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BBEJAEHUE
AKTYaJbHOCTH TeMbI JUCCEPTAIMU
T'unepcnexmpanvnoe  uzobpaxcenue  (I'CHU)  comepkutr  3HaYeHUsA
3apErUCTPUPOBAHHOIO CUTHAJA B Y3KUX CIEKTPaJIbHBIX Mojauana3zoHax. Kaxmoun
MPOCTPAHCTBEHHOW  TO3WULIMU  COOTBETCTBYET  CHEKMPAIbHLILL ~ 8EKMOp  —
MIOCIIEIOBATENLHOCTh 3HAYCHUN 10 CIIEKTPAIIBHBIM KaHallaM. TakoWl BEKTOpP Jajee
Ha3bIBaeTCs eunepnukcenom. Ilpum nosnemenmuoti xnaccugukayuu Kaxaomy

TUIICPITNKCCITY IIPUCBANBACTCA MCTKA OJHOT'O U3 3a/JaHHBIX KJIACCOB [1]

I'mnepcnekTpasiibHass ~ CbEMKA  MPUMEHSIETCI B JAUCTAaHUIMOHHOM
30HAUPOBAHUU 3EMIIU [2 ], CETBCKOM XO3SIUCTBE [3 ], 9KOJIOTMYECKOM MOHUTOPUHTE
[4] n anamusze marepuasioB [2]. Peructpanus curHajia B y3KHX CIHEKTPaJbHBIX
MOJI/IMAIa30HaX IMO3BOJISET BBIABIATH PA3IUUMS MEXKAY OOBEKTaMH, KOTOPHIC
MOTYT OBITh HEPA3IMYUMBbI Ha TPEXKAHAIBHBIX HM300pPaKEHUSX KPACHOTO,

3enéHoro u cuHero auana3zoHoB (RGB) [3].

Jns nmonydenuss ['CU wucnonb3yeTcs eunepcnekmpaibHas annapamypa
(I'CA). B cxanupyrowen  eunepcnexkmpanvnot  annapamype  (CI'CA)
MPOCTPAHCTBEHHBIC Wn CIIEKTPAJIbHbBIC OTCYETHI PETUCTPUPYIOTCS
nocienoBatenbHo [4]. B mponecce ckanupoBanus npu nomomu CI'CA kaxnablid
Kajap eunepcnekmpanvroti suoeourngopmayuu (I'BU) wimm otnenbHbIe H300pakeHUs
NPEACTaBIAIOT CO00M npocmpancmeennyro cnekmpozpammy (mocne cOOpKu
cootBeTcTBYET cTpoke I'CH): onHa Koop/IMHATa COOTBETCTBYET MOJIOKEHHUIO BJIOJb
e, Jpyras — CHeKTpalibHOMY KaHaiy. [Ipu OTHOCUTEIBLHOM MepeMelIeHUun
anmapaTypsbl U CIIEHBI MOCIEA0BATEILHOCTh TaKuX Kaapos oopazyer 'CHU [1].

B pabGore [1] paccmorpeno mnpencraBieane ['CM B Buae Matpuipl
TUTIEPIIUKCENIOB, KaXIbI W3 KOTOPBIX SBIISETCS CIEKTpPaJIbHBIM BEKTOpOM. B
paborax [1, 5] ucnons3yercs npeactaBienue ['CU B Bume TeH30pa TPETHETO
NopsiiKa C JABYMS IIPOCTPAHCTBEHHBIMM M OJHOW CIEKTPajJbHOM oOcamu. B
Hactosimen aucceprauuu ['CU npencTtaBisieTcs B BUJIE TEH30pa TPETHETO MOPSIKA

— TPEXMEPHOTO MAaCCHBA C ABYMs MPOCTPAHCTBEHHBIMH M OJHOM CHEKTPAIBHOU



ocamu [6]. Takoe mpencraBieHue ynoOHO IJIsi OMUCAHUS MPOCTPAHCTBEHHBIX
CIEKTpPOrpaMM M 3aJaHHui KadHuOpPOBOYHBIX KOA(P(UIIMEHTOB, 3aBUCSIINX OT
MOJIOKEHHMS BJIOJIb IIEJIA U CIIEKTPAJIbHOTO KaHaja:
S,j,k):1<i<[[1<j<],1<k<K,

rne S(i,j, k) — 3nauenue snementa I'CU; i — mpoCTpaHCTBEHHBIA OTCUET BIIOJIb
HaIlpaBJI€HUs CKAHMPOBAaHWSA, COOTBETCTBYHOUM Homepy cTpokun ['CU
(IpOCTPAHCTBEHHOM CIEKTPOrpaMme); j — MPOCTPAHCTBEHHBIM OTCYET BAOJb
M300pakeHUs 1IesIeBOM TnadparmMsel; K — CHEKTpaIbHBIA OTCYET, COOTBETCTBYIOIIUN
HOMEpPY CHEKTpaJIbHOTO KaHana; [,/ u K — pa3mepsl TeH30pa IO ITUM OCSM.
CrexkTpalibHbIE BEKTOp B NPOCTpaHCTBEHHOW mo3uiuu (i,j) oOpa3oBaH
sHaueHusmu S(i,j, k) mo Bcem kananam k. B 3aBucmMocTH oT 3Tama oOpaboTKH
anemeHThl ['CU conepxar yugposvie omcuémsl 3apecucmpuposannoco cueHala
(DN) nnm 3HaueHus1, MOJIy4eHHbBIE TIOCIIE paIuOMETPUUIECKOro Ipeodpa3zoBanus [ 7].

[Ipencrasnenne ['CH noka3zano Ha pucynke Brenenue. 1.

Pucynok Beenenue.l — [Ipencrasnenue I'CU ¢ npocTpaHCTBEHHBIMU
OTCYETAMH 1, ] ¥ CTIEKTPAIbHBIMU OTCUETaMU k

[To cnocoOy peructpanuu I'CU paznuvaroT moueuHoe npocmpancmeenHoe

ckanuposanue (whiskbroom) [4], aunetinoe npocmpancmeenHoe CKaAHUpoOsaHue
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(pushbroom) [4], cnexkmpanvroe ckanuposarue [3] u noaHOKAOPOBYIO CLEMKY De3
ckanuposanus (snapshot) [3] (pucynoxk Bsenenue.2 [8]). Ilpu TodyeuHoOM
CKaHUPOBAaHUU  TOCIIEOBATEIBHO  PETHCTPUPYIOTCS  CHEKTPhl  OTIECIbHBIX
IIPOCTPAHCTBEHHBIX MO3ULIAN, IIPU JIMHEUHOM — CIIEKTPBI TOYEK OHOM CTpoKHU. [Ipn
CHEKTPAIbHOM CKAaHUPOBAHUU IOCJIEIOBATEIBHO PETHCTPUPYIOTCS JIByMEpHBIE

U300paKeHUsI CLIEHBI B Pa3HBIX CIEKTPAIbHBIX KaHanax [3].

~

— - . i
1

i

(a) (b) (c) (@

Pucynok Beenenue.2 — CriocoOsl peructpauuu I'CHU: (a) Toueunoe
ckanupoBanue; (b) IMHEIHOE CKaHUPOBAHUE; (C) CIIEKTpalibHOE CKaHUpoBaHue; (d)
MOJIHOKA/ApOBasi Cb€MKa 0e3 CKaHUPOBAHMSI

B pab6ore ucnonwsizyrorcs I'CU, nomydennsie meneBbiMu CI'CA Ha ocHOBe
cxembl Od¢duepa, paspaboranHpiMu B CamapcKoM YyHUBEpCUTETE (Jajnee —
paszpabomannsie eunepcnekmpomempot) [ 1], m kommepueckoit CI'CA Specim 1Q [9]
u Specim FX [1]. DkcniepuMeHTaIbHbIE UCCIICIOBAHUS TAKXKE BKIIFOYAIOT OTKPBITHIC
Habopel 'CH [10] u I'CH, pexonctpyupoBanusie u3 RGB-u3o0paxenuit [11].

I[Ipu  nunHeliHoM  ckaHupoBaHun  cTpoku I['CU  peructpupyrorcs
MOCJeA0BaTEIbHO, TOATOMY U3MEHEHHUE TTOJIOKEHUS M OPUEHTAIIMY anmnapaTyphl BO
BpeMsi CbEMKHM BIIMSET HA MX B3aUMHOE pacrioyiokeHue. Bubpanuu u konebanus
OpHEHTAIlMK anmaparypsl (docummep) MOTYT TPUBOIUTH K TEOMETPHUECCKUM
MCKOKEHUSIM U Pa3MbITHIO CKaHUPYIOIUX n300paxenuit [12]. [Ipu dopmupoBanuu
['CH HeoOX0oauMO y4HUTHIBATh CMEIICHUS U OTHOCHTEIIbHBIE TTIOBOPOTHI MTPOCKITUI
1IETIM Ha MOBEPXHOCTH CuUeHbI [13, 14]. ['eomeTpruyueckrne UCKaKEHUS ONTHUYECKOU
CUCTEMBI TIPOSIBIISIIOTCS Takxke B ddexrax smile u keystone: smile cOOTBETCTByET
M3MEHEHHIO LIEHTPAJILHOM JITTMHBI BOJIHBI CIIEKTPAILHOTO KaHalla BAOJb menu [15],

a keystone — 3aBUCHUMOCTH MOJIOKEHUS U300PAKEHUS MPOCTPAHCTBEHHON TOYKU OT
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cnekTpainpHoro kanana [16]. HeomHopomHocTh oOTKIMKA (QOTONpUEMHUKA U
TEMHOTO CHUTHaJda BBI3BIBACT PAAUOMETPUUECKUE HCKAXKEHUS, B TOM YHUCIIEC
nosiocoBbie apTedaxTol [17, 18].

IIpu ounenke kauectBa ['CHU  paccmaTtpuBaroTCs  XapaKTEpUCTUKH
peructpupytonieii cucremsl [4] W METPUKM KadyecTBa, OCHOBaHHbIE Ha
COMOCTaBJIEHUU C ATajloHOM. K XapakTepucTUKaM CHUCTEMBI OTHOCSATCS YPOBEHBb
1Iyma, TMHAMUYECKHUM TUana3oH, CIeKTpaIbHOE U IPOCTPAHCTBEHHOE pa3pelieHue,
TOYHOCTh KaTMOPOBKH M BEJIMUMHA MEKKaHAJILHOTO paccorjiacoBanus [ 19, 20]. Jlns
conoctaBieHus ['CU ¢ atanoHoM UCTIONB3YIOTCS cpednu keaopam ouuoxku (MSE)
[21], cpeonexsaopamuunoe omxnonenue (RMSE), paBHOE KBagpaTHOMY KOPHIO U3
MSE [21], nuxogeoe omnowenue cuenan/utym (PSNR) [21], unoexc cmpyxkmyproeo
cxoocmea (SSIM) [22] u cnekmpanvubui yeon (SAM) [23].

Knaccudukanus xapakrepuctuk kauectBa ['CU mpuenena B 'OCT P
59079-2020 [24], a cocTtaB noka3arene kauectBa ['CHU nomyuennsix CI'CA — B
I'OCT P 59475-2021 [25]. Ans peuieHuss KOHKPETHOM 3aJayd MO3JIEMEHTHOMN
KJ1accu(UKAIMY ATy OIIEHKY HEOOXOAMMO JIOTIOJIHATH TOKA3aTesIMU MPAaBUIILHOCTH
MIPUCBOCHUS METOK KJIACCOB.

PSNR, SSIM u SAM BBMHCIAIOTCS MO 3HAUCHHSAM DJIICMCHTOB
cpaBHuBaeMbix ['CU u He wHCHONB3YyIOT METKH KiaccoB. Obwas mouHOCmb
noanemenmuou xknaccuguxayuu (Overall Accuracy, OA) onpenensieTcss Kak J0Js
TUIIEPIIUKCENOB, ISl KOTOPBIX MPEACKa3aHHAass METKAa COBNAJAET C ATAJOHHOW Ha
3alaHHON oOsiactu oueHuBaHus [26]. IloaToMy CBsS3pb METPUK KayecTBa,
OCHOBAHHBIX Ha COMOCTABIICHUM C DTAJOHOM, C TOYHOCTHIO KJAacCHU(UKAIIUU
HEOOXOJMMO HCCIEI0BATh JJIi KOHKPETHOM IIeJICBOM 3amadyd. Takod moaxond K
OIICHKE KaueCcTBa CIEKTPaJbHBIX HM300paX€HWM paccMaTpuBaeTCsi B paboTax IO
MIPOTHO3UPOBAHUIO Ppe3yJbTaTOB Kinaccupukammu [27, 28] u oOHapyX eHUs
00BeKTOB [29].

B mHacrosimieit pabore mnpuMeHeHHe OOUIed TOYHOCTH MO3JIEMEHTHOM
knaccudukaimm (OA) nis OIleHKH U BEIOOpa MapaMeTpOB ChbEMKH, TIPET0OPabOTKH

n kaOpoBku mo ['CH mewyaTHON KaJIMOpPOBOYHOM CIIEHBI O0O3HAYaeTCs Kak



11

TOYHOCTH Kinaccudukanuu reneBoit 3agaqun (TKI[3). Takas ommenka npoBoAUTCS IS
3aJJaHHOTO COCTaBa KJIaccoB MpH (UKCHUPOBAHHOM TPOTOKOJIE OOy4YeHHUS U
MPOBEPKH Kiaccupukaropa.

st oTaenbHOTO Kiacca noaxnoma (recall) mpeacTtaBmsieT co0oi  q0ITEO
NPaBUWIBHBIX PEIICHUNW CPEeIM €ro STaJOHHBIX THUIEPIUKCETIOB, a MOYHOCHIb
(precision) — cpeau TUIIEPIHUKCENIOB, OTHECEHHBIX K HEMY KiaccudukaTtopom. F1-
Mepa Kiacca — TapMOHUYECKOE CPEIHEE TOYHOCTH W MOJHOTHI. B3sewennasn F1-
Mepa  paccuuThiBaeTcsi — ycpenHeHnuem — Fl-mep — kiaccoB ¢ Becamu,
IIPONIOPUHOHAIBHBIMY YHCITY UX 3TAIOHHBIX TECTOBBIX rurepnukcesnos [30].

Bpewms skcniozunuu [7] u ycunenue [31] BIUSIOT Ha 3aperucTpUpPOBAHHbBIN
CUTHAJI, a CIEKTpaJibHas Mpeao0paboTka — Ha CIEKTPbI, MOCTYMAIOIIME Ha BXOJT
kiaccudpukaropa. B pabortax [32, 33] uccinenoBaHO BIMSHUE CHEKTPAIbHOTO
CIIIAKMBAaHWS W BBIYUCIIEHUA I[POU3BOJHBIX CHEKTPOB HA  IOKa3aTeIu
knaccuukanun I'CHM. Otu pe3ynapTaThl OOOCHOBBIBAIOT BBIOOp MapaMeTpoB
npeaoOpaboTku ¢ yuy€ToM IesieBOi 3amauu. B Hactosiieit pabote ucciemyercs
COBMECTHAsl HACTPOWKA CHEKTPAJIbHOIO CIVIAXKUBAHMS U MPOTPAMMHON TMOIMPABKU
YPOBHSI UEPHOTO MO KAIMOPOBOYHOM CIIEHE.

HopmupoBanue curnaia oObekTa Mo OeIoMy 3TalOHY TOCHE BBIYUTAHUS
TEMHOTO CUTHAJIA MO3BOJISIET OLICHUBATH KOAPuyuenm cneKkmpaibHoUu SpKocmu
(KCH) otHocutensHO aTanmona [7]. Ilpu Takom mnpeoOpa3oBaHUM HEOOXOIUMO
YUYUTHIBATh YCJIOBUSI OCBEILICHHSI, BPEMSI DKCIO3UIUHA U XapaKTEPUCTUKU OTKIIMKA
npubopa; oOpa3en M 3TajJOH JOJDKHBI PEruCTPUPOBATHCS B COMOCTABHUMBIX
ycanoBusx [7].

Xapakrepuctuku 'CA 1 METpUKHU KauecTBa, OCHOBAHHBIE HAa COMIOCTABJIECHUHU
C TaJIOHOM, OIMCBHIBAIOT YCIOBUA perucTpanuu u paznuuus mexay ' CHU. Ouenka
npurogHoctu 'CU ais mosnemMeHTHOM KiacCUUKAIMU JOMOTHUTEIBHO TpedyeT
y4€Ta 3aJIaHHBIX KJIACCOB M MCIOJIb3yeMOoro kiaccudukaropa [27, 28].

D10 ompenenser HEOOXOAMMOCTb HCCIEJIOBAHMS CBSI3M TOKaszaTelen
kauectBa ['CU ¢ TOUHOCTBIO TIO3JIEMEHTHOM Kiaccudukanuu. Pe3ynbraTtel Takoro

UCCJIEIOBAHMS MOTYT UCTIOIb30BaThes npu cpaBHeHuU ['CU u BbIOOpE napamMeTpoB
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UX TONy4eHus u 00paboTku. [l MOBBIMIEHUS TOYHOCTH KiaccUUKaLUu
Tpebyercs pa3paboTka MeToqoB mpeaoopadboTku u koppekuun otkimmka CICA,

HaCTpanBaACMBIX C y‘{éTOM HCHGBOﬁ 3aJa4H.

Crenenb pa3padboTAHHOCTH TEMbI

Pa3BuTHe rumnepcnekTpaibHOro AUCTAHIIMOHHOTO 30HAMPOBAHUS CBSI3AHO C
METOJaMH HW3MEPEHHs CIEKTPATBHBIX XapaKTEPUCTHK MPUPOIHBIX OOBEKTOB U
CO3/IJaHUEM HM300paxarolnxX CIeKTpoMeTpoB. B pabote [34] cucremMaTU3npOBaHbI
JTAHHBIE O CIEKTPATBHOM OTpaKaTeIbHON CIIOCOOHOCTH MPUPOJIHBIX 0OpPa30BaHUMN.
Metoasl mONydeHHs, MNpeoOpa3oBaHUs M aHAIW3a MHOTOCIEKTPAIbHBIX U
TUIEPCIIEKTPATIBHBIX U300pakeHuit 00001IeHbI B padote [35].

B oTedecTBeHHBIX HCCIEAOBAHUSIX PA3BUBAIOTCA KOMIIAKTHBIC IIEJIEBbIC
TUIIEPCIIEKTPOMETphl Ha ocHoBe cxeMbl Odduepa. B paborax [36-38]
PacCMOTPEHBI MOICIMPOBAHUE TaKOM anmaparypsl U (popMupoBaHue N300paKeHUs
B miockoctu (oronpuémuuka. ['CHU, nomydeHHble MpuOOpaMu Ha OCHOBE 3TOM
CXEMBI, UCTIOJIB3YIOTCS B SKCIIEPUMEHTAJILHON YacTH HacTosIel padoTel. Hapsny ¢
CO3JJaHMEM aIMapaTypbl HCCIEAYIOTCS METOJbl TEMAaTHYECKOW KiacCHu(UKAIUu
I'CHU. B pab6ote [39] mpemyioxkeH MOAXOJ, OCHOBAHHBIM Ha OIEHKE OJIM30CTH
CHEKTPAIBHOTO BEKTOPA K MOMPOCTPAHCTBY Kilacca.

B pa6oTe [40], BRITOTHEHHOM C Y4aCTHEM aBTOpa JUCCEPTAIIUH, TIPEIIIOKECHA
aHcaMmOJieBasi ~ apXUTEKTypa Ha OCHOBE MPOCTPAHCTBEHHO-CIEKTPATbHBIX
CBEPTOUHBIX HEUPOHHBIX CeTeW i KiacCupUKAIMU O0O0pas3IoB TMOYB IO
COJICPKaHUIO YTIIEPOIa U KaJbIIUs.

Cnexmpanvuas Kaaubposéka YCTAaHABIMBAET COOTBETCTBHE DJIEMEHTOB
dboTonpuéMHUKa IIWHAM BOJH, a paouomMempuyeckas Kaiubpoexka Ompenemnser
npeoOpa3oBaHue HUGPOBOTO CUTHAJAa B 3HAYEHUS M3MEpPSEMOM BeIWMYUHBI. B
pabore [41] atu mporeaypsl paccMoTperst st AVIRIS-NG, Bkirogast KOppeKIuio
ne(EeKTHBIX SJIEMEHTOB U HEOAHOPOIHOCTH OTKiIMKa. B pabore [42] omwmcano
OTPENICJICHUE  XAPAKTEPUCTUK TUMEPCHEKTPATbHOM CHUCTEMbI Ha  OCHOBE

cnektporpada.
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JUis CKaHUPYIOUIMX IIENEBBIX CUCTEM pPa3pabOTaHbl METOIbl KOPPEKIUU
CHUCTEeMAaTUYECKUX TIOJOCOBBIX apTedakToB. B pabore [17] Takas koppekius
paccmotpena st 'CHU CHRIS/PROBA. B pa6ote [ 18] uccienoBano ymeHbIIEHUE
paOMETPUYECKUX OMIMOOK, OOYCIOBICHHBIX pPa3IMYUSIMU  XapaKTEPUCTHK
AJIIEMEHTOB JIETEKTOpa. DTH pabOThl MOKa3bIBAIOT HEOOXOAUMOCTH YUHUTHIBATH
HEOJHOPOJIHOCTh OTKJIMKA IPH MPeoOpa30BaAHUH 3aPETUCTPUPOBAHHOIO CUTHAIA.

B paborax [15, 16] npennokeHbl METOIbl OOHAPYX EHUS U KOPPEKLHH
CIEKTPAJIBHOTO M TPOCTPAHCTBEHHOI'O pAacCOracoOBaHHUs M HMCCIEAOBaHa
npenoOpaboTka ¢ yuérom smile u keystone. B pabGore [20] paccmoTpensl
J1a00paToOpHOE OIpeAeIeHUE POCTPAHCTBEHHOTO PacCOrIacOBaHUs KaHAJIOB U €ro
BIIUSIHUE HA peaibHble n300paxkenus. B padote [43] kanubposka u ynyuienue ['CU
BBIIIOJIHAIOTCSL IBYMEPHOW JEKOHBOIIOLUMENH ¢ OLUEHKOM M3MEHsIoencs QyHKIuu
OTKJIMKA.

JUisi Ha3eMHOM CBEMKHM HMCHOJB3YIOTCS METO/bl KAJIMOPOBKU IO OMOPHBIM
oObektaMm. B pabote [7] uccienoana kanuOpoBKa TUNIEPCIEKTPATBHON CUCTEMBI C
MTOMOIIIBIO TOCTYITHOTO Oetoro stajmoHa. B padore [44] paccMOTpeHBI ompe/iesieHre
Tr€OMETPUYECKUX U CIIEKTPAJIbHBIX XapaKTEPUCTUK MUKCEIEH U pafuoMeTpruuecKas
KaJIMOpOBKa, BKITIOYAsi HEIMHEWMHOCTD OTKJIMKA. [loaToMy peoOpa3zoBaHue cCUTHasa
0 OJHOMY O€JIOMYy YpPOBHIO CJEIyeT MNPUMEHSTh C Y4YETOM XapaKTEPUCTHK
KOHKPETHOTO Mpuodopa.

B 3amagax BoccranoBnenus ['CU mo RGB-u3o00pakeHUsIM U TOBBIIICHUS
MPOCTPAHCTBEHHOI'O  pa3pelieHusi pe3yibTaTbl OOBIYHO CPAaBHUBAIOTCH €
staoHHbIMH ['CU mo HeckoapkuM IOKazareisiM. B pabote [45] ucnonb3yrores
PSNR, SSIM u SAM npu orieHKe cBepXpa3peliieHus, a B padore [46] — mokazaTenu
OLIMOOK BOCCTAaHOBJICHHMSI M CIEKTPAIbHOTO COOTBETCTBUS MPU PEKOHCTPYKIIMH
METOJIOM MHOTOAITAlHOTO CHeKTpajdbHOro Tpanchopmepa MST++. Takoe
CpPaBHEHHUE IM0O3BOJISIET OLEHUTHh PACXOXKIECHUS 3HAUYEHUUW M CIEKTPOB, HO HE
3aMEHSIET MPOBEPKY pe3yJibTaTa KilacCu(PUKaluu.

st mosnemenTHo kinaccudukanuu ['CU mpuMeHSIOTCST CTIEKTPAIbHBIE |

POCTPAHCTBEHHO-CIEKTPalbHble MoJenu. OOHOMepHas c8EPMOUHAs HeUpPOHHAs
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cemb 1DCNN o0pabarpiBaeT CHOEKTp OTAEIBHOTO TwHmeprukcena [47].
[IpocTpaHCTBEHHO-CIIEKTPAIbHBIE MOJEIN HCIOJIB3YIOT CIEKTP THIEpIHKCENa U
€ro MPOCTPAHCTBEHHOE OKPYKEHUE JIJISl TIPEICKA3aHMSI METKU 3TOTO THIIEPIIHKCEa
[48, 49]. B rnaBax 2 u 3 ucnonb3ytorcs 1IDCNN, mpéxmepnas ceépmounas cems
NM3DCNN u  npocmpancmeenno-cnekmpanousiti  mpaucgopmep  SSFTT
(Spectral-Spatial Feature Tokenization Transformer). Ha Bxogq NM3DCNN wu
SSFTT mnomaércs noomemnzop — dparment tenzopa ['CU, comepxkammii Bce
CHEKTpaJbHble  KaHajibl  KJIAaCCU(UUUPYEMOTOo  THUMEpPIHUKCeda W €ro
IIPOCTPAHCTBEHHOTO OKpykeHus [ 1]. Takum 0OpazoM, uccie1oBaHus MPOBOJIATCA €
MPEACTABUTEISIMU OJHOMEPHBIX U TPEXMEPHBIX CBEPTOUHBIX CETEHM, a TaKKe
TpaHC(HOPMEPHBIX APXUTEKTYP.

Bonbiiolt Bkiag B pemieHue 3aaad mnodieMeHTHoW kinaccupukanuu ['CHU
BHecnu Takue uccienonatenu, kak B.A. Coiidep, E.A. Jlynsn, P.A. lloBenrepar,
N.B. Ocenenen, E.B. bypnaes, H.A. O6yxosa, H.U. I'mymos, A.B. Ky3uernos, B.B.
Ceprees, B.B. Msacuaukos, E.B. Mscaukos, B.A. ®ypcos, A.B. Kynpusuos, H.JI.
Kazanckuii, P.B. CkunanoB, M. Xe, B. Xelapux, JI. Cyn, 10. Yen, XK. Jlun, I'.
Kammc-Bansc, @. Menranu, Y.-U. Yanr, I.K. Ay, V. Ctunna.

Bnusuare 00paboTKH Ha TOYHOCTDH KJIaCCU(DHUKAIIUN UCCIIETYETCS OTACTBHO OT
conoctaBienuss ['CU ¢ oramonom. B pabotre [50] paccmoTpeHbl MeETOMbI
mymononasieHuss 'CU u ux npuMmeHeHue K noclieayroieMy aHainu3y. B padore
[51] uccnenoBaHO BIMSIHHE JAETpajallid M300paKeHUS Ha KiacCU(UKAIMIO, a B
pabore [52] — BIMsAHHUE MPOCTPAHCTBEHHOI'O pa3pellieHHs] MpU KiaccuPukauuu
PaCTUTENBHOCTA. OTHU  pe3yJbTaThl OOOCHOBBIBAIOT BKIIOUEHHE TOYHOCTHU
KJIacCU(pUKAMU B SKCIEPUMEHTAJIbHYIO OLEHKY mpenoOpaboTku. B kauectBe
0a30BOro crocoda CreKTPaIbHOTO CIIIAKUBAHUS B TJIaBE 2 MCIOJIB3YETCA huivmp
Casuyrxoeo—I ones [53].

[TpoBoauIUCH HCCIIEIOBAHUS OLICHKHU CIIEKTPAIbHBIX U300paXKEHUM ¢ yUETOM
neneBor 3amaun kiaccudukanuu. B paborax [27, 28] uccienoBaHsl Moka3ateiu
CHEKTPATHHOTO KaueCTBa MPUMEHHUTEIILHO K KJIaCCU(DHUKAITMN 3€MHOM TOBEPXHOCTH.

B paGore [29] mnpemsoxeH METOA OIEHKH MPUTOAHOCTH CIEKTPaIbHOTO
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U300pakeHHusT I OOHApY>KEHUS CYONMKCENbHBIX Iieneil. B HacTosmen
JUCCepTAlli HUCCIEAYeTCs] MPUMEHEHHE OOIIel TOYHOCTH KiacCU(UKALMU IS
cpaBHUTENbHOW oO1eHKM ['CHM 1pu nOpoCTpaHCTBEHHOM paccOriacOBaHUU U
(uKCHPOBAHHBIX KJlaccax U KiIacCHu(PHUKATOPE.

[IpocTpaHCTBEHHOE  paccoOryiacOBaHWE BIUAET W Ha  IOKa3aTeld
kiaccudukamuu. B pabore [54] mokazaHO W3MEHEHHE OOIIEH TOYHOCTH TIPHU
IIONIMKCEIBHOM CpPAaBHEHUH C INPOCTPAHCTBEHHO CIABHHYTOM OIIOPHOM CETKOH. B
pabotax [55, 56] uccinenoBaHO BIWSHUE IO3UIIMOHHOM TOYHOCTH Ha OICHKY
Kjlaccu(ukauMy 1O OJHOMY TMHKCEI0 M 1o Omoky nukceneil. Ilpum
IPOCTPAHCTBEHHOM  PacCOIJIaCOBaHUM HEOOXOJUMO OTIEJIBHO HCCIEI0BATh
M3MEHEHUE 3HAaYeHUH MoKa3aTels KiIacCu(UKalUMU U COXPAaHEHUE PaHKUPOBAHUS
cpaBHHBaeMbIX BapuaHToB ['CH.

OOyuaemble HEHpPOCETEBBIE METOJbI TAaKXKE IMPUMEHSIOTCS Ha JTare
kaOpoBku. B pabore [57] mNpenokeH HEUPOCETeBOM METOJ| OLEHKHU
OTpa)aTeJbHOW CIIOCOOHOCTH MPHU MPOCTPAHCTBEHHO OAHOPOJHOM OCBEIIeHHH. B
OIyOJIMKOBAHHOM MO Teme auccepranuu padote [1] mpencraBieH HeipoceTeBOM
METOJI KOPPEKIUHU NPOCTPAHCTBEHHO-CIEKTPAIIBHON UyBCTBUTEIBHOCTH ILIETIEBOTO
TUIEPCIEKTPOMETpa. MeToA YyuuThIBa€T 3aBUCUMOCTh OTKJIMKa MpuOopa oOT
MIOJIOKEHUS! IPOCTPAHCTBEHHOTO OTCUETA BJOJIb LIENH.

Takum oOpa3oMm, akTyaJdbHOCTh HacToAlled pabdoThl  00yCIOBIIEHA
HEe00X0aMMOCThIO o1leHkH kKauecTBa ['CU ¢ yuérom 1eneBoi 3aa4u Mod3JIeMEHTHON
Kiaccuukanmm W pa3pabOTKH  METOJOB NpenoOpabOTKM W KOPPEKLUH,
HaITpaBJIEHHBIX HA MOBBIIIEHNE TOYHOCTHU €€ PEIEHUSI.

eabro padoTBI  SBISICTCS  MOBBIIIEHHME TOYHOCTH  ITO3JIEMEHTHOM
KJIacCU(PUKAIIMK TUNIEPCIEKTPAIbHBIX U300pakeHUi 3a cUET BhIOOpA mapaMeTpoB
ux GopMUpOBaHUS, TPETOOPAOOTKH U KOPPEKITHH.

B cooTBeTcTBHM C TOCTaBICHHOW IEJIbI0 C(HOPMYIUPOBAHBI CIEAYIOIINE

OCHOBHBIC 3a1a4YH.
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1) PazpaboTaTth MeToauKy orieHkH kauecTBa ['CH, momydeHHBIX CKaHUPYFOIIICH
['CA, cormacymonryrocsi ¢ TOYHOCTBIO  TIO3JIEMEHTHOW  Kiaccuukanuu
TUIEPCTIEKTPATIBHOTO U300 pasKeHHUS.

2) Ha ocnoBe Meroauku oueHku kadectBa I'CU pa3paboTaTh anropuTMel
dbopmupoBanus u npegodpaborku I'CHM, B TOM uyucie HelpoceTeBsble,
00ecrneurBaroIIre MOBBIIICHHE TOUHOCTH MOIEMEHTHON KJIacCU(PHUKAIUH.

3) Pa3pabGoTtaTh anrOpuUTMBI KOPPEKIUHA MPOCTPAHCTBEHHO-CHEKTPATHHBIX
uckaxenuid ['CH, B ToM 4nciie HEHPOCETEBBIE, OPUECHTUPOBAHHBIE HA TIOBBIIIEHUE
TOYHOCTH PEIICHUS 337a4d [MO3JIEMEHTHON KIIacCU(PHUKALIUU.

4)[IpoBecTn HKCHEPUMEHTAIbHYIO MPOBEPKY pa3pabOTaHHBIX METOJOB U
QITOPUTMOB HA  TUIIEPCIEKTPAIbHBIX JAHHBIX, [IOJYYEHHBIX Pa3IMYHON
TUIIEPCIEKTPATIBHON anmnapaTypoil, a Takke Ha OTKpbIThIX Habopax I'CH.

Hayuynast HOBH3HA pa0oThI 3aK/JII0YA€TCS B CJIeAYIOIIEeM:

1) Ilpennoxken nokaszatenb kauecTBa ['CH Ha OCHOBE TOYHOCTH KJIacCU(PUKAIUU B
neneBor 3amauve (TKI[3), momyueHO TEOpeTUUECKOE W DKCIEPUMEHTATbHOE
NOATBEPKIAEHUE €ro IMPEUMYyLIECTBA IEpe] METPUKAMHU COIOCTaBIEHUS C
sraioHHbiM ['CU, paspaborana wMetoauka wucnosb3zoBanus TKI3 s
MOBBIIMICHUS TOYHOCTH PEIICHUS 337a41 IMOAIEMEHTHOM KIacCU(UKAIINH.

2) PazpaGoranbl MeTOl W HEUPOCETEBBIC  ANTOPUTMBI  CHEKTPAIbHOU
npenodpadotku I'CH, a Takke MeTo/iMKa BbIOOpa mapaMeTpoB (hOPMUPOBAHHUS
['CH, Takux Kak yCUJIEHUE KaMEPbI, BPEMS SKCIIO3UIIUU U NTapaMeTPhl CKaTusl,
¢ ontumuzanuen no kpurepuro TKII3.

3) Pazpabotanbl HepoceTEBbIE AITOPUTMBI MO3UITMOHHO-3aBUCUMOMN KOPPEKITUU
MPOCTPAHCTBEHHO-CIIEKTpalbHbIX HcKaxkeHud ['CHU ¢ ontumuzanueid 1o
kputeputo TKII3, peasnzoBaHHble B BHAEC KaIUMOpPOBOUHBIX  CIIOEB,
MEPEHOCUMBIX MEX]Y Pa3TMYHBIMU HEHPOCETEBBIMU KJIaCCU(PUKATOPAMH.

IIpakTHYyeckasi 3HAYUMOCTD
[IpensioxkeHHass METOJUKA OMNKUCHIBAET (OpMUPOBaHHE KAIUOPOBOYHOM
CIIEHBI, HA OCHOBE KOTOPOU MOAOMPAIOTCS MapaMeTphl ChEMKH, MPeaoOpadOTKH U

KOIMOPOBKU THUIEPCIIEKTPOMETPOB IO KPUTEPUIO TOYHOCTH KJaccUUKaAIUU
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neneoit 3amaun (TKI3). Mcnons3oBanue TKI[3 B kauecTBe ONTUMHU3ALIMOHHOTO
KpUTEPHS TMO3BOJIMIIO CO37aTh METO A 00ydaeMoil HelipoceTeBor mpeaoOopadoTKu 1
kanmuopoBku ['CHU. Ha ero ocHoBe pa3paboTaHbl HEUpPOCETEBBIE AITOPUTMBI
CTHEKTPaNbHOW TMpenoOpaboTKH, a Takke HeWpoceTeBble KaTMOPOBOYHBIE CIIOH,
NEPEHOCUMbIE MEXIY pa3JIMYHBIMH CBEPTOUYHBIMU M  TpaHCHOPMEPHBIMU
kiaccuukaropamu. PazpaboTanHbie HEHPOCETEBBIE AITOPUTMBI TIPETOOPAOOTKH U
KaJIMOPOBKU TTO3BOJISIIOT  CYIIECTBEHHO TMOBBICUTH TOYHOCTH IODJIEMEHTHOMN
KJaccu(ukaMu B CpaBHEHUU C CYHICCTBYIOIUIMMHU aHAjJoraMu, B TOM YHCIE
MPONPUETAPHBIMU AJITOPUTMAMU YIIYUIICHUSI U300pakeHUN TUIEPCIEKTPOMETpa
Specim.

Pesynbratel pabotsl BHeapeHbl B [lenTpe « MHTEmIeKTyaibHast MOOMIBHOCTD
MHOTO(YHKIIMOHAIBHBIX OCCIUIOTHBIX aBUAIIMOHHBIX CHUCTEM» U UCMOJIb30BAIUCH
B paMmkax mpoekta «Pa3paboTka gpeliMBOpKa JUCTAHIIMOHHOTO MOHHTOPHHTA Ha
OCHOBE MHTEJIJIEKTYAJIbHOTO aHAJIN3a MYJIbTUMOIAIbHBIX JIAaHHBIX, TTOJTYYEHHBIX Ha
O0opTy OecTUIOTHBIX aBUAITMOHHBIX cucteM FW_ Monitor» (ITpunokenue A).

Pesynbrater pabotsl BHeapeHsl B OO0 «JIokyc» U UCTIOIB3YIOTCS B paMKax
npoekTa «PazpaboTka OTKpBITOM I1aTGopMbl cOOpa U aHAJIN3a TUTIEPCIIEKTPATHHBIX
W300pKEHUM ISl peIIeHUs TPUKIAAHBIX 3a1ad  [MUGPOBOM  IKOHOMUKI
(ITpunosxxenue b).

Pe3ynbTaThl paboThl OBUIM 3aNIaTEHTOBAHBI KaK «MeTo Mmoucka 3arps3sHeHun
BOJIHOM TToBepxHOCTH» (cBUAETeabCTBO No2023131067) (IIpunoxxenue B).

Metogoiorusi W MeTOAbI HcciaeAoBaHUA. Vcnonb3yroTcss MeToAbl
MaTeMaTU4eckoro mojenupoBanus ¢GopmupoBanus ['CU, koppensinoHHOTO
aHanu3a, oOpabOTKM H300paKEHWH W CHEKTPAIbHBIX JAaHHBIX, CHEKTPAIHLHOTO
CTJIXUBaHUs, TpeOHEBOM perpeccud U OOy4deHUsT HEHUPOHHBIX  ceTeH.
DKCIepUMEHTaJIbHAsI OLIEHKA BBIMOJIHAETCS M0 METPUKAM KayecTBa, OCHOBAHHBIM
Ha COMOCTABJICHUH C 3TAJIOHOM, OOIIEH TOUHOCTH MO3JIEMEHTHOM KilaccuduKanuu,
nonHote U F1-mepe knacca, a Takke B3BemeHHo# F1-mepe.

CooTBeTcTBHE MACHOPTY CHENUAJBHOCTH. [[uccepraiyisi COOTBETCTBYET

nacnopry HaydyHou cneumaidbHOoCcTH 1.2.1 «VICKYCCTBEHHBIM HWHTEIUIEKT |
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MalIMHHOE OOyuYeHHe» U OXBaTbIBAET CIEAYIOIIUe OOJacTH HCCIeI0BaHus,
BXOJISIINE B JAHHYIO CIIEIUATbHOCTD:

4. Pa3paboTka METOJIOB, aJITOPUTMOB M CO3JaHUE CUCTEM HCKYCCTBEHHOIO
UHTEIJICKTa W MAIIMHHOTO OO0yuYeHHus il oOpabOTKM M aHaimu3a TEKCTOB Ha
€CTECTBEHHOM SI3bIKE, MJI1 M300paKE€HUU, peuyu, OUOMEAMIIMHBI U JIPYTUX
CHEUaTbHBIX BUJOB TAHHBIX.

13. Metonas! u cpencTBa GOpMUPOBAHUS MACCUBOB JIAHHBIX U MPEIEACHTOB,
BKJIIOYAs «0OJIbIIIKE JAaHHBIC», HEOOXOIUMBIX ISl pELICHUs 33/1a4 HCKYCCTBEHHOTO
MHTEJUIEKTa U MAallMHHOTO 00y4yeHus. [IpoOieMHO-OpueHTUPOBaHHbIE KOJUIEKIUN
JTAHHBIX ISl BAXKHBIX MPUKIIAJTHBIX 00JIacTEH.

17. HWccnemoBanuss B 00JACTH  MHOTOCIOMHBIX — alITOPUTMHUYECKUX
KOHCTPYKIIMM, B TOM YUCJIE — MHOTOCIIOMHBIX HEUPOCETEN.

OcCHOBHBIE 110JI0’KEHN I, BBIHOCHMbIE HA 3AIINUTY:

1) Ilpennoxxena metoauka (HOPMHUPOBAHUS KATMOPOBOYHOM CLEHBI IS
CKaHHUPYIOUIMX THUIEPCIEKTPOMETPOB, C OLIEHKOM IOKa3aTels TOYHOCTH
kinaccudukanuu B neneBoil 3amade (TKII3), sBastomascs Oosnee ycTOHYMBON K
MaJIbIM IIPOCTPAHCTBEHHBIM paccoriiacoBanusiM Mexnay I'CHU, yem kimaccuueckune
metpuku PSNR, SSIM u SAM, oOcCHOBaHHBIE Ha CpPaBHEHHH C HSTAIOHHBIM
U300paKEHHUEM.

2)  Pa3paboTaH HEHPOCETEBOU aIrOPUTM CHEKTPAIBHOIO CIUIAKUBAHUS U
Koppekiiui ypoBHs u€pHoro B ['CHM mo3BOJISIIONIMI MOBBICUTH TOYHOCTH
MO3JIEMEHTHON KJIacCUPUKaUMU € HcHojib3oBaHueM cBepTouHbix (1DCNN,
NM3DCNN) u tpanchopmepHbix HelpocereBbix kiaccudukaropoB (SSFTT),
MPUPOCT TOYHOCTH OTHOCUTEILHO BapuaHTa 0e3 MOTOJHUTEIHLHOU Mpe1oopadoTKu
coctapisier ot 2,17 go 6,22 mn.m., npupoct B3BemeHHon F1-mepor — ot 2,03 no 7,68
1.11., a mpupocT PSNR mexay cpeqHuMH cieKTpalibHBIMA BEKTOPaAMU KJIACCOB — OT
0,268 no 0,695 nb. 1o cpaBHEHHIO C HEMPOCETEBBIMU AHAIOTAMU MPUMEHEHUE
NPEMJIOKEHHOTO  aliTOPUTMA  TMO3BOJWJIO  TMOBBICUTH  OOLIYyI0  TOYHOCTh
no3JieMeHTHOM kiaccudukaruu Ha 0,94—1,45 .., mpupocT B3BemenHou F1-mepsi

—01 0,94 1o 1,47 1.1.
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3)  Paspaborana meroauka BbiOOpa mapameTpoB gopmupoBanus I'CU c
ontumuzanueir mo kpurepuro TKI3, »skcnepuMeHTanbHO IOKa3aHO, YTO
OTIpeJIeICHNE YCUJICHUSI KaMephbl, BPEMEHU AKCIIO3UIIMHU U MapaMeTPOB CXKATHUS IO
ATON METOJMKE 00ECIIeUNBAET MOBBIIICHHE TOYHOCTH KIACCU(PUKAIIMU Ha TECTOBON
cueue Ha 1,81; 0,90 m 2,51 mn migs 1DCNN, NM3DCNN u SSFTT
COOTBETCTBEHHO.

4)  Pa3pabotanbl anropuTMbl  00ydaeMOl  MO3HIIMOHHO-3aBUCHUMOU

koppekiuu ['CU B BuJle NEPEHOCUMBIX KaTMOPOBOYHBIX CIIOEB, 00ECIIEYMBAIOIINE
IPUPOCT TOYHOCTU Mo3neMeHTHoW kiaccupukammu ['CU nns cBepTOUYHBIX U
TpaHchopmepHbIX KiaccudukatopoB ot 0,65 no 8,83 m.m., MPUPOCT B3BEIICHHON
Fl-mepwr — ot 1,15 mo 10,43 m.m., mo cpaBHeHuto ¢ I'CH 6e3 kanubpoBku. Ilo
CPAaBHEHUIO C KaJIUOPOBKON MO O€JIOMYy 3TaJIOHy COOTBETCTBYIOIIKE MPUPOCTHI
coctaBusm oT 0,20 1o 1,57 .. m ot 0,51 1o 1,56 1.11.
JIOCTOBEPHOCTh MOJYYEHHBIX Pe3yJbTaTOB IOJTBEPXKACHA IOCPEICTBOM
BOCIIPOU3BOJAMMBIX ~ BBIYMCIHMTENBHBIX  3KCIIEPUMEHTOB IO  IO3JIEMEHTHOU
Kiaccudukanmy Ha HaOOpax THUMEPCIEKTPATBbHBIX H300paKEHHM, MOJYYEHHBIX
paznuuHoii ['CA, B ToM umncie kommepueckoid ['CA Specim, a Takke Ha OTKPBITBIX
HaOopax ['CHU BBICOKOTO MPOCTPAHCTBEHHOTO paspemieHusi. YacTh coOpaHHBIX
HA0OpPOB THUMEPCIEKTPATBbHBIX HM300paKeHU M pa3pabOTaHHBIX HEHPOCETEBBIX
Mozesield BBUIOKEHa B o0mmil goctyn. OmnucaHusl TPEeaSIOKEHHBIX METOAOB U
anroputmoB o0paboTku I'CU momyckaroT ux BOCIPOU3BOAMMOCTD U Oy OJIMKOBaHbI
B BEJIYIIMX HAYYHBIX KypHAJIaX U TpyAax KOH(EepeHIUH 0 MAIIMHHOMY 3PEHUIO U
00paboTke n300pakeHU.

AnpoGauust padorsl. PesynbraThl paboThl ObUTM TpencTaBlieHbl Ha 4
MEXTYHAPOIHBIX KOH(PEPCHITUSIX

1) 35th International Joint Conference on Artificial Intelligence (IJCAI-ECAI
2026), bpemen, ['epmanus, A*, 2026.

2) International Conference on Embedded Artificial Intelligence and Sensing
Systems (SenSys), Cen-Maino, ®pannus, A*, 2026.

3) X International conference on information technology and nanotechnology
(ITNT — 2024), Samara, 2024.
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4) International Conference on Machine Vision (ICMV 2026), byganemr,
Benrpust, 2026. [lata npoBenenust koHdepeHnuu: ¢ 15 mo 18 oktsi6ps 2026 roxa.

ABTOpPCKMI BKJIaJA B paOoTy SBJISIETCS onpeaesitonuM. Bee n3noxeHHbIe B
paboTe W BBIHOCHUMBIE Ha 3alIUTy PE3YyJbTAThl IMOJYYEHBI ABTOPOM JIMYHO.
[TocTanoBka 3amay W ¢opManu3aius pe3yiabTaTOB MPOBOJUIUCH COBMECTHO C
Hay4YHbIM pPYKOBOAMTENEM. B  1Ouccepraniii  UCIOJNB30BAHBI  PE3YJIBTATHI
COBMECTHBIX HcchenoBanuii: @opmupoBanue u mnoaroroska Habopo ['CU
npoBoauiuch coBmMectHo ¢ H.A. HWBaueBeiM, B.B. IlognunHoBeiM, J[.M.
Brnagumuposeim u  K.D. CaBenbeBbiM. HccnemoBanHas TuUIlepCcHeKTpaibHAS
anmaparypa paspaborana H.JI. Kazanckum, P.B. Ckunanossim, H.A. VBueBbIM 1
B.B. [lomymMnHOBBIM.

Myoiaukauuu. OCHOBHBIE PE3YJIBTATHI 10 TEME TUCCEPTALIUU U3T0KEHBI B 13
neyaTHeix paboTtax, 8 B KypHalax uHAEKcUpyembix Scopus u Web of Science,
npupaBHEHHBIX K )KypHanam [lepeunss BAK, B 1.4u. 1 Q1,3 Q2, 5 B npounx uzganusx
uHaekcupyembix Scopus u Web of Science, B T.4. 3 kKoHdepeHuun panra A*.
OcHOBHBIE pe3yJIbTaThl OMYOJINKOBAHKI B 5.

O0béM u cTpykTrypa padorsl. /[ucceprannsi COCTOMT U3 BBEICHUS, TPEX
TJIaB, 3aKJIIOYEHUS U Tpex mnpuiiokeHuit. O0BEM muccepranuu coctaBisieT 212
CTpaHuIl, BKJIro4ast 72 pucyHka u 27 tabnuu. CIucok JuTepaTypbl coaepkut 147
HAaNMEHOBAHMUI.

B pabGore mnpemmaraeTcs MeETOJ TMOBBIIICHUS TOYHOCTU TO3JIEMEHTHOM
knaccudukanuun 'CU, ocHoBaHHBIM Ha BBIOOpPE MapaMeTpPOB HUX MOJIYyYEHUS,
npeaoOpaboTKU M KOppeKIuu 1o pe3ynbratam kiaccudukamuu ['CU neuatHoi
KaJIMOPOBOYHOM CIICHBI.

B nepBoii rnmaBe A peanuzaluuy NpeiioxKEeHHOT0 MeToia pa3padbaTbiBaeTCs
MeToanKa (OPMHUPOBAHUS W TPUMEHEHUS TEYaTHOW KaJIWOPOBOYHOM CIICHBI,
npeaycMaTpuBaroIias BbIOOp mapamMeTpoB moiydeHuss u o6padbotku I'CU mo
TOYHOCTH MODJIEMEHTHOH Kaccu(pUKaIu.

B oskcmepumeHTax mepBOoM  TUIaBbl  MIOKA3aHO, 4YTO IIPU  MajoM

MPOCTPAHCTBEHHOM paccorjacoBaHuu ¢ 3TajoHom mnokazarenu PSNR, SSIM u
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SAM moryT yka3biBaTh Ha Oojee Bbicokoe kadecTBO I'CH ¢ BBICOKMM ypOBHEM
BHECEHHBIX MCKaxeHuW 1o cpaBHeHUto ¢ 'CU ¢ cpenHuM ypoBHEM HCKa)KEHUHU.
[Ipn Tex xe MPOCTPAHCTBEHHBIX CMEUICHUSX O0OIas TOYHOCTh MO3JIEMEHTHOMN
kinaccudukanmm (OA) mis ucxoguoro I'CU octaéres Britie, 4eM 1)1 €T0 BAPUAHTOB
C BHECEHHbIMU HCKakeHHsMHU. [loaToMy B mpemsaraeMoil MeTOJIMKE BBIOOD
napaMeTpoB cbeMKH U o0paboTtku ['CU Beimonusercs no TKI3, onenuBaemoit
MeTpukoi OA Ha KaTuOpOBOYHOMU CLIEHE.

st  000CHOBaHHMS BO3MOKHOCTH HACTPOMKH TAapaMeTpOB CHEMKH H
npenoopadotku no ['CH neyaTHO# KanmuOpOBOYHOM CIIEHBI HEOOXOAMMO MTOKA3aTh,
YTO NIPU U3MEHEHUHU YPOBHS IIIyMa MOKa3aTesy KiacCu(UKauy KJIaccoB peajbHbIX
['CM u ux CHOeKTpaJbHO OJIM3KUX TME€YaTHBIX MPEACTABICHUN W3MEHSIOTCS
COTJIACOBAHHO. [[J1 3TOro cHayasaa mpoBOUTCS BBIYMCIUTENbHBIN SKCIEPUMEHT Ha
nanHblx NTIRE ¢ ucnonb30BaHMEM pealbHBIX CIIEKTPOB U CHEKTPOB MEYATHBIX
MPEJCTABICHUM TEX K€ KIACCOB, IOJIYYEHHBIX MOJCIUPOBAHUEM IICYATH.
JlobaBieHrne TayCCOBCKOIO IIyMa Pa3IMYHbIX YPOBHEU MOACIUPYET MU3MEHEHUE
IIYMOBOW COCTAaBJISIIOIIEN CUTHajla KakKk OJHO W3 BO3MOXHBIX IIOCJIEICTBUN
BAPbUPOBAHUS MAPAMETPOB CHEMKH.

Pe3ynpraTtel mpOMEKYTOYHOTO OSKCIEPUMEHTA MOKA3bIBAKOT, YTO JJIs
3HAYMTEIHLHOM YacTu ucciienoBaHHbIX KiaccoB NTIRE nokaszaTenu kiaccudukaiu
pEAIbHBIX CIIEKTPOB U WX MEYATHBIX MPEACTABICHUNA W3MEHSIOTCS COIVIACOBAHHO
npu 3amymieHnd. Ha ocHOBaHMM ATOTO pe3ylibTara npejiaraercs GopMUpPOBATH
MEYaTHYI0 KaJIMOPOBOYHYIO CIIEHY M3 KJIACCOB, I KOTOPBIX YCTAHOBJIEHO TaKOE
COOTBETCTBHUE.

Hanee mpemnaraeTcsi Ha0Op KJIACCOB MEYATHON KaTMOPOBOYHOM CIICHBI H
MPOBOJIUTCSI €r0 AKCIIEpUMEHTANIbHAA MpoBepKa. [TokazaHo, 4TO NpU 3alTyMIICHUN
MoKaszaTelid KiaccuPuKaluu BBHIOPAHHBIX TICYATHBIX KJIACCOB  HM3MEHSIOTCS
COTJIACOBAHHO C TMOKAa3aTeIsIMU CIIEKTPAIbHO OJM3KUX KiaccoB peasibHbIXx ['CU u3
Habopa ganHbix NTIRE 2022. IIpu 3ToM 0JHOMY KJlacCy MEeYaTHOM CIIEHbI MOTYT
COOTBETCTBOBaTh HECKOJIBKO pEaJbHBIX KIAcCOB. llomydeHHbIE pe3ynabTaTsl

00OCHOBBIBAIOT MPUMEHEHHE MPEAJIOKEHHONW CIEHBI JJII HACTPOWKHU MMapaMeTpoB
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cbéMkH 1 00pabotku ['CHU. Ha ocHOBe mpennoKeHHO B MEPBOil TJlaBe METOAUKU
CO3/1aHa TievaTHas KaJTuOpOBOYHAS CIICHA.

Bo Bropoil rmaBe pa3pabaTbIBalOTCA  ITOPUTMBI  CIIEKTPAIbHON
npenobpadotku ['CU, Bxmouaromieit cBEPTKY M MOMPaBKY YpOBHs 4u€pHoro. Jms
BbIOOpa TmapaMeTpoB CchEMKH H (popmupoBanus ['CH, a Taxxke HaCTpONKH
K03 uimeHToB npeaoopadoTku ucnoisdytorcs I'CU neuaTHol KanuOpOBOYHOM
CIIEHBbI, pa3paboTaHHOW B mepBoMl riaBe. PaccmarpuBaroTCs aHAIUTHYECKOE
ornpeneneHne Ko3PpUIMEHTOB Ha OCHOBE T'PEOHEBON pErpeccuu U UxX HeillpoceTeBast
HACTpoOMKa ¢ yu4€TOM 3a/1aud MO3JIEMEHTHON KiacCUu(UKaIIUH.

Jiis HelipoceTeBOro 00y4eHMs UCCIIENYIOTCS Ba BapuaHTa GyHKIUHN IOTEPh:
nepekpécTHasi HHTPONMST M KOMOWHUPOBAHHBIM KpUTEpHUH, 0O0bEIUHSAIOLINI
MEPEKPECTHYIO  DHTPONMIO CO  CPEJHEKBAJIPAaTUYHOM  OIIHUOKOM  MEXIy
IpeoOpa30BaHHBIMU U OTIOPHBIMHU CHEKTpaMH. B skcriepuMeHTax conocTaBisioTCs
pe3yJbTaThl AHAIMTHUYECKOM HACTPOWKM M JBYX BapUaHTOB HEHUPOCETEBOIO
oOy4eHHsI, a TAKKE UCCIIETyEeTCs BIMSHUE MAPAMETPOB ChEMKH, (POPMUPOBAHUS U
npenoopadoTku I'CH Ha TOYHOCTH MOAJIEMEHTHOM KiacCHu(pUKaIiu.

B Tpertbeil rnaBe pa3pabaThIBAlOTCS AITOPUTMbI MO3UIMOHHO-3aBUCUMOMN
KOPPEKLMHU OTKJIMKA TMIEPCIIEKTPOMETPA, YYHUTHIBAIOIIHUE €r0 3aBUCHUMOCTH OT
MOJIOXKEHUST BAOJb IIEIW M CHEKTPAJIbHOIO KaHala. B pamkax INpeiokKeHHOro
MeTOo/a AJi HAaCTPOUKH KO3 PuimeHToB Koppekuuu ucnoibzytores ['CU neyarnoi
KAUTMOPOBOYHOM  CIICHBI, C(HOPMUPOBAHHONW IO METOAUKE TIEPBOM TJIABBHI.
KoadduimenTsl MHUIMATU3UPYIOTCS METOJOM TI'peOHEBOM PErpeccuu M 3aTemM
YTOYHSIOTCSL TPU HEUPOCETEBOM JOO0OYYEHHHM MO NEPEeKPECTHOM SHTPONMU WU
KOMOMHHPOBAaHHOMY KpUTEpUI0. PaccMaTprBaroTCsi BHyTpUIIPUOOpHAs KOPPEKIUS
MPOCTPAHCTBEHHONM HEOJAHOPOJHOCTH OTKJIMKA W MEXIPUOOpHAs KOPPEeKUUs
pasnuuuii  MEXIy OTKIMKaMu THIIEPCIEKTPOMETpPOB. B skcnepumeHTax
UCCJIENYeTCsl BIIMSAHHME MPEJI0KEHHON KOPPEKIMM Ha TOYHOCTh MO3JIEMEHTHOMN
Kiaccuukanmym, a TakkKe BO3MOXKHOCTb NPUMEHEHUS  KO3(P(PUIMEHTOB,
HAaCTPOCHHBIX C  OJHUM  KJIacCU(PUKATOPOM, COBMECTHO C  JAPYTUMHU

KJ1acCU(PUKATOPAMH.
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I''/TABA 1 POPMHUPOBAHMUE U OHEHKA KAYECTBA
TUIEPCIEKTPAJIBHBIX U30BPAKEHUM

B Hacrosimieit r1iaBe paspabarbiBaeTcs METOAMKA (POPMHUPOBAHUS H
NPUMEHEHUST TIEYaTHOW KaJIMOpPOBOYHOM CIIEHBI JJii BBIOOpa MapaMeTpoB
nonyyeHus: U ob6pabotku ['CHU mo ToyHOCTH MORJIEMEHTHOW KiaccU(UKaIUU.
Mertonuka ABASETCA COCTABHOW YaCThIO MPEJIOKEHHOTO B IHUCCEPTALMM METOJA
MOBBIIICHUS] TOYHOCTH KJIACCU(PUKAIINH.

Cnauana paccmarpuBaercst Mmojienb ¢popmupoBanus ['CHU ipu ckanupyroiei
cbémke. st 00ocHOBaHMS BbIOOpa MOKa3aTesi CPaBHEHUS SKCHEPUMEHTAIBHO
UCCIIEYETCSl BIMSHUE IMPOCTPAHCTBEHHOTo paccoriacoBanuss Ha PSNR, SSIM,
SAM wu o0mryro To4HOCTh moaieMeHTHOU kiaccudukanuu (OA). OtnensHO
IIPOBOJAUTCS CPABHEHUE 3apETUCTPUPOBAHHBIX U BOCCTaHOBIEHHBIX [ CH 1o OA.

Jlanee  OOOCHOBBIBAETCS ~ BO3MOXHOCTh  HMCIOJIb30BaHUSI  IE€YATHOM
KaJIMOPOBOYHOM CLEHBI JJIsl HACTPOMKU MapameTpoB CbEMKU M 00padoTku ['CU.
Cnauana ©Ha pmanHeix NTIRE wccnenyercs COrNIaCOBaHHOCTh W3MEHEHUU
nokasateliel KiiaccupuKanuu peasbHbIX CIEKTPOB M MX MOJICIIUPYEMBIX TTEYaTHBIX
MPEACTABICHU MPU JOOABIEHUH rayCCOBCKOTO IIyMa. 3aTeM (GOpMHUpYETCss Habop
KJIACCOB TE€YaTHOM KadMOpPOBOYHOW CIIEHBI M TIPOBEPSETCS COTJIACOBAHHOCTh
W3MEHEHUH TMOKa3aTee WX KiIacCUPUKAUU C TOKA3aTeIsIMU  CIIEKTPAIbHO
onm3Kkux kiaaccoB peanbHbix ['CHU npu 3ammymienus.

Pa3paboTtannasi ciieHa WCIOJB3yeTCS BO BTOPOM TJiaBe s BbIOOpa
napaMeTpoB chéMkU U GopmupoBanus ['CH, a Takke HaCTpOWKHU CHEKTpabHOU
npenoopadoTku. B Tpetheit rmaBe ['CU 3T0i cCrieHBI NCTIONB3YIOTCS JJISI HACTPOMKHU

ITO3UIIMOHHO-3aBUCUMOM KOPPEKLIMH OTKJIMKA TUIIEPCIIEKTPOMETPA.
1.1 @opmupoBaHMe TIHMIEPCHEKTPAJBHOIO  H300pPaKeHUs]  MPH
CKAHUPYIOLIEH ChEMKe

B meneroit CI'CA 00bekTuB hopMHUpPYeET N300pakeHUEe HA0101aeMOM CIICHBI

B IUIOCKOCTU IueneBod auadparmel. [lpomienmiee wyepe3 1ieiab H3ITyUYEHUE
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pasnaraeTcsi Mo JJIMHAM BOJIH, TOCJI€ 4Yero ONTHUYecKas cucrema (Gopmupyer
n300pakeHne Ha MaTpuaHOM (hoTompuéMuuke. B padote [ 1] 3apeructpupoBaHHbIN
KaJp OMNMCHIBAETCS KaK IPOCTPAHCTBEHHAs CIEKTpOrpaMma: OJIHa KOOpAHHaTa
COOTBETCTBYET IOJIOKEHHUIO BJIOJIh M300paKEHUS MIEICBON nuadparmMel, npyras —
CIEKTpaJIbHOMY KaHany. [locnenoBaTenbHOCTh MPOCTPAHCTBEHHBIX CIIEKTPOTrPaMM,
3apETUCTPUPOBAHHBIX MPU OTHOCUTEIHHOM IMEPEMEIICHUU anmnapaTypbl U CLECHBI,
oOpasyeT rumnepcrnekrpansHoe n3obpaxenue (I'CH).

[lepen dopmupoBanueM HUGPPOBOIO MAacCHMBa JAHHBIX CHTHAJI MPOXOIUT
ONTUYECKOE MpPeoOpa3oBaHUE, MHTErPUpPOBaHUE HA (DOTONPUEMHUKE W AHAIIOTO-
ndpoBoe npeodpazoBanue [38].

[ToMuMO TIPOCTPAHCTBEHHOTO paccorjiacoBaHHs, B HACTOsIIEH paboTe
paccMaTpUBaIOTCA IIyM U ITpocTpaHcTBeHHOE pasMmbitue ['CH. [Ins onucanus uryma
HCIIOJIB3YETCS IIyaCCOHOBCKO-I'ayCCOBCKasl MOJIEIIb [58]: IUCTIEPCUS
IyaCCOHOBCKOM COCTABIJISIIOIIEW 3aBUCUT OT YPOBHS CHUTHAJIA, a JUCHEPCUs
rayCCoOBCKOM cocTaBisironier nocrosHHa [59]. IlpoctpaHcTBEHHOE pasmbITHE B
ONTUYECKON cucTteMme omuchiBaetcs GyHkuuen paccesuust Touku (OPT), koropas
MOJKET 3aBHUCETh OT JIMHBI BOJHBI [60-61]. MaremaTuueckue BBIPpAXKEHUS H
rapaMeTpbl BHECEHUS ITUX UCKAKEHUHN TPUBEICHBI B IyHKTE 1.3.3.

B nacrosient nuccepraunu I'CU npencraBisieTcss B BUJIE TEH30pa TPETHETO
MopsiIka — TPEXMEPHOTO MacCMBa C JBYMSI NPOCTPAHCTBEHHBIMHU M OJIHOU
CIIeKTpajibHOM ocsimu [ 1, 6]:

S,j,k):1<i<[,1<j<],1<k<K, (1.1)
rne S(i,j, k) — 3nauenue anementa ['CU; i — nmpocTpaHCTBEHHBIA OTCUET BIOJIb
CKaHHUPOBAHUSA, COOTBETCTBYIOLIUN HOMEPY Kaapa; j — MPOCTPAHCTBEHHBIN OTCUET
BJIOJb UM300pakeHUs IeneBod guadparmpl; k — CHEKTpajdbHBIA  OTCUET,
COOTBETCTBYIOLIMI HOMEPY CIIEKTPAIBHOTO KaHana; I, ] u K — pa3Mepsl TeH30pa 1o
COOTBETCTBYIOIIUM OCsiM. [lo/1 oTcuéramy MOHUMAIOTCS AUCKPETHBIE TTO3UIUU 110
COOTBETCTBYIOIIMUM OCSIM. 3apEeTrUCTPUPOBAHHBINA (- KaJlp COOTBETCTBYET CPE3Y

S;(J, k). Ilpu puxcupoBanHoM k cpe3 Sk (i, j) 3amaér n3o0pakeHHE CIIEKTPAIBHOTO
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kanana I'CH [1], a npu (QUKCHPOBaHHBIX [ M j HOCIENOBATENLHOCTL S;;(k) =

S(i,j, k) obpasyer creKTpadbHBII BEKTOP MPOCTPAHCTBEHHOTO OTCYETA (PUCYHOK
1.1).

Cerka nnmua BoH ['CU [62] mpencraBiser coOoi ymopsaoueHHBIN HAOOp
HEHTPAIbHBIX JJWH BOJH €ro CHEKTpalbHBIX KaHaoB. JlJis comocTaBieHUs
CIIEKTPOB, 33JIaHHBIX Ha Pa3HBIX CETKaX JUTMH BOJIH, UX 3HAYCHUS WHTEPIOIUPYIOT
Ha OOIIYIO CETKY.

B 3aBucuMocCTH OT JaHHBIX U YPOBHS X 00pab0oTku 3HaueHue snementa ['CU
MOXXET TPEACTABIATh HMCXOAHOC IM(POBOE 3HAYCHHWE CUTHANIA, CIEKTPATbHYIO
DHEPIreTUYCCKYIO SAPKOCTh MU KodddumueHT otpaxenus [24, 63]. KonkperHas

BEJIMYMHA U CIIOCO0 €€ IMOJIYUYCHUA YKA3bIBAKOTC:A IIPU OIMMCAHHNH JAHHBIX.

W 580 um

332 um

400 nm

Pucynok 1.1 — IlpencraBnenue ['CH ¢ npocTpaHCTBEHHBIMU OTCUETAMU i, | U
CIEKTPaIbHBIMH OTCUETAMU K

dopMupoBaHUE OTACIBHONW MPOCTPAHCTBEHHOU crekTporpamMmbl S;(J, k)
OTHIIIEM UHTETPaIbHON MO1eJIbto 13 myOaukaruu [ 1]. [Ipu peructpanuu i-ro kajapa
ornTuyeckas cuctemMa (GOpMHUPYET B IUIOCKOCTH (OTONMPUEMHHUKA PACTIPEICICHHE
oceeménHocti E (A, x,y). 3HadueHHE SJEeMEHTa CHEKTPOTPAMMBI OIMPEEISIETCS
WHTETPUPOBAHUEM 110 CBETOUYBCTBUTEIILHOH IIOMIAIKE AIeMEHTa (DOTOMPUEMHHKA

" 110 Iralia3ony AJIMH BOJIH:
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jb+0.58 k-b+0.58

S;(j, k) = fj-b—0.55 eboss dng EAx,y)G(D)dAdydx (1.2)

rae b — mar MexIy LEeHTpaMH CBETOUYBCTBUTENBHBIX IUIOMIAZO0K, § — pa3mep
CTOPOHBI KBAaJpaTHOW CBETOUYBCTBUTEIBHOM IUIOMIAAKHU; AAd — nuana3oH AJIMH
BOJTH, TI0 KOTOPOMY BBITIONHSETCS WHTerpupoBanue; E(A,x,y) — HeNpepbIBHOE
pacnpeneNieHne OCBEIIEHHOCTH B IUIOCKOCTH  (OTONPUEMHUKA C  YUYETOM
CHEKTpaJbHOrO  paznoxeHus; G(A) — cHekTpaJbHas 4YyBCTBUTEIBHOCTH
doronpuéMHuKa; A — ATMHA BOJHBL, X U Y — PU3UUECKHE KOOPIAUHATHI B IJIOCKOCTH
(doTonpuéMHIKA, OCH KOTOPhIX OPUEHTHPOBAHBI COOTBETCTBEHHO B HAIIPABJICHUSX
Bo3pactanus j u k. Koopaunatel X, y u mapameTpbl b, § BbIpaxxaloTcsi B
COIJIACOBAaHHBIX €IMHUIAX JUIUHBI.

