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AHHOTAIHUA

[enu. Pemaercs 3anava pa3padboTku 3(h(HEKTUBHOTO MO anmapaTypHBIM 3aTpaTaM crioco0a OIeHUBAHMSI TTOJTHO-
r0 JICKTPOHHOTO COJCP)KaHMsI B MOHOC(Epe Ha OCHOBE PETPAHCISIMKA CUTHAIOB IJI00aIbHON HABUTAIIMOHHOM
crnyTHUKOBO# cucteMbl GPS Ha nByx 4yactoTax Ly, L, KOrepeHTHBIX CUTHAJIOB C HCIOJIb30BAHUEM MaJlorabapur-
HOTO HAHOCITYTHUKA-PETPAHCISITOPA.

MeToasl. [loka3zaHo, YTO MPHU PETPAHCIIIIIMYA HABUTAIIMOHHBIX CUTHAIOB Ha BBIJCICHHBIC IS Te0()U3NICCKUX
uccnempoBannii gactotel 150/400 MI'm oOpasyeTcs KOrepeHTHasi MHOTOITO3UIIMOHHAS PaIUOIOKAIIHOHHAS CH-
cTeMa, BKJIIOYaromiass HapuranuoHHble cnyTHHKH (HC) — HCTOYHWKM CHTHANOB, HAHOCIYTHHK-PETPAHCIIS-
top (CP) u Hazemuble mpuemubie myHKTH (I1IT). Bpems 3amepxku 1 ¢a3pl 4eThIpeX MPUHIMAEMBIX CUTHAIIOB CO-
Jep>kaT HHGOpMAIHIO 0 CyMMapHOM IOJTHOM 3JICKTPOHHOM COZACPXKaHWHU Ha Tpaccax pacrpoctpanerns HC — CP
u CP —III1. 3a cuer mocnenyromnieli 00pabOTKH CHTHAIOB BOZMOYKHO BEIZICIICHHE TIOJTHOTO 3JIEKTPOHHOTO COepIKa-
HUSI Ha KQKIOW U3 TPacC paclpoCTPaHCHHUS, a TaKXKe HaxokaeHue koopauaat CP.

Pesynbratel. OnpeneneHsl ciocod W MOPSAIOK ONEHUBAHUS TOTHOTO 3JIEKTPOHHOTO COAEPIKAHHS 1O PE3yilb-
TataM 00pabOTKM PEeTPaHCIMPOBAHHBIX CHTHAIOB M TEXHHUUYECKHE TPeOOBaHUS K ammaparype peTpaHCIISIHH.
IIpencraBneHbl XapaKTEPUCTHUKN TOYHOCTH TPEJIaraeMoro MeTo1a U pe3yIbTaThl MOJSITUPOBAHHS.
3aknoueHue. [I[puBeeHHBIE B CTAThE CBEACHHUS MOTYT OBIThH MOJIE3HBI JUIS CHEIIMAIUCTOB U UCCIeI0BaTElNeH,
WHTEPECYIONINXCSI BOMPOCAMH PATAOTOMOTPAPUIECKOT0 M3YYeHHS MOHOC(HEpHl U MPOTHO3ZUPOBAHUS OMACHBIX
MPUPOIHBIX SBJICHUI.

KiroueBble cjioBa: r00abHas HABUTAMOHHAS CITyTHUKOBAsI CHCTEMA, CITyTHUK-PETPAHCIISATOP, HABUTAI[OHHBIN
CHT'HaJl, MHOTOIIO3MIIMOHHAs! PA/IHOJIOKAIIMOHHAS CUCTEMA, PaIiOTOMOTpadust, ITOJTHOE JIEKTPOHHOE COJIEpIKaHUe
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Buaaronapaocru. PaboTa BbINOJIHEHA YacTUYHO NpH (MHAHCOBOM mojyiepxke bemopycckoro pecryOnukaHc-
Koro ¢oHna GyHaaMeHTanbHbIX HccnenoBanuil (mpoekt No d@20P-329 «TeopeTnueckue OCHOBBI HCCIIEIOBAHUS
BOJIHOBBIX TIPOLECCOB M SBJICHUH B HOHOC(EpE C HCIOJIb30BAHHEM CUTHAJIOB CITyTHHKOBBIX DPajMOHABUra-
IIUOHHBIX CUCTEM») U B pamkax 3aganus 1.10.3 (T 103) 'ocyaapcTBeHHON MporpaMMbl Hay4HBIX HUCCIIEIOBaHUN
«udpoBbie 1 KOCMUYECKHE TEXHOJIOTHH, O€30MaCHOCTh YeloBeKa, 00IIecTBa U rOCYIapcTBay, a TAKXKe B paM-
kax moroBopa Ne 220/12 «Pa3paboTaTh aqropuTMHYECKHE W MPOTPAMMHBEIE CpeicTBa 00pabOTKH pagnoTOMO-
rpadU4IecKuX JaHHBIX HU3KOOPOUTAIBFHOTO KOHTPOII HOHOChephl» (4.05.2022-31.12.2025 1T.), 3aKIIOYEHHOTO
¢ YII «'eonapopMaIimoHHbIE CHCTEMBD» IO POEKTY «Pa3paboTaTh KOCMHYECKYIO CHCTEMY PaTHOMETPHUIECKOTO
KOHTPOJISI OKOJIO3EMHOTO TIPOCTPAHCTBA Ha 0a3e Majoro KOCMHYECKOTO ammapara M CHeNHaIM3UPOBaHHBIX Ha-
3eMHBIX CPEICTB» (MEpONPHATHA MoxporpamMmMel 6 «MccrenoBanne n HCIOIB30BAaHNE KOCMUYECKOTO MPOCTPaH-
CTBa B MHPHBIX IEJIIX» [ 0CyIapcTBeHHOM porpamMmbl «HayKoeMKHe TEXHOJIOTHI M TeXHHUKay Ha 2021-2025 1T.).

Just uurupoBanusi. Criocod OLEHUBAHUS MOJIHOTO AIEKTPOHHOTO COJEp)KaHUs B HOHOC(Epe HAa OCHOBE pe-
TPAHCIIAIIMN CHTHAJIOB TII00AaIbHON HABHTAIIMOHHOM cryTHHKOBOW cuctembl GPS / U. B. Benokowos [u ap.] //
Wudopmaruka. — 2023. — T. 20, Ne 2. — C. 7-27. https://doi.org/10.37661/1816-0301-2023-20-2-7-27

Kondaukr unrepecoB. ABTOPHI 3asBIITIOT 00 OTCYTCTBUN KOH(INKTAa HHTEPECOB.
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Abstract

Objectives. The problem of developing hardware effective method for estimating the total electron content in
the ionosphere based on retransmission of the Lj, L, signals of the global navigation satellite system GPS using
a repeater nanosatellite is solved.

Methods. It is shown that with the retransmission of L,, L, signals at frequencies of 150/400 MHz allocated for
geophysical research, a coherent multi-position radar system is formed, including navigation satellites (NS) —
signal sources, repeater nanosatellite (SR) and ground receiving points (RP). The delay time and phase of the
four received signals contain the information about the total TEC on the propagation paths NS — SR and
SR — RP. It is shown that due to retransmission and subsequent processing, it is possible to isolate TECs on each
of the propagation paths as well as determination of the coordinates of the SR.

Results. The content of the method, the procedure for evaluating TEC based on the results of processing the
relayed signals, and the technical requirements for the relay equipment are determined. The accuracy characteristics
of the proposed method are obtained. Simulation results are given.

Conclusion. The information presented in the article may be useful for specialists and researchers who interested
in the issues of radio tomographic research of the ionosphere and forecasting hazardous natural phenomena.

Keywords: global navigation satellite system, satellite-retransmitter, navigation signal, multi-position radar
system, radio tomography, total electronic content
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BBenenue. Monocdepa cymmecTBeHHO BO3AEHCTBYET Ha paclpoCTpaHEHHE PAJAMOBOINH, B YaCTHO-
CTH CHTHAJIOB TJI06ABHON HABHTalMOHHOH cryTHHKOBOH cictembl (THCC)' [1, 2]. OcHoBHOE Bius-
HHUE HAa PaclpOCTPAaHEHUE PAJMOBOJIH OKa3bIBACT DIICKTPOHHAS KOHIEHTpalusi B HOHOCPepe. 3a cuer
9NEKTPOHHON KOHILIEHTPAalMM HOHOC(Eepa CTAHOBHUTCS A PAIHOBOIH IUCIEPTUPYIOLIEH Cpenoi,
B KOTOPOU CKOPOCTh PACIPOCTPAHEHUS 3aBHCUT OT JTMHBI BOJNHEL. 10 3TOM mpudnHe MpOUCXOANT 3a-
JIEp’KKa paclpOCTPaHEHHS W TPEIOMIICHHE TPAaeKTOPWH PaTlOBOIH B MOHOCHEpE, a Ul PaaHOBOIH
OOJBIION JJIMHBI — M TOJIHOE oTpaxkeHue B MoHocdepe. CocTosiHIe HOHOC]EPHI OMUCHIBACTCS MHOXKE-
CTBOM IIapaMETPOB: JIEKTPOHHOW KOHIEHTpAUUE, MOHHBIM COCTaBOM, HOHHON U 3JIEKTPOHHOU TEM-
nepaTypamu, CKOPOCTBIO ABMKEHUS JacTull u ap. Cpenn HUX Hauboee BayKHBIM ITapaMeTPOM SIBIISET-
Cs DIIEKTPOHHAS KOHIIEHTpanus. B 3aBHCHMOCTH OT BBICOTHI W PAcCIpeNeieHHs JICKTPOHHOMN
KOHIICHTpaIMK HOHOC(hEpy YCIOBHO pasnenstoT Ha cinou D (amxke 90 kM), E (ot 90 mo 130 km),
F1 (ot 130 mo 200 xm) u F; (Bbime 200 km). MakcumanbHas KOHIIGHTPAIHSI 3J€KTPOHOB U MOHOB pac-
OJIOXeHa B cjioe F, Ha BeIcoTax oT 250 mo 450 kM [1].

Ha naHHBIE MOMEHT MMeEeTCs OOJIBIION apceHas] METOJIOB, CPEICTB M CUCTEM HM3MEPEHHS JJICK-
TPOHHO# KoHueHTparuy B noHocdepe” [1, 3-7]. K ux 4ucity cleayer OTHECTH CTAHIHH BEPTHKAIBHO-
T0 ¥ HaKJIOHHOTO 30HIWPOBaHUs HOHOC(HEPHI, PaMO30H I, CPEACTBA PaAHO30HAUPOBAaHUS HOHOC(hE-
pBl C HAaHOCHYTHHKOB [4], CO CIeNUalM3UpPOBAHHBIX HCKYCCTBEHHBIX CITyTHHKOB 3€MJIM HAY4YHOTO
Ha3HaueHUA U ¢ ucnoias3oBanueM curHasioB 'HCC. OCHOBHBIM METOJOM ONPEEICHUS AIEKTPOHHOM
KOHIICHTPAIIMU B HACTOSIIEE BPEMsI ABISAETCS paduomomozpapuueckuti [1]. OH mpeamonaraet u3me-
peHre 3Ha4eHUI MOoJTHOTO MeKTpoHHOoro coaepxkanus ([19C) kak nHTerpana (ero Ha3pIBalOT XagoB-
CKUM WM PajioHOBCKMM 00pa3oM) OT AJIEKTPOHHOM KOHIIEHTPAIlMU Ha 3aJJaHHOM Tpacce MEeXIy Iepe-
JATYNKOM W TPHUEMHHUKOM C IIOCIEAYIOUIMM HCIIONb30BAHUEM pPe3yJbTaTOB M3MEpPEeHUil s
BOCCTAHOBJICHUSI 3aBHCHMOCTH DIIEKTPOHHOW KOHIEHTPAIMH OT reorpapuuecKkux KOOpAMHAT TOMO-
rpaduueckumu Meronamu. B atoil cBsa3u onpenenenue 119C mpencrasnsier coboil BakHYI0 3aaaqy
UCCIIEIOBAHUSI HOHOC(EPHI.

B mocnegnue rompl HamOolee MIMPOKO MPUMEHSETCS BBICOKOOPOUTAIBHBIA METOHA TPaHCHOHO-
cepHoro 3oHaMpoBaHus Ha ocHoBe mpuema curiajgoB 'HCC tuna 'NNIOHACC unmu GPS nocpen-
CTBOM JIByXYaCTOTHOH HaBHUTAIIMOHHOW amIaparypbl MOTpeOUTeNs, paclonokeHHoi Ha 3emie. Ero
cyTh coctouT B ciexyromem [1, 3]. [lpu npoxoxnennu yepe3 noHochepy paanOCUTHAJIBI, H3Tydae-
MbIe Ha Hecymux dacrorax fi~ 1,6 u f,~ 1,2 I'T1 ¢ HaBUranmMOHHOTO CIyTHHKA, MCIBITHIBAIOT Pas3-
JMYHBIE BpPEMEHHbBIE 3a/IEpPKKU U, ClIe0BaTelIbHO, M3MeHeHHusa (a3. M3MmepeHne 3THX HapameTpoB
B pacrioyiokeHHOM Ha 3emiie aByxudacToTHoOM npuemanke I’ HCC mo3BossieT HenmpepsIBHO ONPEAesTh
3nauenue [19C B nonochepe Baonb tpaccet HC — IIT (ot aro6oro Buaumoro HC) B 10001 MOMEHT

'PammoroMorpadirueckuit KOMIIEKC [T HCCIeIOBAHMH HOHOC(EPBI M BIMKHEro KocMoca. MHTeNIeKTyaTbHas CHCTeMa Te-
MaTHYEeCKOTrO WCCIICIOBAHHS HAYKOMETPHYECKHX JaHHBIX [DJeKTpOHHBIA pecypc]. — Pexum moctyma: https://istina.msu.ru/
equipment/card/10360783/?ysclid=175pyou9a9358457142. — lata nocrymna: 18.10.2022.

“IlepeBanosa, H. II. MccnenoBanue HOHOCHEPHBIX BO3MYIIEHHH METOZOM TpaHCHOHOC(hEpHOro GPS-30HIMpOBaHms :
IAC. ... TOKT. (hu3.-MaT. Hayk : 25.00.29 / H. I1. [lepeBanosa. — Upkyrck, 2014. — 286 .
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BpeMeHH t. B kauecTBe anmapaTypbl MOKET NPUMEHSTHCS JTIO00W JABYXYaCTOTHBIN MPHUEMHHUK CHUTHA-
noB ['JIOHACC/GPS. HenocraTkoM MeToa sIBISIETCS €ro JOCTAaTOYHAs! «CTaTHYHOCTH», TaK KakK I0-
noxxerne uHAN [1I1 — HC m3MensieTcsi OTHOCHTEIRLHO MEUIEHHO. KpoMe Toro, BRICOKOOPOHUTATBHBIN
METO/ HE MMO3BOJISIET OOHAPYKUBATh JIOKAJIbHBIE HEOAHOPOJHOCTH HOHOC(HEPHI.

JlomonHNTENbHBIE TAaHHBIE IS PEHIeHHs 33/ad 10 PEeKOHCTPYKIWHU JIOKANbHBIX 3HadeHnid [10C
B MOHOC()epe MOTYT OBITh MOJTYYEHBI C UCIOIB30BAaHHEM HH3KOOPOUTAILHOIO METOJIa Ha OCHOBE Op-
GUTATBHOI TPYIITMPOBKU MAJIbIX CIYTHAKOB B panoauanasone” [7-9].

Ilepsbiti sapuanm HA3KOOPOUTABEHONW TOMOTrpaduy peanusyercs Ha ciyTHHKax Tuma «Kocmocy,
«Tpanszury, FORMOSAT-3/COSMIC [5], nznyyaroumx KOrepeHTHbIC CUTHAIBI HA BBIJCICHHBIX IS
reodpuzndecknx uccienoBanmii yactorax 150/400 MI'tt. Ha ocHOBE 3THX CHTHAJIOB (ha30pa3HOCTHBIM
MmetonoM usMmepsiercs [19C Ha Tpaccax «cnyTHUK — HazeMHBbIH [1I1», 4T0o O3BONISAET pacUpsTh NaH-
HBIE 17151 paguoToMorpadun noHochepsl. Bmopou eapuanm 3aKI0YaeTCs B Pa3MEIIEHUH Ha CITyTHUKE
JIByXYaCTOTHOTO HABUTAI[MOHHOTO MPHUEMHHUKA, H3MEPSIOIIETO JATBHOCTH U (ha3bl KOT€PEHTHBIX HAaBH-
TallMOHHBIX CHUTHAJIOB aHAJOTHYHO BBICOKOOpOHTAaNBHOM ToMorpaduu. Kpome Toro, opranmusyercs pa-
nuokaHan st oomeHa ganasME Mexty HC u I ¢ goctatouro O0MbIoii mpoImycKHO#M CITIOCOOHOCTHIO.

HenocraTkamu HCTIONB3yEeMBIX METOIOB HI3KOOPOUTAIBHOM TOMOTpaduu SIBISFOTCS

— HEOOXOAMMOCTh peai3alny JOMOTHUTENFHBIX KaHAIOB CBs3U ¢ HazeMHbIMH 11 ¢ mocrarouHo
BBICOKOH TPOITYCKHOM CITIOCOOHOCTBIO M SHEPTOMOTPEeOICHHEM;

— BBICOKHME TEXHUYECKHE TPeOOBAaHUS K JIByXUACTOTHOMY NPUEMHHUKY, KOTOPBIH JOJDKEH obecre-
YUTh W3MEpeHUs HH(POPMAIMOHHBIX MapaMeTPOB NPUHUMAEMOTO HABUTAIMOHHOTO CHTHANA TIPH
OONBIINX pagHaTbHBIX CKOPOCTAX U YCKOpeHusx Mexay HC u ManpIM CIIyTHHKOM, U, CJIEJIOBATENHHO,
JIOCTaTOYHO OOJbIIAsl Macca U SHEPronoTpebIcHre MPUEMHHKA, a TaK)Ke BBICOKHE TpeOOBaHUS K pa-
JUAITIOHHOW CTOWKOCTH UCIIONB3YEMBIX KOMITOHEHTOB,

— OTpaHUYCHHBIA 00beM HCXOAHBIX JaHHBIX 0 [IDC 1 uX HEOAHO3HAYHOCTH TSI CYIIECTBYIOIIETO
crocoba ¢ MCIOJb30BaHUEM KOTepeHTHbIX curHaioB 150/400 MI't. CormacHo [6] mis ycTtpaHeHus
HEOJTHO3HAYHOCTH TPeOyeTcsi He MeHee YeThIpeX KOT€PEHTHBIX HEMOIYJINPOBAHHBIX CHUTHAJIOB C Ya-
crotamu 150, 400, 1067 u 2844 MI', GopMuUpyeMBIX W3 BBIXOJHOTO CHTHala OOIIEro OMOPHOTO Te-
Heparopa.

Llens paboThl 3akimovaercss B 000cHOBaHUU criocoba m3mepenus [1DC mis peanuzanuu paguoTo-
MOrpaUuecKoro MeToJia 30HAUPOBAaHUS HOHOC(HEPHI 3a CUET PETPAHCIALUNN HABUTAIIMOHHBIX CHI'HA-
108 THCC GPS nanocnytHukoM opmara CubeSat.

Coaepsxanue mpeajaraeMoro cmocoda. PaccMOTpuM WILTIOCTpAlMIO TNPeAaraeMoro crocooda
(puc. 1). Onun win Heckosbko CP BbiBojsiTCsS Ha opOouThl BeicoTOM 150...1000 kM. O6iee uuciao CP
ompeJiensieTcs TpeOyeMbIM TeMIIOM OOHOBJICHUSI JaHHBIX [y peau3alud  paguoToMorpaduu.
IIpu paBHOMepHOM pacnipeneiernu CP 1o 10nrore BOCXOASIIETO y3/1a B 30HE BUJIMMOCTH HAa3€MHOTO
IIIT 6ynet mHaxomuThes, kKak npaBuio, onuH CP. UcnonszoBanue ogHoro CP Ha opOuTe oOecnieunBaeT
MOJy4YeHHUE JAHHBIX JI0 MSATH-IIECTH Pa3 B CYTKH.
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Fig. 1. Relay method

*Homo3omn [Omexrponnsrit pecypc] / UHCTHTYT KOCMIYECKHX HcchenoBannii Poccuiickoi akagemMun Hayk. — PesxuM fo-
crymna: https://iki.cosmos.ru/missions/ionozond. — Tara mocryma: 18.10.2022.
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[IpeanaraeMoe TexHUUYECKOE pelleHHe 3akimouaeTcs B npueme curnaioB [HCC cmyTHHKOM-
perpancisitopoM GPS Ha nByx padouymx yactorax, QUIBTPALUU MPUHATHIX CHTHAIOB, YCUICHUH, TIe-
peHoce crieKTpoB curHaioB Ha 9acTtoTel 150/400 MI'm n m3my4eHnn TOCpeCcTBOM C1a0OHAaIpaBIICH-
HOW aHTEeHHBI Ha 3eMiTio (B HIDKHIO moimychepy). [Ipuem u 06paboTka peTpaHCIMPOBAaHHBIX CUTHA-
JIOB OCYIIECTBIISIFOTCS. OJHUM HJIM HECKOJIBKUMH MPOCTPAaHCTBEHHO pasHeceHHbIMH 111

Tak Kak HABUTalIMOHHBIE CUTHANBI SIBJISIFOTCSI KOTEPEHTHBIMH C U3BECTHBIMU MapaMeTPaMH, BKITIO-
yasi MOMEHTHI W3iydeHust 1 koopauHatel HC, To mpenaraemasi COBOKYITHOCTh TEXHHUYECKUX CPEICTB
o0pa3yeT MHOTOMO3HUIIHOHHYIO PaJHOTOKAIMOHHYIO CHCTEMY ¢ OobImuM ducioM (no 8—10) He3aBu-
CUMO (YHKIMOHHPYIOUIMX HCTOYHUKOB KOT€PEHTHBIX 30HIWPYIOIIMX CHTHAJIOB, €AUHCTBEHHOH pa-
JquonokanmoHHON 1enpio B Buae CP m omanM mmm Heckonpkumu 1111, DTy pamuonokanyioHHYIO CH-
CTEeMYy MOXKHO TPEJICTABUThL KaK COBOKYIMHOCThL Oucratnieckux [10, 11] pamuoiokanyioHHBIX CPE/ICTB,
obpazoBannbix kaxasiM HC, CP u III1, ¢ moaBMXHOI BBUIY B3aMMHOTO IIPOCTPAHCTBEHHOTO ITIE€pe-
memennss HC, CP u III1 6a3zoii. Koopaunatet HC u III1 u3BecTHHI ¢ BBICOKOHM TOUHOCTHIO. Tak,
HAIIPUMEp, TIPH UCIIOIB30BAHNN YIbTPaGbICTPBIX d(eMepHI  TOUHOCTh OmpeeneHus koopmaunar HC
COCTaBUT MPUMEPHO 5 cM. M3mydaemMble HaBUTAIIMOHHBIE CUTHAIIBI COAEP)KAT HEN3BECTHOE HABHUTAI[U-
oHHOe cooOmieHre. OHO MOKET OBITh JIETKO MCKIIOYEHO U3 MPUHUMAEMOr0 CUTHalla 3a CYeT MpHeMa
U e panuy IpsiMoro HaBurannonHoro curHana Ha Il ¢ ucnonb3oBaHHeM CTaHAAPTHOTO HABUTA-
[MOHHOTO MPUEMHHUKA, TaK KaK MPHeM MPsSMOTo HaBUranuoHHOro curHaia Ha [1I1 mpoucxogur paHb-
e MmpueMa PEeTPaHCIMPOBAaHHOTO CHUTHaNA. B CBSA3M ¢ BBICOKON KOTEPEHTHOCTHIO HABHTAITMOHHBIX
CUTHAJIOB Kaxkaoro oraenasHoro HC B 3Toii cucteMe MOTyT OBITh peaan30BaHbl METOIBI CHHTE3HPOBa-
HUs aneptypbl [12] win cmocoObl 00pabOTKU MpU JUIMTEIBHOM KOTEPEHTHOM HakoruieHun [13].
AHAJOTHYHBIA MMOX0/] K UCIIOIb30BAHNIO HABHUTAIIMOHHBIX CHTHAJIOB peain30BaH B pabote [14].

OTMeTnM, 4TO MPU PETPaHCISIMK U3 puHUMaeMbIx Ha [1I1 curHamoB MOJKHO U3BIICYB TY JKE CaMYIO
uH(pOpMaIUIO, YTO W MPU MpUEME NPSMBIX HABUTAIIMOHHBIX CHTHAJIOB B JIByXYaCTOTHOM IMPHUEMHUKE:
BpeMsI 33JIEP)KKH U pasHOCTh (pa3 curaanoB Ha yactotax f; u fp. st coxpaHeHUst KOTepEeHTHOCTH TIepe-
HOC PETPaHCIMPYEMBIX HAaBUTAIIMOHHBIX CUTHAJIOB HEOOXOIMMO IPOBOAUTH C MCHOJNB30BAHHEM JBYX
TeTepoIMHOB Ha 0a3e CHHTE3aTOPOB YACTOT, pabOTAIOMUX OT OJHOTO BBICOKOCTAOMIHHOTO OIIOPHOTO
rerepaTtopa. Kpome toro, mo usmepenusm cymmapubeix gansHocteit HC — CP — I1I1 or MHOXKecCTBa BU-
JMbix HC Bo3HHKaeT BO3MOKHOCTB ONpeJIeNICHNs] KOOPIUHAT U MapameTpoB aABmkeHus CP.

B obmem ciaygae CP moxet ObITh BbiBeieH Ha BBICOTHI OT 150 mo 1000 kM. Pe3ynbrarel aHanm3a
NPEUMYIIECTB M HEJOCTATKOB BHICOT, HA KOTOPBIE MOTEHIMAIbHO MOXET ObITh BhiBeseH CP, mpuBe-
JICHBI B Ta0IUIIE.

CpaBHuTenpHast Tabimia BBICOT, HAa KOTOpble BeiBoguTCs CP
Comparative table of the heights to which the repeater satellite is launched

Bricora opoutst CP, kM IIpenmymecrBa Henocratku

Orbit height of SR, km Advantages Disadvantages
Heo6xomuMocTh OcHalIEeHHsE
CP gBurareiem mis odecreue-
HHUS JOCTATOYHOI'O BPECMEHHU
AKTHUBHOTO CYIIIECTBOBaHMS

W3zmepenne I19C Ha tpaccax HC — CP npu nocratrouno
150...200 BbICOKOM yriioBo#t ckopoctu iuauu HC — CP, Bo3MokHOCTB
neranbHoro uccienosanus [19C B cnosax D, E, F;

Bo3MokHOCTH feTanbHOro ucciaenosanus cios F, ¢ yBenu-
YeHUeM 00beMa JIaHHBIX JIJIs paIuoTOMOrpaduu 3a cHeT
300...600 mmepenus [19C na tpaccax HC — CP u CP — I1I1, mocra-
TOYHOE BpeMsI aKTUBHOT0 cyiiecTBoBanus CP Ge3 nBurare-
JI5 OAJIePIKaHUS OPOUTHI

Bosmoxnocts n3mepenus [13C na tpaccax HC — CP Boie

VYcnoxxHeHne anmnapaTypbl
PETpaHCISINN 1 00paboTKH

> 600 ciost F, ipu aHOManbHBIX BOMYIIEHUSIX B HOHOChepe. Bol-

(aHaMOrM4YHO cokast yrioBas ckopocts Ha e CP — 11 npn HeOompmo#f | HeBO3MOXHOCTE IeTaTbHOTO
FORMOSAT-3/ JaTbHOCTH, YTO MO3BOJISIET BBISBIITH JIOKAJIBHBIE U KPATKO- uccienoBanus cios F,
COSMIC) BPEMEHHO CYILECTBYIOIINE HEOAHOPOAHOCTH HOHOCHEPBL.

MakcumalbHoe BpEMs aKTUBHOT'O CYIIICCTBOBAHMSL

*Idemepuner Goprossie i Tounsie / Orient Systems — Poccuiickuii mpomssoautens THCC obopynoBamus [nekTpon-
HbI pecypc]. — Pexxum mocryma: https://orsyst.ru/blogl0. — Tata mocryma: 18.10.2022.
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OCHOBHBIC PEUMYIIIECTBA MPEIAracMOr0o ClIoco0a OMPEICSIOTCS paclIupeHreM o0beMa JaHHBIX
I[NOC mns paguoromMorpaduu HOHOCHEPHI; CYIIECTBEHHBIM YIPOIICHUEM ammapaTypbl, PacioyioKeH-
HOW Ha CITyTHHKE, 32 CUET OTKa3a OT pa3MelIeHH Ha HEM MPENU3HOHHOTO JBYXYacTOTHOTO MHOTOKa-
HAJBHOTO HABHUTAIIIOHHOTO MPUEMHUKA C BBICOKOW PaIUAIlIOHHON CTOWKOCTBHIO M OOJBIINM IHEPTO-
MoTpeOJICHUEeM; 0TKa30M OT WCIOJIb30BaHMSI allapaTyphl CBA3H C JIOCTATOYHO BBICOKOW MPOIYCKHOM
CIOCOOHOCTHIO; BO3MOKHOCTEIO m3MepeHus [19C myrem 06pabOTKM MPUHATON peau3aliy OJHOBpe-
MeHHO 10 6ombiromy ey HC; Bo3aMOXXHOCTBIO orieHuBaHus koopauHat CP 1 mporaoznpoBaHust ero
TOJIOKEHUST Ha CIICAYIONIEM BHTKE, a TAK)KE HCIIOJIb30BAHUS CYIICCTBYIOIICH NMPUEMHOMW ammapary-
put 150/400 MI'11 mocie ee MOJISpHU3AINMN B YaCTH peasiu3allid METOJIOB IU(pPOBOM 00padOTKH HpH-
HUMaeMbIX CHTHAJIOB.

O6ocHoBaHHE C0c00a W BBHIBOJ OCHOBHBIX COOTHOIIeHHii. OCYIIECTBIUM PETPAHCIISIIUIO TPH-
HrUMaemoro anmapatypoii CP HaBurammonHoro curtana cucrembl GPS Ha uacrtore f;=1575,42 MI'nt
ofHOBpeMeHHO Ha 4acToTsl f,;=150 u f,,=400 MI'11, BeIIeNEHHbIE B COOTBETCTBUM C PErIaMEHTOM pa-
JIMOCBSI3U ISl TeO(U3NICCKUX UCCIICOBAHUN Ha Tpaccax «KOCMOC — 3eMyis». AHAIOTUYHBIE Orepa-
[IMM BBIMTOJHUAM JIJIsl HaBUTarmoHHoro curiana GPS ma wacrore f,=1227,6 MI'u. Ionyuum yeTsipe
PETPaHCIUPOBAHHBIX CHTHAJIA, MPUHUMAEMbIX Ha HazeMHOM [1I1:

>y ®: - St (): fi > o

1
Sty fyy t): fo > fo Sty fn t): f, > f,. @)
st THCC GPS Ha vacrtote f; ucnone3yercst curnan C/A, a Ha vactote f, — curnan L2C, ob6a stu
CUTHAJIa XapaKTepu3yroTcs (ha30BOM MOAYNIAIUEH W KOAOBBIM pasnencHueM. Curnan L2C BBeaeH st
HC, nauunas c 1IR-M, B HacTosmee Bpems uMeroTcst 24 cryTHUKA U3 32 B OpOMTAIBHOM TPYIIHPOB-
Ke’. JlaTbHOMEpHEIE KOJIbI (3aKOHBI MOJIYJIALINH) STHX CHIHAJNOB HMEIOT OJMHAKOBYIO ITHPUHY CIIEKTPa
(1,023 MI'), HO pasHyto anuTenbHOCTh (1 1 20 MC) U ABISAIOTCS KBa3UOPTOTOHAIBHBIMU IO 3aKOHAM
MOJIYJISIIAK, YTO OOECIeYnBaeT BO3MOKHOCTh HMX pa3JIeleHUs] MPH COTJIACOBAHHOW (QHIbTpaIHU
Ha I1I1.
Bynem cuutaTh, 4TO IIIOCKAsl paauoBoIHA pacnpocTpansaerca oT CP, KoTopelil HAXOOUTCS HA Bpe-
MsizaBucuMOoM pacctosiauu L(t) go TII1, Brons ocu z. B 3ToM citydae HanpsyKEHHOCTh 3JIEKTPHYECKOTO

nostst onpeiessiercst popmystoii [15]

1O
E(L,t)=Egcos| 2nf t_E [ w(z)dz ||, (2)
0

rae N — nokasaresib IpeoMIIeHHs, C — CKOPOCTh CBETa.
C y4eTroM TOro 4TO MOHOC(EpPHBIN CIOW PacIoyIOKEH B MHTEPBaJe [Lo(t), L(t)] , a arMoc(hepHbIit

U Tpornioc(epHbIE CIION — B MHTEPBaJIe [O, Ly (t)] , OLICHUM BpEMsI 3ala3/IbIBaHus paJoCUrHana (2):

1Lo® 1 LM 1 Lo(® 1 LM
== [ w()dz+= [ n(z)dz== [ w,(2)dz+= [ n;(2)dz, (3)
€0 €L ¢ o €L

rae My, , Ny — TporocepHsIil 1 HOHOC(EPHBIN TTOKa3aTeny npenomiIeHus . Eciin NpuHITh BO BHUMA-

HHE, YTO HOHOC(EPHBI U TportochepHbIi OKA3aTeNN MPETOMIICHHUS PaBHBI COOTBETCTBEHHO [15, 16]

_ e’n,(2)
1 (Z)ZI—W, (4)
1, (2) =1+ A (2), ®)

SCospemennsie THCC. Ipuknammoii motpeburensekuii nentp IJIOHACC [Dnexrponmsiii pecypc]. — Pexum pocryma:
https://www.glonass-iac.ru. — lara nqocryma: 18.10.2022.
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TO (ha30BBIA MyTh PATHOBONIHBI C 4acTOTOM f (ncesdodarvrocms d,) onpenensiercss COOTHOIICHHEM

LM L(t)
di =Lt)+ | Antr(z)dz— | ne(2)dz, (6)
0 2 50
¥
rae A= o2 ~ 40,308 (M3/ c2), € — 3apsAl JJIEKTPOHA, € — AUIIEKTPUYECKAs MPOHULAEMOCTD
T goM,

CBOOOIHOTO MPOCTPaHCTBa, M, — Macca 3MeKkTpoHa. Eciu ¢as3bl 1 COOTBETCTBYIOIIHE TICEBI0IATBHO-
CTH M3MEPSIOTCS Ha JBYX pasHbiX yacrortax f; u f,, To cormacHo BeIpakenuio (6) HETpyIHO HAWTH
I13C nonocepHoro ciost:

L) d, —d
TEC= | ny(z)dz== L %% 7% (7)
A1l 1
Lo(®) SR
fo 13

B ciyuae pacnpocTpaHeHHss HE MOHOXPOMATHYECKOH TJIOCKOH BOJIHBI C HAIPSHKEHHOCTHIO (2),
a MOZYJIMPOBAHHOT'O HABUTAIMOHHOTO curHanma S(f) ero MOXKHO BBIPa3UTh 4epe3 oOpaTHOe Mpeodpa-

3oBanne Oypee [2]:

_ AfI2
s(t)=Re| /2 L[ s(p)ei2nitgy |,
21 _xt 12

rae S(v) — crekTpaigbHas MIOTHOCTh KOMIUIEKCHON OrHOaroIieil HaBUTrallMOHHOTO CHTHAMA, | — MHH-
Mas eauHUIa, Af — mmpHHA criekTpa CUTHANA, U MPEICTABUTh HABUTAIIMOHHBIA CHTHAT B BHJIE BOJI-

c c
f+Af /2 f—Af/2

KOMITOHEHTBI CUTHAJIA UCTIBITHIBAIOT PasHbIe 33/I€P’KKHU, TIOATOMY HEOOXOJMMO HCIIONB30BaTh IPYIIO-
BYIO 33/IEPXKKY, a He (a3oByt0. [ pymiioBas 3a/iep>kka orpeensiercs ananoruato (3):

HOBOT'O ITIaK€Ta M3 INIOCKHUX BOJIH C AOJIHMHaAMH }\.€|: i| Pasmmanbie acToTHBIC

1Lo® 1 L 1 Lo(® 1 L®
== | nrp(z)dz+— [ nP(dz== [ wP()dz+= [ wP(z)dz, (8)
€ o €L ¢ o €L

rae 0", nP — rponocdepHbIil 1 HOHOC(EPHEIH TPYIITIOBEIE TIOKA3ATENIN PETOMIICHHS.

Tponocdepy cuntaeM HEAWCHEPIHPYIOLIEH Cpelod, MMO3TOMY JIsi HEE TPYIIIOBOH IMOKa3aTellb
NPEIOMIICHHSI HAXOIUTCA 10 popmMyJie

ﬁt;p (2) =1y (2) =1+ A (2). ©)
I[J'ISI I/IOHOC(l)epLI prr[HOBOﬁ IMOoKa3aTeJib MPEJIOMIICHHUS OPCACIIACTCA COOTHOILICHUEM [16]
2
— en.(z
8n Somef

Toraa nceBnonaabHOCTh, U3MEPEHHAS IO BPEMEHM 3aJCP)KKH OruOaroinedl MOIyJIMPOBaHHOTO
HABUTAI[MOHHOTO CUTHAJA, OYAET BBIUUCIATHCS M0 aHAIOTHH C BhipakeHueM (6), HO cO 3HAKOM + Jist
MOCIIETHETO CJIaraeMoro, OTPaXKAroIIero BIUSHIE HOHOC(EPHI:

Lo(t) A 1(t) Lo(t) A
df =L(t)+ j Aty (2)dz +f— J' ne(z)dz = L(t) + j Antr(z)dz+f—TEC (11)
Lo®
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YuuThiBasi B COOTBETCTBUU C puUC. | NBYXKpaTHOE pacIpOCTpaHEHUE CUTHAJIAa HAa Pa3HBIX LICH-
TPaJbHBIX YaCTOTaX U MpH pa3nuuHbiX 3HaUeHUsX [IDC Ha Tpaccax pacnpoCTpaHEHUS, a TAKKE OITyC-
Kast TponocepHyIo OMMOKY JaIbHOCTH, OAMHAKOBYIO ISl BCEX KOMOWHAINI «JacTOTa HaBUTAIIMOH-
HOTO CHTHAJIa/d9acTOTa PETPaHCISAIHANY», 3aMHUIIeM CYMMapHbBIE IICEBIOJANBHOCTH, H3MEpPAEMbIEe 10
3ajiepiKKaM oruodaronux (Ipy UCIIOIB30BAHUY TPYIIIIOBON CKOPOCTH) IIPUHUMACMBIX CUTHAJIOB:

. 0] . (m
Ay =10 +%+ [y ATECTT

2 1
1 fpl
| 1
g, . =0 ATECY Ly ATECH
1+ 'p2 f12 f22
i (12)
m , ATECD 4y A.TECT
dey ¢ =rV+——+r""/ +————,
2:1p1 f2 f2
2 pl
o ATECY 0y A.TEC!)
f2’f2=l’ +—2 +r +—2 y
P 1:2 1:p2

M e _

rae reomerpuyeckue mmHBl Tpacc HC — CP u CP — IIII cooTBeTCTBEHHO; TECO,

TEC(" - 3nauenns I1IC na yKa3zaHHbIX Tpaccax. J[is cokpamienus usnoxenus B (12) He npuBeaeHbI
JPYTHE COCTABILSIFOIINE U3MEPEHHUS CYMMapHBIX MICEB0IATBHOCTEM, Takue Kak ommbka yacos HC [2],
3a[epKKa CUTHAJIOB B PETPAHCIIALUM U JIP.

Ouenka I19C na mpacce CP — ITII. 13 Beipaxenuii (7) u (12) cnemyer, 4to, UMesi pe3yibTaThl
d f, d f, d f,

HU3MEpEHUS dfl CYMMApHBIX NCEBIOAAIBHOCTEN IIJI1 OJHOTO W3 BUIUMBIX

fpl ! pr ! fpl ! fp2

(am
HC, HerpyaHo mosyuuth B¢ He3aBucuMble orleHkH [I1DC TEC ~ (00o03Ha4YeHBI HIDKHUM HWHICKCOM)
Ha tpacce CP — IIIT na wacrotax f; u f:

(O dfl,fpl _dfl,fpz an 0|f2,fp1 _dfz,fpz

TECY, =—2 1P TECy, =B 292 (13)
11 11
fpi fp22 fpz1 fpz2

[Tpu ucnonp30BaHUM NIEPEKPECTHON peTpaHCIAnny Ha 9acToThl 150/400 MI'm npuMedaTeIbHBIMU
ABIIIFOTCS CJIEAYIOIUE 00CTOSATENbCTBA:

1. 3a cueT peTpaHCISIMU OJHOTO U TOTO JK€ HABUTAIIMOHHOTO CHrHaNa C 4acToTsl f; wiu f, Ha 1Be
apyrue 9actotel 150/400 MI't 1 mocseyromero BeluuTanus B Beipaxkenun (13) omeHok cyMMapHOi
JTATBHOCTH B PE3YyIbTHPYIOIIEM BBIPAKEHUHN B3aUMHO KOMIIEHCUPYIOTCS KaK UCTUHHBIE (TeOMeTpuye-

.
CKHU) JaJIbHOCTH r®, ¢ MEXIy 3JIEMEHTaMH CHCTEMBI, TaK M HOHOC(]epHas omubka, o0ycIOBIeH-

Has [19C na tpacce HC — CP. Kpome Toro, nckitodarorcs ommbku yacoB HC 1 mpakTH4ecKu MOTHO-
CTBIO Tponoc(epHast COCTABIISIONIAS OIUOKH.

2. 3a cyeT peTpaHCAIMKH Ha 00JIee HU3KUE YaCTOThI PE3KO YBEIMUUBACTCS YyBCTBUTECILHOCTD M-
tona onpenencaus [19C mo nanbHOCTHBIM M3MepeHusM, Tak kKak BeauunHa [19C 1 TECu = 10% 1/m?

OylIer COOTBETCTBOBATH ~PAsHOCTH CyMMapHbIX —IceBiomanbHocteir dy¢ ¢ —dy ¢ =d

fo1 foo = U fa fpr T

—d fy fpl 215,4 M, B TO BpEMs KaK IIPpU UCHOJIb30BAHUHN KIIACCUYCCKOro MCTOAa Ha OCHOBC IIpUEMa

HABUTAIIMOHHBIX CHUTHAIOB Ha vacTtoTax fy, f, mpu [TDC 1 TECU pasHocTh nanbHOCTEH OyIEeT COOTBET-
ctBoBath Bcero 0,1 M, 9TO BeChbMa CJI0KHO JIJIST U3MEPEHUSI.
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I I
3. Tak Kak U3MepeHus TEC(fl,)n, TEC(fZ,)n no curHanaMm N=1,Ngps HC, xoToprie onHOBpeMEHHO

Ha6J'IIO)IaIOTC$1 Ha CPu HH, SIBJIIFOTCS HE3aBUCUMBIMU, MOKHO YCPEAHUTD!:

- Ngps I Ngps I
TEC(”)zl( LS reChh Y TEC(fz?nj. (14)
GPS n-1 GPs n-1

HwxHue oneHkH Tucriepcu U3MEPEHUsI BpEMEHHU 3aIEP KKK PETPaHCIUPOBaHHOrO curHana Ha [111
onpezaensoTcs Moaupukanued GopMynsl BynBopaa s y3KOMOJIOCHOTO PaJdOCUTHANIA CO CITydai-

HOU HavamsHOM dazoit [17]:
) 1
o; = , (15)
(2E /Ny )4n’p?

rae 2E /Ny — oTHOmeHne yaBoeHHOH Heprin npuauMaemoro Ha [1I1 perpaHcIMpoBaHHOrO HaBHTa-
OUOHHOI'O CUI'HaJia K CHGKTp&JILHOfI IIJIOTHOCTH IIyMa;

p3 =(j f21S(f)Pdf — [ f1S(f)) de/ [1S(f)? df — wHopmmpoBammEi BTOpOH MOMEHT

—00 —00 —00

2 o
KBajgpaTa MOAyJs cChekTpa mnpurumaemoro curhana |S(f)|° ormocurensHo Hecymiel 9acTOThI
[17, c. 197].

2
Ksagpar momyist cnekrpa npuaumaemoro curnana |S(f)|” ompemensiercs kBagpaTom MomyJist

criekTpa  (ha30MaHHITIMPOBAHHOTO HABHIALMOHHOrO curHana | Sy, (f) |2 =sin? (nfty) / (nf )2 U orpa-

HU4yeHueM ero noisocsl npu uznydenuu ¢ HC, perpancimsauuu u npueme III. C yuyerom yka3aHHBIX
¢dakTopoB Oymem rmojaraTb, 4YTO I[0JIOCA YacTOT NPUHMMAEeMOIO CHTHaja  COCTaBJIsET
Af, =111y =Ky, /Ty, tne 15 =Ty /Ky, — AIMTENEHOCTE CHMBONIA IANTBHOMEPHOIO KOJd HABHTALM-

OHHOTO CUTHa/a (A7 OTKPBITBIX HABUTALMOHHBIX curHanoB GPS 1;=0,978 Mkc He3aBHCUMO OT ya-
crotsl), Ky, — xoadduIMeHT cxkaTHs HAaBUIAlMOHHOTO CHUTHANA, Ty — JUIMTENBHOCTh OJHOTO Iie-
pHofa HABHUTAIIMOHHOTO cUTHama. [l yKa3aHHBIX BBIIE YCIOBHH HETPYIHO BBIYHUCIUTH
B2 =0,0655/ 13 =6,85-10" I’

Hcnonb3ys paBeHcTBO (15) M B3aMMOCBS3b BPEMEHH 3aJICPXKKH M JANbHOCTH I =CT, rae C — CKO-
POCTb CBETa, AJIsl TUCTIEPCUU U3MEPEHUI CyMMapHBIX JaJIbHOCTEH 3alHIIeM

2 B
2-n2 - ' (16)

(2m) 2prf1(2),fp1(2) P2y fou)

Oty fou)

2

roe B =1,66-104 M /Ny — OTHOIIEHHS CUTHAJ/LIYM AJSl COOT-

- ;pf f Ef f
2An2 1(2) 'p1(2 1(2) » 'pl(2
(27.[) 2Bf (2)+ 'p1(2) (2) + 'p1(2)

BETCTBYIOIIMX KOMOMHAIIMIA «9acTOTa HABUTAIIMOHHOTO CUTHAJIA/9acTOTa PETPAHCIISIIANY.
. any ~an
13 Beipaxennii (13) u (16) cnemyer, uto aucnepcuu Dfl ,sz ounenuBanus [19C Ha Tpacce
HC — IIII cocTassT

2 2
Oty oy, for T Oty o, f 1 1
1l 1(2): 'pl 1(2) 'p2 _ 33 4
oy = =110 + M=
1 1 p fi2) for p fi(2). fo2
f (17)
1 1

=70 + [TECu?].
Pyt Pl fe
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Mot pg| for =P 1, =30 nb (kak Moka3aHO HIKE, TAKOE 3HAYCHUE BIIOJHE JIOCTHXKUMO ISl CUCTE-
Mbl GPS mipu Bpemenu HabmoaeHus mopsaka 0,5...1,0 ¢) moayduM cpeHEKBaAPATHICSCKYIO ONMIHOKY
(CKO) ouenusanus [19C ¢ ucnonb3oBanuem curtana ogaoro HC Dgl) =0,374 TECu.

OtmeTuM, uTo goctatouHoil juid onpeaenenus I[19C na tpacce CP — IIII sBnsieTcs peTpaHCIsus
ToibKO OonHOI M3 yactoT GPS. IlockonbKy SKBHBalICHTHAs M30TPONHAS H3IydaeMasi MOIIHOCTh Ha
gacrore f, GPS na 1,5...6 1b MeHnsbIe, ueM Ha gactoTe f; (3a uckmouennem HC GPS IlI) [2], npu
¢uxcupoBanHoM koddduuuente perpanciuaunu CKO onenku [19C Ha peTpaHCIMpOBaHHOW 4acTo-
te f, okakercs OoJble MPUMEPHO B J1Ba pasa. B CBs3M ¢ 9THM BKJIaJ PETPAaHCIMPOBAHHOTO CHIHAIA
Ha 4yacToTe f, Ipu BeCOBOM yCpeIHEHUH PE3yIbTaTOB HA JIByX YaCTOTAaX OKAXXETCS MEHBIIE, TOITOMY
YKa3aHHYI0 4acTOTy MOXHO HE peTpaHciaupoBaThb. Pesynprupytomee 3Hadenne CKO oueHuBanus
[15C na tpacce CP — I1I1 ¢ yueTom peTpaHcisiuu Toiabko yactotsl f; u yepeanenus (14) mo Ngps BH-
mameim HC pi p=p g fog =Py, f,, OTIPENENACTCS BEIPAKEHUEM

11,8

OTec, = To——
? \/NGPSP

B gactrocTH, ipu p = 30 1b u Ngps = 6 pesynsTupyromas CKO cocraBur 0,15 TECu, uro BriomHe
JOCTaTOYHO JJIsl pean3aliy pagruoToMorpapruuecKiux MeTooB. OTMETHM, YTO TaKOH pe3yibTaT Mo-
JIly4€H BBUJYy BBICOKOM TOYHOCTH M3MEPEHMS PA3HOCTH CYMMAapHBIX JaJIbHOCTEH C MPUMEHEHHUEM MO-
OYJIMPOBAHHOI'O CHUTHANA MPH HU3KUX YaCTOTaX PETPaHCISILIMU B CPABHEHHM C YaCTOTAMH HaBUIallH-
OHHBIX CUTHAJIOB M yCPEIHEHUs pe3yiibTara 1o sceM BuaumbiM HC.

Ouenka I13C na mpacce HC — CP. Kak cienyer u3 Beipakenuii (12), npu UCHoONb30BaHUH JalTb-
HOCTHBIX m3MepeHwnit oneHku [I19C Ha tpacce HC — CP anamorununo ciayvaro ¢ tpaccoit CP — I1I1 6y-
IyT paBHBI BETMUYHUHAM

[TECu]. (18)

d. . —d de . —d
| |
TEC(fp)1 S M TEC(fp)z b Tl (19)
Al Lot -
2 g2 2 g2
1 2 1 2

T. €. B JAHHOM Clly4dae pe3yJIbTaThl M3MEPEHHI Ha pa3HbIX YacTOTaX KOMOMHHUPYIOTCSI TAKAUM 00pa3zoM,
4r00bI uckirounTh Tpacchl CP — TII1. IIpr 3TOM MOXKHO OTpaHUYMTBCS peTpaHcisiiueit yactor fi, f
TOJILKO Ha OJIHOW M3 YacTOT PETPaHCISALNUN fpl(2) . Ananornuno (17) mucniepcus uzmepenwuii IIDC co-

CTaBUT
2 2

ol _ St fau T Ot foi) ~15.10%. 1 N 1 ] =

f - 2 4 =

"o 1 1 Plfue Pl fue)

P (20)
1 1
=1,5-10° - + [TECu?].

Pl Pl foo

[
Ipu wamuuun m=1... M IIII pesynprarel oueHuBanus I15C TEC(fp)l,m Ha moOoH W3 Tpacc

HC — CP moryt ObITh ycpeaneHsl. [Ipu ncnonp30BaHUH TOJIBKO MEPBOW YaCTOTHI PETPAHCISIIIMA T10-
JIy4aeM PaBEHCTBO

1 Mm (1)
M_ leEC fplv m- (21)
m=

juing

=
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W3 eipaxkenwuii (20), (21) cremyer, 9TO Ui TOCTHXKEHHS BBICOKOH TOYHOCTH omnpeaeneHus [19C
HEOOXOIUMBI OONbIIAE 3Ha4eHUs! OTHOWEeHUsT cuTHA/myM (40...50 n1b) B eAMHUYHBIX U3MEPEHHAX
u ucnoisp3oBanue 6ounpinoro uncia [1I1. KpoMe Toro, BO3MOXKHO HOCHEIyIOIIee YCPEIHEHUE Ha Orpa-
HUYCHHOM BPEMEHHOM HMHTEpBaje aHAJOrM4HO Metoay u3mepenus [19C B AByX4YacTOTHOM HaBHTa-
[IMOHHOM TIPHEMHHUKE NPH peau3aliui BbICOKOOpOHTaIbHOM TOoMOrpaduu. OqHAaKO M3-3a BBICOKOM
yrioBoii ckopoctu nepemenienusi CP otHocutensHo HC 1 BO3MOXKHOIM HEOJJHOPOIHOCTH JJIEKTPOH-
HOM KOHIIEHTpAIlMd B HOHOC(Epe BpeMs YKa3aHHOTO YCPEIHEHHUS] MEHBIIE, YeM MPU BBICOKOOPOH-
TaTBLHOM TOMOTpadUH.

