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BOIIPOCHI PEAJIM3AIIUA METOJIA DMIIMPUYECKOM
JJMHEMHON BUKAPUO3HOW KAJIUEPOBKHA
PAIUOMETPUUYECKOI'O KAHAJIA BECIINJOTHBIX
JJETATEJIBHBIX AIIIIAPATOB

[Ipoanam3upoBaHbl BapHAHTHl OTHOCHUTEIHHON SMIMPHUIECKON JTHHEHHON KaTHOPOBKH, CMBICT KOTOPBIX 3aKJIF0Ya-
€TCs B UCIIOJIb30BAaHUH B Ka4eCTBE OIIOPHOTO JUISI KATHOPOBKH HEKAIMOPOBAHHBIX M300paXEHUH JPYroro OTKaInuo-
POBaHHOTO OJHOTHITHOTO M300pakeHUsI, TIOYIEHHOTO TEM e CEHCOPOM. PaccMOTpeHBI BapHaHTHl OTHOCHTEIBHOM
KaJHOPOBKHU [0 METOAY IMIUPHUYCCKON THHEHHON BUKAPHO3HOM KainOpoBKHU. ONpeiesieHo YCIOBHE, MPH KOTOPOM
BIMSIHUC (PAKTOpa TOMOTCHU3AIUH Ha 00U pe3yIbTaT TAKOH KATHOPOBKH MOKET OBITh CBEJICHO 10 MUHUMYMA.

Kniouegvie cnosa: KaHI/I6pOBKa, TOMOTI'€HHU3allusd, OIITUMU3ALIUA, KOC-)(I)(I)I/ILII/ICHT OTpa’KCHUs, YPOBCHb CEPOTO

BBEJAEHUE

Kak ykaspiBaercsi B pabore [1], kanuOpoBka pa-
JUOMETPHUYECKOI0 KaHala OECHMIIOTHBIX JIETaTellb-
HbIX anmnapatoB (BI1JIA) sBisercs: BaxkxHEHIINM yCIIO-
BUEM JUIA MOJYYEHHUS] OT HUX Pa3BEAbIBATEIbHON WH-
(hopmanyy BEICOKOTO Ka4eCTBa. Y CIIOBUS NIPOBEICHUS
BUKapHO3HOH KaJMOPOBKM TAaKOBBI, YTO TPUMEHH-
TenbHO K BITJIA mpuxomuTcst yauTHIBaTh BO3EICTBHE
Ha CEHCOp BUOpaluy 1 BETPOBOI HArpy3KH, a paKTop
a’3pO30JILHOTO 3arpsi3HEHHsT atMoc(epbl MpHU MallbIX
BbIcoTax mnoJieta BITJIA MoxeT ObITh HE y4TEH.

B o0mem cityudae cienyer ydecTs IpUMEHEHUE Me-
TOJIa BUKAPHO3HEH KaJIMOPOBKH B IBYX BApHAHTAX:

— MeToJl Ha 0a3e OleHKH KO3 (UIIMEHTa OTpaxe-
HHSI Ha3€MHOT'0 0OBEKTA;

— MeToJ Ha 0a3e OLIEHKH IMepeoTpaKeHHs OT Ha-
36MHOTO OOBEKTA.

BTopoiil BapuaHT 3TOr0 METOJ1a YaCTO UCIOJIb3YEeT-
CA NPUMCHHUTCJIIBHO K CIIyTHUKaM, T.K. IIPpU 3TOM IIO-
ABJSIETCS. BO3MOXKHOCTh YUECTh a3p030JIbHYIO 3arpsi3-
HEHHOCTh aTtMoc(epbl. OJHAKO STOT BapHAHT HE
npumennuM st BITJIA w3-3a Manoif BBICOTHI ToOJeTa
NOCJIEOHUX, U MX PAaAMOMETPUYECKHE KaHaJbl B OC-
HOBHOM KaJ'II/I6p}IIOTC§I, HCIIOJIb3Yys BbBIIICIIPHUBCICH-
HBII MIEPBBIM BapuaHT peanu3aluyd BUKAPHO3HOTO Me-
Toja. BMecTe ¢ TeM 3TOT BapHaHT TpeOyeT HaIuyusl
TOYHBIX JaHHBIX O Kod((duimeHTe OTpakeHHs WC-
MOJIb3yEMOI'0 Ha3eMHOTO OTpaxkarens [2].

