AHcambm CIIEKTPAJIBHO-TIPOCTPAHCTBEHHBIX CBEPTOYHBIX HeﬁpOCeTeBBIX MOI[eIICﬁ..,

®upcos H.A. u 1p.

AHcaMO0JIU CHIEKTPAJIbHO-NPOCTPAHCTBEHHBIX CBEPTOYHBIX HellpoceTeBbIX
Mojeseil 1JIM 3a1a4M KJIACCH(PMKANNH TUIOB MOYB HA THIEPCHEKTPAJBHBIX
U300paKeHusIX

H.A. ®upcos'?, B.B. Iloonunnose '?, H.A. Henuee %, [ /1. Poicoxoea?, A.B. [upozoe !, A.A. Myseixa ',
A.P. Maxapoe'?, B.E. Jlobanoe??3, B.U. ITnamonos?, A.H. babuues?, B.A. Monacmuvipckuii’, B.M. Onveapenxo?,

ILI1. Huxonaes?, P.B. Cxudanos %, A.B. Huxonopos '?, HJI. Kasanucxuii ', B.A. Cotighep
"UCOH PAH — ¢punuan ®HUL] «Kpucmannozpagus u pomonuxa» PAH,
443001, Poccus, 2. Camapa, yn. Monooozeapoeiickas, 0. 151;
2 Camapcruii nayuonanshwiti uccredoeamensckuti ynueepcumem umenu akademuxa C.I1. Koponésa,
443086, Poccus, e. Camapa, Mockoeckoe wocce, 0. 34;
3 Aowizetickuii 2ocydapcmeenibiii ynugepcumen,

385000, Poccusa, Pecnybnuka Aoviees, 2. Maiikon, ya. Ilepsomaiickas, 0. 208;

* Uncmumym npob6aem nepedauu ungopmayuu umenu A.A. Xapreeuua PAH,
127051, Poccus, . Mockea, Bonvuioti Kapemuuiii nepeynox, 0. 19, cmp. 1

Annomauyus

B pabote mpencTaBiIeHO HCCIENOBaHNE PA3IMYHBIX MOIXOA0B K KIaCCH(PHUKAIIMKA MOYBEHHBIX
ITOKPOBOB Ha OCHOBE HEHPOCETEBBIX aJITOPHUTMOB I10 JTAHHBIM T'HIIEPCIIEKTPAIBHOTO TUCTAHIHOH-
HOTO W MPOKCHUMAJIBHOTO 30HAMpoBaHUs 3eMin. CIieKTpaibHbIE paclpeleeHus] TP 3TOM PerH-
CTPHUPOBAIKCEH B Ja0OPATOPHBIX YCIOBHAX C HCIIOJIB30BAaHHEM H300pakalomiero CKaHHPYIOMIETO
THIIEPCIIEKTPOMETpa Ha OocHOBe cxeMbl OddHepa. DKCepHMEHTaIBHO HCCIIEI0BaHbI IPOCTPAH-
CTBEHHO-CIIEKTPAIIbHBIC MPHU3HAKU AEBATH MPOO MOYB C Pa3IMYHBIX y4acTKOB (epMepCKoro Xo-
3siicTBa Ha TeppuTopun Camapckoir oOmactu. C TOMOIIBI0 METOJa SHEPrOIHUCIIEPCHOHHOTO
MHUKpPOaHallN3a YCTAHOBJICHO COOTBETCTBHE T'HIEPCHEKTPAIBHBIX NAaHHBIX M XUMHYECKOTO CO-
cTaBa B3AThIX po0. Ha ocHOBe Mojy4YeHHBIX JaHHBIX peajr30BaHa HelpoceTeBas Kiaccu(puKa-
nus 00pas3oB MOYB B 3aBUCHMOCTH OT COAEP)KaHHWA B HHUX TAaKHX 3JIEMEHTOB, KaK YIJIEPOI H
Kamplui. B kauecTBe KiaccuduKaTOpa HCIONB30BANIACH HOPMAIM30BAHHAA CIEKTPAIbHO-
MIPOCTPAHCTBEHHAsI CBEPTOYHAS HEHPOHHAs ceTh. ABTOpPAaMHU IMPEUIOKEH MOJXOI K Kiaccubu-
Kalli¥ TUIEPCHEKTPATbHBIX N300paKeHUH BBHICOKOTO Pa3pemIeHHsl, OCHOBAHHBIN Ha YTOYHEHHUH
MYJIbTHKIJIACCOBOH CBEPTOYHOI HEHPOHHOI CETH C MOMOILIbI0 aHCcaMOJsi OMHAPHBIX Kiaccu(u-
katopoB. [lokaszano, 9To KiIaccuduramus o6pa3oB MOYB MO COJEPIKAHUIO YIIIepoaa U KaIbIH
ocymiecTBIIsIeTCs ¢ TOYHOCTHIO 0,96.

Kniouegvie cnosa: runepcnekTpaibHble M300paKEHUs, TUIEPCIEKTPAILHOE 30HIMPOBaHHE,
MIPOKCHMAJIbHOE 30HAMPOBAHUE, CBEPTOYHbIE HEHPOHHBIE CETH, CIHEKTPaJIbHO-IPOCTPAHCTBEHHAS
KJaccuduKanys, IoUYBEeHHas KapTorpadusi.
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Beeoenue

I'mnepcnexkTpalibHbIl  aHANM3 COCTOSIHUA — MTOYBBI
0OBIYHO OCHOBBIBAaETCS Ha 00pabOTKE THIEPCHEKTPaNb-
HBIX W300paKeHUH PacTUTENHFHOTO MOKPOBA, IO COCTOSI-
HUIO KOTOPOTO MOXXHO KOCBEHHO CYIHTH O Iapamerpax
mouBH [1]. OmHako mocienHee AeCATHUIIETHE Pa3BUBAIOT-
Cs METOIBI JETEKTHPOBAHUS yYaCTKOB 3€MHOU IOBEPX-
HOCTH C TaK Ha3bIBaeMOH OTKPHITOH (TOIOH) MOYBOM

