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1. Uvod

Standardni metody sbéru dat o lesnich ekosystémech jsou pii pouziti
standardnich lesnickych registracnich pomicek velmi ¢asové naro¢né. Je nutné
jednotlivé pristupovat ke kazdému individualnimu stromu a piimo, ¢i nepfimo
jednotlivé udaje zmétit, nebo odvodit. V poslednich nékolika letech se ovSem
naskytaji $iroké moznosti nepfimého sbéru dat, které umoznuji najednou pracovat
S celymi porosty.

Diky dosavadnimu rozvoji po¢itaCového zobrazovani a technologie dalkového
pruzkumu zemé& (DPZ) se v sou€asné dob¢é naskytd novd moznost sbéru dat o lesnich
ekosystémech i individualnich stromech pomoci riznych metod DPZ. Vyuziti metod
DPZ v oblasti lesnictvi se momentaln€ nachazi ve stadiu experimentalniho pouZiti pro
sbér raznych typa dat a jejich nasledné vyhodnocovani. Vzhledem k moznostem
katedry hospodarské upravy lesti je cilem disertatni prace vyuzit bezpilotnich
prostiedkil nesoucich laserovy senzor Light Detection And Ranging (LiDAR) a také
metod pozemniho laserového skenovani, které vytvari velmi podrobna, hustd bodova
mracna pro 3D (tfi dimenze) zobrazovani a modelovani lesnich porostli s vysokou
piesnosti pouhych nékolika mm. Pro zminénou vysokou ptesnost dat je tak, na zakladé
vysledkti prace, mozné identifikovat jednotlivé nadzemni komponenty (vétve)
individualnich stromii a detekovat tak jejich pohyb, nebo piipadné popsat jejich
strukturu vzhledem ke klasifikaci dievin. Hustd 3D bodova mracna potfizena pomoci
technologie LiDAR umoziuji pomoci nize popsanych metod detekci individualnich
stromtl a odvozeni tak jejich vysky a tloustky ve vycetné vysce.

Technologii LIDAR je ovSem velmi vhodné doplnit fotogrammetrickou
metodou 3D modelovani porostii lesnich difevin pomoci bezpilotnich prostiedkt
nesoucich RGB kameru, pfipadné¢ pomoci metody pozemni fotogrammetrie. Na toto
téma byla také zpracovana diplomova préce.

V soucasné dobé pouZzivané souradnicové systémy vnaseji do zpracovani 3D
dat urcité problémy, které je pfi jejich pouziti nutné vzit v tivahu. Jedna se zejména

0 jejich format
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2. Cile prace

Cilem prace je prezentovat vyuziti modernich technik laserového skenovani
pro sbér dat o lesnich ekosystémech a také metody fotogrammetrie pro odvozovani
vybranych stromovych charakteristik. Prace prezentuje uceleny ptehled doposud
publikovanych nejvyznamnéjSich védeckych praci se zaméfenim na vyuziti
technologie LiDAR vV lesnictvi. Jsou zde prezentovany metody mobilniho laserového
skenovani (MLS), pozemniho laserového skenovani, bezpilotniho laseroveého
skenovani (ULS) a leteckého laserového skenovani (ALS) vcetné predstaveni
zakladnich principi fungovani jednotlivych technologii. Vzhledem k jednotlivym
pouzitym metodam je zde prezentovano zakladni odvozovani 3D bodovych mracen
s ohledem na potencialni problémy pii sbéru dat pies samotnou praci s body
aZ po finalni zpracovani dat.

S ptihlédnutim k formé celé prace bylo vyvozeno nékolik dil¢ich cilt.

Cil 1 — odvodit bodovd mracna o vysoké presnosti a hustoté k ziskani
reprezentativnich bodovych mracen individudlnich stromi na urovni nadzemnich
stromovych komponent.

Cil 2 — analyzovat a zhodnotit moZnosti vysokého ¢asového i prostorového
rozliSeni metody ULS.

Cil 3 —analyzovat a zhodnotit nékolik vybranych metod pro detekci a delineace
individualnich strom.

Cil 4 — analyzovat a zhodnotit vybrané metody odvozovani tloustky ve vycetni

vysce (DBH) a vysky individuélnich stromi z bodovych mracen.

12



3. Rozbor problematiky

3.1. Platformy pro sbér dat
Techniky laserového skenovani jsou soucasni védniho oboru Dalkovy
prizkum Zemé (DPZ), ktery jiz v soucasnosti zahrnuje velmi rozsahlé¢ spektrum
technik pro neptimé zjistovani informaci o skute¢nostech nachazejicich se vn¢, ptimo
na, nebo pod Zemskym povrchem. Zminéna data lze ziskavat rozmanitymi zptisoby
na urovni pozice senzoru pro nepiimy sbér dat. Sbér dat je mozné provadét na trovni
pozemni, nebo za pomoci leticich platforem. Letici platformy Ize definovat
nasledujicim zplisobem:
e Vysoko letici platformy — satelity
e Stiedné vysoko letici platformy — letadla
e Nizko letici platformy — bezpilotni letadla
Vysoko letici platformy
Jejich vyuziti pro sbér dat naléza uplatnéni zejména pro plosné rozsahla uzemi.
Kvalita dat je zde ovSem velmi zasadné¢ ovliviiovana oblacnosti v daném tizemi a velmi

2

nizkym rozliSenim na 1 m® V zahranicni literatufe jsou téZ oznaCovany jako

Spaceborne, tedy z vesmiru.

Stredné vysoko letici platformy

Letadla, a proto tedy Airborne jsou vyuzivana pro sbér dat izemi na trovni
jednotlivych stati. Data jsou opét samoziejm¢ ovliviiovana povéetrnostnimi
podminkami, tedy pfedevSim oblacnosti, ktera znacné ovliviluje piedevsSim
fotogrammetrickd data zakrytim ¢asti dané oblasti. Data pofizena timto zplisobem
oproti piedchozi trovni dokazou dosahnout mnohem vétSiho detailu z pohledu
fotogrammetrie, a navic je zde mozné pouzit vice senzort napt. laserové skenery, tedy

technologii LIDAR, které oviem dosahuji hustoty pouze nékolik bod{ na 1 m?.

Nizko letici platformy
Bezpilotni letadla, drony, bezpilotni systémy, unmanned aerial vehicles
(UAV), unmanned aerial systems (UAS), remotely piloted aerial systems (RPAS) jsou

definovana legislativou Ceské Republiky konkrétné dle legislativniho dokumentu
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Predpis L2 Doplnék X zakona ¢. 49/1997 Sb. z roku 2014 (Czech Republic 2014)

nasledujicim zptsobem:

Autonomni letadlo

Bezpilotni letadlo, které neumozinuje zasah pilota do fizeni letu.

Bezpilotni letadlo (UA)

Letadlo uréené k provozu bez pilota na palubg.

Bezpilotni systém (UAS)

Systém skladajici se z bezpilotniho letadla, fidici stanice a jakéhokoliv dal$iho prvku
nezbytného k umozZnéni letu, jako naptiklad komunikacniho spojeni a zafizeni
pro vypusténi a ndvrat. Bezpilotnich letadel, fidicich stanic nebo zafizeni

pro vypusténi a navrat miize byt v rdmci bezpilotniho systému vice.

Model letadla

Letadlo, které neni schopné nést Clovéka na palubé, je pouzivané pro soutézni,
sportovni nebo rekreacni ucely, neni vybaveno Zadnym zafizenim umoziujicim
automaticky let na zvolené misto, a které, v ptipadé¢ volného modelu, neni dalkové
fizeno jinak, nez za Ucelem ukonceni letu nebo které, v ptipadé¢ dalkové tfizeného
modelu, je po celou dobu letu pomoci vysilace ptimo tizené pilotem v jeho vizualnim

dohledu.

Dle vyse zminéného vyplyva, Ze pro praktické experimentalni pouziti
V lesnictvi jsou vyuZzivany bezpilotni systémy, tedy kombinace UAV a nesen¢ho
senzoru piipadné jejich kombinace. VySe zminény doplnék se zabyva rozdelenim
bezpilotnich letadel podle vahy:
do 0,91 kg
0,91 kg az 7 kg
7 kg az 20 kg
nad 20 kg
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Toto vahové déleni vyplyva predevSim z bezpecnosti pouziti jednotlivych

UAV. Jeho nésledné zdlivodnéni je zfejmé v obrazku €. 1.

Tabulka 1 (viz ust. 16)
maximalni bezpilotni
i vzletova <0,91kg >091kga<Tkg 7-25kg = 25 kg ezpiiotni
T T letadlo
icel pouziti | T6kre- | vydéletné, | rekre- [ vydaleéne. vydéleené, vydélecns, | PTOYOEE"
_ ____p_____ atné | experimen-| atné | experimen-| rekreacné | experimen-| rekreacné | experimen-| ~ - o
s adavek spor- talni, spor- talni, sportovni talni, sportovni talni, ilota
pozadave tovni | vyzkumné | tovni | vyzkumné vyzkumné vyzkumné P
1 |evidence letadla| ne ano ne ano ne ano ano ano ano
2 | evidence pilota | ne ano ne ano ne ano ano ano ano
prakticky a
3 | teoreticky test ne ano ne ano ne ano ano ano ano
pilota
4 | povoleni k létani| ne ano ne ano ne ano ano ano ano
povoleni
5 |k provadéni LP a| nelze ano nelze ano nelze ano nelze ano nelze
LCPVP
oznaceni UA:
1D stitek / 1D ne / ano /
6 o ano [ ano ano/ano | ano/ne | ano/ano | ano/ne | ano/ano | ano/ano
Stitek + pozn. ne ne
znatka
min. ve bezpeéna, | bezpeéna, | bezpecna, | bezpeénd, | bezpecéna,
7 vzdalenosti (m): | bez- b . . | bez- b . . ale ale ale ale ale
vzlet, pristani / | peéna | TEEPENA | hozng | DEZPELNA | inimalng | minimalng | minimalné | minimalné | minimalné
osoby, stavby / 50/100/150 | 50/100/150  50/100/150 | 50/100/150 | 50/100/150
osidleny prostor
nel3
2 pojisténi: ne ! | dle naf. . ne i dle naf. €. | od20 kg | dle naf. €. | dle nai. € | dle naf. €. | dle nar. €
bézny provoz f | 0,25 | 785/2004' 785/2004" | dle naf. €. | 785/2004" | 785/2004" | 785/2004" | 785/2004"
LWV (mil_ KE) 785/2004 1
] dozor ne ne ne ne ne ne ano ano ne
10 | failsafe” systém| ne ano ano ano ano ano ano ano ano
provozni
1 prirucka UAS ne ano ne ano ne ano ne ano ne
12 | hlaeni udalosti | ne ano ne ano ne ano ano ano ano

Obrazek 1 — Odkaz na ustanoveni ¢. 16 Z (Ptedpis L2 Dopln€k X zékona ¢. 49/1997
Sh.)

CSN 31 0001 (HRUSKA a SVITAK 2007) definuje bezpilotni letadlo

nasledujicim zplsobem: letadlo zpilisobilé létat bez pilota, které je za letu fizené

automatickym zafizenim, nebo dalkové ze zemé.
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Nizkoletici platformy UAV je také mozné rozdélit dle zptsobu letu. Nékteré
UAV vyuzivaji pro sviij let pouze vrtule vzhledem k absenci nosnych ploch kiidel
a jsou proto nazyvany koptry neboli multirotorova zafizeni. Koptr je tedy oznaéeni
pro vrtulnik nebo vrtulové zatizeni bez kiidla. Dle poctu vrtuli Ize potom slovo koptr

doplnit ptislusnou ptedponou pro presné oznac¢eni multirotorového stroje typu koptr.

Trikoptr — 3 vrtule
Kvadrikoptr — 4 vrtule
Hexakoptr — 6 vrtuli
Oktakoptr — 8vrtuli

Pro ndzorné uspoiadani jednotlivych ramen nesoucich vrtule daného typu
koptru slouzi obrazek ¢. 2. U jednotlivych vrtuli je zvyraznény i smér jejich rotace. Je
zde zietelné, Ze vrtule se neto¢i vSechny stejnym smérem, proto jsou oznacovany jako

vrtule protismérné.

R A O KR, @@
Uﬁ\w/ : \ﬁ]/ @ @ C ; E &
' >)

\

\ @ @ I @ (:;\ o (o
</ &/ \=2/ @ @ \&

Obrazek 2 — Usporadani vrtuli, u nichz je specifikovany smér otaceni dané vrtule CW
— clock wise (po sméru hodinovych rucicek) a CCQ — counter clock wise (proti sméru

hodinovych ruci¢ek), dostupné z: https://www.droni.cz/wp-content/

Obrovskou nevyhodou je okamzity pad, ktery nastava pii zastaveni vrtuli
umoziujicich koptru let. OvSem velkou vyhodou je moznost zastaveni letadla
ve vzduchu a také mozZnost letu pii pfedem definované rychlosti v fadech jednotek my/s.
Ty dvé vyhody jsou velmi cenné pro sbér leteckych fotografii ve vysokém rozliSeni
a dalsich dat, jakymi mohou byt nejen snimky z termokamery, ale i multi ¢i hyper

spektralni snimky, bodovd mrac¢na ziskand pomoci technologie LiDAR a dalsi.
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Moznost nastaveni rychlosti letu koptru je fundamentalnim zakladem pro ziskani dat
s dostate¢nym piekryvem mezi jednotlivymi ptelety (Dandois a Ellis 2013).

Druhou kategorii jsou tedy bezpilotni letadlo s kiidly. Tato letadla jsou také
pohanéna k letu vrtuli, ale po zastaveni vrtule nedojde k okamzitému padu k zemi
z dtvodu nosnych ploch kfidel. Nevyhodou je, ze takovyto bezpilotni letadlo neni
schopen ve vzduchu zastavit a leti vyssi rychlosti, proto jsou kfidla vyuzivana ke sbéru
dat o uizemich s vétsi rozlohou, nez na kterych jsou bézné nasazovany koptry (Puliti et

al. 2015).

Z obrazku ¢. 1 takeé vyplyvaji nasledujici legislativni omezeni pro vyzkumné
¢innosti:
e Je nutné provést registraci UAV
e Je nutné provést registraci pilota, ktery podléha zkouskam
e Je nutné provést zkousky UAV, a to musi byt opatieno systémem failsave
e Pro kazdé UAV musi byt zpracovdna provozni pfirucka podl€hajici natizeni

UCL (Utad pro Civilni Letectvi)

Systém failsave neni pfesné definovany legislativou Ceské republiky, nybrz je
vSak definovano, co by takovy systém mél byt schopen provadét za aktivity pii letu.
Musi kontrolovat kapacitu baterie a pii dosdhnuti kritické kapacity byt schopen
navratu na definovany domovsky bod (Home Point) pomoci GNSS modulu v ramci
piedletové ptipravy. V piipadé koptru musi byt UAV schopno za letu zastavit
a provadét uhybné manévry pro piipad stfetu s dalsimi letici objekty. V ptipad¢ kiidla
je predpokladana moznost nahlé¢ zmény sméru letu nejcastéji prudkym klesanim,
nebo stoupanim.

Daéle je nutné dle (Pfedpis L2 Dopln€k X zakona €. 49/1997 Sb.) dodrzovat
zejména minimalni horizontalni bezpeé¢nou vzdalenost 50 m od lidi a 100 m od budov.
V provozni ptirucce kazdého UAV je zaroven i detailn€ popsana piedletova ptiprava
a také kroky po samotném ukonceni letu. Maximalni letova hladina je definovana
maximalni vySkou nad zemi 300 m mimo prostory ATZ (letiStni provozni z6na),

piipadné CTR (fizeny okrsek letisté). Zony letiSt’ jsou zietelné na obrazcich ¢ 3 a¢. 4.
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Obrazek 3 — Provoz v letistni provozni zon¢ — ATZ z (Pfedpis L2 Dopln€k X zékona
¢. 49/1997 Sb.)

.

Provoz v ATZ a prostorech tridy G a E “oo0 1t = 1200 m Ao E

. min. 1500 m

>
Imln. 300 m ST %
:/
1000 ft = 300 m AGL
; t
| ©
- L 7
Pouze vné 3 I~
oblakii \‘\ {0 ’,"
\ 7’
LVV 7
) (A \ ) 100m AGL | /
g Z ; | o AR e | T
AT R - -y r
[ o i -‘)--\\ (\ 1) pm— 3) _______ -
1J \\\ ll’ m_ %’_ﬁl
hY ’ 7
(N ] \\ /I 1)
I 'J-_-l'E e— & =0,91 kg
ARP

Obrazek 4 — Provoz v fizeném okrsku letisté¢ — CTR z (Pfedpis L2 Dopln€k X zédkona
¢. 49/1997 Sb.)
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Terestrické metody

Sbér dat pomoci prostiedkli DPZ nemusi probihat nutné jen za pomoci leticich
platforem, ale lze vyuzit i metod pozemnich, kdy je senzor nesen clovékem,
nebo upravenym jinym zafizenim jako napiiklad automobil, stativ atd. Lze tak
provadét sbér dat zjednoho ¢i vice stanovisek rotaci podél svislé osy,
nebo prochazenim / projizdénim po cilovém prostoru s t¢elem sbéru dat pro nepiimé
méfeni pozadovanych udaji. Jednotliva konkrétni vyuziti jsou prezentovana
v podkapitole 3.3.4.

Tyto metody jsou nejvhodnéjsi pro rekonstrukci kmenovych partii a zejména
pro odhad DBH (Diameter at Breast Height), tedy tlouStky ve vycetni vysce,
predev§im pro moznost tvorby hustého bodového mra¢na a velmi pfesné moznosti

jejich georeferencovani (Liang et al. 2016; 2018).

3.2.  Principy fungovani technologie LIDAR

Pocatky vyuzivani technologie LiDAR sahaji do pocatku Sedesatych let dvacatého
stoleti pfi vojenském vyuziti se zaméfenim na detekci ponorek z letadel, jednalo se
tedy o pocatky ALS (Maltamo et al. 2014).

Princip fungovani laserového skenovani tkvi v principu méfeni cCasu
od vypusténi laserového paprsku jeho zdrojem po navrat na pfijima¢ odrazeného
svételného paprsku s vinovou délkou mezi 600 - 1550nm od povrchu skenovaného
objektu. Pro vypocet vzdalenosti mezi bodem, od kterého byl odraZzen laserovy
paprsek a laserovym skener lze odvodit jednoduchy, obecné znamy vzorec (1)

(Maltamo et al. 2014):

(c xt)
=—
1)
kdy s je rovno vzdalenosti bodu od laserového skeneru, ¢ je konstanta udavajici

rychlost svétla a t je rovno €asu od vyslani do pfijmuti laserového paprsku.

Tento vzorec je platny za predpokladu zndmé rychlosti svétla, kterd cini

299 792 458 m s, tedy piiblizng 0,3 m ns™ a presné zmétené doby letu laserového
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paprsku od jeho zdroje, ptes odrazeni od povrchu cile az po jeho dopad na pfijimac
S presnosti mensi nez 1 ns (Maltamo et al. 2014).

Zminénym zplisobem je vypocitana pouze vzdalenost bodu od laserového
skeneru, ov§em neni determinovana jeho pozice v prostoru. Pro piesny vypocet pozice
bodu v prostoru je nutné také znat tthel sméru vyslaného laserového paprsku a piesnou
pozici laserového skeneru v prostoru.

Ptesnou pozici laserového skeneru v prostoru vypocita jeho IMU (Inertial
Measurement Unit) s pomoci GNSS (Global Navigation Space System) pfijimace,
presnéji feCeno piepoctem Své pozice od pozice antény GNSS piijimace (RIEGL
2019b). Piesnost GNSS modulu Ize zvysit pouzitim RTK (Real Time Kinematics)
GPS (Global Positioning System). Ptepoc¢tem pozice z GNSS modulu a informaci
Z ptijimace na laserovém skeneru lze ziskat 3D (troj dimenziondlni) digitdlni mracno
bodit — point cloud, které je pfesné¢ georeferencovano, tedy kazdy bod bodového
mrac¢na ma vypocitanou svou piesnou pozici na zemském povrchu dle definovaného

koordina¢niho systému.

3.3.  Vyuziti technologie LiDAR v lesnictvi

Laserové skenovani v lesnictvi pfedstavuje v soucasné dob¢ jednu
z vrcholnych technologii pro sbér dat o lesnich ekosystémech na trovni jednotlivych
komponent individualnich, ptes Groven porostni az po uroven celych lesnich komplext
¢i dokonce celych statt. Finan¢ni naroc¢nost, ¢asova narocnost a pozadovana piesnost
jsou zavislé proménné, se kterymi je nutné pocitat pii piipravé sbéru dat pomoci
technologie LiDAR, tedy laserového skenovani (Mweresa et al. 2017).

Cim vétsi detail je pozadovan, tim hust$i bodové mraéno na 1 m? porostni
plochy je tfeba odvodit. Metody terestridlni v soucasnosti dosahuji nejvétsi hustoty
bodovych mracen V této oblasti.

Prvni pokusy o odvozeni kmenovych profild a kompletni struktury
individualnich stromt na zakladé bodovych mracen potizenych pomoci technologie
LiDAR prezentoval ve své praci Solodukhin (Solodukhin et al. 1976). Pro experiment
bylo vybrano nékolik vzornikd smrku ztepilého (Picea abies L.), které byly po skaceni
dale uchyceny do specialnich drzaki v horizontalni poloze. Dale byly tyto vzorniky
oskenovany pomoci laserového skeneru, jenZ musel byt vzhledem ke své hmotnosti

upevnén na hydraulické rameno jetdbu. Bohuzel vzhledem k umisténi individuélnich
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stromil v horizontdlni poloze nebyla ziskand bodovd mra¢na dostatecné
reprezentativni z diivodu ohybu vétvi. Ovsem kmenové profily byly odvozeny

uspesne.

3.3.1. Satelitni laserové skenovani

Velmi vyznamnym pocinem je zafazeni LiDAR modulu do mezinarodni
kosmické stanice ISS (International Space Station) béhem listopadu roku 2018 na
dvouletou misi s nazvem GEDI (Global Ecosystem Dynamics Investigation). Cilem
GEDI je provadét skenovani celého zemského povrchu v zemépisné délce do 22°
od rovniku smérem k ob&éma p6lim Zemé a kazdych 500 m provést skenovani na plose
o pruméru 25 m. Na plose je méfena vyska vegetace, odhad nadzemni biomasy,
vertikalni struktura a nadmoiska vyska. To vSe se zaméfenim pouze na lesni
ekosystémy (Lee et al. 2018; Qi a Dubayah 2016). Modul GEDI tak reprezentuje

vysoko letici platformy v rdmci laserového skenovani.

3.3.2. Letecké laserové skenovani — Airborne Laser Scanning (ALS)

Laserové skenovani pomoci technologie LiDAR nesené na letadlech je
vyuzivano pro rozsahld uzemi. V soucasnosti vSak dosahuje hustoty jen nékolika
desitek bodii na 1 m? v zavislosti na prostfedi, letové hladiné a konfiguraci skeneru.
Toto pouziti vyzaduje rozsahlé finan¢ni a technologické zazemi podpotené kvalitni
infrastrukturou, tedy letiSti vhodnymi ke startu letadel nesoucich laserovy skener
(Morsdorf et al. 2009).

Pfimym vyuzitim je odvozovani modeld DTM (Digital Terain Model) a DSM
(Digital Surface Model) pro odvozovani CHM (Canopy Height Medel) zjisténim
rozdilu mezi nimi (Morsdorf et al. 2009) dle rovnice (2), kterou popisuje napiiklad
(Panagiotidis et al. 2017) ve své praci:

DSM — DTM = CHM
)

Nicméné velmi nizkd hustota bodovych mracen vede pouze k omezené
moznosti jejich zhodnoceni na Girovni individudlnich stromt. Pro tuto moznost je tieba
vyuzit metody ULS, TLS ¢i MLS (Brede et al. 2017).

Mezi nejvyznamnéjsi autory v oblasti ASL patii Neasset (Nasset 2002; Neasset

a Gobakken 2005; Nesset et al. 2011) se svym ptinosem area based approach (ABA),
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zalozenym na principu odvozovani porostnich charakteristik z ALS dat pomoci
pozemnich kalibracnich ploch na zdkladé CHM. DalS§im vyznamnym autorem je Socha
(Socha et al. 2017; 2020), ktery se zamétuje piedev§im na kalibraci ABA pomoci

alometrickych modeld a nasledné odvozovani bonifikace jednotlivych porosti.

3.3.3. Laserové skenovani pomoci UAV — UAV Laser Scanning (ULS)

Tato metoda se dle dostupné literatury jevi jako Casové nejméné narocna
pi1 moznosti neptimého sbéru dat na Grovni porostu ¢i jednotlivych individuélnich
stromii ba dokonce 1 jednotlivych stromovych komponent — vétvi. Zakladem
uspésného odhadu stromovych veliin (vyska, tloustka, horizontdlni primét koruny,
atd.), kter¢ je jiz mozné odhadnout pomoci technologic UAV (Diaz-Varela et al. 2015;
Panagiotidis et al. 2017; Brede et al. 2017; Wieser et al. 2017), je odvozeni kvalitniho
a reprezentativniho bodového mracna, z né¢hoz je fundamentalnim zakladem odvodit,
vyinterpolovat ¢i klasifikovat digitalni model terénu DTM.

DTM ziskany z digitalniho mracna bodli odvozeného pomoci metod letecké
do dalSich vypoctlt pro neptimy odhad stromovych veli¢in. Déje se tak predevSim
z divodu zakryvani zemského povrchu korunami stromt a diisledkem jsou chybéjici
informace o zakrytém prostoru. Vysledny DTM je tak tedy pouze interpolaci mezi
misty viditelnymi z UAV a proto neni dostatecné reprezentativni pro odhad predevsim
vySek jednotlivych individualnich stroma (Panagiotidis et al. 2017).

Diky multiodrazovym laserovym skenerim Ize eliminovat vySe popsany
problém letecké fotogrammetrie, kdy jako body terénu jsou brany posledni odrazy
zaznamenané laserovym skenerem (Brede et al. 2017; Wieser et al. 2017), nebo Ize
body lezici na terénu matematicky klasifikovat.

Jako prvniho prikopnika vyuzivani UAS lze povazovat Jaakkolu (Jaakkola et
al. 2010), ktery sestrojil prvni UAV Sensei nesouci laserovy skener pro Finsky
Geodeticky Institut. Sensei nesl profilovy laserovy skener Ibeo Lux and Sick LMS151,
jenz vyprodukoval bodovd mra¢na o hustoté 100-1500 boddi na m? a mohl tak byt
vyuzit pro detekci jednotlivych individudlnich stromill. DalSim vyznamnym autorem
je Wallace (Wallace et al. 2012), ktery vyuzil stejny skener jako (Jaakkola et al. 2010)
ovSem na plantazich eukalyptu pro odhad DTM a vysky individualnich stromt

pii vyuziti automatizovanych hodnoticich technik. (Wallace et al. 2012) popsal vyvoj
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vySe zminéného skeneru, a dale v roce 2016 (spolu s kolegou z katedry HUL Petrem
Vopénkou) zanalyzovali srovnani s fotogrammetrickymi bodovymi mra¢ny (Wallace
et al. 2016). Nemén¢ zajimavy je po¢in Kanuka (Kanuk et al. 2018), ktery vyuzil
skener VUX-1 na UAV se spalovacim motorem pro tvorbu DTM a kontrolu koleji
i s detekci draznich elektrickych rozvodu, kdy byly detekovany jednotlivé draty
vysokého napéti. Vysokou presnost a rozliSeni zminéného laserového skeneru
potvrzuje naptiklad také (Chen et al. 2018) ve své praci pii hodnoceni stavu elektrické
rozvodné sit¢ vysokého napéti. Tyto dveé posledni zminéné studie jsou zminény
zejména z diivodu demonstrace piesnosti daného laserového skeneru pro schopnost
zachytit jednotlivé draty elektrické rozvodné sité.

Aktualné jsou vSak dostupné pouze dvé studie zabyvajici se vyuzitim UAS
VUX-SYS V lesnictvi. Ob¢ dvé vyuzivaji jako referen¢ni metodu vyuziti pozemniho
laserového skeneru RIEGL VZ-400 TLS pro odhad tloustky ve vyskach 0.8, 1.3a1.8
m od paty kmene a vysky jednotlivych individualnich stromtl.

Prvni studii je (Brede et al. 2017) ktery georeferencoval bodova mra¢na
pomoci pozemnich kontrolnich bodi, jez daly dale moznost kombinace obou
bodovych mracen. Metoda TLS byla pouzita jako metoda referenc¢ni. Byla standardné
odvozena (dle moznosti software dodavané¢ho spole¢nosti Riegl) bodovd mracna,
ze kterych byly nasledné¢ odvozeny modely DTM, DSM a CHM pro méfeni vySek
jednotlivych individualnich stromi. Z bodovych mracen byly manualn€ vybrany dolni
kmenové partie pro odhad vyse zminénych tlousték. V zavislosti na druhu dieviny
dosahovala bodova mraéna hustoty od 10 az po 108 bodi na 1 m?. Z vysledka studie
vyplyva vhodnost kombinovani obou metod ULS a TLS. Metoda ULS lépe detekovala
vrcholky jednotlivych individualnich stromd a pro odhad DBH se jevila jako
dostacujici. Oproti tomu metoda TLS Iépe zobrazila dolni kmenové partie a pfi
rekonstrukci korunovych partii jednotlivych individualnich stromi, pfedev§im téch
nejvyssich, vykazovala jisté nedostatky.

Druhou studii zabyvajici se pouzitim UAS VUX-SYS vV lesnictvi je studie
(Wieser et al. 2017) s cilem opét odhadnout DBH na vybranych zkusnych plochach
luznich porostl pii podminkach leafs of, tedy bez olisténi. Ve studii je popsan zptisob
fitovani valct na kmeny jednotlivych individualnich stromi ve vysce 0,8 az 1,8 m

od paty kmene. Pti porovnavani TLS a ULS byla zjisténa vhodnost vyuziti TLS
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pro stromy o tloustce do 30 cm a také vyuziti pro zobrazeni kmenovych partii stromi
s kiivym kmenem, jako na ptiklad salix sp. Vyuziti ULS pro zobrazovani jednotlivych
individualnich stromti bylo doporuceno v nizSich vyskadch pro moznost ziskani
hustsich digitalnich bodovych mracen a pro stromy o tloustkach vyssich nez 30 cm
S pfimym kmenem.

Vyznamnou praci vyuzivajici ULS data pro sbér dat a porovnavajici jednotlivé
metody delineace a jejich vzajemnym porovnanim je prace (Liu et al. 2018), kde jsou
porovnavany metod IWS, convex hull a k-Nearest Neighbors pouzité pii delineace

bodovych mrac¢en individudlnich stromd.

3.3.4. Pozemni laserové skenovani

Pozemni laserové skenovani Ize vzhledem k pouzité ,platformeé* rozdélit na
dvé zakladni kategorie, kterymi jsou statické laserové skenovani a mobilni laserové
skenovani. Pouzité platformy v tomto piipad¢ jsou stativ (tripod, trojnozka) u metody

TLS a vozidlo ptipadné i ¢loveék u metody MLS.

Statické laserové skenovani — Terestrial Laser Scanning (TLS)

Metoda pozemniho laserového skenovani TLS pii vyuziti pro sbér dat o lesnich
ekosystémech je velmi naro¢na z pohledu ¢asové i finan¢ni narocnosti (Liang et al.
2016; Cernava et al. 2017). Tuto metodu lze vSak vyuzit pro velmi kvalitni
zobrazovani zejména dolnich kmenovych partii. Je vSak nutné postavit laserovy skener
na nékolik stanovisek pro oskenovani celého zajmového prostoru, aby tak bylo
zabranéno zastinéni, a tak moznému uplnému vynechani individualnich stromu
Z bodového mra¢na. Bodové mracno tak dosahuje nejvétsi hustotu v blizkosti skeneru
(Brede et al. 2017).

Pocatky vyuziti TLS ke sbéru dat o lesnich ekosystémech lze zatadit okolo
roku 2000. Tyto studie byly zaméfeny predevSim na popis moznosti této metody
(Pfeifer et al. 2004; Simonse et al. 2003). Dale byla metoda TLS vyuzita pro moznost
determinace n¢kolika stromovych atributl/velicin, které nejsou jednoduse odvoditelné
pii pouziti konvenc¢nich lesnickych méficskych pomicek, jako je naptiklad zakiiveni
kmene (Liang et al. 2014). Odhady objemu individualnich stromd, ¢i celych porosti

S porovnanim s lokdlnimi alometrickymi modely byly pozdéji prezentovany
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ve studiich (Yu et al. 2013; Kankare et al. 2013; Astrup et al. 2014). Nicméné
vyznamné rozdily v pouzitém vybaveni, struktufe lesnich porostii, hodnoticich kritérii
a celkovych postupit ve zminénych studiich délaji zhodnoceni metody TLS pro sbér
inventariza¢nich dat velmi naro¢né. Velmi vyznamnym kritériem v nékterych studiich
oznacovanym az za fundamentalni kritérium (Astrup et al. 2014; Liang et al. 2018),
bylo vyuziti tzv. multi-scan data aproach, tedy sbéru dat na zakladé nékolika stanovist’
na urovni plochy ¢i porostu, coz zapficinilo zvySeni detekce individudlnich stromi
z 20% na celkovych 100% (Yao et al. 2011; Olofsson et al. 2014; Liang et al. 2018)

Metoda TLS je v soucasné dobé povazovana za geometricky nejpiesnéjsi
metodu pro sbér dat o lesnich ekosystémech na tirovni zkusné plochy (Liang et al.
2016; 2018; Hyyppa et al. 2020b; 2020a), které je vyuZivano pro inventarizacni sbér
dat (Liang et al. 2016; 2018), nebo také napiiklad pro odvozovani kvantitativnich
strukturalnich model (QSM) (Lau et al. 2018). Metoda TLS je ale také mnohdy
pouzivana jako referenc¢ni metoda (Wieser et al. 2017; Brede et al. 2017) pfi
hodnocenich dal§ich metod DPZ jako naptiklad ULS ¢i MLS.

Mobilni laserové skenovani — Mobile Laser Scanning (MLYS)

Metoda MLS je v soucasné dob¢ nejméné vyuzivanym zptisobem pro sbér dat
o lesnich ekosystémech v porovnani s vySe zminénymi metodami. Doposud existuje
jen nékolik malo studii zabyvajicich se vyuzitim MLS v lesnictvi. Mezi
nejvyznamnéjsi studie patti Bauwens zabyvajici se porovnanim TLS a ru¢niho MLS
(Bauwens et al. 2016), Bienert porovnani TLS a MLS (Bienert et al. 2018), Cabo
porovnavajici TLS a ruéni MLS (Cabo et al. 2018), Liang porovnavajici TLS, ULS
a MLS (Liang et al. 2019) a Hyyppa porovnavajici ve svych dvou studiich ru¢ni MLS,
MLS systém v batohu a ULS (Hyyppa et al. 2020b).

Pro eliminaci casové naro¢nosti prenaSeni pozemniho laserového skeneru pii
metodé¢ TLS lze vyuzit metodu mobilniho laserového skenovani MLS,
kterou naptiklad v nasich zemé&pisnych podminkach popisuje (Ceriiava et al. 2017),
ktery osadil laserovy skener VMX-250 spole¢nosti Riegl na kolovy traktor Zetor Horal
7245. Cela studie se zabyva odhadem DBH z digitdlnich mracen bodii. Pro konkrétni
odhady DBH individualnich stromt byl pouzit software DendroCloud, vyvinuty
Milanem Koreném a jeho vyuziti je popsdno v publikacich (Korei et al. 2015; 2017).
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Bauwens (Bauwens et al. 2016) porovnava ve své studii ru¢ni MLS se dvéma
ptistupy ke sbéru dat pomoci TLS, tedy pouze jeden sken anebo kombinaci vice skenti
k odhadu DBH. Pro sbér dat pomoci TLS byl pouzit skener FARO Focus 3 D 120
(FARO, 250 Technology Park Lake Mary, FL 32746, United States) a pro MLS ZEB1
2D skener fungujici na principu Simultaneous Localization and Mapping (SLAM).
Oba dva zminéné skenery dosahovaly stejné vinové délky 905 nm. Nejlepsi vysledk
bylo dosazeno u kombinace vice skenti z TLS. U MLS bylo dosazeno RMSE 1.11 cm
pfi odhadu DBH pfi detekei 91 % stromtl.

Bienert (Bienert et al. 2018) porovnava data zMLS a TLS sohledem
na automatické odvozovani QSM a standardnich inventariza¢nich hodnot (DBH
a vyska). Vysledky pro odvozovani DBH a vysky byly obdobné jako u ostatnich
autord, avSak vzhledem k dosavadnim ptfesnostem a rozliSeni MLS byla tato metoda,
zatim, shledana jako nevhodna pro odvozovani QSM.

Cabo (Cabo et al. 2018) se ve své studii zabyva porovnani TLS a tzv. wearable
laser scanning (WLS) coz je opét ru¢ni MLS. Jedna se tedy pouze o zménu
terminologie. Opét bylo porovnani provedeno na trovni odvozovani DBH a vysky
individualnich stromii z bodovych mracen. Vysledkem bylo porovnani piesnosti obou
metod na zéklad¢ statistickych metod. Dale byl feSen vliv rozdilu hustoty bodovych
mracen pro odvozovani DBH, ktery nebyl prokazan. Nicméné bylo prokazano,
7ze MLS/WLS metoda podhodnocuje vysky individualnich stromi vzhledem K nizké
hustoté bodu v hornich partiich bodovych mracen.

Liang (Liang et al. 2019) porovnava TLS, ULS MLS a tzv. PLS (laserovy
skener umistény na zaddech ,,v batohu*) vzhledem k hustot¢ porostu rozdéleného do tii
kategorii pro detekci individualnich stromti a z jejich bodovych mracen opctovné
odvozeni DBH a vySky. Metoda MLS byla zhodnocena Vv porovnani se tfemi dalSimi
metodami jako nejméné uspésna v detekci individudlnich stromil a odvozovani jejich
parametrd.

Hyyppéd ve své studii (Hyyppd et al. 2020b) porovnava vlastni prototyp
modifikovaného MLS SLAM s Riegl VUX- 1HA MLS pro odvozovani kmenovych
profili a vypoctu objemu stojicich individudlnich stromil. Pouzity postup vedl
k detekci 100 % individualnich stromi na zkusnych plochach. Ptesnost odhadu

objemu individudlnich stromt z dat potizenych pomoci MLS byla srovnatelna s daty
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z TLS. Dale byly vysledky uspésné porovnany s Finskym alometrickym modelem
pouzivanym k vypoctu objemu individualnich stromd. Vyzkum dokazal vyznamnost
detekce kiivosti podél kmenovych profilii pro zpfesnéni vypoctu odhadu objemu

individualnich stromu.

