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Oyenenvl xapakmepucmuku CMeuwanHo20 OpeeoCmos N0 OAHHLIM, NOTYYEHHbIM
¢ nomowwro becnuromuozo nemamenvrozo annapama (bIIJIA) — xeadpoxonmepa.
Hccnedosanusi nposedenvl na nocmosinHou npobuoti naowaou 100x100 m 6
Ipuoxcko-Teppachom obuocgepuom 3anosednuxe (Mockosckas o061.), 20e panee
HA3EMHBIMU MemOoO0amu Kapmozpaghuposano pacnonodicerue 0epesbes U Npoexyull
ux kpon. Ilo yugposoii modenu @vicom OpesecHO20 nonoed, NOCMPOEHHOU Ha
OCHOBE OAHMBIX AIPOPOMOCHEMKU, BLINOIHEH ABMOMAMUYECKUll NOUCK 0epesbes U
nonyyenvt oyenxu ux evicom. Conocmasnenue pe3yibmamos ¢ OAHHbIMU HA3EMHBIX
uccnedosanuil u OpMo@GOMoOnIAHOM NOKaA3ano, umo u3 241 natidennozo anreopummom
Oepesa 175 obnapyscenvt koppekmuo (72,6%). Hcnonb306anubviil Memoo no3601ul
agmomamuiecku vloenums OONbUUHCIEO Oepedbes 6 nonoze feca. OnpedeneHue
nonodcenuss X8OUHbIX 0epesbes (COCHbL U enu) noumu 8ce20d AGNIAN0Cs KOPPEKNHbIM.
Ipu demexmuposanuu TUCMEEHHBIX 0epPesbes (6 OCHOBHOM bepésvl) 8 npedenax 00HOU
KPOHbL ANOPUMM HACO HAXOOUT HECKObKO BePUilH, COOMBEMCMBYIOWUX HA CAMOM
oene KpynHwimM cKelemublm emssam. Bvicombl Oepesves, oyenennvie asmomamuyecku
N0 0aHHBIM A3POPOMOCHLEMKU, XOPOUIO COLTACOBLIBANUC C BLICOMAMU, UIMEPEHHBIMU
HazeMHbIMU Memoodamu. [[is KOPPEeKmHO OemeKmuposaHHvlx O0epesbes CpeodHee
3HAYEHUE BbICOMbL, NOTYYEHHOE N0 OAHHBIM A9POPomocwvémru, cocmaguno 25,0+4,8 u,
10 OQHHBIM HA3eMHbIX ucciedoganutl — 25,3£5,2 m. 3asucumocms medxncoy OanHvIMU
aspoomocvémMKU U NONEBLIMU UIMEPEHUAMU COOMBEMCMBOBANA TUHEUHOU MOOenu
(v=k*x, R°=0,99, k=0,98). [lonyuennvie pesyiomamol NOKA3b16AI0ON NEPCHEKMUEHOCb
ucnonvzoeanus Oanuvix bBIIJIA 01 oyeHku MAKCAYUOHHBIX XAPAKMEPUCTHUK
opesocmoes, mem He MeHee Ol NOMYYEHUS HAOENHCHBIX OYEHOK mpebyemcs
eepupuKayLs NOTYYEHHBIX ABMOMAMUYECKU OAHHBIX.
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BBenenune

BaxxHoe HampaBieHHE Pa3BUTHA METOJOB JUCTAHLMOHHOTO 30HAMPOBAHUS
3eMiTi — UCTI0JIB30BaHUe OSCIMIIOTHBIX JieTaTenbHbIX anmnaparoB (BI1JIA). B mo-
CJIEZIHHE TO/IBI 3Ta TEXHOJIOT U BCE IIMPE IPUMEHSIETCS B UCCIICIOBAHUAX JIECHBIX
skocucteM [1, 2]. BoctpeboBanHocTh naHHbIX BITJIA B 3TO0# 06acTi 00ycCIIOB-
JieHa HEeCKOJIbKUMH MpUYMHAMU. Bo-TepBBIX, TaKOW MOAXOJ MO3BOJSET OBICTPO
MOJTyYUTh MH(OPMAIHIO JUTsl OONBINUX IIIoNIanei (B JeCATKH U Ooliee ra) mpu
HU3KHX TPyJ03aTparax, uTo JenaeT AanHbie BITJIA BaXHBIM JONOJIHEHHEM K Tpa-
IUINOHHBIM Ha3eMHBIM METOIaM HccinenoBanuii [3—5]. Bo-BTOpEIX, IByXMepHEIE
n3o00paxeHust (OpTO(OTOILIAHBL), SIBIAIOIINECS PE3YJIbTaTOM 00pabOTKU JAHHBIX
a’poOTOCHEMKH, UMEIOT BBICOKOE MPOCTPAHCTBEHHOE paspemnieHue (o 1-3 cM
Ha MECTHOCTH), YTO JIEJIAeT WX BAYKHBIM UCTOUHUKOM JI BU3yaJbHOTO U aBTOMa-
THYecKoro nemuppupoanus. doTorpamMmmerprueckas 00padboTka H300pakeHUI
MO3BOJISIET CTPOUTH TPEXMEPHBIE MOAETN MECTHOCTH, KOTOPBIE SBJISIOTCS OCHO-
BOM JUIA JanbHEUIIIETO aHaIn3a JaHHEIX.

