/AeNiaH psij 0000IICHUH B OTHOIICHUHU

Tabmuua 1 — Pe3ynpTaThl SKCIepIMEHTANIBHBIX uccienoBannii MITA Mypa

CH0XXHOCTh ITapameTpsl E

MITA N N ki k> ks

50 4 0,8 0,95 0,1 1,16

M 30 4 0,9 0,95 0,1 1,12

anas

30 4 0,9 1 1 1,11

30 4 0,8 0,95 0,1 1,10

30 8 0,9 0,95 0,1 1,20

Cpemmss 100 8 0,9 0,95 0,1 1,16

100 8 0,9 0,9 0,1 1,10

90 16 0,9 0,97 0,1 1,10

100 16 0,9 0,95 0,1 1,13

Bonbimas 200 16 0,5 0,95 0,1 1,12

100 8 0,8 0,9 0,1 1,10

100 32 0,8 0,97 0,1 1,10

200 16 0,8 0,95 0,1 1,15

Caepx- 100 32 0,8 0,95 0,1 1,10

Gosbruas 100 16 0,8 091 0,1 1,10

300 8 0,85 0,9 0,1 1,10
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Kanpx. TexH. HayK, OLEHT, JOLEHT Kadeapy NPUKIAIHOI MEXaHIKU Ta KOMIT FOTEPHUX TEXHOJIOTIH JJOHebKOro HallioHAJILHOTO yHIBEpCUTe-
Ty, M. Binnuns, Ykpaina

V3ATAJIBHEHHSA MATEMATHYHOI MOJEJI MIKPOIIPOT PAMHOI'O ABTOMATA HA JITYAJIbHUKY

AKTYyaJIbHicTh. BupimieHo 3amauy po3poOKu CTPYKTYpHHUX MOAM(iKamiii MIKpOIPOTPaMHOTO aBTOMara Ha JIYWIBHUKY, SIKi MOXYTh
CIIPUATH 3HIKEHHIO anapaTypHHUX BUTPAT B JIOTIYHIil cXeMi MIKpOIIPOrpaMHOTO aBTOMATa Y MOPIiBHSAHHI 3 BIIOMUMH CTPYKTYPaMH.

MeTa po6oTH — y3araJlbHeHHs CTPYKTYPHHX OCOOJIMBOCTEH MIKpOIIPOrpaMHOIrO aBTOMAara Ha JIYMJIBHUKY 3 BUKOPHCTaHHSIM MaTeMaTH4-
HO1 MOJIelli Ha OCHOB1 MPOMDKHOI aire0pH MepexoiB.

Meton. [IpoaHaizoBaHo BiZioMy MaTeMaTHYHy MOJIEJIb MiKPOIPOrPaMHOI0 aBTOMATA Ha JIYMIIbHUKY, 3aCHOBAHY Ha IIPEACTaBICHH] (yHKIIT
MepEeXOIiB y BUIVISIII IBOX YACTKOBUX (YHKIIii. BUKOpHUCTAaHHS B CTPYKTYpi aBTOMAaTa IHKPEMEHTHOTO JIYMIbHIKA BUPAXKAETHCS B IaHIN MozIeIi
MPOMDKHOIO anreOporo MepexoiB, CUrHATYpa SIKOi YTBOpEHa €AMHOI0 (YHKIIEI0 iHKpeMeHTY. [Ipu boMy aprymMeHToM (YHKIIi € KOI MOTOYHO-
IO CTaHy aBTOMara, sIKUil IHTepPHpeTyeThCs SIK Iijte Ynucio Oe3 3Haka. [l po3NIsIHYTOI MaTteMaTUuHOI MOZeNi 3pOONeHHH psil| y3arajibHeHb B
YaCTHHI KUTBKOCTI IPOMDKHHUX airedp mepexoiB, iX curHaryp Ta HociiB. [IpoaHanizoBaHi 3MiHI B MaTeMaTHYHIl MOJIEN Ta CTPYKTYpi aBTOMara
Ha JIIYUIBHUKY, SKi € HACIIIKOM 3pO0JICHHUX y3araabHEeHb.

Pe3yabraT. Ha nifcrasi 3po6ieHnX y3araibHeHb OTPUMAHI y3arajibHEHi CTPYKTYpHA CXeMa Ta MaTeMaTHYHa MOJIeb MIKPOIIPOrPaMHOTO
aBTOMaTa 3 HEKaHOHIYHHMM Croco0oM pearizarii GyHKiil mepexoxis. [IpoBeseHi ekCriepUMEHTaNIBHI JOCTIKEHHs! eh)eKTUBHOCTI pO3pOOIeHOT
y3aranpHeHoi cTpyktypu MIIA 3a KpuTepieMm amapaTypHHX BHTpAT.

BucnoBku. OTprMaHi B JaHiii poOOTI pe3ynbTaTd MOXKYTh OyTH BUKOPHUCTaHI MPH po3poOIll HOBHX CTPYKTYpP i (OpMaIbHHX METOMIB
CHHTE3y MIKpOIIPOrpPaMHUX aBTOMATIB 3 HEKAHOHIYHOO peasti3amieto QyHKIIT epexoiB, OpiEHTOBAHUX HA ONTHUMI3AIii0 allapaTypHUX BUTPAT
B JIOTi4HIl cXeMmi aBTOMara.

KuiouoBi ciioBa: MikponporpamMHuii aBTOMAr Ha JYUIBHUKY, MaTeMaTH4YHa MOJIENb, TPOMDKHA anredpa MepexoiiB, arnapaTypHi BUTPATH.

Babakov R. M.

PhD, Associate professor of the Department of Applied Mechanics and Computer Technologies of the Donetsk national university,
Vinnitsya, Ukraine

GENERALIZING OF THE MATHEMATICAL MODEL OF MICROPROGRAM FINITE STATE MACHINE ON COUNTER

Context. The problem of developing of structural modifications of the microprogram finite state machine on the counter has been solved,
which can help reduce hardware expenses in the logical circuit of the microprogram finite state machine in comparison with the known
structures.

Objective. The goal of the work is to generalize the structural features of the microprogram finite state machine on the counter using a
mathematical model based on the intermediate algebra of transitions.

Method. The known mathematical model of a microprogram finite state machine on a counter, based on the representation of the
transition function in the form of two partial functions, is analyzed. The use of an incremental counter in the structure of the finite state
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machine is expressed in this model by an intermediate algebra of transitions whose signature is formed by a single incremental function. In this
case, the argument of the function is the code of the current state of the finite state machine, interpreted as an unsigned integer. For the
considered mathematical model, a number of generalizations are made regarding the number of intermediate algebras of transitions, their
signatures and carriers. Changes in the mathematical model and the structure of the finite-state machine on the counter, which are a
consequence of the generalizations made, are analyzed.

Results. On the basis of the generalizations made, a generalized structural scheme and a mathematical model of a microprogram finite-
state machine with a noncanonical way of realizing the transition function are obtained. Experimental research of the effectiveness of the
developed generalized structure of MPA on the criterion of hardware costs has been carried out.

Conclusions. The results obtained in this paper can be used in the development of new structures and formal methods for the synthesis
of microprogram finite state machines with noncanonical realization of the transition function, oriented to optimizing the hardware expenses
in the logical circuit of the automaton.

Keywords: microprogram finite state machine on counter, mathematical model, intermediate algebra of transitions, hardware expenses.
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Banax P. I.

AcniipaHm kaghedpu 3axucmy iHgpopmayii HauioHanbHo20 yHisepcumemy «Jlbgigcbka romnimexHika», Jlbeis, YkpaiHa

BU3HAYEHHA NAPAMETPIB KITKOYA METOAY ABTEHTU®IKALLI
WPA/WPA2 ONA CUCTEMU-NTPUMAHKUA MEPEXI CTAHOAPTY
IEEE 802.11

AKTyaJIbHiCTb. BiIKpUTHM € NMTaHHS MPaBUIBHOCTI KOH(MIrypyBaHHs CHCTEM-TIIPUMAHOK, OCOOJIUBO 11€ CTOCY€EThCS CHCTEM-TIPUMAHOK,
SKI IMITYI0Th 0€31pPOTOBI Mepexi, OCKIIbKU IX KIi€HTH € MOOLIPHMMH, a KOHTPOJIbOBAHA 30HA YACTO HEe € oOMexeHoro. HempaBuibHa
KoH(Iryparis cucTeMH-IIPUMaHKH MOXKE CTaTH O€3KOPHCHUM HAaBAHTA>KEHHSIM Y CepeJIHI aBTOMaTH30BaHOI CUCTEMH, 0COOIUBO 1€ CTOCYEThCS
cHCTeM-TIpUMaHOK i 6e3apoTroBoi Mepexi crannapry IEEE 802.11. Cucrema-npuMaHKa i3 HU3bKMM YM Bi[ICYTHIM pIBHEM 3aXMCTy MOXKE
BUKJIMKATH M1JI03pYy Y JOCBII4EHOro 3JI0BMUCHHUKA, y TIPHIOMY 5K BUIAJKy BOHA CTaHE JIETKOIO 3[00MUYI0 IOPYHUIHUKIB METOIO SIKUX € JIMIIE
JocTyn 1o pecypey InrepHer. 3 iHImOro 60Ky, BUKOPUCTAHHS CHCTEMU-IPUMAHKH i3 MAKCUMaJIbHHM PIBHEM 3aXHCTY TaKOX HE MA€ CEHCY,
OCKUIbKM TaKa MOZIENIb CTaHE HEIPHUCTYITHOIO (OPTELEIO I 3I0BMUCHHUKA.

Haii6inpIn 3aXUIIEHUMU BBA)KAIOThCS TOUKH JOCTYIY Ha SIKUX BUKOPHCTOBY€ThCS Meron aBTeHTH(ikanii WPA/WPA2, 3acrocyBaHHs
SIKOTO, IMOBIPHO, JJaCTh BIIEBHEHICTh 3JI0BMHCHMKY Y TOMY, 110 BiH aTaKye JIETITUMHY CHCTEMY.

MeTo10 po0OTH € po3poOKa JIarHOCTUYHOI MOJENI Il CUCTeM-TIPUMAaHOK Oe3apoToBux Mepex cranaapty IEEE 802.11 nis ymoBHOTO
3aXMCTy SIKOI BUKOPHCTOBY€ThCs MeTon aBTreHTH(]ikauii WPA/WPA2. Taka mozens JOIOMOXE OLIHMTH HMOTOYHY KOH(Irypawilo TOUKU
JIOCTYITy Ha IMOBIpHICTh BUKOPUCTaHHS BiIOMHX BpaszinuBocTeil Merony aBreHTH(ikanii WPA/WPA2 3 60Ky 3710BMUCHHKIB IIOTPiOHOTO piBHSA
MiATOTOBJIEHOCTI.

MeToa. 3anponoHOBaHO METOJ] OLIHKU KBaJi(hikoBaHOCTI 3JJOBMHCHMKA Ta HOIro TEXHIYHOI OCHAIIEHOCTI LIIIXOM Mif0bopy napamerpis
kmoua WPA/WPA2 nis cucremu-npuManku y 0esznporoiit mepexi cranaapry IEEE 802.11. Peani3zanist fjaHoro Merony 103BOJNUTh JOCITTU
3MEHILIECHHS HABaHTa)KEHHsI HA CUCTEMY-IIPUMAHKY, 1110 IIepelyCiM CTBOPUTS LII03110 aBTEHTUYHOCTI JIsl 3]I0BMHUCHHUKA. 3aIIPOIOHOBAHO METOJ
posnozineHoi arakyu rpy6oi cuian Ha Meron aBTeHTH(ikanii WPA/WPA2, skuii 3a6e3neuye 1iarHOCTUKY CTIHKOCTI KJII0Ya CUCTEMH-IPUMaHKH
y mepexi Wi-Fi. [IpoBeneno nopiBHAHHs anapaTHoi BipTyanisauii 3 BipTyaui3ali€lo Ha piBHI onepawLiiHOl CHCTEMH 3@ OJHAKOBHX YMOB y
paMKax aTaku rpy0oi cuiu Ha MexaHi3Mm aBreHTH(]ikauii WPA/WPA2.

PesynabTaT. OTpMaHO ONTHMAJbHI YMOBH AJIS IPOBEEHHS PO3NOJLIEHOT aTaku rpy0oi cuiM y BipTyalbHOMY CEpeJOBHILI, 110 Ja€
3MOr'y BiJIHOCHO HIBUJKO OLIHUTH PiBEHb 3aXUILEHOCTi CHCTEMH-IIPUMAaHKH.

BucHoBKH. 3anIpOIIOHOBAaHO METOA OIIHKH CTIHKOCTI Kimo4a s MeToxy aBreHTHdikanii WPA/WPA2 mepexi crannapty IEEE 802.11
JUIsL B3a€MOZAIT 31 3JI0BMUCHHMKOM IOTpPiOHOro piBHA kBaidikalii i HAsSBHOrO y HbOro TeXHiuHOro 3abesneuyeHHs. Ilopanpmunil po3BUTOK
OTpUMaB METOJI OLIIHKH 3aXuleHocTi 6e31poroBux Mepex crannapty IEEE 802.11 3a nonomoroto MeToly aHanizy iepapxiii. 3anponoHoBaHo
CepelOBHIIIE 115 IIPOBEAEHHS OLIHKY YMOBHOI 3aXUILEHOCTI CHCTEMH-TIPUMAHKH i3 yMOBAMH 3aCTOCYBaHHS MacIITaOOBAHOCTI JaHOT TEXHOJIOTT;
METOJ FeHepyBaHHs CIOBHUKIB 1711 IIPOBENCHHS OLIHKU 3aXUIIEHOCTi CHCTEM-IIPHIMAHOK, IKHH JO3BOJIMTH YHUKHYTH IIOBTOPEHHS KIIIOYIB i,
THM CaMUM, IPHIIBUIIAT OTPHMAHHS Pe3yIbTaTiB.

Kawuogi cioBa: IEEE 802.11, Wi-Fi, cucrema-ipumanka, OI[iHKa 3aXHIIEHOCTi, METOJ aHAJI3y i€papxiii.

HOMEHKIJIATYPA PBKDF2 — (anrn. Password-Based Key Derivation
Wi-Fi — saraibHOBKMBaHa Ha3Ba ans cTamaapry IEEE ~ Function) — cTannapt GopmatyBasus Kiioya Ha OCHOBI ma-
poIIIo;

802.11 mepenayi nuppPOBUX MOTOKIB JTAHUX MO Pa/liOKAHAIY; )
WPA — (aurn. Wi-Fi Protected Access) — mpoTokon 6e3- HMAC — (cxopouenns iz aurn. hash-based message
authentication code) — Kon mepeBipKd aBTEHTUYHOCTI TO-

BiJIOMJICHB, SIKHI BUKOPHUCTOBYE Xell (DYHKIIiO;
SHA1 — (anrn. Secure Hash Algorithm 1) — anroputm

TIeKH JUTS 3aXUCTy Oe3IpOTOBUX MEpEXK;
AC — aBTOMATH30BaHa CHUCTEMA;
MOI — meton ouiHkH iepapxii (anm1. Analytic Hierarchy

Process, AHP); kpunrorpadiqHoro xemryBants, onucanuii B RFC 3174; )
CIT — cHCTeMa-TIPHMAHKa; D — nmo3HaveHHs 3arajJbHOTrO CIIOBHHUKA JUIS aTaKu Ipyooi
CHIIH;

PSK — (anm. Pre-Shared key) — kirou, sikuii € momnepen-
HBO PO3JICHUI MK JBOMAa BY3JIaMH 32 JIOTIOMOTOIO TTIEBHO-
ro Oe3MeYHOro KaHay;

AES — (anm1. Advanced Encryption Standard) — takox

d — MO3HAYEHHsI OTOYHOTO CIOBHHUKA;
| — no3HaveHHs HaOOpy KOMOIHAIIH y CIOBHHUKY;
S — MIBUIKICTH Mepedopy KIIOYIB 32 OMUHHUIO Yacy;

Binomuii 1y HazBow Rijndael — cumerpuunmii anropurm g~ UaC 1epebopy CIOBHUKA METOZI0M pr68'1' cuim,
61104HOrO MHDPYBAHHS; N — BaroBa MaTpHIlsi METOMY aHAI3Y iepapXxiid.
SOHO - (aurn. Small office / home office) — Ha3Ba cur- BCTYII
MEHTY PHHKY, Kl BitHOCHTBCs 10 Kareropii (1 — 10 mpa- Besnporogi koMt totepHi Mepeski cranmapry IEEE 802.11
LIOI0UHX); € HaWIIKaBIIUM JJIs 3JIOBMHCHHKIB, OCKUIBKH JUIs TIepesia-
SSID — (anr. Service Set Identifier) — yHikanbHe HaliMe-  papyg naHMX BUKOPHCTOBYIOTH PaiOXBHII, SIKi PO3IOBCION-
HYBAHHs PO31POTOBOI MEPEKi, MO BIAPIHAE OTHY MEPEKY  s¢vioThest 32 3aKOHAMH (i3HKH, @ KOHTPOJIOBATH MOBEIiHKY
crauzapty IEEE 802.11 Bix iHiof. PamioOXBUIIb € JyKE 3aTpaTHUM pimeHHsaM. Lle o3Hauae, 110

PKCS — cranmapt kpumrrorpadii 3 BigkpuTHM KIrodem; KOHTPOJIFOBAHA 30HA B JAHOMY BHIAJIKy € HE BAIOMOIO 3

TOYKH 30pY 3aXHCTY.
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Cepiio3Hy npoOiieMy CTBOPIOE Te, IO KOPUCTYBadi Oe3-
JIPOTOBUX MEPeX € MOOLTHHIMH. BOHM MOXYTB 3’SBIATHCH
1 3HUKATH, 3MIiHIOBATH MiCIIe PO3TAaIlyBaHHS 1 HE € PHB’sI3a-
HUMH /10 (piKCOBAaHMX TOYOK BXOAY. J{yIsl i’ e AHAHHS JIMIICHb
HoTpPiOHO mepebOyBaTH y 30HI MOKPUTTI KOHKPETHOI Oe3apo-
TOBOI Mepexi.

V indopmamiiiHii Oe3meni, OKpiM HPOTHCTOSHHS «aTa-
Ka-3aXUCT» MPAKTHKYEThCS 1 «aTaka-KOHTpaTaka». Y mapi
«HATA/-3aXHCT» MPAKTUKYEThCA IOKPOKOBA CTpATETisd, a
caMe — 3JOBMICHHK KOPHCTYETHCS NEBHOIO BPA3IHBICTIO y
3aXHCTi O IOKM BOHA He Oyne BUSBIICHA 1 3aKpHUTA, IICIA
9Oro BiH 3HAXOMWTh HOBY BPA3IMBICTh, i TaK JO HECKiHYe-
HOCTi. Y BHIAJKy CTparerii «aTaka-KOHTpaTaka» CTOpPOHA
3aXUCTy Tpa€ Ha BUNEPE/PKCHHS, BUBYAIOUN il Ta MOXIIH-
BOCTI 37TOBMHCHUKA. Peaiizamist Takoi inei JIeXUTh B OCHOBI
BHUKOPHCTAHHS BipTyaJIbHHX IpUMaHOK. MeTa ix ¢yHKIio-
HyBaHHS — HiJUIaTHCh aTali abo HEeCaHKI[IOHOBAHOMY JOC-
JIJUKEHHIO 31 CTOPOHH 3JI0BMUCHHKIB, IIIO 3TOIOM JI03BOJIHTE
BUBYUTH IX CTPATETil0 Ta BU3HAYNTHU Ieperik 3acobiB, 3a J0-
MIOMOTOI0 IKHX MOXYTh OyTH HAaHECEHi ymapH IIO0 CTpaTerid-
HHUX 00’€KTax Mepexi.

Ta He npaBmnbHa KoH(DIrypamis cucreMu-npumankn (CIT)
MOXE CTaTH O€3KOPHCHHM HAaBaHTAXXCHHAM Y CEpeIWHI aB-
tomaTtn3oBaHoi cucremu (AC), ocobnuBo e crocyerbest CIT
Jutst 6e3pporoBoi Mepexi crangapty IEEE 802.11. CIT i3 Hu3b-
KM 9H BiJICYTHIM piBHEM 3aXHCTy MO)K€ BHKJIMKATH ITiJ03-
Py Y AOCBIUEHOTO 3IOBMHCHHKA, Y TipIIOMY X BHIAAKY
BOHA CTaHE JICTKOIO 3[00MYYI0 MOPYIIHHUKIB, METOIO SKUX €
JIHIIE TOCTYH 0 pecypey IHTepHer. 3 iHImoro 00Ky, BUKOPH-
crarHs CII i3 MakCHUMaNbHAM piBHEM 3aXHCTy TaKOX HE Mae
CEHCY, OCKLIBKHM TaKa MOJENb CTaHe HE MPHCTYITHOIO (opTe-
IO JUIS 3JIOBMHCHHKA.

Mertoro maHOI pOOOTH € PO3POOJICHHS METORY OLIHKU
crifikocTi Kiroua s Metona aBreHTH(dikaiii WPA/WPA2
CII nnst 6e3apororoi Mepexi crannapty IEEE 802.11, mo-
PIBHSTH CTpaTerii TeCTyBaHHS KJII0Ya Ta OOTPYHTYBATH BUOIp
CepeloBHILA /Ul POOOTH JTaHOTO METOLY.

1 IIOCTAHOBKA 3AJJAUI

OuikyBaHUM PE3YJIBTATOM JIAHOTO JIOCIIKCHHS € OTpH-
MaHHS IIKaau ckiaagHocTi P, kmoua WPA/WPA2 mna CII
6e3apoToBoi Mepexi cranaapty IEEE 802.11 mis kiHneBoro
KOPHCTyBauya Ha OCHOBi KpuTepiiB ¢j matpuui J, nobyroi
METOZIOM aHali3y iepapxiit. Pe3yasratoMm npaBuIIbHOI KOH(-
irypanii CII BucTynaroTs naHi TeCTy fgp , IO IPOTHO3YE
yac nepedopy Kiroua 3a JIONOMOroK aTakd rpy0ol CHIH.
TecT nmpoOBOANTHCSA HA OCHOBI JAHMX 31 CJIOBHUKA [), a caMe
TIOTOYHOTO CIIOBHUKA d;, PE3yIBTAaTOM SKOTO € Habip /; —/;

VHIKaJbHAX KITIOYiB [ = {kl,kz,...,kn}, Ta MIBHAKOCTI Tepe-

Oopy KJItO4iB S, KA 3aMIpSEThCS 13 MEBHOI €TAIOHHOI CHC-
TeMu. [TopiBHIOIOUM AaHHWH METOJ] 33 JIOTIOMOTOK0 METOIB
MOBHOI BipTyasi3allii Ta BipTyaiisaiii Ha piBHI omnepawiiHol
cuctemu, Oyne BUOpAHO CEpelOBHIIE JUISl TPOBEACHHS PO3-
MOJIIJICHOT aTaku Tpy0oi CHITH, IO JI03BOJIMTH 3HAWTH ONTH-
MaJIbHUM MeTOJ OLIHKK YMOBHOI 3axuineHocti CIL.

2 OIJIA ] JIITEPATYPA

OI1liHKa 3aXHUINEHOCTI KOMIT IOTEPHHX CHUCTEM Ta MEPEK
BUMara€e BEJIHUKOI yBaru, 0COOJIMBO ISl OlliHKa HaOyBae

LIHHOCTI, SKIIO MiAKPIIUIAETHCS (PaKTUIHAMH JaHUMH 1 (-
pamu [1]. Hafi6Ginpmmoi yBarn norpebyroTh 0e34pOTOBI Me-
pexi, OCKITBKM B HHUX BaXKKO 3aMpPOBAJUTH KOHTPOIbOBaHY
30HY. B pobori [2] 3anponoHOBaHO METOJ OLIHKH 3aXHIIe-
HOCTI 0e3/IPOTOBUX MEPEeX, KU 0a3yeThcsi HA METOMI OIiH-
ku iepapxiit (MOI, anrn. Analytic Hierarchy Process, AHP).
Ta 3i 30iTBIOIEHHSIM KINBKOCTI €IEMEHTIB y CHCTEeMI
30UIBITYETRCA 1 TIOXMOKA B OLHII 3aXUIEHOCTI KOMII I0Tep-
HHUX MepeX. BImB Benwkoi KiIBKOCTI (akTopiB (00’€KTH,
aTpuOyTH 1 T. T), ONMCAaHKUX B poOoTi [3], He TO3BONISAE OTPH-
MaTH TOYHOCTI B pe3ylbTaTaX. 3peImITol0, € iMOBIPHIM BH-
HUKHEHHS HOBOI BPa3IHBOCTI B MPOrpaMHOMY 4H amapat-
HOMY 3a0e3medeHHi sKke BHKOPHCTOBYIOThCI B AC. Tomy,
3aUTs TOCATHEHHST TOYHOCTI B OILIHIN 3aXMILEHOCTI HEOOXia-
HO PO3AIIATH KOMIIOHEHTH y KOMIIIEKCHHX cucremax. J[o
mpuKiIany, B 6e3nporoBux mepexax Wi-Fi icHye nmeska
KUTBKICTh METOMIB 3aXHUCTY, JIesKi 3 HUX MOXYTh BUKOPHCTO-
BYBATHCh B KOMOiHamii Mk coboro. KoxkeH 3 MeroniB mae
CBiif yac 1 CKIaqHICTh MTOIOJIaHHS.

Cxoxy mpoOieMy MOXKHa CIIOCTEpIraTH 1 y cUcTeMax,
SKi IMITYIOTh POOOTY aBTEHTHYHHX cucTeM. Born ¢yHkmio-
HYIOTb 3a]UIs Bi/[BEPHEHHS yBard Bij CIIPaBXKHIX CHCTEM, a
MeTor0 1X poboTH € 30ip 1 00poOka iHdopmarii mpo MeTonu
Ta 3aco0H MopymHUKIB. Bruau, ocobmmuBocti ¢yHkionyBaH-
H$l, TIEpEBard Ta HEMONIKU, a TaKOX METOIH iHTETPyBaHHS
Takux cucreM B AC, onrcano B po6ori [4]. B po6ori [5] omu-
CYeTBCSI CHCTEMATH3aIlisE METOAIB Ta 3aco0iB aHamisy CII B
mporieci 37aMy KOMIT FOTePHHUX CHCTEM YM MepexX 1 IpoIo-
HYIOTBCS PEKOMEHAaLii om0 opraHi3armii po3ciigyBaHHS
37aMy, BHOOpY 3aco0iB Ta aHAi3y MOMiH.

KoxxHa KOMIT'IOTepHA CHCTEMa BOJOJi€ NEBHUMH Xapak-
TEPUCTHKAMHU 1 B KOXXHOI € CBOT BPa3JHMBOCTI i, BiJIIOBiHO,
MeTonu 3axucTy. He € BUKITIOUeHHSIM 1 0e31poToBi Mepexi
cragaapty IEEE 802.11 [6]. 3acTocyBaHHSsI cuCTeM mpuMa-
HOK B Mepexax Wi-Fi Takoxx Mae meBHI 0COOIMBOCTI 1 JIyxe
yacto CII y 6e31p0oToBUX Mepekax BBaKAIOThCS 1HCTPYMEH-
TOM 3JIOBMHUCHHMKA. B poborax [7-8] mponoHyeTbes Kapau-
HAJIBHO THIIWH MiJXiJ 10 peamizaiii mpuMaHoOK y 0e31poTo-
BHX MEpexax, a came 3aCTOCYyBaHHS He3aJeKHUX CEHCOPIB Y
mepexax cranaapty IEEE 802.11 mis ineHtudikarii Bropr-
HEHb 1 3a0e3medueHHs B3aeMoxii 3nmoBmucHUKa i3 CIL

He BupillieHUM € MUTaHHS CTBOPEHHS CUCTEMH, sIka OU Oll-
inroBana CIT Ha ckilaiHICTh IOOAHHS il 3aXKCTY, 110 OU J103BO-
JIUJIO THYYKO MigOupaTH KOH(]Irypariro BiJHOCHO BapTOCTI
iH(popMalliil B CHCTEMI, SIKa 3aXMIIAETHCA, 1 OUIKyBaHb OO
KBaJTi(hiKOBAaHOCTI 3JI0BMHCHHKA. Taka MOCTAaHOBKA 3a/1a4l BH-
Marae aHalliy BUMOT IIIOJI0 CHCTEMH, SIKa OIHIOE, a caMe ce-
penoBuIna po3ropranHs Ta MeroiB B3aemonii i3 CIT [9].

3 MATEPIAJIA 1 METOIN

Sk Bimomo, Meton aBreHTUdiKamii WPA2 Ha choroaHi €
HaANCTINKIIIKUM JI0 aTak, Ta, BCE X ICHYFOTh METOIM HOTO Io-
nonanHs. IcHye aBi momudikanii qanoro meromy WPA2
Personal Ta WPA2 Enterprise. Pizuunsg mixk WPA2 Personal
ta WPA2 Enterprise mossirae y Tomy, 1o Kioui mudpyBaH-
Hs anroputmy AES 30epiratorbes y pisHuX Micisx. WPA2
Personal BukopucroByetbcs 3nebinbmoro y Small or Home
Office (SOHO) mepexax. Kirou y mexanizmi WPA2 Personal
€ OIHAKOBUM JUISl BCiX KOPUCTYBadiB. J[1s KOpIOpaTHBHHX
3aCTOCYBaHb BHKOPHCTOBYETHCS AMHAMIYHUHN KIFOY, 1HIUBI-
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[IPOTPECHBHI IHOOPMALIMHI TEXHOJIOI'TE

IyalbHHH JUIS KOXXHOTO KOPHCTyBada. 3a TeHEepaIiio map
norin-mapois y WPA2 Enterprise BiAmoBigae cneiaibHuA
cepBep, 3nedinpimoro RADIUS.

Iporokon WPA2-PSK (Pre-Shared key) mo3Bomnsie Mo0-
UTBHUM TPHCTPOSM OOMIHIOBATHCH JAaHUMH 3 TOYKaMHU JIOC-
TyIy 3a JomoMororo Mmerony mu¢pysanas AES. V kpun-
torpadii PSK — 1e xmtou, sxwii monepenHso ineHTH(IKyeThb-
CsI MDXK JIBOMA BY3JIaMH 32 JIOIIOMOTOO TIEBHOTO OE3IIEYHOro
KaHaITy, IepIl HiX BiH Oyne Buxopucranuii. PSK orpumyers-
Csl 3 KITF04a, BHKOPHCTOBYIOUH CTaHAApPT (HOPMYBaHHS KITIO-
ga Ha ocHOBi mapomo PBKDF2 i3 anropur™Mom XelryBaHHS
SHA1 sk ncesmoBunanxoBoro ¢ynkmiero. PSK e 32 6aiit-
HUM (256 OiTHHM), YacTo BioOpa)ka€Thecs y BUNIANI 64
IIICTHAIINITKOBAX CHMBOJIB.

Cranpapt PBKDF2 y cBOro uepry OomucyeTbcsi CTaHOap-
ToM PKCS#5. V oMy BHIaKy Hapoib MOBHHEH OyTH JOB-
KUHOIO Bix 8 10 63 cuMBoniB. CHMBOIH KOHBEPTYIOTHCS y Ma-
IIMHHKH Ko7 32 JoroMororo Tatmmi komyBanHs ASCIL, a omke
Y TapOJi MOXYTh BHKOPHCTOBYBATHCH JIMIIE Ili CHMBOJIH.

Y PBKDF2 6inapHuii mapois BHKOPHCTOBYETECS SIK KITIOY
1o ¢yrknii HMAC. B sxocTi coili BUKOPHCTOBYETBCS 1M S
touku goctyiy (SSID). Cinb 13 3HaUYeHHSIM JIYUITBHAKA BUKO-
PHCTOBYETBCS JIs ITOYATKOBOTO BXOAy B (pyrkmito HMAC.
[icst poro monepenHi BUXiJHI TaHi BUKOPHCTOBYIOTBCS SIK
BXIJIHI JIOTIOKU He BinOynetses nmosropeHns 4096 HMAC. Ha
’Kayb, BIH MOBepTae maHi y ¢opmati 256 6iT, B TOH Yac K
SHA1 Bceoro nmmr noseprae 160 6it.

Buxinni gani ¢pyakuii PBKDF2 i € PSK. PSK Bukopucro-
BYEThCs Oe3nocepenHbo sk i Pairwise Master Key (PMK) y
JOTHPUCTOPOHHBOMY IIpoLeci pykocTucKaHHA (1):

PSK = PBKDF 2(HMAC - SHA 1| Passphrase | SSID |4096 |256). (1)

IMapori, sKi BUKOPHCTOBYIOTH PSIIOBI CHOXKHBadi cydac-
Horo obnaananus Wi-Fi 3a3puuaii € He ckinagaumi. Lle moxke
OyTu kOMOiHaIs (P BiJ OAMHHUII IO JEB’SATH, JIiTEp HA
KJIaBiaTypi siKi pO3TAIlIOBaHI MOPSJ, UM JaTa HAPOPKCHHSI.
CbOrojHi icHye BeJNHKa KUIbKICTh 3r€éHEPOBAHUX CIIOBHHKIB
i3 He CKJIAJJHUMH (ppa3zamMu, siKi BUKOPHCTOBYIOTHCS PSIIOBH-
MH KOPHCTyBadaMu. TaKi CJIOBHHKH MO)KHA 3HAUTH y BiIKPH-
TOMY JIOCTYII B MEpeki [HTepHeT, a TakoXK y creliaibHUX
onepaliiHux cucreMax, takux sik Black Arch, ArchStrike,
Kali Linux Ta iH.

3aranbHa KUIBKICTH CHMBOINIB, SKa MOXKE OYTH BHKOPHC-
TaHa IIPY CTBOPEHHI KiII04a JopiBHIOE 95 (Tadm. 1).

Ha ocHOBI mpoaHai3oBaHUX MOIMYISPHUX CIOBHHKIB,
aBTOPOM (HOPMYITIOIOTHCSI HAWOIIBII JOIIIBHI KOMOiHAIIii
HaOOpiB Ha OCHOBI Tabmumi 1 (Tadmn. 2).

Jns Toro, mo0 OTpUMATH JOCTYI O MEpexi 3JI0BMHC-
HHUKY HEOOXiJHO NEepPEeXONHUTH IaKeT PYKOCTHCKAHHS 1 3amyc-
TUTH Tpolec AemundppyBanas. Onepanis nemuppyBaHHS
MapoJIo BiOYBAaeTHCS 3a JIOMOMOTOI0 IEHTPAIBHOTO abo
rpa¢iqHOro IPOILECOpiB.

ITicnst Toro, sk BinOyBcs mepedip 3a CIOBHHUKOM i B HBO-
My Iapoib He OyI0 3HaHIeHo, OYEeBHIIHO, IO MOTPIOHO BHU-
KOPHCTAaTH HACTYIHUH CIOBHHK. SIKIO Ie CIIOBHHK, Y SIKO-
My He 30iTBIIyeThCS JOBXKHMHA KIIOUYa, ayie 30iMbIIyeThes
KINTBKICTh CHMBOJIB 3 SIKHX OyZyTh T€HEpYBAaTHCh KIIIOi, TO
JIOTIYHO BHKJIIOUATH Ti KOMOiHAMii, SIKi Bke Oy/IH IMPHUCYTHI y
TIONIePETHIX CIOBHHKAX (2):

n
D=Yd;=l;—1l, ?)
i-1

ne D — 3araibHUi CJIOBHUK, d — IIOTOYHHHN CIIOBHUK, / — HaOip
KJIFOYiB y CIIOBHHKY (3):

I = {ky ky. k), 3)

nie k — xirod.

IcHye iMOBipHICTB, IO B 6a30BOMY CIIOBHHKY KJIIOYA HE
Oyme 3HalmeHo. Y IbOMy BHIIAAKy IIOBHHEH OyTH 3TeHEpO-
BaHMI HOBHH CIOBHHK. [licisi 6a30BOro CIIOBHHWKA JIOTiYHO,
IO HACTYITHUM Mae OyTH CIIOBHHK, y SKOMY 3a0e3medeHo
MiHIMaNbHy JOBXHHY KIIOUiB i HAMEHIIHH HaOip CHMBOIIB
3 Tabmmmi 1. Lie Moxke OyTH CIIOBHUK, SIKHH CKIIaIA€ThCS JIATIIE
3 nudp. Sk BuaHO 3 (2), T KITHOUI, SIKi BXKe OyJI0 BUKOPUCTAHO
B 0a30BOMY CIIOBHHKY, HE TIOBUHHI [EPEBHKOPHCTOBYBATHC.

Sxmio Gymo ompansoBaHO CIOBHHK, y sikomy 10 Bapi-
aHTIB KJIIOYiB, 3reHEPOBAHUX 3 MIHIMAJIbLHOrO HaOOPY CHM-
BOIIIB, K04 He OyJe 3HAWJIEHO, TOAI HACTYIHHUH CIIOBHHMK
Oye 3reHepoBaHo i3 KimbKicTIO KiarodiB 10° i 3 THM ke K
MiHIMaJbHUM Ha0OpOM CHMBOIMIB (TOOTO, 116 CUMBOJH BiJ
000000000, 10 999999999). [y1s LLOro NOTPIOHO PO3TOPHY-

Tabmuust 1 — CuMBoOITH TOCTYIHI TSt 3aIaHHs Kitoda y MeTofi aBreHTudikamii WPA/WPA2

Ne Habip cumBoiniB KinpkicTh CUMBOJIIB Moske BUKOPHCTOBYBATHCH Y
y Habopi CIIOBHHKY, SIK aTOMapHa OJXMHHILI
1 [0-9] 10 +
2 [a-Z] 26 +
3 [A-Z] 26 +
4 Crenianbhi cumBoru (' ~!@#$ 32 +
SN (OH=N<[1", 7543 )
5 TIpo0in 1 -
Ta6muns 2 — KomOiHawist cuMBOJIiB Ha OCHOBI Tabmumi 1
Ne KombiHartist cHMBOJIiB KinbkicTs CHMBOJIIB
y Habopi

1 [0-9] + [a-Z] 36

2 [0-9] + [A-Z] 36

3 [a-Z] + [A-Z] 52

4 [0-9] + [a-Z] + [A-Z] 62

5 [0-9] + [a-Z] + [A-Z] + crienianbHi CUMBOJIH 94

6 [0-9] + [a-Z] + [A-Z] + crienianbHi CHMBOIH + TIPOOiT 95
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To B 10 pasiB Oinbie 0OUNCITIOBAIBHIX PECYPCIB JUIS IIOITY-
Ky KJIIOUIB 13 TOIO X MIBUAKICTIO. B iHIIOMY BHIIagKy, 3amicTs
301IBIIEHHS PO3MIpPY KIIFoYa MOXKHA 30LTBIIYBATH KUTBKICTB
CHMBOJIB y Habopi, TOOTO 3MiHIOBaTH BapiaHTH 3 Tabmumi 1.

Yac, 3a sxuif Oyne BUTpadeHo Ha Mimdip KITIo4a 3a CIIOB-
HUKOM MOXXHa BHU3HA4YHTH 33 (Gopmynoro (4):

Ca . )
S

ne C;— KiIbKICTh KIIFOYiB y CJIOBHHMKY, a S — LIBUAKICTb IEpe-
0opy, OTprMaHa 3a JOIIOMOTOI0 iHCTpYMeHTy aircrack-ng i3
3aCTOCYBaHHSM Tpanopis — S.

Jlst Toro, mo6 o6iiit 3axuct Texuomnorii Wi-Fi i3 mero-
oM aBTeHTH(iKanii WPA2, okpiM HEOOXiTHHX 3HAHB 3JI0-
BMHCHUK ITOBHHEH BOJIONITH IEBHOIO OOYHCIIOBATHHOIO
noTyXHicTio. [IpoBeneHHs 1000BOi aTaku Ha MapoJb
3IIHACHIOETHCS 32 PaXyHOK HEeHTpaibHoro mpouecopa (LIT),
a6o rpadiunoro nponecopa (I'II). IIBuakicts podoru I'Tl y
TIPOBENCHHI JTO0OBOI aTakW € 3HAYHO BHINOIO, aje He KOXKEH
KOMII'IOTep OCHAIIYETHCS AUCKPETHOIO rpadidHOI0 KapT-
Ko10. J[J1st IpUIIBHIICHHS JIOOOBOT aTakH, JaHa 3aa4a MOXe
BUKOHYBaTHCh PO3IONLICHO B KIIACTEPi KOMIT OTEPIB.

PiBeHB 3aXHUIIEHOCTI IPIMAHKHY, SIKA IMITye EBHY CHCTe-
MY, He TIOBHHEH OyTH 3HaYHO BUIIUM 3a PIBEHb Ta MOXJIH-
BOCTI 3JIOBMUCHHWKA, SIKHH OYIKYeThCs 10 B3aemonii. ToOTo,
YUM CKJIAHIIINHA KII0Y, TUM MOTY)XHIIIOK OOYUCITIOBAIIb-
HOIO TEXHIKOIO MOTPiOHO BOMOMITH.

BBezneMo NOHATTS OOYMCITIOBAILHOI OAWHHII, KOO Oy-
JIeMO BBa)KaTH TEBHHU pecypc, SIKAH MOBHHEH BUKOHATH
omepanilo nepedopy OIHOro CJIOBHHUKA d,.

Sk Bxe Oy1o 3ramaHo, JIst J000BOi aTaKd MOYKHA BHKO-
PHCTOBYBATH pO3NOfiIeH] cucteMr. ChOTOMHI 32Ul ONTHM-
i3a1ii BUKOPUCTAHHS OOYHCIIOBaJIbHUX PECYPCIB BUKOPHC-
TOBYIOTHCSI Pi3HI THUIHM KOMIT FOTepHOI Bipryamizamii. Cepen
HUX TOBHA, YaCTKOBA, Tapa-BipTyasi3allis 1 BipTyatizallis Ha
piBHi OC. Po3misiHeMO Taki JBa THITH BipTyasli3allii, K MOBHA
BipTyasti3ailis i BipTyaii3allisi Ha piBHI onepaliiHol cucre-
MU, sIKa I TaKO)XK HA3UBAETHCS KOHTEHHEPH3ALIEr0.

3rifHO 3 ToCiiKeHHIMH koMTaHii [BM TexHomnoris BipTy-
amizauii KVM na onepariiiniii cucremi SUSE Linux Enterprise
11 30inbIIye CIOXHBaHHA PECYpCiB B 3araibHOMy Ha 15%.
Takox MpY BUKOPUCTAHHI BipTyati3allii 101aTKOBI BUTPATH Y
CIIO’)KMBAHHI MPOIECOPHOTO Yacy CTaHOBIATH Ha 3—4%
Oiyblre, aHik 0e3 3aCTOCYBaHHS BipTyallizallii.

Y TexHonorii KOHTeHHepHU3allil TinepBi3op He BUKOPUCTO-
BY€ETHCS, 110 3MEHIYE HaBaHTa)KEHHS Ha amapaTHe 3a0e3-

Ipr =

JlonaTtok E JlonaTtok

dajiny / 6i0mioTeky | | Daiinu / 610110TEKH

HeUeHHS. YCi KOHTeHHepH (yHKIIOHYIOTh Ha 0a3i juie cep-
BEpHOTO sapa. [l KOXHOTO KOHTeHHepa CTBOPIOETHCS CBOE
OKpeMe, 130JIb0BAHE CepPeIOBHIIE.

Sk Bke Oyno 3rajaHo BHINE, Oylb-iKa TEXHOJNOTIS i30-
JSLiT IPUHOCHTH TONATKOBI BUTpAaTH. Y BHIIAJKy KOHTEHHe-
pusanii oi BuTpaTy ckiiaaatoTs Bix 0,1%—1%, 3a paxyHOK TorO,
0 BUKOPHUCTOBYIOTHCSA IPOCTi IepeTBopeHHs. Hanpukman
13omamis PID mporeciB BUKOHYeThCS 32 JIOIIOMOTOI0 JOAA-
BaHHSA 4-0alfTHOrO iMeHTH(iKaTOpa, IKUH MMO3HAYAE, TKOMY
KOHTeHHepy HalIeKHUTh HpOoIec.

Ha puc. 1 HaBeneHO NMPUHITUIOBY BiMIHHICTh MiX KOH-
TeHHepHU3alli€lo Ta BipTyali3amiero.

Jlnst mepeBipKy YMOBHOI 3aXMIIEHOCTI CHCTEMH IIPHMaH-
KI BEJTMKE 3HAYCHHS Ma€ IMIBUAKICTH OOPOOKH JaHUX, a OTKe
nepeBara Oyne BiIJaBaTHCh TEXHOJOTII, sIKa CIPABIAETHCS i3
3aauaMy 1epe0opy 3a CIIOBHHKOM ITBFHIIIIE.

3a/uis OLIHKH CKIATHOCTI IOJONAaHHS 3aXHCTY METOLY
aBreHTH(iKanii WPA/WPA2 3pobumo Horo oIiHKy 3a pa-
XYHOK Koe(iIlieHTiB MeTomy aHaIi3y iepapxiif Ha OCHOBI Ta-
KIX KPHTEpiiB, SK JOBXKHMHA KITI0YA Ta KiTBbKICTh MOMKIJIMBHX
CHMBOJIIB y CIOBHHKY. JlaHUIT MeTON HO3BOJISE OTPHMATH
CMiBBiJHOLICHHS [IKAJl B/l MAPHHUX MOPIBHSIHb i3 HEBEITHMKAM
BimxmineHHsM [10—12]. B sxocti koe(ilieHTIB BUKOPUCTO-
BYEThCS (DaKTHYHE BUMIpIOBAaHHA abo0 Cy0’€KTHBHA IyMKa.
Ha BUXO0Zi OTPHMY€THCS CIIIBBIJHOIICHHS Bar Ta iHIEKC y3-
TOIKEHOCTI.

VY craHmapTHOMY BHKOHAHHI METOXy aHali3y iepapxiit
3IiHCHIOETBCS OIliHKa Oymb-sAKOI TPYIH XapaKTepPHCTHK 3a
JIOTIOMOTOI0 IITKaK kKoedinieHTiB Bix 1 1o 9. KoxHa i3 xapak-
TEPHCTUK IOPIBHIOETHCSA MiX COOOI0, 1 BUBOJAWUTHCS MaTpH-
I Bard KOKHOTO 3 €JIEMEHTIB MO BiTHONIEHHIO OJHE IO Of-
Horo (5):

L ap - a,
-1
a 1 “ee a 5
N=[12 T ©)
1
ay, dy, -1

3 marpuili N 3HaXOIAThCSI CyMH KOS(ILIEHTIB VI KOKHO-
ro croBmi (6), Iyis mofasbIoi HopMadizatii matpui N (7):

n
Si :Zai =ai1+ai2 +...+ain . (6)
i=1

! JI01aToK El Jlo1aToK i

I'inepBizop

| Daiwu / 010mioTeku | | Daidmn / 010110TeKH |

Cepepua OC

! Cepaepna OC |

| |
| |
! TocthoBa OCl | TocreoBa OC2 }
| |
| |
| |

Cepsepue A3

! Cepaepre A3 |

a

6

Pucynok 1 — CxemarnuHe 300pakeHHs BIIMIHHOCTI MiXK KOHTEHHEPH3AIIIE€I0 Ta BipTyai3alli€ro:
a — BipTyaui3aiisi; 6 — KOHTeHHepU3aIlis
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1 ap i
S1 5 Sy
ap 1 ay
|N|_ S] 2 Sn . @)
Gy @y L
S1 5 Sy

IMpocymyBaBIIH KoeilieHTH KOXXHOTO PsTKa HOpPMai-
30BaHOI MATPHUIli 1 PO3TUIUBIIM CyMy Ha KiTbKICTh KO-
e(ilieHTIB psaKa 3a JONOMOroro (8), MOXKHa OTPUMATH Bary
KOXXHOTO 3 OIIHIOBAaHHX EJIEMEHTIB:

> row;

n

z rowy, ' ®

n

z rowy

n

Cyma ycix Bar nmoBuHHa OyTH piBHO0 100%, a oTXxe, mod
OTPHMATH BiJICOTKOBE 3HAYECHHS CKJIATHOCTI KIIFOYa MEBHOI
JIOBXKHHH, NOTPIOHO 0#aTH HOro Bary 10 CyMH HONIEpEnHiX.

4 EKCIIEPUMEHTH

VY BuBenieHHI 0a30BOT0 CIIOBHUKA JUIS T000BOI aTaku Oyrmo
BUKOPHUCTAHO pecypc omepamniiaoi cucremu Kali Linux. Kali
Linux — me omepamiiina cucrema ciMmeiictBa Linux, sika 0a-
3yeThes Ha MUCTpUOyTHBI Debian, € Ge3KOITOBHOIO 1 3HAX0-
JIITBCS Y BUIBHOMY JOCTymi. [IpsSMUM NpH3HAYEHHSIM JaHOi
OMEepaliifHOI CUCTEMH € TECTYBaHHS Ha NMPOHHKHEHHS. Ale
OKpIM TECTyBaHb BJIACHHUX CHUCTEM HE BUKIIIOYEHO, IO TaKi
ornepalliiiHi CUCTEMU MOXYTh BUKOPHCTOBYIOTHCS 3JIOBMHC-
HUKAaMH JUIS aTak.

ABTOpOM OyJI0 MPOAHANiI30BaHO CIOBHUKH, SIKI MOCTaB-
JISIOThCA 3 onepaliiiHoro cucremoro Kali Linux, i 3HaxonsTh-
cs y pupekrtopii /usr/share/wordlists. J[aHi cl1OBHUKH
(GIIBTPYIOTBCS TAKUM YUHOM, 100 3 HUX BHKJIIOUYAIHUCH YCi
c0Ba-KOMOIHAIIT SIKi MEHIII 3a 8 CHMBOIIB, 1 Ti, Kl HE CKJIa-
JTAIOThCs 13 cCUMBONTIB cuctemu konyBanHs ASCII miikoM. JlaHi
CIIOBHUKH iHTETPYIOTHCS B OIHH, 3 SIKOTO BHKIIOYAIOTHCS HE
YHIiKaJIbHI cioBa-komOiHaii (Jlictunr 1).

Jlicrunr 1. BuBeneHHst 6a30BOro CJIOBHUKA JUIS TIPOBE-
JIeHHS TOOOBOi aTaky Ha MaKeT PYKOCTHCKaHHS METOIy aB-
tentudikaiii WPA/WPA?2 y onepaniiiniii cucremi Kali Linux
cat dirbuster/*.txt fern-wifi/* rockyou.txt
fasttrack.txt metasploit/*.Ist metasploit/*.txt
| grep | grep -P -v “[?[:ascii:]]1” |
sort —unique

3BHUAIHO K KOKHE TECTyBaHHS 3aJICKUTh BiJl THILY ama-
partHoro 3abe3nedeHHs, KoH(irypanii nmporpamMaoro 3abes-
HedeHHs. ABTOpPOM OylIo JOCTIDKEHO MIBHAKICTH OOYHCIICH-
HS KITI04a JUIsd MeTofy aBTeHTH(]ikanii WPA2 3 monepenHso
MEPEXOIUIEHOTO TTAKeTy «PYKOCTUCKAHHS.

Jociin mpoBonuBes y KOHTeHHep! BipTyalbHOI MalIHHH
CoreOS, sxiit Oyno Buaizeno 1 I'0 oneparuBHOT mam’sTi i
onre sipo npouecopa Intel Core 15-4590 3 TakTOBOIO YacTo-
Toro 3,3 I'T'n.

IMonepenHbo OyIo 37ifiCHEHO TECTYBaHHS 3a JTOMOMOTOIO
KoMaH/H aircrack-ng — S, sika JO3BOJIs€ 3MIHCHATH 3aMip IIBU-
KOCTi JIOOOBOi aTakW y CHiBBiJHONIECHH] KITIOYiB 32 CEKYHILY.

5 PE3YJIbTATH

ITicnst BUKOHAHHS KOMaHIHM 3 JICTHHTY | 1 migpaxyBaBIIN
KUIBKICTh KJIIO4iB, OTpuMyeMo 3HadenHs C, = 9801317.

3aMip MIBHAKOCTI JIOOOBOI aTakW Ha JIBOX PI3HHUX CHCTeE-
Max BipTyamizamii i koHTeitHepu3amii Gyno mposexero mo 10
pa3iB, pe3ylsTaTH NPEACTaBICHO y Tabl. 3 Ta Ha puc. 2.

Buxopucraemo popmyrny (5) i oduucnuMo cepemHio
IIBHJKICTB IS BipTyaizarii:

Sy = 9224956 +954+955+927+911+949 + 947 + 933+ 912
10

=936,6.
Buxopucraemo popmyrny (5) i oduncnuMo cepemHio
MIBHJKICTH JJIs1 KOHTEHHEepH3alil:

Se= 1053 +1038 +1038 +1041+1031+1032+1038 +1038 +1054 +1036
10

=1039,9-

Borogitoun JaHUMH TPO KUTBKICTh KIIOYIB Y 6a30BOMY
CIIOBHUIKY 1 HIBHJKICTH 3 SIKOIO OMPAIbOBYIOTHCS KIIFOYi MO-
KEMO CKOPHCTaTHCh (popMyroro (4) 1 3HAWTH mpUOIH3HIH
qac 3a sKui Oyne 3miificHeHo mepedip ychoro 6a30BOro CIIOB-
HHKA!

9801317

tpp = —— ~ 9425 cek.
BE 10399

Skuio x y 6a30BOMY CIIOBHUKY KITFOU HeE Oyre 3HaiIeHo,
TO TOUIYK KJItoua Oyie po3rodyaTo i3 BOCBMHUCHMBOJIBHOTO
cnoBHUKa. Sk Bxke Oyno 3ramaHo Buine, WPA2 nosBose 3a-
JIaTH KJIF0Y JOBKHMHOIO Bif 8 10 63 CHMBOIIIB, 1110 €KBiBaICH-
THO 56 BapiaHTaM JIOBXHHU Kiro4a. e o3Hauae, 110 KijbKICTh
BapiaHTIB Oyne 30UIBIICHO B JECATEPO MPHU MEpexoli Ha Ha-
CTYIHUI CIIOBHUK, a OT)XKE W MOTY)KHOCTI Oyne 3aTpeOyBaHO
B JecsATepo OuiblIe.

[[To6 3acTocyBaT METON aHATI3y i€papxiil Ajs JaHOTO
JTOCITIJPKEHHSI, TTOTPIOHO OLIHUTH XapaKTEPUCTHKH 110 BiIHO-
LIEHHIO OJHE A0 OIHOro 3a mKajok Bixg 1 g0 9. Ockiibku
CKJIaJIHICTh CJIOBHHMKA 30UIBIIYETHCS JIiHIMHO, TOOTO, HIOpa-
3y y JecsTh pa3iB, TO Ha BiAPI3Ky Bix 1 10 9 1iHOW mepexoay
BiJl OJJHOTO CJIOBHHMKA JI0 IHIIIOTO Oy/e JTO0AaBaHHS JIO IOIe-
penHboro 3HaueHHs koediuieHt 0,145454545 (puc. 3).

Ta6mumst 3 — 3amipu IBUAKOCTI TIepebOpy KIFOYIB 32 CIOBHUKOM

Cnpoba 1 2 3
Tun
BipTyasizanii

4 5 6 7 8 9 10

ToBHa BipTyasi3aris (KI04iB/CeKyHIY) 922 956 954

955 927 911 949 947 933 912

KonTeitnepu3zais (K1ouiB/cekyHay) 1053 1038 1038

1041 1031 1032 1038 1038 1054 1036
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Pucynok 2 — Bizyanizauist IOpiBHSHHS IIBUIKOCTI 1epedopy KIIIOUIB 3a JOIOMOIOIO BipTyani3auil i KoHTeHHepu3awuii

Cnpoba

linear

10

100
10-7 -
10-14
10-21
10-28
10-35 4
10-42

10-42

10

Pucynok 3 — JliniliHe Ta jorapudMiuHe IpeCTaBIeHHS 3MiHU CKJIQJHOCTI CJIOBHUKA Y METO/I aHAM3y iepapxii

20 30

Bukopucraemo gopmyiy (6) A 3HAXOIKSHHS BaroBOol MaTpHIIi:

Bukopucraemo gopmyny (7) Ans 3HaAXOIKCHHS CYMH
KOCQIIIEHTIB U KOXKHOTO psijika MaTpuil N:

N =

0,873015873

0,112936345 0,114822547

0,111111111

280
271,873

16,70776

15,67342

1,145454545 8,854545454 9
1 <+ 8,7709090909 8,854545454
1 1,145454545

0,112936345 0,873015873 1

40

nizoBaHoi Matpuil N:

V=

50

Buxopucraemo dopmyiy (8) mns 3HaXOMKEHHS HOpMa-

1 1,145454545 8,854545454 9

280 271,873 16,70776 15,67342
0,873015873 1 8,709090909  8,854545454

280 271,873 16,70776 15,67342
0,112936345  0,114822547 1 1,145454545

280 271,873 16,70776 15,67342
0,111111111  0,112936345 0,873015873 1

280 271,873 16,70776 15,67342
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3actocyeMo (opmyry (9) s OTpUMAHHS Baru KOXHO-
rO 3 OLIHIOBAHHX elleMeHTiB. [IJisi OTpUMaHHS 3HA4YECHb Y
BiJICOTKaxX MATPHIO X TTOMHOXHUMO Ha 100.

0,003011 0,3011
0,003127 0,3127
xX= : -100%=| |
0,051451 5,1451
0,053967 5,3967

ToOTo, Bara CIOBHMKA i3 KIIFOYaMH JOBKHHOIO y 8 CHM-
poiiB ckianae 0,3011%, Bara CIIOBHHKA 13 KIIFOYaMHU JOBIKH-
HOIO B 9 cumBoiiB ckiaagae 0,3128%, Bara CJIOBHHKA 13 KIIIO-
yaMy JOBXKMHOIO B 63 cumBoimm ckiagae 5,1451%, a Bara
CIIOBHHKA 13 KJIIOYaMHU JOBXHHOIO B 64 CHMBOIH CKIajae
5,3967%.

Sk Bxe Oylmo 3a3HAUCHO, JOBXKHHA KITI0YA HE € €IUHUM
KpHTepieM OLIHKH iforo ckiramgHocti. Habip cumMBoniB mpu-
CyTHIX y CJIOBHHKY € TaKOX Ba)XXTHBUM KpuTepiem. Ha oc-
HOBI TabmuIe 1 Ta 2 MOXKeMo 3pOOUTH BHCHOBKH IIPO T€, SKi
KOMOIHAIi{ CHMBOMIB y CITOBHHKAX € JIOTTYHIMH IS BUKOPH-
craHHA. MakcHMalbHa KiNbKICTh CHMBOIIB, SIKi MOXYTh OyTH
BUKOPHUCTaHI B TAPONi CTAHOBUTH 95, TOOTO 95 CHMBOIIB CKITa-
nae 100%. BimnoBimHO 10 1bOro oTpuMyeMo Tabuuio 4.