(bare soil) [2]. OTkpsITast MO4Ba, MO ONPEAEICHUIO, — ITO
YYacTKH MMOYBHI 0€3 pacTeHUH WM 3AaHUIH Ha MTOBEPXHO-
cti 3emmu [2, 3]. Takwe ydacTKH SBISIOTCS OJXHUAM H3
COCTaBJIAIOIINX YYACTKOB PACTUTENHFHOTO TMOKpoBa [4].
JleTekTUpOBaHKE TaKUX YYACTKOB SIBJISIETCS BAXKHOW 3a-
adel 3KoJormdeckoro MoHutopunra [2, 3]. 3smenenue
YHUCIa y4YacTKOB TOJIOW MOYBBI C TEUYEHHEM BpPEMEHH
OOBIYHO YKa3bIBACT HAa YCHIICHHE YpOaHM3alMU B JAHHOM
paiione [5]. MOHUTOPHHT y4acTKOB 0OHA)KEHHOH ITOYBHI,
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0COOEHHO B TOPOJICKHMX M CEJIbCKHX paioHax, rje Hanbo-
Jiee aKTHBHA JESTEIHHOCTh YEIIOBEKa, NTaeT YETKOEe II0-
HUMaHHE JKOJIOTHYECKUX TOCIIEACTBUI ypOaHm3anuu. B
mocJefHee BpeMsl TEXHOJIOTUSI AWCTAHIMOHHOTO 30HIH-
poBaHUS 3eMIIM IIUPOKO HCIOIB3YETCS ISl MOHUTOPHH-
ra oOHa)XKEHHOU MOYBBI HA OONBIIMX TuTOMANAX [6]. s
KJ1acCU()UKAIIUN TUIIOB ITOBEPXHOCTH HCIIOJIB3YIOTCS Kak
TPaIUIMOHHBIE MTOIXOABI [7], TaK ¥ METOABI MAIIMHHOTO
oOyuenus [8, 9] m METOIBI CHEKTPAILHOTO DPa3lIEICHUs
[10]. Mo>XHO OTMETHTb, YTO yKa3aHHBIC BBIIIE METOJBI
JIOBOJIGHO CIIOKHBI, OYE€Hb YYBCTBHUTEIBHBI K ONIMOKaM
MIPU BBIYUCIICHISIX, 4 TaKXe CYIIECTBEHHO 3aBHCAT OT
konmuuectBa obpasuos [11, 12]. CymecrByer Gosnblioe
KOJINYECTBO METOJOB HAa OCHOBE HCIOJB30BAHUS CIIEK-
TPaJbHBIX MHIEKCOB, KOTOPHIC ITO3BOJIIIOT MOJNyYUTh U3
THIIEPCIIEKTPANbHBIX N300pakeHHHd OOJIbIIOe KOJInYe-
cTBO IeneBoi mH(popMaruu. IIpu 3TOM TakoW MOAXOL
otamyaeTca npoctoroii [4]. CymecTByeT JOBOIBHO MHO-
IO CHENUAIN3UPOBAHHBIX HWHAEKCOB: HOPMAaJIH30BAaHHBIN
pa3HOCTHBIN MHAEKC pacTutensbHocTr (NDVI) mis onpe-
JIeTICHUsT KOJM4decTBa 3eleHol maccel [13], Hopmaim3o-
BaHHBIN pa3HOCTHBIN nHAEKC BoAbsl (NDWI) mis onpene-
JIEHUS] COJIEpKaHUS TOBEPXHOCTHBIX BoA [14] m HOpMa-
JIN30BaHHBIM PA3HOCTHBIM HMHAEKC HENPOHUIAEMOW I0-
BepxHoctu (NDISI) ams HenmpoHHWIIAeMOH MOBEPXHOCTH
[15]. Ho yHuBepcaibHBIX MOYBEHHBIX HHICKCOB HE CY-
niecTByer. [[ist 3TOro ecTb HECKOJIbKO IpUYMH. Bo-
MEPBBIX, CIIEKTP MOYBBI HANPSIMYIO CBSI3aH C €€ CBOW-
ctBamMu [16], a 3TH CBOWCTBa MEHSIOTCS H3-3a OYEHD
MHOTHX (DaKTOpOB, CBSI3aHHBIX, HAIpPUMEP, C IOTOIOH
[17]. Bo-BTOpBIX, OTOJEHHYIO TOYBY CIIOXKHO OTIHYUTH
OT HETNPOHHUIIAEMBIX TTOBEPXHOCTEH B BUAE ac(PaIbTOBBIX
1 OCTOHHBIX MOKPBITHH, MOCKOJIBKY HX CHEKTPHI OYEHb
noxoxu. Manekc otkpeiToii moussl (BI) paccunTeiBaeTcs
C HCIIOJIB30BaHNEM HHGOPMALIUU O CpeaHeM HH(pakpac-
HOM JAWamna3oHe, a TaKKe 3aBs3aH Ha COCTOSIHHE pPacTH-
TeNBHOCTH BOMM3M 3Toro yuacTka [18]. BI npexnaznauen
JUTSL ONPEAETICHUSI YIaCTKOB OTKPHITON MOYBHI B JIECHBIX
MaccuBax. Pa3HOCTHBI HOPMaJM30BaHHBIM MOYBEHHBIN
naaekc (RNDISI) Ob1 monydeH sMIUpHUYECKH, T.€. IS
HETOo He siceH ero (u3mueckuit cMpicia [16]. Kpome storo,
CJIO)KHOCTh HCIOJB30BAHUS ITOTO HMHIEKCA BO3PACTaET
n3-3a TOTO, 4TO ero (opmyja 3aBHCHT OT OTOOPaHHBIX
o0pasnoB B paiioHe uccienoBaHus. MHAEKC HA OCHOBE
(hopMysBl OTHOIIEHHUS I cBeTion mouskl (RIBS) u uH-
neke st TeMHoi mouBel (PIDS) He mamu cTaOMIBHBIX
pesynbraroB. B paborte [19] mpemioxuian HOpMallu30-
BaHHBIN Pa3HOCTHBIM MHIIEKC OTKpBITOH mouBbl (NDBSI).
OpmHako BBIYUCICHHE 3TOTO MHAEKca TpeOyeT mHpopma-
MM U3 KOPOTKOBOJIHOBOTO MH(PAaKPaCHOTrO IUana3oHa,
KOTOPBII PETUCTPHPYETCS HE BO BCEX THIIEPCIIEKTPOMET-
pax. Kpome »TOro, cremyer 3aMeTuTh, YTO BCE IIPHBE-
JICHHBIE BBINIE MyOJIMKAMKA HCIOIB30BAIH CIEKTPAb-
HBIE JAHHBIE C JOBOJIFHO HU3KHM CIIEKTPAIbHBIM pa3pe-
mieHrneM. lcronb30BaHne TUIEPCIEKTPOMETPOB ¢ OOJIb-
IIMM KOJINYECTBOM CIEKTPATbHBIX KaHAJIOB ITO3BOJISET HE
TOJIBKO JI€TEKTUPOBATh OTKPBITYIO TIOYBY HMJIHM OCYIIECTB-

JIATh ee TpyOyIo Kiaccu(UKAIMIo, HO U ONPENeNATh He-
KOTOpBIE €€ KpUTHYecKrue mapaMeTpbl. OJHUM H3 TaKHX
MapaMeTpoB SIBISIETCA COJACpKaHHE B IMOYBE OpraHHYe-
ckoro yriepoaa. ITouBa HakamnmuBaer Ooible yriepoaa
B Ha3eMHOH 3KOCHCTEME, YeM PaCTUTEIbHOCTh M aTMO-
cdepa B coBoKymHOCTH. [IoYBeHHBIN yriepos 4yBCTBHU-
TeNeH K JIOOBIM M3MEHEHHSM 3eMHON IOBEPXHOCTH WU
xnumary. CozpepkaHue yriiepoia OKa3bIBaeT BIMSHUE Ha
MIPOAYKTUBHOCTH MOYB. Takum 00pazom, ecTb HEOOXOAH-
MOCTh B KOJIMYECTBEHHOU OIIEHKE COJEpKaHUA yriepoja
B TI0YBAX, 3TO TO3BOJIAET BBISABIIATH JIOKANBHYIO JAETpaaa-
LU0 TIOYB, a TAK)Ke 00ECTIEYNBATH T€OJaHHBIMU CHCTEMBI
TOYHOTrO 3emutedenus it auddepeHInpOBaHHOTO BO3-
JENBIBAHUS 3€MeNb C LENbI0 YMEHBIICHUS MOTEePh I0Y-
BaMHU yTJIepoJa WM Jake HAKOIUICHHWIO yTiepoja. Yike
€CTh paboThl, B KOTOPBIX JJIS ONPECICHUS COllepKaHHs
yriepoJa B MOYBE HCHOIB30BAIICH THIIEPCIEKTPOMETPHI
BbICOKOTO pazpemeHus [20, 21]. Ognako B pabote [20]
TaKXe HCIIOJIb30BANIN JIByXAWANa30HHBIA THIEPCIEKTPO-
MeTp, paboTalmui B BUANMOM U OJ>KHEM (KOPOTKO-
BomHOBOM) MK-nmama3oHe, IOCKONBKY —KITIOUEBBIMHU
CHEKTPAIIbHBIMU KaHAJIAaMHU JJISI OIIPEIENICHHUS] COAEprKa-
HUS yriepoaa OB MMEHHO KaHalbl U3 KOPOTKOBOJIHO-
Boro nH(ppakpacHoro (KMK) nuanazona. K coxanenwuro,
BBICOKasi CTOMMOCTb CBETOUYBCTBUTEJIEHBIX MAaTPHI IS
KOPOTKOBOJIHOBOTO HH(paKpacHOTO AWana3oHa JejaeT
TaK{e THIEPCIEKTPOMETPHl MaJIOAOCTYIHBIMHU IS IITH-
POKOI0 HCIOJIB30BaHusA. B Hacrosmiei paboTe paccmar-
pHUBaeTCs BO3MOXHOCTh KJacCH(UKAlMU TOYB IO CO-
JEepXKaHUIO yTiepoja M KaJIbIUs Ha OCHOBE aHAIW3a TH-
MePCIEKTPAIbHBIX CHUMKOB BHIMMOTO W ONMKHETO HH-
(hpaKpacHOro Iuamna3oHoB.

