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Anotace

Tato dizerta¢na praca skiima moznosti vyuzitia dat dial’kového prieskumu Zeme (DPZ) pre
odhad charakteristik a parametrov rastovych modelov lesnych porastov, stanovenie a odhad
ich dynamiky a popis dolezitych parametrov ako je napriklad bonita porastu. Praca vyuziva
data leteckého laserového skenovania a to viac-intervalové, konkrétne boli pouzité data
Z bezzasahovej oblasti narodného parku Ceské Svycarsko zroku 2005 poskytnuté
Technickou Univerzitou v Drazd’anoch a data ziskané na katedre hospodarskej upravy lesa,

fakulty lesnickej a drevarskej, Ceskej Zemédélskej Univerzity v Prahe z roku 2019.

Dizertacia je postavena na Styroch vedeckych pracach. Prva praca (Melichova et al., 2023)
popisuje kvantifikaciu ubytku lesa pomocou modernych gisovych metdd, konkrétne
automatickej upravy komplexnych polygénov holin z rozdielovych skenov. Druhé praca
(Surovy & Melichova, 2023) popisuje moznosti vyuZitia metdd strojového ucenia

a pokrocilych statistickych metod pre odhad zasob lesnych porastov.

Tretia praca (Melichova et al. 2024) by sa dala povazovat’ za klI'i¢ovu pre dizertaént tému,
popisuje moznosti vyuzitia bitemporalneho lidarového skenu pre odhad parametrov
rastovej funkcie a pomocou metdd strojového ucenia popisuje moznosti odhadu bonity
daného porastu. Praca porovnava moznosti odhadu relativnej aj absolutnej bonity
a porovnava presnost’ a spravnost’ pri pouziti len metrik laserového skenu, a v kombinacii
metrik a veku porastu. Vek sa ukazuje ako parameter vyznamne ovplyviujuci kvalitu
modelu, ale aj ked’ dnes nie je priamo z dat DPZ dostupny, opakovanym dlhodobym

skenovanim je mozné ho ziskat’ napriklad metédou popisanou v ¢lanku 1.

Posledny ¢lanok (Surovy et al., v tisku) je technicka $tudia vyuzitia nizkonakladovych

skenerov pre pozemné data.

Celkovo tato dizertatna praca vyznamne prispieva K §tidiam moznosti vyuzitia laserovych
dat ako alternativy alebo doplnku pozemnych merani, umoziujuc tak do buducna
ziskavanie vacsiecho mnozstva a kvalitnejSich dat a prispiet’ tak nielen k informacii 0 stavu
lesa ale aj ojeho vyvoji, raste, produkcii ci stave ohrozenia atym pomoct lepSim

rozhodnutiam o hospodareni pripadne o jeho ochrane.

Kruicové slova: rastové modely, bitemporalny laserovy sken, letecké laserové skenovanie.



Annotation

This dissertation thesis explores the possibilities of using remote sensing data (RS) to
estimate characteristics and parameters of forest stand growth models, determine and
estimate their dynamics, and describe important parameters such as site index. The work
utilizes airborne laser scanning data, specifically bitemporal data, with data from the
untouched area of Ceské Svycarsko National Park in 2005 provided by the Technical
University of Dresden and data obtained from the Department of Forest Management,
Faculty of Forestry and Wood Sciences, Czech University of Life Sciences in Prague in
2019.

The dissertation thesis is based on four scientific papers. The first paper (Melichova et al.,
2023) describes the quantification of forest loss using modern GIS methods, specifically
the automatic updating of complex clear-cut polygons from difference scans. The second
paper (Surovy & Melichovd, 2023) describes the possibilities of using machine learning

methods and advanced statistical methods to estimate forest stand resources.

The third paper (Melichova et al., 2024) could be considered crucial to the dissertation
topic, describing the possibilities of using bitemporal lidar scanning to estimate growth
function parameters. It also explores the use of machine learning methods to estimate site
index. The paper compares the possibilities of estimating relative and absolute site index
and compares the accuracy and correctness when using only lidar metrics and in
combination with stand age. Age proves to be a significantly influential parameter in the
model's quality, and although it is not directly available from RS data today, repeated long-
term scanning can obtain it, for example, using the method described in paper 1.

The last paper (Surovy et al., in press) is a technical study of the use of low-cost scanners

for ground data.

Overall, this dissertation significantly contributes to the studies of the potential use of lidar
data as an alternative or complement to ground measurements, enabling the acquisition of
larger quantities and higher-quality data in the future. It contributes not only to information
about the state of the forest but also its development, growth, production, or threat status,

thereby aiding better decisions regarding management or conservation.

Keywords: growth models, bitemporal laser scan, airborne laser scanning.
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1 Uvod

Dynamika a rast lesa predstavuji neoddelitelna stcast hospodarenia s lesom. Pre
dosiahnutie trvalej udrzatelnosti lesného hospodarenia je nevyhnutné disponovat
informaciami o sucasnom stave a budiucom raste lesa (Riofrio et al., 2023). Od prvych
inventarizacii zalozenych na trvalych plochach a ich opakovanych meraniach sa
technoldgia odhadu rastu lesa/stromov vyvijala prostrednictvom dendrochronologickych
metod az po sofistikované 3D techniky zalozené na meraniach architektary (Antonelli,
1992,Perttunen, 2008). Trojrozmerné udaje z dial’kového prieskumu Zeme, ¢i uz ide o data
z laserového skenovania alebo digitdlnej fotogrametrie, poskytuji coraz presnejSie
informacie o stavbe porastu (Tompalski et al., 2018). V stc¢asnosti sa vSak na odhad
taxacnych veli¢in a monitorovanie lesa vyuziva prevazne narodna inventarizacia lesov,
ktorej priestorové pokrytie nie je dostatoéné vzhI'adom na vel'kost’ a pocet inventariza¢nych
ploch ana rozlohu lesa (Avitabile & Camia, 2018). Hodnotenie rastu z dial’kového
prieskumu je mozné prostrednictvom opakovanych merani (v odliSnych casovych
intervaloch) rovnakého stromu alebo porastu, priCom rozdiely v meraniach priamo
odhaduju rast. Predovsetkym v chranenych oblastiach, kde sa zasahy minimalizuju a
dochadza k prirodzenému vyvoju lesa, méze byt dialkovy prieskum Zeme vyuzity na
odhad rastovej dynamiky lesa. Histéria tejto problematiky zaznamenala prispevky
mnohych autorov(Nesset & Gobakken, 2005,X. Yu et al., 2008, Tompalski et al., 2016);,
ktori zhodnotili vyuzitie dialkového prieskumu Zeme na odhadovanie réznych
charakteristik porastu. Déata z opakovaného leteckého laserového skenovania sa daja
vyuzit’ nielen na hodnotenie rastu ale aj na odhad produk¢nej schopnosti stanovist’a tzv.
bonity (Noordermeer et al., 2020,Socha et al., 2020)

Rastové aprodukéné modely su rozhodujlicim nastrojom pre hodnotenie rastu
a udrzatelnosti produkcie. Odhad bonity je podstatnou zlozkou tychto modelov na
hodnotenie kvality stanovi§ta (Riofrio et al., 2023). V Ceskej republike sa na hodnotenie
kvality stanovista pouziva bonita. V stcasnosti je najpouzivanejSou veli¢inou vySka
porastu, ktora vychadza z priemernej alebo dominantnej vysky porastu (Weiskittel et al.,
2011). Bonita moze byt absolutna alebo relativna. Relativna bonita vyjadruje relativnu
kvalitu stanovista, zatial’ ¢o absolatna bonita priamo udava hodnoty priemernych alebo

strednych vySok porastov, zvyc¢ajne v 100 rokoch. Bonita je priamym indikatorom kvality

14



porastu na danom stanovisti, urcuje jeho produkciu, rychlost’ rastu ¢i kvalitu ocakavanej
produkcie zo sortimentacného hl'adiska. Dynamika a rast stromov a porastov je popisovana
V Case pomocou rastovych modelov, u ktorych je prave bonita ich hlavnym indikatorom,
napriklad vo forme asymptoty, to jest hornej hodnoty, ktora je schopny dany jedinec alebo
porast dosiahnut’. Veda, ktora sa zaobera popisom, ¢i uz matematickym alebo slovnym
alebo algoritmickym, toho ako sa stromy a porasty vyvijaju je rastovd dynamika (z
anglického forest growth), a je obsahom vyuky predmetov ako modelovanie rastu lesa,

nauka o produkcii lesa a podobne.

1.1 Rastova dynamika

Dynamika rastu lesa popisuje, ako sa jednotlivé stromy a les ako celok v priebehu Casu
menia a vyvijaji. Dynamiku rastu lesa ovplyviluje mnozstvo faktorov, vratane podmienok
prostredia, druhovej skladby, disturbancii aspésobov hospodarenia. Zachytenie
a porozumenie tymto zmenam je dolezité pre vyvoj porastov, sposob ich nasledného
obhospodarovania a taktiez ich adaptacie na klimaticki zmenu. V pripade lesa, kedy sa
na$e rozhodnutia odzrkadlia o niekol’ko generacii neskor, moznost’ otestovat’ si apriori
spravnost’ navrhovaného postupu je vyhodou. Jednou z moznosti je simulacia, kedy
S poc¢itacovym modelom nahradzame redlny systém a tak vieme vidiet’ spravanie realneho
systému v buducnosti. Simulatory lesnych ekosystémov su pocitacové programy, ktoré
napodobiiuju chovanie lesnych ekosystémov. Tieto simulatory umoZziiuji modelovat’ rzne
typy lesov, vratane roznych druhov drevin, vekovych tried a Struktar lesa a taktiez by mal

vediet’ reagovat’ na podmienky prostredia, hospodarske zasahy a socidlne faktory.

Vystupy z tychto simulatorov nezahfiiaju len produkciu, ale aj Struktaru lesa, biodiverzitu,
biomasy, naklady a vynosy. Stochastické prvky by mali byt tieZ zakomponované do
modelu, na rozdiel od rastovych tabuliek, ktoré su okrem inych nevyhod deterministicke,

to jest neudavaju mozny rozptyl predpovedi, a mozu hlavne pre laika posobit’ zavadzajuco.

Modely lesa su rozdelené do niekol'kych skupin, kvoli lepsej orientacii. Prvou a zakladnou
klasifikaciu je rozdelenie modelov podl'a Metédy modelovania. Toto rozdelenie je na
zéklade pouzivanych algoritmov ana zaklade toho ako pristupujeme k modelovaniu.
Klasifikaciu zobrazuje trojuholnik modelov (Obrazok 1). Na vrchole tohto trojuholnika sa
nachadzaji Empirické modely. Tieto modely s najviac agregované a konsStruované na

zaklade Statistickych vzt'ahov odvodenych z empirickych merani. Na jednej strane su
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Strukturalne modely, na modelovanie morfologie stromov na zaklade topologie organov a
architektury rastliny. Na druhej strane su procesné modely, ktoré sa sustred’uju na
fyziologické procesy ako su fotosyntéza, respiracia a alokécia. Strany trojuholnika popisuju
hybridné modely, ktoré kombinuju dva rézne modelovacie pristupy. Semi-empirické
modely st prikladom hybridnych modelov, ktoré st blizsie k empirickym modelom. Dal$im
prikladom su funkéno-Strukturdlne modely, ktoré kombinuju procesné a Strukturdlne

modelovanie a st blizsie k Strukturalnym modelom.

empirické
modely

strukturalne procesné
modely modely

Obrazok 1: Klasifikacia modelov lesa na zaklade met6d modelovania (Fabrika &
Pretzsch, 2011)

1.1.1 Empirické modely

Empirick¢é modely (zndme aj ako biometrické, Statistické alebo korelatné modely) sa
zameriavaji na zmenu biometrickych veli¢in v case. Tieto modely si odvodené z
empirickych dat a Statistickych metdd, o znamen4, Ze su platné len pre zdkladny stbor dat,
z ktorého boli odvodené. Ak sa chcl pouzit’ na iny subor dat, je potrebné ich kalibrovat’ a

upravit’ parametre modelu.

Empirické modely vyuzivaji ako prvotny vstup stavové premenné ako hrubku a vysku
stromov, kruhovu zakladiiu a zasobu porastu. M6Zu sa tiez zaoberat’ modelovanim biomasy
a alokaciou prvkov. Tieto premenné st odvodené zo vztahov k prvotnym vystupom

modelu.
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Empirické modely mézu zahrnovat’ modelovanie tvaru kmeia a koruny stromov, Struktary
porastu, konkurencie medzi stromami, odumierania stromov a rastu stromov. V zavislosti
na charaktere modelu sa vyberaju prislusné skupiny submodelov. Vysledkom su
aktualizované stavové premenné lesného porastu. Tieto modely sa podla trovne

modelovania d’alej delia na stromové, frekvencné a porastové, semi- empirické.

1.1.2  Strukturalne modely

Strukturalne modely (tiez zname ako morfologické modely) sa zameriavaju na vyvoj
morfoldgie jednotlivych stromov na zaklade topologie organov a architektury stromu. Tieto
modely pouzivaju matematicky aparat odvodeny z fraktalnej geometrie a st zaloZzené na
rekurzivnhom nahrddzani retazcov, ktoré je popisané rastovymi gramatikami.Rastové
gramatiky definuju morfologické rysy rastliny, ktoré st generované prostrednictvom
takzvanych Lindenmayerovych systémov (L-systémov). Tieto modely moézu byt
deterministické, stochastické, kontextovo-senzitivne, parametrické a d’alsie, v zavislosti od
ich charakteru.Strukturalne modely sa snazia odvodit Struktiru stromu, zahriujic
formovanie kmeiia, vetiev, listov a plodov. Ich vystupy st morfologické rysy stromov, ktoré
neskor mozu sluzit’ na odvodenie biometrickych stavovych premennych, biomasy a obsahu
chemickych prvkov. Tieto modely mo6zu byt vyuzivané na modelovanie jednotlivych

stromov alebo populacii stromov s konkurenénymi vzt'ahmi medzi jednotlivymi jedincami.

Existuje niekol’ko ndstrojov a systémov pre Strukturdlne modelovanie rastlin, vratane
univerzalnych modelovacich nastrojov na L-systémy, ako aj Specializovanych modelov,
ktoré zahfniaju ¢rty procesnych modelov. Tieto modely mézu byt vyuzité na generovanie
realistickych vizualnych reprezentécii rastlin pre rozne ucely vratane systémov typu CAD

a virtualnej reality (Fabrika & Pretzsch, 2011).

1.1.3 Procesné modely

Procesné modely sa v si€asnosti rychlo rozvijaju a maja viacero ekvivalentnych nazvov,
vratane ekofyziologickych modelov, biochemickych modelov, biogeochemickych
modelov, mechanistickych modelov, kauzalnych modelov a "flux" modelov. Tieto modely
sa zameriavaju na modelovanie kauzalnych procesov v lesnych ekosystémoch na trovni

fyziologie stromov.

Procesné modely sa spoliechaji menej na empirické udaje a Statistické vztahy a viac na
ekofyziologické poznanie biologickych procesov. Experimenty pre tieto modely su

finan¢ne naroCnejSie a komplexnejSie, zahfnajice podrobné merania klimatickych
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podmienok, pddy, kolobehu vody, svetelného ziarenia, vratane fotosyntézy, respiracie a

inych procesov. Tieto merania st Casto priebezné pocas celej sezony.

Procesné modely sa zameriavaju na modelovanie roznych biologickych procesov vratane
absorpcie svetla, intercepcie, evapotranspiracie, fotosyntézy, respirdcie, alokacie,
senescencie a d’alSich. Ich vystupy zahtiiaji alokdciu uhlika v biomase stromov a primarnu

produkciu biomasy.

Kalibracia procesnych modelov je c¢asto narocnd a vyzaduje hladanie spravnych
systémovych parametrov, ktoré moézu zahfiat' rdézne ekofyziologické veli¢iny alebo
konstanty. Tieto modely majii vSeobecnejSiu platnost’ a mézu byt aplikované na rézne
urovne ekosystémov. Existuje mnoho r6znych modelov s roznymi pristupmi a zameranim
na konkrétne aspekty ekofyziologie stromov a lesnych ekosystémov (Fabrika & Pretzsch,
2011).

1.2 Casovo- hierarchicka uroveii

V lesnom prostredi prebiehaji procesy od bunky az po celu biosféru. Hierarchické trovne
v zivote lesa nie si definované len priestorovo, ale aj casovo. Zmeny na roznych urovniach
st Casovo ovplyvnené poziciou v hierarchii, a to od buniek az po biosféru a trvaju sekundy
az tisicro¢ia (Obrazok 2). TaktieZ nadradené Grovne ovplyviuju tie podradené pomocou
riadiacich parametrov a podradené urovne zase ovplyvituji nadradené pomocou signalov.

Pre kazda hierarchickt tiroven sa vytvaraju $pecialne modely (Fabrika & Pretzsch, 2011).
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biéom —| hierarchicka troven

spolocenstvo —

populacia —
organizmus —
organ ]
c¢asova uroven
bunka I I i i i
sekunda den rok decénium storocie tisicrocie

Obrazok 2: Klasifikacia modelov podl'a ¢asovo-hierarchickej urovne (Fabrika & Pretzsch,
2011)

Ekofyziologické modely popisuji rastové zmeny na urovni organov prostrednictvom
kauzalnych procesov, ako je fotosyntéza, dychanie a alokécia. Tieto modely sa zaoberaju
procesnymi vztahmi a minimalizuji pouzitie Statistickych vztahov alebo ich vdbec
nepouzivaju. Casto modeluju procesy s dennym intervalom. Tato skupina modelov je

najpocetnejsia a najrozmanitejsia.

Stromové modely pri modelovani rozkladaju porast na jednotlivé stromy a simuluja ich
vzajomné interakcie ako priestorovo-casovy systém. Tieto modely sa zvacSa zameriavaju
na Statisticky odvodeny systém rovnic na riadenie rastového spravania jednotlivych
stromov v zavislosti na ich rastovom nastaveni. Z Casového hladiska typicky pracuji s

miniméalnym modelovym intervalom jedného roku.

Porastové modely st v podstate najstar§imi metddami modelovania vyvoja porastov, ktoré
sa zameriavaju na sumarne a priemerné porastové veliCiny. Tieto modely v podstate
zahtiaju vsetky typy rastovych tabuliek. AvSak za skuto¢ne vhodné a presnejSie modely sa
povazuju tie, ktoré obsahuju dobre formulované biometrické zdkony prostrednictvom
matematickych rovnic a st implementovatel'né do pocitaca. Existuju Specifické pripady,

ktoré predstavuji prechod medzi modelmi zameranymi na stromy a porasty. St to modely
19



s vypovedou o frekvencii poc¢tu kmenov (napriklad v hrubkovych stupnioch). Modely st
rieSené na baze diferencidlnych rovnic, regresnych modelov prepisu rozdelenia pocetnosti
alebo stochastickych evolu¢nych modelov. Zakladnou jednotkou tychto frekvenénych
modelov je skupina stromov, ktoré patria do rovnakej zatried'ovanej kategorie (napriklad
hrabkovy stupen alebo vekova trieda). Vzhl'adom k tomu, ze porastové modely simuluja
zmeny celej populacie (porastu) alebo zmeny v distribucii pocetnosti, casovym horizontom,
ktory je modelovo relevantny, je obdobie desiatich rokov (decénium) alebo dokonca péat

rokov.

Sukcesné modely sa zaoberaju dynamikou rastu v rozsiahlych systémoch, ktoré sa skladaju
z mozaikovitych a Ciastkovych plo$nych jednotiek. Ich zdkladnou modelovou jednotkou je
spolocenstvo stromov. Tieto modely st zamerané predovSetkym na predpovedanie
dlhodobej sukcesie neobhospodarovanych lesnych porastov a na dosledky zmenenych
rastovych podmienok v produkcii biomasy. Z ¢asového hl'adiska sa zaujimaji o zmeny,
ktoré sa vztahujl na starocia. Medzi predstavitel'ov tychto modelov patria tzv. "gap" alebo

"patch” modely.

Biomové modely st podobne zamerané ako sukcesné modely, ale zameriavaju sa na celé
krajiny alebo dokonca kontinenty a z ¢asového hl'adiska mézu analyzovat’ zmeny pre vacsie

casové intervaly.

Pri modelovani je potrebné si uvedomit’ ciel’ modelovania, potrebnll Groven priestorového
rozsahu, potrebny casovy interval modelovania ako aj uroven detailnosti existujicich
vstupnych tidajov a Groven detailnosti pozadovanych vystupnych udajov. Je dolezité pouzit
vhodny model pre dant hierarchickt uroveil. Mdze sa stat, Ze pre konkrétnu uroven
neexistuju modely aVtom pripade je mozné pouzit’ vysSiu alebo nizSiu hierarchicka
uroveil. Presun z vysSej Grovne na nizsiu sa nazyva "downscale" a opac¢ny presun "upscale"

(Fabrika & Pretzsch, 2011).

1.3 Hierarchicko- priestorova uroven

Klasifikacia modelov v tejto urovni sa zameriava na sledovanie chovania lesnych
ekosystémov pod vplyvom klimatickych zmien alebo po réznych prirodzenych a umelych
naruseniach. Tieto modely sa vyuzivaju na najdenie vhodnej varianty obhospodarovania
lesa v suvislosti s udrzanim trvalosti produkcie lesa a plnenia mimoprodukcénych funkecii

lesa. Hierarchické urovne moézeme rozdelit do O6smich kategoérii a to: organ, jedinec,
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velkostna trieda, vekova trieda, populacia alebo druh, funkény typ, bioskupina stromov
(,,patch* alebo ,,gap*) a spolocenstvo, respektive ekosystém alebo biom. Priestorové urovne
mozeme rozdelit’ do piatich kategorii, kde sa jednad o trojrozmernt poziciu, dvojrozmernu

poziciu, bioskupinu, porast alebo region.

Trojrozmernd poloha vyzaduje informacie o presnom umiestneni jednotky
v trojrozmernom priestore, definovany suradnicami x, y, z. V dvojrozmernom priestore
sta¢i informacia o horizontalnom umiestneni (suradnice x, y). Pri ostatnych trovniach je

dostacujtce identifikovat’ prislusnost’ jednotky k bioskupine, porastu alebo regionu.

Na obrdzku 3 je zobrazenych vsetkych 13 modelov do tzv. Sachovnice modelov. Kazda
kategoria predstavuje Specificky typ modelu so Standardnou polohou v tejto Sachovnici.
Niektoré typy modelov maju viacero Standardnych poloh, ktoré zavisi od pouzitia (Fabrika

& Pretzsch, 2011).

populécia, druh

skupina stromov 2D pozicia

spolocenstvo,

ekosystém 3D pozicia

Obrazok 3: Klasifikacia modelov podl'a hierarchicko-priestorovej tirovne (Fabrika &
Pretzsch, 2011)
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2 Ciele prace
Hlavnym cielom prace je navrhnat’ a popisat’ metodu na spracovanie leteckych lidarovych

dat s ich vyuzitie pre odhad rastovej dynamiky.

Préca je zamerana na zistovanie zmien v lesnych ekosystémoch na zaklade bitemporalnych
dat, kvantifikaciu ubytku a prirastkov pomocou technologie LIDAR. Vystupy by mali
poskytnut’ podklady pre tvorbu rastovych modelov a postupy pre odhad produktivity

v danom uzemi. V préci su spracované dve hypotézy:

1. Letecké laserové snimkovanie je mozné vyuzit' pre odhad rastovej dynamiky na

velkom izemnom celku (celoplosne).

2. Déta z vySkového prirastku je mozné vyuzit’ na odhad bonity.

3 Klasické meranie stromovych charakteristik

K tradi¢nym sposobom ziskavania porastovych veli¢in zlesa patria nastroje ako priemerky,
vyskomery a pasma. Pomocou nich este stale ziskavame velic¢iny ako vyska stromu, hribka a d’alsie,
ktoré potom sluZia na vypocet d’alSich charakteristik a pouzivaju sa taktieZ na overenie presnosti

vysledkov ziskanych pomocou dial’kového prieskumu Zeme.

3.1 Hrubka stromu

Medzi zakladnti dendrometricktl veli¢inu patri hrubka prie¢neho prierezu kmena, co je
vzdialenost’ dvoch rovnobeznych dotyénic vedenych protilahlymi bodmi obvodu prierezu.
Tradi¢né metddy merania hriibky stromov zahtiaju pouzitie priemerky alebo obvodového
pasma pripevneného kolmo na os kmena, Standardne vo vyske 1,3 m nad patou kmena.
Hrabka sa mdze merat’ aj v inych vyskach napriklad pri pite kmena alebo v réznych
percentach vysky kmena. Pri merani hrubky stromu za pouzitia priemerky je potrebné
dodrziavat’ pravidla merania ako je spravne umiestnenie priemerky, spravna vyska a aby sa

priemerka dotykala kmena v troch bodoch (Kuzelka et al., 2014).

3.2 Vyska stromu

Vyska stromu sa meria za pomoci vySkomeru, ktory sliZi na nepriame meranie vysok.
Nepriame meranie vySok je =zaloZzené na dvoch principoch, geometrickom a
trigonometrickom. Vyskomery, ktoré sa pouzivaji na meranie vyuzivaju dve technologie

a to ultrazvukové meranie alebo laserové meranie v zavislosti od hustoty porastu. Vyska
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stromu sa nemeria na kazdom strome v poraste, ale meria sa vyska reprezentativnej vzorky
stromov. Dovodom je menSia variabilita vysky stromov v ramci porastu a dreviny v

porovnani s hrabkou stromu (Sun et al., 2020).

3.3 Zistovanie hribkového prirastku

Hrabkovy prirastok definujeme ako rozdiel medzi hrubkou na konci ana zaciatku
sledovanej periody dizky n. Na zistovanie prirastku existuju destrukéné a nedestrukéné
metody. V pripade dlhodobého sledovania postaduje meranie pomocou milimetrove;j
priemerky alebo obvodového pasma. V pripade, Ze chceme mat’ informacie o prirastku
Vv priebehu vegeta¢ného obdobia je vhodné pouzit’ dendrometre. Ak by sme chceli zistovat
prirastok do minulosti, vyuZijeme analyzu letokruhov, ktoré st viditelné na vyvrtoch

ziskanych pomocou Preslerového nebozieca (Kuzelka et al., 2014).