Kax otmedaercs B pabote [3], pannomMeTpudeckre
y3nbl BIIJIA uCHBITBIBAIOT BO3JEHCTBHE TakuX (hak-
TOPOB, KaK T'€OMETPHYECKOe BBIpaBHUBAHHUE, TOIIO-
rpaduygeckue yciIoBus, BIUSHUE aTMOC(EPHI, pa3HUIlA
B ABYHAIIPpaBJICHHOM OTPAXCHUU, 3aBUCAIIUX OT YyC-
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JIOBUM COJIHEYHOTO H3JIyYEHHsI W YCJIOBUW NPOBEAE-
HUS KaJUOPOBKHU U peaibHbIX I10JIETOB, KOTOPbIE Yac-
TO CYILIECTBEHHO paznuuHbl. [Ipu 3Tom meron momy-
SMIIUPUYECKON JTMHUU PaJUOMETPHUECKON KanOpoB-
KM JIOIyCKAaeT MCIOJIb30BAaHHE NPUPOIHBIX OOBEKTOB
(manpumep, acanbT, OSTOH, BOJA, PACTUTEIHLHOCTD
W JIp.) WIN UCKYCCTBEHHBIX OOBEKTOB (HAIpUMep, Ke-
PaMUYCCKUC IJIUTHI, OKPAIICHHBIC ICPCBAHHBIC HIUTHI,
MTOJIMBUHWIIXJIOPUIHBIE OTpaXKaTelu U Ap.), Kodpdu-
LUEHThl OTPAKEHHUSI KOTOPBIX MOTYT H3MEHSITHCS BO
BPEMEHHM U TI0 IPOCTPAHCTRY [4, 5].

CornacHo pabote [6], UCTIONB30BaHNE METOJA pa-
JUAlMOHHOTO TIEePEeHOCa, HIMPOKO HCIIOJIBb3YeMOTO
B IIPAKTHKE IUCTAaHUMOHHOI'O 30HAMPOBAHMS C IpU-
BJICUCHHUEM CITYTHHUKOB U CaMOJICTOB, B IIPAKTHUKE I10-
netoB BIUJIA mpuBoguT K GONBIIMM paguoMeTpHUye-
CKUM TOTpeIHOCTIM. [l M300pakeHuid, MOoy4eH-
HeIx BITJIA Ge3 xaimOpOBKH MO HA3eMHBIM STaJlOH-
HBIM TIaHEJIsIM, MOXET OBbITh MPUMEHEH METOJ OTHO-
CUTEJILHOW BHUKAPUO3HOW KaIMOPOBKH, COTJIACHO KO-
TOPOMY CHadajia OCYLIECTBIISIETCS] KaTHuOpOBKa OTHO-
cutenbHo  DN-0TKanuOpoOBaHHBIX — M300paKeHHIA.
OueBuAHO, YTO 3TOT METOJ MOXXET OBITh pealn30BaH
B peaciiax MHOXKCCTBA OJHOTUITHBIX HA3€MHBIX 061:.-
€KTOB, XapaKTepU3yeMbIX OJM3KUMH BEJINYUHAMHU
YPOBHsI ceporo Ha u3oOpaxkeHusx. CregoBaTenbHO,
JUI peann3aliyd Takoro OTHOCHUTENBHOTO METoJa

* Cnpaska (UaTepHET): DN-0TKaIMOpOBaHHBIE H300paKe-
HHS — DTO JaHHbIE JUCTAHIMOHHOIO 30HAUPOBAHUS 3eMIIU
(II133), B KOTOPBIX 3HaueHUs HUbpoBbIX HOMEPOB (DN —
digital numbers) npeoOpa3oBaHbl B pPeajbHbIE BEIUYUHBL,
CBSI3aHHBIE C H3IVUEHHEM M OTpaKaTeJIbHOW CIOCOOHO-
CTBIO TTOBEPXHOCTH.
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Puc. 1. I'paduxu 3aBucumoctu (1) st R, G, B xanasnos
nU3MepeHui