Pacuer II19C na Ttpacce HC — CP Ha ocHOBe ()a30BBbIX H3MepeHHNii N0 PeTPaHCIHPOBAHHBIM
CHUrHajaM. PacCMOTPHM pacrpoCTPaHSIONIYIOCS TUIOCKY0 paanoBoHy (2). C yuetoM BeipaxeHwHid (4)
u (5) onpenenum ¢asy paguocurnana (2) ciemyromnmm oopasom [15]:

L(t) Lo(t)
o(t) =2n ft—ﬂL(t) ?% [ n (z)dz—ﬂ j An, dz . (22)

Lo(t) ¢

C menpio yIpoIeHus JaTbHeHINX BRIKIAA0K cuutaeM, 4ro Ha puc. | HC-3, CP u I1I1-2 pacnona-
raloTcs Ha OJHOM JMHUH. B ciydae peTpaHCisiiuyu cUrHan (2) MOXKHO MPEACTaBUTh B BUJE JBYX I10-
CIIEZIOBATENIbHO HM3ITYYCHHBIX IUIOCKHX 3JCKTPOMArHUTHBIX BOJH, (a3pl KOTOPHIX OYIyT COOTBET-
CTBEHHO OIIPEEIISATHCS BEIPAKEHUSIMU

L(t)
o (1) = 2aft - 22 (L)) - L (0)+ 221 ] ny(apz 23)
c c pr(t)
2nf L ® 2nf,, Lo®
(p(")(t)=2nfpt—%Lp(t)+ﬁfi [ ne(z)dz——2 j Al 0z + A0 (1), (24)
C

p Lo(t)

rae L(t),L,(t) — paccrosnus ot IIT no HC u CP; A(p(l)(t) =(t) - 2nft — cuBur ¢aser perpanciupo-

BAaHHOT'O CUTHAJA, 00YCIOBICHHBIM pacupocTpaHeHreM paanoBoHsl o Tpacce HC — CP.
B cootBercTBuu co cxemoii (1) u Beipaxkenuem (23) npuaumaemas dasa (24) umeer Bua

2xf
21, 10 )+ 2 c0 (1) - 22 (0 1) 4 P rEcn (1) - I Az, (29
cf c cf c

1 Py

P, = 2nf, t—

2nf, 2nf
o, =2mf, t——2 (')(t) TEC(')(t) —R W)+ ATEC“"(t) j Antrdz (26)
PL c cf c cf c

2 P1

2xf 2nf f
(pflvfpz :anpzt Cl (I)(t) o TEC(I)(t) sz (Il)(t)+cf TEC(II)(t) - J’ An[rdz (27)

1 p2

2 2nf f
O, ¢ =2nf, t— (')(t) TEC(')(t) — ATEC<”>(t) j Ant dz, (28)
2'p2 c cf c cf c '

2 P2

L(t) L(t)

re TECO(t)= | n.(2dz, TEC(t)= [ n.(2)dz, rO)=L®)-L, ). r™®)=L,(t). Bern-
Ly (t) Lo(t)

Tast u3 ypaBHenus (25) ypasuenue (26), a u3 ypasuenus (27) ypasuenue (28), moaydnm
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. . 27'[( fl - fZ) (|) 27IA 1 )

Pty O =0¢, foy ~Plofy = —f O+ . f1 f_z TEC (1), (29)
- 27‘5( fl - f2) ) 2nA( 1 1 0

Apr, =011, ~ Py 1, B O+— A TEC™(1). (30)

W3 paBenctsa (29) HerpynHo Haiitu orenky I19C na tpacce HC — CP:
2n( f1 - )

M ~ ~
A(prl (t+ r() _ G 1(t)_(Pf2,fp1(t) _fif r(')(t) (1)
21A 7_L A (11 A ’
c \f; 1, C fi T,

rae (f)flyfpl t), (T)lefpl (t) — omeHkH a3 COOTBETCTBYIOIINX MPUHIMAEMBIX CUTHAIOB. Tak Kak TOYHO

0
TEC,, (t) =

OTIPEACIUTD (f)flyfp] ®), (pfzyfp] (t) ¢ yuerom ¢a30BOil HEOIHO3HAYHOCTU MPAKTHUYECKH HEBO3MOXKHO,

nepeiizeM 1o aHajgoruu ¢ paboramu [1, 3] k (a3zopasHOCTHOMY METO.Y, BHIMOIHUB U PEPEHIHPO-
Banue (31), KOTOpoe yOHpaeT MOCTOSHHYIO Ha MHTEpBaJIe HAOIOICHHUS HEOTHO3HAYHOCTH (as’:

d

I Pt ( )— (Pf fol (t) f f
ETEC(f )1 (t) = dt 2 172 2 (0 (t). (32)
dt P 27A 1 A dt
C f1 f,
IToacTaBasist 3SHAYEHUS KOHCTAHT U 3aJaHHBIX YaCTOT B BhIpakeHue (32), momyuum

d

Crect = 6,6-10'. ( d5
a "

Py 1, (- (pf (t)) 48-10%. 910y [TECwe,  (33)
dt 2 dt

[IpuBeneHHBIE BBILIE COOTHOIIEHHS U Pa3HOCTH (pa3 MPUHUMAEMBbIX Ha JIByX 4aCTOTaX CHUTHAJIOB
0a3MpyIOTCS HA MCXOJHOM BBIPKECHHH HM3Ty4aeMO IJIOCKON BOJHBI (2) M MPUHMUMAEMOM ILIOCKOM
BOJIHBI B TOuke mpuema. OHU MO3BOJSIIOT ycTaHOBUTH BimsiHue [1DC Ha pazHOCTh (a3 MPUHUMAEMBIX
CUTHAJIOB C y4eToM peTrpaHcisinui. OpaHako HaBurannoHHsle curHansl [ HCC sBnstoTcss Momynupo-
BaHHBIMH. [IJIs1 memMoay siiyn npuHuMaeMoro curaaina Ha [1I1 HeoOX0IMMO YMHOXKHUTH €ro Ha COBME-
HICHHBIN M0 BPEMEHH KOMIUIEKCHO-COTIPSYKEHHBIA ONIOPHBIM CHTHAM ¢ (a30BOM MaHUMYJISIIUCH Naib-
HOMEPHOT'0 KO/Ia HAaBUTallHOHHOTO CITyTHHKA U HABUTALIMOHHOTO COOOILICHUS M ¢ MEIJICHHOW (ha30BOi
Moayssiuueii, oOyCIIOBIEHHON B3auMHBIM HpocTpaHcTBeHHBIM mnepememienneM HC, CP u IIIL
st aToro Tpebyetcst 6oliee neTanbHas OleHKa (a3 TPUHUMAEMBIX CUTHAJIOB U X Pa3HOCTEH.

3anuiem ¢a3zy MOAYJIUPOBAHHOTO curHaia, npuaumaemoro Ha III1. TIpeoOpazosanue ¢a3sbl cur-
HaJla Ha J11000i U3 YacToT f HABHTralMOHHOIO CHrHANIA U Ha JIFOOOH M3 PETPAHCISIIUOHHBIX YacToT f,
B TIPOIIECCE PETPAHCIISINY MTOKa3aHOo Ha pucC. 2.

HC CP T
@+« >@)< >»®
2mft —2nf t+30

Puc. 2. [Ipeobpa3oBanue (a3bl CUrHaNA IPU PETPAHCISALIN
Fig. 2. Signal phase conversion during relaying

8CmuproB, B. M. Onpe/ieieHne d1eKTPOHHOTO COepKaHHs HOHOC(Epbl 3EMIIH 110 JAHHBIM JaJbHOMEPHBIX H (ha30BBIX
m3mepennit / B. M. Cmupros, B. H. Mapuyk // UccnenoBano B Poccun. — Pexxum nocryna: https://cyberleninka.ru/article/n/
opredelenie-elektronnogo-soderzhaniya-ionosfery-zemli-po-dannym-dalnomernyh-i-fazovyh-izmereniy. — Jlara nocryma:
18.10.2022.
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®aza @p(t) mpurumaemoro Ha III1 B MomeHT Bpemenu t curnana (6e3 yuera II9C Ha Tpacce)

r( (1)

coctaut [2, 18] o (t) =ocp [t - ], TIe Qcp (r) — (haza MOTYTUPOBAHHOTO CHTHATA, U3ITY-

gaemoro CP. B cBoro ouepens, aist dasbl curaana, n3mydaemoro CP, MmoxkHO 3ammcaTh

I’(I)(T)

I’(l)(‘c)
®cp(T)=0pc| T— —2nf t+0¢ =2nf T_T —2nf t+8¢p =

=2n(f - fr)r—27ti r (1) +5¢ = 2nfpr—2ni r® (1) + 5o, (34)
C C

rae f,=f - f. — wactora perpancnuposannoro curnana, 5¢ — (azoBbli CABAT B PETPAHCIATOPE,

f. — wacTora rerepoauHa.
O6bequuuB stamnbl Ha Tpaccax (1) u (1), momyuanm

0 0
orr (1) = 2nf (t —rT(t)—lr“) (t —r—(t)D—%tfr (t —%r(”)(t)j+8(p -

c c

f )
:anpt—2n?pr(")(t)—27t%r(')(t—rT(t)]+8(p. (35)

Boipakenne (35) ompemenser 3akoH (a3oBOil MOAYIAIMH CUTHAIA, OOYCIOBICHHOW B3aWMHBIM
nepemenienneM HC, CP u III1. KonkpeTtusupyem ero OTHOCHUTENBHO NMPUHUMAEMbIX CUTHAIOB U U3-

MEHSIOIIUXCs BO BpeMenu [19C TEC! t) u TEC( (t) ma Tpaccax pacnpoCTpaHEHHUs IPH PETPAHC-

sy yactor fy, f, na wacroty perpancnsuun f;:

f f r(”)(t)
= P L (D P L A O P
(pflyfpl(t)—2nfp1t 2n . r’(t)y-2=n . r (t . +

M (1
N 2nA[ TECY (1) N TECYV(t)
C fy f

J+5(Pf1,fpl;

1
o r(")(t)—zni r( (t R0} )(t)j+
c

a (36)

(pr'fpl (t)=2TEfp1t—271:T c

0 0
N 2nA(TEC v, TEC"

+9 ,
c f, f J P2ty

pl

rae 6([) fl( 2) fpl @ - (baBOBBIe CABUTU IJI pa3IMYHbIX KOM6I/IHaI_II/II>i «4acTOoTa HaAaBUTI'allTMOHHOI'O CUI'Haj1a /

4acTOTa PETPAHCIIIMWY B TPAKTax perpaHcisropa. 13 Beipaxkenuii (36) Haiinem

fi—1f o r' ()
(pfl’fp](t)—(pfzyfpl (t)=8(pfl'fpl _S(sz,fpn -2n - r t——C +

+@-TEC(')(I)-(i—iJ, (37)
c

1 f2
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OTKyIa CJIeayeT

Pey.1, MU (szfl(t) (5(Pf1f1 8(pf2f1)+2n - Zr(')( c()

2nA (11 ’
C fi 1

rae qﬁoflyfpl ®), 6f2’fp1 (t) — onenku (a3 COOTBETCTBYIOIIMX NPUHHUMAEMBIX CUTHAIIOB, (hOpMHUpYyEMBbIe

TEC(f)

(38)

B annapatype [1I1.
Tak Kak MoJy4eHHe ¢ 1, fo1 ), (pfz o (t) c yuetom (pa3oBOif HEOMHOZHAYHOCTH MIPAKTHUECKU HE-

BO3MOYHO, TiepeiiiemM anaitorudso [1, 3] k dhazopasHOCTHOMY METO/y, BHIIOIHUB AU depeHITUpPOBa-
uue (38), yGuparomiee MOCTOSHHYIO HAa MHTEPBAe HAOMIOICHHS HEOTHO3HAYHOCTD (a3 ':

d 0, (O (p ®
d M gt f2. fp1 fif, d( oy (I -4
—TECt, = - —(r* (t=r""(t)/c =
it " onA 7_1 A el (r o) b
c fi f,

_ 15 (d 16 d () (I
—6,6-10 ( O (pfzfl(t)j 4,810 a(r (t-r (t)/c)) [TECu/c].  (39)

Kaxk Bumum, Beipakerns (38) u (39) cxoxu ¢ (31)—(33), HO MOIyYEHBI ¢ TOMOIIIBIO Pa3HBIX MOIXO0-
JIOB, YTO CBSI3aHO C YYETOM MOJYJIALIMU U KOHequﬁ CKOPOCTH PactpOCTPAHEHHs BOJIH.

Ckopoctu u3MeHenust (a3 (T)fl NOR (pf2 . ](t) B mepBoM ciaraeMoM (39) mpeacTaBisoT

dt
cO0OH JOIUIEPOBCKHE CABUTH YaCTOT HpI/IHI/IMaeMOFO CUTHaJa ¥ MOTYT OBITh OIICHECHBI HEMOCPE/-
CTBEHHO B Ipoliecce ero o0padboTku. Kpome Toro, oHE MOTYT OBITh ITOJIyY4€HBI B COOTBETCTBYIOIUX
TOYKAX CUCTEMbI (Da30BOM aBTOMATHUECKOHN MOJCTPOMKH YaCTOThI KAaHAJIOB MMPUEMHHKA PETPAHCIUPO-
BaHHBIX CHTHAJI0B. Bropoe ciaraemoe B (39) yunteiBaeT B3aumuoe nepemerenne HC u CP. Ero BeI-
YHUCIIEHUE TIpeJIIojaraeT MHOTOKpaTHOe n3Mepenue koopanaat CP Ha Bcem mHTEpBaie HaOIIOACHUS,
OIICHWBaHWE OPOUTAIBHBIX MTAPAMETPOB CITyTHUKA METOJIOM HAUMEHBIINX KBaaAparoB [11], momyueHue

TOYHBIX YNbTPaObICTphIX 3demepun HC, annpokcumanuio fanbHOCTEH r() (1), r(h (t) u BbUMCICHHE

MIPOM3BOAHOM IS 3aJaHHOM anmpokcuManuu. TpedyeMas TOUHOCTb BBIYMCIICHHS pagHaIbHON CKOPO-
ctu CP orHocutensHo HC BBUIy GONBIIOr0 MHOXKHTENS BO BTOPOM ciaraeMoMm (39) cocTaBisieT 10Ju
WM €IMHULIBI CM/C.

3akoHbl  (Ha30BOM MOMYJISAIKMK PETPAHCIMPOBAHHOTO cuTHaia (36) Jal0T BO3MOXKHOCTH 3aIllHCATh
BpEMEHHBIE NpecTaBieHus npuHumaemsix Ha I1I1 curnanos ot n-ro HC B Buze

() _ aln) (n) _ (n) o . f102) )
Sf1'fpl(2) = Afllfpl(Z) De(t Tt i) (t))X (t=t¢ ¢ bl(2) ()e ,
(40)
2 (n) _ pa(n) (n) _ (n) jcpfzyfpl(z) ®)
SfZ' fo12) = Afzi fo12) Dt ( T i) (O)X5 (t Th. fo2) ()e ,

rue Dg]) 1), Dg) ), Xgr) ®), Xg) (t) — HaBUTanMOHHBIE COOOIIEHHS M HaJbHOMEPHBIE KOJIBI N-TO

(n)

HC [2] Ha cooTBeTcTBytomuX yacrorax f; u f; A
f(2): fp12)

— aMIUIMTY/Jbl CUTHAJIOB Ha BXOAC IIPUEM-

"URL: https://www.glonass-iac.ru
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Huka HazemHoro IIIT; Tty forzy — ACPAKKH CHTHATIOB OT N-TO HC na Tpacce pacmpocTpaHeHusS

HC — CP - I1I1, onpenensemsie o hopmyiie

' ()
r(”)(t)"'w

(41)
f1%2) fp1(2)

1 oo, o) ATECO @)
Tfl(Z)'fpl(Z) (t)—E r (t— c + +

JlagbHOMEpHBIC KOJIBI Xg‘) ®, Xfcg)(t) U3BECTHBI M3 PaboThl [2], HABUTAIIMOHHBIC COOOICHMS

Dg]) ), Dg) (t) mMoryt GbITh oreHeHs! pH TpreMe Ha [1IT mpsMbIX HaBUTAIMOHHBIX curHanos oT HC.

OTMeTHM, YTO HABHTAI[MOHHBIC COOOIICHHS W JAbHOMEPHBIC KOABI MPUHUMAIOT 3HaueHus +1. D10
cooTBeTcTBYeT (pazoBoit Manumyssiuu 0,7. 3a1epiKKH Tha forzy € HEOTIPEIETEHHOCTBIO, CBSI3aHHOM

¢ nenssectabivu 3nauennsimu TECY) | TECMD | u 3akons (ha3oBoii MOmyISALUK (Pfl(z)’f (t) ome-

pl(2)
HUBAIOTCS MO0 U3BECTHBIM C BBICOKOI TouHOCTHIO KoopauHaTam HC, I1I1 u nporuozupyemsiM Koopau-
Haram CP. IIpexncraBnenust (40) 00yciIoBIMBaIOT BO3MOXHOCTh PHEMa U KOT€PEHTHOTO HAKOILJICHHS
curHasioB Ha Il myrem ¢a3oBoil AeMOIYISIUMN MPUHUMAEMbIX CUTHAJIOB 110 HAaBUTALMOHHBIM CO00-

IICHUSM, JATbHOMEPHBIM KOJaM U 3akoHam ¢ f1(2). fp1(2) (1) ¥ BO3MOXHOCTD WX HAKOIUICHHS B y3KO-

HOJIOCHBIX (DUIIBTPAx aHaJOru4HoO [14].

CTpykTypa annapatypsl peTPaHCJISIUH U pacyeT ee TpedyeMbIX XapakTepucTuK. CTPyKTyp-
HO-()yHKIMOHANbHAs CXE€Ma amapaTrypbl peTpaHC/IALUuU u300pakeHa Ha puc. 3. C BbIX0Aa MHUKPO-
MOJIOCKOBOM MPUEMHON aHTEHHBI Aj, Ha 4acTOTHBIN auamnas3od 1,2...1,6 I'Ty mpuHsAThIE HABUTaIU-
OHHBIE CUTHAJBI MMOCTYNMAIOT Ha Majomymsmui yeunutens (MILY) u nanee pa3BeTBisfioTca Ha JABa
nosiocHo-Tiporryckaromux ¢unstpa (III1D) ¢ meHTpampHbiMu yactoTamu 1575,42 u 1227,6 MI'ng
Y TI0JI0CaMH NPOIyCKaHusl 0KoJo 2 MI'I, 4TO COOTBETCTBYET IIMPHUHE CIEKTPa HABUTALIHOHHOI'O
CUTHaJa 1o MepBbIM HyJIssM. CUTHANBI € BBIX0/a (QUIBTPOB MOCTYMNAIOT Ha YeThIpe OaJaHCHBIX CMe-
cutens (bC). Ha Bropeie Bxoabl BC mocTynaroT cUrHallbl TeTepOIMHOB, (GOPMUPYEMBIE U3 CUTHAJIOB
BBICOKOCTa0MIIBHOTO OMOpPHOTo reneparopa (OI') ¢ ucnoiap30BaHUEM CHHTE3aTOPOB YacTOTHI ¢ (PHUK-
CUPOBAaHHBIMH KOA(QPUIIMEHTAMH JIeICHHUS YacTOT OIMOPHOTO CUTHAIA U TeHepaTopa, YIpaBis eMOro
HanpsbkeHuem, ¢ yacroramu 1575,42-150, 1575,42-400, 1227,6-150 u 1227,6-400 MI'u. Curnasl
BbIX0ZI0B bC CyMMHpyIOTCSA M yCHMIMBarOTCA B IieNOYKe ycunureneld Ha gactorax 150 m 400 MI'n
Y TIOCTYIIAIOT Ha COoryacyrolue ycrpoicTsa ¢ ¢azoBpamarensimu CY+®B, umeromue a8a BeIXoa
CO cIBUTOM cUTHaJoOB Ha n/2. KBamparypHbie BoIXOAHbIe curHanel CY+®B Ha pabouux gacToTax
150 u 400 MI'u cyMMUpYIOTCS M IOCTYIAIOT HA 3JIEMEHTHI TYPHUKETHOM Mepeatoiieii aHTEHHBI.

1575,42+1 MI'n BC-1
o1 e — o _CI_W@B Ao
Ain BC-2 _@_\;\/
MIITY — s} 7\
1,2...1,6 T | 1227,61 MI'y BC-3 |
nno-2 —e || —! 1 X ¥y —HCY+DB
BC-4

Or| |CY-1|CY-2|CY-3|CY-4
[EE S GHE S—

Puc. 3. CrpykTypHO-(pyHKIIHOHANBHAS CX€Ma alnapaTyphl PeTPaHCISINH
Fig. 3. Structural and functional diagram of relay equipment

;
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OCHOBHBIMH TIapaMeTpaMy arnmnapaTypbl SBISIOTCS 3)(HEeKTUBHBIN (C y4eTOM BCeX MOTEPh B Tpak-
Te) K03()(HUIHUEHT PETPaHCISAMHA U MOIIHOCTh BBIXOIHOTO ycunutems. OnpenenuM yKa3aHHbIC Mapa-
METpBl IPU CIEOYIOLUIMX HCXOAHBIX JaHHBIX: SKBUBAJICHTHAs HM30TPONHAs M3JydaeMash MOIIHOCTh
HAaBUTallMOHHOTO CHTHAJIa Ha Kaxkaoi u3 yactor mo xoxam C/A, L20C P, = 26,8 nbBrt; nansHOCTH
mexay HC u CP ;= 21 000 km; nansHocTh Mexay CP u ITIT 1, = 1000 kM; criekTpanbHas MI0THOCTh
MOILIHOCTH BHYTPEHHMX IIYMOB almapaTypbl peTpaHcsiuid u  npuemHoro tpakrta IIIT

- 21 _ _ .

Ng= 5,810 Br/Tu (K, = 1,5 1b, T = 300 K); cpeanuii no pabouemy cektopy KodpduiueHt ycuie-
HUSI MUKPOIIOJIOCKOBOM NIPUEMHOM aHTEHHBI allllapaTyphl PETPAHCIISLUY C YI€TOM IOTEPh B TPAKTE A0
MIIY G, = 1,5; ko3 duuueHT ycuneHus nepeaaronieil aHTeHHsl anmaparypsl perpancmanuu Gy, = 1,
ko3 uument ycunenus anreHssl 111 (TpexanemMenTHOM anTeHHbl Arn — Ya ¢ opuentauueii na CP)
G, =7,3 1nb; ko3ddunreHT moreps Moyie3HOro curuana B npueMHoM tpakre I1I1 k= 0,5; koadpu-
IIMCHT TOJPU3aHOHHEIX ToTepb K = 0,5.

OTHOIIICHHE CUTHAJI/IITYM Ha BBIXOJIC COTIACOBAaHHOTO (DMIIBTPA JIsS OJHOTO NEPHOia HABUTAIIMOH-
HOT'O CUTHAJIa OMPEACIISIETCS BEIPAKEHUEM

mnVacMp N

(4m)*r2ri N, P

P G.G,G A%k kT
:ncrtr nOK (42)

rae A, ~0,19 — HanMeHbIIas JUTHHA BOJHBI A7 HABUTAIIMOHHOTO CUTHAJA, kp = 0,75 nu 2 M — u-

Ha BOJIHBI pETPAHCIUPOBAHHOI'O CUT'HAJIA, TO =1 mc — JJIIUTCIIBHOCTD CUTHAJIA AJIS 4aCTOThI f]_.

OCHOBHOI 0COOCHHOCTBIO PACCMATPUBAEMOTO PETPAHCIISATOPA SIBISICTCS CYIIECCTBEHHOE YCUIICHUE
COOCTBEHHBIX IIYMOB, TaK KaK MOIIHOCTh IPUHUMAEMOT0 HABUT'AIIMOHHOTO CUrHaNa (Kak M JJIsl TUITO-
BOI'0 HABUTallMOHHOTO TpreMHuKa) Ha 15...20 ab [2] menbme momHocTr mryma MITY. Koaddunu-
SHT PETPAHCILSILUK OIPAHMYEH MOIIHOCTBIO YCHIICHHOTO LIIyMa

P = NoAf K, (43)

rae Af, =4 MI'u — oGwas nosoca nponycKanus peTpancastopa. OTHOLMIEHHE CUTHAI/IIYM IIPH Kore-

PEHTHOM HAKOIUJICHUH B TCUHCHUC BPEMCHU TKH COCTaBUT

.
p(Ky) = 1K)

(44)

3aBUCHMOCTH OTHOILICHHUSI CUTHAJI/IIIYyM, MOIIIHOCTH IIyMa Ha Beixojie perpaHcisatopa u CKO ore-
auBannst I19C ua tpaccax HC — CP (o7gcy) 1 CP — IIT (67ecy) OT Kp MOKa3aHbl Ha puC. 4. 3aBUCUMO-

CTH MOCTPOEHBI cornacHo BbipakeHusM (15), (19) ms ciayuas onpenenenust [19C na tpacce CP — IMI1
IpH PETPAHCISIUKA OAHOM 4YacToThl fy 1 Hamuumu oguoro u mectn HC, a qust ciydvas onpe/eseHus
I15C na tpacce HC — CP 3aBHCHMOCTH MOCTPOCHBI MPH PETpaHCIsIUK ABYX yactor f;, f, Ha wacTory
perpancisiuny 150 MI'n, uto Gonee sHEpreTHUECKH BRITOJHO, YeM Ha yacToTy 400 MI'n, npu HaIu-
yun oxHoro u nsty [1I1. IlyHKTHpHBIE U CIUIOLIHBIE IMHUK Ha pUC. 4, @ COOTBETCTBYIOT YaCTOTaM pe-
tpancasinun 150 u 400 MI'w, 3aBucuMocTH Ha puc. 4, b moCTpoeHbI Ui BpeMEHH KOTEPEHTHOTO
HakoruieHus 1 c.

Ha puc. 4 BugHo, uro goctwxernne CKO ouenku [19C na tpacce CP — I1I1 nopsinka 0,1 TECU mpu
HAJIMYMU B 30HE BHJIUMOCTH IIeCTH cyTHUKOB GPS BO3MOXHO mpH KO3 QUIMEHTE peTPaHCISIINT
nopsinka 128 nb 1 MoIIHOCTH rymMa Ha BbIxoze perpancisaropa 0,2 Br. OTHOIIEHUs CUTHAI/IIyM Ha
BbIXOJie Hakonutens coctasaT 32,3 u 40,8 nb mns wactor perpanciauuu 400 u 150 MI' cootBet-
ctBenHo. [Ipu momHocTn u3yuenust CP 0,2 Brt, Beicore opbuthl 500 KM M IIMPHUHE CIEKTpa IMIy-
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Mma 4 MI'1 ciekTpanbHas IWIOTHOCTh MOIIHOCTH CHUTHAJIa Ha BBIXOZAE PACIOJIOKEHHOH Ha 3eMie U30-
TPONHOI MPUEMHOM aHTEHHBI Ha COTJIACOBAHHOW MOJIsIpU3aluy OyJeT MpruMepHo Ha 3 1b HUKe CTaH-
JAPTHO# CIIEKTPAIbHOMN IIOTHOCTH MOIIHOCTH LIYMOB CTaHAapTHoro mpuemumka 10 2° Br/Iw, T. e.
BhusiHEE m3ydeHus: CP Ha npyrue paamossieKTpoHHBIE cpecTBa OyaeT npeHeOpexknumo MaibiM. Crie-
JyeT OTMETUTh, uTo npu oneHuBanuu [19C Ha Tpacce CP — IIII mpu perpaHciasiuu TOIBKO OJHON
yactoTel f; Ha wactoTer 150/400 MI't MmoskHO ucmonb3oBath U cnyTHHKH [JIOHACC. Omnako 310
MIPUBEAET K HEOOXOAMMOCTH PACITUPEHHS OOIICH TOIOCH peTpaHcisanun 10 mpuMepHo 10 MI'tt 1u6o
nocnepoBaTelbHo padoTel mo HC Ha pa3HBIX 4acToTaxX M yXyAIIEHUIO TOYHOCTH oneHuBanus [19C
U3-32 MEHBILIETO B J1Ba pa3a B cpaBHeHUH ¢ GPS koadduimenTa cxxatisi HAaBUralMOHHOTO CUTHANA [2].
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Puc. 4. 3aBHCUMOCTD OTHOILICHHUS CUTHAJI/IIYM Ha BBIXOJIE peTpaHcisiTopa (a)
u CKO onenusanus [19C (b) ot koadduumenTa peTpaHcisiuum

Fig. 4. Dependence of the signal-to-noise ratio at the output of the repeater (a)
and RMS of TEC estimation (b) on the relay coefficient

Hoctmxenne npuemnemoir Tounocty oueHuBanus [19C na tpacce HC — CP nanbHOCTHBIM MeETO-
JOM TpeOyeT OONBINNX 3HAUEHWH KO3 HUIMEeHTa PETPAHCIAIMM U, COOTBETCTBEHHO, OOJBINEH €ro
MotHOCTH. Tak, Mpu OrpaHWYEHWH BBHIXOAHON MOIHOCTH peTpaHcisTopa BennunHo 1 Bt TpeOye-
MbIid ko3 dummenT perpancisiuu coctaBut 137 nb npu CKO onenku [19C mis omroro u msitu 111
nopsigaka 8 u 3 TECU cooTBeTcTBeHHO. AHanM3 TOYHOCTH (ha3opasHOCTHOro oieHuBaHus [19C Ha
tpacce HC — CP BbIXOauUT 3a paMKH HACTOSIIEH CTaThH.

Tounocts u3mepenus [19C na tpaccax CP — Il 1aabHOCTHBIM METOAOM SIBJISIETCSI BIIOJIHE J10CTa-
TouHOU. Pe3epBbl noBbImeHus TouHocty usMepenus [19C na tpaccax HC — CP Hapsany ¢ ycpenHeHu-
€M 110 BPEeMEHHU HaOJIO/ICHUs 3aK/II04aloTcs B yBeaudeHuu uucia 111 unu kosdduimenta ycuieHus
MIPUEMHBIX aHTeHH anmapaTypsl [111.

Pe3yabTaThl MoaeanpoBanusi. MoaenupoBanue npemiaraeMoro croco6a ouennsanust [19C npo-
BOIIIIOCH TiyTeM Boctupoussenenus asmxkenus HC u CP mo 3aganaeiv opoutam u 111 Ha moBepxHO-
CTH 3eMJIM, UIMHUTAIUHM HEPABHOMEPHOU 3JICKTPOHHON KOHIICHTpAIlMM B MOHOC]Epe, pacyeTa MCTHH-
HbIX 3HaueHul [I9C Ha Tpaccax pacnpocTpaHEHUs, BOCIPOU3BEACHUS MPUHUMAEMBIX CUTHAJIOB U UX
00paboTkwy, a Takxke ornenuBanusa [19C na tpacce CP — I1I1.

PaccmaTtpuBaemas curyarust n3o0paxkeHa Ha pucC. 5, TIe TOPU3OHTAIBHBIE W BEPTHUKAILHBIC OCH
COOTBETCTBYIOT Teorpa)udecKoil JOIroTe U MIUPOTe, a 3HAYCHUS AIEKTPOHHON KOHIIGHTPAILIUU B BUJIC
BeprukanbHOro [13C mpencraBnens! 1nBeToBoi mkanoit (cupasa) B TECU. CP, noka3aHHbBIN B BHJE
KBajJipaTa Co CTPEJIOUKOM, 0TOOpakarolie ero CKOpoCTh, MPOJICTAET Yepe3 30HbI MPSAMON BHIAUMOCTH
sty 111 (poMOBI) Ha BpeMeHHOM mHTepBajie BunaumMoctu okoiio 500 c. Bricora opoutsl CP cocrams-
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et 500 kM. Onun u3 BocbMu BuauMbix HC GPS, nonagaromux B 3aaHHBIA MacmiTab n300pakeHus,
MOKa3aH KPacHBIM KPY>KKOM. BbicoTa MakcnMyMa 3JeKTPOHHOW KOHIIEHTPAIH COBMAAAET C BBICOTOU
opbutsl CP. B 3Tux ycnoBusX MpUMEpHO MOJIOBHHA M3 MPEACTABICHHBIX HA PHUC. 5 3HAYCHUN BEPTH-
xanpHOro I19C Gyner orHocuThes K Tpaccam CP — I, a BTopas nmonoBuna — k Tpaccam HC — CP.
3navenus [19C Ha yka3aHHBIX Tpaccax MOTYT B JBa-TPU pa3a MPEBHILATH BEJIMYUHY BEPTHKAIBLHOTO
I13C BBuIy GoBIIETO ITyTH B HOHOC(hEpE.
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Puc. 5. Cutyanus HaOmoaeHUS
Fig. 5. Surveillance situation
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Ha puc. 6 mpuBeaens!l 3HaueHuss UCTUHHBIX W u3MepeHHBIX [19C Ha Tpacce CP — mepssrii 111
(xBazpaTHBIA Mapkep, Ha puc. 5 KpailHui ciesa) u Ha Tpacce CP — matsiit 111 (kpyriblii Mapkep, Ha
puc. 5 xpaiiHuii cripaBa). Pacuetsl nmpoBogunuce npu koddduuuenre perpanciusiuun 130 ab. Ucrun-
Hble 3HaueHUs [19C oTpaskeHbI COOTBETCTBYIOIUMH CIUIOIIHBIMU JINHUSMH.
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Puc. 6. Pesymsrats! onennBanus [19C nva tpaccax CP — I1I1
Fig. 6. TEC evaluation results on the SR — RP routes

3nauenus [I13C pmns ayx III1 He3HAuWTENBHO pa3nMYalOTCs B COOTBETCTBUU C TI'eOMETpHEn
HaOmonenus. Ucruanpie 3Hauenus [19C m3menstores B npenenax 1...27 TECu. Usmepennsie [19C
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Ha Tpacce CP — III1 sBistrorest Tounbivu, a CKO He npebimaet 0,1 TECuU, uyTo cooTBeTCTBYET TEOpe-
TUYECKOMY 3HAUYEHHIO MPU JOCTUTaeMOM OTHOLICHWH CHUTHAN/IIYM MO PeTpaHCIMPOBaHHOMY HaBHTa-
OUOHHOMY CHTHAIY.

3akaouenue. B crathe mpemiiokeH HOBBIA crocod ompeaenenus 119C B moHOChEpe Ha OCHOBE
perpancisiuny HaBuraiuoHHeIx curHanoB HCC GPS naHocmyTHHKOM-peTpaHCIsATOpOM. Anmapary-
pa petpancnauuu npu oueHuBanuu I[19C nHa Tpacce CP — I1II numeet manyto, nopsiaka 0,2 BT, mom-
HOCTh W3JIYYCHUS M MaKCHMAaJbHO TPOCTYIO CTPYKTYPHYIO CXE€My, HE HCHOIB3YIOIIyI0 HH(POBEIE
YCTPOMCTBA ¢ HU3KOH PaIMallMOHHOW CTOMKOCThIO. [lanbHeilne uccaeqoBaHus CBA3aHbl ¢ MOJEIIU-
poBaHHEeM 00pabOTKH pEeTpaHCIMPOBAHHOTO CUTHANA, OLEHKOHW 3ddexkTuBHOCTH (a3oBoro merona
onpexaenenus [10C, a Takyke BEICOKOTOYHBIM OTpeelieHIeM KOOPIWHAT 1 apameTpoB AmkeHus: CP
0 MPIHUMAEMOMY PETPAaHCIMPOBAHHOMY CHUTHAIY.

Bkiuax aBropoB. /1. B. benokonHoé NPOBOAMI KOHCYJIbTAalMM II0 TEXHUYECKUM IIapaMeTpam
Y IPUMEHEHHUIO HAHOCITYTHUKOB. 4. M. Kpom BbIBeN aHAaJIUTUYECKUE COOTHOLICHHS OIPEAETICHUS
I13C. C. B. Kozno6 chopMynupoBai 3alaqd MCCIIEAOBaHUs, 00OCHOBAJI BPEMEHHOE IMPEJCTABIICHHUE
curHanoB. E. A. Kanaapuyx pazpabotan qanbHOCTHBINM MeToA onpeaenenus [19C Ha ocHOBe peTpaHc-
JMPOBAHHOTO CUTHANA, ONpEesnI TpeOOBaHUS K amlnapaType peTpaHCISLHHY, IPOBENl pacueTbl U MO-
nemupoBanue. M. D. Casunbix onpenenuia TpeOOBaHUS K JaHHBIM U mpoteaypsl namepenwust [19C ms
BBINIOJTHEHUs pagroToMorpaduu nonochepsl. 4. C. [llankun 060cHOBaN (ha30BBIA METO] BBIYUCICHUS
I13C Ha ocHOBE peTpaHCIUPOBAHHOTO CUTHAJIA.
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AHHOTAUMSA

[enu. Mopdonornyeckuii aHanu3 oOpa3oB NANMIISIPHOTO paka MIMTOBUIHOW >KENe3bl BAXKEH ISl AalbHEH-
mero IIaHUpOBaHUA JICUCHUS. ABTOMaTHZ’;aHHH 9TOro Imponecca CBdA3aHa C HCIOJB30BaHUEM TPaJUIIUOHHBIX
Y HEHpOCETEBBIX CHOCOO0OB M3BJICUEHUS NMPHU3HAKOB M300pakeHuil. [logroroBurensHas paboTa mpesmnoiaraet
MOATOTOBKY Habopa IaHHBIX, COAEpKAaIIUX M300pa)KeHUs, KOTOPbIE MPUMEHSIOTCS JUIl 00ydeHUs] HEHPOHHBIX
cereil. B craThe paccMaTpuBaeTcst BOIpoc BbIOOpa MPU3HAKOB JUIST pa3METKH TUCTOJIOTMYECKUX N300paKeHHH,
0COOCHHOCTH PabOTHI C TTOJHOCIAHIOBBIMU M300payKeHNUSIMH, TIPEUIaraeTcsl METOIMKA TTOITOTOBKH JTaHHBIX JUIS
pa3pabOTKN CHCTEMBI MOUCKA IMOXOXHX (PparMeHTOB TMCTONATONIOTHYECKOTO M300paKEHUs paka IIMTOBHIHOM
xkenesbl. VcenenyeTes BIusiHEE pa3Mepa NpeJCcTaBUTENIFHOTO (parMeHTa MOJHOCIaHI0BOr0 U300payKeHus Ima-
NIWUTSIPHOTO paka LIMTOBHIHOMN jKelie3bl HAa TOYHOCTh Kiaccu(ukanuu obydeHHoW HedponHoi cetn Efficient-
NetB0, onenuBaroTcs ciabbie CTOPOHBI HCIIONB30BAHNSA (PArMEHTOB M300pakeHUIl Pa3sHOTO MPEICTaBUTEIBHO-
T0 pa3Mepa U MPUYUHBI HEYIOBIETBOPUTEIHLHOW TOYHOCTH KJIACCU(PUKAIIUY Ha OOJBITUX YBETHUSHUSX.
MaTepuansl ¥ MeTOABI. MCONb30Banycy THCTONATONOTHIECKHE TOTHOCIAI0BEIE H300paxernns 129 mamu-
eHTOB. [ ucromornueckme MUKpOIIpEapaTsl, COACPXKAIIUE DJIEMEHTHI OITYXOJIN U Opr)KaIOH.Ieﬁ TKaHH, CKAaHHUPO-
BaiTich B anmapare Aperio AT2 (Leica Biosystems, ['epmatust) ¢ MaKCHMAJTBHBIM pasperiienreM. Pa3MeTka mpo-
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BOAWIACH B porpaMmMHoM nakere ASAP. [l BeIOopa ONTUMAaFHOTO MPECTaBUTENFHOTO pa3Mepa (hparMenTa
perianack 3a1a4a KiacCH)UKAINK C IPUMEHEHHEM TIpeno0ydeHHoi Hetipornoi cetn EfficientNetBO.
PesynsraTsl. [Ipeayoxena MeToquKa MOArOTOBKH 0a3bl JaHHBIX THCTOIATONIOTHUECKUX M300paKEHUH MamuiI-
JSIPHOTO paKa MIMTOBUIHOM JKeJNe3bl, TIPOBEACHBI KCIIEPUMEHTHI 110 ONPEEICHUI0 ONTUMAJIBHOTO HPE/ICTaBH-
TENIBHOTO pa3Mepa (parMeHTa n3o0paxeHus.. Hammydmmii pe3ynbraT TOUHOCTH ONpeeNIeHHs KJlacca TECTOBOM
BBIOOPKH TOKa3all pa3Mep npeacTaBuTenbHoro ¢pparmenta 394,32x394,32 M.

3aknioueHue. AHaIU3 BIUSHUS MPEICTaBUTEIBHBIX pa3MepoOB (parMEeHTOB THCTOINATOJIOTMYECKUX H300pa-
JKCHUH BBISIBMJI NPOOJIEMHBIE MECTa NPU pEIICHHM 33/a4M KiacCH(UKaIMU, OOyCIOBJIEHHBIE CHEUU(PHUKOM
HapEe3KH M OKPAIINBAHUS H300paKeHUH, MOP(OIOrHIECKOH CIIOKHOCTBIO U TEKCTYPHBIM Pa3IHIHEM H300paxe-
HUH ogHOTO Kiacca. [TockonbKy mpobiemMa NoAroToBKM Habopa MaHHBIX It 0OydeHHsT HeHPOHHOU ceTH Ha pe-
IIEHWE 3a/a4d MOWCKAa WHBA3MU COCYIOB HAa THUCTOIATOJOTHYECKOM H300pa)KEHWH SIBISICTCS HETPUBHAIBHOH,
TpeOyIOTCS TOTIOTHUTENBHBIE HTAIBI TOTOTOBKH JaHHBIX.

KioueBble c1oBa: MeIUIIMHCKAsT BU3yaln3alus, CBEPTOUYHAs HEHPOHHAS CEeTh, TIIyOOKOe 00ydeHHe, KOMITBIO-
TepHas TUarHOCTUKA, MAMMDILIPHBIN pak IUTOBUIHOM JKelle3bl, apXUTEKTOHUKA paKa

Jas uurupoBanusi. Meroauka (popMupoBanusi 6a3sl THCTONATOJIOTHYECKUX M300paKEHUH MANUIIPHOTO paKa
HIMTOBHIHOM XKeJie3bl iis Tirybokoro o0yueHus / M. B. ®puaman [u np.] // Undopmaruka. — 2023. — T. 20, Ne 2. —
C. 28-38. https://doi.org/10.37661/1816-0301-2023-20-2-28-38

Kon¢aukT nHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBUHM KOH(INKTA HHTEPECOB.

Iocrynuna B penakuuto | Received 17.02.2023
IMoamucana B nevats | Accepted 10.03.2023
Omny6iukosana | Published 29.06.2023

Papillary thyroid carcinoma whole-slide images
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Abstract

Objectives. Morphological analysis of papillary thyroid cancer is a cornerstone for further treatment planning.
Traditional and neural network methods of extracting parts of images are used to automate the analysis. It is
necessary to prepare a set of data for teaching neural networks to develop a system of similar anatomical region
in the histopathological image. Authors discuss the second selection of signs for the marking of histological
images, methodological approaches to dissect whole-slide images, how to prepare raw data for a future analysis.
The influence of the representative size of the fragment of the full-to-suction image of papillary thyroid cancer
on the accuracy of the classification of trained neural network EfficientNetBO is conducted. The analysis of the
resulting results is carried out, the weaknesses of the use of fragments of images of different representative size
and the cause of the unsatisfactory accuracy of the classification on large increase are evaluated.
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Materials and methods. Histopathological whole-slide imaged of 129 patients were used. Histological
micropreparations containing elements of a tumor and surrounding tissue were scanned in the Aperio AT2 (Leica
Biosystems, Germany) apparatus with maximum resolution. The marking was carried out in the ASAP software
package. To choose the optimal representative size of the fragment the problem of classification was solved
using the pre-study neural network EfficientNetBO0.

Results. A methodology for preparing a database of histopathological images of papillary thyroid cancer was
proposed. Experiments were conducted to determine the optimal representative size of the image fragment.
The best result of the accuracy of determining the class of test sample showed the size of a representative
fragment as 394.32x394.32 microns.

Conclusion. The analysis of the influence of the representative sizes of fragments of histopathological images
showed the problems in solving the classification tasks because of cutting and staining images specifics,
morphological complex and textured differences in the images of the same class. At the same time, it was
determined that the task of preparing a set of data for training neural network to solve the problem of finding
invasion of vessels in a histopathological image is not trivial and it requires additional stages of data preparation.

Keywords: medical imaging, convolutional neural network, deep learning, computer-aided diagnosis, papillary
thyroid cancer, cancer architectonics
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BBenenue. Ilomapmnsiomniee OONBITMHCTBO 3I0KAY€CTBEHHBIX HOBOOOPA30BaHUN IUTOBUTHOU JKe-
Je3bl JUArHOCTUPYIOTCS Kak mammuiapHbi pak [1]. Kak mpasumo, 3a0oneBaHue He yTpOXKaeT KUIHU
MaIMeHTa, OJHAKO HEPEJKO BCTPEYAIOTCS W BapHaHTHI ATOH OMYXOJNH C HEOIArompHATHBIM MPOTHO-
30Mm [2, 3]. TToaTomy MOp(OIOrHIECKHi aHATU3 U COMIOCTABJICHHS MEXIY KJIMHHYSCKAM MOBEICHUEM
1 MOP(OIOTHYECKUMH XapaKTEPUCTHKAMH HOBOOOPa30BaHUS BaXKHBI JUIA NATBHEHIIIETO TUIAHUPOBA-
HUs JiedeHus [4], yCTaHOBICHUS CTEIICHH PACIPOCTPAHEHUS OIYyXOJIEBOTO MpOIecca, OLIEHKH arpec-
CUBHOTO TIOTEHIMajla KapIUHOMBL. [lpornecc «dTeHus» rucToJIOrHYEeCKOro MUKpOIpenapaTa MOXKET
3aHMMAaTh MHOTO BPEMEHH, a OOJIBIIIOE KOJTMIECTBO XapaKTEPUCTHK, TPEOYIOIINX OIIEHKH, HE TTO3BOIIS-
€T MPOBOIUTH MOJHOIIEHHYIO TUATHOCTUKY B PYTHHHOM PEXHME, YTO CYIIECTBEHHO 3aTpyIHSET MpPO-
THO3MpOBaHue. B HacTosiee BpeMsi pa3BUTHE TEXHOJIOTHI BU3YyalIM3alMH MMO3BOJIIET aBTOMATH3UPO-
BaTh OMpPEETICHHBIE 3TAIlbl MHTEIJIEKTYa IhbHOrO aHAlM3a MUKPOIIPENapaToB, 0OHAPYKUBATh JETallH,
M3BECTHBIC IKCIIEPTaM, HO YCKOJIB3aIOIIe OT BHUMAaHUS MIPAKTHYECKUX Bpadel, 00JIerdars TpynoeM-
KH€ U 3aTpaTHbIC 110 BPEMEHHU MPOIEyphl. B CBS3U ¢ 3TUM 1eniecoo0pa3Ho MpoaHATU3UPOBATh CYIIIe-
CTBYIOIIIME METO/II ABTOMATHUYECKOTO OIpeIeNeHNsT MOP(OIOTHUECKUX JIeTallel Ha MOIHOCTIANTOBBIX
M300paKEHUSAX C TUCTOTONOTpadUIECKUX CPE30B MAIMDIAPHOTO paKa MIUTOBUIHON Kele3bl U paspa-
0oTaTh cUCTEMY, KOTOpasl MMO3BOJIUT KOJIMYECTBEHHO OIICHUBATH pa3Mep OITyXOJIH, 0COOEHHOCTH apXH-
TEKTOHUKH, HHBa3HBHBIC CBOWCTBA U JPYrHe MapKepbl, HEOOXOAUMbIE JJIsl JUATHOCTUKU U OTIpe/Iee-
HUS TPOTHOCTUYECKU 3HAUUMBIX XapaKTEPUCTUK HE TOJBKO HKCIEPTOM, HO U MPAKTHUKYIOIIUM
BpPa4yOM.

OcHoBHast ipo0iieMa pa3MeTK — KOPPEKTHOE BhlJIeNIeHHEe MOP(OIIOTHYECKUX CTPYKTYp Ha THCTO-
MATOJIOTHIECKUX N300PaKEHUSX, IT0 KOTOPHIM BBITIOIHACTCS OKOHYATEIIFHOE 3aKIFOUEHHUE TI0 TUarHo-
3y. llpomenypa pa3mMeTkn MOKeT ObITh KaueCTBEHHO BBIOJIHEHA TOJIKO BBICOKOKBAIM(PHIIMPOBAH-
HBIM CHEIHAINCTOM-THCTONATOJIOTOM C COOTBETCTBYIOIIMM 0a30BbIM OOpa30BaHWEM M OOJBIINM
MPaKTUYECKUM ONBITOM. B 3TOM OTHOILIIEHHM TJIABHOW 3a7a4eil KOMIIbIOTEPU3UPOBAHHOIO aHaIW3a
THCTOMATOJIOTUYECKUX H300paXKEHUI SBJISIETCS aBTOMATH3alUsl IPOLEcCa BBIICICHUS YKa3aHHBIX
00BEKTOB U MOP(OJIOTUIECKUX CTPYKTYp M300pakeHus. B HacTosiee BpeMsi OCHOBHBIM CIIOCOOOM
pelieHnss TaHHOW 3a/laud SIBISETCS HCIOJIBb30BAaHUE METOJOB TIYyOOKOrOo OOYYEHHS W CBEPTOUYHBIX
HEHUPOHHBIX CETEH.

Lenp uccnenoBanus 3akiovaiachk B pa3padOTKe METOAUKH MOArOTOBKM (PparMeHTOB MOJIHOCIHA-
JIOBBIX THCTONATOJIOTUYECKUX HM300paKeHHH MANMUIIPHOTO paka IIUTOBUIAHOM >KEJe3bl JUIsl aib-
HEHIIEero UCIOJIb30BaHMs UX NP Pa3padOTKe NHTEIUICKTYAIbHBIX CHCTEM.
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MeToabl Mcc/ielOBAHMS THCTONATONOTHYECKUX M300paxeHuii. CyiecTByOLE METOABI aBTO-
MaTHYECKOTO HMCCIIEAOBAHMS THCTONATOIIOTHIECKUX MU300pakeHU MOYKHO pa3AeNUTh Ha TPaJULIUOH-
HBIE U HEUPOCETEBBIE.

K TpaguuuoHHBIM MHCTpYMEHTaM aHaJIN3a M300paKEHUH MOJKHO OTHECTH METOJ JIOKAIbHBIX OH-
Hapubix 1adnonoB (local binary patterns, LBP), macmtabHo-uHBapuaHTHYIO TpaHC(HOpPMAIHMIO MpPH-
3HakoB (scale-invariant feature transform, SIFT), pacuyer wmarpun Bcrpeuaemoctu (gray-level
co-occurrence matrices, GLCM). Bce oHM HaIlLIi IpUMEHEHHE B paMKaX peEIleHHs 3aJadd MTOHUCKA
CXOKell aHATOMHUYECKOH 00J1acTH H300pakeHH TPy paboTe ¢ KOMIBIOTEPHBIMA TOMOTPAMMAaMH JIET-
kux. [Ipu BbIIENEHUN TEKCTYPHBIX MPU3HAKOB M300paKeHUsT HAWIYUIIMN pe3yabTaT MOKa3ald METO-
a6 GLCM u LBP [5]. Meron LBP namien npuMeHeHHe U [P aHAJIM3€ IIOJHOCIAHIOBBIX H300paxe-
HUH, MMOJIyYeHHBIX 0 pe3ysIbTaTaM HCCIeNOBaHMs OMONTaTOB Mo4YedHOi TkaHu [6]. Takxke coBme-
[ICHUE TPaATUIMOHHOTO M HEHpPOCETEBOro MOAXOJO0B IMO3BOJMIIO ABTOPAM CHHU3UTH YHCIO JOXKHBIX
cpabateiBanuii anroput™ma 10 3 % [6]. Ananus meronom GLCM MONeKyIApHBIX H3MEHEHHUH OITyXO-
JIeBOM TKaHU [7] obecreqnI morydeHne KOMTNIeCTBEHHBIX XapaKTePUCTHK.