3.4 Senzory dialkového prieskumu Zeme

Alternativnou metddou ziskavania dat 0 lese a v podstate alternativou merania lesa su data
dial’kového prieskumu Zeme. Data z roznych nosi¢ov ako su satelity, lietadla, drony ci
pozemne nosice je mozné V principe ziskavat’ dvoma spdsobmi a to za pomoci merania

aktivneho alebo pasivneho signalu.

Existuju dve zakladné klasifikacie dial’kového prieskumu Zeme na zaklade zdroja signélu,
ktory vyuzivaji na skiimanie objektu: aktivne a pasivne (Van Genchten, 2008) (Obrazok
4). Pasivne aj aktivne systémy meraji mnozstvo svetla odrazeného od objektov
transformaciou svetelného signalu na elektricky vystup. Oba typy senzorov zaznamenavaja
intenzitu signalu v ramci intervalu vilnove;j diiky, znamej ako ,,pasmo‘ alebo ,kanal®,
Specifickej Sirke v ramci elektromagnetického spektra (Turner et al., 2003). Spektralne
rozliSenie senzoru je definované sirkou pasiem v elektromagnetickom spektre, ktoré dokaze
detegovat’. Tato charakteristika uruje schopnost’ senzoru identifikovat spektralne rozdiely.
Kazdy objekt ma odlisny spektralny podpis, zalozeny na tom, ako odraza alebo vyzaruje
elektromagnetické ziarenie. Vys$si pocet pasiem z uzSou spektralnou Sirkou (Turner et al.,
2003).
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Obrazok 4: Pasivny systém dial’kového prieskumu Zeme (vl'avo), aktivny systém

dial’kové ho prieskumu Zeme (vpravo)

3.4.1 Pasivne systémy

Pasivne systémy nevyzaruju vlastné ziarenie, ale zavisia na zachytdvani ziarenia
vyzarované¢ho danym objektom alebo na detekcii odrazeného Ziarenia od tohto objektu
(Mason & Schmetz, 1992). Najbeznej$im typom ziarenia, ktoré deteguju pasivne senzory
je viditeI'né svetlo (Van Genchten, 2008). Pri tomto type zberu dat, opticka oblast’ zahiia
predovsetkym vidite'né Ziarenie, infracervené Ziarenie, tepelné infracervené a mikrovinné
ziarenie (Zuzulova et al., 2020). Avsak negativum tejto technoldgie je Ze, dialkovy
prieskum Zeme pasivnymi senzormi je ovplyvneny premenlivymi podmienkami na oblohe.
To zahriiuje znelistenie, prach, uhol slnecného zenitu a oblaky, ktoré predstavuju
premenlivé osvetlenie naprie¢ krajinou atak isto moézu ovplyvituju vinova dizku
dopadajuceho svetla. Uhly dopadu ziarenia sa menia pocas dna aj pocas rocnych obdobi
(Fitzgerald, 2010). Pasivne senzory mdzeme taktiez rozdelit’' na priame a nepriame , podl'a
toho, ¢i vyuzivaji odrazené slne¢né ziarenie alebo vyuzivaju vlastné vyZzarovanie objektu
(Di & Yu, 2023). Pasivne senzory sa vyuzivaju na monitorovanie krajinného pokryvu
a monitoring vyuzivania pody. Udaje popisujiuce odrazenii alebo emitovani energiu zo
zemského povrchu st Statisticky alebo vizudlne analyzované na identifikaciu objektov
(Turner et al., 2003). Medzi pristroje s pasivhym systémom zarad'ujeme nasledovné

(Zuzulova et al., 2020):

1. Akcelerometer: pristroj na meranie zrychlenia: dva typy - jeden pre translacné

zrychlenie a druhy pre uhlovu akceleraciu objektov.
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2. Hyperspektralny radiometer: pokrocily multispektralny senzor detegujuci stovky
uzkych spektralnych pasiem, ktory umoziuje jemné rozliSovanie ciel'ov na zaklade
ich spektralnej odozvy.

3. Obrazovy radiometer: je schopny skenovat s cielom poskytnit’ dvojrozmernt
ststavu pixelov na tvorbu obrazu, priCom skenovanie sa vykonava mechanicky
alebo elektronicky.

4. Radiometer: kvantitativne meria intenzitu elektromagnetického ziarenia v
Specifickych pasmach, ¢asto identifikovanych podl'a ¢asti spektra, ktora pokryvaju.

5. Sounder: Meria vertikalne rozloZenie atmosférickych parametrov, ako je teplota,
tlak a zlozenie, pomocou multispektralnych informaécii.

6. Spektrometer: deteguje, meria a analyzuje spektralny obsah dopadajiceho
elektromagnetického ziarenia, zvy¢ajne pomocou mriezok alebo hranolov na
rozptylenie Ziarenia na spektralne rozliSovanie.

7. Spektroradiometer: meria intenzitu Ziarenia vo viacerych pasmach vlnovej dizky
(multispektralne), Casto s vysokym spektralnym rozliSenim, urcené na dialkové
snimanie Specifickych geofyzikalnych parametrov.

8. SONAR: (Sound Navigation And Ranging) SONAR je v tomto pripade pasivna
technologia, ktora len prima ale nevysiela zvukové signaly vysielané inymi
objektami. Tato metdda sa vyuziva hlavne na detekciu akustickych signalov v

podmorskom prostredi (Maranda, 2008).

3.4.2 Aktivne systémy

Na rozdiel od pasivnych systémov, aktivne systémy nepouzivaju prirodzeny zdroj Ziarenia,
ale sami vysielaju Ziarenie. Toto vyslané Ziarenie je zachytené a zaznamenané po odraze
od objektu alebo prostredia. Aktivne systémy zvyc€ajne operuju v oblasti radiového a
mikrovinného ziarenia. Medzi typy pouzivaného Zziarenia patri svetlo, ultrazvuk alebo
rontgen. Pri tychto technikach sa vyzaduje laserovy vysielac a prijimac (Zuzulova et al.,
2020, Van Genchten, 2008). Struktira vegetacie a nadmorska vyska terénu sa ¢asto meria
pomocou aktivnych senzorov. Systémy detekcie svetla a merania svetla (LiDAR) pracuju
vo viditel'nom az blizkom infraervenom pasme, zatial' co radiova detekcia a meranie
vzdialenosti (RADAR) vyzaruje Ziarenie o dlh§ich mikrovinnych vlnovych dizkach.
Charakteristiky energetickych impulzov ovplyviiuju intenzitu a pravdepodobnost’ spatnych
signalov. Sila a Cas spédtného signélu sa pouzivaji na opis fyzikalnych vlastnosti objektov,
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ktoré sa sleduju dialkovym snimanim (Turner et al., 2003). Medzi pristroje s aktivnym

systémom zarad’'ujeme nasledovné:

1.

3.4.3

RADAR: (Ratio Detection and Ranging) je systém zalozeny na vysielani dlhych
mikrovinnych signdlov atmosférou a naslednom zachytédvani odrazeného Ziarenia
od terénu. Radarovy systém obvykle pracuje v oblasti vysokofrekvencnej alebo
mikrovinnej ¢asti vysokofrekvenéného spektra a sluzi k urovaniu polohy a/alebo
pohybu objektov (Zuzulova et al., 2020) (Sardar, 1997).

SAR: (Synthetic Aperture Radars) je typ radaru obsahuje softvérové postupy na
senzore na matematické zlepSenie priestorového rozliSenia a na zvladnutie
viacerych snimok toho istého objektu (Hay, 2000).

INSAR: (Interferometric Synthetic Aperture Radar (INSAR) InSAR vyuziva dva
alebo viac radarovych snimok so syntetickou clonou (SAR) uréitej oblasti na
analyzu a ziskanie informacii o topografii a deformaénych vzoroch krajiny(Lu et
al., 2007).

SONAR: (Sound Navigation And Ranging) ativny SONAR vysiela do vody
akusticky signal alebo pulz zvuku. Pokial’ je v drdhe nejaky predmet, zvuk sa odrazi
od predmetu a vrati sa ako ozvena spat’ do sonarového prevodnika. Stanovenim
doby medzi zvukovym impulzom a jeho prijmom moZe prevodnik ur€it’ vzdialenost’

a velkost’ objektu (https://oceanservice.noaa.gov/facts/sonar.html).

LiDAR: (Light Detection and Ranging) tento systém meria ¢as, ktory luce svetla
potrebuju k dopadu na predmet alebo povrch a navratu spét’ do laserového skeneru.

Tato technoldgia bude podrobnejSie popisana nizsie.

Elektromagnetické Ziarenie

V predchadzajucom opise jednotlivych technologii bolo spomenuté elektromagnetické

ziarenie. Elektromagnetické Ziarenie je druh energie, ktora sa §iri priestorom vo forme vin

(Obrazok 5). Sklada sa z kmitajtcich elektrickych a magnetickych poli, ktoré st kolmé na

seba navzajom a na smer pohybu ziarenia (Verhoeven, 2018). Rychlost’ pohybu cez priestor

sa rovna rychlosti svetla (2.998 x 108 m/s)(Percuoco, 2014).

Elektromagnetické ziarenie vyzaruji vSetky objekty nad absolutnou nulou (0 K, =273 °C).

Stefan-Boltzmanov zakon opisuje celkové mnozstvo energie, ktoré objekty vyzarujh:
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M= cT*

kde M je celkovy vystup (emitovany ziarivy tok na jednotku plochy) z povrchu materialu
(W m—2), o je Stefanova—Boltzmanova konstanta (5,6 x 10—8 W m—2 K—4) a T je absolutna
teplota emitujuceho materialu (K). Celkové mnozstvo energie vyzarovanej objektom preto

rychlo rastie s teplotou (Hay, 2000).

Elektromagnetické viny vznikaji kmitanim nabitych ¢astic a mozu sa $irit’” atmosférou aj
vesmirnym vakuom. Tieto viny maju rozne vinové dizky, pri¢om kratsie vinové dizky
zodpovedaju vyssim frekvencidm. Radiové, mikrovinné a infraervené viny maju dlhsie
vlnové dizky, zatial’ ¢o ultrafialové, rontgenové a gama Ziarenie maju ovel'a kratsie vinové
dizky. Viditelné svetlo patri do stredu spektra. Iba tento tzky rozsah energie je
detekovatelny I'udskym okom, zatial’ ¢o na detekciu ostatnych foriem elektromagnetického

zZiarenia su potrebné Specializované pristroje (Obrazok 6).

C=VA.

wavelength, A

velocity of light, ¢

Obrazok 5: Elektromagnetickd vlna (Mason & Schmetz, 1992)

Svetlo mozno merat’ vo viditelnom (VIS, priblizne 400-700 nm) a blizkom infra¢ervenom
rozsahu (NIR, priblizne 700-2500 nm). Odrazové vlastnosti rastlin, ktoré¢ su urcené ich
absorpciou, transmitanciou alebo odrazivostou svetla, stvisia s fyziologickym stavom
rastlin (Erdle et al., 2011).
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Obrazek 6: Elektromagnetické spektrum (Eckerstorfer & Biihler, 2015)

4 LiDAR
Pojem LiDAR pochadza z anglického terminu (Light Detection and Ranging). Okrem tohto

terminu, m6zeme pouzivat’ aj ekvivalentné pojmy ako laserovy skener alebo pomenovanie
technologie ako laserové skenovanie (Dolansky, 2004). Technologia LiDAR (Light
Detection And Ranging) urcuje vzdialenost’ medzi pozemnymi objektmi a senzormi, ktoré
meraju ¢as, za ktory sa vyslany impulz energie vrati do snimaca (Meng et al., 2010). Ide o
technologiu, ktora poskytuje trojrozmerné informacie o objektoch na zemskom povrchu.
Tieto informacie sa potom moézu pouzit’ na vytvorenie digitailneho modelu povrchu a terénu,
a to aj v oblastiach s hustym lesnym porastom (Cateanu & Ciubotaru, 2021). V zavislosti

od metddy zberu idajov mozno laserové skenovanie rozdelit’ do dvoch kategorii:

1. Pozemné laserové skenovanie, ktoré sa deli na statické (Olofsson et al., 2014) a
(Liang et al., 2016) a mobilné (Liang et al., 2018) a (Pierzchata et al., 2018).

2. Letecké laserové skenovanie sa vyuziva na vSetkych troch trovniach (nizko, stredne

a vysoko letiace platformy). Na satelitnej trovni je to pomocou satelitu GEDI
(Saarela et al., 2018).

4.1 Vyvoj technologie

Vyvoj LiDAR-u presiel od vynalezu Rubinového lasera Theodorom Maimanom v roku
1960 Styrmi etapami. Laserové dialkomery, ktoré sa povodne pouzivali na vojenské ucely,
sa postupne zmensili, zvysila sa ich G€innost a rozsirili sa v réznych oblastiach. Problémy,
ako napriklad nizka presnost’ za kazdého pocasia a mozné poskodenie o¢i, vSak podnietili
vyvoj tretej generacie laserovych dialkomerov. Téato generacia rieSi problémy s
bezpecnost'ou o¢i, elektronickou technoldgiou, spotrebou energie a presnost'ou. Vyskum a

aplikacie sa rozsirili po celom svete, priCom rozne laserové dialkomerné systémy sa
28



zameriavaji na jednozvizkové, dvojrozmerné a trojrozmerné merania. Klucové
technologické pokroky v optickych systémoch a spracovani signdlu v 80. rokoch 20.
storocia viedli k vyspelym produktom v 90. rokoch. Trh s hardvérom a datovymi produktmi
LiDAR zaznamenal zna¢ny rast. Okrem toho technolégia LiDAR nasla uplatnenie v

bezpilotnych lietadlach (UAV) a autondémnom riadeni (Wang et al., 2020, Nelson, 2013).

4.2 Letecké laserové skenovanie

Z technologii, ktoré pouzivaju LiDAR je najviac rozsirené letecké laserové skenovanie pre
svoju dostupnost’ a velkost’ zaujmového tizemia, ktoré je Vv rozsahu tisicoch hektarov.
Kedze typicka oblast’ lesného podniku alebo celku sa pohybuje v rozsahu 10 tisic hektarov,
dokaze tato technoldgia efektivne pokryt tuto oblast’ pocas jedného letu (Surovy &
Kuzelka, 2019).

Pri leteckom laserovom skenovani je najCastejSie systém LiDAR neseny lietadlom
s pevnym kridlom, rotorovym alebo ultralahkym lietadlom. Pri leteckom laserovom
skenovani sa pulz svetla 0 zndamom smere emitovany skenerom najskor dostane na povrch
(napriklad listy kortin stromov) a ¢ast’ fotonov, z ktorych je 1€ svetla tvoreny sa odrazi
naspat’. Zariadenie emitujice laser rozpozna tieto odrazené fotony a vypocita ¢as medzi
pociatonou emisiou a ich navratom. Nésledne zariadenie vypocita polohou odkial’ tento
odraz priSiel, za pomoci znamych veli¢in ako je rychlost’ pulzu (rychlost’ svetla), miesto
emisie, smer pulzu a doba letu pulzu. Avsak nejedna sa len o jeden odraz od povrchu korun.
Svetelné pulzy ¢asto produkuju viacnasobné ozveny, pretoZe nie vSetky fotony su odrazené
od prvého povrchu kontaktu. Niektoré prechadzaju d’alej, az pokym sa neodrazia od
d’alSieho povrchu. Prva ozvena pochadza od nevysSSieho povrchu zatial ¢o posledna
pochadza od terénu. V hustych tropickych lesoch moze byt’ posledna ozvena taktiez vnutra
koruny. Zariadenie okrem polohy zaznamenava aj intenzitu navrateného pulzu. Moderné
lidarové systémy dokazu emitovat’ az 800 000 pulzov za sekundu. Kazdy pulz méze mat
viacero ozvien apre kazdi ozvenu je zaznamenana poloha. Ako uz bolo spomenuté,

vysledkom je mra¢no bodov s X, Y, Z suradnicami (Lundemo et al., 2017).
Hustota bodovych mracien z leteckého laserového skenovania zavisi od:

1. Rychlosti merania skenera a skenovacieho mechanizmu
2. Vysky letu a rychlosti
3. Sirky a prekryvu letovych linii
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4.3 KonStrukcia laserového skeneru

Laserové skener sa sklada z laserovej dial’komernej a skenovacej jednotky, polohového a
orienta¢ného systému (POS), ktory pozostava z integrovaného diferenciadlneho globalneho
polohovacicho systému GPS (DGPS) a inercialnej meracej jednotky (IMU) (Habib et al.,
2010, Sopchaki & Sampaio, 2016,Wehr & Lohr, 1999).

4.3.1 Laserova jednotka
Medzi hlavné sucasti laserovej jednotky patri laser, vysielacia a prijimacia optika, detektor

signalu, zosilnovac, pocitadlo ¢asu a potrebné elektronické komponenty (Baltsavias, 1999).

4.3.2 Skener

Letecké laserové skenovanie sa vykonava v dvoch dimenziach, bez ohl'adu na platformu,
ktora je pouzita k ziskaniu dat. Prvy rozmer je v smere letu lietadla a je dosiahnuty pohybom
lietadla smerom dopredu. Druhy rozmer, vSeobecne kolmy ku smeru letu, sa ziskava
pomocou skenovacieho mechanizmu, zvycajne oscilatnym zrkadlom, rotaénym zrkadlom,
Palmerovym (eliptickym) skenerom alebo skenerom s optickymi vlaknami (Obrazok 7).
Celkovy uhol zaberu v priecnom smere potom urcuje Sirku zaberu, ¢ize, zorné pole (FOV).
V praxi byva zorné pole zvyc€ajne v rozsahu 20-30°, avSak existuju aj systémy s FOV 70°

(Dolansky, 2004) (Obrazok 8).

/ Oscillating mirror \ / Rotating pol

—

ygon \ / Palmer scan \ f Fibre scaner

Q"

Obrazok 7: Druhy skenovacieho mechanizmu (Wujanz, 2016)
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IMU

Pitch e

Obrazok 8: Schéma znazornujica zékladné principy fungovania a hlavné systémové

komponenty technoldgie ALS (Fernandez-Diaz et al., 2014)
Druhy skenovacieho mechanizmu (Wujanz, 2016)

Lidarové skenery, ktoré sa v suc¢asnosti pouzivaju mézeme rozdelit’ na druhy a to: Discrete
Return alebo tzv. full-waveform (Obrazok 9). Z hladiska aplikacie to vedie odlisSnému
poc¢tu dosahov zaznamenanych pre kazdy emitovany laserovy impulz a naslednym

podstatnym rozdielom v spracovani a analyze (Ussyshkin & Theriault, 2011).

Prvé Discrete Return senzory umoziovali zaznamenavat’ zvyc¢ajne jeden diskrétny navrat
bud’ prvy alebo posledny, alebo dva navraty prvy a posledny. To s zmenilo v roku 2000,

ked’ sa zaviedli viacnasobné navraty, zvycajne 3-5 na jeden impulz (Salas, 2021).

Senzory full-waveform, zaznamenavajii cely profil odrazeného signalu v pevne
stanovenych ¢asovych intervaloch typicky 1 ns (odpovida 15 cm vzdalenosti) (Ussyshkin
a Theriault, 2011).
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Obrazok 9: LiDAR s diskrétnym navratom a plnym priebehom viny (Daly, 2011)

Kombinacia pohybu lietadla a typu skenovacieho mechanizmu s zanechava na zemi rézne
typy st 6 p.Obrazok 10a znazorfiuje priklad pozemnej drahy skeneru s oscilatnym
zrkadlom, obrazok 10b znazoriuje priklad pozemnej drahy skeneru s rotaénym zrkadlom,
obrazok 10c znazoriuje priklad pozemnej drahy eliptického skeneru a obrazok 10d skener
s optickym vlaknom. (Fernandez-Diaz et al., 2014).

) ¢) d)

WA L T, e
T T )

—

smer letu

Obrazok 10: Druhy stop podl'a typu skeneru (Fernandez-Diaz et al., 2014)

4.3.3 Kontrolna jednotka
Skener a laserova jednotka navzajom komunikuju prostrednictvom (riadiacej) jednotky.

Vnutorné hodiny tejto jednotky sa periodicky synchronizuju s hodinami pristroja GPS
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pomocou signalu PPS (puls per second) generované¢ho vnitornymi hodinami prijimaca
GPS. Vietky namerané tidaje (uhol a dizka) st spojené s ¢asom internych hodin a d’alej sa

synchronizuju pomocou PPS s casom GPS (Dolansky, 2004).

434 GPS

GPS je navigaény systém, ktory vyuziva 32 funkénych satelitov na obeznej drahe okolo
Zeme. Kazdy satelit je vybaveny atomovymi hodinami. Satelity najskor nastavia hodiny v
prijimaci GPS synchronizaciou s atbmovymi hodinami v satelite. Satelity potom neustale
posielaji informacie (rychlostou svetla) o presnom ¢ase do prijima¢a GPS. Porovnanim
¢asu daného satelitom a ¢asu v prijimaci GPS sa vypocita ¢as prenosu signalu. Vzdialenost’
k satelitu sa potom vypocita vynasobenim ¢asu prenosu signalu rychlost'ou svetla., Presnt
polohu mozno ur¢it’ trigonometricky Obrdzok 11). Pri meraniach zo Styroch satelitov sa
robi aj odhad nadmorskej vysky. Signal z druzic je ovplyvneny atmosférou a odrazom od
roznych prekazok pred dosiahnutim prijimac¢a. Tak vznika chyba vo vypocitanej
vzdialenosti k satelitu, a tym aj vo vypocitanej polohe. Ttto chybu je moZzné zniZzit’ pouzitim
diferencidlneho GPS (dGPS). Na dosiahnutie dGPS, porovnavaju stacionarne prijimace
umiestnené na znamych miestach na Zemi svoju fixna polohu s polohou danou satelitmi.
Korekéné signély st odosielané prostrednictvom radiovych vin z tychto fixnych prijimagov

cez diferencialny prijimac k prijimac¢u GPS (Larsson, 2003).

Obrazok 11: Princip urovania polohy pomocou globalneho systému uréovania polohy
(GPS)
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4.3.5 Navigacna jednotka

IMU ( Inertial Measurement Unit) technologia sa pouZziva na meranie rychlosti, orientacie
a gravitacnej sily. StarSia technologia pozostava z dvoch typov senzorov, akcelerometrov a
gyroskopov. Akcelerometer sa pouziva na meranie zotrvaéného zrychlenia. Zatial' Co
gyroskop meria uhlové pootocenie. Neskor sa technologia IMU rozvinula o dalsi typ
snimaca — magnetometer. Magnetometer meria magneticky smer loziska, takze moze

zlepsit’ udaje gyroskopu (Ahmad et al., 2013).

4.3.5.1 IMU s dvoma typmi senzorov

Tento typ pozostava z gyroskopu a akcelerometra. Kazdy snima¢ ma zvycajne dva az tri
stupne vol'nosti definované pre osi x, y a z. Hodnoty zrychlenia ziskané z akcelerometra a
uhlova rychlost’ z gyroskopu st uchovavané oddelene. Uhly je moZzné merat z oboch

snimacov, takze obe data mozu byt’ kalibrované na ziskanie presnejsich udajov (Ahmad et

al., 2013).

> Linear acceleration
Accelerometer ]_)

Rotation Angle (pitch, roll)

' ~—» Rotation Angle (pitch, roll, yaw
—3 Calibration re—— gle(p yaw)

‘> Angularvelocity

Gyroscope Angular velocity

* Rotation Angle (pitch, roll, yaw)

Obrazok 12: IMU s 2 typmi senzorov

4.3.5.2 IMU s tromi typmi senzorov

Tento typ IMU sa sklada z akcelerometra, gyroskopu a magnetometra . Magnetometer sa
pouZziva na meranie uhla natocenia, takZe mdze byt kalibrovany na data gyroskopu. Tento
typ snimaca je vhodny pre vypocet dynamickej orientacie v kratkom a dlhom obdobi.
Nevyhodou pouzivania magnetometra je, ze pokial’ sa IMU pouziva v prostredi, ktoré je
obklopen¢ feromagnetickym kovom, moze byt meranie ovplyvnené naruSenim

magnetického pol'a (Ahmad et al., 2013).
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Obrazok 13: IMU s 3 typmi senzorov

4.4 Vystup z leteckého laserového skenovania

Vystupom z laserového skenovania je bodové mracno, ktorého kazdy bod obsahuje 3D
stradnice X,Y,Z aintenzitu (Obrazok 14). Bodové mra¢no v takomto stave je potrebné
vyfiltrovat' tj. zbavit' chybnych bodov a klasifikovat, to znamena body zaradit do
jednotlivych tried ako zem, vegetacia, cesty a podobne (Roberts et al., 2019). Po tychto
krokoch z neho mézeme pocitat’ digitalne modely. V lidarovych datach st pozemnymi
bodmi (ground) merania z holého zemského terénu a su najniz§imi povrchovymi prvkami
v danej oblasti. Non- ground body s merania z objektov nad terénom ako su napriklad
budovy, stromy, kroviny atd. Na ich oddelenie existuje Siroka Skala filtrov
a klasifika¢nych algoritmov. Ddlezita hl'adiska pri vybere pozemného filtra zahrnuju pocet
a typ navratu, ktoré sa majt pouzit’ pre pozemné filtrovanie, kroky preprocessingu, format

vstupnych dat, iteraéné charakteristiky a d’alsie (Meng et al., 2010):
Pozemné filtre mézeme rozdelit’ do niekol’kych kategorii:

Segmentation- and Cluster-based Filters
Morphological Filters

Directional Scanning Filters
Contour-Based Filters

TIN-Based Filters

o B~ w0 D

Pre spravnu identifikaciu pozemnych bodov je ddlezité porozumiet ich fyzikalnym

charakteristikam, ktoré ich odlisuju od tych non-ground. Zemsky povrch moze byt
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rozdeleny do Styroch kategorii na zaklade ich fyzikalnych charakteristik (Meng et al.,
2010):

vwe

Strmost’ zemského povrchu

1
2
3. Rozdiel nadmorské vysky zemského povrchu
4

Homogenita zemského povrchu

Obrazok 14: Mracno bodov z leteckého laserového skenovania

Ako uz bolo spomenuté, niektoré impulzy z leteckého laserového skenovania sa odrazia od
korunovej vrstvy a niektoré prenikaju nizsie (Sterenczak, 2011). Digitalny model terénu
(DTM) je reprezentacia povrchu terénu (Forkuo, 2008). Digitalny model povrchu (DSM)
predstavuje digitadlny model terénu obohateny 0 prirodné a umelé objekty. Rozdielom

medzi tymi dvomi digitdlnymi modelmi dostaneme vyskovy model korun (CHM)
(Morsdorf et al., 2009).

