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MaTtpuyHbie BUTPaXKU 1 perynsipHbie maTpuubl Agamapa

A. A. BocTpuKoB?, KaHf. TEXH. HayK, AoLeHT, orcid.org/0000-0002-8513-3683, vostricov@mail.ru
aCaHKT-lleTepOyprckuii rocyapCTBEHHbIN YHUBEPCUTET ad3pOKOCMMUYECKOro NPUbopoCTPOEHUS,
B. Mopckas yn., 67, CaHkT-lleTepbypr, 190000, P®

BBefieHMe: KpOHEKePOBO NpousBefeHne maTpuy Agamapa, Korga ogHa Matpuya rnopsifka N BCTaB/ISIETCA 10 MECTY KaX-
JI0ro anemMeHTa gpyron Matpuubl nopsaka m, Hacne[ysi 3Hak 3aMeLLaemMoro 3/1eMeHTa, pacCcMaTpuBaeTCsl Kak OCHOBa oy-
4YeHus aTUX OpPTOroHasbHbIX MaTpuy nopsgka nm. Onepauyns BCTaBKW, Hacsenyrolwas He TO/IbKO 3HaKu, HO U CTPYKTYpPHble
3/1IEMEHTbl — OPHAMEHTbI MOPTPETOB MAaTpPUL, paccCMaTpUBaETCS KaK ornepayusi cos3faHusi Butpaxa — b6osee obLiero pesysb-
TaTa. Butpaxu Ha 6aze TUNMYHbIX KBa3UOPTOroHabHbIX MaTpuy MepceHHa (M), 3evigens (S), Siinepa (E) u fpyrux, MoMUMO
HacrieoBaHUsl 3HaKa U opHaMeHTa (y30pa), MHaue HaclefyroT 3HaYeHne OTIMYHbIX OT efuHULbI (M0 aMMAIUTYAE) 3EMEHTOB,
BbI3bIBasi HEOBXOAMMOCTb MEPECMOTPETb M CUCTEMATU3NPOBATb HAKOM/EHHbIN ONbIT. Llenb: onucatb HOBbIe anropuTMbl 0606-
LLLeHHOro NMpou3BefeHNs MaTpUL, BblAeNss KOHCTPYKUMK, BeAyLune K peryasipHbIM MaTtpuyam Agamapa BbICOKUX MOpsiAKOB.
Pe3ynbTaTbl: npeasioxeH anaropuTM nosy4eHns MaTPpUYHbIX BUTPaXen BCTaBKON MaTpuL MepceHHa B MaTpuubl 3evigens, no-
3BOMISIOLMIA PaCLUMPUTL aganTUBHbIE LieNoYyku matpuy Buga M-E-M-E-... n S-E-M-E-..., nony4aemble yaBOEHUSIMU MOPSAKOB
u fgobaBneHnem KanMbl. Onepauusi hopMUpoBaH1S MaTPUYHOIO BUTPaXa MOo3BOJISIET M0JlyYaTb MaTpULbl BbICOKUX MOPSIAKOB
C COXpaHeHMEeM TaKoro BaXXHOro MHBapuaHTa CTPYyKTYpbl, Kak OpHaMeHT. [Toka3aHo, 4To hopMUPOBaHUE MAaTPUYHOIO BUTPaXa
HacnegnyeT noruky nponssegeHns Ckapnu, HO He CBOAMUTCS K HeW, MOCKOJIbKY HEHYIEBOE PacCTOSHNE MEXAY COMHOXMUTENAMMU
M v S no nopsiaKy ynpoLyaeT UTOroBbI OPHAMEHT PEryasipHoON MaTpuLbl OTCYTCTBMEM LMKIIMYECKUX cMeLLeHnn. YepegoBaHue
matpuy M n S no3sonseT NpooIXNTb MySbTUMINKATUBHbIE LLeNOYKM [0 3BECTHbIX MPobesoB B MaTpuuax S. 370 no-HoBOMy
ocBeLaeT TeopUo perynsapHbix MaTpuy Agamapa Kak pe3ynbTaTtoB npousBeneHns matpuy MepceHHa n 3eigens. MpakTnye-
CKasl 3HaYUMOCTb. OPTOroOHasIbHble MOCe[40BaTE/IbHOCTY C M1aBatoLMMM YPOBHAMU U anropuTtMbl 3¢hheKTUBHOIO Haxoxe-
HUS1 perynsipHbiX MaTpuy Afamapa, BblgeNleHHbIX PSLOM M0JIe3HbIX CBOUCTB, UMEKT HENOCPE[CTBEHHOE NPakTMYecKoe 3Have-
Hue [51s 3a[a4 MOMEX0YCTONYUBOro KOAMPOBAHUS, CXXaTUSI U MaCKUPOBaHUS BULEOMHCDOpMaLUn.

KntoueBble croBa — 0pTOroHasbHble MaTPULbl, PErYsipHbIE MATPULbI, MaTpuULbl AfaMapa, MaTpuubl MepceHHa, MaTpu-
bl 3eigens, KDOHEKEPOBO NPOU3BEAEHNE, anropuTM Ckapnu, BCTaBKU MaTpUL, MaTPUYHbIE BUTPAXM.

st yuTuposanus: Bocrpukos A. A. MaTpuuHble BUTPaK¥ U PeryJIsgpHble MaTPUIbl Afamapa. MHGOpMaAyuoHHO-ynpasisowue cucme-
motL, 2021, Ne 5, ¢. 2—9. doi:10.31799/1684-8853-2021-5-2-9
For citation: Vostrikov A. A. Matrix vitrages and regular Hadamard matrices. Informatsionno-upravliaiushchie sistemy [Information

and Control Systems], 2021, no. 5, pp. 2-9 (In Russian). doi:10.31799/1684-8853-2021-5-2-9

BBemenue

KBasuoproronaibHbie (OPTOTOHAJIBHBIE) MATPU-
1Bl MIUPOKO UCIIOJB3YIOTCA B TAKUX MTPAKTUUECKUX
IpUMEHEeHUAX, KaK 00paboTKa CUTHAJIOB, CJKATUe,
MACKUPOBAHNE M IIOMEXOYCTONYMBOE KOIMPOBA-
Hue n3obpaskenui [1-4], kpunrorpadusa [5] u 1. x.
ITo MUPOKO M3BECTHBIe MaTpumnbl Amamapa [6],
marpuinbl MepcerHa [7] u ap. [ moucka Takux
MaTPUI[ U3BECTHO OOJIBIIIOE KOJUYECTBO METOIOB
W aJTOPUTMOB, OTINYAKMINXCA cBOel a(hheKTuB-
HOCTBIO IIPU IIOMCKE MAaTPUIL BBICOKUX IIOPATKOB,
WJIX CTPYKTYPUPOBAHHBIX MATPHUIl, WJIA MAaTPHUI
C IeJIOUYNCJIEHHBIMU U BeIeCTBeHHBIMU 3JIeMeHTa-
mMu u np. Hanboapminii MHTEpeC CerogHs AJIs 3a-
mau o0paboTKU M300pasKeHUil IMpPenCcTaBJSAEeT IIo-
UCK KBa3MOPTOTOHAJBHBIX CTPYKTYPUPOBAHHBIX
MAaTPUI], BBLICOKUX TMOPAAKOB [8—11], BEIUMCIEeHUS
C KOTOPBIMU U UX XpaHeHUue Haubosee 3OHEKTUB-
HbI [12].

Ceromusa obopyaoBamme, OCYIIECTBJIAOIIIEe 00-
paboTKy U Iepenadyy BU3yabHOI mHGOPMAaIUU Pe-
aJIbHOTO BpEMeHU, OINePUupPyeT paspelieHusaMu B 2,
4 1 8 ThICAY MUKCeJel BHYTPU KasKIOTO BUAEOKAT-

pa mpu ckopoctu obmoBiaeHus or 30 mo 120 u Go-
Jee Kanapo/c. Marpuiibl mcciefyeMbIX IIOPATKOB
BBICTYIIAIOT B POJIU OIIEPATOPOB IIpeoOpasoBaHUA
C PA3IMYHBLIMU IeJISIMU, ¥ YBEeJINUYEHNE UX IIOPSIIKA
IO COTEH U THICSAY CYII[eCTBEHHO NOBJIMAET KaK Ha
CKOPOCTH 00paboTKM, TaK U Ha KAYEeCTBO BOCCTAaHAB-
JIMBaeMOro m300pasKeHusd AJA moTpedouTenas. Kpome
9TOr0, BBUAY MAaJIOTO YWCJIa YPOBHEH (KoJuuecTBa
PasIUUYHBLIX 3HAUEHUUN 3JIEMEHTOB TAKUX MATPHUIL)
B IIPOIlECCe BBIUMCJIEHUN pPecypcoeMKas IIPOIEeny-
pa YMHOMKEHWsS 3aMeHSeTCsS 3HAUUTEeJNbHO 0oJiee
OBICTPOIl M MeHee SHEPro3aTPATHON IIPOIEAYPO
BbIOOPKM m3 maMaTu. COBOKYIHBIA 2()(eKT B pe-
3yJIbTaTe HAXOMKAEHUS U IPUMEHEHUA HOBBIX OPTO-
TOHAJbHBIX MAaTPUI] BBICOKUX HOPAJKOB CIOCOOEH
OKas3aThb CYIIeCTBeHHOe BIUAHNE Ha 9(PPeKTUBHOCTD
TIePCIIEKTUBHBIX CUCTEM ITUMPOBOIT 00pabOTKM CUT-
HAJIOB U UX ABYMEPHOTO IIpeAcTaBJIeHusA — Iudpo-
BBIX BUIE0M300paKeHUN.

B Hacrosmieil pabore mpensgararoTcsi HOBBIE aJl-
TOPUTMBI TIOMCKA MAaTPUI] HAa OCHOBE O0OOIIEHHOTO
IPOM3BENEHUA MATPUIl C BBIJEJEHUEM KOHCTPYK-
i, BeAYHINX K PeryadpHbIM MaTpuiamM Agamapa
BBICOKUX TOPATKOB.

2 7 VHOOPMAUVIOHHO-YNPABASIOLLIVE CUCTEMBI
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\ TEOPETUYECKASI VI MIPUKAAAHASI MATEMATUKA \

Heoﬁxonane TEPMHMUHBI U OIIpeaeJIeHu A

Onpedenenue 1. KBasuoproronaabHad MaTpura A
MOpAAKa 7 — 9TO KBaApaTHas MaTPuUIla, yIOBJIET-
Bopsatomas ypasaenuio ATA = o(n)l, roe w(n) — He-
KoTopas BecoBas (DYHKIIUA, ONPeNesAoNias THUI
MaTpuIlel, a I — eguHMYHAA MaTPUIIA.

MoKHO WUCIOJIBL30BaTh (C OTOBOPKOI) TEepMUH
«B3BeIlleHHAs MaTPUIa», HO 3TO CJIOBO Y:Ke 3aHATO
IEJIOYUCJIEHHBIMY €€ IIPEJCTABUTEIAMU C DJIEMEH-
ramu {0, 1, —1} u nuHeliHONl QyHKIUEH Beca 0(n) =
=n — k, voe k — 11eJioe 4ucJIo.

Cayuaii k = 0 cooTBeTCTBYyeT MaTpuram Agamapa
[6] c ee HenyneBbIMU asiemeHTamMu; kB =1 coorBer-
cTByeT MarpuiiaM DBejeBuua (KOoH(pepeHII-MaTpu-
mam) [13]. Cayuait k> 1 oTHOCAT K B3BEIIEHHBIM
marpuniam W(n, n— k), paccMaTpuBaeMbIM KaK
o6o6uienue matpull Agamapa B paborax [7, 14]. Hiasa
HPPAMOHAJBHLIX 3HAUCHUN k MOAXOAUT 0003HAUe-
uue W(n, o(n)).

WHbIMU c/IOBAMU, KBAa3MOPTOrOHAJLHAS MAaTpPU-
1Ma — 5To B3BerreHHas W(n, ®(n)) MaTpuIia c Bere-
CTBEHHBIMU djieMeHTamu {a = 1, —b} B Heit uiau obpa-
3ymoInux ee 6/iokax. IHBepcusa 3HaKa Ipu 0JIOKaxX He
MeHsAEeT COCTaB 0a3MCHBIX 3JeMeHTOB. Tperuii aje-
MeHT OOBIUHO BbIZleJieH (KaK 1 y MaTpull bejgeBuya)
MO3UIMOHNPOBaHNEeM Ha auaroHaau {d, a=1, —b}
(d < b< 1) unu kaime {a = 1, =b, s} (b < s < 1) marpu-
IIBL.

Yro6w1 HEe myTaTh W(N, n — k) ¢ W(n, o(n)), mpo-
deccop H:x. Cebeppu mpenyo:Kujia Ha3bBIBATH IIO-
cJefHNe KpUMCKUMU MaTPUIIAMU, TIOJUepPKUBasd He-
[[EJIOYNCJIEHHOCTD 3HAUEHU I UX 9JI€MEHTOB.

Kak  u3BeCTHO, KpPOHEKepo80  YMHONMCeHUE
C = AQ®B aByx marpur, A u B ¢ snemenramu {1, —1}
peanusdyeTcsa BCTaBKOU MaTpuiibl B mo mecty aie-
MEHTOB MATPHUIILI A ¢ HacJiefoBaHUEM 3HaKa 3aMe-
1I1aeMOT0 JIEMEHTA B BUJE

a1B a3B - 4, B
as1B a99B ... ay,B
AxB=| 27 TET o T
a,;1B a,9B ... a,,B

PesynbraToM yMHOXKEHWs, HAIpPUMeED, [BYX
MaTpul, Agamapa HOPAAKOB n U m OyaeT MaTpHu-
ma Apamapa mopsaaka nm. VIMeHHO mpousBeneHUE
Kponexepa muCIIOIb30BAJIOCHh [IJIA yBEJIWYEHUS II0-
pPAIKa OPTOTOHAJBHBIX MATPHUI] IIEPBOOCHOBATEJIS-
MU HaIpaBJieHUA wucciefoBanuii CuiabBecTpoM u
Apamapowm.

Onpedenenue 2. IlopTpeT KBa3suMOPTOTOHAJIBHOI
MAaTpUIlLl — BU3yaJbHOE N300paskeHme, Ha KOTOPOM
€e pJIEMEHTHI IIPEICTABJIEHEI B BUIe KJIETOK Pa3HBIX
IIBETOB, COOTBETCTBYIOIINX SHAUEHUAM 3JIEMEHTOB.

Ha nmoptpeTte MaTpUIlbl COBOKYITHOCTh PA3HBIX IO
IIBETY KJETOK co3maer opHameHT [15]. Has paccma-

TPpUBAaeMbIX B paboTe MATPUI] BO3SMOKHLI He 0ojee
Tpex IIBETOB KJIETOK, COOTBETCTBYIOIIUX Habopam
sHaueHnit saemenTos {1, -1}, {1, 0, -1}, {d, 1, —b} unu
{1, —b, s}.

ITepBooTKphEIBaTEe A HampaBjeHus CuiabBecTpa
IpUBJeKaJa UMEHHO OpHAMEHTAaJbHAas COCTABJAIO-
[asi IopTpeTa MaTPUIIbI: P 00PAIIeHUN MATPUIBI
OpPHAMEHT ee COXPAaHAETCA C TOYHOCTBHIO JO TPAHC-
TMOHUPOBaHUA. AfamMmap, B CBOIO 0UePeb, PACIIIUPUI
KOJIMUEeCTBO MATPUIl, UCIIOJb3yeMbIX B IPOU3Bee-
HUAX (BCTaBKaXx), IpeaIoKeHHbIX CUIbBECTPOM.

Onpedenenue 3. Butpask — 910 00Jee 001Ul pe-
3yJIbTAT KPOHEKEPOBa IIPOU3BEAEHUA ABYX MAaTPUI]
C KOCBEHHBIM HACJIeJOBAHNEM YKCJIOBBIX U CTPYK-
TYPHBIX (OPHAMEHT MAaTPUYHOTO MOPTPETA) dJIeMeH-
TOB.

¥. Crapnu [16] mpensoKua CBOM aJTrOPUTM pe-
aJu3anuyd BCTABKU CIYCTA YeThIpe Toja IIOocje
onyOnmKoBaHuA Apmamapom crarbu [6], B KoOTo-
poit TOT cyMeJs HaliTu BCEro JUIIh ITapy HOBBIX Ma-
Tpuil TopAAKoB 12 u 20, HOTMOJHSIONIUX HMOPAIKU
CusnbBecTpa n = 2¢, rue ¢ — I11eJ10€ YKUCIIO.

Marpuna Apamapa mocjie HOPMHPOBAHUS BbI-
BeIeHMEM B eIUHUITY 9JEMEHTOB ee IEPBBIX CTPOKU
u cTOJIOIA, HasbIBa€MbIX KaliMOM, ITproOpeTaeT Tak
HaA3BIBAEMYIO OCHO8Y (Core) OTHeJIeHMEM STOH Kaii-
mbl. Ilopaakm 2! — 1 mpexacraBiAioT cobGoil ymciIa
Mepcenna, mpuyeM IIOJYYEHHYIO MAaTPUILY CHOBA
MOYKHO OPTOTOHAJIM30BaTh BBEIEHUEM IIJIABAIOIIETO
ypOBHSA (U3MeHeHueM 3HaueHus —1 Ha —b, rae |b | < 1).
JleTepMUHAHT TaKUX MATPUIL BBIIIE, €CJIU UUCJO II0-
JIO}KUTEJIbHBIX 9JIeMEHTOB 1 BBIIIIE YKCJIa OTPUIATE b
HBIX 9JIEMEeHTOB —b Ha emgmHUIly. IloaTOMY OHUM MHBEP-
THUPOBAHBI 110 3HAKY K OCHOBE (COre), T7ie 3TO COOTHOIIIE-
HUe€ BBIIEPIKUBAETCS C TOUHOCTHIO J0 HA000POT.

IToryuaemble B mporiecce 3TOro mIpeodpasoBaHU s
OPTOrOHAJILHBIE MATPUIILI ObLIY Ha3BaHbI MaTPUIA-
mu Mepcerna [7]. Ob6Hapy:KeHUe CYIeCTBOBaAHUS
TaKUX MaTpull Ha nopaaxkax 11 u 19 mossoamiio
BBICKA3aTh MPEIIOJIOKEHNe, YTO, KaK U MATPUIBI
Anamapa, matpuiibl MepceHHA MOTYT OBIThH PACIIIH-
PeHbI Ha Bce Mopaaku n — 1, rae n =4t (rumoresa
H. A. Basmonuna). B aToM Bume rumnoTesa mIpeacTaB-
JIgeT co00i aJbTepHATUBHYIO (hOPMYJIUPOBKY THIIO-
Te3bl AamMapa o CyIlleCTBOBAHUY BCEX BBIEJIEHHBIX
UM MaTpWUIl Ha TOpAgKax, KpaTHbIX 4 [17]. Ho, mo-
CKOJIbKY MaTrpuilbl MepcenHa — 3TO, B TOM YHC-
Jie, ¥ MaTPUIIBI ¢ UPPAIlMOHAJIbHBIMU 3JIEMEHTaMU
(c yueToM ypoBHSA —b), TeOpUA MATPUI] C IJIABAIOIITM
YPOBHEM UJIU YPOBHAMU OTKPBLIBAET HOBBIE TIEPCIIEK-
TUBBI [IJI5 JOKA3aTeJIbCTBA YIIOMIHYTHIX TUIIOTES.

IIpoussenmenne camum Y. CKapnu Ob110 chopmy-
JINPOBAHO T'POMOBAKO, €Ille [0 BBEAEeHUA MHOHATUA
HOpPMAaJbHOW (OpPMBI MaTpuUIlLl Axamapa U ee oc-
HOBBI, TIO9TOMY TIPUBEIEM ero B HAIllel peJaKI[uu.
DopmMyIupPOBKA Jaske 3HAUUTEJIHHO 0ojiee IpocTas
IO AJTOPUTMY BBLIUNCJIEHUS IIPOU3BEIEHUS, UeM
npeniokenHas [. [[:xkoxkoBuuem [18].
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B Puc. 1. Iloprper maTpurnsl Mepcerna M; u BuTpax — mopTpeT MaTpunbl Axamapa Hyg
B Fig. 1. Portrait of the Mersenne matrix M; and stained glass — portrait of the Hadamard matrix Hyg

Onwupascs Ha onrpefieseHne Mmatpull MepcernHa, mpousseseHme CKapIyu MOYKHO IePEeNUCcaTh KaK 0000IIeHHOe
MaTpUYHOe ITpousBesenne MmaTpuil M, rie poJib MHOKUTE IpousBeneHnss KpoHekepa urpaer kaiima, Kotopas
pacimpsAeT pasMep BCTaBJIAEMOU OCHOBHI 10 pa3dMepa MaTpuiibl Anamapa. Takue npousBeseHUs He XapaKTep-
HbI AJid aaroputmoB CunbBecTpa u Agamapa, mosromy Crapnu cyMes HOJYUYUTD Ps HOBBIX MATPHUIL TOPSITKA
n(n — 1), roe (n — 1) — mopaaku marpuit MepceHHa.

TTocKOBKY UTOTOBBIH MOPALOK KPaTeH YeThIPpEM, 3HAUEHNE IIJIaBAOIIEer0 YPOBHA —b B pe3yIbTUPYIOIIEH Ma-
TPUIlE CHOBA CTAHOBUTCA paBHBIM —1. B pesynbraTe mosyuaem [19]

-1 nmy 1eT -1 mlzeT -1 ml(n_l)eT
myi1€ M mig€e M ml(n,l)e M
T
-1 m21eT -1 mgzeT -1 my(n-1)€
M@M = mzle M m22e TM mg(nfl)e Tn_2M
T T
-1 m(n_l)leT -1 m(n—l)2e -1 m(n_l)(n_l)e
mMp-1)1€ M mp-1)2€ TnizM m(n_l)(n_l)e T(n72)(n72)M

r7ie € — BEeKTOpP eANHUYHBIX 2JIeMEeHTOB KaiiMbl; T — MaTpuiia UKJINIECKOr0 CMEIlleHs BCeX 9JIeMEeHTOB, KarK-
IBIN OJIOK cMeIliaeTcsA Ha BeauunHy npousBemerus (i — 1)(j — 1), "HAEKCHI AJIA CMeIleHn HyMepyIOTCs ¢ HyJId.
CHUMBOJI CJIOJKHOTO ITPOU3BEIEHUA HE MEHSIeM.

B kauecTBe nsTfocTpauy Ha puc. 1 mpuBeeHbl TOPTPEThHI MaTpuIlhbl MepcenHa mopsaaKa 7 1 pesyibTaTa MaTpud-
Horo mpousBenennsa CKapnu — BUTPasKa, B KOTOPOM BCTaBJIAeMasd MaTPUIIA ITUKJINUECKY CMEIIIAaeTCs Ha BeJIMYUHY,
ompeze/IgAeMy 0 IIPOM3BeIeHeM UHIEKCOB ee IOJI0KeHA. S3HAK HACJIeyeTCs He IIPSMO, 4 B Bi/ie 3HAKa KAl MbI.

IIpuBenennada Ha puc. 1 marpuita MepceHHa mopAgka 7 BCTaBJAeTCA caMa B cebd, ¢ qobaBeHUEM Kaii-
MBI (TIepBasi TOUKa ee BCerga OoTpullaTesbHas). B mTore moJsydyaeM MATPUILy IOpPsSAKa MaTpUIlbl Axamapa
7(7 + 1) = 56, KoTOpas TAKOBOI U ABJSIETCA, €CJIU CUUTATH 3JIeMEeHThI paBHbIMU 1 1 —1. VI3 mpuBeneHHOT0 IpU-
Mepa BUIHO, YTO 3TO IPOU3BeleHNe HAaIIOMUHAET KPOHEKEPOBO U OIUCHIBAET JOCTATOYHO IIPOCTO, KAK BCTABKY
(BUTpAasK), OOIIIMPHBINA KJIACC MAaTPUIL, TOPOKIaeMbIX MaTpuitaMmu MepceHHa.

Wso6pererne Crkapnu mpeajaraeTcs pacHIupPUTh Ha NPOU3BENEHUSA MHBIX KBA3MOPTOTOHAJIBHBIX MATPHII,
HampuMep, Hopankos (m — 1) u (m + 1). B urore cTaHOBATCA JOCTHKUMBI KBaJpaTUUHbIe mopanku m2 — 1, xa-
paKTepHBIE [JIA OCHOB PeryIApHBLIX MaTPUIl AjaMapa mopsagka n = m?2 = 4u?, rue u — Iesoe YucJo.

Onpedenenue 4. Marpuitbl Agamapa sIBJASIOTCA PEryJAPHBIMU, €CJIU UMEIOT OJUHAKOBbIe 3HAUEHUS CYMM
5JIEMEHTOB CTPOK 1 CTOJIGIIOB.

HpeJ.IPIIQTOPBI IEeIMOYeK KPUTCKUX MATPHUIL

HawuGojiee MHTEPECHBIMM KPUTCKMMHN MATPHUIAMM, B AacCleKTe JaHHOW CTATbU, SBJSIOTCS MAaTPHUIIBI
Mepceuna M u matpunsl Onuua, COBIaAAOINNE OPHAMEHTOM C MaTpUIilaMu 3eieasa S ¢ TOUHOCTBLIO 10 3HAa-
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YeHUI UX mIaBaiomux ypoBHei. Marpunst M u S
(manee marpuria OguHa) ABIAIOTCA IBYMS IIPEIUK-
TOpaMM IIeloUYeK KPUTCKUX MaTpull Buma M(uau
S)-E-M-E—... [20].

Ilpexxme Bcero, mx MOYKHO WCIIOJB30BATHL IJIA
MOJYUYeHUsA IIPOCTENINX BUTPaAKeH CUILBECTPO-
Ba THUIIA, MOJyYaeMbIX YMHOKEHUEM IIPEIUKTOPOB
W YJIEHOB IIETIOYKMW Ha MaTpuily Amamapa BTOPOTO
nopagka H,, manpumep E=H,®M, 6e3 Koppek-
nuu saemMeHnToB. s npoussesenua H,®S surpa
KOPPEKTUPYIOT, UCIIPABJIASA JIEMEHThI JUaroHaJeln
maTtpuilbl OuHA AJA TONYyYeHUS YPOBHA MATPUIILI
diinepa E [19]. 3gece M — aTo marpuiia Mepcerna
nopagka n =4t — 1 = 3(mod 4), KpuTcKas MaTpuia

L k=@t -1)x
t++/t
x (1-b2), o) =(n+ 1)+ (n—1)b2)/2, t > 0 — mesoe
yucjo. Pabouee mpeamososxenue (rumoresa [17]) co-
CTOHUT B TOM, UTO STU MATPHUIILI CYIIIECTBYIOT AJISA JIFO-
00ro BBIZIEJIEHHOIO [IJIsI HUX MOPAIKA.

JJis mopAaKOB 3HAUEHU HMPOCTHIX IEJIBIX UU-
ceJ 9TO NMUKJINYECKHe MAaTPUIILI, OJS CTeleHeil
ImeJablX uymces — Ogounble. Kak BUIHO M3 Iemou-
ku matpul, E 1 M, GOJBITUHCTBO U3 HUX MOYKHO
HafiTu yepes OUIUKJINUYEeCKHe MaTpuIlsl Jitaepa E.
Byayuu mpemukTopom wMmarpuin, MepceHHa, T. e.
OCHOBOM 0e3 crmenuduuecKoii KaiiMbl, MaTPUIIGI
diijiepa TOXKe CYINEeCTBYIOT Ha BCeX BBIJEIEHHBIX
IJid HUX mopAnkax n = 4t — 2 = 2(mod 4). BecoByio
(QYHKIIUI0O ¥ BJeMeHThI MAaTpuilbl Jitjepa E
HECJIOJKHO OIPEeNeJUTh C IOMOINbI0 cBA3u E =
= H,®M, oHa cioKeHa M3 [JBYX HUKJIUYECKUX
marpuii MepcenHa. AHAJIOTUYEH MYTh €e MOCTPO-
eHUA U3 MUKJANYeCKUX MaTpull OguHa CTPYKTYPBI
3elifeasda, ¢ HEKOTOPLIMU IIOIPaBKAMU BXOIAIIUIT
B asroputm [19, 21].

Marpura S mopagka n =4t — 3 = 1(mod 4) — sTo
KPUTCKad Marpuiia ¢ sjgemenramu {d, a=1, —b},

1
s k=1-d2+ 20t - 1)1 - b?),

b=1-2d, d T n
o) =d2+ (n—-1)+ (n - 1)b2)/2, tne t > 1 — meoe
YUCJI0. T MATPUIIBI CYIIECTBYIOT AJIA JI0OOTO BBI-
JIeJICHHOTO AJIA HUX MOPAIKA, €CJAU UX MOPSIJAOK —
cyMMa ABYX KBaapaToB. IlepBble IIpoGJieMHBIE IJIs
matput Ongunaa nopaaxu: 21, 33, 57 u 1. u. [lo mep-
BOM COTHU CYIIECTBYIOT, HO HEM3BECTHBHI (He Halije-
HbI) MaTpuIbl OTHA COCTABHBIX IIPOCTHIX IMTOPATKOB
65 u 85.

OpuruHajabHOCTL OuiukJga E u ero mecto B 11e-
TMOYKaxX KPUTCKUX MATPUI] COCTOUT B TOM, UTO KakK
CBSIBHOM 9JIeMEHT 0ECKOHEUHBIX IeIOYEeK HUTepaIluii
M@uau S)-E-M-E—... oH cyIliecTByeT He3aBUCUMO
oT (opM, KOTOpbIe MPUHUMAIOT IIePBOHAUAJIbHBIE
matpuinbl Mepcenna u Opuna. Ilo cyTtu, Ha crapre
9TO BHOJIHE cebe HeszaBUCHMMAasA MaTPUIA, KOTOPYIO
MBI MOKEM IIpeNoIIpeNesaiTh uepes mpeaguKTopbl M
uian S (Cay:Kaliux OCHOBOM) TOJBKO paau SKOHOMUU
CUJI U BpeMeHU Ha ee OThICKaHue.

¢ asnementamu {a=1, —b}, b=

Perynsapusie matpuns Agamapa H =[SQM]
nan H=[MQS]

Kaknas u3 onucaHHBIX HAMU IEIIOYEK B IIpeje-
Jie cTpeMuTcsa K Marpuiie Amamapa, HO Ha 0ecKo-
HEYHO OOJILIIIOM IIOpsAKe, TaKk Kak mapa {a =1, —b}
crpemurca K {a = 1, —1}. IupiMu croBaMu, PyHKIIUS
ypoBHEe b(n) ssieMeHTOB MaTpuIl MepceHHA — MOHO-
TOHHAas, cTpemsdAmniascsad K eauHuie. OcoOeHHOCTH
KPUTCKUX IEIOoUYeK COCTOUT B TOM, UTO (popMyJja
Crkapnu 0OoJiee yHUBepcasbHAas UM II03BOJISIET yM-
HOXKaTh He TOJbKO MaTpuibl MepcenHa (caMu Ha
ce0s), HO U mapbl OJIM3KO PACIOJOMKEHHBIX MATPHIL
H=[S®M] unu H=[MQ®S]. Ucnonssyembie 37echb
KBaJpaTHbIe CKOOKM 0003HAUAIOT M400aBJISIEMYIO
K IIPOM3BeIeHUIO (OCHOBE) KaliMy U3 e JUHUIL.

dopmysna He TpebyeT cMeITeHuA, XapaKTepHOT o
nns npousBemeHus CKapnu, AuaroHaJbHBIE dJIe-
MEHTBHI COMHOXKUTEJIell 3aMeIleHbl HEeKOTOPLIMU
KOMIIeHCATOpaMi, B OCTAJIbLHOM 3TO OOBLIYHOE KPO-
HEeKepoBo IIpousBeaeHue. Tem caMbIM OecIioyie3HbIe,
HA IIePBBIA B3IV, YPOBHEBbIe Marpuilbl OmmHAa
BBIIEJIEHBI TE€M, UTO B COUETAHUU C MaTPUIAMU
MepcernHa gaioT peryadapHbIe MATPUIlBI Axamapa.
HanmomauM, uto B popme Bymia (momMumMo TpuBU-
AJIbHBIX CJIyYaeB, CBA3AHHBIX C IEIIOUYKOI MATPHUI]
CunbBecTpa) 3a BCIO HMCTOPUIO TOWMCKOB HaMAeHO
BCEro TPU peryJaspHble MaTPHUIlLI AgaMapa mepBbIX
mopankos 36, 100 u 324. Marpurtia mopagka 196 me
HalijeHa.

BuTtpak KaK 0CHOBA MMOCTPOCHUA PEryIIPHBIX
maTpul Amamapa

CTpyKTypa BUTpaska, Omuparoiasaca Ha KPOHe-
KEepoBO IIpOM3BeieHWe MAaTPUI[, OTHOCUTCS K IIPO-
cThIM cTpyKTypaM. OHa MOPOXKJaeT KBa3WOPTOTO-
HAJbHYI0O MAaTPUIy C aOCOJIIOTHBIMHU 3HAUEHUAMU
SJIEMEHTOB, DABHBIMU IIPOU3BEJEHUSAM COMHOYKU-
TeJieil. OTa BepCcus IPOU3BENEeHUA HAM MeHee UHTe-
pecHa, XOTsI OHA M MMeeT IIPaBO Ha CYII[eCTBOBaHIE
KaK MCTOYHUK OPTOrOHAJBHBIX Marpull. OCHOBOM
pPeryJasapHbIX Marpun Azamapa ABJISIOTCA HOpMa-
nusoBauHble mnpoussenenus H =[SORQMD] umu
H=[MO®SV] aByx cMeXHBIX (OTINYIAIOIIHXCA
Ha 2) TPOCTHIX TTOPATKOB.

CJIO}KHBINT BUTpPa’K OTJIMYAETCA OT pPe3yabTara
KpOHEKepoBa IIPOM3BeJeHUs OOIlell AJis Bcell Ma-
TpUIIBl KaiiMoil u Marpulielfi KOMIIeHCaTOPOM, pas-
MeIIeHHBIM BJJ0JIb OCU CUMMeTPUYU (ZUaroHaJIu).

B kauectBe 0J0KOB Ha ocum cuMMeTpum (zuma-
TOHAJBbHBIX OJIOKOB) WCIIOJB3yeTCs MaTpUlla U3
eIUHUI J, ecJU IIepPBbIA COMHOKUTEJIb OOJbIIIE II0
IOPAAKY BTOPOro. B mpoTHMBHOM ciayuae — MaTpu-
na J — 21, rone I — equHNUYHas MaTpuIa (3HAK IeH-
TPAJbHBIX 3JIEMEHTOB KBaapaTa KOMIIEHCUPYETCsH),
IpuYeM JUaroOHaJb BCTABJISAEMON MaTpPUIIbI Bapbu-
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pyeTcs B 3aBHCUMOCTH OT 3HAKa 3aMeIaeMoro 6.Jo-
KOM 9JIEMEHTA.

B ocTasbHOM 3TO Hmpou3BeAeHNE He OTINYAeTCS
OT KPOHEKepoBa, ueM U IIPHUBJeKaTeJ bHO. BecTaBKuU
TMOAHUMAIOT a0COJIIOTHLIE 3HAUCHUS 9JI€MEHTOB IIPO-
U3BeleHNsA KBAa3HMOPTOTOHAJBHBIX MATPHUIl A0 eIu-
HUILI. OTO KOMIEHCAIIMOHHBIN IPUHITKI KaK y aJ-
roputMma CKapiu ¢ ero okaimienueM 6JI0K0B. Eciin
nopAnku matpui, MepceHHa coCTaBHbBIE, TO UCIOJIb-
syerca comHOoxuTensh M@ mopanka (2m + 1), mo-
CTPOEHHBIN U3 MATPUIL IPOCTHIX MOPATKOB M.

B n11060M TakoM cayuae MBI MOKEM YKasaThb II0-
JIOJKeHHe KOMIIeHcaTopa Ha JuaroHaJM: y MaTPHI]
BesieBuua 9TO Hy/nH; y OPOMSBEIEHUS POJb HYJIA
UTPalOT MaTPUUYHLIE OJIOKU 0e3 OpHAMEHTa, IIPUXO0-
IAITHecA Ha OCh CHUMMETPUM UJIA aHTUCUMMETPUU.
KomnencaTop moMoraeT OONOJHATL HE PaBHBIE IO
YUCIY MOJOKUTEJIbHBIX ¥ OTPUIIATENbHBIX 3JIEMEH-
TOB B CTPOKAaX (CTOJIOIIaX) MATPUIILI COCPEIOTOUCHU-
AMHU OJHOPOAHBIX 9JI€MEHTOB, 00eCIIeUBAIONINX He-
00X0MMBIIT HYJIeBOI OajaHc.

s ocBoeHUA 5TOM TeXHUKU IIPUBeAEM IIpUMe-
pel. OTMeTHUM, UTO IHUKJHUYEecKas (opMa MaTPHI]
MepcenHa cyliiecTByeT U OJiA TOPAMKOB, PaBHBIX
MIPOM3BENEHUAM OJU3KUX IIap IEeJbIX YHCeJ, OT-
audaltonuxcsa Ha 2. Hampumep, Aaa TOPSAIKOB
3x5=15,5xT7=385,7x9=63urT. 1., HO OHU He
OTJIMYAIOTCH ABHO BBIPAKEHHOI OChIO CUMMETPHUU.
Takwue yimiepOHBIe MaTPUIILI HAJeJEHBI 00Iell Mis
Bcex Marpuii MepceHHa CIIOCOOHOCTHIO MOPOKIATH
MaTpuIy Agamapa qo0aBJIeHNeM K 9TOM OCHOBE Kali-
MBI 13 OTPUIATEIHLHBIX 5JIEMEHTOB — BUJ 0000IIeH-
HOr0 YMHOKEHHUSA HAa MaTpUIly Axamapa IepBoro Io-
pAnKa.

Perynsapusie maTpuisl Agamapa

Perynspnblie maTpuiisl AgaMapa CyIecTBYIOT Ha
mopazkax 4u?=(m + 1)(m — 1) + 1, roe u — mesoe
ywucJo, T. e. 4, 16, 36, 100, 144, 196, 324, 196, 324,
676, 900, 1444, 1764, 2116, 2500, 2916 u . u. Hua
BBIUNCJIEHUS IIPOMEKYTOUHBIX MATPUIL IIOPALKOB
21 x23+1 =484 u 33 x 35 + 1 = 1156 HeT cooTBeT-
cTByOmUX MaTpul OguHa.

