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Anotace

Disertacni prace zkoumd moznosti vyuziti obrazovych dat, ziskanych prostfednictvim
malého dostupného bezpilotntho  prosttedku, pro odvozeni zdkladnich
dendrometrickych informaci o lese s potencidlem vyuziti v rdmci hospodarské upravy
lesa.

Zejména cili na ovéfeni vlivu riznych vnéjsSich podminek béhem poftizeni obrazovych
dat na jejich kvalitu, stejné jako na kvalitu produkta vzeslych z téchto dat, konkrétné
fotogrammetrickych mracen a také na kvalitu dendrometrickych udajii odvozenych
z téchto mracen.

Skutecné prostorové rozliSeni digitalnich snimkt zjisténé pomoci kalibracniho cile
Siemens star dosahovalo v priméru 2,2nasobek teoretického prostorového rozliSeni.
Skutecné prostorové rozliSeni bylo vyznamné ovlivnéno letovou vyskou bezpilotniho
prostredku, stejné jako svételnymi podminkami a rychlosti letu.

Z obrazovych dat, pofizenych prostfednictvim bezpilotniho prostifedku za
proménlivych vnéjSich podminek, byla pomoci postupu Structure from Motion
rekonstruovana fotogrammetrickd bodova mra¢na (DAP). Jejich prostorova presnost
byla porovndna sreferencnim bodovym mracénem ziskanym pomoci leteckého
laserového skenovani (ULS). Priimérna vzdalenost bodt od referenéniho mracna
nabyvala hodnoty 0,3 m. Rostouci vyska letu méla negativni vliv na hustotu bodt i
prostorovou presnost odvozeného DAP mracna, nicméné i DAP mracna z nejvyssi
letové hladiny 150 m dosahovala stale pfijatelné odchylky 0,64 m od referenéniho ULS
mracna.

DAP mracéna byla rekonstruovana pomoci dvou rozdilnych programt. Komercni
Metashape vytvarel v zdkladnim nastaveni mracna s vyssi hustotou bodi nez open-
source varianta WebODM. Naopak mracna vznikla ve WebODM vykazovala lepsi
prostorovou presnost. Vliv odliSnych svételnych podminek, ani rychlosti letu na
prostorovou presnost bodového mrac¢na se nepotvrdil jako vyznamny.

Pro stanoveni Sifky plovouciho okna procedury Local Maximum Filter, slouzici
k identifikaci jednotlivych stromti v ramci bodového mracna, byl na zakladé dat
Nérodni inventarizace lesti pfipraven linedrni model se smiSenymi efekty odvozujici
sifku koruny na zakladé vysky stromu. Tento model byl kalibrovan pro vyzkumnou
lokalitu na zakladé rtiznych po¢tii kalibra¢nich vzorkt. Jako nejoptimalnéjsi se potvrdil
model kalibrovany pomoci 5 vzorki.

LMF metodou odhadované pocty stromti jak v rdmci referencniho ULS tak v rdmci DAP
bodovych mracden byly v porovnani s pozemnim meéfenim nizsi. Primeérna relativni
chyba dosahovala hodnoty -0,23 u ULS mracna a -0,46 u DAP mracen. Tato chyba se
vyznamné lisila podle vysky porostu. Nejhorsi vysledky byly jak u ULS, tak u DAP
mracen ve vySkové kategorii 5-10 m, nejlepsi naopak u kategorie 20-30 m.

Kliéova slova

UAYV, Structure from Motion, lokalni kalibrace smiSeného modelu sitky koruny, ITD,

LMF, dendrometrie, prostorové rozliSeni, Siemens star, GRD, WebODM,



Annotation

This thesis investigates the possibilities of using image data obtained by a small
unmanned aerial vehicle to derive basic dendrometric information about the forest that
can be used for forest management.

In particular, the influence of different external conditions during the acquisition of the
image data on their quality as well as on the quality of the products derived from these
data, namely photogrammetric clouds and last but not least the quality of the
dendrometric data derived from these clouds, was verified.

The Siemens star calibration target was successfully used to verify the actual spatial
resolution of the digital images. The actual spatial resolution was on average 2.2 times
the theoretical spatial resolution. The actual spatial resolution was significantly affected
by the flight altitude of the drone as well as the lighting conditions and the flight speed.

Photogrammetric (DAP) point clouds were reconstructed from image data acquired by
an unmanned vehicle under variable external conditions using the Structure from
Motion method. Their spatial accuracy was compared with a reference point cloud
obtained by unmanned aerial laser scanning (ULS). The average distance of the points
from the reference cloud was 0.3 m. Increasing flight altitude negatively affected the
point density and spatial accuracy of the derived DAP cloud, but even DAP clouds from
the highest flight altitude of 150 m still achieved an acceptable deviation of 0.64 m from
the ULS reference cloud.

DAP clouds were reconstructed with two different programs commercial Metashape in
the basic settings produced clouds with a higher point density than the open-source
variant WebODM. On the contrary, the clouds formed in WebODM showed better
spatial accuracy.

The influence of different illumination conditions and flight speed on the spatial
accuracy of the point cloud was not confirmed to be significant.

To determine the width of the floating window of the Local Maximum Filter procedure
used to identify individual trees within the point cloud, a linear mixed effects model
based on National Forest Inventory data was created that derived canopy width from
tree height. This model was calibrated for the research site using a different number of
calibration samples.

The model calibrated with 5 samples was found to be the most optimal.

The number of trees estimated by the LMF method was lower than the ground
measurements in both the reference ULS and the point clouds from DAP. The average
relative error of tree count was -0.23 for ULS clouds and -0.46 for DAP clouds. This error
varied considerably depending on the height of the trees. The worst results for both ULS
and DAP were obtained in the 5-10m height category, and the best in the 20-30m
category.
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1 Uvod

Snaha sledovat a hodnotit stav lesi izce souvisi zejména sjejich vyuzivanim.
Nicméné prvni zminky o zalesnéni naSich zemi souvisely spiSe s prostupnosti
krajiny a lze je najit jiz u feckého geografa Ptolemaia (z2. pol. 2. stol. n. L).
Intenzivnéjsi vyuzivani lesti souvisi nejprve s kolonizaci lesni pidy zapocaté u nas
ve druhé poloviné 12. stoleti zejména klastery. V pozdéjsi dobé (14. stoleti) pak
zvysend spotfeba dfivi vyvoldvala postupné potfebu omezit exploataci a zacit lesy
chranit a odpovédnéji obhospodafovat. Prikladem je v této souvislosti navrh
zdkoniku Maiestas Carolina pfipravovany Karlem IV, ktery obsahoval pfisna
opatfeni na ochranu lesti. Nejstarsim lesnim fadem vydanym u nas je pak Chebsky
lesni fad z roku 1379. V souvislosti s vlastnictvim lesti a také zvysenym zdjmem o
dfivi vznikala potfeba lesy ohranicovat a popisovat, diky ¢emuz lze dohledat
informace k vybranym majetktim jiz od 12. stoleti (Nozicka 1957). Tyto informace,
v pocatcich omezené nejcastéji pouze na vymeéru, doprovazenou jednoduchymi
informacemi o jakosti dfivi z hlediska jejich vyuziti. Snahy o dosaZeni trvalé
produkce drivi vyustili postupem casu ve formulaci principti trvale udrzitelného
obhospodarovani lesti, snimiz tzce souvisi potfeba dostatetné podrobnych
informaci o lesnich zdrojich primarné pro jejich vlastniky, ale i pro stat, z jehoz

strany v priibéhu historie postupné nartistala regulace lesniho hospodafstvi.

Vyznamnym impulzem pro dalsi zpfesfiovani a ovérovani informaci (nejen) o lesich
napric vlastnickymi poméry byly mimo jiné i danové potfeby statu, které vedly ke
vzniku katastru nemovitosti. Ten byl také v pocatcich zdkladnim zdrojem informaci
o lesich na turovni celého statu, rozsifovanym ad-hoc doplhnovanim dalSich
podrobnosti o stavu lesti pro ticely dohledu statu. Prvni statistické Setfeni stavu lestt
v samostatné Ceskoslovenské republice bylo provedeno jiz v roce 1920 a poskytuje

pomérné detailni informaci o nasich lesich v té dobé (Nozicka 1957).

V souvislosti s vyznamnym navysSenim podilu lesti vlastnénych statem v priabéhu
20. stoleti narostla postupné plocha lesa popsaného v rdmci jednotné zpracovaného
lesniho hospodarského planu (LHP) natolik, Ze bylo mozné tento zdroj vyuZit pro
sumarizaci informaci o lesich v celém statu. V roce 1950 tak byly vydany vysledky
tzv. inventarizace lesti, ktera vznikla souhrnem vsech aktualné platnych lesnich

hospodafskych planti a poskytla nebyvale detailni informace. V letech 1960 a 1970
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byla tato inventarizace aktualizovana, opét na =zakladé LHP, které byly
aktualizovany priibézné. Lze tak fici, Ze publikovand informace byla v primeéru pét
let stara, protoZe vznikala souhrnem jednotlivych LHP u nichZ od zpracovani
uplynulo od jednoho do deseti rokti. To plati u tohoto datového zdroje, od roku 1979
publikovaného kazdorocné, dodnes. Vystupy této sumarizace jsou dnes dostupné
vramci tzv. Souhrnnych informaci o lese (SIL) online na adrese
https://eagri.cz/public/app/uhul/SIL/Default.cshtml.

V souvislosti s privatizaci tvorby lesnich hospodarskych plant po roce 1995 a také
s potfebou dalSich informaci vyvolanou nartstem vyznamu celospolecenskych
funkci lesa, které nemohly byt ziskany prostfednictvim LHP, byla v roce 2001
zahdjena Narodni inventarizace lestt (NIL). Na rozdil od predchdazejicich
inventarizaci, které vznikaly souhrnem jednotlivych LHP, je NIL vybérové Setfeni
provadéné na inventarizacnich plochach striktné jednotnou metodikou
s propracovanym né€kolika stupriovym systémem kontrol, coz zarucuje
divéryhodnost vysledki na urovni statu a jednotlivych krajii. Prvni kolo NIL
probéhlo v letech 2001 az 2004, druhé pak 2011 az 2015 a od roku 2016 pokracuje
Setfeni nepretrzité s dobou ndvratu na konkrétni inventarizacni plochu pét let.
Vysledky NIL jsou dostupné jednak v samostatnych publikacich prvniho (Vasicek
et al. 2007) a druhého (Kucera a Adolt 2019) kola a také online na adrese
http://nil.uhul.cz.

Zjistovani informaci o lese, at uz pro vypracovani LHP, NIL, nebo jiné ucely,
predstavuje znacné ndrocnou a nakladnou c¢innost, coz vedlo a vede ke snahdm o
maximalni efektivitu a racionalizaci. Tyto snahy jsou realizovany v rdmci moznosti
védecko-technického rozvoje. Jako jeden z ptikladd mtze slouzit i vyuziti vypocetni
techniky, jejiz nastup umoznil napiiklad vyse zminénou kazdorocni aktualizaci
souhrnnych informaci o lese z LHP jiz od roku 1979. Dal$i vyznamnou oblasti se
znacnym potencialem pro zjiStovani informaci o lese je pak dalkovy prazkum zemé,
jehoZ vyuziti md, v kombinaci s pozemnim Setfenim, v lesnictvi letitou historii, a to
zejména na zakladé leteckych a satelitnich snimkti, doplfovanych v poslednich
letech i daty pofizovanymi pomoci bezpilotnich leteckych prostfedku. Jako priklad
vyuziti DPZ v celostatnim méfitku na podkladu leteckych snimkti mtze slouZit
pravidelné aktualizovana mapa detekce téZeb, nebo ze satelitnich dat realizované

Setfeni zdravotniho stavu lesti prostfednictvim indexu listové plochy - oboji

dostupné online zde: https://geoportal.uhul.cz/mapy/MapyDpz.html.
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Bezpilotni letecké prostfedky — Unmanned Aerial Vehicles (UAV) se v posledni
dobé stavaji stale dostupnéjsi a prestaly tak jiz davno byt vysadou armady a
vybranych védeckych pracovist. V soucasné dobé je mozné v dostupné cenové
hladiné potidit uZivatelsky snadno ovladatelné UAV, které jsou schopny provadét
snimkovani s potencidlem dobrého vyuziti pro sledovani aktudlni situace. To plati
mimo jiné i v lesnich porostech, kde je pozorovani ,,z vrchu” velmi vitanym thlem

pohledu umoziujicim ziskani novych informaci s velkou podrobnosti.

Stejné jako se zvysSuje dostupnost UAV rozsifuje se také portfolio programového
vybaveni uréeného pro zpracovani dat potfizenych za pomoci UAV. I diky tomu, Ze
nékteré z téchto program jsou dostupné jako open-source opét plati, Ze pofizovani
a praci s daty ziskanymi prostfednictvim UAV se miize vénovat stale Sirsi pole

uzivatelt.

Presto zlstavaji stale nékteré nedostatecné rozpracované oblasti, jako napriklad
exaktni stanoveni minimdlnich poZadavku pro provedeni sbéru dat s ohledem na
ocekavanou kvalitu vystupu. Lze nalézt fadu doporuceni, ktera sméfuji
k pofizovani obrazového materidlu prostfednictvim UAV za optimdlnich
podminek, ale minimalni pfipustné hodnoty napriklad svételnych podminek, nebo

vliv letové hladiny na pfesnost se v literatufe p¥iliS neobjevuji.

Prace si klade za cil rozpracovat tuto cast, ovérit dopady rtiznych letovych vysek a
riznych svételnych podminek na kvalitu fotogrammetrického bodového mracna
rekonstruovaného metodou Structure from Motion (SfM) a predevsim z néj
odvozenych vybranych charakteristik lesnitho porostu a prispét tak k rozsifeni

vyuziti UAV v bézné lesnické praxi.

2 Cile prace

Cilem prace je rozbor moznosti vyuziti datovych zdroji porfizenych prostfednictvim
UAV v rdmci bézné praxe hospodaiské upravy lesti, respektive dendrometrie.
Zejména se snazi ovéfit dopad variabilnich vnéjSich podminek na kvalitu
obrazovych dat pofizenych prostfednictvim UAYV, stejné jako na vystupy jejich
nasledného zpracovani v podobé fotogrammetrickych bodovych mracen a
v neposledni fadé na jejich vyuziti pro identifikaci jednotlivych stromti a nasledny

odhad vybranych dendrometrickych velicin.
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Vybrané veliciny:

o odhad poctu stromt v porostu
o odhad vysky jednotlivych stromt

o odhad primérné vysky porostu
3 Rozbor problematiky

3.1 UAV

Bezpilotni letadlo/letecky prostfedek (UAV) je podle Narizeni Evropského
parlamentu a Rady (EU) 2018/1139 ze dne 4. cervence 2018 (EU 2018) jakékoli letadlo
provozované nebo projektované pro autonomni provoz nebo pro pilotovani na

dalku bez pilota na palubé.

UAV predstavuji ekonomicky vyhodnéjsi alternativu pro pofizovani dat v ramci
omezeného tizemi s potencidlem vyrazné vétsiho rozliSeni, v porovnani s tradi¢nimi
leteckymi pilotovanymi prostfedky (Pajares 2015). Rozvoj vyuziti UAV v posledni
dobé 1ze dokumentovat naptiklad nartastem poctu publikaci s tématem vyuziti UAV
v databazi Web of Knowledge, jak dokumentuje naptiklad (Goodbody et al. 2017).

UAV lze systematicky rozdélit na vlastni platformu zajistujici let, navigaci a
stabilizaci a dale pak snimaci zafizeni urcené pro pofizovani dat urcéenych pro
vyuziti v ramci dalkového prazkumu zemé (DPZ). Mira integrace obou ¢asti se u
riznych UAV lisi. Existuji univerzalni platformy pfipravené pro instalaci Siroké
Skaly snimacich zafizeni i kompaktni UAV, kde nelze snimaci zafizeni oddélit od

platformy.

3.1.1 UAYV platformy

Rozdéleni UAV platforem podle rtaznych kritérii jako je napfiklad hmotnost, nebo
typu konstrukce lze nalézt v fadé publikaci, napriklad (Anderson a Gaston 2013).

Podle hmotnosti:
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Tabulka 1 Pfiklad kategorizace UAV podle hmotnosti (Anderson a Gaston 2013)

Hmotnost Akéni radius Doba letu
Velké nad 100kg 500km az2dny
Stredni cca 50kg 500km 10 hodin
Malé a Mini 5 az 30kg do 10km do 2 hodin
Micro a Nano do 5kg do 10km do 1 hodiny
podle typu konstrukce:

o UAV s pevnym kiidlem (fixed wing)

o UAV s rotujicim kiidlem (rotary wing) — ozna¢ované nejcastéji jako multirotory,
nebo multikoptéry. Pfi SirSim vykladu tato kategorie mtiZe zahrnovat i stroje
typu vrtulnik (jeden az dva pohanéné nosné rotory doplnéné piipadné
pomocnym rotorem), nebo i virnik (kde je nosny rotor roztacen pasivné
pomoci aerodynamickych sil ptisobicich na rotor pfi pohybu zajiStovaném
pomoci tazné, nebo tla¢né vrtule pohdnéné motorem), nicméné vyuziti téchto
konstrukci je u UAV v soucasné dobé zcela marginalni, protoZe byly diky

rozvoji v elektronice nahrazeny konstrukcné jednodussimi multirotory.

Vyhodou UAV s pevnym kfidlem je jednodussi konstrukce, vyssi dolet, vyssi
rychlost a v neposledni fadé vypadek pohonné jednotky nemusi automaticky pro
tento typ UAV znamenat fatdlni havarii. Naopak nevyhodou je potom nutnost
dostate¢ného prostoru pro start a pristani, nemoznost nulové horizontalni rychlosti

a v neposledni fadé také komplikovanéjsi stabilizace snimacich zafizeni.

Naopak UAV s rotujicim kfidlem jsou technicky ndrocnéjsi a maji vyrazné vyssi
spotfebu energie, coz limituje jejich maximalni dobu letu i ak¢ni radius. Vyhodou je
zde mozZnost letu s nulovou horizontalni i vertikalni rychlosti a tim napfiklad start,
pristani ale i vlastni let v omezeném prostoru (Goodbody et al. 2017). Vertikdlni start
a pristani umoznuji vyuzit vykonnéjsi zarizeni pro stabilizaci snimaciho zafizeni,
které je tak vice nezavislé na orientaci vlastniho prostfedku nez v prfipadé UAV
s pevnym kfidlem (Anderson a Gaston 2013). Zasadni nevyhodou tohoto typu UAV
je pak riziko padu jako nasledek zastaveni nékterého z rotorti. Toto riziko je mozné
eliminovat zvySenym poctem rotorti. Napfiklad pro UAV se tfemi rotory je porucha
na jednom znich automaticky divodem padu, zatimco v ptipadé UAV s osmi
rotory mtiZze byt mozné pristat kontrolovaneé i pri poruse az ¢tyt z nich (v zavislosti

na pozici rotoru s poruchou).
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Pro pohon mtize byt v pripadé UAV s pevnym kfidlem vyuZzit i spalovaci motor, coz
vyznamné zvysSuje akéni radius, nicméné vétsina UAV vyuZzivanych pro monitoring
lesti pracuje s pohonem elektrickym. UAV s rotujicim kfidlem jsou (s vyjimkou
stroji typu vrtulnik, nebo virnik) pohanéna vyhradné elektrickymi motory jejichZ
bezprostfedni odezva na fidici impulzy je zdkladni podminkou pro stabilizaci letu

prostfedki tohoto typu.

legislativy.

Pro provoz UAV platil u nas aZ do konce roku 2020 letecky pfedpis L2 oznacovany
jako Doplnék X zékona ¢. 49/1997 Sb. z roku 2014 (Cesko 2014), ktery popisuje UAV
takto:

Bezpilotni letadlo (UA) - letadlo urcené k provozu bez pilota na palubé.

Bezpilotni systém (UAS) - systém skladajici se z bezpilotniho letadla, fidici stanice a
jakéhokoliv dalSiho prvku nezbytného k umoznéni letu, jako naptiklad
komunikacéniho spojeni a zafizeni pro vypusténi a navrat. Bezpilotnich letadel,
fidicich stanic nebo zafizeni pro vypusténi a ndvrat mtize byt v ramci bezpilotniho

systému vice.
Podle vahy déli predpis ddle UAV na kategorie:

« do091kg,

* 0d091do7kg,
- 7az20kga

* nad 20 kg.

Podle téchto kategorii a zptlisobu uZiti pak predpis stanovi podminky provozu viz
Obrazek 1.

Maximalni vyska letu UAV je timto predpisem omezena na 300 metrii nad terénem
- Above Ground Level (AGL), ktera plati v tzv. letovém prostoru G, tedy napriklad
mimo fizené okrsky letist (CTR), letiStni provozni zénu letiSté s nefizenym
prostorem (ATZ) nebo dalsi omezené prostory. Pravidla jsou graficky znazornéna v
Obrazek 2 a Obrazek 3, kde oznaceni:

1 znamena lety bez koordinace,
2 splnéni podminek provozovatele letisté (PL) + koordinace s letistni informacni
sluzbou (AFIS),
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3 splnéni podminek PL + koordinace s AFIS,

4 souhlas/povoleni Ufadu civilniho letectvi (UCL)

5 letové povoleni piisluiného stanovi$té fizeni letového provozu (RLP). RLP miize
dale pozadovat: stalé obousmérné spojeni a odpovidac sekundarniho radaru,

6 povoleni UCL (nebo v ptipadé leteckych praci (LP) koordinace s RLP + koordinace
s PL). RLP muze dale poZadovat: stalé obousmérné spojeni a odpovidaé
sekundarniho radaru,

7 Povoleni UCL (nebo v ptipadé LP koordinace s RLP + koordinace s PL) + letové
povoleni RLP. RLP miize dale poZzadovat: stélé obousmérné spojeni a odpovidac

sekundarniho radaru
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Tabulka 1 (viz ust. 16)
maximaini
P vzielova <091 kg >091kga<Tkg 7-25kg > 25 kg bezpilotni
— - - — — — | provozova-
atel pousit rakre'— vydéle&na, | rekre- wdél?mu. wdull_ame. vydélecne, S
_ afné |experimen-| aéné | experimen- | rekreané | experimen-| rekreaéné | experimen-| . L
ek spor- talni, spor- talni, sportovni talni, sportovni talni, pilata
At tovni | vizkumné | tovni | vyzkumné vijzkumné vizkumné
1 |evidence letadla| ne ano ne ano ne ano ano ano ano
2 | evidence pilota | ne ano ne ano ne ano ana ano ano
prakticky a
3 | teoretickytest | ne ano ne ano ne ano ano ano ano
pilota
4 |povoleni k léténi| ne ano ne ano ne ano ano ano ano
povoleni
5 |k provadéni LP a| nelze ano nelze ano nelze ano nelze ano neize
LEPVP
oznateni UA.
6 ggtiﬂfkp;g l:‘;" ano / ano a:: ) anofano | ano/ne | ano/ano | ano/fne | ano/ano | ano/ano
znatka
min. ve hazpfﬁn#. bezpetna, | bezpecna, | bezpecna, | bazpecna,
vzdilenosti (m). | bez- . . | bez- e ale ale ale ale ale
7 | valet, phsténi | |peéna | PeZPEENd | onng | Dezpelnd | \irinsing | minimélng | miniméing | minimaing | miniméing
osoby, stavby / 50/100/150 | 50/100/150 | 50/100/150 | 50/100/150 | 50/100/150
osidleny prostor
nel3
8 pojisténi; na! | dlanaf. & nel 1 dienaf. & | od20 kg | dlenaf. ¢ | dlenaf. €. | dle naf. £. | dle naf. &
bézny provoz / | 0,25 | 78512004' T85/2004" | dle naf. & | 785/2004° | 785/2004" | TB5/2004" | 7B5/2004'
LVV (mil, KZ) 78512004 1
9 dozor ne ne ne ne ne ne ano ano ne
10 | failsafe® systém| ne ano ano ano ano ano ano ano ano
11 pﬁfurmﬂi.s ne ano ne ano ne ano ne ano ne
12 | hiageni udalosti | ne ano ne ano ne ano ano ano ano

Obrazek 1 Ustanoveni ¢. 16 pfedpisu L2 Doplnék X zakona ¢. 49/1997 Sb.
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Provoz v ATZ a prostorech tridy G a E E

4000 ft = 1200 m AMSL

T2 |

. min. 1500 m
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1000 ft = 300 m AGL

Obrazek 2 Provoz v ATZ a prostorech tfidy G a E podle pfedpisu L2 Doplnék X zakona
¢. 49/1997 Sb.

Provoz v CTR a dalsich prostorech

5000 1t = 1500 m AMSL
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Obrazek 3 Provoz v CTR a dalSich prostorech podle pfedpisu L2 Doplnék X zakona ¢.
49/1997 Sb.
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V dobé dokoncovani této prace vroce 2021 je u nas nové platné rozdéleni
bezpilotnich prostfedkti do kategorii Otevfend, Specificka a Certifikovana podle
provadéciho nafizeni Komise (EU) 2019/947 ze dne 24. kvétna 2019 o pravidlech a
postupech pro provoz bezpilotnich letadel (Evropska Komise 2019), které se lisi
z pohledu legislativnich omezeni a poZadavkii. Mimo jiné naptiklad pro kategorii

Otevfena je nové omezena vyska letu na 120 m AGL.
V rdmci postupu digitalizace byl zpracovan Mapovy nastroj RLP CR, s. p. pro

predletovou piipravu dalkové fidicich pilotdt UAV v Ceské republice, ktery

obsahuje aktualni informace o omezeni letovych ¢innosti ve vztahu ke vzdusnému

prostoru, oznacovany jako DronView dostupny na adrese http://dronview.ans.cz/
Obrazek 4. Tento nastroj vyznamné zjednodusuje predletovou pfipravu a zabranuje

moznym narusenim letového provozu.
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Obrazek 4 Nahled mapového nastroje DronView

3.1.2 Snimaci zarizeni

Snimaci zafizeni vyuzivana ve spojeni s UAV platformou lze v zadsadé rozdélit na
aktivni (laser, radar) a pasivni (fotoaparat) snimace. Podrobnéjsi ¢lenéni I1ze nalézt
naptiklad v (Colomina a Molina 2014) . Nejcastéji se v soucasné dobé v literatute

uvadénych studiich v lesnictvi setkdvame se snimaci pracujicimi:
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o ve viditelném pasmu (méné pak multi a hyperspektralni) jejichZ vystupy jsou
dale zpracovavany pomoci fotogrammetrickych postupti a

o laserovymi skenery.

Vystupem fotogrammetrického zpracovani jsou jednak ortomozaiky v podobé

rastra a jednak bodova mrac¢na zobrazujici 3D strukturu snimaného povrchu.