TpexmepHbie HU(POBbIE MOAEIH U OPTO(OTOIUIAHBI HIUPOKO MPUMEHSIOTCS
JUTSI U3y9EeHUS MEXaHU3MOB JIECHBIX cyKueccuid [6—9], uccienoBanusi CTPyKTy-
po1 apeBoctoeB [10—12], oneHkr HaA3eMHON OMOMACCHI JIECHOW PaCTUTEILHOCTH
[5, 13], ompenenenust XapakTEpUCTUK OTAEIbHBIX fAepeBbeB [4, 14-21]. Baxuo
OTMETHTb, YTO OOJBIIMHCTBO OTEUECTBEHHBIX MCCIIEAOBaTENel B JAHHOU Ipe.-
METHOH o0yiacTu paboTaer ¢ OpTOPOTOIUIAHAMH (MHOTIA C TIPUBJICICHUEM MYJIb-
TUCTIEKTPAIBbHON cheMkn) [6, 12, 14, 21, 22], Torna kak nosyuyeHHbIE Ha OCHOBE
(hororpamMmMeTpuyecKkoil 00paboTKH M300paxenui [7, 12, 23, 24] win MeTomOM
BO3AYIIHOTO JIA3EPHOTO CKAaHUPOBaHUS [25] TpexMepHbIe 00aKa TOUeK HCIIONb-
3yIoTCsl peke. B To ke Bpems 3apyOe:KHBIMH HCCIIEAOBATENSIME ITUPOKO TPH-
MEHSIOTCS] METOJIbI aHAJIM3a 00JIAaKOB TOYEK U TPEXMEPHBIX HU(POBBIX MOJENEH.
3HaunTeNbHAS YacTh MOZOOHBIX MCCIEIOBAaHNH BEIITOJHEHA B YIPABISIEMBIX Jie-
Cax C OHOSIPYCHBIMU OTHOBHIOBBIMU JPEBOCTOSIMH, YACTO C PETYIAPHON CXEMOi
nocanku [19, 26-31]. [lokazana nepcreKTUBHOCTD UCIIOMB30BAHUS TAKOTO TTO/I-
X0J1a 7151 OLICHKH XapaKTEPUCTHK OTIENbHBIX JIEPEBHEB U APEBOCTOEB B LIEJIOM.

Lens mccnenoBanns — onpeneieHne HEKOTOPHIX XapaKTePHCTHK CMEIIaHHBIX
JPEBOCTOEB 10 IaHHBIM adpodorocheMku Tpu nmomoru BITJIA u onenka kaue-
CTBa PE3yNBTATOB 110 TaHHBIM Ha3eMHBIX N3MEPEHUH.

Marepuajibl 1 METOAUKH HCCJIET0BAHUS

B pabote ncrnonp30BaHE TaHHBIE HA3EMHOTO KapTOTpadUpOBaHISI M PE3yib-
TaThl a3po(oTOCHEMKH MOCTOSIHHON npobHoM momanu (IIIIIT), pacnonoxen-
HOi Ha Tepputopun lIpuokcko-TeppacHOro rocygapCTBEHHOTO NPHUPOIHOTO
ouochepnoro 3amoenuuka (. 0. CepnyxoB, MockoBckas 06:1.). IIIIT pazme-
pom 100x100 m (1 ra) 3anoxena B 2016 1., koopauHate! nentpa 54,88876° c.mr.,
37,56273° B.1. (WGS84). MeTonuka Ha3eMHBIX UCCIEI0BaHUHI OAPOOHO omuca-
Ha B padote B.H. IllannHa ¢ coaBT. [32] 1 3aKiIrodaiach B CISIYIOIIEM: IIPH 3a-
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knazke [T kaprorpadupoBaHO MOJIOKEHHE BCEX ISPEBHEB C THAMETPOM CTBOJIA
>6 cM ¢ oMolIbio gansHOMepa-yriiomepa TruPulse 360B, mist kaxxa0ro sKMBOTO
ZiepeBa M3MEPEHBI BRICOTA U 4 paryca IPOEKINH KPOHBI OT CTBOJIA IO CTOPOHAM
CBeTa, OLIEHEHBI ITPUHAJIEKHOCTh K OHOMY H3 KiaccoB Kpadra, a Tarke He-
KOTOpBIC APYTHE XapaKTEepUCTHUKH. 1151 IepeBhEB Pa3HBIX BUIOB, OTHOCSIINXCS K
pa3HbIM KitaccaMm Kpadra, BBIOOPOYHO Onpe/iesieH BO3PAcT IPH MOMOIIN BO3PaCT-
Horo Oypa. [To JaHHBIM Ha3eMHBIX MCCIICIOBAHUN yCTaHOBIEHO, YTO JAPEBOCTOM
Ha [I1IT cMeranHBIiA, B IepBOM spyce npeobnanarot cocHa (Pinus sylvestris L.)
u 6epésa (Betula spp.), eAMHWYHO ydacTByeT ocuHa (Populus tremula L.). Bropoit
sipyc obpa3oBaH enbto (Picea abies (L.) H.Karst.), munoit (7ilia cordata Mill.) n
nyoom (Quercus robur L.). B mosiore neca MMEIOTCs KPYITHbIE OKHA, BOSHUKIITHE
B pe3yJbTaTe ychixanus enu (mocneactus 3acyxu 2010 r. u moBpexaeHus Kopoe-
noM-tarorpadom Ips typographus (Linnaeus, 1758)). CpenHuii BO3pacT COCHEI B
npesoctoe 113 net, 6epéser — 100 e, enu — 78 net. I1nan-cxema NpoeKIHii KpoH
YUETHBIX JIEPEBBEB IPEICTABICHA HA PHUC. 1, UNCIIO NEPEBHEB Pa3HBIX KIACCOB
Kpadra B Tabm. 1.