3.4. Souradnicové systémy

Pro presné georeferencovani bodovych mracen je nutné vzit v uvahu metodu,
jakou budou dale ziskana data zpracovana a podle toho zvolit vhodny soutadnicovy
systétm. Kazdé bodové mra¢no je nejprve odvozeno v lokalnim soufadnicovém
systému a dale je aZ pii exportovani dat nutné vybrat vhodny soufadnicovy systém.
Pro zjednoduSeni prace s databazemi soufadnicovych systémid ma kazdy z nich
ptifazeno unikatni ¢islo prevzaté z databaze EPSG. EPSG je zkratka European
Petroleum Survey Group, tedy spolecnosti zabyvajici se mapovanim naftovych poli,
ktera v ramci zjednodusSeni prace se souradnicovymi systémy kazdému z nich ptitadila
unikatni ¢islo (Megies et al. 2011).

Mapova zobrazeni jsou pouzivdna k zobrazeni zemského 3D povrchu
na plochu vzhledem k pouzitym matematicko-geometrickym metodam. Z tohoto
davodu je nutné zobrazit sféricky nebo Iépe elipsoidni povrch na odvoditelny povrch,
jenz muze byt protnut fezy a zobrazen tak na plochu pomoci metod kuzelového,

valcového (transverzalniho), nebo azimutalniho zobrazeni, viz obrazek ¢. 5 (Janssen

&

E(

Obrazek 5 — Kuzelové, valcové (transversalni) a thlové zobrazeni (Janssen 2009)

V této ¢asti budou prezentovany tii soufadnicové systémy. Prvnim je lokdlni
soufadnicovy systém Ceské republiky SJTS-K. Dalsimi dvéma jsou mezinarodni
soufadnicové systémy WGS 84 a UTM.

Souradnicovy systém Jednotné sité trigonometrické a katastralni — SJITS-K
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SJTS-K je vitézny navrh Ing. Josefa Kiovaka z roku 1922 (Buchar a Hojovec
2020) pouzivany v Ceské republice dodnes. Jedna se o konformni kuzelové zobrazeni
S jedinou soufadnicovou soustavou a minimalnimi deformacemi, jez bylo odvozeno
pro tehdejsi uspotadani statu. Je vSak nutné podotknout, ze se jedna o soufadnicovy
systém s lokalnim charakterem, ktery neni vhodny pro mapy mezinarodniho
charakteru (Surovy et al. 2019).

Pro zobrazeni bylo pouzito tak zvané dvojité konformni kuzelové zobrazeni
Vv obecné poloze. U konformniho zobrazeni dochazi ke zkresleni ploch a délek, ovsem
nikoli thli (Cimbalnik a Mervart 1997). Osy Vv soufadnicovém systému SJTS-K maji
atypickou orientaci, tedy osa X je orientovana na jih a osa Y na zdpad. Hodnota
soufadnice na ose X je vZzdy vyS$i, nez na ose Y. Standardné je v aplikacich
geografickych informacnich systémi (GIS) pouzivano Kifovakovo zobrazeni s EPSG
kodem 5514 pripadné 5221 s oznacenim Easth North vzhledem k nutnosti korekce
soutadnic. Problematika zobrazeni a os je demonstrovana na obrazku ¢. 6 z publikace

(Surovy et al. 2019).

+Y
North Cartesian coordinate system North EPSG 5513 and 2065
or S-JTSK without adjustment
" IWRONG!

Quadrant II Quadra’rit I

+Y g =Y:‘sk *-1 +X
West 0 East West 0 East

Quadrant IV

South
+X

South
=X JTSK *_1

Obrazek 6 — Kfovakovo zobrazeni (Surovy et al. 2019)
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World Geodetic System 1984 — WGS 84

Vyvoj GNSS polozil zaklady vyvoje konceptu globalniho soutadnicového
systému vzhledem k nutnosti porovnani pozice z GNSS a doposud existujicich map
(Boucher a Altamimi 2001).

Vzhledem Kk neustalému pohybu zemskych desek se soufadnice bodu
na zemském povrchu vtomto soufadnicovém systému neustdle méni. V tomto
Systému jsou pouzivany soutfadnice GPS pfijimact, které jsou dale zaznamenavany
Vv podobé zemépisné délky, Sitky a vysky nad referen¢nim elipsoidem (Surovy et al.
2019). Jako referen¢ni plocha je pouzit elipsoid WGS84 s pocatkem soutadnicového
systému v tézisti Zeme (Buchar a Hojovec 2020; Cimbalnik a Mervart 1997). Data
ve WGS 84 nemaji standardni povahu soufadnic pro hodnoty os X, Y a Z, nybrz dva
uhly a vySku nad konstitu¢nim geoidem pouzivanym ve WGS 84 formou Easting

Northing a Headding.

Universal Transverse Mercator - UTM

Geocentricky globalni soufadnicovy systém WGS 84 Ize také zobrazit pomoci
ruznych zobrazeni. UTM je jeho tak zvanou geografickou transverzalni mercator
projekci. Jedna se tedy o konformni (nezkreslujici tihly) valcové zobrazeni. Jednotlivé
polednikové pasy se zobrazuji samostatné, viz obrazek ¢. 7. Jednotlivé pasy jsou 6°
Siroké. Obecné se mohou vyskytovat zaporné soufadnice X a Y. Z tohoto divodu je
k soufadnici X pfipocitavana konstanta 500 km a k soufadnici Y konstanta 10 000 km.
Timto zptisobem vznikla soustava Sedesati polednikovych past, viz obrazek ¢. 7. Dale
vzhledem k jednotlivym polokoulim jsou pasy rozd€leny na jizni — S (South) a severni
— N (North) zény. Ceska republika se nachazi primarné v zoné 33N. V zond 34N
se naléza jen Ostrava a vychodni ¢ast Slezska (Buchar a Hojovec 2020; Cimbalnik a
Mervart 1997; Surovy et al. 2019).
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Obrazek 7 — UTM z6ny (http://www.dmap.co.uk/utmworld.htm)

Z vySe zminéného vyplyva, ze nejvhodnéjSim souradnicovym systémem pro
georeferencovani bodovych mracen je souradnicovy systém UTM 33N (EPSG 32633)
piipadné UTM 34N (EPSG 32634) pro potieby zpracovani dat v ramci Ceské
republiky. V soutfadnicovém systému SJTS — K lIze pracovat také, ovSem je potieba
provést dodateCnou soufadnicovou transformaci soufadnic jednotlivych bodi
z divodu jeho pouze lokédlniho vyznamu, a tak jej nepodporuje velkd ¢ast komeréné
dostupnych SW. Standardni WGS 84 neni vhodny pfedevSim z divodu absence
kartézskych soutadnic jednotlivych bodli bodového mracna (jsou udavany dva uhly

a vyska, jak bylo zminéno vyse).
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4. Metodika

V této kapitolu jsou predstaveny jednotlivé pouzité senzory vcetné popsani
postupil jejich pouziti pro sbér dat o lesnich ekosystémech. Dale zde jsou popsany
metody odvozovani bodovych mracen, jejich georeferencovani a nasledné zpracovani

dat pro odvozovani konkrétnich informaci.

4.1. Sbér dat a jejich pre-processing
V této podkapitole jsou popsany zplsoby sbéru dat véetné ptislusnych senzora
a zasad jejich uzivani. Dale je zde popsan pouzity SW k odvozovani bodovych mracen

tedy data pre-processing.

4.1.1. VUX-SYS
Pro zpracovani této prace byl ke sbéru dat pouzit UAS VUX-SYS od Rakouské
spole¢nosti Riegl sidlici ve mésté Horn. Cely UAS se sklada z (RIEGL 2019b):
e RIEGL VUX-1UAYV senzoru LiDAR + IMU/GNSS systému
e AP20 kontrolni jednotka
e GPS/GLONASS ptijimace
e UAV RICOPTER

VUX-SYS je specidln¢ vyvinut a designovan, aby byl jednoduse instalovan
a prizpiisobovan uzivatelem. Je tim mySlena integrace na rtzné typy nosicu,
ale i moznost kalibrace a Giprava pfepoc¢tovych matic pozice skeneru.

VUX-1UAV skener se zabérem 330° vazi sam o sobé¢ 4.2 kg a kontrolni
jednotka vazi dalSich 0,9 kg, celkem je tedy UAV zatiZzeno 5.1 kg. Mezi kliCové
vlastnosti patfi maximalni vzdalenost od skenované¢ho objektu 920 m a minimalni
vzdalenost 3 m pii zachovani pfesnosti 10 mm a spravnosti 5 mm. Frekvence
skenovacich paprskti dosahuje 550 kHz s rychlosti 200 skenti s. Skener je schopen
zpracovat az 11 odrazi.

Kontrolni jednotka AP20 slouzi ke komunikaci UAV RiCOPTER s GNSS. Pii
skenovani pomoci UAV je kontrolni jednotka AP20 integrovana piimo v téle UAV
RICOPTER.
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GPS/GLONASS piijimace — GNSS pfijimace jsou piimo spojeny s kontrolni
jednotkou AP20, ktera dale ptrerozdéluje GNSS informace do UAV a skeneru. Piesnost
prijimace dosahuje v horizontadlnim sméru presnost méné nez 0.05m a ve vertikalnim
sméru méné nez 0.1 m. Od antény GNSS piijimace je vzdy nutné znat vzdalenost
ve vsech tiech rovinach tedy zménu souradnic Ax, Ay a Az, protoze veskeré udaje
0 pozici jsou prepocitavany vzhledem k pozici antény v korekéni matici pfimo
Vv nastaveni skeneru. Tuto vlastnost Ize povazovat za velmi zadsadni pro univerzalnost
pouziti skeneru VUX-1UAV.

RICOPTER je multirotorové zafizeni osazené 8 rotory na Ctyfech ramenech
s celkovou maximalni vzletovou hmotnosti 24.99 kg. Rotory jsou osazeny vrtulemi
z uhlikovych vlaken o rozmérech 27 x 8,8 nebo 28 x 9.2* v zavislosti na teploté
okoli a tlaku vzduchu. Pro zvySeni bezpecnosti a zamezeni ztraty kontroly je UAV
RICOPTER osazeno zdvojenou kontrolni jednotkou GR-32 Dual HOTT. Pro napajeni
jsou pouzity ¢tyfi LiPo (Lithium Polymer) baterie o napéti 29.6 V, kapacité¢ 12500
mAh a hmotnosti 2 kg. Dale je opatieno také optickym gyroskopem. Gyroskopy obecné
jsou senzory pouzivané k méteni thlové rotace kolem zadaného sméru vzhledem k IMU.
Hlavnim rysem optického gyroskopu je, ze svétlo je rozdéleno na dva svazky a vedeno
protib&zné po uzaviené draze optického vlikna navinutého na kruhovou civku (HORAK
2012). Diky této technologii je UAV RiCOPTER schopno stabilizovat senzor, detekovat
zmény polohy a pohybu, métit naklon a rozpoznat pievraceni. Dale pak gyroskop slouzi

ke korekci a zptesnéni polohy ziskané pomoci GNSS modulu.
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Obrazek 8 — VUX-SYS ptipraveny ke vzletu a sbéru dat (foto autor)

Obrazek ¢. 8 zobrazuje UAV RICOPTER osazené skenerem VUX-1UAV,
tedy cely systém VUX-SYS piipraveny ke vzletu na misi za Gcelem sbéru dat.
Na obrazku je zfetelny laserovy skener VUX-1UAV osazeny na spodni ¢asti UAV
RiCOPTER, kter¢ stoji na plachté zabranujici kontaktu odletujicich necistot a vétSich

fragmentd s UAV pfi vzletu a piistani.

4.1.2. Terénni sbér dat pomoci ULS

V soucasné dobé je vyuZziti metody ULS pro sbér dat naro¢né jak uzivatelsky
vzhledem K technologickym znalostem a pozadovanym schopnostem pilota ¢i
operatora, tak také z finan¢niho hlediska. Pofizovaci cena UAV nesouciho laserovy
skener neni otazkou né€kolika desitek tisic korun, jako jsou naptiklad ready to fly
solutins pro leteckou fotogrammetrii, nybrz miliontt K& poc¢ate¢ni investice do dané
technologie (Surovy et al. 2019).

Cilem sbéru dat pomoci metody ULS je ziskat ptesné, husté a reprezentativni

bodové mracno. Aby bylo tohoto cile dosazeno a bylo zamezeno moZnym
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nepiesnostem ¢i problémim piti odvozovani vyslednych bodovych mracen, je zcela
bezpodmineéné nutné postupovat podle v praxi odvozenych nasledné popsanych
postuptl pii vyuziti daného UAS.

Pfed samotnym sbérem dat pomoci ULS je nutnd kancelaiska ptiprava.
S ptihlédnutim k legislativnim omezenim (Piedpis L2 DopIn€k X zékona ¢. 49/1997
Sb.) je vhodné napfiklad pomoci internetové  aplikace  AisView
(https://dronview.rlp.cz/) zkontrolovat vzdusny prostor nad mistem sbéru dat. Tato
aplikace umoznuje kontrolu vzduSného prostoru v okné internetového prohliZece,
nebo také jako mobilni aplikace. Velkou vyhodou je aktualnost situace s piipadnym
pfesnym casovym i prostorovym vymezenim uzavieni dané ¢asti vzdusného prostoru.
Obrazek ¢. 9 zobrazuje informace o vzdu$ném prostoru Ceské republiky vztazené
k letu UAV. Naptiklad jsou zde ¢ervenou barvou vyznaceny vSechny bezletové zony

letist’ a narodnich parki, hnédou barvou jsou potom oznaceny tizené okrsky letist.

Obrazek 9 — Ukazka aplikace AisView pro kontrolu vzdusného prostoru (dostupné z
https://dronview.rlp.cz/)

Po ovéfeni dostupnosti letového prostoru nésleduje ptiprava veSkerého

potfebného vybaveni. Tato piiprava je shrnuta v nasledujicim CHECK list:

Notebook/tablet
e Nabity notebook pro UGCS
e Stazena kompletni off-line mapa v UGCS pro piipad absence mobilniho

signalu na plose
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RICOPTER
e Upevnény skener (vSechny Srouby upevnéni k UAV utazeny)
e Kamery pfiSroubovany ke skeneru

e Skener, kamery a anténa vzajemn¢ propojeny pies IMU

V krabici je letovy CHECK list

Naformatované a prazdné karty kamer umistény v kamerach

Dostatek mista na HDD skeneru

Nabyté baterie (vzdy cela sada) 4x/8x v kufru na baterie
GPS

Nabité baterie (pfijimac 1 kontroler)

Kontroler

Prijima¢

Nivelacni trojnoZzka

Stativ

e Nabijecka na kontroler (pii vicedennim vyjezdu)
e Nabijecka na ptijimac (pti vicedennim vyjezdu)
Radio — remote controller
e Nabito
e Srouby k ramentim 4x (jsou uloZeny zde pro zamezeni jejich ztraty)
e Imbusovy kli¢ na Srouby k ramentim
e Vycpavka
e Nabijecka
Kufr s vybavenim
e Sada imbusovych klict
e Battery controler
e Popruhy k radiu
o Datalink
e Kabely k datalinku (napajeci + USB propojovaci)
e Koliky k plachté

e Imbusovy kli¢ s hvézdicovou hlavou (pro kontrolu upevnéni skeneru k UAV)
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e Sada ndhradnich Sroubti

e Sada ndhradnich krytek

e Pievodnik proudu z 12 V na 220 V

e Baterie pro datalink (plocha 8000 mAh/powerbanka)

e Range finder

e Chladic (pti vicedennim vyjezdu)

e LAN kabel (pti vicedennim vyjezdu)

e Napajeci kabel fidici jednotky (pfi vicedennim vyjezdu)
Vybaveni zvlast’

e Plachta

e Skladaci stal
Nabijecka velkych baterii (pri vicedennim vyjezdu)

o 1x/2x

e Napijeci kabel 1x kazda

e Kontrolni kabel LiPOL baterie 2x

e Drzaky baterii 2x/4x

Neustala kontrola a opakovani ovétenych postupii je tim nejlepSim zptisobem
k zamezeni problému pi#i sbéru dat chybé&jicimi soucastmi pocinaje a havarii UAV
konce.

Transport UAV, velikosti jako je RICOPTER, se vSim potfebnym
prislusenstvim je z pohledu sbéru dat o lesnich ekosystémech nezanedbatelnym
problémem. Proto je nutné vyuzit zpravidla terénni automobil s dostateCnym uloznym
prostorem.

Po pfijezdu na vybrané misto je nutné zajistit bezpecnost letu v souladu
s Pfedpis L2 Dopln€k X zadkona €. 49/1997 Sb. S ptihlédnutim k zvolené metodée
referencni stanice (vysvétleno v ¢asti 4.2.1. PosPAC MMS) je nutné zahajit statické
méteni diferencialni GPS na pfedem zndmém bod¢ (zaméfeném pomoci RTK GPS/na
geodeticky zaméfeném bodg€) s intervalem méfenim 1 s a menSim. Pro tyto ucely je
vyuzivana pozemni stanice sestavajici z Trimble TSC3 kontroleru a Trimble R2 GNSS

ptijimace (Trimble, Sunnyvale, California, USA).
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Pro komplexnost celého VUX-SYS je pro sbér dat doddvan samostatny
CHECK list pro dvouélenny tym operujici pii sbéru dat sestavajici z pilota a operatora,

viz obrazek ¢. 10. Cely CHECK list je rozdélen do jednotlivych krokid s oznacenim,

ktery ¢len tymu jej ma vykonavat.

1 k i o

Obrazek 10 — Dvouclenny tym VUX-SYS provad¢jici predletovou kontrolu pomoci
CHECK list; vlevo pilot vpravo operator (foto archiv KHUL).

Pti sbéru dat je vyuzivano automatického letu pod neustalou kontrolou pilota.
Pilot ze zemé je jen velmi obtizn¢€ schopen dodrzet konstantni rychlost a vysku letu.
Pro dodrZeni dostatecné hustoty a také reprezentativnosti bodového mracna, tedy aby
byly vSechny stromy v daném porostu oskenovany ze vSech stran, je vyuzivano tzv.
perpendicular zig-zag pattern, tedy letu dvou na sebe navzajem kolmych segmentt
sestavajicich z rovnobéZznych linii trajektorii letu. Pro planovani letu je vyuzivan SW
UGCS (Universal Ground Control Station), ve kterém je pomoci kontrolnich boda
nastavena trajektorie letu. Nastavovany u jednotlivych bodii jsou nasledujici
parametry: vySka nad DTM z daného SW, rychlost letu a zplsob otoceni. Zplsob
otoceni je vyznamny zejména proto, protoze v piipad€¢ VUX-SYS je samotny laserovy

skener ovladan piimo pilotem UAV. Z tohoto divodu byl jako nejvhodnéjsi zplisob
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otacky vybran stop and turn, tedy zastaveni a nasledné otoceni. Ptiklad planovani letu

je na obrazku €. 11. Je zde zobrazeno vice letovych trajektorii nad zajmovym tizemim.

@ ugcs 3343 - a

Obrazek 11 — Vyuziti planovaciho SW UGCS

Po ukonceni sbéru dat je vhodné zalohovat data, kterd jsou ulozena na SSD
laserového skeneru. Komunikace se skenerem probih4a pomoci LAN portu za vyuziti

protokolu IPv 4.

4.1.3. Trimble TX 8

Trimble TX8 (Trimble, Sunnyvale, California, USA) je 11 kg vazici
staticky/pozemni laserovy skener skenujici v blizkém infracerveném spektru
o frekvenci 1 500 nm vyvinuty pro velmi piesny sbér dat v nejriznéjSich oborech.
Diky RGB kamefe je schopen sbirat také obrazova data, ktera dale slouzi k obarveni
hustych bodovych mra¢en. Vzhledem k otocené hlavé je mozné provadét skenovani
v rozsahu 360° podél svislé osy a FOV rotaéniho sklicka ¢ini 317° vzhledem
Kk upevnéni skeneru na trojnozku. Skenovaci rychlost ¢ini 1 milion bodt s™. Celkovy
dosah skeneru ¢ini pfi limitovani hustoty na 312 miliont boda pii vzdalenosti dvou
bodi 75.4 mm ve vzdalenosti 300 m od skeneru skenovana az 320 m oproti
parametrim nejvyssi hustoty 555 miliont bodu pti dosazeni vzdalenosti dvou bodu
5.7 mm v 30 m od skeneru. Data jsou ukladana na USB 3.0 disk (Trimble 2016).
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Obrazek 12 — Trimble TX8 na stanovisku pfi probihajicim skenovani daného porostu.
V pozadi jsou vidét koregistracni sférické cile. (Foto autor)

Vzhledem k absenci GNSS modulu je pro georeferencovani bodovych mracen
(které neni vzdy nutné) provadét skenovani pomoci Trimble TX8 ze stanoviska
s predem znamymi soufadnicemi. Toho Ize docilit pomoci totalni stanice nebo
Vv ptipad¢ dostupnosti GNSS RTK signalu také pomoci RTK GPS, jakym je naptiklad
jiz vySe zminény Trimble TSC3 kontroler a Trimble R2 GNSS piijimac. Jak je vidét
na obrazku ¢. 12, skener je umistén na trojnozce nad stanoviskem oznafenym
geodetickym kolikem. Pro spravnou koregistraci dat, je nutné znat vysku skenovaciho
centra, oznacené¢ho znackou na boku skeneru, nad stanoviskem, o kterou jsou dale
upraveny zamétené soufadnice stanovisté. Skener samotny je vybaveny
kompenzatorem, kterym je schopen kompenzovat drobné nepfesnosti pifi horizontaci
stroje. Centrace je provadéna standardné pomoci periskopu.

Pro koregistraci jednotlivych bodovych mracen z jednotlivych stanovisek lze
na zakladé€ prostiedi pouzit nékolik typt koregistra¢nich cild, ¢i koregistracni cile zcela
nepouzit (mracna lze koregistrovat i na zédklad¢ detekce ploch napt. v urbanizovaném

prostiedi, to je ovSem relativné nepiesné, a proto se vzdy doporucuje pouZzivat
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koregistracni cile). Prvnim a do lesniho prostiedi nejvhodnéjsim zptisobem v pro jeho
3 D povahu je pouzit sférickych cilti o pfedem znamém rozméru, viz obrazek ¢. 13. Je
vSak nutné dodrzet zésadu, kdy pro uspéSnou koregistraci dvou se prekryvajicich
bodovych mracen musi mit tato dvé mracna spolecné alespon tfi cile, které nelezi
na jedné piimce. Na jedné ptimce proto, aby bylo eliminovano uhlové zkresleni. Proto
je vhodné pouzit vice sférickych cili. Cile se béhem skenovani nesmi hybat. Dale je

mozné pouzit ctvercové reflexni stitky rozdélené na Ctyfi stejné Ctverce a jejich stied

zaméfit. Tato metoda se ovsem v lesnim prostiedi neosvédcila.

Obrazek 13 — Detail sférického cile o rozméru 145 mm ukotveného v borce stromu.
(Foto autor)

4.2. Odvozovani bodovych mracen
Ptfed samotnou analyzou dat je krucidlni ¢asti celého procesu odvozovani
geometricky spravnych a ptesné georeferencovanych bodovych mracen z ULS ¢i TLS.

Zasadni kroky jsou popsany nize i s ohledem na vyse popsané postupy pii sbéru dat.
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4.2.1. PosPAC MMS

Velmi dulezité vzhledem k ULS je v této ¢asti zminit pouziti SW PosPAC
MMS (Applanix: a Trimble company, Ontario, Canada), v tomto konkrétnim feseni
byla pouzita verze 8.1. PosPAC MMS je software slouzici k aplikaci PPK
na trajektorie roveru (UAV) vzhledem k rekalkulaci, tedy zpfesnéni jeho pozice.
Vysledkem je aktualizovana trajektorie pohybu zvoleného roveru, kterd dale vstupuje
jako krucidlni zaklad pii polohovém a geometrickém odvozeni bodovych mracen
z VUX-1UAV.

Nejprve je nutné v celkové struktute projektu z VUX-1SYS najit surova data
trajektorie, kterda se nachazeji v usporadané struktufe slozek ,,02_INS-
GPS_RAW\02_FULL\INS-GPS_1* pod ozna¢enim datum_GPSc¢as INS-GPS 1.
Déle do vypoctu vstupuji, vzhledem k pouzivané metod¢ Base Station, data z pozemni
referen¢ni stanice, nebo z virtualni referen¢ni stanice ve formatu RINEX (Receiver
Independent Exchange) 2.11. Pozemni referen¢ni stanice (BS) je diferencialni GPS
zalozena na systému dvou pfijimaci a je schopna dopocitat odchylku méteni (Konecky

2009). Koregistrace méteni probiha na zakladé GPS ¢asu.

= General Infarmation Reference to IMU Lever Arm Reference to IMU Mounting Angles
B3 Units X [0.000m |  x 180.000 deg |
B View
B8 Rover Import Y [0.000m | || Y |-30.000 deg |
£ Satellite Selection z [0.000m | =z |0.000 deg |
5 GNSS-Inertial Processor
Timing Reference to Primary GNSS Lever Arm Aircraft to Reference Mounting Angles
Algorithms X [0.178m | x |0.000 deg |
Initizlization
Lever Arms and Mounting & | Y [-0.017m | v |0.000 deg |
5 Export
oo z [0304m | ||z (0,000 deg |
5 Camera .
. Standard
i LiDAR Deviation
B SAR <3cm 10cm 50cm 1m  10m
1 i 3
Cancel

Obrazek 14 — Nastaveni pozice senzoru v PosPAC MMS 8.1
Pozice UAV/roveru je zaznamenavana vzhledem k poloze antény piijimajici

GNSS signdl. OvSem pro potieby pifesného vypoctu pozice jednotlivych bodl

bodového mracna je nezbytné provést korekci o rozdil mezi pozici IMU laserového
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skeneru a GNSS anténou. Tento rozdil se nazyva lever arms. Na obrazku €. 14 je patrna
uhlova i polohova zména podle os X, Y a Z vzhledem k pozici skeneru. Kdyby tyto
korekce nebyly brany v uvahu, tak by pfi pouziti tohoto konkrétniho trajectory based
solution nedoslo k presné koregistraci jednotlivych skenit z UAV a byl by tak mezi
nimi zfetelny posun. Trajektorii lze pfepocitavat s urcitou pozadovanou mirou
presnosti, kterou zde reprezentuje maximalni pfipustna hodnota smérodatné odchylky
(Standard Deviation). Ta, kdyz bude ptesahnuta, tak nebude trajektorie zaznamenana
a bude nutné pocitat s vyssi chybou. V prosttedi PosPAC MMS lze také pouZit vypocet
trajektorie jednosmérny (vpied) nebo presnéjsi obousmérny (vpied i vzad), kdy jsou
potom obé¢ dvé trajektorie porovnany a pii nepresadhnuti maximalni ptipustné chyby je
trajektorie dale akceptovana. V piipad¢ potieby je také mozné nastavit preferovany
GNSS systém (GPS, GALILEO, BeiDou, GLONASS).

Vysledna trajektorie je zietelna na obrazku €. 15 jako zelena ¢éra, kterd je svou
polohou odlisna od ptvodni trajektorie, ktera je zde jako fialova Cara, pfed jejim
zptesnénim. Dale je zde zobrazena 1 pouZita referencni stanice pod oznacenim V007,
kdy se v tomto konkrétnim piipadé jedna o virtualni BS s métenim polohy kazdou
sekundu. Virtualni referen¢ni stanice byla pouzita z Trimble VRS NOW (Virtual

Reference Station) serveru.
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Obrazek 15 — Vysledna plocha trajektorie kdy: fialova je surova trajektorie, zelena
piepoctena trajektorie, V007 je pozice virtualni referenéni stanice

Do dalsiho kroku odvozovani jiz konkrétniho bodového mra¢na tedy vstupuje

nova trajektorie jako smoothed best estimated of trajectory (SBET).

4.2.2. RiPROCESS

V prostiedi RiPROCESS probihd samotné odvozovani bodovych mracen,
jejich zakladni klasifikace a ¢isténi od Sumu, tedy bodt, kterym byly nespravné
vypocteny soufadnice na zakladé ndhodného odrazu, pii odrazeni paprsku od drobné
¢astice ve vzduchu, ¢iod ¢astice vzdusné vlhkosti, nebo od jinych reflexnich povrcha.
Vystupem je potom Cisté mracno, slozené z vzijemné presné koregistrovanych
jednotlivych skent se zékladni klasifikaci bodt (RIEGL 2020).

Obrazek ¢. 16 zobrazuje korekéni matici k jednotlivym osam, které jsou
odvozeny pro letici UAV. UAV leti pti sbéru dat pod naklonem nékolika desetin

stupnie, které potom dale do celého procesu odvozeni bodovych mracen vkladaji
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chybu. Aby se této chybé predeslo, tak je na zac¢atku celého procesu odvozena zminéna

korek¢ni matice, ktera potom dale upravuje POP Matrix — obrazek ¢. 17 determinujici

vzéajemné vztahy jednotlivych os a rotaci podél nich v ramci daného bodového mracna.

Device General l
TRAMSFORMATION PARAMETERS

Lazer device [for multi-channel devices):

|[n|:|ne] ﬂ

M atrix SOCS -» [ML:
0. 0000000000000 0. 00a0aaaCaaCCaCc 1.000000000000000 0.177E00
0. 000000000000000 1.000000000000000 [.000000000000000 -0.079300
-1.000000000000000 0. 00a0aaaCaaCCaCc 0.000000000000000 0.000400
0. 000000000000000 0. 000000000000000 [.000000000000000 1.000000

Foll zalibration offzet [deq]: Pitch calibration offzet [deql:  v'aw calibration offzet [deql:

012300 |0.14871 |0.22657

M avigation dewvice:

| B INS-GPS 1 -l

Obrazek 16 — Transformacéni parametry skeneru vzhledem ke kalibraci offset tthli dle

jednotlivych os

FOP MATRIE-

-0.235893942049336)  -0.75184311957364E 0.61569957E 753503 3334907 346087
0.971773804704307 ) -0.182505772045433 0.143457673300:355 3817721329
0.000000000000000 0.633573960555394 0773677 215369966 4311435.230348
0.000000000000000 0.000000000000000 0.000000000000000 1.000000

Obrazek 17 — POP Matrix

V inicidlni fazi odvozovani bodového mracna je nutné provést koregistraci

surovych dat ze skeneru s daty zptesnéné trajektorie. K tomu slouzi pozicni soubor.

Priklad hlavicky poziéniho souboru reprezentuje obrazek ¢. 18. V této hlavicce jsou

determinovany zadkladni udaje o celém bodovém mra¢nu maximalni a minimalni

zemepisna délka, Sitka a nadmoiskd vySka (Longitude, Latitude a Altitude), dale je

zde determinovan cely casovy tsek na zakladé GPS cCasu. Délka Casu je dilezitym

faktorem pti ndkupu VRS. Poslednim fadkem je navigaéni ramec, ktery urcuje potadi



zaznamenavanych zemépisnych soufadnic, coz je vyznamné predevSim pfi

exportovani dat vzhledem k spravné orientaci bodového mracna.

POF FILE HEADER

Information:

Identifier: RIEGL POSITIONeORIENTATION

Version: Al

File size: 18163664 B

Entries: 283801

Project: 180723_120654

Location: Flaje

Company: RIEGL LASEE MEASUREMENT SYSTEMS

Tims zone: GMI+01:00

Longitude: 13.64254294" to  13.64610466°

Latitude: 50.68376992" to  50.68674569°

Altitude: G64.864m to 932.276m

TimeStart: 2019-07-23 12:24:34.002 ( 44674.001555 secs)
TimeEnd: 2019-07-23 12:48:13.002 { 48093.001554 secs)
Duration: 0 00:23:39.000 { 141%.999999 zeca)
Interval: 0.005000000 secs

Maximum: 0.005000000 secs

Deviation: 0.000000012 secs

Time unit: week seconds

Time info: unknown

Hav frame: HED (North-Eaat-Down)

Obrazek 18 — Hlavicka pozi¢niho souboru

Protoze laserovy skener VUX-1UAYV je schopen dosahovat frekvence az 550
KHz (RIEGL 2019a), tak pfi zaznamenavani odrazi jednotlivych paprski je schopen
otoCit rotatnim sklem pted jejich zaznamendnim. Dale také probihd zaznamenani
paprskil odrazenych od spodni ¢asti UAV. Vzhledem k t€émto okolnostem a jinym
dalSim je nutné pii tvorbé inicidlntho bodového mracna determinovat extrakcni
parametry jednotlivych bodi. Obrazek ¢. 19 predstavuje nastaveni jednotlivych
extrak¢nich parametrii. Multiple Time Around (MTA) fesi automatické detekovani
odraz jednotlivych paprskt pfi oto¢eni rota¢niho skla. Region of interest reprezentuje
moznosti manuélniho nastaveni extrakce pouze urcitych odrazi, které spliuji pfedem
definované podminky. Podminkami mohou byt: vyskyt v urcité thlové vyseci
vzhledem ke svislé roviné prochazejici osou skeneru, vzdalenost od skeneru, urcity
casovy usek, definovany interval odrazivosti, definovany interval sily signalu nebo

definovand hodnota odchylky.
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General

REGIOM OF INTEREST
Fufd, Algarithm

[ Activate time gate filker[z] for measurement selection

Multiple Time Around

[ Activate range gate for measurement selection

Fegion of interest [v Activate line angle gate for measurement selection
Clazzification liniveraligeal Maimumn [d=g]
120,000 [240.000
[ Inverted

| Activate dewviation gate for meazurement selection
[ Activate amplitude gate for measurement selection

[ Activate reflectance gate for measurement selection

Obrazek 19 — Extrak¢ni parametry

Pro pfesnou koregistraci jednotlivych skenti obsahuje prostfedi RiIPROCESS
modul RIPRECISSION UAV. Oznaceni UAV znamen4, Ze modul je navrzen pro praci
s daty z bezpilotnich letadel i s jejich danymi specifikacemi (pfedevs§im hustota bodu
vzhledem Kk vyskytujicim se objektim) (RIEGL 2019b). RiPROCESS provede
zptesnéni koregistraci jednotlivych skeni zejména podél osy Z.

Pfesné odvozené a koregistrované bodové mracno je dale mozné také
Klasifikovat. Z lesnického pohledu jsou provadény dva typy klasifikaci. Prvnim je
klasifikovat body lezici na zemském povrchu, pfidat jim atribut ground (Vv las formatu
calss 2) a definovat body které nalezi vegetaci (v las formatu calss 4). Klasifikace
probihd na zakladé geometrickych charakteristik, viz obrazek ¢. 20. Na obrazku ¢. 20
je ukazka nastaveni zminénych geometrickych parametri, jakymi jsou maximalni

vysky a Sitky predpokladaného stromu a maximalni skon terénu.
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Max Object Width: | 32.000 | m
Max ObjectHeight: | 22.400 | m
Min Object Size: '
Width: |0.250 |m
Height: |0.175 |'m
Outliers below Terrain: '
Max slope of Terrain: | 10.000 | deg
Trim Terrain to: |0.100 | m
Target Class (Off-Terrain Points): | 003 - Low Vegetation -
[ Target Class (Remaining P 2 - Ground

Obrazek 20 — Off terain classifier (nastaveni parametrt klasifikace bodii)

Na obrazku €. 21 je ziejmy vysledek klasifikace bodového mracna vzhledem

Kk vegetaci a zemskému povrchu — ground. Je zde zcela ziejmé, Ze ne vSechny body,
které ptimo lezi na zemském povrchu, jsou klasifikovany jako ground. OvSem tato

klasifikace je pro dalsi zpracovani dat zcela dostaCujici. Na obrazku ¢. 21 je mozné

vidét dvouetazovy porost vznikly podsadbou rozpadajiciho se porostu.

Obrazek 21 — Ukazka klasifikovaného bodového mracna; Seda body naleZici povrchu
terénu (ground); zelend klasifikovana vegetace. Zkusna plocha Flaje
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Druha klasifikace bodl provadéna v prosttedi RiIPROCESS je klasifikace Sumu
— noise. Jako sum je oznacen kazdy bod, ktery nesplni pfedem definované podminky.
Okolo kazdého bodu je vytycena virtualni koule a predem definovaném priiméru a v ni
je vypocitan pocet sousednich bodl. Jako limitujici podminky jsou tedy nastaveny
pouze dva parametry: praimér koule a minimalni pocet bodd.

Obrazek ¢. 22 predstavuje pohled shora na bodové mracno ze zkusné plochy
Flaje skladajici se celkem ze dvanicti jednotlivych skeni. Kazdy sken je obarven

vlastni barvou. V tomto konkrétnim bodovém mraén¢ byla dosazena primérna hustota

2 500 bodt m=,

0 -250_00 - 0o -150_00 -100_00 - 0o 0.0 m 50_000 100_00

Obrazek 22 — Ukazka piekryvu jednotlivych 12 skent (zkusna plocha Flaje)
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4.2.3. Trimble RealWorks

Trimble RealWorks (Trimble Inc. 2016) je obdobné prostiedi pro koregistraci
a zakladni praci s bodovymi mrac¢ny, jakym je vySe zminény SW RiPROCESS.
Ovsem zde je mozné, oproti RIPROCESS, importovat i data tietich stran a nikoli pouze
projekty vytvorené zatizenimi dané spolec¢nosti.

Primarni funkci je vSak zpracovani dat z TLS. Vzhledem k tomu, Ze je vzdy
nutné, vybrat jedno vychozi mra¢no/stanovisko, se kterym se budou dal§i mrac¢na
Z jednotlivych stanovisek koregistrovat, je nutné stimto krokem pocitat jiz pfti
samotném sbéru dat a navrhnout si tak jeho cely design. V ptipadé linie (obrazek ¢.
24) je vhodné zaCit od prosttedniho stanoviska a v ptipadé plosného skenovani

(obrazek ¢. 23), je vhodné zacit od stanoviska leziciho ve stfedu celé plochy.

I Station 003

ation 004

—_—

30.00m

Obrazek 23 — Sbér dat pomoci TLS na plose (plocha SLP Kostelec n. C. L.).
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Jiz zminéna samotnd koregistraci mize prob&hnout n¢kolika zptsoby, kterymi
jsou automaticka detekce a extrakce cilii, manudlni detekce cill, koregistraci pomoci
detekovanych ploch anebo manualné tzv. mra¢no na mracno.

Vyznamnym faktorem je pfimé georeferencovani bodovych mra¢en pomoci
zndmych soufadnic jednotlivych stanovisek, nebo konkrétnich bodi v bodovém
mrac¢nu piepocétenych o vysku stroje nad nimi (pouze v piipadé stanoviska). Dale je
dilezitda moznost fedéni bodovych mracen, nebo jejich ¢asti a jejich exportu dle

pozadovanych hustot v riznych soutadnicovych systémech.

Station 006

Station 007
tation 008

Station 009

tation 010

Station 002

Station 016
NSt ation 001 el

Obrazek 24 — Sbér dat pomoci TLS V linii (plocha NPCS).