Ba)KHO Pa3paboTaTh NMPOLEAypYy Hepexoa OT OLEHOK
"ypoBHs yepHOTO" K 3HaueHussM DN 1 namee x xkod¢-
¢unmeHTy otpaxkeHus. Takke aKTyalbHBIM OKa3bIBa-
€TCsl ONTUMM3aLUs MPOoILEecca IMIUPUIECKON JIMHEH-
HOH KaHI/I6pOBKI/I C YUYC€TOM BJIMAHUA BHCHIHHUX H3MC-
HSOIUXCS (PaKTOPOB.

MATEPHAJIBI U METO/IbI

Bapuanmer npeonacaemoco memooa xanubposku

Cornacao pab6ore [8], mist RGB-curnamoB (R —
KpacHblif, G — 3eneHblii, B — cuHHWIl) 3aBHCUMOCTD
MEX/y YPOBHEM CEpOT0 M BEIMYMHON KO3 dHUIineHTa
OTpaXXeHuss R B 1I€JIOM HUMEET 3KCIOHEHIMAJIBHBII
XapaxkTep M MOXeT OBbITh OIMCaHa CISAYIOIIUM ypaB-
HEHHUEM:

(M

roe: a; u a, SBIAIOTCSA NOCTOAHHBIMUA BEJIIMYNHAMU,

HECKOJIbKO oTiudatomumucs st R, G, B pagnomer-
pUYECKHUX KaHAJIOB M3MEPEHHs, X — YPOBEHb CEpOTro
Ha nzobpaxkenusx. ['paduknu 3asucumoctu (1) ms R,
G, B xananoB npuBesieHs! Ha puc. 1 [8].

[Ipu stom, cormacHo [8], CyIIECTBYET TaKXKe DKC-
MMOHEHIIMAbHAS 3aBUCUMOCTh MEXAy KOod(hHUIHeH-
TOM oTpaxeHus R u BenuunHamMu DN. VkasaHHbIE
3aBHCHMOCTH HECKOJBbKO paznuysbl st R, G, B ka-
HaJIOB. ['padkM ¥ COOTBETCTBYIOLIME BBIPAKEHUS
MpUBENIEHBI Ha pUC. 2.

B o0miem ciydae ykazaHHBIE Ha pHIC. 2 3aBHCHMO-
CTH MOTYT OBITh OXapaKTE€PHU30BaHbI CIEAYIOUINM 00-
LM YpaBHEHHEM:

R =a, -exp(-a,x),

R=b,-exp(b,DN), ()

rae b, b, =const, HECKOJBKO OTJIMYAIOLIMECS IS
YKa3aHHBIX PaJJMOMETPUUECKUX KAHAJIOB.
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Puc. 2. KpuBble 3KCIOHEHIMANBHBIX 3aBHCUMOCTEH UIs
R, G, B paguomerpuueckux kanaiaoB BIIJIA mexnay ko-
s¢¢punmentamu orpakeHust R u 3HaueHusMu DN [§].

a — i G-kaHana, b — mst R-kanana, ¢ — i 6imsko-
ro HH(PPAKPACHOTO KaHaa

Cro
Puc. 3. OrobOpaxkerne rpaduyecKux MpoIexyp Mpeaia-
raéMoro MeTola OTHOCHTEIbHOM KalnnOpOBKH H300paske-
HUH 110 aHaJOTMYHBIM KaJMOPOBaHHBIM H300paKEHHSIM
1o 00O0OIEHHOMY MOKa3aTellto Kod((uineHra orpaxe-
HUS

C yuerom Beipaxkenuii (1) u (2) MmoxxeT ObITH chopmy-

JIMpoBaHa cleyrolas ollas mpoueaypa Ui OTHO-
CUTENFHON KamnOpoBKH (puc. 3).

HAVYYHOE ITPUBOPOCTPOEHUE, 2026, Tom 36, Ne 3
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1. Ha nByxmepHO# KoopaHHATHOU TuiockocTy Jle-
KapTa HAHOCATCS CIECIYIOLINE KPHUBBIE:

— kpuBass R=f (DN) OTKaJIMOPOBAHHOTO OJHO-
THUITHOTO M300pakeHus (JuHus 1);

— KpuBast R=y (Cr) HEOTKAINOPOBaHHOTO H30-
Opaxenwnst (TuHUSA 2).