4.5 Vyuzitie LIDARU v lesnictve
Prvé zaciatky vyuzivania dat z leteckého laserového skenovania v lesnictve sa datuja
do roku 1976, kedy v Rusku (Solodukhin et al., 1979)na zot’atej breze a smreku vytvarali

jednoduché laserové profily. Neskor dospeli k zaveru, ze takyto pristroj zo zvySenym
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vykonom by mohol byt vyuzitelny na meranie lesnych zapojov (Nelson, 2013).
V osemdesiatych rokov potom zacali pokusy s implementaciou laserového skenovania pri
inventarizacii lesa, kedy sa uz nemerala len vyska stromu ale boli prvé pokusy o odhad
zasoby porastu, kruhovej zakladne alebo biomasy (Nasset, 2002,Nilsson, 1996,Nasset,
1997). V tomto obdobi nastal aj komerény rozvoj lidarového merania vd’aka integracii
Globalneho Pozi¢ného Systému (GPS) a Inercialneho Naviga¢ného Systému (INS)
v devit'desiatych rokoch a tym sa ul’'ahcilo presné poziciovanie skenera (Steinvall et al.,
2001).

Postupne sa LIDAR zacal CastejSie pouzivat’ pri merani lesa a vegetacnej Struktiry na
ekologické ucely, pri rozliSovani druhov drevin az po pouZivanie pri inventarizacii lesa

(Lundemo et al., 2017).

Na odvodenie informacii o lesoch sa najbeznejsie pouzivaju dva pristupy: the Area- based
approach (ABA) a individual tree detection (ITD) (Xiaowei Yu et al., 2010). Metéda ITD
vyzaduje lokalizovanie vrcholu stromu a vymedzenie koruny. Nasledne su atributy
odvodené z vlastnosti bodového mra¢na v kazdej vymedzenej korune. Nevyhodou tejto
metody je, ze je nachylnd na chyby spOsobené nepresnost'ou pri identifikacii stromov
a naslednej nad alebo pod segmentacii kortun. Pri Area- Based Approach porastové atributy
st odhadované pre bunku mriezky, zaloZené na metrikdch sumarizujlcich rozdelenie
bodového mracna vo vnutri bunky. Bunka mriezky je teda zakladnou jednotkou a pontuka
viac priestorovych detailov ako inventarizacia zaloZzena na polygone. Taktiez sa vyhyba

systematickym chybam ¢asto zavadzanym pri ITD ako opisali (Tompalski et al., 2018).

45.1 INDIVIDUAL TREE DETECTION

Hlavnym problémom ITD je segmentacia stromov, krok k rozdeleniu celkovych bodov do
zoskupenti, ktoré predstavuju jednotlivé stromy. Existuju dve hlavné stratégie segmentécie
stromov a to rastrové a bodové. Pri rastrovej stratégii sa kovertuje 3D model na Canopy
Height Model (CHMs),apotom sa detekuju vrcholy stromov pomocou 2D image
processing zobrazovacich technik ako st local maxima, region growing a watershed alebo
inverse watershed. Pri druhej stratégii sa segmentujl stromy priamo na zaklade 3D bodov
technikami ako rule-based distance a height tresholding, voxel-based, graph-based
a kernel-based method (Xiao et al. 2019).

Pri pouzivani Individual Tree Detection (ITD) (Obrazok 15) pristup je dolezity krok uz

spominana segmentacia, pri ktorej boli skimané r6zne metodiky. Autori (Xiao et al., 2019)
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vo svojom ¢lanku hodnotili algoritmus stredného posunu pre segmentéaciu leteckych
lidarovych dat adetekciu vrcholu stromu na validaciu vysledkov segmentacia.
Implementovali algoritmus z hl'adiska Kernel shape, adaptability a vahy. Vysledky z troch
roznych datasetov ukazali, Ze crown- shaped kernel neustéale ukazuje o 7% lepSie vysledky

ako ostatné varianty.
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Obrazok 15: Vysledok detekcie individualnych stromov (ITD) zalozeny na tdajoch ALS
v kombinacii s pristupom local maxima. Cierne kriZe oznacuju jednotlivé stromy.(Fatehi

etal., 2017).

452 AREA-BASED APPROACH
Area-Based Approach sa vykonava dvoma krokmi:

1. V prvom kroku sa tidaje ALS ziskavaju pre celi zaujmov1 oblast’, merané stromové
veli¢iny sa ziskavaji na skusnych plochach a st vyvinuté prediktivne modely ako je
regresia a neparametrické metody. Na vyvoj modelu sa ALS mra¢no bodov pripne na
zodpovedajucu oblast’ skusnych ploch. Metriky, ¢o je popisna Statistika, sa vypocitaji z
pripnutého normalizovaného ALS bodového mra¢na a zahfniaji odvodenie vysky, vyskové
percentily, a zapoj. Atributy, ktoré nds zaujimaju sa meraji na skusnych plochéach ako vyska
a hrubka alebo st modelované ako objem alebo biomasa. Pre kazdi skusnu plochu.
Pozemné skusné plochy by mali reprezentovat’ celi populaciu a obsahovat’ cely rozsah

variability.
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2. V druhom kroku je model aplikovany na celtl oblast’ zdujmu na generovanie wall-

to wall odhadov a map konkrétneho atributu inventarizécie lesa. Rovnaké metriky, ktoré st

vypocitané pre pripnuté ALS bodové mrac¢no, su generované pre wall-to-wall ALS data.

Prediktivne rovnice vyvinuté v prvom kroku su potom aplikované do celej zaujmove;j

oblasti pomocou wall-to-wall metrik. Vzorkova jednotka je bunka mriezky, ktorej vel'kost

zavisi na velkosti pozemnych ploch. Akondhle sa aplikuju prediktivne rovnice, kazda

bunka mriezky bude mat’ odhad pre atribut zdujmu (White et al. 2013) (Obrazok 16).
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Obrazok 16: Schéma The Area-Based Approach (White et al. 2013)

5 Metodika

V tejto kapitole bude predstavena oblast vyskumu, pouZzité senzory a popisany postup

spracovania dat.

5.1 Narodny park Ceské Svycarsko

Studijnou oblast'ou bol Narodny park desky Svycarsko (Obrazok 17).
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Obrazok 17: Nérodny  park  Ceské Svycarsko (https://www.region-

ceskesvycarsko.cz/oblasti/ceske-svycarsko/)

Nérodni park Ceské Svycarsko sa nachddza v okrese D&in a lezi medzi obcami Hiensko,
Chiibsk4 a Brtniky. Téato oblast’ sa nachadza v blizkosti $tatnej hranice s Nemeckom a
oddel'uje ju od Narodného parku Saské Svycarsko. Narodny park Ceské Svycarsko bol
zalozeny v roku 2000. Od 1.6.2017 bola Sprava narodného NP Ceské Svycarsko taktiez
poverend vykonom §tatnej spravy na uzemi chranenej krajinnej oblasti Labské piskovce

(CHKO). Rozloha NP Ceské Svycarsko je 7933 ha a rozloha CHKO je 24372 ha.

Podnebie v tejto oblasti sa vyznacuje skor oceanskym typom (s mensimi teplotnymi

rozdielmi medzi roénymi obdobiami a vd¢$im mnoZstvom zraZzok).

Priemerny ro¢ny thrn zrazok sa pohybuje okolo 800 mm (Graf 1). S postupom regionu od
zapadu na vychod sa celkovy thrn zrazok zvySuje (napriklad v roku 2022 dosiahol na

stanici Na Tokani 718,6 mm).

Teplotné podmienky v oblasti sa liSia v zavislosti od lokality: NajvysSia priemerna teplota
sa pohybuje okolo 9 °C v udoli Labe, zatial’ ¢o severna ¢ast’ parku a CHKO dosahuje
priemernu teplotu okolo 7 °C, rovnako ako vrcholy Vysokého Snéznika. V roku 2021 bola
zaznamenand priemernd rocna teplota vzduchu vo vyske 2 m nad zemou okolo 7,6 °C
(stanica Na Tokani). VzhI'adom na rozmanity reliéf maji mikro- a mezoklimatické pomery
vyznamny vplyv na NP a CHKO a prejavuju sa v hlboko zarezanych udoliach vodnych
tokov, kde dochadza k tzv. klimatickej inverzii, ktora vedie k zvratu vegetacnych stupnov
(vegetacnd inverzia).
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Graf 1: Zobrazujuci thrn zrazok v NPCS
((https://www.npcs.cz/sites/default/files/rozbory _kap2.pdf).)

5.2 Zonacia Narodného parku

Uzemie NP je rozdelené do $tyroch zén s popisom ciel'a, ktory maju plnit.

ZONA A JEJ CIEL, PERCENTUALNE ZASTUPENIE

1 - prirodnd - cielom je zabezpecit 15,6 %

neruseny priebeh dejov

2 - prirode blizka - cielom je zabezpecit’ 18,9 %

neruSeny priebeh dejov

3a - sustredenej starostlivosti o prirodu — 10,5 %

cielom je “trvala starostlivost™

3b - sustredenej starostlivosti o prirodu — 54,7 %
cielom je “zaistenie neruSené¢ho priebehu

dejov*

4 — kultarnej krajiny- ciel’ nie je stanoveny 0,3%

Tabul’ka 1: Zonacia NPCS (https://www.npcs.cz/sites/default/files/rozbory _kap2.pdf).
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5.3 Geomorfologické Clenenie

Narodny park Ceské Svycarsko patri podla geomorfologického ¢lenenia do Dé&ginskej
vrchoviny, konkrétne k DéCinskym a Jetfichovickym stenam. Toto tzemie tvori vychodny
okraj Krugnohorskej sustavy a na zapade hrani¢i s Kru§nymi horami, na juhu s Ceskym

stredohorim a na severe so Sluknovskou pahorkatinou.

Reliéf uzemia sa zacal formovat’ uz od obdobia po ustupe kriedového mora, ale vyrazné
zmeny nastali az koncom tretohdr a najmi pocas stvrtohor. Vyznamny vplyv na krajinu
mali tektonické pohyby, alpinske horotvorné procesy a striedanie Tadovych a
medziladovych dob. Tento proces viedol k intenzivnej rie¢nej erdzii hornin a postupnému
odstraneniu menej spevnenych partii a poloh v pieskovcoch, ktoré vytvorili jedineény reliéf

v porovnani s inymi pieskovcovymi oblastami v Europe.

Nérodny park sa vyznacuje pieskovcovym povrchom s mnohymi priesekmi
neovulkanickych bazaltovych hornin. Nachadzaju sa tu rozsiahle ploSiny s hustou siet'ou
udoli, casto lemovanych vyraznymi kanonmi a roklinami. Juhozapadnou castou NP
prechadza hlboko zarezand roklina rieky Kamenice anajvy$§Sim bodom je kuzel
Ruzovského vrchu (619 m n. m.), na ktorom sa rozkladd Narodna prirodna rezervacia
Ruzak.

K vyznamnym krajinnym utvarom patria skalné steny, mesta a bludiskd, ale aj najvacsi
pieskovcovy skalny most v Eurdpe - Prav¢ickd brana. V ndrodnom parku mozno pozorovat’
aj d’alSie utvary, ako su skalné veze, previsy, rimsy a skalné okna. Prirodné procesy, ako st

er6zia  skalného podkladu a akumulicia sedimentov, stile formuji tato oblast

(https://Iwww.npcs.cz/sites/default/files/rozbory_kap2.pdf).

Stabilitu horninového podloZia ovplyviiuje geologicka stavba, morfologické pomery a

klimatické zmeny, ktoré mézu viest’ ku geodynamickym pohybom.

5.4 Pedologické charakteristika uzemia

Podne podmienky v Narodnom parku Ceské Svycarsko tizko stvisia s geologickou stavbou
uzemia. Va¢Sinu hornin (85,5 %) tvoria zvetrané kvadrové pieskovce. Tieto pody su l'ahké,
piesoc¢naté alebo hlinitopiesocnaté, silne kysl¢, v humusovej vrstve az vel'mi silne kyslé a

maju nizku zasobu pristupnych Zivin.
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Pody vytvorené na pieskovcoch (dystrické kambizeme) su pieso€naté az hlinitopieso¢naté,
silne kyslé a maji malo pristupnych zivin. Pody na bazaltoch (2,5 % tzemia) su dobre
zasobené vapnikom, hor¢ikom a fosforom ale maju nizky obsah draslika. Tieto pody su
stredne az mierne kyslé. Na spraSovych hlinach (5,5 % tizemia) su pddy piesocnato-hlinité
az ilovito-hlinité, tiez silne kyslé, s nizkou zdsobou zivin a vyskytuji sa tu typy ako

kambizeme a luvizeme.

V uzkych dnach udoli sa nachddzaja deluvidlne a aluvialne sedimenty (6,5 % uzemia). Na
tychto pddach sa nachddzaju kambizeme oglejené, gleje, fluvizeme a raseliniska. Tieto
pody sa mozu lisit’ zloZzenim a obsahom Zzivin, ale vplyv vysokej hladiny podzemnej vody
moze nepriaznivo ovplyvnit rast

stromov(https://www.npcs.cz/sites/default/files/rozbory kap2.pdf.).

5.5 Hydrologia
Cela oblast Labskych pieskovcov vratane Narodného parku Ceské Svycarsko podla

geologického vymedzenia patri k Severnému moru.

Charakteristickym znakom Ceského Svycarska (Labskych piskovcov) je nedostatok
vodnych tokov v porovnani s okolitymi oblastami, ¢o je dosledkom vysokej priepustnosti
geologického podlozia. VacSina vyznamnych tokov, ako napriklad Kamenice v Luzickych
horach, Kfinice vo Sluknovskej pahorkatine a mnohé mensie toky, napriklad Doubicky
potok a Bily potok vo Sluknovskej pahorkatine pramenia mimo tizemia Labskych

piskovcov. To isté plati aj o Brtnickom potoku, ktory prameni pri obci Brtniky.

Hlavnou hydrografickou osou tejto oblasti je rieka Labe, podl'a ktorej dostali nazov Labské
piskovce. Rieka Labe pretekd Labskymi piskovcami v useku medzi DéCinom a Hfenskom

v dizke priblizne 12 km, kde vytvorila jedineény pieskovcovy kafion.

Na tzemi narodného parku tecti dva hlavné vodné toky, Kamenice a Kfinice, spolu so
svojimi pritokmi. Oba tieto vodné toky su pritokmi Labe (Obrazok 18)
(https://Iwww.npcs.cz/sites/default/files/rozbory _kap2.pdf).
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Obrazok 18: Hydrologické siet’ NPCS

5.6 Floristicko-fytogeograficka charakteristika

Z fytogeografického hladiska je pre Ceské Svycarsko dolezita poloha na rozhrani
hercynskej a sudetskej oblasti, ktora sa vyznacuje silnym vplyvom oceanskeho podnebia s
vyskytom mnohych subatlantickych druhov. Specificky mikroklimaticky a edaficky
charakter umoznuje vyskyt boredlnych a subboredlnych druhov na zatienenych skalnych

expoziciach a na dne udoli, pripadne na malych raselinickach.

V Ceskom Svycarsku je podstatne mensie zastipenie kvetinovych prvkov mediteranneho a
ponticko- juhosibirskeho charakteru. Vyskytuju sa tu len jednotlivé lokality subpontickych

druhov, napriklad na Rdzovskom vrchu.

Podl'a Skalického fytogeografické ¢lenenie Labskych piskovcov rozdel'uje oblast’ na Styri
podokresy. Vi¢sina uzemia NP Ceské Svycarskoko spada pod Jetiichovické skalné mesto,
kde sa vyskytuju druhy (sub)montanneho charakteru. Ruzovska planina a kanion Labe
zasahujii do parku len Ciasto¢ne. Podokres DécCinsky Snéznik do narodného parku

nezasahuje (https://www.npcs.cz/sites/default/files/rozbory_kap2.pdf).
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6 Charakteristika prirodzenej lesnej vegetacie
Nérodny park je z vicSej Casti pokryty lesmi, ktoré zaberaji viac ako 97 % jeho rozlohy.

Zakladné jednotky prirodzenej lesnej vegetacie na tirovni skupiny:

Na pieskovcovom podklade dominuju acidofilné buciny skupiny Luzulo-Fagion, ktoré v§ak
v stucasnosti boli Ciasto¢ne prevedené na smrekové alebo borové monokultury. V tychto
lesoch prevlada buk lesny (Fagus sylvatica), v roklinach k nim pristupuje platan (Acer
pseudoplatanus), smrek obycajny (Picea abies) a zriedkavo jedla biela (Abies alba).

Bylinny podrast je zvycajne chudobny.

Acidofilné dabravy skupiny Genisto germanicae-Quercion sa vyskytuju vo fragmentoch
na plo§inach. Stromové poschodie tvori dub letny (Quercus robur), dub zimny (Q. petraea),
borovica lesna (Pinus sylvestris)a jarabina obycajna (Sorbus aucuparia). V Krovinovej
urovni dominuje krusina jelSova (Frangula alnus). Stale dobre zachované (ale vac¢sinou bez
dubu) su porasty borovicovych dibrav na hornych plosinach Jetfichovického skalného
mesta s typickymi krovitymi porastmi brusnic (Vaccinium vitis-idaea) a cucoriedok

(Vaccinium myrtillus).

Acidofilné bory skupiny Dicrano-Pinion st viazané na extrémne polohy na vrcholoch
pieskovcovych skal. V tychto porastoch dominuje borovica lesna (Pinus sylvestris) a breza
biela (Betula pendula), ale v poslednych desatro¢iach su tieto reliktné bory ohrozené

invaziou borovice hladkej (Pinus strobus).

Luzné lesy skupiny Alnion incanae su rozsirené len riedko pozdiz vigsich tokov
a Vv pramenistnych polohach. V stromovej vrstve sa vyskytuje jelsa lepkava (Alnus
glutinosa), jasen $tihly (Fraxinus excelsior) a v smrekovo-jelsovych porastoch aj smrek

obycajny (Picea abies).

Kvetnaté buc¢iny skupiny Fagion su obmedzené na ¢adi¢ové horniny. Tu prevlada buk lesny

(Fagus sylvatica) a bohata bylinna vrstva.

Sutinové lesy skupiny Tilio-Acerion st vac¢sinou viazané na iné ako pieskovcové substraty.

Najhodnotnejsie porasty sa nachadzaji na ¢adi¢ovom RiZovskom vrchu.

V malom rozsahu st zastupené aj podmacané smreciny v inverznych roklinach patriacich

do skupiny Piceion excelsae (https://www.npcs.cz/sites/default/files/rozbory kap2.pdf).
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V praci sl pouzité bi-temporélne data z Narodného parku Ceské Svvycarsko. Prvé laserové
letecké skenovanie bolo vyhotovené v roku 2005 spolo¢nost’ou TopoSys Topographische
Systemdaten GmbH, Biberach vramci projektu GeNeSiS Technickej univerzity v
Drazd’anoch (TU Dresden). Hustota bodov pri laserovom skenovani bola v priemere 4
body/m?. Druhé laserové data boli z roku 2019 vyhotovené komerénou spoloénostou

Primis. Hustota bodov po¢as laserového skenovania bola v priemere 15 bodov/m?.

6.1 Letecké laserové data z roku 2005

Letecké laserové skenovanie zroku 2005 bolo vyhotovené spolo¢nostou TopoSys
Topographische Systemdaten GmbH, Biberach. Ako skenovaci systém bol pouzity skener
Fallcon 11 (Obrazok 20). Tento typ skeneru pouziva optické vlakna, ktoré za pomoci malého
zrkadla st nasmerované do linearneho zvizku optickych vlakien (Obrazok 19). Laserovy
pulz je vysielany vzdy pod rovnakym uhlom. Problémom tohto skeneru je uzky uhol zdberu

a pevnom pocte bodov v priamom smere vratane ich uhlovej vzdialenosti (Dolansky 2004).

S PN

optical filter

Obrazok 19: TopoSys, ukazka

Obrazok 20: TopoSys Falcon 11 (Dolansky, 2004) konstrukcie skeneru s optickymi
vldknami (Wehr & Lohr, 1999)
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direction of fi

Fibre 1

Obrazok 21: Vzor skenovania systému TopoSys ALS (Wehr & Lohr, 1999)

Specifikacia zberu udajov

Zodpovedna spolocnost’

Toposys Topographische Systemdaten GmbH,
Biberach

Pocet letov 16

Casovy rozsah letov 14.4.-01.05.2005
Priemerna vyska letu nad zemskym povrchom 1200 m
Rozlisenie vysok laserovych meracich bodov 0,01m

Pocet datovych pasov

281 plus3 pruhy naprie¢

Velkost pixelu ortofotomapy (L1 _DAT) 0,50 m
Rozmer dlazdic ortofotomapy (L1 _DAT) 2000x2000 m?
Pocet dlazdic (L1 _DAT) 238

Primarny referencny systém

ETRS-TM 33, elipsoidné vysky

Typ senzoru

Falcon 11

Specifikacia laserové jednotky

Rozsah 1600 m

Sirka skenovania 14,3°

Efektivna rychlost’ merania 83000 za sekundu

Vlnové dizka 1560 nm

Zaznam dat prvé odraz, posledny odraz a intenzita

Tabulka 2: Specifikacia zberu tdajov z roku 2005
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Trajectories (Project Area Saxon- Bohemian Switzerland, April 2005)
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Obrazok 22: Trajektoria letu v NPCS v roku 2005 (Trommler, 2007)
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6.2 Letecké laserové data z roku 2019

Letecké laserové skenovanie zroku 2019 bolo vyhotovené spolo¢nostou Primis. Ako
skenovaci systém bol pouzity skener Leica ALS70-CM (Obrazok 23). Tento typ skeneru
pouziva oscilujuce zrkadlo (Obrazok 24), kde je vysielany signal vychyleny kmitajicim
zrkadlom, ktoré sa otaca v ramci urcitého rozsahu. Zrkadlo sa zrychl'uje a spomal’uje pred
a po dosiahnuti bodov otd¢ania. Vysledkom je meniaca sa hustota bodov. Kombinacia
dvoch ortogonalne umiestnenych zrkadiel, ktoré kmitaja kolmo na seba vedie k tzv.
kamerovym skenerom, ktoré dokazu zachytit' data len v ramci uréitého zorného pol'a

(Wujanz, 2016).

Obrazok 23: Skener Leica ALS70-CM

Cross Track Position

: o Triangle )
? * Sine ﬁ

Along Track Position

Obrazok 24: Povrchova stopa skenovacieho systému Leica ALS70 (Leica ASL70-CM)
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Specifikacia zberu udajov

Zodpovedna spolo¢nost’

PRIMIS spol. sr. 0.

Multispektralna kamera Leica RCD30
Priemerna vyska letu nad zemskym povrchom 0Od 579 to 1069 m
Casovy rozsah letov April 2019

Primarny referenény systém

Typ senzoru

Leica ALS70-CM

Specifikacia laserové jednotky

Sirka skenovania 50°

Efektivna rychlost’ merania 231 kHz

Vlnové dizka 1064 nm

Zaznam dat prvé odraz, posledny odraz a intenzita

Tabul’ka 3: Specifikacia zberu udajov z roku 2019

6.3 Softwarové spracovanie dat

Laserova data z roku 2005 boli v binarnom datovom formate 3d3 a 3d3i

(format od

spolocnosti TopoSys) a maji Struktiru podla typu pouzitého skeneru. Pre dalSie

spracovanie bolo potrebné v prvom rade previest’ data do textového formatu pomocou

nastroja TopoSys Converter V.2.2.0. PretoZe sa jednalo o vel’ky objem dat, bolo potrebné

uzemia rozdelit’ na menSie Casti a konvertovat’ ho postupne. Tymto softwarom boli data

exportované¢ do zdkladného textového stboru so zdznamami ku kazdému bodu v tvare

XY, Z, T ( cas), I (intenzita, u dat posledného odrazu) (Bruna et al., 2012).

Metadéta idajov konvertované systémom TopoSys

dat2349003f.3d3 | dat2349003i.3d3i

dat2349003f.txt dat2349003i.txt
Metdda TSC2.2.0 TSC2.2.0
pocet méficich boda 340565 339260
Xmin 3.430.146.4 3.430.146.4
Xmax 3.430.974,1 3.430.974,1
Ymin 5.652.762,9 5.652.762,9
Ymax 5.653.056,8 5.653.056.8
Zmin 279,7 279,7
Zmax 509,9

Tabul’ka 4: Ukazka metadat prekonvertovanych pomocou TopoSys Converter V.2.2.0
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Neusporiadané mracno, ktoré ma okolo 12 miliard bodov bolo potrebné vyfiltrovat’ a

klasifikovat. V tejto dobe existuje mnozstvo softwarovych rieSeni na spracovanie

laserovych mracien bodov, ale treba si uvedomit, ze tie, ¢o su vhodné na spracovanie

pozemnych laserovych skenov nemusia byt vhodné na spracovanie leteckych. V nasom

vyskumne sme doteraz vyskusali Styri softwarové rieSenia:

6.3.1

Trimble RealWorks: Tento software importuje a spracovava rozsiahle 3D data
prevazne z pozemnych skenerov od tejto spolo¢nosti. Otvori aj data z leteckého
laserového skdenovania, ale v dosledku velkého poc¢tu bodov je to Casovo narocné
a software s tym ma znacné problémy.

ArcGIS LAStools Toolbox: Spravovanie LIDARovych dat v programe ArcGIS si
vyzaduje pokrocila 3D Analyst licenciu. Toolbox poskytuje niekol’ko funkcionalit
od editécie a prace s laserovym mra¢nom, cez pokrocilejsie techniky klasifikacie az
po detekciu jednotlivych stromov. Nevyhodou je cena licencie a taktiez doba
spracovania.