Vystupem laserového skenovani lesa jsou bodova mracna zachycujici body nejen na

povrchu, ale i uvnitt sledovaného lesniho porostu.
Pfi zpracovani bodovych mracen Ize odvodit nékolik béZzné vyuzivanych vystupi:

o  Digitdlni model terénu — Digital Terrain Model (DTM) ktery obsahuje body
klasifikované jako zem.

o  Digitalni model povrchu - Digital Surface Model (DSM) odvozeny z bodt na
povrchu zobrazovaného prostoru. Zahrnuji tedy napriklad koruny stromd,
nebo stfechy staveb apod.

o Pro monitoring lesnich porostii se pak vétSsinou pouzivd normalizovany
model povrchu (nDSM) oznacovany nékdy také jako Cannopy Height Model
(CHM) ktery je vysledkem jednoduché upravy podle Eq 1.

nDSM = DSM — DTM Eq1

3.2 Fotogrammetrie

Fotogrammetrie je obecné definovana jako védni obor, ktery se zabyva zpracovdnim
informaci o objektech na zakladé exaktniho méfeni. Zaznam ve formé fotografie l1ze
provadeét digitdlné nebo klasicky analogovou formou svétlocitlivé vrstvy (neboli
béZnou fotografii). Obraz lze ziskat pomoci rliznych zafizeni, jejichz vystupni
presnost se lisi. Zaznam s nizkou pfesnosti svedou bézné amatérské fotoaparaty,
nicméné pro detailni a presné zdznamy je potfeba mit specidlni meéricské
fotogrammetrické komory. Diky témto pofizenym snimkiim lze zpracovavat okolni
realitu. Body a polohy bodti na pofizenych snimcich umozZnuji dale urcit velikost,
tvar nebo umisténi objektu méfeni v prostoru. TaktéZ je mozZné zjistit vzajemnou
polohu v prostoru mezi jednotlivymi body a vyhodnotit polohopis ¢i vyskopis.
(Pavelka 2003)
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3.2.1 Rozdéleni fotogrammetrie

Fotogrammetrie 1ze délit podle nasledujicich kritérii (B6hm 2002):

* polohy stanoviska
* poctu vyhodnocovanych snimkii
* zplsobu zpracovani snimku

* druhu zdznamu vystupnich hodnot

3.2.1.1 Déleni podle polohy stanoviska

Podle polohy, z niz byl zpracovavany snimek pofizen, se fotogrammetrie déli na

pozemni a leteckou.

Pozemni fotogrammetrie ma fotogrammetrickou komoru umisténou na pevném
bodé, ktery je geodeticky zaméten. Fotograficka i technicka naro¢nost vybaveni je
oproti letecké fotogrammetrii mnohem mensi, stejné tak jako narocnost na stav
pocasi. Naproti tomu nevyhodou je fakt, ze velmi ¢asto dochazi k zakryvani
predmétt méfeni a tim vznika velké mnozstvi nevyhodnotitelnych oblasti. Tato
metoda je tedy idealni v pripadé, Ze jsou objekty v podobné vzdalenosti od pfistroje
a zaroven vétsina z nich vyskoveé rozriiznéna (stény budov, ¢lenity skalnaty terén,
lomy). Pozemni fotogrammetrie ma dosah kolem 500 m, nicméné jeji zavislost je

zejména na typu pouzité méfi¢ské komory.

U letecké metody je poloha pofizovaného snimku umisténa v pohybujicim se nosici.
Mezi takové nosice patii zejména letadla, vrtulniky ¢i UAV. Snimand plocha je
podstatné vétsi neZ u pozemni fotogrammetrie a zaroven se za jednotku casu
zpracuje vyrazné veétsi oblast tzemi. V pripadé vyuziti digitdlni fotografie se

v literatufe pouziva oznaceni Digital Aerial Photogrammetry (DAP)

3.2.1.2 Déleni podle poctu vyhodnocovanych snimkii
Fotogrammetrii I1ze také délit podle poctu vyhodnocovanych snimkii na:

o jednosnimkovou a

o dvousnimkovou.

Jednosnimkova fotogrammetrie vyuZziva jednotlivych méfi¢skych snimki. Touto

metodou lze urcit pouze rovinné soutfadnice predmétu, nebot je moZné na snimku
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méfit praveé jen soufadnice rovinné. Moznymi objekty snimani jsou tedy jiz zminéné
rovinné objekty (napiiklad stény budov) a tak je tato metoda hojné vyuzivana ve
zvlastnich p¥ipadech v archeologii, architektufe a stavebnictvi. Casto se tato metoda
vyuziva v letecké fotogrammetrii pro mozné zjisténi polohopisné slozky rovinatého
uzemi.

Pro vyhodnocovani prostorovych soufadnic objekttl z dvojic snimkti se vyuziva
fotogrammetrie dvousnimkové, pfi niz musi byt pfedmét méfeni zobrazen soucasné
na obou snimcich. Pouziti stereoskopického vjemu k vyhodnoceni snimkt je
oznaceno jako stereoskopicka fotogrammetrie, nebo také stereofotogrammetrie. Ta
je dnes nejcastéji vyuzivana predevsim diky svym univerzalnim vlastnostem. (Bohm
2002).

3.2.1.3 Déleni podle zptisobu zpracovani snimku

Fotogrammetrii, respektive metody zpracovani Ize délit na analogové, analytické a
digitalni (Bohm 2002).

Analogové metody vyuZivaji opticko-mechanicka zafizeni. Jedna se o znacné sloZité
pristroje, které napodobuji modelové stav odpovidajici vlastnimu snimkovani. Pro

jejich obsluhu je nezbytny dobfe vySkoleny a zacviceny personal.

Analytické metody pouZivaji pro prevod snimkovych soufadnic do geodetickych
prostorové transformace provadéné pomoci pocitacti. Tyto metody umoZnuji

zpracovani prakticky libovolnych snimki.

Digitalni metody vyuZzivaji jiz na vstupu digitalni obraz.

3.2.1.4 Déleni podle druhu zaznamu vystupnich hodnot

Podle zaznamu vystupnich hodnot lze fotogrammetrické metody délit na graficke,
kdy pfi vyhodnoceni snimkt se na kreslicim stole v redlném case vykresluji
vyhodnocend data a ¢iselné, u kterych jsou vystupem soufadnice jednotlivych

vyhodnocovacich bodt uklddané piimo do paméti pocitace.
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3.2.2 Structure From Motion

Structure from motion (S5fM) je postup zalozeny do znacné miry na principech
tradicni stereoskopické fotogrammetrie, ktera vyuziva, analogicky k lidskému
vidéni, pro odhad hloubky dvou bodii se znamou vzdjemnou relativni pozici.
Prostorovy vjem je ale mozné docilit i zjednoho pozorovaciho bodu, pokud se
objekt, nebo pozorovatel pohybuji. SfM v tomto sméru kombinuje oba principy s
vyuZitim sekvenci vzajemné se prekryvajicich snimkt s rozdilnymi thly pofizeni
(Iglhaut et al. 2019). Ty poté slouzi pro generovani 3D mrac¢na bodt. Podstatou StM
je prekryvani velkého mnozstvi snimkfi, které vysledné vytvori 3D mracno bodd,
z néhoz lze odvodit jak digitalni model povrchu (DSM), tak v nékterych pripadech
(v zavislosti na stupni zakryti terénu porostem) i digitdlni model terénu (DTM).
Nosiéem fotoaparatu pro pofizeni snimk vyuzitelnych ke zpracovani pomoci StM
byva nejcastéji UAV. (Wallace et al. 2016)

SfM predstavuje nizkonakladovou fotogrammetrickou metodu pro topografickou
rekonstrukci s vysokym rozliSenim. SfM pracuje na stejnych principech jako
stereoskopicka fotogrammetrie. Zasadni odliSnosti je zde fakt, Ze na rozdil od
konvencni fotogrammetrie, zde orientace a poloha kamery nemusi byt stanoveny
predem, ale jsou odvozovany na zdkladé vysoce redundantnich opakovanych
procedur zalozenych na databdzi bodi automaticky extrahovanych ze sady
nékolika pfekryvajicich se snimkt. SfM tak vyznamné rozSifuje portfolio

fotoaparati vyuZitelnych pro fotogrammetrické zpracovani. (Westoby et al. 2012).

Odlisnost StM od klasické fotogrammetrie shrnuje (Iglhaut et al. 2019) takto ve tfech
zdkladnich aspektech:

1. jednotlivé prvky mohou byt automaticky identifikovany ve snimcich
porizenych z raznych thlti a vzdalenosti, coZ znamena velky pfinos pro
moznosti vyuZziti malych nedostatecné stabilnich UAYV,

2. vypocty v algoritmech zpracovani mohou byt feSeny bez predchozi znalosti
pozice fotoaparatu nebo pozemnich kontrolnich bodu (které ale mohou byt
do vypocti zahrnuty) a

3. kalibrace kamery mitize byt feSena automatizované béhem samotného

procesu.

SfM tak umoznuje rekonstrukci bodového mracna i ze znacné rtiznorodych snimka

za predpokladu dostatecného prekryvu a pofizeni jednim fotoaparatem. Velkou

28



vyhodou je rovnéz fakt, Ze nemusi byt zndmy prvky vnitfni ani vnéjsi orientace

fotoaparatu.

Oznaceni celého procesu tvorby 3D modelu jako SfM je zjednoduseni, které vsak

byva v literatufe uzivano. Tvorba 3D modelu zahrnuje nékolik krokt, z nichZ pouze

jeden tvori vlastni StM. Cely proces sestava z nasledujicich krok (Iglhaut et al. 2019)
viz také Obrazek 5:

1.

Identifikace tzv. keypoints tedy klicovych bodti reprezentujicich stejny
prvek obrazu vjednotlivych snimcich. Klicové body jsou
identifikovany ve vSech snimcich a identické body jsou propojeny
napti¢ snimky kde se vyskytuji. Nejcastéji vyuzivanym algoritmem
pro tuto ¢ast je Scale-invariant feature transform (SIFT) (Lowe 2004).
Vystupem tohoto algoritmu jsou identifikatory jednotlivych bodt na
snimku, které jsou nezavislé na méfitku a orientaci.

Nasleduje ovéreni identifikovanych identickych bodt v jednotlivych
snimcich, na zdkladé kterého je tato identifikace zpfesnéna.

Vystup je dale vyuzit vsamotném SfM postupu, kdy dochazi
k vypoétu pozice a parametrit jednotlivych snimka a tvorbé tzv.
fidkého bodového mracna (které se sklada ze souboru klicovych bodt
pripravenych v pfedchozich krocich. V priibéhu tohoto kroku probiha
tzv. bundle adjustment ktery vychdzi nejprve znahodné vybrané
sekvence identickych klicovych bodti a doplnujicich parametri a pozic
fotoaparatu a nelinedrniho zpfesnéni (Shum et al. 1999).

Vystupy SfM fdze jsou ddle transformovany na zdkladé zndmych
pozic pozemnich kontrolnich bodt a/nebo snimkii.

Nasleduje faze tvorby hustého bodového mracna oznacovana jako
Multi-view stereo (MVS), kterému pfedchdzi shlukovani snimkt do
clusterti. Vysledkem je husté bodové mracno doplnéné o spektralni
informace ze zdrojovych snimkii. Toto husté bodové mracno
predstavuje nejvyznamnéjsi vystup celého procesu. Z tohoto vystupu

jsou dale odvozovany DSM a také ortomozaiky
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Obrazek 5 Schéma SfM pracovniho postupu s vyznacenim jednotlivych hlavnich krok.
Zpracovano podle (Iglhaut et al. 2019)

Hlavni problémy, kterym celi StM v soucasné dobé shrnuje (Iglhaut et al. 2019) do

¢tyt okruh:

Opakovatelnost/reprodukovatelnost. StM diky své dostupnosti umoznuje zachytit
stav lesnich porostli vyrazné castéji, nez je tomu u ostatnich technik. CoZ zaroven
zdliraziiuje i vliv nevyhnutelnych rozdilti v osvétleni, atmosférickych a sezénnich
podminkach. Tyto rozdily ovliviiuji pfimo obrazova data a tim padem i vysledky

SfM. Tyto divody zdtiraziuji nezbytnost odvozeni patfi¢nych postupti a protokol
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pro potizovani snimkt v rtiznych podminkach a také modeli zohlednujicich

rozdily v obrazovych datech.

Dostupnost DTM. SfM je omezena na rekonstrukci povrcha viditelnych na
snimcich. Pfi pouZiti v lesich je tak mozné odvozovat informace o terénu pouze tam,
kde vznikaji vétsi porostni mezery a terén neni zakryty vegetaci. Tento nedostatek
lze eliminovat kombinaci sdatovymi sadami digitdlntho modelu terénu
odvozenych zjinych zdroji, nejcastéji z leteckého laserového skenovani (ALS).
Nicméné i tam kde neni DTM dostupny v potfebném rozliSeni, nebo vtbec, je
mozné, jak dokumentuje (Giannetti et al. 2018), dosahnout odhadti zasoby lesnich

porosttl srovnatelnych s ALS daty a to jak v rovinatém, tak hornatém terénu.

Nedostatek protokolit pro pofizeni a zpracovani dat. Uspéch SfM postupt pro
pofizeni dat zachycujicich stav lesa do znacné miry v soucasné dobé zavisi na
zkuSenostech pracovnika zajistujictho pofizeni snimka a/nebo jejich dalsi
zpracovani v procesu SfM. Protokoly pro sbér i zpracovani dat zajistujici
ocekavanou kvalitu vystupt StM pfi riaznych podminkach nejsou zatim dostatecné
zpracovany a jejich navrh je zatim spiSe v ranné fazi, viz napriklad (Eltner et al.
2016).

Problémy s identifikaci klicovych bodil. Les se svoji detailni, vysoce proménlivou
strukturou, kterd se ale zdroven casto opakuje v pravidelnych vzorcich, spolecné
s moznym pohybem vlivem vétru, predstavuje v nékterych pfipadech znacnou
vyzvu pro algoritmy identifikujici klicové body v jednotlivych snimcich. Selhani
téchto algoritmi pak muze vést k netuspéchu v rekonstrukci bodového mracna.
Vétsi pocet klicovych bodd vradmci jednoho snimku podporuje uspésnost
identifikace shodnych klicovych bodt v jednotlivych prfekryvajicich se snimcich.
Vyuziti vétsi vzdalenosti od snimaného povrchu tak pfispiva k lepsim vysledkiim
identifikace klicovych bodt. V pfipadé nizsich vzdélenosti je pak doporucovano

nalezité zvysit prekryv jednotlivych snimkd.

3.3 Laserové skenovani

Lidar (Light Detection and Ranging) predstavuje dynamicky se rozvijejici
technologii aktivniho skenovani. Zakladnim principem je méfeni casu mezi
vysldnim a ndvratem laserového paprsku, pomoci néhoz 1ze odvodit vzdalenost

mezi predmétem ktery paprsek odrazil a zafizenim. Pfi znalosti presné polohy
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zafizeni nesouci Lidar a orientace vyslaného paprsku lze velmi pfesné urcit polohu

objektu od néhoz se paprsek odrazil v prostoru (Dolansky 2004).

Vyuziti Lidaru pro letecké skenovani — Airborne Laser Scanning (ALS) predstavuje
efektivni metodu zjiSfovani velmi pfesnych a detailnich informaci o povrchu,
terénu, ale do urcité miry i vnitfni struktufe porostli, coZ tuto metodu predurcuje

jako idealni pro monitoring lesnich porostti.

V nékterych zdrojich je rozliSovan pojem Unmanned aerial Laser Scanning (ULS)
odliSujici jednozna¢né vyuziti laserového snimace neseného bezpilotnim

prostredkem.

Nicméné i pfes pokrok a zvysujici se dostupnost v této oblasti stale plati, ze ULS

bodova mracna predstavuji vyrazné nakladnéjsi alternativu nez v pripadé DAP.

3.4 Sbeér dat

Pfi planovani letu UAV pro sbér dat je tfeba vychazet z minimadlnich pozadavki na
kvalitu pofizovanych snimkt a z nich odvodit jednak nastaveni snimace a jednak

parametrt letové mise (rychlost, vyska atp.).

Dtlezité aspekty pouzitého snimaciho zafizeni a nastaveni parametrti letové mise
ve vztahu k SfM detailné rozpracovava (Iglhaut et al. 2019) ptipadné také (Kuzelka
a Surovy 2017). Zduaraziuji nezbytnost zajiSténi dostatecné ostrych dobre
exponovanych snimkti, ale mimo jiné také naptiklad vyznam kontrastu textury

povrchu pro identifikaci klicovych bodt v SfM.

Je vhodné uvést, zZe programy urcené pro planovani a provedeni letové mise jsou
predmétem soustavného vyvoje reagujiciho na poptavku uzivatel(i. Soucasti tohoto
vyvoje je také feSeni vzdjemného vztahu mezi parametry nastaveni snimace a
parametry letové mise tak, aby byla vysledna data co nejkvalitn€jsi v rdmci danych
moznosti. Pfesto nechavaji programy dostatek prileZitosti do nastaveni vstoupit a

upravit je v pfipadé potreby.
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3.4.1 Nastaveni fotoaparatu

Klicovymi parametry nastaveni expozice snimkt jsou pfedevsim clona, expozi¢ni
cas a ISO. Tyto tfi parametry dohromady tvoii takzvany expozi¢ni trojuhelnik
(O’Connor et al. 2017)

3.4.1.1 Clona

Nastaveni clony definuje mnozstvi svétla, které vnikd do optické soustavy
fotoaparatu a primo ovliviiuje expozici a ostrost fotografie. Velikost clony se
popisuje tzv. clonovym cislem, coZ je podil ohniskové vzdalenosti a primeéru

otvoru, kterym vnika svétlo do fotoaparatu.

Vy$si hodnoty clonového cisla znamenaji mensi otvor a zaroven pro vyslednou

fotografii také vétsi hloubku ostrosti, tedy rozsah objektti, které budou ostré.

Nastaveni clony ma také vliv na vznik optickych vad a dalsich jevt ovliviiujicich

ostrost fotografie.

Optimalni nastaveni clony pro dany fotoaparat/objektiv, kdy dochazi k nejmensimu
zkresleni obrazu vlivem vad, se oznacuje jako tzv. sweet spot. Pro snimkovani
lesnich porostt se doporucuje nastaveni clony odpovidajici pravé této hodnoté
(KuZelka a Surovy 2017).

3.4.1.2 Expozicni cas

Expozicni cas je doba, po kterou je v pfipadé digitalniho fotoaparatu zachytavano
svétlo na obrazovém senzoru béhem expozice snimku. Pfili§ dlouhy expoziéni cas

miize vést ke vzniku pohybové neostrosti vysledného snimku.

Pfi snimkovani z bezpilotnich prostfedki je mozné odhadnout maximalni expozicni
Cas, pri kterém nedojde pohybem dronu k pohybové neostrosti, z rychlosti letu a
pozemni vzorkovaci vzdalenosti (GSD) viz 3.4.2.3. Aby pohyb nebyl ve fotografii
patrny, je nezbytné, aby vzdalenost, kterou bezpilotni prostiedek uleti béhem

exponovani snimku, byla mensi, neZ polovina GSD (KuZelka a Surovy 2017).

(O’Connor et al. 2017) uvadi Ze uleténa vzdalenost béhem expozice by méla byt

mensi nez 1,5nasobek GSD
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3.4.1.3 ISO

Hodnota ISO urcuje nastaveni citlivosti snimace fotoaparatu na dopadajici svétlo.
Vy$si hodnoty ISO odpovidaji vyssi citlivosti. Zaroven ale dochazi ke sniZeni kvality
snimku, pfedevsim ke zvySeni Sumu. Proto je v praxi tfeba nastavovat co nejnizsi
hodnoty ISO, pfi kterych ale jesté stdle dochdzi ke spravné expozici snimku v

zavislosti na nastavené cloné a expozi¢nim case (Kuzelka a Surovy 2017).

3.4.2 Parametry letové mise

3.4.2.1 Vyska letu

Vyska letu ma zasadni vliv na prostorové rozliSeni potizenych snimku. Cim nizsi
vyska tim detailnéjsi snimek. Zaroven je vyska letu urcujici pro plochu povrchu
pokrytou jednim snimkem a tim pro mnoZstvi snimkii nezbytnych k pokryti dané
oblasti pfi dodrZeni nezbytnych prekryvi. Hledani vhodné vysky je tak hledanim

kompromisu mezi potfebnym detailem a efektivitou.

(Udin a Ahmad 2014) porovnava geografickou pfesnost modelu odvozeného ze
snimk(i z UAV poftizenych pfi riznych vyskach nad terénem 40, 60, 80 a 100 m.
Stfedni chyba se pohybovala v rozmezi od 0,249 po 0,296 metr{i. Podle téchto zavéra
je tedy mozné dovozovat, Ze z pohledu geografické pfesnosti neni vliv vysky

v uvedeném intervalu nijak zdsadni.

3.4.2.2 Rychlost letu

Rychlost je opét jednim z parametra letu, ktery ma zdsadni dopad na kvalitu
pofizenych snimkt a zaroven na velikost izemi, které 1ze nasnimat béhem jedné
mise, jejiz délka je omezend kapacitou akumulatortt UAV. Optimalni rychlost letu
tak predstavuje kompromis, pfi kterém je rychlost dostatecné pomald na to, aby
nedochdzelo k rozmazani snimkd vlivem pohybu (zde je zna¢na zavislost na
svételnych podminkéch, které urcuji rychlost zavérky) a zdroven nedochazi ke
zbytecnému omezovani rozsahu snimaného tzemi. Zakladni limity rychlosti ve

vztahu k expozi¢nimu ¢asu jsou uvedeny v kapitole 3.4.1.2.
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3.4.2.3 Prostorové rozliseni

Prostorové rozliSeni snimku popisuje jeho geometrickou kvalitu a urcuje, jaky typ
objekttl bude mozné korektné zobrazit. Prostorové rozliSeni snimku lze popisovat

pomoci riznych parametrt.

V literatufe nejcastéji zminovanym parametrem byva tzv. pozemni vzorkovaci
vzdalenost — Ground Sampling Distance (GSD), coz je vzdélenost, v pozemnich
jednotkach, mezi sttedy dvou nejblizsich prvkii obrazu (dva obrazové body, pixely
snimku). Jednd se nicméné o cisté teoretickou hodnotu, kterd bere v ttvahu pouze

geometrii snimace a vzdalenost od zobrazovanych objekti (Orych 2015).

Skutecné rozliSeni senzoru zavisi na dalSich limitujicich faktorech zobrazovaciho
systému, ktery nikdy nema 100% pfenos a obvykle zavadi dalsi artefakty. Pro urceni
skute¢ného prostorového rozliSeni snimku je mozné vyuzit tzv. pozemni rozliSovaci
vzdalenost — Ground Resolved Distance (GRD). GRD snimku je ur¢ovana na zakladé

vizudlni analyzy specialnich kalibracnich cilti.(Orych 2015)

Jednim z vhodnych kalibra¢nich cild je tzv. Siemens star. M4 podobu kruhu
rozdéleného do pravidelnych kontrastnich sektorti. Pocet sektorti se mtize lisit, ¢imz
umoZziuje rizné urovné presnosti. Zmérenim primeéru stfedu cile, ktery se na
snimku jevi jako rozmazany je mozné urcit GRD (Orych 2015)(Dabrowski et al.
2015).

Informace o konkrétnich pozadavcich, respektive podminkach, které musi byt
splnény, aby bylo dosaZeno ocekavané kvality vystupu, vtomto pripadé
prostorového rozliSeni, nejsou zatim v literatufe dostatecné podrobné popsany (Lee
a Sung 2016)(Meifsner et al. 2018).

Pomérné malo zkoumanou oblasti se jevi rovnéz stanoveni potfebného
prostorového rozliSeni, nebo GSD, respektive GRD, které umozni rozpoznani
urcitych objekti na snimku. Jiné rozliSeni bude nezbytné pro rozpoznani korun

stromti ve stadiu kmenoviny a jiné pro urceni poctu jedincti obnovy.

(O’Connor et al. 2017) uvadi jako minimum pro zobrazeni urcitého objektu alespon
pét pixelt — to znamend, Ze pro zobrazeni objektu o velikosti 10 cm musi byt GSD

maximalné 2 cm.

(Pouliot et al. 2002) uvadi pro zobrazeni korun jedincti v rdmci obnovy alespon 15

pixeld na jeden stromek.
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3.5 Individualni a plosny pristup

Pfi odhadech jednotlivych parametri lesnich porostti na zakladé dalkového
prizkumu zemé (DPZ) se v literatufe vyskytuji v zdsadé dva pristupy. Prvni z nich
je zaloZen na identifikaci jednotlivych stromt — Individual Tree Detection (ITD) a
urceni pfislusné velic¢iny pro tento strom. Druhy pfistup je zaloZen na odhadu
prislusné velic¢iny pro urcitou plochu — Area Based Approach (ABA). ITD by primdrné
mélo prfinaset detailnéjsi a lepsi vysledky, ale diky znacnym problémiim pfi
identifikaci jednotlivych jedinci tomu tak v fadé pfipadi neni (Tompalski et al.
2015).

V ramci individudlniho pfistupu je vZdy vychodiskem identifikace jednotlivého
stromu, pro niZ existuje fada metod, které Ize podle (Ke a Quackenbush 2011)

ramcové zatfidit do ¢tyf skupin:

o filtr lokdlntho maxima -Local Maximum Filtering (LMF),
o  binarizace snimku (image binarization),
o analyza méfitka (scale analysis) a

o template matching.

LMF je pomérné casto vyuzivany postup zalozeny na hledani nejvyssich bodt
mracna, nebo rastru v urcitém prostoru, ktery je oznacovan jako okno. Stanoveni
optimalni velikosti okna, vnémz se identifikuje maximalni vyska je naprosto
klicovym faktorem pro uspésnost metody. Prili§ velké okno vede k opominuti
nékterych stromt, prili§ malé okno naopak pfinasi nespravnou identifikaci vice
vrcholt v ramci koruny jednoho stromu. Proto bylo v fadé studii misto pevné
velikosti okna vyuzito okno variabilni, které, zvlasté u rozmanitéjsich lesnich
porostli, pfindsi lepsi vysledky. Volba optimalni Sitky okna je pfedmétem fady
inovativnich pfistupti, jako tfeba vyuziti semivariance sousednich pixelti (Wulder
et al. 2000), kontextudlni analyzy (Culvenor 2002), nebo modelu Sifky koruny
(Popescu et al. 2003).

3.5.1 Model sitky koruny

Mnozstvi studii potvrzuje, Ze rozméry koruny ovliviiuje celd fada parametri mimo
samotnou vysku stromu. Ta vykazuje spiSe mensi korelaci s rozméry koruny a proto

modely pro odhad rozmérti koruny pracuji castéji s jinymi nezavislymi
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proménnymi, nejcastéji s vycetni tloustkou (Fu et al. 2013)(Gill et al. 2000)(Bechtold
2003).

Ovsem pro vyuziti modelu Siftky koruny v rdamci LMF nejsou zpravidla dostupné
jiné vstupni parametry nez pravé vyska. Jako mozné feSeni se nabizi vyuziti modelu
se smiSenymi efekty, do kterého vstupuje jako nahodny efekt lokalita. Lokalni
kalibrace takového modelu (Lappi 1991)(Lynch et al. 2005) by mohla pomoci k
odvozeni optimalniho odhadu $itky koruny na dané lokalité, ktery by mohl

nasledné poslouzit jako vhodny rozmér plovouciho okna pro ITD pomoci LMF.

Lokalni kalibrace modelu je casto vyuzivany postup napfiklad pro modely
vySek(Lynch et al. 2005)(Trincado et al. 2007) objemu(Lappi 1991)(Calama a Montero
2006) nebo morfologickych kfivek(Trincado a Burkhart 2006). Tento postup

vvvvv

spolehlivosti odhadti na zakladé pouze malého poctu kalibra¢nich méfeni.