6 OBI'OBOPEHHA

Sk MoxxemMo 0aunTH, ONMH KOHTEHHEp ompaimtoe 6a3o-
BUH CIIOBHHK TPHOIM3HO 32 Bl 3 TIOJIOBHHOIO TOJMHH, KOIU
BipTyaJIbHIl MAIIWHI JUIS €T &K oneparii 3HaJ00UThCs TIpH-
OJM3HO TPH TOAWHU. A OTXKE, MOKEMO 3POOUTH BHUCHOBOK,
10 KOHTeWHepH3allis € KPalliuM BapiaHTOM JJIsl TIPOBENCH-
HS PO3MOJJICHOT JTOOOBOI aTaKM Ha KITIOY METOy aBTEHTH(-
ixarii WPA/WPA?2 texnonorii 6e3aporoBoro 3B’s3ky Wi-Fi.
3 BHUKOPHCTAHHSM KOHTEHHepH3alii MpOIyKTHBHICT 3pOC-
Tae npubnu3Ho Ha 11%.

3au1si MPaBUIILHOT OIIIHKM YMOBHOI 3aXMIIICHOCTI CHUCTeE-
MU-TIPUMAHKH Ba)KJIMBO, 100 CHCTEMa, SKa MPOBOIUTH TaKy
OI[IHKY, SIKOMOTa TOYHIIIEe BiATBOpIOBaja MOBEIIHKY 3JI0-
BMUCHHKA. 3BHYAIHO XK, Hi B SKili CHCTEMI HE MOXJIMBO Bpa-
XyBaTH JIIOACKKUN (DakTop, Ta BCe K TIEBHE HAOIMKEHHS €
MO>KJTBUM.

Oco0a sika atakye NMEBHY CUCTEMY B Oylb-SIKHi MOMEHT
MOX€ BHPIIINTH, IO MOAAJIbIIE MPOJOBKEHHS aTaKd € He
JIOLIIBHUM, Yepe3 yac, SKUi e Ha JemuppyBaHHs KIo4a,
YH KOIITIB, sIKi BXXE BKJIAJICHI B O0UMCITIOBAILHY TTOTYXKHICTb.

HaiinpocTimmM BapiaHTOM 3 SIKOTO TIOYMHAIOTH 3JIOBMHUC-
HUKH — 1I¢ BUKOPUCTOBYBaHI KJItOUi, 1110 HAHOIIbIlIe BUKOPH-
CTOBYIOTBHCSIKOpPHCTyBauaMH. Jl0 TaKUMHU KJIIOYaMH MOXKE
Oyrtu iH(dopmallisi, sika Hece B CO01 SIKYCh JIOTIKY, HAIIPUKIIA],
JIaHl PO caMy K TOYKY JIOCTYITY, 1l BIaCHHKA YU Miclie, Jie
BOHA 3HaXOOWThcsA. ToMy OYEBHIHO, IIO aTaKy BapToO IOYH-
HATH 31 CJIOBHHKA, SIKUM MICTHTh B CO01 TaKy iH(pOpMAIIiIO.

Skuro y 6a30BOMy CIIOBHHUKY Kito4a He Oyne 3HaizieHo,
TO JUiss 0OpOOKM Oyne B3ATHIA HAWNPOCTIIIMKA CIIOBHHUK, 3Te-

HepoBaHHUH sumre 3 mudp Bix 0 1o 9, TOBXKMHA KITFOUIB B SKO-
My He TepeBHIyBaTIMe § cuMBoiB. [Iponec mindopy cios-
HHUKa Oyle BHKOHYBAaTHChH J0 MOMEHTY, IIOKH K04 He Oyne
3Haiinenuii. BilmoBigHO, YUM CKJIAJHIMIANA CJIOBHHK — THM
OimpIHil pecypc Oyne BHALIEHO JUIS IOIIYKY KIT0Ya, 1 THM
BHII[OI0 Oyme OI[iHKA 3aXHIEHOCTI YMOBHOTO 3aXHCTY CHC-
TeMu-TIpuMaHku. Halfckmagaimum Oyne CIOBHUK, KITIOUi
SIKOTO TeHEepYIOThCs 3 95 pisHux cumBoiniB Tabmumi ASCII, a
JIOBXKMHA HOro ckiajgae 63 CUMBOIM.

Bracanku Ge3nporoBoro obnmagnanas Wi-Fi Hewacto
BCTaHOBIIIOIOTH CKJIAJ(HI ApOJi Ha JOCTYII IO Mepexi, 1 M
KOPHCTYIOTBCS 3JIOBMHCHHKH. ToMy JIOTiYHO, IO aTaka He
Oyme posmodara 3i CIIOBHHKA, Y SKOMY KIIIOUi € JTOBKHHOIO
63 cuMBomm. CKIaHICTD K04 MEBHOI TOBXHUHH Oyme Jop-
IBHIOBaTH CyMi Koe(imieHTa HOro Bard 3 yciMa IOIepeIHi-
MH. BinnoBimHO 10 IBOro MOXKeMO BHBECTH IIKaIly CKIaj-
HOCTI MOJIONaHHs MeTofy aBTeHTH(]ikanii WPA2 s posmi-
py xioda. BUKTIoueHHSM 3 IpaBHI MOXe OyTH BHITAMIOK,
SIKIIO 37OBMICHUK 3HA€ JOBKHHY KITFOUA.

IMepen TiM, sk 0OMpaTH HACTYIHHII CIOBHUK, CHCTEMa
OIIHKY ITOBHHHA 3pOOUTH BHOIP TOTO KPUTEpilO, KMl MOBHU-
HeH OyTH 3MiHEHHH y HACTyITHOMY CIOBHHUKY — JIOBXHHA
KJTFOYiB UM KUTBKICTh CHMBOIIB, 3 SIKUX MOXYTh OYTH 3reHepo-
BaHi KJI0Yi. ABTOPOM IIPOHOHYETECS POOUTH NPHOPITETHAM
CIIOBHUK, y SIKOMY CEpe[HIM 3Ha49eHHSIM BiJl CyMH BiJCOTKO-
BHX CHIBBIJIHOIIEHb KiTBKOCTI CHMBOJIB 1 JOBKUHH KIIFO4a Y
HACTYITHUX CJIOBHHKAX € MEHIIe 3 BOX BapiaHTiB (10):

X1 T Wi
5 s Xjl T Wi < Xp + Wiy
P = X + Wiy (10)
T,karl +Wi > X +Wi+1'

CIIOBHHK, Ha SIKOMY 3aKiHUYEThCS aTaka, i Oyme BBaXka-
THCh TOYKOIO JIJISl OLIHKK PiBHS KBasiikamii i TeXHIYHOTO
OCHAIIICHHSI 3JIOBMUCHHUKA.

Januii miaxin qonoMoke SIKHaWIIBHIIIE POBECTH OIliH-
Ky PIBHS 3aXHMIICHOCTI CHUCTEMH-TIPUMAHKH JJisi O0e31pOTO-
BHX MEPEX B SKHX BHKOPHUCTOBYIOTHCSI METOIH aBTEHTU(]i-
kamii WPA/WPA2.

BUCHOBKHA

HaykoBa HOBH3HA OTPUMAaHHX PE3YJIbTATIB HONATAaE B
TOMY, IIIO BIEPIIE 3aIPOINIOHOBAHO METOJ OI[IHKH CTIHKOCTI
Kiroua s Merony aBteHTudikamii WPA/WPA2 mepexi
crannapry IEEE 802.11 nis B3aemofii 31 3JI0BMUCHHKOM I10-
TpiOHOrO piBHSA KBadidiKalli i HAsIBHOTO y HHOI'O TEXHIYHOTO
3a0e3neveHHs. OTpUMaB MOAATBIIMNA PO3BUTOK METOJ OIli-
HKH 3aXUIIeHOCTI 6e3apoToBux mepex cranaapry IEEE
802.11 3a qOMOMOro METONy aHai3y i€papxii, OCKUIbKH
OyJIO 3aIPOMOHOBAHO METOJ| OIL[IHKMA HE TEXHOJOTii B IiJI0-
My, & METOJI ICTaJIbHOT OIIIHKK MeTony aBTeHTH(Dikarii WPA2.

IpakTrvHEe 3HAYCHHSI OTPHUMAHHUX PE3YIBTATIB MONISTae B
TOMY, IIO 3aMPOIOHOBAHO CEPEAOBUINE ISl MPOBEICHHS
OLIIHKK YMOBHOI 3aXHIIEHOCTI CHCTEMH MPUMAHKH 13 yMO-

Tabmutst 4 — BigcoTkoBe CHIBBiIHOMIEHHS KUTBKOCTI CHMBOJIIB Y CIIOBHHKAX

KisbkicTs CHMBOJIIB 95 94 62

52 36 32 26 10

Bingcorkose 100 98,95 65,26
npeacTaBiIeHHs (W)

54,17 37,89 33,68 27,36 10,5

116



p-ISSN 1607-3274. PanioenexrpoHika, iHpopmaruka, ynpasiinuas. 2018. Ne 1
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2018. Ne 1

BaMH 3aCTOCYBaHHS MacIITaOOBAaHOCTI NAHOI TEXHOJOTII. 3. Ying-Chiang C. Hybrid Network Defense Model Based on Fuzzy
3anponoHoBaHO METOJ TeHEpPYBAaHHsA CIOBHHUKIB VI IIPO- Evaluation / C. Ying-Chiang, P Jen-Yi // The Scientific World
BEJIEHHS OI[IHKHM 3aXMIIEHOCTI CHCTEM-TIPUMAHOK y 0e31po- Journal, 2014. — Vol. 2014. — P. 1-12. )
- 4. Goel R. Wireless Honeypot: Framework, Architectures and Tools
ToBUX Mepexxax Wi-Fi, Ha SKUX BUKOPUCTOBYETHCS METO[ . .
. . / R. Goel, A. Sardana, R. C. Joshi // International Journal of
aBTeHTH(iKanii WPA2, sKuil 1O3BOTUTH YHUKHYTH ITOBTO-

. Network Security, 2013. — Vol. 15, No. 5. — P. 373-383.
PCHHS KIIOYIB 1, TAM CaMUM, MPUIIBAAMINTE OTPAMAHHA 5. Meroau Ta 3aco0H aHaji3y CUCTEM-IIPUMAHOK B IPOLEC 31amy /

PpE3YJIbTATIB. [B. B. dynukesuu, A. 3. ITicko3y6, H. II. Tumomuk u ap.] /
IlepcneKkTHBH NOJANBIIMX JOCIIKEHb HOIATal0Th B TOMY, HaykoBo-TexHiuHu# xypHan «3axuct iHopmarii». — 2009. —
10 HEOOXiTHMM € CTBOPEHHS JEeTalbHOTO MEXaHi3My OIliH- Ne 1. - C. 27-31.
KH IS THIIX MeTOI[iB aBTeHTI/I(biKaI_[ﬁ Ta MEXaHI3MIB 3aXHUCTY 6. Ajah I. A. Evaluation of Enhanced Security Solutions in 802.11-
CHCTEM-TIPMMAHOK TexHomorii Wi-Fi. Based Networks / I. A. Ajah // International Journal of Network
Security & Its Applications (IINSA). — 2014. — Vol. 6, No. 4. —
NOIAKH P. 2942,
Pobory BUKOHaHO B paMKax JAepOI0KETHOI HayKOBO- 7. Banakh R. External elements of honeypot for wireless network
nociigaoi Temu HamiomansHoro yHiBepcutery «JIbBiBChKa / R. Banakh, A. Piskozub, Y. Stefinko / Modern Problems of

Radio Engineering, Telecommunications, and Computer Science:
Proceedings of the XIIIth International Conference TCSET’2016.
23-26 February 2016 : proceedings. — Lviv-Slavsko, Ukraine :
Lviv Publishing House of Lviv Polytechnic, 2016. — P. 480—

HomiTexHika» «PO3BHUTOK TEOPETUUHHUX 3acajl CTBOPEHHS KOM-
IUIEKCHAX CHCTeM Oe3IeKM aBTOMaTH30BaHMX i KOMYHiKa-
IIHHIX cHCcTeM) (HoMep aepskaBHoi peectpanii 0115U006722).

CIIUCOK JITEPATYPU 482.

1. Lijuan Z. ANetwork Security Evaluation Method based on FUZZY 8. Banakh. R. Wi-Fi H"ne}’l’ ot as a service. Concep t}on ofb}lsmc?ss
and RST / Z. Lijuan, W. Qingxin // 2010 2nd International model /R. Banakh // Engineer of XXI century : VI inter university
Conference on Education Technology and Computer (ICETC). conference of students, PHD studepts and young scientists,.O.Z
2224 June 2010 : proceedings. — Shanghai, China : IEEE, 2010, December 2016 : proceedings. — Bielsko-Biala, Poland : dr inz.
P 40-44. Jacek Rysinski, 2016. — P. 59-64.

2. Runfu Z. Security for Wireless Network Based on Fuzzy-AHP 9. Morabito R. Hyp CIVISOIS VS. ngh.twelght. }hrtuahzatlon: 2
with Variable Weight / Z. Runfu, H. Lianfen, X. Mingbo // 2010 Performance Comparison / R. Morabito, J. Kj dllman, M. Komu

Second International Conference on Networks Security, Wireless " .2015 IEEE.International Conference on Cloud Engigeering:
Communications and Trusted Computing, 24-25 April 2010 : First I.nternatlonal Workshop OIT Contalr}er Technologles. and
proceedings. — Wuhan, Hubei, China : IEEE, 2010. Vol. 2. — Container Clouds, 19 March 2015: proceedings. — Tempe, Arizona
P. 490-493. . IC2E, 2015. — P. 386-393.

Cratrs Haaidnwia no pepakuii 20.04.2017.
Micns nopobku 23.05.2017.

banax P. U.

AcrniupasT kadenpsl 3amuTel HHPopManuu HanronansHoro yHuBepcutera «JIbBOBCKast monuTeXHUKa», JIbBOB, YkpanHa

OINPEJAEJIEHUE TAPAMETPOB KJIIOYUA METOJA AYTEHTU®UKALIUA WPA/WPA2 1151 CACTEMBI-IIPUMAHKU CETU
CTAHJAPTA IEEE 802.11

AKTYaJbHOCTb. OTKPBITBIM €CTh BOIIPOC MPABUIBHOCTH KOHMUTYpAIIUH CUCTEM-TIPUMAHOK, OCOOEHHO 3TO KACAaeTCs CHCTEM-TIPUMAHOK,
AMUTHPYIOMINX O€CIIPOBOIHBIE CETH, IIOCKOJBKY HX KJIMEHTHI MOOMIIBHEI, 8 KOHTPOJIMpYyeMa 30Ha 4acTo He orpannveHa. HempaBuipHas koHOU-
Typanus CHCTEMBI-TIPIMAHKA MOXKET CTaTh OECKOPBHICTHOW HArpy3koil B cepeirHe aBTOMATH3MPOBAHHOI CHCTEMBI, 0COOEHHO 3TO KacaeTcs
CHCTeMBI-TTPUMaHKH 11 6ecipoBoaHbIX cereit crangapra IEEE 802.11. Cucrema-nipiMaHKa ¢ HU3KUM HITH OTCYTCTBYIOIIMM YPOBHEM 3aIIUATHI
MOXKET BBI3BATh IMOJJO3PEHNUE Y ONBITHOTO 3JI0YMBIIICHHUKA, B Xy/AIIEM )K€ CITydae OHA CTaHeT JISTKOH T0OBIYel HapyIIUTeNeH, ebI0 KOTOPBIX
SIBIISIETCS JIUIIB OCTYI K pecypcy MHTepHer. C Ipyroll CTOpOHBI, WCIONB30BAHHE CUCTEMBI-TIPUMAHKH C MAaKCHMAJIbHBIM YPOBHEM 3aIUTHI
TaK)Ke He UMEET CMBICIIA, TOCKOIBKY TaKasi MOZIENb CTAHET HEAOCTYITHOW KPETOCTHIO TS 37I0YMBIIIIICHHHUKA.

Haunbosee 3amuimmeHHBIMA CYATAIOTCSI TOUYKH JOCTYIa HAa KOTOPBIX MCHOJB3yercss Meron ayreHThpukanun WPA/WPA2, npuMenenue
KOTOPOTO BEPOSITHO ACT YBEPEHHOCTh 3JIOYMBIIUICHHUKY B TOM, YTO OH aTakyeT JETHTUMHYIO CHCTEMY.

Lenpro padoTsl sBisieTcss pa3paboTka TUArHOCTHYECKOW MOJIENH U CHCTEM-TIPIMaHOK OecripoBomHbIX cerel crannaprta IEEE 802.11,
IS YCIIOBHOMW 3aIIUTHI KOTOPOH HCIOJB3yeTcst MeTon ayTeHTudukannd WPA/WPA2. Takass Mozmens MOMOXET OLEHUTh TEKYIIYI0 KOH(Urypa-
LU0 TOYKH JOCTYIIa Ha BEPOSTHOCTD UCIIOIB30BAHMS H3BECTHBIX YA3BHMOCTeH MeTozia ayTeHTuukannu WPA/WPA co cTopoHBI 3710yMBIIIIIEeH-
HUKOB HY)XHOTO YPOBHS IIOATOTOBJICHHOCTH.

Mertona. IIpennoxeH MeTo OLIEHKH KBATM(UIIMPOBAHHOCTH 3JI0yMBIIIUICHHUKA W €T0 TEXHUYECKOH OCHAIIEHHOCTHU ITyTeM Ioa0opa mapa-
metpoB kmoua WPA/WPA2 nns cucrembl-npumanku B OecripoBogHoil cetu crannapra IEEE 802.11. Peanu3anus naHHOTO MeTOa MTO3BOJIUT
JIOCTUYb YMEHBLICHUSI HATPY3KH HA CHCTEMY-TIPIMAaHKY, TPEXIe BCETO CO3ACT MILTIO3UIO MOUIMHHOCTH ISl 3JI0yMbIIUIeHHUKA. [Ipennoxken
METO]] paclpeieneHHoi ataku Tpy0oil cunbl Ha meron ayreHTH(uKanmun WPA/WPA2, xotopsiii odecniednBaeT AUarHOCTUKY YCTOWYHBOCTH
KJIF04Ya cucreMbi-nipuMaku B cetn Wi-Fi. [IpoBeneHo cpaBHeHHE anmapaTHON BUPTyalU3allld C BUPTyain3alueil Ha ypOBHE OMEpaloOHHON
CHCTEMBI IIPY OJMHAKOBBIX YCIOBHIX B PaAMKax aTakd rpyOoi CHIIBI HA MeXaHHW3M ayTeHTuuKannu WPA/WPA2.

Pe3yabTaThl. [lomyueHbsl onTHManbHBIE YCIOBUS IS NMPOBEICHUS PACIpENeTIeHHON aTaku Tpy0oil CHIIBI B BUPTYaJbHOH cpezie, 4To
M03BOJISIET OTHOCHTENIFHO OBICTPO OLIEHUTH YPOBEHD 3AIMUIIEHHOCTH CHCTEMBI-TPHMAaHKH.

BoiBoasl. [Ipenioxen MeTo OLIEHKH YCTOHYMBOCTH Kiroda it metona ayreHTHukamn WPA/WPA2 ceru crannapra IEEE 802.11 ms
B3aMMOJECHCTBHSI CO 3JIOYMBIIIJIEHHIKOM HY)KHOTO YPOBHS KBAIM(HUKAIIMYA U UMEIOLIETOCS y Hero TEXHUYecKoro odecredenus. JlanpHeiimee
pa3BHUTHE TOIYYHJI METOJ OLIEHKH 3alIHIIeHHOCTH OecripoBonHbIX cered cranmaprta IEEE 802.11 ¢ momompio MeTona aHamm3a nepapxuil.
[penoxeno cpemy Al IPOBEISHUS OLEHKN YCIOBHON 3aIIMIIEHHOCTH CHCTEMBI-IPAMAHKU C YCJIOBUSAMH MPHMEHEHUS] MacIITa0NpyeMOCTH
JIaHHOHM TEXHOJIOTUHU; METOJI TeHEPUPOBAHUS CIIOBApel ISl MPOBEICHHS OIIEHKU 3alIUIIEHHOCTH CHCTEM-TIPAMAaHOK, KOTOPBIN MO3BOIUT M30e-
JKaTh MMOBTOPEHUS KITIOUEH M, TEM CaMbIM, YCKOPUT MOITyYeHHE PE3YIbTaTOB.

Karouessie ciioBa: IEEE 802.11, Wi-Fi, cucrema-npumanka, OlieHKa 3aIlMIIEHHOCTH, METO]] aHAIIM3a HEePapXHil.

117



[IPOTPECHBHI IHOOPMALIMHI TEXHOJIOI'TE

Banakh R. L.

Post-graduate Student of Information Security Department, Lviv Polytechnic National University, Lviv, Ukraine

AUTHENTICATION METHOD WPA/WPA2 KEY PARAMETERS’ DEFINITION FOR IEEE 802.11 BASED HONEYPOT

Context. An issue of correct configuration of honeypots is still opened, especially it is about honeypots that simulate wireless networks
as their clients are mobile and zone of control is not limited. Wrong configuration of honeypot may become its usage disinterested inside
automated system especially it is applicable to honeypots for IEEE 802.11 wireless networks. Honeypot with open (no authentication)
method or with low security may be suspicious for experienced attacker otherwise, it become easy prey for attackers whose goal is just access
to Internet. On the other hand, usage of honeypot with strong security level make no sense as well, as this model will become unconquerable
for attackers.

Most protected access points use authentication method WPA2, usage of which may assure attacker that he/she attacks legitimate system.

Objective. The goal of the researching work is to develop diagnostic model for honeypots in IEEE 802.11 wireless networks, which is
conditionally secured by authentication method WPA/WPA2. Proposed model can help to assess possibility to leverage known WPA vulnerabilities
by attacker on access point with given configuration.

Method. An evaluation method of attacker’s qualification and its technical set of equipment in way of WPA/WPA2 encryption key
selection for wireless honeypot is offered. Implementation of this method allows to reach load reduction on honeypot what will provide an
illusion of system authenticity for attacker. Method of distributed brute force attack on authentication method WPA/WPA2 that provides
diagnostic of Wi-Fi honeypot for encryption key resistance is offered. A Comparison between hardware virtualization and OS-level virtualization
is provided under the identical conditions in scope of WPA2 handshake brute force task.

Results. Optimal conditions for providing brute force attack in virtual environment are obtained, what can give possibility to quickly
assess security level honeypot. This information can be used to understand how qualified attacker should be.

Conclusions. A method of key perseverance assessment for authentication method WPA/WPA2 in IEEE 802.11 wireless network is
proposed, for interaction with attacker with needed qualification level and computing resources. A method of IEEE 802.11 wireless networks
security assessment using Analytics Hierarchy Process got further development. The scalable environment for honeypots assessment providing
is offered. The method of wordlist generation and rotation that are delivered to assessment system is proposed, what can help to exclude key
reduplication what in its turn will help to speedup of assessment results.

Keywords: IEEE 802.11, Wi-Fi, honeypot, security assessment, analytic hierarchy process.
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EVALUATION METHODS OF IMAGE SEGMENTATION QUALITY

Context. The basic methods of quantitative evaluation of image segmentation quality are explored. They are used to select segmentation
algorithms for specific image classes. The object of the study is cytological and histological images that are used in diagnosing the pathological
processes in oncology. The subject of the study is quantitative methods for segmentation algorithms’ quality evaluation.

Objective. The purpose of the work is to introduce the Gromov-Fr échet metric and develop a metric-based method for quantitative
evaluation of segmentation quality for image segmentation algorithms’ comparison.

Method. The quantitative evaluation criteria, which are based on comparison with etalon image and without the comparison with etalon
image, are analyzed. The algorithms for measuring the distances between images based on the Fi#& chet, Hausdorff, and Gromov-Hausdorff
metrics are analyzed.

To calculate the distance between the contours of images, the Gromov-Fréchet distance was introduced. The condition of identity,
symmetry and triangle is proved, and it is shown that the Gromov-Fr échet distance is a metric.

The metric-based method of quantitative evaluation of segmentation quality is developed. It is based on the use of the Gromov-Hausdorff
and Gromov-Fr échet metrics. The method is based on the algorithms for non-convex-into-convex polygon transformation, weighted chord
algorithm, and algorithms for calculating the Fréchet and Hausdorff distances. To calculate the Hausdorff distance between convex regions, the
Atalah’s algorithm was used. The Thierry and Manillo algorithm was used to find the discrete Fréchet distance. These algorithms have the
lowest computational complexity among their class of algorithms.

Results. The Gromov-Fr échet metric was introduced and the metric-based method of quantitative evaluation of segmentation quality was
developed.

Conclusions. The conducted experiments on the basis of cytological images confirmed the performance of software for evaluation the
distances between images. The developed method showed a high accuracy of estimation the distances between images. The developed software
module was used in intelligence systems for diagnosing the breast precancerous and cancerous conditions. The software can be used in various
software systems of computer vision. Promising areas for further research are search for new metrics to evaluate the distances between images.

Keywords: segmentation, quantitative segmentation evaluation, Fréchet metric, Hausdorff metric, Gromov-Hausdorff metric, Gromov-
Fr chet metric, polygon, cytological images.

NOMENCLATURE f, & — continuous curves;
AMS — automated microscopy system; o, B — arbitrary continuous non-decreasing function;
AR —area relation; (X ,d) —metric space X with metric d ;

FOM - figure of merit; . . .
NR FOM — number relation figure of merit; ¥; — parameterized curves in metric spaces,

AUMA - absolute ultimate measurement accuracy; f, & — isometric embeddings into a space;

RUMA - relative ultimate measurement accuracy, 7 — a set of isometric transformations;

FOC - figure of certainty; ' )

FRAG- fragmentation; P, Q. F, O - polygons;

CSP — correctly selected pixels; C P, — a contour (external boundary) of convex polygon

PDE - pixel distance error; P;
1 ; a predeﬁnrft:d( itmlagi;' OPi — an internal boundary of convex polygon P;
J ¢ — an expert (etalon) image;

I 4 j — an image, segmented by algorithm 4 s (N, M) —.a dlst.ance between regions;
D — a combined distance;

Aj — a segmentation algorithm,; @, )\ — weighted coefficients;

d(I°,1 4 )=d; — a distance between etalon image I € V' — initial set of polygon vertices;
n — a number of vertices in polygon;
and segmented image /4 by algorithm A ; m — a number of vertices corresponding to condition
d(x,y) — an Euclidean distance between points x andy; a; <180°
dp — a Hausdorff distance; B — a set of polygon vertices after convex regions
d,(V,,W,) — a distance between contours; formation;
o; — interior angles of the polygon;

dp — a Friichet distance;
O - algorithm computational complexity.

INTRODUCTION

Image processing and analysis have been widely used
in computed tomography, magnetic resonance tomography,

dgy — a Gromov-Hausdorff distance;
dGF — a Gromov-Fr échet distance;

A, B — compact sets;
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X-ray imaging (digital radiography), histology and cytology,
etc. [1]. For diagnostics in oncology, automated microscopic
system (AMS) are used to process and analyze cytological
and histological images.

The object of this research is cytological and histological
image segmentation.

Cytological image is a microscopic image of preparations
containing cells and their components (nucleus, cytoplasm)
[2]. Histological image is a microscopic image of preparation
thin sections of fixed tissues that reflect their structure [3].

The main disadvantages of most histological and
cytological images are low quality, non-uniform illumination
of areas, presence of noise, lack of clear contours between
the microscopic objects and the background. It is known
that image segmentation is crucial for the average computer
vision. There are many algorithms for image segmentation,
such as threshold, watershed distribution, k-means, and
others. Therefore, the choice of segmentation algorithms
and their parameters is of great significance. To select the
optimal parameters for segmentation algorithms, it is
necessary to evaluate the results of segmentation.

The subject of the research is methods of segmentation
quality evaluation.

There are the following segmentation evaluation criteria:
non-standard segmentation criteria that do not require
standard (etalon) segmentation and standard (etalon-based)
segmentation criteria.

One of the main criteria of the first group is homogeneity
of segments. This approach is based on calculation of value
dispersion of a certain image feature used for segmentation
[4]. Another criterion for evaluating segmentation is contrast
between segments. Besides, a shape of a segment is also a
criterion that can help evaluate segmentation quality. This
criterion can be effectively used for a specific image analysis.
The advantage of using non-standard criteria is simplicity
and speed.

The most famous algorithms belonging to the second
group are AR, FOM, NR FOM, AUMA, RUMA, FOC,
Baddeley, Average Distance, Variance distance, FRAG [5].
This group of algorithms is based on the use of metrics [6].
The results of etalon-based segmentation are compared with
the results of specific segmentation algorithm. The main
advantage of the second group of algorithms is high
accuracy of evaluation.

There is no single unified theory of image segmentation.
Most algorithms are heuristic in nature. Therefore, the actual
problem is objective quantitative evaluation of segmentation
quality.

The purpose of this article is to analyze and compare the
current evaluation methods of image segmentation, develop
a metric-based method and algorithms for quantitative
evaluation of image segmentation using histological and
cytological images.

1 PROBLEM STATEMENT

Let / be a predefined image (fig. 1). Expert (etalon) image

1€ is obtained after expert’s segmentation. Let image [ 4

be an image segmented by algorithm 4 ;. Then the distance

120

If

Figure 1 — Expert image and image segmented by algorithms

between an etalon image and an image segmented by
algorithms 4; will be equal to d(le,[Af ) i=1,..,1.
It necessary to find out the algorithm 4; that meets the

requirement of distance minimum d ; = min(d,d,.....d;) .
It is necessary to find out the algorithm.
2 LITERATURE REVIEW

Segmentation quality evaluation has become a research
focus of many researchers since the late 80s — early 90s.
Zhang, Mattana, and Huo [5] stated that it is accuracy of
individual objects’ selection that can serve as image
segmentation evaluation. The authors considered individual
characteristics of objects. To evaluate the threshold
segmentation methods, Lee, Chung, and Park introduced
segmentation error probability criterion based on counting
wrongly classified pixels. Yasnoff and Mui [7] introduced
pixel distance error (PDE) to find out the distances between
pixels in the target and segmented images. The longer the
distance is, the higher the segmentation error will be.
Gerbrands [8] introduced FOM criterion to determine the
distance between the segmented pixel and “correct” pixel
location. Criterion RUMA, offered by Zhang [9], uses
geometric object parameters to evaluate segmentation quality.

The analyzed criteria mainly evaluate the distances
between individual objects in etalon and segmented images.
In practice, it is necessary to evaluate the quality of
segmentation for a group of objects.

The algorithms for comparing segmentation results by
means of metrics are based on known Friichet and Hasdorf
metrics.

Thus, Lopez and Reisner [10] developed an algorithm to
reduce a number of vertices of the convex polygon for a

given error & in the Hausdorff metric. The algorithm can be

used only for convex polygons. Alt and Scharfz [11]
calculated the Hausdorff distance between algebraic plane
curves using Voronoi diagrams. The algorithm is used for
partial cases with algebraic curves and has a high
computational complexity. Chew and Kedem [12] developed
an algorithm for finding the minimum Hausdorff distance in

metrics L; and L,,. The resulting computational complexity
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is O(n2 .10g2 n). Knauer and Scherfenberg [13] developed
a search method by a given image pattern, which has the
least distance in the metric of Hausdorff. In this case,
translation of the specified pattern is used to the search
image. The algorithm has a high computational complexity.
Alvarez and Seidel [14] developed a method for finding the
minimum weight spanning tree based on the Hausdorftf metric
for ¢ -dimensional space. The problem of approximation of
such a tree is solved in polynomial time. Atallah [15]
developed an algorithm for finding the Hausdorff distance
between convex polygons. The computational complexity

of this algorithm is O(m-n), where m and n refer to a

number of vertices of the first and second polygons,
respectively.

A number of publications are devoted to the
development of algorithms for finding the Friichet distance
between curves. Alt and Godau [16] developed algorithms
for finding the distance between parametric curves. The
computational complexity is O(mn-logmn). Mosig and
Clausen [17] developed an algorithm for calculating the
Friichet discrete distance for polygonal curves. They used
groups of rigid motion. The computational complexity is

O(m2 -nz), where m and n refer to a number of fragments
on the first and second curves. K. Buchin, M. Buchin, and
Wenk [18] developed an algorithm for calculating the Fritchet
distance for surfaces that are represented by simple
polygons. The algorithm has a polynomial complexity. Rote
[19] developed the algorithm for calculating the Friichet
distance between two curves given by the set of m and
linearly approximated segments. The computational
complexity is O(m-n). Schlesinger, Vodolazskiy, and
Yakovenko [20] obtained the computational complexity
O(m-n) for the Friichet metric for closed polygonal curves.
Ahn et al [21] developed an algorithm for calculating the
Friichet distance with inaccurately given vertices. For
d -dimensional space they obtained the computational
complexity of O(d-m-n). Cook, Driemel, Sherette, and
Wenk [22] developed an algorithm for calculating the Friichet
distance between non-flat surfaces. The authors reached
the polynomial time in the L, metric. Gudmundsson and
Smid [23] developed a fast algorithm for finding the similarity
of polygonal trees in the Friichet metric. The algorithm has
a polynomial complexity.

Eiter and Mannila [24] developed an algorithm for finding
the Friichet discrete distance between polygons. The
computational complexity of the algorithm is O(m-n). The
best algorithms for finding the Friichet distance for plane
closed curves have the computational complexity of
O(m-n). The best algorithms for finding the Hausdorff
distance for convex regions have computational complexity
O(m-n).

The mentioned algorithms calculate the distances
separately between the curves (contours) of the images in
the Fréchet metric and between the regions of the images in
the Hausdorff metric.

Therefore, it is necessary to develop a metric, method,
and software for evaluating segmentation quality for
complex images with many objects.

3 MATERIALS AND METHOD

In order to compute distances between images, we use
Hausdorff and Friichet metrics. To compute the shortest
distances between images, we use Gromov-Hausdorff and
Gromov-Fr échet metrics.

We present the basic metrics below.

Friichet metric. Let X be a metric space with a metric 4 .
For two curves f:[a,b]—> X and g:[a’,b'] > X, the
Friichet distance between them is equal to [10]:

dp =inf sup d(f(cu(t)),g(B()))
a,Bref0,1] ’

where o and B are arbitrary non-decreasing continuous
functions from the interval [0,1] on intervals [a,h] and
[a’,b], respectively. The value of function is «(0)=0 and
o (1) =1, and it is similar for function f.

Hausdorff metric. For a metric space (X,d), the
Hausdorftf metric dy will be called a metric on the set 3 of

all non-empty compact subsets X, which is defined by
means of the formula [25]:

di[( (4,B) = max{max min d(x, y), max min d (x, y)}
xeA yeB yeB xeA

Gromov-Hausdorff metric. The distance between two

compact sets 4 and B is equal to [26]:
dgy (4,B):= inf dj} (f(4),2(B)),
X.f.8

where f:4—> X, g:B—> X denote isometric

embeddings into a metric space (X ,d) .

Gromov-Fréchet metric. To measure the distance between
two curves, we use Gromov-Fr échet metric:

dgr (S,0) = XlIng i (f(5),2(0)),

where f:S—> X, g:0 — X — isometric embeddings into
a metric space (X,d). Suppose there are two parameterized
curves in metric spaces y; :[0,1] = X;, i=1,2. (X;.,d;) is
a metric, t —y;(¢) e X; (fig. 2).We embed isometrically
JiX;—>Z,i=12,(Z,d).

Then we take a Fre chet distance between j;y; and j,75,

dp (v Jav2). 1
Finally, infimum of such (1) along all isometric

embeddings jj, j, will be a Gromov-Fréchet distance:

dgr(v1,v2)= inf _dp(jivi,Jj2v2)-
JIJJZ’Z
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Figure 2 — Gromov-Fr échet metric between two parameterized curves

Theorem. The function dgf is a metric.
Proof. First we check if the definition is correct. Having
two spaces X; and X, we consider their bouquet

Z = X, v X, sticking together two arbitrary points x{) and

K
Let us define a metric d in a bouquet by means of the
formula:

d;(x,y),if x,y e X;.

d(x,y)= . U
di(x,x;)+dy(x3,y),if xe X;,ye X,.

Then we check the definition of a metric for dgp .
Obviously, dgr(v1,v2)20.

Besides, dgp(y,y) =0 for each V.
Let us denote that the definition implies that

dgr(Y1,v2) 2 dgr (v1([0,1]), 72 ([0,1])) .

If dgp(y1,v2)=0, then it
dgr(v1([0,1]),y,([0.1])) = 0, therefore, we can assume that
Y1([0,1]) = v2([0,1]).

The last equality in case of embedded curves gives
equality y; =y, exactly to parameterization. The symmetry

implies  that

of function dgp is obvious.

Let us verify the triangle inequality. Let v, :[0,1] = X},
i=1,2,3 be parameterized curves; dgr(y1,y2)=a,
dgr(Y2,v3)=b; and ¢ > 0. There are metric spaces Z;;

and Z,3, and such isometric embeddings
jl' Xl —)le, i:1,2,

lel_)Zz3’ i:2,3,
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so that

drp(1v1,J2v2)<a+te,

dp(kyya,k3y3)<b+e.

Let Z=Zp 0, i Z,3 . In other words, 7 is derived
2/2

from Z;, U Z,3 by identification of each point j,(x) with
point ky(x), xe X,.
Metric ¢ on Z is defined by the formula:

d'(x,y), if x,yeZ.
d(x,y)=1d"(x,»), if x,y € Zs3.
inf{d'(x, jo(2))+d"(ky(2),») | z€ Xy },if x€ Z)p,y € Z3.

(Here d' is ametric on Zj, , 4" is a metric on Z,3).

Then from the triangle inequality for p it derives that

dor (Yi,¥2) <dp (v, ksv3) <dp (Jivis java) +
+dF(k2'Y2,k3'Y3)< a+b+2e=

=dgr (Y1,Y2) +dgr (v2,v3) + 2¢

Since g > () is arbitrary, we obtain the required inequality.

To evaluate segmentation quality, the researchers
developed quantitative evaluation method of segmentation
quality (QEMSQ), which is built on metric-based measuring
the distance between images.

After segmentation, we obtain a set of segments that we
approximate linearly and get a set of polygons. In general,
they are not convex. Thus, the task is to compare two non-
convex polygons after a specific algorithm segmentation
and expert segmentation.

Let P and Q be two non-convex polygons (fig. 3).
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Figure 3 — Polygons P and Q

Let us divide polygons p and O into sets of convex

polygons, that is,
0=0,v..uQ;U..U0, . Each convex polygon P and

1

P=RuU..UPBU..UPF,

Q; is represented as F; =Cp UOp, where Cp and Op
are contour (external boundary) and internal region of convex
polygon P, respectively. polygon

QQ] :CQ/ UOQ/
Then we receive
Q:(C‘Q1 UOQl)U(CQﬂ UOsz)UU(CQm UOQW)} ‘ w.

Similarly,

Let us represent the latter expressions in the following
form:

P:(Cp1 u...uCE u...uCPn)u(Op1 u...uOg u...uOPM),

Q=(CQ1 u...uCQ/_ u...uCQm)u(OQl u...uOQj u...uOQm).
Denote:

...uCR_ u...uC& =N,

..W0p U...u0p =V,

...uCQj u...uCQm =m,

UOQ/ U...UOQm =W2.

Then the distance between polygons P and Q is equal
to a sum of distances between contours and internal regions

of convex polygons P and Qj. The distance between
regions equals:

&R ) =inf ey > 0| Vi =10, 3j =Lm, dpy (0;,0;) <¢,
and vice versa Vj =1,m,3i=1,n, and dH(Oi,Oj)Sfl]},

d g — a Hausdorff distance.

//

P

a

Similarly, we calculate the distances between contours:
dy (V3 W) =infley >01Vi=1n,3j =L, dp(C,.C) <,
and vice versa Vj=1,m,3i=1,n, and dp(C;,C;)<ey },

dr —aFr chet distance.

Quantitative evaluation method of segmentation quality
is based on a combination of algorithms that ensure finding
the shortest distances between images. This combination
includes a set of algorithms: algorithm for non-convex-into-
convex polygon transformation, weighted chords algorithm,
Hausdorff distance algorithm, and discrete Fréchet distance
algorithm.

Stepwise quantitative evaluation method of
segmentation quality can be represented as follows:

1. Formation of a convex polygons’ set.

2. Conducting isometric transformations for embedding
convex polygons with a maximum cross section.

3. Computing a Fréchet distance for convex polygons.

4. Computing a Hausdorff distance for convex polygons.

5. Finding the shortest distance based on weighted
metrics (Fréchet and Hausdorff metrics) between polygons
P and Q according to D=¢dy +Adp.

Let us describe the basic algorithms that underpin this
method.

Algorithm
transformation:

for non-convex-into-convex polygon

Let P be a non-convex polygon with vertices
V= {vo,vl,...,vn_l}. Algorithm for convex polygon
formation consists of the following steps:

1. Beginning with an upper vertex, we select the vertices
with internal angles Qt; larger than 180°. If such angles do
not exist, then the polygon is convex and the algorithm is
completed. Otherwise, we get an array of vertices

B={by,by,....D, }

2. We connect consistently the received vertices b,
beginning with the top vertex and get a polygon A .

3. We repeat step 1 with a received polygon A

4. We repeat steps 1 and 2 with polygons A until the

angle of each vertex meets the condition o <180°.
The algorithm is graphically demonstrated in fig. 4

/

A

b

Figure 4 — Partitioning non-convex polygon into convex polygons: a — polygon P, with internal angles larger than 180°, b — polygon A,
convex region formation
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Algorithm computational complexity is O(n+ m), where
n is a number of vertices of initial non-convex polygon and
m is a number of vertices of non-convex polygon.

Weighted chords algorithm is described in the article of
Berezsky, Melnyk, Batko, and Pitsun [27] Computational
complexity of the algorithm is O(n-m), where n is a number
of weighted chords of the first polygon and m is a number
of weighted chords of the second polygon. For convex
regions’ comparison, the Atallah’s algorithm [15] was used.
For contour comparison, we used the Fréchet discrete
distance algorithm developed by Eiter and Mannila [25]. So,
the developed QEMSQ algorithms have the least
computational complexity.

4 EXPERIMENTS

For computer experiments, we used cytological images
[28].

To compare segmentation quality of individual micro
objects, we use etalon image shown in fig. 5.

Other images for these experiments were generated
randomly. In this case, we use the following methods to
evaluate segmentation quality: CSP, WSP, PDE, FRAG,
AUMA, and RUMA.

To evaluate segmentation quality of micro objects’ groups,
we use cytological images. Fig. 6 shows the etalon image and
images segmented by means of thresholding, k-means, and
watershed distribution algorithms [29]. We used Hausdorff,
Fré chet, Gromov-Hausdorff, and Gromov-Fr é¢chet metrics.

Figure 5 — Etalon image

Figure 6 — Image segmentation: a — output image, b — etalon image, ¢ — segmentation results by k-means + threshold algorithms, d —
segmentation results by watershed + threshold algorithms, e — segmentation results by threshold algorithm
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5 RESULTS

Comparative analysis of image segmentation is
demonstrated in Table 1.

Thus, the described methods of segmentation quality
evaluation rated the most similar to etalon images and the
most dissimilar images. These methods should be used to
evaluate the segmentation quality of individual microscopic
objects rather than the entire image as a whole. Table 2
shows the results of segmentation quality evaluation of
images illustrated in fig. 6.

Analysis of data in Table 2 demonstrates that Gromov-
Fré chet and Gromov-Hausdorff metrics showed better results
than others. The combination of segmentation algorithms
k-means and threshold optimally suits the segmentation of
cytological images.

6 DISCUSSION

The analyzed methods of quantitative evaluation of
segmentation quality, such as CSP, WSP, PDE, FRAG,
AUMA, RUMA provide evaluation for only individual
microscopic objects.

To evaluate the quality of segmentation of micro objects’
groups, it is necessary to apply metrics. The most common
metrics are the classical metrics of Fré chet and Hausdorff.
At present, the best known algorithms that implement the
Fréchet metric for contours (flat curves) have the
computational complexity of O(m-n). Known algorithms
for calculating the Hausdorff distance between convex
regions (polygons) have the computational complexity of
O(m - n). The Hausdorff and Fréchet metrics allow separately
measuring the distances between regions and contours of
images. To find the shortest distances between regions, the
Gromov-Hausdorff metric is used.

The disadvantages of the known algorithms are the
following:

1. Algorithms based on the Fré chet metric calculate the
distance only between the contours of images;

2. Algorithms based on the Hausdorff metric calculate
the distance only between convex regions of images;

3. There are no algorithms that calculate the shortest
distance between contours.

The advantages of the developed algorithms are the
following:

1. The proposed Gromov-Fréchet metric allows estimating
the shortest distance between the contours of images;

2. The use of a combined metric based on the metrics of
Gromov-Hausdorff and Gromov-Freche provided the
possibility to calculate the shortest distances between
contours and non-convex regions of images.

3. The developed EMISQ, which is based on the best
known algorithms for calculating the Fréchet and Hausdorff
distances, automatically estimates the shortest distances
between groups of micro objects.

CONCLUSIONS

In the article, the authors introduced the Gromov-
Fréchet distance and proved that distance is a metric. The
method of quantitative evaluation of image segmentation
quality is developed, on the basis of which a program module
is designed and implemented, which allows calculating the
shortest distance between images in an automatic mode.

The scientific novelty of the results is the following:

— for the first time, a Gromov-Fréchet metric was proposed
for measuring the shortest distance between the contours
of images;

— for the first time, quantitative evaluation method of
segmentation quality based on the integrated use of Gromov-
Fré¢ chet and Gromov-Hausdorff metrics was applied allowing
to evaluate the shortest distances between images.

The practical significance of the results is in the
development of software to evaluate the shortest distances
between the images. Computer experiments that were
conducted on the example of cytological and histological
images showed high efficiency of software that was used in
image automatic segmentation algorithms.

Table 1 — Comparative analysis of image segmentation

Methods of segmentation quality ‘
evaluation ‘
CSP, % 80.96 93.52 70.5 97.84
WSP, % 53.72 47.9 58.26 44.01
FRAG, % 98 90 70 97
AUMA, -pixels 4347.0 1165.0 5113.0 1105.0
RUMA, % 15.22 4.08 17.9 3.87
Table 2 — Comparative analysis of image segmentation based on metrics
Metrics b) — b) b) —¢) b) — d) b) — e)
Hausdorff 0 19.20 21.37 46.57
Gromov-Hausdorff 0 19.20 21.37 46.57
Fréchet 0 36.76 26.4 52.77
Gromov-Fréchet 0 36.76 24.18 52.77
Weighted metrics 0 27.98 22.78 49.67
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Further areas of research embrace the development of

algorithms of de-paralleling the metric quantitative
evaluation method of segmentation quality, which will help
speed up the process of segmentation quality evaluation
and segmentation algorithm optimization. Besides, a
promising area for further investigations is development of
a metric for evaluation the similarities of non-convex

polygons.
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Bepesbkuit O. M.!, Tiryn O. 11.2

!JI-p TexH. Hayk, npodyecop, 3aBigyBad Kadenpu KOMII'IOTepHOI irxeHepii, TepHONUIbChKHIT HALIOHAIPHUN €KOHOMIYHHI YHIBEpCHTET,
Tepuominb, Ykpaina

?Acnipant, TepHONUIBCHKUI HAIIOHAIBHUN eKOHOMIYHHI yHiBepcutet, TepHominb, Ykpaina

METO/IU OLIIHKU SIKOCTI CETMEHTAIIIi 306PAYKEHb

AKTyaJ bHiCTh. PO3IIAHYTO OCHOBHI METOIY KUIBKICHOI OIIHKHM SIKOCTI CerMeHTallii 300pakeHb. BOHM BUKOPHCTOBYIOTHCS A1 BHOOpY
aJITOPUTMIB CerMEHTALl Il KOHKPETHUX KJIaciB 300paxeHb. O0’€KTOM JOCIIIPKEHHS € LIUTOJIONYHI Ta IiCTONOTYHI 300paXeHHs], sIKi BUKOPH-
CTOBYIOThCSI IIPH [1arHOCTYBaHHI NaTOJIOTYHUX MPOLECIB B OHKOJIOri. IIpeaMeToM nociifikeHHs € KUIbKICHI METOH OL[IHKH SIKOCTi alrOpUTMiB
cerMeHTairii.

Meta po6oTu — BBesieHH MeTpuku I'pomoBa-Ppele Ta po3poOiaeHHs METPUYHOIO METONY KUIbKICHOI OLIHKM SIKOCTI CerMEHTallii A
MOPIBHSHHS aJIFOPUTMIB CErMeHTaLil 300pakeHb.

Metona. IIpoananizoBani KpuTepil KUIbKICHOI OLIHKH, sIKi 0a3yI0TbCsl Ha MOPIBHSHHI Ta 0€3 IOPIBHAHHS 3 €TAJOHHMM 300pa)KEHHSM.
IpoananizoBaHO alTOPUTMU 3HAXOPKEHHS BiJICTaHI MK 300paskeHHAMU Ha ocHOBI MeTpuk Ppeme, Xaycnopda, ['pomoa-Xaycnopda.

J11s1 3HAXO[PKEHHS BifICTaHi M KOHTypaMH 300pakeHb BBeJIHO Bicranb I'pomoBa-dpeute. JJoBe€HO yMOBY TOTOXHOCTI, CAMETPHYHOCTI
Ta TPUKYTHHKA 1 10Ka3aHO, 10 BincTaHb I poMoBa-Dpellie € METPHKOIO.

Po3pobneno MerpuuHuil MeTO KiIbKICHOI OLIHKH SIKOCTI cerMeHTauii. Bin 6a3yerbcst Ha BUKOpHCTaHHI MeTpuk I'pomosa-Xaycnopda ta
I'pomoBa-Ppewme. Merox nobynoBaHUil Ha OCHOBI aJITOPUTMIB IIEPETBOPEHHS HEOIYKJIMX IOJIIOHIB y OMYKI, alrOpUTMy 3Ba)KEHUX XOpI,
aJropuTMiB obuncieHHs Bigcraneit ®peme Ta Xaycnopda. [t 3HaxomKeHHs BigcTani Xaycnopda MK OIyKIUMHU OOJNACTSAMU BUKOPUCTAHO
anroput™ M. Aranaxa. Jlns 3HaXoIDKeHHs AUCKpeTHOI Bincrani ®peme Bukopuctano anroputm Tomaca Eifrepa i Xeliki Maninmm. [Jlani
aJITOPUTMH MaIOTh HAIHIKUY OOUHCIIOBAIBHY CKIIAJHICTB CEpel] CBOTO KIIACy alrOpUTMIB.

Pe3yabraTn. BeeneHo merpuky I'pomosa-@pere Ta po3poOneHo METPUYHHUIA METOJ| KUIbKICHOI OLIHKH SIKOCTI CErMEHTALil.

BucHoBku. IIpoBesieHi eKCliepMMEHTH HA OCHOBI LIUTONOTIYHMX 300paXKeHb MiATBEPAUIM MPALEe3JaTHICTh MPOrpaMHOro 3a0e3neyeHHs
OLIIHKY BiAICTaHi MDK 300pakeHHAMH. Po3pobnenuii MeTon nokasaB BUCOKY TOYHICTb OLIHKM BiJcTaHel Mik 300pakeHHsMuU. Po3poGueHuit
IIPOrpaMHUM MOJY/Ib BUKOPUCTAHHUH Y IHTEIEKTyallbHIl CHCTEMI 1IarHOCTYBAaHHsI IEPEAPAKOBHX 1 PAKOBUX CTaHiB MOJIOYHOI 3a1034. IIporpamue
3a0e3neyeHHss Moke OyTH BHKOPHCTaHE B PI3HHMX IPOrPAMHMX CHCTEMaX KOMII'IOTepPHOro 30py. IlepcrieKTHBHUMH HampsiMaMu JOCIIIXKEHb €
HOIIYK HOBUX METPUK s OLIHKH BiJICTaH1 MiX 300pa)KeHHAMH.

KuouoBi c1oBa: cermenTalis, KilbKicHa OLIHKA cermeHrauii, merpuka @pee, merpuka Xaycnopda, merpuka ['pomoa-Xaycnopda,
merpuka I'pomoBa-®pelire, MOIIroOH, LUTONOTIUHI 300pakeHHS.

Bepesckuit O. H.', ITnuyn O. 1.2

!JI-p TexH. Hayk, npodeccop, 3aBenyonmii Kadeapoil KOMIIBIOTEpHOI HHXeHepnH, TepHOIOIBCKHIIT HAlMOHAIBHBIN Y9KOHOMUYECKHI YHHU-
Bepeuret, TepHonons, Ykpauna

?Acnupant, TepHONOIBCKUI HALMOHAIBHBIA YKOHOMHYECKHH yHUBepcuTet, TepHOmons, YkpanuHa

METO/Ibl OLIEHKU KAYECTBA CETMEHTAIIUUA U3OBPAXKEHUI

AKTYaJIbHOCTh. PaccMOTpEeHBI OCHOBHBIE METObI KOJIMUYECTBEHHOH OLIEHKM KayecTBAa CErMEHTaluH u300paxkeHUH. OHM HCIOJIb3YIOTCS
JUIsl BBIOOpPA aIrOpUTMOB CErMEHTALMK [JIsl KOHKPETHBIX KIIACCOB M300paxceHuil. OObEKTOM HCCIeN0BaHUS ABIISIOTCS IUTOJIOTMYECKUE U THCTO-
JIOTHYECKHE M300pakeHuUsl, UCIIONb3YEMblE IIPH JAUArHOCTUPOBAHUM IIATOJOTMYECKHUX IIPOLECCOB B OHKONOruM. IIpeaMeroM mccinenoBaHus
SIBJIAIOTCS KOJIMYECTBEHHBIE METO/IbI OLIEHKH KaueCTBa aJIFOPUTMOB CErMEHTAIMU.

Lean padoTbl — BBeieHUE MeTpUKH I pomoBa-Dpeltie 1 pa3paboTka METPUYECKOTO METO/1a KONMYECTBEHHOH OLIEHKH KauecTBa CErMeHTa-
MM JUIsl CPABHEHHS aJITOPUTMOB CETMEHTALUM M300paskeHUI.

Meton. [Ipoananu3upoBaHbl KpUTEPUH KOJIMYECTBEHHOM OLIEHKM, OCHOBaHHBIE HA CPABHEHHMU 1 0€3 CPaBHEHUsI C STAJIOHHBIM N300paXKeHH-
eM. [IpoaHanu3upoBaHbl aNrOpUTMBbl HAXOXKJIEHHs PAaCCTOSHUS MEXIy M300pakeHHsAMHM Ha ocHoBe MeTpuk Ppeme, Xaycnopda, ['pomosa-
Xaycnopda.

J11s HaXOXKJIEHHsl PACCTOSHUS MEX 1y KOHTypaMu M300paxeHuil BBefieHo paccrosiuue I’ pomosa-Ppeine. JlokazaHo ycioBHE TOXKIECTBEHHO-
CTH, CUIMMETPUYHOCTH M TPEyrobHHUKA M MOKa3aHO, YTO paccTosHue I'pomoBa-Dpeltie sIBIAETCS METPUKOM.

Pa3paboTran MeTpuuecKuii METO/] KOJIMYECTBEHHOM OLEHKH KayecTBa cerMeHTanuu. OH 6a3upyercs Ha MCIONb30BAaHUM MeTpHK ['pomoBa-
Xaycnopda u I'pomosa-Ppere. MeTos IOCTPOEH HA OCHOBE aJTOPUTMOB MPEOOPa30BaHMS HEBBIIYKIBIX TIOJUTOHOB B BBIIYKIIbIE, aITOPUTMA
B3BEIIEHHBIX X0/, aJITOPUTMOB BbIUHCIEH s paccTosiHui @pemte u Xaycnopda. [ HaxoxaeHus paccrosHus Xaycaopda Mex1y BbITYKIBIMU
0071acTsIMH UCHOJIb30BaH anroput™ M. Aranaxa. J{ns HaXoXKIeHUsl AUCKPETHOro paccTosHust Ppelte ucnonp3oBaH anroputM Tomaca Peiitepa
n Xelkky MaHuuibl. JIaHHbIE aArOpUTMBl MMEIOT CaMyI0 HU3KYIO BEIYHCIIMTENBHYIO CIIOKHOCTh CPEIH CBOETO KJIacca alrOpHTMOB.

Pe3yabraTsl. Beeneno merpuky I'pomoBa-®peiite u pazpaboTaHO METPUUECKUH METOJ KOMMYECTBEHHON OLIEHKM KAayeCTBa CErMEHTALUH.

BriBoabl. IIpoBe/ieHHbIE SKCIEPUMEHTH Ha OCHOBE LUTOJOTMUECKUX M300pa’keHHH MOATBEPAMIN PabOTOCIIOCOOHOCT MPOrPaMMHOIO
obecriedeHns OLIEHKH PAacCTOSHHs MeXIy M300pakeHusMuU. PaspaboTaHHBIN MeTOZ MOKa3all BEICOKYIO TOUHOCTh OLIEHKH PACCTOSIHUM MEXKIy
n300paxkeHusMHU. Pa3paboTaHHBIN NpPOrpaMMHBINA MOZAYIb HCHOJIBb30BaH B MHTEIUIEKTyallbHbIE CHCTEME JAMATHOCTUPOBAHUS MPEIPAKOBBIX U
PAKOBBIX COCTOSIHUHM MOJIO4YHOM skenesbl. IIporpamMmmHoe obecrneueHne MOKET OBITh MCIIOJIb30BAHO B PA3IMYHBIX NPOIPAMMHBIX CHCTEMax
KOMIIBIOTEPHOIO 3peHHs. IlepcrieKTHMBHBIMU HAMpPaBIEHUAMH MCCIEOBAHHI SBIIAETCS TOUCK HOBBIX METPUK IS OLIEHKH PACCTOSIHUS MEKIY
HM300paKeHUSIMH.

KuoueBble c10Ba: cerMeHTalus, KOJMYECTBEHHAs OLIEHKa CerMeHTallMu, MeTpuka I'pomoBa-Xaycnopda, merpuka ['pomosa-Operie,
HOJIMTOH, LIUTONIOTUYECKHE N300paKEHUs!.
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JIncuukmn K. E.