2. OmpenensieTcss ypoBeHb CEPOTo (CrO ) , KOTOpBIi

BCTpeYaeTcs Kak Ha OTKATMOpOBaHHOM, TaKk W Ha He-
OTKAIMOpOBaHHOM M300pakeHHsx. Onpenenstorcs
orobpaxenust C,,—a,— a,—a; COOTBETCTBEHHO
Ha nuHUAX 2, 1 1 Ha ocu DN (cm. puc. 3).

[ToBTOpEeHMEM npoLeaypsl 2 I IpYruX 3HaYeHUH
yposHsi ceporo onpenensiercs kpusas C, =y (DN),
YTO YKa3bIBa€T Ha OTHOCUTEIHbHYIO KAIIMOPOBKY paHee
HEKaJTMOPOBaHHOTO H300paKEHHS.

B cnygae, ecnin k03(pPUIMEHTHI OTpakeHUST 00B-
€KTOB HEOTKaJTMOPOBAaHHOTO M300pakeHMsI HEU3BECT-
HBI, MOKET OBITH HCIIOJIb30BaHA CIEAYIOIIas MOJIU-
(ukanyst TpeasoKEHHOW POLEAYPhl OTHOCUTEIBHOM
KaJTHOPOBKHU:

1. Ha paByxmepHOW KOOPAMHATHOW IUTOCKOCTH
JexapTa HaHOCSITCS CIIEAYIOIINE KPUBBIE:

— kpuBas DN =g, (R) oTkanuGpOBaHHOTO CEHCO-
pa (muaMs 3 Ha puc. 4);

— kpuBas DN=¢,(C,) HeoTKanubpoBaHHOro
ceHcopa. (muuus 4 Ha puc. 4).

2. Onpenensorcss TOYKH Ha U300paKEHUSIX, B OT-
HOULIEHUHU KOTOPBIX IOJIyYEHB! OJNHAKOBBIE 3HAUEHUS
DN. Omnpenensiercss mo3unus 3Tod Touku "a" Ha ocu
C. (YypoBeHb ceporo), a Takke OTOOpaKeHHs 3TOM

TOYKH Ha KpUBBIX 3 U 4 B BUIE d, U d,; OTOOpaxke-

HHME TOYKH d, Ha OCH R JaeT TOYKY d,, KOTOpas OIl-
penenseT OTKaIMOPOBaHHYIO BEJIMUUHY R, COOTBETCT-

nyn

BYIOII[YIO UCXOJHOM Touke "a".

T Cr

a
Puc. 4. I'papuaeckoe oToOpakeHne BTOPOH MOIU(HUKA-
UM TpeIJIaraéMoil OTHOCHUTENBHOH PaguoMeTpUYecKOn
KaJTHOpOBKH

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 3

Onmwwmauuﬂ npoyecca Ka]lu6p06l<'1/l

Jlanee paccCMOTpHM 3ajady ONTHMH3ALKN TPOIIEC-
ca SMIUPHYECKON JHMHEHHON KanuOpoBku. Hamowm-
HHUM, YTO 3TOT METOJ OCHOBBIBACTCSA Ha Jorapupmu-
poBanuu BeipaxkeHus (1) , B pe3ynbpTaTe 4ero noiyda-
€M CIIeAyIolIee YpaBHEHUE

InR=Ina, —a,x, 3)

roe x =DN.