Juist ymydiieHus KaduecTBa MOMCKa CXOXel 00JacTH HepeJKO COBMECTHO C TPaJAUIUOHHBIMH HC-
HOJIB3YFOTCSI METO/Ibl MAIIMHHOTO 00y4eHust. B uccienoBanusx [5—7] npuMeHsUHCh METOI OMOPHBIX
BEKTOpOB (support Vector machines, SVM) u wmerox k-6mmxaiimux coceneii (k-nearest neighbors
algorithm, k-NN). Eme oqun moaxo 6a3upyercsi Ha COBMECTHOM mcronb3oBannu SVM, k-NN, mnpa-
Busa Omkaiiiiero coorBerctBus (closest matching rule, CMR) u GaiiecoBckoro anroputma (naive
Bayes algorithm, NB) [8].

HetfipoceTeBoli aHaNmM3 TUCTOMATOJIOTHYECKOTO H300PaKEHHS IIUTOBHIHOW Kele3bl 00yCIOBIICH
NPUMEHEHUEM KIIacCU(HUKAaTOPOB, OCHOBAaHHBIX HAa HCIIOJIb30BAaHMU aPXUTEKTYp HEHPOHHBIX ceTel
VGG, Inceptionv3 u cemeiictBa ResNet [9], mpuuem Hawiydiiuii pe3ylibTaT Mokasaja HEWpOHHAas
ceth ResNet50. V3Bneuennple HEHpOCETEBbIE MPU3HAKH OIIEHUBAIMCH TI0 YETHIPEM KIacCHU(PUKATO-
paM u TpeM MerolaMm xemupoBaHus. [IpuMeHsICS MolyaBTOMAaTHUYECKUH MOIXOM, XapaKTepHU3YIo-
IIUICS CII0OKHOCTBIO 00PaOOTKHU MOJIHOCIAMIOBBIX W300PaKEHUMN: MOCTYIMAIOIIEee Ha BXOA HEHpPOH-
HOW ceTu M300pakeHUe IMPeABapUTEIbHO Pa3Mevalioch CIELUAINCTOM, OMNPEAEISIOINM 00JIacTb
UHTEpeca.

CyuiectBeHHas mpobiieMa paboThl C TOJTHOCIAWIOBBIM U300pakKeHUEM BO3HUKACT M3-3a €ro pas-
Mepa. Onna kaptuaka MoxkeT pocturath 100 000x300 000 mukcenoB, Tak Kak COJIEPKUT B ceOe MH-
¢dopMaLuio O MOCIIEAOBATEIbHO OTCKAHUPOBAHHOM T'MCTOINATOJIOTMYECKOM Cpe3e Ha Pas3HbIX YBe-
JTYCHHSX.

Takum 00pa3oMm, TOArOTOBKA HaOOpa JaHHBIX KpaiHEe BayKHA JUIA JajbHEUIIEeH pa3paOdOTKu CHUCTe-
MBI aHAJIN3a THCTONATOJIOTHYECKUX M300paKeHUH, IPHYEM PE3yJIbTaThl MPUMEHEHHS METOAOB ITy0o-
KOTO OOY4eHHs] 4yBCTBUTENBHBI K pazMepy, cOaJaHCUPOBAHHOCTH M OCOOEHHO K COJCPKaHUIO 00y-
yaroteil BeIOOpKU. BriOop pasmepa (parMeHTOB MOTHOCIARI0BOTO M300paKEHUS TAKXKEe OKA3hIBACT
CHJIPHOE BIIMSIHUE HA HHTEPIPETALMIO PE3yIbTaTOB aHAIN3A B CBSI3U C TE€M, UTO IIPU Pa3HOM yBeJInde-
HHUH PACIIO3HAIOTCS PasHble MPU3HAKU THCTONATOIOIMYECKOTI0 H300paskeHHS.

MarepuaJsl 1Jisl TOATOTOBKH HAa0opa JAaHHBIX T'HCTONATOJOIHYeCKUX H3o0paxenuii. Habop
JIAHHBIX OBUT COCTABJICH Ha OCHOBE TMCTONATOJIOIMUECKUX MMOTHOC/IaHA0BBIX H300pakenuid 129 narmm-
eHTOB. Bce manmeHTs! ObIIM pa3eseHsl Ha 1BE TPYIIBI 10 BPEMEHH POXKICHHUS: 10 aBapu Ha YepHo-
obutbekoit ADC (104 manmenra, U3 HUX 35 MyX4uH U 69 KeHIIMH) U nocie (25 MalnueHToB, U3 HUX
14 my>xuun 1 11 xeHIHH).

Martepuanom AJisi HCCIEIOBAHUS MOCTYXWIH (pparMeHThl MaWIISIPHON KapIXHOMBI IIUTOBUIHON
KeJe3bl. Bbul BBIIONTHEH MUKPOCKOITMYECKUH aHajIu3 C MCIIOJIb30BAaHHEM CTaHJAPTHOM OKpPAacKH Tre-
MATOKCUJIMHOM M 303WHOM. [ HCTOJIOTHYECKHE MHKPOIPENApAaThl, COAEPKAIINE AIEMEHTHl OIyXOJHU
U OKpY)Karolleil TKaHW, CKaHupoBaiuch B ammapare Aperio AT2 (Leica Biosystems, I'epmanus)
C MaKCHMAaJIbHBIM pa3pelIcHUEM.

BupTyanbHple TONHOCTAWIOBbIE HW300paXKeHHsT ObUIM ONMUCAHBI METUIIMHCKUM  CIICIHATCTOM
(M. B. ®pusimaHoM) ¢ BBIZICTICHHEM TaKHX XapaKTEPHCTHK, KaK pa3Mep OIMyXOJH, BAPHAHT T'MCTOJIO-
THYECKOT'O CTPOEHUSI, ApXUTEKTOHMKA, OTMHOYHOCTD MJIM MHO>KECTBEHHOCTH (JOKYCOB pOCTa OIYXOJIH,
JIOKaJIu3auus, Hajuyue JMMGOUIHBIX WHQHUIBTPATOB, HHBA3Us TUM(PATHUECKUX U KPOBEHOCHBIX CO-
CYJIOB, TIPHCYTCTBUE CIIOMCTHIX MUKPOKAJIBIIMHATOB (IICAMOMHBIX Tenen), ¢pudposa u (OHOBOW maTo-


https://ru.wikipedia.org/wiki/%D0%9C%D0%B0%D1%81%D1%88%D1%82%D0%B0%D0%B1%D0%BD%D0%BE-%D0%B8%D0%BD%D0%B2%D0%B0%D1%80%D0%B8%D0%B0%D0%BD%D1%82%D0%BD%D0%B0%D1%8F_%D1%82%D1%80%D0%B0%D0%BD%D1%81%D1%84%D0%BE%D1%80%D0%BC%D0%B0%D1%86%D0%B8%D1%8F_%D0%BF%D1%80%D0%B8%D0%B7%D0%BD%D0%B0%D0%BA%D0%BE%D0%B2
https://ru.wikipedia.org/wiki/%D0%9C%D0%B0%D1%81%D1%88%D1%82%D0%B0%D0%B1%D0%BD%D0%BE-%D0%B8%D0%BD%D0%B2%D0%B0%D1%80%D0%B8%D0%B0%D0%BD%D1%82%D0%BD%D0%B0%D1%8F_%D1%82%D1%80%D0%B0%D0%BD%D1%81%D1%84%D0%BE%D1%80%D0%BC%D0%B0%D1%86%D0%B8%D1%8F_%D0%BF%D1%80%D0%B8%D0%B7%D0%BD%D0%B0%D0%BA%D0%BE%D0%B2
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norud. beuK BBIIENEHBI CEMBb MAaTTEPHOB (KJIACCOB), COOTBETCTBYIOLIMX COMUIHOHN, (HOJUIUKYIISPHOM,
NaMWUISIPHONW, MaNWUIIPHO-(QOJUIUKYISAPHOH, (DOJUTMKYISIPHO-COMMIHON, NamUUISIPHO-COIHIHON
1 CMEIIaHHOW apXUTeKToHHKe (puc. 1). B oTnenpHbINA Kitacc ObuM ompeneneHsl (parMeHTsl, conep-
JKalye rncaMoMHble Tenbla (puc. 1, ). Mx Hammuue MOKeT CBHAETENHCTBOBATH O JTABHOCTH MATOJO-
TMYECKOro ITIPOIEcca, a PACIOJIOKEHUE B MEX(OIUIMKYIIPHOM IPOCTPAHCTBE — O JIMMGOIreHHOM
BHYTPIKETIC3UCTON JUCCEMUHAINH 110 TUM(PATHIECKIM KaHAJIaM.

dparmMeHThl U300paXxeHuii, coaepskaniie Gpuoposuyro Tkaub (puc. 1, f) u obractu ponoBoit mato-
JOTUY (ayTOMMMYHHBIN THPEOHMIHT, 300 W ajieHOMa, puc. 1, §), TakKe ObLIM BBIICICHBI B KIACCHI.
Brinenenune ¢parmentoB GpoHOBOW MaTONIOTHH HEOOXOIUMO JJISl peali3aliid aBTOMAaTHYECKOW Kilac-
cuuKanyy 370KaYeCTBEHHBIX M JT0OPOKAYECTBEHHBIX OIyXoyel. B oTaenbHbIi Kitacc ObIIM BBIIEIE-
HBI M YYaCTKH HEeM3MEeHEHHOU TKaHu (puc. 1, h).

9 h)

Puc. 1. ®parMeHTsl MEKPOIPEIIapaToB, COASPIKALIKE: &) COMUAHYIO; D) dhomtukymspHyIO;
¢) manwusipHyto; d) manuuspHO-QOITHKYISIPHYIO apXUTEKTOHHKY; €) ICAaMOMHOE TEIbLIE;
f) dbubposHyto TkaHb; g) HOHOBYIO MATOJIOTHIO; h) HENM3MEHEHHYIO TKaHb

Fig. 1. Tiles of micropreparations containing: a) solid; b) follicular; c) papillary; d) papillary and follicular
architectonics; e) psammoma body; f) fibrous tissue; g) background pathology; h) unchanged tissue
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IlepBoHayambHO B OTHENBHBIA KJacc JJIS Pa3METKH BXOAWIN OOJACTH, COAEpIKallde WHBA3HIO
TUM(}aTHYECKNX U KPOBEHOCHBIX cocynoB. OJHAaKO B X0J€ Pa3METKH BHIOPaHHOTO Kjacca 0Ka3aloch,
YTO pa3Mepsl (KanuOp U TOJIIMHA CTEHKH) COCYOB MOTYT 3HAYHTENBHO OTIUYATHCS MEXKIY COOOH.
DTO CHIBHO BIMSIIO HA BAPHATHBHOCTH pa3MepoB (parMeHTOB H300paKeHHI IPH MTOATOTOBKE Habopa
JAHHBIX M OTPAXKaJIOCh HA Pa3Mepax CKOJIB3AIIET0 OKHA MPH MOUCKE CXOXKHUX (PparMeHTOB CPEeIU BCEro
n3y4yaeMoro nois. [1ockonbKy penienre 3aady oMcKa MHBa3HK COCYIOB Ha M300pakeHuH TpeboBa-
JIO OTJIENBHOTO HCCIeNOBaHMs, (hparMeHThl H300pKEHHs ¢ MHBa3UEH COCY0B OBLITM MCKITIOYSHBI U3
obmero Habopa JaHHBIX.

MeToauka mMoAroTOBKU AAHHBIX /151 00yUeHUs] HEHPOHHBIX ceTeii. [ pasmeTku nzoOpaxe-
HHUM Ha BHIOpaHHBIE KIIACCHI MCIIONB30BaAIOCh Iporpammuoe obecrneuenne ASAP [10]. M3o6paxenus
BCEX KJIACCOB Pa3MEYalIMCh C TIOMOIIBIO MOJUTOHAIBFHBIX MAcOK 3a MCKITFOUEHHEM Kilacca, Coepika-
1Iero U300pakeHUs ICaMOMHBIX Tenell. [IlcaMoMHBIe Temblia pa3Mevaanch TOYEYHO, U U300paKeHUs
Hape3alnch TaK, YTOOBI ICAMOMHOE TEJbLIE PACIIONArajJoch B IEeHTpe (pparMeHTa COriacHO KOOpIUHa-
TaM MPOCTaBIEHHBIX TOYEeK. B Xome pa3sMeTkw Kaxias Macka IMOANMCHIBAIACh HA3BaHHWEM COOTBET-
CTBYIOIIETO KJlacca, YTO TO3BOJIWIO B JalibHEHIIEM aBTOMAaTH3HPOBaTh MPOIECC Hape3ku (parMeH-
ToB. [locie pasmeTku Bce M300pakeHUs] ObLIM pa3pe3aHbl Ha (parMeHTHI, colepKallie MPU3HAKU
BBIJIETICHHBIX KIIACCOB.

bruta peannzoBaHa mporpamMma, MO3BOJISIONIAS BHIIENATH (PparMeHTHI U3 TOATOTOBICHHBIX H300-
paKeHHI B COOTBETCTBHH C Pa3MEUCHHBIMHU KJIACCaMH, BBIOMpATh pa3Mep (parMeHTa, a TaKKe IOII0
BBIJICJICHHON Macku B ¢parMeHTe. B pesynbrare HapezaeMmble M0 KpasiM MacKH-TIOJIUToHa (parMeHTh
coJiepKai OONBIIYIO YaCTh N300paKCHUA-TPU3HAKA.

Takxke ObUTO MPOBEICHO HUCCIICIOBAHKE MO BHIOOPY MPEICTABUTEILHOIO pa3Mepa (parMeHTa Jist
nocienytonero aHanusa. s 3Toro ObUIM MOATOTOBJIEHBI YEThIpe HaOOpa NAHHBIX IJIsi OOYYEHUS
HEHPOHHBIX ceTell ¢ pa3HbIM MacIuTaboM otodpakenus (49,29; 98,58; 197,16 u 394,32 MkM 110 ogHO#
cTtopoHe ¢parmenTta). Kaxxaplii U3 MiccieayeMplX MaciTadOB BEIOMPANICS B COOTBETCTBUU C YPOBHEM
YBEJIMYCHHSI TUCTOMATOJIOTHMYECKOT0 M300pakenus. Maciirad 788,64 MKkM 10 OJiHOUW cTOpoHE (hpar-
MEHTa He pPacCMaTpUBaJICs, TaK KaK IIPH TaKOM CIIOcO0e BBIIENEeHUsT (DParMeHTOB MX KOJHMYECTBO ObI-
JI0 HEAOCTATOYHBIM TSl 0Oy4IeHUsT HEMPOHHOM CceTH.

[MoarorosneHHble HAOOPHI BKIIIOYAIH B ceOsl JBa Kiacca JaHHBIX: M300pakeHUs] HOPMaIbHOM TKa-
HU U M300paXKeHusl C IPU3HAKaMK HaJu4us pakoBoi omyxoinu. Kaxapiit kinace coneprxkan 2000 ¢par-
MEHTOB THCTOIATOJOTHYECKUX H300paKEeHUH, MONMYYeHHBIX W3 43 TOJHOCTAWIOBBIX H300paXKEHUMA
27 nanueHToB. TecToBas BRIOOpKA IpelCTaBIIsia cO00K (hparMeHThl TMCTONATOIOTMYSCKUX HU300pa-
skeHui apyrux 10 nanueHToB (12 moiHOCHaiiIoBBIX H300paXKEeHHI).

Jlnst penieHust 3a/1a4u MCIOJIb30BaIach npepooydennas Heiiponnas cets EfficientNetBO [11].

OO0mas OJI0K-cxema TMpeayaraeMoil METOJUKH TOATOTOBKHA 0a3bl THCTOMATOIOTHYECKNX H300pa-
YKEHUH MalWUISIPHOTO paKa IIMTOBHIHOH JKeJle3bl n300paXkeHa Ha puc. 2.

Pe3yabTaThl JKCHEPUMEHTATBHBIX HCCJIE0BAHMII. BBUTH TIPOBEICHBI 3KCIIEPUMEHTEHI 110 OTIpe-
JISJICHUIO OTITUMAIIBHOTO IIPEJICTABUTENHLHOTO pa3Mepa pparmMenrta u3o0paxeHus. Pe3ynbraTsl TeCTH-
poBaHUsI 00Y4YEHHBIX Ha Pa3HBIX Habopax JaHHBIX HEWPOCETEBBIX MOJEJICH MPEACTAaBICHbI B TAOIUIIC.
To4HOCTB OmpeieNieH s Kilacca OIIEHUBAIACh C MOMOIIbI0 MeTpuku Fi-mepa [12, 13]:

|:1:2(P-R)
P+R

rae P — monst BepHO OTHECEHHBIX K KiacCy «(parMeHThl C MPU3HAKaMH HaJTMYusl PAKOBOM OITYXOJIH»
n300paXeHnH cpelu BceX M300pakeHUH, OTHECEHHBIX K JaHHOMY Kilaccy; R — 110Jisl BEpHO OTHECEH-
HBIX K KJIaccy «(pparMeHThl ¢ MPU3HAKAMU HAIHYHS PAKOBOW OMYXOIJM» M300paKeHUil cpeam Bcex
n300paKeHNH TaHHOTO Kilacca.

Hawmmyyiuii pe3ynprat TOUHOCTH OIpeeNieHHs KJlacca TECTOBOH BBIOOPKHM MOKa3all pasMep npen-
craputenbHOro (pparmenrta 394,32x394,32 mkm. [Ipu 3TOM pasmep npenacTaBUTENBHOTO (hparMeHTa
197,16x197,16 MkM okasai JIy4IIuid pe3ysbTaT P OIpeJelieHHH Kiiacca «pparMeHThl ¢ TIpU3HAKa-
MU HaJIM4Usl PAKOBOM OIMYXOJIM», HO XYALIMH — MPH COOTHECEHUWH K BEPHOMY KIIAacCy «(pparMeHTHI
M300pakeHNH HOPMAITEHOW TKAaHW.
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Fig. 2. The block diagram of the proposed methodology for the formation of the base of histopathological images

Pesynbrarsl TecTupoBaHus HeliponHo# cetu EfficientNetBO,
00yteHHOH Ha (h)parMeHTax pa3HOTO MPEACTABUTEIBHOTO pa3Mepa

The results of testing the neural network EfficientNetBO, trained
on tiles of different representative size
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Puc. 2. brok-cxema npeiaraeMoii MeTOAUKA GOPMUPOBAHKUS 0a3bl THCTOMATOIOTHISCKUX H300pasKeHUI
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Mojenu HEWpOHHBIX ceTel, OOyueHHbIE Ha (parMeHTax ¢ MPEICTABUTCIBHBIMH pa3Mepamu
49,29%x49.29 u 98,58x98,58 MKM, mokazanu Xyamui pe3yiasTaT. Ha BO3MOXHOM HaMMEHBIIEM IO
pas3Mepy MpenCcTaBUTEILHOM (parMeHTe HEWpOHHAs ceTh He 00ydmiach, a Ha B JBa pa3a OOJbIIeM
(dparmMeHTe TOKa3ajga HEYAOBJICTBOPUTEIBbHYIO TOYHOCTh KaK JUIi HOPMAIBHOW TKAaHW, TaK W JUIS
M300pakeHUH, COePIKALUX PU3HAKH PAKOBOW OITyXOJIH.

EcTh HecKoNIbKO MPUYMH U MPOOJIEM, BIHUSIONINX HAa PE3yJIbTaT MPOBEACHHOTO dKCIepUMeHTa. Pe-
3yJbTaThl KiacCH(UKAIMH NP OO0yUYCHHH HEWPOHHOM CeTH Ha M300pa)KCHUSAX C MAJBIM Pa3MepoM
MpeACTaBUTENLHOTO dparMeHTa (49,29x49,29 n 98,58%98,58 MKM) OOBSICHIIOTCS TEM, YTO IPHU CO-
CTaBJICHUU 00y4Yaroliell BRIOOPKU B 00a Kiiacca Momajaid U300pakeHUs ¢ TUI0X0 OTIMYUMBIMU MPH-
3HakaMu. Ha puc. 3 mpejcraBieHbl MpUMEPhI CXOXKUX M300paKeHHH Pa3HBIX KIACCOB B MPEICTABH-
TeapbHOM pa3mepe pparmenta 98,58x98,58 mxm. Kak BugHO M3 prcyHKa, OONBIIYIO 9acTh (hparmMeHTa
3aHMMACT KOJUIOU]I, TIO3TOMY OTHECCHHUE HEHPOCEThIO IAaHHBIX N300paKEHUH K OJTHOMY U3 JIBYX KJlac-
COB SIBJISICTCS 3aTPyAHUTEIbHBIM. OMWHAKOBBIA pasmep (GOIIMKYIOB B (M BHE) OMYyXOJIH YCIOKHSIET
TG PepeHINATBLHYIO JUATHOCTUKY W MPH PYTUHHOM UCCIIEIOBAHWH, U TPH TPUMEHEHUH HEHPOCETH.

\'\
22
\\\\

a) b)

Puc. 3. ®parMeHTHI THCTONATONIOTHYECKOTO H300payKeHNs C IPEACTaBUTEIILHBIM
pazmepoM 98,58%98,58 MKM, coaepiKalue IPUMEpBL: &) HOPMaJIbHOH TKaHH;
b) manmmspHOro paka GOMIHKYISIPHOM apXUTEKTOHUKH

Fig. 3. Tiles of a histopathological image with a present size 98.58%98.58 um containing
examples of: a) normal tissue; b) papillary cancer of follicular architectonics

[Tomumo mHpOpMaImu, coaepskamencss B GpparMeHTax M300pakeHUH PasHBIX Pa3MEpPOB, MOXKHO
BBIZICTIMTH €Ille HEeCKOJIBbKO MpoOJieM, BIHMAIOMINX HA HETOYHOCTh Kiaccudukanuu. Ha puc. 4, a noka-
3aH HEBEpHO OTHECEHHBIN K KJIacCy HOPMAJIBHOW TKaHH (pparMeHT BHYTPHOIYX0JieBoro Gudpo3a, 4to
OOBSCHSETCS OTCYTCTBUEM crienupuIHOCTH (prOPO3HOI TKaHH, Ha pHc. 4, ¢ — PparMeHT HOPMAJILHOM
TKaHH, BKJIIOYAIOMINN B ce0si M300paKeHne MHOMKECTBA MPO3PAYHBIX ITy3BIPEKOB BO3IyXa, KOTOPHIE
MOKPBIBAIOT MIOBEPXHOCTH MUKPOIIpETapaTa.

Puc. 4. ®parMeHThI FHCTOIATONIOIUYECKOTO H300paXKeHUs C MPEeICTABUTEIbHBIM
pazmepom 394,32x394,32 MKM, coJiepiKalllie MPUMEPhI: &) HEBEPHO KIIACCH(PUIIMPOBAHHON
(bubpo3HO# TKaHH; D) 30HBI U3 AHATOMHUYECKO KarCyJIbl IIUTOBHIHOMN KEJC3bl;

C) HEM3MEHEHHON THPEOUTHON TKaHH C apTedakTaMu MOKPBITHS MUKPOIpENnapara CTEKIOM

Fig. 4. Tiles of the histopathological image with a representing size of 394.32%394.32 um,
containing examples of: a) an incorrectly classic fibrous tissue; b) zones from anatomical
capsule of thyroid gland; ¢) unchanged thyroid tissue with artifacts of the coating of glass
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3akawuenue. B pesynbrare mcciaenoBaHuii Oblia pa3paboTaHa METOAMKA TMOATOTOBKU (pparMeH-
TOB THCTOMATOJIOTMYCCKUX W300paKCHUM, BKITIOYAOINAsl BEIOOP KJIACCOB M Crioco0a pa3MeTKH Kiacca,
MONIUCH MAacoK, a TaKKe MporpaMma sl Hape3kd (parMeHTOB, MMO3BOJIAIONIAS BBHIOPATH pazMep
(dhparMeHTa U JOJI0 HATUIHS H300paskeHHsI-TIPU3HAKa Ha pparMeHTe Tociie Hape3KH.

[IpemnoxeH oNTUMANIBLHBIA pa3Mep MpeJCTaBUTENBHOTO (hparmMenTa — 394,32x394,32 mxm. Kpure-
pueM BbIOOpa cTana Fi-mepa, paccunTanHas pH KiacCHPUKANKA PparMEeHTOB THCTOMATOIOTHISCKHIX
M300pakKeHUH Ha TECTOBOM HaOOpe MaHHBIX. AHAJIN3 BIHMSHHUS MPEIACTABUTEIBHBIX pa3MepoB ¢par-
MEHTOB THCTOINATOJOTHYSCKUX HM300paXCHHI IMOKa3al MPOOJIEMHBIC MeCTa NpPU PEUICHUH 3aJlauyd
KJIacCU(UKAIMH, O0YCIIOBJICHHBIC CICIM(PUKON HAPE3KH M OKpallIMBaHus U300pakeHui, Mopooru-
YECKOU CI0KHOCTBIO M TEKCTYPHBIM Pa3IHINeM N300pakKeHUH OJTHOTO Kilacca.

Takxe OBLIO ONMPENEICHO, YTO MpodJieMa MOATOTOBKK Ha0opa JaHHBIX JUIsi O0YYCeHUS HEUPOHHOM
CETH Ha PeIlICHUE 3a/1a4M MMOMCKA MHBA3UHM COCY/IOB HAa THCTONATOJIOTMYECKOM U300paKCHUHU SBIISETCS
HETPUBUAIBHOHN U ITO3TOMY TPeOyeT HOTOTHUTEIBHBIX ATAIIOB TIOTOTOBKH JaHHBIX.

IToaroToBneHHsIT HA0OP JAHHBIX MOXKHO HCIIONB30BATH ISl pa3pabOTKH CUCTEMBI BTOPOTO MHE-
HUSl, HAIIPABJICHHOW Ha TIOMCK 3JI0KAYECTBEHHBIX M J0OPOKAYeCTBEHHBIX HOBOOOPA30BaHMIA, HA OIIPe-
JIeNIeHVe apXUTEKTOHUKH MANMUIIPHOTO PaKa, Ha TIOUCK IICAMOMHBIX TeJiel] U (HOpO3HOH TKaHH.

B nmanpHelmeM miaHUpyeTCs MpoOBeeHUe padboT Mo ampoOarui TPaAUIIMOHHBIX M HEHPOCETEBBIX
METOJIOB M3BJICUCHHS MPU3HAKOB HM300paKCHHUU IS peaju3allii CUCTEMBI IMOUCKA TOX0XHX (par-
MEHTOB THCTOIATOJIOTHYECKUX N300paKeHUH.

Bkaan aBropoB. M. B. @puomar BHIIIOTHHAI 3KCIEPTHYIO Pa3METKy THCTONATOIIOTHUYECKIX HM300pa-
weHuil. A. A. Kocapesa ocyuiecTBuia NOATOTOBKY (PparMeHTOB THCTONATOIOTHUECKUX U300paKeHUI
Uit 00y4YeHHs HEMPOHHBIX CeTel, MccieoBana 3aBUCHMOCTH TOYHOCTH Kitaccu(HKanuu gparMenTta
OT €ero MPeACTAaBUTEIBHOIO pa3Mepa, NpoaHaIu3upoBaia pe3yibTaTsl. J. B. Cueoicko OKa3bIBal KOH-
CYJBTaTHUBHYIO [TOMOILb NPH MPOBEIECHUH 3KCTIEPUMEHTOB. /1. B. Kamiau BHIIOTHUI TOCTAaHOBKY 3a-
Jlauu ¥ Hay4dyHOe pPelaKTUpoBaHUE cTaTbu. B. A. Kosanes onpenenun HalpaBlIeHHE U LEJIb UCCIEI0BA-
HUSL, OOIIYIO CTPYKTYPY SKCIIEPUMEHTA.
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AHHOTAIHUA

[enu. PaccmatpuBaercst mpobiiemMa CXEMHON peann3alii He TOJHOCTBIO OMPEACICHHBIX QyHKIMH K-3HAUHOI
JIOTUKH, 3aJIJaHHBIX TaOJMYHBIMU IPENCTABICHUSIMU. M3yuaeTcsi 3Tan TEXHOJIOTHYECKH HE3aBUCHMOM ONTHMU3a-
1uu. Llenbro aTOro sTamna sBiseTcs MoJMyYeHUe MO0 TaOJINYHBIM MPEACTABICHUSIM HE MOJHOCTHIO ONpPEeICHHBIX
GbyHkumit K-3HaYHOW JIOTMKM MHHUMH3HPOBAHHBIX INPEICTABICHUH CHCTEM MOJHOCTHIO ONpPEACICHHBIX Oyiie-
BBIX (DYHKIIHH, IT0 KOTOPBIM BBIIOJHSIETCSI TEXHOJIOTHIECKOe oToOpaxeHue (technology mapping) — BTopoii sTam
CHHTE3a JIOTHYECKHUX CXEM.

Metonsl. Ilpu cuHTE3€ TOrMYECKUX CXEM HA 3Tale TeXHOJIOTHYECKH HE3aBUCUMOM ONTHMH3ALUH TIPeIaraeT-
s MCIIOJIb30BATh JIOOTpe/ielieHns MHOT03HauHbIX quarpamm pernenuii (Reduced Ordered Multi-valued Decision
Diagrams, ROMDD), kotopsle aanee HasbiBatoTcss MDD, u noomnpeseneHuss OMHAPHBIX JUATPaMM pPELICHHN
(Binary Decision Diagram, BDD), 3agaronmx He MOJHOCTHIO ONpPe/IeNICHHbIe CHCTeMbI OyieBbIx GyHKImit. [Jo-
onpenenenue MDD opuenTupoBaHo Ha yMeHblIeHHe Yncia BepmuH rpadga MDD, cooTBeTcTByrOINX KOhaKTO-
pam paszioxenus [lleHHOHa MHOTO3HAYHON QyHKIUH.

Pesynbrarel. 3agaua muanMuzaimn MDD cBenena k perieHuio 3a1a4 MUHUMAIBHOW PacKpacku HEOPUEHTH-
pOBaHHBIX rpa)OB HECOBMECTUMOCTH KO(hakTopoB. KopnpoBaHue MHOrO3HAYHBIX 3HAUEHHH apryMEHTOB W 3Ha-
yeHud (yHKUMIT K-3HAYHOW JIOTMKH TBOMYHBIMH KOJAaMH NPHBOAMT K CHCTEMaM He HOJHOCTBIO ONpEeIeHHBIX
OynieBbIX (PYHKIHH, KOTOPBIE TAKXKE JOOMPENEINIIOTCS C MENbI0 MUHUMH3aIWU X MHOroypoBHeBbIx BDD-
MpeICTaBICHUH.

3akntoueHue. [IpeayokeHHbIH TOAX0/A MO3BOJISET B J[Ba ATAla MPOBECTH JOOIPEAEICHIE YaCTHIHBIX MHOTO-
3HaYHBIX (DYHKIMI JI0 TTOJHOCTHIO OIpeJIeNIeHHbIX OyieBbIX (yHKIMH. Ha BTopoM 3Tare MCHosb3yroTcsi H3BeCT-
Hble 1 3¢ eKTHBHBIE MeTO Bl Toonpenenenust BDD, 3amaronmx cucteMsl He MOJHOCTBIO ONPEAEICHHBIX OyIeBBIX
¢yHKIMA. B pesympraTe Takoro JABYXATAlHOTO MOAXOMda IONMyYaroTcs MHUHMMHu3MpoBaHHbIE BDD-mpen-
CTaBJICHUS] CUCTEM TOJHOCTBIO Ompe/ielieHHbIX (GyHKIui. [1o MONMHOCTBIO OmpeeneHHbIM OyaeBbIM (YHKIUSIM
BBITIOJIHSETCS. TEXHOJIOTMYECKOE 0TOOpaKeHHE B 33/IaHHYI0 OHOJIMOTEKY JIOTHUECKHUX JJIEMEHTOB, T. €. IOKPBITHE
ONTHUMHU3UPOBAHHBIX OIMCAHUN CUCTEM OYJIEBBIX (DYHKIUI OMUCAHUSIMH JIOTHYECKUX 3JIEMEHTOB.

KaroueBble cI0Ba: He MOJHOCTBIO oOmpejaeieHHble (yHKIuH, K-3sHaynas soruka, Multi-valued Decision
Diagram (MDD), 6yneBbl pyHkmun, Binary Decision Diagram (BDD), paznoxkenue [lleHHOHa, CHHTE3 JTOTHYE-
ckoii cxembl, VHDL, CBUC
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Abstract

Objectives. The problem of circuit implementation of incompletely specified (partial) k-valued logic functions
given by tabular representations is considered. The stage of technologically independent optimization is studied
to obtain minimized representations of systems of completely specified Boolean functions from tabular
representations of partial functions of k-valued logic. According to these representations of Boolean functions,
technological mapping is performed at the second stage of the synthesis of logic circuits.

Methods. Using additional definitions of Multi-valued Decision Diagrams (MDD) representing partial
functions of k-valued logic, and Binary Decision Diagrams (BDD) representing partial systems of Boolean
functions at the stage of technologically independent optimization is proposed. The task of additional definition
of MDD is oriented to reducing the number of vertices of the MDD graph that correspond to the cofactors of the
Shannon expansion of a multi-valued function.

Results. The MDD minimization problem is reduced to solving the problems of coloring undirected graphs of
incompatibility of cofactors by minimum number of colors. Encoding of multi-valued values of arguments and
values of functions of k-valued logic by binary codes leads to systems of partial Boolean functions, which are
also further defined in order to minimize their multi-level BDD representations.

Conclusion. The proposed approach makes it possible to define partial multi-valued functions to fully defined
Boolean functions in two stages. At the second stage, well-known and effective methods are used to redefine
BDD representing systems of partial Boolean functions. As a result of this two-step approach, minimized BDD
representations of systems of completely defined functions are obtained. According to completely defined
Boolean functions, a technological mapping into a given library of logical elements is performed, i.e. the
optimized descriptions of Boolean function systems are covered with descriptions of logical elements.

Keywords: partial functions, k-valued logic, Multi-valued Decision Diagram (MDD), Boolean functions,
Binary Decision Diagram (BDD), Shannon expansion, digital logic synthesis, VHDL, VLSI
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Beenenue. HambGomnee pacmpocrpaneHHOW (HOpPMON 3amaHUS HUCXOTHBIX CHEIU(PUKANNA OJIOKOB
KOMOWHAIMOHHOMW JIOTUKU cBepXOombiux nHTerpansHbix cxem (CbHC) mpu ux cXeMHOH peann3anuu
(cuHTE3€ JTOTUYECKUX CXEM) SIBIISIOTCS MOTHOCTHIO JINOO HE MOTHOCTHIO ONpEeSICHHbIEC (YACTUYHBIC)
OyneBsl pyHKunu. Ha mpakTrke HCXOAHBIE CTIeN(UKANE MOTYT 33aBaThCsl TAKXKE B BUJIE KOMITAKT-
HBIX TaOJNMYHBIX 337aHuid K-3HauHbBIX, K>3, 4acTHYHBIX (QYHKIHMHA, apTyMEHTBI ¥ 3HaYE€HHS KOTOPBIX
OTIPEJICNISAIOTCS. U3 OTPAaHUYEHHOTO AMarna3oHa HEOTPHUATEIbHBIX IeNbIX yucen. [lpumepamu ciyxat
MoAyIsipHbIe ycTpoiicTBa [1-3]. BhIMosHssI KOAMPOBaHHE 3HAYCHUI apryMEHTOB M 3HAYCHHN (YHK-
Ui TBOMYHBIMU KOJIAMH, MOKHO TIOJTy9aTh CHCTEMBI OYJIEBBIX (YHKIMI M CBOJHUTH 33/1a4l CXEMHOM
peanuzaiuu GyHKIUIH K-3HauHOH JIOTMKY K 3371a4aM CXEMHOI peann3aliy CUCTeM OyJeBbIX (YHKIIUH.
OnHaKo MpH TaKOM IOJIXOJE Pa3MEPHOCTH 33/1a4 NPEIBAPUTEIBHON JIOTHYECKOH ONTHMH3AILNH BO3-
pacTaroT, 0COOCHHO B TEX CIydasx, KOTJa MPUXOAUTCS PEaTM30BbIBATh CHUCTEMbI K-3HaYHBIX (MHOTO-
3HA4HBIX) (yHKUIMH. Kpome Toro, ycinoxHseTcs: mpolecc 3aMeHbl HEeOpeIeNeHHbIX 3HaueHUH (PYHK-
Ui ONpeeIcCHHBIMA 3HAUYCHHUSMH, BBIOTHSIEMBIH C LENBIO YIYYIICHUS OCHOBHBIX XapaKTEPHCTHK
JIOTHYECKUX CXEM, TaKWX KaK IUIomanb (JYHCIIO TPAaH3MCTOPOB), DHEPromoTpedjieHHe W OBICTPO-
JICUCTBHE.

B Hacrosimeli pabote i peiBapUTEIILHOM TEXHOIOIMYSCKH HE3aBUCUMOW ONTUMHU3AINN CUCTEM
HE TIOJTHOCTBIO OIPEAEICHHBIX MHOTO3HAYHBIX (DYHKIMI TpeJyaraeTcsi HCIoJIb30BaTh rpadoBblil am-
mapar COKpAIICHHBIX YIIOPSI0YCHHBIX MHOTO3HAUHBIX nuarpamm pemienunii (Reduced Ordered Multi-
valued Decision Diagrams, ROMDD) [4], kotopble manee Oynem Ha3biBath MDD. DT0 mo3Bonut
HAXOJWTh I11eJIECO00pa3HbIC TOOMPEICICHUS UCXOIHBIX MHOTO3HAYHBIX (PYHKIIUM, MOCIIE Yer0 MOXKHO
OyIeT mepexoanTh K YaCTHYHBIM OyNEBHIM (IBYX3HAYHBIM) (QYHKIMAM, TIOTYUYAIOIIUMCS B pE3yIIbTaTe
KOAWPOBaHUA JBOUMYHBIMH KOJaMH aHAJIUTUYCCKUX HpeI[CTaBHCHHﬁ, COOTBCTCTBYIOIIHUX OIITUMH3HUPO-
BaHHbIM MDD. Takolf momxoa NpUBOAWT K MHOTOYPOBHEBBIM IPEACTABICHUSM CHCTEM OYJEBBIX
(GyHKIMIA B BUJE JOTHYECKAX ypaBHEHHH, cooTBeTcTBYOmMKX BDD, kak BaxXHOTO M XOpOIIIO U3yUYeH-
Horo [5-11] wactHoro ciayuast MDD mms k = 2. Mertoasl moonpenesnenus BDD npescrasinenuit cu-
CTEM YaCTUYHBIX OYJIeBBIX QYHKIMIA M3BECTHBI B uTeparype [11], mosToMmy obmmii mporecc Aoompe-
JICTICHUST MCXOIHBIX MHOTO3HAYHBIX (YHKIHMH MOXeT OBITh pa30MT Ha [Ba JTama. BHayale
BBITIOJTHACTCS JOOTIPEICICHHE YaCTHYHBIX MHOTO3HAYHBIX (DYHKIMH, a 3aTeM — JIOOINpEeIeHUe Ya-
CTHYHBIX OYyJNeBbIX (DYHKIWH, MONyYCHHBIX KOIWPOBAHUEM MHOTO3HAUHBIX 3HAYCHUI OyNEeBBIMHU KO-
Jamu. MUHUMU3AIMS YUclia YaCTHYHBIX moadyHKIWI Ha ypoBHsX MDD cBeneHa kK KOMOWHATOPHBIM
3a7a4aM pPacKpacKy BEpIIMH HEOPHEHTHPOBAHHBIX IpadoB HECOBMECTUMOCTH KO(PAKTOPOB B MUHH-
MaJIbHO€ YHCJIO IIBETOB. HpI/I TaKOM JIBYXOTAaITHOM NOAXO0/J€ K TCXHOJIOTNYECKHU HE3aBUCUMOM ONTHMH-
3allM MPOUCXOJUT IMOCTECIICHHOC OOOMPEACICHNE YaCTUYHBIX MHOTO3HAYHBIX q)yHKHI/Iﬁ A0 ITIOJIHO-
CTBIO OIPE/ICICHHBIX OYyJIeBbIX (QYHKIHUM, 51 KOTOPBIX BBIOIHSAETCS TEXHOJIOTUUECKOE OTOOpakeHHe
(technology mapping) MUHHMH3HPOBAHHBIX OMHMCAHUIA TIOJTHOCTBIO OMPEICICHHBIX OyIeBbIX QYHKIMIT
B 3QJIaHHYI0 OMOJIMOTEKY JIOTHUECKHX DJIEMEHTOB.

Ocuosuble onpenesnenust. [Tycts S={0,1,2, ..., k—1} u S" =S xS x...xS. [TonHOCTHIO ONpe-
neneHHoi K-3Hauno#t GyHKume#, 3aBucsied oT N K-3HAYHBIX apryMEHTOB Xy o X,, Ha3bIBaeTCA
0TOOpakeHne

f:S">S.

Jlanee 1uist KpaTKOCTH OyJeM Ha3bIBaTh apryMEHTBI TaKMX DYHKIHMH U caMu QYHKIHMH MHO2O3HAUHbI-
MU, OTIIMYAst UX OT OyJIEBBIX (JByX3HAYHBIX) APTYMEHTOB U (DYHKIMH. APryMeHTBI X; OyJeBbIX (yHK-
1M, KaKk ¥ camu OyneBbl pyHkuuu f, npunumarot 3Hauenus 0, 1. Takum o6pa3om, paccMarpuBae-
MBIE MOJIHOCTBIO ONPEJIETEHHBIE MHOTO3HAYHbIE DYHKIMKM f ¥ MX apryMeHThI IPUHUMAIOT 3HAYEHHUS
u3 MHoxecTBa S. Eciin MHOro3HauHas pyHKIMs HA HEKOTOPBIX HabOpax 3HAYEHUH apryMEHTOB IPH-
HUMAET HEONPEIEIEHHOE 3HAYEHUE «—», TO Oy/IEM Ha3bIBATh €€ YaCTHYHOM (HE MOJHOCTHIO ONpeIe-
JICHHOW) MHOTO3HAaYHOH (hyHKUIKEH. o _
PaccmotpuM JBe yacTuuHble MHOro3Haunble Qpynkuuu f', f!. Yactuunas dynxius f! peanusyer
vactuunyro Gyukiuio f', mu6o yactuunas pyukums f' peanusyercs yactuunoit pynxumeii f! (f' < f
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mbo !~ f'), ecnn Ha ogHOM M TOM ke HaGOpe 3HAYEHUH APTYMEHTOB IS KKIOW Mapbl 3HAUCHUM
dynxuuii f', f! Beinonnsercs oquHo (1H060E) U3 CIEAYIOUMX OTHOIIEHHUIA:

-<0, - <1, —<2, .., —<k-1, (1)
0<0, 1<1, 2<2, .., k-1<k-1 )

®ynknuio f! 6ynem nassiBats moonpeseneruem dyukin . BUaHo, 4TO IpH K0ONpeIEICHAN Ya-
CTHYHOHN (PyHKIMHU JIt000E ee HeonpeAeIeHHOe 3HAUYCHNE «—» MOXKET OBITh 3aMEHEHO JIIOOBIM 3Haue-
Huem 0, 1, 2, ..., K— 1 u3 mHOXecTBa S. Ecii 171 Ka10# Iapbl COOTBETCTBYIOIIHMX 3HAUCHHH (yHK-
umii f', ! BemonHseTcs omHo W3 orHOWEHM, BXxomsmee B coorHomenus (2), To ¢pyukuuu f', f!
SBJISIFOTCS IOJHOCTBIO OIpee/ICHHBIMU U PAaBHBIMH.

Takum 006pa3om, OTHOIIIEHHE PAaBEHCTBA YACTHYHBIX (DYHKIHI MPEICTaBIsIeT cOO0I YaCTHBIN CITy-
Yall OTHOIICHUS peanu3anuy. Eciyu a1 kakaoi mapsl COOTBETCTBYIOIIMX 3HAYCHUH YaCTHYHBIX Oy-
nesbIx Qpynkumii ', f! Bemonngercs ogno (Mr060€) U3 IATH OTHOLIEHMI

0<0, 1<1, -=<-, —=<0, —<1
TO BBIIOJIHSAETCA OTHOmEeHUe peamusanuu f '< f! Gynesbix Gynkumit. Ynopsmouennyro cucremy Gyie-
BBIX (DYHKIMI OyJ1eM Ha3bIBaTh TAK)KE BEKTOPHOU OyneBoil (YyHKITHEH.

Hpumep 1. B ta6n. 1 npusenena cucrema F = {f*, £2 f° f*} yacTiunex Tpex3Haunbx QyHKIMiE,

JUTSL KOTOPBIX BBITTOHSIOTCS] OTHOIIEHWSI peaTn3allini

fl<fl f2<f2 f5<f2 f4=14,

fl<fl f2<f2, f3<f3, f4<f4

fl<fl f2<f2, £3<f3, fi<1fd.

Tabnuma 1
IToaHOCTBIO ONPEACIICHHBIC 1 YaCTUYHBIC MHOT'O3HAYHBIC (I)yHKIII/II/I
Table 1
Fully defined and partial multi-valued functions
Hpumep 1 Peanuzyromue Peanuzyromue
Example 1 YaCTUYHBIE MHOTO3HAYHbIE HOJIHOCTBIO OTIPEIEIEHHBIE
MHoro3HauHble Cucrema F gacTHYHBIX PyHKumn MHOTO3HA4HbIE QYHKLHH
apryMeHTHI MHOTO3HAYHBIX (pyHKIUN Implementing Implementing
Multi-valued System F of partial partial multi-valued fully defined multi-valued
argument multi-valued functions functions functions
Xy X fl f2 f3 f4 il 2 .3 f.4 & | 2 .3 £
0 0 - - 1 2 1 - 1 2 1 2 1 2
0 1 1 - - 1 1 1 - 1 1 1 2 1
0 2 2 - 1 2 2 0 1 2 2 0 1 2
1 0 1 2 0 2 1 2 0 2 1 2 0 2
1 1 - 0 - 1 - 0 1 1 1 0 1 1
1 2 1 1 0 2 1 1 0 2 1 1 0 2
2 0 2 2 2 2 2 2 2 2 2 2 2 2
2 1 0 0 - 0 0 0 2 0 0 0 2 0
2 2 1 1 1 1 1 - 1 1 1 2 1

IlocTanoBka 3agaun. Ha ocHOBe TaOIMYHOTO 3aJjaHUA CHUCTEMBl F YaCTHYHBIX MHOTO3HAYHBIX
GyHKIMIA TpeOyeTCs MOAYYUTh JOTHUECKYIO CXEMY, PeaIM3YIONIYI0 Ta0IMYHOE 3aaHne CUCTeMbI F.

[Ipennaraercs BBHIOIHUTH CIIECIYIOIIHUE 3TAITBI IPOSKTUPOBAHUS TPEOYEMOM JIOTHYECKON CXEMBI:

1. IToctpoenne n muanmu3zanyss MDD, koropast mpencrasiser QyHKIMH ciucTeMbl F.
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2. KonupoBaHne 3Ha4eHHUII MHOT'O3HAYHBIX apryMEHTOB M MHOTIO3HA4HBIX (DyHKIMH cuctemsl F
OyJneBBIMH KOJAaMH M TIEpeXo]] OT KaKJI0i MHOTO3HaYHOH ()YHKLIUU cUCTeMBl F k cBoeil cucreme va-
CTHYHBIX OYJEBbIX (QYHKIIHH.

3. Jloompenenenre YacTUYHBIX OyNeBbIX (YHKIMHA W TONydeHHe (DYHKIMOHAIHHOTO OIMUCAHUS
CHCTEMBI TIOTHOCTBIO ONPEACTICHHBIX OYJIEeBbIX QYHKIHUIA B BUIE JIOTHYECKUX YPABHEHHH.

4. CuHTe3 JIOTUYECKOH CXEMBI B 3alaHHOM TEXHOJIOTMYECKOM Oasuce Mo MOJy4eHHBIM Ha dTare 3
JIOTHYECKUM YPABHEHHSIM.

[Janee mpu peuieHny 3a1ad, BO3HUKAOUIMX HA dTanax 1—4, OyzneMm NpUAepKUBATHCS CIIEILYHOLINX
corJIalieHu (OrpaHUYCHUN).

Coenawenue 1. Ha stane 1 Oynem crpouts MDD, noonpezensiss MHOTO3HaYHbIE (D)YHKIIHH CHCTE-
MbI F B mporiecce moctpoenuss MDD.

3aMeTuM, 4TO MOTYT OBITH U Apyrue noaxoasl. Hanpumep, kornza MDD moctpoena, a 3atem ocy-
HIECTBIISIETCS €€ JOOTpeIesIeHHE C LEIbl0 COKpaleHus ciiokHocTH rpada MDD.

Coenawenue 2. B xauecTBe KOJIOB 3HAYSHUM apryMEHTOB M 3Ha4eHHI (PYHKIHUN OyIeM HCIIOIb30-
BaTh JBOWYHBIC TPEACTABICHUS HEOTPHIATENBHBIX uncen u3 MuHoxkectsa S = {0, 1, 2, ..., k — 1}
[Tpu KOMUPOBaHWY 3HAYCHUH «—» MHOTO3HAYHOW (D)YHKIHHU OyJIEBBIMHU (IBOMYHBIMH) KOJIAMH HEOIIpE-
JIeJICHHOE 3HAUYEHHE «—» MHOTO3HAuYHOW (PyHKIIMU 3aMEHSETCs BEKTOPOM HEOINPEACIICHHBIX 3HAYCHUI
COOTBETCTBYIOIIEH CHUCTEMBI yacmuunbix OyneBblxX ¢yHKuui. [Ipn konupoBaHUN MOTYT OBITH UCIIOJIb-
30BaHbI U Ipyrue Kojbl (HampuMmep, yHapHbIi Kox). 3aiada BbIOOpa SPPEKTUBHOTO criocoba Koaupo-
BaHUsI IPEJICTABIISIET OTACIbHBIA HHTEPEC U B IaHHOH paboTe He paccMaTpHBaeTCs.

Coenawenue 3. JIns cucTeMbl YaCTHYHBIX OyJeBBIX (yHKIHA Oynem ontuMusupoBats BDD-mipen-
CTaBJICHHE U MONyYaTh B pE3yJIbTaTe BHIMOJIHEHHS dTama 3 JIOTHUECKUE ypaBHEHUS, COOTBETCTBYIOIINE
BDD-npencTaBiaeHHIO CUCTEMBI HOJIHOCbIO OnpedeieHHblX OyIeBhIX (QYHKIIUM.

3ameruM, uto oT BDD-mipencraBinennss MOXHO MEPEXOAUTh K OPYTHM (GopMaM 3aJaHusl CUCTEM
OyneBbix (pynkumid. Hanpumep, MOXKHO ZOHONHUTENIBHO YNPOLIAThH JIOTHYECKUE YPAaBHEHHUS, COOTBET-
ctBytomne BDD-mpencraBienusM OyneBBIX (QYHKIHHA, JTHOO MEPEXOAUTh K MHUHUMH3UPOBAHHBIM
MU3BIOHKTUBHBIM HOpMalbHBIM Gopmam (JJHD) [12, 13], OyneBbM ceTsim [14] u 1. 1. OT dopmer 3a-
JaHWS Peain3yeMOH CHCTEMbI OYyJeBBIX (YHKLUM 3aBUCIT PE3yJIbTaThbl CHHTE3a B IIPOMBIIIJICHHBIX
CHHTE3aTOPAaX JIOTHYECKHX CXEM.

Coenawenue 4. Ha srane 4 OyaeM UCHONIb30BaTh OMOIHOTEKY JIOTHYECKUX AJIEMEHTOB 3aKa3HBIX
KMOII CBUC, onucannyto B cTaThe [15], 1 UCMONB30BaTh B KAUECTBE CUCTEMBI CUHTE3a JJOTUYECKUX
cxeMm cunatesarop LeonardoSpectrum [16]. CunTe3 OyaeT BBIMOMHATHCS C IEABI0 MOIYUYEHHUS OTHO-
TaKTHBIX (He KOHBEHEpHBIX) peanu3anuii cxem. Cuarezatop LeonardoSpectrum mociie cuHTE3a CXEMBI
MIOJICUMTBHIBAET CJIIOKHOCTH (IUIOIIA/b) CXeM U3 OMOJIMOTEUHBIX 3JIEMEHTOB KaK CyMMY IUIOIIa/ied BCcex
JIOTMYECKHX 3JIEMEHTOB CXEMBbl M BBIIAET 3HAYCHHE JAHHOI'O IapaMeTpa Hoj HazBaHueM Area (Iuio-
11a/b). 3aMeTUM, YTO 3aJIepKKa CHHTE3UPOBAHHOM CXEMbI BBIUMCIISIETCS B BUJIE 3HAYCHUS MTapaMeTpa
Delay.