[Ipu puxcupoBaHHOM [ 3HAUEHUS HJIEMEHTOB JJIsl BCeX j U k 00pa3yroT oaHy
IIPOCTPAHCTBEHHYIO cniekTporpammy. Murterpan (1.2) onuceiBaeT ¢popMupoBaHue
curHaia Ha QoronpuéMuuke. [lonokeHne MNPOCTPAaHCTBEHHOIO OTCU€Ta Ha
MOBEPXHOCTH CLEHBI 3a/1alUM KOOpAMHATAMHU LIEHTPA COOTBETCTBYIOIIETO y4acTKa
noBepxHoctu. Jlisg  Kaxkaooro  Kaapa  3TH  YYacTKU  COOTBETCTBYIOT
IIPOCTPAHCTBEHHBIM OTCUETAM J.

B 3amavax [MCTaHUMOHHOTO 30HAMPOBAHUA 3EMJIM TIE€OMETPUUYECKHE
VCKOKEHHSI CKAaHUPYIOIIEH ChEMKH OIMCBIBAIOTCS C YUYETOM IOJIOKEHHSI CTPOK
M300pakeHHsl U OpHeHTaluu annaparypbl. B padorte [13] npu koppekuuun ['CHU
MOJIOKEHUE KAXKJI0M CTPOKM Ha OMOPHOM KapTe 3alaéTcs KOOpJAMHATAaMHU LIEHTPA,
JUTMHON W yrJIoM opueHTanuu. B paGote [14] reomeTpusi ruUmepcreKTpaIbHOM
CKaHHUPYIOUIEH ChEMKH YTOYHSETCS IO HABUTALMOHHBIM JITAHHBIM, COBMECTHO
MOJIYYCHHBIM KaJPOBBIM M300pakeHUsIM U upoBoit Monenu penbeda. B padote
[64] BBICOKOYACTOTHBIE YTJIOBbIE KoJieOaHHUs TIATGOPMBbI YUHUTHIBAIOTCA B
F€OMETPUUECKOM MOJIEIM  CIIYTHUKOBOM ITAHXPOMATUYECKOW CBHEMKH IS
KOMIICHCAIIMH BBHI3BAHHBIX UMHU MCKaKEHU.

B pabGore [65] wuCKkaxkeHHUS CKaHUPYIOIIEH CHEMKHA OMUCHIBAIOTCS
CMEILEHUSIMU MO0 JByM KOOpAMHaTaM u3o0paxenus. Huxe paccmaTpuBaroTcs

MEPEHOC U OTHOCHUTEIILHBIN TOBOPOT MPOESKIIHI 11esIeBOM quadparMpl B IIIOCKOCTH
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cueHbl. COOTBETCTBYIOIIME COOTHOIICHUS TMOJYyYEeHbl JUIsl TPUHSITHIX J1ajiee
JOITY ICHHM.

PaccmoTpum peructpauuio ABYyX IOCHENOBATENbHBIX KaapoB [ W [+ 1
meneBoir CI'CA, ycTaHOBIIGHHON Ha OOpTy OSCHUIOTHOTO BO3YIIHOTO CYyJIHA B
cocraBe OecnuioTHoM aBuanuoHHoi cucteMbl (BAC). IloBepxHOCTH CIlEHBI
CUMTAaEM IUUIOCKOHM, BBICOTY CHhEMKM M TapaMeTpbl ONTUYECKON CHCTEMBI —
MOCTOSIHHBIMU.  OnTHYecKass OChb MNEPHEHAUKYISPHA [MOBEPXHOCTU  CLICHBI.
JonyckaroTcsd nepeMenieHrne anmnapaTypbl MapajlyIebHO ATOM IMOBEPXHOCTH U
MOBOPOT BOKpYr HopManu K Hed. Illar mpocTpaHCTBEHHBIX OTCUETOB BJIOJb
MPOEKIUYU I TPUHUMAETCS PAaBHOMEPHBIM U OJIMHAKOBBIM JIJIs1 000UX KaJpOB.
JIBr>KeHrEM armapaTyphl 3a BpeMsi SKCIIO3UIIMH NTPEeHeOperaeM.

[Tar npoctpancTBeHHON nuckpeTu3anuu Ha MecTHocTH (Ground Sampling
Distance, GSD) — paccTosiHue Mex 1y MPOEKIUIMHU IIEHTPOB COCETHUX IMUKCENIEH Ha
MOBEPXHOCTH clieHbl [35]. B pabote [14] paznuuarorcs maru nomnepék U BAOIb
HaIpaBJICHUS JBUKEHUSI, 3aBUCSIINE TaK)KE OT OPUEHTAIMU KaMephbl. 371eCh g —

MOCTOSIHHBIA [1ar OTCYETOB BJOJb MPOEKIMU Iienu, a GSD, — mar Mexmy

cTpokamu, NpuHATHIM nipu (popmupoBanun ['CHU. OOe BenTnyMHBI BBIPAKAIOTCS B
MeTpax Ha mnukcenb. [IoCTOAHCTBO g ompenenseTcss COBOKYITHOCTBIO INPUHSATBIX
JOMYIICHUI: TIJIOCKOW TMOBEPXHOCTBIO CILEHBI, MOCTOSIHHOM BBICOTOM CBHEMKH,
HEU3MEHHOW ONTUKOW U MEPIEHIUKYISAPHOCTHIO ONITUYECKON OCU TTOBEPXHOCTH.

B mockoctr ciieHbl 0Ch X HAllpaBUM BJOJIb IEPBOM MPOEKLMUU B CTOPOHY
BO3pPACTaHUsI HOMEpa IPOCTPAHCTBEHHOI'O OTCYETA J, OCh Y — MEPIECHANKYIJISIPHO €1
B TJIOCKOCTH CII€HBI, B CTOPOHY YBEIWYEHHUs HOMepa cTpoku 1ipu cobopke 'CU. B
HTOM T€OMETPUYECKOM MOCTPOECHUU HyMEpPAIUIO ] HaurHaeM ¢ HyJsist. Touku O u A
COOTBETCTBYIOT OTCUETY j = (0 mepBoil U BTOPOU CTPOK, TOUKU P u B — ogHOMY U
TOMY K€ HOMEpY j B 3TuUX cTpokax. Hauano koopaunat nomectuM B 0. [TosTomy
paccrosaust OP u AB paBHHI jg.

IIepenoc Hauanma BTOPOW CTPOKH OTHOCUTEIIBHO IEPBOM IMOKA3aH CTPEIIKOM

0O - A u ob6o3HayaeTcs Ha pucyHke OykBod t. Ero cocramisiomme Mo ocsm
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0003HauuM t,; u t,; (M). Yroa 6; (pan.) OTCUATHIBAEM OT HANPABIEHHS HEPBOM

CTPOKH K HAPABJIEHUIO BTOPOU; IMOJOKUTEIBHOE HAIIPABICHHE — OT X K Y.

N3 Toukn B omnycTUM NEPHNEHIUKYJIAp Ha MPAMYIO, MPOXOIAIIy0 yepe3 A
napauiensHo ocu  x. Ero ocHoBanume o6o3naunMm C. B mpsmoyroiabHOM
TpeyroiibHuke ABC runotreny3a AB = jg. Ilpoekuuu 3TOro oOTpe3Ka Mocie

X

MoBopoTa 0603Ha4NM 17%; 1 17 1% =

AT = jg cos 0,17, = jg sin 6;. Jlnd nokasaHHOro
Ha PUCYHKE TIOJIOKUTEIILHOTO yIiia OHH paBHBI JyinHaM AC u CB.

Koopaunatel Touku B paBHEI t, ; + rfj uty;+ r”

; j» @ KOOPAMHATEI TOYKH P -

j g U HOJIb. YTtoO0BI I[MOJIYYUTb CMCHICHUC MCXKAY OTHMH TOYKaMH, BBIYHUTACM

KoopauHatel P n3 koopauHar B. [lociie mepeBoa CMEEHNH B TUKCEIH MOy YaeM:

tx,i"'ric'_jg tyi .
di; = + = f+](cos 0, — 1), (1.3)
y
tyitr:. ta s
it . g . .
d’, = o= 2159 sing,, (1.4)
Lj GSDy, Gspy, 7 GSD,

rjie d;; — CMEIleHUe BJIOJIb [IEPBOH CTPOKH, dly ; ~ CMeILCHHE [IEPIICH/UKYIIAPHO e,

BBIPA’KCHHBIC B ITMKCCILAX. BenuuuHbl T'ix- )51 T'l-y

) ONUCBIBAIOT MPOEKLINK OTpe3ka AB

B MeTpax. Bkiaa moBopoTra MMEHHO B cMmeleHue paBeH jg(cos 8; —1) mo x u
jg sin 6; o y. Beruutanue jg B (1.3) yuuThIBa€T UCXOJHOE MOJIOKEHUE OTCUETA
IIEPBOM CTPOKHU.

[Tpu Hy7IeBBIX IEpEHOCE U YTJIe 00a CMEIIeHus paBHBI Hy 0. [Ipu oTCyTCTBUHN

MOBOPOTA U MEPEHOCE HA OJHY CTPOKY O€3 CIIBHTa BAOJIb HEE OHH PaBHBI HYJIIO 110

X U CAMHULC 110 Y. I[J'ISI OLOCHKHN OTKJIOHCHHUS OT TAKOI'O pa3MCIICHUS CTPOK M3 dlyj

BBIUUTAIOT OJUH NMUKCENb. HeyuTEHHBIE OTKIOHEHHS BBI3BIBAIOT T€OMETPUUECKUE
uckaxenus npu  GopmupoBanun ['CHM.  Mogens  paccoriacoBaHui
ITPOCTPAHCTBEHHBIX CIIEKTpOTrpaMM pu ChEMKE CKaHUPYIOLIUM

TUIIEPCIIEKTPOMETPOM IPEACTABIICHA HA pUCYHKE 1.2.
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a) Kamepa 1 npoekuyunmn wenim 6) NocTpoeHMe B NIOCKOCTA CLEHbI

i+1

npoekuuns i + 1

npoekuma / P o P U CTpOKa i

jg
Pucynok 1.2 — IlepeHoc Hadan CTpOK M pa3yioKeHUE OTPE3KA OT Ha4Yaia BTOPOi

CTPOKH JI0 OTCUETA | Ha COCTABJISIIOIIUE 110 OCSIM: a) MOJIETb ChEMKH CIICHBI;
0) MOJIeJb IJIOCKOCTU CLICHBI

1.2 IToka3aTenu Ka4eCcTBAa TMIEPCHEKTPAIbHBIX H300paKeHUIT

Xapakrepuctuku ['CH paccmatpuBarOTCs B TEPMUHOJIOTHM CTaHAAPTOB HA
JIAHHbIE TUCTAHIIMOHHOTO 30HANpoBaHus 3emiun u3 kocmoca. 'OCT P 59079-2020
COJIEP)KUT  ONpPENENICHUsT TEPMHUHOB «IPOCTPAHCTBEHHOE pa3pelICHUE» MU
«CHEKTpajbHOE paspemieHue» [24]. Pannomerpuyeckue mokasaTean MPUBEACHbBI B
['OCT P 59475-2021 [25], a TOYHOCTb KOOPJAMHATHOW MPUBSA3KH BKIIOYEHA B
nepedeHb norpedurensckux xapakrepuctuk 'OCT P 59830-2021 [66].

I'OCT P 59474-2021 pomyckaeT ycCTaHaBIMBaTh KPUTEPUM OLICHKHU
IPUTOAHOCTH JAHHBIX U MPOIYKTOB MX OOpaOOTKM AJii KOHKPETHBIX 3anay [67].
IIpu onenke I'CU B HacTosimied paboTe TakKe YUYUTHIBAIOTCS PE3YJIbTAThI
MOAJIEMEHTHOM Kitaccudukaiuu [68].

JIns xkonnuectBeHHOM onieHkH ['CH nanee ucnonb3yroTcs METPUKHU KauyecTBa,
OCHOBAHHBIE HAa COMOCTABJIEHUH C 3TaJJOHOM: TMKOBOE OTHOIIIEHHE CUTHAJIA K IIIyMY
PSNR, unnekc crpykrypHoro cxonactBa SSIM u cnekrpanbhbiii yron SAM. B
pabore [45] otamonHoe I['CHM BBICOKOTO MPOCTPAHCTBEHHOIO pa3pelIeHus
comocTtapisiercss ¢ BoccTaHoBlIeHHBIM: PSNR um SSIM paccuuthiBaroTCs s
OTJIEJBHBIX CIEKTPAIBHBIX KAaHAJOB U 3aTeM ycpeAHstorcs, a SAM Bbruucisercs

MCXKAY CIICKTPaMU COOTBETCTBYIOIIUX ITPOCTPAaHCTBCHHBIX OTCUETOB U YCpEAHACTCA
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1o u300pakeHuro. B padore [69] 3Tr mokazaTenu OTHECEHBI K YACTO UCTIOIB3YEMbIM
OOBEKTHBHBIM IIOKA3aTENISIM OIEHKH pe3yibTaToB cBepxpaspemieaus ['CU. Dtu
MOKA3aTeM  PACCUMTHIBAIOTCS TPH IONAPHOM CPAaBHEHWHM 3HAYCHUU B
OJTHOUMEHHBIX TMPOCTPAHCTBEHHBIX TMO3UIUAX HTAJOHHOTO M OIEHUBAEMOIO
MaccuBoB. Omunx 3HadeHuii PSNR, SSIM u SAM HegocTaToyHO I OIICHKH
npuronnoctn ['CU k xnaccudukanuu. B pabore [70] wmenbmas ommOka
BOCCTAaHOBJIEHHUSI CIEKTPOB HE BCErJa COOTBETCTBOBAJIA JYYIIMM pe3yJbTaTaM
KJIacCU(PHUKAIIMHY TIO CHKAThIM JaHHBIM.

B HacTosiiieit pabote SAM xapakTepusyeT ClIeKTPaIbHOE COMOCTABICHUE MO
yIJIaM MEXAY CIIEKTPaIbHBIMU BEKTOPaMU COOTBETCTBYIOIIMX MUKcenei, a SSIM —
CTPYKTYPHOE CXOJICTBO HM300pa)K€HUN CHEKTpaJbHBIX KaHaioB. 3HaueHus SAM
YCPEAHSIOTCS O 00sacTu cpaBHeHus, 3HadeHuss SSIM — mo kaHainam mocie
ycpeHeHus1 1o JoKaJIbHbIM OKHaM. [t PSNR BbluncisieTcs €IuHBIA CpeaHU
KBaJpaT OIIMOKKM IO BCEM MPOCTPAHCTBEHHBIM TMO3UIIMSAM U CHEKTPaJIbHBIM
KaHaJlaM 00JIaCTU CPaBHEHUS.

UyBCTBHUTENIBHOCTh MOKA3aTEIEH K MPOCTPAHCTBEHHOMY PacCOrIaCOBAHUIO
uccienoBana B psajne pabor. B pabote [71] mpuBeneHbl NpuUMepbl YMEHbBIICHUS
SSIM mnpu nuHelHOM caBure uzoOpaxenus. B pabGorte [72] mokaszaHo, YTO
CyOIHUKCENIbHOE PACCOTIACOBAHUE BOCCTAHOBICHHOTO M ATAJIOHHOTO M300pasKeHHIMA
BiuseT Ha 3HaYeHUs: PSNR u SSIM 1 MOKEeT H3MEHHUTH Pe3yJIbTaThl COIOCTABICHUS
METOJIOB TOBBIIIEHUSI MPOCTPAHCTBEHHOTO paspemieHus. B pabore [73]
UCCJIEIOBAHO IPOCTPAHCTBEHHOE pPAacCOrjacoOBaHUE MEXAY CIEKTPATIbHBIMU
ka"Haiamu ['CU. B mpuBen€HHbIX B 3TOM pabOTe IKCIIEPUMEHTAX YBEJIMYCHUE
MEXKAHAJIBHOTO CMEIIEHHs colpoBoxaaerca ymeHblieHneM PSNR wu SSIM u

yBenuyeHuem SAM.
1.2.1 Buumsaume cnasura Ha nokasatean kadectBa I'CHM M TOYHOCTH
KJIacCU(UKALIUU

I[J'ISI HCCICOOBAaHUA YYBCTBUTCIBbHOCTH MoKa3artejien KadyeCcTBa K

MPOCTPAHCTBEHHOMY PACCOTJIACOBAHHUIO PACCMOTpUM MOCTOsHHbIA casur ['CH.
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[Iyctb X — ostamonHoe, a Y — ouenuBaemoe ['CU, 3amanHpie Ha oOmiei
IIPOCTPAHCTBEHHOM U CIIEKTPAIBbHON CETKE; 1 U ] — MPOCTPAHCTBEHHBIE OTCUETHI, k —
HOMEp CIIEKTpaJbHOro KaHana, K — uncio kananoB. Cioydait X = Y mo3BOJISIET
OLICHUTh BJIUSHUE CABUIAa TPH OTCYTCTBUHM JPYTHX pa3IMYUN  MEXKIY
cpaBHuBaeMbiMu ['CH.

JIns uccnenoBaHus 4YacTHOIO Cllydass T€OMETPUYECKOTIO PacCOIIacOBaHUs
3aalMM TIOCTOSIHHBIA CABUT BJOJIb IIPOCTPAHCTBEHHOW OCH C OTCUETAMH J:
d.(i,j) = (d,0). 3nech d — 0OTUHAKOBBIN JUTISI BCEX MPOCTPAHCTBEHHBIX OTCUETOB U
CHEKTpPaJbHBIX KAHAJIOB CIBWUT, BBIPAKEHHBIA B MHKCENSIX OOIIEH CEeTKH.
PaccornacoBanusi, 00yCJIOBIIEHHBIE NEPEMEHHBIMH IEPEHOCAMU U IOBOPOTaMHU
CTPOK, B OOIIIEM CIIy4yae 3aBUCAT OT IPOCTPAHCTBEHHOTO NOJI0XKeHUs. [IoCcTOSAHHBIHI
CABUT TO3BOJISIET OTHAEJIBHO HCCIEN0BAaTh YYyBCTBUTEIBHOCTh IOKA3aTENEN K
IIPOCTPAHCTBEHHOMY paccoriiacoBanuto. Cxema nunenHoro caura ['CHU n macku
pPa3METKH BIOJIb OCH j IIpe/CTaBJIeHa Ha pucyHke 1.3.

a)rcu 6) Macka paszmeTku

0ObnacTtb nepekpsITUA ~7 ObnacTn HecoBnaAeHWa METOK

Jo cagura Mocne cagura

Pucynok 1.3 — Bo3HUKHOBEHHE pacXOKIEHUM IPU JIMHEWHOM CABUTE HA d
MUKCeJel BJI0JIb OCH j: a) conocTtaBiienue 3naueHuit ['CH B obnactu (1;; 0)
HECOBIIAICHUE METOK Yy I'PAHUL KJIACCOB C1 U Cyp
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Jlnst nenmoro uncna mukcenedl d caBur 3amaéTcs HEMOCPEICTBEHHO depes
AJIEMEHTHI UCXOTHOTO MacCUBA:

Y.(i,j,k)=Y(i,j+d k), (i,j) € g, (1.5)
rae Y, (i, j, k) — 3Hauenue snementa ouenrnaemoro I'CH nocne nuHeHOTO CBHTa;
d — 1eTOYMCIICHHBIN cABUT BAOJb ocH j. [Ipu d > 0 B (1.5) comepkumoe MaccuBa
IIEPEMEIIACTCSA B CTOPOHY YMEHBIIEHHUS | .

O6nactb coBMecTHOTO onpenenenus X u Y; npu 3ananHoM d 0603HauuMm 2.
IToacranoska (1.5) B onpenenenus mokasareneit 3agaér 3asucumoct PSNR(d),
SSIM(d) u SAM(d). [lanee mpenactaBuMm ux 4depe3 KOd(DUIMEHT KOppETsiuu
[IupcoHa ¥ CTATUCTUYECKUE XapaKTEPUCTUKU CpaBHUBAeMbIX 3HaueHUH. [{inss PSNR
OHH BBIUUCISAIOTCS 10 BeceM 3neMenTaM ['CH B ob6nactu cpaBHeHus, st SSIM — B
OTZIEJIbHBIX OKHAX CHEKTPAJIbHBIX KAHAIOB, U1l SAM — 110 KOMIIOHEHTaM CHEKTPOB
COOTBETCTBYIOIIUX ITUKCEIIEH.

B cootBerctBumn ¢ onpexnenenueM MSE B pabote [21] cpennuii kBagpat

o6k mpu casure (1.5) umeet Bu:

MSE(d) = —— . yeny Taea[X (0, j, k) = Yo (i, j, K)T?, (1.6)

K|2q4]

rae {1; — obnacte cpaBHeHUs npu cusure d; |;| — 4uciIo MPOCTPaHCTBEHHBIX
no3uui B Hed; K — 4uciao cnekTpalbHbIX KaHanoB. CpelnHue, NUCIEPCUU U
KOBapHaIus Jaliee BEIYUCISIOTCS 110 ATHM ke K |(2;| mapaM 3HaueHHH ¢ IenuTenem
K|0,4|. TloaToMy Bce CTATUCTUYIECKUE XapAKTEPUCTUKU MOTYT 3aBHCETh OT d, B TOM
YHUCJe U3-32 U3BMEHEHUs! 00JJaCTH CpaBHEHMUS.

B paGote [74] monnas kBaapaTWyeckas OIIMOKa pasjielieHa Ha KBajpaT
Pa3HOCTU CPEAHMX U OIIMOKY LIEHTPUPOBAHHBIX JAHHBIX; MOCJIEAHSS BbIpaKEHA
Yyepe3 CTaHIapTHHIE OTKIIOHEHUS U KOppessiuio. OObequHss 3TH COOTHOLICHUS AJIs

X u 'Yy, nonyvaem:
2
_ 2 2
MSE(d) = (.UX - #Yd) + o0x® + 0y,” — 2pa0x0y,, (1.7)
rae [y, Uy, — CPCAHHE 3HAYCHHUS, Oy, Oy, — CTAHAAPTHBIC OTKIOHCHHS, Py —

kodpdunmreHT xoppensuuu [IupcoHa MeEXIy COOTBETCTBYIOIIMMHU 3HAUYCHUSMU

anemeHToB X u Y; Ha f); mo BceM KaHaimaMm. B 0003HAUeHHSX CpEeNHHX U
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CTaHJAPTHBIX OTKJIOHEHHUH 3aBUCUMOCTH OT d omyieHa. Koppensimonnas 3anuch
PUMEHUMA TIPU HEHYJIEBBIX CTaHJAPTHBIX OTKJIOHEHUSIX 000MX HaOOPOB.
[Toacrasnss (1.7) B onpenenenne PSNR [21], monydaem BbIpaxkeHue JUist

pacuéra no Bcemy I'CU:

L2(d)

(MX—MYd)2+UX2+GYd2—ZPdUXGYd
rae L(d) — makcumanbHOe 3HaueHHe 3ieMenTa staaonHoro I'CU Ha (2, mo BceM
KaHaJlaM; OCTalibHble 0003HaueHus ompeneneasl B (1.7). 3aBucumocth OT d
00yCJIOBJIeHAa U3MEHEHUEM COTIOCTABIIIEMbBIX TIap 3HAYCHUH U, IPU U3MEHEHUU (24,
cocTaBa 00J1aCTH CpaBHEHHS.

IIpy JOMONHUTENBHBIX YCIOBUAX Uy = Uy, U Ox = Oy, = 0 BBIPAKEHHSA

(1.7) u (1.8) ynpomiatoresi:

L?(d)

MSE(d) = 202(1 — pq), PSNR(d) = 10logy5 ===,

(1.9)

rie o — ofmiee CTaHJapTHOE OTKJIOHEHHE CpaBHUBaeMbIX HaOopos. Ilpu
(¢uKcUpoBaHHBIX 0 U L poct koppensiuu ymensinaer MSE u yBennuuaetr PSNR.
PaBeHCTBO M MMOCTOSTHCTBO 3THX XapaKTEPUCTHUK HE CIEIYIOT U3 CAMOI0 JIMHEHHOTO
CABUTA: MPU BBIAEICHUH OOJACTH MEPEKPHITUS COCTaB CPABHUBAEMBIX JaHHBIX
MOKET U3MEHSATHCS.

Jnst SSIM cBsA3b € KOppeNsiiuMeld paccMaTpUBAETCS B KaXKJIOM JIOKaJIbHOM
OKHEe ¢ cmekTpaibHoro kananma k. B pabGote [22] cTpykTypHass KOMIIOHEHTa
BBIPDAKEHA 4YEpe3 KOPPEJSALMI0 HOPMHUPOBAHHBIX LIEHTPUPOBAHHBIX 3HAYEHHUU.
[loncTanoBka oyy, = Py q(d)oxoy, B onpenenenue SSIM naér:

(Zﬂxﬂyd+c1)(Zpk,q(d)axayd‘l‘cz)

(ﬂxz+#Yd2+C1)(UX2+UYd2+Cz) ’

SSIMy ¢ (d) =

(1.10)

riie Py q(d) — nokanbHbli k03dduIMenT Koppensuuu; B npeaenax (1.10) uy, py ,,
Oy, Oy, OOO3HAYAlOT CTATUCTUKK OKHA ¢ B KaHaue k, BHIYUCICHHBIC C BECAMH

JOKaIbHOTO OKHa [22]. Koppensiuusi pacCUMTHIBACTCS C TEMHU XK€ BeCaMu U
HOPMUPOBKOW KOoBapuanuu u nucnepcuii. Koncrantel € u C, onpeaeneHsl B [22].

3nauenune s ['CU monydaercs ycpenHeHHEM JOKaIbHbIX SSIM 1o okHaM u
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kaHanam. [Ipu HyJeBoii JOKaJIbHOM nUCHEpCUr MPUMEHSETCS UCXOoaHas Gpopmya
SSIM [22].

It SAM  comocraBisitorcss  crektpel S = X(i,7,:) u t=Y;(i,j,:).
Koaddumment koppensuu [lupcona Mexay ux KOMIIOHEHTaMU UMeeT B [75]:
Sh=1 (k=) (tx=t)

lek{=1(5k_§)2 ZIk(=1('tk_f)2

rae p,(s,t) — Koppessus Mo CICKTPaIbHBIM KOMIIOHEHTAM; Sy U tj — 3HAYCHHS

pa(s,t) = (1.11)

9JICMCHTOB CIICKTPOB B KaHAJIC k; Sut-— CPCAHHC I10 K xanamam. ]_—[J'IH ,ZIEIJ]BHCI;'IHICFO

1 _
npeoOpa3oBaHus NPUMEM Og2 = EZ’{:l(sk —5)? ¥ aHANOTMYHOE ONpese/IeHHE

g2

B onpenenennn  SAM  ucnonb3dyerca  Yyroia  MEXAY ~ HCXOJIHBIMU
CIIEKTpaJbHbIMU BeKkTOpamu [76]. PackpeiBas B omnpenenenun SAM ckaisipHOE
MPOU3BEACHUE U KBAJIPAThl HOPM Ye€pe3 CPeAHME, Tucnepcuu u koppemnsiuio (1.11),

[MoJIiydacM:

pa(s,t)asor+5t
J(asz+§2)(atz+z2)

I€ Og U 0; — CTaHJAAPTHBIC OTKJIOHEHUsI KOMIIOHEHT CIIEKTPOB C nenuteneM K.

SAM;;(d) = arccos , (1.12)

®opmyna (1.12) sBasercst anreOpandeckum CieACTBUEM orpeaeneHuit SAM u
koppensinuu [IupcoHa mpu HEHYJNEBBIX AMCHEPCHUSX CIEKTpoB. Eciu aucnepcus
XOTsI OBl OJJHOTO CHEKTpa paBHA HYJ0, SAM BBIUUCISETCS HEMOCPEACTBEHHO T10
ONPEAEICHUIO yIJIa MEXK]Yy CIEKTPAIbHBIMU BeKTOpamMu. CpeaHuid CIEKTPaTbHbIN
YTOJI pPACCYUTHIBACTCS YCPETHEHUEM TI0 00JIACTH CPABHEHUSI.

CooTHomieHnue 8, = arccosp; OTHOCUTCS K YTy MEXIY LEHTPUPOBAHHBIMU
cnektpamu [75]. Hns ucxonmHbeix crekTpoB dopmyna (1.12) monmosHUTENHHO
YUYHUTHIBACT CPEHUE U CTAaHJIAPTHBIC OTKIOHEHHS. TakuM 00pa3om, pu JIMHEHHOM
CABUTE CBS3b IMOKAa3aTele ¢ Koppessiuue 3aaaéTcsi Ha pa3HbIX COBOKYIHOCTSX
3HaueHuil: no Bcemy I'CU nst PSNR, o nokaibHbIM OKHaM KaHaioB juist SSIM u
1o OTAENbHBIM criekTpaM st SAM. ®opmyins (1.7)—(1.12) onuckiBaroOT 3Ty CBSI3b

TS KaXK1oM rapel X u Y.
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[Tonydennsie BeipakeHus: onucbiBatoT u3menenne PSNR, SSIM u SAM nipu
IOCTOSIHHOM JIMHEWHOM caBure cpaBHuBaembix ['CH. [lanee sta 3aBHUCHMOCTH
uccieayercs sKcnepumMenTanbHo. Jiis Tex ske BapuantoB I'CHU onienuBaercs oOias
TOYHOCTh TOAJIEMEHTHOW KiacCU(PHUKAIMM TpPU CABUTE MacCHBa MPEICKa3aHHBIX
METOK OTHOCUTEIHLHO 3TaJJOHHON Pa3METKH.

O6mrast TouHocTh modemMenTHOW kimaccudukanuu (Overall Accuracy, OA)
OINpENENSIETCS KaK JI0JI MUKCENeH, MpeACcKa3aHHble METKM KOTOPBIX COBHAAAIOT C
sTanioHHbIMU  [54]. Tlpu nuHEHHOM CABUTE CpPaBHUBAEMBIX MACCHBOB METOK
HapyILIAeTcss UX MPOCTPAHCTBEHHOE COOTBETCTBHE, uTO BiuseT Ha OA. B pabote
[55] uccnenoBaHO BIMSHHE MO3UIIMOHHOW OMIMOKM HA TEMATHYECKYI0 TOYHOCTH
nanHeiXx NLCD 2016 mpu pa3iuuHbIX TPOCTPAHCTBEHHBIX MacIiTabax W 4YHclie
kj1accoB. CornocTasisieMble JaHHbIE (POPMHUPOBAIUCH U3 OJJHOTO MTPOIYKTa, IOATOMY
HM3MEHEHHE TOUHOCTH ONPEIEIsIIOCh BHECEHHBIM paccoriacoBanueM. B padore [54]
pe3ynbtarhl knaccudukanuu cHUMKoB Landsat TM u SPOT HRV cpaBHuBanuce co
CBOMMU KONUSIMH, CIBUHYTBIMU Ha oAuH nukcenb. [locne caura OA cocrapisina
COOTBETCTBEHHO 62,7—77,5 % u 63,2—84,9 %. B pabote [77] uiccnenoBaHo BIUSHUC
CMENIEHUS] HE3aBUCUMOM ATAJIOHHOM pa3METKH Ha TOUYHOCTH (precision) U MOJHOTY
(recall) kmacca «3actpoeHo». B pabote [78] uzyuyanuch CUHTETUYECKHE OMHApPHBIE
MacCUBbl METOK NpH LUKIWYECKOM CABUIE Ha OJMUH MNUKcenb. OleHHBaHUE
npoBoguioch no Fl-mepe W HOpMHPOBAaHHOMY KO3(D(PHUIMEHTY KOppeIsuuu
MbThioca; 711 KBaJpaTHOTO 00BEKTa yCTaHOBJIEHA 3aBUCHUMOCTh F1-Mephl oT ero
pasmepa.

Hanee ucciemyercs cABUT Ha d mukcesneil Boiab ocu j. 3HaueHusst OA 1o u
MOCJIE CIIBUTA BBIYUCIISIOTCS TIO0 MHKCEISM B 00JacTH NepekpbiTus. V3MeHeHue
nokasarens  ompenensercs pasHocteio  AOA(d) = 0Ay(d) — OA(d). Tlpm
OTCYTCTBHUH CBHIa HCXOHAs pa3MeTKa CoBMaaaeT co cBoei komuer 1 0A(0) = 1.
[Toatomy AOA(d) paBHO A0Jie MHUKCENCH, METKH KOTOPBIX TIEPECTalid COBITAIaTh

nocie capura. CHmwKeHHe oOmeld TOYHOCTH B ITOM ITOCTAHOBKE OIPEACIISCTCS
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BETMYMHOM CIIBUTa W TPOCTPAHCTBEHHOW KOH(UTYypalMeld TpaHuI] KIacCOB

OTHOCUTCIIBHO OCH CABHUTIA.

1.3 MHccaenoBanue BJIHSAHHA CABHIa HA MO0Ka3aTeJM KadecTBa M

TOYHOCTb Kaaccupuxanuu I'CU

B skcnieprmMeHTe COMoCTaBIISIETCS BIUSHUE JIMHEHOTO CIBUTA HA [TOKA3aTen
PSNR, SSIM u SAM u Ha 00111y10 TOYHOCTH MOAIEMEHTHOH Kiaaccudukarmu (OA).
B nepBom ciyuae cauraercst ouenuBaeMoe I'CH OTHOCHTENBHO 3TalOHHOTO, BO
BTOPOM CJIIy4a€ MACCUB MPEICKA3aHHbIX METOK OTHOCHTEIBHO JTaJOHHOU
pasmetku. PaccmarpuBarorcs ucxomsusle ['CH, mx 3amymn€HHblE BapuaHTHl U
BAPUAHTHI MOCJE MPOCTPAHCTBEHHOTO Pa3MbITHUSI U BHECEHHUs LIyMa. Pe3ynbrarsl
000X croco00B OIIEHKU MPUBOASATCS MOCIEIOBATENBHO ISl KaXK0M CLICHBI.

1.3.1 DkcniepuMeHTAIbHBIE TAHHBIE

Jliist sxcriepuMeHTanbHOM oreHku ucnosib3zoBanbl ['CU Habopa ARAD 1K
[10, 79-80] m I'CHU peunbix yuactkoB [l11]. ComnocraBnenne c¢ I'CH,
BOCCTaHOBJICHHBIMU MeToA0M MST++ [46], BeiHECEHO B ToApasaen 1.4.

ITepByto rpymmy cocraBuiau ['CHU ma6opa ARAD 1K, onmyOimKoBaHHOTO B
pamkax NTIRE 2022 Spectral Recovery Challenge. Ha6op conepxut 1000 cuen:
900 o6yuaronux, 50 BamuaarmoHHbIX U 50 TecToBbIX. 11 950 ciieH onmyOJInKoBaHbI
TUIEPCIEKTPANIbHBIE JaHHbIE, Torna Kak sTamoHHble ['CHM TecTtoBoi 4Hactu He
omyonukoBanbl. Kaxnoe I'CU umeer pasmep 482 X 512 mpocTpaHCTBEHHBIX
OTCUETOB U coAepkUT 31 crniekTpanbHbli KaHal B nuana3zone 400—700 HM ¢ marom
10 am [10]. Jannbie noctynHsl yepe3 opuuuansHbiii penosutopuii ARAD 1K. B
DKCIIEPUMEHTE HCTOIb30Banuch stajonHoe ['CU u chopmupoBaHHbIE W3 HETO
zamrymsiénHoe I'CH u I'CH nocie mpoCcTpaHCTBEHHOTO Pa3MbITHSI U BHECEHUS 1IIyMa

(pucynok 1.4).


https://github.com/boazarad/ARAD_1K
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Pucynok 1.4 — M3o0paxkeHnue cnekTpanbHOro kanana stanonnoro I'CH nabopa
ARAD 1K (a), 3amymnénnoro I'CHU (6) u ['CHU moce mpocTpaHCTBEHHOTO
Pa3MBITHUSI U BHECEHUS ITyMa (B)

Bropyto rpynny cocraBmim ['CHM  peyHbIX Y4YacTKOB C Pa3IuyHOM
MHTEHCUBHOCTBIO 1BeTeHHUs Bomopocier [11, 81]. Jua wux perucrpauuu
MCIIOJIB30BasICs pa3paboTaHHbi B CaMapCKOM YHUBEpPCUTETE OOPTOBOH IeNIeBOM
TUIIEPCIIEKTPOMETp ¢ onTudeckod cxemor Odduepa (mamee — OOpTOBOM
runepcnekrpomerp). CréMka ¢ Oopra OECHMIOTHON aBHUAIMOHHON CHCTEMBI
BBITIOJIHSAJIACH HA YETBIPEX yuacTKax peku Yanaesku: «I opkuy», «lIpuaam», «Mask»
u «Manoe TombioBo»; 'CU dhopmupoBanuck U3 BHAEONOCIEIOBATEILHOCTH C
UCIIOJB30BaHMEM JaHHbIX Tejemerpuu [11]. B pabore [82] I'CU ykazaHHBIX
YYaCTKOB HCIOJIb30BaHbl JJI  KJIACCU(PUKALUUM HMHTEHCUBHOCTH IIBETEHUS
BOJIOPOCJIEH METOJaMU MAalIMHHOTO 00yueHus. [Ipu MojennpoBaHny MCKaKEHUN
ucxogqnoe ['CH npunumanock 3a »3tamoHHoe. W3 Hero ¢GopMHupoBaIuch
zamymiiéaHoe I'CH u I'CH nioce npocTpaHCTBEHHOTO Pa3MBITHS U BHECEHUS IIyMa

(pucyHok 1.5).

Pucynok 1.5 — M300paxenue cnekrpainbHoro kanaia atanonHoro I'CH yvactka
peku Yanaesku (a), 3amymiénnoro ['CHU (6) u I'CH nocnie npocTpaHCTBEHHOTO
Pa3MbITHA U BHECEHHUSI 1IyMa (B)



38

1.3.2 ITocTaHOBKA SKCIIEPUMEHTOB

B skcnepumente u3 stanonHoro I'CU ¢opmupoBanuch nBa BapuaHTa:
samrymsiéHHoe ['CH m 'CH mociie mpoCTpaHCTBEHHOTO Pa3MbITHS M BHECEHUS
nryma. J1a noctaHoBka npuMmeHsiach K 1anHbiIM ARAD 1K u I'CH yyacTkoB peku
YanaeBku. Kaxxnplii BapuaHT, BKitoudas stanoHHoe ['CU, ciBuraiicst u cpaBHUBAJICA
C HeCMEIIEHHBIM 3TalTOHHBIM ['CH.

B cooTrBercTBMM ¢ mocTaHOBKOM TiyHKTa 1.2.1 BBINOJHANCA CABUT
orieauBaemoro I'CHU Bronk ocu j Ha rienoe uucio nukceneir d. PSNR, SSIM u SAM
BBIYMCIUIMCh B OOJACTH NEPEKpbITUA 3TajoHHOro u casuHytoro I'CHU. [lns
kKaxgoro d osra o0macth ompenensiiach OJMHAKOBO IS BCEX BapUAHTOB.
Cootnomenust (1.7)—(1.12) BbpakaroT TmoOKazaTenu dYepe3 KoIPPUIUEHT
Koppensiuuu [lupcoHa, cpeaHue U IUCHEPCUN CPaBHUBAEMBIX JaHHBIX. BiusiHue
caeura Ha OA OLEHMBAJOCh MO MPEACKa3aHHbIM M JTaJOHHBIM METKaM B
COOTBETCTBYIOIICH 00JaCTU MEPEKPHITHUSL.

ITo 3aBucumocTtsim PSNR(d), SSIM(d) u SAM(d) u OA(d) ouieHuBaIOCh, KaK
CABUT BJIMSICT HA 3HAYEHUs IOKa3aresed M mnopsanok BapuanToB I'CU mo »tum

ITOKAa3aTCIIsIM.

1.3.3 Bausitaue uckaxxenuii, BHocuMbIX B I'CHU

JI1st HeMCKaXEHHOTO 3HAUCHUS X MTyaCCOHOBCKO-TAyCCOBCKasl MOJICIIb HMEET
Buj [58]:

y=np+ng=ia+[3, a ~ P(ax), B ~ N(0,b?), (1.13)
r€ y — HaONI0JaeMOoe 3HAYEHHE; X — HEMCKOKEHHOE 3HAYEHHUE; T, H T4
ITyaCCOHOBCKas ¥ TayCCOBCKasl COCTABIISIONINE; d ¥ b — mapaMeTpsl MOJIEH; & U f§
— He3aBUCHMBIE CJydaiiHble BeNMM4uHBI ¢ pacnpenencausmu P(ax) u N(0,b?)
cooTBeTcTBeHHO. 3aech X = 0,a > 0,b = 0. IlyaccoHoBcKasi COCTaBJISIOIIAs

HUMEECT MATCMATHYCCKOC OXUJIaHHUEC X. MaremaTudeckoe OXKHUIaHUC U JUCIICPCHUA

HaOro1aemMoro 3Hauenus B mojen (1.13) paBusl [58]:
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Ely]=x,  Dly]==+b? (1.14)

rne E[y] m D[y] — cooTBeTcTBEHHO MaTeMaTHYECKOE OXHJIaHUE H IAUCIICPCHUS
Ha0JI0JTaeMOT0 3HAUCHUS Y; OCTalIbHBIE 0003HaYCHHsI BBEACHHI B popmyiie (1.13).

Ilepen BHeceHuWeMm IIyMa 3HayeHUs dJeMeHToB BxoaHoro ['CHU
HOPMHPOBAJIUCh Ha ero MakcumyM. 3amymiénnoe I'CU ¢opmuposanocs u3
stanioHHoro I'CU Sgrt, a 'CH mocne npocTpaHCTBEHHOIO Pa3MBITHS U BHECEHUS
myma — u3 ['CH mocine NpoCTpaHCTBEHHOTO pa3MBITHS Spgg. MaKCHUMyM
OTpeensics OTAeNbHO s Kaxaoro BxoaHoro I'CU. HopmupoBanHoe 3HaueHue
anementa ['CHM u mapameTp ITyaCCOHOBCKOM COCTABISIOLICH OMNPEAEISAIUCH

BBIPpAKCHHUAMMU:

e S1(i,j,k .. 1
S, ), k) = %: Smax,l = maxS;(i,J, k), Npeak = 0_52' (1.15)

max,l L],
rae S;(i,j, k) — HOpMupoBaHHOE 3HavyeHHe 3meMenTa BxoxHoro I'CU; S;(i,j, k) —
MCXOJIHOE 3HAYEHHE DTOTO DJIEMEHTA; Spax; — MAaKCUMyM [-T0 BapuaHTa; Npeax —
napamMeTp ITyaCCOHOBCKOM COCTaBJSIOIIEH; Oy — CTaHJApTHOE OTKJIOHEHHUE
IIyaCCOHOBCKOW COCTaBJISAIOIIEH ITPU €IMHUYHOM HOPMHPOBAaHHOM CUTHAJIE.
st xaxoro snementa ['CH myacCOHOBCKast M TayCCOBCKAsl COCTABIISIIOIINE

3aJaBajIuCh HC3aBUCUMbIMHA CﬂyqaﬁHBIMH BCINYMHAMM.:

(0,1, k) ~ P (Npear$1(0 1, 0)), Bulij k) ~ W (0,02, (1.16)
e apjrx 4 Pri jk — HE3aBHCHMBIC CIIyYaWHbIC BEJIUYMHBI, 3aJAOIINC
MyacCOHOBCKYIO M TayccoBckyto cocrtapistonue; P(+) u N(-) — COOTBETCTBEHHO
IMyaCCOHOBCKOE€ W HOPMAJIBHOC PaACIpCACICHUA, 0, — CTaHAAPTHOC OTKJIOHCHHC
rayCCOBCKOWM COCTaBJISIOLIEH; OCTaJlbHble 0003HAY€HUs OmpeneseHbl (popmyioi
(1.15).

IIpu mepexone K MCXOOHOW IIKAJIE OTPUUATEIIBHBIE 3HAYEHUSI 3aMEHSIINCH

HYJISIMHA; OTPAHUYCHHC 3HAa4YCHUH CBCPXY HC IMPHUMCHAIOCH!:
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Snoise (L), k) = Spax,max (% + 6,30, ), k), 0): (1.17)

rae Snoisg,(i,j, k) — 3Hauenue snmemenTa 3amymnéHaoro [-ro sapuanta ['CU;
omeparius  max(-,0) HWCKIIOYAET OTPUIATEILHBIC 3HAYCHUS, OCTAJIbHBIE
o0o3HaueHus BBeJieHbI B hopmynax (1.15)—(1.16).

B skcnepumente miis 'CU ARAD 1K 0930 ucnons3oBansl g, = 0,05 u
o, = 0,001, mostomy Npeax = 400. Il BapuaHTOB Snoisg B SpSF+NOISE
dbopMupoBanOCh MO OJHOW peaju3aluu IIyMa; YCPEAHEHUE pPEe3yJNbTaTOB IIO
MOBTOPHBIM  pealiM3alisiM  HE  BBINOJHsJIOCH. [lpu  reHepanmuu  1ryma
UCIIOJIB30BAIOCh  (DMKCHUPOBAHHOE  HAyalbHOE  COCTOSIHME  TreHepaTopa
ncepaociyvaitHeix uncen. ChopmupoBannbie 3amymiiénnabie I'CU coxpansanuck u
Jajee MCIOJIb30BalMCh 0€3 MOBTOPHOW reHepanuu myma. IToCKONBKY Spaxi
onpenensuics otaenbHo ais dtaionHoro 'CHU u I'CU mocne npocTpaHnCTBEHHOTO
pPa3MbITHS, OJIMHAKOBBIE Og M O, 3a/1aBaJIM OJMHAKOBBIN OTHOCUTENIbHBIA, HO HE
00s13aTeNIbHO OJIMHAKOBBINM a0COTIOTHBINA MacIITad 1ryma.

B skcniepumenTe nenonb3oBana n3orponHas rayccosa OPT, onnHakoBas 1

BCCX CIICKTPAJIbHBIX KaHAJIOB. Eé JAUCKPETHOC AP0 UMECT BU/I:

u? +v2]

hs(u,v) = —r<u,v<r, (1.18)

2 27
T T _b+q
p=—rz =—rexp[ 202 ]

1€ U U UV — JIHACKPETHbIE KOOPAMHATHI SApa; O — CTAHJAPTHOE OTKJIOHEHHE
rayccoBoit ®PT B mukcemsix; r — paguyc sanapa; h,(u,v) — ero HOpMUPOBAHHOE
3HaueHue. Pa3mep KBajgpaTHOro sjapa Mo Kaxkaoil ocu paBeH 21 + 1, a ycioBue
HOPMHUPOBKH UMEET BUJ:
u=—r Ly=—r he (W, v) = 1, (1.19)
r1€ CyYMMHMpPOBAHUE BBIIOJHSETCA IO U,V = —T,..,T; PaBEHCTBO EIAUHULIEC
o0ecreynBaeT COXpaHEHHE TTOCTOSHHOM COCTABJISIONIEH MPU CBEPTKE BHE 001aCcTH
BJIMSTHUS HYJIEBOTO JIOTIOJIHEHUS Ha TpaHUIaX U300paKeHHUsI.
[IpocTpaHCTBEHHOE pPa3MBITHE BBINOJHIOCH HE3aBUCUMO IS KaXIOTO

CIICKTPAJIbHOI'O KaHaJIa:
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SPSF(i;j; k) = Z:—r ZT:—T ha (ur U)SGT(’: —u,j—v, k) (1.20)
rae Spsg(i, J, k) — 3nauenue anementa ['CU nociie npocTpaHCTBEHHOTO Pa3MBbITHS;
Set(i —u,j — v, k) — 3Hauenue snemenTa stasionHoro I'CH.

B okcnepumente wucnosb3oBaHa rayccoa ®OPT ¢ mapamerpamu o = 2
nukcenst 1 r = 10. Pazmep sanapa coctapisin 21 X 21. 3HaueHus 3a nmpeaeaaMu
N300pKCHHS] IPUHUMAIIMCHh PABHBIMU HYIIIO; TTOCJE CBEPTKU MPOCTPAHCTBEHHBIN
pasmep I'CHU coxpansiics. K I'CHM mocine mpoOCTpaHCTBEHHOTO —Pa3MBITHS
N00ABIISIICA LTYM:

Spsr+noise = Noise(Spgr), (1.21)
rae Noise(-) — oneparop BHeceHus uryma no popmynam (1.15)—(1.17); SpsraNoIsE
— I'CH nocite mpoCTpaHCTBEHHOTO PA3MBITHS U BHECEHHUSI IIIyMa.

B nanHOM 3kcrniepuMenTe cpaBHUBAIHUCH 3TalIoHHOE ['CU S, 3amymii€éHHoe
I'CU Syoisg 1 'CHU mocne nmpocTpaHCTBEHHOTO PAa3MbITHSI U BHECEHMS IIyMa
Spsrenoisg- ['CH mociie mpoCTpaHCTBEHHOTO Pa3MBITUS Spgp COXPAHSIIOCH IS
uimoctpanun aecteuss OPT; 3nauenuss PSNR, SSIM u SAM pgns Hero He

IIPUBOJUIIUCE.

1.3.4 IIpoTokos oOy4eHHs U MPUMEHEHUSI KI1acCU(PUKATOPOB

B nByx skcriepuMeHTax, ONMCaHHbIX B MyHKTax 1.3.5 u 1.3.6, ucnonb3oBancs
€MHBINA MPOTOKOJ O0YyYEHHsI U MPUMEHEHHUs KinaccudukaTopa. s mosieMeHTHON
KJ1accu(UKaIy MPUMEHSIIACH CIIEKTpalibHAs OJJHOMEpPHAsi CBEPTOUHASI HEUPOHHAS
cetb (ID-CNN) [47]. ITakeT nanHbIX (aHri. batch) — rpymnmna s1eMeHTOB TaHHBIX,
COBMECTHO oOpabaThiBaeMbIX HEUpoHHOW ceThio [68]. B  Hactosmumx
HKCIIEPUMEHTAX CETh COJIeprKalia TPY OJJHOMEPHBIX CBEPTOUHBIX OJ10Ka ¢ 32, 64 1 96
BBIXOJIHBIMM KaHaJlaMM, IMakeTHOW Hopmanuzamnued (BatchNorm) u ¢yHkiuein
aKTHUBaLlUU ReL U, cloun r;100aJI6bHOTO yCpEIHEHUS u JIMHEWHBIN
KjaccuukanmoHHelii cinoil. Ha BXxoa cetw mopaBajcsi CHEKTPalIbHBIA BEKTOP
OTJICJIBHOTO TIHUKCENS; CHEKTPAIbHbIE BEKTOPHl COCEIHHX IPOCTPAHCTBEHHBIX

OTCYETOB HE UCIOJIH30BAIIUCE.
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Jlist kaxmoro w3 ABYyX HaOOpoB Kiaccudukarop oOydasics OTIEIbHO Ha
pa3MEYeHHON YacTu CcooTBeTcTBYyIomero jstamonHoro ['CHU. B oOyuwarormryio
BBIOOPKY CITydaiiHbIM 00pa3oM BKIItoUanoch 10 % pa3zMeueHHbIX MUKCEIEH KaKI0TO
Kjlacca; B KadyecTBe (YHKUMHM TIOTEPh HCIOJNb30BAIACh KaTeropHalbHas
nepekpéctHas sHTponus. I[locine 3aBepuieHuss 0O0yudeHUs MapaMeTpbl CETH
dbukcupoBanmuck. J[ns kaxmoro Habopa o00yueHHBIM KiaccudukaTtop 6e3
NOBTOPHOTO OOYyYEHUs MPUMEHSJICA K D3TATOHHOMY W BCEM OLICHMBAE€MbIM
Bapuantam ['CU: k 3amymnénnomy ['CH u I'CU mocne mpocTpaHCTBEHHOTO
pa3MbITUSI U BHECEHHUS LTyMa.

Pesynbrarom npumeHeHus kiaccuduKaropa SIBISUICS JBYMEPHBIM MacCUB
npecKa3aHHbIX MeTOK. O0111asi TOUHOCTh PACCUMTHIBAJIACH KaK JI0JI1 COBIAJAOLINX
METOK B 00JIaCTH MEPEKPBITHSI 3TOI0 MACCUBA U 3TAJTOHHON Pa3METKH.

Jist kaxaoro Bapuanta I'CU maccuB npecka3aHHbIX METOK (POPMUPOBATICS
OJTHOKpPATHO. 3aTeéM OH CABUTAJICA BJAOJb OCH C OTCYETAMH j OTHOCHTEIIBHO
HEMOJABWKHOW JTAJIOHHOW Pa3sMETKM COMNIACHO IOocTaHOBKE myHKTa 1.2.1. Ilpm
W3MEHEHUHW JIMHEHHOTO CJBUTa TOBTOpPHAS KiacCH(UKAIUS HE BBIMOJIHSIACK.
[ToaToMy m3meHenue OA xapakTepu30BajO TOJIBKO BIMSHHE MPOCTPAHCTBEHHOTO
paccoriaacoBaHus NPEICKa3aHHbIX U 3TAJIOHHBIX METOK.

B nononaurtensHoM 3kcniepuMenTe Ha ciieHe ARAD 1K 0927 napsany ¢ 1D-
CNN  wucnosib30Baiuch MOAU(MUIIMPOBAHHAS MHOromacmTabHas TpEéXMepHas
ceéprounass cetb NM3DCNN [48, 68] u mnpocTpaHCTBEHHO-CHEKTPAIbHbBIN
tpancopmep SSFTT [49]. Ha Bxog NM3DCNN wu SSFTT mnopaBanuch
MIPOCTPAHCTBEHHO-CNIEKTpaibHbie pparmMenTsl [ CU; pesynbraTom kinaccudukanmm
SBIISIIACh METKA LIEHTPAJIbHOTO MHKcens. O011as TOUHOCTb JUIsl BCeX TPEX MoJenen

PpacCUUTBIBAJIACH IO MaCCUBaM IMPCACKA3aHHbBIX MCTOK COT'JIACHO ONHCAHHOM BBIIIE

nporeaype.
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1.3.5 Bauguue nuHeiiHOro casura Ha mokaszarenu kadectsa U1 OA pisg 'CU

NTIRE 2022

Jns oueHku BausHUSA JuHeHWHoro ciaBura Ha PSNR, SSIM u SAM
ucronbzoBaHo  stamoHHoe  ['CMM NTIRE 2022  «ARAD 1K 0930».
PaccmarpuBamuces  astanonHoe ['CH, 3amymnénnoe I'CM u I'CHU  mocne
MPOCTPAHCTBEHHOTO PAa3MbITUSI U BHECEHUS Iiyma. Kaxkaplid BapuaHT CIABUTrascs
BJIOJIb OCU C OTCUETaMU j Ha 11esoe yucio nukcened d = 0, ..., 5 u conmocrassiics
¢ HecmeméHubM 3TanoHHbiM ['CH. Tlopsigok gopmupoBanust BapuantoB ['CHU u
MPaBUJIO BBIJCIICHUS 00JIaCTH NEPEKPHITUS (2; TPUBEAEHBI B yHKTax 1.3.2—1.3.4.
Pesynbratel 00yuenus kinaccudukaropa st [CHU ARAD 1K

Hist TCU «ARAD 1K 0930» knaccudukaTop MpUMEHSIICS K ATAJIOHHOMY,
samrymsiéHHOMY ['CHM u I'CH mocie mpoCcTpaHCTBEHHOTO Pa3MbITHSL U BHECEHUS
mryma. Mzmenenue pynkuuu noreps 1 OA B mporecce 00yueHus MpeACTaBICHO Ha
pucyske 1.6. Jlanee st 3TuX K€ BApUAHTOB COMOCTABISAIOTCA 3aBUCUMOCTH PSNR,

SSIM, SAM u OA oT BeJIMYHUHBI TUHESHHOTO CJIBHUTA.

Loss Accuracy

0.90

acy

5 o080

Acc

o 5 10 15 20 25 o 5 10 15 20 25
Epoch Epoch

Pucynok 1.6 — I3mMeHeHue pyHKIIUKU MOTEPh U 0OIIEH TOUHOCTU Ki1acCU(DUKALTUU
npu o0yuenun 1D-CNN na 'CU ARAD 1K 0930: cieBa — pyHKIUS IOTEPH;
crpaBa — 00111ast TOYHOCTh Kiaccuukanuu. CHHUM IIBETOM MOKa3aHa 00yyaroias
BbIOOPKA, KPAaCHBIM — BaJIMJIallMOHHAS

3aBucumoct PSNR, SSIM u SAM 0T BeIMYMHBI CABUTA IIPEJCTABICHBI Ha

pucyHkax 1.7-1.9.
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PSNR vs shift | mode=1dir | scenes=1

120 4 —8— PSNR: GT vs shift(GT)
PSNR: GT vs shift(NOISE)
=—&#— PSNR: GT vs shift(PSF+NOISE)
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Pucynoxk 1.7 — 3aBucumocts PSNR oT nnHeitHoTO casura d B1oib ocH ¢
orcuéramu j uist 3tanonHoro 'CU ARAD 1K 0930, 3amymnénnoro I'CHU u I'CU
MOCJIE MPOCTPAHCTBEHHOTO PA3MbITHS M BHECEHUS ITyMa

SSIM vs shift | mode=1dir | scenes=1

1.04 =& SSIM: GT vs shift(GT)

SSIM: GT vs shift(NOISE)
=—#— SSIM: GT vs shift(PSF+NOISE)
0.9 -

0.8 1

SSIM T

0.7 1

0.6 1

0.5 4

0 1 2 3 4 5
Pucynoxk 1.8 — 3aBucumocts SSIM oT nuHelHOTO caBura d BIoOiIb OCH C
orcuéramu j juist 3tanonHoro 'CU ARAD 1K 0930, 3amrymnénnoro I'CHU u I'CU
MOCJIE MPOCTPAHCTBEHHOTO Pa3MbITHS U BHECEHHUS IIIyMa
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SAM vs shift | mode=1dir | scenes=1

8 ‘/

*
L ]

SAM (deg) {
e

=8— SAM: GT vs shift(GT)
SAM: GT vs shift(NOISE)
=—&#— SAM: GT vs shift(PSF+NOISE)

0 1 2 3 4 5
Pucynok 1.9 — 3aBucumocts SAM oT nuHEHHOTO ¢BrUra d BI0JIb OCH C OTCUETaMHU
j st atanonHoro 'CU ARAD 1K 0930, 3amymnénnoro I'CHU u I'CH nociie
MIPOCTPAHCTBEHHOT'O Pa3MbITUSI U BHECEHUS LIyMa

3aBUCHUMOCTH OA oT BCJIMYMHBI JIMHEHHOT'O caABHTa MaCCHBOB

IIPEACKA3aHHBIX METOK IPEICTaBIeHbI Ha pucyHKe 1.10.

Accuracy

0.92 4

0.90 -

0.88 -

0.86 -

o
3\ —8— Acc: MASK_GT vs shift(INFER_GT)
© 0.84 4 —#— Acc: MASK_GT vs shift(INFER_NOISE)
5 —&— Acc: MASK_GT vs shift(INFER_PSF +NOISE)
v}
< 0.82

0.80

0784 @&

0
Pucynok 1.10 — 3aBucumocts OA ot nuHelHoro ciBura d maccuBa

MpeJICKa3aHHBIX METOK OTHOCUTEILHO ATaIOHHOU pazMeTku miist 'CU
ARAD 1K 0930

IIpn yBenWueHWH cABUTa 3HAYEHUS BCEX TPEX IMOKa3zaTesed W3MEHSUINCH
MoHOTOHHO. J[11s 3TamorHoro I'CH npu yBenmmuenuu casura ord = 1 nod = 5
3HaueHue PSNR ymenbmmnocs ¢ 32,745 no 21,258 ab, SSIM — ¢ 0,9334 no 0,5818,
a SAM yBemuuuiics ¢ 1,010° no 3,447°. {ns 3amymnénnoro ['CU B nuanazone d =

0, ..., 5 3rauenne PSNR ymenbmmiock ¢ 32,050 mo 20,907 nb, SSIM — ¢ 0,7626 no
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0,4601, SAM yBenuuuics ¢ 7,003° no 8,512°. [Ins I'CH nocne npocTpaHCTBEHHOTO
pa3MBbITUSI 1 BHECEHUSI IIymMa COOTBETCTBYIOIIME MU3MEHEHUs cocTaBwin 29,530—
21,716 nb, 0,6959-0,5017 u 7,089°-8,172°.

Haunnast ¢ d = 2, 'CU nocne npocTpaHCTBEHHOTO Pa3MBITUSI U BHECEHUS
myma umeno 6osee Beicokre 3HaueHuss PSNR u SSIM u menbmue 3HaueHuss SAM,
gyem 3amymiéanoe ['CU. Tlpu d = 0 cooTHomieHWe 3HAYEHWUH BCEX TPEX
nokasarenied Obulo 00paTtHbIM. ClieOBaTENbHO, B JAaHHOM JKCIEPUMEHTE
MIPOCTPAHCTBEHHOE Pa3MbITHE YMEHBIIAET YYBCTBUTEIBHOCTh IIOKa3aTEled K
MOCEAYIOUIEMY JIMHEUHOMY CABUTY W MOJKET M3MEHATH NMOPSAA0K BapuanToB I'CHU
mo PSNR, SSIM u SAM.

[Tomyuennsie pe3ynpTarsl noarBepxkaarT, yTo PSNR, SSIM nu SAM npu
conocTtaBieHun ¢ 3TaTOHHBIM ['CH 3aBUCAT HE TOJBKO OT BHECEHHs IIymMa M
IIPOCTPAHCTBEHHOI'O Pa3MbITUS, HO M OT IPOCTPAHCTBEHHOI'O PaCCOTIaCOBAHUS
cpaHuBaeMbix ['CU. Ilockonbky oOnacte (2; u3MeHsieTca C d, NpUBEAEHHbBIE
3aBUCUMOCTH XapaKTEPU3YIOT COBMECTHOE BIIMSHHME JIMHEWMHOIO CABUTra U
M3MEHEHMS COCTAaBa OLIEHUBAEMbBIX IPOCTPAHCTBEHHBIX OTCUETOB.

[Ipn yBenmuuenun d oOIIass TOYHOCTh yMEHbBIIANACh IS BCEX TPEX
BapuaHToB. Bo BcéM  wucciemoBaHHOM — uama3oHe  HaumOousbmmas — OA
cootBeTcTBOBAIa ATanoHHoMy ['CH, mpomexyrtounas — 3amymnéHHomy ['CHU,
HauMeHnblasg — ['CH mocie mpoCTpaHCTBEHHOI'O PAa3MBITHS M BHECEHMS IIyMa.
CrnenoBarenbHO, MOPAIOK BapuaHTOB 1Mo OA, YyCTaHOBJIIEHHBIA NMPHU OTCYTCTBUU
casura, coxpansuicst mpu d = 0,...,5. B To xe Bpems, Kak MMOKa3aHO BBIIIE Ha
pucynkax 1.7-1.9, PSNR, SSIM u SAM npu yBeIMUYEHUU CIBUTA W3MEHSIU

B3aMMHBIN IMOpsAAOK ABYX HCKAKEHHBIX BAapHUaHTOB.

1.3.6 Bnusinue casura Ha nokazarenu kadectBa U OA st 'CHU yuactka peku

YamaeBku

Bo BTropom skcnepumente ucnonb3zoBasiock I'CH yuactka pekun YanaeBku,
3apEruCTPUPOBAHHOE OOPTOBBIM THIEPCHEKTPOMETPOM, OMHCAHHBIM B IyHKTE

1.3.1. Kak u B mnepBOM 3KCHEPUMEHTE, CpaBHUBaIUCh J3TanoHHoe ['CHU,
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zamyminéaHoe ['CH n 'CH nocne mpocTpaHCTBEHHOTO PAa3MBITHS M BHECEHUS
myma. KaxxJIplii BapuaHT CABUTAJICS BIOJIbL OCH C OTCUETAMM j HA LIEJIIOE YHUCIIO
mukceneir d = 0,...,5 U comocraBisiics ¢ HecMElEHHBIM dTajloHHBIM ['CH.
[Mopsinox ¢dopmupoBanust BapuantoB ['CU u mnpaBuio BwigeneHus o0iacTu
nepeKprITus f2; puBeaeHbI B nyHkTax 1.3.2—1.3.4.

K I'CH yuacTka pexn YanaeBKy U €ro UCKaKEHHBIM BaprUaHTaM MPHUMEHSIICS
TOT K€ MPOTOKOJ Kiaccupukauu. MaccuBbl NpeCKa3aHHbIX METOK CIABUTAJINCH
OTHOCHUTEJIBHO 3TajoHHOW pa3smetrku Ha d = 0, ..., 5 mukceneit. PesynbTarhb
oOyueHus mnpencraBieHbl Ha pucyHke 1.11, a 3aBucumoctd OA OT BEJIUYHHBI

JIMHEWHOTO cIBUTa — Ha pucyHke 1.15.

Loss Accuracy

= train loss 1.0

= val loss

0.9

Accuracy
o2
@

o
=

o

S

0.6
—— train accuracy

—— val accuracy

' . . . . . ' . . ' . .
0 5 10 15 20 25 1] 5 10 15 20 25
Epoch Epoch

Pucynok 1.11 — U3meHeHnue GyHKUINUU MOTEPH U 001IEH TOYHOCTH
knaccudukanuu npu o0yuenun 1D-CNN na I'CH yyacTka pexn YarnaeBku:
cieBa — (PyHKITUS TTOTEPh; CIIpaBa — 00Ias TOYHOCTh Kiaaccudukamuu. CHHIM
I[BETOM TOKa3aHa 00yJarolas BbIOOpKa, KpaCHBIM — BaJIMIAIIIOHHAS

3aBucumoctd PSNR, SSIM u SAM oT BeIuuyuHBI JIMHEHMHOTO CJBUTA

IIpEACTaBIICHbI HAa pucyHkax 1.12-1.14.
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PSNR
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Pucynok 1.12 — 3aBucumocts PSNR ot nuneitHoro casura d asis 3TaloHHOTO
I'CH yuactka pexn Yanaesku, 3amymnénnoro ['CU u I'CH nocne
MPOCTPAHCTBEHHOT'O PAa3MbITUSI U BHECCHUS IIIyMa

SSIM

1.0
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= NOISE
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Pucynok 1.13 — 3aBucumocts SSIM ot nuneiHoro casura d aJis 3TallOHHOTO
I'CH yuactka pexn Yanaesku, 3amymnénnoro ['CHU u I'CH nocne

IIPOCTPAHCTBCHHOI'O Pa3MbITUA U BHCCCHHUSA ITyMa
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SAM
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Pucynok 1.14 — 3aBucumocts SAM oT nuHeliHoro casura d st atanondoro I'CU
yuacTka peku YanaeBku, 3amyminénnoro ['CH1 u I'CH nocne npocTpaHCTBEHHOTO
Pa3MBITHSI U BHECEHUS LITyMa

Accuracy
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Pucynok 1.15 — 3aBucumocts OA ot nuHeiHoro casura d MaccuBa
MPEJCKa3aHHbIX METOK OTHOCUTEIILHO ATaJOHHOM pa3merku Ayt 'CU ydactka
peku YanaeBku

IIpn yBemuuenmu d 3Hadenne PSNR yMmeHbIIanoch, a 3HadeHue SAM
BO3pacCTalio JJisi BCEX TPEX BapUAHTOB. 3HaueHuUs SSIM 1nd 3TalOHHOTO |
samymsiéHHoro I'CU pe3ko yMmeHbImanuch 10 d = 3, Mociie 4ero U3MEHSIUCH
He3HaunTensHO; 11t ['CU mociie mpocTpaHCTBEHHOTO Pa3MbITHS M BHECCHHUSI IIIyMa
cumwkenne SSIM Obuio Oonee mmiaBHeIM. Yxe npu d = 2 I'CU mnocne
MIPOCTPAHCTBEHHOTO PAa3MBITHI ¥ BHECEHUS IITyMa UMeJIo OoJibiiee 3HaueHune SSIM,
yem stanonHoe u 3amymiéaHoe 'CU. Ilpu d = 5 3nauenus PSNR nans Bcex

BapuaHTOB cOmm3miuch, a 3HaueHus SAM ostamonHoro 'CU u I'CHU mocne
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INPOCTPAHCTBEHHOI'O pa3MbITUS M BHECEHWs IIyMa IPAKTUYECKH COBMAJIH.
[TpocTpaHcTBEHHOE paccOTIacOBaHKUE U3MEHHIIO TOMy4YeHHBIN pu d = 0 mopsiaok
BapuaHToB o PSNR, SSIM u SAM.

3naueHrne OA MOHOTOHHO YMEHBIIAIOCh C YBEIMYEHUEM JIMHEHHOTO CABUTA
s kaxaoro BapuanTa ['CH. 3aBucuMOCTHM MMenu OJMU3KMHA XapakTep M HE
nepeceKkanrch: HaubosbIas 001as TOUHOCTh COOTBETCTBOBaja 3Tajonnomy ['CH,
npoMmexkyrtouHas — 3amymnaéHHomy ['CHU, wnaumensmas — [I'CH  mocne
IPOCTPAHCTBEHHOIO Pa3MbITUSl M BHECEHMs Iiyma. Takum oOpazoMm, mpu d =
0,..,5 OA coxpanssia TOpPSAAOK BapUaHTOB, YCTAaHOBIEHHBIA MpPH OTCYTCTBUHU
casura, Toraa kak ayisi PSNR, SSIM u SAM Hna pucynkax 1.12—1.14 ycTtaHoBieHo
€ro U3MEHEHHE MPU MTPOCTPAHCTBEHHOM PAacCOTIaCOBAHUH.

Jna 'C ARAD 1K u yvactka pekn YanmaeBKM yBEJIMYEHHE JIMHEHHOIO
CABUTIa NPUBOAWIO K M3MEHEHHIO KaK IOKAa3aTeJiell CPAaBHEHUS C ITAJIOHOM, TaK H
OA. Ilpu stoM B3auMHBIM NOpsAAoK BapuaHToB ['CHM mo »TtuM mnokasarensm
U3MEHSJICS Pa3IMYHBIM 00Pa30M.