CloudCompare: CloudCompare je software na spracovanie 3D bodového mracna.
P6vodne bol navrhnuty na porovnavani dvoch hustych bodovych mracien. Nésledne
bol rozsireny na vS§eobecnejsi software na spracovanie bodovych mracien. Software
je zdarma, ale nevyhodou je rychlost spracovania, pretoze software nevie
spracovavat’ data na pozadi, o méd za nasledok neschopnost’ i po otvoreni tak
vel'kého mracna ¢okol'vek s nim robit’.

PDAL: PDAL je Point Data Abstraction Library. Jedna sa o C / C ++ knihoviu a
aplikacie pre preklad a spracovanie dat mracien bodov. Neomeduje sa iba na data
LiDAR, avSak mnoho nastrojov v knihovne maji svoj pdvod v LiDAR. Balic¢ky
sme spustali pomocou prikazového riadku v programe Anaconda Navigator. Toto
rieSenie je S otvorenym zdrojovym kodom a zdrovenn schopné spracovat velky

objem dat.

PDAL - KniZnica abstrakcie bodovych dat

PDAL je kniznica C ++ na kodovanie a manipulaciu s bodovymi mra¢nami. Okrem

kniznice s kodmi poskytuje PDAL aj sadu aplikécii, ktoré mozu pouzivatelia pohodlne
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pouzivat' na spracovanie, filtrovanie, kddovanie a dotazovanie sa na data bodovych
mracien. V nasom pripade sme kniznicu pouzili na filtrovanie, klasifikovanie, rasterizaciu

bodového mracna a generovanie DTM.

PDAL kniznicu sme spustali cez desktopové grafické uzivatel'ské rozhranie Anaconda

Navigator.

6.3.2 Filtrovanie, klasifikacia, rasterizacia bodového mracna a generovanie DTM
Filtrovanie a klasifikacia sa uskuto¢nili za pomoci kniznice PDAL, ktora bola spustena v
prostredi Anaconda Navigator. PDAL bol pouzity na klasifikaciu pozemnych bodov
technikou jednoduchého morfologického filtra (SMRF), ktora je zaloZzena na hl'adani
minimalnej z-tovej hodnoty vo zvolenom bufferi a uhlovom spojeni s najblizsim bodom.
Algoritmus rozliSuje body do dvoch skupin na pozemné a nepozemné. Filter odl'ahlych
hodndt najprv iba klasifikuje odl'ahlé hodnoty s hodnotou klasifikacie 7. Tieto odl'ahlé
hodnoty sa potom pri spracovani SMRF ignoruju pomocou moznosti ignorovat’. Nakoniec
pridame filter rozsahu, aby sme vyc¢lenili len pozemné body (t. j. hodnota klasifikacie 2)
(PDAL, 20223).

Pomocou PDAL sme vygenerovali rastrovy povrch s pouzitim plne klasifikovaného mra¢na
bodov pomocou PDAL writers.gdal. Schopnost PDAL generovat’ rastrovy vystup
poskytuje modul writers.gdal (PDAL, 2022Db).

PDAL bol pouzity k vytvoreniu povrchu vyskového modelu s vyuzitim vystupu z
filtrovania. PDAL operacia writers.gdal a GDAL k vygenerovaniu vyskového a
kopcovitého povrchu z bodového mra¢na (PDAL, 2022c).

6.4 Detekcia holin

V pripade, ze chceme odhadovat’ prirastky v lesnych ekosystémoch, je v prvom rade
potrebné odhadnut’ ubytok stromov, ¢i uz sa jedna o prirodzené odumieranie alebo je
ubytok spdsobeny l'udskou ¢innost’ou. Technologia dial’kového prieskumu Zeme poskytuje
nastroje na mapovanie medzier v poraste (Zielewska-Biittner et al., 2016) a umoziuje
tvorbu digitalneho modelu povrchu a digitalneho modelu terénu (Xiaowei Yu & Maltamo,
2006). Tieto modely sa nasledne moézu vyuzit na generovanie normalizovaného modelu
vysok (Canopy Height Model), ktoré sluzia ako zaklad pre analyzy v lesnictve (Maltamo et
al., 2004). Ako valida¢né data k leteckym laserovym skenom boli v naSom pripade pouzité

holiny zakreslené v lesnom hospodarskom pléne.
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Na tvorbu Normalizovanych modelov vysok (CHM) sme v nasom pripade pouzili software
ArcGIS Pro Esri ® anastroj Minus. Tymto nastrojom sa odpocita hodnota druhého

vstupného rastra od hodnoty prvého vstupného rastra po jednotlivych bunkéch.

11|00 0|11 [0 BN ER
1122 a(3(12 _ 2010
0|2 olo|z| 0 0
1 ! R 0 1 1 |:| Value = NoData
InRas1 InRas2 QutRas
OutRas = Minus (InRasl, InRas2

Obrazok 25: Zobrazenie ako pracuje nastroj Minus (Minus (Spatial Analyst), ArcGIS Pro
3.2)

Ked'ze sa jednalo v tomto pripade o multitemporarne laserové skeny z rokov 2021, 2020 a
2019, tak sme odc¢itali data z roku 2021 a 2020, aby sme vytvorili holiny z roku 2021, a to
isté sme urobili pre laserové subory tidajov z rokov 2020 a 2019, aby sme vytvorili holiny
z roku 2020. Nasledne sme pomocou nastroja Erase odstranili prekryv polygonov ALS z
rokov 2020 a 2021 a potom sme ich spojili pomocou nastroja Merge. Rok 2021 a 2020 sa
nevyhodnocoval samostatne pretoze v lesnom hospodarskom plane na rok 2021 bola

zahrnutd aj plocha holin na rok 2020.

Odgitany raster (Obrazok 26) zobrazujuci holiny je geograficky aj polohovo spravne, avsak
je pre pozorovatel'a moze byt ne€itatel'ny, preto by bolo vhodné jeho tvar upravit. Okrem

tohoto problému obsahuju polygony aj diery, ktoré predstavovali jednotlivo stojace stromy.
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Obrazok 26: Polygon holiny klasifikovany za pomoci LLS

Pre uzavretie dier vo vnutri polygdénu sme pouzili nastroj Eliminata Polygons Part. Ako
"podmienku" sme vybrali plochu, ktord odstranila casti mensSie ako stanovend hodnota; v
nasom pripade bola prahova hodnota 4000 m? a bola zvolena na zéklade pravidla, Ze

jednotky mensie ako 0,4 ha sa nevyliSuju.

Tvary polygonov sme upravili pomocou nastroja Simplify Polygons, pri ktorom sme
otestovali vSetky 4 zjednodusovanie algoritmy, ktoré tento nastroj ponuka aj ich toleranciu

zjednodusenia.

6.5 Vyuzitia metéd strojového ucenia a pokrocilych Statistickych metéd pre
odhad zasob lesnych porastov
Ako $tudijné data st v tomto pripade pouzité pozemné data z rézne velkych ploch, ktoré
su v tomto pripade definované ako kompaktna jednotka lesa viditeI'na na rastovej vrstve s
rozlisenim 1 m vytvorenej za pomoci LiDARovych dat. Na rovnakej datovej sade boli
nasledne skuSané Statistické techniky ato Partial Least Squares Regression, Stepwise
Linear Regression a Random Forest. Hlavnym dévodom pozitia tych Statistickym metod,
ktoré budu podrobnejSie opisanie niZsie je testovanie vSetkych dostupnych prediktorov a

bud’ konstrukcia modelu, alebo vyber tych pramennych, ktoré st pre model najdolezitejsie.
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Software na spracovanie pouzivame R studio a nasledujuce balicky: (https://CRAN.R-
project.org/package=pls), caret balicek (https://CRAN.R-project.org/package=caret) a

bali¢ek Random Forest (https://cran.r-project.org/package=randomForest).

Predtym ako sme hodnotili jednotlivé Statistické metdédy v R Studiu, boli pre polygony
pozemne meranych ploch ziskané rastrové charakteristiky: MIN, MAX, RANGE, MEAN,
STD, SUM, MEDIAN, PCT90 v software ArcGIS Pro Esri ® za pomoci nastroja Zonal

Statistics a Table.

Hodnoty MIN, MAX, RANGE predstavuji minimum, maximum a rozsah hodnot vysky v
danom polygone a vztahuju sa k extrémnym hodnotdm v oblasti, obvykle MIN predstavuje
PCT90 st bodové odhady vysok jednotlivych buniek v ramci polygénu. V pripade, pokial
ide oles tak sa odhady nevztahuju k priemernej vySke stromov, ale sa vztahuju k
priemernej vyske buniek v danom polygoéne, ¢o znamena, ze pokial ma polygon nizsiu
hustotu stromov a to sa odrazi v charakteristikach rastru (viac buniek s nulovou vyskou),
bude hodnota MEAN niz§i. Mdze nastat’ extrémny pripad kedy, polygon o rozlohe jedného
hektaru bude obsahovat’ len jeden solitérny strom s vySkou 30 m, bude mat’ hodnotu MEAN
blizko nule alebo pravdepodobne menej ako jeden meter, pretoze MEAN predstavuje
priemernt hodnotu buniek. Pre MEDIAN a PCT90 to plati tieZ ale st menej citlivé na
problém spojené s plochou. SUM je stihrnna hodnota vSetkych vySok v polygone, v
podstate ide o vynasobeni priemeru plochou, takze zohl'adiuje vel'kost’ polygonu a vysky
jednotlivych buniek. STD je smerodajna odchylka a ma popisovat’ variabilitu vysok
jednotlivych buniek, ktora obvykle suvisi s hustotou porastu alebo zasobou. Véicsia
odchylka méze znamenat’ redSie postavenie stromov, mensi odchylka potom predstavuje

uzavretejsi zapoj.

6.6 Detekcia prirastku

Pre ucely odhadu rozsirenia Cistej biomasy sme vylucili tdaje, kde bol prirastok vacsi ako
15 m, ¢o zodpovedd najvacsim prirastkom zistenym v Ceskych rastovych a vynosovych
tabul’kach(Cerny, M., Pafez, J., Malik, 1993). Taktiez sme vylucili zaporny prirastok, ktory
mozno chapat’ bud’ ako tazenu plochu, alebo ako vplyv nejakého narusenia sposobujuceho

znizenie vySKy (zlom vrcholu stromu, poskodenie snehom a pod.).

Na detekciu zmien sme v tomto pripade pouzili nastroj Change Detection v ArcGIS Pro
Esri ®., ktory umoznuje vykonavat’ analyzu zmien medzi rastrovymi datovymi subormi.
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Geoprocesingové nastroje v ramci sady nastrojov Change Detection umoziuju vykonavat
zakladné analyzy detekcie zmien medzi rastrovymi datovymi stibormi. Okrem toho je
mozné pouzit’ funkciu Compute Change raster (Vypocet zmeny rastra) na detekciu zmien

medzi dvoma sadami rastrovych tdajov v realnom case .

Na zist'ovanie zmien v ¢asovom rade rastrovych snimok mame moznost’ pouzit’ bud’ nastroj
Analyza zmien pomocou CCDC, alebo nastroj Analyza zmien pomocou LandTrendr.
Kazdy z tychto ndstrojov mozno prepojit’ s nastrojom Detect Change Using Change
Analysis Raster (Zistit' zmeny pomocou néstroja Analyza zmien rastra), aby ste zistili
podrobnosti o Case a rozsahu zmien pre kazdy casovy rad pixelov (Detekcia zmien v
programe ArcGIS Pro, ArcGIS Pro 3.2).

Na ¢iselny popis zmien v oboch obdobiach vyuzivame zonalnu statistiku ako zdroj dat.

Nizsie uvedené premenné su ziskavané automaticky ako potenciondlne prediktory:

1. MEAN - priemer vSetkych buniek v rastri hodnot, ktoré patria do rovnakej zony ako
vystupna bunka;

2. MAXIMUM - najvicsia hodnota vsetkych buniek v rastri hodnét, ktoré patria do
rovnakej zony ako vystupna bunka,

3. MEDIAN - medidnova hodnota vSetkych buniek v rastri hodnoét, ktoré patria do
rovnakej zony ako vystupna bunka,

4. MINIMUM - najmenSia hodnota vSetkych buniek v rastri hodndt, ktoré patria do
rovnakej zony ako vystupna bunka,

5. PERCENTIL 90 - percentil v§etkych buniek v rastri hodnot, ktoré patria do rovnakej
z6ny ako vystupna bunka,

6. RANGE - rozdiel medzi najvac¢sou a najmensou hodnotou vsetkych buniek v rastri
hodnét, ktoré patria do rovnakej zony ako vystupna bunka,

7. SMERODAINA ODCHYLKA — smerodajna odchylka vsetkych buniek v rastri
hodnét, ktoré patria do rovnakej zony ako vystupna bunka,

8. SUCET - celkové hodnota vietkych buniek v rastri hodnét, ktoré patria do rovnakej
zony ako vystupna bunka,

9. VARIABILITA - pocet jedine¢nych hodndt pre vSetky bunky v rastri hodnot, ktoré
patria do rovnakej zény ako vystupna bunka (Zonal Statistics as Table (Spatial
Analyst, ArcGIS Pro 3.2)
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Ako verifika¢né data bola pouzita bonita v danom uzemi, z lesného hospodarskeho planu

z roku 2017.

6.6.1 Statistické modelovanie a tvorba modelov na ziklade strojového uéenia

Statisticka analyza bola vykonand pomocou softvéru R vo verzii 4.2.3 (R Core Team,
2023). V prvom kroku boli prirastky modelované nad vekom respektive nad priemernou
vyskou. K fitovaniu prirastkového tvaru Chapmanovej-Richardsonovej funkcie bol pouzity

nelinearny balik (nls2).

V druhom kroku sa pre vytvorenie modelu pouzila Stepwise Regression, kedy vsetky
vychodzie premenné boli dostupné z dat dial’kového prieskumu Zeme: prva sada z roku
2005 a druha zrozdielu medzi rokmi 2005 a 2019. Pouzité premenné boli Standardné

premenné Zonal Statistic z ArcGIS Pro.

V tretom kroku bol zaradeny pristup strojového urcenia pre tvorbu modelu pouzitim
balicka RandomForest. Pomocou matice zameny a podl'a presnosti poskytnutej z modelu
bola odhadnutd presnost modelu. Pri absolitnej aj relativnej bonite boli hodnoty

transformované na faktory a modelované ako diskrétne triedy.

6.7 Odhad hribky stromu za pomoci terestrialnych laserovych skenerov
V prvom kroku boli normalizované vsetky bodové mra¢na a vytvoreny 4 cm rez vo vyske

1,3 m nad zemou. Pomocou nastroja CloudCompare (https://www.danielgm.net/cc/) boli

Z tychto rezov extrahované vSetky sekcie prinaleZiace stromom, okrem tych poskodenych,

¢o vo vysledku bolo 60 sekcii.

V druhom kroku bol pocet bodov v sekciach redukovany na 600, za pomoci algoritmu
ndhodného podvyberu v programe CloudCompare, kvoli vypocetnej limitacii

implementovaného Random Sample Consensus.

Ransac funguje na zaklade hlasovania o naj¢astejsi ndjdeny polomer z tzv. ndhodnej vzorky
bodov v ramci daného stboru dat. Body sa m6zu vyberat’ ndhodne zo stiboru dat alebo sa
mozu testovat pre kazdi kombinaciu bodov (tzv. brute force approach). Nasa
implementacia je zavisla od druhého z uvedenych sposobov, a preto je schopna pracovat’
len so sibormi tidajov s menej ako 600 bodmi, inak by vysledkom boli miliardy iteracii s
prislusSnym mnoZzstvom udajov potrebnych na uloZzenie a vyhodnotenie vysledkov. Pre

vacsinu stromov staci 600 bodov. Algoritmus potom pre kazdu trojicu bodov ulozi vel'kost
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a polohu kruhu a najcastejSie sa vyskytujica trojica sa potom povazuje za spravnu (Obrazok

27 hore).

Obrazok 27: Priklady pouzitia algoritmu RANSAC v réznych situdciach. Horny

riadok ukazuje pouzitie RANSAC pri neuplnom skenovani kmena; dolny riadok

ukazuje pouzitie RANSAC pri r6znych metédach skenovania.

Algoritmus funguje dobre pre akukol'vek sadu udajov a jeho vysledky su najlepSie pre
staticky LIDAR (TLS), najma preto, Ze pocet spravnych bodov na povrchu je najvyssi. Na
obrazku 27 dole je znazorneny priklad algoritmu v praxi. VIavo je sken TLS analyzovany
algoritmom RANSAC, ktory je schopny dosiahnut’ chybu 2 cm v porovnani s pozemnym
meranim; v strede je viacnasobny sken Livox, ktorého vysledkom je komplexny sken (hoci
zvonku vizualne v poriadku), ale pomerne komplexny pre automatick analyzu, ¢o ma za
nasledok chybu 5 cm v odhade priemeru. Na uplne pravej pozicii je jeden priechod Livox
s chybou odhadu priemeru 0,7 cm.

Okrem metody Ransac boli data analyzované pomocou balika R FORTLS (Molina-Valero
et al.,, 2022). Balik FORTLS implementuje automatizovany pristup, v ktorom sa sice
niektoré parametre m6zu definovat’ pred spracovanim, ale vystupy (v tomto pripade DBH)
sa ziskaju ako konec¢ny subor udajov. Pokial’ ide o odhady DBH, uvazuje sa o dvoch

pristupoch: 1) jeden patri algoritmu RANSAC implementovanému vo funkcii
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"circleRANSAC" a 2) druhy je zaloZeny na prekryve pravidelnych Stvorcovych sieti na
stromovych sekciach, priCom za stred stromovej sekcie sa povazuje bod v sieti, v ktorom
je minimalizovany rozptyl vzdialenosti medzi nim a vSetkymi bodmi v zhluku. Tymto
spésobom je priemer vzdialenosti odhadom polomeru. Nakoniec sa za odhad DBH
povazuje najlepsi z tychto dvoch pristupov z hladiska rozptylu polomeru (a preferencie

RANSAC).
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7 Vysledky

Vysledky vyzkumu st podrobne rozpisané v publikovanych ¢lankoch. Prvy clanok sa
zaobera na automatickou detekciou holin odvodent z lidarovych dat. V druhom ¢lanku sa
za pomoci lidarovych dat odhaduju zasoby lesnych porastov ABA pristupom. Tretia
publikacia sa zameriava na 0odhad prirastku a bonity pomocou bitemporalnych laserovych
dat a Stvrta publikacia je zamerand na odhad hrubky stromov za pomoci terestridlneho

a mobilného laserového skeneru.

7.1 Automaticka detekcia holin odvodena z lidarovych dat
Benchmark for Automatic Clear-Cut Morphology Detection Methods Derived from
Airborne Lidar Data.

V ¢lanku sa skiimal vplyv Styroch algoritmov na zjednodusenie tvarov detegovanych holin
na zéklade udajov z leteckého laserového skenovania (ALS). Vyznam detekcie holin
spoCiva v presnom uréeni rozsahu tychto oblasti. Vyuzitie ALS pre detekciu holin
predstavuje presnt metodu, avsak ich tvar ma nepravidelné okraje, ktoré moézu byt tazko

Citatel'né. Pre lepsiu Citate'nost’ bolo nevyhnutné zjednodusit’ tieto tvary.

V ¢lanku boli testované Styri algoritmy pomocou softvéru ArcGIS Pro na zjednodusenie
tvarov holin: algoritmus na zachovanie kritickych bodov (Douglas—Peucker), algoritmus na
zachovanie kritickych ohybov (Wang—Miiller), algoritmus na zachovanie vazenej plochy
(Zhou—Jones) a algoritmus na zachovanie u¢innej plochy (Visvalingam—Whyatt). Udaje o

skutoénych plochach holin pochadzali z lesného hospodarskeho planu.

Vysledky ukazali, Ze algoritmus Wang—Miiller bol najlep$i z testovanych Styroch
algoritmov pri zjednoduSovani tvarov detekovanych holin. VyuZitie tohto algoritmu viedlo
k vyraznému zniZeniu €asu potrebného na tpravu polygonov na menej ako 1 % casu

potrebného na manudlne vytvorenie tychto oblasti.
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Abstract: Forest harvest detection techniques have recently gained increased attention due to
the varied results they provide, Correctly determining the acreage of clear-cut areas is crucial
for carbon sequestration. Detecling clear-cut areas using airborne laser scanning (ALS) could be
an accurate method for determining the extent of clear-cut areas and their subsequent map display
in forest management plans, The shapes of ALS-detected clear-cut areas have uneven edges with
protrusions that might not be readable when displayed correctly. Therefore, it is necessary to sim-
plify these shapes for better comprehension. To simplify the shapes of ALS-scanned clear-cut areas,
we tested four simplification algorithms using AncGIS Pro 3,000 software: the retain critical points
[Douglas-Peucker), retain eritical bends (Wang-Miller), retain weighted effective areas (Zhou-Jones),
and retain effective areas (Visvalingam-Whyatth algorithms, Ground-truth data were obtained from
clear-cut areas plotted in the forest management plan. Results showed that the Wang-Miiller algo-
rithm was the best of the four ALS algorithms at simplifying the shapes of detected clear-cut areas,
Using the simplification algorithm reduced the time required to edit polygons to less than 1% of the
time required for manual delineation.

Keywords: multitemporal laser scanning data; harvest detection; simplification polygons; clear-cut areas

1. Introduction

In Europe, sustainable forest management has become a prominent topic, as man-
agement decisions impact forest growth, composition, and structure, as well as wood
production, carbon sequestration, and nature conservation in both temporal and spatial
contexts [1]. Forestry has been recognized as an important way to reduce €07 emissions
and combat global warming, as highlighted in the Paris Agreement [2]. Nevertheless,
forestry harvesting practices may adversely affect the benefits of forest COz capture. Re-
search comparing the impact of reducing carbon sequestration through harvesting versus
natural disturbances has shown that harvesting has a greater impact. Notably, incidental
harvesting, in which the effects of harvesting cannot be easily distinguished from those of
natural disturbances, must also be considered [3].

Warious techniques and methods for detecting harvests and clear-cuts deserve atten-
tion, as their accurate evaluation is crucial. Incorrect use of techniques or reference data can
result in erroneous conclusions, Ceccherini et al. (2020) [4] focused on harvest detection
in Europe using satellite data. They tracked the increase in harvested forests and biomass
losses for 2016-2018 and compared them to those for 2011-2015. Their findings indicated
that harvesting had increased by 34% on average, potentially impacting biodiversity, soil
erosion, and water regulation. Their study suggested that the expansion of the imber
market, wood-based bicenergy, and international trade had led to an increase in harvesting
speed, The authors warned that continued high harvesting rates could impede forest-based
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efforts to mitigate climate change impacts. Picard et al. (2021) [5] investigated claims re-
garding increased harvesting in European countries and re-examined France using original
data reported in [4]. They found that the rate of change in harvested arca depended on
the comparison period used, and that data regarding extraction volumes from different
sources produced varied results. Responding to an investigation in Finland and Sweden,
which found only marginal or no harvesting increase after 2015 [0], the authors suggested
that sensitivity and detection of harvesting areas and overburden were increasing [4].
Ceccherini et al."s (2020) [4] study highlighted the potential for inaccurate results when
inappropriate estimates and reference data are used in satellite data analysis.

Remote sensing technologies and three-dimensional data offer increasingly accurate
options for estimating growth rates and forest information. Lidar, satellites, and unmanned
aerial vehicles (UAVs) are remote sensing methods used for gap mapping, including size
and spatial distribution parameters [7]. ALS technology enables 30 characterization of
forest canopies, allowing digital terrain model (DTM) and digital surface model (DSM}
calculations to describe treetops from the original point cloud [5]. An advantage of using
lidar data is the resulting accuracy of DTMs, which are often available for public use [9].
Subtracting an area’s digital surface model from its digital terrain model produces a canopy
height model (CHM), which is widely used as the basis for various forestry analyses [10].

Forest metrics can be computed using lidar directly from the point cloud or rasterized
point cloud data (a rasterized point cloud is a raster in which each cell is described by
height value) [11]. Rasterized clouds are usually faster and easier to process [12]; however,
they offer less information (metrics) than point clouds. Therefore, rasterized clouds are
more suitable for clear-cut detection.

Two approaches are generally used to derive forest information: the area-based ap-
proach (ABA) and individual tree detection (IDT) [12]. These methods are typically used to
estimate forest characteristics, stand-level biomass, volume, or basal area. For estimation
purposes, these variables mostly use the plot-level methed, which involves caloulating var-
ious descriptive statistics, such as mean, maximum, standard deviation, and height metrics,
counting height percentiles. These statistics can be used to characterize different aspects of
the point cloud’s structure, such as density or point distribution [14]. In comparing point
clouds from different time steps, it is possible to measure changes in vegetation variables
such as growth, increment, and site index [15].

An important aspect of map creation uvsing lidar sources {either point clouds or
rasterized clouds) is map readability and the balance between the amount of detail and
readability. A higher level of detail includes more information, but such maps are not
casily readable, which can lead to erroneous conclusions, as noted in [4]. Therefore, there is
a need for standardized and objective simplification of map products {usually called feature
generalization or simplification).

Generalizing a map involves simplifying, removing details from, enlarging, or mod-
ifying a map so that its final form is as legible and understandable as possible, while
preserving source data and essential map attributes [16]. In this study, we evaluated four al-
gorithms for polygon simplification created by the automatic subtraction of two consecutive
lidar scans: the Douglas-Peucker, Visvalingam-Whyatt, Zhou—Jones, and Wang-Miiller
algorithms,

The Douglas—Peucker algorithm reduces the number of points in a curve that is ap-
proximated by a series of points, depending on the maximum distance between the original
curve and the simplified curve, The algorithm recursively eliminates points that are closer
to the line connecting the two endpoints of the curve than the specified tolerance [17].
This algorithm is also known as the Ramer-Douglas-Peucker algorithm, after Urs Ramer
in addition to David Douglas and Thomas Peucker, who independently developed it in
1972 and 1973, respectively. The algorithm is widely used in computer graphics, cartog-
raphy, and GIS applications. Despite the fact that the Douglas-Feucker algorithm was
developed to simplify watercourse lines so that redundant points could be removed while
preserving information, it also has applications in digital cartography [18]. It is a vertex
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subsampling algorithm that independently alters individual polylines using a simplifica-
tion process that considers only the sequence of vertices within the polvline itself, without
considering surrounding features. The algorithm’s output consists of a subsequence of
the original polyline’s vertices that represents the simplified output polyline’s vertices in
their original order [19]. The Douglas-Peucker algorithm and the Visvalingam-Whyatt
algorithm are prone to remove small bends, resulting in less accurate representations of
small watercourses [20]. Unlike these algorithms, the Wang-Miiller algorithm preserves
the characteristic properties of natural features [21]. In addition to line simplification, the
Douglas—Teucker and Visvalingam-Whyatt algorithms are also suitable for line segmen-
tation [21] or generalization [22]. The Visvalingam-Whyatt algorithm also preserves the
geometry of an area while smoothing its contours [23].