IMocrpoenne u munumusamuss MDD, peanusyionieii pynkuuu cucrembl F (3ran 1). Paznosuce-
Hue Illennona u MDD. Beeniem noHsTHe auTepaia MHOTO3HAYHOM MepeMeHHOM X;, | = 1, ..., n. Eciu
IepeMeHHas! X; IPUHAMAET 3HaYeHHe | €S, TO MHIIeM Xi{J}. Bripaxxenue Xi{’} OyzneMm HasbIBaTh 00-
Hoonemenmuvim aumepanom nepemenHoit X Ilycre T ={]j,, ..., j.}, T <S. Ilog muozosnemenmmnvim
aumepaniom (WK MPOCTO JIUTEpaIoM) OyJeM IMOHMMATh 3alHCh Xi{T}
x{T

U UHTEPIPETUPOBATH JINTEpal
T .
Kak OyJneBy (yHKUHIO: Xi{ Y= 1, econ 3Hauenne o MEPEMEHHON X HPUHAIJICKUT MHOXKECTBY T,

T .
Xi{ Y= 0, ecrit 3HaYEeHHE O, NEPEeMEHHOH X He MPUHAUISKUT MHOXKeCTBY T. Ecmm T =S, To nuTepan
T

Xi{ S (T. e. paBeH koHcTaHTe 1).
Pe3ynbTar MOACTAaHOBKM 3HAUEHWs [e€S IEepPEMEHHON X;j B YaCTHYHYIO MHOTO3HAYHYIO0 (DyHK-
o T (X, ..., X, ..., Xn) Oy/ieM Ha3bIBaTh KodakTopom [4] MHOrO3HAYHOH QyHKIWMH T (X1, ..., Xj, ..., Xp)

I10 JIUTepaily X}“} H 3aI1MIIeM B BUJIC

fxi{j}= F (X ooy Xg0 J Xigs e X))
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Pasnooicenuem Illennona yactiunoit MHOTO3HAUHON GyHKIHH f (Xy, ..., Xj, ..., Xn) 0 MEPEMEHHOM

Xj Ha3bIBACTCS TIPEICTABICHUE
f=(x%& fo)v(® & )V oo v ) fen): (3)

rae & — Joruyeckas KOHBIOHKINS, \V — JIOTHYECKasl TU3bIOHKIIMSL.

ITyTeM HaXOXIEHHs OJMHAKOBBIX YACTUYHBIX KOPAKTOpoB T (X, ..., X4, I Xiiqs --» Xp) MOMKHO
COKpATHUTh YUCIO JU3BbIOHKTUBHBIX YJICHOB B BBIpaXKEHUH (3) M MOJIYYUTh MHOXKECTBO MOMAPHO pas-
JTMYAIOIIUXCA KO(PaKTOPOB MJs1 MOCIEAYIOUIETO pa3JIoKEeHHs BceX HMX M0 OJHOM M TOH ke
IEpEMEHHOM Xj. BBINOIHMB Takue Mpoueayphl pasnokeHus KO(GakTopoB MO OJHOM U TOH XKe Iepe-
MEHHOM W Haill OIMHAKOBBIE YaCTHUYHBIE KO(AKTOPHI, MIOJYyYHMM MHOTOYPOBHEBOE IPEICTABICHHE
YaCTUYHOW MHOTO3HAa4YHOH (¢yHKuuH. Ha mocneanem mare pasnoxeHus: (Win panee) KOPaKTOphI BbI-
pomstcst o koHcraut 0, 1, 2, ..., K — 1. MHOTOypOBHEBOE MpeACTaBICHUE MOKHO 337aTh OCCKOHTYP-
HBIM OPHUEHTHUpPOBaHHBIM Tpadom (oprpadom), 1. e. MDD. KodakTopsl COOTBETCTBYIOT BEpIIMHAM
oprpadga MDD, opueHTHpOBaHHBIC yTH, BCET/a MAYIIME CBEPXY BHH3, 33/1al0T (PaKT MOpPOKACHUS
KO(paKTOPOB HIKHETO YPOBHSI U3 KOPaKTOPOB BepxHEro ypoBHs. [IoMeTKH IyTr COOTBETCTBYIOT JIUTE-
payiaM, 1o KOTOPBIM mopokaaeTcst kopakrop. Jlucrossie Bepmmasl MDD coOTBETCTBYIOT 3HAUSHUSIM
MHOTO3HA4YHOU (PYHKIIUH.

B paccmarprBaeMoM ciyuae HaOIIOAACTCS aHAIOTHUS C MTOCTPOSCHUEM COKPAIEHHBIX YIOPSI0YCH-
Heix BDD mst 6yneBbix dynkiwuii [10, 11]. Hoctpoerne MDD st cucremsr F MHOTO3HAYHBIX (DyHK-
Ui aHAJIOTUYHO: OIMHAKOBBIE KO(aKTOPHI HAXOAATCS cpelr KoaKTOpOB BCeX PyHKIUH cuctemsl F,
paznoxenue lennona ans kaxnoit Gpynkumu cucremsl F (mubo ee xodakTopoB) BemeTcs Mo oTHON
Y TOH K€ IOCIIeI0BATEILHOCTH IEPEMEHHBIX PA3I0KeHuUs (1151 OOJHOM U TOH e IEePecTaHOBKU Iepe-
MeHHBIX). B pabore [4] m3yuganuce MDD g momHOCTBIO OnIpeieIeHHBIX MHOTO3HAYHBIX (PYHKIINH.

Paccmotpum npumep 1 (cm. tabiu. 1) moctpoenuss MDD mist cuctembl F MHOrO3HAYHBIX YacTHY-
mpix ¢Qynxumit F = {f! 2 f3 f*} nyrem nmomyuenus xodakTOpoB CHAaUama IO MEPEMEHHOMH Xy
(Tabm. 2 u 3), 3aTeM 10 TIEPEMEHHOM Xy, T. €. EPECTaHOBKA MEPEMEHHBIX, 110 KOTopoii ctpoutcs MDD,
HMEET BUJ <X1, Xo>.

Tabnuma 2
Kodakropsi py, ..., Ps pasnoxenus llenHoHa GhyHKIHiA cicTeMbl F 110 IepeMeHHOI X,
Table 2
Cofactors p;, ..., ps of the Shannon expansion of the functions of the system F by the variable x;
= fl —fl —¢3 = fl = f2 =f2 —f2 =f4
X | PL= T P2 =T = o Ps =T Ps = o Ps =N =ho=ln
0 - 1 2 - 2
1 1 - 0 - 0
2 2 1 1 - 1
Tabnuma 3

KodaxkTops! pg, P7, Ps pasnoxenus lllennona dynkumit

cucremsl F no nepemennoii X

Table 3
Cofactors pg, p7, pg of the Shannon expansion of the functions
of the system F by the variable x;

X2

3
Ps = fxfl}

0

N~ | O

0
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HUcnonp3ys 0603HaYeHnsT KOPaKTOPOB U3 Tabm. 2 U 3, gonuineM BbpakeHus paznoxenus [lenno-
Ha MHOro3HauHbIX Gynkuuii 1, £2 3 4 (cm. Tabn. 1) no nepemenHoii X;:

£l XfO} &p'v XP} & p*v sz} & p° :Xfo}pl v Xfl}pz v sz} 3
£2_ Xfo} &p*v Xi{l} &ptv sz} & p= Xfo}p4 v X1{1}p3 v X1{2} 5
£3 =xf°}&p2vxf1}&p6vxf2}&p7=Xf°}p2vxl{l}p6vx1{2} 7
f£4_ Xi{o'l} &pdv sz} & p°= Xfo,l} P8 v sz} p°.
B nanbheiimeM OynieM onmyckaTh 3HaK & KOHBIOHKIIUM TaM, TJE 3TO YMECTHO. Pa3ioxeHue 1o me-
PEMEHHOM X, TOIYYEHHBIX KOGaKTOPOB Py, ..., Pg TPUBHAIBHO.

I'pad MDD, nmocTpoeHHEBIH TI0 TepecTaHOBKE < X, Xo> MMepEeMEHHBIX, N300paxkeH Ha puc. 1. OpreH-
Talus IyT He MOKa3aHa, TaK KaK BCE IyTH OPUCHTUPOBAHbI CBEPXY BHH3.

s A r A

.e 2 I‘ 2 0 ‘ 2 2
| l
A b A b % B o 5
(%) (%)

() ) () ) ) ()

N\ N\ Vi TN\ N 1N\ N\ ViIN

=L 2] D) o = =1 =] 2] o] [ [o] (=] Lof (2] [=] [={2] [ 1] 2]

Puc. 1. MDD nnist cucremsr ¢pynkmia F

>

Fig. 1. MDD for a system of functions F

Hns ynpomenust n3odpaxenust MDD nmcroBeie BepiuHbI Uit KO0hakTOpOB, 3aBHCSIINX OT Tepe-
MEHHOM X,, IpoxyOnupoBanbl. HeomnpeaeneHHble TMCTOBBIE BEPLIMHBI OTIMYAIOTCS OT ONPEIeICHHBIX:
npu noonpenenenun MDD kaxknas HeonpenesieHHas TUCTOBasi BEPLIMHA PACCMATPUBAETCS OTACIBHO
W JIOOTpEETSIeTCs HEe3aBUCUMO OT JIPYTHX Heompe/elneHHbIX BepinH. [Io MDD moxHO chopmupo-
BaThb MHOTO3HauHbIe (PYHKINHU, paccMaTpuBas IMyTH U3 KOPHEBBIX BEPIIMH, COOTBETCTBYIOIINX (YHK-
LUSIM CHCTEMBI F, K JIMCTOBBIM BEPIIMHAM, 33Jal0IINM 3HAUYCHHUS KOMIIOHEHTHOW (PYHKIIMH CHCTEMBI,
Y 3aMKChIBasi KOHBIOHKIIUIO JINTEPATIOB, IIOMEYAIONIUX MMPOXOIUMBIE TyTH, aHAIOTHYHO TOMY, KaK 3TO
nemaercs s BDD [11]. Hanpuwmep, byuxius f ¢ umeer npeacrasienue

f 4 _ XfZ}Xg)} f 4 (2, O) v X]{_Z}Xgl} f 4 (2,1) v XfZ}XEZ} f 4 (2’ 2) v
VEE £4(0,0) v T £4(0,0) v X2 £4(0,2). )

Tax kax f 4(0,0) = £4(1,0) = 2, £4(0,1) = f%(1,1) = 1, f%(0,2) = £ *(1,2) = 2, f %(2,1) = 0, B BBIpaxennn (4)
smecto f 4(0,0), f#(0,1), f %(0,2) moryT GbiTs 3ammcanst f *(1,0), f 4(1,1), f %(1,2) cootBercTBEHHO.

Ecmu nounmars sammcs | 4% kak «vmorosnaunas gyrxums f* npunumaer snasenne o e{—}U Sy,
TO (hopmyia (4) 3anumiercs B BUAE

F4 = x{hyOh £ M2 ((hy £ 40D | 2D L2h g O |, AOH O} £ 402} |, 0L} £ 401 | (0D £ 402 (5
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B BoipaxkeHuu (5) cuMBOJBI & (JTOrHyeckas KOHBIOHKIUS) OmMyIieHsl, U (5) MOXKHO 3amucarh 1o
taGmuanoMy 3aganmio f ¢ (cM. Ta6m. 1). AHaTOrHYHBIM 0GPa30M MOTYT OBITH 3aIUCAHBI PEACTABIIC-
HUS IPYTUX MHOTO3HAYHBIX QYHKIWN U3 Ta0. 1.

Hoonpenenenue kopakropos MDD. Beenem noHsTHE HECOBMECTUMOCTH MHOTO3HAYHBIX (DYHK-
i 6o ux xkodakropor. Kodaxropsr f (X, ..., X;), 9 (X1, ..., X;) HA30BEM HECO8MECHMUMbIMU, ECITA

Halijiercs XoTs Obl OJIUH HA0OP 3HAYCHUI (xfil}, xgji'}, .y x‘r{jf}) MEPEMEHHBIX Xy, ..., Xy, JJISI KOTOPOTO
00a 3HAYCHUS f(xi“l}, xfjf}), g(xfjl}, xfj'}) omnpenencHsl M He paBHBL. Ecim ke Takoit Habop
(i3, xERd L ) me maiinercs, o kodaktopst f (X4, ..., Xr), § (X4, ..., X) HA30BEM coeMeCmuMbLMLL.

Hanpumep, kodakTops! P, P2 (cM. Tabi. 2), 3aBUCSIIHE OT MHOTO3HAYHON MMEPEMEHHOM Xp, HECOB-
MECTHMBI, TIOCKOJIBKY HAHIETCS TaKOe 3HAUYCHUE XéZ} , uT0 P1(2) = 2, p2(2) = 1 (0ba 3HaUCHUS OmpeIe-

JeHsl ¥ He paBHBI). KohakTopsl Ps, Ps ABIAIOTCS COBMECTUMBIMH. OYEBUIHO, YTO COBMECTUMBIE Ya-
CTUYHBIE KO(AKTOPBI MOTYT OBITH JOOMPENENeHBI 10 OJZHOTO W TOro ke Kodakropa. Hampmmep,
COBMECTHMbIE KO(DAKTOPHI Pg, P5s MOTYT OBITH JAOOMpEAEICHBI 10 KodakTopa ¢, Takoro, uro ¢(0) = 2,
9(1) =1, 9(2) = 1, u 1u1st KOTOPOTO BBINOJIHSIOTCS OTHOIICHHS peanmu3auu P, < g, Ps < g . Kodax-
TOPBI P3, Ps SBISIOTCS MOTHOCTHIO ONPEICIICHHBIMHA U PABHBIMH.

3adaua A. nsa 3agaHHON cHCTEMBI F 4acTHYHBIX MHOTO3HAYHBIX (DYHKIMH TpeOyeTcs HalTh Mu-
HUMAJIBHYIO 110 MOIITHOCTH CHCTeMY H MHOTO3HauHBIX (YHKIHH, TaKUX, 9TO KaXaas n3 QyHKIHHA HC-
XOIHOM cucteMbl F peanusyercst xotst 661 onHON U3 QPyHKIMN crcTeMbl H.

Pemenne 3amaum A CBOIUTCS K IIOCTPOCHUIO HEOPUEHTHPOBAHHOTO Tpada G OTHOIICHHMST HECOBME-
cTUMOCTH (YHKIMA w3 cUcTeMbl F, packpacke rpada G B MHHMMANBbHOE YHCIO LBETOB (KPAaCOK)
1 QOPMHUPOBAHMIO IO KAXKIOMY MHOXKECTBY OJHOIIBETHO PAacKpallleHHBIX BEepUIMH (QYHKIMIA) OJHOM
n3 GyHKIUH cucteMsl H.

MuHMManbHOE YHUCIO P, YaCTHYHBIX (QYHKIHH B cucTeMe H onpenensercs n3 COOTHOIICHUS

Prin = %(G) » (6)

rae x(G) — xpomarmyeckoe uncio rpada G [17].

PaccMmoTpum perienue 3anaun A Ha mpuMepe KoGakTopoB Py, ..., Ps U3 Tadbn. 2 u 3. ['pad G otHO-
IIEHHS HECOBMECTHMOCTH 1 PACKPACKa €ro BEPIINH M0Ka3aHkI Ha puc. 2. dopmuposanue pynxumii h',
h% h®, h* sensommxcs pemennem 3anauu A, npeicTaBieHo B Tadm. 4.

B

; [ |
==l (Ko ]
o 19 + o 1]

L2

Puc. 2. I'pad G oTHOIICHNST HECOBMECTIMOCTH KO()AaKTOPOB
Fig. 2. Graph G of the incompatibility relationship of cofactors
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Tabnuma 4
CoxkparieHre ynciia KohakTopoB Ha OCHOBE PEIICHUS 3a]]auil O packpacke rpada

Table 4

Reduction of the number of cofactors based on solving the graph coloring problem

X Hoonpenenenue
Kodpaxrop ? Additional definition
Cofactor KCI:)aICKa Kodakrop | Pelanmat]_u:_ﬂ
pi (Xz) X x§2 orr Cofactor K0 B (2 mplementation
h'(x,)
Pa -1 -
: o - o | " 0 1 0 | p<ht pg<ht
. _
P1 - 1 2
2 h2 2 1 2 pl_<h2' p8_<h2
Ps 2 1 2
P2 1 -1 3 h® 1 - 1 p, < h3
Ps3 2 0 1
p; <h?*, ps<h*,
Ps 2 0 1 4 h* 2 0 1
p, <h?*
p7 2 - -

3amensisi kopakropsl B MDD (cM. puc. 1) peanusyronmmu ux kopakTopamu, MOXKHO YMEHBIIUTh
yncino (yHKUMOHANBHBIX BepminH MDD 3a cuer noompenenenust kogdaktopoB (puc. 3). Ilpumepst
npasui cokpamieHuss MDD nokasanbsl Ha puc. 4, OHM aHAJIOTMYHBI H3BECTHBIM NIPABUIIAM PEAYLHPO-
Banust BDD. B pesynbsrare BeimonHeHus 3tana 1 Obuta moctpoera MDD, y KoTopoii TOJIBKO IBE ITH-
CTOBBIE BEpIIMHEI (pHC. 3) UMEIOT HEOTpeAeTICHHOE 3HAYEeHHE.

Puc. 3. loonpeneneane MDD
Fig. 3. MDD additional definition



NHOOPMATIKA = INFORMATICS
48 TOM=VOL.20 2|2023 C.=P.39-64

Puc. 4. JlokansHele npaBwia peaykunn MDD

Fig. 4. Local MDD reduction rules

Ecnu st HekoToporo KogakTopa BCe JTUCTOBBIC 3HAUCHUS SIBISAIOTCS HEONPEACICHHBIMH, TO 0Y-
neM o0o3Havath Takoi kodakrtop P_. OH mpencrasisier co00i YaCTMYHYIO MHOTO3HAYHYIO (YHK-
U0, TPUHUMAIOIIYIO HeolpeIeieHHbIEe 3HAYCHUS ISl BceX HaOOpOB 3HAUYEHHI MHOTO3HAYHBIX apry-
MeHTOB. KodakTtop p_ coBMecTUM ¢ JII0OBIM IPYTUM YaCTUYHBIM KO(PAKTOPOM.

OBpPUCTHYECKUN aNTOPUTM IOMCKa Jydlled MepecTaHOBKH MepeMeHHbIX pazioxenus lllennona
qutst moctpoernst MDD coctout U3 cienyronmx maros:

[laz 1. TloouepenqHo paccMaTpUBAIOTCA BCE BXOJHBIE NepeMeHHbe. [ Kakaol mnepeMeHHOMN
CTpoOUTCS HadanbHBIH ypoBeHb MDD, 3aTeM JUts TIOTy4eHHBIX YaCTHYHBIX KOGAKTOPOB pelaeTcs 3a-

Aaua A. BeiOupaercst Ta iepeMeHHast X; , JUIsi KOTOPOH B pesysbTaTe pemeHns 3a1a4u A B cucreme H

OyneT HauMeHbIIee Ynucio kohakropor (3puctuka 1). [lepemennas X;, ONpenessieT MepByio mepe-
MEHHYI0 HCKOMOM TIEPeCTaHOBKHY ITIEPEMEHHBIX, TT0 KOTOpOoi OyeT crpouthest MDD.

Hlae 2 (umepamuenovii). K monydeHHOW nepeMeHHOH (TIEPECTAHOBKE) MOOYEPEIHO JT00aBIISIETCS
OJIHA M3 OCTABIUMXCs NEPEMEHHBIX U pelnaeTcs 3aj1a4a A. BeiOnpaercs Ta U3 epeMeHHbIX X; , KOTO-
past obecrieunBaeT MOMyYeHHe HawIydIlero no yuciny QyHkumid cuctembl H pernenus 3agauu A (3B-
puctuka 2). Takoil BEIOOp EpEMEHHBIX MPOAOIDKAETCA A0 TeX HOp, oKa He OyIyT onpeaesieHbl Bce
ICPEMCHHBIC B HCKOMOH MEPECTAHOBKE < X, Xi .y X >

3aMeTHM, YTO aHAIOTUYHBIN alTOPUTM OKazaycst 3QPEKTUBHBIM JIJISI MUHUMH3AIIUHN YUCIa BEPIINH
BDD, npeacrapistonieii CHCTEMY IOJHOCTBIO ONPeIeICHHbBIX 0yneBbIX QyHKIuii [18].

KoaupoBanune 3HayeHHil MHOTO3HAYHBIX aPIYMEHTOB H MHOTO3HA4YHBbIX (YHKIHUH (3Tam 2).
Jlnuaa m GyneBa Koja JUIi MHOTO3HAYHOM NEPEMEHHOM X; M MHorozHauHoil ¢ynxuun f! cucre-
MbI F ompenensieTcst U3 COOTHOIIEHUsT M = !_|Og2 k_l, rae kK — MomuocTs MHOXecCTBa S, a !_A—l — Onu-

xaifmee menoe, Oonpiiee 1100 paBHOE A.
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BBINOTHUM KOAMPOBaHWE MHOTO3HAYHBIX TIEPEMEHHBIX U JINTEPAIIOB cOriiacHo Tabi. 5 u 6. B pac-
cMmatpuBaeMoM mpumepe K = 3, mosToMy Kaskaas MHOTO3HA4YHAs MIepeMEHHas X1, Xo M KaK1ash MHOTO-
spaunas Qynxims T, £2 3 f* cucremsr F xomupyrotcst cBOMM Gy/neBBIM KOZOM UTHHOH M = 2
(Tabm. 5).

Tabnumna 5
KoaupoBaHue MHOTO3HAYHBIX EPEMEHHBIX,
¢byHKuumit ¥ KopakTopoB OyIEBHIMU EPEMEHHBIMU

Table 5
Encoding of multi-valued variables,
functions and cofactors with Boolean variables

MHoro3HauHas
TIepeMEeHHas,
¢byHKums, Kohaxrop Bynes xon
Multi-valued Boolean code
variable,
function, cofactor
X1 (Vll VZ)
Xz (er Wz)
£ (f. 1)
f? (. 1)
£ (5, 1)
£ ()
ht (hi . h})
h? (hf , 1)
h? (b, h)
h (b 1)
p_ (c..c)
Tabnuma 6
KonupoBanue nurepanon
Table 6
Encoding literals
JIutepan
MHuoro3HauHas MHOTO3Ha4HOMN Konupyromee
rnepeMeHHas bynes xox TepeMEeHHON BBIPAKEHHE
Multi-valued Boolean code Literal Encoding
variable of a multi-valued expression
variable
0 1 —
Xf } 7t 2
X % X vt v2
2 —
Xf } N
0 1
Xg } W W
X, W', w?) X8 W w?
2 _
Xg } wh WP

OJIHOSHCMCHTHBIC JIMTEpaAJibl MHOT'O3HAYHBIX IIEPEMEHHBIX KOOAUPYIOTCA 6yneBI)IMI/I BBIpaXXCHUAMU
B BHAC HpOI/ISBCI[eHI/Iﬁ JIMTCPAJIOB 6YJ'ICBI>IX NEPEMCHHBIX (Ta6J’I. 6) MBHOTr03J1eMEHTHBIM JaTepajiaM
COOTBCTCTBYIOT HCKOTOPBIC I[H(D — JAU3BIOHKIHUH ITOJIHBIX HpOI/I3Be,Z[eHHﬁ OAHO3JICMCHTHBIX JIMTCpa-
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JIOB, KOTOpBIE MOTYT OBITh YHPOILEHHI 1O 3aKoHaM OyJieBoi anreOpsl. Hampumep, AByX3eMeHTHBIN
JIuTepan xl{o‘Z} xomupyetca JH® vv2 v viv2=v?. Jlng HeKOTOPHIX KOMOUHAILMI GYIEBBIX KOTHPYIO-
IIUX [IEPEMEHHBIX MOTYT OTCYTCTBOBATh COOTBETCTBYIOIME UM MHOTO3HAYHBIC 3HAYEHUS, B paccMar-
pHBaEMOM TIpEMepe TAKUMH KOMOMHAIMAME KOJUPYIOIIUX OyJeBbIX TepeMeHHbIX sBastoTces (Viv?),

(W'W?). DTH KOMOMHAIMK HCTIONB30BATHCH GBI, ECTH OBl IEMEHT 3 BXOMMI B MHOXKECTBO S. B pe-
3ynpTare Koguposanuss MDD st kaxnoi M3 MHOTO3HAYHBIX (DYHKIMH MCXOJHON CHCTEMBI IIpeBpa-
maetcst B BDD BexTopHO# OyneBol (yHKINH, KOTOPBIH MOKHO 3a1aTh MHOKecTBoM BDD, peanusy-
FOIUX KOMIIOHEHTHBIE QYHKIINY BEKTOPHOU OyJIeBor (GyHKINH (IpUMEp JTaH HIXKE).

Cornacao MDD (cwm. puc. 3) 3anuiiem clieayronme npeICTaBIeH s J0ONPEACICHHbIX YaCTHIHBIX
MHOTO3HA4HBIX QyHKIMK cucTeMsl F:

1= x%? v xBh® v x3h*
f 2 — Xfl,?}hll v {O}hl

f3 =x%n® v xBht v x2h* |
£4_ Xl{o,l}hz v XfZ}hA .

Torpa ypaBHeHus 1uis pas3noxeHuil IIleHHOHa COOTBETCTBYIOIIUX ABYXKOMIIOHEHTHBIX YACTUUHBIX
BEKTOPHBIX OyNeBbIX (PYHKINH NPUMYT BUA

(1, ) =V (h?, i) vV (h, b)) v viv2 (b ) vvive(c_,c )
(flz, f22) = (v V1\72)(hl4, h;) as (hll, h;) vvvi(c_,c), @)
(f7, £7) =V (0, h3) v W2 (g hg) v V2 () ) vvivi e )
(f4, £,h) = (V2 vV (h2,h2) vviv 2 (hf, hy) vviv (c_,c) .

3jech KOGAKTOPBI SABISIOTCSA YacTHIHBIMI Oys1eBbiMi Gyrkimsivi D), saBrcsumMm ot GyleBbIx Ie-
pemennbix W', W2 Byresst Gyskuun h) saganst B TG, 7.

B ypasuenus (7) uist Kax10ii u3 BektopHeix Oymessix gymxumit (1, f7), (f2,17), (f2,£7),
(f14, f24) 7100aBJIeH IN3HIOHKTUBHBIH wieH V'V (c_,c ). Uz aroro ciemyer, 4to Ha HAOOpax MEPEMEH-

HBIX, TAC V1= 1, V2 = 1, BCC 3HAYCHUSA KOMIIOHCHTHBIX GYJ'IGBLIX (bYHKHHfI SIBJIAOTCA HCONPCACIICH-
HBIMH.

[
N

2 fll f 21 f12 f 22 f13 f 23 f14 f 24

el e S
e e e S
HP oo g
P OoRr o g

I

I

I

I

I

I

I

I

BwmecTte ¢ Tem 3T 3HAYEHHUS MOTYT 3aMEHSITHCS OMPEAENCHHBIMU MPU JIOTMYECKOW ONTUMU3AIUH.
B nByxkoMImoHeHTHOM BekTope (C_,C_) 4yepe3 C_ oOo3HaueHa yacTuuHas OyyieBa (YHKIHS, TPUHH-

Marolasi HeonpeeJIeHHbIe 3HAaYeHUs I BceX HaOOPOB 3HaUeHHUH OyJIeBBIX apryMEHTOB.

Takum 00pazom, eciau B pe3yibrare BbimosHeHus 3tana | MDD ans MHOrO3HauHOM QyHKIUM HE
COJIEP)KUT HEOTIPE/IETICHHBIX JINCTOBBIX BEPIIMH (MCXOJHAs YaCTHYHAS MHOTO3HAauHAs (YHKIHS JIO-
oTpeziesieHa 10 TIOJTHOCTBIO OINPENETICHHO), TO B pe3ysbTaTe KOJUPOBAaHUS Ha dTare 2 MolydeHHas
cuctema OyieBbIX (PYHKIHUH MOXKET 0Ka3aThbCsl YaCTUYHOM.
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JloonpeneieHne YacTHYHBIX OyJjieBbIX (pyHkuuii (3ram 3). MOXKHO MPOBECTH IOOMPEICICHIE
YaCTUYHBIX OYJIeBBIX KO(PAaKTOpoB 13 Tabia. 7 JO MONHOCTHIO OINpPEJeNICHHBIX, 3aMeHssl OyJeBbl He-
OTpeJie/ieHHbIe 3HAUYCHUS «—» HYISAMH WM €IWHHLIAMH TakK, 4ToObl MHoroypoBHeBoe BDD-mpen-
CTaBJICHHE PEANHM3YIONINX TMOJHOCTHIO OIMPENEICHHBIX OyIIeBBIX (DYHKIMHA CTaN0 KaK MOKHO MEHee
cinoxHbIM. [IpoBeneHre Takux TOOMpENeNeHnH omucaHo B cratbe [19], roe sta 3amaya cBeneHa
K HAXOKACHUIO KpaTyallled MMIUTMOUpYIomed (opMbl TPOMYHON MAaTpHIbl, 3aJaiolield 3HAYCHUS
YaCTHYHBIX OyNeBbIX (PyHKIIHA.

B paccmarpuBaemom npumepe OyneBbIX (yHKIWHA (Tabn. 7) B MOCIETHEH CTPOKE YKa3aHbI anreo-
panyeckre GOpPMbI OTHOCTHIO ONPEACTICHHBIX OyNeBbIX (PYHKIMH, MOTyYEHHBIE MyTEM JOOMpeaee-

o hi 3
Hus yactnaublx Gyukumit . Hanpumep, 3amensis HeonpeneneHnble 3HadeHust GyHKuum Ny exumu-
h!. H h;

3 o
mamu, monydaem, 4to h; = 1. DTo aHamorum4Ho W I Apyrux (yHKuui. [IpuBeneM OTHOIICHHMS

peam3anuy 4aCTUYHBIX OYJIEBBIX KO(PAKTOPOB IOJTHOCTHIO OTpEAETIeHHBIMU OYIEeBBIMU KO(aKTOopa-
MU, 33JJaHHBIMH B TIOCJICTHEH CTpOoKe Tab. 7:

ht <0, hy<0, h2 <W,, h=<w,, h¥<0, hd<1, h! <®WW*, h) <ww*.

Tabnuma 7
3amMeHa MHOTO3HAYHBIX KO(AKTOPOB CHCTEMaMH YaCTHYHBIX OyJIeBBIX (yHKIMH

Table 7
Replacement of multi-valued cofactors by systems of partial Boolean functions

MHOro3Ha4YHbIi KOPaKTOp
Multi-valued cofactor
Bynesst ht h? | h3 | h
nepeMeHHbIe
Boolean variables

Cucrema 4YaCTHYHBIX OyJIeBBIX (QyHKIHN
System of partial Boolean functions

1 2 3 4
1 2 1 1 2 2 3 3 4 4
w W hy hy hy h; h; h; hy h
0 0 0 0 1 0 0 1 1 0
0 1 0 1 - - 0 0
1 0 1 0 1 0 1
1 1 - - - - - -
Peanusyromue
OyneBBI GYHKITH ) 2 1
. 0 0 0 1
Implementing w w W ana
Boolean functions

Ot BekTOpHBIX ypaBHeHu#l (7) mepeiinem k aiaredpandecKoMy 3aJlaHHIO YACTHYHBIX KOMIIOHEHT-
HBIX OYJIeBBIX (YHKITHIA:

fl=v'v2h vvvih vV eh vvivee ;) fy =V PhE v vvehy v viveh) v vivee
f2 = (WA VvViTH)R VTR vvivice; £2 = (Vv vV Y)h) viithl vvivic,;
£3 =v'v?h? vy vV Ph v vee ;2 =7 hE v vk v Vi eh) v vivee;

£ = (W2 VUV VWY Ve ) = (@2 v VAR v v Phy v vivice

(8)

Koncranra ¢ B 3amanuu (8) MokeT OBITH HOONpEAETICHA 10 JII0OOH YacTUYHON JTMOO MOJHOCTHIO

omnpeneaeHHOW (GYHKIMHA W TPH YIPOIICHUH JIOTUYECKUX BBIPAXKCHUN 3aMEHEHa ATOW (DYHKIIHEH.
Jpyrumu ciioBamu, QyHKIHS C_ cCOBMECTUMA C JIF000H yacTuaHol ¢pyHkuuei. Hampumep,

vivPh! vvivie =vivPht vviveh! = v v vt =vint
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B 5ToM ciTydae GblTa HCMONB30BaHA 3aMeHa C_ Ha h!'. Ympornas ypaBHeHus (8) U 3aIuchIBas peann-

3yronire OyneBsl KOQAaKTOPHI, MOIyInM 0oJiee KOMITAKTHBIE YPaBHEHHS KOMIIOHEHTHBIX MOJHOCTBIO
oTpeieIeHHBIX OyNeBbIX (PyHKIMA:

£l =v2h2 v TV vvihY £ =7 2h2 v Tvhd v vihy

£2 =@V VWO VTR 2 =@ Vv )hd v TR

£3 =70 v vV vt 2 =70 v TR v vt 9)
f14 — vlhlz v Vlhl4 : f24 — —lh22 v Vlh4 :

hi=0; hy=0; b’ =W*; h? =w?; h’=0; hi=1; h! =W'W*; h) =w'W*.

[IpoBepuMm, peanusyer JU C y4eTOM BBHIOPAaHHOTO KOAWPOBAHUS 3HAYCHWI MHOTO3HAYHBIX IIepe-
MEHHBIX U QYHKIUH Joruueckas Moaensb (9) ucxomHoe tabnuynoe 3ananue (cMm. tabm. 1). Ilo ypas-
HeHHUsAM (9) MOCTPOUM TaONUIYy UCTHHHOCTH OyleBbIX (GyHKIMH (TaOun. 8), sMUMHHUpYs (yCTpaHss)
IPOMEKYTOYHBIE TIEPEMEHHBIE.

Tabnuma 8

Tabnuia UCTUHHOCTH CHCTEMBI OYNeBBIX (QyHKIUI

Table 8

Truth table of a system of Boolean functions
Xy Xy f1 f2 f3 fé
V2wt flfy 175 A S AL A I A P
00 00 10 00 01 10
00 01 01 00 01 01
00 10 10 00 01 10
00 11 01 00 01 01
01 00 01 10 00 10
01 01 01 00 00 01
01 10 01 01 00 10
01 11 01 00 00 01
10 00 10 10 10 10
10 01 00 00 00 00
10 10 01 01 01 01
10 11 00 00 00 00
11 00 10 10 10 10
11 01 00 00 00 00
11 10 01 01 01 01
11 11 00 00 00 00

[MomyxupHbIM mprudTOM B TaOd. 8 BBIIEICHBI KOABI 3HAYCHHUI apTyMEHTOB U 3HAYCHHIA HCXOTHBIX
MHOT'03HAYHbIX (DYHKIUH, 3a1aHHbIX B Ta0n. 1. KypcuBoMm oTMedeHbI OYJIeBBI KOJIbI, KOTOPBIMU OBLIH
3aMEHEHBI HEOTpe/eTICHHbIE 3HAUYCHUS MHOTO3HA4YHBIX (DyHKIMI. BhITONHSS 3aMeHYy HEOIpe/eeH-
HBIX MHOTO3HAYHBIX 3HAYeHWU B Ta0i. 1 ompeneneHHBIMHM 3HAYSHUSIMH, TIOTYYHUM CHUCTEMY IIOJHO-
CTBIO ONPECIICHHBIX MHOTO3HAYHBIX (DYHKIMH (Tabi. 9). 3aMeTuM, YTO pa3InYHbIC HEONPEACICHHbIC
MHOTO3HAUHBIE 3HAYCHUS «—» (CM. Tabn. 1) 3amMeHeHbl B Tabia. 9 ompeneicHHBIMA 3HAYCHUSIMH W3
mHOXxecTBa {0, 1, 2}.
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Tabauma 9
Jloonpenienenyie MHOTO3HAYHBIX (DYHKIUH CHCTEMBI F
Table 9
Additional definition of multi-valued functions of the system F
MHoro3HauHbIi
ITomHOCTBIO OIrpeacJICHHas
apryMeHT
Multi-valued MHOTO3HA4HAs GbyHKIHS )
Fully defined multi-valued function
argument
X Xy fl f2 f3 f?
0 0 2 0 1 2
0 1 1 1 1 1
0 2 2 0 1 2
1 0 1 2 0 2
1 1 1 0 0 1
1 2 1 1 0 2
2 0 2 2 2 2
2 1 0 0 0 0
2 2 1 1 1 1

OT mepBbIX mIecTH ypaBHeHUH (9) Jerko mepelTH K ypaBHEHHsAM, cooTBeTcTByrommM BDD, mpo-
Beast paznoxkenus Lllennona JJH® OyneBbix GyHKIWH, ¥ TOXY4UTh APYTOH BUJ TPEACTABICHUS TIOJ-
HOCTBIO ONpe/ICTIeHHBIX (DYHKINH, peaTu3yIOINX UCXOTHYIO CHCTEMY MHOTO3HAYHBIX (DYHKIIUI:

fl=v'z vvih'; 2, =v°h2 vvPhe; £ =V'z, vvihy ; z, =V°h v vPhi;

f2=v'z,vv'h'; z, =v°h vv’h}; 17 =v'z, vVv'h); z, =V°h v vPhy;

f3=vlzg vV 2, =V2h3 vven'; 12 =V'z, vvihy 2, =VPhS vvPhy (10)
£4 =2 vvihY; 12 =7thE vvthd;

hi=0; h;=0; b =W*; hZ =w”; h’=0; h’=1; h! =W'Ww*; h, =w'Ww*.

Iponecc nepexona ot pasnoxkenns LllenHoHa s MHOro3Haunoi Gpynxiuu f 1 (em. puc. 3) k BDD
nmokasaH Ha puc. 5. Iy Apyrux MHOT03HAYHBIX (PYHKIIUN — aHAJIOTHYHO.

/! .13

o oht ¢
(BLR)  (hh) (W) (eoeo)

72N

11": h: h o c- h; hi h, ¢
Puc. 5. Ilepexon ot paznoxenus [llenHHOHa MHOTO3HaYHOW (yHKIMN
(moxnrpada MDD) x BDD wacTnuHbIX OyneBbIX GyHKIHI

Fig. 5. Transition from the Shannon expansion of a multi-valued function
(subgraph of MDD) to BDD partial Boolean functions
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i mosydyeHHOM CHCTEMBI ITOJHOCTBIO ONPENENICHHBIX OyJeBBIX (YHKLIUM MOXHO IPUMEHSThH
pa3nvHble METOBI JOTUYECKOH ONTHMHU3ALNH, HAPUMEP MHUHUMHU3UPOBATH MpPECTaBICHUS (YHK-
muii B kiacce JJH®. Taroke MOKHO MCIOIBb30BaTh porpammy Espresso [12] mist Muanmuzaimu Oye-
BbIX (QYHKIWH K3 TaOI. 8§ ¥ MOXy4uTh MUHUMHU3UpoBaHHbIe JJH®D, MaTpudnbie (hOpMBI KOTOPHIX 3a/1a-
HBI B Tabm. 10.

Tabnuma 10

Munumusuposanabie IH® OyneBbix GpyHKIMi

Table 10

Minimized SOPs of Boolean functions

Xy Xy fl f2 f3 4

ViV whw? fl ot} f2 f2 2 £ £t}
00 - - 00 00 01 00
01 00 01 10 00 10
01 10 01 01 00 10
00 - 0 10 00 00 10
1 - 00 10 10 10 10
0 - -1 01 00 00 01
1 - 10 01 01 01 01

TabnudHOe 3a1aHe KOMIIOHEHTHBIX OyNeBBIX (yHKIHA U3 TaOm. 10 COOTBETCTBYET CIEAYIOUINM
dhopMmyam:
i =VVW vVWW ;£ = VVWW v T VAWR v VW v VW
2 =VV'WW v VW ;£ =TVWIWE v viw;
1 1o 11
f3=Vviww; f7=v'v?vviw'; (11)
£ =VVWW v VVAWW VTV W VW f, =W v viwe

CunTe3 oruueckoii cxembl (3tan 4). [To nornveckum ypaBaenusm (9)—(11) Obuin pazpaboTaHsl
cootBerctBytone VHDL-ommcanms [20] myTem 3amMeHBI JIOTHYECKHX OIEpAUi  OTeparusiMu
s3pika VHDL. CxemHas peanuzauus nonydeHHslx VHDL-onucannii B 0M0nroTeke NpoeKTUPOBaHUS
oreuectBeHHBIXx KMOII CBUC BhImonHsmach ¢ momorbio cuHTe3atopa LeonardoSpectrum [16].
Oynkiyun norndeckux KMOIT-aneMeHToB Hcnonb3yeMoll OMOIMOTeKH CHHTE3a MPHUBEJCHBI B pabo-
te [15]. Jns xkaxmoro VHDL-omucanust cHHTE3 OCYIIECTBISUICS C OJHUMH W TEMH JK€ OIIUASIMHA
yIpaBlieHHsT CUHTE30M. JlJIs1 MOJydeHHOH CXEeMbl MOJACYMTHIBAIMCH €€ IUIoLaas (CyMMa IJIomanen
3JICMEHTOB, Y. €.) U BpeMEHHas 3ajiepkKa. Pe3yabTaThl cuHTe3a AaHbl B Ta0i. 11.

Tabmnuma 11
TlapaMeTpbl JTOTHYECKUX CXEM, PEATH3YIOLINX CUCTEMY
MHOTO3HAYHbBIX QYHKIHI

Table 11

Parameters of logic circuits implementing a system
of multi-valued functions

DyHKIIMOHATBHOE ITnomans 3anepxka
OIMTMCAHUEC CXCMBI CXEMBL, Y. €. CXEMBbI, HC
Functional description Area of Circuit
of the circuit the circuit, c. u. delay, ns
Onwucanne MDD (9) 5519 1,61
Onucanure BDD (10) 5284 2,07
Cucrema IH® (11) 6 344 1,69
Hcxonnoe onucanue 6333 230
(cm. Tabm. 1)

B ctpoke «Mcxomnoe onrcanuey Tabn. 11 mpencraBieHbl pe3ynbTaThl CHHTE3a MHHAIMHU3UPOBAH-
HOHM (mporpammoii ESPresso) cucrembl M3 BOCBMH YaCTHYHBIX (DYHKIHMH, MMOJYYEHHBIX H3 (DyHK-
LM cUCTeMBbl F KonmpoBaHeM MHOTO3HAYHBIX 3HAYEHUH KaK apryMEHTOB, TaK M (QpyHKUMH cuctemsl F.
ITnomans cxemsl (5 284), momyuennoit mo BDD-npeacrasinenuio, okazajaack HAMMEHBIIIEH, a Pe3yIib-
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TaTBl CHHTE3a CXEM Iociie MUHUMU3auy B kiacce JJH® (nBe mocnenHue CTpOKH) MoKa3all XyALIHe
pe3ynbTaThl. MOKHO 3aMETUTh TaKKe, YTO U3MEHEeHUsT (HOpMBI 3aJanus (PyHKIHUN BIUSIOT HA PE3YIib-
TaThl CUHTE3a JaXKe [UIs OIMCAHUI cXeM HeOOJbIIONH pa3MEPHOCTH.

Ilpumep 2. [lpoBenemM cxeMHYIO peanu3anuio (yHKIHOHATHHOTO OMHMCAHUS YMHOXXHUTENS 10 MO-
JOYyJII0 5, 33JaHHOTO YacTUYHOW MHOTOo3HauHoW (yHkumel (tadn. 12). [Ipoussenenue mo mMoaymto p
(ocHOBaHWE MOIYNSPHOI BBIYMCIUTENBHON CHCTEMBI) Uil ABYX LEJbIX HEOTPULATEIBHBIX YHCEI
(onepanoB) @, b, Haxomsmuxcs B auamaszone {0, 1, ..., p — 1}, Beruncisercs mo popmyiie

axb

laxb| =(axb)- xp,

rae depes LkJ obo3HaYeHa Iellas YacTh 4YHMCla, T. €. ONmKaliliee Ienoe, MeHblee 0o paBHoe K.
B ciyuae ecn (axb) < p, To [ax b|p =axb. [Ipu cxeMHOl peanu3aliy YMHOXKHUTEIS IO MOJIYIIIO ,

1o/iaua Ha BXOJI CXeMbI 3HaueHus, 6oubiero P — 1, XoTs ObI [UIsl OTHOTO U3 ONepaHiaoB a, b, cooTBeT-
CTBYET HEOIPEeICHHOMY 3HaYCHUIO YAaCTHYHON MHOTO3HAYHOW (DYHKIIWH Y.

Tabnuma 12
YMHOKHUTEIb 110 MOIYJIIO 5 (‘{aCTI/I‘{Ha}I MHOT'O3Ha4YHas (I)yHKL[I/Iﬂ)
Table 12
The multiplier modulo 5 is a partial multi-valued function
O06nacTp onpeeIeHHbIX O0nacTs HeonpeeneHHbIX
3HaYCHUH MHOTO3HAYHOH (PYHKLWH | 3HAUEHII MHOTO3HAYHOH (DyHKIIUH
The domain of the defined The domain of undefined
values of a multi-valued function | values of a multi-valued function
a b a b y

B D DD WWWWWNDNNMNNNNMNNRERERERREREOOOOO
D WNRFRFOPWNRERPOMMWNRERFODWNREOWNDEO
P NWARONBREFE WOWREMA_MNOPR WNRELEOOOOOOK

I I 99 JdJooo0o0o0o0o0oUlugrorarorulaods s s WWwWWNDNNNNREREREOOO
o U WNRPOJULDd WNEFEFOJOOOUd WNEP O JO0h Ul JdJoy0 9oy U1l J0y 01 Joy Ul
|
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Jis yMHOXHTENS 110 MOJYIIO0 5 MHOXKecTBO S = {0, 1, 2, 3, 4} cOCTaBISIIOT MATH YHCENT |S| =5; mg

WX MPENICTaBICHUS HYXKEH TPEXOUTHBIN TBOMYHBIA KO/, TaK Kak M= ]_Iog2 5-| =3.

[IpoBeneM CXeMHYIO pealn3alii0 YMHOKHTENS 10 MOJAYJIIO 5, HE OMUCHIBAs MOJIPOOHO BBIMOJIHE-
Hue stamoB 1-4. bymem crpouts MDD wmHOrO3HawHO#! (GyHKIHMH Y IO TEPECTAHOBKE IIEPEMEH-
HBIX <@, b>. PasmoxeHwne 1Mo mepeMeHHOM a MOKa3aHo Ha puc. 6, KohakTop Po moompeaeisercs no 0
(MHOT03HAYHOTO), KOGAKTOp P; — IO MHOTO3HAYHOM TIepeMeHHoM D. Pasnoxkenne kohakTopoB Pz, P, Pa
o nepeMenHo b uzobpakeno Ha puc. 7.

a=
b P b b P, 2 pﬁ 7
v [pl2] [plz] [pl2] [2lz] [2l2] [2]7] [2]m
ofo] [ofo| [ofo] [ofo] [ofo] [o]=] [o[-] [0]-
vlo| [ofu] [rf2] |of3] |tl4] [t|=] [t|-] [1]-
200] (202 [2{4] [2]1] |2(3] [2]-| |2|-] |2]|-
stol (313 13[1] [314] |3(2] [3]-] |3]-] [3]-
alo] [4la| [4(3] [4al2]| |al1] [4]=] lal=] [4]-
sI-1 511 511 511 1511 5171 5] [51-
6|-1 6= le|-| [6]|-| |e|-| [6]-| |e|-| |6]-
71-1 171=] 170=] [71=) 170=) L20=) 2= L7

Puc. 6. [epsrit mar noctpoeruss MDD — pasnoxenue LlleHHOHA IO IEpeMEHHOM &
Fig. 6. The first step of MDD construction is the Shannon expansion by variable a

Puc. 7. Bropoit mar nocrpoernss MDD — pasnoxenne LllenHOHa
HETPHBHAIBHBIX KOGAKTOPOB Py, P3, P4 IO IIEpeMeHHOH b

Fig. 7. The second step of MDD construction is the Shannon expansion
of nontrivial cofactors p,, ps, p4 by variable b

Paznoxenue lllerHOHa MHOTO3HAYHOI (PYHKIINH Y TIO IEPEMEHHON 8 UMEET BH/T
y=a%p, va®p, va?p,va@p,vat?p, vap valp valp.. (12)

MHoro3HauHbie KopakTopsl Po, P1, P2, P3, P4 TIONIApHO HecoBMecTUMBL. KodakTop p_ coBmecTrM
¢ IOOBIM U3 NepevncieHHbIX paHee. [lo3xke kodakTop p_ OyAer 3amMeHeH KO(aKTOpOM [y, ITY 3aMe-

HY MOXKHO OYJIET ClIeNiaTh M MOCIIe BBITIOHEHU dTamna 2 OyieBa KOJAWPOBaHUsI 3HAUSHUH MHOTO3HAYHBIX
nepeMeHHbIX. KoaupoBanue nepeMeHHbIX U (PYHKIUHU OYyJIEeBBIMH KOJaMU MPECTaBICHO B Tadm. 13.
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Ta6auma 13
Konupoanne nepeMeHHBIX 1 pYHKIMHA YMHOXHTEIS IO MOYIIIO 5
Table 13
Coding of variables and multiplier functions modulo 5
MHuoro3HayHas
nepeMeHHast, QyHKITHS Bynes xoxn
Multi-valued variable, Boolean code
function
a (a1, @y, &)
b (by, by, bs)
y (Yo Y1, ¥2)

KoaupoBanue kaxaI0ro MHOTO3HAYHOTO KO(AKTOpa CBOUM OYJICBBIM KOJOM MPHUBOJUT K TSATH CH-
cremMaM OyneBBIX QyHKIuH (Tadm. 14).

Ta6bnuna 14

3aMeHa MHOTO3HAYHBIX KO(AKTOPOB CHCTEMaMU YaCTUYHBIX OYJIeBBIX (pyHKIHI

Table 14

Replacement of multi-valued cofactors by systems of partial Boolean functions

Kodgaxrop

bynesa Cofactor

MepeMeHHAs
Boolean Po l P1 ‘ P2 Ps P4
variable CucreMa YaCTHYHBIX OyJIeBbIX (QYHKIUH

System of partial Boolean functions

b; b, bs C1 €2 C3 C4 C5 Cp C7 Cg Cg C10 C11 C12 | €13 C14 C15
000 000 000 000 000 000
001 000 001 010 011 100
010 000 010 100 001 011
011 000 011 001 100 010
100 000 100 011 010 010
101 - - - - - - - - - - - - - - -
110 - - - - - - - - - - - - - - -
111 - - - - - - - - - - - - - - -

Amnanuzupyst 0ysieBbl KodakTopsl U3 Ta0. 14, MOXKHO YCTaHOBUTH, YTO KaXbIH U3 KO(AKTOPOB ¢y,
¢y, €3 Hoorpenensercs o Oynera HyJs (¢c1 = ¢; = ¢3 = 0), a OyJIeBbI KOPAKTOPHI C4, Cs, Cg AOOTIPEACIISA-
I0TCsE 10 OYJIeBBIX MepeMeHHBIX (¢4 = Dy, Cs = b, cg = b3). Kpome Toro, cg = c11 (B Tabn. 14 cg, ¢11 BbIIe-
JICHBI MTOTYKHUPHBIM KYPCUBOM).