3.6 ZkusSenosti s vyuZitim bodovych mracen pro
odvozovani dendrometrickych velicin a dalsich

charakteristik lesnich porostii

Presnost dosahovana pfi odhadu vybranych parametra lesniho porostu
prostfednictvim UAV se znacné 1i8i mezi jednotlivymi studiemi. Pficiny rozdila
spocivaji pravdépodobné jak v pouZitych metodach a jejich konkrétnim nastaveni,
tak v riizném vybaveni a také v rozdilnych konkrétnich podminkach. Severské
jehli¢naté lesy se svou obecné jednodussi strukturou dosahuji lepsich vysledkt nez
bohatéji strukturované listnaté a smiSené lesy. Obdobné v rovinatych terénech lze

ocekavat dosazeni lepsich vysledki nez v horach (Puliti et al. 2015).

3.6.1 Identifikace jednotlivych stromu

Pfi porovnani vysledkii ziskanych analyzou bodového mracna vytvoreného
postupem SfM s daty naméfenymi na zkusnych plochach (Puliti et al. 2015) uvadi u
parametru pocet stromti hodnotu relativni stfedni kvadratické chyby (Relative

RMSE — rRMSE) ve vysi 39%. V ramci stejného experimentu dosahuje podstatné
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lepsich vysledk pri odhadech porostnich dendrometrickych veli¢in — horni vysky,
kruhové zakladny i zadsoby (rRMSE 3,64%, 15,38% respektive 14,95%).

Uspésnosti detekce jednotlivych stromit v rozmezi 49 az 75% v ramci DAP
bodovych mracen rekonstruovanych SftM postupem ze snimkii pofizenych pomoci
UAYV s pevnym kfidlem dosahoval (Guerra-Herndndez et al. 2018). Pfitom lepSich
vysledkti 75% dosahovalo DAP bodové mrac¢no vzniklé ze snimkt porizenych za
optimalnich svételnych podminek jasného dne na zacatku zari v porovnani s 49% u
DAP mracna ze snimkti vzniklych za slabsiho osvétleni v pribéhu listopadového

dne s vyS$si obla¢nosti.

(Nevalainen et al. 2017) uvadi dobré vysledky pfi identifikaci jednotlivych stromt
v DAP bodovém mracnu (rRMSE 10%). Jako klicové faktory, ovliviujici ispéSnost
detekce jednotlivych stromti uvadi jednak kvalitu bodového mrac¢na (negativni vliv
naptiklad velkého zastinéni pfi snimkovani apod.) a dale pak postaveni stromu
vramci vyskové struktury porostu, kde khorSim vysledkim pfi identifikaci
dochézi u stromtt v podurovni. Jako dalsi vyznamny faktor ovliviujici aspésnost
identifikace uvadi také druh dfeviny, kde borovice a smrk vykazovaly vyssi

pravdépodobnost tspésné identifikace neZ modfin (rRMSE 9, 10 respektive 16%).

(Katoh a Gougeon 2012) s vyuZitim pokrocilych postupti (kombinace automatické
identifikace vrcholti stromt a korun) pfi vyhodnocovani multispektralnich
leteckych snimkti dosahuji odchylek 2,3% aZ -15,8% pfi porovnani vyhodnoceného
poctu stromt s poctem kmenti zjisténych pozemnim Setfenim. Zdtivodnéni rozdili

v dosazenych vysledcich prikldadda mimo jiné i vlivu druhu dfeviny.

Rozdilné vysledky v zavislosti na dfeviné prinasi také (Sperlich et al. 2008) pri
identifikaci jednotlivych stromti v jehlicnatém a listnatém lese (Gspésnost
identifikace jednotlivych stromti 87,7% respektive 13,3%). Jako dalsi faktor
ovliviiujici aspésnost uvadi hustotu porostu (zapoj), kterou zminuje jako jednu
z predpokladanych zasadnich pricin nizké tispésnosti u listnatého lesa.

(Jaakkola et al. 2017) dokumentuje vyuzZiti UAV neseného laserového scanneru,
s jehoz vyuzitim dosahuje 100% uspésnosti pri identifikaci dominantnich stromt
(84,2% v pripadé vSech stromti). Zaroven autofi zdliraznuji vyznam identifikace

jednotlivych stromt pro odhady dalSich dendrometrickych velicin.

(Wang et al. 2016) dosahoval pfi pouZiti riznych metod pro identifikaci jednotlivych

stromt uspésnosti mezi 50 a 140%.
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3.6.2 Vyska

Odhad vysky jednotlivych stromt, nebo riiznych typt vysek jako porostni
dendrometrické veli¢iny, na podkladu fotogrammetrickych metod je pomérné
Castym predmétem zdjmu fady studii. Tyto odhady sdili stejné problematické

momenty jako vyse zminovana identifikace jednotlivych stromf.

Hlavnim problémem vyuziti SEM pro tento ucel je fakt, ze pro digitalni vyskovy
model CHM (ktery vznika jako rozdil digitdlniho modelu povrchu DSM a
digitdlniho modelu terénu DTM) a znéj vychdzejici odhad vysky stromi je
vyzadovano snimkt jak Spicek korun stromu, tak bodti terénu. Jestlize koruna
stromu stini body pod nim, neni mozné vytvorit v ¢asti pod stromem digitalni model
terénu (Wallace et al. 2016).

Stejné tak (Mlambo et al. 2017) uvadi, Ze pfi porovnavani hodnot vysek stromii
zjisténych pomoci metody SfM a pozemnim méfenim dochdzelo k pomérné slabym
vysledkiim v porostech s vysokym zapojem, kde samotnd metoda SfM nebyla
schopna urcit dostatek bodti, které by reprezentovaly zem a umozZnily tak vytvoreni

DTM pro odvozeni vysky z digitalniho modelu povrchu.

V pfipadé z lesnického pohledu fidkych porostti olivovych sadti dosahovali (Zarco-
Tejada et al. 2014) pfi odhadu vysky na zakladé SfM generovaného CHM vysledki
s rRMSE 13,3%.

Lepsich vysledkti v lesnich porostech 1ze dosahnout, mimo jiné i diky vyuziti
georeferencovani pomoci zaméfeni referencnich bodu (Panagiotidis et al. 2016). U
odhadu vysky jednotlivych stromii na zadkladé StM dosahuje rRMSE 12,62%.

Problémy s nepfesnym DTM vzniklym za pomoci SfM tispésné eliminuje vyuziti
DTM zjiného zdroje, naptiklad zlaserového skenovani. (Messinger et al. 2016)
dokumentuje uspésné uziti SfM timto zpusobem pro odhady vysek a jejich
prostfednictvim zasob uhliku.

(Lisein et al. 2013) vyuziva SfM technologie v kombinaci s ALS DTM pro odhad
vySek jednotlivych stromt zna¢né diferencovanych listnatych porostti, kde

dosahuje rRMSE 4,7%. U odhadu horni vysky (dominant height), jako porostni
charakteristiky se pak dostava k hodnoté rRMSE 8,4%.

Obdobné (Puliti et al. 2015) dosahuje s pouzitim SfM a ALS DTM u odhadu horni
vysky rRMSE 3,6%
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Dalsi moznosti zpfesfiovani spocivaji v doplnéni dat ziskanych pomoci UAV o data
sebrana s vyuzitim pozemni fotogrammetrie. (Mikita et al. 2016) popisuje postup,
pri kterém jsou data pofizena UAV kombinovana s daty odvozenymi z pozemniho
snimkovani za pomoci kamery nesené méficem pfi pohybu v porostu. Touto
metodou bylo dosazeno vysoké presnosti pti stanoveni celé fady dendrometrickych
velic¢in, jako je pocet stromu (pozice jednotlivych stromti byly urceny s RMSE
0,463m), vyska (RMSE 1,016m), tloustka (RMSE 0,911cm) a objem jednotlivého
kmene (RMSE 0,082m?).

(Jaakkola et al. 2017) s vyuzitim UAV neseného laserového scanneru provadi sbér
dat jak pfi letu nad porostem, tak ve vlastnim porostu. Data pofizend béhem letti
v porostu umoznuji odhad vycetni tloustky s rRMSE 10,4%. Pfi odhadech vysky,
vycetni kruhové zakladny a objemu jednotlivého kmene dosahuje rRMSE do 20%
(5,16%; 19,73% a 19,26%)

Vysoké operativnosti a financéni dostupnosti pofizovani snimkit pomoci UAYV,
spole¢né s dostate¢nou presnosti odhadu vysky aspésné vyuziva (Dempewolf et al.

2017) pro zkoumani vyskového pfirtistu v pribéhu periody dvandcti tydnd.

3.6.3 Vliv hustoty bodového mracna

Hustota bodového mrac¢na do urcité miry pfedznamendva detail, v jakém je bodové

mracno schopné zachytit realitu.

Pfi porovnavani ALS bodovych mracen srtiznou hustotou v rozmezi 5 az 20
bodii/m? dochéazi (Yao et al. 2014) k zavéru, Ze zvySovani hustoty mracna nad
hodnotu 10 bodd/m? neznamend automaticky zlepSeni vysledkii identifikace

jednotlivych stromt.

Vliv hustoty ALS mracéna na spolehlivost urceni vybranych dendrometrickych
velic¢in: Loreyova vyska (primérnd vyska vazena kruhovou zdkladnou), kruhova
zékladna, zasoba a pocet stromti, dokumentuje (Magnussen et al. 2010). Porovnaval
mracna s hustotou 0,25 az 2 body/m? U vsech dendrometrickych veli¢in byla
zachycena rostouci spolehlivost snartistem hustoty bodového mracna,

s nejvyznamnéjsSim zpresnénim u veli¢iny poctu stromii.

Nartst spolehlivosti identifikace jednotlivych stromu s rostouci hustotou bodového

mracna uvadi také (Kandare et al. 2016). V ramci porovnavanych hustot od 4 do 60
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bodti/m? dochazelo ke zlepseni vysledki identifikace, nicméné nartist spolehlivosti

se s rostouci hustotou zpomaloval a staval se spiSe margindlni.

4 Metodika

Vlastni prace byla rozdélena do nékolika na sebe navazujicich ¢asti v souladu s cili:

Prostorové rozliSeni snimkt v zavislosti na rtiznych vstupnich podminkach.
2. Kvalita fotogrammetrickych (DAP) bodovych mracen odvozenych ze snimkti
pofizenych v rtiznych vstupnich podminkach.
3. Vliv vstupnich podminek a kvality bodového mracna na pfesnost

odvozovani vybranych dendrometrickych velicin.

Snimkovani bylo v ramci celé prace provadéno pomoci kvadrokoptéry DJI Phantom
3 Professional (DJI 2017) s integrovanym fotoaparatem DJI FC300x Obrazek 6,
Tabulka 2.

Obrazek 6 D]JI Phantom 3 Professional
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Tabulka 2 Specifikace DJI FC300X fotoaparatu

Senzor Sony EXMOR 1/2.3” CMOS Effective pixels: 12.4 M
Objektiv 20 mm (35 mm format equivalent) {/2.8 focus at oo
ISO rozsah 100-1600 (photo)

Cas elektronické zavérky 8 -1/8000 s

Velikost obrazu 4000x3000px

Vsechny vypocty byly provedeny v programu R-Studio verze 1.4.1103 (RStudio
Team 2019) s R verzi 4.0.3 (R Core Team 2020) s vyuzitim nasledujicich knihoven:
LidR(Roussel a Auty 2021), ForestTools(Plowright a Roussel 2021), sjPlot(Liidecke
2021), JTools(Long 2020), Readr(Wickham a Hester 2020), GGplot2(Wickham 2016),
gtsummary(Sjoberg et al. 2021)

4.1 Prostorové rozliseni snimku v zavislosti na

vnéjsich podminkach

4.1.1 Odvozeni pozemni vzorkovaci vzdalenosti (GSD)

Pojem pozemni vzorkovaci vzdalenost (GSD) na digitalnim snimku oznacuje
skute¢nou velikost povrchu reprezentovanou jednim pixelem snimku. Jedna se o
teoretickou hodnotu, ktera vychdzi pouze ze znamych hodnot geometrie
fotoaparatu (rozliSeni senzoru a ohniskova vzdalenost objektivu) a vzdalenosti
k zobrazovanému povrchu, nebo objektu. Dalsi faktory, jako napfiklad optické

vady, nebo obrazovy Sum nejsou brany v potaz (Orych 2015).

GSD lIze odvodit na zakladé skutecné velikosti pixelu senzoru x, ohniskové

vzdalenosti objektivu f a vzdalenosti mezi objektivem a cilem & pomoci vztahu Eq 2.

x * h

f

GSD = Eq 2

4.1.2 Odvozeni pozemni rozlisovaci vzdalenosti (GRD)

Pozemni rozliSovaci vzdalenost (GRD) pfedstavuje nejmensi rozpoznatelny prvek

na snimku. MiiZze byt urcena za pomoci vizualni analyzy specialnich kalibra¢nich
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cili, jako je tfeba Siemens star (Orych 2015). Na rozdil od GSD je GRD
vyhodnocovana jako vyslednice vSech faktorti ovliviiujicich prostorové rozliseni

snimku.

Siemens star pfedstavuje kalibra¢ni cil vhodny pro stanoveni GRD bez nutnosti
dalsiho specialniho vybaveni. V praxi se vyuzivaji dva typy tohoto kalibrac¢niho cile
— sinusovy pro laboratorni ticely a binarni pro venkovni testy. Binarni Siemens star
cil je tvofeny nékolika radidlnimi sektory se stfidajici se cernou a bilou barvou
Obrazek 7(a).

GRD se s vyuzitim kalibra¢niho cile Siemens star s 1 sektory a primérem D odvodi

podle zjisténého priiméru rozostfeného cile d viz Obrazek 7(b) pomoci vztahu Eq 3.

L

d

(a) (b)

Obrazek 7 (a) Siemens star kalibracni cil s poctem sektortt n=18;(b) Rozostfeny stfed
kalibrac¢niho cile o praméru d

D=100crrP_ . ¢

T*d
GRD = Eq3

4.1.3 Porizeni snimku

Pro ovéfeni hodnot GRD byl vyuZit kalibracni cil Siemens star s n=18 segmenty (9

bilych a 9 ¢ernych) s primérem 100 cm vytiStény na papir a zalaminovany pro



ochranu pfed poskozenim Obrazek 7(a). Cil o téchto rozmérech umoznuje teoreticky
zjisfovat GRD v rozmezi od 0 do 17,453 cm.

Cil byl umistén na zpevnéné plose v blizkosti Ustavu pro hospodafskou tpravu lesti
Brandys nad Labem v oblasti umoznujici bezpecné nerusené snimkovani pomoci
UAYV Obrazek 8.

(a) (b)
Obrazek 8 Snimek kalibra¢niho cile Siemens star (a) letova vyska 5m;(b) letova vyska
30m

Bylo provedeno opakované snimkovani Siemens star za riiznych svételnych
podminek, v riznych vyskach do maxima 150 m a v rdznych horizontalnich

rychlostech od nuly do 15 m/s.

Snimkovani probéhlo v priibéhu ¢tyt dni, tak, aby bylo dosaZeno co nejriiznéjsich
svételnych podminek. Snimky byly pofizovany v rtiznych vyskach pfiblizné po 5
metrech a v riiznych horizontalnich rychlostech letu UAV. Uhel fotoaparatu byl
nastaven na 90stupnii (nadir), hodnota ISO byla nastavena na konstantni hodnotu
(ISO 100). Fotoaparat DJI FC300x je vybaven pevnou clonou. Diky tomu bylo moZzné
vyuzit hodnotu expozi¢niho ¢asu pro popis svételnych podminek v dobé pofizeni
snimku.

Néktefi autofi zminuji zavislost GRD na vzdalenosti od stfedu snimku (Honkavaara
et al. 2006). Proto byla nejprve provedena selekce snimkii, kdy byly vylouceny

vSechny snimky, na nichz byl kalibracni cil zachycen mimo stfedni oblast, viz

Obrazek 9, tak aby byl vliv této proménné eliminovan.
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20%

20%

Obrazek 9 Stiedni oblast (Sedé) snimku

Ze snimki byly s vyuZitim aplikace Exiftool (Harvey 2016) extrahovana metadata o
relativni vySce letu, X,Y a Z vektorech rychlosti letu, expozi¢nim ¢ase a hodnoty ISO.
Bylo ovéfeno dodrzeni konstantnich hodnot nastaveni ISO. Byly vylouceny vSechny
snimky s Z vektorem rychlosti letu vétsim nez 0,1 m/s. Zjednotlivych vektort

rychlosti byla vypocitana celkova rychlost letu.

Tabulka 3 shrnuje charakteristiky vysledné sady snimkt podle jednotlivych
letovych dni.

Tabulka 3 Pfehled snimki kalibraéniho cile

Pocet
Datum Pocasi . Vyska Rychlost  Expozicni cas
snimkt
(m AGL) (m/s) (s)
min max min max min  max
Jasno, velmi
2019-07-26 o 21 49 1052 00 01 1/1750 1/811
slaby vitr
Jasno, velmi
2020-01-17 o 60 30,3 1008 0,0 144 1/514 1/252
slaby vitr
Polojasno,
2020-10-08 o 64 62 703 00 126 1/736 1/176
slaby vitr
Oblacno,
2020-10-24 o 39 10,0 700 00 95 1/561 1/336
slaby vitr
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Celkem 184 49 1052 00 144 1/1750 1/176

4.1.4 Urceni GRD

Na jednotlivych snimcich byl v programu Image] (Schneider et al. 2012) zméfen
obvod rozostfené oblasti kolem stfedu cile. Pro dosazeni vyssi objektivnosti méfeni
byla nejprve provedena transformace RGB snimku do 8-bitové skaly Sedé s vyuzitim
funkce Image] Type/8-bit, kterd pouziva vztah gray = (red + green + blue) /3. Ve

vysledném snimku se tak hodnota kazdého pixelu pohybuje v rozmezi 0 az 255.

Pomoci funkce prahovani Obrazek 10(a) byla zvyraznéna oblast s hodnotami mezi
nulou a prahovou hodnotou, ktera byla vizualné odvozena tak, aby dobte
definovala rozostfenou oblast kolem stiedu. Nasledné byl v rdmci zvyraznéné
oblasti identifikovan nejbliz8§i bod kazdého z deviti tmavych radidlnich sektort

smérem ke stfedu jako hranice rozostfené oblasti.

Vzhledem k tomu, Ze takto identifikovana rozostfena oblast byla pouze ziidka
kruhového tvaru, misto méfeni priiméru byla zmeéfena délka obvodu této oblasti viz

zluty polygon Obrazek 10.
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Obrazek 10 Identifikace rozostfené stiredové oblasti s (a) a bez prahovani (b)

Hodnota GRD byla nasledné vypoctena podle vztahu Eq 3 upraveného pro pouZiti
obvodu p Eq 4.

GRD =2 Eq4
n
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Rovnéz byla vypocétena hodnota GSD podle vztahu Eq 2 na zdkladé znamych

parametrti fotoaparatu a vysky letu.

Z takto zjisténych hodnot byla zkoumdna zdvislost mezi GRD a GSD, letovou

vyskou, svételnymi podminkami a horizontdlni rychlosti pfi snimkovani.

4.2 Kvalita fotogrammetrickych (DAP) bodovych

mracen odvozenych ze snimku porizenych

v ruznych vstupnich podminkach

4.2.1 Vyzkumné lokality

Byly zvoleny dvé vyzkumné lokality s cilem vybéru stanovist se zastoupenim

nejcastéjsich dfevin v CR, s variabilni prostorovou strukturou a také rtiznym

usporadanim terénu. Obrazek 11, Tabulka 4.

Tabulka 4 Vyzkumné lokality

Vyzkumna lokalita Skorkov Skalice
Pozice WGS 84 (stied) Lat: 50,2143906N, Lat: 49,9141571N,

Lon: 14,7160739E Lon: 14,8710025E
Plocha 9,309 ha 3,629 ha
Reliéf rovina svah se sklonem 20%
Nadmoftska vyska 188-190m m n.m. 399-431m m n.m.
Druhové slozeni borovice(Pinus silvestris), smrk (Picea abies), buk (Fagus

duby (Quercus robur,

Quercus rubra)

sylvatica)
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Obrazek 11 Umisténi vyzkumnych lokalit

Prvni z lokalit nazvana Skorkov lezi pobliZ Staré Boleslavi. Nachazi se zde porosty
rtiznych dfevin (s pfevahou Borovice lesni (Pinus sylvestris) a dubti (Quercus robur,
Quercus rubra) v raznych rtstovych fazich, od sotva zajisténych kultur az po
porosty v mytnim véku. Jednd so o lokalitu sptivodné typickym borovym
hospodafstvim realizovanym ve vice méné pravouhlych prvcich. Z tohoto
usporadani také vychdzelo vytyceni vyzkumné lokality, které pii obdélnikovém

tvaru respektuje hranice jednotek prostorového rozdéleni lesa Obrazek 12.

Obrazek 12 Vyzkumna lokalita Skorkov
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Druha lokalita, oznacena jako Skalice, lezi na tizemi SLP Kostelec n.C.L. v lesnim
komplexu nad obci Stfibrna Skalice. Pfevazuje zde Smrk ztepily (Picea abies) a Buk

lesni (Fagus sylvatica) s pomérné pestrou prostorovou strukturou Obrazek 13.

Obrazek 13 Vyzkumna lokalita Skalice

4.2.2 Letové mise

Na kazdé zvyzkumnych lokalit bylo provedeno snimkovani ve vice letovych
misich, v rznych podminkach (letova vyska, svételné podminky). Celkem bylo
provedeno 26 standardnich letovych misi ve ¢étyfech letovych vyskach s cilem

postihnout rizné svételné podminky Tabulka 5.

Ve vsech ptipadech byla letova mise planovana s podélnym i bo¢nim pfekryvem 75
%. Draha letu byla orientovdna rovnobézné s delsi stranou vyzkumné lokality
Obrazek 14(a).

Zaroven byly provedeny i tfi zvlastni mise scilem zajistit dostatek snimki
pofizenych z rtiznych uhlt pro provedeni optimalizované kalibrace fotoaparatu
v programu WebODM. V tomto ptipadé byly provedeny dvé mise (letova vyska 100

a 150 m) s drahou letu kolmou na delsi stranu vyzkumné lokality Obrazek 14(b) a
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jedna mise (letova vyska 100 m) s thlem kamery 75 stupnt pro ziskani non-nadir

snimkd.

Ve vsech pfipadech byl vyuzit UAV DJI Phantom 3 Professional s integrovanym

fotoaparatem FC300X Tabulka 2 spevnou clonou a konstantnim nastavenim

hodnoty ISO (DJI 2017). Pro planovani letové mise byla vyuzita aplikace

DroneDeploy(DroneDeploy 2020) a v pfipadé specidlni mise s thlem kamery 75

stupnti Pix4D(Pix4D SA 2020), protoze DroneDeploy toto nastaveni neumoznuje.

Tabulka 5 Detaily letovych dni

Datum od do Lokalita Pocet Vyska letu (m)" Pocasi
g z

17.06.2020 12:54  14:01 Skorkov a zataZeno, vysoka
oblacnost, slaby vitr

20.08.2020 06:35  07:18 Skorkov a jasno, klid

21.08.2020 10:31  11:14 Skorkov a jasno, velmi slaby
vitr

03.09.2020 11:21  12:14 Skalice a obla¢no, proménlivy
vitr (termika)

09.09.2020 11:38  12:14 Skalice a jasno, velmi slaby
vitr

19.10.2020 12:45  13:51 Skorkov abt vysoka protrhavajici
se oblacnost, slaby
vitr

11.11.2020 11:35 12:10 Skalice a zatazeno, vysoka

oblacnost, klid

" a: drdha letu rovnobézna s delsi stranou vyzkumné lokality, b: draha letu rovnobézna s

kratsi stranou vyzkumné lokality, t: draha letu rovnobézna s delsi stranou vyzkumné

lokality tthel fotoaparatu 75 stupniti.



(a) (b)

Obrazek 14 Draha letu u standardni (a) a zvlastni (b) mise

Pro kazdou zvyzkumnych lokalit bylo zaroven pofizeno prostfednictvim
bezpilotniho leteckého laserového skenovani (ULS) bodové mra¢no pomoci sestavy
UAV VUX-SYS (RIEGL Laser Measurement System GmbH, Horn, Austria)
skladajici se z UAV RiCOPTER, VUX-1UAV laser scanner a AP-20 inertial
measurement unit (IMU) (Riegl 2019).

Vysledek tohoto skenovani byl nasledné vyuzit jednak jako referen¢ni data pro
porovnani kvality DAP bodovych mracen, pro odvozeni DTM a také jako data pro
zhodnoceni vysledkii vyuziti rliznych funkci pro urceni Sifky plovouciho okna

v ramci LMF procedury pfi identifikaci jednotlivych stromd.

4.2.3 Zpracovani snimku

Pomoci Exiftool aplikace(Harvey 2016) byly zjednotlivych snimka extrahovany
EXIF informace o parametrech nastaveni fotoaparatu (expozi¢ni cas, clona, ISO) a
rychlosti letu (X,Y,Z vektory). Jak bylo jiz vyse zminéno, clona je v pfipadé tohoto
snimace pevna a hodnota ISO byla nastavena jako konstantni (100), proto je mozné
hodnoty casu zavérky vyuzit jako indikator svételnych podminek v dobé potizeni

snimku.
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Pro kazdou ze sad snimkti pofizenych v pritbéhu standardnich 26 letovych misi
bylo provedeno vyhodnoceni primérnych hodnot expozi¢niho ¢asu a rychlosti letu.

Vystupy tohoto vyhodnoceni jsou uvedeny v Tabulka 6.

Tabulka 6 Charakteristiky sad snimk standardnich letovych misi

Charakteristika Skalice, n =121 Skorkov, n = 14!
Pocet snimkt 155 (95 to 248) 162 (98 to 252)
Vyska letu (m AGL)

75 3 (25%) 3 (21%)

100 3 (25%) 4 (29%)

125 3 (25%) 3 (21%)

150 3 (25%) 4 (29%)
Expozicni cas (s) 0,017 (0,004 to 0,040) 0,015 (0,004 to 0,067)
Rychlost letu (m/s) 9,04 (5,70 to 11,70) 9,46 (7,50 to 11,80)

'Pramér (Rozsah); n (%)

4.2.4 Bodova mracna

KazZda sada snimkt1 porizenych v jednotlivych letovych misich byla zpracovana jak
v programu Agisoft Metashape (Agisoft-LLC 2019) tak v programu WebODM
(Toffanin et al. 2020) postupem Structure from Motion do podoby bodového
mracna. V obou pfipadech bylo vyuzito standardni (defaultni) nastaveni, protoze
odliSnosti obou programi neumoziuji zcela objektivné nastavit obdobné parametry
zpracovani tak, aby bylo mozné pfimo porovnavat vystup. Defaultni hodnoty tak
predstavuji uréitou porovnavaci hladinu, u niz lze zdroven predpokladat, ze

predstavuji dobré vychodisko pro dalsi zpfesfiovani.