B o0oux »skcrepuMeHTax CABUT MacCHBa MPEACKAa3aHHBIX METOK
OTHOCHUTEJIBHO 3TAJIOHHOM Pa3METKH NMPUBOAWI K yMeHblieHHo OA BciencrBue
HapYIIEHUsI TMOAJIEMEHTHOIO COOTBETCTBUS MeTokK. B nmuamazonme d = 0, ..., 5
nopsiaok BapuantoB ['CH o OA coxpansuics, Toraa kak nopsaaok no PSNR, SSIM
u SAM u3MeHscs.

JUIsi IpOBEPKHM COXPAHEHUS BBISBICHHOIO COOTHOLIEHUS TOYHOCTEM IpH
WCIIOJIb30BAaHUU  PA3IUYHBIX KIACCU(DPUKATOPOB TMPOBEAEH JIOMOJIHHUTEIbHBIN
skcnepuMeHT Ha ciueHe ARAD 1K 0927. ConocraBnsimuck 3amymnénnoe I'CU u
I'CH mocne mpoCcTpaHCTBEHHOTO pa3MbITUd M BHeceHUs mryma. [losnemeHTHas
KJaccudukanus BeInoaHsmack ¢ ucnojibzopanueM 1D-CNN, NM3DCNN u SSFTT.
Jis  kaxaoW MOJeNnd MacCHBBl NIPEICKa3aHHBIX METOK (hopMHpOBaNIHChH
OJTHOKPAaTHO M 3aTe€M CIBUTaJINCh OTHOCUTEIBHO HEMOJBUKHON JTAJIOHHOU

pasmeTkn Oe3 moBTOpHOM Kiaccudukaruu. Ilokazarenn PSNR, SSIM u SAM
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paccuuThIBANIKCH NpU caBure onenuBaeMbix ['CU otHocuTensHO 3TasionHoro I'CHU.
Pe3ynbTraTel npeacTaBieHbl Ha pUcyHKe 1.16.

B nuanazone nuHeHbIX cABUTOB OT 0 70 5 MMKCENe s KaKA0U U3 TpEX
mozeneid OA 3amymnénHoro I'CHU ocraBamace He Hmxe OA I'CHU mocne
MIPOCTPAHCTBEHHOT'O Pa3MbITUSI U BHECEHUs IIyma. [Ipum 3TOM mpoCTpaHCTBEHHOE
paccoryiacoBanue uU3MeHsuio cooTHoinenue 3HadeHuit PSNR, SSIM u SAM nis

JBYX cpaBHHBaeMbIX BapuaHToB I'CU.

SAM Accuracy - 1IDCNN
" LLiym 0.6750 Lym
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- 0.6725 4
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2] 0.6625 1
T T T T T T 0.6600 - T T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
JInHeWMHBLIA COBUT, MUKCENN JIUHenHbIA cABUr, NUKcenn
PSNR Accuracy - NM3DCNN
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2 14 0
& B
z 2 0.760
£ 204 &
0.755
194
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JInHeMHbIA CABUT, MUKCENN JInHelHbIN cABUT, NWKCeNN
SSIM Accuracy - SSFTT
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0.400 . ]
- . 0.785
s 03751 8
0 S 0.780
" 0350 4 3
B4
0.325 1 0.775 7
0.300 1 0.770

v
oA
w4

1 2 3 4 1 2 3 4
JIHelHbIN cABUT, MUKCENN JINHeAHbIN CABUT, NMUKCean

o

Pucynok 1.16 — 3aBucumoctu PSNR, SSIM, SAM wu o0611ieit TouHoCTH
no3yieMeHTHOH knaccudukanuu (OA) oT TMHEMHOTo cIBUra Ui IByX BapHaHTOB
['CH cuenst ARAD 1K 0927: ¢ BHECEHHBIM LIYMOM U ITOCJE NPOCTPAHCTBEHHOTO
pa3mbITUs U BHeceHUs myMa. OA paccuutana ¢ ucnojibzoBanuem 1D-CNN,

NM3DCNN u SSFTT

1.3.7 OrieHKa CHUKEHUSI TOYHOCTH KJIacCU(UKAIIMY TIPU TUHEHHOM CIIBUTE

I OUEeHKHU CBA3U MEXKAY BEJIWYUHOM JIMHEWHOIO CIBUTA U U3MEHEHHUEM
o0IIei TOYHOCTH MPOBEAEH JOMOTHUTEIbHBIN BEIYUCIUTEIBHBIN YKCIIEPUMEHT Ha

50 cuenax ma6opa ARAD 1K [10] (ARAD 1K 0901-ARAD 1K _0950). s
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KQKJIOU CIIEHBI UCTIOJIb30BAIMCH YETHIPE 3apaHee CHOPMUPOBAHHBIX MACCHBA METOK
JIOKaJIbHBIX CHEKTpalibHbIX KiaccoB npu C = 2, 3, 4 u 5; Bcero uccienoano 200
MacCHUBOB METOK pasmepoMm [ x J = 482 x 512 nwukceneit. Mcxonupie obmactu
kiaccoB Beiiessuuch Ha RGB-npencrasnennn 'CU ¢ ucnons3oBaHuEeM MOJIENU
Segment Anything [83], mocie dero ux rpaHuIibl YTOYHSIJIUCH MO CIIEKTPATLHOMY
yriy [84]. B 1aHHOM SKCIIEpUMEHTE UCXOAHAs pa3MeTKa JTOKAJbHbBIX CIIEKTPAIbHbIX
KJIACCOB HUCIIOJIb30BAJIACh KAK ATAIOHHAS W COMOCTABJISIACh CO CBOEHM CIABUHYTOM
konued. Tem caMbIM HCKIIOYAJIOCh BIMSHUE OHIMOOK Kiaccuukaropa u
OIIEHUBAJIOCh TOJIBKO HapyIlIEHHE MPOCTPAHCTBEHHOI'O COOTBETCTBUS METOK.
[IpumMep MCXOTHOM CIIEHBI, U300pPAKEHUN OTICIBHBIX CHEKTPATbHBIX KAHAJIOB U
COOTBETCTBYIOIIEH Pa3METKHU KJIACCOB MPUBEIEH HA pucyHke 1.17.

H3o6paxeHue H3o6paxenue H3obpaxenue
RGB-npencrasnetue CMEKTPaTbHOTO KaHama CMEKTPaibHOTO KaHaia CMEeKTPaibHOrO KaHaua
450 am 550 Hm 650 HM
S ?

PasmeTtka Pa3metka Pa3zmerka PasmeTka
JIOKAJTbHBIX KJIACCOB JIOKaJIbHBIX KJIACCOB JTOKaJIbHBIX KJIACCOB JIOKAJILHBIX KJIACCOB

c=2 C=3 C=4 C=5

B werca 0 BN weria | BN scTxa 2 BN verkal B werka d

Pucynok 1.17 — ITpuMep UCXOIHBIX TAHHBIX, UCIIOJIL30BAHHBIX MPU MPOBEPKE
SMITUPUYECKON anmpOKCUMAIIMKM CHIXKEHHSI 00IIe TOUHOCTH

CaBur BBITIONHSJICS B TOJIOKUTEIHLHOM HAMpPaBIEHUH OCH C OTCUETaMH
jHad = 1,...,5 nukcenei. J{ns kaxmaoro d o6mas tounocts OA(d) BeIYuCIsIIACH
MORJIEMEHTHBIM COTIOCTABJICHUEM MAacCCHBOB METOK B OOJIACTH TEPEKpHITUS (2,

pasmepom [ X (J — d), a e€ CHIKEHHE OTHOCUTEIFHO TTOJTHOCTHIO COBMEIIEHHBIX
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maccuBoB omnpeaensiiock kak AOA(d) = 0A(0) — OA(d),rae OA(0) = 1. dnsa
200 MaccuBOB U IIATH HEHYJIEBBIX caBUTOB moydeHo 1000 3nauenuit AOA(d).
Cpennue skcrnepuMeHTalnbHble 3HaueHus AOA(d) anmpoKCHUMHPOBAIHCH

3aBUCHUMOCTBIO:

2,71Ccd
N

A0A, . (d) = , N =] = 512, (1.22)

rae C — 4ucio JOKAJIBHBIX CIIEKTPAJIBHBIX KJIaccoB, a N — pa3Mep MaccuBa BIOJIb
HaIpaBlICHUs] CIBUTA; B MpoBenEéHHOM skcnepuMente N = | = 512. 3navenue
3a1a€Tcs B NOJAX €OUHULBL; ULl IPEACTABICHUS B IIPOLICHTHBIX ITYHKTAX IPaBYIO

yacth yMHOXkatoT Ha 100. [To mepBo#t rpymnme u3 35 cueH kodPuiMeHT a B
acd o o
3aBucumoctn 404 = —, CocTasui 2,71, a 95%-i1 1OBEpUTENIbHBIA UHTEPBAT —

[2,130; 2,939]. Ha BTOpoii rpymnme u3 15 cuen cpeanss abCoM0oTHas OomIMOKa i
OTJEJIBHBIX MacCHUBOB MeETOK cocTaBmwia 1,89 mnpoueHTHOro myHKTa, IOCie
ycpenHeHnus 1o kaxaoiu mape (C, d) — 0,36 mporeHTHOro MyHKTa. ATIITPOKCUMAIIHS
BOCIPOU3BOANUT YCPEAHEHHYIO 3aBUCUMOCTb (pUCYHOK 1.18), HO He nmpeaHa3HauYeHa
JUIsL TOYHOTO IPOTHO3UPOBAHMSI OTAEIBHOTO pe3ysbTara: OTKIOHEHHE 3aBUCUT OT

IIPOCTPAHCTBEHHOW CTPYKTYPhI T'PAHUIL.
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95%-i1 ;OBEpUTENbHEIN UHTEDBA —8— DOKCIepHMEeHTa/lIbHOE CpefHee = = QueHKa 2,71Cd/N

c=2 C=3

H3meHeHHe AOA, 1I. 1.
\

H3meHeHHe AOA, 1I. 1.
\

0 1 2 3 4 50 1 2 3 4 5
COBHT d, THKCEIIH COBUT d, THKCEIH

Pucynok 1.18 — ConoctaBneHne 3KCIEpUMEHTANIBHBIX cpeaHuX 3HaueHuii AOA c
AMITUPUYECKON anmpokcumarueit (1.22) npu caBure MacCUBOB METOK BJIOJIb OCH C
orcuéramu j (C=2, ..., 5; N =] =512). 3akpanieHabie 00JaCTH COOTBETCTBYIOT
95%-M 1OBEPUTETBHBIM UHTEPBAIaM CPEIHETO MO CIEHAM

1.4 Ounenka 3aperucTpupoOBaHHBIX M BoccTaHoBJeHHbIX I'CHU mo

0011eii TOUHOCTH KJIacCHu(PUKAUMT

Ienb sxcnepumenTa coctosuia B cpaBHeHUM 1'CH, MOJTy4eHHBIX pa3InyHbIMU
cnocobaMu, MO pe3ysbTaTaM IMO3JEMEHTHOM Kiaccudukanuu. PaccmaTpuBainch
Tpu BapuaHTa AaHHbIX: ['CU, 3aperucTpupoBaHHOE TUIEPCIEKTPOMETPOM Specim
IQ; I'CH, 3apeructpupoBaHHOoe pa3zpadoTaHHbIM B (CaMapCKOM YHUBEpPCUTETE
CKaHUPYIOLIUM ILEJEBbIM THMIIEPCHEKTPOMETPOM (fanee — pa3paboTaHHBIN
runepcrnektpomerp); ['CU, BoccranoBinennoe wMerogoMm MST++ mno RGB-
npeacrasienuto 'CU Specim 1Q.

ITepoe I'CU 3apeructpupoBano runepcnekrpomerpoM Specim 1Q. JlanHbIe
NPEACTaBICHbl  3HAYEHUSMU  KOd(DPUIMEeHTa  OTpakeHWs, pPaCCUYUTAHHOTO
OTHOCHUTEJIHHO O€JIoTo 3TasioHa [9], mMpoCTpaHCTBEHHBIN pa3Mep MacCHBa COCTABIISI
512 X 512 nukceneit, a 204 CrieKTpalbHBIX KaHaja OXBAThIBAIM JHUAITa30H JTUH

BOJIH 397-1003 uM. CpeHee CrieKTpaabHOE pa3pelIeHUEe KaMephbl COCTABIISIET 7 HM
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[85]. Ilpumenenue Specim 1Q s perucTpanuu ¥ KiacCu(UKALUUA CIEKTPOB
pacTUTENbHBIX OOBEKTOB paccCMOTpeHO B [9], [86].

Bropoe I'CU 3apeructpupoBaHo pa3pabOTaHHBIM TUIEPCIEKTPOMETPOM C
ornrtuueckor cxemort Odduepa [87]. nsg perucrpanuu CUrHajga UCIOIb30Balach
kamepa Baumer ¢ marpuunbsiM ceHcopom CMV4000. Pazmep maccuBa COCTaBIISIT
960 x 2000 x 252, cnextpanpHblii Auama3oH — 422-978 um. HopmupoBanue
CHEKTPAJIbHOTO CUTHAJIA BBINOJHSJIOCH MO pe3yjbTaTaM PErMCTPALMH ATAIOHHOU
mubdy3Ho oTpaxkaromiei manenu Spectralon; mocie HOPMUPOBAHUS 3HAYEHUS
anemeHToB ['CH npencrtaBnsim kodpduuuent otpaxkenusa. Ha rpaduxax I'CU
pa3paboTaHHOIO THIIepCHeKTpOMeTpa 0003HaueHO Kak Baumer.

Tperbe I'CHU BocctanoBineno merogoM MST++ mo RGB-npencraBnenuto
I'CH Specim 1Q [46]. B pabote [88] MST++ ucnonbs3yercst s BOCCTAaHOBJICHUS
I'C no RGB-u3zo0pakeHHsIM TpH CpPaBHEHHUM C METOJAaMH, COYETAIOIIUMU
ONTUYECKOE KOJMPOBAHHE M HEUPOCETEBOE BOCCTaHOBIECHUE. B Hactosmem
JKCIIEpUMEHTE OOyYEeHHE MOJENM BBINOJIHSAIOCH Ha JaHHBIX Habopa ARAD 1K,
ucnoas3oBaHHOro B KOHKypce NTIRE 2022 [10]. RGB-npeacrasinenne HCX0IHOTO
I'CH Specim IQ dpopmupoBanock npeoOpazoBaHueM criekTpoB B koopauHaTtel CIE
XYZ [89] u nanee B sSRGB [90] ¢ ucnonp30BaHKEM CTaHAAPTHOTO MUCTOUYHMKA D65
[91]. ITockonbKY CIIEKTP OCBELICHMS ITPU ChEMKE HE U3MEPSIICS, TpUMeHeHne D65
ABJSUIOCH Pacy€THbIM nomnyuieHueM. Pesynbratr MST++ comepxkan 31 kanan
nuanaszona 400—700 am. s npuOnmkEHHONM oneHKH Ko huImeHTa oTpaxeHus
BOCCTAHOBJIEHHBIM CUTHAJI HOPMUPOBAJICS HA CIEKTp D65 M yMHOKAJICS HA €IUHBIN
koahumment 3,7213, onpenenéHHbIi METOJOM HaUMEHBIIIUX KBaapaTtoB 1o 4474
oOyuarorum tukcensiM ucxoaroro I'CU. OtaenbHas KOppEKIHs CHEKTPATbHBIX
KAaHAJIOB HE BBIMIOJIHSJIACK.

OOyuenne W OIlGHKAa KJIACCU(PUKATOPOB B JIAHHOM JKCIIEPUMEHTE
MPOBOAWINCH B uana3zone JiauH BojH 430—700 um. Jlyist atoro Bce Tpu I'CU Ob1n
MIPUBEICHBI K OO CeTKe JJIMH BOJIH ¢ maroM 10 HM, coaeprkaiiei 28 KaHaJIoB.

[IpuBeneHue kK 0OIICH CETKE IJIMH BOJH 3aIUIIEM B BUJC:
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S~(i,j, k) = ‘7,1[5([',]',:)](1;(), (123)
rae S(i, j, k) — 3nauenue >nementa I'CU Ha obmeit criextpansHoii cetke; S(i, j,:) —
WCXOJIHBIN CIIEKTPpaIbHBIA BEKTOP B 1To3unuu (I, j), 3aJaHHBIA Ha CETKE JITMH BOJIH
Ag; A} — IUTHHA BOJIHBI K-TO KaHaja 00mIel ceTKu; Jy — ormepaTop HHTEPIIOAIMH 110
JuHEe BOJHBI. Omnepanus BBINOJTHSAETCS OTAEIBHO JUIsl KaXKJIO0ro CHeKTpa 0e3
M3MEHEHHUS TPOCTPAHCTBEHHBIX KoopauHaT. O01ias ceTka BEIOMpaeTcs B mpeaeiax
MepEeCEUYECHHUsI CIEKTPaIbHbBIX JUana3oHoB cpaBHUBaeMbIx ['CU.

B stanonHON pazMeTKe BBIACISAIUCH ISTh KIIACCOB: KUBOM 3€JIEHBIN JIKCT,
3eJI€Has CB€Ya, UCKYCCTBEHHBIN 3€IEHBIN JTUCT U3 MOJMMEPHOTO MaTepuaia, MyJIsK
KpacHOTO 0J10Ka U3 MOJIMMEPHOTO MaTeprasa U KpacHbI KapToH. {15 ucxoaHoro
u BoccTtanoBieHHOro ['CH ucnoinb3oBanace 0JiHa 3TaJOHHASI Pa3METKA, MMOCKOJIBKY
MST-++ coxpansit mpoctpancTBeHHYI0 ceTKy ucxoaHoro I'CU Specim I1Q. s 'CU
pa3pab0TaHHOTO TUIEPCIEKTPOMETpa ObLIa MOJATOTOBJICHA OTAEIbHAS ATaJOHHAs
pa3meTka Tex ke knaccoB. RGB-npencraBnenus JaHHBIX U pa3METKa MPUBEACHBI

Ha pucyHke 1.19.
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RGB-npencrasaenne TCH,

RGB-npencrasnenne F'CH RGB-npeactaaenne [CH BOCCTAHOBJIEHHOTO
Specim 1Q pa3paboTaHHOTO MmeronoM MST++
R TMIEPCIEKTPOMETPA no RGB-npencrasaenmnio
I'CH Specim 1Q

~1
M

DTaNoHHas pasMeTKa
Specim

DranoHHasn pasMeTKa
Specim

DranoHHast pasMeTKa

|  J
w o w
VA u? " v A
~& ~4

B | xmoit seadumi ancT B 4 wyank KpAcHOD RGA0KS (HOMEPHBITT MITCpIAT)
B 2 senéuan coeva B 5 wpacuuii kapTou
B 3 — ucxyccTBenHbii Jeadnsil aHCT (NoHMEpHELT MaTEpIAT)

Pucynok 1.19 — RGB-npencrasnenus u 3TaqoHHas pa3MeTKa, NCII0JIb30BaHHbBIC
npu cpaBHeHnu ['CH Specim 1Q, I'CU pa3paboTaHHOr0 runepcnekTpoMeTpa u
I'CH, BoccTaHOBIIEHHOTO MeTogAOoM MST++

Cpennue cnektpsl R(A) maru kinaccoB nocie npuBenaeHuss ['CU k obmei

CETKE JJIMH BOJIH MPEACTaBICHBI HA pucyHKe 1.20.
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Knace 1: susoii senéuslii nuer Knace 2: senénas cseua Knace 3: HCKYCCTBEHHBIH 3eNEHBIH JIMCT (OTMMEpHBIH MaTepHa)
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0.25 0.175 1 05 4
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0.15 A

0.3
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0.075 0.2 1

0.05 1

T T T T T T T T T
JlnHua BOJIHBL, HM JltnHa BONHBI, HM JLIHHA BOMHBI, HM

Knace 4: mynszx kpacHoro sfnoka (noiuMepHeli Marepran) Knace 5: kpacHsiit kapron

1.0 4 0.8 4

0.8 0.6 4

== Specim

0.6 B
e & 04 aumer
— MST*«{»
0.4 4
0.2

‘ T T 0.0 - T T T
500 600 700 500 600 700
Jlnuna BoNHBL, HM Jlnna BoJHEL, HM

Pucynox 1.20 — Cpennue cnekTpaibHble 3aBUCUMOCTH KO3 (DULIMEHTA OTPAKEHUS
JUIS TIATH KJIACCOB MAaTEPHUAJIOB

Pa3smeuennsie mnukcenn ['CHM  Specim 1Q pacnpeaensmuchk Mexay
oOyyarolieu, BaluJalluOHHON U TeCTOBOM BbIOOpKamMu B cooTHomeHuu 30 %, 5 %
u 65 % cooTBeTcTBEHHO. /{151 MaHHBIX pa3paOOTaHHOIO THIEPCIEKTpOMETpa, He
MCIIOJIH30BABIINXCS MPU O0YUYEHUH KJIacCU(UKATOPOB, BATUAAIMOHHAS U TECTOBAs
BBIOOpKH cocTaBiisiu npuom3uTesnibHo 10 u 90 % paszmedeHHBIX nuKcenen. s
BoccTtaHoBieHHOr0 ['CH wucnosb30Bamuch T€ K€ MPOCTPAHCTBEHHBIE IMO3UIUU
MUKCeIeH BaJIMAAIMOHHOM W TECTOBOM BBIOOPOK, uTO U s ucxogHoro I'CHU
Specim IQ.

UccnepoBanucy ogHoMepHast crnektpaibHas cBEprouHas cetb Hul DCNN
[47] u npencraBnenubie B yHKTE 1.3.4 momenu NM3DCNN u SSFTT. Moaenu
oOyuanuck Ha JaHHBIX Specim IQ ¢ ucnonp3zoBanueM ontuMuzaTopa AdamW [92].
Pa3mep makera manHbIX coctaBisil 128. OOyueHnue npojospkanock He 6osee 100
AMOX W TpeKpamanoch mociae 10 mocneqoBaTeNbHBIX 310X 0€3 YIy4IIeHUs
BaJIUJIAIIMOHHOTO TIOKa3aTesl.

Knaccuduxaropsi, o6yuennsie Ha ['CHU Specim 1Q, npumensiiuce k I'CU
pa3pabOTaHHOTO THUIIEpCIIEKTpoMeTpa U BoccTaHoBiieHHOMY I'CU 6e3 1000yueHusl.

[Ipu BbIOOpE KOHPUTYpaALUi UCTIOIB30BATUCH BAJIMIALIMOHHBIE BEIOOPKH 3THX JIBYX
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BapHAHTOB JaHHbIX. VI3MeHeHne (yHKIUU NOTeph U 0011eil TOYHOCTH MOKa3aHo Ha

pucynke 1.21.

'S
L
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Pucynok 1.21 — 3MeHeHue GyHKIMM OTEPDh U OOIIEH TOUHOCTH Ha
BaJIMIAlIMOHHON BBIOOPKE MpH 00yUEHUH KIacCU(PUKATOPOB

OO6mrasi TOYHOCTH KiacCHU(pUKAIMK OICHUBAJIACh HAa COAJAHCHPOBAHHBIX
TECTOBBIX MOJIBBIOOPKAX, cojeprkaBimmx 1o 1388 mukcenei kaxaoro kiacca (1o
6940 nukceneit nys kaxaoro sapuanta AaHHbIX). st Hul DCNN o01ast To4HOCTh
coctaBuia 94,0 % na ucxonnom ['CHU Specim 1Q, 74,5 % na ['CU pazpaboTranHoTO
runepcnektpomerpa U 63,1 % na BocctanoBiaeHHoMm ['CHU. Jlns NM3DCNN
noiyueHsl 3HaueHus 95,5, 74,3 u 63,3 %, qnsa SSFTT — 96,4, 81,5 u 69,1 %
COOTBETCTBEHHO. Pe3ynbrarhl mpuBeaeHsl Ha pucyHke 1.22.

[ Specim 23 Baumer B MST++

100 A
04.0 95.5 96.4

80

[=2]
o
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QOb1mas ToOYHoCTE, %
[y
o

20 A

HulDCNN NM3DCNN SSFTT

Pucynok 1.22 — O6mast TouHocTh kinaccudukanuu Tpéx Bapuanto I'CU
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s Bcex TpEX apXUTEKTyp HaubOosblias oOIias TOYHOCTh IMOIy4YeHa Ha
ucxogaoM ['CU Specim IQ, mpomexyTouHass — Ha JaHHBIX pa3pabOTaHHOTO
TUIIEPCIEKTPOMETPA, HaUMEHbIIas — Ha BoccTaHoBIeHHOM ['CU. Paznuune mexny
JAHHBIMH pa3pad0TaHHOIO THIEPCIEKTpOMETpa U pe3yiabTatoM MST++ cocraBuio
11,4 npouentHoro myHkta a1 HulDCNN, 11,0 mpoueHTHOro ImyHKTa st
NM3DCNN wu 12,4 nponentHoro nyHkra mig SSFTT. Takum oOpazom, npu
UCIIONIb30BaHUU KiaccuukaTopoB, oOydeHHbIX Ha nAaHHbIXx Specim [1Q, I'CU
pa3pabOTaHHOIO THIIEPCHEKTpOMETpa olecnednsio 0oJiee BBICOKYIO OOIIYIO

TOYHOCTb, UeM BoccTaHoBiaeHHoe ['CH.

1.5 MeToauka OlIeHKHM CBSI3M IMOKas3aTejeid Kjiaccupukanuu

peaabHbIXx 'CU u I'CHU neyaTHbIX CLHEH

OKCIEPUMEHT C JIMHEWHBIM CJBUIOM TIO3BOJISIET TMPOBEPUTH, KaK
MIPOCTPAHCTBEHHOE PACCOIIACOBAHUE BIIMSIET Ha cpaBHUTENbHYIO olleHKy ['CH. B
paccMoTpeHHbIX ycioBusax OA coxpanser Oosiee Bbicokue 3HaueHus st ['CU ¢
MEHBIIIMMU UCKAKEHUSIMU, TOT/1a KAK METPUKHU CONOCTABIIECHUs C ATaJOHOM PSNR,
SSIM u SAM MoryT yKa3plBaTh Ha 60JIe€ BHICOKOE KaYeCTBO CHIIbHEE UCKAKEHHBIX
naHHbIX. [lomydeHHbll pe3ynbTaT 000CHOBBIBaeT nmpumMeHenre OA 1Jisi CpaBHEHUS
BapuaHTOB TmoiydeHuss W oOpabotku ['CU. Jlng HacTpoilku 1Mo Te4aTHOU
KaJIMOPOBOYHOM CIleHE HEOOXOAMMO JIOTOJHUTEIBHO YUYUTHIBATh Pa3IUUMs
peanbHbIX M MeYaTHBIX CIEeKTpoB. [ToaToMy nanee uccienyercs coriacoBaHHOCTh
W3MEHEHHUH ToKasarenel Kiaccu(uKanuy 3TUX JBYX JOMEHOB MPHU 3allyMJICHUU.
BreinensioTcs mapbsl KJIACCOB CO CBSI3aHHBIMU M3MEHEHUSMH TOKazaTeslew u
dbopmupyeTcst 6nbmoTeka ux cnekTpoB. Ha e€ ocHoBe ncciienyeTcss BO3MOKHOCTD
UCIIOJIB30BaTh  pe3ynbTarhl  kiaccupukanmum ['CU  medaTtHbIX clieH IS
CpPaBHUTEIBHOM OLIEHKM M3MEHEHUM nokazarenend peabHbix ['CH.

B nannoii metoguke TKI3 ucnonb3yercs mist Beioopa napametpos no ['CU
MeyaTHOM KaJMOpPOBOYHOM CIIEHBI MpPH 3aJaHHBIX Kjaccax M (PUKCUPOBAHHOM

9KCIICPUMCHTAJIbHOM ITPOTOKOJIC. B03MO0OXHOCTB TaKOTO BBI60pa 000CHOBBIBAETCS B
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MOCJEAYIOIIEM dKCIIEpUMEHTe conocTtaBiienremM uaMeneHuit OA peansubix ['CU u
['CH nedaTHbIX CLIEH.

B paGote [27] na peanbubix ['CH wuccrnenoBanu BIUSHUE OTHOIICHHS
CUTHAJI/IITyM, YUCJIa CTIEKTPAILHBIX KAaHAJIOB U MPOCTPAHCTBEHHOTO Pa3pelIeHUs Ha
MORJIEMEHTHYIO KJIAaCCU(DPUKAIIMIO 36MHOM MOBEPXHOCTH METOJIOM MUHUMAJIBHOTO
EBKJIUJIOBA PACCTOSHUS M METOJOM CIeKTpaibHOoro yria. Koaddumument kamnma
coctaBisn 0,30-0,99 B 3aBUCHMOCTH OT CIIEHBI U KiIaccu(UKaTopa; HauOoJbIIee
BIIMSTHUE OKa3aJio MPOCTPAHCTBEHHOE pasperieHue. B padorte [28] Ha 27 BapuaHTax
3apeructpupoBanHbix I'CU conocTaBuim 4eThIpe paCYETHBIX MTOKA3aTENsl KAYeCTBa
C pe3yJIbTaTUBHOCTBIO OOHapykeHus 1eneid. [ns 67 BKIIOYEHHBIX B aHAIU3
COUCTAHUU  «HM300pakeHUe—1eNb»  KOIDPUIIMEHThl JTUHEHHOW  KOpPPEISIuu
coctaBuim 0,06-0,31.

B pabotre [29] mnone3nocts peanbHbix ['CU oneHuBaiv mocpeacTBOM
CUHTETUYECKOTO BHEAPEHMS CyOIUKCENbHbIX Lesield u noctpoeHus: ROC-KpHBBIX;
MOKa3aHO, YTO OHA 3aBUCHUT OT THUIAa U pa3Mepa ILEJH, CIEHb U MPUMEHIEMOTO
JE€TEKTOopA.

B pabore [93] peanbuble I'CH, nonydyeHHble pu OOPTOBOM ChEMKE, U UX
MOJEIUPYEMbIE  aQHAJOTU CPaBHUBAJIM IO KOBAapUALlMOHHOW  CTPYKTYpE,
pe3ynbTaTam KiIacCU(PUKAINU, PA3JT0KEHUS CIIEKTPATBHBIX CMECei 1 00HaApY>KEeHUs
nenei. OOmasi TOYHOCTH Kiaccudukanuu coctaBuiaa 95,61 % u 98,18 %
COOTBETCTBEHHO, OJTHAKO IMOJIHOTA KJIacCa UCKYCCTBEHHBIX 1iesieit — 93,86 % u 55,97
%. B pabore [94] knaccudukatrop MHUHUMAIBLHOTO EBKJIUIOBA PACCTOSIHUS,
oOyuenHbli Ha wMoxaenupyemblx ['CU, mnpumenssiu K peaqbHBIM JaHHBIM
aBUAlIMOHHOW  rumepcnekTpanbHoi  chéMku.  [locme  mpeoOpazoBaHUS,
WCIIOJIB3YIOIIEr0 BPYUYHYIO BBIOpAHHBIE COOTBETCTBHS CIIEKTPOB OJMHAKOBBIX
MaTepHuayoB, 0011asi TOYHOCTh OBBICHIIACH € 45 % 1o 72 %.

Takum 00pa3oM, B paCCMOTPEHHBIX paboTax MO3JIEMEHTHas Kiaccuukaius
700 BBITIOJIHSIACH TOJIBKO HA pealbHBIX AaHHBIX [27], 1100 MCTOJIb30BaACh IS
COTIOCTaBJICHUS PE3yJIbTaTOB 00pabOTKH peanbHbIX U Moaenupyembix ['CU [93] u

nepeHoca kiaccudukaTopa € MOJACIUMPYEMbIX JaHHBIX Ha peaybHble [94],
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OCTaJbHBIE UCCIIEOBaHMS ObUIM OPUEHTHUPOBAHBI Ha oOHapyxeHHe nenei [28]-
[29]. B HacTosilieM uCCIEOBAaHUM COTIOCTABISIIOTCS W3MEHEHMS IOKa3aTelen
knaccudukanuu peanbHoro 'CHU u I'CH neuyaTHoOI clieHbl Ipy T0OABICHUH 1ITyMa.

Hnsa xaxnoro ¢gparmenta peansHoro ['CU dopmupyercs ['CU newyatHoi
cuensl. Ha nHenckax€nubix peaibHoM ['CHU um I'CH meyaTHOM CLIEHBI OTAEIBHO
oOyuaroTcsl KJI1acCU(UKATOPbl OJMHAKOBOM apXUTEKTYphl. 3aT€M K CIEKTpaM HX
TECTOBBIX BBIOOPOK JOOABIIAIOTCS HE3aBUCUMBIE pEaM3allid rayCCOBCKOrO IIyMa
OIMHAKOBOTO OTHOCUTEIBHOIO ypoBHS. OIEHMUBAIOTCS BBI3BAHHBIE LIYMOM
M3MEHEHUs MOJHOTHI U F1-MephI ki1accoB, a Takxke o0Iei TOUHOCTU U B3BELIEHHON
F1-mepnl pparmenta. [IpaBuno oT00pa cOOTBETCTBYIOIIMX KJIACCOB HACTPAaUBAETCS
no oOyuaroliel U BalMJAlMOHHON 4acTsM Habopa (pparMeHToB, (pUKCHpyeTCs U
IIPOBEPSAETCS Ha HE3aBUCHUMOW TecToBOM wyactu. IIpoBepsiercs rumore3a o
MOHOTOHHOM  3aBUCUMOCTU  MEXKJY  HU3MEHEHHUSMU  KJIACCU(PHUKAIIMOHHBIX
nokazarenerd peanpHoro ['CM m I'CHM nedatHoM CHEHBI HpU  OJWHAKOBOM

OTHOCHUTEIIbHOM YPOBHE IIIyMa.

1.5.1 Ucnonws3yeMble nanHbie B dKkcriepuMente u popmupoBanue ['CU

IICYaTHBIX CIICH

B skcnepumente ucnonp3zoBanuck 900 omyonukoBanHbix ['CU olyuaromeit
yactu Habopa ARAD 1K, moarotosnennoro B pamkax NTIRE 2022 [10]. Kaxnoe
n3o0paxeHue umesno pazmep 482 x 512 nuxceneit u conepxkaino 31 cnekTpanbHbIN
kanain guamazoHa 400-700 vm ¢ marom 10 BHM. M3 HCXOOHBIX JaHHBIX
chopmupoBaHo 5382 mepekpbiBaronuxcs (pparmeHTa pasmepom 256 x 256
nukcenen.  Mckmouanuch  QparMeHTHI C¢  HEIOCTATOYHBIMU  SIPKOCTHIO,
KOHTPACTHOCTHIO, IIBETOBOM HACBIIIEHHOCTbIO U CIEKTPAIbHON M3MEHUYMBOCTHIO;
JUIS. YMEHBIIECHUSI TIOBTOPSIEMOCTH OrPaHUYMBAJIOCHh YHUCIO (PparMEHTOB OJHOTO
ucxoanoro I'CH.

Pa3zmerka popMupoBanach aBToMaTUYeCKU: 00acTH BhACsUTHCH 10 RGB-
MpeACTaBIeHUI0 ¢ momoibio Segment Anything [83], mocie 4ero ux rpaHUIlbI

YTOYHSUIUCB 10 CIIEKTPAIIBHOMY YIUIy MEXIY CIIEKTPAJIbHBIMU BEKTOPAMU ITUKCEJIEH



63

U CPETHUMU CHEKTpaMHu KiaccoB. COXpaHsIMCh PparMeHThl, COAEpKaIIe OT 3 110
12 xiaccoB ¢ AOCTATOYHBIM YHCIIOM IHUKCEIEH M MEXKIIACCOBOM CHEKTPAJIbHOU
paznenuMocTblo. [lomydeHHble 001acTH ABJISIOTCS JIOKAJTIBHBIMU CHEKTPAJIbHBIMU
KJJacCaMU BHYTpU (parMeHTa M HE HWHTEPHOPETHPYIOTCA KaK SKCIEPTHHIE
TeMaTU4YecKHue Kiacchl 00bekToB. [locie oTOopa 1Mo mepedynciIeHHbIM KPUTEPUSIM
octaBneHo 399 ¢pparmenToB u3 305 ucxoausix I'CH; ux pacnpeneneHue mpuBeIeHO
B Tabsmrie 1.1. Bece pparmentsr ogHoro ucxomnoro I'CH Bkimro9anuce B 0JIHY 4acTh

HaOopa: 00yyJarouryo, BaIUIalIMOHHYIO UIH TECTOBYIO.

Tabmuua 1.1 — CoctaB chopmupoBanHoro Habopa pparmentoB ARAD 1K

Yacrts HaOopa Yucuo0 (pparMeHToB Yucao ucxoaubix 'CH
OO6yuarormias 239 183
Bamunannonnas 82 61
TecTtoBas 78 61
Bcero 399 305

J71g mpoBEepKH COMOCTAaBUMOCTH Ka)KJIOW CIEHE BaJIMAAIMOHHOW 4YacTH
HaOopa Ha3Hayanach OT/ENbHAs CIl€HA TECTOBOW 4YacTH, OJM3Kas MO CPEeIHEMY
CIIEKTpY, cTatucTukaM RGB-npencrasienns u npoueHTUIBHBIM XapaKTEPUCTUKAM
ypoBHsI curHana. CpeHuil CrieKTpaIbHbIA YToJl MEXIY MOJ0O0paHHBIMU CIIEHAMU
coctaBui 12,11°, a koadPUIIMEHT KOppesuu UX cpeHux crnekTpoB — 0,766. Otu
3HAYCHUS XapaKTepHU3yIOT OJIM30CTh CIIEH BalMJAIlMOHHOW M TECTOBOW YacTei
HaOopa. OHM HE OTHOCSATCS K COMOCTABJICHUIO KJIACCU(UKAITMOHHBIX MOKa3aTese
peanbHoro ['CU u I'CU nieyatHO# CUEHBI.

Hust peanpHoro I'CU u I'CU mewaTHOUW CIieHBI HCIOJIB30BaIach OOIIas
STallOHHAs pa3MeTka. Kilacchl ¢ OJHOM METKOM, 3aHMMAIOIIME OJHH U TE KE
MPOCTPAHCTBEHHBIE TO3UIIMM B 3TUX ABYX MACCHBaX, JaJ€€ HA3bIBAIOTCS Mapou
COOTBETCTBYIOIUX KiaccoB. [lpumep peamsHoro ['CU, wu3obpaxenus ero
CIIEKTPAJIBHOTO KaHaua, STAIOHHOW pa3MeTku U ['CH meyaTHOH ClieHbl MOKa3aH Ha

pucynke 1.23.
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6) M3o6paxkenue
(a) RGB-npencrasieHue (6) P (B) PaameTka (r) RGB-npencrasienne
CHEKTPaIbHOTO KaHalia .
peanbtoro 'CH 550 JIOKAJIbHBIX KJ1aCCOB I'CH neyatHoii cueHsl
OKOJI0 HM

Pucynox 1.23 — ®parment ['CU test frag0052: RGB-npexacrasnenue (a),
N300pakKeHHE CIIEKTPAIBHOTO KaHana okoyio 550 uM (0), BeIZICIIEHHBIC TOKAIBHBIE
kiaccol (B) 1 RGB-npencrasienue coorBercrBytoniero ['CH nedatHoit ciieHsI (T)

®opmupoBanue ['CU nedaTHOM CLEHBI HAaYMHAIOCh C MIpeoOpa3zoBaHUs
crieKTpaJibHbIX BEeKTOpOB 31-kaHanmbHOro I'CH B koopaunatel CIE XYZ [89] u
nanee B sSRGB [90]. HopmupoBanubeie 3Hauenuss RGB npeoOpazoBbiBanuch B
CMYK ¢ yacTH4HOW 3aMEHOW CEpOW COCTABIISIONIEH YEPHOW KOMIOHEHTOH [95],
kodduieHT 3amensl npuHuMaics pasisiM 0,85. [Ipu mMonenupoBaHuM reyaTH
CMYK pacTuCKHBaHHE YYHMTHIBAJIIOCH KakK yBeJIMYEHUE >(P(EKTHUBHON IIOMIAIN
MOKPBITUS TIOJIOKKH Kpackoil. 3aBUCUMOCTh S()PEKTUBHON MOIM  ILJIOIIATU
MOKPBITHS p(U) OT HOMUHATIBHOU JOJH U 33JaBajach KBAAPATUIHON (PYHKITHEH:

p(w) =u+yu(l—-—u), y=0,56 (1.24)
rae Y — kodbdunment pacruckuBanud. [lpu vy = 0,56 u u = 0,5 spdexrtuBHas gomns
mmomaayu nokpeitus paBHa 0,64. Ilo nmomydennsiM 3HaueHusiMm C, M, Y u K ¢
MOMOIIBI0 YpaBHeHUH [lemuiens, 0000mEHHBIX Ha yeThipe Kpacku CMYK, [96]
BBIYUCIISUTUCH JIOJIM TUIONIAAM Wi IIECTHAIATH MEPBUYHBIX COYETAHUU KPaCOK,
BKJIIOUAs He3aneyaTaHHYIo MOJI0KKY. KoadduimeHt orpakeHns me4aTHOM CLIEHBI
pacCUMTHIBANICA MO CHeKTpanbHOW Mozenu Hoilrebayspa ¢ mompaBkon HOma—

Hunbscena [96-97]:

14N
Rprint(l) = [21121 WiRi (A)E] , n=77 (1 .25)
rae Ri(A) — koadpuirieHT oTpakeHus 1-ro NepBUYHOIO COYETAHUSI KPAaCOK Ha JIJINHE

BOJIHBI A, W; — 3aHUMaeMasi UM J0Jis Tiomaau, n — napametrp KOma—Humnbscena; B

skcriepuMmenTe n = 7,7. IIpuMepsl 3a1aHHBIX CHEKTPOB MEPBUYHBIX COYETAHUU U
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paccuMTaHHbIX N0 cpefHUM RGB-3HaueHUsIM CIEKTPOB KJIacCOB NPHUBEACHBI Ha
pucyske 1.24.

(a) [lepBHYHBIC COMETAHMA KPacOK (6) PacuéTHblc CNEKTPEI KNACCOB
Lo Lo

08 4 08 o

06 4

06 4

04 4 04 4

Koadduunent orpakenns
Koodduument orpaskenns

0] SNe—"

00

T T T T T
400 450 500 550 600 650 00
Jlnsa BonHbL, HM

=(217, 158, 44)
=(71, 114, 61)
RGB=(204, 180, 150)

Pucynok 1.24 — CunTeTHUECKUE CIEKTPHI IEPBUYHBIX COUETAHUI KPACOK (a) 1
pacu€THbIe CIIEKTPhI Ki1accoB ¢parmenTa test frag0052 (6)

JUist pacuéta CHEKTpPaJIbHOIO CHUTHajda MO KO3(DPUIMEHTY OTpaKEeHUS
UCIOJIBb30BAJIOCh TaOJIMYHOE OTHOCHUTEIBHOE CIEKTPajJbHOE paclpelesieHue
CTaHJApPTHOTO ucToyHuka D65 [91]:

Sprint(/l) = aRprint(/DEDGS(/Da (1.26)
rae o — eauHbld MaciuTaOHbld Kod(hduiument. OH onpenensics TOJBKO MO
BAJIMJALMOHHON YacCTH KaK OTHOLIEHHE MeIuaH 99-x MNpoLEHTWIEH CUTHAJIOB
peansHoro 'CHU u I'CHM medatHO# cClieHBI 70 MacIITaOMPOBAaHUS, IMOCIE YEero
(buKkcupoBacs 1715 BceX PparMeHTOB; OTAEIbHAs HOPMUPOBKA KaKI0T0 (pparmeHTa
HE BBINTOJIHsUIAch. COMOCTaBIEHNE CPEAHUX CIIEKTPOB TPEX Ki1accoB peansHoro I'CU
n ['CH nevatHO¥M CueHbl Ha pucyHke 1.25 moka3bIBaeT, 4Tto JUisi OJHUX KJIACCOB
GopMbl CHEKTpOB OJIM3KM, a Mg JpPYruX 3aMeTHO pasnuyarorcs. [lanee
IPUMEHSETCS MPaBUIO OTOOpa Map COOTBETCTBYIOIIMX KJIACCOB IO MpPHU3HAKaM,

PaCCUUTAaHHBIM JO BHCCCHHUA IIyMa.



66

(a) Kaace | (6) Knace 2 (m) Knacc 3
SAM = 13.6% r=098 SAM =21.1% r= 0,84 SAM = 8,6% r=0,84

ILHBI CHIHAA, OTH. €1

il
o

400 450 00 550 00 650 00 00 450 00 50 #00 650 00 00 450 500 550 G &S0 00

Hrmna soausl, #M Hanna poanu, um HAnnna somue, uy

peamaoe [CH == TCH nevatsoii cuiennt

Pucynox 1.25 — Cpennue cnektpaibHble CUTHAJBI Ki1accoB 1-3 ¢parmenTa
test_frag0052 st peansHoro I'CU u I'CH neuatHo# ClieHbI 0 BHECEHUS IIIyMa

CrexTpspl EeCTHAAATY IEPBUYHBIX COUYETAHUM 3aaBAJIMCh BBIYUCIUTEIBHO;
ICC-ipopune U  u3MepeHuss KOHKPETHOIO IEYaTHOTO yCTpOMCTBa  He
ucnonp3oBanuch. I'CH 1meyaTHOM CHEHBI ITOJYyYEHO IO MOJENIH CHEKTPAIBHOIO
BocrponsBeneHuss cueHsl B cucreMe CMYK. OHO He sBiseTcss pe3yJsibTaToM
CbEMKH (PU3MUECKOIO OTIIEYaTKa U HE XapaKTepu3yeT Oonpeaesi€HHbIN npuHTep. B
HKCIIEPUMEHTE MPOBEPSAETCA COTIACOBAHHOCTh M3MEHEHHMM KIlacCU(PUKAIMOHHBIX

nokazaresne peasibHoro I'CU u I'CHU neuaTHO# clieHbl TpH 100ABICHUH IIIyMa.

1.5.2 OT16op map COOTBETCTBYIOIIMX KJIACCOB MO M3MEHEHUSIM TOKazaTesei

Kiaccuukanuu

Hus  xaxgoro w3 399 ¢parmeHTOB 00ydanuch JBa HE3aBHUCHUMBIX
KiaccupukaTopa OJMHAKOBOM apXUTEKTYphl: TEPBBIA — HAa HEUCKAKEHHBIX
cnektpax peanbHoro I'CHU, Btopoii — Ha cnektpax ['CH mneyaTtHOW CULEHBI.
Hcnonb3oBaicst moJxXoa K CIEKTPAIbHON Kilaccu(UKaIlui Ha OCHOBE OJIHOMEPHOM
ceéprounoit cetu (1D-CNN) [47]. B naHHOM 3KCTIEpUMEHTE CETh COoJepKaia Tpu
OJTHOMEPHBIX CBEPTOUHBIX OJI0Ka ¢ 32, 64 1 96 BBIXOAHBIMHU KaHaJIaMH, ITAKETHOM
HopManu3anueit u ¢pynkiue aktubaiuu RelLU, ciol rmobaibHOTO yepeaHeHus u
JUHEHHBIN  KJIacCU(PUKAMOHHBIM  cjoil. BHyTpm  Kaxmoro  (¢parMeHra
(bopMHpPOBaTUCH BHIOOPKH TUKCENICH NJisi 00y4YeHHUs, BAIUIAIUA U TECTUPOBAHMS
KiaccuukaTopoB. st Kaxa0ro Kiacca B 00y4arollyr BhIOOPKY BKIIIOUAIOCH 15
% mukceneii, Ho He MeHee 20 u He 6osee 300; 00BEMBI BaaIUIALIMOHHON U TECTOBOU

BBIOOPOK OorpaHn4uBainch cooTBeTcTBeHHO 200 1 2500 nukcensamu.
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OOyuenue BBIMONHSUIOCH ontuMmmu3aTopoM AdamW [92] mpu HavaapHOM
mare oOyuenust 10 u koaddunmente ymenpmenus BecoB 1074 Ywucio smox He
npeBbimano 30; mocpodyHas OCTaHOBKA MPUMEHSJIACH IOCJIE BOCBMHU 3I0X 0€3
NOBBILICHUS MakpoycpeaHEHHOM F1-Mepsl — HeB3BemeHHoro cpeanero F1-mep no
kinaccam [30]. PazgenpHoe oOyuyeHue JBYX KIacCH(UKATOPOB IO3BOJISET
COTNIOCTaBUTh U3MEHEHUSI UX TTOKa3aTelnel npu aobdasieHuu uryma. [Ipsmoit nepenoc
knaccudukaropa ¢ I'CH neyaTHO# CIIeHBI Ha peadbHOE B ATOM HKCIIEPUMEHTE HE
paccMaTpHuBaeTCs.

[locne ¢ukcanum napaMeTpoB KIACCU(PHUKATOPOB K TECTOBBIM CIIEKTPAM

,Z[O6aBJI}IJICH HE3aBUCUMBIN aI[I[I/ITI/IBHHﬁ FaYCCOBCKI/Iﬁ IyM:
Sa@(x,2) = Sq(x, ) + £(x,2), € ~N(0,(057)") (1.27)

rne d € {r,p} ob6o3nawaer peampHoe ['CHM wm [I'CM mneyaTHOH CIICHBI
COOTBETCTBEHHO, X — IPOCTPAHCTBEHHAsl MO3UIUA, A — JUIMHA BOJIHBI, 0 —

OTHOCHMTEIBHBIH  YpOBEHb  miymMa.  Macmrad  Sf  onpenensics 1o

MEXIPOLIEHTUIILHOMY JIMalla30Hy 3HAuYeHUN curHaia ¢parmenrta peaidsHoro I'CU
f:

Sf = Poo(Sr, f) — P1(Sr, f), (1.28)

3necb P11 Poo — 1-i1 1 99-i1 mipolleHTHIN 3HAYEHUN cUTHaIa (parMeHTta
peansHoro I'CU. Oaun u ToT ke macmTad s_f ucnonb3oBancs s peansHoro ['CU
u ['CU mewaTHOU cleHBI, a peanu3anuu IrymMa (OpMHUPOBAIHCH HE3aBHUCHMO.
[Tapametp o npunuman 3Hauenus 0,01; 0,03; 0,05;0,07; 0,10 u 0,12. Bausiaue nuryma
XapaKTEepU30BAIOCh M3MEHEHUEM TIOKAa3aTelsl OTHOCUTEIbHO HEUCKAKEHHBIX
JTAHHBIX:

AMq(0) = My(0) — Mq(0), d € {r,p}, (1.29)

Ha ypoBHe kitaccoB B kauectBe M ucnonbs3oBaiuch noiaHora u F1-mepa. Ha
ypoBae ¢parmenta ['CM momHOoTa KJIaccoB ycpemHsiach C  BeCaMH,
MPOMOPUMOHAIIBHBIMUA YHUCITY MHUKCEJIEH ATHUX KJIAaCCOB B ATAJOHHOW pPa3METKE
TecToBOM  BbIOOpKH. IlomyueHHoe 3HaueHMe paBHO OOWIEH  TOYHOCTHU

kiaccudukanmu (OA) Ha TECTOBBIX TMKCENAX yuuThIBaeMbIX KiaccoB [30]. F1-mepa
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yCpemHsIach ¢ TeMu ke Becamu. Koaddunments! panroBoi koppensiun CimpMeHa
u Kenganna BEIYUCISUIMCH MEXIY U3MEHEHUSIMU TokazaTesneil peansHoro I'CU u
['CH nedatHOU CLIEHBI U XapaKTEPHU30BaJIM COTJIACOBAHHOCTh UX PAHKUPOBAHUS
[98].

[Tockonbky ['CH neyaTHOM CLIEHBI BOCIIPOU3BOIUT CIEKTPHI PEATTBHOM CLIEHBI
NPUOIMAKEHHO, I KaXKIO0M Mapbl COOTBETCTBYIOIIMX KJIACCOB C ONPEIEISIOCH
aOCOJIIOTHOE PACX0K/ICHUE U3MEHEHUI MOKa3aTeIs:

ec(0) = |AMT',C(O-) - AMp,c(U) ) (1.30)

[IpaBmiio orGopa CTPOWJIOCH MO MPHU3HAKAM, PACCUUTAHHBIM JO BHECCHUS

IIyMa; UX TPYIIbI IPUBEIeHbI B Tabmuie 1.2.

Tabnuna 1.2 — [Ipusnaku a1 0TOOpa map COOTBETCTBYIOIIUX KJIACCOB PEATHLHOTO
I'CHU u I'CH neyatHOM CUEHBI

I'pynna Hcnonb3yemble Npu3HAKH Ha3nauenue
SAM, KOCHHYC CIIEKTPAIbHOIO YIJIa, CxonctBo popmbl
CnexTpasbHast
6I30CTE KOA((UIIMEHT KOPPEISALUU CPEeTHUX CIEKTpaJIbHBIX
CIIEKTPOB 3aBUCUMOCTEN
Pasznnuus cpeguux 3HaueHuit, 99-x ComnocraBieHne ypoBHS U
YpoBeHb curnana MPOLIEHTUIIENH U MEXIIPOLIEHTUIBHBIX MEXMPOLIEHTUIILHOTO
Jana3zoHoB Pe — Pi Irana3oHa
. Yucno nukceneu u 1055 Kiacca BO ITIpoBepka noCTaTOYHOCTH
O0béM Kitacca
¢dparmenTe JAHHBIX JUISl OLEHKU
ITokazarenu no [Tonnota, F1-mepa u ux paznuuust s VuéT NCXOIHBIX 3HAUCHHH
BHECEHUS LIyMa peasibHOoro I'CU n I'CH neuaTHOM cLieHBI NOJIHOTHI U F1-mepbl

Ha oGyuaromeit vactu Habopa pparmenTtoB mpu 6 = 0,12 M0 KBaHTUILHOMY
nopory e.(o) dopMmupoBagach MeTKa Ui OOydeHHs IpaBHiIa OTOOpa map
COOTBETCTBYIOLIMX KiaccoB. IIpoBepsnch AEpEBO pPELICHUN, CIy4YauHbIN JIEC U
IPagueHTHBIN OyCTHHT; TUI MOJENH, €€ mapaMeTpbl, KBAHTHIIbHBINA TTOPOT U JOJIS
COXpaHSIEeMBbIX TIap BBIOMPATUCh MO COCTAaBHOMY KPHUTEPHUIO, BKIIIOYABIIEMY
koppemnsiuu [lupcona Ha oOydaromeld 1 BaluJAllMOHHON YacTsaX U mTpad 3a ux
pacxoxaeHue. JIJis TOJTHOTHI IPUMEHSUIICS BTOPOI 3Tar 0T00pa: 1o BaTUAAIMOHHON
YaCTH OLICHMBAJIUCh YCTOWYHMBOCTh PACXOXKJICHHM MEXIYy HW3MEHECHUSIMU

roKasaTesiel U HampaBlieHus 3TuxX uaMmeHenuit mpu ¢ = 0,05; 0,07; 0,10 u 0,12.
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[Tocne BBIOOpa mMapamMeTpoB TPABUIO (PUKCHPOBATIOCH M 0€3 TMOBTOPHOM
HACTPOUWKH TPUMEHSUIOCh K HE3aBUCUMOM TECTOBOW 4YacTW Habopa (parMeHTOB.
N3menenust e€ kinacCU(UKAIMOHHBIX [IOKa3aTeNe HE WCHOJIb30BAIKNCH IPHU
oOydyeHHH TpaBuia U BbIOOpe mopora. OTOOpaHHBIE TMapbl COOTBETCTBYIOIIUX
KJIaccoB U ux cpeanue cnekrpel B peaibHoM ['CHM m I'CH nedaTHOW CLEHbI
oOpa30BbIBaI OMOJIMOTEKY CIIEKTPOB IIeseBoi 3amaun. [Ipu pacuére mokaszarenen

Ha ypoBHEe (pparmenta ['CU yuuTHIBaINCh TONBKO KIACCHI 3TOW OMOIMOTEKH.

1.5.3 CBsa3p u3MeHEHMI moka3areieil kiaccupuKaluu mnpu J00aBlICHUU

nckaxxenu B I'CU peanbHBIX U NTEYATHBIX CIIEH

Pe3ynbpTaThl HE3aBUCHMOW IPOBEPKH IIPH HAMOOJBIIEM HCCICAOBAHHOM
ypoBHe myma & = 0,12 npuBenensl B TaOmmme 1.3. [lng xaxmod mapsl
COOTBETCTBYIOIIMX KJIACCOB COIMOCTAB/BUINCh H3MEHEHHUsI IOKa3aTens Kiacca
peaibHoro I'CU um cootBerctBytomero emy kinacca I'CH mewatHoi cuensl. Ha
ypoBHe ¢parmenToB ['CH mnokazatenu OTOOpaHHBIX KJIACCOB YCPEIHSUIUCH C

BECAMM, MPONOPIUOHAIIBHBIMU YUCITY TUKCENEH COOTBETCTBYIOIIMNX KIIACCOB.

Tabmuma 1.3 — PadroBas Koppensinus HW3MEHEHUN KiacCU(PUKAIMOHHBIX
noka3zarenei peanbHbix 'CU u I'CHU nevatHsIx cleH npu ypoBHe myma 12 %

Yucao
Iloka3zarennb YpoBeHb OLIEHKH 0OLEKTOR Cnupmen | Kenpana
ITaper
F1-mepa knacca COOTBETCTBYHOLINX 100 0,798 0,629
KJIaCCOB
Bssemennas F1-mepa @parments! 'CH 38 0,789 0,619
[Tapsr
ITonnora xiacca COOTBETCTBYIOIINX 41 0,924 0,778
KJIaCCOB
TKI3 (OA) ®parmentsr 'CU 20 0,889 0,779

st F1-mepbl B Oubnunorexky Bouwin 100 map coOTBETCTBYIOLIUX KJIACCOB U3
38 dparmentoB I'CU. Koaddurnument koppensiumu Crupmena cocraBui 0,798 Ha
ypoBHe map u 0,789 mociie B3BEIIEHHOTO YCPEAHEHUsS IO Kiaccam KaxKJI0ro

dbparmenTta; cooTBercTBytolMe Kodpdunuentsl Kenpamna paBusiuce 0,629 u
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0,619. JIns momHOTHI oTOoOpana 41 mapa COOTBETCTByIONMX KiaccoB u3 20
¢parmentoB I'CU. Ilomyuenst kordpdunmentst Cniupmena 0,924 na ypoBHe map
cooTBeTcTBYIOIMX KiaccoB U 0,889 nns OA Ha ypoBHe ¢parmentoB ['CU,;
koadunments Kenganna coctaBunu coorBerctBeHHo 0,778 u 0,779.
JlononHuTeNnbHAs TpoBepka ycroiumBoctu s Fl-mepsl  moBbicuia
kod¢p¢unumenT CnupMeHa Ha ypoBHE Map COOTBETCTBYIOIMUX KiaccoB ¢ 0,798 mo
0,813, HO cCHU3MIIA €To MOCIe YCpeaHEeHHs o KiaccaM Kaxaoro ¢pparmenta ['CU ¢
0,789 nmo 0,758. IlosTomMy B HUTOroBOM BapuaHTe OuOIMoTeKH mjisg F1-mepsl
COXPAaHEHO MPABUJIO, HACTPOEHHOE NpH ypoBHE 1ryMa 12 %. Jlnarpammsl paccesHust

M3MEHEHUM MoKa3aTesie MpuBeICHbI Ha pucyHke 1.26.

(a) Fl-mepa knacca (6) Bapewennan Fl-mepa dparmenTta
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Hamenenne nokasarens na peanstom ['CH

Pucynok 1.26 — ConoctaBieHrne U3MEHEHUH KJIacCU(PUKAITMOHHBIX IMOKa3aTesIeH

peanbHbix ['CH u I'CH nedaTHbIX CLIEH IPU OTHOCUTEILHOM ypoBHE myma 12 %:

F1-mepa kmacca (a), B3Bemennas F1-mepa dparmenta I'CH (6), monHOTa Kitacca
(8) u OA ¢parmenta ['CU (1)
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[Tpu ypoBHsx myma 10—12 % paHroBasi Koppesius H3MEHEHH Oblia BhIILIE,
yeM npu ypoBHsIX 1-7 %. Ilpm manom ypoBHE mIryma aOCOJIOTHBIC M3MEHCHUS
MOKa3aTeyied Majbl, MO3TOMY HX PaHKHPOBAHUE MOXKET CHJIbHEE 3aBHCETh OT
CIIy4ailHbIX pa3IM4uid B pe3ysbTaTax oOydeHus U peanu3annu myma. [lomyyeHnHsle
KO3 PUIIMEHTHI OTHOCSATCS K OTOOpPAHHBIM MapaM COOTBETCTBYIOIIMX KIIACCOB.
3Ha4YeHHs KOPPEISALUHU O OJHOM COBOKYITHOCTH Iap 0 0TOOpa HE MPEACTaBICHBI.
[ToaTomy pesynbrarhl TabmuIBl 1.3 XapakTepu3yrOT PaHTOBYIO CBSI3b M3MEHEHUH
JUTsl OTOOpaHHBIX Iap, HO HE MO3BOJISIIOT YHCIEHHO OLEHUThH MPUPOCT KOPPEISAIUU
OTHOCHUTEJIBHO IOJHON COBOKYITHOCTH.

JIist OTOOpaHHBIX MMap COOTBETCTBYIONIMX KJIACCOB BBISIBJICHA BBICOKAS
paHroBas KOppessius W3MEHEHUN KiIacCU(UKAIIMOHHBIX TOKa3aTelel peabHbIX
I'CU nu I'CH newatHsix creH. Pe3ympraT mNOATBEPKAAET COTJIACOBAHHOCTH
paHXUPOBAHUS MO M3MEHEHHSIM IIOKa3aTelied Mpu J100aBICHHH TayCCOBCKOIO
myma. Beicokass koppensius cama mo cede He O3HA4yaeT COBMAJECHUS BEIMYMH
CHWDKEHMsT Tmokazarenei [99]. OOmacTh NPUMEHUMOCTH BBIBOJA OrpaHUYEHA
Habopom ARAD 1K, muamazonom 400-700 M, npuHsAToir Moaenso CMYK-
neyaTy, aJJUTUBHBIM TayCCOBCKUM IIIYMOM, JIOKaJIbHBIMU CHEKTPaJIbHBIMU
KiaccaMu U 3aduKCHpOBaHHBIM TpoTokoioM st cetu 1D-CNN. [lomyuennas
CBSI3b CBUJIETEIICTBYET O BO3MOXKHOCTH UCIOIb30BaHus ['CH nedatHsIX ClieH JJIs
MpeABAPUTEILHON  CPABHUTEJIBHOW OICHKM HW3MEHEHHMH 0O0Ieil TOYHOCTH
kinaccudukanum peanbHbix ['CU st kimaccoB cpopMUpOBaHHOM OMOIMOTEKU B

PaACCMOTPEHHBIX YCIOBUSIX.

1.6 ®opmupoBaHue KAJTUOPOBOYHOM CHEHBI

YcTaHOBIIGHHAS COTJIACOBAaHHOCTh M3MEHCHHMH MOKa3aTeseH KiraccupuKaIiu
peanbHbix ['CU n ['CH meyaTHBIX CLEH MO3BOJISIET PACCMOTPETH BO3MOYKHOCTD
dbopMupoBaHUsS ~ KaTUOPOBOYHOW  CIIEHBI  JIJII  HACTPOWKH  MapaMeTpoB
TUIEPCIIEKTPAIbHON ChEMKM M 00pabOTKM JaHHBIX. [l 3TOro HEoO6Xxoaumo
noAo0paTh OrpaHMYCHHBIN HAOOP KJIAaCCOB, CBSI3aHHBIX ¢ KiaccaMu peainbHbix ['CU

I10 CIICKTPAJIbHBIM XapPaKTCPUCTUKAM 1 U3MCHCHHAM rnokasareJei KJIaCCI/ICI)I/IKaHI/II/I.
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[lpyHIMI BKIIOYEHUS B TECTOBYIO CIIEHY IIBETOB, XapaKTEPHBIX s
IPUPOJIHBIX OOBEKTOB, MCHOJB30BAaH MPHU Pa3padOTKe KaTUOPOBOYHOW IIKAJIBI
«ColorChecker». B pabore [100] mnpemioxeHa Ikama, cojaepxaiias IoJs,
UMUTHPYIOIINE CIIEKTPATbHBIC XapaKTEPUCTUKU KOKU YEIOBEKA, IUCTBBI, TOJIyOOTr0
HeOa, a TakKe OCHOBHBIE LIBETA M Tpajaluu ceporo. Takod MOAXOHM CIYKUT
OCHOBaHUEM JJIsl MOAOOpa cocTaBa KaauOpOBOYHON ciieHBbl. CBA3bh €€ KIaccoB C
kiaccaMu peanbHbix 'CU nanee nmpoBepsieTcs 3KCIEPUMEHTAIBHO.

BapuaHT kanuOpoBOYHOM CLIEHBI COJEPKUT BOCEMb IIBETHBIX MOJIOC, KaXKION
U3 KOTOPBIX COOTBETCTBYET OTAeNbHbIM Kiacc. RGB-npencrasnenne e€ I'CU u

0003HauEHHUA KJIACCOB MPUBE/ICHBI HA pUCYHKE 1.27.

KannbpoBouHas cueHa Cpeaxue ueeTa obnacTeii

Knacc kanubpoBoyHoR
cueHsl = 1

Knacc kanubpoBoYHoR
cueHbl = 2

Knacc kanubpoBouHoi
CUeHbl = 3

Knacc kanubpoBoYHOR
CueHbl = 4

Knacc kanubpoBoYHoR
CUeHbl = 5

Knacc kanubpoBoYHoR
CUeHbl = 6

Knacc kanubpoBo4HoOR
cueHsl = 7

JIRRRENN

Knacc kanubpoBoYHOR
CUeHbl = 8

Pucynok 1.27 — RGB-npeacrasnenue I'CH kainOpoBoUHOI CLIEHBI €
0003HaUYE€HHEM KJIACCOB

JItst kaxxaoro kiacca KaauopoBouHoi ciieHbl u3 Habopa NTIRE orOupanmch
CHEKTpaJIbHO OJM3KHE KJAcCchl. 3aTeM il OTOOpaHHBIX Map COIMOCTABIISIIUCH
W3MEHEHUs ToKa3aTenel kinaccudukanuu npu J00aBICHUH TayCCOBCKOTO IIyMa.
CornacoBaHHOCTh ~ OlLlIGHHMBaNach Koad¢uuueHToM koppemsiuun  CrnupmeHa,
paccUMTaHHBIM TI0 3aBUCUMOCTSM TOKa3aTeNel Kiaccu(uKauu OT YPOBHS IIyMa.

[TIpumepsl conocTaBieHUs IBYX Map KJIacCOB MPEICTABICHBI Ha pucyHke 1.28.



Knacc 1

label_NTIRE = 1

CpepHHe cneKkTpbl
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PaspabGoTaHHbIA rHNepcneKTpoMeTp, KanubpoBoyHan cueHa

TOYHOCTH COOTBETCTBYIOLMKX KNAccos

CXopCTEO NPOCafoK TOYHOCTH

CnupmMeH: 0.935

MAE npocanok: 31.68 n.n.

NTIRE 1 844 % - 10.7%

Baumer 1

100.0% —» 223 %

MpocafKa TOUYHOCTH
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Knacc 2 PazpaboTaHHbIl rHNepcneKTpoMeTp, KanubpoBoyHas cueHa
CXOACTBO NPOCAAOK TOHHOCTH
CnupmMmen: 0.939
MAE npocanok: 3.72 n.n.
NTIRE 2 99.9% = 92.0%
Baumer 4 100.0% — 74.3 %
label_NTIRE = 2 K
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01

Pucynok 1.28 — ConocTtaBineHne n3MEHEHHUH TToKa3aTesel KiiacCupuKaIuy IByX
nap kjaccoB kKannopoBouHo# ciieHbl U peanbHbiX [ CU NTIRE mpu no6aBiennun
rayccoBckoro myma: (a) kinacc 1 u3z pparmenta NTIRE 2022, (6) knace 2 u3

dbparmenta NTIRE 2022

Ha pucynke 1.29 mist kaxaoro kimacca KaqauOpOBOYHOM CIIEHBI MPUBEIACHO

yucio crekrpanbHo Onu3kux kiaccoB NTIRE, ana koropsix kodd¢duiMeHTt

koppemsiumn  Crnimpmena npessimaer 0,7. Takoe mnpencraBieHue MO3BOISET

OOCHUTH, CO CKOJIIBKMMH KJIaCCaMHU PCaJIbHBIX I'CHu COTJIaCyrOTCA HM3MCHCHMHA

nokaszaresyiel KiracCupUKalumu Kaxaoro Kiacca KaauOpOBOUYHOMN CIICHBI.
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1000 4 CnexrpanbHo 61u3kHX Knaccos NTIRE: 2 214 o p>07
H3 Hux c koaddunmearom Croupmena p > 0,7: 1 809

750 -

500 -
375

Yucno knaccop NTIRE

267
250 A

119

_ 7 70
N G . wn U
5 6 7

1 2 3 4

Kiacc kannbpoBoyHOit CLIEHEI

Pucynok 1.29 — Yucno knaccoB peanbHbix ['CU NTIRE miis kaxxnoro knacca
KaJIMOPOBOYHOM clLieHbI IpH ko3P punmente koppemsiuuu Cnupmena p > 0,7

[TomyyeHHble pe3ynbTaThl IOKA3bIBAOT BO3MOXXHOCTH  COIOCTABIICHHUS
HEOOJBIIOr0 Habopa KJIACCOB KaTMOPOBOYHOW CIIEHBI C MHOKECTBOM KJIACCOB
peanbHbix ['CH. OTO0 OOGOCHOBBIBAa€T HMCHOJIb30BAHUE MPEIJIOKEHHONW CIICHBI B
JaIbHENIINX 3KCIEPUMEHTaX 0 HACTPOWKE MapaMeTpPoB ChEMKH, Pe10OpadboTKU
Y KaJIMOPOBKYU THIEPCIIEKTPOMETPOB C YUYETOM TOYHOCTHU KJIaCCU(PHUKALIUU LIETEBON
3a/1a4nl.