4.3. Detekovani individudlnich stromi

Pro tcely této prace a zminénych publikaci byly pouzity tii metody detekce
individualnich stromf. Prvni metodou byla detekce pomoci inverse watershed
segmentation (IWS) na zaklad¢ detekce lokalnich maxim, jakoz to vrcholti a dale
delineace na zakladé¢ odvozenych horizontdlnich primétd korun individudlnich
stromd. Tato zminéna metoda byla jiz detailné¢ krok po kroku popsana v diplomové

praci autora (Slavik 2017), ktera vychazela z publikace (Panagiotidis et al. 2017).
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Na zékladé¢ metod detailn¢ popsanych ve vySe zminéné diplomové préaci byl dale
publikovan vystup (Grznarova et al. 2019).

IWS byla vzdy primarné pouzivdna na data z letecké fotogrammetrie
na zakladé¢ DSM a interpolovaného DTM, coz vzdy vnaselo zna¢nou miru nepfesnosti
do ostatnich vypoctl, ze kterych byl odvozen CHM, kde probéhla samotna detekce
individualnich stromt.

Pro ucely této prace byla detekce provedena na zaklad¢ klasifikovaného
bodového mrac¢na z ULS, kdy byly jasn¢ detekovany body DTM i v prostoru pod
korunami a v ramci zpracovani rastrovych dat pomoci IWS tak bylo mozné dosahnout
detekce vysSkového pfirlistu na urovni individualnich stromil (popsané v bakalaiske
praci (Divisek 2020)), nebo na urovni stromovych komponent (vétvi) (Slavik et al.
2020a).

K zjednoduSeni procesu IWS byl pouzit toolbox 3D Sample Tools v prostiedi
Arc GIS 10.6. (ESRI, Redlands, CA, USA), primarné vytvoieny ke zpracovani dat
z ALS.

Dalsi metoda detekce individudlnich stromt byla popsana v publikaci Kuzelky
(Kuzelka et al. 2020), kterd vychazela z voxelizace bodového mracna a na zaklad¢
analyzy hustoty bodovych mracen byly detekovany kmeny individualnich stromu.
Velikost jednotlivych voxeli byla stanovena na 0.5 m na horizontalni urovni a 1 m
na vertikalni arovni s ohledem na ULS data. Dale byl nastaven limit 0.5 m nad terénem
(vychazejici z klasifikovaného mrac¢na) a maximum zpracovavané¢ho prostoru bylo
nastaveno na 9.5 m. Tyto parametry byly nastaveny na zakladé typické hustoty
bodovych mracen z ULS. Tak jak byly odvozeny pocty bodii v jednotlivych voxelech,
bylo nutné dale determinovat i pocty bodii v sousednich voxelech ke kazdému
populovanému voxelu minimalnim poc¢tem bodd. Vzhledem ke 3D struktuie
voxelizovaného prostoru byl pouzit indikator ptfitomnosti kmend stem presence

indicator (SPI) (3) jako:

m-=1 m
SPLj = Z Z Mi,jkMij

k=1 I=k+1

(3)
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kde SPIi;jje hodnotou i,j té buiky v daném rastru (vrstvy v 3 D prostoru); m je pocet
voxeld ve vertikalnim sméru; n; jk je pocet boda v i,j,k tych voxelech, kde 1,j a k jsou
indexy voxelti podél os X, Y a Z. Tento indikator preferuje kontinuitu a uniformitu
poctl bodu a zdaraziuje vyssi bodové hodnoty. Obecné vzato vysoké hodnoty SPI
od terénu po korunovou ¢ast detekuji kmeny stromd, a proto tak mohou byt oddéleny
od objektt prochazejicich podkorunovym prostorem jenz nejsou kontinualni, jako jsou
napiiklad vétve (Kuzelka et al. 2020).

Jako posledni metodu pouZitou pro potteby této prace, lze oznait metodu
pouzitou v praci (Panagiotidis et al. 2020), ktera se zakladala ve vytvofeni fezu (kros
sekce) v predem definované vysce nad terénem (1.25 — 1.35 m) a zde byly pomoci
metody detekce lokalnich maxim s aplikaci buffer zony extrahovany cilové casti
individudlnich stromti pro odvozeni DBH (obrazek ¢. 25). Cely proces probihal
ve Visual Studio Enterprise 2015 V.14.0.24720.00 (Microsoft, Redmond, 99
Washington United States, 1975).
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Obrazek 25 — Rozdil mezi detekovanym vrcholem individualniho stromu (modré x)

a stfedu stromu pro odvozeni tloustky (Cerny trojihelnik). Zdroj: (Panagiotidis et al.
2020)

4.4.  Metriky individualnich stromii
Metriky individudlnich strom pro potieby jednotlivych vystupli byly
odvozovany z bodovych mrac¢en individualnich stromi v prostiedi R (R Core Team,

Statistic Department of The University of Auckland, 1997) jakoz to hodnoty
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deskriptivnich statistiky a dalsi hodnoty (Pekar a Brabec 2016). Jednotlivé metriky
a prace s nimi je dale popsana v této podkapitole.

Pied samotnym odvozovanim metrik bodovych mracen individualnich stromt
byly individualni stromy delineovany na zakladé¢ metody IWS popsané v piredchozi
podkapitole. Dale byla v ptipad¢ studie (Slavik et al. 2020b) vypocétena normalizovana
vyska pro moznost validniho porovnani jednotlivych bodovych mra¢en individualnich
stromtl.

Jako metriky bodovych mracen individudlnich stroma byly dle praci (Nasset
a Gobakken 2005; Kaminska et al. 2018) pouzity nasledujici deskriptivni statistiky:
interquartil range (IQR), rozptyl/variance (VAR), smérodatna odchylka/standard
deviation (SD), moment (MOM), koeficient Sikmosti/skewness (SKEW), aritmeticky
prumér (MEAN), kvadraticky pramér (KVAD), kubicky primér (CUB), mean
absolute deviatian (MAD), kvantil/quantile (Qn; kdy n bylo stupniovano po péti
¢i deseti procentech).

Dale byl pouzit Clark—Evans agregaéni index (CE) (Clark a Evans 1954),
ktery byl vyvinut pro popis vzoru uspoiadani jednotlivych bodu v souboru. CE
zjednodusen¢ feceno numericky kvantifikuje stupenn klastrovani bodového mrac¢na
na zaklad¢ srovnani s Poissonovym prostorovym rozdélenim, kde hodnoty blizko 1
jsou shledavany pro kompletné ndhodnou distribuci bodt, zatim co hodnoty nizsi nez
1 indikuji pravidelné uspotadani a hodnoty vyssi nez 1 indikuji klastrovani. Pro

vypocet CE byl pouzit vzorec (4) z (Fabrika a Pretsch 2011) jako:

1
Z X Z’f:lr

1. /4
2 n

CE =

(4)

kde hodnota CE je vypoc¢tena na zakladé n jako poctu bodd; r; A. Hodnota CE byla

odvozena pro kazdy fez 5% normalizované vysky.
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5. Vysledky

V této kapitole jsou stru¢né prezentovany jednotlivé védecké prace tykajici se
zpracovani bodovych mracen a obrazovych informaci pomoci metod DPZ, tak jako
byly popsany v kapitole feseni. Prvni tfi prace v podkapitolach 5.1. az 5.3. se zabyvaji
zpracovanim dat z ULS, konkrétné z popsaného VUX-SY'S. Prace v podkapitole 5.4.
popisuje vyuziti metody TLS pro odhad nadzemni biomasy individualnich stromd.
Podkapitola 5.5. se zabyva zpracovanim fotogrammetrickych bodovych mracen
0 vysoké hustoté pro odvozovani DBH. Vyuziti IWS je popsano v podkapitole 5.6.

S ohledem na rozdily mezi jehlicnatymi a listnatymi dfevinami pfi zpracovani dat.

5.1. Slavik, M.; KuZelka, K.; Modlinger, R.; Tomaskova, 1.; Surovy, P.
UAV Laser Scans Allow Detection of Morphological Changes in Tree
Canopy. 2020.

Préace prezentuje dvé velmi zasadni vyhody ULS a témi jsou vysoké prostoroveé
a Casoveé rozliSeni. Vysoké prostorové rozliSeni proto, protoze vychazi z teoretického
piedpokladu moznosti detekce struktury bodovych mrac¢en na trovni jednotlivych
stromovych komponent, tedy vétvi. Vysoké Casové rozliSeni proto, protoze lze
zminéné zmény detekovat v Case, diky nizké ¢asové naroCnosti pro sbér dat, tedy
vysoké operativnosti metody ULS. Na obrazku €. 26 jsou zfetelnd bodova mrac¢na dvou
vedle sebe stojicich stroml na zkusné plose Flaje (stromy €. 265 a ¢. 273), kdy strom
vlevo (€. 265) nevykazuje zndmky zmény ve struktufe koruny oproti stromu vpravo
(€. 273) vykazujicimu zmény ve struktuie koruny. Tyto zmény jsou potom patrné

na vySkovém rastru na obrazku €. 27.
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Obrazek 26 — Ukéazky bodovych mracen dvou vybranych stromi v mésicich kvétnu
(Cervena), Cervenci (modrd) a listopadu (zelend).

Na zkusné plose smrku pichlavého (Picea pungens Englem.) o rozloze 2,2 ha
bylo pomoci IWS detekovano a delineovano 460 jedinct, jejichz zdravotni stav byl pti
jarnim a podzimnim sbéru dat zhodnocen vzhledem k defoliaci pomoci metodiky
(Bosshard a Miiller 1986). Kazdy strom byl ocislovan a je tak zajiSténa moZnost
kontinudIniho vyzkumu na dané ploSe. Celkem byly pomoci ULS provedeny tii lety
pro sbér dat (kvéten, Cervenec a listopad 2019). Na zaklad¢ delineace individualnich
stromt byly pro kazdé bodové mracno nélezici danému stromu odvozeny popisné
metriky. Cely dataset byl rozdé€len na dva dil¢i datasety tedy tréninkovy a valida¢ni,
kde byl odvozen a nésledné ovéfen odvozenim GLM pro detekei stromli ohybajicich

vétve béhem daného ¢asového obdobi.
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Obrazek 27 — Rastr (10 cm pixel) zobrazujici rozdil mezi strom s ohybem vétvi (273)
a bez ohybu vétvi (269) pti rozdilu dat za mésice mésici ¢ervenec - kvéten a listopad
- kvéten.

Prostorovd zména na urovni horizontdlnich priméti korun v case je
vyznamnym faktorem ovliviiujicim mnoho DPZ metod, vychdzejicich ze zdkladnich

poznatki o jednotlivych stromovych a porostnich veliCinach.

5.2. Slavik, M.; Kuzelka, K.; HrosSo, B.; Surovy, P. Spatial analysis of

dense LiDAR point clouds for tree species classification.

Cilem této prace bylo popsat rozdily mezi jehlicnatymi a listnatymi dfevinami
na zékladé¢ metrik odvozenych z bodovych mracen individualnich stromi z ULS
s dlirazem na automaticky pribeh celého procesu. Jako metriky byly pouzity rizné
deskriptivni statistiky odvozené z vyskové normalizovanych bodovych mracen
individualnich strom a dale byla také hodnocena struktura bodovych mracen
V jednotlivych percentilech s pouzitim Clark — Evans Indexu (Clark a Evans 1954)
vychazejiciho z Poissonova rozdéleni. Pro klasifikaci byly zvoleny dvé metody —
GLM a Random Forest (Breiman 1999).

Vzhledem k velkému mnozstvi proménnych bylo nutné pted odvozenim GLM
provést jejich redukci pomoci metody nejmenSich ctvercli. Odvozeni GLM 1 RF
probéhlo vzdy dvakrat se zahrnutim a bez CE. CE se v obou pfipadech projevil jako
vyznamny faktor pro klasifikaci bodovych mracen na Grovni individudlnich stromt
vzhledem K rozdilnému habitu listnatych a jehli¢natych dfevin. Obrazek ¢. 28
zobrazuje rozdily v fezech mezi listnatymi a jehli¢natymi dievinami na zakladé

odvozenych vyznamnych prediktorti z GLM Vv jednotlivych fezech bodovymi mra¢ny.
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Obrazek 28 — Rezy v jednotlivych percentilech normalizovanych vysek zobrazujici
rozdil mezi listnatymi a jehlinatymi dfevinami na zékladé prediktorti vybranych
pomoci GLM.

5.3. KuzZelka, K.; Slavik, M.; Surovy, P. Very High Density Point Clouds
from UAV Laser Scanning for Automatic Tree Stem Detection and

Direct Diameter Measurement. Remote Sens. 2020.

Studie prezentuje metody detekce individualnich stromii v bodovych mra¢nech
potizenych pomoci ULS. Celkem byly provedeny pielety nad Sesti zkusnymi
plochami, kdy tfi zkusné plochy se nachazely v monokulturnich porostech se
zastoupenim borovice lesni (Pinus sylvestris L.) a tfi se zastoupenim smrku ztepilého
(Picea abies L.), jakoz to dvou nejvyznamnéjsich jehli¢natych dievin v Ceské
republice. VSechny stromy na zkusnych plochach o rozmérech 25x25 m byly v ramci
verifika¢niho datasetu zaméfeny pozi¢né pomoci totalni stanice a bylo také zméteno

jejich DBH. Jednotlivé zkusné plochy jsou prezentovany na obrazku ¢. 29.
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Obrazek 29 — Pozice stromi v bodovych mra¢nech v ramci jednotlivych zkusnych
ploch.

Kmeny individudlnich stromii byly segmentovany na zadkladé voxelizace
podkorunového prostoru s ptfihlédnutim k hustoté bodl v danych voxelech S pouzitim
SPI. Dale byly aplikovany ti'i metody Hough transform, robust least trimmed squares
(RLTS) a random sample consesnsus (RANSAC) pro fitovani kruhu ve zvolenych
pti¢nych profilech podél kmenovych profili viz obrazek ¢. 30 (ten s kruhy podél

kmene).
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Obrazek 30 — Fitovani kruhu podél celého kmenového profilu rozdeleného
do metrovych sekci.

Jako nejuspésnéjsi metoda byla zvolena RLTS s detekci 99 az 100 % stromt
v ramci zkusnych ploch viz obrazek ¢. 31. Metoda Hough transofrm byla zhodnocena
neuspésné v ramci fitovani kruhu v neuplnych datech (nekompletnich kmenovych
profilech), zatim co RLTS a RANSAC byly v tomto ohledu tspésné. RLTS metoda

dosahla pfi odhadovani obvodu 6.0 cm RMSE s dosazenim - 0.1 cm prumérné

odchylky.

Obrazek 31 — Porovnani Gispésnosti automaticky detekovanych stromi s validaénimi
daty.
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5.4. Panagiotidis, D.; Abdollahnejad, A.; Slavik, M. Accuracy assessment
of stem attributes for estimation of total stem volume using high-cost
survey-grade terrestrial laser scanner : An application of precision

forestry.

V této praci byla pouzita data z TLS na dvou zkusnych plochéach. Prvni plocha
se zastoupeni dubu (Quearcu sp.) a druhd plocha se zastoupenim smrku ztepilého
(Picea abies L.). Z TLS dat byly odvozeny vyska a DBH jednotlivych stromt pro
odhad objemu jejich kmene. Byly zde pouzity dvé rizné metody pro odhad vysky.
Prvni metoda byla zaloZzena na modifikaci metody local maxima popsana
v (Panagiotidis et al. 2017) a druha byla zalozena na pozici kmene. Odhad DBH byl

zalozen na zakladé metody hierarchical cluster analysis (HCA)

Buffer Zone Points at DBH Buffer Zone Points at DBH
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Obrazek 32 — Segmentace bodovych mracen a fitovani kruhii pro dovozeni DBH na
obou plochach.

Na zaklad¢ koeficientu determinace byl zjistén silny vztah mezi naméfenymi
a odhadovanymi metodami pro ob¢ pouzité metody pro odhad vysky. Tato prace
demonstruje pouzitelnost dat s vysokym rozliSenim v kombinaci s robustnimi
metodami pro automatické modelovani objemli kmenti individudlnich stromi pro

maloplosné studie s ohledem na moderni trend precizniho lesnictvi.
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Obrazek 33 — Porovnani dvou pouzitych metod pro detekci individudlnich stromti.

5.5.  Mokros§, M.; Vybost’ok, J.; Tomastik, J.; Grznarova, A.; Valent, P.;
Slavik, M.; Merganic, J. High precision individual tree diameter and

perimeter estimation from close-range photogrammetry. Forests
2018, 9.

Tato studie prezentuje moznosti pfesného méteni tloustky z bodovych mracen
ziskanych pomoci metod CRP Vv prosttedi DendroCloud (Koreni et al. 2017; 2015).
Rekonstrukce kmenovych profilit jednotlivych stromi byla provedena pro kazdy
individudlni strom separatné. Na kazdém stromé byla oznacena Ctyfi mista ve tfech

vyskach (0.8 m, 1.3 m a 1.8 m) pro méfeni tloustky a také zde byl zméfen obvod.

Obrazek 34 — Priklad vzoru méfeni tloustky vzhledem ke znackam na kife.
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Byl odhalen vliv pouzitého objektivu na vysledné odvozeni tloustky a obvodu
kmene z bodovych mracéen, jakoz to i vliv jednotlivych dfevin. NejlepSich vysledka
pro 3D rekonstrukci kmenovych profilt z CPR byl na zaklad¢ dosazené dosahl fish-
eye objektiv.

Obrazek 35 — Bodové mracno individudlniho stromu s referenc¢nimi body pro méfeni
tloustky. Okolo jsou rozmistény 16bitové tabulky pro referencovani bodového
mracna.

5.6. Grznarova, A.; Mokro$, M.; Surovy, P.; Slavik, M.; Pondelik, M.;
Mergani¢, J. THE CROWN DIAMETER ESTIMATION FROM
FIXED WING TYPE OF UAV. 2019, XLII, 10-14.

Clanek prezentuje usp&snost delineace jednotlivych stromt na zakladé pouziti
metody IWS z letici platformy typu fixed-wing eBee Plus RTK/PPK s ohledem
na piislusnost k listnatym ¢i jehli¢natym dievinam. Z fotografii byly odvozeny DSM
a DTM z nichz byl néasledné odvozen nCHM (normalizovany). Vyznamnou soucasti
prace bylo zautomatizovani celého procesu a eliminace volny prostorti mezi korunami

jednotlivych stromd.
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Obrazek 36 — Priklad delineace korun jednotlivych stromti na zékladé jejich
horizontalnich primér pomoci IWS.

Rozdil v uspésnosti delineace jednotlivych stromli v zapojenych porostech
prokazan vzhledem k zatfazeni mezi jehli¢naté ¢i listnaté dieviny. Cely postup pfii

zpracovani a vyhodnoceni dat byl zopakovan dle diplomové prace (Slavik 2017).
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6. Diskuse

V porovnani s metodou TLS je metoda ULS pro sbér dat o lesnich
ekosystémech ¢asové mnohem méné naro¢na. Béhem jednoho 21 minut trvajiciho letu
lze poridit bodova mra¢na o vysoké hustoté, znichz lze dosahnout obdobnych
vysledki pfiodvozovani DBH a vysky individudlnich stromt jako u metody TLS, jejiz
pouziti vyzaduje v takové plose fadoveé dny pro sbér dat (Brede et al. 2017; Wieser et
al. 2017).

Za jeden let UAV je mozné ziskat LiDAR data o 10 az 20 hektarech.
S ptihlédnutim k celkové casové narocnosti sbéru dat (piiprava UAV, planovani letu,

presun mezi lokalitami) lze denné zmapovat az 100 ha (Kuzelka et al. 2020).

6.1. Pohyb stromovych komponent

Vysoka uspésnost detekce individualnich stromt pomoci IWS na zkusné plose
bylo zpusobilo zejména omezeny dotyk korun (Means et al. 2000). Dale se zde také
nevyskytoval zadny podrost.

Odvozené metriky vyznamné v odvozeném GLM reprezentuji vyznamna mista
zmény poctu bodi v bodovych mra¢nech individudlnich stromt, tedy pfesun bodi
kmenovych partiich byl tak detekovan piirast bodl, které byly odrazeny od vétvi, jez
se do prislusnych mist ohnuly. Oproti tomu v nejvyssich partiich tedy nastal abytek
bodu taktéZ zaptic¢inény pravdépodobné ohybem vétvi. Pro zajisténi uniformity sbéru
dat byla vzdy pro let pouzita totozna trajektorie.

Doposud publikované studie prokazaly detekci cirkadialniho pohybu pouze
na zivych rostlinach (Barak et al. 2000) nebo na Zivych stromech (Ibafiez et al. 2008;
Solomon et al. 2010). Tato studie detekoval pohyb vétvi u mrtvych stromd, ktery také
detekoval Putman (Putman et al. 2018) pii pouziti TLS a vSak pouze ze dvou méfeni
a nedetekoval tak navrat vétvi do piivodni pozice.

Vyznamnou védeckou otazkou je, jak mohou ohyby vétvi ovlivnit vysledky
analyz zakladajicich se na hodnoceni struktury bodovych mracen jako ABA (Nasset
a Gobakken 2005), nebo mize v zavislosti na ohybu vétvi dojit také k neptesnosti

studii zalozenych na IWS (Panagiotidis et al. 2017), nebo tieba také (Grznarova et al.
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2019). Dale je také nutné zminit vztah mezi velikosti koruny a DBH (Verma et al.
2014; Shimano 1997), ktery je zménami ve velikosti koruny vyznamné ovlivnén.
Zmény v korunové ¢asti porostu, tak jak je popisuje Pokorny (Pokorny et al. 2011),
mohou také ovlivnit, jak bylo zjisténo pomoci odvozeného GLM, vysledky ABA.
S ohledem na aktualni kiirovcovou kalamitu ve stfedni Evropé, mize dojit také
K vyznamnému ovlivnéni vysledki mise GEDI, jehoz analyzy jsou zalozeny
na zakladé hodnoceni hustoty bodovych mra¢en vzhledem k jejich distribuci podél
kmenovych profilti (Lee et al. 2018; Qi a Dubayah 2016).

6.2. Klasifikace bodovych mracen

Rozdile mezi listnatymi a jehlicnatymi dfevinami byl jiz diive popsan
na zakladé¢ CHM s ohledem na sezénni zmény v korunové ¢asti porostu Reitbergerem
(Reitberger et al. 2008), nicméné tento pristup je senzitivni zejména pro opadavé
jehli¢naté dieviny, které jsou na zéklad¢ detekce zmény klasifikovany jako listnaté
dfeviny. Klasifikace na zaklad¢ Casové tady je vysoce Casové naro¢nd pro nutnost
casového rozdilu nékolika mésicti pro sbér dat. Vysledky uspésnosti klasifikace mohly
byt také negativné ovlivnény pro sbér dat béhem olisténi, jak zminuji (Reitberger et
al. 2008; Liang a Matikainen 2007; Kim et al. 2009), ovSem v takovém ptipad¢ by
pouzita metoda ztratila na svoji robustnosti.

Pro klasifikaci zejména pomoci GLM byl bran v ivahu pfedev§im tvar koruny
Z hlediska dvou zékladnich pfedpokladt. Prvni pfedpoklady byl zaméien na spodni
cast tedy na zacatek koruny podél kmenového profilu. Druhy pfedpoklad vychazel
z odlisného tvaru vrcholovych ¢asti koruny, kdy byl pfepokladan odlisny tvar (Orka et
al. 2009). Pozitivni vliv normalizace vysky pro porovnani tvaru individualnich stromt
byl potvrzen na zakladé¢ studie Brandtberga (Brandtberg 2007).

Dale byly odvozeny dvé RF klasifikace. Jednou se zahrnutim CE a podruhé
s jeho vylouc¢enim z pouzitych prediktort. Zahrnuti CE potvrdilo vySe zminéné
ptedpoklady vzhledem k rozdilu v agregovanosti bodil ve zminénych partiich, ovSem
pii odvozeni RF Kklasifikace bez CE byly predpoklady potvrzeny na zékladé
zhodnoceni signifikantnich prediktort lezicich v obdobnych percentilech, v jakych byl

zhodnocen pozitivni vliv CE. Zejména se miize jednat o popisu shlukovani bodi
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vzhledem Kk radialnimu vétveni jehli¢natych dievin oproti jednomu ¢i vice kmeniim
u listnatych dfevin pouzitych v dané studii.

Ptesnost pouzité RF klasifikace byla jisté ovlivnéna faktem, ze zkusné plochy
se nachazely na riznych mistech Ceské republiky (Vetrivel et al. 2015). Oviem
Vv porovnani piesnosti klasifikace (okolo 88%) bylo dosazeno obdobnych vysledku
jako u studie (Pal 2005), kde bylo pouzito kombinace riznych metod (hyperspektralni
data a ALS). Nicmén¢ pouzita metoda klasifikace pomoci RF byla zvolena vzhledem
K jeji nizké senzitivité na tréninkova data (Belgiu a Dragu 2016). RF klasifikace
na zaklad¢ 3D tvaru byla také pouzita s daty z ALS v kombinaci s multispektralnimi
daty v podminkach Ceské republiky pro detekci individualnich stromi a také pro
detekci mrtvych stojicich stromi s GspéSnosti 90% ve studii (Krzystek et al. 2020).

6.3. Odhad DBH a vysky

RLTS byl priméarné urc¢en k fitovani valcii, ovSem lze jej také vyuzit ik fitovani
kruhil jejichZ primér 1ze pouzit jako odhad DBH 1 pro nekompletni data, stejné tak
i pro data obsahujici zna¢né mnozstvi Sumu (Nurunnabi et al. 2017). V takto
komplikovanych podminkach dosahoval RLTS lepsich vysledkii nez RANSAC,
ktery ovSem zejména v bodovych mracnech sniz§i hustou dosahoval lepSich
vysledki. Tento fenomén muze byt disledkem faktu, ze RANSAC odstrani danou ¢ast
bodu s nejvétsimi rezidui. Metoda Hough transform byla prezentovana zejména pro
odhad DBH z TLS dat (Simonse et al. 2003). VVzhledem k principu Hough transform,
byla nutna struktura bodt formujicich témét dokonaly kruh, nebo jeho ¢&ast, pro
spravné vysledky.

V piipadé metody TLS bylo s nejvétsi pravdépodobnosti dosazeno vysoké
shody mezi testovanym a valida¢nim datasetem z nékolika divodi: a) relativné mala
rozloha zkusné plochy b) vysoka bodova hustota TLS bodovych mracen s vysokym
detailem vzhledem k jejich struktufe v kombinaci sc) pouzitim vice skent
pokryvajicich kmeny stromi pod rlznymi thly a d) mald whlovd odchylka
skenovaciho zatfizeni. Dosazené vysledky odchylek pii odvozovani DBH z TLS dat
byly konzistentni s pfedchozimi studiemi jako naptiklad (Giannetti et al. 2018; Wang
et al. 2019).
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Odhadovani DBH pomoci technik pozemni fotogrammetrie je ve srovnani
SULS, MLS a TLS nesporné¢ finanén¢ levnéjSi metodou. OvSem sbér dat
0 individualnich stromech vyzaduje mnohem vétsi ¢asovou ndrocnost pii dosazeni
ptiblizné stejné presnosti dat, kterd vSak reprezentuji pouze velmi omezenou Cast
stromu, zejména tedy pouze dolni kmenové partie. Sub centimetrova piesnost pii
odvozovani DBH byla jiz zminéna v praci (Surovy et al. 2016). Zatim co zvoleni
vhodného objektivu bylo potvrzeno na zakladé (Berveglieri et al. 2017), kde byla
I potvrzena srovnatelnost vysledkli s pozemnim Setfenim pfi vyuziti standardnich
lesnickych registra¢nich pomuicek, jako je naptiklad primérka. Velmi vyznamnym
faktorem pti odvozovani dat na zéklad¢ fotografii je jejich rozliSeni (Mokro$ et al.
2017; Puliti et al. 2015; Wallace et al. 2016). Dale je zpracovani fotogrammetrickych
dat velmi naro¢né na vypocetni silu (Mokros et al. 2018) zejména v oblasti odvozovani
bodovych mracen.

Jako nejjednodussi metodu pro odhad vysky z bodovych mrac¢en pouzitou pro
ucely této lze oznacit metodu rozdilu Z soutfadnice nejvysSe polozeného bodu
V polygonu horizontalniho priimétu koruny s Z soufadnici nejnize poloZzeného bodu.
Je vSak nutné podotknout, Ze tato metoda nenabizi odhad ptfesné vysky zejména
z divodu zahrnuti bodii lezicich na terénu pod urcitym sklonem, a tak zpravidla
dochazi k celkovému nadhodnocovani vysky. OvSem tato metoda je vhodnd pro
detekci vySkového piirtstu individualnich stromt, coz bylo také ovéfeno v ramci
vedené Bakalatské prace (Divisek 2020).

Pti porovnavani odhadu vysky pomoci TLS s pozemnim Setfenim pomoci
standardnich lesnickych registracnich pomicek (laserovy vyskomér) bylo zjisténo
nadhodnocovani z dat z TLS. Toto Ize oduvodnit ptfesnosti laserového vySkoméru
a zejména moznostmi métice pii sbéru dat. Pii pozemnim Setfeni je zejména spravna
interpretace vrcholu individudlniho stromu ovlivnéna moznostmi mé&fice. Casto byva

jako vrchol individudIniho stromu interpretovéana jin &ast stromu (Smelko 2000).
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7. Zavér

Laserové skenovani na vSech zminénych trovnich je nespornym krokem vpied
v ramci sbéru dat o lesnich ekosystémech. Diky vyuziti technologie LiDAR se otevira
moznost detailné zkoumat strukturu stromil a jejich vyvoj/zmény na trovni jejich
jednotlivych nadzemnich komponent. Takovou moznost vramci 3D struktury
doposud zZadna jind technologie s danym vysokym rozliSenim neumoznuje. Dale je
nutné vyzdvihnout vysokou opera¢ni variabilitu zejména metody ULS pro sbér dat,
kdy je teoreticky mozné detekovat pozice individudlnich stromil pii vzniku porostu
a sledovat tak jejich vyvoj v ramci celého jejich Zivota pii provadéni periodickych
sbéri dat. Nelze vSak opomijet vysoké potizovaci ndklady, které jsou aktualné
na trovni jednotek miliont Korun ¢eskych, nebo na trovni desitek az stovek tisic Eur.
Déle je nutné k samotné technologii zajistit vysoce specializovany a disciplinovany
personal, ktery bude schopen dodrzet piesné postupy pii praci s LIDAR senzory
a jejich nosici.

S pfihlédnutim k vySe zminénym skuteCnostem je praktické vyuziti
technologie LIDAR V lesnictvi, zatim, pouze na experimentalni trovni, oproti dnes jiz
béznému praktickému vyuziti napiiklad ve stavebnim ¢i dilnim primyslu, nebo také
pii odvozovani DTM na urovni statt. OvSem jeji vyuziti na experimentalni irovni je
fazeno mezi nejmodernéjsi trendy.

Z praktick¢ho hlediska, je vsoucasné dobé v modernim lesnictvi
nejdostupnéj$i metoda ALS na urovni jednotlivych lesnich hospodarskych celkt.
Ta vSak vyzaduje znacné mnozstvi kalibra¢nich méfeni, k dosazeni vysoké presnosti
a spravnosti ziskanych dat. Metoda ULS je vhodna ke sbéru dat o lesnich
ekosystémech na urovni jednotlivych dilcti, v rdmci prostorovych jednotek rozdéleni
lesa, kdy dosavadni experimentalni algoritmy umozni s vysokou piesnosti detekovat
pozice jednotlivych stromti a odvodit/odhadnout jejich DBH a vysku. Metodu ULS lze
taktéz pouzit jako kalibraéni metodu pro odvozovani porostnich charakteristik
na urovni celych LHC z dat ziskanych metodou ALS.

Tato prace prezentuje jednotlivé metody pro sbér dat pres jejich zpracovani
aZ po jejich vyhodnoceni formou odbornych védeckych publikaci s vysokym diirazem
na minimalizaci ¢asové naro¢nosti pii zpracovani dat, tedy s diirazem na automatizaci

veskerych moznych procesti a minimalizovanim tak lidské intervenci v ramci nich.

68



8. Seznam pouzitych zdroju:

ASTRUP, Rasmus, Mark J DUCEY, Aksel GRANHUS, Tim RITTER a Nikolas VON
LUPKE, 2014. Approaches for estimating stand-level volume using terrestrial
laser scanning in a single-scan mode. Canadian Journal of Forest Research
[online]. 44(6), 666—676. Dostupné z: doi:10.1139/cjfr-2013-0535

BARAK, Simon, Elaine M. TOBIN, Rachel M. GREEN, Christos ANDRONIS a Shoji
SUGANO, 2000. All in good time: The Arabidopsis circadian clock. Trends in
Plant Science [online]. 5(12), 517-522. ISSN 13601385. Dostupné
z: doi:10.1016/S1360-1385(00)01785-4

BAUWENS, Sébastien, Harm BARTHOLOMEUS, Kim CALDERS a Philippe
LEJEUNE, 2016. Forest inventory with terrestrial LIDAR: A comparison of
static and hand-held mobile laser scanning. Forests [online]. 7(6).
ISSN 19994907. Dostupné z: doi:10.3390/f7060127

BELGIU, Mariana a Lucian DRAGU, 2016. Random forest in remote sensing: A
review of applications and future directions. ISPRS Journal of
Photogrammetry and Remote Sensing [online]. 114, 24-31. ISSN 09242716.
Dostupné z: doi:10.1016/j.isprsjprs.2016.01.011

BERVEGLIERI, Adilson, Antonio TOMMASELLI, Xinlian LIANG a Eija
HONKAVAARA, 2017. Photogrammetric measurement of tree stems from
vertical fisheye images. Scandinavian Journal of Forest Research [online].
32(8). ISSN 16511891. Dostupné z: doi:10.1080/02827581.2016.1273381

BIENERT, Anne, Louis GEORGI, Matthias KUNZ, Hans Gerd MAAS a Goddert
VON OHEIMB, 2018. Comparison and combination of mobile and terrestrial
laser scanning for natural forest inventories. Forests [online]. 8(2), 1-25.
ISSN 19994907. Dostupné z: doi:10.3390/f9070395

BOSSHARD, Walter a Erich MULLER, 1986. Kronenbilder: mit Nadel-und
Blattverlustprozenten. B.m.: Eidgen. Anstalt fiir das forstliche Versuchswesen.

BOUCHER, C. a Z. ALTAMIMI, 2001. ITRS, PZ-90 and WGS 84: Current
realizations and the related transformation parameters. Journal of Geodesy
[online]. 75(11), 613-6109. ISSN 09497714. Dostupné
z: doi:10.1007/s001900100208

69



BRANDTBERG, Tomas, 2007. Classifying individual tree species under leaf-off and
leaf-on conditions using airborne lidar. ISPRS Journal of Photogrammetry and
Remote Sensing [online]. 61(5), 325-340. ISSN 09242716. Dostupné
z: doi:10.1016/j.isprsjprs.2006.10.006

BREDE, Benjamin, Alvaro LAU, Harm M. BARTHOLOMEUS a Lammert
KOOISTRA, 2017. Comparing RIEGL RiICOPTER UAV LIiDAR derived
canopy height and DBH with terrestrial LIDAR. Sensors (Switzerland)
[online]. 17(10), 1-16. ISSN 14248220. Dostupné z: doi:10.3390/s17102371

BREIMAN, Leo, 1999. Random Forests - Random Features, Tecnical Report 567,
Statistic Department, University of California, Berkeley,
(https://www.stat.berkeley.edu/~breiman/random-forests.pdf, 08.10.2018’de
erigildi). 1-29.

BUCHAR, Petr a Vladislav HOJOVEC, 2020. Matematicka kartografie 10. Sensors
(Switzerland). 19.

CABO, Carlos, Susana DEL POZO, Pablo RODRIGUEZ-GONZALVEZ, Celestino
ORDONEZ a Diego GONZALEZ-AGUILERA, 2018. Comparing terrestrial
laser scanning (TLS) and wearable laser scanning (WLS) for individual tree
modeling at plot level. Remote Sensing [online]. 10(4). ISSN 20724292,
Dostupné z: doi:10.3390/rs10040540

CERNAVA, Juraj, Jan TUCEK, Milan KOREN a Martin MOKROS, 2017. Estimation
of diameter at breast height from mobile laser scanning data collected under a
heavy forest canopy. Journal of Forest Science [online]. 63(9), 433-441.
ISSN 1805935X. Dostupné z: doi:10.17221/28/2017-JFS

CHEN, Chi, Bisheng YANG, Shuang SONG, Xiangyang PENG a Ronggang
HUANG, 2018. Automatic clearance anomaly detection for transmission line
corridors utilizing UAV-Borne LIDAR data. Remote Sensing [online]. 10(4).
ISSN 20724292. Dostupné z: doi:10.3390/rs10040613

CIMBALNIK, Milo§ a Leo§ MERVART, 1997. Vyssi geodézie 1. B.m.: CVUT,
Stavebni fakulta. ISBN 8001015971.

CLARK, Philip J a Francis C EVANS, 1954. Distance to Nearest Neighbor as a
Measure of Spatial Relationships in Populations Stable URL:
http://www.jstor.org/stable/1931034 REFERENCES Linked references are

70



available on JSTOR for this article : You may need to log in to JSTOR to access
the linked. Ecology. 35(4), 445-453.

CZECH REPUBLIC, 2014. LETECKY PREDPIS L 2 PRAVIDLA LETANI. 2014.

DANDOIS, Jonathan P. a Erle C. ELLIS, 2013. High spatial resolution three-
dimensional mapping of vegetation spectral dynamics using computer vision.
Remote Sensing of Environment [online]. 136, 259-276. ISSN 00344257.
Dostupné z: doi:10.1016/j.rse.2013.04.005

DIAZ-VARELA, Ramén A., Raul DE LA ROSA, Lorenzo LEON a Pablo J. ZARCO-
TEJADA, 2015. High-resolution airborne UAV imagery to assess olive tree
crown parameters using 3D photo reconstruction: Application in breeding
trials. Remote Sensing [online]. 7(4), 4213-4232. ISSN 20724292. Dostupné
z: doi:10.3390/rs70404213

DIVISEK, Martin, 2020. Vyuziti laserového skenovdni z bezpilotnich letadel pro sbér
dat v lesnich ekosystéemech. 2020.

EDSON, Curtis a Michael G. WING, 2011. Airborne light detection and ranging
(LiDAR) for individual tree stem location, height, and biomass measurements
[online]. ISBN 154173743 1. Dostupné z: doi:10.3390/rs3112494

FABRIKA, M a H PRETSCH, 2011. Analysis and modelling of forest ecosystems.
Technical University, Zvolen. 1-599.