V ptipadé WebODM byla navic vdalsi verzi vyuzita moznost optimalizace
stanoveni vnitfnich parametri kamery. Tyto parametry jsou standardné
odhadovany béhem zpracovani snimkt v rdmci procesu vnitini kalibrace. Manudl
(Toffanin 2019) s odkazem na (Fraser 2018) doporucuje pro zlepSeni kvality vystupti
ulozit vysledky vnitini kalibrace pfi zpracovani sady snimkii potfizenych v co
nejrozmanitéjSich vyskach a tthlech (tedy nejen nadir snimky). Pro tento ucel byla
provedena rekonstrukce bodového mracna ze vSech snimkt pofizenych v ramci
letového dne 19.10.2020 — tedy ze ¢tyf standardnich a tfi specialnich letovych misi

(celkem 1176 snimkti), véetné mise s thlem fotoaparatu 75 stupnti (tedy 15 stupnt
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od nadir sméru). Vysledky vnitfni kalibrace (nikoliv mracno jako takové) vzniklé
v ramci této rekonstrukce byly ndsledné vyuzivany i pfi rekonstrukci bodovych

mracen z datovych sad jednotlivych misi.

Kazdé datova sada tak byla zpracovana celkem tfikrat viz Tabulka 7.

Tabulka 7 Pfehled znaceni jednotlivych nastaveni

Program Nastaveni Oznaceni

Agisoft Metashape  Default Metashape

WebODM Default WebODMStd

WebODM Default + uloZené vysledky vnitini WebOdmEnh
kalibrace

Vystupem téchto zpracovani je tedy celkem 54 bodovych mracen ve formatu laz.

Bodové mracno z ULS skenovani bylo zpracovano ze vstupnich dat porizenych
UAV VUX-SYS za pomoci vyhlazeného odhadu drahy letu (SBET) na zakladé
postprocesingu z Trimble VRS Now. VSe zpracovano v ramci prostfedi RiProcess
s RiPrecission modulem (Riegl 2019). Ve stejném prostfedi byla provedena i
klasifikace bodového mracna. Skenovani ani pfiprava ULS bodového mrac¢na nebylo
pfedmétem této prace. Detaily postupu byly shodné jako podrobnosti popsané
v Casti 4.2 dizertacni prace Martina Slavika (Slavik 2020).

4.2.5 Porovnani bodovych mracen

Porovnavani bodovych mracen bylo provedeno v programu Cloudcompare
(Cloudcompare 2021).

Nejprve byla pfipravena referenéni data. ULS mracno bylo pro obé vyzkumné
lokality ofiznuto hranicemi vyzkumné lokality (segmentace pomoci polygonu

hranice lokality importovaného v ramci shapefile).

Byl také pripraven digitalni model terénu (DTM) odvozeny z ULS bodového mrac¢na
na zakladé klasifikace pozemnich bodt pomoci Cloth Simulation Filter (CSF)(Zhang
et al. 2016) pluginu (nastaveni General settings: Relief; Slope processing: enabled;
Cloth resolution 1.0; Max iterations: 1000; Classification threshold: 0.5)

v Cloudcompare.
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Porovnani jednotlivych DAP mracen s referencnim ULS mracnem bylo nasledné

provedeno v téchto krocich:

1.

Registrace DAP mracna (Tool/Registration/Fine Registration(ICP))
s vyuzitim ULS mracna jako reference.

DAP mracno bylo ofiznuto hranicemi vyzkumné lokality (segmentace
pomoci polygonu importovaného v ramci shapefile)

Bylo provedeno porovnani polohové presnosti DAP mracna pomoci
vzdalenosti jednotlivych bodt obou (DAP a referencni ULS) mracen
(Tools/Distances/Cloud distances). Vysledek tohoto porovnani je ukladan do
nového skalarniho pole DAP mracna.

Export statistik (primér C2CDistMean a smérodatnd odchylka
C2CDistStdDev) tohoto nového skaldrniho pole a také poctu bodt ofiznutého
DAP mracna do databaze.

Protoze hustota DAP mracen byla znaé¢né proménlivd v ramci vyzkumné
lokality, byla déle jesté provedena identifikace ploch terénu nepokrytych
DAP mracnem pomoci nastroje Volume calculations
(Tools/Volume/Compute 2.5D volume) mezi DAP mraénem a DTM.
Vystupem tohoto procesu vyuzitym déle byla hodnota pro nesparované
body/buniky terénu - Non-matching cells Ground (NMGround) z niz bylo

odvozeno pokryti vyzkumné lokality DAP bodovym mra¢nem.

Prehled postupu praci pfi pofizeni dat a dalSiho zpracovani DAP bodovych

mracen je uveden v diagramu Obrazek 15.
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Obrazek 15 Postup pofizeni a zpracovani dat

4.3 Vliv vstupnich podminek a kvality bodoveho
mracna na presnost odvozovani vybranych

vystupti

4.3.1 Referenc¢ni data

Pro ziskani relevantnich dat pro ovéfeni uspésnosti identifikace jednotlivych stromt
v bodovém mrac¢nu bylo provedeno pozemni Setfeni. V ramci lokality Skorkov bylo
v pribéhu letni sezony roku 2020 zaloZeno celkem 39 kruhovych zkusnych ploch
Obrazek 16 spromeénlivou velikosti v zavislosti na stfedni vySce porostu viz
Tabulka 8.
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Obrazek 16 Zkusné plochy na lokalité Skorkov

Tabulka 8 Zkusné plochy
o Polomér ) )
Typ Stfedni vyska Plocha Min. registr.
plochy .
plochy hranice
(m) (m) (m?)
<3 3,00 28,27 1,5 m vyska
2 3-10 5,00 78,54 1,5 m vyska
>10 12,62 500,00 7cm DBH

Na kazdé ze zkusnych ploch byly zméfeny priméry ve vycetni tloustce 1,3 m (DBH)
vSech stromt presahujicich minimalni registracni hranici. Zaroven bylo provedeno
meéfeni vysky pro nahodné vybrané vzorniky v poctu 1 az 5 podle vyskové
rozriznénosti na dané plose. RovnéZ byla zmétena sifka koruny pro jeden (ndhodné
zvoleny) z téchto vyskovych vzornikti na plose. Pro méfeni koruny byl zvolen
shodny postup jako v Nérodni inventarizaci lesti (NIL) (Adolt et al. 2013). U jedincti
nehroubi, tedy s vycetni tloustkou mensi nez 7cm, byla zméfena pasmem nejvétsi a

nejmensi Sitka koruny, znichZ byla ndsledné primérem urcéena Sifka koruny.
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V ptipadé jedincti hroubi byla korunova projekce zaméfena pomoci alespon péti
bodti dobfe definujicich rozsah koruny pomoci FieldMap technologie. Ze zjisténé
plochy polygonu definovaného témito body (plocha korunové projekce) byla

nasledné odvozena Sitka koruny za predpokladu kruhového tvaru koruny.

Zkusné plochy byly podle maximalni zméfené vysky zafazeny do jedné ze Ctyf
skupin Tabulka 9.

Tabulka 9 Rozdéleni zkusnych ploch podle maximalni vysky

) Vyska (m)
Skupina
od (>) do(<=)
1 5
2 10
3 10 20
4 30 30

4.3.2 Model sirky koruny

Pro ucely nastaveni vhodné velikosti plovouciho okna v ramci procedury LMF pfi
identifikaci jednotlivych stromii byl odvozen model zavislosti sitky koruny na vysce

stromu.

4.3.2.1 Data

Pro odvozeni modelu byla vyuzita data ziskana v ramci NIL pracovniky Ustavu pro
hospodafskou upravu lestt Brandys nad Labem v obdobi mezi lety 2001 a 2015.
Pouzita data obsahuji méfeni korunovych projekci a vysek vice nez 94 tisic stromt
z vice nez 22 tisic inventarizacnich ploch. Pro tcely této prace byla Sifka koruny
odvozena z plochy korunové projekce za predpokladu jejiho kruhového tvaru
Tabulka 10.

Tabulka 10 Piehled datové sady NIL

Charakteristika n'=94 066
Inventarizacni plocha n=22532
Vyska (m) 25 (4 az 54)
Sitka koruny (m) 5,57 (1,35 aZ 19,33)
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Charakteristika

n'=94 066

Skupina dfevin

Borovice lesni

13 691 (15%)

Brizy 2382 (2,5%)
Buk lesni 6 475 (6,9%)
Duby 6 728 (7,2%)
Habr obecny 890 (0,9%)

Jasany 1340 (1,4%)
Javory 1709 (1,8%)
Jedle bélokora 1202 (1,3%)
Modfin opadavy 4 300 (4,6%)
Olse 2177 (2,3%)
Ostatni jehli¢naté 763 (0,8%)

Ostatni listnaté meékké 2672 (2,8%)
Ostatni listnaté tvrdé 970 (1,0%)

Smrk ztepily 48 767 (52%)

'Pramér (Rozsah); n (%)

4.3.2.2 Model

Jednoduchy linedrni model se smiSenymi efekty byl odvozovan opakované s rtiznou
transformaci zavislé i nezavislé proménné pro dosaZeni optimalnich vysledki. Jako
nejlepsi se osvédcil model ve tvaru Eq 5. vyuZivajici inventarizacni plochu jako
nahodny efekt. Timto zplisobem bylo mozné vytvofit model, ktery bude nasledné

mozno kalibrovat pro urcitou plochu pomoci nékolika zmétenych vzorkd.
In(CWie) = o + B 1Hia/ 100 + o + tyyc Hia/ 100 + ey Fas

Kde CWii je sitka koruny stromu(m) i na plose k, Hxije vySka stromu(m) i na plose k,
tato proménnd musela byt upravena (délena 100) jinak nebylo dosaZeno
konvergence modelu. o a f1 odhadované pevné parametry populace, aok a aux jsou
s nulovym ocekdvanim odhadované ndhodné parametry pro plochu k a e je

nahodna rezidualni chyba pro strom 7 na plose k.

Parametry modelu byly nejprve odhadnuty s pouzitim celé datové sady. Vysledky

tohoto modelu oznaceného jako model f1 jsou uvedeny v Tabulka 11 a Obrazek 17.
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Z Setfeni na zkusnych plochach v lokalité Skorkov byla zjisténa pfevazujici
pritomnost pouze nékolika vybranych dfevin. Konkrétné Borovice lesni (Pinus
sylvestris), Dubu letniho (Qercus robur) a Dubu cerveného (Quercus rubra). Proto
byl nasledné odvozen stejny model pouze pro podskupinu datové sady obsahujici
zdznamy skupin dfevin Borovice lesni a Duby. Model byl oznacen jako model {2 viz
Tabulka 11 a Obrézek 18.

Tabulka 11 Model f1 a model £2

Model f1 In(CW) Model £2 In(CW)

Pevné efekty Odhad Int. spol. p Odhad  Int. spol. p

(Intercept) 0,9692  0.9552-09831 <0.001 1,0471 1.0140-1.0802 <0.001

H/100 2,9192 28671-29714 <0.001 2,7494 2.6134-2.8854 <0.001
Néahodné efekty

o? 0,0579 0,0588

Tok 0,3248 0,3792

Tik 3,0351 4,7034

QU1K -0,8865 -0,8578

ICC 0,6090 0,6663

N « 22532 7009

Pozorovani 94066 20419

MargindlniR?/ 0,226 /0,697 0,129/0,709

Podminéné R2

Marginalni a podminény koeficient determinace urceny podle (Nakagawa et al.
2017)
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residuals(pearson)

residuals

Obrazek 17 Model f1 - diagnostické grafy
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residuals
plot

height(m) residuals

Obrazek 18 Model f2 - diagnostické grafy

4.3.2.3 Kalibrace modelu

Linedrni modely se smiSenymi efekty umoznuji kalibraci (odhad parametrti
nahodnych efektt) pro konkrétni novou lokalitu, ktera neni zahrnuta ve vstupnich
datech modelu. Na zakladé nékolika méfeni zavislé a nezavislé proménné, v tomto
pripadé vysky stromu a Sitky koruny, provedenych na konkrétni lokalité je mozné

dosahnout vyznamného zpfesnéni modelu pro tuto konkrétni lokalitu.

Odhad parametrii ndhodného efektu byl proveden podle vztahu
a=ZR1Z+D D ZR Yy —p) Eqé6

Kde: @ je matice odhadovanych ndhodnych parametrii; Z je projekcni matice spojena
. ~ . var (o« cov(Kgy, X

s nahodnymi parametry; D je odhad D =[ (o) (%o ui] _
cov(Xok, K1) var(Xy)

Tok  Poik

Poik Tk

odhad matice variance a kovariance residudlnich chyb jednotlivych stromt, 62, je

] matice variance a kovariance nahodnych parametrd; R = 62, x I je

druhd mocnina residudlni standardni chyby; /i je vektor hodnot zavislé proménné
odhadovanych na zakladé pouze pevnych parametrii a y je vektor hodnot

pozorovani zavislé proménné na konkrétni lokalité.

Pro ovéfeni této kalibrace byl proveden nahodny vybér jedné inventarizacni plochy
(spliujici podminku alespon 15 stromt s daty o koruné a vysce), ktera byla vyuzita

jako kalibracni. Model podle Eq 5 byl odvozen pro celou datovou sadu vyjma
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kalibra¢ni plochy. Nasledné byla provedena kalibrace modelu podle Eq 6 postupné
pro 1, 3, 5 a 10 ndhodné vybranych stromt z kalibra¢ni plochy.

Odhad sitky koruny pro vSechny stromy v ramci kalibra¢ni plochy byl proveden jak
podle modelu s pouze pevnymi parametry, tak podle modelu s odhadnutymi
nahodnymi parametry. Oba odhady byly porovnany se skutecnou hodnotou sifky
koruny svyuzitim normalizované odmocniny stfedni kvadratické chyby

(normalised Root Mean Square error nRMSE) Eq 7

i (i —yi)?
n

y

Eq7
nRMSE =

Kde n pocet zkusnych ploch, y je pozorovana hodnota, y je odhadovana hodnota a

y je priimér pozorovanych hodnot y.

4.3.2.4 Kalibrace modelu pro vyzkumnou lokalitu Skorkov

Pro kalibraci modeltt popsanych v kapitole 4.3.2.2 bylo vyuzito dat ziskanych
v ramci Setfeni popsaného v kapitole 4.3.1. Celkem byly k dispozici hodnoty Sitky
koruny a vysky stromu 39 jedincti. Pro posouzeni vlivu poctu kalibra¢nich méfeni
byl proveden odhad nahodnych parametrii obou modelti (model f1, model f2) pro
3, 5,10 a 39 kalibracnich méfeni. Spolu s marginalnim modelem vyuZivajicim pouze
pevné parametry tak vzniklo celkem 10 rovnic pro odvozeni 8ifky koruny z vysky

stromu Tabulka 12.

Tabulka 12 Oznaceni rovnic pro odvozeni sifky koruny z vysky stromu

Poéet kalibrac¢nich vzorka

Model

0 3 5 10 39
Model f1 f1_mar f1_cal3 f1_cal5 f1_cal10 f1_cal39
Model 2 f2_mar f2_cal3 f2_cal5 f2_call0 f2_cal39

4.3.3 Ovéreni vyuziti modelu pro identifikaci jednotlivych

stromu v ULS bodovém mracénu

Pro ovéfeni moznosti vyuziti navrhovanych rovnic, odhadujicich Sitku koruny

z vysky stromu, pro stanoveni Sitky plovouciho okna v ramci LMF procedury pfi
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identifikaci jednotlivych stromii bylo ULS bodové mracno zpracovano v prostredi
R(R Core Team 2020) s balicky LidR (Roussel a Auty 2021) a ForestTools (Plowright

a Roussel 2021) nasledujicim zptisobem:

1. Nacteni ULS bodového mracna s klasifikaci pozemnich bodi provedenou

pomoci Cloth Simulation Filter (CSF) viz 4.2.5.

2. Normalizace nac¢teného mracna.

Nasledné pro kazdou z deseti rovnic:

3. Spusténi LMF procedury pro identifikaci lokdlniho maxima v rdmci

plovouciho okna s Sifkou definovanou vysledkem rovnice na zakladé Z

soufadnice bodu normalizovaného mracna.

. Priinik identifikovanych bodt v misté lokalnich maxim s hranicemi zkusnych

ploch

. Porovnani poctu identifikovanych boditi/odhadovanych pozic vrcholki

stromtl s poctem stromul zjisténych v ramci pozemniho Setfeni (viz 4.3.1).
Porovnani je realizovano pomoci relativni chyby Percentage Error (PE) Eq 8
na arovni jednotlivych zkusnych ploch. Ddle pomoci primeérné relativni
chyby - Mean Percentage Error (MPE) Eq 9 a normalizované odmocniny
stfedni kvadratické chyby nRMSE Eq 7 na arovni skupin zkusnych ploch
podle vysky i pro cely soubor zkusnych ploch.

. Porovnani prameérné a maximalni vysky identifikovanych

bodti/odhadovanych pozic vrcholki stromti sudaji zjiSténymi v ramci

pozemniho Setfeni obdobnym zptisobem jako v bodu 5.

Vi — Vi Eq 8
Vi

PE =

n {. — .
MPE = > E i~ Vi Eq9
Néaj=1 Y

Kde 7 je pocet méfeni (zkusnych ploch), y je pozorovana hodnota (poctu stromti na

plose i) a § je (LMF procedurou) odhadnuta hodnota (poctu stromti na zkusné plose

i)
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4.3.4 Identifikace jednotlivych stromt v ramci

fotogrammetrickych (DAP) mracen

Obdobnym zptisobem jako v kapitole 4.3.3 byla provedena identifikace jednotlivych
stromtt v ramci kazdého ze 42 DAP mracen lokality Skorkov (pfipravenych podle
postupu v 4.2.4) Normalizace DAP mracen byla i zde provadéna s vyuzitim DTM

odvozenym z pozemnich bodd ULS bodového mracna.

Pro odvozeni sitky plovouciho okna procedury LMF byla pouzita funkce, ktera se
v Casti 4.3.3 osvédcila jako optimalni, tedy funkce, u niz pfidani dalsich kalibracnich
vzork jiz nepfineslo statisticky vyznamné zlepSeni.

Kromé poctu stromti byla také vyhodnocena primérna a maximalni vyska
identifikovanych stromt v ramci zkusné plochy.

Vsechny tyto tfi zjiSténé parametry byly nasledné posouzeny také v zavislosti na
vybranych vlastnostech DAP mracen. Konkrétné byla posuzovadna zavislost na
vysce letu UAV, rychlosti letu dronu béhem mise, svételnych podminkach béhem

UAV mise charakterizovanych primérnym expozicnim c¢asem snimkt a také na

software pouzitém pro rekonstrukci bodového mracna.

5 Vysledky

Jak bylo uvedeno na zacatku kapitoly 4, prace je rozdélena do tfi ¢asti. Tyto casti
byly také pfedmétem samostatnych publikaci (viz pfilohy 1 az 3) a v nasledujici

kapitole jsou predkladany v obdobném clenéni.

5.1 Prostorové rozliseni snimku v zavislosti na
raznych vstupnich podminkach

Kubista J.; Surovy P. Spatial resolution of unmanned aerial vehicles acquired

imagery as a result of different processing conditions. 2021.

Clanek popisuje vysledky ziskané v rdmci vyhodnoceni prostorového rozliSeni

pomoci GRD ve snimcich kalibra¢niho cile Siemens star.
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Pomér zméfeného GRD k vypoctenému GSD se pohyboval v rozmezi od 1,4 do 3,09
Tabulka 13.

Tabulka 13 Zjisténé hodnoty GSD a GRD

GSD GRD GRD/GSD
(cm/px) (cm) 0
Min 0,221 0,340 1,389
Median 2,250 4,864 2,220
Mean 2,335 5,205 2,189
Max 4,734 12,113 3,087

Vliv letové vysSky na oba parametry je patrny z nasledujictho grafu. Zaroven je

zfejmé, Ze na hodnotu GRD ptisobi i dalsi vlivy Obrazek 19.
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Obrazek 19 Graf zavislosti GRD a GSD na letové vysce

Vliv expozi¢niho casu a rychlosti letu UAV na GRD je zachycen v nasledujicich
grafech Obrazek 20 resp. Obrazek 21.
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Obrazek 20 Graf vztahu mezi GRD a expozi¢nim ¢asem
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Obrazek 21 Graf vztahu mezi GRD a rychlosti letu UAV

Pro lepsi pochopeni zavislosti GRD na letové vySce, expozicnim case a rychlosti letu
UAV byl odvozen linedrni model. Postupnymi tipravami byl zvolen jako nejlepsi
model ve formé podle Eq 10 s témito vysledky: F(3,180) = 855.306, p = < 0.001, R? =
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0.934, Adjusted R? = 0.933. VSechny nezavislé proménné jsou standardizovany

pomoci pruméru a jednondsobku smérodatné odchylky viz Tabulka 14.

Eq 10
VGRD =a+bxAl+c*Sp+d+Ex+e 1

Kde Al je vyska letu, Sp rychlost letu, Ex expozicni ¢as, a,b a c jsou odhadované

prislusné parametry modelu a e je rezidudlni chyba.

Tabulka 14 Model zavislosti GRD na vysce letu, rychlosti letu a expozi¢nim case
(VSechny nezavislé proménné jsou standardizovany pomoci priameéru a jednonasobku
smérodatné odchylky).

Proménna Odhad Std. Error t-hodnota p-hodnota
(Intercept) 2,167 0,014 159,527 < 0,001
Vyska letu 0,614 0,015 41,054 < 0,001
Rychlost letu 0,115 0,015 7,474 < 0,001
Expoziéni cas 0,066 0,014 4,561 < 0,001

Z modelu je zjevny vyrazny vliv vysky letu a omezeny, byt stale statisticky

vyznamny vliv rychlosti letu a expozic¢niho ¢asu.

Z provedené studie lze odvodit, ze v praxi casto pouzivana charakteristika
prostorového rozliSeni GSD muZe vést k prili§ optimistickému ocekavani v oblasti
detailu pofizovaného snimku. Pomér prostorového rozliSeni popisovaného
hodnotou GRD k GSD se ve studii pro dany typ UAV pohyboval v priméru ve vysi
2,2. Podobné vysledky publikovali i dalsi autori, s pomérem GRD/GSD v rozmezi
nejcastéji od 1,2 (Lee a Sung 2016) po 2,6 (Dabrowski et al. 2015).

Obdobné jako v provedené studii byl i jinymi autory(Lim et al. 2018a)(Lim et al.
2018b) potvrzen take vyssi pomér GRD/GSD pfi horsich svételnych podminkach.

Vyznamné vétsich poméri GRD/GSD ve vysi 10 az 15ti nasobku bylo dosahovano
s vyuzitim snimace 5.0.D.A neseného SenseFly eBee Plus UAV s pevnym kiidlem
(Stocker et al. 2018). Vzhledem k pouZitému UAV lze pfedpokladat vyznamné vyssi
horizontdlni rychlosti nez v pfipadé jinych studii vyuzivajicich UAV

multirotorového typu.
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5.2 Kvalita fotogrammetrickych (DAP) bodovych
mracen odvozenych ze snimku porfizenych

v ruznych vstupnich podminkach

Kubista J.; Surovy P. Forest structure from UAV: software type has more influence

on Structure from Motion point cloud than flight conditions. 2022.

Bylo provedeno porovnani DAP bodovych mracen rekonstruovanych pomoci
software Agisoft Metashape a WebODM (ve dvou nastavenich) v celkovém poctu

78 s referencnim ULS bodovym mracnem Tabulka 15.

Tabulka 15 Vlastnosti DAP bodovych mracen

Proménna Metashape! WebODMenh! WebODMstd!
Pokryti (%) 93.94 (31.00 to 99.80)  81.58 (25.30 to 96.70) 81.67 (24.50 to 96.70)
Hustota bodti (bodti/m?) 79.61 (30.43 to 181.23)  52.20 (9.90 to 103.04) 51.45 (9.52 to 101.92)
Polohova piesnost (m) 0.40 (0.26 to 0.60) 0.25 (0.13 to 0.65) 0.31 (0.18 to 0.62)

In (%); Pramér (rozsah)

5.2.1 Pokryti vyzkumneé lokality

Pokryti vyzkumné lokality DAP mracnem se vyrazné lisilo jak podle letové vysky

Obrazek 22(a) tak podle vyzkumné lokality Obrazek 22(b)Chyba! Nenalezen zdroj

odkazu..
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Obrazek 22 Pokryti vyzkumné lokality bodovym mra¢nem v clenéni podle pouzitého
software (a) a vyzkumné lokality (b). Zahrnuje vSech 78 bodovych mracen.
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Tento jev I1ze vysvétlit hypotézou horsich vysledk rekonstrukce bodového mraéna
ze snimkd s piilis kratkou vzdalenosti od snimaného povrchu (terén, ale zejména
koruny stromil), diky niZ nedokéze algoritmus SfM spolehlivé detekovat dostatek
uzlovych bodi v jednotlivych snimcich. Tuto hypotézu potvrzuji vysledky mracen
rekonstruovanych zletové hladiny 75m v pripadé lokality Skalice. Vzhledem
k tomu, Ze letova vyska byla udrZovana jako konstantni nad mistem startu, je na této
lokalité s vySsim sklonem skutecna vzdalenost UAV a snimanych vrcholki stromt
znacné proménliva, v nékterych pfipadech ziejmé pfilis mald (pfi vysce letu 75 m
byla vzdalenost UAV od vrcholkii stromii v nejvyse poloZené ¢asti lokality pouhych
cca 35m). Jak ukazuje Obrazek 23 nizka letova hladina 75 m vedla pouze k c¢astecné

uspésnosti rekonstrukce bodového mracna (a), na rozdil od letové hladiny 100m (b).

(a) (b)
Obrazek 23 Bo¢ni pohled na rekonstruované bodové mracno (zelené) s terénem (Sedé)
lokality Skorkov pfi letové hladiné 75m(modte) (a) a 100m(cervené)(b)

Pro lepsi porovnatelnost vysledkt byla v dal$im zpracovani pouzita pouze DAP
bodova mrac¢na s pokrytim vyssim nez 80%. Tuto podminku splnilo celkem 63

mracen viz Tabulka 16.

Tabulka 16 Vlastnosti vybranych 63 DAP bodovych mracen s pokrytim >80%

Proménna Metashape! WebODMenh! WebODMstd!
Pokryti (%) 97.24 (81.10 0 99.80)  91.89 (80.80 t0 96.70)  92.34 (83.20 to 96.70)
Hustota bodti (bodti/m?) 81.35 (35.02 to 181.23) 57.74 (32.15t0 103.04)  57.10 (31.42 to 101.92)
Polohova ptesnost (m) 0.41 (0.26 to 0.60) 0.22 (0.14 to 0.30) 0.30 (0.19 to 0.62)

In (%); Pramér (rozsah)

S vyuZitim generalizovaného linedrniho modelu (GLM) byl potvrzen vyznamny

vliv vysky letu, rychlosti letu, vyuZitého software a vyzkumné lokality na pokryti
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DAP bodového mracna Tabulka 17 a Obrazek 24. Svételné podminky, popsané

pomoci expozi¢niho ¢asu snimkd, nebyly timto modelem potvrzeny jako statisticky

vyznamneé.