JIyis ONTHMU3AIMK PACCMATPUBAEMOT0 METO/a Ka-
JIMOPOBKHU BOCIIOJIb3YEMCS pe3ylibTaTamu padboTsl [9],
COTJIACHO KOTOPOW OCHOBHOE YpaBHEHHE dMITUPHYC-
CKOI1 THHEWHOH KaIIMOPOBKH IMEET BU:

L=C1+C2'M9 4)

2

rae [; — daxkrop u3MeHeHHH BpeMEeHH KCIIO3HIHN,
F, — ¢akTop n3MeHeHuit BpeMeHH OTKPBITHS 3aTBO-
pa.
CornacHo [9], mpu KamuOpPOBKE CIEIyeT Y4YUTHI-
BaTh ()aKTOp TOMOTEHHM3alUM H3IydeHus [, ompe-
NESIEMBIN Kak

BO3HUKAIONMIMHA H3-3a W3MCHEHHH OCBEIICHHOCTH
B pa3IMYHBIX ChEMKax HM300paXCHWH W BpPEeMEHH OT-
KpBITHS 3aTBOpa B pa3jiu4HbIX KaHaiax. B atom ciy-
Yyae MOXKHO IPEIIONOKUTh, 9To Mexxy [, u DN
CYILIECTBYET HEKOTOPAsl KOPPEISLUs, KOTOpas MOKET
OBITh KaK IOJIOKUTEIBHON, TaK U OTPUIATEIIHLHOMM.
B o0mem crmydae yka3aHHYIO CBSI3b MOXKHO OTOOpa-
3UTh B BUJIe (DYHKIIMOHATBHOW 3aBUCIMOCTH

F, = f(DN). %)

Takum oOpazom, ¢ yuetom (4) u (5) monydaem
ClIeyIolee YpaBHEHNE

DN-F
C, - ———. (6)

/(DN)

Harnee, ycnoBro mpuasiB DN B kadecTBa Herpe-
pBIBHOW BeNWUYWHBI, Ha 0a3e (6) MOXKHO MOCTPOHTH

cleytomuii neneBoit GpyHkuonan F :

L=C+

- DN-F,
F = | GG f(DNl)

Jus onpenenenuns Buga ¢yakmuu f{DN), mpu xo-
TOpoM F| JOCTHraeT 3KCTpeMyMa, BBeJieM Ha yKa3aH-
HYI0 (DYHKIHIO CIIeAyrolee OrpaHuIeHHE:

d(DN). (7
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JADNW f(DN) d(DN) =C,, Cy— const. (3)

DN,
OtmetuM, 4TO ycioBue (8) ompeaenseT OrpaHUYeH-

min

HOCTb KOPPEIALMOHHOW cBsizu Mexay [, u DN.

C yuerom (7) u (8), cormacHo metony Oiiniepa u Jla-
rpaHXa, MOXXHO COCTaBHUTh CIICAYIONIHN ()YHKIIHOHAI

ontumusanuu [, , npunss DN =0,

min

DN-F, .
—f(DN)}d(DN)

AP rovan-c] o

DN,
Fy = jo Cl + Cz :

0

rae A — MHOXuTeNb Jlarpanka, A = const.
Pemenwne 3amaun (9) yioBIeTBOpSET yCIOBHIO Dif-
aepa:

DN-F
d{q +C, -mm f(DN)}

d f(DN)

=0. (10)

N3 ycnosus (10) momydaem

_ DN-F,

/*(DN)

f(DN)= /%.

CormacHo kputepuro Jlarpamxka, mpH peHICHUH
(12) ¢ynxmuonan Fy, nocTHraeT MHHAMYMa, YTO
JIETKO TPOBEPHUTH, BEIYUCIUB Tpon3Boanyo (10) mo
dyskuun  f(DN). IlosBieHHe HONOKUTEIBHON Be-
JUYMHBl B PE3yJbTaTe TaKOrO BBIYUCICHUS Oyner

2=0, (11)

nim

(12)

CBHJCTCIILCTBOBATh O AOCTHIXCHHH E)O MUHHUMYMa.

OTMeTHM, YTO yKa3aHHbBIM pPE3yJbTaT TaKKe MOXKET
OBITh MHTEPIPETHPOBaH clieAyromuM obpaszoM. [Ipu

pemernn (12) pasnuia Mexay GyHKuIHoHamamu Fo

Hu F000 JIOCTUTIIA ObI MUHUMYMa, TJIC

Fyy=[ ™[C +C,-DN]d(DN), (13)

0

Fy, — dyHKIMOHAN, ocTpoeHHBIH Ha 6ase (4) mpn
£
—-=0, 1.e. Ha 6a3e OCHOBHOTO YpaBHEHUS SMIPHU-
2

YeCKOH JIMHEHHOW KaduOpOBKHM B HETOMOTEHHU3HPO-
BaHHOM Buje. CienoBaTenbHO, IPU BBINOJIHEHUS yC-
soBust (12) ahekT roMmoreHu3anMy MOXKHO HE y4H-
THIBATb.