PaccMoTpuM nepBhie TPU MUKJINYECKLIE MATPUILHI
IIJIs TTOJIYUeHN A BUTPaKell. ITo MaTpuilbl MepceHHA
M;, Oguna S; u Mepcenna M;. Byzem naiee 060-
saauaTh M =(M,), S =(S,) oKpyrieHHbIe J0 IeJIbIX
3HAUEHUI 5JIEMEHTOB MATPUIILI ¢ HYJISAMU Ha Aua-
roHayii. B TakoMm ciyyae sTu MaTPHUIIBI IEPECTAHYT
OLITH OPTOTOHAJBHBIMH, ¥ WX IIOPTPETHI COBIAIYT
¢ marpuiiaMu Q KBaJpPaTUUYHBIX BBIUETOB C BbIJe-
JIEHHBIMHY TUATOHAJIbHBIMY (0CEBBIMU) dJIEMEHTAMU,
IIpe/ICTaBJIEHHLIMU Ha pUC. 2.

g yeTHBIX TOPAAKOB 4 (TpuBMAaJIBHBIN), 16, 36,
100, 144, (me 196 =13 x 15 + 1), 324, (ae 676), 900,
(ae 1444), 1764, (e 2116), 2500, (ae 2916) BOZMOK-
HBI IIPOCTHIE COMHOMKUTEJIH.

Aaroputm moucka. [Iiasa mnpousBemenusa H =
=[M®S] Boruucasem A=S — I, B=-S — I, a gaa
H =[SQM], vaobopor: A=M — I, B=-M - 1. 9t
MATPHUIILI 3aMEIalOT MOJIOKUTEJBHBIN W OTpUIla-
TEeJIBHBIA 5JI€EMEeHTHI IIEPBOTO COMHOYKUTEJISA, AMaro-
HaJbHBIE 3JIEMEHTHI HA OCU CUMMETPUU 3aMeIaoT-
ca J — 21. toroByro MaTpuIly HapaluBaeM KaiiMOMH.

TpuBHMaJbHBIN ciyyail — 3TO HOPAJOK 1 x 3 +
+ 1 =4, xorga peryjaspHas matpuna Axgamapa Io-
JIyJ4aeTCs PACIINPEHUEM OKPYIJIEHHOM MaTPUIIBLI
Mepcenna Mg ¢ IOMOIIBI0 KalMBI U3 IOJOMXHUTENb
HBIX BJIEMEHTOB, KPOMEe IIEPBOTO OTPUIIATEILHOTO
anemenTa. Ha cryuait mopsagka 3 x 5 + 1 = 16 matpu-
na M; o6pasyeT BUTpaXX ¢ MaTpullei Sy, BeqyImuii
k maTtpune H,4 (puc. 3).

Inanopanka 5 x 7+ 1 = 36 marpuna S; o6pasyer
BUTPasK ¢ Marpuneir M;, Benymuii k marpuie Hgg.
IIpousBeaeM BEIpaBHUBaHUE CYMM 9JI€MEHTOB CTPOK
¥ CTOJIOIOB MaTpull AgamMapa MHBEPCHUEN BTOPOII I10-
JIOBUHEI 6JI0KOB ee afpa. Perynapasie maTpuiisl H 4
u Hgy4 (puc. 4) cxonssl. 1A cHETE3a MATPHUIL IOPAL-
KOB7Tx9+1=64u9x11 + 1 =100 ucmonb3yem
6mounyo marpunly Sg=M;®M;, cooTBeTCTBYIO-
ITYI0 KPATHOM CTEIIeHU.

IlepBoIil To-HacCTOAIIIEMY He PAOOUUH IJIA TAKOTO
aJTOPUTMa MOPANOK dTO YyKe WMB3BECTHBIN ITOPAIOK
196 (13 x 15 + 1). S3ameTuM, UTO IOCTPOEHUE MATPU-
bl S;; MpoOJeM He BLISLIBaeT. B pasioskeHMH He-
mpoctoro uuciaa 15 =2 x 7 + 1 ¢purypupyet npocroit
HOpANOK yske sHaKoMoi Marpuisl MW =M, ¢ mo-
MOIITLI0 KOTOPOM MOXKHO COCTaBUTH KOCOCUMMETPU-

B Puc. 2. TlopTpeTsl TpeX MUKINUYECKNX MATPUIL KBaJPATUYHLIX BLIUETOB IOPAILKOB 3, 5, 7
B Fig. 2. Portraits of three cyclic matrices of quadratic residues of orders 3, 5, 7
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B

B Puc. 3. Iloprpersl maTpun Axamapa Hy u Hy 4
B Fig. 3. Portraits of the Hadamard matrices Hy m Hyg4

AN

B Puc. 4. IlopTpeTsl pery1apHbIX MaTpun Anamapa Hyg
u Hgq

B Fig. 4. Portraits of the regular Hadamard matrices
Hygu Hg

B Puc. 5. Hoprperst MaTpur, S5 u M® = M,
B Fig. 5. Portraits of the matrices S;3 u M® = M,

geckyto marpuiny M® =M, ¢ cuMMeTpueil BToporo
nopaznka (puc. 5). Tem caMbIM IIyTh K IIOCTPOEHUIO
peryaspHbIX MaTpuil Agamapa nopsaaka 196 oTKpbIT.

3aKJI0ueHne

CKapiu TpaKkTOBAJI CBOE IIPOU3BEIeHNE KaK uepe-
Iy omiepaiuii c marpuiieit Agamapa. IlpeamoskeHHbIH
B paboTe aJrOPUTM IIOCTPOEHUS PEryJAPHBIX Ma-
Tpull, AJjamMapa uepes BUTPaKU ABJIAETCA HOBBIM,
IIOCKOJIbKY B KauecTBEe COMHOKHUTEJel IMpoumsBeje-
HUS He NUCTHOJb3YIOTCA MaTPUIlLl AfaMapa — BIep-
BBI€ JIJISI 9TOTO BBOAATCA KPUTCKME MaTPUIIHI C ILjIa-
BAIOI[MMY YPOBHSAMH ¥ MAaHUIYJIAIAUA C HUMH,
B TOM UWHCJIe TIOBBIIIIEHe YPOBHS II0 Mepe pPocTa To-
PAOKA MaTPUILHL.

Kpowme matpuii Agamapa, pe3yabTaToM 0000IIeH-
HOr'0 KPOHEKEepOBa MPOU3BEICHUS ABJIAIOTCS U Ma-
Tpunkl MepcerHa 60J1€€ BEICOKUX TOPAIKOB. B 0606-
IIIeHHOM KPOHEKEePOBOM IIPOM3BEAeHU Y BIOJTHE MOMK-
HO 000IiTHCHL 0e3 mPOIeAyPhl OOIEero OKaMMJIeHM S,
TPaKTysd €ro UMEHHO KaK NYTh IOJYyUYeHUs MATPHUI]
MepcenHa.

Kpome aaguTWBHBIX IIeIOYEeK MATPUI] BHUIA
M-E-M-E-... u S-E-M-E-..., nony4aeMbIX yaBO-
eHuAMHU TOPAAKOB U Ho0aBJIeHUEM KaWMbl, BOSHU-
KaloT MYJbTUILINKATUBHBIE IETIOYKU TeHepalluu
KPUTCKUX MAaTPHUII.

W3n0:xeHHBIN MaTepuasl ABIAETCA OCHOBOI IJIsA
MOJIyUeHUsI PeryJsapHOil MaTpuilbl mopsaaka 196 u
Iajee MaTpuIlkl mopsaaka 676. ITocKoIbKY TOPAIOK
MaTPUIBL S, 5 ABJIAETCA KBaJAPAaTOM IPOCTOTO YKCIA,
TO AJIA Hee JIETKO CTPOUTCSA MaTPHUIla KBaAPATUUYHBIX
BBIUETOB M PeryJspHas MaTpuia nopsaaka 1444.
ITocTpoerue marpuibl mopsaxka 2116 saBucut oOT
0J109HOII MaTpUIBL S, 5, ABJAIOIIENHCA AIPOM 0cO6OI
KoH(pepern-matpunsl C,s. W, HaKoHeN, MaTpuUIy
Sy5 MOMKHO HCIOJB30BATh IIPU IIOCTPOEHUH MATPH-
bl TIopagka 2916.

B mpaKTuuecKOM cMBICJIE Pe3yJabTaThl IIPOBe-
JEeHHBIX MCCJIeAOBAHUIN CYIIIECTBEHHO PACIITUPIIOT
BO3MOYKHOCTHY IIPUMeHEeHU s ITU(PPOBLIX CUCTEM 00-
paboTKM KaK OJHOMEPHBIX CHUT'HAJOB, TAK U H30-
OpaskeHuil BBICOKOTO pAas3pellleHusA B IeJAX HX
CoKATUA U 3aIUTHI OT HECAHKIITMOHNPOBAHHOTO JI0-
cryima.
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Matrix vitrages and regular Hadamard matrices

A. A. Vostrikov?, PhD, Tech., Associate Professor, orcid.org/0000-0002-8513-3683, vostricov@mail.ru
aSaint-Petersburg State University of Aerospace Instrumentation, 67, B. Morskaia St., 190000, Saint-Petersburg,
Russian Federation

Introduction: The Kronecker product of Hadamard matrices when a matrix of order n replaces each element in another matrix of
order m, inheriting the sign of the replaced element, is a basis for obtaining orthogonal matrices of order nm. The matrix insertion
operation when not only signs but also structural elements (ornamental patterns of matrix portraits) are inherited provides a more
general result called a “vitrage”. Vitrages based on typical quasi-orthogonal Mersenne (M), Seidel (S) or Euler (E) matrices, in addition
to inheriting the sign and pattern, inherit the value of elements other than unity (in amplitude) in a different way, causing the need
to revise and systematize the accumulated experience. Purpose: To describe new algorithms for generalized product of matrices,
highlighting the constructions that produce regular high-order Hadamard matrices. Results: We have proposed an algorithm for
obtaining matrix vitrages by inserting Mersenne matrices into Seidel matrices, which makes it possible to expand the additive chains of
matrices of the form M—E—M—E—... and S—E—M-E—..., obtained by doubling the orders and adding an edge. The operation of forming a
matrix vitrage allows you to obtain matrices of high orders, keeping the ornamental pattern as an important invariant of the structure.
We have shown that the formation of a matrix vitrage inherits the logic of the Scarpi product, but is cannot be reduced to it, since a
nonzero distance in order between the multiplicands M and S simplifies the final regular matrix ornamental pattern due to the absence
of cyclic displacements. The alternation of M and S matrices allows you to extend the multiplicative chains up to the known gaps in the
S matrices. This sheds a new light on the theory of a regular Hadamard matrix as a product of Mersenne and Seidel matrices. Practical
relevance: Orthogonal sequences with floating levels and efficient algorithms for finding regular Hadamard matrices with certain
useful properties are of direct practical importance for the problems of noise-proof coding, compression and masking of video data.

Keywords — orthogonal matrices, regular matrices, Hadamard matrices, Mersenne matrices, Seidel matrices, Kronecker product,
Scarpi algorithm, matrix inserts, matrix vitrages.
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bThe University of Danang — University of Economics, 71, Ngu Hanh Son St., 550000, Danang, Vietnam

Introduction: Many methods have been proposed to handle the image restoration problem with Poisson noise. A popular
approach to Poissonian image reconstruction is the one based on total variation. This method can provide significantly sharp
edges and visually fine images, but it results in piecewise-constant regions in the resulting images. Purpose: Developing an
adaptive total variation-based model for the reconstruction of images contaminated by Poisson noise, and an algorithm for
solving the optimization problem. Results: We proposed an effective way to restore images degraded by Poisson noise. Using
the Bayesian framework, we proposed an adaptive model based on a combination of first-order total variation and fractional
order total variation. The first-order total variation model is efficient for suppressing the noise and preserving the keen edges
simultaneously. However, the first-order total variation method usually causes artifact problems in the obtained results. To avoid
this drawback, we can use high-order total variation models, one of which is the fractional-order total variation-based model for
image restoration. In the fractional-order total variation model, the derivatives have an order greater than or equal to one. It leads
to the convenience of computation with a compact discrete form. However, methods based on the fractional-order total variation
may cause image blurring. Thus, the proposed model incorporates the advantages of two total variation regularization models,
having a significant effect on the edge-preserving image restoration. In order to solve the considered optimization problem, the
Split Bregman method is used. Experimental results are provided, demonstrating the effectiveness of the proposed method. Prac-
tical relevance: The proposed method allows you to restore Poissonian images preserving their edges. The presented numerical
simulation demonstrates the competitive performance of the model proposed for image reconstruction. Discussion: From the
experimental results, we can see that the proposed algorithm is effective in suppressing noise and preserving the image edges.
However, the weighted parameters in the proposed model were not automatically selected at each iteration of the proposed algo-
rithm. This requires additional research.

Keywords — total variation, image restoration, Poisson noise, minimization method.

For citation: Pham C. T., Tran T. T. T., Pham M. T., Nguyen T. C. Combined total variation of first and fractional orders for Poisson
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Introduction penetration ability [14]. X-ray images are produced

using a digital receptor. The photon scattering fol-

Poisson noise is known as photon noise or shot
noise [1]. Poisson noise removal is an important
task in various applications such as electronic mi-
croscopy [2, 3], tomography [4, 5], X-ray [6, 7], etc.
In electronic microscopy imaging, the number of
electrons collected to create an image pixel follows
the Poisson distribution [8]. It means that parts of
an image with higher intensity have a higher noise
level than parts with low intensity. A low signal-to-
noise ratio leads to a high level of noise, which af-
fects detected edges and accuracy in measurement
[9, 10]. With the electron tomography technique,
data acquisition is the detection of scattered elec-
tron particles. The emission and subsequent detec-
tion of electrons follow a Poisson process [11]. These
processes degrade data quality due to Poisson noise
[12, 13]. Meanwhile, X-ray is a popular medical im-
aging technique. X-rays are produced using pho-
tons, which have very small wavelengths and high

lows Poisson noise distribution which leads to deg-
radation of the X-ray image quality and to the diffi-
culty of diagnosis [15].

For many years, many variational methods have
been proposed to handle the restoration problem
with Poisson noise [16—23]. One of variational mod-
els for Poissonian image reconstruction is the one
based on the total variation (TV) norm as regulari-
zation term [24]:

miél(” zllry +B(1, Kz—flog Kz)), 1)

where [ is a positive regularization parameter;
z must be positive in Q; K is a blurring operator,
the operator ||z, stands for the TV of u. Authors
in [25] replaced the TV regularization term in (1)

A
by | z|rv +§H2||§ and proposed bounded varia-
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tion-based Poissonian images restoration model as
follows (TV-model):

z =argmin[|z||TV +&||z||§ +5(1, Kz—flong)j. 2)
zeQ) 2

The model (2) performs very well for preserv-
ing edges while removing noise. However, it of-
ten causes undesired artifact effects in smooth
regions. To overcome these effects, some high-or-
der models have been introduced for restoring
blurred images corrupted by Poisson noise. The
authors in [26] replaced the term ||z ; in (2) with
higher-order ||z||;;7 and proposed following mod-
el (HTV-model):

; ) A
z = argm1n(||2||HTV +2 2|8 +pQ, z—flogz)j. 3)
2eQ) 2

Recently, fractional-order derivatives are
widely applied in image processing [27—31]. The
works have reflected the good performance of
the fractional-order derivative in image denois-
ing with edge-preserving. Following [29], the
fractional-order TV model for Poissonian image
denoising and deblurring is as follows (FTV-
model):

2= argmin(|| ZHTVa +B(1, Kz-flogKz)), 4)

u

where B is positive parameter; || ZHTVa stands for
fractional-order TV defined in Eq. (10).
Motivated by the above studies, we introduce

an adaptive TV based optimization problem as fol-
lows:

2= argmink(z), B)
2eS(Q)
# .
2 =argmin(uy | zllpy + w2l +
zeQ)

A
+§||z||§ +B(1, Kz—flog Kz)),

where 1;, 1, and B are positive paramters, n,
1y € (0, 1).

Motivated by the previous works, we propose
a Poisson noise removal model that can sub-
stantially reduce artifact effects while preserv-
ing edges in the restored images. The proposed
model is designed by combining advantages of
the first order TV and fractional order TV. We
extend the split Bregman method for solving
the optimization problem. Furthermore, we pro-
vide experimental results to demonstrate the
efficiency of our algorithm for the considered
problem, in comparison with state-of-the-art me-
thods.

Preliminaries

We recall the principle behind Eq. (5). We aim at
reconstructing the original image u with the known
noisy image f. Our strategy is to find the image u
which maximizes the conditional probability P(ulf).
Bayes’s rule gives

P(f|2)P(z)

P(z|f)= ()

(6)

The probability density function of the observed
image f corrupted by Poisson noise is:

2 exp(-2)
1 '

Suppose that f has size M x N, and let Z={1, ...,
M} x {1, ..., N} denote the domain of f. For i € Z, we
write f; the pixel of f at position i (and similarly u;
the pixel of u at position i) [32]. Then:

f; (=2;)
P2 le L
e | S

iel fi!

P(f|2)=

Maximizing P(z|[f) is equivalent to minimiz-
ing —log(P(z|f)), so let us compute the quantity
—log(P(fl2)):

> 2, —f; log(z;) +log(f}) . (7

iel

Since f is constant, we can ignore the term
log(f;!). Now we assume that P(z) follows a choice of
the prior:

P(z)=exp(—%(¢(z)j, ®)

where t is a normalization factor being positive and
constant.
In this work, we assumpt that

o 2
@) =wy | zlpy +uo ||2||TVa +§H zlz -

The assumption on P(z) means that each pix-
el depends (weakly) on the neighbouring pixels
only, so we do not lose much by assuming indepen-
dence.

We now have all the ingredients to maximize
P(z|f). By Eq. (6), this amounts to minimize the ex-
pression —log(P(f|z)) — log(P(2)), so we can plug in
Equations (7) and (8) to get:

2= arg minZ(ld)(zi )+(2; —f;log(z; ))j

4 iel
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and we can view this expression as a discrete ap-
proximation of the functional E(-) defined as

a
B[l + a2y, + 51218 +pa1, 2 loga) |

where = 1 is positive and constant parameter.

In case of the blur effect, we can generalize the
model (5) for restoring a blurred image corrupted
by Poisson noise as follows:

E@) = 1zlrv +na 12lrv,, +

+ %II 2| +B(1,Kz —flong>j,

where [ is positive and constant parameter.

The discrete gradients of an image u for the pix-
el location (i, j) in z (i=1..M; j=1..N) are defined
like [33-35]:

| 2llpy = (V12)® +(V32)?, 9)

V12ij =211, —%,j> V22i,j =%i,j+1 ~3,j»
V1121 =2i11,; — 22, + 21>

Vog2ij =241 —22j+2 1,

Vi22;,; =V212ij =2;j =2 j-1 —%-1,j T i-1,j-1

I 2|y = \/(V11-2’)2 +(V122)% +(V312)® +(V22)?.

Due to the convenience in numerical implemen-
tation, from Greunwald — Letnikov (GL) fraction-
al-order derivative, the discrete fractional-order
TV ||z ||TVOL of z € Qis defined as follows [27, 31]:

| 2lrv, =V +(V§2) (10)

where the discrete gradients V{'z and V§z are de-
fined as follows:

L-1 L-1
o _ o a - a
(Vi2);; = > cy 2 k,j» (V22);= >.Ck Zi,j—k-
k=0 k=0

Parameter L is the number of neighboring pix-
els that are used to compute the fractional-order
derivative at each pixel; the coefficients {C;'} are
defined as follows [27]:

- C(a+1)

o — ,k=1..L-1.
T(k+1)(a+1—F)

Computational method

In this section, we derive the numerical method
for the problem (5) in detail. There are many meth-

ods which can be employed to obtain the solution of
the optimization problem. In this article, we decide
to employ the split Bregman method for solving the
optimization problem.

The split Bregman method performs break the
minimization problem down into easy subproblems
[836—38]. Subproblems can be directly solved with
tools like fast Fourier transform (FFT), shrinkage
operator that makes the optimization algorithm
rather fast. We have a scalar y and two convex func-
tionals W(-) and G()); and that we need to solve the
following constrained optimization problem:

argmin(|w||+yG(2)), s.t.w="Y¥(2). 11

zZ,W
We convert (11) into an unconstrained problem:

argmin(”w||+yG(z)+%||d—‘{’(z)—b||§j, (12)

2w

where w — splitting variable; p is positive constant
parameters; b — variable of the Bregman itera-
tions.

The solution to problem (12) can be approximat-
ed by the Split Bregman method:

2D = argmin[YG(z) +% lw® —w(z)-b® |3 }

2z

w1 =argmin[||w||1 +o =) —p® ||§j,

w

D) = ) (gD (k1)

We return to the problem (5). By introducing
three auxiliary variables u, p and ¢, Eq. (5) is equiv-
alent to the constrained optimization problem:

0
min (1 9+ ]+ 512§ + UL, u-logw |,
Pq,2,u

s.t.p=Vz, q¢=V%z, u=Kz, (13)

where Vz and V*z are defined in (9) and (10) respec-
tively.

We convert the problem (5) to the unconstrained
one as follows:

0, 2
up llpll+pg ||Q||+EH2||2+

min | +B(1, u—floguwy+2L | p-vz | +|, (14
D525l 2

p 2 P 2
+2]|g-Vo2| +2 Ju-Kz |}

where 117, 11y, P and y are positive parameters; p;, py
are Lagrangian multipliers.
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The extended split Bregman iterative method
employed for solving the problem (5) can be de-
scribed as follows:

0 2. Py (& k) |12
Sz + PP —vz-b [+

2B — argmin
¥4

p k k) 2
+ 2 g W v -b | +
p k k) 12
+ 2w - Kz -0l |
B(1, u—flogu) +
u®D — argmin

p k+1 k) |12
w | lus KD b

P —argmin] | pl1+ 21 p-vahD P f |
p

D = argmin| g+ 22172 -
q

with update for bg”l), bg”l), bg”l) :

(k+1) _ 3 (R) (k+1) (k+1)
b, =b, +Vz -p
bék+1) _ bék) +V0L2(k+1) _q(k+1) .

B = p(B) | g (H1) (D)

Hence, we have three subproblems to solve: z, p
and q.

Subproblem z. For the z subproblem, optimality
condition reads:

0z+p (V)T (V2 +b() - p®) 4
+pa (V)T (V2 +bP - gy =0.

Therefore, we have

O+p1 (V) V+pa (V) V)2 =
=p1M)" (" b5y +p (V)T (¢ -b(?).  (15)
The Eq. (15) can be solved efficiently with one

Fourier transform operation and one inverse FFT
operation as follows:

F(py (M) (p® —b{) +

+p2(V*) (@™ ")

0+p1 F((V)' V) + po F(VH)T V) |
+p1F((V) V) +paF((V™T) ) 16)

k1) _ p-1

where F and F! are the forward and inverse Fourier
transform operators.

Subproblem u. For the u subproblem, optimality
condition reads:

B—”;f +pg(u—K2HD _pPy o,

At the (k + 1)-th iteration, we compute u by dis-
cretization scheme:

(k+1)
u ~-f
B—(k) + p3(u(k+1) _ KD bgk)) =0.
u
Therefore, we have

LD _ Bf +pgu'® (k2D 1 p))
B+pgul®

an

Subproblems p and g. The solution of the p sub-
problem can readily be obtained by applying the
soft thresholding operator:

p# = shrink[Vz(k+1) + bék) ) ﬂ} =
P2

v 9

= P max||vz®D B | _EL OJ. (18)
|v2FD )| [ P

The solution of the g subproblem can also be ob-
tained by applying the soft thresholding operator:

g = shrink(vo‘u(kﬂ) + bgak) ) H—ZJ =
P2
Votu(k+1) + b},k)

=— P max||veu®D 4 p® |_H_2, 0]. (19)
|vou D 4y | [ P py

The complete method is summarized in Algo-
rithm 1.

Algorithm 1: Adaptive split Bregman method
for solving the problem (5)

1. Initialize: 2@ =f; p© =q© =0; b =p{® =
pV. 1
00 f =

I u(k) _u(k—l) llo
1 |,

[\

. while ( <&)||(E< Npyay) do

. Calculate z**D using (16)
. Calculate u**D using (17)
. Calculate p**D using (18)
. Calculate ¢**1 using (19)

(B+1) _ 1.(R) (k+1) (k+1)
- by =b,” +Vz -p

0 = OOtk W

(B+1) _ 1.(R) o (k+1) (k+1)
- by =b,"+V7z -q
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9. Bl D = p® | gp(h+l) _ (D)

10. k=k+ 1
11. endwhile
12. return z

Experimental results

In this section, we present some numerical re-
sults to illustrate the performance of the proposed
model for Poisson noise removal. In order to prove
the efficiency of the proposed model, we compare
our reconstruction results with those of the men-
tioned models: TV-model, HTV-model and FTV-
model. The compared models are implemented by
the split Bregman method. We performed all exper-
iments under MATLAB and Windows 10 on a PC
with an Intel Core (TM) i5 CPU at 2.4 GHz and 8
GB of RAM. Empirically, all images are processed
with the equivalent parameters o =1.5, p; =0.6,
n,=0.4, p; =0.01, p,=0.01, p;=0.01, 6=0.0001.
We set the stopping condition for Algorithm 1:
£€=0.00004 and N =500. The observed images in
our experiments are simulated as follows. Poisson
noise is data dependent, the noise level of the ob-
served images depends on the pixel intensity val-
ue. To test different noise levels, the noisy image is

simulated by adding Poisson with some fixed value
Peak. The test images are shown in Fig. 1.

The peak signal-to-noise ratio (PSNR) used in
comparison are defined as follows:

2
”u* - u“z

where M and N are the number of image pixels in rows
and columns; u, u* are the original image, the recon-
structed or noisy image accordingly. We also use oth-
er popular measure called structural similarity index
measure (SSIM) which allows us to get more consist-
ent with human visual characteristics [39]:

uyh = te)(20, « +c2)

SSIM(u, u”)=—— TR ;
(uy, R +¢1)(o}, +G . +c3)

where ,,, 11, are the means of u, u” respectively; G,
G, — their standard deviations; Oyt — the covar-
iance of two images u and u*; ¢y, ¢y are positive con-
stants.

We first deal with Image denoising. In this case,
K is an identity matrix. In Figs. 2 and 3, we aim

B Fig. 2. Image “Lena”. Recovered images of different
methods for image denoising with Peak = 255: a — orig-
inal image; b — noisy image; ¢ — TV;d — HTV; e — FTV;
f— ours

B Fig. 3. Image “Lena”. Recovered images of different
methods for image denoising with Peak = 100: a — orig-
inal image; b — noisy image; ¢c — TV; d — HTV; e — FTV;
f— ours
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to restore the image “Lena” corrupted by Poisson
noise with Peak = 255 and Peak = 100, respective-
ly. In these figures, we also present the zoom-in on
small details of the recovered images.

We see that TV-model is efficient for removing
noise and simultaneously preserving the edges.
However, the numerous artifact exists in result im-
age recovered by TV-model. Meanwhile, the HTV-
model and FTV-model can lead to edge blurring
when image denoising. The images recovered by our
model are more smooth and distinct than those of
another three approaches.

In Figs. 4, 6 and 8, we show the results of com-
pared methods for noise levels Peak=100. In
Figs. 4, b, 6, b, and 8, b, we represent the noisy imag-
es. In the others, Figs. 4, ¢, 6, c—f, 8, c—f, we show
respectively the reconstructions given by TV, HTV,
FTV and our proposed approach. In Figs. 5, 7and 9,
we show the zoomed details of the original images,
observed images and the zoomed details of the re-

stored images respectively in Figs. 4, 6 and 8. From
the details in Figs. 5, 7 and 9, we can see that the our
model can get better visual improvement than the
others. In Tables 1 and 2, we show the comparison
results in terms of SSIM and PSNR (the best result
is highlighted in bold). We can clearly see that our
method outperforms the other relative methods for
restoring images damaged by Poisson noise.

In the case of image deblurring and denoising,
we consider blurred images degraded by Poisson
noise. For simulation, we use the Gaussian blur with
a window size 5 x 5 and standard deviation of 1.
After the blurring operation, we degrade the im-
ages by Poission noise with Peak = 100. In Fig. 10,
we perform simultaneously image deblurring and
denoising on image “Lena”. Fig. 10, b denotes cor-
rupted image. In Fig. 10, c—f, we show respectively
the reconstructions given by TV, HTV, FTV and our
approach.

B Fig.4.Image “Aerial”. Recovered images of different
methods for image denoising with Peak = 100: a — orig-
inal image; b — noisy image; ¢c — TV; d — HTV; e — FTV;
f — ours

B Fig. 6. Image “Man”. Recovered images of different
methods for image denoising with Peak = 100: a — orig-
inal image; b — noisy image; ¢c — TV; d — HTV; e — FTV;
f — ours

B Fig. 5. Image “Aerial”. The zoomed-in details of the
recovered images in Fig. 4: a — original image; b — noisy
image; ¢ — TV; d — HTV; e — FTV; f — ours

B Fig.7. Image “Man”. The zoomed-in details of the re-
covered images in Fig. 6: a — original image; b — noisy
image; ¢ — TV; d — HTV; e — FTV; f — ours
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B Fig.8.Image “MRI”. Recovered images of different meth-
ods for image denoising with Peak = 100: a — original image;
b — noisy image; c — TV; d — HTV; e — FTV; f — ours

B Fig.9.Image “MRI”. The zoomed-in details of the re-
covered images in Fig. (8): a — original image; b — noisy
image; ¢ — TV; d — HTV; e — FTV; f — ours

B Table 1. PSNR values for recovered images given by
the compared methods with various noisy levels

B Table 2. SSIM values for recovered images given by
the compared methods with various noisy levels

Noise PSNR

level

Peak Noisy TV HTV FTV Ours
Lena

255 | 26.9200 | 31.1786 | 30.9261 | 31.0504 | 31.8640
100 | 22.8909 | 29.1995 | 28.8624 | 29.2134 | 29.4694
Man
255 | 27.6436 | 29.6582 | 29.5528 | 29.8153 | 30.1140

Noise SSIM

level
Peak Noisy TV HTV FTV Ours

Lena

255 0.6721 | 0.8794 | 0.8812 | 0.8780 | 0.8891

100 0.5234 | 0.8368 | 0.8423 | 0.8411 | 0.8505

Man

255 0.8028 | 0.8770 | 0.8731 | 0.8713 | 0.8835

100 | 23.5718 | 26.5633 | 26.2971 | 26.7400 | 26.8960

100 0.6578 | 0.7830 | 0.7784 | 0.7862 | 0.7986

Aerial

255 | 26.7701 | 28.4530 | 28.2417 | 28.4966 | 29.006

Aerial
255 0.8277 | 0.8649 | 0.8585 | 0.8645 | 0.8805

100 | 22.6521 | 25.8654 | 25.7517 | 25.6930 | 26.2966

100 0.7154 | 0.7787 | 0.7639 | 0.7647 | 0.7882

MRI

MRI

255 | 30.1130 | 30.7451 | 30.7111 | 30.8487 | 30.9878

255 0.9025 | 0.9401 | 0.9427 | 0.9344 | 0.9484

100 | 26.9175 | 28.9371 | 28.9151 | 28.9780 | 29.2772

100 0.8416 | 0.9107 | 0.9114 | 0.9095 | 0.9272

B Fig. 10. Image “Lena”. Recovered results for the test
images: a — original image; b — noisy image; ¢ — TV;
d— HTV; e — FTV; f — ours

B Fig. 11. Image “Lena”. The zoomed-in details of the
recovered images in Fig. 10: a — original image; b —
noisy image; ¢ — TV; d — HTV; e — FTV; f — ours

16 7 VHOOPMALVIOHHO-YMPABASIOLLVIE CUCTEMBI

7/ Nes, 2021



\ OBPAEOTKA IHDOPMAUWN N YNIPABAEHVE N\

B Table 3. PSNR values for recovering blurred images
with noisy level Peak = 100

PSNR
Noisy TV HTV FTV Ours

Image

B Table 4. SSIM values for recovering blurred images
with noisy level Peak = 100

SSIM
Noisy TV HTV FTV Ours

Image

Lena | 20.6275 | 22.7049 | 22.5994 | 22.8684 | 23.3133

Lena | 0.4354 | 0.7503 | 0.7190 | 0.7647 | 0.7739

Man |19.4880 | 20.5501 | 20.0390 | 20.4229 | 20.6916

Man | 0.4748 | 0.5702 | 0.5432 | 0.5853 | 0.5994

Aerial | 18.3362 | 18.7176 | 18.9762 | 18.8378 | 19.4537

Aerial | 0.5220 | 0.6047 | 0.5430 | 0.6074 | 0.6214

MRI | 24.3167 | 24.9252 | 24.231 | 24.6373 | 25.0166

MRI | 0.7956 | 0.8642 | 0.8527 | 0.8690 | 0.8760

Meanwhile, Fig. 11 shows enlarged images re-
covered by four methods in Fig. 10. In Tables 3 and
4, we report the quantitative measures of PSNR
and SSIM values for different images and compared
methods. The Figures and Tables demonstrate
again the effectiveness of our proposed method for
image reconstruction under Poisson noise even in
presence of blur.

Conclusions

In this paper, we have researched the hybrid
regularizers model, combining the fractional-order
and first-order TV for denoising images corrupt-
ed by Poisson noise. Computationally, an extended
split Bregman method is employed for solving the
proposed optimization problem. Finally, compared
with the existing state-of-the-art models, the ex-

periments demonstrate the efficiency of the pro-
posed method.
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Kom6uHNpOoBaHHAA MOJTHAS BapUALUs IEPBOTO U JPOGHOTO MOPAIKA A1 YIAJIEHUT IyacCOHOBCKOTO IIIyMa
Ha nudpPOBHIX H300paAKEHUAX
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6Yuusepcuter Jlananra — YHUBepCUTeT sKOHOMUKY, Hry Xans Illon, 71, Maraunr, 550000, BreTHam

Beegenne: n3BeCTHO MHOKECTBO METO/IOB JIJIS1 PEIIIeHN IPO0IeMbl BOCCTAHOBJIEHUA N300PAKEHUI ¢ TOMOIIILI0 TyaCCOHOBCKOTO IIIy-
Ma. OJHUM U3 MOMYJIAPHBIX OJX0J0B K PEKOHCTPYKIIUY IIyaCCOHOBCKOTO M300PaKeHUs ABJSETCS METO], OCHOBAaHHBIM Ha IIOJIHON Ba-
puanuu. C IOMOIIIO 3TOTO MEeTOAa MOKHO IIOJIYYUTh BeChbMa pe3Kue I'PaHUIbl M BU3YAJbHO UeTKUe M300pa'KeHusa, HO OH IMPUBOJUT K
00pa30BaHUIO KYCOUHO-TIOCTOSHHBIX 00JacTeil B Pe3yIbTUPYIOIUX n3obpakeHuax. Ileas: paspaboTka afanTUBHON MOJEJHN Ha OCHOBE
TIOJIHBIX BapUanuil U1 PEKOHCTPYKIIUY M300paskeHNl, NCKaKeHHBIX IIYaCCOHOBCKUM IIIYMOM, ¥ aJITOPUTMA PEeIIeHUs 3aJaYll OIITUMU3a-
uu. PesyasraTsl: mpeaiokes sh(OeKTUBHBIN METO/ IJIs1 BOCCTAHOBJIEHUS N300PaKeHNM, NCKAYKEHHBIX IIyaCCOHOBCKUM 1rymoM. Ha 6ase
06aiiecoOBCKOI CTPYKTYPHI ITPeJJIoyKeHa afalTUBHAs MO/eJib, OCHOBaHHAs HA KOMOWHAIIUY IOJHOM Bapualliy IePBOTO MOPAJKA U IIOJHOMN
Bapuanuu ApoOHOTro mopsaaKa. BoccTaHOBIeHNE N300paKeHnsI Ha OCHOBE MOJIEJIU MTOJHOM BapHUalliy IIePBOTO MOpsaaKa 3(hdEeKTUBHO A
IIIYMOIIOZABJIEHUSA U OJJHOBPEMEHHO COXPaHEHUs OCTPHIX rpaHul. OLHAKO MeTOJ IIOJHOW BapUaluy IIePBOTO IOPSAAKa 00BIYHO BHI3bIBA-
eT mpobJsieMbl ¢ apTedaKTaMu B IMOJYYEHHBIX pesdyJibrarax. UTo0bl 130€)KaTh 9TOT0 HELOCTATKA, MCIIOJIb30BAHbI MOIEJU IIOJHON Bapu-
anuy BBICOKOTO IOPSIKA, OAHA U3 KOTOPHIX SIBJISETCA OCHOBAHHOU Ha ITOJIHOM Bapualuy JPOGHOTO MOPSAKAa AJISA BOCCTAHOBJIEHUS M30-
OpaskeHuii. B Mogesiu moTHOM Bapuanuu JpoGHOr0 MOPSJKa IIPOU3BOJHbIE MMEIOT IOPALOK 0OJIbIIIe UJIN PABHBIN eUHUIIE. ITO IPUBOJUT
K yI00CTBY BBIYMCJIEHUI C KOMIIAKTHOUN AuCKpeTHOI hopmoii. Ho MeToabl, OCHOBaHHBIE Ha ITOJHON Bapuamuu APOOHOTO IMOPALKA, MOTYT
BBI3BATh Pa3MbITHE N300paskeHus. Takum o0pasoM, MpeAToKeHHasd MO/eJIb BKJIOUaeT B ce0s IPEeNMYIIecTBa JBYX MOJeJIeil peryasapusa-
MU IIOJIHOM BapHaIlliy U CYIIeCTBEHHO BJIMSAET HAa BOCCTAHOBJIEHNE U300parKeHus ¢ COXpaHeHueM rpanuil. [lJia pelieHus paccMaTpuBae-
MO ONITUMUBALUOHHON 3aaun UCIIOab3yeTca meTox Split Bregman. IIpuBeeHsl sKCIIepuMeHTaIbHBIE PE3YAbTATEI, J€MOHCTPUPYIOII[IE
3G e TUBHOCTD IIPeAIoKeHHOro MeToa. [IpakTnyecKkas 3EHaYMMOCTH: IIpe/JIaraeMbIi METO/ II03BOJISET BOCCTAHABINBATE ITYaCCOHOBCKHE
n300pakeHns C cCOXpaHeHneM rpanuil. IIpeacTaBieHHOe YNCIEHHOE MOAEJINPOBAHIE HATJISJHO JeMOHCTPUPYET KOHKYPEHTOCIIOCOOHOCTh
IPeIJI0KEeHHON MOJeNN IJIsl BOCCTAHOBJIEHUA N300paKeHU, TerPauPOBAaHHBIX IIyaCCOHOBCKUM mrymMoM. O6cyskaeHue: U3 pe3yabTaToB
9KCIIEPUMEHTOB BUHO, YTO MPEAJIOKEHHBIN aaroputM 3¢h@deKTuBeH B IIyMOIIOAaBIEHNN U COXPAaHEHUU I'PaHull nusobpaskerHus. OgHaxko
B3BEIIIEHHBIE ITapaMeTPhI, CYII[eCTBYIOI[ME B IPEJIOKEeHHON MO/eJIN, He BEIOUPAINCh aBTOMATHYECKH Ha KasK/I0M UTepaIluu IPeaIoKeH-
HOT'0 aJITOPUTMA, UYTO TPEOYeT AOMOJTHUTENbHBIX UCCIeTOBAHUM.

KaroueBsle ciioBa — IoJIHAsI Bapuallusi, BOCCTAHOBJIEHIE N300paKeHNU s, IYaCCOHOBCKUI IITyM, METOJ MUHUMUBAIIUN.