Tabulka 17 GLM zavislosti pokryti vyzkumné lokality na vysce letu, software, lokalité a
rychlosti letu

Proménna Odhad 95% CI* p-value
(Intercept) 88,68 83,41, 93,98 <0,001
Vyska letu 0,120 0,069, 0,172 <0,001
Software

Metashape — —

WebODMenh -5,937 -7,785, -4,087 <0,001

WebODMstd -5,750 -7,634, -3,863 <0,001
Vyzkumna lokalita

Skalice — —

Skorkov 5,739 4,148, 7,325 <0,001
Rychlost letu -0,924 -1,804, -0,049 0,043

ICI = Interval spolehlivosti
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Obrazek 24 Efekty vybranych proménnych vyska letu, rychlost letu, software a
vyzkumna lokalita na GLM predikované pokryti vyzkumné lokality DAP bodovym

mracnem.

5.2.2 Hustota bodua

Hustota bodtt DAP bodovych mracen klesa s rostouci letovou vyskou. Rovnéz se
liSila mezi mracny rekonstruovanymi v ramci Metashape a WebODM (v obou
verzich nastaveni) s vy$simi hodnotami u Metashape Obrazek 25(a). Také se hustota
bodu liSila mezi obéma vyzkumnymi lokalitami, s niZSimi hodnotami v pripadé
lokality Skalice viz Obrazek 25(b), coZ patrné souvisi s jevem vyssiho vyskytu casti
lokality, kde se nepodarilo rekonstruovat bodové mracno, jak je vysvétleno

v predchozi ¢asti.

Obdobné jako u pokryti lokality byl i u hustoty bodového mrac¢na potvrzen pomoci
GLM vliv vysky letu, rychlosti letu, vyuzitého software a vyzkumné lokality na
hustotu DAP bodového mracna Tabulka 18, Obrazek 26. Stejné jako v predchozim

pripadé se nepotvrdil vliv svételnych podminek.
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Obrazek 25 Hustota bodii DAP mracen v clenéni podle pouzitého software (a) a
vyzkumné lokality (b). Zahrnuje pouze vybranych 63 bodovych mracen s pokrytim nad

80%.

Tabulka 18 GLM zavislosti hustoty DAP bodového mracna na vysce letu, software,

lokalité a rychlosti letu

Proménna Odhad 95% CI! p-value
(Intercept) 180.3 153.7, 208.2 <0.001
Vyska letu -0.311 -0.567, -0.049 0.017
Software

Metashape — —

WebODMenh -13.43 -22.55, -4.690 0.003

WebODMstd -13.79 -22.97,-5.001 0.002
Vyzkumna lokalita

Skalice — —

Skorkov 11.29 4.499, 18.15 0.001
Rychlost letu -7.782 -12.01, -3.767 <0.001

ICI = Interval spolehlivosti
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Obrazek 26 Efekty vybranych proménnych vyska letu, rychlost letu, software a

vyzkumna lokalita na GLM predikovanou hustotu DAP bodového mra¢na.

5.2.3 Polohova presnost

Polohova presnost byla hodnocena pomoci priimérné vzdalenosti jednotlivych
bodt DAP mrac¢na od referencniho ULS mracna. Tato vzdalenost se u vybranych

DAP mracen pohybovala v rozmezi 0,14 az 0,62m viz Tabulka 16.

Nejlepsich vysledkii dosahovala mra¢na rekonstruovana programem WebODM
s optimalizovanym nastavenim (WebODMenh) v nizkych letovych vyskach
Obrazek 27(a). Vliv vyzkumné lokality na polohovou pfesnost dokumentuje
Obrazek 27(b).
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Obrazek 27 Primérna vzdalenost bodii DAP mracen od referenéniho ULS mracna
v ¢lenéni podle pouzitého software (a) a vyzkumné lokality (b). Zahrnuje DAP mracna
s pokrytim lokality nad 80% (63 bodovych mracen).

GLM potvrdil vyznamny vliv vysky letu, software a vyzkumné lokality na
polohovou pifesnost DAP bodového mracna Tabulka 19, Obrazek 28. Vliv dalsich

proménnych (rychlost letu a svételné podminky) nebyl potvrzen.

Tabulka 19 GLM zavislosti polohové pfesnosti DAP bodového mracna na vysce letu,

software a lokalité.

Proménna Odhad 95% CI' p-value
(Intercept) 0.260 0.185, 0.337 <0.001
Vyska letu 0.001 0.001, 0.002 <0.001
Software

Metashape — —

WebODMenh -0.186 -0.225,-0.149 <0.001

WebODMstd -0.109 -0.153, -0.067 <0.001
Vyzkumna lokalita

Skalice — —

Skorkov -0.032 -0.065, -0.001 0.050

ICI = Interval spolehlivosti
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Obrazek 28 Efekty vybranych proménnych vyska letu, software a vyzkumna lokalita na

GLM predikovanou polohovou piesnost DAP bodového mracna.

Siroce vyuZivany komeréni software Agisoft Metashape v defaultnim nastaveni
rekonstruoval bodova mracna s vyznamné vyssi bodovou hustotou v porovnani
s open-source alternativou WebODM. Tento jev nelze nijak generalizovat, jedna se
patrné pouze o dusledek odliSného vychoziho nastaveni. Naopak z hlediska
polohové pfesnosti vykazovala mracna vytvofend v rdamci WebODM lepsi vysledky
nez mracna z Metashape. Zarovenl byl potvrzen pozitivni vliv optimalizované
kalibrace (WebODMenh) na polohovou pfesnost vystuptt WebODM.

Ocekdvany vliv svételnych podminek v priibéhu pofizovani snimkéi UAV se
nepotvrdil jako statisticky vyznamny pro zadnou z posuzovanych vlastnosti
(hustota bodd, relativni pokryti, polohova pfesnost) vysledného DAP bodového
mracna.

Let UAV v ptili§ nizké letové vysce nad povrchem miuze pfinaSet problémy pii

rekonstrukci bodového mrac¢na. Obzvlasté dilezité je pamatovat na tento fakt pfi
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snimkovani lokality s velmi variabilnim terénem, kdy mtze dojit k velkym
rozdiltiim vysky UAV nad snimanym povrchem. Z tohoto pohledu lze, mimo jiné i
na zakladé zkuSenosti ze snimani lokality Skalice, jednoznacné doporucit pro
planovani letové mise software umoznujici udrzovat konstantni vysku nad terénem
(na zadkladé digitalniho modelu terénu). Let v konstantni vySce nad mistem startu
muZe ve vyskové proménlivém terénu ziejmé vést k niZsi tispésnosti rekonstrukce
bodového mracna diky pfiliS nizké vzdalenosti UAV od snimaného povrchu ve

vyssich ¢astech snimané lokality.

5.3 Vliv vstupnich podminek a kvality bodového
mracna na presnost odvozovani vybranych
vystupt

Prvni ¢ast tohoto bloku, zahrnujici pfipravu linearniho modelu se smiSenymi efekty
pro odvozeni $itky koruny z vysky stromu, ovéfeni kalibrace tohoto modelu pro
konkrétni lokalitu a vyuziti modelu kalibrovaného rtiznym poctem kalibra¢nich
vzorkli pro identifikaci jednotlivych stromtd v ULS bodovém mracnu byly
zpracovany v ramci ¢lanku.

Kubista J.; Surovy P. Individual tree identification in ULS point cloud using a

crown width mixed-effects model based on NFI data. 2022.

Dalsi ¢ast zahrnujici vyuZiti optimalniho kalibrovaného modelu pro identifikaci
jednotlivych stromt vramci DAP mraden pfipravenych vramci bloku 2

publikovana zatim nebyla a jeji vysledky jsou pfedkladany v této praci v ¢asti 0.

5.3.1 Overeni kalibrace modelu

Kalibrace modelu (odhad nahodnych parametrii) pro konkrétni lokalitu, ktera byla
pro ovéfeni provedena opakované pro sto postupné nahodné vybiranych
inventarizac¢nich ploch Obrazek 29, potvrdila prinos kalibrace ke zptfesnéni odhadu

Sifky koruny Obrazek 30.
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Obrazek 29 Piiklad kalibrace modelu pro jednu nahodné vybranou inventarizac¢ni
plochu. (a) nahled kalibrace se tfemi kalibra¢nimi vzorky, plné body kalibrac¢ni vzorky,
pferusovana cara nekalibrovany model, plna cara kalibrovany model;(b) porovnani
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Obrazek 30 Vliv poctu kalibra¢nich vzorki, 0 znamena nekalibrovany model pouze
s pevnymi efekty
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Zavislost normalizované stfedni kvadratické chyby (nRMSE) na poctu pouZzitych
vzorkll byla testovana Kruskal-Wallisovym testem jako statisticky vyznamna pro
a=0,05 (p-hodnota = 1.219e-13).

Nasledny Dunntiv test potvrdil, Ze zvySeni poc¢tu kalibra¢nich vzorka nad hodnotu

3 jiz neprineslo statisticky vyznamné zlepseni nRMSE odhadu Tabulka 20.

Tabulka 20 p-hodnoty Dunnova testu pro nRMSE odhadu podle poctu kalibracnich
vzorku (tu¢né p-hodnota<0.05)

Pocet kal.vzorka 0 1 3 5
1 0,001
3 0,000 0,033
5 0,000 0,003 0,443
10 0,000 0,001 0,219 0,608

5.3.2 Kalibrace modelu pro vyzkumnou lokalitu Skorkov

Na zdkladé dat o Sitkach koruny a vyskach stromt ziskanych v ramci terénniho
Setfeni na zkusnych plochach byla provedena kalibrace obou modelti (model f1 bez
rozliSeni dfeviny a model f2 odvozeny pouze pro NIL skupiny dfevin Borovice lesni
a Duby) pro vyzkumnou lokalitu Skorkov. Obdobné jako u pfedchoziho bodu byla
kalibrace provedena pro riizny pocet kalibracnich vzorkii, v tomto pfipadé 3,5,10 a
39 viz Tabulka 21 a Obrazek 31.

Tabulka 21 Vysledky kalibrace

Model #kal.vzorki Oznaceni Funkce

Model - f1_mar CW = exp((0,969)+(2,919)*x/100)
f1 3 f1_cal3 CW = exp((0,969 - 0,792) + (2,919 + 2,751) * H/100)
f1_cal5 CW = exp((0,969 - 0,843) + (2,919 + 2,742) * H/100)
10 f1_call0  CW =exp((0,969 - 0,759) + (2,919 + 3,165) * H/100)
39 f1_cal39  CW =exp((0,969 - 0,951) + (2,919 + 3,864) * H/100)
Model - f2_mar CW = exp((1,045) + (2,758) * H/100)
f2 3 f2_cal3 CW = exp((1,045 - 0,785) + (2,758 + 2,200) * H/100)
f2_cal5 CW = exp((1,045 - 1,119) + (2,758 + 4,724) * H/100)
10 f2_call0  CW =exp((1,045 - 0,838) + (2,758 + 2,902) * H/100)
39 f2_cal39  CW =exp((1,045 - 1,042) + (2,758 + 4,180) * H/100)
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Obrazek 31 Kalibrace modelt pro vyzkumnou lokalitu Skorkov (a) model f1 pro vSechny
skupiny dfevin; (b) model {2 pro skupiny dfevin Borovice lesni a Duby.

5.3.3 Identifikace jednotlivych strom@ v ramci ULS mracna

Pramérna relativni chyba MPE mezi poétem stromu zjisténym LMF procedurou
z ULS bodového mrac¢na a vramci pozemniho 3Setfeni na zkusnych plochach

dosahovala hodnoty -0,23 se smérodatnou odchylkou 0,21.

Obrazek 32 znazorniuje rozdéleni této chyby podle funkce vyuzité v ramci LMF a
vyskové kategorie zkusnych ploch. Nejvétsi odchylky vznikaly na zkusnych
plochéach vyskové kategorie mezi 5 a 10 metry, coz lze vysvétlit zna¢nou hustotou
porostli ve vékovém stadiu odpovidajicim témto vyskam na vyzkumné lokalité.
Naopak nejlepsich vysledkii bylo dosahovano u nejvyssi kategorie 20 az 30 metrfi,

odpovidajici stadiu dospélé kmenoviny.
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Obrazek 32 relativni chyba mezi poctem stromit uréenych z ULS mracna a pozemnim
Setfenim v clenéni podle pouzité funkce pro LMF(a) a dale podle vyskové kategorie

zkusnych ploch (b

)

Kruskal-Wallistiv test potvrdil statistickou vyznamnost vlivu vyuzité funkce pro

LMEF na chybu v uréeni poctu stromti (a=0,05 p-hodnota = 9.302e-06). Nasledny

Dunniiv test pak urcil jako optimalni funkci f1_5cal modelu vyuzivajiciho vSechny

druhy dfevin a 5 vzorki pro kalibraci (a=0,05) viz Tabulka 22.

Tabulka 22 P-hodnoty Dunnova testu vlivu funkce pouzité pro LMF na chybu uréeni
poctu stromt z ULS oproti pozemnimu Setfeni (tu¢né p-hodnota<0,05)

flmar f1 3cal f1 5cal f1_10cal f1 _39cal f2mar f2 3cal f2 5cal 2 10cal
f1_3cal 0.439
f1_5cal 0.006 0.071
f1_10cal  0.005 0.067 0.998
f1_39cal  0.001 0.014 0.665 0.683
f2mar 0.001 0.009 0.537 0.554 0.905
f2_3cal 0.175 0.706 0.228 0.218 0.063 0.037
f2_5cal 0.013 0.167 0.810 0.791 0.451 0.347 0.445
f2_10cal  0.001 0.018 0.692 0.710 0.961 0.837 0.068 0.511
f2_39cal  0.001 0.014 0.646 0.665 0.966 0.942 0.056 0.435 0.925

Vyuziti této funkce (f1_5cal) v LMF vedlo k pramérné relativni chybé poctu stromt

oproti pozemnimu Setfeni ve vysi -0,17. Obdobné jako u vysledkti pouZiti vétsiny

ostatnich funkci byla priimérna relativni chyba nejnizsi (+0,05) v nejvyssi vyskové
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kategorii (20-30m). Naopak nejvyssi primérna relativni chyba (-0,49) vznikla ve

vyskové kategorii 5 az 10 m.

Predbézné ocekavané lepsi vysledky na zakladé pouziti modelu odvozeného pouze
pro vybrané druhy dfevin vyskytujici se na vyzkumné lokalité (model f2) se

nepotvrdily.

5.3.4 Identifikace jednotlivych stromt v ramci

fotogrammetrickych (DAP) mracen

Identifikace jednotlivych stromt v ramci DAP mracen procedurou LMF s vyuZitim
funkce f1_5cal, kterd byla v pfedchozi kapitole ovéfena jako optimalni pro odvozeni
sitky plovouciho okna, vedlo v porovnani s pozemnim meéfenim k primeérné
relativni chybé poctu stromti -0,46. Tato relativni chyba se vyrazné liila v zavislosti
na vyskové kategorii zkusnych ploch. Nejlepsich vysledkii bylo dosazeno u
kategorie mezi 20 a 30m vysky, kde relativni chyba poctu stromt byla v primeéru -
0,10. U nizsich kategorii pak byla priimérnd relativni chyba vyssi (0,69 a 0,72 u
kategorii 0 az 5 metrii respektive 5 az 10 metri). Obdobnych vysledk(i dosahovala
také relativni chyba primérné a maximalni vysky identifikovanych stromt v rdmci
zkusnych ploch Tabulka 23 a Obrazek 33.

Tabulka 23 Relativni chyba mezi LMF identifikaci a pozemnim Setfenim v ramci
zkusnych ploch

Vyskova kategorie zkusnych ploch (od,do] (m)

. Celkem (0,51 (5,10] (10,20] (20,30]
Relativni chyba
n=1638 n = 378! n = 294! n = 420! n = 546!
Pocet stromii -0,46 (0,50) -0,69 (0,35) -0,72(0,15) -0,52(0,40) -0,10 (0,56)

Primérna vyska -0,32(0,32) -0,69 (0,27) -0,29 (0,31) -0,23(0,12) -0,15 (0,24)
Maximalni vyska -0,25 (0,34) -0,67 (0,30) -0,31(0,25) -0,15(0,21) -0,01(0,17)

Primér (Smérodatna odchylka)
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Obrazek 33 Relativni chyba (a) poctu stromi; (b) priimérné vysky; (c) maximalni vysky
mezi LMF identifikaci a pozemnim Setfenim v ramci zkusnych ploch

Obrazek 33 ukazuje zna¢né odlehlé hodnoty v grafech, zejména u vyskové kategorie
zkusnych ploch 20 aZ 30 m. Tento jev je patrné vysledkem toho, Ze byly na téchto
plochdch v mezerach korun stromti hlavni vrstvy identifikovany rovnéz stromky
v pfizemni vrstvé, které ale vzhledem ke své vysSce nepiekrocily na téchto plochach
minimalni registracni hranici a nebyly tak zachyceny v rdmci pozemniho Setfeni.
Z tohoto dtivodu bylo na téchto plochach v ramci LMF identifikovano vice stromf,

nez pri pozemnim Setfeni.

Tento jev je dobfe patrny napfiklad na zkusné ploSe 32, lezici v rdmci porostni
skupiny ve stadiu kmenoviny, kterd na své severovychodni strané sousedi
s obnovenou plochou. Vlivem bo¢niho svitu zde dochdazi k pfirozenému zmlazeni

pravé ze strany mladsi porostni skupiny Obrazek 34.
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Obrazek 34 Nahled zkusné plochy 32 (rizovy kruh) s mensimi stromky v severovychodni
c¢asti identifikovanymi pod trovni hlavniho porostu (znacky oznacuji polohu vrcholu

D4

cervenou u nejvyssich)

Pro porovnani vyznamnosti vlivu vybranych parametrii bodového mracna (vyska
letu UAV, software pouZity pro rekonstrukci bodového mracna, svételné podminky
vyjadfené jako priimérny cas expozice snimkt a primérna rychlost letu UAV) na
relativni chybu urceni poctu stromti, primérné a maximalni vysky stromt na
zkusné plode byl pouZit neparametricky Kruskal-Wallistiv test viz Tabulka 24 p-
hodnoty Kruskal-Wallisova testu. Statistickd vyznamnost vlivu Zadného
z vybranych parametri nebyla na hladiné spolehlivosti a=0,05 timto postupem

potvrzena.

Tabulka 24 p-hodnoty Kruskal-Wallisova testu

Pocet stromit Priim. vyska Max. vyska
Vyska letu UAV 0,8235 0,4518 0,6415
Rychlost letu UAV 0,1329 0,3411 0,8059
Expozicni ¢as 0,4226 0,0814 0,3418
Software 0,6870 0,6807 0,9948

Rovnéz grafické znazornéni neodkryva Zadny jasny trend viz Obrazek 35.
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Obrazek 35 Relativni chyba urceni poctu stromii na jednotlivych zkusnych plochach
v ¢lenéni podle vyskovych tfid zkusnych ploch a dale podle vysky letu (a), rychlosti letu

(b), expozicniho casu (c) a pouzitého software (d)
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6 Diskuze

Predkladana prace zkouma dopad proménlivych vnéjSich podminek na vlastni
obrazova data pofizend prostfednictvim UAV. Dale se zabyva vlivem téchto a
dalSich podminek na kvalitu bodového mraéna rekonstruovaného metodou
Structure from Motion a v neposledni fadé také tim, jak jsou na konci fetézce
zpracovani ovlivnény odhady vybranych dendrometrickych veli¢in odvozovanych
z téchto mracen. Vysledky téchto tfi ¢asti jsou déle diskutovany nejprve samostatné

s kratkym shrnutim na zavér.
Prostorové rozliSeni snimk v zavislosti na riiznych vstupnich podminkach.

V otazkach prostorového rozliSeni snimkti pofizovanych prostfednictvim UAV
uvadi vétsina studii pouze teoretickou hodnotu GSD, ktera nedostatecné popisuje
dalsi faktory ovliviujici prostorové rozliSeni kromé vlastni geometrie snimace a
vzdalenosti snimaného objektu. Prezentovany postup odvozeni prostorového
rozliSeni snimkti pomoci tdaje GRD ukazuje, Ze v pfipadé zde uzitého snimace DJI
FC300x bylo GRD vzdy vyssi nez GSD, a to v poméru 1,4 az 3,1 s primeérem 2,2.
Obdobnych hodnot dosahuiji i jini autofi zabyvajici se touto problematikou. Pomér
1,2 az1,4 byl dosaZen v pfipadé uziti snimace Canon IXUS 127 HS (Lee a Sung 2016).
(Dabrowski et al. 2015) dosahl poméru 2,6 s vyuZzitim Sony (NEX-5). 1,3 a 1,8 byly
pomeéry GRD/GSD dosazené s DJI Phantom 4 respektive DJI Phantom 4 RTK v
(Cramer & Zhang 2020).

Zavislost poméru GRD/GSD na vysce letu a svételnych podminkach, kterd se v této
praci potvrdila (vys$si hodnoty GRD/GSD s vyssi vyskou letu a s horsimi svételnymi
podminkami) Ize srovnat napriklad s vysledky v (Lim et al. 2018), kde byl pomér
GRD/GSD dosazeny pomoci Sony A5100 mezi 1,1 a 2,3 (v zavislosti na vysce letu)

pfi slunecném pocasi a 1,6 az 3,7 pfi vétsi oblacnosti.

Rovnéz pro zavislost GRD/GSD na rychlosti letu, kterd se zde potvrdila, 1ze najit
priklady v literatufe. Napfiklad vysledky poméru GRD/GSD ve vysi okolo hodnoty
10 byly dosaZeny s vyuZzitim S.0.D.A. snimace neseného UAV SenseFly eBEE — tedy
UAV spevnym kfidlem, jehoz rychlost letu je vyznamné vyssi nez v ptipadé

snimkt porizenych v klidu.
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Kvalita fotogrammetrickych (DAP) bodovych mracen odvozenych ze snimki

pofizenych v riznych vstupnich podminkach.

Fotogrammetricka (DAP) mracna rekonstruovana pomoci SfM algoritmu ze snimkt
porizenych UAV vykazovala v priiméru 0,3 m odchylku od referenéniho ULS
bodového mra¢na. Obdobné hodnoty jsou uvadény i dalsimi autory (Dandois a Ellis
2013)(Wallace et al. 2016)(Mikita et al. 2016).

Rostouci vyska letu UAV meéla negativni dopad na hustotu bodt i polohovou
presnost odvozeného DAP mracna. Prilis nizkd vyska letu naopak zptlisobovala, Ze
se v neékterych castech lokality nepodafilo mra¢no rekonstruovat. Orientacné lze
doporucit, aby ani v pripadech, kdy je prioritou co nejpodrobnéjsi prostorové
rozliSeni, nepoklesla prfi vyuziti UAV obdobné kategorie jako zde vyuzity DJI
Phantom 3 Professional, vyska letu pod 30 metr(i nad nejvyssim bodem snimaného
povrchu (vcetné napf. korun stromii). To plati zejména v ptipadech, kdy je textura

snimaného povrchu znacné uniformni.

Presto, Ze vysledky zkoumanych DAP mracen z nejvyssi letové hladiny 150 m patfi
z hlediska prostorové presnosti k tém nejslabsim (primérnd odchylka od ULS
mracna 0,64 m) jednd se stdle o pomérné pfijatelnou chybu napfiklad pro urceni
vysky stromu v porovnani s béZnymi pozemnimi metodami méfeni vysky (pomoci
laserového vyskomeéru), kterd je uvadéna naptiklad ve vysi -0,27 m v porovnani
s méfenim pokaceného kmene (Andersen et al. 2006), ovSem pfi prameérovani
meérfeni vysky stojictho stromu ze tfi zamér, coZ znacné prevysSuje béZnou praxi.
Obdobné (Luoma et al. 2017) uvadi odchylku cca 0,5 m.

Vramci porovnani dvou prikladi software pouzitého pro rekonstrukci DAP
bodového mracna metodou SfM dosahl komercni Agisoft Metashape v zakladnim
nastaveni jednoznacné lepsSich vysledkii co do hustoty bodu i relativniho pokryti
vyzkumné lokality. Nicméné je tfeba pfipomenout, Ze oba programy byly
pouzivany primarné v defaultnim nastaveni, takZe pfi vhodném doladéni nelze
vyloucit, Ze by i mracna pfipravena v ramci open-source alternativy WebODM
dosahovala obdobnych hodnot.

Z porovnani polohové presnosti naopak vyplyva, Ze WebODM mracna poskytovala
lepsi vysledky nez Metashape. I s uréitou mirou opatrnosti vzhledem k rozdilné
hustoté mracen, 1ze vysledky shrnout tak, Ze WebODM, jako volné dostupna

alternativa, je plné konkurenceschopna na poli tvorby DAP mracen. K podobnym
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vysledkiim dosli také napriklad (Groos et al. 2019) srovnavajici OpenDroneMap
(ODM je ptikazovym fadkem ovladané jadro vyuzivané i v WebODM) s komerénim
produktem Pix4D (Pix4D SA 2020), nebo (White et al. 2020). Neuspokojivé vysledky
uvedené v (Madawalagama et al. 2017) 1ze pficist rannému staddiu ODM v dobé

provadéni vyzkumu.
Vliv kvality bodového mrac¢na na pfesnost odvozovani vybranych vystupt.

Model se smisenymi efekty pro odhad Sifky koruny na zakladé vysky stromu,
vyuzivajici inventarizaéni plochu jako ndhodného efektu, odvozeny z datové sady
Setfeni Narodni inventarizace lesti, vykazoval podminény koeficient determinace ve
vysi 0,70 coz je slibnéjsi hodnota neZz naptiklad 0,51 uvefejnénd u podobného

modelu pouze s pevnymi efekty v (Popescu et al. 2003).

Lokalni kalibrace modelu predikce $itky koruny na zdkladé vysky stromu vedla
k vyznamnému zpresnéni odhad@t modelu pro danou lokalitu. Jako optimalni se pfi
porovnani modelt s riznym poctem kalibracnich vzorkd, vyuZitych pro stanoveni
Sitky okna procedury LMF pfi identifikaci jednotlivych stromti v ramci ULS
bodového mracna, osvédcil model zaloZeny na vSech druzich dfevin, kalibrovany
s vyuzitim 5 kalibracnich méfeni. Relativni chyba poctu stromt na zkusnych
lokalitdch byla v pfipadé vyuzZiti tohoto modelu ve vysi -0,17. Hodnoty
v podobnych rozsazich 50 az 140% s pouzitim rtiznych metod ITD publikoval
naptiklad (Wang et al. 2016). Uspésnost detekce 95% u jehli¢natych a 71% u
listnatych drevin byla publikovana v (Grznarova et al. 2019). Hodnot 64 az 97%

uspésnosti ITD bylo dosazeno v (Nevalainen et al. 2017).

Uspésnost identifikace jednotlivych strom se lisila podle vysky porostu, nejlepsich
hodnot dosahovala u nejvyssich porostti (20 az 30m) s relativni chybou +0,05 a
naopak nejhorsi byla u porostti s vyskou 5 az 10m kde dosahla relativni chyby -0,49.
Podobného trendu vysledkii s tispésnosti detekce 38 az 85% podle vysky stromit

dosahoval (Jeronimo et al. 2018).