AcnupaHm XapbKO8CKO20 HayUOHanbHO20 yHusepcumema umeHu B. H. KapasuHa

BbIPOXAOEHHDBIE S-BJIOKU

AKTYyalIbHOCTb. S-OJIOKU SIBIISIOTCSI OJHMM M3 OCHOBHBIX IPe0Opa30BaHUM MHOrUX MIU(POB, U MOUCKY S-OJOKOB C yITy4IIEHHBIMU
KpHITOrpapuuecKUMH MOKa3aTeNsIMU Y eseTcs IpoMaJHOe BHUMaHHUE B IMTEPaType 3TOro HalpapiieHHs. TeM caMbIM I10JIaraeTcs, 4To eCTh
MOJICTAaHOBKM (S-OJIOKH), KOTOPbIE CIEAyeT CUUTATh INIOXUMHM, T.€. TAKHE, KOTOpbIE HE MOAXOAAT IJI MOCTPOSHUs HaAeKHbIX mudppos. C
JIPyroi CTOPOHBI, OIHO U3 HAIPABJIEHHH COBEPIICHCTBOBAHUS KOHCTPYKLUH MU(POB, KOTOPOE Pa3BUBAETCS B MOCIEIHEE BPEMs, CBA3aHO C
HOCTPOEHHEM MHU(POB, B KOTOPBIX MOTYT IPUMEHATHCS S-ONOKHU ciydaiiHoro tuna. BozHukaer BaxkHbIll Bompoc. A kakue e S-O10ku He
HOAXOAAT AJIA MOCTPOSHUS MHUQPYOMUX npeodpasoBaHuit? B 3Toii cBs3u OONBLIYI0 aKTyalbHOCTh IPHOOpETaeT U3ydeHHE CBOICTB U
ocobenHocTel GpopmMupoBaHus S-Ol0KOB BHIPOXKAEHHBIX KOHCTPYKLMH, I0A KOTOPBIMH IOHHMMAIOTCS IOACTAHOBKH, yXyJIIIalOIIHe
KpHITorpapuieckue nokasaTeay mudpos.

Henap. M3yyenne cBoiicTB U 0cobeHHOCTEH (HOPMUPOBAHMS TTOJCTAHOBOK BBIPOXKEHHOIO THIIA, OLIEHKA BEPOSATHOCTH UX MOPOXKIECHUS C
MIOMOLIBIO T€HEepaTopa CIydaiHbIX MoacTaHOBOK. ONpe/eneHue NPU3HAKOB, 10 KOTOPBIM MOXKHO OTJIUYUTDH BBIPOXKIEHHbBIE MOJCTAHOBKH.

Metona. ITocTpoeHne NOLUKIOBBIX 3aKOHOB PACIpPEIEIeHNs] MAaKCUMYMOB Tabmul 1uddepeHaabHbIX pa3HOCTeH U TaONUL TMHEHHBIX
aNMpOKCUMALMK JUI yMEHbLIEHHBIX Mojenell mu@pos, NpH HUCHONb30BAHUU B HUX Pa3HbIX (BBIPOKAECHHBIX) KOHCTPYKLUH S-OJ0KOB.
Onpenenenue 3akoHa pacnpeneneHus MakcumymoB XOR Tabaui v cMeleHuit TabmuL IMHEHHBIX anmpokcuManuii 6aliToBbIX MOICTaHOBOK.

Pe3syabTaTsl. 3yuensl ancaMOeBble XapaKTEPUCTHKU MHOXKECTBA OalTOBBIX IocTaHOBOK. Ha ocHoOBe n3yuenus nuddepeHmanbHbIxX
U JIMHEHHBIX CBOMCTB YMEHBLIEHHBIX MOJIENEH MU(POB ONpeeneHbl IPU3HAKH, 110 KOTOPIM MOXHO BBIIBUTH BBIPOKIEHHBIE I10JCTAHOBKH.
BblYMCIIMTENBHBIM U 9KCIIEPUMEHTAIBHBIM IIyTEM OIpeJeleHa BEPOATHOCTb Cly4aliHOro IOpOXAeHHs (BbIOOpa) OaliTOBOH 10JCTAHOBKU
BBIPOXK/IEHHOT'O THIIA.

BriBoabl. PesynsraraMu paboThl OATBEPIKIEHO, YTO IOMYyYEHUE BHIPOXKAECHHBIX 0afTOBBIX S-0J0KOB IPH CIIy4aiiHOM UX HOPOXIECHHU
SIBIISIETCS. MAJIOBEPOATHBIM COOBITHEM. DTO O3HAYAET, YTO NPAKTUUECKH Oe3 orpaHHMYeHUi B mUpax MOryT UCIOJIb30BATHCS S-OJIOKH,
MOPOXKJIEHUs! C MOMOLIBIO F'eHepaTopa ClIydaifHbIX MOACTaHOBOK.

HayuHast HOBU3HA COCTOUT B TOM, YTO U3y4Y€HO BJIMSHUE BEIPOXKIEHHBIX IIOJICTAHOBOK Ha 3()(heKTHBHOCTH N (PYIOMHMX IPeodpa3oBaHHIA.
BrepBble yCTaHOBIIEHO, YTO UCIONIb30BaHUE B MIU(pax S-OJI0KOB, IOPOKAECHHBIX CIy4aiHBIM 00pa3oM, C 04eHb OOJIbIION BEPOATHOCTBIO HE
IPUBOAUT K YXYALIEHHIO TTOKa3areneil croikocTy mudpoB k arakaM AuddepeHaabHOro 1 TMHEHOro KpUNToaHaIM3a.

IpakTHyeckas 3HaUUMOCTb PE3Y/IBTATOB pAOOTHI 3aKIIIOYAETCS B IIOTy4€HUH KOHKPETHBIX JaHHBIX, IOATBEPKAAIONIMX OCHOBHOE I10JI0KEHHE
pa3BUBAEMOi HOBOH METONMKH OLEHKH CTOMKOCTH OJOYHBIX CUMMETpPUYHBIX WH(POB K aTakam AnddepeHIHaIbHOro U JMHEHHOro
KPHIITOAHAIM3a O HE3aBUCUMOCTH I0Ka3aTeNnei CTOHKOCTH IU(POB OT NPUMEHAEMBbIX S-OJI0KOB, B TOM 4Hcle U S-OJI0KOB cayuyaifHoro Tuma.

KaroueBble cj10Ba: METONO0JOTUSI OLIEHKU CTOMKOCTH, BBIPOXKAEHHBIE IOJCTAHOBKH, NU(QepeHualbHble 10Ka3aTeNH, JIMHEHHbIE
MOKa3aTeNu.

MEHKJIATYP VR
HO A LPT,. — MaKCHMalbHOE 3HAYECHHE JIMHEHHOH BEpOsT-
T — HEJIMHEWHOE MOJACTaHOBOYHOE Mpeodpa3oBaHUE HOCTH TOJICTAHOBKH Tt .
(S-61oK);
’ . BBEJIEHUE
JIAT — nuHeiHas annpoKCHMalMOHHAs TaOnuIa mosi-
CTaHOBKH; OIHMM U3 OCHOBHBIX MOJOXEHHH, pa3BHBAEMBIX B HO-

TP — Tabnuua pa3HOCTEH MOJICTAHOBKH,
TJI — Tabnuua nquddepeHnnaios MoaCTaHOBKH,

Pr(A (AX,AY)=2k*) — BepOATHOCTH IOPOXKICHUA
MOJICTAHOBKU C MaKcMMalbHBIM 3HaueHneM XOR pasnoctw;

k * — monmoBuHHOE 3HaueHHe makcumyma XOR mepexo-
na nuddepeHImanbsHON TaOIuIIbL;

*

Pr(k (o,B) =| 21 *|) — BEPOATHOCTh IOPOXKACHUS MO-
CTAaHOBKM C MaKCHMMAaJIbHBIM 3HaueHueM cmenienus JIAT;

[ * — TOJIOBUHHOE 3HAYCHHEC MAKCHMyMa CMELICHHUS Tal-
bl JIAT;

Dihax (X) — 3aKoH pacnpeneneHHss MaKCHMYMOB TaOJIH-
el XOR pa3zHocreid 0aHTOBOM MOICTaHOBKH,

Dpax(Y) — 3aKkoH pacmpeneleHHs MakCHMYMOB CMe-

LICHUH JTUHEHHOW amnmpoKCUMAIlMOHHOW TaOmuIBl 0aiTo-
BOH IOJICTAHOBKH;

DPJ

 hax — MAKCHMAaIbHOE 3HaueHue ubdepeHunanbHon

BEPOATHOCTHU Ta6HI/IHLI MOJACTAHOBKH TT,

© Jucunxuit K. E., 2018
DOI 10.15588/1607-3274-2018-1-15

BOM METOMOJOrMH OLEHKH ITOKa3areleill CTOMKOCTH O0Y-
HbIXx cumMmeTpuuHbix mudpos (BCII) k atakam nuddepen-
[MATBHOTO U JTUHEWHOro KpunroaHanusa [1], sBisercs mo-
JIoXXeHue, cocrosuiee B ToM, uto Bce BCII mocie
OMpeeTIeHHOr0 HHANBUAyansHOoro st kaxkaoro bCIHI umc-
Jla OUKIJIOB MPHUXOIAT N0 quddepeHnanbHbIM U JIHHEHHBIM
MOKa3aTelsiM K CBOWCTBAM CIIy4alHBIX MOACTAHOBOK COOT-
BETCTBYIOIIMX CTENEHEH (3HaueHUsB MakCMMalbHbIX Audde-
PEHIMANBHBIX U JTUHEHHBIX BEPOSTHOCTEH COBIIAAIOT C CO-
OTBETCTBYIOIIUMH TOKA3aTEISIMHU CIYJaiHBIX TOJCTAHOBOK).

[IpoBeneHHBIE MHOTOYHCICHHBIE YKCIEPUMEHTHI, CBH-
JIETENBCTBYIOT O TOM, YTO CHOPMYITHPOBAHHOE IOJIOKEHHE
BBINOJTHAETCS MPAKTUUECKU JUISI BCEX M3BECTHBIX MIH(POB, a
MIOICTAHOBKH, €r0 He MOATBEPIKAAIOIINE — 5TO BECbMa Orpa-
HUYEHHOE MHOXKECTBO 10 CPaBHEHHUIO C OOLIUM YHUCIOM
BO3MOXKHBIX TOJICTaHOBOK, CYIIECTBEHHO HE BIHSIOLICE HA
JIOCTOBEPHOCTH C(HOPMYITHPOBAHHOTO YTBEP KICHHS.

DTO O3HaYaeT, yTO IMpemIaraeMas METOHOIOrus padora-
€T JUIS IPOU3BOIBHBIX S-OJIOKOBBIX KOHCTPYKIMH, HCKITIOUast
TaK Ha3bIBaeMble BBIPOXKJICHHBIE MOACTAHOBKH, KOTOPHIE B
COBpPEMEHHBIX MH(ppax HE UCHONB3YIOTCS. Bo3HHKaeT Bom-
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poc, a Kakue ke S-OJOKH cuuTaTh BBIpOXKICHHBIMH? I Ha-
CKOJIBKO BEPOSATHO IIOIACTh IIPU CIy4aifHOM BeIOOpe Ha
BBIPOXKJICHHYIO II0JICTAHOBKY?

OpHUM U3 IPOCTBIX OTBETOB HA ATOT BOIPOC MOXKET CTaTh
TaKoH: BBIPOXKICHHBIMH S-OITOKaMH CIEIyeT CUMTaTh Te, KO-
TOpBIE MO0 HE MO3BOJIAIOT MHU(PY B Ipenenax orpaHuueH-
HOI'O 4MCJIa IUKIOB, OAHO3HAYHO OIPEAEIEHHOIO VIS KaxX-
Joro mu¢pa, JOCTHYb IOKa3aTelel CIydaifHOI MOACTaHOB-
KH COOTBETCTBYIOIIEH CTEeNeHH, NHOO CTAalHOHApHOE
3Ha4YeHNEe, K KOTOPOMY HMPUXONHT (P, HE COOTBETCTBYET
0XKHUJAEMOMY, CBOICTBEHHOMY CIy4alHOH IOJICTaHOBKE.

OOBEKTOM HCCIIEIOBaHUS SBISACTCS IPOILECC MPUXOJa
mI(POB K COCTOSHHUIO CIy4alHOHW MOJCTaHOBKH (K CTalMo-
HapHOMY 3HAUYEHUIO MOLUKIOBBIX 3HAYEHUH MaKCHUMYyMOB
¢ hepeHINaNbHBIX U JIMHEHHBIX BEPOATHOCTEH).

IpeamMer mccnenOBaHUH COCTABISAIOT OAHTOBBIE MOJCTA-
HOBKHU BBIPOJKAEHHOTO TUIIA, OIPEJEIEHHE KOTOPBIX IPUBE-
JICHO BBIIIIE.

Llenpro maHHOM PaOOTHI SABISETCS U3YYCHHE CBOHCTB U
ocobeHHOCTeH (hOPMHUPOBAHUS ITOJCTAHOBOK BBIPOXKJICHHO-
ro Tuna. OLneHNBaeTCs BEPOATHOCTD IIOPOXKICHHS OaHTOBBIX
S-0510KOB ¢ MOMOIIBIO TEHEpaTOpa CIy4aifHBIX ITOJACTaHO-
BOK. Omnpeenstorcs IpU3HaKy, 110 KOTOPbIM MOXHO OTJIH-
YUTh BBIPOXKJIEHHBIE IIOACTAHOBKH.

1 IIOCTAHOBKA 3AJAYHN

[TycTs MBI UMeeM BBIOOPKY W3 CIIy4ailHO CT€HEpHpPO-
BaHHBIX 0alTOBBIX (pasMepa 8x8) MOACTAHOBOK: T, Ty, . . .,

7,,. A cuMMeTpruuecKoil Tpynmsl S, TIONHOE MHOXECTBO
TaKHX IOJCTAaHOBOK OyIeT comepikaTh n! Pa3NIMUHBIX IIpes-
craBureneil. Kaxnoe u3 3THX nmpeoOpa3oBaHUN XapaKTepH-
3yeTCsl CBOMMH 3HAYCHUSIMH MaKCHMalbHOH muddepenim-

U JIMHEeWHOH [P

% T
AIBLHOU DPmax max

BeposTHOcTeH. Heoo-

XOOMO ONpE€ACINTh, KAKHEC N3 ITOJHOIO MHOXKECTBA TaKHX
TIOACTAHOBOK M CKOJIBKO SABJISAIOTCA BBIPOXXKACHHBIMH B OIIPC-
JIGICHHOM BBIIIIE CMBICTIE?

2 JIAITEPATYPHbBIN OB30P

B kpunrorpaduueckoii nurepatype yaenseTcs MpocTo
OTPOMHOE BHUMAaHHE IMOCTPOEHUIO MOACTAHOBOYHBIX KOH-
cTpykuui (S-010KOB) [UTsl OJIOYHBIX CUMMETPHUYHBIX HIU(-
poB [2—10 1 MH. MH. 1p.], TAK KaK CIUTAETCS, YTO MTOKA3aTeNN
CTOWKOCTH MIM(POB HENOCPEACTBEHHO CBSI3aHBI C KPHUIITOT-
paduUecKUMH CBOMCTBAMHU BXOASIINX B HUX S-0nokoB. Haim
uccnenoBanus [11-14 u MH. ap.], oqHAKO, TOKa3aIH, 9TO 3TO
He coBceM Tak. [lopcTaHOBOUHBIE TIPEOOPa30BaHMsI, UCTIONb-
3yeMble B COBPEMEHHBIX IH(pax, He BIUSIIOT HA UTOTOBBIE
rmokaszaTein crolkoctd mudpos. OHU BIMAIOT (HE BCerna)
Ha JIMHAMUKY TPUXojaa MHU(POB K COCTOSHUIO CIydaitHON
mo/ICTaHoOBKH [ 15, 16] 1 To auIIb B ipeaenax OAHOro MUKJIA.
Hpyroe nemo, 4To B NPHUHIUIE CYILECTBYIOT KOHCTPYKIMU
S-0J10KOB, KOTOPBIE YXYIIIAIOT WIN MPOCTO Pa3pyLIAIOT KPHII-
Torpaduueckoe mpeodpaszoBaHue, TPUMEHEHHE KOTOPBIX
JUJIsl TIOCTPOCHHUS MHUQPPOB MPOCTO HEeNOMycTuMo. Takue
S-6moku B [1] Ha3BaHbI BHIPOXKICHHBIMH.

B paborax [1, 17-19 u ap.] nponaraHaupyeTcs: UCTIONb-
30BaHUE AJIS MMOCTPOEHUS] MH(POB CIydailHO CKOHCTPYH-
poBaHHBIX S-01okoB. Takue S-OIOKM HANLUIM YK€ MCHOIB30-
BaHHE B COBPEMEHHBIX MIH(pax, Mpasia ¢ JOMOJTHUTETEHBIM
oTOopoM 1o omnpexaesieHHbIM Kputepusm [20]. Bo3Hukaer

130

3a/laya HACKOJIBKO BaXKHO BBIMOIHATH IPOBEPKY KPUIITOrpa-
(dudeckux mokasareneil S-OIOKOB, MPEANONAaraeMbIX K HC-
MOJTB30BAaHHIO B KOHKPETHOM MIH(pe, M €CII HCIOIb30BaTh
ciryyaiiHble KOHCTPYKLIMH, KaK 3allUTHTHCS OT HCIOIb30Ba-
HUS CNAOBIX (BBIPOXKIICHHBIX) S-OIOKOB?

B uHTepHETE HaM He yIaJoCh HAWTH MaTepHaOB IO
BBIPOXJICHHBIM II0JICTAHOBKaM. B 3TOM HampaBieHUHM Ha-
[UIach TONBKO OHA OIMyONMKoBaHHas padora [21], B KoTO-
poii 00CYXKIAIOTCSI HETIOCPEACTBEHHO MOHSATHS W TOAXOJBI,
CBsI3aHHbIE C BBIPOXKJIEHHBIMH IoJcTaHOBKaMu. Ceroms,
BO3Bpamasch K 3aTPOHYTHIM B padore [21] Bompocam, xo-
94eTcsi OTMETHTh, YTO 0OOCHOBaHHME MOIIHOCTH IOACTaHO-
BOK, Ha3BaHHBIX B PabOTe BBIPOXKIACHHBIMH, BBITIONHEHHOE
Ha OCHOBE (hOPMYI UIsi 3aKOHOB PACHPEICIECHHs EPEX0I0B
XOR Tabmui v TabIUI THHEHHBIX aNMPOKCHMAIMA Tpe-
CTaBIISIETCS HE COBCEM aKKypaTHBIM. bojee mocienoBareinb-
HBIM M NPaBUJIBHBIM CIIEJYEeT CUMTATh HCIIOIb30BAHHUE IS
OIICHKH MHOXECTBa BBIPOXKICHHBIX IOJCTAHOBOK 3aKOHOB
pacrpeneneHuss MaKCHMyMOB TIEPEX0JI0B COOTBETCTBYIOLINX
TalJIHI, paCCUYMTAHHBIX B Halel padore [22]. B atoit pabote
MOXXHO HaWTW W JONOJHUTEIbHBIE apTyMEHTbI, OTHOCSIIHE-
csi K 000CHOBaHHMIO MaTEeMAaTHYECKOH MOJIENH CIydaifHON
MOACTAaHOBKH. [lamee B paMKax BBEHNEHHOTO B pabore [22]
MIOHATHS MaTEeMAaTUYEeCKON MOAENH CIIydailHOW IOJCTaHOB-
KI 0OCYXIAI0TCsl CBOHCTBA M OCOOCHHOCTH ITOAMHOXECTBA
II0JICTAHOBOK BBIPOKIECHHOI'O THUIIA.

3 MATEPUAJIBI 1 METO/IbI

OOmyM MOIXOMOM, KOTOPBIA pa3BUBAeTCs B TOH pado-
Te, SIBJSIETCS] TOCTPOCHHE MOIMKIIOBBIX PaCIpeelieHHi MaK-
cuMyMOB Tabuun i epeHIanbHbIX pasHOCTel W TaOIuI
JIUHEHHBIX aNIpPOKCHMANUN JIJIsi YMEHBIIEHHBIX MOJENen
mHdpoB, B KaueCcTBE KOTOPBIX paccMaTpuBaercs mupp u3
pabotel Xeyca u mmdp Rijndael [1] (mepBbiii mudp nmeer
cinaboe NMHEWHOe mpeoOpa3oBaHKue, a BTOPOW — CHIIBHOE
JNMHelHoe npeolOpa3oBaHue). MHOTOYUCICHHBIC HUCCIIEI0-
BaHHUSI YMEHBIICHHBIX MOJIETICH COBpeMEHHBIX mudpos [11—
16 1 MH. 1p.] noka3anu, 4To ¢ S-0J0KaMH, MOCTPOCHHBIMH
o IpeiokeHusM paspaborunkoB mudpa, Rijndael nmpu-
XOIHUT K COCTOSHHIO CIy4YailHOM IMOJICTAaHOBKH 1O Audde-
PEHIMANBHBIM MTOKA3aTeNsAM 32 TPH LMKIA, a M0 JIMHEHHBIM
mokasarensiMm — 3a 4yerbipe. C IpyruMu KOHCTPYKLUHUSAMH S-
0s10Kk0B (M3 Apyrux mU(GpPOB, B TOM YHCIE U CIy4alHbIX S-
6moxoB) npuxoj Rijndael-s k ciiyyaliHOW MOJACTaHOBKE IO
muddepeHanbHbIM MOKa3aTeNIsIM 3aTATUBACTCS 10 5-TH
nukioB. [udpy Xeyca s npuxona K COCTOSIHUIO CITy4aii-
HOW TOJICTAHOBKH JIJIsl Pa3JIMYHBIX S-OJI0KOB (OT pEKOMEHI0-
BaHHBIX KOHCTPYKIHH J0 CIy4aiHbIX S-OJIOKOB) JI0OCTATOU-
HO BBITIOJHUTE OT 6-TH 0 9-TH LUKIOB MIH(POBAHUS.

Ham notpeOyrorcst 1 Marepuansl u3 padotsl [21], npu-
BE/ICHHBIC Jlajiee B pasjiene dKCIIEPUMEHTHI, B KOTOPOi 00-
CYXIAITCS TOJAXOJbI K 000OCHOBAaHHIO MOJICIIH CIy4aitHON
MOJICTAHOBKH. 3a0/IHO MBI BBINIOJIHMM YTOYHEHHE HEKOTO-
PBIX MOMEHTOB.

Mpbi OyeM MHTEpecOBaThCS YMCIIOM IUKIOB HIHU(pPOBa-
HUS, TIOCJIE KOTOPOro mudp NPUXOAUT K TMOKA3aTeIsIM CIIy-
yallHOI MOJICTaHOBKH, T.€. OCHOBHBIM METOJIOM HCCJEI0Ba-
HUIl OyIeT MOCTpOeHUE IS MU(PPOB C pa3HbBIMU S-OJIOKaMHU
MOLMKJIOBBIX 3aKOHOB PACIPENENICHNS] MAKCUMYMOB MOTHBIX
muddepeHnnanoB M JIMHEHHBIX KopmycoB. OCHOBHBIM HH-
CTPYMEHTOM HCCIIEIOBaHUN OyneT M3ydeHHe 3aKOHOB pac-
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TpeIeNICHUs] MAKCHMYMOB T1epex0/ioB qu(hepeHIranbHBIX
Y JIMHEHHBIX Ta0JHUIl IIOCTAHOBOK. ByeT BBHIMOMHEHA OICHKA
JIOITH BBIPOJK/ICHHBIX OAMTOBBIX MMOJCTAHOBOK B OOIIEM MHO-
KECTBE MOJCTAHOBOK CHMMETPHYECKOM TPYIIIIHL.

B naHHOM ciydae BBIPOXKICHHBIMH CIyY4ailHBIMU MOJI-
CTAaHOBKAMH OYIyT CYMTATHCS TOACTAHOBKU, KOTOPBIC HE
VKJIaJBIBAIOTCSI B PAMKH TPUBEICHHBIX B pabdore [1 u ap.]
MOJICTAHOBOK, IPUMEHCHHBIX B PsjIc COBPEMEHHBIX IIH (-
POB, ¥ MOJIENIU CIy4aiiHOW MOJCTAHOBKH, 0OOCHOBAHHOH B
pabote [22].

4 OKCIIEPUMEHTbBI

31ech, KaKk yke OBUIO OTMEUEHO BBINIE, MPEICTaBIAIOTCS
pE3yIBTaThl HKCIEPHMEHTOB ¢ MalbIMH (16-ONTHEIMH) MoO-
nemsiMu mrudpoB. COOTBETCTBEHHO pa3roBOp OyaeT WATH O
HOITy0aWTOBEIX S-OJIOKaX, H3y4eHHBIX HaHOOIee BCECTOPOH-
He 1 nryboxo [23, 24]. Jins xaxnoro mmdpa ¢ GUKCHPOBaH-
HBIM YHCIIOM IHKJIOB IMH(GPOBAHUS BBHIIONHSJICS pacder
MOLMKIIOBBIX pacupeneneHuii MakcuMyMoB nepexogos XOR
TaOJINI ¥ CMEIeHHH TaOJIHI] THHEIHBIX aIITPOKCUMAIHI I
30 pa3mu4HBIX Kirodeil 3ammpoBaHMs, CTeHEPHPOBAHHBIX
CITlyqalfHBIM 00pa3oM, a IOTOM PE3YNbTaThl YCPETHSITUCE.

MBI 31€ch BOCIIONIB3YyEMCS IIpPUMEPAMH BBIPOXK AEHHBIX
MOAICTAHOBOK M PEe3yIbTaTaMH 3KCIEPHMEHTOB U3 PabOTHI
[21] ¢ nmomybaiiToBEIME S-O10KaMu. DKCIHEPUMEHTHI ITOKa-
3BIBAIOT, YTO K BBIPOXKJCHHBIM ITOJCTaHOBKAM (S-Orokam)
ClIelyeT OTHECTH, NPEXAE BCETO, MOACTAHOBKU C IIPEAEIIb-
HBIMH (MAaKCHMaJbHBIMH) 3HAYCHUSIMH IH(GepeHINaTbHBIX
nepexoioB U (W) CMEIIeHHH (ToTy0aiTOBbIe MOICTaHOB-
KM UMEIOT MaKCHMalbHOe 3HadeHHe auddepeHnnarsHoro
nepexofga paBHoe 16 (27) mrs XOR Tabmun u 3HaueHne 8
(2"") st TabnuL TMHEHHBIX anmpokcuManuii). B tadm. 1 u
TabJ1. 2, 3aMMCTBOBAHHBIX U3 paboTsl [21], MBI mpencTaBs-
€M MOIUKIOBOE MOBEICHHE 3HAYEHHH MAaKCHUMYMOB MOJ-
HbIX AU} PepeHInanoB U 3HAYCHH MaKCUMYMOB CMeEIIe-
Huii JIAT 16-tu 6utHoro mudpa Xeyca u3 padorst [25]
(mmdpa co cnabbiM JIMHEHHBIM MPEOOPA30BAHKUEM).

B xauecTBe mepBoro nprMepa B3siTa TOXKACCTBEHHAS IO~
CTAQHOBKA (eWHHWYHAs MOJCTAHOBKA CHMMETPHYECKOH IpyI-
mbl). OTa MOACTAaHOBKA MMEET MAaKCHMAaIbHO BO3MOXKHOE

3HaueHHe Inepexofa ¢ epeHIaabHON TaOIUIEl paBHOE
16 1 MaKCHManbHO BO3MOXHOE 3HAUCHHE CMEIICHHUS Tal-
JIULIBI JIMHEWHBIX allpOKCUManuil paBHOe 8-MM (HenuHEH-
HOCTh paBHA HYTIO!). Pe3ynsTaThl ee mpuMeHeHHs Ul HOCT-
poeHns mponexypsl 3amuppoBaHus (WHppa) IPUBEICHEI
B BepXHEH vacTH Tabmwis! 1 (mepBeIif mpumep). ITOT mpu-
Mep SAPKO CBHJCTENIBCTBYET, UTO Oe3 MpUMEHEHUs IIOACTa-
HOBOYHOW HeTHHEHHOH omepanuu mudp (I0doit) mpocro
pa3BaauBaeTCs.

Bropoii u TpeTuii npuMepsl MOACTAHOBOK CBUIETEINb-
CTBYIOT, YTO JECHCTBUTEIBHO CYIIECTBYIOT U HE TOXKAECTBEH-
Hbl€ IOJCTAHOBKU CO 3HAUEHHUEM IIOKa3aTelld MaKCUMyMa
CMEIIeHHS JUHEHHOH anmpoKCHMalHOHHON TaOIHIIBI
(JIAT) paBHOMY 8 (MakCHMaJIbHO BO3MOXHOMY 3HAYCHHUIO
JUTSL TIOTyOAHTOBOM ITOACTAHOBKHM), KOTOpPHIE Takke HE MO-
3BOJITIOT Peann3oBarh 3(QGEKTUBHYIO IPOLENypy 3ammd-
poBaHus. 3aMEeTUM, 4TO BTOpas MOACTAHOBKA NPHUXOAUT K
ACHMITOTHYECKOMY 3HAUCHHIO MaKCHMyMa TaOMumel Tud-
¢depenmmanos (T) paBHOMY 24, OTIHYarOMIEMyCsl OT T€O-
pPETHYeCcKOro 3HAUCHHUS MaKCHMyMa quddepennuana s
ciryqaiiHoi moacranoBku (18-20).

B tabmume 2 mpencTaBieHB pe3ylbTaThl MOMUKIOBOM
OLICHKH MAaKCHMYMOB CMEIIEHHH TaOIWIl JTHHEHHBIX amil-
pOKcHManuii (JIMHEHHBIX obonouek) mudpa Xeyca ¢ STHMH
e MOACTaHOBKAa MM, KOTOPBIE PacCMaTpUBaIKCh Bhlle. 11 B
9TOM CIly4ae pe3ylbTaThl CBUIETENbCTBYIOT O IPAKTHUYEC-
KOl HENPHUIOJHOCTU PACCMOTPEHHBIX IEPBLIX ABYX IOACTA-
HOBOK JUISL TOCTPOCHUS MH(PYI0 IMHX IPpeodpa3oBaHHM.
INocnenHss noACTaHOBKA MPUXOAUT K MOKA3aTesIM CIydai-
HOH MOACTaHOBKY NOCNIE 7-MU LUKIOB, OQHAKO, [UI JOCTH-
KEHUS HEOOXOANMBIX An((epeHnnaTbHbIX CBOUCTB (CM.
Tabi. 1) eit TpeOyercst Oonee 11-Ti MUKIOB 3amIH(POBAHMS.
B TO ke Bpemsl 31ech MOXKHO COCIIAThCSl HA PE3YIIBTaThl pa-
6ot [26, 27 u ap.], U3 KOTOPBIX CIIEAYET, YTO CIy4ailHO B3si-
ThIE TOJCTAHOBKH C OJHOBPEMEHHO HE MaKCHMAaIbHBIMH
3HAUCHUSIMH AU(QepeHnnanbHbIX U THHEHHBIX MepeXoi0B
¢ OOJNBIIONW BEPOSITHOCTHIO MPHUBOIAT K 3P(HEKTUBHOMY
mudpyroieMy npeodpa3oBanno. UUCIo MHUKIOB, HEOO0XO-
IMMOE TSI TIepeXo/1a K CIydalHOW MOACTaHOBKE, HAIpUMep,
quist mmgpa Xeyca, He TPEBbIIIACT 6-TH.

Tabmuua 1 — [TonuknoBeie 3HaYEHUS] MAKCHMYMOB MTONHBIX Tud depernmanon (XOR Tabmumn) mmdpa Xeyca ¢ BRIpOKICHHBIMA S-0JI0KaMHi

n]/\rrgl [Moxcranoska 3HaueHuss MakcuMyMoB TP B 3aBUCHMOCTH OT 4HMCIIa LIUKIIOB
ToxaecTBeHHAs! HOJCTAHOBKA Yucio muknoB
1 3 4 5 6
1 57617,1 503644 45675,6 40971,4 37338,8 39267,0
1,2,3,4,5,6,7,8,9,1A,B,C,D,E,F YHCII0 IMKITOB
JIAT -8, AT — 16 (15) 7 9 10 11 12
41487,8 43386,5 44803,1 46411,4 47075,4 478729
IToncranoBka 14 u3 pabotsi [22] Uucio NUKIIOB
1 3 4 5 6
2 32768 16384 5043,2 1327,87 369,60 151,07
5,A,C,6,0,F,3,9,8,D,B,1,7,2,E 4 YHCII0 IMKITOB
JIAT -8, AT -8 (12) 7 9 10 11 12
61,53 32,60 24,20 23,87 23,93 24,13
INoxcranoBka 1 u3 pabotsl [5] Yucio 1ukiIoB
1 3 4 5 6
3 49152,0 27648,0 15552,0 3616,00 1016,0 451,27
C,D,5,1,A,B,6,2,E,3,7,F,4,0,8,9 Yucno HHKIOB
JAT -8, AT-12 (3) 7 9 10 11 2
209,27 106,60 53,07 27,53 20,07 19,07
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[IPOTPECHBHI IHOOPMALIMHI TEXHOJIOI'TE

Jlanee MBI OITH HAIIOMHHAEM PE3YyIETaThl M3 PaOOTHI
[21].

B Tabn. 3 npuBeneHB! MOIMKIIOBBIE PACIPENEICHIS MaK-
cuMyMoB gucia mepexonoB XOR tabmum s mudpos c
CHJIBHBIM JIMHEWHBIM IIpeoOpazoBaHueM. OHH BBIYUCIAIOT-
Csl C MOMOIIBI0 YMeHbIIeHHOU (16-OMTHOW) KOHCTPYKIIUU
mmdpa Rijndael, B KOTOpOM HCHONB3YIOTCS TE e

S-0moku, 9TO W B MpEABIAYIINX 3KCIIepUMeHTax. [lepBas
BBIPOXK/ICHHAS MOJICTAHOBKA (TOXIECTBEHHAs) KOHEYHO W B
3TOM clIydae NMPHUBOJHT K pa3Baly MPOLIERypsl MHuppPOBa-
Hus. B Toxe BpeMs Apyrue qBe MOACTAHOBKU (IO KpaliHed
Mepe, TocleHsAs) Ha 11-Ti IMKIIaX BBIXOAAT K CBOHCTBAM
crygaiHoi. OmHAKO, 3TO BCE PaBHO ILIOXHE ITOICTAHOBKH.

Tabmuma 4 WITIOCTPHPYET. IOMUKIOBEIC 3HAUCHHS MaK-
cumymoB cmemeHui JIAT nns ymMeHbIIEHHONW MoJenu
Rijndael ¢ BeIposkneHHBIME S-O10KaMu. [lo maHHEIM 3TOH
TaOJIUIB! BTOpas MOICTAHOBKA MOBTOPSET IOKAa3aTeNH, Ipo-
neMoHCTprpoBaHHble muppom Xeyca (cM. Tabn. 3). OHa
SIBHO HE IIOJXOIUT AJIA mocTpoeHms mudpa. B memom, Bce

TpU NOACTAaHOBKHU (C MOKA3aTeIsIMH HEIMHEHHOCTU PABHBIMU
8-MH) clieffyeT OTHECTH K BBIPOXKJICHHBIM MOJCTAHOBKaM.

BBIpOXIEHHBIMH MOTYT OBITH IOCTAHOBKH U C HE MaK-
CHMalbHBIMH 3HAa4CHHUAMH Au(QepeHnnanbHbIX H (M)
JMMHEWHBIX IOoKa3aTenel (OMU3KUIMHU K NpenenbHeM). [Ipu-
Mep TaKoi ITOACTAaHOBKY IIPEJCTABIICH B Ta0I. 5 1 TalIm. 6.

B »ToM crmydae mmudp mpumen k IpyroMmy CTaI[HOHAp-
HOMY 3HAu€HUIO PaBHOMY 24. DTO BTOpOH IpUMEp IMOACTA-
HOBKH C TaKHM CBOMCTBOM (cM. Ta0m. 1). 3amernm, 4To npu
JPYTof KOHCTPYKIMH JHMHEWHOTO IpeoOpa3oBaHUs (IHHEH-
HBIM mpeobpasoBanreM MixColumn u ShiftRows GF(2%))
mr(p TPUXOAUT K ACHMIITOTHIECKOMY 3HAUYCHHUIO, COOTBET-
CTBYyIOIIEMY ciy4aiiHOW moacraHoBke. Ham moka He yna-
J0Ch 00BSACHUTH 3TOro dpdekra. Tabn. 6 nemMoHCTpUPYET
NUHEHHbIE MMOKa3aTeln yMEHbIIEHHOW Moxenu mudpa
Rijndael ¢ atum xe S-6rmokom (S-0mokamu). Pesynsrar roBo-
pHT caM 3a cebs. ToT S-0JI0K HelTb3s IPUMEHSTDH IS IIOCT-
poerns mudpa.

Tabmuua 2 — INouukiossle 3HaYeHUs: MakcuMyMoB cMmetlennit JIAT juist mudpa Xeyca ¢ BBIpOXKAEHHBIMU S-010KaMu

HJ/\ﬁ [Moncranoska 3HayeHus MakcuMyMoB JIAT B 3aBUCHMOCTH OT 4HCJIa LIUKJIOB
ToxaecTBeHHAs OICTAHOBKA Yuncio NUKIoB
1 2 3 4 5 6
1 0,1,2,3,4,5,6,7,8.9,1A,B,C,D,E,F 32768 32768 32768 32768 32768 32768
JIAT -8, AT — 16 (15) Yucno HUKIOB
7 8 9 10 11 12
32768 32768 32768 32768 32768 32768
IToncranoska 14 u3 padotsl [22] Yucio 1MKIOB
2 1 2 3 4 5 6
5.A.C60F3.98DB.172E4 32768 32768 32768qmn0 uiizii 32768 32768
JIAT -8, AT -8 (12)
7 8 9 10 11 12
32768 32768 32768 32768 32768 32768
TToncranoBka 1 u3 pabotsl [5] Yuco MKIIOB
3 1 2 3 4 5 6
C.DS1ABG2E3TFA089 32768 24576 12288%/ICHO HSHZK?O,; 2040,2 1077,7
JIAT -8, AT - 12 (3)
7 8 9 10 11 12
839,7 821,7 830 811,3 8344 806,6

Tab6umua 3 — [onukIoBbIe 3HAYECHHST MAKCUMYMOB TONHBIX auddepernnanos (XOR tabnui) s ymenpieHHol Moaenu mudpa Rijndael ¢
BBIPOXK/ICHHBIMH S-OJIOKaMH

15?1 IMoxcranoska 3navenust MakcuMyMoB TP B 3aBHCHMOCTH OT YHCJIa LUKIIOB
ToxnecTBeHHAs MOACTAaHOBKA YucIio UKIOB
1 2 3 4 5 6
57617,1 50364,4 45675,6 40971,4 37338,8 39267,0
1 1,2,3,4,5,6,7,8,9,1A,B,C,D,E,F (T pram——
JIAT -8, AT — 16 (15) 7 3 9 10 11 12
41487,8 43386,5 44803,1 464114 47075,4 47872,9
Ioncranoska 14 u3 pabotsl [22] Yucio 1MKIOB
1 2 3 4 5 6
32768 16384 5043,20 1327,87 369,60 151,07
2 | 5A,C6,0,F3,938,D,B,1,72,E4 (TS ——
JIAT -8, IT -8 (12) 7 8 9 10 11 2
61,53 32,60 2420 23,87 23,93 24,13
INoxcTanoka 1 u3 padorsl [5] Yucno HUKIOB
1 2 3 4 5 6
3 49152 15552,0 1686,6 500,00 70,00 19,253
C,D,5,1,A,B,6,2,E,3,7,F,4,0,8,9 YuUCII0 HUKIOB
JAT -8, AT~ 12 3) 7 8 9 10 11 12
19,07 19,613 18,80 19,527 19,61 19,37

132



p-ISSN 1607-3274. PanioenexrpoHika, iHpopmaruka, ynpasiinas. 2018. Ne 1
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2018. Ne 1

Tabmmua 4 — INouukioBble 3HaYeHUs: MakcUMyMOB cMmelleHuit JIAT s ymenbineHHoi Mozenu Rijndael ¢ BEIpoxeHHBIME S-O110KaMu.

Ne q
/i IoncranoBku HCJIO IMKJIOB
TosnecTBeHHAs NOACTAHOBKA 3nauenus MakcumMyMmoB JIAT B 3aBHCHMOCTH OT YMCIIa IIUKJIOB
1 1 2 3 4 5 6
32768 32768 32768 32768 32768 32768
1,2,3,4,5,6,7,8,9,1A,B,C.D,EF YHCII0 IMKIOB
JIAT -8, AT — 16 (15) 7 8 9 10 11 12
32768 32768 32768 32768 32768 32768
TloncranoBka 14 u3 pabotsi [22] Yncio 1MKIIOB
2 1 2 3 4 5 6
5.A.C.60.F3.9.8.D.B.1,72.E.4 32768 32768 33{768 32768 32768 32768
JIAT— 8, IT— 8 (12) MCJIO LIMKJIOB
7 8 9 10 11 12
32768 32768 32768 32768 32768 32768
TToncranoBka | u3 pabotsl [5] Uucro 1MKIIOB
3 1 2 3 4 5 6
32768 24576 12288 5244 2044 1080
C,D,5,1,A,B,6,2,E,3,7,F,4,0,8,9 UHCIIO MKIIOB
JIAT -8, AT-12(3) 7 8 9 10 1 12
792 872 826 816 842 816

Ta6umna 5 — [TonukiioBbIe 3HAYEHUS MAKCUMYMOB ITONHBIX quddepennuanos (XOR tabnun) ymensuieHHo# Bepcun mudpa Rijndael ¢

BBIPOXK/ICHHBIMH S-OJIOKaMH

Ne q
o/ IToacraHoBKH HCJIO LHHKIIOB
Honcraznosxa 3nauenus MakcumyMmoB T/IP B 3aBUCHMOCTH OT YHCJIa HUKIOB
4 1 3 4 5 6
32768,0 1536,0 139,07 23,53 24,20 23,73
C,9.4,6,8,E,D,53,F,B,0,A,2,1,7 YHCII0 IMKIIOB
JIAT -6, AT — 8 (5) 7 9 10 11 12
23,80 24,07 23,80 23,93 24,00 23,80

Tabmuua 6 — IlonukinoBsle 3HaUeHUs! MakcuMyMoB cMetienuit JIAT ns ymensmennoit monenu mudpa Rijndael ¢ BeIpoxaeHHbIMU S-010KaMu

Ne

i [Moxcranoska 3HaueHuss MakcUMyMOB JIAT B 3aBUCHMOCTH OT YHCJIa LIUKJIOB
Yucio 1ukiIoB
4 1 2 3 4 5 6
32768,0 32768,0 32768,0 32768,0 32768,0 32768,0
C,9,4,6,8,E,D,53,FB,0,A,2,1,7 YucIio IUKIOB
JIAT -6, AT - 8 () 7 8 9 10 11 12
32768,0 32768,0 32768,0 32768,0 32768,0 32768,0

MHOrouncIeHHbIE SKCIIEPUMEHTHI C YMEHbUICHHBIMU
mozensamu mgpos [1, 11-15, 25,27 v np.] (1 ¢ MOTHOLUKIIO-
BBEIMH BepCHsIMH IH(POB B PEKUME UX aKTUBH3AIMH 16-01T-
HBIMH BXOHBIMH M BBIXOIHBIMH OJIOKAMH JTAaHHBIX) CBHIE-
TEILCTBYIOT O TOM, YTO €CITU B IIH(pax UCHONb3YOTCS S-0110-
KM HE C MaKCUMaJIbHBIMH 3HaYeHHAMH MG (epeHIManIbHbIX
U JINHEHHBIX MEPEX0JIOB, Bce MHU(PHI MPUXOAAT K OAHUM U
TEM K€ CPEIHUM 3HAYCHHSIM MaKCUMYMOB TUddepeHImaib-
HOW W JIMHEWHON BEPOSTHOCTEH, XapaKTEPHBIMU IJISI CITydai-
HBIX TIOICTAHOBOK COOTBETCTBYIOIIEH crenenu [1]. Pesymbra-
TBI CBHAETENBLCTBYIOT, YTO 110 BCEM PAaCCMOTPEHHBIM LI (-
paM ans mepexoja K aCHMITOTHYECKOMY 3HAYECHHIO
cMeteHus Tpedyercs 4-5 MKI0B. BUIHO TakKe, YTO UCTIONb-
30BaHHE S-OJIOKOB C BBICOKMMH TOKa3aTeNIsIMH HEeJTHMHEHHOC-
TH JIa€T BBIUTPHIII B AMHAMHKE BBIXOZIA K aCHMIITOTHIECKOMY
3HAYEHUIO B TIPENeax OIHOTO IHKIA.

5 PE3YJIbTATbI

O1ueHKa 10,11 BHIPOKIEHHBIX MOICTAHOBOK CPEIH IOJ-
CTAHOBOK CMMMeTPHY€eCKOoil rpynnbl. Bropas dacts pabo-

TBHI TIOCBSIILIEHA OLICHKE JIOJIM BBIPOXKICHHBIX IOICTAHOBOK
CpeAr MOJACTAaHOBOK CHMMETPUYECKOW TPYIIIBI

31eck MBI MOKa)KeM, YTO BEPOSITHOCTH IONACTh HA BBI-
POXIEHHYIO TOJCTAHOBKY IPU HX CIlydallHOM (GOpPMHPO-
BaHUM BECbMa Mala.

[puBeneM 3aech pacueTsl 3aKOHA PACIpeeTICHUs] MaK-
cumymoB XOR nepexonoB 6aiTOBOM MOACTAHOBKH, IMOJY-
YyeHHoro B pabote [19]. HanmomHuM, 4T0 B 3TOM Ciydae cam
3aKOH pacnpezesicHus MakcuMyMoB niepexonoB XOR T1a6-
JIULBI IMEET BUJL

10-2-X

0,87

Dpx (X)) me™®

)

[Tpu BBIBOZIE ATOM (OPMYIIBI MONATATIOCH, YTO MEPEXOIIbI
tabmuipl XOR pasHocTeit 6aiTOBOW MOICTAHOBKH MPEICTAB-
0T co00it BEIOOPKY (HAOOp) M3 ClydalHBIX 3HAYCHUH,
pacnpenenenusix mo [lyacconoBckomy 3akoHy. Pesymbrarst
pacueToB WLTIOCTpUpYyeT Tadm. 7.
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VI3 mpencTaBleHHBIX PE3YNIETaTOB CIEMYeT, YTO pacIpe-
JIETIEHAE COCPEIOTOYEHO B JBYX IIEIOYHCIICHHBIX 3HAYCHUIX
10 u 12. Ipu 3ToM B Goee TOTOBHHEI CIy4aeB HA BBIXOJC
reHepaTopa CIyJalHBIX ITOJCTaHOBOK ()OPMHPYIOTCS IOA-
CTaHOBKH CO 3HaueHWeM Makcumyma 12, nanee, Oomee 30%
MOJICTAHOBOK MMEIOT MakcHMyMoM 3Hadenue 10. Ha ocrams-
HBIC 3HAYCHUS MAaKCHMYMOB IU((EepeHIIHATBHBIX Iepexo-
noB npuxonurcst okono 10% mnoncranoBok [28].

BepoaTHOCTh MOMYYNTh HOACTAHOBKU CO 3HAUCHHUSIMHU
MaKCHMyMOB paBHBIMH 8-Mu Omm3ka x 0,00004 u pesxo
YMEHBIIAETCS MPH AalbHEHIIEM YMECHBIICHUH 3Ha4YeHUS
MakcuMyma. COOTBETCTBEHHO yBeNM4eHHEIE 10 20 pacder-
HBIE 3HAYEHHUS MaKCHMyMa TaKXKe IOIYJ4aroTCs MAallbIMH
(menee 107°) 1 pe3ko yMEHBINAIOTCS TIPH JaTbHEHIIEM yBe-
JTUYEHUH MaKCHUMyMa.

AHaJOTHYHBIM IIyTEM MOXHO BBIIIOTHHUTH OICHKY Be-
POSITHOCTH TOPOXJICHHS CITydaifHOH ITOJCTaHOBKH C Teope-
THYECKH MAaKCHMaJIbHO BO3MOXKHBIM 3HAUCHHEM IIepexoia
JTUHEHHON aNmIpOKCHMAIMOHHOH TaOINIbI MOACTAaHOBKH.
st atoro cimydast B pabore [19] monydeH 3akoH pacrpene-
JICHUSI MaKCHMYMOB CMEIICHHH 0aWTOBOH cirydaifHOH moj-
CTAQHOBKH B BUJC

32-X

—e 2
Do (Y) = e ¢ ’ ©)

B tabn. 8 mpencTaBieHB! pe3ylbTaThl PacdeToB IO OmIpe-
JICIIEHUIO paclpeeNieHus] 3HaueHUH MaKCUMyMOB CMelle-
HUH TUHEHHO! anmpoKCHMAIOHHOW TaOmumbl GalTOBOH
MOZACTAHOBKHM HA OCHOBE UHTETPAJbHOIO 3aKOHA paclpese-
JIeHUsI BeposTHOCTer (2).

3aMeTuM, YTO IO pe3ylbraraM paHee BBIIOIHEHHOH Te-
OPETUYECKOH U PKCIEPUMEHTANIbHON OLICHKHU, 3HAYCHUS

MaKCUMYMOB CMEIEHUI JIMHEHHOW anmpoKCHMAaIllMOHHON

TaOJUIBI CIIyJaiiHOW MOJCTAHOBKU CTETICHU 28 paBHbI 32
(pacuer) u 34 (9kcriepumenT) [29]. B Hamiem cirydae pacyer-
HBIC MaKCHMyMBI 1 MaKCHMYMEBI, TIOyde€HHBIC B OKCIICpPH-
MEHTAaX, COBIAJAIOT U PABHBI 34-M.

Bbipox/1eHHbIE TIOACTAHOBKU U B IIEPBOM M BO BTOPOM
ClydasX MONMAJaroT B XBOCTHI MaKCHMAaJIbHBIX 3HAUCHUH 3a-
KOHOB pacrpernenceHuii MakcumMyMmoB (1) u (2).

O nozacra”oBke 1ox HoMepoM 6. B kauecTBe skcrepu-
MEHTa MBI B3sUIH XOPOIIYI0 MONXy0afiTOBYI0 MOACTAHOBKY
mudpa Rijndael [25], 1 ¢ moMOIIBIO ABYX TPaHCIIO3WIUI
BOCIpOU3BENH B Hell nepexonsl 2—4, 3—6 u 4—8 (mociue-
JHUH TIepexof yxe ObUI B MCXOAHOM MOJCTaHOBKE), HMEIO-
muyecs B MOJCTaHOBKE Ioj HomepoM 6. IlonmydeHHas B pe-
3yIBTaTe 3TOro moncraHoBka (A, 3, 4, 6, B, E, F, 0, 1, 9, D)
IIOBTOpUJIA IO CBOMM CBOWCTBAM IIOJCTAHOBKY IIOf HOME-
poM 6 (OoHa MMeeT MaKCHMaNbHBIH auddepeHnnanbHbIH
HEepEXO PABHbIM §-MU M MaKCHUMasbHbIA JTMHEHHBIN Iepe-
XoJI paBHEIN 6-TH, a mudp Rijndael mpuxoauT ¢ Takoi moa-
CTAHOBKOM K aCUMITOTHYECKOMY 3HAUEHHUIO MaKCUMyMa
muddepenuana paBHOMY 24), T.e. CTana BBIPOXKICHHOM.
B 10 x€ BpeMs 0[lHA TPAHCIO3HULUS B IIOACTAHOBKE IO HO-
MepoM 6 B LIUKIIE, HE COAEPHKALIEM OTMEUEHHBIX BBILIE IIE-
pEX0M0B, clenana MOACTaHOBKY HEBbIpOXkAeHHOH. Ham He
YIAJIOCh HAWTH MPU3HAKOB, 110 KOTOPBIM MOXHO JEIUTh IOJ-
CTAaHOBKU Ha BBIPOXKICHHBIE U HEBBIPOXKAEHHBIE IS 3TOrO
cilydasi, OAHAKO, HaM HE YaJloCh HAlTH HEBBIPOXKACHHbBIE
TIOJICTAHOBKH CpPeAN HamOoiee BEPOSTHOIO MHOXKECTBA IIOJ-
CTaHOBOK, ITPHONIMKAIOMUXCS MO JINHEHHBIM H A depeH-
IIaTBHBIM ITOKa3aTeIsIM K ITOKa3aTelsM CIydaifHOW moj-
CTaHOBKHY, OIpPENeNsieMOd 3aKOHAMU PACIPEAEIIEHHs BEPO-
sitHocredt (1) u (2).

. 8
Ta6mna 7 — Pacnpenenenne MaKCMMyMOB BEIGOPKH TepexooB Tabmuibl XOR pa3HOCTel 11 OACTaHOBOK CTEMEHN 2, MOMy4E€HHBIX
pPAacUeTHBIM ITyTEM H pe3yIbTaThl IKCIIEPHMEHTA

e (X, Xo) Pr( An (AX, AY) =2 k*) Yucno MakCHMyMOB (pacdeT) OKCIIepHMEHT
8 0,00004 0,01 0
10 (10,8) 0,368 —0,00004 = 0,368 94 111
12 (12,10) 0,905 — 0,368 = 0,537 137 130
14 (14, 12) 0,9901 — 0,905 = 0,008 22 15
16 (16,14) 0,9967 —0,9901 = 0,0066 1,71 1
18 (18,16) 0,9999—-0,9967 = 0,0032 0,819 0
20 (20,18) 0,9999999999999 — 0,9999 = 9,99999999x10"° 0,0256 0

Taﬁnﬂua 8 — PacnpeneneHI/Ie 3HAYCHUN MaKCUMYMOB CMCHIeHI/Iﬁ JJIs1 MHOXXECTBA U3 28 TIOACTAHOBOK, IMOJYYEHHBIX PACYETHBIM ITYTEM U

PE3YIBbTATBI SKCTIEPUMEHTOB

K (X, Xo) Pr(?»(a,ﬁ) — ‘ 2k *‘) Yucio 3HAYCHUH DKCHepHMeHT
<26 3.41 107 0 0
28 (28,26) 5,610%-3,41107=5,6 10* 0,14 0
30 (30,28) 0,064 —5,6 10 =0,0638 16 14
32 (32,30) 0,368-0,064 = 0,304 78 67
34 (34,32) 0,692 — 0,304 = 0,388 99 108
36 (36,34) 0,874 — 0,692 = 0,181 46 37
38(38,36) 0,9518 — 0,874 =0,078 19 22
40 (40,38) 0,9821 — 0,9518 = 0,03 8 8
42 (42,40) 0,9933 — 0,9821 = 0,011 3 1
44 (44,42) 0,9975 — 0,9973 = 0,00028 0,07 0
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6 OBCYKJIEHHE

[Ipennoxxen MeTOJ TEOPETHUECKOH M MPAKTHYECKOU
OILIEHKHW M ONpeaeiceHus: dPPEKTHBHOCTH UCIOIb3YEMBIX B
muppax MoJCTAHOBOYHBIX MPe0Opa3oBaHUl MO3BOJISIONIHI
[IPOBEPUTH NPUTOAHOCTH MOJCTAHOBOK JIJII MOCTPOCHHUS
3¢ hexTHBHOrO MUQPYIOMEro mpeodpa3zoBaHus.

[To cpaBHEHMIO C M3BECTHBIMHU IIOJXOJIaMU U PE3YNIbTa-
TaMU Pa3BUBAEMbIl MeTO]] OleHKH () (HEeKTHBHOCTH HIvg-
pyoOIIHX Mpeodpa3oBaHUil HA OCHOBE JKCIIEPUMEHTOB C
WCIIONIb30BAHNEM YMEHBIICHHBIX MOJENeH Mu(pPOB MO3BO-
JISIET MOJTYYUTh TaKWe OLEHKH IPH OTPAHWYEHHBIX BBIUHC-
JIUTENBHBIX Pecypcax U B NpUEMIIEMbIE CPOKH.

31ech MOKHO COIVIACUTBHCS C TEM, YTO MHOXKECTBO JIOITY-
CTMMBIX MOACTAHOBOK MOKHO OTPaHWYMTH MOACTAaHOBKAMH,
KOTOpBIE YKJIAABIBAIOTCA B PAaMKHM MaTeMaTHYECKOW MOJENH
CITy4aifHOH MOJCTAaHOBKH, IIPEATIOXKEHHOIH B padore [22].
BerpoxxieHHbIX mozcTaHoBok Masio. OCHOBHasi Macca Ioji-
CTaHOBOK ITO3BOJISIIOT Pean30BaTh dPPEKTHBHOE MHPPY-
fomee npeodpazoBaHHe.

BaiiroBas moacraHOBKa SBISETCS CIydailHOM, €ClH Of-
HOBPEMEHHO BBIIOJIHAIOTCS JBa ycioBus [22]:

1) 3nauenne makcumyma ee XOR TaOmuIbl HaXomuTcs B
rpanunax 10-12;

2) 3HaueHHe MaKCUMyMa CMEIeHUsI e TaOHIbl JINHEH-
HBIX alIPOKCUMALUi HaXOAUTCA B rpaHunax 32-36.

D¢ dexkTuBHOCTH MPUMEHEHHs pa3paboTaHHOTO METO/a
MIOATBEPKAAETCS MPEACTABICHHBIMH PE3y/IbTaTaMU BbIYHC-
JIUTETBHBIX 3KCIIEPUMEHTOB U COCTOUT B peaju3alliH Ipo-
CTOH Tpouenypsl MPOBEPKH HMPHUTOTHOCTH S-OJOKOB IS
npumenenust B BCI Ha ocHOBe OIEHKHM 3HAUYEHHH MaKCH-
MyMoB X XOR Tabmum m MakCHMyMOB CMEIICHHI TaOJIHIl
JIMHEHHBIX aNMpOKCUMAaIUil.

K BBIpOXIEHHBIM S-0J0KaM ClielyeT OTHECTH ITOJCTa-
HOBKH, TIOTAJal0ie B XBOCTHl MAaKCHMAaJbHBIX 3HAYCHUH
3aKOHOB pacnpezeneHuit makcumymoB (1) u (2).

[pencraBiaeHHbIe TIPUMEPHI BHIPOKICHHBIX MOJICTAHOBOK
SIPKO CBHJICTEIILCTBYIOT, YTO S-OJIOKH B IIKU(pax UrParoT BECh-
Ma BaXHYIO poiib. CyIIECTBYIOT MOJICTAHOBKH (BBIPOXKICH-
HOTO THIIa), C KOTOPBIMH TOCTPOUTH XOPOIIEro KPHIITOrpa-
¢uueckoro npeodpazoBanus Henb3s. C Apyroi CTOPOHBI,
MOJICTAHOBKH SIBJISIIOTCSL OTHUM W3 OCHOBHBIX DJIEMEHTOB
mrdpyroiero npeodpazopanus. OHU pPeaau3ylOT OAWH W3
Ba)XHBIX U MH(pa MEXaHU3MOB — MEXaHU3M HEIWHEHHOro
nepeMeIuBanus (epecTaHOBKKM) OMTOB OJIOKOB JaHHBIX, C
MTOMOIIIBI0 KOTOPOTO yAaeTcsi Hauboliee MPOCTO JTOOUTHCS
s deKTa XaOTHIHOCTH B NMPEoOpa30BaHUU OWUTOB JIAHHBIX.