JUisi mocneyrommx SKCIEPUMEHTOB KaluOpOBOYHAs CIIEHA JIONOJIHEHA
YEeTBIPbMSI IPAJALUSAMHU CEPOTO, BCIEACTBUE YETO YMCIIO KIJIACCOB YBEJIMYEHO /0
nBeHaauatu  (pucyHok 2.3). Takoe [JOMOiTHEHHE TMO3BOJSET BKIIOYUTH B
KaJIMOPOBOYHBIE  JIaHHBIE YYaCTKM C PA3JIMYHBIMH  YPOBHSIMH  CHUTHAJIA.
Hcnonb30BaHWE HECKOJBKMX YPOBHEHM NIPONYCKAHUS HEUTPAJbHBIX CEPBIX
GuIbTPOB 1Ji ONpeNeNieHUsT 3aBUCUMOCTHM LHU(PPOBOrO OTKIMKA KaMepbl OT
najalIiero u3iaydeHus: paccMoTpeHo B pabote [101]. B Hactosmieit pabote
rpajlallid CEeporo BKIIOUEHBI HEMOCPEIACTBEHHO B COCTAB CLIEHBI, MCIOJIb3yEeMOMU

IIPU KCCIIEIOBAHUU METOJIOB MPeA00pabOoTKHU U KAIMOPOBKY B I1aBax 2 u 3.
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1.7 BuiBoabI K riaase 1

1. ITomyueHnsl BeIpakeHus 11 IPOCTPAHCTBEHHBIX CMEIIEHUH OTCUYETOB IIPU
MIEPEHOCE U MTOBOPOTE MOCIEAOBATEIbHBIX MPOEKIUH 1Ienu. [ 4acTHOTO cityyast
nuHelHoro casura nokazarenu PSNR, SSIM u SAM npeacTaBieHbl uepes cpeiHue
3HAYEHUS, TUCTIEPCUH U KOIPDUIIMEHTHI KOPPEISAIUN CPABHUBAEMBIX TAHHBIX.

2. B skcnepumentax Ha ['CU cuenst ARAD 1K 0930 u3 nmabopa NTIRE
2022 u I'CH yuacTka pekn YamaeBky npy MPOCTPAHCTBEHHOM PAaCCOIIACOBAHUH C
stanionoM nokazareian PSNR, SSIM u SAM mornu yka3biBaTh Ha 00jee BBICOKOE
kadectBO ['CHM mocime mpoCTpaHCTBEHHOIO pPa3MbITHSI W BHECEHUs IIyma II0
cpaBHeHu0 ¢ 3amyMiaéHHeiM ['CH. Ilpu caBure mnpeackasaHHBIX METOK
OTHOCHUTEJIbHO ATalloHHOW pa3meTku oT 0 go 5 muxceneit OA ucxomnoro I'CU
octraBanach Beie OA 3amyminénnoro ['CH, a OA 3amymnénnoro I'CH — Beime OA
I'CH nociie mpoCTpaHCTBEHHOIO Pa3MbITUS M BHECEHHUS IyMa. B 10MoNHUTEIBHOM
skcriepuMmenTe Ha ciieHe ARAD 1K 0927 g 1D-CNN, NM3DCNN u SSFTT B
TOM k€ auarna3one caBuroB OA zamymnénnoro I'CHU Takke HE CTAHOBUIIACH HUKE
OA I'CH nociie mpocTpaHCTBEHHOTO Pa3MbITHSI M1 BHECEHUS LITyMa.

3. IIpennoxena sMnupudeckas annpokcuManus cHuxeHns OA npu ciBure
pa3METKHU B 3aBUCUMOCTH OT BEJIMYHHBI CABUIA U YUCIIa Ki1accoB. [IJisi MacCUBOB U3
15 ornoxxennsix ciieH ARAD 1K cpennsiss aGcomoTHasi ommoKa anmpoKCuMaIuu
coctaBuiia 1,89 MpOIIEHTHOTO MYHKTA, a MOCJE YCPEAHEHUS IO COYETAHNUSIM YUCIIa
KJIACCOB W BEIUWYMHBI ciBura — 0,36 MpOLEHTHOrO MyHKTA.

4. ITpu conocTaBIEHNHN 3aPETUCTPUPOBAHHBIX U BOCCTaHOBIEHHBIX ['CU st
BCEX TPEX apXUTEKTYyp KiIacCH(PUKATOPOB, OOyUEHHBIX Ha JaHHBIX Specim IQ,
HauoOonbmas OA mnonydena Ha ['CU Specim 1Q, mpomexyrtounas — Ha ['CU
pa3paboTaHHOTrO TUIEepCIeKTpoMeTpa, HauMmeHbias — Ha 'CU, BoccTaHOBIIEHHOM
MetoioM MST++ u3 RGB-npencrasinenus..

5. Ilpenanoxena Mmetoauka conoctapiieHus peaibHbiX ['CH u I'CH nevyaTHbIx
CleH, cuHTe3upyembix 1o RGB-mpeacTaBieHusiM ¢ HCMIOIB30BAHUEM MOJIETHU

HBGTHOﬁ IcyarTm. ,HJI?[ OT06paHHI>IX nap KjIaCCOB YCTAaHOBJICHA COIJIACOBAHHOCTDb
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U3MEHEHUH TMoKa3areseil KiacCupuKaluu Mpu J0OaBICHUH T'ayCCOBCKOTO LIyMa.
[Tpu otHOCUTENBEHOM ypoBHE miymMa 12 % xodddumnuentsl CupMeHa COCTaBUIN
0,924 nns monHoTH! M 0,798 st F1-Meps! kitacca; Ha ypoBHe ¢parmeHToB — 0,889
mist OA wm 0,789 nns B3BemeHHoMl Fl-mepol.  IlosydueHHble  pe3yibTaThl
O00OCHOBBIBAIOT ~ BO3MOXHOCTbh  INPEABAPUTEIBHOW  CPAaBHUTEIBHOM  OLIEHKH
U3MEHEHUN TOYHOCTH KiacCHU(pUKalMu BbIOpaHHBIX KiaccoB peanbHbix ['CU B
PAaCCMOTPEHHBIX YCIOBHSX.

6. Paspaborana wmeronuka (QOpMUpPOBaHUS M TPUMEHEHUS TEYaTHON
KaJIMOPOBOYHOM CILIEHBI, IIPEIyCMaTpPUBAIOLIAs OTOOP KJIACCOB IO CIEKTPATbHON
Onu3ocTH K KiaccaM peaibHbIX ['CU 1 cornacoBaHHOCTH MU3MEHEHUH MOKa3aTenei
KJIacCU(pUKaluu Npu A00aBleHUU TayccoBckoro myma. IIpu comocraBienun c
nanHbiMA  NTIRE mnoka3aHo, 4To OZHOMY KJIacCy II€YaTHOW CLEHBI MOTYT
COOTBETCTBOBATh HECKOJIBKO KiaccoB peanbHbIXx ['CH ¢ corjmacoBaHHBIM
U3MEHEHUEM ToKa3aTenei kiaccupukanuu. Ha ocHOBe MeETOAMKHM cO3/1aHa
neyaTHasi KaaMOpOBOYHAs CLIEHA U1 BBIOOpA MapaMeTPOB ChbEMKHU, IPET0O0PaOOTKH
U KaIUOPOBKH FMIEPCHEKTPOMETPOB IO TOYHOCTH MO3JIEMEHTHOM KilacCU(UKALIUH.
Pa3paboTanHass MeToAuKa TPUMEHAETCS TPH MCCIEIOBAHUHM AJITOPUTMOB
npenoopadotku u kKoppekiuu ['CU, peanusyromux TpeaioKeHHBIH METOJ]
MOBBINICHUS TOYHOCTH TMO3JIeMEHTHOU Kiaccupukaiuu. Bo Bropoit rmase I'CU
CO3/JaHHOM TMeYaTHOM KaJIMOpOBOYHOM CILIEHBI MCIOJIB3YIOTCS [JIsi  BbhIOOpa
napameTpoB chéMkH U dopmupoBanus ['CHU, a Takke HACTPOMKU CHEKTPaTbHOU
npenodpadoTku. B Tpethelt riiaBe I'CU 3To ClieHbI UCTIOIB3YIOTCS JIsl HACTPONKHU
NO3ULMOHHO-3aBUCHMOI KOPPEKLMHU OTKJIMKA TMIEPCIIEKTPOMETPA, YUUTHIBAOILEH

ITOJOXXCHHNEC BAOJIb IICIIN 1 CHCKTpaJ'IBHblf/‘I KaHalJl.
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I'JTABA 2 BBIBOP HTAPAMETPOB ®OPMUPOBAHUA U OBPABOTKH
TUIEPCIEKTPAJIBHBIX N30BPAKEHUN C YYETOM TOUHOCTH
MORJEMEHTHOM KJIACCUD®UKALIUU

B mepBoii rmaBe pazpaborana meroauka (OPMUPOBAHUS M MPUMEHEHUS
NeyaTHOW KaauOpOBOYHOM CIIEHBbI JJisi BBIOOpa MapamMeTpoB TMOJYyYEHUS U
o6padotku ['CHU no TouHoCTH MO37eMEHTHOH Kiaccudukanmu. B HacTosieii rmase
3Ta METOJMKA HCIONB3YeTCS TpU pPa3pabOTKe M HUCCIEIOBAHUH aJrOPUTMOB
CHEKTPAJILHON NPe100paboTKH, pealn3youX NPEASI0KEHHbBIN METO T TOBBILICHHUS
TOYHOCTH Kiaccupukauuu. Hactpoiika mnpenodpabotrku Beinonssercs no ['CHU
NEYaTHON KaJuOpOBOYHOM ClLEHBI, COPMUPOBAHHON B monpazaene 1.6, a eé
IIPUMEHEHUE OLICHUBAETCS HA OTAEIBHOM TECTOBOM CIICHE.

[Ipu BBIOOpE mapameTpoB GopmupoBanus U 00padotku I'CH1 Heobxoanmo
YUUTBHIBaTh WX BIUSHUE Ha TOYHOCTh IOAJIEMEHTHOM Kiaccudukanuu. Bpems
DKCIIO3UIIMM W TapaMeTp YCWJIEHUsS CUTHAJa  ONpENEisioT  ypOBEHb
PETHCTPUPYEMOIO0 CHUTHAjJa M IIyma; MNpeaoOpadoTka M CKAaTHE TaKKE MOTYT
U3MEHATH JaHHbIE, UCII0JIb3yEMble KJIacCU(UKATOPOM.

B pa6ote [102] onieneHo Biausinue HelipoceTeBoro mrymonoaasieHus ['CU Ha
nocieaywomny kinaccudukanuto. g Indian Pines npuMeHeHue npemioKeHHON
CBEPTOYHOI HEHPOHHOMN CETH MOBBICKIIO OOIIYI0 TOYHOCTH Kilaccudukanuu ¢ 75,9
1m0 85,4%. ABTOpPBl CONOCTAaBWIM PeE3yJIbTaThl KJIACCU(PUKAIMU HCXOHOTO
U300pakeHusT M U300paKeHWH T1Ocjie TMPUMEHEHHUs pPa3IMYHbIX METOJI0B
IIYMOITO/IABJICHHUS.

B pabore [70] wcciaenoBaHO — BIMSHHE ~— COKpalleHHsS  00bEMa
TMIIEPCHEKTPAIbHBIX  JaHHBIX Ha  Kilaccudukamuio. MeToabl  CHHXKEHUS
CHEKTPATbHONU PA3MEPHOCTH COMOCTABJIEHBI M0 OLIMOKE BOCCTAHOBJICHUS CIIEKTPOB
U TOYHOCTU Kiaccupukanuu. MeHblias omuOKa BOCCTAHOBJICHHS HE Bcerna
COOTBETCTBOBaJIa 00Jiee BBICOKOW TOYHOCTH Kiaccuukauuu. B pabGorte [103]
UCCJIEIOBAHO CXKATUE C MOTEPSIMU, JOMYCKAIOIIEEe OTKIOHEHUE BOCCTAHOBICHHBIX

naHHbIX OT ucxodHwiX: JPEG s mBetHbix m3oOpaxenuint ' H.264 mis Buueo.


https://arxiv.org/pdf/1810.00495#page=10
https://arxiv.org/pdf/1810.00495#page=10
https://arxiv.org/pdf/1810.00495#page=10
https://arxiv.org/pdf/2104.00788#page=18
https://arxiv.org/pdf/2104.00788#page=18
https://arxiv.org/pdf/2104.00788#page=18
https://arxiv.org/pdf/2007.14314#page=2
https://arxiv.org/pdf/2007.14314#page=2
https://arxiv.org/pdf/2007.14314#page=2
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Bnusnue mnapameTrpoB cxkaThs Ha pe3ysbTaThl OO0paOOTKH pa3inyanoch B
3aBHCHUMOCTH OT 3aJa4d W HCIIOJIb30BAHUS CXKATBIX JAHHBIX TpH OOy4YeHUU
HEUPOHHOM CETH.

B pabote [104] nns uiccnenoBaHus UIyMOMNOABICHUS MPU MaJIOM BPEMEHU
sKCIo3ulMK  copmupoBan Habop mnapHsix ['CU: omopHoe wu300paxeHue
PETUCTPUPOBAIIOCH C JUIUTEIIBHON AKCIIO3UIMEN, a 3aIIYMIEHHOE — C SKCIIO3ULIHAEH,
yMenbiieHHOM B 50 pa3. B pabore [105] paccMoTpeHa 3aBUCUMOCTH IIyMa
nudpoBO KaMephl OT BPEMEHM 3KCHO3WIMU U yCWiIeHHs. B ucnonb30BaHHOMN
MOJIEJI COKpAIIEHUE BPEMEHU SKCIO3UIMHU C YBEIMUYECHUEM YCUJIEHUSI COXPaHSET
cpenHuil nudpoBoi OTCUET NMPU CHUKEHUU OTHOLIEHUS CUrHan/mym. OTIENbHO
UCCJIEJOBAaHO U3MEHEHUE YCUIICHUS ITPU PUKCUPOBAHHOM BPEMEHU SKCIO3UIIMH.

Llenp HacTOSIEH TJIaBbl — KCCIEA0BATh BIUSHUE TAPpaMeTPOB (POPMHUPOBAHUS
u 006pabotku ['CH Ha TOYHOCTH MOAJIEMEHTHON Kitaccudukanuu. B paznenax 2.1 u
2.2 paccmaTpuBarTCid OO0ydaeMbli MOAYJb CIEKTPaJbHOM MpenoOpabdoTKH,
BBINIOJIHAIOIINI CIEKTPAIbHOE CTIaXKUBAHUE U BBIYMUTAHUE TPOTPAMMHOM IOIPABKU
ypoBHs uépHOro (cMm. myHKT 2.1.2), u pe3ylnbTaTbl €ro NPUMEHEHHUS s
knaccudukanun ['CHU. Hccaenyrorest BIOOp IIMHBI OKHa (puiibTpa CaBULIKOTO—
['omess W Beca CHEKTpaJIbHOW COCTaBISIONIEH KOMOWHHUPOBAHHOTO KpUTEPHS,
MEepPeHOC HACTPOCHHOM mpenoOpabOTKu Ha JApyrue  KilacCUPUKATOpPhl U
BBIYMCIIMTEIBHBIE 3aTpaThl €€ NpuMeHeHUs. B pasaene 2.3 olleHUBAETCS TOYHOCTh
KJacCU(PUKAMU B JIBYX CEpUAX BbIYUCIUTENIBHBIX 3KCIEPUMEHTOB: TIpU
COKpAILIEHUH BPEMEHHU SKCIIO3UIIMKU C OJHOBPEMEHHBIM YBEJIMUYEHUEM YCUJICHUS U
P M3MEHEHUM YCUJIEHUS B YCJIOBHMSX HEJOCTATOYHOW HKCIO3ULIMH. Bo BTOpOomM
HKCIIEPUMEHTE BpEeMsl HKCIO3UIMHM OCTaBalIOCh (pMKCUpoBaHHBIM. B pazgene 2.4
UCCleNyeTcs BIMSHME BBIOOpa BHAECOKOJeKa M mapameTrpoB cxatuss ['CU Ha
TOYHOCTH O3JIEMEHTHOH Kiaccupukarmu. OOCykIeHUE MOTyYSHHbBIX Pe3yIbTaTOB

MIPUBEIECHO B paszfene 2.5.


https://openaccess.thecvf.com/content/ICCV2021/papers/Zhang_Hyperspectral_Image_Denoising_With_Realistic_Data_ICCV_2021_paper.pdf#page=3
https://openaccess.thecvf.com/content/ICCV2021/papers/Zhang_Hyperspectral_Image_Denoising_With_Realistic_Data_ICCV_2021_paper.pdf#page=3
https://openaccess.thecvf.com/content/ICCV2021/papers/Zhang_Hyperspectral_Image_Denoising_With_Realistic_Data_ICCV_2021_paper.pdf#page=3
https://people.csail.mit.edu/hasinoff/pubs/hasinoff-hdrnoise-2010.pdf#page=3
https://people.csail.mit.edu/hasinoff/pubs/hasinoff-hdrnoise-2010.pdf#page=3
https://people.csail.mit.edu/hasinoff/pubs/hasinoff-hdrnoise-2010.pdf#page=3
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2.1 Hacrtpoiika cniekrpaabHoii npegodpadorku I'CU

Hactpoiika Mopmysis cCHeKTpallbHOM MpenoOpabOTKU  3akiioyaeTrcs B
COBMECTHOM  OmpeaesieHnd  Kod(h(UIIMEHTOB  CHEKTPalbHON  CBEPTKU |
IIPOTPAaMMHOM TONPABKU YPOBHS 4YEpHOro. JlIst 3TOro paccMaTpuBaroTCs ABa
crocoba: HeWpocereBass HAcTpoWKa C HCHOJb30BaHHEM KiaccuukaTopa,
npensaputensHo oOydenHoro Ha omopHoM I'CH Specim 1Q, u ananmutuyeckoe
OTpe/ieTICHUE MapaMeTPOB METOAOM I'PeOHEBON PETPECCUH.

ABTOpCKUI pe3yJIbTaT TaHHOTO pa3jiesia COCTOUT B pa3pabOTKe aJirOPUTMOB
COBMECTHOM HAaCTPOUKH KOA(P(UIIMEHTOB CHEKTPAIbHOM CBEPTKH U MPOrPAMMHOM
nornpaBku ypoBHs uépHoro no I'CH nedyatHoil kKanuOpoBOUHOM CLIEHBI, B TOM YHUCIIE
C Y4€TOM KJIACCU(PUKAIMOHHOIO U KOMOMHHUPOBAHHOTO KpuTepueB. s ux
peanu3aluy UCIHOJIB3YIOTCS HW3BECTHbIE MAaTEMAaTUYECKHE CpEACTBA: CBEPTKA,
bynkuus softmax, nepekpécTHasi SHTPOIHMS U CpeHeKBaApaThuyHas omuodka [ 106],
bunbtp CaBurkoro—I ones [107, 108] u rpedneBas perpeccus [ 109, 110]. Huxe stu

cpeacTtBa ONMMCAHbI IPUMCHUTCIIBHO K IIPCAJIaracMbIM aJITOpUTMaM.

2.1.1 TlocranoBKa 3a7ja4i HACTPONKHU CIIEKTPATILHOU MpeoOpaboTKu

Hcnons3yrores Ba I'cnu OJIHOM KaJIMOPOBOYHOM CIICHBI,
3apeructpupoBaHHbie Specim [Q u pazpaboranHbIM TUnepcnekTpomerpom. Ilepsoe
OPUHUMAETCS 3a ONOpHOE, BTOpoe — 3a cpaBHUBaemoe. Lludposbie oTCUETHI
cpaBHuBaeMoro I'CH u criekTp 0ey10ro 3TajioHa UHTEPIONIUPYIOTCS Ha CETKY JIJIMH
BostH Specim IQ. [IpoctpanctBernHoe coBmernienue ['CH He BBITIONHSIETCS: CpeTHue
CHEKTpalbHbIE BEKTOPbl COOTBETCTBYIOLIMX KJIACCOB COMNOCTABIISIIOTCA IO

ATaJOHHOW pa3MeTKe, MOATrOTOBIEHHOM OTAeNbHO s Kaxkaoro ['CH.
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3nauenus koddunmenta orpaxkenns onmopHoro I'CU Ha obmieli ceTke MMH
BOJH (cM. moapasnen 1.4, popmyiny (1.23)) o6o3HauNM:

Siq(i,), k), 1 <k <K~ (2.1)
rne k — HOMep CHEKTpaJbHOTO KaHana, K* — 4YHMcio KaHaloB OOIIEH CeTKH.
CpasuuBaemoe ['CH Ha 3T0i1 ceTke mpencTaBiaeHo UGPOBBIMU OTCUETAMHU:

DNg(i,j, k), 1 <k < K™ (2.2)

Omnepatop npenoOpaboTkn Py ¢ HaOOpOM HACTpaWBaEMbBIX IMapameTpoB 6
npeoOpa3zyet cpaBauBaemoe ['CU:

R (i,j,k) = Pg(DNp) (i, j, k), (2.3)
rae }?g (i,j, k) — 3nauenue snementa I'CU nocne mpenodpadotku. Oneparop Py
BKJIIOYAET CIEKTPAJIbHYIO CBEPTKY, BHIUUTAHHUE MPOTPAMMHOI MOMPABKU YPOBHS
4€pPHOTO, 3aMEHY OTpPHIATCIbHBIX 3HAYCHWH HyJIEM ¥ HOPMHUPOBAHHE 10
(UKCUPOBAHHOMY CHEKTPY O€JI0ro 3TajoHa.

Pesynbrar mnpenoOpaboOTKM MOCTymaer Ha BXoA Kiaccudukatopa Fy,

oOyuenHoro Ha omopuoM ['CU. Ilpu ¢duxcupoBaHHBIX NapaMmeTpax ¢

npeacKasaHHass MECTKa KjiaCcCa OMPCACIISACTCA BhIPAKCHHUCM!

Vg (i, ) = arg max[F, (Ps(DN))(i. )] , (24)

1=sc=sC
rae Y§(i,j) — mpemckasaHHas MeTka Kiacca MHKCENS C MPOCTPAHCTBEHHBIMH
orcuéramu (I, j); ¢ — HOMep Kjacca; C — YnuCII0 KIIACCOB.
IIpu HacTpoiike npenoOpabOTKM M3MEHSIOTCS TOJBKO mMapameTpsl 6. HUx
3HAYEHUSI ONPEEII0TCS MUHIMU3Ael BHIOpaHHON (PyHKIINK OTEPH:

0" = arg meinL 8), (2.5)

rne L(0) — dbyuknus notepb;, 6 — HaiineHHbI HaOop mapameTrpoB. Kpurepuu
HACTPONKH MpenoopadboTKu onpeiesieHbl B moapaszaene 2.1.5.

B Bapuante ¢ ¢punbtpom Capurkoro—I onest KodpPUIUEHTHI CTriIaKUBaHUS
(bUKCUpPOBaHBI, a TPOrpaMMHas MOMpaBKa ypPOBHS UEPHOTO d, MPUHUMAETCS PaBHOMN
Hyr0. CxeMa HacTpOMKHY U MPUMEHEHHSI TPEe100padOTKH MpeCTaBIcHa Ha PUCYHKE

2.1.
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/ o Oran 1. OByueHne HeMpPOCETEBOro Cos \ / e 3ran 2. O6yueHue He3aBUCUMBIX \ / o 3ran 3. MNposepka npeaobpaboTkv \

npenobpabotku (onepatop Pg) Knaccuu1kaTopos Ha iaHHbIX CPABHUBAEMOTO MMNEPCNEKTPOMETPa
z < T B 4 oy
FCW cuensl Net, Oysere Cuena Ne2
perucT| | Kn: F.
e man%:?::“me ‘ KnacoubumaTopa Fy c amﬁ:g::m;n
runepcnexkTpoMeTpomM  — | (IDCNN/3DCNN/ Ly, napamerpamu [flantibie Ges
Specim 1Q, SSFTT) npegoGipabomin
paamerka cueHbl Ne1 o} > Ie) O‘,Q 'O ™ I
i e | | M ~ e /s
I S = D TCH cuensl No2, ( ) ‘
Lo bl ) T 33PErVCTPUPOBAHHOE Obyuenne Gasosoro (& \ |
A aTANOHHLIM knacontmkaropa Ouera
HKLUWA NOTEPsb:
,Zyom"mnfﬁ", TMNEPCNEKTROMETDOM DCNN /3D CNNJ SSFTT bnde 1) O L | racenerez: |
KOMBMHMPOBaNHAR Specim 1Q, 2nA cuensl Ne2 PSR Casvupioro-Tanes e | | scowscnFr, ||
rainl pasmerka cueHb N&2 cpamwEaskeM | [y, Anacopene fe PSNR
rp:;;:::ﬂ 1 o o o) IHEPCIEXTROMETEOM /_\J ~— (IDCNN/ D CNN/
perpeccus . [ = T OO‘ o | smnomex ‘
’ {SHEMHTWIECHAR B3pUSHT) 5] = ( o o) o -~ o RAHHBX
J oy, :
TCH cuerst Net, ki T ’ - e 050 Fecnc |
38pErVCTPHPOBAHHOE [ _ ) Tzl o (o]
GpaBHMBaEMbIM 0 S Coseacy ¢ \ \ A onepatop P,
; CU cuenel Ne1 i T
BeumerdOfiver |—p  eEIORRGOTOIE, ] ”m;m . b vacuene el —
pasmerka cueHsl Ne1 | [e} o ] i il .0 I |
‘ LD | &%
i e Ll alf
Ki t P Y Ha AaHHBIX N .
K 3achMKCHPOBAHHBIA Py / & 3TanoHHOro rHNepcnekTpoMeTpa Specim 1Q _/ \ /
[
! I
(- : DN — undy runeper ;. R—rmwr DaHHbIE B OTHOC KCS; 1
i
H Pg — ofy # oneparop cuena Ne1 — cueHa HacTpoiki; cuena Ne2 — KOHTpOnbHaR cueHa.

Pucynok 2.1 — Cxema HaCTpONKH U IPUMEHEHUS CIIEKTPaJIbHOM MpeaoOpadoTKn
I'CH

2.1.2 TlporpamMmMHasi morpaBka YpoBHSI YEPHOTO U HOPMHUPOBAHUE IO OeToMy

9TAJIOHY

B pykoBoactBe Baumer mnapamerp ypoBHs uépHoro (Black Level)
OMpeeIIIeT CMEILEHHE, BHOCUMOE B BuAeocurnan kamepsl [111]. ITpu peructpanuu
cpaBHuBaeMoro I'CH anmapatHasi HacTpolka ypoBHSI 4€pHOro (ukcupoBaHa. B
npenoOpaboTKe UCTIONb3YeTCs OTAeNIbHAs MPpOorpaMMHasi omnpaska d, BolYuTaeMas
U3 UQPPOBBIX OTCYETOB MOCIE CIIEKTPATILHON CBEPTKHU.

Pesynbrar ciekTpaibHOM CBEPTKU 0003HAYMM:

DT\IB(i»j: k) = G(DNg)(i,j, k), (2.6)
rae G — onepaTtop CBEPTKU MO CHEKTPAIBHON OCH.

[Tocie  BplUMTAHHUS OPOTPAMMHOM  IIONPABKU  YPOBHS  4YEPHOTO U

HOPMHPOBAHUSA 10 OEJIOMY 3TAJIOHY MOJIyYaeM:

.. (DNg(i,j,k) — dg,0
Ry (irj ki dg) = PEETELLE 200 2.7)

rae Wy (k) — 3HaueHue curnana 0enoro 3TajoHa B k-M kaHase oOmei CeTKu JJIUH

BOJIH; € — MaJlad IOJOXUTCJIbHAsd BCIWYMHA, HWCKIIIOHaromass ACJICHUC Ha HYJIb.


https://media.baumer.com/mamfile_2084982.pdf#page=104
https://media.baumer.com/mamfile_2084982.pdf#page=104
https://media.baumer.com/mamfile_2084982.pdf#page=104
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Crektp 6enoro 3Tanona GUKCUpyeTCs A0 HacTporku npeaodpadotku. [Tompaska d,,

OJMHAKOBa I BCCX IIPOCTPAHCTBCHHBIX OTCYETOB U CIICKTPAJIbHBIX KaHAJIOB.

2.1.3 CnekrpanbHoe criaxuBanue ¢puiabtpoM CaBuiikoro—I ones

OunbTp CaBurikoro—I ones OCHOBaH Ha JIOKaJIbHOW alMpPOKCUMAIIUHU TaHHBIX
HOJMHOMOM  METOJIOM HauMeHbIIMX KBaapaToB. CriiaXeHHOE 3HauyeHue
COOTBETCTBYET 3HAUYEHHUIO MOJMHOMA B IIEHTPE OKHA. JTO MpeoOpa3oBaHUE
npecTaBisieTcss CBEPTKON ¢ Kod(hdullmeHTaMu, ONpeneasieMbIMUA JITMHONW OKHA U
CTemneHbI0 ojarHoMa [107].

JIis CHeKTpalbHOTO BEKTOpa NpH (UKCHPOBAHHBIX MPOCTPAHCTBEHHBIX
orcuérax (i, j) mpeoOpa3oBaHUE UMEET BUI:

DNg(i,j, k) = Tt c;DNg(i, j, k + 1), (2.8)
rie ¢; — KoapuuueHT QuiIbTpa sl CMELEHHs ¢ 10 CIEKTPaIbHON OCH; T — YHUCIIO
COCEHUX KAaHAJIOB C Ka)XJIOW CTOPOHBI IEHTpPaidbHOTO. JlIMHA OKHA COCTaBISET
2r + 1 xananoB. ®opmyina 3anucana 1 kaHanoB 7 + 1 < k < K* — r, B KOTOPBIX
OKHO LEJIMKOM HaXOIUTCSI BHYTPH CIIEKTPAJIbHOTO JIMaIa3oHa.

JIis BHYTpEHHUX KaHAJOB CIIIQ)KMBaHHWE BBHITIONHSIETCS HE3aBUCHUMO IS
KaXIOr0  CHEKTPAJbHOTO  BEKTOpa C  OAMHAKOBBIMU  (PUKCHPOBAHHBIMU
koddurmenTamu. s KpaifHUX KaHAJIOB CTIIa)KEHHBIC 3HAYCHHS BBIYUCTISIOTCS TI0
MOJIMHOMY, alllIPOKCUMHUPYIOIIEMY 3HaYSHHs OJIMKAMNIIEro MOJTHOTO OKHA CIIEKTpa

[108]. 3aTeM npuMensieTcs nmpeodpazoBanue (2.7).

2.1.4 OOy4aemblil MOIYJIb CIIEKTPAIILHOMN NMpeaoOpadoTKu

B oOywaemom wmonyne kKod(h(UIIMEHTH CHEKTpaTbHON CBEPTKH [ W
IporpamMMHasi TIOTIpaBKa ypOBHS 4YEPHOTO d OMPEICSIOTCS MO0 KaTuOPOBOYHOU
criere. [lomHbIil omepaTop mpenoOpadbOTKK MPEACTaBUM Kak IMOCIIEI0BATEILHOCTD
npeoOpazoBaHuii:

Pg(DNg) = Rpq,(Gg(DNg)), (2.9)
e Gg — OmepaTop CIEKTPaIbHON CBEPTKU C HACTPAUBAEMbIMU KO3 PULIMEHTaAMU

B; Rpg, — mupeobpasoBanue (2.7), BKIIOYAIOUIEE BbIYMTAHUE dg, 3aMEHY


https://pmc.ncbi.nlm.nih.gov/articles/PMC9026279/#sec1
https://pmc.ncbi.nlm.nih.gov/articles/PMC9026279/#sec1
https://pmc.ncbi.nlm.nih.gov/articles/PMC9026279/#sec1
https://docs.scipy.org/doc/scipy/reference/generated/scipy.signal.savgol_filter.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.signal.savgol_filter.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.signal.savgol_filter.html
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OTPHUIATENBHBIX 3HAYEHUN HYJIEM U HOpMHUpOBaHuE 1o Oeromy s3tajiony. Habop
HACTpanBaEeMbIX ITAPAMETPOB UMEET BH/I:

0 = {d,, B} (2.10)

CrnekTpasibHas cBEPTKaA onpeaesercs BoipaxkenueM [106]:

DNE (i, j, k) = X¥—_, B DNg(i, j, k + t), Q2.11)
rae ff; — HacTpauBaeMblil KOd(D(UITUEHT Ui CMEIIEHUs t M0 CIEeKTPAIBbHOW OCH.
dopmyira 3anrcana 1jisl BHyTpeHHUX KaHtoB T + 1 < k < K™ — r. J]ins 06paboTku
criekTpoB Bcex nukceneil ['CU ucnonb3yeTcs OAHO U TO Ke SIAPO CHEKTPaTbHON
cBEPTKU. [[i1st KpaltHUX KaHAJIOB MPUMEHSIETCSI 3epKaIbHOE JIOTIOJIHEHUE CIIEKTPA.

[Tocne mpuMeHeHus: TOTHOTO OTepaTopa MOTyUYaeM:

max (DN& (i,j k) — do,0)
Wg (k)+€

R8(i,j, k) = (2.12)
[TosrydeHHbIe apaMeTpsl MPero0OopadOTKU MPUMEHSIOTCS K TECTOBOM CLIEHE.
HeiipocereBas mpenoOpadboTka u oOydaemas kaimubpoBka I'CU peanusytort

o0mMii MeToA: mapaMeTpbl MPeoOpa3oBaHUS OIPENESAIOTCS IO Pa3MEUYEHHOM

KaJIMOPOBOYHOM  clleHE ¢ yd€roM OMMOKM  Kjlaccuukauum H, MpuU

KOMOMHUPOBAaHHOM  KPUTEPHH, CIEKTPAIBHOIO PACXOXKIEHUS C  OMNOPOM.

O0001éHHas 3a1Mch METOAa UMEET BUI:
Sout = F(S» 9*)
(6797 = arg L)nin[LCE(Clp(F(S, 0)),ce) + ALspec(F(S,6),5)  (213)

rae S u Sy, — ucxoaHoe u npeodpazopannoe I'CU; F — onepatop npeoOpazoBaHus
¢ napamerpamu 6; Cy, — KIacCU(hUKATOp ¢ mapameTpamu P; ¢, — METKH KITaCCOB; S,
— Ha0Op OTMOPHBIX CHEKTPOB KJIACCOB, MOJYUYCHHBIX MO M3BECTHOMY JITAIIOHHOMY
I'C wmm 3agaHHBIM TpeOOBaHUSM K CHEKTpaMm; Lcg — KareropuaiabHas
MEPEKPECTHAS. DHTPOIUS, BBIYMCISIEMAS [0 BEPOSTHOCTAM KIIACCOB; Lgpec
cnekTpanbHas omubka; A = 0 — eé€ Bec.

B o603Hauenusax Hacrosuei rnassl S = DNg, F(S,0) = Py(DNg), Cy, = F,,
Y = @ u c, = Y. Oneparop F BkitovaeT Bce npeoOpazoBanus (2.9)—(2.12), B Tom

Yucjie HOPMHUPOBaHUE MO (HUKCUPOBAHHOMY OenoMy sTanony. Knaccuduxatop


https://www.deeplearningbook.org/contents/convnets.html#pf4
https://www.deeplearningbook.org/contents/convnets.html#pf4
https://www.deeplearningbook.org/contents/convnets.html#pf4
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3apanee o0ydeH Ha onnopHoM ['CU u pukcupoBan: P = 1; m03TOMYy MUHUMH3AITHS
(2.13) BemonHsIeTCS TONBKO TO 6. HacTpanBaeMbIMH TlapaMeTpamul SBIISIOTCS
KO3 UIIMEHTHI CIIEKTpaIbHON CBEPTKH [ | MOIpaBKa ypoBHs 4EpHOTO dy. SAapo h
Ha PHUCYHKE 2.2 COOTBETCTBYeT [3; oOo3HaueHWE S, Ha CXEME OTHOCHUTCA K
IPOMEKYTOYHOMY CHUTHAITY O HOPMHUPOBAHWSI.

B nanHOW rnaBe Lgpec paBHA CpelHEMY KBaapary PacxXOXKIACHHUS MEXIY

CPETHUMU CIIEKTPaJTbHBIMU BEKTOPAMH COOTBETCTBYIOIMIMX KitaccoB (2.17)—(2.19).
VYcpennenue BbINOTHAETCS MO OTAEIBHOM pazmerke kaxaoro I'CHU Ha ob1eit ceTke
JuiiH BoJH. [Ipu A = 0 ncnonb3yercs TOJIbKO KiaccupukanmoHHoe ciaraemoe. [pu
HaJIMYuu perysipusanuu kpurepuid (2.13) gononusercs mrpad@HbIMU ClaracMbIMU,
ONpENENIEHHBIMA B COOTBETCTBYIOIIEM anroputme. [lociie HacTpoiiku oneparop F
dukcupyercs A1 IPUMEHEHUS K HE3aBUCUMOM TECTOBOM CLIEHE.

O6mias cxema MeToZa HEUpPOCETEBOM crieKTpainbHOU npeaoopadotku I'CU c

ontuMu3anuen no kpurepuro TKI3 npencrasiena Ha pucyHke 2.2.

Oby4eHne Mmoayna cnekTpansHon npenobpadoTku 3TaNOHHLIE CEKTPLI KNACCOB:
Ha OCHOBE H3BECTHOrO 3TANOHHOrO [CU
WM TPEGOBAHNI K ITANOHHHIM CTIEKTpaM
(Camiit APKWEA CEKTP KNACCa BAONb Wenw)
Ruer € RO
Obyvaeman cnekTpanbHaa npepobpaborka

Cnexrpanthoe appo

¥ poBeHs 4épHoro Bensiit aTancH e — Lwse
doER w € R T T —
heRra+1 ancposa e
NCXOAHBIA CHrHAA CKOPPEKTHROBAN HLIA
@ cu
TCH (DN} l MNocne caéy prw | cmrwan ! KA KOMGMHHpOBAHHAA

Cnextpansnas KoMnencauua Nepesoa DN & KCA GIALTLDUEED
CBEPTKA PoBHA 4Epnora

Vi P
S |—u=comgsim— |[H [ Hp—do 1 Sc¢ ||+ R, = —Scik R (e A IS 0 L= Lee + Aluse
e RS0 k=W, + £ Hedid —  Leg  —T T ceccnermpanaod ownsun
e - N NM3DCNN
SSFTT

Sc(i, J, k) =max { H(i, j k) —do, O } I
Qby4yaemble napameTpsl: @ = {h, do} PaJMcTKaTxnaccan

1% %K Ix)xK Ix)xK 1x]xK

ObpaTHoe pacnpocTpaHeHue ownbku: obHoenexne 8

CBépTKa BeINonHseTcs BAOAL k. MapameTpsl h v do 0bLine Ans BCex NpOCTPaHCTBEHHBIX NO3ULUIA.
1, ] - NPOCTPaHCTBEHHbBIE pasMepsbl; K - YACI0 CNekTpanbHbIX KaHanos; C - 41Ca0 KNaccoB.
DN - umdppoBble 0TCHETHI cMrHana (yposHu ALM); KCA - KoahdnuMeHTbl CNeKTPa bHOW APKOCTK.

Pucynok 2.2 — Apxutektypa criekrpaibHoi npenoopadotku ['CU ¢ oOyyaembim
MOJIyJIEM

Hanee B riaBe 3 OyAeT moka3aHo, YTO METOJ HEHpoceTeBOr mMpeaoOpaboTKu
['CU mo3BomisieT Takke peann3oBaTh 00ydaeMble HEHpPOCETEBbIE KAaTMOPOBOYHBIE

CJIOM JJ1s1 KOPPEKIMH MPOCTPAHCTBEHHO-CIIEKTPAIbHBIX UCKakeHuit ['CU.

2.1.5 Kputepuu HacTpOMKHU CIEKTPATHHOU MPeaoOpaboTKu

Hnst nactpoiiku mnpenoOpabotkun no TKI[3 nHa kanuOpoBOYHOU clieHe

UCIIOJIb3YIOTCSl KaTeropralibHasi NepekpEcTHasi SHTponus Lcg 1 KOMOMHUpPOBAHHAS
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(GyHK1MsA oTeph Lcg Msg, BKIOYAIOMAs CPEJAHUNA KBAAPaT OMMUOKU Lysg MEXIY
CPEIHUMU CHEKTPAIbHBIMU BEKTOpPaMH COOTBETCTBYyrOmMX kiaccoB. TKII3
ouenuBaercs Mo OA Ha pa3MEUYEHHBIX MHKCENIIX KaTUOPOBOUYHOM CIICHBI MpPH
3aJJaHHOM SKCIIEPUMEHTAJILHOM MIPOTOKOJIE.

IIycte (2 — MHOXKECTBO pa3MEUYEHHBIX NuKcenell cpaBHuBaeMmoro I'CU,
UCIIONIb3YEMBIX MPU HACTpoiike mpenodpaboTku, a Yg(i, ) — MeTKa Kilacca MUKCes
(i,j) € 0. Ilocne npenodbpadboTku Ki1accuPuKaTop (GOpMUPYET BEKTOP BBIXOTHBIX
3HAYECHUMU:

z°(1,j) = Fy(Po(DNg)) (@, ), (2.14)
rie z? (i, j) — BekTOp BBIXOMHBIX 3HAUECHMI KITacCH(UKATOPA 10 NPeodpa3oBaHus B
BEPOATHOCTH KJIACCOB.

BepositHocTn KiaccoB ompenensitorces GyHkiuend softmax, HopMupyromiei

HKCIIOHEHTHI BBIXOJHBIX 3HAUeHU Kinaccudukaropa [106]:

Q,: :
pf(i,j) = 22 EcM) o —q ¢, (2.15)

Y4=1exp (2§ (L))’ ’
rne pf(i,j) — OleHKAa BEpOSATHOCTH TpPHHAUICKHOCTH THKcens (i,j) Kimaccy c;
z8(i,j) — cooTBETCTBYyIOIIEE BEIXOAHOE 3HAUCHHE KIACCH(PHKATOPA;  — MHIEKC

CyMMMPOBaHHs 10 Ki1accaM. KareropuasnbHas nepekpecTHasl SHTPOIUS UMEET BUA:
1 0 .
Lee(0) = = Xijen 108y (01, (2.16)
rae || — gucmo muKcenel, y9acTBYIOIIUX B pacyére; pr(i' j)(i, J) — BEpOSATHOCTh
KJIACCAa, 3aJJaHHOT0 ATAJJOHHOU Pa3METKOM.

CHCKTpaJ'IBHOC cjaracMoc€ BBIYHUCIEICTCA 110 CPCAHUM  CIICKTpPaJbHBIM

BEKTOpPaM COOTBETCTBYIOIIMX KJlaccoB. s kiacca ¢ onopnoro ['CU:

1 . .
‘uIQrC(k) = mz(i;j)EQ:;QSIQ(l,], k))k = 1; )K ’ (217)

I . I
rue .QCQ — MHOJKECTBO IMKcenen kiacca ¢ B onopHoMm I'CH; |.QCQ| — YHUCIJIO JTUX

NUKceNe; Uyq (k) — 3HaueHne K-ro kaHajua CpeHero CIeKTpaabHOro BEKTOPA.


https://www.deeplearningbook.org/contents/mlp.html#pf11
https://www.deeplearningbook.org/contents/mlp.html#pf11
https://www.deeplearningbook.org/contents/mlp.html#pf11
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st cpaBanBaemoro I'CH nociie mpenoO6paboTku:
0 (k) = — ReG,ik),k=1,.. K 2.18
up (k) = — X peng, Re(l./, k), k = 1,..., K, (2.18)

|_QB’C| B,c
rae (lg . — MHOXKECTBO IIMKCENEH Kiacca ¢ B cpaBHuBacMoM I'CU; |.QB,C| — YHCIIO0
ATUX MUKCEIICH; ,ug’c (k) — 3Hadenue k-To KaHala CpEAHETO CIIEKTPAIIEHOTO BEKTOpa
I .
nocie mnpeaodpabotku. MHoxecTBa .QCQ u f(lg. 3a0al0TC  Pa3METKOM
cootBeTcTBYOMX I'CU.

Cpennuii kBaapar OMHUOKA MEXIYy CPEAHUMU CHEKTPATIbHBIMH BEKTOpPaMH

KJIACCOB OIPEJICIISIETCS BBIPAKEHUEM:
Lysg(0) = Ycee leg;l(ﬂg,c (k) — MIQ,c(k))Za (2.19)

rac C — MHO>KECTBO COIIOCTaBJISIEMBIX KJIaCCOB, |C| — YHUCJIO KJIACCOB B 3TOM

1
[CIK*

mHOkecTBe.  Kputepuit  Lysp(6)  BbIUMCHsSieTCSs  HEMOCPEACTBEHHO  TI0
IpeoOpa30BaHHBIM CIIEKTPATbHBIM BEKTOPAM.

KoMOunnpoBanHast (QpyHKIMsS MOTEph OObEIUHSET KIACCU(DUKALMOHHOE U
CTHEKTPAILHOE ClIaraeMble:

Lecg mse(0) = Lee(0) + ALyvse(0), (2.20)
rae A — Ko3pUIMEHT, OMPEAeNAIOMNN BKIIa CIIEKTPAIBHOTO CJIaraeMoro.

JUis aHaTUTUYECKOTO OmpeneiaeHus Kod()PUIIMEHTOB CIEKTPaIbHONU CBEPTKU
¥ TIPOTPaMMHON TOMPABKH YPOBHS YEPHOTO HCIIOJIB3YETCS METOJ] TrpeOHEeBOM
perpeccun. Cymma KBaJpaToB OIIMOOK JIMHEHHOW MOJEIU JOMOJIHSIETCS
KBaJpaTUYHBIM mTpadom Ha e€ koddunmentsl. B padote [109] uznoxen oommuii
NPUHIMN 100aBieHUs peryisipusyromero ciaraemoro. B padote [110] rpedHeBas
perpeccusi HUCHOJB3YyEeTCsl Uil omnpeAesieHus Kod()PUIMEHTOB CHEKTPaIbHOro
npeoOpa3oBaHus IPU BOCCTAHOBICHUH CIIEKTPOB.

[IpeoOpazoBanue (2.12) 6e3 3aMeHbl OTPUIATENbHBIX 3HAYEHHN HYJIEM
JUHENHO 1o mapamerpaM S u dy. Yepes ,ug'lg (k) obo3HaunM cpenHee 3HAYCHHE
nM(ppPOBBIX OTCUETOB Kilacca ¢ B k-M kaHaine cpaBHuBaemoro I'CH kanubpoBouHoOM

CIIEHBI, PACCUMTAHHOE II0 JTANOHHOH pasmeTke. OmNOpHBIE 3HAYEHHS [y (k)


https://www.mathnet.ru/rus/dan28329
https://www.mathnet.ru/rus/dan28329
https://www.mathnet.ru/rus/dan28329
https://www.mdpi.com/1424-8220/21/16/5586/pdf#page=5
https://www.mdpi.com/1424-8220/21/16/5586/pdf#page=5
https://www.mdpi.com/1424-8220/21/16/5586/pdf#page=5
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onpenenensl B (2.17). Ana BHyTpeHHuX KaHanoB 17 + 1 < k < K™ — r nunelinas

MOZACJIb CPCAHCTO CIICKTPAJIBbHOI'O BEKTOPA UMCCT BU/IL:

ﬁB,c (k) =

Jlist MaTpuyHOM 3amucu Habop mapametpoB (2.10) mpeacTaBuM BEKTOPOM

Y BeuBy (k+t)—dg
Wg(k)+e

(2.21)

0 =(B_,,..,Bdo)T. Kaxnoit mape (c,k) cOOTBETCTBYyeT CTpOKa MaTpHIIEI A,
coaepkarias Ko uiueHTsl npu KoMnoHeHTax 8 B (2.21). DneMeHTh BEKTOpa y
PaBHEI COOTBETCTBYIOIMM OTIOPHBIM 3HAUEHUAM Uq . (k). Uncro conmocTapnseMbIx
3HaueHud coctaBmsier N = |C|(K* — 2r). Kpurepuii rpebOHEBOW perpeccuu

3alIMiuIeM Kak:
. 1
6, = arg min 146 - yI3 + nlIAI13] (2:22)

rae n > 0 — mapameTp peryisipuzanuu. B paccmaTpuBaeMoil mocTaHOBKE mITpad
HaKJIaapIBacTCsl Ha Kod(hPHuIueHTs CBEPTKH [5, a momnpaBka d, ompenensercs 0e3
mrpada. BBeném muaronampHyro wmatpuily D = diag(l,...,1,0), nocnemHuii
JTMArOHAJIBHBIN 3JIEMEHT KOTOPOM COOTBETCTBYET dy. M3 ycnoBuit MuUHHMYyMa
kputepus (2.22) noigydaem:

Or = (ATA+ NnD)~1ATy. (2.23)

[TonyuyeHHas 3anuch YYUTHIBAET UCKIIoUeHUe d u3 mrpada; B padore [110]
MPUBEICHO CTAaHAAPTHOE pelieHue co mrpagomM Ha Bce KOIDPUIMEHTHI.
Haiinenasie k03¢ HUIIMEHTH HCIOJB3YIOTCS B IOJHOM IpeoOpa3zoBanuu (2.12).
Knaccudukarop B aHanuTuueckoMm ompeneneHun i He ydactByer. Kputepuid
(2.22) otHOCHTCS K JIMHEWHOU Mojenu (2.21), Torna Kak CIeKTpaJbHOE CllaraeMoe
(2.19) paccuuThIBaeTCSl MOCTE MOJTHOTO MPeoOpa30BaHUsI, BKIIOYAIONIETO 3aMEHY

OTPULATEJIbHBIX 3HAYCHUN HYJIEM.
2.2 HeiipoceTeBasi HACTPOMKA CNIEKTPAJBLHON NMPe1o0padoTKN

2.2.1 I'CH xanubpoBOYHOM U TECTOBOM CIICH

Jlns kanuOpOBOYHOM M TECTOBOM CIleH HcCmnosib3oBaMch 1o jaBa ['CHU,

3aperucTpUpOBaHHBIE THIEpcIeKTpoMeTpoM Specim [Q u pa3paboTaHHBIM


https://www.mdpi.com/1424-8220/21/16/5586/pdf#page=8
https://www.mdpi.com/1424-8220/21/16/5586/pdf#page=8
https://www.mdpi.com/1424-8220/21/16/5586/pdf#page=8
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TUIEPCIEKTPOMETPOM Ha ocHOBe onrtudeckoit cxembl Odduepa. 'CU Specim IQ
npuHUMaAIKCh 3a omopuble, a ['CU pa3paboTaHHOr0 THIEpCIIEKTpOMETpa — 3a
CpaBHUBaEMbIE.

KanubpoBounasi ciena chopMupoBaHa TO MeETOAWKE moxapasaena 1.6 u
UCTIOJIb30BAJIaCh JJIsl ONPENEICHUs MapaMeTpoB MpenoOpadoTKu, TecToBas — JUIs
OIICHKM TepeHoca mpenodpadoTtku Mexay cieHamu. RGB-npencrasnenus ['CU

o0enx CIeH M COOTBETCTBYIOIIAs ATAJIOHHASI pa3MeTKa MPUBEICHBI Ha PUCYHKAX

Pucynox 2.3 — KanubpoBounas ciiera mo ganasiM Specim [Q: RGB-
npeacrasienne ['CH (a), sranonnas pazmetka (0), HajmoxkeHue pazmeTku Ha RGB-
npencrasienue ['CU (B)

(a) (6) (B)

Pucynox 2.4 — KanubpoBouHas ciieHa 1o JaHHBIM pa3pad0TaHHOTO
runiepcrekrpomeTpa: RGB-tipencraBnenne I'CU (a), atamonHas pa3Mertka (0),
HanoxxeHue pazmeTku Ha RGB-npeacrasnenue I'CHU (B)

(a) (B)
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(6)

Pucynok 2.5 — TectoBas cuiera no nanabsiM Specim 1Q: RGB-npencrasnenue I'CU
(a), rTanonHas pa3merka (0), HasoxkeHue pasmetku Ha RGB-nipeacrasnenne 'CU

(B)

(6)

Pucynok 2.6 — TecToBas clieHa Mo JaHHBIM pa3pabOTaHHOTO TUIEPCIIEKTPOMETpa:
RGB-npeacrasnenne ['CH (a), aranonHas pa3meTka (0), HaJ0KE€HUE Pa3METKU Ha
RGB-mpeacrasnenne ['CU (B)

s kaxxnoro I'CH 6blta moAroTOBIICHA OTACIBHAS dTaJOHHAS pa3MeTKa. B
KaJIMOPOBOYHOM ClLIEHE METKH KJIaccoB 1—12 COOTBETCTBOBAIM BEPTUKAIBHBIM
MoJI0caM IBETOBOM MIKajibl. TecToBas clieHa omucaHa B moxapaszzgene 1.4; B Hei
BBIJICTIEHBI MATh KJIACCOB:

1) »uBOM 3eNEHBIN JINUCT;

2) 3en€Hast cBeYa,

3) UCKYCCTBEHHBIN 3€JIEHBIN JIUCT U3 MOJIMMEPHOIO MaTepuaa;

4) MyJIsIK KpacHOTO sI0JI0Ka U3 MOJIMMEPHOTO MaTepuraa;

5) KpacHBIN KapTOH.

[Tukcenu ¢ metkoit 0, cOOTBETCTBYIONIEH (DOHY, UCKITIOUATTUCH U3 00YUYEHHUS
u pacu€ra ¢yuknuii motepb. [lpu dbopmupoBannn RGB-mpeacrasnennit ['CU

MCIOJIb30BAIMCH CIIEKTPAJIbHBIE KaHabl ¢ JyiHaMu BOJH 440, 531 u 638 uMm 14
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Specim 1Q u 440, 530 u 640 uM 11 pa3paOOTAaHHOTO TUIEPCIEKTPOMETPA,
COOTBETCTBYIOIIME CUHEMY, 3€JIEHOMY U KpacHOMY kaHanaM RGB-npencrasienus.

Crnexrpanbhbiit auana3zon oboux ['CHU orpannumuBancs uatepsaiom 450-950
oM. [{udpossie otcuétsl cpaBuuBaeMoro ['CU u criektp 6enoro stanoHa JMHEHHO
UHTEPIIOJIMPOBAIUCh, HAa ceTKy JMH BoiH Specim [Q. IIpoctpancrBenHoe
copmenienne ['CM He mnOpoBOAWIIOCH; CPEAHHE CIEKTPAIbHBIE  BEKTOPBI
COOTBETCTBYIOIMX KJIACCOB PACCUHUTHIBAIUCH IO 3TATOHHOW Pa3METKE KaxKIOro

I'CH.

2.2.2 HeiipoceteBble Ki1accu(pUKaTOPbl U BAPUAHTHI IPEeI0OpadOTKH

JUis  TO3J€MEHTHOM  Kilaccu(UKAlUKM  HCHOJIb30BAIUCH  OJHOMEpHAas
cnektpanbHas cBéprouHas cetb (HulDCNN, nanee — IDCNN), npemsioxkeHHast B
pabore [47], monuduLpoBaHHAss MHOTOMaclITaOHAast TpEXMEpHask CBEPTOUYHAS CETh
NM3DCNN [112] u npocTtpancTBeHHO-CIEKTpalibHBIN TpaHnchopmep SSFTT [49].
Bxogom 1DCNN cimyXun CHEKTpajdbHBIA BEKTOP OTAEIBHOTO IUKCENs, a
NM3DCNN u SSFTT — nokanbHbI NPOCTPAHCTBEHHO-CIEKTPAIbHBIN (hparMeHT
['CU. B SSFTT BbifienieHHbIe CBEPTOYHBIMU CJIOSIMU TPU3HAKU 00pabaThIBAIOTCS
0JI0KOM TpaHcopmepa.

CxeMa mpuMeHeHHs] 00y4aeMoro MOMYJS CIEKTPaJbHON MpenoOopadoTKu

nepea KiaccupukaTopoM MpuBeeHa Ha PUCYHKE 2.7.

4 Y
Bnok 2.
DUKCUPOBaHHBIM
knaccudmratop
N P, - \ (Fy)
- \ \ @
Wexopmoe Croit “Petqo(splaﬁm’m rcu Mpenobpaborannoe Kapra
cpasHueaemoe [CH (] rcu OO NPEeACKA3aHHbIX
O\. \XO KNaccos
M)
DNg @ Crexpansioe H;PW_POBKH O“;{g 8)\’0 9 (]
crnaxusanwe DN Ha Benwiit ITanoH O (Y B
= AN L d -
- WAV
I—' & 2 BapuanTsl apxutekTyp
* 1DCNN Hu et al. "
iﬁ] Koppexkmupoeka « 3DCNN He et al X
L uéphoro y FCH « SSFTT ~
+  (napamerp dg) -
- L
— N = NapameTpsi ¢ 3aduKCHpOBAHBI
# 8 npouecce obyueHua onepatopa
DNB =5 RBG npegobpaborku MCH
b 7

-— —
I
]
L

\
HacTpaunsaiotca Tonsko napameTpsl B 6noka Py |

yniunn noveps: Leg, Leg mse

Pucynok 2.7 — [IpumeHnenne 00ygaeMoro MOy CIIEKTPAIbHON TTPea00padboTKu
nepen knaccupuxaropom F,


https://onlinelibrary.wiley.com/doi/10.1155/2015/258619
https://onlinelibrary.wiley.com/doi/10.1155/2015/258619
https://onlinelibrary.wiley.com/doi/10.1155/2015/258619
https://arxiv.org/pdf/2407.05278#page=10
https://arxiv.org/pdf/2407.05278#page=10
https://arxiv.org/pdf/2407.05278#page=10
https://github.com/zgr6010/HSI_SSFTT#description
https://github.com/zgr6010/HSI_SSFTT#description
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O603Haunm uyepe3 F; kimaccupuKaTop, UCHOIb3yEMbIH MPH HEUPOCETEBOM
HacTpolKe npenoopaboTK Ha KaTuOPOBOUHOI ClieHe, a yepes F, — kinaccupukaTop
JUI OLEHKHU €€ MpHUMEHEHHsI Ha TECTOBOW clieHe. PaccMOTpeHBI MATh COYETaHUit

apxutektyp F; u F,, npuBenéHupIx B Tadmune 2.1.

Tabnuna 2.1 — Coderanust apxXuTeKTyp Kinaccupukaropos F; u F,

Kaacenduxarop F; Kaacenduxarop F, Ha3snavenmue
IDCNN IDCNN HacTtpoiika u oneHka npeo6paboTKu ¢
IDCNN
I1 .
IDCNN NM3DCNN pI/IMeH?HI/Ie HprlO6p360TKI/I C f{pyron
CBEPTOUHON apXUTEKTYypOH
IDCNN SSFTT [Tpumenenue Hpe[\[J06pa60TKI/I c
apxutexktypoit SSFTT
Hacrpoiika 1 olieHKa mpeo6paboTKu ¢
NM3DCNN NM3DCNN
NM3DCNN
SSFTT SSFTT Hacrpolika u onenka npe1o0paboTku ¢
SSFTT

B 00603HaueHnu coueranus NEpBOM yKa3bIBAE€TCS apXUTEKTypa F;, BTOpoil —
apxutekrypa F,. Hapsay ¢ coBHajammMMH apXUTEKTypaMH pPacCMOTPEHBI
couetanuss I DCNN-NM3DCNN u 1DCNN-SSFTT, B kKoTOpbIX IpenodpadoTKa,
HACTPOEHHAsI C UCIIOJIb30BAHUEM CHEKTPAJIbHOTO KiacCU(pUKaTOpa, MPUMEHSIACh

nepe1 MpOoCTPAHCTBEHHO-CIIEKTPATIbHBIM KIacCU(UKATOPOM.

2.2.3 TlpoTokois 0O6y4deHus KiacCu(HUKATOPOB U HACTPOUKH MPeoOpaboTKu

[Ipu HeiipoceTeBoil HacTpoiike kimaccudukatop F; cHadana oOydasics Ha
onopHoM ['CH kannbpoBOYHOH clieHbl. 3aTeM npu GUKCUPOBAHHBIX TapameTpax F;
no cpaBHuBaemMoMy ['CU 3To¥ CiieHBI COBMECTHO OMPEACISUIMCh KOA(DHUITMESHTHI

CIIEKTPaJIbHOW CBEPTKM M NPOTPpaMMHAs IIONPaBKAa YPOBHS 4YEpHOro. I'paaueHt
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GyHKIIMM TOTEph MO MapaMmerpam NpenoOpaOOTKU  BBIUMCISUICS — uepe3
KJaccUpuKaTop npu (UKCUPOBAHHBIX MMapaMeTpax cIo€B Kiaccu(pukaTopa.

[Ipu aHamUTHYECKOM OMpEIETICHUH MapaMeTPOB UCIOJIb30BaIach I'peOHEeBast
perpeccus 0 CPEIHUM CIEKTPaJIbHBIM BEKTOPaM KJIACCOB KaTHMOPOBOYHOM CLICHBI
B cooTBeTCTBUHU C (2.21)—(2.23). [TapameTp peryispusaiuu 711 3ajaBajcs paBHbIM
0,01.

Knaccudukarop F, He3aBucuMO oOydasics Ha oOydJaromieil BBIOOpKe
onopHoro ['CH TecToBoii cuienbl 0e3 onieparopa Py. Onepatop Py, HACTPOSHHBIH Ha
KaJIMOpPOBOYHOM clieHe, NpuMeHsuics K cpaBHuBaeMoMmy ['CH TecTOBOM CLIEHBI
nepen kinaccudpukatopom F, 6e3 nononHutensHoi HacTpoiiku. CpaBauBaemoe ['CU
TECTOBOW CLEHBI HE MCITOJIB30BAJIOCH ISl ONpENEeHus mapaMmeTpoB Py u F,. Jlna
Kaxgoro kiacca omnopHoro I['CHM  TtectoBOi cLEHBl J0JduM  0O0ydYaroulew,
BaJIMIaLlMOHHON M TECTOBOM BBIOOPOK cocTaBisiiiu 10, 5 1 85 % cOOTBETCTBEHHO.

Jlomn BBIOOPOK KaJIMOPOBOYHOM CIEHbI W MapaMeTpbl CHEKTPaJIbHBIX
npeoOpazoBaHuil MpuBeAeHbI B Tabnuue 2.2. g o0yueHus: kiaccupuKkaTopoB U
HeWpOCeTeBOM HACTPOUKHU MPeaoOpabOTKHU UCTI0JIH30BATUCH METOIbI ONTUMHU3AIIUN
Adam [113] u AdamW [92]. IlapameTpsl OCHOBHOW CepHM, 3aBUCSIIUE OT
apXUTEKTYPBI, MPUBEICHBI B TabMIax 2.3—2.4. B 1onomHUTENBHBIX CEPUSX BHIOOpA
okHa ¢unsTpa CaBuiikoro—I onest u ko3 duiieHTa A UCOI30BATUCH OTIEIbHbIE
napameTpbl 0Oy4eHHsI, ONTMCaHHbIE B TIoJipa3aenax 2.2.4 u 2.2.5 COOTBETCTBEHHO.

Jlist BapuanTa 0e3 MOTMOJHUTENBHOU TpenoopadoTku B Tadiumax 2.6-2.10
COXpPAaHEHBbI PE3YJbTAaThl OJHOrO 3aIllycka OCHOBHOM cepuu. IIpu HeipocereBoit
HACTPOWKE IO Lcg BBIIIOJHEHO O JECATh 3allyCKOB C PAa3JIMYHOM CIIyYalHOU
MHULMANM3auen. JlecaTp 3ammyCKOB BBINOJHSUIMCh MOCJEI0BATEIBHO B OJHOM
BBIYHMCIIUTENLHON ceccuu 0e3 Mepe3anycka sapa; yKa3aHHOE YMCIIO SIBISETCA
CYMMapHBIM IS KaXJI0TO BapuaHTa. Pesynbrarel ¢unsTpa CaBuiikoro—lones u
KOMOMHUPOBAHHOTO KPUTEPHUSl TMOJYYEHbl B JOMOJHUTENIbHBIX CEPHUSIX, TaKkKe
BKJIIOUYABIIHX MO JECATh 3ayCKOB JJISI KaKAOro BapuaHTa. J[jisi 3TUX BapUaHTOB

NPUBEACHBI CPEHUE 3HAYEHUS] M BHIOOPOYHBIE CTaHAAPTHBIE OTKIOHEHUs (SD).


https://arxiv.org/pdf/1412.6980#page=2
https://arxiv.org/pdf/1412.6980#page=2
https://arxiv.org/pdf/1711.05101#page=3
https://arxiv.org/pdf/1711.05101#page=3
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Jlnst TpeOHEBOW perpeccud TPUBENCHBI 3HAYCHHS IOKaszaTelel Oe3 OIeHKU

pazopoca.

Tabnuua 2.2 — O01re napameTpbl IKCIIEPUMEHTA

Ha3Banue napamerpa 3HauyeHue
Jons oOyuaromield BRIOOPKH KaaTuOpOBOYHOM 10%
0
CIIEHBI JJI KaXKIO0Tro Kilacca
Mo BAIMIalIMOHHOM BBIOOPKH 50,
o 0
KaJTMOPOBOYHOM CLIEHBI [T K&XKI0T0 Kilacca
Jlonst TecTOBOI BBIOOPKH KaTUOPOBOYHOM 859
0
CIIEHBI JJI KaXKIO0ro Kilacca
Jlnuna okHa guibtpa CaBuikoro—I ones, 5
KaHaJIoB
CremneHp anmpoKCUMHUPYIOIIEro NOJTUHOMA 2
JlnvHa siapa o0ydaeMoil crieKTpaibHOU 7
CBEPTKH, KaHAIIOB
Hawansnoe 3nauenne d Ipu HEHPOCETEBON 0
HAaCTpOWKe

Tabnuua 2.3 — ITapameTpsl HelipoceTeBOI HACTPONKH MPeaoOpadbOTKU

Pa3zmep
Pa3mep
BXOJHOI'0 Yucao Hlar
Kuaacenpuxarop naKera Onrumusarop
¢pparmenra, 30X o0y4eHus
. AAHHBIX
NHKCeJeH
Py + 1DCNN 1 50 128 Adam 1072
Py + NM3DCNN 5x5 35 256 AdamW 5-1073
Pg + SSFTT Y 35 256 AdamW 5-107*
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Tabmuma 2.4 — [lapameTpsl 00ydeHust Kiraccu(puKaTopoB

Pa3mep
Pa3mep
BXOJHOI'0 Yucao Hlar
Knaccudpuxarop nakera OnrumusarTop
¢pparmenTa, 3MOX o0y4eHust
N AAHHBIX
nuKceJsiei
1DCNN 1 50 128 Adam 1072
NM3DCNN 5x5 35 256 AdamW 5-1073
SSFTT 77 35 256 AdamW 5-107*

[Ipouiecc oOydeHust knaccUUKATOPOB KOHTPOJIUPOBAJICA IO 3HAUCHUIM

(GyHKIMH TOTEph, 00IIEe TOYHOCTH Kiaccu(uKaluu 1 B3BemeHHoM F1-mepsl Ha

oOyuaromieit u BanuaanmoHHo# BeIOOpKax. s coueranuss 1IDCNN-NM3DCNN

npuBeeHbl Tpaduxu o0yuenus F; Ha onopHom I'CH kanubGpoBouHOM ciieHbl U F,

Ha onopHoM ['CU TecToBoit cuiensl (pucyHku 2.8-2.9).