1. Ilonyyenue zunepcnekmpanbHviX U300pa3cenuii

s 3KCTIepMEHTaIBPHOTO HMCCIIEOBaHMUs Kiaccupu-
Kalli¥ TUTIOB MOYB OBIIM 3apaHee MCCIIEJOBAHBI CITyTHH-
KOBBIE JaHHBIE TEPPUTOPHH HECKOIBKHX IIOJIEH ¢ Toca-
KaMM MOHOKYJIBTYp O3MMOM U SpOBOW MIUEHUIIBI C MPU-
MEHEHHEM TEXHOJIOTHH OeCIIIyroBOro 3emieaeius (Ho-
yTUILT) oHOrO U3 hepmepckux xo3siiicts Camapckoii 00-
nactu. Ha ocHoBe m300pakeHH B MpOrpaMMe arpocka-
YTHHTa Ha HECKOJIBKUX MOJSIX OBUIM BBIOpaHBI 1o 1 ox-
HOpPOJHOW 30HE BHYTPHU KaXKIOTO IIOJIA, Ha KOTOPHIX Ha
MPOTSKEHUH HECKOJIBKUX CE30HOB HAOJIOAIUCH yCTOM-
YHUBBIE 30HBI MPOIYKTUBHOCTH C COOTBETCTBYIOIIEH Kap-
TUHOMN pacnpenenenus uniaexkca NDVI. [lannble ycToii-
YUBBIE 30HBI OBLTN UCIIOIB30BaHBI Il 0TOOpa mpob. J{st
noJiyueHus OoJiee neTanbHON MH(OpMAaLUK O MOYBax OT-
60p Npo0 Ha 3TUX YYaCTKaxX OCYIIECTBIUICS MO ABa 00-
pasna c riryouH noepxHoctHoOro ciog 0— 10 cm u 6omee
rirybokoro 10—20 cM, Tak Kak TOBEPXHOCTHBIN CIIOH
MTOYBHI TIOABEP)KEH O0JIee BEICOKOH IMOTepe yriepoaa Mo
BO3JICMCTBMEM COJIHIIA, BETPA, JOXKIS B TEUCHHE BereTa-
LIMOHHOTO ce30Ha. [IprMep M300pakeHus: OHOTO M3 MO-
JIel mpuBeJieH Ha puc. 1.

Jnst axcnmepuMeHTa ObITM oTOOpaHBl 9 00pasuoB
mouB. [lyis wmccnenoBaHUS 3JIEMEHTHOTO COCTaBa IMOYB
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UCIIONB30BANICS. METOZ SHEProANCIICPCHOHHOTO MHKPO-
aHanu3a ¢ ucronpzoBanueM cucremsl JED-2300 B cocra-
BE PacTPOBOrO 3JIEKTPOHHOI'O MHKpockoma. [{ns mpose-
JCHNUS aHalu3a Bce MPOObI IOYB OBUIM OAMHAKOBO Pa3-
MOJIOTBI JI0 OJIHOPOAHON MOpdosoruu hpakuuu ¢ IOMO-
IIBI0 TPYHTOBOW POJIMKOBO# MenbHHIBL. Ha puc. 26 npu-
BEJICHO M300pakeHHe MPOOBI TPYHTA B PACTPOBOM DIIEK-
TPOHHOM MHKpockomne. Ilone ckaHupoBaHUS Ul HAKOII-
JeHUs XapaKTEePUCTHYECKOTO CIEKTpa COCTaBIIUIO 00-
macte pasmepoM 1,5 Ha 2 MM. XapakTepHUCTUYECKHN
CHEKTp MpHBeNeH Ha puc. 26. B tabn. | mpuBeneHs pe-
3yJIBTAThl OIIPESNICHUs] HIIEMEHTHOTO COCTaBa Jylsl yrjle-
poza u xanblms B % ot o6uield Maccel. OT UcCiIea0BaHUs
KOJIMYECTBEHHOTO COZEPIKAHUS TAaKUX O3JIEMEHTOB, Kak
tdochop P u psga MUKPOIIEMEHTOB, OTKa3aJINCh BBUY
UX MaJIOCTH M BBICOKOH OIIMOKH ampOKCHMAaIUN MOAe-
JIM TIO OLICHKE UX KOJIMYECTBEHHOTO COCPIKaHUS.

Puc. 1. H3o6pasicenue nona G77 ¢ pacnpedenenuem uHoekca
NDVI (kpacuwiil — HU3KOe 3HAYeHUe,
3e/lenblil — 6blCOKOE 3HAYeHle)

Tabn. 1. Codeporcanue yenepooa u Kanvyusi 8 pasHuiX 06pasyax
nOu6bL U HyMepayusi 00pasyos8 nouebl

Tun nouBbl C,% Ca, % Ne ipo6bI
IP2-4-6 N3 (0-10) 4,97 3,68 4
IP2-4-6 N3 (10-20) 5,04 3,18 1
G70-2 (10-20) 5,84 4,29 8
G70-2 (0-10) 3,85 14,28 3
IP 1-3-5 3(0-10) 5,13 6,10 6
IP 1-3-5 3(10-20) 5,61 6,64 2
2kdx (10-20) 4,85 12,65 7
3kdx 14(0-10) 5,58 8,13 5
3kdx 14 (10-20) 6,03 5,14 9

B Hacrosiieit paboTe UCnob30BaNach jJ1adopaTopHas
CheMKa 00pa3LOB MMOYB IPH UCKYCCTBEHHOM OCBEILCHUH
raJloreHOBOM JIaMIIOW AJIsl TIOJIYYEHUS IPOCTPAHCTBEHHO-
CHEKTPaJbHBIX JaHHBIX. B oTimune ot padots! [20], npex-
T0JIAraeTcsl, YTO TAKOH METO/ ChEMKH O3BOJIUT MPOBOAUTH
OBICTPBIH aHaTM3 00pa3LOB MOYB HA COACP)KaHUE yIiieposa
0e3 HCIIONIB30BAHMS XUMHUYECKHMX METOHOB. Tarke Takoi
METO/I ChEMKH II03BOJISIET MPOBECTH CHEMKY BCEX 00Pa3IoB
MOYBBI OTHOBPEMEHHO, YTO MUHUMU3HUPYET PA3IIHIUs YCII0-
BUI CBEMKH, OCBEILEHUS U AP.