Aspodorocrémka IIIT nposenena 12 okrsaops 2017 1. Berdop Takoro cpoka
00yCIIOBJICH T€M, YTOOBI, C OMHOH CTOPOHBI, MOMYYHUTh TOCTATOYHOE IUIS Jallh-
Helme 00pabOTKH YHCIIO TOYEK KiIacca «3eMHasl IIOBEPXHOCTEY, TaK KakK B 3TO
BpeMsi OOJIBITMHCTBO PACTEHHUN YK€ HE BET€THPYET, a C APYrOi — KOHTPACTHBIM
pacTpoBBIif OPTOQOTOIUIAH C IEPEBBSIMH B OCEHHEH OKpacKe JJIsI MHHUMH3AIHI
oIIMOOK NpH BU3yalbHOM AemmudpupoBanun. Cbemka nposeaeHa BITJIA — kBa-
npoxorirepoM DJI Phantom 4 B pexxume mosaic flight mode ¢ 90% nepexpritnem
¢dotorpaduii ¢ BEICOTHI 68 M. TexHUYECKIE XapaKTePUCTHKH KaMEPhI KBaIPOKOII-
Tepa MpeaCcTaBlieHbl B Ta0m. 2. JIJig mpeaoTBpamieHus KpaeBoro 3QQekra chéMka
BBINOJIHEHA ¢ Oy(epHOit 30HOH MUPUHOI 0koJI0 50 M.

[TnoTHOE 006:1aK0 TOYEK M OPTOQPOTOILIAH ITOCTPOCHBI B Mporpamme GoTorpam-
MeTpuueckoil o6padotku Agisoft Metashape [33] — oTedecTBeHHOM IPOIYKTE,
KOTOPBIM MIMPOKO NpuMeHsieTcs B Mupe [9, 24, 27, 29]. 3arem obnako Todek 00-
paboTaHo B cpele CTaTUCTHYECKOro mporpammupoBanus R [34] mis nomydenus
MOJIEJIM BBICOT JJpeBecHOTrO roora (canopy height model, CHM). Mcnons3oBaHbl
CICLUATU3UPOBAHHEIC TTAKETHI, IPETHA3HAYCHHBIC JIJIsl aHATIM3a TAHHBIX BO3IYIII-
HOTO JIA3€PHOTO CKAaHUPOBAHUS, JJIS1 KOTOPBIX HUCIIONB3YIOTCS T€ K€ METOJBL, UTO
u 11 00paboTku poTorpaMmMeTpudecKux 00JakoB Touek. [locienoBaTenbHOCTh
3TaroB PabOTHI C IUIOTHBIMU OOJIakaMH Todek Jis moyueHuss CHM moapoOHo
onucaHa B nureparype [29, 35].

Ha mepBom 3tare ucnonb3oBanbl GyHKIwy makera lidR. CHauana BeIACICHBI
TOYKH, OTHOCSIIUECS K KIACCY «3EMHAasl MOBEPXHOCTHY, C TOMOINBI0 (QYHKIHH
lasground() no anroputMy cloth simulation filtering [36].

DTOT aNropuT™ pa3paboTaH CIIEIUATIBHO 11 00pabOTKH JaHHBIX IIPHUPOIHBIX
(HE TOPOICKUX) TEPPUTOPUI H TO3BOJISIET YUECTh 0COOEHHOCTH MHKpOpenbeda
3a CUeT Pa3HOM AMACTUIHOCTU BUPTYAILHON TKAHU, KOTOPAs OITyCKASTCs Ha Iepe-
BEPHYTOE 00JIAKO TOYCK.
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The scheme of tree crown projections on the permanent sampling plot
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Tabnuna 2 [Table 2]
TexHuuecKue XapaKTepUCTHKH kaMepbl kBagpokonTepa DJI Phantom 4
[Technical parameters of DJI Phantom 4 camera]

Xapakrepuctuka [Parameter] 3Hauenue [Value]
Kamepa [Camera] FC 330
Marpuia [Image sensor] 1/2.3” CMOS
O0bekTuB [Camera lens] FOV 94° 20 Mmm
Junadparma [Aperture] /2.8
Jwuanazon ISO [ISO range] 100-1600
IIBeToBOE IpocTpancTBO [RGB color space] sRGB
CxopocTtb 3aTBOpa [Shutter speed] 1/8000 s
Pasmep n3o0paskeHusi, mukcenei [Photo size] 12 M, 4000 x 3000
®dopmat n300pakeHwmit [Image format] JPEG, RAW

3areM BBINONHEHAa HOpMaiau3alys HAO0Opa NAHHBIX C MOMOIIBIO (BDYHKIHH
lasnormalize() o anropuTMy tin, B Ipolecce KOTOPOi 3HAYEHHs BHICOT HOPMH-
pOBaHbI Ha YPOBEHb 3€MHOM MOBEPXHOCTH. DTOT JITOPUTM IPOCTPAHCTBEHHOMH
HWHTEPIIONIALIMN Ha OCHOBE TPUAHTYISIIMU J[€TIOHE BBIMIOJHAET IMHEWHYIO UHTEP-
TIOJISILINEO BHYTPH KaKI0TO TpeyronbHuKa. J[anee moctpoena CHM mo anroputmy
pit-free [37] ¢ momorpto QyHKIMU grid_canopy(). ITOT alrOpUTM OCHOBAaH Ha
BBEIYHCIICHIH TPUAHTYJIANA Ha Pa3HBIX BBICOTAX W IO3BOJLIET M30€KaTh MHKCE-
Jei ¢ HeMHTepIpeTHpoBaHHOHN BbicoTol. Ha crenmyromem stame mo nu¢poBoil
MOJIENIM BBICOT BBIJENIEHBI OTHENbHbIE JepeBbs. s MoucKa BEPIIUH JECPEBHEB
U OIpeJesIeHs] UX BBICOT HCIOJNB30BaH alTOPUTM, PEaM30BaHHBIN B (YHKIUH
FindTreesCHM() nakera rLiDAR [35]. AnropuT™ 0CHOBaH Ha MOUCKE JIOKAIHHBIX
MaKCUMYMOB ITPH TIOMOIIH CKOJIB3SIILIEr0 OKHA 33JJaHHOTO pa3Mepa C y4ETOM MUHHU-
MaJIbHOM BO3MO)KHOM BBICOTHI AepeBa. B pesynbprare npeaBapUTEIbHBIX 3aIlyCKOB
(YHKIMH ¢ pa3HBIMH COYETAaHUSAMH STHX apryMEHTOB MUHHMMAJIbHAsI BBICOTA JIJIS
BBIJIETICHUS OTACITHHBIX JIEPEeBbEB pUHSATA B 1,37 M, pa3mep OKHA 5X5 THKCENeH.