KanubpoBouyHas cueHa, obyyeHue knaccugmkaTopa ANg HacTpolku cnas npeaobpaboTkn

Loss

2.257

2.00

1754

150+

Loss

1254

1.00 4

0.75 7

0.50

0.25 4

— train_loss
val_loss

3noxa

Accuracy /F1

1.0+

0.8 1

0.6 1

0.4 1

3Ha4eHwne METPWKKW

0.2

0.0

—— train_accuracy
val_accuracy
—— val_weighted_F1

T T T T T
10 20 30 40 50
3noxa

Pucynox 2.8 — O0yuenue knaccudukaropa F; (mpumep 1DCNN) Ha onopHOM

I'CH xanubpoBouHO# clieHbl Specim 1Q
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TecToBan cueHa, obyyeHune 6a30Boro KaaccugukaTopa
Loss

1.75
= train_loss

val_loss
1.50 A -

1.25 A

1.00

Loss

0.75 1

0.50

0.25 A

0.00

0 5 10 15 20 25 30 35
Inoxa
Accuracy / F1

1.0

0.8 1

0.6

0.4

3HauyeHwne METPWKA

0.2 — train_accuracy
val_accuracy
— val_weighted_F1

0.0

T T T T T T T T
0 5 10 15 20 25 30 35
3noxa

Pucynok 2.9 — O6yuenue knaccudukaropa F, (mpumep NM3DCNN) Ha onnopHOM
I'CH TecToBoii cuensl Specim 1Q

Ha pucynkax 2.10-2.11 npuBegeHsl npuMepbl 3aBUCUMOCTEH (DYHKIIHMH
MOTePb, OOIIEH TOYHOCTHU MOAJIEMEHTHOM Kilaccudukaiuu, B3BemeHnou F1-mepol u
IIPOTPaMMHOM NONPABKU YPOBHS YEPHOTO OT HOMEpA SIIOXM IIPU HAcTpoiike Py ¢
knaccupukaropom 1DCNN no xkpurepussMm Lcg U Leg msg. [lpumep ans
KOMOWHUPOBAaHHOU (PYHKITUU TTOTEPb OTHOCHUTCS K UCXOJIHONH OCHOBHOW CEPUU TIPH
A = 2,5. B UTOroBbIX TaONMIAX HCMOIB3YIOTCS 3HAYEHUS A, BBHIOpAHHbBIE B

JIOTIOJTHUTEJILHOM HCCJICI0BAHUM TTopasaena 2.2.5.
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KannbposoyHas cueHa, obyyeHue cnos npenobpaboTru, hyHKUMA ownbKK cross-entropy
Loss
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val_loss

1.00 1
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| L
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3noxa
3HayeHWe napaMeTpa KOppeKL WA YpoBHA YépHoro y F'CH

2.0
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1.0+
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0.5 4

0.0 1

3noxa

Pucynox 2.10 — Hactpoiika oneparopa Py Ha KaTuOpOBOYHOM CIIeHE TIPH
¢ukcupoBanHoM knaccupukatope F; (mpumep 1DCNN) no kareropuanbHON
nepexpéctHoi suTpormu Leg(0) (2.16)
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Kannbposo4yHas cueHa, HacTpoika cnos npenobpabotku, CE+MSE Loss
Loss

102 - = train_loss
val_loss
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Pucynox 2.11 — Hactpoiika oneparopa Py Ha KaTuOpOBOYHOM CIIEHE TTPH
¢ukcupoBanHoM kiaccupukatope F; (mpumep 1DCNN) no KoMOMHUPOBaHHOM
Gynximu noreps Leg wsg(0) (2.20)
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2.2.4 Bnusaue anuHbl okHa ¢uiabTpa CaBuinkoro—lones Ha TOYHOCTH

Kiaccuukanuu

J11st BBIOOpA JUTMHBI OKHA MPOBE/IEHA TOTIOTHUTEIbHAS CEPUs DKCIIEPUMEHTOB
¢ knaccuukaropamu 1 DCNN, NM3DCNN u SSFTT. IIpoBepens! okna 3, 5, 7, 9
u 11 crnexkTpanbHBIX KaHAJIOB MPU CTENECHU MOJIMHOMA 2 W BapuaHT 0e3 (uibTpa.
OuiabTp NPUMEHSIICS OHOKPATHO BJIOJb CIIEKTPAIBHON OCH MOCIE UHTEPHOJIAIINI
udpoBbix orcuéToB cpaBHuBacMoro I'CH Ha oOuryro ceTky IJIMH BOJH U JI0
HOPMHPOBAHUS MO (PUKCUPOBAHHOMY CIIEKTpy Oenoro stanmoHa. OOyuaromias
BbI0OpKa onopHoro I'CH Specim 1Q ¢uibTpom He 0OpadaThiBaiacs.

JIist KakI0M apXUTEKTYPhI BBIIIOJHEHO MO JIECATh 3aIlyCKOB OOydYeHHUs Ha
omopHoM ['CU Specim 1Q ¢ paznuuHON clly4ailHOW WHUIIMATU3AlUEH — BCETO
TpUALIATH 3allyCKOB 00yuyeHus. B aroil pononautensHod cepun 1DCNN u
NM3DCNN oOyvanuce B Tedenue 25 smox, SSFTT — 35 nsnox. Pasmepsr
IIPOCTPAHCTBEHHBIX (PPArMEHTOB COCTABIISUIM COOTBETCTBEHHO 1 X 1,5 x5u 7 x 7,
pa3mepsl makeToB JaHHbIX — 256, 32 u 32. Ilns IDCNN ucnonbs3oBaics Adam ¢
maroM o0yuenus 0,001; nns NM3DCNN u SSFTT — AdamW ¢ marom o0yuenus
0,0005 u korpdunmrentom perynspusaiuu BecoB 0,0001. Dnoxa BeIOMpaiach 1Mo
BaJIUIallMOHHOW  BBIOOpPKEe omopHoro [I'CHM Specim [Q. 3arem Kkaxnuplid
KiaccuukaTop ¢ (PUKCHpOBaAaHHBIMH BECaMH OIICHMBAJ BCE OKHAa M BapuaHT 0e3
bunbTpa Ha OJHUX M TeX Xe Mukcensx cpaBHuBaemoro I'CU. Banupanuonnas u
TECTOBasi BRLIOOPKH HE COACPIKATHN OOILITUX MUKCEIEH, HO OTHOCUJIMCH K OJTHOM CIIEHE;
MPOCTPAHCTBEHHBIE OKPECTHOCTH COCEIHUX MUKCENIeH MOTJIU TIEPEKPHIBATHCS.

O6miee 11t TPEX apXUTEKTYP OKHO BRIOUPATOCH TIO CPETHEN BaTUIAIMOHHON
OA na I'CU meuatHO# KanrOpOBOYHOM CIICHBI C OJMHAKOBBIM BECOM KaXKIOU
apXUTEKTYPBI U Kaxka0ro 3anycka. Haubosbias cpeauss Banuaanuonnas OA s
IDCNN, NM3DCNN u SSFTT nonyuena npu okue 5: 0,8901; 0,9154 u 0,9495
COOTBETCTBEHHO. [l03TOMY 3TO OKHO NPHUHSTO AJii MUTOTOBOTO COMOCTABJICHHS

BapuaHTOB MpenoOpadoTku. TecroBast OA mpu OKHE 5 COCTaBMIIa COOTBETCTBEHHO
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0,8777 = 0,0127; 09116 + 0,0102 u 0,9497 + 0,0086, rae ykazaHbl CpelHEe
3HAYEHHE U BBIOOPOYHOE CTaHAapTHOE OTKIOHEeHUE (SD) no necsatu 3amyckam.

Cpennue maphHbie NpUpocTbl TecToBoM OA OTHOCHUTENHHO BapuaHTa 0e3
bunpTpa B 3TOW JAOMONHHUTENBbHOW cepun coctaBwm +0,24; +0,27 u +0,96
npoueHTHoro nyHkTa 11 1DCNN, NM3DCNN u SSFTT coorBerctBeHHO. OHHU
BBIYKCIICHBI N0 OJHUM M TE€M K€ 3allyCKaM M HE OTHOCSATCS K OJHOKPATHBIM
0a30BbIM cTpokam Tadsui 2.6—2.10. OkHO 3 pu cTENEHU MOIMHOMA 2 MPAKTHYECKU
BOCITPOU3BOJIUT BapuaHT 0e3 GpuibTpa. YBEIMUYECHHE OKHA CBBIIIEC 5 HE YIYUIIHIO
CPEIHION BanuaauroHHy0 OA HU y OTHOM apXUTEKTYPHI.

Pe3ynbraTel mpexnctaBieHbl Ha pucyHkax 2.12-2.14. Toyku mnoka3bIBaroT
CpellHHE 3HaueHUs rokazateneil. CIuioniHbie OTpe3Ky MpH OKHe S5 Ha maHensx (b) u
(c) cooTBercTBYIOT cpenHemy + SD mo necsatu 3amyckaM. [I[yHKTUpHBIE OTpe3KH
UMEIOT YCJIOBHYIO HIMPHUHY, 3aJaHHYyI0 1o macimrady SD s okHa 5; OHM He
ABJIAIOTCS ~ OLEHKAaMH  pa3dpoca  COOTBETCTBYIOUIMX  BapHAaHTOB WU
JOBepUTENbHBIMU WHTepBaiamMu. Ha manenu (d) mpuBeneHnl CpeaHHE MapHbIC

MPUPOCTHI O€3 UHTEPBAJIOB.
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1DCNN: Savitzky-Golay window length
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Pucynok 2.12 — Briiuanue niaunHsl okHa punibtpa CaBuiikoro—I onest Ha pe3yJbTaThl
IDCNN (TectoBas ciieHa): a — BanuaanmonHas OA; b — tectoBas OA; ¢ —
B3BenieHHas F1-mepa; d — mapHsiil npupoct TectoBoil OA. CrjlomHbIe OTPE3KH
pu OKHE 5 — £SD; MyHKTHPHBIE — YCIIOBHBIE WIITIOCTPATUBHBIE MOJIOCHI

NM3DCNN: Savitzky-Golay window length

Means with illustrative spread
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Pucynox 2.13 — Biusaue niuast okHa punbtpa CaBuikoro—I osest Ha pe3yIbTaThl
NM3DCNN (TecroBas ciieHa): a — BanuganuonHas OA; b — recroBas OA; ¢ —
B3BeuieHHas F1-mepa; d — mapusiil npupoct TectoBoit OA. CrijlomHbIe OTPE3KH
npu oKHE 5 — £SD; MyHKTUPHBIE — YCIIOBHBIE WITIOCTPATUBHBIC MOJIOCHI



101

SSFTT: Savitzky-Golay window length
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Pucynok 2.14 — Biiusnaue niuasl okHa punbrpa CaBuiikoro—I osest Ha pe3yibTaThl
SSFTT (tectoBas crieHa): a — Banuaamnuronnas OA; b — rectoBast OA; ¢ —
B3BenieHHas F1-mepa; d — mapusiil npupoct TectoBoit OA. CrijlomHbie OTPEe3KH
npu OKHE 5 — £SD; MyHKTHUPHBIE — YCIOBHbBIE WIUTIOCTPATUBHBIE MOJIOCHI

2.2.5 Bpibop Beca CHEKTpaJIbHOW COCTaBISIONIEH KOMOMHUPOBAHHOTO

KpUTEpUS

B nononmHuTensHOM cepuM HCCIENOBaHO BiUsSHUE KOdhdUIMeHTa A
KoMOuHUpoBaHHOU pyHKIMM ToTeps (2.20). [Ipoepenst 3nauenus 0,01; 0,1; 1; 2,5
u 5. JIns KaKI0TO 3HAYCHUS U KaXA0W apXUTEKTYpbl KjlacCu(pUKaTopa HaCTPOUKHU
Py BBINOJTHEHO IECATH 3aITyCKOB € PAa3JIMYHON CIyYallHOW MHULHAIA3ALNUENH; BCETO
BBITIOTHEHO 150 3amyckoB HAacCTpOWKU. BHYTpU KaxaoW apXUTEKTypbl HaualbHbIC
napameTpbl Py, Kiaccugukarop M pa3zdOMEHUE JaHHBIX B COOTBETCTBYIOIIMX
3aIllyCKax COXPaHsUIMCh OJUHAKOBBIMU AJisi Bcex A. [lapamerpsl knaccudukaropa
octaBamich (pukcupoBaHHbIMH. Hactpoiika Py orpanmumBanace 20 smoxamu;
ucnoas3oBasicsi Adam c¢ marom o6ydenus 0,002 qms IDCNN u 0,0002 s
NM3DCNN u SSFTT.

Koadduiment BeiOupaiicst OTAEIbHO IS apXUTEKTYpbl Kiaccudukaropa F
no Makcumymy cpenneid OA Ha BaJdMJallMOHHON YacTH KaTMOPOBOYHOM CILIEHBI 110

necsaty 3amyckaM. [Ipu paBenctBe OA BbIOMpAIOCH MEHbIIEEe A. 3HAUYCHHE IS
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IDCNN npumeHsioch BO Bcex Tpé€x coueraHusax oueHku: 1DCNN-IDCNN,
IDCNN-NM3DCNN u IDCNN-SSFTT. [{nst NM3DCNN-NM3DCNN u SSFTT-
SSFTT wucnonb3oBaJiuCh 3HAYEHUs, BBIOPAHHBIE JJII  COOTBETCTBYIOILUX
apxutektyp F;. TectoBas OA B kputepuili BbiOOpa He BXoawia. BeiOpaHHbIE

3HA4YCHUS MIPUBENICHBI B TabuIIEe 2.5.

Tabmuma 2.5 — 3nauenus ko uireHTa A B UTOTOBBIX SKCIIEPUMEHTAX

Knaccudukarop npu HacTpoiike BoiOpannoe A
IDCNN 0,1
NM3DCNN 0,01
SSFTT 1

[Tepexon oT o6miero ko3 duimeHTa K BRIOOpY M0 apXUTEKType ObLT YTOUHEH
MOCJIE TIPOCMOTpPa TMPOMEKYTOUYHBIX TECTOBBIX PE3YIhTATOB, MO3TOMY JIaHHBIN
aHaIM3 WMEET  HCCIeJoBaTeNbCcKui  xapakrtep. I[lapamerpsl  oOydeHus
JIOTIOJTHUTEJIBHOM W OCHOBHOM Cepuil pa3nuyaroTca. X comocraBieHHE HOCHUT
OMHMCATENIbHBIN XapaKTep M HE IMO3BOJISET BBIACIUTH BIUSHUE TOIBKO (DYHKIIHH

IOTEPb.

2.2.6 Pe3ynbpTaThl NO3JIEMEHTHOM KiIacCU(UKAIIMU U OLEHKU CIEKTPAIBHOIO

CX0ACTBa

ITepenoc mpenoOpabOTKKU TMOCAE HACTPOMKH 10 KaIMOPOBOYHOH CIIEHE
OIICHUBAJICSI HA HE3aBUCUMOM TECTOBOM CIIEHE MO 00IIeH TOYHOCTH MOAJIEMEHTHOMN
knaccudukanmmu  (OA) wu  B3BemeHHou Fl-mepe. [lns Bcex BapuaHTOB
MCIMOJIb30BAIMCH OJIHU U T€ kK€ TECTOBbIE NMUKcen cpaBHuBaeMoro ['CH; nukcenn
¢dona ¢ Metkoit 0 uckimoyanuck. CrekTpaibHOe conocTaBiienue ¢ onopHeiM ['CHU
ouneHuBasiocb 1Mo PSNR cpegHux coekTpalibHBIX BEKTOPOB COOTBETCTBYIOIIMX
KJIACCOB, PACCUMTAHHBIX MO ATaJOHHOW pazMerke kaxaoro ['CH. B Ttabmuimax
npuBezeHo cpeanee apudmerrnaeckoe PSNR mo kmaccam.

B BapuanTe 0e3 AONONHUTENBHOM MNpeaoOpadboTKu UUGPOBBIE OTCUETHI

HOPMHPOBAJIUCH MO CIEKTPY OeNoro 3TajioHa B cOOTBeTCTBUH ¢ (2.7). B Bapuanre ¢
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¢unbTpom Casurkoro—I'oses nepea HOPMUPOBAHKUEM BBITOIHSIIOCH CIIEKTPAIBHOE
crinaxuBanue. B 06oux 6a30BbpIX BapuaHTax npuHUManoch dy = 0.

B Tabmumax 2.6-2.10 comocTaBiieHBl pe3yJbTaThl 0€3 JOMOJHUTEIbHOU
npenobpabotku, ¢ ¢punbTpom CaBuiikoro—lones u ¢ onepatopom Py, mapamerpsl
KOTOPOTO OMNpEEIsINCh IPeOHEBOM perpeccueit b0 HEHPOoCceTeBON HACTPOMKON
10 Lcg ¥ Leg mse. s HelipoceTeBbIX BapHaHTOB M (PUIIBTpPA 3aIUCh «CpeAHee +
SD» o603HauaeT cpefHee 3HAYCHWE W BHIOOPOYHOE CTAHAAPTHOE OTKIOHEHHUE IO
necsTy 3amyckam. Jljis BapuaHnTta 6e3 JIO0MOJHUTENbHON MpeqoOpaboTKu MpUBEIEH
pe3yibTaT OJIHOTO 3aIyCKa OCHOBHOW CEpHH, AJI1 TPEOHEBOM pEerpeccuu — 3HAaYECHHUS
0e3 oueHku pazdbpoca. Knaccugpukarop F; yuacTBoBanm TOJIIBKO B HeMpoceTeBOM
HACTPOWKeE; Fy UCIOIBb30BAJICS ISl OLICHKU BCEX BAPUAHTOB.

Crpoku ¢unstpa CaBunkoro—l'ones ¢ OKHOM S5 TIOJy4YeHBI B
JOTIOJTHUTENBHOU cepud nojpasaena 2.2.4, a CTpOKH KOMOMHUPOBAHHOTO KPUTEPHS
— B cepun noapaszaena 2.2.5. IlapameTpsl 0OyyeHUs ATUX CEpUN OTIUYAIOTCS OT
OCHOBHOM CEpHUM, NOITOMY CPAaBHEHHE HOCHT ONMCATENbHBIM Xapakrep. [lpum
OJIMHAaKOBOM KJiaccupukatope F, pe3ynbTarsl GuiIbTpa MOBTOPSIOTCS HE3aBUCHUMO
ot F;; PSNR ¢unberpa Bo Bcex nsatu tadnaunax paseH 23,490 nb. [lomykupHbiM

BBIACJICHBI HanOOJIBIIINE 3HAUCHUS KaXXIa0r1o 1oKa3aTciiAi.

Ta6nuna 2.6 — PesynbTatsel Ha TecTOBOM ciieHe st couetanus | DCNN—-1DCNN; A
= 0,1 11t KOMOMHUPOBAHHOTO KPUTEPHS

BapuanT npeao6padoTku OA Bsgemennast F1- PSNR, 1B
Mepa
be3 nonomHuTeanbHON 0.8754 0.8690 23,409
npenoopaboTku
(D _
wietp Capuugoro-Tones | ¢200 00127 | 0,8725 +0,0109 23.490
(okHO 5)
Po.Lck 0,9155+0,0110 | 0,9120 £0,0142 | 24,037 0,027
I'pebneBas perpeccus 0,9104 0,9059 24,016
Po,LcE MsE 0,9130 + 0,0085 0,9074 £ 0,0075 24,104 + 0,009




Tabmuna 2.7 — Pe3ynpTatel Ha TecTOBOM cuene s codetanus 1DCNN-
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NM3DCNN; A = 0,1 a1 KOMOMHUPOBAHHOTO KPUTEPUs

B3Bemennas F1-

BapuanT npexodpadorku OA vepa PSNR, n1b
be3 gomonmHuTenEHOM 09013 0.8868 23,409
npeaoopadboTku
Puetp Casuugoro-Tores | o1 16400102 | 0,083 0,0101 23,490
(oxHO 5)
Po,LcE 0,9489 £ 0,0057 | 0,9482 + 0,0040 24,037 + 0,027
['peOueBast perpeccus 0,9495 0,9425 24,016
Po,LcE MsE 0,9635 +0,0073 | 0,9636 = 0,0055 24,104 £+ 0,009

Tabmuna 2.8 — Pe3ynbratel Ha TecToBoM crieHe s couetanuss IDCNN-SSFTT; A

= 0,1 111 KOMOMHUPOBAHHOTO KPUTEPUS

B3Bemennas F1-

Bapuant npenoopadoTku OA mepa PSNR, n1b
be3 momonHUTEIbHON 0.9405 0.9418 23.409
npenoopadboTku
®uaetp Cagnukoro-Lores | 51074 0,.0086 | 09477 +0,0076 23,490
(oxHO 5)
Po,LcE 0,9619 +£0,0120 | 0,9610=+0,0139 24,037 £ 0,027
['pebueBas perpeccus 0,9509 0,9501 24,016
Po,Lce mse 0,9737 £ 0,0096 | 0,9736 + 0,0063 24,104 £ 0,009

Tabnmuna 2.9 — Pesynbrathl Ha TecToBOM cieHe st couetaHus NM3DCNN-—

NM3DCNN; A = 0,01 my1st KOMOMHHUPOBAHHOTO KPUTEPHS

B3Bemennas F1-

BapuanT npexodpadorku OA Mepa PSNR, n1b
be3 nomomHnTENHLHOM 0.9013 0.8868 23,409
npenoopaboTku
D I
wistp Casuukoro-lones | 51164 00102 | 0.9083 £ 0,0101 23,490
(okHO 5)
Po,LcE 0,9469 +0,0027 | 0,9458 + 0,0031 24,066 + 0,034
['pebueBas perpeccus 0,9495 0,9425 24,016
Po,LcE MSE 0,9450 +£0,0078 | 0,9452 +0,0027 23,395+ 0,011
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Tabmuma 2.10 — Pe3ynbratel Ha TecToBOM crieHe /it couetanns SSFTT-SSFTT; A
= 1 s KOMOMHUPOBAHHOTO KPUTEPUS

BapuanT npexodpadorku OA Bagemennast Fl- PSNR, n1b
Mepa
be3 nononxurenpHOM 0,9405 0.9418 23,409
npeaoopadboTku

Durbtp CaBHHKSO)rO_FO”e” (OKHO |6 9497 + 0,0086 | 0,9477 + 0,0076 23,490
Po,LcE 0,8466 + 0,0167 | 0,8570 = 0,0441 21,543 £ 0,021

I'pedueBas perpeccus 0,9509 0,9501 24,016
Po,Lce msE 0,9622 £ 0,0121 | 0,9621 + 0,0243 23,677 £ 0,035

Ha pucynkax 2.15-2.19 npuBeneHsl mpumepbl CPEAHUX CIIEKTPaIbHBIX
BEKTOPOB MATH KJIACCOB TeCTOBOM cuieHbI i couetanuss | DCNN-NM3DCNN; Ha
pucyHke 2.20 — COOTBETCTBYIOILIUE PE3yIbTaThl MOIEMEHTHON Kinaccudukamnuu. B
TUX MpUMEpax HUCNoib30BaHbl QuibTp CaBuukoro—losied ¢ OKHOM IJIMHON 5
KaHAJIOB M KOoMOMHHMpoBaHHasg (yHkuus notepp npu A = 0,1. WMmmoctpanun
XapakTepu3yroT (GOopMy CHEKTPOB M  IPOCTPAHCTBEHHOE paclpeiesieHue
NPEACKa3aHHbIX KIJIACCOB B OTHAENBHBIX 3amycKaxX. YHWCIEHHbIE pPe3yJIbTaThl

COTIOCTaBJICHUSI BAPUAHTOB MIPEe100padOTKY pUBEAEHBI B Tabumax 2.6—2.10.

CpegHue cnekTpanbHble BeKTOpbl: Knacc 1 (KuBon nucT)

= = Specim IQ
Bes pononnnTensHon npenobpaboTku

0.7 1

—— ©®unbTp Casuukoro-rones

— o, LCE
— Ps, aHanumuyeckul eapuanm
= Py, LCE + MSE

0.6

0.5 4

0.3 1

0.2

0.1 1

560 660 760 860 960
OnnHa BOAHbI, HM
Pucynok 2.15 — CpenHue cnekTpalibHbIe BEKTOPHI Kiacca | TECTOBOM CIEHBI i
onopHoro I'CU Specim 1Q u cpaBuuBaemoro I'CH npu pa3iaudHbIX BapraHTax

npenoopadoTku (IpuUMeEp OTAECIBHOTO 3amycka: okHO 5, A = 0,1)
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TecToBas cueHa
CpeflHue cneKTpanbHble BEKTOPbI: KNacc 2 (3enéHas ceeva)

0.45 4 = = Specim IQ
—— be3 gonoaxnuTensHon npenobpaboTkmn
—— ®uneTp Caenukoro-lones

— Py, LCE
=~ Ps, aHanumu4eckul 8apuaHm
—— Py, LcE +MSE

0.40 4

0.35 4

0.30 4

KCA

0.25 4

0.20 4

0.15 4

0.10 A

0.05 -

500 600 700 800 900
ANuHa BONHBLI, HM
Pucynok 2.16 — CpenHue ciekTpajabHble BEKTOPHI Kacca 2 TeCTOBOM CLICHBI JIs
onopuoro I'CU Specim 1Q u cpaBauBaemoro I'CU npu pa3nuyHbIX BapuaHTax

npenoOpaboTku (MpUMep OTAEIBLHOTO 3amycka: okHO 5, A = 0,1)

TecToBas cueHa
CpefaHwue cnekTpanbHble BEKTOpbI: Knacc 3 (n3obpaxeHne NMCTbeB Ha NNacTUKOBOW ynNakoBKe)

- = Specim 1Q ————
0.9 4 Bez pononHnTencHon npenobpaboTku - . A TN P
= OwuneTp CaBuukoro-Fones - <\
— P, L '
. 7
0.8 { —— Ps, aHaNUMUYeCcKU( 8aPUEHM
— Po, Leg 4 MSE
0.7 4
0.6 1
4
x
0.5 1
0.4
0.3
0.2 1 -
'

560 660 760 860 9(|)0
[INWHa BONHbI, HM
Pucynok 2.17 — CpenHue crieKTpaabHbIE BEKTOPHI KJacca 3 TECTOBOM CLICHBI JJIs
onopHoro I'CU1 Specim IQ u cpaBauBaemoro I'CHU nipu pa3inyuHbIX BapuaHTax
npenoopaboTku (MpUMep OTASIBLHOTO 3amycka: okHO 5, A = 0,1)
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TecToBas cueHa
CpefHue cnekTpanbHble BEKTOPbI: KNacc 4 (KpacHoe nnacTukoBoe 8610K0)

- = Specim IQ P
1.0 1 Bes npononHuTensHon npegobpaboTku - - - —— - -
-
—— OunbTp Casuukoro-fones
— Ps Lt
—— P, aHanumuyeckul eapuaqm
— Pg, LcE+MSE
0.8
% 0.6
x
0.4 4
0.2 1
-

T
500 600 700 800 900
LlNWuHa BONHbI, HM

Pucynok 2.18 — Cpennue crieKTpajibHbIE€ BEKTOPHI Kjacca 4 TECTOBOM CIICHBI JJIs
onopuoro I'CU Specim 1Q u cpaBauBaemoro I'CU npu pa3nuyHbIX BapraHTax
npenoOpaboTku (MpUMep OTAEIBLHOTO 3amycka: okHO 5, A = 0,1)

TecToBaf cueHa
CpefiHue cneKTpanbHble BEKTOPbI: KNacc 5 (KpacHbI KapToH)

== = Specim IQ
Bes pononHuTensHon NpenobpaboTku
0.6 4{— @uneTp Casuuxkoro-rones
— Py, Lex
—— Py, aHanumuyeckul eapuaqm
—— Py, Lee + MSE
0.5 1
0.4 1
)
x
0.3 1
0.2 1
0.1 1 /
- 47
- i e T =
0.0+ T T T T T
500 600 700 800 900

LnuHa BONHBI, HM

Pucynok 2.19 — CpenHue cnekrpaiabHble BEKTOPBI KJIacca S TECTOBOM CLIEHBI JUIS
onopuoro I'CU Specim 1Q u cpaBauBaemoro I'CU npu pa3nuyHbIx BapuaHTax
npeaoopadoTku (IpuUMeEpP OTACIBHOTO 3amycka: okHO 5, A = 0,1)
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TecToBas cueHa. MNpyuMep pe3ynbTaToB MNO3JIEMEHTHON KNaccudukaumm

bes pononHuTensHomn npeaobpaboTkmn
RGB-u306paxKeHne ¢ HaNoXeHNeM PasMeTKu

Pa3MeTKa KNaccoe Pe3ynbTaT KnaccuduKaumum

DunbTp CaBuukoro-rones Pa3MeTKa KNaccoe Pe3ynbTaT Knaccudmkaumm
RGB-u306paxeHue C HANOXEHWEM PAIMETKMN

Ps, Lce

RGB-n3o6pameHne C HaNOMEHWEM Pa3METKH Pa3MeTKa Knaccoe Pe3ynbTaT KnaccUUKaLMn

aHanNUTU4YECKMIA BapuaHT
RGB-nz06paxeHue ¢ HAN0XEHWEM PAa3METKMN Pa3meTKa Knaccoe PesynbTaT Knaccuukaumm

Py, Lce+mse
RGB-n3obpaeHne C HaNoXEHNEM Pa3METKMN Pa3meTKa Knaccos PesynbTaT Knaccugukaummn

Pucynox 2.20 — Pe3ynbTaThl mo3JIeMEHTHOM KIacCU(UKAIINHI TECTOBOM CIICHBI
(mpuMep OTIEIBHOTO 3amycKka: okHo 5, A =0,1)

B kaxmoMm u3 mATH codeTaHuil KiIacCU(PUKATOPOB XOTS Obl OJAWH BapHUAHT

obygaemoii mipenoopadoTkn umen cpennue OA u B3BemeHHy0 F1-mepy Bbiiie
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MPUBEAEHHBIX 3HAYCHU 0€3 JOMOTHUTEIBHON MpeaoopaboTku u mocie GpuibTpa
CaBunikoro—IToness ¢ okaoMm 5. Iasa coueranus 1DCNN-1DCNN nHaubombime
KJ1accuUKaIlMOHHbIE TTOKa3aTeNu moiaydeHsl npu Leg: 0,9155 u 0,9120, uro Boiie
0a3oBbix 3HaueHud Ha 4,01 u 4,30 NpPOLIEHTHOrO MyHKTa COOTBETCTBEHHO. Jljis
couetanuii IDCNN-NM3DCNN u IDCNN-SSFTT nauGonbiime mnokaszarenu
OTHOCATCA K KOMOMHUPOBAaHHOMY Kputeputo npu A = 0,1; mpupoctsl OA cocTaBuiIn
6,22 u 3,32 mpOIEHTHOTO MYyHKTa, a B3BewmleHHOW Fl-meper — 7,68 u 3,18
MIPOIICHTHOTO MTyHKTa COOTBETCTBEHHO (Ta0muIlbI 2.6—2.8).

Hns coueranuss NM3DCNN-NM3DCNN naunbonpmee 3HaueHne OA B
tabmuie 2.9 mpuBeneHo mis rpedHeBor perpeccum: 0,9495, uro Ha 4,82
MIPOLICHTHOT'O MYHKTA BhIIe 0a30Boro 3HaueHus. Haubosnpiue cpeHue 3HaYeHUs
B3BemieHHOW F1l-meper m PSNR momyuensr npu Lcg: 0,9458 u 24,066 nb;
MPEBBIIICHUS HAJT 0a30BBIMHA 3HAUCHUSIMH COCTABISIOT 5,90 MPOIIEHTHOTO IMMyHKTA U
0,657 nb coorBercTtBeHHO. [Ins coueranuss SSFTT—SSFTT Bapuant Lcg mmen
cpeanioro OA 00,8466, uro Hmke 0a3oBoro pesyibrara Ha 9,39 MpPOILEHTHOTO
nyHKTa. B monosHUTENnsHON cepur KOMOMHUPOBAHHBIN KpuTepuil pu A = 1 nan
cpennue 3HaueHus OA 00,9622 wu B3BemeHHou Fl-meper 0,9621, 1o ecthb
npeBbiieHus Ha 2,17 u 2,03 npo1ieHTHOro MyHKTa COOTBETCTBEHHO (Tabmuia 2.10).

Cpenu pe3ynpraToB Tadbmuil 2.6—2.10 Hanbombmue cpennne 3HadeHuss OA u
B3BemeHHou F1-mepwl cocraBuim 0,9737 u 0,9736 niis coueranus 1 DCNN-SSFTT
c koMmOuHupoBaHHbIM kputepuem mpu A = 0,1. Tlo cpaBHeHuto ¢ QuIbTpOM
Casuikoro—I osiest ¢ OkHOM 5 3TH 3HadeHus Bbimie Ha 2,40 u 2,59 mpoueHTHOTO
nyHkra; cpenauii PSNR Beimie va 0,614 nb. Haubonbiiee cpennee 3nauenne PSNR
cpenu Bcex mATH Tadnuil, paBHoe 24,104 nb, momydeHo st KOMOMHUPOBAHHOTO
kputepus npu A = 0,1 B coyetanusix IDCNN—-1DCNN, 1DCNN-NM3DCNN wu
IDCNN-SSFTT (tabmumsr 2.6-2.8). Takum o6pazom, mns coueranust 1 DCNN-—
SSFTT naunbonbline cpeHue 3HAYSHHS BCEX TPEX NOKa3aTesiel MoTyYeHbl B OJJHOM

BapUaHTE NMPea00paboTKH.
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2.2.7 Tlepenoc npenodbpadoTkn Ha SVM, kNN u MLP

B 10OMOJHUTENPHOM 3KCIEPUMEHTE OLIEHEH MEPEHOC HACTPOSCHHOIO
oneparopa mnpeaoodpadbotku Py Ha Meroa omopHbix BekTopoB (SVM), meron k
ommkaimmx coceaert (KNN) m MHOrOocmownbl nieprentpon (MLP). B kadectse
kinaccudukaropa F; mpu Hactpoiike Py ucnonszoBamcs IDCNN, NM3DCNN u
SSFTT. Hactpoiika BBINOJHUIACH M0 KOMOMHUPOBAHHOW (DYHKLIMHU MOTEPh IPH
BbIOpaHHbIX 3HaueHusAX A: 0,1 s 1IDCNN, 0,01 gyist NM3DCNN u 1 g SSFTT.
[Tapamerpst F; ocraBamuch  (QUKCUPOBAHHBIMH;  OOHOBJSUIUCH  TOJBKO
KO3(PGUIIMEHThl CHEKTPAIIbHOW CBEPTKM W MpOrpaMMHasl TONpaBKa YpPOBHS
YEPHOTIO.

[Tocne Hactpoiiku omepatop Py mpumeHsics K TecTOBOM ciieHe 0e3
nonoaHuTenbHOM ontuMusanuu. Mogenn SVM, kNN u MLP BeicTynanu B posu
kinaccudukaropa Fr: kakmas Mojenb ogHOKpaTHO oOywanach Ha onmopHoM ['CHU
Specim IQ TecToBOl CLEHBI W 3aTeéM MPUMEHSUIACh C (PUKCUPOBAHHBIMH
napamMeTpaMH KO BCEM BapHaHTaM NpeaoOpadOTKH, HE y4acTBYsI B €€ HACTPOMKE.

Pesynbratel mepenoca mpuBeneHsl B Tabmumax 2.11-2.13. lns kaxmoro
0o0y4aeMoro BapuaHTa BBIIIOJIHEHO JECITh 3aIlyCKOB HACTPOUKH MpeaoOpadoTKH;
3TO 4YHucio ykazaHo B ctonbie «KommyecTtBo 3amyckoB». st oOyudaemoit
npeaoOpaboTKu TpeacTaBlieHbl cpeaHue 3HaueHuss OA u B3BemieHHon F1-mepsr +
BBIOOpPOUYHOE cTaHJapTHOE oTkiIoHeHue (SD). [l BapuanTa 6€3 1OMOIHUTETbHON
npenoopadoTKu IIPUBEJICHBI pe3yJbTaThl OJIHOKPaTHO 00y4eHHOTO
kiaccudpukaTopa 0€3 OlLEHKHM pa3dpoca; HacTpoika MNpeaoopadboTKu B 3TOM

BapHAaHTC HC BBIIIOJHAIACH.

Tabmuma 2.11 — Pe3ynbratel nepenoca npenodpadboTku Ha SVM nipu HacTpoiike
110 KOMOMHHPOBAHHON (YyHKIIUU TTOTEPH

BapuaHT npeo6pasoTKu A KoanuecTBO OA B3Bemennas F1-
3aIyCKOB Mepa
be3 nomomHuTENHLHOM B B 07728 0.7553

npenoopaboTku

Py, HacTpoiika ¢ IDCNN 0,1 10 0,8913 + 0,0336 0,8891 + 0,0255
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BaphanT npeno6padoTin A KoaunuecTtBo OA B3Beuiennas F1-
3aIyCKOB Mepa
P, nactpoiika c NM3DCNN | 0,01 10 0,8085 + 0,0806 0,7913 + 0,0895
P, nactpotika ¢ SSFTT 1 10 0,8181+0,1232 0,7956 £ 0,1426

Ta6muna 2.12 — PesyapTatel nepenoca npeaoopadotku Ha KNN npu HacTponke 1o
KOMOMHHUPOBAHHOHN (hYHKITUHU TTOTEPh

BapnanT npexodpadoTin A KoanuecTBo OA B3Bemennas F1-
3aIyCKOB Mepa
be3 nomonHuTensHOM B B 0.8993 0,8992
npenoopadboTKu
Pe, HacTpoiika ¢ IDCNN 0,1 10 0,9065 + 0,0019 0,8984 +0,0019
P, HacTpoiika c NM3DCNN | 0,01 10 0,8932 +0,0157 0,8932 +0,0156
Po, HacTpoiika ¢ SSFTT 1 10 0,8692 +0,0351 0,8685 + 10,0362

Tabnuua 2.13 — Pe3ynbratel nepenoca npenodpadotku Ha MLP npu HacTpoiike 1o
KOMOMHUPOBaHHOW (PYHKIIMHU MOTEPh

BaphanT npeo6padoTin A KoanuecTBo OA B3Bemiennas F1-
3aIyCKOB Mepa
be3 nomonmuuTensHOM B 3 0.6971 0.6528
npeaoopadboTku
Py, Hactpoiika ¢ IDCNN 0,1 10 0,7093 + 0,0067 0,6520 = 0,0091
P, nactpoiika c NM3DCNN | 0,01 10 0,6867 +£0,0126 0,6375+0,0197
Po, mactpotika ¢ SSFTT 1 10 0,6987 +0,0307 0,6548 + 0,0438

Jlist Bcex Tpéx knaccudukaropo F, Hanbonbmas cpenusis OA nmoydeHa nmpu
Hactporike Py ¢ IDCNN: 0,8913 qns SVM, 0,9065 nnst kKNN u 0,7093 nns MLP.
[IpupocTbl OTHOCHTENBHO BapuaHTa ©O€3 JOMOJIHHUTENIBHONW MpenoOopadoTKu
coctaBuiu 11,85, 0,72 u 1,22 mpoleHTHOTO MYHKTa COOTBETCTBEHHO (TaliuIla
2.14). Ins SVM cpennsia B3BemienHas F1-mepa nossicuiacsk ¢ 0,7553 1o 0,8891, To
ecthb Ha 13,38 mpouentHoro myHkTa. st kNN u MLP sToT moka3areins HECKOIBKO
causmics: ¢ 0,8992 no 0,8984 u ¢ 0,6528 1o 0,6520 cOOTBETCTBEHHO, TO €CTh Ha

0,08 TIPOIIEHTHOTO MyHKTa B 000MX ciydasx. Takum obpa3om, moBbiiiieHue OA He

BO BCEX CITy4asiX COMPOBOXKIAETCS MOBBIIIEHUEM B3BelIEHHOU F1-Mephl.
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Tabmuma 2.14 — [Ipupoct OA npu neperoce mpeaoopadboTku, HACTPOSHHOM C
IDCNN

Mopean AOA, 1.1 CraHgapTHoe OTKJIOHEHHE, IL.II.
SVM +11,850 3,360
kNN +0,720 0,190
MLP +1,220 0,670

B Tabmuue 2.14 npupoctsl cpemnHeit OA  paccuuTaHbl OTHOCHUTEIBHO
(UKCUPOBAHHBIX TAOMMYHBIX 0a30BBIX 3HaUYeHWU. [IpuBenéHHBIC CTaHIAPTHBIC
OTKJIOHEHHUS COBIIAJIAI0T CO CTAHIAPTHBIMHU OTKJIOHEHUSIMU 00y4YaeMbIX BApUAHTOB,
BBIDQKEHHBIMU B TPOILICHTHBIX IYyHKTaX, M HE YUYUTHIBAIOT BO3MOXKHYIO

BapualbeIbHOCTh 0a30BOTO Ki1accupUKaTOpa.

2.2.8 CpaBnenue ¢ merogamu DeSpaWN u DeCWN

B pa6ote [114] npennoxensl mojaenu DeSpaWN u DeCWN, ucnosnb3ytoiye
oOydyaeMoe  BEWBIIETHOE  MpeoOpa3oBaHME W IOPOTrOBOE  IOJIABJICHHE
KO3 UIUEHTOB OJHOMEpPHBbIX curHaioB. B DeSpaWN ¢unetp omnpenensercs
OTHAEJIbHO ISl KaXxAoro YypoBHsA pasnoxeHus, a B DeCWN oaun ¢Guiabtp
UCIIOJIb3YETCSl Ha BCEX YpOBHsAX. B Hacrosel pabore MoAenu aganTHPOBaHBI K
cnekTpainbHo mpenodbpadbotke I'CH Ha OCHOBE OTKpBITOM MPOrpamMMHOM
peanuszanuu [115].

Monaynu HactpauBanuchk no ['CH medaTHOl KanuOpOBOYHON CIIEHBI H
MPUMEHSINCh K OTIEIBHOM TECTOBOM CLIEHE MO MPOTOKONY moapasnena 2.2.3 ¢
ucrionibzoBanueM  SSFTT.  [lapamerpsl  kimaccuuKaTOpoB  OCTaBaIUCh
(buKCUpOBaHHBIMU; OOyuanach TOJBKO mpefgoOpabotka. PaccmaTpuBanuch
nepekpéctHas suTponus (CE) u komOunupoBanusiii kputepuii (CE coBmecTHO ¢
MSE). Ha tectoBoii criene npenoopadoTka MOBTOPHO HE HACTPAUBAJIACh.

JIJist KaXKI0ro couyeTaHus MOJAENU U KPUTEPHsI BBINOIHEHO JECATh 3aITyCKOB
HAaCTPOMKHM C PA3IMYHOU CIy4alHOM MHULMAINA3ALMEH; YACIIO 3aIlyCKOB SIBJISIETCS
CYMMAapHBIM I Ka)KJ0ro BapuaHTa. Pe3ynpraTsl B Tabmue 2.15 npencraBistoTcs

KaK cpenHee + BbIOOpOYHOE cTaHjaapTHoe oTkioHeHue (SD). Uucno oOyuaembix
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apaMeTpPOB CHEKTPATLHOTO MOIYJIS B PACCMOTPEHHBIX KOH(UTYPAIHSIX COCTABUIIO

52 niia DeSpaWN u 20 niis DeCWN.

Tabmuuma 2.15 — Pesynpratel npumeHeHuss DeSpaWN u DeCWN ¢
kinaccuduxaropom SSFTT, Hactpoiika npu ucnoiaszoBanun 1 DCNN
Mojeis DyHKIUA OA B3pemennas F1- PSNR, 1B Yucio
N Mepa napaMeTpos
CE 0,9643 = 0,0023 0,9642 + 0,0046 | 23,887 +0,015
DeSpaWN 52
CE+MSE | 0,9642 + 0,0057 0,9642 + 0,0033 | 24,004 + 0,008
CE 0,9592 + 0,0054 0,9589 +0,0042 | 23,890+ 0,021
DeCWN 20
CE+MSE | 0,9621 + 0,0073 0,9614 + 0,0061 24,056+ 0,011
2.2.9 OueHka BbIYUCIUTENBHBIX 3aTpaT
JIOTIOJIHUTENIHHO OIICHEHBI YUCIIO napaMeTpoB HEUPOCETEBBIX

KJ1acCU(PUKATOPOB M BpeMs UX MPsMOTO npoxoaa (tabnuua 2.16). [{ns Bxoga u3 168
CHEKTPaIbHBIX KAHAJIIOB paCCMOTPEHbI KOHPUTYpalu ¢ 13 1 6 BeIxogamu, BKIIIOYAs
(donoBbIi BeIX0A. [IpocTpancTBeHHBIN pazMep Bxoaa coctaBis 1 X 1 giust IDCNN,
5 x5 nnss NM3DCNN u 7 < 7 nnst SSFTT.

N3mepenns Beimoanensl Ha NVIDIA GeForce RTX 3050 Laptop GPU ¢4 I'b
Buneornamsatd B PyTorch 2.4.1, CUDA 12.1, ¢ Tounoctbio FP32. Bpems npsimoro
IPOX0/1a U3MEPSIIOCH JIJIs1 KOHPUTYpaLUil C HIECTHIO BBIXOJAAMHU IPH pa3Mepe MaKera
JTaHHBIX 32, Ha ciayyallHO C(OPMHUPOBAHHBIX BXOAAaX W MOJENAX C HadaJlbHOU
MHULManu3annen Becos. Ilocne necsatn mporpeBOYHbBIX BBI30BOB BBIMOJIHSIUCH 15
CEpUH IO AECATH BbI30BOB ¢ cuHXxpoHmn3anneii CUDA Ha rpaHnnax Kaxaou CEpHM.
B Tabnuie npuBeaeHbI cpeiHee BpEMsI OTHOTO BbI30Ba U BHIOOPOYHOE CTaHIapTHOE
OTKJIOHCHHE CPEIHUX BPEMEH cepuil g BXoja, pasMmeméHHoro Ha GPU, u s

pexnma CPU — GPU — CPU.

Tabnuma 2.16 — Yucio mapamMeTpoB U BpeMs IPSIMOTO MPOX0/ia KIacCu(GUKaTopoB

ITapamerpos, | [Iapamerpos, CPU — GPU —
Mozeasr 13 BBIX010B 6 BBIX010B Bxox na GPU, mc CPU, mc
1DCNN 48 709 48 254 0,452+ 0,111 0,578 £ 0,151
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ITapamerpos, | [lapamertpos, CPU — GPU —
Mozens 13 BBIXO0B 6 BLIX0J0B Bxon ma GPU, mc CPU, mc
NM3DCNN 57 885 35030 1,365+ 0,172 1,839 £ 0,244
SSFTT 788 861 788 406 2,321 + 0,337 2,802 + 0,497

Ji ipenoOpaboTKU € SIIPOM CIIEKTPaIbHON CBEPTKHU JJIMHON CEMb KaHAJIOB
BpeMs IPUMEHEHHMsI K nakeTy AaHHbIX U3 4096 cnextpoB coctaBmio 0,534 + 0,027
Mc npu pasMmenienuud Bxojaa Ha GPU u 1,757 + 0,112 mc ¢ nepenaueid Bxoja u
pe3ysbTata MeXAy ONEepaTHBHOMN U BUAeonamsAThio. Kiaccugukarop B 3TOT 3amep
npeno0padbOTKU HE BKIIFOYAJICS.

IIpuBenEéHHBIE M3MEPEHUS XAPAKTEPU3YIOT BBIUMCIUTENBHBIE OIEPALNH B
yKa3aHHBIX KOHpUrypauusax. B usmepenus ne Bkimouensl yteHue I'CH, noctpoenue
IIPOCTPAHCTBEHHBIX (hparMeHTOB U 00ydeHue. ComnocTaBUMOe BpeMsi IPUMEHEHUS
0a30BbIX BAPHAHTOB U MOJHOE BPEMs SKCIEPUMEHTAIbHON CEPUH B 3TOM TECTE HE
U3MEPSIINCh, TO3TOMY PE3yJbTaThl HE YCTAHABIMBAIOT BBIMIPHIII IOJHOTO

BBIYUCIUTCIIBHOTO IIPpOICcCCa OTHOCUTCIIBHO 0a30BbBIX BAapPHAHTOB.

2.2.10 O6cyxieHne pe3ynbTaToB CIEKTPaIbHOM NpeqoOpadoTKu

B mpoBeméHHBIX ~ OKCHEpPUMEHTaX  MPEJIOKEHHas  CIEKTpasibHas
npenoopadoTka no3Bosmiia noBeicuTb OA 1 PSNR 1o cpaBHeHuto ¢ BapuanToM 6€3
JIOTIOTHUTEIHHON Mpeao0padoTku. Pe3ynpTaThl 3aBUCENN OT KPUTEPHs HACTPOUKU
W HUCHOJB3yeMbIX KiaccudukaropoB. Ilpu HacTpoiike mpenobpaboTku ¢
ucnonbzoBanueM 1 DCNN u nocnenyromeit knaccudukanuu ['CH TecToBOM ClieHbI
TpaHchopmepHbIM kinaccupukaropom SSFTT monydyena Goisiee BbICOKasi cpeaHsis
OA, dem mpu mpuMeHEHHH mpenodpadoTku Ha ocHoBe monened DeSpaWN u
DeCWN.

[Ipeno6paboTka, HacTpoeHHass ¢ wucnoias3oBanreM |IDCNN, mno3Bonuna
noBeicuTh OA 1pu TOCHEAYIOLIEM TMPUMEHEHHMH KaK C HEeMpOCeTeBbIMU
kinaccudukaropamu, Tak 1 ¢ SVM, kNN u MLP. Takum obOpa3om, mnokazaHa
BO3MOXKHOCTh TIPHUMEHEHHUS HACTPOCHHBIX KOA(D(OUIIMEHTOB MNpeaoOpaboTKu C

KJIaCCI/I(l)I/IKaTOpaMI/I, OTIIMYHBIMHA OT HUCIIOJIb30BAHHOI'O IIPpHU HaCTpOﬁKe.
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2.3 OnpenesieHne NapaMeTpoB CheMKH € ONITUMH3ALUEH 110 MOKA3ATEJI0

TKIB3

B pabore [105] uccnenoBaHo COBMECTHOE BIMSHUE BPEMEHHU IKCIO3UIUU U
YCUJIGHUSI HA OTHOIIEHUE CHTHAI/IIyM: PAacCMOTPEHBI COKpAIllEHUE BPEMEHU
HKCIIO3UIIMKM C YBEITUYCHHEM YCUJICHUS MPHU COXPAHEHHHM CpEeAHEro IupoBOro
OTCUY€Ta U U3BMEHEHHE YCUJIEHUS ITPU MOCTOSSHHOM BPEMEHU dKcro3uuuu. B padote
[116] comocTaBneHbl yBEIMUEHHE YCUIICHHSI, YBETUUCHUE BPEMEHHU SKCIO3ULUU U
UX COBMECTHOE€ HW3MEHEHHE IpU BHICOCHEMKE B YCIOBHUSAX HEAOCTATOYHOMU
OCBEIIEHHOCTU. Pe3ynbTaTsl OLIEHUBAINCH MTOCIIE HEHPOCETEBOIO BOCCTAHOBIICHHUS
BHJIEO C YYETOM IIIyMa U pa3MbITUs IBHKEHHUS.

B HacToseld riaBe paccMaTpUBAIOTCS JBE CEPUU  BBIYMCIUTEIIBHBIX
HKCIIEPUMEHTOB: COKPAILEHUE BPEMEHH SKCIO3HUIMH C YBEIUYECHHEM YCHIICHUS U
U3MEHEHUE YCWJIEHUS NMpH (UKCUPOBAHHOM BpPEMEHH HKCHO3ULMH. VcXOonHbIMU
naHHbIMU ciryxuin I'CH nedatHON KanmnOpOBOYHOM CLIEHBI U OT/IEIBHOM TECTOBOM
CLEHBl M3 MATH KiaccoB. TecToBas clieHa omucaHa B moapaszaene 1.4; cocrtas
KJIACCOB W JTAJIOHHAs pa3MeTKa mnpuBeneHbl B myHkTe 2.2.1. Jlns obeux creH
ucnonb3oBanuchk ['CU pazpaboTaHHOr0 runepcnekTpomMeTpa ¢ 252 crekTpaJlbHbIMU
KaHAJIaMH [I0CJI€ KOMIIEHCAMU TEMHOI'O CUTHAJIA U IPOCTPAHCTBEHHON KOPPEKLIUU.

Jiis o0eux CLEH MOJIEIUPOBAIUCH OIMHAKOBBIE H3MEHEHHUS BpPEMEHU
OKCIO3MIIMM M YCWIEHHS M OLEHHUBAJIACh COOTBETCTBYIOLIAS TOYHOCTh
nodJieMeHTHOM kiaccudukainuu. ComnocraBienue 3aBucuMocteit OA mpoBOAMIOCH
JUTSl IPOBEPKU TOTO, BOCIIPOU3BOIUTCS JIM HA TECTOBOM CLIEHE XapaKTep U3MEHEHUS
TOYHOCTH, HaONIOJaeMbIi Ha IIeYaTHOHM KaJMOpOBOYHOM crieHe. Takoe
COIIOCTABJIEHUE TIO3BOJISIET OLIEHUTh BO3MOKHOCTh BBIOOpA MapaMeTPOB ChbEMKH T10
I'CH neyaTHO KaIMOPOBOYHOM CIICHBI.

JUIst MOZIenMpOBaHMUs MCIIOJIb30Balach IyaCCOHOBCKO-TayCCOBCKash MOJEIb
myma. B pabore [59] myaccOHOBCKas COCTaBJISIFOINAS OIHUCHIBAET CTATHUCTUKY
perucTpauu (GOTOHOB, a TayCCOBCKash — HE3aBUCUMBbIE OT CUTHAJIa IIYMOBBIE

COCTaBJIAIOLIHNC. Taxxe pa3IM4IaroTCA IIyM 10 YCUIJICHUA U IIYM ITOCJIC YCUJICHUA.


https://people.csail.mit.edu/billf/publications/Noise-Optimal_Capture.pdf#page=2
https://people.csail.mit.edu/billf/publications/Noise-Optimal_Capture.pdf#page=2
https://people.csail.mit.edu/billf/publications/Noise-Optimal_Capture.pdf#page=2
https://openaccess.thecvf.com/content/CVPR2024W/PBDL/html/Jiang_Gain-first_or_Exposure-first_Benchmark_for_Better_Low-light_Video_Photography_and_CVPRW_2024_paper.html
https://openaccess.thecvf.com/content/CVPR2024W/PBDL/html/Jiang_Gain-first_or_Exposure-first_Benchmark_for_Better_Low-light_Video_Photography_and_CVPRW_2024_paper.html
https://webpages.tuni.fi/foi/papers/Foi-PoissonianGaussianClippedRaw-2007-IEEE_TIP.pdf#page=2
https://webpages.tuni.fi/foi/papers/Foi-PoissonianGaussianClippedRaw-2007-IEEE_TIP.pdf#page=2
https://webpages.tuni.fi/foi/papers/Foi-PoissonianGaussianClippedRaw-2007-IEEE_TIP.pdf#page=2
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Yepes x, 0003HAUMM HCXOAHBINM HUGPOBONH OTCUET, MOJYYEHHBIM NpU
BpEMEHM dKcro3uiuu ty = 100 MC U IPUHATOM OTHOCUTENBHOM KO3(duumeHrte
ycwiieHus Gy = 1. g KaxX10ro oTcuéra 0xkKuaaeMoe 4uciio (OTONEKTPOHOB U

BPEMEHH SKCTIO3UIINHU ¢ PACCUUTHIBAIOCH KaK:
t
He(t) = qeXo (2.24)
T€ e — MOJACNBHBIM KO3(hduuueHT nepecyéra HUQPPOBBIX OTCYETOB B UYHUCIO

QJICKTPOHOB. 3HaueHue CcuUrHaja A0 3aMCHBI OTPHULATCIBbHBIX OTCYETOB HYJ'IGM

OIIPpCACIIAIOCH BBIPAKCHUCM!
~ G
Xt,c = Gode (N: + npre) + Npost» (2.25)

rae N, — ciyuaiiHas BeIMYMHA C pacnpeneseHreM I[lyaccoHa u MaTeMaTUueCKUM
OKUIAHUEM U (t); MNpre M MNpost — HE3ABUCHMBIE TAyCCOBCKUE IIYMOBBIE
COCTABIISIIOIIUE /10 U TOCJE YCHIICHHS C HYJIEBBIMU CPEIHUMHU U CTaHIAPTHBIMHU

OTKJIOHEHUAMHU Opre M Opost COOTBETCTBEHHO; G — OTHOCHUTENIBHBIM JIMHEHHBIN
KO3 PUITMEHT yCUIeHuSI.

B MonenmupoBaHMM TNPUHUMAINCh (o = 16 DIEKTPOHOB HA E€IWHHUILY
U(POBOTO OTCYETA, Opre = 3 DIEKTPOHA U Oposy = 0,5 emuHMIBI 1IMPPOBOTO

orcu€ra. TEMHBIN TOK NPUHHUMAJICS PaBHBIM HYyI0. OTpHULIATENbHBIE 3HAYCHHS
CUTrHaja 3aMEHsUIMCh HyJIEM. KBaHTOBaHME M OIpaHUYEHUE BEPXHUM IIPEIEIOM
ALl He nmpumensnuce. [lapameTpsl mymMa 3agaBaguch OJWHAKOBBIMHU JJISI BCEX
CIIEKTPAJIBHBIX KaHAJIOB U 3HaueHuM ycuieHus. Mcxonnoe I'CHU ucnons3zoBaiock
KaK OLIEHKa CPEeIHEro CUrHajia Jiisi (pOpMUPOBAHUS IIYMOBBIX peaTn3aiuil.

B kaxnoi u3 AByxX cepuil s KaXIOM CIEHbl M KaXIOW Mapbl BPEMEHU
skcro3unuu U ycunenus kinaccudukaropsl 1DCNN, NM3DCNN wu SSFTT
o0y4aanch HE3aBUCUMO C HOBOM MHUIIMANMU3AIMEeN apaMeTpoB. DTO OTHOCUIIOCH U
K o0meMy Juisi JIByX Cepuil peXUMYy Ha Ie4aTHOW KanuOpOBOYHOM CIIEHE C
skcnozunueit 0,357 mc u ycunenuem 28. B kaxaoil clieHe pa3MedeHHbIE MUKCENN
KOKJOT0 Kjacca CIy4allHO pa3fessuiich Ha OO0ydYalrollylo, BaJMJALMOHHYIO U

TECTOBYIO BbIOOPKH B 10X 10, 5 1 85 % coOTBETCTBEHHO, KaK B SKCIIEPUMEHTE CO
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ckarueM (myHkt 2.4.1). Pa3Ouenue coxpaHssioch Al BCEX PEKUMOB
mMonenupoBanus. Ilapamerpsl kinaccudukaTtopa BBIOMpANHCh MO HAUOOIbIIEH
B3BellIcHHOW Fl-mepe Ha BanmpanmoHHOW BbIOOpKe. Ha TecToBOl BBIOOpKE
paccuntbiBasiich OA u B3BemeHHas Fl-mepa. [lanee npusenensl 3aBucumoctu OA
JUIs TIe4aTHOM KanuOpoBOYHOM M TecToBOM cueH. 3HaueHus OA  sBISIOTCS
CpeIHUMH MO TpEM 3amycKam; IMokKaszareian pazOpoca He mpuBoasTcs. [Ipumepsr
U300paXCHU CIEKTPaJbHOTO KaHala M CPEJHHX CHEKTPaJbHBIX BEKTOPOB

OTHOCSTCS K TECTOBOM COCHC U3 IIATH KJIACCOB.

2.3.1 Meroauka ornpeneneHus SKCIO3UIMHA U YCHIICHHUS KAMEPBI

B nepBoii mocTaHOBKE PKCIIEPUMEHTOB JJIsi 00€UX CIIEH BPEMS IKCIIO3UIINH
nocyenoBaTeabHo yMmeHbimanock ¢ 10 go 0,357 mc, a k0d(pGUIUEHT yCUleHUs

yBenruuBaiICs OT 1 110 28. 3HaueHue BpeMeHu skcno3uiuu 0,357 Mc 11l yCUIIeHUS

t G
28 npuBenieHO ¢ OKpyrieHueM. [lapsl mapameTpoB BEIOMpANIHCh U3 YCIOBHS T =
0 Yo

1. Jlo 3ameHBl OTpULATEIbHBIX 3HAYEHUN HYJIEM 3TO 00ECHEYMBAET COXPAHEHUE
MaTEeMaTU4YecKoro  OXHJaaHusg mudpoBoro orcu€ra B wMoaenu  (2.25).

HccnenoBannbie apbl MpUBeAeHBI B Ta0MIE 2.17.

Tabmuma 2.17 — Bpems skcro3unuu U KOdDPUIIMEHT YCUIIEHUS B TEPBOM
ITIOCTAHOBKC

Bpems sxkcno3unum, Mmc OTHOCHTENBbHBIH KOY(PPUUHMEHT YCHICHUS

10 1

5 2

2,5 4

1,25 8

0,625 16

0,357 28

[Tocne MopenupoBaHus UU(GPOBBIE OTCUETHI HOPMHUPOBAIHUCH IO CHEKTPY
Oenoro stanoHa Spectralon, NpUBEIEHHOMY K TOW e Mape BPEMEHU SKCIO3UIIUHN U

ycunennsi. O603HaUMB UCXOAHBIN CIIeKTp dTanona uepe3 W, (k), ero 3naueHus ais
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BbIOpaHHOTO pexnma 3anumeMm kak Wi g (k) =%maX{W0(k),2}. B nmanHom
ovo

9KCIICPUMCHTC IIYM Oejoro sTajoHa AOIOJHUTCIIbHO HE MOJACIINPOBAJICA. 3HaueHUE

anemenTa ['CH mocie HOpMUpOBaHUS MO O€JIOMY 3TaJOHY PACCUUTHIBAIOCH IO
dbopmye:

R.c(i,j k)= max{¥X(i,j,k),0}

Wt,G(k)+S

, (2.26)

rae € = 1078 — nonoxwuTenbHas MOCTOsSHHAS B 3HaMmeHatene. Ilepen mopadeil B
knaccuukarop 3HadeHus snemeHToB ['CU HOpMUpOBamMCh M MPUBOAUIUCH K
nuranasony [0, 1].

JUis KaXa0M CLEHbI NPU KaXJ0i mape mapameTrpoB (popmHupoBasiach OJHA
mymoBas peanuzauuss ['CH, mo kotopoid o0y4yaiauch W TIPOBEPSUIUCH TpHU
kinaccudukaropa. OOydeHne BBINONHIIOCh B TedeHue 15 smox merogoM Adam;
pa3Mepbl NIaKETOB JAHHBIX, Iard OOy4YeHHUs U pa3Mepbl BXOJIHBIX (PparMEeHTOB
COOTBETCTBOBAJIM YKa3aHHBIM B ITyHKTE 2.4.1.

Ha pucynke 2.21 nis TeCTOBOM CLEHBI CONOCTABIEHBI H300paKEHUS OJTHOTO
CIIEKTPAJIBHOTO KaHaja M CPENHHUE CIIEKTpalbHbIE BEKTOPBI ABYX KiaccoB. lIpum
COKpPAllEHUH BPEMEHU OKCIO3HUIMU C YBEIWYEHHEM YCWIEHHS BO3PacTaeT

HCOOHOPOAHOCTD 1/1306pa>1<eH1/1;1 CIICKTPAJIbHOI'O KaHaJla.

JlaHHble 3KcnepuMeHTa

Cnou 'CW pnsa uccnepyembix pe>xuMoB

= rcn

CpepnHue cnekTpbl KCH knaccos 1 u 2
— Vicxoansit KCA | 10 M | gain 1 —— Cimynmposanmsii KCA | 5 mc | gain 2 —— Cumynuposanmeid KCA | 2,5 uc | gal

Huid KCA | 1,25 mc | gain & Cumynuposannsii KCH | 0,625 wc | gain 16

Kaace 1

Pucynok 2.21 — M300pakeHusi CHEKTPaIIbHOTO KaHalla U CPEIHUE CIIEKTPATIbHbIE
BEKTOPBI ITPY COKPALLEHUH BPEMEHHN SKCIIO3ULIMU C YBEIIMYCHUEM yCUIICHUS
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3aBucumoct OA OT BpEMEHHU IKCIO3UIMUA U YCUJICHUS MPEJCTABICHbI Ha
pucynke 2.22 nJis medyaTHON KaMOpPOBOYHOM CIIEHBI () U TecTOBOM ciieHbI (0). Ha
obenx clieHaXx HaumOoJiee BBIPAKCHHOE CHUKEHHE TOYHOCTH TIPU IIEepexojie K
KOpPOTKUM d3kcno3unmsiM HaOmonaercss st IDCNN u SSFTT. Ilpu stom
OTACJbHBIC YYaCTKH 3aBUCUMOCTEN paznuyarorcs: misg SSFTT Ha TecToBO# ClieHe
OA mocnenoBaTelbHO CHIDKAETCS, TOTJa KaKk Ha KaJMOPOBOYHOW CIIEHE CHadaja
BO3pacTaeT npu mnepexozae k akcrosunuu 5 mc. s 1DCNN Ha xanubpoBodHOH
CILICHE CHM)KEHHE MPOMCXOJUT MPEUMYILIECTBEHHO TpHU niepexone ot 2,5 k 1,25 mc;
Ha TECTOBOM CIIEHE OHO TMPOJOJKACTCI M MPU JAJIbHEUIIEM COKpalleHUU
skcnozunim. OA kiaccudpukaropa NM3DCNN wusmensercs cinabee Ha 06enx
CLICHAX.

[Ipu 3xcno3unmu 0,625 Mc u ycunenuu 16 Ha rpadukax Ay KaTuOpOBOYHOM
cuensl ykazanbl 3HaueHust OA 98,08; 99,70 u 97,31 % nist 1IDCNN, NM3DCNN u
SSFTT coorBeTrcTBeHHO. /[l TECTOBOM CIIEHBI COOTBETCTBYIOIIME 3HAYCHHS
coctaBisttoT 97,91; 99,70 u 97,61 %. llpencraBneHHbIE 3aBUCUMOCTH HMEIOT

CXOJIHYIO OOIITYI0 TeHICHIINIO MIPH Pa3INUUIX MEXK/Y OT/ICIbHBIMH PEKUMaMHU.

TO4YHOCTb Ha Ka/IMDPOBO4YHOM cueHe

N3MmeHeHune BbiAepX KW U KoahduumneHTa ycuneHus

=e— 1D CNN —m= NM3DCNN —&— SSFTT

To4yHOCTb Knaccudukaumm, %

10 mc 5 Mc 2,5 mMmc 1,25 mc 0,625 mc 0,357 mc
gain 1 gain 2 gain 4 gain 8 gain 16 gain 28

Belaepxka | KO3 MUUMEHT yCUNeHns
p= € TecToBo# cueHoi (gain 1-28): 1D CNN: 0,700 - NM3DCNN: 0,871 - SSFTT: 0,821

(a)
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TOYHOCTb Ha TECTOBOM CLEHe

M3MeHeHUe BblaepXKW 1 Ko3thdrUneHTa yCuneHus

—e— 1D CNN —#—- NM3DCNN —&— SSFTT
100,0 »
— — N

¥ 995 T S~
= r—‘___*‘ S~
s >— —e S<
g 99,0 T Rdl ~0 99,00
x
s
8 98,5
=
v
@ 98,0
= ~~
x ~ -~ -
2 97,5 ~< Seao
G S~ ~0 97,31
2 970 T~
o T~ 96,81
=

96,5

10 mc 5 Mc 2,5 Mc 1,25 mc 0,625 mc 0,357 mc
gain 1 gain 2 gain 4 gain 8 gain 16 gain 28
Bbiaepxkka | KoadUUNEHT ycuneHns
Ps € KanubpoBoYHOM cueHo# (gain 1-28): 1D CNN: 0,700 - NM3DCNN: 0,871 - SSFTT: 0,821
(6)

Pucynok 2.22 — 3aBucumoctu OA 0T BpemeHu skcno3uunu 1 yeuenus s ['CU
neyaTHOM KaMOpOBOYHOM (@) U TecToBoOM (0) ciieH npu ycwieHuu 1-28; cpeanue
3HAYEHHU 110 TPEM 3aIlyCKaM

IIpn sxcno3unuum 0,357 Mc u ycunenun 28 cpensss OA Ha INe4aTHOU
KaJIMOpOBOYHOI ciieHe coctaBuiia 97,48; 99,00 u 96,51 % nns IDCNN, NM3DCNN
u SSFTT cooTBeTcTBEeHHO, a Ha TecToBO# ciieHe — 97,31; 99,00 u 96,81 %. Ilo
cpaBHeHHUIO ¢ pexxumoM 0,625 mc u ycuiienuem 16 OA chusunacek Ha 0,60; 0,70 u
0,80 mpouenTHoro myHkTa a1t IDCNN, NM3DCNN u SSFTT cooTBETCTBEHHO Ha

KaXJO0M U3 IBYX CIIEH.

2.3.2 HaGopbl JaHHBIX U PE3yJIbTaThl SKCIIEPUMEHTAIHLHOTO UCCIIEAOBAHUS

Bo BTOpoM 3kcnepumeHTe BpeMs sKcno3uuuu cocrasisuio 0,357 wmc, a
OTHOCUTEIbHBIN KOA(UIIMEHT yCUIICeHU TpUHUMaN 3Hauenus 1, 2, 4, 8, 16 u 28.
[To momenu (2.24), (2.25) npu HEU3MEHHOW OSKCMO3UIUU OXKUIAEMOE YHCIIO
(OTORIIEKTPOHOB OCTAETCSI IOCTOSIHHBIM, a CPeIHUN HU(POBON OTCUET 10 3aMEHBI
OTpHULATEIbHBIX 3HAUYEHUN HYJIEM BO3PACTAET MPOMOPIIUMOHAIBHO YCUIICHUIO.

HopmupoBanue 1o 6enomy 3TajioHy U OArOTOBKA JAHHBIX K KJIAaCCU(PUKALUU
BBITIOJIHSUTMCH 10 cXeMe TyHKTa 2.3.1.