Hcronb3ys KoJibl MHOTO3HAYHBIX MEPEMEHHBIX U KO(aKTOPOB, NepeiieM oT paznoxkeHus LllenHo-
Ha (12) vacTHYHOW MHOTO3HAYHON (YHKIMH K TPEACTABICHUIO YaCTUYHOW BEKTOPHOUW OyneBoit
(GyHKIIH:

(Yos Y1» Y2) = &3,85(C,, €, C3) v @3,35(C4,C5, C) v & 2,85(C7,Cq, Cg) v A3,85(Cyp,Cy3,Cyp) Vv
v 3,8;(C3,Cyy,C5) vV 3 A,35(C_,C_,C_) vaa,as(c_,c_,c ) vaaas(c_,c_,c). (13)

Bripaxkenue (13) cooTBETCTBYET NMPEACTABICHUIO YACTUYHOW BEKTOPHOM (YHKIMH, KOMIIOHEHTA-
MH KOTOPOH SIBJISIOTCSI 4aCTW4HBIC OyieBbl QyHKIMU Yo» Y1, Y2, 3aBucsiue oT OyieBbIX NepeMeH-
HBIX @3, Ay, a3, D1, Dy, b3. TTo dhopmyie (13) moctporm BDD wactiuHOM BeKTOPHO# OyIeBOi (HyHKIINH
(puc. 8) u ynmpocTuM €ro, UCHOJB3ysI COOTBETCTBYIOIIEE TOOMPEIEICHNE TPEXKOMIOHEHTHBIX JIUCTO-
BBIX BEpIIMH U npaBuiia cokpamtenus: BDD (puc. 9).
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Yo )

ICI G CAI IC-I G G | I G G C‘JI |Cmcncwzl ICI}CIJClﬁl I— — —l

Puc. 8. BDD BekropHoii OyneBoit GpyHKIHN

Fig. 8. BDD of a vector Boolean function

- @ :>
0,1

[€13C14Cis |

Puc. 9. Penyknus noarpagpa BDD
Fig. 9. Reduction of the BDD subgraph

Ilo dopmyne (13) 3amumieM W yOPOCTHM TMIPENCTABICHUS KOMIIOHEHTHBIX OYyIIeBBIX (yHK-
i Yo, Y1, Yo!

Yo = 84@,85C; V 8,8,85C4 vV 88,85C; V 88,85C1 V 88,85C3 V 81 885C_ V &@,85C_ vV ,8,85C_ =
= Q3,30 V a3,,C4 V A A,3,C; V 2,80 V (23,8,C13 V 3, A,C V 3 2,8,C v 2,8,C ) =
= 88,850, V 8,8,8,C4 Vv 8,8,85C; V 8 3,85C; Vv 8 Cy5 -

371ech MCTIOJIB30BaHA 3aMEHA C_ Ha Cyg

(42,8513 vV 43,8,C Vv 32,8,C v 43,8,C ) = &A8,C15 V 43,8503 V 413,35C;3 V 3 @,3,C15 =
=103 (88; v &3 vV a8 v a,8) = C31=2a,Cj5.

Tak kak ¢, =0, C, =B, T0
Yo =@3,830; v &8,8,C; v 8,8,8,C; Vv 3,Ci3. (14)
AHaJIOTHYHO MOJIyYUM

Y1 = 8@,85C, v 8,8,85C5 Vv 8,8,85C5 V 88,85C;; V 848,85C;, V 3 @85C_ V 83,85C_ vV y3,85C_=
= 3,85, Vv A8, V 42,856 v 33,350 V (33,304 V 3 3,8,C V3 3,8,C vV 3,8,C ) =
=83,8,C, V 83,85C5 V &3,8,C5 V 81@8,85C;; V 8,Cyy -

IMockoneky €,=0, ¢; =b,, ¢3=C;, TO

Y1 =ad,a5b, vaa,c vac,. (15)
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DyHKIWS Y, 3alHUILIETCS B BUAC
Yo = 8,8,C3 V 81@,8,Cq v §8,8,Cq V 88,8,Cp V 848,8,C, V 81@8,C_ Vv 8@,85;C_ v ,8,85,C_ =
=3,8,C;5 V 3,85C5 V A 2,85Co V 33,350, V (83,8505 V 4 3,85,C vV AR,3,C vV aa,a5C ) =
= &8,85C; V 43,855 V &8,85C V &8,85C;; V &5 -
Tak xak c; =0, ¢;=b;, 10

Yo = 88,805 v 33,85Co V 83,85C1, V 3Gy - (16)

Yactrunsle OyneBsl GyHKIWH U3 Ta0I. 14 (kodakTopsl) peadu3yroTcs CAeIyIOMUMHI JOTHIECKUMHU
YpaBHEHUSMU:

C; =byby; €y =h,8y5 € =b,85 v b,8;; Cp =5 €, =byby Vb

b, b,s. v b,b. b - (17)
Cig =b,05; €y =Dy 5 Ci5 =byS5 v 0,057 55 =3 vy 55 =Dy

Jns monmyvenus: popmyn (17) ucnons3oBanack nporpamma [11, c. 201] muanmuzanun BDD-nipen-
CTaBJICHHS YaCTUYHBIX (PYHKIHUI C Y4eTOM BO3MOXKHOCTH HX JOOMpeeNeHns. B 1enom cucrema mos-
HOCTBIO OTPEICNICHHBIX OYJIEeBBIX (QYHKINH, pealu3yIomas yMHOKHTEIb [0 MOIYJIIIO 5, IMEET BUJT

Yo = 3,830, v &8,8,C; Vv 3,@,8;C V &Ci3;
Y1 =&3,85b, v &a,65 v aCyy ;
Y2 = @8,83b; v 83,85y Vv 8,3,8;C;, V &,Cs (18)
¢, =b,by; G =0,5;; € =b,5 v b,8;; ¢p=b,8y5 ¢, =byby v bby;

Cis =Dyby; ¢y =b,; G5 =by85 vbby; sy =bb vby; s =bb.

3amenss JJH® OyneBwix GyHKIMHA Yo, Y1, Y2 B hopmynax (18) paznoxenusmu [llerrona, momydnm
MHoroypoBHeBoe BDD-npeacrasnenue (puc. 10), KoTOpOMy COOTBETCTBYIOT YpaBHEHHS
Yo=aZ Vagly; =82, VaZ;; Z, =8 ; 23 =86,V a5Cy; Y1 =87,V ACy;
2, =8IV A0y Zs =8y ¥, =& Zg VACs; Zg =8,Z; V 8yZg; Z; = 8gbs; 25 =85Ce V 850, ;
C, =byby; Gy =b,8;; € =bySs v ,Ss; o =hysy; €y =byby vy 6y =biby;
Gy =Dy Cs =85 v,y s s, =bby vby: s =bypy.

(19)

)
~‘()

Puc. 10. BDD, 3amenstoniue pa3noxenue [lleHHOHA
MHOTO3HAYHOM (QYHKIUH Y IO MHOTO3HAYHOU ITEPEeMEHHON a

Fig. 10. BDD replacing the Shannon expansion
of a multi-valued function y by a multi-valued variable a
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CuHTe3 CXeM YMHOKUTEJIS 10 MOAy 0 5. PaccMoTpum 4etkipe BapuanTa (ciocoba) VHDL-onmca-
HUH QYHKIMA YMHOKHUTEIS 110 MOAYJTIO 5 ¥ Pe3y/IbTAThl CHHTE3a JIOTHYECKUX CXEM IT0 3THM ONHUCAHUIM:

1. VHDL-onmcanne MOTHOCTHIO OTMpeAeNeHHOH MHOTO3HAYHOW (pyHKIMH, 3ajaromieil 001acTe ee
OIpeeICHHBIX 3HAYEHUH.

Jucmunz 1. VHDL-onucanue nornocmsio onpedenenHol MHO203HAUHOU (DYHKYUU YMHONCUMES
no Mooy 5

Library IEEE;
use IEEE.STD LOGIC 1164.all;
entity mult mod 5 is
port ( a, b : in integer range 0 to 4;
y : out integer range 0 to 4);
end mult mod 5;
architecture beh of mult mod 5 is

begin
process (a,b)
begin

if ((a = 0) or (b = 0)) then y <= 0; end if;
if ((a = 1) and (b = 1)) then y <= 1; end if;
if ((a = 1) and (b = 2)) then y <= 2; end if;
if ((a = 1) and (b = 3)) then y <= 3; end if;
if ((a = 1) and (b = 4)) then y <= 4; end if;
if ((a = 2) and (b = 1)) then y <= 2; end if;
if ((a = 2) and (b = 2)) then y <= 4; end if;
if ((a = 2) and (b = 3)) then y <= 1; end if;
if ((a = 2) and (b = 4)) then y <= 3; end if;
if ((a = 3) and (b = 1)) then y <= 3; end if;
if ((a = 3) and (b = 2)) then y <= 1; end if;
if ((a = 3) and (b = 3)) then y <= 4; end if;
if ((a = 3) and (b = 4)) then y <= 2; end if;
if ((a = 4) and (b = 1)) then y <= 4; end if;
if ((a = 4) and (b = 2)) then y <= 3; end if;
if ((a = 4) and (b = 3)) then y <= 2; end if;
if ((a = 4) and (b = 4)) then y <= 1; end if;

end process;
end architecture beh;
2. VHDL-ommcanue cucTeMbl YaCTUYHBIX (DYHKIUH, KOAUPOBAHHUE YHCEN CTAaHAAPTHOE.

Tabn. 15 u muctunr 2 (VHDL-onmcanue) 3aqar0T OHY U Ty K€ CHUCTEMY YaCTUYHBIX OYJIEBBIX
(GYHKIMH, peau3yIomuX YMHOKHUTENb 10 MOJYIIO 5.

Tabnuma 15
VYMHOXHTENb 0 MO0 5 (CHcTeMa YaCTHYHBIX OYIIeBbIX ()yHKI[HIA)
Table 15
The multiplier modulo 5 is a system of partial Boolean functions
O06nacTh onpeeNieHHbIX 3HAYCHU I O0nacTh HEOpeIeTICHHBIX 3HAYCHHUH
CHCTEMBI YACTHYHBIX OyJIeBBIX QYHKINI CHCTEMBI YaCTHYHBIX OyJIeBbIX (QyHKIMN
The domain of the defined values of a | The domain of undefined values of a system
system of partial Boolean functions of partial Boolean functions
a3 @, az by by bs YoY1 Y2 a3, azh; b, by YoY1 Y2
000 000 000 000 101 - - -
000 001 000 000 110 - - -
000 010 000 000 111 - - -
000 011 000 001 101 - - -
000 100 000 001 110 - - -
001 000 000 001 111 - - -
001 001 001 010 101 - - -
001 010 010 010 110 - - -
001 011 011 010 111 - - -
001 100 100 011 101 - - -
010 000 000 011 110 - - -
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Oxkonuanue tabm. 15
End of table 15

OO6mnacTh onpeneNieHHbIX 3HAYCHU I O06nacTh HeoNpeaeTICHHBIX 3HAUCHHUH
CHCTEMBI YaCTUYHBIX OyJIEeBBIX QyHKLIUI CHCTEMBbI YaCTHYHBIX OYJeBbIX (yHKIMI
The domain of the defined values of a | The domain of undefined values of a system
system of partial Boolean functions of partial Boolean functions

a; a az by by by YoY1Y2 a; a azby by by YoY1Y2
010 001 010 011 111 - - -
010 010 100 100 101 - - -
010 011 001 100 110 - - -
010 100 011 100 111 - - -
011 000 000 101 000 - - -
011 001 011 101 001 - - -
011 010 001 101 010 - - -
011 011 100 101 011 - - -
011 100 010 101 100 - - -
100 000 000 101 101 - - -
100 001 100 101 110 - - -
100 010 011 101 111 - - -
100 011 010 110 000 - - -
100 100 001 110 001 - - -
110 010 - - -

110 011 - - -

110 100 - - -

110 101 - - -

110 110 - - -

110 111 - - -

111 000 - - -

111 001 - - -

111 010 - - -

111 011 - - -

111 100 - - -

111 101 - - -

111 110 - - -

111 111 - - -

B mpeacrasnennom Huwke VHDL-onucanuu QyHKIMA YMHOXKHTEIS 10 MOIYIH0 5 BekTop Y = (Yo,
Y1, Y2) 3a/1a€T KOMIIOHEHTHbIC YaCTHYHbIC OyJIeBbl (DYHKIMH, & BEKTOP X = (8, @y, a3, b1, by, b3) — 310
BEKTOP BXOJIHBIX ITEPEMEHHBIX.

Jucmunez 2. VHDL-onucanue cucmemol uacmuunvix 6yneevix yukyut, 3adaioujeti yHKYUOHUpo-
8amue YMHONICUMENsL N MO0V 5

Library IEEE;
use IEEE.STD LOGIC 1164.all;
entity mult 5 mod is
port ( x : in std logic vector (1 to 6);
y : out std logic vector (1 to 3));

end;
architecture BEHAVIOR of mult 5 mod is
begin
y <= "000" when x = "000000" else
"000"™ when x = "000001" else
"000" when x = "000010" else
"000" when x = "000011" else
"000" when x = "000100" else
"000" when x = "001000" else
"001" when x = "001001" else
"010" when x = "001010" else
"011l" when x = "001011" else
"100" when x = "001100" else
"000" when x = "010000" else
"010" when x = "010001" else
"100" when x = "010010" else
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"001" when x = "010011" else
"011"™ when x = "010100" else
"000" when x = "011000" else
"011"™ when x = "011001" else
"001" when x = "011010" else
"100"™ when x = "011011" else
"010" when x = "011100" else
"000" when x = "100000" else
"100" when x = "100001" else
"01l1l" when x = "100010" else
"010" when x = "100011" else
"001l" when x = "100100" else

" "o

T

end BEHAVIOR;

3. BDDI-onTuMu3aIusi CHCTEMbI IOJTHOCTBIO ONPESIICHHBIX OyIeBbIX (YHKIIUH.

ITox BDDI (ot anrn. Binary Decision Diagram with Inverse cofactors) monumaercsi OpueHTHPO-
BaHHBIA OECKOHTYPHBIN rpad, 3aAar0muil mocieaoBaTeNbHbIe pa3noxkenus [llenHona cucremsl Oyre-
BbIX QyHKImi f (X, ..., X,) IO BCEM ee MePEeMEHHBIM Xy, ..., Xn IPH 33J]aHHOM MOpS/IKe (TIepecTaHOBKE)
MEPEMCHHBIX, IO KOTOPBIM MPOBOAATCA PA3JIOKCHUA, IIPU YCIOBHUU HAXOKACHHA IMap B3aMMHO HWH-
BepcHbIX KoakTopos [18]. TTocrpoerne BDDI ocymiectsisutocs nporpammoit BDD_Builder [18] mpu
«HYJIEBOM JIOOTIPENICIEHUH» UCXOJHON CHCTEMBl YaCTHYHBIX (PYHKIMH, T. €. ONTHMU3UPOBAIACH CH-
CTeMa MOJTHOCTBIO OIpeeNICHHBIX (DYHKINH, TOTydalomascsi 3aMeHol B Tabin. 15 Bcex HeolpeesneH-
HBIX 3HAYEHUI YaCTUUHBIX OYyJNEBbIX (QYHKIMH HYJISIMU.

4. Onrummsanust MDD u iepexon k rpadam BDD, koTopsiM cOOTBETCTBYIOT ypaBHeHHS (19).

PesynbraThl cHHTE3a YMHOKHUTEIS IO MOMYITIO 5 IPUBEICHBI B TabM. 16.

Tabnuma 16
ITapameTpsl TOTHYECKUX CXEM, PEATHU3YIOIINX YMHOKUTEIb MO0 MOIYIIO 5
Table 16
Parameters of logic circuits implementing a multiplier modulo 5
Crioco6 onTuMu3anu, pyHKIHOHAIEHOE [Mnomans 3anepxka
BapI/IaHT OINHUCAHUEC CXCMbI CXEMBL, Y. €. CXEMbI, HC
Option Optimization method, functional description Area of the Circuit
of the circuit circuit, c. u. delay, ns

OnNTUMH3AIMN HET, 3aJaHHE UCXOIHON
1 MHOTO3HAYHOH TOJHOCTBIO ONPECTICHHON 22281 5,87
¢yHKIMY B ucTHHTE 1

OnTUMH3aNUH HET, HEONTUMH3UPOBAHHOE
2 MpeCTaBICHHE CHCTEMbI YaCTHYHBIX 9012 3,91
(hyHKIUiA B TUCTHHTE 2

BDDI-ontumu3arus [18], ucxoaHoe 3a1anue

g BDDI-ontumusanuu B Tada. 15 10 602 3.20

TIpennaraemsrii cioco6: ontumuzarst MDD
4 u nepexoa k BDD, 3aganue GyHKIUIA cCXeMBI *8 554 *2,03
ypaBuenusivu (19)

YerBepThlii BapuaHT OMHMCAHHUS YMHOXHUTEINS MO MOIYJIO 5 (TpeaiaraeMblii crioco0) TO3BOJIWI
MOJyYUTh CXEMY HaWMEHBIIEH IUIOMAAd M C HauMEHbIIEH 33JepPKKONW. DTH peIIeHHs MOMEYEHBI
B Tabn. 16 cumBoIOM *.

AHanm3upys pe3yiabTaThl CHHTE3a, MOKHO yCTaHOBHTbH, YTO MOJENH ONMHUCAaHUS (HYHKIIMOHHUPOBA-
HUSI YMHOKHUTEJISI, UCTIONIB3YIOIUE 001acTh HEOPE/IeNICHHBIX 3HAYCHNH (BTOPOH M YETBEPTHIH BapH-
AHTBHI), TTO3BOJISIIOT TOJIYYaTh JIOTHYECKUE CXEMbl MEHBILIEH TUIOMAAN U MEHBIIEH 3aJep>KKH 0 CpaB-
HEHHIO CO CIOCOOaMH ONMHMCaHUM, 0a3sHpYIOUIMMHUCS Ha OMHCAHUM TOJBKO 00JAaCTH ONpPEAETICHHBIX
3HAYEHU MHOT'O3HAYHOW (D)YHKIIMU YMHOXXHUTEIsS (IIEPBBIM BAPHAHTOM) JTHOO OYJIEBBIX MOJHOCTHIO
OIpeieIeHHbIX (QYyHKIUA (TPETHHM BAPHAHTOM).
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3axirodyenue. [IpeanoxeHHslil crioco0 panMOHAIBHOIO AOOIPENCICHNUS YAaCTUYHBIX MHOTO3HAY-
HBIX JUarpaMM pelleHui B MPOLECCe UX MOCTPOCHHUS TI03BOJISIET HAXOAUTh COBMECTUMEBIE KO(aKTOPBI,
KOTOpBIM Mociie OyfieBa KOAWUPOBAaHUS COOTBETCTBYIOT IOJCHCTEMBI OyJeBHIX (YHKUIUH. DTO AaeT
BO3MOXKHOCTH COKpamats gucio BepmuH MDD (kodakTopoB), 4To mpUBOIUT K O60jIee SKOHOMHYHBIM
10 TJIOMIAJH JIOTHYECKUM cxemaM. Hapsiny ¢ OyneBoii Munummzanueit B knacce JJHD pynkumonans-
HBIX ONHMCAHMH JBYXONEPAHIHBIX MOIYJISPHBIX YCTPOWCTB [2, 3] mMpeyioKeHHbIH B CTaThe CHOCco0
noomnpenenenust MDD mMoxeT npUMEHATHCS ATl ONTUMU3ALMH JIOTHYECKUX IPEACTaBICHUN M0CIeN0-
BaTEJIbHOCTEH apu(pMETHUECKUX OINEpPalUi, OlepaHAbl KOTOPhIX MMEIOT OTPaHUYEHHBIC IUala30HbI
3HAYEHUH, ¥ A1 ONTUMHU3AIMKA MHOTOONEPAaHIHBIX MOIYJIAPHBIX YCTPOUCTB, 0COOEHHO B TEX CIyda-
AX, KOI'ZlJa COOTBETCTBYIOIIME UM MHOTO3Ha4YHble (PYHKIMH UMEIOT OOJbIINE O0JacTU HEOIpeAesIcH-
HBIX 3HAYCHUN.
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Abstract

Objectives. The problem of parallelizing computations on multicore systems is considered. On the
Floyd — Warshall blocked algorithm of shortest paths search in dense graphs of large size, two types of
parallelism are compared: fork-join and network dataflow. Using the CAL programming language, a method
of developing actors and an algorithm of generating parallel dataflow networks are proposed. The objective is to
improve performance of parallel implementations of algorithms which have the property of partial order of
computations on multicore processors.

Methods. Methods of graph theory, algorithm theory, parallelization theory and formal language theory are
used.

Results. Claims about the possibility of reordering calculations in the blocked Floyd — Warshall algorithm are
proved, which make it possible to achieve a greater load of cores during algorithm execution. Based on the
claims, a method of constructing actors in the CAL language is developed and an algorithm for automatic
generation of dataflow CAL networks for various configurations of block matrices describing the lengths of the
shortest paths is proposed. It is proved that the networks have the properties of rate consistency, boundedness,
and liveness. In actors running in parallel, the order of execution of actions with asynchronous behavior can
change dynamically, resulting in efficient use of caches and increased core load. To implement the new features
of actors, networks and the method of their generation, a tunable multi-threaded CAL engine has been developed
that implements a static dataflow model of computation with bounded sizes of buffers. From the experimental
results obtained on four types of multi-core processors it follows that there is an optimal size of the network
matrix of actors for which the performance is maximum, and the size depends on the number of cores and the
size of graph.

Conclusion. It has been shown that dataflow networks of actors are an effective means to parallelize
computationally intensive algorithms that describe a partial order of computations over decomposed data.
The results obtained on the blocked algorithm of shortest paths search prove that the parallelism of dataflow
networks gives higher performance of software implementations on multicore processors in comparison with the
fork-join parallelism of OpenMP.

Keywords: dataflow, network of actors, CAL language, shortest paths, blocked algorithm, multi-core system,
speedup
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I'eHepanus NOTOKOBBIX ceTeil aKTOPOB MOUCKA
KpaT4Yauux MyTeH JJId napajuiejbHOu
MHOTOSI/IEPHOM pean3anuu

A. A. TIpuxoxuii

benopyccruii nayuonanvublil mexHuyueckull yHusepcumemn,
np. Hezasucumocmu, 65, Munck, 220013, berapyco
E-mail: prihozhy@yahoo.com

AHHOTAIIUA

enu. PaccmaTpuBaercs 3a1aua pacnapaielMBaHus BBIYUCICHUH Ha MHOTOSIZIEpHBIX cucTemMax. [locpencTBom
6mouHoro anroputma droiina — Yopinamia Noucka KpaTyalliiiux MyTeH Ha TUIOTHBIX rpadax 0oJbIIoro pasmepa
CPaBHHBAIOTCS [1Ba BHJA TapaUlei3Ma: Pa3BETBICHUE/CIUSHIE W CETeBOH MOTOKOBEIM. C HCIIOIB30BaHUEM
s3b1ka mporpammupoBaHus CAL pa3pabarbIBaroTcss METO MOCTPOCHUS aKTOPOB TOTOKA JAaHHBIX M AITOPHTM
TeHepalny IapajuleIbHbIX ceTeil akTopoB. Llembio paboTHI SABIISIETCS MOBHIMICHUE MTPOU3BOIUTEIFHOCTH Hapal-
JETBPHBIX CETEBBIX pealn3aliii alrOPUTMOB, OOJIAAONINX CBOHCTBOM YaCTHYHOTO TMOPSAKA BBIYUCICHHN, Ha
MHOTOSIIEPHBIX IPOLIECCOPAX.

MeToasl. Mcmoms3yroTes METOOBI TEOPUH TpadoB, TEOPUN aTOPUTMOB, TEOPUH paclapalICIUBaHuUs, TCOPUH
(hopMaNIbHBIX SI3BIKOB.

Pesynbratrhl. JlokazaHel yTBEpKISHHUS O BO3MOKHOCTH MEPEYNOPSIOUYNBAHUS BBIYUCICHUN B OJIOYHOM ajro-
putme ®noiina — Yopinamia, CIOCOOCTBYIOIIME MOBBINICHHIO 3arpy3Kd sICp MPH peau3alydd aJropuTMa.
Ha ocHoBe yTBepkacHMI pa3paboTaH METOH MOCTPOCHHsI akTOpoB Ha si3bike CAL M IpemyioKeH alrOpuTM
aBToMaTnueckor reHepanun CAL-cerell MOTOKAa MAHHBIX IS Pa3IHYHBIX KOHQUTYpaIdii MaTpull OJOKOB,
OMMCHIBAIONINX UTMHBI KpaTdaummx myTed. Jloka3aHo, 4TO ceTH 00JamaloT CBOMCTBaMH COTJIIACOBAHHOCTH,
OTPaHMYECHHOCTH W JXUBYYEeCTH. B akropax, padoTaromuxX NapayieNbHO, MOPSAOK BBITOMHEHUS IeHCTBHIA
C aCHHXPOHHBIM MOBEJCHUEM MOXET TUHAMUYICCKH MEHATHCS, YTO IPUBOIUT K 3PPEKTHBHOMY UCTIOIH30BAHIIO
K3LIEH M yBENMYEHMIO 3arpys3ku siaep. [nst peanuzanny HOBBIX BO3MOXHOCTEH aKTOPOB, CETEH M METOJA MX
TeHepanuu pa3padoTaH HAaCcTpanBaeMblii MHOTOMOTOUYHBIH CAL-ABIKOK, pealM3yrOmuil CTaTHIECKYI0 MOJICIb
MTOTOKOBBIX BEIYUCIICHUH C OTpaHMYCHHBIMH pa3MepamMu 0ydepoB. M3 sKcepiMeHTaTbHBIX Pe3yIbTaToOB, Oy -
YEHHBIX Ha YETHIPEX THUIAX MHOTOSIEPHBIX IPOILIECCOPOB, CIEAYET, UYTO CYIIECTBYET ONTHUMAIBHBIA pasMep
CETEeBOIl MaTPHUIIBI aKTOPOB, AT KOTOPOTO MPOM3BOIUTEIHHOCTh MAaKCHMalbHA, W 3TOT pa3Mep 3aBHCHUT OT
pa3mepa rpada u KoaudecTBa saep.

3akntoueHue. [lokasaHo, 4TO CETH aKTOPOB MOTOKA JAHHBIX SBISIIOTCS 3()(EKTHBHBIM CPEIICTBOM pacrapai-
JIEIUBAHUS aJITOPUTMOB C BHICOKON BBIYUCIUTEIHHON HATPY3KOH, OMUCHIBAIOIINX YACTUYHBIN MOPSIIOK BHIUKC-
JIEHUH HaJ JaHHBIMH, JEKOMIIO3MPOBAHHBIMU Ha YacTHU. Pe3ynbTaThl, MOJTydeHHbIE HAa OJOYHOM alIrOpuUTMe
MOVCKA KpaT4alnx MyTeH, MMoKa3aid, 9TO MapauIen3M ceTell MOTOKa JaHHKIX JaeT 0osiee BEICOKYIO TP OM3BO-
JIUTEJIBHOCTh MPOrPAaMMHBIX pealiu3aluii Ha MHOTOSIAEPHBIX IMPOLECCOpax MO CPaBHEHUIO € MapajljieIn3MOM
pas3BeTBIeHU/ ciustHASA cTaHgapta OpenMP.

KiroueBble c10Ba: OTOK JaHHBIX, CETh aKTOPOB, A3bIKk CAL, kpaTdaiimue myTH, OJIOYHBIA aJrOpUTM, MHOTO-
AJlepHas CUCTEMa, YCKOPEHUE

Jns uurupoBanus. [Ipuxoxuii, A. A. ['eHepalusi MOTOKOBBIX CETEH aKTOPOB MOUCKA KpaTYyaWIIMX MyTeH s
napajuielisHol MHorosaepHo#t peanuszauuu / A. A. Ipuxoxwuii // Undpopmaruka. — 2023. — T. 20, Ne 2. —
C. 65-84. https://doi.org/10.37661/1816-0301-2023-20-2-65-84

Kondaukr unrepecoB. ABTOp 3adBJsieT 00 OTCYTCTBHH KOH(DIUKTA HHTEPECOB.

Introduction. The problem of finding the shortest and longest paths in weighted graphs [1-5] has
many practical applications: computer games, signal processing, city and network traffic, video
compression, microelectronics, optimization of computer systems and networks, task scheduling,
bioinformatics, and many others. It is formulated in different settings and, therefore, is solved by
algorithms of different computational complexity, from polynomial to exponential. In this paper we
consider the all-pairs shortest path problem and the blocked Floyd — Warshall algorithm (BFW) [6-10]
which decomposes the dense graph into subgraphs, has cubic computational complexity and is a basic
one for the problem. BFW helps to 1) localize the data accesses within blocks and thereby reduce the
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data miss count in the processor hierarchical memory; 2) organize the parallel computation of blocks
on a multi-processor system. At the same time, BFW has drawbacks of recalculating all blocks in
every iteration of the loop along graph vertices and of parallelizing the block calculations in the fork-
join style, thus providing insufficient load of processors. Usually, BFW is implemented with OpenMP.
Although the BFW’s complexity is polynomial, to handle large graphs BFW requires huge
computational resources and much runtime even on multiprocessor systems. Scientific research was
done, and works were published which improve the properties of BFW. Thus, [11] extended the
homogeneous blocked Floyd — Warshall algorithm to a heterogeneous one recognizing four types of
blocks and speeding up their computation. In [12], a threaded block-parallel algorithm is proposed
which uses a cooperative scheduler of threads incorporated in the operating system. Work [13] aims
for selecting the optimal size of block. Methods of efficient utilization of hierarchical caches are
proposed in [14, 15]. A generalization of blocked Floyd — Warshall algorithm is proposed in [16]
aiming at reducing the usage of slow global memory in implementations on GPU.

Parallel dataflow networks [17-20] have not been used yet for the realization of BFW; this topic is
the subject of the paper. The dataflow actor concept aims at modelling of distributed knowledge-based
algorithms. Actors match to the heterogeneous and concurrent dataflow nature of various kinds of
embedded systems. The CAL dataflow language is suitable to model applications from cryptography,
multimedia processing, network processing, control systems, reconfigurable systems, power
optimization, monitoring of hardware and software, and others. Both hardware- and software-oriented
CAL-compilers were developed. The concept of actors and principles of concurrency and asynchrony
lie in the basis of CAL. Although CAL is a general-purpose actor-programming language, it was most
successfully used in the MPEG standard known as reconfigurable video coding. The property of
reconfigurability was introduced in CAL due to works [21-24]. In [21], the authors developed the
multidimensional synchronous dataflow. In [22], the authors proposed the parameterized dataflow and
used it for the reconfiguration of digital signal processing systems. Work [23] defined OpenDF as a
dataflow toolset for reconfigurable hardware and multicore systems. The authors of [24] proposed the
Boolean parametric data flow as a means for run-time reconfiguration of CAL programs. Since CAL
aims for the creation of streaming applications, the authors of works [25-27] developed methods and
tools for the synthesis and optimization of dataflow pipelines.

Although this paper develops and implements CAL-networks for parallel solving the all-pairs
shortest path problem on multi-core systems, it shows the way of how actors and dataflow networks of
actors can be created, generated, and implemented targeting other computationally heavy problems of
large sizes with partial order of computations. The main contributions of the paper are:

1. It proves that in parallel BFW the block calculations can be moved across iterations of the loop
along graph vertices and reordered, thus balancing the computational load among processors.

2. By means of simulation it is shown that the reordering of block calculations can increase the
BFW speedup up to 25 %.

3. The approach has been developed which extends the reconfigurability principal and yields a
method of automatic generation of CAL-actors and dataflow CAL-networks for various block-matrix
configurations of shortest paths lengths.

4. Based on the C/C++ language, the generation tool and tunable multi-threaded CAL-engine are
developed which create and implement the dataflow networks of actors on multi-core systems.

5. The computational experiments have shown that the optimal size of the block-matrix and
CAL-network can be found which depends on the core count and graph size; the CAL-networks give
the speedup that is up to 28 % higher than the number of cores and is higher than the speedup
OpenMP gives.

CAL dataflow actor language. Many modern forms of computation are very well suited for data
flow description and implementation. CAL is the high-level dataflow actor programming language
[20-24] in which a program is defined as a network of actors that interact and communicate by
sending and receiving data (tokens) along data lossless and order preserving communication channels.
An actor is a computational entity that consists of input and output ports, state variables, actions, and a
scheduler. Actors run in parallel. When an actor is fired, it consumes tokens from input ports, changes
the internal state and produces tokens on output ports. The action is a piece of computation that an
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actor performs during firing. An actor may contain any number of actions. When an actor is fired, it
selects one of them based on the availability of input tokens and optionally based on conditions
relating to the values of tokens and state variables. An action guard enables conditional action firing.
A finite state machine (FSM) allows actions to be scheduled according to the current state of the actor
and considering action priorities. CAL enables the description of different, but still actor-like,
contexts, which have different kinds of objects (and types), different libraries, different primitive data
objects and operators. The CAL model has the properties of strong encapsulation, explicit
concurrency, and asynchrony (untimedness).

CAL as a domain-specific language provides useful abstractions for parallelizing computations and
dataflow programming. It has been shown that the CAL dataflow networks offer a representation that
can effectively support the tasks of parallelization and vectorization — thus providing a practical means
of supporting multiprocessor systems and utilizing vector instructions. CAL has been used in a wide
variety of applications and has been compiled to hardware and software implementations. It has been
chosen by the ISO/IEC standardization organization in the MPEG standard called Reconfigurable
Video Coding (RVC) (ISO/IEC 23001-4 and 23002-4).

The model of computation [17, 18] defines the semantics of the communication between the actors.
It also defines which scheduling policies can be used to fire actors. There exists a variety of models of
computation for CAL, which make trade-offs between expressiveness and analysability. The set of
recognized dataflow models which are scheduled statically by compiler include Kahn process
networks [17], synchronous dataflow networks (SDF) [18], parameterized synchronous dataflow
(PSDF) [23], Boolean parametric dataflow (BPDF) [24], multidimensional synchronous dataflow
(MDSDF) [22]. Other dataflow networks require dynamical scheduling, which induces a run-time
overhead. The Kahn network is a group of deterministic sequential processes that communicate
through unbounded FIFO channels. In SDF, the number of tokens read and written by each process is
known ahead of time, and the channels have bounded FIFOs. SDF is divided into synchronous sub-
networks connected by asynchronous links. PSDF supports dynamic reconfigurability and design
reuse, but it does not allow the topology of the dataflow graph to change at runtime. BPDF allows
restricted dynamic changes of the graph topology by disabling edges annotated with Boolean
expressions.

To be scheduled statically, the dataflow network must have a basic iteration and have the properties
of rate consistency, boundedness, and liveness [17—24]. The number of tokens consumed or produced
at a given port at each firing is called the rate. The rate consistency of a dataflow network is checked
by generating a system of balance equations, which must have a non-null solution for all possible
values of parameters. The boundedness is guaranteed if the network returns to its initial state after
each iteration. The network liveness is checked by finding a schedule for a basic iteration.

The CAL was first used on the Ptolemy Il platform [20]. The complete OpenDF framework has
been developed for simulating CAL networks and for generating hardware and software code [21].
The portable CAL interpreter used in the Moses project aimed for simulating a hierarchical network of
actors. OpenDF is a compilation framework using a source-to-source compiler. Backends that generate
VHDL/Verilog and C for integration with SystemC were developed.

A problem of automatic generation of dataflow networks. Nowadays, dynamic reconfigurable
embedded systems [21, 22] are widely used, since they have the capability to modify their
functionalities by adding or removing components, and by modifying interconnections among them.
The basic idea behind these systems is to autonomously modify its functionalities according to the
application’s changes. Dynamic reconfiguration is the process of adding, deleting, or moving
resources within the network configuration without deactivating the affected node. The models,
architectures, and design methodologies of the reconfigurable systems have been developed. The
PSDF approach [23] can dynamically reconfigure the behaviour of dataflow actors, edges, graphs, and
subsystems by run-time modification of parameter values. It permits the parameter reconfiguration
that does not change the subsystem interface behavior. BPDF [24] combines both the token-rate and
topology reconfigurations, although, it does not reconfigure the topology significantly. The dataflow
programming models are well-suited to program many-core streaming applications.
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There are a variety of application problems where it is difficult or impossible to create a
reconfigurable dataflow network; therefore, different dataflow networks must be generated depending
on the problem parameters, problem size, and problem formulation. The networks can differ by the
actors, input and output ports, actions, etc, and their quantity. In the paper, we consider such a
problem, i.e., the all-pairs shortest path search in large graphs to be solved on a multi-processor
system. By modifying the blocked Floyd — Warshall algorithm [6, 7], we create and generate dataflow
parallel CAL-networks automatically and implement them efficiently on multi-core systems by means
of creating a CAL-language-based multithreaded engine.

Block-parallel all-pairs shortest path algorithm. Let G = (V, E) be a simple directed graph with
real edge-weights consisting of a set V, [V| =N, of vertices and a set E of edges. Let W be the cost

adjacency matrix for G. So w;; =0, 1 <'i <N; w, ;is the cost (weight) of edge (i, j) if (i, ]) € E and

wij=c if i#] and (i, ) ¢ E. When G has no cycle with negative sum of weights, the dynamic
programming Floyd — Warshall (FW) Algorithm 1 [1, 2] computes a series of distance matrices

D°...D*...D" such that D°=W and each element dik'j of matrix D¥, k=1...N, is the length of the

shortest path from i to j composed of the subset of vertices labelled 1 to k.

The authors of [6, 7, 11, 13] proposed a blocked version BFW of the Floyd — Warshall Algorithm 2.
BFW divides set V of vertices into subsets V,...Vy.1 of size S and splits matrix D into blocks of size
S x S each, creating a block-matrix B[M x M], where equality M - S = N holds. Algorithm 2 performs
M iterations, each consisting of three phases: calculation of diagonal DO block By, ,, (accounts for paths
inside the subgraph on subset V,, of vertices); calculation of (M — 1) cross blocks B, of type C1
through block By, (accounts for paths from vertices of V, to vertices of V,,); calculation of (M — 1)
cross blocks By, of type C2 through block B, (accounts for paths from vertices of V,, to vertices
of V,); calculation of (M —1)? peripheral P3 blocks B,, through blocks B, and By (accounts for

m

paths from vertices of V, to vertices of V, passing through vertices of V). In B, , index m describes

the block calculation level. Algorithm 3 (BCA) calculates all three types of blocks. In [7], the authors
shown that BFW can be parallelized to PBFW due to all cross blocks can be calculated mutually in
parallel as well as all peripheral blocks. Algorithm 2 describes the parallelism by means of OpenMP
directives. In BFW, the blocks can be also calculated recursively [7].

Algorithm1: Floyd — Warshall FW Algorithm 2: Block-parallel Floyd — Warshall PBFW

Input: A number N of graph vertices
Input: A matrix W[N x N] of graph edge weights

Input: A number N of graph vertices
Input: An edge cost matrix W[N x N]

Output: Matrix DV of distances Input: A size S of block
D« W Output: A blocked matrix BM[M x M] of path distances
fork <~ 0toN-1do M« N/S BY«WwW
fori«~0toN-1do #pragma omp parallel
forj«0toN-1do form«OtoM-1do
dift « min(dly, dfy + d)) #pragma omp single
return DN B+l <« BCA (Bl B, B, // Diagonal DO
forv«0toM-1do
if v=m then
Algorithm 3: Block calculation BCA #pragma omp task united

B+t « BCA (BJ, By, Biiily 1l Cross C1

Input: Asize S of block
Input: Blocks E, F and H
Output: Block B
Fork<«0toS—-1do
Fori«O0toS-1do
forj«<~0toS—-1do
by ;<= min(e;j, fix + hy,;)
return B

#pragma omp task united
B+t « BCA (B, B, Bit,) Il Cross C2
#pragma omp task wait
forv«0toM-1do
if v m then
foru«<0OtoM-1do
if u= mthen
#pragma omp task united
Bl « BCA (B, Biiit Byiit) 1l Peripheral P3
#pragma omp task wait

return BM
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Fork-join parallelization potential. OpenMP parallelizes PBFW in the fork-join style. Since
diagonal block DO is computed in series to all parallel cross blocks C1 and C2, and all cross blocks are
computed in series to all parallel blocks P3, (1) estimates the speedup the PBFW provides over BFW
on P processors

speedup = MKH_Z(M _1)/P—\+|_(M —l)Z/P—‘ ?

The parallelization potential is quite non-uniform when considering the diagonal, cross and
peripheral blocks. Let P =8 and M = 4. Then, one step is needed for executing the diagonal block,
where 1 processor is loaded, and 7 processors stand idle. One step is needed for executing 6 cross
blocks, where 6 processors are loaded, and 2 processors stand idle. Two steps are needed for executing
9 peripheral blocks: in first step all 8 processors are loaded; in second step only 1 processor is loaded,
and 7 others stand idle. As a result, according to (1) the speedup of PBFW is 4 instead of expected
ideal 8.

The promising alternative to the fork-join is dataflow parallelism. In the paper we develop dataflow
networks which have such a property that the calculations of peripheral blocks can be moved over
iterations along m in Algorithm 2.

Reordering of block calculations. The authors of [7] proved the following assertion related to the
FW algorithm:

Claim 1. Suppose d

k+1

ij »k=0...N-1, is computed as

diifjﬂ = min(d.k diifl; + dlf,"j) 2

ij?

for k <k’, k” <N, then upon termination, the Floyd — Warshall algorithm correctly computes the all-
pairs shortest paths.

In BFW and PBFW, the diagonal block By of type DO is calculated through By for which all
Brln,m Bnr;“fml have been already calculated. The cross block B\Tr:l of type C1 is calculated through
B:mel and B, for which all Bjym Bv”jnjl have been already calculated. The same holds for the cross
block By of type C2. The peripheral block B;';* of type P3 is calculated through B/, B} and
B . We formulate and prove Claim 2 which relaxes the requirement to blocks B} and B[

Claim 2. Suppose P3-type block C.';* (that is block By," calculated by a different algorithm
BFW’), m=0...M-1, is computed as

Cl'=BCA(C/,, C/", Cn\) (3)

v,ur ~v,m

for m+1 <m’, m” < M, then upon termination, BEW" correctly computes the all-pairs shortest paths.
Proof. In BFW and BFW’, blocks D0, C1 and C2 are calculated in the same manner. Let prove by

induction that for P3-type blocks C.;" and B;*, 0 <m < M-1 the following inequality holds:

v,u !

C/it < B (4)

v,u !

which means inequality c;; < b;; for all pairs of matching elements of the corresponding blocks.

Base case. By definition we have C,, = B, =W, ,, therefore C;, < B{,,v,u=0...M-L1.
Induction step. Suppose the inequality as follows holds:
C/u<BJj,, v,u=0..M-1. (5)
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Then applying Algorithm 3 to the BCA call (3) we can conclude:

C/ut <BCA(B},, C/,. C\) (6)
<BCA(B/,, C/', Coih) (7)
<BCA(By,, B/.', Bov) < B/ (8)

Inequality (6) is inferred from (3) and (5). Inequality (7) is inferred from Claim 1 applied S times to
each element of block B calculated over blocks E, F and H in Algorithm 3 executed through the BCA
call of (6):

B = min (657, 657+ hET) < min (e, 15 + hE(™), ©
where S-m is the calculation level of elements of the block that is at level m of calculation.
Inequality (8) that proves (4) is inferred from (7) considering inequality (5) that is used to prove the

inequality C»' < B! of the type C1 blocks and to prove the inequality Ci'.\ < Bni! of the

type C2 blocks of the BFW” and BFW algorithms. All these blocks are calculated over the diagonal
blocks which meet (5).

On the other hand, since the traditional blocked Floyd — Warshall algorithm computes the shortest
paths at termination and (3) computes the length of some paths, we have:

B < O, (10)

It is derived from (4) and (10) that B, = C., which completes the proof.

vV,u v,u?

Claim 2 allows the delaying and reordering of peripheral blocks calculations. Such a reordering
was used in the multi-threaded all-pairs shortest path algorithm [12] realized using a cooperative
scheduler of threads.

Fig. 1, a depicts the estimated parallelization potential of the fork-join PBFW algorithm and the
parallelization potential of an algorithm PBEW” obtained from the former one by reordering of block
calculations and balancing the load of processors. To estimate the parallelization potential, a program
in C++ was developed which implements PBFW and its modification PBFW”. Fig. 1, b shows that the
reordering of block calculations can speed up the shortest paths parallel search up to 25 %. Moreover,
the speedup can increase in case when the block execution time is variable. It should be noted that the
gain of PBFW” against PBFW is being reduced with the growth of block count.

100

=== | 30

20 25

20
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40
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20

0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32

-=--=- fj,P=8 ro, P=8  «esessees fi,P=32 — ——r0, P=32

P=g ——-pP=32

a) b)

Fig. 1. Processors load a) in percent (vertical axis) provided by algorithms PBFW (fork-join parallelism fj) and PBFW”
(reordering ro of calculations) for block-counts M = 2 to M = 32 (horizontal axis) on 8 and 32 processors P; and lower bound
of speedup b) in percent (vertical axis) PBFW” has against PBFW for block-counts M = 2 to M = 32 (horizontal axis)
on 8 and 32 processors P
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The BFW and PBFW are homogeneous in sense of calculating all blocks with the single BCA
function. The authors of work [11] extended the algorithms to heterogeneous ones that calculate the
blocks of types DO, C1, C2 and P3 using separate functions which operate faster than BCA.

Modelling block calculations by actors. A separate actor A, is put into accordance with each
block B,. of block-matrix B, which introduces a matrix A[M x M] of actors. The structure and
behavior of actor A, depends on two factors: 1) the size M x M of matrix B; 2) the location of B, in B
(diagonal and non-diagonal blocks). Fig. 2 shows diagonal and non-diagonal actors in matrices
A[2 x 2] and A[3 x 3]. The size M influences the number of input ports and the total number of
actions in the actor. The block location influences the structure and behavior of the actions
incorporated in the actor. In the paper, we assume that the actors have access to two global variables M
and B and assume that the actors’ ports represent the block calculation levels but the blocks themself.
Actor A may update block B, and may not other blocks in B.

In each actor A, the number of input ports equals 2 - (M — 1) and the number of output ports
equals two. The input ports describe calculation levels of other blocks located in row r and column c.
Both output ports describe the calculation level of block B, .. The overall number of ports and the actor
interface are the same for all actors of A, no matter the actor is diagonal or non-diagonal. Fig. 3 depicts
the input and output ports of the actor in matrices A[2 x2] and A[3 x3].

Fig. 2. Matrices a) A[2 x 2] and b) A[3 x 3] of diagonal and non-diagonal CAL actors

Ley Lo

Lcl

[_l
N Ly

w2 4.0 [OL 403) [OL

L

1 [
W L
L. L.

a) b)

Fig. 3. Interface of actor A, ;(M) that models calculation of block B,.. in matrix A[M x M]:
a) actor A, (2) and b) actor A, ¢(3)

In actors of A[2 x 2], input port L,; receives the token produced by another actor located in row r,
and L, receives the token produced by another actor in column c. Two output ports L, and L. of A,
send tokens describing the calculation level of B, to other actors in row r and column c respectively.
In matrix A[3 x 3], the actor interface has four input ports L, Ly, Lep and L, since the number of
blocks in row r and column c is increased to three.

The diagonal and non-diagonal actors have different internal structure and different actions.
Algorithm 4 depicts the behavior of a diagonal actor Block_D that models the calculation of block By,
in matrix A[2 x 2]. Input ports L_0_1 and L_1_0 describe the calculation level of blocks By, and B,
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respectively. Output ports Lrow and Lcol describe the calculation level of block By,. Variables Lev,
Row and Col that describe the calculation level, row, and column of By, represent the actor
internal state.

The actor contains three actions: diagonal, peripheral, and reset. Action Dig0 has no input, but two
output tokens (both equal Lev) directed to ports Lrow and Lcol. The guard condition requires
Lev = Row = Col. The action body increments Lev and calls the BCA function to recalculate block Bgg
over itself. According to the guard, the action is fired once. Action Perl has three input and no output
tokens. Tokens LO1 and L10 arrive from ports L 0 1 and L_1 0, and the third token is a constant
k =1. The guard condition requires Lev < L01 and Lev < L10. The action body increments Lev and
calls the BCA function to recalculate block By over blocks By, and B, o. The peripheral action is fired
when the input tokens have arrived, and its guard is satisfied. The Reset action sets Lev to 0. It is fired

when the block has been recalculated M times.

Algorithm 4: Diagonal actor Block_D for block Bggin A[2 x 2]

Algorithm 5: Non-diagonal actor Block_N for block By 1 in A[2 x 2]

actor Block_D (m) intL_0_1,intL_1_0==>int Lrow, int Lcol:

int Lev :=0; int Row := m; int Col :=m;
Dig0: action ==> Lrow: [Lev], Lcol: [Lev] /I DO
guard Lev = Row
do
Lev:=Lev+1;
BCA (B[Row, Col], B[Row, Col], B[Row, Col]);
end
Perl:action L_0_1:[LO1], L_1_0:[L10], 1:[kK]==>  //P3
guard LO1 > Lev and L10 > Lev
do
Lev:=Lev+1;
BCA (B[Row, Col], B[Row, k], B[k, Col]); /I P3
end
Reset: action ==>
guard Lev =M do Lev :=0; end
end

actor Block_N (v, u) intL_0_0,intL_1 1==>int Lrow, int Lcol:
int Lev :=0; int Row :=r; int Col :=¢;

Crs0: action L_0_0: [LO0] ==> Lcol: [Lev] /I C2
guard Lev=L00-1
do
Lev:=Lev+1;
BCA (B[Row, Col], B[Row, Row], B[Row, Col]);
end
Crsl:action L_1 1:[L11] ==> Lrow: [Lev] /I C1
guard Lev=1L11-1
do
Lev:=Lev+1;
BCA (B[Row, Col], B[Row, Col], B[Col, Col]); /I P3
end

Reset: action ==>
guard Lev =M do Lev :=0; end
end

Algorithm 5 describes a non-diagonal actor Block_N that models the calculation of block By, in
matrix A[2 x 2]. Two input ports are L_0_0 and L_1_1. The output ports and state variables are the
same as in actor Block_D. The actor contains two actions. Action Crs0 has input token LOO arriving
from port L_0_0 and has output token Lev sended to port Lrow. Its guard condition requires
Lev =100 - 1. The action body increments Lev and calls the BCA function to recalculate block Bg;
over diagonal block Bgy. CrsO is fired when a token arrives at its input port and its guard condition
evaluates to true. The behaviour of Crsl is like those of Crs0 except By is recalculated over B, ;. Each
of actions Crs0 and Crs1 is fired once.

Algorithms 6 and 7 describe the behavior of diagonal actor Ay, (Block_D) and non-diagonal actor
Ao1 (Block_N) that models the calculation of blocks By and By, in matrix A[3 x 3]. In Ay, One action
is Dig and all others are Per. In Ay, two actions are Crs and all others are Per. Compared to actors of
matrix A[2 x 2], the actors of A[3 x 3] have four input ports instead of two and have an additional
peripheral action each. The output ports and state variables are the same. Unlike the actor of A[2 x 2],
the Block_D of A[3 x 3] of Algorithm 6 contains two peripheral actions that are competitive in firing
and can be fired in arbitrary order. The actions’ guards are redundant and removed since their firing is

correctly managed by input tokens. Thus, block By, can have two firing sequences: 1) Bgyo , Béyo and

BOZ’O; 2) Bé’]o, BOZ’0 and Béyo. CAL and its implementations require to resolve such competitions in

advance by adding schedule and priorities. We do not follow this way since the order of firings of the
actions does not influence the computation result. We perform a relaxation of CAL, omit the schedule
and priorities in the actors and create our own multi-threaded implementation of CAL which resolves
the competitions by means of an appropriate mechanism of synchronizing concurrent actions.
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Moreover, we remove guards of actions Crs0 and Crs1 because the conditions they describe are fully
satisfied by the conditions of arriving tokens on input ports.