OBCYXJIEHUE

Taxum 00pa3om, paccMOTPEHBI BOIIPOCHI pean3a-
LUK METOAa BHUKAapHO3HON KaJIMOPOBKH B PAa3HOBHI-
HOCTU SMITUPUYCCKON JIMHEHHON KanuOpoBku. [Ipen-
JIO)KEHBl BapUaHThl OTHOCUTEIBHOM SMIIUPUYECKOMN
JTUHEWHON KadMOpOBKH, CyTh KOTOPBIX 3aKJIIOYAETCS
B KaJIMOPOBKE HEKAIMOPOBAHHBIX HM300PAXKCHUMA I10
pe3yibpTaTaM KaluOpOBKH APYroro OAHOTUIIHOTO
n300paKeHus, TONyYCHHOTO TEM K€ CEHCOPOM
10 OAHOTUITHBIM 00BeKTaM. IIpu 3TOM HCHoNIB30BaHEI
W3BECTHBIE 3KCIIOHEHIIMAIbHbIE 3aBUCUMOCTH MEXITY
DN wu koadduumenToMm oTpakeHuss U1 Mex1y "ypoB-
Hem ceporo” m DN . IlpuBeneHs! rpaduueckue HH-
TepHpeTaly MPEAIaraeMblx MpOLeIyp OTHOCHUTEIb-
HOW KammOpoBKW. Takke MpPOAHATU3UPOBAH BOIMPOC
0 BIMSHHMH (pakTOpa TOMOTEHH3AlMH HA PE3yJIbTaT
KanuOpoBKU. BerumcieHo ycrnoBue, Ipu KOTOPOM Ta-
KO€ BIMSIHHE MOXKET OBITh CBEJICHO 10 MUHUMYMA.

3AKJIFOYEHUE 1 OCHOBHBIE BBIBO/JIbI

1. TlpemnokeHbl JBa BapHaHTa OTHOCHUTEIHHOM
KaTMOPOBKM 10 METOAYy OSMITMPHUYECKOW JIMHEHHOU
BUKapHO3HOH KaTMOPOBKHU.

2. OrmpeneneHo ycioBue, MpU KOTOPOM BIMSHHE
(hakTOpa TOMOTEHH3alMK Ha OOIIMI pe3yabTaT TaKon
KaJIMOPOBKU MOXKET OBITh CBEICHO JI0 MUHUMYMa.,
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ISSUES OF THE IMPLEMENTATION OF THE EMPIRICAL
LINEAR VICARIOUS CALIBRATION METHOD
FOR THE RADIOMETRIC CHANNEL
OF DISEMBODIED AIRCRAFT

M. A. Mechtiev, Ch. G. Asadov

National Aerospace Agency, Baku, Republic of Azerbaijan

The variants of relative empirical linear calibration are analyzed, the meaning of which is to use another ca-
librated image of the same type obtained by the same sensor as a reference for calibration of uncalibrated im-
ages. Variants of relative calibration using the empirical linear vicarious calibration method are considered. A
condition has been determined under which the influence of the homogenization factor on the overall result of
such calibration can be minimized.

Keywords: calibration, homogenization, optimization, reflection coefficient, gray level
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INTRODUCTION

As noted in [1], calibration of the radiometric
channel of unmanned aerial vehicles (UAVs) is essen-
tial for obtaining high-quality intelligence information
from them. The conditions for vicarious calibration
are such that, for UAVs, the effects of vibration and
wind load on the sensor must be taken into account,
while the factor of aerosol pollution of the atmosphere
at low UAYV flight altitudes may not be taken into ac-
count.

Generally, two variants of the vicarious calibration
method should be considered:

— a method based on estimating the reflectivity of
a ground object;

— a method based on estimating the multi-
reflection from a ground object.