To evaluate the accuracy of these algorithms, one can interpret their results as a raster
classification result. The classification process is widely used to transform image data into
map products; each pixel is categorized into one of multiple categories: typically two or
more [24]. A confusion matrix is commonly used to describe thematic map accuracy and to
compare accuracies. However, it can also be used to derive more useful information, such
as refining estimates of the areal extent of classes in a region and optimizing a thematic
map for a particular user. This can be accomplished by using the matrix together with
information regarding actual error costs of the map’s value. The reliability of the confusion
matrix is important, as issues such as sample design and ground data accuracy can affect
its accuracy [25].

In this study, we identified and estimated clear-cuts using ALS data and compared
them to clear-cuts indicated on a forest management plan created by a human operator.
Four polygon simplification algorithms were compared with each other, and their accuracies
were assessed using the forest management plan, which served as ground-truth data.
The automatic map creation method provides consistency and repeatability, and it can
significantly decrease the time required for manual delineation.

2. Materials and Methods
2.1. Study Site

Owur research area of interest was the School Forest Enterprise in Kostelec nad Cem}?mi
lesy. SLP Kostelec nad Cernymi lesy is a university forestry estate of the Czech University
of Agriculture in Prague. Tt is located 25-50 km southeast of Prague (Figure 1). The area’s
altitude varies trom 210 to 528 m, its average annual temperature is 8.14 °C, and its average
annual precipitation is 663 mm |26]. The area is approximately 6000 ha, and it is actively
managed. The area is in beech—oak (21%), cak-beech (53.8%), and beech (25.2%) vegetation
stages. Its tree species composition includes Morway spruce (Picea abies (L.) H. Karst.) (55%),
Scots pine (Pinus sylvestris L) (18%), European beech (Fagus syloatica L) (12%), Sessile oak
(Quercus pefraen (Matt.) Liebl) (9%), European silver fir {Abies alba Mill.) (2%), hormbeam
(Carpinns betulus L) (1%), and other woods (3%). There are also several protected areas
within the SLP territory, of which the Vodéradské Buginy National Nature Reserve, with an
area of 683 ha, is one of the most important.

2.2, Data Processing

Data from airborne laser scanning {ALS) were processed in the Anaconda program-
ming environment {Anaconda, Inc., Austin, TX, USA), using the Python programming
language, version 3.11.1 {Python Software Foundation, Beaverton, OR, USA). The Point
Data Abstraction Library (FDAL), version 2.6.0 (Hobu, Inc., lowa City, 1A, USA), a library
equipped with prebuilt commands for various analyses, was emploved to interpret laser
data. With the help of this library, data were filtered, classified, and converted from laser
point clouds to raster data; the PDAL was used to classify ground returns using the simple
morphological filter (SMEF) technique, version 2.6.0 (Hobu, Inc., lowa City, LA, USA). This
algorithm effectively discriminated points into two distinct groups: ground and nonground.
Initially, an outlier filter was applied to classify outliers with a classification value of 7.

64



Forests 2023, 14, 2408

4of 14

These outliers were subsequently excluded during SMRF processing using the “ignore”
option. Finally, a range filter was implemented to extract the ground returns, identified by
a classification value of 2 [27].

Legend
- Clearcut area cetected
Fom Arboms Beet
acanning
- Clwar-cul area from Forest

managament plan.

Figure 1. The study area.

Rasterization

We used the PDAL to create a raster surface utilizing a fully classified point cloud via
PDAL’s writers.gdal functionality [28]. ArcGIS Pro 3.0.0 software (Environmental Systems
Research Institute (ESRI), Redlands, CA, USA) was used for subsequent data processing.

The readability problem originates in the actual shapes of detected clear-cut areas.
Although the maps are geometrically and positionally correct, they appear strange to the
human observer and may become illegible, for example, in larger scale contour maps, Thus,
a simplification of their shape is inevitable.

Two processes were needed to simplify and smooth surfaces to solve the two problems
visible in Figure 2. The first was to close the holes in the polygons. These holes represented
individual standing trees around which the parent growth had already been removed. The
second problem was the polygon’s shape, which contained complicated curvatures. The
“eliminate polygon part” tool was used to address the first problem; we used this tool to
close holes created inside the polygons (Figure 2a).

A sample of polygons of clear-cut areas was selected for evaluation. The shapes of
clear-cut areas in the forest management plan were used as validation data. Figure 2 shows
a comparison of the shape of one clearing sample resulting from airborne laser scanning
and the validated clear-cut area from the forest management plan.

In this study, we used multitemporal laser datasets from 2021, 2020, and 2019. We
subtracted the 2021 and 2020 laser datasets from each other to form the 2021 clear-cut
areas, and we used the same approach for the 2020 and 2019 laser datasets to form the 2020
clear-cut areas. In the first step, we removed the 2020 and 2021 ALS shape overlap using
the “erase” tool and then combined them using the “merge” tool. We did not separately
evaluate the clear-cut area for each year because the 2021 forest management plan plotted
the clear-cut area and also included the 2020 clear-cut area. Clear-cut area classification
results from the laser data contain holes (small polygons) that characterize individual trees
or vegetation that are mapped at a greater resolution than the established threshold for
classifying clear-cuts (Figure 3).
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Figure 2. (a) Shape of the clear-cut area identified using ALS; (b) shape of the clear-cut area identified
using the forest management plan. The green areas are the year 2020 and the purple areas are year 2021.
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Figure 3. Clear-cut area classified using ALS data.

simplify shapes. This tool uses four algorithms to simplify polygons as follows:
1.

We closed these parts using the “eliminate polygon parts” tool and used the merged
2020 and 2021 clear-cut areas as an input layer. For the “condition”, we selected an area
that removed parts smaller than the specified value; in our case, the threshold value was
4000 m? and was selected based on the rule that units below 0.4 ha are not distinguished.
After these steps, the polygons were ready for simplification.
The “simplify polygons” tool was used to remove multiple polygon curvatures and

The retain critical points algorithm (Douglas-Peucker) functions based on the concept
of reducing the number of points while preserving those that are crucial for defining
the polygon's shape. It iteratively eliminates points by dividing the line segment and
repeating the process until no more points can be removed. Initially, it creates a line
segment by connecting the first and last points. Next, it identifies the point on the line
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segment that is farthest from the straight line connecting the endpoints. If the distance
between this point and the straight line is smaller than the specified epsilon value
(tolerance), the point is discarded. The algorithim then restarts the process with the
remaining points between the endpoints, as proposed by Visvalingam and Whyatt in
1990 [15]. This simplified version of the Douglas-Peucker algorithm is demonstrated
graphically in Figure 4.

1 -
L B -
- -
Bl ———— — -
R
.

Figure 4. The simplification procedure according to the Douglas-Peucker algorithm. In the first step,
the first and the last points are connected by a line. In the second step, the algorithm identifies the
point that is farthest from the line and then creates a new line originating from that peint. In the third
step, if the point’s distance from the line is less than epsilon, the point is removed. In the fourth step,
anew line is crealed.

I The Visvalingam-Whyatt algorithm, also known as the retain effective areas algorithm,
identifies triangles with effective area and vses that information to remove vertices
to simplify the polygon’s outline while preserving its overall shape characteristics.
This method shares similarities with the Douglas—Peucker algorithm, but instead
of a distance-based tolerance, it utilizes a triangle’s area as the tolerance criterion.
The algorithm starts by identifying the smallest triangle and compares its area to
a predefined value also called epsilon [29]. The areas of triangles are continuously
compared to the tolerance value. The algorithm removes triangles whose areas are
smaller than epsilon. This process is repeated until all triangles with areas smaller
than the tolerance value are eliminated [15]. The simplification process using this

algorithim is illustrated in Figure 5.
P
2 :
- . S

1. 3

\ 4.

Figure 5. The polygon simplification procedure according to the Visvalingam-Whyatt algorithm, In
the first step, triangles are formed between the points. In the second step, the smallest triangle is
identified, and whether its area is smaller or larger than the specified epsilon is determined. In the
third step, if the area is less than epsilon, the point associated with this triangle is discarded. In the
fourth step, a new line is created.

3. The Zhou-Jones algorithm (Figure &), known as the weighted effective area preserva-
tion algorithm, assesses the effective areas of triangles associated with each vertex.
These effective areas are determined by considering the shape of the triangle and
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various metrics, such as flatness, skewness, and convexity [30]. The computation
of effective areas for triangles involves applying a weight factor to the initial ef-
fective area. This weight factor serves to capture certain aspects of the triangle’s
shape. Consequently, the introduction of weighted effective area values allows for
the distinction between triangles that share the same area but exhibit different shape
characteristics. Utilizing various weight definitions enables highlighting of differ-
ent aspects of triangle shapes. In this context, the functions serve as filters. These
filters designate certain triangles as “standard forms” by assigning them a weight
of 1, making their effective areas equal under the filter. When examining a trian-
gle's shape characteristics, parameters such the base line length (W), height (H), and
length of the middle line (ML) are considered. These parameters allow the measure-
ment of a triangle’s flatness, skewness (deviation from an isosceles triangle with the
same W and H values), and convexity {orientation relative to a predefined vertex
order). There are two models that measure flatness. The first model, which constitutes
a high-pass filter, gives priority to taller triangles and reduces the significance of flatter
triangles. The second model, a low-pass filter, is identified as a symmetric version of
the previcusly described high-pass filter; its purpose is to eliminate extreme points.
The skewness filter is designed to retain points using effective triangles close to being
isosceles. The convexity filter is characterized by a constant. If this constant is less than
1, the convexity filter tends to retain points with convex effective triangles. Otherwise,
points with concave effective triangles are retained [30]. After weighted areas are
caleulated, the algorithm strategically eliminates vertices to achieve the maximum
possible simplification of the line while still preserving its essential characteristics to
the greatest extent possible [31].

Figure 6. The polygon simplification procedure according to the Zhou-Jones algorithm [31]. The
algorithm first identifies triangles of effective area for each vertex (1). These triangles are then
weighted using a set of metrics to compare the flamess, skewness, and convexity of each area (2). The
weighted arcas guide the removal of their corresponding vertices to simplify the line while retaining
as much character as possible (3). In the last step (4), a new line is created [31].

4.

The retain critical bends algorithm (Wang-Miiller) aims to eliminate insignificant
bends in polygons, Figures 7-9 depict the process for outline simplification. The
minimum diameter for a semicircular bend is set as the tolerance and reference for
bend removal. One of the operations in this algorithm is bend elimination {Figure 7);
a curved segment is replaced with a straight line. As consecutive straight lines
representing bends are not connected, the elimination process must b iteratively
performed by removing local minimal bends in each loop. A local minimal bend refers
to a bend smaller than both of its neighboring bend points, whereas at the endpoints
it is assumed that bends are larger than their neighbors.
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Iteration 1

Iteration 2
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Figure 7. Bend elimination by iteration [32]. Numbers BI-B7 are line bends,

A \D'
m \f\/¥
B
(a) (k)

Figure §. Combination of bends [22], This figure shows three consecubive bends (a), and the goal of
generalization is to combine the first and the third bends as one (b). There are three peaks labelled A,
B, and C, Point [V is the centre of line AC, and point D7 is the peak of the combined bend.

Original —— _rl_

Results —/__\\— —/_\—

Figure 9. Exaggeration using the Gaussian distribution [32].

A second possible operation is bend combination (Figure 5). To determine the bend
vertex, distances between the vertices and the two endpoint bend points are calculated,
and the vertex with the largest sum is identified as the bend vertex. Subsequently, point D

69



Forpsfs 2023, 14, 2408

9of 14

is created, representing the midpoint in the bend line, and becomes the new vertex. Finally,
the left half of bend 1 and the right half of bend 3 are moved toward the new vertex D

The third operation is exaggeration (Figure 9). In this case, shape modification is
achieved by enlarging and partially modifying the form. This method uses the Gaussian
distribution. During the operation, a central point for translation is found, and instead of
moving the endpoints farther from the center, the translation diminishes gradually from
the center to the edge [32].

In the “simplify polygon” tool, in addition to establishing the simplification algorithm
itself, the so-called simplification tolerance needs to be set, The simplification tolerance
parameter is different for each algorithm, and it is referred to later in this text as “parameter”
(occasionally it is referred to in the literature as “number”), In the retain critical points
(Douglas—Peucker) algorithm, the tolerance parameter refers to the maximum perpendic-
ular distance between each vertex and the resulting simplified line. In the retain critical
bends algorithm {Wang-Miiller), the tolerance parameter corresponds to the diameter of
a circle that approximately represents a significant bend. In the retain weighted effective
areas algorithm (Zhou-Jones algorithm), the tolerance square parameter represents the
area of a significant triangle formed by three consecutive vertices. The more the triangle
deviates from equilateral, the more weight it receives, so it is less likely to be removed. In
the retain effective areas (Visvalingam-Whyatt) algorithm, a tolerance square parameter
corresponds to the area of a significant triangle formed by three consecutive vertices [31]

Each step was automatically processed using the Python programming code within
ArcGIS Pro (Figure 10).

4 Demglas-Peucher
WVissalingam- 5
o i . Trye posithve
Intersect Trum nugat e
B —— _
4 freslores - o Comission
Ty smplifed
7 Falygan
L m !r

Figure 10, The schematic model of data processing in AneGIS Pro and the creation of evaluation metrics,

2.3. Statistical Analysis and Accuracy Assessment

We used error metrics to assess accuracy. We calculated the error of omission and the
error of commission,

Classification results were used to estimate accuracy. The confusion matrix was used
to evaluate correctly identified clear-cut areas; the malrix provided a summary of two
types of errors [25]. Commission errors refer to areas characterized as clear-cut areas by the
algorithm that are not actual clear-cut arcas. Omission errors refer to actual clear-cut areas
not identified as such by the algorithm [33]. Overall accuracy describes how many p pixels
(of the total) are classified correctly for all classes [34].

R 4.2.3 software was used to perform the statistical analysis [35]. The accuracy of each
algorithm type in relation to the parameter value was compared using generalized additive
models (GAMs) in the mgev package v1.8.42 [36] (Wood, 2017) due to strong nonlinear
relationships. GAMs with Gaussian errors were used because the accuracy measurements
had a restricted range, and the variance was homoscedastic. We fitted an ANCOWVA model
with the parameter as a covariate and the algorithm type as a factor. We compared a model
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with and without interaction using the AIC. Thin-plate spline was used to fit the nonlinear
trend. The resulting model was plotted using the visreg package v2.7.0 [37].

3. Results

The analysis showed that the polygon simplification method was suitable for simplify-
ing polygons in forest-clearing detection,

There was a significant interaction between the parameter and algorithm type. Com-
parison of the accuracies among the four algorithms revealed a significant difference (GAM,
Fy = 5507, p < 0.0001, R* = 0.98, Figure 11). For parameter values less than 10, the accuracies
of the four algorithms were similar, but for values higher than 10, the Wang-Miiller algo-
rithm cutperformed the other three algorithms. The Wang-Miiller algorithm’s maximum
accuracy was achieved for a parameter value of 22,

1 1
£hou-Jones

074 o

072 A -

70 B

Accuracy

0.74

072 7

0.70 7 B

a 20 40 60 80 100 0 20 40 B0 &0 100
Parameter

Figure 11. The relationship between the parameter values and accuracies for the four algorithm types,
The parameters selected were the Douglas-Peucker algorithm’s new line, the Wang-Miller algorithm’s
circle diameter, the #hou-Jones algorithm's significant triangle area, and the Visvalingam-Whyatt
algorithm’s significant triangle anca, Estimated curves (blue) with their 95% confidence bands (gray)
are shown. The parameters were the numerical settings for each algorithm’s simplification tolerance.

When comparing commission and omission errors, matrices showed that the Wang-
Miiller algorithm had the highest commission error but also the smallest omission
error (Figure 12).
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Figure 12. (a) Commission and (b) omission errors in the individual methods.

4. Discussion

Cartographic generalization is a crucial phase in the map production process [35].
Our study demonstrated, in a forestry application, the use of simplification algorithms in
ArcGIS Pro. Previous studies focused on simplifying roof shapes when using ALS and
vector maps to create 30 building maodels, in which the authors used the Douglas-TPeucker
algorithm first, followed by the partitioning method, combining step edges with footprint
maps [7]. Other articles focused on the simplification of urban residential area plans using
raster and vector models with mathematical morphology and pattern recognition assisted
by applying a neural nebwork [39]. Using a simplification algorithm was also found to
be appropriate when diluting data and preserving the trajectory curve of acquired in-
vehicle GPS data, for which the Douglas-Peucker algorithm was found to be suitable [40].
Another article described utilizing generalization algorithms in an ArcGIS environment [41];
these authors used the same algorithms as in our analysis. After using the simplification
algorithm, they smoothed the polygons in the GIS environment. Their results showed
that the Douglas-Peucker algorithm was suitable for data compression and the removal of
redundant polygon details. The disadvantage of this algorithm is that the resulting line
contains sharp angles and spikes. Compared with the Douglas—Teucker algorithm, the
Wang-Miiller algorithm prioritizes the input geometry to a greater extent, which requires
additional processing Hme [42]. Their article describes the development of a new algorithm
to simplify polygons and lines representing hydrographic lakes and streams. To assess
their new algorithm, they compared it with the well-known Douglas—Peucker algorithm
and the Wang-Miiller bend simplification algorithm. Their algorithm has no user-defined
parameters, and it defines an error band that does not allow the simplified line to cross
it. This ensures the accuracy of the resulting line. We also used the Douglas—Peucker and
Wang-Miller algorithms, and ArcGl5 uses bwo additional algorithms, the Zhou-Jones
and Visvalingam-Whyatt algorithms, as described above. Previous studies compared the
Douglas-Peucker and Wang-Miller algorithms, showing that the point-remove (Douglas—
Peucker) algorithm could remove more points from the line, resulting in a more streamlined
and adaptable database for users. However, it also led to the loss of the original line's
topological characteristics. The bend-simplify (Wang-Miiller) algorithm removed fewer
points from the line, and it preserved a topology closer bo that of the original line. When
combined with other topological elements on a map to assess proximity and adjacency, the
Wang-Miiller algorithm demonstrated better adjustment [43].

Maodification of the clear-cut areas created by airborne laser scanning is essential for
cartographic display. Manual processing is tedious and does not provide any significant
advantages in cases with a large number of clear-cut polygons. In our shudy, 29 polygons
had, in summary, 16,649 ALS vertices that required adjustment, leading to 841 plotted ver-
tices that were illustrated in the forest management plan. Implementing the simplification
algorithm enhanced the efficiency of polygon editing: manual modification is as much as
two orders of magnitude slower than using this simplification tool.
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5. Conclusions

Must of the published literature to date addresses the simplification of polyvgons in
cartography, focusing on simplifying lines or polygoens that represent watercourses, build-
ings, or land-unit boundaries. In this study, we addressed the problem of excessive detail
displayed in forest clear-cut areas that occurs after autodetection data are extracted from
airborne laser scanning, Polygon simplification is a suitable method to simplify the shapes
of clear-cut areas when creating forest base maps. We used the ArcGIS Pro “geoprocessing”
tool to simplify polvgons in order to estimate and compare the accuracy of individual
algorithms when compared with ground-truth data from the forest management plan. This
tool used four simplification algorithm parameters: retain critical points (Douglas-eucker
algorithm), retain critical bends (Wang-Miiller algorithm), retain weighted effective areas
(Zhou-Jones algorithm), and retain effective areas (Visvalingam-Whyatt algorithm). Our
results show that the Wang-Miiller algorithm performed best when using a parameter in
the 20 to 25 m range.
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7.2 Vyuzitia metod strojového ucenia a pokrodilych Statistickych metéd pre
odhad zasob lesnych porastov

A Note on Statistical Techniques and Biological Background in Analysis of Remote

Sensed Data in Forest Inventory

V tejto praci vyuzivame niekol’kych Statistickych metdd na hodnotenie lesnych zdrojov v
suvislosti s inventarizaciou lesov, najma otazky velkosti datovych sad, kde Cas a zdroje
potrebné na ziskanie tdajov su casto v protiklade k velkosti vzorky a analyze vSetkych
potencialnych parametrov potencialnych modelov. Data sme porovnali dvomi regresnymi
technikami a jednu met6du strojového uéenia (RandomForest) na analyzu prediktorov pre
odhad objemu dreva. Vsetky hodnotené techniky poskytli podobné vysledky z hl'adiska
presnosti a relativne podobné z hladiska najdolezitejSich premennych vybranych na
modelovanie. Ukazalo sa, Ze niektoré premenné viedli k nespravnym predpovediam pri
testovani na nezavislych tidajoch a ich odstranenie z modelu zlepSilo presnost’. Preto sme
dospeli k zaveru, Ze v menSich suboroch udajov by sa pri predikcii a extrapolacii udajov

mohla vziat’ do tivahy biologicka analyza prediktorov.
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A Note on Statistical Techniques and Biological Background
in Analysis of Remote Sensed Data in Forest Inventory

Peter Surovy'™ @, Zlatica Melichoval

Abatract: In this work we diseuss possibilities and challenges in utilization of several statistical methods for as-
sessment of forest resources related to forest inventories, especinlly question of dataset size where the
time and resources prequired for data collection are often in contrast to sample sige and analysis of all
potential parameters of potential models, The combination of a priorl knowledge of the phenomena
being studied (tree number, wood volume, ete.) and understanding of behavior of individual variables
provided by remote sensing instroments (different. predictor variables) s crucial for production of veli-
able models for forest resource assessment. Using our dataset, we compared two regression techniques
and one machine learning for predictor analysis for wood volume estimation. All technigues in general
provided similar results in terms of variable importance and accuracy, but in more detalled analveis
differences appeared, indicating that if possible biologicnl knowledge and understanding of variables

should not be neglectad,

Kevwords:  forest resources, Partinl Least Square Hegression, Handom Forest, remote sensing, statistical tech-
nigues, Stepwise Linear Regression

1. Introduction

Forest resources and the knowledge of the situation of forests 1= of principal importance for any
decision making on the landscape or atate level, Assessment of the forest information iz usually done
b terrestrial methods coupled with extensive statistical technigues and models for extrapolation of
data to the unmeasured areas or to caleulate summary values for large areas. National inventories
represent the most modern and accurate tool for assessment of forest resources from the ground and
are being regularly executed practically in all developed countries. The National Forest Inventories
[WNFIs), which aim to provide actual and aggregated data on the status and development of forests,
are often supported by remote senging, Usaally more as guiding data indicating whether in some
place exist or not a forest in ease of grid data, or are used for replacement of inventory sample
plots in case of spome obstacle or inaccessibility. The main advantage of the terrestrial inventory that
the field specialist can measare all necessary variables directly, including those which are nsually
invisible from space or above air, like lving dead wood, regeneration trees under canopy, seedings,
vegetation cover efe, On the other hand, especially in natural, close to nature or very irregular forest
areas the required sample densitv may not be aufficient for reliable and accurate summeary values
Beeanse the individual plot = diffioult to extrapolate to nelghboring areas which might (and in case
of close to nature forestrv) shonld be different.,

In general, remote sensing methods can be divided into active and passive remote sensing. Active
means some active sensor is placed on board of the career which actively emits source of some kind
of radiation and measure the reflectance coming back from the surface. Probably the most famons
s LIDAR but also other radic and altrasound-based systems exists, The main advantage of active
sensor i3 that it is nearly independent on weather conditions (apart of obstacles light clonds ete.), and
can sean also shaded parts (behind rocks, hills ete.), it is possible to do scanning of required area for
excample during the night, what have several advantages for aviation. Disadvantage of active sensors
ig that they are nanally more expensive, which is reflected in the price of acquired data. Advantage
of passive sensors is that they are cheaper and can be nsually carried on smaller airplanes which can
make the final product relatively cheap, and from technical point of view the laser beam can hit only
particular point on stem what does not necessarily represent a tree surface or crown peak, especially
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om low density clonds, while passive sensor averages the area of the pixel making the resulting DSM
more cornpact.,

As for processing, we have mdividual tree detection (ITD) method and area-based approach
[ABA) (Yu et al. 20010). The ITD method requires locating the top of the tree and delineating
the erown. Subseguently, the attributes are derived from the properties of the point cloud in each
defined crown. The disadvantage of this method is that it is prone to errors cansed by inaceuracies
in tree identification and subsequent over or under crown segmentation. In the area-based approach,
vegetation attributes are estimated for a grid cell, based on metrics summarizing the distribution of
the point cloud mside the cell. A grid cell 15 thus the basic unit and offers more spatial detail than
a polygon-bazed inventory. It also avoids svatematic errors often introduced in ITD as described by
[Tonmpalski et al. 2018).

Individual Tree Detection

The main problem of ITD is tree segmentation, a step to divide the total points inte groups that
represent individual trees. There are two main tree segmentation strategies: raster and pomt. In the
raster strategy, the 30 model is converted to a Canopy Height Model (CHM), a raster, and then
tree tops are detected using 2D image processing imaging technigues such as local maxima, region
growing and watershed or inverse watershed. In the second strategy, trees are segmented directly
on the basis of 30 points using technigues such as rule-based distance and height thresholding,
voxel-based, graph-based and kernel-based methods (Xiao et al. 20009).