GIANNETTI, Francesca, Nicola PULETTI, Valerio QUATRINI, Davide
TRAVAGLINI, Francesca BOTTALICO, Piermaria CORONA a Gherardo
CHIRICI, 2018. Integrating terrestrial and airborne laser scanning for the
assessment of single-tree attributes in Mediterranean forest stands. European
Journal of Remote Sensing [online]. 51(1), 795-807. ISSN 22797254.
Dostupné z: doi:10.1080/22797254.2018.1482733

GRZNAROVA, A., M. MOKROS, P. SUROVY, M. SLAVIK, M. PONDELIK a J.
MERGANI, 2019. The crown diameter estimation from fixed wing type of uav
imagery. In: International Archives of the Photogrammetry, Remote Sensing
and Spatial Information Sciences - ISPRS Archives [online]. ISSN 16821750.
Dostupné z: doi:10.5194/isprs-archives-XLI1-2-W13-337-2019

HORAK, Richard, 2012. Fyzikdlni zdklady laserovych dalkomérii a gyroskopii. 2012.

B.m.: Olomouc: Chlup. net.

71



HRUSKA, Zbynék a Pavel SVITAK, 2007. CSN 31 0001 aneb o leteckém nazvoslovi.
Letectvi+ kosmonautika. 83(1), 98.

HYYPPA, Eric, Juha HYYPPA, Teemu HAKALA, Antero KUKKO, Michael A.
WULDER, Joanne C. WHITE, Jiri PYORALA, Xiaowei YU, Yunsheng
WANG, Juho Pekka VIRTANEN, Onni POHJAVIRTA, Xinlian LIANG,
Markus HOLOPAINEN a Harri KAARTINEN, 2020a. Under-canopy UAV
laser scanning for accurate forest field measurements. ISPRS Journal of
Photogrammetry and Remote Sensing [online]. 164(December 2019), 41-60.
ISSN 09242716. Dostupné z: doi:10.1016/j.isprsjprs.2020.03.021

HYYPPA, Eric, Antero KUKKO, Risto KAIJALUOTO, Joanne C. WHITE, Michael
A. WULDER, Jiri PYORALA, Xinlian LIANG, Xiaowei YU, Yunsheng
WANG, Harri KAARTINEN, Juho Pekka VIRTANEN a Juha HYYPPA,
2020b. Accurate derivation of stem curve and volume using backpack mobile
laser scanning. ISPRS Journal of Photogrammetry and Remote Sensing
[online]. 161(November 2019), 246-262. ISSN 09242716. Dostupné
z: d0i:10.1016/j.isprsjprs.2020.01.018

IBANEZ, Cristian, Alberto RAMOS, Paloma ACEBO, Angela CONTRERAS, Rosa
CASADO, Isabel ALLONA a Cipriano ARAGONCILLO, 2008. Overall
Alteration of Circadian Clock Gene Expression in the Chestnut Cold Response.
PLOS ONE [online]. 3(10), e3567. Dostupné
z: https://doi.org/10.1371/journal.pone.0003567

JAAKKOLA, Anttoni, Juha HYYPPA, Antero KUKKO, Xiaowei YU, Harri
KAARTINEN, Matti LEHTOMAKI a Yi LIN, 2010. A low-cost multi-
sensoral mobile mapping system and its feasibility for tree measurements.
ISPRS Journal of Photogrammetry and Remote Sensing [online]. 65(6), 514—
522. ISSN 09242716. Dostupné z: doi:10.1016/j.isprsjprs.2010.08.002

JANSSEN, Volker, 2009. UNDERSTANDING COORDINATE SYSTEMS,
DATUMS AND TRANSFORMATIONS IN AUSTRALIA. Proceedings of
the Surveying & Spatial Sciences Institute Biennial International Conference.
(January 2009), 697-715.

KAMINSKA, Agnieszka, Maciej LISIEWICZ, Krzysztof STERENCZAK, Barttomie;
KRASZEWSKI a Rafat SADKOWSKI, 2018. Species-related single dead tree

72



detection using multi-temporal ALS data and CIR imagery. Remote Sensing of
Environment [online]. 219(October), 31-43. ISSN 00344257. Dostupné
z: doi:10.1016/j.rse.2018.10.005

KANKARE, Ville, Markus HOLOPAINEN, Mikko VASTARANTA, Eetu
PUTTONEN, Xiaowei YU, Juha HYYPPA, Matti VAAJA, Hannu HYYPPA
a Petteri ALHO, 2013. Individual tree biomass estimation using terrestrial laser
scanning. ISPRS Journal of Photogrammetry and Remote Sensing [online]. 75,
64-75. ISSN 09242716. Dostupné z: doi:10.1016/j.isprsjprs.2012.10.003

KANUK, Jan, Michal GALLAY, Christoph ECK, Carlo ZGRAGGEN a Eduard
DVORNY, 2018. Technical Report: Unmanned Helicopter Solution for
Survey-Grade Lidar and Hyperspectral Mapping. Pure and Applied
Geophysics [online]. 175(9), 3357-3373. ISSN 14209136. Dostupné
z: doi:10.1007/s00024-018-1873-2

KIM, Sooyoung, Robert J. MCGAUGHEY, Hans Erik ANDERSEN a Gerard
SCHREUDER, 2009. Tree species differentiation using intensity data derived
from leaf-on and leaf-off airborne laser scanner data. Remote Sensing of
Environment [online]. 113(8), 1575-1586. ISSN 00344257. Dostupné
z: d0i:10.1016/j.rse.2009.03.017

KONECKY, JAKUB, 2009. MERENI VZDALENOSTI A PLOCHY POMOCI GPS.
B.m. VYSOKE UCEN{ TECHNICKE V BRNE.

KOREN, Milan, Martin MOKROS a Tom4§ BUCHA, 2017. Accuracy of tree diameter
estimation from terrestrial laser scanning by circle-fitting methods.
International Journal of Applied Earth Observation and Geoinformation
[online]. 63(July), 122-128. ISSN 1872826X. Dostupné
z: d0i:10.1016/j.jag.2017.07.015

KOREN, Milan, Martin SLANCIK, Jozef SUCHOMEL a Juraj DUBINA, 2015. Use
of terrestrial laser scanning to evaluate the spatial distribution of soil
disturbance by skidding operations. IForest [online]. 8, 386-393.
ISSN 19717458. Dostupné z: doi:10.3832/ifor1165-007

KRZYSTEK, Peter, Alla SEREBRYANYK, Claudius SCHNORR, Jaroslav
CERVENKA a Marco HEURICH, 2020. Large-scale mapping of tree species

and dead trees in Sumava National Park and Bavarian Forest National Park

73



using lidar and multispectral imagery. Remote Sensing [online]. 12(4), 1-22.
ISSN 20724292. Dostupné z: doi:10.3390/rs12040661

KUZELKA, Karel, Martin SLAVIK a Peter SUROVY, 2020. Very High Density Point
Clouds from UAV Laser Scanning for Automatic Tree Stem Detection and
Direct Diameter Measurement. Remote Sensing [online]. Dostupné
z: https://www.mdpi.com/2072-4292/12/8/1236

LAU, Alvaro, Lisa Patrick BENTLEY, Christopher MARTIUS, Alexander
SHENKIN, Harm BARTHOLOMEUS, Pasi RAUMONEN, Yadvinder
MALHI, Tobias JACKSON a Martin HEROLD, 2018. Quantifying branch
architecture of tropical trees using terrestrial LIDAR and 3D modelling. Trees
- Structure and Function [online]. 32(5), 1219-1231. ISSN 09311890.
Dostupné z: doi:10.1007/s00468-018-1704-1

LEE, Seung Kuk, Temilola FATOYINBO, Wenlu QI, Steven HANCOCK, John
ARMSTON a Ralph DUBAY AH, 2018. GEDI and TanDEM-X fusion for 3D
forest structure parameter retrieval. International Geoscience and Remote
Sensing Symposium (IGARSS) [online]. 2018-July, 380-382. Dostupné
z: doi:10.1109/IGARSS.2018.8517718

LIANG, X. a L. MATIKAINEN, 2007. Deciduous-Coniferous Tree Classification
Using Difference Between First and Last Pulse Laser Signatures. laprs.
XXXVI(Part 3/W52), 253-257.

LIANG, X, VKANKARE, X YU, JHYYPPA a M HOLOPAINEN, 2014. Automated
Stem Curve Measurement Using Terrestrial Laser Scanning. |EEE
Transactions on Geoscience and Remote Sensing [online]. 52(3), 1739-1748.
ISSN 1558-0644 VO - 52. Dostupné z: doi:10.1109/TGRS.2013.2253783

LIANG, Xinlian, Juha HYYPPA, Harri KAARTINEN, Matti LEHTOMAKI, Jiri
PYORALA, Norbert PFEIFER, Markus HOLOPAINEN, Gabor BROLLY,
Pirotti FRANCESCO, Jan HACKENBERG, Huabing HUANG, Hyun Woo
JO, Masato KATOH, Luxia LIU, Martin MOKROS, Jules MOREL, Kenneth
OLOFSSON, Jose POVEDA-LOPEZ, Jan TROCHTA, Di WANG, Jinhu
WANG, Zhouxi XI, Bisheng YANG, Guang ZHENG, Ville KANKARE, Ville
LUOMA, Xiaowei YU, Liang CHEN, Mikko VASTARANTA, Ninni
SAARINEN a Yunsheng WANG, 2018. International benchmarking of

74



terrestrial laser scanning approaches for forest inventories. ISPRS Journal of
Photogrammetry and Remote Sensing [online]. 144(December 2017), 137—
179. ISSN 09242716. Dostupné z: doi:10.1016/j.isprsjprs.2018.06.021

LIANG, Xinlian, Ville KANKARE, Juha HYYPPA, Yunsheng WANG, Antero
KUKKO, Henrik HAGGREN, Xiaowei YU, Harri KAARTINEN, Anttoni
JAAKKOLA, Fengying GUAN, Markus HOLOPAINEN a Mikko
VASTARANTA, 2016. Terrestrial laser scanning in forest inventories. ISPRS
Journal of Photogrammetry and Remote Sensing [online]. 115, 63-77.
ISSN 09242716. Dostupné z: doi:10.1016/j.isprsjprs.2016.01.006

LIANG, Xinlian, Yunsheng WANG, Jiri PYORALA, Matti LEHTOMAKI, Xiaowei
YU, Harri KAARTINEN, Antero KUKKO, Eija HONKAVAARA, Aimad E.I.
ISSAOQUI, Olli NEVALAINEN, Matti VAAJA, Juho Pekka VIRTANEN,
Masato KATOH a Songgiu DENG, 2019. Forest in situ observations using
unmanned aerial vehicle as an alternative of terrestrial measurements. Forest
Ecosystems [online]. 6(1). ISSN 21975620. Dostupné z: doi:10.1186/s40663-
019-0173-3

LISEIN, Jonathan, Marc PIERROT-DESEILLIGNY, Stephanie BONNET a Philippe
LEJEUNE, 2013. A photogrammetric workflow for the creation of a forest
canopy height model from small unmanned aerial system imagery. Forests
[online]. 4(4), 922-944. ISSN 19994907. Dostupné z: doi:10.3390/f4040922

LIU, Kun, Xin SHEN, Lin CAO, Guibin WANG a Fuliang CAO, 2018. Estimating
forest structural attributes using UAV-LIDAR data in Ginkgo plantations.
ISPRS Journal of Photogrammetry and Remote Sensing [online].
146(November), 465-482. ISSN 09242716. Dostupné
Z: doi:10.1016/j.isprsjprs.2018.11.001

MALTAMO, Matti, Erik N ESSET a Jari VAUHKONEN, 2014. Forestry applications
of airborne laser scanning. Concepts and case studies. Manag For Ecosys. 27,
460.

MEANS, JE,SA ACKER, BJFITT, M RENSLOW, L EMERSON a C J HENDRIX,
2000. Predicting forest stand characteristics with airborne scanning lidar.
Photogrammetric Engineering & Remote Sensing. 66(11), 1367-1371.
ISSN ISSN 0099-1112.

75



MEGIES, Tobias, Moritz BEYREUTHER, Robert BARSCH, Lion KRISCHER a
Joachim WASSERMANN, 2011. ObsPy - what can it do for data centers and
observatories? Annals of Geophysics [online]. 54(1), 47-58. ISSN 15935213.
Dostupné z: doi:10.4401/ag-4838

MOKROS, M., J. VYBOST OK, J. TOMASTIK, A. GRZNAROVA, P. VALENT,
M. SLAVIK a J. MERGANIC, 2018. High precision individual tree diameter
and perimeter estimation from close-range photogrammetry. Forests [online].
9(11). ISSN 19994907. Dostupné z: doi:10.3390/f9110696

MOKROS, Martin, Jozef VYBOST’OK, Jan MERGANIC, Markus HOLLAUS, Ivéan
BARTON, Milan KOREN, Julian TOMASTIK a Juraj CERNAVA, 2017.
Early stage forest windthrow estimation based on unmanned aircraft system
imagery. Forests [online]. 8(9), 1-17. ISSN 19994907. Dostupné
z: doi:10.3390/f8090306

MORSDORF, Felix, Caroline NICHOL, Timothy MALTHUS a Ilain H.
WOODHOUSE, 2009. Assessing forest structural and physiological
information content of multi-spectral LIDAR waveforms by radiative transfer
modelling. Remote Sensing of Environment [online]. 113(10), 2152-2163.
ISSN 00344257. Dostupné z: doi:10.1016/j.rse.2009.05.019

MWERESA, | A, P A ODERA, D N KURIA a Benson Kipkemboi KENDUI'YWO,
2017. Estimation of Tree Distribution and Canopy Heights in Ifakara, Tanzania
Using Unmanned Aerial System (UAS) Stereo Imagery. American Journal of
Geographic Information System [online]. 6(5), 187-200. Dostupné
z: doi:10.5923/j.ajgis.20170605.03

NASSET, Erik, 2002. Predicting forest stand characteristics with airborne scanning
laser using a practical two-stage procedure and field data. Remote Sensing of
Environment  [online]. 80(1), 88-99. ISSN 00344257. Dostupné
z: doi:10.1016/S0034-4257(01)00290-5

NZASSET, Erik a Terje GOBAKKEN, 2005. Estimating forest growth using canopy
metrics derived from airborne laser scanner data. Remote Sensing of
Environment [online]. 96(3-4), 453-465. ISSN 00344257. Dostupné
z: d0i:10.1016/j.rse.2005.04.001

NASSET, Erik, Terje GOBAKKEN, Svein SOLBERG, Timothy G. GREGOIRE,

76



Ross NELSON, Géran STAHL a Dan WEYDAHL, 2011. Model-assisted
regional forest biomass estimation using LIDAR and INSAR as auxiliary data:
A case study from a boreal forest area. Remote Sensing of Environment
[online]. 115(12), 3599-3614. ISSN 00344257. Dostupné
z: doi:10.1016/j.rse.2011.08.021

NUHLICEK, Ondiej, Martin SLAVIK a Jiti DVORAK, 2020. 2D photogrammetry as
a forwarder load measurement technique. Forests [online]. 11(9), 6-9.
ISSN 19994907. Dostupné z: doi:10.3390/f11090962

NURUNNABI, Abdul, Yukio SADAHIRO a Roderik LINDENBERGH, 2017.
Robust cylinder fitting in three-dimensional point cloud data. International
Archives of the Photogrammetry, Remote Sensing and Spatial Information
Sciences - ISPRS Archives [online]. 42(1W1), 63-70. ISSN 16821750.
Dostupné z: doi:10.5194/isprs-archives-XLII-1-W1-63-2017

OLOFSSON, Kenneth, Johan HOLMGREN a Hidkan OLSSON, 2014. Tree stem and
height measurements using terrestrial laser scanning and the RANSAC
algorithm. Remote Sensing [online]. 6(5), 4323-4344. ISSN 20724292,
Dostupné z: doi:10.3390/rs6054323

@RKA, Hans Ole, Erik NESSET a Ole Martin BOLLANDSAS, 2009. Classifying
species of individual trees by intensity and structure features derived from
airborne laser scanner data. Remote Sensing of Environment [online]. 113(6),
1163-1174. ISSN 00344257. Dostupné z: doi:10.1016/j.rse.2009.02.002

PAL, M., 2005. Random forest classifier for remote sensing classification.
International Journal of Remote Sensing [online]. 26(1), 217-222.
ISSN 01431161. Dostupné z: doi:10.1080/01431160412331269698

PANAGIOTIDIS, Dimitrios, Azadeh ABDOLLAHNEJAD a Martin SLAVIK, 2020.
Accuracy assessment of stem attributes for estimation of total stem volume
using high-cost survey-grade terrestrial laser scanner: An application of
precision forestry.

PANAGIOTIDIS, Dimitrios, Azadeh ABDOLLAHNEJAD, Peter SUROVY a Vasco
CHITECULO, 2017. Determining tree height and crown diameter from high-
resolution UAV imagery. International Journal of Remote Sensing [online].
38(8-10), 2392-2410. ISSN 13665901. Dostupné

77



z: doi:10.1080/01431161.2016.1264028

PEKAR, Stanislav a Mareck BRABEC, 2016. Modern analysis of biological data:
generalized linear models in R. B.m.. Masarykova univerzita.
ISBN 8021081066.

PFEIFER, Norbert, Ben GORTE, Daniel WINTERHALDER, Remote SENSING a
Close RANGE, 2004. Automatic Reconstruction Of Single Trees From TLS
Data. Current [online]. 1-6. Dostupné z: http://www.natscan.uni-
freiburg.de/suite/pdf/040819 1810 1.pdf

POKORNY, R., . TOMASKOVA a M. V. MAREK, 2011. The effects of elevated
atmospheric [CO2] on Norway spruce needle parameters. Acta Physiologiae
Plantarum [online]. 33(6), 2269-2277. |ISSN 01375881. Dostupné
z: d0i:10.1007/s11738-011-0766-0

PULITI, Stefano, HansPu OLERKA, Terje GOBAKKEN a Erik NASSET, 2015.
Inventory of Small Forest Areas Using an Unmanned Aerial System. Remote
Sensing  [online]. 7(8), 9632-9654. ISSN 2072-4292.  Dostupné
z: doi:10.3390/rs70809632

PUTMAN, Eric B., Sorin C. POPESCU, Marian ERIKSSON, Tan ZHOU, Paul
KLOCKOW, Jason VOGEL a Georgianne W. MOORE, 2018. Detecting and
quantifying standing dead tree structural loss with reconstructed tree models
using voxelized terrestrial lidar data. Remote Sensing of Environment [online].
209(February), 52-65. ISSN 00344257. Dostupné
z: d0i:10.1016/j.rse.2018.02.028

Ql, Wenlu a Ralph O. DUBAYAH, 2016. Combining Tandem-X InSAR and
simulated GEDI lidar observations for forest structure mapping. Remote
Sensing of Environment [online]. 187(2016), 253-266. ISSN 00344257.
Dostupné z: doi:10.1016/j.rse.2016.10.018

REITBERGER, J, P KRZYSTEK a U STILLA, 2008. Analysis of full waveform
LIDAR data for the classification of deciduous and coniferous trees.
International Journal of Remote Sensing [online]. 29(5), 1407-1431.
ISSN 0143-1161. Dostupné z: doi:10.1080/01431160701736448

RIEGL, 2019a. Data Sheet, RIEGL VUX-1UAV.

RIEGL, 2019b. RIEGL VUX-SYS [online]. 4. Dostupné

78



z: http://www.riegl.com/uploads/tx_pxpriegldownloads/RIEGL_VUX-
SYS_Datasheet_2019-09-02.pdf

RIEGL, 2020. RiPROCESS - Data Processing SOftware. 2020.

SACKOV, Ivan, Robert SMRECEK a Jan TUCEK, 2014. Forest transportation survey
based on airborne laser scanning data and GIS analyses. GlIScience and Remote
Sensing [online]. 51(1), 83-98. ISSN 15481603. Dostupné
z: doi:10.1080/15481603.2014.883213

SHIMANO, Kaoji, 1997. Analysis of the relationship between DBH and crown
projection area using a new model. Journal of Forest Research [online]. 2(4),
237-242. ISSN 13416979. Dostupné z: doi:10.1007/BF02348322

SIMONSE, M, T ASCHOFF, H SPIECKER a M THIES, 2003. AUTOMATIC
DETERMINATION OF FOREST INVENTORY PARAMETERS USING
TERRESTRIAL LASER SCANNING. In: .

SLAVIK, Martin, 2017. Vyuziti dronii pro ziskani doplijicich inventarizacnich dat
na virovni porostu Diplomovd Prdace. B.m. CZU v Praze, Fakulta Lesnicka a
Drtevarska.

SLAVIK, Martin, Karel KUZELKA, Branislav HROSSO a Peter SUROVY, 2020a.
Spatial analysis of dense LIDAR point clouds for tree species classification.
Remote Sensing. 1-15.

SLAVIK, Martin, Karel KUZELKA, Roman MODLINGER, Ivana TOMASKOVA a
Peter SUROVY, 2020b. UAV Laser Scans Allow Detection of Morphological
Changes in Tree Canopy. Remote Sensing [online]. Dostupné
z: doi:10.3390/rs12223829

SMELKO, S, 2000. Dendrometria.

SOCHA, Jarostaw, Pawet HAWRYLO, Krzysztof STERENCZAK, Stanistaw
MISCICKI, Luiza TYMINSKA-CZABANSKA, Wojciech MEOCEK a Piotr
GRUBA, 2020. Assessing the sensitivity of site index models developed using
bi-temporal airborne laser scanning data to different top height estimates and
grid cell sizes. International Journal of Applied Earth Observation and
Geoinformation [online]. 91(January), 102129. ISSN 03032434. Dostupné
z: doi:10.1016/j.jag.2020.102129

SOCHA, Jarostaw, Marcin PIERZCHALSKI, Radomir BALAZY a Mariusz

79



CIESIELSKI, 2017. Modelling top height growth and site index using repeated
laser scanning data. Forest Ecology and Management [online]. 406(October),
307-317. ISSN 03781127. Dostupné z: doi:10.1016/j.foreco.2017.09.039

SOLODUKHIN, V I, AY ZHUKOV, | N MAZHUGIN a V I NARKEVICH, 1976.
Metody Izuchenija Vertikal’nyh Sechenij Drevostoev (Method of study of
vertical sections of forest stands). Leningrad Scientific Research Institute of
Forestry, Leningrad. 55.

SOLOMON, O. L., D. K. BERGER a A. A. MYBURG, 2010. Diurnal and circadian
patterns of gene expression in the developing xylem of Eucalyptus trees. South
African Journal of Botany [online]. 76(3), 425-439. ISSN 02546299.
Dostupné z: doi:10.1016/j.sajh.2010.02.087

SUROVY, Peter, Karel KUZELKA, Azadeh ABDOLAHNEJAD, Katefina
SIROTKOVA, Zlatica MELICHOVA a Martin SLAVIK, 2019. Aplikace
dalkového priizkumu Zemé v lesnictvi. B.m.: CZU v Praze, Fakulta Lesnicka a
Drevarska. ISBN 8001015971.

SUROVY, Peter, Atsushi YOSHIMOTO a Dimitrios PANAGIOTIDIS, 2016.
Accuracy of reconstruction of the tree stem surface using terrestrial close-range
photogrammetry. Remote Sensing [online]. 8(2), 1-13. ISSN 20724292,
Dostupné z: doi:10.3390/rs8020123

TRIMBLE, 2016. Trimble TX8. Trimble TX8 Datasheet [online]. 2. Dostupné
z: https://lwww.trimble.com/3d-laser-scanning/tx8

TRIMBLE INC., 2016. Trimble RealWorks User Guide® [online]. Dostupné
z: https://trl.trimble.com/docushare/dsweb/Get/Document-
931765/TrimbleRealWorks 11.2 User Guide.pdf

VERMA, Niva Kiran, David W. LAMB, Nick REID a Brian WILSON, 2014. An
allometric model for estimating DBH of isolated and clustered Eucalyptus trees
from measurements of crown projection area. Forest Ecology and Management
[online]. 326, 125-132. ISSN 03781127. Dostupné
z: d0i:10.1016/j.foreco.2014.04.003

VETRIVEL, Anand, Markus GERKE, Norman KERLE a George VOSSELMAN,
2015. Identification of damage in buildings based on gaps in 3D point clouds

from very high resolution oblique airborne images. ISPRS Journal of

80



Photogrammetry and Remote Sensing [online]. 105, 61-78. ISSN 09242716.
Dostupné z: doi:10.1016/j.isprsjprs.2015.03.016

WALLACE, Luke, Arko LUCIEER, Zbyn¢k MALENOVSKY, Darren TURNER a
Petr VOPENKA, 2016. Assessment of forest structure using two UAV
techniques: A comparison of airborne laser scanning and structure from motion
(SfM) point clouds. Forests [online]. 7(3), 1-16. ISSN 19994907. Dostupné
z: doi:10.3390/f7030062

WALLACE, Luke, Arko LUCIEER, Christopher WATSON a Darren TURNER,
2012. Development of a UAV-LIDAR system with application to forest
inventory. Remote Sensing [online]. 4(6), 1519-1543. ISSN 20724292.
Dostupné z: doi:10.3390/rs4061519

WANG, Pei, Ronghao LI, Guochao BU a Rui ZHAO, 2019. Automated low-cost
terrestrial laser scanner for measuring diameters at breast height and heights of
plantation trees. PLoS ONE [online]. 14(1), 1-26. ISSN 19326203. Dostupné
z: doi:10.1371/journal.pone.0209888

WIESER, Martin, Gottfried MANDLBURGER, Markus HOLLAUS, Johannes
OTEPKA, Philipp GLIRA a Norbert PFEIFER, 2017. A case study of UAS
borne laser scanning for measurement of tree stem diameter. Remote Sensing
[online]. 9(11). ISSN 20724292. Dostupné z: doi:10.3390/rs9111154

YAO, Tian, Xiaoyuan YANG, Feng ZHAO, Zhuosen WANG, Qingling ZHANG,
David JUPP, Jenny LOVELL, Darius CULVENOR, Glenn NEWNHAM,
Wenge NI-MEISTER, Crystal SCHAAF, Curtis WOODCOCK, Jindi WANG,
Xiaowen LI a Alan STRAHLER, 2011. Measuring forest structure and biomass
in New England forest stands using Echidna ground-based lidar. Remote
Sensing of Environment [online]. 115(11), 2965-2974. ISSN 00344257.
Dostupné z: doi:10.1016/j.rse.2010.03.019

YU, Xiaowei, Xinlian LIANG, Juha HYYPPA, Ville KANKARE, Mikko
VASTARANTA a Markus HOLOPAINEN, 2013. Stem biomass estimation
based on stem reconstruction from terrestrial laser scanning point clouds.
Remote Sensing Letters [online]. 4(4), 344-353. ISSN 2150704X. Dostupné
z: doi:10.1080/2150704X.2012.734931

81



9. Prilohy

Piiloha ¢. 1 - Slavik, M., KuZelka, K., Modlinger, R., Tomaskova, 1., & Surovy,
P. (2020). UAV Laser Scans Allow Detection of Morphological Changes in Tree
Canopy. REMOTE SENSING .....ccueiiiiiiiieiie ettt 83
Priloha ¢. 2 - Slavik, M.; KuZelka, K.; HrosSo, B.; Surovy, P. Spatial analysis of
dense LIiDAR point clouds for tree species classification. Remote Sens. 2020, 1-15.

Piiloha ¢. 3 - Kuzelka, K.; Slavik, M.; Surovy, P. Very High Density Point Clouds
from UAV Laser Scanning for Automatic Tree Stem Detection and Direct
Diameter Measurement. Remote Sens. 2020. .........cccoovvinieeniienienieicsee e 113
Piiloha ¢. 4 — PANAGIOTIDIS, Dimitrios, Azadeh ABDOLLAHNEJAD a
Martin SLAVIK, 2020. Accuracy assessment of stem attributes for estimation of
total stem volume using high-cost survey-grade terrestrial laser scanner: An
application of PreciSion fOreStrY. ..o 133
Priloha ¢. 5 - Mokro$, M.; Vybost’ok, J.; Tomastik, J.; Grznarova, A.; Valent, P.;
Slavik, M.; Merganic, J. High precision individual tree diameter and perimeter
estimation from close-range photogrammetry. Forests 2018, ............ccccceeeveeenn 152
Priloha ¢. 6 - Grznarova, A.; MokroS$, M.; Surovy, P.; Slavik, M.; Pondelik, M.;
Mergani¢, J. THE CROWN DIAMETER ESTIMATION FROM FIXED WING
TYPE OF UAV. 2019, XLII, 10-14. ..o 164

82



Priloha ¢. 1 - Slavik, M., KuZelka, K., Modlinger, R., Tomaskova, 1., & Surovy,
P. (2020). UAV Laser Scans Allow Detection of Morphological Changes in Tree
Canopy. Remote Sensing

% remote sensing @@

Technical Note

UAYV Laser Scans Allow Detection of Morphological
Changes in Tree Canopy

Martin Slavik *, Karel Kuzelka, Roman Modlinger, Ivana Tomaskova and Peter Surovy

Faculty of Forestry and Wood Sciences, Czech University of Life Sciences, Prague, Kamycka 129,
165 00 Praha, Czech Republic; kuzelka@fld.czu.cz (K.K.); modlinger@fld.czu.cz (R.M.);
tomaskova@fld.czu.cz (LT.); surovy@fld.czu.cz (P.S.)

* Correspondence: mslavik@fld.czu.cz; Tel.: +42-0731-315-937

Received: 14 October 2020; Accepted: 19 November 2020; Published: 21 November 2020

Abstract: High-resolution laser scans from unmanned aerial vehicles (UAV) provide a highly
detailed description of tree structure at the level of fine branches. Apart from ultrahigh spatial
resolution, unmanned acrial laser scanning (ULS) can also provide high temporal resolution due to
its operability and flexibility during data acquisition. We examined the phenomenon of bending
branches of dead trees during one year from ULS multi-temporal data. In a multi-temporal series of
three ULS datasets, we detected a synchronized reversible change in the indination angles of the
branches of 43 dead trees in a stand of blue spruce (Picea pungens Engelm.). The observed
phenomenon has important consequences for both tree physiology and forest remote sensing (RS).
First, the inclination angle of branches plays a crucial role in solar radiation interception and thus
influences the total photosynthetic gain. The ability of a tree to change the branch position has
important ecophysiological consequences, including better competitiveness across the site. Branch
shifting in dead trees could be regarded as evidence of functional mycorrhizal interconnections via
roots between live and dead trees. Second, we show that the detected movement results in a
significant change in several point cloud metrics often utilized for deriving forest inventory
parameters, both in the area-based approach (ABA) and individual tree detection approaches,
which can affect the prediction of forest variables. To help quantify its impact, we used point cloud
metrics of automatically segmented individual trees to build a generalized lincar model to classify
trees with and without the observed morphological changes. The model was applied to a validation
set and correctly identified 86% of trees that displayed branch movement, as recorded by a human
observer. The ULS allows for the study of this phenomenon across large areas, not only at individual
tree levels.

Keywords: ULS; LiDAR; forestry; canopy changes; branch bending; change detection

1. Introduction

Long-term planning, as well as operative decisions in managing forest properties, rely on
accurate and up-to-date information. Remote sensing has proven to be a viable method for the fast
and accurate acquisition of data describing different aspects of forest conditions for decision-making
[1]. Recent remote sensing approaches to evaluating forest inventory parameters are mostly based on
three-dimensional (3D) structural information derived from digital acrial photogrammetry (DAP) or
aerial laser scanning (ALS). To quantify many important forest inventory parameters, such as heights,
basal areas, and volumes, an ABA is often applied to three-dimensional point clouds produced using
DAP or ALS [2-4]. Using ABA, entire homogenous arcal units, such as forest stands or grid cells, are
characterized by a single representative value of a given parameter, which is based on various metrics
describing the 3D structure of point clouds, with an emphasis on the vertical component of the
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structure. However, intraseasonal changes in tree structure, such as periodic movement of plant
organs, can significantly change values of selected point cloud metrics, which would in turn notably
affect the estimated inventory parameters based on the relation of tree crown size and diameter at
breast height (DBH) [5].

Plant movement has been detected and described by several authors since the nineteenth
century [6]. Biological oscillations are driven by more than 20 genes, including TOC1, LHY, and
CCA1. The LHY and CCAI1 genes stimulate the construction of light harvesting antennas of the
photosynthetic apparatus, and concentrations of TOC1 gene products do not begin to increase until
the night [7]. The main driving factor is the light captured by photoreceptors. They are responsible
for nyctinastic movements, start of flowering, and photomorphogenesis. Differences in osmotic
potentials and photoperiodism are the cause of circadian movements, and they are typical for leaves,
flowers, and branches. Of all stem and branching properties, branch angle has the highest heritability
and is under strong genetic control [8]. Nevertheless, it does change under different environmental
conditions [9]. Morphological changes in silver birch (Betula pendula Roth) tree crowns during
circadian cycles were detected in terrestrial laser scanning (TLS) data in Finland and Austria, with
the biggest changes occurring at sunrise and sunset [10]. A second study [11] was aimed at the
detection of circadian movements of 18 selected tree species individuals. In both highly-cited studies
[10,11], the TLS method was used for data acquisition, and both author collectives concluded that the
method was time-demanding. In contrast to TLS, the ULS data acquisition provides lower point cloud
density matched with high time efficiency [12-15]. A yearlong investigation of the branch inclination
angles using TLS was not performed on forest trees. Similarly, all investigations of crown
morphology changes with respect to environmental factors were done exclusively on living trees.

LiDAR (light detection and ranging) technology is based on the active sensing of laser beams
and it provides a practical option to measure tree heights and other important tree parameters [16,17].
Relative to other modern remote sensing technologies, LIDAR provides the opportunity to assess
detailed characteristics of a single individual tree and its components [18,19]. The first research
focused on LiDAR observations of trees was described by [20]. The authors tried to delineate tree
stem profiles using harvested trees mounted in a vertical position observed by a LIDAR system
mounted on a crane arm; the data were then compared with traditional tape measurements.

The LiDAR laser scanning method for forestry data acquisition can be used at several levels
depending on the level of detail (point density) and time consumption per square unit with respect
to possible accuracy and precision. The first LIDAR method commonly used in forestry research
practice was the ALS, which allowed for observing large areas at regional scales. Individual tree
detection based on forest structure canopy profiles in ALS data using returned echoes emitted from
a pulse laser scanning device has been described by [21]. Terrestrial laser scanning (TLS) was later
used to provide ultra-high-density point clouds at the tree level; it can very precisely represent tree
architecture, thus allowing for the definition of specific morphological trends [22]. Two studies have
demonstrated the effectiveness of TLS for estimating aboveground biomass (AGB) and quantitative
structural models (QSMs) at the individual tree level with regard to high possibility of tree
morphology reconstruction at the peripheral tree branch level [23,24].

The ULS method combines the relatively high point density and accuracy of TLS with the time
efficiency and possibility of recording several returns in canopy from ALS; however, the ULS method
cannot achieve such high accuracy and point density as TLS. Thanks to multi-angle scanning, the
ULS data can, with high detail, represent individual trees and their components with accuracy
approaching 10 mm at the forest, stand, or sub-compartment scales. The first study aimed at UAV
LiDAR data acquisition and evaluation was presented by [25], where the authors used a combination
of instruments, Ibeo Lux and a Sick LMS151. The mentioned study presented the pole method for
tree detection. The author collective of [26] presents the early development of a low-cost UAV LiDAR
TerraLuma, where they reached a point density of 62 points m? The same unmanned aerial system
(UAS) used for this study is suitable for forestry application. Based on reference data from TLS
measurements from several stands in sampled plots, studies have demonstrated the high potential
of the ULS VUX-SYS (RIEGL Laser Measurement System GmbH, Horn, Austria) setup for forestry
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data acquisition [12,13]. The point densities in the lower stem portions were not as high as those
produced using TLS methods, but they would be quite sufficient for the derivation of forest inventory
values, such as diameter at breast height (DBH), or for estimating AGB using ULS data. Moreover,
both studies suggested the possibility of using ULS data to produce high-resolution digital terrain
models (DTM) and canopy height models (CHM).

The utilization of a CHM calculated from a DTM and a digital surface model (DSM) derived
from photogrammetry data for forest inventory purposes focused on tree delineation—in particular,
individual tree height and crown projection derivations—in the ArcGIS environment using the
inverse watershed segmentation (IWS) method has been described with the overall workflow [27].
The photogrammetry RS methods are based on a developed scale-invariant feature transform
algorithm [28]. One study [15] described and evaluated several methods for tree detection, including
IWS, individual tree segmentation (ITS), and point cloud segmentation (PCS), and ULS has also been
used for individual tree detection [25]. The advantage of low cost and feasible multi-temporal data
acquisition for the derivation of DTM and individual tree change detection based on CHM will also
be used for estimation of carbon stock, describing the carbon dynamics [29], and for describing the
forest vertical structure [30] from the International Space Station (ISS) module, NASA’s Global
Ecosystem Dynamics Investigation (GEDI) data. The forest ecosystems are a carbon source, yet forests
have great potential to capture carbon dioxide from the atmosphere [31]. The carbon changes—that
is, the carbon losses —were mapped at large scales using LiDAR technology across tropical forests by
[32] from time series data based on cell analysis by random forest classification [33].

This study describes the detected movements of dead tree branches and their detection in forest
stands using individual tree metrics for the derivation of a generalized linear model (GLM) on two
datasets, one for GLM derivation and the second for data validation.

2. Materials and Methods

2.1. Research Area

The forest stand is located in the northern region of the Czech Republic, near the village Moldava
(50°41'5.619”N, 13°38'38.500”E) in the Ore Mountains (Figure 1), with orientation to the south and 35
m elevation gain (from 832 m AMSL to 867 m AMSL). The research plot was situated in an
approximately 2.2 ha area of an even-aged stand of 460 blue spruce (Picea pungens Englem.) trees with
mean height 9.12 m (range of height from 3.13 to 12.61 m) and 1.61 height standard deviation. This
species was introduced to the mountainous regions as a substitute for the dying forest stands during
the 1970s [34], mainly because of the pollution emissions from the coal-powered power plants
surrounding the Ore Mountains on both the Czech and German sides of the range. The stand has
since been infested by bud blight Gemmanyces piceae (Brothw.) Casagr., which has caused the death
of 43 individuals on the plot. The impacts of these pathogens across the Ore Mountains have been
described by [35].
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Figure 1. Location of the research plot in the northern region of the Czech Republic. The plot is marked
with green point.

2.2. Data Acquisition

We used the UAS VUX-SYS (RIEGL Laser Measurement System GmbH, Horn, Austria) setup
for UAV-borne data acquisition consisting of the UAV RiCOPTER, the VUX-1UAV laser scanner, and
the AP-20 inertial measurement unit (IMU). RiCOPTER is an eight-propeller UAV with a carbon body
[36], with detailed information given in Table 1. VUX-1UAV is a high-speed infrared laser scanner
using online waveform processing with a maximum frequency of 550 MHz and 330° FOV (field of
view); this configuration provides a beam range up to 300 m. The AP-20, made by APPLANIX
(Applanix, Richmond Hill, ON, Canada), is a multipurpose IMU focused on reaching high accuracy
and precision of acquired data in the form of 3D digital point clouds. This component is important in
trajectory post-processing with regard to trajectory-based solutions of data derivation and co-
registration of single scans acquired during the flight.