Algorithm 6: Diagonal actor Block_D for block Booin A[3 x 3] Algorithm 7: Non-diagonal actor Block N for block Boin A[3 x 3]
actor Block_D (m) intL_0_1,intL_0_2,intL_1_0,intL_2 0==>  actor Block N (v, u)intL 0 0,intL 0 2,intL_1 1,intL 2 1
int Lrow, int Lcol: ==>int Lrow, int Lcol:
int Lev := 0; int Row := r; int Col :=c; int Lev := 0; int Row :=r; int Col :=¢;
Dig0: action ==> Lrow: [Lev], Lcol: [Lev] sl Crs0: action L_0_0: [LO0] ==> Lcol: [Lev] Icz
guard Lev = Row do
do Lev = Lev +1,
Lev:=Llev+1; BCA (D[Row, Col], D[Row, Row], D[Row, Col]);
BCA (D[Row, Col], D[Row, Col], D[Row, Col]); end
end Crsl: action L_1_1: [L11] ==> Lrow: [Lev] /Icl
Perl:action L_0_1:[LO1], L_1_0:[L10], 1:[k] ==>// P3 do
do Lev := Lev +1,
Lev:=Lev+1; BCA (D[Row, Col], D[Row, Col], D[Col, Col]);
BCA (D[Row, Col], D[Row, k], D[k, Col]); end
end Per2: action L_0_2: [L02], L_2_1:[L21], 2:[k] ==>//P3
Per2: action L_0_2: [L02], L_2_0: [L20], 2:[K] ==>// P3 do
do Lev = Lev +1,
Lev:=Lev+1, BCA (D[Row, Col], D[Row, K], D[k, Col]);
BCA (D[Row, Col], D[Row, K], D[k, Col]); end
end Reset: action ==>
Reset: action ==> guard Lev = M do Lev :=0; end
guard Lev=Mdo Lev :=0; end end

end

Parallel dataflow networks of actors for shortest paths search. Composing actors into a
network, setting connections among their input and output ports, and allocating buffers to the
connections establish a dataflow network. The shortest paths search network structure depends on M.
Fig. 4 shows a graphical view and a CAL-code of the NW,, network constructed on matrix A[2 x 2].

network NWo, () = :

entities
AO00 = Block_D (0,0);
A01 = Block_N (0,1);
A10 = Block_N (1,0);
Al11 =Block_D (1,1);

structure
AQO. Lrow --> A01.L_0_0;
AQO. Lcol --> A10.L_1_1;
AOL. Lrow --> A00.L_0_1;
AOL. Lcol --> A11.L_1 0;
A10. Lrow --> Al11.L_0_1;
A10. Lcol --> A00.L_1 |
All. Lrow --> A10.L_0 0;
Al1l. Lcol --> AOL.L 1 1;

ol

end
a) b)

Fig. 4. Dataflow network NW,, constructed on matrix A[2 x 2] has 4 actors and 8 channels with buffers on them:
a) graphical view; b) CAL-code

NW,, consists of two diagonal and two non-diagonal actors, twelve actions and eight channels
annotated with produced and consumed token rates. All rates are 1. Every action of every actor is fired
once during the network operation. The diagonal Dig,, action of actor A, that is guarded with
Lev =m is fired once. It produces tokens, which are transferred to actions of cross non-diagonal actors
Any and A, on row m and column m. Since the tokens are produced once, the cross actions Crs, and
Crs, of the actors are fired once. The cross actions produce once and transfer tokens to actions of all
actors outside the cross, therefore, all the peripheral actions can be fired once.
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To prove the rate consistency of NW,,, we construct a combined balance equation for each channel
(Av.pi, A..p;) connecting output port p; of actor A, with token rate R(A,.p;) to input port p; of actor A,
with token rate R(A,.p;):

F(Av-pi) : R(Av-pi) = F(Au-pj) : R(Au-pj)i (11)

where F(A,.p;) is the number of firings of A, that produce tokens at p;, and F(A,.p;) is the number of
firings of A, that consume tokens at p;. For NW,,, the system of balance equations (11) is described
by (12)

F(Aopo.Lrow) - 1 =F(Ay1.L_0 0)-1

F(Aopo.Lcol) - 1 =F(AoL 1 1) -1

F(Ao1.Lrow) - 1 = F(Age.L_0 1) -1

F(Aoyl.LCOI) -1= F(Alyl.L_l_O) -1

F(Alyo.LrOW) 1= F(Alyl.L_O_l) -1 (12)
F(A]_’()LCOI) 1= F(Aoyo.L_l_O) -1

F(Ap1.Lrow) - 1 =F(A.L_ 0 0)-1

F(Aii.Lcol) -1 =F(Ag:.L 1 1)- 1.

Nk wNhE

Equations 1 and 2 of (12) are satisfied because the single firing of action Digy of actor Aqo (we
denote Aq.Digg) produces at ports Lrow and Lcol the tokens consumed by single firing of Aq1.Crsy
and single firing Ay ,.Crs; respectively. Equation 4 is satisfied as Aq1.Crsy is fired producing at Lcol a
token that is consumed by A, ;.Per;. Equation 5 is satisfied as A;.Crs; is fired producing at Lrow a
token that is consumed by A, ;.Per;. Equations 7 and 8 are satisfied because the single firing of action
Digo of actor A;; produces at ports Lrow and Lcol tokens consumed by firings A;o.Crsy and Ag;1.Crs;
respectively. Equation 6 is satisfied by the firing of A;0.Crsy producing at Lcol the token that is
consumed by Aqo.Per;. Equation 3 is satisfied by the firing of Aq;.Crsy producing at Lcol the token
that is consumed by Aq.Per;.

The Reset action of all diagonal and non-diagonal actors sets Lev to initial state O after firing of all
other actions. This guarantees the boundedness of FIFO buffers in NW,,. The following schedule
proves the liveness of network NWo,

AO,O.Digo, onl.CrSO, A1’0.CI"51, A1,1.Per1, A1,1.Dig0, Ao,1.Cr31, Al,o.CrSo and AO,O.Perl.

The firing of actions of different actors can proceed in series and in parallel. Fig. 5 depicts a rate-
consistent dataflow network constructed on matrix A[3 x 3], which obtains the properties of
boundedness and liveness. Therefore, the network supports the synchronous dataflow model (SDF) of
computation.

Fig. 5. Graphical view of dataflow network NW,; constructed of 9 actors
and 27 communication channels from matrix A[3 x 3]



NHOOPMATIKA = INFORMATICS
16 TOM=VOL.20 2|2023 C.=P.65-84

Generation of parallel dataflow networks of actors. Given a blocked matrix B[M x M], our goal
is to generate a matrix A[M x M] of actors and to establish connections between their input and output
ports, thus generating a dataflow network NWwuwm for shortest paths search. The key new result of the
section is a procedure of generating actors of two types and generating a network NWyw for
various M. In NWyw, the number of actors is M?. Each actor has 2 - (M — 1) input ports, 2 output
ports, and M actions.

Algorithm 8 generates the diagonal and non-diagonal actors for block B, . of matrix B[M x M]. It
adds the input and output ports and the state variables to each actor. Then, it creates actions. For the
diagonal actor Block_D modelling A, (r = ¢), it creates one diagonal action Dig, and M — 1 peripheral
actions Pery, k =0...M — 1, k#r. Action Dig, produces tokens at output ports Lrow and Lcol that are
transferred to 2-(M—1) input ports of other actors from row r and column ¢ of matrix A.

The peripheral actions of the diagonal actor are divided into two groups: Gé = {Per,,...,Per, 1} and

Gé = {Pery.1,...,Pery.}.

Algorithm 8 adds one cross action of type C1, one cross action of type C2 and M-2 peripheral
actions to the non-diagonal actor Block N representing A, ., r # c. Cross action Crs, calculates block
B.. of type C2 through diagonal block B, and produces a token at output port Lcol which is
transferred to M — 1 input ports of actors on column c. Cross action Crs, calculates block B, . of type
C1 over diagonal block B, and produces a token at output port Lrow which is transferred to M — 1
input ports of actors on row r. Let r < c. Peripheral actions Pery, k=0...M -1, k# r and k # ¢ of actor

Ar. are divided into three groups: Gy ={Per,...Per.}, G. ={Per....Per.;} and G =
={Perc....Pery}.

Algorithm 8: Generation of diagonal and non-diagonal actors (Generate_Actor)

Input: a number M of blocks (actors) in row (column)
Input: a row number r
Input: a column number ¢
Output: a generated actor Actor
if r = c then
Actor«CreateActor (“Block D”, r, ¢);
else
Actor«CreateActor (“Block N”, r, c¢);
fork«<O0toM —1do
if k = ¢ then Actor.AddInPort (r, k);
fork«O0toM —1do
if k = r then Actor.AddInPort (k, c);
Actor.AddOutPort (“Lrow”); Actor.AddOutPort (“Lcol”); Actor.AddStateVar (“Lev”, 0);
Actor.AddStateVar (“Row”, r); Actor.AddStateVar (“Col”, c);
if r = then
ActionDO0 « CreateAction (“Dig”, r);  Actor.AddAction (ActionDO);
fork« OtoM-1do
if k= r then ActionP3 « CreateAction (“Per”, k);  Actor.AddAction (ActionP3);
else
ActionC1 «CreateAction (“Crs”, ¢);  Actor.AddAction (ActionC1);
ActionC2 «CreateAction (“Crs”, r);  Actor.AddAction (ActionC2);
fork« O0toM-1do
if k= rand k = c then ActionP3 «—CreateAction(“Per”, k); Actor.AddAction(ActionP3);
return Actor;

Once the actors are created, Algorithm 9 generates connections among them. It traverses all actors
identified by ID_Dest and Actor_Dest and considers them as destinations. For each destination actor,
the algorithm takes every input port Port Dest and selects a single source that is an actor
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(ID_Source, Actor_Source) and its output port (Port_Source). The first loop along variable p goes
over destination ports and their sources of column c, and the second loop along variable p goes over
destination ports and sources of row r.

The generated dataflow network NWyw has the properties of rate consistency, boundedness, and
liveness. The behavior of actors and actions in the network is correctly synchronized. Each actor
calculates its own block; therefore, no conflicts occur between the actors. In the diagonal and non-
diagonal actors, all actions are connected to distinct input ports, which guarantees that the same token
cannot be consumed by different actions; it leads to the independent firing of actions.

Algorithm 9: Generation of connections between actors (Connect_Actors)

Input: a number M of blocks in row (column)
Output: a CAL network NW

forr<0toM—1do

forc <« 0toM— 1do
ID_Dest < r x M +c;
Actor_Dest«—AcatorName (r, c);

forp«0toM— 1do
if p=rthen
Port_Dest«PortName (p, ¢); ID_Source <— p x M +c;
Actor_Source «— AcatorName (p, ¢); Port_Source < “Lcol”;
NW.AddConnect (ID_Dest, Actor_Dest, Port_Dest, ID_Source, Actor_Source, Port_Source);

forp«0toM— 1do
if p = c then
Port_Dest «— PortName (r, p); ID_Source «—rx M + p;
Actor_Source«—AcatorName (r, p); Port_Source < “Lrow”;
NW.AddConnect (ID_Dest, Actor_Dest, Port_Dest, ID_Source, Actor_Source, Port_Source);
return NW;

If block Blk of level k is used directly (or over other blocks) for calculating block B; to level I, we
denote it with precedence Blk = BJ}. It can be observed from Algorithm 2 that in BFW the
precedence B}, = B}." holds for all v, u, m=0 ... M— 1. In NWyy, a precedence relation between
block calculations exists, which determines a partial order of firing actions.

Claim 3. In the diagonal CAL-actor Block_D processing block B, ., actions of Gé are fired

before action Dig,, and actions of G are fired after Dig,,. Actions of Gy, as well as actions of G2

can be fired in any order with respect to each other. Then NWyw correctly computes the shortest paths
between all pairs of vertices.

Proof. In BFW, BY . = BX™ k=0 ... m hold. Actions of Gg calculate block B, from level

m,m

BY , to levels Bl ... BY. . Action Dig, calculates the block to level BT} and actions of G

m,m

calculate it to levels By:2 ... B respectively. The diagonal block calculations hold the following:

1. For block type DO, block By, must be calculated to level m before calculating Banml. It can be
only done by calculating By, ... B through By, B;,, ... By, Br, . while considering the
block as of type P3. Then in NWyy, B, = BT ... BI'! = B hold. The actions of Gy, are

m,m
fired before action Digp,.
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2. The precedencies B+ = Br> ... Bl = B

m,m m,m

are derived from the fact that Byw2 ... B
are directly or indirectly calculated through Br;“;nl.

3. The CAL network can reorder BX and B k=1...m—1, for three reasons: a) the block

m,m m,m?

calculations are independent and, therefore, do not precede each other since B, is calculated at
levels k and k+1 by accounting for paths between vertices of V,, passing through vertices of non-

intersected subsets V, and V,;; b) Claim 2 allows the calculation of B . through B, and B, of

higher levels of k> > k and k” > k; c) the operation of choosing a minimum of two numbers is
commutative and associative.
4. Assertions like those of point 3 are proved for the case whenk=m+1 ... M -1.

Points 1 and 2 prove that in Block_D actions of GlD are fired before action Dig,, and actions Gé

are fired after Dig,,.. Points 3 and 4 prove that actions of GlD (as well as actions of Gé ) can be fired in
any order with respect to each other in Block_D. The claim is proved.
Claim 4. In the non-diagonal CAL-actor Block_N, which processes block B, ,, v # u, actions of

G,, are fired before action Crs,, actions of G are fired after Crs, and before Crs,, and actions of

G, are fired after Crs,. In each of three subsets G},, G and G the actions can be fired in any

order with respect to each other. Then NWwwm correctly computes the shortest paths between all pairs
of vertices.

Proof. Let v<u. Actions of Gy calculate block B,, from level B!, to levels B, ... B,.
Action Crs, calculates the block to level B):' and actions of G; calculate it to levels B> ... B,.

Action Crs, calculates the block to level B\ and actions of Gy, calculate it to levels B!!” ... B}".
The following precedencies hold for the non-diagonal block calculations:
1. Since the block type C2 establishes precedence B,, = B/ block B, ., must be calculated to

v,u
v+l
v,u

level v before calculating B, ". The only way is to perform calculations Bvlyu va,u by considering

the block as of type P3. In this case, B,, = B;,... B}’ = B}, hold.

2. Since the block type C1 establishes precedence B,, = B'*  block B, must be calculated to

v,u 1

level u before calculating Bv“,:l. The only way is to perform calculations of BVVLZ ... By, after
calculating B).' by considering the block as of type P3. Therefore, precedencies vaf =
B,. ... By, = By, hold.

3. The precedencies By = B}:’ ... B,' = B, are derived from the fact that B,;’ ... B,

u v,u v,u

u+l
v,u -

can only be calculated through B

4. NWiwm can refuse the precedence B, = B/, m=1 ... v—1and can reorder B}, and B

for three reasons: a) the calculations are independent and, therefore, do not precede each other since
B, , is calculated at levels m and m+1 by accounting for paths between vertices of subsets V, and V,

v,u
passing through vertices of non-intersected subsets V., and V., ; b) Claim 2 allows the calculation of

BJ, through By, and B}, at higher levels of m* > m and m” > m; c) the operation of choosing a

minimum of two numbers is commutative and associative.
5. Similar assertions are proved for the case whenm=v+1 ...u-landwhenm=u+1...M-1.
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Points 1, 2 and 3 prove that in Block N the actions of G; are fired before action Crs,, the actions
of Gf, are fired after Crs, and before Crs,, and the actions of G,‘Z’ are fired after action Crs,. Points 4

and 5 prove that the actions of Gﬁ, (as well as of G,ﬁ and Gf, ) can be fired in any order with respect
to each other in Block_N. The claim is proved.
The number of possible firing sequences of actions of diagonal actors is |G1D| I |G§, | 'and is |GﬁI

|1-|GX|1- |Gy |! of non-diagonal actors, where |G| ! is factorial of G’s cardinality. The number

rapidly increases with the growth of M.

CAL-network development tool and tunable dataflow CAL-engine in C/C++. Based on the
C/C++ language we have developed a tool for creating parallel networks of dataflow actors and have
developed a tunable multithreaded CAL-based engine (fig. 6) for multicore systems. The tool and
engine were used for the realization of the proposed dataflow CAL-actors and parallel networks,
which solve the all-pairs shortest path problem. In the current version of engine, any action of any
actor is implemented by a separate thread, although we consider other solutions of mapping actors to
threads. Since many concurrently and asynchronously operating actions (threads) can simultaneously
update shared resources, synchronization primitives protect the resources. The concurrent
asynchronous behavior is a source of increasing the throughput of the networks and speeding up the
shortest paths search against OpenMP.

Fig. 6 depicts a flexible architecture of the tool and engine. It provides methods of specifying and
generating actors, connections and whole network for the problem under solving. The generators
process the specifications and elaborate a parallel dataflow network in an internal format.
A multithreaded CAL-based engine is firstly tuned to the network and then implements it on a multi-
core system.
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Fig. 6. Architecture of CAL-based development tool and tunable CAL-engine implemented in C/C++

Although the actions may be fired (executed) within one actor only in series, the engine parallelizes
the actions’ implementations regarding their readiness and selection before firing. It can execute the
action in parallel with checking if another action is ready to be fired next (the FSM state, the
availability of action’s input tokens, the guard condition, and the availability of output ports to receive
the produced tokens are considered). To have this property, the CAL-engine implements each action
by a separate thread.
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The advantage of our CAL-based implementation is the integration of CAL in C/C++ in such a
way that all facilities of C/C++ become available for the implementation. C/C++ classes of objects
implement all components of the CAL-actor and network. As a result, the network and each of its
actors are instantiated over complex data structures and sets of methods written in C/C++. The body of
each action is represented as a function in C/C++. To ensure that the implementation is consistent with
the CAL model of computation, we have developed a tool for checking and validating the structure.

Experimental results. In the paper, we report results given by the implementations of the dataflow
parallel networks and OpenMP based implementations of the PBFW algorithm on multi-core systems.
The networks of dataflow actors were generated from various block-matrix configurations and block
sizes and implemented in C/C++ with the threaded CAL engine. The results are obtained on randomly
generated simple complete weighted directed graphs of 1200, 2400, 3600 and 4800 vertices on four
Intel(R) Core(TM) processors i3-550, i5-5200U, i7-9750h and i7-10700. The graphs provide high
computational load which gives a correct comparison of the implementations. Table describes
processors’ parameters.

Parameters of four multi-core processors

Processor CacQtla3 L1, Caclztla3 L2, Cacl\t)ltle3 L3, Fregﬁgcy, Cores ph)?:%;&cl)lrs
i7-10700 8x 64 8x 256 16.0 2.90 8 16
i7-9750h 6 x 64 6 x 256 12.0 2.60 6 12
i5-5200U 2 x 64 2 x 256 3.0 2.20 2 4
i3-550 32+64 2x256 4.0 3.20 2

Fig. 7 and 8 show the speedup the dataflow CAL-networks and their multi-threaded implementations
have given against matching single-thread implementations of the Floyd-Warshall Algorithm 1.
The block count M in matrix B varied in the range 2 to 10. The number of actors varied in the range 4
to 100, the number of actor input ports varied in the range 2 to 18, and the number of output ports
was 2 for all actors. The number of actions within actor varied in the range 2 to 10, therefore, the
number of threads in the network implementations reached up to 1000. The optimal number Mg of
blocks has given the highest speedup of the CAL-networks.

On the 2-core i3-550 processor and the graph of 1200 vertices (fig. 7, a), the CAL-network has
given the speedup of 2.57 at My, = 4. For larger M the speedup has reduced to 1.61. On the graph of
2400 vertices, the highest speedup of 2.45 is also obtained at M, = 4. For both graphs, the speedup is
larger than the number of cores. For the 2-core i5-5200U processor and the graph of 1200 vertices
(fig. 7, b) we can observe the similar pattern, where the highest speedup of 2.51 is obtained at Mo = 4.
The increase in the graph size to 2400 and 3600 shifts the value of M, from 4 to 8 (speedup is 2.54)
and then to 10 (speedup is 2.55). We can mainly explain this as the CAL-networks exploit the
processor hierarchical memory and caches more efficiently for lower size of block.

4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 11

=
[

— A= —5=1200 - -8 - S5=2400 ——&--5=1200 ---W---S=2400 —&— S=3600

a) b)

Fig. 7. Speedup (vertical axis) of multi-threaded CAL-networks against single-thread FW vs. block count M (horizontal
axis) on a) i3-550 and b) i5-5200U processors for three sizes of graphs: 1200, 2400 and 3600 vertices
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On the 6-core i7-9750hprocessor and the graph of 1200 vertices (fig. 8, a), the CAL-networks have
given the maximum speedup of 4.98 at My, = 6, which is smaller than the number of cores due to the
insufficient potential parallelism and low useful load (see fig. 1, a). On the graphs of 2400 and 3600
vertices, the highest speedups of 6.59 and 6.96 are obtained at My, = 8 and Mgy, = 6 respectively. In
both cases, the speedup exceeds the number of cores. On the 8-core i7-10700 processor, the speedup
patterns by the CAL-networks are very close for graphs of 2400, 3600 and 4800 vertices (fig. 8, b).
For all graphs the maximum speedup of 9.78, 9.37 and 9.34 is obtained at M, = 10. Fig. 8, b also
shows the speedup given by OpenMP on the three graph-sizes, which is significantly less against the
networks. The speedup is being decreased with the growth of the graph-size and is being increased
with the growth of the number of blocks. It can be observed that the CAL-networks convincingly gain
the BFW OpenMP implementations with respect to runtime.
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Fig. 8. Speedup (vertical axis) of multi-threaded CAL-networks and OpenMP-BFW implementations against
single-thread FW vs. block count M (horizontal axis) on a) i7-9750h and b) i7-10700 processors for four
sizes of graphs (omp2 — 2400, omp3 — 3600 and omp4 — 4800 vertices)

According to (1), the estimated speedup of the block-parallel Floyd — Warshall algorithm
implemented in the fork-join style (OpenMP) is 1.33, 3.00, 4.00, 6.25, 5.14, 6.40 and 6.66 for M = 2,
3, 4,5, 6,8, 10 respectively on 8 cores. For comparison, the networks have given on i7-10700 and on
the graph of 2400 vertices much higher speedup of 1.72, 3.35, 5.68, 7.90, 8.31, 9.01 and 9.78
respectively for the same values of M. We can mainly explain this by efficient exploitation of caches
and advantages of the networks and their threaded parallel implementations due to highly
asynchronous behaviour.

The graphics depicted in fig. 7 and 8 have found out the patterns as follows:

1. There is an optimal number M,y of blocks for which the speedup by the multithreaded CAL-
networks is the highest compared to the single-thread FW.

2. The highest speedup given by the dataflow networks exceeds the number of cores, which is a
very good result for the blocked algorithm with strong data dependences between blocks.

3. Myt depends on the number P of cores, the block-matrix size M, the graph size N, and the
scheduler of threads of the operating system.

4. The increase in the size M of matrices B and A increases the amount of parallelism in the CAL-
networks, which leads to the growth of computation speedup.

5. The larger number P of cores requires more parallelism and therefore larger Moy

6. The growth of the graph size N usually leads to the increase of M,y as the processor caches
operate more efficiently at smaller block sizes [13].

7. The CAL-networks give the speedup which is higher than that OpenMP gives.

It should be noted that the scheduler of threads of the operating system influences the order of
executions of threads, and the increase in M increases the number of threads in the CAL-network
implementations which increases the workload of the operating system.
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Conclusion. Nowadays, the blocked Floyd — Warshall algorithm is typically parallelized in the
fork-join style with OpenMP where each block is calculated in a loop level-by-level. The paper has
proven that the block calculations can be reordered, thus increasing the load of cores in the multi-core
system. The simulation tool has shown that the reordering can speed up the shortest paths search up
to 25 %. The paper has proposed a novel method of generating dataflow networks of CAL-actors,
where the management of actor and action firing is carried out over the block calculation levels.
The new feature of the networks is that in each actor the executions of actions are ordered partially.
The multi-threaded tuneable CAL-engine accounts for the feature and implements the networks in
C/C++. The experiments on large complete directed graphs and four multi-core processors have shown
that at optimal block count the networks speed up computations against the single-threaded
implementations by the following figures: i3-550 (2 cores) — 2.57 (28.5 % higher than core count);
i5-5200U (2 cores) — 2.55 (27.5 % higher than core count); i7-9750h (6 cores) — 6.96 (16.0 % higher
than core count); i7-10700 (8 cores) — 9.78 (22.3 % higher than core count).
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AHHOTAIHUA

M enu. Pemaercs 3amaua MaTeMaTHIECKOTO MOAEIHUPOBAHUS U aITOPUTMH3ALUH IPOLECCOB KOPPEKIMH 3a1po-
COB B cHcTeMe HH(OPMAIIMOHHOHM NOANEPKKH NPUHATHS penieHuid. [Ipu 3ToM npecieayroTcst TpH OCHOBHBIE IIENH:
MOCTpOeHHEe 0000IEHHOH MoeI HH(OPMAMOHHOTO TTIOHNCKa, Pa3paboTKa aJrOpUTMOB JTOTIOMCKOBOM KOPPEKIINU
3aIpOCOB 1 pa3padOTKa aIrOPUTMOB MOCIICTIONCKOBOM KOPPEKINH 3aIIPOCOB.

MeTo ab1. Mcnione3ytoTcs METOABI TEOPUH MHOKECTB U TEOPUU BEPOATHOCTEM.

PesynbraTsl. Paspaborana o6o0meHHast Mosesib MHGOPMAMOHHOTO TIoMcKa. B pamkax moxenn dopmanm-
30BaHbI MOHSATHS MIOMCKOBOI (YHKINH, KPUTEPHUS BbIJIAUH, PEIEBAHTHOCTH M TIEPTUHEHTHOCTH Pe3yJbTAaTOB MO-
ucka. IIpemioskeHsl alropuTMBl JOMOMCKOBOI U MOCIENONCKOBOM KOPPEKIMU 3alIpOCOB B CHCTeMe MH(pOpMAaIi-
OHHOU NOJIEP>KKY IPUHATHUS PELLICHUM.

3aknoueHue. PazpaboTaHHbIe alTOPUTMBI KOPPEKINHU 3aIIPOCOB MOTYT OBITh MCIOJIB30BAHBI IIPHU MPOTPaMM-
HOM peanu3alvy WHPOPMAIMOHHBIX CHUCTEM MOJIEPKKH MPHUHATHS PELICHUH. YHUBEPCAIbHOCTh AJITOPUTMOB
obecrieunBaercs Oyarojapsi IPUMEHEHNIO TEMAaTHYECKUX KOPITYCOB TEKCTOB B Pa3jIMUHBIX MPEAMETHHIX 00JIa-
ctax. OHM UTPAIOT ONPENEISIONIYI0 POJIb TPH IUIAHUPOBAHUM apXUTEKTYpbl WHPOPMAIIMOHHBIX CHCTEM H HMX
OTJENIbHBIX KOMIIOHEHTOB.

KnroueBsbie ciioBa: anroput™, HHGOPMaIMOHHAS TTOJUIEPIKKa, KOPPEKIMS 3a1poca, MaTeMaTHdeckasi MoJielb, Mo-
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Abstract

Objectives. The problem of mathematical modeling and algorithmization of the processes of correction of
requests in the system of information support for decision-making is being solved. At the same time, three main
goals are pursued: building of a generalized information retrieval model, development of algorithms for
pre-search query correction and development of algorithms for post-search query correction.

Methods. Methods of set theory and probability theory are used.

Results. A generalized information retrieval model has been developed. Within the framework of the model,
the concepts of search function, issuance criterion, relevance and pertinence of search results are formalized.
Algorithms for pre-search and post-search correction of queries in the information decision support system are
proposed.

Conclusion. A mathematical model for correcting user requests in the information decision support system has
been developed. Within the framework of the model, the efficiency of search processes in terms of the relevance
and pertinence of the information found has been studied. Necessary and sufficient optimality of search
functions are proved.

Keywords: algorithm, information support, query correction, mathematical model, search function, decision
making
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Beenenne. D¢ ¢pexTHBHOCTE MHPOPMAILIMOHHOTO MONUCKA ONPEAEISIETCs HA OCHOBE OLIEHOK, IPHUH-
UIHATBHO Pa3IHYAIONINXC MEXITy co0oil. B oHUX ciydasx oleHHBaeTCs pesieBaHTHOCTD, T. €. CTe-
NIeHb aJIeKBATHOCTU TEKCTa 3arpocy, a B APYIHMX — MEPTUHEHTHOCTh, COOTBETCTBYIONIAS CMBICIIOBOH
0mm3ocTy TekcTa M MHGOPMAIMOHHOW MOTPeOHOCTH Tosb30oBaTens [1]. Pasnnyaror 1Ba Buja perne-
BAaHTHOCTU — CMBICIIOBYIO M (hopMmanbHyI0. COOTBETCTBHE TEKCTa COAEP)KAHHIO 3allpoca Ha3bIBAIOT
CMBICJIOBOH PEIeBaHTHOCTBIO, @ COOTBETCTBUE ITOMCKOBOIO 00pa3a TOro TeKcTa MOUCKOBOMY TpEJ-
MUCAHUI0 — (GOPMATIBLHOM peNeBaHTHOCTBIO. DaKT CMBICTIOBOM PEICBAHTHOCTH YCTAHABIMBACTCS ajI-
MUHHCTPATOPOM UH()OPMAIIMOHHOM CUCTEMbI HA OCHOBE COTIOCTABIICHUS 3aITPOCOB U PE3YJILTATOB TO-
ucka. GopMaibHas peleBaHTHOCTh ONPEACISIETCS CUCTEMON alrOPUTMUYECKH C YYETOM HPUHSTOTrO
B HEell KpUTepHs BbIaud. 3alpoc MOXKET 3HAYUTEIBHO OTJIMYATHCS OT MH(QOPMAIMOHHOW MOTPeOHO-
CTH, 3aQ)MKCUPOBAHHON B CO3HAHWHU MOJL30BaTeNs. [103TOMY YacTO OH OKa3bIBACTCS HECHOCOOHBIM
TOYHO BBIPA3UTh 3Ty MOTPeOHOCTE. B MOJOOHBIX ciiydasx HEOOX0AMMa KOPPEKIIUs 3allPOCOB B PEXKH-
Me UTEPalMOHHOT0 NIOUCKA. B cTaThe mpencTaBIeHbl alrOpUTMBI KX KOPPEKIIMH B CHCTeMe HHpOpMa-
UOHHOHN MOANEPKKH MPUHATHS PELICHUH. AJITOPUTMBI OCHOBBIBAIOTCS Ha HCIOJIB30BaHUH MOJIENICH
NpE/ICTaBICHHS 3HAHUI O IPEIMETHOM 00JIaCTH, KOTOPBIE MPE/II0KEHBI aBTOPOM B CTaThsX [2, 3].

Mopnenb noucka. [Toctponm 0000IICHHYIO MO/IE)Ib HHGOPMAIMOHHOTO MOKCKA C IejIbio (opma-
JIM3AIAN OCHOBHBIX €TI0 COCTABJISIONIHX.

Kpumepuii evioauu. Ilon xputepreM BbIIAYM MOHUMAIOT MPABUIIO, MO KOTOPOMY BBIYMCIISETCS
CTEIeHb PEIeBAaHTHOCTH WH(OPMAIUK, HAMJICHHOW B IMpollecce MOWCKa, U TPUHUMAETCS PellIeHHE
0 BbIJIaue (WJIM HEBBIJIAYE) COOTBETCTBYIONIETO TEKCTA TOyb3oBaTento. Onpenenium GopMaibHO MOHS-
THE KpPUTEPHsI BbIIAUH.
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ITycts T 1 Q — HEKOTOPbIE MHOKECTBA COOTBETCTBEHHO BXOIHBIX W BHYTPEHHHUX TEKCTOB CHCTEMBI
urdopmarmonHoit moauepxku. O6o3HaunM uepes Z (Z < T) HemycToe MOAMHOXKECTBO MHOKECTBA T,
3IIEMEHTHI KOTOPOTro Oy/eM Ha3bIBaTh 3armpocamMu. TekeT g € Q Ha30BeM MOMCKOBBIM 00pa3oM IPOu3-
BOJIFHOTO BXOJHOTO TekcTa t € T, ecnu cymiecTByeT Takoe MHBbEKTUBHOE OoToOpaxenue o : 1 — Q,
4TO TEKCT (] ecTh 00pa3 Tekcrta t mpu oroOpaxkennn ®. Ecinu TexcT Z € Z — 3anpoc, To TekeT ¢ = ®(2)
OyzneM Ha3pIBaTh MOWCKOBBIM IIPEIIHMCAHUEM, COOTBETCTBYIOIIMM 3ampocy Z. OTtobOpaxeHue
N : o(T) x ®(Z) —> R nekaproBa npou3BeieHHs MHOKECTB TOMCKOBBIX 00pa30B TEKCTOB U MOMCKOBBIX
HpeNICaHui B MHOJKECTBO R IeHCTBUTENBHBIX Ynced Oy/1eM Ha3bIBaTh KPUTEPHEM BBIAUH.

Ilouckosas gynkyus. Ilycts Z € Z — npou3BoONBHBIHN 3ampoc. OIUH mar Moucka TeKCTOB MPOMO-
JeTMPYeM B BH/C YaCTHYHOTO MYyJIbTHOTOOpakeHHs (0 TepMHUHOIOTHH W3 MoHorpaduu [4, c. 32])
7 . Z — T MHOXeCTBa 3allpOCOB B MHOXECTBO TEKCTOB. YaCTHYHOE MYyJIbTHOTOOpaKEHHE T Ha30BEM
NOUCKOBOM (DyHKILIMEH, €CIM MHOXECTBO 7(Z) BKIIFOUACT T€ M TOJBKO T€ TEKCTHI t € T, sl KOTOPBIX
3HAYCHUE KPUTEPUS BhIJJAYM HE MEHBILIE HEKOTOPOTO Mo, T. €. N(w(t), ®(2)) > 1o .

Penesanmnocmo u nepmunenmuocms. Onpenenum OHEKTHBHOE oToOpaxkenue 0 :Z — IP,
CTaBsIIlee BO B3aMMHO OJJHO3HAYHOE COOTBETCTBHE MHOKECTBO 3alpocoB Z 1 MHOXeCTBO |IP cooTBer-
CTBYIOIIMX UM HH()OPMAIMOHHBIX MOTPEOHOCTEH, T.€. BBIPAKEHHBIX BEpOATBbHO XapaKTCPHCTHK
npeameTHOH obnactu. Toraa MOHSATHS PEEBAaHTHBIX M MEPTUHEHTHBIX TEKCTOB MOXKHO (OpMalbHO
BBECTH cienyroImuM oopazoM. [IponsBonbsHEi TekeT t € T Ha30BeM peneBaHTHBIM 3ampocy Z € Z, ec-
JH CYyHIECTBYET CIOpbeKTHBHOE oToOpakenme W: T x Z — {0, 1}, Takoe, uto w(t,z) =1. Ecam xe
u(t, z) = 0, To Gyaem cuuTaTh, YTO TEKCT t HEepeseBaHTeH 3anpocy Z. JIto6oi Tekct t € T Oyaem HasbI-
BaTh MEPTHHEHTHBIM MHPOPMAIMOHHO# moTpedHOCTH 0(Z), ecii HaaeTCsl CEOPhEKTHBHOE 0TOOpaKe-
aue v T x 6(Z) — {0, 1}, nns xoroporo crpasemiuBo cootHornenue v(t, 6(z)) = 1, 1 HemepTHHEHT-
HbIM, Korna v(t, 0(z)) = 0.

JomouckoBasi koppekuus 3anpocos. [Ipu peannsanuy mouckoBeIX (QyHKIMI OyaeM pasindaTh
JIBa BU/Ia B3aWMOJICHCTBUS IOJIb30BaTeNel ¢ NH(GOPMAITMOHHOW CUCTEMOI: OTIOMCKOBOE ¥ MOCIIETO-
UCKOBOE. B mporecce JOMOMCKOBOTO B3aMMOJICHCTBUS MOJIB30BATEIIO MPEIBIBISIOTCS CBEICHHSI, KO-
TOpBIE UCIIONB3YIOTCS TIPU (POPMYITUPOBAHUN M KOPPEKIMU 3apocoB. [locnenonckoBoe B3anMoeii-
CTBHE OCHOBAHO Ha OIIEHKE W HCIOJIB30BAHUH Ha IMOCIEAYIOIIMX STarnax MOMCKa MPOMEKYTOYHOU
BbIJIaY¥ HaWJICHHOH MH(OpMaIny.

ITycts nmeeTcs 3ampoc

= {al, o, ... | a; € WT, i= 1, 2, }, (1)

rae Wy — MHOXKECTBO BCEX Pa3IMYHBIX CJIOBOQOPM U3 MHOKECTBA TEKCTOB 1.

PaccmoTpuM Tpu BapuaHTa JOMOMCKOBOW KOPPEKLHMH 3allpOCOB: IyTeM JONOJIHEHHs KIIIOYEBBIX
CJIOB CJIOBOM3MEHEHUSIMU M CHHOHMMAaMH, ITyTeM MPHUMEHEHHUS KOPIIyCOB TEKCTOB JJISi BHIYMCIICHHUS
WHQOPMATUBHOCTH KITFOUEBBIX CJIOB; IyTeM pa30MEeHHUs] HCXOHOTO 3alpoca Ha HECKOIBKO.

Pacuwiupenue 3anpocoé c1060uUsMeHeHUAMYU U CUHOHUMAMU KaI04eblX ¢106. CIIOBOM3MEHEHUS
Y CHHOHUMBI KJIIOUYEBBIX CJIOB COJIEPKAT CIIEUaIbHbIE TMHIBUCTUUECKUE CIIOBApH:

— CJIOBaphb CIIOBOM3MEHHUTEIBHBIX Mapanurm

Dicpr = {(a, Par,)|a € Wy, a € Par,},
COCTOALIMI U3 map {cro8ogopma, napaouema), Tae Par, — COBOKYITHOCTH BCEX CIIOBOM3MEHEHUH CII0-

BO(OPMEI &;
— CJIOBaph CHHOHUMHUYHBIX CIIOBO(GOPM

Dicyn = {(a, Syn,) | a € Wr, a € Syn,},

BKJIIOYAIOLINI B ceOsl mapbl (c1080opma, CUHOHUMUUHBIE CO80OPMBL), B KOTOPBIX KaXKIOH CIOBO-
(dopmMe a COOTBETCTBYET MHOXKECTBO €€ CHHOHUMOB SyN,.
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[IpencraBum 3anpoc (1) B BH/e KOHBIOHKIIMU KITFOUEBBIX CIIOB:
W=a,rayn..,aeWr,i=12, ...

JomomHuM KITtOUeBBIE CJIOBa 3ampoca 7Y waiienasiMu B caoBapsax DiCpy 1 DicCsy, cmoBon3smeHe-
HUSMH YW CHHOHMMAaMH. 3alHIleM IOydeHHOE BBIPAKEHHE B BHUIE€ KOHBIOHKTUBHOW HOPMAIbHOM

(hOpMEL:
Z(Z)z DiADyA L.,

rae Dy, D5 ... — KiIToueBbIE CII0BA WX JU3BIOHKIIMN KITFOUYEBEIX CIIOB.
2
IIpeobpazyem 3ampoc AR JU3BIOHKTUBHYIO HOPMaJIbHYIO (hopMy:

2(3)=K1VK2V...,

rae Ki, K, ... — KOHBIOHKIIMH KJIFOYEBBIX CJIOB.

Kasxpiit koHbioHKT Ki=by A by A ... (i =1, 2, ...) 3anpoca 22 mpencraBuM B BUIE COBOKYITHOCTH
{by, by, ...} Bcex BXOAIIMX B HEr0 KIOUYEBBIX CIIOB. Takum 00pa3oM, B pe3ysibTaTe KOPPEKIIUH HC-
XOJIHOTO 3arpoca (3) MoJyInM MHOXKECTBO 3aIPOCOB {Z1, Zy, ...}

Koppekuus 3anpocoe Ha 0cHo8e KOPRYco6 meKcnos. B KOpITyCHON JIMHTBUCTUKE Pa3iMyaloT cTa-
THYECKHE W TUHAMHUYECKHE KOPIYChI TEKCTOB. [IpUMepaMu CTaTHYECKHMX CITY)KAT TeMAaTHUECKHE KOp-
MYChI ¥ TIOJHBIA KOPIYC, SBISIONUICS 00bENHECHHEM BCEX TeMaTHUecKuX. [10/] TMHAMUYECKUM T0-
HUMAIOT TEMAaTHYECKHH KOPITYC TEKCTOB, BCE JOKYMEHTHI KOTOPOTO PEIEBAHTHBI HEKOTOPOMY TEKCTY
WIN 3ampocy Ha MOMCK wH(popManuu. JIMHAMHYECKHUH KOPITYC CO3JAeTCS M3 PECBAHTHBIX TEKCTOB
MOJTHOTO KOpITyca.

[Tycts no-mpexnemy z = {ay, ay, ...|a € Wr, i =1, 2, ...} — Npor3BOJILHBII 3aMPOC TOJIB30BATEIIS
nHpopMaronHoi cucteMsl. O6o3HaunM gepe3 Cty, Ct,, ... TemMaTnyeckue KOpITyCchl TEKCTOB, a 4epes
Cf = Ct; U Ct, U ... — momHbIii kopiyc. Koppekius 3ampoca Z Ha OCHOBE KOPITyCOB TEKCTOB CBOJUTCS

K COOTHECEHHIO KaKIOr0 KIIIOYEBOrO CJIOBA &; CO 3Ha4YeHHEM ero MHpopmarthuBHOCTH | . 3ampocs
SIBIISIFOTCS, KaK MPABHIIO, KPATKUMH COOOIIEHUAMHU. MIX 00heM He TIO3BOJISET BBISIBUTH CTATUCTHUECKUE
XapaKTePUCTUKK KITIOYEBBIX CJIOB MPH BBIUMCICHUN MX UHPOPMATHUBHOCTH. [103TOMY B TaHHOM CIIy-
yae UCIOJB3YIOTCS pelIeBaHTHBIC 3apocaM TeMAaTHUECKIE WIIN JHHAMHUYIECKIE KOPITYChl TEKCTOB.

THouck penesanmnozo memamuuecko2o Kopnyca mexkcmos. VICKIIFOUnM U3 BCEX MOUCKOBBIX 00pa-
30B TEKCTOB ITOJIHOTO KOpITyca 3HAa4eHHs HH(POPMATUBHOCTH KITFOUEBHIX CIIOB, T. €. IOMCKOBBIN 00pa3
kaxaoro Tekcta t € T nmpexcraBum B BHe

IO, ={by, by, ...|teT,i=1,2 ..}

[Ipn momcKe pereBaHTHOTO 3alpoCy TEKCTa OyleM HCIOJIb30BAaTh BEKTOPHYIO MOJENb OIMCAHUS
JaHHBIX [5], a B Ka4ecTBEe KPUTEPHs BBIJAYM — KOCHHYC yIila MEX/y BEKTOpaMH 3arpoca u IOHCKOBO-
ro obpasa tekcra [6]. BBemem B paccMOTpeHHe N-MepHOE €BKIMIOBO mpoctpaHcTBo E (N = [Wx).
st aTOr0 JIeKCUKOTpaduuecKy YMopsIouuM Bce clioBa u3 MHOecTBa Wy, T.e. mpencTaBuM ero
B BuAe Koprexa Wr = (Cy, ¢,..., cn). Ans kaxkgoro tekcra t € T mocTpouM BEKTOpP €ro IMOMCKOBOTO
obOpasa B mpoctpanctse E: Fi= (p1, P2,..., Pn), TAE Pi = 1, €CIIU CIOBO Cj BXOAMUT B 3TOT MMOUCKOBBIN 00-
pa3, B MpOTUBHOM ciydae Pj= (0. AHAJIOTHYHO MpPEACTABUM BEKTOp, MOCTPOSHHBIM ISl 3ampoca Z:

F,.=(01, 92, --., On). Toraa asist BEIYKCIIEHHUS KOCHHYCa yTiia MKy BekTopamu Fy u F, Bocmosb3yemcs
bopmyioit
n
F Z piql
S (pt _ t"z i=1
Z
LY :
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0O603HaunM uepe3 | KoIMYecTBO COBIABIIMX KIIOUEBBIX CIOB ITOMCKOBOIO 0oOpa3a Tekcra  u 3a-
npoca Z. IlycTs Taxke M; — KOJUYECTBO CJIOB B TIOMCKOBOM 00Opa3e TeKcTa t, a M, — UX KOJUYECTBO
B 3arpoce Z. Torja naHHbI KPUTEPHI BBIIAYM MOXKHO MPEICTABUTH B BUJIC

|
oS ¢, = ———

mm

'z

[IpuBenem onwvcaHue ajiropuTMa MOUCKA TEMaTHYECKOro Kopmyca TekctoB Ct, peneBaHTHOTO 3a-
npocy Z. Ha BxoJ airopurMa mocrtymaer 3anpoc Z, Mo KOTOPOMY PEan3yeTcsl MOUCK TOUCKOBBIX 00-
Pa30B TEMAaTHUECKHX KOPITYCOB TEKCTOB B MOJHOM Kopmyce Cf. PesynpraTtom moucka cuutaem Kop-
nyc Ct, KOTOPOMY COOTBETCTBYET HAauOOIbIIee M3 3HAUYCHHUIA KPHUTEPHUsS BbLIAYHM COS (P, TAKOE, YTO
COS @y 2 Mo. Eciiu xopnyc Ct He HaiineH, To i Tekcta t Heo0X0 MO chOPMHUPOBATh TUHAMUYIECKUH
Kopiyc TekcToB Dt.

Dopmuposanue peredaHmMHO20 OUHAMUYECKO20 Kopnyca mekcmog. s co3nanus TMHAMAYeCKOTO
KOpITyca TeKCTOB B MHO)KecTBe Cf HY)KHO HaliTH BCe TEKCTBI, pesieBaHTHBIE 3anpocy Z. [Tycts d € Cf —
MPOU3BOJIBHBIA JTOKYMEHT M3 TIOJIHOTO Kopryca TekcToB. [loctpoum BekTop Fy morckoBoro oOpasza
nokymenTa d mo aHamoruu ¢ BektopoM Fy @ Fy=(ry, Ia,..., Iy). B KadecTBe KpuTepus Bblgaun OymemM
WCIIOJIb30BaTh aHAJIOT KpUTEpHs COS ¢y, :

cos vy, = Fh ‘ériqi
FIRIRD [ 3o
i:lI i=1 :

MHoOKecTBO BceX TeKCTOB M3 MHOkecTBa Cf, HaliZIGHHBIX B COOTBETCTBHU C KpPUTEpPHEM COS g,
o0pasyeT AMHAMHYECKH KopIyc TekcToB Dt.

Bowiuucnenue unghopmamusnocmu knouegwix cog 3anpoca. UTHGOPMAaTHBHOCTD KaXKI0TO KIIIOYEBO-
To CJIOBa & 3arpoca Z OyJaeM BBIYUCIATD 0 popMyie u3 craTbu [2]

Par, Syn,
Kt ‘Tt nKt i (2)
Syn, !

Par,

a
Ner +Nge ® + Ny

a
_ NG+

Ia

rae Kt — peneBaHTHBIN 3a1poCy Z TEMATHYECKHIl WM JMHAMHYECKHI KOPIYC TEKCTOB, NG, U N& —

YacTOThI BCTPEYAEMOCTH CJIOBA & B KOpIIyCax TCKCTOB Kt u Cf COOTBECTCTBCHHO,

nEf " — 4gpcio BXOXKJICHUM BCEX CJIOB KopIryca Kt, ABJIAIOIMIUXCA CIIOBOM3MCHCHHAMU CJIOBO-
¢dhopmEI a:
Par, __ b .
Mt = 2L M
bePar,, b=a
nz"a — KOJIM4ECTBO CHHOHHUMOB CJ'IOBO(I)OpMBI a B KopIyce Kt:

Syn, __ c
ngt = D M.

ceSyn,, c#a

o Par, Syn,
AHaJOTUYHBIN CMBICT UMEIOT napamMeTpsbl ncf n ncf .

B pesynbraTe KOppeKnuu 3ampoca Z IMyTeM COOTHECEHHS €ro KIFOYEBBIX CJIOB CO 3HAYEHHUSAMH HUX
WHQOPMATHBHOCTH TIOJTYYUM HOBBIH 3a1poc

Z={(ay, 1), (az 1), ...la e We, i=1,2,...}.

z
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Pazouenue ucxoouvix 3anpocog. JJaHHBI BapuaHT KOPPEKLMH 3alpocoB OyIeM HCIOIb30BaTh,
€CJIM OHH COCTOAT M3 HECKOJIBKUX MPEATIOKEHUH.

Knaccugpurayus npeonosxcenuti 3anpoca. PaccMOTpuM 3anpoc Z = {Py, Pa,..-,P1), TAC {P1, P2s--0sP1) —
KopTex mnpemnoxkenuii. IIporeccy pa3OmeHns KopTexa MPENyIoKEHHH Ha KIAcChl MPEAIIECTBYIOT
MPOIIEYPHI BHIYHUCICHUS HH)OPMATUBHOCTH BepOATBbHON acCOIMAIUN MEXKY CIIOBAMHU TPETIONKCHUN
1 MEXIy CAMUMH TPEATIOKECHUSIMH.

Hngpopmamusnocmo eepbanvroll accoyuayuu medxicoy crosamu. O6o3naunmM yepe3 W MHOKECTBO
BCcexX cioBO(OpM MojHOro Kopmyca tekcroB Cf, a uepes <, — oTHomenue crpororo nopsaka va W
(Tpam3uTHBHOE W aHTHpedIeKCHBHOEe OMHAapHOE OTHOIIeHHUE). Onpemeanm, KpoMe TOTO, Ha MHOXKe-
ctBe W antupediekcuBHOEe U aHTHCUMMETPHYHOE OMHApHOE OTHOLIeHHE ®, Takoe, YTO JM00as mapa
cioB (&, b) u3 MHOkecTBa W sIBIIsSIeTCSl 2JIEMEHTOM OTHOLICHUsI ® TOT/Ia ¥ TOJIBKO TOT/IA, KOTa CIOBa
a u b u3 3TO0# MaphI cozepKaTcs XOTs Obl B OHOM HpeiokeHnu Kopryca Cf u BbIMoTHsIETCS COOT-
HouieHne a <, b. OTHomeHne © Ha30BEeM OTHOLICHHEM BepOAIbHOI aCCOLMALUK CIIOB B MOJHOM
koprmyce TekctoB Cf.

NudopmaTtHBHOCTh BepOaIbHON accolMani MEXIy MPOM3BOJILHBIMU CIOBaMH a U b HekoToporo
NPEUIOKEHUS ONPE/ICIIUM KaK BEpOSITHOCTH ero mnosiBienus B kopmyce Cf. [Ipu npakTudeckoid peanu-
3anuy WHGOPMAITMOHHOW CUCTEMEI IT0/] YKa3aHHOW WH(OPMATHBHOCTHIO OyIeM MMOHUMATh IPOOh

Ié? =n§? / th , (3)

b .
rie N& — KOJMYECTBO BCEX TPEIOKEHHH B MOJIHOM Kopiyce TekcToB Cf, B KOTOPBIX IPHCYTCTBYIOT

CJI0Ba a U b WM UX CHHOHUMBI U CIIOBOM3MEHEHHs, 2 N, — KOJMYECTBO BCEX MPEATIOKCHHUI B KOPITY-
ce Cf. B paszeepuytom Buze Gopmyny (3) MOXKHO Mepenucarh, UCTOIb3YsT UHOOPMAIIUIO, KOTOPYIO
coJiepKaT crieraibHbIe TUHIBUCTUUYECKUE CIIOBApH:

— YaCTOTHBIN CIIOBaph CIOBOGOPM

a

H a a a
Dica={(@ N, Ngy s Ney s -ov s Ney 0l @ € Wer,
[V} a a a a
B KOTOPOM KaJI0H cJI0BO(opMe MpUIIMCAHBI YACTOTH €€ BcTpedaeMocTd Ng; Ney s Neyy s oo 0 Ny, BO

BCEX KOpITyCaX TCKCTOB,
— CJIOBApb Bep6aJ'II>HO-aCCOI_II/IaTI/IBHLIX rap CJIOB

Dicas = {((a, b), 1&)]a,b e n, m e Cf},

B KOTOPOM Ka)KJIOW TTape CIIOB MOCTaBJIEHA B COOTBETCTBHE MH(OPMATUBHOCTh HX BEpOAILHON acco-
[UAIINH.
C y4yeroMm nH(GOPMALIUK U3 JIMHTBUCTHYECKHX clIoBaped Gpopmyiy (3) mpeacTaBuM B BUAE

ab Pary, Syng,
[ _ Ner + N ™ 4 Ny

cf — N

(4)
Cf

Pary, o
[MapameTp Ny ® B dopmyse (4) yka3plBaeT Ha YHCIIO BXOXKICHUH BCEX Map CIOBOPOPM, SIBIISFO-

IIUXCS CIIOBOM3MEHEHUSIMU COOTBETCTBEHHO CJIOB & ¥ (Win) b 1 BcTpewaromuxcst B 0THOM U TOM ke
npeUIoKeHnU Kopiyca TekctoB Cf:

Pary, __ cd
ngt= 2 NG

cePar,, dePar,,
c#au (um) d=b,
(c,d)e®
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S) .
AHanoruuHoe BbIpaskeHHE CIPaBELTHBO s TapaMeTpa Ny ™ :

YNy Z df
Ner ™ = Ney -

deSyn,, feSyn,,
d#awu (wm) f=b,
(d,f)e®

Hupopmamusnocms 8epbanvHoll accoyuayuu medcoy npediodxicenusimu u mexcmamu. Iycte T
W p — JIBa NIpeUIOKEeHUs (WK J(Ba Tekcta) u3 kopmyca Cf, a W, u W, — cOOTBETCTBEHHO MHOXECTBa
BCEX CIOBO(OPM B ATHX MPEIOKCHUAK, JOMOJHESHHBIC BCEMH CHHOHMMAaMHU M BCEMH CIIOBOM3MEHE-
HUSAMH U3 croBapeil DiCyar # DiCsyn. IlocTpoum BexTop B mpocTpancTse E:

1§ =01 15" 187). ©)

b, -

B ¢opmysie (5) snauenue undopmatusroctu 15" mns mo6oro i € {1, 2, ..., N} onpexensercs u3
cloBaps BepOaTbHO-aCCOIMATHBHAIX map ciioB DiCyy, ecm (@, bj) € O u BeImOIHAETCS XOTS OBI OJHO
o b

u3 ByX ycioBuit: 1) & € W, b € W,; 2) by € W,, & € W,,. B nporusrom ciyuae 15" =0.
C y4eToM pacCMOTPEHHBIX 00O3HAYEHUH HOPMAIU30BAHHYIO HH(OPMATHBHOCTH |5 BepOaibHOM
accolManuy MEXIy MPEUIOKCHUSIMU (TEKCTaMH) T U P MOYKHO HMHTEPIPETHPOBATH KAaK HPOCKIHIO

Bektopa |& Ha Hanpasienue Bektopa €= (1,1, ...,1) pasMepHOCTH N, T. €. OTHOLIEHUE CKAJISIPHOTO

npou3BeeHHs BEKTOpoB |5 ¥ € K JutHe BeKTopa €:

D aib;
o _1ge Zld ®)
cf x/ﬁ x/ﬁ '

[Tpu nporpaMMHO#N peau3alyy arOpUTMa BBIYHUCIICHNS! HHPOPMATUBHOCTH BepOaIbHOW acCOIU-
alluk MEXY MPEATOKCHUSAMH WM TEKCTaMH yJ0OHO MOJIB30BaThCs Cieayolieil Gpopmynoii, momy-
YeHHO# n3 BhipakeHus (6):

Iﬂp_|l+|2+"‘+|r )
o S

»\/n
rae ly, Iy, ... |, — Bce OTIMYHbIE OT HyJIst KOOPAMHATHI BekTopa | .