When using the individual tree delineation (ITD) approach, the already mentioned segmentation
is an important step, during which varions methodologies were investigated. In their paper, the
authors (Xiao et al. 2009) evaluated the mean shift algorithm for aerial lidar data segmentation
and tree top detection to validate the segmentation results, They implemented the algorithm in
terms of Kernel shape, adaptability and weight. Results from three different datasets showed that
the crown-shaped kernel consistently shows 7% better results than the other variants.

Area-Based Approach
Area-based approach is carried oot in two steps:

1. In the first step, Airborne Laser Scanning (ALS) data is obtained for the entive area of interest,
measured tree values are obtained on the sample plots, and predictive models such as regression
and non-parametric methods are developed. To develop the model, the ALS point clond s
clipped to the corresponding region of sample plots. Metrics, which are descriptive statistics,
are calenlated from the rasterized normalized ALS point clowd and include beight derivation,
height percentiles and other descriptors, Ground sampling areas should be representative of
the entire population and contain the full range of variability of the raster or the pointelond
itsell.

2. In the sccond step, the model is applied to the entive area of interest to generate wall-to-
wall estimates and maps of a specific forest inventory attribute, The same metrics that are
calculated for the sampled ALS point cloud are generated for the wall-to-wall ALS data, The
predictive equations developed in the frst step are then applicd to the entire area of interest
using wall-to-wall metrics. A sample unit is a grid cell, the size of which depends on the size
of land areas, Onee the predictive equations are applied, each grid cell will have an estimate
for the attribute of interest {White et al. 2013).

Statistical Analysis

As it was written before the statistical models and methods are the base for estimation of desired
variable over all territory, In general, we can define three approaches to model building, Regression
based maodel, machine learning and nowadayz popular deep nenral networks, In this work we compare
only regression and machine learning (more precisely Random Forest and discuss the impact on the
final estimation accuracy ). The main challenge in estimation of quality of the model is the choiee of
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predictors which works best for the aceuracy. Finally, the last decision is whether or not to split the
data into training and validation model, which is common technigque, though for classical regression
the classical goodness of fiv (like cocflicient of determination) may be used with sufficient validity,

2. Method

We compare different approaches for creation of statistical models for area-hased estimation of
volume in individual forest stands. As the study data we are wsing ground data from different plot
ghzes, the definition of plot is compact unit of forest visible on the LIDAR-based raster. The raster
is based on LIDAR scan with approximately 5 points per square meter and it was rasterized nsing
resolution of 1 meter. The purpose of this study i3 to benchmark different technigues on the same
clataset.

For the polygons of gronnd measared plots following raster characteristic were obtained in Avc-
GIS Pro (ESRI) : MIN, MAX, RANGE, MEAN, STD, SUM, MEDIAN, PCT90 . These are commeon
cleseriptors for a given area of the raster. POTH s the S0th pereemile which s one of the metries
describing vertical structure of the vegetation. It is percentile of point heights, i.e. 90% of ALS points
are lower than this height (White et al. 2017).

Many other can be provided but these can be considered as the principal ones with following
meaning: MIN, MAX, RANGE represent the minimum, maximum and range of values of height in
a given polvgon and are related to extreme values in the area, usually MIN represents ground, in
ease there s no ground it represents the lowest vegetation. MEAN, MEDIAN and PCTHY are point
estimates of individual cell heights within the polygon. Here it has to be noted that the estimates
are related, in terms of forest, not to the mean height of trees or 20, but to the mean height value
of the cells in a given polygons, what means that the i the polygon has lower tree density and
this is reflected in the raster characteristics (more cells with zero height) the MEAN value will be
lower, In extreme case: a polygon of one hectare with one solitaire tree with height 30 meters would
have MEAN value elose to zero, or probalbly less than one meter, becanse the MEAN represents the
average value of the cells. The same is valid for MEDTAN and POT90, where POTO0 is of conrse
lesa senzitive to the area related problem, SUM i= a summary value of all heights in the polygon,
basieally it is muoliiplication of mean by area, so it takes to acconnt the size of the polygon and the
heights of the individual cells. STTY s standard deviation and it 18 expected to deseribe the variation
of heights of the individual cells, usnally related to the canopy density or stocking, More variation
CAN TIEAL M0 Sparse tree positions, less variation then represents more closed canopy.

We use R ostudio and following packages: Partial Least Squares Regression (https//CRAN R-
project.org/package=pls), caret package (https://CRANR-project.org/package=caret] and Ran-
cdom Forest package (hitps:/ /ferane-project.org/package=randomPForest). Each of this method is
commonly recognized and deploved in literature for modeling of underlving phenomena like wood
volume, average diameter or tree amonnt, The main reason for these methods 15 to test all available
predictors and either construet a model, either choose those variables which are mest important for
the model, in case the understanding of phenomena is complex,

Partial Least Sguares [PLS) Regression is fivst technique evaluated, It was originally developed
by (Wold 1966), and 1t is related to Prineipal Component Analysis (PCR) with the dilference that
PLS provides not only analysis of predictors but also the model, which can be directly deployed
in estimation of, for example forest variables, in mapping areas, This technigque was among others
applied for example in {Luo et al. 2006}, PLS i3 considered 1o be effective in overcoming of collinearity
of TIDAR based predictors vsing projection of predictors and dependent variables onto new space.
It is considered particularly useful for situation when there are more predictors than observed
variables, though it s not the case in LIDAR data, also despite this, it is often used in lterature.
FLS provides variable importance estimation, e.g. their value on how much do they contribute to
the model aceuracy or variance explained.

Stepwise linear regression (SLR) is another statistical method useful for fnding, handling or
removing collinearity of the data, and similarly to partial least squares technigue it creates a final
model which may be utilized for mapping purposes, The stepwise linear regression was among other
waork used for example in (Sumnall et al. 2006), (Kim et al. 2009), {Lu et al. 2002), {Farvid et al. 2008),
[Slowronski et al. 2001}, (Yang et al. 2022), (Badreldin and Sanchez-Azofeifa 2005) and it i5 as well
as PLS considered important method for choosing among large set of possible predictors, Thongh
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SLR has met with criticism (Harrell 2001) due to the several factors (inchiding that R-squared
values are too high and p-values are too low because of multiple comparisons) it is considered a
valid option for investigating which variables plays important role for mapping purposes.

Finally, one of the most frequently used technigues nowadays, evaluated here is Random Forest
(RF}. Random Forest is considered machine learning algorithm based on Decision Trees algorithm
which rank individual predictors based on their influence on misclassification and or GINI coefficient
before and after the split {decision). Each decision tree consists of nodes and branches, The GINI
index is used to decide whether a node that divides down the progression of the tree is placed as a
root node, a leaf node, or internal nodes and decides the importance of the variable, This importance
of variable is determined by summing the reduced GINI index for all nodes for and for each deciding
tree in the Random Forest (Chen and Ishwaran 2012). Again, among many others. the method was
used for example in {Li et al. 2022). Random Forest provides the variable importance and in contrast
to previously mentioned two technigues it does not produce variable weight (like in case of linear
regression) but the quality of the model can be evaluated using accuracy or test the accuracy on
dataset which was not used for training. The three methods were implemented in R studio and the
results are discussed.

3. Results and Discussion

The figure I shows individual values for volume (marked as zasoba) and the previously mentioned
variables extracted for rasterized lidar,

4 5 42 1525 %

-
™
o
<
]

5
.
b
§
v
e
°
o
-
Sod
*3,
-
&
%
0
°

b
S
3
hi(d
b

'R
o 3
.

°

w0 23

15
°
°
.

A
'\“s
1y

f
IR
PR

g |

o
°

°
fe

4 8 12
e
* o
.
v.o'(‘q
-3
s
°
.
. B

v
Ls
o
3
o
%

s u

w;&jm‘s

A

. ,v.°‘
o

Ak

LB
!':

I
A Jhwlf
ke
(3K

rry
Tl

/ 1k -
ge ! e Lo
tT‘l"\"‘— TTTT T %
o 1000 o v Des00  Bee0d s ¥ 3

Figure 1. Scatter plot for available predictors and the volume.

It is possible to observe that the volume is mostly correlated with SUM and the other predictors
show none or very little correlation (taking to account that this is only simple linear correlation).
Though it can be observed the strong collinearity as mentioned before for example among: MAX
and RANGE, or MEDIAN and PCT90, which is based on the vegetation properties. The MIN value
has horizontal shape for the small min values, but later when MIN rises the RANGE decreases
as expected (e.g. higher the MIN smaller the RANGE). MAX value is correlated with MEDIAN,
PCT9 and MEAN which is caused by the vegetation total height in a given polygon.
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Figure 2. Variable importance using Partial Least Square Regression.

Figure 2 shows results for variable importance using Partial Least Squares Regression from
package caret in R, The amount of selected variable for best model is 3, eg. ineluding SUM, MIN
and RANGE variable,

Overall guality of the model is reported by RMSE and coefficient of determination {R-squared)
being these: 109,26 and 0826 respectively. Figure 3 represents variable importance as produced by
stepwise linear regression alao from package caret, Similarly, as in previous case SUM is the most
important variable. The final model though selects following combination of variable: SUM, MIN,
ST, MEDIAN and MEAN, which is shightly m discordance with variable importance, We do not
select the variables to the model, but the model selects the variahles antomaticallv.
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Figure 3. Variable importance using Lincar Regression with Stepwise Selection.

The quality of the model i3 estimated by RMSE and R-squared: 101,26 and 0,848 respectively.
Finally the random forest algorithm was tested. Figure 4 represents the variable importance for
individual predictors. Accordingly, to previons methods the SUM is the most important variable,
bt in contrast the MIN value nsnally selected among most important is for BF algorithm the least
important one.

The RF models are usually considered more suitable for predictions and the regression more for
the estimation of the relation itaelf, Therefor it is not nesded for example to split to test and train
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Figure 4. Variable importance using linear regression with Random Forest, Y IncMSE value is a
measure of how much our model’s aceuracy decreases when a particular variable is randomly per-
muted. With increase %IncMSE value, also increases variable importance (Kuhn et al. 2008). Inc-
NodePurity is derived from loss function, This index iz measured on the basis of the Gini purity
index. Higher node purity values (bigger blue circle) achieve more useful variables.

data because the RMSE or R2 indicators are sufficiently understandable for the relation quality. On
the other hand for RF splitting train/test is reasonable for better evaluation of the accuracy but
the sample size should then be high. In our case we are mostly interested in relation analysis so the
splitting would not yield reliable results and the caret package in R allow estimation of RMSE and
R2 also for Random Forest models (without split). These are 135.8 and 0.817 respectively, Summmary
is presented in following table:

Table 1. RMSE and R-square for the different error type

Errorftype  PLS SWR  RF

RMSE 109.26  101.26 1358

R-square  0.826  0.848 0.817

It has to be noted that, though RF algorithmm appears to be weakest among the 3 in terms of
R-square value, it is not deploved here in the correct (split to train/test) form.

As an additional test we applied the individual models into areas where no ground data were
collected and compared them with commonly acceptable hectare values of wood volume. Most of
the values provided values within expected interval based on age and specie of the forest, except the
areas where no ground (soil) data were caught within the polygon, e.g. dense forests with fully closed
canopy where the minimum value of raster (MIN) was equal to higher part of canopy (for example 20
or more meters). In such situations especially in combination with very small total area of polygon
the estimated volumes were extremely high, These observations is in accordance with work published
by (Mever and Pebesma 2022}, where it was noted that the areas with no terrestrial verilication
data often run into risk of unwarranted model behavior and providing unrealistic values. Therefore,
we recommend for model purposes either extend the ground sampling to all possible combination
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of predictors, either it model to those areas who are similar to sampling areas, either underline
the interpretative biological background of predictors and verifv by more methods which of them
are less or more i]II].'lCII'LIIl'l[..

4, Conclusion

I this work we carried outl a simple comparizon of various Lechnigues for statistical modeling
of wond volume and analysis of predictors based on remote sensed data, more precisely rasterized
Lidar scan, All the evaluated technigues provided similar results in terms of accuracy and relatively
similar in terms of most important variables chosen for modelling, Some of variables provedd Lo
lead to incorrect predictions when tested on independent data and their removal from the model
improved accuracy, Therefor we conchude that in smaller datasets biological analvsis of predictors
could be taken to account for prediction and extrapolation of the data.
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7.3 Odhad prirastku a bonity z bitemporalnych lidarovych dat
Bitemporal aerial laser scans as an alternative to site index estimation: A case study

in the Bohemian Switzerland National Park.

V stadii bol pouzity Chapman-Richardsov rastovy model pre odhad parametrov rastovej
krivky. Dynamika prirastku ma typicky nelinearny tvar s niz§imi po¢iato¢nymi hodnotami,
nasledovanymi vyssimi hodnotami (mlady vek) a potom dosahuje hodnoty, kde sa zvycajne
ustali dosiahne svoju asymptotu. Takéto spravanie sa oCakava vo vSetkych rastovych
krivkach, pretoze opisuje typicky biologicky vyvoj organizmu, a vic¢sina rastovych kriviek
sa da l'ahko prisposobit’ takymto ditam. Tieto rastové modely by mohli byt vyuzité na
hrubé odhady buducich prirastkov vysky, ako je uvedené v studii Woo et al. (2020).
Zmienena asymptota sa potom Casto vyuziva prave pre odhad bonity porastu. Okrem
odhadu bonity pomocou rastovej krivky, sme v praci skusali odhad bonity uz verifikovane;j
na zemi v LHP, pomocou vlastnosti bitemporalneho skenu. Inymi slovami, vedecka
hypotéza bola, Ze je mozné odhadntt’ bonitu stanovista. V prvej Casti ¢lanku je na odhad
bonity pouzita metoda stepwise regression, na odhad parametrov linearnecho modelu za

predpokladu, Ze bonita ma rozdelenie aspon blizke normélnemu.

Modell bol vyuZzivajaci LIDARové metriky (a vo verzii ,,a* aj vek) pre odhad absolutnej
bonity za pomoci linearnej regresie. Medzi prediktory bola zahrnuta premenna vek ziskana
z LHP. Zahrnutie veku pomocou Stepwise regression zvysilo koeficient determinacie

0 niekol’ko percent.

Model2 vyuziva metddu strojového ucenia, konkrétne RandomForest na urenie absolutne;j
bonity bez veku. Ako najdolezitejsia premenna je zvoleny median rozdielov. Model2a
vyuziva metodu strojového ucenia, konkrétne RandomForest na urcenie absolttnej bonity

s veku. Podobne ako pri linearnej regresii je najdolezitejSim prediktorom vek.

Model3 sa zaobera odhadom relativnej bonity bez veku. Medzi najddlezitejSie premenné
patri opat’ median rozdielov. Model3a sa zabera pouzitim strojového ucenia na odhad
relativau bonitu s vekom ako prediktorovii premenni, pricom vek je najddlezitej$im
prediktorom. Vysledna presnost’ je najvyssia spomedzi vsSetkych modelov, vek je
najdolezitej$im prediktorom a opat’ median rozdielov patri medzi najvplyvnejSie premenné.

Na druhej strane, rozdiel oproti modelu bez veku je v tomto pripade pomerne maly.

86



Publikované ako:

Melichova, Z., Vébrova, D., Marusak, R., & Surovy, P. (2024). Bitemporal aerial laser
scans as an alternative to site index estimation: A case study in the Bohemian Switzerland

National Park. Central Euorpean Forestry Journal.
Prinosy autorov

Konceptualizacia, Z.M. a P.S.; metodika, Z.M., a P.S.; softvér, Z.M. a P.S.; validacia,
Z M., R.M.,.aP.S,; formélna analyza, Z.M. a D.V.; vyzkum, Z.M.; zdroje, P.S.; kurtorstvo
udajov, Z.M,.P.S., a R.M.; pisanie - priprava pdvodného navrhu, Z.M. a P.S.; pisanie -
recenzia a Uprava, Z.M. a P.S.; vizualizacia, Z.M.; dohl'ad, P.S.; administracia projektu,
P.S.; ziskavanie finan¢nych prostriedkov, P.S. VSetci autori si precitali a suhlasia s

publikovanou verziou rukopisu.

87



Roz8irené zhrnutie

Central European Forestry Journal
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Abstract

In this work, we present a study about the application of bi-temporal, large interval aerial laser
scans for constructing of tree growth models and estimating site index quality based on the
measured increments from the laser scans. We compared two lidar scans with 14 vears of
difference in the national park area, where most areas are unmanaged. We derived the increment
curve based on the Chapman-Richard growth formula. We used site index estimates from forest
management plans from the national scale as the ground truth (both absolute and relative). We
constructed three predictive models for site index estimates from bi-temporal scans, in
modalities with and without stand age. Including the stand age improved all models, but even
without the age, the models performed relatively well for differentiation between better and
worse sites. At this moment, it i1s not directly possible to estimate age from remotely sensed
data, but consistent monitoring, with laser scanning or photogrammetry, undoubtedly detects
the harvest or dieback, so in the future, age can be considered as a variable easily estimated from
remotely sensed data and so remote sensed matenal are viable source for understanding of forest

growth and production.

Kevwords: site index; empirical models; bitemporal laser scanning, machine learning, height

growth
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1. Introduction

Knowledge about forest growth and development is one of the kev pieces of information for
sustainable forest management. Since the first inventories were based on permanent plots and
their repeated measurements, the technology for estimating forest'tree growth has developed
through dendrochronological methods till sophisticated 3D techniques based on architecture
measurements (Antonelli 1992).

As the mensuration technologies developed, so have developed prediction techniques for forest
growth. According to (Kurth & Anzola Jirgenson 1997), three main groups of models can be
distinguished: empirical (also termed as aggregated), process-based. and morphological. The
empirical models are mostly based on direct observation of the modeled variable like height,
dbh | etc_, and use mathematical functions from relatively simple ones (Richards 19359; Zhao-
Gang & Feng-nn 2003; Nigul et al. 2021) to sophisticated mathematical methods allowing
prediction of variety of behavior (Cieszewski & Strub 2018; Cieszewski 2001; Cieszewsld et al.
2000). The second class of models 1s called process based or often mechanistic because of the
underlying models for mechanism and processes including photosynthesis, respiration, etc. The
third class, according to (Kurth & Anzola Jiirgenson 1997), is called the morphological group
of models which belongs to the description of plant’s structure and development and svstems
aiming to provide structural information with the possibility of prolonging the prediction of
future. Each of the modeling techniques can be differently linked to data. Authors generally use
an empirical approach with vanables directly estimated from remotely sensed matenial To
improve the forest inventory, it 1s adwvisable to include negative or zero values of height
increment in the dataset. When predicting height increment, the difference in modeled heights -
can be improved by using random effects models that explicitly account for observations of
negative or zero height increments. Uncategorized these values can lead to models that are not
fully representative of the entire population of trees being measured (Woo et al., 2020).

In recent vears, LiDAR technology has gained great significance in the forestry sector
(Muhamad-Afizzul et al., 2019). (Goodbody et al., 2021) describe several possibilities of
incorporating airborne laser scanning into sustainable forest management and describing how
the LiDAR 1s increasingly important as a meamngful method for sustainable management, not

only from productive point of view but also from pont of view of biodiversity mapping, forest
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structure, ecosystem services and others. With the help of ALS, we can also obtain very accurate
height estimates. If we also know what dominant species 1s expected in a stand, even if we do
not have more detailed information about species composition, accurate volume estimates can
be generated (Tompalski et al. 2014). However, several challenges could still be focused on in
the future so that data from remote sensing is used more in forest inventory and monitoring
programs (Fassnacht et al | 2023). Remote sensing provides opportunities to gather a wealth of
information on forest attributes. In the last decade, advances in these processing technologies
and algorithms have been rapid (White et al., 2013), enabling and facilitating the use of this data
in forest monitoring. High-resolution three-dimensional data are useful in forest inventory
(Vauhkonen et al |, 2014). LiDAR technology 1s also suitable for clearcut detection. LiDAR
technology 1s also sutable for clearcut detection. When we compare the technology of highly
detailed image point clouds (IPCs) from aerial stereo images (which is usually cheaper than
LiDAR) and LiDAF_ this technology can detect major changes in the vegetation but is incapable
of detecting minor changes, similar to LiDAR data (Ali-Sisto & Packalen, 2017).

At present, the impact of global climate change and the ever-increasing concentration of
C0O? in the air emphasize its sequestration. Forest ecosystems bind more carbon than all other
terrestrial ecosystems (Neasset et al., 2011). Data from laser scanning has also found application
i1 this area, where we can estimate aboveground and underground biomass (Silva et al | 2013).
We can use the data difference from two time intervals to detect the change in biomass
(Bollandsas et al.. 2013). Reliable estimates of carbon stocks are also affected by the field plot
size. From the technical point of view, increasing the plot size is relatively more efficient when
ALS 1z vsed to enhance the estimates (Mauva et al. 2015).
Fepeated measurements (separated by a time interval) of the same tree or stand can assess
growth from remote sensing. Time differences in remote sensing data usually indicate growth
directly or indirectly. LiDAR. data, with the help of which we can derive the age, we can divide
it into bitemporal (Ma et al., 2018) or multitemporal (Yu et al., 2005). Repeated measurements
may be a substitute for measurements from permanent or temporary sample plots. It can be
expected that with the improvement of technology and the reduction of costs, the accuracy of
the estimate of height increments will increase (Socha et al. 2017). The first mentions in the
current literature can be found in the work (Nasset & Gobakken, 2003), where the authors

compare a shorter interval with a difference of 2 vears (1999 and 2001) and evaluated the change
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in forest conditions using LIDAR data and found the difference in 50%® and 90th height percentile
with the help of which they predicted a change in height, basal area, and volume. These data
could predict the growth of variables over two years, even though the accuracy of measurements
was low. There are two methods for deriving forest information from airborne laser scanning:
Individual Tree Detection (IDT) (Yuetal. | 2010) and Area Based Approach (ABA) (Tompalski,
Coops, White, & Wulder, 2015b). The above-mentioned area-based approach for processing
data from laser scanning for forest inventory has been used in Scandinavia since 2002 (Patocka
& Mhkita, 2016). The new approach was tested by utilizing airborne laser scanning (ALS),
where (Tompalski et al., 2016) derived forest stand attributes to determine future growth and
vield. A combination of ALS and DAP can be used to estimate growth and vield. The use of a
combination of laser scanning data and digital photogrammetry to model growth and yield was
described in the article (Tompalski et al., 2018), who are used two three-dimensional point cloud
datasets from ALS (airborne laser scanning) and DAP (digital aenial photogrammetry). ALS can
also be used in combination with satellite time senies (Tompalski et al. 2013) (Tompalsla,
Coops. White, Wulder, et al., 2013) or aerial hyperspectral images (Bollandsas et al. 2019).
LiDAR data 1s also suitable for estimating site index (SI). The authors (Noordermeer et al. 2018)
used the estimation of heights from bitemporal laser data to estimate the site index of the area-
based approach. The use of bitemporal data and an area-based approach proved to be suitable
for estimating site index with reasonable accuracy. Utilizing bitemporal ALS data for site index
determination necessitates the undisturbed height growth of dominant trees. The data effectively
distinguished disturbed from undisturbed forest areas with moderate to high accuracy in
complex temperate mixed wood forests. The exclusion of disturbed forest areas substantially

improved the fit statistics of SI prediction models (Moan et al | 2023).

2. Materials and Methods

2.1 Study Area

Our area of interest for our research 1s The Bohemian Switzerland National Park. It is in the
north-west of the Czech Republic, where the state border separates 1t from Germany and the
Saxon Switzerland National Park (Fig. 1) (307 53'0.7 "IN, 14 ° 2321 6 " V). The altitude ranges
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from 120 m above sea level (Labe near Hfensko) to 619 m above sea level (Rizovsky vrch).
The average rainfall here 1s 600 to 800 mm per year, and the average temperature 1s between 7
and 8 ° C. There are mostly acid soils formed on sandstones with the predominant soil type
cambium. Forest vegetation stages are in this area: oak-beech 32.7%, fir-beech 60,.3%, spruce-
beech 7.0%. The park is 79.23 km? and it is a partially uncultivated area.

Remnants of the original forests have been preserved in the form of so-called relict pines and in
deep ravines where the original form of spruce can still be found. In some places, remnants of
deciduous forests have also survived, including beech forests, warm-loving oak forests and

floodplain forests that are linked to watercourses.

200 Kacrmeters

AUSTBIA
~

Fig. 1. The study is in the context of Czech Republic, and examples of dead and alive forest
stands

Bi-temporal data from the Bohemian Switzerland National Park were used in our research. The
first laser data was from 2005, acquired by the Technical University of Dresden (TU Dresden)
made company TopoSys Topographische Systemdaten GmbH, Biberach. The density of points
during laser scanning was on average, 4 points/'m?. The second laser data was from 2019,
acquired by commercial company Primig The density of points during laser scanning was, on

average, 15 points/m?.
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2.2 Processing of data

The laser data from 2005 was in binary data format 3d3 and 3d31 (format from TopoSys) and
has a structure according to the type of scanner used. Therefore, for further processing, the data
in these formats were converted to text format using TopoSys Converter V.2 2 (). Because it was
a large amount of data, it was necessary to divide the territories into smaller parts and convert it
gradually. With this software, the data were exported to a basic text file with records for each
point in the form X, Y, Z, T (time), I (intensity, for the data of the last reflection) (Bruna et al.,
2012). The disordered point cloud, which has about 12 billion points, must be filtered and
classified.

2.2.1 Point cloud filtering, classification rasterization and generating a DTM

Filter and classification were done in the software environment PDAT running on Anaconda
PDAL., used to classify ground, retumns the Simple Morphological Filter (SMEF) technique,
which 1s based on finding the minimum z-value 1n a chosen buffer and angle connection to the
closest point. The algorithm discriminated the points into two groups, ground and non-ground.
First, the outlier filter merely classifies outliers with a Classification value 7. These outliers are
then ignored during SMRF processing with the ignore option. Finally, we added a range filter
to extract only the ground returns (i.e | Classification value of 2) (PDAL, 2022a).

We used PDAL to generate a raster surface using a fully classified point cloud with
PDAL s writers gdal. PDAIL capability to generate rasterized output is provided by the
writers.gdal stage (PDAL, 2022b).

(PDAL, 2022b) PDAL was used to generate an elevation model surface using the output
from the filtering. PDAL s writers gdal operation, and GDAL to generate an elevation and
hillshade surface from point cloud data (PDAL, 2022c).