BbIBO/JbI

B pabore pemena 3agadya yrOUHEHHUS! TOHSTHUS BBIPOXK-
JIEHHOW TOJCTaHOBKHM, M BBINOJHEHA OLEHKa MOIIHOCTH
MHO)KECTBA TaKHX MOJCTAHOBOK.

K BbIpOXIIeHHBIM S-0J0KaM MBI OTHECITH MOJCTaHOBOY-
HbIe KOHCTPYKIMHU ¢ Au(ddepeHIHaabHbIMI 1 JTHHEHHBIMU
nokazareiasimu (Makcumymamu XOR TaOmaun u cMmeleHui
TaONUII TIMHEWHBIX AIITPOKCUMAIMI), OTHOCSIIIMMHUCS K XBOC-
TaM 3aKOHOB pacipeeieHui MAaKCUMyMOB (OTM3KMMH K TIpe-
JIEJIBHO BO3MOXKHBIM KaK C OJHOW, TaK M C JPYTOi CTOPOHBI).

Crnenyer OTMETHUTh, YTO HA MPOTSDKEHUH BCEX IKCIEPH-
MEHTOB HaM TaK M HE YIaJoCh CTEHEPHPOBATh OaNTOBYIO
BBIPOXKJICHHYIO TIOACTAHOBKY.

Hay4nast HOBU3HA IIPEICTABIEHHBIX PE3YIBTaTOB COCTO-
UT B TOM, YTO U3Y4E€HO BIIUSIHUE BBIPOXKJIEHHBIX MOACTAHO-
BOK Ha 3((QeKTHBHOCTE MHUPPYIOMHUX TpeoOdpa3oBaHUH.
BrepBrle ycTaHOBIIEHO, YTO HCIIONB30BaHME B mIUppax S-
OJIOKOB, TTIOPOXKJEHHBIX CIydaifHBIM 00pa3oM, ¢ O9eHb OOIb-
110l BEPOATHOCTBIO HE INPUBOAUT K YXYIIIECHUIO IIOKA3aTe-
nelt crofikocty mmdpoB k arakaM IudQepeHnnaITsHOro I
JIMHEHHOI0 KPUNTOAHAIN3a.

INpaxTHyeckast 3HAIUMOCTD PE3YNIBTATOB PAOOTHI 3aKITIO-
9aeTcs B MONTYYeHUH KOHKPETHBIX JaHHBIX, OATBEP K JAIOIIHIX
OCHOBHOE IIOJI0’KEHUE Pa3BHUBAEMON HOBOM METOIUKH OLIEH-
KI CTOMKOCTH OJOYHBIX CHMMETPHYHBEIX MIH(pPOB K aTakam
¢ GepeHINATFHOTO W THHEITHOro KpUITOaHai3a O Hesa-
BUCHMOCTH TIOKa3arelneil CTOMKOCTH MHU(POB OT IpuMeHse-
MBIX CITy4aifHO CTeHepHPOBAHHBIX S-OTOKOB, KOTOPEIE C OYCHb
OOJBIION BEPOSITHOCTBIO SBIISIOTCS HEBBIPOXKICHHBIMH.

IonBons uTOru NPUBEAECHHBIM PE3ylIbTaTaM, MOXHO OT-
METUTh CIEIYIOIINE MOMEHTHI.

PesynbraTamMm paOOTHI MOATBEPIKAEHO, YTO MOMyYIEHHE
BBIPOXK/ICHHBIX S-OJIOKOB NP CIIy9aifHOM MOPOXKICHHN MOJ-
CTaHOBOK SIBIIETCS MAaJOBEPOATHBIM coObITHEM. OcobeH-
HO 3TO OTHOCHTCS K OaiitoBbIM S-Giiokam. J[ist atux S-6110-
KOB TIONy4YeHHE MOJICTAaHOBOK ¢ MakcmMmyMmamu XOR Ta6-
JIAI U CMEIIeHUH Ta0NUI TUHEHWHBIX annpOKCUMAINH,
ONM3KMMU K TIPEAENBHO JOCTIKHUMBIM, SBIISCTCS MPaKTHIec-
KI HEBO3MOXKHEIM COOBITHEM. PeanbHbIe Hamboiee BeposT-
Hbl€ 3HAUEHUS MAKCUMYMOB, KOTOpbIE YIA€TCs IOIYYUTh B
SKCHEePUMEHTAX JUIs OalHTOBBIX IOACTAHOBOK 3TO 32-34 s
TaOIHI TUHEHHBIX anmpokcuMarmii 1 10-12 st tabmu XOR
pazHocTeil. OHU OKa3bIBAIOTCA JAJIEKUMHU OT IPEAEIbHBIX

snavenmit 2871 =128 (st JIAT) u 28 =256 (st Tabu
pasHocTel), XapaKTePHBIX ISl BRIPOXKICHHBIX MOJICTAHOBOK.
[Ipu sToM c yBenmueHneM 3HAYCHHUH MaKCHMYMOB JHMHEH-
HBIX U qU(epeHIMaIbHBIX MMOKa3aTenel (MmepexoaoB) Be-
POATHOCTH OTOOpA MOJCTAHOBOK C TAKMMH 3HAYCHUSMU
OuYeHb OBICTPO yMeHbIIATCI. Takum o0pa3om, J0Nis BbI-
POXIICHHBIX TOJCTAHOBOK B OOLIEM MHOXKECTBE MOACTAHO-
BOK CHMMETPHUYECKON T'PYIIIBI OKAa3bIBAETCS BEChbMa MAaJOH.

DTO 3HAYUT, YTO MOIOKEHHE, CHOPMYTHPOBAHHOE B Ha-
yajie paboThI, COCTOSINEE B TOM, YTO BCE MIU(PHI HE3aBUCH-
MO OT HCIHOJIB3YeMbIX B HHUX S-OJIOKOB IOCIIE HEOOJBIIOro
HayaJIbHOTO YHCIA IUKJIOB MIU(PPOBAHUS CTAHOBSITCS CIy-
YalHBIMH TTOJCTAHOBKAMH, BBHITIONHSAETCS C BECbMa BBICO-
KMM ypoBHeM foBepus. [TopokaeHHe BBIPOXKACHHBIX S-0110-
KOB SIBIISIETCSL OYEHb MaJIOBEPOSTHBIM COOBITHEM, H CaMOe
IIaBHOE OHHM BCErJia MOTYT OBbITh OOHAPY)KEHBI U HCKIIOYE-
HBl Ha OCHOBE PE3YIBTaTOB IKCIIEPUMEHTOB.

[lepcriekTuBHl ManbHEHITUX HCCIEIOBAHUN COCTOAT B
JaJdbHeHIIeM U3ydeHUH MeXaHU3MOB (HOpMHPOBAHHS Iie-
pexonoB tabmui XOR pa3HocTed W TaOIUIl JTMHEHHBIX AIlll-
POKCHMALMiA PY MCHOIB30BAHUH BBIPOKICHHBIX S-OJOKOB,
MPUBOASAIIMX K HApYIISHUIO MOKa3aTeneil mpuxozaa mudpos
K COCTOSTHHIO CIIy4alHOW MOACTAHOBKH, W, B YaCTHOCTH,
MIOSIBJICHHSI IIs1 HEKOTOPHIX S-OJIOKOB BTOPOTO CTal[MOHAp-
HOTO 3Ha4eHUs] MakcUMYMOB A depeHaIbHbIX BEpOsT-
HOCTEH, OTJIMYAIONIEroCs OT MoKa3aTeNnel CllydaHbIX S-0110-
KOB, a TaKXKe pa3paboTKa MPUHIMIIOB POCKTHUPOBAHUS 010U~
HBIX CHMMETPHYHBIX IIH(PPOB, HE 3aBHCALIUX OT
MIPUMEHSIEMBIX B HUX S-OJIOKOB.
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AcnipanTt XapKiBCbKOro HalliOHaJIbHOTO yHiBepcuteTy iMeHi B. H. Kapasina

BUPOJXKEHI S-BJIOKH

AKTyaJbHicTb. S-0JI0KH € OJHUM 3 OCHOBHHX IIEPETBOPEHb 0araTbox MuQpiB, i OLUIyKy S-0J0KIB 3 yIOCKOHAIEHUMHU KPUOTOrpadiuHUMU
MOKa3HMKaMU MIPUALUTSETHCS BEIMYE3Ha yBara B JiTeparypi LbOro HanpsiMy. TUM caMUM IPUITYCKA€ThCS, IO € MiJCTaHOBKH (S-010Kn), sIKi CIij
BBA)KaTH IIOXUMH, TOOTO Taki, sIKi HE MIIXOAATh 1J1st MOOynoBU HaniliHuX 1mupiB. 3 iHIIOro OOKY, OAUH 3 HANPSIMKIB BJOCKOHAJICHHS KOHCT-
pyKuiit mudpis, KUl po3BUBAETHC B OCTaHHIH Yac, OB’ 13aHUH 3 100Yy0BOIO MU(PIB, B IKMX MOXKYTh 3aCTOCOBYBATHCS S-OJIOKH BUIIAIKOBOTO
TUIy. BuHMKae BaxJIMBe NMUTAHHSA. A sIKi &K S-ONOKHM HE MIAXOMATH s NOOYNOBU MM(PPYIOUUX NEPETBOPEHb? Y LbOMY 3B’SI3KY BEJIUKY aKTy-
aJlbHICTb HAOyBa€ BUBUEHHs BIACTUBOCTEH Ta 0cobauBocTell popMyBaHHs S-OJI0KIB BUPOLKEHHX KOHCTPYKLIM, il IKUMU PO3YMIOTBCS ITiICTa-
HOBKH, L0 NOTIPILIyIOTh KpUITorpadiyHi NOKa3HUKK MUPPIB.

Meta. BuBueHHs BIacTHBOCTEH Ta ocobnuBocTell ()opMyBaHHS MiICTAHOBOK BUPOIDKEHOTO TUILY, OLiHKA IMOBIpHOCTI iX IOPOIKEHHS 3a
JIOIIOMOTOI0 FeHepaTopa BUIAAKOBHX IiICTAHOBOK. BH3HAUEHHs 03HAK, 3@ SKUMH MOKHA BHUIMTU BUPOIDKEHI MiICTAHOBKH.

Metoz. [106y10Ba NOLMKIOBUX 3aKOHIB PO3IO/LTY MAKCUMYMIB TaONMIb AU(EpeHIiaIbHUX PI3HULD 1 TAOIHIb TiHIHHUX alpOKCUMALil A1
3MEHILIEHHUX Mozenell MUQpiB, IPH BUKOPUCTAHHI B HUX PI3HUX (BUPOMKEHUX) KOHCTPYKIIiil S-010KiB. BuzHaueHHs 3aKOHY pO3IOILTY MaKCH-
MyMiB XOR Tabiuip 1 3MilIeHHS TaOIHULb JIHIHUX anpoKcUMaliil 6aiTOBHX IiJICTAHOBOK.

Pe3yabTaTn. BuBueHi ancaM0i1eBi XapaKTepUCTUKI MHOXKMHH OaliTOBUX MiicTaHOBOK. Ha ocHOB1 BUBueHHS AudepeHLianbHuX Ta TiHIHIX
BJIACTHBOCTEH 3MEHIIEHUX Mojenelt 1dpiB BU3HAUEHI 03HAKH, 32 JJOIIOMOT0I0 KUX BUSABIIIOTHCS BUPOIXKEH] icTaHOBKU. OOUHCITIOBAILHIM
1 eKCIIEpHMEHTAILHUM IIUISIXOM BU3HAYAE€ThCS IMOBIPHICT BUIIAJKOBOIO MOPOIXKEHHS (BUOOpPY) 0aiTOBOI MiJICTAHOBKH BUPOMKEHOTO THILY.

BucHoBku. Pe3ynbsraraMu poGOTH MIATBEPIKEHO, 10 OTPUMAHHS BUPOLKEHUX 0alTOBUX S-OJNOKIB IpH BHIIAJKOBOMY IX IOPOIDKEHHI €
MaJoiMOoBipHOIO nozieto. e o3Hauae, o NpakTHYHO 6€3 0OMEXEHb Y MU(PaX MOXKYTh BUKOPUCTOBYBATHCS S-0JI0KH, IIOPOIXKEH] 3 IOTIOMOTOI0
reHeparopa BUIAKOBHX I1iICTAHOBOK.

HaykxoBa HOBM3HA MICTHTBCSI B TOMY, 1110 BUBYEHUI! BIJIUB BUPOIKEHHX I1iICTAHOBOK Ha e(pEKTUBHICTb IIH(PYIOUHX IIepeTBOpeHb. Briepiie
BCTaHOBJICHO, L0 BUKOPUCTAHHA B H(pax S-0J0KIB, NOPOMKEHHX BUIIAJAKOBUM YHMHOM, 3 Jy)XK€ BEIHKOI0 HMOBIPHICTIO HE IPHU3BOAUTH JIO
HOTIpIIEHHs TOKa3HUKIB cTiiikocTi mudpiB 10 arak audepeHuiaIbHOro Ta JiHiHOr0 KpUIITOaHAII3Y.

[IpakTHyHa 3HAYMMICTH PE3YNIBTATIB POOOTH CKANAETHCS B OTPUMAHHI KOHKPETHHMX JAHHX, IO MiATBEPIXKYIOTh OCHOBHE IOJIOKEHHS PO3-
poOIieHOT HOBOT METOIMKU OLIHKM CTIHKOCTI OJIOYHMX CHUMETPHYHHUX WHUQPIB 10 aTak AudEepeHLiaJbHOrO Ta JiHIHHOrO KPUITOAHAINI3y MPO
HE3aJIeXHICTb ITOKa3HUKIB CTIHKOCTI M(PIB Bifl BAKOPUCTOBYBAHUX S-0JIOKIB, Y TOMY YHCII ii S-O0KIB BUIaJKOBOTO THUILY.

Ku11040Bi c10Ba: METO0JIOTIS OLIHKU CTIMKOCTI, BUPOKEHI MIJICTAHOBKH, TU(epeHialIbHI NOKa3HUKH, JTIHIHHI ITOKa3HUKH.

Lisickiy K. E.

Post-graduate student of Kharkiv National University named by V. N. Karazina

DEGENERATE S-BOXES

Context. S-blocks are one of the main transformations of many ciphers, and the search for S-boxes with improved cryptographic indices
a great deal of attention in the literature of this direction is paid. Thus, it that there are permutations (S-blocks), which should be considered
bad is assumed, i.e. those that are not suitable for building reliable ciphers. On the other hand, one of the directions for improving the design
of ciphers, which has been developing recently, with the construction of ciphers is connected, in which S-blocks of random type can be used.
There is an important question. Which S-boxes are not suitable for building encryption transformations? In this connection, the study of the
properties and features of the formation of S-blocks of degenerate structures, which are interpretations that degrade the cryptographic
exponents of ciphers, is becoming increasingly important.

Objective. A study of the properties and features of the formation of permutations of a degenerate type, an estimate of the probability
of their generation with the aid of a random permutation generator. Determination of the characteristics by which degenerate substitutions can
distinguished.

Method. Construction of the piecemeal laws of the distribution of the maxima of tables of differential differences and tables of linear
approximations for reduced models of ciphers, using different (degenerate) S-block constructions in them. Determination of the law of
distribution of maxima of XOR tables and shifts of tables of linear approximations of byte permutations.

Results. The ensemble characteristics of the set of byte substitutions are studied. Based on the study of the differential and linear
properties of the reduced models of ciphers, the characteristics by which degenerate substitutions can identified are determined. The probability
of random generation (by choice) of a byte substitution of a degenerate type is determined computationally and experimentally.

Conclusions. The results of the work confirmed that obtaining degenerate byte S-blocks for their random generation is an unlikely event.
This means that almost without restrictions in the ciphers, S-blocks can used, generating with the help of the generator of random substitutions.

The scientific novelty of the presented results is that the influence of degenerate permutations on the efficiency of encryption
transformations has studied. For the first time it established that, the use of S-blocks generated randomly in ciphers with a very high probability
does not lead to a deterioration in the ciphers’ resistance to differential and linear cryptanalysis attacks.

The practical significance of the results of the work seen in the receipt of specific data confirming the main position of the new technique
developed to assess the stability of block symmetric ciphers to attacks of differential and linear cryptanalysis on the independence of cipher
strength indicators from the applied S-blocks, including S-blocks of random type.

Keywords: methodology of evaluation of resistance, degenerate substitution, differential indicators, linear indicators.
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THE TECHNIQUE OF HOMOTOPIC SKELETONIZATION
OF BIT-MAPPED DRAWINGS OF PARTS OF SEA TRANSPORT

Context. Skeletonization is used in image processing of technical drawings, including drawings of sea transport parts, since the object’s
skeleton reflects its topological structure. Comparative analysis of the best methods of parallel topological skeletonization of the area
objects, using spatial masks, showed that they give iterative distortions to the topology of primitives and their compositions. Therefore,
the task of developing a technique for homotopic skeletonization of bit-mapped drawings of sea transport parts is relevant.

Objective. To develope technique of improvement of topological equivalence of the skeletons to the contour of sea transport parts,

by means of gradual correction of typical skeleton’s distortions.

Method. Correction of skeleton’s iterative distortions by modified spatial masks of the basic method of skeletonization and the
reconstruction of the resulting skeleton by masks to restore its homotopy to the original, on the basis of developed reconstruction rules.
Execution of the proposed technique was carried out on example of the basic method R.Y. Wu & W.H. Tsai.

Results. The proposed technique is implemented as a program application that allows to perform quality skeletonization of images

of drawings of sea transport parts.

Conclusions. The shown examples of results of skeletonization of drawings of parts confirm efficiency of the proposed technique.
The technique can be adapted to the methods of topological skeletonization of area objects, based upon application of spatial masks.
Keywords: connectivity, distortion, drawing, homotopic, mask, skeleton, technique.

NOMENCLATURE

ACCURACY - measure of quality assessment, the
proportion of points for which the right decision was
obtained;

b, — the k-th point in the 4 (8) — connected

neighborhood of the contour point;
F-MEASURE - a measure of quality assessment, is the
harmonic mean between precision and completeness;

g(*) — checkpoint flag on the top of the concave corner;

H — height of the original image;

k — the index of the point in 4 (8) is the neighborhood of
the point being analyzed;

MSE — measure of the quality of the result, mean square
error;

PRECISION - the fraction of points actually belonging
to the skeleton of the image, among the points of the
resulting skeleton of the image;

PSNR — the quality measurement result, peak signal-to-
noise ratio;

RECALL — measure of the quality of the result, reflects
the proportion of points referred to the skeleton or
background,

SSIM — measure of the quality of the result, the index of
structural conformity;

UIQI — measure of the quality of the result, a universal
quality index;

W — width of original image;

{Z }k — set of masks of the base method R.Y. Wu, W.H.

a
Tsai;

{Z}; — set of developed masks used to correct the

angles;

g™

— restoring masks;
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pg — distance from the central point to the neighborhood

point in the «chess’s» metric;

péw — distance from the central point to the
neighborhood point in the «manhetten’s» metric.
INTRODUCTION

Skeletonization is widely used in solving many tasks of
image processing when creating electronic archives of
drawings of sea transport parts. The advantage of the
skeletons of objects is that they store information about the
topological structure and simplify algorithms for processing
drawings. Thus, skeletonization improves the efficiency of
the processing of electronic archives of drawings, making
the task discussed in the article relevant.

The main drawbacks of the existing methods of
skeletonization are the distortions of the geometric primitives
of the contour and their conjugations, as well as the
connectivity of the contour. Therefore, the study goal is to
develop a method for topological skeletonization of
drawings that ensures the homotopy of the resulting
skeleton to the original contour by correcting typical
distortions.

A substantial increase of skeleton’s structural
correspondence to the part’s mask is reached by gradual
application of the developed set of methods:

— at the first stage at iterative thinning of a part a
correction of iterative distortions of skeleton with modified
masks of the basic method of skeletonization is performed,

— at the second stage, after the entire skeleton has been
obtained, reconstruction of the skeleton is performed with
restoration homotopic masks, on the basis of the developed
instructions for reconstruction of distorted zones of
intersections of geometrical primitives.

Correction of the skeleton is supposed to be performed
with the aid of the designed masks, in accordance with the
following principle:

— the aperture of a “simple” dot, removed by a basic
method is compared to the nuclei of the developed set of
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correcting and restoring masks with a possibility of their
turning by angles, divisible by 90°;

— in case of coincidence of the dot’s aperture with the
nucleus of any mask the skeleton is corrected, in accordance
with the developed instructions for adoptions of solutions,
specific for each type of skeleton’s distortions.

1 PROBLEM STATEMENT

The original binary image is understood as some
rectangular binary matrix of dimension Wx H. The element
of this matrix takes the value 0 if the corresponding point of
the image is painted white. Otherwise, the matrix element
takes the value 1. The original image can contain contours
of arbitrary thickness. It is necessary to define the rule for
converting a part of the elements of the original matrix with
a value of 1 to 0 so that the thickness of all contours becomes
1. In this case, it is necessary to save the topology of the
original object and prevent distortion of the object form on
the resulting image.

2 REVIEW OF THE LITERATURE

According to the principles, laid in the basis of object’s
skeletonization of bit-mapped area images the following
groups of methods can be singled out: approximation of the
boundary of an area figure by a polygon [1-3], path-tracing
method [9], stripes graphs [5], tracking of pixels [1, 2, 6],
distance maps method [10], wave method [7], method of
topological thinning [9-16].

The analysis of merits and flaws of each group of
methods showed that methods of parallel iterative
topological thinning Rutovitz, Pavlidis, Wu&Tsai et al.),
ensuring skeletons of better quality seemed to be most
promising in the zone under investigation.

These methods are based on placing spatial masks on
the local neighborhood of the points of bit-mapped image
with the objective of extracting “simple” dots, extraction of
which does not infringe structural similarity and integrity of
the skeleton of part’s mask [10]. The methods belonging to
this group differ in their sets of masks, the criteria of images
points affiliation with the skeleton and ways of dots testing
on correspondence with such criteria.

Still, from the point of view of the analyzed objects zone,
the existing methods possess, in spite of their merits [1, 9,

10, 17], a common substantial drawback, emerging as
violation of homotopic character of the resulting skeleton,
as compared to the original part’s mask on the drawing,
particularly:

— distortion of topology of right angles of the skeleton
at iterative parallel thinning of part’s mask;

— in violation of skeleton’s connectivity at the process
of thinning of part’s mask;

— in violation of skeleton’s topology in the points of
intersection of geometrical primitives of the mask;

— in sensibility of skeleton’s topology to local properties
of the mask (thickness, for instance).

3 MATERIALS AND METHODS

Among the methods of topological skeletonization of
objects, when spatial masks are used, Wu R. Y. & Tsai W. H.
[18] method, ensuring the best result is of special interest.

The masks, applied in Wu R. Y. & Tsai W. H. method are
represented in Table 1.

It is characteristic that these masks contain unused
positions with the unidentified beforehand values, hence,
allowing variability. The elements of masks nuclei with
alternative colors are marked with “?” sign, whilst unused
nuclei elements are marked with “0” sign.

Application of these positions for reconstruction of
distorted skeletons allows ensuring their structural
correspondence to part’s mask, required in the object’s zone.

Now, let us consider the proposed methods of restoring
homotopic character of the skeleton, generated by the
principle method on the example of the method of Wu&Tsai.

Consider the method of correcting distortions of the
topology of skeleton’s right angles method. The first type
of skeleton’s distortions is described by iterative violation
of the topology of skeleton’s right angles (Fig. 1).

To explain the essence of the problem of appearance of
such a distortion we shall introduce the required definitions:

—we’ll call the point “a” the vertex of the convex angle in

4-connected neighborhood, where adjacent points b, and

bri (k € [0, 3]) belong to the mask (Fig. 2a);

— we’ll call the vertex of the concave angle the black “a”
in 8-connected neighborhood, where only one of point of
all diagonal points {b, b,, b, b,} belongs to the background
(Fig. 2b).

Table 1 — Masks {Z}]; for R.Y. Wu, W.H. Tsai [18] method
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In the principle method of thinning the convex angles,
masks, using 4-connection «manhattan’s» metric are applied,
in which distances from the vertex of the convex angle of

the mask to the background pg/l = pé” =1. In accordance

with the principle idea of the method, the vertex of the convex
angle is considered to be a “simple” point and is removed

by {Z }]; masks with one pass.

However, vertexes of concave angles in “manhattan’s”
metric are not boundary points. So, the vertexes of concave
angles can’t be removed with one pass only with application
of {5,
(see Fig. 1), owing to possible application of different set of
masks during two consecutive iterations, it, finally causing
violation ion homotopic character of the mask’s skeleton.

In the proposed method the problem of vertexes’
treatment is solved by application of 8-connectoin «chess’s»
metric both for convex and concave angles.

As the distance from vertexes of both convex

masks, it leading to distortion of angles topology

(pg = pg =1) and concave (p7C =1) angles to the
background is equal , these vertexes can be removed in one

Figure 2 — Vertexes of the concave and convex angles

Table 2 — Masks {Z}l

pass. To preserve the mask’s topology, it is necessary, there
to recognize the vertexes of the concave angles and develop
the conditions for preservation of skeleton’s connectivity
at their removal. For recognition of the vertexes of the

concave angles masks {Z }; (Table 2) were developed.

Elements of the nuclei of basic masks, unused for the
basic method with alternative colors and ignored ones are
used there. Here, a candidate to the vortex of the concave
angle is marked with “*” symbol. As the vortex of the
concave angle has just two neighboring adjacent points,
the mask point may be considered to be the vortex of the
concave angle if it is twice marked to be it For realization of

this rule for each point of the mask flag g(*) =( is used.

A
is recognized as a vortex of the concave angle it is marked

If on any of the correcting masks a mask point from {Z }1

as a corner point and the value of g(*) for this point is
increased by 1.

Then, if upon completion of checking with {Z }; masks

the value of point g(*) =2, then this point is not removed

in order to prevent violation of homotopic character of the
mask’s skeleton.

Consider the correction method for irregularities in
skeleton’s connectivity. The second type of skeleton’s
distortion lies in the process of thinning of the mask in case
there are some concave angles within the boundaries of
4x 4 neighborhood of the point under analysis (Fig. 3).

The points, marked in Fig. 3a, will be removed with the

masks {Z}ﬁ (indices of masks removing these points are

A
Basic mask Developed masks Basic mask Developed masks
A Bl
B
C
D
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shown in Fig. 3), this is to lead to violation of connectivity
of the skeleton (see Fig. 3b). To solve this problem a

correcting mask {Z }L (Fig. 4) was developed, capable of

rotation by angles, divisible by right angle, by application
of which the problem of thinning the concave angle at its
different orientation is solved. At that, if the analyzed point
of the mask is recognized to be the vortex of the concave

angle, it is checked by {Z }(L40°*4270°)
of “C” point coincides with the mask in one of its four
orientations, then the vortex of the concave angle can be
removed without violating the skeleton’s connectivity, the

mask, if the aperture

latter being ensured by the mask’s points {Z}L with the
coordinated (1, 2) and (2, 1).

Figure 3 — Violation of connectivity in the process of thinning of
the mask at presence of several concave angles within the
boundaries of 4 X 4 neighborhood of the point under analysis

¢ 1 Z 3

Consider the methods of correcting violations of the
skeleton’s topology in the points of intersection of
geometrical primitives. The third type of violations lies in
violation of homotopic character of the skeleton in points
of primitive’s intersection, as the character of the analyzed
object’s zone requires affiliation of these points (e.g. vortexes
of the skeleton’s right angles) with the mask (Fig. 5).

The methods of topological skeletonization are sensitive
to local properties of the mask, changing after each iteration of
its thinning. Thus, for a thickness of the primitive in several

points even during the first iteration with {Z}A mask a

“forepart” artifact turns up, increasing its dimensions from
iteration after iteration, greatly distorting the skeleton (Fig. 6).

Elimination of these drawbacks requires regeneration of
the resulting skeleton by correction of the artifacts,

. . . . ~\£0°-2£270°
distorting its topology. Restoring masks {Z}EOHIS) )

5 x 5 in size (Table 3), were developed for this, with possibility
of turning by angles 90°, 180°, 270°, and a possibility of
their balancing with
{~}Ezo°74270°

0)}-9)
each iteration and after completion of the mask’s thinning

~£0°-£270°
masks {Z }510)7(18)
In the Table 3 the following designations are assumed:
[ ] - the background;
Il — the contour;
[[] — makes no difference whether contour or background;

2 — the background, it becomes a contour in case of
coincidence with the mask;

3 — the contour, but it becomes a background in case
of coincidence with the mask;

4 — makes no difference whether contour or
background, however it becomes background in case of
coincidence with the mask;

5 — makes no difference whether contour or
background, however it becomes background in case of
coincidence with the mask;

regard to ordinate axis.

masks are applied for skeletons at the end of

are applied just once.

B
-=
| 1]
I + |

correction

distortion

Figure 5 —The method of correcting of skeleton’s distortions in in points of primitive’s intersection
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Table 3 — Restoring masks
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The following main principles were observed for

development of {Z }Eg)(i?;§270°)

masks:

— The masks embrace all possible variants of distortions
of the skeleton by the basic method and are classified,
according to the groups of distortions as:

— {Z}(O)*(l) masks, correcting points omissions, the

masks of this group are corrected filling the isolated points
of the background with contour’s points;

- {Z }(2}(3) masks, for corrections of the lines bends,

the masks of this group straighten distortions of angular
type, appearing due to the peculiarities of the primitives of
the contour with half-tones, in accordance with Brazenham’s
algorithms.

- {Z}(4%(5) masks for correction of distortions of

primitive’s intersections, isolated background points of
intersections of vertical, horizontal and diagonal primitives
are filled with contour’s points;

- {Z }(6}(9) masks for correction of angles distortions,

masks belonging to this group eliminate thickenings of
concave angles and regenerate cuttings off of vortexes of
convex angles of the contour’s skeleton;

- {Z }(1 0)-(18) masks for correction of stepwise distortions,

emerging, due to application of asymmetric thinning masks
of the basic skeletonization method;

— masks’ configuration must not infringe the local
regularities of topology of the contour and the skeleton, for
examples, masks 14 and 15, describing similar stepwise
skeleton’s distortions produce various structural corrected
fragments of the skeleton (Fig. 7), corresponding to
topological orientation of the primitives in the images’
aperture;

— the zone of points (with codes 2...5) of the aperture
5x 5, changed by the mask must be surrounded with
neighboring background points, or with unchanged
contour’s points, it allowing to avoid violations of skeleton’s
connectivity at its modification with masks.
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Figure 7 — An example of dependence of skeleton’s topology upon mask’s configuration

4 EXPERIMENTS

The proposed algorithm is implemented in the C ++
Builder Seattle environment. The developed software
product allows to perform skeletonization of the image by
the developed technique and visualize the result. In order
to obtain an objective quantitative and qualitative
assessment of the effectiveness of the proposed
skeletonization technique, the developed software product
implements the standard well-known methods of topological
skeletonization.

To quantify the result, it is possible to compare the result
of skeletonization with an ideal skeleton and calculate the
main evaluation criteria. The program is equipped with a
flexible system of settings for each method.

The raster images of sea transport drawings used for
testing are represented by a random sample of 40 color
grayscale images, with a color depth of 24 bits, of different
sizes. Each set of methods was tested with the help of the
projected software on the test set of images of parts
drawings; Each image served as the basis for 5 experiments
in different modes, the results of which were averaged.

Each set of methods was tested with the help of the
projected software on the test set of images of parts
drawings; Each image served as the basis for 5 experiments
in different modes, the results of which were averaged. To
quantify the results shown by the analyzed methods, the
commonly used metrics: MSE, PSNR, UIQI, SSIM,
PRECISION, RECALL, F-MEASURE, ACCURACY.
Comparative analysis of processing time of raster images of
drawings of parts was not carried out. This is explained by:
the prevalent value of quality processing in front of the
miserly time spent on it.

5 RESULTS

An example of mask’s skeletonization of a part of a “Nut”
type (Fig. 9a) is shown in Fig. 8 and 9 with performed
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according to the basic method, with heavy distortion of the
skeleton (Fig 9b) and with application of improved method,
where these distortions have been removed (Fig. 9c).

The averaged results of a comparative study of the
developed set of methods for improving the skeletons of
contours of parts in raster binary images of marine transport
drawings are given in Table 4.

6 DISCUSSION

Existing methods of iterative topological skeletonization
[5, 13—16, 23], as a rule, generate skeletons with raster
distortions of topology (Fig. 10-12):

— erosion of the contour primitive with its even thickness
(Fig. 10); due to the symmetry of the masks used;

— loss of contour points, neighbors of which in the

“manhattan’s” metric belong to the contour, and in the chess

— to the background (Fig. 11); arises because of the 4-
connectivity of the masks used;

— violation of the topology of the right angles of the
contour (Fig. 12); arise from the conceptual incompleteness
of iteratively-applied masks, which should have a
theoretically sufficient minimum size of 5x 5 [8].

Improvement of structural distortions of skeletons is
reached by applying of the developed method, the complex
of method, consisting of:

— the method of correction of distortions of the topology
of skeleton’s right angles, based upon application of the
“chess” metric, instead of «manhattan’s» metric and masks
of recognition of mask’s angles;

— the method of correction of violations of the skeleton’s
connectivity, based upon application of the developed
correcting mask;

— the method of correction of violations of topology in
the points of intersection of geometrical primitives, based
upon application the developed regenerating masks.
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Figure 9 — The result of correction of skeleton’s topology
Table 4 — Average results of testing methods of skeletonization
Alternative method
= = o— g 4
Relative improvement of the values of the basic metrics = 2 3 & 2
in comparison with the alternative method = Vé’h 5 g b
=
54 = = > E
Z 3 z <
AM o
AMSE“™ % 92,00 0,00 0,00 30,67
APSNRM o, 94,43 62,63 4927 68,78
AUTQI M o, 56,85 5,48 2,89 21,74
ASSIM M o, 56,85 5,20 2,89 21,65
ARecall™ % 55,64 4,52 3,46 21,21
APrecision™ % 54,32 524 2,36 20,64
AF —measure,% 55,04 5,02 2,78 20,95
AAccuracyAM % 1,37 0,21 0,13 0,57
Average in terms of indicators (AM(;‘VM )% 5831 11,04 7,97 25,77
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contour primitive

masks

skeleton

Figure 10 — Contour erosion in the Chin, Wan, Stover and Iverson method

contour

skeleton

reconstructed contour

Figure 11 — Distortions of contour topology in the Pavlidis method
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Figure 12 — Distortions of the right angles of the contour in the Wu & Tsai method

A typical remedy for distortions of resulting skeletons is
iteratively reducing the use of fixed sets of masks. But
without taking into features the details of the parts drawings,
bound to them the variability of skeletonization masks and
sets of restoring masks it is impossible to remove distortions
of the skeleton topology (Fig. 11). In this study the required
variability is provided by the developed technique for
restoring the homotopy of skeletons, which allows to modify
the applied masks and to adapt their set to typical distortions
of the skeleton of specific part. The technique assumes the
use of decision rules for removing, adding and replacing
skeleton’s points to the contour and background with masks
with size 5 x 5 so as to satisfy the requirement for the skeleton
to preserve the topology of the contour of the part (see the
section “Materials and methods”).

A substantial reduction in skeleton’s distortions is
reached by two-staged correction of the skeleton of the
part’s mask:

— at the first mask during iterative thinning of the part’s
mask iterative distortions of the skeleton are corrected;

— at the second stage, after the entire skeleton has been
formed, reconstruction of distorted zones of intersections
of geometrical primitives of the skeleton is done.
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Exclusion from the applicable set of a reduction mask
eliminates false triggering of the technique (Fig. 13).

Unfortunately, false triggering of masks is unavoidable
due to non-ideal raster rendering of binarized primitives of
the contour due to errors of the Brezenham’s algorithms,
used in rasterizing second-order curves [10].

CONCLUSIONS

Proceeding from the features of the subject area, it is
established that the purpose of the task of thinning out the
area contour of the workpiece is the homotopic
transformation of the binary contour of the part into a
skeleton. A general criterion for the quality of skeletonization
is the Hamming distance between the resulting and reference
skeletons of the part contour, and measures of this distance
are generally accepted unified quality indicators: MSE,
PSNR, UIQI, SSIM, Recall, Precision, F-measure, Accuracy.
The main limitation of the problem is the absence of
distortions of the skeleton, which violate its topological
similarity to the contour of the part in terms of the number of
geometric primitives, their mask and connectivity.

The scientific novelty of the proposed technique is that
for the first time a set of methods for eliminating structural
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bitmap fragment of the contour

result of false triggering of mask Ne§

Figure 13 — Example of false triggering of the technique for restoring the contour skeleton

distortions of skeletons of contours of parts has been
proposed. The basis of the methods is a two-stage correction
and reconstruction of the skeleton homotopy of the contour
of the part during its iterative thinning and after the
skeletonization. Methods use developed sets of corrective
masks and formulated decision rules.

The analysis of testing of the developed methods of
two-staged improvement of the skeleton of masks of sea
transport parts confirmed a substantial improvement of the
quality of the produced skeletons with preservation of their
topological similarity to the original masks in the number of
geometrical primitives, their masks and connectivity.

The proposed methods of iterative topological
skeletonization of drawings of sea transport parts can be
used for skeletonization of diagrams of road junctions,
engineering drawings, functions graphs and the like.
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[IPOTPECUBHI IHOGOPMAILIMHI TEXHOJIOTT

Moganosa B. C.

Crapmmuii Buknanad, IBH3 «IIpua3zoBchkuil nepxaBHUN TeXHIUHUH yHiBepcHTeT», Mapiynons, Ykpaina

METO/JUKA TOMOTOITHOI CKEJETH3AIIi PACTPOBUX KPECJEHB JETAJEA MOPCBKOTI'O TPAHCIIOPTY

AxTyanabHicTh. CKeleTH3aliss BUKOPUCTOBYEThCA MpH 00poOIi 300paXkeHb TEXHIYHUX KpecieHb, BKJIIOYAIOUH JeTali MOPCHKOIO TpaHC-
nopry, 60 ckener 00’ekTy BifjoOpaxye HOro TOMONOri4HYy CTPYKTYpy. [IOpiBHSIBHUN aHaNi3 KpalX METOMIB MapaielbHOl TOMOJOTidHOI
CKeJeTH3alii MIOmaaHuX 00’ €KTiB, [0 BHKOPHUCTOBYIOTH IPOCTOPOBI MacKH, II0Ka3aB, I[0 BOHH JAlOTh iTEPATHBHI BHKPUBIIEHHS TOMOJIOTII
IpUMITHBIB Ta ix kommosumii. ToMmy, 3amada po3poOKH METOIUKH FOMOTOIHOI CKeleTh3alil pacTpOBUX 00’€KTiB KpeclIeHb JeTaledl MOPCHKOTO
TPAaHCIIOPTY aKTyaJbHa.

Meta po6otn. Po3pobka METOIUKU MONIMIICHHS TONOJOTIYHOI €KBiBaJIEHTHOCTI CKENIETIB KOHTYpaM JeTallel MOPCHKOIO TPaHCIOPTY 3a
PaxyHOK HOETAaImHOI KOPEeKI[il THIIOBHX CIIOTBOPEHb CKEJICTiB.

Metoa. KopuryBaHHs iTepaTHBHHX CIIOTBOPEHb CKeleTa MOAM(IKOBAaHMMH MackaMu 0a30BOro METOHy CKeleTh3amii i peKOHCTPYKIiIO
PE3YNBTYIOYOr0 CKeJieTa MaCKaMHU BiHOBIICHHS HOT0 TOMOTOIHOCTI OpPHTiHAJly Ha OCHOBI PO3pOOJICHUX MpPaBHJI PeKOHCTPYKLii. Peanizamito
3anporoHOBaHOI METOMMKU BUKOHAHO Ha mpukiaai 6azosoro merony Wu R. Y. & Tsai W. H.

Pe3yabraTu. 3amponoHOBaHy METONHKY peali30BaHO y BHUIISAAI IPOrpaMHOrO IOAATKY, IO JO3BOJISIE BUKOHATH SKICHY CKeIeTH3aIilo
300pa)KeHb KPECNIeHb JeTajell MOPCHKOrO TPaHCIOPTY.

BucnoBku. ITokazaHi mpuKIagu pe3yibTaTiB CKeIeTH3alii KpecleHb JeTallell MiATBepIKYIOTh e(pEeKTHBHICTb 3alPOIIOHOBAHOI METOJUKH.
Meronuka Moke OyTH ajanToBaHa JO iHIIMX METOJIB TOMOJOTIYHOI CKeNeTH3alii IUIom@agHiuX 00’ €KTiB, 3aCHOBAaHUX Ha BHKOPHCTaHHI MPOCTO-
POBHX MacoK.

Karo4doBi c1oBa: 3B’S3HICTb, CIOTBOPEHHS, KPECICHHS, TOMOTOIHICTh, Macka, CKEleT, MEeTONHKa.

MomuanoBa B. C.

Crapummii npenonasarens, I'BY3 «IlpuazoBckuit rocynapcTBeHHbIH TeXHUUYECKUN yHHBEpPCUTET», Mapuynonb, YKpauHa

METOJIUKA TOMOTOINMHON CKEJETH3AIIMA PACTPOBBIX YEPTEKEN JETAJEA MOPCKOTO TPAHCITOPTA

AxTyanbHOCTb. CKeneTnszanus UCIONb3yeTcs IpU 00paboTke H300pakeHUI TEXHUUECKUX YepTexel, BKIIoUas JeTald MOPCKOTO TpaHC-
IIOpTa, MOCKOJIBKY CKEleT 00BeKTa 0TOOpa)kaeT ero TOHMOJIOTHYECKYI0 CTPYyKTypy. CpaBHHUTENbHBIH aHAIN3 IyYIIHX METONOB HapaylelIbHOH
TOIIOJIOTUYECKON CKEeJICTH3alHMH ILIOMATHBIX 00BbEKTOB, HCIOIb3YIONHNX IPOCTPAaHCTBEHHEIE MACKHU, [I0Ka3al, YTO OHH JAalOT HTEPAaTHBHBIE
HCKa)XCHHS TOIOJOTHH IPHMHTHBOB M HX KomMmo3unuii. ITosTomy, 3amada pa3paOoTKU METOJHMKH TOMOTOIHOH CKEeIeTH3aIllMH PacTPOBBIX
00BEKTOB UepTexel JeTaneil MOPCKOro TpaHCIOPTa aKTyallbHA.

Hexas pa6oTsl. Pa3zpaboTka METONUKH YIydYIIEHHS TOHNOJIOIMYECKOH SKBUBAJICHTHOCTH CKEIETOB KOHTYpaM AeTallel MOPCKOrO TPaHCIIOp-
Ta 3a CYET [OITANHOH KOPPEKIIMH THIHYHBIX MCKAXKEHHH CKEIeTOB.

Metoa. KoppekTHpoBKa HTEPAaTHBHBIX HCKa)KEHHU CKeleTa MOTH(UIIMPOBAHHBIMH MacKaMé 0a30BOro METOJA CKEJIETH3al[MH H PEKOHCT-
PYKIHS Pe3ylbTUPYIOINETO CKeJleTa MackaMH BOCCTaHOBJIEHHS €ro FOMOTOITHOCTH OPHTHHAIly Ha OCHOBE pa3pa0OTaHHBIX IPaBHI PEKOHCTPYK-
nuu. Peanusanus npeayokXeHHOW METONUKH BBHIOJNHEHA Ha mpumepe 6a3zoBoro meroga Wu R. Y. & Tsai W. H.

PesyabTarbl. [IpennoxeHHas METOANKA peallM30BaHA B BHJE IPOTPAMMHOTO IIPHIIOKEHUS, IIO3BOJISIONIETO BBHIIOIHUTh Ka4eCTBEHHYIO
CKeIeTH3alHI0 H300paXkeHHH depTexel JeTanedl MOPCKOro TPaHCIIOPTA.

BriBoasbl. IToka3anHbIe IpUMepHl Pe3yIbTaTOB CKEIETH3AlUH depTexel meraneil MOATBepkIa0T 3(P(EeKTUBHOCT IIPEINIOKEHHOH METOAU-
ku. MeTonrka MOXKeT OBITh aJalTHPOBAHA K HMHBIM METOIaM TOIIOJOTMYECKOM CKeNeTH3allHH ILIOIIAJHEIX 00bEKTOB, OCHOBAHHBIM Ha HCIIONB30-
BAaHUU IPOCTPAHCTBEHHBIX MAaCOK.
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CONTROL
IN TECHNICAL SYSTEMS

UDC 331.101.1:629.735.083:656.7.086(045)

Goncharenko A. V.

Dr. Sc., Professor of Aircraft airworthiness department, National Aviation University, Kyiv, Ukraine

OPTIMAL CONTROLLING PATH DETERMINATION WITH THE HELP
OF HYBRID OPTIONAL FUNCTIONS DISTRIBUTIONS

Context. The problem of the determination of the optimal value of the augmentation coefficient of a proportional governor included
into an inertness-less linear object control system on the basis of a synthesized model is solved. The object of the presented study is the
optimal control process.

Objective. The goal of the work is a creation of a method for a problematic situation of the optimum definition, evaluation, and
determination solving at the control system.

Method. A rough model of the phenomenon, and simplified dependence of optimal controlling trajectory upon the cost, of control in
an inertness-less linear controlling system equipped with a proportional governor are proposed. The accuracy of the behavior of the
investigated linear object of control has been chosen in the given consideration as an initial target value which needs to be minimized. The
method of the model building with regards to an expenditures principle is offered. It provides taking into account the cost of controlling
process. It allows finding the optimal controlling value on the multi-optional basis. There applied a certain analogue to the subjective
entropy maximum principle of the subjective analysis in order to obtain a specific optimal distributions for the objective value in the view
of the composed functional. The method of the uncertainty degree of the options extremization is improved by a continuous optional value
introduction that allows forming the value distribution density. The optional synthesized model of the control process is built.

Results. The developed theoretical models allow obtaining, and have been implemented in, finding the hybrid optional density as an
optimal solution of a variational problem with two independent variables, which maximal value is the sought optimal controlling path
delivering minimum to the integrated expenses pertaining with the process.

Conclusions. The numerical experiments on the proposed methods studying in the problem of optimization are conducted. The
discovered dependencies are substantiated as a result of these experiments. Their use in practice makes it possible, and is recommended, to
carryout optimal control in the described systems. The prospects for further research may include creations of models for the optimal
control trajectories findings on conditions involving rates of the considered values varying and in probabilistic, stochastic, undetermined
problem settings.

Keywords: hybrid function, multi-optional control, distribution density, optimal path, variational principle, optimal controlling
surface, optional functions entropy.

NOMENCLATURE

Y is an outlet value of the control system;
¢t is a functions independent argument (time);
kg is a coefficient characterizing the control influence

effectiveness;

u is a control function;

ks is a coefficient characterizing the disturbance
influence effectiveness;

f is a disturbance function;

ky is a coefficient of a governor augmentation; a function

of time; a functions independent argument;
¢ is an error function;

© Goncharenko A. V., 2018
DOI 10.15588/1607-3274-2018-1-17

x is a given action function (an inlet value of the control
system);
L, is a rate of the losses stipulated by the error;

C. is a coefficient of the error;

Lkp is a rate of the coefficient of the governor

augmentation increase cost;

Ckp is a coefficient of the governor augmentation

coefficient;

n is a power index of the governor augmentation
coefficient;

J is an objective functional of the total expenses related
to the process of control optimization;
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¢y is an initial time of the process;
#; is a terminal time of the process;

F is an under-integral function of a functional;

k{, is a first complete derivative of an unknown (free)

function of the governor augmentation coefficient with
respect to the independent variable (time);

P
k, is an optimal function (extremal) delivering an optimal
(minimal/maximal) value to an integral functional,
kpo is an initial value of the coefficient of the governor

augmentation range,

kPl is a terminal value of the coefficient of the governor
augmentation range,

@, is an objective functional of a hybrid optional
function distribution density;

h is a hybrid optional function distribution density;

B is an internal structural parameter of the system
optimal behavior;

Y is an internal structural parameter for a normalizing
condition;

AtAky is a degree of accuracy at the hybrid optional
function distribution density entropy determination;

Hj is an entropy of the hybrid optional function

distribution density;

h* is an extremal control surface;

h; is a first partial derivative of the hybrid optional
function distribution density with respect to time (the first
independent variable);

h;(p is a first partial derivative of the hybrid optional

function distribution density with respect to the coefficient
of the governor augmentation (the second independent
variable).

INTRODUCTION

According to the contemporary progress in the
development of the diagnosing and recognizing models
synthesis it is still an actual scientific problem (task) in
general to implement the modern achievements in the field
of information technologies [1]. The importance of the issue
lies in the plane of connections of the up to date technologies
between themselves (a compatibility aspect) and putting
them into practice.

Therefore scientific basis for the development of the
presented theme will deal with modeling the optimal
controlling process in regards to hybrid optional functions
distributions densities taking into account the expenses
related with the process.

Thus, this justifies the study of optional hybrid
approaches combining different theoretical concepts and
urgency of finding elements of generalization on the basis
of the critical analysis and comparison with already known
solutions for the synthesized models.

Therefore, the object of the presented study is the optimal
control process which generates a problematic situation of
the optimum definition, evaluation, and determination. And
the subject of the study contained within the object is the

150

rough model of the phenomenon, and simplified dependence
of optimal controlling trajectory upon the cost of control in
an inertness-less linear controlling system equipped with a
proportional governor.

The aim of the work is to build up an adequate model of
the mentioned above process development. And the tasks
needed to be solved to achieve this aim are formulated as
follows: to develop methods for quantitative and qualitative
evaluations of relationships between: 1) the system accuracy
behavior, 2) optimal values obtained on the basis of an
expenditures principle, and 3) optimal controlling trajectory
determination on the basis of optional hybrid functions
densities entropy paradigm; with further justification of the
methods through computer simulation and calculation
experimenting, as well as the obtained results interpretation
and discussion.

1 PROBLEM STATEMENT

Suppose a linear inertness-less object of control with
the time dependent outcome value: y(t) is given. As for a
linear control system the structure of y(t) also depends

upon the influences of control u(t) and disturbance f (t)
and it is regularly represented with their sum:
(t)= koule)+ k rf (¢), where kg, Kk — coefficients which
characterize the effectiveness of the corresponding influence
exerted upon the object. If the system is equipped with a

proportional governor, which means u(t) = kps(t), where &, —

coefficient of the governor augmentation; a(t) — error value,
then we come to the problem of the error minimization with

the help of the kp coefficient increase since ky — max

provides &(¢)— min.

However, the value of the coefficient kp is restricted.
Therefore, through the prism of the system accuracy cost
analysis the synthesized control trajectory will have some

optimal value: kp(t)—> opt giving the minimal cost to the

system accuracy.
In turn, the problem of the optimal function of k; (t)

formation is to find an extremal of a functional: ®; — max
through a hybrid optional function distribution density:

%
h (t,kp) with taking into account the densities uncertainty
b3
measure (entropy): [, and kp (t) delivers maximum to

*
h (t,kp) as well as minimum to the cost to the system

accuracy.
2 REVIEW OF THE LITERATURE

Theoretical core of the study is a synthesis of a hybrid
approach on the basis of an optional uncertainty pattern.
Mentioned in the introductory section of this paper
problems of diagnostics and recognition models [1] has a
variety in use.

It touches in actual fact the widest application of that
kind of modeling, optimization, control, and all types of
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artificial intelligence involvements, starting with that for aero-
engines [2] and their maintenance and diagnosing [3, 4]
respectively, as well as robust design works likewise [5] up
to other aviation problems such as aviation noise and radio
equipment qualities [6, 7] and finally ending with the social
and economical ones [8—10].

Informativeness of diagnostic attributes let us say for
their optional use like formulated in patent [11] nevertheless
requires every time redefining the proposed criteria. There
must be a certain general optional based parameter with a
character of optimality in conditions of uncertainty of the
considered options.

Uncertainty of some intrinsic value, preferences
functions, in the view of their entropy is proposed in
Subjective Analysis [12—15] and its applications [16-22];
and those analogues will be widely used in this work,
however in the view of optional hybrid functions
distributions densities entropy paradigm since the human-
being influence is excluded from consideration rather the
objectively existing matter is taking into account only.

The mathematical background for the presented paper
is the cornerstones of fundamental theories such as [23-27]
but not restricted just to those.

3 METHODS

Let us consider a linear inertness-less object of control.
Supposedly, its behavior is described with the equation of
[23,P. 162, (1)]:

y=kou+ksf, (1)

where y — outlet value y(t) changing in time ¢; kg, kK7 —
coefficients which characterize the effectiveness of the
corresponding influence exerted upon the object; u —
control u(t); f — disturbance f (t)

The concept described with Eq. (1) implies simplifications
that idealize a real object behavior.

If there is a proportional governor in the control system,
then its behavior equation has the view of [23, P. 163, (2)]:

u= kps , Q)

where kp is a coefficient of the governor augmentation;
€ is an error value.

Traditionally, the accuracy of a control system is assessed
with the value of, [23, pp. 160—165]:

e(t)=x(e)- (o), G)

where x(t) is a given action which is predetermined by the

task being solved.

The considered approach developed of the Eq. (1)—(3)
yields the theoretical result represented in the following
sequence of formulas.

From the relation (3) we can express the given

predetermined value of x(l) on the basis of the relation (4):

x(t) = y(e)+e). @

The error S(t), of the dependences (3), (4), in its turn

from the interrelation (2), for the Eq. (4) will be expressed
with the help of the equation (5):

e(r)="1), )

kp

where the control u(t) , from the formula (1), is written as the
expression (6):

ult)= —y(t)_k];f 1) . ©)

Hence, on condition of the formula (6) the error S(t)

from Eq. (5) becomes a functional dependence defined by
the formula (7):

() MOk f(0) ™

T koky

Thus, substituting the expression (7) value into the Eq.
(4), one can obtain the interrelationship between the input —

x(t), output — y(t) of the governed object, and the

disturbance — f' (t) influencing the object in the view of the
next formula (8):

)= yfe)s 210, ®

koky

Adducing the right hand part of the Eq. (8) to common

denominator it gets it the other notation (9):
kok v\t )+t )=k ¢ ft

x(t)= Opy() y() ff()

Kok,

©

Developing the obvious transformations for Eq. (9) we
obtain dependence (10):

kokox(t) = (koky + Ly(e)— k1 £ ). (10)
Taking into account that from formula (3), (4)
w(e)=x(e)—e(e). (1)

and substituting the value of the Eq. (11) for its value into
the dependence (10) it yields the needed expression for the
relation (11), between the error, inlet, and disturbance:

kokyx(t) = (koky +1x(t) - e(e)] -k £(2). (12)

After several simplest transformations of the Eq. (12)
one can receive the intermediate expressions (13)—(15):

ok (t) = Vol + 1)r(e) — (ko + 1)~k £ £(2), (13)

(kokp + l)s(f)= (kokp + l)x(t)— kokpx(t)_ kff(t), (14)

S(t) _ (kokp + l)x(tl_lfolj—plx(t)_ k/f(t) _ (15)
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And finally, from the Eq. (13)—(15), the workable view
relationship with the explicitly expressed objective values
will be the dependence (16):

ok, ks
0 x(t){ kokp+1j i/ 0=elk). a0

As far as we can judge from the relation (16) that

increasing the coefficient (t) it is possible to decrease the
value of the error a(t). In actual fact, the increase of the

governor augmentation coefficient ky (t) cannot be unlimited

or endless.
Thus, we come to the problem of the optimal value of the

coefficient kj, (t) of the control system. Application of an

analogue to the Subjective Entropy Maximum Principle [12—
22] helps us solving such a problem with respect to
distributions that might be considered an elements approach
in the given case study.

Let us apply an Expenditures Principle which assumes
that the rate of the losses stipulated by the error of the
control system is proportional to the absolute value of the

error 8(l, kp (l)), i.e.

Lotk ()=

where C, is a coefficient.

C. s(t,kp(t)], (17)

The cost of the coefficient kp (l‘ ) rate let be nonlinearly

increasing, that is
1, (k)= K20), (18)

where Ckp is a coefficient; n is a power index.

Then, the total expenses related to the process of the
control optimization will be found as the integral functional
(19) of the sum of these two mentioned above components
(17)and (18):

)= I[C (ool

T )] [L (k) 2y (& +ckpkg(t)]dz .(19)

From Eq. (16)
i) 5

Then the functional (19) with respect to Eq. (20) becomes

11[C8 x(t)— kff(t)

. (20)

Tyl |

Kok, (£)+1

The functional (21) optimal value with taking into

+ Ckpkg(t)}dt. 1)

consideration the governor augmentation coefficient kp (l‘ )

will be found on the basis of the Euler-Lagrange equation (22):

aF(z,kp(t)) d (EW 0.k ol ))] _o. 22)

oky(t)  dr| okt

152

where F (t ,kp (l )) — under-integral function of the functional
(19),21),1.e.

Fliky0))=c, RORLLY)

Kok (£)+1

kI’) (z) is a first complete derivative of the unknown (free) function

Cr kple), @3

of the governor augmentation coefficient kp (l ) with respect to

the independent variable (that is the variable of time t):
dk,(t) '

k(t)=
"(t) dt

Since by assumption the under-integral function of the
functional (19), (21) does not depend upon the first complete

derivative of k;’, (l ) Eq. (24), thatis F' (l Ky (l )) only, then for

the OF ¢,k (1)

(24)

member of the Euler-Lagrange Eq. (22) it

ok (1)
means
oF 1.k, (1)) N 5
ok'(z),
d aF(t’kp(t)) ~0 26)
dr\ okp(e) |

and for the entire Euler-Lagrange Eq. (22) we have one very
important partial case of

The optimal function (extremal) of k; (t) delivering the

optimal (minimal) value to the integral functional (19), (21) is
obtained on the necessary condition of the functional
extremum existence in the view of Eq. (27).

In order to shorten the notation starting from now we

denote kp (t) simply as kp remembering its functioning of

independent variable (time (t)) value.