Table 1. Detailed information about VUX-SYS provided by [36].

RiCOPTER Characteristics

Total weight 25kg

Sensors (VUX-TUAYV + cameras) 3.5 kg
Batteries (Li-Pol 29.4V 12,500 mAh) 75kg
Maximum flight time 28 min
Maximum horizontal speed 14 ms?
Maximum ascending speed 5m-s!
Maximum descending speed 2m-s!

UAS data acquisition (Figure 2) was performed during three independent campaigns (7 May, 23
July, and 10 November, 2019) with the use of the UAS VUX-SYS setup. All three flights were flown
automatically, following an identical predefined trajectory. The trajectory was planned and the flights
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performed using the UgCS (Universal Ground Control Station) mission planning software (SPH
Engineering, Riga, Latvia). The trajectory followed a perpendicular zigzag pattern consisting of
parallel lines with 50-m spacing. The zigzag pattern with overlaps between individual scan lines was
used for reaching high point density, mainly for highly detailed individual tree point clouds. The
data were acquired only during the uniform straight-line motion of the UAV; for stops and turns in
the trajectory vertices, data acquisition was discontinued. The UgCS software contains DTM, which
allowed us to fly the vehicle at a constant aboveground height, which enabled the acquisition of
uniform point densities throughout the study site.

The VUX-1UAV laser scanner was set to its maximum pulse frequency of 550 kHz with a
registration of 200 scanning lines per second. The flight was performed at a constant altitude of 90 m
aboveground, with a constant ground speed of 6 m-s™'. This setup reached an average point density
of 200 points m? for each scanning line. Due to the overlap of individual scanning lines, the final point
density was around 2000 points m2.

During mission planning, we accounted for UAV weather limitations with a maximum wind
speed of 10 m/s and a temperature interval from 10 to +40 °C [36]. We also observed all the national
law restrictions, summarized in [37], of which the most important are a maximum flight altitude 300
m aboveground, visual line of site between pilot and UAV, availability of the air space (controlled on
web portal of Air Navigation Services of the Czech Republic), and minimum distance from people
and buildings.

Red-green-blue (RGB) imagery of the research area was acquired with a DJI Phantom 4 Pro (DJI,
Shenzhen, China) during a planned automatic flight using the PrecisionFlight mobile phone
application. The aboveground flight altitude was 100 m, the maximum speed was set to 6 m-s, and
front and side overlap was 85%.

Figure 2. The UAS VUX-SYS setup and pilot before takeoff during the spring data acquisition (7 May
2019).

2.3. Data Processing

Prior to the initial point cloud creation, we needed to create trajectory calculations. Raw
trajectory is not accurate and it does not provide sufficient accuracy for the individual tree level
analyses. To develop the appropriate trajectories, we used reference station (RS) post-processing
kinematics (PPK) with the virtual BS from Trimble VRS Now, which entered the calculation process
as data in RINEX format. With regard to forward and backward calculations not exceeding the
difference of 3 cm standard deviation, the RS PPK correction was applied in the environment of
software POSPac MMS 8.1 (Applanix: a Trimble company, Richmond Hill, ON, Canada). The result
of PPK trajectory calculations was smoothed best estimate of trajectory (SBET). Based on the
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recalculated SBET trajectory, the initial point cloud was derived from the raw data of VUX-1UAV in
the environment of RiPROCESS (RIEGL Laser Measurement System Gmbh, Horn, Austria). The
accuracy of the whole point cloud was improved by module RiPRECISSION included in the
RiPROCES software. The RiPRECISSION module improved the co-registration of single scans
according to the straight parts of the trajectory, mainly along the Z axis. RiIPROCESS also enables
basic point cloud classification, which was sufficient for this study. Points were assigned to one of
three classes; the first class contained isolated points represented mainly by noise based on the
minimum number of neighbors within a defined distance, and all other points were classified as
vegetation or ground points. Not all points lying on the ground were classified as ground points, but
this basic approximation of ground in the point cloud helped to improve individual tree detection.

RGB geotagged imagery was processed in Agisoft MetaShape 1.6 (Agisoft LLS, St. Petersburg,
Russia) following the standard workflow of SfM (structure from motion) scene reconstruction (e.g.,
as described in [38,39]). Subsequently, we derived an orthomosaic of the whole research area.
Segmentation of individual trees in CHM derived from ULS point cloud was performed in ArcGIS
10.6.1 (ESRI, Redlands, CA, USA) with the use of 3D Sample Tools toolbox. Individual tree tops were
detected as local maxima of CHM, and crowns of individual trees were segmented using the IWS
algorithm described by [27]. The tree positions were assigned a unique ID for individual trees, which
were verified on the ground to avoid missing trees. For each individual tree, IWS was used to identify
the points associated with the tree, and we could then produce crown segmentation for the tree.

2.4. Field Data Collection

All detected trees were marked in the forest stand by their assigned IDs, which allowed for easy
field recognition of each individual tree for human observer-based canopy change detection. The true
orthophoto was overlaid with the point layer with IDs of all individual trees, which facilitated
orientation and highly limited the possibility of misidentification of the trees in the stand. The health
status of each individual tree was evaluated based on the defoliation rate, as described by [40].
Defoliation rate was determined as an indicator of health status according to the grading system used
for ICP (International Co-operate Program)-forest monitoring, based on the individual evaluating the
defoliation on a scale from 0 to 100%, with 5% increments. Each tree was evaluated from four main
cardinal directions by two evaluators, who were trained for such types of evaluation. These data were
later used for evaluation of health status of bending branch trees.

2.5. Evaluation

The next step was to verify whether bending tree branch changes could be quantified by a set of
canopy metrics and automatically identified. Simultaneously, this step allowed identification of
canopy metrics that were significantly affected by the tree habitus (outer look) change. For this
purpose, the research area was divided into two parts of equal size. Half of the total 408 trees in the
research plot, i.e., 204 trees, served as training data for the model; the other 204 trees were kept
retained for validation. The training set and validation sets contained 14 and 29 trees, respectively,
with detected habitus changes.

The IWS polygons representing horizontal crown projections of individual trees identified in the
spring point clouds were used as clip masks to clip points belonging to individual trees from spring
and summer LiDAR point clouds. As aresult, a time series of two point cloud representations (spring
and summer) with identical spatial extents were available for each of the 408 segmented trees.
Vertical (Z) coordinates were normalized so that the normalized height of points in each tree was
between 0 and 1. Each tree was sliced into 10 uniform vertical layers, so that layer 1 contained points
with normalized heights between 0 and 0.1, and so forth. For each layer, a convex hull of vertical
projection of corresponding points was defined and the area of the convex hull was calculated.

For each tree, we quantified eighteen point cloud metrics for both spring and summer point
clouds: A1 consecutive through A9 denote areas of convex hulls in layers 1 through 9, respectively;
Q1 consecutive through Q9 denote 0.1 through 0.9 quantiles of the normalized heights, respectively.
The index describing the spring to summer change in each metric was defined as the summer value
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divided by the spring value (i.e., Alchange = Alsummer/Alspring). Index values higher than 1 expressed an
increase in the metric, while values lower than 1 demonstrated a decrease in the metric value.

The temporal changes in crown metrics were used as predictors in a generalized linear model to
explain the presence or absence of habitus change (the response variable). We used the additive form
of the model without interactions, and according to the nature of the response variable, we chose a
binomial error distribution model by the stepwise regression method with regard to AIC (Akaike
information criterion) value [41].

3. Results

3.1. The Detected Trees

From the three flights were derived three point clouds with an average of 2082 points m?for the
first flight, 1525 points per m? for the second flight, and 1582 points per m? for the third flight. A total
of 460 individual trees were automatically identified, which correlated with the 460 trees in the forest
stand —a detection rate of 100% with 0 omitted trees. Figure 3 shows the derived orthophoto from
179 geotagged images with ground sampled distance 2.81 cm-pixel. Not all trees were properly
delineated, as represented by inaccurate automatic creations of horizontal crown projections
represented by their polygons in ArcGIS 10.6.1 (ESRI, Redlands, CA, USA). The final dataset was
comprised of 408 trees with completely delineated crowns.

Detected individual tree positions are shown in Figure 3; there is an obvious visible space shift
caused by different accuracies of the photogrammetry data (geotagged images from DJI Phantom 4
Pro) contrary to the high accuracy of ULS (derived using trajectory of PPK from VRS Now BS).

Figure 3. Detected positions of all trees derived from ULS point cloud in the stand overlapping the
high-resolution orthophoto. The orthophoto mainly helped with the ground survey for better
orientation during field data acquisition and for human observer tree detection verification. The
spatial shift is mainly the result of using recalculated trajectory based on PPK from ULS and the aerial
imagery from aerial photogrammetry was not corrected. In the bottom right corner is an example of
a used trajectory.
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Figure 4 highlights an example of height difference rasters and demonstrates the difference
between two selected trees. The estimated tree top is marked with an individual Id, detected as a
local height maximum and used as a tree position. Tree 273 shows a marked difference in its crown
configuration compared to the neighboring tree 265 between spring and summer (Figure 4a), but
there is no significant difference between the two trees between spring and autumn (Figure 4b). The
red color surrounding tree 273 shows the negative change in height raster values representing the
bent branches.

Figure 4. Comparison of two selected tree heights (maximum height value in raster cell from 3D point
cloud) displaying raster of 10 cm-pixel differences of two flights where tree 265 was not detected to
have bending branches and tree 273 was detected to have bending branches: (a) Difference between
summer and spring flight; raster values around tree 273 are red cells with positive values showing
the difference in crown structure (e.g., bent branches); (b) Difference between spring and autumn
flights; cell values around tree 273 show no difference, as the branches have returned to their spring
positions.

Figure 5 depicts two neighboring trees based on the point clouds derived from the three flights;
the tree on the right clearly has its branches turned down during the summer (Figure 5b), but the tree
on the left displays no significant changes in branch angles over time. In Figure 5d, a noticeable height
increment is obvious in the tree on the left (265), compared to the tree on the right (tree 273, a dead
tree), where no visible height increment was evident. The reversible bending of the branches of the
dead tree followed by the recovery close to the initial position is also evident.

(a) (b)
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(c)

Figure 5. Examples of individual tree point clouds for tree 265 (on the left) and tree 273 (on the right).
For this example, we used the same two trees as described in Figure 3. The individual plates show the
point clouds for the two trees: (a) spring flight with tree 273 with branches straight; (b) summer flight
with tree 273 branches bent; (c) autumn flight with tree 273 with branches in the original position; (d)
all three point clouds overlapped.

Figure 6 displays boxplot distributions of calculated areas (Figure 6a) and quantiles (Figure 6b)
for trees with no evidence of bending branches (yellow) and dead trees with bending branches
(green). For the derivation of the GLM, we used only the area indices (Figure 6a).

BEEEBB

index value

A1 A2 A M AS AB AT A8 A9 o @ @3 @ 05 0 Qo Q8 09
quantie index

(a) (b)
Figure 6. Boxplots for calculated areas (a) and quantiles (b) along tree lengths; yellow bars represent
trees with no bending branches, and green bars represent dead trees with evidence of bending
branches. On horizontal axis are described the names of used metrics and on the vertical axis are index
values.

3.2. Automatic Identification of Trees with Habitus Change

Of the nine predictors representing the temporal changes in canopy metrics, five showed a
significant difference, including A1, A2, A5, A6, and A9 (Table 2). The most significant predictor was
the area change in the lowest layer (A1), where the increase in layer area was the result of the bending
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branches from the upper layer. However, in some trees of the validation set, the area change could
not be detected due to the presence of objects, such as stumps or deadwood, in the area of the tree,
and the model failed to identify such trees.

The Al and A2 predictors, representative of the area of the lower crown layers, showed increases
interpreted as an increase in lower crown cross-section width due to the bending of branches from
upper crown layers. In contrast, the A5, A6, and A9 predictors showed a decrease caused by bending
of the grown branches to the lower parts of the tree, decreasing the width of the crown at the
respective heights. The initial Akaike Information Criteria (AIC) score was 29.639 and improved to
23.551 with the final GLM.

Table 2. The derived GLM from nine calculated canopy metrics for individual trees.

Estimate  SE tStat  p-Value
Intercept ~ 32.884 22,659 1451  0.1467

Al 43.728  30.725 1423  0.1547

A2 6.350 4130 1.538  0.1241

A5 -53.701 26.340 -2.039 0.0415

A6 -28.857 15987 -1.805 0.0711

A9 -15.078  8.609 -1.752 0.0798
AIC 23.551.

In the validation set, morphologic changes were manually detected in 14 trees. The model
classified 19 trees into the morphologic change class; 12 (i.e., 86% of the real count) of them were
classified correctly, and five represented the commission error (false positive). Datasets comparison
is described in Table 3.

Table 3. Explanation of calculated values for training and validation datasets. Trees—total number of
trees in dataset; change—number of trees with branch bending detected; false negative—trees with
branch bending but not detected; false positive—incorrectly detected as trees with branch bending;
correct—correctly detected as trees with branch bending,.

Dataset  Trees Change False Negative False Positive Correct
Training 204 29 1 2 28
Validation 204 14 2 5 12

4. Discussion

The high detection rate was achieved mainly due to the limited stocking of the stand. This
greatly limited the possibility of not detecting the actual tree because individual tree canopies were
not often connecting, as is mentioned by [27]. The limitations of the IWS segmentation from ULS data
in close canopy forest were tested and compared with several other methods by [15]. The study of
[26] mentioned reaching high detection potential of individual standing trees. Moreover, there was
no substantial undergrowth, except for some Norway spruce (Picea abies L.) in the understory that
was shorter than the minim tree height threshold of 2 m.

Estimated values of the derived GLM represent the movement of the points along the stem
profile in the individual tree point clouds caused by the bending of branches to the lower parts of the
tree. Whereas the A1 predictor displayed the highest point increment due to bending of branches
from the area above to the space where there were few branches and mainly only the stem (i.e., the
points representing the stem); the A2 predictor displayed a lower increment, but still significant for
the detection of bending branches in dead trees. The A5 predictor estimated value shows the highest
decrease in points to lower parts with also a significant positive increment in points from A6, another
significant predictor. Logically, the A9 predictor showed a drop in points from the top part of the
tree, where a positive change in cross-section area could not be expected.

92



Remote Sens. 2020, 12, 3829 11 0f 15

In comparison to TLS methods, the ULS is a much less time-demanding method for data
acquisition. One 21-min flight can be sufficient for data collection of a forest stand approximately 5
hectares in size; this is in contrast to TLS data acquisition of a comparable area, which may take
several days to complete [12,13]. In the case of repeated ULS data acquisition, time required for flight
preparation, as flight trajectory optimizing a planning, can be eliminated by using identical
predefined trajectory, which was the case in this study. However, the presented methodology for
temporal change detection does not require data acquired with flight with identical trajectories. Due
to the high pulse frequency of the scanner and multiple returns from beams penetrating the canopy,
point clouds of uniform densities of high-precision points are produced. The changes can be detected
in the whole scanned area, regardless of the actual trajectory, if the trajectory parameters such as
flight height and flight line spacing responsible for point cloud density and accuracy are kept
constant. A standard method for the practical evaluation of current status of individual trees or stands
is based on human observation while walking in the forest stands. However, this would be an
incredibly time-demanding method for the detection of bending branches on individual trees.

Another mapping possibility is the use of the mobile laser scanning (MLS) method in such an
open canopy stand. From the MLS point of view, there are GNSS accessibility options under the
canopy, which could be limited in such a stand as was used for purposes of this study; however, this
is only the case in trajectory-based solutions [42]. Within the simultaneous localization and mapping
(SLAM) solutions that were used in the ULS and MLS methods compared for stem detection in the
study of Hyppa [43], they may also include a possible trajectory-based solution for use under
canopies with insufficient GNSS signal. The MLS method can possibly influence the quality of
individual tree point clouds, mainly because of the point cloud density issues due to the necessity of
observation of the whole tree profile. The trees in this study had branches very low on the stem,
which may have possibly caused laser beam shading obstructions. However, the MLS data collection
method for the phenomenon described in this study requires further research.

During the year, the morphological structure of the tree reacts to the circadian rhythm and the
changing solar zenith angles. We offer several explanations of the dead branches” movements:

e In cases where portions of the roots are still alive, the existing root connection to neighboring
living trees can mediate responses to environmental conditions, even in the case of fatal loss of
assimilation apparatus. Fungal interconnections support not only the transfer of water [44] but
also carbon and nitrogen compounds [45]. Moreover, mycorrhizal connections act as conduits
for signaling between plants [46]. It is highly probable that these conduits can also transport
signals associated with solar radiation. Water uptake is driven by the transpiration demands of
the assimilation apparatus. In the case of dead trees, water uptake could be due to the
transpiration apparatus of the living tree and/or water efflux through the lenticels in the
periderm [47,48]. This hypothesis is supported by the close proximity of living blue spruce to all
dead trees in the study.

e  Water uptake from the soil by any surviving roots of the dead trees without any support from
other trees or fungus. This hypothesis supports the highest amount of precipitation during the
winter period, e.g., with a surplus of water during the early spring and autumn. The water
uptake through root systems which have been killed was described by [49].

e The branch shifting during the year could be related to the branch length [50]. This observation
using an RTM approach in a mixed broadleaf forest confirmed the sagging of a branch and on
the opposite branch stub rising after losing its terminal part, simply as the total branch weight
decreased.

While branch movement has been detected on live plants [51] or live trees [52,53] and has been
described by changes in turgor at the molecular level of plant or tree components, in this study, we
detected branch movements of dead trees. In contrast, dead branch movement has been observed to
be related to the decay process with the loss of branch terminals [50]. Excluding root interconnection
between living and dead trees, dead branch movement is not a physiological process but physical
one. Our multi-temporal data samples taken throughout one year provide evidence that the branches
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of dead trees are capable of returning to their original spring position in the fall after displaying
drooping branches during the summer growth period. In contrast to our study, in which we used
three scans throughout the year, Barak et al. [51] only used two time-distanced scans per tree; thus,
we could determine if the branches returned to their “initial” position. The TLS method is, for this
purpose, time-consuming, in contrast to the ULS method, which is adequate for the derivation of
representative individual tree point clouds for many common forest inventory values, and its time
efficiency compared to TLS methods makes it more practical for surveys across larger areas [12,13,15].

An important scientific question is how these bending branches trees could potentially influence
results of the ABA and also the calculation of horizontal crown projections. For example, the
relationship between crown size and DBH, an important factor in forestry, was described by [5,54].
In large disturbances, such as recent extensive bark beetle outbreaks in Central Europe, AGB
calculations may vary depending on the season of measurement. The points in the individual tree
point cloud moved down along the stem profile, as calculated by a GLM, and the bending branches
will produce smaller canopy projections. These canopy changes, similarly described by [9], can
clearly influence the results of ABA, as highlighted in large disturbance areas with high numbers of
dead trees, and the resultant statistical metrics, as presented in [2], may also vary. Carbon stock
estimates based on CHM can also be influenced by detected changes in the calculated quantiles. These
changes can influence results of some studies, such as [29,30], based on their methods with regard to
the current status of dead tree canopy changes in large bark beetle disturbance areas that are currently
located throughout Central Europe.

5. Conclusions

The ULS method proved to be adequate to detect an increase or loss at the tree component level
based on a flight time series of a blue spruce stand. This study showed high spatial and temporal
resolution of ULS with regard to tree branch movements of dead trees throughout the year based on
time series of three flights. The detection of trees with bending branches was successful using a
derived GLM, which was further tested using a validation dataset. These findings could have
important implications for remote sampling of forested areas with large numbers of dead trees.
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11 Abstract: This study presents individual tree metrics approach (ITMA) for tree species classification
12 in a three-dimensional point cloud from unmanned aerial laser scanning (ULS). We utilize General
13 Linear Model (GLM) and random forest (RF) technique for automatic evaluation of point cloud
14 metrics of individual trees previously extracted by inverse watershed algorithm into two classes:
15 coniferous and broadleaved. We evaluated possible statistical descriptors, among them Clark-Evans
16 spatial aggregation index, which indicates the level of clustering in point clouds and proved to be
17 crucial for correct classification of the individual tree point clouds. In case of RF, the inclusion of
18 Clark-Evans index brought significant improvement in overall accuracy of classification and in case
19 of GLM the index was always selected as significant variable for correct prediction. The statistical
20 descriptor can improve large scale area classification from dense laser point clouds and lead to more
21 accurate estimation of biomass and other tree characteristics.

22 Keywords: LiDAR, UAYV, forestry, species classification, individual tree metrics approach

24 1. Introduction

25 LiDAR Light Detection And Ranging (LiDAR) is an active sensing technology, which provides
26 apractical way to measure the tree size and other tree characteristics [1]. Compared with traditional
27  remote sensing technologies, LIDAR can provide detailed characteristics of forest canopy structure
28  in three dimensions [2-4].

29 The scanning device can be cither placed on the ground Terrestrial Laser Scanning (TLS),
30 installed on a mobile platform, on a vehicle or carried by a human Mobile Laser Scanning (MLS), or
31  carried by aircraft Aerial Laser Scanning (ALS), special case of the latter one is UAV equipped with
32 LiDAR sensor.

33 Details and principles of scanning mechanisms and TLS techniques are presented by [5-7]. Liang
34 [8] is decply aimed at forest inventory purpose of TLS method starting with data collection to
35  individual tree modeling directly leading to forest stand-level inventory. Large area ALS data
36 acquisition and data processing is detailly commented in [9]. Overview of used instruments, data
37  acquisition techniques and data evaluation to derivation forest inventory variables with its
38  comparison is elaborated by [10]. The study of [11] presents the exact derivation of forest inventory
39 variables with stand total volume estimation with R2 = 0.86. The overall use of MLS and it pros and
40  cons were in general summarized by [12]. Liang [13] brought comparison of TLS and MLS method
41 with aim to its feasibility in forest environment and the MLS advantages were demonstrated on 0.4
42 haforest stand where was reached 87.5% stem mapping accuracy. Also [14] compared TLS and MLS
43 methods with regard to segmentation of individual trees where results of TLS data were 92.4%
44 completeness and 95.4%, the corresponding values for MLS data were 94% and 93.7%.
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Many scientific publications have dealt with the extraction of individual trees (position and
partial point clouds of single trees), dendrometric characteristics of these trees and the creation of
forest stand models from ALS data [15-17]. For example [18] evaluate the quality, accuracy, and
feasibility of automatic tree extraction methods, mainly based on laser scanner data and [1] deals with
comparing the accuracy of tree height estimation obtained by field measurements and using TLS and
ALS methods. TLS and ULS methods are compared by [19,20], where is used the same UAS as in this
study. The UAV and TLS comparison shoved in study of [19] were described by correlation
coefficient of 0.98 and root mean square error 4.24 cm on diameter at breast height (DBH) estimation
with TLS used as reference method. The study of [20] was aimed at stem reconstruction and proved
the high stem reconstruction potential for trees with DBH higher then 20cm.

In recent years UAS based LiDAR scans has gained more attention despite their high cost when
compared to other methods like for example Structure from Motion (SfM) photogrammetry. Works
on UAV laser equipment in forestry can be found as early as 2010 in the work [21] where authors
presented a novel system based on combination of Ibeo Lux and a Sick LMS151 laser scanner system
together with IMU and GPS unit. They were able to achieve accuracy of 30 cm expressed by standard
deviation of height measurements of trees. Later [22] presented similar system in addition equipped
with high definition (HD) camera for more precise point clouds. They proved that the inclusion of
this video information improved the accuracy of final point cloud from 0.61 m to 0.34 m (RMS error
assessed against ground control).

Later a comparison study was carried out by [23] comparing laser point clouds with point clouds
obtained from Structure from Motion (SfM) techniques. Authors reported lower densities of point
cloud on the ground in case of SfM technique sometime being just 1 pixel per square meter. This then
resulted in larger error of height estimation for SfM (reported is root mean square error of 0.92 m for
ALS and 1.30 m for SfM).

The advantages of UAS systems are the ability to fly at lower speeds and at lower altitudes above
ground contrary to disadvantages as possibility of observing only areas up to tens of ha, or weather
limitation (wind, temperature). This results in the production of a highly dense point clouds that
more faithfully represents the structure of the stand or single trees.

Nonetheless, previous studies based on UAV-LIDAR data mostly focused on the estimation of
forest structural attributes such as tree height, DBH, crown area, and showed little interest in the
estimation of basal area, volume and aboveground biomass (AGB) [24]. Furthermore, due to the
limited payload, short flight time and limited capability of data processing of early UAV-LIDAR,
most of the previous studies had been conducted on sample trees in small areas. The distributional
metrics extracted from LIDAR data, including height percentile metrics, distribution moment metrics
and canopy re-turn density metrics [25,26], have been commonly used to estimate forest structural
attributes [11,27,28].

In this study, we analyze the metrics of point clouds of individual trees that were obtained using
RiCOPTER system. The first reference to the use of these systems in the scientific literature is the
work of [19] where the authors describe in detail the system components and quality of derived
Digital Terrain Models (DTMs), Digital Surface Models (DSMs) and Canopy Height Models (CHMs)
from the resulting point clouds which compare with models based on point clouds of the same areas
obtained with the TLS system RIEGL VZ-400 (RIEGEL Laser Measurement System GmbH, Horn,
Austria).

Liu [24] in their study assessed the effectiveness of plot-level metrics (i.e., distributional, canopy
volume and Weibull-fited metrics) and individual-tree-summarized metrics (i.e, maximum,
minimum and mean height of trees and the number of trees from the individual tree detection (ITD)
results) derived from UAV-LIDAR point clouds, then these metrics were used to fit estimation
models of six forest structural attributes by parametric (i.e., partial least squares (PLS)) and non-
parametric (i.e., k-Nearest Neighbors (k-NN) and Random Forest (RF)) approaches, within a Ginkgo
plantation in east China.

Holmgren at Persson, [29] tested classification of Scots pine versus Norway spruce on an
individual tree level using features extracted from airborne laser scanning data.
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Now days commonly used deep learning algorithms in forestry studies such as Support Vector
Machine (SVM) and RF plays important role in RS data classification. The RF was developed by [30]
and there was also presented R package. The overview of RF applications in forestry RS data is
presented by [31]. Kaminska [32] tested RF classification of dead trees with regard to their class from
ALS and infrared colored imagery with overall accuracy 90%. The SVM was described by [33] and
the [34] brings the overview of usage in RS. High accuracy of SVM was highlighted by [35] in terms
of vegetation classifications. These two used deep learning algorithms were compared by [36].

In this study, we are looking for point cloud metrics that are significantly different for broad leaf
and coniferous trees using descriptive statistics and mentioned deep learning algorithm (RF). We
assume that spruce tree has a regular "star" shape of the crown and the distribution of branches has
a regular structure. On the other hand, the crown of a broadleaf tree is absolutely asymmetric and
the branches are more frequent over the entire trunk.

2. Materials and Methods

2.1 Study Area

For the whole study were used four plots, that differed in tree species and growth
conditions. Plots A and B consisted of broadleaf tree species (oak sp.) and plots C and D were
coniferous (spruce sp.) The plot A was located in natural reservation Koda in southern central Czech
Republic (49°56'00.1"N, 14°06'14.7"E) and the plot B was located near the village Podbotansky
Rohozec in western part of the Czech Republic (50°13'9.165"N, 13°13'28.219"E), both was mixed
mature only broadleaf stand with dominant species oak (Quercus petrea L.). The plot C also as the plot
D belonged to the Czech University of Life Sciences forest enterprise located near town Jevany in
eastern central Czech Republic (49°57'22.9"N, 14°49'37.8"E) — plot C and plot D were located near
town Stribrna Skalice (N 49°54.81395', E 14°52.58753') in both plots was monoculture mature stand of
Norway spruce (Picea abies L.) monoculture stand. Location of all four plots is indicated in Figure 1.
The mean height and its standard deviation were calculated from individual tree point clouds for
both classes. Mean height for coniferous class was 39.9 m and standard deviation 3.7, for broadleaf it
was mean height 21.1 m and standard deviation 3.3.
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Figure 1. Location of the plots where plots A and B with broadleaf composition and plots C and D
with coniferous tree species composition.

2.2 UAV-borne LiDAR

For data acquisition was used UAS VUX-SYS (RIEGL Laser Measurement System GmbH, Horn,
Austria), consisting of UAV RiCOPTER and multi return laser scanner VUX-1UAV.

RiCOPTER is a multirotor octocopter UAV with total take of pay load 25 kg, of which 6.5 kg
includes mounted sensors. The total flight time with full load for data acquisition is reaching nearly
28 minutes. Eight brushless motors on four arms are powered, as the whole UAV, by four Li-Pol
batteries for better stability during the flight and for possibility of vibration reduction. The UAV is
capable of autonomous flight.

VUX-1UAY, as describes [37] is a near infrared multi return laser scanner with 330° FoV (Field
of View), because the scanner is mounted on the bottom side of the UAV, therefore is the FoV
reduced. Maximum pulse repetition rate is 550 MHz with the maximum effective measurement rate
up to 500 000 measurements per second (because of 550kHz and 330° FoV). Electric energy is
provided by the RICOPTER electric system. The laser scanner was remotely controlled by pilot of the
UAV. Whole UAS before take-off is presented on Figure 2.

o

b e

e

Figure 2. The RiCOPTER equipped with VUX-SYS before take-off. Behind the UAYV, there is visible
Trimble R2 GNSS receiver.

2.3 LiDAR data acquisition

Before the actual flight for data acquisition was set Base Station (BS) consisting of Trimble
TSC3 Controller and Trimble R2 GNSS receiver (Trimble, Sunnyvale, California, USA). It was the
periodical static measurement that was performed during the whole flight for the later post
processing of trajectory. Before the actual static measurement was the position of the GS measured
with using of RTK (Real Time Kinematics) measurement. Data were acquired by VUX-SYS with flight
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speed 5 m-s?, altitude 80 m above ground level. It was the automatic flight with using of
perpendicular zig zag pattern for reaching high density of points in the whole point cloud. The laser
scanner was remotely controlled by the pilot of the UAV Figure 2. For reaching geometrical accuracy
was used the stop and turn method for changing of direction during the flight of UAV. The point
cloud density varied from 1 500 to 2 700 points m-2.

2.4 Data processing

The data processing was divided into several steps based on the used software. First part
was to calculate dense point clouds with high accuracy, the second part was to prepare dataset of 32
closest trees to the plot center from each plot (in total 128 trees).

Deriving of initial point cloud from each plot was preceded by calculation of trajectory in
software PosPAC MMS 8.1 (Applanix: a Trimble company, Ontario, Canada) with using of method
Base Station from the Inertial Measurement Unit (IMU) data of the scanner. The precise position of
BS was improved by the RTK measurement. After the calculation of the trajectory it was derived the
initial dense point cloud in the environment of RiPROCESS (RIEGL Laser Measurement System
GmbH, Horn, Austria) software from each single scan. For increasing the accuracy of the initial point
cloud was used software tool RiPRECISSION for better co-registration on z axis. Also derived points
were classified to several groups (ground, vegetation and noise) for future data evaluation.

The georeferenced classified point cloud was imported to environment of the ArcGIS 10.6.1
(ESRI, Redlands, California, USA) as LAS dataset with using of ALS dataset tool. In this part of data
processing were selected thirty-two individual tree point clouds of each tree class (broadleaf and
coniferous) from each plot, as polygons based on their horizontal crown projections. The horizontal
crown projections were automatically detected by 3D Sample tool from derived CHM (Canopy
Height Model). The 3D Sample was tool originally created for ALS data sets for tree detection based
on local maxima and Inverse Watershed Segmentation IWS. The IWS was described on mature forest
stand plots from aerial photogrammetry points clouds by Panagiotidis [38]. Polygons (crown
projections) were afterward transformed to points in the environment of environment of the ArcGIS
10.6.1 to be used in next step as frame for selecting only the points of one single tree from the original
point cloud in the environment of MATLAB (The MathWorks, Inc., Natick, Massachusetts, USA). The
point cloud of each single tree was in next step manually cleared in Agisoft MetaShape 1.6 (Agisoft
LLS, St. Petersburg, Russia)from undergrowth and points belonging to ground for avoiding
debasement of next step analyses. The problem during the tree segmentation with other tree artefacts
was described for example by [14,39].

The statistical evaluation and GLM derivation was performed in the R environment [40].
For each single point cloud were calculated individual tree metrics (ITM) based on descriptive
statistics along the normalized tree height: IQR (Inter Quartile Range), VAR (Variance), SD (Standard
Deviation), MOM (Moment), SKEW (Skewness), MEAN, KVAD (Quadratic Mean), CUB (Cubic
Mean), MAD (Mean Absolut Deviation), Qn (Quantile, where n was graded by tens of percent)
following the common procedure as described in[32,41]. In total were calculated 42 metrics for each
individual tree point cloud.

2.4.1 Clark-Evans spatial aggregation index

Clark and Evans spatial aggregation index (CE) [42] was developed to describe the point pattern
aggregation, by simple words to numerically quantify the degree of clustering of the point cloud.
Point processes are compared to Poisson spatial distribution where values close to 1 are considered
to be completely random and values differing from 1 are indicating either clustering of the point
cloud in case of the number being lower than 1 and regular. The Equation 1 describes the calculation
of CE [43]. The CEn (where n was graded by fives of percent) was also calculated as previously
described individual tree metrics.
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For RF was used R free package randomForest [44] and for the training was used the same
dataset as for the GLM derivation.

3. Results

3.1. Tree delineation

Individual tree delineation by horizontal crown projection based on detected local maxima with
its limitation presented by [38] each polygon presents one individual tree horizontal crown
projection. Figure 3 presents red polygons of delineated ULS point cloud of Plot C. In Figure 4 are
presented examples of individual tree point clouds serving for individual tree metrics derivation.

Figure 3. Demonstration of crowns delineated with the use of IWS on the example of monoculture
coniferous plot C populated with Norway spruce (Picea abies L.).

Individual tree point clouds were afterwards manually inspected for presence of artefacts like
branches of neighboring trees etc. For the study were used examples of individual tree point clouds
representations as is shown in Figure 4. The individual tree point clouds were not modified, only
points obviously not belonging to the exact tree were removed for higher individual tree point cloud
representability.
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Figure 4 Examples of individual tree point clouds: (a) presents an example of coniferous individual
tree point cloud; (b) presents an example of broadleaf individual tree point cloud. These kind of point

clouds served for automatic individual tree metrics derivation.

From the tree habitus (outer look) point of view the Figure 4 shows two examples of trees used
in study, where Figure 4 (a) is coniferous tree represented by Norway spruce and Figure 4 (b) shows
broadleaf tree represented by oak sp. There is clear difference in the habitus of these tree species with
regard to branching, crown shape, beginning of the crown, etc. The species might display slightly
different habitus from the one shown in the figure when living as solitaire trees as when they are
living in denser canopy. Though these differences are not huge and intention of this work is to
evaluate automatic classification in closed stands.

3.2. Generalized linear model

As result of this study was derived the GLM from ITM used as predictors. Because of big number
of predictors, the most significant predictors were selected by the method of partial least squares. The

selected predictors were used to derive the final GLM described in Table 1.

Table 1. Derived GLM from all the variables with CE indexes by stepwise regression method

showing the most significant predictors.

Estimate Std. Error z value p. value
Intercept 7.143 3.789 1.885 0.0594
Q60 -0.484 0.111 -4.377 1.20e
CE100 4.366 2.954 1.478 0.1394
CE45 -4.314 2.284 -1.889 0.0589
KVAD 0.566 0.124 4.572 4.84¢%
CE55 -6.321 2,673 -2.365 0.0180
CE95 -8.636 4.261 -2.027 0.0427
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Figure 5 Comparison of horizontal projections of point layers of coniferous (upper row) and broadleaf
(bottom row) trees, according to the metrics used in the derived GLM. This figure serves as example
of two chosen trees (one for each group) and for each tree, horizontal projections of layers with
significantly different values of point metrics between tree classes were plotted. The example trees

are presented in Figure 4.

The Figure 5 shows horizontal projections of point cloud layers on an example of one
representative from each tree class, demonstrating the difference on derived metrics for both tree
groups. For coniferous trees, there is on nearly all metrics visible the trunk part of the chosen point
cloud located around the center. There are clearly recognizable lines of branches in radial direction
surrounded by smaller branches and needles. This phenomenon is not clearly evident in upper parts
of the tree (in metrics from 90 to 95% and 95 to 100%). Contrary to coniferous trees, the broadleaf tree
example in Figure 5 present clustering of points around the branches growing phototropically, not
radially as branches of coniferous trees. The CE100 was evaluated with higher p.value then other
metrics mainly because it represents the tree top whose shape was not so different according to

derived metrics.

Table 2. Derived GLM from all the variables without CE indexes by stepwise regression method
showing the most significant predictors.

Estimate Std. Error z value p. value
Intercept 1.036 3.991 2.597 0.0094
IQR -0.151 0.051 -2.946 0.0032
MOM 1.450 9.893 1.466 0.1427
MEAN -5.673 1.437 -3.947 7.90e3
KVAD 3.845 1.242 3.095 0.0020
MAD -2.284 0.642 -3.558 0.0004
Q10 0.048 0.033 1.418 0.1562
Q40 1.765 0.451 3.916 8.99¢*
Q50 -0.964 0.344 -2.801 0.0051
Q90 1.407 0.818 1.721 0.0853
Q95 -1.399 0.954 -1.467 0.1425
Table 3. Confusion matrix of derived GLM from all the variables
Broadleaf Coniferous Class. error
Broadleaf 51 13 20,3%
Coniferous 13 51 20,3%
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Table 4. Confusion matrix of derived GLM from all the variables without CE indexes

Broadleaf Coniferous Class. error
Broadleaf 56 8 12,5%
Coniferous 5 59 7,8%

3.3. Random Forest

RF classification showed error estimation rate based on used R toolbox of 10.9% where were
classified two classes where for broadleaf was classification error 12.5% and for broad leaf 9.4% For
the best results of RF classification, random forest containing 500 decision trees was created. .

Table 2. Confusion matrix of derived RF from all the variables

Broadleaf Coniferous Class. error
Broadleaf 56 8 12.5%
Coniferous 6 58 9.4%

Table 3. Confusion matrix of derived RF from all the variables without CE indexes

Broadleaf Coniferous Class. error
Broadleaf 51 13 20.3%
Coniferous 10 54 15.6%

The significant difference was detected in RF classification without using of CE indexes in higher
described layers. The error was negatively influenced for broadleaf estimation increased to 20.3% and
for coniferous increased to 15.6%. Both RF classifications are presented in Table 2. and Table 3.