[MonyueHune runepcnekTpaibHbIX H300pakeHud 00-
pasloB [OYB IPOBOAWIOCH HPH IIOMOLIM  MaJo-
MaccorabapuTHOW IIeJIeBOM CKaHUPYOILIeH TUIepCreK-
TpaJbHOW Kamepbl Ha ocHoBe cxembl OddHepa (nanee —
THIEPCHEKTPOMETp), KOTopas uMeeT pabounii nuana3oH
400-1000 um 1 oxomno 250 kananos. [{ns hopmupoBanus
THIIEPCIIEKTPAIBHOTO U300pakeHusi 00pa3loB MOYBbI
ChEMKa OCYIIECTBIIUIACh NepeMElIeHHeM MOABHKHOM
w1aT(OPMBI IIPU HETIOJBHKHOM PACIIONIOKEHUH KaMephl.
Ha puc. 2a npusenena gororpadusi dSKCriepuMeHTaIbLHO-
rO CTEeHJA.
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Puc. 2. @omoepaghus sxcnepumenmanvroil ycmanosku (a): 1 —
eunepcnekmpomemp, 2 — niam@opma ¢ obpasyamu, 3 — peivc
cucmembl nepemewyeHus nIamgpopmul, usobpaxtcerue npoowl
SPYHIMA 8 pacmpo8oM 3eKMPOHHOM MUKpockone (6),
XapakmepucmuyecKuii Cekmp Hep2oOUCNEePCUOHHOLO
MUKpOaHanusa oopasya nouswl (8)

B nepBbIX skcnepuMeHTax Oblla caelaHa MOIBITKA
HaWTH WHIEKCHYIO (OpMYIy JUIsl KJIacCU(HKALMK pas-
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HBIX THUIOB MOYBBI. J[JIs1 3TOr0 MPOBOAMIOCH MOCTPOCHHUE
BCEX BO3MOXKHBIX CIEKTPAIbHBIX HWHIEKCOB Pa3HOCTHO-
HOPMaJIM30BaHHOTO THIA W MHJEKCA OTHOIICHUS st
Bcex 250 cnekTpalbHBIX KaHAJIOB. DTOT METOJ ONKCaH B
pabote [22]. OnHako Takoi nepedop He MO3BOIMI BBISIBUTH
MHJIEKC, MO3BOJISIOIIMI OTHO3HAYHO pPa3JeiuTh Bce 00pa3-
el oyB. Ha puc. 3 mpencraBiieH (parMeHT WHAEKCHOTO
n3o00paxkenusi ¢ 4 obOpasiamMu MOYB, OJUH M3 KOTOPHIX Ha
MHJIEKCHOM HM300pa)KEHHH CYIIECTBEHHO spue JpyruX.
Kpome Toro, criemyer OTMETHTh, YTO BCE MOYBBI UMEIOT
KpaifHe CXOKHe CIIEKTpaJIbHbIE CUTHATYPHI (CM. pHC. 4).

Puc. 3. Hnoexcrnoe uzobpasicenue o6pazyoe nousbl Ha 0CHOGe
PA3HOCMHO-HOPMATUZ08AHHOU (POPMYTIbL C UCHONIL308AHUEM
Kananoe ¢ onunamu 6oan 660 u 750 um

OpHako 1mojo0parh Takue UHICKCHbIE (OPMYJIIbI ISt
Bcex 9 o0pa3moB He yAajsoch. JTO BIOJTHE OXKHIAEMBIN
pe3yJsbTar, MOCKOJIbKY MOYBBI UMEIT Onn3kue (QU3UKo-
XMUMHYECKHE CBOMCTBA, OTJIMYAIOLIMECS IO COCTAaBY XH-
MHUYECKHX 3JIEMEHTOB HAa EIUHHIIBI IPOLEHTOB, TaKXKe
CHEKTP OTPaXKEHUsI, PErUCTPUPYEMBIi B H300paKeHUH,
HMMEET Majoe KOJIMYECTBO YPOBHEIH KBAHTOBaHMsS Mpak-
THUYECKH JJISl BCEX CIEKTPAIbHBIX CJIOEB.

Jlns mpumepa Ha puc. 5 MOKa3aHo MOJTHOE M300pake-
HUe Bcex 9 00pasioB mouBbl Ha 240-M CIIEKTPaIbHOM
CJI0€, 9YTO COOTBETCTBYET JUIMHE BOJHBI 956 HM.

Kak BHIHO TO CHEKTpaldbHBIM XapaKTEePUCTUKAM
MMOYB Ha PHC. 4, UX CHEKTPaIbHBIC CUTHATYPHI UMECIOT
OYCHb MOXO0XHI BUI. B pamkax maHHOW paboTHI perie-
HO OBLIO KCIOJB30BaTh HEHPOCETEBOW MOAXOJ IS
KJIaCCU(UKALMU TUIOB IOYB IO COAEPKAHUIO B HHUX
yriepona w KamblOusa. TOYHOCTH KIACCH(HUKAIIUU MO-
JKET CHIDKATHCS 1O MPUYWHE HEOTHOPOIHOCTH OCBe-
IICHHOCTH CIEHBI, U3-3a YEro OJHWH KJACC IMOYBHI MO-
JKET OIMMOOYHO MPEACKA3BIBATHCS OJHOBPEMEHHO Kak
JBa WIH TPH KJIACCa, OTIUYAIOIIMXCA MO YHCICHHOMY
3HAYECHHIO COJEpIKamerocst B HUX yriaepozna. s xom-
MeHCAlNA HEOTHOPOTHOCTH OBUIM IOJTYyYeHBl Kaluo-
POBOYHBIC 3HAYCHHS OTPaXEHHOH SPKOCTH HCTOYHHKA
OCBEIICHUS OT OeJIoi Oymaru u moJrydeHa MaTpHIia KO-
3G GUIHECHTOB HOPMUPOBKHU KAXKIOTO CJIOS THIEPCIIEK-
TPaJbHBIX U300PAKESHUN ISl JAHHOTO UCTOYHUKA.

200 A

150 A

100 A

Cpep,H;m WHTEHCUBHOCTb

50 1

500 600 700 800 900 1000
[ONuHa BONHbLI, HM
Puc. 4. Cnexmpwr 9 06paszyos nous

Puc. 5. I'unepcnexmpanvroe usodpasicenue 9 obpasyos noyg: 240-ii croii eunepkyba, onuna 6oamst — 956 nm (a),
Y6emoCUHMe3UPOSAHHOE U300paAdiCeHUe Ha OCHO8e Mpex Kananos, coomsemcmayiowux yeemam RGB (6) (kpacuwiii — 635 Hm,
senenvitl — 534 um, cunuii — 485 um)

2. Heitpocemesasn Kknaccuguxkayus

PaccMoTprM IBYX3TaIHYHO MPOLEAYPY Kiaaccudukaimm
MOYB TI0 COMACPKaHHUIO yriepoma M Kaimplusa. Ha mepBom
JTane OCYNIECTBISIETCSl MOUCK Haubosiee 3((PEeKTHBHOrO
MHOT'OKJIACCOBOT0 KiacCH()MKaTOpa Ha OCHOBAHUH METPHKU
Fl-score. Ha BTopoM 3Tare ¢ IeNbI0 YBETMYEHHUS TOYHOCTH
kiaccudukamu 1oy (HopMHUpyeTcst aHcamOllb U3 MHOIO-
KJIACCOBOT'O M YTOYHSIIOIINX OMHApHBIX KIIacCH(HKATOPOB.

Ha nepBom miare 1aHHOU npouenypsl OCyLIECTBIIE-
HO CpaBHEHHE MeToAa OamKalmux cocemei (B Kade-
cTBe 0a30BOr0 ajNropuTMa), CIEKTPAIbHOW TIIyOOKOH
cBepTouHoi HerpoHHO# cetn 1D-CNN [23] u HOpMa-

JIN30BAHHON NPOCTPAHCTBEHHO-CIEKTPAJIbHONU CBeEp-
touHoit cetn N3D-CNN, 06a3zoBasi BepcHsl KOTOPOH
omucaHa B pabote [24]. aHHas ceTh 0ojiee MOAPOOHO
omnucaHa B paboTax 1Mo oOHAPYIKEHHIO COPHBIX pacTe-
Huit [25] u knaccudukanuu coproB kode [26]. Apxu-
TEKTypa CeTH MpejCcTaBlieHa Ha puc. 6.
['unepcrniekTpanbHOe H300paKeHHe TI0YB, HCTIONB3YEMOe
B JIAaHHOW paboTe, MMeJo MPOCTPAHCTBEHHOE pa3pelleHHe
3500%320 mukcenos. J[ist dkcriepuMeHTa TUIIEPCIIEKTPaTh-
HbIE JIaHHbIC ObLIM Pa3MEUEHBI 10 COICPIKAHHIO YITIEpOa U
KanpIws (puc. 7 u puc. 8) B COOTBETCTBHH C Pe3yJIbTaTaMH
XUMHAYECKOTO aHanm3a (Tadu. 1), rme CUHUIA IBET — HU3KOE
cozepkaHue BeriecTsa (MeHee 4,9 % i yraepona 1 MeHee
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5% mns KanmbLust); 3eNICHBINA I[BET — CpPeJHEe COMAep)KaHHe
BemmectBa (0t 4,9 % 1o 5,5 % ma yraepona u ot 5 % 10 8%
JUISL KaJIbLIUs); JKENTHIA IIBET — BEICOKOE COASPIKAHUE Bellle-
ctBa (bosee 5,5 % nyis yriepona u 6omnee 8 %o 11 KajbLys).
CyMMapHOe KOJIMYECTBO Pa3MEUECHHBIX NAHHBIX I BCEX
yeTsIpex KiaccoB coctaBmwino 1120000 rumeprmkcesnoB (co
CHEKTPaJIbHBIM pa3perierreM B 250 KaHaIoB).