Identifikace jednotlivych stromi v DAP bodovych mracnech, s vyuZitim Sitky
plovouciho okna LMF procedury odvozené pomoci lokdlné kalibrovaného modelu

S$ifky koruny, vedla v priméru k vysledné relativni chybé poctu stromt -0,46. U

//////

rozliSenim jednotlivych strom®i v hustych porostech mladSich rtstovych fazi
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odpovidajicich témto vyskam a castecné také vlivem druhti dfevin vyskytujicim se

na vyzkumné lokalité v této rtistové fazi.

Slabsi uspésnost identifikace jednotlivych stromti pravdépodobné vyznamné
ovliviiuje i uspésnost odvozeni dalsich parametrti. Za pfedpokladu, Ze ITD nebyla
schopna identifikovat zejména nizsi stromy v ramci zkusné plochy lze ocekavat
vétsi vliv na prameérnou vysku nez na maximdlni vysku. Tomu do znacné miry
odpovidaji i vysledky, kdy relativni chyba primérné vysky byla -0,32, zatimco u
maximalni vysky to bylo -0,25. Rada studovanych zdrojii v tomto sméru dosahovala
podstatné lepsich vysledk, ovSem je tfeba pripomenout, Ze casto se studie zabyvala
porovnanim vysek stromtl v omezeném vyskovém rozsahu a v pomérné jednoduse
strukturovanych porostech. V fadé pfipadu navic bylo také zapojeno manudlni
zpresnéni identifikace jednotlivych stromft, jako tfeba v (Lisein et al. 2013).
Negativni vliv komplexnéjsi struktury porostu na tuspésnost identifikace

jednotlivych stromt byl nazorné demonstrovan v (Jeronimo et al. 2018).

I kdyZ bylo v kapitole 5.2 prokazano, Ze vybrané parametry (vyska letu UAV a
software pouzity pro rekonstrukci bodového mracna) maji vyznamny vliv na
prostorovou pfesnost DAP mracen, pfi identifikaci jednotlivych stromil v rdmci
téchto mracen pomoci LMF postupu se tento vliv neprojevil. Nebyl potvrzen
statisticky vyznamny vliv zddného ze sledovanych parametri souvisejicich
s tvorbou DAP bodového mracna (vyska letu, rychlost letu, svételné podminky,
software) na chybu stanoveni poctu stromt, primérnou a maximalni vysku na
zkusné plose na zdkladé identifikace jednotlivych strom@i svyuzitim LMEF.
K podobnym vysledktim, kdy vliv svételnych podminek na odhad vysky stromt
z DAP bodového mracéna nebyl prokazan, dochazi (Dandois et al. 2015).

Shrnuti diskuze

Presto, Ze byl prokazan vyznamny vliv vnéjSich podminek (vyska letu, rychlost letu,
svételné podminky) na prostorové rozliSeni jednotlivych snimkt, u DAP bodovych
mracen se tento vliv jiZz projevil pouze ¢astecné, kdyZ pouze vyska letu ovliviiovala
vSechny tfi kvalitativni parametry DAP bodového mracna (hustota bodti, stupen
pokryti lokality a polohova presnost). Vystupy identifikace jednotlivych stromu
v ramci DAP bodovych mracden pak jiz nebyly vnéjsimi podminkami panujicimi
béhem letové mise vyznamné ovlivnény. Tyto zavéry jsou v souladu se zjisténimi

jinych studii, které napfiklad neprokdzaly dal$i zlepSeni vysledkti identifikace
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jednotlivych stromt v ramci ALS bodovych mracen pfi zvySovani hustoty mracna

nad urcitou troven (Kandare et al. 2016)(Magnussen et al. 2010)

7 Zaver

Vnéjsi podminky (vyska letu, rychlost letu a svételné podminky) pfi potizeni
snimkt prostfednictvim UAV vyznamné ovliviiuji prostorové rozliseni jednotlivych
snimkt. Skutecné prostorové rozliSeni GRD bylo v pfipadé zde vyuzitého UAV

v pruméru dvakrat horsi nez teoreticky vypoctena hodnota GSD.

Kvalita DAP bodového mrac¢na (pokryti, hustota bodi a polohova presnost) je
z vySe uvedenych vnéjSich podminek ovliviiovana zejména vyskou letu a ¢aste¢né
také rychlosti letu. Naopak u svételnych podminek nebyl potvrzen vyznamny vliv
ani na jeden zuvedenych kvalitativnich parametrt DAP mracna, coz Ize také
interpretovat tak, Ze i za ne zcela idedlnich svételnych podminek lze poftidit

obrazova data vhodna pro vyuziti pfi monitoringu lesnich porostti.

Vysledky identifikace jednotlivych stromt v DAP bodovém mracnu pak nebyly
vyznamné ovlivnény ani jednou z uvedenych tfi vnéjSich podminek pfi porizeni
snimktt UAV, z ¢ehoz lze vyvodit, Ze hustota DAP bodovych mracen se v pfipadé
zde vyuZzitého fotoaparatu i vletové vySce 150 metrd pohybuje v takovych
hodnotach, Ze jeji dalsi zvySovani pfi nizSich letovych vyskdch nevede

k vyznamnému zpfesnéni vysledki identifikace jednotlivych stromf.

Vliv letové vysky byl patrny pfi analyze kvalitativnich parametrtt DAP bodového
mracna, nicméné pii nasledné identifikaci jednotlivych stromt v ramci bodového
mracna se jiz nepotvrdil jako vyznamny. Z tohoto pohledu, i s ohledem na hodnoty
polohové piesnosti bodovych mracen dosahované u nejvyssi letové hladiny, lze
udinit zavér, ze pii vyuziti DAP bodového mracna pro popis lesnich porostti pomoci
individudlniho pfistupu je mozné preferovat vyssi letové vysky, které poskytuji
v zdsadé srovnatelné vystupy a zdroven umoznuji pofidit v ramci jednoho letu
snimky vétsiho tizemi. Vzhledem k tomu, Ze pro fadu potencidlnich uzivatelta (v
oteviené kategorii) je nové maximalni vyska letu omezena na 120 metrii nad terénem

(Evropska Komise 2019), je mozZné doporucdit praveé tuto hodnotu.

Vzhledem k tomu, ze pfili§ mald vzdalenost UAV od povrchu vedla k problémtim

pfi rekonstrukci fotogrammetrického mracna, 1ze pro planovani a provedeni letové
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mise silné doporucit vyuziti takového programu, ktery umoZnuje udrzovat
konstantni vySku nad terénem zohlednujici reliéf na zakladé DTM, nikoliv
konstantni vysku pouze nad bodem startu, cozZ plati zejména pfi snimkovani terénu
s proménlivou vyskou. V pfipadé, Ze neni mozné vyuZit software zohlednujici
priubéh terénu, lze silné doporucit, aby letova hladina byla volena vzhledem k

nejvyssimu bodu snimaného povrchu.

Vyuziti modelu odhadu sifky koruny z vysky stromu pro stanoveni variabilni Sifky
plovouciho okna pfi LMF identifikaci jednotlivych stromt predstavuje pomérné
univerzalni zdkladni vychodisko pro dalsi zpfesnovani s ohledem na konkrétni
situaci v Setfené oblasti. Postup kalibrace modelu na zakladé mistniho Setfeni pak
umoznuje vyuziti pfedstaveného modelu pro lokality, kde se dfevinné slozeni

vyznamné neodchyluje od dfevinné skladby CR.

Za pomoci Siroce dostupnych UAYV, jako je zde pouzivany, dnes jiz pfekonany, DJI
Phantom 3 Professional, 1ze, ve spojeni s open-source software WebODM a LidR
balickem v rdmci R, provadét financné dostupny monitoring lesnich porostt ve
velkém detailu s pfijatelnou pfesnosti.
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Abstract

Increasing availability of Unmanned aerial vehicles (UAV) and different software for processing of UAV imagery
data brings new possibilities for on-demand monitoring of environment, making it accessible to broader spectra of
professionals with variable expertise in image processing and analysis. This brings also new questions related to
imagery quality standards. One of important characteristics of imagery is its spatial resolution as it directly impacts
the results of object recognition and further imagery processing. This study aims at identifying relationship between
spatial resolution of UAV acquired imagery and variables of imagery acquiring conditions, especially UAV flight
height, flight speed and lighting conditions. All of these characteristics has been proved as significantly influencing
spatial resolution quality and all subsequent data based on this imagery. Higher flight height as well as flight speed
brings lower spatial resolution, whereas better lighting conditions lead to better spatial resolution of imagery. In
this article we conducted a study testing various heights, flight speeds and light conditions and tested the impact of
these parameters on Ground Resolved Distance (GRD). We proved that from among the variables, height is the most
significant factor, second position is speed and finally the light condition. All of these factors could be relevant for
instance in implementation of UAV in forestry sector, where imagery data must be often collected in diverse terrain
conditions and/or complex stand (especially vertical) structure, as well as different weather conditions.

Key words: spatial resolution; ground resolved distance; light conditions; object identification; forestry sector
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1. Introduction to meet expected quality (Lee & Sung, 2016) or quality

standardization (MeifSner et al. 2018). These challenges
would be managed with regard to specific natural condi-
tions. That is very relevant in forestry, a sector which is
typical with very complex and variable conditions as for
topography and forest stand traits. Spatial resolution is
one of the basic characteristics of digital imagery with
significant impact on object recognition results, there-
fore influencing any output derived from original UAV
imagery. The smallest detectable object is related to this
resolution and for the user interested in mensuration of
particular variable or object (crown, individual tree),

Unmanned aerial vehicles (UAV) or Unmanned aerial
systems (UAS) have recently become increasingly avail-
able and thus ceased to be the prerogative of the army,
and few scientific institutes. At present, inexpensive,
user-friendly UAVs, with sufficient potential for aerial
imaging can be easily purchased. Together with recent
development in processing of digital imagery this brings
new opportunities for on-demand monitoring available
even for non-specialized practitioners (Pricope et al.
2019).

Consequently, new questionsrelated to UAV imagery
do emerge, such as what is the smallest object that can be
identified on the image acquired on certain flight height,
orwhat are the minimum required lighting conditions to
performimagery obtaining mission suitable for measure-
ment of selected forest or tree parameters.

In other words, UAV imagery is facing new chal-
lenges in terms of describing requirements necessary

the information about the spatial resolution is crucial.
Spatial resolution is often described by Ground Sampling
Distance (GSD) (Orych 2015) which is a measure, that
builds on known geometric parameters of camera and
distance between camera and target.

Few studies examine further concepts such as Reso-
lution, Resolution power (Lee & Sung 2016), Ground
resolved distance (GRD) (Orych 2015) or True Ground

*Corresponding author. Jaroslav Kubista, e-mail: kubista.jaroslav@uhul.cz
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sample distance (tGSD) (Meifner et al. 2020) which
takesinto account whole complex of characteristics influ-
encing the resultimage quality, including such variables
as optical error of camera, atmospheric conditions etc.
These approaches are based on visual analyses of differ-
ent calibration targets, such as Bar target, Slanted edge
test or Siemens star test to name few (Orych 2015).

Trends of spatial resolution related studies are
described by Lee and Sung (Lee & Sung 2016). Siemens
star calibration target is one of the methods, which is
repeatedly reported to be used, to evaluate GRD (Cramer
2013; Dabrowski & Jenerowicz 2015; Dabrowski et al.
2015; Orych 2015). This test does not need any special
equipment in terms of calibration target designing. Eval-
uation can be done based on visual analyses, without any
special software. This target is also flexible in terms of
flight direction and allows for defining resolution in a
continuous way (Orych 2015).

This article is a first stage of study aimed at explor-
ing the spatial resolution of images obtained by UAV DJI
Phantom 3 Professional in different conditions. Follow-
ing stage will explore how this spatial resolution influ-
ences the outcomes of typical Structure From Motion
SFM processing pipeline resulting in surface point cloud
of mixed forest stand.

Basic hypothesis assuming, that spatial resolution
depends inter-alia on the flight altitude, flight speed and
lighting conditions is examined in this first stage. The
main aim of this work is to analyse which flight param-
eter, and with what impact is influencing the final GRD.

2. Material and methods

2.1. Explanation of basic terms

First of all, it is necessary to explain basic terms, which
relates to the merit of our study. The terms are specifically
Ground sampling distance, Ground resolved distance
and Siemens star.

D=100cm

a)

Ground sampling distance (GSD) in digital imagery
represents the size of surface represented by single
pixel of image. It is a theoretical measure that takes
into account only geometry of camera (resolution of the
sensor and lens focal distance) and distance to imaged
surface or object. Other factors, such as system optics,
interior noise, etc. are not considered (Orych 2015).

GSD can be calculated based on the real size of a sin-
gle pixel on the sensor x, focal length of camera f and
distance between camera and target i through formula:

GSD =x*I/f [1]

Ground resolved distance (GRD) represents the
smallest recognizable element on image. It can be deter-
mined by visual analysis on the basis of specific calibra-
tiontargets, suchas Siemens star (Orych 2015). Contrary
to GSD, GRD is evaluated as a result of all factors influ-
encing spatial resolution of imagery.

Siemens star represents the calibration target suit-
able for determination of GRD without any specific
equipment other than target. Two types of Siemens star
are used. Sinusoidal type for laboratory uses and Binary
for outdoor testing. Binary Siemens star is formed by
radial sectors alternating black and white color (Fig. 1a).

GRD determination using Siemens star with n sec-
tors and diameter D is based on measuring the diameter
d of blurred center up to the point where black and white
sectors can be easily recognized (see Fig. 1b).

GRD can be then calculated based on formula:

GRD =m*d/n [2]

GRD is key factor in subsequent analysis and data
extraction from the imagery. And worse GRD definitely
leads to lower success in studies dependent on pixel qual-
ity. For example, when detecting the tree position in small
trees and regeneration of forest stands, or when trying to
evaluate spectral reflectance on studies of tree health and
physiology status (Kloucek et al. 2019).

b)

Fig. 1. Siemens star calibration target used in study (a). Blurred center (with diameter d) of Siemens star calibration target (b).
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2.2. Calibration target and study site

Binary Siemens star with 18 sectors of 100 cm diameter
(Fig. 1a) printed on paper and laminated to prevent dam-
age, served as a calibration target. Such target in theory
allows measuring GRD from 0 to 17.453 ¢cm. This should
be sufficient, as the maximum planned flight height was
100 m with GSD 4.375 cm.

Target was placed in a paved, level area allowing for
undisturbed UAV flying in vicinity of Forest Management
Institute in Brandys nad Labem, Middle Bohemia region
(WGS 84:50.1876N, 14.6702E).

2.3. Images acquisition

DIJI Phantom 3 Professional as an example of low-cost,
user friendly, widely available UAV was used to acquire
images. Parameters of camera DJI FC300X carried by
this UAV are specified in Table 1 (DJI 2017).

Table 1. DJI FC300X Camera specification.

Sensor Sony EXMOR 1/2.3” CMOS Effective pixels: 12.4 M
Lens 20 mm (35 mm format equivalent) f/2.8 focus at oo
ISO Range 100-1600 (photo)

Electronic Shutter Speed 8-1/8000 s

Image Size 40003000

Overall, four flight missions were performed to cover
different light conditions, acquiring images in different
altitudes roughly in 5-meter steps and different horizon-
tal speed of flight. Camera pitch was set to 90 degrees
and according to EXIF data originating from UAV Iner-
tial Measurement Unit (IMU) this value was kept in all
images with maximum deviance 0.1 degree, therefore all
images are considered as nadir images.

2.4.Images processing

Non nadir exclusion: The distance between Siemens star
target and image center is expected to influence GRD
(Honkavaara et al. 2006a). As this study is primarily
targeted on other influential conditions, images where
Siemens star was out of the middle area of image defined
according to grey area (see Fig. 2) were discarded, to
eliminate influence of this variable.

EXIF metadata of relative altitude, x, y, z axis speed,
aperture, exposure time and ISO, were extracted from
all images using Exiftool utility (Harvey 2016). Images
where z axis speed was higher than 0.1 m/s as well as

Table 2. Flight missions characteristics.

images with ISO value other than 100 were discarded.
Speed was calculated based on X, y, z axis speed vectors.
Aperture was set to constant value (maximum aperture
was used thatequals to 2.0 in case of this camera) in cam-
erasettings prior to each flight. Still EXIF metadata were
used to confirm (successfully), that all images are of the
same aperture value.

20%

20%

Fig. 2. Middle area (gray rectangles) of picture.

Using onlyimages with same ISO and aperture allows
to use exposure time as a descriptor of lighting condi-
tions. Characteristics of resulting images set are sum-
marized in Table 2.

2.5. GRD determination

In each image of resulting dataset, perimeter of blurred
center area of Siemens star calibration target was meas-
ured using ImageJ software (Schneider et al. 2012).

Original RGB image was first transformed to 8-bit
grayscale type using the ImagelJ function Type/8-
bit which uses the formula gray =(red + green +
blue)/3. In such image value of each pixel varies from 0
to 255. Using threshold function, area with pixel values
from 0 to certain value, well corresponding with blurred
center area, was highlighted. In each of nine dark (high-
lighted) sectors the closest-to-the-center point was iden-
tified as a border of blurred center area.

As this area is rarely of regular circular shape, rather
than measuring the diameter of this area, segmented
line tool was used to connect all sectors and measure the
perimeter p of blurred area as in example Fig. 3a. Same
areawithout applied threshold highlighting is in Fig. 3b.

Altitude Speed Exposure

Date Weather Images [mAGL] [m/s] [s]

min max min max min max
2019-07-26 Sunny, very light wind 21 4.9 105.2 0.0 0.1 1/1750 1/811
2020-01-17 Sunny, very light wind 60 30.3 100.8 0.0 14.4 1/514 1/252
2020-10-08 Partly cloudy, light wind 64 6.2 70.3 0.0 12.6 1/736 1/176
2020-10-24 Mostly sunny, light wind 39 10.0 70.0 0.0 9.5 1/561 1/336
Total 184 4.9 105.2 0.0 144 1/1750 1/176
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Fig. 3. Identification of blurred center area with (a) and without threshold highlight (b).

Using this method, formula to determinate GRD can
be adjusted accordingly with perimeter p and number of
segments n.

GRD=p/n [3]

GSD was derived from altitude and known param-
eters of camera according to formula 1.

All statistical analyses were carried out in R-Studio
version 1.4.1103 (RStudio Team 2019) with R version
4.0.3 (R Core Team 2020) using following libraries:
JTools(Long 2020), Readr (Wickham & Hester 2020),
GGplot2(Wickham 2016).

3. Results
In total 184 images from 4 flight missions were used for

GRD evaluation (results overview is in Table 3).

Table 3. Basic statistics of GSD and GRD parameters of each
of 184 images.

GSD GRD GRD/GSD
[cm] [unitless
Min 0.221 0.340 1.389
Median 2.250 4.864 2.220
Mean 2335 5.205 2.189
Max 4.734 12.113 3.087

Impact of altitude on GRD is clearly visible in Fig. 4
with higher values of GRD in higher altitudes, though it
isobvious that in higher altitudes additional factor influ-
ences the resulting GRD.

Inspecting the relationship between GRD and expo-
sure time shows certain positive trend (Fig. 5). This can
be translated as a better spatial resolution (lower GRD)
isreached inbetterlighting conditions (shorter exposure
time).

Also, relation between GRD and flight speed shows
expected trend describing that with increasing speed the
GRDisincreasing (Fig. 6). In other words, spatial resolu-
tion gets worse with increasing speed.

b)

{
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Fig. 4. Plot of GSD and GRD related to altitude.
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Fig. 5. Scatterplot of relation between GRD and exposure.

To describe GRD dependence on predictor variables
(exposure, altitude and speed), linear regression meth-
ods were used.

First attemptsled to models violating the basic linear
model assumptions, namely the assumption of normally
distributed residuals.

Therefore, different transformations of GRD variable
were applied with the best results of square root transfor-
mation. This transformation used in stepwise modelling
approach led to final linear model described in Table 4.
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Table 4. Results of linear model describing the relation-
ship of square root of GRD as a dependent variable of
predictors: Altitude, Speed and Exposure. F(3,180) =
855.306, p = < 0.001, R? = 0.934, Adjusted R* = 0.933.
All predictors are mean-centered and scaled by 1 s.d.

Variable Estimate Std. Error tvalue p value
(Intercept) 2.167 0.014 159.527 <0.001
Altitude 0.614 0.015 41.054 <0.001
Speed 0.115 0.015 7474 <0.001
Exposure 0.066 0.014 4.561 <0.001

Fig. 6. Scatterplot of relation between GRD and speed.

Using Shapiro-Wilk normality test on residuals of
this model resulted in p—value of 0.7285, therefore nor-
mal distribution of residuals could not be denied. Linear
modelisdescribedinFig. 7,8 and 9. Histogram of residu-
als and other results indicate good fit of the model.

Histogram of residuals

e
g0 0

Otancessdzad sesidusls

i T i T T
e 3 £ o i 2 3

Thesorétical ket
e BRD syl - Allstude + g + Cupmenrn)

Fig. 8. Linear model — Q-Q plot.

152

SeakLocaio)
oi; -
“ Y ‘
[ L3
- o = e = Fd & ¥
3 Fo * o B e o
% = 5 g ®
P o= -~ & ? L & P
z " ﬁ*o -*g. # B e e wafy, g
. B b
g Fab g wa g R el
5% 3, B0 o £ g
3 L °u o & Lo b '; &
E & o e pate, Ty ) :
- & = E -
@ i o
E - o o
o e -
= i [ ; i i I
e 151 0 Fi Lh 18

Fimad nikits
I 3RD agt - Alibpdy - Sperd + Eixcauryi

Fig. 9. Linear model — Scale — Location plot.

Further attempts on creating linear model with
interactions between predictors led to only slightly bet-
ter results in Adjusted R? with high trade-offs in terms
of increased complexity and lower explanatory value of
the model.

4. Discussion

Recently mensuration of various variables by means of
UAS become more and more available to broad audi-
ence, interested in the output. Though they don’t need
any more to study principles of UAV flying (propellers,
flying mechanisms etc.) which are sufficiently handled
by computers, they still face challenges how and when
acquire the imagery to get the best results. Influence of
different conditions (lighting conditions, flight height
and flight speed) on resulting spatial resolution was
examined in this study.

Existing studies targeted on UAV imagery acquiring
mission options deal usually with GSD in terms of spatial
resolution. This study goes further and demonstrates easy
procedure to estimate more realistic spatial resolution
in form of GRD for particular UAV setup, thus increas-
ing the predictability of acquired image quality and also
increasing the accuracy and precision of the results. Our
main question was to provide readers with information:
which of the selectable flight parameters height, speed,
light has the highest influence on final quality and which
is lowest (potentially could be sacrificed in favor of the
most important one).

Evaluation of presented linear model, apart from
expected negative influence of altitude on spatial reso-
lution, proved also negative influence of speed and
positive influence of better lighting conditions. In other,
more general words, results of this study confirm, that
best spatial resolution of UAV imagery can be reached
by performing flight missions in lower flight height,
with lower flight speed and better conditions in terms
of available light. These results are in line with expected
outcomes, although the influence of lighting conditions
seems to be rather minor.
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Results show, that GRD was always higher than GSD
as GRD/GSD ratio takes on values from 1.4 to 3.1 with
mean value 2.2. Similar trend with higher GRD com-
pared to GSD was published by Lee (Lee & Sung 2016)
although the difference was much lower with GRD/GSD
ratio between 1.2 and 1.4. Cameras used in quoted study
(Lee & Sung 2016) were Canon (IXUS 127 HS) and Sony
(NEX-5 N), both of them of better specification than
camera used in this study.

Similar results were achieved by Dabrowski (Dab-
rowski et al. 2015). In this case GRD was examined as a
linear function of altitude with GRD/GSD ratio approxi-
mately 2.6 and 2.5 for Sony (NEX-5) and miniMCA cam-
era respectively.

GRDtoGSDratioof 1.3, 1.8 and 1.3 was reported in
(Cramer & Zhang 2020), using images of Siemens star
captured by DJI Phantom 4 , DJI Phantom 4 RTK and
Phase One iXM100-RS camera in flight altitudes 28,25
and 47 respectively.

Resolving power derived by the means of Siemens
star target on imagery obtained by Intergraph DMC
digital large-format photogrammetric sensor carried on
airplane led to 1.2 to 1.5 times higher results than GSD
as concluded Honkavaara (Honkavaara et al. 2006a, b).

Worse spatial resolution was observed on images
taken at higher horizontal flight speed. These results can
be compared to much higher GRD to GSD ratio (10 to
15 times higher) of images obtained by S.0.D.A camera
on SenseFly eBee Plus fixed wing UAV in (Stocker et al.
2018). Quoted study does not state the values of UAV
horizontal flying speed, but considering the fixed wing
design of UAV in this case, higher speed might be one of
the reasons for worse results of spatial resolution, same
way as our study suggests. Results also indicate positive
relation of spatial resolution to better lighting conditions.
This is in line with Lim (Lim et al. 2018a), who reported
different results of GRD based on lighting conditions.
Using Sony A5100 camera carried on octocopter UAV,
GRD was 1.1 to 2.3 (depending on the flight altitude)
times higher than GSD in images taken on sunny con-
ditions, whereas 1.6 to 3.7 times higher than GSD in
images obtained at cloudy day.

Similar relationship to lighting conditions were
reported in (Lim et al. 2018b). Images of Siemens star,
captured by octocopter carried Sony A5100 in altitudes
20to 80 meters, resulted in GRD 3—-12 times higher than
GSDinvery cloudyday comparing to 1.2 to 3 times higher
GRD than GSD in sunny or little cloudy day.

5. Conclusions

Our work focused on description of the first stage of
exploring processes for the optimal ways to quantify
characteristics of remote sensing data obtained by

common commercial UAV (in our case DJI Phantom
3 Professional UAV) in forestry. The main motivation
was to provide the reader and potential practitioner of
forest mensuration by the means of remote sensed data
with information about the impact of different height,
speed and possible light condition on the image quality.
In general, the image quality is clearly linked to quality
and accuracy of information obtained from such image
by means of photogrammetry.

Spatial resolution of imagery is considered as one
of the most important preconditions influential to any
result of remote sensing application. Therefore, special
care was given in this first stage to Ground resolved dis-
tance as an objective means to describe spatial resolu-
tion. Influence of different conditions in form of flight
altitude, flight speed and lighting conditions on resulting
spatial resolution was examined. Study proved, that spa-
tial resolution is highly dependent on flight altitude with
better resolution resulting from lower flight altitudes, less
influential, but still highly significant proved flight speed.
Comparing to previous two factors, lighting conditions,
although still significant, are of the least influence. This
can be translated as a positive message for the flexibil-
ity of use of UAV in forestry, as the most unpredictable
characteristics of flight mission, lighting conditions as
aresult of the weather conditions, seems to be of rather
low impact on resulting spatial resolution. Concluding
knowledge both from previous studies and this work,
UAVs can be recommended for forestry sector as a reli-
able device in terms of imagery data acquisition in forest
stands and open areas.
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Abstract: Information about individual tree positions and heights help inform managers about for-
est structure, all of which plays a crucial role for forest inventory and management decisions. In-
creasing affordability of unmanned aerial vehicles (UAV) and the relevant processing software for
UAV imagery data has improved the availability of on-demand monitoring of many environmental
values and it widens the diversity of the potential user groups. Based on dense point clouds from
various flight mission images obtained by the UAV DJI Phantom 3 Professional, we compared the
point clouds reconstructed by two major software products, WebODM (freeware and opensource)
and Agisoft Metashape (commercial). Our aim was to compare the quality of the point clouds them-
selves and the metrics available from these clouds as reconstructed by each program. For reference
data we used laser scans from an unmanned aerial system, which included a Riegl VUX-1 scanner
mounted on a RiCOPTER vehicle. We were able to reconstruct dense point clouds with an average
accuracy of 0.31 m (standard deviation = 0.36 m); accuracy was defined as the cloud-to-cloud dis-
tance based on the reference point cloud. This accuracy was observed to significantly decrease with
flight altitude, and we found a significant difference between the software products used for the
point cloud reconstructions (WebODM had greater accuracy). Light conditions during the flight
missions did not appear to have a significant influence on point cloud accuracy. We demonstrated
that a small, hobbyist grade UAV paired with an open-source software, WebODM, can serve as an
affordable solution for forest monitoring.