The Eq. (23) on condition of the Eq. (27) yields the
dependence (28):

oF(iky)
ok, ak Gt

1
—kflt +C k) |=
ff()‘kokpﬂ o pJ

=C;

x(t)- ff(Xak [kokiﬂ}ckp%(kg):

Calxle)=k, f(efko
 (kky 1P

+ anpkg_l =0. (28)
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From the expression (28) we get the relation (29):

*{0)=kp flefko  Colx(e)—r £ (ko
(koky 1P (koky P+ 2k0k, +1
and finally the formula (30):
nCy k! ok, P + 2600k, +1]=,
Or the relation (31):

Ce

29)

anp k{;l_l =

x(e)=kes (ko 30)

x(t)- kff(thO '
nCy

p

K ok +1P = = 31)

For recursion or recurring or iteration it is interpreted
with

. Colx(t)—k f(z)(ko )

P nCy (koky +1F

For the relationships (29)—(32) root equation k; (l‘)

determination we propose certain dependence defined from
Eq. (31) with the formula (33):

ks _ 0. (33
an -

K ok +1F - G
p

Since it is difficult to find the explicit analytical function
of the optimal controlling path determination, any of the
numerical solutions in the view of the expressions (29)—(33)
can be used as well as a table function definition.

Now we propose an optional approach to the stated
problem solution. It implies considering the governor

augmentation coefficient value kp as an optional value
having a possibility of changing in a certain range
lkpo ---kpl J The process of the object control develops in

some time diapason [to...tl]. The control system optimal
dynamic characteristics here will also be the extremal of

k; (t) (as that one yielded in the procedures of Eq. (1)—(33))

but for the considered case with taking into account the
optional nature of kj, as well as a degree of uncertainty of

specifically introduced Hybrid Functions. A presented study
is a development of Subjective Analysis, Active System,
Multi-alternativeness Concepts, Subjective Preferences
Approach, and Subjective Entropy Paradigm, Subjective
Entropy Maximum Principle considered in the sequence of
publications [12-22].

Here we consider a hybrid functions apparatus
equivalent to the preferences functions one; however the
hybrid functions are an intrinsic property of the system,
being pertained to the system itself on the contrary with the
preferences functions pertaining to the subject (active
element of the system, person responsible for making
controlling decisions, individual). Thus, we remove from
taking into account a human-being, considering technically

objectively existing optima instead although.

In such conceptual framework the objective functional
is analogous with the one discussed in papers [19], [16],
and dissertation [17, 18]:

k
) = [jl [ E ey il )~ Bl o ook, |+ Ci K D, s +
ol k

PO
4 ko
oy || [hleky by |de -1 |~ n(aaky), 34
to\ kpy
where h(t,kp) is a hybrid optional function distribution
density similar with the preference function distribution
density [19], [16], and [17, 18]; B, Y are internal structural

parameters of the system optimal behavior, likewise for the
active element’s psych [12-22] (endogenous parameter for
the function of the optional effectiveness

ek e,

multiplier for the

S(Lkpl'*‘ckpkgj and uncertain Lagrange

normalizing condition

4[ oy
f Ih(t,kp)dkp dt—1 respectively); AfAk, — degree of

fo\ fpg

accuracy at the hybrid optional function distribution density
entropy (analogous to the subjective entropy of the
preferences) determination.

Here in the functional (34) the first underintegral member
is the entropy of the hybrid optional function distribution

density h(t, kp):

1 kpl
H, =tj [ ek Jin e, ey ke - n(acaky), (3s)

fo\ kpg

conventionally without the logarithm of the degree of
accuracy at the entropy determination AfAky,

Also, here, in functional (34), there applied the sign
“minus” before the internal structural parameter of the
system optimal behavior (likewise endogenous parameter

of the active element’s psych [12-22]) at the value of B >0

since we guess it is a better option having the minimal value
of the system effectiveness function — the sum of the rates
(17) and (18), and which has to be found in case of the two
independent variables although.

*
For obtaining an extremal surface of / (t,kp) in such a

case we will need the Euler-Lagrange equation in the view
of the applicable formula for the functional of (34) in the
case of the two independent variables, [24]:

F 1.k, hle. ey ) a[@F(t,kp,h(t,kp))J_ s [6F(t,kp,h(t,kp))

oleky) acl omleky) oy 1.k,

ok,

J: 0,(36)
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where now F (t ,kp,h(t Ky » — under-integral function of the

functional (34), (f ,kp) and hl'cp (t, ky ) — partial derivatives

of the optional function with respect to the corresponding
independent variables.

Since F(t,kp,h(t,kp» of the functional (34) does not
depend upon ht'(t,kp) and h,'{p (t,kp), then

OF t.ky.hle.ky)) 0ty Ak )

b p b
o} (t.k,)

(e, Fey) =0 =

(el (s, o

ot Ohy tkp akp ah,’cp tky

And the conditions of the Eq. (36) and (37) applied to the
functional (34) yield the necessary condition of the functional
(34) extremum existence in the view of the formula (38):

OF (t.ky.hle.ky ))
olt.ky)

(39)

On the basis of Eq. (38) from the functional (34) we get
the relation (39):

~nfe ke, )-1-Blc,
From Eq. (39) we obtain the expression (40):

ele.ky |+ C ke frr=0. (39

lnh(t,kp)= Y —1—Bng|€(fakp] + Ckpkgla

sleky |+ Ce k7 |- (40)

Heky)=e ™" .

On the basis of the normalizing condition

k t k n
tJ1 Tlh(”kp)dkp dt:l:i j:l ey_l_ﬁ[ ek, ]Jrck" p]al/’c dt =
1o\ kpg to kpg
=el” lj] T [ k]dk dt .
kPO
and
eV = 1 (1)

tJl kj_l e,ﬁ[cs‘g(t,kp]Jerpkg]dk U

fo\ k

Substituting the result of (41) into the expression (40)
we find the canonical distribution of the hybrid optional
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*
function density as the extremal surface of £ (t,kp), that

delivers maximal value to the functional (34) and is in that
sense the optimal controlling surface — the dependence (42):

. p]+Ckpk1;’J
h (t,kp)=[ L@
| el e, p]dk i
to kpo
4 EXPERIMENTS

Calculation experiments illustrate the theoretical
speculations (1)—(42) of the above sections and subsections
of the presented researches.

The numerical simulation has been performed for both
one-dimensional and two-dimensional modeling cases. The
accepted conditions were as follows:

x(t)zf(t)zAx(t)Sinl_mx(t)t+Tx J, Tx =3, Tao =2,
Ax(t):

cox(t): 8- 10_5tcos[coatt +0y, ],

smlco t+T J

ay()=110"rsinlay 1+ a,, ), 0,(0)= o, (¢),

=4.1073,

-2
a =210 o,

=4.1072" dx, =0,

X0

—6
kf:9ak025'10_3anglackp:lo an:2,t0:0a
— 2 - 3 B
n=5-107, kpo =0, kp1 =1-10", B=45.
The obtained results of the mathematical modeling are
shown in Fig. 1.
The hybrid optional function distribution density as the

extremal surface of h*(t,kp), obtained by the formula (42),

depicted as "h" in Fig. 1, is shown in conjunction with the
corresponding surface of the sum of the rates (17) and (18),
in the view of the function of the two independent variables

of t and k p although, represented with the designation of

"Sum" in the view of contour plots for the conveniences.
Also in Fig. 1 the surface indicated as "7z" is shown. It

illustrates the contour lines obtained from Eq. (33) in yellow
color. The contour lines shown are marked for the paces of:

"—1000", "—-500", "0" , "500", "1000" .

The fragment portrayed in Fig. 1 is represented for the
time zone at the abscissa axis () <7 <210 and governor
augmentation coefficient range at the ordinate axis
0<k, <270.

The curve marked “0” (see Fig. 1) obtained as the root

equation k; (t) of the expression (33) should be considered

as the optimal controlling path.
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Figure 1 — Optimal value of the governor augmentation coefficient k P (t ) with respect to the objective effectiveness function

%
Cg|8(t, kp] +Cy Ky and hybrid optional function distribution density /1 (t,kp)

6 DISCUSSION

The concepts described with the formulae of (1)—(42)
yield the optimal value for the governor augmentation
coefficient (see Fig. 1):

* *
k, (t) =argmaxh (t,kp), 43)
which at the same time is
kp(t):argminng|8(t,kpl+Ckpkgl, (44)
that is the maximal value of the hybrid optional function
distribution density h*(t,kp) (42) is ensured with the value

%
of kp(t), as the continuous optional value, which

guarantees the minimal value of the objective effectiveness

ele.ky |+ C ki

function Cg

Besides, the optimal value of the governor augmentation

coefficient k; (t), the root equation of the expression (33),

is found in result of optimization of the objective functional
(19) with taking into consideration the expenses (17) and
(18) related to the error of the controlling actions and increase
of the augmentation coefficient.

Furthermore, the optional hybrid density n (t,kp), given

with the formula (42), itselfin its turn is the optimal argument
that maximizes the synthesized objective functional (34),

n (t, kp)= argmax®y,, 45)

taking into account the uncertainty (that is represented with
the entropy member, the formula (35) in the functional) of

the normalized optional hybrid value h(t ,kp).

All this allows treating the optional hybrid density as
the optimal controlling surface with the relativity of its
magnitude.

The results described with the formulae (43)—(45)
continue and generalize research initiated in works [12-22],
especially [19], [16], as well as [17, 18].
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Critical comparison of the achieved results with the
analogues [23] shows advantages of the proposed method
as it takes into consideration the cost of the controlling
system accuracy and centers a local optimum whereas
without such assessments there is none.

Moreover, control in conditions of uncertainty in the
given problem setting allows making allowance for the
uncertainty of the hybrid optional functions distribution
densities with respect to the objective effectiveness
functions, which significantly differs from results discussed
in monograph [25].

We should also note that the presented method,
developed on the basis of variational principles [24] in
application to the subjective analysis theory [11-14] actually
dealing with the given sets of both discrete and continuous
alternatives as well as uncertainty entropy measures for the
system of the two independent variables [27], in fact does
not have anything in common with the active system rather
than objectively existing intrinsic properties of the controlled
system.

It definitely has to have development in terms of mass
service systems theory [26] in the direction of the entropy
paradigm research.

CONCLUSIONS

The urgent problem of a mathematical model synthesis
for the augmentation coefficient optimal value of a
proportional governor included into an inertness-less linear
object control system determination is solved.

The method of hybrid optional function distribution
density entropy is firstly proposed. The discovered value
of the hybrid optional function distribution density has a
property of, and allows determining, an optimal value with
respect to the synthesized objective functional concerning
the uncertainty and normalization of such an option.

The practical significance of the obtained results is that
the hybrid optional density delivering the maximal value to
the synthesized functional has its own maximum that
provides minimum in regards with the integrated cost of the
controlling process. That must be taken as the optimal
controlling path.
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I'onuapenko A. B.

JI-p TexH. Hayk, npodecop kadenpu 30epexeHHs JIbOTHOI NPUAATHOCTI aBialiiiHOI TexHikn HarioHanbHOro aBiallifHOTO YHIBEPCHUTETY,
Kwuis, Vkpaina

BU3HAYEHHS ONITUMAJIBHOI TPAEKTOPIi KEPYBAHHS 3A JJONOMOI'OIO PO3MOJLIIB IBEPUIHUAX OMIIA-
HHUX OYHKIIN

AKTyanbHicTb. BupileHo 3aBJjaHHs BU3HAUYEHHs! ONTHMAJbHOIO 3HAUCHHs Koe(illieHTa MiJCUIEHHS IPOIOPLIHHOIO peryasTopa, BKIO-
YEHOTro 10 CHCTeMH KepyBaHHs Oe3iHepLiiHOro siHiifHOro 006’€KkTa, Ha OCHOBI CHHTE30BaHOI MOJEI.

MeTa po0OTH — CTBOPEHHS METOY AJIsl BilllyKaHHs PO3B’A3KY 3a HAsIBHOCTI IIPOOJIEMHOI CUTYAllii OB S13aHOI i3 BU3HAYEHHSIM Ta OL[IHKOIO
ONTUMYMY B CHCTEMi KEpyBaHHSI.

MeToza. 3anpornoHOBaHO IpyOy MOZeNb SBUIIA, Ta CHPOILEHY 3aJIeKHICTh ONTUMAIbHOI TPAEKTOPIl KEpyBaHHs BiJ BAPTOCTI, KEPyBaHHS B
OesiHepuiiiHii NiHIHIA cucTeMi KepyBaHHs OCHAILEHIN NPonopUiiHUM perynsaTopoM. TouHiCTb MOBENIHKHY JOCIIKYBaHOIO JIiHIHHOrO 00’€KTa
KepyBaHHs 00pPAHO y JaHOMY PO3NISJl y SIKOCTI II0YaTKOBOI L(IbOBOI BEIMYMHH, 10 NOTpedye MiHiMi3awLil. 3alpOIOHOBAHO METOJ MOOYI0BU
MoJieNi 3 ypaXyBaHHSIM 3aTPAaTHOIO NPUHLUIY, AKMil 3a0e3redye po3paxyHOK BapTOCTI KOHTPOJILOBAHOTO MPOLECY, 10 N03BONSLE 3HANTU
ONTUMAJIbHE KEPYIoU€e 3HAYEHHs Ha MyJbTH-OILIHHII OCHOBI. 3aCTOCOBAaHO AESIKUIl aHANOT NPUHIMITY MAKCUMYMy Cy0’€KTUBHOI €HTpOIIII i3
Cy0’€KTHBHOIO aHaji3y i3 METOI OTPUMAHHS CIELU(IYHUX ONTUMAIBHUX PO3MOALIB AJs LUIbOBOI BEIUUMHHU B3ATOI y BUIIAMI CKJIAJEHOTO
(yHkuionamy. MeTon ekcTpeMizallii CTyIEHI0 HeBU3HAYEHOCTI OILIii YJOCKOHAJIEHO 3a JOIIOMOI'OI0 BBEJICHHS HENEPEPBHOI ONLIHHOI BENUUHHHY,
110 103BoJIsi€ chOpMyBaTH WILIBHICT po3noaity Tiei Benuuunu. [1oOynoBaHO omNIiiiHy CHHTE30BaHY MOJENb MIPOLECY KEPYBaHH:.

Pe3yabTaTn. Po3pobneHi TeopeTuHi MOel 103BOJIAIOTh OTPUMATH, Ta Oy/IH BIIPOBAIKEHI NpH ii 3HAXOIKEHHI, TIOpUIHY ONLiHHY
IIUIBHICTD Y SKOCTI ONTUMAJIBHOTO PO3B’A3Ky BapialliiiHoi 3a1aui i3 1BOMa HE3aJIeKHUMU 3MIHHUMH, YH€ MAKCHMAJIbHE 3HAUEHHS € LIyKaHOIO
OITUMAJILHOIO TPAEKTOPI€I0 KEPYBAHHS, KA JOCTABIIE MIHIMYM IHTErpaJlbHUM BUTpaTaM MPUTaMaHHUM JAaHOMY IIPOLIECOBI.

BucnoBku. IIpoBeieHO 4ncenbHI €KCIEPHIMEHTH 3 JOCIIIKEHHS 3aIPOIIOHOBAHIX METOMIB y JaHill 3amadi onTuMizanii. ¥ pe3ympTaTi THX
eKCIIEPUMEHTIB BHSBIICHI 3aJI©)KHOCTI € OOIPYHTOBAaHHMH, iXHE 3aCTOCYBaHHS Ha IPAKTHI JO3BOJSE BHKOHYBATH, Ta € PEKOMEHIOBAHHM 3a
HeoOXiHOCTI BU3HAYATH, ONTHMAJIbHE KEPYBAHHS B OIIICAHMX CHCTeMaX. [lepcrieKTHBH NOJaIbIINX AOCTIKEHb MOXYTh IIOJIATAaTH Y CTBOPEHHI
Mojieneii JUst BU3HAUCHHS ONTHUMAJIbHUX TPAEKTOPIiil kepyBaHHA, B yMOBaX sKi Iepen0adaoTh MIBHAKOCTI 3MiH BEJIMYHH, IO PO3IILIIAIOTECA, a
TAKOX y IMOBIPHICHI, CTOXaCTHYHIH, HEJeTepMIHOBaHIi MOCTAHOBIIL.

KuarouoBi cioBa: ribpuana (yHKIis, MyTTH-OMIIHHIHE KepyBaHHS, IIUTBHICTH PO3MOALTY, ONTUMAIbHA TPAEKTOPIs, BapialliiHHUii MpHUH-
LMII, ONTHMAJIbHA KEpYI0ua IIOBEPXHS, SHTPOIS OMUIHHUX BYHKIIH.

Tonuapenko A. B.

JI-p TexH. HayK, npodeccop Kadeapbl COXpaHSHHUS JICTHOW TOAHOCTH aBHAMOHHON TeXHUKKM HalnnoHanmpHOTO aBHAIHOHHOTO YHUBEPCUTE-
ta, Kues, Ykpanna

ONPEJEJEHUE OIITUMAJIbHOM TPAEKTOPUM YIIPABJIEHHUS C IOMOILbIO PACHPEIEJIEHAMA TMBPU/HBIX OI1-
LIUOHHBIX ®YHKIUIA

AKTYyaJbHOCTb. PeiieHa 3amaua onpeeneHus] ONTUMAIBHOTO 3HAYEeHHUs KO3 (GHUIIMEHTa YCUICHHS MPONOPIHOHAIFHOTO PETyIsTopa,
BKJIFOYCHHOTO B CHCTEMY YIIPaBIICHUsI O€3bIHEPIIMOHHOTO JTUHEHHOT0 00BhEKTa, HA OCHOBE CHHTE3UPOBAHHON MOJICIIH.

Lesab padoThI — CO3/1aHKME METO/IA JIJISI OTBICKAHUS PEIICHHSI IPU HAIWYUHU MPOOIEMHOM CHTYaIlUy CBA3aHHOW C ONPE/ICICHUEM U OLICHKOM
ONTHMYyMa B CUCTEME YIIPABJICHUSI.

Mertoa. [Ipemnoxensl Tpydasi MOAEIb SBICHUS, W YIPOIICHHAS 3aBHCHMOCTh ONTHMAJIbHON TPACKTOPHH YIPABJICHHS OT CTOMMOCTH,
yIpaBJeHusi B O€3bIHEPIIMOHHON JIMHEHHON CHCTEME YIpPaBJICHHUsS OCHAIICHHOW IPOMOPIMOHAIBHBIM PEryIsITOpOM. TOUHOCTh TTOBEACHHUS
HCCIIElyeMOro JIMHEWHOTro 00BEKTa yIIpaBIeHHs BHIOpaHa B JAHHOM PACCMOTPEHHH B KAUeCTBE HAYAIBHOM IIEIEBOM BETMYMHBI HYXIAroMIeiics
B MHHUMH3AIHH. [IpeaIoKeH METO/I IIOCTPOCHHST MOZIEIH C YUETOM 3aTPATHOTO MPHHIIKIIA, KOTOPBIH 00eCIeunBaeT pacyeT CTOMMOCTH KOHTPO-
JIMPYEMOTO MPOILecca, YTO MMO3BOISIET HANTH ONTUMATBbHOE YIPABISIOILIECE 3HAUYCHHUE HA MYJIBTH-OMIHOHHONW OCHOBE. [IpHMMEHEH HEKOTOpBIi
aHAJIOT MPUHIIAIIA MAKCUMYyMa CyObEKTUBHOMN SHTPOIHMHU U3 CyOBEKTUBHOTO aHAJIN3a C [EIIBI0 MONTYYCHHS CIeH(PUIHBIX ONTUMAJBHBIX PacIpe-
JIENICHHIA /TS [IeJIEBOM BENUYMHBI B3SATOW B BHJC COCTABICHHOTO (hYHKIMOHANA. METoJ| SKCTPEMH3alliK CTENEHH HEOMPEACICHHOCTH OIIHi
YCOBEPIICHCTBOBAH TOCPEACTBOM BBEICHHUSI HEMPEPHIBHOM OMIIMOHHON BEIMYMHBI, YTO MO3BOIISIET CHOPMHUPOBATH TUIOTHOCTH PACIPEICICHHS
9TOM BennMuuHbL. [10CTpOeHa OMIIMOHHAS CHHTE3UPOBAaHHAS MOJIEIb TIPOIECCa YIPaBIICHHS.

PesyabTaThl. PazpaboraHHbie TEOPETHIECKHIE MOJIEIH O3BOJISIOT MMOJTYyYHTh, U OBUTH BHEAPEHBI IIPU €€ HAXOXKICHUH, THOPUIHYIO OIIIH-
OHHYIO [UIOTHOCTh B KQUECTBE ONTUMAJIBHOTO PEUICHHsS BAPHALMOHHON 3a/1aud C JABYMs HE3aBHCHMBIMHU MEPEMEHHBIMH, Yb€ MAKCHMAIILHOE
3HAUCHUE SIBJISIETCS HCKOMOH ONTHMAIIBHOW TPAEKTOPUEH YIIPaBIICHNUS, TOCTABISIIONICH MUHUMYM HHTETPAIbHBIM PACXOIaM MIPUCYIHM JaHHO-
My TMpPOIECCY.
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10.

I1.

12.

13.

14.

BobIBOABI. HpOBCﬂCHLI YHUCJICHHBIC SKCIICPUMEHTHI [10 UCCIIEI0OBAHUIO IIPEIIOKECHHBIX METO0B B JaHHOM 3a7aue onTUMU3anuu. B pe3yibTa-
T€ OTUX SKCIICPUMEHTOB BBISIBJICHHBIC 3aBUCUMOCTH SIBJISIFOTCS 06OCHOBaHHI>IMI/I, UX IIPUMCHCHUE Ha IPAKTHUKE [TIO3BOJISICT BHIIIOJHATD, U SIBJISICTCS
PCKOMEHYEMBIM ITpU HCOGXO,HI/IMOCTI/I OHpeAeIiaTh, OIITUMAJIbHOC YIIPABJICHUEC B OIIMCAaHHBIX CUCTEMAX. HCpCHCKTI/IBBI JNabHEHUIINX UCCTIeI0BA-
HHH MOr'yT 3aKJIO4aTbCsl B CO3JaHUUN Mojenen 1jist orpeaeaeHust ONTUMaJIbHbIX TpaCKTOpI/Iﬁ yhopaBJi€HHUs, B YCIOBUSX ITPpEAYyCMAaTPpUBAIOIIUX
CKOpOCTH M3MEHEHUH paccMaTpuBacMbIX BEIUYHH, a TAKKE B BCpOS[THOCTHOI\/'I, CTOXaCTI/I‘ICCKOI\/'I, HCHCTCpMI/IHI/IpOBaHHOI\/'I IIOCTaHOBKE.
KawoueBble ciioBa: m6pw1Ha$[ (byHKI_II/ISI, MYJIbTU-OIIIUOHHOE yIIPABJICHUE, IIJIOTHOCTbL paclpeCiICHUsI, OIITUMaIbHasl TPACKTOPHUsL, BapU-
AIMOHHBIN IIpUHLUII, OIITUMaJIbHAs yIpaBJIsitoniasi IOBEPXHOCTh, SHTPOIIHUS OIIIIUOHHBIX (byHKI_II/II\/'I
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ADAPTIVE OPTIMAL CONTROL SYSTEM OF ORE LARGE CRUSHING
PROCESS

Context. The task of efficiency increase of power-hungry ore large crushing process by creation of optimal control system of it is
decided.

Objective is a improvement of control quality of ore large crushing process in conditions of information uncertainty about its state by
synthesis of optimal control based on identification of the process predictive model during control system functioning.

Method. It is developed the adaptive optimal control system of the ore large crushing process, which realizes the following procedures:
estimation of the controlled process state, its structural-parametric identification, prediction of the process progress, as well as synthesis
of optimal control. The solution of problem of synthesis of large crushing process optimal control is carried out during system functioning
by the principle of minimum of the generalized work on the sliding optimization interval with attraction of information about controlled
process state to the new interval of optimization and its future state by the predictive model that allows to simplify the solution of problem
of synthesis for nonlinear large crushing process and to compensate disturbances. The large crushing process identification is carried out by
definition of the operating mode and dimension of its state, based on which it is performed the model structure and parameters with the help
of composition of methods of global and local optimization that allows to increase the model accuracy.

Results. It is determined that for large crushing process the offered optimal control with prediction provides the decrease of the
control error in ~2 times and increase of productivity of the process of ore self-grinding, the next one in the technological line, (due to
stabilization of content of class +100 mm in its input ore) on 3.8%.

Conclusions. The scientific novelty of the work consists in development of adaptive system of large crushing process optimal
control, in which the optimal control is formed in the course of functioning of control system by the principle of minimum of generalized
work with the current estimation of the state of operated process and its future state by the predictive model that provides the control
system invariance to the changes of operating modes of the equipment and the disturbing environment, and therefore, the improvement of
control quality.

The practical significance of results of the work consists in development of algorithms of the current estimation and prediction of large

crushing process state, its identification and synthesis of optimal control realizing control system.
Keywords: ore large crushing, control system, optimal control, identification, prediction.

INTRODUCTION

The development of technology of iron ores self-
grinding is caused by reduction of capital expenditure in
view of use only of one stage of crushing — large crushing
process (LCP), but at the same time, the specific expenses
of the electric power were significantly increased. Therefore,
it is important to increase the efficiency of LCP, for example,
by creation of control system (CS) of it.

The crushing processes from the positions of control
are difficult controlled objects (CO) characterized by
nonlinearity of dependences, stochasticity of disturbances,
nonstationarity and considerable transport delays [1, 2].

It causes the need to use universal and effective control
principles of them according to the accepted criteria of
quality. It is performed by means of optimal control, regarding
which the one of the universal and effective in the practical
application to complex nonlinear CO is the principle of
minimum of the generalized work, which is implemented, for
example, using the method with predictive model and
functional of the generalized work (FGW) [3, 4]. Besides,
CO nonstationarity assumes using in CS of algorithms of
model adaptation and control laws to the real operating
conditions of CO.

The object of researches — the methods of control of
technological cycles of ores crushing. The subject of
researches — the methods of creation of optimal control

© Korniienko V. I., Matsiuk S. M., Udovyk I. M., 2018
DOI 10.15588/1607-3274-2018-1-18

systems of ores LCP. The purpose of the study is the
improvement of control quality of ores LCP in conditions of
uncertainty of information about its state by synthesis of
optimal control based on identification of the process
predictive model during CS functioning.

1 PROBLEM STATEMENT

Let the predicting CO model has the following form:
Xk +n]=F{dk],ulk], Wik],gk], alk]. k}, )
where estimation of its state z[k]e{xk],ulk],Wk]} is

formed by means of the corresponding filters of observation,
and the forecast of output coordinates serves for
compensation of pure time delay and time for synthesis and
realization of control.

The problem of synthesis of optimal control consists in
finding of the operating influences U,,,,, minimizing the
control functional:

min Jcont - uopt, (2)

ue Lcmlt

when observing the limitations for control L, ..
At the same time, the formation of vector 7 = {F,a} of

estimation of structure /' (structural identification) and
parameters a (parametrical identification) of the CO model

159



VIIPABJIIHHA ¥ TEXHIYHUX CUCTEMAX

(1) is carried out based on vectors of signals of observation

z|[ k] by minimization of identification criterion:

min Jige,, — Iopt = {Fopt’aopt} > 3

Ie Lident

when observing the limitations L;,,,,-

2 REVIEW OF THE LITERATURE

One of the leading concepts of the modern control theory
consists in achievement of the main ultimate goal at each
stage of system functioning. It supposes use of CO models
and it is provided by its optimization in real time [3]:

— optimal estimation (filtration) of dynamic processes in
CO;

— CO identification (estimation of structure and
parameters of a model);

— synthesis of optimal control at each stage of system
functioning;

— adaptation (adjustment of optimal control with
incomplete information).

The application of method of analytical design of optimal
controllers (ADOC) of Letov-Kalman for nonlinear CO leads
a problem of synthesis to search of solution of the nonlinear
differential equation that causes essential difficulties.

The development of the ADOC theory is the principle of
minimum of the generalized work developed by the
academician A.A. Krasovsky, according to whom the
optimization of control is carried out by FGW. At the same
time, the main functional equation is linear and has
essentially simpler decisions [3-5].

The CS, realizing this method, use the adaptive optimal
algorithms based on automatic identification of CO by means
of the adaptive predictive model that allows to compensate
nonstationarity of CO [6].

The synthesized model, which correctly transfers the
dynamics of one mode of CO functioning, may be inadequate
to the description of other mode. Therefore, it is needed the
realization of adaptive structural-parametrical identification
of CO in the course of CS functioning.

The process of structural-parametrical identification
includes operations of structure determination, assessment,
and optimization of parameters of the CO model [5, 7]. The
first two operations are solved by generation (by means of
basis functions) of applicant models of different complexity
and adjustment of their parameters with the subsequent
selection of the best of them by the chosen criteria (result —
optimal structure). Operation of determination of optimal
parameters is solved by methods of parametrical optimization
by specification of the values of parameters received earlier
on criteria of regularity on all selection of basic data (result —
optimal model).

At that, the urgent problems are the choice of basis
functions, in terms of which it is carried out the identification,
the choice of way of generation and selection of structures
of different complexity (the method of structural
optimization), as well as the choice of method of parametrical
optimization and effective criteria of selection and
optimization.

160

Traditionally the polynomials of Legendre, Kolmogorov-
Gabor, etc. are used for approximation of basis functions [8,
9]. The coefficients of these polynomials form the unknown
parameters, the values of which are chosen to answer to
observed temporary realization in the best way. The more
productive is the use of neural networks (NN) and hybrid
NN with fuzzy logic, which are universal and effective
approximators [9, 10].

3 MATERIALS AND METHODS

Ore LCP is realized in conical crushers (fig. 1). Ore from
the open pit is delivered by dump trucks or self-dumping
cars (dumpcars). The crushed ore enters the conveyors 2,
which supply the ore to bunkers of technological sections
of self-crushing, via the bunker 1 under the crusher with the
help of apron feeders.

The CS switches on the device 3 of the width control of
the crusher opening, the converter 4 of the consumed active
power of the crusher driving engine, the device 5 of control
of the input ore fineness and rigidity, conveyor scales 6,
granulometer 7, and actuating mechanism 8 of width
regulation of the crusher opening 9. The devices are
connected with the controlling system of dataway 10.

The output variables for LCP are: granulometric
composition (GC) of the crushed product Y, the process

productivity Q... and power consumption P,.; the control

action is the size of the crusher opening G, and GC of the
input ore 7Y;,, and its rigidity § are referred to disturbances.
Then, according to (1):

X €{YoursOers Fop b u={G} andwe{vy;,,S}. @)

At the ore mining and processing enterprises on

magnetite quartzite processing, it is rational to carry out the

control of LCP by qualitative index, for example, by

minimization of difference between the current and given
GC of the crushing product:

task

JLC =\Yout — Your ‘_) min, )
task
when Pcr < chrmax and ch 2 chmin' Here yoalfl

corresponds to the maximum productivity by the input ore
of the self-crushing process, the following one in the
technological line.

According to algorithm of work, the controlling system
performs the estimation of the LCP current state to the time
of beginning of the current interval of control and
identification of its predictive model. By estimation of state
and prediction of LCP it is determined the optimal control

Gopt for the following interval, which is worked by hydraulic
system 8.

According to (1) and (4), the predictive model of LCP
becomes:
Your [k + 11 = Fy {¥ 0 [k, GTK L v, [ K1, STKL, E[K D, a (K1, K3, (6)
where £ € F and ay c a,

The formation of vector is the result of estimation of
LCP state:

EZ{G:Yin:SayOu[’ch3Pcr}' (7)
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Figure 1 — Scheme of CS of LCP

For simplification of the task solution of optimal control
synthesis we will switch from generalized model (6) to the
CO model with linearly entering control by transition from
controlling coordinate to its speed (its change for the current

control interval) G'Tk]=Glk]-Glk~1]:

Jlk+n]=A+B-G[k], ®)

where ylk+n]= [k +nl, Gk A={F

B= {0, l} .
Then taking into account (2), FGW with quadratic
functions of control expenses [3] becomes:

G-

k-1

Jeonr = EW Gk D+ Y O, GTkL vit [k]) +
k=kj+n

kj—n-1 kj—n-1

2Ky G Y

k=k; k=k;

)SINC)

( opt

where according to (5): O, =||Your [k +n]— Yi;a;tk[k+"]“ .

%
The task consists in finding of value G opt » Which
minimizes functional (9) with limitations P.. <P,

cr = Yermax >
ch 2 chmin and Gmm <G< Gmax .

Bellman discrete equation, taking into consideration the
expressions (6), (8)—(9), has the following form:

V(ili+n]) = E{Q. (KL YK (k1) +

Wil = w
+1{A +B- opt[]}_ay[lJrl]'B'GOpt[l]};
izkj+l —n—l, kj+1 —n—Z, veey k]

With limiting condition ij+1 (V& j+1]) =V, (ylk j+1]) , its

solution is determined according to equality
0 ) = . .
——(G,;[i])" = ———"=-B and optimal control is
Gy, " &yli +1]
equal to:
* ov;
G [il=-K —* . (10
oprl] oG[i +1]

The algorithm of synthesis of the adaptive optimal
control includes:
1) estimation of the LCP current state at the moments of

beginning of the regular control interval & ; according to
(7
2) identification of structure Fy and parameters ay of

the model (6) by the time of & ;;
3) prediction of LCP free movement in the model (6) (in
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the expanded form (8) with G*[k]:O) at the current interval

[kj+n, k;.1—1] of control optimization;
4) calculation of gradient of objective function
Vi (yli+n+1]) and formation of signal of optimal control

according to (10).

The LCP identification consists of the stages of
estimation of state and characteristics, as well as structural-
parametrical identification [7].

The estimation of state and characteristics of CO
includes the following procedures:

a) determination of CO functioning mode by Kolmogorov
correlation entropy;

b) estimation of CO temporary characteristics (correlation
interval of predictability (depth of prediction), equivalent
time of delay, period of discretization, correlation dimension
of attractor (dimension of phase space — memory depth));

¢) formation of estimation of vector of CO condition z
according to expression (7).

Structural-parametrical identification of CO includes:

a) choice of criteria of structural and parametrical
identification, basis functions and methods of optimization;

b) structural identification (generation of structures of
applicant models and selection of the best of them by
criterion of structural optimization);

¢) parametrical identification (determination of parameters
of model of optimal structure through its training by criterion
of regularity).

It is possible to determine the Kolmogorov correlation
entropy, which characterizes the estimation of depth of exact
prediction of the generating system state and in what mode
it is, as well as correlation dimension of attractor (system
order) [11, 12] by the temporal realizations of the generating
process.

When using NN and hybrid NN with fuzzy logic as the
basis functions, their parameters are the neurons scales,
and coefficients of their functions of activation and
membership (for hybrid networks). Their structural
characteristics are the type of structure, type of functions
of activation and membership, size and quantity of layers,
training functions, etc. [7].

The different approaches may be used for determination
of CO model structure. At that, the nonlinear dynamic system
(CO model) may be presented by composition of linear
dynamic and nonlinear static links, for example, in the form
of the Wiener-Hammerstein model [9].

Generally, the criterion of identification (3) is polymodal
that demands the use of global optimization methods, among
which the most effective are searching methods [13, 14].
There the search algorithm of decision connects the
decisions following one after another so that to receive the
new best decision.

In algorithms of direct casual search (DCS) the directions

are given and the values of criterion J;,,,, are determined

in search points. The development of searching methods is
evolutionary algorithms, among which it is most commonly
used the genetic algorithms (GA), modeling the development
of biological population at genomes level.

162

For identification it is effective the external criteria,
adequate to problem of model creation with minimal
dispersion of prediction error, which are divided into criteria
of regularity and criteria of unbiasedness [8].

The criterion of regularity (error) is based on division of data
into learning C and training D sampling. The model optimization
is carried out on learning sampling, and check of its efficiency
(error value) on training one. All sampling N = C+D.

The criteria of biasing minimum (unbiasedness) are more
resistant to disturbances. For example, based on the analysis of
decisions the criterion of unbiasedness has the following form:

. ¥ +100ctk +1n1=7 100k + 1] _ (1
o Iy +100[k + ]|
4 EXPERIMENTS

When developing the LCP predictive model, as GC of
the crushed ore 7,,, it was used the content of class +100

mm Y, oo in it. The experimental values of estimation of the
LCP state (7) are determined by results of industrial
experiment at the Ingulets Mining and Processing Works.
The sample size is N=60 time steps (ore portions of dump
trucks).

At identification, DCS and GA were applied as global
methods of optimization for structure of models of Wiener-
Hammerstein with basis functions in the form of NN: cascade,
with RBF and Anfis. The criterion of unbiasedness (11) and
mean-squared error of the model were used as criteria of
structural and parametrical optimization.

The GA had single-point crossing, selective choice of
parents and formation of new population with displacement,
DCS algorithm — adaptive step of search and complete
search around the current iteration. The number of iterations
of DCS (in GA of generations) was 100, and size of the DCS
search space (in GA population size) — 30.

The earlier received optimal model was used for
estimation of efficiency of LCP CS. The ranges of values of
variables were standardized in signals with the range of
change [0, 1].

The time of admissible downtime of the crushing
equipment was used for accounting of restriction on
productivity of LCP:

Tdop = Tn '(Qpc _ng)/ng.
It is taken into account the expenses of time for the
scheduled repairs, delays in ore supply and equipment

failure in the designed productivity Qpc. As long as the

setting of optimal change of crushing opening width is
performed at its idle running, the time of downtimes because

of control realization should be 7, <Tj,,.
The values of G (Control) are structurally limited to

values of G, = 160 mmand Gy, =240 mm, YTIS(];O =49%
is accepted as the task (Set-point), and the mean-squared
deviation (error) of the current content of class +100 mm in
the crushed ore from the given value is chosen as the quality

measure of optimal control.
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5 RESULTS

It is determined that for LCP, generating the signal y_ ¢,

the depth of the exact prediction is 4 time steps, and memory
depth — from 3 to 5 time steps.

In result of identification of model structure (fig. 2) it is
established that the basis functions in the form of cascade
NN optimized by means of GA are correspond to the
minimum of structural criterion of unbiasedness (12). At the
same time, the amount of neurons in the hidden layer is 26,
the function of activation of the hidden layer is sigmoid, of
the output layer is linear, the NN training algorithm is
Fletcher-Reeves method.

The value of the mean-squared error of the LCP model is
0.036.

The results of LCP modeling in uncontrollable (Plant not
control) and managed (Plant with control) modes are given
on fig. 3.
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The values of the mean-squared deviations of the current
content of class +100 mm in the crushed ore from the given
value are: 0.141 in the uncontrollable mode and 0.076 in
controlled mode that determines the decrease of control
error in 1.85 time.

6 DISCUSSION

The solution of problem of synthesis of LCP optimal
control is carried out during system functioning by the
principle of minimum of the generalized work on the sliding
optimization interval with attraction of information about
controlled process state to the new interval of optimization
and its future state by the predictive model that allows to
simplify the solution of problem of synthesis for nonlinear
LCP and to compensate disturbances.

The basis functions in the form of cascade NN
correspond to the minimum of test of location for LCP. The
models in the form of NN with RBF demand much less
calculations, but their value of criterion of unbiasedness is

Best: 0.048721 Mean: 0.1156
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Figure 3 — The results of LCP optimal control

163



VIIPABJIIHHA ¥ TEXHIYHUX CUCTEMAX

significantly higher that is possible to explain by poor
predictive ability of these NN. The models in the form of NN
with fuzzy logic Anfis have sufficient accuracy, but they
have low speed at vector lengths of inputs more than 5 (the
total quantity of inputs of the LCP model is 10).

In result of modeling (fig. 2), it is established that GA has
the higher speed of convergence (GA comes to the area of
optimal solutions at the first generations, and DCS — after
15 iterations). The algorithm of DCS revealed the higher
speed (4,2 s per iteration with 10,6 s at generation in GA).
The convergence of algorithm of GA is higher than DCS
(the values of criterion (11) is 0,048 and 0,066 respectively).

The realization of the offered algorithms does not bring
the temporary restrictions to their use in LCP control system.

It is determined that for LCP the offered optimal control with
prediction provides the decrease of the control error in ~ 2 times
and increase of productivity of the process of ore self-grinding,
the next one in the technological line, (due to stabilization of
content of class +100 mm in its input ore) on 3.8%.

The statistical check by nonparametric criterion of signs
confirmed the adequacy of the developed LCP model and
the importance of the received results.

CONCLUSIONS

The scientific novelty of the work consists in
development of adaptive system of LCP optimal control, in
which the optimal control is formed in the course of
functioning of CS by the principle of minimum of generalized
work with the current estimation of the state of operated
process and its future state by the predictive model that
provides the CS invariance to the changes of operating
modes of the equipment and the disturbing environment,
and therefore, the improvement of control quality.

The LCP identification is carried out by definition of the
operating mode and dimension of its state, based on which
it is performed the model structure and parameters with the
help of composition of methods of global and local
optimization that allows to increase the model accuracy.

The practical importance of results of the work consists in
development of algorithms of the current estimation and
prediction of LCP state, its identification and synthesis of optimal
control realizing CS. The performed experiments and modeling
allowed to estimate the efficiency of the offered solutions.

The further researches should be aimed at design and
realization of LCP CS at mining and processing works on
iron ores processing.
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!Jl-p TexH. HayK, JOLICHT, 3aBifxyBay Kadenpu Oe3rnexu iHpopmarii Ta TerexoMyHikaniii HanionansHoro ripaudoro yHiBepcutera, JHinpo,

VYkpaina

2AcmipanT kadeapu 6e3neku iHpopmarii Ta TenekomyHikaniii HamionansHoro ripauyoro yHisepcurera, Juinpo, Ykpaina
’KaHz. TexH. HayK, JOLCHT, 3aBinyBad Kadeapu IporpaMHOro 3a0e3edeHHs KOMIBIOTEPHBIX cucTeM HarioHaapHOTo ripHHYOro yHiBepCH-

tera, JlHinpo, Ykpaina

AJATITUBHA CUCTEMA OIITUMAJIBHOI'O KEPYBAHHS MIPOUECOM KPYITHOI'O APOBJIEHHS PYIU
AKTyaabpHicTb. BupilieHo 3aBiaHHs MiABUIICHHS e()eKTHBHOCTI €HEPTOEMHOTO MPOLECY KPYIHOro IPOOICHHS PYAU IUISIXOM CTBOPEHHS

CHUCTEMH ONTUMAJIBHOI'O KEPYBAHHSA HUM.

MeTa po0OTH — MiIBHILEHHS SIKOCTI KEPyBaHHS MIPOLIECOM KPYITHOTO IPOOJCHHS Py B YMOBaX HEBHM3HA4€HOCTI iH(popMalii npo ioro
CTaH LUIIXOM CHHTE3y ONTHMAJIbHOIO KepyBaHHs Ha OCHOBI ineHTH(iKkawil MporHo3youoi Moeni npouecy B Xoai (YHKIIOHYBaHHS CHCTEMU

KepyBaHHSL.

MeToa. Po3pobiieHa aganTuBHa CHCTEMa ONTUMAIIBHOTO KEPYBAaHHS IPOLIECOM KPYITHOTO IPOOJICHHS, 110 Peaji3oBye NPOLEAYPH: OLIHKU
CTaHy KEpOBAHOTIO MPOLECY, HOro CTPYKTYpHO-TIapaMeTpUuy4HOI iieHTHiIKallil, TPOrHO3YBaHHS X0y IPOIECY, @ TAKOXK CHHTE3y ONTUMAJILHOTO
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KepyBaHHs. PillleHHs 3a7a4i CHHTE3y ONTUMAJIbHOIO KEpYBaHHs 3/iHCHIOETbCSA B XOIi (DyHKLIOHYBAHHS CUCTEMHM 3a NPHUHLUIIOM MiHIMyMy
y3arajapbHeHoi poOOTH Ha KOB3HOMY IHTEpBasi OoNTHMi3alii i3 3amydeHHsAM iH(poOpMalii Ipo cTaH KEPOBAHOIO IPOLECY A0 HOBOIO IHTEPBATY
onTuMizauii i #oro MaiOGyTHHOro CTaHy 3a MPOrHO3YIOUOI MOJEJUIIO, IO JO3BOJISIE CIPOCTUTH PIllIeHHs 3a/aui CUHTE3y [JIs HeliHiHHOro
IpoLECy KPYIHOro ApOoOJIEHHS PyA 1 KOMIIEHCYyBaTu 30ypeHHs. lneHTudikauis npouecy KpymHOro ApoOIeHHs PyAU 3AIHCHIOETHCS LIIAXOM
BH3HAUYCHHS PEXUMY POOOTH 1 pO3MIPHOCTI HOro CTaHy, Ha OCHOBI YOTO 3a JOIIOMOT0K0 KOMITO3HIIii METO/IIB INI00AJIBHOI 1 JIOKaJIbHOI ONTHMI3amil
BU3HAYAETBCS CTPYKTYpA 1 MapaMeTpu IPOrHO3yl0u0i MOIEII, IO 103BOMISE MiIBUIIUTY i TOYHICTD.

Pe3yabraTn. BusHaueHo, 10 IPONOHOBAaHE ONTHMAJbHE KEPYBaHHS 3 IPOTHO3YBaHHAM 3a0e3leuye 3HIDKEHHS B ~ 2 pa3d IOMHJIKU
KEpyBaHHs 1 MiABUILEHHs MPOAYKTHBHOCTI HACTYIIHOTO B TEXHOJIOTIUHIN JiHIl mpoLecy caMo3piOHIOBaHHS pyau (3a paxyHOK craOimizamii
BMmicty Kiacy +100 MM B Horo BxinHiii pyni) Ha 3.8%.

Bupoau. HaykoBa HOBU3HA poOOTH HOJISIrae B po3poOLli CUCTEMH KEpYBAaHHs IIPOLIECOM KPYITHOIO APOOJIEHHS PyAH, B sIKii onTHMasbHe
KepyBaHHsI (POPMYETHCS B IPOLEC] PyHKIIOHYBAHHS CUCTEMH 3a IPHHIMIIOM MiHIMyMY y3arajJbHEHOI pOOOTH 3 HOTOYHUM OL[IHIOBAHHSAM CTaHY
KEpOBAHOI'0 IPOLECY 1 OLIHIOBAHHAM Horo MailOyTHBOIO CTaHy 3a IPOTHO3YIOUOI0 MOJEILIIO, 110 3a0e3Meuye iHBapiaHTHICTb CHCTEMH Kepy-
BaHHS JI0 3MiH P&KHMIB pOOOTU yCTaTKyBaHHs Ta 30ypIOIOYOro CEpelOBUIIA, i, TAKMM YMHOM, MiJIBULIEHHS SKOCTI KepyBaHHS.

IpaxkTHyHa 3HAYYILICTh PE3yIbTATiB pOOOTU MONArae B Po3podLi alropuTMiB MOTOYHOIO OLIHIOBAHHS 1 IPOTHO3YBaHHS CTaHy IPOLECY,
foro ineHTHdikauii i CHHTE3y ONTHMAJIBHOTO KEPYBaHH, SIKi JJO3BOJIAIOTH Peajli3yBaTH CHCTEMY KEpyBaHHS HUM.

KuouoBi ciioBa: kpynHe ApoOJIeHHS PyIH, CUCTEMA KepYBAaHHs, ONTUMAIIbHE KEPYBAHHs, iIeHTU(IKaLlis, TPOrHO3YBAHHS.

Kopuuenxko B. W.!, Mamiok C. M., Vinosuk 1. M.3

!JI-p TexH. HayK, JOLEHT, 3aBeAyroMHii Kadeapsl 6e30MacHOCTH MHPOPMAIINH ¥ TEIEKOMMYHHKauil HallHOHAIBHOTO TOPHOTO YHHUBEPCH-
TeTa, JJuunpo, Ykpauna

*AcniupaHT Kadenpsl 6€30macHoCTH MHPOPMAIINK U TEIEKOMMYHHKAIMiT HaloHa sHOro TOpHOrO YHUBEpCUTETa, JIHUMPO, YKpanHa

SKaH1. TeXH. HayK, JOLEHT, 3aBeAyoMuii Kadeapsl MPOrpaMMHOTO 00€CIICYCHHs KOMITBIOTEPHBIX cHcTeM HalmoHANbHOrO TOPHOTO yHH-
Bepcurera, JIaunpo, Ykpanna

AJJAIITUBHAS CUCTEMA ONTUMAJIBHOI'O YIIPABJIEHUS ITPOLUECCOM KPYIIHOI'O APOBJIEHUS PY/bI

AKTyanbHOCTh. Pemena 3amaga nmoBsimieHust 3p(hEKTHBHOCTH 3HEPrOEMKOro Mpolecca KPYIHOTO JpOOIEHHS pyAbl ITyTEeM CO3JaHUS
CHCTEMBI OIITUMAJIEHOTO YIIPABICHUS HUM.

Ilesab po6oTHI — MOBBIIICHNE KAUECTBAa YHPABJICHHS IIPOLIECCOM KPYITHOTO APOOJICHUS PyABl B YCIOBUSIX HEOIPEIEICHHOCTH H(pOpMaIiu
0 €ro COCTOSTHHU ITyTeM CHHTE3a ONTHMAaJIbHOTO YIPABJICHHS HA OCHOBE WACHTH(HKAIIMY IPOrHO3UPYIOLIEil Moeny nporecca B Xoze (GyHKIH-
OHUPOBAHUSI CHCTEMBbI YIIPABIICHUS.

Mertoa. Pa3paborana ajanTuBHasI CHCTEMa ONTHMAJIBHOIO YIPABJICHHS IIPOLIECCOM KPYIHOTO APOOJICHHS, peaau3ylomas Mponeayphl:
OLICHKH COCTOSIHUS YIIPABIIIEMOTO TIPOLIECCa, €T0 CTPYKTYpPHO-IIApaMETPHYECKOH NAESHTU(HUKALIMN, TPOTHO3UPOBAHMS X0/1a IIpoLecca, a TakKe
CHHTE3a ONTHMAJILHOTO YIIpaBJICHUs. PelleHue 3a1aun CHHTE3a ONTHMAIBHOTO YIIPABICHHS OCYIIECTBICTCS B X0J¢ (PYHKIMOHUPOBAHHUS
CHCTEMBI 10 IPUHINIY MHHIMYyMa 0000IIEHHON PabOThl Ha CKOJIB3SIIIEM HHTEPBAJIC ONTHMHU3AINHU C IPUBJICYIEHIEM HH(POPMALIUH O COCTOSHUN
YIPaBIIEMOIo Hpolecca K HOBOMY MHTEPBAIYy ONTUMM3AIMU U €ro OYAYIIETro COCTOSHHS MO HMPOTHO3UPYIOMEH MOJIEIH, YTO I03BOJISET
YIPOCTUTH pElIeHHE 3a/1a4 CHHTE3a JUIsl HEIMHEHHOTO IpoIecca KPYIHOro APOOICHUs py/] U KOMIICHCHPOBATh BO3MYIICHUS. VneHTudurams
IIporecca KpyImHOro IpoOJIeHHs pYIbl OCYIIECTBISICTCS ITyTEeM ONPEAEICHUS PeXXUMa paboThl U Pa3MEPHOCTH €ro COCTOSIHUS, Ha OCHOBE YEro
C ITOMOIIbIO KOMITO3HIIUH METOJI0OB INI00AIBHON | JIOKAJIbHOW ONTUMHU3AIMHN ONIPEEIACTCS CTPYKTYpa U apaMeTphl IPOTHO3UPYIOIISH MOJIEIH,
YTO MO3BOJISICT MOBBICUTH €€ TOYHOCTb.

PesyabTaThl. OnpeneneHo, 4To NpeajaraéMoe ONTHMaJIbHOE YIpaBJIeHHE C MPOTHO3UPOBAHHEM O0ECIIeYnBaeT CHIKCHHE B ~ 2 pasa
OMMOKH YIIPABIICHHUS 1 OBHIIIEHHE TIPOU3BOANUTEIBHOCTH CIEAYIOMIETO B TEXHOJIOTHYECKON JIMHUH MPOIIecca CaMOM3MeNbUeHHS PYIBI (32 cueT
crabmm3zanun conepkanus knacca +100 MM B ero BxonHo# pyzae) Ha 3.8%.

BeiBoabl. Hayunass HoBH3Ha pabOTBI COCTOUT B pa3pabOTKe CHCTEMBI YIPAaBJIEHUS MPOIECCOM KPYITHOTO APOOJECHHUS PYIbI, B KOTOPOU
ONTUMAJIbHOE yTIpaBiieHHe (OPMHPYETCs B TIporecce PyHKIIMOHNPOBAHUS CHCTEMBI 10 MPUHIIUITY MUHUMYMa OOOIIEHHOH PabOoThI ¢ TEKYITHM
OIIEHUBAHHEM COCTOSIHUS YIIPABISIEMOTO MPOIlecca M OLEHHBaHUEM ero OyIyIIero COCTOSHHS 110 MPOTHO3UPYIONIed MOJENH, YTO 00ecneynBa-
€T MHBAapHAHTHOCTh CHCTEMBI YNPABJICHUS K M3MEHEHUSM PEKUMOB PabOThl 000pYyHOBaHUS M BO3MYIIAIONIEH Cpelbl, U, TAKHM O0pa3oM,
TIOBBIIICHIE KAYeCTBA yIIPABICHHS.

[IpakTryeckas 3HAYUMOCTH Pe3yJIbTATOB pa0OTHI 3aKIIOUaeTcss B pa3pabOTKe alrOPUTMOB TEKYIIEro ONCHUBAHUS U MPOTHO3MPOBAHHUS
COCTOSIHHS TIPOIIecca, ero HISHTU(UKAIINHA 1 CHHTE3a ONTUMAIIFHOTO YIPABJIEHUS, MIO3BOJLIIONINX PEATN30BaTh CUCTEMY YIPABICHUS HUM.

KiroueBble cjioBa: KpymHOe IpoOlieHHne PYIbl, CHCTEMa YIPABICHHUs, ONITUMAIIbHOE YIpaBleHue, HIeHTH(UKAIHS, TIPOTHO3UPOBAHHE.
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0-p ¢busz.-mam. Hayk. npogeccop bakuHckoeo [ocydapcmeeHHo20 YHuUsepcumema u 3as. omdenom MHcmumyma Cucmem
YnpaeneHusi HAH AsepbatiOxaHa, baky, AsepbatidxaH
2[1-p cbunocogpuu no mamemamuke, cm. npenodasamesnb HayuoHanbHol Akademuu Asuayuu AsepbaliOxaHa, baky, AsepbalidxaH

NMOHATUE TAPAHTUPOBAHHOIO PELUEHUA MO ®YHKUUOHANY ANA
MHOIOMEPHOM 3A0AYN O PAHLE U METOObl EFO NOCTPOEHMA

AKTyaJbHOCTB. PaccMoTpeHa 3a/1aua OCTpOEH s rapaHTHPOBAHHOI'O CyOON TUMAIBHOIO (IPUOIMKEHHOr0) petieHus o GpyHKIMoHaTy
B OZHOMEpPHOI U MHOrOMepHOH 3asauax o paHue. OObEKTOM HCCIEIOBAHUS SBJILIACH MOJENb C IpHpalieHHeM Ko3()(GHLUEHTOB LieIeBoit
(yHKIUN.

Heab padoTel. PazpaboTka METONOB OCTPOEHHS TAPAaHTUPOBAHHOIO CYOONTHMAJIBHOTO pelIeHUs 0 (QyHKIHOHAIY B OJHOMEPHOH U
MHOIOMEPHOH 3a1auax O paHLE, T. €. HAWTH TaK1e MUHUMAJIbHbIE U3MEHEHUs KO3 GUIIMEHTOB (PyHKIIMOHAIA B 3alaHHBIX MHTEpBaaX, 4YTOObI
HalileHHOe pellleHHe rapaHTHPOBAJIO 3HauUeHUs (PyHKIMOHAIA HE MEHBIIE, YeM 3apaHee (PMKCHPOBAHHOTO.

MeTtoa. BBezeHbl MOHATUS JOMYCTHMOIO, TapaHTUPOBAHHOIO U APaHTHPOBAHHOIO CYyOONTHMAJBHOrO pelleHuil mo (QyHKIHOHAY B
MHOTOMEpHOI1 3a/1aue 0 paHile. B 3aaHHBIX HHTEpBaaX HEOOXOAUMO HAliTH TaKue MHHUMAaJIbHbIE U3MEHEHUs! K03 DULMEHTOB (yHKIHOHAA,
4TOObI HallJIGHHOE pelleHHe I'apaHTUPOBAJIO 3HaUeHHe (PyHKIMOHAIa HE MEHbIIIe, YeM 3apaHee (PUKCHPOBAHHOrO. Takoe peleHne Ha3bIBaeM
rapaHTHPOBAHHBIM PEIICHUEM 110 (YHKLHOHAIY AJs OAHOMEPHON M MHOTOMEPHOM 3a/1auu o paHie. Pa3paGoTaHbl METOIbI UX IIOCTPOECHHUSL.
CocraBiieH IPOrpaMMHBII KOMILIEKC JUIsl HAX0XKIGHH s 3TUX PEIEeHUH 1 IPOBEIeHbl MHOTOUMCIEHHBIE BBIUMCIUTEIbHbIE KCIIEPUMEHTHI HaJl
CltydaiiHBIMH 3aJja4yaMu OOJIbIIONH Pa3MEPHOCTH.

PesyabTaTthl. Pazpaboral alropuT™ ajs HOCTPOEHHUS FapaHTHPOBAHHOIO CyOONTHMAIILHOIO PELIeHUs 110 (PYHKLHOHAIY B OJJHOMEPHOMI
U MHOTOMEpHOI1 3a1a4ax O paHIle.

BoiBoabl. CocTaBiieH NPOrpaMMHBIH KOMIUIEKC JUIsI HAXOXIEHHUS T'apaHTUPOBAHHOIO CyOONTHMAJBHOIO pelleHHs 110 (QYHKLHOHALY U
IIPOBEIEHbl MHOIOUHCIICHHBIE BBIUUCIUTEIbHBIE SKCIIEPUMEHTHI HaJl CTy4yalHBIMU 3a/jadyaMi OOJIbLIOH pa3MEPHOCTH.

KunioueBble c10Ba: oJHOMEpPHAs U MHOIOMEpHAs 3ala4M O PaHIle, FAPAHTHPOBAHHOE PELIEHHE U FAPAHTHPOBAHHOE CyOONTHMAIILHOE
petieHus 1o GyHKLHOHAILY, MHOTOKpUTEpHUallbHasl HeJuHeHas 3a1a4a byneBoro nporpaMMupoBaHHusl, IPUHLUIT JUXOTOMHH, BBIYUCIHTEIbHBIE
9KCIEPUMEHTHI.