[TomryueHHbIE aBTOMATHYECKH KOOPIMHATHI BEPUINH KOHBEPTUPOBAHBI B TOUEU-
HBIW BeKTOpHBIHA (aiin. [Janee B cpene QGIS [38] mpu BU3yaIbHOM COMOCTABICHUH
MOJY4YEHHOTO CJI0Sl ¢ OPTO(OTOIIIAHOM U JTAHHBIMU HAa3€MHOM ChEMKH 3KCIEPTHO
OLIEHEHBI Pe3y/IbTaThl aBTOMaTHUECKOIO [IOMCKa BEPIIMH AepeBbeB. [lepeBo cunra-
JIOCh Hall/ICHHBIM KOPPEKTHO, €CJTM aBTOMAaTU4IeCKH HallIeHHAs BEPIIIMHA JIS)Kajla B
mpenenax KpoHbI COOTBETCTBYIOIIETO IepeBa Ha oprodoTomiane. Ecim B mpenenax
KpOHBI JETEKTUPOBAHO HECKOJIBKO BEPUINH, JEPEBO CUUTAIIOCH HAWIEHHBIM KOp-
PEKTHO, HO JJIs1 JalIbHENIIIEro aHaau3a OCTaBIIsUId MapKep TOJIbKO OJHOM BEPILINHbI
C HauOOJBIINM 3HaYE€HHEM BBICOTHI (BHIUMCIICHHBIM aBTOMaTH4ECKH), APYTHe Bep-
LIMHBI YYTEHBI KaK JIOKHBIE, U COOTBETCTBYIOIIME TOUKU YIaJICHbI BPYUHYIO.

3arem paccuMTaHa I0Jsl KOPPEKTHO JETEKTUPOBAHHBIX aITOPUTMOM JEPEBHEB
OTHOCHUTEIBHO BCEX HaWAEHHBIX aBToMarnuecku. [ns nepeBseB I-1I kmaccos
Kpadra paccunrana 101 KOppeKTHO HAIEHHBIX AJITOPUTMOM JIEPEBbEB OTHOCH-
TEJIbHO YYTEHHBIX Ha3eMHBIMU MeToJaMHU. J[1s BceX KOPPEKTHO NETEeKTHPOBaH-
HBIX QJITOPUTMOM KUBBIX JIEPEBHEB BBIIIOJHEHO CPABHEHHME BBICOT, OLIEHEHHBIX
1o IH(POBOIT MONIEITN BEICOT, U ITOYICHHBIX B PE3yJIbTaTe HA3eMHBIX H3MEPECHUH.



Onpeodenenue XapaKkmepucmuk cMewaniyix 0pesocmoes 163

Pe3ynbTaThl Hcciieq0BaHus U 00CYKIeHe

B xome pabothl BeITONHEHA (oTOrpamMMeTpUdecKas o0paboTka MaTepraIoB
a3poOTOCHEMKH, HA OCHOBE KOTOPOH MOCTPOEHBI IUIOTHOE 00JIAKO TOYEK U Op-
To(oTOIIIAH, 3aTeM paccunMTaHa IUQPOBAs MOJAENb BHICOT APEBECHOTO IOJNOTA,
10 KOTOPOW BBINOJHEH aBTOMAaTHYECKHH ITONUCK JIEPEBbEB U OLICHEHBI UX BBICOTHI,
OCJIe YeTo MPOBEICHA BEPUPHUKAIIS PE3yALTAaTOB MO TaHHBIM Ha3eMHBIX HUCCIIe-
JIOBaHHUIl.

s mocTpoeHns IWIOTHOTO 00aka TOueK W OpTOo(OTOIIIaHA MCIIOIH30BAHO
501 uzobpaxkenue. [loxydeHo mIoTHOE 00IAKO TOUEK, copeprkaiiee 3,57 MIIH To-
YeK IUIOTHOCTBIO 163,7 Touku/m2. Ilocie ero oOpabOTKH MOMydYeHbl HUGPOBas
MOJIeTIb BBICOT C pazperieHreM 50 cM/mHuKcenb U oprodoToruial (3 cM/IHUKCENb).

ITo monemu BeIcoT B ipenenax [1I1I1 aBromarnueckn nerektupoBano 241 nepeso
(puc. 2, A).

Puc. 2. Pe3ynbrarsl aBTOMaTn4ecKoro MoKcKa JepeBbeB 1o airopurmy [18].
A — HalilecHHBIE AJITOPUTMOM JIepeBbsl Ha U(PPOBOI MoziesH BEICOT. Pamka — rpanumsr TI1IT;
B — HaiiicHHBIC alTOPUTMOM JIEPEBBs HA (PparMeHTe OpTOOTOIIIaHa
[Fig 2. Trees detected by algorithm [18].
A - Detected trees in the CHM. Frame - Borders of the permanent sampling plot;
B - Detected trees in the orthophoto mosaic image]