Ha pucynke 2.23 cpenHue CHEKTpalibHbIE BEKTOPBI JBYX KJIACCOB
npeJcTaBieHbl B o0mie gukcupoBaHHON mikaje. C yBeIMUYEHHEM YCHUJIEHUS HX

aMIUTUTYJ]a BO3pacTaia pu COXpaHEHUU OCHOBHBIX 0COOCHHOCTEN (DOPMBI.
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Ikcno3numa — 0,357 Mc

gain 1 gain 2 gain 4 gain 8 gain 16 gain 28

Cpeanmne cnextpel KCH xnaccos 1 wn 2

Pucynok 2.23 — CpenHue CieKTpajibHbIE BEKTOPHI IpU BpeMeHu dkcnosuunu 0,357
Mc U ko3¢ dunmenTax ycuienus 1, 2,4, 8, 16 u 28

Ha pucynke 2.24 npuenensl 3aBucuMoctd OA oT k03P dUIlMeHTa yCUICHUS
npu (pukcupoBaHHOU 3kcnio3unuu 0,357 Mc 11 NeYaTHOW KaJTuOPOBOYHOM CLIEHBI
(a) u TectoBoii cuiensl (0). st NM3DCNN ocHOBHOM MPUPOCT HAOTIOJAETCS MIPU
YBEJIMYEHNUH yCUIIeHnd ¢ 1 10 2, mociie 4ero 10 ycuiieHus 16 TOUHOCTh H3MEHSIETCS
cimabo. Jmgs 1DCNN TOYHOCTH BO3pAacTaeT 10 YCWICHHs §; MpU JajbHEHIIEM
YBEJIMYEHUU YCUJIEHHS 10 16 Ha KaJiuOpOBOYHOHN ClIeHE OHa MPAKTUYECKU
coxpansercs, a Ha TectoBor cHmxkaercs. nsa SSFTT nHa TecroBoi cuene npu
yBEIUYCHUH ycuiieHus oT 1 1o 16 HaGmrogaeTcst mocienoBaTeIbHOE MOBBIICHNE
OA, Torga kak Ha KaJUOPOBOYHOW CIIEHE NMPHU YCWIEHUU 4 UMEETCs JIOKaJbHOE
cawkenue. [lpu mepexone ot ycwnenus 16 k ycunenuro 28 OA Bcex Tpéx

KJIAaCCU(PUKATOPOB CHMIKAETCS HA 00EUX CIICHAX.
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TOYHOCTb Ha KaNIMOPOBOYHOM CLEeHe

BnusaHue ycnneHns npyu HefoCcTaTOYHOW SKCMO3ULINK

—8— 1D CNN —#— NM3DCNN —— SSFTT
100,0
L
s 995 —
= - -~
g S~a
I 990 -~ ~~p 98,90
§ -~
~
S 985 S~a
o ~0 98,35
b 4
= 98,0
o
2
I 975 S~a
= S~s
~ -~
97,0 ~A 97,04
gain 1 gain 2 gain 4 gain 8 gain 16 gain 28
KoachduumneHT ycnuneHus
p= C TecTOBO# cueHol (gain 1-28): 1D CNN: 0,821 - NM3DCNN: 0,830 - SSFTT: 0,738
(@)
TOYHOCTb HA TECTOBOMU CLeHe
BAusHWe ycuneHms npu HefoCTaTOYHOW SKCNO3MLMK
—a— 1D CNN —#— NM3DCNN —a— SSFTT
100,0
& — — — — =~
< 995 S~a
-
= R
g ~p 99,12
< 99,0
g ~~
E 98,5 S~o
2 “~0098,21
E 98,0 —
b e S~
I 975 L R
(e} r/_-_ ~a
hd ~A 97,24
97,0
gain 1 gain 2 gain 4 gain 8 gain 16 gain 28

KoathpuumneHT ycuneHuns

ps ¢ KanubpoBo4yHOMW cueHol (gain 1-28): 1D CNN: 0,821 - NM3DCNN: 0,830 - SSFTT: 0,738

(6)

Pucynok 2.24 — 3aBucumoctu OA ot ycuiienus ripu 3xcriosunuu 0,357 Mc nid
I'CHU neuyaTHO#M kamnOpOBOUYHOI (a) U TeCTOBOI (0) clieH rpu K03 duimeHTax
ycusienus 1, 2, 4, 8, 16 u 28; cpenHue 3Ha4eHUs 10 TPEM 3aITyCcKaM

[Ipu ycunennn 16 Ha rpadukax uisi KaaTuOpPOBOYHOM CIICHBI YKa3aHBI
sHaueHuss OA 98,95; 99,50 u 97,64 % nna 1DCNN, NM3DCNN u SSFTT
COOTBETCTBEHHO. JIJIi TECTOBOM CIIEHBI COOTBETCTBYIOLINE 3HAUECHUS COCTABIISIIOT
98.,81; 99,72 1 97,84 %.

[Tpu ycunennn 28 cpenusis OA Ha KaauOpOBOYHOM crieHe cocTaBuia 98,35;
98,90 m 97,04 % nmgs 1DCNN, NM3DCNN u SSFTT cooTrBeTCTBEHHO, a Ha

tectoBoi crene — 98,21; 99,12 u 97,24 %. Jnsa xaxngoro kinaccudukaropa Ha



123

KOKJIOW CII€EHE CHI)KEHUE OTHOCUTENbHO ycuiieHuss 16 cocrtaBuimo 0,60
IPOLICHTHOTO ITyHKTa. B  paccMOTpEeHHBIX YCIOBHSX ycuieHue 28 He
pEeKOMEHJIyeTcsl Il TMOAJIeMEeHTHOW  kjaccudukanuu. Bpibop  ycunenus
1eJIeCO00pa3HO OrpaHUYMUTh auamazoHoM oT 1 g0 16, ompenensisi KOHKPETHOE
3Ha4YCHHUE MO TOYHOCTH Kiaccudukanuu; npu 3toM g 1DCNN naubonsimas OA
IIOJIy4Y€HA IPY YCUJIEHUH 8.

B o0eux cepusx rtpadukyd oOTpakarOT CXOACTBO OOIMMX TEHICHIIMHA
u3MeHeHus: OA Ha medaTHOM KanuOpOBOUHOM M TecTOBOW clieHaX. OTAelbHbIE
PEXUMBI MOTYT CONPOBOXAATHCS PA3TUYAIOMIMMHUCS JOKAIBHBIMUA HW3MEHEHUSMU
TOYHOCTH. [IpH OlLleHKE BO3MOXHOCTH BBIOOpA MapaMEeTpOB ChEMKHU IO MEeYaTHOU
KaJUOpPOBOYHOM CILIEHE YUUTHIBAETCS XapaKTep BCEH MCCIETOBAaHHON 3aBUCUMOCTHU

OA ot nmapaMeTpoB.

2.4 Biausinue BHJIEOKOJ€KAa W MNapaMeTPOB C:KATHA HA TOYHOCTH

KjIaccupuranuu

2.4.1 Meroauka onpeneneHus napaMmeTpoB CKATUS

BrnusHue cxkaTuss Ha CHEKTpaibHbIE XapaKTEPUCTUKU HM300paKEHUU W
TOYHOCTb KJIaCCU(UKALIMK pacCMaTpUBAJIOCH B psijie uccienosanuii. B padore [117]
UCCIIEIOBAHO cxKaTue JAHHBIX CKaHUPYIOLIETO TUIIEPCIIEKTPOMETPA
BUicokoiekamu, BKiodas H.264 n H.265. OneHuBanucy, n3MeHEHHE MOJI0KCHUS,
WHTCHCUBHOCTH WM IIUPUHBI CIEKTPAIbHBIX JMHUN, BO3MOXHOCTH BBITIOJIHCHUS
cniekTpanbHOU kamuOpoBku, PSNR u koadduiierT koppensium.

B paGore [118] wucnons3oBaHa oOleHKa CXaTUs MO pe3yJbTaTam
nocienytomelt knaccudukanuu. Baytpukaaposoe kogupoBanne HEVC u JPEG
2000 comocTaBieHO Ha MHOTOCTIEKTPAIbHBIX HU300pakeHusx Sentinel-2 npu
KJIaCCU(DHUKALIMU CETbCKOXO3SUCTBEHHBIX KYJIbTYp. JIsl KaXk10ro BapuaHTa CKaTUs
KJaccu(uKaTop CIydaHOTO jieca oOydalics U MPOBEPSUICS Ha COOTBETCTBYIOIINUX

BOCCTAaHOBJICHHBIX JaHHBIX. beiu OIIpCACIICHBI ANAITa30HbI KOB(i)(l)I/IHI/ICHTa cXXartus,


https://www.ieee-whispers.com/wp-content/uploads/2021/03/WHISPERS_2021_paper_37.pdf#page=2
https://www.ieee-whispers.com/wp-content/uploads/2021/03/WHISPERS_2021_paper_37.pdf#page=2
https://www.mdpi.com/2072-4292/12/10/1590
https://www.mdpi.com/2072-4292/12/10/1590
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B KOTOPBIX COKpamleHHe oO0bEMa JaHHBIX COIMNPOBOXKAAIOCH HEOOIBIIUM
W3MEHEHHEM OOITEH TOYHOCTH KITaCCH(PUKAIIHH.

B HacTosimieM 5JKCIEpUMEHTE OLICHUBAETCS BJIUSHHUE BHUACOKOAECKA U
mapamMeTpoB CKaTWg HAa TOYHOCTh modjeMeHTHOW kiaccudukaruu ['CH.
Knaccudukaropsr ooyuatorcst Ha ['CU 6e3 Bugeockatust U 3aTeM MPUMEHSIOTCS K
BoccTanoBieHHBIM ['CU nipu ¢pukcrupoBanHbIXx napaMmerpax. COMOCTaBISIOTCS J1Ba
crocoba mpeobpazoBanus MUPPOBEIX OTCUETOB B §-OMTHOE TpencraBieHue. J{ms
o0ocHoBaHusl BbIOOpa mapamerpoB 1o ['CH meudatHoll KaluOPOBOYHOM CIEHBI
COIMOCTABIISAIOTCS M3MEHEHUsI OOIIE TOYHOCTH MORJIEMEHTHOW KiacCHU(pUKALUU
(OA) Ha 3TO¥ CIieHE U OT/ICNIbHOM TECTOBOM CIICHE MPY OJIMHAKOBOM BapbUPOBAHUU
napameTpoB CXKaTHUs U criocoba mpeodpazoBaHus IUMPOBBIX OTCUETOB.

Ucnons3oBamuce 'CU meuaTHON KamuOpOBOYHOM CILIEHBI U OTIEIbHOU
TECTOBOI CIIEHBI, MOJYUYEHHbIE pa3paOOTaHHBIM THIEPCIEKTPOMETPOM. TecToBas
CleHa onrcaHa B nojapaszaene 1.4. E€ staroHHas pa3MeTKa U COCTaB MATH KJIACCOB
npuBeneHsbl B myHKTe 2.2.1. Mcnonp3oBanuce Bee 252 cnekTpanbHbIx kKaHana. ['CU
TECTOBOM  CIIEHBI  NPEACTaBIAIOCh  IoclenoBaTeabHOCTRIO  u3 2000
IIPOCTPAHCTBEHHBIX CIIEKTPOrpaMM: IIMpHUHA Kajapa cocTaBisuia 960 orcuéroB
BJI0JIb M300payKEeHUS I1eJIeBOM Tuadparmsl, BhICOTa — 252 CHEKTPAIbHBIX OTCUETA.
[Topsimok KaApOB COOTBETCTBOBAJ MOPSIKY CKAHHUPOBAHUSI.

Ilepen cxxatrem 1U(POBBIE OTCUETHI HOPMHUPOBAIUCH HAa MAaKCHUMAalIbHOE
3naueHue BO BcéM ['CU. Ilpu nuHeiHOM mpeoOpa3oBaHUM HOPMHPOBAHHBIE
3HAYEHUS YMHOKAIUCh Ha 255 1 OKpYIJISUIUCH 0 Onmskaiiiero uenoro. Bo Bropom

BapuaHTE Tepe]l MacIITaOUPOBAHUEM M OKPYIJICHHEM MPUMEHSIIOCh CTEIEHHOE

1
npeoOpa3oBaHUE C TMOKazaTeeM ” rae y = 2,2. B cneuudukanuu PNG Takoe

npeodpa3oBaHUe HOPMHUPOBAHHBIX 3HAUYCHHH Tepe]] KBAHTOBAHUEM HCIIOJIb3YETCS
Uil TamMMma-koaupoBaHusa (gamma encoding) [119]. Ilocine npexomampoBanus
3HAYCHUS ICIUIIMCh Ha 255; 171 BapyuaHTa C raMMa-KOJUPOBAHUEM JOTIOJIHUTEIIHHO

BBHITIOJIHSJIOCH 00paTHOE CTEMEeHHOE MpeoOpa3oBaHue C MoKas3aTesnieM Y. ba3oBbiM


https://www.w3.org/TR/png-3/#12Encoder-gamma-handling
https://www.w3.org/TR/png-3/#12Encoder-gamma-handling
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BapuanTtoMm ciayxuio ['CH nocne npeoOpazoBanust B 8-OUTHOE MpPEACTaBICHUE U
oOpaTHO 0€3 BHIEOCKATHS.

Conocrasmsuiucs Motion-JPEG (MJPEG), H.264/AVC u H.265/HEVC. B
RFC 2435 Ttepmunom Motion-JPEG o6o3Hauaercss mociieoBaTeabHOCTD
He3aBucuMo 3akoaupoBaHHbIX JPEG-u300paxenuit [120]. Cranmaptet H.264/AVC
nu H.265HEVC npemycmatpuBaioT  TpeAcKa3aHwe  OJOKOB 10  yXKe
BOCCTAHOBJICHHBIM JIaHHBIM ~ TEKYILEro WIM JPyruxX KaJgpoB, a TakKxke
npeoOpa3zoBaHue U KBAHTOBAHUE PA3HOCTU MEXKy UCXOIHBIMU U TIPE/ICKa3aHHBIMU
3HaueHusimu [121], [122].

Konupoanne BwimosnHsuiock cpeactBamu FFmpeg. Jdna H.264 u H.265
UCIoNIb30BaMKCh peanuzanuu libx264 u 1ibx265 B pexxume CRF (Constant Rate
Factor) ¢ 3amanabiM ypoBHeM kadecTBa [ 123]. Jlyist o6eux peann3zanuii Obu1 BEIOpaH
Habop HacTpoek preset = medium. st MIPEG u3smensiics mapameTp KauecTna (:v

[124]. 3aganHble 3HaUCHHS TapaMETPOB MIPUBEICHBI B TabuIe 2.18.

Tabnuua 2.18 — Buaeokoieku 1 uccieayeMble 3HaU€HUs TapaMeTPOB

Buneoxonex Pe;gﬁ;:;ﬂ IMapamerp 3agaHHble 3HAYEHU S

H.264/AVC libx264 CRF 18, 26, 34,42, 48

H.265/HEVC libx265 CRF 18, 26, 34, 42, 48
MIJPEG mjpeg q:v 2,8,16,32,45

BxonHble mpoCTpaHCTBEHHBIE CHEKTPOrpaMMmbl IepenaBanuch B FFmpeg B
BUJIC€ OJIHOKAHAJbHBIX 8-OMTHBIX M300pakeHUU B (opmate «gray8» [125]. s
H.264 u H.265 ucnonb3oBasiock mnpeacrabieHue «yuv444py, a mia MJPEG —
«yuvj444py». B 060ux ciaydasx n3o0paxxeHue COACPKUT APKOCTHYIO KOMITIOHEHTY Y
u nBe uBeTopazHocTHeie KommoHeHTHI Cb u Cr. B mpeacrasnenumn YCbCr
koMrioHeHTHI Cb u Cr onpenemnsitoTcst 4epe3 pa3HOCTH MEXKIy CHHEHN U SIPKOCTHOM,
KPAaCHOW U SIPKOCTHOM KOMIIOHEHTAMHU COOTBETCTBEHHO [126].

O6o3nauenne 4:4:4 yka3plBaeT Ha OJIMHAKOBOE pa3pelieHHe TPEX

KOMITOHEHT: KaXXJ0My OTCUETY Y COOTBETCTBYIOT MO oHOMY OTCUETY Cb u Cr, «p»


https://www.rfc-editor.org/rfc/rfc2435.html#section-1
https://www.rfc-editor.org/rfc/rfc2435.html#section-1
https://www.itu.int/rec/dologin_pub.asp?id=T-REC-H.264-200711-S!!PDF-E&lang=e&type=items#page=25
https://www.itu.int/rec/dologin_pub.asp?id=T-REC-H.264-200711-S!!PDF-E&lang=e&type=items#page=25
https://ffmpeg.org/doxygen/7.1/pixdesc_8c_source.html#l00387
https://ffmpeg.org/doxygen/7.1/pixdesc_8c_source.html#l00387
https://docs.opencv.org/4.13.0/de/d25/imgproc_color_conversions.html
https://docs.opencv.org/4.13.0/de/d25/imgproc_color_conversions.html
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0003HauaeT pa3leNbHOE XPaHCHHWE KOMIIOHEHT B OTIEIBHBIX IUIOCKOCTSAX. B
paccMaTpuBaeMbIX ¢dopmarax Kaxaas KOMIIOHEHTa MpeJCTaBicHa §-OMTHBIMH
sHaueHussMu [125]. Cnektpanbhble kaHainbl ['CHU npu 3TOM pacmosiaratorcsi mo
BEPTUKAIILHON ocu Kazapa; kommoHeHTHl Y, Cb m Cr oTHocsTCS K QopMmary
BHJICOKOJIMPOBAHMSI.

st H.264 u H.265 mapametp color range = pc 3ajaBa MOJHBIN THAMa30H
SApKOCTHBIX 3HadeHuit oT 0 10 255. B hopmare «yuvj444p» nonnsiit nuanazon JPEG
npeaycMoTper camuM popmarom [125]. O6o3nauenus pc, jpeg u full B FFmpeg
COOTBETCTBYIOT NOJHOMY auamnaszony [123]. BwuaeomocnenoBaTenbHOCTb
3anuchiBasiack ¢ yactorod 30 kanmpos/c. [locie nexkoaupoBaHusi CpeicTBaMU
OpenCV ucnons3oBaniack neppas komnonenta BGR-kaapa — cunsas komnonenTa B;
nopsanok B, G, R npunar B OpenCV 11 npeactaBieHusi UBETHBIX U300paKeHUI
[126]. V3 nOy4eHHBIX JBYMEPHBIX KaJIpOB BOCCTAHABINBAJICSA UCXOAHBIN MOPSIOK
oceit I'CH.

s xinaccudukanuu ucnosibzoBaiuch 1DCNN, NM3DCNN u SSFTT,
ONHMCaHHbIE B MyHKTE 2.2.2. B KaXI0o# clieHE pa3MEUYEHHbIC MUKCEIH Ka)JI0To
KJlacca CIydaiHO pa3fessuiich Ha OOYy4arollylo, BaJIUJALMOHHYIO U TECTOBYIO
BbIOOpKH B 70J1s1X 10, 5 1 85 % cooTBeTcTBeHHO. Pazouenue coxpaHsuioch i Bcex
BapUaHTOB MpeodpazoBanus u cxatus. [Iukcenun pona c metkoit ) HCKITIOYATTUCH U3
oOyueHus 1 pacuéra KiiacCu(UKAIMOHHBIX TTOKa3aTeleH.

JIJist KaxI0M CLIEHBI IPH JIMHEWHOM TIPeo0pa3oBaHNU U TaMMa-KOIUPOBAHHUH
KKl Kiaccu(UKaTOp HE3aBUCMMO 00ydYasCsli Ha COOTBETCTBYIOIIEM 0a30BOM
I'CH 6e3 Bumeocxkatus. OOydeHHE BBITIOIHAIOCH B T€UEHHE 25 30X METOJI0M
Adam [113]. Jns 1IDCNN pa3mep makera TaHHBIX COCTaBIsI 512, mar o0ydeHus —
1072%; n1a NM3DCNN u SSFTT —256 u 10~3 coorserctBenHo. [IpocTpaHcTBEHHO-
CIEKTpaIbHBIC KJIACCH(PUKATOPHI MCIIOIH30BaIU BXOJHBIE (hparMeHTHl pa3zMepoM
5% 5 mwmkceneit. IlapameTpsl kiaccupukaTopa BBIOMPAIHCH IO HaWOOJBIICH
B3BenieHHOW F1-Mepe Ha BanumanroHHON BEIOOPKE.

Kinaccuduxarop npumensiicsa k 6azoBomy I'CH u k I'CH, BoccTaHOBIEHHBIM

IOCJIC CXKAaTHs KaKAbIM BUACOKOACKOM IIPHU BCCX 3aJaHHBIX 3HAYCHUAX ITAPpaMCTPOB.


https://ffmpeg.org/doxygen/7.1/pixfmt_8h_source.html#l00073
https://ffmpeg.org/doxygen/7.1/pixfmt_8h_source.html#l00073
https://ffmpeg.org/doxygen/7.1/pixfmt_8h_source.html#l00671
https://ffmpeg.org/doxygen/7.1/pixfmt_8h_source.html#l00671
https://ffmpeg.org/ffmpeg-codecs.html#:~:text=color_range%20integer
https://ffmpeg.org/ffmpeg-codecs.html#:~:text=color_range%20integer
https://docs.opencv.org/4.13.0/de/d25/imgproc_color_conversions.html
https://docs.opencv.org/4.13.0/de/d25/imgproc_color_conversions.html
https://arxiv.org/pdf/1412.6980#page=2
https://arxiv.org/pdf/1412.6980#page=2
https://arxiv.org/pdf/1412.6980#page=2
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B npenenax xkaXmou CLEHBI OLICHKA BBIMIOJHSUIACH HA OJTHOW M TOW XK€ TECTOBOU
BBEIOOpKE 1O o0mmied TouHocTH Kinaccupukammun OA u B3BemenHou Fl-mepe,
onpeAen€éHHbiIM B TyHKTax 1.2.1 um 1.5.2 coorBercTBeHHO. lIpencraBieHHbIC
3HaueHus: OA sBISIIOTCS CpeIHUMU 10 TpEM 3amyckam. [lokazarenu pazdpoca He

IIPUBOAATCA.

2.4.2 HaGopsl JaHHBIX U PE3YyJIbTAThl SKCIEPUMEHTAIBHOIO UCCIEAOBAHUS

Ha pucynke 2.25 npencraBiensl 3aBucumMoctd OA OT mapamMeTpoB CxKaTHUS
st 'CU neuatHo# kKanruOpOBOYHOM CIIEHBI (2) ¥ TECTOBOM CIIEHBI U3 TSATH KJIACCOB
(6). ITokazanbl coueranuss 1DCNN c¢ H.264, NM3DCNN ¢ H.265 u SSFTT c
MIJPEG. Jlng xaxJIoro codeTaHusi COMOCTaBJICHBI JIMHEHHOE MpeoOpa3oBaHUE U
raMmma-KoJAupoBaHue MUQPPOBBIX OTCUETOB. O003HAUEHUE «C TaMMa-KOPPEKIUEi»
Ha Trpadukax COOTBETCTBYET OMNHMCAaHHOMY B NyHKTe 2.4.1 BapuaHTy Cc ramma-

KOOIUPOBAHUCM U O6paTHI>IM Hp€O6pa30BaHHGM IMOCJIC ICKOOANPOBAHUA.
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To4YyHOCTb HAa KanubpoBOYHOM CueHe
Bnuanwve cxaTtua
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Pucynok 2.25 — 3aBucumoctu OA ot napametpoB cxkatust At I'CU neuatHo!
KaIMOPOBOYHOM () M TeCTOBOM (0) CIIeH; cpeIHrEe 3HAUCHUS 110 TPEM 3aITyCKaM

Hnst couetanust IDCNN ¢ H.264 npu ramma-koaupoBanun OA Ha o0enx
cieHax uMensiercs: cinabo npu yBenuueHur CRF ot 18 no 42 u cHukaeTcst npu
CRF = 48. Ilpu nuneitHOM mpeoOpa30BaHUU 3aBUCUMOCTH Pa3IMYalOTCs: Ha
KaTMOPOBOYHOM crieHe cHUkeHue HaOmogaeTcs yxe npu CRF = 42, mocne yero
TOYHOCTh MPAKTHUYECKU COXPAHSAETCS; Ha TECTOBOM ClleHe HanboJjiee BhIPAXKEHHOE
camxenne npoucxoaut npu CRF = 48. Jlns couerannss NM3DCNN ¢ H.265 npu
ramMma-koaupoBanuu OA Ha 00eux ciieHax ci1abo Bo3pacrtaet npu nepexojne k CRF
= 42 u nanee mpakTUYeCKW He m3MmeHsiercs. [Ipu nuHelHoOM mpeoOpa3oBaHUM Ha

obenx creHax Habmomaercs cHmwkenne OA npu CRF = 48.
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st coueranus SSFTT ¢ MJIPEG npu nuneiitnoMm npeobpazoBanuu OA Ha
KaJTUOPOBOYHOM CIIEHE CHUKAETCS MPEUMYIIIECTBEHHO MPH MEePEXoe OT q =2 K q =
8, a 3areM NPAKTUYECKHM coxpaHserca. Ha TecTOoBOM CHEHE CHH)KECHHE
IIPOJOJDKAETCA 10 NPEANOCIEIHET0 UCCIEA0BAaHHOTO 3HadeHusa (. [Ipm ramma-
KOAMPOBAaHUH 3aBUCUMOCTH Ha 00€HMX CLIEHaX HEMOHOTOHHBI; IIPU NEPEXOE K ABYM
MOCJIETHUM 3HAYEHUSM ( TOYHOCTh CTAHOBUTCS HUXKE, ueM pu q = 16. Ha kaxnoi
cueHe 3HadeHuss OA B ABYX MOCIEIHUX PEKUMAX MPAKTUYECKU COBNANAIOT. Takum
oOpa3oM, Ha rpadukax HpPOCIEKUBAETCS CXOJICTBO OOIIMX TEHACHLMH, OJHAKO
ITOJIO’KEHHE OTIEIBbHBIX YYaCTKOB CHUKEHHS U MX BBIPAKEHHOCTh PA3IUYatOTCs.

CormoctaBieHue MPEACTaBICHHBIX 3aBUCHUMOCTEH TO3BOJISIET BBIACIHTH
obmue ocodeHHocTy u3mMeHeHus: OA Ha KaaTuOpOBOYHOM M TECTOBOM CLiEHAX IpH
BapbUPOBaHUU MapameTpoB cxkatud. Bo3moxxHOoCTh BhIOOpa mapamerpoB o ['CHU
NEYaTHOM KaTMOpOBOYHOM CIIEHBI OLIEHUBAETCS 10 BOCIPOU3BENEHUIO 3THUX
0COOEHHOCTEH Ha OTACIIFHOM TECTOBOM CIICHE; COBHAICHUE a0COIMIOTHRIX 3HAUYCHUHN

OA npu 3TOM HE MPEANOJIaraeTcsl.

2.5 O0cy:x1eHne pe3yabTaTOB

OKCIEPUMEHT CO CXaTheM JaHHBIX BHUJCOKOJEKaMU XapaKTepHU3yeT
YCTOMYMBOCTh TPENBAPUTEILHO OOYUYEHHOTO KiaccudukaTtopa K H3MEHEHUSIM
BXOAHBIX naHHbIX. [IpencraBnenHbie 3aBucumoctd (OA  Ha  Me4YaTHOU
KaIMOPOBOYHON M TECTOBOM CIIEHAX MMEIOT CXOAHBbIE OOIIME TEHACHIIUHU, XOTS
BBIPDQKEHHOCTh CHWIKEHHUSI TOYHOCTM M OTHEIbHBIE YYacCTKH 3aBHCHUMOCTEN
paznmuuaroTcsa. B akcmepuMmeHTax ¢ BpEMEHEM JKCHO3UIMM UM YCUJICHUEM
KJ1accu(uraTopbl 00yJaIMCh HE3ABUCUMO JIJIS1 KAKIOW CIICHBI U KaXKJIO0TO PEKUMA.
CokpallleHMe SKCHO3UIMU € KOMIICHCUPYIOUIUM  YBEIMYEHUEM YCHIICHUS
conpoBoxanock obmuM cHuxkeHnuemM OA s IDCNN u SSFTT, Torma kak
touHocTh NM3DCNN wusmensutach cnabee. [lpu ukcupoBaHHOW 3KCMO3UIUAN
0,357 Mc mepexon OT €IMHUYHOTO YCHWIJICHUSI K YCWIEHHIO 16 compoBoOXpascs
noBeilieHneM OA Bcex TpEX Kiaccu(UKATOPOB Ha OOEUX CLEHAx, MPU STOM

3daBHUCUMOCTHU HC BO BCCX CIIydasax OBUIM MOHOTOHHBIMH. I[EU'II)HGIZH.ICG YBCIIMYCHUC
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ycunenust 10 28 cam3mio OA xaxgoro kiaccudukaropa Ha 0,60 mpoIeHTHOTO
IyHKTa Ha 00€HX cueHax. B cepuum C COKpalleHWeM SKCHO3ULUU NEPEXOA OT
pexuma 0,625 Mc u ycunenus 16 x pexumy 0,357 MC U ycuJieHUsT 28 TaKke
compoBokaaincs camxkenneM OA Ha kaymOpoBouHoit criere: Ha 0,60; 0,70 u 0,80
npoueHTHoro nmyHkTa misit IDCNN, NM3DCNN u SSFTT cootBercTBeHHO. [li4
PAaCCMOTPEHHBIX yCJIOBUM 3HaueHHWe 16 MNpPHUHATO KakK «BEpPXHsSsA TpaHUIlA
PEKOMEHAYEMOro auara3oHa ycuwieHus». KOHKpeTHOe 3HAaUY€HUE BHYTPU STOTO
JMana3oHa BBIOMpaeTcs ¢ y4€TOM KilacCU(PUKATOpa M BPEMEHH JKCIO3ULIUU TI0
pesynbratram  kinaccudukaumu  ['CHM  nedatHoil  KaJMOpOBOYHOM  CIICHBI.
Conocrapiienne xapakrepa uaMmeHeHus OA Ha JIByX CliEHaX MO3BOJIIET OIIEHUBATh
BO3MOXKHOCTh BBIOOpa mapameTpoB cxatuss U cbéMku 1o ['CHM mnedatHoi
KaJIMOPOBOYHOM CLIeHbI. Pe3ysibTaThl peacTaBiaeHbl CpeIHUMU 3HaueHUsIMU OA 1o

TPEM 3aIlyCKaM.
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2.6 BeiBoabI K 1J1aBe 2

1. PazpaboTanbl anropuTMbl HACTPOMKH CIEKTPaIbHON TMpenoOpaboTKu
['CH, coBMecTHO ompenenstomue Kod(PPUIUEHTh CHEKTPAIbHOW CBEPTKU U
IPOrPaMMHYIO MTONPABKY YPOBHS YEPHOIO AHAIUTUYECKH JIMOO C y4ETOM 3aJauu
MORJIEMEHTHON  Kiaccuukanuu. B JIOMONMHUTENbHBIX  HMCCIENOBAHUAX IO
BanuaarmonHon OA BeIOpaHbl qyinHa okHA GuibTpa CaBumkoro—I ones (5 kaHaIoB)
U 3Ha4YeHHs A KoMOnHMpoBaHHOU (yHKIMU noteps: 0,1 mpu HacTpoiike ¢ IDCNN,
0,01 ¢ NM3DCNN u 1 ¢ SSFTT. ConocraBineHue pe3yJlbTaTOB OCHOBHOW M
JIOTIOJIHUTENIHLHBIX CEPUIl HOCUT OMHCATEIbHBIN XapakTep, MOCKOJIbKY MapaMeTphbl
OOy4eHHMSI 3TUX CEPUM pa3InyaIuCh.

2. Cpean pacCMOTPEHHBIX BapHUaHTOB CIIEKTPAJIbHON MpeaoOpaboTku
HauOonbime cpeagnue OA u B3BenieHHas Fl-mepa mostyueHbl IpU HACTpoOMKe ¢
1DCNN no komOuHupoBanHoMy kputeputo ipu A = 0,1 u onierke ¢ SSFTT: 97,37
% u 97,36 % coorBeTrcTBeHHO. IIpUpOCTHI OTHOCHUTENHLHO BapuaHTa 0e€3
JOTIOJTHUTENBHOU MpeaoOpadboTku coctaBuiu 3,32 u 3,18 NpOLIEHTHOIrO MyHKTA.
PSNR Mexny cpeaHUMU CIEKTPaIbHBIMUA BEKTOPaMHU KJ1accoB yBennumiics Ha 0,695
anb 1o 24,104 nab. Ilpu yka3aHHOM COYETaHUM KJIACCU(UKATOPOB U
KOMOWMHUPOBAaHHOM KPUTEPUHU HACTPOWKH ToTy4yeHa Oosee Bbicokas cpeansis OA,
YeM MpU NTPUMEHEHHH HEHPOCETEBbIX aHAJIOrOB HAa ocHOBE Mozeneil DeSpaWN u
DeCWN B pacCMOTPEHHBIX COOTBETCTBYIOIIUX KOH(UTYpaLIUsX.

3. Ilpn aHaTUTHYECKOM OTpEICIICHUH TapamMeTpoB I'peOHEBON perpeccucit
TOYHOCTh M B3BelleHHas Fl-mepa mnpeBblIaii TOKa3aTeaud BapuaHTa 0e3
JOTIOTHUTEIHHOU MpeoOpad0oTKH BO BCEX MATH PACCMOTPEHHBIX COYETAHMSIX
kimaccudukaTopoB. PSNR cocrasun 24,016 ab, uto Ha 0,607 n1b BbIe 3HAYCHUS
0e3 ponoauuTenbHor npenoopadorku. [ coueranuss SSFTT-SSFTT rpe6ueBoi
perpeccuyu  COOTBETCTBOBAJO  Ooyiee  BBICOKOe  3HaueHne PSNR, uyem
KOMOMHUpOBaHHOMY KpuTepuio npu A = 1 (24,016 u 23,677 nb), npu MeHbllen
touHocTH (0,9509 u 0,9622). CnenoBarensHo, HauOosbiieMy PSNR He Bcerna

COOTBETCTBOBAjIa HAMOOIbIIAsT TOYHOCTb.
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4. Tlpn npuMeHEeHUU HACTPOeHHOH npenoOpadboTku coBMecTHO ¢ SVM, kNN
u MLP nauGonsimas cpeansiss OA st KaK10M MOJICNIN MOTy4YeHa MOCIe HACTPOUKHU
c IDCNN mno koMmOunupoBaHHomy kputeputo npu A = 0,1. Ilpupoctet OA
OTHOCHTEJIHHO BapwaHTa 0e3 JOMOITHHUTEILHON mpenoopadoTku coctaBmwin 11,85;
0,72 m 1,22 nOpolEHTHOrO ITyHKTa COOTBETCTBEHHO. B3BemienHas FI1-mepa
noBeicwiiack Ha 13,38 mpouentHoro myHkra migs SVM u cHusminace Ha 0,08
nporeHTHoro myHkTa Juist KNN u MLP. Takum o6pa3zom, moka3aHa BO3MOXHOCTh
pUMEHEHHST KOA(DPUITMEHTOB MPpeoOpadoTKH ¢ Ki1accupuKaTopaMu, OTINYHBIMU
OT MCHOJIb30BAHHOT'O MPH HACTPOUKE, ¢ oBbIeHuEM OA.

5. O1leHEeHbl YHCIIO TapaMeTpoB KIACCU(DUKATOPOB U BPEMsl HX MPSMOTO
IpoxXoJa B 33JaHHBIX BBIUMCIUTENBHBIX KOHPUrypamusx. s momyms
npeaoOpaboTKU € SAPOM CIEKTPAIbHONW CBEPTKU JJIMHONW 7 KaHAJIOB BpeMs
MPUMEHEHUS K nmakeTy JaHHbiX u3 4096 criektpos coctaBuiio 0,534 + 0,027 mMc npu
pasmemienun Bxona Ha GPU u 1,757 + 0,112 Mc ¢ nepenayeit BXoaa U pe3ysbpTara
mexkny CPU u GPU. Knaccudukatop B u3MepeHue BpeMeHH MpeaoOpaboTKu He
Biumovasics. [IpuBenénnpie u3MepeHus: He BKIOUYalOT oOyudenue, urenne ['CU u
MOCTPOEHUE MPOCTPAHCTBEHHBIX (DPArMEHTOB.

6. [Ipy u3MeHeHUM MapaMeTpOB CXKATHsl HA TEYATHOM KaauOpOBOYHOU U
TECTOBOM CLIEHaX HaOJII01aJIUCh CXOJHbIE OOIINE TeHACHIUN U3MEHEHHSI TOYHOCTH.
B 0OJbIIMHCTBE PACCMOTPEHHBIX COYETAHUN YCUIIEHHE CHKaTHsl COMPOBOXKIANIOCH
cHmkeHnem touyHoct; i NM3DCNN ¢ H.265 npu ramma-kogupOBaHUU
HaOmonaiock HeOonbiioe mnoBbiieHHe OA. BBIpaXEHHOCTh M IMOJIOKEHUE
OTZIEJIbHBIX YYaCTKOB CHHKEHUSI TOYHOCTH HA JIBYX CLIEHAX Pa3JINYajiuCh.

7. B BBIUMCINUTEILHOM 3KCIEPUMEHTE COKPAILEHHE BPEMEHH 3KCHO3ULIUU C
10 mo 0,357 mMc nipu yBeJIMUEHUHN yCUIICHUS € 1 10 28 CONMPOBOKIAIOCH CHUKEHUEM
OA Ha medaTHOW KalIMOPOBOYHOM W TECTOBOW cIrieHaX. Ha TecToBOil cIieHe
camwkenue coctaBwio 1,81; 0,90 u 2,51 npouentHoro myHkra s 1DCNN,
NM3DCNN u SSFTT cootBercTBeHHO. COoXpaHeHHE CPeAHETO U(POBOro OTCUETA
OpU  COKpAIIeHWH OKCIO3UIUMU HE O0ECHeumsio COXpaHeHHs TOYHOCTH

KJIacCCU(UKAIIUH.
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8. [Ipu ¢ukcupoBanHom BpemeHu »dkcrno3uiuu 0,357 Mc yBenmuueHue
ycunenus ¢ 1 go 16 noeicuino OA Ha TecToBo#l cuieHe Ha 0,96; 0,67 u 0,48
nponeHTHoro nyHkra g 1DCNN, NM3DCNN u SSFTT coorBerctBenHo. IIpu
JanbHenIeM yBennueHun ycuieHus 1o 28 OA Bcex TpEX KiIacCH(PUKATOPOB Ha
KOKJI0M U3 IBYX ClieH cHu3uiach Ha 0,60 MPOIEHTHOrO0 MYHKTa OTHOCHUTEIHHO
ycunenns 16. Hambompmas OA mms IDCNN momydena mpu ycuieHuu 8. B
PAaCCMOTPEHHBIX YCIOBHSIX BBIOOp YCHJIEHHSA LEIECOO0Pa3HO OrPAaHHYUTH
nuanazoHoM 1-16, omnpenensis KOHKpPETHOE 3HAY€HHWE IO  pe3yJibTaTaM
knaccupukanuu I'CH neyaTHON KaJIMOPOBOYHOM CLICHBI.

9. Meronuka (QopMHUpOBaHUS U TNPUMEHEHMsI MEYATHOW KalIuOpPOBOYHOMN
CIIeHbl, pa3paboTaHHass B TEpPBOM IJIaBe, HCIOJb30BaHA JJIsi HACTPOUKH
cnektpanbHoi mpeaoOpadotkn ['CHM m wucciemnoBaHus BO3MOKHOCTH BbIOOpa
napaMeTpoB CbEMKH U CKAaTUs 110 TOYHOCTH Kiaccudukanuu. [IpoTokon HacTpoiiku
npeaoOpabOTKH MO KaTuOPOBOYHOM CIIEHE U OLICHKU €€ TPUMEHEHUS Ha OT/IeJIbHOU
TECTOBO CILIEHE CIYKUT OCHOBOM I HKCIEPUMEHTAJIBHOTO HCCIEI0BAHUSA
o0ydaeMoil MO3ULIMOHHO-3aBUCUMON KOPPEKLIUH OTKJIMKA T'MIIEPCHEKTPOMETpa B

TPEThEN TIII1aBe.
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I'JTABA 3. OBYHAEMASA NIO3UIIMOHHO-3ABUCUMASA KOPPEKIIUA
IMPOCTPAHCTBEHHO-CHHEKTPAJIbHBIX NCKAKEHUI
TUINEPCHEKTPAJBHBIX U30BPAKEHUM

B HacTosmieil rnaBe TmpeAcTaBlieH MeETOoJ 0O0y4aeMoOM MO3WIIMOHHO-
3apucumoil koppekuuu ['CHM ¢ wucnoib3oBaHMEM KadHMOpPOBOUYHBIX — CIIOEB.
Pa3zpaboranHas B mepBoii ri1aBe MeToAuKa (P OpMUPOBAHUS U IPUMEHEHUS ITeYaTHOU
KaJTUOPOBOYHOM CIIEHBI MCIIONIB3YETCS TSl HACTPOUKHU KO3(PPHUIIMEHTOB KOPPEKLIUU
C yd€TOM TOYHOCTH IMO3JeMEHTHOM kinaccudukamuu. Koppekrupyromue
KO3((PUILIMEHTHI 3aBUCAT OT MOJOXKEHUS BJIOJIb H300paKeHUs 1IeJIeBOM Auadparmbl
U CHEKTPAIBHOIO KAaHAJa MW ONPENENSIOTCS 10  CHEKTPajJbHBIM U
KJIACCU(PUKAUMOHHBIM  KpuTepusiM. Koppekius BBINOJIHAETCS YMHOXXEHHUEM
HM(POBBIX OTCUYETOB HA COOTBETCTBYIOIIHME KalHMOpPOBOUYHBIE KOA(D(OUIIMEHTHI.
PaccMmatpuBaroTCs ABE NOCTAHOBKU: KOPPEKLUS OTHOCUTEIBHO OIOPHBIX CIIEKTPOB
KJIACCOB  KaJMOpOBOYHOW CIEHbl pa3pabOTaHHOTO THUIIEPCIEKTpOMETpa U
KOPPEKIUS MO CPEeAHUM CIHEKTpaM COOTBETCTBYIOIIMX KiaccoB Specim IQ mpu
MEXMNPUOOPHOM COMNOCTaBICHUH. B skcnepuMeHTax BIMSHUE KOPPEKLHUU Ha
TOYHOCTb MO3JIEMEHTHOM KilacCU(UKAIIMU OLIEHUBAETCS HA HE3aBUCHUMBIX TECTOBBIX

creHax. JlomomauTenbHO nepBas noctaHoBka nposepsiercst Ha ['CU Specim FX.

3.1 IIpocTpaHcTBeHHO-CIIeKTpaJbHble HcKakenuss I'CU um meToabl

KOPPEeKIUH

3.1.1 ITpocTpaHCTBEHHO-CHEKTPAIBLHOE PACCOTIIACOBAHUE U HEOJTHOPOIHOCTD
YyBCTBUTEIHHOCTH

CnekTpanbHOE PaccoriacoBaHUE — U3MEHEHUE LEHTPAIbHON JJIMHBI BOJIHBI
KaHalla BJOJIb KOOpPJMHATBI X H300paxeHus mead. OTHOCUTEIbHO OINOPHOU

KOOPIMHATBI Xp.of CMELIEHNE PABHO dgpm 1 (x) = A(x) — A(xpef) [16] (pucyHnoK 3.1).
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Smile: cnekTpanbHoe paccornacoBaHue BOOAb LENU

NNOCKOCTh ROTONPHEMHIKS

n ERNEE o

A — cnekTpansbHas KoopauHaTa
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1
1
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wenesas auatpparma

% — NPOCTPAHCTBEHHAA KOOPAWHATA BAO/E N306DaXEHNS LWenu
dsm (%) — CMELIEHNE 3APErNCTPUPOBAHHONO MONOKEHUA CIEKTPANbHOM IUHIK
OTHOCUTENLHO €8 NONMKEHUA & ONOPHOM NONEPEUHOM MUKCENS Xy

PI/ICYHOK 3.1 — Cxema u3MeHEHUS HGHTpaHBHOﬁ JJIWHBI BOJIHBI KaHaJda BJ0JIb IIC/IN

Hns runepcnektpomerpa Hyperion Ha cmytHuke EO-1 cnektpanbHOe
paccoriacoBanue B 41-M kaHalie onpenesuid Mo MOoJIOCe MOTIIOMIEHUs KUCIopoaa
npu 762,6 um [16]. Jlng naGopaTOpHBIX Kamep HCHOJb30BaIU CIEKTPAJIbHbBIC
O0COOCHHOCTH TE€CTOBBIX M300pakeHuH [127] miau moI0KEHNUS SMUCCUOHHBIX JTUHUN
[128], BO BTOpOM cily4a€ yYHWTHIBAIM TAK)KE€ HAKIOH JUHUU H3-3a HECOOCHOCTH
mienu [ 128].

MexKkaHalbHOE TMPOCTPAHCTBEHHOE  PAacCOriiacOBaHUE —  CMEUICHUE
M300paKEHUsI y4acTKa CIEHBbI BIOJIb IIEIW MPU U3MEHEHUM JJIMHBI BOJHBI. J[7s

koopauHaThl neHTpa ®PT x (1) 1 ONOPHO¥ JTMHBI BOJHBI Ag OHO PAaBHO diey (1) =
x.(1) — x.(Ay) [16] (pucyHoK 3.2).

Keystone: Me)XxkKaHanbHOe NMPOCTPAHCTBEHHOE paccoriacoBaHue
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¥ — MPOCTPAHCTBEHHAN KOOPAMHATA BAOML W306PaXeHNA Wenu
dyeylAz) — cmellenne ueHTponaa SPSF & kaHane A;
OTHOCUTE/ILHO 2ro NONDKEHMA B ONOPHOM KaHane Ag.

Pucynok 3.2 — CxeMa MeKKaHaJIbHOT'O MPOCTPAHCTBEHHOTO CMEILICHUS
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JIist cmyTHUKOBOTO TuriepcnekTpomeTpa Hyperion cMmemieHus ompenessim
oTHocUTeNbHO KaHasma 31 (660,9 M) [16], nns nmabopaTOpHBIX Kamep — MO
n3o0paxkeHussM 4€pHbIX Tooc [127]. B BBIUMCIUTENIBHOM SKCIEPUMEHTE
KyOudecKkas CIUIAaH-WHTEPIIONAIUS Jaja JIYUYIIHd pe3yiabTaT KOPPEKIH, 4YeM
nuHerHas [129].

[IpocTpaHCTBEHHOE paccoryiacOBaHUE OINPEEAETCS HE TOJbKO CMEIICHUEM
nentpa OPT, HO u u3MeHeHneM e€ IMUPHUHBI U (POPMBI MEXITY CIEKTPATbHBIMU
kaHaimamu [20]. B pabGore [19] nnd COBMECTHOM XapaKTEPUCTUKH OSTHUX
COCTaBIISIIOIIMX HCCIIEIOBAHO H300paKEHHE TMMOJUXPOMATHYECKOTO TOYEYHOTO
UCTOYHUKA, CGOpMHUpOBaHHOE Ha  (HOTOMPUEMHONM  MATpHUIE  MIEIEBOTO
runepcnekTpoMmerpa. B pabore [1] mist pazpaboTaHHOTO THIEPCIEKTPOMETpa 10
MPOCTPAHCTBEHHOM  CHEKTpOrpaMMe TOYEYHOTO HMCTOYHHMKA  YCTAHOBJICHBI
n3MmeHeHue popmbl ®PT 1 OTKIIOHEHUE PACTIONOKEHUS €€ IIEHTPOB OT MPSIMOM MPHU

PAa3HBIX ITOJOKCHUAX NCTOYHUKA BJOJIb IICIIN.

Cnexmput 6 nepaom
nopsoKe oughpaxuyuu

J=26 ) =533 =900

=22 =531 Y.

' — j
Pucynok 3.3 — smenenue popmer ®PT u oTKII0HEHHE pacoioxKeHUs €€ IEHTPOB
OT MPSIMOU MPU PA3THUYHBIX MOJOKESHUSIX TOUYSYHOTO UCTOYHUKA BIOJb 1Ieiu [ 1]

Ha pucynke 3.3 moka3aHo, 4YTO IpH M3MEHEHUU CHEKTPAIBHOIO KaHalla k
U3MEHSIOTCS KOopAmHaTa j rieHTpa u hopma npoctpanctBennoit ®PT [1, 20]. Takoe
IPOCTPAHCTBEHHOE  PACCOINIaCOBaHUE CJEeAyeT OTJIMYaTh OT HW3MEHEHUs
LIEHTPAJIbHOM JITMHBI BOJHBI KaHAJIA B 3aBUCUMOCTH OT KOOPAWHATHI j BIOJIb 1IN

[16].
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HeonHOpomHOCT ~ 4YyBCTBUTEIIBHOCTH  MCCIEIOBAHA IO  CHEKTpam
PaBHOMEPHO OCBEIIEHHOTO OENOro TECTOBOTO OOBEKTa M MOHOXPOMATHUECKOTO
UCTOYHUKA C JIMHOW BOJIHBI 640 HM. IloyOXEHHs JIOKaJIbHBIX SKCTPEMYMOB
CIIEKTPOB O€JIOr0 TECTOBOTO 00BEKTa, YCPEeAHEHHBIX MO 50 CTpPOUYHBIM cpe3am
(pucyHok 3.4), 3aBUCENIM OT KOOPAUHATHI j, TOTJA KakK IOJOXKEHUE MaKCUMyMma

MOHOXPOMATHYECKOTO UCTOYHUKA OT He€ He 3aBuceno [1].

CnekTpbl benoro TectoBoro obbekTa npu pasnnyHbIX 3HAYEHUAX |

MonoxeHwne j = 100

fﬁ\ ““\J \ MonoxeHwve j = 250
Vo l/aV A ‘1‘ MonoxkeHwe j = 500
1281 ol AT V‘/\/i_\‘f ; 4 —— Tonoxehue j = 700

NonoxeHwe j = 850

3Ha4YeHne curHana
N

Homep cnekTpansHoro kaHana k

Pucynok 3.4 — Cnektpbl 0€710ro TeCTOBOI0o 00bEKTa MPU PA3TUUHBIX 3HAYECHUSAX
KOOPJIMHATHI j C OTMEYEHHBIMU JIOKAJIbHBIMU 3KCTPEMYMaMHU; pe3yJIbTatT
ycpennenus S0 ctpounbix cpesos (1o [1])

[Tocnie HopMUPOBKY CIIeKTPoB B auana3oH ot 0 1o 1 pasnuuust ux GopMsl U
MOJIOKEHUM  JIOKAIBHBIX JOKCTPEMYMOB COXPaHSJIMCh: M1 KaHainoB 60-145
cmernieHne cocrapisio 10-12 uM, a B o6nactu nunuu @paynrodepa A ¢ IauHOM

BOJIHBI 760 HM — He Oonee 2,5 HM.

HOpMVIpOBaHHbIE CrNeKTpbl 6enoro TectoBoro obbekTa MpW pasjin4yHbIX 3HA4€HWNAX j

\ ] A 0OJI0XKEeHue j =
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9. ;] l_\l_,, \
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Homep cnekTpasbHoro kaHana k

Pucynox 3.5 — HopmupoBanusie B muamna3on oT 0 70 1 ciekTpsl 6€10ro TeCTOBOTO
00BEKTa MPU PA3TUUHBIX 3HAYCHHUSIX KOOPIUHATHI j: KPACHBIM BBIJICJICHBI 00JIaCTH
3HAYUTETBHOTO CMEUIEHUS JIOKAIBHBIX 3KCTPEMYMOB, 3€JIEHBIM — 00J1acTh 0€3
cMenieHui [1]
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B mopenu [130] cBer kaxxaoro 3jeMeHTa CLUEHbl PAaBHOMEPHO 3aIOJIHSAET
COOTBETCTBYIOIIMKA 3JIEMEHT Iieid. [[pocTpaHCTBEHHBIE CMEUIEHUS U Pa3MbITHE

qu/ITI)IBaIOTCH KOS(b(bI/IHHeHTaMH CMCHICHUA qmn:
R _ N —
Em _anl an E‘n' m = 1r"'rM) (31)

rae ER — sHeprus, 3aperncTpUpOBaHHAS M-M MUKCENEM; (,y,y, — JOJS SHEPTHH N-TO
AJIEMEHTA CLIEHBI, pETUCTPpUpYyEMasi STUM NUKceneM; E, — sHeprus, mocrymnaromas
OT JaHHOTO JIeMeHTa ciieHbp; n = 1,..., N m =1, ..., M; N u M —ynucja >JIeMCHTOB
CUeHbl M TnuKcened npuéMHuka. Bepxuuii uHaekc R o0Oo3Hauaer
3apEruCcTPUPOBAHHYIO SHEPTHIO. CHUCTEMY pelIaloT OTEIbHO JJI KaXK/I0r0 KaHasa.

B pabote [42] reomeTpuueckoe oToOpakeHre OObEIUHEHO C TO3UIIMOHHO-
3aBUCUMBIM Pa3MbITHEM:

I(u,w) = ﬂaD(u,w) [T(g(8,2)) * SRF(v, w) * SIRF(v, w)] (v, w) dv dw + e(u, w), (3.2)
rae I(u,w) — usmepennoe 3uauenue; dD(u,w) — 00JacTh COOTBETCTBYIOIIETO
nukcenst; g(6,4) — pacnpeneneHue curHaia oObekTa; T — OTOOpa)KCHHE B
KOOpAMHATEl VU, @ Iwiockoctn wu3o0paxenus; SRF(v,w) um SiRF(v,w) -
CIIeKTpalibHasi M MPOCTPAHCTBEHHAs (DYHKIUM OTKJIHMKA;, * — CBEPTKa; £(u,w) —
omuOKa MOJCIIH.

CnekTpanbHasi ¥ TNPOCTPAaHCTBEHHAass (YHKIMU OTKIMKA CUYUTAIOTCS
MOCTOSSHHBIMU ~ JIUIITb  JIOKaJdbHO [42], WX OLEHUBAIOT IO KaJuOPOBOYHBIM
U300pKEHUSIM U UCTIOJIB3YIOT MPU YCTPAHEHUU pa3MbITus [43].

PaccmoTpeHHbIE MOAENIM  OMUCHIBAIOT CMEIICHUS  CIEKTpPaIbHOU U
MIPOCTPAHCTBEHHOM ITKaJI, MPOCTPAHCTBEHHOE CMEIICHUE W M3MEHEHUE (PYHKITUI

OTKJIMKA.
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3.1.2 KamubpoBka 10 O0OO0BEKTaM C H3BECTHBIMU CIEKTPaJIbHBIMU
XapaKTepUCTUKAMU
Jlns aBuarmonHoro runepcrektpomerpa AVIRIS-NG pagmomerpuyeckoe

npeobpazoBanue umeet Buj [41]:

LFPA(/L x) = [D(/L X) - a(/L X)],B(A, X), (33)

riae Lgpa (4, Xx) — sHepretudeckas spkoctb; D (4, x) — mudpoBoii oTcuér; a4, x) —
annutuBHas  mompaBka; fS(A,x) —  KOIDOHUIHEHT  PaTUOMETPUYECKOTO
npeoOpa3oBanus. 31aech (A, X) yuuThIBaCT TEMHBIM CHTHAJ W CABHUI HYJIEBOTO
ypoBHs, a B(A,Xx) — CHEKTPAIbHYI0 UYyBCTBUTCIBHOCTh U €€ MO3HIIMOHHO-
3aBUCUMYIO COCTaBJISIIOILYIO St (4, x) [41].

[lo wu300paxkeHuto O€IOro HTaJOHA YYUTHIBAIOT COBMECTHOE BIIMSHHE
OCBEIICHUS M YyBCTBUTEIBHOCTH MPHUOOPA, a MO0 TEMHOMY KaJIpy — aJJAMTHBHBIN
curnain. Hopmuposka umeer Bug [131]:

. 1y — SGR-DGK)
RealUo k) = o o0y (3.4)

rne Ry (j, k) — curman oObekTa, HOPMHPOBAHHBEIN MO OEIIOMY A3TaJOHY TOCIE
BBIYUTAHMS TEMHOTO CUTHAJA; | — HOMEP MIPOCTPAHCTBEHHOTO MUKCEJISI BJIOJIb IIETIH;
k — womep cmekrpanpHOTOo KaHama; S(j, k), W(j,k) m D(j,k) — orcuérs
UCCIIEyeMOro 00beKTa, Oeloro JTAJOHHOIO O0beKTa W TEMHOIO Kajapa
COOTBETCTBEHHO. [Ip1 OMHAKOBBIX YCIOBHSIX OCBEIICHUS U PETHCTPAIH 00bEKTa
Y ATajJOHa M U3BECTHOM MACIOPTHOM KO3 PUIMEeHTEe OTpa)xkeHusi OeJIoro srajoHa
pw(k) omenka crnekTpanbHOTO Ko3(pduimeHTa oTpakeHus o0BEKTa MOTydaeTcs
yMHOXKeHHeM npaBoit yacTh (3.4) Ha py (k); Takas 3anuch npuBeaena B [132-133].

B nmaGoparopusix kamepax Specim FX10 u FX17 uzobpaxkenue Oernoro
ATaJIOHa M TEMHBIN KaJp ycpeaHsuin 1o BeiOOpke 10 200 KaapoB Mpu 3KCIMO3ULIAN
oobekTa [131]. B 14 cucremax mexiiabopaToOpHOTO UCCAEI0BAHUS ITATIOH 3aITOJTHSIT
nioJie 3penust [134], a B mpOMBINIJIEHHOW YCTaHOBKE MCTIOb30BasIach Oefas moJyioca

0 IIMpUHE KoHBerepa [135].
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[[BeToBbIE  IIKadbl HCMOJB3YIOT ISl  OLICHKM  CIHEKTPaJbHOM MU
KOJIOPUMETPUYECKON TOYHOCTH IO JAeCATH MoJisM [136] u ocTaToOuHOM mapa3uTHOU
3aCBETKU MO cepbIM noJisiM [137], a 00bEKT ¢ TpeMs MOJIIMU OCHOBHBIX LIBETOB U
WU3MEPEHHBIMU CIIEKTPAMU — JIJIs1 KAIMOPOBKM CIEKTPaIbHOM mKaisl [132].

JIns  BBIpaBHUBAHUS YYBCTBHUTEIBHOCTH BJOJb IIEJH HCHOJIb30BaH
PAaBHOMEPHO OCBELIEHHBIA O€iblidi OOBEKT, 3aMOJHSAIONIMN TOJIE 3pPEHHUS;
KOA(PUIIUEHT OTpaKEHUSI OMPEACNIEH MO CBETIO-CEPOMY TOJIO I[BETOBOM IIKAJIBI

[133].

3.1.3 YcnoBus peructpauuu U NEPEHOCUMOCTh KaTuOPOBOYHBIX
K03 bunreHToB

KanuGpoBounbie k03PGUIMEHTHI 3aBUCIT OT peXkUMa peructpanuu. s
IIEJIEBOTO CIEKTPOMETpa IOKa3aHa 3aBHCHUMOCTb OTKJIMKAa OT HKCIO3UIMH U
nuadparmel, a npu temmneparype Boiiie 20 °C — 3aBUCUMOCTh TEMHOTO CUTHAja OT
AKCITO3UIMU U TeMIiepaTypsl [ 138].

Hnsa  runepcnekrpomerpa CHRIS na cnyrauke PROBA  mo 387
nzoopaxkenusiM nipu 1-9 °C ycTaHoOBIIeHa TeMrepaTrypHas 3aBUCUMOCTh TIpoduis
nzo0paxenust menu [17]. Jns xkamepsl Specim FX17e ormedeHa 3aBUCUMOCTH
TEMHOTO CHUTHaJa OT JKCIO3UIIMM, OOBEKT, ITAIOH M TEMHBIA Kaap CIeayeT
pPErUCTPUPOBATH MTPU OJHOW SKCIO3ULINH [7].

HopmupoBanue no 6enoMy 3TalioHy HE YCTpaHseT pas3jinyusl OCBEILECHHS
o0OBeKTa U 3TalioHa npu chéMKe pacteHuit [139] u kopwl nepesweB [140], a Takxke
OCTaTOUYHYIO Mapa3uTHYIO 3aCBETKY Kamepsl Specim 1Q [137].

JIunelinyto HOpMUPOBKY (3.4) caeayeT NIpUMEHSITh MOCIE MPOBEPKHU OTKIIUKA!
y kamepbl Specim FX17¢ oOHapy»eHbl OTKJIOHEHHUs BOJW3HM HachimeHus [7], y
kamepbl HySpex VNIR-1600 HeIMHEWMHOCTh MPaBOM MOJOBUHBI MNPUEMHUKA
npeBbimana 15 % [44]. [Hns runepcnekrpomerpa chnytHuka EnMAP
npeaycMoTpeHa kKaopoBka mpumMepHo 1Mo 10—100 ypoBHSIM BXOJIHOTO U3ITy4YEHUS

U JIOTIOJTHUTEIIbHAS TOIpaBKa MpU OCTATOYHOU HemHenHocTH Oonee 5 % [141].
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B pa6ote [18] mns AISA DUAL u Hyperion nompaBku, HaiileHHbIE O
pa3HbIM CIIEHaM, OBLIM KOPPEIMPOBAaHBI, OJHAKO PEKOMEHJIOBAHO BBIMOJIHATD
pagMOMETpUYECKOe MacIITaOUpOBAaHUE KaXJAOW CIEHbl, HE TpeJrnoaras
HEU3MEHHOCTh Koppekuuu. [lepeHoc KammOpOBOUHBIX KOIPPHUIIMEHTOB TpedyeT
MIPOBEPKH COOTBETCTBUS PEXKMUMA PETUCTPALMU, TEMIIEPATYPbl, OCBELICHUS U
JIMHEWHOCTH OTKJIMKA YCIOBUSAM UX ONIPEACIICHUS.

[lepenocumMocTh  (PUKCHPOBAHHON  PaJIMOMETPUYECKOW  KadHOpPOBKHU
HEIMOCPEICTBEHHO MpoBepeHa i ieneBoro runepcnekrpomerpa AisaEAGLE-IL.
[TapameTpbl paguomMeTpuiecKoi KaatuOpoBku Vic2, onpeaenéHHbIe 10 Ha3eMHbBIM
OTMIOPHBIM OOBEKTAM C U3MEPEHHBIMU XapaKTEPUCTUKAMHU OTPAKEHUS Ha MOJETHOM
auHuU Msh2, 6e3 moBTOpHOM OLIEHKHU MPUMEHSITU K TMHUU Msh1 u k n3o0paxeHuto
Por4, 3apeructpupoBaHHOMY B Apyroil MecTHOCTH yepe3 Heaemto [142]. ns Mshl
TOYHOCTb COOTBETCTBOBANA KauOpoBKke Vicl, onpenenéHHoi 1o 3ToH ke JTMHUY, a
st Por4 nmpumenenne Vic2 HECKOJIBKO MOBBICHIIO TOYHOCTh OTHOCHUTEIBHO
nabopaTopHoil kanmuOpoBku [142]. ATMocdepHble napaMeTpbl OpH  3TOM
OTIPEETSUIM OTIEIBHO JJI KaXJA0ro M300pakeHHUs; CIel0BATEeNIbHO, MPOBEPSIICS
MEePEHOC MapaMeTPOB PATUOMETPUUECKON KaTuOpPOBKM JaTyMKa, HO HE BceH

npoueaypbl Koppekuud [142].

3.1.4 HeiipoceteBble MeToabl Koppekuuu ['CU

B pabore [57] aBTomaTHueckas KOMIIEHCALMS IPOCTPAHCTBEHHO
OJIHOPOJHOTO OCBEUICHUSI MPEACTABI€HA KAaK OIEHHUBAHUE OTpakaTeIbHOMI
cnocooHoct mo wucxoaHoMy I['CH. Oramon ans Specim IQ dopmuposanu
MOCJICIOBATEILHON CHEMKOW CIIEHBI M OOl TMaHeIu C BBIYUTAHUEM TEMHOBOTO
curHana. J[yigs oOLEHMBaHMUS UCIOJb30BaHA HEHUpPOCETEBas MOJENIb Ha OCHOBE
TpaHcopMepa, YUUTHIBAIOIIAsl 3aBUCUMOCTU MEXKY CIIEKTpPaIbHBIMU KaHAJIaMH U
oO0Ire XapaKTepUCTUKH OCBEIIICHUS CIICHbI; KpuTepuii o0yuenus — L1-ommoka.

B pa6ote [143] npeajoxkeHo MPOrHO3UPOBaTh N0 HekanuopoBanHomy I'CHU
MPOCTPAHCTBEHHO-PA3PEIIEHHOE HM300paKEHUE OEoro HTajoHa M BBHIMIOIHATH

MTO3JIEMEHTHOE JICJICHUE BXOJHOIO0 CUTHAJIa HA TPOTHO3. TpEXMEpPHBIN CBEPTOUYHBIN
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aBTOSHKOZEp O0yyand MO CpeAHEMY KBaJpaTy OIIMOKHA BOCCTAHOBJICHHS OENOro
sranona. [Ipu HezaBucumoi mpoepke mo ColorChecker cpemnee kocuHycHOE
CXOJICTBO C ATAJIOHHBIMU criekTpamu coctaBmiio 0,9905; mis pusmdyeckoro 6emoro
stanoHa — 0,9945.

B paccMOTpeHHBIX HEHPOCETEBBIX METOJAX KPUTEpUEM OOYUECHHS CIIYKUT
omuOKa  BOCIPOM3BEACHHUS  OMNOPHOM  pagMOMETPUYECKONM  BEJIMYHHBI:
KodpuIMeHTa OTpaXEHUS B METOJE, NpeIIoXKeHHOM B pabore [57], mmbo
MIPOCTPAHCTBEHHO-PA3PEIIEHHOTO U300paKeHUs OeI0ro TajioHa ik TPEXMEPHON
cBEéprouHoii cetu [143].

B mHactosmieli rmaBe mpemsiaraeTcsi METOJ  MMO3UIIMOHHO-3aBUCHUMOM
koppekiuu ['CM ¢ wucnosb3oBaHMEM 00ydaeMbIX KalMOPOBOYHBIX CIIOEB.
KoadduireHTsl KOppeKIUU 3aBUCST OT MOJ0KEHUS BAOJb 1IEJIEBON quadparmbl U
CIEKTpaJIbHOTO KaHajia. PaccMaTpuBalOTCs JIB€ IIOCTAHOBKM KaJUOpPOBKH:
OTHOCUTEIBHO  ONOPHBIX  CHEKTPOB  KJIACCOB  KAIMOPOBOYHON  CLEHBI
pa3padOTaHHOIO THUIEPCHEKTPOMETPA W OTHOCHUTEIIBHO CPEIHHUX CIEKTPOB
COOTBETCTBYIOIIMX KiaccoB Specim 1Q. B moxpasnerne 3.3 onrcaHpl aHATUTHIECKOE
onpenesieHne Kod(PQUIIMEHTOB METOJAOM TI'peOHEBON perpeccuu M HelpoceTeBas
HACTpoOWKa KaIMOPOBOUYHBIX CJIOEB. [lomyueHnnbie KOdDPUITMEHTH GUKCUPYIOTCS U
MPUMEHSIOTCSI K HE3aBUCUMBIM CIIEHAM ISl OLIEHKH BJIMSHUS KOPPEKIUU Ha

TOYHOCTh M03JIeMeHTHOM Kiaccudukaiuu ['CH.

3.2 Moaesb 1 IOCTAaHOBKH 331a4M NMO3UIIMOHHO-3ABUCUMO KOPPEeKINH

3.2.1 Mopaenb HEOAHOPOIHOCTH YYBCTBUTEIBHOCTU U (QYHKIUS KOPPEKLIUU

B o6o3nauennsx noapasnena 1.1 'CU npencraBisieTcsi TEH30pOM TPETHETO
nopsiaka S(i,j, k), tome i — MPOCTPaHCTBEHHBIA OTCYET BIOJL CKaHUPOBAHMS,
COOTBETCTBYIOIMIA HOMEPY Kazpa, j — UHAEKC MPOCTPAHCTBEHHOI'O OTCUYETA BJIOJb
U300pakeHus 1eneBod auadparmMbl, a kK — HOMEp CIEKTPaJbHOTO KaHala.
CHeKkTpaJibHbI ~ BEKTOP, COOTBETCTBYIOIIMII  OJHOMY IPOCTPAHCTBEHHOMY
nosioxkenuto ['CU, nHazbiBaercs rumnepnukcenom [1]. Tlpu ¢opmupoBanuu i-ro

ctpouHoro cpe3a ['CHU (mpocTpaHCTBEHHOM CHEKTPOrpaMMbl) B IUIOCKOCTH
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dotonpuéMHOil  MaTpuibl  O0pa3yeTcsi ~ HENpephIBHOE  paclpeaesieHue
ocBemiéunoctn  E(A,x,y). Be3 y4éra HEOMHOPOAHOCTH YYBCTBHTEIBHOCTH
TUIIEPCIIEKTPOMETPA OTCUET OMpeAensieTcs BBIPAKEHUEM, NPUBEIAEHHBIM B

noapasnene 1.1 (popmymna (1.2)):

, jb+0,56 kb+0,58
SiGik) = [y o 55 Jer—o5s Jar E A x,0)GQ) dAdy dx, (3.5)

rie S;(j,k) — OTc4ér B OTCYTCTBHE HEOJHOPOJHOCTH YYBCTBUTCIHHOCTH,
MOJIyYeHHBIH Tpu  (HOpMHUpOBaHWH [-TO CcTpodHoro cpe3a ['CU smemeHTOM
doronpuémurka ¢ unaekcamu j, k; E(A, x,y) — pacupenencHne 0CBEMEHHOCTH B
IUTOCKOCTH (POTOMPUEMHUKA; X U Y — KOOPIMHATHI, HAPaBJIEHHBIC BJOJIb OTCYETOB
j u k cooTBeTcTBEeHHO; AA — PETUCTPUPYEMBII THANa30H JIJIMH BOJH;, § — pa3Mep
CTOPOHBI CBETOUYBCTBUTEIBHOMN IIJIOLIA/IKH; b — IIar MeXy LIEHTpaMH IUIOIIAI0K;
G (A1) — ciekTpasibHast 4yBCTBUTEILHOCTh (POTOMPUEMHHKA.

HeonHOpOAHOCT ~ YyBCTBUTENBHOCTH  TUIIEPCHEKTPOMETpa  3aAaércs
dbyukimeit H (x, y), npencTaBIeHHON MPOU3BEICHUEM JBYX COCTaBJstomuX [1]:

H(x,y) = V()T (x,y), (3.6)
rae V(x) — cocTaBisionas, OMUChIBAIOIIAS U3MCHEHUE TIPOITYCKHOM CIIOCOOHOCTH
BIOJIb IesieBoi nuadparmer; T(x,y) — COCTABIAIONIAs, 3aBUCSINAS OT KOOPIHHAT
BJI0JIb 11I€JIEBOM quadparMbl U HAPABIICHUS AUCTIEPCHH.