HOMEHKJIATYPA 3HaueHue QYHKIMOHANA B k -M IIAre;
o —z
Cj’aij’aj’bi’ﬁj(l =Lm;j=1n),b - sananmsie nensie X — Tekyuue cy0ONTHMANbHBIC PEIICHHS MO (QYHK-
HEOTPHIIATENbHbIE YUCIIA; [UOHAILY;

C(i=Lln) - z
ajj»(J =Ln) — 3amaHHbIe HEMONOKUTEIBHBIC HETBIE 7~ Texymme cyGonTHMATEHEI (IPHOTIKEHHEIE) 3Ha-

YyuCcia; o
’ YeHus 1eNeBOi (QyHKINH;

xj,(Jj= 1,_”) j -blil HEM3BECTHBIN;
X —n-MepHBbIil BEKTOD;
xk (k=0,1,2,...) — Texyuee cy0onTuManbHoe (Ipu-

OJINKEHHOE) peIlIeHUe B k-M IIare;
X Z— TapaHTHPOBAHHOE CYOONTHMANbHOE PELICHHE IO

GbyHKIMOHATY;
X"~ onTHMamBbHOE pelleHHe;
XS— cybonruMansHOe (IPUOTINKEHHOE) PEIICHHE;

* v
f — ONTHMAIBHOE 3HAYECHWE IETEBOH (QyHKIHMM;

fS_ cyoonTuMasibHOe (MPUOJIMKEHHBIC) 3HAYCHUS
nesjaeBoi QyHKIUU;

A" —TIIpupanenne ONTHMATBHOTO 3HAYCHHS f *

AS — mpupamenne cyGONTHMATHEHOTO (IPHOTIKEHHO-
r0) 3HAUCHHUS fS ;

P — GUKCHPOBAaHHBIH MPOLEHT;

5]',(] =1,_n) — npupamenie KodbouuueHTos C ;

j*— (uKCUpOBaHHBI HOMED;

fk (k=0,1,2,...) — cyObonrumanbHoe (IPUOIHKEHHOE)
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Ccp — CpenHee n3MeHeHHe Kod(h(QUUMEHTOB LENEBOH

byHKIMY;
A(f)— norpemnocTs GyHKIUOHANA.

BBEJEHUE

PaccmoTpum cnenyronryro 3agauy bymeBoro mporpam-
MUPOBaHHUS:

n
chxj%max, (1)
j=1
n PR
jzﬂa,jxj <p;,i=1m), ©)
X =0V LG =Ln). 3)

C wesnpio BBISICHEHUS MPAKTHYECKOrO 3HAYCHHS HIKE
PacCMOTPEHHOM MOIENH, AaJiM HEKOTOPBIE YKOHOMUYEC-
kue uHTepnperamu A 3agaqdn (1)—(3).

Jomyctum, 4TO ISl peanu3aiii HeoOXO0IUMO BBIOPATH
WITH UTHOPUPOBATh M3 KAXKIBIX 33JaHHBIX MPOCKTOB (Mepori-
pusitus u T. A.). Eciu BeiOMpaercs i peain3alii HEeKoTO-

pbIi j-BIid (j =1, 7) HPOEKT, TO HONY4aeTCss NPUOBLIbL B 00be-
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Me C j,(j =1n) enuuuu. IlycTh /IS peanu3aluu 3TUX Opo-

€KTOB BBIZICNCHBl /1 BHJIOB pEecypcoB B o0beme —

bi,(i=1,m) emunnu. A mns peanmsaumu j- oro (j=1,n)
00beKTa HEOOXOAMMO MCIONb30BaTh (i, (i=1,m;j :L_n)

€JIMHUII U3 BBIIEIEHHBIX PECYPCOB p;,(i =1,m) cooTBET-

CTBCHHO. ECTGCTBCHHO, 4qTo H€O6XOI[I/IMO pcajun3oBaTh Ta-
KHUC MPOCKTHI, B KOTOPLIX HCHOJIb30BAHUC O6HII/IX pecCypcoB

HE NPEBHINAI0 Obl BBIAEIECHHBIX PECYPCOB b, (i =1,m), U
OTHOBPEMEHHO MOJYYCHHAsl NMPUOBLIH CTalla MaKCHMallb-

Hol. Ilpunmmas HemsBecTHRIE X, (j=1,n), TO€

1, ecnu j-bIf MPOEKT BEIOMpAETCS AT peau3aliiy,

X J- 0
, B IIPOTHBHOM ClIy4ac

H9KOHOMHKO-MaTeMaTHIeCKass MOJEINb IOIYy4aeTcsl B BHIE
(1)—(3). Lenbro nanHOi pabOTHI SABIISIETCS pa3padoTKa METO-
JIOB TIOCTPOEHUS TapaHTUPOBAHHOI'O CYyOONTHMAIBHOTO
pemenns Mo QyHKIMOHATY B OJHOMEPHOW M MHOTOMEp-
HOH 3ajadax o panne. Jpyrumu cioBaMu, HEOOXOIXHMO
HaWTH TaKWe MUHUMAIIbHbIE W3MEHEHHS KOd((PUIUESHTOB
(yHKIMOHAJIA B 3aJ]aHHBIX MHTEpPBAJIaX, YTOOBI HAWICHHOE
pelIeHre TapaHTHPOBAIO 3HAUSHUS (PyHKIMOHANA HE MEHb-
e, 4yeM 3apaHee (PUKCHPOBAHHOTO.

OTMETHM 4TO, 3TO 3a]1a4a OCOOCHHO aKTyalbHa B COBpE-
MEHHOI 5KOHOMHUKE, IpH ydeTe (pUHAHCOBBIX MPOOIIEM.
I[MoToMy, 4TO 3a CcYeT H3MEHEHHS pPBIHOYHBIX IIEH

cp U= 1,n) He u3mMeHsIOTCA 3aTPATHL 5, (i = L_m;j =1,n)

U3 BBIICICHHBIX PeCYpcoB b, (i = 1,_;70 .
1 IUTEPATYPHOM OB30P

O6men3BectHas 3anada (1)—(3), Ha3piBaeTCs MHOTOMEp-
HOW 3aja4eii 0 paHiie U pa3paboraHbl psg Meronos [1-13, u
T. A.] Ul TOCTPOSHUSI ONTUMAIBHOIO M CYOONITHMAIIEHOTO
(MIpUONHMIKEHHOTO) pPEICHUI dTOH  3a1a4.

JormyctimM, 9T0, KAKUM-TO H3BECTHBIM METOIOM Haii-
JICHO ONTHMAJIbHOE WU CyOONTUMalIbHOE (TPUOIMIKEHHOE)
petrenue 3anaun (1)—~(3) u onpeneneHbl COOTBETCTBYIOIIHE
3HaueHust QyHkiuoHana (1). Ipennonoxum, 3aKa3duKy HH-
TEPECHO MONYYHTh TaKOE pelIeHHe, KOTOPOe TapaHTUPYeT
3HaueHus: (pyHkuuu (1) He MeHble, yeM HaiineHHoe. Oue-
BU/IHO, YTO JUIS JOCTIKEHHS ITOH IIeH BO3MOXKHO JIBa Ba-
puaHTa:

1) He HU3MEHSS

K03 b PUIHESHTBI Cj u

a;» (i=1m;j=1,n), Munumansno yBenuuuth (M3MEHHUTD)

BBIIEJIEHHBIE PECYPCBI p;, (i =1,m). Takue THIBL 33184 MaTe-

MaTHYECKHA MOJICIIMPOBAHBI M pelieHbl B padorax [14, 15].
2) He

u3MeHsAs KodpduuueHtel @; H b;,

(i:l’m;jzl’n), MHUHHUMAJIbHO U3MEHUTH IIEHBI

cj>(J =1,1) B 3aAHHBIX MHTEpBANAX laj’BjJ’(j =Ln),

Dra 3anaua B ciydae m=1 Gbuia pemena B padore [16].

B nanHOIT paboTe paccMOTpeH BTOPOH BapHaHT M pa3pa-
00TaH METOJ IOCTPOCHUS TapaHTUPOBAHHOIO PEIICHUS II0
(byHKITHOHATY.

2 IIOCTAHOBKA 3AJJAYA

I[OHYCTI/IM, 4To, OIITUMAJIBHOC peuicHueC

* * % *

X =(x]>x25>xy;) WIA HEKOTOPOE CYOONTHMANBHOE pE-

[IeHne XS = (xig,xg,...,xg) 3agaun (1)—(3) HaiimeHo ka-
*

KHM-TO MeToioM. Toryma onTuMaibHOE f WIH CyOOITH-

s
MaJlbHOE 3HaueHHe f ¢ysknun (1) MOXHO BBIYHCIIHTB:

* n % S n s
f=Zlc,-x,-; f :Zlcjxj,
J= J=

HpeI[HOJIO)KI/IM, 4qTo H€O6XOZ[I/IMO HalTH Takoe peuieHue

* * % * N N N
X = (xl,xz,...,xn) wmm X = (xl s X e xn) 3a7a4M
(1)—~(3) ma KOTOPOro MakCHMalbHOE WU CyOONITHMAIIbHOE

*
3HaYeHne QyHKwH (1) crano He MEeHbIIe, YeM f + A* WIH

N S
f +A COOTBETCTBCHHO. B YaCTHOM cnyqae, MOXHO

* *p s s
HpI/IHS[TBA = f ﬁ mwm A :[f '%]3;{%5}7

* N
SABIIACTCA CI)I/IKCI/IpOBaHHBIM MIPpOLCHTOM f niIn f , a

[Z ]— O3HA4acCT LCIYIO 9aCTh 4YUClIa Z. ITOro MOKHO I[O6I/ITI>-

Ccs MHUHHMaJbHBIM H3MEHEHHUEM KO3} PUIMCHTOB
c;»(J=1Ln), B 3anannbix nnTepBANaX lOtj»BjJa(J =Ln)
He M3MeHsAs 3ajaHHble kodpduuments bH; m Ay,

(i= I,_m; j= I,_n) . Takum 00pa3oM HomydaeTcs CIeayrouIas

MOZIEND:
jlz;(cj+5j)xj — max, @)
n _
jzzllayxj <b;(i=1m), )
ajSSjSBj»(jZL_n)s (6)
xj=0v1,(j=1n). @)

Otmerum, uTo perieHueM 3anauu (4)—(7) sBisercs Takoe

MHHHManpHOE 3HaueHue §;,(J =1n) U BEKTOp

X =(X{,Xx25>Xp) , sl KOTOPOTO BBHITIOTHSAETCS OIPaHH-

yerus (5)—(7) u ogHOBpeMeHHO QyHKIHS (4) MpUHUMAET
MakcuMaibHOe 3HaueHue. [Ipu 3ToM, ecnu A HEKOTOpOi
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VIIPABJIIHHA ¥ TEXHIYHUX CUCTEMAX

*
j R 6].* <0, TO COOTBETCTBYIOIUNA C j* YMEHBIIAETCS Ha

0 j* ennann. Haobopor, ecu O j* >0, TO COOTBETCTBYIOIIMNI

c j* yBeNMuMBaeTcss Ha O j* equnul, B cysae 8 j* =0 ko-

spdumment C j* He MeHsercs. TakuM oOpa3oM, moirydaeM
CIIEYIOIYI0 MAaTEMaTHIECKYI0 MOJENb:

§,~>min, (j=1n) ®)

2(€;78,)x, =/ +A - o)

n _
2.a;x;<by: (=Lm). (10)
j:
a ;s 8j < Bj, (J=1n), u uensre, (11)
X, =0V 1,0 =Ln). (12)

HeoOxommo ormetuts, uto 3anada (8)—(12) sensercst ve-
nuHeHHOH (cMotpH (9)) MHOTOKpHTepHaIbHOH 3anadeil By-
JIEBOTO IIporpaMMupoBanus. EcTecTBeHHO, 4TO 3TO 3a7ada
TaKoKe BXOIHT B Kitacc NP-TOMHBIX (T. €. TPYIHO pelaeMbIx).

3 MATEPUAJIBI 1 METO/IbI

CHayana BBEJIEM CIIEIYIOLIUE MOHITUS.
Omnpenenenne 1. [lomycTIMBIM pelreHneM 3amadn (8)—

(12) siBnsiercst n -MepHbIi BEKTOp X = (X],X2,--sxp) » KO-
TOpBIN yHoBieTBopsier orpanudcHusM (9)—(12) npu dukcu-
poBaHHbIX §;,(/ = 1,n)

Onpeaesienne 2. Jonmyctumoe peuieHne

* * * *
X =(xp5x2-5X,) 3ana4m (8)—(12) naroriee MUHUMAIILHOE

3HaueHue napamerpos O ;»(/ =1.#) Ha30BeM rapaHTHpOBaH-

HBIM peIleHHeM M0 (QYHKIMOHATY.

VYuuTteiBasi, uto 3aaada (8)—(12) Bxomut B wiacc NP-non-
HBIX, TO HAXOKACHUE ONITUMAIIBHOTO PelIeH s s 3a4a49 00Jb-
0K Pa3MEpPHOCTH 3a pealbHOe BpeMsi HeBO3MOXKHO. [1oaTo-
MY TMOSIBIISIETCSI HEOOXOAMMOCTh MTOCTPOEHHS], TapaHTUPOBAH-
HOTO CYOONTUMAJIBHOTO (ITPHOIMKEHHOTO) PELICHHUI 3a1a4
(8)«(12). C aroit nemo BBEAEM CIEIYIOIINE TIOHSATHS.

Onpeaenenne 3. Homyctumoe peurenne

XS =( xf , x‘; yeres xi) 3anaun (8)—(12) paroriee MeHbIIIee 3HA-

aenme napamerpos J;,(j =1,1n) Gynem HaspiBath rapaHTH-

POBaHHBIM CYOONTHUMANBHBIM pEIIeHHEM O (YHKIMOHAITY.
[TycTh, KAKUM-TO METOJOM HAaHICHO CyOONTHMAJIbHOE

S_,. S s s
pemenne X =(xj>x3»X,) 3agaun (1)—(3).Torma coorBer-

s
CTBYIOIIME 3HAYCHUS f ¢yukuuu (1) cocramiser

168

Takum 06pa30M, MOXHO BBIYHUCIHUTH

s & s
f =JZ::1C])CJ‘.

AS = { f S %}, e P — GUKCUPOBAHHEIN IIPOLEHT, a 000-

3HaueHue [z] o3HAYaeT IENyI0 YacTh Yucia Z.
Mpr I OJIKHBI MMOCTPOUTH TaKOH

BEKTOP
Sl it (10), (12

X" =(x1>x3»X,)» yioBnerBopsrommit (10), (12), koro-

PBIi TIO3BOJISIET HAWTH IIeJIbIe 3HAYSHUS O j,( Jj=1,n) obec-

NEeYHBAIONINE BBHINOJIHEHHE YCIOBUH  OL;S 8_/SBJ-=

(j=Lm), Zl("ﬁﬁj)xf =AY
J=

Taxum 00pa3oM, Hy)KHO HAfiTH TapaHTUPOBAHHOE CyOOII-
THMAaJIbHOE PelleHne Mo (QyHKIMOHANY CIeXyIOIel 3a1aau

§,— min, (j=1n) (13)
j’zil("ﬁ%)xﬁfsﬂs’ (14)
éaux.fﬁbw (i =1,m), (15)

a;<8;<B (G =Lm), unensie, (16)

x_,-=0v1,(j=1,_n). (17)

IMporecc mOCTPOCHHUSI FapaHTUPOBAHHOIO CYOONTHMANb-
HOrO pemieHust no ¢yHkuuonany 3anaun (13)—(17) nposo-
JTIUTCSI METOJIOM JIMXOTOMHUH (ZiesieHus momnosiam). B Hauane

npuanMaem 8 ji=oj, (/= 1,n) IOCKOJIBKY HEoOX0auMO
MHHHMH3HPOBATH 3HAYCHHS TApaMeTpoB § ;,(/ = Ln). ITpu
9TOM, C LENBIO 3aTIOMHHTH 3aJaHHbIX 3HaueHuii C ;»(/ = 1,n)
IpHUMEM C;-:: cj,(j :L_”) . IHocne sToro mpuHUMas

C; ::c'j + 8]' ,(j= I,_n) HAXOIUM CyOOIITHMAILHOE pellle-

0_,0 0 0
me X = (X1>X2X,) B 3anaue (1)~(3). Toraa coorset-

0 L 0
crBytolee 3Hauenue ynkuuu (1) cocraBut f - Zlc iXj.
j=

0 N S
OueBUAHO, YTO, f < f +A”, nockonbKy HauanbHEIE

3HaueHus mapamerpos J;»(/ =1,n) orpuuarensusie. s

TOrO, YTOOBI IOCTPOUTH HOBYIO 3ajauy Tuna (1)—(3), ucrnomnsb-
3ys OPUHLHI IUXOTOMHH OpUHEMAaEeM
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403 .
O B] ( =1
—=,(j=,n) n onpenensseM HOBBIC 3HAYCHUS

8j=

ko3¢ punuento pynkumu (1): Cj::Cj+5jv(j =Ln) )

ITocne »ToOro Haxoaum Cy6OHTI/IMaJH>H0€ peuicHue

)('1 = (x},xlz,-n,xL) tekyromeit 3anaun (1)—(3) u coorser-

1 u 1
CTBYIOIIIEE 3HAUCHUE f = ZC JXj.
Jj=1

1
3HA4YCHUA f BO3MOXHO 2

Jnst

D fle fenSin £ fAS

B nepBoM ciydyae HEOOXOMMMO IPUHUMATH O ;=0 ; u

ciry4das:

AjTP; (= in
——=,(j =1,n) . JTanee npuHumast HOBbIE 3HAYEHUSI

3= 5

Haxoaum peHiCcHuC

Cj:Cj+5J,(] :1,1’1)
X2=( 2 2 2) o -3 _
X7 X5 Xy) HOBOH 3amaun (1)~(3) m coorBeTCTBY:

HOIIEC 3HAaYCHUEC

2 n
f=2cix;. (18)

J=1
1 S S S._ vyl
A Bcrysae [ > fT+A%, sanomunas X =X wu

8j = 8j,(j=1,n) NpUHUMAEM Bji: O; u

Otj+B

5 I (j=Ln). Hocme sTOro

bukcupyem

8j =
cj I=cj+6].,(j=1,”). Heo6X0auMoO OTMETHTbH, YTO HaIlIa

HeNb SBJIAETCS MMHMMH3AIUS apaMeTPoB &) j,(j =ln) B

UHTEpBAase [(xj,[}j}(j =1n).

Hanee, HaxoauM cy0ONTHMaJIbHOE pEIICHUE

X2 = (xlz,xg,...,xﬁ) 3amaun (1)~(3) u COOTBETCTBYIOLIHUE

3HAYCHUA
2 ” 2
S =2c;x;. (19)
jal

. 2
OTMCTI/IM, YTO HAWJCHHBIC 3HAUYCHUA f n3 COOTHOMIC-

uuit (18) u (19) pas3iauuHbl, MOCKOIBKY OHH COOTBETCTBYIOT

pasinuHbM 3HaveHusM §;»(J =1,7) . Jlpyrumu cnosamu,

00a BapuaHTa OTMEYCHHBIC BBINIC HE MOTYT BBIMONHSITHCS
OJHOBPEMEHHO.

2
I[JISI 3HA4YCHUA f , KaK OTMCYCHO BBIIIC BO3MOXKHBI JIBA

2 .8 20 48
ciydas: mabo < f +AS, mbo f2f +A°5 . Tpo-
IECC PEIIEHNUs TIOBTOPSIETCS AHAIOTHYHO BBIMIEYKA3aHHO-

My, JIeJIEHHEM WHTEPBAJIOB |_a j’le( j :L_n) NIOTOTIaM.

Breruucnenus 3aBCPIIANOTCA, B CiIydac BBINIOJHCHUSA

<1 mus Bcex ],(] :L_n) Hpyrumu ciosamy,

Bj_af

MPOLIECC PElIeHUsI MPOAODKASTCS IO TAKOro Iara j , moka

<1 mus Beex J,(=1n).

BBITIOJIHACTCA YCJIOBUA

Bi—a,
Oco0EHHO OTMETHM, YTO B TPOLECCE TMOCTPOCHHUS TapaHTH-

POBAHHOT'O Cy6OHTI/IMaJII>HOFO peUICHU BbINICYKA3aHHBIM

I_ S
00pa3oM, B KakoM-To wiare [, 1</ <k, ecnu f > f +AS,

TO 3AIIOMHMHAETCS XS:: Xl u 6_j:= o= 1,n).

B xoneunom utore, ko3 durrentsr GpyHknun (1) mpu-
HUMAIOT 3Ha4eHus C ; 3=c'j+ 6./4,(] =1.n). Otciona 1erxo
OIPENEIIOTCA N3MEHEHHs (yBeIMUCHHUE MM yMEHbBIICHHE)

HCXONHBIX 3Ha4eHH Ko3(HIMEeHTOB C jy(J =Ln),
B mpouecce pelenus, NOcieqHUNH 3allOMHEHHBIN BEK-

s_, S S S
top X~ =(x]:X5:X,) ABNsETCA rapaHTUPOBAHHBIM CY-

OONTHUMANILHBIM pelIeHneM Mo (QyHKIHOHANY JUIS 3aJadu
(D).

OTMeTuM 4TO, pa3pabOTaHHBIM BBIIIE METOJ| MOCTPOE-
HUs, TapaHTHPOBAHHOTO CyOONTHMAIBHOTO PEIICHUs IO
(byHKLIMOHALY B ciaydae m =1, T. €. 1JIs 3a[auy O PAHIE BbI-
nonHsiercss Oonee mpocto. B atom ciydae 3amaga (1)—(3)
NPUHAMACT CICAYIOIINIA BUJ:

n
ZCJ' xj —>max, (20)
=

n
Zajxj <b, 21
j=1

X, =0v1,(j=Ln). (22)

Torna ans 3ampaum (20)—(22) cooTBeTcTBYIONIAs 3a/1aua
(8)—(12) Oymer mpuHUMATH CIEAYFOIIMN BHI:

§,~>min, (j=1,n) (23)
1 S
jzzl(cj+8j)xj2, +A%, (24)
2a,;x;<b, (25)
Jj=1
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OLjS 8], < Bj, (j =1,n), ¥ LenbIE, (26)

Xx,;=0v1L(j=Ln). 27)

Tenepr HamuIIeM alrOPUTM JUIsSI IOCTPOSHHUS TapaHTH-
POBAHHOTO CYOONITUMAILHOTO pelIeHus Mo QYHKIHOHATY
s 3amaqu (20)—(22). Jpyrumu cioBaMu, HalHIIEM aJro-
put™ pemmenus 3amadn (23)—(27).

[ar 1. Bsox

OEIIBIX HYuCcel1

I’Z,Cj,aj,(xj,Bj(j:l,n),pnb.

Ilar 2. INocTpouTs HaYaIBHOE CyOONITHMAIBHOES PEIICHHE

S N N
X " =(x1>x5»-x,) 3amaun (20)—(22) ¥ BHYMCIHTE
s S
f = ZCJ'.XJ‘ .
J=1

p

S
Iar 3. Berauciaurb AS = [ f 100

:|, rac [Z] O3HA4acT

LEITYX0 4YacTh YHUCIO Z.

IIar 4,

[MpuHATH d;=a;» c;=c¢y n

c;=c;t+ 81.,(] =1,7) u moyicTaBuTE 3HAUEHNS cj (j=Ln)
B 3ajaue (20)—(22).

Hlar 5. ITocTpouTs cyOONTHMAaIbHOE pEIICHUE
—7Z —7Z —Z 4
X = (xl > X ’--wxn) Tekymielt 3axaan (20)—(22) u coor-

—7 n —7
BETCTBYIOIIEE 3HAUCHHAM (YHKIIMOHAIA f - ZIC_/ X;.
=

Ecnn

Bj—o(,jﬁl s Beex j,(j=1,n) TO Nepexo K mary 8.

—7 S S
War 6. Ectn [ < f°+A° , 1o npumste o,=3;,

a.+ i , o
:J—B/’ c;=c;+ 8}.,(121,”) U 1epexoj K 1mary 5.

5,

LSS z._—Z
lar 7. Eciu f 2 f +A” 1o 3anommuts X = X

(x'./+Bj

U IPUHUMAS] BJJZSJ, 0= 3

. ;e 40,0 =1n
Mepexoi K mary 5.
Illar 8. Beimate Ha me4aTh HaWIEHHOE TapaHTHPOBAHHOE

z z z z
peurenne 1o Qynkimonany X 7 =(x , X5 0 X,) COOT-

zZ _ n VA
BETCTBYIOLIEE 3HAYCHUAM (DYHKIMOHAIA f - ZC jXj |
-

npuUpaIieHuii fZ—fS,AS, fZ—fS—AS.

IIar 9. OcraHoB.
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4 OKCIIEPUMEHTbBI

CHayana TprMeHeHHeM pa3paO0TaHHOTO METoNa B JIaH-
HOW paboTe, HaiiieM rapaHTHPOBAHHOE CYOONTHMAaIbHOE
pelierre o (GyHKIMOHATY CIIEIYIOLIeH 3a1a4i U3 KHUTH [5].

15xl+8x2+12x3+20x4+17x5+14x6+6x7+4x8+5x9+2x10—>1nax,
5x1 +3x2+ 5x3 +9x4 +8x5+ 7x6 +4x7+3x8+4x9+2x10S18,

x;=0v1, (j=110).

Cy6OHTI/IMaJH>HOG peuieHue U COOTBCTCTBYIOIIUEC 3HA-
YCHUA beHKI_II/IOHaJ'Ia 3TOM 3ajgadyu SABIIAIOTCA

XS =(1,1,1,0,0,0,1,0,0,0) u f 5 41. 3anomMuHaeM 3agaH-

HBbIE K03 UIIHEHTHI ¢dyHKIIHOHATA

C'j =(15,8,12,20,17,14,6,4,5,2) [domycTtum, 4To 3Ha4YCHHUE

S S
f =41 meobxomumo yeemwuuth Ha A~ =41 emunwm

Torna nomydeHHast 3a71a4a cooTBeTcTBYomas (23)—(27), mpu-
HUMAET CIEIYIOLIUH BUI:

8].4 min, (j=110). (28)
(15+Sl)xl+(8+52)x2+(12+53)x3+(20+84)x4+(17+55)x5+(14+56)x6+

N N
+(6+87) x7+ A+ 8 xg+ G+ 8 xo+ 2+ 810 x102 f +A” =50, (29)
5x1 +3x2% Sx3 +9xs +8xs+ Txe+4x,+3xs+4x0+2x10<18, (30)

§,€l-3.5) §,e[-2.6] §;€[-1.5] §,€[-4.0] §5e[-3.1)

866[—2,91876[—3,7],886[— 1.0} §o<l0.5) §,0€0.3}  (31)

x;=0v1, (j=110). (32)

B naganpHOM 3Tane npuHUMaeM & i= 0L (j=L10) T.e. mpu-

HUMAaeEM 8] :(_33_25_13_45_35_25_35_13050) . TOFI[a

TOJICTABIISS 3T BETMYMHBI BMECTO O )j B 3anade (28)—(32)

[OJIy4aeM CIIEAYIOUIYIO0 TEeKYLIYIO 3a/ady:

12+ 63, + 11 x5 +16 x4+ 14 x5 +12 ¢ +3x,+3 x5+ 5 x9+ 20 >max , (33)

le +3x2+ 5x3 +9x4 +8x5+ 7x6 +4x7+3x8+4x9+2x10318’ (34)

x;=0v1, (j=1,10). (35)
Cy0onTuManbHOe pelieHre U COOTBETCTBYIOIIHE 3HA-
0
YCHUA 3aJa4u (33)—(35) 6}’7.[}"1‘ X :(1717170707090909190) n
fo =34 . Tlockonbky fo =34<50, To npuHHMaeM
' ' _ O(,]'"B/ . —_—

;=8 O

Torma
J 2
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6] =(,2,2,-2,-1,3,2,0,2,1) . IToxcrasiss 3TH 3HAYEHUS B

3amade (28)—(32) momydaem CreAyIOUIyIO 3aady:

16 3¢, +10 5, + 14 33 +18 5, +16 35 +17 3 +8 3¢5 +4 xg+ 7 xo+3 x30 > max ,(36)

5x1 +3x2+ 5x3 +9x4 +8x5+ 7x6+4x7+3x8+4x9+2x10S18,(37)

=0vl, (j=1,10). (38)

Cy60HTI/IMaJII>HOG peuieHue u COOTBETCTBYHOIIMC 3HaA-

gyeHns  QyHknumonama 3ajgaunm  (36)—(38) Oymyr
X'=(1110001,000) u  f'=48. Tockomsky,

\ +B.
f1=48<50, TO TpUHAMAaEM O ;=0; 6']:(1]2'3«’,

(j :LTO) . Torz[a 8’] =(37 47 39_17 09 6: 4: 07 39 2) . Yuu-

ThIBas 3TH 3Ha4eHus B (29) 3anayua (28)—(32) mpuHEMaET ciie-
JIYIOIIUNA BHI:

185, +12 x5 +15 33 +19 x4 +17 x5+ 20 x5 +10 3, +4 30+ 8 309+ 4 3, > max,, (39)

5x] +3x2+ st +9x4 +8x5+ 7x6+4x7+3x8+4x9+2x10318,(40)

x;=0v1. (j=110) (1)

CybonTrManbHOE pEIIeHHe W COOTBETCTBYIOLINE 3Ha-
yeHns ¢QyHknmuoHama B 3agade (39)-(41) Oymyr

Tax kak, 31ech

XZ 2(1’1’1’0’0!091909090) H f2 = 55 .

f2=55>50, TO IpUHIMAaeM széj,
, o .+ . -
6/; jTBJ, (j=110). Torma momydnm 816[1,3] ,

8,el24]. 8:el23]. §,el-2.-1]. Ssel-1.0], §4<f3.6].
§,€l2.4], §5<[0.0], §o<[2.3], §,0<lL.2].

B pe3ynbTate
8, =(2,3,2,-2,0,4,3,0, 2, 1). YaureiBasi T 3Ha4CHUS B
(29) monmydaem:

nojay4daem

17 3+ 115y + 14 3 +18 x, +17 x5 +18 x +9 x5 +4 xg + 7 xg+3 ;g 2 max , (42)

5x1 +3x,% 5x3 +9x4 +8xs+ Txg +4x7+3 x5+ 4 X0+ 210518, (43)

=0vl, (j=1,10). (44)

CybonTuManbHOE PElIeHHe U COOTBETCTBYIOIIUE 3HA-

s

YEHUS ¢bynkuuonana 3agauu (42)—(44) Oyayt
3
X°=(011,001,0100) nu f =47. Iockorbky
3 _ _ ' ' a]+[3/
[ =47<50, 1o npunumaem o;=0; S;=—5

2

(] :LTO) . TOFI[a 8'] = (29 39 23_19 09 55 35 Oa 23 1) . Yuu-

ThIBasi 3T 3Ha4YeHus B (29) 3amaum (28)—~(32) mpuHUMAIOT

CIIEAYIOLIUN BHI:

17 50+ 1 xp +14 33 +19 x, +17 305 +19 36 +9 3+ 4 x5+ 7 X9+ 3 19 2> max , (45)

Sxi +3x2+ Sx3 +9xs +8xs+ Txg+4x,+3x5+4xe+2x,,<18,(46)

=0vl, (j=110). @7)

CyOonTrManbHOEe PElIeHHe U COOTBETCTBYIOIIUE 3HA-

yeHuss (¢QyHKIWMoHanma 3amad (45) — (47) Oyamyr

X*=(0110010100) u  f'=48. Tockonsxy
! ' G,]+Bj

4
f =48 <50, To mpuHUMaeM (xj=8]~, 8],: TR

(j= LT()) . Tornma MMOJIy4UM 816[2,3] s
526[3,4],536[2,3], Sqel-1.-1], Ssel-1.-1],

Seels.6], §,e[3.4], 8gel0.0], §o<l2.3], §,0<l.2].
Bj_ajSI,

ponecC BbIYHCICHUSA OCTaHABIMUBACTCH. B pe3yinpTaTe 1Mo-

JTy4uM 8'1 =(3,4,3,

(j=1,10), To

HOCKOJII)Ky YAOBJICTBOPSCTCA

-1,0,6,4,0,3,2) u coorBercTByto-

N
mee pemrenme Gyzer X = (1.1,1,0,0,0,1,0,0,0,) = Crenopa-
TEJIEHO, UCXOMHOE 3HAUCHHE KOA(P(PHUINECHTOB 3aMEHSIETCS

Ha C;= (18,12,15,19,17,20,10,4,8,4) .

B wurore NoJydyaeM CJICAYIOINE OCHOBHBIC ITOKA3aTCIIN:

Cop=24 A(f)=55-41=14, A° =9, A(NH-AS=5,

Z(c] )

tne Cep =

A= f

Kak BUIHO, A7 MOMYy4YEeHUS] TapaHTUPOBAHHOTO 3HAYe-
HUS (YHKIIMOHAJIA HE MeHblle, yeM 50 cpeaHee M3MEHEHHE
k03 GUIMEHTOB 11eneBoi (QyHKIMU cocTaBuio 2,4, a BMecC-
TO OXHAAeMOTro MpupameHus GyHKIHOHANA 9 MOTydHIn
14 eguau.

5 PE3YJIbTATbI

Jns monyuenus 6onee noapoOHoW uH(popmaius 00 3¢-
(EeKTHUBHOCTH B JaHHOW pabore pa3paboTaHHOrO METoja,
OBLIN MPOBEICHBl MHOIOYHCIICHHBIC BBIYHCIUTEIBHBIC IKC-
nepuMeHThl. KO3 DUIMEeHTHI PeIIeHHBIX 3a/1ad, SIBIISIFOTCS
CITy4ailHBIMH LIEJIBIMHU YHCIAMH, U3 CICAYIOIIHX HHTCPBAJIOB:

n —_ JR—
0<g,; <999, 0<¢, <999, bi{m - 'Z:laij} L (i=1,m;j=1,n)
=

3neck [Z] O3HaYaeT LIENYI0 YacTh Yucna z . Pe3ynasrarsl

BBIUMCIUTENLHBIX 9KCIIEPUMEHTOB IMPEACTABIICHBI B CIIEAY-
rouux tabnunax 1-2. [pubirkeHHbIe pelieHusl oCTpoe-
HbI MeTtogoM [11].
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Ta6mmna 1 — Pe3ynprats! nponecca penrenus 3agauu (13)—(17)

mxn 10x100 10x200 10x500 | 10x1000
Cep 5,6 8,3 72 9,6
A(S) 82 93 135 168
AS 65 71 91 105
A-AS 17 22 44 63

Ta6ymna 2 — Pe3ynprats! nponecca penrenus 3agauu (13)—(17)

mxn | 20x100 | 20x200 | 20x500 20x1000
Cep 52 7,8 8,1 9,2
A(S) 76 84 127 146
N
A 62 67 83 99
A~ AS 14 17 44 48
6 OGCYKJIEHUE

U3 BBIIE TPUBENCHHBIX TAOIHI] BUIHO, YTO IS 8 CIIy-
YaiiHO BBIOpPAHHBIX 33/1a4 Pa3JIMYHON Pa3MEpHOCTH Cpell-
Hee M3MEHeHHe Ko3(duimenToB neneBoil Gpynknun (1) Ha-
XO/IWTCA B MHTEpBanax ot 5,2 10 9,6 enqunui. B aTux 3amagax
MOTPEITHOCTh (YHKIMOHATa MeHseTcs oT 76 mo 168 emm-
HUIL. A TpHpanieHne CyOoNTUMAaLHOTO (MPUOIMKEHHOTO)

spavernst  J s cocrapnseT or 62 no 105 enuHun. ItH pe-
3yIIBTaTHl ITOKA3BIBAIOT, YTO HE CYIIECTBEHHO M3MEHSS KO-
3¢ ¢unreHToB meneBoi QyHKIUH, obecrednBaeTcs MONY-
YeHHe TAPAHTUPOBAHHON IMPHOBITH. A 3TO OYEeHb BaXKHO JUIS
pelIeHns peaTbHBIX IPAKTHUECKUX 3ajad.

Takum 00pa3oM, pe3yNnbTaTsl IPOBEICHHBIX SKCIEPUMEH-
TOB eIle pa3 IOATBEPXKJAIOT MPAKTHUECKOe M TeopeTHdec-
KO€ 3Ha4eHHs PACCMOTPEHHOMW 3aJlauyd B JaHHOW pabore.

BbIBO/JIbI

Hcxons m3 Tekcta Tabuuil U 0OCYXACHUNH MOXHO Clie-
JaTh CieAylolne BBIBOABL. B pabore paccMoTpeHa maTema-
THYEKass MOAENbh MOCTPOCHHUS TapaHTHPOBAHHOTO PeIlIeHHs
Mo QyHKIHOHAIY Ha OCHOBE MHOTOMEPHOW U OJTHOMEPHOMH
3aJa4d O paHie. BBeIeHbI MOHATHS TOIMYCTHMOrO, TapaHTH-
POBAaHHOTO M TapaHTUPOBAHHOTO CYOONTHMAIBHOTO pelle-
HUW 1o (QyHKIMOHATY. Pa3paboraH MeTon MOCTPOCHHUS ra-
PaHTUPOBAHHOIO CYOONTHMAJILHOTO (MPHOIMKEHHOTO) pe-
meHuss 1mo (QyHKIUOHANYy 3Tod 3amauu . CocraBiicH
MIPOrPaMMHBIA KOMILIEKC ISl HAXOXKASHUS 9THX PEIeHHH U
MIPOBEEHBl MHOTOYHCICHHBIE BHIYMCIHTEIbHBIE dKCIIEPHU-
MEHTBI HaJ| CIyJalHBIMH 3aJladaMH OOJIBIION Pa3MEpPHOCTH.

BJIATOJAPHOCTH

Pabora BbINOIHEHA B paMKaxX roCOIOKETHONH HAy4HO-
HCCIIEIOBAaTEILCKOW TeMbl MIHCTHTYyTa cHUCTEM ymHpaBICHHS
HAH Aszep6aiimkana «Pa3paboTka METOJ0B peIlICHHS, all-
TOPUTMOB M MPOTPAMMHBIX CPEICTB IJISl PEIICHHs Pa3iud-
HBIX KJIACCOB 3a/1a4 LIETOYMCIEHHOIO MPOrpaMMUPOBAHUSD)

Mawmenos K. II1.!, Mamenos H. H.?

(aomep roc. peructpanun Ne 0101 A3z 00736). OtmeTnM, 94TO
9acTh 3TOH paboTHI paccMOTpeHa aBTOpaMu B padore [16].

10.

1

—

12.

13.
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15.

16.

17.
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MOHATTSA TAPAHTOBAHOT'O PIIIEHHA3A ®YHKIIOHAJOM JJISI BATATOBAMIPHOI 3ABJAUI ITPO PAHEIIBI

I METOIH MOr0 NOBYIOBH

AKTyaJbHicTb. PO3misiHyTO 3a7ady moOyZOBH I'apaHTOBAHOTO CyOONTHMANIbHOTO (HAOMM)KEHOTrO) pillieHHS MO (QYHKI[IOHATYy B OJHO-
BUMIpHIif Ta GaraToBUMIpHiil 3afa4ax mpo panens. O0’€KTOM IOCHIIKEHHS € MOIETb 3 MPUPOCTOM KOe(ilieHTIB HLTbOBOI (YHKIIL.
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Meta po6otu. Po3poOka MeToniB noOy1oBH rapaHTOBAHOIO CyOONTHUMANILHOIO pillleHHs 1O (yHKLIOHATy B OAHOBHMIpHIil Ta Oararo-
BUMIpHiH 3a/1a4ax 1po paHelb, TOOTO 3HAalTH TaKi MiHIMalIbHi 3MiHH Koe(iLlieHTiB (DyHKIIIOHAJA B 3a[JaHUX IHTEpBaax, 1100 3HaliieHe pillleHHs
rapaHTyBaJIO 3Ha4eHHs (DYHKIIOHAIly He MEHIIe, HiXK 3a3JaJeriab GpikcoBaHe.

MeToa. BBeneHO NMOHATTS JOIyCTUMOr0, FrapaHTOBAHOI'O i FapaHTOBAHOIO CyOONTUMANILHOIO pilleHb 10 (QyHKLIOHAITY B OaraToBUMIpHiit
3ajaui Mpo paHelb. Y 3alaHMX iHTepBaJax HEOOXiNHO 3HAlTH Taki MiHIMalbHI 3MiHM Koe(ilieHTIB (yHKLiOHANA, MO0 3HaligeHe pilleHHs
rapaHTyBaJIo 3HaueHHs (QyHKLIOHATy He MEHIII, HDK 3a31aerinp GikcoBane. Taxe pillleHHs HA3UBA€MO FapaHTOBAHUM DIlIEHHSM 110 (YHKIIOHA-
Ty JUIsl OJHOBUMIpHOT 1 6aratoBuMipHOI 3aJa4i Ipo paHelb. Po3pobneno meronu ix modynosu. CTBOpEHO NMporpaMHuil KOMILIEKC 1711 3HaXOJ-
MKEHHsI LIUX PillleHb i IPOBe/eH] YUCIEHHI 00UNCITIOBAIIbHI €KCIIEPUMEHTH HaJl BUIAIKOBUMH 3aBJAHHIMH BEJIUKOI PO3MIPHOCTI.

Pe3syabraTu. Po3pobieHo anroput™ juis noOyJOBH rapaHTOBAHOIO CyOONTHMALHOIO DillleHHS MO (yHKIIOHAIy B OZHOBUMIpHIH Ta
0araToBUMIpHIii 3a71a4ax IpoO paHeLb.

BucHoBku. CTBOPEHO NPOrpaMHHIA KOMIUIEKC IS 3HAXOMXKEHHs rapaHTOBAHOIO CyOONTUMANILHOTO pillleHHs 110 (QYHKIIOHAITY i IpoBe/eH]
YHCIIEHH1 00UHCIIIOBANIbHI €KCIIEPUMEHTHU HaJl BUIAJKOBUMH 3aBJaHHSAMHU BEIMKOI PO3MIPHOCTI.

Kuouosi c1oBa: onHoMipHa i 6araToBUMipHA 3aadi PO paHellb, FApaHTOBAHE PilllEHHs 1 rapaHTOBaHe CyOONTHMAJIbHOE PIllIeHHS IO
(yHKuioHalTy, 6araTokpuTepiajbHa HeNliHilMHA 3a1a4a ByneBoro nporpaMmyBaHHs, IPUHIMIT JUXOTOMIi, OOUHCIIOBAIbHI €KCIIEPUMEHTH.
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THE CONCEPT OF GUARANTEED SOLUTION THROUGH THE FUNCTIONAL FOR MUTIDIMENTIONAL KNAPSACK
PROBLEM AND METHODS OF ITS CONSTRUCTION

Contex. The problem of constructing a guaranteed suboptimal (approximate) solution with respect to a functional in one-dimensional and
multidimensional knapsack problems is considered. The object of the study was a model with an increment of the coefficients of the objective
function.

Objective. The methods of constructing guaranteed suboptimal solution through the functional in one-dimensional and multidimensional
knapsack problem has been developed.

That is it is necessary to find such minimal changes coefficient of the objective function in the set of integer intervals so that the solution
found guarantees the value of the functional not less than the predetermined value.

Method. The concept of guaranteed solution and guaranteed suboptimal solution relative to the objective function in the satchel problem
is introduced. It is necessary to find such minimal changes coefficient of the objective function in the set of integer intervals so that the
solution found guarantees the value of the functional not less than the predetermined value. Such kind of solution we name as guaranteed
solution through the functional for one-dimensional and multidimensional knapsack problem. The methods of their construction has been
developed. A software package was developed to find these solutions and numerous computational experiments were performed on random
large-dimensional problems.

Results. The algorithm of constructing guaranteed suboptimal solution through the functional in one-dimensional and multidimensional
knapsack problem has been developed.

Conclusions. A software package was developed to find the concept of guaranteed solution and guaranteed suboptimal solutions and
numerous computational experiments were performed on random large-dimensional problems.

Keywords: one-dimensional and multidimensional knapsack problems, guaranteed solution and guaranteed suboptimal solution through
the functional, non-linear multicriteria the problem of Boolean programming, dichotomy approach, computational experiment.
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CONTROL OF TECHNICAL SYSTEMS BASED ON PREDICTION
OF THEIR INDIVIDUAL RESOURCE

Contex. The actual task of forecasting an individual resource of a variety of design and design of technical systems was solved.

Objective. The purpose of the work is to develop a methodology for managing the operation of complex technical systems based on
the forecasting of their individual resource.

Method. Modern management methods allow you to make advance management decisions to prevent accidents and the consequent
technogenic catastrophes. These decisions are based on extrapolating the value of the monitored signal to the maximum permissible level.
However, the norms are compiled based on average statistical data, which can only relate to a controlled sample of the machine with a
certain degree of probability. This is the cause of errors in predicting the moment when this sample is stopped for repairs. This problem is
especially urgent for complex and responsible technical systems manufactured in small series or even in single specimens. Such systems do
not have statistical data to create these norms.

To solve this problem, another management methodology was developed that excludes the extrapolation procedure and allows
determining the operating time of the technical system prior to repair based on the identification results of the model, describing the time
variation of the value of the monitored parameter

Results. The methodology of management of technical systems is developed, ensuring the control of their current technical condition
based on information on their individual resource. The methodology was used to control the gradual deterioration of the technical state of
the hydro turbine, which resulted in its catastrophic destruction.

Conclusions. The performed calculations confirmed the efficiency of the proposed methodology for managing the operation of
technical systems based on the forecasting of their individual resource, which makes it possible to recommend it for use in practice when
solving problems of controlling the operation of complex technical systems, thus preventing their accidents, often leading to man-made
disasters. Prospects for further research will be the development of a forecasting - diagnostic complex, the software of which reflects the
algorithm for applying the developed methodology of forecasting an individual resource of various designs and designation of technical
systems.

Keywords: control, individual resource, software product, rotor systems, resource forecast, identification, information signal trend,
mathematical model, defect-free period, condition of supervised equipment.

NOMENCLATURE

VSS is vibration Severity Standards;

Ve is effective vibration rate;

[Ve] is vibration velocity effective level according to VSS;

A is both way gap between the shaft neck and sliding
bearing sleeve;

n is number of revolutions ;

Ve is mathematical expectation of an effective vibration
rate;
Gy is standard distribution deviation;

]_"r is machine resource predictive value;

ATy is life prediction variation ;

A[Ve] is machine bearing capacity variation;

H(P) is quintile of the normal distribution;

G_1,0; is the structural material fatigue limit and the

current mechanical stresses value, respectively, for a
symmetric cycle loading;

Ny, N; is basic cycles number and the number of cycles
that material can withstand at the mechanical stresses equal
to the fatigue limit o_;, and at mechanical stresses o;,
accordingly;

m is rate of the curve fatigue;
o is angle of inclination of the fatigue curve;

N rE is total working life;

n; is accrued operating time ;

A is oscillation amplitude;

t is operation time;

fro4p 18 certain repetition frequency;

kroap is equipment load factor ;

W is the conversion factor (3600x24) in terms of calendar
day and (3600x24x365) in terms of calendar years;

T, is required residual life;

T, is total calendar working life;
2\ 1s exponent;

k is the approximating amount of data (k > 2);

Ty p is most probable value of the working life (lower

border of a predicting time);

tcyr 1s operating time of the machine at the time of the

current control;
P is the machine reliability;
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Q is the probability of stopping the machine at the time
of the current control,
§ 1is estimation error;

A is the degree change of the vibration level;

Ve, is the effective level of vibration velocity recorded
at initial controlling;
K, v is coefficients of proportionality;

[Ve]., is the maximum permissible level of effective
vibration rate by vibration severity standards;

7 is dimensionless rate of change of the monitored
parameter,

Tppr is the operating time before the next preventive
maintenance;

TpR is the predictable operating time before repair due
to the unacceptable defect development degree;

ty is the operating time at initial controlling;

13 is the weigh coefficient;

M is number of parameters, describing the monitored
signal.

INTRODUCTION

The object of the study is the process of controlling
technical systems based on the forecasting of their
individual resource.

The number of man — made disasters in the world is
growing because of the imperfection of methods for
predicting the residual resource of various in design and
designation of technical systems. The existing methods of
controlling the technical condition of the controlled
equipment are guided by the use of average statistical data
on the maximum permissible value of the monitored
parameter, which often leads to control errors.

The subject of the research is the methods of forecasting
the individual resource of technical systems used in the
control of their technical condition.

The purpose of this work was to develop a method for
controlling technical systems based on the forecasting of
their individual resource, carried out based on the
identification of the trend model of the information signal
generated by technical systems in the process of their
operation.

1 LITERATURE REVIEW

There are a number of methods for assessing the
resource of technical systems. So, for example, with
probabilistic methods of calculating a resource, the number
of intersections represents the operating time of an object
under load by a centered process of zero level with the sign
of the derivative greater than zero. This process is described
by mathematical expectation and standard deviation. The
representation of random and other processes using the
indicated parameters makes it possible to describe, for
example, the results of fatigue tests obtained under various
types of loading (harmonic, polychromic, random, mixed) [1].

Parametric methods for assessing the condition and
residual life of metal structures based on the non-destructive
testing methods performed during the whole life cycle [2].

As a model for the distribution of failures of mechanical
products, a monotonic diffusion distribution is used, which
makes it possible to obtain the mathematical expectation of
the residual resource [3].

One possible way of calculating the resource allocation
is to use individual fatigue curves in the form of quintiles of
the corresponding probability values [4, 5]. There are two
possible approaches to the construction of such curves:
direct and reverse. A direct approach is to find the resource
allocation and determine the actual behavior of the samples
based on these distributions. There is also a reverse
approach to modeling the fatigue phenomenon. If resource
distributions obtained based on are given tests, it is
necessary to find random objects responsible for the fatigue
behavior of the samples [6].

In determining the residual resource, methods based on
the analysis of time series are widely used. These methods
allow obtaining resource forecasts in the near future [7, 8].

However, these methods make it possible to obtain a
satisfactory forecast only for relatively “stable” data, the
trends of which are not prone to a drastic change.
Consequently, their application is most suitable in conditions
of stable operation of technical systems.

The analysis of the methods for estimating the remaining
resource showed the advisability of further improving the
methods for more accurate detection of faults in products at
an early stage of operation. Estimation of the residual
resource using such techniques is characterized by the use
of a large number of multifactor dependencies, which
excludes the expansion of the database in real time. Thus,
the creation of techniques for obtaining the most informative
signs of the technical state of the control object with the
aim of further predicting the probability of failure of an object
is an urgent task.

2 PROBLEM STATEMENT

There are two parts of the problem in controlling technical
systems: diagnostics of the machine current state and
predicting the onset of machine critical state and its stop for
the repairs.

Many diagnosticians have been working and continue
to work successfully at the solution of the first part of the
task [9-11]. However, the second part of the problem as the
most important for responsible machines has not found its
effective solution yet. Prediction of source based on the
analysis of development defects rate allows making
management decisions in order to prevent accidents and
technological disasters and to optimize the algorithm for
repair of industrial equipment in real time.

The extrapolation methods are most commonly used
methods for predict the service life of machines. This type
of methods based on the definition the parameters of the
approximating function, performed by the processing result
of time series, which consist of the machine vibration levels,
accumulated during periodic measurements of its
oscillations. Further, the approximating function graph
prolong to its intersection with maximum permissible
vibration velocity effective level [Ve] according to VSS [12].
The point of the abscissa intersection is a predictable life of
the machine.
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VSS represent the average statistical data of machines
vibration with its nature of the disadvantage prediction
method. That is why VSS relate to concerned sample
machine only with a certain probability and condition of the
model of machine viewed at present moment. For example,
standards for third class machines shown on a linear diagram
in Figure 1. There is principle of levels distribution of
effective values vibration rate of that class rotate machine.
The machine has the following parameters:

— shaft diameter is 100 mm;

— the number of revolutions 7 = 3000 rev/min;

— rotor mounted on sliding bearings.

The calculations performed in case where the slide
bearing has H8/f8 landing class, which provides double
amplitude variation of the gap A between the bushing and
the shaft in the interval from 36/2 to 125/2 microns. The
distribution principle of the machine vibration level
generated by rotor limit movement in the sliding bearing
gap when there is shaft neck running in around the
circumference of the sleeve was obtained by “Monte Carlo”
method. Effective vibration level calculated, using the
following formula:

amn 1 3
Ve_A%ﬁlo , mm/sec . (D

The following parameters of the normal distribution of
vibration levels were obtained through the following

calculation: A= 18...62.5microns, n=3000 rev/min, /¢ =9
mm/c; oy = 2.9 mm/c, v = 0.32. The gap in the sliding

bearings could be exhaust at the vibration level that does
not reach the maximum permissible by standards in 77.8%
of machines. This is shown in Figure 1. This leads to the
fact that the vibration level as diagnostic feature, does not
reach the maximum permissible by the standards

([Ve]CR =11.2 mm/sec [12]), and machine bearings tests

damaging limit load. Conversely, a stop for repairs due to
the sliding bearings can be premature in 22% of cases, when
reached the maximum level of vibration, and if the other
machine components defects were missing at this time.

Manufacturing tolerances on the machine components
leads not only to variations in machine vibration levels of
its bearing capacity, but there is also the reason for predict
resource of machine errors.

Consider the reason of these errors, when linear
approximation function used at the prediction (see Figure 2):

Ve=p-t, mm/sec 2)

Solving the equation (2) by ¢, and assuming, that the
vibration level is equal to the maximum allowable value of

the norms [Ve]CR in its left part, we obtain a demonstration

of the machine resource predictive value:

7= Veler | (3)
u
By linking up the life prediction variation A7y with
machine bearing capacity variation A[Ve] by previously
known relation, the formula is:
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Figure 1 — The distribution principle of the effective vibration rate values and VSS
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ATr rver=L are. @)

dVe u

To simplify the demonstration (4) needs to divide the
left and right parts of the equation (3).

ATr 1 AlVe] u [Ve]

Tr n Vel [Vel

ATr=——

®)

We solve the equation (5) relatively to prediction
variation.

ATr=v-Tr. (©6)

Taking into account the equation (6), prediction could
be write in the following form

Tr=Tr+H(P)ATr=Tr+vH(P)Tr. (7)

The equation (7) shows that the estimated forecast of
the machine service life is 100 days. In fact, the actual service
life varies with the probability 0.95 (H(0.95) = 1.645).from
47.4 to 152.6 days (see Figure 2). This difference between
the real and calculated resources of the machine reduces
idea of its prediction to zero. In this connection, it can be
research for new prediction methods without any
disadvantages. Thus, the analytical dependence should be
use as an approximation function, reflecting the fracture
mechanics of machines.

3 MATERIALS AND METHODS

Generally, machines operate in conditions of alternating
force action and therefore their working life determined by
the metal fatigue as well as depends on the load level and
the duration of its action. Dependence of permissible
mechanical stresses level of the number of cycles
represented in the form of a fatigue curve (see Figure 3),
which described by the following [13] equation:

1
o; Ny \m
i _ (_0] ) 8)
o1 N i
The equation (1) on the sloping part of the curve during
the stress change from ©; to ©; can be rewritten in the
following way:

1
o _(Ni|m
(N] . ©

Residual life could be formulated through total working life
Ny rp that has the construction and accrued operating time 7.

I
ﬁ:[NLIFE_nljm. (10)

Npre —n;

= = MM

- A MM
O B XPOMNNE DN D

Effective value of vibration velocity Ve,mm/c

0 10 40

70 100

Duration operation of the machine t, day

Figure 2 — Working life machine prediction at its bearing capacity variation
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The Graph of the function (10) in Figure 4 shows a mirror
reflection of the graph (9) in Figure 3. With increase of the
number of operating cycle’s n the mechanical stresses values
o submitted on the Graph (10) also growth.

The transition from the mechanical stresses to the
oscillation amplitude 4 and from cycles to operation time ¢ is
necessary for practical usage of the formula (10). The
nonlinear dependence between the oscillation amplitude 4
and a mechanical stress describes the equation below:

Azy-cﬁ,mm/sec. (11)

The certain repetition frequency f;o4p and the
equipment load factor k;,p characterize effect of load.
Instead of the number of cycles by entering a conversion
factor the astronomical time (hours, days and years) is easily
detect the operating time ¢;:

n.
i = ’ : 12
"V fL04D KLOAD (12)

The required residual life T,
calendar working life T,

s €xpressed through the total

- and current operating time #;:

Tres = Toire =1 (13)
Total calendar working life T, can be express through
the resource in cycles N,

IFE

IFE"

Niire
V- f104D *KLOAD

Trire = (14)

If the formulas (11-14) into (10) substitute, an expression
relating the oscillation amplitude A with the current operating

time 7, and its working life T, ., taken:
T t *
A) = 4 (Mj : (15)
TLirE =t
Ino
&
o
a2
i i
| ]
| |
o; o
L L
4y L
NN, M-NO InN
Figure 3 — The fatigue curve on a logarithmic scale
Ino,
A A e :
20 ! i
| 1
o L. | i
e i i i i
SEl g |

Figure 4 — Graph of the function (10) on a logarithmic scale
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Required residual life and the exponent A=—
m

determined parameters by computer approximation of regular
monitoring vibration machines data. Functional minimum is
determined during this processing:

L2
Sl 4 (Tyre -1
U= |- |- (16)

ol A \Ture -4

One can apply the estimation range of the resource
predict. Minimize the functional (16) allows to define the
top border of this interval. The most probable value of the
working life considered as the lower border, calculated by
the formula below:

Typ =Q-tcur + T rirE - P (17)
Parameters P and Q are calculated based on the results

_teur.
O=1-P).

The equation (15) is an approximation model, obtained
by transforming equation (8), that describes the fatigue
curve. It seems reasonable to say that it was received
proceeding from physical grounds. In contrast to the
universal approach, when the approximation of the
experimental data used graphics analytical dependences,
selected on the base on formal mathematical considerations.
The equation obtained because of the fatigue curve;
therefore, it reflects the mechanics of destruction and its
raise reliability of the prediction machine working life. The
resource of the machine is a key parameter used to evaluate
the criticality degree of the technical condition. However, to
raise the reliability of diagnosis, the number of parameters
describing the diagnostic feature could be increase.

Known from the information theory, that the system state
estimation error § is inversely proportional to the square
root from the number of parameters, used to describe it.

of the resource definition (P =e Tre R

5l (18)

Jn

Generally, the controlled signal described by a single
parameter — its value. However, it does not provide
information on the dynamics of deterioration of the machine.
In this case, there are two parameters that describing the
controlled signal: value of the signal A4 and the rate change
of the its value V as an indicator of degradation of the
machine technical condition. When the number of
parameters, describing the monitored signal, increased to
two, an error in estimating the state of the machine decreased
by 30%.

For convenience, the size of the controlled parameter
and the rate of its change lead to a dimensionless form. In
this case, they range from zero to one. Complex (19) varies
in the same range and these parameters includes in the
complex as summands with weight coefficients.

F=t-A+(1-¢)7. (19)
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Degree change of the vibration level:

Ve—Ve,

_Ve-Vey 20)
[Velcr —Veo

Z =
Dimensionless rate of change in the control feature:

— T -1
7 _Tppr—1to
Tpr—1tg

@D

Recognition procedure of the defect development degree
is comparing the actual value of the complex F' with its
boundary values (Table 1). Standard complex values shown
in the Table 1. Typical values are dimensionless geometric

progression with the denominator q:«/S 10 . Similar

geometric series of preferred numbers R5 [15] are used in
VSS[12].