Keywords: UAV; point cloud; forest structure; OpenDroneMap; WebODM

1. Introduction

Growing demand for wide portfolio of timely and accurate information on forests
leads to increase in costs and thus stimulates efforts in seeking innovative methods and
techniques of forest monitoring including remote sensing [1]. Apart from thriving devel-
opment in laser scanning, which brings unprecedented detail to the forest monitoring
[2][3], new photogrammetry method Structure from Motion (SfM) dramatically changed
the extent of cameras and their carriers suitable for highly cost-effective acquisition of
combined 3D and spectral remote sensing data with wide application in physical geogra-
phy [4] and monitoring of forests [5].

Unmanned aerial vehicles (UAV) are becoming more and more affordable. Currently
user-friendly UAVs, able to obtain RGB imagery are widely available [6]. Also, software
equipment necessary to process imagery data into point clouds or orthophotos using SfM
method can easily be found with a wide portfolio of options, from paid cloud-based so-
lutions, such as DroneDeploy [7] or Pix4D [8], through commercial software, of which we
have to mention at least Agisoft Metashape [9], to an open-source software such as the
command line toolkit OpenDroneMap [10] with web interface called WebODM [11]. All
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these developments lead to widening of the group of interested persons ready to enhance
their forest survey with UAV remote sensing methods.

Still, the qualitative parameters of expected SfM outputs and their dependence on
different conditions and algorithms used are not sufficiently described. Lack of acquisi-
tion and processing protocols guaranteeing certain quality of SfM outputs independent
on forest type or phenology stage is identified as one of the crucial problems SfM needs
to deal with [5][12].

Statistically significant influence of flight altitude, flight speed and light conditions
on the spatial resolution of UAV imagery was confirmed [13]. This paper aims to explore
the impact of same conditions (flight altitude, flight speed and light conditions) on the
quality of photogrammetry point clouds derived from UAV imagery.

As previous studies [14][15][16] revealed significant differences in the results of dif-
ferent softwares used for SfM point cloud reconstruction, the quality of point clouds gen-
erated in two different softwares (Agisoft Metashape and WebODM) was compared, to
answer the question whether open-source software can be competitive to commercial one.

Photogrammetric point cloud representing the surface of forest stand can serve as
the means for description of the current state of the forest, reflecting for example changes
induced by harvest but also changes in crowns induced by other factors such a wind or
snow damage.

Different studies have proved that airborne laser scanning (ALS) or Unmanned aerial
Laser Scanning (ULS) based point clouds are reaching similar or even better accuracy in
the denomination of tree heights than usual field measurement approaches [17][3]. This
places ALS and ULS point clouds as a quality benchmark for computer reconstruction of
forest sites. Therefore, we decided to use the ULS point cloud as a reference for the com-
parison of photogrammetry point clouds.

2. Materials and Methods

Two study sites were established in different mixed forest stands to cover the most
common tree species in the Czechia, which are Norway spruce (Picea abies 43.0%), Euro-
pean beech (Fagus sylvatica 10.1%), Scots pine (Pinus sylvestris 9.8%) and oaks (Quercus
robur, Quercus petraea 7.8%) [18].

Both sites are situated in the Central Bohemian region. First site, called Skorkov Fig-
ure 1(a) is located on the mostly flat terrain stand with species composition predominantly
of Scots pine and Common oak. Different age classes are present in a rather rectangular
composition, typical for pine management in this region. The second site, called Skalice
Figure 1(b), was established in a more spatially diverse forest stand with prevailing Nor-
way spruce supplemented by European beech on slope terrain.

The basic characteristics of both sites are given in Table 1Chyba! Nenalezen zdroj
odkazi..

Table 1. Study sites parameters

Site Skorkov Skalice
WGS 84 (center) Lat: 50.2143906N, Lon: 14.7160739E Lat:49.9141571N, Lon: 14.8710025E
Area 9.309 ha 3.629 ha
Terrain flat slope with 20% inclination
Altitude 188-190m AMSL 399-431m AMSL
Tree species Scots pine (Pinus silvestris)) Norway spruce (Picea abies),
Common oak (Quercus robur) European beech (Fagus sylvatica)
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Skorkov
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=]
Skalice

(a)
Figure 1. Study sites (a) Skorkov; (b) Skalice

Images acquisition. DJI Phantom 3 Professional as an example of a widely available,
low-cost, user-friendly UAV was used to acquire images for Digital Aerial Photogramme-
try (DAP) point clouds reconstruction. The parameters of the DJI FC300X camera carried
by this UAV are specified in Table 2 [19].

Table 2. DJI FC300X camera specification

Sensor Sony EXMOR 1/2.3” CMOS Effective pixels: 12.4 M
Lens 20 mm (35 mm format equivalent) /2.8 focus at o
ISO Range 100-1600 (photo)

Electronic Shutter Speed 8 -1/8000 s

Image Size 40003000

In total 26 standard flight missions were performed during 7 days at 4 flight altitude
levels with the aim of covering different light conditions. In each case, the flight mission
was planned with both front and side overlap set to 75%. The flight trajectory was oriented
parallel to the longer side of the study site Figure 2(a).
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Figure 2. Flight trajectory in standard (a) and special (b) missions

Also, 3 special missions were performed with the aim to obtain images originating
from more diverse angles to perform optimized camera calibration in WebODM. In this
case two missions (flight altitude 100 and 150meters) were flown with path oriented in 90
degrees to standard missions Figure 2(b) and one (flight altitude 100 meters) with camera
tilt of 75 degrees to get non-nadir-oriented images. An overview of the flight days and

missions is in Table 3.

Looking for suitable mission planning software, DroneDeploy [2] was chosen as it
allows for import of the study site borders polygon shapefile. This feature greatly im-
proves comparability of repeated missions. All missions were planned and carried out
using DroneDeploy except for one of the special missions where a 75-degree tilt of the
camera was required. As DroneDeploy did not allow for such setting, Pix4DCapture app
[3] was used in this case.

Table 3. Flight days details

Date Start End Site Miss Flight altitudes (m) Weather
ions 75 100 125 150

17.06.2020  12:54  14:01  Skorkov 2 a a overcast, high clouds, light
wind

20.08.2020 6:35 7:18 Skorkov 4 a a a a clear sky, calm

21.08.2020  10:31  11:14  Skorkov 4 a a a a clear sky, very light wind

03.09.2020  11:21  12:14 Skalice 4 a a a a partly cloudy, variable

wind (thermals)

09.09.2020  11:38  12:14 Skalice 4 a a a a clear sky, very light wind

19.10.2020  12:45 13:51  Skorkov ~ 4+3 a abt a ab  high breaking clouds, light
wind

11.11.2020 11:35 12:10 Skalice 4 a a a a overcast, high clouds, calm

*) a: parallel to the longer side trajectory, b: parallel to the shorter side trajectory, t: parallel to the

longer side trajectory, camera tilt 75 degrees.

ULS data acquisition. For each study site, ULS point cloud was also acquired using
UAV VUX-SYS (RIEGL Laser Measurement System GmbH, Horn, Austria) setup for
UAV-borne data acquisition consisting of the UAV RiCOPTER, the VUX-1UAYV laser scan-

ner, and the AP-20 inertial measurement unit (IMU) [20].
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The results of this dataset were later on used as a reference for the evaluation of DAP 117
point clouds generated from imagery obtained by UAV DJI Phantom 3 Professional. 118
In all UAV flights, respective national requirements as stated in [21] valid at the time 119
of flight were complied, namely maximum flight height below 300 meters, visual line of 120

sight, airspace restrictions and minimal distance from people and buildings. 121
Further images and resulting point cloud processing workflow is described in Figure 122
3 and following paragraphs. 123
ULS data RGB images
acquisition acquisition
L] Y
ULS data Images EXIF metadata|
processing L processing extraction
(] Y
Crop ULS by DAP point cloud generation
study site Metashape || WeboDMStd || webODMENK
borders
L] y
CSF ground ULS point
pqlnts' cloud DAP point cloud
classification
¢ C
v _Fine_ «—
registration
Crop DAP by DAP point
study site clouds
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ata
y
Cloud-to-cloud
’ distance
N A
»| Site coverage

124

Figure 3. DAP point cloud processing workflow chart 125

Images processing. EXIF metadata of x,y,z axis speed, aperture and exposure time 126
were extracted from all images using Exiftool utility [22]. Speed was calculated on the 127
basis of the x,y,z axis speed vectors. Aperture was set to constant value (maximum aper- 128
ture was used that equals to 2.0 in case of this camera) in camera settings prior to each 129
flight. Still EXIF metadata were used to confirm (successfully) that all images are of the 130
same aperture value. Therefore, exposure time could be used as a descriptor of light con- 131
ditions. For each mission imagery set, an average speed and exposure time was calculated. 132

Characteristics of the set of resulting images set are summarized in Table 4. 133
Table 4. Standard missions image sets characteristics 134
Characteristic Skalice, n = 121 Skorkov, n = 14!
Images number 155 (95 to 248) 162 (98 to 252)
Flight Altitude
75 3 (25%) 3 (21%)
100 3 (25%) 4 (29%)
125 3 (25%) 3 (21%)
150 3 (25%) 4 (29%)

Exposure time 0.017 (0.004 to 0.040) 0.015 (0.004 to 0.067)



Forests 2021, 12, x FOR PEER REVIEW 6 of 19

Characteristic Skalice, n =12! Skorkov, n = 14!
Flight speed 9.04 (5.70 to 11.70) 9.46 (7.50 to 11.80)
In (%), Mean (Min to Max) 135

DAP point clouds generation. Image sets of each mission were processed by Struc- 136
ture from motion procedure to dense point clouds. Two softwares were used: Agisoft 137
Metashape as an example of commercial software successfully used for different purposes 138
such as coastal area monitoring [23], historical site survey [14], agriculture [24] and forest 139
monitoring [25][16][26]. The other compared software was WebODM as an open-source 140
alternative used also in a various field such as glacier monitoring [27], or land cover 141
change detection [28]. 142

Results of this procedure can be highly influenced by parameters settings. On the 143
other hand, settings parameters of both softwares are not easily comparable, which makes 144
the task of similar settings very difficult. Therefore, different approach was chosen with 145
default settings used in both softwares. This approach allows for comparison of results 146
based on the default setup of the software, which is usually the starting point for further 147
fine-tuning. 148

To further explore possibilities of WebODM, recommended procedure of camera cal- 149
ibration process [29] was explored. For this reason, three special flight missions were per- 150
formed, to gain more images from various flight altitudes and angles, including also non- 151
nadir orientation (75 degrees camera tilt) as recommended in relevant chapter of We- 152
bODM user guide [29]. In this case all image sets from one flight day including special 153
flight missions — in total 7 flight missions (21,22,22cross,22tilt,23,24 and 24cross) with 1176 154
images were used to produce single point cloud. Results of camera calibration process 155
gained during this point cloud generation were saved and later on used in all standard 156
mission image sets procedure. 157

In total three DAP point clouds were produced from each standard mission image 158
set. One in Agisoft Metashape with default settings (denoted as Metashape), second in 159
WebODM with default settings (WebODMstd) and third using WebODM with optimized 160
camera calibration parameters (WebODMenh). 161

ULS Point clouds for both sites were prepared from the raw data acquired by UAV 162
VUX-SYS, using smoothed best estimate of trajectory (SBET) based on reference station 163
(RS) post-processing kinematics (PPK) with the virtual BS from Trimble VRS Now, pre- 164
pared in the environment of RiIPROCESS with RiPRECISSION module [20]. Point cloud 165

classification was carried out in the same environment. 166
Point clouds comparison. To compare the DAP point clouds quality and accuracy, 167
CloudCompare [30] software was used. 168
First ULS point clouds were prepared for both study sites by cropping (segmenting) 169
the point cloud with the polyline representing the boundaries of study site. 170

Comparison pipeline of single DAP point cloud was performed with following steps: 171
1. Register DAP point cloud (Tool/Registration/Fine Registration (ICP)) using the ULS 172

point cloud as a reference. 173
2. Crop (segment) DAP point cloud with the polyline representing the borders of study 174
site. 175

3. Asameans to describe spatial accuracy of DAP point cloud, point-to-point compar- 176
ison of DAP and ULS point cloud (Tools/Distances/Cloud distances) was performed. 177
Results of this comparison were saved in a new scalar field of DAP point cloud. 178

4. Export statistics (mean and standard deviation) of this new scalar field (cloud-to- 179
cloud distance) as well as the total number of points in resulting cropped DAP point 180
cloud to database. As study sites are not of the same size it is not possible to compare 181
directly number of points. Rather relative metrics points density (number of points 182
per square meter) was used. This was simply calculated as the number of the points 183
divided by the area of study site. 184
As the density of DAP point clouds in some cases varied significantly throughout the 185

entire study site, following steps were done to cover this feature of DAP point clouds. 186
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1.  First subset of points representing ground was identified in ULS point cloud using 187
the Cloth Simulation Filter [31] plugin of CloudCompare. 188
2. This subset was later on used as a ground reference in calculation of DAP point cloud 189
site coverage expressed here by the amount of ULS ground points with representing 190
points in DAP point cloud (Tools/Volume/Compute 2.5D volume in CloudCompare) 191

192

All analyses were carried out in R-Studio version 1.4.1103 [32] with R version 4.0.3 193

[33] using following libraries: JTools [34], Readr [35], GGplot2 [36], gtsummary [37]. 194

3. Results 195

In total 78 point clouds were computed from 26 standard mission imagery sets. Sum- 196

mary characteristics are in Table 5. 197

Table 5. DAP point clouds characteristics 198

Variable Metashape! WebODMenh! WebODMstd!

Points density (points/m?)  79.61 (30.43 to 181.23) 52.20 (9.90 to 103.04) 51.45 (9.52 to 101.92)
Site coverage (%) 93.94 (31.00 to 99.80) 81.58 (25.30 to 96.70)  81.67 (24.50 to 96.70)

Cloud-to-cloud distance (m)  0.40 (0.26 to 0.60) 0.25 (0.13 to 0.65) 0.31 (0.18 to 0.62)

Values in the table: Mean (Min to Max)

3.1 Site coverage 199

Lower flight altitude resulted in lower site coverage (larger proportion of study site 200
which is not covered by DAP point cloud) as seen on Figure 4Chyba! Nenalezen zdroj 201
odkazi.(a). This can be attributed to worse performance in reconstruction of point clouds 202
from imagery obtained at lower flight altitudes where distance to actual tree tops is simply 203
too small. With trees height around 30m, flight altitude 75m above ground means distance 204
between camera and surface around 45m. This hypothesis is further supported by worse 205
results in site Skalice Figure 4Chyba! Nenalezen zdroj odkazi.(b) which was located on 206
the slope terrain, with the take-off point in the bottom part of slope. The flight altitude 207
controlled by DroneDeploy mission planning app was kept constant relatively to take-off 208
point. This means that the overlap of images at the top of slope was in case of Skalice 209
study site lower than planned which led to worse performance in point cloud reconstruc- 210
tion at these parts of study site, especially in lower flight altitudes. This trend was visually 211
confirmed, as seen in Figure 5Chyba! Nenalezen zdroj odkazii.. 212
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Figure 4. Site coverage of DAP point clouds reconstructed from images obtained at different flight 213
altitudes (a) and at different study sites (b). Figure includes all 78 point clouds. 214
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(a) (b)

Figure 5. Coverage of study site ground (grey) by DAP point cloud (green) from 75m (a) and
150m (b) missions. Sideview with Flight altitude level 75m(blue) and 150m(red).

To allow for reasonable comparison of results, only point clouds covering more than
80% of study site ground were included in further evaluation procedure. This limited the
dataset to 63 point clouds as seen in Table 6Chyba! Nenalezen zdroj odkazi..

Table 6. DAP point clouds selection (site coverage>80%) characteristics

Variable Metashape, n=24! WebODMenh, n =20 WebODMstd, n = 19!
Points density (points/m?) ~ 81.35 (35.02t0 181.23)  57.74 (32.15t0 103.04)  57.10 (3142 to 101.92)
Site coverage (%) 97.24 (81.10 t0 99.80) 91.89 (80.80 to 96.70)  92.34 (83.20 to 96.70)
Cloud-to-cloud distance(m) 0.41 (0.26 to 0.60) 0.22 (0.14 to 0.30) 0.30 (0.19 to 0.62)

I n: number of point clouds; Values in the table: Mean (Min to Max)
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Figure 6. Site coverage of DAP point clouds reconstructed by different software (a) from images
obtained at different study sites (b) and at different flight altitudes. Figure includes only point
clouds with coverage > 80% (63 point clouds)

To further evaluate how is the site coverage influenced by different parameters of
imagery sets and point clouds reconstruction, generalized linear model (GLM) with
gamma distribution was built iteratively, considering following parameters of individual
DAP point clouds:

*  Flight altitude;
*  Flight speed — mean value of flight speed extracted from individual images;

215
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224
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*  Exposure time — mean value of exposure extracted from individual images; 231
*  Software(settings) used for point clouds reconstruction; 232
° Site. 233

Out of these five variables, flight altitude, flight speed, software and site were found as 234
significant explanatory variables. Exposure time did not prove as significant explanatory 235
variable for site coverage. For selected model details see Table A1, Figure Al and Figure 236
A2 in Appendix A. 237

3.2 Points density 238

Figure 7 show expected decreasing trend of points density with increasing flight al- 239
titude which can be logically explained by lower spatial resolution of images obtained in 240

higher altitudes. 241
Results of Metashape are of higher points density than WebODM. Both settings ver- 242
sions of WebODM seems to perform rather similar Figure 7(a). 243
Point clouds from study site Skalice representing slope terrain seems to reach lower 244
points density than on flat study site Skorkov Figure 7(b). 245
246
N‘g 150 - N‘g 150 -
= é =
2 100- — *g . 2 w0 — -
3 . B [ g ? . * :
50- 50-
. é =

75 100 125 150 75 100 125 150

Flight altitude (m AGL) Flight altitude (m AGL)
Software B3 Metashape BE WebODMenh ES WebODMstd Site ES Skalice EE Skorkov
(@) (b)
Figure 7. Points density of DAP point clouds reconstructed by different software (a) from images 247
obtained at different study sites (b) and at different flight altitudes. Figure includes only point 248
clouds with coverage > 80% (63 point clouds) 249

Generalized linear model was iteratively fitted, using same five parameters as in pre- 250
vious part, to describe influence on points density. The best performing model was the 251
one considering flight altitude, flight speed, software and site parameters. All of these 252
were confirmed as significant explanatory variable. Exposure time was not confirmed as 253
significantly influencing points density. For selected model details see Appendix A Table 254
A2, Figure A3 and Figure A4. 255

3.3 Spatial precision 256

The mean value of cloud-to-cloud distance to reference ULS point cloud computed 257
for each of 63 selected DAP point clouds reached values between 0.13 Figure 8(a) and 0.61 258
meters Figure 8(b), mean value was 0.31 meters. 259
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Figure 8. Examples of mean Cloud-to-cloud distance of best (a) 0.13m and worse (b) 0.61m point 260
clouds within the limited data set of 63 point clouds. 261

Mean cloud-to-cloud distance shows expected logical trend of worse results with in- 262
creasing flight altitude. 263
Considering the mean cloud-to-cloud distance, the best performing are point clouds 264
reconstructed by WebODM with optimized camera calibration parameters (WebOD- 265
Menh). WebODM with default settings (WebODMstd) generated point clouds show 266
slightly worse results, but still perform better than Metashape Figure 9(a). As for the study 267

sites, DAP point clouds from Skalice exhibits slightly worse results Figure 9(b). 268
269
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Figure 9. Mean cloud-to-cloud distance related to flight altitude, software used for point cloud 270
reconstruction (a) and study site (b). Figure includes only point clouds with coverage > 80% (63 271
point clouds) 272

To further evaluate how is the cloud-to-cloud distance influenced by different pa- 273
rameters of imagery sets and point clouds reconstruction, generalized linear model with 274
gamma distribution was built iteratively, considering same five parameters of individual 275
DAP point clouds as in previous cases. 276

The best performing model was the one considering only flight altitude, software and 277
site parameters. All of these were significant. For selected model details see Table A3 and 278
Figure A5 in Appendix AChyba! Nenalezen zdroj odkaz.. Flight altitude, software and 279
site effects on the expected accuracy of point cloud represented by predicted mean cloud- 280
to-cloud distance is described in Figure A6 Appendix AChyba! Nenalezen zdroj odkazii.. 281
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In none of iteratively fitted models did parameters exposure time or flight speed re- 282
sult as statistically significant. 283

4. Discussion 284

Flight altitude, flight speed and light conditions described through image exposure 285
time were found as significantly influencing spatial resolution of UAV obtained images 286
[13]. 287

In this paper we evaluated influence of these parameters on the quality of DAP point 288
cloud reconstructed through SFM process. Only the point clouds itself were evaluated. 289
Whether varying point cloud parameters, such as different points density or spatial pre- 290
cision impacts significantly forest characteristics derived from this point cloud needs to 291
be further examined. For example, increasing points density of ALS point cloud was 292
proved to affect the reliability of Lorey's height, basal area, volume and stem density esti- 293
mates of Norway spruce dominated forest stand with high reliability even at points den- 294
sity of 2 points per m? [38]. On the other hand as described in [39] points density above 295
certain threshold was not further affecting results of individual tree detection in ALS point 296
cloud. 297

Flight altitude was confirmed as significantly influencing the quality of resulting 298
DAP point clouds in terms of points density (decreasing with increasing flight altitude), 299
coverage of study site (improving with increasing flight altitude) and its spatial accuracy 300
(worse accuracy with increasing flight altitude). Similar results regarding worse spatial 301
accuracy with higher flight altitudes reported [40][41]. 302

The contrary influence on particular characteristics (cloud-to-cloud distance and cov- 303
erage) underlines the problem of finding the optimal flight altitude. Lower flight altitudes 304
bring images with higher spatial resolution which should support the keypoints identifi- 305
cation and lead to better results of StM reconstruction. On the other hand smaller part of 306
surface captured by single image in lower flight altitude can lead to lower number of fea- 307
tures resulting in worse image matching, which can only partially be accounted for by 308
increasing the overlap of images [5]. 309

Flight speed was found as significantly influencing points density and site coverage, 310
both decreasing with increasing flight speed. This can be attributed to lower spatial reso- 311
lution of images obtained at higher speed as concluded in [13], which might logically re- 312
sult in lower amount of keypoints identified in individual images during SfM procedure 313
leading to lower points density of final dense point cloud as well as lower coverage. 314

Exposure time was not confirmed as significant predictor for any of observed DAP 315
point cloud quality parameters (points density, site coverage and spatial accuracy). This 316
is contradictory to findings related to spatial resolution being affected by lighting condi- 317
tions [13], but can be explained as the magnitude of lighting conditions effect was the 318
smallest comparing to flight altitude and flight speed in quoted study. 319

Even the results of point clouds reconstructed from 150m flight altitude imagery sets 320
seems to be sufficient for use in general forestry practice as the worse achieved average 321
cloud-to-cloud distance was 0.64 meters. Compared to typical field survey tree height 322
measurement methods (indirect laser rangefinder supported tangent measurement), this 323
is still a competitive result. For example, Andersen et al. [3] were able to reach the accuracy 324
of the field tree height measurement -0.27 +/- 0.27 m (mean +/- SD) using a hand-held laser 325
rangefinder Impulse 100. Each tree was a subject to three height measurements with an 326
average as a result. This is quite beyond general practice, so usual accuracy of field tree 327
height measurement can be expected worse. Other researchers have reported similar val- 328
ues for the standard deviation of the measurement of field tree height, such as 0.5m [42]. 329
Worth noting is also the fact that field measurements of tree height are subject to random 330
errors as reported by Larjavaara and Muller-Landau [43] 331

As for the software comparison, Metashape in default settings was clearly able to 332
reconstruct slightly denser point clouds than WebODM (in both settings) especially in 333
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lower flight altitudes. This fact also influences the site coverage of reconstructed point 334
clouds, which in the case of Metashape was reaching better results than WebODM. 335

On the other hand, WebODM outperformed Metashape in the accuracy of recon- 336
structed DAP point clouds compared to reference ULS point cloud. Point clouds recon- 337
structed in Metashape were much more prone to noise artifacts. 338

Comparison of results from both softwares showed, that WebODM as an open- 339
source alternative was competitive to commercial products represented here by 340
Metashape. Usability of WebODM was confirmed also by other studies, such as for exam- 341
ple by Groos et al [27] or White et al [28], whereas unsuccessful trials [44] can be attributed 342
to an early stage of ODM package when survey was performed. 343

This paper confirmed that WebODM point cloud reconstruction accuracy can be sig- 344
nificantly improved by using the optimized camera calibration parameters resulting from 345
processing of images from various flight altitudes and angles [29]. 346

Results also confirmed significant influence of study site on the accuracy of DAP 347
point cloud. The most likely hypothesis for this might be the terrain profile, as study site 348
located on flat terrain performed significantly better than study site with slope terrain. 349
Still, although significant, the influence of site variable seems to be rather weak, which 350
can be also translated as good applicability of described method for variable conditions in 351
terms of terrain, species composition or spatial structure of forest stand. 352

One of the outcomes of this study would also be a recommendation to use mission 353
planning software capable of keeping constant flight altitude above ground throughout 354
the study site, not only constant altitude above the take-off point, as was the case with 355
DroneDeploy mission planning app used in this study. This as a result complicated re- 356
construction of point clouds in more diverse terrain on study site Skalice, as part of the 357
site seems to be simply too close to UAV camera in lower flight altitudes for successful tie 358
points identification. 359

5. Conclusions 360

Even though best points density can be reached by use of imagery obtained on lower 361
flight altitude, short distance between canopy surface and camera can highly influence 362
ability to reconstruct successfully dense point cloud which can lead to incomplete cover- 363
age of study site. Using higher flight altitudes can be beneficial in terms of the area cov- 364
ered by single flight with still reasonable accuracy of resulting point cloud. 365

As the light conditions did not prove to be significantly influencing quality parame- 366
ters of resulting DAP point cloud, we conclude, that when necessary, even (reasonably) 367
worse light conditions allows for images acquisition usable for forest monitoring. 368

Mission planning software capable of keeping constant altitude above ground should 369
be preferred to minimize problems with tie points identification resulting in partial point 370
cloud coverage problems. 371

Open-source software WebODM was proven as a competitive to commercial Agisoft 372
with same or even better accuracy of resulting point clouds. Using affordable UAV DJI = 373
Phantom Professional and WebODM, DAP point clouds representing real forest stand can 374
be obtained with sufficient accuracy. This further widens the possibilities to engage in 375
UAV surveys. 376
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Appendix A 385
Table Al. Generalized linear model of site coverage variable explained by selected parameters of 386
DAP point clouds. (Null deviance: 0.177697 on 62 degrees of freedom, Residual deviance: 0.063599 387
on 57 degrees of freedom) 388
Characteristic Beta 95% CI! p-value
(Intercept) 88.68 83.41, 93.98 <0.001
AltitudePlan 0.120 0.069, 0.172 <0.001
SW
Metashape — —
WebODMenh -5.937 -7.785, -4.087 <0.001
WebODMstd -5.750 -7.634, -3.863 <0.001
Site
Skalice — —
Skorkov 5.739 4.148,7.325 <0.001
SpeedDron -0.924 -1.804, -0.049 0.043
ICI = Confidence Interval
389
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Figure A1. Diagnostic plots of generalized linear model describing site coverage as a variable de- 391

pendent on flight altitude, flight speed, software and site explanatory variables. 392



Forests 2021, 12, x FOR PEER REVIEW 14 of 19

o8 | L 98 -
F % i & 95 -
[ Lol - -
g 924 - g ¥
£ 2
w 90 B n g7 -

88 r
357III\I III!I\I IIHIHHIIH ; 1N 1 907|I\IH ; 1 II\I 1 | . 11 Bl . | 11 ‘7
80 100 120 140 8 9 10 1 12
Flight altitude (m) Flight speed (m/s)
1 1 1 1
98 | 3
96 3
= 3
‘v 96 1 r o
g 2 94+ -
o 5]
= =
g o1+ - g
2 £ 924 u
73] (0]
92 r
90 - -
T T T T T
Metashape WebODMenh WebODMstd Skalice Skorkov
Software Study site
Figure A2. Effects of different parameters on GLM- predicted site coverage of DAP point cloud. 393

Table A2. Generalized linear model of points density variable explained by selected parameters of =~ 394
DAP point clouds. (Null deviance: 11.854 on 62 degrees of freedom, Residual deviance: 3.267 on 57 395

degrees of freedom) 396
Characteristic Beta 95% CI* p-value
(Intercept) 180.3 153.7,208.2 <0.001
AltitudePlan -0.311 -0.567, -0.049 0.017
SW

Metashape — —

WebODMenh -13.43 -22.55, -4.690 0.003

WebODMstd -13.79 -22.97,-5.001 0.002
Site

Skalice — —

Skorkov 11.29 4.499, 18.15 0.001
SpeedDron -7.782 -12.01, -3.767 <0.001

ICI = Confidence Interval
397



Forests 2021, 12, x FOR PEER REVIEW

15 of 19

Residuals

|Std. Pearson resid.|

02 08

0.4

1.0

0.0

Residuals vs Fitted

Predicted values

Scale-Location

CEE O @

@ g &®B

o gy © o &
_U%'gw
] OOO

=]

e
(e

] %& °fy % g‘b/%)"//g

& -

& 2%, & o 8
©5g°
| | I I
40 60 80 100

80

Predicted values

Std. Pearson resid.