CormocraBieHie TONYyYSHHBIX PE3YABTATOB C OPTO(POTOILNIAHOM IIOKA3aio
JIUIIb YaCTHYHOE COOTBETCTBUE BEPILIUH, HAMICHHBIX aBTOMATHYCCKH, U JIepe-
BbEB, BU3YAJIBHO JCTEKTUPYEMBIX Ha oprodoToruiane (puc. 2, B, tadn. 3). Jomus
KOPPEKTHO JETEKTHUPOBAHHBIX NIEPEBhEB (OT BCEX HAWJCHHBIX AITOPUTMOM) CO-
craBmwia 72,6% (175 mepeBbeB). BEIICHEHO, UTO aBTOMAaTHUECKOE OIpEIEIICHIe
MOJIOXKCHUST BEPIIMH XBOWHBIX JICPEBHEB TMOUTH BCEI/A BBHIMOJHEHO KOPPEKTHO.
Bce nafineHHBIe aBTOMaTHYeCKH BEPIIUHEI, COOTBETCTBYIOIINE IEPEBBSIM €ITH,
HAMICHbI AJTOPUTMOM TMPABHIBHO. UHCIO JOXKHBIX CpaOaThIBAHUI JJISI COCHBI
HeBeNMKo. [Ipu Mmovicke BEpIIVH JIMCTBEHHBIX JIEPEBhEB (B OCHOBHOM 0epé3bl) B
Mpeenax OMHON KPOHBI aJrOPUTM, KaK MPaBHIIO, HAXOIMI HECKOIBKO JOXKHBIX
BEpPIINH, COOTBETCTBYIOIIUX Ha CAMOM JIeJie KPYITHBIM CKEJICTHBIM BETBSIM, B pe-
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3yJIBTaTe Yero OIHO JEPEBO YUUTHIBATIOCH KaK HECKONBKO (pHc. 2, B). BepumHsr
JPYTUX JTUCTBEHHBIX JIPEBhEB (OCUHBI, JIUTIBI U Ay0a) ONpeesieHbl alTOPUTMOM
C pa3HOH CTENCHBI0 KOPPEKTHOCTH, HO HEOOIBIIOE YHCIIO STHX ACPEBbEB HE T10-
3BOJIWJIO CJIEJIaTh BBIBOABI O KadecTBE UX OOHapyxeHus. CyxoCTOHHBIC IepeBbs
YCIIEMIHO TeTEKTUPOBAHHI 10 NHU(PPOBOI Mozeny BEICOT. ENMHCTBEHHOE JTOXKHOE
cpabaTbIBaHUE COOTBETCTBOBAJIO KPYITHOM CKEJICTHOM BETBU CyXOCTOMHOTO y0a.

Tabnuna 3 [Table 3]

KauecTBO aBTOMaTH4€eCKOI0 MOMCKA BEPILIUH AepeBbeB
[The quality of automatic detection of trees]

O0bm1ee yncino aBToMa- Yucino KOppeKTHO
Jlo7s1 KOpPEKTHO ETEK-
TUYECKHU AETEKTUPO- JIeTEKTUPOBAHHBIX
JepeBbst TUPOBAaHHBIX JIEPEBHEB
[Trees] BaHHBIX J1€PEBHEB, HIT. JIepEBbEB, UIT. [Percentage of correctly
[Total number of trees [Number of correctly detected trees], %
detected by algorithm, ind.] detected trees, ind.] > 70
JKuBble nepeBbs [Living trees]
Bepesa [Birch] 134 78 58.2
CocHa [Pine] 50 43 86,0
Enb [Spruce] 30 30 100
Ocuna [Aspen] 3 3 100
J1y6 [Oak] 4 2 50,0
JIuna [Lime] 2 2 100
Bcero [Total] 223 158 70,9
CyxocToiiHble JiepeBbs [Dead trees]

Eub [Spruce] 16 16 100
Hpyrue nepe-

Bbs [Other trees] 2 ! 30,0
Bcero [Total] 18 17 94.4

Ha cnenyrommem 3Tane BBIIOTHEHO CPaBHEHUE MOTYYEHHBIX aBTOMAaTH4ECKU
PE3YIBTAaTOB ITOKMCKA BEPIINH NEPEBBEB C (HAKTHUSCKUM YHCIOM ICPEBHEB Ha
IIII1, yuTeHHBIX Ha3eMHBIMH METOJaMHU. B JaHHOM ciiydae pacCMOTPEHBI TOJIb-
KO JIepeBbs, oTHOCsImuecs k monory npeoctos (I u Il kimaccer Kpadta), Tak kak
OHU BH3yaJbHO MOINIM OBITH BBIJCNIEHBI Ha opTooTomaane. Ha MoMeHT mpoBe-
nenus adpodortochEMkH Ha [T HacuuteBasiock 157 nepeBbeB I u 11 kiaccos
Kpadra. M3 HUX alrOpUTMOM KOPPEKTHO AeTekTupoBaHbl 128 (81,5%), T.e. uc-
MIOJTH30BAaHHBI HAMH METOJI II03BOJIIECT YUECTh OOJIBIINHCTBO ICPEBHEB B IIOJIOTE
npesocTosi. bonee HU3KHE AepPEBbs AETEKTUPOBAHBI ABTOMATHUECKHU TONBKO B TE€X
CITydasix, KOIJIa OHH POCITIH B OKHAX B ITOJIOT€ M WX KPOHBI HE MEPEKPHIBAIIICE C
JIpyruMu fepeBbsiMu. B uactHocTty, u3 127 nepesses 11l knacca Kpadra aBroma-
THYECKH HalZieHO ToJbko 30. ANTOpUTMOM TaKke oOHapykeHbl 17 u3 22 yureH-
HBIX Ha3€MHBIMU METOIaMH CYXOCTOMHBIX JICPEBHEB.