The maximum value of complex F); 4y among the all

calculated controlled machine defects used to estimate the
degree of the machine criticality condition as a whole.
Boundary values of machine condition characteristics as a
whole presented in the Table 2.

4 EXPERIMENTS

The effectiveness of the developed methodology for
forecasting the resource of a technical system in the process
of controlling its state is demonstrated by the example of
the destroyed turbine of Sayano-Shushenskaya (HPP). In
the example, the state of the turbine is analyzed on the eve
of its catastrophic destruction. The levels and dates of
vibration measurements of the turbine, shown in Figure 5,
were used, as input data for predicting the turbine’s operating
time before its failure.

Table 1 — Normalized degree of defect development and the corresponding boundary values of the complex F

The degree of defect
No defect - —
below average the average above average inadmissible
0<F £ 0,25 0,25 <F < 041 0,41 <F < 0,63 0,63 <F<1,0 F>10

Table 2 — Normalized conditions of the machine as a whole and the standard values of the complex F,

MAX

Condition of machine
No defect
0 detec serviceable able-bodied ;hould be needs
improved repair
0<Fyyx <025 0,25 <Fyyx < 0,41 0,41 < Fypyx < 0,63 0,63 <Fyyxy <1,0 Fpy 2 1,0

Vibration level A, mkm
(0]
3

21.4. 09

/ T

 E- —\Ltual le\ els 01 v 1brat1011

PN N

------------------------------------------------------------------------------
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i\ legal 111n1t v 1brat1011 l"O ml\m

1180)
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Duration of operation of the turbine T, day

Figure 5 — Results of vibration control of hydraulic unit and its function approximation mapping the fracture mechanics of the metal
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5 RESULTS

The diagnostic reports shown in Table 3. The information,
given in these reports, indicates that the technical condition
of the turbine deteriorated over time.

6 DISCUSSION

The results of the diagnosis show that two months
before the disaster (17.8.09) in the protocol dated 23.06.09
was indicate that the degree of development of the imbalance
of the rotor was “above average” and the operating time
before repair was 2-3 weeks. The subsequent reports
indicated that needed to stop the turbine and prediction
working life was negative therefore stopping time for a repair
was lost.

CONCLUSION

In the article, using the example of rotary machines, the
results of research on developing a new methodology for
controlling the operation of technical systems are presented.

The scientific novelty of the research results outlined in
the article is that for the first time in the practice of controlling
technical systems, it is wise to develop an entirely new
methodology for predicting their individual resource, which
allows to purposefully controlling the duration of system
operation during the inter-repair period.

The practical significance of the results obtained is that
the use of the methodology of forecasting an individual
resource of a controlled system in the management of
technical systems allows timely stopping them for repairs,
which in the practice of their operation prevents accidents
and subsequent technogenic catastrophes.

Prospects for further research are the development of a
software product that reflects the algorithm of a new control
methodology and the creation based on this product of an
automated control system.
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'Kan. TeXH. HayK, CTapIINii BUKJIafaq KadeIpy KOMIT IOTePHHX HayK CeKLii iHpopMaLiiiHiX TeXHONOr il IpoekTyBaHHs, CyMCbKHIl IepiKaB-
Huit yHiBepcuter, Cymu, Ykpaina

JI-p TexH. Hayk, npodecop Kadenpy KOMII'IOTEPHUX HayK Cekuii iHopMauiiHux TexHonoriii mpoexryBaHHsi, CyMCbKHil JepiKaBHHMIi
yHniBepcurer, Cymu, Ykpaina

*KaH[. TexH. HayK, CTapIIuii BUKJIa a4 Kadeapu KoMII IOTEPHUX HayK ceKuil inopMariiifHux Texaooriii npoexrysants, CyMCbKuUil fepiKas-
Huit yHiBepcuter, Cymu, Ykpaina

“Kanj. TexH. HayK, CTapIIMi BUKJIa/[a4 Kadepy KOMII IOTepHHX HayK CeKIil iHopManiiiHiX TeXHONoriii npoekTyBaHHs, CyMCbKHIl IepiKaB-
Huit yHiBepcuter, Cymu, Ykpaina

VIPABJIIHHS TEXHIYHUMU CUCTEMAMUJ HA OCHOBI ITPOTHO3YBAHHS iX IHJUBIJYAJIBHOT'O PECYPCY

AKTyanbHicTb. BupileHo akTyajbHe 3aBIaHHS IPOTHO3YBaHHS iHAUBILYalbHOIO PECYPCY PI3HOMAHITHUX MO KOHCTPYKLII i IpH3HAYEH-
HIO TEXHIYHHX CHCTEM.

Meta po6oTH — po3poOKa METOIOJIO il yIpaBIiHH POOOTOI0 CKIIAJJHUX TEXHIYHUX CHCTEM Ha OCHOBI IIPOTHO3YBaHHS X IHIMBIyalbHOTO
pecypcey.

Metoa. CyyacHi METOAHU YIPaBIIiHHS J03BOJIAIOTH 3a3/1aJ€riib NPUIMATH YIPABIiHChKI PillieHHs U1 3an00iraHHs aBapiil i HACTYIHUX 3a
LM TEXHOTeHHUX KaracTpod. Lli pileHHs IPyHTYIOTbCA Ha €KCTPAIOoNALii BEIMYMHN KOHTPOIBOBAHOIO CUTHATY JIO TPAHUYHO JIOIyCTUMOIO
3a HopMaMmH piBHA. OJlHAK HOPMHM CKJIQJICHI HA OCHOBI CEPEIHbO CTATUCTUYHUX JAHUX, SIKI MOKYTh TUIBKH 3 IIEBHOIO YaCTKOIO HMOBIpHOCTI
CTAaBUTHCSI 10 KOHTPOJILOBAHOIO 3pa3KOM MaIIUHU. Lle € NpUYMHOIO IOMUIIOK [IPU MPOrHO3yBaHHI MOMEHTY 3yITHHKH JAAaHOTO 3pa3Ka Ha PEMOHT.
Oco0uBO akTyabHA s pobJieMa JIsl CKJIaJHHUX 1 BIINOBIAJIbHUX TEXHIYHUX CUCTEM, BUTOTOBJICHUX MAJIIMMU cepisiMu a00 B3araJii B OUHUY-
HHX €K3eMIUIIpax. Y MopiOHUX CHCTeM CTATUCTHYHI JaHi JUIS CTBOPEHHS 3a3HAUYEHUX HOPM BiAcCyTHi. Jlis BupimeHHs naHoi npobiemu Oyna
po3pobJieHa iHIIa METOLOJIOris YIIPABIiHHS, KA BUKJIIOUA€E NPOLEAYPY eKCTPAOISLI 1 J03BOJI€ BU3HAYATH HANIPALIIOBAHHS TEXHIYHOI CUCTEMH
JI0 PEMOHTY 3a pe3ylbTaTaMy ileHTudikaLii Moeni, ska onucye 3MiHy B 4aci BEIMYMHHM KOHTPOJIBOBAHOTO NapaMerpa.

Pe3yabraTn. Po3po6ieHo MeTononorito ynpapiiHHsS TEXHIYHUMU CHCTEMAaMH, IO 3a0e3Iedye KOHTPOJIb iX MOTOYHOIO TEXHIYHOrO CTaHy
Ha OCHOBI iH(popMaLii npo ix inauBigyanebHuil pecypc. MeTonosorist Oyna BUKOPUCTaHA PU KOHTPOII 3@ MOCTYIOBUM HOTIPIIEHHAM TeXHIYHO-
ro CTaHy rifpoTypOiHu, 10 3aKiHUMIOoCA 1 KaTacTpodiuHUM pyHHYBaHHSM.

BucnoBku. IIpoBesieHi po3paXyHKH MiATBEpIUIN IIPALE3JaTHICTh 3aIPOIIOHOBAHOI METONONOTIT YIIpaBIiHHS POOOTOI0 TEXHIYHUX CHCTEM
Ha OCHOBIi IIPOTHO3YBAHHA iX iHIHMBIyaIbHOTO pecypcy, IO J03BOJIE PEKOMEHTYBATH 1i 1)1 BUKOPUCTAHHS Ha IPAKTUIIi IPU BUPILICHH] 3aBIaHb
YIpaBJIiHHS POOOTOIO CKIATHHX TEXHIYHUX CHCTEM, 3am00iralodu THM CaMHM iX aBapii, IKH 9acTo IPU3BOIATH IO TEXHOICHHUX KaTacTpod.
IlepcrieKTHBY MOAATBIIMX AOCTIIKEHb OyIyTh CHPSMOBAHI HAa PO3POOKY IMPOTHO3HO-AiarHOCTHYHOIO KOMIUIEKCY, IPOTpaMHe 3a0e3MeueHHs
AKoro Oyne BimoOpaXkaTH aJrOpHTM 3aCTOCYBAaHHS PO3pOOJIEHOI MeTOoIorii IPOrHO3yBaHHS iHIMBINYyaIbHOTO PECypcy pi3HOMAHITHUX IIO
KOHCTPYKIIi i IPU3HAUCHHIO TEXHIYHUX CHCTEM.

KnrouoBi cjioBa: ynpapiIiHHS, iHIUBINya bHUIA pecypc, IPOrpaMHHUIA IIPOLYKT, POTOPHI CHCTEMH, IIPOTHO3 PECYpCY, iNeHTH(IKALIisA, TpeHN
iH(OPMAIIIfHOTO CHTHAJTY, MATEMaTHYHA MOJENb, repion 6e3aedeKTHOH poOOTH, CTaH MiTHATIAAHOTO O0IaIHAHHS.

Haropasiii B. B.!, Jlaspos E. A2, ®enoroa H. A, Kyznenos E. T

'Kanz. TexH. HayK, CTapuinii IpermogaBareib Kageapsl KOMITBIOTEPHBIX HayK CEKIHH WH(GOPMAIMOHHBIX TEXHOJOTHH MPOCKTUPOBAHM,
CyMcKkuii rocynapcTBeHHBIH yHIBepcuTeT, CyMbl, YKpanHa

*JT-p TexH. Hayk, mpodeccop Kadeapbl KOMIBIOTEPHBIX HAYK CEKINH HHGOPMALMOHHBIX TEXHOIOTHI poekTipoBanust, CyMCKuii rocyaap-
cTBeHHbIH yHUBepcutet, Cymbl, YkpanHa

SKaHz. TeXH. HayK, CTapUINii TIpernoxaBareins Kadeapsl KOMIBIOTEPHBIX HayK CEKIMH WH(POPMAILMOHHBIX TEXHOJOTHI MPOCKTUPOBAHM,
CyMckuii rocynapcTBeHHbIH yHIBepcuTeT, CyMbl, YKpanHa

“Kanj. TexH. HayK, CTapUIMii NPEnoaaBareib Kadeapbl KOMIBIOTEPHBIX HAyK CEKIMU MH(POPMALMOHHBIX TEXHOIOIMH MPOEKTHPOBAHMUSI,
CyMckuiil rocynapcTBeHHBIH yHIBepcuTeT, CyMmbl, YKpanHa

YIPABJIEHUE TEXHUYECKUMU CUCTEMAMM HA OCHOBE ITPOTI'HO3UPOBAHMS UX TPOTHO3UPOBAHUS UX
HUHAUBUAYAJIBHOI'O PECYPCA

AKTyabHOCTB. Peliena aktyanbHas 3a/ja4a IPOrHO3UPOBAHUS MHIMBHUIYaJIbHOTO Pecypca pa3HOOOpa3HbIX MO KOHCTPYKIMU M Ha3HaYe-
HHIO TEXHHYECKHUX CHCTEM.

Leab padoTsl — pa3paboTka METOMOIOTUH YIPABICHUS PAOOTOH CIIOXKHBIX TEXHHYECKHX CHCTEM HA OCHOBE NMPOTHO3UPOBAHUS HX
WHJMBUIYalIbHOTO pecypca.

MeTtoa. CoBpeMeHHbIE METO/IbI YIPABICHHUS TO3BOJSIOT 3apaHee MPUHUMATD yIpPaBICHYECKHUE PELICHUS IUIsl TPEIOTBPALICHUS aBapuil U
CHIEAYIONIMX 32 THM TEXHOTCHHBIX KaracTpod. DTH pelleHHs OCHOBBIBAIOTCS Ha HKCTPAIOJSALMHU BEIUYMHBI KOHTPOJIUPYEMOIO CUTHANA JI0
HpeebHO AOMYCTHMOTO 110 HopMaM ypoBHs. OJTHaKO HOPMBI COCTaBJICHBI HA OCHOBE CPEIHE CTATHCTHYECKHX JAHHBIX, KOTOPBIE MOTYT TOJIBKO
C OIPEJIEIICHHOM 10JIeH BEPOSTHOCTH OTHOCHTBCS K KOHTPOJIHUPYEMOMY 00pa3sIly MalMHbl. DTO SBISIETCS IPUYUHON OIIMOOK MPU MPOrHO3HPO-
BaHMU MOMEHTa OCTAaHOBKH JIAHHOTO 00pa3siia Ha peMOHT. OcOOEHHO aKTyajbHa 3Ta mpolieMa JUlsl CJIOKHBIX U OTBETCTBEHHBIX TEXHMYECKUX
CHCTEM, N3TOTOBIISIEMbIX MAJIBIMU CEPHSMHU HJIM BOOOIIE B SANHUYHBIX SK3eMIUIIpax. Y MOJTO0OHBIX CHCTEM CTATHCTHYECKUE JaHHBIE IS CO3JaHUs
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YKa3aHHBIX HOPM OTCYTCTBYIOT.J[Jsl pelueHust JaHHOH npoOGiemsl Obula paspaboTaHa MHas METONOJIOTHUs YNPABJIEHMS, KOTOpas UCKIIOYaeT
IPOLENYPY SKCTPAIONALHHU U [T03BOJISET ONPEENATh HAPAOOTKY TEXHMYECKOH CHCTEMBI IO PEMOHTA 110 pe3ybTaTaM MAeHTH(HKALIMY MOJEINH,
OIMCHIBAIOIIEH M3MEHEHHE BO BPEMEHU BEIUUHHBI KOHTPOJIUPYEMOTIO NapaMerpa

Pe3yabraTsl. Paspaborana MeTononorus ynpaBieHHs TEXHUUECKMMH CHCTEMaMH, 00€CIeYMBaIOIIasi KOHTPOIb MX TEKYIIEro TeXHHYec-
KOT'O COCTOSIHUS Ha 0OCHOBE HH(opMalu 06 X MHAUBUIYaILHOM pecypce. MeTononorus Oblia CIONb30BaHa [IPU KOHTPOJIE 3@ MOCTEIEHHbIM
YXyIIIEHHEM TEXHHYECKOrO COCTOSIHHMS TMAPOTYpOMHBI, 3aKOHUMBLIETOCS €€ KaTaCTPO(UUECKUM Pa3pyLICHUEM.

BriBoapbl. [IpoBenieHHbIE pacyeThl MOATBEPAUIN PAOOTOCIIOCOOHOCTD MPEIOKEHHOH METOONOTHH  YIIpaBJIeHHs pabOTON TEXHUYECKUX
CHCTEM Ha OCHOBE IIPOrHO3UPOBAHUS MX UHIUBUIYAILHOIO PECYPCa, UTO MO3BOJISIET PEKOMEHJ0BATh €€ JUIsl UCIONIb30BaHHs Ha IPAKTHKE MU
pElIeHUH 3a/1a4 yIpaBieHHs paboTol CIOKHBIX TEXHUUECKHX CUCTEM, IIPEOTBPAllasi TEM CaMbIM HX aBapHH, 4AaCTO MPUBOJALINE K TEXHOICH-
HbIM KaTtactpodam. IlepcrieKTuBbl nanbHEHIINX HUcCaenoBaHuil OyayT 3aKiouaThes B pa3paboTKe MPOrHO3HO-IHAarHOCTHYECKOIO KOMILIEKCa,
IporpaMMHoe o0ecreyeHre KOTOPOro OTpakaeT aJrOpUTM IPUMEHEHMs! pa3paboTaHHOH METONOJIOrUH MPOrHO3HMPOBAHHS MHIMBUIYaIbLHOTO
pecypca pa3HOOOPa3HBIX MO KOHCTPYKIUHM M Ha3HAUEHHUIO TEXHUYECKHUX CHCTEM.

KutoueBble ciioBa: ynpapieHue, HHIUBULYalbHBIH pecypc, NporpaMMHbII NPOIYKT, POTOPHbIE CUCTEMBI, IPOrHO3 pecypca, UAeHTHHH-
Kauus, TpeHa HH(OPMALOHHOrO CUTHaNla, MaTeMaTHuecKas MoJeNb, Iepuoy Oe3aedexTHoil paboThl, COCTOSHHE MOAHAI30PHOIO 000pyIOBa-
HHUSL
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IMPROVEMENT OF A SYSTEM CONTROLLING A PROCESS
OF RAILCARS UNLOADING IN THE CONTEXT OF CHANGES
IN TEMPERATURE MODE WHILE OPERATING

Context. The problems of cost minimizing for the delivery of raw materials, fuel and materials, while meeting all the requirements of end
user in terms of transportation, condition, quality and amount of the cargo, the compliance of the rolling stock with the equipment of
unloading points, etc. are still the key problems of efficient transportation management. A problem to improve a system controlling a process
of cargo operations performance at industrial enterprises during the cold season, when well-managed process is considerably complicated by the
influence of stochastic fluctuations in the environmental temperature remains to be topical one. Delivery cost experiences significant increase
due to the growth of power consumption for the cargo defrosting.

The objective of the paper is to improve a system controlling a process of railcars unloading in terms of expectations of the negative
changes in the temperature mode owing to optimization of the railcars distribution among the unloading points by the criterion of the idle time
minimization.

Method. Two temperature modes are singled out: standard operating mode in terms of positive temperatures and a mode of necessity to
recover looseness of frozen cargos. The method of operative disbalance of incoming cargo flows has been developed to provide more rational
distribution of cargos within cargo loading/unloading complexes during the periods of temperature changes being typical for Ukrainian climate.
A new procedure to solve dynamic transportation problem with the varying intensity factor of incoming cargo flows in terms of time has been
developed. A factor of minimum period for cargo operation has been proposed as an optimization criterion.

Results. Methodology has been developed basing upon a method of operative disbalance of incoming cargo flows. Experiments concerning
the methodology application have been carried out to improve the system controlling the process of railcars unloading in terms of changes in
temperature mode.

Conclusions. Analysis of the research results has shown that the proposed approach decreases significantly the idle time of the railcars
in terms of temperature mode changes, reduces expenses connected with the railcars use as well as the expenses connected with the recovery
cargo looseness and operation of locomotives.

Keywords: cargo flow, dynamic transportation problem, criterion of minimum time, disbalance of supply stock, optimum distribution.

NOMENCLATURE E, s a cost saving per idle time of railcars being

A, is the amount of the i cargo delivered per day;

a,,i el is the amount of the i cargo delivered to an
enterprise;

B, is a maximum supply to the j* loading/unloading
complex;

bj, j J is the amount of the cargo delivered to the j”
unloading complex of an enterprise;

N is a daily amount of possible supplies to a unloading
complex;

e Is a standard time to unload one railcar loaded
with the i cargo type at the j* loading complex;

Lrargo is a total idle time of railcars being unloaded, hrs;

x,/ is the amount of the i"" cargo delivered to j* loading
complex in terms of the # delivery;

z} is the efficiency of the ;" loading complex in terms of
the i cargo delivery taking into consideration the number
of the #* delivery;

B is a total cost of railcars being unloaded;

idle

B, d[e“"”‘“’ is an actual cost of idle time of railcars arrived to

an enterprise per day;

B, d,(j‘“"’ is a calculated value of idle time of railcars arrived

to an enterprise per day;
C.,. is a prime cost of one hour of idle time of a railcar,

UAH;
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unloaded.
INTRODUCTION

A problem concerning the development and application
of new approaches to the organization as well as control of
transportation and cargo handling at the enterprise is the
priority to improve its efficiency. Loading operations at the
industrial enterprises depend on physical state of certain
bulk cargos. During cold season such cargoes freeze
requiring additional investment of time and energy to recover
their looseness.

Under the above conditions, methods of the
transportation management and control foresee measures
to use preventing means against freezing; besides the
measures should be aimed at accumulation of cargo stocks
at the warehouses of a consuming enterprise during warm
season being favorable for loading/unloading operations,
establishing of points to heat frozen cargos in railcars as
well as the use of other means to provide smooth process of
loading/unloading operations.

The objective of the research was the improvement of a
system controlling the process of railcars unloading under
the conditions of possible changes in temperature mode of
operation at the expense of optimization of the railcars
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distribution among the unloading points according to the
criterion of idle time minimization.

The development of new methods for effective use of
technical means involved in transportation and
technological processes remains the topical research area.

1 PROBLEM STATEMENT

Suppose that X matrix with x” components is preset.
The matrix is a set of the i cargoes delivered to j unloading
complexes of the enterprise in terms of p* feed according to
transportation plan.

To describe the transportation problem, introduce
following designations for coefficients and variables:
iel= {1, 2, .. m}, a set of the indices of the cargo type;
jJ=A{L,2, .., n}, aset of indices for unloading complexes;
pP = {1, 2, ..., k}, a set of delivery number indices.
Mathematical formulation of such transportation problem

is (1):

m n k

i=l j=1¢=I

ifxl.jl’ >0;i=1,2,...mj=1,2,...mp=1,2,.. .k

It is required to minimize the number of railcars being
unloaded within the unloading complexes. To do that, one
should minimize time loses connected with raw material
unloading.

An index of minimum time required for loading/unloading
operations may be used as optimization criterion.

2 REVIEW OF THE LITERATURE

Logistic approach as for the optimization of cargo
delivery processes is rather common [1-5]. Formation of
objectives to improve the efficiency in the form of
transportation problem while optimizing transportation
process is quite popular. It depends on a great number of
efficient methods for its solution.

However, practice often faces such problems which
formalization cannot result in classic scheme of
transportation problem. Solution of such problems requires
serious methodological background, development of models
and methods for cost optimization, and, what is more
important, the development of decision-making support
systems on the basis [6].

In terms of real organizational processes of cargo delivery,
the intensity of raw materials supply and its demand are
usually random values. Under such conditions, calculating
factors of efficiency (namely, transportation cost) are also
random values, if we mean optimizing problem solving.
Together with standard properties of linear programming
problem, the specific features stipulate a number of its
peculiarities [7]. While solving optimization problem
concerning cargo transportation from suppliers to
consumers, current approach, unlike traditional methods,
takes into consideration, for instance, such a condition that
transportation cost is a random value with a preset
distribution density [8].

Solving multiindex distribution problems often results
in such problems as great dimension of the initial data and
multiparametric character of the optimization problem [9].
There are various approaches to certain solutions of the

184

problems [10-14]; a theory of solving multiindex problems
of linear programming in general form has been developed
[15]. The solution of the multiindex transportation problem
can be obtained by the method of potential; nevertheless,
implementation of the method is labour-intensive since it
contains numerous iterations. To make the initial support
plan for the multiindex problem of transportation logistics,
it is proposed to use the null-transformation method of the
initial value matrices [16].

There are three-index planar transportation problems
with nonlinear cost functions [17]. Metaheuristic
evolutionary algorithm is proposed for an approximate
solution of the problems. The advantages of parallel search
with several populations are in a higher rate of convergence
and stability of the time required to obtain the solutions.

No methodology alone is fully adapted to implement the
method of operational disbalance of input cargo flows. It is
necessary to form new procedures to be based on common
optimization algorithms.

3 MATERIALS AND METHODS

A process of railcars unloading depends on the
environmental conditions. Single out standard operation
mode at positive temperature and the mode of necessity to
recover looseness (for freezing cargos) at negative
temperature. At the territory of Ukraine, cold season is
characterized by frequent changes in temperature, and,
accordingly, modes of railcars unloading.

Under such conditions, while waiting for the transition
from the standard mode to the looseness recovery mode,
unloading process optimization is possible by means of
distribution of railcars among loading/unloading points
according to the criterion of minimum time required for
loading/unloading operations. The optimization relies upon
the possibility to unload certain cargos within several points.
In this context, planned balance of warehouse stock as for
the cargos experiences certain disbalance, which can be
recovered if temperature conditions improve and standard
operation mode is applied. Fig.1 demonstrates the method

t=0°C s
Standard ’,

mode I3
rd

Fa

t=0°C

Stock balance

recovery s
I
d
7

Mode of Mode to optimize
warehouse stock railcars distribution
replenishment s among unloading

points

’
4 Stock
7 disbalance \l_

t=>0°C e Mode of
, additional resources i
’ attraction v

Figure 1 — Scheme of cargo loading/unloading processes
performance under conditions of changes in temperature operation
mode
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of operational disbalance of incoming cargo flows using
the scheme of cargo loading/unloading processes
performance proposed by the paper.

Optimization process of railcars unloading. To optimize
the unloading process by means of correction of planned
distribution of railcars among loading/unloading complexes,
one can use a new procedure based on traditional methods
of transportation problem solution (formula (1)).

Fig. 2 demonstrates graphical representation of the
transportation problem.

Description of the optimization procedure for the process
of railcars unloading in terms of small transportation systems
of enterprises. For the enterprises with small amounts of
raw material delivery (up to 100 railcars per day), the number
of deliveries for a certain unloading complex is limited; it is
convenient to present the transportation problem in an
expanded form.

To do this, the “Unloading complex” column is divided
into additional columns which number depends on the
number of deliveries per each loading complex. As for each
of the complexes, determine daily number of possible
deliveries using formula (2):

4

M=% @
J
It should be taken into consideration that in the majority
of cases the last delivery will be “incomplete”; thus,
determine its dimension using formula (3):

B/ = 4,-B;(N-1). (3)

For the first delivery series, z,' value is taken as:

Z~-1 = ¢,.cargo

j Ty ’

Following cargo delivery should involve time spent to
unload railcars from the first delivery:

2 cargo tijcargo .B.

Zj =l J:

Similarly, one can calculate z” value for any number of

deliveries (4):

z, :tlj"‘”g"(l+Bj(N—1)). (

N
~

b

/b/ /A/,*
b4
- A/g /
. b, b, b, b, Total / / /
1 AZ A A’"k
a, 7k 2. e z, 4, //
a, ZZI] Zzzl Zzsl Zzul A; ?/
am Zml I Z,,,g : Z,,,3 : L : Am
Total B, B, B, B ) 24,

Figure 2 — General arrangement of the transportation problem taking into account delivery number

Table 1 — Cargo distribution for small transportation systems

Complex b, b, b
Cargo b] ! b]z b 1/c bzl b22 bzk b,,l b,,z b,,k
a, an 2112 lek le1 Z]z2 lek Zlnl Zln2 Zlnk A,
a ZzlI 2212 221k 221I Z2 Zzzlc Zan I ZZVIZ Zon 4>
ay Zot! | Zmi2 Zott | Zwd' | Zud Zod' Zom' | Zo Zon | Am
B | B [...|B™][ BB [. |B™ B, | B, | ...]BM™
Bl (Nfl) +B]Iaxt Bz (N*l) +leasr Bn (N*l) +Bna.vt
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Description of the optimization procedure for the process
of railcars unloading in terms of large transportation systems
of enterprises. Large enterprises require constant delivery
of raw materials for the continuous production. Such
enterprises have more complicated transportation systems;
thus, it is rather difficult to determine in advance the required
number of deliveries and sometimes it is even impossible.

Transportation problem consisting of p-number of blocks
depending on each other is proposed for such cases. Each
of the blocks is a transportation problem for a separate
delivery series. The initial data for the first delivery series
are the cargo volumes arriving per the estimated period of
time, maximum delivery amount per each unloading complex
and the time required to unload one railcar in accordance
with the capacity of each complex.

A, value is assumed as that being equal to the total number
of railcars with a certain cargo delivered to the enterprise.
Since B, value is taken as the number of railcars within one
delivery, it is obvious that 4, sum will exceed significantly B,
sum. Optimum plan of the problem will be singular one, i.e.
not all cargo will be unloaded within loading/unloading
complexes. Consequently, for the following delivery series,
A, value will be equal to the number of the railcars remaining
after the previous delivery, etc., until the whole cargo is
distributed among loading/unloading complexes.

z,! value for the first delivery series is assumed as that to be
equal to the period required to unload one railcar with certain
cargo within the corresponding complex. For all subsequent
delivery series, z} value is found using formula (5):

P _, cargo , , cargo pl . cargo p 2 cargo p k
zii" =1 +1 B +1; B +.. 41 B;". (5)

As a result, we obtain a transportation problem which
general form is represented in Fig. 3.

4 EXPERIMENTS

To demonstrate implementation of the procedure
optimizing a process of the railcars unloading, consider the
application of the method for such transportation problem
solving in terms “Zaporizhstal” integrated works.

Basic freezing cargoes (i.e. ore, coal, coke and limestone
in hoppers and open box cars) arrive to five basic unloading
complexes: Aglofabryka station, “Bunkery” park (railway
lines #2 and #4), Rudna station, Vuhilna station, and
Pidbirkova station. In this context, some of them can be
unloaded only within one complex (ore and coal) while the
rest are distributed among several complexes.

Each of the unloading complexes has different capacities.
Unloading duration within certain complex depends on the
delivered cargo type. Moreover, it should be taken into
consideration that certain cargoes should be delivered only
to certain complexes.

It is necessary to minimize the time spent for raw materials
unloading.

The initial table of the transportation problem can be
represented as follows (Table 2).

Since the amount of stock (volumes of cargo deliveries)
is not equal to the sum of the demand (the delivery amount
in terms of loading/unloading complexes), than the obtained
transportation problem is open one. To solve the problem it
is necessary to transform it into a closed one. To do this,
introduce a theoretic consumer (loading/unloading complex)
for excessive cargo amount.

Obtain optimum plan for the first delivery series cargo
distribution within loading/ unloading complexes:

— “Bunkery” park, railway line #2 — 9 railcars with coke
(0.43 hrs/railcar);

— “Bunkery” park, railway line # 4 — 9 hoppers with
limestone (0.07 hrs/railcar);

Unloading " A ; '
omplex b, bz b X oo b, Total
Carg
Unloading ¥
zomplex Total A 1
Cargg
Unloading 3 3
3 k
complex bl b, b"‘ b, Total A4,
Carg, i
Unloading R . ﬁ 3
complex hll b, b, b, Total A/
Cargg ) _
Unloading , ' I i
) .omplex b| 1)-_. b} vee b
Cargo )
ol i oo ~
d, Zn Z5 <13 “1n
i I | -~
a, 2y Zn Zyy “2n
1 1 I
am zml Z,”_j Zm_\ n :r.lm
Total B, B, B, v B,

Figure 3 — General arrangement of transportation problem for transportation systems of metallurgical enterprises with continuous
production process
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Table 2 — The initial table of the transportation problem of freezing cargos delivery to a metallurgical enterprise

Cargo Bukery® Bunkery® Loading/unloading complex S Total
railway line #2 railway line #4 Rudna station Vuhilna station station
Ore - - 0.06 - - 137
Coal - - 0.06 0.06 - 17
Limets)g):zai:s open B B _ _ 032 23
Limestone in hoppers - 0.07 - - 0.07 37
Coke 0.43 - 0.06 - - 74
Total 9 9 15 14 9 288
56

— Rudna station — 15 railcars with ore (0.06 hrs/railcar);

— Vuhilna station — 14 railcars with coal (0.06 hrs/railcar);

— Pidbirkova station — 9 hoppers with limestone (0.07
hrs/railcar).

Minimum time spent to unload the first delivery series
is:
F(x)=0.0615+0.06-14+0.07-9+0.07-9 + 0.43-9 = 6.87 hrs.

As it is understood, the optimum plan is singular one as
not the whole amount of cargo has been distributed. Thus,
the rest of the cargo is transferred to following transportation
problem of the second delivery series as A, value, and the
unloading period per one railcar (zij2 value) is calculated
using formula (5) taking into account cargo type and the
unloading complex capacity (Fig. 4).

Similarly, all following delivery series are distributed until
all the cargos are unloaded within the loading/unloading
complexes.

S RESULTS

Result of the dynamic transportation problem solving
will help obtain optimum distribution of cargo deliveries to
the unloading complexes:

—9 coke series (8 of them are 9 railcars, and 1 is 2 railcars)
will be delivered to Agglofabryka station, “Bunkery” park,
railway line #2;

— 3 limestone series (2 of them are 9 railcars, and 1 is 1
railcars) will be delivered to Agglofabryka station, “Bunkery”
park, railway line #4;

Initial table of transportation problem for the second delivery series

Unloading[ “Bunkery” “Bunkery”

; : Rudna Vuhil Pidbirkova
omplex 1 L uhilna '
Cargo lines Ne2 122}? Yo | staton | swtion | station | TO!
Ore (0J06+0.06-15) .06 122
LB he s Rl die ke o W ’ ’
L
Unloading““Bunkery” | “Bunkery” ) ; ot /
~gomplex|  railway railway B}'dﬂd \{uh}lna Plc‘lblr_kova Therest | Total /3
Cargo lines N2 | lines No4 station station station 3 -7 4
' i, - ~ ,
Ore 0.06[15] o R R B ,’2,3
i
- il /
Coal 0.06 [14] 3 =4=~17 /,’1;)
Limestone in e o
Jd--3 P
open box cars 23 - 23 % 6;
. G /
Limestone 0.07 [9] 0.07 [9] 19 =4-""37 232
in hoppers <74
T /
Coke 0.43 [9] ol /,’
Total 9 9 s 14 9 287 ~+{~“288

\ Optimum plan to distribute cargos within complexes of the first delivery series

Figure 4 — Calculation of the data and formation of the initial table for the transportation problem of the second delivery series
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—10 ore series (9 of them are 15 railcars, and 1 is 2 railcars)
will be delivered to Rudna station;

— Vuhilna station will get 2 coal series (14 railcars and 3
railcars).

— 2 series of limestone in hoppers (9 railcars each) and 3
series of limestone in open box cars (2 series of 9 railcars
and 1 series of 5 railcars) will be delivered to Pidbirkova
station.

Table 3 contains total minimum time spent to unload all
delivery series involving unloading complex as well as
comparison of the obtained values with the actual ones.

The difference in the number of railcars within loading/
unloading complexes in the actual and calculated variant is
insignificant. The difference can be easily added in a less

strenuous period, i.e. if the temperature conditions improve,
when it will not be necessary to heat the cargos. Thus, one
can assume that the requirements of all unloading complexes
are met.

The difference between the actual and calculated idle
time of railcars within the determined loading/unloading
complexes is shown in Fig. 5.

The method cannot take into consideration the fact that
under the conditions of continuous production period new
cargos can arrive even before previous cargos were
distributed and unloaded. The factor may affect significantly
the capacity of loading/unloading complexes as well as the
distribution of delivery series within the complexes.
Therefore, in future it is planned to improve the optimization
method of railcars unloading process.

Table 3 — Comparison of the obtained calculated values with the actual ones

Actual values Calculated values
Unloading complex
N“mber of Nu‘?’bef of Total idle time, hrs Number of Number of Total idle time, hrs
railcars deliveries railcars feeds
“Bunkery”, railway line #2 72 12 312.08 74 9 280.36
“Bunkery”, railway line #4 15 6 51.25 19 3 11.41
Rudna station 140 15 136.58 137 10 121.74
Vuhilna station 16 2 18.67 17 2 12.3
Pidbirkova station 45 14 110.33 45 5 71.18
Total 288 49 628.92 288 29 496.99
350,00
& 7
= 312,08
of)
2 30000 N
=
=
s
S 250.00
a4
=
@ 200.00
=
-+
=
= 150.00
=}
=
b=
= 100,00
=
0
50,00
0,00
“Bunkery” “Bunkery” Rudna station Vuhilna station Pidbirkova
railway line Ne2 railway line No4 station
Unloading complexes
—— Actualidle ——Calculated idle

Figure 5 — Curves of changes in railcars idle period within loading/unloading complexes
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Total cost of idle time of the railcars being unloaded is
determined using formula (6):

Bigie = leargo “Cidle- (6)

Cost of one hour of railcar idle time at “Zaporizhstal”
PJSC as of January 2015 was 12.04 UAH/hour.

Therefore, the cost of idle time of the railcars arrived at
the enterprise during 6 January 2015 actually was:

Biy, actual _ 19 04 - 628.92=7572.16 UAH.

idle
Application of the above method of railcars distribution
will help reduce the cost of idle time of those very railcars:

B-dlemlc =12.04 -496.99 = 5983.76 UAH.

1
Determine the cost savings in idle time of the railcars
being unloaded and the railcars arrived within a day (7):

actual _B. calc' %)

idle

Eday = Bigse
Egqy =7572.16-5983.76 = 15838.4 UAH.

6 DISCUSSION

Owing to more rational distribution of railcars according
to the deliveries involving the capacity of loading/unloading
complexes, the number of deliveries has experiences
significant reduction. That makes it possible to shorten idle
time of the railcars during when transportation system of an
enterprise is overloaded. Cost savings can account for UAH
1.588,4 (21%) when the method is applied.

Average idle time of the railcars depended upon the
necessity to heat cargos during cold season is 2 hours.
Taking into consideration the number of days with a
temperature differential, annual effect can be up to UAH
1500000 per year considering the reduction of expenditures
connected with defrosting of cargos if it is required.

The proposed method does not take into account the
necessity to recover the balance of incoming cargo flows
and the replenishment of disbalanced warehouse stock;
thus, it requires further improvement to obtain more accurate
results and efficiency indices.

CONCLUSIONS

The paper has solved the burning problem concerning
the improvement of a system controlling a process of railcars
unloading in terms of expectations of the negative changes
in the temperature mode owing to optimization of the railcars
distribution among the unloading points by the criterion of
the idle time minimization.

Scientific novelty of the research is that the innovative
method of operational disbalance of incoming cargo flows
has been proposed. The method makes it possible to
organize more efficient operation loading/unloading
complexes of an industrial enterprise, to shorten railcars
idle time under the condition of frequent temperature
changes during cold season.

A procedure to optimize a process of railcars unloading
for small transportation systems of enterprises for short-
time period has been proposed. The procedure solves
dynamic transportation problem by means of its reducing
to a common form.

A procedure optimizing a process of railcars unloading
for large transportation systems of enterprises has been
proposed. The procedure involves the dynamic
transportation problem solving with time varying factor of
intensity of incoming cargo flows.

Practical importance of the obtained results is as follows:
at the expense of the use of operational disbalance of
incoming cargo flows and procedures optimizing unloading
process during cold season, optimization of transportation
system functioning is performed according to the criterion
of minimum railcars driveway time during unloading
operations; that helps cut the cost for railcars use by 21%.
Annual saving is up to UAH 1500000.

Prospects for the future research is to determine the
effectiveness of the proposed method taking into
consideration the reduction of idle time of railcars before
their unloading and involving the replenishment of
warehouse stock during transition period from the mode of
unloading process optimization (when negative
temperatures are forecasted) to the standard operational
mode.
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Typmnak C. M.}, Tapau L. O.%, Ocrpormig O. O.?

!JI-p TexH. HayK, IOLEHT, npodecop Kadeapu TPAaHCHOPTHHX TEXHOJOTIH 3aropi3pKoro Hal[iOHAILHOTO TEXHIYHOTO yHiBepcureTy, 3aro-
piioks, Ykpaina

2J1-p TexH. Hayk, npodecop, npodecop kadenpu yrnpapiinsas Ha Tpancropri, JIBH3 «HauionansHuil ripuuunii yHiBepcurem, uinpo,
Vkpaina

*Cnonrykay, Jiorict o tpascnopry TOB «Mera-Tpancy, 3amopixoks, Ykpaixa

YIOCKOHAJIEHHS CUCTEMMU YHPABJIIHHA IPOUECOM PO3BAHTAKEHHS BAI'OHIB B YMOBAX 3MIHU TEM-
HNEPATYPHOI'O PEXXUMY POBOTH

AKTyanbHicTb. [on0BHUMY 3aauaMy €()eKTHBHOIO YIIPABIIiHHS Ha TPAHCIOPTI 3aJIMINAIOTHCS 3aBJaHHs MiHiMi3alii BUTpaT Ha JOCTaBKY
CHPOBMHH, T1aJIMBA Ta MATEPialiB 33 yMOB JOTPUMAHHS BCIX BUMOT KiHILIEBOT'O CII0KMBAYa I1[0JI0 TEPMiHIB IEPEBE3€Hb, CTaHY, AKOCTI Ta KUIbKOCTI
BaHTaXy, BIAMOBIJHOCTI PyXOMOIO CKJIajly OOJaJHAHHIO BaHTAXXONPHHMANbHUX NMyHKTiB Ta iH. Cepel LUX 3aBlaHb aKTYaJbHOIO € 3ajada
YAOCKOHAJIEHHS] CHCTEMH YIIPABJIiHHS IPOLIECOM BUKOHAHHS BAaHTa)KHUX POOIT HA MPOMUCIOBUX MIANPUEMCTBAX B XOJIOIHUM Iepiof] POKY, KOJIH
BiIpEryIbOBaHUH MPOLEC BUKOHAHHS BaHTa)KHUX POOIT 3HAUHUM YMHOM YCKJIAJHIOETBCS I1iJl BILIMBOM CTOXACTUYHMX KOJIMBaHb TeMIEpaTypu
HABKOJIMIIHBOTO CEPENOBUIIA. BapTicTh 1OCTABKM CYTTEBO 30LIBIIYIOTHCS Y€pe3 3pOCTAHHS BUTPATH €HEPIOHOCIB HA PO3MOPOKYBAHHS BaH-
TaXIB.

MeTa po6oTH — yIOCKOHATEHHS CHCTEMH YIPABIIHHSA IIPOLECOM PO3BAHTAKCHHS BaroHiB B yMOBaX O4iKyBaHHS HEraTHBHUX 3MiH TeMIIe-
PaTypHOTO PEXUMY POOOTH 3a paxXyHOK ONTHMi3allil pO3IOALTLY BaroHiB IO MMyHKTaX BHBAHTA)XCHHS 3a KPUTEpieM MiHiMi3amil 9acy IpOCTOIO.

Mertoa. Bunineno 3BuuaitHuii pexuM pobOTH IPH NO3UTUBHHUX ITOKA3HUKAX TEMIIEPATyPH Ta PEKHUM HEOOXITHOCTI BiTHOBJICHHS CHIIKOCTL
BaHTAXIB, AKi 3Mep3al0Thcs. Po3pobieHo MeTos onepaTHBHOro AucOalaHCy BXiJHUX BAHTaXKOIOTOKIB, AKHi 3a0e31edye OiIbII parioHanbHUH
PO3IOILT BaHTaXiB 1O BaHTAXXHUM (PPOHTAM B IEPiONM 3MiHH TEMIIEPATypHHUX PEXHMIB, KMl € XapaKTepHUM I KiIiMaTy Ykpainu. Byma
po3pobiieHa HOBA MpoIeAypa PO3B’A3Ky TUHAMIYHOI TPAHCIIOPTHOI 3a/a4i 31 3MiHHEM (DaKTOPOM IHTEHCHBHOCTI BXiJJHUX BaHTaXKOIOTOKIB 3a
gacoM. B sxocTi kpuTepiro onTuMi3aLii 3aIporoHOBaHO MOKA3HUK MiHIMAJIBHOTO 4acy BUKOHAHHS BaHTaKHHX OINEpPAlii.

PesyabTaTn. Ha ocHOBi MeTOny omepaTHBHOrO AucOaIaHCy BXiTHHX BaHTaXXOIOTOKIB PO3POOICHO METOIUKY Ta IIPOBEACHO eKCIIEPHMEH-
TH 110 1i 32CTOCYBaHHIO I YIOCKOHATICHHS CHCTEMH YIIPaBIIiHHS IPOLECOM PO3BAHTaKEHHS BaTOHIB B yMOBaX 3MiHH TEMIIEPATypPHOTO PEKHMY
poboru.

BucHoBKH. AHaII3 pe3ynbTaTiB AOCIIIKEHb 10KA3aB, IO IPH 3aIPOINIOHOBAHOMY IIiIXOMi 3HAYHO CKOPOUYETHCS MPOCTiif BATOHIB B yMOBaX
3MiHH TeMIEpaTypHUX PEKUMIB, 3MEHIIYIOThCS BUTPATU Ha IIATy 32 KOPHCTYBaHHSA BATOHAMU, HA BiTHOBJICHHS CHITKOCTi BAHTaXy Ta EKCILTya-
TaLi0 JJOKOMOTHUBIB.

Kiro40Bi cJ10Ba: BAHTaXOIIOTIK, AUHAMIYHA TPAHCIIOPTHA 3aJja4a, KPUTepii MiHIMaIbHOTO Yacy, IIOpYIIeHH OallaHCy 3aIlaciB, ONTUMAIb-
HUI PO3MOILT.

Typnak C. H.!, Tapan U. A.%, Octporsin E. A3

'TI-p TexH. HayK, JOLEHT, mpodeccop Kadeapsl TPAHCIOPTHBIX TEXHONOTHI 3aIOPOKCKOTO HAIIMOHAIBHOTO TEXHMIECKOTO YHHBEPCH-
TeTa, 3alopoXbe, YKpanHa

2JI-p TexH. Hayk, npodeccop, nmpodeccop Kadeapsl ynpasieHus Ha TpaHcnopre, JJBH3 «HaunoHaibHbIi TOPHUN YHUBEPCHTETY,
Juenp, Ykpauna

3Comckarens, joruct no tpancnopry OO0 «Mera-Tpancy, 3anopoxbe, YkpanHa

COBEPIIEHCTBOBAHHUE CUCTEMbI YIIPABJIEHUSI IPOLECCOM BbII'PY3KH BAI'OHOB B YCJIOBUSIX U3ME-
HEHUSI TEMITIEPATYPHOI'O PEXKUMA PABOTDI

AKTYya/IbHOCTB. [ TaBHBIMHE 3a1a9aMu 3()(hEeKTUBHOTO yIPaBIICHNS Ha TPAHCIIOPTE OCTAIOTCSA 3aa41 MUHUMHU3AINH 3aTPaT Ha I0OCTaBKY
CBIPbS, TOIUIMBA ¥ MAaTepPHAaIOB MPU YCIOBUU COOMIONCHUS BCEX TPeOOBAHMI KOHEUHOTO MOTPEOUTEIN MO CPOKAM NEPEBO30K, COCTOSHHUS,
KauecTBa M KOJIMYECTBA IPy3a, COOTBETCTBHS MOABIKHOTO COCTaBa OOOPYIOBAHMIO IPY3ONPHEMHBIX ITyHKTOB U Ap. Cpenu 3THX 3a1a4
aKTyaJIbHOU SIBISIETCS 3a/1a4a COBEPIICHCTBOBAHUS CHCTEMBI YIIPABICHUS IIPOLECCOM BBIITOJIHEHUS IPY30BBIX PabOT Ha NMPOMBIIUICHHBIX
MPEANPUATHAX B XOJIOAHBII MEPHOJ Tofla, KOTAa OTPETYIHMPOBAHHBIN MPOIECC BBHIIOIHEHUS TPY30BBIX pabOT B 3HAYMTENBHONW CTENCHU
OCJIOXKHSETCS MOl BIUSHUEM CTOXaCTHYECKUX KOJIEOaHUH TeMIepaTypbl OKpyxKatomiei cpenbl. CTOMMOCTb TOCTaBKHU CYIIECTBEHHO YBEIHYH-
BAIOTCS M3-32 POCTAa PACcXO/ia YIHEPrOHOCHTENEH Ha pa3MOpakKUBaHHE TPY30B.
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Lenas padoThl — COBEPIICHCTBOBAHUE CUCTEMBI YIIPABJICHHs POLIECCOM Pa3rpy3KH BaroHOB B YCIOBUSX OXMAAHHS HETATHBHBIX U3MEHE-
HHUH TeMIIEpaTypHOIo pexuma paboThl 32 CUET ONTUMHU3ALUM PACIPENENIEHHs BATOHOB 10 ITyHKTaM BBIIPY3KU [0 KPUTEPUI0 MHHHMH3ALHU
BPEMEHU MPOCTOSL.

MeTona. BeineneHsl 00bIYHBIN PEXUM paOOThI IIPH MOI0XKUTEIbHBIX TI0KA3aTEIAX TEMIIEPATYPhl U PEXKUM HEOOXOJUMOCTH BOCCTAHOBIIEHUS
CBIITy4eCTH CMEp3aloIUXCsl Ipy30B. Pa3paboran MeTon onepaTUBHOrO JucOalaHca BXOIAIIUX IPY30IIOTOKOB, KOTOPHIH oOecnieunBaer Oonee
PaLHOHAIBLHOE paclpejieieHHe IPY30B 110 TPY30BbIM ()POHTAM B HEPUOABI CMEHBI TEMIIEPATYPHBIX PEKHMOB, YTO XapaKTEepHO AJIs KIMMaTa
VkpauHsl. bbuta pazpaborana HOBasi NpOLEAYpa PELICHUs AUHAMUYECKOH TPaHCIOPTHOH 3a/la4M ¢ NepeMEHHbIM (PAKTOPOM UHTEHCUBHOCTU
BXOJUILIMX TPY30MOTOKOB 110 BpeMEHU. B kauecTBe KpHTEpHsl ONTUMU3ALUM MPEIOKEH I10Ka3aTelb MUHUMAIBHOIO BPEMEHH BBIIOIHEHHS
IPY30BBIX OIepanuii.

Pe3yabraTsl. Ha ocHOBe MeTona onepaTHBHOIO J1cOaanca BXOIAMIUX IPY30I0TOKOB pa3padoTaHa METOJMKA U IIPOBEIEHBI SKCIIEPUMEH-
ThI 110 €€ NPUMEHEHHIO Il YCOBEPIIEHCTBOBAHMS CUCTEMBI YIPABIIEHHUS IIPOLIECCOM Pa3rpy3KH BarOHOB B YCIOBHAX U3MEHEHUs TEMIIEpaTyp-
HOTO pexXuMa paboThl.

BbiBoabI. AHAIIM3 PE3YNIbTATOB MCCIEI0BAHUI [10KA3aJl, YTO IIPH IPEIIOKEHHOM IOIX0/1€ 3HAYUTENBHO COKPAILAETCsl IPOCTOH BaroHOB B
YCIIOBHSAX U3MEHEHHUS TEMIIEPATYPHBIX PEXUMOB, YMEHBIIAIOTCS PACXO/IbI HA IUIATY 3 M0JIb30BaHHE BATOHAMM, HA BOCCTAHOBJICHHE ChIITy4eCTH
rpy3a M 9KCILIyaTalluIo JIOKOMOTHBOB.

KioueBble ¢10Ba: Ipy30I0TOK, IMHAMUYECKAsi TPAHCIOPTHAS 3aa4a, KpUTEpU MUHUMAJIbHOTO BPEMEHH, HapyIleHne OanaHca 3aracos,

OITHUMAJIbHOC pacHpeaeiICHUE.
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VIIPABJIIHHA Y TEXHIYHUX CUCTEMAX

Y[IK66.012

Werikyc A. P!, TpuwkmH B. A.2

TAcnupaHm kagheldpbl KOMMLHOMEPHO-UHME2PUPOBAHHBIX MEXHOM02ul U Memporioauu YKpauHCKo20 20Ccy0apCmeeHHO20 XUMUKO-
mexHo/102u4ecko2o yHusepcumema, [Henp, YkpauHa

2KaHO. mexH. Hayk, douyeHm, doueHm KagheOpbl KOMIbIOMEPHO-UHME2PUPOBAHHbIX MEXHOM02Ul U MEemMpPosIo2uU YKpauHCKo20
20cy0apcmeeHHO20 XUMUKO-MEXHOI02U4ecko20 yHuUsepcumema, [Henp, YkpauHa

CTATUYHECKAA ONTUMU3ALNA NPOLECCOB PEKTU®UKALIUUA C
UCNONb30BAHUEM NOABUXHbLIX YNPABNAKOWMX BO3OENCTBUN

AKTyaabHOCTh. PenmieHa akTyasnbpHas 3ajada MHOTOKPUTEPHAIBHOW CTAaTHYECKOH ONTHMH3ALMH IPOIECCOB PEKTHPHUKALMH C
HCIIONIF30BAHUEM ITOJBIKHBIX YIPABIISIONINX BO3/ICHCTBUH, KOTOPHIE 3aKII0OYAaIOTCS B M3MEHEHNH MECTa BBOZA CHIPBSI B KOJIOHHY, a TaKXke
nccienoBana 3G EKTUBHOCTD UX UCIOIB30BAHUS TP PA3IMYHBIX CTATHYECKUX PEKMMax Iporecca.

Llesqs padoTHI — MOBBIIICHUE [TPOM3BOIUTENBHOCTH NpoIiecca PeKTH(GHUKAIUN U CHUXKEHUE 3HEPreTHYECKHUX 3aTpaT Ha €ro BelEHUE
IIyTeM HCIIOIb30BAHUS IPH YIPABICHUH IIPOLECCOM MOIBHIKHBIX YIPABIIAIONINX BO3CHCTBUN U MHOTOKPHTEPHAILHOTO MOAX0AA K PacyeTy
HX ONTHMAJIbHBIX BEJTUYKH.

MeTtoa. [IpennosxeHsl METOABI pacyeTa ONTHMAJILHOW TapEIKH MUTAHUS COBMECTHO C PacYeTaMH ONTHMAJIBHBIX BEIWYHMH TPaJUIIMOHHBIX
YIpaBIIOMNX BO3JICHCTBHI — pacxoja napa B KyO KOJIOHHBI M BBIXOIA IIENEBOTO IIPOJIYKTa — HA OCHOBAHUHM KPUTEPHEB MAKCHMHU3AINH
IIPOM3BOIUTEIILHOCTH 1 MUHUMH3ALUH SHEPro3aTpaT C HCIOIb30BaHHEM HOPMaJIM30BaHHOTO KPUTEPHS ONTUMHU3AINH. PacueTsr mpoBoasTes ¢
HCIIOIb30BAaHNEM HEIMHEHHOM MaTeMaTHUECKOM MOJIENH IPOIecca, OMICHIBAIOIICH IIPOLECCH TEINIO- U MacCOOOMEHa Ha KaXK0M KOHTAaKTHOM
YCTpOICTBE YCTaHOBKH. Pacuer onTuManbHOM TOYKM Ha rpaHHIe paboueid 00aacTu peKTH(HUKAMOHHONW KOJIOHHBI B KOOpJMHATaX TpaIUIHOH-
HBIX YIPABIIONNX BO3AEHCTBUN NPEUIOKEHO BECTH METOAOM CEKyIIMX. Tak Kak BEIMYMHA MCKOMOTO IOJBIDKHOTO YIPABIISIONIETO BO3/EH-
CTBHSL MOXXET IIPUHHUMATh TOJBKO JUCKPETHBIE, LIEIOYNCICHHbIC 3HAUCHUS, TO JUIS PELICHHs ONTHMH3AaIlMOHHOH 3a1a4d IPEIIoKEH METOJ
CKaHWPOBAHMUSL.

PesynabTaThl. Pa3paboTaHHbIIl ONTHMH3AMOHHBIA METO] HCIIOJIb30BAJICS JUIS PACYETOB ONTHMAJIbHBIX CTATHYECKUX PEXKUMOB peKTH(UKa-
LIMOHHOW KOJIOHHBI ISl pa3/ielieHHs CMECH METAaHOJI-BOJa NPH W3MECHCHUM 3HAYCHMH ITapaMeTpoB MOJENIM B HIMPOKHX Ipexenax. /lokasaHa
9KCTpEMasbHasi 3aBUCHMOCTh OT BEJIMYMHBI MOABMKHOTO YIPABIIONIETO BO3AEHCTBYSA KaK YaCTHBIX KPUTEPUEB, TAK M HOPMAIN30BAHHOTO
KPHUTEpHsI ONTUMHU3AINH. Pe3yIbTaThl MOACIHPOBAHUS ITOKA3AJIH, YTO JIOCTUTAEMOE MCIIOJIF30BAHUEM ITOIBYDKHBIX YIIPABIIAIOIINX BO3ICHCTBHI
IIOBBIIIIEHHE POM3BOIUTEILHOCTH COCTaBIAeT 1—5% npu s5KOHOMUM Tera B KyOe KOJIOHHBI Ha 6—8%.

BuiBoasl. [IpoBesieHHBIC HCClIEOBaHUS JOKa3aIU 3 PEKTHBHOCTH MHOTOKPUTEPHAIFHOTO MOX0/1A K PEIICHHIO 3a/1a4¥ CTaTHYECKOH ONTH-
MU3aLUH IPOLIECCOB PEKTU(PHUKALMH C HCII0JIb30BAHUEM ITOIBIKHBIX YIIPABILIOLINX BO3JCHCTBHUI, YTO TO3BOJISIET HCIIOIB30BATh €I0 HA ITPAKTH-
ke. [IpensoxeHHbIe METOIBI CTATUYECKON ONTUMH3ALUH IPUMEHUMBI IS TPOLIECCOB MHOTOKOMITOHEHTHOM, CIIOKHOM pekTiudukanuu. JlansHeii-
IIME UCCIICIOBAaHMS B JAaHHOM HAIpPaBJICHUH 3aKJIIOYAIOTCS B pPa3pab0TKe METOOB U aJITOPUTMOB CTATHYECKON ONTHMH3aUY IPOLECCOB PEKTH-
(pukanmy ¢ UCIOIB30BaHUEM HENIPEPHIBHBIX IOABM)KHBIX YIIPABIIAIOMINX BO3ICHCTBHH, HOABHKHBIX BO3/ICHCTBHIA C IBYMSI CTEHICHAMH CBOOOIBI,
B MOJICITMPOBAHHH TIEPEXOJHBIX MPOLIECCOB B PEKTU(PHUKAIIMOHHBIX KOJOHHAX TIPH MTOJABUKHOM YIIPABICHHH.

KaroueBble ciioBa: mnpoiecc peKTu(hUKanH, TTOIBUKHOE YIIPABICHHE, MHOTOKPUTEPHUAIbHAS CTATHYIECKAsT ONTHMHU3ALHS.