IMas yutuposanua: Pham C. T., Tran T. T. T., Pham M. T., Nguyen T. C. Combined total variation of first and fractional orders for
Poisson noise removal in digital images. Hrngopmayuonno-ynpasasoujue cucmemvt, 2021, Ne 5, c. 10-19. doi:10.31799/1684-8853-2021-
5-10-19

For citation: Pham C. T., Tran T. T. T., Pham M. T., Nguyen T. C. Combined total variation of first and fractional orders for Poisson
noise removal in digital images. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2021, no. 5, pp. 10-19.
d0i:10.31799/1684-8853-2021-5-10-19
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U noacyera XXUBOTHbIX Ha a3pOCbOTOCHI/IMKaX

B. B. MuxaiinoB?, nOKTOP TEXH. HaYK, Mpocgheccop, BeAyLmni Hay4YHbIy cOTpyaHMK, orcid.org/0000-0001 -
6973-3526, mwwcari@gmail.com

J1. A. Konnawumkos®, 1okTop 6101 HayK, HaYaslbHUK HayyHoro othena, orcid.org/0000-0003-4871-3360
B. A. CoboneBckuitd, acnupaHT, MaafLWni Hay4YHbin coTpy[HuK, orcid.org/0000-0001-7685-4991

H. B. ConoBbeBB, KaHf. TEXH. HayK, AOLEHT, orcid.org/0000-0001-8851-3713

I” K. fikywes®, 6akanaBp, orcid.org/0000-0003-4689-3425

aCaHkT-lleTepbyprckuy chegepanbHbIn uccnenoBaTenbckui L4eHTp PAH, 14-s nuHns B. 0., 39,
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BCaHKT-[leTepbyprckuii rocy[apCTBEHHbIN YHUBEPCUTET adPOKOCMUYECKOT0 NPUOoPOCTPOEHUS,
b. Mopckas yn., 67, CaHKT-IeTepbypr, 190000, P®

BBegieHue: c10XXHOCTb MPOoLeccoB pacrno3HaBaHus U nogcyeta 06bekToB Ha hOTOCHUMKE HEMOCPEACTBEHHO CBSI3aHa C U3-
MEHUYMBOCTbHO COMYTCTBYOLMX (haKTOPOB: hU3UYECKUM Pa3nnyneM o6 beKTOB O[HOI0 KAacca, Haim4dmeM n300paxeHunit, cxos-
HbIX C pacrno3HaBaeMbiMy 06beKTaMu, HEO[HOPOAHBIM (POHOM, MU3BMEHEHUEM YCII0OBUI CLEMKM U MOJIOXEHNEM 0OBEKTOB Mpu
Mosy4eHUN CHUMKA. B 3TOM CMbICie CIOXHbIMU SIBISIOTCS 3a4a4u pacrio3HaBaHWsl IKOAEN B CKOMIEHUSIX, XUBOTHBIX B NPUPOS -
Hoi cpene, aBToMobuel ¢ Kamep BUAEOHabo4eHNs, 06beKTOB CTPOUTENBCTBA U MHGPPACTPYKTYpPbl Ha aspoPOTOCHUMKAX U
T. N. 3afgayn UMeroT CBOK crieucbuky ¢hakTOpHOro MPOCTPAHCTBA, HO METOAMYECKME MOAXOAb] K UX PELUEHUIO CXOAHbI. Ljenb:
pa3paboTka MeToA00rMI U MPOrpaMMHbIX peanusayuuii, peLuarLmx 3afjady pacrno3HaBaHus U nogcyeta 06beKToB C BbICOKOM
M3MEHYUBOCTbIO, Ha NMPUMepe pacro3HaBaHUsi CeBEPHbIX OJieHel B NpupoaHoi cpeae. MeTogbl: cpaBHeHue ABYX MoAX0[0B
pacrno3HaBaHus1: 10 NMpu3HakaM Ha OCHOBe BMHaPHOW KnaccuguKaLmm nuKcesnen 1 rno aTajoHaM ¢ UCNoib30BaHMEM CBEPTOY-
HbIX HEMPOHHbIX ceTel. Pe3ynbTatbl: paspaboTaHbl METOLO0I0MMU U NPOrpaMMbl /151 OMUKCEIbHOro pacro3HaBaHusl ¢ rnoce-
AyroLen BuHapu3aumen, Knactepusaymeit n3o06paxeHusi U MoLCYETOM YUCA KIIacTePOB M pacrio3HaBaHusl N306paxeHuit ¢ uc-
MosIb30BaHNEM CBEPTOYHOMN HEMPOHHOU ceTu apxuTekTypbl Mask R-CNN. lNpu aToM ceTb nepBoHayvasbHO 06ydYaeTcs pacrno3Ha-
BaHMI XMUBOTHbIX Kak Kracca no MaccuBy nsobpaxenuit MS COCO dataset, 3aTeM «fgoy4mBaeTcsi» Ha MaccmBe a3apopOTOCHUM-
KOB CTa/ CeBepHbIX osleHel. AHaIM3 pe3ysibTaToB M0Ka3bIBAET, YTO MPU3HAKOBbIE METOAbI C MOMNUKCENIbHbIM pacro3HaBaHUEM
JarT XopoLune pe3ynbTaTbl Ha CPaBHUTENILHO MPOCTbIX M306paxeHusix (owwmnbka pacnosHaBaHus 10—15 %). Hanmumne Ha CHUMKe
apTechakToB, 67IM3KUX M0 XapaKTePUCTUKAM K U306paxeHUsIM OfIeHel, MPUBOANUT K 3HaYUTENIbHOMY POCTY OLUIMOKK. CBEpTOYHas
HelipoHHas1 ceTb rokasarsa bosiee BbICOKYI TOYHOCTb, KOTOpasi Ha TeCTOBOW BbIGOpKe cocTaBuia 82 %, npuyeM NoxHble cpaba-
TbIBaHUs1 0TCyTCTBOBaMM. [paKkTUYecKass 3HAYUMOCTb: CO3aH NMPOrpaMMHbIV MPOTOTUM CUCTEMbI pacrno3HaBaHUsl Ha OCHOBE
CBEPTOYHbIX HEMPOHHbIX CeTel ¢ BeO-uHTepchericom, a cama nporpaMma BBefleHa B OrpaHnyeHHYHo aKCryaTauuio.

KntoueBbie cnoBa — pacro3HaBaHWe, CBEPTOYHbIE HeﬁpOHHble ceTy, aSPOd)OTOCHMMKM, CEBEPHbIe OJIEHN.

HOast mutuposanus: Muxaiiios B. B., Konnamukos JI. A., Co6osesckuii B. A., Cososres H. B., fAxymies I. K. MeTogooruyeckue moi-
XOZBI ¥ QJICOPUTMBI PACIIO3HABAHUS U I[IOJCUETA KUBOTHBIX Ha aspodoTocHUMKAX. HH@opmayuornno-ynpasasouwue cucmemst, 2021,

Ne 5, c. 20—-32. doi:10.31799/1684-8853-2021-5-20-32

For citation: Mikhailov V. V., Kolpaschikov L. A., Sobolevskii B. A., Soloviev N. V., Yakushev G. K. Methodological approaches and
algorithms for recognizing and counting animals in aerial photographs. Informatsionno-upravliaiushchie sistemy [Information and
Control Systems], 2021, no. 5, pp. 20—32 (In Russian). doi:10.31799/1684-8853-2021-5-20-32

Beenenue

CJI0KHOCTDH PpeIlIeHus 3aJaud aBTOMaTHUYECKO-
ro paclo3HaBaHUA OOBEKTOB II0 MX M300paKeHUIO
HETIOCPEeICTBEHHO 3aBUCUT OT CTEIeHU M3MEeHUUBO-
cT (PaKTOPOB, CONMYTCTBYIOIINX PaCIO3HABAHUIO.
PaccMoTpuM BO3MOXKHBIN HAOOP (PAKTOPOB IIpU pac-
Mo3HaBaHUU 00'bEKTOB HA (POTOCHUMKAX.

1. PacmosnaBaemMble 00beKThHI KaK (aKToOp pac-
TMO3HABAHUS, KOTOPbIe MOTYT CYIIIECTBEHHO Pa3Jiu-
yaThCsd 110 I[BETY, pasMepaM, (popMe — IpU3HAKAM,
TO3BOJIAIOIIUM OTJINYATh O0BEKTHI PA3HBIX KJiac-
COB.

2. ApredpaxTbl Ha (POTOCHUMKE, II0 HEKOTOPHIM
TpU3HAKAM CXOOHBIE ¢ 00BEKTaMM PACIIO3HABAEMO-
To KJracca.

3. ®oH Ha CHUMKE, KOTOPBIA MOKET ObITh OJHO-
POIHBIM WU HEOJHOPOAHBLIM IIO ITBETY, MOKET CY-
IIeCTBEHHO OTJINYATHCA Ha PA3HBIX CHUMKAX.

4. YcjoBUsA OCBeIIeHHOCTH. VICTOUHUKU CBeTa
MOT'YT OBITh €CTeCTBEHHBIMU WJIU HUCKYCCTBEHHBI-
MU, 00BbEKTHI MOTYT HAXOAUTHCSA HA COJHIE WUJIU
B TeHU, CHUMKHU MOTYT OBITh CIeJIaHbI B pa3HOe Bpe-
MA CYTOK — BCe 9TO IIPUBOAUT K U3MEHEHUIO Ap-
KOCTHBIX U IIBETOBBIX XapPaKTEPUCTUK O0BEKTOB U
¢oHa.
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5. PacmosiosxeHre 00 beKTOB PACIIOBHABAHUA IIPU
cbeMKe. OO0BEeKTBI MOT'YT HAXOAUTBHCSI HA PasHOM
yoaJIeHUU U IIOJ PAa3HBIMU yraaM! K KaMepe, M30-
OpaskeHUsI 00'bEKTOB HAa CHUMKAX MOTYT II€PEeKpPHI-
BaThb JPYT APyTa, YACTUYHO 3aKPHIBATHCA dJIEMEHTA-
mu QoHa.

CJI0KHOCTB PeIlleHns 3aaYl PACIIO3HABAHUSA 3a-
BHUCUT OT Pa3MepHOCTH (PaKTOPHOTO IIPOCTPAHCTBA
(kosmmuecTBa (HaKTOPOB) U OT UHMCJIA PA3TUYMMBIX
3HaUeHUH Kaskaoro ¢akTopa Ha CHUMKe. B nepBom
MPUOIMIKEHUH CJI0KHOCTh MOYKHO OIEHUTD IT0 KOJIN-
yecTBY (DaKTOPOB C MBMEHUYNBOCTHI0. HanbOIbITyO
CJIOJKHOCTH UMEIOT 3a/]a4l, B KOTOPBIX BCe (PaKTOPHI
00/1a1aI0T U3MEHUYMBOCTHIO, HANMEHBIIIYI0 — 3aja-
Uy ¢ PUKCUPOBAHHBIMY 3HAUEHUAMU (PAKTOPOB pac-
nos3HaBaHusd. CTPYKTypHU3alus UCXOJHOIO MHOMKe-
CTBa CHUMKOB, Ha KOTOPBHIX IIPOVCXOAUT OOyUeHUE
CHCTeMBbI pacllo3HaBaHUA, Ha MOAMHOKECTBA B Iie-
JA9X (pUKcanuy 3HAYEHUIN KaKUX-IN00 (PaKTOpoB
TIO3BOJISIET YIPOCTUTD PEIIeHNE 3aaul PaclIo3HaBa-
HUSA Ha KasKIOM ITOAMHOKECTBe JaHHbIX, HO YBeJU-
yuBaeT 00beM PYYHOIO TPYyZAa, 3aTPauynMBaeMoOro Ha
aHaJIU3 U IPYNIINPOBaHNEe CHIMKOB.

K ci0oXKHBIM B yKa3aHHOM BBIIIIE CMBICJIE B IIOJI-
HOM Mepe OTHOCATCS 3aJaull PAcIO3HABAHUA pas-
JUYHOTO POLAa IPUPOAHBIX 00EKTOB: JIIOAEH B CKO-
ILJIEHUAX, JKUBOTHBIX U IITHUI] B €CTECTBEHHOMU cpefe,
PaCTUTEJbHBIX IPYIIINPOBOK B 30HAJIbHBIX U HHTPA-
30HAJILHBIX COOOIIIECTBAX, AaHOMAJIUU IIJIaHEeTaPHBIX
MOPGOJIOTUYECKUX CTPYKTYpP (Hampumep, JYHHBIX
KpaTepoB) u T. I1. B TexuHochepe aT0, HATPpUMED, pac-
TI03HaBaHUE 00'EKTOB CTPOUTEIHLCTBA HA a3p0odoTo-
CHUMKAaX, aBTOMOOMJIEH 110 CHUMKAaM ¢ KaMep BHUIe0-
HaOJIIOfEHNs, 3aMaCKUPOBAHHBIX BOEHHBIX O0BEK-
TOB II0 CHUMKaM ¢ 0eCIuJIOTHUKOB. MeToguuyecKue
TIOAXOABI K PEIIeHWI0 YKa3aHHBIX 3a7ad CXOJHHI,
ONHAKO KasKAad U3 HUX 00JaZaeT cBoell crerudu-
KO (paKTOPHOTO IIPOCTPAHCTBA U TPeOyeT MHIUBU-
IYaJIbHOTO IIOAX0/a IJIS yUeTa d3TUX 0COOeHHOCTeH 1
BBIOOPA KOHKPETHOr'0 MeTO/[a PACIIO3HABAHMS.

IIpuBenennbIit BeIlIEe cocTaB (haKTOPOB COOTBET-
CTBYeT 3ajjaue PAcIO3HABAHUA CEBEPHBIX OJIeHel Ha
aspodorocHruMKax. Kakwme-1ub0 orpaHuYeHHSA HAa
3HaUeHUA (PAKTOPOB PACIO3HABAHUA HE HAKJAIbI-
BAJINCh 3a UCKJIIOUEHNEM MacliTaba CHUMKOB, KOTO-
PBI COOTBETCTBYET IIPUHATOMY IPH aBUAyUYETHBIX
paGoTax.

Bru160p ceBepHBIX OJIeHel KaK 00beKTa pacios3Ha-
BaHUA U yUueTa 00'bsIACHIETCA:

— COOTBETCTBUEM B IIOJIHOM Mepe 3ajaue ¢ BbICO-
KO¥ M3MEeHUYUBOCTHIO (D)aKTOPOB PACIIOBHABAHNA;

— aKTyaJbHOCTHIO KAaK COKpAIeHUs PYyYIHO-
TO PYTUHHOTO TPyJa CIEeIHaJHUCTOB II0 00paboTKe
CHUMKOB, TaK ¥ CBOEBPEMEHHOTO IOJIyUYeHUsA HaH-
HBIX [IJIS PEIleHusl 3aJa4 YIPABJICHUS 9KOJIOrnYe-
ckumu mporeccamu Kpaiinero Cesepa;

— HaJIMYMeM MacCHUBa MCXOMHBIX MTAHHBIX, CO-
nmep:xkaiero okoao 5000 apxmBHBIX adpOodOTOCHUM-

KOB CTaJi CEBEePHBIX OJICHEH, CIeJaHHbIX IIPU IIPOBe-
IeHUU aBUayueTOB.

Wcmnonb3yemMble B HaCTOSAIee BPeMsA METOIUKU
YYeTOB UMCJIEHHOCTU AUKUX CEBEPHBIX OJIeHEeH TYH-
JIPOBBIX HMOMYJIANUI (TAMBIPCKON, AKYTCKUX MOITY-
aanui, oneHelr YyKOTKY, a TaKyKe MUTPUPYIOIIUX
cTaj CeBepHBIX oleHer — kapuby Kanaabl u AnsicKm)
OCHOBBIBAIOTCA Ha 9KOJIOTUUYECKON 0COOEHHOCTU BU-
JTIOB, COCTOAIIEH B TOM, UTO OJIEHU B JKaPKYIO IIOTOAY
BO BpeMs BbLJIeTa KPOBOCOCYIIIUX HACEKOMBIX COOU-
paioTcsa B MHOTOTBICAUYHBIE CKOIIJIEHWS HA OTpaHU-
YEeHHOU TEPPUTOPUM B CEBEPHOM UACTU JIETHETO ape-
ana [1, 2]. Crama B ckomeHuax ororpadupyrorcs
C JeTaTeJbHOTO almnapara, 1 KOJUUYECTBO JKUBOTHBIX
B HUX IIOACUUTHIBAETCS OIE€paTOPaMU BPYUHYIO IIO
KaIoMy CHUMKY. Ha ogHOM (DOTOCHMMEKE MOTYT
IPUCYTCTBOBATh OT HECKOJBbKHX coTeH mo 1000 u
6osiee omeneii. Camoe 00JbIIIOE CTAL0, KOTOPOE ObI-
JIO 3a()MKCUPOBAHO Ha OJJHOM CHUMKE U IIPOCUUTAHO
«II0 TOJIOBaM», coZiep:KaJjo 0koyo 35 000 :KuBOTHBIX
(TaiimbIp, paiion p. Bepxuasa Taiimbipa, 28.07.2017).
TTosHOE YMCIIO CHUMKOB CTa[ IIPU IPOBEIEHUU aBUAa-
yueTa MOMKET JOCTUTATh ThICAYU. B pesyabTare
OPAMOTO IIOJCUEeTa YUYUTHIBAETCS OCHOBHAS YaCTh
oJIeHe B momyasanuu. KoJIMYecTBO JKMBOTHBIX, HE
BOINIEAININX B CKOILIEHUS, OIeHWBAETCA HyTeM am-
TPOKCUMAIIUH 0 TeppuTopuu [3].

CHUMKH, clleJaHHBIE BO BpeMsA aBUAyueTOB, Pas-
HOOOPasHbI 10 TUIAM JAaHAIIaA(TOB, OCBEIeHHOCTH,
HAIIPaBJIEHUIO IBUKEHUA CTAl OTHOCUTEIBHO KaMe-
pel. OleHM HA CHUMKAX MMEIOT PAa3HYI0 BeJIUUUHY
¥ OKPAacKy, UYTO CBS3aHO KaK ¢ (pusmosoruein »Ku-
BOTHBIX, TaK 1 C YCJIOBUSIMU OCBEI[eHHOCTH U TIOJIO-
JKeHueM cTaj. B ckoneHuAX n300paskeHus oJieHel
MOT'YT IEePEKPLIBATE APYT APYTa, B Pe3yabTaTe YacTo
BUIHBI JUIIH (pparMeHTs! Tesa. I[lomexu B BUe KaM-
Hell, KOUeK, BIIaJUH 3aTPYIHAIOT O0HAPYKEeHMe K-
BOTHBIX. PyuHas o0paboTKa pe3yJabTaTOB CHEMOK
cIieraJIucTaMu-0MooraMyu 3aHMMAaeT OKOJIO TPex
MECAIEB, B TO BpeMsdA KaK JJIA 9KOJOTUUYECKU 000-
CHOBAHHOTO YIPABJIEHUA TUHAMUKON UYNCIEHHOCTU
TMONYJIANNY, PAIlMOHAJIBLHOTO WMCIOJb30BAHUA OMO-
JIOTUYECKUX PECYPCOB BUIa U OIpPeAeJeHUS HOPM
IIPOMBICJIOBOI'O U3BATHUS OJICHEH TaHHBIE JKelaTe b
HO uMeTh ueped 10—15 nHeli moce OKOHUYAHUA aBUa-
yuera.

O nmpuHIMNIAX ¥ TOAX0aX K PACIIO3HABAHUIO
MPUPOTHBIX 00'HEKTOB

3amaua pacrmosdHaBaHUA 00HEKTOB KUBOUM TPUPO-
IbI MMeeT 0OJIbIIIoe TMO3HABATEeJNbHOE 3HAUeHUe, II0-
CKOJIbKY €€ pellleHre II03BOJIsIeT YBUIETH IIPUPOLY
B ee MHOT000pas3nu, BBIIEIUTD B 00IIeil MO3auKe 10
BHEIITHUM TIPU3HAKAM KOHKpPETHbIE OOBEKThI, y3-
HATh UX BUAOBYIO HPUHAAJIEIKHOCTH, HAWTH WX Ha-
yUYHOe MMEHOBaHUe U Jajiee, IPU JKeJaHUU, Y3HATH
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X CBOMCTBA, MECTO 1 POJIb B dKocucTeMe. C HAyUHBIX
MMO3UITUH IIPOIleCC PACIO3HABAHUS U yUeTa JaeT BO3-
MOKHOCTDH BBISIBUTDH BHUIOBOM COCTAB SKOCHCTEMBI U
IUHAMUKY ee KOMIOHEHT. B MpupoI00XpaHHON JIes-
TeJILHOCTU IIOA00HAsA MHMOPMAIIUA SABJISIETCA OCHO-
BOM IJIA IPUHATUSA PEIIIeHn 0 Mepax 10 oXpaHe WJIn
110 OrPAHUYEHHUIO BUI0B UJIU OTAEJIbHBIX IOy,
IJI1 TTPOMBICJIOBBIX BUIOB KHBOTHBIX PETyJIspPHbBIE
Y4eThl YNCJIEHHOCTY HEeOOXOAMMBI IIPU OIPeIeIeHUN
JUMUTOB U3BATUA, 00eCIeUNBAIOIINX PaIlMOHAID-
HOE HCII0JIb30BaHMe OMOJIOTUYEeCKIX PECYPCOB.

Wcroprueckm 3ajava paclo3HaBaHUA OMOJIO-
TUYeCKUX OOBEKTOB pellajach IIyTeM CO3JaHUsd
OIIpeleINTeNeH, MO3BOJAINX YCTAHOBUTH MECTO
ITaHHOTO 00BbeKTa B OOIIel crucTeMe OMOJIOTHMUYECKOM
KJaccu(UKaIuu, T. €. YCTAHOBUTH BUIOBOMH, POIO-
BOI, ceMeMHBIN U Apyrue YPOBHU IIPUHAAJIEKHOCTHU
o0beKTa. MeTroguuecKu 3ajadya Paciio3HABaHUSA pe-
IIaeTCSA B OMPEIEJIUTEN]SIX C MCIIOJIb30BAHUEM IBYX
MIPUHIAIINAJLHO PA3JIAYHBIX IOAX0A0B. IlepBbIii —
pacrosHaBaHWe MO IIPpU3HaAKaM. PaspaboTuymkaMu
ompeenTeNieli TaKOro poaa ABJAIOTCA CIeIu-
aJMCTHI B 00J1aCTU OMOJIOTUYECKON CUCTEMATUKU U
Kiaaccupuramuu. OHU ompeAesaoT MPU3HAKU, TIO-
3BOJIAIOINE O0OBEAUHUTHL OO0BHEKTBHI HA HEKOTOPOM
ypOBHEe KJaccu(puKaIluu, U IPUSHAKU, 10 KOTOPBIM
00'BEKTHI IEPEXOAAT B pa3Hble TPYIIILI Ha 00Jee H13-
KU YyPOBeHDb KJacCuPUKALUU U PABIUUAIOTCA YiKe
B HUX. B pesyabraTe (hopMuUpyeTcA AepeBO C BETBJIE-
HUSAMU 10 KJIIOUEBBIM NMpU3HAKaM. PacmosHaBanme
00'beKTa CBONUTCSA K ABUKEHUIO II0 I€PEBY OT KOPHS
(uu KaKoro-11b60 APYToro YPOBHA KJIACCUPUKAIINN)
K BeTBAM C BBIOOPOM HAIPABJEHUS B TOUKAX BeET-
BJIEHUS B COOTBETCTBUU CO 3SHAUCHUSIMU ITPU3HAKOB.
Bropoit mogxox — paclo3HaBaHUE <«II0 O0pasIry».
OmpemenuTesb COAEPIKUT MHOKECTBO 3TaJOHHBIX
n300pakeHnii 00'beKTOB Pa3HBIX BUIOB. MeTomuKa
pacro3HaBaHUS COCTOUT B COIMOCTABJIEHUU MCKOMO-
T0 00'bEKTa C 9TaJIOHAMU AJIA BbIOOpa Hauboee «Io-
xX0:kero» obpasia. Ilosrb3oBaTesib BRICTYIIAET 3/€Ch
B POJIU BKCIIEPTa, OIEHUBAIOIIETO CTeIIeHb CXOCTBA
usobpaskenuii. CooTBeTCTBEHHO, OITNOKA PACIIO3HA-
BaHUA OyZeT 3aBHCETH OT OIIbITa, 3HAHUN SKCIIepPTa
M ero MepCOHAJbHBIX OCOOEHHOCTel BU3yaJbHOTO
BOCITPUATUSA 00bEKTOB. [[J151 pacnmo3dHaBaHUA HA BU-
IOBOM YPOBHE HAHHBIM MOAXOMA MOKET ObITH BechbMa
2 eKTUBHBIM, ITOCKOJBKY OCHOBAH Ha COIIOCTABJIE-
HUU ¥ CPABHEHUY IEJOCTHBIX 3PUTEJIbHBIX 00pa30B,
YTO ABJIAETCA €CTECTBEHHOU PYyTUHHON 3a1adeli 3pu-
TeJILHOW CHCTEMBI YesioBeKa. BO MHOTMX ciaydaax
oIrpeeIUTENI IO TPU3HAKAM AOMOJHSIOTCA Habo-
POoM n300paKeHU-3TaJIOHOB, a YeJIOBEK IIPU OIleHKe
«CX0KeCTH» MBICJIEHHO BBIZEJISeT IMMPU3HAKU CXOI-
CTBA U Pa3JIUYNA 00'HEKTOB.

KommbioTepHbIe cucTeMbl paclIO3HaBaHUA 00b-
eKTOB JKMBOM HNPUPOALI TaKiKe CTPOATCA C UCIIOJb-
30BaHUEM dTUX ABYX mMoAx0m0B. CrcTeMbl paciio3Ha-
BaHUA II0 IPUSHAKAM SABJIAIOTCA «IIPO3PAUHBIMUI»

OTHOCHUTEJILHO COCTaBa WCIIOJb3yeMbIX MIPU3HAKOB
00beKTa pacIo3HaBaHUA, METOJOB, TEXHOJIOTHUYe-
CKOU IIETIOYKM IIpeoOpasoBaHUU M300paKeHusd u
pes3yJabTaToB, BKJIIOUAsA IPOMeKyTouHble. OgHAKO
IIPU PAcIO3HABAHUU 00HEKTOB C BHICOKOI M3MEHYU-
BOCTBIO B HECTAITMOHAPHON cpelie BOBHUKAIOT CJIOK-
HOCTH B CBA3U C U3MEHEHNEeM IIapaMeTpPOB (DaKTOPOB
pacnosHaBauusa. llosgBaserca HEOOXOOMMOCTDH IIO-
MCKA HOBBIX CHCTEM IIPU3HAKOB CO CMEHOM METO/I0B
obpaboTKu msobpaskeHuii. B pabore [4] BbICKAa3bI-
BaeTcA IPEIOJIOKEHNEe O IPUHIININAJIHFHON HEBO3-
MOKHOCTY TIOJIHOM (hopMam3aliuyl IPOIECCOB pac-
TMOo3HABaHUSA 00'BEKTOB B MOJOOHBIX YCIOBUAX U He-
00XOIUMOCTH IEPEXOAA OT aBTOMATHUUECKOU K UHTE-
PaAKTHUBHON TEXHOJIOTUU 00PaOOTKM N300paKeH .

B coBpeMeHHBIX cHUCTeMax pacHOo3HABAHUSA IIO
9TaJoOHAM B KauecTBe PACIO3HAIOIIEro cyObheKTa
IIIUPOKO UCTIOJIb3YIOTCA NCKYCCTBEHHBIE HEMPOHHBIE
cetu (MHC) [5, 6]. B Takux cucremax MHC o6yua-
eTcs Ha MHOYKeCTBe M300pasKeHuil, B KOTOPBIX 00b-
eKThI paclo3HaBaHUs (9TAJIOHBI) 3apaHee IIOMedYe-
Hbl. 3aTeM obyuennasa MHC ucmosbsyercs mJisa pac-
TIO3HAaBaHUA 00BEKTOB JAHHOT'O KJIacCa B PEAJBLHOMN
cpene, Ha (OTOCHUMKAaX U BUAeOKagpaX. Jlormka
pacriosHaBaHUA O00'BEKTOB MHKAICYJIMPOBAHA B ca-
moit THC u He TpebyeT paspaboTKU B IBHOM BUE.
C [Opyroii CTOPOHBI, M3-3a CJIOMKHOCTH CTPYKTYP
WHC nnaTepupeTanud pes3ybTaToB UX pabOTHI 3aua-
CTYIO 3aTpyaHEeHa. A caM IIpoIlecc reHepanuu u «oo6-
YUEeHUs» TaKUX CTPYKTYP MPOUCXOIUT, IO OOIbITIEH
vacTu, sMnupuuecku. Ha cerogHs He CYIIIECTBYeT
ycroaBminxcsa Metonuk cosganusa MHC, KoTopsle ObI
TMOAXOAUIN IJIs OOJBITMHCTBA TPUKJIATHBIX 3a7a4.
Yare Bcero nMeOTCS JUIIL 00Ire peKOMeHIanu
¥ SMIIUPUYECKUI OMBIT Pa3paboTUMKOB B PeIeHUuN
KOHKPETHOTO KJacca 3aad.

WsBecTHBIE IO JIUTEPATYPHBIM MCTOYHUKAM CH-
CTEeMBI PACIIO3HABAHUA U II0JicUeTa 00HEKTOB 1O (ho-
TOCHUMKAaM OPUEHTHUPOBAHBI IVIABHBIM 00pasoM Ha
yeJIOBeKa KaK 00'beKT HadJIogeHnl. B MeHbIe cre-
IIeHU 9TO OTHOCUTCSA K APYT'UM BHUIAM *KUBBIX Opra-
HU3MOB. PaccMOTpUM HEKOTOPBIE U3 TAKUX CUCTEM.

B crarne [7] mpeacTaBiieHa mporpaMMa pacio3Ha-
BaAHUA JKUBOTHBIX U UX IIOBEIEHUS B JUKOU IIPUPOE
mo (oTocHUMKaM ¢ 225 KaMep-JIOBYIIIEK 3aIlOBel-
auka Cepenreru (Tausaunus). [Iprnunnua paspaboTKu
CHUCTEMBI 3aKJII0YAJIach B TOM, YTO 13-32 OTPAHUYEH-
HOCTU B JIOACKUX pecypcax peaibHO HCIIOJIb3YeT-
cA JIMIINB MaJjas 4acTb TOU mH@OpMAIUU, KOTOpPas
XpaHUTCA Ha cepBepax. lIporpamma pacmosHaBa-
HUSA paspabaThiBajach COBMECTHO B YHUBEPCUTETAX
Baiiomunara, Mwumnecors:, OOepHcka, I'apBapza,
Oxcdopna u B kommauuu Uber Al. B pa6oTre ncmosib-
30BaJics MeTOJA TJIYOOKOTo OO0yUYeHUA pas3IUudHBIX
apXUTEKTYP CBEPTOUYHBIX HelpoHHBIX cereii (CHC)
[8]. B mucmosb3oBaHbl 1,5 MJIH M300pasKeHUH,
U3 KOTOPBIX 1,4 MJIH CIYKUJIU I O0YUeHUS CeTH,
0,1 mau — pJs trectupoBanus. Ilo pesyabraram Te-
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CTUPOBAHUSA BEPOSITHOCTh OOHAPYIKEHUA JKUBOTHBIX
¢ OMHAPHBIM OTBETOM «a/HET» COCTABHJIA OKOJIO
96 % . Bun ;KUBOTHBIX U3 48 BO3MOKHBIX BAPUAHTOB
pacmosHaBaJics ¢ BepoaTHOCTHI0 99 % . OgHaxo moa-
cueT JKMBOTHBIX IIO KJjacTepam 1, 2, ..., 10, 11-50,
> 50 BBITOJIHAJICSA IIPOrPAMMOI C TOUHOCTBIO JIUIIH
63 %. 9TO rOBOPHUT O CJIOKHOCTHU (PUKCAIIUU OTHEIIb-
HOTO KMBOTHOT'O HA CHUMKE B YCJIOBUAX BO3MOJK-
HBIX HAJIOMKEHUI N300pakKeH il JKUBOTHBIX IPYT Ha
IpyTra, UX YaCTUYHOTO IEePEeKPBITUA ITOCTOPOHHUMU
mpeaMeTaMyu U IPYTUX MCKAKEHUIN n300paKeHus
JKUBOTHBIX.

CBepToUYHbIE HEMPOHHBIE CeTU TPUMEHIJINCH TaK-
JKe IJIS PaCIO3HABAHUS CJIOHOB HA KOCMOCHHMEKAX
[9]. 1151 06yUeHMA CEeTH UCIIOJIb30BAJINCh apXUBHBIE
CHUMEKH cO cuyTHUKOB Worldview-3 u Worldview-4
¢ pasperiernueM 31 cM, cmenanuble B mepuon ¢ 2014
mo 2019 rox Ha TEPPUTOPUYU HAIIMOHAJBHOTO HapKa
Addo Elephant B FOsxu0-Appurauckoii Pecriyonuke.
Ha maomagu cswimre 1,6 Thic. KM obuTarT 6oJiee
600 caBaHHBIX CJIOHOB. IlapK mMeeT HEOTHOPOAHBII
JaHAIma@T: TaM eCTh KyCTapHUKM, HeBbICOKHE Jieca,
OTKDBITHIE JIyTa, BOAOeMbl. B TeueHUe AHSA CJIOHBI
TepeMeIiaTcsa 0 TEPPUTOPUY U MHOTIa O0JIMBAIOT
ce0s rpsa3bio, UTOOBI 3AIUTUTHCS OT JKapbl. Bee aTo
3aTPyAHAET UX OOHaApPYIKEeHHUe.

Pa3paboTunKy IPOTeCTUPOBAIN CUCTEMY Ha He-
3aBUCHUMOII BBIOOPKE CHUMKOB TeppuTopuii Kenuu
U CPaBHUJIU TOUYHOCTH ee PaboThI ¢ pe3yJbTaTaMu
51 1o6GpoBOJIBIlA, KOTOpPbIe UAEHTU(PUIIMPOBATIN
CJIOHOB BpyuHyro. Cpenu yYaCTHHUKOB 9KCIIEPU-
MeHTa ObLIM CIEeIUAJIMCThI IO MAaIlIMHHOMY 00yue-
HUIO, YUeHbIe, PAOOTHUKY HAI[MOHAJIbHBIX MapKOB.
BeposaTHOCTh 00HAPYIKEHUS CJIOHOB Ha TeTepOreH-
HOIT Tepputopuu ¢ ucroabdoBanuem CHC cocraBu-
ga 78 %, Jogu HaAXOAUJIU CJIIOHOB C BEPOSATHOCTHIO
77 % . 115 TOMOTE€HHOM TEePPUTOPUU PE3YIbTATHI CO-
craBuJu cooTBeTcTBeHHO 73 1 80 %.

PaspaboTana u mTpoTecTHpOBaHa CHUCTeMa aB-
TOMATUYECKOI'0 PAaCIIO3HABAHUSA, CETMEHTAlluu U
ToJicueTa MOPCKMX KOTHMKOB B paMKax OHJAWH CO-
peBHOBaHUA miardopmbl Kaggle mo Data Science
[10]. ITocTaHOBKA 3azaum cBA3aHA C MOHUTOPUHTOM
TMOMYJIAINY KOTUKOB 3amagHbiX AJEYyTCKUX OCTPO-
BOB, KOTODPBIHA BeAETCs C WCIIOJIb30BAHUEM IPOHOB.
O6paboTKa MOMYUYEeHHBIX (DOTOCHUMKOB BBITIOJTHSET-
¢ BPYUYHYIO, UYTO 3aHMMAET OKOJIO YeThIPEX MEeCSIeB
Kaxx bl rof. ITogcuer ocobeil BBITIOJIHAETCS 10 IIATH
TIOJIOBOBPACTHBIM KJiaccaM. I[yig paspaboTKU aBTO-
MaTHUYECKOI CHCTeMbI ObLI c(hOPMUPOBAH MACCUB U3
948 pasmeueHHBIX ()OTOCHUMKOB U ere 18 641 cuu-
MOK TIIpeACTaBJieH MAJs TEeCTUPOBAHUS CHUCTEMBI.
CHUMKU cIesIaHbI C Pa3JIUYHON BBICOTHI U B PA3HOM
MaciiTabe, UMEIOTCSA IIOMeXHU, CXOAHbIE ¢ M300parke-
HUSMU XUBOTHBIX, MEKIY HEKOTOPBIMHU KJIacCaMU
KOTUKOB OTCYTCTBYIOT UeTKIE BU3yaJbHbIE Pa3JIu-
yusi. OTU NPUYUHBI YCIOKHSIIOT DPeIlleHre 3aJauu
aBTOMATHYECKOT'0 PACIO3HABAHUA U TOJCUETA KOTH-

KOB Ha aspodoTrocHuuMKax. IIpeaio:KeHHbIi BapUAHT
pelIlleHns: OCHOBAH Ha MCIIOJIb30BaHUY 0a30BOI apXu-
TekTypbl CHC Inception-Resnet-V2, kotopas pacimu-
peHa nobasJieHreM cJIoeB average-pooling + FC-cioit
Ha 256 meiiponos + Dropout + ¢punanpubiiit FC-cioi
HA OATHb HEWPOHOB. PeldTUHT mpoeKTa — 4-e MecTo
cpenu 385 yuacTHUKOB. OCOOEHHOCTh JaHHOM CTAThU
COCTOUT B TOM, UTO B Hell He TOJILKO JAeTCs OIMCAHNe
KOHKPETHOI CHUCTEMBI, HO JETAaJbHO PACCMATPUBAET-
cs1 BeCh IIPOIIECC ee Pa3pabOTKU C aHAJIU30M IIPaBUIb-
HBIX U OIIMOOYHBIX PEIeHNH IPU I0J00pe apXUTeK-
TYPBI ¥ TapaMeTPOB HEPOHHOM CeTH.

B mporpammax Seek iNaturalist pacmosnasanmusa
PasIUYHBLIX BUJOB PACTEHUN U JKUBOTHBIX MIJI JIIO-
oureseit mpupoxasl umcuosb3doBanbl CHC Ha ocHoBe
SSD (Singl-Shot Multy Box Detector) [11]. Taxas
apxXUTEeKTypa [JaeT BO3MOKHOCTb IIPUMEHSTb MU-
HUATIOPHBIE U MOOUJIBHBIE YCTPOMCTBA A (POTO- U
BUIeOaHAJIM3a N300paKeHnil B peaJJbHOM BpEMEHU.