Takum 00pa3oM, HCIONB30BaHHBIN HAMH METOX aBTOMAaTHYECKOTO ITOWCKa
BEPIIMH MO3BOJISET BBIIEIUTH OONBIIMHCTBO AEPEBLEB B IIOJIOTE, HO HanboJIee Ha-
JeKHBIE OLIEHKH AAeT MPU IETEKTHPOBAHIH XBOWHBIX A€PEBbEB. DTH PE3ybTaThI
COITIacyIOTCsI C BBIBOJAMHM APYTHX HccienoBarenei [5, 7, 29, 35]. IlpucyrcTBue
B PEBOCTOE CTAPHIX JIMCTBCHHBIX JEPEBHEB NMPUBOAUT K 3aBBHIIICHUIO IOTyda-
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€MBIX aBTOMATHYECKU OICHOK WM TpeOyeT MOMONHUTENbHON Bepudukannu. [Tpu
3TOM HM3BECTHO, YTO MOJIOABIE JINCTBEHHBIE JIEPEBbs, Ul KOTOPHIX XapaKkTepHa
OIHa, XOPOIIIO BHIpa)KCHHAs BEPIINHA, 10 MU(PPOBOI MOIEIN BEICOT MOXKHO Jie-
TEKTUPOBATh C BHICOKOW TOYHOCTHIO0. COTIaCHO JINTEPaTypHBIM JaHHbBIM [7], TOU-
HOCTh aBTOMATHYECKOTO PACIIO3HABAHUS BEPIIMH B MOJIOABIX OEpe30BHIX Jiecax
(mo 20 net) cocrapnsier 70-90%. [ns ycrnenHoro 1eTeKTUPOBAHUS JUCTBEHHBIX
JIEPEBBEB CTAPIINX KIACCOB BO3PACTa IO JaHHBIMH a3pO(OTOCHEMKH, BEPOSTHO,
6onee >h(PeKTUBHO HCIOIB30BaTh OPTO(OTOILIAHKI (T.€. PaCTPOBBIE H300paxke-
Hus nBetoBoi Mojenu RGB (red, green, blue)) u aaropuT™Mbl HEKOHTPOIUPYEMO
KJaccugukanuy, Takue kak Meton k-cpeqaux u ISODATA [39, 40].

BrIcOTEL, mOMy4YeHHBIE aNTOPHUTMOM IO JaHHBIM a’pO(OTOCHEMKH, XOPOIIO
COIIaCOBBIBAJINCH C BHICOTaMH, H3MEPEHHBIMH Ha3eMHBIMH MeToziaMH. J{i1s BBI-
0OpKH BCEX KOPPEKTHO ICTEKTHPOBAHHBIX ABTOMATHYECKU NEPEBBECB CpEIHEE
3HAQUEHHE BBICOTHI 10 JAHHBIM a’pooTochEMKH cocTaBuio 25,0+4,8 M (MuH.
8,2 M, Makc. 32,9 M), IO TaHHBIM Ha3eMHBIX UCClIenoBaHmiA — 25,3+5,2 M (MHUH.
5,9 M, Makc. 34,0 M). 3HaUUMBIX Pa3IMIUNA MEXAY CPEAHUMH 3HAUCHUSMH BbI-
COT, MOJYYEHHBIX 00OMMH METOIAMH, HE BEIIBICHO (MapHBIN Kputepuid CThio-
nenta, p=0,049). 3aBUCUMOCTb MEX/Y JAHHBIMH a3PO(QOTOCHEMKH U MOJIEBHIMU
H3MEPEHHUSMH COOTBETCTBOBANA TMHEHHON Momenn y=k*x (R’=0,99, k=0,98) (cm.
puc. 2). BbICOTBL, TOTy4eHHBIE IO JaHHBIM a3po(oTOCHEMKH, B cpeHeM Ha 1,5%
HIDKE TTOTYYIEeHHBIX TIPH HA3eMHBIX H3MEPEHHSIX.

CpaBHEeHHUs Ha YpOBHE OTAEJIBHBIX BHJIOB JIEPEBLEB MOKA3alH, YTO HAHOOIb-
e Pa3IUyusl BEICOT, M3MEPEHHBIX IBYMSI METONAMH, XapaKTepPHBI I Oepesbl,
HaMMEHBIIINE — IS €I, COCHA 3aHMMAeT MPOMEXKYTOYHOE MoJokeHue (puc. 3, A).
JlaHHBIN pe3yibTaT MOXKHO OOBSICHUTH OCOOCHHOCTSIMH MOP(OJIOTHH KPOH Jiepe-
BbEB pa3sHbIX BHJOB. Halnuue KpyIHBIX CKENETHBIX BETBEH y Oepe3bl He TOJBKO
MIPUBOIMT K JIOKHBIM Cpa0aTHIBAaHMSAM AITOPUTMA, HO U 3aTPYIHSET BU3yaIbHOE
BBIJIEJIEHHE BEPILIMHBI IPH Ha3eMHBIX H3MEPEHHUSX, YTO MOXKET BHOCHUTH OIINOKY
B OmpeeneHne BEICOTH. Kak BUIHO U3 puc. 3, B, pe3ynbraTsl Ha3eMHBIX H3Me-
peHuii BEICOT Oepe3bl 1 COCHBI OoJiee BapHaOelIbHbI 110 CPABHEHUIO C OLICHKAMH,
MTOJTyYeHHBIMH aBTOMaTHYECKH. Pacdyer koaddunmenToB Bapuaiyu (Tadi. 4) Tax-
e TI0Ka3aJj, YTO BBICOTHI Oepe3bl U COCHBI, H3MEPEHHbIE Ha3eMHBIMU METOJIaMH,
BapbUPYIOT HECKOJIBKO OOIIBINIE, YEM BBICOTHI, OIICHCHHBIE aBTOMATHUCCKH.