HOMEHKIJIATYPA J — paccmaTpuBaemasl Tapesnka;
min, max — rpaHUYHBIC YCIIOBHUS;

nz — LeNeBOd KOMIIOHEHT CMECH;
opt — ONTUMAaJIbHBIE YCIIOBHS;

O — pacxopn Teria;

W — mapaMeTphl KyOOBOI'O OCTaTKa;

D — MOJIBHBIH pacxojl TUCTUILIATA, KMOJIb/Y;
F — MOJIbHBIA pacxoJl MUTAHHs, KMOJIb/4;

L — MOJNBHBIA pacxol HUJIKOH (a3bl, KMOJIb/U;
Nf — HOMEp TapesiKi NHUTaHHUS;

P — naBnenue, Mlla;

O — pacxox Temna, KJK/d; t .., — Temieparypa KUICHHUS.

t — Temnepatypa, °C BBE/IEHUE

V' — morbHbIi pacxon MapoBoit (assl, KMOIB/; 3HAYUTENBHOE YHCIIO TEXHOTOTMYECKHUX CXEM BO MHOTHX

X — MOJIbHasl KOHICHTPAINS KOMIIOHEHTa B JKUIKOH Ga3e,  orpacisx mpOMBILLICHHOCTH BKIIOYAKOT B ceGsl IPOLECC
KMOJIb/KMOJTh; _ PeKTH(UKAIMH, HCTIONB3YIOUIHHCS IS Pa3aeNenns OXHO-

Y — MOJIbHAs KOHIICHTPALMA KOMIIOHCHTA B HAPOBOM  pongpIx KUIKAX CMECEH HA PA3IMYHBIX CTAIHAX TIEPEpadoT-
aze, kMOTBH/KMOJIB; KU ChIpbsi. HecMOTpsl Ha MHOrHe OCOOEHHOCTH U CIIOKHOC-

B — xoa¢dummenT maccoornaun, KMOIb/(M>1); TH, CBSI3aHHBIE C YINPABJICHUEM JIaHHBIM IPOLECCOM, IIHUPO-

£ — TOYHOCTH PACUCTOB; KOE PacrpoCTPAHEHHE PEKTU(PHUKAMH MOMYEPKHBAET €&

HE3aMEHUMOCTh B HACTOSIIEE BPEMs.

BonpmmHCTBO HaydHBIX PabOT, HCCIAEAYIOINX KaK TeX-
HOJIOTUYECKHE OCHOBBI, TaK U TMOJXO/bI K aBTOMAaTHYECKOMY
YIPaBIEHUIO PEKTU(DUKAIIMOHHBIMU allapaTaMH, HaNpaB-

N — 3 (dEeKTHBHOCTh KOHTAKTHOIO YCTpOicTBa Mo Mep-
bpu;
A — HOPMaJM30BAaHHBIA KPUTEPHH ONTUMHU3AIINH,

Himxnune nHiexcer: JICHO Ha CHIDKCHHE 3HAYUTEIbHBIX dHEPro3arpar, HeoOXOIu-
d, D — napaMeTpbl AMCTHILIATA; MBIX JJIsl OCYIIECTBIICHHs Ipoiiecca pasnaencHus [1]. HeoO-
J — mapamerpbl nuTaHus; XOAMMOCTh 00eCIeueHUs] HEMPEPBIBHOTO MMapOBOr0 MOTOKA
J1 — mapamerpsl Quermsr; B KOJIOHHE CTaBUT JKCILUTYaTallMOHHBIE 3aTPAThl OMPEAEIsIo-
[ — pacCMaTpHBACMBbIil KOMIIOHEHT CMECH; LI[UMH TIepe/l KaluTalbHBIMHU, a, 3HAUYUT, OCOOCHHO Ba)KHO
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BHEIPEHNE CHCTEM aBTOMATHYECKOrO YIpaBIEHUsS, KOTOPHIE
MO3BOJISTIOT BECTH HPOIECCH PeKTU()HUKANK ONTHMAIIEHBIM
obOpaszom.

OnHako ONTHUMANEHOE yHpaBlIeHHE PEeKTU(HUKAINOHHON
KOJIOHHOH TIpeNCTaBIsACT COOOH CIOXKHYIO MHKCHEPHYIO
3aJjaqy BCIIECTBHE OONBIIOTO YMCIA PErYIHPYeMBbIX Hapa-
METPOB, UX B3aNMOCBS3H U PACIPEACICHHOCTH B IIPOCTPaH-
CTBEHHOI1 00JIacTH ammapaTa, a Takke 3HAUHTEeIBHOTO Bpe-
MEHH 3ala3JbIBaHNS M WHEPIHOHHOCTH KAaHAJIOB yIpaBlle-
HUS. AHAJINTHYECKOe ONHMCAaHHE TUHAMHUKH IIpollecca B
o0ImeM cirydae COCTOHMT M3 HeNMHEHHBIX i depeHuais-
HBIX YPaBHEHHII B 9aCTHBIX NIPOM3BOJHBIX, OOIIEe UUCIIO
KOTOPBIX MOXET COCTABISATH HECKONbKO ThICSY. C mpyroi
CTOPOHBI, BEICOKasi HHEPIHUOHHOCTh PEKTHU(UKAIHOHHBIX
KOJIOHH MO3BOJISIET OTKAa3aThCs OT ONHCAHUS NMHAMUKH IIPO-
Iecca B MOJB3Y Oojee MPOCTHIX CTaTHYECKUX Mopenel, u
MMEHHO CTaTHYecKas ONTHMU3AIMS JJaeT OCHOBHYIO COCTaB-
JISIONTYI0 SKOHOMHYECKOro 3ddekra oT BHEIPEHHS CHCTEM
ympasieHus [2].

Ha3BanHBIE 0COOCHHOCTH PEKTH()HKAIIMOHHBIX YCTaHO-
BOK KaK 00BEKTOB yIpaBIIeHHs 00yCIaBINBAIOT AKTYAIbHOCT
3a]]a4d CTATHYECKOH ONTHMHM3AIMH IIPOLECCOB PEKTH(HKa-
IV ¥ IPEMEHEHNS TIPH 3TOM HOBBIX HMOJXONOB K aBTOMATH-
9eCKOMY YIIPABICHHIO PACHPENEICHHBIMH O0BEKTaMHI.

AHanm3 CYIIECTBYIONIHX PEIICHNH B 00JIACTH YIpaBICHHUS
U ONTHUMU3AIMHI CTaTHIECKUX PEKUMOB paOOTHI peKTH(HKA-
IIMOHHBIX KOJIOHH MOKa3aJl, 9TO YHPaBIIOIIHE BO3ICHCTBIS Ha
IpOIIeCC HAHOCATCS TPaJUIHOHHBIM CIIOCOOOM — IyTeM H3-
MEHEHHS MAaTePHABHBIX MM YHEPTeTHYECKHUX IOTOKOB, MO-
CTyHAOIUX B yCTaHOBKY [3]. OnHako mpu ynpaBlIeHUU TaKUM
CYIIECTBEHHO PACIPEICNICHHBIM 00BEKTOM 3TO HE MO3BOJISIET
PacKphITh BCE €ro MOTCHIHAIBHBIE BO3MOKHOCTH.

B mocnennue roxsr 1 00BEKTOB € paclpefeICHHBIMU
napamMeTpaMy YCHEIIHO NPUMEHSIOTCS CHCTEMBI MOABHKHO-
ro ynpasineHus [4]. TlosiBieHne HOBOW CTENEHU CBOOOIBI —
BO3MO)KHOCTH BBIOOpA 3aKOHA ABHMIKEHHS B IMPOCTPAHCTBE
WCTOYHHMKOB BEIIECTBA H/WIIM DHEPTUH — JAeT MOIOKUTENb-
Hbli 3ddekr [5, 6] U TpedyeT AanbHEHIINX HUCCIICIOBAHUH.

enp paboThl — pa3paboTKa MeTO/a pacdyeTa ONTUMAlb-
HBIX BEJIMYHMH MOBMKHBIX YIIPABIISIONINX BO3AEHCTBHIA, 00ec-
MIEYMBAIOIIUX TIPH YIIPABICHUN PEKTH(UKAIMOHHBIMU KOJIOH-
HaMH HaWIydlIHe SKOHOMHUYECKHE MOKa3aTesd Mmporecca.

1 IIOCTAHOBKA 3AJTAYN

W3BectHa HenuHeNHas MaTeMaTHuecKas MOJENIb KOJIOH-
HBI, TIO3BOJISIIOIIAsT UCCIIEOBATh TEXHOMOTHYECKUE OCHOBBI
MOJBMYKHOTO YIPAaBIEHHs IpoLeccaMid MHOTOKOMITOHEHT-
HOW pekTuukanuu [7]. Moaens npeacraBiseT co0oi CoBo-
KYITHOCTh CHCTEM HENWHEHHBIX YpaBHEHHH, MPUBOIIILIYIO B
COOTBETCTBHE BEKTOPAaM BO3MYLIAIOMIMX M YIPABISIOLIINX
BO3/CHCTBHH (B TOM YHCIE W MOABMYKHBIX) BEKTOpP BBIXOJ-
HBIX KOOpP/IMHAT.

BBIXOmHBIMU mapaMeTpaMu — pe3ylibTaTaMHi pacyeToB —
SIBIISIFOTCSL PACXOJIbl MAPOBOM U KUAKOH (a3 B KaXKIIOM cede-
HHUHM anmnapara, KOHIEHTPALHOHHBIE M TeMIEePaTypHbIA Mpo-
(WM KOJTOHHBI B YCTAHOBHUBILEMCSI PEXHME, dHEpreTHIec-
Kasi Harpy3ka nediermaropa.

COBOKYIMHOCTh BXOJHBIX IEPEMEHHBIX MOJEIHN BKIIOYA-
€T OCHOBHBIE BO3MYILEHHUsSI Ha MPOLECC — PACXOMd, COCTAB U
SHEPTETUUECKOE COCTOSIHUE NMUTAHUS, a TaKXKe TPaIUIHOH-

HBIC YIPABJIAIOMINC BO3ZI€I710TBI/I$[ — TCILJIOBYKO HArpysky
Ky63 KOJIOHHBI, pacxXxoa OeJICBOro Mnpoaykra, CI)JIGI‘MI)I. Usz-
MCHCHHSA HOMCpA TAPCIIKW MUTAHUSA NMPUHHUMAIOTCA B Kade-
CTBC IOABMIKHOI'O YIIPABJIAIOLICTO BO3[I€I71CTBI/I$[.

Pemenne cucrem ypaBHeHHﬁ, COCTAaBJMIIOIIUX MaTCMa-
THUYCCKOC OIMCaHUC IIporecca peKTH(bPIKaLIPIPI, COBMECCTHO
¢ 0aIaHCOBBIMH YpaBHCHUSIMHU allnaparta IO3BOJACT OAHO-
3HAa4YHO ONPEACIINTH Ka4€CTBO ITPOAYKTOB PA3ACICHUSA IIPH
H3BCCTHBIX 3HAYCHUAX BXOAHBIX INEPEMCHHBIX [8]

LV %0104 = f(N 1,00 D.Fxf ot 1, P Pt gty ) (1)

KpI/ITepI/IeM CTaTHIECKON ONTUMU3AalUHN ITPOLECCOB PCK-
TI/ICI)I/IKaI_II/II/I SBJIACTCA OTI[eJIBHBIﬁ 1IOKa3aTClib NN beHKI_[I/ISI
Ha3BAHHBIX BXOAHBIX M BBIXOAHBIX NCPEMCEHHBIX, KOTOpasA
YHCJICHHO BBIPpAXXACT 3aMHTCPECOBAHHOCTL B TOM HWJIM MHOM
PEXKUMC 00BEKTA. HpI/I 3aJaHHbIX YHPAaBJIAIOIIHUX U BO3MY-
marnmux BEINYNHAX U H€O6XOI[I/IMI>IX OIrpaHUYCHUAX KPUTC-
pI/Iﬁ OIITUMHU3alU NMPUHUMACT ONPCACICHHOC 3HAYCHUC.
Torz[a 332[3‘16171 CTaTHIECKOMH ONTUMHU3AIUU ABJISACTCA PAaCdCT
TaKHX 3HAUCHHH TPpAAUIIMOHHBIX U NMOABWIXHBIX YIITPABIISAIO-
IMUX BCJIIMYMUH INPHU U3BCCTHBIX BO3MYIIAIOMIUX, KOTOPHIC
00€CIIeYNBaIOT MAKCHMAIIbHOE (MI/IHI/IMEUII)HOG) 3HA4YCHUC
BI)I6paHHOFO OTACJIBHOI'O KPpUTCPHUS HUIIN UX COBOKYITHOCTH
IIPpA BBIIIOJIHCHUHN ONPEACIICHHBIX OI‘paHH‘IeHHﬁ, HaJIOKCH-
HbIX Ha BXOIAHBIC W BBIXOAHBIC IICPEMCHHBIC.

Tak kak 3aBHCHMOCTH (1), CBsA3bIBarOmasi OCHOBHEIC I1O-
Ka3zaTeiy nponecca u KpUTCpuu OINTHUMU3aAllUH, HEC MOXCT
OBITH NpeaACTaBJICHa B ABHOM BHUJC, TO CTATUYCCKASL OLITUMU-
3alus IponeccoB peKTI/I(I)I/IKaI_II/II/I OTHOCHUTCA K 3aJa4aM HEC-
JIMHCHHOT'O MIporpaMMHUpOBaHUA U NOJDKHA PEHIATbCA COOT-
BCTCTBYIOIIIUMU MCETOAAMMU.

2 OB30P JIMTEPATYPbI

HauOonpinii ©HTEpEC ¢ MO3UIMH CTATUUECKOW ONTHMH-
3alUM TPOLECCOB PEeKTH(UKAIMK MPEACTABISAET UCTIOIB30-
BaHME B KaueCTBE IOABIKHOTO YIPABISAIONIErO BO3IEHCTBUS
W3MEHEHHUsI TOYKHU BBOJA CHIPHSl B KOJIOHHY [5], MO3BOIISIO-
ee CYIIECTBEHHO PaCIIMPUTh pabouyro 00IacTh 00bEeKTa
yIpaBJIeHHS.

Penenuro 3amaun BEIOOpa TapenoK MHUTAHUS B TEOPHU U
MIPaKTHKE MPOLECCOB PEKTU(HUKALUH BCETna YAEISIIOCH Ce-
pre3Hoe BHUMaHue. OOUICNPUHITHIM IS IPAKTUKH KPHUTeE-
pHeM SBISETCS TEXHOJIOTHUYECKHH, COTTaCHO KOTOPOMY
pacrooKeHHe TapelikKi BBOAA CHIPHSI OTBEYAET TOMY YPOB-
HIO 10 BBICOTE KOJIOHHBI, Ha KOTOPOM KOHIIEHTpALMH KITIOUe-
BBIX KOMITIOHEHTOB B JKHJIKOH (ha3ze COOTBETCTBYIOT KOHLIEHT-
pamusiM B otoke mutarms [9)]. M3BecTHBI Takoke sMmmpuyec-
K{€ YpaBHEHUsI, ITO3BOJISIIOIIIE ONMpPEeNATh HOMepa Taperok.
Henoctatkyu JaHHBIX YHOPOLIEHHBIX CIIOCOOOB OYEBHIHBI —
pe3ynsrarhl ciabo 00yCIOBICHBI (U3UKO-XUMHYCCKHUMHU OC-
HOBAaMHU PacCUUTHIBAEMOTO IPOIIECcCa.

VYcrpaHeHHe JaHHOTO HEIOCTaTKa BO3MOXKHO NPHMEHE-
HHEM HEJIMHEHHBIX MOJejed mpolecca peKTU(GHUKALUH.
B kauecTBe mokasaresnell ONTUMAILHOCTH PEXKUMOB PabOThI
YCTaHOBOK PA3JIMYHBIMH aBTOPAaMHU HCIIOJIB30BAJIHMCh: pa3-
JIeTITENbHAS. CIIOCOOHOCTD KOJIOHHBI, KPUTEPHI OTHOCHTEIb-
HOM TEPMOJUHAMHUYECKOW pa3IelIUTEIbHON CIOCOOHOCTH
KOJIOHHBI (KpuTepuii MaikoBa) U KPUTEPHA CYMMBI TpUME-
ceit [10], sHTpOIHMITHBIA KPUTEPUH, €r0 TeMIepaTypHas U
KOHIIEHTpalnnoHHas cocTtaBisiromue [11]. Takke paccauTs-
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BaJIMCh YHEPro3aTpaThl Ha pa3JieleHue eUHUIBI ChIpbs [12],
BBINOJIHAJIOCH ITOCTPOEHUE U aHAJIU3 CEMEHCTBA «KPUBBIX
kadectBay [13].

OnHaKo, KaK M3BECTHO, PA3IMYHbIM KPUTEPUSAM CTATHU-
YEeCKOH ONTUMM3ALMU OTBEYAOT Pa3IM4YHbIE HOMEpPA ONTH-
MAJIbHBIX Tapeiok nmuTanus [14]. B cBs3u ¢ 3TUM HE0OX0aH-
Ma METOAMKA, IO3BONAIOIIAS PELIaTh 3aJa4d MHOIOKpUTE-
pHAIbHOM ONTUMU3AaLUM U ONPEAENATh TAKOE MECTO BBOAA
CBIPbS, KOTOPOE JAET IPEUMYLIECTBO COIIACHO HECKOIBKUM
[IOKA3aTeNIM KaueCTBa OJHOBPEMEHHO.

3 MATEPUAJIBI 1 METO/IbI

0030p JHTEpaTyphl MOKa3al CYyLHIECTBOBAHUE OONBIIOTO
YHCIa pa3IUdHBIX KPUTEPHEB, OJJHAKO HAUOONBIINHA WHTE-
pec MpeacTaBisOT KIACCHYECKHe SKOHOMUYECKHE IoKa3a-
TENTN — MPOM3BOAUTENIFHOCTh U SHEpromnorpedinenue. B stom
cllyyae 3HaY€HHs COOTBETCTBYIOIMX KPHUTEPHUEB ONTHMH3a-
LMHM YUCJIEHHO PaBHBI BEJIMYMHAM TPAJAUIMOHHBIX YIIPaBIIsi-
FOLIUX BO3AEHCTBUH — pacxoy quctiiuiata D 1 pacxoy Ter-
na B KyO KonoHHbl O . Perienue jaHHOH 3a1a44 MHOTOKPH-
TEpUATHHON CTATHIECKOW ONTUMHU3AIMU O€3 HCIIONb30BAHHS
MIOJIBIKHBIX YIIPABIISIONIMX BO3JAECHCTBUI NpuBeaeHo B [15].
[Ipu 3TOM OnTHMaNIbHBIE BEIWYHHBI TPAJAWUIMOHHBIX YIpPaB-
JIAIOMMUX BO3ACHCTBUI ONpENENsUINCh C UCIOJIb30BAaHUEM
HOPMaJIM30BAHHOTO KPUTEPUS.

AHaNOruyHbIN NOAXO/ IpeIaraeTcst UCIOJIb30BaTh U PU
OIpEeeNICHNH ONTUMAJIbHON BEIMYHHBI MOIBUKHOTO YIpPaB-
JISIOIIETO BO3JIEHCTBUS — HOMEpa TapesiKH MUTAHUS.

TpeOyeMoe KadecTBO MPOLYKTOB pa3eleHHS

Xd nz = Xd nz,min )

JIOCTHDKUMO TIPH Pa3iMYHbIX 3HAYEHUSX BBIXOAA IIEJIEBOTO
MPOIYKTa M dHEepro3arpar. Mexay STHMH 3HAUYSHUSMU Cy-
LIECTBYeT OJHO3HAYHAsl 3aBHCUMOCTH, a X COBOKYIHOCTH
omnpeeNsIeT y4acTOK TpaHMIbl pabouel o0nactu pekTudu-
KallMOHHOW KOJOHHBI. J[yid KakJ10M Tapenku MUTaHUsS BO3-
MOKHO BBITIOTHUTBH PacueT U MOCTPOSHHE TAKHX YJaCTKOB.
OnTUManbHOW Tapenke MUTaHUs OyleT oTBedyaTh camas IIH-
poKasi 0611acth, HayabHas U KOHeUHast TO4KH (D ,.: O o),
(Dinins Oy min) KOTOPOIi GyyT CMEILCHBI B CTOPOHY Oosee
BBICOKHMX 3Ha4eHuii D u Gonee HU3KuX O, .

U B ciydae m3MeHEHHS] MeCTa BBOJA CHIPbsI B KOJIOHHY, U
IpU Mojade MUTAHUS HAa PENIAMEHTHPOBAHHYIO TapeiKy
Ba)XHO HAWTH ONTHMAJIBHYIO TOYKY Ha IpaHuIle paboueit
00JIACTH KOJIOHHBI C KOOPIUHATAMU (Dgpé wa), YTO SIBJISICT-
csl IepBooYepeHON 3amadeil. J(nama3zoHbl, B KOTOPBIX HaX0-
JATCS 3HAYCHNUS ONTHMATIBHBIX NPOU3BOIUTEIBHOCTH D, 11
JHeprosarpar Qvar’ OTpaHUYEHBl HAYAIHHON M KOHEYHOM
TOYKAMHM TPaHMIBI paboueit obiactu

Dmin < Dopt < Dmax > 3

Qw,min < Qw,opt < Qw,max- (4)

Bennuuna Q. — pelueHre 3a1a4n OJHOKPUTEPHAIIbHON
ONTHMU3ALINH, KOTOPAs 3aKTI0YAETCS B MUHUMH3AINH YHEP-
rozaTpar MpH 3aJaHHBIX MUHUMAJIBHO JOITYCTHUMBIX MPOH3-
BOJMTEILHOCTH [ . M KauyecTBE X . Anamoruyno D

min d,nz,min max
MIPEJICTABISICT COOOW pelIeHHE 3aJlaud MaKCUMH3AIUH TPO-
W3BOJUTEIFHOCTH HAa OCHOBAHMHM MaKCHMAJIBHO JOIYCTH-

MOT0 pacxoia Iapa B KyO KOJNOHHBI O . TpeOyeMoro Ka-

wma;
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4EeCTBA X, .. & TAKKE C yIETOM DKCTPEMAILHON 3aBUCH-
mocti D — Q,. locnennee ycnoBue HE TapaHTUPYET, YTO
3a/laHHas TpaHnyHas BennuuHa O obecrieant D .

Ecnu npennonoxurs, 4To 3aady CHWXKEHUS 3HEpProsar-
paT Y MOBBIIIEHUS NPOU3BOAUTEIBHOCTU PABHOLECHHBI U
IIPEJCTaBIIAIOT OJUHAKOBBII MHTEpEC, TO BO3MOXKHA HOpMa-
JU3alys KPUTEPUEB ONTUMU3ALUMU U IEPEXO] K YCIOBHBIM
€JMHUIIAM pacueTa

7"D _ D_Dmin (5)
Dmax _Dmin

Qw,max - Qw

A =
79 (6)

w,max Qw,min

CyMMapHBIﬁ 1oKas3arteiib, y‘II/ITBIBaIOHII/Iﬁ IIOBBINICHUEC
BbIXOJa HCJICBOr0 NpoAyKTa COBMECTHO CO CHMIXKCHUEM 3aT-
paT TCIUIa B KUIIATUIIbHUKE Ky63

D_Dmin
D

Qw,max - Qw

min Qw,max - Qw,min

7L=7\,D+7\4Q=D (7)

max

B tom cjIydqae, €ClIn KpUTCpHUHU HEC paBHO3HAYHbI, TO BO3-
MOKHO HCIIOJIB30BaHHEC B (7) JOMNOJHUTCIIBHOI'O MHOXKHTC-
Jisg, IPpEACTABIAIONICTO 000l OTHOIIIEHHE CTOMMOCTH o1-
HOH YCHOBHOﬁ CANHUIBI NEJICBOro IMpOAYyKTa K CTOUMOCTH
OI[HOﬁ YCHOBHOﬁ CANHUIBI 3ana‘IPIBa€MOI71 OHEPIHUH

_Ep .

z= ; 8
Eg, ®

D —Din N Oy max =G g
Dmax - Dmin Qw,max - Qw,min ( )

JlanHas 3amada SBISIETCS IBYXKPUTEPHUATBHON, OITHAKO
MOJyYyeHNe 3aBUCHMOCTH JUISl 3HAUUTEIBHOTO OOJIBIEro
yKciIa KpuTepueB 1o aHanmoruu ¢ (7) He MpeNCcTaBisieT 0co-
6oro Tpyna. OmHAKO MUCHONB30BAaHHE COBMECTHO PAa3TUYHBIX
ONTHMHU3AIIMOHHBIX KPUTEPUEB OJKHO OBITH JIOTHYECKH
000CHOBaHHBIM.

Tak kax Bemuuunbl D 1 O CBA3aHBI MEXKIy COO0H Moze-
JIbI0 KOJIOHHBI (1) M rpaHUuHBIM yciioBHeM (2), To, 3a1aBa-
SICh PA3MUYHBIMU 3HAYEHUSAMH pacxofa IUCTHLIATa D, Je-
KAIMMK B uanasone ot D . 10 D, BO3SMOXKHO onpeje-
JHUTh COOTBETCTBYIOIIHE BEIUYUHBI HEOOXOIUMBIX
sneprosarpar O . Takum o0Opa3oM, KaxaoMy 3Ha4eHuro D

7\’=Z'7\‘D+>\‘Q =z

COOTBETCTBYET ONpEIETIECHHbIH MOKa3aTelb ) .

3agaya MHOTOKPHUTEPHATFHON ONTUMU3ALWU TS 3a]aH-
HOHM Tapeliku 3aKII0YaeTcsl B CIEAYIOIIEM: HEOOXOANMO OIl-
Pe/IeUTh TaKoe 3HAYCHHE D M COOTBETCTBYIOLIEE eMy
0O, oo KOTOPBIC, C Y4ETOM OTPAHHYCHHMS HA KAYECTBO LielIe-
BOTO MPOAYKTa, 00ECIEYMBAIOT MAaKCHMaJIbHOE 3HAUYCHUE
nokazatens 3QpPEKTUBHOCTH ), .

AnropuT™m pemieHus 3aadd MHOTOKPUTEPHATBHOU Om-
TUMH3AIUN CONEPXKUT cieayromue aeicTsusi. Baagane ne-
00XOIMMO OIPENENUTh SBISAETCS U (QYHKLIUS OKCTpEeMab-
HOU. JJI1 3TOr0 PacCUUTHIBAIOTCS CKOPOCTH €€ M3MEHEHHS B
KOHEYHbIX Toukax npu D . u D _ . B cnyuae, ecnu ckopoctu
MIOJIOXKHUTENbHBIE, TO (DYHKLIUS BO3PACTAIONIAs U BETUYHNHBI
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ONTUMAJIBHBIX YIPABISIONINX BO3ACUCTBHIA COOTBETCTBYIOT
KOHEYHOHM TOYKEe TpaHUIbl padoueil o0nacTu ¢ KOOpIuHATa-
vu (D, meax). Ecnu xe ckopocTu oTpHLaTeNbHbIE, TO pe-
[IEHWEM SIBJISIETCSl HavaibHasi Touka rpaHunsl (D ., O ).
min wmin
[Ipy HEeBBINONHEHUU JaHHBIX YCJIOBUI MHOIOKpUTEpUAIIb-
HBIH 1OX0a (P PEKTUBHEH OIHOKPUTEPUATEHOTO U OCYIIe-
CTBJISICTCS] PacyeT MaKCUMAaJIbHOTO 3HAYEHHS lopt C UCTONb-
30BaHMEM METO/Ia CEKYIIUX: MPOBOJUTCS UTEPALIIOHHBIN 110~

HCK HYJISI CKOPpOCTH H3MCHCHUA A.
HpI/IHS[B Ha4daJIbHOC HpI/I6JII/DKCHI/I€ pacxoaa AUCTUWILIATA
D, H€O6XOZ[I/IMO pacCcyuTaTh CTaTUICCKHUC XAPAKTCPUCTHKH

YCTAQHOBKH ¥ 3HAYCHHE LEIeBOi QYHKIHMH B TouKax: Ay = f
(D-AD), Ay =f(D)u Az =f(D+ A D). Cnenyromee npu-
OJIMKeHHE pacxojia JAUCTUILISTA

A3 =2y
(3 =22)=(hg =2y)’ (10

I[anee I[eﬁCTBPIS[ TMOBTOPAIOTCA 4O TEX IOP, IMOKAa HE BbI-
TIOJTHUTCA YCIIOBUC

D=D-AD-

A3 —A

Bemnmunay AD Heo0XoauMo moaOupaTh € YU4E€TOM Tpe-
OyeMOil TOYHOCTH KaK aJITOPUTMOB ONTUMH3ALUH €, TaK U
UTEPALUOHHBIX MPOLEAYp, UCTIONB3YIONINXCS TIPU pacyerax
CTaTHYECKUX XapAKTEPHCTHK KOJIOHHEI.

Broukax (D,; O, .)u (D, ; O, . )3HaICHHE ) PABHO
1, Tak KaK OHM COOTBETCTBYIOT OIHOKPUTEPHUAIBHBIM OITH-
MHU3aIOHHBIM 3aJladaM.

Homep ontumanbHOW Tapelky MHUTAHUS TaKoKe ONpelie-
JSIETCS Ha OCHOBAHWHM BEKTOPHOTO KPUTEPHS ONTHMHU3ALMH
A (5). [loctpoenue rpanuibl padoueii o0macTi U onpeaene-
HHE Ha HCH ONTHUMAIIbHON TOYKHA BO3MOXKHO BBIIOJHHUTH IS
BCEX BO3MOXKHBIX TAapENIOK MHUTAHHS U TAKAM 00pa3oM ormpe-

JENNUTh TPAHWYHBIE BEMWM4uEbl D . D mein, meax. Oue-
BUJIHO, YTO HOMEpY ONTHMAIIbHOM Tapenku murtanus N,
COOTBETCTBYET MAaKCUMAaJIbHOE 3HAYECHHE ) .

B cBs3u ¢ TeM, YTO BEIMYUHA HMCKOMOIO IOJBUXKHOIO
YIPaBISIIOMIETO BO3AEHCTBUA MOXET IPUHUMATh TOIbKO
JICKPETHBIE, LIEIOYUCIEHHBIE 3HAYEHHs], TO ONTHUMAJIbHBIM
METOIOM pacuera SBJIETCS MeToJ ckanuposanus [16]. Jo-
CTOMHCTBO TaKOIO IOAXOJA 3aKIIYaeTCsl B FapaHTUPOBAH-
HOM HAaXOXJEHMM TOYKHM ONTHMYyMa HE3aBUCHUMO OT BHJA
ONTHMHU3NPYyEeMOH (GYHKIHH. A HEZOCTATOK — OONBIION
00BEM pacueToB — KOMIIEHCHPYETCS TUCKPETHOCTHIO 3Ha-
YeHHil He3aBUCHUMOH NepeMEHHON M HEeOOXOAMMOCTBIO BBI-
YHCIIEHNS 3HAUCHHIA IIeJIeBON (DYHKIUH TONBKO JUIS HECKOIb-
KUX JIE€CSTKOB TapelloK.

4 OKCIIEPUMEHTbBI

3ajavua pemajach METOJlaMH MaTeMaTHYeCKOro Moje-
JIMPOBAHMS C MCIOIH30BAHUEM HEIMHEWHOW MOJENHN Ipo-
necca MHOTOKOMIIOHEHTHOW PEeKTH(QUKAUU HAa IpHMepe
KOJIOHHBI, MCIONB3YIOIENHCs sl pa3esieHnss OMHapHON
cMecH METaHON-Boja, coaepxkamied 18 KOHTaKTHBIX YyCT-
POVCTB, BEIHOCHBIC KUTATHIBHUK U Jeduermarop. KoHieH-
Tpauusi MeTaHoia B nutaHuu cocrasiser 0,273 mon. ponu.
Hcxonuble nannbple ans pacderos: N,= 9, Q = 6,4 []lx/4,
D = 62,8 kmonb/4, X, = 0,973, F=229,3 kmonb/4, L=l Pf

= Pj:o: Pj:18 =lamm, t,=t ,t=1t_ , B, =30605 xvons/

kun’

(m2a), B, = 142,82 xmoms/(M>1) [13].
5 PE3YJIBTATbBI

Ha puc. 1 mpencrasnena rpanuma pabodeit obnacta Ko-
JIOHHBI Ha MPUMEpe PeriaMeHTHPOBAHHON 9-i Tapenku, Ha
Hell OTMEYEHBI PEMIeHUS ONTUMH3AIMOHHON 3amaud muis
pa3nyHbIX 3HaueHUH kod¢duuuenta z. Tak Kak rpaHUIa
paboueii obiactu Ui 9-i TapesKu BBIPOXKIACTCS B TOUYKY
IpY PENIAMEHTUPOBAHHBIX 3HaYeHUAX D U QO , TO IPHHATHI
CIEAYIONIMe TPaHUYHbIE 3HaYeHus: D . = 55 KMOJIb/4 H
0 o = 9 T/

. 9

é 8.5

5 2

2 8

6

3 75

2 7

'_8_ 4

e 6.5

”

2 gs Eon

=

% 5

a¥ 45 z=10,5
54 55 56 57 58 59 60 61 62 63 64

Pacxon muctiomsata D, KMOIEB/T

Pucynok 1 — MHOroKpuTepranbHas craTHyeckasi ONTHMHU3AIHs IPOLecca PeKTU(PHUKAIIMY [IPU YIIPABICHUH KOJOHHON TPaIHIHOHHBIM
crocooom
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Ha puc. 2 nokazaHo u3MeHeHHe mokasarernedd dddek-
THUBHOCTH A IO Mepe€ JIBH)KEHUS BJIOJIb JJAHHOW TpaHUIIbI
mpuz=1.

OnTuMainbHble JUIsl periiaMeHTHPOBAHHOIO peKuMa pa-
0OTBI KOJIOHHBI BEJIMYMHBI BBIXONA MPOAYKTA M 3aTpaT Teruia
B KyO 1p# z = 1 COCTaBISIFOT COOTBETCTBEHHO 61,29 KMOJIB/4
u 5,67 I'[Ix/4, a MakcUMalibHOE 3Ha4€HHE HOPMAIN30BaH-
Horo kputepus A — 1,315. IlpuBeneHHbI MHOIOKpUTEPHU-
aJIbHBIM MOAXO0A K CTaTUYECKOM ONTUMM3ALMU IIPU yHpaBie-

1.2
1
0.8
0.6
04
0.2
0
-0.2
-0.4
-0.6
-0.8
-1
-1.2

MQ)

MD),

MQ)

53 57 59 61 63
Pacxon muctmmnsta D, KMoIb/d

a

HUU PEKTH()HUKAIMOHHON KOJOHHOW TpaaHIMOHHBIM CIO-
co0OOM TIO3BOJISIET MOBBICUTH TPOM3BOAUTEILHOCTh YCTAHOB-
k¥ Ha 6,29 kmonb/4 win 79,35% OT MakCHMMalbHO BO3MOXK-
HOTO Y, OMHOBPEMEHHO C 3THM, CHH3HTh JHEPro3aTparbl Ha
1,11 TJx/g nmm 52,29% 0T MakCMMalbHO BO3MOXKHOM DKO-
HOMHUHU 3HEPropecypcoB.

C 1enblo ompesieNneHus: ONTUMAIBHOIO MECTa BBOJIA ChIPhS
B KOJIOHHY TOJI0OHBIE PacdeThl BO3MOXKHO OCYIIECTBHTD JUIS
BCEX TAPEJIOK MUTAHMUS, PEIICHHUs MIPEICTABICHBI Ha pHC. 3.

35 57 59 61 63
Pacxon mictimmara D, KMonb/d

6

PI/ICyHOK 2 — 3aBHCHMOCTh OINTHUMU3ALMOHHBIX KPUTECPUEB OT BbIXOJA LICJICBOI'O KOMIIOHECHTA:
a — YaCTHBIX, 0-— HOpMaJIN30BaHHOT'O

61.5

61

60.5

60

Pacxox quctumsita D, kmonb/u
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52

4 3 6

7 8 9

Homep Tapenku nutaHus N

PI/ICyHOK 3 — Pemrenus 3a1a4yun MHOFOKpI/ITepI/IaHBHOﬁ ONTUMU3ALNHU T PA3JIMYHBIX TapEIOK MUTAHUA
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Ha puc. 4 nmpuBeneHs! 3aBHCHMOCTH ITOKa3aTeneil 3¢-
(DEKTHBHOCTH CONIACHO OTAEIBHBIM KpUTEpHsM (A pu L)

U CyMMapHOTO () OT BEIHYHHBI MOABIKHOTO YIIPABISIO-
LIEro BO3AEHCTBUSA — HOMEPA TAPEIKH MUTaHMUA.

OnruManbHOU Tapenkoil NUTaHus SBIsETC 7-s Tapenka,
MaKCHUMaJbHBIU IOKa3aTenb ), paseH 1,989, a cymmapHble
norepu S cocrasisitor 0,011.

Ha puc. 5 moka3aHo cMemieHne rpaHunsl pabodeit obma-
CTU IIPU MEPEKIIIOYEHUHU NIOAYH ChIPbsl ¢ 9-i Ha 7-10 Tapel-
Ky, @ TaKXKe pEeLIeHHs ONTUMU3ALMOHHBIX 33a4 C UCIIONIb30-
BAaHUEM ITOJBIDKHOTO YIPABISAIOIIETO BO3JICHCTBHUS U 0Oe3
HCIIOJIB30BAHUSL.

[Toxazarenu > PeKTHBHOCTH A

[Ipu moABMXXHOM YHpaBJICHUHU MPOLECCOM ONTHMAJIb-
HBIE BETMYUHBI Dop[ U Qwop[ COCTaBILSIIOT 62,16 KMONB/4 U
5,272 T]lx/4. Tlo cpaBHEHHIO C pe3ylbTaTaMH CTaTHIECKOH
OINTHMU3AIMK 0e3 MCHOJIb30BAHUS TOABIKHBIX YIIPABIISIO-
IIMX BO3AEHCTBUI HAOIIOAETCs] MOBBIIIEHHE ITPOU3BOIU-
TeNbHOCTH, coctaBionee 1,41%, npu skoHOMHHM Terula Ha
6,95%.

Panee uccnenoBascs TONBKO perlaMEeHTHPOBAaHHBINA pe-
XKUM paboOTHl PeKTU(DUKAIIMOHHONW ycTaHOBKU. Ha maHHOM
IIpUMepe OTMEUEHO, YTO MCIOJIb30BAHUE MOABMKHBIX YII-
PaBISAIOLINX BO3ACUCTBUHN MPH CTaTUUECKON ONTHMHU3ALNU
mporecca peKTU(PHKALNK TMO3BOJSET CHU3UThH 3aTPaThl Tell-

4 5 6

7 8 9

Howmep Tapenku muraaus Nf

PI/ICyHOK 4 — Pacuer HOMEpa ONTUMAJILHON TapeJIKU NMUTaHUA NPU PEIICHUHN 3aa4n MHOFOKpHTepHaHBHOﬁ CTaTUYECKOW ONMTHUMHU3AUU

9

Pacxon mapa B ky6 xononint Qw, [/
N
tn

55 36 57 58

60 61 62 63 64

Pacxon muctimgara DD, KMOIE/d

Pucynok 5 — MHOTOKpUTEpHaIbHAS CTATHYECKAs] ONTUMHU3AIMS MPOIecca PEKTH(PHUKAINN C UCTIONIb30BaHHEM TOABIDKHBIX YIIPABISTIONINX
BO3JIEHCTBHI
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Jlja B Ky6 KOJIOHHBI B, COBMCCTHO C O3THM, IIOBBICUTb BBbIXO/]
HEJICBOro mpoaykKra. OI[HaKO B JPYIrux pexumax pa6OTI>I
KOJIOHHBI CUTyallhusl MOXCET HOCHUTHb O6paTHI>II71 XapakTep u
3¢)¢)GKTI/IBHOCTB MIOABMIKHOI'O YIIPABJICHHUA HCCICAOBAJIACh

IIPU M3MEHEHUH XapaKTepU3YIOLIUX IIPOLECC NapaMeTpoB B

IWMPOKKX npefenax (puc. 6). I'panuunble 3Havyenus D . u

O _  Tpu 3TOM BBIOpaHBI PaBHBIMH PErIaMEHTHPOBAHHBIM
wmax

62,8 xmonb/4 u 6,4 TJ[>K/94 COOTBETCTBEHHO.
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B

Pucynox 6 — OnTumanbpHbIe TPOU3BOANUTENHHOCTD U SHEPrO3aTPaThl B 3aBUCUMOCTH OT: a) — PacXofa MUTaHUA; 0) — cocTaBa MUTAHUS;
B) — TEMIEPATypPhl MUTAHUSL
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IMpu mccnenoBaHUH ONTHMATBHBIX CTATHIECKIX PEXIMOB
paboTHl PEKTU(GHUKAIIOHHON KOJIOHHBI B IITUPOKOM JIHAIIa3o-
HE M3MCHEHHH PEeXXUMHBIX ITapaMeTPOB TakKe OTMEUaeTCs
3¢ GeKTHBHOCT MOIBIKHBIX YIIPABISIONINX BO3NCHCTBHI H
MOJIXO/la MHOTOKPHTEPHAIBHOM ONTUMU3anuu. PacdeTsr mo-
Ka3bIBAIOT IMOBHINIEHNE IPOU3BOIUTENHFHOCTH B TIpE/ieax OT
1% no 5% myrem nepexio4eHHs TOYKH BBOJA ChIPhS B KO-
JIOHHY. DKOHOMHS TeIlia B KyOe cocraBiseT 6—8%.

6 OBCYXJIEHUE

Wcnonp3oBanne HeNMHEHHONH MaTeMaTH4EeCKOW MOJIENIH
nporecca peKTHOUKAMH MPH PEIICHAN 3aJaqll CTaTHiec-
KOW ONTHMHU3AIUU MO3BOISIET MPOTHO3UPOBATh M PACCUU-
THIBaTh ONTHMAJIbHBIE PEKUMBI PAOOTHl KOJIOHHBI C Y4ETOM
€e pacrpeIelieHHOCTH U HEJIMHEHHOCTH KaK 00BEeKTa yIpaB-
JICHUSI.

[pu KuCTIONB30BaHUH TAKUX KPUTEPHEB, KAK MAKCHMH3a-
[Usl TPOU3BOAUTEIBHOCTH U MUHHMH3AIHS dHEPro3aTpar,
3aJa4a CTaTHYECKOH ONTUMH3ALUH 3aKII0YaeTCsl B ONpene-
JICHUW TaKOH Tapesku PeKTU(PHKAINOHHON KOIOHHBI, TOJa-
4a MUTAHHUS HAa KOTOPYIO MO3BOJSET O0ECIEUNUTh HAWITYd-
IIee COOTHOIIEHHE MEXIY BBIXOIOM IIEJICBOTO MPOTYKTAa H
3aTpaTaMy TeIula B KyOe KOJOHHBI IPH COONIONCHUH HE00-
XOIMMOTO KayecTBa pa3lelieHusI.

JUis kaxaoi Tapenku peKTH(HUKAIIMOHHOH yCTaHOBKH
BO3MOYXHO BBINIOJHHTH NOCTPOSHHE TPAHHIBI padoueit 00-
JIACTH B TIPOCTPAHCTBE TPAJANIMOHHBIX YIPABJISIOIAX BO3CH-
crBuid D — (. Pemenus 3a/1a4m MHOTOKPHTEPUAIIBHON ONTH-
MU3AIUH CYIIECTBEHHO 3aBUCAT OT MPHHATHIX OrpaHUYCHHIN
D, n0, .. B CBI3H CYeM JaHHbIC BETUYNHbI JOIDKHBI ObITh
TEXHOJIOTUYECKH HJIM SKOHOMHYECKH OOOCHOBAHBI.

CHIKEeHHE pacxola WM KauyecTBa NMUTAHHS MIPUBOIUT C
CYIIECTBEHHOMY CYXEHHUIO paboueil obmacTu pekTuduxa-
LMOHHON KONMOHHEI. CyIIecTBYIOT TPAaHUYHBIE BEIUYMHBI F'
¥ X, , KOIZa JaibHCHIee CHIDKCHHE HArPY3KH KOJIOHHEI HE
MO3BOJIUT 00ECMEYHTh TpeOyeMoe KaueCTBO KOHEUHOro Mpo-
aykra x, .. IIpu U3MEHEHMSX PAcXoia IUTAHUSl, KOHLCHT-
palyy IIeJIeBOr0 KOMIIOHEHTa B MUTAHHUHU, TEMIIEPATyphI
MUTaHUSI HEOOXOIMUMO KOPPEKTHPOBATh M TPEOOBAHHS K Ka-
YECTBY LENEBOr0 NpoaykTa (2).

Hcnonp3oBaHNEe MOIBMIKHBIX YINPABISIIOMMNX BO3IEH-
CTBUH MO3BOJISET PAaCHIMPUTh Pabouyro o61IacTh pekrudu-
KallMOHHOW KOMOHHBI. Tak, B cilydae MoAauu NMHUTAHHUS Ha
9-10 Tapenky TpeOyemass KOHIIEHTPALUs TUCTHIUIATA JOCTHU-
raercst pu Temrepatype cbipbs 79,3—79,8°C (puc. 68). B 10
e BpeMsl, 1mofada ChIpbsi Ha ONTUMANBHYIO, 7-10 Tapenky
MO3BOJISIET 00ECIEYUTh HEOOXOAMMOE KaueCTBO MPOAYKTa B
TeMIepaTypHoM nuana3zone nutanus ot 20 mo 86,8°C.

3aBUCHMOCTh KOHLICHTPAIIMM METaHONa B AMCTHIUIATE OT
TeMIepaTyphl IIUTAHKS SKCTPEMAJIbHA, YTO TMO3BOJISET UCTIONb-
30BaTh TEMIIEPaTypy NMHUTAHHS B Ka4eCTBE BTOPOH CTEMEHHU
cBOOOBI TOABHIKHOTO YIPABJIAIOMIETO BO3ACHCTBHA — €TI0
WHTEHCUBHOCTH.

Homep onTumanbHON Tapesky MATAHUS TOHWKASTCS TIPH
MOBBIIIEHUH MaTepHaIbHOH WJIM YHEPTeTHUECKOH Harpys-
KA KOJIOHHBI.

BbIBO/JbI
BriepBrie pa3zpaboTaH METOJ MHOTOKPHUTEPHAIILHOM CTa-

TUYECKOH ONTHMH3ALMH MPOLECCOB PEKTU(DUKAIMH C HC-
[10JIb30BAHUEM TOABUKHBIX YIPABIISIONINX BO3JEHCTBUII.

[pennokeHO pacCUUTHIBATH ONTHMAIIBHYIO BETUUUHY JIHC-
KPETHOTO IO/IBIYKHOI'O YIIPABJISIOIIEr0 BO3JEHCTBUS — HO-
Mep ONTHMAJILHOW TapesKi MUTAHUS — C YY4ETOM He OITHOTO,
a cpasdy HECKOJBKHX ONTUMH3alMOHHBIX KPUTEPUEB Ha OC-
HOBaHWU M3MEPEHMH M PacuyeTOB OCHOBHBIX IOKa3areseil
nporecca (pacxozia, cocTaBa M TeMIlepaTypbl IUTaHUs, TPO-
(buis TaBneHs B KOIOHHE, JaBICHUS B JIMHUAY TTOIA4H ITUTa-
HUS, TEMIEpaTyp MUCTHLIATA U GierMbl, d3pdexkTHBHOCTEH
KOHTaKTHBIX YCTPOHCTB).

Jloka3aHa Ha TpUMepax KPUTEPHEB MAKCHMH3ALMH MPO-
W3BOIUTENIBHOCTH M MAHUMU3ALIN SHEPro3aTpaT SKCTpeMallb-
Hasl 3aBHCUMOCTh HOPMAaJH30BAHHOTO KPUTEPHUS ONTUMH3a-
LMK OT HOMEpA TapeJIKy MUTAHUS, U3 Yero CIeAyeT CyIEeCTBO-
BaHUE u OHO3HAYHOCTh peneHus 3aJa9u
MHOTOKPUTEPUAJIBHOW CTaTU4eCKON ONTUMHU3AIMU IPOLIECCOB
pextndukamym. J{is perrenns TaHHOW ONTUMHU3AlMOHHON 3a-
JIaq¥l TIPEIUIOKEH METO CKAaHMPOBAHWMSI, TaK KaK BEIMYMHA VIC-
KOMOTO HOABHXHOTO YIPABJISIONIETO BO3ACHCTBUS MOXKET
MIPUHIMATH TOJBKO JIUCKPETHBIE, IIEIOYNCIICHHbIC 3HAUCHMSI.

Onpenenena 3pPpeKTHBHOCTE MHOTOKPUTEPHUAILHOM CTa-
THYECKOH ONTHMH3AINH MPOLECCOB PEKTU(PUKAIIMH C WC-
TMIOJTE30BaHUEM TIOJBIDKHBIX YIIPABIISIONINX BO3JEUCTBUI Ha
puMepe HOPMAITBHOTO peKUMa pabOoThl KOJOHHBI IS pa3-
JIeJIeHUsI CMECH METaHOJI-BO/A, TaK U IPH MU3MEHEHHSX OC-
HOBHBIX TOKa3aTeliel mporecca B MIMPOKUX Npexnenax. Me-
TOJAMHU MaTEMaTH4YECKOr0 MOJAEIUPOBAHUS JIOKa3aHO IIO-
BBIIIIEHHE TIPOM3BOIUTEIBHOCTH, cocTaBistomee 1-5%, npu
HKOHOMHH TeIUIa B KyOe KOJOHHBI Ha 6—8%.

Pe3ynbratel MpoBENEHHBIX HCCIIEIOBAaHUI MOTYT OBITH HC-
MOJTE30BaHBl TP MTOCTPOCHHU ONTHUMAIBHBIX CUCTEM CTaTH-
YeCKOH ONTHUMU3AIMH MPOLECCOB PEKTU(DHKALINN, CHCTEM OIl-
TUMaJBHOTO YIIPABJICHUS! PEKTH()UKAIIMOHHBIMU KOJIOHHAMM.

[penyoxxeHHble METOBI MHOTOKPHTEPUATBHOW CTATH-
YeCKOH ONTHMHU3ALMH MPUMEHUMBI IS MIPOLECCOB MHOTO-
KOMITOHCHTHOM, CIIOHOW PEKTH(UKAIUH.

JanpHelue ucciie0BaHUs B JaHHOM HalpaBJIeHUU
3aKII0YalOTCs B pa3padOTKe METOJOB M aJrOPUTMOB CTaTH-
YEeCKO ONTHMH3AIMH MPOLECCOB PEKTU(PUKAIIMU C HUCTIONb-
30BaHMEM HENPEPHIBHBIX MOABMKHBIX YIPABISIOIUX BO3-
JIECTBUM, MOABMKHBIX BO3ACHCTBUMA C JBYMS CTETICHIMU
cBOOOJBI, B MOJIETTMPOBAHUH TIEPEXOAHBIX TIPOIIECCOB B PEK-
TU(UKAIMOHHBIX KOJOHHAX MPH IMOABIKHOM YIPaBIECHHU.
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Ileiikyc A. P.!, Tpumkin B. 5.2

'AcriipasT KadeapH KOMII'IOTEPHO-IHTErpOBaHUX TEXHOJIOTiH Ta MeTposorili YKpalHCHKOro AepKaBHOIO XiIMiKO-TE€XHOJIOTIYHOIO
yHiBepcurery, JHinpo, Ykpaina

’KaH[. TeXH. HayK, JOLEHT, HOLEHT Ka)eApH KOMIT IOTEPHO-IHTErPOBAHUX TEXHOJIOTH Ta MeTposIorii YKpalHCHKOIO Aep>KaBHOrO XiMiko-
TEXHOJIOTrTYHOro yHiBepcurery, [Hinpo, Ykpaina

CTATUYHA ONITUMIBALISA MTPOLECIB PEKTU®IKAILII 3 BUKOPUCTAHHSAM PYXJIMBUX KEPYIOUUX BILJIUBIB

AKTyaJbHicTb. BupilieHo akryanbHy 3asauy GaraTokpuTepianbHOI CTaTUYHOI onTHMi3auii npoueciB pektudikaii 3 BUKOPHUCTAHHIM
PYXJIMBUX KEPYIOUHX Aiif, K1 IOJIATat0Th Y 3MiHI MiCIIsl BBEIEHHS CHDOBHHH B KOJIOHY, @ TAKOX JOCIIIKEHO eeKTUBHICTb X BUKOPUCTaHHS IIPU
PI3HUX CTaTUYHUX PEXHUMAX IPOLECY.

MeTa po0OTH — MiABUILEHHS IPOXYKTHBHOCTI IpoLecy peKTU(IKalil i 3HUKEHHsI eHepreTHYHUX BUTPAT Ha HOro BEIEHHS LLIAXOM
BUKOPHCTaHHA NP YIPABJIiHHI IPOLECOM PYXIMBHX KEPYIOUHX BIUIUBIB 1 6araTokpUTepiadbHOIO MiIXOLy IO PO3PAXYHKY IX ONTHMAIIBHHX
BEJIMYHH.

MeToa. 3anpornoHOBaHO METOM PO3PaXyHKY ONTHUMAJIbHOI TAapiIKU KUBIEHHS CIUIBHO 13 pO3paXyHKaMH ONTHMAJIBHHX BEIHYHUH TPaIH-
LifHUX KepYIOUHX BIUIMBIB — BUTPATH apu B KyO KOJIOHH 1 BUXOY IITLOBOTO MPOLYKTY — Ha IifcTaBi KpUTEPiiB MakcHMi3amil IpOILyKTHBHOCTI
i MiHIMi3aLii eHeProBUTPAT 3 BUKOPUCTAHHAIM HOPMaJIi30BaHOTO KPHTEPito onTHMizanii. Po3paxyHKH PpOBOIATECS 3 BUKOPHCTAHHAM HETiHIHHOL
MAaTeMaTHYHOI MOJENi IIpoLecy, AKa OMHCY€E MPOLECH TEIIO- i MacooOMiHy Ha KOXXHOMY KOHTaKTHOMY HPHCTPOi yCTaHOBKH. Po3paxyHok
ONTHMAJIBHOI TOYKH Ha MeXi po6ouoi obmacti pexTH(ikaLiliHOi KOIOHH B KOOpJHHATAX TPAAMLIHHX KepyIOUHX Jilf 3aIPONOHOBAHO BECTH
METOZIOM CivHMX. Tak fK BeIMYHHA NIYKAHOTO PYXJIMBOIO KEPYIOUOTro BILIMBY MOXKE MPUHMATH TUIBKH JUCKPETHI, TOYHCENIbHI 3HAYCHHS, TO
I BUPILIEHHS ONTHMi3aLiifHOT 3a1a4i 3aIIpOIIOHOBAHO METOJ CKAHYBAHHSL.

PesyabTaTu. Po3po0OneHnil onTuMi3amiiiHuii METOI BUKOPHCTOBYBABCS UL PO3PAXYHKIB ONTHMAIBHUX CTATUYHUX PEKUMIB peKTH(iKaml-
ifHOT KOJIOHH I ITOALTY CyMillli MeTaHOI-BONA IPH 3MiHi 3Ha4eHb IapaMeTpiB MOJIENi B IIUPOKKX Mekax. JJoBeIeHO eKCTpeMalbHy 3alIeKHICTh
BiJl BEJIMUYMHHY PYXJIMBOTO KEPYIOUOTo BILIUBY K OKPEMHX KPUTEpIiB, TaK i HOpMaJi30BAHOTO KPHTEPit0 onTHMi3awLil. Pe3ynpraT MonemoBaHHs
HOKa3aJIH, 0 BUKOPHCTAHHAM PYXJIMBUX KEPYIOUHX BIUIHBIB JOCATAETHCS MiNBUIIECHHS NPOTYKTUBHOCTI Ha 1-5% 1mpu exoHOMil Tema B Ky0i
KOJIOHU Ha 6—8%.

BucnoBku. IIpoBesieHi mocikeHHS JoBeIU e(pEeKTHBHICTh 6araTOKPHTEPiabHOTO MiIXOy O BUPIMICHHS 3a1adi CTATHYHOI ONTHMi3aLii
nponeciB pekTudikalii 3 BUKOPHCTAHHAM PYXJIMBHX KePyIOUUX BIUIUBIB, IO JO3BOJIE BUKOPHCTOBYBATH HOTO Ha MPAKTUII. 3alpOIOHOBaHI
METO/IM CTATHYHOI ONTHUMI3allil 3aCTOCOBHI [UIsl MPOIECIB OaraTOKOMITOHEHTHOI, CKIaaHOi pekTudikaiii. [loganpur qOCTIHKEHHS B TaHOMY
HAIPSMKY IIOJITaloTh B PO3pOOLI METOIIB i alTOPUTMIB CTATUYHOI ONTHMI3amil npomeciB pekTu(ikanil 3 BUKOPHCTAHHAM HEEPEPBHHUX PYXJIU-
BHUX KEPYyIOUUX BILUIMBIB, PYXJIMBHX BIUIUBIB 3 JBOMA CTyHEHSMH CBOOOIH, B MOJCIIOBaHHI IIEPEXiJHUX MPOLECiB B PeKTH(IKAIIHIX KOJTOHAX
IpH PYXJIUBOMY KepyBaHHI.

Kuarouosi cioBa: npouec pektudikaiii, pyxJiuBe KepyBaHHs, 0araTOKpuTepiaibHa CTATHYHA ONTHMI3aIlisl.
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STATIC OPTIMIZATION OF RECTIFICATION PROCESSES USING MOBILE CONTROL ACTIONS

Context. The actual task of multi-criteria static optimization of rectification processes with the use of mobile control actions that consist
in changing the place of input of raw materials into a column is solved, and the efficiency of their use in various static modes of the process
is investigated.
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Objective — increasing the productivity of the process of rectification and reducing the energy costs by using mobile control actions and
a multi-criteria approach to the calculation of their optimal values.

Method. Methods are proposed for calculating the optimum feed plate together with calculations of the optimal values of traditional
control actions — steam flow to the column cube and the yield of the target product — based on the criteria for maximizing productivity and
minimizing energy consumption using the normalized optimization criterion. Calculations are carried out using a nonlinear mathematical
model of the process, describing the heat and mass transfer processes on each column contact device. Calculation of the optimal point at the
boundary of the working region of the rectifying column in the coordinates of traditional control actions is suggested to be carried out by the
method of secants. Since the magnitude of the desired mobile control action can only take on discrete, integer values, a scanning method is
proposed to solve the optimization problem.

Results. The developed optimization method was used to calculate the optimal static regimes of the rectification column for separating the
methanol-water mixture when the values of the model parameters vary widely. Extremal dependence on the magnitude of the mobile control
action of both individual criteria and a normalized optimization criterion is proved. The results of the simulation showed that the increase in
productivity achieved by the use of mobile control actions is 1 to 5%, while the heat savings in the reboiler of the column are 6—-8%.

Conclusions. The carried out researches have proven the effectiveness of the multi-criteria approach to the solution of the problem of
static optimization of rectification processes using mobile control actions, which allows using it in practice. The proposed methods of static
optimization are applicable for processes of multicomponent, complex rectification. Further research in this direction include the development
of methods and algorithms of the static optimization of rectification processes using continuous mobile control actions, mobile actions with
two degrees of freedom, modeling of transient responses in rectification columns at mobile control.

Keywords: rectification process, mobile control, multi-criteria static optimization.
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