Ooyuatommas Beibopka chopmuposana u3 20 % ciy-
YaiHBIX (ParMEHTOB THIEPCIEKTPAILHOIO H300pake-
HUSL U1 KaXJOro Kinacca. Bammpmannonnas BbIOOpKa
cocraBmia 5% ot oOyuaromeif. OOydeHne mpoBOIH-
nock npu nomoinu ontumuszaropa Adagrad. ITapamer-
pbl 0OyueHnus learning rate=0,01, momentum=20,01.
Pasmepsr munu-6atueil y cnekrpanbHoii (1D-CNN) u
npoctpaHcTBeHHO-cIiekTpanbHoit (N3D-CNN) certeit
coctaBus 100 u 40 06pa3ioB cCOOTBETCTBEHHO. B Ka-
yecTBe (YHKIMH IOTEPh MCIOJIB30BaJach Kpocc-
sHTponus. ['paduku 3HaueHUH (YHKIUU I[OTEph HA
o0y4aronmx JaHHbIX MOKa3aHbl Ha puc. 9a-6. ['paduku
3HAYEHUI TOYHOCTH (METpHKa accuracy) Ha BaJWJaIld-
OHHOM BBIOOPKE IOKa3aHbl Ha pHcC. 9g-2.

Input: 7x7 Band
Convi RelU

BatchNorm

( BatchNorm ) ( BatchNorm ) ( BatchNorm | ( BatchNorm )
‘ : y : ;

Sum ReLU

[ BatchNorm ] [ BatchNorm ] [ BatchNorm ] [ BatchNorm J

Sum ReL U

Convd RelLU

[ Fully Connected ]

Output: Label

Puc. 6. Apxumexmypa ceepmouroil
nPOCMPAHCMBEEHHO-CHEKMPATLHOT cemu

Puc. 7. Macka pazmemxu no codepaicanuro y2aepooa 8 nouee

Puc. 8. Macka pazmemxku no codeporcanuro kanvyus 6 noyge

1D-CNN
Train loss

80

1D-CNN
Validation accuracy

100 120

20

80 100 120

0
140Epochy

0.
140Epochs

N3D-CNN
Train loss

N3D-CNN
Validation accuracy

20 a0 60 50 Epochs

Puc. 9. I'paghuxu 3nauenuii pynxyuu nomeps na obyuaioweil evioopke. (a) ID-CNN, (6) N3D-CNN; epaghuxu 3nauenuii mempuru

accuracy Ha eanuoayuonHol gvibopke: () 1D-CNN,

Tectosble nanusie hopmuposanucst u3 80 % I'CU, ne
BOLIE/IIEro B oOyd4aroumii Habop, rpaduyeckoe mpen-
CTaBJICHUE PE3YyJIbTATOB KJIACCH(UKALMH TPOBOAMIOCH

(2) N3D-CNN (cunuii — kanvyuil, KpacHulii — yenepoo)

muce precision (1), recall (2), F1-score (3) (mist Kaxaoro
KJlacca M CpeHUM JUIsl BCeX KIIacCoB).

Ha BceM I'CU jus Gouibliell HArasigHOCTH. B KaudecTBe precision =L, (1)
METPHK OLIEHKH KauecTBa KiacCHU(pUKalMKU paccMaTpuBa- TP+FP
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= TP 5 knacc mouB. TakuM oOpas3om, st GopMHpOBaHHS aH-
recatt= TP+FN’ @ cam6uist Obuta BeIOpaHa ceTb N3D-CNN.
Fle precision *recall 3) Tabn. 2. Pesynbmamsl pabomsl MHO2OKNACCOBbIX

([32 * precision)+ recall”

Precision noka3piBaeT, HACKOJIBKO TOYHO KIIacCH(HKa-
TOp OTIMYaeT OOBEKTHI CBOETO Kiacca OT uyxoro. bonee
HHM3KOE 3HaYE€HHE METPHKU TOBOPHUT O TOM, YTO KiIacCH(pH-
KaTop OIpeseNnseT 00BEKThI TyXKOro KIacca Kak CBOU.

Recall mokaspiBaeT, HACKOJBKO TIOJHO KJIACCU(UKATOP
MOXKET OOHAPYXHUTh OOBEKTHI CBOETO Kilacca M3 BceX 00b-
€KTOB CBOEro Kiiacca. bojee HU3KOe 3HAYEHHE METPUKU T0-
BOPUT O TOM, YTO KJIacCH(UKATOp HAXOOUT MYy 4acTh
00BEKTOB CBOETO KiIacca.

Fl-score siBnsieTcss oObeIMHEHHEM METPHK Kaue-
cTBa recall n precision B OIUH arperupoOBaHHbBIN KpH-
Tepuil KauecTna.

UmnciaeHHBIE pe3yIbTAThl KJIACCH(DHUKALMN THIIOB
MIOYB IO COAEPKAHHUIO YIIIEPO/a U KallbIUs C IIOMOIIBIO
MHOTOKJIACCOBBIX ~ KJIACCU(HKATOPOB IPHBEAEHBI B
Tabn. 2 u 3.

Hcxonst w3 TMONMydeHHBIX PE3yJIbTaTOB MOKHO TOBO-
puth 0 3HauMrTensHOM mnpeBocxoacTBe N3D-CNN no
BCEM TPEM MeTpUKaM. 3HAUEHHS METPHK pe3yJIbTaToB
knaccudukanuu |D-CNN u meroma Omwkaimmx coce-
Jiel OueHb OJIM3KH, YTO IIOKa3bIBAa€T OTCYTCTBHE IIpe-
MMYILIECTB NPUMEHEHUs JaHHOM HEeHpOHHOU CeTH, 3a Hc-
KJIroueHneM BpeMeHn oopabortku ['CU (4 gaca peanbHOTO
BpemeHu npotuB 15 munyt ans ['CU c¢ paspemenuem
3500%320%5250). I'padmueckne mpencTaBieHus pe3yiib-
TAaTOB MHOTOKJIACCOBOM KJIACCHU(UKAIMK IIPEJICTABICHBI
Ha puc. 10 u puc. 11. Ilpu cpaBHeHUM AaHHBIX H300pa-
JKeHUH ¢ puc. 8 u puc. 9 BUIHO, 9TO KIIaCCU(PHUKALUS TH-
TIOB OB IT0 COJEP)KAHMIO YTIIEpoa U KaJIBIHS O3BOJIS-
€T C BBICOKOH J0Jel INpaBaONOJOOHOCTH ONPEASIUTD