Onucanue aneopumma  Kiaccupukayuu npeonodceHuli. AJITOpPUTM  pa3OUEHUS  KOpPTEKa
Z ={p1, P2,---,P1) Ha KIacChl paboTaeT CIETYIOMUM 00pazoM.

Ha nauanpHOM dTarme B Ka4ecTBe €IUHCTBEHHOTO 3JIEMEHTa MIepBOro Kiacca S; Oynem paccMarpu-
BaTh MPEUIOKECHUE P1. 3aTeM (POPMHUPYIOTCS MHOXKECTBA CIIOBOPOPM MPEIIOKEHHM P; U P2 U 110 op-
Mmyse (7) BbIUUCISETCS WHPOPMATUBHOCTh BepOANBbHOW accolUannuu Mexay HUMHU. Ecin BeramcieH-
HOE 3HAueHHE HE MEHbIIE HEKOTOPOIl MOpPOrOBOW BEIWYHMHBI Py, TO TPEATIOKECHUE Py TMOMENIAETCS
B ki1acc S;. [lanee aHamoruyHeIM 00pa3oM BBIUUCISETCS HHOOPMATHBHOCTH BepOaJIbHON accoLManuu
MEXIy MPeUIOKEHUIMU u3 map (p1, P3), .. ,(P1, p1). Tlocie 3aBepiieHus mpoiecca HOPMUPOBAHHS
KJjlacca S; TOYHO TaK ke GOpPMHUPYIOTCS U Apyrue Kiacchl. B utore OyzeM nMeTb COBOKYIHOCTh Kilac-
coB {Sy, Sy, ..., Sp} (M <L1).

Hnoexcuposanue ungopmamusnuvix xiaccos npeonodicenuti. Cpenn cPOPMUPOBAHHBIX KIIACCOB
npeioxkeHut Sy, Sy, ... , Sy MOTyT OBITH HEMH(OpPMATHBHBIE, UCIIOIB30BAHNE KOTOPHIX B KaYeCTBE
3arpocoB Herenecoodpa3Ho. B cBs3u ¢ 3TUM paccMOTpUM BOIPOCHI BBIYUCIICHHST MH)OPMATHBHOCTH
KJIACCOB MPEIOKEHHH.



NHOOPMATIKA = INFORMATICS
92 TOM=VOL.20 2|2023 C.=P.85-95

Hugpopmamusnocms cr106 uz noanomexcmoswvix 0okymenmog. Ilycts T — IOTHOTEKCTOBBIA JOKY-
MEHT, 00bEM KOTOPOTO 00CCICUNBACT BHIYMCICHUE CTATUCTUYCCKUX XaPaKTEPUCTUK €ro CIOBOPOPM

¥ npeuiokeHnit. MupopmaruBaocTs |7 croBa @ u3 tekcra T OyeM BBIYUCIATH 10 (pOopMyIie, aHAIIO-
TUIHOH BEIPKEHUIO (2):

Par,

a Syn,
L L

T a Par, Syn, *
an + NCf + NCf

(8)

Hupopmamusnocms c108 uz noiHomexcmosvlx 0oKymenmos. VIHIEKCHPOBAHUIO KPATKOTO cO00-
HICHUS MPEIIECTBYET MPOIECC ero PaCIIUPEHHS 32 CUET BKIIOUYCHUS PEJICBAHTHBIX MPEIIOKECHUHA 13
MOJIHOTO KOPITyca TEKCTOB.

Paccmotpum kpaTtkoe TekcToBoe coobmenune Q. OGozHaunm depe3 Wy MHOXKECTBO BceX €ro

cnoBodopM. Brrumcnum HHOOPMATUBHOCTH JS{‘ BepOanbHOW accolualuu MeXIy Tekctom Q

U HEKOTOPhIM MpeAJoKeHHeM 7 U3 mojHoro kopmyca TekctoB Cf. Iloctpoum BekTOp
d d
JT =&, &%, .., Jé;b“) B eBKJIMIOBOM MPOCTpaHCTBE. Jyisi BEIYHCICHHS HHPOPMATHBHOCTH J 3"

BOCIOJIb3yeMCsI aHAJIOroM Gpopmysl (7):

J+J,+..
JCan — 1 2 , (9)
JED?+(3,) +...
rae Jy, Jo, ... — BCE OT/IMUHBIC OT HyNs KOOpAMHATH BekTopa J& . Ecii unpopmarusHOCTS (9) He

MEHbIIIE HEKOTOPOro KPUTUYECKOTO 3HAYCHUS, TO MPEUIOKEHHE T 3aHeceM B TeKecT Q. AHamoruyHo
MOCTYIHMM U C JPYTHMHU TaKUMH MPEATIOKEHUSIMH TOJHOTO KOpITyca TEKCTOB. B pe3ynpTaTte moiaydum
pacLUIMpeHHOEe MHOKECTBO IPEATIOKECHUI, KOTOpOE CHOBa OyJeM CUUTaTh TeKCTOM Q.

Hugopmarusrocts | moGoro ciosa a € Wq Berancium mo popmyie (8):

na +nPara +nSyna
T 22 . (10)

Q™ La Par, Syn,
an + NCf + NCf

5=

HUngpopmamusnocme npeonodxcenuti u mexcmos. Ipu BHIMMCIEHAM UHPOPMATHBHOCTH MPEJIONKE-
HUH TekcTa T OyJeM TakKe MCXOIUTh W3 X BEKTOpHOro mpencrasienus: MM=(1%, 1%, .. 1%) rae

2,12, ..,1% — 3HaueHuss UHPOPMATUBHOCTH CIIOB TIPOM3BOJIBHOIO MPEMIOKEHUs T (KOMIOHEHTA

BekTopa Il paBHa HyIII0, €C/IM COOTBETCTBYIOIIETO CJIOBA HET B MPEAIOKeHUH 7). Toraa aHaJIoru4HO
dopmyne (9) uapopmaruBHOCTS |7 mpeanoxenus © OyneM BBIYUCIATH 110 GopMyIie

L+ +.

JO +a,)7 +..

rae |7, |7, ... — 3HaueHUss MHOPMATHBHOCTH BCEX NPEUIOKEHUIT ToKyMeHTa T.

17 =

(11)

Onucanue anieopumma UHOEKCUPOBAHUSL KAACCO8 NPeONodiceHuli. AJNTOPUTM WHIAECKCHPOBAHUS
KJIACCOB MPEUIOKEHUN (DYHKIIMOHUPYET B TPH dTara.

Ha nepBoM sTare Berurcnsgercs UHPOPMATHBHOCTD KAXKIOTO M3 KJIACCOB MPEIOKEHUHN Sy, Sy, ... , Sy
mo ¢opmyne (11). Kimacc 6ymem cunmtarh WHGOPMATHBHBIM, €CJIM 3HAYeHHE MH(MOPMATHBHOCTH HE
MEHBIIIe HEKOTOPOH MOPOTOBOHM BENIMYMHBI. B pe3ynbraTe BBIMOIHEHUS MEPBOTO 3Tara MOJIyYUM CO-
BOKYITHOCTh MH(GOPMATHBHBIX KiaccoB npemtokennit {U;, Uy, ..., U} (S <m). Knaccel, nmeromrie
HEJOCTATOYHBIN 00BhEM JIJIsi BBIYUCICHHS CTATUCTHUYECKUX XaPAKTEPUCTHK CIOBOPOPM (T. €. ABIISIO-
HIMECs] KPATKUMH COOOIIEHUSIMH ), JTOTIONHSIOTCS PEJIEBAHTHBIMHU TPETIOKCHUSMH U3 TTOTHOTO KOPITY-
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ca tekctoB Cf ¢ ucrnons3oBanuem Gopmysnl (9). [ToaydeHHbIe B pe3ysibTaTe TAKOTO PaCIIMPEHHs HO-
BBIC KJIACCHI OYJICM HCITOJIb30BaTh B KAUECTBE 3aIPOCOB.

Ha BTOopoMm 3tame Bbuucisgercs HHGOPMATUBHOCTh Ifji (i=1,s) Bcex cnoBoOpM M3 TIPeIOKE-
Hui Beex kiaccoB Uy, Uy, ..., Us o popmynam (8) u (10).
Ha tpeTbem stamne GopMHUPYOTCS TOUCKOBBIE 00Pas3bI

M, = {(a, 12); (0, 15 );..| @, b, €Uy}, i =1,

Bcex kimaccoB Uj, Uy, ..., Us mpenmoxennii. ITH TOUCKOBBIE 00pa3bl Oy IyT NCIOIB30BaHBI B KAYECTBE
MOMCKOBBIX MPEITUCAHNN, IOJTYYCHHBIX TIOCIIE Pa30MEHUs UCXOTHOTO 3arpoca.

MocaenouckoBasi KoppeKnus 3anpocoB. [1ycTh mo-npexxHeMy Z € Z — HEKOTOPBIH 3a1poC MOJb-
3oBarens, () — ero uHbpOpMaIMOHHAS TIOTPEOHOCTD, a T(Z) — COBOKYITHOCTh HAWIEHHBIX TEKCTOB IO
JTAHHOMY 3arpocy.

Koppekuus 3anpocosé Ha ocnoee oueHoK nepmuneHmHocmu pe3yibmamos nouckd. O003HaINM
yepe3 t, TEKCT, MOJyYeHHBIH MyTeM OOBEIUHEHUS MPEIONKEHUN M3 BCEX TEKCTOB MHOXKECTBa 7(Z),
KOTOpBIE TIOJH30BATEIh OLEHIIT KaK IEPTHHEHTHBIE:

t,={plp et temn(2), vt 6(2) =1}
Boruriciinm nHPOPMATHBHOCT BCEX CIIOB TEKCTA t, 10 popMyste, aHATIOTHIHON BBIpasKEHHUIO (2):

Par, Syn
n +n * +n>"

a __ t, t, t
tZ

= 12)
a Par, Syn, * (
an + an + an

Hckmrounm H3 3ampoca Z Bce KII0UYEBBIE CIIOBA, HE BXOSIINE B TEKCT 17, a Takke cioBa, nHpopMa-
TUBHOCTh KOTOPBIX, BBIYKCIEHHas 1o ¢opmyne (8), MeHbIE HEKOTOPOTO MOPOrOBOIO 3HAYCHUS.
B urore nony4um OTKOPPEKTUPOBAHHBIN 3aIIPOC

= {by, by, . [bezUL, 1721%1=1,2, ..}, (13)

CuHTE3 MOMCKOBOrO MpeAnucanus u3 3ampoca (9) CBOAMTCS K MPUIHCHIBAHUIO KAXKJIOMY KITFOUe-
BOMY CJIOBY 3anpoca Z* ero HHQOpPMaTHBHOCTH:

2= {(by, 1), (b2, 1), lbiezut, 1121%0=1,2, ..}

Koppexuyus 3anpocoé na ocnose 3amensl ux nepmuHenmusimu mekcmamu-oopasyamu. Iycrob
z;={ay, ap, ...|aj € Wey, i =1, 2, ...} — 3anpoc nosp3oBarens, a Cf = Ct; U Ct, U ... — mosHbIi Kopityc
TEKCTOB. I10CIIEMONCKOBYIO KOPPEKIIMIO 3a11pOCa Z3 pealu3yeM B TPH JTara.

Ha niepBom stare mpoBeeM J0MOMCKOBYIO KOPPEKIMIO 3a1poca Z; Ha OCHOBE KOPITyCOB TEKCTOB.
B pesyibrare mojayuuM 3amnpoc

Zr = {(al, Izazl), (az, I;; ), ...|ai e Wey, i= 1,2, },

rue Iza; , IZ 2, ... — 3HaUeHUs MHOOPMATUBHOCTHU KJIFOUEBBIX CJIOB aj, 8y, ... COOTBETCTBEHHO.
PaccMOTpuM peanusaiuio BTOPOro dTama MOCICHOMCKOBOW KOPPEKIUK 3ampoca IMOJb30BaTENs.

ITycts Lex ={Cy, ¢s,..., ¢n) — MHOKECTBO BCEX Pa3IMYHBIX CIIOB IMOJHOTO Koprmyca TekctoB Cf, a E —

N-MepHOe eBKIMI0BO mnpocTpancTBo. [loctpoum B E BektOop 3ampoca Zp: F, =(ry, Iy,..., ),

e = Izr2 , €CII CJIOBO I} BXOJUT B 3ampocC Zp, B IPOTUBHOM ciaydae I = 0. AHAIOTMYHO IJIs KaKI0TO

tekcra t € T moCTporM BEKTOP €ro MmoMcKoBOro oopasa B mpoctpanctse E: Fy= (Sy, Sp,..., Sp).
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Ha TPETHEM 3TANIC KOPPCKIHHU 3aIpocCa IMOJb30BATCIId OCYHICCTBHUM IMOUCK PCICBAHTHBIX TECKCTOB
B COOTBECTCTBHHU C KPUTCPUEM BbIJaUU

n

2S5
i=1

FtFZ —
COS ¢, = 2= _ :
"IRIRD e [ e
i:lI |:1I

MHoxecTBO T(Z;) TEKCTOB, HAHACHHBIX 10 3aMPOCY Zp, MPEABABISICTCS MOIb30BATEII0, KOTOPBIH
BHIOUpaeT HauboJslee IepTHHEHTHEIH TekeT t € m(Z,). [louckosklit 06pa3 o(t") Texcra t* mpuobpeTaet
CTaTyc OTKOPPEKTUPOBAHHOTO 3aIpoca:

z={(Cs, 12), (Cor 1%), .}

3aknawuenue. Pazpaborana maTemathdeckas MOJIETh KOPPEKITUH 3alpOCOB IMOJIL30BATENCH B CH-
cTeMe HHPOPMAITMOHHON TOAASPKKH PUHATHUS pelieHnid. B pamkax Moaeny npeniokeHsl GopMyIbl
JUTSL BBIYHMCIICHUS! HHYOPMATUBHOCTH CJIOB, MPEIJIOKEHNH U TEKCTOB, a TakKe BepOAIbHBIX accollra-
Uil Mex 1y HUMU. PaccMOTpeHbI Ba BHIa B3aUMOJICHCTBHA TOJIh30BaTeNeil ¢ MHQOPMAaIlMOHHON CH-
CTEMOH IpH KOPPEKLUH 3aIIPOCOB: JOIOUCKOBOE U MOCIENOUCKOBOE. B mpolecce 10OUCKOBOIO B3a-
UMOJICHCTBHSI TOJIb30BATENI0 TPEABABISIOTCS CBEICHUS, KOTOpBIE HCIOIB3YIOTCS TpH (hopMmy-
JMPOBaHUM M KOppeKuuu 3ampocoB. [locienonckoBoe B3anMOJEHCTBHE OCHOBAHO Ha OLGHKE M HC-
MOJIb30BAaHUM Ha MOCIEIYIOLINX 3Taax MOMCKa IPOMEXYTOUHON BbIJaUU HalAeHHON MH(OpMAaLKH.

Pa3pa60TaHH AJITOPUTMBIL I[OHOHCKOBOP'I KOpPEKIHHU 3alIpOCOB ITYTEM NOIIOJHCHUSA KIIOYEBBIX CJIOB
3aIpOCOB CJIOBOM3MEHEHUSIMU U CHHOHMMaMH, IPUMEHEHHSI KOPILYCOB TEKCTOB AJISI BEIYUCICHUS MH-
(OpMaTUBHOCTH KJIFOUEBBIX CIIOB M Pa30MEHHMS CIIOKHOTO HCXOAHOTO 3aIIpoca Ha HECKOIBKO IPOCTHIX.

IIpenoxeHs! alrOPUTMBI TTOCIETIOMCKOBOM KOPPEKIIUN 3aIIPOCOB HA OCHOBE OIIEHOK MEPTHHEHT-
HOCTH pe3yJbTaTOB IMOMCKAa W Ha OCHOBE 3aMEHBl HMCXOAHBIX 3alpOCOB NMEPTHUHETHBIMU TEKCTaMU-
oOpa3amu.
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AHHOTAMA

enu. B cBsA3U ¢ yBeIMUEHHEM KOJIMYIECTBA COTHEYHBIX AJICKTPOCTAHIMN aKTyaJIbHOH 3a/1adeil CTaHOBUTCS aB-
TOMaTH3aIMsl MOHUTOPUHTa UX paborocnocobHocTH. [Tonck aHoManuit B paboTe CONHEUHBIX ANEKTPOCTAHIMN —
OJlHa U3 OCHOBHBIX COCTABJIAIONINX MOHHTOpPHUHTA. Llensb nccnemoBaHus 3aKito4aeTcs B pa3paboTKe HOBBIX Me-
TOJIMK U NPOTPaMMHBIX aITOPUTMOB TIOMCKAa aHOMAJIHMH B paboTe COTHEYHBIX MaHeJIeH Ha OCHOBE PE3yNbTaToOB
paboThI 1M(POBOTO JBOIHUKA, CO3JAHHOTO M 00YYEHHOTO 110 AaHHBIM TEJIEMETPUH COJHEYHOU JIEKTPOCTAHIIMH.
MeToasl. MeTouka OCHOBaHA Ha CTATUCTHYECKHUX MCCIIETOBAHUAX OTKIOHEHUH 3HAYEHUI MOIIHOCTH B TOUYKE
MaKCUMaJIbHO 3(PPEeKTUBHON pabOTHI COTHEYHON MaHEeNH, PaCCUMTaHHOM LM(pPOBEIM ABOMHHUKOM. Kpome Toro,
BBE/ICHO HOPMAaJIM30BaHHOE 3HAYEHHE MOIIHOCTH MAKCUMAJIBHO 3(P(PEKTUBHON PabOThl COTHEYHON MaHeTH IS
GoJiee TOYHON KITACTEpHU3AIMK M TOMCKA AHOMAJIHH.

PesynpTarer. C moMomnpio pa3paboTaHHOW METOAMKH TOMCKAa aHOMalWi B JAHHBIX TEJIEMETPUH 3a IOJIr0/1a
HaOJroIeHUi 0OHapyKeHBI 18 aHoManwii B paboTe CONHEUHBIX MaHeNeH AIeKTPOCTaHIuN. Bee ciryuan mpoaHa-
JM3UPOBaHbI Ha MIPEIMET IPUYMH BO3HUKHOBEHHS aHOMAJINH B pabOTe COTHEUHBIX ITaHeIeH.

3aknioueHue. YCTaHOBICHO, YTO NPH WCIIOIL30BAHUM B aHAJIM3€ OTKIOHEHUH HOPMaJIM30BaHHBIX 3HAYCHUH
MOIITHOCTEH B TOYKE MaKCHMAaJIBbHON MOIIHOCTH Py BO3MOXKHO OOHapyXeHHE aHOMAIbHOW pabOTHl OTAEIHHBIX
naHese. PaccuntaH ypoBeHb OTKJIOHEHHsS HOPMAJH30BAHHBIX 3HAYEHHH B TOYKE MAKCHMAaJlbHONH MOIIHOCTH,
CBU/ICTENILCTBYIOUTHH O HAIMYUN aHOMAJIUH B pabOTE COJIHEYHOH MaHEeIH.

KuaroueBble cjioBa: cojlHEUHAas IMaHeJib, HOPMaJIN30BaAHHOC 3HAYCHUEC MOIIIHOCTHU, ITOUCK aHOMaHHﬁ, TOYKa MakK-
CUMAaJIbHOM MOMIHOCTH, COJTHEYHAA JJICKTPOCTAaHIINA, TCICMCTPUA
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Abstract

Objectives. In connection with the increase in the number of solar power plants, the automation of monitoring
their performance becomes an urgent task. The search for anomalies in the operation of solar power plants is one
of the main components of monitoring. The purpose of the study is to develop new methods and software
algorithms for finding anomalies in the operation of solar panels based on the results of a digital twin created and
trained according to the telemetry data of a solar power plant.

Methods. The developed technique is based on statistical studies of deviations of power values at the point of
maximum efficient operation of the solar panel calculated by the digital twin. In addition, a normalized value
of the power in the maximum efficient operation of the solar panel was introduced for more accurate clustering
and anomaly search.

Results. Using the developed method of static search for half a year of observations, 18 anomalies were detected
in the operation of the solar panels of the power plant. All cases are analyzed for the causes of anomalies in the
operation of solar panels.

Conclusion. It has been established that when using normalized power values in the analysis of deviations at
the point of maximum power PN, it is possible to detect abnormal operation of individual panels. The level of
deviation of the normalized values at the point of maximum power was calculated, indicating the presence of an
anomaly in the operation of solar panel.

Keywords: solar panel, normalized power value, anomaly search, maximum power point, solar power plant,
telemetry
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BBEHeHI/Ie. Poct 00BeMOB BLIpa6OTKI/I QJICKTPOSHEPIrUr MOoCpeACTBOM COJIHCUHBIX 3J1€KT‘p0€TaHI_IHI>'I
CTUMYJIHPYCT PA3BUTHUC CUCTEM MOHUTOPUHI'A UX TCXHUYCCKOTO COCTOSIHUSA, 4 TAKIKC c11oco0oB aBTOMa-
THU3alUH1 MMOUCKa HEUCIIPABHBIX COJTHEYHBIX naHejen u (i)aKTOB X aHOMAJIBHOT'O (bYHKI_II/IOHI/IPOBaHI/ISI.

Jlns  MOHHMTOpPHMHTA TEXHHYECKOr0 COCTOSIHHSI HCIONIB3yloT —obOmaunbie pecypebl  (URL:
https://www.solarfeeds.com/mag/solar-monitoring-systems-in-the-world/,  http://www.sunsniffer.de/
solution/what-is-sunsniffer.html, https://www.solareye.eu/platform/?r=site/page&view=features,
http://www.pvsyst.com/en/), KoTopsie MO3BOJIAIOT COOMPATh HaHHBIE TEJIEMETPHH IIPH OCHAIICHHH
COJIHCYHBIX BHCKTPOCTaHLII/Iﬁ COOTBCTCTBYHOIIIUM O60py}.‘LOBaHI/ICM, OCYILICCTBJIATL 4CPEC3 Be6-I/IHTep-
(beﬁc aHAJIN3 OCHOBHBIX MapaMETpOB pa6OTI>I QJICKTPOCTAaHIIUU B LCJIOM MW KOHKPCTHBIX rmaHeJen
B yacTHOCTH. Kak mpaBmiio, B 00JIaYHBIX CEpBHCAX COXPAHSAIOTCS 3HAUYEHUS HANPSKEHUS, TeMIepaTy-
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PBI, CHIIBI TOKa Ka)KJIOW MaHeTd U OCBELICHHOCTH AJIS BCeX MmaHenel anekTpoctanuui. OOHapyXeHue
aHOMaJIMil B pabOTe KOHKPETHBIX COJHEYHBIX MaHeJeld W WX KiacCH(pUKalus 3aBUCIT OT BHUMAaHUS
Y KBaJTH(HUKAINH TTOIH30BATENS O0IAYHOTO pecypea, a TakKe OT HAIHYIUS y pecypca GyHKIHA 1Mo 00-
Hapy>KCHUIO aHOMAaJIUil B pabOTe ¥ HEUCIPABHBIX COJIHEYHBIX IaHENEH.

s perieHust 3aja4u MOKCKa aHOMAJTH B pabOTe COJTHEYHBIX MaHeNel ¢ UCTIONb30BaHUEM JJTAaHHBIX
TEJIEMETPUM Psii UCCIENOBaTENEH IpeAararoT OCYIIECTBIISITH MOAEIMPOBAHHE COJHEYHBIX IaHE-
neii [1-3]. Ipyrue aBropsl [4—10] HCHONB3YIOT METOJVKH W alTOPUTMBI OIIGHKH TaK Ha3bIBaeMOMN
TOYKH MakcuMaibHO# MotHocT (Maximum Power Point, MPP) — koMOMHaIIMU CHIIBI TOKA U HAIIPSI-
JKEHHsI TIAHENH, MPU KOTOPBIX ChEM DHEPTHH SIBJISIETCS ONTHUMAIIBHBIM, — JUISL COJTHEYHBIX NaHenen
3JIEKTPOCTAHIIMU TPH ONPEAETICHHBIX yclnoBUAX. OIHAKO 3TH METOIUKU OO TPEeOYIOT YCTaHOBKH
JIOTIOJTHUTENEHOTO 00OPYIOBaHUS C U3BJICYCHUEM JONOIHUTENBHBIX JaHHBIX AJISI IPUMEHEHUS! METO-
JUK ¥ QJITOPUTMOB, JTHOO HE YYUTHIBAIOT TOTO (aKTa, YTO COJHEUHBIE MaHEeI! MOAKIIOYCHbI B LET0Y-
KU IIOCJIEAOBATEIbHO U MOTYT padOTaTh HE B CBOEM ONTHMAaIbHOM PEXKHUME.

OTMe4eHHBIE HENOCTAaTKH METOJUK MOJEIMPOBaHUS pPabOTOCIOCOOHOCTH CONHEYHBIX IaHenen
ycrpaneHsl apropamu [11-14]. PesynpTathl paboTsl HM(GPOBOrO TBOMHUKA MO3BOJSIFOT MCIOIB30BAThH
pacueTHble 3HaueHHs1 MOIIHOCTH MPP u BonbT-amMnepHble XapakTepUCTUKHU [UI KaKIOW MaHEIN Mpu
TIOVCKE aHOMAaJNi B paboTe COTHEYHBIX TTaHeNeH.

Llens HACTOSIIETO HCCIIEAOBAHHUA — Pa3paboTKa METOAMKU M MPOTPaMMHOTO CpPEACTBa OOHApYKe-
HUsI aHOMaJMil B paboTe CONTHEUHBIX MaHelel 1Mo pe3ysibTaraM TeleMEeTpUH, MPEICTaBICHHON 00mau-
HeiM pecypcom (URL: http://www.sunsniffer.de/solution/what-is-sunsniffer.html), na ocroBanuu
momHocTr MPP, momydenHoii ¢ ucmonp30BaHreM HPPOBOTO JBOMHHUKA COTHEYHOM AIEKTPOCTAHITHH.

Mertonuka skcmepuMenta. B xojie wccieqoBaHUsS HCIOIB30BAJIMCh PE3YIbTAThl TEEMETPHU
¢ anextpocTanimu Sidstadt-Forum, pacmonoxenHnoit B HiopuGepre, I'epmanusi. B coctaB ycTaHOBKH
BxomaT Tpu uHBepTopa (Momenu SUN2000-20KTL, Sinvert PVM17 u Sinvert PVM20) ¢ 16 mocemo-
BaTENbHOCTIMH (LIENIOYKH COJTHEUHBIX MaHesnei) u 287 colHeuHbIX naHesneil. Bee 1enoyku cocTodar us3
18 doroanexTpuueckux MoHOKpHcTaLTHYeckux Moayieir M190 (STORM Energy GmbH, T'epmanus).

[Tnardopma mudpoBoro aBOMHKMKA HpemocTaBisieT mporpammubiii narepdeiic APl (Application
Programming Interface) [14, 15], xoTopslif TPUHUMAET AaHHBIE MOHMTOPHHTA 33 OIPe/ICICHHbIN Ie-
pPHOA M BO3BpAIAeT MapaMeTpbl (GU3UKO-MATEMATHYECKOH MOJENU JJISi BCEX CONHEUYHBIX IMaHEIeH.
Bxonnsie nannbie 11t APl BkirodaroT B ce0sl ciieayrolye napamMmerphl: HallpsoKeHUe, CUTy TOKa, TeM-
nepaTypy B KOpIIycE€ COJHEUHOW IaHENIH, YPOBEHb OCBEIEHHOCTH, BPEMEHHYyI0 MeTKy. MHrepsan
(UKcanny MepeyrcIeHHbIX MapaMeTpoB 2 MuH. Habop MaHHBIX coOHpasics ¢ MOMOIIBIO TeJIeMETPUU
¢ WroHs 110 HOAOpb 2019 T. BKITIOYUTENHHO.

PesysnbpraTrom paboThl nudpoBoro aoitHuka (API) SBISIOTCS MapaMeTpsbl, ONpe/Ie/ICHHbIE B CMO/IC-
JMPOBAHHBIX CTAHJIAPTHBIX ychoBusx ucnbitanuii (Standard Test Conditions, STC) anst kaxoit co-
HEYHOW TAaHEeTN 3JEKTPOCTAHIINU; BBIXOMHAS MOIIHOCTH, B MPP, Hamnpspkenue u cmiia Toka B MPP,
MOCJIEJOBAaTEIFHOE W MapajljieNlbHOE BJIEKTPUYECKOE CONPOTUBIEHHE, TOK KOPOTKOTO 3aMBIKAHUS
Y HalpsHKEHHUE XOJIOCTOTO X0/1a.

s peanu3anuu ¥ MpOBEPKH MPEI0KEHHONH METOIUKH HCIIONB30BAJICS SI3bIK ITPOTPAMMHUPOBAHHUS
Node.JS BmecTe ¢ pacnapasiearBaHieM async/await 1uis yCKOpeHHs: BBIYUCICHHH ¢ OOIBIIMM KOJIH-
YECTBOM COJIHEYHBIX HaHENEeH.

OOmuii aHaM3 ¢ MOMOIIBIO KPUTEPUATILHON METOJMKH MPUMEHSIETCS U MIPEACTABICHUS U U3Y-
YEeHHUsl JAHHBIX, YAOOHBIX Uil OOHapyXeHUs aHOManui. Takas METOAMKAa MOXET IOMOYb BBISIBUThH
HEKOTOpBIE MPOOJIeMBI Ha YPOBHE LETOYEK MM KOHKPETHBIX COJIHEUHBIX ITaHesell Ha OCHOBE JIOKaJlb-
HBIX KPUTEPHEB.

HcxonHble TOYKM JAHHBIX, MOJYYECHHBIE B pe3yJbTaTe pacueTa HUPPOBBIM JBOWHUKOM, UMEIOT
cnenyromue ocodeHHocTu: MouHocTe MPP B STC, unenTudukaTop MOmyls, KaJleHAapHBIA MeCsI.
s aHanmm3a JaHHBIX MCIIOIB30BAINCH HOPMAJIM30BaHHbIE 3HaueHus MomHocTeld B MPP Py mmst Bcex
COJTHEYHBIX TIaHeNeH, KOTOPhIE PACCYHTHIBAINCEH 110 (popMyIe

Poop = Po 1
Py =" —"100%, )

m
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rae Pn — roobanpHOE MeauaHHOE 3HAUYCHHWE MOIIMHOCTH, BT. Beraucisercst kak cpemHee 3HaYCHUE TI0
BCEM MEJIMaHaM CTPOK:

2P @)

riae Ps — MeanaHHOe 3Hau€HHUe MOIIHOCTH Pppp A7 OTAEIBHON HENOYKU MOCIE0BATENBHO TOIKIIIO-
YEHHBIX COJHEYHBIX MaHENeH, N — KOJMYECTBO MEMOYCK B 3JEKTPOCTAHIIUH, | — HOMEP IEMOYKH COJI-
HEYHBIX TTaHEIIeH.

UToOBI CTPYKTYpUPOBATh PE3yJIbTAThl PACUCTOB M OJJHO3HAYHO BBIJCIIUTh aHOMAJINH, 3HaUYCHUsS Py
OBLTH pa3zfenieHbl Ha CIeyIOIINe KaTerOpru:

— MHHAMAaJbHOE 3HAYEHUE;

— 25-1i IpOTIeHTNITD;

— 50-# poreHTHII;

— 75-1 IpOTIeHTNIID;

— MaKCUMAaJIbHOE 3HaYCHHE.

Hns mpencraBnerust 50-ro IPOIEHTHIIS PacIpeleleHNs] HCIIOIb30BaJNCh IBA METO/Ia OLEHKU: Me-
JIuaHbl ¥ neHTpa Mace. O0a MeTona ObUTH NIPOaHATU3UPOBAHBI BU3YaAlIbHO 10 TpadukaM, 4TOOBI OIle-
HUTh, KakOW W3 HUX Hamboiee mH(DOpMaTHBeH. Takoe CTATHCTUYECKOE CTPYKTYPHUPOBaHUE NAHHBIX
MO3BOJISIET BU3YAIM3UPOBATh BEIOPOCH TIPY BHITIONHEHUN aHAJM3a HA YPOBHE HEMOYKH WUIH OTIEIBHO
B3ATON COJTHEYHOU MaHEeH.

s aHanmu3a naHHble ObUTM OOBEAMHEHBI B JIBa MPEACTABICHHS: OJHOTOYCYHBIC M JIMHCHHBIC.
OnHOTOYEYHBIE JaHHBIC COAEPXKAT TOJNBKO OJHO arpernpoBaHHOE 3HAUYEHHE 3a BECh ITOYTOHOBOM
nepuos. JIuHeWHbIe NMaHHBIE WMEIOT IIECTh TOYEK: MO OJHOW TOYKE HA Ka)XAbId Mecsl (UIOHb —
HOs10pb 2019 T1.). OAHOTOYCUHBIC JaHHBIC MMO3BOJIAIOT IPy0O OICHUTH OOIIYHO IMPOU3BOAUTEIBHOCTh
KOHKPETHOH COJIHEUHOH MaHeNnu, JIMHEUHbIE JaHHbIe — aHOMAJIUU B IMHaMuke. [lomumo pacuera rio-
bampHOTO Py 10 hopmyire (1) OBIT OCYIECTBIIEH €IIle pacyeT JOoKambHOTO Py 1Mo 3Toi ke dhopmyre.
Opmnako as pacuera Py HCHIOIB30BaIUCh MEAMAHBI, pACCYUTAHHBIC IO [IETIOYKaM TaHENIeH, OTHOCS-
HIIMCS K KOHKPETHOMY UHBEPTOPY.

Jns naneHeiiniero aHanmu3a JaHHBIE CTPYKTYPHPYIOTCS MO HECKOJBKHM JTaraM TPYIITHPOBKH:
HaYMHAas CO BCEX MOJyJIEH BMECTE, 3aTEM IO TPYIIaM, MPUKPEITICHHBIM K KOHKPETHOMY THITY HHBEP-
TOpa, U, HAKOHEI, 110 TTAaHEJISIM, COSAMHEHHBIM B OJIHY IICTIOUKY.

OTallbl TPYIAPOBKH:

1) Bce Moaynu;

2) momynu mo Ttumy uHBepropa (rpymma 1 — Huawei SUN2000-20KTL, rpymma 2 — Siemens
Sinvert PVM17, rpynma 3 — Siemens Sinvert PVM20);

3) MOTyJTH, TOKITFOYEHHBIE B IETIOYKH.

Ha nepBoMm 3Tame Bce TOUKH pa3feisioTcs Ha TPU KATETOPUH B 3aBUCUMOCTH OT THIIA HHBEPTOPA.
Cremyrommmii aTamn BKiodaeT 16 kareropuii (0/IHa KaTeropus Ha OJIHY IETIOYKY COTHEYHBIX MaHeleH).

[Ipu aHanmM3e MaHHBIX BHYTPH TPYIII HCIIONB3YIOTCS JIBA THIIA KPUTEPUEB: MIOOATBHBIC M JIOKAIh-
Hble. [100aJIbHBIE KPUTEPUH YUUTHIBAIOT BCE HOPMAIM30BaHHBIC 3HaUeHMst MomHocTeld B MPP Py st
MaHeJIeil CONHEYHOM 3JIEKTPOCTAHIIMK TPHU CO3JaHUHM STAJIOHHOTO 3HadeHWs. HampoTus, JOKaJIbHEBIE
KPUTEPUU PACCMATPUBAIOT TOJIBKO TEKYIIYI0 Tpymiy (HampuMmep, KOHKPETHYIO IENOYKy WIH WH-
BepTop). KpoMe Toro, HopManu3anus JaHHBIX MPUMEHSIETCS IS YCTPAHCHHS CMEIICHUS HOMHHAIb-
HBIX MOITHOCTEH MEXTy COTHECYHBIMU IMAHETSIMU. DTO MO3BOJISET JIYUIIe BU3YATH3UPOBATh aHOMAITUH
U ONPEJENITh UX KOJIMUECTBEHHO B IIpoleHTax. Meauana pacnpeneneHus Py, HCIOIB30Banach B Ka-
YECTBE ATAJIOHHOTO 3HAYCHHUS 111 HOpMaJIU3alluU.

ITocnemoBaTeT,HOCTD TPYMITUPOBKH, MPEACTABICHHAS BBIIIE, TIO3BOJIIET HAYaTh TTOWCK BEIOPOCOB
Ha YPOBHE BCEH 3JICKTPOCTAHIIMH, a 3aTEM Ha Ka)k[[OM dTalle TPYIIUPOBAaHHS IOCTEIICHHO CYyXaTh 00-
JIACTh aHAJIM3A YIS BBISBIICHUS JIOKAJIBHBIX IIPOOJIEM C OTACTHHBIMU COJTHEUHBIMU TTAHEIISIMHU.
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Pe3yabTaThl HCCIeT0BaHUs. AHAIN3 OCHOBAH Ha HECKOJNBKHUX dTamax TPYMITAPOBKH W MPEIo-
CTaBJISICT JIOKAJTM30BAHHBIC PE3yIbTAThI HAa KaXI0M dTare. Ha mepBoM 3Tarme ocymiecTBIseTCs aHaTN3
CPEIHEro 3HaYCHMs] MOIIHOCTH CONHEYHBIX maHeneid B MPP u B cocrosuum STC (Ppnpp). Ha puc. 1
KPacHBIM [[BETOM ITOKa3aHa KPHBasi CO CPSAHIMH 3HAUCHUAMU P, 32 osroza.

Cpennee 3HaueHue Py, 11 Bcex Touek coctaBiser 176,89 Br. Ilopor ortkinonenus 10 Br ot
cpemHero OyaeM cyYMTaTh MPHU3HAKOM IPOSIBICHUS aHOMAIbHOW PabOThI COJMHEYHOH manenu. (DToT
[OPOT YCTAHOBJIEH JKCIEPUMEHTAIBHO, pPa3pabOTaHHOE MPOTPAMMHOE CpPEICTBO 00ECHeYrBacT
BO3MOXXHOCTb €r0 M3MEHEHHUs.) B pe3ynbrare mpUMEHEHHUS] METOIMKH OOHApPYKEHBI YEThIPE CONHEY-
HbIC TIAHENH, BBIXOMAIIME 3a yCTaHOBIACHHBIM mopor: Module 1.4 1 (200,01 Br), Module 1.4 8
(188,18 Bt), Module 1.11 15 (158,7 Bt) u Module 2.3 10 (130,5 BT). DTu 1Be oTpHIaTeIbHbIC U 1BE
MOJIOXKHUTEIbHBIC AHOMATIMY BUIHBI Ha TpaduKe.

Iy Toro 4TOOBI ONPEaeTUTh, OBLIM OOHAPY)KEHHBIC AHOMAJIMK B PA0OTE CONHEYHBIX MaHeeH mo-
CTOSTHHBIMY WJTH TIPOSIBIJIMCE €JHHOK/IBI, OCYIIIECTBIICH PacueT CPEIHEro 3HAYCHUS Pryp 1T KaXJ0T0
MecsIa U MPOaHATU3UPOBAaHbl MUHUMAIIbHBIC 1 MAKCUMAaJIbHbIC 3HAUYCHHUS B COMOCTABJICHUU C OOIIHM
cpeHUM 3HaueHueM (puc. 1).
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Puc. 1. Cpennss moriHocTh B MPP 117151 COTHEUHBIX MaHelei ¢ HioHs 1o Hosiopb 2019 1.
CHHHIM I[BETOM OTMEUEHO MUHHUMAJIBHOE CPETHEMECIUHOE 3HAUCHUE, OPAH)KEBBIM — MAKCUMAJIBHOE
CpeIHeMEeCTHOE 3HAUCHUE, KPACHBIM — CpeHee 3a II0JIro/1a 3HaYeHe

Fig. 1. Average power per point at the MPP for solar panels from June to November 2019. Blue marks the minimum
average monthly value, orange — the maximum average monthly value, red — the average value for half a year

Puc. 1 mo3BomnsieT BU3yanbHO KIaCCU(PHUIMPOBATH MAaTTEPHBI aHOMAIIMH 3a MIeCTh MecsIeB HaOIro-
JICHUS. ¥ BhIpA0OTaTh KPUTEPHH JIJIsl AJITOPUTMA aBTOMATHUYECKOTO TMOUCKAa aHOMAaJiuii B paboTe COJI-
HEUYHBIX TaHeNei. BuIHO, 4TO OTKIOHEHHWe B paboTe conHe4HbIX mnaHened Module 2,3 10,
Module 1.4_1 u Module 1.4_8 umeer nocrosiHHBII Xapaktep. Hanpumep, cpenaee 3HaueHue Py, 1ust
conreunoit manenn Module 2,3 10 cocrasister 130,51 BT, a MuanumaisHoe 3HaueHune — 126,78 Br.
Hanporus, conneunas manens ¢ Module 1,11 15 geMoHCTpUpyeT aHOMAJIbHOE TTOBEAEHUE €TUHOMKIBI
C MUHHMMAJIbHBIM 3Ha4eHHeM Py, B 85,72 BT, uro ckopee Bcero u MpUBOAMUT K CPEAHEMY 3Haue-
uuio 158,72 Br.

Jayee ObL OCYIIECTBJICH aHAJIU3 JIMHEHHBIX TaHHBIX, TJI¢ HOPMUPOBaHHbBIC 3HaUeHHS Py 111 Bcex
MoJyJel ObUIN paccuuTaHbl ¢ ToMouIbio Gopmyn (1) u (2). IlepBblii MOAXOA K KIIACTEPU3ALIMH 3aKITIO-
YaeTCcs B OTHECEHUH COJTHEUHBIX MaHelel, OTKJIOHEeHUe Py KOTOPBIX OT TI100aIbHOM MeIUaHbl MPEBBI-
1IaeT ONpeJeNIeHHBIH Mpejiell, K OTAeIbHOMY Kiactepy. BriOop opHOro mopora gaer JBa Kiacrtepa:
HOpPMAaJIBHBIE U aHOMAJILHBIE COJTHEYHBIE MaHeNd. [Ipy nCroab30BaHUY B KJIACTEPU3AIUN TIOPOTOBOTO
3HaueHus +/— 10 % ObUTH MOMYYEHBI BOCEMb COJHEUYHBIX MaHENEeH, KOTOPhIe OTHOCATCS K KiacTepy
aHOMAJILHBIX (pa3paboTaHHOE MPOTrPaMMHOE CPEJICTBO 0OEeCIieYrBaeT U3MEHEHUE 3TOTO TIOPOTOBOTO
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3HaueHwus). [ Gosee IeTaIFHOTO M HATIISITHOTO aHAJIHM3a COMHEYHBIE MAHEeIN OBLIH CIPYNITHPOBAHBI
10 THIy MHBEPTOpPA, K KOTOPOMY HX MOAKIIOUMIN. Pe3ynbrarel s rpynnbl 1 (LEMOYKH HaHene,
nogxmoueHHbIXx K nHBepTopy SUN2000-20KTL) mpeacraBnenst Ha puc. 2. B rpynne 1 B kmactep
AQHOMAJIbHBIX TOMAIAI0T IISITh COMHEYHBIX manenei: Module 1,1 2 (10,8 % B aBrycre), Module 1,1_4
(— 10 % B aBrycte), Module 1,4 1 (Bce mects MecsiieB, ot +17 mo +20 %), Module 1,4 1 1.4 3
(- 10,1 % B HOs1Ope) u Module 1,4 1 1.5 6 (— 11,1 % B HOsOpe). MHTEepecHO, uto Module 1,4 1 mo-
CTOSIHHO TTOKa3bIBAaeT IMOJIOKUTEIbHBIC 3HAYCHUS] OTKJIOHCHMS B TEUCHHE BCEX IIECTH MECAIEB. JTO
MOKHO OOBSCHHUTH 3HAUNUTEIHHO JIyYIIUMHI YCIOBUSIMH YCTAaHOBKHU HJIM IIPOCTO anmapaTHbIM apTedak-
TOM MOHUTOPHHTA.
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Puc. 2. Hopmanu3oBauusie 3naueHust mouiaocteid B MPP Py st conneunsix naneneit rpymmsl 1 mo mecsam B 2019 T.
Fig. 2. Normalized power values in MPP Py for group 1 solar panels by month in 2019

B rpymiy 2 BXOAAT [EMOYKH COMHEYHBIX IMaHENEeH, MOJKIIOYeHHbIX K HHBepTOpy Sinvert PVM17
(puc. 3). ConHeuHble aHENTH TPYIIBI 2 HE UMEIOT aHOMAJIMH COTJIACHO YCTAHOBJIEHHOMY KPHUTEPHIO
(otknonenue Py = 10 %). HekoTopbie Habnro1aeMble OTKIIOHEHHSI MOTYT OBITh BBI3BaHBI €CTECTBEH-
HBIM 3arpsi3HEHUEM HJIH OYHMCTKOM MOJyIIei.
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Puc. 3. HopmanusoBanHbie 3Ha4eHus MoiHocteir B MPP Py utst conHednbix maneneit rpymis 2 mo Mecsiam B 2019 T
Fig. 3. Normalized capacities in MPP Py for group 2 panels by month in 2019
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B rpynmy 3 BXOAAT LEMOYKU COMHEYHBIX MaHeNeH, MoIKII0YeHHbIX K nHBepTopy Sinvert PVM20
(puc. 4).
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Puc. 4. HopmanmuzoBanHsle 3HaueHUs MomHocTel B MPP Py it conneunsix naneneit rpymst 3 mo mecsam B 2019 r.
Fig. 4. Normalized power values in MPP Py for group 3 solar panels by month in 2019

B rpymme 3 Tpu COJIHEUYHbIC MaHEIH MOKHO OTHEeCTH K aHomanbHbiM: Module 1.11 1 (— 10,4 %
B HOs0pe), Module 1.11 15 (- 51,6 % B nHostbpe) u Module 2.3 10 (6omee — 20 % mms Bcex mmiecTd
MmecsiiieB). Crenyer oTMeTHTh, 4to aHomainus Module 1,11 15 Hocut BpemeHHsiii xapaktep. OTKiIO-
HeHue B — 51,6 % 3aperucTpupoBaHO TOJIBKO B HOSIOpE. AHAIN3 KPUBBIX OCBEIIEHHOCTU U CHJIBI TOKA
MIOKA3bIBACT, YTO NMPHYMHA 3aKJIIOYACTCSl B MONAJAaHUM COJHEYHOW MaHENU B TeHb NPAKTHYECKH Ha
BECh JICHb BO BTOPOH IOJIOBHHE HOSIOPSI.

AnomasbHas pabora comHeunoi manenn Module 2,3 10 coxpaHseTcs Bce MIECTh MeECSIIEB
(— 28,2 % B urone, — 25,5 % B uroie, — 28,5 % B aBrycte, — 28,1 % B centsiope, — 26,9 % B okTsIOpe
u—21 % B HOs1IODE).

B uenom aHanu3 nokaspIBaeT, YTO TOJIBKO MOJYJIH, MOJKIFOYEHHBIE K IEPBOMY U TPETbEMY UHBEP-
TOpaM, UMEIOT aHOMauH. [Ipon3BOANTENEHOCTS MOAYJIEH NBYX MHBEPTOPOB BCE BPEMsI HaXOOUTCS
B IpejieNiax JIOMyCTUMOTO Jana3oHa OTKIOHEHHH. JTO 03Ha4YaeT, 4To TPYMNITUPOBKA MO TUITY HHBEPTOpa
MOET JIaTh HHPOPMAIIHIO O TOM, KaK pacrpe/ielieHue aHOMaIUH COOTHOCHTCS C HHBEPTOPAMH.

Pe3ynpraThl aHanM3a OTKIOHEHWH pacueTHBIX Py U1 KOHKPETHBIX MaHesled OT Ii100albHOro Menu-
AQHHOTO 3Ha4YeHHs Py paccMOTpHM Ha mpuMepe ABYX LIEHNOYEK COJNHEYHBIX MaHeled ¢ HoMepamu 2.3
u 2.4 (puc. 5 u 6) s uaBepTopa rpymisl 3 B 2019 r. Mapkeps! B Bujie [IBETHBIX KPYrOB M KBaJpaToB
YKa3bIBarOT T'PaHUIIbL BbI6paHHI>IX CTAaTUCTHYCCKUX KaTeI‘OpPIfI, a OBCTHBIMHU JIMHUAMHU OTPAKCHBI

HOPMAaJIN30BaHHBIE 3HAYEHHUs MOIIHOCTH B MPP Py IemoYky CONHEYHBIX TaHeseil (CM. JIereHy Ha
puc. 5-8).
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Puc. 5. Hopmanu3oBauusie 3aaueHust mouiaoct B MPP Py conneunbix manerneii remnouku String 2.3
Fig. 5. Normalized power values in MPP Py photovoltaic modules of String 2.3
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BuaHo, 94TO GONBIIMHCTBO KPUBBIX JUIS COMHEYHBIX MAaHENeH TATOTEIOT K IEHTPY pacHpeiesIeHHs,
MOKAa3aHHOMY C KPHTEPUSIMH MEIUaHbl M IeHTpa Macc. KpuBble COMHEUHBIX MaHeleid, KOTopble Je-
MOHCTPUPYIOT aHOMaJbHYIO paboTy, 1100 3HAYMTENHHO BHIIIE, JTUO0 HIKE MEAWAHBl M LIEHTPa Macc
(marmpumep, Module 2,3_10).

s conreunoit manenu Module 2,3 10 B memouke COMHEYHBIX MaHenel ¢ Homepom String 2.3 mo-
4yTh Beerna (kpome HOsIOpst) pacueTHass MomHOCTh B MPP Py mMeer munumansHoe 3HaueHue. OHa
MIOKA3bIBACT OTKJIOHEHHE OTHOCUTENIBHO IIEHTPa OK0JIO 25 % B TeUeHHE BCEX MIECTH MECSIICB.
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Puc. 6. HopmanuzosanHsie 3HaueHust MouiHOCTH B MPP Py conHeunsIx maneneii renouku String 2.4
Fig. 6. Normalized power values in MPP Py photovoltaic modules of String 2.4

ToT ke aHanm3, 4TO U AJS CTPOKHU 2.4, TOKA3bIBACT THITUYHBIE PE3yIbTAThI AJIsl HCIIPABHOM CTPOKH.
OTKJIOHEHHUE BCEX MOJYJIEeH OT LEHTpa paclpeesIeHns OCTaeTcs B mpenenax + 4,5 %.

