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Annotation

This dissertatiorthesisexplores the possibilities of using remote sensing (R&) to

estimate characteristics and parameters of forest stand growth models, determine and
estimate their dynamics, and describe important parameters ssith mslex The work

utilizes airborne laser scanning data, specifically bitemporal data, withfrdatathe
untouched area of Lesk® Gvicarsko National
University of Dresden and data obtained from the Department of Forest Management,
Faculty of Forestry and Wood Sciences, Czech University of Life Sciences in Rnague

2019.

The dissertatiothesiss s based on four scientific paper
2023) describes the quantification of forest loss using modern GIS methods, specifically

the automatic updating of complex cleat polygons from diffeence scans. The second
paper (Surovli & Melichovég, 2023) describes

methods and advanced statistical methods to estimate forest stand resources.

The third paper (Melichov§ e ttotleldissertat®dr® 2 4 )
topic, describing the possibilities of using bitemporal lidar scanning to estimate growth
function parameters. It also explores the use of machine learning methods to estenate

index The paper compares the possibilities of esiimgatelative and absolutgte 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 directliadable from RS data today, repeated long

term scanning can obtain it, for example, using the method described in paper 1.

The lastpapef Sur ov 1 e tis atéchnjcal study optheaise of)kmost 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 o
larger quantities and highguality 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 cotgerva

Keywords: growth models, bitemporal laser scan, airborne laser s@annin



Prehl 8§8seni e

Prehl asujdeinzergteaS8Psnobid ukt i vita dSevin na geog
modern2ch materi 81 T sp&dalgamastatngoodde | wevdBenrt2 nmh e3¢
Ing. Petra SBhDoaw®ld ky ppoauneinte® uzve8zdrzaame vpougi t

zdrojov.Som si ,Yedam&rejnen2m dizertalnej pr 8c
podOa z8kona | . 111/1998 Zb. o vHO©adlUchagk
visledok jej obhajoby.

VPraze dRa 30.1.2024 Ing.Zl atica Melichovs§



PoNakovani e

Vprvom rade by sogw ajhme | gk qldNado@aundSovi
SurmowD,zaodbor n®puokdenicel ej dobgc entn’®d iraa,d yt.
hal e]j by som cwhget bl npo klatkerglami som mal a
prac,ozvaa Si ch podnet\in@pospdnd) mdemo e@m k poNakovani e
rodineapr i atzeaDomth podporu. polas cel ®ho gt %udi a



Obsah

R 3 YA o o PP P PP PPPRPP PO 14
11 Rastovyg .dynami.K@ o, 15
111 Empi ri ck®..mo.d.el. Yo 16
112 Gtruktur 8l.n.e.mo.d.el. Yo iieeeeeenne. 17
113 Procesn®..ma.d.el. e, 17
1.2 Lasoehioer ar chi.c.k.8.%L.0M.ER e, 18
1.3 Hierarchickepr i est or .Q.v.8... %0 M. R, 20
N O B = B = T o I CO = T o = TP PP PP PPPPPPRPP 22
3 Klasick® meranie sit.r.omouyv.l.c.h..char.akR2erist:
3.1 Hr YalBtROBIU....oooiiiiiiiiiieieee e 22
32 VT gKa Suble DMl emens 22
33 Zi sSohvrataikep v ®h.a.S.L. K. luooiiiieeeeceeeeee e 23
34 Senzoydi aOkov®ho pir.i.es.kumu..Zeme...... 23
341 Pas?2vne..S.Y.S. L ®RMY i 24
342 Akt ZzZvne .S Y.SL.BmMY. e, 25

343 El ektromagne.t.i.ck®..gi.ar.eni.e........26

4 LD AR e 28
41 VT Vo8 C h N0l e @it 28
42 Leteck® | ase.r.ov...s.kenov.ani....... 29

43 Kongtrukcia | as.er.ov.®@ha..s.ken.e.r.u...30

431 Laser ovs8..j.ednol.Ka .., 30
B.3.2  SKENE...iiiiiiiiiiiiiee e 30
433 Kontrol n§..j.ednot.Ka ... 32
A.3.4  GP S e 33
435 Navigal n§..j.ednotf. Ka. ... 34