2 S 3 3 [ 2 o
6) 3 : & 2. s N

Puc. 10. I'paguueckoe npedcmasienue pe3ynbmamos MHO2OKAACCOBOU KAACCUPUKAYUU NOUE NO COOEPICAHUIO Y2NepoOd MemOOOM

a7

KIACCUDUKAMOPO8 NOUB NO COOEPHCAHUIO Yenepood
HA Mecmoguix OAHHbIX

KNN ID-CNN | N3D-CNN

< = ° = o =) °

T EEHEEREE

3 IR E R

o 3181 215817 8|32

5] - 5] —~ o -

& 2 E & i & Mlm

don 90 | 97 | 93 | 91 |97]94] 96 |94]95

Bricoxoe 80 | 83 | 81 | 78 |83(80| 94 95|95
conep}KaHHe

Cpennee 85 | 77 | 81| 85 [73]79] 96 [92]94
CoZepKaHue

Huskoe 92 | 86 | 89 | 92 |88]90| 98 |97(97
CoACpKaHUue

Cpennee 86 | 85 | 86 | 86 |85|85| 96 |94|95

Tabn. 3. Pesynomamsl pabomvl MHOZOKAACCOBbIX
KAACCUPUKAmMopos noue no co0epIICanuIo Kaibyus
HA MeCmogbixX OAHHbIX

KNN ID-CNN | N3D-CNN

< = o =} o =) o

RN R

3 S| F| 5| 2158 €155

M s s 8| 2| 8|82 8|8|%

o - O —~ o —_

ey P | & “lE - Ml

Don 90 | 97 | 93 | 90 |97]93| 96 |94]95

Bricoxoe 88 | 68 | 77 | 87 |66]75| 95 [93]94
CojIepXKaHue

Cpennee 73| 81 | 77 | 69 |81]74] 93 |9293
CoACpIKaHUEC

Huskoe 82 | 80 | 81 | 84 [77(80] 93 [93]93
CO,E[ep)KaHI/Ie

Cpennee 83 | 81 | 82 | 82 |80/80| 95 93|94

bnudicaviuux coceoell (a), cnekmpanvbrol ceepmounoi cemoto 1D-CNN (6), nopmanuzoeannoii cemvio N3D-CNN (8)

Ha BTOpOM 3Tame pe3ynbraTbl MHOTOKJIACCOBOH Kiac-
cupukarmyn  N3D-CNN  yTOUHSUIMCH  pe3yibTaTamu  n-
OMHapHBIX KaccH(UKATOPOB HA OCHOBE ITOM K€ CETH VIS
OTZENBHO B3STHIX KiaccoB. Ha atame oOyueHus, moMmumo
MHOT'OKJIACCOBOM KJIaCCU(HKALIMH, Ha TIOJTHOM 00BbEME JaH-
HBIX JataceT pa3ouBaiics Ha N OHMHApHBIX HaOOPOB, TNIC B
KauecTBe IIEeJIEBOTO Kilacca BBICTYIAJ OTIENBHBIN Kiacc

TIOYBBI M3 W3HAYaJIbHOM pa3zmeTku. Jlanee aHcamOnb ceteid
o0yuaercst Ha OMHApHBIX HaboOpax AaHHbBIX. [locne moyye-
HUSL Pe3yJIbTAaTOB OMHAPHOH KiaccU(UKAIMU MOJIETb Olle-
HUBAET METPUKHU F[-score, precision M recall nis Kaxnoro
KJacca, a 3aTeM CPaBHHBACT PEe3yJIbTaThl OMHAPHOH MOEIN
U1 OJTHOTO OTAEJIEHOTO KJlacca U Pe3yNbTaThl I COOTBET-
CTBYIOILIETO Kj1acca B MOJENIH MHOTOKJIACCOBOH KJIaccH(H-
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Kaumu. Jlamee ocylecTBIsIeTcs MPOLECC HACTPOMKU Oyy-
Iero ancamOms (UHAIBHOTO pe3ysbTaTa. Bee pesynbrarsl
OVHapHBIX MOJIENell COPTUPYIOTCS OT CaMOM Xy IIeld Moje-
mu (B Ka4ecTBE METPHUKH BBICTymHaeT FI-score) IO camoi
ayumeid. Camble JydIllie MOJENIH CPaBHUBAIOT CBOU pe-
3yJBTaThl C COOTBETCTBYIOIIMMH pPe3yJbTaTaMH Kiaccudu-
KallM{ MOJIEJIM MHOTOKIIACCOBOW Kiaccudukaimu. [pu co-
OJIFOJICHHUH YCIIOBHSI:

recally, —recall,,, > precision,,, — precisiony;, +k, (4)

a)

0)

o) B

rae k — ko duieHT oTdopa OMHAPHBIX MOJIeNeil B Jua-
nazone ot 0 1o 1 (mpu yBenuueHun 3Toro ko3 dunneHra
aHcam0ib OyJer TpeOoBarh MO0 Oojiee BbICOKUH recall
OT OWHapHON KiacCU(pHKAMH TPU TOM IKE YpPOBHE
precision, MO0 Ooiee BBICOKUI precision TP TOM Ke
recall), MoJielb BCTpauBaeTCs B aHCaMOJIb (PMHAIIBHOTO
pe3ynbrara. COOpka ke (HHAILHOTO pe3yJibTaTa BBITJIS-
OUT Kak IIOIIaroBOoe HACJIIOGHHWE Ha pe3yabTal MHOTO-
KJIACCOBOW KIJIACCU(HKAIIMK PEe3yJIbTATOB OWHAPHBIX MO-
JIeIeN B IIOIy4YEHHOM HOPSIKE.

Puc. 11. I'paghuueckoe npedcmasienue pe3yibmamos MHO2OKLACCOBOU KIACCUDUKAYUU NOYE HO COOEPIHCAHUIO KATbYLUSL MEMOOOM
onudcaiuux coceoell (a), cnekmpanvroti ceepmouroii cemoto 1D-CNN (6), nopmanuzosannoii cemwvio N3D-CNN (8)

OKCIepUMEHTANIbHBIE OLEHKM 3HAYeHUH METPHK
KJIacCU(DUKALIMK TUIIOB IIOYB IO COACP)KAHUIO yIJIepona
" Kalelns ¢ ucroib3oBanueM cetd N3D-CNN coBmecT-
HO C aHcaMOlleM CBEpPTOYHBIX IIPOCTPAHCTBEHHO-
CHEKTPaIbHBIX CeTell MpeCTaBIeHBI B Ta0. 4 1 5.

Tabn. 4. Pezyromamor pabomer cemu N3D-CNN c¢ ancambnem
cemeil 0151 MHO2OKAACCOBOUL KAACCUPUKAYULU NOYE
10 COOepIHCanuio yenepooa

AucamMOip
N3D-CNN N3D-CNN
[a]
g2 U EPC N S IO I
5 E| = | &| & | = | &
22 sl 3] 8| 2] 3| 8
3 5 ? 3 S i
Al E|E ] %] E
Dom 9% | 94 | 95 | 94 | 99 | 97
Bricoxoe 94 | 95 | 95 | 97 | 94 | 96
coJiepKaHue
Cpemnee | gc |\ o7 | 94 | 96 | 95 | 96
COoaCpxKaHue
Huskoe 98 | 97 | 97 | 99 | 97 | 98
COJIepIKaHHe
Cpennee 96 94 95 97 96 97

Puc. 12. I'pagpuueckoe npedcmasienue pe3yiomamos Kiaccupurayuu noye Hopmaruzosannoi cemoio N3D-CNN
COBMECMHO ¢ aHcamOnemM OUHAPHBIX KNACCUDUKAMOPOB NO COOEPHCAHUIO Yenepood

Puc. 13. I'papuueckoe npedcmagnenue pe3yismamos Kiaccugpurayuy noue nopmaiuzosannou cemoto N3D-CNN

Tabn. 5. Pesynomamul pabomor cemu N3D-CNN c ancambrem
cemell 07151 MHO2OKAACCOBOUL KAACCUDUKAYUL NOYE
10 COOEPIACANUIO KATbYUSL

AHcaMOJ1b
N3D-CNN N3D-CNN
<
Bl ® e = X - S
5 £ = = 5 = = o
() S = = S = =
> 2] S S 2] S S
8 S 5 8 S i
& [ & 25
don 9% | 94 | 95 | 93 | 99 | 96
Bricoxoe 95 | 93 | 94 | 96 | 97 | 97
COepIKAHHE
Cpennee 93 | 92 | 93 | 97 | 93 | 95
coJiepIKaHme
Huskoe 93 | 93 | 93 | 98 | 97 | 96
COoACpIKaHUEC
Cpennee 95 93 94 96 96 926