"
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Figure 6. Graph of importance of variables of which was the RF derived from; blue - relative
importance for broadleaf, red - relative importance for coniferous, green - mean decrease in accuracy,
yellow - mean decrease in gini.

As is presented in Figure 6, interesting predictors are Q70, Q95, CE65, and CE95 with no
presented relative importance for broad leaf. Each bar in Figure 6. is divided into four parts where
(starting from bottom): relative importance for broadleaf, relative importance for coniferous, mean
decrease in accuracy and mean decrease in gini. In general, relative importance for coniferous of the
CE indexes for their determination is lower than the relative importance for broadleaf.

4. Discussion

The benefits of using the VUX-SYS were highlighted by Brede and Wiesser [19,20] with regard
to derivation of individual tree representative 3D point clouds along the whole stem profile, where
was emphasized the possibility of canopy penetration and data representativeness mainly in top
canopy parts. Both author collectives agree with ULS advantage of relative high canopy point density
contrary to TLS method. As this study shows the significant predictors for used classification were
located mostly in upper part of the stem profile.

The difference between coniferous and broadleaf trees based on difference in CHM with regard
to seasonal canopy changes was described by Reitberger [45], however this approach is sensitive on
deciduous coniferous trees because these tree species show similar canopy mean height changes from
the points belonging to canopy as broadleaf tree species. Nevertheless, time series for canopy changes
are time demanding method.

Tree canopy shape was also considered in this study. There were two main assumptions
according to the difference in canopy. First was aimed at bottom part e.g. the beginning of the crown
part along the stem profile contrary to the second assumption aimed at top of the tree crow, where
was expected the difference in shape [46] that could be explained as different number of points in
current percentile. The positive impact of height normalization process for tree shape description was
mentioned by [47]. Both assumptions were confirmed by derived GLM.

In this study were derived two RF classifications, the first including the CE index showed the
importance of quantiles exactly Q70 and Q95 which be described as beginning of the tree crown (Q65)
and the difference in shape (coniferous trees included in this study has sharper top then broadleaf
trees) represented by Q95). The next two metrics were CE65 and CE95. The impact of CE65 can be
considered in grouping of points around single trunk and radially arranged branches in case of
coniferous trees contrary to points of broad leaf trees clustered around one or more stems or large
branches.

Leaf-on and leaf-off conditions were also compared [45,48,49] and because of leaf-on conditions
during the data acquisition for this study the results can be possibly also negatively influenced.

The accuracy of the RF was clearly influenced by the fact of different study areas as is mentioned
by [50]. In comparison to accuracy of [36] (around 88%) in this study was observed almost the same
accuracy (89%) but with five time more RF decision trees. The study [51] used combination of
airborne hyperspectral and LiDAR data for tree species calculations based individual tree metrics
with reaching again the similar accuracy, but with combination of two RS methods. As [31] mentions,
there have been numerous variable investigations aimed at prediction power, however the nowadays
aim is at per-pixel classifications. Nevertheless, RF is less sensitive to the training data [31] then other
machine learning algorithms and this was the main reason for its using in this study.

RF classification based on geometric, 3D shape and intensity was also used in conditions of the
Czech Republicby [52] on ALS LiDAR data on large scale area for single tree detection and afterwards
dead trees detection. In mentioned study were also detected dead trees. The LiDAR data were fused
with multispectral data and the overall accuracy was reached over 90%. High accuracy in tree species
classification from multi-temporal Sentinel-2 data reached [53] and highlighted the multitemporal
data for this data type.
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As other classification method should be used SVM [33] with regard to the recent trends in RS
[34,35]. However, using of SVM and other deep learning algorithms for this kind of data classification
need more development.

5. Conclusions

ULS data provides huge opportunity for spatial analysis on individual tree level mainly thanks
to their representativeness through the whole stem profile of individual tree. From the point of view
of automatic processes with the limitation of manual work the successful individual tree delineation
played important role in the whole data processing process. Both GLM and RF showed promising
results in tree species group classification, where was proved the importance of CE index. Derived
GLM was mainly build on CE index and testing of RF showed its impact for describing the difference
between broadleaf and coniferous trees.
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Abstract: Three-dimensional light detection and ranging (LiDAR) point clouds acquired from
unmanned aerial vehicles (UAVs) represent a relatively new type of remotely sensed data. Point cloud
density of thousands of points per square meter with survey-grade accuracy makes the UAV laser
scanning (ULS) a very suitable tool for detailed mapping of forest environment. We used RIEGL
VUX-SYS to scan forest stands of Norway spruce and Scots pine, the two most important economic
species of central European forests, and evaluated the suitability of point clouds for individual tree
stem detection and stem diameter estimation in a fully automated workflow. We segmented tree
stems based on point densities in voxels in subcanopy space and applied three methods of robust
circle fitting to fit cross-sections along the stems: (1) Hough transform; (2) random sample consensus
(RANSAC); and (3) robust least trimmed squares (RLTS). We detected correctly 99% and 100% of all
trees in research plots for spruce and pine, respectively, and were able to estimate diameters for 99% of
spruces and 98% of pines with mean bias error of 0.1 cm (=1%) and RMSE of 6.0 cm (19%), using the
best performing method, RTLS. Hough transform was not able to fit perimeters in unfiltered and
often incomplete point representations of cross-sections. In general, RLTS performed slightly better
than RANSAC, having both higher stem detection success rate and lower error in diameter estimation.
Better performance of RLTS was more pronounced in complicated situations, such as incomplete
and noisy point structures, while for high-quality point representations, RANSAC provided slightly
better results.

Keywords: UAV; LiDAR; forestry; tree detection; diameter estimation; DBH; RANSAC; robust fitting

1. Introduction

Recent sustainable forestry standards require careful planning based on highly accurate inventory
data of forest stands and properties [1]. Increasing demands on inventory data quality together
with increasing costs of human labor in advanced countries force the forest owners to increase the
efficiency of data collection and to simplify assessment of required parameters of forest trees and
stands in means of automation. In the last decade, special attention has been paid to noncontact
data collection methods providing accurate three-dimensional data that allow reconstructing forest
stands and effectively estimating their parameters. The novel methods, made possible by advances
in technology and computer vision algorithms, are mostly represented by two technologies: laser
scanning and multiview photogrammetry.

Laser scanning methods utilize light detection and ranging (LiDAR) technology for precise range
measurement of objects in surroundings. The distance calculation is based either on measuring the
time needed for a light pulse to travel the distance to the target and back to the sensor, or on measuring
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the wave phase of the reflected beam with known wavelength. As result, laser scanners provide 3D
positions of up to 1 million points per second with a millimeter level precision.

Multiview photogrammetry is a more recent approach, triggered by recent advances in computer
vision and development of algorithms like scale-invariant feature transform (SIFT) [2]. It reconstructs
3D surfaces of objects by calculating 3D positions of identical features identified in subsequent images
in image sequences acquired with digital cameras [3].

Although both approaches result in 3D point clouds representing the surface of terrain and other
objects, such as trees, due to different nature of data origin, LIDAR and photogrammetric clouds
embody different properties. Regarding forest stand reconstruction, photogrammetric data are able
to precisely represent the upper canopy envelope, whereas LIDAR data show greater capability to
penetrate through canopies [4]. Although canopy height models can be accurately calculated from both
types of data [5-7], LIDAR data show markedly superior accuracy for forest structure reconstruction
and detailed terrain mapping [8]. During the last decade, LIDAR data were acquired particularly in
two ways, aerial laser scanning (ALS) and terrestrial laser scanning (TLS).

ALS usually covers areas on regional scale. High density ALS (10 pulses/m? and more) provides
sufficient detail to detect individual trees either from ALS-derived canopy height models [9] or the
whole depth of ALS data [10], but typically, parameters of forest stands are derived from ALS data
using an area-based approach that considers area as the unit of interest and generally includes estimates
of forest variables on stand-level, per hectare values or mean tree attributes [11]. Beyond estimating
basic forest parameters such as diameters, height, volume [12-14], biomass or biomass change [15,16],
ALS data can be related to leaf area index [17], gap fraction, defoliation [18] or site index [19].
Nowadays, approaches for predicting tree diameter distributions from ALS data have emerged [8,20],
helping to bridge the gap between area-based and tree-based inventories.

On the contrary, TLS provides ultra-high-density scans for detailed and accurate reconstruction
of a forest stand, allowing for deriving virtually any dimension of the forest trees, but produces
plot-wise data of low spatial extent and is time- and labor-demanding. As shown by numbers of
studies, TLS point clouds allow for automatic detection and mapping of forest trees [21] and estimation
of diameters [22] or the complete stem curve and tree architecture [23,24]. Additionally, TLS point
clouds allow the determination of accurate nondestructive estimates of aboveground biomass [25] and
even temporal development of aboveground biomass [26].

LiDAR data acquired from UAS platforms (ULS) represents a revolutionary type of 3D LiDAR
data that joins benefits of both ALS and TLS. Multireturn lightweight laser scanners designated for
unmanned aerial vehicle (UAV) carriers can reach a measurement rate of up to hundreds of thousands
of measurements per second with the presented distance measurement accuracy/precision of 10 mm/5
mm [27]. Due to the low flying altitude, varying around 100 m above ground level, and arbitrarily low
speed of multicopter-type UAV carriers, the density of resulting point clouds can reach the level of
thousands of points per square meter. Such point clouds constitute a high-quality representation of 3D
structure of forest stands and individual trees. Moreover, a relatively large range of scanning angles
ensures a good coverage of ground, forest canopies and even individual tree stems.

The possibility of assessing parameters of individual tree stems in ULS data was recently tested
by several authors. Brede et al. [28] showed that it was possible to detect stems and estimate diameters
from ULS point clouds acquired with RIEGL VUX-1UAV scanner mounted on RiICOPTER. As they
report, about two-thirds of detected stems were suitable to estimate diameter at breast height (DBH),
while the DBH extraction workflow comprised a large share of manual work. The possibility of DBH
extraction was also investigated by Wieser etal. [29]. They used the same scanning system—RiCOPTER
and VUX1-UAV—to acquire ULS data of broadleaf forest in leaf-off condition, thus with very high
density of points on stems. Their work was not focused on automatic tree detection; therefore,
they manually selected the trunk sections in order to perform the cylindrical fit for DBH estimation.

Automatic workflows for stem recognition and DBH estimation have been published for TLS
data. Olofsson et al. [30] successfully utilized random sample consensus (RANSAC) algorithm to
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fit the circle on semicircular data representing one side of a stem. A similar problem was solved
using Ganders’ direct method for data from mobile laser scanning [31]. Other studies [22,32] suggest
other algorithms for tree diameter estimation from dense TLS or photogrammetric 3D point clouds.
However, the point density on stem surfaces in ULS data is significantly lower than that from terrestrial
methods of data collection, and the noise shows markedly higher range. While the tree stem in
terrestrial photogrammetric or laser point clouds may be represented by thousands points per meter
of the stem length, the ULS data provide only tens of points, and the millimeter-level noise of TLS
data grows to centimeter-level in ULS clouds. Moreover, parts of stems may be shaded by canopies,
especially in leaf-on conditions or in coniferous stands. As a result, ULS data must be treated differently
than TLS data, and the workflows must be modified to respect the ULS data specification.

This study evaluates the possibilities of detection of tree stems and diameter estimation using an
automatic workflow in ULS data representing typical mature forest stands of two main economically
important coniferous species of Central European forests—Norway spruce and Scots pine.

2. Materials and Methods

2.1. Research Area

For the study, the two most abundant and economically most important tree species of Central
European forests were selected: (1) Norway spruce (Picea abies (L.) H. Karst.) and (2) Scots pine
(Pinus sylvestris L.). The research area was located in the Central Bohemia region, Czech Republic,
in two locations: (1) spruce-dominated upland (49.956N, 14.828E, 430 m AMSL) for Norway spruce,
and (2) pine-dominated sandy area of the Czech basin (50.562N, 14.725E, 330 m AMSL) for Scots pine.

Pure-plantation forest stands were selected for both species: one large forest stand for Scots pine
and two smaller stands for Norway spruce. All study stands were homogenous, mature, even-aged
stands. The pine forest stand, as well as one of the spruce stands (plot 3) represented the typical
structure of mature production forest stands of the given species. The other spruce stand (plots 1 and
2) represented a stand on very high quality site, which is illustrated by tree heights reaching 42 m and
presence of dense understory. For validation purposes, six square research plots of the size 25 X 25 m
were established, i.e., three for each species. Locations of sample plots and trees are illustrated in the
height maps of forest stands in Figure 1. Table 1 describes parameters of forest stands and research
plots. The inner structures of forest stands of both species are shown in Figure 2.

Table 1. Parameters of forest stands containing research plots.

Plot ID Species  Age(Years)  Density (Ireesfha)  TreesinPlot  Damet®” Wign St
1 Spruce 130 400 24 29-57 39
2 Spruce 130 50 7 2-67 10
3 SPI’\ICe 110 320 20 1546 31
4 Pine 100 160 8 27-35 24
5 Pine 100 360 3! 2337 2
6 Pine 100 30 21 2-35 25
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Figure 1. Location of six sample plots (red squares) and positions of measured trees (red circles).
Colors in the maps express aboveground height according to the color bars.
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Figure 2. Structure of research forest stands: (a) a spruce stand (plot 1); (b) a pine stand (plot 5).
Images show LiDAR representation of a transect 40 m long and 10 m wide.

2.2. Field Data

The research plots were located in the field using a Trimble C3 (Trimble Inc., Sunnyvale,
California USA) total station. Positions of all trees in the square plots were measured and recorded with
the total station. A tree position was defined as a center of the cross-section of the stem at 1.3 m above
ground. To record the position of the true center of trees, cross-sections the angle offset measuring
method was used: the cube corner prism was placed on the side of the tree preserving the distance
to the center of the cross-section; subsequently, the angle to the tree center was recorded separately.
The total station data were referenced using four RTK GNSS points. The final error of ground truth
tree positions should not exceed 5 cm. Two diameters at breast height (DBH), i.e., 1.3 m above ground,

116



Remote Sens. 2020, 12,1236 50f 20

were measured in two perpendicular directions with a digital caliper Digitech Professional DPII
(Haglof Sweden AB, Langsele, Sweden), averaged by the caliper software and recorded as DBH for
each tree.

2.3. ULS Data Acquisition

ULS data for the whole forest stands were acquired using a multirotor UAS RiCOPTER (RIEGL
Laser Measurement System GmbH, Horn, Austria) equipped with RIEGL VUX-SYS laser scanning
system. The VUX-SYS, consisting of VUX-1 UAV laser scanner, a GNSS and IMU system AP20
(Applanix: a Trimble company, Ontario, Canada) and a control unit, represents a complete lightweight
solution for aerial laser scanning, primarily designated for the use with UAV platforms. VUX-1 UAV is
a lightweight multireturn laser scanner with maximum laser pulse frequency of 550 kHz. For detailed
description of the VUX-SYS and RiCOPTER, see [28].

For both locations, identical workflows for data acquisition were applied. Data were collected
during an automatically executed flight over a predefined trajectory. The trajectory followed a double
grid pattern, consisting of parallel lines with uniform spacing of 50 m, in two perpendicular directions,
with stops and turns at vertices of the trajectory. The flight altitude was set to 80 m above ground,
and the flight ground speed was set to 6 m s™%. The mentioned flight parameters together with the
laser pulse repetition rate of 550 kHz, forming 200 scan lines per second, correspond to average point
density of 200 LIDAR points/m? for each single flight line. In order to ensure uniform point density and
a regular pattern of the points, LIDAR data were collected during straight flight only, and data collection
was interrupted while stopping and turning. LiDAR point clouds were generated from raw scan data
in postprocessing that consisted of trajectory reconstruction with the use of postprocessing kinematic
(PPK) method and Trimble VRS Now reference GNSS data in POSPac software (Applanix: a Trimble
company, Ontario, Canada) and subsequent point cloud generation and adjustment with the use
of RiPROCESS and RiPRECISION UAV software (RIEGL Laser Measurement System GmbH, Horn,
Austria), following the official data processing workflow recommended by RIEGL. The classification of
ground vs. nonground points was a part of the standard processing workflow in RiIPROCESS. The final
products of the processing were classified 3D point clouds stored in ASPRS LAS files.

2.4. Point Cloud Processing

Once the point clouds were produced, the environment of MATLAB R2017b (MathWorks Inc.,
Natick, Massachusetts, USA) was utilized to carry out analyses and point cloud processing and to
generate graphic outputs. Firstly, thinning of the ULS point cloud was carried out to reduce the point
cloud size in case of occurrence of areas with superfluous density and to unify the point distances.
The minimum distances of the points were set to 0.01 m. To perform the thinning efficiently, the x, y,
z coordinates of all points were rounded to the nearest 0.01 m. Subsequently, duplicities in coordinates
were detected and removed. As the next step, noise filtering was applied. All points with a distance
larger than 0.5 to the nearest group of points were considered as noise and removed. The next data
processing comprised tree detection and segmentation and diameter estimation for detected trees.

2.5. Tree Segmentation

Methods for detecting trees in point clouds usually assume that tree stems are continuous solids
reaching from ground to the canopy level or tree tops. Therefore the algorithms comprise vertical
projections of points to the ground plate either as point counts in horizontal grid [30] or as bounding
polygons of point clusters [10] in several horizontal layers, the width of which depends on point density.
For ALS data [10], the layer width of 1 m was utilized, while the layer width for TLS data was set to
approximately 3 cm [30] or 4 cm [22]. Wieser et al. [29] utilized 1 m layer width to detect the stems and
fit cylinders to point structures in ULS data. Similarly, cylinder fitting based on RANSAC was applied
to 0.5 m thick layers in detailed UAV-acquired photogrammetric point clouds of tree stems [33].
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In this study, detection of individual trees was based solely on evaluating point densities
in subcanopy space; the canopy height model (CHM), which serves as input data for several
tree-segmentation algorithms, was not included in individual tree segmentation in this study. The whole
subcanopy space was divided into voxels. The lower limit for the investigated subcanopy space was set
to 0.5 m above ground to avoid low vegetation, and the upper limit was estimated as the average length
of stems without branches; simultaneously, the limit was set so that the height of the investigated space
was defined by whole number of meters. In our study, the upper limit was set to 9.5 m above ground.
The voxel size was set according to the typical point density in ULS point clouds. As the tree stems
were represented by 20-50 points per meter of stem length in average, horizontal voxel size was set to
0.5m and the vertical size to 1 m. Counts of points were assessed in each voxel. Vertical projection of
the voxel grid represented a horizontal raster that served for evaluating tree stem presence. A tree
stem was more likely present in a raster cell when point counts in the corresponding voxels were high,
continuous throughout the voxels and uniform. The raster cells were populated with values of stem
presence indicator (SPI) that was formulated as:

m=1 m

SPI;; = Z Z i j kMl v

k=1 I=k+1

where SPI;; is the value of the i j-th cell of the raster; m is the number of voxels in vertical direction; and
n;jx is the point count in the i,j,k-th voxel, where i, j and k are the voxel indices along x, y and z axis,
respectively. This indicator prefers continuity and uniformity of point counts and gives provisions
for higher point densities. High values of the indicator generally indicate locations where high point
densities continue from ground to canopy base; therefore, tree stems can be discriminated from
branches and other objects that are not continuous throughout the subcanopy space.

To detect local maxima in SPI raster, a maximum filter was applied and maximum raster SPImax
was created. The value of ij-th SPIyax raster cell was defined as the maximum cell value in SPI
raster of cells whose distance to the i,j-th cell was smaller than a defined radius. For a good result,
the radius should be set as higher than the half distance between stems, but lower than the distance
between stems. In our case, the radius was set to 2 m, according the a priori expected distance between
trees. Local maxima in SPI raster are defined as cells where the SPI raster value equals the SPIyax
value, SPI;; = SPImax(ij)- To remove noise, a threshold for low SPI values was set. The threshold
value corresponds to the approximate bottom limit of stem point distribution for subsequent diameter
estimation and results from the requirement that the stem points are present and allow diameter
estimation in a minimum of three sections. As the approximate minimum point count for efficient
diameter estimation was expected to be 15, the appropriate threshold value corresponding to the
requirement was 675. Detected local maxima in SPI raster with the value higher than the threshold
were considered approximate stem positions.

To segment individual trees according to the detected positions, Delaunay triangulation was
applied on the approximate stem positions, and the area of the forest stand was partitioned into
polygons according to Voronoi diagram. Points in each polygon were subsequently treated as points
belonging to one tree.

2.6. Diameter Estimation

Points representing a tree were partitioned in vertical sections according to their height above
ground. With regard to the point densities (20-50 points per meter in average), height sections of
1 m were used for diameter estimation, because smaller sections do not provide enough points for
reliable diameter estimation. Projection of points in height section to horizontal plane generated point
representation of stem cross-sections. Diameters of the cross-sections were estimated as diameters of
circles fitted in the point structures.
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Point clouds were not manually cleared, and the cross-section point structures contained laser
returns from branches, shrubs and other noise. Moreover, due to dense canopy and stems shading the
laser beams, the cross-section representations might be poor orincomplete. Therefore direct least squares
fitting techniques proposed in some studies [22,32] could not be utilized. Instead, methods allowing
for circle detection in noisy and incomplete data were applied: (1) Hough transform, (2) RANSAC,
and (3) robust least trimmed squares (RLTS).

Hough transform is a method originally developed to detect geometric objects in images,
however the pixel-based algorithm can be adopted for application on point-based data. The Hough
transform circle fitting is based on geometrical definition of a circle: a circle is a set of points with equal
distance (i.e., radius) from the center. Therefore, if circles of a given radius are drawn around each
point belonging to the circle perimeter, all the new circles will intersect in the center of the original
searched circle. In practical application, a raster is established where each cell value represents the
count of intersects of newly drawn circles with the given raster cell. A peak in the raster represents the
center of the original circle. The weak point of the Hough transform is the need for a priori knowledge
of the circle radius. If radius is unknown, the algorithm must be performed repeatedly with a set
of different radii. The Hough transform is reported to be insensitive to noise or incompleteness of
data [34]. Utilization of Hough transform for stem diameter estimation in TLS data was indicated
by [35], together with detailed explanation of the method.

Random sample consensus (RANSAC) is an iterative stochastic method developed to fit
a mathematical model in noisy data based on repeated model fitting to random subsamples. For circle
fitting, a minimum subsample that defines a circle, i.e., 3 points, is repeatedly randomly selected,
and the circle is fitted. The quality of each fit is evaluated by the ratio of points within a defined close
distance from the fitted circle, so-called inliers. Finally, inliers of the best fit are used to fit the final
circle. The number of iterations was set to 1000. Serviceability of RANSAC in forest mensuration
was shown by [36], who utilized RANSAC for delineation of tree crowns in ALS data, and by [30] for
diameter fitting in TLS clouds.

Robust least trimmed squares (RLTS) algorithm is a stochastic iterative method based on least
squares criterion applied on a defined portion of smallest residues, which makes it more reliable in case
of presence of outliers [37]. Analogous to RANSAC, RTLS iteratively fits circles to random subsamples
of 3 points. In each iteration, squared residuals—squared distances of all points to the fitted circle—are
calculated and sorted. A defined trim portion h (h > 1/2) of points with the smallest residuals are
selected and least square circle fitting is applied on the selected points. The criterion for evaluating the
quality of fit is the sum of squared residuals of the least square circle fit. For detailed description of the
method, see [37].

As shown by [30], the general algorithm can be adopted to better match the specific application of
tree diameter estimation. Based on the assumption that a tree stem is a continuous solid along the
vertical axis and with continuous diameter along the vertical axis, conditions on (1) counts of points
inside the circle, (2) position of the circle and (3) radius of the circle can be set in order to eliminate
circle fitting error.

The starting point for diameter fitting was determined from the vertical distribution of points as
the local minimum in smoothed histogram of above-ground height. This way, the fitting started in
a section that is above the shrubs and below the crown base. Optimally, this section contained mostly
points belonging to stems and little noise; therefore, fitting should encounter the least problems and
errors. After the starting section is fitted, fitting is carried out in the nearest lower section in successive
steps. Fitting the subsequent sections can benefit from the known parameters of the previously
fitted section.

For the starting section, the lower and upper limits for circle radius were set to 0.05 and 0.4 m as
the most common tree radii in production forest; only circles with radii in this interval were searched
in projections of section point clouds. If a circle was successfully fitted with radius #; to the points
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of section i, the following rules were applied for the radius limit 7y, at the nearest lower (i — 1)th or
nearest higher (i + 1)th section:
Mim(i-1) = {(0.8, 1.5)-;

@
rlim(i+1) = (06, 12)?,

To limit the position of the circle in the (i — 1)th section, all points further than 2-7; from the center
[®i, i ] of the fitted circle in the i-th section were disabled. This action also eliminated the risk of
false circle fitting in points representing returns from branches or shrubs. For all the circles, the limit
count of points inside the circle was set to 25% of the count of perimeter points. Perimeter points were
defined as points not further than 0.02 m from the circle perimeter; inside points were points inside the
circle with distance to the circle perimeter higher than 0.02 m. For RLTS, the trim portion I was set to
two-thirds, i.e., 0.67.

Functions for all three circle fitting methods were written in the MATLAB environment as the
general algorithms briefly described in this section and the mentioned adoptions of the algorithms
were applied.

2.7. Accuracy Evaluation

Circles were fitted and diameters were estimated for all sections throughout the stem profile.
Evaluation of diameter estimation was carried out for diameters at breast height. Diameters of second
sections (aboveground height 1-2 m) were compared to field-measured DBH.

Errors of DBH estimations were assessed as a difference of estimated (tf; ) and field-measured (d; )
DBH. Relative error of DBH estimation was defined as DBH estimation error divided by field-measured
DBH. At each plot, mean bias error (bias) and root-mean-square error (RMSE) were calculated both from
absolute (cm) and relative (%) errors of 1 trees detected and measured in the plot with each method.
Mean bias error expressed the systematic error of diameter estimations in the plot; RMSE illustrated
the typical extent of estimation errors.

bias = % i(tf, . d,)
i=1

1 n (3)
A 2
RMSE = 4 ;-;(di—d,-)

Position error of tree detection was calculated as a mean distance between detected and
field-measured positions of all detected trees in a plot.

Statistical testing was involved in order to reveal factors influencing the accuracy of diameter
estimation. Two-way ANOVA was utilized to investigate the influence of circle fitting method and
tree species on absolute diameter errors. We also investigated the influence of point counts available
for circle fitting on diameter estimation accuracy; to eliminate the effect of the previously mentioned
factors, generalized linear model (GLM) was fitted with two categorical (circle fitting method and tree
species) predictors and one quantitative (point counts) predictor. Linear regression models were built
to quantify the effect of point counts for each fitting method separately.

3. Results

3.1. Point Clouds

The results of laser scanning and laser data processing are 3D point clouds consisting of
approximately 2000 points per square meter (Figure 3). In spruce forest, approximately one-quarter
of the total count of LIDAR returns was reflected from terrain surface, and the other three-quarters
represent returns from vegetation. In pine forest stand, the ratio of ground vs. vegetation returns was
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higher due to less dense crowns of pines compared to spruce; ground points represented approximately
one-half of the whole amount of returns.

100%  100% 99%

~ 8 Spruce: non-ground
—9— Pine: ground
—8— Pine: non-ground

1 1
‘ ~——&— Spruce: ground

=)
=]
E)

Point density (pts/m?)

Point distance (cm)

Figure 3. Gradual decline of point densities for voxel-based thinning with increased thinning intensity,
i.e, point distances in resulting thinned point clouds. The densities show neglectable drop for thinning
in voxels up to 2 cm.

The points were evenly distributed in 3D space, as illustrated by Figure 3, which shows point
density and ratio of resulting point cloud size related to original point counts for different levels of
thinning. For 1 or 2 cm thinning, the resulting point cloud contained almost 100% of points of original
point clouds. For higher levels of thinning, the point counts in resulting clouds decreased. Well-covered
surfaces contained points with regular distance of about 2 cm. For further processing, the point clouds
were thinned to eliminate points with distances lower than 1 cm. Apparently, almost 100% of the
information contained by the original point cloud remained in the thinned point cloud.

Vertical distribution of point densities in forest stands of both species is shown in Figure 4.
Only points classified as nonground are displayed here. For both species, highest point densities are in
the canopy space, reaching up to 180 points/m? in 1 m thick layer for spruce and >200 points/m? for
pine. The lowest densities are found in the subcanopy space filled only by stems without branches.
The average point densities of this space were below 3 points/m? both in spruce and pine research plots.

Regarding spruce stands, plot 3 shows a markedly different histogram from plots 1 and 2 due to
significantly lower heights of trees in plot 3. Among pine plots, plot 4 shows significantly lower point
densities than plots 5 and 6 due to lower canopy closure. Unlike pine, spruce stand (plots 1 and 2)
shows increased densities in low above-ground layers (up to 5 m). These points represent returns from
understory vegetation.
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Figure 4. Point densities in spruce (a) and pine (b) plots. Histograms represent average point counts
per square meter in 1 m thick horizontal layers; only points classified as nonground are displayed.

3.2. Tree Segmentation

In pine research plots (plots 4-6), the automatic tree detection was fully successful. Pines are
characterized by sparse crowns that allow a large portion of laser beams to penetrate under canopy and
to return from stem surface. Moreover, there was no understory in pine plots. As result, the subcanopy
part of point cloud consisted of clearly identifiable, well-covered stems. All the stems were correctly
identified, and there were no false detections (Table 2).

Table 2. Counts of detected trees and detection errors in research plots. Meaning of columns is as
follows: Counts of detected trees in plot (Detected); counts of correctly detected trees within 1 m
distance from the real positions (Correct); counts of trees that were not detected (Omission); counts of
false detections (Commission); average distance of correctly detected trees to real positions (Distance).

Plot ID Detected Correct Omission Commission Distance (m)
ik 24 (100%) 24 (100%) 0 0 046
2 31 (115%) 26 (96%) 1 (4%) 5 (19%) 0.38
3 20 (100%) 20 (100%) 0 0 027
4 8 (100%) 8 (100%) 0 0 037
5 22 (100%) 22 (100%) 0 0 027
6 21 (100%) 21 (100%) 0 0 0.30

In spruce stands, most laser beams are captured by denser and longer crowns of spruce,
and therefore some stem parts or whole stems can obscured and contain too few points to be
detected in the subcanopy space. However, in plots 1 and 3, all stems were correctly identified with
no false detections (Table 2). Plot 2 was placed in an exceptionally dense forest stand that prevented
one of the 27 tree stems, which was located in the densest part of the plot, from being well covered
by LiDAR returns. Moreover, dense understory vegetation consisting of young spruces up to 5 m
tall resulted in five false detections in plot 2 (Figure 5). However, it should be mentioned that false
detections (commission error) do not imply errors in final result. Objects responsible for false stem
detections do not have circular cross-sections; therefore, circles cannot be fitted, and the false detections
are eliminated in the next step of point cloud processing.
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Figure 5. Tree positions automatically detected in point clouds and field-measured: (a) spruce plot
(plot 2); (b) pine plot (plot 5). Colored polygons represent Voronoi diagram used to segment the plot
area into regions of individual trees.

Tree positions recorded during tree segmentation represent centers of cells of the square grid,
and the positions were recorded with 0.5 m resolution. Therefore, positions of detected trees do not
correspond to field-measured positions (Figure 5). Distances indicated in Table 2 denote distance
between real positions and cell center. The real distance between measured position and detected tree
center is specified in the next step.

3.3. Diameter Estimation

Circles were fitted and diameters were estimated for all sections throughout the stem profile
(Figure 6). As the figure indicates, circles representing stem cross-sections were well identified in most
of the stem profile, even in crown sections containing branches and in bottom sections containing
returns from understory vegetation. However, the presented results evaluate only quality of DBH
estimation from the second above-ground section. Evaluation of estimated diameters of top sections is
not presented here, as field-measured values were available only for DBH.

Not all tree stems automatically detected in the sample plots were represented by sufficient counts
of LIDAR returns. Point representation of some trees did not allow for circle fitting in DBH layer due to
low point density on the lower stem surface (details in Table 3). This applies especially to spruce trees;
DBH of spruces could be quantified for approximately 90% of trees present in the plots, on average,
with the RANSAC method. However, RLTS allowed to estimate diameters of 99% of all spruce trees
present in the research plots. In pine forests, virtually all trees, with an exception of one tree in plot 5,
allowed for DBH estimation.
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Figure 6. Automatically fitted perimeters of stem cross sections (red circles) in a point cloud representing
automatically segmented spruce tree: (a) side view and (b) 3D view. The point cloud was thinned so
that the fitted circles are visible in the figure.

The Hough transform method did not show the ability to fit circles to the point structures
representing cross-sections of tree stems. In most cases, Hough transform did not find centers and
radii of the circles, and the calculated radii were often determined by the radius limits (Figure 7).
Therefore, the diameter estimation errors were high, usually with the highest RMSE among the three

methods (Table 3).

Table 3. Results of diameter estimation. Table shows counts of trees that allowed for diameter at breast
height (DBH) estimation and the respective percentage of present trees (Measured), mean error and
RMSE of DBH estimation and mean positional error of detected trees (Position).

PlotID Method Measured Mean Error (cm) RMSE (cm) Position (m)

Hough 21 (88%) 5.0 (13%) 8.5 (25%) 0.15

1 RANSAC 22 (92%) 0.1 (0%) 95 (22%) 0.13
RLTS 24 (100%) 0.7 (1%) 67 (17%) 0.13

Hough 19 (70%) 1.0 (5%) 12.2 (28%) 0.29

2 RANSAC 24 (89%) 1.4 (4%) 42 (10%) 0.15
RLTS 26 (96%) =11 (-3%) 6.2 (17%) 0.15

Hough 19 (95%) 49 (14%) 9.0 (31%) 0.25

3 RANSAC 20 (100%) 32 (10%) 6.2 (22%) 0.12
RLTS 20 (100%) 1.7 (6%) 5.9 (20%) 0.12
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Table 3. Cont.

PlotID Method Measured Mean Error (cm) RMSE (cm) Position (m)
Hough 59 (83%) 37 (11%) 10.0 (28%) 0.23
Spruce total RANSAC 66 (93%) 1.5 (5%) 69 (18%) 0.14
RLTS 70 (99%) 0.3 (1%) 63 (18%) 0.13
Hough 8 (100%) 0.7 (-3%) 7.8 (25%) 0.13
4 RANSAC 8 (100%) 0.0 (0%) 40 (12%) 0.14
RLTS 8 (100%) =1.0 (—4%) 4.4 (14%) 0.15
Hough 21 (95%) 1.7 (4%) 10 (35%) 0.18
S RANSAC 21 (95%) 1.4 (4%) 4.6 (14%) 0.10
RLTS 21 (95%) 0.7 (=3%) 4.3 (15%) 0.10
Hough 17 (81%) 7.8 (30%) 15.1 (59%) 0.10
6 RANSAC 21 (100%) 0.3 (2%) 9.0 (31%) 0.11
RLTS 21 (100%) 0.7 (~4%) 7.1 (27%) 0.12
Hough 46 (90%) 3.6 (12%) 12 (44%) 0.14
Pine total RANSAC 50 (98%) 0.5 (2%) 7.0 (24%) 0.11
RLTS 50 (98%) ~0.8 (-3%) 57 (21%) 0.12
Hough 105 (86%) 3.6 (11%) 10.9 (36%) 0.19
All trees RANSAC 116 (95%) 1.2 (4%) 6.8 (20%) 0.13
RLTS 120 (98%) =0.1 (-1%) 6.0 (19%) 0.13

The other two algorithms, RANSAC and RLTS, provided much more reasonable results of circle
fitting and diameter estimations (Figure 7). In general, RLTS performed slightly better than RANSAC
(Table 3), having both higher ratio of measured trees and lower RMSE. In pine research plots, there was
almost no difference in mean error (on average 2% and —3% for RANSAC and RLTS, respectively);
RMSE of RANSAC (24%) was gently higher than that of RLTS (21%). The difference of the algorithms’
performance appeared under the difficult conditions caused by incompleteness of point representations
of cross-sections and presence of LiDAR returns from understory vegetation. In the plots with the
highest errors (plots 1 and 6), RLTS showed about 2 cm lower RMSE in comparison with RANSAGC; in
plots with overall lower errors, RMSE of both methods were balanced.
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Figure 7. Field-measured vs. estimated diameters: (a) Hough transform; (b) RANSAC; (c) RLTS.
Black dashed line expresses the 1:1 trend.

3.4. Factors Affecting the Accuracy of Diameter Estimation

The accuracy of diameter estimation is clearly dependent on the quality of point representation
of stem cross-sections (Figure 8). Table 4 shows the dependency of DBH estimation error on point
counts that represent the perimeter of stem cross-section. Higher point counts resulted in sections that
were better represented, with better fit. As Table 4 indicates, sections with poor point representation
were better fitted by RLTS; with increased quality of point representation, the difference between
RANSAC and RLTS disappeared. For well-covered sections represented with more than 100 points,
RANSAC provided better diameter estimation than RLTS.

Both methods (RANSAC, RLTS) showed significant trend (p-value < 0.05) in DBH estimation
error with rising count of points in a section used to fit a circle (95% confidence bounds for slope
parameter 0.001, 0.04 for RANSAC and 0.01, 0.05 for RLTS). While the error was negative (diameters
were underestimated) for low counts of available points, diameters in sections represented by higher
count of points were more likely estimated with positive error (diameters were overestimated).

Regarding the absolute error, a significant decline (p-value < 0.05) of diameter estimation error
with rising point counts was observed with the RANSCAC method. More points representing the
stem cross-section resulted in more accurate diameter estimation (95% confidence bounds for slope
parameter —0.06, —0.002). No such trend was observed with the RLTS method.

Comparison of RANSAC and RLTS methods based on absolute errors showed that RLTS had
lower error in comparison with RANSAC in sections where the overall error was high. On the contrary,
RANSAC had lower errors in sections with low overall error. In other words, RLTS showed the ability
to improve fit in more complicated situations, while RANSAC provided better estimations in sections
with better quality of point description.
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Figure 8. Three examples of circle fitting in point representations of stem sections: (a) well covered
stem section; (b) incomplete perimeter of stem section; (c) upper stem section with branches. The real
diameter was not measured in (c).

Table 4. RMSE (cm) of diameter estimation for sections represented with different point counts.

Point Count Hough RANSAC RLTS
>5 113 6.8 6.0
>10 109 6.1 56
>50 102 55 5.7
>100 104 4.7 48

Surprisingly, quality of diameter estimation was not influenced by species. Two-way ANOVA
(significance level « = 0.05) revealed the influence of fitting method (significant differences between
Hough transform and the other two methods, p = 0.02 for RANSAC, p = 0.001 for RLTS; no difference
between RANSAC and RLTS, p = 0.95) but no influence of species (no significant difference between
spruce and pine, p = 0.24) on absolute errors of DBH estimate. GLM that tested the influence of (1)
fitting method, (2) species and (3) point counts representing the cross-sections showed significant
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influence of fitting method (p = 0.014) and point counts available (p = 0.0015) for circle fitting and again
did not reveal any significant influence of species (p = 0.81). The point counts available for circle fitting
were similar in both species (41 points for spruce and 47 points for pine, on average); the variance in
point counts was double in spruce compared to pine.