MoskHO cmesiaTh HECKOJIBKO 3aMeuaHui, Kacaro-
IIUXCA TOCTPOEHUSA aBTOMATHUUECKUX CHCTEM pac-
MO3HABAHUS JKUBOTHBIX HA OCHOBE CYIIIECTBYIOIIUX
IPEeJCTABJIEHUN O PEIIeHWU 3aJaduu KJaccupura-
MUY 1 UMEIOIINXCSA IPOrPaMMHBIX Pa3paboToK:

— JKUBOTHOE B IIPUPOJHOM Cpele — JTO CJIOMK-
HBIN O0BEKT AJIA pacnosHaBaHUsA. VIBMeHUMBOCTH
usobpaskeHul Ha (POTOCHUMKAX, MX HaJOYKeHUe
IPYyT Ha Ipyra, HaJauuyue IMoMeX IPUBOLAT K OIIuo-
KaM pacrosHaBaHUs, JOIYCKAaeMbIX KaK YeJIOBEKOM,
TaK M aBTOMATUYECKOW CHUCTEeMOIT;

— HauboJjiee MPUCIIOCOOJEHHBIM K PEIIeHU0 3a-
JIau paclosHaBaHU N300parkeHU IPUPOIHBIX 00b-
€KTOB B HacTosdAIee BpeMa aByderca annapat CHC;

— IOBBICUTH TOYHOCTDH PACIIO3HABAHM S MOJKHO 34
cueT yBeIuueHuA 00'beMa 00yuaroIeil BHIOOPKY WJIH
IyTeM Ilepexofia K MHTePaKTUBHOMY PeKUMY obpa-
OOTKU CHUMKOB C YYaCTHEM UeJIOBEKA;

— coBpemeHHBIe apxuTeKTypbl CHC maior BO3-
MOKHOCTD CO3[aBAaTh MOOUJIbHBIE TIPUJIOMKEHUS I
paboTHI B ITOJIEBBIX YCJIOBUAX HEIIOCPEICTBEHHO IIPU
IPOBeIeHUU YUETHBIX PaboT.

PacnosnaBanue :KMBOTHBIX
Ha a3po(POTOCHUMKAX MO IPU3HAKAM

Ucxomsa ma obIIMX TPUHITUIIOB IOCTPOEHUS CHU-
cTeM pacrosHaBaHUA 00pasoB [12], pemreHue 3ana-
Yy PACIO3HABAHUS U IIOACYETA JKUBOTHBIX IO IPU-
3HAKaM YKPYIHEHHO MOJKHO IIPOBECTU B HECKOJIBKO
JTAIIOB:

1) npegBapuTenabHada 06pabOTKa CHUMKA JJIs TI0-
BBIIIEHUA PA3JIUIYNMOCTHA 00'bEKTOB;

2) buHapusanusd, T. €. HAXOKJeHUe MNUKCeJeH,
OTHOCAIIUXCSA K M300paKeHuAM 00 bEKTOB;

3) cerMeHTaINs, T. €. BbIIeJIEHIE CBA3aHHBIX I'PYIIIT
MUKCeJIell, OTHOCAIIUXCS K OTAEIBHOMY O0BEKTY;

4) ompenesieHne Yncaa 00'bEKTOB.
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IIpu paspaboTKe cUCTEMBI IIOACUETa OJIEHEl cJie-
IyeT y4ecTb, UTO IJIA JaJbHEHIIero ucioib30BaHU
Pe3yJIbTaTOB TOYHOCTH MOACYETa HOIKHA HAXOAUTE-
ca B npenenax 10-15 %. Takum obpasom, OMIUOKUT
B YKal3aHHBLIX IIpefesax MPU BbIJeJCHUU OJIeHel
(IPOIIYyCK OTAENBbHBIX OOBEKTOB, MX JIOKHOE BBI-
IeJieHre, HeTOUHOCTh IIPU IIOJCUYeTe UKCJa OJIeHel
B CJIMTHBIX CETMEHTAaX) BIIOJIHE JOITYCTUMBI.

Ha mepBoM sTame IpOM3BOAUTCA OYMCTKA M30-
OpasKeHUs OT ITIOMeX U IITyMoB. B KauecTBe (pUIHTPOB
MOTYT HCIOJIb30BAThbCA PA3JUUYHbIE YCPEeIHSAIOIINe
mpocTpaHcTBeHHBIe (uabTpbl [13]. Ha aTom ararme
MOT'YT OBITh YBEJNUYEHBI KOHTPACTHOCTD U PE3KOCTH
n300pakeHnsi, I3MEeHeH MacIliTad, BLIIOJIHEH IIepe-
XOJI M3 OJHOM IIBETOBOM MOJeJi B JApPyryi. Eciam
00'bEKTHI UMEIOT XOPOIIIO Pa3JuUnMble Pe3Kue rpa-
HUIIBI, TO TPeIBapUTEIbHASI 00paboTKa, KaK MpaBu-
JI0, BKJIIOUAeT M METOMABI BbIJeJeHUs IpaHuIl (puib-
Tpbl Pobeprca, Kupma, IIpesurra, Jlannaca [13]).

AspPOo(POTOCHUMKHU BBITIOJHAIOTCSA B I[BEeTe, T. €.
KaKIblll IUKCEJb OIMUChIBACTCSA TPEMS I[BETOBBIMU
cocraBidmuMu — R (KpacHbiii), G (3eseHbIl) u B
(cunuii). IlpuBeneHure m300paKeHUSI K MOHOXPOM-
HOMY (B rpafaliuaXx Ceporo) BULY MOKET YIPOCTUTDH
ToCJIeAYIOINH Ipoliecc OuHapusanum [4].

IIporecc OmHapu3aIuu MOYKHO IIPEACTABUTH KaK
KJlaccu(UKAINIO TUKCeJell CHUMKA, T. €. pasnaeJe-
HUe UX Ha IBa KJacca. BasKkHoU 3ajgaueili Kjaaccudu-
KaIlnu ABJIAETCA BEIOOD IPUBHAKOB, KOTOPHIE JOJIK-
HBI YIOBJIETBOPSATH CJIEAYIOIIUM YCIOBUAM:

— BHAUEHUS IIPUSHAKOB [JisI O0BEKTOB OIHOTO
KJiacca JOJI’KHBI pasjinuarbcA €j1abo, a I 00bek-
TOB Pa3HBIX KJIACCOB — CYII[€CTBEHHO;

— Ha0Op MPUBHAKOB JOJYKEH OBITH IIOJIHBIM, T. €.
IOJIKeH o0eclieuynBaTh HUAEHTUPUKAIIUIO 00BEKTOB
J1000T'0 13 KJIaCCOB;

ol
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i

B Puc. 1. nTepdeiic mporpaMMbl PYYHOH 00pabOTKU
CHIMKOB

B Fig. 1. Manual image processing program interface

— o01Iree KOJIMYECTBO IMPU3HAKOB JOJIXKHO OBITH
MUHUMAaJbHBIM.

B kauecTBe IPU3HAKOB MUKCEJA MOYKHO KCIOJIb-
30BaTh 3HAUEHUS COCTABJISIONINX €r0 I[BeTa, IPuYeM
KaK BCe BMeCTe, TAK U B PA3JIUYHBIX COUETAHUSIX U
mo otmeabHOCTH. [lJIA pasfesieHusa TPOCTPAHCTBA
MPU3HAKOB Ha [OBa KJiacca HeOOXOAUWMO IIpelBapu-
TeJILHO II0 00ydJaroIell BLIOOPDKE CHHUMKOB coOpaTh
CTATUCTUYECKNE JAaHHBbIE O MUKCEIAX, OTHOCAIIUX-
cA K OJIGHSIM, B PYYHOM peskume. [1Jia peleHus 9aToi
JIOCTAaTOYHO TPYAOEMKOI 3amauu Obliaa paspaboTaHa
nporpamMma [14], mosBosiAonNIaa oToOpaKaTh Ha JUC-
TJjiee CHUMOK, MEHSTH ero MacliinTabd, BbIOMpas Hau-
OoJiee TOAXONAINMH AJIS PACIO3HABAHUSA 00BHEKTOB,
CTaBUTDb HA CHUMKE TPU PA3HBIE 110 IIBETY METKHU IJIs
caMIia, CAaMKH U TeJIeHKA, BBITOJHATD IIOACUYET BbI/e-
JIEHHBIX 00'bEKTOB U COXPAHATH PE3YJIbTaThI (KOOPA-
HATHI METOK U X UMCJIO0) B TeKCTOBOM (haiie (puc. 1).

B oxHOIT U3 mepBBIX PabOT II0 PACIIO3HABAHUIO U
TIOJICUETY CeBEPHBIX OJieHel [15] B KauecTBe mpu3HaKa
BBIJIEJICHUSA OJIeHeH U TIOACTUJIAOIIEN ITOBEPXHOCTU
OBLIY MIPUHATHI PA3INYUS BeJIUUNH UX CIIEKTPAJIBHON
apkoctu. [Io pesyabraTaM 5KCIIEPUMMEHTOB BBIOpaHa
IBeTOBasl mapa: 3eJieHbIH ((poH) u rosy0Ooil (pacros-
HaBaeMbI O0'BEKT), — IIOCJIEe Yero OBLJIO COCTABJIEHO
HePaBEHCTBO, II0 KOTOPOMY ITHKCEJIN 00beKTa OTINYa-
I0TCs OT muKceseit hora. OTHeceHne CerMeHTa K 130-
OpasKeHUIO OJIEHS BBITTOJIHAJIOCH 110 PE3yJIbTaTaM aHa-
JIu3a TJIOMIAAN ¥ BBITAHYTOCTH CErMEHTHPOBAHHON
obsactu. TecTupoBaHUMe IOKa3aj0 BeCbMa BBICOKYIO
TOYHOCTDH PACIIO3HABAHUSA U IIO[CUETA OJIEHEH Ha WC-
KYCCTBEHHO CT€HEPUPOBAHHBIX <«IIPOCTBIX» CHUMKAX
(3esnenbIit (hOH, OTCYTCTBUE TIOMEX W HAJIOKEHUH 00b-
eKTOB JIpyT Ha aApyra). OmubKa moacyeTa YUCIEHHOCTH
cocrasuia 0KoJIo 2 % . OnHaKo Ipu padoTe ¢ peaibHbI-
MU CHUMKaMU BeJIMYMHA OIIMOKY PEe3KOo Bo3pacTaJia,
YTO CBA3AHO C BLICOKOI M3MEHUYNBOCTHIO PACIIO3HABae-
MBIX O0OBEKTOB U YCJIOBUH CHEMKH.

3amauy OMHapMU3aIuy MOYKHO IPEICTABUTDH, KaK
XOPOIIIO U3BECTHYIO B paclio3HaBaHUM 00pas3oB [12,
13] kyracTepusaIumio o k-cpeJHUM (B JAHHOM CJIydae
YUCJIO KJIACTEPOB k£ =2) B IPOCTPAHCTBE IIPU3HAKOB
RGB. OcHoBHOe mIpemMyIIecTBO MeTOola — OTCYT-
CTBME HEOOXOMMMOCTU COOMPATh CTATHUCTUYECKIE
IaHHbIe Iepe ero IpuMeHeHeM. JKCIePUMEeHTHI Ha
peasbHBIX CHUMKAX C OTCYTCTBUEM IIOMeX IMOKAa3aJIu
IOCTATOYHO XOPOIINE Pe3YJIbTAaThl — OIIUOOK OKOJIO
10 %, HO Ha CHUMKAX C HePaBHOMEPHBIM (hOHOM U
HaJU4YMEeM IIOMEeX UHCJIO OIIMOOK PEe3KO BBIPOCJIO.
HauubIil MeTox HauboJIee 1e1eco000PasHO UCIOTIb30-
BaTh [JIS IIPeABAPUTEIbHOI 00PaObOTKY CHIMKOB Ha
aTame cOopa CTAaTUCTUUECKUX TaHHBIX C IOCJENYIO-
el KOPPEeKTUPOBKOM OIINOOK B PYYHOM pesKuMe.

IToporoseIit MeTox OMHAPU3AIIUY TUKCEJIEH IBET-
HOTO CHHMKa TpeOyeT YCTAHOBKM IIOPOTOB IJIs OT-
IEeJbHBIX IIBETOBBIX COCTABJISIONIUX C UX IOCJIENY-
IOIIIUM COBMECTHBLIM HCIIOJIb30BaHueM. Hampumep,
nasa nseroBoit cxembl HSB (H — 11BeToBoii ToH, S —
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HACBIEHHOCTh, B — MHTEHCUBHOCTD) B JIUTEPAType
[16] mpensaraeTca s OMHaAPU3AIIUK UCIIOJIb30BATh
TOJIBKO I[BETOBOM TOH M UHTEHCUBHOCTD, IIPUYEM OT-
HOCHUTHh K O0'BEKTY TOJIBKO T€ MHUKCEJIU, ¥ KOTOPBIX
KasKaas COCTaBJAIOIIAA MEHBIITe COOTBETCTBYIOIEe-
ro eli mopora, T. €.

1 H(x, y)<Ty v B(x, y)<Tp
0 B OCTAJIbHBIX CIyYadAX

Z(x, y) :{ 1)

roe Z(x, y) — 3HaUueHHe APKOCTU MUKCeJsa HAa OMHA-
pusoBaHHOM nsobpaskenuwn; H(x, y) — 1BeTOBOI TOH
OMKceld ¢ KoopauHaramu (x, y); Ty — moporosoe
3HaAUYEHUe JIJId IIBeTOBOro ToHA; B(x, y) — mHTEeHCUB-
HOCTBb NMMKCeJIA ¢ KoopAuHaTamu (x, y); Ty — mopo-
roBoe 3HAUeHUe JJId NHTEHCUBHOCTH.

Ilopor T ompepnensiercd 1o hopmye

T_Zx 2, T AI(x, y)
2 2, )

roe I(x, y) — 3HaueHMe BEIOPAHHOM JId HAXOKIeHU A
Iopora COCTaBJIAIOIIEHN IIBETOBOM MOJEJU B IITKCEJIE
¢ KoopauHaTaMu (x, y); AI(x, y) — rpafgueHT cocTaB-
JISIOIIEH IIBETOBOM MOIEJIN:

(&)

Al(x, y)=max(abs(Ix(x, y)), abs(Iy(x, y))), (3)
Ix(x, y)=Ix(x+1, y)-Ix(x-1, y);
Iy(x, y) = Iy(x, y+1)-Ty(x, y—1). )

AJropuTM cerMeHTAIlMM OMHAPHBIX M300paske-
Huit xoporrro usBecteH [10] 1 JocTaTOYHO HaEKEH.
B peaysbTaTe ero paboThl Kaikgoe CBA3aHHOE MHOMKe-
CTBO IUKCEJIEN MOJIyYaeT CBOM MOPAIKOBBIN HOMED
¥ IIPU HEOOXOAMMOCTH MOKET OBITh BBIJEJIEHO B OT-
IeJlbHOe N300parkeHme AJs ITOCJIeIYIOIIero moacueTa
00beKToB. OcHOBHAs mpobJieMa, BOSHUKAIOIAA IPU
IIOJICYeTe, COCTOUT B TOM, UTO HA HEKOTOPBIX y4acT-
KaxX CHUMKAa OTHEeJbHbIE OJIEHU MOTYT CJIUBATHCS
B OJJHO MHOJKECTBO CEerMEeHTHPOBAHHBIX ITHKCEJIeil.
Ils perteHus aToil mpobieMbl HEOOXOAUMO IPOBO-
IUTH aHAJN3 PaclpeneieHrs CeIMEeHTOB II0 IIJIOIIa-
Iu (4UCJI0 TTUKCeJiell B CerMeHTe), UTO IT03BOJIAET
OIIEHUTh CPEIHION0 IJIOI[aAb OAHOI0 00BeKTa U, CO-
OTBETCTBEHHO, C JOCTATOYHOM TOUHOCTBLIO HANTH KaK
Y1CJI0 00 HEKTOB B CIMTHOM CETMEHTe, TaK W o0IIee
Yyycjgo 00beKToB Ha cHuMKe. CermMeHTHI, ILJIOIALb
KOTOPBIX CYIIIECTBEHHO MEHBIIIe CPeJHeH IJIoIaaun
00'beKTa, IeJecoo0pas3Ho CUuUTaTh apTedaKTaMu U
He YUYUTBIBATH IIPU IIOACUYETE OJICHEH.

Il mpoBemeHUSA SKCIEPUMEHTOB M CpPaBHEHUS
pesyJIbTaToB IPUMEHEeHU A PasINYHbIX METOI0B pac-
TMO3HABAHUSA OJIeHel 10 MpMU3HaKaM W3 NMEIOIIX-
ca 100 cHUMKOB OBLIU CHEJaHbI BEIOOPKM CHUMKOB
¢ OJMBKMMU XapaKTepucTukaMu (oHa W OKpaca
oseHeil. JlJid CHUMKOB KaiKJO BBIOOPKU OBLJI IPO-

W3BeIeH PYYHOM ITOACUYET OJIeHEeH 1 MOCTAaBJIEHBI 9KC-
ePUMEHTBI 10 aBTOMATHUUECKOMY IIOICUETY OJIeHEell.
[ mpoBemeHUsT SKCIIEPUMEHTOB Oblja paspaboTa-
Ha mporpamMmma, 03BOJSIONasa BLIOMPAThL MEeTO] Ou-
Hapus3aluy, YCTaHABJINBATH HEOOXOAMMbIE IIapame-
TPBI 00PabOTK M, BU3YaIU3UPOBATE PE3YIBTATHI U CO-
XPaHATh KOJMYECTBEHHBIE ITOKa3aTeJ u IJIS Iocje-
IyIoliell craTucTuuecKoit ob6paboTku. CpaBHeHUTE
Pe3yJabTaTOB SKCIEPHMEHTOB C JAHHBIMM PYYHOTO
moJicueTa OJIeHEeH IIOKasaJo, YTo HauboJiee 0JIM3KOe
copmagenue (+15...20 %) maeT OmHapU3AIUA MO TIO-
poraMm IIBETOBOTO TOHA U HAacChIIIleHHOCTU. Haauuue
Ha CHUMKe apTedaKTOB, OJUBKUX II0 SIPKOCTHBIM
XapaKTepucTuKam, (hopme u IJaomagu K n3odbpaske-
HUAM OJIeHeH Ha JAaHHOM CHHMKE, IIPUBOIUT K 3HA-
YUTEJILHOMY POCTY OIITUOKU IIOACUeTa OJIeHeld.

Pesynbrarhl 9KCIIEPUMEHTOB IIOKAa3aJi, dUTO
cucTeMa PACIO3HABAHUA U IIOACYeTa OJieHel Ha
aspoOTOCHUMKAX II0 IPU3HAKAM A0JIKHA 0a3upo-
BaThCA Ha JeTAJIbHOM aHaJIM3e U KJacCu(pUKaIuu
uso0paskeHuii, cbope CTATUCTUUYECKUX MTAHHBIX O
XapaKTePUCTUKAX IHUKCeJeH, OTHOCSIIIUXCSA K H30-
OpasKeHuIo oJieHel, ompenesieHny Hambojiee WH-
dopMaTUBHBIX IPU3HAKOB U BbIOOPE 3(P(PEeKTUBHBIX
aJITOPUTMOB KJaccupUKaIUy TUKCeJell 1 moAcueTa
osereii. CucteMa moJI2KHA 00JiIafaTh HOCTATOYHBIMU
VHTEJLJIEKTYAJIbHBIMU CIOCOOHOCTAMY IJI KOMOU-
HAIIUX METOAOB PACIIO3HABAHUA OJIeHeH Ha Tpeab-
SBJISIEMOM CHHUMKE.

PacnoznaBaHue KMBOTHBIX
Ha a3po(OTOCHUMKAX 10 3TAJTOHAM
¢ ucnoans3zosanuem MHC

CHC kak MHCTPYMEHT pacImo3HaABAHUA
n300paKeHun

I1a pelieHus 3afjaum pacno3HABaHUSA 00 HEKTOB
JKUBOII IPUPOABI IYTEM 00y UEHU S 110 UX STAJJOHHBIM
M300paKeHnsIM B HACTOSAIIEe BPeMs BCe Uallle Hauu-
mator npumenats CHC [17]. [laHHBIH KJjacc apxu-
TekTyp MHC aBAsieTca y3KOCIeInaJIu3uPOBAHHBIM
UHCTPYMEHTOM, IIOAXONAININM IIPEeKAe BCEro IJid
paboThI ¢ M300paKeHUAMY U UHBIMU JAHHBIMU, KO-
TOPBIe BOBMOJKHO ITPEJICTABUTH B MATPUUHOM BH/IE.

ITockoabKy B n300pakeHUAX BCSI MHAOPMAIUA
XPAHUTCSA B BUIe JBYMEPHBIX MaTpuill (T. €. B BUe
IUKceJeit), mpu pabore ¢ HUMU TpebyeTcsa yUUTHI-
BaTh 3HAUEHUS, IIOCTYIAOIIME He TOJHKO OT CAMUX
HEWPOHOB, HO U OT I'PYIIILI OJIMKANUIINX HEHPOHOB.
151 aToro B cBepTouHbIX ciaoAx CHC, moMmumo Heli-
POHOB, MMeeTCs ellle ONWH THUIl JJIEMEHTOB, KOTO-
pble IPUMEHAIOT ONpeNeIeHHbIEe JUHEHHBIE OIlepa-
MUY KO BCEM BXOIHBLIM JAHHBIM KasKJIOTO HepoHa
cJI0d, — SAAPO CBEPTKU. SIAPO CBEPTKU IpeACTaABIIA-
eT u3 cebsA CeTKY, KOTopasi «CKOJbB3UT» IO U300pa-
JKeHUIO (MJIX II0 CBEPTOUHOMY CJIOI0 IPEeIBIAYIIEro
YPOBHS) U UINET IIa6JOHBI U IATTEPHBI B JaHHBIX.

NeS, 2021 N\
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Ecnu Oymer mHalifeHa Takas 4acTb M300pasKeHUsd,
KOTOpasi COBIaIeT ¢ I1abJIOHOM sSapa, TO OHO IIepe-
JacT pacueTHOMY HEHPOHY TEeKYIIero cJjos 00Jb-
1I10€ II0JIOYKUTEeIbHOe 3HaueHue. Eciiu coBmageHus
He OyzeT, TO AAPO ImepemacT HeOOJbIIOoe 3HAUECHUE
WU HYJb.

Ws-3a TOro, 4TO SAPO CBEPTKU IITPUMEHSIETCS
K KaIOW IO3UIUU U300paKeHUsI, CBEPTOUHBIH
caoit CHC aBasierca kpaiiHe a(pheKTUBHBIM B 3a/a-
yax o0paboTKu m300paKeHuil, TOCKOJbKY OCOOeH-
HOCTHU UJIYM 3aKOHOMEPHOCTH B U300PAKEHUAX MOT'YT
MPOABIATHLCA B JIOOOM MeCTe 9THUX M300paKeHUM.
To ects CHC, B ormsimume ot nmpounx MHC, crioco6ua
aHAJIMBUPOBATH KOHTEKCTHO-3aBUCUMbIE TaHHbBIE.

IIpu sTom cBepTounsbie ciou B CHC moryT BeTpe-
YyaThCs HECKOJIBKO pas. 1 Torma KasKIbli IIoCcIeqyo-
MU CJIOU TIOJTyYaeT JaHHBIE OT IPEIbIYIIETO CBEP-
TOUHOTI'O CJIOSI KAK OT BXOIHOT'0, IIOCKOJIBKY CBEPTOY-
HBIH CJION TaKiKe SBJISAETCS IBYMEPHBIM MAaCCHUBOM,
¥ BEKTOP €ro BBIXOAHBIX 3HAUEHUNA MOYKET OBITh
IpeacTaBJIeH B Bue n300paskenus. 11 B TaKOM cJy-
yae KaKJAbIA TOCJeIYIOINUI CBEPTOUYHBIN CJIOU MO-
JKeT HaXOOUTH Bce 6ojiee CI0KHBIE 11a0JIOHbI 1 TIaT-
TepPHBI U3HAYAJHLHOTO BXOJHOTO MacCHUBa.

s mocraBieHHON 3amauu Oblja BhIOpaHa ap-
xurexkTypa Mask Regions with Convolution Neural
Networks (MRCNN) [18] (puc. 2), aBasiomiasacs
noaBuoMm Kaaccuueckoit CHC. 3a cuer ycao:KHeHU
apxXuTeKTypa 06oJjiee YCIIEITHO CIIPaBJAETCS C 3aza-
yaMu CEeMaHTHUYECKOH 1 O0BeKTHOM CerMeHTAI[UU
usobpakenwuii [19, 20].

KiroueBoit 0COOEHHOCTHIO JAHHONH apXUTEKTYPhI
SABJIsIeTCS coBMellleHre Takoii apxutektypsl CHC,
kak Faster R-CNN (FRCNN), koropas oTBeuaer
3a pellleHNe 3ajJauu KJacCUPUKAIIUU, C MOLYJIEeM
Mask Head, xoTopnlil oTBeUaeT 3a pelleHne 3a5aun

cerMeHTanuy m300paskeHUA. Pesynabratrom paboThI
MRCNN saBasieTcss COBMEINeHHBIN OTBET ABYX OIU-
CaHHBIX COCTABHBIX YaCTel.

Faster R-CNN — sto CHC, xoTopas ocyIliecT-
BJISET IIOMCK Ha M300pakeHuu 00'bEKTOB, IIOCJIE Ue-
TO IOTOJHUTEJBHO IPOU3BOAUT KJACCU(PUKAIIUIO
HalaeHHOro 00'beKTa. PesybraTromM paboThl JaHHOM
NHC aBasaioTca orpaHUYWBAOIINAE IPAMOYTOJIbHU-
KU JJIA KasKI0ro 00beKTa (T. e. IpAMOYTroJbHaA Ipa-
HUIIA, KOTOpasd OrPaHUYMBAET HAUJAEHHBIN 00BHEKT)
U MeTKa KJiacca HalJeHHOT'0 00'beKTa C OIEHKOH 0~
CTOBEPHOCTH.

ITepsrrii sTanm pa6orer FRCNN coctouT mus omwo-
BPEMEHHOT0 3alycKa AByX BKJoueHHbIXx MHC: ma-
ructpanbHoil (ResNet, VGG, Inception miam ama-
JIOTUYHBIX) U CETU PETruOHAJBHOTO MO3UITMOHUPO-
BaHUA. JTU CeTH 00pabaThIBAIOT KaiKAoe IIOCTyIIa-
forriee Ha Bxom FRCNN mso0OpaskeHme u Ha BBIXO[E
MIPEJOCTABJIAIOT TPEXMEPHBINI MacCUB — MAacCCHUB
TIpeAJIOJKEeHHBIX MOBYMEPHBIX obJacteii. JlaHHBIE
IBYMepHbIe 00JIaCTH ABJIAIOTCS BbIPE3aHHOMN YaCThIO
usobpaskeHusi, Ha KoTopoil marucrpaiabHas CHC
pacriosdHaja KakKou-mubo o0beKT. Pasmep maHHBIX
yacTell He (PUKCUPOBAH U 3aBHUCUT OT pasmepa pac-
TIO3HAHHOTO 00'bEKTA.

Ha sTopom srarme FRCNN mporuosupyeTt Koopau-
HATBHI OTPAHNYNBAIOIINX IIPAMOYTOJLHIKOB U KJIac-
CBI 00'BEKTOB AJIA KaKIOUM U3 MPEJIOKEeHHBIX 00J1a-
cTell, MOJIyUeHHBIX Ha IIepBoM sTare. Kaskmasa mpen-
JaraeMasi 00J1acTb MOYKeT UMeTh Pa3HbI pa3mep, HO
Tak Kak cBeprounbie cjou B CHC Bcerma TpeGyroT
BeKTopa (pMKCUPOBAHHOTO pasMepa AJsA IPOTHO3U-
poBaHUs, Ha HAHHOM JTalle TaKsKe ITPOU3BOAUTCS
MacIITa0upoBaHNe HaWJeHHBIX PErmoHoB. Pasmep
PEeruoHOB MAacCIITa0MPYyeTCs ¢ MOMOIIBIO JI60 ajiro-
putma Rol, 1u6o metoga RolAlign.

[

RolAlign|

Faster R-CNN

Faster R-CNN  + MaskHead 2 MaskR-CNN

B Puc. 2. O6o6mennas cxema MRCNN [18]
B Fig. 2. Generalized MRCNN scheme [18]
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MRCNN B cBOIO ouepenb ABJISAETCA PACIIHPEH-
Hoii Bepcueir FRCNN, momosHeHHOII BeTBBIO IJIs
TMTPOTHOBUPOBAHUSA MACOK CErMEeHTAIUU IJII Kak-
Ioi obmacTu mHTepeca. Ha BTOpoM srame padoOThI
MRCNN y:xe ncmoabayercsa Toabko RolAlign, mo-
MOTAIONNI COXPAHUTHL OPUTHMHAJbHBIE ITPOCTPAaH-
CTBEHHBIE KOOPAUHATHI, KOTOPBIE CMEII[al0TCA B CIY-
yae mcooab3oBaHuA Rol. 9To HeoOXommmo 3arem,
uyT0OBI BRIXOAHBIEe HaHHBIe ROIAlign Mo:KHO OBILIO
COBMECTHUTH C JAaHHBIMU, IOJYUYCHHBIMU Ha IIEPBOM
arare, 1 ¢ momoInbio Moxyas Mask Head (koTopsiii
B CBOIO ouepelb TaKiKe peajn30BaH Ha 0ase cBep-
TOUHBIX CJIOEB) CTE€HEPUPOBATH MACKY /IS KasKIOTO
orBera RoIAlign. Takme MacKu IIpeACTABJIAIOT U3
ce0sA OIBYMEPHYIO MATPUILY, KOTOPAas I KasKIOTO
MMUKCeJsi, BXOAAIIEro B 'PAHUIIBI PernoHa o0beKTa,
ompenessaeT, TPUHALIEKUT JIU STOT MUKCEJIb UCKO-
MOMY O0'BEKTY UJIU HET.

ITogo06HBII TTOAX0M, C OGHOII CTOPOHEBI, TO3BOJISET
0oJiee TOUHO OIMpPeAeSUTh I'PAHUIBI MCKOMOTO 00bh-
exra. B ugeansunix cayuagsx MRCNN moxeT TOUHO
BBIUMCJUTh BCe TMHUKCEIW M300pa’kKeHusd, KOTOpPbIe
0TOOPaKaloT NCKOMBIH 00beKT. C ApyTroil CTOPOHBI,
B IIpoIiecce o0yUeHuA JaHHbIE, TOJydYyaeMble B MOIY-
ae Mask Head, ncmonb3yioTes A1 JOIOTHUTEIHHO-
ro ooyuenusa marucrpanabuoii CHC, uto mosBoiser
TIOBBICUTH U €€ TOUHOCTDH PabOThI.

IIpu aTOM, ITOCKOJIBKY JJIs1 IIOMUKCEJIBHOTO IIOMCKAa
HCIIOJIBL3YIOTCS Pe3yJIbTaThl pacueTa MarucTpaIbHOMN
CHC, monyas Mask Head Bo Bpems paGoThI TPOU3BO-
IUT CEMaHTUYECKYIO CErMEHTAIINIO TOJIbKO TeKYIIIero
ncKoMmoro o6bekra. To ecTh Jaske ecau PAJAOM PACIIO-
JIOMKEHBI 1Ba 00beKkTa ongHoro Kiaacca, Mask Head mHa
KaKIOU OTHeJbHON WTepalnuu CBoeii paboThl OyAeT
paciio3HaBaTh MUKCEJIU, IIPUHAIJIeKAINe TOJbKO
OQHOMY 13 3TUX 00beKTOB. TaKoIi II0AX0/ IO3BOJISIET
MRCNN KOppeKTHO pelliaTh 3aauy pacuo3HaBaHud,
KOT/J]Ja ICKOMBIE€ O0'HEKTHI PACIIOJIOMKEHBI OJIUBKO W
IasKe TIePEeKpPhIBAIOT IPYT ApyTa.

O0yueHUe ceTH OISl pACTIO3HABAHUS
CeBePHBIX OJIeHel Ha a9P0o()OoTOCHNMEKAX
OcuoBHbIM MaccuBoMm oOyuenus ajasgs MRCNN
aBasercsa maccuB usobpaskenuit MS COCO dataset
(Microsoft Common Objects in Context) [21]. Ha ce-
TOZHA BTO CaAMbINl KPpYIHOMACHITaO0HBIN HA6Op HaH-
HBIX, HCIIOJIb3YEeMbIA HJsI OOyUeHUs MOjeJieil Ma-
IITUHHOTO O0YYEeHUS PeIleHnIo 3a1au 00Hapy KeHU s
u cermeHTamuu [22, 23], cocToAmuit us 328 ThICAY
nsobpakeHuii. Bce m3obpaskeHUs yKe pasMeUueHbl
U c(hopMUPOBAHLI B 0Oyuaromiue BbI0opKu. [ToaTomy
HCII0JIb30BaHUE JaHHOTO MacCUBA JJisd 6a30BOT0 00y-
yeauss MRCNN mnosBoJisgeT 3azarThb OJIsI Hee BCE OC-
HOBHBIE KOHIIEIIITNY Pa3JINUYHBIX KJIaCCOB 00HEKTOB,
B TOM YHCJe U KUBOTHBIX. OZHAKO M300paKeH!s
oJsiereni He BxogaT B MS COCO dataset, u MRCNN 1o
YMOJUaHUIO HEe CITOCOOHA OTJIHUYUTD UX OT PALA APY-
TUX *KUBOTHBIX (OBeIl, TaseJsieii, KOpoB, JOIIaAeii).

PesyabpraThl pacnodHaBaHUS OJIeHel Ha aspodo-
TOCHUMKe ¢ TToMOIIbi0 6a30Boit MRCNN, o0yuenHOI
Ha MS COCO dataset, nmpexncrasiensl Ha puc. 3. Ha
CHUMKE IIPaBUJILHO pPaCHO3HAHHBIE M300paKeHU
OJIeHell IIOMeueHbl 3€JIeHBIM I[BETOM, MX UeThIpe.
KpacubiM 11BeTOM ITOMeUYeHbI apTe(@aKThI, OIITIO0YHO
TIPUHSATHIE 34 OJIeHel, 9TUX IIOMETOK 32.

Taxum oOpasom, mpu 0OyUYEeHUU CETH HEeOoOXOmu-
MO YUYHUTBHIBATH OCOOEHHOCTH M300paKeHUuil ceBep-
HBIX OJIeHel Ha adPO(OTOCHUMKAX U UX OTIUYUE OT
u300paskeHnil KaMHel, KOUeK U APYTruX 00HeKTOB
HA CHEMKAaX, KOTOPbIE MOTYT OLITH IPUHSATHI 34 OJIie-
Heit. Crenudura aspodoTOCHUMKOB COCTOUT B TOM,
4To (poTorpaupoBaHUEe CTAJ IIPOU3BOLUTCA C Pas-
HOTO PACCTOSHUS, Ha PasHbIX JaHAmadTax, IpU
PasIUUYHBLIX YCJOBUAX OCBEIIEHHOCTU, YKUBOTHBIE
Ha CHUMKAaX MMEIOT Pas3jInYHyI0 OKPAcKy M MOTYT
HaXOIUTHCA MO PAa3HBIMHU yIJIaMU K KaMepe, MOTYT
epeKpPBIBATh APYT APyra. ITU OCOOEHHOCTU as3po-
(hOTOCHUMKOB CO3IAIOT MOIOJHUTEJNbHBIE CJIOMKHO-
CTHU IIPU PEIleHnN 3aJauy PACIIO3HABAHUSA OJI€HEH.

3amaua pacro3HaBaHUs CEeBEPHBIX OJIEHEH 10 as-
podoTOCHUMKAM ABJISIETCA, TAKUM 00pa3oM, He TPU-
BuaJbHOI. IloaToMy 1A ee pelteHUs ObLia IPEJIo-
JKeHa AByXaTamHas npoienaypa ooyuenus MRCNN.
IlepBonauasibHOe ob6yueHue Ha MaccuBe MS COCO
dataset, KoTOpBIH BK/IIOUAET M300pPaAKEHUA APYTUX
KUBOTHBIX, HEOOXOAMMO JJIsI TOTO, YTOOBI CEeTh HAa-
yuujaach paclio3HaBaTh JKMBOTHBIX KaK KJacc 00b-
exToB. Ha BTOpoM starre MRCNN mgooGyuaeTcsa Ha
MaccuBe aspo(POTOCHUMKOB CTal CEBEPHBIX OJICHEH.
Hauubiit moxxon msBecTeH Kak transfer learning
[24] u ceromHsa TpUMEHAETCA IPU PEITeHUU MHO-
rux 3ajad, IJisd KOTOPbIX HEBO3MOMKHO, IO TeM UJIN
WHBIM IPUYNHAM, COOpPATh MacCUB 00yUaIOINX JaH-
HBIX /151 KOHKPETHOH paccMaTpUBaeMOil CUTyaI[UU.
ITosTomy cHauaia Mozesib oOydaeTcss Ha OOJIBIIIOM
MaccuBe IMOXO0KUX CUTYAIlUil, a ITOCJIe dTOTO YKe 10~
oOyuaeTcs Ha IeJIeBBIX IIPUMepax.

B Puc. 3. PesysnbraT pacno3HaBaHUA OJIEHE C IOMOIIBIO
6aszoBoit MRCNN, o6yuenuoit ua MS COCO dataset

B Fig. 3. Reindeer recognition result using basic
MRCNN trained on MS COCO dataset
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B Puc. 4. PeayabTaT pacriosHaBaHusA OJIeHell ¢ TOMOIIbIO
noooyuennoit MRCNN

B Fig. 4. Reindeer recognition result using the re-
trained MRCNN

Bulg IOATOTOBJIEH BXOMHOM MACCHUB I€JI€BBIX
IPUMEPOB, COAEPKAIINIA 00yUaloniyo BLEIOOPKY U3
100 aspo(OTOCHUMKOB CTak, Ha KOTOPBLIX BCE JKU-
BOTHBIE IIOMEUEeHbI, 1 TECTOBYIO BbIOOPKY u3 30 uc-
XOIHBIX CHHMKOB CTaJl, He BKJIIOUEHHBIX B 00yUYaro-
II[YIO BEIOOPKY.

IIpu obyueHUU MOEU OBLIN YCTAHOBJIEHBI CJIe-
nytomue napamerpbl MRCNN: 20 smox o6yueHus;
60 1maroB oOyueHHs B 5II0Xe; CKOPOCTH OOyUeHM!s
0,0058 (6e3pasmepHas); TOPOT IPOIIyCKa O0HaApYKe-
Hua 0,7 (6espasmepuslit). Ilockonsky CHC B o6iiem
ciydae ABJIAIOTCSA UYEPHBIMU AIWMKAMU, HEJIb3d
B IBHOM BH/JI€ OIIMCATh BJIUAHNE KOHKPETHBIX 3HaUe-
HUH apaMeTpoB Ha pe3yJabTaThbl PpA00ThHI 00yUeHHOI
cetu. [lanHbIe 3HAYEHUA OBLIN YCTaHOBJICHBI UCXOM S
u3 nmpakTuku padorsel ¢ CHC u ¢ yueTom sMnupuryue-
CKUX HaOJII0feHU B mIpolecce 00y UeHU .