The spatial analysis was done using ArcGIS Pro Esn ® (Fig. 2). The minus subtracts the value

of the second input raster from the value of the first input raster on a cell-by-cell basis.

[ L
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Fig. 2. Mllustration of Minus function in software ArcGIS Pro Esn ® (Minus (Spatial Analyst,
ArcGIS Pro 3.2)

For estimation of pure hiomass expansion, we eliminated data where the increment was larger
than 15 meters, which corresponds to the largest increments found in Czech growth and vield
tables (éem},’f, M., Pafer, I Malik, 1993) We also eliminated negative increment, which can
be understood as either harvested area or influenced bv some kind of disturbance causing

decreased height (tree top break, snow damage, etc.).

ArcGIS Change Detection function.

The geoprocessing tools within the Change Detection toolset enable the execution of basic
change detection analyses between raster datasets. Additionally, the Compute Change raster
function can be emploved for real-time change detection between two raster datasets.

For change detection across a time series of raster images, one can utilize either the Analyze
Changes Using CCDC tool or the Analyze Changes Using LandTrend tool. Each tool can be
linked with the Detect Change Using Change Analysis Raster tool to ascertain details about the
timing and extent of changes for each pixel time series (Change Detection in ArcGIS Pro,
ArcGIS Pro 3.2).

We used Zonal statistics as data source for numerical descriptions of changes in the two periods.
The following variables are obtained automatically as potential predictors:

MEAN—The average of all cells in the value raster that belong to the same zone as the output
cell; MAXIMUM—The largest value of all cells in the value raster that belong to the same zone
as the output cell, MEDIAN—The median value of all cells in the value raster that belong to the
same zone as the output cell, MINIMUM—The smallest value of all cells in the value raster that
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belong to the same zone as the output cell, PERCENTILE 90 —The percentile of all cells in the
value raster that belong to the same zone as the output, RANGE—The difference between the
largest and smallest value of all cells 1n the value raster that belong to the same zone as the
output cell, STANDARD DEVIATION—The standard dewviation of all cells in the value raster
that belong to the same zone as the output cell, SUM—The total value of all cells in the value
raster that belong to the same zone as the output cell, VARIETY—The number of unique values
for all cells in the value raster that belong to the same zone as the output cell (Zonal Statistics

as Table (Spatial Analyst, ArcGIS Pro 3.2).

2.2.2 Verification data

In the Czech Republic, to assess site quality, site index 1s used. Currently, the most used vaniable
15 stand height, based on the mean or dominant height of the stand. Site index can be absolute
or relative. Relative site index expresses the relative quality of the site, while absolute site index

directly indicates the values of the mean heights of stands, usually at 100 years.

2.2.3 Statistical modelling and machine learning based model creation.

The statistical analysis was done using software B version 4.2 3 (R Core Team, 2023). Farstly,
increments were modeled over the age and mean height, respectively. The nonlinear package
(nls2) was used to fit the incremental form of the Chapman-Richards function (equation 1)
(Rachards, 1959).
y=a(l—e™) [1]

The function is one of the potential candidates for such work, and future work may include more
detailed analysis and deployment of other functions available (KuZelka & Marusak, 2015). For
linear model creation, we used forward stepwise regression, with starting variables all available
from remotely sensed data: first set from 2005 and second from the difference between 2003
and 2019 (the variables are standard zonal statistics variables from ArcGIS Zonal toolbox). The
machine learming approach for model creation was done by deploying the RandomForest
package v4 7-1.1 The model’s accuracy was estimated by confusion matrix and by the accuracy

provided from the model. For both cases (absolute and relative site li.m:lex}, the values were

[=-]
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transformed into factors and modelled as discrete classes.

3. Results

The distribution of all changes between 2005 and 2019 1s shown on the map (Fig. 3). The larger

red areas represent clearcuts resulting from the preliminary removal of bark beetle-attacked
areas, an approach which was later abandoned in favor of natural evolution.

Legend
Increment
I very high decrease of height
[0 high decrease of height
___Idecrease of height

neutral change g
= increment of height R T
I high increment of height S . e
B very high increment of height O

Fig. 3. The distribution of height changes between years 2005 and 2019.

The Chapman-Richards growth model was used 1in its incremental (first derivative) form to fit

the increment data. The data based on age are displayed in Fig. 4 left and based on mean height
in Fig_ 4 right.
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Fig.4. The Chapman-Richards growth model input data. The left part shows the data based on
age, and the night part shows the data based on mean height.

It 1s possible to observe that the overall known and expected dynamics of the increments follow

the typical nonlinear shape, with lower starting values, immediately followed by the high values

(voung age), and then continuously decreasing to low values where 1t usunally stabilizes. Such

behavior 1s expected 1n all the growth curves as 1t describes the typical biological evolution of

the organism_ and most of the growth curves can easily be fitted over such data.

Growth model parameters for age:

Estimate Stderror t—val
a 323e+02 3TRet01 23468
b 2.69e-02 1.3e-03 20241
c 1.57e+00 1.6e-01 9798
AIC = 2248.75

Pr (>t
<2e-16
<2e-16
<e-16

Growth model parameters for height:

Estimate
1.03e+02
b 1.1%2e01
¢ 1.916e+00
AIC

Stdemor t—val Pr(=|[t)

4.6et00 22174 <2e-16

47e-03 249235 <Je-16

20e01 9437 <le-16
= 2302.181
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Fig. 5. Comparing increments over age and heights 1n 2005, The left chart shows increments
from 2005 related to age status in 2017, and the right chart shows increments from 2005 related
to height 1n 2005,

There are significant similarities when comparning increments over age and over height 1n 2005,
The left chart shows mncrements from 2005 related to age status i 2019, and the nght chart
shows increments from 2005 related to the height in 2005, Such growth models could be utilized
for rough estimates of future height increments, for example, mentioned by (Woo et al., 2020).
As the authors also mentioned in their study, it 1s also good to incorporate negative or zero
height increment observation into the model so that the resulting models better represent the
total population of tree measurements.

The resulting coefficients of the function fit are shown in Figure 5, upper row left and night, for
age and mean height, respectively.

The creation of height increment models is an interesting and important challenge. Especially
local models for smaller areas might be of interest for estimating site index and determining
better and worse growth sites compared to the local average. On the other hand, given the
existence of a global state site index system, the possibility of this growth curve might not be
sufficient for the estimation and assessment of the nationwide site index scale. On the other
hand, the state site index is available in the ground truth data from Forest Management Plan, as
mentioned in the Methods section. Therefore, the classical statistical approach using linear

regression can be evaluated for the assessment of the site index.
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Fig. 6. The approximate normal distribution of the absolute site index values.

Distribution of values of absolute site index wvalues. Fig. 6 shows the approximate normal
distribution of the wvalues, and it 1s also expected that the phenomena itself has a normal
distribution in general Despite this, the machine learning approach was also tested in model 2

for the absolute site index.

Modell — Regression model only using lidar for absolute site index estimation

This model was created for absolute site index estimation wsing a linear model approach. The
resuliing variables (those which are most significant to describe the fit are shown in Table 1).

The most important predictors are median, mean, and 90th percentile differences.

Table 1. The significant resulting variables of the model for absolute site index estimation

without age. Multiple R-squared: 0.2825, Adjusted R-squared: 0.2771, p-value: = 2.2e-16

Estimate Std error t—wval Pr(=|t) significance
(Intercept) 220E+01 T.66E-01 28.678 0 FEE
diff MEDIAN 4. 79E+00 6.36E-01 7.535 1.17E-13 FEE
2003 PCTO0 -2.08E-02 T.29E-02 -0.285 0.77576
diff MEAN -5.28E+00 9.38E-01 -3.631 2.38E-08 FEE
diff PCT20 1.13E+00 230E-01 49322 1.02E-06 FEE

2
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r2005_SUM -4 42E-06 1.64E-06 -2.697 0.00713 wE
r2005_MAX 1.03E-01 3.33E-02 5.086 0.00209 wE
r2005_MEDIAN 1.51E-01 5.72E-02 2.647 0.00826 wE

The coefficient of determination of this model (R?) is equal to 0.277, which signals a significant
correlation, though not very strong. On the other hand, the fact that there 15 a trend between
variables found as significant predictors and predicted site index means that better and worse

sites might be differentiated by the lidar only.

Modella — Regression model using lidar and age for absolute site index estimation

In this model the AGE wvariable obtained from Forest Management Plan was included among
predictors.

Table 2. The sigmificant resulting vaniables of the model for absolute site index estimation with
age Multiple R-squared: 04439, Adjusted R-squared: 0 4384 p-value: =2 2e-16

Estimate Std.error t—wval Pr(=|t) significance
AGE -6.T1E-02 4 11E-03 -16.335 2.00E-16 FEE
2003 _PCT90 -4 40E-02 736E-02 -0.598 0.350229
diff MEDIAN 2. 73E+00 5.87E-01 4653 3.71E-06 FEE
2005 MEDIAN 3.19E-01 592E-02 5.382 9.36E-08 FEE
2003 _STD 2.635E-01 7354E-02 33513 0.000461 FEE
2005 MAX 1.18E-01 2 96E-02 3972 T.67E-05 FEE
2005 SUM -4 92E-06 1.45E-06 -3.395 0.000713 FEE
diff MEAN -2 64E+00 8.50E-01 31 0.001993 wE

The selected variable 1s again the median from the difference raster, but now the initial median
and other starting predictors. The age was included by stepwise regression, and its inclusion
increased the coefficient of determination to 0.438, which is approximately 0.16 more. It 1s a
significant improvement, and as mentioned before, the age of a stand or tree is not directly
detectable from remotely sensed data, but in long term monitoring, it i1s possible to detect by the
detection of clearcut or individual tree breakdown.
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Model? - Model using machine learning for absolute site index without age

For comparison of model quality with relative site index, which does not have a normal
distribution and 1s also not possible to be modeled by linear regression approach, we also
constructed a predictive model for absolute site index using machine learning, more precisely

random forest method.

Table 3. The most important variables of the random forest model for absolute site index
estimation without age. Overall Statistics: Accuracy: 0.3474, 95% CI: (0.2799, 0.4197

diff MEDIAN 100.0
2005 MIN 278
diff PCT20 725
diff MEAN 1.6
2005 _SUM 67.0
diff STD 638
diff SUM 393
2005 _8TD 369

2005 MEDIAN 3409

2005 _MAX 325
diff MIN 301
r2003_PCTS0 357
r2005_MEAN 341
r2003_RANGE 34.0
diff RANGE 4.0

diff MAX 0.0

The accuracy of the model 1s 0.3474. From the variable importance table, it 1s possible to observe
that again, as in the linear model, the median of differences 1s selected as the most important
variable, and approximately ten other variables alternatively from the starting year, and the

difference contributes more than 30 percent to the final model.

Model2a- Model using machine learmming for absolute site index with age
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The model includes age in the predictors in this scenario, and simlarly, as in the linear

regression model, age is the most important predictor.

Table 4. The most important variables of random forest model for absolute site index estimation

with age. Overall Statistics: Accuracy: 0.4105, 95% CI: (0.3398, 0.484)

Age 100
r2003_MIN 41.2061
r2003_MAX 3383533
r2003_STD 315844
r2005_PCTS0 309755
r2005_MEDIAN 30.671
r20035_3UM 302382
r2005_MEAN 253025
diff MIN 252731
diff STD 228977
diff SUM 15.6343
r2005_RANGE 17.76%3
diff MEDIAN 14,9402
diff PCTS0 132787
diff MEAN 49568
diff RANGE 03849

Model3 - Model using machine learning for relative site index without age

In this model, we estimated the relative site index (bonita) with fewer levels than the absolute
site index; the relative one has only nine classes, which are not linearly connected as the absolute
site index. Though it is possible to say that 1% class is better than 2™ class, it is not possible to
claim that 1% class is twice as better as 2™ class. Therefore, the problem cannot be easily solved

by linear modeling, and machine learming offers a much better approach.

Table 5. The most important variables of the random forest model for relative site index
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estimation without age. Overall Statistics: Accuracy: 0.5105, 95% CI: (0.4371, 0.5838)

diff MEDIAN 100

diff MEAN 93.045
diff PCT20 69911
diff STD 43772
12003 _5UM 41736
12003 _PCT90 18.869

12003 MEDIAN 2871

12005 MEAN 28532
12003 MAX 27237
r2005_RANGE 25614
diff SUM 24332
12005_3TD 21.983
12005 _MIN 15022
diff MAX 3.627
diff RANGE 2337
diff MIN 0

This model has the highest accuracy of all models so far; again, among the most important

variables is the median difference between the two scans.

Model3a - Model using machine learming for relative site index with age

In this model, similarly to previous models, age was incorporated into predictor variables. Also,

it was selected as the most important predictor variable.

Table 6. The most important variables of the random forest model for relative site index

estimation with age. Overall Statistics: Accuracy: 0.53368, 93% CI: (0.4632, 0.6093)

Age 100

diff MEDIAN 4381

12003 _MEDIAN 3249

12003 MAX 2737
16

104



Ceniral FEuropean Forestry Journal

r2003_MEAN 26.17
r2003_STD 2399
diff MEAN 2246
r2003_SUM 22133
r2003_MIN 2221
2003 _PCTS0 21.09
diff PCTS0 1591
r2002_FANGE 1517
diff SUM 1352
diff STD 11.63
diff MM 1139
diff FANGE 064

Despite using age as a predictor with the highest importance, this model did not improve as
much as the previous one. The resulting accuracy is the highest among all possible models, age
1s the most important predictor, and the median of differences 1s among the most influential
variables. On the other hand, the difference to the model without age 1s, in this case, rather small.

4, Discussion

Estimating site index quality using empirical growth models 15 of essential use for practical
forestry. Previous studies show the potential of ALS data for modeling and observation of forest
charactenstics, especially site index (Guerra-Hemnandez et al., 2021). (Tompalski, Coops,
White, Wulder, etal | 2015) estimated height from remote sensing to developed site productrvity
estimates. For the estimation of the dominant height of the stand, they used ALS. Landsat time
series was used to identify disturbances areas for stand age estimation. For fit, a site productivity
guide curve was used for nonlinear regression for stands aged 7 to 32. Site productivity models
were validated by Remote sensing, inventory data, and existing and developed models. This
method of data estimation 1s more suitable for young stands in areas lacking wall-to-wall forest
inventory data.

After deniving the Site Index, we can predict the height of the stand at a given age. The authors
(Tompalski, Coops, White, & Wulder, 2015a) mnvestigated the accuracy of height derrvation
from traditional site index (SI) curves and those measured using Airborne Laser Scanning (ALS)
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data. Their investigations showed a significant difference between the compared stand heights,
influenced by factors such as stand complexity and canopy cover. On the other hand, the
characteristics of elevation, slope, and aspect had less of an impact on site index estimation.
Parametric and non-parametric models can be used to model site index. According to a study
(Watt et al.. 2015) parametric models have higher accuracy. It may also be the case that age
information iz not always available, although this value improves the accuracy of the model In
our study, we added age, and the results show that adding age increases the accuracy of the
model.

For mapping and predicting, the site index 1s also used with repeated laser scanning
(Noordermeer et al._ 20207 (5ocha et al., 2020). (Socha et al., 2017), 1n their study, using airborne
laser scanning data, they derived a site index for site-specific growth trajectories. Already, a
five-vear interval between data collection has proven to be sufficient.

It has been several years since the use of ALS technology in forest inventories, and we can now
use repeated scans with a time interval of up to 15 vears (Noordermeer et al., 2019). Besides
that, laser scanning can accurately detect the wvertical distribution of forest vegetation
components  Detecting understory vegetation 1s possible with direct return and full-waveform
recording methods but significantly more accurately with full-waveform (Crespo-Peremarch et
al., 2020). In our work, 14 vears interval showed successful estimates of site index for fine-scale
(in case of absolute site index) to coarser scale in case of relative site index.

Fepeated laser scanning (fifteen years) can also be used in site index estimation using direct
and indirect methods. In the direct method, field observations can be a regress of age-height site
index against canopy height metrics derived from ALS data from the first point in time and
changes in ALS metrics reflecting canopy height growth during the observation period. The
two points in time were firstly modeled Hdom using the respective ALS metrics as predictors
SI, derived from the initial Hdom, the estimated Hdom increment, and the length of the
observation period using empirical SI curves. Both approaches vield a satisfactory site index
estimation (Noordermmeer et al., 2018). In our study, instead, we used the mean height of the
stand, and we proved that in all cases, the median height of lidar measurements was always
among the most important predictors. On the other hand, 1n all modalities (regression, machine
learning), the age proved to be improved by including variable age. At first glance, the age does

not appear directly accessible by remote sensing materials. However, consistent long-term

L=
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monitoring can delineate clear-cuts or disturbances and define the starting period for a new
generation of tree cover. Such mapping can nowadays also easily be done (Melichova et al
2023), and clearcut areas with verv high-resolution mapping can be analyvzed for prediction of
vegetation survival (Hiittnerova et al., 20247,

(Bollandsas et al., 2019), they have compared the accuracy of site index modeling based on
single-time hyperspectral data with different types of processing, bitemporal laser scans, and
their combination. The aenal laser scan (ALS) data used in this study were obtained at two-time
mtervals with a twelve-year difference. Hyperspectral data were obtained by the same flight as
ALS data in 2011. Using a combination of ALS data and hyperspectral images, the results
showed that the contribution of hyperspectral data was negligible compared to using only
bitemporal ALS data In the cases where only spectral data are available, it is still possible to
construct predictive models of the H40 site index (which 1s used in Norway to represent forest
productivity). They also found that models constructed with normalized hyperspectral data
showed lower EMSE values than models constructed with atmospheric correction and that pixel
selection based on NDVI did not improve results compared to using all pixels.

Even today, the financial aspect 1s important when deciding what data will be used. Direct
methods, using bi-temporal ALS and DAP data, demonstrated testing the highest accuracy and

the lowest total cost (Woordermeer et al | 2021).

5. Conclusions

This study used distant hitemporal datasets from aerial laser scanning to estimate growth and
site index quality. Initial and differential rasters were used as input data for models, and ground
truth from Forest management plans was used to evaluate the accuracy of the outputs. We
demonstrated that machine learming (random forest method) could estimate both absolute and
relative site indices and that linear regression can also be used to model absolute site index
successfully. In all three modalities of models, including age as a predictive variable, accuracy
improved significantly by 3 to 15 percent. Age 1s a logical predictor for site index estimation
because it relates to growth trajectory. In the future, age can be easily estimated from remotely
sensed material as a moment when canopy height is reduced to zero, either by harvest or natural

disturbance Continuous remote sensing monitoring may contribute to a better understanding of

[¥s]
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forest growth status and conditions.
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7.4 Odhad hriabky stromu za pomoci terestrialneho pozemného a mobilného
laserového skeneru

Tree Diameter Estimation Using a Low-Cost Mobile Laser Scanner: A Comparative

Analysis.

Tento ¢lanok sa zameriava na hodnotenie vhodnosti novych nizkonakladovych systémov
LiDAR pre odhad priemeru kmena stromu. Jeho previazanie na tému PhD je dané hlavne
vyuzitim LiDARovej technolégie a moznostou opakovaného skenovania s touto
presnostou ziskat do budiicna data pozemnych prirastkov pre korelaciu s leteckym

lidarom.

Porovnava sa poloautomaticka detekcia pomocou algoritmu RANSAC a ru¢na detekcia
stromov s plne automatickou extrakciou pomoci vol'ne dostupného balicku FORTLS v

softwaru R.

cv v

zariadenia Mapry vS$ak jedno skenovanie ukédzalo vyssiu presnost’ (v MAE aj RMSE) ako
viacpriechodovy pristup. Podl'a referenénych zariadeni (TLS a ZEB) vykazovali podobné
vysledky vo vSetkych Statistikdch. FORTLS zistil menej stromov ako manudlna extrakcia
sekcii stromu a presnost’ v odhadoch DBH bola vo vSetkych pripadoch o nieco niz$ia s

vynimkou ZEB, ktor4 sa ukazala byt o nieCo vysSia.

Z vysledkov s$tadie vyplyva, Ze novy nizkondkladovy mobilny skener mé potencial
poskytnut’ presny odhad priemeru kmena stromu. Je vSak dolezité zobrat' do uvahy, ze

presnost moze byt ovplyvnena spdsobom skenovania a spracovania dat.
Submitnuté ako:

Surovy, P., Mokros, M., Tatsumi, S., Yamaguchi, K., Valero, M. A. J., & Melichova, Z.
(2023). Tree Diameter Estimation Using a Low-Cost Mobile Laser Scanner: A

Comparative Analysis. Remote Sensing.
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Abstract: In this research, we evaluated the Livox Avia, a novel low-cost laser scanning
device integrated into a laser scanner prototype for tree diameter measurement. Accurate
tree diameter information is crucial for applications such as forest structure inventory,
urban tree assessment, and information collection for road and railway environments, and
it is extremely important in assessing the tree growth dynamics. The conventional scan-
ning approach, involving the creation of a LIDAR point cloud through multiple scans of
the target area, resulted in lower measurement quality, averaging 4.37 cm in accuracy
when compared to established commercial static and mobile LIDAR devices. Conversely,
employing a simplified scan pattern, equivalent to onboard or time-based data processing,
vielded highly precise diameter measurements with an accuracy of 1.42 cm. This level of
accuracy is comparable to that achieved by static LIDAR systems. These findings suggest
that future developments should consider onboard processing as a viable option to mini-
mize errors introduced by creating a complete point cloud.

Keywords: low cost lidar; tree stem; urban trees, forest structure, diameter at breast height (DBEH)

1. Introduction

Mapping and monitoring trees on a global scale have become increasingly important,
particularly in the current context where the urgency of addressing climate is getting more
attention, and new approaches, such as climate-smart forestry, are being developed [1].
The managed forests must increase their resilience towards climate change and be more
structured and diverse, which will lead to challenging forest inventories. Consequently,
the integration of cutting-edge technologies into these inventories is essentially not only
due to their availability, but due to their capacity for efficient data collection, accuracy,
and notably, the capability to cover larger areas.

Currently, National Forest Inventories (NFI) serve as the primary means for moni-
toring forests, typically employing statistical sampling methods [2]. NFIs yield a substan-
tial volume of data, enabling the extraction of crucial information at national or even
larger scales [3, 4]. However, it is noteworthy that the spatial coverage of these inventories
is rather limited in comparison to the total expanse of forests. These inventories are struc-
tured on grids of 1x1 km or occasionally 2x2 km, with each grid cell encompassing an area
ranging from (.05 to 0.2 hectares. This effectively results in a coverage of less than one
percent of the total forested area, and it might be significantly improved with remote sens-
ing technology. For example, Cerfiava et al. [5] demonstrated the possibility of deploying
the mobile scanner on forest tractors, which can significantly enlarge the assessment of
surrounding forest area around forest roads and skidding trails. Similarly, carrying a
wearable scanner was shown as an important and practical way for larger area data ac-
quisition [6, 7].

Apart from forests, another important area where trees are monitored is the urban
environment [8, 9, 10]. Trees in the urban environment bring significant benefits to  the
microclimate including cooling, carbon sequestration and noise reduction [11, 12, 13].