BusyanbHOE mpencraBieHHe pe3yJIbTaToB KilaccU(H-
kauu 1pod mouB cetbio N3D-CNN coBMecTHO ¢ aHCaM-
OireM OMHApPHBIX KJIACCH(HUKATOPOB MOKa3aHO Ha puc. 12
u puc. 13. CpaBHeHHe 3HaYeHNH METPUKH TOYHOCTH (ac-
curacy) BcexX KJIACCH(HUKATOPOB MPECTABICHO B Ta0I. 6.

coemecmHo ¢ ancambiem 6uHapr1x maccu¢ukamop06 no CO()epDIC[lHLHO Kajvyus
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Tabn. 6. 3uauenus mempuxu mounocmu (accuracy, %) écex
PACCMOMPEHHBIX KNACCUPUKAMOPOS 05t KNACCUDUKAYUU NOYE
10 COOePIHCAHUIO Yenepood U KATbYuUs

Amncam011b

KNN | 1D-CNN | N3D-CNN N3D-CNN
Yraepon 86 85 94 96
Kanpiuit 83 81 93 96
Cpennee 84,5 83 93,5 96

[To yucneHHOMY NpEJCTaBICHHUIO PEe3yJIbTAaTOB Kiac-
cU(HUKAIIMA MOKHO CJeJaTh BBIBOJ, YTO HCIOJIb30BAHUE
aHcamOJs1 OMHApPHBIX KIACCH(UKATOPOB JAJIsl YTOUHEHHUSI
OTACNBHBIX KJIacCOB B jomnoiHeHHe k ceth N3D-CNN
MO3BOJISIET YBEINYUTh 3HAUEHHSI BCEX PACCMATPUBAEMBIX
METPHK KiIaccu(UKALUK TI0 COACPKAHUIO yriepona M
KaJbIys B rmo4Be Ha 1—2,5 %.

3aknrouenue

B pabore mpoBeneHO uccieoBaHWE METOJOB Kiac-
cUUKaMKM TOYB C Pa3UYHBIM COJIEPKAHHEM TaKHX
3JIEMEHTOB, KaK YIIIepoJl M KalblMi, Ha OCHOBE IpO-
CTPaHCTBEHHO-CIIEKTPAIBHBIX JIAaHHBIX, ITOJYYEHHBIX C
UCIIOJIb30BaHNEM THIEPCIEKTPOMETPA Ha OCHOBE CXEMBI
Odduepa. B kadecTBe MCXOIHBIX JaHHBIX HCIIOIBH30Ba-
nock 'CU neBsiTi 00pa3LoB OYB C Pa3HbIM COJEPIKaHH-
eM yriepona W Kajplus. Jns xaxaoro odpasna MOYBEI
OBUT MPOBe/IeH XUMHYECKUH aHaJIM3 AJIEMEHTHOTO COCTa-
Ba. [IpoBenena paszmerka I'CH Ha 4 0OCHOBHBIX KJlacca 1O
CTETICHN COJIEPKaHUsI XUMHUECKHUX DJIEMEHTOB (BKJIFOUast
¢on). Paspaboran knaccudukaTop Ha 06aze HOpMAaIH30-
BAaHHOW CBEPTOYHOH NPOCTPAHCTBEHHO-CIEKTPAIBHOM
HeiipoHHoii cetn (N3D-CNN). Ha ocHoBe 00y4eHHOI1 ce-
TH TIPOBEJECHO TECTHPOBAHME KIACCU(PHKAIMKH 00pa3IoB
MOYBBI T0 COJEPXKAHUIO YIJIepoJa W KajbLUs, TaKKe
NPOBEJICHO CpaBHEHHE DPE3YJIbTATOB KJIACCU(HUKALUKN C
METOJZIOM OJIDKAHIINX COCele M CHEKTPAIIbHOW CBep-
TouHoi HelpoHHOU ceThio (1D-CNN). N3D-CNN mnoka-
3ajla HaWIy4dlIne METPUKHU CPeIH PacCMOTPEHHBIX METO-
noB knaccupukanuu. IIponsBeneHo cpaBHEHHE MHOTO-
KJaccoBoi knaccudukaiuu, einoaHeHHo N3D-CNN, u
KJaccu(UKayy, BHIIOJIHEHHOW 3TOH )K€ CEeThIo, JOIOJI-
HEeHHOU aHcam0ieM OMHapHBIX Kiaccuukaropos. [Toka-
3aHO, 4TO aHCcaMOJIeBBI MeTO]] KilacCU(HKALUK TOYHEE B
CPaBHEHHM C OOBIYHBIM MHOTOKJIACCOBBIM KiacCH(HKa-
TopoM. ToyHOCTB Kinaccu(puKanuy 00pas3IoB MOYB MO CO-
JIepKaHUIO0 yriepoja W Kamblus coctaBisier 0,96. B
JATbHEHIINX padoTax MpeAIoaraeTcsi UCClIeaoBaTh a-
TOPUTMBI aTMOC(EPHON KOPPEeKIMH Ul JabHEHIIEero
NIPUMEHEHHsT Pa3pabOTaHHOTO AJTOpUTMa JUIA 3ajad Ju-
CTaHIIMOHHOTO 30HANPOBAHUS 3EMIIH.

bnazooapnocmu
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Abstract

The paper presents a study of various approaches to the classification of soil covers based on
neural network algorithms using hyperspectral remote and proximal sensing of the Earth. The
spectral distributions were recorded in the laboratory using an Offner imaging scanning hyperspec-
trometer. Spectral-spatial characteristics of nine soil samples from various parts of a farming land
in the Samara region were experimentally studied. Using a method of energy dispersion microa-
nalysis, the correspondence between the hyperspectral data and the chemical composition of the
samples taken was established. Based on the data obtained, a neural network-aided classification
of soil samples was implemented depending on the content of constituent elements such as carbon
and calcium. A normalized spectral-spatial convolutional neural network was used as a classifier.
As a result of the work, an approach to the classification of high-resolution hyper-spectral images
based on the refinement of a multiclass convolutional neural network using an ensemble of binary
classifiers is proposed. It is shown that the classification of soil samples by carbon and calcium
content is carried out with an accuracy of 0.96.

Keywords: hyperspectral images, hyperspectral sensing, proximal sensing, convolutional neural
networks, spectral-spatial classification, soil cartography.

Citation: Firsov NA, Podlipnov VV, Ivliev NA, Ryskova DD, Pirogov AV, Muzyka AA,
Makarov AR, Lobanov VE, Platonov VI, Babichev AN, Monastyrskiy VA, Olgarenko VI, Niko-
laev DP, Skidanov RV, Nikonorov AV, Kazanskiy NL, Soifer VA. Ensembles of spectral-spatial
convolutional neural network models for classifying soil types in hyperspectral images. Computer
Optics 2023; 47(5): 795-805. DOI: 10.18287/2412-6179-CO-1260.

Acknowledgements: This work was partly funded under the ggovernemtn project of the FSRC
"Crystallography and Photonics" RAS (experimental part) and grant No.20-69-47110 from the
Russian Science Foundation (theoretical part).

Authors’ information

Nikita Aleksandrovich Firsov, (b. 1998), graduated with honors from Samara National Research University in
2021 with a Master's degree in Applied Mathematics and Informatics. He is currently a postgraduate student of Super-
computers and General Informatics department of Samara University, a junior researcher at the Laboratory of Intelli-
gent Analysis of Video Data of the Institute of Image Processing Systems of the Russian Academy of Sciences - a
Branch of the Federal Research Centre "Crystallography and Photonics" of the Russian Academy of Sciences, a pro-
grammer at the Institute of Artificial Intelligence of Samara National Research University. Research interests: machine
vision, computer image processing, diffractive optics, hyperspectral data. E-mail: fneumann77@yandex.ru .