IToce mooOyUeHUs CeTU 9KCIIEPUMEHT II0 PACIIO3-
HaBaHMUIO OJIeHeil Ha (POTOCHMMEKe, M300pakeHHOM
Ha puc. 3, ObLI IIOBTOPEH. Pe3ynbrar sKcepuMeHTa
npeacTaBJyeH Ha puc. 4. Mogesb KOPPEKTHO Paciios-
Haja Ha cHuMKe 70 oseneti u3 93 (TounocTh 75 %) u
IIPX 9TOM He COBEPIIINJIa HU OJHOM OMINOKY BTOPOTrO
poza, T. e. HU pa3y He IPUHAJIA 3a 0JIEHA 00'BEKT, KO-
TOPBII OJIeHEM He ABJIAETCA. B cpefHeM ke Ha BCEM
TECTOBOM MAaCCUBE JAHHBIX O0yUYEHUS MOJEeJb KOp-
pexTHO pacmosunajia 82 % oJiemeii.

Be6-unTepdeiic cucTeMbI U Pe3yJIbTATHI
ee BaJMAAalIUU HA He3aBUCHMOM MacCHBe JaHHBIX

Ha mamubiit MOMEHT AJ1s pa3padoTaHHOMA CeTH CO3-
IaH IIPOTPAMMHBIN KOMILJIEKC C BeO-uHTepdeiicom
(https://regionview.ru/ai/), a cama mporpamma BBe-
JIeHa B OTPAaHUYEHHYIO 9KCILJIyaTaIuIo.

ITockosbKy cucTeMa ObLIa CO34aHa Ha OCHOBE CepP-
BHC-OPMEHTUPOBAHHON apXUTEKTYPHI [25], mTaHHBINR
IIPOTPAMMHBII KOMILJIEKC MOYKHO UCITOJIE30BaTh KaK
CTAIIMOHAPHO, TaK U YIAJIEHHO, IIOCPEICTBOM CETH
HNuTepHer.

s paboThI ¢ cUCTEMOIl TOJIb30BATENb JOJIKEH
3arpy3uTh B CBOM KOMIIBIOTEP CHUMKM CTajd B (pop-
marax JPEG (.jpg) unu GIF (.gif).

HNurepdeliic cucTeMbl COAEPIKUT HAOOD OKOHHBIX
dopm, obecrieunBaIONINX:

— 3arpy3Ky aspoOTOCHUMKOB C KOMIIBIOTEpa
TOJIL30BATEJIA AJIs UX 00paboTKM;

— 3amycK IIPOrpaMMBbl PACIIO3HABAHUS U TTOACYE-
Ta oJIeHell Ha CHIMKAaX;

— IpecTaBJIeHNE Pe3yIbTaTOB PA0OTHI IPOrpaM-
MBI ¢ OTOOpaskeHreM Ha SKpaHe CHUMKAa, Ha KOTO-
poM IIOMeueHbl pacIlO3HAHHBLIE CHCTEMOM mM300pa-
JKeHUusA oJieHel, m OOIero umcjaa HOACUUTAHHBIX
JKMBOTHBIX;

— CKauMBaHWNE PEe3YJbTATOB HA KOMIILIOTED
T0JIb30BaTEJIA.

ITociie mpocMoTpa MOMEUYEHHOI'0O CHUMKA II0JIb-
30BaTeJb, €CJIU €T0 He YAOBJIETBOPUT TOUHOCTD IIPO-
TPaMMHOI'0 KOMILJIEKCA, MOYKET IPOAOJIKUTE JaJib-
HEeHUIyio 06paboTKy CHUMKA BPYYHYIO C KCIIOJIb30-
BaHMEM IIPOTPaAMMbI PYYHOM 00pPAbOTKM CHUMKOB
(cMm. pasn. «PacmosHaBaHUe JKUBOTHBIX Ha aspodo-
TOCHMMKAaX II0 IPU3HaAKaM») UJIHU B JTI000M rpadude-
CKOM pemaKTope, IOAAEP;KUBAIOIIEM DPaCIINpeHure
daiina c uzobpakeHueM .jpg.

T'paduueckuit uaTepdeiic cucTeMbl pacro3HaBa-
HUSA U I0ACUeTa OJIeHel MoKas3aH Ha puc. 5.

IIpoBepka paboThl IpOrpaMMEI ObLiIa IIPOBENEHA
Ha He3aBucuMoM Maccuse 13 10 aspodoTOCHUMKOB.

Ha @dorocuuMKe HEOOJBIIOTO CcTajga OJeHeHl
(puc. 6) mpu pacrnosHaBaHUU OBLIO COBEPIIEHO Ue-
ThIPE OIMMOKM: ABAa OJIEHS ObLIN PACIO3HAHBI JBAK-
IbI ¥ JBa TeJeHKa He ObLIM paclo3HaHbI. Becero us
41 oJieHST KOPPEKTHO OBLIO paciosHaHo 35 ocobeii.
OmzHaxo ommbKa ImoAcYeTa KOJMUYECTBA KHUBOTHBIX
B cTaje cocrtaBuja Bcero 10 %, uTo ABiseTcsa gocra-
TOYHO BBICOKUM PE3YJIbTATOM AJIA aBTOMATHUUYECKUX
CHCTEM paclo3HaBaHU KUBOTHBIX B €CTECTBEHHBIX
ycaoBuAx. IIpymumHamMu STOrO B OAaHHOM CJIydae
ABJIAIOTCA BBICOKOE KaueCTBO CHUMKA U BBICOKOE
paspellieHre caMUX OJieHelH, a TaKsKe CUIbHAs KOH-
TPACTHOCTH (hOHA ¢ 00BEKTAMU PACIIO3HABAHUA.

Ha cuumxke (puc. 7) Bugao, uro MRCNN xopoirio
paboraert c 6osabinumMu cragamu. IIpu sTom 3aMeTHO,
YTO CeTh C OAMHAKOBOM 3(h(heKTUBHOCTHIO PACIO3HA-
eT OJIeHell, HaXONAIIUXCS Ha PasHOM yIAaJIeHUU OT
Kamepbl. TakuM 00pas3om, ceTh He IPpUBSI3aHa K KOH-
KPETHOMY paspelleHnio 00'beKTOB 1 CII0Co0Ha pabo-
TaTh C ICKAKEeHHOI nepcieKkTuBoii. OmubKa pacios-
HaBaHUSA COCTABUJIA OKOJIO 3 %.

Cranmo oseHeit Ha (OHE TUIUUYHOTO HEOLHOPOILHO-
TO TYHAPOBOTO Meii3aska mokasano Ha puc. 8. ITo pas-
MeTKe m3oOpaskeHuu ojeHeir BugHo, uTro MRCNN
MOXKeT paboTaTh CO CHUMKaMU, KOTOPBLIE 3aIlllyM-
JIeHbI (POHOBBIMU O0'BEKTaMU — JIY:KaMU, 03€paMU,
Oyropkamu, moguroHamMu u T. . O0beKTsl (hOoHA HU
pasy He OBIIM MPUHSTHI CHCTEMOII paclo3HaBaHUI
3a n3obpakenus ojeneii. Takike 3aMeTHO, UTO CeThb
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B Puc. 5. OkHO uHTep(deiica cucTeMbl, pe;xuM «IIporpamMmma ycnenrso saKkoHunaa padoTy»
B Fig.5.System interface window, “Program successfully completed work” mode

B Puc. 6. PacuosHaBaHUe OJIeHEH HA OLZHOPOLHOM (hoHE
B Fig. 6. Deer recognition in a homogeneous field

B Puc. 7. Pacno3HaBaHVe U IOACYET OJIEHEH B KPYITHOM
crajie Ha OTHOPOHOM (oHe

B Fig.7.Recognizing and counting deer in a large herd
on a homogeneous background

B Puc. 8. KpymHoe cTa0o Ha HEOJHOPOLHOM (poHe

B Fig. 8. Large herd against a heterogeneous back-
ground

XOPOIIIO paboTaeT Co cTafaMu, B KOTOPBIX OJIEHU CO-
OMpaTCsa B OUeHb IIJIOTHBIE Ipymnnbl. Ommbka pac-
mo3HaBaHUA cocTaBmia oKoJo 17 %.

3aKJIoueHne

BroimosHeHHBIE HCCIENOBAHUS IIOKA3aJid, UYTO
pa3paboTKa aBTOMATHUUYECKOU CHCTEeMbI PACIIO3HABA~
HUS U TOJCYETa CEeBEPHBLIX OJIeHEeH B MPU3HAKOBOM
IPOCTPAaHCTBE TpebyeT OOJBINTMX 3aTpaT BpPeMeHU
CIEeNMAaJJIMCTOB JJIA aHaJnu3a CHUMKOB, OTOOpa mpu-
3HAKOB U KPUTEPUEB pa3aeeHusa N300parkeHu :Ku-
BOTHBIX OT (DOHA, IIPOBEAEHUA PA3HOTO POJa TECTO-
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BBIX KOMIIBIOTEPHBIX dKcnepuMeHTOoB. CHC yuurca
BBITIOJIHATL 3ajauy KJacCU(UKAIUU HeIocpen-
CTBEHHO TIO0 M300pasKeHmaAM 0e3 IIpefBapUTEIbHO-
ro pydYHOro orbopa mpusHakoB. Hajamume roToBBIX
apxutekTyp CHC, 00yueHHBIX Ha pacmo3HaBaHUe
Ha M300pasKeHusaX PasJuYHOTO Pofa 00BEKTOB, Aa-
eT BO3MOYKHOCTh HyTeM J000yueHus s((eKTUBHO
co3JaBaTh MPUJIOKEHNA, OPUEHTUPOBAaHHLIE Ha pac-
TMo3HaBaHWE KOHKPETHBIX BUJOB JKUBOTHBIX. C mcC-
TIOJIb30BaHUEM JAHHOTO II0IX0/1a aBTOPaMU OBLI CO3-
JIaH IPOrpaMMHBIN KOMIIJIEKC AJIA PACIIOBHABAHUA U
TIOZICUeTa CEBEPHBIX OJIEHEU II0 adspo(OTOCHUMKAM,
IJIsi KOTOPOTO MOSKHO BBIAEJUTHL CJIEAVIOIINE IIep-
CIIeKTUBHBIE HATIPABJIEHUA PA3BUTHUA.

1. YmenbItieHue omnboOK pacrnosHaBaHus. Heob6-
XOOUMO YBEJIUUYUTHL 00BbeM OOyualoleil BBIOOPKHU,
0COOEHHO [IJIA CUJIBHO «3alTyMJEHHBIX» U PasHOMAac-
mTabHBIX M300pakeHuil KUBOTHBIX. OTHAKO CBS3b
MKy BEeJIWYUHON OIIHOKKM 1 00beMOM BBIOOPKU
HOCUT 3KCIIOHEHIIMAJBLHO 3aTyXaloInil XapakTep, a
ype3sMepHOe YBeJUUYeHUe BbIOOPDKU MOMKET IIPUBECTU
K mepeobyuenuio mozpenu. IlosTomy 3apaHee HeIb3A
OIIEHUTH KOJIMUECTBO CHUMKOB, KOTOpbIe MOTpedyeT-
ca mobaBuThL B 0OyUarlonIyio BBIOOPKY. Kpome Toro,
IIPU yueTe JKUBOTHBIX B CKOILJIEHUAX BCETZIa MOYKET
BOBHUKHYTH CUTyaIlusa, ¢ KOTOPOII aBTOMAaTUYeCKas
CHCTEMa pAaCIIO3HABAHUA CIPABUTHCA HE CMOIKET.
B sTom cayuae cucremMa pacnosHaBaHUSA MOYKET pa-
00TaTh B MHTEPAKTUBHOM DEXXUME COBMECTHO C IIPO-
rpaMMoOit 00paboTKY N300pasKeH!, IPeCTaBIEHHOMH
B pasn. «PacmosHaBaHUe JKHUBOTHBIX Ha aspodoTo-
CHUMKAaX II0 IpU3HAKaM». JTa IporpaMMa IT03BOJIs-
€T TIOCJIe TIOJIYYEeHUA Pes3yJIbTaTOB aBTOMATUYECKOTO
pacmo3HaBaHUA KOPPEKTUPOBATh UX B PYUHOM PEIKU-
Me, yaaJias OINIMOOYHbIE METKU U (MJIM) CTaBsA UX Ha
HepaCIIO3HAHHBIE IIPOI'PAMMOM 00'bEKTHI.

2. ITlepeHoc TPOrpaMMHOTO KOMILJIEKCA Ha BbBI-
COKOTIIPOM3BOAUTENbHBIE cepBephl. CrenuduKa BbI-
yncaenuit npu wucnoabzoBanuu MRCNN Haxa-
ObIBAaeT psAj TpeOOBaHUII Ha allllapaTHYIO 4YacThb.

A KomMMepuecKoe WCIOJb30BAHUE IIOJPA3yMeBaeT
mapaJiyieIbHYyI0 PaboTy ¢ MPOTrPaMMHBIM KOMILJIEK-
COM HECKOJIbKUX II0JIb30BaTEJIell, UTO MOYKET CyIIie-
CTBEHHO HATPYy3UTh cucTeMy. HecmMoTps Ha 3aJo-
JKeHHYI0 B apXUTEKTYPY IPOrpaMMHOI0 KOMILJIEKca
mapaJijebHOCTh BBIUUCJIEHUI, CJIeAyeT IIPOBECTU
JOTIOJIHUTEJbHbIE HCCJAEJOBAHUA UM CTPECC-TECTHI,
YyTOOBI OIPENeSUTh KOHKPETHRIE TPeOOBaAHUSA K all-
mapaTHO# YacTu.

3. Ananua BugeousobpakeHuii. Cerogusa apxu-
TekTypa MRCNN wucnoab3yercsa npu o6paboTKe BU-
neonsobpaskeHuil B psAje mpoekTos [26]. VmeroTes
mporpaMMHbIe OUOJIMOTEKM, ITO3BOJIAIOIINE WHTE-
rpupoBaTh gaHHyI0 apxutekTypy CHC B mporpam-
MHBI€ KOMILJIEKCHI, paboTaloliyue C BUAEOIOTOKOM.
ATOo TO3BOJIAET MOAU(DUIIMPOBATH IIPEACTABICHHYIO
pPaspaboTKy AJisI paclio3HABAHUA U II0JcUeTa OJIeHel
B BUgeonoToKe. [Iomo6GHBIN TOAXO0M TOMOMKET YCKO-
PUTH TPOIleCC IMOJyUYeHUs Pe3yJbTaTOB yueTa, II0-
CKOJIbKY MCKJIIOUAET IIPOIeyPy MOHTAXKAa CHUMKOB,
HEOoOXOAUMYIO IIPU AUCKPETHOH (OTOCHEMKE CTa
OJIeHeT.

4. ITomgcueT APYTrUX BUIOB YKUBOTHBIX W IITHII.
OCHOBHBIM MACCHUBOM [JI HAYaJbHOI'O OOyUYEHUS
MRCNN saBasercsa maccuB usobpaskernuit MS COCO
dataset. Mso0OpaskeHus CeBEPHBIX OJIEHEI CJIy:KaT
nas noooyuenuss CHC. ITogoOubIM 2Ke oOpasom, 0e3
usmeHenusa apxutektypbsl CHC u opranmusanuu mH-
Tepdeiica, cucTeMa MOKET OBIThH JOOOyUeHa JJIs pac-
TO3HABaHUA U IIOJ[CUETa CTaJl CAiTaKOB, CTall rycei
B IIEPUOJ JINHbKY UJN HEKOTOPBIX BUIOB MOJIPHBIX
Jaex.
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Introduction: The complexity of recognition and counting of objects in a photographic image is directly related to variability of

related factors: physical difference of objects from the same class, presence of images similar to objects to be recognized, non-uniform
background, change of shooting conditions and position of the objects when the photo was taken. Most challenging are the problems of
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identifying people in crowds, animals in natural environment, cars from surveillance cameras, objects of construction and infrastructure
on aerial photo images, etc. These problems have their own specific factor space, but the methodological approaches to their solution
are similar. Purpose: The development of methodologies and software implementations solving the problem of recognition and counting
of objects with high variability, on the example of reindeer recognition in the natural environment. Methods: Two approaches are
investigated: feature-based recognition based on binary pixel classification and reference-based recognition using convolutional neural
networks. Results: Methodologies and programs have been developed for pixel-by-pixel recognition with subsequent binarization,
image clustering and cluster counting and image recognition using the convolutional neural network of Mask R-CNN architecture.
The network is first trained to recognize animals as a class from the array of MS COCO dataset images and then trained on the array
of aerial photographs of reindeer herds. Analysis of the results shows that feature-based methods with pixel-by-pixel recognition
give good results on relatively simple images (recognition error 10—-15% ). The presence of artifacts on the image that are close to the
characteristics of the reindeer images leads to a significant increase in the error. The convolutional neural network showed higher
accuracy, which on the test sample was 82%, with no false positives. Practical relevance: A software prototype has been created for
the recognition system based on convolutional neural networks with a web interface, and the program itself has been put into limited
operation.
Keywords — recognition, convolutional neural networks, aerial images, reindeer.

For citation: Mikhailov V. V., Kolpaschikov L. A., Sobolevskii B. A., Soloviev N. V., Yakushev G. K. Methodological approaches and
algorithms for recognizing and counting animals in aerial photographs. Informatsionno-upravliaiushchie sistemy [Information and
Control Systems], 2021, no. 5, pp. 20—32 (In Russian). doi:10.31799/1684-8853-2021-5-20-32
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BnusiHMe LWWyMa M YacTOTbl AUCKPEeTU3aLUN
Ha MOrpeLHOCTb QUCKPETHOro NpeACcTaB/IeHUs
n300paXkeHuun
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aychuMckui rocygapCcTBeHHbIN aBUaLMOHHbIN TEXHUYECKun yHuepceuteT, Kapna Mapkca yn., 12, Ydba,
450008, P®

BBegeHue: UnpoBas peructpayms N306paxeHuii ConpoBOXAaeTCS He TOSIbKO MOSIBIEHUEM MOrPEeLUHOCTH, 06YCIOBIEH-
HOV KOHEYHbIM MPOCTPAHCTBEHHbIM pa3peLleHneM hoTOMAaTPULibI, HO U BO3LEACTBUEM LUYMa, BKNa4 KOTOPOro B MOJIHYHO Mo-
[PELIHOCTb YMEHbLUAETCS NPY YBEeAYEHUM anepTypbl hOTOCEHCOPOB B MaTpuue. Takum o6pa3oM, MU3MeHeHNe 4acToTbl guC-
KpeTusaymm okasblBaeT NPOTUBOIMOJIOKHOE B/IUSHUE HA MOTPELUHOCTb AUCKPETU3ALMM U MOTPELIHOCTb, BbI3BaHHYH LIYMOM.
Llenb: onpegeneHune onTMMasnbHOM 4acTOTbl AUCKPETU3ALMU U30BPaxXeHUI, 06ecrednBaroLLes MUHUMATbHYIO MOrpeLHoCTb
AUCKPETU3aLMM NPU HAZIMuuK LyMa. Pe3ynbTaTbl: McciefoBaHa 3aBUCUMOCTb MOTPELIHOCTU AUCKPETHOIO MpenCcTaBaeHUs
M3006paxeHns OT YacTOTbl AUCKPETU3ALMM M YPOBHSA LWyMa. [IpoBefeHo MogenmpoBaHme npoLecca AUCKpeTu3aLymm nsobpa-
XEHUS B MPUCYTCTBUM LIyMa. [TOCTPOEHbI 3aBUCUMOCTU CPELHEKBAAPATUYECKOTO OTKIOHEHUS MOTPELLHOCTY AUCKPETU3AaL MY,
BbI3BaHHOM yceyeHneM crieKTpa (YMeHbLUEHUEM M0JI0ChI MPONYyCKaHUs hunbTPpa HUKHUX YAcTOT), U LYMOBOM COCTaBIAOLLEN
MOrpeLuHOCTH OT YacToTbl AUCKpeTusaymu. ChopMynmpoBaHa TeopeMa 0 BEPXHel rpaHuLe TEOpeMbl OTCHYETOB: MPU JUCKpe-
TU3aLMM PYHKLMM KOHEYHOM AIMTENbHOCTH MPY HAMYUM LLYMa CYLLECTBYET KOHEYHOE MUHUMAasIbHOE 3Ha4YeH1e MOrpeLuHoOCTH
AMCKpeTH3ayum, onpegenseMmoe hopMoli crnekTpa hyHKLMM U YpoBHEM LiyMa. MpaKTuYecKas 3HaYMMOCTb: Pe3yNbTaTbl UC-
ciefoBaHuii LjenecoobpasHo MCMosb3oBaTh Mpu BbiGope ¢hoToMaTpuLibl MO YUCITY MUKCeNen 418 PerucTpaymm n3oopaxeHui
B MPUCYTCTBUM LIYMa, & TaKXe NPy BbIGOPe MoioCckl NPOMYCKaHUS (OUIbTPA HUXKHUX YacTOT AJ1S NePBUYHON 06paboTKu Liudg-
pOBOro n3obpaxeHus.

KntoueBbie cnoBa — guckpeTusayus M306pa)KeHer1, YyacToTa AUCKpeTnusauyunu, LUym, norpeLiHoCTb gUCKpeTnsaymnn.

Ina untuposanus: Tumodees A. JI., Cynranos A. X. BiausHue 1rymMa 1 4acTOThI JUCKPETU3AIMY HA MOTPEIITHOCTD JUCKPETHOTO TIPe-
cTaBJeHUA usobpakenuii. HH@opmayuonro-ynpasaswwue cucmemsvt, 2021, Ne 5, c. 33—39. doi:10.31799/1684-8853-2021-5-33-39

For citation: Timofeev A. L., Sultanov A. Kh. Influence of noise and sampling rate on the discrete image representation error.
Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2021, no. 5, pp. 33—39 (In Russian). doi:10.31799/1684-
8853-2021-5-33-39

BBenenue

IIpeoOpasoBanme peasbHOTO  «(DPU3MUECKOTO0»
n300pasKeHus B IMIUMPOBYIO (POPMY COCTOUT U3 ABYX
mpoIeAyp — JOUCKpeTHM3aluu U KBaHTOBAHU,
KakJasd U3 KOTOPBIX COIPOBOKAAETCS TMOABJIEHU-
eM cnernupryeckux morpemrHocrei. [lamee paccma-
TPUBaETCA MUCKPETU3AuA M300paKeHUil 10 mpo-
CTPAHCTBEHHBIM KOOPAMHATAM U CBONCTBEHHBIE €ii
TIOTPEITHOCTH, OIIPEeeIAIINNe OTInYre (G POBOTO
n300pasKeHuss OT MCXOJHOTO aHaJIOTOBOTO M, COOT-
BETCTBEHHO, YCTAHABJIMBAIOIIME IIPeAesl TOYHOCTU
mocJenyoiiei mugpoBoii 00paboTKH.

IMudpoBasa perucrpamus u300pa’KeHUil Bcerga
COIIPOBOYKJaeTCcA HOABJEHUEM IfyMa — Ie(eKTOB
n300pasKeHnsi, BHOCUMBIX (DOTOCEHCOPAMU U 3JIEK-
TPOHHBIM O000PYyAOBaHUEM, OOYCJIOBJIEHHBIX HECO-
BEPIIIEHCTBOM TeXHOJOTui u (hOTOHHOU IIpUpOnOoi
cBera.

PaccmorpuMm 3amauy mudpoBOil perucTpanuu
n300paskeHns KakK IIPoIecc MPOCTPaHCTBEHHOMH Iuc-
KpeTusanuu HeIpPepHIBHON (ZYHKIWMU SPKOCTHU WC-
xXoaHOTO M300pakeHus. CyIleCTBeHHBIM YCJIOBHEM

3ajaun ABJIAETCA KOHEUHBIM pasMep M300pakeHusd
¥, COOTBETCTBEHHO, 0€CKOHEUHBIH CIIEKTD IIPOCTPAH-
CTBEHHBIX 4acTOT. BoccTaHoB/IeHE IIPOCTPAHCTBEH-
HO-IMCKPETHOTO U300pasKeHusl MPOMU3BOAUTCS C IIO-
MOIIbI0 MHTEPIOJAIINOHHBIX (PYHKINNA KOHEUHOI
JUINTEJIBbHOCTH, TI03TOMY B BOCCTAHOBJIEHHOM W30-
OpasKeHUM MOABJIAIOTCS OMIMOKM — OIIUOKU IuC-
KpeTusaluu.

MeToabl MUHNMU3AIUY IIOTPEITHOCTY JUCKPETH-
3aly CUTHAJIOB B II()POBOM CBSI3U PACCMOTPEHHI,
Hampumep, B pabore [1]. IludpoBasa perucrpamus
usobpaskeHuii umeer ceou ocobernoctu [2]. B pe-
aJBHBIX CHCTEMAaX [IUCKPETU3AIUMU W300pa‘KeHunit
B OTJIMUYHE OT HIEaJIbHOTO CJydYas BBIMOJHAIOTCS
CJIEYIOIIHE YCIOBUSI:

— IOUCKPETUIUPYIOIIas PeIleTKa MMeeT KOHeu-
HbIE Pa3MephI;

— IIUPUHA JUCKPETUIUPYIOINX UMIIYJIbCOB 3a-
METHO OTJINYAETCsS OT HYJIs.

IIpakTruecku omepamusa AWCKPETUSAIUU OCY-
IIECTBJISIETCA W3MEPEHUEM CHUTHajia C IIOMOIIBIO
JaTUYNKa, KOTOPBIA IPOBOIUT YCPEAHEHUEe 10 HEeKO-
TOPO¥ KOHEUHOM IJIoIaaKke (amepType).
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TpeboBaHus K BeJIMUYNHE IIOTPEITHOCTU TUCKpPE-
TUBAIUU OMPENeaaoTca 00JacThbi0 IPUMEHEHUS U
cToAIMMH 3ajadaMu. J{ocTaToOuHO IMTMPOKOHM obJia-
CTBIO0 00PAabOTKM M300paKeHN ABJIAeTCA [uppoBas
rosgorpadusa. Ilpumenenue 1udpoBoil rosorpaduu
OTKDHIBAET IITUPOKME BOZMOKHOCTH IJIA KaueCTBEeH-
HOTO 1, 60Jiee TOro, TOUHOT'O KOJMUYECTBEHHOI'0 aHa-
JI3a CBOMCTB 00'bEKTa, TAKUX KaK CMEIIeHUe TOUEeK
TIOBEPXHOCTM TpW aHajamse aedopmariuii, ompesme-
JeHmne (PopMbl 00BEKTa, U3MepeHne Ko3hGUIireHTa
IIpeJIOMJIEHU S B IPO3PAUYHbBIX Cpelax, M3yyeHue Tpa-
€KTOPUH YaCTHUIl, MUKPOCKOIIN, paguorojorpadus,
IIOMEXO0YCTOMUNBOE KOAMPOBAHNE U MHOTOE IPYyroe
[3—11]. B ymoMsaHYTBIX ciydyadaX U3MEHEHUe COCTO-
SHUS N3y4aeMOoro 00beKTa MPUBOAUT K U3MEHEHUIO
00'bEeKTHOI BOJIHBI 1 IOJIyUYaeMOll mHTepP(pepeHIInOH-
HOM KapTUHBI, KOTOPadA 3aIMNCHIBAeTCA IU(GPOBHIM
obpasoM. BausHue JUCKPETHOCTH HA TOYHOCTH BOC-
Opous3BeJeHnA IU(PPOBBIX N300PaKEHUIN pPaccMo-
TPEHO BO MHOTHX paboTax, HampuMmep, B [12-15], Ho
B HUX OCHOBHOU 3ajauell ABJISEeTCS BLIOOD mepuoma
IUCKPETU3anuy N300pa'KeHNA UCXOLA U3 IITNPUHBI
IIPOCTPAHCTBEHHOI'O CIIEKTPa U He YUUTHIBAeTCA Ha-
JuYmMe ImyMa B U300pasKeHnn.

Cy1recTByeT HMIMPOKUM KPYT 3akad, B KOTOPBIX
TpedyeTcs MoJIyueHre 1300paskeHnit 0c000 BBICOKO-
T'0 IPOCTPAHCTBEHHOTO paspeleHusa: Mmeguinaa [16,
17], acrponomusi u Mukpockonus [18], o6padorka
JaHHBIX OUCTAHIIMOHHOTO 30HAVWPOBAHUA 3€MJIN
[19], komnbioTepHOe 3peHue [20], KpUMUHAINCTAKA
[21] u T. 1. B [22] paccMOTpeH MeTOA ONTUMAJBLHOTO
JIMHEHOTO CBepPXPaspellaioiero BOCCTAHOBJIEHUA
n300pakeHnii, B KOTOPOM YyUTEHO HaJIUJYue IIIy-
Ma, HO He WCCJIe[OBaHA B3aWMOCBA3b YACTOTHI IIPO-
CTPAHCTBEHHOU AUCKPETUIAIIUU U YPOBHA IIIyMa,
(ukcupyemoro B 1iu)poBOM M300paKEeHUN.

Pe3yasTaTsl MoeIMpoOBaHUSA

T'naBHBIM (HaKTOPOM, OIIPEAEJAIOIINM BBIOOD
YaCTOTHI NVMCKPETU3AaIlNM, SBJSETCA IUPUHA IIPO-
CTPAHCTBEHHOTO CIIEKTPa PETUCTPUPYEMOTO W30~
Opaskenmnsa. HUKHIOIO IPaHUIly YaCTOThI JUCKPETHU-
3aIUY OIPeNesseT TeopeMa OTCUEeTOB, TPeOyroIias
B UIeaJIbHOM CJIydYae YacTOThI AVCKPETU3aIluu He
MeHee YABOEHHOU I'PaHNYHOM YaCTOTEI CIIEKTPa N30-
opaskenusa. IIpyu HEBLITIOJTHEHUY 3TOTO YCJIOBUA BO3-
HUKAaeT aJanacuur — 3(P@eKT HaJOKeHUA COCeTHUX
TI0 OCH YaCTOT KOIIMI JUCKPETHOT'O CIIEKTPA, IIPUBO-
IANIUHA K UCKaKeHUIO JUCKPETHOTO M300pasKeHusd,
B YaCTHOCTH, ITOSIBJEHWIO Myapa. lIpum guckperu-
a1y U300pasKeHUH CO CIEKTPOM, He HMEIIUM
YETKO BBIPAKEHHON TI'DAHMYHONM YacCTOThI, BHIOOD
YaCTOTHI JUCKPETUI3AIINY YACTO CBOTUTCA K MaKCHU-
MaJIbHOMY 3HAUEHUIO, KOTOPOEe MOCTYIHO B JaHHOM
CUTyaIllUd C TOYKU 3PEHUS almapaTHBIX BO3MOIK-
HOCTeH, TaK KaK HeliCTByeT OAHO3HAUHOE IIPaBUJIO;

ueM OOJIbITIE YACTOTa AUCKPETUBAIUU, TEM MEHBIIIEe
MIOTPEITHOCTh JUCKPEeTU3AIINH, BhI3BaHHASA IIOTEPe
YacTU CIIEKTPA CUTHAJIA BBINIE IOJOBUHBI YaCTOTHI
IUCKPEeTU3aIluu.

IIpu paccmoTpeHnU OBYMEPHBLIX M300paKeHuil
HUCIIOJIL3YETCS MX ONMMCAaHWe B MATPUYHOU (opme,
COOTBETCTBYIOIIIE!l YMCIAY ¥ PACIOJIOKEHUIo (GoTo-
CEeHCOPOB B IPAMOYTOJIbHOUM (poTomaTrpure. Hacrora
OUCKPeTH3aluy II0 KayKAOoW KOoopAWHATe oIpeie-
JIAeTCA IIaroM CEeHCOPOB II0 CTPOKAM M CTOJIOI[aM
MaTpuIilkl. B G0JBIIIMHCTBE CJIyYaeB IIar uX pasme-
IIeHUS 110 00erM KOOpAMHATAM OAUHAKOB, II09TOMY
UL YMEHBIIeHUsa 00'beMa BBIUMCJIEHUN IPU HcCe-
JOBaHUU IIPOIecca TUCKPETUSAIUU JOCTATOUHO pac-
CMaTpUBATh OJJHY CTPOKY U300pasKeHU .

IIpu gucKpeTUsanuu ¢ 4aCTOTOU »; OJHOMEPHOH
(byEKINT ApPKOCTH $() M300paKeHNsa pasMepoM i,
uMemIeil 6ecKoOHEeUHBIHN creKTp S(jm), 1 mociexy-
IOIIEM BOCCTAHOBJIeHUHW (GYHKIUU S(f) ¢ ITOMOIIBIO
bunaprpa HIKHUX yacToT (PHY) ¢ yacToToii cpesa
0,/2 TPOUCXOUT IOZaBJIeHNe CIIEKTPA BhIIIe JacTO-
TBHI ®,/2, T. €. BOCCTAHOBJIEHHOE N300pakeHne IMeeT
CIIEKTD

S (jo) ={S(jo), ~04/2 <o < 0,/2; S (jo) =0,

0<—0,/2, 0> 0,/2}.

ITorpemisocTs, 00yc/IOBJIeHHasA KCKaKeHUEM
dyuKIUY $(f) BCaeacTBUe YCeUeHUs CIIeKTpa, ABJIA-
eTCs MeTOIMNUYECKOI MOTPEeITHOCThI0, BOBHUKAIOIIeH
IpU AUCKPEeTU3aInuu Joboi (pusnyecKku peaamusye-
Mo¥ QYHKIMU. ITY MOTPEITHOCTh Jajiee OygeM Ha-
3BIBAThH IIOI'PEIITHOCTHI0 JUCKPETHU3AIUH.

IIpoBemeM aHA/IM3 3aBUCHUMOCTU ITOT'PEITHOCTU
OUCKPETU3aluy OT YaCTOThI AUCKPETU3AIUU IJIS
5JIEMEHTAPHOTO M300pa’KeHMA, COAEPIKAIIEro OJHY
Y3KYI0 IOJIOCY Ha YepHOM (hoHe, TyTeM MOZeJTuPOoBa-
HudA B cpege MATLAB. ®yHKIIUA SPKOCTU BHIOPAH-
HOT'O M300pasKeHus UMeeT BUT

s(nT) =sin(nn/16 + m) npu n; <n < ny; s(nT) =0

npun<ng, n2ny,

raen =1, ...,2048; T =t ,/2048; n, = 1016; n, = 1032;
4JacToTa AucKperusanuu o, = 1/T = 2048/t

T'padpuk pyurmuu s(nT) nmpuseaeH Ha puc. 1.

BemrectBennas uvacTh cmexktpa S(k) GyHKIUN
s(nT) mpencraBieHa Ha puc. 2, d.

VMEeHBIIINM B BAa pasa 4acTOTy AUCKPETU3aI[UU
(C COOTBETCTBYIOIIUM YMEHBITIEHUEM YaCTOTHI cpe3a
®HY), Torga cuexTp S,(k) npuMer BHUJ, IOKAa3aH-
HBII Ha puc. 2, 0.

®parmenT QpyHEnuU S (nT) NeMOHCTPUDPYET HC-
KajKeHNs, BOSHUKAIOIINE B Pe3yJIbTaTe II0aBIeHUS
BBICOKOUYACTOTHO yacTu cueKkTpa (puc. 3).

OlleHUM ITOT'PEITHOCTh MUCKPETU3AIUU C IIOMO-
IIbI0 CPEeIHEKBAAPATUYECKOT0 OTKJIOHEHUA (DyHK-
nun s, (nT) or s(nT).
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3aBHUCUMOCTh THOTPEITHOCTH AUCKPETU3AIUU OT
YaCTOTHI JUCKDPETUBAINH 0, IIOKAa3aHa Ha pHC. 4.

Kpome (pusuueckoii HepeaqmsyeMocTu u3obpa-
SKeHUH ¢ OTPAHUYEHHBIM CIEKTPOM, B YCJIOBUE TEO-
peMbl OTCUEeTOB BXOAWT W Apyras Hepeaausyemas
uaeanmsanus, KOoTopas OOBIYHO B 9TOH CBASU He
YIIOMUHAETCS, — OTCYTCTBUE IIIyMa. B peasbHBIX
M300parkeHnAX BCerga MPUCYTCTBYET IITyM, HO ero
BKJIAJ B IOJIHYIO IOTPEITHOCTh ITn(poBoro nm3odpa-
JKeHUA 3aBUCUT OT MJIOTHOCTH pasMelreHus ¢oTo-
CEHCOPOB B MaTPUIIE U UX allepTypsl [2]. YBeauueHme
pasmepa (HOTOCEHCOPOB U, COOTBETCTBEHHO, YMEHb-
IIeHue Iara uX pasMeIleHus IPUBOIUT K CTUIaKu-
BAHUIO TUCKPETHOIO N300PAKeHU U YMEHBIIIEHUO
myma. TakuMm o0pa3oM, M3MeHEHMEe YaCTOTHI IIC-
KpeTusanuu OKas3bIBaeT IIPOTHUBOIIOJIOKHOE BJIU-
sSHUe Ha TMOTPEeNTHOCTh MUCKPEeTH3alluy U IIOTPelr-
HOCTb, BBI3BAHHYIO IIymMoM. [ wucciaeqoBaHUSA
9TOr0 SIBJIEHHSI OBLJIO IIPOBEAEHO MOJEINPOBAHLE
B cpeme MATLAB mporiecca auckpetrusanuu pyHK-
nunu s(nT), mpuBeAeHHON Ha puc. 1, B IPUCYTCTBUU
IITyMa ¥ IOCJIEAYIOIIET0 BOCCTAHOBIEHUA — (hOPMU-
poBanua Gynknuu s (nT) (cMm. puc. 3). B kauecTse
WCTOYHUKA IIIyMa MCIIOJIb30BaJICs TeHepaTop 0eJo-
ro mryma awgn — BcTpoenHasa GyHKiusa MATLAB.
PaccunThIiBasmoch OTAEIBHO CPeTHEKBAAPATUUIECKOE
OTKJIOHEHWE IIOTPEIIHOCTH AUCKPEeTU3allii, BbI-
3BaHHOM yceueHMeM CcIeKTpa (YMeHbIIeHWeM IIO-
aockl mponyckaHusa ®HY), u mrymoBad cocTaBiid-
[0IIasl MOTPEITHOCTH — CPeJHEeKBapaTHuuecKoe OT-
KJIOHEHUE IITyMa nocJie mpoxoskaenusa @HY.

3aBHUCUMOCTA HSTHUX TMOTPEIIHOCTeH OT dYacTo-
THI QUCKPETU3AIUY IIPU OTHOIIEHUN CUTHAJ/IIIYM
40 n1Bbm mokasaHbI Ha rpaduKax (puc. 5).
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B Puc. 5. 3aBUCUMOCTb CpPeIHEKBAAPATUUYECKUX II0-
TPELIHOCTe! OT YacTOThI JUCKperudanuu: I — morper-
HOCTB JUCKDPeTU3anuu; 2 — IIyMOBas COCTABJIAOIIAL

B Fig.5. Dependence of the root mean square errors on
the sampling frequency: I — sampling error; 2 — noise
component

3aBUCUMOCTH CPeHEKBAAPATUUECKOT0 3BHAUSH U
TIOJTHOM ITOTPEITHOCTH (AMCKPETUSAINN U IITYMOBOI
COCTABJIAIOINEH) OT YACTOTHI AUCKPETU3AIIUY TIPUBE-
JIleHa Ha puc. 6.