C yuérom ¢yukiuu H(x,y) 3aperucTpupOBaHHbIN cCUrHaI uMeeT Bu [1]:

. ib+0,56 ~kb+0,56
SEGK) = [ s fen ey S E L% )GV T (x,y) dA dy dx, (3.7)

rne S;(j, k) — 3HaueHMe 3apErvCTPMPOBAHHOTO CTPOYHOIO Cpe3a C YYETOM
HCOJHOPOAHOCTH  YYBCTBHTEIBHOCTH  MPHOOpa; OCTaJbHBIE  O0O3HAYCHHS
COOTBETCTBYIOT BhIpakeHUsIM (3.5) u (3.6).

[Tpu pomyieHun O joKajabHOM TocTostHCTBe GyHkimi V(x) u T(x,y) B

npeaeciaax CBGTOIIYBCTBHTGHBHOP’I IIOMAAKKW HUX BJIUAHHUC MPCACTABIISACTCA
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aucKpeTHbIMU MHOKUTEsIMU V(j) 1 t(j, k). [Ipu aToM nHTerpansHast Mmoaeins (3.7)

npuHUMaet Bun [1]:

rne S;(j,k) — 3mauenme crpouHoro cpesa I'CH 0e3 paccmarpuBaeMoit
HEOJHOPOAHOCTH dyBCcTBHTENbHOCTH; S7(j,k) — coOTBETCTByIOmEe 3HAUYEHHE

3apErUCTPUPOBAHHOIO CTPOYHOIO Cpe3a ¢ y4&ToM 3TOoi HeoaHopomHoctd; v(j) u
t(j,k) — nokampHBIE AMCKpPETHBIC 3HaueHHUs coctaBmstonmx V(x) u T(x,y)
COOTBETCTBEHHO. B nanbreiinem ¢pyuknuio t(j, k) Oyaem 3anuceiBath B Bue ty (j),
paccMaTpuBas k Kak HOMEp CIEKTPaabHOIro KaHajaa. MHOXUTENIb V(j) OMUChIBaeT
U3MCHEHHE  MPOIMYCKHOW  CHOCOOHOCTH  BAOJL  MIENEBOM  Amadparmel,
00YCJIOBIICHHOE H3MEHEHHEM e€ IIMPUHBI, MHOXHTENb t;(j) XapakTepusyer
UCKKCHUEC WHTECHCHUBHOCTH CHTHANA, TIPEINOJOKUTEIBHO CBSI3aHHOE C
n3MmeHenneM (opmbr OPT, BUHBETHPOBAHUEM, CICKTPAIBHBIM IPOITYyCKaHUEM
ONTUYECKON CUCTEMBI U CTIEKTPAIbHON YyBCTBUTEIBHOCTHIO (poTonpuéMHmKa [ 1].

[To3uImoHHO-3aBUCHMAasi KOPPEKITHS 3apETHCTPUPOBAHHBIX CHEKTPATBHBIX
WHTCHCHUBHOCTEH BBIMOIHACTCS MO3JICMEHTHBIM YMHOXXCHHEM CpPe3a CIIEKTPATIbHOTO
KaHasa Ha QyHKIUIO Koppekiuu [1]:

S‘k(lij) = Sk(l']) @ lk(j)' (39)
re S, (i,j) u S (i,j) — 3HAUCHUA HCXOTHOrO U CKOPPEKTHPOBAHHOTO CPE30B k-TO
CIIEKTPAIbHOTO KaHajla COOTBETCTBEHHO; [y, (j) — KoppekTHpyrommuii Ko3(h(HUIUCHT,
TO €CTh 3HaUCHUE (PYHKIIMH KOPPEKIIUH JIJIS CIIEKTPATIBHOTO KaHaIa K Y IMOJI0XKCHHS
J BIOJIb M300pakeHus 1esieBoi auadparmel; () — M03JIEMEHTHOS YMHOKCHHE.
[Mockonbky dyHKIwMs [; (j) HE 3aBUCHT OT MHICKCA CTPOKH I, 111 (PUKCHPOBAHHBIX

J, k oquH u TOT e KoahduImeHT npumMensiercs ko BceM crpokam I'CU [1].



145

CDYHKI_[I/ISI KOppeKHI/II/I HpeI[CTaBJ'IeHa HpOI/ISBeI[eHI/IeM I[BYX COCTAaBJIAKOIINX
[1]:

L) =1P( oy, (3.10)
rac l]({t) (]) npenHa3Haqua JJI1 KOMIICHCAllMK HN3MCEHCHHA HWHTCHCHUBHOCTH,

3aBUCSAIIEr0 OT KOOPAMHAT j U K U IPEACTAaBIEHHOTO COCTaBISIONIEH ty () Momenu

(% .
HCOOHOPOAHOCTH YYBCTBUTCIIbBHOCTH, l](( )(]) NnpcaHasHa4dCHa OJIs1 KOMIICHCAIIUH

cocTarisonieit v(j), XapakTepusyrolleld M3MEHEHUE IMPOIYCKHON CIOCOOHOCTH
BJI0JIb 11IesIeBOM nuadparmsi [1].

Bb100p OMOpHBIX CHEKTPOB U CrOco0 ompenesieHus kodhduiueHToB U (j)
3aBHUCST OT IMOCTAHOBKH 3KCIEpUMEHTa Moadopa kKo3(p@uureHToB kaauOpoBku. B
NyHKTE 3.2.2 paccMaTpuBaeTCs KOPPEKUUsS OTHOCUTEIBHO OIIOPHBIX CHEKTPOB
KJIACCOB KaJIMOPOBOYHOM CILIEHBI, a B MyHKTE 3.2.3 — OTHOCUTEIBHO IaHHBIX JPYroro

TUTIEPCIIEKTPOMETPA.

3.2.2 Koppekiiusi o OMOPHBIM CIEKTPaM KIaCCOB KATMOPOBOYHOM CIIEHBI

B nepBoii moctanoBke QYHKIUS KOPPEKIMU OIIPEAEIAETCS M0 pa3MEUEHHOMY
I'CH xanuOpoBOYHON CLEHBI pa3pabOTaHHOTO runepcnexkTpomerpa. s kaxaoro
Kj1acca opMUPYETCS] ONOPHBIN CIIEKTP: BbIOMpaeTcs Haubosee ApKUil U3 CPeITHUX
CHEKTPOB 3TOr0 Kjacca, pacCUMTaHHBIX Jis Pa3HbIX TMOJIOKEHUH BAOJb

n300pakeHust 1ieneBo Auapparmbl. ONOpHBIE CHEKTPHl BBIYMCIAIOTCS 110
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UCXOAHBIM LU(DpoBbIM oOTcuéTaM kanmubOpoBouHoro ['CHU u dukcupyrorcs 1o
HAaCTPOMKH KOPPEKLUU.

IIpu PpuKCHUPOBaHHBIX KJacce € U MOJIOKEHUH | CpeIHEE 3HAUEHHUE B KAXKIOM
CIEKTPAaTbHOM KaHajle OMNpEAENseTCs YCPEOHEHHEM II0 COOTBETCTBYIOIIUM

IMUKCCJIXIM BAOJIb HAIIPABJICHUA CKAHUPOBAHUA!

1 ..
Scjk = 1o Lienc; S k), |2 ;| >0, (3.11)

rjae EC' j k — 3HAYEHHE CPEITHETO CIICKTPa KJTacca C B IOJI0KCHUH J U KaHaJe k; 02, =
{i 1 y(i,j) = c}—MHOXeCTBO HHIEKCOB CTPOK, IIsI KOTOPBIX MUKCEITh B ITOJOKEHUH
j uMeeT MeTKy Kiacca c; Y(i,j) — MeTKa Kjacca MUKCEs; |.QC' j| — YHCJIO TaKuX
MMUKCETICH.

OHOpHOC ITOJIOXKCHHUC BBI6HpaeTCH OTACIBHO IJII KaXXA0ro Kjacca IIO0

MaKCUMYMY CYMMbI 3HAUEHHI €ro CpeTHEro CIIEKTPa 10 BCEM KaHAJIaM:

. _ K ~
Jrefc = ar'g maXZk=1 Sc,j,ka (3.12)
1<j<]
|2c j|>0
TIE jrefc — OIOPHOE IOJOXKEHUE Ul Kjacca C; J — YUCIIO IOJOXEHHWH BIOJIb

U300pakeHus 1eeBoil nuadparmel; K — 4UCIIO CIIEKTPaIbHBIX KAHAJIOB.
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3HayeHUs] BBIOPAHHOTO CPEAHETO CIEKTpa O0O0pa3ylOT OIMOPHBIM CHEKTp
COOTBETCTBYIOILIETO KJIacca:

e = Sejratoks (3.13)

rIe Scrﬁcf — 3HAYCHHE OIMOPHOTO CIIEKTpa Kjacca ¢ B KaHaie k, oOiee s Bcex

nosioxkeHuit Bnosb menu. [loarenzop I'CU npencraBiser co6oit 4acTh HCXOTHOTO
TEH30pa, COOTBETCTBYIOIIYIO MPOCTPAHCTBEHHOW OOJACTH 3aJlaHHOTO pa3Mepa U
COJIeprKalllyl0 Bce crnekTpaibHble KaHalbl [1]. Ilpu HelipoceTeBoil HacTpolKe Mo
CHEKTPATBLHOMY KPUTEPHIO OMOPHBINA CIIEKTP BHIOUPAETCS O KIJIACCY LIEHTPAJIBLHOTO
TUIEPIIMKCENa BXOJHOTO MOATEH30pa U MOBTOPSETCSA BO BCEX MPOCTPAHCTBEHHBIX
MO3ULMUAX OIMOPHOrO mnoATeH30pa. CKOPPEKTUPOBAHHBIA BXOAHOW IOATEH30P
COINOCTABIISICTCSL C ATUM OMOPHBIM NoATeH30poM. OnHa GyHKIUS Koppekuun Ly (j)
OIPEENSIETCS] COBMECTHO MO BCEM KJlaccaM M IOCJ€ HACTPOMKH MpUMEHseTcs 0e3
UX METOK. DTOT CI0Cc00 3aJjaHusl CIIEKTPAJIbHOM LEIH UCTIOIb3YETCsI IPU HACTPOilKe
no koMmOuHHpoBaHHOW (yHkMM noteps (ganee — COMBO); o6o3nauenue CE
COOTBETCTBYET HACTpPOWKE MO MepeKpECTHOM sHTponuu. Kpurepum um cnocoOsbl
ornpeeneHus Ko3pGUIMEHTOB pacCMaTPUBAIOTCS B mopaszene 3.3.

ba30BbIM BapUaHTOM CIIyKUT KOPPEKIHs 10 OesioMy 00bekTy. B HEM ycpenHstoTcs
Cpe3bl, conaepxkalue Oenblii OO0BEKT; U3 MOJYYEHHBIX CIEKTPOB BBIOMpAETCS
HaumOoJiee SpKUN MO CcymMMme 3HaueHuil KaHaimoB. KoaddwuimeHntsl 3amaroTcs
OTHOUIEHUEM 3HAYEHUN 3TOr0 OMOPHOrO CIEKTpa K 3HAYEHHUSM CIEKTpa Oeoro
00BbEKTa B KAXKIOM IMIOJIO)KEHUM BJIOJIb LIead. Takas cXemMa COOTBETCTBYET

aHATMTUYECKOU KOPPEKIIMHU 10 0eToMy 00BEKTY, OTUCAaHHOM B cTathe [1].
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3.2.3 MexnpubopHasi KOPPEKITUs 0 CPETHUM CIIEKTPaM KIIaCCOB

Bo BTOpOM IOCTAaHOBKE CpPEIHHUM OIIOPHBIM CIIEKTp Ka)KIO0ro Kiacca
dbopmupyeTcss MO AaHHBIM JPYroro rumnepcnexkrpomerpa. [is omnpeaenenus
napaMeTpoB (YHKIIMH KOPPEKIMU HCHOJB3YIOTCS KaJIUOPOBOYHBIE —CIICHBI
pa3zpaboTaHHOro rumnepcnekrpomeTpa u Specim IQ, conmepkaiine OJuH U TOT XKe
Habop kimaccoB C. COOTBETCTBUE MEXY CIIEHAMU yCTaHABIUBAETCS MO METKaM
KJIACCOB; MOMMKCEIIbHOE TMPOCTPAHCTBEHHOE coBMemenne nByx ['CHU He
BBITIONTHsAETCS. KaXkIoMy Kilaccy ¢ COOTBETCTBYET CPEIHHI OMOPHBIN CIIEKTpP, HE
3aBUCSLIUHI OT MOJIOKEHUS BJIOJIb U300paKeHUS 1IeJIEBOM Auadparmsbl.

[TocnenoBarenbHOCTh (POPMUPOBAHUS COMOCTABIISIEMBIX CIEKTPOB MOKa3aHa

Ha puUcyHke 3.6.

1 Q- 0

1. Kanubposounas cueHa 2. CpepHKWe cNeKTps.l 3. Koppexums aanHbix 4. CpepHue cnekTpbl
00 KOppeKuuu nocne Koppexkuumu
|

Specim 1Q

—
Haw runepcnekTpoMeTp ‘

,——T T -

HacTtpo#ka no Specim 1Q

Haw runepcnekTpoMeTp

(auw |—{ 7,

(t )
1
I s
Specim 1Q Wcnpasnennbie KCA soecin | Hauw runepcnexTpomeTp
e pecim IQ nocne KopPeKLMK
Il J === Haw runepcnekTpoMeTp

Ruau(h) = Repocim()

Pucynox 3.6 — Cxema MEXIpUOOPHOTO COTIIACOBAHUS CPEIHETO CIIEKTpa Kiacca ¢
JUTSI TIOJIO’KEHUHM j BIOJIb M300paKeHUS MIEIeBOM nuadparmsel

Cnextpbl Specim [Q mnpeaBapUTEeNbHO MNPUBOIATCA K CETKE IJIWMH BOJIH

pa3pabOTaHHOTO TUIEPCIIEKTPOMETpa JHHEHHOM uHTeproisiuedn kak B (1.23).
I . :

ITycth QCQ — MHOKECTBO NMHUKceNen kiacca ¢ B kanuopoBounoM ['CH Specim 1Q.

CpenHuii ONIOPHBIN CIIEKTP KJIacca ONPEIENIeTCA BhIPaKECHUEM:

—IQ 1 1Q
Rc’k - |~Q£'Q| Z(u!U)E‘Qi‘Q Ru'v'k, (3‘ 14)
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IQ

uv,k

rae R — 3HaueHue Kod((HUIMeHTa CIEKTPAIbHOM IPKOCTH B TPOCTPAHCTBEHHBIX

KoopauHaTax U, UV U CIICKTPaJIbHOM KaHaJIC k ocne IMPUBCACHUA K CCTKC IJIMH BOJIH

pa3pabOTaHHOTO THIEPCIIEKTPOMETPA; QEQ — MHOXKECTBO MMUKCeJel Kaacea ¢; [2] —
YHCJIO 3JIEMEHTOB COOTBETCTBYIOIIETO MHOKECTBA.

Bo BTOpoii mocraHoBke (QyHKIMS KOppeKiwH [y, (j), BBenEHHAs B BBIPAKECHUH
(3.9), zamuceiBaeTcs B mapameTpusoBaHHOM Buue Gg(j, k) = [ (j), tme 6 —
COBOKYIHOCTb HACTpanBaeMbIX napameTpoB. [IpeaBaputenbHO
CKOPPEKTUPOBAHHBIE MO0 TEMHOMY CHUTHANTy HUGPOBBIE OTCUETHI YMHOXAIOTCS Ha
Gg(j, k). 3aTeM K KaXI0My CIIEKTPY IPUMEHSIECTCS OOIIUI oriepaTop CHEKTPaIbHOM

npeoOpadoTku Py, €ro cocTaB U MpeiBapuTelibHas HACTPOMKA OMMCAHBI B ITyHKTE
3.5.2. Tlocie 3TOro cuUrHaJl HOPMHUPYETCS IO 3apErMCTPUPOBAHHOMY CHEKTPY
Oemoro asrajoHHoro oObekta  Spectralon. IlomyudeHHbli KO3 PUIIMEHT
criektpasbHoii spkoctu (KCSI) o6o3nauum wepes R; ik (0). dnsa xaxnoi mapel
«TIOJIOKEHWE BAONb MIENH — KIACC» CPEOHHN CKOPPEKTUPOBAHHBIM CIHEKTP

OIIPpCACIIACTCA BbIPAKCHHUCM

1

Re;x(0) = T Zieaq; Rijx (0, (3.15)

rae {2 ; = {i | y(i,j) = ¢} — MHOXKECTBO UHIEKCOB CTPOK i; R x(6) — 3Hauenue
CPEIIHEeT0 CKOPPEKTUPOBAHHOTO CIIEKTPa 3TOTO Kilacca B k-M CIIEKTpaIbHOM KaHAJIe
U B TIOJIOKEHHUH j BIOJb U300paskeHus mieneBoil nuadparmel. [Ipu HelipocereBoi

HaCTPOMKE IO CIIEKTPAIBHOMY KPUTEPHIO TapaMeTphl 6 ONpeaessitoTcs U3 yCIOBUs

NPUOJIMKEHUST CPEAHETO CKOPPEKTUPOBAHHOTO CHEKTPaA KAKIOM MpeIcTaBICHHON

. =1
rpynmst (j, €) K OOPHOMY CIIEKTPY R j COOTBETCTBYIOIIETO KJIACCa; OTKIOHEHHE

MPpA 3TOM BBIYUCIAETCS JJISI CPEIHUX CIEKTPOB TPYMI, a HE ISl OTHAEJIbHBIX
nukcenei. I[lpu HacTpoiike mO KIacCU(PUKAIMOHHOMY KPUTEpUIO (DYHKITHS
koppekin Gg(j, k) Bkmowyaercs B Moneidb Kiaaccudukanuu. Vcmonb3yembie

KPUTEPHUH U MAPAMETPU3ALINY pacCMaTPUBAIOTCA B mopasjaeie 3.3.
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3.3 Ilo3unmuonHo-3apucumasi koppekuuss I[I'CH ¢ oO0yyaembiMu

KaJIl/IﬁpOBO‘IHLIMI/I CJI105IMH

3.3.1 KanuGpoBka no 6e1omMy 00BEKTY U anmpoKcuMaIusa KodQPuIiimeHTon

CoBokynHOCTh K03(pPuieHToB [ (j), ucnonap3lyembix B BbipakeHUH (3.9)
JUTSL BCEX TIOJIOKEHUH BIIOJIb M300paKeHUS MIENeBON quadparMbl U CIIEKTPATbHBIX
KaHaJoB, Jajiee MPEACTaBUM MaTpHUIEH KamTuOpOBOYHBIX KOIPPHUIMEHTOB L €
R7*K,L; y = L. (j). Ipu Koppekiu 1o Genomy 00beKTy JIeMEHTbI KaInOpOBOYHOI
MaTpPHUIIBI BBIYUCISIFOTCSI KaK OTHOIIEHHUS 3HAYCHHWI OMOPHOTO CIIEKTpa OElioro
00BEKTa K €ro 3aperuCTPUPOBAHHBIM 3HAUYCHUSIM B COOTBETCTBYIOIIEM TOJIOKEHUH
U HE ABJISIIOTCS TapamMeTpaMu HelipoceTeBoit mojenu [1].

s dhopMupoBaHHs MajomnapaMeTPUIECKOro MPEICTAaBICHHUS MaTpHIbl L

3aBUCHMaAs OT IIOJIOKCHHUA BAOJIb IICIIM M CIICKTPAJIbHOI'O KaHalla COCTAaBJIAIOIIAA

l,(ct) (j), BBenéuHas B BeipaxkeHuu (3.10), anmmpoKCUMUPYETCS IS KaXA0T0 KaHaa

KBaJpaTUIHBIM NOJIMHOMOM. ET0 mapaMeTpsl ONpeAesatOTCs 110 KPUTEPUIO CYMMBI

KBaJIpaToOB OTKJIOHEHMH [1]:

! OYNE
z_ 1[lk(i)—lk ()| - min, (3.16)
]=
LY () = aipf? + agerf + ao, (3.17)
rae [ (j) — ucxomuble OTCYETHI KOPPEKTUPYIOMICH (YHKIUH; l,({t)(j) — uX

KBaJIpaTUYHAs alIIPOKCUMALMS; Ay 2, A 1, Ay 0 — KOODOULMEHTHI TOTMHOMA JIs K-
IO CHEKTPaJIbHOIO KaHaia; | — YHMCIO0 OTCYETOB BIOJb M300PAKEHUS ILEIEBOU

nuadparmol.

3.3.2 OGyuyaemble KaTMOPOBOYHBIE CJIOU U UX MapaMeTpU3aALNU

B ormuume ot wmarpunbl L, 237€MEHTBI KOTOPOW IPEABAPUTEIBHO
pPacCUMTHIBAIOTCS IO KaJIMOPOBOYHOMY CHTHAly, B HEHPOCETEBOH pean3alnuu
KOppeKTHUpylomiee mpeoOpa3oBaHue 3amaércss oOydaeMbIMU —MapameTpamu,
ompefesieMbIMH IO  BbIOpaHHOW  (GyHKOMH  TOTepb. llapameTrpuzaruu

KaJIMOPOBOYHBIX CIOEB onucanbl B myHKTax 3.3.3-3.3.5. Ilopsaok HaCTpOWKH Cios
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u kiaccudukaropa onvcan B myHkTe 3.3.8. J{ns 00yuaeMoit MaTpHIThl MapaMeTpOB
Jajee uCroab3yercs obo3Hadenne M [1].

Cxema BKJIIOUYCHUS KaJ'II/I6pOBO‘-IHOI‘O CJIod B MOJACIIHN KJ'IaCCI/I(bI/IKaHI/II/I

IDCNN, NM3DCNN u SSFTT nokazana Ha pucyHke 3.7.

IMonrensop
Spll f, k) OTCUETH jpos

OOMH U3 YeTHEPEX :
BApHAaHTOB Kamuf6poBoUHEIH
KannOpoBOYHEIX CTIoH
napaMeTpoB
_______________ e
S
¥

1DCNN, NM3DCNN
unu SSFTT

R e :

pe3ynbTaT KJIacCHDHKAIMH
1x1xxmacc

© ADXHTEKTypa MOAEIH

Pucynok 3.7 — Cxema BKIItOUEHUS KATHOPOBOYHOTO CJI0S B MOJIENb
kinaccudukanuu ['CU

3.3.3 OGyuaemast kanuOpOBOYHAA MATPULIA

JUIsT KOMITEHCAallUM HEOJHOPOJHOCTH YYBCTBUTEIBHOCTH, MPEACTABICHHON
mHoxutessamu ty (7)v(j) B (3.8), ucnonb3yrorest 00y4aeMbie KaTHOPOBOYHBIC CIIOU.
[ToaleMEHTHOE HM3MEHEHWE HMHTEHCHBHOCTEW HE BBINOJHAET I€OMETPUYECKOTrO
npeoOpa3oBaHus ~ KOOpAMHAT  OTCYETOB.  Marpuily  KOPPEKTHUPYIOLIUX
kK02((PUIMEHTOB TpeAcTaBUM oOyuaeMoil Martpuueii M € R/*X  (3.18), rne
KaKI0My codeTanuto koopauHar (f, k) B I'CU comocraBisieTcs WHIUBUTY ATbHBIN
KOppekTupyromui kosdduiuent [1]:

Sm(i,j, k) = S(i, j, k)OM(, k), (3.18)
rie M(j, k) — xodhuIHMeHT KOPPEKIMH, COOTBETCTBYIOIIUM CIEKTPATbHOMY

KaHaty k ¥ TIOJIOKEHUIO BIIOJIb MIEIeBOM nuadparmel ¢ uHaekcom j [1].
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Ha »Tame moaroToBku naHHBIX AJig 00ydeHus Heripocetu ucxomnoe I'CU
pa3buBaeTcst Ha Ha0Op (HParMeHTOB, KAXK/IbIM U3 KOTOPHIX MHTEPIPETUPYETCS KaK
OTJEJIbHBII MOATEH30p (PUKCUPOBAHHOTO pa3mepa [1]:

Sp(i',j', k) € RHIp*WpXK, (3.19)
rae Hy, u W, — mpoCcTpaHCTBEHHBIE pa3MeEPBI TIOATEH30pa S;, BIOJIb HAPABJICHUH C

JIOKAJbHBIMA HHICKCAMH [ W j' COOTBETCTBEHHO; K — YHCIO CIEKTPaIbHBIX
KaHaJIOB, COXpaHsIEeMbIX MPH BbIeIeHUN pparmMenTa [1].
KanuOpoBouHbIE C€JIOM HCHOJB3YIOT TJ00ANbHBIE KOOPAWMHATHI BAOJb

M300pakeHus mIeneBoi auadpparmel. [l noareH3opa S, BBOAUTCS BEKTOP jpos €

{1,...,]}"r, conmepxammii KoopaMHATHI €ro cTonbIoB B ucxogHoM I'CH.

KoMmoHeHTa jipos(j') cooTBeTCTBYET nOKanmpHOMY cTonOmy j'. Jms Kaxkmoro

3HAYEHUA NMOATEH30pa KOPPEKLHUS 3aIUCHIBAETCS CleyomuM o0paszoM [1]:
Sm (illj,' k) = Sp (i,'jli k) ) M(jpos (j,)' k)' (320)

3.3.4 OOyuaemas MOJIMHOMHANIbHAA NapamMeTpu3alus KaauOpOBOYHOU
MaTpPHULIbI

B  omimume OT anmpokcUManMM  IPEABAPUTENBHO  PACCUMTAHHBIX
kodpdunmentor no (3.16) u (3.17), B ganHOM cnoe Ko3(PIUIMEHTHI MOJUHOMA
ABISAIOTCA  OOywyaembIMu  mapamerpamu. Croil  mapamMeTpusyeT  MaTpuily
KOppeKTupyomux ko3@dunuenton (3.18). [nsg KaxIoro CnekTpalbHOro KaHasa
ke{l1,..,K} sBBomurcs Habop mapameTpoB  dy, by, Cc, € R, 3amarommx
KBaJIpaTUUHYI0  3aBUCUMOCTb  KOppEKTHpylomiero  kosgduuueHta  oOT
HOPMHUPOBAaHHOM KOOPAWHATHI BAOJb menu [1]:

() = aé(N? + b& () + ¢y, (3.21)

rae Yy (j) — koppekTupyrommii ko3hhunueHT ajist KaHana k u monoxenus j; £(j) =

~.
=

— HOpMHupoOBaHHas kKoopamuata mpu J>1 wm jE€{1,..,J}; ax, by, cx —

~
=

oOydaemble MapaMeTphl NojimHOMa. HopMupoBaHHas KOOpJIUMHATa M3MEHSIETCS B

nuanaszone ot 0 1o 1 [1].



153

JUtst JTIOKaJIbHOTO cTONIONA j' HmOoATEH30pa KOI(M(PHUIMEHT TTOJTMHOMHUAIBHOTO

CIIOS BBIYMCIISIETCS O TIOOANBHOM KOOpAMHATE ji,os(j'). Koppekuus 3nageHns

CIEKTPAJIbHOTO KaHasla uMeeT Bu [1]:
gp,k(i,;j,) = Sp,k(i’;j,) " Yk (jpos(i,))- (3-22)

3.3.5 BekTopHas dakTopu3anus KaTuOpOBOYHOU MATPUIIBI

JIns  yMEHbIIEHUS 4HClIa [apaMeTpOB  KaIMOPOBOYHOM  MATpHUIIbI
npeJIaraeTcsl UCIOIb30BaTh BEKTOPHYIO (DaKTOpH3AIHIO, T/Ie¢ KOMOMHUPOBAHHBIN
K03 PHUIUEHT KOPPEKIINH It Kakaou mapsl (f, k) onpenensercs kak [1]:

M(j, k) = a(j) - B(k), (3.23)
rne a(j) u B(k) — kommoHeHTBl 0O0y4aembix BekTopoB a € R/ m f € RK
COOTBETCTBEHHO.

BekropHas hakTopuzaius yMeHbIIAeT ynuciao o0ydaembix mapaMeTpoB ¢ JK
1o | + K, orpaHuuuBasi MaTpUIly KOPPEKIMH MIPOU3BEACHUEM MPOCTPAHCTBEHHOTO
U CIIEKTPAIILHOIO MHOKUTENEH. J[JIg OTAEIpHOTO 3HAYeHHS TOATEH30pa MOJydyaeM
[1]:

$pli' 3" k) = S,(i" " k) - @ (jpos (1) - B(K), (3.24)

Janee  ucnonb3yroTcs — cleayroue — o0O03HayeHusi — KOH(Uryparuii
KaJIMOPOBOYHBIX CIIOEB: «m» — oOy4yaemasi KaduOpOBOUHAS MAaTpHIlA; «V» —
BEKTOpHas (hakTopu3alMs KanuOpOBOUYHON MaTpPHULIBI; «Pm» — MOJUHOMHUAIbHBIN
CJIOM M MaTpuila NMapaMeTPOB; «PV» — TMOJUHOMHUAIBHBIN CJIOW W JBa BEKTOpA

napamMeTpos [1].
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Cxema oOyuaemoii HelpoceteBoil kanuOpoBku ['CH mpencrtaBiena Ha

pucyske 3.8.

Oﬁyqeuue KBHHGPOBO"IHOFO CAOA: NOIMHOMWANLHAA U IMHEWHaA KoppekKuyuna

DYHKLMN OLINGKN
06y4yaeMbiil KanWGPOBOYHEIW CNOKH yricd

Nonnnamnansnan Ko PPRexunA

[
(i

Pennukaumna cnos
Yy — — Y
JxKoTx)xK YCpeaKeHne N0 TeH30PY. MSE
mean, (R —
. Luse

XK Ix[xK
Nuneiiuas xoppaxuus Ronwi aranou
IxjxK
M PSS L= Aluse + Lee
CkoppexTnposannsii Kcsa N
JxK Pxjxk [ | “carnan rcu
Knaccudukatop
Wexonuii curnan FCU (DN) "E"ﬁff:,?)'“fﬁ“ 1DCNN CE
S : Sc [ ~ TR NM3DCNN T g
R=S®5, SSFTT :
IxfxK IxjxK Ix)xK I
Pa3imMeTKa KNaccoe
(s e 6
DopMup NLHOW KOPPEeKL MUK D@akTopUzauua NMHEHHONW KOppeKuun
= - :
p =10 lb....j rem M = UV, Mi =5  UpVie
X =" €10, 1} t=1
J UER>r VERKxr MER XK
e = apX?
Vi = ax? + beX + Cx Mpu dakTopusauvn: 8 = {a, b, ¢, U, V}
= [y J
Y =[y: -y ERIXK F— 4nCno (hakTopos; BMecTo JK napameTpos — rf] + K)

DN unpoBele 0TCHETHI CMrHana (yposHn ALM);, KCA — koadhbruneHTel CNeKTpansHOR APKOCTH,
| — No3nUNY CKaHWPOBaHWA; | — no3uunn BACL Wean; K — cnekTpansHble KaHabl
© — NO3NEMEHTHOE YMHOXEHUNE; @ — MNO3IEMEHTHOE [leleHne

Pucynox 3.8 — Cxema oOyuaemoii HeripoceteBoit kanuopoku ['CU

3.3.6 Onpenenenrie k03PHUIIMEHTOB METOI0M I'peOHEBON perpeccuu

Merton rpedHeBoii perpeccun [ 144], [110], [145] paccMmoTpen B myHkTe 2.1.5,
dbopmyisl (2.22), (2.23). B HacTosiel pabote rpeOHEBast perpeccus HCIOJIb3yeTCs
JUIS. HE3aBUCHUMOIO OMPEACIICHUS] MYJbTUIUIMKATUBHOTO KO3 duImenTta lfk TUISt
KaXIOW Napel UHAEKCOB J, k. O003HaUMM 4€pe3 X, jx MCXOMHOE 3HAYEHHE NM-TO
KaJIMOPOBOYHOIO HAOJIONEHMSA, a 4Y€pe3 Y, — COOTBETCTBYIOLIEE OIOPHOE
3HaueHue. MHOXKECTBO COIMOCTaBISIEMbIX HAOMIOACHUM MJii TOJOXKEHHUS J
o0o3HayuM [;. ITIOCKOJBKY €IMHMYHBIM MHOXKHUTENbL HE M3MEHAET CHUTHA,
peryJisipu3aTtop OrpaHMYMBaeT OTKJIOHEHHWE KOA(DPUIMEHTAa OT EIUHUILBI.

KoaddummenT onpenensercst u3 ycaoBus:

Lk = arglmin[z:nelj U jge = Yng)? +me(l — 1%, (3.25)

TJIe N — HOMEp COIOCTABIIIEMOT0 HAOIIOIeHHST; 1)), > 0 — mapameTp peryisipu3anuu
JUISE COOTBETCTBYIOIIETO KaHAIA; OH MOXKET OBITh OJMHAKOBBIM ISl BCEX KaHAJIOB.
B ornuume oT cranmapTHOro mrpada Ha BeaMUMHY KOA(DQUIMEHTa, CllaraeMoe
Nk (l — 1)? COOTBETCTBYET HMCIONL3YyEMOMY B [aHHOH paboTe IIPHOPHUTETY

€AUHUYHOTO KOppeKTUpyromero Muoxutens. Kpurepuii (3.25) pazgensercs 1o
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HMHACKCaAM ] n k, MMO9TOMY JJIA KaXKIAOI'o OJJICMCHTA MaATpUObl I10J1YHaCTCA

AHAJIMTHYCCKOC PCIICHHUC:!

Nict Lnel ; Xn,jkYnk

jk

(3.26)

NtZnel ; Xn,jk*
Bripaxxenust (3.25), (3.26) 3amaroT OOHMH aHATUTHYECKUN KPUTEPUN NBYX
MIOCTAaHOBOK, HO HMCXOJHbIE HAONIOACHUS B HUX (POPMHUPYIOTCS MO-pazHoMy. B
NEepPBOM MOCTAaHOBKE MCMOJB3YIOTCS 3HAYEHHUS CpPEIHUX CIEKTPOB KJIACCOB
KaJIMOpPOBOYHOM ClLieHbI Npu (UKCUPOBAHHOM | HJisi TOJIOKEHHUHM, Te Kiace
MPUCYTCTBYET; ONOPHBIMHU CITy>KaT 3HAYEHUS S Cr?(f u3 (3.13). Bo BTOpOI MOCcTaHOBKE
Ka)K70€ HaOJI0JJEHUE COOTBETCTBYET OTAEIIBHOMY IHUKCEII0 OOydarolled 4acTu
KaauOpoBOoUHOM cueHbl. Ero ucxoansie 1uppoBble OTCYETHI, KOMIIEHCUPOBAHHbIE
no TéMHOMY curHaiy, nepeBogsaTcs B KCS nHopmupoBkoil mo Spectralon mnpu
€IMHUYHON KOppeKkuuu U 0e3 omeparopa F,. Onopoi Ciy)KUT CPEIHUH CHEKTP
cooTBeTcTByMOIIEro kiacca Specim 1Q (3.14). Takum o0pa3om, rpeOHeBas
perpeccusi COIMOCTAaBIIAET BEIMYMHBI B OJWHAKOBOM TMPEACTABICHHUH U HE
MUHUMU3UPYET OLIMOKY IOCJEe TMOJTHOM MOCJIEeN0BAaTeIbHOCTH MpeoOpa3oBaHuU,
onucaHHoM B mnyHkre 3.2.3. Ilocrme aHaMUTUUECKOTO pacyéra MNPUMEHSIOTCS
MPEIYCMOTPEHHBIE TPOTOKOJIOM OTpaHUYEHMs] JAuamna3zoHa Kod(h(HUIMEHTOB;
BeIpaxkeHue (3.26) 3aga€t pelieHue 10 Takoro orpannyenus. [lonydennas matpuna

LR ncnone3yercs B KOppeKTUpYIOIIEM peobpaszosann (3.9).

3.3.7 ®ukcarus u nepeHoc KodhGUIMEHTOB KaTHOPOBOYHOTO CIIOS

Ilocne aHamMTHYECKOTO  pacyéTra WM HEUPOCETEBOW  HACTPOUKHU
KOO PUITMEHTHI KOPPEKIUU (PUKCUPYIOTCS W TPUMEHSIOTCS K HE3aBUCHMBIM
CIICHAaM.

B mnepBoii mocTaHOBKE HCIOJIB3YIOTCA JaHHbIC KaTUOPOBOYHOM CIICHBI
paspaboTanHoro rumnepcnekrpometpa. [Ipu rpeOHeBol perpeccuy M BHIYUCICHUN
CIEKTPAJIBHOTO cjiaraeMoro (yHKIIMU TOTEPh OMOPOM CIIy>KaT CIEKTPhl KJIacCOB
(3.11)—(3.13); B Bapmante CE wucnonb3yroTcsi METKM KiaccoB. I[IpoTtokon

AKCIIEpUMEHTA NMPUBEIEH B TTojipasaeine 3.4.
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Bo BTOpo#i TOCTaHOBKE MapaMeTphl OMPEAEISIOTCS MO KaTuOPOBOYHBIM
crieHaM pa3paboTaHHOTO THHepcrnekTpoMerpa u Specim 1Q. g knaccudukanmm
HE3aBUCUMOM  CLIEHbI pa3pabOTaHHOIO TUIEPCIEKTPOMETpPa  HCIOIb3YEeTCs
Kiaccu(ukaTop, OTAEIPHO OOYYEHHBIM Ha COOTBETCTBYIONIECH ciieHe Specim 1Q.
IIpoTOKOJI SKCIIEpUMEHTA NPUBEIEH B Mopasaeie 3.5.

JIOMOJIHUTENBHO ~ UCCHEAYETCS MPUMEHEHHUE OJHOTO U TOro  XkKe

KaJIMOPOBOYHOTO TPe0Opa3oBaHus C KJIacCUPUKATOPaAMHU PA3THIHBIX APXUTEKTYP.

3.3.8 HelipoceTeBas HacTpoiiKka KaTMOPOBOYHBIX CIIOEB

Hactpoiika kanmuOpoBouHbix cioéB mno TKI[3  BeimonHsercs Ha
kanuopoBouHoii cuiene 1o kputepusiMm CE u COMBO, paccMOTpeHHBIM B ITyHKTE
2.1.5 (dbopmynstl (2.16), (2.19), (2.20)). B nepBoii moctaHoBke 00a BapuaHTa
IpeayCMaTpuBalOT  COBMECTHOE  OOydeHHMEe  KaluMOpOBOYHOIO  CJIOS U
kinaccudukaropa. B COMBO k nepekpécTHOl sHTponuu g00aBISIE€TCS CpeaHUM
KBaJpaT OTKJOHEHUA CKOPPEKTUPOBAHHOIO  MOATEH30pa OT  OIOPHOTIO,
c(hOpMUPOBAHHOIO MO CIEKTPY Kiacca (MyHKT 3.2.2).

Bo BTOpoil mocTtaHOBKE 00y4aeTcsi TOJIBKO KaauOpOBOYHBIA  CIIOH.
[TapameTpbl ciekTpajibHOM MpenoOpabOTKU M KiaaccupuKaropa, IpeaBapUTEIbHO
O0Oy4eHHOro Ha OMOpPHBIX JaHHbIX Specim 1Q, duxcupoBansl. B Bapuante CE
mTpadHbIe cllaraeMble OTPAHUYMBAIOT U3MEHEHHS KOX(DPUITMEHTOB U YBEINYCHUE
PACXOXJICHHS CIIEKTPOB OTHOCHUTEIBHO HadalibHOTrO coctossHug. B COMBO Ha
MPOTSHKEHUU BCEro OOYUYEHHS YUYUTBHIBAETCS B3BEIICHHOE PACXOXKICHHE MEXKIY
CPEIHUM CKOPPEKTUPOBAHHBIM CIIEKTPOM Ka)X[Oro Kjacca B MOJOXKEHUU | U
COOTBETCTBYIOIIUM OMOPHBIM cpenHuM criekTpoM Specim 1Q (3.14), (3.15).

[TpoTOKOJIBI SKCIEPUMEHTOB MPUBEAECHBI B ToApazaenax 3.4 u 3.5.

3.4 Koppexkuuu no3uunoHHoi Heoanopoasoctu I'CH

B  nmepBoli  1IOCTaHOBKE  MPOBEPSAETCA  KOPPEKLUHUsS  MO3ULIMOHHOM
HEOJHOPOJHOCTA CUTHAJIA OTHOCUTEIIBHO  OIIOPHBIX  CIIEKTPOB  KJIACCOB,
MOJyYEHHBIX Pa3paOOTaHHBIM THIEPCHEKTPOMETPOM. OKCIEPUMEHT BKIIOYAET

OLICHKY NMpoduieil curuanga Ha KaaTuOpOBOYHOM CIIEHE U MPOBEPKY KiIacCUPUKALINH
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HE3aBHCHUMOI TECTOBOI CIICHBI MTOCIIE MPUMEHEHUS 3a()MKCUPOBAHHON KOPPEKIIUH.
OTH OLIEHKU XapaKTEepU3yIOT COOTBETCTBEHHO U3MEHEHHE HEOJHOPOJHOCTH BJIOJb

SN U IMMPUTOAHOCTb CKOPPCKTUPOBAHHBIX JAHHBIX IJIA PACIIO3HABAHHA KJIIACCOB.

3.4.1 Kanubposounoe u tecroBoe ['CH1U

Jnist  HacTpoiiku  mpeoOpazoBanusi  ucnosb3yercss ['CHM mewaTHoi
KaJTUOpPOBOYHOM CILIEHBI, C(POPMHUPOBAHHOMU 1O METOUKE I1aBbl 1 (moapazaen 1.6),
a 1ys npoBepku ero nepenoca — ['CU otmenbHOM TectoBol cieHbl. O6a I'CHU
3aperucTpUpoOBaHbl  pa3zpaboTaHHbIM  runepcrnekTpoMerpoMm. Kaxmgoe ['CU
comepkut 960 mosioKeHU BIOJIb W300paxkeHus 1ieneBor aumadparmer, 2000
OTCUYETOB IO HAIPABICHUI0 CKAHUPOBAHUS MU 252 CHEKTpalbHBIX KaHalla B
nuarazone 422-978 um. KamuOpoBouHas clieHa BKIOYaeT 12 pa3sMedeHHBIX
KJIACCOB TMOBEPXHOCTEM, TecTtoBas — MATh. [lukcenn ¢(oHa HCKIIOYAIOTCA U3
0Oy4YaronuX U TECTOBBIX BEIOOPOK.

[TapameTpsl NO3MIMOHHOW  KOPPEKLUMH  ONPEACISIIOTCS  TOJIBKO IO
KamOpoBOYHOM cueHe. [locne HacTpolku OHU (PUKCUPYIOTCS M MPUMEHSIOTCS KO
BCEM IIOJIOKEHUsIM cKaHupoBaHus TectoBoro I'CHM. MeTku KiaccoB TECTOBOM
CLEHBl HCIONB3YIOTCA [UIsl BBIUMCICHUS TOKazaresled Kiaccuukanuu; mpu
IPUMEHEHUU caMmoro mpeoOpas3oBaHusi oHU He TpeOyrorcsa. CocTaB KIIaccoB NpHU
HACTPOWKE CJIOA W MPU HUTOTOBOM KIACCHU(PUKANMU PA3IAYAETCS, MOITOMY OTH
3aJlaydl pacCMaTPUBAIOTCS OTIIEIBHO.

B TpakTte nToroBoii kiiaccuuKanuu UCIOIb3YHOTCS OOIINI PUKCUPOBAHHBIM

OTIepaTop CIeKTpaIbHOU NpeaoopadboTku P, (CriaxxuBanue, MojiaBjieHue BLIOPOCOB

U KOMIICHCAITMsI CMEIICHUS) U TepeBO IUMPOBBIX OTCUETOB K KOIPDUIIMEHTY
CTHEKTpalnbHOU sipKkocTH. [lapaMeTpsl omepartopa MpenBapUTEbHO OMPEASIISIFOTCS
M0 KaJTuOPOBOYHBIM JIAHHBIM pa3paboTaHHOTO THMEpcrnekTpoMerpa U Specim 1Q.
Cnextpel Specim 1Q HMHTEpHOJUPYIOTCS HAa CETKY JJIMH BOJH pa3pabOTaHHOTO
runepcrnektpoMerpa (myHKT 3.5.1). DToT 0OMH 3Tam TpUMEHSIETCS KO BCEM
CpaBHMBAa€MbIM BapWaHTaM, BKJIOYas BapuUaHT 0O€3 MO3UIIMOHHON KOPPEKIUH.

OnopHble CHEKTPHI JUIsl HACTPOWUKHU MO3UIIMOHHON KOPPEKIUH (POPMUPYIOTCS IO
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JaHHBIM ~ Pa3pabOTaHHOTO THUMNEPCIEKTPOMETpPa  COrJIacHO MyHKTY  3.2.2.
N300paxeHuss KaauOpOBOYHOM M TECTOBOM CIEH W HX JTaJOHHAs pa3MeTKa

npuBeieHbI B myHKTE 2.2.1 (pucyHku 2.4 u 2.6).

3.4.2 ®opMHUpOBaHHUE ONIOPHBIX CIIEKTPOB KJIACCOB

JUJ1s Ka)KJ10T0 KJ1acca KaJTMOpOBOYHOM CLIEHBI CHauajia BEIYUCIISIOTCS CPEIHNE
CHEKTPBI NpU (PUKCUPOBAHHBIX IMOJOXKEHUAX BIIOJIb IIEIU MO BbIpaxkeHuto (3.11).
3arem 1o BeIpaxkeHusM (3.12), (3.13) BeiOupaeTcs cpeAHHil CEKTp ¢ HanOOJIbIIEN
CYMMOH 3Ha4€HU IO BCEM CHEKTPaJbHBIM KaHajaM. Takoi BbIOOp BBIIOJIHSIETCS
HE3aBUCUMO [UISl KaXKJO0ro KJacca, MO3TOMY €ro OMNOPHOE IMOJIOXKEHUE MOMKET
OTIIMYATBCS OT OMNOPHBIX MOJOXEHHHW APYyTHX KiaccoB. [lomydeHHBIE CHEKTpPBI
(GUKCHUPYIOTCS 1O HACTPOMKU MTPpeoOpa3oBaHusl.

[Ipu rpeGHEBOM perpeccuu CpeTHUE CIIEKTPHI KJIACCOB B PA3HBIX MOJIOKEHUIX
CONOCTABISIIOTCS € COOTBETCTBYIOUIMMH  ONOPHBIMH  crekrpamu. llpu
KOMOMHUPOBAaHHOM JOOOYYE€HHUH CHEKTpajbHasl COCTaBIIAIONIAsS (PYHKIUU MOTEPh
3a1a€TCd OTHOCHUTEIBHO OIOPHOIO MOATEH30pa: CIEKTpP Kiacca IEHTPaJIbHOTO
TMIEPIIMKCENAa TOBTOPSETCS BO BCEX IPOCTPAHCTBEHHBIX MO3ULHUAX 3TOrO
noATeH3opa. Bce Kiacchl y4acTBYIOT B OMNpeeleHUU OJHOM o01miedt (QyHKIuu
koppekiuu [, (j). Koppekiust mo 6emomMy 00bEKTY COCTaBISIET CAaMOCTOSTEIbHBIN
0a30BbI{ BApUAHT U ONPEIEIAETCs 0 Y3KOH Mmojioce 0e10ii MOBEPXHOCTH COTJIACHO

NyHKTY 3.2.2.

3.4.3 ITpoTOKOJI HACTPONKH U BAPUAHTHI KOPPEKLIUH

CpaBHUBAIOTCA IMSTh BApUAHTOB: 0€3 MO3UIIMOHHOW KOPPEKIUU, KOPPEKIIHS
no Oenomy oOBekTy, rpebneBasi perpeccus, CE u COMBO. KoaddummenTs
rpeOHeBOl perpeccun, paccuutanubie mo (3.25), (3.26), ciayxaT HadalbHBIMU
3Ha4YCHUSIMHU 7151 He3aBrucuMoro qoo0ydenus no CE u COMBO.

[Ipu HelipoceTeBOM J000yYe€HHWH B TIEPBOM IOCTAHOBKE COBMECTHO
M3MEHSIOTCS apaMeTphl KaTMOPOBOYHOTO cJ10s U Kinaccudukaropa. B Bapuante CE
ucrnoas3yercs nepekpéctHas 3HTponus, B COMBO k Heil nobaBisieTcst cpeaHuit

KBaapar OTKJIOHCHU A CKOPPCKTUPOBAHHOI'O IIoATCH30pa oT OIIOPHOTO.
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Perynspusanusi orpaHUYMBaeT OTKIOHEHUS KOA(DPHUITMEHTOB OT €IUHUIIBI M WX
pPE3KUE U3MEHEHHS.

Knaccudukanus ucxomanslx U ckoppekTupoBaHHblx ['CU BbImosHseTcs
cetamMu 1DCNN, NM3DCNN u SSFTT. Ha Bxox 1DCNN nomaércst crnextp
otaenbHoro runepnukcena [47]. Bxomom NM3DCNN u SSFTT ciay>XuT moaTEH30p
['CU, conmepkamuii kiaccu@UUIUPyeMblil THIEPIUKCET U €ro MPOCTPAHCTBEHHOE
okpyxeHnue [1].

Hactpoiika cnoéB ¢ SSFTT u NM3DCNN Beinonssnace B TeueHue 20 3mox
npu pasmepe makera gaHHeIX 256. [na SSFTT wmcnonb3oBanuce mOATEH30pBI
pasmepom 5 X 5 X 252. B Bapuante CE co cnoem «pm» dopmuposanocs o 3500
npuMepoB Kaxoro kiacca, B COMBO co crnosimu «m» U «v» — no 2500. B atux
samyckax COMBO Bec CIEKTpalbHOTO claraeMoro cocrtasiusi 5- 1078 Bec
nepekpéctaoit 3HTponiuu — 1. s NM3DCNN ckopocTh 00y4eHHsI COCTaBIIsIa
0,001. O6o3HayeHus CIOEB NMPUBEACHBI B MyHKTE 3.3.5.

[Tocne HacTpoiiku  KOIPOUIMEHTHI  KOPPEKIUH  (UKCUPYIOTCS |
NpUMEHSIOTCST K He3aBucuMoMmy TectoBoMy ['CHM  coBmecTHO ¢ oOumm
CHEKTpalbHbIM omnepaTopoM. MToroBsie KiiacCU(PUKATOPBI 00y4arOTCAd OTAEINBHO,
0e3 BCTPOCHHOTO KalMOpOBOYHOrO ciosi. [[nsi oOydeHust ucmoib3oBamuch 5 %
pPa3MEUEHHBIX TMIEPIHKCEIOB KaXI0ro KJacca COOTBETCTBYIOIIEH CUEHbI Specim
IQ — 743 wuentpa. IIpoBepka mnpoBoaminace Ha 181 284 pa3medeHHBIX
TUIEpPIHKCceNax TECTOBOM CIIEHBI pa3pabOTaHHOTO TUIepcreKkTpoMeTrpa. BHyTpu
OJIHOTO 3aIlyCKa KaXXJbli MTOTOBBIM KIIACCU(UKATOP MPUMEHSJICS KO BCEM
BapuaHTaM OOpabOTKM C HEM3MEHHBIMHU MapaMeTpaMu. J[is Kaxaoro BapuaHTa
HKCTIEPUMEHTA BHITIOJIHEHO MO0 TPHU 3aITyCKa MPHU Pa3IMUHbIX HaYaJIbHBIX COCTOSHUSIX

reHeparopa MCeBI0CITyYalHbIX YUCEIL.

3.4.4 OueHka NO3UIMOHHOW HEOJTHOPOIHOCTH CUTHAJIA
[To3unmoHHass HEOAHOPOIHOCTh OIICHUBACTCS IO KaJTUOPOBOYHOW CIICHE B

U(POBBIX OTCUETAX JO MPUMEHEHHUs OOIero CIEeKTPaJbHOTO omeparopa. Jlms

(@
KaXI0ro BapuanTa 00pabOTKM @ CpeaHue Npopuim S jj BBIYMCIAIOTCA IO
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BbIpaxeHuto (3.11). B MHOeCTBO ], BKIIIOUAIOTCS TOJIBKO MOJI0KEHUS BAOJIb IIEJH,
B KOTOPBIX MPUCYTCTBYIOT MUKCENIU KJlacca C; OTCYTCTBYIOIIUE TMOJOKEHHUS MPHU
BBIYKCIICHUU METPUK HE 3aMOJHSIIOTCS.

Hnsa npoduibHOM oOueHkun B KaxaoM obpaboranHom ['CHU  3aHOBO
BbIOMpaeTcs Hanbosiee sIpKuil OTIETbHBIN TUIIEPIUKCEN KaKI0TO Klacca Mo CyMMe

3HAYEHUU BCEX KAHAJIOB:

(iz,a;jg,a) = ?rg max Zlk(:l Si(j,)ka (3.27)
L] :yi,j=c

TI€ icq U j¢q — KOOPAMHATBEI BBIOPAHHOIO THIIEPIIUKCENA; 4 — BADUAHT 00pabOTKH;

a a
Yi j — METKa Kjacca. 3HauYeHHE €T0 CIIEKTPa B KaHane k 0603Haunm b E k) = Sl.(* ) itk
) 4 caJcar

Takast onopa oTianyaeTcsi OT 3apMKCUPOBAHHOTO J0 OOYUYEHHs CPEJHErO CIIEKTpa

Scr,?cf B (3.13): mpu BbIYMCIEHUU TPOPUIBHON METPUKH HUCIIOJIB3YETCS OTAEIbHBIN

TUIIEPIUKCEN, BBIOPaHHBIN yKe IMOCJIE COOTBETCTBYIOMIENH 00paOOTKH.
CpenHekBaipaTUYHOE OTKJIOHEHHE NpoQuiIsi OT BBIOPAHHOTO YPOBHS

OIpCACIIACTCA BEIPAKCHHUCM!

1 =@ g
RMSE(, = |==Yjes, (Sejn —b5.) - (3.28)

rae |/.| — 9Mcao yuuThIBaeMbIX MOJIOKEHHUI BIOJIb MIEIM. MeTpHKa BhIpakaeTcs B
UAPOBBIX OTCUYETAX W BBIYUCISICTCS TPH HAIMYUKM HE MEHEE JIBYX TaKUX
MOJOKEeHU. J[JIsI COMOCTaBl€HUA KJIACCOB C PAa3HOM SIPKOCTBIO MCIIOJIb3YETCA
OTHOCHUTEJIbHOE 3HAYEHHUE B IIPOLICHTAX:

(a) _ 100RMSE(}) (3.29)
ek = @l |

rne € = 1078 — poOaBka K 3HAMEHATENI0O B €IUHULAX HU(POBOrO OTCYETA,
IpenoTBpaIiaroias JejiecHne Ha HyJb. HOpMHpOBKa BBIMOTHSETCS MO MOIYJIO
3HAUCHUS WHIWBHUIYaJIbHOTO OIIOPHOTO CIEKTpa B pacCMaTpPHBAEMOM KaHaJe.

HToroBeiii mokazaTeib paBeH apuOMETHUECKOMY CpeIHEMY TI0 BBIOpAHHBIM

KJ1acCaM M KaHaJlaM.
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—(a) _ 1 (a)
T = mzcec Dkeetco ek » (3.30)

rne C — MHOXeCTBO 12 kaccoB kanubpoBouHoii criieHbl; Ky = {31,101,171} — tpu
BBIOpaHHBIX KaHaJa MPU HyMEpaluK ¢ euHUIIbL. Takum oOpazom, ycpeaastorcs 36
OTHOCHUTEJIbHBIX OIMOOK C OJMHAKOBBIM BECOM KaXIOW Maphbl «KJIACC — KaHaID».
Cpennsisi abcomotHass RMSE BbrumcisieTcsi TakuM ke yCpeAHEHHEM 3HauyeHUM
(3.28).

Ha xamuGpoBouHoOi crieHe cpenHsst oTHocutTenabHas RMSE cocraBuia
24,63 % 06e3 mo3uMoHHON Koppekuuu u 15,72 % nocne xkoppekuuu mno Oeaomy
oObekTy. Iyl cioéB, HACTPOEHHBIX C MCMOJb30BaHHEM KiaccupukaTtopa SSFTT,
nonyueHnsl 18,79 % B Bapuante CE co cioem pm u 17,20 % B Bapuante COMBO
co cioeM m. Bce Tpu BapuaHTa CHU3WJIM MOKa3aTelb OTHOCUTEIBLHO HCXOJHBIX
JAHHBIX; CpPEIU TEPEUYMCICHHBIX KOH(UTYpaluii HaWMEHbIlIee 3HAUCHHE Jalia
KOPPEKIHs 1o 0eTIoMy OOBEKTY.

[To BeIpaxkenuto (3.28) oleHUBAETCS OTKIOHEHUE YCPEAHEHHOTO IO Kiaccy
CUTHaJla OT ONOPHOTO YPOBHS Ha KaluOpoBO4YHOU crieHe. OTNOpHBINA ypPOBEHb
ONpEAEsAeTCS OTIAEIBHO Il KaXKJIO0ro BapuaHta kKoppekumu. Ha pucynke 3.9
MPUBENICHBl CPE3bl CHUTHAJIA BIOJb IIEAUW MNpU (UKCUPOBAHHBIX TOJOKEHUU

CKaHUPOBAHUS [ ¥ CIIEKTPAIbHOM KaHaue k.



162

ssftt: calibration HSI, x=300, channel=100

Ak W’M“‘ fk '..ﬂ,,u]wh f
,Ml Tt ! H I L fi \w UM
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(a) CE: cnoii pm

ssftt: calibration HSI, x=300, channel=100
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(6) COMBO: ctou mu v

Pucynox 3.9 — Ilpumep 1iudpoBbeIx 0TCUETOB BIIOJIb MIEIEBOU TuadparMbl HA
KaJIMOPOBOYHOM CLIEHE MPU Pa3IMYHbIX BAPUAHTAX MO3ULIMOHHO-3aBUCUMON
koppekuuu. HacTtpoiika kannbpoBouHbIX clio€B ¢ ucnosb3oBanueM SSFTT: a — mo
kputeputo CE, cioit pm; 6 — o kputeputro COMBO, ciion m u v
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3.4.5 PesynbraThl TO3JIEMEHTHOM Kiaccupukamuu ¢ HeEHpoceTeBon
KaJIMOPOBKOMA

Ha ne3aBucumoil tectoBoil cuiene paccuutbiBaoTcss OA (nmyHkT 1.3.6) u
B3BemeHHas Fl-mepa. [locnennss onpenensiercs ycpenHenuem F1-mep KiaaccoB €
BECaMHM, PaBHBIMU UX JIOJISIM B TECTOBOM BBIOOpKE.

B Tabnune 3.1 ans xaxaoro kinaccupukaTopa NpuBeIeHbI CPETHIE 3HAUYCHUS
OA u B3BemenHoi F1-mepel o Tpém 3amyckam. i rpedneBoit perpeccun, CE u
COMBO otnenbHo BeIOpaHbl KOHPUTYpaIMu ¢ Hanboblei cpeaneit OA.

Tabmuna 3.1 — PesynpraThl kiaccuukauu B TIEPBOM IMOCTAaHOBKE (CpeaHUE
3HAYEHUS 110 TPEM 3aITyCKaM)

1DCNN NM3DCNN SSFTT
be3 xannbpoBku 78,38 76,55 96,85 96,83 97,86 97,36
[To 6enomy stanony | 86,66 86,39 97,16 97,17 98,31 98,00
I'pedneBas perpeccust | 79,68 79,05 96,88 96,88 98,33 98,32
«CE» 86,83 86,61 98,73 98,73 98,36 98,36
«COMBO» 87,21 86,98 97,89 97,88 98,51 98,51

Ta6nuna 3.2 — Kondurypanuu HelMpoceTeBbIX BApUaHTOB C HAUOOJIBIIEH CpeaHEeH
OA B nepBoOil IOCTaHOBKE

. Knaccupuxkarop
HUrorospiii . . . .
Kpurepuii | npu HacTpoiike KanunOpoBouHblii ciioii
KjIaccupukarop
CJ1011
IDCNN CE NM3DCNN Marpuua ¢ noJIMHOMOM (pm)
IDCNN COMBO SSFTT Marpuiia ¢ moJIMHOMOM (pm)
NM3DCNN CE SSFTT Marpuia ¢ noJIMHOMOM (pm)
NM3DCNN COMBO SSFTT Marpuua (m)
SSFTT CE SSFTT Matpuua ¢ noruHoMoM (pm)
SSFTT COMBO NM3DCNN Marpuiia ¢ moJIMHOMOM (pm)

B Tabnune 3.2 mpuBemeHbl mapameTpu3aliuu CI0EB M KIAacCU(UKATOPHI,

UCITI0JIb30BaHHbIE MpU UX HacTpoiike. KinaccudukaTop rnpu HacTpOUKeE €10 MOKET
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OTJIMYATBCS OT UTOTOBOrO: Hanpumep, aydmni pe3ynsrar NM3DCNN B BapuanTte

CE nonydeH co clioeM pm, HAaCTPOECHHBIM ¢ ucnofib3oBanuem SSFTT.

3.4.6 Oocy:xkneHue pe3yJIbTaToB KOppeKIUuu MO3ULMOHHOMI
HEOHOPOIHOCTH B NEPBO MOCTAHOBKE IKCIIEPUMEHTA

Cpenu mnipoBepeHHbIX KOHpurypamuii Hambospmas OA Ha HeE3aBUCHUMOU
TECTOBOM CIIEHE MOJIyueHa npu HelipoceTeBoi HacTpoiike: 1t IDCNN — 87,21 %
no kputepuro COMBO, nss NM3DCNN — 98,73 % no kputeputo CE, qyist SSFTT
— 98,51 % no kpureputro COMBO. DT 3Ha4eHUs NPEBBIIAIOT COOTBETCTBYIOIIHE
pe3yJbTaThl IPEOHEBOM perpecCum.

[Ipu sTOoM Ha KanTuOPOBOYHOW CIIEHE KOPPEKIUs MO OeloMy OOBEKTY
oOecrieunsia MEeHbIIyI0 cpeaHioro oTHocuTenbHyt0o RMSE (3.30), uem cion «pm» u
«my», o0yuenHble coBMecTHO ¢ SSFTT mno xputepusm CE u COMBO
COOTBETCTBEHHO.

Pe3ynbTaThl TOATBEPXKAAIOT BO3MOXKHOCTH IEPEHOCA KaJIMOPOBOYHOTO
npeoOpa3oBaHus HA HE3aBUCHUMYIO CLIEHY pa3pa00TaHHOIO TMIEPCIEKTPOMETpa U
€ro TpPUMEHEHUss C OTIAeIbHO O0O0yueHHbIMU Kiaccudpukatopamu. Cpenu
MPOBEPEHHBIX KOHDUrypanuii Hanbomwime 3HaueHuss OA u B3BeeHHoU F1-mephi

MIOJIy4YE€HbI IPU HEUPOCETEBOU HACTPOMKE.

3.5 Koppexkuust I'CH npu MexnpuOOpHOM CONMOCTABJICHNH

Bo BTOpOil mocTaHOBKE HMCCIEAYETCS KOPPEKIUs CHEKTPAIbHOTO CHUTHAJIA
pa3pab0TaHHOTO TUIEPCIEKTPOMETPA IO OMOPHBIM AaHHBIM Specim [1Q. OnopHbIMU
JJAHHBIMU TIPU HACTPOMKE CIyKaT CpPEIHUE CHEKTPhl KJIACCOB KaTUOPOBOUHOMU
cueHsl  Specim IQ, omnpenenénnsie B myHkre 3.2.3. Ilocne dukcanuun
KO2(PUIIMEHTOB COMOCTABIISIOTCS CPEIHUE CIIEKTPhl COOTBETCTBYIOIIUX KJIACCOB
HE3aBUCUMBIX TECTOBBIX CIICH U OIICHUBAETCS TOYHOCTH KIaCCU(UKAIINHI TECTOBOTO
I'CH pa3paboTaHHOTO THUIEPCIEKTPOMETPA MOJCIISIMHU, OTAEILHO 00YUYEHHBIMU T10

COOTBETCTBYIOIIEH crieHe Specim 1Q.
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3.5.1 I'CH paspaboranHoro runepcuekrpomerpa u Specim 1Q

Bo BTOpO#f mocTaHOBKE TeyaTHAsI KaauOpOBOYHAs CIieHa, pa3paboTaHHAs B
NEepBOM TJlaBe, HCIMOIB3YETCS JUIsl HACTPOMKH MEXNPUOOPHON KOPPEKIUHU I10
JTaHHBIM pa3paboTaHHOTO TumepcnekTpomeTrpa U Specim [Q. KanubpoBounsie u
He3aBucuMsble TectoBble 'CU oncansl B mynkre 2.2.1 (pucynku 2.3-2.6). CekTpsl
Specim IQ nuHEHO WHTEPHOIUPYIOTCS ¢ ucxomaHou cetku 397-1003 am u3 204
KaHaJOB Ha CETKy pa3paboTaHHOrO rumnepcrnekrpomerpa 422-978 um u3 252
KaHAJIOB.

KanubpoBouHsle crieHbI cosiepxkaT 12 cOOTBETCTBYIOIIUX KJIACCOB, TECTOBBIC
— 1ATh. [locne HHTEPNOALIMY OMOPHBIN CIIEKTP KaXKJ0TO Kacca PaCCUYUTHIBACTCS
0 BCEM €ro pa3MeuyeHHBIM runepnukceram kaauodbpoBounoro I'CU Specim IQ
cormacHo (3.14). ComocTaBieHHe BBHIIOJIHAECTCA II0 METKaM KJacCoB 0e3
nonukcenbHoro copmenieHus ['CH.

Ha  xanmuOpoBo4HOI  cueHe  pa3pabOTaHHOTO  THUIIEPCHEKTPOMETPA
dbopmMupyroTCst BBIOOPKU JIsi OOy4YeHUs, BBIOOpAa MOJEIN M UTOTOBOM MPOBEPKHU.
JI1st KaXK10r0 KJ1acca B KaXJOM ITOJIOKEHUU j BBIIEISIOTCS COOTBETCTBEHHO 12,4 1
4 11eHTpa MOJATEH30pOB; 00BEMBI BEIOOPOK cocTaBiisoT 138 240, 46 080 u 46 080
1eHTpoB. BpiOOpku (QopMUPYIOTCS B pa3HBIX I[0JIOCAX MO HAIPABJICHHUIO
CKaHHpoBaHUA. IIpoMexyTkn MexXay TMOJOCAMH HCKIIOYAIOT IEPEKpPBhITHE

MOJITEH30POB U3 PA3HBIX BHIOOPOK.

3.5.2 ®ukcupoBaHHas crieKTpasibHasl peaodpadoTka u pacuét KCH

[Tocne kommieHcauu TEMHOTO CHTHAJIA ITUGPOBBIC OTCUETH YMHOXKAIOTCS HA
KaTMOpOBOYHBIE  KOX(PQUIIMEHTHI,  3aTE€M  BBINOJHSAIOTCS  CHEKTpajbHas
npenoOopadoTka U HOPMHUPOBAHWE MO CIEKTPY Oenoro srajgona Spectralon st
nonyuyenust KCS (mysxkr 3.2.3).

CrnexTpanibHas npeao0paboTKa BKIIOUYAET CTIAXXKUBAaHNUE ¢ OKHOM 11 kaHasoB
U TOJIaBJICHUE BBIOPOCOB ¢ OKHOM 5 kaHajioB. E€ mapamerpsl mpeaBapuTesbHO

HACTPauBaIOTCS MO OOYyYAIOUIMM KaIUOPOBOYHBIM AaHHBIM MPU (UKCHUPOBAHHOMN
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MaTpulle KO3(QUIMEHTOB, TMOJYYEHHON METOJOM TpeOHEBOW perpeccuu
(monpazaen 2.1).

B BapmanTe 0e3 KanMMOPOBKH BBHITIOJHICTCS TOJBKO HOPMHPOBAHWE IIO
Spectralon. Ilpu xoppekiuu mo 6emoMy 00BekTy, rpedbneBoit perpeccun, CE n
COMBO npuMeHsieTcsi OIUH U TOT kK€ PUKCUPOBAHHBIN CIIEKTPaJIbHBINA OTIEPaTOP.
CpaBHEHHE C HCXOHBIM BAPHAHTOM TIOTOMY XapaKTEPU3yeT COBOKYITHOE BIIHSIHHE

KaJTUOPOBKHU U CIIEKTPajIbHOU pe1oOpaboTKy.

3.5.3 Hacrpoiika KOppeKIuH Mo KaJuOpOBOYHBIM CIICHAM

Koadduimentsl rpeOHEBOM perpeccuu pacCUUTHIBAIOTCS MO OOydYaromien
4acTH KaJIMOPOBOYHOM CIIEHBI /I KaXKJIOTO IMOJOKEHUS j W KaHana k coriacHo
(3.25), (3.26). Ucnonb3ytorcss KCS oTACNbHBIX THIEPIIUKCEIOB 10 CIEKTPaIbHON
npeaoOpabOoTKU U OTIOPHBIE CPETHUE CIIEKTPHI COOTBETCTBYIONIMX KJIACCOB Specim
IQ. Jumsa Bcex kaHanoB mnapamerp peryiaspuszauun 1, = 0,01. IloxydenHsie
ko3 duienTsl orpannuymBaroTcs auanazoHom 0,50-2,60. Ilpu onenke 3Toro
BApHUAHTAa K CKOPPEKTHUPOBAHHBIM JAHHBIM TAKXKE MPUMEHSETCA CHEKTPAIbHBIN
oreparop Fy.