Kpona enu, kak mpaBuiio, IMeeT XOpOIIO PACIO3HABAaeMYIO BEPIIMHY. 3Haue-
HUS K03()(OUIIMEHTOB BapHAINH BBICOT €ITH, OLIEHEHHBIX JTBYMS METOJAMH, TIPaK-
THYECKH COBIAAl0T. DTO 03HAYAET, YTO Ha3eMHbIE H3MEPEHUS BHICOT, BHIIIOJIHEH-
HBIE IT0 OHOM METOANKE, IMEIOT Pa3HYyIO TOYHOCTH UL ICPEBHEB PAa3HBIX BUIOB,
YTO Ba)KHO YUHMTHIBATH IIPH OLIEHKE JaHHBIX a9PO(OTOCHEMKH.

B TO xe BpeMs 3HaueHUS BEHICOT, ITOTYYCHHBIC aBTOMATHUYCCKU TI0 HU(PPOBOH
MOJIENH, 10 BCEi BUMMOCTH, TaK)Ke UMEIOT norpentHocTy. Hanpumep, HensBect-
HO, HACKOJIGKO ITOJTHO YYHUTBIBAIOTCSI OCOOCHHOCTH MHKpOpesbeda IpH OIpeierte-
HHH TOYEK KJ1acca «3eMHasi HOBEPXHOCTBY U IOCIIEAYIOIIeH HopMaIu3aliy ooaka
ToueK. JIJIst M3ydeHns ATUX BOIIPOCOB TPEOYIOTCS JOTIOTHUTENBHEIC HCCIICOBAHUS.
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Puc. 3. CooTHoLICHHE BBICOT IEPEBHEB 10 AaHHBIM adpodoTockemku (CHM)
1 Ha3eMHBIM u3MepeHusaM (GS). N — uncno usmMepeHuit
[Fig. 3. Relationship between estimated (CHM) tree heights
and the ground survey (GS), N - Number of measurements]

Tabauma 4 [Table 4]
Ko3g¢unumenTs Bapuanuu BbICOT IepeBbEB Pa3HbIX BUI0B, OLleHEHHbIX
110 JAHHBIM 23P0(OTOCHEMKH H Ha3eMHBIM M3MEpPEHHAM
[Coefficient of variation of tree heights obtained by CHM and ground survey]

Koah¢unmenTts! Bapuaryu bepesa CocHa Enn

[Coefficients of variation] [Birch] [Pine] [Spruce]
KoadduumenT Bapuaryy BEICOTHI, OLIEHEHHON
ABTOMATUYECKH TI0 JAHHBIM a3pO(POTOCHLEMKH 10,1% 9.4% 34,5%
[Coefficient of variation (N="178) (N =43) (N=130)
for tree height obtained by CHM]
KoadduumeHT Bapuaruy BICOTHI,
U3MEPEHHON HA3EMHBIMH METOIAMHU 12,9% 11,2% 34,3%
[Coefficient of variation for tree height (N=78) (N=43) (N=30)
obtained by ground survey]

3akinoueHue

JlaHHOE HCCieoBaHUEe — OJJHO U3 MEPBhIX B Poccuu 1o mpuMeHeHHIo nud-
POBBIX MOJEINEH BBICOT JAPEBECHOIO IMOJIOTa, IMOMYYCHHBIX HA OCHOBE JTAHHBIX
a3poOTOCHEMKH KBaJAPOKONTEPOM, JUIS H3YYCHHS] CTPYKTYpPbl JPEBOCTOCB B
CMEIIaHHBIX Jecax. Ha 0CHOBEe COMOCTaBICHUsS MAaHHBIX HA3EMHBIX UCCIEIO0Ba-
HHUI W Pe3y/IbTaTOB aHajKM3a MaTepHasoB a’dpo(OTOCHEMKH MOCTOSIHHOM Mpoo-
Hoi turomamu B [Ipuokcko-TeppacHoM OmocdepHOM 3amOBEIHUKE BBISCHEHO,
YTO IO JUCTAHIMOHHBIM JaHHBIM MOIYYEHbI IPHEMIIEMbIC OLICHKH YHCICHHOCTH
JICPEBBEB M UX BBHICOT. ABTOMAaTUYECKUE METO/IbI TOUCKA BEPIIHH MO3BOJISIOT BbI-
SIBUTH OOJIBLIIMHCTBO JIEPeBbeB B moJjiore jeca. [Ipu 3TOM KadyecTBO JAETEKTHPO-
BaHMS BEPIIMH Pa3InvacTcs ISl IEPEBhEB Pa3HBIX BHUIOB. BepIIMHBI XBOWHBIX
(emb W cocHa) oOHApPYKEHBI C BBHICOKOW TOYHOCTHIO. IIpH JNeTeKTHpOBAaHUH JIU-
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CTBEHHBIX JIepeBheB (Oepe3bl) B Mpeeiax OTHOW KPOHBI alTOPUTMOM 9acToO BEI-
JIEJISIOTCS JIOKHBIE BEPUIMHBI, COOTBETCTBYIOIINE KPYITHBIM CKEJIETHBIM BETBSIM.
PesynpraTel cBHAETENBCTBYIOT O HEOOXOOMMOCTH BEpH(MUKAINN ITOIYIaeMBIX
ABTOMATHYECKH JIaHHBIX NpU paboTe ¢ MaTepuaiaMu a’3podoTOCHEMKH MHOTO-
BUJOBBIX JIPEBOCTOEB. YCTAHOBJIEHO XOPOILEE COOTBETCTBUE MEXIY BBICOTAMH
JIepeBbEB, U3MEPEHHBIMH HA36MHBIMH METOJAaMHU U MOJYYEHHBIMHU IO JaHHBIM
aspodorocréMkr. Crenansl IpeJBaPUTENbEHBIC BRIBOIBI O PA3IIHYISIX B KAUSCTBE
OLIGHKH BBICOT JIepeBhEB pa3HbIX BUAOB. [l0Ka3aHO, 4TO HAa3eMHbIE U3MEPEHHUS
BBEICOT KPYITHBIX IEPEBBEB OCPE3BI M COCHBI, Y KOTOPBIX YaCTO CII0KHO BU3YAIEHO
OTIpeNIeNIUTh BEepIINHY, Ooliee BapraOebHbI IO CPABHEHHIO C IUCTAHIIMOHHBIMU
oLieHKaMu. [[i1st ey, KpoHa KOTOPOM MMEET XOPOIIO PAclO3HABAEMYIO BEPLIMHY,
MOJJOOHBIX Pa3IMYMi HE BBISBIICHO.