W3 rpaduka BUIHO, YTO TOJHAS IIOTPEITHOCTH
IVUCKPEeTU3allul WMeeT BbIPAKEHHBIT MUHUMYM
IpU HEKOTOPO! YacToTe AUCKPETU3AIUU, 3aBUCH-
et oT (opMbl GYHKIIUU APKOCTU MU300paKeHU
W, COOTBETCTBEHHO, CKOPOCTU YOBIBAHUSA €€ CIeK-
Tpa U MHTeHcuBHOCTHU IrymMa. OTcioza ciemyert, 4To
TIpU BBIOOPE IIeprofa TUCKPeTU3aIuu 1300parKeH
(BBIOOpE IIIara pacmoJIOXKEeHUA dJeMeHTOB (oToma-
TPUIIBI) HAAO0 YUYUTHIBATH HE TOJBKO XapaKTepu-
CTUKU (DUKCUPYEeMOro 1300paskeHusi, HO U YPOBEHb
myma. TakuM oOpasoM, MOKHO C(OPMYJIUPOBATH
TeopeMy O BepXHell I'paHUIle TEOPEMbI OTCUETOB JJIs
GYHKIIUHE OrpaHUYEHHON JJIUTEJIHHOCTH IIPU HaJIU-
YUU IMIyMa: MPU AUCKPETU3anuu GYHKIUU KOHEeU-
HO¥ JJINTEJIbHOCTU IPU HAJUYNY IITyMa CYIIIeCTBYET
KOHEeUHOe MHUHUMAJbHOE 3HAUeHWe IOTPeITHOCTHU
IVCKpeTu3aIum, ompeaeigeMoe (OPMOU CIeKTpa
GYHKIIUY 1 YPOBHEM IITyMa.

BapuauTbl TpaKTUUYECKOr0 IPUMEHEHUS IIOJY-
YEeHHBIX Pe3yJIbTATOB 3aBUCAT OT 00JIACTH TPUMEHe-
HUS U YCJIOBUI MOJYUSHUST U300PaKeHnit:

1. Peructpaiiuss OZHOTUIIHBIX M300paKeHU
B CXOKUX IITYMOBBIX YCJIOBUAX, HATIPUMEDP aspodo-
ToCchbeMKa. B aToM ciryuae mapameTphl n300pakeHusa
¥ IITyMa YYUTBHIBAIOTCA IIPU BBIOOpPE (DOTOMATPUIIHI
o YMCJay THuKcesgei. Bropoit cmoco6: mpu MCHOJIb-
30BAHUU MATPUILI C OOJIBIITMM YHCJIOM ITUKCEJIel
BoiOupaerca @HY gjia nepBuuHOM 00paboTKM 1ud-
POBOT0 M300paKeHUA C IIOJIOCOH TPONYCKAHU A, PaB-
HOU IOJIOBUHE ONTHUMAJIBHON YaCTOTHI AUCKPETU3a-
muu, obecreunBaoIieli MUHUMAJIbHYIO CYMMAapPHYIO
TOT'PENTHOCTb.

—_
o
1

CpemHecTaTUCTAYECKOE OTKJIOHEHHE , %
O = N W A~ Ul O 9 0 ©
r

0,25 0,5
OTHOCHuTeJbHAA YaCTOTA
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B Puc. 6. 3aBUCHUMOCTD IIOJHOI IIOTPEIIIHOCTUA OT YaCTO-
THI AUCKPETU3AINN

B Fig. 6. Dependence of the total error on the sampling
frequency
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2. ®oTomMaTpuIlla YHUBEPCAJIBHOTO IPUMEHEHNUA.
JJ1d MUHUMHB3AIIUKU TIOTPEITHOCTH AUCKPETUIAIIUN
BO3BMOKHA OIleHKAa YPOBH IIIyMa U XapaKTepa M30-
OpaskeHHUs IIyTeM IM(PPOBOM IIPenoOpaboTKU M30-
Opaskenmusa, (puKcupyemoro ¢oromMarpuiieii, u Ha-
crpoiika agantuBHoro @HY, KoTopwIil hopmMupyeT
BBIXOITHOE N300paskeHne IIPY OITUMAaJIbHO IrpaHnY-
HOI yacToTe.

3aKaouyeHune

B paboTe mpoBeneHO UCCJIeJOBaHUE IIOJHOM II0-
T'PEeIIHOCTH AUCKPEeTHU3AIUN M300paKeHUid B IIPHU-
cyTcTBuU ItyMa. IlokasaHo, UYTO M3MeHEeHMe YacTo-
ThI TUCKPETU3aI[UM OKAa3bIBAET IIPOTUBOIIOJIOMKHOE
BINAHNE HA MNOTPENIHOCTL AUCKPETUIAIUU U TIO-
TPEITHOCTh, BRIBBAHHYIO IITyMOM. B pesyibraTe Mo-
IeJUPOBAHUS IIpPOIlecca OWCKpeTmsalnum usobpa-
JKeHUA B MPUCYTCTBUU 0EJIOro IITyMa YCTAHOBJIEHO,

YTO CYIIECTBYET ONTUMAJbHOE 3HAUEHWE YaCTOThI
IVCKpeTH3aInm, 3aBUCAIee OT (POPMBI TPOCTPAaH-
CTBEHHOI'O CIIEKTPa M300pa’KeHUA U YPOBHA IITyMa.
ITonyuennble pe3yabTaThl UBMEHAIOT IIOAXON K BBI-
60py (hoTOMATPUIIHI IO KOJUUECTBY ITUKCEJIe U 1a-
IOT BO3MOJKHOCTH MHHHMHUSUPOBATH IIOTPEIITHOCTDH
IVCKPEeTU3aInu.
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Influence of noise and sampling rate on the discrete image representation error
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Introduction: Digital registration of images is accompanied not only by an error caused by finite spatial resolution of the photo
matrix, but also by the effect of noise whose contribution to the total error decreases with an increase in the aperture of the photosensors
in the matrix. Thus, changing the sampling rate has the opposite effect on the sampling error and on the error caused by the noise.
Purpose: Finding the optimal image sampling rate which would provide the minimum sampling error in the presence of noise. Results:
We have studied how an image discrete representation error depends on the sampling frequency and noise level. The image sampling
process in the presence of noise was simulated in the MATLAB environment. The dependencies of the root-mean-square deviation of the
sampling error caused by spectrum truncation (decrease in the passband of the low-pass filter) and the noise component of the error on
the sampling frequency were plotted. A theorem is formulated on the upper bound of the sampling theorem: when sampling a function
of finite duration in the presence of noise, there is a finite minimum value of the sampling error which is determined by the shape of the
spectrum of the function and the noise level. Practical relevance: It is advisable to use the research results when choosing a photomatrix
by the number of pixels for recording images in the presence of noise, as well as when choosing a low-pass filter passband for primary
processing of a digital image.
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BeegeHume: nocTpoeHne MHTErPUPOBaHHbLIX HEMPOCUMBOIMYECKUX CUCTEM SIBJISETCS aKTyaslbHONM M CII0XHON 3afayqei. [1o-
CTPOEHME HEHPOCUMBOIMHYECKUX CUCTEM MOALEPXKKN NPUHATUS peLueHmnii TpebyeT HOBbIX NOAX0A0B K NPeACTaBAeHNI0 3HaHWI
0 POBIEMHOM CUTYaLMN U BbIPAXEHNIO CUMBOIMYECKUX PACCYXIEHUI Ha CYBCMMBOIMYECKOM YpoBHe. Llenb: paspaboTka Hei-
poCeTeBbIX apXUTEKTYP U METO[0B A1 3(hheKTUBHOIO NPe[CTaBIIEHNS] 3HAHWUI B pacrnipefesieHHOM BUAe U Cy6CUMBONYECKUX
paccyxneHui B cuctemMax noanepXku npUHSTUS PELLEHWI B 4aCTU aslrOPUTMOB arperupoBaHus HEYETKUX OLEHOK 3KCMepToB
4715 BbiOopa anbTepHaTUBHbIX peLleHuit. MeTogbl: NpeAcTaBieHne HEYETKUX U HEOMPEAENEHHbIX OL€HOK B pacnpefeneHHOM
BUZE C MOMOLLbIO TEH30PHbIX NMPEACTABEHUN, MOCTPOEHUE 0By4YaeMol HEMPOCETEBON apXMTEKTYpPbI /151 Cy6CUMBOIMYECKON
arperaymm JIMHIBUCTUYECKUX OL|EHOK. Pe3ynbTaTbl: NpeasioxeHbl fBa HOBbIX METOAA NPEACTABIEHNS JIMHIBUCTUYECKUX OLje-
HOK B pacripefiesieHHoM Buge. [1epBblii NoAxo[ OCHOBbLIBAETCS Ha BO3MOXHOCTM MepeBosa npon3B0OJIbHON JIMHIBUCTUYECKOM
OL|eHKM B YMCJIEHHOE MpefCTaB/IeHNe 1 3aK/YaeTCs B MepeBofe 3TOro YMCIEHHOro NpefCcTaBeHUs B pacnpefesieHHoe 3a
CyYeT rnepeBoja camoro Yy1cia B Buf 6UTOBONM CTPOKM U fasibHelllero ¢(hopMmpoBaHusi MaTpULibl, XpaHSLLEeNd pacrnpeseneHHoe
npeACcTaB/ieHNe BCEro BbIpaXeHUs AN arperaymy oLeHoK. BTopoii nogxo[ 0CHOBbIBAETCA Ha MPeAcTaBieHUN JIMHIBUCTUYE-
CKOW OLieHKM B BUEe filepeBa v KOAUPOBAaHUM 3TOr0 AepeBa C MOMOLLbK METOAa TEH30PHbIX MPeACTaBieHUI, YTO NO3BONSET
n3bexatb Lara nepesoja JIMHrBUCTUYECKON OLEHKN B YUCTIEHHbIA BUL U 00ECeuynBaeT nepexos Mexay CUMBOJSIMYECKUM U
Cy6CUMBOIMYECKUM MPEACTAaBAEHUSIMU JIMHTBUCTUYECKUX OLIEHOK 6e3 noTepu nHgpopmauymu. CTPYKTYPHbIE 3/1EMEHTbI JIMHIBU-
CTUYECKOW OL|eHKM paccMaTpuBaroTCS KakK 3arosIHUTENN C COOTBETCTBYHOLMMMU MO3ULMOHHBIMU POnsMU. TpefioxeH HOBbIM
cy6CUMBOIMYECKUIA METO/] arperayum IMHIBUCTUYECKUX OL|EHOK, KOTOPbIN 3aK/l04aeTcsl B CO34aHnn 00y4yaemMoro HeyipoceTe-
BOro MOAYJ1S B BU e HEMPOHHOM MalumHbl ThropuHra. lMpakTUyecKkasi 3HaYMMOCTb: Pe3y/ibTaTbl UCCIIe[0BAHUSA [EMOHCTPUPYIOT,
Kak CUMBOMIMYECKMI anropuTM arperauynm JIMHrBUCTUYECKUX OLIEHOK MOXET ObiTb peann3oBaH KOHHEKTUBUCTCKUMM, UK CyO-
CUMBOJIMYECKUMM, MEXaHU3MaMM, YTO SBNISETCA HEOBX0AMMbIM TpeGoBaHUEM NP MOCTPOEHUM PaCMPeaeNeHHbIX HeHPOCUMBO-
JIMYECKUX CUCTEM MOALEPKKU NMPUHATUS PELLIEHWIA.

KnioyeBbie cnoBa — HeVIpOHHble MaLunHbl TbropUHra, UCKYyCCTBEHHbIE HeVIPOHHble ceTy, Cy6CMMBOJ'IVNeCKMe CUcTemsbl, rn-
6pm,qr4b:e UHTeJINIeKTYyallbHble€ CUCTEMbI, MHOITOKPUTEpnasibHoe rNpuHAaTHue pewer—mﬁ.
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CKHX OIIeHOK B HEPOCHMBOJINUYECKUX CUCTEMAaX IOAAePIKKY IPUHATHUA peliteHuil. MH@opmayuonno-ynpasaaoujue cucmemst, 2021, Ne 5,
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Beemenmne

Honroe BpeMA 00JIaCTM MCKYCCTBEHHOTO WHTEJ-
JeKTa W aHajJu3a peIIeHUil PasBUBAJNCH IIapaJi-
JIEJIbHO HECMOTPS Ha TO, YTO 00e HCCJIemAyIOT (POop-
MaJIbHBIE MOJIEJIV 3HAHUU U OIbITa uejgoBeka [1, 2].
Cucrembl nognep:kku npuHaTusa pemenuin (CIIITP)
ObLIM pa3paboTaHbI KaK WHCTPYMEHT AJIA aBTOMa-
TU3anuu cOopa W aHAJNM3a MHEHUII SKCIEPTOB U
3aMHTEPECOBAHHBIX CTOPOH B IIEJIAX OKABaHUSA IIO-
MOIIU JINIY, IPUHUMAIOIEeMy pelieHus. [Ipu mo-
crpoernu CIITIP ciexyetr yuuTsIBaTh MHOTOUUCICH-
Hble ()aKTOPBI, B TOM YucJie c60pP HEOTHO3HAUHBIX
SKCIIEPTHBIX OIEHOK aJbTePHATUBHBLIX BAapUAHTOB,
WCIIOJIb30BaHUE HENOJHBIX AAaHHBIX U T. n. Tarue
CJIOJKHOCTH CO3[aJI OOIIYI0 OCHOBY [IJIA MEXKIVC-

MUIIIMHAPHON KOMMYHUKAIIUY, U AJIA PEIIeHNU BhI-
MIeyIIOMSIHYTHIX BOIIPOCOB OBLIM pas3paboTaHbl pas-
JIMYHBIE TTOAXObI.

OmHUM U3 IEHTPAJBHBIX SBJIAETCSA BOIIPOC, KaK
OpeACTaBUTh 3HAHUSA TaKUM 00pasoM, YTOOBI 3TO
OBLIO0 3(PPEKTUBHO C TOUYKU 3PEHUS BBLIUMCJIEHUM.
To, KaK 3HAHUSA IPEACTABIAIOTCA U MOAEJINPYIOTCS
YyeJI0OBEUEeCKMM MO3TOM, Ha MaHHBIM MOMEHT OIpe-
JIessieT OBa Pa3JUUYHBIX TEUEHUS HAYYHOM MBICIH.
MmuorouucieHHbIe HCCIENOBATE MOTHUBUPOBAHBI
T€M, YTO KOTHUTHUBHAA CHUCTEMAa UYeJIOBEKA WCIIOJIb-
3yeT HEBEPOATHO MINPOKYIO HEHPOHHYIO CETh B Ka-
YecTBe BBIUMCIUTEIHLHOTO JBUTATENISA, U IPEIIaTaloT
CUUTATh, UTO KOTHUTWBHAA CHUCTEMa YeJIOBEKa WC-
TOJIb3YeT pacIIpefieieHHOe IIpeicTaBiieHre WHMOP-
Manuyu 1 o0pabaThiBaeT ee JUHAMUYECKU W OCMBIC-
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JeHHO. Takoil HeMPOHHBIN ITOAXO0/ K IIPeAICTaBIEHUIO
u 00paboTke MH(MOPMAIINN HA3BIBAIOT CYOCHMBOJIU-
YEeCKUM, WJIN KOHHEKTUBUCTCKUM. OTHOBPEMEHHO
C 9TUM APYTUE NCCJEIOBATEIN COBETYIOT PacCMaTpH-
BaTh ITO3HAHUE YeJIOBEKA KAK METOJ CUMBOJIMUECKIX
MaHUTYJIAINH [3], a UMEHHO, KaK «BUJ BHIUMCJICHU,
BBIIOJTHAEMBIX B KOHKPETHOM THIIe OMOJIOTUYECKON
cucteMbl» [4]. B aTOM ciyduae CUMBOJIBI BBICTYIIAIOT
B KauecTBe BXOJOB B TAKYIO CHCTEMY, a 3aTe€M C IIO-
MOIIIBI0 IIPEeAONPefeIeHHBIX TPaBUI U HaOOPOB WH-
CTPYKIIUI IpeobpasyroTes B Apyrue cuMBOoJIbL. Takoii
TIOAXO] HA3BIBAIOT CUMBOJIMTUECKIIM.

CyOcuMBoOJIMUEeCKYE TIOAXOABI II0 CBOEH Ipupoe
pacipenesieHbl 1 MMEIOT BBICOKYIO 9()(PEeKTHUBHOCTH
U HaJeyKHOCTb. Kpome TOro, OHU BKJIIOYUAIOT B ce0sA
BAXKHBI KOMIIOHEHT OOYyYeHHs, II03BOJIAS 00ydJarThb
CyOCMMBOJITUECKIE METOABI IJIA PEIIeHNA KOHKPEeT-
HOIi 3a/fa4 ¥ IOCTOSAHHO MOU(MUIINPOBATH UX TI0 Me-
pe IoCTYILIeHN I HOBOU nH(popMamuu. B To Ke BpemMs
TaKWe IIOAXOABLI CJIOYKHO HMHTEPIPETHUPOBATH, XOTSA
pasBuBaloniasgcsa o0JiacTh, HasbiBaeMas OOBLsCHSe-
MbIM ucKyccTBeHnHbIM nHTEJIeKTOM (Explainable Al,
xAl), mocBsIeHa paspaboTKe MeTOIO0B M3BJICUEHUS
CMBICJIA W3 CJIO}KHBIX BBIUUCIUTEJILHBIX MOZEJEN.
OpyruM HeZoCTaTKOM CYOCHMMBOJIUYECKUX METOOB
SABJISIETCSA WX HECIIOCOOHOCTH YUYMTBHIBATH CJIOKHBIE
B3aMMOCBA3U M3-3a OTPAHUYEHUI COBPEMEHHBIX Me-
TOJJOB PacCIpeeJIEHHOI0 IIPe[CcTaBJIeHus WH(opMa-
uum [3, 4]. HekoTopsie JocTUKeHMA B 9TOH 00JIacTH
TIO3BOJIMJIN PEIIUTh PAJ IPOOJEeM pacipeneeHHOro
MIPEeJICTaBJIEHUA, CBA3AHHBIX C CYOCHMBOJHUYECKU-
MU apXUTEeKTypPaMU: TeH30pHLIe IpeacTaBaIeHusd [5],
CIIOCOOHBIE TIPEACTABJIATH PEKYPCUIO0 B CUMBOJBHBIX
CTPYKTypax; HajbHeliIllee pasBUTHE uAeil o OoJiee
KOMIIAKTHBIX pAaCIpPefeIeHHBIX IIPeACTaBIEHUAX
C IIOMOIIBIO TOJIOrPaAPUUECKUX COKPAIIEHHBIX IIPeJ-
craBjeHu [6] 1 APYyrUX METONOB BHIPAYKEHUS CUM-
BOJIBHBIX BbIumcJieHuii. KaK mpaBumyio, 9TOT KJace
METOZIOB Ha3bIBAIOT BEKTOPHLIMU CUMBOJIBHBIMU ap-
xutekTypamu [7, 8]. C 1pyroit CTOPOHBI, XOTA CUMBO-
JINYEeCKUe MOAXOABI MOKHO MHTEPIPETUPOBATH, OHU
10 OIpEeJEeJIEHUIO SBJAIOTCS IOCJIeI0BaTEIbLHBIMU.
BaxHO, YTO CHUMBOJITYECKIIE TTOAXO/BI ITPEATIONIaTatoT
KPeaTuBHOCTh IPABUJ U MHCTPYKIUH 0 00paboTKe
HGOPMAIIMY, YTO IPUBOAUT K ABYM ITOCJIEICTBUAM.
Bo-nepBeIX, nH(pOPMAIMA, 3aKOTUPOBAHHAA B CUM-
BOJIBHOII CHCTEME IIPOTPaMMUCTOM, OTPa’KaeT ero
COOCTBEHHBIN OIBIT I MUPOBO33PEHUE, Jejlasd CUCTe-
My IPEIB3ATOH. OTOT BOIPOC OBLI MAEHTUMUIIHIPO-
BaH KaK IIpobJieMa CMBOJILHOIO OCHOBaHMs (Symbol
grounding problem) [9]. Bo-BToprix, nHpOPMAaINS,
xpaHgasaca B cuMmBoanueckoii CITIIP, 6eicTpo Teps-
€T CBOIO aKTYaJIbHOCTb.

B pesysbraTe MHTErpamuyd CUMBOJUUYECKOTO U
CcyOCMMBOJIMYECKOTO TOAXOA0B (DOPMUPYIOTCA Ta-
KUe apxXuTeKTypbl u cuctembl, Kak ACT-R [10],
CLARION [11] u SS-RICS [12, 13]. B moasay mo-
CTPOEHUSA WHTETPUPOBAHHBLIX CHUCTEM TaK’Ke TI'OBO-

pPUT U TICUXO(PUBUOJOTHUECKASA IPaBIOIIOTO0HOCTH
TaKON WHTerpamuu, KOTopas Obljia IIOKasaHa U
yCTAHOBJIEHA ITyTEM AEMOHCTPAIIMY HAJWYUA B3aU-
MOCBABAaHHBIX aPXUTEKTYP B HEPBHOI CUCTEME UeJIO-
BeKa U Pa3JINYHBIX OMOJOTUYECKUX apXUTEKTyD [3].
ITocTpoeHme HENPOCUMBOJIUUYECKUX MHTETPUPOBAH-
HBIX CHCTEM SABJIAETCS aKTyaJbHOM 3agaueil B 00-
Jactu aHanamsa petnenuii [14, 15]. Takue cucTemMbl
OyZyT coueTaTh CyOCUMBOJIUUECKUE PACCYKIACHUA U
BBIYMCJIEHUA HA KOHHEKTUBUCTCKOM YPOBHE C CHM-
BOJIMYECKUMY PACCYKJEHUAMU U BBIUNCICHUAMU
HaA CUMBOJITUECKOM ypoBHe. OMHAKO ITIOCTOSHHO BO3-
HHUKAIOT CIIOPBI O ToM, uTo 3HauuT aasa CIIIIP crars
HEPOCMMBOJIUYECKON WMJIM WHTErpUpOBaHHOU [1,
15, 16]. Ocoboe BHUMaHUE YAeJIAETCS TOMY, KaKue
KommoHeHTHI CIITIP moryT OBITH AeslermpoBaHbl HA
CyOCHMMBOJIMUECKUI YPOBEHb M KaKyi0 (QDYHKIIUIO
WCKYCCTBEHHBIE HEWPOHHBIE CETH MOTYT WIPaTh
B CIIIIP [17, 18].

HawHas cTaThs IOCBAIIEHA CHEIUAJIBHOMY
acrexTy CIIIIP — arperaliuu OIEHOK SKCIIEPTOB.
Jlrobas 3amava, CBsI3aHHAA C IPUHATHEM DeIlleHus,
OIMCHIBAETCHA, B YACTHOCTHU, IIPOOJIEMOT, aJIbTepHA-
TUBHBIMU PEIIEHUAMU, TPeOOBAHUAMU U SKCIIEPT-
HBIMH OIleHKaMu. ATPerupoBaHIe OIeHOK SIBJIAETCS
CJIOXKHOM 3amaueil Mo IeJIOMy PALY IPUYNH, BKJIIO-
yas HEUETKUH XapaKTep OIeHOK, TAKMUX KaK JIUHT-
BHUCTUYECKUE, OOJIBIIIOE YUCJIO aJIbTEPHATUBHBIX Pe-
IIeHUU U HepaBHBIE CTEIIeHU KOMIIETEHTHOCTU DKC-
mepToB. ATperupoBaHue OIEHOK ABJISETCA OOIUM
STAIIOM B PA3JIMUHBIX METOJaX IPUHATHUA PEIIeHn,
BrJitouada TOPSIS [19], ELECTRE [20] u ML-LDM
[21]. Takum 06pa3oM, IOCTPOEHVE HEMPOCUMBOJIN-
yeckoit CIIIIP mo:keT HaumHATHCA C BBIPAKEHUSA
arpernpoBaHUA HEUETKUX OII€HOK Ha HEMPOCETEBOM
ypogHe. I1esbio TaHHOII PA6OTHI ABJIAETC Pa3padboT-
Ka HOBOTO CyOCHMMBOJHMUYECKOTO MEeTOAa arperauu
JIMHTBUCTUYECKUX OIEHOK B BUJE 00yuaeMoro Heii-
poCeTeBOT0 MOAYJIA.

Arperanus THHTBUCTHYECKUX OI[€HOK
C MOMOIIBI0 MYJbTUTPAHYJITPHOTO
oneparopa arperamuu

CoBpeMeHHbIE METOABI MHOI'0ACIIEKTHOTO MHOI'0-
YPOBHEBOI'O IPUHATHUA PEIeHUN UCIOJIb3YIOT B Ka-
yecTBe 0A30BOI'0 CTPOUTENIHLHOrO OJIOKA JIBYXKOD-
TEXKHYIO MOJEJIb IIPEACTABICHUA JUHIBUCTUYECKON
uaGopMmanuu — Mozesab 2-tuple. BaxxHo# ocobeH-
HOCTBIO JAHHON MOJEJIU SABJISAETCSA CIIOCOOHOCTH BBI-
pasKaTh KaK KaueCTBEHHbIE, TAK U KOJUYECTBEHHbIE
orieuku. Mogens 2-tuple ocHoBaHa Ha KOHIEIIIIUN
CUMBOJIMYECKOTO IepeBoja [22].

Onpedenenue 1. Crpyxrypa 2-tuple cocrout us
napsl (s;, o), Tae S; € S =1{5(, .., sg} — JIMHT'BUCTU-
YeCKUH TepM (KOHIIENT); 0. — UYUCJIeHHOe 3HaUeHue,
pesyJbTaT CHUMBOJHYECKOrO IIepeBoja, 3HaueHuUe
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byHKIIMYU TpuHAAJIEKHOCTHU. [laHHOEe 3HAUEHUE II0-
KasbIBaeT PACCTOAHNE OO0 OJMKANIIero KOHIIEITa
8; € S={8¢, «; Sy}, €CIM QYHKINS IPUHAIEIKHOCTH
He JaeT TOYHOTO OTBeTa (S;).

Onpedenenue 2. JIMHrBUCTHYECKOH IIKaJIoN S
[23] HasbIBaeTCA KOHEUHOE YIIOPAJOUEeHHOEe MHOMKe-
crBo TepmoB S ={s;} (i=1..T), ymoBieTBOpAIOIIEE
CJAEIYIONINM YCJIOBUSIM:

1) ecimi <j, To s; mpexaIIecTByer s; (s; < sj);

2) oTpuiiaHMEe TepMa OIpeAesAeTCA IPABUIOM
Neg(s;) = 57115

3) mycThb §; < s, TOrza ob0benmHeHNe (AU3BIOHK-
nus, cBaska «UJIN») TepMoB omnpenesisieTcss IpaBu-
TOM S; V §; = max{s;, sj} =S

4) mycTsb §; < §;, TOTZia IIepeceveHye (KOHBIOHK-
mus, cBsaska «V») TepMOB ompenesigeTcsa IPaBUIOM
s; A s; =min{s;, s;} =s;.

Onpedenenue 3. IIpaBuno mnepeBoma. IlycTs

S={sg, ., S} — JIMHTBUCTHYECKas IIKala, THe
g=1+1 obo3HauaeT ypoOBeHL TpaHyJdpHOCTH S.
Ecau B € [0, 1] — 2TO pes3yabTaT CUMBOJIUYECKOH

arperamuu, TO CyIIleCTBYeT OJJHO3HAUHBIH CI0CO0 110~
CTPOUTH COOTBETCTBY IO 9memeHT Truma 2-tuple:

A, =10, 1] > S x[-0,5; 0,5),
AP = (5,5 ),
i = round(pr),
o =Bt —1i,a €[-0,5; 0,5). Q)

Onpedenernue 4. IlpaBuyio 06paTHOrO IepPeBoOAA.
ITyers S ={sg, ..., S,/ — JUHTBUCTHYECKAA IIKAaJa,
rme g =1+ 1 o6o3HaUaeT ypOBEHb I'PAHYJIAPHOCTU
S. Ilycts (s;, o) — saemeHnT Tuma 2-tuple, ompege-
JIEHHBIM Ha JMHIBUCTUYECKON IIKajge S, rme o €
e [-0,5; 0,5). Torma ecTh criocod mpeodpazoBaHU
JaHHOTO 9JIEMEHTa B YHCJIEHHOE IIPEICTABJICHNE
B e[O0,1]:

A1 =S x[0,5; 0,5) [0, 1],
Al o) = + o)/t 2)

CylecTByeT MHOMKECTBO CIIOCOOOB arpermpo-
BAaHUS OIEHOK, BhIPAsKEHHBIX B (popme 2-tuple, ux
00bIuHO HaspIBaloT omeparopamm: MTWA (Multi-
granularity 2-tuple Weighted Averaging), MHTWA
(Multigranularity Hesitant 2-tuple Weighted
Averaging), P2TLWA (Pythagorean 2-tuple Lin-
guistic Weighted Averaging) [24] u T. n. Onun us
HUX, MTA, BBINOJIHSAET BLIYHUCJICHHE CpeIHEeB3Be-
IIIeHHOT0 3HaUeHuA o Habopy 2-tuple.

Onpedenernue 5. Oneparop MTA (Multigranular
2-tuple Averaging). Ilycts (b;, o) — sJIeMeHT THIIA
2-tuple, onpezenennslil Ha mKane S, i=1, 2, .., n.
Torga omeparop MTA onpenenseTrcsa Kak

MTA((bla al), (bza az)a oo (bn’ (X,n)) =

= Agk(Z’}zl(l/n A_glj(bj, OL]')))- 3)

Hecmotpsa #Ha To, uTo Mozeab 2-tuple aBigeTcsa
dyHIaMEeHTAJIbHON, B MOCJEAHIE TOAbl ObLIN IIPe-
JIO’KE€HBI MHOTOUYMCJIEHHbIE MeTOAbl arpermpona-
HuA HeueTKuX oreHokK: Hesitant Fuzzy Linguistic
Term Sets (HFLTS) [25], Institutional 2-tuple [26],
rubpugabie mozenu [27] u T. n. Kaxapiit omepaTop
OOBIYHO acCOIMUpyeTcsa ¢ HabopoMm apudMeTHue-
CKUX ollepanuii.

OgHUM 113 BO3MOKHBIX METO/I0B IOCTPOEHU ST HEel-
pocumBosnueckux CIITIP aBideTcsa quHaMuyecKoe
BbIpasKeHre apu(GMeTUYeCKUX OIepaInuii B BUae qu-
HaMUKU HelipoHHOU ceTu. Hacrodamasa crarbd ABaA-
eTCs YacThI0 CEPUU CTaTell 0 BHICTPAaMBaHUU HEUPO-
cumBosimueckoii apxuTtekTypsl CIIIIP [28]. Ograko
3IeCh WCIIOJb3yeTCA MOAXOA K IIPOEKTHUPOBAHUIO
CIIIIP, oTsinyHBIT OT paCCMOTPEHHOTO B pabore [28],
TIe TIPeIJOoKeHO cOo3JaHue TaKuX HeHpoCceTeBhIX
apXUTEKTYp, KOTOPbIe HEe TPeOyIoT 00yUueHUs U pa-
00TaIOT MOBEPX JUHTBUCTUYECKUX OIEHOK, 3aKOIU-
POBaHHBIX C IIOMOIINLIO TEH30PHBIX HpeACcTaBJIeHUI
[29]. B manHOit cTaTbe mpeJaraeTcs arperupoBaTh
JIMHTBUCTUUYECKUE OIeHKU B BHUIe 00yuaeMoro Hewu-
poceTeBOTO MOAYJSA, IOCTPOEHHOTO IO WIPUHIU-
maM apXUTeKTypPbl HEUPOHHOU MaIlInuHbl ThIOpUHTA
(HMT, Neural Turing Machine — NTM).

Heiiponnsie mamuusl Thropuara

Apxurexrypa

Heiiponnrie mamuasl ThIOpUHTA BIIEPBbIE OBLIN
npenJioskeHbI B paboTax [30, 31] 1 ¢ Tex mop moayyu-
JIV ITPOKOE PACIPOCTPAHEHVE B PABIMUHBIX 3aa-
Yax, HAUMHASA OT IPOCTHIX aJITOPUTMUUYECKUX 3a4ad
U 3aKaHUYMBaA O0ydueHHEM ¢ momKperienmem [32],
ocJae0BaTeILHBIMU peKoMeHjanuamu [33], TpasHe-
NYKIIVell eCTeCTBEHHOTO A3bIKa [34] u ap.

Hetiponnble mamunasl ThlopuHTa eCTh YaCTHBINU
npuMep otxaeabHOro Kiacca MTHC ¢ momosHeHHOM
MaMsAThI0, KOTOPasA UTrPaeT BasKHEHUIITYIO POJIb U AB-
JIAeTCA BHEIIHEH 1O OTHOIIEHWIO K BHYTPEHHEMY
COCTOSTHUIO HelipoceTH. [{Jid 3amucu B 3Ty IaMATh U
YTEeHUA U3 Hee CYIIEeCTBYIOT CIeI[MaJIbHbIE abCTpaK-
IUY, Ha3blBaeMble 3aIMCHLIBAIOIIIUMU U CUYUTHLIBA-
IOIMMU TOJIOBKAMU COOTBETCTBeHHO. KoHTpOIIIED
BBITIOJIHAET KOOPAUHAIIAIO 9TUX T'OJIOBOK AJIs IOJIY-
yeHUA pesyabTaTa. TeopeTuyecKasa apxXxUTEKTypa
HMT mokasama Ha puc. 1.

Heiiponnasa wmamwuea Trelopurra oOydaercs
c yuutesneMm. Ha sramne ooyuerus HMT o:xupaer Ha-
00p BEKTOPHBIX IIOCJIEIOBATEIHLHOCTEH B KauyecTBe
BXOJZa 1 HaOOpP METOK, KOTOPBIl SBJIAETCS eIre Of-
HOM TIOCJIeZOBATEJIHLHOCTHIO BEKTOPOB U 0003HAUAET
oxugaeMblil Beixog ceTu. Ha Brixogme HMT Boigaer
TaKeT BeKTOPHBIX IIOCJIEN0BATEILHOCTEH, TAKUM 00-
pasom, HMT Mo:keT BBINOJMHATH OGHY U TY Ke 3aa-
Uy HaJ HECKOJBKVMHU II0CJIEJOBATEIbHOCTSIMY OJTHO-
BpeMeHHO. [fokaszano, uro HMT moskeT pemiats MHO-
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B Fig. 1. General design of NTM
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JKeCTBO 3a/au, TaKMX KaK KOIMWpPOBaHWE, IIOBTOP,
aCCOLMATUBHLIN IIOMCK, CJIOMKEHNEe M YMHOMKeHIe
IBOMYHBIX UMCEJ, 3a[aUy ITPUOPUTETHON COPTUPOB-
Ku. B nanHOII paboTe paccMaTpruBaeTCs BhIpasKeHue
omepaTropa MTA nisa umcet, mpecTaBIeHHBIX B JBO-
WYHOM BUJE Pa3JUYHBIM KOJWUYecTBOM Out: 4, 6,
8, 10. Oob1mas cxema momauYu JAaHHBIX B HEHPOHHYIO
ceTh ITIOKas3aHa Ha puc. 2.

AcmieKTsI pearus3amuu

AcmexTel BHegnpeHusa HMT xopolro ommcaHBbI
B paborax [35, 36] 1 B OCHOBHOM OXBaTHIBAIOT pas-
JINYHBIE TIOJXOABI K TIOBBIIIIEHNIO YCTONUYNBOCTH 00Y-
UEeHUs 34 CUET BHEPEHUS MeXaHn3Ma KOHTPOJIS Ha T
rpaameHTOM. Ba)KHO OTMETUTH (PYHKIIUIO OIIMOKM,
KoTopas Oblila HMCIIOJb30BaHA KaK KPUTEPUN s
OIleHKY KauecTBa O0yUYEHMA MOJEJIN:

81'2(),5 = {(11 l > 075)’ (01 l < 015)}; (4)
N+l M
e=>8_ % na Zm-1 I5X(b,n,m)20,5 - Yb,n,mI’ ()

rame B — pasmep mapTuu o0ydaroniuxX AAHHBIX, IO-
CTYIAIINUX B ceThb; N — KOJWYECTBO OUT HA OTHO

IIpoMesKy TOUHBII _

DuHATBHBIR _

pesyabTar besyaeTar |
BEIUMCJICHUI BBIUUCIIEHU N
A A
Sueiika HMT fAueiixa HMT
KouTtposiep e KouTposniep e
MultiRNNCell =] MultiRNNCell =
@ T o &
I N 2 g
> I > B2 . > I > 5
o R [}
5 ¥
LSTM- S A LSTM- 3 g
Aueifika © o Auedika &
9] o
2 2
A A
IlepBbiii OUT ITocnemuuii 6ut
3aKOZUPOBAHHOTO 3aKOLUPOBAHHOI'O
BBIpAKeHUA BBIPAXKEHUA
L J
Y
3aKoquPOBAHHOE
apudmMeTHUECKOE
BBIpaKeHUe

B Puc. 2. BeinonHeHUe 3aK0JUPOBAHHOTO0 BhipakeHus qyia MTA ¢ momomisio HMT
B Fig. 2. Executing NTM with encoded expression for MTA operator
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yncao; M — pAJuHA BEKTOPA, COJAEPIKAIero OAUH
OUT BhIPAKEHUS.

Apxurektypa HMT mnpenmosaraer cosganue
opHoii mam HeckoJabKux HMT-gueek, rme Kakmas
BKJIIOYUAET B ce0s1 KOHTPOJLJIED, BHEITHIOO IIaMATh U
TOJIOBKU JJiA PabOTHI ¢ 9TOM mamsaAThio. BoJiee Toro,
HMT cnoco6Ha K 0600I1IeHIIO TOI 3a4auu, JJIs KOTO-
poii oHa ObljIa CKOHCTPYUpPOBaHa U 00yueHa. B uact-
"HocTu, HMT mMo:keT oOydaTbCcsA HA BEKTOPHBIX IIO-
CJIETOBATEJILHOCTAX OIIPENEJIEHHON AJIWHBI, W TOCJe
00yUeHUs CeTh MOKEeT PeIIUTh 3a7auy AJsI O0JIBIIIEro
Habopa IocaemoBaTeabHOCTe. Bee mpuBeneHHbIe HU-
JKe pe3yJIbTaThl MOT'YT ObITH BOCIIPOM3BEIEHBI C IIOMO-
IITHIO TPOEKTA C OTKPBITHIM MCXOAHBIM KOJIOM. IIpoeKT
TIOCTPOEH Ha OCHOBE TEKYINEH peaus3aiuy CUCTEMBI
TensorFlow Neural Turing Machine [22]. Oxzraxo
OBLIN TIPOM3BENEHbI 3HAUUMBIE YIYUIIEHUSA — OCY-
IIIECTBJIEH IIepeX0of Ha IONIeP;KUBAEMyI0 BEPCHUIO
TensorFlow (2.3.0), Tak Kak 6asoBas peaJu3aIus
HMT ocuoBwIBasach Ha Bepcuu TensorFlow, koTtopas
OoJiee He MOAAepPsKUBaeTCa KoMauuein Google.