Std. Pearson resid.

1.2 3

0

Normal Q-Q

Theoretical Quantiles

Residuals vs Leverage

632 BLE

L]
il Coooﬁc'sogjat%{ﬁ?e
T 1 1 1 1
0.00 005 010 015 020
Leverage

Figure A3. Diagnostic plots of generalized linear model describing points density as a variable
dependent on flight altitude, flight speed, software and site explanatory variables.
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Table A3. Results of the generalized linear model describing cloud-to-cloud distance as a variable
dependent on flight altitude, software and site (Null deviance: 7.5304 on 62 degrees of freedom,

Residual deviance: 2.1167 on 58 degrees of freedom)

Characteristic Beta 95% CI* p-value
(Intercept) 0.260 0.185, 0.337 <0.001
AltitudePlan 0.001 0.001, 0.002 <0.001
SW
Metashape — —
WebODMenh -0.186 -0.225, -0.149 <0.001
WebODMstd -0.109 -0.153, -0.067 <0.001
Site
Skalice — —
Skorkov -0.032 -0.065, -0.001 0.050
ICI = Confidence Interval
Residuals vs Fitted _ MNormal Q-Q
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Figure A5. Diagnostic plots of generalized linear model describing mean cloud-to-cloud distance
as a variable dependent on flight altitude, software and site explanatory variables.
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Abstract: We used a linear mixed-effects model to relate crown width to height, with inventory plot
as a random effect, for trees in Czechia based on data from the National Forest Inventory (NFI).
This model was used to estimate window size for a local maximum filter procedure (LMF) to detect
individual tree tops in unmanned aerial laser scanning (ULS) point clouds of mixed species forest
stands with diverse structures. Random parameters of the model were estimated for study site
based on several sample trees. Models calibrated with 5 and more samples achieved significantly
better results (mean percentage error; MPE -0.17 for 5 samples) in comparison to a fixed-effects
model (MPE -0.62). Lower performance was observed in dense stands with trees between 5 and 10
meters in height. We concluded that locally-calibrated models predicting crown widths from tree
heights might serve as a universal point of departure in searching for an optimal window size set-
ting in LMF procedures.

Keywords: Local calibration; UAV; ULS; LMF; ITD

1. Introduction

Due to mass production and increasing affordability, the use of unmanned aerial ve-
hicles (UAV) for forest monitoring is no longer the prerogative of advanced scientific
teams. A similar trend has been observed in software for processing data acquired by
UAVs into 3D point clouds representing forest trees in the case of laser scanning (light
detection and ranging - Lidar), or its surface in the case of photogrammetry. Still, subse-
quent steps are necessary for extracting the relevant information from forest point clouds,
which tends to be quite fragmented, and it often requires intensive fitting for differing
situations.

The detection of individual tree tops from UAV-based photogrammetry point clouds
is a frequently discussed procedure, and different methods have been reviewed by several
authors, for example [1]. The local maximum filter (LMF) is one of the methods most com-
monly used. Several studies suggest that using LMF with a variable window size gives
more promising results, especially in more diverse conditions [2]. Nevertheless, the cor-
rect size of the window, whether fixed or variable, is critical to the results, and an incorrect
size can lead to serious errors. Determining the window size is often a trial-and-error pro-
cess for particular stands or situations. The R-project[3] LidR package [4] allows for a
variable window size for LMF based on the chosen function of the Z-coordinate of point
clouds in which the tree tops are identified. Tree crown width might serve as a good pa-
rameter for setting the window size based on the tree height [2]. In this method, a model
is built using tree height to predict the crown diameter.

Several studies concluded that the correlation between crown diameter and tree
height was rather low, therefore, crown diameter prediction models are usually built us-
ing tree stem diameter and several other independent variables [5][6][7]. Because these
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variables are not available in our particular case, we tried to overcome this using a linear
mixed-effects model with NFI plots treated as a random effect. Local calibration [8][9] of
this model was expected to provide an ideal means of establishing an appropriate LMF
variable window size for a given area of interest. The Czechia National Forest Inventory
(NFI) [10] data provides a great opportunity to build such a model at the country level.
Unmanned aerial laser scanning (ULS) point clouds, together with field survey results of
tree counts on sample plots, represented a promising means to assess the performance of
local calibration based on different numbers of samples.

2. Materials and Methods
Study site

Our study site, Skorkov (Lat: 50.2143906N, Lon: 14.7160739E; Position WGS 84),
northeast of Prague was established in a mixed forest stand of mostly flat terrain (188-190
m AMSL) with species composition dominated by Pinus silvestris L. and Quercus robur
L. Different age classes are present in the 9.31 ha rather rectangular arrangements, which
is typical for Pinus management in this region.

Data acquisition

The ULS point clouds were acquired using the UAV VUX-SYS setup (RIEGL Laser
Measurement System GmbH, Horn, Austria) for UAV-borne data acquisition, which con-
sists of the UAV RiCOPTER, the VUX-1UAYV laser scanner, and the AP-20 inertial meas-
urement unit [11]. The 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 mean point density was around 600 points-m=2. In all
UAV flights, we complied with the respective national requirements, as stated in [12] and
valid at the time of flight (September 2020), namely a maximum flight height below 300
m, visual line of sight, airspace restrictions, and a minimal distance from people and build-
ings.

Laser point cloud generation

The ULS point cloud was prepared from the data acquired by an UAV Ricopter
equipped with a Riegl VUX-SYS1 sensor. We used the smoothed best estimates of trajec-
tory based on the reference station post-processing kinematics with the virtual base sta-
tion from Trimble VRS Now (Trimble Inc., Sunnyvale, California USA), prepared in the
environment of RIPROCESS with the RiPRECISSION module [11]. Point cloud classifica-
tion (for ground and non-ground points) was conducted in the same software environ-
ment.

Sample plot surveys

To gather relevant data for the evaluation of individual tree identification using an
LMF procedure, we conducted a field survey. We established 39 circular plots with a var-
iable plot radius related to average tree height within the main canopy Table 1. Sample
plot size.

Table 1. Sample plot size classes based on average tree heights of the main canopy.

Plot class Tree height Plot radius Plot area Minimal register
(m) (m) (m?) limit
1 <3 3.00 28.27 1.5 m height
2 3-10 5.00 78.54 1.5 m height
3 >10 12.62 500.00 7 cm DBH*

* DBH - diameter at breast height (1.3 m height)
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On each sample plot, all trees over the minimal register limit were counted. Ran- 89
domly chosen tree was also sampled for height and crown parameters. In class 1 plots, 90
maximum and minimum crown projection diameters were measured by tape, and crown 91
width was calculated as an average of these two measurements. For class 2 and 3 plots, 92
we used a procedure similar to NFI Surveys [10] that included measuring ground projec- 93
tion of at least five points, and crown extent was defined using the Field-Map soft- 94
ware/hardware set (IFER — Monitoring and Mapping Solutions Ltd., Jilové u Prahy, 95
Czechia). 9%

97
Figure 1. Layout and relative size indicators of variable radius sample plots at study site. 98
Crown width model data 99

The NFI data acquired by the Forest Management Institute since 2001 were used to 100
build linear mixed-effects models for tree crown width predictions of individual trees 101
based on height. The intended use of the model within the LMF procedure was limited to 102
a single predictor variable, height, thus we did not include other frequently employed 103
variables [5][6][7], such as diameter at breast height (DBH), to construct our crown pre- 104
diction models. The NFI dataset included data on more than ninety-four thousand trees 105
measured on more than twenty-two thousand plots. Only trees from the upper tree layer, 106
as defined by the International Union of Forest Research Organizations, with observed 107
crown projection area and height measurements were selected. The NFI field surveys [10] 108
identify tree crowns in the form of a horizontal projection area. For the purpose of this 109
study, we calculated crown width as a function of crown area assuming a circular shape 110

centered on the tree stem. 111

Table 2. Selected summary of NFI data. 112
Characteristic n!=94,066

Plots (n) 22,532

Mean height (m) 25 (4 to 54)

Mean crown width (m) 5.57 (1.35 to 19.33)

Species group
Abies alba Mill. 1,202 (1.3%)
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Characteristic n!=94,066
Acer spp. 1,709 (1.8%)
Alnus spp. 2,177 (2.3%)
Betula spp. 2,382 (2.5%)
Carpinus betulus L. 890 (0.9%)
Fagus sylvatica L. 6,475 (6.9%)
Fraxinus spp. 1,340 (1.4%)
Larix decidua Mill. 4,300 (4.6%)
Other broadleaved hard spp. 970 (1.0%)
Other broadleaved soft spp. 2,672 (2.8%)
Other coniferous spp. 763 (0.8%)
Picea abies (L.) Karst. 48,767 (52%)
Pinus sylvestris L. 13,691 (15%)
Quercus spp. 6,728 (7.2%)
1Mean (Range); n (%)

Model 113

A simple linear mixed-effects model was built iteratively with different transfor- 114
mations of predictor or predicted variables to achieve optimal results. The best perform- 115
ing model was: 116

ln(CWki) = ﬁg + ﬁ lHki/100 + Aok + (240% Hkl/100 + Crki Eq 1

where CWiiis the crown width of tree i in stand/plot k (m), Hriis the height of treeiin 117
stand/plot k (m), o and p1are fixed population parameters to be estimated, aox and otk are 118
random parameters to be estimated having zero expectations for stand k, and exi is the 119
random residual error for tree i on stand/plot k. The Hrivariable had to be scaled, otherwise 120
the model would not converge. This model is basically similar to that described by Lappi 121
[8], which used height-DBH data. 122

The model parameters were first estimated using all trees from the NFI dataset with 123
crown width and height measurements (n = 94,066), regardless of species, and the NFI 124
plots were treated as a random parameter. This model was named as f1. We developed 125
the model in this manner in an effort to account for parameters other than height as rep- 126
resented all together by individual inventory plot. 127

From the field surveys of the study site, we know that a limited number of tree spe- 128
cies are present, with three species representing the majority — P. sylvestris, Q. robur, and 129
Quercus rubra L. Therefore, we decided to subset the NFI dataset to limit it to only P. syl- 130
vestris and Quercus species, which we then used to construct model 2. 131

Model calibration 132

Use of a linear mixed-effects model allows for calibration within particular stands. 133
Based on sample data of crown widths and tree heights obtained at the stand of interest, 134
values for random parameters from equation Eq 1 can be estimated [9] according to Eq 2. 135

a=ZR*Z+D YV ZR(y—p Eq2

where @ is the matrix of estimated random parameters; Z is the design matrix asso- 136
ciated with random parameters; D is an estimate of D, the variance-covariance matrix 137
for the random parameters; R = 62, x I is the estimated variance-covariance matrix for 138
residual errors of individual trees where 692,“
A is a vector of predicted values from the fixed effect model, and y is a vector of observa- 140
tions of the dependent variable from the particular stand. 141

To evaluate this calibration method on our model, we iteratively took out one plot 142
from the NFI dataset as a calibration plot. The LME model (Eq 1) was fitted to the NFI 143
dataset without the calibration plot. Calibration was repeatedly performed based on 144

is the square of the residual standard error; 139



Remote Sens. 2022, 14, x FOR PEER REVIEW 5 of 16

height and crown width data of 1,3,5, and 10 random trees from the calibration plot ac- 145
cording to Eq 2. 146

Crown width was then estimated based on both the marginal model (without ran- 147
dom parameters) and the calibrated model with estimated random parameters. Both esti- 148
mates were compared to field-measured crown width values from the calibration plot us- 149
ing the normalized root mean squared error (NnRMSE; Eq 3). This procedure was repeated 150

one hundred times to assess the performance of the calibrated models. 151
2ie (i —y)? Ea3
nRMSE = n q
y
where 71 is the number of observations, y is the observed value, and J is the esti- 152
mated value. 153
Study site calibration 154

For calibration of global models explained in section 0, data for the crown widthsand 155
heights measured in sample plots were used. A total of 39 trees were measured for this 156
calibration. To evaluate the influence of the different number of calibration measure- 157
ments, calibration of both models was performed with randomly chosen 3,5,10, and all 39 158
calibration samples. Together with the uncalibrated marginal models, a total of 10 formu- 159
las were prepared to be used in the LMF procedure. Model function names are identified 160
by the model used (f1; £2), and the number of sample trees used to calibrate the model 161
(e.g., cal3 = 3 sample trees used); for example, Model f2 calibrated with 10 sample treesis 162
identified as f2_cal10. Details of both models, necessary for local calibration are presented 163

in Appendix A. 164
Trees identification 165
The ULS point cloud was processed through the following pipeline performed in R 166
statistical package [3] using the LidR [4] and ForestTools [13] packages. 167
1. Read ULS point cloud data. 168
2 Perform normalization of point cloud with ground points classified by the cloth sim- 169
ulation filter [14]. 170
Then for each of the 10 versions of the models. 171

3 Run the LMF procedure to identify the local maximum within a circular window 172
with the diameter defined by the results of the formula using Z coordinates as the 173
height variables. 174

4 Intersect resulting tree tops with sample plots. 175

5 Compare the number of trees identified by the LMF procedure and the number of 176
trees from our field survey. Comparisons were made based on the percentage error 177

(PE) Eq 4 and mean percentage error (MPE) Eq 5. 178
PE = Vi =i Fq 4
Yi
179
1 n o y. — .
MPE=-) %% Eq5
Niai=1 )

where 7 is the number of sample plots, y is the observed number of trees at sample 180
plot i, and ¥ is the estimated number of trees at sample plot i 181
All analyses were conducted in R-Studio version 1.4.1103 [15] with R version 4.0.3 [3] 182
using the following libraries: LidR [4], ForestTools [13], sjPlot [16], JTools [17], Readr [18], 183
GGplot2 [19], gtsummary [20]. 184

3. Results 185
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3.1 Models 186
Results of models f1 and f2, are visible in Table 3 and also in Appendix A 187
Table 3. Linear mixed-effects models f1 and f2 results 188
Model f1 In(CW) Model 2 In(CW)
Predictors Estimates CI p  Estimates Cl p
(Intercept) 0.9692 0.9552 - 0.9831<0.001 1.0471 1.0140-1.0802 <0.001
H/100 29192 2.8671-29714<0.001 2.7494 2.6134-2.8854 <0.001
Random Effects
o2 0.0579 0.0588
Tok 0.3248 0.3792
Tik 3.0351 4.7034
Qo1k -0.8865 -0.8578
ICC 0.6090 0.6663
N« 22,532 7,009
Observations 94,066 20,419
Mariiﬂiﬁ g:on- 0.226 /0.697 0.129/0.709
Marginal and conditional R-squared statistics, based on [21] 189
3.2 Model calibration test 190

Using the procedure described in 0, a single plot from the NFI dataset (randomly 191
selected from plots with more than 15 trees measured) was used as a hypothetical new 192
plot. Repeated calibration of the model fitted to the rest of the dataset was performed, 193
using 1,3,5, or 10 trees from the calibration plot. For each of these calibrated models, crown 194
width was estimated and compared to the original values from the NFI dataset Figure 2. 195
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Figure 2. Test calibration example (a) calibration results (solid line) using 3 calibration trees (black 196
dots) compared to uncalibrated model (dashed line); (b) effect of calibration (solid line) on nRMSE 197
compared to uncalibrated model (dashed line). 198

This procedure was repeated one hundred times. Overall performance of the calibra- 199
tion process is evident in Figure 3, with a better fit of models when calibrated with more 200
sample trees, although differences between 3,5, and 10 sample trees was relatively small. 201

Using this procedure, it is evident that the fixed-effects model can be improved by the 202
calibration process. 203

1.25- °

1.00 -

0.75-

nRMSE
[

0.50 -

———e 0 0 o
—e®
—o 00

0.25-

1
0 1 3 5 10

Number of trees for calibration -

Figure 3. Test calibration results (0 trees for calibration is the equivalent of an uncalibrated fixed- 205
effects model). 206

A Kruskal-Wallis test of the nRMSE values based on the number of samples used for 207
calibration demonstrated a significant difference between groups (p-value = 1.219e3). 208
Subsequent Dunn'’s test confirmed the optimal use of at least 3 samples for calibration; 209
further increase of sample numbers did not contribute any significant improvements Ta- 210

ble 4. 211
Table 4. Dunn’s test p-values for nRMSE grouped by number of samples used for calibration. 212
samples (n) 0 1 3 5

1 0.001

3 0.000 0.033

5 0.000 0.003 0.443

10 0.000 0.001 0.219 0.608

213

3.3 Study site model calibration 214

A similar procedure was used for local calibration of model f1 and f2 based on data 215
obtained from the sample plots at the study site. Again, several versions with 3, 5, 10 and 216
the complete set of field-measured tree samples (39) were assessed. Together with uncal- 217
ibrated fixed-effects model, we produced 10 formulas to model crown widths based on 218
tree heights Figure 4. Study site model calibrationsand Chyba! Nenalezen zdroj odkazi.. 219

220
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Figure 4. Study site model calibrations (a) model f1 all species; (b) model {2 Pinus spp. and Quercus 221
spp. Calibration data displayed as black points. 222
3.5 Tree identification 223

The MPE between field survey-observed and LMF-identified number of trees on 224
sample plots was on average -0.23, varying from -0.62 to 0.04 (standard deviation of 0.21). 225
The nRMSE had values between 0.50 and 0.78. Distribution of MPE by function used for 226
the LMF procedure is described in Figure 5 (a), which indicates overall better results of 227
calibrated functions, with the surprising exception of the fixed-effects only model for Pi- 228
nus and Quercus spp., f2mar. 229

To better asses the influence of tree height, sample plots were divided into four con- 230
secutive categories according to max height of trees observed on plot. Figure 5 b) and 231
Table 5 reveal that the unexpected good performance of the f2mar function results from 232
the average of overestimating the number of the tallest trees on one hand, and underesti- 233
mating the number of the smallest trees on the other hand. Table 9 also displays the in- 234
creased accuracy of calibrated models — with comparable performance of 5- and 10-sample 235
calibrations to the full 39-sample calibration. According to nRMSE, the best performing 236
model, f2_39cal, is closely followed by all models with 5 and more samples used for cali- 237
bration. In terms of height categories, the most underestimated was the number of trees 5 238
to 10 m in height. 239

240
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Figure 5. Percentage error between LMF-identified and field survey-observed number of trees on
sample plots (a) divided by function used for LMF procedure, and (b) divided by height category
of sample plots.

Table 5. Mean percentage error between LMF-identified and field survey-observed number of trees
on sample plots.

Func-

Tree Count MPE by Height category

tion nRMSE all 0tob5m 5to 10m 10 to 20m 20 to 30m

flmar 0.78 -0.62 -0.77 -0.77 -0.68 -0.40
f1_3cal 0.68 -0.48 -0.60 -0.67 -0.57 -0.23
f1_5cal 0.53 -0.17 -0.19 -0.49 -0.21 0.05
f1_10cal 0.53 -0.18 -0.17 -0.49 -0.23 0.02
f1_39cal 0.51 -0.08 0.02 -0.42 -0.15 0.09

f2mar 0.61 0.03 -0.38 -0.52 -0.06 0.69
f2_3cal 0.61 -0.39 -0.42 -0.58 -0.45 -0.22
f2_5cal 0.54 -0.23 -0.17 -0.49 -0.29 -0.09
f2_10cal 0.52 -0.09 -0.00 -0.43 -0.17 0.09
f2_39cal 0.50 -0.08 0.07 -0.41 -0.17 0.07

A Kruskal-Wallis test suggested significant differences of tree count error by model
functions used for LMF (p-value = 9.302e%). A subsequent Dunn’s test revealed signifi-
cant improvement of results when at least 5 samples were used for calibration (Table 6).
Using model £2, fitted only to data of tree species present on the study site, did not bring

expected improvements in any of the models.

Table 6. Dunn’s test p-values for tree count error grouped by function used for LMF.

flmar f1_3cal f1_5cal f1_10cal f1_39cal f2mar f2 3cal f2 5cal f2_10cal
f1_3cal 0.439
f1_5cal 0.006 0.071
f1_10cal 0.005 0.067 0.998
f1_39cal 0.001 0.014 0.665 0.683
f2mar 0.001 0.009 0.537 0.554 0.905
f2_3cal 0.175 0.706 0.228 0.218 0.063  0.037
f2_5cal 0.013 0.167 0.810 0.791 0.451 0.347 0.445

241
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f2_10cal  0.001 0.018 0.692  0.710 0961 0.837 0.068 0.511
f2_39cal  0.001 0.014 0.646 0.665 0966 0942 0.056 0435 0925

252

4. Discussion 253

Iterative tests of local calibration of a global LME model revealed significant im- 254
provements of model performance, even with only a single calibration sample. Three sam- 255
ples were interpreted to be the optimal amount because further increases in the number 256
of samples did not bring significant improvements. Several studies have similarly recom- 257
mended only a limited number of samples for calibration of mixed-effects height—diame- 258
ter models [22][23][24]. 259

Local maximum filter belongs to one of the most commonly used approaches for in- 260
dividual tree tops detection in point clouds [1]. Determining the appropriate window size 261
for LMF is often a trial-and-error process for particular stands or situations. We tried to 262
improve this situation using tree crown width to set the LMF window size. 263

Most reported approaches use other predictor variables, most often DBH, for crown 264
projection rather than height [5][25][26], and, thus, it basically disqualifies using those 265
models for local maximum filter techniques for the detection of individual tree tops. 266

Our suggested approach of a linear mixed-effect model to predict tree crown width 267
based on tree height using a few samples (results at our study site suggested at least five) 268
obtained on site for local calibration might serve as a viable option. Our presented model 269
reached a conditional R-square value of 0.70, which seems more promising than a similar 270
model built on a much smaller data sample, which had an R-square value of 0.51 [2]. 271

With the proposed method of LMF individual tree detection based on crown width 272
determined window size using ULS point cloud data, we were able to achieve an nRMSE 273
around 0.50. The MPE metric, ranging between -0.62 and +0.03, revealed that in most cases 274
our approach led to a lower number of trees identified compared to the field survey. This 275
can be attributed to the problematic distinction of single trees in Pinus and Quercus forest 276
types with such a diverse structure on our particular study site. Not all trees have grown 277
into the canopy layer, and the distinction of those trees is rather difficult, especially with 278
broadleaved species. This is also supported by the poor performance with trees between 279
5 and 10 meters. Somewhat similar results with tree detection rates ranging from 50% to 280
140% using different methods for ITD on ULS point clouds were reported by Wang et al. 281
[27]. A study by Grznarova et al. [28] produced a detection rate of 95% for coniferous 282
forests and 71% in broadleaved forests. Nevalainen et al. [29] achieved tree identification 283
rates between 64 and 97%. Results with 38 to 85% of trees undetected across plots was also 284
reported by Jeronimo et al. [30] with poorer individual tree detection of smaller trees. 285
Throughout the cited studies it is clearly visible, that ITD precision decreases with in- 286
creased forest structure complexity. 287

5. Conclusions 288

Our results of individual tree top detection reached only limited accuracy in terms of 289

the number of trees identified in sample plots. Nevertheless, the presented approach us- 290
ing a local maximum filter with variable window size governed by locally-calibrated mod- 291
els predicting crown width from tree heights might serve as a universal point of departure = 292
in searching for optimal window size settings in LMF procedures. 293
294
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Appendix A Models results

Table Al. Model f1 (all species) details

307

308

In(CW)
Predictors Estimates CI p
(Intercept) 0.9691528265  0.9551970430 — 0.9831086099 <0.001
H/100 29192160556  2.8670704505 - 2.9713616608 <0.001
Random Effects
o? 0.0579225773
00 0.3248247819
T 3.0351135705
Qo1 -0.8865128648
(@ 0.6090064317
N pid 22532
Observations 94066
Marginal R? / Conditional R? 0.226 / 0.697
Table A2. Model f2 (pine and oaks only) details 309
In(CW)
Predictors Estimates CI p
(Intercept) 1.0471117767 1.0140393762 - 1.0801841773  <0.001
H/100 2.7494035917 2.6133807717 —2.8854264117 <0.001
Random Effects
o 0.0587756430
To0 0.3791901633
T 4.7029756295
Qo1 -0.8577703035
ICC 0.6662831293
N pid 7009
Observations 20419
Marginal R? / Conditional R? 0.129/0.709

310
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