The second variant of this method is often used for
satellites, as it allows for the possibility of accounting
for aerosol pollution of the atmosphere. However, this
option is not applicable to UAVs due to their low
flight altitude, and their radiometric channels are pri-
marily calibrated using the first implementation of the
vicarious method described above. However, this op-
tion requires accurate data on the reflectivity of the
ground reflector used [2].

As noted in [3], UAV radiometric units are af-
fected by factors such as geometric alignment, topo-
graphic conditions, atmospheric influences, and dif-
ferences in bidirectional reflectivity, which depend on
solar radiation conditions and the conditions of cali-
bration and actual flights, which often differ signifi-
cantly. The semi-empirical radiometric calibration line
method allows for the use of natural objects (e.g., as-
phalt, concrete, water, vegetation, etc.) or artificial
objects (e.g., ceramic tiles, painted wooden panels,
PVC reflectors, etc.), which reflectivity can vary over
time and space [4, 5].

According to [6], the use of the radiative transfer
method, widely used in satellite and aircraft remote
sensing, leads to large radiometric errors in UAV
flight practice. For UAV images obtained without ca-
libration using ground reference panels, the relative
vicarious calibration method can be applied, accord-
ing to it calibration is first performed relative to DN-
calibrated” images. Clearly, this method can be im-
plemented within a set of similar ground objects cha-
racterized by similar gray level values in images.
Therefore, to implement such a relative method, it is
important to develop a procedure for converting
"black level" estimates to DN values and then to the
reflectance. Optimizing the empirical linear calibra-

* Note (from the Internet): DN-calibrated images are Earth
remote sensing (ERS) data in which the digital numbers
(DN) are converted into real values associated with the rad-
iation and reflectivity of the surface.

tion process, taking into account the influence of ex-
ternal changing factors, is also relevant.

MATERIALS AND METHODS

Variants of the proposed
calibration method

According to [8], for RGB signals (R — red, G —
green, B — blue), the relationship between the gray
level and the reflectance R is generally exponential
and can be described by the following equation:

R =gq, -exp(— azx), (D

where a, and a, are constant values that differ
slightly for the R, G, and B radiometric measurement
channels, and x is the gray level in the images. The
graphs of dependence (1) for the R, G, and B channels
are shown in Fig. 1 [8].

Fig. 1. Dependence graphs (1) for R, G, B measure-
ment channels

According to [8], there is also an exponential rela-
tionship between the reflection coefficient R and the
DN values. These dependencies are somewhat differ-
ent for the R, G, and B channels. The graphs and cor-
responding expressions are shown in Fig. 2.

Fig. 2. Exponential curves of UAV R, G, B radiome-
tric channels’ dependence of the reflectivity R on DN
values [8].

a — for the G channel, b — for the R channel, ¢ —
for the near infrared channel

In general, the dependencies shown in Fig. 2 can
be characterized by the following general equation:

R=b, -exp(b,DN), ()

where b,, b, =const, which differ slightly for the
specified radiometric channels.

Taking into account expressions (1) and (2), the
following general procedure for relative calibration
can be formulated (Fig. 3).

1. The following curves are plotted on the two-
dimensional Cartesian coordinate plane:

—curve R=f (DN) of a calibrated, uniform image
(line 1);

—curve R= l//(Cr) of an uncalibrated image (line
2).



2. The gray level (Cro), which occurs in both the
calibrated and uncalibrated images, is determined.
Displaying C,,— a,— a, —a, is defined on lines 2,
1, and the DN axis, respectively (see Fig. 3).

Fig. 3. Display of graphical procedures of the pro-
posed method of relative calibration of images using
similar calibrated images and the generalized indica-
tor of the reflection coefficient

By repeating procedure 2 for other gray level val-
ues, a curve C, =y (DN) is determined indicating the
relative calibration of a previously uncalibrated im-
age.

If the reflectance coefficients of objects in an unca-
librated image are unknown, the following modifica-
tion of the proposed relative calibration procedure can
be used.

1. The following curves are plotted on the two-
dimensional Cartesian coordinate plane:

— curve DN =g, (R) of the calibrated sensor (line
3 in Fig. 4);

— curve DN=¢,(C,) of the uncalibrated sensor
(line 4 in Fig. 4).