MoHO caenaTth UHTEPECHOE 3aKIIOYEHHE, YTO MOYTH HET BUIAMMOM pa3HHUIIBI MEXIY LEHTpamu
pacrpeneneHus, ONpeNeIeHHbIMI KPUTEPUSIMH MEJUaHbl U IEHTpa Macc. DTO MOXKHO OOBSCHHTH
HaJIM4YHeM 3HAYUTEIbHOTO KOJIMYECTBA MOMYJIEH, HCIIONB3YEMBIX IS pacueTa INI00aJbHBIX KPUTEPHU-
€B, YTO JIaeT CTATUCTUYECCKU HAJCKHBIN pe3yIbTar.

JBe nenouku ObUTH MpOAHATU3UPOBAHBI ITyTEM pacyeTa HOPMAaJIM30BAHHBIX 3HAYEHHUN MOITHOCTH
B MPP Py; ¢ ucnons30BaHreM JIOKaTbHBIX MEIMAH — 3HAUCHHUH, TIOJYUYEHHBIX OT COTHEUHBIX MaHeIeH
rpynisl 3. Pe3ynbTatel npeacTaBieHsl Ha puc. 7 U 8. Mapkepsl yKa3bIBalOT IPaHMIIbl BRIOPAHHBIX CTa-
TUCTUYECKUX KAaTEeropuil aist uaBeptopa rpynmnsl 3 B 2019 r.
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-10,00%

HopmanusoBaHHble 3HaveHus MoLHocT B MPP Py, %

Mecsuy,

Puc. 7. HopmanuzoBanusie 3nauesnst Mmomiaoct B MPP Py, comHeunsix maHenei nemouku String 2.3
Fig. 7. Normalized power values in MPP Py, photovoltaic modules String 2.3
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Ha puc. 7 BuaHO, YTO MpH OTMEYEHHOM CIIOCOOE aHalIM3a HEUCIpPaBHAs COJHEYHas MaHelb
Module 2,3 10 HaxoauTCs MPSIMO Y KPUTEPUEB MUHMMAIILHOTO 3HAYEHHUS U MOKA3bIBAET OTKIOHEHHUS
nopsiaka — 25 % 3a Bech epHOI HAOIIOICHIS.

Cremyer 3aMeTUTh, YTO IEHTP PACHPENC/ICHUs, OMPEIC/IACMbIli CPEIHUM 3HAYCHHEM, OCTACTCS
B mpejenax OOoJBIIMHCTBA KPUBBIX, XOTS PACIOJIOKEHHE [IEHTPA MacC 3HAYUTENLHO CMEIEHO B CTO-
POHY KPHUBOH COJTHEYHOW MaHEeNH, KOTOpas IEMOHCTPUpYET aHoManbHoe nmoseneHue (Module 2,3_10).
[TosTOMYy HCHOJB30BAHUE MEAWAHBI MPEAMOYTUTEIbHEE U aHaIM3a JOKAIbHBIX KPUTCPHEB H3-3a
MEHBIIIEH CTATHCTHYECKOM BHIOOPKH.

5,00% 50N = 75 npoyeHTMnb
25 npoueHTMNb
MUHUManbHO® 3HaveHne

© MakcumanbHoe 3HaueHue

® 50 npoyeHTMNbL
MepmaHa

= Module 2,4_1

= Module 2,4_2
Module 2,4_3

= Module 2.4_4

= Module 24_5
Module 2,4_6
Module 2,4_7
Module 2,4_8
Module 24_9

-2,50% Module 2,4_10

Module 2,4_11

Module 24_12

Module 2.4_13

Module 2.4_14

-5,00% Module 2,4_15
Wiokb Wione Asryct CeHts6pb OkTs6pb Hos6pb Module 2,4_16

Module 2.4_17

Mecsy, Module 2,4_18

2,50%

0,00%

HopmanuaoBaHHble 3HayeHnst MoLHoCcT B MPP Py, %

Puc. 8. HopmanuzosanHsie 3HaueHUst MOITHOCTH B MPP Py; conHeunbIx naHeseii nenouku String 2.4
Fig. 8. Normalized power values in MPP Py, photovoltaic modules String 2.4

AHanu3 JIOKaIbHBIX KPUTEPUEB JUIA [IETTOYKH 2.4, B KOTOPOH COJTHEUHBIE MaHeIn paboTaroT OHA-
KOBO, JTa€T Pe3yJIbTaThl C MaJbIM OTKJIOHEHHUEM OT Pe3yJIbTaTOB pacdeTa rio0anbHeIX Kputepues. OT-
KJIOHEHUE BCEX COTHEUHBIX MaHeNeH OT IIEHTpa paclpeeIeHIs OcTaeTcs B mpenenax = 4,5 %.

[lomyepkaeM, 4TO BCe HCIPaBHBIE [EMOYKU B AIIEKTPOCTAHIIMU JIEMOHCTPHUPYIOT MOBEICHHE, IO~
JI00HOE onmucaHHOMY BbIlie. Takum 00pa3oM, HCIIpaBHAsK IENOYKA XapaKTEPU3YEeTCs OTHOCHTEIBHBIM
pa3bpocoM MPOU3BOAMTEIBHOCTH B mpeaeiax + 4,5 % He3aBUCUMO OT TJI0OATBHBIX MM JIOKAJIBHBIX
KpUTEPHEB, UCTIONB30BAaHHBIX NIPU pacdeTax. XapakTep KPUBBIX Ha PHC. 8 TO3BONSET CYIAUTh O KOIH-
YEeCTBE SICHBIX JHEW B TOM I MHOM Mecsie. OTKIOHEHUE KPUBOH B OTPHUIIATEIHHYIO CTOPOHY CBHUJIC-
TETHCTBYET O CHUKCHUH KOJMYECTBA SICHBIX JHEH OTHOCHTEIBLHO APYTUX MECSIIEB.

Pesynprarhl aHanmmza, MPOBEACHHOTO U BCEX IIEMOYEK COJIHEYHBIX IMaHEIed 3JIeKTPOCTAHIINH,
MIPEJICTaBJICHBI B TaONUIle U Ha puc. 9. B paccMarprBaeMoM TECTOBOM IMPHMEPE BOCEMBb COTHEUHBIX
naHeJiel JeMOHCTPUPYIOT aHOMAJIBHOE TIOBEJICHHE, BCEro ObLIO 0OHapykeHo 18 ciyyaeB aHOMaIbHOM
paboThel. ['pynmnupoBanue MoyJicii B COOTBETCTBHH C MX MHBEPTOPHBIMHU M LIEMTHBIMU COCAMHECHUSIMU
MOTYEPKUBACT KOPPEISAIUI0 aHOMAaJIWA ¢ KOHKPETHBIM JJIEKTPUYECKHM COEIWHEHHEeM WiH (hru3ude-
CKOM 00JIaCThIO.

IIpoananu3upyemM KpHUBBIC HAPSHKEHUS, CHIIBI TOKA U TEMIIEPATyPhl, U3MEPEHHBIC I COTHETHBIX
naHenel (Tabiuia), ¢ IeNbI0 MPOBEPKH HAIMYKS HEUCIPABHOCTEH B UX paboTe W MPEABAPUTEIIEHOTO
aHaJIM3a BO3MOXKHBIX MPHYUH 3TUX HeucrnpaBHocTel. Ha puc. 10 m300pakeHbl KPUBBIC HANIPSHKEHUS
B 3aBHCHMOCTH OT BPEMEHM W3MEPEHMs, CHATHIE AaTYMKaMH B CONHEUHBIX manemsx Module 2,3 9
u Module 2,3 10. KpuBbie moka3sIBaioT, 4To coiHeuHas naneiab Module 2,3 10 umeer HampspkeHue
Ha 10 B Hmxe, yeM y IPyruX COJMHEUYHBIX MMAHENEH IEMOYKH. DTO MOXKET CBHJETEIHCTBOBATH 00 OT-
KPBITHH OJTHOTO W3 3aIUTHBIX THOJO0B B COJTHEUHOU TMaHEH, KOTOPBIC TPeIHA3HAYEHBI IS OTKITIOUe-
HHUSI OT LIETIH YacTei COTHEUHOM IaHeu.
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PesynpTaTh MOMCKa aHOMANMIA B TCUYCHUE [IECTH MeCAIEB (MIOHb — HOSIOpE) 2019 T.

Anomaly results for six months (June — November) 2019

B ananusa Konunuectso Howmep conneunoit Mecs MaxkcumainsHoe
T eﬂof analvsis aHOMaJInit MaHem Mont# OTKJIOHEHHUE
yp y Number of anomalies| PV module number Maximum deviation
Module 1,4 1 Bece nepuon, +23,03 W
Cpennee 3HaYCHUE
Becs nepuon.
CpenHsisi MOIIHOCTD |4 COJNHEYHBbIe TaHesH / Module 1,4_8 Cpennee 3£aquHe +11,28 W
B MPP 19 anomanuii
Module 1,11_15 Hos16ps -18,17 W
Module 2,3_10 Beck neprox. 46,38 W
Cpennee 3HaYCHUE
Module 1,1 _2 Asrycr -10,8 %
Module 1,1_4 ABrycT -10 %
Uronn +17,8 %
B obmem: Urons +17,1%
8 conHqu:u,Ix Asrycr +19.8 %
manenei / Module 1,4 1
18 aHOMAHIA - CeHTs10pD +19,5 %
O6muii craTHyecKuit Mo rovimas: OxTs16pb +19,1%
aHaJIN3 10 KPUTEPUIM Py ) Hosi6pn +18,4 %
B rpymme 1 5 conneu-
Ha OCHOBC HBIX TIAHENeH / Module 1,4_3 Hos6ps -10,1 %
HOPMaJTH30BaHHbBIX 10 anoMamii: aul 5
SHAYCHUI MOIIHOCTH e ; . Module 1,5_6 Hos16pn -11,1%
B MPP: rio6amseii  |° P00 T Module 1,111 Hosi6pb ~10,4 %
o HBIX MTaHeJeHn / =
1 JIOKAJTbHBIH 0 aHOMaﬂI/Iﬁ; Module 1,11_15 H0ﬂ6pl) 751,6%
B rpymme 3 3 coiHeu- HWious 28,2 %
HBIC HaHeJ'II/IV/ - 255%
8 aHOManuit
ABrycT -28,5%
Module 2,3_10
CeHTs0pb -28,1%
OKTs10pb —26,9 %
Hosi6pb -21%

i Module 2,3_10
’ Module 1,11_15

0,3 Module 1,11_1

-0,4 Module 1,5_6

0,5 Module 1,4_3

0,6 Module 1,4_1

Module 1,1 4
Module 1,1_2

CeHTAbpPb
OkTA6pb
Hosbpb

I Module1,1_2 @MModule1,1 4 & Modulel1,4_1 [IModulel1,4_3

[IModule 1,5 6 SModule1,11 1 Module 1,11_15 8 Module 2,3 10

Puc. 9. I'pynnupoBanne aHOMaIuii B pabOTe COTHEYHBIX MAHENEH B TEUEHHE IIECTH MecsIeB (HIOHb — HOSIOpE) 2019 T.
Fig. 9. Grouping anomalies in the operation of solar panels for six months (June — November) 2019
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HanpspkeHne V, B

0 50 100 150 200 250 300 350

Homep u3amepeHus B npuBsiake kO BPEMEHU

Module 2,3 10 — —Module2,3 9

Puc. 10. MI3MeHeHne HanpshKEHUSI B COTHEYHBIX maHessx Module 2,3 9
u Module 2,3 10 B 3aBUCHMOCTH OT BpeMEHH

Fig. 10. Change of voltage in solar panels Module 2,3_9 and Module 2,3_10 depending on time

Ha puc. 11 u300pakeHpl KpUBBIC TEMIEPATypPhl B 3aBUCUMOCTH OT BPEMEHH H3MEPEHUs, CHATHIE
JaTYUKaMHM B coiHeuHBIX maHemsx Module 1,1 2 u Module 1,1 3 B TeueHune SICHOTO COTHEYUHOTO JIHS.
KpuBbie moka3pIBalOT, 4To colHe4YHas maHenb Module 1,1 2 HarpeBaercs OoJjbllle, 4eM ITaHENb
Module 1,1_3, na 7-9 °C. MU30bITOUHBII HArpeB MOXET CBUICTEIBCTBOBATH O HEIIOJHOM WU MOBpE-
JKICHHOM KOHTAKTE MPU MOJIKIIOUYCHUN COJHEYHOM nanenu B 1ienb. ConmHeunas nanens Module 1,1 4
JIEMOHCTPHUPYET aHAJIOTUYHOE TTOBEACHUE TEMIIEPATYPHOI KPUBOH B TCUCHHE JHSL.

70
60
50
40
30
20
10

Temnepartypa, °C

0 100 200 300 400 500

Homep n3amepeHus B Np1Bsi3ke KO BPEMEHU

Module 1.1 2 — —Module 1.1_3

Puc. 11. 3menenue Temmeparypsl B conHednsix manemsix Module 1,1 2
u Module 1,1 _4 B 3aBucHMOCTH OT BpeMeHU

Fig. 11. Temperature change in solar panels Module 1,1 2 and Module 1,1_4 depending on time

AHanm3 KpUBBIX TeMIlepaTypbl uist conmHeuHbIx naneneid Module 1,4 3 uw Module 1,5 6 B sicHble
JHU B HOSIOpe IMoKasall, YTO OHHM TOXe padOTalli ¢ MOBBILICHUEM TEMIEpaTyphl, H3MEPSIeMO qaT4uu-
KoM, Ha 8-11 °C.

Ha puc. 12 oTpaxkeHbl KpHBBIC HaNpsOKEHUS, CHIIBI TOKA W TEMIEparypbl B 3aBUCHMOCTH OT
BpPEMEHHU HW3MEpEHHMs, CHATHIE JaTYMKaMd B coiHeuHbX manensx Module 1,11 1, Module 1,11 9
u Module 1,11 _15 B TedeHue ACHOrO COMHEUHOTO IHS. KpHBble HANPSKEHUS MOKA3bIBAIOT, YTO JAH-
HBIE ¢ JaTtyrka conHevHoi manenu Module 1,11 15 oTcyTcTBYIOT IpH BBIXOJIE MAHETH HA WHTEHCHB-
HBIH pabounii pexxum. Takoe MOXKET POUCXOANUTH MPU CPadaTHIBAHMH BCEX TPEX 3AIUTHBIX JTHOIOB
1 (PaKTUIECKOM OTKIIIOYEHUH COJTHEYHOH MaHeIy BMECTE C JaTYUKOM OT LIETIH.

KpuBbie TemrepaTypbl MOKa3bIBalOT, YTO conHeuHas maHenab Module 1,11_1 narpeBaercs 00b-

mre, yeMm manens Module 1,11 9, ma 9-12 °C, T. e. UMeeT MeCTO CiIyuail, aHaJOTWYHBIH MMaHEeTn
Module 1,1 3.
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Puc. 12. V3MeHeHue HaMpsKCHHs, CHITbI TOKA W TeMIIEPaTypbl B COJTHEUHBIX MAaHENAX
Module 1,11 _1, Module 1,11_9 u Module 1,11 _15 B 3aBuciHMOCTH OT BpeMeHHK

Fig. 12. Change of voltage,

current and temperature in solar panels Module 1,11 1,

Module 1,11_9 and Module 1,11_15 depending on time

Ha ocHoBaHMH TIPOBENEHHBIX HCCIEIOBAHMI OBUIO Pa3paboTaHO MPOrpaMMHOE CPEJICTBO, alro-
pUTM paboThl KOTOPOTO MpeACTaBIeH Ha puc. 13. BXoAHBIMU JaHHBIMU U1l IPOIPAMMHOTO CPEJICTBA
SBJISIIOTCS 00BEKTHI JSON oT APl udpoBoro JBoitHNKA, 8 BBIXOIHBIMU JaHHBIMU — PE3yJIbTaThl pacye-
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Ta HOPMaJIM30BaHHBIX 3HAYCHUH MoOIIHOCTEH B MPP 11 kaxkoil COTHEUHOU maHeNu, KBapTHUIIU, M-
JIMaHHOE U CpeHee 3HaueHUs Py, CIIMCOK HOMEPOB COJIHCYHBIX TaHelel, B paboTe KOTOPhIX OOHAPY-
>KeHbI aHOMAJIUM, U KPUTEPUM HAHJEHHBIX aHOMAJIH.

1. CuntbiBaHme
pe3ynbTaToB paboThbl
UMdpoBOro
nBovHuKa u3 API

v

2. PacueT nokanbHbIX
1 rnobanbHbIX Py

v

3. MNpumeHenne
KpuUTEpUEB
K paccynTaHHbIM Py:
BblaeneHne
1 cbukcaums aHomanui

v

4. 3anucb
0BHapY>KEHHbIX
aHomanun
N pe3ynbTaToB
pacyeToB B .CSV hann

Puc. 13. biok-cxema anropuTMa nporpaMMHOTO 00€CTIeueHus! ISl TOUCKa aHOMAaJIHI
B pabOTe COTHEYHBIX MaHeJel, pa3padOTaHHOTO Ha OCHOBE MPEIIOKEHHOW METOTUKH

Fig. 13. Block diagram of the software algorithm for detecting anomalies in the operation of solar
panels, developed on the basis of the proposed methodology

3axiroyenue. B nccnenoBaHuy yCTaHOBIIEHO, YTO, OCHOBBIBASCH HA HOPMAJIM30BAHHBIX 3HAUCHH-
sx MomrHocte B MPP Py mist Bcex maHeneil coHeYHON 3JIEKTPOCTAHIINY, TTOTYUYEHHBIX C UCITOJIB30-
BaHMEeM HU(POBOrO JIBOMHUKA, MOXHO OOHApY)KUBATh aHOMAJIbHYIO PaOOTy OT/AEIBHBIX MaHEJCH.
Ilpy ucrONB30BaHUMM B aHANU3€ OTKJIOHEHHH HOPMAaIM30BaHHBIX 3HAaueHUM MouHocteld B MPP Py
JIOKaJbHBIX KPUTEPUEB YPOBHS MHBEPTOpa 00 aHOMAIBHOW PabOTe CONHEYHOH MaHEeTd CBUICTENb-
CTBYET OTKJIOHEHHE 9 % ¥ BbIIIE. DTO MOJTBEPIKIAET HEMIOCPEICTBEHHBIN aHATN3 PE3YIbTATOB TEJe-
METPHH, TIOIYYEHHBIX B X0/€ PaOOTHI COJTHEYHOM IEKTPOCTAHIINY.

Takum 00pazom, npeyiaraeéMble METOAMKA U JITOPUTM MOUCKA aHOMAJIMH B paboTe 3JIEKTPOCTaH-
UM CMOTYT OTIEPaTHBHO MOMOYL OOHAPY)KEHUIO CONTHEUHBIX MaHeJel, KOTOpble HMEIOT OTKIOHEHUS
B peXHMe paboThl, YTO TOBBICUT CKOPOCTh PearupoBaHus Ha MOSIBJICHNUE 1€(EKTOB B COJTHEUYHBIX Ia-
HEJSIX, @ 3HAYUT ¥ 3PPEKTUBHOCTH paObOTHI COIHEUHON 3JIEKTPOCTAHLIUH.

Bruan aBropoB. C. B. Banesuu pazpaboTtan anropuTMbl U IporpaMMHoe o0OecriedeHue Aisi BEIOOPKU
1 pUIBTPAIU TAaHHBIX B COOTBETCTBUHU ¢ MeTonukou uccienoBanus. K. C. /fux TIpoBell CpaBHUTEIb-
HBIA aHaJN3 KPUBBIX HAMPSDKEHUS CHITBI TOKA M TEMITEpPAaTyphbl COJTHEUHBIX MaHelel, B KOTOPhIX 0OHa-
PY’KEHBI aHOMaINH, paboTai ¢ rpadMueCKUM MaTeprualioM, PeAaKTUPOBaI TeKCT pykonucu. M. U. Ilu-
Jeykuii chopMyITUPOBAI BBIBOJBI MO pe3yibTaTaM UccieAoBaHus. M. Kpyse WHTEpIIpEeTHPOBAI MOTY-
YEHHBIE PEe3yNIbTaThl M MPOBEJ IKCIEPTH3Y PE3yNbTaToB mccienoBanus. P. M. Acumos pazpaboran
METOAMKY MOMCKa aHOMAJIM HAa OCHOBE Pe3yJbTaToB paboThl LU(POBOrO JABOMHMKA COJIHEYHBIX Ia-
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Hened. B. C. Ocunosuy pa3paboTal METOJUKY IOMCKAa aHOMAJIWHA Ha OCHOBE PE3yJIhTaTOB PabOTHI
U(POBOTO JTBOMHKMKA COJIHEYHBIX NaHened. Bce aBTophl mpuHUManu ydactue B (hOPMYTUPOBAHUU
TUTIOTE3, TIeJIeH U 3a]1a4 UCCIICIOBAHUS.
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AHHOTAIHUA

Ienu. ITocTpoeHnE KOHEYHO-PA3HOCTHOTO BBIYMCIUTENBHOTO AITOPUTMA PELICHH CMELMIaHHOW KpaeBoil 3ana-
un a7t ypaBHeHus [lyaccoHa, 3ajaHHOI B HEPETYISIPHBIX JBYMEPHBIX 00JIacTsIX.

Metonsl. [ pemeHns 3a1aqu UCIIOJIB3YIOTCSI 0000ICHHBIE KPUBOIMHEHHBIE KOOpAHATEL. Du3ndeckast 00-
JacTh 0TOOpakaeTcst B pacueTHYIO (€AMHUYHBIA KBaJpaT) B MPOCTPAHCTBE 00OOMIEHHBIX KOOpANHAT. McxonHas
3ajJa4a 3almchiBaeTcss B 00OOOIICHHBIX KPUBOJIMHEHHBIX KOOPAMHATAX WM allPOKCHMHUPYETCSl Ha PaBHOMEPHOM
CeTKe B pacdyeTHOH oOnactu. [lomydeHHble pe3yabTaThl 0TOOpaXKaroTCsl Ha HEPABHOMEPHYIO Pa3HOCTHYIO CETKY,
CreHepUPOBaHHYIO B (M3MYECKOH 00acTH.

Pesynbrarsl. IlocTpoeHs! annpokcuManuy BTOPOrO MOPsKA CMEIIAHHBIX KpaeBblx ycnoBuil Heiimana — Ju-
puxie ans ypaBHeHus IlyaccoHa B mpocTpaHCTBE 00OOIIEHHBIX KPUBOJMHEHHBIX KOOPJAMHAT. /I MOBBIIICHHS
HnopsiJika anmnpokcumanuil yenosus Helimana ucnonb3yercs: annpokcuManus ypasHeHus IlyaccoHa Ha rpanuie
obnactu.

3aknroueHue. s pelIeHns cMEmaHHON KpaeBoi 3ajmaum Ui ypaBHeHHs IlyaccoHa B HeperyJsIpHBIX IBY-
MEpHBIX O00JIACTAX IOCTPOEH BBIYMCIUTEIBHBIH QJTOPUTM BTOPOTO IOPSAKA TOYHOCTH C HCIOJIb30BAHHUEM
0000IIEHHBIX KPHUBOJIMHEHHBIX KOOpAWHAT. IIpuBeneHBl pe3yiabTaThl YUCICHHBIX AKCIIEPUMEHTOB, IO/ITBEp-
JKAAoUIe BTOPOU MOPSI0K TOUHOCTH BBIUUCIIUTENBLHOIO aJITOPUTMA.

KnroueBble cJ10Ba: 3UIMITHYCCKHAN OrepaTop, CMCIIaHHbIC TPOU3BOAHBIC, O606H.[€HHLI€ KpHBOHHHeﬁHBIe KO-
OpAWHATEI, KpacBas 3ajiavya Hetimana — Jlnpmxne, KOHCYHO-PA3HOCTHBIC METOABI, Pa3HOCTHBIC CXEMbI
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Solution of the mixed boundary problem for the Poisson
equation on two-dimensional irregular domains
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Abstract

Objectives. A finite-difference computational algorithm is proposed for solving a mixed boundary-value
problem for the Poisson equation given in two-dimensional irregular domains.

Methods. To solve the problem, generalized curvilinear coordinates are used. The physical domain is mapped
to the computational domain (unit square) in the space of generalized coordinates. The original problem is
written in curvilinear coordinates and approximated on a uniform grid in the computational domain.
The obtained results are mapped on non-uniform boundary-fitted difference grid in the physical domain.
Results. The second order approximations of mixed Neumann-Dirichlet boundary conditions for the Poisson
equation in the space of generalized curvilinear coordinate are constructed. To increase the order of Neumann
condition approximations, an approximation of the Poisson equation on the boundary of the domain is used.
Conclusions. To solve a mixed boundary value problem for the Poisson equation in two-dimensional irregular
domains, the computational algorithm of second-order accuracy is constructed. The generalized curvilinear
coordinates are used. The results of numerical experiments, which confirm the second order accuracy of the
computational algorithm, are presented.

Keywords: elliptic operator, mixed derivatives, generalized curvilinear coordinates, Neumann — Dirichlet
boundary problem, finite-difference methods, difference schemes
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Beenenue. OnHUM U3 TIOJX0/A0B K MPUOIMKEHHOMY PELICHUIO YPAaBHEHUN B YAaCTHBIX MPOU3BO/I-
HBIX B OOJACTSIX CIOXHOW ()OPMBI SIBIIIETCS BBEJEHHE OOOOIICHHBIX KPHUBOJMHEWHBIX KOOPAHMHAT,
OTOOpaXKAMIIUX HCXOMHYI 007acTh B (DPM3MUECKOM NPOCTPAHCTBE B IMAapaMETPUYECKHN KBaapaT
B PacueTHOM TPOCTPAaHCTBE KPUBOJIMHEHHBIX KoopauHaT [1]. Micxomuble ypaBHEHHs MpeoOpa3yroTcs
B HOBBIE€ HE3aBHCHUMBIC TEPEMEHHBIE W PEIIAl0TCS B PACYETHOM IIPOCTPAHCTBE HA IMPSAMOYTOJIBHOM
Pa3HOCTHOH CETKe, YTO MO3BOJIAET HCIOJIB30BaTh KIACCHUECKUE METOJBI TEOPUH PAa3HOCTHBIX CXEM.
[TocTpoeHne HEBBIPOXKJICHHOTO TPEOOpa30oBaHUSI UCXOMHOW 00JacTH B MapaMeTpUYeCKUd KBajpaT
B TUCKPETHOM CJIydae 3aKJIF0YaeTcs B TeHEPAIUA B UCXOTHOW 00IaCTH MOIXOAIICH peryaspHoOi (de-
THIPEXYTOIBHON) pa3sHOCTHON ceTku. OmHa U3 MpoOIeM TaKoro TMOJXOAa — YCIOXHEHHE MCXOJHBIX
YpaBHEHUH B CBSI3M C TOSIBIICHUEM CMEUIAHHBIX MPOW3BOMHBIX. J[Js pemreHus 3Toi mpoOiieMbl Heo0-
XOJIUMO pa3paboTaTh U UCIOIb30BaTh MOHOTOHHbIE KOHCEPBATHBHBIE PA3HOCTHBIE CXEMBI.

KoHcepBaTuBHBIE Pa3HOCTHBIE CXEMBI U YPaBHEHWA CO CMEINIAHHBIMH MPOU3BOJHBIMH OBLITH
npemioxensl A. A. Camapckum u B. b. ArnpeeBsim [2, 3]. B Gonee mo3aamnx padorax A. A. Camap-
ckoro, II. I1. Matyca, I'. W. lnmkuna [3—5] qmst snaunTuyeckux ¥ mapabonnyecKux ypaBHEHHHA CO
CMeIlIaHHBIMU TIPOU3BOHBIMU OBUTH pa3paboTaHbl MOHOTOHHBIE PA3HOCTHBIE METOJIbl HA OCHOBE JIBYX
KOHCEPBAaTUBHBIX cxeM [2]. IlocTpoeHHBIE BBIYMCIUTENBHBIE AITOPUTMBI YOBIETBOPSIOT OJHOBpE-
MEHHO CBOMCTBaM MOHOTOHHOCTH W KOHCEPBATUBHOCTH, TOJBKO €CIIM KOX(QQHUIMEHTHI MPU CMEIaH-
HBIX TIPOU3BOIHBIX JINOO MOJIOXKHUTEIbHBIE, TNOO0 OTPHUIIATENbHEIE.

B paborte [6] 11 snaunTHUECKUX U MapabOIMYecKUX YpaBHEHHN CO 3HAKOIIEPEeMEHHBIMHI KO u-
LUEHTAMHU NPU CMEIIAHHBIX IPOU3BOAHBIX MOCTPOEHBI PA3HOCTHBIE CXEMBI BTOPOrO MOPSAKa alIpOK-
CUMAIINH, yIOBJIETBOPAIONINE OJHOBPEMEHHO CBOIICTBAM MOHOTOHHOCTH U KOHCepBaTUBHOCTU. CBOMI-
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CTBO MOHOTOHHOCTH TapaHTHUPYET XOPOMIYI0 00YCIOBIEHHOCTh CHCTEMBI JIMHEHHBIX anreOpandecKux
ypaBHEHUH, TaK KaK 3JIEMEHTHl MATPHIIBI yJIOBJICTBOPSIOT CBONCTBY JMArOHAIBHOTO TMPeo0iiaIaHus,
a CBOWMCTBO KOHCEPBATUBHOCTH T'aPaHTUPYET BHIMOJHEHUE 3aKOHOB COXPaHEHUsI TIPU MPEOOpa3oOBaHUH
KOOpJHMHAT.

[Ipu 3amanuu kpaeBsix ycioBuil HeiimaHa BaKHO COXpaHUTh BTOPOU MOPSAOK allIPOKCUMAIUH T10
MPOCTPAHCTBEHHBIM MEPEMEHHBIM. /{7151 MOBBIIICHUS MOPSAKA aNMpoKCUMaluy ycinoBuit Heitmana uc-
MOJIB3YIOTCS ABa Toaxoxa. [lepBrlif MOAX0/ 3aKIII0OYaeTCsl B MMOCTPOSHUU PAa3sHOCTHBIX CETOK C (PHK-
TUBHBIMH y3JIaMH{ ¥ aIlllPOKCUMAIIMU KPaeBbIX YCJIOBHUW C BBIXOJOM 3a TpaHUIly obmactu [7, 8], BTO-
POIi IOJIXOJ] — B HCIIOJIb30BaHUH AMITPOKCUMAIIUU HCXOTHOTO YPAaBHEHUS HA TPAaHUIIC 00JacTH.

B nacrosmeii paboTe tst pelieHns B CIOKHBIX ABYMEPHBIX 00NacTsIX KpaeBoit 3amaun Heiimana —
Hupuxite mst ypaBuenus 1lyaccoHa ncmonb3yeTcst mepexos; K 0000IIeHHOW KPUBOIMHEHHOW CrcTeMe
KoopauHart. [loBelllIeHHEe MOPsIIKA alIPOKCUMAIIMK KpaeBhIX ycioBuii Helimana 10 BTOporo mpousBo-
JIUTCSI ¢ TIPUBJICYCHUEM aNpoKcUManuu ypaBHenus [lyaccona Ha rpanuiie o0OnacTy.

IloctanoBka 3agauu. Paccmorpum ypaBHenue [lyaccoHa B HeperymsipHOW IByMepHOU oOma-
cru (), C TPAHUYHBIMH YCIOBUSMH TIEPBOTO U BTOPOTO POJIa:

o’u ol

y-FW:f(X,y), (X,y)EQXy, (1)
u(x,y)|r1:uo(x,y), I, eoQ,, (2)
ou

%FZZM(X,y), 1—‘2€a§2xy_l—‘l' (3)

rae 0Q, — rpanuna obnactu €, , N — BHEIIHsA HOPMalb K rpanuie. Kpaessie ycnosus (2), (3) Mo-
I'yT COOTBETCTBOBATh, HAIPUMEp, 33JlaHHOMY pacIpe/IeICHII0 TeMIepaTypsl Ha ydacTke [, rpaHu-
IIBI any

YucneHHoe pelieHue 3a/1a4 B 00JacTAX CIOXKHON (OpMBI YIOOHO MCKAaTh B KPUBOJIMHEHHOH CH-
CTEeMe KOOPJMHAT, KOOPJIWHATHBIC JUHUKM KOTOPBIX COBIAJAIOT ¢ TpaHuiaMu obiactu [1]. Beenem

B PACCMOTPEHUE HEKOTOPOE PACYETHOE MPOCTPAHCTBO ). , B KOTOPOM ONpEJIENIeHa KPUBOIMHEHHAs

U 33JJaHHOMY TEILIOBOMY IIOTOKY Ha y4acTke [,.

cucrema koopausar (&,m). IIPeAonoKuM, YTO CYLIECTBYET HEBLIPOKACHHOE B3AUMHO OJHO3HAYHOE
npeobpasosanne £=§(X,y), n=n(X,y), oroGpaxaromee (u3nIeCKy0 00IACTb NPOU3BOILHOM
dopmbr QB npsAmMoOyrombHuK Q. = {(e’;,n) 0<é€m <1} B IUIOCKOCTH OOOOIIEHHBIX KPUBOJIMHEH-

HBIX KOOPJIWHAT (E_\, n) .
Kpaesyro 3amauy (1)—(3) 3anumiem B Buze

0 ou ou 0 ou ou\ [.alf
a_g[Blla_(:"'Blz%j"‘%(lea_&"'Bzz%j‘“ |f(§,n)' (i.n)é%, 4)
u(&m)=0d,(&mn), (&m)el, )
0 0 U2~
Bua—:wu%“:gzzu(é,n), (&m)el,,, £=01 (6)
0 0 2~
BZla_Z—i_BZZauzgi u(ﬁ,n), (iyﬂ)erz@,, n=01 (7)
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rae
g g g
Bll_|J221|’ 8122821__|J121|' B, ﬁ'
() () iz vy () ()
gll_ + 1 ng_ gZZ_ + 1
ot ) o GEon Ot om on) o
a7 Xy 9y oX
ogon  0gon

ANnpoxkcuManusi KpaeBbIX ycjioBui. B pacueTHol npsmoyronbHoii obnactu €2, BBENEM paB-

HOMEPHYIO 10 000MM HAIPaBIEHHAM Pa3HOCTHYIO CETKY M, =M, U Y,
®, ={(&m;), &=ih, i=0N, & =1 m;=jh, j=0,M, n, =1},

rae o, — MHOXKECTBO BHYTPEHHHX Y3JIOB, Y, — MHOXECTBO I'DaHMYHBIX y310B. Ha pa3HocTHOIl cer-

K€ (0, alIpOKCUMHPYEM BhIpakeHHe (4) cleayrolel pasHOCTHON cxeMol [6]:

> ALu=|37f, ®)
ap=1
Ayu= (Bnug )i » Apu= (BZZuﬁ )n J )
1 - - + +
S((By), + (Bau, ), + (Bau, ), + (s, ). ). (10)
AU :%((Bglu ) (le ) (le ) +(B§1ug)ﬁ)’ (11)

roe B =0,5(|3i|B|) .
B rpannunbIX y31max (E_,i N j)eyl C 3aJIaHHBIMH YCIIOBHSIMU TIEPBOTO pOJa KpaeBble YCIOBHS all-
IPOKCHUMHPYIOTCS TOYHO: Uy = U, (‘:. M; ) :

PaccMoTpuM anmpoKCUMAIMIO KpaeBbIX yCiIoBHid Broporo pona. Tak, aus =0 u3 paBeHctsa (7)

OJIy4ruM
ou ou

B o *Ba g = A A(50), (Bm)elzy, =0 (12)

Anmnpokcumupyem (12) cnenyroniium o0pazom:

ou ou h o°u s o
(Buug + Bzzun )i,o = (lea_‘: + Bzz % + ?(Bzz WJJLO + O(h1 + hz ) (13)

PaccmoTpuM crioco0 moBbIIEHUS TOPAIKa allPOKCUMALIMU TPaHUYHOTro yciosus (12), ucnonb3ys
JUTSE 3TOTO ypaBHeHHe (4) Ha rpaHuIe. 3anumeM ypaBHeHue (4) B BuIe

0 ou ou) 9By, du o°u 0B, du ~
[B J 2 4B, 22 2=l f(em), (em)eq.,. (19

— —+B,— —t —+
el Mo 2on) om oe *oeam on on zza
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2
u
Beipazum 3HaueHue 8226_2 u3 (14) u moacraBum ero B Belpaxkenue (13). B pesynprate momyunm

PaBEHCTBO
2 ~
(leuo +PBU ) +& i Blla_u+B1za_u + aBZla—LI+ 21a_u+6522 8_u+ fl =
g "Jio 2\ 0& 0% on o o8 oEon - on on o
ou ou
:(8216_§+8228_j +O(hf+h22). (15)
i0

Anmnpokcumupyem nuddepeHInanbHbIC ciaaraeMble B JIeBOi 4acTu paBeHcTBa (15):

0 0 2
a_é(Bll a_gji,o =((B11’i7]/2’1ug )5 )i,o +O(hl )l

0 0 . -
a_&[BlZ %lo = ((Blzun )g + (Blzun )E )i,o + O(h1 + hz)v

0B, ou| 2
[Ea_éji,o - (Bzmugji,o " O(hl Mk ),

o%u . B
[le ﬁl,o = (le,i,uzugn + B21,i,1/2ugn )i,o + O(hl + hz )1

oB,, du

u 3anuiueM (14) B Buze

i,0

([321ug + ﬁzzun) +

h2 - _ =
+E (Bll,i—l/zlug )g +(Bl+2un )i +(B12Un )E + le,nug +B§1,i,]/2ugn + le,i,l/zugn +Boy U, + f . =
i,

ou ou
=[8216_§+ Bzzalo+0(hf+h22). (16)

Crpynnupyem ciaraembie B ypasHenuu (16):

h
[(Bzz + ?Zﬁzz,n jun ) = Bzz,i,l/zun,i,o’

h h, /.. _
(le + Ezﬁzl,n jug,i,o + EZ(leugn + leugn )i,o =
. ~ (Ug +u§ )i,O . uiyi’l —Ué,i’o _ uE,i,l _UE,i,O
Z(le +B21)i,1/2 5 +B21,i,l/ZT+B21,i,I/ZT:

- %(BZLH/Z (ué,i,l tlzio ) +PBoriye (uEvivl U0 ))'
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rae

Booiye = 015(Bzz,i,o + BZZ,i,l)’ Porize = O’S(BZLLO + BZl,i,l)'

B pesynpTaTe morydanM anmpoKCHUMAIIHi0 BTOPOTO MOPsIKa st TpanngHoro ycmoswust (12):

1/.. -
E(ﬁZl,i,]/Z (ué,i,l tUzio ) + le,m/z (ug,i,l Ui )) + BZZ,i,J/Zun,i,O +

hz + - 2 hz £
+?(([311,i71/2,0ug )i + (BlZun )é +(B12un )E )i,o = (_Mgi/l +? f )

AHanormuHeIM 00pa3oM CTPOSITCS aNMpPOKCHMAIlMU KpaeBhIX ycnoBwii Heiimana mist apyrux
YY4aCTKOB T'PAHUIBI KPUBOJUHEHHOTO YETHIPEXYTOJILHUKA.
Tak, kpaeBoe ycinoBue

i,0

ou ou -
lea_g—i_BZz%:gllfH(&’l)’ (Eﬂn)erlén’ n=1

aNmnpOKCUMUPYEM C ITIOMOIIBIO BBIPAKEHUS
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1
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A (anate), (o), +(piv), ), (w57
COOTBETCTBEHHO.

YucaeHHblit IKCIICPUMEHT. HpOBepKa aJroputMa ImpoBoAWJIaCb Ha TOYHOM PCHICHHUU

2

u(x,y) :Sin[z—lzxjcos(?j B obmactax ., Q, ., raely, L,— pasmepsl 001acTy 1o X u 'y coot-
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BeTcTBeHHO. Ha puc. 1 wn3o0paskeHsl pa3HOCTHbIE CeTKHM 32x32, MOCTPOCHHBIE B 00JacTAX
Q,,Q

Lxy ! =2, xy
UMEET CIECHUANBHYIO CTPYKTYpPY M SBJSICTCS ACBATUAMATOHANIBHOH. [IJis pelieHus: cucteMsl ypaBHe-
HUI UCIOJIL30BaH MOJIU(DHITMPOBAHHBINA CHIBHO HesiBHBIN MeTonx MSIM [9]. B kadecTBe HauabsHOTO
npuOIVDKEHMsI PEeLIeHHe BO BCEX y3JIax 3a7aBajoch HyJeBbIM. KputeprueMm OKOHYaHHS HTEPALIMOHHOTO
npoliecca SBJSUIOCH BHIITOJHEHUE YCIOBHS

¥ B pacyeTHon obnactu ). . MaTpuia cuCTeMbl IMHEHHBIX aNre0panyeckux ypaBHEHUH

m+l m

U; — Uj

m

<g|uj|+g,, i=0,N, j=0,M, g =¢,=10"

Ha puc. 2 noka3anbl npuMeps! YUCICHHOTO PELISHUS] CMELIAHHOW KpaeBoOM 3aa4u Ul ypaBHEHUS

Ilyaccona.
6 7 ik
5 4 =
e,
o ‘:“s D C
4 4 ‘:f ,0‘5‘&}*? el 10
e
) o :“.;‘gi :i’t
y
24 =05
l 4
A
0 0.0 : B
o 0o 05 10
I3

Puc. 1. ®usuueckue obnactu €, , €, 1 pacuerHas obmactb €,

Fig. 1. Physical domains ,  ,Q, . and computational domain Q.

Puc. 2. Yucnennoe peunieHue Ha ceTke 32x32
Fig. 2. Numerical solution on grid 32x32

AOCOIOTHBIE TTOTPEIIHOCTH N = max‘uij —U(Xij »Yii )‘ Pa3HOCTHOI'O PEIICHUS Ha IOCICAOBATEC/Ib-

HOCTH Pa3HOCTHBIX ceTOK N x N Ui pa3nuyHbIX CIIOCOOOB 3aJjaHMsi CMEIIAHHBIX KPAaeBbIX YCIOBUI
Ha TpaHMIaX oOnactedl mpuBeAeHbl B Tabiwie. B GUrypHbIX cKOOKax JaHbl KOJMYECTBA UTepanuit
Metoga MSIM ans noctukeHus 3aJaHHONW TOYHOCTH. Pe3ynbTaThl YMCIEHHBIX 3KCIIEPUMEHTOB TOJI-
TBEPXKJIAIOT BTOPOU MOPSIOK TOYHOCTH aNrOpuTMa. Y MEHBIIIEHNE [IaroB CETKH MPUBOAUT K YBEIHYE-
HUIO YMClia uTepanuid. AHaIM3 5pGEKTUBHOCTY UTEPAIMOHHON pean3ainui pasHOCTHBIX CXeM (B TOM
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YHCIIe U UCIONIb3yeMoil pa3HOCTHOH cxembl (8)—(11)), anmpoKCHMUPYIOINX ypaBHEHUE JUTUITHYC-
CKOT'0 THTIA CO CMEIIaHHBIMH MPOU3BOIHBIMU BTOPOTO MOPsAKA B MeTO/le GUKTHBHBIX 00JacTel, Ipo-
BezieH B pabore [10].

Torpemnoctu ms 3anau Hupuxie (1) u Heiimana (1) ¢ pasnuussiMu crioco0aMul 3aJaHNsI TPAHUYHBIX YCIOBHMA
Errors for the Dirichlet (1) and Neumann (1) problems with different setting boundary conditions

Kpaeoe ycinosue
Boundary condition Qo Q,

N xN 16x16 32x32 64 x 64 16x16 32x32 64 x 64

| na ABCD 0,01032 0,00244 0,00058 0,06310 0,01414 0,00341
{18} {54} {180} {15} {44} {141}

llma AB (n=0) 0,02234 0,00523 0,00130 0,05475 0,01253 0,00303
{26} {80} {263} {21} {68} {226}

Il 1a DC (n=1) 0,01250 0,00288 0,00074 0,06310 0,01414 0,00341
{33} {108} {361} {15} {45} {142}

Il Ha AD (& =0) 0,01042 0,00245 0,00066 0,06549 0,01484 0,00359
{21} {65} {217} {27} {93} {320}

Il ma BC (£=1) 0,02303 0,00538 0,00130 0,07113 0,01550 0,00366
{25} {81} {280} {32} {99} {297}

0,04624 0,01136 0,00293 0,06581 0,01506 0,00391

Il pome A B, C, D {129} {527} £2019} {143} {606} | {2266}

Ha puc. 3 noka3anpl OTKJIOHEHHUS MPUOIIKEHHOTO PEIISHHUS OT TOYHOTO IEPBOW KpaeBoW 3aaadu

¥ CMELIAHHOM KpaeBoii 3aauu B obnactu (2, Ha ceTke 64x64.

0,001 0,002

0,000 0,001

0,001 f,000

-0,001
-0,002
-0,002

-0,003

-0,003

a) b)
Puc. 3. OTki0HEeHHs TPUOIMKEHHOTO PELIeHHs OT TOYHOTO B 00JIaCTH szxy .
a) nepBoii KpaeBoi 3a1aun; b) cMemanHoi kpaeBoi 3a1aun
Fig. 3. Deviations of the approximate solution from the exact one in the domain €, , :
a) first boundary value problem; b) mixed boundary problem

ITocTpoeHHBIE B CTaThe aNIpOKCUMAIMK KPAaeBbIX YCIOBHUM TOIMYCKalOT OJHOBPEMEHHOE 3a/laHne
YCIOBUH 00OWX THUTIOB HA CTOPOHAX KPUBOJIMHEWHOI'O YEeTHIPEXYTroibHUKA. Tak, B cilydae CMEIIaHHON
KpaeBoil 3amaun (puc. 3, b) ycnoBus Heiimana 3amaBanuch Ha yuactke 3,5<X<5,5 y=0 cropo-

Hbel AB kpuBoniHeliHoro verbipexyronbuuka ABCD. Ha octanbroii wactn rpanunpl obnactu €,

3a/laBaJICh KpaeBble ycinoBus dupuxiie.

3akioyenue. B pabore peann3oBaHbl Pa3HOCTHBIE CXEMbI Ul pPELICHUS CMEIIAHHON 3agadn
Hetimana — Jlupuxie mis ypaBaenus [lyaccoHa B CJI0KHBIX TBYMEPHBIX O0JIACTSX Ha HEOPTOTOHAIBHBIX
Pa3HOCTHBIX CETKaxX ¢ (PUKCHPOBAHHBIMHU Y3JaMH, alllIPOKCUMUpYIOIKE TU(QQepeHIHaNBHYIO 3a1ady
BTOpOro nopsiaka. IlocTpoeHs! anmpokcumanyy rpaHudHoro ycnosus Heiimana Broporo nopsaka.

[Ipu mocTpoeHUH BBIYUCIUTEIHHOTO ANTOPUTMA HCIIONB30BANICS MEPEeXo/ K 0000IEHHOW KPUBO-
JIMHEHHON cucteme KoopauHaT. Ha AuCKpeTHOM ypOBHE Iepexo] K KPUBOJIMHEWHON CUCTEME KOOP-
JUHAT TpeOyeT reHepaluy B UCXOAHON HeperyasipHOi 00JacTH MOAXOIIEH YeThIPEeXyrodbHON pas3-
HOCTHOM CETKH.
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s pernieHns NOIy4YEeHHBIX CUCTEM JEBSITUTOYECUHBIX PA3HOCTHBIX yPaBHEHUI peain30BaH BbIUUC-
JUTENbHBIA aNTOPUTM MOJU(PUIUPOBAHHOTO CHIIbHO HesiBHOrO Metona MSIM. IIpoBenensl uucnen-
HBIE SKCIIEPUMEHTHI 110 CPaBHEHUIO alllIPOKCUMAIINI pa3IuHbIX KpaeBbIxX 3aaau Jupuxie u Helimana
i ypaBHeHus IlyaccoHa B HeperymspHbBIX IBYMEPHBIX 00aacTsaX. Pe3ynbraTsl SKCIIEpUMEHTOB HOA-
TBEP>KJIAI0T BTOPOU MOPSIOK TOUHOCTH MPEATIOKEHHOTO BEIYUCIUTENBHOTO aJITOPUTMA.

Bxaan aBTropoB. M. M. Yyiiko MOCTpOWI anmpoOKCUMAallUd BTOPOTO TMOPsAKa KPaeBbIX YCIOBHUM
Hetimana B HeperynsipHOW ABYMEPHOH OOJIACTH C MCIOJB30BAHUEM OOOOINECHHBIX KPUBOJIMHEHHBIX
koopauHat. O. M. Koponésa mporpaMMHO peaii30Baia BHIYUCIUTEIBHBIN alTOPUTM PEIICHUS 3a1a4u
IlyaccoHa B KpHBOJMHEWHBIX KOOPAMHATAX, IIPOBENIA CEPUI0 YHCIEHHBIX SKCIIEPHUMEHTOB, MOITBEP-
JTUBIIAX BTOPOU MOPSIOK TOYHOCTH BBIYHCIUTEIFHOTO aITOPUTMA.
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11. B pasnene Uudopmarms 06 aropax (Information about the authors) npusoasitcss @O aBTOPOB MOJHOCTHIO, YIEHAs

CTeTIeHb, 3BaHKE, TOJDKHOCTh, Ha3BaHue opranuzanuu, ORCID (npu Hanuuum).

IV. Bee nocrynaroniye B peIakuuio pyKOIHCH TPOXOIAT NPEIBAPUTEIILHYIO IPOBEPKY Ha cooTBeTcTBHE IlpaBmimam uis
aBTopoB. CTaThst MOXET OBITH BO3BpAIlICHA aBTOPY HA JI0PaOOTKY € IPOCHOOH yCTpaHUTh HEAOCTATKHI MM JIOTIOJHUTL HH(pOpMa-
muto. [Tocnie mpoBepKH Ha COOTBETCTBHE MPaBHUIIAM CTATbhsl HATIPABIISICTCS PELIEH3EHTY C YKa3aHHEM CPOKOB PEIIEH3HMPOBAHHSL.

V. Ilpu Hanuuuy 3aMe4aHUi pPeleH3eHTa aBTOpY NMPEAOCTaBIsIETCs OIpeAeIeHHOe BpeMs Ha JopaboTKy pykomnmcH. Cra-
TBH, HalpaBJsieMble Ha JOPabOTKY, JOJDKHBI OBITH BO3BpAILEHBI B UCIIPABICHHOM BHJIE C OTBETaMM Ha Bce 3amedaHusi. OKoH-
YareJIbHOE PElleHNe O MyOIHKALUK MM OTKJIOHEHUH PYKOIMCH MPUHUMAETCS PEAKOIIIerHel xxypHaia. [Ipy nojgoxuTeaIbHOM
3aKJIFOUYSHNHU PELEH3CHTa CTaThsl MepeJaeTcsl PeAakTopy IUis MOJArOTOBKH K Tedatd. Pepakiius ocTaBisieT 3a co0oil nmpaBo Ha
peIaKIMOHHbIE N3MEHEHH S, HE HCKaXKAIOIINe OCHOBHOE COJIEPYKAHUE CTAThH.

VI. Penakuus xypHaljia npeiocTaBIisieT BO3MOXHOCTh MEPBOOUEPEHOIO OMyOIMKOBAaHUsI CTATel, NPEICTABICHHbBIX JIUIla-
MH, KOTOpbIE OCYILECTBIISIIOT IOCIEBY30BCKOE 00y4eHHe (aCIHMpaHTypa, JOKTOPAHTYpPa, COMCKATENLCTBO) B I0J| 3aBEPIICHUS
o0ydeHusl.

VII. ABTOpBI HECYT OTBETCTBEHHOCTD 32 HAIpPABJICHHUE B PEAAKLHUIO CTaTeH, yXKe OIyOJIMKOBAHHBIX paHee WM IPHHATHIX
K IyOJIMKaIK APYTUMH U31aHUSIMHU.


../../Local%20Settings/Temp/bat/электронную%20систему%20подачи
http://inf.grid.by/

ISSN 1816-0301 (Print)

oll771816103

0000

WHAEKCHI

00827
1A MHAMBUAYaNbHBIX
NoANUCYNKOB

008272
LA NpeanpuATHiA
N opraHn3aLimii

212023

TOM = VOL. 20

HWHOOPMATHUKA = INFORMATICS




	1: обл1
	1: обл1