[Ipu xoppekiuu mo O6eroMy OOBEKTY CHEKTPhl B KaXKIOM TMOJOXKEHUH j
YCPEAHSIOTCS TI0 CEMU OTCUETaM BJ0JIb HampaBieHUs CkaHupoBaHusl. OMOpPHBIM
BBIOMpAETCSd CHEKTp C HauOOJbIIMM CPEAHUM 3HAYEHHUEM II0 KaHaJlaM.
KoaddurmenTs! onpenensitorcsi mokaHAIBHBIM OTHOIIIEHUEM OTIOPHOTO CIEKTpa K
CIEKTPY B KaXJOM TOJIOKEHUU U OTPAHUYMBAIOTCS TEM K€ JTUara3zoHOM.

PerpeccuoHHoe pemieHne HCNONB3YETCA ISl  HA4YalbHOM HACTPOWKHU
KOH(Urypauuit «my», «v», «pm» u «pv» (myHkt 3.3.5). HavyanbHble mapaMerpsl
kaxaon koHpurypamuu oauHakoBel i CE u COMBO. Koadduiments
KOPPEKIIUU 3aBUCAT OT TOJIOKEHUS j M KaHalla K W SBIISIOTCS OOIIMMHU JIJIsi BCEX
KJIACCOB.

KamuGpoBounsiii croit HacTpamBaeTcsi ¢ wucnoib3oBanueM IDCNN u
NM3DCNN, npeaBaputenbHo 00y4eHHBIX Ha KalIMOpoBouHOU crieHe Specim 1Q.

[Tapametpsl knaccuduraropa u oneparopa P, ¢uxcuposansl. B Bapuante CE
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nepeKpECTHAST DHTPOIMHUS JOTMOJNHSICTCS peryispusarnueii  kKodhPuiueHToB u
OTpaHUYCHHUEM YBEIMYEeHUs! pacxoxaeHus cnektpoB. B COMBO Ha npoTs:keHun
Bcero OOyYEeHHMs YYMTHIBACTCS CpPEIHUM KBaJpaT PACXOXKACHHUS CPEIHHMX
CKOPPEKTHUPOBAHHBIX CIIEKTPOB KaXJIOIO Kjacca B KaXIOM IOJOXKEHUU | C
onopHbeiMH criekTpamu (3.14), (3.15). CnektpanbHOe cilaraeMoe HOPMUPYETCS Ha
HavaiabHOE 3HaueHue; ero Bec cocraBisieT 0,35 mrs IDCNN u 0,50 gt NM3DCNN.

s ontumuszanuu ucnoisdyercss AdamW: no 40 smox ¢ 1IDCNN u g0 30
smox ¢ NM3DCNN. IlakeTsl gaHHBIX (GOPMHUPYIOTCA W3 TPYII MO 12 CHEKTpoB
OJIHOTO KJ1acca B OJTHOM MOJIOKEHUH J. B Kaxk1oM 3arycke BEIOUparoTCsl mapaMeTphbl
ciosi ¢ HanOounbiel TKI3 (OA) Ha BeIOOpKE KaTMOPOBOYHOM CIIEHBI JJi1 0TOOpa
MOJICNIA TPHU COOJIIOJICHUU CIEKTpalibHbIX orpaHudeHuil. [lpu paBenctBe OA
npeanouTeHue oTaacérest Oosibiiei B3BemieHHOM Fl-mepe, npu paBeHCTBE 000MX
nokasareyied — Oosee paHHemy miary oOydenwus. [lomydeHHble KOA(pGUIIMEHTHI
(UKCUpPYIOTCS M MPUMEHSIOTCS K HE3aBUCHUMOW TECTOBOM CLIEHE pa3pabOTaHHOIro
runepcrnekTpoMerpa. sk KaXxaoro BapuaHTa SKCIEPUMEHTA BBIOJIHEHO MO TPpHU
3aMycKa MpU Pa3IMYHbIX HAYaJIbHBIX COCTOSIHUAX T€HEpaTopa ICEBIOCTYyYaHBIX

YUCCII.

3.54 Meroauka OUEHKM CHEKTPAIIBHOTO CXOACTBA M  TOYHOCTH
KJIacCU(UKALIUU

ITocne d¢ukcanuu npeoOpa3oBaHU IS UTOTOBOM OLIEHKHA OTHAEJIBHO
obyuarorcs knaccudukaropel IDCNN, NM3DCNN u SSFTT no He3zaBucHMOMn
cuene Specim IQ ¢ marpio kiaaccamu. Kak b1t U3 HUX UCIIOJIB3YeTCsl 0€3 U3MEHEHUS
Ipy OILIGHKE BCEX BapuaHTOB 00paboTku TectoBoro ['CU paspaboraHHOTrO
runepcnekTpomerpa. KinaccubukaTopsl, HCTIOIB30BaHHbBIE JTsI HACTPOWKH CIIOS TI0
12 knaccam KanuOpOBOYHOM CIIEHBI, B UTOTOBYIO MPOBEPKY He nepenocsatcs. SSFTT
B OTOM TIOCTAaHOBKE WCIIOJIB3YyEeTCS KaK WTOTOBBIM KiaccudukaTop, He
Y4aCTBOBABIIMN B HACTPOMKE CIIOEB.

Jlist oOy4eHust U BBIOOpa COCTOSHUS Ka)JIO0T0 UTOTOBOTO Kiiaccudukaropa

BBIJICJICHO T10 5 % pa3MEUeHHBIX THIEPIUKCENIOB KaXA0ro kKiacca Specim 1Q — mo
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747 neHTpoB B KaxaoW 4acTu. [IpocTpaHCTBEeHHas MOMJIEPKKA OOyYaromux H
MPOBEPOUYHBIX MOJATEH30pOB He nepecekaercs. st IDCNN ucnonb3yeTcs: CekTp
otaensHoro runepnukcena, a1 NM3DCNN u SSFTT — mnoareH3opsl c
MIPOCTPAHCTBEHHBIMU pa3mepamMu 7 X 7 m 5 X 5 coOTBeTCTBEHHO W BceMu 252
kaHasamu. [lapamerpsl Mmozenel BeiOuparoTcst mo OA u B3BemeHHON F1-mepe Ha
uX MpoBepouHoil yactu Specim IQ, mocne yero GpukCUpyroTCs.

[IpoBepka Ha pa3paOOTaHHOM THIEPCIEKTPOMETPE MPOBOAUTCS MO OJHOMY
Habopy u3 181 284 momyCTUMBIX TECTOBBIX IIEHTPOB JJISI BCeX KOHPUTYpauuil u
BCeX TPEX Knaccupukaropos. [Ipu ero popMupoBaHuM EHTPATBHBIN THIIEPITUKCET
JOJDKEH MPUHAIIekKATh pabodyeMy Kiiaccy, a OKHO MAaKCUMAJIbHOTO UCIIOJIb3yeMOI0o
pa3Mepa He JOJDKHO COJepKaTh Jpyrol palOoumii kjacc; nukcend (oHa B
OKpyxeHuu nonyckarorcs. Koaddummentsl nepenocarcs 6e3 m3MeHeHus u 0e3
UHTEPIIOJSALNNA, TOCKOJIbKY pa3Mepbl IO WIENHM U CIEKTPaJbHOM OCH Yy
kaOpoBoyHOro U TectoBoro I'CU coBmagaror. BHyTpu KaxXaoro moaTeH30pa
K03 pUIeHT npuMeHnserca no (HakTUHIECKOMY MOJIOKEHHUIO j COOTBETCTBYIOIIETO
TUIEpIUKCENa.

Jlns knaccudukanuu Beruncisiroress OA u B3BemieHHas F1-mepa, B koTopoit
F1-Mepbl OTOenbHBIX KIIACCOB YCPEOHSIOTCS C BECAMH, MPOTOPLUHUOHAIBHBIMA KX
YUCJIIEHHOCTU B TecTOBOM Habope. CrnekTpasibHasi OllEHKa MCHOJb3YET UCTHHHbBIE
METKH U CPEJHUE OMOPHBIE CIIEKTPHI, 3aHOBO PACCUUTAHHBIE 10 BCEM Pa3MEUEHHbBIM
MUKCEJISIM KJIAaCCOB HE3aBUCUMOM ciieHbl Specim Q. DTH TeCTOBBIE OMOPHI CIy>KaT
TOJIBKO JIJISl OLICHKH YK€ 3a()MKCUPOBAHHBIX MPE0OPa30BAHMIA.

JIns  comocrtaBieHuss crnekTpoB  ucnonb3dyrorcsi RMSE, PSNR u
CHEKTpalIbHBINA yroid SAM, npuMeHseMble TaKKe MPU MCCICTOBAHUN KaTUOPOBKHU
['CH [57]. Ans >TUX MTOKa3aTeiel NCTIOIb3YIOTCS Pa3Hble YPOBHU yCcpeaIHeHus. Bee
cpeauue mo (3.14), (3.15) npu comocTaBiIeHUH CIEKTPOB PACCUMTHIBAIOTCS IO
HE3aBUCHUMBIM TECTOBBIM CII€HaM; OMNOpHBIA crekTp Specim [Q ocrtaéres

OJIMHAKOBBIM JIJISI BCEX BapHaHTOB 00paOOTKH.
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—9
Jns Beranciienns PSNR 06o3naunm gepes R j, cpeiHmii CIIEKTp Kiiacca € 110

BCEM JIOITyCTUMBIM TECTOBBIM IICHTPaM pa3pad0TaHHOTO THIIEPCIIEKTPOMETPA TIOCTIe
COOTBETCTBYIONICH 00paboTku. [lpu ero pacué€re KakIblii THIEPIUKCET HUMEET
OMMHAKOBBIM Bec. CpemHmii KBaapaT OMMOKK JTOTO CIEKTpa OIMpeaessieTcCs
BBIPOKCHHUEM:

1 —0  —IQ\?
€c = ;le\fﬂ (Rc,k - Rc,k) >

=IQ .
rac Rc,k — OIIOPHBIN CPCOAHHH CIICKTP TOT'O JKC KJIaCCa HEC3aBUCUMOM CIICHLI Spec1m

(3.31)

IQ; K =252 — yucno cnekrpaibHbix KaHaioB. PSNR paccuuteiBaercs nis
KQKJOT0 KJlacca, MOCJe Yero 3HAYeHUs B AeUOeNax yCPeOHSIOTCS C PaBHBIMU

BCCaMU:

1 AR?
PSNR = - cec, 10l0gy (=) (3.32)

max(ec,€)

rae C; — MHOXECTBO IISTH TECTOBBIX KjaccoB; AR = 1 — uKcUpOBaHHBIN
nuanazoH s pacyéta PSNR; € = 108 — HwKHAA rpaHulla 3HaMEHaTeNsl. JTOT
JIMara30H HE OIpeeiseTcs Mo HabIogaeMbIM MUHUMYMY W MakKCUMyMy M HE
o3HauaeT oope3anus 3HaueHuit KCS 1o maTEpBana oT HyJIs 10 SAUHHUIIBL.

JInst  comocTaBlIeHHs] CIEKTPOB C Yy4E€TOM TIOJIOKEHMSI BJOJb  IIEIU
UCIIOJIB3YIOTCSL CPETHUE CTIEKTPhI Tpyni (j, ¢), onpenenénnsie B (3.15). [lycts 9y —
MHOYKECTBO HEMYCTHIX TPYII B TECTOBOUW BHIOOPKE; B JAHHOM SKCIIEPUMEHTE OHO
conepxkut 1140 snementoB. I'pynmoBoi RMSE Bbeluncnsiercss kak KOpPEHb M3

CPpCAHCTO KBaJApara paCXOXKACHUA 110 BCCM TaKUM I'PYIIIIaAM U KaHAJIaM:

1

RMSE =
K|Q¢l

—6 —I1Q\?
2(.0)eQ; k=1 (Rc,j,k ~ Rc,k) ) (3.33)

—6
rie R j i — cpennee 3nauenne KCS B xanane k nns rpynnst (f, ¢). Ipynmsl umeror

OJIMHAKOBBIM BEC HE3aBHUCHUMO OT YHCJIa BXOASAIIMX B HUX TUIlepnuKkcenoB. KopeHb
M3BJIEKACTCS TOCJIe OOIIETr0 YCPEIHEHUs KBaIpaTOB OIMKMOOK; CpeIHEEe OTACIBHBIX

rpynnoBsix RMSE 3necs He ucnons3yercs.
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O603HauuM BeKTOphl M3 BceX K 3HAUEHUN COOTBETCTBYIOUIMX CpPEIHHUX

—6 —IQ
cnektpoB 4epes R.; m R, . Cpeanuil cHekTpaibHBI yroa Mo Tpymnmam,

BBIPOKEHHBIN B Tpaycax, onpeaeiseTcs: GopMyIoin:

6 —IQ
SAM = —2 —. arccos | cli <RC}RC > (3.34)
1, ~U )€ Pr-11] max<| R ||—IQ|| ) )
rae (') — ckangpHoe npousseneHue; ||-|| — esxmmnosa nopma; clipl_qq) —

orpaHuyeHue aprymeHta uHrepBasioM otT —1 1o 1. B (3.34) ucnonb3yeTcs Ta xe
upcnenHas 3ammTa & = 1078, Tlokazarern RMSE u SAM pacCUMTHIBAIOTCS T10
rpynmnaM, a PSNR — no olmuum cpeiHuM crieKTpaM KJ1accoB; MO3TOMY 3HAYCHHUE
PSNR B tabnuiie 3.5 Heb3s MOTYYUTh HETOCPECTBEHHO U3 COCEHETO TAOJIUYHOTO

RMSE.

3.5.,5 Pe3synbrarel = CONOCTAaBJIECHUS  CIEKTPOB W  ITODJIEMEHTHOM
Kiaccuukanuu

B tabnuie 3.3 nmpusenens cpeanue 3HaueHuss OA u B3BemeHHon F1-mepol
1o TpéM 3arryckam i sty BapuanTtoB 00padotku. s CE u COMBO y kaxaoro
UTOTOBOTO KJaccudukaTopa BIOpaHbl KOHGUTYypaluu ¢ Hauboubien cpenneit OA;
cpennue 3HaueHus F1-mepbl oTHOCATCS K TeM ke KoHpurypauusm. Konpurypanuu
OTOOpAaHBI MTOCJIE TECTOBOW OLIEHKH, @ COCTOSIHUS OTAEIbHBIX CJIOEB 3a()UKCUPOBAHBI
paHee 1o KalnuOpPOBOYHBIM JIaHHBIM.

Ta6nuna 3.3 — Pe3ynbTarsl Ki1accu(UKallui BO BTOPOM MOCTAHOBKE (CpeaHUE
3HAYEHHUS [0 TPEM 3arycKam)

1DCNN NM3DCNN SSFTT
Bapuanr B3gem B3Bem B3gem
0 * 0 * V) *
OA, % Fl-mepa, % OA, % Fl-mepa, % OA, % Fl-mepa, %

be3 kanubpoBku 78,70 75,35 93,62 93,54 80,48 80,98
ITo 6enomy atanony | 75,05 67,73 83,99 84,65 86,86 86,61
I'pebueBas perpeccus | 78,29 74,22 94,55 94,60 92,32 92,11
«CE» 96,78 96,77 94,70 94,68 87,49 87,01
«COMBO» 91,72 91,68 95,86 95,85 91,11 90,79
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B Tabmune 3.4 mnpuBeieHbl MapaMeTpU3allMd BBIOPAHHBIX CIOEB IS

BapuantoB CE u COMBO wu xnaccudukaTopsl, HCIOIB30BaHHBIE TMPU HX

HaCTpOﬁKe. Hrorossie KJ'IaCCI/I(I)I/IKaTOPBI MMPUMCHAIOTCA K JTaHHBIM ITOCJIC (I)I/IKCB,HI/II/I

KaJIMOPOBOYHOTO TPEe0Opa3oBaHUSI.

Tabmuma 3.4 — Konduryparuy HeHpoCeTeBhIX BAPHAHTOB ¢ HAUOOJIBIIICH CPETHEH
OA BO BTOpOM OCTaHOBKE

Hrorossiit . Knaccupukartop . o
Kpurepuii . KainOpoBo4HbIii cJ10M
kjaaccuukarop NPU HACTPOIHKeE CJI0s

IDCNN CE IDCNN Marpuriia ¢ TOIMHOMOM

(pm)

IDCNN COMBO IDCNN BekTophas (v)
NM3DCNN CE NM3DCNN BeKTOpHa"(;VI;"““HOMOM
NM3DCNN COMBO IDCNN Marpriia (;gl‘;““HOMOM

SSFTT CE IDCNN Martpuia (m)

SSFTT COMBO IDCNN BeKTopHa;I( ;VI;OJ'II/IHOMOM

B Tabmume 3.5 mnpuBeneHbl cpeaHUE 10

TPEM 3allyCKaM 3Ha4YeHUsd

CIIEKTPAJIbHBIX TOKa3aTesael 0a30BbIX BapuaHTOB U mecTd kKoHurypauuit CE u
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COMBO wu3 Ttabmuuel 3.4. DTH TOKa3zaTeld XapaKTePU3YIOT KOHKPETHOE
npeoOpa3oBaHue U HE 3aBUCST OT ApXUTEKTYPbl UTOTOBOTO KJIaCCH(PHUKATOPA.

Tabnuua 3.5 — ConocraBiieHHEe CIIEKTPOB ISl BBIOPAHHBIX BAPUAHTOB BTOPOM
MOCTAaHOBKU (CpeJIHHE 3HAUYCHHUS 110 TPEM 3aITyCKaM)

Iﬁ;?:;?;‘p‘;?}?g Caoii | Kputepuii | PSNR, n1b 1o ExiEaM noSrApl)\f/:;lfaM
cJ1011

be3 xanubOpoBku 19,54 0,1497 9,52
ITo 6enomy 3TanoHy 22,19 0,1169 9,13
['peGHeBas perpeccus 24,22 0,1067 6,55
IDCNN pm CE 21,19 0,1381 6,67
1DCNN \ COMBO 23,99 0,1130 6,28
NM3DCNN pv CE 22,14 0,1272 6,99
IDCNN pm COMBO 24,02 0,1125 6,04
IDCNN m CE 21,99 0,1286 6,66
IDCNN pv COMBO 24,09 0,1127 6,23

['pynma — mapa «moyioxkeHue BAOIb menu — kiace». PSNR ycpenHsercs mo cpeiHUM CIEKTpaM KIacCoB.

[Ipumep comocTaBlieHHs CPEIHUX CIEKTPOB KJIACCOB TECTOBOW CIIEHBI C

onmopHbIMH criekTpamu Specim [Q npuBenén Ha pucynke 3.10.
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Knacc 1 Knacc 2 Knacc 3
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0 50 100 150 200 250 ) 0 50 100 150 200 250
CnexTpansHeli KaHan k CNeKTpankHsli kanan k

Pucynok 3.10 — ConocTtaBieHHe CpeTHUX CIIEKTPOB KJIACCOB TECTOBOM CILIEHBI IPU
pa3IMYHbIX BApUAHTAX MMO3UIIMOHHO-3aBUCUMOM Koppekuuu. HelipoceTeBas
HACTpoOiKa KaJTuOpOBOYHBIX CJIOEB ¢ ucnosibzoBanueM 1 DCNN no kpurteputo
COMBO

JUiss  HaryiggHOM  JE€MOHCTpAalMM  JCHCTBUSA  KaJUOPOBOYHBIX  CJIOEB
paccMaTpuBalOTCS paHee HCCIEJOBaHHbIE KaJMOPOBOYHAS U TECTOBAas CLEHBI, a
TaKXe€ JIOMOJHUTEIbHAs CIEHA C CEJIbCKOXO3AMCTBEHHBIMH  KYJIbTYPaMH.
ConocTaBislOTCS CHEKTPbl B BBHIOPAHHBIX TOYKAaX M M300paKEHUS OJIHOTO
CIEKTPAJIIBHOTO KaHaja J0 U Mocje Koppekuuu. Ha JOnoMHUTENbHON CIIEHE TaKkKe
paccMatpuBaeTcs u3MeHeHue 3HadeHui aneMenToB ['CH Bons menmu.

Ha pucynke 3.11 mpuBeaeHbl CHEKTPhI OAHOTO Kiacca KalMOPOBOYHOM
CLIEHBI B TPEX MOJIOKEHUAX BRoab mienu. [locie koppeknuu paznmuuns KCSH mexny
CIEKTpaMHU B BbIOpAaHHBIX TOUYKAX YMEHBINAIOTCA, a TaKXKE YMEHBLIAIOTCS

CIICKTPAJIbHBIC MCKAKCHU .
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Touka 1: kpait 1 Touxa 1: kpaii 1
e kannbposku C HefipoceTesod kanubposkon

i
B

KanubpoeowHas cueHa : knacc 1, kpail — LEHTp — Kpai 02
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Pucynox 3.11 — CexTpsl 0AHOTO KJ1acca KaTMOPOBOUYHOM CIIEHBI B PA3IMYHBIX
MOJIOKEHUSIX BAOJIb LIETU 0 U MOCIE KOPPEKIINHU

Ha pucynke 3.12 noka3zaH npumep U3MEHEHUSI CIIEKTPa B OTMEYEHHOM TOYKE
TecToBO# ciieHbl. [locne o6paboTku JoKanbHBIE KOJIEOAHUs CIIEKTpa CTAHOBSTCS

MCHEC BbIPpa’KCHHBIMU.

TecToBaA cUeHa : Knacc 4, Kpaid Knacca Touxa 2: kpait knacca Touxa 2: xpail knacca

Be3 kanubposky € HefpoceTesoi kanmbposKkoR
12
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Knacc 4
: il 10
o
o 0 S0 750 1000 1250 1500 1750 0s
i — cranuposanme /
g - [
YeenuuenHui dparment [
j=115:287 - im622:802 06 /
‘ N /\//
ns
\“ CxaMmpoBanme oz
& P @ 7% C % oo ey % @ % [ % w000
Jrp——— A "

Pucynok 3.12 — Crextp B BEIOpaHHOM TOYKE TECTOBOM CIIEHBI IO U MOCIE
KOPPEKLINHU

Ha nomonHuTENnbHOM CIEHE C CEIbCKOXO3AMCTBEHHBIMU KYJIBTYpaMU
COTIOCTaBIISIOTCS U300paKEeHUS cieKTpaibHOro KaHaia 100 B mudpoBeIx oTcuérax

(DN) no u nocne koppekuuu (pucyHok 3.13).
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CenbCKOXO3ANCTBEHHbIE KYNbTYpbl: KaHan 100, DN
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j — No3uuWA BAONE Wenw

0 500 1000 1500

i— HanpaeneHne CKaHApPoOBaHWA

Pucynox 3.13 — U3o0paxkenue cnexkrpaibHoro kanama 100 ciieHsI ¢
CEJIbCKOXO3SIICTBEHHBIMU KYJIBTYpPaMU JI0 U TIOCIIe HEHPOCETEBON KAITMOPOBKH.

B BepxHee n300pakeHHe ISl HAIJISIAHOTO CPABHEHUSI MOMEIIEH (parMeHT
CKOPPEKTHUPOBAHHBIX  JIaHHBIX, BBIICJICHHBIM KpacHoW pamkoil. Cnpasa
MpEACTABJICHbl  YBEJIWYEHHbIE  (parMeHThl JO0 U TOCIE€  KOPPEKIHH,
WUTIOCTPUPYIOIITUE KOMIICHCAINIO BUHbeTHpoBaHus. Ha HuxHeM ¢pparMente mocie
KOPPEKIIMK OCJIa0JIeHO 3aTeMHEHHE, HaOoJacMOoe Ha HMCXOJHOM BEpXHEM
dbparmenre BOJIU3H Kpast H300paKeHus 1IETIEBOU nradparmel.
Jlnst GUKCUPOBAHHOTO TOJIOKEHUSI MO Oocu ckaHupoBauus 1 = 1000 mpuBenén
MPOCTPAHCTBEHHBIN TIpoduiab 3HaueHui 3eMeHToB ['CU Bosib 1mienu B TOM ke
kaHase (pucyHok 3.14). JIunelHbIi TpeHT MOCIe KOPPEKIIUU CTAHOBUTCS OJTM3KUM

K TOPHU30HTAJIbHOMY.
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CeNbCKOX03AWCTBEHHbIE KYNbTYpPbl: Npoduab npu i=1000, kaHan 100
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Pucynox 3.14 — [IpoctpancTBennbiit mpoduiib 3HaueHuit anementoB I'CU Brob
mienu ripu 1 = 1000 B ciekTpasibHoM kanane 100 10 u mociie KOppeKIuu.
[IyHKTHPOM NOKa3aHbl JINHEWUHBIE TPEH IbI

[IpuBen€HHple  NpUMEPHI  AOMOJHSAKOT  PE3YJbTaThl  JKCIEPUMEHTOB,
NOKa3bIBasi JEWCTBUE KATMOPOBOUHOTO CJIOSI HAa OTAEIbHBIE CHEKTPhl U

MIPOCTPAHCTBEHHOE paclipeiesicHue 3HaueHui nemenToB [ CH.

3.5.6 OO6cyxaeHue pe3yJbTaTOB KOPPEKIUH TPU  MEKIPUOOPHOM
COIOCTAaBIIEHUN

Bo BTOpO#i MOCTAaHOBKE CpeAu MPOBEPEHHBIX KOH(MUTypauuii HauOoJblIas
OA nmiis IDCNN cocraBuina 96,78 % B Bapuante CE, g NM3DCNN — 95,86 % B
Bapuante COMBO. B o00oux BapHaHTax CJIOM «pm» HACTPAUBAIHCH C
ucnoas3oBanueM 1DCNN U npuUMEHSTUCh ¢ UTOTOBBIMU KJlaccupukaTopamu 0e3
n3menenns: koddduimentoB. s SSFTT wnambonemas OA modydeHa mpu
rpeOHeBoi perpeccun — 92,32 %; Cpenu o0ydaeMbIX KOH(PUTypaluil Jydliue
pe3ynbTatel CE 1 COMBO coctaBuiu 87,49 u 91,11 % cooTBEeTCTBEHHO.

Cpenun BapumanToB TaOmuil 3.5 rTpeOHEBas perpeccus obecnednia
makcumanbHbli PSNR (24,22 nb) u munumanshoe 3nauenne RMSE (0,1067). ¥V
BapuanTta CE ¢ mvanb6onsmieit OA mist IDCNN st mokazatenu coctaBunu 21,19 nb
u 0,1381 coorBeTcTBEHHO. MUHHUMaNbHBIN CPEAHUIN CIIEKTPaIbHbIA yrol SAM —
6,04° — mostydeH 1J1sl CJOsl «pm», HACTPOEHHOro ¢ ucnoyibzoBanuem 1DCNN no

kpurepuro COMBO.
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ComnocraBnenue ¢ JaHHbIMU Specim [Q BBIMONHAETCS IO CPEIHUM CIIEKTPaM
KJIACCOB, PACCUMTAHHBIM JIJIS1 CLIEHBI B LIEJIOM U OTAEJIBbHBIX NOJIOKEeHUH j. [Ipsamoe
cpaBHeHue ATUX 3HadueHu RMSE c pesynpraramu nmyHkTa 3.4.4 HEKOPPEKTHO: B
NEPBOM MOCTAHOBKE HCIIOJIb30BAHBI IIU(PPOBbIE OTCUETHI, Apyrasi Omnopa u APyroi

MOPSIIOK YCPETHEHHUS.

3.6 IIpoBepka merona koppexkuun Ha I'CH Specim FX n nanubIx
CeJIbCKOXO03ACTBEHHBIX I0JIeH

JIOTIOTHUTENBHBIA SKCHEPUMEHT BOCHPOM3BOJAUT IMEPBYIO IMOCTAHOBKY Ha
JAHHBIX TUIlepcnekTpaibHO Kamepsl Specim FX. KamuOpoBouHnslili crioi
HacTpauBaercs no TKL[3 ¢ ucnonapzoBaHreM KalIuOpOBOUYHOM CLIEHBI TOTO XK€ THUIIA,
YTO W B MEPBOM MOCTAHOBKE, MOCJE YEro ero Ko3PpQuuueHTbl GUKCUPYIOTCS AJIs
o0pa0oTKu JBYyX Jpyrux cueH. Hacrpolika U TNpUMEHEHHE KOpPPEKLUU
BBINIOJIHAIOTCSL B MPOCTPAHCTBE MacIITaOMpOBaHHBIX HU(POBBIX 0TCU€TOB (DN),
0e3 nepeBojia B KCHI.

B kamepax Specim FX npenycmorpena BcTpoeHHast KanuOpoBka « Automatic
Image Enhancement» (AIE) [146], kommneHcupyromas CHEKTpaJIbHOE U
MEXKAHAJIBHOE IIPOCTPAHCTBEHHOE paccorjiacoBaHHeE. [IposiBnenus
MPOCTPAHCTBEHHO-CIIEKTPAIbHBIX HCKAKEHUN paccMOTpeHbl B myHkTe 3.1.1 u
MPOWJUTIOCTPUPOBAaHBl Ha pucyHKax 3.3-3.5. B HacrosmmeM >SKCIepUMEHTE
ucnonb3ytorcss ['CU ¢ Brmouénnoit AIE; oOywyaemasi KOppeKIusi IpUMEHSIETCS

JIOMOJIHUTEIBHO K HEH.

3.6.1 I'CH Specim FX 1 moaAroToBKa JaHHBIX

J1J1st HACTPOMKHM UCTIOJIb30BAIACHh KATMOPOBOUYHAS ClleHa ¢ 11 pa3MedeHHbIMH
KJ1accamu noBepxHoctel. TectoBas ciieHa Nel u TtecroBast ciieHa No2 cojneprkaiu
COOTBETCTBEHHO JIBa U CEMb KJIACCOB. [ MIepIIMKCENbI ¢ HYJIeBOH METKOW (oHA HE
WCIIOJB30BAIMCh KaK IEHTPhI OO0YYarOIIMX MPUMEPOB M HE YUUTHIBAIUCH IPHU
pacuére Ki1acCu(PUKAIMOHHBIX METPUK.

I'CU conmepxanu 224 cnektpailbHblx KaHana B auanazoHe 900—-1700 um

[147]. Uucino cTpoK MO HAMpaBICHUIO CKAHWPOBAHUS COCTaBisao 618 wim 619.
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[Tepen oOyuennem 1udpoBbie oTcu€Thl Kaxaoro 'CU nemmunuch Ha enWHBIA IS
Bcero m3o0paxeHus: macmTabHpi kKodddumment. OH omnpenesics kak 99,5-i
MPOLICHTUIIb CITy4alHOM BBIOOPKH OTCUETOB U3 Pa3MEUEHHBIX 00J1acTel.
BxoansiMu ipumepamu cityxuin noaren3opsl I'CH, BbiieIeHHbIE BOKPYT
Pa3MEUYEHHBIX TUIIEPIINKCENIOB U COAEPIKAIINE BCE CIIEKTPaIbHbIE KaHAJbl. MeTka
pUMepa OIpenessiach KIacCoM LEHTpalbHOTo runepnukcena. s Beroopa
KO3 PUIIUEHTOB KATMOPOBOYHOTO CJIOSI UCTIOJIB30BAIUCH TIOJIOKEHUS CTOIOOB

MOATEH30pa BJIOJIb M300pakeHus 1eseBon quadparmel [1].

3.6.2 Hacrpoiika kanubpoBouHoro ciios st Specim FX

OrnopHbie CIEKTPBl (GOPMUPOBATUCH MO MaCIITAOMPOBAHHBIM IHU(GPOBHIM
oTcU€éTaM KaJIMOPOBOYHOM CIIEHBI corjlacHO MyHKTY 3.2.2. JIJIsl KakJIoro Kiacca
PACCUUTHIBAIUCH CPEHUE CHEKTPhl OTACIBHO [JIsi KaKJAOro MOJIONKEHUS BHOJb
ey 1o (3.11). OnopHbIM BEIOHpacss Hanboee SPKUM U3 HUX — C MAKCHUMAJIbHOM
CyMMO} 3HaUY€HMI MO CHEKTPaJbHbIM KaHaiaMm corjiacHo (3.12):

Skef =3 (3.35)

Crefck>
rae 5533’ — 3Ha4YEeHHE ONOPHOrO CHEKTPa Kjacca C B KaHale k; jief. — ONOPHOE
MIOJIO’KEHUE BIOJIb NN IS TaHHOTO Kjacca. OMopHbIe CIEKTPhI (PMKCUPOBAIUCH
710 00y4EHHUS 1 UCTIOIB30BAIHCH ISl BCEX TOJ0KEHUH B0 MIEIH.

st hopmupoBanus o0ydaroniei BEIOOPKH OTAENbHO oTOMpanuchk mo 3000
CIIyYallHBIX UEHTPAIBHBIX THUNEPIUKCENIOB Kaxaoro u3 11 kmaccoB. Bcero
ucnosb3oBanock 33 000 mpumepoB, chopMUPOBAHHBIX COTIACHO MyHKTY 3.6.1.

UccnenoBaniuch KOHPUTYpAIUU «M», «V», «pm» U «pPV», ONUCAHHBIE B
nyHkrax 3.3.3-3.3.5 [1]. Koapdunuentsl koppekiuu 3a1aBainch BbIPAXKEHUSIMU
(3.18), (3.21) u (3.23). HavampHble KOA(PIHUIIMEHTHI OMPEICISINCh METOI0M
rpeOHeBoil perpeccuu 1o (3.25), (3.26): cpenHHE CHEKTPHI KJIACCOB B KaXKIOM
MOJIO)KEHWW BJIOJIb 1IIETH COMOCTaBSUIMCh C OMOpHBIMHU crektpamu  (3.35).

HonyquHoe peUICHUC HCIIOJBb30BaAJIOCh JI HHHIHWAJIM3allUuH KaJ'II/I6p0BO‘IHBIX

CJIO€B TIepe] HEMPOCETEBBIM JOOOYUCHUEM.
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HetipoceteBoe m000ydeHME BBIMTONHIOCH MO CXEME TMEPBOW MOCTAaHOBKH
(myskT 3.3.8). Jlamee omumcaH BapwaHT ¢ KOMOMHMPOBAHHOW (DYHKITMEH MOTEPH
COMBO, mpu koTtopoM mapaMmeTpsl KaaubpoBouHoro cimosi u  SSFTT
ONITUMH3UPOBAIACH COBMECTHO. (O003HaUMM (PYHKIIUIO KOPPEKIMU dYepes
Go(j, k) = 1, (j), rae 8 — oOyuaemMblc mapameTphl ciiost. Kpurepuii umes BHI:

L =10Lygg + 0,05Lc +5-107°Riq + 5 10™* Ry, (3.36)
rae Lysg — CPeIHUN KBaJpaT OTKIOHEHUS CKOPPEKTUPOBAHHOIO MOJTEH30pa OT
OTIOPHOTO, YCPEAHEHHBIA 110 TIPOCTPAHCTBEHHBIM TO3HUIUSAM, CHEKTPaIbHBIM
KaHaJIaM ¥ TIpUMepaM TaKeTa JaHHBIX; Lcgp — MEPeKpECTHAS SHTPOMIHS I METOK
HEHTPAIbHBIX THUIEPIHUKCETIOB, yCpeAHEHHAs MO NpUMepaM TOro e IaKeTa.
OmnopHbI# ToATEH30p (OPMHUPOBAJICS MTOBTOPSHUEM CIIEKTpPA KJ1acca MEHTPATLHOTO
TUIEpPIHUKCETa BO BCEX MPOCTPAHCTBEHHBIX mno3unmsx (myHKT 3.2.2). Ha Bxox
SSFTT nonmaBancs CKOPPEKTUPOBAHHBIN MOATEH30P LIETUKOM.

Perynspusyromme ciiaraeMble  PacCUMTHIBAIUCH IO BCEH  MaTpHIC

KOPPEKTUPYIOMUX KOIPDUIIMEHTOB:
1 .
Ria = ]_KZ§=1 Yi=1(Go (G, k) — 1)?
1 — . . 2>
YiZ1Zk=1(Go( + 1,k) = Go (. K))

U-1DK
ITepBoe cmaraemoe orpaHMYMBACT OTKJIIOHEHHE KO(PPHUIIMSHTOB OT STUHHUIIBI,

(3.37)

Rsm =

BTOPOC — pasiuuus Mexay Kod(pQuIMeHTaMHd B COCEAHHMX IOJOXKCHHUSIX BJIOJb
M300paKEeHUS 1IETIEBOM nruadparmsl.

HeiipocereBoe m1000yueHue BBITTONMHAIOCH MeTogoM AdamW [92] B TeueHue
20 smox c pa3mepoM mnakera AaHHbIX 128. CkopocTh OOydeHHs] MapaMeTpoB
KaIMOPOBOYHOTO ci10s cocTasisna 8 - 10™%, mapamerpos SSFTT — 104, ITapametp
YMCHBIIICHUS BECOB B ONITUMHU3ATOPE PABHSIICS HYJIIO.

[Tocrme kakAoro mara ONTHMH3AIMKM 3JCMEHTBHI MATPUYHBIX M BEKTOPHBIX
MHOKHTEJICH, a TakKe CBOOOJHBIC UJICHBI TOJMHOMOB OIPaHUYHBAIINCH
uaTepBasiom  [0,35;5].  Jua  ocrambHBIX  KO3(PPHUIMEHTOB  TOJIMHOMOB

UCTIONB30BaJICSl MHTEpBa [—4; 4].
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Ji1st 0OpabOTKHM TECTOBBIX CIIEH UCIOJIB30BAIACH MATPHUIA KOPPEKTHPYIOIITUX
kodpummenToB pasmepom 590 X 224, momydeHHas mocie mociaeaHen, 20-i
smnoxu. E€ aneMeHTs orpannumBanvck naTepBaiiom [0,35; 5], mocie yero matpuia
dbukcupoBanack. J[as Kaxgoro BapuWaHTa SKCIIEPUMEHTA BBIMOJIHEHO IO TpHU
3aIllyCKa MPHU Pa3IUYHBIX HAdaJbHBIX COCTOSHUSAX T'€HEpaTopa IMCeBIOCTyYalHBIX

YHCCII.

3.6.3 Knmaccudukanuu tectoBbix ['CU

Ha tecroBotii criene Nel u tectoBoii ciiene No2 cpaBuuBaiinck I'CH Specim
FX c¢ Bxmouénnoir AIE u Te ke I'CU mocne aomoJiHUTENIbHOM oOydaeMoi
KOPPEKIMU B KOHpUrypamusix m, v, pm u pv. Mcxogusim ciyxkuio ['CH mnocne
MacitabupoBanus corjacHo TyHKTY 3.6.1. KoaddummenTs Bcex BapHuaHTOB
KOPPEKLUUHU ONpPENEsUINCh MO0 KAIMOPOBOYHOM CHEHE M MPUMEHSUIMCHh K JBYM
TECTOBBIM ClieHaM 0e3 mnepeHacTpoiiku. Kaxnpiii oTcu€r yMHOXKajics Ha
K03((PUIIMEHT, COOTBETCTBYIOIINIA €T0 MOJOKEHUIO | BIOIb N300paKeHHSI IEIEBOU
nuadparMbl UM CHEKTPATbHOMY KaHaly Kk; U1 BCEX CTPOK CKAaHHPOBAHHS
UCITIOJIb30BAJIACh OJTHA U Ta K€ MaTpuiia KodhOUIIMEHTOB.

JUIsi KaXIoro couyeTaHus TECTOBOM CLEHbI, BapHaHTa OOpabOTKU W
apXUTEKTYPhI 32aHOBO CO3/aBaJicss U oOy4Jasics uToroBsiid kiaccupukatop 1 DCNN,
NM3DCNN wmm SSFTT. Ero mnapamerpsl ONpenensiauch IO BBIIECICHHOU
oOyyaromiel YacTu COOTBETCTBYIOIIEH TecTOBOM cleHbl. KanubpoBouHoe
npeo0pa3zoBaHue K 9TOMY MOMEHTY YK€ ObUIO BBIMIOJTHEHO; €ro KO3 HUIIUESHTHI TPU
oOy4eHUU HWTOrOBOTO KjaccupukaTopa HE HU3MEHSIMCh. TakuM 00pas3om,
HE3aBUCUMOCTh TECTOBBIX CIICH OTHOCHTCSI K HACTPOWKE KaTHMOPOBOYHOTO CIIOS, a
UTOTOBBIE KJIACCU(UKATOPHI 00y4YalOTCS Ha BBIICIEHHBIX YaCTSAX KaXI0W HOBOU
CLICHBI.

OO0yuarorue 1 TECTOBbBIC IIEHTPBI BEIOUPATTUCH CITyYallHO OTACIBHO B KaXKIOM
HEHYJIEBOM Kjiacce Macku. B oOydeHue Bkiroyanoch okosio 10 % pasmMedeHHBIX
TUIEPIUKCENIOB KJacca C OKPYIJEHHMEM UX 4Yucia J0 IeJIoro, OCTaJIbHbIE

HCIIOJIB30BaJIMCh AJIsA OLCHKMH. I[OHOJ'IHI/ITGJ'H)HOG OI'paHUYCHUC YHNCIICHHOCTH 3THUX
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BBEIOOPOK HE 3a7aBalioch. Pazonenne (GUKCUpOBATIOCH TSl KAKIOM CIIEHBI: HA0OPbI
00y4JaromyX U TECTOBBIX IICHTPOB COXPAHSIIMCH OJIMHAKOBBIMHU JJIsI BCEX BAPHAHTOB
o0paboTkn u apxutekTyp. OTaenbHas mTpoBepoyHash BBIOOpKA Jisi BbIOOpa
COCTOSIHHSI KJTaccu(ukaTopa He BbIIETSAIACK.

Huss 1DCNN  ucnosib30BaINCh — CIIEKTPAJIbHBIE BEKTOPBI  OT/AEJIBbHBIX
runiepriukcenoB, st NM3DCNN u SSFTT - mpocTpaHCTBEHHO-CHEKTpaibHbIC
dbparmenTtel ['CH. OOyuaromue u TECTOBBIC IICHTPHI HE COBMAAad, OJHAKO
MPOCTPAHCTBEHHBIE (PparMEeHTHI MOTJIN MEPEKPHIBATHCS.

Utoroseie kiaccupukaTopbl 00ydamuch MO MEPEKPECTHOM SHTPONUU
meronoM AdamW [92] B Tedyenue 20 smox ¢ pa3MepoM MakeTa AaHHBIX 256 u
napamMeTpoM yMmeHbieHus secoB 10™*. Ckopocts 00yduenns NM3DCNN u SSFTT
coctaBisna 5+ 107% JIna 1DCNN nposepsimuch asa 3Hadenus: 1073 u 1071,
O1eHUBaIOCh COCTOSHHE ITOCJIE MMOCIEAHEN SIIOXH.

KauectBo knaccudukauu onenruBaiocs o OA u B3BemenHoi F1-mepe Ha
TECTOBBIX IeHTpax. OOyuwaromue HEeHTpbl U (GOH MpU pacu€Te METPUK He
YUUTHIBAIIUCH.

B tabnune 3.6 npencrasnensl cpennue 3HaueHus OA u B3BemeHHOHN F1-
MephI MO TPEM 3alycKaM Ha JaHHBIX C KAJIMOPOBKOH rumepcrnexkTpomerpa Specim
FX AIE 0e3 HelipoceTeBO KOPPEKIIMH M C HEHPOCETeBOM KOPPEKIUEH,
HactpoeHHo mo COMBO (mynkt 3.6.2). [ns xaxaoro kiaccudukaTtopa u
TECTOBOI CLIEHbI B KaXXJIOM BapuaHTE BbIOpaHa KOH(pUTrypauus ¢ HauOOJbIIEH
cpeaneit OA; nipu paBeHcTBe cpenHeil OA yuuTbiBanach cpeHss B3BemeHHas Fl-
Mepa. [ oOygaeMoit KoppeKiuu oTOOp MPOBOAUICS CPpeid KOHPUTYpaLUid «m»,
«v», «pm» U «pv». Cpennue 3HaueHus Fl-Mepbl OTHOCATCA K TEM K€

KOH(UTypaLusiM.



182

Tabmuma 3.6 — CpaBaenue BapuaHToB 1) «AIE» m 2) «AIE ¢ o0yuaemoit
KOppEKIHEeH» M0 TOUHOCTH KJacCU(pUKALMU TECTOBBIX clieH Specim FX (cpennue
3HAYEHUs 110 TPEM 3aITyCKaM)

AIE AlIE ¢ oﬁyqaenfoﬁ
KOppeKIuei
TecroBasi cuena | Kimaccuduxarop Bsgen. Bsgen.
OA, % | Fl-mepa, | Caoii | OA, % | Fl-mepa,
% %
IDCNN 89,20 89,34 pv | 87,65 87,58
Te”‘”j\faﬁ R NM3DCNN 99,06 99,06 v | 99,87 99,87
SSFTT 96,72 96,75 m | 97,93 97,94
IDCNN 64,09 58,12 pv | 70,99 66,74
TGCTO‘J@ crera NM3DCNN 96,67 96,67 pm | 97,58 97,59
SSFTT 94,25 94,07 m | 95,86 95,83

Ha o6Geux tectoBbix crieHax Haubombimas OA cpeau MpeacTaBICHHBIX
pe3yabraroB noiaydena At NM3DCNN (tabnuia 3.6).

st 1IDCNN Ha o0eux clieHax cpefu oO0ydaeMbIX KOHPUTyparuil Jydiimie
pe3yNbTaThl MOJMYy4YEHBI cO cioeM «pv», s SSFTT — co cinoem «my». ns
NM3DCNN Ha tecTtoBol crieHe Nel mydmmMm okazanicsi ClOM «v», Ha TECTOBOM
cuene No2 — ciioit «pmy.

Ha pucynkax 3.15 u 3.16 noka3aHsl CIEKTpaIbHbIE CPE3BI TECTOBBIX CLIEH.
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Pucynox 3.15 — Cnexrpanbnbie cpe3sl 'CU Specim FX st TectoBoit ciienbr Ne 1.
Cnesa HarpaBo: cnektpaibHbie kaHaibl 30, 100 u 170 (Hymepanus ¢ HyJIs)
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Pucynok 3.16 — Cnekrpanbabie cpe3bl 'CU Specim FX niisa rectoBoii ciieHsr No 2.
Cnesa HarpaBo: cnektpanbHbie kaHaibl 30, 100 u 170 (Hymepauus ¢ HyJis)
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[Ipumenenue o6yuaemoii koppekiunu mossiciiio OA u B3BemieHnyto F1-mepy
B MSTH U3 MIECTH PACCMOTPEHHBIX COUETAaHWN TECTOBOM CIICHBI U KiIaccupuKaTopa
(trabmuna 3.6). Haubonpmuii npupoct nonyden ains 1IDCNN Ha TecToBO# clieHe
No2: 6,90 u 8,62 mpoIEHTHOTO IMyHKTa COOTBETCTBEHHO. OIHAKO AJIsI TOW K€
apxutekTypsl Ha TectoBoil cueHe Nel OA cHusunace ¢ 89,20 mo 87,65 %, a
B3BemeHHas Fl-mepa — ¢ 89,34 1o 87,58 %. Takum 0Opa3oM, BIUSTHIE KOPPEKIIUU
Ha T[IOKa3aTeau KiacCu(PUKalMh 3aBUCHUT OT CIEHBI W apXUTEKTYpPbI
KJ1accu(rkaTopa; NOBBIIIEHUE TOYHOCTH HAOIIOAAIOCh HE BO BCEX PACCMOTPEHHBIX
ClIyqasx.

B o00enx mnocTtaHoBKax MapaMeTpbl MO3UIMOHHO-3aBUCUMON KOPPEKIIHH
onpenemsuiich no 'CU nedyatHol kanuOpOBOYHOM CILIEHBI U TOCHE (UKCALMH
NPUMEHSIIUCH K IPYTUM ClieHaM 0e3 MOBTOPHOU HacTpoiiku (pa3zaensl 3.4 u 3.5). B
MEpPBOMl  MOCTAaHOBKE  OIOPHBIE CHEKTPbl  (GOPMHUPOBATUCH 1O  JIAHHBIM
pa3pabOTaHHOIO THIEPCIEKTPOMETPa, BO BTOPOM — MO CPEIHHM CIEKTpam
COOTBETCTBYIOMIMX KiaccoB Specim [Q.

B o0eux mocTaHOBKax pe3yJbTaThl MO3UIIMOHHO-3aBUCHUMON KOPPEKIIUH
OLICHMBAIKNCH C Hcnojab3oBaHueM kiaccupukaropoB IDCNN, NM3DCNN wu
SSFTT. Jns 1DCNN wnaubonbsmas OA cpeau pacCMOTPEHHBIX BapHaHTOB
MOoJy4eHa BO BTOpPOW IMOCTaHOBKE W cocTaBuia 96,78 %, Torma kak B IepBOM
MIOCTAaHOBKE MaKcHMalibHOE€ 3HadueHue coctaBuio 87,21 %. Jdms NM3DCNN u
SSFTT, nanpotus, Hanbonbiue 3Ha4eHus: OA 1oydeHbl B TIEPBON MOCTAHOBKE:
98,73 n 98,51 % COOTBETCTBEHHO; BO BTOPOM MOCTAHOBKE OHU COCTaBUIMU 95,86 n
92,32 %. Takum 00pa3oM, COOTHOIIECHHE pe3yJbTATOB JBYX ITOCTAHOBOK
pa3nuyaeTcs B 3aBUCUMOCTH OT apXUTEKTYPhI KilaccudukaTopa.

B mexnpubopHOoM 3KcriepuMeHTe TrpeOHeBas perpeccus obecnedunna
HanOoibpinit PSNR u Hanmenbmuii RMSE, a naun6oabmas OA mis 1DCNN u
NM3DCNN nonydeHa rnpyu HEHpPOCETEBO HACTPOMKE.

HononnutenbHas npoBepka Ha Specim FX BocmpousBojauia mepByro
MOCTAaHOBKY Ha JIPyrod Kamepe: KOd(PQPUIIMEHTH ONpeaesuIuch M0 COOCTBEHHOM

KaJIMOPOBOYHOM ClIEHEe ¥ MPUMEHSUIUCH K ABYM TECTOBBIM clieHaMm. KoHdurypanuu
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¢ HamOombInel cpenneirt OA 3aBUCENH OT CIIEHBI U apXUTEKTYPHI KiIaccupukaTopa.
B uroroBeix Tabnuiax NPUBEICHBI CPEAHUE 3HAUCHMS TMOKazaTeledl mo TpEM

3aIycKaMm JiJisi BHIOpaHHbBIX KOH(PUTYpaIui.

3.7 BbIBoabI K 11aBe 3

1. Pazpabotan MeTOoa  MO3UIMOHHO-3aBUCUMOM Koppekimu ['CU ¢
oOy4aeMbIMH KaJIMOPOBOYHBIMH CIIOSIMU. PaccMOTpeHbl MaTpuyHash M BEKTOPHAs
napaMeTpu3alMid M HUX COYETaHHs C TMOJMHOMHAIBHOM  COCTaBIISIOLICH.
KoadduimenTsl 3aBUCAT OT TMOJNOXKEHHUS J BIOIb M300paKEHUs IIEJICBOU
nuadparMbl U CHeKTpaibHOro KaHana k. Jlis ux ompenereHus: MCIOJIb30BaHbI
rpeOHeBas perpeccust U HeipocereBas Hactpoiika mo TKI[3 Ha kamuOGpoBouHOM
cueHe ¢ ucnonp3zoBanueM kpurepueB CE u COMBO.

2. PaccMOTpeHbl JIB€ TMOCTAaHOBKM KaJIUOPOBKU: MO HauOoyee SPKUM
CIIEKTpaM KJIacCOB pa3pad0TaHHOTO TUMEPCIEKTPOMETPA U MO CPEAHUM CIICKTpaM
KkiaccoB Specim 1Q, mNpuBEOEHHBIM K CETKE [JIMH BOJH pa3pabOTaHHOrO
TUIEPCIEKTpOMETpa. BO BTOpOMl MOCTaHOBKE COMOCTABJIEHUE BBIMOJIHAECTCS 10
CPEIHUM CIIEKTpaM KJIacCOB OMOPHOro u cpaBHuBaemoro ['CH.

3. B mepBoii mocTaHOBKE Ha TECTOBOW creHe HambOombmas OA cpeau
poBepeHHbIX KoH(purypauuii cocrabuia 87,21 % nns 1DCNN npu HacTporike 1o
COMBO, 98,73 % nist NM3DCNN npu Hactpoiike o CE u 98,51 % nnsa SSFTT
npu HacTtpoiike mo COMBO (tabmuist 3.1 u 3.2).

4. Bo Bropoit noctanoBke HanOosbimas OA qist IDCNN coctaBuia 96,78 %
co cioeM «pm», HacTpoeHHbIM 10 CE, my1st NM3DCNN — 95,86 % co cioeM «pmy,
HactpoeHHbIM 10 COMBO. JInst SSFTT nanbonbmas OA moydeHa nmpu rpe0HeBoM
perpeccuu — 92,32 % (tabnuus 3.3 u 3.4).

5. B mexnpuOopHOM SKCHeprMeHTe TpeOHeBas perpeccus ooOecnednia
HauOonbmuit PSNR 1o cpennum crektpam kiaccoB — 24,22 nb — 1 HauMeHbIIUN
RMSE no rpynnam «mojoxeHue BA0JIb mein — kiace» — 0,1067. MuHumanbHbIi
cpenauii SAM no rpynnam — 6,04° — mosydeH Jis ClIos «pm», HAaCTPOCHHOTO C

ucnoas3oBanueM 1DCNN no COMBO (ta6numa 3.5).
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6. Koaddunmentsl kanrnOpoBOYHBIX CIOEB, MOTYUYEHHBIE P HACTPOUKE MO
TKL3 na kamuOpoBOUYHON CIIeHE, CHITOM Ha rumepcrekrpomerp Specim FX,
OPUMEHEHbI K JABYM JIPYI'MM CLIEHaM Toro ke npubopa. OOydaemas KOppeKLUs
noBeiciiia OA u B3BemieHHyr0 Fl-mepy B IATH M3 IIECTH PACCMOTPEHHBIX
COUYETaHUM TECTOBOM clieHbl U Kiaccugukaropa. Hanbonpimas OA pocturayra c
NM3DCNN: 99,87 % na tectoBoi cuene Nel m 97,58 % nHa tectoBoi crieHe Ne2
(Tabnuia 3.6).

7. Iloka3aHa BO3MOKHOCTb PUMEHEHHS] 00y4aeMOro KaJuOpOBOYHOTO CIIOS
C OTAENBbHO OOYYEHHBIM KJIACCU(DPHUKATOPOM JIPYTrod apXUTEKTypsl (TaOauusl 3.2 u
3.4).

8. Meronuka (opMUPOBaHHS M MPUMEHEHUS I€YaTHOW KaauOpOBOYHOM
CLIEHBI, pa3pa0oTaHHas B MEpPBOM TIJaBe, UCIOJIb30BaHA B O0EMX IOCTAHOBKAaX
no3uoHHO-3aBucuMon  koppekuuun ['CU. Koadpdunuentst HacTpoeHbl 10
KaJIMOPOBOYHOM CIIEHE, a Pe3yJbTaT WX NPUMEHEHHUS OLIEHEH IO TOYHOCTH

MMO3JIEMEHTHOM KJ'IaCCI/I(l)I/IKaI_[I/II/I HC3aBUCHUMBIX TCCTOBBIX CIICH.
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3AK/IIOYEHUE

B mmccepranmonHoit pabore pa3paboTaH METOJ TOBBIMICHUS TOYHOCTH
nodsieMeHTHON knaccudukanuu ['CH, ocHOBaHHBIN Ha BHIOOpPE MapaMeTpPOB HX
dbopmupoBaHus, MPeaoOpabOTKH M KOPPEKIHMH TO pe3yibTaTaM Kiaccuukanuu
['CH neuatHO# KaJMOpPOBOYHOM cleHBI. s peanuzanuu mMetoja pa3paboTaHbl
METOHMKa (POPMHUPOBAHUS U MIPUMEHEHHSI dTOM CIICHBI, AITOPUTMBI CTIEKTPATBHOMN
npenoopadboTku u 00ydaeMoW IMO3WIIMOHHO-3aBUCUMON KOPPEKITUU  OTKJIMKA
runepcnekTpoMmerpa. I[IpoBeaeHa sKcrepuMEHTalbHAs MPOBEPKA MPEITT0KEHHBIX
pelieHnid Ha JaHHBIX pPa3pa00TaHHOTO CKAHUPYIOIIETO THUIEPCIEKTPOMETPA,
ocHoBaHHOTO Ha cxeme Odduepa, runepcnexkrpomeTpoB Specim 1Q u Specim FX,
a Takxke oTKpbIThIX Ha0opoB ['CU. OcHOBHEBIE pe3yibTaThl padOThI 3aKIIOYAIOTCS B
CIIEAYIOLIEM.

1. 1. Ilpemnoxennas metonuka (GopMUpPOBaHUS KAaTUOPOBOYHOW CIICHBI MJIs
CKAaHUPYIOIIMX TUMEPCHIEKTPOMETPOB C OIICHKOM IMOKa3areyis TOYHOCTH
kiaccudukanuu B ueneBoit 3amaue (TKL3) sBisieTcs Oonee ycTOMYMBON K
MajlbIM IPOCTPAHCTBEHHBIM paccornacoBanusMm wmexay ['CHU, udem
kinaccnueckue Metpuk PSNR, SSIM u SAM, ocHOBaHHbBIE HA CPABHEHUU C
ATAJIOHHBIM HM300paXEHUEM, YTO TMOATBEPKIECHO TEOPETHUYECKUMHU U
AKCIIEPUMEHTAJIbHBIMHU HCClieoBaHUsIMU Ha OTKpbhIToM Habope NTIRE wu
Habopax JTAHHBIX, COOpaHHBIX pa3IMYHBIMU CKaHUPYIOIUMU
TUMEPCIICKTPATIbHBIMU KaMepaMH, B TOM 4ucie kKamepamu Specim IQ u
Specim FX.

2. 2. Pa3paboTaHHBI HEUPOCETEBOM AITOPUTM CHIEKTPAIBHOTO CTIKUBAHUS U
Koppekuuu ypoBHs u€pHoro B ['CH 103BOJIIET MNOBBICUTH TOYHOCTH
MO3JIEMEHTHON KJIacCHU(PUKALMU C UCTONb30BaHueM CBEPTOUHBIX (1DCNN,
NM3DCNN) u TpaHCchHOPMEPHBIX (SSFTT) HEUPOCETEBBIX
kiaccupukaTtopoB. [IpUpocT TOYHOCTU OTHOCUTEIBLHO BapuaHTa 0e3
JIOTIOJIHUTENILHOW TIpeno0paboTku coctaBuia ot 2,17 g0 6,22 1.1., mpupocT

B3BemeHHo Fl-mepel — ot 2,03 go 7,68 m.m., a mpupoct PSNR mexny
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CpPEIHUMU CHEKTPaIbHBIMU BEKTOpaMH KiiaccoB — oT 0,268 no 0,695 nb. I1o
CpaBHEHHUIO C TIpemnoOpadoTkoit Ha ocHOoBe ¢uiabTpa CaBumkoro—I ones
COOTBETCTBYIOIIUE MPUPOCTHI cOCTaBuiIu ot 1,25 mo 5,19 .., ot 1,44 10 5,53
.. u ot 0,187 no 0,614 nb. Ilo cpaBHeHUIO ¢ HEMPOCETEBBIMU aHATIOTAMU
MPUMEHEHHUE TMPEJI0KCHHOTO aJrOpPUTMa ITO3BOJIMIIO TOBBICHTH OOIIYIO
TOYHOCTh TTO3JIEeMEHTHOH Kitaccudukanuu Ha 0,94—1,45 1.11., a B3BEIICHHYIO
Fl-mepy —na 0,94-1,47 n.m.

3. Pa3zpaboranHas MeTojuka BbIOOpa mapamerpoB ¢opmupoBanus I'CU ¢
ontumm3anuerd 1o kpurepuro TKL3 mo3BossieT omnpenensats ycuieHue
KaMmepbl, BpeMsl SKCIO3UIMU M IapaMeTpbl CKaTus. B skcrnepuMeHTe C
BBIOOPOM BPEMEHHM SKCIO3UIMU M YCUJICHUS KaMepbl MPUPOCT TOUYHOCTHU
MOAJIEMEHTHOM Kiaccu(uKauu Ha TecToBOM cuiene coctaBui 1,81; 0,90 u
2,51 m.o. gist IDCNN, NM3DCNN u SSFTT coOOTBETCTBEHHO.

. 4. PazpaboTaHbl aIrOpuTMbl 00y4aeMOl MO3UIITMOHHO-3aBUCUMON KOPPEKIIUU
I'CH B BuE nepeHOCUMBIX KaTMOPOBOYHBIX CIIOEB. [[prMeHeHne 3Tux cioéB
c omnoMepHbiMH (1DCNN) u tpéxmepubivu (NM3DCNN) cBEpTOUYHBIMU
KiaccupukaTopamMu, a Takke TpaHchopMmepHbiMu wmoaensmu (SSFTT)
obecreurmIo IPUPOCT TOYHOCTH MO3JIEMEHTHOM Kiaccudukamuu ot 0,65 10
8,83 n.m. u B3BemeHHou F1-mepoi ot 1,15 10 10,43 n.1m1. mo cpaBuenuto ¢ 'CU
0e3 kanmuOpoBku. Ilo cpaBHEHHIO C KaaMOpPOBKOW MO O€lIoMy 3TaloHy
COOTBETCTBYIOIIUE MpUpocThl cocTtaBuau oT 0,20 go 1,57 n.o. u ot 0,51 1o
1,56 nm.n. Ha TectoBoii cuene No2 rumepcnexkrpomerpa Specim FX 1o
cpaBHeHuio ¢ AaHHbiMH ¢ AIE mpumenenue pa3paOOTaHHBIX aITOPUTMOB
obecrieuriio IpUPOCT TOYHOCTH Kinaccupukamuu ot 0,91 mo 6,90 mm. u

B3BenieHHou F1-mepor ot 0,92 1o 8,62 m.1m.
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OIMPEAEJIEHV A, OBO3HAYEHM A 1 COKPAILIEHM A
['CA — runepcrnekTpaiibHas anmaparypa
CI'CA — cxanupyromas runepcrnekTpaibHas annaparypa
['CH — runepcnekTpanbHOE U300pakeHHe
BAC — OecniunoTHasi aBUallMOHHAs CUCTEMa
KCS — koapuninenT cnexTpanbHO SpKOCTH
TKII3 — TogHOCTH KiTacCH(pUKAINK [IETICBOM 3aa4H
OPT — dhyHKIMSA pacCesHUS TOUKH.
DN — 11 poBoii OTCUET 3apETUCTPUPOBAHHOIO CUTHAIIA
OA — 00111ast TOUHOCTB MTOAJIEMEHTHON KiTacCU(UKAITUH
MSE — cpeanuii kBagpaT OIMOKH
RMSE — cpenHekBaapaTiaHOE OTKIIOHEHHE
PSNR — n1koBO€ OTHOIIEHHE CUTHAI/IITYM
SSIM — MHIEKC CTPYKTYpHOIO CXOACTBA
SAM — crieKTpaIbHBIN YTOJ
CE — kareropuanbHas NepeKpECTHAs SHTPOIHUS
COMBO — komOuHMpoBaHHas pyHKIUs noteph, Bkmovatonas CE u MSE
m — oOyuaeMas KaTuOpoBOYHAsI MaTpHUIla
V — BeKTOpHas (pakTopuzaIius KaTuOpOBOYHOU MATPHUIIBI
pm — MOJMHOMMAJIBHBINA CJIIOW U MaTpHULIA MapaMeTPOB

PV — IOJIMHOMHUAJIBHBIN CJIOW U JIBA BEKTOPA MMApAMETPOB
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AKT O BHEAPEHHH
Pe3yILTATOB HeeeoBaHnA no Teme «Mero i HelipoceTeBble ATOPHTMBI IOBBINIEHHH

TOMHOCTH M03/1eMEHTHOH KiacCH)HKAIAN IHIePCIeKTPAILHBIX H300pamkenniin

Hactosummii AKT CBHAETENLCTBYET, YTO Pe3yabTaThl Hocnenopandit A.P. Makaposa mno
Teme «MeTon W HefipoceTeBBle AITOPMTMEL TIOBBINEHHA TOYHOCTH  IO3JIEMEHTHOH
KJIacCH(HKALMH THIEPCTIEKTPANbHEX Hiobpakenuii» Breapensl B Llentp «MuTemnekTyabHAS
MOBHIIBHOCTS MHOTO(YHKIHOHATBHEIX OCCHHIOTHEIX aBHAIHOHHEIX CHCTeM» Camapckoro
ynupepcutera M. Kopormepa M ucmonesylotcs B paboTax 1o HanpasieHuio «PaspadoTka
dpefiMBopra  AMCTAHUHOHHOTO MOHHTOPHHIE HA OCHOBE HHTEMICKTYANBHOTO aHAIHIA
MYJIETHMOJANBHBIX JIAHHBIX, MOIYYeHHBIX Ha GopTy OecnMIOTHBIX ABHAUHOHHEIX CHCTEM
FW_Monitor». '

PaspaGotku A.P. Makapoga ro BeiGopy napaMeTpoB ChEMKH H KIHOPOBKE CKAHHPYIOUIHX
THIIEPCTIEKTPOMETPOB, a TAKoke HeHpoceTeBoll CeKTpaIbHOH npenoOpaboTke H NOIHIHOHHO-
3ABHCHMOl KODPEKIMH JIAHHBIX HCIONB3YIOTCA B 3a[a9aX TOMEMEHTHOH KaccHpMKaluH
THTICPCTICKTPABHEIX  H306pakenuit. VKasaHHble paspalOTKH MNOSBOJAIOT — HACTPAHBATH
napaMeTpel ChEMKH M 00paGoTKM MAaHHBIX ¢ YYETOM TOYHOCTH KIACCH(HMKALMH, YMCHBIIATh
BIMAHHE IIYMOB M HEOJHOPOJHOCTH OTKIHKA PErHCTPHPYIOLIEro YCTPOHCTEA M IOBBIIATE
TOUHOCTH MOIEMEHTHOH KIACCHPHKALIHH,

Jlansele  paspaDOTKH — UPHMEHAIOTCH  IIPH chope, TMOArOTOBKE H  AHAIH3E
IHIEPCIeKTPATIBHEIX IaHHBEIX B paMKax npoexta «PaspaboTka (peHMBOPKa AHCTAHUHOHHOTO
MOHHTOPHHTA Ha OCHOBES HIITEJ'IJ'IEKI‘}-’B.HI:HO]"O aHanH3Ia MYJIETHMOAATEHEIX JMAHHBIX, TOTYYEHHBIX

Ha GopTy GeCIHIOTHBIX aBHALHOHHEIX cHeTeM FW_Monitors.

JaMecTHTENE THPEKTOPA
[enTpa «MuTennexryansHas
MOOHIEHOCTE MHOTO(hYHKIMOHAS
GeCHHIOTHEIX ABHALMOHHEIX C
K.T.H.
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AKT o Bueapenun
Pe3yBTATOR HeCAEH0OBANNA M0 Teme «MeTo/ 1 HelipoceTeRbIe AMTOPHTMEI NOBLINICHHS

TOMHOCTH MO IEeMEHTHOI ]CJIICEII‘]HICSI[IIH THIEPCNERTPANBHBIX nzuﬁpa::ennﬁ»

Hacroammit AKT CBMIETENBCTEYET, YTO Pe3yNBTATh HCeleoBaHni A.P. Makaposa mo Teme
«Meron u HefpoceTeBbIe AITOPHTMEI MOBBINICHHA TOYHOCTH MOMIEMEHTHOH KiaccHHKaHH
THMEPCIEKTPANBHEIX H300pamenuiin BHeapenst B 000 «Jlokyc» H HCIONBIYIOTCA B paMKax
npoexta «Paspabotka oTKpeITOl mnaThopmsl cbopa W aHANH3a  THIEPCHEKTPANbHEIX
H300paKEHHH TS PeIeHH NPHIIATHBIX 33134 UH(POBOH IKOHOMHKH .

Paspabotkn A.P. MakapoBa no eibopy napaMerpoB ChEMKH H KAMHOPOBKE CKaHHPYIOIHX
THIEPCIEKTPOMETPOB, & Tak/ke HEeHPOCETEBOH cHeKTpaneHOH npemobpaboTke H MO3HIHOHHO-
3aBHCHMON KOPPEKIMH JAHHBIX HCIIONB3YIOTCA B 3a0a4ax INO3NEMEHTHOH KIACCH(HKALHH
FHMEPCNeKTpaibieX  H300pakennit. VYkasanHele paspalOTKH  IO3BONAKT  HACTPAHBATEH
napaMeTpel chEMKH H 00paloTKH JaHHBIX ¢ YYETOM TOYHOCTH KnaccH()HKALNH, YMEHBLIATH
BJIHAHHE [IYMOB H HEOJHOPOJHOCTH OTKJIHMKA PErHCTPHPYIOMIErO YCTPOHCTBA M NOBBIIATE
TOYHOCTE NMO3NEMEHTHOH KNaccHpHKAIHH,

Jannsle pa3paboTKH NpHMeHAoTeA npH cope, MOArOTOBKE H AHANMH3E THIEPCIEKTPAIBHEIX
JaHHBIX B pamkax mnpoexta «PaspaGoTka oTkpeiTOH mmaThopmel cfopa M aHanH3a
THIEPCNEKTPATEHEX H300paXkeHHil JUIA pelleHHs NPHKIAIHBIX 3a1a4 UH(POBOit IKOHOMHKH Y.
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