The average position error of detected trees was 13 cm. This value comprises (1) positional error of
acquired point cloud, (2) transformation error of point cloud transformation from WGS-84 coordinate
system to the Czech official coordinate system S-JTSK (Krovak East North, EPSG:5514), (3) error of
circle fitting methods in segmented point cloud and (4) error of field-measured coordinates of trees
with the total station. Unfortunately, we were not able to quantify individual components of the
positional errors.

4. Discussion

Three-dimensional LiDAR point clouds acquired from a UAV platform represent a relatively new
type of remotely sensed data for forestry and environmental applications. Multireturn lightweight
laser scanners designated for UAV carriers can reach a pulse rate more than half a million pulses
per second with survey grade accuracy of 10 mm. Due to the low flying altitude, varying around
100 m above ground level, and arbitrarily low speed of multicopter-type UAV carriers, the density of
resulting point clouds can reach the level of thousands of points per square meter. Such point clouds
constitute a high-quality representation of 3D structure of forest stands and individual trees. In this
study, we show that in ULS point clouds individual trees can be segmented and their dimensions
measured in a fully automated process.

In our study, point clouds of forests of different species showed slightly different point cloud
densities; this may be attributed to topographic effects. While the pine forest was in a flat area,
spruce forest stands were located in a hilly area on a slope. As a result, above-ground flight heightin
a spruce area may vary during the flight, which may cause unequal point densities.

High density of canopy cover, together with understory, as present in plot 2, implicate challenging
conditions both for data acquisition and automatic data processing. Moreover, as mentioned by Brede
et al. [28], spruce, unlike broadleaved trees as beech and oak, do not allow for higher-order returns due
to dense crowns with needles with high content of water. Therefore, we expected much lower success
rate of tree detection in plot 2, characterized by tight canopy closure and trees as close as 1.4 m from
each other in the densest part. However, with the exception of one single tree shaded by neighboring
trees in the densest part, all stems were detected and even measured using RLTS algorithm.

RLTS was presented as an algorithm for robust cylinder fitting [37], but it can be utilized for
circle fitting as well. It showed its ability, as declared in [37], to fit incomplete data as well as data
containing noise and height percentage of outliers. In difficult conditions of incomplete or noisy
data, RLTS performed better than RANSAC. Moreover, the diameters that were not estimated with
RANSAC represent more complicated situations for circle fitting and increased the mean errors of RLTS.
However, for well-covered tree sections, especially in low-density pine stand, RANSAC provided
better estimations. This phenomenon may be caused by the fact that RLTS disables a defined portion
of points with highest residuals. Removing noise points in noisy data improves the fit, but utilizing
the information present in all points may lead to better estimation in high-quality point representation.

Hough transform was presented as a method for efficient circle fitting for diameter estimation in
TLS data [35]. Due to the principle of Hough transform circle detection, point structure forming almost
perfect circle or its part is required for the method to return correct results. Therefore, it might be
a reasonable method for TLS data, which are characterized by ultra-high point density and low level of
noise. ULS provides much lower densities, and LiDAR returns often form incomplete perimeters of
cross-sections. Moreover, LIDAR data were not manually segmented or cleared, and the point cloud
contained returns from other objects, like branches or understory vegetation. Under such conditions,
Hough transform did not perform satisfactorily.
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The previously published study of Wieser et al. [29], focusing on diameter estimation from
manually delineated tree stems in ULS point cloud, was performed in a deciduous forest during
leaf-off season. Thus, their point representation of stem surface was significantly denser. They did not
provide RMSE of DBH estimation; however, their errors varied between —18 and 18 cm, with median
absolute error of approximately 5 cm. Here, we show that comparable accuracy of DBH estimation
can be reached even in coniferous forest with dense canopies and using automated segmentation.
Brede et al. [28] report RMSE of diameter estimation 4.24 cm; however, their result is based on fitting
39 trees with the best point representation from the total 58 research trees. Moreover, the suitability for
circle fitting was manually inspected for each tree, and outlier points, such as returns from branches,
were manually removed. Comparably high RMSE of diameter estimation are reported from RANSAC
diameter estimation from TLS data that provide significantly higher point densities and level of detail:
Olofsson et al. [30] report RMSE of 33 to 59 mm for data without the removal of outliers. RMSE of 3 to
6 cm for diameter estimation is also reported from detailed photogrammetric reconstruction of forest
stands, e.g., [32,38]. The results indicate that for the present we have to accept centimeter-level error
for diameter estimation from all kinds of remotely sensed structural data.

The diameter estimation suffers from a relatively large dispersion of points around cross-sections’
perimeters. The point dispersion is partially caused by the diameter change along the 1 m sections
of tapered trees. However, the point density, which was around 44 points per meter of stem length
in average, but sometimes as low as 5 points for the section, did not allow to fit circles in thinner
layers. Thinner layers in many cases fail in circle fitting due to insufficient point representation of the
circle. Due to the taper, the vertical point projection of a 1 m long section forms a point belt of the
thickness of around 1-2 cm instead of a circle. Another component of the point dispersion is caused by
LiDAR accuracy (1-2 ¢cm) and bark structure (1-2 cm). These components represent an unavoidable
error of the data acquisition. The most important source of point dispersion is the co-registration of
scans from individual flight lines. Due to the limited accuracy of the utilized IMU, software-based
co-registration of scans must be applied. Accurate co-registration is problematic in environments with
complex structure, such as forests [28,29]. The co-registration error may reach several centimeters in
forest environments, resulting in inconsistent and dispersed circle representation, visible in Figure 8.

In a single UAV flight, 10 to 20 hectares of forest area can be covered with LIDAR data.
Considering time consumption for mission planning, flight preparation and transports between
flight locations, the area that can be mapped in a day reaches 100 hectares. As a result, ULS is effective
for detailed mapping at the level of forest stands or forest areas up to several hundreds of hectares.
We showed that for mature, even-aged production forests, virtually every tree in the mapped area
can be localized with an error that usually did not exceed the tree radius. The accuracy of diameter
estimates may be sufficient for common stand inventories such as volume assessment before standing
timber sale or forest management plan development. An important benefit of USL data is the possibility
to measure upper stem diameters to reconstruct the taper curve for wood quality and assortment
prediction. The biggest limitation of accurate diameter estimation—centimeter-level noise caused
by inaccurate co-registration of scan lines—may limit circle detection in point clouds representing
thinner trees. Revision of the methods or setting modifications may be needed in younger forest stands.
The applicability of this method for tree detection and measurement in more complex stands, such as
two-story stands is a subject for further research.

Most methods of individual tree detection from remotely sensed structural data rely on canopy
height models [39,40] or point clouds of tree crowns [41,42]. In this study, we took the challenge
of verifying whether tree detection and measurement can benefit from unrivaled density of point
clouds acquired with ULS. Tree detection was based solely on points representing tree stems in
subcanopy space, and diameters were assessed by direct measurement in acquired point clouds.
However, stem points typically represent less than 1% of the total point counts in a vegetation point
cloud, not considering the ground returns. Most points describe the structure of tree crowns and
canopy. The success rate of tree detection would definitely be improved by involving segmentation
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techniques based on structural information of canopy combined with stem detection proposed in this
work. This combination would result in a complex method utilizing a higher portion of available
information and evaluating the point cloud in its whole depth, in a similar way that was proposed by
Ayrey et al. [10] for ALS data. We consider this as a direction of our future effort.

5. Conclusions

We evaluated the suitability of ULS data—laser scanning data acquired from an UAV platform—for
individual tree detection and stem diameter estimation in a fully automated workflow. The study
was performed in mature pure stands of the most abundant and economically important species,
Norway spruce and Scots pine, in their typical growing conditions, which represent the typical situation
of need for detailed forest stand inventory in practical management of production forests.

For both species, we were able to detect and localize 98-99% of all trees present in the research
plots with an average positional error of 13 cm and estimate their diameters at breast height with
bias of 0.1 cm (corresponding to 1% mean relative error) and with RMSE of 6 cm (corresponding
to relative RMSE of 19%). We evaluated three algorithms for circle fitting in noisy data structures,
Hough transform, random sample consensus (RANSAC) and robust least trimmed squares (RLTS).
Hough transform is not a suitable method for diameter fitting in ULS data. RANSAC and RLTS can
provide reasonable circle fit, whereas RLTS performs slightly better, especially in lower quality point
representations of cross-sections; it shows both higher success rate and lower error.
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12 Abstract: Timber volume is an important asset not only as an ecological component but also as a key
13 source of present and future revenue which requires precise estimates. We utilized the Trimble TX8
14 survey-grade terrestrial laser scanner (TLS) to create a detailed 3D point cloud for extracting total
15  tree height and diameter at breast height (DBH). Two different height estimation approaches were
16 used to compare the performance of the two methods to accurately estimate total tree height: the first
17 method was based on a modified version of the local maxima algorithm for treetop detection “Hrm”,
18 while for the second method we used the centers of stem cross-sections in stump height (30 cm)
19  “Hrse”. DBH was estimated by a computationally robust algebraic circle fitting algorithm through
20  agglomerative hierarchical cluster analysis (HCA). This study aimed to assess the accuracy of these
21 descriptors by comparing them with the reference measurements for evaluating total stem volume at
22 treelevel. Theresults revealed that the difference between the estimated total stem volume from Hrrp
23 and measured was 2.732 ms for European oak and 2.971 m? for Norway spruce, whereas between
24 estimated volume from Hrse and measured the difference was 1.228 m? for European oak and 2.006
25 v for Norway spruce respectively. As it appears from the coefficient of determination there was a
26  strong relationship between the measured and estimated total stem volumes from both height
27  methods with an R2=0.89 for Hrroand R2=0.87 for Hrse for European oak and R?= 0.98 for both Hrro
28  and Hrse for Norway spruce. Hence, this study has demonstrated the feasibility of finer resolution
29 remote sensing data for semi-automatic stem volumetric modeling of small-scale studies with high

30 accuracy, as a potential advancement in precision forestry.
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32 agglomerative hierarchical cluster analysis; modeling stem volume
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34 1. Introduction

35 Forests are dynamic systems that are constantly in a state of change driven by socio-
36  environmental affection. Tree height and diameter are the most common descriptors in estimating
37  basal area (BA), biomass, stem volume [1]. On the other hand, stem form is another important
38  component for volume estimation [2]. Tree shape varies due to differences in species composition [3]
39 genctic factors [4], climatic factors [5], silvicultural treatments, and forest management practices [6].
40  Information of stem volume is indispensable for forest managers as the basic input for cssential forest
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inventory, helps in decision-making, and supports sustainable planning of timber resources [7].
However, significant limitations on stem volume estimation arc mainly located in the lack of an
accuratc, objective, and cfficient methodological approach. Timber management is directly related to
revenue, intimately tied to the economic evaluation of activities, and requires accurate data on forest
resources [8]. Traditionally, field-based methods of data collection have been employed for
supporting the construction and update of forest inventories but are time-intensive and laborious.

Stem circumference is usually defined by a circle. Clusters of points from 3D point clouds can
be isolated, extracted, and estimated using different types of circle-fitting algorithms. Several
methods existing for the estimation of stem diameter and they can be mainly divided into two major
categories: algebraic and geometric. In the category of gecometric methods, the main representatives
arc Levenberg-Marquardt and Gauss-Newton. Other geometric approaches are using cylindrical
shapes [9] skeletonization [10], polygons [11], and hough transformation [12] to approximate the
diameter of stem sections. As for the algebraic methods we can mention the methods of Kasa [13],
Pratt [14], and Taubin [15]. In general, the algebraic methods are usually faster and non-iterative
compared to the geometric. Pueschel et al. [16] studied several circle fitting methods for showing the
significance of outlier removal before the application of any circle fitting approach. In another study,
Koren et al. [17] used several circle fitting methods from TLS, to compare the accuracies of diameter
at breast height (DBH). Their results showed that among others optimal circle method (based on the
least square algorithm) proved to be the most accurate circle fitting method.

The accuracy of DBH from TLS-based point clouds depending on several factors, among them
is the scanning mode, the number of scans, scanner position, scanner settings (e.g. point density), and
methods of data processing [18,19]. Also, to ensure high-quality TLS data, suitable environmental
and forest conditions are necessary to ensure that stem level characteristics are distinguishable by the
TLS. In the case of multiple scans, point clouds are co-registered and combined with the help of
matching.

Hierarchical cluster analysis (HCA) hierarchically clusters any dataset using an unsupervised
method for nested clustering, as the number of clusters is not established apriori. Unlike factor
analysis, HCA makes no distinction between independent and dependent variables. Moreover, HCA
is the major statistical method for finding homogenous groups based on the measured characteristics
with tremendous capabilitics [20].

The determination of ground surface is a semantic parameter that can significantly affect the
extraction and estimation accuracy of tree height and stem diameter. For example, Maas et al. [21]
used a digital terrain model (DTM), to determine the ground surface points from other points by
using the density allocation along the z-axis. In another study, Corte et al. [22] classified ground and
off-ground points using the filtering technique available in LAStools for generating a DTM with a
resolution of 0.5 for extracting total tree height. Also, the utilization of canopy height models (CHMs)
to identify treetops for the extraction of total tree height has been thoroughly studied [23,24,25,26,27].

Many studies have shown the advantages of TLS in practice, using different scaling approaches
for estimating several stem parameters, such as height [28,29,30], crown width [28], stem diameter
[28,29], and tree species recognition [31]. Other studies have been carried out for deriving plot basal
area [32], crown volume [33,34], leaf area index [35], and biomass [36]. However, TLS studies for
estimation of stem diameter are of great importance in forestry for assessing volumetric dimensions.
Purschel et al. [16] utilized a TLS to estimate the number of structural vegetation parameters, by
assessing the effects of scan mode and circle fitting on the extraction of stem diameter and volume.
Their results showed that stem volumes exhibit a large variability with deviations from the reference

volumes ranging from -34% to 44%. In another study, Astrup et al. [37] explored how volume
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estimates of individual trees from a harvester, standard volume functions, and TLS were performed
compared with standard inventory estimates. They found that individual-tree volumes from TLS can
be estimated with high precision and accuracy; Spearman correlation coefficient was found between
0.77-0.97. In a recent study, Mayamanikandan et al. [38] evaluated tree height and DBH to evaluate
tree volume. Their results showed that TLS based variables, such as DBH (R? = 0.995), height (R2 =
0.998), and volume (R2 = 0.958) are in good accordance with the field measurements.

In this context, the main objectives of this study were (i) to test the performance of TX8 survey-
grade TLS in the construction of detailed 3D point clouds for extracting total tree height and DBH,
using two different height estimation methods in combination with a computationally robust
algebraic circle fitting algorithm through HCA, and (ii) to assess the accuracy of these attributes by
comparing them with the reference measurements for evaluating total stem volume, potentially
allowing advancements in precision forestry.

2. Materials and Methods
2.1. Characterization of the Study Area

The forest operation site is located in the School Forest Enterprise of the Czech University of Life
Sciences (CZU Prague) in Kostelec nad Cernymi lesy about 35 km south-east of Prague, nearby the
village Oplany (Figure 1). The site in question consists of two experimental plots with a size of 25x25
m each. Plot 1 extends geographically from 49°54'45.15"N; 14°52'11.44"E to 49°54'44.98"N;
14°52'12.75"E and plot 2 from 49°54'50.19"N; 14°52'23.61"E to 49°54'50.12"N; 14°52'24.98"E. In terms
of species composition, plot 1 is dominated by European oak (Quercus robur), and plot 2 by Norway
spruce (Picea abies (L.) H. Krast.). The extended area is mainly characterized by even-aged managed
forests of cca 50-60 years. The terrain profile in the area s slightly inclined, with an altitude of cca 420

m a.s.l, mean annual temperature 7.5 °C, and mean annual precipitation 600 mm.

Figure 1. The geographic location of the study plots (plot 1 with red color and plot 2 with blue color). Used
coordinate system WGS 1984 Web Mercator (Auxiliary Sphere).
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2.2. Reference Measurements

Trimble M3 total station (Trimble Inc. Sunnyvale, California USA, 1978) was used to measure the
tree positions and helped to verify the exact locations of the trees from TLS (detected trees). At 100 m
the error range is + 23 mm. In total 27 trees were measured in plot 1 and 48 trees in plot 2.

Total tree heights were determined with a Haglof Laser Geo (distance accuracy 40 mm) while,
DBH was determined using a Haglof DP II (Haglof Sweden AB, Langsele, Sweden, 2002) computer
caliper with millimeter accuracy. Two diameters from perpendicular directions were measured and

the DBH was then determined as the average value of these two measurements.

2.3. TLS Data Collection and Pre-processing

In this study, the laser data were obtained using the Trimble TX8 scanning system (Trimble Inc.
Sunnyvale, California USA, 1978). The necessary technical specifications of the TLS device are shown
in Table 1. The integrated HDR camera offered two different modes for image acquisition a) HDR
and b) standard. In our case, the standard mode was used for the colorization of the point clouds. To
ensure the optical degree of overlapping between the scanning positions, we used the multi-scan
approach with a total of seven scans. The first scan was placed at the center of each plot and the rest
in their periphery. Additionally to the scanning parameters, fixed exposure was disabled, while for
the scan density level the third level was used. Consequently, the duration for cach scan took ~12
min. To calibrate the laser scanner the field instant method was used. Furthermore, to ensure better
performance for the scan registration process, the laser scanner reference sphere set was used. In
parallel with the scans, marked wooden sticks in each station were placed on the ground. That
permitted us to measure the scanning positions using the Trimble M3 total station. The error of the
particular total station was 2 mm in the horizontal distance.

Laser scanning in plot 1 was conducted on June 29, 2019, between 11:00-15:00, and in plot 2 on
26 of August 2019 between 12:00-16:00 local time, while the weather conditions were favorable for
scanning in both cases (no wind). The registration of the point clouds was conducted in RealWorks
software (Trimble Inc. Sunnyvale, California USA, 1978). For optimal accuracy especially in the case
of tree height estimation, the point clouds were sampled at 0.01 m (point density), to ensure cnough
points mainly at the upper portion of the stems closer to the trectops.

Table 1. Main performance indicators of Trimble TX8 terrestrial laser scanning device.

Range Measurement

Maximum Distance Range 120 m on most surfaces

Range Systematic Error <2mm

Laser Wavelength 1.5 um, invisible

Laser Beam Diameter 6-10-34 mm @ 10-30-100 m
Scanning

Scanning Field-of-View 360° x 317°

Scanning Speed 1 million pts/sec

Angular Accuracy 80 prad

2.4. Normalization Height

After the pre-processing phase, the point clouds were extracted and imported in CloudCompare
V.2.10. (Zephyrus, Paris France, 2011) software, where the cloth simulation filter (CSF) algorithm [39]

was applied, to separate and extract the ground from non-ground points. In the general parameter
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setting tab of the surface base filter, the relief terrain option was chosen due to the slightly inclined
plane of the sample plots.

For calibration, cloth resolution was set to 1.1, as for maximum iterations we used the default
option. Finally, for classifying the point-clouds into the ground and off-ground layers, the
classification threshold was sct to 0.1 (the unit was the same as the unit of point clouds). This step
was necessary for the classification of all points, by computing the distances between ground
(reference points) and non-ground points (compared points) and climinating the differences in tree
height caused by differences in elevation. Ground and off-ground points were then extracted as .las
files and imported in ArcGIS desktop V.10.6.1 (ESRI Inc.; Redlands, CA, U.S.A.) to create the digital
surface model (DSM) and DTM (Figure 2) with an accuracy of 0.01x0.01 m cell size. The process of
normalization height was continued using LAStools (rapidlasso GmbH, Gilching, Germany) toolbox
in ArcGIS.

2.5. Tree Height Estimation from Hrro and Hrsp

By overlaying the normalized canopy height models (nCHMs) and the extracted tree stump
positions from the TLS using the centers of stem cross-sections in stump height (30 cm) [40], we were
able to (i) validate tree positions and (ii) extract the total tree heights using the (Feature to Point) tool
in ArcGIS. For extracting the total tree heights we considered a hypothetical vertical column along
the z-axis passing from the centers of cach stem cross-section at stump height up to the trectop, taking
into account only the closest to that central point's values. For simplicity, we referred to this height
as Hrsp

For the second height estimation method, the local maxima algorithm [41] was applied on the
nCHMs as described in [25], for trectop detection and thus the extraction of total tree height, we
referred to this height as Hrip. More specifically, the setting parameters for local maxima were
determined using the morphological filtering tool of focal statistics. During the processing we have
tested several sizes of circular filters, to find out what would be the ideal kernel size for optimal
treetop detection in each plot. What we found was that the ideal kernel size was undeniably 1 m for
plot 1. That value was selected among others because it resulted in at least one treetop per tree,
ensuring (i) the minimum amount of missing trees and (ii) the lowest amount of multi-treetop. On
the contrary, a kernel size of 2 m was applied in plot 2. In this case, the decision for optimal kernel
size was more straightforward, since the application of local maxima on coniferous trees can
successfully detect a single treetop per tree [25]. Thus, in plot 2 only max values were considered in
the estimation from Hrip. However, due to the multi-treetop nature of the broadleaves (plot 1), we
considered not only the max HpppMAX, but the mean values HpppMEAN of identified trectops for
cach tree. We assumed that the mean values of detected trectops will smooth the estimated heights
in plot 1 and decrease the modeling error. To match the pixel values from nCHMs and the focal

statistic result, we used Equation 1.

Con('nCHM' == "focal statistics result’, 1)
(1)

This conditional function (Con) performs an if/else evaluation on each input cell of the input
raster and it returns the binary value 0 for non-data or 1 for data value. Therefore, the return value

was the value when the nCHM value equaled the output of focal statistics. In both cases, (Hrm and
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187  Hrsp) total tree height was estimated based on the nCHMs. The entire process for both extraction
188  height methods was conducted in ArcGIS.

189

190  Figure 2. (a, b) Show the extracted digital terrain models DTMs and (c, d) digital surface models DSMs in both
191 plots respectively using LAStools in ArcGIS.

192 2.6. Estimation of Diameter at Breast Height

193 The normalized points were used as input for the estimation of DBH. A buffer zone was applied
194 to acquire the stem cross-sections between 1.25-1.35 m above ground level, using .Net framework in
195  Visual Studio Enterprise 2015 V.14.0.24720.00 (Microsoft©®, Redmond, Washington United States,
196  1975) (Figure 3). After the selection, points were extracted as .txt files to continue with the processing.

Buffer Zone Points at DEH Buffer Zone Points at DBH
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197
198  Figure 3. Shows the sclection of stem cross-sections at diameter at breast height (DBH) in plot 1 (a) and plot 2
199 (b).
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The next step comprises the estimation of stem radius in the produced stem cross-sections using
the HCA method [42]. This method enables the creation of several clusters (one for each cross-section)
based on the total number of trees presented in cach plot. To do so, we initially had to calculate the

euclidean distances between the x, y points Equation (2) using the pdist function.

dxy) = J&—y1) 2+ (2~ y2)?
(2

where (x, y) are two points with coordinates x = (x;, x;)andy= (y;, y;) in two-dimensional space.

Once the proximity between points has been computed, we were able to determine how the
stem cross-section points should be grouped into agglomerative clusters using the linkage function.
Ward's minimum variance method in linkage function was used to obtain the calculated distances

and link pairs of x,y points into binary clusters Equation (3).

_ 2npng e
d(r,s) = (nrms)Xler X, ®)

where ||||2 is the Euclidean distance, X, and X, are the centroids of clusters (r) and (s) and

n, and n;. refers to the number of elements in clusters (r) and (s).

The cluster function was then used to specify arbitrary clusters to partition data into the desired
number of clusters, based on the total number of trees presented in cach plot. In the following step,
we used the algorithm proposed by Bucher [43]. This algorithm is a modified version of the [13] Circle
Fit method (Equation 4), based on the least-squares fitting of 2D data to a circle. The circfit function
was used to fit a circle to a set of measured points.

[xc,yc, R, a~] = circfit(x,y) 4)

where xc, yc are the returned centers for each stem cross-section (cluster), R is the returned
estimated radius and the fourth parameter a is an optional coefficient, describing the general circle
form Equation (5).

x?+y?+alxx+a2xy+a3=0 (5)

As a final step, the constructed circfit function was iterated to ensure that simultaneously all
stem cross-section points will be fitted, their respective radii will be estimated, and all the extracted
information (number of trees in each plot) will be successfully stored in cell arrays. The entire
processing phase was conducted in Matlab R2017b professional edition (MathWorks®, Inc.,
Massachusetts, United States) using the Statistics and Machine Learning Toolbox™.

2.7. Total Stem Volume Estimation

Equation (6) was used for calculating the total stem volume using DBH, total tree height, and
form factor (F) as predictors, for both measured and estimated values. As an estimated height, the
height from both methods (Hrrp and Hrsp) was considered for the estimation of total stem volume. For
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stem diameter, the radius of each stem converted to diameter, and diameter was then converted to
area using Equation (7).
Voak/spruce = DBHXHXF (6)

where Viai/spruce refers to the total stem volume, DBH is the diameter at breast height, H is the total
tree height and F is the stem form factor.

(DBH)?
Bstem =T X 8 (7)

where gg.m refers to the basal area, m is a mathematical constant, and DBH is the diameter at
breast height. Based on the allometric equations by Petras & Pajtik [44], F = 0.38 for European oak and
F = 0.42 for Norway spruce.

2.8. Accuracy Assessment

Once tree heights and diameters were extracted, the accuracy of the proposed method was then
evaluated. The estimated values were compared with the reference measurements by testing if there
were any statistically significant differences between the estimated heights from Hrro and Hrse. Also,
the same process was followed for the measured versus estimated diameters. In particular, a paired
t-test was performed using box and whisker plots at a 0.05 significance level.

Finally, an analysis of variance (ANOVA) was used to test the degree of variability within the
regression models (measured versus estimated total stem volumes). For evaluating the total stem
volume model's accuracy the following evaluation metrics were used:

S - §)?
Rl =gl = ®
where § is the predicted value of y and y is the average value of y.

(A-RH(n-1)

2 =

R ©

where R? refers to the sample R-square, k is the number of predictors, n is the total sample size.

o
SE=% (10)
where o is the standard deviation and vn is the number of samples.
n i . i

RMSE = JZ,=1(V0I.Estlmatednl Vol.Measured;)? (,”)

where Vol. Estimated; is the predicted volume, Vol. Measured; is the observed volume and n is the
number of observations.

RMSE% = == x 100 (12)

where RMSE is the root mean square error and X is the average value.
Bias= = Ix —% (13)

ias

Biasth = 2= x10 (14)
)
where n is the number of samples, x; the observed value and ¥; is the average of estimated values.

n P—
MAE = H=iltinl (15)
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where p; is the predicted value, x; the observed value and n is the number of observations.

The entire statistical analysis was conducted in MatlabR2017b professional edition (MathWorks®©,
Inc., Massachusetts, United States). An overview of the workflow can be seen in Figure 4.

Plat Fstablishment
Ground Truth Data LS Data
i 1 paint Cloud Registration
Height DBH
Positions | | Measurement | | Measurement 2
: DSM & DTM
Normalization Height
Stem Volume RIS
= valicstion Matching » [ 1dentification of tne Tree Locations

+ ’

Circle Fitting
B R
Miffer Zanaak-Liim glomerative lierarchical Clustering
T

Tree

Accuracy Assessment

Accuracy Assesament

1
Tree Top Detection (Hero) | | Tree Stump Positon (thrse) |
T 4

J Estimation of Total »
Stem Volume

Figure 4. Shows the technical route followed for cstimating total stcm volume.

3. Results and Discussion

3.1. Modeling Tree Height

Total tree height from TLS was validated by comparing it to the reference measurements. After
height was extracted from the two estimated methods, we tested if there were any significant
differences between them. Moreover, in the case of Hrrp for plot 1 we also aimed to examine whether
max or mean values will result in higher accuracy compared to the reference measurements. A paired
t-test was used to determine whether the average difference between the two sets of observations and
for both heights Hrm and Hrsp was zero. In plot 1 and according to Figure 5, there were statistically
significant differences only between the group of measured and estimated height from HyppMAX
and no significant differences between the two other groups (measured versus estimated Hrse and
HyrpMEAN) for tested p-value < 0.05. The average values for measured height were 24.86 m, for
estimated Hrse 24.14 m, for HpppMEAN 25.85 m and for HyppMAX 26.08 m. Also as shown in Figure
5 in plot 2, it was found that in both groups measured versus estimated (Hrsp and HpppMAX) there
were significant differences. The average values were 24.19 m for the measured heights and 25.96 m
for HrrpMAX and 25.11 m for Hrse respectively.

The findings from the cross-comparisons of total tree heights from both estimated methods (Hrm
and Hrse) in both plots overestimated the height comparing to the reference measurements, except
in the case of plot 1 from Hygp, where the results revealed a slight underestimation of height (Figure
5). As shown in Figure 5 in plot 1, the height from HyypMEAN outperformed HpppMAX resulting in
a height difference of 0.99 m compared to 1.22 m, wherecas Hrse showed better performance than
HpppMEAN and HpppMAX with a height difference of 0.72 m in terms of average height. In plot 2,
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height from Hrse presented closer values to the measured, compared to the extracted height from
HpppMAX with a height difference of 0.92 m compared to 1.77 m.

Underestimation of tree height by Hisein plot 1 is due to the stem morphological characteristics
of broadleaves. Overestimation of tree height from both methods in plot 2 is likely caused because
coniferous trees are associated with cylindrical shapes, hence the locations of trectops were perfectly
aligned with the centers of all stem cross-sections in stump height (Figure 6). However, Hrsr in plot 2
underestimated tree height compared to Himo as expected. Except for Hisein plot 1, our result is in
disagreement with the result from [45].

Also, the medium crown closure in both plots allowed to catch higher stem portions in the
majority of trees. In general, the vertical angular step-width of the TX8 laser scanning is relatively
smaller compared to the inexpensive scanners, therefore the point density is higher in the vertical
direction. Overall, except for Hisr in plot 1, our findings are consistent with the results from [46,47].

Paired t-test for Plot 1 (Oaks)

» = a
i
i s
H - L e p——
= E—
z
z i i
g ! a b '
2 |
s 5
= +
a
a
"
Maasumd ot Eslmam NTTOMEAN)  Estmaled HTTOOAAX) Estinated HTSP
Paired t-test for Plot 2 (Spruces)
% a - b -

1
'
— e '
'

Holght [)

Measured et Estmated HTTOMAX) Estmated HTSP

Figure 5. Shows the statistical analysis conducted between measured and estimated heights for plot 1 (a) and
plot 2 (b). The letters (a, b) above and below box plots indicate if there were significant differences between
the groups at a 0.05 significance level.
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Figure 6. Illustrates the degree of stem deflection along height in two different spruce stems using nadir view in
ArcGIS. The deflection is more visible in the case of Hro for the left stem cross-section compared to the right

one, while for Hrsr that difference is negligible in both cases.

Figure 7, shows the produced nCHMs with the locations of tree positions from TLS overlayed
with the positions from the local maxima. In the same figure, we can see the effect of multiple treetop
detection by local maxima (Hrm) in the case of plot 1 compared to plot 2 where a single treetop
corresponded to one tree.

Figure 7. Shows the normalized canopy height models (nCHMs), and the locations of estimated tree heights
from both methods (Hrm and Hrsr) in plot 1 (a) and plot 2 (b). All trees were detected from TLS Hrsp in both
plots.

3.2. Modeling Diameter at Breast Height

Using the circfit algorithm through the application of HCA, well-separated, and compact
clusters were created for all the trees in both plots (Figure 8). The extracted diameters at ~1.3 m above
ground were compared to the measured and a t-test was performed to investigate if there were any
significant differences between the groups.

Also, single slices in Figure 8 show the well-rounded scanned stems, regardless of the tree size.
The statistical evaluation displayed in Figure 9, clearly shows the enhanced detection capability and
high accuracy of the method. Perhaps the reason for the high agreement between measured and
estimated diameters was because point clouds were sampled to 1 cm, the application of multi-scan
approach covered all the trees from several angles together with the small angular step-width in the
horizontal direction of the device.
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Figure 8. Shows the extracted stem cross-sections in plot 1 (a) and plot 2 (b) and the application of the circle
fitting algorithm for the diameter estimation for all stem cross-sections between 1.25-1.35 m height above ground

using hierarchical clustering analysis (HCA). Every cluster is depicted with a different color.

Alike with the height analysis, the statistical comparison between the two groups showed that
there were significant differences (p-value < 0.05). Results revealed that the estimated DBH yielded
estimates which are consistent with the reference measurements (Figure 9). TLS-based estimates of
DBH slightly overestimated measured values [48] in both plots (Figure 9). In plot 1 the average value
for the measured diameters was 329.46 mm whereas for estimated was 339.72 mm. Similarly, in plot
2 the average value for the measured diameters was 257.17 mm whereas for estimated was 262.64
mm respectively.

Furthermore, results showed that the difference between estimated and measured diameters in
plot 1 was 10.26 mm, whereas in plot 2 the difference was 5.47 mm (Figure 9). The difference between
the estimated diameters in both plots was 4.79 mm. Our findings are consistent with the results of
[16,46,49,50,51].

Paired t-test for Plot 1 (Oaks) Paired t-test for Plot 2 (Spruces)
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Figure 9. Statistical comparison between measured and estimated diameters at breast height (DBH) in plot 1 (a)
and plot 2 (b). The letters (a, b) above and below box plots indicate if there were significant differences between

the groups at a 0.05 significance level.

3.2. Modeling Total Stem Volume
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As shown in Table 2 and Figure 10, an identical pattern can be distinguished for both plots
between the estimated and measured total stem volumes (Vol.y > Vol o, > Volyeasurea)- More
specifically, in plot 1 the estimated volume from Hrse outperformed the volume resulted from Hrin,
with a difference of 1.228 m?. Estimated volume from Hro provided pooper yet comparable
performance to the Hysp with a difference of 2.732 m>. Finally, the difference between the estimated
volumes from Hrro and Hrsp was 1.504 m?.

Alike plot 1, plot 2 showed higher differences between measured and the two estimated
volumes derived from Hro and Hrse Although the differences between measured and estimated
volumes were higher for plot 2, the difference between estimated volumes from Hrio and Hise was
0.965 m?. The difference between estimated (from Hypp) and measured volume was 2.971 m?
whereas, between estimated (from Hrpgp) and measured volume the difference was lesser (2.006 m?).

Overall, our results revealed an overestimation of volume compared to the measured values for
both height estimation methods in both plots. Our findings are in line with the results of previous
studies [52,53,54,55].

Table 2. Shows the extracted total stem volumes based on two different height methods as well as the measured
volume.

PlotID Paarictes Estimated Volume Estimated Measured
(Hyrp) * Volume (Hysp) Volume
1 Total Stem 24903 23.399 22171
2 Volume in [m’] 30.261 29.296 27.290
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Figure 10. Graphical relationship between total stem volume from three different methods in plot 1 (a) and plot
2 (b).

Furthermore, the results from ANOVA revealed that there were statistically significant
differences between estimated and measured total stem volumes in both plots for a tested p-value <
0.05. Hence, we conclude that the null hypothesis (Ho) can be rejected in favor of the alternative
hypothesis (Hi) (Tables 3—4). Also, the coefficient of determination showed an identical relation
between measured volume and estimated volume from Hrio and Hise with R2=0.98 in plot 2, whereas
in plot 1 the relation was found poorer with R? =0.89 for Hrioand R? = 0.87 for Hise. As a mecasure of
the standard deviation of the average within the datasets, the standard error was found lesser in plot
2 (0.043) in both height estimation methods. For plot 1 the standard error was higher yet insignificant

145



384
385

386
387

388

389

390
391

392

393
394
395
396
397
398
399
400
401
402
403
404
405

Sensors 2020, 20, x FOR PEER REVIEW 140f19
with 0.134 for Hrio and 0.143 for Hise. Nevertheless, these numbers indicating the small spread of
values in both cases and therefore higher dataset accuracy (Tables 3—4).

Table 3. Analysis of variance (ANOVA) and regression statistics, showing the relation between measured and
estimated volume using as estimated height the height which derived from local maxima (Hyrp).

Plot R Adjusted Standard
ID Square R Square Error == 0 ¥ B
Regression 0.89 0.89 0.134 1 3.67 3.67 203.226 0.00
it Residual - - - 25 045 0.02 - -
Total - - - 26 412 - - -
Regression  0.98 0.98 0.043 1 448 448 2417746 0.00
2 Residual - - - 46 009 0.00 - -
Total = - - 47 4.57 - - -

*$S: sum of squares; MS: the mean squares for each source; F: F-value Prob>F: the returned p-value.

Table 4. Analysis of variance (ANOVA) and regression statistics, showing the relation of measured and
estimated volume, using as estimated height the height which derived from tree stump positions Hrsr.

Plot R Adjusted  Standard
ID Square R Square Error 55T MST ¥ Prob>F*

Regression 0.87 0.87 0.143 1 346 346 169.992 0.00

1 Residual - - - 25 0.51 0.02 - -
Total - - - 26 3.97 - - -
Regression 0.98 0.98 0.046 1 4.32 432 2027.982 0.00

2 Residual - - - 46 0.10 0.00 - -
Total - - - 47 442 - - -

*$S: sum of squarcs; MS: the mean squarcs for cach source; F: F-value Prob>F: the returned p-valuc.

The validation metrics of total stem volume estimation for both plots are demonstrated in Table
5. Spccifically, in plot 1 the volume estimation of Hygp yiclded better performance comparing to the
Hrmo with RMSE = 0.14; RMSE% = 17.51; Bias = -0.338; Bias% = -38.63 and MAE = 0.119. The other
method presented lesser, yet comparable performance with: RMSE = 0.17; RMSE% = 20.01; Bias = -
0.307; Bias% = -32.98 and MAE = 0.132.

Similarly, in plot 2 the volume estimation of Hrse yielded superior performance comparing to
the Hrro with RMSE = 0.06; RMSE% = 10.84; Bias = 0.042; Bias% = 6.85 and MAE = 0.048. The other
method presented lesser, yet comparable performance with: RMSE = 0.08; RMSE% = 13.26; Bias =
0.062; Bias% = 9.82 and MAE = 0.063 (Table 5).

Table 5. Evaluation metrics for total stem volume accuracy.

Plot ID Volume in[m*] ~ RMSE* RMSE%* Bias Bias% MAE*
1 Hrrp 017 20.01 -0.307 -32.98 0.132

Hy 014 17.51 0338  -3863 0119

2 Hrrp 0.08 13.26 0.062 9.82 0.063
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Hrsp 0.06 10.84 0.042 6.85 0.048

*RMSE: root mean square error; *RMSE%: root mean square error percentage: *MAE: mean absolute error.