Vladimir Vladimirovich Podlipnov, (b.1987), engineer at NIL-35 of Samara National Research University, re-
searcher at the Laboratory of Micro- and Nanotechnologies of the Institute of Image Processing Systems of the Russian
Academy of Sciences, a Branch of the Federal Research Centre "Crystallography and Photonics" of the Russian Acad-
emy of Sciences. Research interests: mathematical modelling, electron beam lithography, optimization of etching pro-
cesses in microelectronics, diffractive optics and surface treatment and control methods. E-mail: podlipnovvv@ya.ru .

Nikolay Aleksandrovich Ivliev, (b. 1987), PhD, he graduated from Samara State Aviation in 2010 and Space Uni-
versity (now Samara National Research University, abbreviated to Samara University) with a degree in Design and




Technology of Radio-electronic Equipment. Currently works as a researcher at the Institute of Image Processing Sys-
tems of the Russian Academy of Sciences - a Branch of the Federal Research Centre "Crystallography and Photonics"
of the Russian Academy of Sciences, assistant of Technical Cybernetics department at Samara University. Research in-
terests: surface physics, micro- and nanotechnologies. E-mail: ivlievn@gmail.com .

Darya Dmitrievna Ryskova, (b. 2002), now she is a student of Samara National Research University, majoring in
Applied Mathematics and Physics. Research interests: machine vision, computer image processing, hyperspectral data.
E-mail: ddryskova2002@gmail.com .

Artem Vladimirovich Pirogov, (b. 2002), currently he is a student at the Samara National Research University,
majoring in Applied Mathematics and Computer Science. Works as a technician in the Laboratory of Intelligent Video
Data Analysis of the Institute of Image Processing Systems of the Russian Academy of Sciences - a Branch of the Fed-
eral Research Centre "Crystallography and Photonics" of the Russian Academy of Sciences. Research interests: ma-
chine vision, computer image processing, hyperspectral data. E-mail: pirogovartem2@gmail.com .

Artem Alekseevich Muzyka, (b. 1999), he is currently studying for a Master's degree of Technical Cybernetics de-
partment at Samara University. He currently works as an engineer in the Laboratory of Intelligent Video Data Analysis
of the Institute of Image Processing Systems of the Russian Academy of Sciences, a Branch of the FSRC "Crystallog-
raphy and Photonics" of the Russian Academy of Sciences. Research interests: hyperspectral data, hyperspectral analy-
sis, deep neural networks, data analysis. E-mail: muzzone777@gmail.com .

Andrey Romanovich Makarov, (b. 1999), he graduated from Samara National Technical University with a bache-
lor's degree in 2021. He is currently a master's student of Technical Cybernetics department of Samara University and
works as an engineer in the Laboratory of Intelligent Analysis of Video Data at the Institute of Image Processing Sys-
tems of the Russian Academy of Sciences - a Branch of the Federal Research Centre "Crystallography and Photonics"
of the Russian Academy of Sciences. Research interests: hyperspectral data, hyperspectral analysis, deep neural net-
works, data analysis. E-mail: andre.makar1999@gmail.com .

Valeriy Evgenievich Lobanov, (b. 1998), he graduated with honors from Adyghe State University with a master's
degree in Applied Mathematics and Informatics in 2022. Currently a post-graduate student of Supercomputers and Gen-
eral Informatics department of Samara University and works as an engineer-researcher in Laboratory of Mathematical
Methods in Precision Agriculture and Biotechnology of Adyghe State University. Research interests: machine vision,
computer image processing. E-mail: valery2698@yandex.ru .

Vladimir Igorevich Platonov, PhD, Associate Professor of Chemistry department at Samara University, acting
head of Ecology and Life Safety department at Samara University. Scientific interests: ecology, chromatography, mi-
crofluidics, instrumentation. E-mail: rovw@yandex.ru .

Alexandr Nikolaevich Babichev. (b. 1976), ScD, Leading Researcher in NIL-35 Samara University. Scientific in-
terests: irrigation norms, technology of cultivation of agricultural crops, irrigation reclamation, scarcity of resources,
aridization. E-mail: babichevAN2006(@yandex.ru .

Valeriy Alekseevich Monastyrsky, (b. 1988), PhD, Senior Researcher in NIL-35 Samara University. His research
interests are mineral fertilizers, differentiated fertilization technology, irrigation reclamation, resource scarcity, aridiza-
tion. E-mail: valerijmonastyrskij@yandex.ru .

Vladimir Igorevich Olgarenko, (b. 1990), PhD, Senior Researcher in NIL-35 Samara University. His research in-
terests: water use, evapotranspiration of crops, moisture reserves, resource scarcity, aridization.
E-mail: Olgarenko vi@mail.ru .

Petr Petrovich Nikolaev, (b. 1943), ScD. He works at the Institute for Information Transmission Problems RAS
since 1966. Research interests: psychophysics of visual perception and its mathematical modeling.

E-mail: nikol@iitp.ru .

Roman Vasilevich Skidanov, (b. 1973), ScD, graduated with honours (1990) from Samara State University (SSU)
with a degree in Physics. Head of the Laboratory of Micro- and Nanotechnologies of the Institute of the Image Pro-
cessing Systems of the Russian Academy of Sciences - a Branch of the Federal Research Centre "Crystallography and




Photonics" of the Russian Academy of Sciences, part-time Professor of Technical Cybernetics department of Samara
National Research University. Co-author of 260 scientific papers, 10 monographs. His current research interests include
diffractive optics, mathematical modelling, image processing and nanophotonics. E-mail: romans@ipsiras.ru .

Artem Vladimirovich Nikonorov, (b. 1979), ScD, graduated from SSAU in 2002. Currently he works as a profes-
sor of Supercomputers and Computer Engineering department of Samara University, a leading researcher at the Labora-
tory of Intelligent Analysis of Video Data at the Institute of Image Processing Systems of the Russian Academy of Sci-
ences - a Branch of the Federal Research Centre "Crystallography and Photonics" of the Russian Academy of Sciences.
Has over 90 publications, two monographs. Research interests: pattern recognition and image analysis, system identifi-
cation, parallel and distributed programming, GPGPU programming. E-mail: artniko@gmail.com .

Nikolay Lvovich Kazanskiy, ScD, graduated with honors (1981) from S.P. Korolyov Kuibyshev Aviation Institute
(presently, Samara University), majoring in Applied Mathematics. He is the Head of the IPSI RAS — Branch of the
FSRC “Crystallography and Photonics RAS”, also holding a part-time position of a professor at Technical Cybernetics
department of Samara University, holding the chair at the of High-Performance Computing department at IPSI RAS —
Branch of the FSRC “Crystallography and Photonics RAS”. He is a member of OSA, SPIE and IAPR. He coauthored
380 scientific papers, 14 monographs, 57 inventions and patents. His current research interests include diffractive op-
tics, mathematical modeling, image processing, and nanophotonics. Website: http.//www.ipsiras.ru/staff/kazanskiy.htm .
E-mail: kazanskiv@ssau.ru .

Victor Aleksandrovich Soifer is an Academician of the Russian Academy of Sciences (RAS), Doctor of Engineer-
ing, Professor, President of Samara National Research University and the chief researcher of the IPSI RAS — Branch of
the FSRC “Crystallography and Photonics” RAS. He is the recipient of the State Prize of the Russian Federation and the
RF government prize in Science and Technology. He was awarded an Engineer qualification (1968) by Kuibyshev Avi-
ation Institute (KuAl, presently, Samara National Research University). He received a Doctor in Engineering degree
(1979) from Saint Petersburg State Electrotechnical University «LETI» (ETU). He is a SPIE- and IAPR-member. He is
the author and coauthor of a substantial number of scientific publications with high citation index, 10 books, and 50 au-
thor’s certificates and patents. E-mail: soifer@ssau.ru .

Received December 6, 2022. The final version — April 14, 2023.