2. Points in the images for which identical DN
values were obtained are determined. The position of

this point "a" on the axis C, (gray level) is deter-
mined, as well as the mapping of this point on curves
3 and 4 as a, and a,; mapping the point a, on the

R-axis yields point a,, which determines the cali-
brated value R corresponding to the initial point "a".

Fig. 4. Graphical representation of the second modifi-
cation of the proposed relative radiometric calibration

Optimizing the calibration process

Next, we consider the problem of optimizing the
empirical linear calibration process. Let’s recall that
this method is based on the logarithm of expression
(1), resulting in the following equation:

InR=Ina, —a,x, 3)

where x = DN.

To optimize the calibration method under consid-
eration, we will use the results of [9], according to
which the fundamental equation of empirical linear
calibration is:

DN K
L=C+C,- ‘

“

2

where F| is the exposure time variation factor, and

F, is the shutter opening time variation factor.

According to [9], during calibration, one should
take into account the radiation homogenization factor

F, , defined as

arising from changes in illumination in different im-
age captures and shutter opening times in different
channels. In this case, it can be assumed that there is
some correlation between F, and DN, which can be
either positive or negative. In the general case, this
relationship can be expressed as a functional depen-
dence

F,=f(DN), ®)

Thus, taking into account (4) and (5), we obtain the
following equation

DN-F,
f(DN)

Next, conditionally assuming as a continuous
quantity, we can construct the following objective
functional F, :based on (6):

DN, DN-F
E :jDN,“,n |:C'1 + C2 m}d(DN) (7)

To determine the type of function f{DN) that brings
F1 to the extremum, we introduce the following con-
straint on the specified function:

L=C +C,- (6)

DN ¢
J-DNmm /(DN)d(DN)=C,, C,— const. (8)

Note that condition (8) determines the limited nature
of the correlation between F, and DN. Taking into

account (7) and (8), according to the Euler-Lagrange
method, we can construct the following optimization

functional F;,, assuming DN _ =0,
i
DN)
D

DN e DN
Fyp = Io |:C1 + Cz f(
N)d

+ ;t[joDN‘“‘“ /(DN)d(DN)— co}, ©)

.—}d(DN)+

where A is the Lagrange multiplier, A = const.



The solution to problem (9) satisfies the Euler con-
dition:

DN-F,
+A-f(DN
Fiowy /o)
d f(DN)
From condition (10), we obtain
DN-F,
—+
J*(DN)

d{C1 +C,-

=0. (10

2=0, (11)
or

7(oN) =, [PRA

(12)

According to the Lagrange criterion, when solving
(12), the functional F{, reaches a minimum, which
can be easily verified by calculating the derivative
(10) of the function f(DN). The appearance of

a positive value as a result of such a calculation indi-
cates that the minimum has been reached. Note that
this result can also be interpreted as follows. When
solving (12), the difference between the functionals

F,, and Fj,, would reach a minimum, where

Fu=]™[G+C,-DNJd(DN),  (13)

Fiy, is the functional constructed based on (4) with

F . .

—L=0,, i.e., based on the fundamental equation of
2

empirical linear calibration in a non-homogenized

form. Consequently, if condition (12) is satisfied, the
homogenization effect can be ignored.

DISCUSSION

Thus, the implementation of the vicarious calibra-
tion method as a variation of empirical linear calibra-
tion is considered. We proposed variants of relative
empirical linear calibration, their essence is calibrat-
ing uncalibrated images based on the calibration re-
sults of another similar image obtained by the same
sensor using similar objects. Well-known exponential
relationships between DN and the reflectance coefti-
cient and between the "gray level" and DN are used.
Graphical interpretations of the proposed relative cali-
bration procedures are provided. The influence of the
homogenization factor on the calibration result is also
analyzed. A condition under which this influence can
be minimized is calculated.

CONCLUSION AND MAIN FINDINGS

1. Two variants of relative calibration using the
empirical linear vicarious calibration method are pro-
posed.

2. A condition is determined under which the in-
fluence of the homogenization factor on the overall
result of such calibration can be minimized.