4. Conclusions

The main merit of this study was to investigate the technical capabilitics of Trimble TX8 laser
scanning system to accurately estimate the total stem volume of single trees. Here, we demonstrated
the use of two different height estimation methods (Hripand Hrse) applied on detailed nCHMs for
extracting total tree height from multi and single treetops using different descriptive statistics.

Since single treetop corresponded to one tree for plot 2, we assumed that for plot 1 mean tree
height would be more meaningful due to the multi-treetop nature of the broadleaf trees. The
comparison between estimated and measured heights revealed that the mean treetop performed
better and as we assumed resulted in higher accuracy. Underestimation of tree height by Hrsein plot
1 caused due to the stem morphological characteristics of broadleaves. On the other hand,
overestimation of tree height in plot 2 is likely caused because coniferous trees are associated with
cylindrical shapes, hence the locations of treetops were perfectly aligned with the centers of all stem
cross-sections in stump height. Also, the presented method in combination with the TX8 TLS proved
to be reliable for tree height estimation up to 30 m. To this contributed the small vertical angular step-
width of the particular laser scanner, where the point density was higher in the vertical direction.

According to the results from circfit and HCA for the extraction of stem diamcter at DBH, well-
separated clusters (Figure 8) were created, revealing the robustness of the proposed method.
Furthermore, the used algorithm for extracting tree DBH minimized the sum of squared radial
deviations producing smaller errors and lower bias. The statistical analysis between extracted and
reference values verifies the accuracy of the model in extracting tree DBH regardless of the tree size.
The differences between measured and estimated diameters were 10.26 mm for plot land 5.47 mm
for plot 2.

As determined by the coefficient of determination, a high agreement has found between
measured and estimated total stem volumes from both height methods (Hrroand Hirsr) in both plots.
Even though better accuracy was found between measured and estimated total stem volume from
Hisr based on RMSE% (Table 5), the differences in volume from the two height estimation methods
in both plots were rather low. Predominantly, for plot 2 the accuracy reached almost 90%.
Conclusively, the proposed method is feasible for semi-automatic stem volumetric modeling of
small-medium scale studies and can be used not only for practical (c.g. expeditious construction of
single-entry volumetric tables) but for scientific purposes too.

Finally, it is worthwhile mentioning that a direct comparison between different studies is a
challenging task since there is high uncertainty in the way field-measurements, as well as the forest
conditions under each study, are carried out. Under these circumstances, how accurate and reliable
are field measurements to be used as reference data?
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Abstract: Close-range photogrammetry (CRP) can be used to provide precise and detailed
three-dimensional data of objects. For several years, CRP has been a subject of research in forestry.
Several studies have focused on tree reconstruction at the forest stand, plot, and tree levels. In our
study, we focused on the reconstruction of trees separately within the forest stand. We investigated
the influence of camera lens, tree species, and height of diameter on the accuracy of the tree perimeter
and diameter estimation. Furthermore, we investigated the variance of the perimeter and diameter
reference measurements. We chose four tree species (Fagus sylvatica L., Quercus petraea (Matt.) Liebl.,
Picea abies (L.) H. Karst. and Abies alba Mill.). The perimeters and diameters were measured at three
height levels (0.8 m, 1.3 m, and 1.8 m) and two types of lenses were used. The data acquisition
followed a circle around the tree at a 3 m radius. The highest accuracy of the perimeter estimation
was achieved when a fisheye lens was used at a height of 1.3 m for Fagus sylvatica (root mean square
error of 0.25 cm). Alternatively, the worst accuracy was achieved when a non-fisheye lens was used at
1.3 m for Quercus petraea (root mean square error of 1.27 cm). The tree species affected the estimation
accuracy for both diameters and perimeters.

Keywords: close-range photogrammetry; trunk perimeter; trunk diameter; point cloud; circle fitting;
convex hull; fisheye lens

1. Introduction

Currently, demands for precise information about individual trees and forest stands are increasing
in forestry [1]. The most important parameter for the estimation of forest information is the trunk
diameter [2]. The diameter is related strongly to other descriptors of tree size such as total height [3] and
crown dimensions [4]. Thus, it is a key predictor to estimate the stem and tree volume [5], biomass [6],
and other information [7]. In addition to the forestry practice, the high demand for precise and complex
three-dimensional (3D) data is evident in multiple research fields; for example, in functional-structural
models [8] where it is crucial to obtain accurate temporal 3D data. Furthermore, the demand for a
high-quality visualization of the forest environment is high.
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Many types of measuring instruments exist that exhibit different properties (e.g., precision,
accuracy, operational simplicity, and cost). The methods used can be divided into two categories:
contact methods (tape, caliper, electronic tree measuring fork) and non-contact methods (optical
calipers, rangefinder dendrometers, optical forks) [9]. The contact methods allow for the highest
accuracy. Owing to time constraints and safety issues, they are limited to measurements of the lower
bole. Meanwhile, non-contact methods are inaccurate or expensive in terms of time and instrument
expense. Hence, alternative methods must be sought [1].

During the last two decades, development methods have rendered 3D point clouds as a useful
data source for tree measurements [2]. The 3D data of trees from the ground may be characterized
by three primary acquisition methods: (1) magnetic motion tracker, (2) terrestrial laser scanner (TLS),
and (3) close-range photogrammetry (CRP) [10]. The magnetic motion tracker allows for the detailed
3D point clouds to be used as a basis for determining the tree diameter. However, this method
is expensive and time-consuming [11]. Terrestrial laser scanning produces extremely high point
densities and fills the gap between tree-scale manual measurements and large-scale airborne laser
scanning measurements by providing a large amount of precise information on various forest structural
parameters [12]. The TLS can provide an estimation accuracy of 1-2 cm when the diameter at breast
height (DBH) and the diameter on stem curve are estimated [13]. The disadvantage of the TLS is its
relatively high cost and lack of personnel training.

CRP is an approach allowing for the automatic reconstruction of 3D models using sets of
overlapping two-dimensional digital images [14]. Terrestrial photogrammetry is a perspective
method to create 3D point clouds, because hand-held cameras are appropriate for end-users
owing to their low-cost, and low-weight sensors that are highly portable and easy to access [15].
Several authors used terrestrial photogrammetry to determine tree parameters [1,2,7,10,15-19].
For example, Liang et al. [15] described a method for terrestrial photogrammetry using a hand-held
consumer camera. Forsman et al. [2] developed a method for terrestrial mapping of a tree structure
using a multi-camera rig. Surovy et al. [10] described the accuracy of point reconstruction on individual
stems using a hand-held camera with stop-and-go. Miller et al. [18] designed and described a method
for individual tree models. Bauwens et al. [7] used terrestrial photogrammetry as a tool for the
non-destructive method of modelling irregularly shaped tropical tree trunks. However, in these
studies, the authors did not focus on trunk perimeter estimation from CRP. The perimeter may be
more accurate for deriving other parameters such as the diameter. Furthermore, the impact of different
types of bark was not investigated. Most of the previous studies focused on trees within a research
plot and created images for the whole research area. Capturing the trees individually within the forest
stand can result in better estimation accuracies.

The aim of this study was to design an appropriate CRP method in order to create 3D point clouds
of individual trees. Furthermore, we estimated the diameter and perimeter of individual trees with
different types of bark, at different heights on the tree stem using a digital single-lens reflex (DSLR)
camera with a non-fisheye lens and a fisheye lens, separately. The research itself is a first step towards
the workflow development that starts from data acquisition to functional-structural forest modelling
and visualization.
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2. Materials and Methods

2.1. Study Site

The research area is located in the central part of Slovakia, which belongs to the Kremnica
Mountains. The forest stands are unique according to the tree species composition, primarily European
beech (Fagus sylvatica L.), sessile oak (Quercus petraea (Matt.) Liebl.), Norway spruce (Picea abies (L.) H.
Karst.), and European silver fir (Abies alba Mill.). These four species differ significantly by bark type.
Therefore, we chose 10 trees from each tree species. However, the light conditions and slope (0%~5%)
were the same for all trees. The age varied from 55 to 80 years. Further, the age was equal, and the
trees were located in the same forest stand within each tree species (Figure 1).
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Figure 1. Overview of the trees’ positions within the forest stands, and their positions within the Slovak
republic are shown below.

2.2. Reference Data Acquisition

Tree diameter measurements were performed using a caliper and measuring tape. The diameter
was measured at three heights: 0.8 m, 1.3 m, and 1.8 m. At each of those height levels, we marked
the trunk on its perimeter with four markings. The diameter was measured with a caliper to be
perpendicular to those markings, as shown in Figure 2. The caliper measurement was performed
four times for every marking. After measuring with the caliper, we also measured the perimeter
by measuring the tape four times starting from each of the markings, and then we calculated the
diameter. Altogether, we measured the diameter 20 times at each of the three height levels on the
trunk, thus 60 times per tree.
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Figure 2. (left) Example of the signs for diameter measurement in the field and (right) diagram of
diameter measurement based on the sign on the bark.

2.3. Image Acquisition

Images of trunks were captured using a DSLR camera, Canon 70D (Canon Inc., Tokyo, Japan),
with a CMOS sensor and 20.2-megapixel resolution. Two different lenses were used. The first was
the Canon EF 35 mm f/2 IS USM (Canon Inc., Tokyo, Japan) with fixed focal length (non-fisheye).
The second lens was the Canon EF 8-15 mm f/4L Fisheye USM (fisheye) (Canon Inc., Tokyo, Japan).
The fisheye lens was fixed to 15 mm.

Before the image acquisition, eight A4 papers formatted with 8-bit markers (two on each paper)
were placed on the ground, and one was mounted on the reference stick. The reference stick was
placed near the trunk (<1 m distance). These markers were used for the scaling and orientation of
the point clouds. Altogether, we used nine such papers. For scaling purposes, only one was required.
We used multiple papers for verifying the accuracy. The accuracy achieved was under 1 mm in almost
all cases. Each tree was captured twice using the non-fisheye lens and subsequently by the fisheye lens.
The distance from the tree was maintained at 3 m. The path was a circle around the tree for both lenses.
The images were captured in the static position of the operator, and the distance between the positions
was approximately 1 m. Two images per position were captured when the non-fisheye lens was used
to include the ground and the highest section (1.8 m). When the fisheye lens was used, only one image
was required to capture the ground and the highest section. The average number of positions was 35.
The average time to collect the images was 4 min for the non-fisheye lens and 2 min for the fisheye lens.

2.4. Data Processing

Images were processed into scaled and oriented point clouds using Agisoft PhotoScan Professional
1.2.6 software (Agisoft LCC, St. Petersburg, Russia). The images were separated into non-fisheye
and fisheye. The images were subsequently split into groups. Each grouping corresponded to one
individual tree. Subsequently, the images were aligned with automatic camera calibration. When the
non-fisheye lens was used, the “frame” camera type was chosen; for the fisheye lens, the “fisheye”
camera type was chosen within the calibration options in Agisoft PhotoScan Professional. For all
trees, reports were generated. In the reports is information about camera calibration, image overlap,
scaling error, etc. Reports are available as Supplementary Materials. An example of the image overlap
and camera locations is shown in Figure 3.
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Figure 3. Camera locations and image overlap from the report generated by Agisoft PhotoScan
Professional. The same tree is shown on both images (Abies alba Mill.).

Thereafter, we used an option where each image was compared to all other images within the
grouping in full resolution with high accuracy, after the alignment markers were detected automatically.
Each A4 paper contained two markers that were used for scaling. First, we paired the markers that
shared the A4 paper and subsequently set a scale (Figure 4). The distance between the centers of the
markers was 14.2 cm. The orientation of the Z axis was set by the markers placed on the reference stick.
Subsequently, we generated the dense point cloud and exported the point cloud to the .txt format for
further processing.

Figure 4. Scaling and orientation process using the coding markers.

First, the trunk cross-sections at 0.8 m, 1.3 m, and 1.8 m on the tree trunk were extracted from
the point clouds. DendroCloud software was used for this task [20,21]. To cut the cross-sections at
different height levels, a digital elevation model (DEM) was generated. We set 0.5 as the grid size
where the minimum Z value was assigned from the point cloud. Based on the DEM cross-section at
1.3 m, it was sliced with a 2 cm thickness. The points within the cross-section were grouped spatially,
and a circle fitting algorithm was used to calculate the initial diameter and position of the tree. We used
the Monte Carlo method with the automatic initial method. More information about the algorithm
is reported in [20]. The normalized DEM was calculated based on the position and diameter, and
multiple cross-sections at the desired heights were generated. Subsequently, the points in each height
were grouped spatially. Each tree contained three grouped cross-sections (0.8 m, 1.3 m, and 1.8 m) for
the non-fisheye lens and fisheye lens. The results were exported to the .csv format and subsequently
imported to ArcGIS for Desktop software 10.2 (Environmental Systems Research Institute (ESRI),
Redlands, CA, USA). Within ArcGIS for Desktop, the convex hull algorithm was applied by the
Minimum Bounding Geometry module. Altogether, 240 perimeters were calculated.
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The calculated perimeter values were exported by the ArcGIS for Desktop software in a *.txt
file, where the name consisted of the following identifiers: tree species with its number, lens type,
and height of the tree referred by the calculated perimeter. The file itself contained the value of
the calculated perimeter. We created a script in the Python programming language, version 2.7
(Python Software Foundation, Beaverton, OR, USA), to perform the automated acquisition of the
above-mentioned parameters from the file name along with the calculated value of the perimeter as a
record for each *.txt file. After processing all files, the script saved the array of records (dataset) into
the database for further analysis.

To compare the diameters measured using the caliper, we used the position of the markers that
were sprayed on the trunks. In Agisoft PhotoScan Professional, these markers were identified as
control points. These markers indicated the position where the diameter was measured. Subsequently,
the points were exported to ArcGIS for Desktop. Together with points from the cross-section,
we measured the diameter in the same position and direction as in the field using the caliper for
each tree and cross-section. The entire workflow is shown in Figure 5.
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Figure 5. Workflow diagram of the point cloud data processing to the resulted perimeters and diameters
of trees.

2.5. Data Evaluation

The estimation error was calculated as the difference between the reference measurement and the
estimation from the point cloud. The root mean square error (RMSE) (1) of the diameter and perimeter
estimation was also calculated. The error and RMSE were calculated for the estimations from the point
clouds generated from both lenses that were used:

RMSE
RMSE% = — SR‘ x 100, 1)

where R; represents the reference diameter or perimeter.

Furthermore, the factorial analysis of variance (ANOVA) was performed to detect the effects
of lens, tree species, and height of measurements (0.8, 1.3, 1.8) on the estimation error. The factorial
ANOVA was used separately for the perimeters and diameters. Additionally, the datasets for the
perimeters and diameters were separated based on the type of lens, and factorial ANOVA was used
again on these datasets.
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3. Results

3.1. Reference Data

The perimeters of the same position on the trunk were measured four times each. We calculated
the variance of these measurements to determine the error originating from the operator. Figure 6
shows the graphs of the variance diameters and perimeters separated by the tree species and height
on the trunk. Fagus sylvatica exhibited the lowest variance with no significant changes between the
heights. Quercus petraea and Picea abies exhibited the highest variances. In most cases, we observed that
the variance for a height of 1.3 m was the lowest within the same tree species and type of measurement

(tape and caliper).
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Figure 6. Variances of measured reference data separated by tree species. Perimeter is shown on the
left and diameter on the right (cm) (Aa: Abies alba Mill.; Fs: Fagus sylvatica L.; Qp: Quercus petraea (Matt.)
Liebl.; Pa: Picea abies (L.) H. Karst.).

3.2. Perimeter

The RMSE of the perimeter estimation for all tree species when the non-fisheye lens was used
varied from 0.27 cm to 1.27 cm. When the fisheye lens was used, the RMSE varied from 0.25 cm to

1.21 cm (Table 1).

Table 1. RMSE (root mean square error) of perimeter estimation (cm) (Aa: Abies alba Mill.;
Fs: Fagus sylvatica L.; Qp: Quercus petraea (Matt.) Liebl.; Pa: Picea abies (L.) H. Karst.).

Non-Fisheye Fisheye
80 130 180 Al 80 130 180 Al
Aa 057 027 048 046 056 031 042 044
Fs 086 075 076 079 039 025 057 042
Qp 091 127 077 100 098 121 106 1.08
Pa 103 117 110 110 055 075 076 0.69

The RMSE% varied from 0.21% to 0.99%. Thus, all RMSE% were under 1% (Table 2).
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Table 2. RMSE% of perimeter estimation (Aa: Abies alba; Fs: Fagus sylvatica; Qp: Quercus petraea;
Pa: Picea abies).

Non-Fisheye Fisheye
80 130 180 All 80 130 180 Al
Aa 042 021 039 036 042 024 035 035
Fs 099 090 094 095 045 030 071 051

Qp 059 088 055 069 063 08 076 074
Pa 059 074 072 068 031 047 050 043

3.3. Diameter

The RMSE of the diameter estimation for all tree species when the non-fisheye lens was used
varied from 0.423 cm to 0.71 cm. When the fisheye lens was used, the RMSE varied from 0.386 cm to
0.596 cm (Table 3).

Table 3. RMSE of diameter estimation (cm) (Aa: Abies alba; Fs: Fagus sylvatica; Qp: Quercus petraea;
Pa: Picea abies).

Non-Fisheye Fisheye
8 130 180 Al 80 130 180 Al
Aa 049 043 043 045 050 049 051 050
Fs 051 048 043 047 038 039 043 040

Qp 045 040 041 042 052 053 038 048
Pa 067 049 046 055 050 045 054 050

The RMSE% varied from 0.90% to 1.85%. All RMSE% were under 2% (Table 4).

Table 4. RMSE% of diameter estimation (Aa: Abies alba; Fs: Fagus sylvatica; Qp: Quercus petraea;
Pa: Picea abies).

Non-Fisheye Fisheye
80 130 180 Al 80 130 180 Al
Aa 117 110 113 114 119 124 133 125
Fs 185 183 170 180 139 151 167 152

Qp 092 09 094 092 1.08 118 0.88 1.06
Pa 121 098 09 1.07 092 090 113 098

3.4. Impact of Factors

The factorial ANOVA was used to identify if the tree species, height of measurement, and lens
affected the errors of estimation significantly for both types of measurements (perimeter and diameter).

Within almost all cases, the tree species was the only factor that affected the estimated error
significantly. The p-value ranged from 3.3 x 1071 to 0.015. Furthermore, in terms of the diameter,
the height of the measurement and the lens affected the estimated diameters significantly (p = 0.037
and p = 0.021). The influence of tree species on the errors is illustrated in Figure 7.
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Aa —Fs Qp —--Pa

Figure 7. Tree species average error (cm) comparison of (first row) estimated perimeter and (second row)
diameter using (first column) non-fisheye and (second column fisheye lens) (Aa: Abies alba Mill.;
Fs: Fagus sylvatica 1.; Qp: Quercus petraea (Matt.) Liebl.; Pa: Picea abies (L.) H. Karst.).

4. Discussion

Research on the application of photogrammetry (both terrestrial and airborne) in forestry
has increased after the invention of the structure-from-motion (SfM) and multi-view stereo (MVS)
techniques, which are closely related to computer vision and learning [14,18]. Forests are measured
photogrammetrically at the stand [1], plot [15,17], and tree levels [10,18]. Our study provides the
results of the 3D capture and reconstruction of individual trees that can potentially be applied towards
quality and quantity estimations [22], the creation of high-precision tree models for growth models and
simulations [23], etc. In addition to SfM and MVS, other photographic methods have been reported to
be applicable in the evaluation of spatial relations in forests. For example, Dick et al. [24] used 360°
panoramic images to measure forest stands using a relation between a known focal length and partially
measured field data. Hapca et al. [25] used two converging digital images to reconstruct standing trees
up to a height of 12 m.

The accuracy of the photogrammetric 3D reconstruction of trees has already been studied
widely, where the DBH is the most frequently estimated parameter. For the DBH of 20 specimens
of Cryptomeria japonica, Surovy et al. [10] reported an RMSE of 0.59 cm with an SD of 0.72 c¢m,
thus achieving sub-centimeter accuracy as reported in the current study. According to ANOVA, the tree
species affected the accuracy significantly; however, these differences were only in the millimeter scale.
Liang et al. [15] reported a DBH RMSE of 2.39 cm; however, the data acquisition was plotted based on
a 30 m x 30 m rectangular plot. In another study [26], an average DBH error of 1.15 cm was reported
for 500 m? circular plots.

For a fisheye camera, Berveglieri et al. [16] reported an average DBH error of 1.46 cm with
a standard deviation of 1.09 cm for a small forest plot consisting of seven trees. They considered
these results comparable with manual measurements and values generated from laser scanning.
Rodriguez-Garcia et al. [27] studied an application of stereoscopic hemispherical fisheye images
and achieved a DBH RMSE of 1.51 cm. Fisheye lenses allow for the coverage of a large area,
thereby requiring a lesser number of images. However, their imaging geometry causes large variations
in scale, and must be addressed using proper calibration. Some authors [28-30] described this
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calibration process. For example, Berveglieri et al. [16] calibrated a fisheye camera in a terrestrial
calibration field composed of coded targets. Our results indicate that, currently, even the “on-the-job”
calibration in specialized software can provide results comparable with non-wide-angle cameras.
Furthermore, the reprojection errors (Supplementary Materials) ranged from 0.70 pix. to 0.95 pix.
for non-fisheye lens and from 0.42 pix. to 0.57 pix. for fisheye lens (Table 5). “Reprojection error is
the distance between the point on the image where a reconstructed 3D point can be projected and
the original projection of that 3D point detected on the photo and used as a basis for the 3D point
reconstruction procedure” [31]. Reprojection errors of fisheye lens are lower for each tree species.
Reader should consider that the impact of the automatic camera calibration was not investigated.

Table 5. The average of reprojection error of both lenses that were used divided by tree species.

Abies Alba Fagus Sylvatica Quercus Petraea Picea Abies

Non-FisheyeFisheye =~ Non-FisheyeFisheye = Non-FisheyeFisheye = Non-FisheyeFisheye

Reprojection

2 0.90 057 0.75 052 0.70 042 0.76 0.44
error (pixel)

In the present study, diameters and perimeters were tested at three heights up to 1.8 m. However,
measurements of longer sections of the stem are often required. Bauwens et al. [7] conducted a research
where tropical, irregularly shaped trees with massive buttresses were reconstructed up to 12 m in
height with an RMSE under 5%. In terms of error variability with increasing height, Surovy et al. [10]
observed an increased variability in reconstruction errors only on the lowest part of the stem, 10 cm
above ground. This likely demonstrates an advantage of the current CRP methods, as a higher error
with increasing height was reported for older photogrammetric methods [25].

Laser scanning methods might still be more precise and less laborious, but the high price of the
devices is restrictive with respect to a wider application [10]. In addition, if only basic parameters
(e.g., tree position and DBH) are required, these can be measured quickly using simple equipment
(compass, rangefinder, caliper). The applicability of “classical” methods is also confirmed in our study
where references for both perimeters and diameters were measured with a variability of less than
one centimeter. The advantage of point cloud applications is related to the estimation of advanced
attributes such as the stem curve and stem quality [15].

As suggested by the afore-mentioned studies, the accuracy of the current CRP methods is high, and
fully applicable for the most typical tasks related to the trees” dimensions. Although the computational
power of the current computers is extremely high, photogrammetrical processing can be highly
time-consuming, as it can potentially continue for days. A photogrammetric assessment of the
inevitable data required could be crucial for the optimization of the whole process. Miller et al. [18]
measured small trees using 150-180 photos per tree. Surovy et al. [10] reported a crucial shift in accuracy
for five to eight cameras simultaneously based on the same point. With more than eight cameras,
the accuracy did not increase. To reconstruct the stem, 40 photos were captured. This corresponds with
our study, where 40 images captured by the fisheye lens were used. The number of necessary images
captured using the standard lens was approximately two times higher. The distance between the
operator and the tree must also be considered. Bauwens et al. [7] processed the photographs of large
tropical trees captured with the focal length of 25 mm; however, the processing of images captured
with focal lengths of 35 mm and 50 mm failed. This was likely caused by the small distance between
the operator and the tree that led to images with almost the same area and texture as those of the tree.
The distance could also be crucial for accuracy. James and Robson [14] suggested a ratio of 1:1000 for
the accuracy and distance; however, further testing is required. In our case, the DBH RMSEs ranged
from ~4 to ~7 mm at a distance of 3 m. The accuracy could have been influenced by the artificial signs
on and around the stems, which could facilitate photo alignment.
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5. Conclusions

CRP is suitable for generating 3D point clouds of individual trees with a high accuracy of diameter
and perimeter estimations of the tree trunk. We obtained the RMSE of perimeter estimation between
0.27 cm and 1.28 cm. Regarding the diameter, the RMSE varied from 0.39 cm to 0.71 ecm. Surprisingly,
the camera lens type (non-fisheye vs. fisheye) did not affect the estimation accuracy of the tree trunk
perimeter significantly. Meanwhile, the tree species affected the accuracy significantly with regard to
the perimeter and diameter estimations. The estimation accuracy of the perimeter and diameter of the
trees was highly promising for the monitoring of annual tree trunk increment. Further research will
focus on the tree trunk annual increment estimation by CRP, regardless of whether the technique is
suitable. The increment in the stem curve should also be investigated.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4907/9/11/696/
sl, reports.
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ABSTRACT:

The forest inventory is an important instrument for ble forest Canopy Height Model (CHM) and Digital Surface
Model (DSM) created from high 1 UAV ( d aerial vehicle) imagery provide possibility to determine tree crown
diameters for the whole stand at fast. The goal of this paper is to identify the influence of tree species on the accuracy of estimation of
crown diameter from high-resolution UAV imagery. In Plot 1 with coniferous tree species we identified 21 trees from total of 22 trees
that leads to a detection rate of 95%. In Plot 1 with deciduous trees species we identified 24 trees from total 34 trees that leads to a
detection rate of 71%. The RMSE errors calculated between the reference crown diameters and estimated crown diameters by IWS on
Plot land Plot 2 were calculated as 0.80 m (RMSE% = 21.85) and 1.89 m (RMSE% = 21.54), respectively. The results didn’t show the
significant influence of tree species on the accuracy of estimation of crown diameter from high-resolution UAV imagery. However,
result showed the significant influence of tree species on the detection number trees on the plot. The detection of number trees on the
plot by method Inverese Watersed Segmentation in software ArcGis is higher for coniferous tree species. It is mainly due to the

overlapping crowns.

1. INTRODUCTION

The forest inventory is an important instrument for sustainable
forest management. The purpose of forest inventories is (o
cstimate means and totals for measurcs of forest characteristic
over a defined area. Such characteristic include the volume of the
growing stock. the area of certain type of forest and nowadays
also measures concerned with forest biodiversity. ¢.g. the volume
of dead wood or vegelation (Kangas and Maltamo, 2006). The
data acquisition during forest inventory is time- and cost-
demanding. Unmanned acrial vehicle (UAV) in combination
with digital photogrammetry provides possibilitics for effective
data acquisition.

Several studies have focused on usage of UAVs and digital
photogrammetry for forest inventory. Fritz et al.. (2013) used
UAV imagery to automatically detect and reconstruct individual
trees. Study Lisein et al. (2013) aimed at determining how
dominant height at stand level and individual tree height of an
uneven-aged broad- leaved forest dominated. Puliti et al. (2015)
used three-di al (3D) variables derived from UAV
imagery in combination with ground reference data to fit linear
models for Lorey’s mean height. dominant height. stem number,
basal area, and stem volume. Other studies have dealt with tree
species classification. For example, study Michez et al. (2016)
proposed a methodological framework to classification of
riparian forest species and health condition using multi-temporal
and hyperspatial imagery from UAV. Study Cao et al. (2018)
investigated the capability of UAV hyperspectral images for
distinguishing and mapping grove species using object-

based approaches. Another study demonstrated how UAV

*  Corresponding author

images can be used for quantifying spatial gap patterns in forest
related to the spatio-temporal dynamics of forests.

Crown diameter is one of tree characteristic that are collected
during forest inventory. It is significantly important because it
strongly correlates with other tree dimensions used to estimate
the volume of the growing stock. Currently. crown diameter of
each single individual tree in forest stand is measured separately
by terrestrial methods. Canopy Height Model (CHM) and Digital
Surface Model (DSM) created from high-resolution UAV
imagery provide possibility to determine tree crown diameters for
the whole stand at fast. Scveral studics used UAV
phe y Lo d tree crown di They used
for example object-based image analysis technique (OBIA)
(Guerra-Hernandez ct al., 2016; Johansen et al., 2018:; Torres-
Sanchez et al. 2015) or algorithm Inverse Watershed
Segmentation (IWS) (Panagiotidis et al.. 2017). The technique
OBIA is based on merging similar pixels to homogencous
segments. Individual pixcls are merging with neighbouring oncs
based on by the following parameters: shape. scale, compactness
and colour scale (Gonzilez-Ferreiro et al.. 2013). The algorithm
IWS is based on inverting the CHM so the model is turned upside
down the peaks become depressions. When the raster surface is
configured as a depression model, watershed segmentation can
then be performed to delincate basins (Edson and Wing. 2011).
The technique OBIA were applicated in software ¢Cognition,
while the algorithm IWS were applicated in software ArcGIS.

For UAV imagery acquisition authors of studies used lixed-wing
UAVs (Guerra-Hernandez et al., 2016: Shin et al., 2018) or
rotary-wing UAVs (Patrick and Li, 2017: Yilmaz ct al.. 2017:
Panagiotidis et al., 2017: Torres-Sanchez et al.. 2015). UAV
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imagery were made by RGB camera (Diaz-Varela et al., 2015
Guerra-Hernandez et al., 2016; Panagiotidis et al.. 2017 Patrick
and Li. 2017) or multispectral camera (Johansen et al.. 2018;
Torres-Sanchez et al., 2015; Shin et al., 2018). UAV imagery
were post-processed mainly in the Pix4D software (Diaz-Varela
etal., 2015: Guerra-Hernandez et al., 2016; Johansen et al., 2018
Shin et al.., 2018) or Agisoft Photoscan (Panagiotidis et al., 2017:
Patrick and Li. 2017: Torres-Sanchez et al.. 2015; Yilmaz et al..
2017).

They focused on various segmentation (echniques or on
discontinuous and continuous canopy cropping systems.
However. to our best knowledge the studics did not focus on
comparison of the diameter accuracy among various tree species
and most of the studies used rotary-wing types of UAV. Which
serve great detail and accuracy. On the other hand, rotary-wing
UAVs need more time (o cover larger areas with comparison to
fixed wing UAV.

The goal of this paper is to assess the accuracy of crown diameter
estimation and to identify the influence of tree species on the
accuracy of estimation of crown diameter from high-resolution
UAYV imagery using fixed wing eBee Plus RTK/PPK.

2. MATERIAL AND METHODS
2.1 Study plots

For purposes of the study, two research plots were established
(Figure 1). They were located near Zvolen, Slovakia (48°37°41"
N. 19°02°19" E). The distance between the plots was
approximately 600 m. Both plots were covered with forest stand
with 0.9 stocking. Plot 1 had 22 trees with predominant
Europeansilver fir (Abies alba Mill.) Plot 2 had 34 trees with
mainly sessile oak (Quercus petraea (Matt.) Liebl.) and European
beech (Fagus sylvatica L.). Both plots had circular shape with the
arca of 500 square meters.
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Figure 1. Location of research plots. The left is Plot1 and the right is Plot 2

2.2 Ficld mcasurements

The positions and crown projections of all trees on both plots
were measured by FieldMap technology. consisting of digital
compass. laser rangefinder and terrain computer. The positions
were measured using the azimuth—distance approach from the
plot centre. The crown projections were measured by 4 border
points of the crown's outline in east-west and north-south
directions. The field measurements for both plots were collected
in the same month as the aerial images acquisition was
performed.

2.3 Acrial images acquisition
For imagery acquisition was used the UAV e¢Bee Plus RTK/PPK

(Figure 2) during the leaf-on conditions on both plots. This fixed-
wing UAV has wingspan of 110 cm. weights 1.1 kg, and can

launch from hand. The camera. used for data acquisition. was
SenseFly S.0.D.A. RGB, with an 18 MP resolution (5272 x 3648
pixels).

Figure 2. UAV eBee Plus RTK/PPK
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It was used a 1-inch RGB sensor and fixed focal length 10.6 mm.
GNSS receiver used in the UAV configuration was the Septentrio
AsteRx-m UAS. The flights were planned and processed in the
cMotion 3 software. Planed image overlaps were 90x60%, GSD
between one and two centimetres. This resulted into the flight
height of approximately 70 m AGL. Each of the flight lasted
approximately 13 minutes at a flight speed of 10m /.

2.4 Processing of photogrammetric data

The UAV images were reconstructed by algorithm Structure
from Motion and Multiview Stereopsis technique in the Agisoft
Photoscan 1.4 software (Agisoft LCC, St. Petersburg, Russia).
The standardly used workflow was applied. All images were
geotagged using positions from postprocessed GNSS solution.
Images were then aligned with Accuracy set to High and Pair
Preselection set 1o Refk e. Following steps included
generation of dense clouds with Quality set to High and Depth
filtering set to Mild. Finally. Digital surface model (DSM) and
orthophotomosaic of both research plots were created from dense
point cloud (Figure 3).

Figure 3. Inputs of software Agisoft Photoscan — DSM and
ortophotomosaic from Plot 1

2.5 Estimation of Canopy Parameters

Individual tree crowns were delineated with using of Inverse
Watershed Segmentation method in the environment of ArcGIS
Desktop 1.4 software (ESRI). This methodology was proposed
by Panagiotidis et al. (2017). As the input data were used DSM
and orthophotomosaic. The tools Flow Direction and Basin was
using on the inverse DSM. The original DSM were relocated to
the Boolean raster and were multiplied by the result of the Basin
tool by class 1 (including trees from the lowest to the highest tree)
to remove large gaps between tree crowns. In other step. the
raster displaying the edges of crowns was converted (o polygons
by the tool Raster to Polygon. However, a several small numbers
ol polygons belonged o one crown. so il was necessary (o
eliminate their number by several times using the Eliminate tool
to correspond with the underlying orthophotomosaic (Figure 4).
In the next step. crown polygons were converted to lines and lines
were converled to points with using of tool Feature to Point.
Finally, the distances points lying on the edge lines of tree crowns
and centres of crowns were calculated with using of the tool
Distance to points (Panagiotidis et al., 2017). The results of this
workflow were average crown diameters of single individual
trees on both research plots.

UAV images aquision

Generation DSM and Ortophoto » BPOIean S
Pixel value; 0.1
Inverze DSM

Hydrological drainage basin

Convert segmentation into polygon

Elimination of small areas

Crown detection

Identiifing a
erasing gap
areas in basin

Figure 4. Scheme of crown detection
(Panagiotidis ct al., 2017) — edited

3. RESULTS

We compared d crown di with ref¢ e Crowns
di that were obtained by terrestrial measurements. We
calculated differences and Root Mean Square Error (RMSE). In
Plot 1 with coniferous tree species we identified 21 trees from
total of 22 trees that leads to a detection rate of 95% (Figure 5).
InPlot | with deciduous trees species we identified 24 trees from
total 34 trees that leads to a detection rate of 71%. The RMSE
crrors calculated between the reference crown diameters and
estimated crown diameters by IWS on Plot land Plot 2 were
calculated as 0.80 m (RMSE% = 21.85) and 1.89 m (RMSE% =
21.54). respectively (Table 1).

L Rt

Figure 5. Polygon of tree crowns (Plot1)
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Number of :
fsl"‘cics) detected / E:;ecm“ %SE RMSE%
e total trees
Plot 1 .
D) 21/22 95% 0.80 21.85
Plot 2 o &
(DB) 24/34 1% 1.89 21,54

Table 1. Statistics of the measured and estimated crown
diameters

4. DISCUSSION

Our study focused on estimation of crown diameter by fixed-
wing UAV in forest stands with dense canopy. There are some
previous studies used the same type UAV on estimation of the
crown. Study Shin et al. (2018) dealt with Ponderosa Pine Stand
and achicved RMSE 0.88 m for crown diameter. We achieved
similar accuracy (RMSE 0.80 m) on Plot 1 with conifer tree
species and with only partially overlapped crowns. Other study
Guerra-Hernandez et al. (2016) used fixed wing UAV eBee to
estimale tree variables and achieved RMSE 0.66 m (rRMSE
6.14%). It is important to note that object of this study was Pinus
pinea plantation on flat terrain with sparsely distributed trees.

Other studies were focused on estimation of crown diameter used
rotary-wings UAV (Johansen et al., 2018; Patrick and Li. 2017;
Panagiotidis et al., 2017: Yilmaz et al., 2017). Study Johansen ct
al., (2018) were focused on to establish the response of pruning
in an orchard of lychee trees and used 3DR Solo cadrocopter and
a Parrot Sequoia multi-spectral sensor. For crown diameter they
achieved RMSE 0.26 m. Study Patrick and Li et al. (2017)
researched the possibilities and accuracy of the low-cost
unmanned aerial vehicle DJI Phantom 3 to determine the
morphological characteristics of blueberries with discontinuous
canopy. For crown diameter they achieved RMSE 5.57 cm. Study
Panagiotidis et al. (2017) used DJI S800 UAV platform and
achieved RMSE 0.82 mand 1.04 m rRMSE 14.29% and 18.56%.
Study Yilmazet al., (2017) used DJI Phantom 3 and were focused
on comparation two various segmentation techniques Both the
MR and RG segmentation algorithms detected 57 of them
correctly. which leads to a detection accuracy of 90% for both
algorithms. The RMS errors calculated between the reference
crown diameters and MR and RG segmentation-derived crown
diameters were calculated as 1.59m and 1.76m., respectively.

Advantage of fixed-wing type of UAV compared to the rotary-
wing type is higher range. Disadvantage is impossibility (o create
enough quality DTM from the point cloud obtained from UAV
images to cstimate trec heights in forest stands with dense
canopy. The solution is a combination UAV photogrammetry
with airborne laser scanning (Jensen et al.. 2016: Goldbergs et
al., 2018). Aerial laser scanning provides data with high accuracy
and quality. However. the data is poorly detailed and costly to
collect. Therefore, aerial laser scanning is not suitable for
detailed and regular monitoring in a short time period. On the
other hand, UAS provides low cost. high spatial and temporal
resolution data (Goodbody et al., 2017). Other alternative is
usage of UAV-LIDAR (Sankey at al., 2017; Wallace etal.. 2016).

5. CONCLUSION

The results did not show the significant influence of tree species
on the accuracy of estimation of crown diameter from high-
resolution UAV imagerv. However, results showed the
significant influence of tree species on the detection number trees
on the plot. The detection of number trees on the plot by method
Inverese Watersed Segmentation in software Arcgis is higher for

coniferous tree species. It is mainly due to the overlapping
crowns.

In further rescarch we will validate our results on the other plots
with various tree species. Further. we will focus o identify the
influence of vegetation season and impact of flight altitude on the
estimation accuracy of crown diameter from high-resolution
UAYV imagery.
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