Generally, the typical tree attributes of primary interest for measurement are height,
diameter at breast height (DBH), crown extension, and volume. These fundamental pa-
rameters serve as the foundation for computing various other tree characteristics by uti-
lizing allometric models. In traditional forestry practices, determining tree height can be
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challenging, particularly within dense closed-canopy forest stands. Consequently, most  5&
established forest allometric models primarily revolve around tree diameter [14, 15]. 57

The diameter at breast height (DBH) refers to the measurement of a tree’s diameter 58
taken at a height of 1.3 meters above the ground. This specific measurement height is cho- 59
sen due to its practicality and accessibility, and it has been statistically validated to ensure &0
that the presence of roots does not significantly impact the recorded stem size. &1

As previously discussed, various tree parameters are frequently associated with tree 63
diameter through the utilization of allometric models. These models employ the DBH as = &4
a predictive variable for estimating other parameters like tree height, crown size, total &5
biomass, etc. As a result, there is a substantial interest in methods for the rapid, accurate, 66
and ideally cost-effective measurement of DBH. Over time, numerous techniques and &7
tools have been developed for this purpose, with innovations spanning from the historical &8
use of calipers to more modern approaches based on LIDAR devices. [2, 3] The utilization &9
of remote sensing devices from a close distance, either from the ground or from low-flying 70

unmanned aircraft, is termed close-range scanning. 7
1.1. Close-range laser scanning stafe-of-the-art 72
73

In the last two decades of research, many experiments have been focused on new 74
ground-based remote sensing techniques. The main approaches are based on laser scan- 75
ning (lidar) and photogrammetry. Especially the lidar devices have proven to be opera- 7
tionally viable for forest inventory purposes [16]. However, the appearance of close-range 77
laser scanner devices led to a new approach to forestry measurements, enhancing forest 78
inventories [18] and forest ecology research [19]. Nevertheless, the operational use of 79
close-range laser scanner devices should be contemplated in further research [16]. In this 80
sense, equipment affordability was recognized as one of the main challenges to overcome 81
[20]. Hence, a new low-cost laser scanner could play an important role in future develop- 82
ment. B3

Among all close-range laser scanner devices, terrestrial laser scanners (TLS) have 84
been the first to be studied as forestry measurement instruments. Although they usually 85
have the highest precision, they must be in static positions while scanning, which gener-  8s
ates occlusions behind trees that hinder data processing and analysis. To overcome this 87
problem, a multi-scan approach can be implemented, and by merging several scans, the
occlusion problems can be partially overcome. However, data is becoming heavier, and
data collection time is increasing. The alternative to TLS is mobile laser scanning (MLS).
This approach to scanning the forest has been under research for many years. Based on 91
the type of carrier, we know (MLS) placed on the vehicle, such as ATVs (All-Terrain Ve- 92
hicle) or tractors. When the person is carrying the scanner, it can be a backpack or 93
handheld laser scanning. 94

Despite the advantages of these technologies, most TLS and MLS devices have very 95
high market prices for many potentially interested companies. That is why new low-cost 94
MLS are of great interest. One of them is Smartphone mobile laser scanning, a low-cost 97
mobile laser scanning using smart devices, especially iPhones or iPads [17]. The ad- 98
vantage is that the point cloud or model can be seen immediately in the field. The operator 99
has the flexibility to immediately rescan the data in the event of incorrect data collection. 100
Another advantage is in teaching, where students can scan and see the results in the field, 101
which helps them understand the basics of lidar scanning. The current disadvantage is 102
the short range (around 5 meters) and sparse point cloud. The main impact is on imple- 103
menting the SLAM (Simultaneous Localization and Mapping) algorithm. n a forest set- 104
ting, implementing Simultaneous Localization and Mapping (SLAM) with such a sparse 105
point cloud is almost unfeasible. This means that the scanning with such a device mustbe 106
carefully done and not rescan the same areas because it will delete the already scanned 107
point cloud. 108
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This work introduces a handheld low-cost MLS prototype with the potential for mass 109
production and a price tag of around 2,000 euros. The results of this device are compared 110
to those obtained by state-of-the-art TLS and handheld MLS, which are currently consid- 111
ered one of the leading devices on the market (Trimble and Geoslam Horizon). We com- 112
pared them based on the performance for tree detection and diameter measurements. Ad- 113

ditionally, the prototype is well-described and introduced. 14
»

2. Materials and Methods 17
2.1. Study Area 118

The study area is in a wooded area of the Czech University of Life Sciences Prague 119
(CZU), where three different plots were established for measurement. The geographical 120
coordinates of the centers of the plots are as follows: red plot 50.13106N, 14.37195E; yellow 121
plot 50.13151N, 14.37285E and pink plot 50.13092N, 14.37274E (sites 1, 2, and 3 respec- 122
tively). The positions of the trees on the plots are shown in Figure 1. 123

124
Figure 1. Testing area for all scanners. 125
2.2. The mobile scanner prototype 126

The device prototype is based on the Livox Avia LiDAR sensor (Livox Technology 127
Company Limited, Shenzhen, Guangdong, China). The sensor itself weighs 498g, the max- 128
imum detection range is 70.4° * 77.2° with triple echo maximum number of returns, point 129
rate = 240,000 and range precision of 2 cm. 130

The Livox Avia LIDAR sensor is placed within the device developed by the authors 131
(Keiji Yamaguchi, Mapry Inc.). The device holds the sensor, a power bank to power up 132
the sensor, a USB key to store the data, a Bluetooth low energy (BLE) module for com- 133
municating with the smartphone application, an inertial measurement unit (IMU), and a 134
camera. 135

The Mapry application was developed by one of the authors (Keiji Yamaguchi, 136
Mapry Inc.), and it is currently available on Google Play . The main purpose of the appli- 137
cation is to communicate with the sensor where the user can check whether all aspects of 138
the scanner are working correctly. Then, it is possible to start the scanning and store iton 139
the USB stick. 140
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Table 1 The view of Mapry scanning device (left) and application interface (right, image from Google Playsfore) 141

2.3. Data collection 142

Data collection was carried out with four different close-range remote approaches. 143
The ground truth data were acquired following the common inventory-defined procedure 144
measuring two perpendicular diameters for each tree at 1.3 meters above ground level 145
(diameter at breast height - DBH). These approaches were multiscan static lidar as the 146
oldest and most established technique considered for lidar scanning, and mobile multi- 147
pass starting and ending in the same position with the MLS ZEB. We avoided single scan 148
lidar due to occlusion in the dense forest which would not be representative. 149

The acquisition with the Mapry device was divided into two types. Classic mobile 150
multipass, starting and ending in the same position as recommended for ZEB, and a single 151
pass simulating passage by car or a single walk with hypotheses that this scan excludes 152
the errors from rotations and might provide more accurate outputs as suggested by 153
Cerniava et al., 2019 [5]. 154

2.4. Data processing and evaluation 155

Firstly, point clouds were normalized for all devices and approaches, ,and a4 cm 156
thick slice at 1.3 m above ground level was obtained. From these slices, all sections belong- 157
ing to trees were extracted using the CloudCompare software (https//www.dan- 158
ielgm.net/cc/), rejecting doubtful ones, which meant a total of 60 sections. Due to the com- 159
putational limitations of our implementation of Random sample consensus (Ransac), the 160
number of points in the sections was reduced to 600 points in case there were more of them 161
in the section, using the CloudCompare random subsampling algorithm for that purpose. 162

163
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2.5. Description of applied algorithms 164

Owur objective is to analyze the data, positing that varying algorithms may yield divergent 165
results. Therefore, we will examine two well-known algorithms to assess these differ- 166
ences. [t's important to note that the anticipated variation doesn't necessarily reflect the 167
quality of the algorithms, but rather, our goal is to explore the fullest potential of the data. 168

RANSAC 169

The Ransac works on voting for the most frequent radius found from a so-called 170
random sample of points within a given dataset. The points can be selected randomly from 171
a dataset or tested for each combination of points (so-called brute force approach). Our 172
implementation depends on the last one, and therefore, it is only capable of working with 173
datasets with less than 600 points, otherwise it would result in billions of iterations with 174
the corresponding amount of data necessary to store and evaluate the results. For the 175
majority of trees, 600 points is sufficient. The algorithm then stores the circle size and po- 176
sition for every triplet of points, and the most frequent one is then considered correct. 177
Examples of outputs are shown in Figure 2, upper row: 178

179
Figure 2. Examples of application of the RANSAC algorithm in different situations. The upper 180
row shows the application of RANSAC in incomplete stem scans; the bottom row shows the appli- 181
cation of RANSAC in different scanning methods. 182

The algorithm works well for any dataset, and its results are the best for static lidar 183
(TLS), mostly because the number of correct points on the surface is the highest. Figure 184
3 (bottom row) shows an example of the algorithm in practice. Left is a TLS scan analyzed 185
with the RANSAC algorithm able to achieve the error of 2 centimeters compared to 186
ground measurement; in the middle is multi-scan Livox, obviously resulting in a complex 187
scan (though visually OK from outside), but rather complex for automatic analysis result- 188
ing in an error of 5 centimeters in diameter estimation. On the most right position is a 189
single scan Livox pass with a diameter estimation error of 0.7 cm. 190

2.6. FORTLS description 191

All the aforementioned approaches were also analyzed with the R package FORTLS 192
21] to compare results with one of the reference tools for processing data belonging to 193
pa P g ging
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these technologies. The FORTLS package implements an automated approach in which, 194
although some parameters can be defined before processing, outputs (DBHs in this case) 195
will be obtained as a final dataset. Regarding DBH estimates, two approaches are consid- 196
ered: 1) one belonging to the RANSAC algorithm implemented in the function “circle- 197
RANSAC” included in the R package TLS [22], and 2) another is based on regular square 198
grids overlapped on the tree sections, where the centre of the tree section is considered to 199
be the point in the grid where the variance of the distances between it and all points in the 200
cluster is minimized. In this way, the average of the distances is the estimate of the radius 201
(Figure 3 d, [21]). Finally, the best of the two approaches in terms of radius variance (and 202

preference for RANSAC) is considered as DBH estimates. 203
3. Results 204
Percentage of detected trees for individual scanning types is shown in Figure 3: 205
§ 1 »:u-_s_
H
e e Scanmng muthod e 206

Figure 3. Comparison of automatic tree detection capability using semi and fully automatic meth- 207
ods. 208

The single scan showed the lowest number of detected trees for both processing 209
methods. However, in the case of the Mapry device, the single scan showed higher accu- 210
racy (in both MAE and RMSE) than the multipass approach. According to reference de- 211
vices (TLS and ZEB), they showed similar results in all statistics. FORTLS detected fewer 212
trees than the manual tree section extraction, and the accuracy in DBH estimates was 213
slightly lower in all cases except for ZEB, which turned out to be slightly higher. 14
Accuracy of individual methods expressed by MAE, RMSE, and RMSE%, respectively: 215

216
27

218

219
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Table 1. Comparison of errors for individual scanning methods and analysis methods m
TLS Trimble MLS Zeb MLS Mappry Full | MLS Mappry Single
Ransac  FORTLS | Ransac FORTLS Ransac  FORTLS | Ransac  FORTLS

MAE Site 1 1.65 1.88 1.81 1.84 251 284 162 219
MAE Site 2 142 1.19 1.42 1.37 1.71 3.05 154 243
MAE Site 3 143 275 259 1.46 259 293 226 228
MAE avg 1.50 194 1.94 1.56 227 294 1.80 230
RMSE Site 1 3.24 4.44 3.61 373 721 10.25 3.62 6.12
RMSE Site 2 323 244 244 2.09 412 12.66 2381 8.17
RMSE Site 3 221 2.36 922 2.11 10.46 10.83 6.53 7.35
RMSE avg 2.89 3.08 5.09 2.64 7.26 11.25 431 7.21
RMSE% Site 1 579 747 7.10 6.74 13.62 1643 h382 957
RMSE% Site 2 6.07 3.66 4.02 343 7.10 2208 5.10 15.28
RMSE% Site 3 454 565 2778 4.18 12.69 21.26 12.80 13.06
RMSE% avg 5.47 5.59 12.97 4.78 11.14 19.92 7.91 12.64

X2

3.1. Statistical analysis of the results 273

A one-way ANOVA model was used to evaluate whether scanning type has a sig- 224

nificant effect on RMSE. The results revealed a nearly significant difference between at 225

least two groups (F = 247, p = 0.0629). The Posthoc Tukey test was used for multiple 226

comparisons, and it was found to be significantly different for groups TLS and Mapry - 227

full with p= 0049 There was no statistical difference among other groups (for all the other 228

combinations: p > 0.2). 229

230

4. Discussion 231

The study evaluates the ability of low-cost novel lidar systems for diameter 232

estimation of tree stems. Estimating diameter represents important data for many aspects, 233

from forestry [23], to urban tree systems, road and rails surrounding, and many others. 234

We compared semi-automatic measurement using the RANSAC algorithm and manual 235

tree detection and fully automatic extraction using the freely available FORTLS package.  23s

FORTLS showed a slightly lower accuracy than RANSAC in most cases. That may 237

be expected as the RANSAC approach consisted of manually selected tree sections. Thus 238

avoiding many complex situations (leaves, branches, etc)that the algorithms 239

implemented in FORTLS had to deal because of the automatic approach. This was even 240

more evident with the Mapry device because this technology generated more noise in - 241

their point clouds. Especially in the complex scans due to matching errors. The 242

performance of the Mapry device shows clearly better results for both processing methods 243

than for full scans, which is mostly due to the misalignment of longer trajectories, as 244

mentioned by other authors [5]. 245

The assessment of tree diameter and poisitions of trees, by other words the structure 246

of the forest is important not only for the information about forest but also for example 247

for movement of vehicles designed for such conditions. cite 248

249
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5. Conclusions

This work aimed to evaluate the suitability of the new low-cost MLS Livox with the
state-of-the-art technology in DBH estimation. We demonstrated the accuracy using man-
ually selected datasets from stem cross-sections, using the RANSAC algorithm and com-
plete workflow from scanning to automatic analysis using the FORTLS ready-to-go pack-
age in R software. Both procedures showed a high accuracy for diameter detection,
though, in the case of RANSAC, single scans were more precise than full multi traversal
scans due to the error in rotation and movements of the device itself. Therefore, it is rec-
ommended to incorporate this information into the scanning workflow procedure for fu-
ture data acquisition and analysis.
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8 Diskusia

Dynamika a rozvoj lesa predstavuju neoddelitelnu Cast’ hospodarskej upravy lesa. Pre
dosiahnutie trvalo udrzateIného hospodarenia v lesoch je nevyhnutné disponovat’
informéaciami nielen o stcasnom ale aj budicom stave lesa. Moznost ziskavat
trojrozmerné udaje z dialkového prieskumu Zeme je v tomto kontexte kI'icova a uz dlha
dobu sa javi pouzitie dat dial’kového prieskumu Zeme ako vhodna alternativa alebo doplnok

pre presnejSie, spravnejSie a Vv neposlednom rade aj lacnej$ie ziskavanie dat o lesoch.

K tomu aby sme sa dopracovali k ziskaniu informacii o zmenach zasob porastu je najskor
potrebna presna detekcia, toho ¢o sa z lesa odstranilo alebo odumrelo. Ak by sme sa
nezameriavali na oblast’ inventarizacie lesa tak presna detekcia plochy holin je tiez dolezita

Vv oblasti znizovania emisii a zachytavani CO2, na ¢o ma vplyv tazba (Pilli et al., 2016).

Kartograficka generalizacia je podstatna ¢innost’ pri tvorbe mapovych vystupov (Allouche
& Moulin, 2005). Autori sa Vv predchadzajtcich $tadiach zameriavali na Gpravu tvarov
polygonov za pomoci zjednodusovacich algoritmov, ktoré su v stcasnosti dostupné
v software ArcGIS Pro Esri®. Za pomoci tychto algoritmov vieme zjednodusit’ zobrazenia
tvarov striech budov, plany mestskych obytnych oblasti alebo zachovat’ krivky trajektorie
z udajov z GPS vo vozidle (Zielewska-Biittner et al., 2016). Nasa $tudia ukazala vhodnost’
vyuZzitia tejto technologie v Lesnickom sektore, kedy sa v flom coraz viac vyuZivajl

nastroje dialkového prieskumu Zeme.

Na zjednodusenie tvarov holin sme otestovali algoritmy Zhou-Jones, Visvalingam-Whyatt,
Douglas-Peucker a Wang-Miiller integrovanych do softwaru ArcGIS Pro Esri®.
Porovnania z predchadzajuceho vyskumu ukézali, Ze algoritmus Douglas-Peucker bol
vhodny na kompresiu udajov a odstranenie nadbyto¢nych detailov polygonov ale za cenu
straty topologickych charakteristik povodnej linie. Na druhej strane algoritmus na
zjednodusenie ohybu (Wang-Miiller) zachoval viac bodov, ¢im zachoval topoldgiu blizsiu

povodne;j linii (Alves et al., 2006).

Praktické vyuzitie tychto algoritmov bolo ilustrované na uprave polygénov holin
identifikovanych pomocou leteckého laserového skenovania. Rucné spracovanie, sa
ukazalo ako zdihavé a malo efektivne, najmi pri praci so znaénym poétom polygénov. V
nasom konkrétnom pripade bolo potrebné upravit’ 29 polygénov, ¢o zahfiialo celkovo 16

649 vrcholov polygoénov vytvorenych z ALS. Porovnanie ukazalo, Ze manualna Giprava bola
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az dvakrat pomalSia ako pouzitie tychto nastrojov, ¢o zdoraziuje praktické vyhody

automatickej upravy.

Hodnotenie lesnych zdrojov a znalost’ situacie v lese ma zdsadny vyznam pre rozhodovanie
na arovni krajiny alebo $tatu. Tradicne sa na tento ucel pouzivaji terestrické metody
spojené so Statistickymi technikami, ktoré zahfnaji extrapolaciu udajov na nemerané
oblasti alebo vypocet sithrnnych hodnot pre velké regiony. Narodné inventarizacie lesov
(NFI) sa povazuji za moderné a presné nastroje na hodnotenie lesnych zdrojov, ktoré sa
pravidelne vykonavajua vo vyspelych krajinach. Tieto NFI, ktorych cielom je poskytovat
aktualne a suhrnné udaje o stave a vyvoji lesov, sa Gasto dopliiaju technikami dial’kového
prieskumu Zeme. Tieto data sa vacSinou pouzivaju ako orienta¢né informacie na urcenie
pritomnosti alebo nepritomnosti lesnych porastov alebo ako nadhrada za inventarizacné data
zo zkusnych ploch v pripade nedostupnosti. Pri ziskavani vzoriek najmi v prirodnych,
prirode blizkych lesnych oblastiach vSak moéze byt pozadovana hustota vzoriek
nedostatocna na ziskanie spolahlivych a presnych suhrnnych hodnét, pretoze jednotlivé
plochy je naro¢né extrapolovat’ na susedné oblasti, ktoré sa mozu lisit. Na odhad
porastovych veli¢in z DPZ sa mo6zu pouzit’ dve metddy: Individudlna detekcia stromov
a Plosny pristup (Yu et al. 2010). V pripade ked’ chceme charakterizovat’ celi plosnu
jednotku pouzijeme plo$ny pristup zaloZeny na Statistickym modeloch a metodach (Surovy

& Kuzelka, 2019).

V praci sme vykonali porovnanie roznych technik Statistického modelovania objemu dreva
a analyzu prediktorov na zaklade udajov dialkového prieskumu Zeme, presnejSie
rasterizovanych lidarovych skenov. Vsetky hodnotené techniky poskytli podobné vysledky
z hl'adiska presnosti a relativne podobné z hl'adiska najddlezitejSich premennych vybranych
na modelovanie. Ukazalo sa, Ze niektoré premenné viedli pri testovani na nezavislych
datach k nespravnym predpovediam a ich odstranenie z modelu zlepSilo presnost’. Preto
sme dospeli k zaveru, ze v menSich suboroch tdajov by sa pri predikcii a extrapolécii

udajov mohla zohl'adnit’ biologicka analyza prediktorov.

Z dat dial’kového prieskumu Zeme dokéZeme okrem ziskania informacii o aktudlnom stave
lesa, predikovat’ aj jeho vyvoj. Predchadzajice Stidie zdoraziiuju potencial tdajov
leteckého laserového skenovania (ALS) na modelovanie a pozorovanie vlastnosti lesa,
najma bonitu (Guerra-Hernandez et al., 2021). (Tompalski, Coops, White, Wulder, et al.,
2015) pouzili ALS na odhad dominantnej vySky porastu, pricom vyuzili ¢asové rady
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Landsat na identifikaciu oblasti s disturanciami na odhad veku porastu. Nelinearna regresia
s vyuzitim vodiacej krivky bonity bola pouzita na fitovanie pre porasty vo veku 7 az 32
rokov, pricom validacia bola vykonana pomocou dialkového prieskumu Zeme,
inventariza¢nych udajov a existujucich modelov. Tato metéda odhadu udajov je vhodna
najmd pre mladé porasty v oblastiach, kde chybaju komplexné inventarizacné udaje o

lesoch.

Po odvodeni bonity je mozné predikovat’ vysku porastu v danom veku. (Tompalski, Coops,
White, & Wulder, 2015) skumali presnost’ odvodenia vysky z tradi¢nych bonitnych kriviek
v porovnani s krivkami odvodenymi z leteckého laserového skenovania (ALS), priCom
odhalili vyznamné rozdiely ovplyvnené faktormi, ako je zlozitost porastu a pokryvnost’
kortin. Na modelovanie indexu stanovista je mozné pouZit’ parametrické a neparametrické
modely, priCom parametrické modely vykazujii vysSiu presnost, najmi ak st zahrnuté
informacie o veku (Watt et al., 2015). Na mapovanie a predpovedanie bonity sa taktiez
vyuziva opakované laserové skenovanie, pricom intervaly od piatich rokov sa ukazali ako

dostato¢né (Socha et al., 2017).

Od vyuzitia technologie ALS pri inventarizacii lesov uplynulo uz niekol’ko rokov a v
sucasnosti mdézeme vyuzivat opakované skenovanie s ¢asovym odstupom az 15 rokov
(Noordermeer et al., 2019). V nasej $tidii sme v intervale 14 rokov uspesne odhadli bonitu
v jemnejSej mierke (v pripade absolitnej bonity) az po hrubSiu mierku v pripade
relativneho bonity. Opakované laserové skenovanie (patnast’ rokov) sa moze pouzit’ aj pri
odhade bonity pomocou priamych a nepriamych metdd. Pri priamej metéde mozu terénne
pozorovania predstavovat regresiu vekovo-vySkovej bonity vo¢i metrikam vysky
odvodenym z udajov ALS z prvého casového bodu a zmendm v metrikdich ALS
odréazajucich rast vysky pocas obdobia pozorovania. V tychto dvoch ¢asovych bodoch sa
najprv modelovala Hdom pomocou prislusnych metrik ALS ako prediktorov bonity,
odvodenych z poéiatoénej Hdom, odhadovaného prirastku Hdom a dizky obdobia
pozorovania pomocou empirickych kriviek bonity. Oba pristupy prinaSaji uspokojivy
odhad bonity (Noordermeer et al., 2018). V nasej studii sme namiesto toho pouzili strednu
vysku porastu a dokazali sme, ze vo vSetkych pripadoch patril median vysky lidarovych dat
vzdy medzi najddlezitejSie prediktory. Na druhej strane sa vo vSetkych modalitach
(regresia, strojové ucenie) ukazalo, Ze vek sa zlepSil zahrnutim premennej vek. Na prvy

pohlad sa zda, ze vek nie je priamo dostupny z materialov dial’kového prieskumu Zeme.
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Doésledné dlhodobé monitorovanie vSak moze vymedzit' holiny alebo disturbancie a
definovat’ pociato¢né obdobie pre novu generaciu stromového porastu. Takéto mapovanie
sa da v sucasnosti tiez 'ahko realizovat(Melichova et al., 2023) a plochy holin s vel'mi
vysokym rozliSenim mapovania mozno analyzovat’ na ucely predikcie prezivania vegetacie

(Hiittnerova et al., 2024).

Porovnanie, ktoré vykonali (Bollandsés et al., 2019) , poukazalo na presnost’ modelovania
indexu lokality na zdklade jednorazovych hyperspektralnych udajov, bitemporalnych
laserovych skenov a ich kombinacie. Udaje z ALS pouZité v tejto §tadii boli ziskané
v dvoch ¢asovych obdobiach s dvanastroénym rozdielom. Hyperspektralne tdaje boli
ziskané tym istym letom ako Gdaje ALS. Udaje ALS v kombinacii s hyperspektralnymi
snimkami vykazovali zanedbatel'ny prispevok hyperspektralnych tdajov v porovnani so
samotnymi bitemporalnymi dajmi ALS. V pripadoch, ked’ su k dispozicii len spektralne
data, je stale mozné zostavit’ prediktivne modely bonity H40 (ktoré sa v Norsku pouziva
na vyjadrenie produktivity lesa). Aj v sucasnosti je pri rozhodovani o tom, aké data sa

pouziju, dolezity financny aspekt. Priame metddy vyuzivajiice bitempordlne ALS a DAP

cvwr

Na zéklade nameranych prirastkov z biteporalnych dat dial’kového prieskumu Zeme je
mozné skons$truovat’ rastové modely a odhadntt’ bonitu (Noordermeer et al., 2018). V nasej
Stadii sme prirastkovua funkciu odvodili na zaklade Chapman-Richard rastovej funkcie a dat

Z opakovaného leteckého laserového skenovania.

V pripade lesnictva sa stale viac dostava do pozornosti potreba reakcie obhospodarovania
lesa na klimaticki zmenu. Data z dial’kového prieskumu Zeme sa Coraz viac dostavaju do
popredia kvoli dostupnosti, efektivnosti zberu dat a ploche ktoru je potreba pokryt’. NFI vie
pri zbere dat pokryt len obmedzené uzemie v porovnani s celkovou rozlohou lesov.
Upevnenie nastroja DPZ ako napriklad mobilného laserového skeneru na lesny traktor
umoziuje zvysit' plochu hodnotenia (Ceriava et al., 2019). Atribity stromov ako vyska,
priemer v prsnej vyske, aobjem su zakladnymi parametrami pre vypocet dalSich
charakteristik stromov za pomoci alometrickych modelov. VicSina tychto modelov sa
zameriava na priemer stromu (Barbosa et al., 2019). Nasa studia hodnoti schopnost’ novych
nizkonakladovych lidarovych systémov odhadovat’ hrubky stromov. Odhad hrabky
predstavuje dolezity udaj pre mnohé aspekty, od lesnictva (Karel Kuzelka et al., 2020), cez

mestské stromové systémy, okolie ciest a kol'ajnic, az po mnohé d’alSie. Porovnavali sme

129



poloautomatické meranie pomocou algoritmu RANSAC a manudlnu detekciu stromov a
plne automatickli extrakciu pomocou volne dostupného balika FORTLS. FORTLS
vykazoval vo vicsine pripadov o nieCo nizsiu presnost ako RANSAC, kedze pristup
RANSAC pozostaval z manualne vybranych sekcii stromov. Tym sa vyhol mnohym
zlozitym situaciam (listy, vetvy atd’.)s ktorymi sa algoritmy implementované v systéme
FORTLS museli vysporiadat’ kvoli automatickému pristupu. V pripade zariadenia Mapry
to bolo este zjavnejsie, pretoze tato technologia generovala viac Sumu vo svojich mra¢nach
bodov. Vykonnost =zariadenia Mapry vykazuje pri oboch metddach spracovania
jednoznacne lepSie vysledky ako pri iplnom skenovani, ¢o je spdsobené najmi nespravnym

vyrovnanim dlh§ich trajektorii, ako uvadzaju ini autori (Cerfiava et al., 2019).

9 Zaver

Tato praca sa zaobera moznostami vyuzitia laserovych dat pre odhad rastu a dynamiky
lesnych porastov. Vysledky boli publikované Vv troch prijatych pracach a jednej, ktord je
v recenznom konani. Celkove boli popisané tri zadkladné kroky pre odhad rastu a to:
detekcia ubytku pomocou automatického vyliSenia holin, moZnosti vyuZitia strojového
ucenia a linearneho modelovania pre odhad zéasob, odhad bonity stanovi§ta pomocou
bitemporalneho laserového skenu a moznosti vyuzitia nizkonakladovych laserovych
prototypov pre ziskavanie pozemnych dat o lesnych porastoch. Zrejme najdolezitejSou
pracou je odhad bonity, kde bola preukazana dobra kvalita odhadu bonity len pomocou dat
z LIDARU, a bolo preukazané, ze dolezity prediktor — vek porastu, dnes sice nie je
k dispozicii z DPZ dat, ale opakovanym a dlhoroénym skenovanim bude mozné ho ziskat’
napiiklad aj automaticky ako to bolo popisané v ¢lanku o automatickej detekcii holin.
Laserové skenovanie je relevantnou alternativou k pozemnému zberu dat, a jeho SirSie
pouzivanie pomdze nielen statickej inventarizacii, tj kde je kolko lesa, ale hlavne

k pochopeniu dynamiky arastu lesa, atym aj ku krokom kjeho lepSiemu

obhospodarovaniu alebo jeho ochrany. Dufam, ze svojim kuskom k tomu prispeje aj tato

dizertacna praca.
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