B niesiom nosydeHHble pe3yasTaThl CBUIETENBCTBYIOT O IEPCIIEKTUBHOCTHU HC-
MOJIb30BaHUS a3PO(POTOCHEMKH MPH MOMOIIX KBaJPOKONTEpa JIsl OLIEHKH TaKca-
LIMOHHBIX XapaKTEepUCTHUK JPEBOCTOEB. TeM He MEeHee CyLIECTBYIOLINE aJlfOpUT-
MBI IIOMCKa BEPIIMH JEPEBbEB MIOKa HE NAIOT BRICOKOKAYECTBEHHBIX PE3YJIbTaTOB
npu 00paboTKe JAHHBIX CHEMKH CMEIIaHHBIX APEBOCTOEB. J{JIsl MHPOKOTO TpH-
MEHEHHSI ’THX METOZIOB B JIECOBEJICHUU U JIECHOM X03HCTBE HEOOXOAUMO COBEP-
IICHCTBOBAHUE aJTOPUTMOB H METOJIOB 00pabOTKH TaHHEIX.
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Obtaining tree stand attributes from unmanned aerial
vehicle (UAV) data: the case of mixed forests

Nowadays, due to the rapid development of lightweight unmanned aerial vehicles
(UAV), remote sensing systems of ultra-high resolution have become available to
many researchers. Conventional ground-based measurements for assessing tree stand
attributes can be expensive, as well as time- and labor-consuming. Here, we assess
whether remote sensing measurements with lightweight UAV can be more effective in
comparison to ground survey methods in the case of temperate mixed forests.

The study was carried out at the Prioksko-Terrasny Biosphere Nature Reserve
(Moscow region, Russia). This area belongs to a coniferous-broad-leaved forest zone.
Our field works were carried out on the permanent sampling plot of 1 ha (100x100 m)
established in 2016. The coordinates of the plot center are N 54.88876°, E 37.56273°
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in the WGS 84 datum. All trees with DBH (diameter at breast height) of at least 6 cm
(779 trees) were mapped and measured during the ground survey in 2016 (See Fig. 1
and Table ). Mapping was performed with Laser Technology TruPulse 360B angle and
a distance meter. First, polar coordinates of each tree trunk were measured, and then,
after conversion to the cartesian coordinates, the scheme of the stand was validated on-
site. Species and DBH were determined for each tree. For each living tree, we detected
a social status class (according to Kraft). Also for living trees, we measured the tree
height and the radii of the crown horizontal projection in four cardinal directions.

A lightweight UAV Phantom 4 (DJI-Innovations, Shenzhen, China) equipped with
an integrated camera of 12Mp sensor was used for aerial photography in this study.
Technical parameters of the camera are available in Table 2. The aerial photography
was conducted on October 12, 2017, from an altitude of 68 m. The commonly used
mosaic flight mode was used with 90% overlapping both for side and front directions.
We applied Agisoft Metashape software for orthophoto mosaic image and dense point
cloud building. The canopy height model (CHM) was generated with lidR package
in R. We used lasground() function and cloth simulation filter for classification of
ground points. To create a normalized dataset with the ground at 0, we used spatial
interpolation algorithm #in based on a Delaunay triangulation, which performs a linear
interpolation within each triangle, implemented in the lasnormilise() function. CHM
was generated according to the pit-free algorithm based on the computation of a set
of classical triangulations at different heights. The location and height of individual
trees were automatically detected by the function FindTreesCHM() from the package
rLIDAR in R. The algorithm implemented in this function is local maximum with fixed
window size. Accuracy assessment of automatically detected trees (in QGIS software)
was performed through visual interpretation of orthophoto mosaic and comparison with
ground survey data. The number of correctly detected trees, omitted by the algorithm
and not existing but detected trees were counted. As a result of aerial photography, 501
images were obtained. During these data processing with the Metashape, dense point
cloud of 163.7 points / m? was generated. CHM with 0.5 m resolution was calculated.

According to the individual-tree detection algorithm, 241 trees were found
automatically (See Fig. 24). The total accuracy of individual tree detection was 73.9%.
Coniferous trees (Pinus sylvestris and Picea abies) were successfully detected (86.0% and
100%, respectively), while results for birch (Betula spp.) required additional treatment.
The algorithm correctly detected only 58.2% of birch trees due to false-positive trees
(See Fig. 2B and Table 3). These results confirm the published literature data obtained
for managed tree stands. Tree heights retrieved from the UAV were well-matched
to ground-based method results. The mean tree heights retrieved from the UAV and
ground surveys were 25.0+4.8 m (min 8.2 m, max 32.9 m) and 25.345.2 m (min 5.9 m,
max 34.0 m), respectively (no significant difference, p-value=0.049). Linear regression
confirmed a strong relationship between the estimated and measured heights (y=k*x,
R?=0.99, k=0.98) (See Fig. 34). Slightly larger differences in heights estimated by the
two methods were found for birch and pine; for spruce, the differences were smaller
(See Fig. 3B and Table 4). We believe that ground measurements of birch and pine
height are less accurate than for spruce due to different crown shapes of these trees. So,
our results suggested that UAV data can be used for tree stand attributes estimation, but
automatically obtained data require validation.

The paper contains 3 Figures, 4 Tables and 40 References.

Key words: UAV; canopy height model; tree detection; mixed forests.
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