Ounenka HMT kak HeiipoceTeBOTo
omeparopa MTA

B maunHoii pabote ¢ momorbio HMT MBI BeIpaska-
em omepatop MTA, KoTopEIii arperupyeT OIeHKH OT
(buKCcUpPOBaHHOTO YKCIa SKCIEPTOB; KaKIad OIleHKA
mpeoOpasyeTcad B YUCJIOBYIO (DOPMY M IIPEACTaBJIIA-
eTca B BUJe ABOMYHOI cTpoku [36]. 3aTrem umcieH-
HBIE TIPEJCTABJEHUS OIEHOK OO0BEeIUHSAIOTCSI B OIHO
apudmMeTrUYecKoe BEIpaskeHue, KOTOpoe YiKe KOTUpPy-
eTcsl B BUJIe MATPUIILI C OIPeNeIeHHBIM (DOPMATOM.
Kaxmoe umcio mpencTtaBjaeHO B Buje MaTpuibl ¢ N
crpokamu u M crosnbuamu, rae N obo3HaUaeT KOIu-
YecTBO OUT, MCIIOJB3YEMbIX IJIs KOAMPOBAHMUA YKCIA
B opmare Little-Endian. MsbI mcmosnb3yeM MHOMKe-
CTBO «KaHAJOB» B JaHHBIX, YTOOBI IOMOYL CETH Pas-
JUYaATh OUTHI, KOAUPYIOINE YNCJI0, U OUTHI, KOTUPY-
fore Mapkepbl. IIepBhIii cTOI6EI] MATPUIIBI COmep-
SKUT OUTHI JaHHBIX, BTOPOM — OUTHI IJIS MapKepoB, a
KOHEUHBINI MapKep IIPeICTaBJIeH BEKTOPOM AJIMHBI M.
Has obyueHusi co3maH HAOOP JaHHBIX, B KOTOPOM
KasKkIoe BhIpaKeHue 3aKOIMPOBAHO B OIPeIeIeHHOM
dopMaTe M KayKALIM 00ydaromiuii HabOp COmEPI;KUT
32 apudmeTnuecKux BhIpakeHus. Kaxmoe sakomu-
POBaHHOE BhIpasKeHue COAEPIKUT b0 ABe, TU00 TPU
JIMHTBUCTUYECKNE OIEHKM, IIPeJCTaBJIE€HHBIE B UNC-
JIEHHOM BUJle U 3aKOJUPOBAHHBIE COTVIACHO CXeMe Ha
puc. 3. B paMKax HaHHOTO MCCJIEAOBAHUS IIPOBOAN-
JINCHh 9KCIEPUMEHTHI C Pa3JINUYHON AJUHONU OGMTOBOI
crpoku: 4, 6, 8, 10, 16 6ur.

C TOuKU 3peHUdA TrUIeprnapamMeTpoB 1 BHYTPEeHHe-
T'O yCTPO¥CTBA HEUPOHHOU ceTu ThIOpMHTa B paMKax
JIaHHOT'O MCCJIeIOBAHMA UCIIOJIb30BAJINCH CIEYIOIINe
sHauenus. Y HMT omgHa cunThIBaMINAas W OgHA 3a-
UCchIBAIONIad ToJIoBKa. KOHTpoJLIEp IpeacTaBiieH

olo|o|o]| )
8 1000%
g 14
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5 1lolo]o
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g 0100:}»+
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o 1|/0fo0]o0
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B Puc. 3. 3axkogupoBaHHOE BHIPAKEHUE AJIA OoIeparopa
MTA

B Fig. 3. Encoded expression for the MTA operator

onHoit LSTM-sueiikoii. Pasamep LSTM-saueiiku paBex
100 sremeHTaM 1 HE MEHAJICA B 3aBUCUMOCTHU OT BXO/I-
HBIX JAaHHBIX. PasmMep BHEITHENW HNaMATH COCTAaBJIAI
256 aueek, Kaxkaada cocrosana ud 128 snmemenTos. [lia
KasKIoro SKCIIePUMEHTa, KOTOPBIN XapaKTepu3yeTcsa
KOJINYECTBOM SKCIEPTOB U AJIMHONM OMTOBOII CTPOKH,
TIPOM3BOAMJIOCH OTHEIbHOEe 00yUeHre HeHpOHHOH ce-
TH U OTJeJIbHASA CePUA SKCIEPUMEHTOB IIOCIe 00y Je-
HuA. B ciyuae arperanuu asyx omeHok HMT cmoria
IOOUTHCA HYJIEBOHM OIMOKYM B SKCIEPUMEHTax ¢ 4-,
6-, 8- u 10-6utHbIMU uncaamu (puc. 4, a). IIpu arpe-
ramuu Tpex oreHok HMT cmoria mobuThesa HYyJIeBOI
OITMOKHY TOJIBKO AJIsI 4-0uTHBIX unce (puc. 4, 8). [lisa
GosbIliell MJIMHBI OGMUTOBOM CTPOKMU OITMOKAa BapbUPY-
ercsa ot 0,26 miia 6 6ut 1o 2,42 s 10-OMTHBIX YKCeI.
B T0 :xe Bpemsa HMT cmoria cyIiecTBeHHO MUHUMU-
3UpPOBaTh 3HAUEeHMWEe (PYHKIIMU MOTEPh BO BCEX Bapwu-
aHTax (puc. 4, 0, 2). OKCIEPUMEHThI IIPOBOAUJINCH
Ha pasdauuHbIXx KoHpurypanuax CPU (rabiauiia):
Intel(R) Xeon(R) CPU E5-2650 v4 @ 2.20GHz, AMD
EPYC 7282 16-Core Processor @ 2.79 GHz, Intel(R)
Xeon(R) Gold 6140 CPU @ 2.30 GHz c Hedurcupo-
BaHHOU uyactoroii 1 60 GB omepaTuBHOU IMaMATU U
GPU: NVIDIA Corporation TU104GL [Tesla T4].
PesynbTarThl 9KCIEPUMEHTOB MOYKHO BOCIIPOM3BECTU
C UCIIOJIb30BAHMEM aBTOPCKOTO IIPOEKTA C OTKPHITHIM
ucxogubiMm KogoMm (https://github.com/demid5111/
NeuralTuringMachine).

OrpaHuueHreM  TOAXOMa, AaIPOOMPOBAHHOTO
B II€PBOI CepPUU SKCIIEPUMEHTOB, ABJISIETCSI HeOOXOIU-
MOCTB IIPOMEXKYTOUHOT'0 TIePeBO/Ia TUHTBUCTUUECKUX
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B Puc. 4. Juuamuka ooyuenusa HMT pisa arperanuu oIeHOK, IIPeACTABIEHHBIX B BUAe OUTOBBIX CTPOK (DMKCHUPOBAHHOM
mmHbl. sMeHeHVe QyHKIIUY OmuoOKY (a) u noreps (6) HMT npu arperanuu AByX OIleHOK; M3MeHeHUe GYHKIINY OIITUOKY (8)

u notepsb (2) HMT npu arperamuu Tpex oIeHOK

B Fig.4.NTM training dynamics for bit strings of various length. Change of error per sequence for two assessments ag-
gregation (a), loss function for two assessments aggregation (6), error per sequence for three assessments aggregation (s),

loss function for three assessments aggregation (2)

OITEHOK B UMCJIEHHOE IIPEeJICTaBJIeHIe IIePe]] TEM, KaK
mepenaBaTh UX HA BXOJ 00YUEHHOMY HEIIpOCEeTeBOMY
arperaropy oreHoK. BoJiee Toro, KaK y:Ke 0TMeUaJjoch,
B pPaMKax 3aJauy ITIOCTPOEHUA HETPOCUMBOJIUYECKUX
CHCTEM BOIIPOC IIPEICTABJIEHN 3HAHNN ABJIAETCA aK-
TyaabHBIM. TpebyeTcs cosmaHure METONOB IJIA Iepe-
BOJIa CUMBOJIOB B ICTMHHO PacCITpe/ieJIEHHOE ITPeICTaB-
aenue. IlosaToMy ¢ TOUKM 3peHUA PeIlaeMOoil 3aJaun
arperanuy JUHTBUCTUUYECKUX OIEHOK HEOOXOIMMO
TIOCTPOEHNE DPACIPENEeIEHHOTO IIPEACTABICHUA [JIA
KaKI0l TAKOM OIeHKU M 00yuYeHUe HelpoceTeBOro
arperaropa, KOTOpbIii 6bI MOT paboTaTh C TAKMMU pPac-
IpefieIeHHBIMU IIPeACTaBIeHuAMU. [ sToro mpesa-
JaraeTcsa paccMaTpPUBATh JUHTBUCTUYECKYIO OIEHKY
C TOUKHU 3pEHUs TEeH30PHBIX IpeacTaBjenuit [28], a
UMEHHO KaK JIepeBO ¢ AByMsd JUCTbAMU. Hampumep,
IJIsT TUHTBUCTUUECKOU OIeHKU, IIPeACTaBICHHON Ha

pHC. 5, IPU BaJAHHBIX Iy e =[1, 0] 1 1y, =[O, 1],

(54, 0,2)

B Puc. 5. IlpeacraBieHre JUHTBUCTUUYECKON OIEHKU
(s4> 0,2) B BUJe CTPYKTYDPHI U3 ABYX sanonHHTgﬂeﬁ, T. €.
JIACTBEB JlepeBa, U ABYX HOSWIMOHHBIX POJIEH: 7y 4. U
ralpha

B Fig.5.Representing linguistic assessment (s4, 0,2) as
a structure with two fillers as leaves and two positional

roles: 7y 4o, and Talpha
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pasMepe 3aJaHHOU JIMHTBUCTUYECKOU IIKAJIbI, PaB-
HOIl IATHU, U (PUKCUPOBAHHONW TOUYHOCTH IJIA TIPE-
CTaBJIEHUS MPOEKIINYM JUHTBUCTUYECKON IIepeMeH-
HOII, paBHOUM OJHOMY B3HAKY IIOCJIE 3aIlATOI, ITOJIy-
YaeM CJIefyIOlllee pPacIlpelieIeHHOe IIPeICTaBJIeHUE:
v =[][o0, 0o, o, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0], [0, O],
[0, 01, [0, 0}, [0, 0], [1, 0], [0, 0}, [0, 0], [0, 0], [0, 0], [0,
0], [0, 01, [0, 0], [O, 1], [0, 0], [0, O], [0, O]]. IIpu BHI-
TATUBAHUU TAKOI'0 PACIIpPeieIeHHOr0 IIPeICTaBIeHUS
B BEKTOD IIOJIyUYaeTCcsAa TEH30p paHra 1, cocToAIuil us
48 5y1eMEeHTOB.

Bropaa cepua 5SKCIepuMMEHTOB ObLIa ITOCBAIIIE-
Ha TIOATOTOBKE MAHHBIX 1 OOYUEHUIO HEeHpoceTeBOro
arperaropa, KOTOPBIII IIpUHUMAET Ha BXOHA HabOp mu3
pacupefieIeHHBIX ITIPEICTABIEHUN JIMHTBUCTUYECKUX
OIleHOK. VIHBIMU CJIOBaMH, II0 CPaBHEHUIO C II€PBOIi
cepuell 9KCIePIMEHTOB 0OJIbITe He TpeboBaJiCa mpe-
BAPUTEJBLHBIN IIAT TIO0 II€PEBOAY JUHTBUCTUYECKUX
OIIEHOK B UIMCJIGHHOE IIpeJCTaBJIeHre Iepe] UX yIa-
KOBKOI B KaueCTBe BXOIHBIX JaHHBIX JJIA HeHpoceTe-
Boro arperaropa. O0mias cxema MOATOTOBKU JAHHBIX
LA TIEPBOTO ¥ BTOPOT'O0 SKCIEPUMEHTOB BBITVISAIUT
aHaJOrMyHO. BO BTOPOM 3KCIIEpUMEHTEe BMECTO pac-
TIpeNeJIEHHOTO TIPEICTaBIEHUA UYNCEJI B BUIe OUTOBOI
CTPOKU 3aJaHHOU JJIMHBI UCIIOJIb3YETCs PaCIpeeIeH-
HOEe IIPeICTABJIEHNE JUHTBUCTUYECKUX OLIEHOK B BHUE
OUTOBOI CTPOKU (DMKCUPOBAHHOI JINHBI, PABHOI 48.
IKCIIEPUMEHTHI IIPOBOAUJINCH C arperaiyeil OIleHOK
TOJIBKO OT ABYX BKCIepPTOB. C TOUKY 3pEeHMs TUIepna-
PaMeTpPOB 1 BHYTPEHHET0 YCTPOICTBA HEHPOHHOI ceTn
ThiOpHHIa B PaMKaxX BTOPOr'O 9KCIEPHMMEHTA KCIIOJIb-
30BAJINCH Te K€ HACTPOMKMU, UTO U B IIEPBOM SKCIIEPU-
meHTe. PedynbraT o0yueHHs HEMPOCETeBOro arpera-
TOpa IpecTaBJeH Ha puc. 6, a u 6. BeruucaureabHbIE
sKcnepuMeHThl mpoBoamianch Ha Intel(R) Xeon(R)
Gold 6240 CPU @ 2.30 GHz ¢ He(puKCHPOBAHHOII Ya-
croroii u 60 GB onepaTuBHOM TaMATH.

Takum 00pa3oM, HeHpPOCeTeBOIl arperaTop IIpu-
HUMAaeT Ha BXOJ JIMHI'BUCTUYECKUE OIEHKU B pac-
IpefesieHHOM BHUE, 3aKOJUPOBAHHBIE COTJIACHO
IpaBUJIaM T€H30PHBIX IIPEACTABIECHUN, U BHITIONHSA-
eT 3aJjauy arperanuu JUHTBUCTUYECKUX OIEHOK OT
IBYX 9KCIIEPTOB C HYJIEBOI OIITUOKOI.

B skcnepuMeHTaIbHOM HMCCJIEOBAHUM IIPOM3BO-
IMJIach arperanusa OIeHOK OT (DMKCUPOBAHHOT'O KO-
JIMYECTBa SKCIEPTOB. YUHUTHIBasg ycTpoiictBo MTA
U PUKCUPOBAHHOE KOJMYECTBO SKCIIEPTOB, MaHHBIN
oIrepaTop MOKHO IIPEJICTABUTH B BIJIe €INHCTBEHHO-
ro HelipoHA OOBIYHOM CeTU IPSMOTO PACIpPOCTpaHe-
Hu4 (0e3 QyHKIIMU aKTHBanun). Mcrnois30BaHue Cy-
II[eCTBEHHO 00Jiee CJIOKHOM HepoceTeBOH apXUTeK-
TYPBI JJI Peau3aIiii 9TOT0 OIlepaTopa BbI3BAHO PA-
IOM IPpUYUH. BO-TIEPBBIX, C TOUKU 3PEHUA PA3BUTUA
unei pacupeaenenubix Berunciaenuii 8 CIIIIP cyie-
cTByeT OoJiee IIMPOKAdA 3aaua, KoTopad 3aKJmoua-
eTcsi B pa3paboTKe MeTOHOB IOCTPOEHUS WCTUHHO
pacIpeieIeHHOTO IIPeACTaBJIeHUA WH(MOPMAIUU O
po0JIeMHO cCUTyaIuu, Koropas, HalpuMep, BKJIIO-
yaeT u mHPOPMAIio 00 sKCIIepTax, aJbTepHaATUBAX
U KpuTepusax. Beca B TaKoM caydae He JOJKHBI ObITH
3aKOQUPOBAHBI B JIOKAJLHOM BHU/JIE, UTO ITPOUCXOIUT,
HAIpuMep, IIPU HCHOJIb30BAHUM €TUHCTBEHHOTO
HelipoHa ¥ HEKOTOPOro KOJMUYeCcTBa 00yUyaeMbIX Be-
COB, COOTBETCTBYIOIUX KOHKPETHOMY SKCIIEPTY UJIU
KpuTepuio. Bo-BTOPHIX, NCCIEIOBATEIbCKUM BOIIPOC
3aKJII0YAJICA B MONBITKE M30aBUTHCA OT HEOOXOIU-
MOCTU CO3JQHUA HOBBIX CHMBOJIUYECKUX OIEPaTO-
POB arperanuy, 4eMy IIOCBSAIIEHO OOJIbIIIOe KOJIU-
YecTBO paboT, U UX YUCJIO C KaKIBIM I'OJJOM TOJIBKO
pacTteTr. BmecTo sTOr0 mpemsaraeTcsa HCIOJIb30BaTh
HelpoceTeByI0 apXUTEKTypPy, KOTopas Morja Obl
(GYHKIIMOHUPOBATh KaK OIepaTop arperamuu, Ipu
5TOM IpaBUJIa arperanuiu moaoupaInch ObI HEIPOH-
HOM CEeThIO0 CAMOCTOATEIbHO. B-TpeThUX, CyIIecTBY-

a) 34
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B Puc. 6. [lunamuka pyarimuy omrnbru (a) u moreps (6) HMT nua arperanuu AByX 9KCIEPTHBIX OIIEHOK, IPEICTABJIEH-
HBIX B pacCIIpeieIeHHOM BHU/e C ITOMOIIbIO TeH30PHBIX IPeCTaBIeHU

B Fig. 6. Change of error per sequence for aggregation of two assessments encoded with tensor representations in a

distributed form
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KonuuectBo KonuuecTBo
Pasmep
Howmep cepuu | KosmuecTBo . CJIOTOB OIINOOYHBIX OUT
OUTOBOM . Anmnaparzoe obecrieuernmne
SKCIEePUMEHTOB OIIEHOK BHEIITHeH B peayJbTrare
CTPOKH naMAaTa pa6orst HMT
1 2 4 128 0 Intel(R) Xeon(R) CPU E5-2650 v4 @ 2.20 GHz
1 2 6 256 0,26 AMD EPYC 7282 16-Core Processor @ 2.79 GHz
1 2 8 256 0,62 Intel(R) Xeon(R) CPU E5-2650 v4 @ 2.20 GHz
1 2 8 512 0,26 Intel(R) Xeon(R) Gold 6140 CPU @ 2.30 GHz
1 2 10 256 0,62 Intel(R) Xeon(R) Gold 6140 CPU @ 2.30 GHz
1 3 128 0 AMD EPYC 7282 16-Core Processor @ 2.79 GHz
1 3 256 0 AMD EPYC 7282 16-Core Processor @ 2.79 GHz
1 3 256 0 AMD EPYC 7282 16-Core Processor @ 2.79 GHz
1 3 10 256 0 Intel(R) Xeon(R) Gold 6240 CPU @ 2.60 GHz
1 3 16 256 5,58 NVIDIA Corporation TU104GL [Tesla T4]
2 2 17 256 0 Intel(R) Xeon(R) Gold 6240 CPU @ 2.60 GHz
2 2 48 256 0 Intel(R) Xeon(R) Gold 6240 CPU @ 2.60 GHz

eT 3a7jaua MOCTPOEHUA KOMIIUJIATOPA HEAPOCETEBBIX
KacKaJoB I pas3aundyHbix KoHGurypanuit CIIIIP u
IJs1 paboThI ¢ IPOU3BOJLHBIM cIleHapueM. B Takoii
TIOCTAaHOBKE 3ajauyM MCIOJH30BAHUE IIPOCTEHIIero
BapmaHTa B BUJEe HeHpOHa HeIllejJecooOpasHoO, B TO
BpeMs KaK CYIIlecTBeHHO 0OoJiee CJIOKHAs Helpoce-
TeBas apXUTEKTypa II03BOJIAET pellaTh IIOCTaBJIEH-
HYIO 3a7ja49y.

3aKJIoueHne

Ilens mamHOTO WCCIENOBAHUA 3aKJHOYAJIACh
B pa3paboTKe HeNpoceTeBON apXUTEKTYPhI IJId 3(-
(hbeKTUBHOTO IIpPEeACTABJIEHUA CYOCHUMBOJIUUYECKUX
paccyKIeHuil B cuCTEMAaX MOAIEPKKY IPUHITUSA Pe-
IIIEHUH B YaCTU aJITOPUTMOB arperupoBaHUs HEUET-
KHX OIIEHOK SKCIEPTOB [IJIA BbIOODPA aJbTEePHATUB-
HBIX pelnieHUi. [[lanHaa paboTa ABJIAETCA YACTHIO Ce-
puu craTeit 0 BRICTPAUBAHUY HEHPOCUMBOJIUYECKOI
apxutekTypbl CIITIP [28]. B pamkax ob111ero mcce-
JOBaHUS PACCMATPUBAETCS IIIAT arperamuy OIeHOK
IIPY BBIMIOJIHEHUY MHOT'OKPUTEPUAJLHOTO BBIOOpA U
OCYIIIECTBJISETCS PA3BUTHE METONOB K BHIPAYKEHUIO
aJITOPUTMOB arperanuyv B IIOJHOCTHIO KOHHEKTU-
BUCTCKOM Buze. Bnlio mpoaemomcTpupoBaHo [28],
YTO 3ajJavya arperamuud OIEHOK MOMKeT OBITh OCY-
IIIECTBJIEHA C IIOMOIIILI0 HEMPOCETEBLIX aPXUTEKTYDP,
He TpebOyiomux ooyueHus. OgHAKO MOKa3aHO, UTO
TaKoe KOAMPOBAHNE YrceJl TpebyeT co3maHusA ape-
BOBUIHBIX CTPYKTYP OOJIBIIION BJIOYKEHHOCTH, a OJ-
HUM U3 U3BECTHBIX HEJOCTATKOB TE€H30PHBIX MIpe.-
CTaBJIEHUH ABJAETCA B3PHIBHOU POCT PA3MEPHOCTH.
0O6paboTKa TaKUX pacupenesieHHbIX IPeACcTaBJIeHU

00JIBIIION PasMePHOCTH TPeOyeT 3HAUUTENbHBIX BbI-
YUCJIUTEIbHBIX PECYPCOB U TaKIKe ABJIAETCA 3aTPar-
HoOI1 1o BpemeHu [37].

Hacrosamias pabora mokasbpIBaer, 4To Iiar arpe-
ramuu OIEHOK MOJKET OBITh PeaiM30BaH Ha OCHO-
Be o0yueHUsA HEHPOHHOI ceTH, a yyKe oOyueHHAad
HeIIPOHHASA CeTh MOMKET JOCTATOYHO OLICTPO M TOU-
HO arperupoBaTh OLEHKH. IIpu 5TOM MBI cUMTaeM
Ba’KHBIM MCIIOJIb30BATH TEH30PHBIE TIPECTABIECHU
JIJIsI KOOAUPOBAHUA IPOOJIEMHOM CUTYyaI[uH, & TAKKe
caMUX OIIEHOK B CHUJIY OTCYTCTBUSA IOTEPh MHOODP-
manuu. UHBIMU cJI0BaMU, BKJAJ HAaHHOW pabOTHI
B 00IIlee MccJieloBaHME MOCTPOEHUs HEeNPOCUMBO-
anueckux CIITIP sakioouaerca B OeMOHCTPAIIU
BO3MOYKHOCTH CO3JaHUA U MIPAKTUUYECKOTO WC-
HOJIb30BaHUSA 00yuaeMoro HeHpPOCeTeBOro MOJy-
Jd Ha OCHOBe HEHMPOHHBIX MamuH ThIOpUHTA A9
arperamnuu oleHoK. Kpome Toro, mpeajiaraercs uc-
OJIL30BAaTh METO, TeH30PHbBIX IIPEACTABJIEHUN IJIs
KOAVMPOBAHUSA JUHTBUCTUUECKUX OIIEHOK B pacipe-
JIeJIeHHBIN BUJI. ITO MO3BOJIAET IIPU HEOOXOAUMOCTH
EePeXOIUTh C CHUMBOJINUYECKOTO YPOBHA Ha CyOCHM-
BOJIMUECKUIT U 00PATHO, UTO CO3aeT BO3MOKHOCTH
I WHTepIperanuu padoThl HENPOCUMBOJIUAYE-
ckoii CIIITP. B KauecTBe maJbHEHUINNX HaIpaBJe-
HUHN WCCJEOBAHUSA TMpeJaraeTcia pPacCMOTPETH
BosMmoskHOCTH HMT 1A BeIpaskeHUA APYToro aj-
roputrma arperanuu — MTWA omeparopa, Tak Kak
OH SABJISIETCA CaMBIM PACIPOCTPAHEHHBIM oOIlepa-
TOPOM, HCIIOJIB3yeMBIM NpPU Pa3paboTKe JUHTBU-
cruueckux CIIIIP. Tak:ke mHTepec IIpeacTaBJIsIEeT
HuccaeoBaHNEe BO3MOKHOCTHU CO3NAHUA pacupeme-
JIEHHOT'O IIpeJICTaBJIeHUS NPOOJIEeMHON CUTyaAIlluUd U
aJIbHEMIero BIPpAKEeHNA BCeX 9TAIOB arperamuu

N\
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SKCIEePTHBIX OIEHOK B BUIE TMHAMUKN HEHPOHHOI
cetu. PadpaboTka TaKuX pelleHunii, Ha HaIll B3TJIAI,
obecmeunBaeT (yHIAMEHTAJNbHBIE CTPOUTEJbHBIE
OJIOKM [OJIA pacipefesieHHBIX TI'MOPUIHBIX HEeNpo-
cumBoanueckux CIIIIP.
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Adapting Neural Turing Machines for linguistic assessments aggregation in neural-symbolic decision support
systems
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Introduction: The construction of integrated neurosymbolic systems is an urgent and challenging task. Building neurosymbolic
decision support systems requires new approaches to represent knowledge about a problem situation and to express symbolic reasoning
at the subsymbolic level. Purpose: Development of neural network architectures and methods for effective distributed knowledge
representation and subsymbolic reasoning in decision support systems in terms of algorithms for aggregation of fuzzy expert
evaluations to select alternative solutions. Methods: Representation of fuzzy and uncertain estimators in a distributed form using
tensor representations; construction of a trainable neural network architecture for subsymbolic aggregation of linguistic estimators.
Results: The study proposes two new methods of representation of linguistic assessments in a distributed form. The first approach is
based on the possibility of converting an arbitrary linguistic assessment into a numerical representation and consists in converting
this numerical representation into a distributed one by converting the number itself into a bit string and further forming a matrix
storing the distributed representation of the whole expression for aggregating the assessments. The second approach to translating
linguistic assessments to a distributed representation is based on representing the linguistic assessment as a tree and coding this tree
using the method of tensor representations, thus avoiding the step of translating the linguistic assessment into a numerical form and
ensuring the transition between symbolic and subsymbolic representations of linguistic assessments without any loss of information.
The structural elements of the linguistic assessment are treated as fillers with their respective positional roles. A new subsymbolic
method of aggregation of linguistic assessments is proposed, which consists in creating a trainable neural network module in the form
of a Neural Turing Machine. Practical relevance: The results of the study demonstrate how a symbolic algorithm for aggregation of
linguistic evaluations can be implemented by connectionist (or subsymbolic) mechanisms, which is an essential requirement for building
distributed neurosymbolic decision support systems.

Keywords — Neural Turing Machine, artificial neural networks, subsymbolic systems, hybrid intelligent systems, multi-attribute
decision making.

For citation: Demidovskij A. V., Babkin E. A. Adapting Neural Turing Machines for linguistic assessments aggregation in neural-
symbolic decision support systems. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2021, no. 5, pp. 40-50
(In Russian). doi:10.31799/1684-8853-2021-5-40-50

Financial support
The reported study was funded by RFBR, project number 19-37-90058.

N2 5, 2021 AN VIHDOPMALIVIOHHO-YMPABASIIOLLVIE CUCTEMBI N\ 49



7 VH®OPMAUMOHHO-YNPABASIOLLVE CUCTEMbI

10.
11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

S0

References

Matzkevich I., Abramson B. Decision analytic networks in
artificial intelligence. Management Science, 1995, vol. 41,
no. 1, pp. 1-22. doi:10.1287/MNSC.41.1.1

Silverman B. G. Unifying expert systems and the decision
sciences. Operations Research, 1994, vol. 42, no. 3, pp. 393—
413. doi:10.1287/opre.42.3.393

Kelley T. D. Symbolic and sub-symbolic representations in
computational models of human cognition: What can be
learned from biology? Theory & Psychology, 2003, vol. 13,
no. 6, pp. 847-860. doi:10.1177/0959354303136005
Pylyshyn Z. W. Computing in cognitive science. Foundations
of cognitive science. Cambridge, MA, MIT Press, 1989.
Pp. 51-91.

Smolensky P., Legendre G. The harmonic mind: From neural
computation to optimality-theoretic grammar. Vol. 1: Cogni-
tive architecture. Cambridge, MA, MIT Press, 2006. 590 p.
Plate T. A. Holographic reduced representations. IEEE
Transactions on Neural Networks, 1995, vol. 6, no. 3,
pp. 623-641. doi:10.1109/72.377968

Kanerva P. Hyperdimensional computing: An introduction
to computing in distributed representation with high-di-
mensional random vectors. Cognitive Computation, 2009,
no. 1, pp. 139-159. do0i:10.1007/s12559-009-9009-8
Schlegel K., Neubert P., Protzel P. A comparison of vector
symbolic architectures. arXiv:2001.11797, 2020.
Harnad S. The symbol grounding problem.
¢s/9906002v1, 1999.

Anderson J. R., Lebiere C. J. The atomic components of
thought. Psychology Press, 2014. 504 p.

Sun R., Peterson T. A hybrid agent architecture for reactive
sequential decision making. In: Connectionist symbolic inte-
gration: From unified to hybrid approaches. New York, Psy-
chology Press, 1997. Pp. 113-138.

Avery E., Kelley T., Davani D. Using cognitive architec-
tures to improve robot control: Integrating production sys-
tems, semantic networks, and sub-symbolic processing.
Proc. 15th Annual Conference on Behavioral Representation
in Modeling and Simulation (BRIMS), 2006, pp. 190-198.
Kelley T., Avery E., Long L., Dimperio E. A hybrid symbolic
and sub-symbolic intelligent system for mobile robots. Proc.
AIAA Infotech@Aerospace Conference, 2009, p. 1976.
d0i:10.2514/6.2009-1976

Parvar J., Lowe D., Emsley M., Duff R., Akintoye A. Neural
networks as a decision support system for the decision to bid
process. Proc. 16th Annual ARCOM Conference, 2000,
pp. 209-217.

Delen D., Sharda R. Artificial neural networks in decision
support systems. In: Handbook on decision support systems 1.
Springer, 2008. Pp. 557-580. d0i:10.1007/978-3-540-48713-
5 26

Power D. J., Sharda R. Model-driven decision support sys-
tems: Concepts and research directions. Decision Support
Systems, 2007, vol. 43, no. 3, pp. 1044-1061. doi:10.1016/].
dss.2005.05.030

Power D. J. Decision support systems: Concepts and resourc-
es for managers. Greenwood Publishing Group, 2002. 284 p.
Golmohammadi D. Neural network application for fuzzy
multi-criteria decision making problems. International
Journal of Production Economics, 2011, vol. 131, no. 2,
pp- 490-504. doi:10.1016/j.ijpe.2011.01.015

Hwang C., Yoon K. Multiple attribute decision making
methods and applications: a state-of-the-art survey. New
York, Springer-Verlag Berlin Heidelberg, Springer Publica-
tions, 1981. 259 p. doi:10.1007/978-3-642-48318-9

Figueira J., Greco S., Ehrgott M. Multiple criteria decision
analysis: State of the art surveys. New York, Springer-Ver-

arXiv:

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.
33.

34.

35.

36.
37.

7

lag Berlin Heidelberg, Springer Publications, 2005. 1267 p.
d0i:10.1007/978-1-4939-3094-4

Demidovskij A. V., Babkin E. A. Developing a distributed
linguistic decision making system. Business Informatics,
2019, vol. 13, no 1, pp. 18-32. d0i:10.17323/1998-0663.
2019.1.18.32

Herrera F., Martinez L. A 2-tuple fuzzy linguistic rep-
resentation model for computing with words. IEEE Trans-
actions on Fuzzy Systems, 2000, vol. 8, no. 6, pp. 746-752.
d0i:10.1109/91.890332

Pogosyan K. S. The algorithm for generating optimal lin-
guistic scale for group decision-making. Proceedings of Vo-
ronezh State University: Systems Analysis and Information
Technologies, 2015, no. 2, pp. 97-104.

Wei G., Gao H. Pythagorean 2-tuple linguistic power aggre-
gation operators in multiple attribute decision making. Eco-
nomic Research-Ekonomska Istrazivanja, 2020, vol. 33, no.
1, pp. 904-933. d0i:10.1080/1331677X.2019.1670712
Rodriguez R. M., Martinez L., Herrera F. Hesitant fuzzy
linguistic term sets for decision making. IEEE Transac-
tions on Fuzzy Systems, 2011, vol. 20, no. 1, pp. 109-119.
d0i:10.1109/TFUZZ.2011.2170076

Liu P., Chen S.-M. Multiattribute group decision making
based on intuitionistic 2-tuple linguistic information. Infor-
mation Sciences, 2018, vol. 430, pp. 599-619. doi:10.1016/j.
ins.2017.11.059

Wang J.-H., Hao J. A new version of 2-tuple fuzzy linguistic
representation model for computing with words. IEEE
Transactions on Fuzzy Systems, 2006, vol. 14, no. 3,
pp. 435-445. doi:10.1109/TFUZZ.2006.876337
Demidovskij A., Babkin E. Designing a neural network
primitive for conditional structural transformations. Lec-
ture Notes in Computer Science, 2020, vol. 12412, pp. 117-
133. doi:10.1007/978-3-030-59535-7_9

Demidovskij A., Babkin E. Designing arithmetic neural
primitive for sub-symbolic aggregation of linguistic assess-
ments. Journal of Physics: Conference Series, 2020,
vol. 1680, no. 1, article ID 012007. doi:10.1088/1742-
6596/1680/1/012007

Graves A., Wayne G., Danihelka I. Neural turing machines.
arXiv:1410.5401, 2014.

Graves A., Wayne G., Reynolds M., Harley T., Danihelka I.,
Grabska-Barwinska A., Colmenarejo S. G., Grefenstette E.,
Ramalho T., Agapiou J., Badia A. P., Hermann K. M., Zwols Y.,
Ostrovski G., Cain A., King H., Summerfield C., Bluns-
om P., Kavukcuoglu K., Hassabis D. Hybrid computing us-
ing a neural network with dynamic external memory. Na-
ture, 2016, no. 538, pp. 471-476. doi:10.1038/nature20101
Zaremba W., Sutskever I. Reinforcement learning neural
Turing machines-revised. arXiv:1505.00521, 2015.

Chen X., Xu H., Zhang Y., Tang J., Cao Y., Qin Z., Zha H.
Sequential recommendation with user memory networks.
Proc. Eleventh ACM International Conference on Web
Search and Data Mining (WSDM ‘18), 2018, pp. 108-116.
d0i:10.1145/3159652.3159668

Grefenstette E., Hermann K. M., Suleyman M., Blunsom P.
Learning to transduce with unbounded memory. arXiv:
1506.02516, 2015.

Collier M., Beel J. Implementing neural turing machines.
Lecture Notes in Computer Science, 2018, vol. 11141,
pp. 94-104. doi:10.1007/978-3-030-01424-7_10

Castellini J. Learning numeracy: Binary arithmetic with
neural turing machines. arXiv:1904.02478, 2019.
Demidovskij A. Encoding and decoding of recursive struc-
tures in neural-symbolic systems. Optical Memory and Neu-
ral Networks, 2021, vol. 30, no. 1, pp. 37-50.

7 VHOOPMALVIOHHO-YMPABASIOLLVIE CUCTEMBI

7/ Nes, 2021



\__MHOOPMALUOHHbIE KAHAAbLI U CPEALI T

UDC 004.728.3.057.4
doi:10.31799/1684-8853-2021-5-51-58

Signal power and energy-per-bit optimization problems
in mMMTC systems

A. A. Burkov?, Assistant Professor, orcid.org/0000-0002-0920-585X, a.burkov@k36.org
aSaint-Petersburg State University of Aerospace Instrumentation, 67, B. Morskaia St., 190000,
Saint-Petersburg, Russian Federation

Introduction: Currently, the issues of Internet of Things technology are being actively studied. The operation of a large number
of various self-powered sensors is within the framework of a massive machine-type communication scenario, using random
access methods. Topical issues in this type of communication are how to reduce the transmission signal power and to increase
the device lifetime by reducing the consumed energy per bit. Purpose: Formulation and analysis of the problems of minimizing the
transmission power and consumed energy per bit in systems with or without retransmissions in order to obtain the achievability
bounds. Results: A model of the system is described, within which four problems are formulated and described, concerning the
signal power minimization and energy consumption for given parameters (the number of information bits, the spectral efficiency
of the system, and the Packet Delivery Ratio). The numerical results of solving these optimization problems are presented. They
make it possible to obtain the achievability bounds for the considered characteristics in systems with or without losses. The
lower bounds obtained by the Shannon formula are also presented, assuming that the message length is not limited. The obtained
results showed that solving the minimization problem with respect to one of the parameters (signal power or consumed energy
per bit) does not minimize the second parameter. This difference is most significant for information messages of a small length,
which is common in loT scenarios.Practical relevance: The results obtained allow you to assess the potential for minimizing
the transmission signal power and consumed energy per bit in random multiple access systems with massive machine-type
communication scenarios. Discussion: The presented problems were solved without taking into account the average delay of
message transmission; the introduction of such a limitation should increase the transmitted signal power and consumed energy
per bit.
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Introduction

In the framework of the currently unfolding
5G communication standard, as well as the devel-
opment of the next generation 6G, scenarios of the
Internet of Things (IoT) are considered [1, 2]. Soon,
the number of IoT devices will be on the order of one
million per square kilometer, and each of the devic-
es will periodically transmit a small amount of data
[3—5]. Due to the large volume of devices, it is not
possible to use scheduling methods to access the
channel share. Therefore, within the framework
of IoT systems, the use of random access methods
is assumed [6—9]. With regard to the requirements
put forward with the systems (transmission rate,
delay, etc.), the following types of IoT are distin-
guished: massive IoT, critical IoT, broadband IoT
and industrial IoT [10]. Massive IoT operates in a
massive machine-type communications (mMTC)
scenario and describes data acquisition systems
with a large number of low-power end devices
(such as sensors) that periodically transmit a small
amount of data. Examples of the mass Internet of
Things are temperature, pressure, light sensors,
and meters in smart home technology. The amount
of data transferred is small, but the number of IoT

devices is very large [11]. The main requirements
for this scenario are a large number of devices, sta-
bility, low power consumption, delivery of messages
with given reliability, as well as a limitation on av-
erage delay [12].

The work considers the following scenario. There
are a large number of stand-alone user devices and
one base station. The level of attenuation in the
channel between the base station and all user devic-
esis the same. User devices can transmit data to the
base station and receive service messages from the
base station. All user devices, at random moments
in time, have a small piece of data of the same in-
formation length, which the device must transmit
to the base station. The total input arrival rate of
messages in the system is set. There are two options
for this scenario.

In the first variant, the system does not provide
for the presence of a feedback communication chan-
nel. In this case, the user device transmits the mes-
sage once and deletes it, regardless of the success of
the transmission. An important characteristic is the
Packet Delivery Ratio (PDR), which can be set in ac-
cordance with the requirements of the scenario.

In the second variant, the system has a feedback
channel, and the user device, according to some al-
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gorithm, repeats the transmission until it receives
confirmation from the base station that data has
been received from this user device.

In what follows, the first variant of the scenar-
io will be called transmission without retransmis-
sions, and the second variant — transmission with
retransmissions.

In view of some of the design features of trans-
mission networks, it may be necessary to limit the
signal power of data transmission from the user
device. This, for example, can be caused by the con-
ditions of the controlling organizations. In this sce-
nario, reducing the transmit signal power is equiva-
lent to decreasing the signal-to-noise ratio to achieve
the desired system performance. As noted earlier, in
IoT systems, most devices can be powered from an
autonomous power source. Therefore, the question
arises about increasing the operating time of the de-
vice without additional maintenance (replacing the
battery or charging). In the described scenario, the
increase in the operating time of the user device is
reduced to the task of reducing the consumption en-
ergy per bit during data transmission.

Accordingly, for both scenarios, two minimiza-
tion problems (task) can be considered.

First task. Minimizing signal-to-noise ratio
(SNR). In fact, thisis the minimization of the trans-
mission signal power for the given parameters: the
length of the transmitted message in bits, the in-
tensity of the input arrival rate, packet delivery ra-
tio, and the noise power.

Second task. Minimizing consumption energy per

bit ﬂ. In fact, this is the minimization of energy con-
0

sumption for the transmission of a message with fixed

parameters: the length of the transmitted message in

bits, the intensity of the input arrival rate, packet de-

livery ratio, and the noise power spectral density.

It should be noted that when solving the second
task within the framework of the feedback system,
it is necessary to take into account the number of re-
transmissions of the message sent by the user device.

As a rule, in works devoted to random mul-
tiple access in systems with mMTC, varieties of
algorithms such as ALOHA and its modifications
are considered [13-15]. Within the framework of
this work, minimization problems are formulat-

E

ed for SNR and N_b for systems with and without
0

retransmissions, where the optimal ALOHA algo-

rithm will be analyzed as an access algorithm.

System model

A random multiple access system is considered.
Additive White Gaussian Noise (AWGN) is pres-

ent in the channel. For this system, we introduce a
number of assumptions.

Assumption 1. The system has one base station and
many user devices. The system has an input message
arrival rate per unit of time (slot), which is a Poisson
distribution with the parameter A [message / slot].
Each message contains % bits of information. Using
the modulation and coding scheme A, on the basis of
k bits, a signal is generated that contains n samples.

Assumption 2. There is a potentially infinite
number of user devices (user devices and messages
are equal). A user device with a message ready to
send is called active.

Assumption 3. The user devices and the base sta-
tion have synchronization, both by samples and by
slots. The slot is the time it takes to transmit one
message and lasts n samples.

Assumption 4. We consider a time-discrete com-
munication channel with additive white Gaussian
noise (Gaussian Multiple Access Channel), defined

K,
as Y = ZXi +Z, where Y is the channel output sig-
i=1
nal; K, is the number of user devices transmitting a
signal per channel in the slot with number ¢ (which
is a random variable); X is the signal of the i-th us-
er device; Z is additive white Gaussian noise, and
Z~N (0,1). The signals transmitted by the user de-
vices contain n samples and the maximum energy
limitation of each signal X; = nSNR[16, 17].

The described system model is characterized

by a set of parameters: A [messages/slot], & [bits],

E
n [samples], SNR [times] or N_b [energy/bit].

Additionally, we introduce into consideration the
value defined as:

AR

n

11>

P

This value characterizes the average number of
bits transmitted per sample. In what follows, it will
be called spectral efficiency.

In the next section, taking into account the de-
scribed model, the analysis of the system, both with
guaranteed message delivery and with losses, will
be considered. The tasks of minimizing signal pow-

E
er (SNR) and consumption energy per bit (N—b] will
0
be formulated and described.

System analysis

First, consider a system operating in without ac-
knowledged mode, with each user device who has a
message transmits it at the beginning of the next
slot. The number of information bits % to be trans-
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mitted to user devices, the PDR P, and spectral ef-
ficiency p are indicated.

Add the following assumption to the general
model:

Assumption 5. The user device transmits a mes-
sage at the beginning of the next slot, immediately
after the message appears, and leaves the system
without waiting for confirmation.

The main parameter for this system is the PDR
value. There are two ways to determine the PDR (by
analogy with the definition of the delay in [18]):

Actual PDR value. All messages in the system
are numbered, and the algorithm works for some
time. Then the total number of transmitted messag-
es is divided by the total number of messages that
were transmitted during the given period of time:

Ndeliv (t)
N(t)

2

Pdeliv,a = lim
t—0

where t is the operating time of the system; N,; ()
is the number of messages delivered during time ¢;
N(¢) is the number of messages sent during time ¢.

Virtual PDR value. A target user device is added
to the system at a random moment in time and the
probability with which his message will be success-
fully transmitted is determined:

F, deliv,p =
. the packet of the target user added
=lim Pr . .
t—o0 at time ¢ was successfully deliver

It was shown in [18] that adding a target user
device to the system with a Poisson input stream
does not violate the input stream itself and its
characteristics. Also in the case of a Poisson input
stream, both PDR definitions give the same mean-
ing (Pdeliv,a = Pdeliv,v)'

In this work, to analyze and solve the described
minimization problem, the second definition will be
used to find the PDR value, and we will denote it
as P,.

With this in mind, let’s analyze the PDR in gen-
eral. Let the number of samples n, the number of bits
transmitted by the user device k, the modulation and
coding scheme A, and the SNR value is given. In a
random slot, we add a target user device with a mes-
sage ready for transmission. Then the probability
that the message of the target user device will be de-
livered successfully, in accordance with the second
definition of PDR, is calculated as follows:

0 user devices
Pd =Pr . X
appeared in the system

message decoded
x Pr
successfully

Using the formula for the probability of occur-
rence of i messages with a Poisson input stream
with a parameter A, we can write:

i user devices (A)i _A
Pr . = e .
appeared in the system i!

Let there be some function P, (4, n, k, SNR) that
allows you to determine the probability of decoding
error for given parameters A, SNR, n and &, then:

message decoded
Pr =1-P, (A, n, k, SNR).
successfully

Then, taking into account the fact that A :M,
we get the expression: k

n
P =¢ k(1-P,(A, n, k, SNR)). )

Polyansky’s formula [16]

n%logz (1+SNR)+ %10;;2 n-k

Pe(n, B, SNR)=Q

J SNR SNR+2
n logge

2 (SNR+1)?

allows determining the probability of decoding
error for given parameters SNR, n and k. Then we
define the probability of successful decoding as
1 -p,(A, n, k, SNR). Substitute in formula (1) and get:

Py=e k(1= p,(k, n, SNR)). @)

Then the first minimization task can be formu-
lated:

given: k, p, Py

minimize: SNR in n

subject to: . 3)
n

Py=e "k (1=p,(k, n, SNR))

The solution to this task will be the minimum
SNR value at which the required PDR is achieved
for a given number of transmitted bits £ and spec-
tral efficiency p.

Consider the formulation of a similar task but
from the point of view of minimizing the expended

E
energy per bit. It is known that SNR and N_b are
0
related through the following expression:

Eb _ nSNR

Ny 2k ©
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With this in mind, expression (2) can be written

as
- ok E
Pd:e k[l_pe(ka n, — bjj- (5)

Then the second minimization task (consump-
tion energy per bit, for a given number of transmit-
ted bits and spectral efficiency) can be formulated
as follows:

given: k, p, P
R Ey .
minimize: — in n
0
subject to: . (6)

n
—p— 2k E
P,=e k|1-p, |k, n, ———0
d [ pe( n NOJJ

Consider the second system, in which the user
device transmits his message according to some al-
gorithm until it is successfully delivered. The num-
ber of information bits £ and the spectral efficiency
p are given.

It is necessary to change the model of the system
by adding an assumption to it:

Assumption 5°. By the beginning of each slot, all
user devices and base station know how many user
devices have a message ready for transmission M.
Each user device transmits his message with proba-

bility p= Mi’ where G is the algorithm parameter

a
(0 < G< 1), until it is successfully delivered.
The critical input arrival rate can be limited by
the following inequality:
G} X

Then, taking into account the spectral efficiency
[bit/sample] and by analogy with the system without
retransmissions, the expression can be written as

probability of transmission
A<LPr .
by one user device

(7

message decoded
x Pr
successfully

_ko G
p—nGe (1- p(k, n, SNR)). ®)

It is worth noting that for the algorithm with
retransmissions, taking into account SNR, one can
find the value of G that maximizes the spectral ef-
ficiency. To do this, you need to solve the following
optimization problem:

GO

ot = mé\xGe_G. 9

It is well known that the solution to this optimi-
zation problem is G=1[19].

Then the third minimization task can be formu-
lated:

given: k, p
minimize: SNR in n
subject to: . (10)

N :Se_l (1-p (%, n, SNR))

Consider the same system, but from the point of
view of minimizing consumption energy per bit. In
contrast to solving the problem in terms of signal
power, it is necessary to take into account the av-
erage number of messages S sent by a user device.
From work [20] it follows that the average number
of transmissions is determined by the expression:

 kG(A-Tp)
pn

S (11)

where S is the average number of messages sent
by the user device; k is the number of information
symbols; m, is the stationary probability that there
are no active user devices in the system; p is the
spectral efficiency; n is the number of samples.
Considering that the value p specified in the
solution of the task is critical, then the value ny, — 0.
Then, taking into account the number of transmis-

E
sions, the SNR values and N—b are related by the
following expression: 0
ﬂ:SnSNRZZEb P
Ny 2k Ny G

) (12)

In accordance with expression (12) and task (10),
we can formulate the fourth minimization task (for

By,
No
given: k, p
E
minimize: —2 in n, G
0
subject to: (13)

k. - Ey, p
=—Ge 1- k, n, 2——
-t 1p i n 222 )

All considered minimization tasks are presented
in Table 1.

The solutions to these tasks allow us to deter-
mine the achievability bounds of signal power and
consumption energy per bit in random multiple ac-
cess systems.

If we consider the solution of the presented tasks
for £ — «, n — o and the speed R = k/n, taking into ac-
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B Table 1. Formulation of minimization tasks

System Minimizing signal power (SNR) Minimization of energy per bit costs [%}
0
Task 2
Task 1 given: &, p, P;
given: k, p, B, ... Ey .
C . . minimize: —- in n
Without minimize: SNR in n Ny
retransmissions subject to: subject to:
- o 2k E
Fy=e k(l—Pe(k, n, SNR)) Py=e k{l—pe[k, n, bn
n NO
Task 4
Task 3 given: &, p
given: k, p .. By G
inimize: SNR in 1 minimize: —> in n,
With retransmissions minimize: 0
subject to: subject to:
kE 1 k E
p=—e (1~ p,(k, n, SNR)) =2GeC|1-p,| by n, 222
n [ N Pe No G

B Table 2. Lower bounds for solving minimization tasks

Minimization of
Minimizing signal energy per bit costs
System
power (SNR) E,
( Ny J
Task 1 Task 2
2p 20
Without “In(P -
retransmis- | SNR>2 (Fa) -1 E, %
sions Ny - 2p
In(F,)
Task 3 Task 4
2 2
With efﬁ G;G
retransmis- SNR>2¢ -1 2 -1|G
sions ﬂ .
No 2p

count the Shannon theorem for discrete channels, then
we can obtain the lower bounds presented in Table 2.

In the next section, the numerical results of
solving these tasks will be presented and qualita-
tive analysis of the results will be carried out.

Numerical results

Figure 1, a, b show the results of solving minimi-
zation tasks for a system without retransmissions
(tasks 1 and 2), for a given PDR P, = 0.9 at spectral
efficiency p=0.1 and p=0.12. The values marked

“converted” mean that the minimization task was
solved by one of the parameters and was recalcu-
lated for the second parameter in accordance with
formula (4). It should be noted that in the case of an
increase in the required PDR, the obtained values
of the achievability bounds increase. It also follows
from the graphs that the solution of the problem of
minimization in terms of signal power does not give
a solution minimization in terms of consumption
energy per bit and vice versa. As k grows, these dif-
ferences decrease. The lower bounds are obtained in
accordance with the expressions from Table 2. As
can be seen from the figure, with an increase in the
number of information bits, the achievability bound
tends to the lower bound. As k& — o, the results will
be the same. However, the IoT has short message
lengths. The tasks posed earlier can be changed by
minimizing one of the parameters with a constraint
on the other, but such solutions will lie above the ob-
tained bounds.

Figure 2, a, b show the results of solving the
minimization problems for all tasks, for a given
number of information bits % equal to 50. The PDR
for the system without repetitions is 0.65 and was
chosen for the convenience of the scale on the graph.
The values marked “converted” also mean that the
minimization task was solved by one of the param-
eters and was recalculated for the second parame-
ter in accordance with formulas (4) — for tasks 1
and 2, (12) — for tasks 3 and 4. As noted earlier,
solving the task for the system with retransmis-
sions by SNR, the optimal system parameter G is

E
equal to 1. However, when solving this task by N—b,
0
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the values of this parameter turn out to be below 1
and tend to this value with increasing spectral ef-
ficiency. By optimizing this parameter, there is a
gain in consumption energy per bit in systems with
retransmissions. If this parameter is equal to 1 in
both tasks, they give similar results.

Conclusion
The paper describes a model of a system with

a potentially unlimited number of user devices in
a Gaussian Multiple Access Channel. Within the

framework of this model, systems without retrans-
missions and with retransmissions are considered.
Four tasks of minimizing signal power and con-
sumption energy per bit for given system param-
eters were formulated and described: the number
of information bits, the spectral efficiency of the
system, and the packet delivery ratio. For the prob-
lems formulated, the lower bounds obtained by the
Shannon formula are presented under the assump-
tion that the message length is not limited. With an
increase in the number of information bits, the re-
sults of solving tasks and the corresponding achiev-
ability bounds will tend to lower bounds. Numerical
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solutions for the assigned tasks are presented. The
results obtained showed that solving the minimiza-
tion problem with respect to one of the parameters
(signal power or consumption energy per bit) does
not minimize the second parameter. This differ-
ence is most significant for small information mes-
sage lengths, which corresponds to IoT scenarios.
Difference a decibel at typical value of information
bits £ =50 bits and spectral efficiency p=0.1 ac-
cording to SNR: for tasks 1 and 2 with a PDR = 0.9
is 0.13 dB; for tasks 3 and 4 is 3.07 dB. Results for
% in similar conditions: for tasks 1 and 2 with a
0
PDR =0.9 is 0.12 dB; for tasks 3 and 4 is 2.4 dB.
However, in IoT scenarios, the number of informa-
tion bits is assumed to be small. For a system with
retransmissions, with minimization of energy per
bit, the optimal transmission parameter G is less

than 1 and tends to it with an increase in the re-
quired spectral efficiency. When minimizing signal
power in such a system, this parameter is always 1.

The results obtained allow us to assess the po-
tential for minimizing transmission signal power
and consumption energy per bit in random multiple
access systems in the framework of IoT scenarios.
Sometimes, in practice, the transmitter signal pow-
er can be limited and it is required to minimize the
energy consumption, therefore, one of the parame-
ters can be minimized with a restriction on the oth-
er, then the boundaries obtained in the work will be
a lower estimate for solving such problems.
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3agauyu ONTUMHU3AIMHU MOIHOCTY CUTHAJIA M 9HePruu Ha out B cucremax mMTC

A. A. Bypxos?, accucrent, orcid.org/0000-0002-0920-585X, a.burkov@k36.org
aCaukT-IleTepOyprekuii rocyfapCcTBEeHHbBIN YHUBEPCUTET ad9POKOCMUYECKOro mpubopoctpoenus, B. Mopckas yi., 67,
Caukr-IleTepbypr, 190000, P

BBemenne: B HacTOsIllee BpeMsi aKTUBHO U3YUalOTCs BOIIPOCHI paboThl TexHosoruu MHTepHeTa Beleii. Pa6ora 6oJbIioro uucaa pas-
JINYHBIX JATYNKOB C ABTOHOMHBIM NMHUTAHMEM HAXONUTCA B PaAMKax clieHapusa massive machine-type communications ¢ npumenenuem
METO/IOB CJIyYalHOro HoCTyna. AKTyaJbHBIMU BOIIPOCAMHU B JAHHOM THIIE CBSA3U ABJAIOTCA YMEHbIIIEHNE MOIIHOCTY IIepefadyu U YBeJIun-
YeHUe MPOJOJIKUTEIHbHOCTHA PAabOTHI YCTPOCTBA 3a CUET CHUKEHU 3aTpar sHeprun Ha ourt. Ileas: GopMyupoBaHue 1 aHAINS 3a0ad MU-
HUMUJ3AIUU MOIIIHOCTHU IIepeJjayy U 3aTpaunBaeMoi 9HEPTruu Ha OUT B cucTeMax 0e3 MOBTOPHBIX Iepeiau U ¢ MOBTOPHBIMH IIepefadamMu
IS TIOJIYYEHUs TPAHUIL JOCTHIKUMOCTU. Pe3yIbraTsl: onrcana MOJeJb CUCTEMBI, B pAMKaX KOTOPOH c(hOPMYJIMPOBAHBI M PACCMOTPEHBI
yeThIpe 3alaUu MUHUMUS3AIMK MOIITHOCTH U 3aTPaT 9HEPrUU MPU 3aJaHHBIX ImapamMerpax (4uciao nHGOPMAIMOHHBIX OUT, CIeKTpaJbHasd
9 GEeKTUBHOCTD CUCTEMBI M TpebyeMasi JOCTOBEPHOCTh AocTaBKu). IIpescTaBeHbl YMCJIEeHHbBIE PE3YJIbTATHI PEIeHUs JaHHBIX OITUMU-
3aI[MOHHBIX 3a/]a4, ITO3BOJIAIOIINE MOJYUUTh IPAHUIILI JOCTUKUMOCTH IJIA YKA3aHHBIX XapPaKTEePUCTUK B CHUCTEMAaxX C IOTepsAMU U 6es3
noTepb. TaksKe opeie/IeHbl HUKHIE IPAHUIIBI JJISA TaHHBIX XapaKTePUCTUK, MOJyUeHHbIe 110 opmye IIleHHOHA B IPEANIOJIOKEHUN, YTO
IJIMHA COOOIIeHUs He orpaHudyeHa. Pe3yabTaThl MOKa3aau, UTO PEIIeHNe 3aJauyl MUHUMUIAIUY 110 OAHOMY U3 ITapaMeTpPOB (MOII[HOCTh
CHUTHAaJIa UJIY YHEPTUsA MOoTPebyieHnus Ha OUT) He MUHUMU3UPYET BTOPOU ITapaMeTp. JTa pasHuIla HauboJiee cylecTBeHHA N nHMopMa-
IUOHHBIX COOOIIEeHU HeOOAbIIION JINHBI, UTO COOTBETCTBYeT clleHapusM MHTrepHera Bereii. IIpakTuyeckas 3HAUMMOCTD: II0JIyUeHHBIE
Pe3yJIbTAThI MO3BOJIAIOT OIEHUTH IMOTEHIINAIbHBIE BOBMOYKHOCTH [JIA MUHUMMU3AIIUU MOIIHOCTH IepeJadu U 3aTpaT dHEPTruu Ha OUT B
CHCTEMaX CJIIy4aliHOTO MHOYKECTBEHHOI'0 JOCTYIa CO CclleHapuaMHu massive machine-type communications. O6cyskaenue: npeacraBieH-
HbIE 3a[aU¥ PeIlaInuch 0e3 yuera cpeJHel 3aep:KKH [epejaun Coo0IIe s, BBeJeHIe TAKOT0 OIPAHNYEHUS JOJIMKHO TOBBICUTE MOIITHOCTH
epesiaBaeMoTO CUTHAJIA U 3aTPAThI 9HEPTUY Ha OUT.

KaroueBsie cioBa — ciydyailHBIA MHOKECTBEHHBIN JOCTYII, cieKTpaabHasd 3(DHEeKTUBHOCTh, OTHOIIIEHNE CUTHAJ/IIIYM, SHEPTUusa Ha
6ut, mMTC, aTepHeT Belreil, 3ajaua MUHIMUBAIUU.

HOuaa murupoBanus Burkov A. A. Signal power and energy-per-bit optimization problems in mMTC systems. Hugpopmayuonno-
ynpasasouiue cucmemolt, 2021, Ne 5, ¢. 51-58. doi:10.31799/1684-8853-2021-5-51-58

For citation: Burkov A. A. Signal power and energy-per-bit optimization problems in mMTC systems. Informatsionno-upravliaiushchie
sistemy [Information and Control Systems], 2021, no. 5, pp. 51-58. d0i:10.31799/1684-8853-2021-5-51-58
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B 1997 romy sammrui muccepra-
I[MI0 HA COMCKAHVE YUeHOH creme-
HU JOKTODA TEXHUYIECKUX HAYK.
Asnsierca aBropom Gosmee 200 Ha-
YVYHBIX NYOIuKanuii u 16 mateHToB
Ha n300peTeHus.

O6s1acTh HAYYHBIX WHTEPECOB —
TOJTYITPOBOHUKOBASA M AHTEHHAS
TeXHUKA, ONITUKA, CBA3b, 06padoT-
Ka 1300parkeHuii.

9. axpec: tks@ugatu.ac.ru

THUMO®EEB
Anexcaunap
JleonugoBuu

Honent xadenps! dIEKTPOHUKA U
OMOMEIUIIMHCKIX TEXHOJIOIUI
Ypumcroro rOCyZapCTBEHHOTO
aBUAIMOHHOT'O TEXHUYECKOTO YHU-
BepcuTeTa.

B 1977 rony oxonuma Yhumckuit
aBUAIMOHHBIN MHCTUTYT IO CIIEIH-
ampHOCTH <« HGOPMATIIOHHO-3-
MepHUTETbHAA TEXHUKA».

B 1984 romy samuTui amccepra-
M0 HA COMCKAHWE YYEHOU CTere-
HU KaHANZATA TEXHUYECKUX HayK.
SfBnserca aBropoM 52 HAYYHBIX
ny6auKanuii u 13 aBTOPCKUX CBH-
[IeTeJIbCTB Ha M300peTeHN .
O6GacTh HAayYHBIX WHTEPECOB —
TIOMEXOYCTOIUNBOe KOAUPOBAHIE,
CBA3b, 00pab0oTKa W300paKeHuit,
nudposad rogorpadusd.

9. aapec: a_l t@inbox.ru

DAM
Konr TxaHnr

IIpemopaBatesns (haxky/apreTa WUH-
(opmanuoHHbIX TexHOJIOTHMH [la-
HAHTCKOI'0 YHUBEPCUTETA HAYKU ¥
TexHosoruii, [lanaur, BoeTHaM.

B 2013 roay oxomuwmsn Tynabckuit
roCyapCTBeHHBIN YHUBEPCUTET IO
crenuaibHOCTH <« Bhrumesamresns-
HbIE MAIIUHBI, KOMIIJIEKCBI, CHCTe-
MBI U CETH».

B 2016 romy samuTui auccepTa-
[UI0 HA COMCKAHVE YUEHON creme-
HU KaHAWUJATa TeXHUYECKUX HayK
B TyJabCKOM TroCyZapCTBEHHOM
YVHUBEPCHUTETE.

fABnserca aBropom 20 HayUYHBIX
nyOIMKaIU.

OGJiacTh HAYUYHBIX HHTEPECOB —
00paboTKa n300parKeHl, MaIlH-
HOe 00yueHue, HayKa O JaHHBIX.
9. axpec: pcthang@dut.udn.vn
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\ CBEAEHWNS O6 ABTOPAX N\

DPAM IIpenogaBatens (haKyIbTeTa HH- JAH IIpenonaBarensb (aKyIbTeTa CTa-
Musns Tyan dopmaruoHHbIX TexHONIOTMH [la- Txu Txy Txao TUCTUKY U MHGOPMATUKU IKOHO-
HAHTCKOT'0 YHUBEPCUTETA HAYKU U MUYECKOT0 yHuUBepcuTera, [a-
TexHoJorui, [lananr, BrerHam. HaHTCKUI yHUBepcHUTeT, [laHaHT,
B 2007 rogy OKOHUMJ YHUBEPCUTET BrerHam.
Muwuo, AnoHus, 1Mo creruasbHOCTH B 2018 roay oxonumsa mMarucrpa-

«JIH(pOpPMAIMOHHBIE TEXHOJIOTHUN .
B 2012 ropy samurtuin aumccepra-
U0 HA COUCKAHUE YUEHOU cTele-
HU KaHAWJATa TeXHUUECKUX HAYK
B Haroiickom yauBepcurere, fmo-

Typy TyabCKOr0 rocyfapcTBEHHOIO
YVHUBEPCUTETA II0 CIIEINAJIbHOCTH
«IIpuknagHas MaTeMaTHKa U WH-
¢opmaTuKa».

SIBnserca aBTOPOM AecATH HAyY-

HUA. HEBIX TyOJIUKAII.
fABngerca aBTopoM 50 HayuHBIX O6sacTh HAYYHBIX HHTEPECOB —
ny0IKAIAN. o0paboTKa u300paKeHnil, MalIuH-

O6GacTh HAayYHBIX HHTEPECOB —
WCKYCCTBEHHBI MHTENJIEKT, Msr-
KHe BBIYHCJIEHUS, TeoMeTprde-
ckas aaredpa.

9. agpec: pmtuan@dut.udn.vn

HOe 00yueHwue.
9. aapec: thaotran@due.udn.vn

ARYIIIEB Nuxenep-nporpammuct 000 «Cre-
I‘eoprnﬁ IUaJIbHBIR TEeXHOJIOTUYECKUI
RHpHJIJIOBH‘I LEHTD», CauxkT-Ilerep6ypr.

B 2021 roxy oxoHums GaxagaBpu-
ar Cankrt-IlerepGyprckoro rocy-
IapCTBEHHOTO YHUBEPCUTETA adP0-
KOCMUYECKOr0 IPUOOPOCTPOEHUS
mo crenuajigbHOCTH «MHDOPMaATH-
Ka " BBIUHCJIUTEJbHAA TEXHUKa».
061acTh HAYYHBIX WHTEPECOB —
pacmosHaBaHue 00pasoB, HEWPOH-
Hble CeTH, KOMIIbIOTepHas obpa-
00TKa M aHAJU3 PACTPOBBIX H30-
OpasKeHuii.

9u1. agpec:
georgyyakushev04@yandex.ru

YBAXXAEMbIE ABTOPbDI!

Hayunasa saekrponHas 6mbiamoreka (HOB) mpomoskaeT paboTy 1o peasimsaliuy IPOEKTa
SCIENCE INDEX. Ilocse Toro xkax Ber saperucrpupyerech Ha caiite HIB (http://elibrary.ru/
defaultx.asp), 6yzer cosmana Barma inunasi cTpaHUYKA, COIEPIKAHIE KOTOPOM COCTABAT He TOJILKO
Baimu mepconasibHBIE JaHHBIE, HO U IIepeYeHb BcexX Ballux meyaTHLIX TPYAOB, MMEIOIIUXCs B 6ase
maaHbIX HOB, BKJIIOUast fuccepTanuu, MaTeHThl U Te3UCHI K KOH(PEPeHIIUAM, a TaKKe CPABHUTEb-
Hble mHAeKCH mutupoBanus: PUHIL (Poccuiickuil nHAEKC HAYYHOrO IIUTUPOBaHUSA), h (MHIEKC
Xwupra) or Web of Science u h ot Scopus. ITocire cosnanus 6asoBoro BapuauTa Baireii mepcosais-
HOIT cTpaHuIlbl BEI MOJyYnTe KO JOCTYIIA, KOTOPBII II03BOJIUT BaM pefaKTUPOBaTh NH(POPMAIIHIO,
moMorasi Cco3IaBaTh MaKCHMAaJbLHO O0ObeKTUBHYIO KapTUHY Barieii HayuYHO aKTUBHOCTH U I[UTHU-
poBauus Bamux TpyaoB.
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YBaskaeMsbie aBTOPBI!

IIpu moAroTOBKE PyKOINCeH cTaTeil He00X0AUMO PYKOBOICTBOBATHCS CJETYIOIIMMYU PEKOMEeHJaI[UIMU.

CraTbu JOJIKHBI COIMEPIKATh U3JI0MKEeHe HOBBIX HAYUHBIX pes3yabTaToB. HasBauue cTaThbu HOJMKHO OBITH KPATKUM, HO
nHGOPMATUBHBIM. B HasBaHWUU HEAOIYCTUMO WCIIOJb30BaHUE COKpAIIleHUH, KpoMe caMbIxX o0menpunATsix (PAH, PO,
CAIIP u . 11.).

TeKCT pYKOTIUCHU JOJIKEH ObITh OPUTHMHAIBHBIM, & IUTUPOBAHNE U CAMOIIUTHIPOBaHNE KOPPEKTHO 0(hOPMIIEHO.

00beM cTaThu (TEKCT, TAOJIUIIBI, UJLTIOCTPAIUMY 1 Oubauorpadus) He JOJIKeH ITPeBbIIaTh 9KBuBajieHTa B 20 cTpaHuil,
HameyaTaHHBIX Ha Oymare ¢opmara A4 Ha omHOU cTopoHe uepes 1,5 uurepBana Word mpudrom Times New Roman pas-
MepoMm 13, oIt He MeHee JBYX CAHTUMETPOB.

O0sa3aTenbHBIMU 3jieMeHTaMu 0hOPMJIEHUA CTAaThU ABJIAOTCA: uHAeKe Y K, sarnaBue, nHUIMAAbl 1 GaMUINA aBTO-
pa (aBTOpOB), yueHas CTelleHb, 3BaHUe (IIPU OTCYTCTBUU — JOJI’KHOCThH), IIOJITHOE Ha3BaHUE OPraHu3alluyd, aHHOTAIUA U
KJIFOUEBBIE CJIOBA HA PYCCKOM U aHTJINHCKOM A3bIKax, ORCID u a/1eKTPOHHBIN agpec OGHOTO 13 aBTOPOB. IIpu Hanmcanmuu
aHHOTAIIMU He UCIIOJIL3yiiTe a60peBUaTyp U He AejaiiTe CChIIOK Ha MCTOUHUKYU B CIIMCKe JuTepaTypsl. IlpemocraBisiiTe
HOAPUCYHOYHBIE TIOATINCY Y Ha3BaHUA TAOJUI HA PYCCKOM U aHTJIMHCKOM SI3bIKaX.

CraTbu aBTOPOB, He MMEIOIIUX YUEHOU CTeleH’, PeKOMEeHIyeTCs MyOJINKOBATh B COABTOPCTBE C HAYYHBIM DPYKOBOIM-
TeJieM, HaJlmune MOAIKNCY HAYYHOTO PYKOBOUTEJNA Ha PYKOIUCH 00s3aTeIbHO; B CIAyUYae CAMOCTOATEILHON TyOJIUKAIIKT
00513aTeJIbHO IIPEJOCTABIANTEe 3aBEPEHHYIO II0 MeCTy pPaboThl PEKOMEHAIINI0 HAYyYHOr0 PYKOBOJIUTEA C YKa3aHUEeM ero
dbamMunny, UMeHU, OTYECTBA, MeCTa PA6OTHI, LOJKHOCTH, YUEHOT'0 3BaHUA, YUEHO! CTEIIeHNU.

IIpocTeie popmysrsl HabupatiTe B Word, cioskHBIe ¢ TOMOIIbI0 pegakTopa Mathtype i Equation. [Iis nabopa ogHoit
(opMyJIBI He MCTIOIB3YIiTE [BA PefaKTopa; Ipu Habope hopMyJi B GopMYILHOM PefaKToOpe 3HAKY IPEeINHAHNA, OTPAHUYM-
Baloie opmMyay, HabupaiiTe BMecTe ¢ POpMyJIoii; A5 ycTaHOBKY pasmepa mipudra B Mathtype Hukorga He mosbayiiTech
BrJyankoii Other, Smaller, Larger, ucmonb3yiiTe 3aBOJCKME YCTAHOBKY PeJaKTOpa, He IMOATOHsSNTe pa3Mep CUMBOJIOB B
dbopmysnax mox pasmep mpudTa B TEKCTe CTAThbU, He PACTATUBANTE U He CKUMAaiTe MBI (OPMYJIbI, BCTaBJIEHHLIE B
TeKCT; IPo0esbl B hOPMyJIe CTaBbTE TOJBKO IIOCJIE 3AMSATHIX IPU Mepeuncaennu ¢ momorbio Ctrl+Shift+Space (mpobeur);
He OTJeJsiAlTe IpobesamMu 3HAKU: + = — X, a TaKiKe IPOCTPAHCTBO BHYTPU CKOOOK; [JIf BBIJEJIEHUS I'PeUeCKUX CMBOJIOB
B Mathtype mony:kupubsim Hauepranuem ucrnoabayitre Style — Other — bold.

IOna sabopa dopmysa B Word HUKOTZAa He UCIOJIbB3YHATE BKIAAKU: «YpaBHeHUHE», «KoHCTPYKTOp», «Popmyna» (Ha
BepxHel namenu: «BcraBka» — «YpaBHeHHe» ), TAK KaK 9TOT Pecypc IpeJHasHaueH TOJbKO I BHYTPEHHEr0 UCII0JIb30-
Bauusa B Word u He TOep/KUBAETCs IporpaMMaMu, TpeJHa3HaUeHHBIMH AJIs1 N3TOTOBJIEHUA OPUTUHAI-MaKeTa JKypHaJa.

ITpu HaGope CHUMBOJIOB B TEKCTE IOMHUTE, YTO CUMBOJIBI, 0003HAUaeMblIe JIATUHCKUMY OyKBaMu, HAOUPAIOTCA CBETIBIM
KYPCUBOM, PYCCKUMHU U I'PEUECKUMU — CBETJIBIM IIPAMBIM, BEKTOPBI M MATPUIILI — MPSIMBIM HOJIYKUPHBIM HIPUMTOM.

Ilogpo6uee cm. pdf-daitn «IIpaBuia mogroroBku pykomnuceii» (crp. 11) ma caiite https://guap.ru/ric

NnmocTpanuu:

— PUCYHKU, rpauKu, AUarpaMMbl, OJIOK-CXEMBbI IIPEJOCTABIANTE B BHUIE OTAE/JIbHBIX MCXOAHBIX (hailjoB, MOAIA0-
IIUXCS PeTaKTUPOBAHUIO, MCIOJIb3YsA BEKTOPHBIe IporpaMmsbl: Visio (*.vsd, *.vsdx); Adobe Illustrator (*.ai); Coreldraw
(*.cdr, Bepcus =e BoIme 15); Excel (*.xIs); Word (*.docx); AutoCad, Matlab (sxcmopt 8 PDF, EPS, SVG, WMF, EMF);
Kowmnac (sxcmopt B PDF), Be6-mopras DRAW.IO (skcmopt B PDF);

— doro u pacTpoBeie — B hopmarte *.tif, *.png ¢ MmakcumanbHBIM paspeinenuem (He meree 300 pixels/inch).

Hanuuwne mogpucyHOUHBIX MOATINCEN U HA3BAHUY Ta0JIUI] Ha PYCCKOM U aHTJIMICKOM A3BIKaxX 0043aTeIbHO (PKeiaTeslb-
HO He IMOBTOPSIOIIUX JOCIOBHO KOMMEHTAPUY K PUCYHKAM B TEKCTE CTAThU).

B pemakiuio npegocTaBISIOTCA:

— cBegeHua 00 aBTope (pamMmansa, uMsa, OTUECTBO, MECTO PAbOTHI, HOJIKHOCTD, YUeHOE 3BaHUe, yueOHOe 3aBeleHue U
TOJl ero OKOHUYAHUA, yUeHas CTelleHb U T'0J 3alllWTHI AUCCEPTAIlu, 00JaCTh HAYUHBIX WHTEPECOB, KOJUUYECTBO HAYUHBIX
myOJIUKAINi, JOMAITHUN U cIy:Ke0HbIli agpeca u TesedoHbl, e-mail), poTo aBTOpOB: aHdac, B TeMHON ofexKae Ha 6GeoM
done, TOMKHBI OBITH BUAHBI IJIEUN U TPYIb, BHICOKAA CTEIIEHb UETKOCTU M300pakeHusa 0e3 TeHell u oT6JIeCKOB Ha JIUIIE,
(hoTO MOYKHO ITPEACTABUTE B 9JIEKTPOHHOM BUie B opmare *.tif, *.png, *.jpg ¢ MaKcuMaIbHBIM paspelieHreM — He MeHee
300 pixels/inch npu muauManbHOM pasmepe doro 40x55 Mm;

— 9KCIIePTHOE 3aKJIUYeHe.

Cnucox uTepaTyphl COCTABIAETCA IO MOPALKY CCHLIOK B TEKCTE M 0POPMIIAETCA CIAEAYIOINM 00pa3oM:

— IJIS KHUT U COOPHUKOB — (PaMUJINA U MHUIIUAJIBI aBTOPOB, IOJHOE HasdBaHUe KHUTHU (COOPHUKA), TOPOJ, U3JaTeb-
CTBO, T'0J, 00IIIee KOJIMUECTBO CTPpaHuII, doi;

— IJIs1 KYPHAIBHBIX cTaTell — (haMUIns 1 MHUITNAIBI aBTOPOB, ITOJHOE Ha3BaHWe CTaThU, Ha3BaHUe JKypPHAaJa, Tol 13-
IaHUA, HOMED *KypHaJia, HoMepa CTpaHuIl, doi;

— CCBLIKM HAa MHOCTPAHHYIO JIUTEPATYPY CIAeIyeT JaBaTh Ha sI3bIKe OpUTrnHaja 6e3 COKpaIeHuii;

— IIPU UCHOJb30BaHUYU Web-MaTepraioB YKashIBaliTe apec caiiTa u JaTy o0paIeHuns.

Croucok aurepatypsl odopMiIAiiTe IByMs OTAeIbHBIMU Gs0Kamu 1mo oopasiam lit.dot ma caitre :xyprasa (http://i-us.
ru/paperrules): JIuteparypa u References.

Bosee mogpoOHO IpaBmia MOATOTOBKY TEKCTA ¢ 00pasIiaMy M3JI0KEeHBI Ha HAIlleM caiiTe B padzese « PYKOBOACTBO AJIs
aBTOPOB».

KonTaxkTs!

Kyga: 190000, Cauxr-Iletepbypr,
B. Mopckas ya., x. 67, I'VAII, PUIL
Komy: Penaknusa sxypHana « IHGOPMAIOHHO-YIPABIAIOIINE CHCTEMBI»
Texn.: (812) 494-70-02
9. mouTa: ius.spb@gmail.com
Caiit: www.i-us.ru