44 Vi stluet eck®ho | ase.r.0.v.®ha..s.k.eno.v.a3dbi a

45 Vyugitie |[LeisSMBRU. VMG ..o 36



5

4.5.1 INDIVIDUAL TREE DETECTION ....ccoutiiiiiiiiiiiie e 37

45.2 AREA-BASED APPROACH......ccoiieee e 38

IMEEOTIKAL ... e e et e e e e e e e e emmr et et e e e e e eeeens 39
51 N8&rodnl park Lesk®..Guvl.carsk.o......39
52 Zon8cia N8r.odn®ho..parkKuU. ... 41
53 Geomorfol ogi.ck®..l.l.eneni.e..eenn. 42
54 Pedol ogi ck® char.akt.er..s.tii.k.a.. Yaz.em? a
5.5 HY d I 0B reen 43

5.6 Floristickof yt ogeogr af i c.k.8....c.h.ar.ak.t.e.r.i.s.44i k a

Charakteristika pr..r.odz.ene.j..l.esnejds veget :
6.1 Leteck® | areka2005v..®....d.8.1.a....Z...cccceeriiiiiiiinnnnninnn.. 46
6.2 Leteck® | areka 2009v..®R....d.8.1..8.....Z..cccccciiiiiiiiiiieie s 49

63 Softwarov® s.pr.a.c.av.an.i.e..d8t. . .........50
6.3.1 PDAL-Kni gnica abstr.ak.c.i.e..bodovl.céh d§t

632 Filtovani e, kl asi fi k8ci a, rasteri z§8ci
52

6.4 Det €K C oA . . . n. 0l 2 e e 52

65 Vyugitia met-d strojov®ho ulenia a pok

z8so0ob | esnl.Cch . .p.0r.asS.L .0V i 54
66 Det ekci a..pr.2.r.ast. KU i 55

661 Gtatistick® modelovanie a tvo.r3a mode

67 Odhad hr ¥%bky stromu za pomoc....t.eSfestri &
L T = U8 7 OO 60
71 Aut omadteitcekk& i a holl i2cha rodwloale.ndgs§.iz....60

72 Vyugitia met-d strojov®ho wulenia a pokr

z8sob | esnl.ch...p.0.f.asS.L.0. o ecieeeieeiriiesieinennenn 76

73 Odhad prbdnityzbt kempor §l nyc.h..l.i.d.ar.o8T ch dS§



74 Odhad hr Yab k ypomed t @ me s tzrai 81 ne mo b iplorz @ hmo ®

| @S er OV ®N.0... .S . K i ol e 113
I B 11 U EY - VTR 126
Oz B VB e 130

R (=) (=) [0 [ PR 131



Zoznamo br 8§z kov
Obr8zok 1: Kl asi fi k8ci amodetwvhed (Babrikd &Psetzscm a 2z § |

72210 I ) TP EPR O PPPPPRP 16
Obr 8zok 2 Kl asi flials®oiea amadcdlckwe jpdd @aune (F
1220 5 ) TSR PR S OPPPPPRP 19
Obr 8zok 3 KI asi f iidra§chickepr med ebowvov @jod &a o\ne
PretZSCh, 200 L) .. oot emn s 21

Obrg8zok 4: HasOkoy®hpsp®meskumu Zeme (vOav
ho PriesSkumu Zeme (VPIaVIO) .. ...cuviiieei et 24
Obr 8®lkekt romagneti ck8 vl na...(.Mas.o.n..»&7Schmet
Obr 8zek 6: Elektromagneti ck® s.pekt.r.2n (Eck:
Obr 8zok 7: Druhy skenovaci.eha..mechaid zmu (°
Obr8zok 8: Sch®ma zn8zorRuj Y%ca z8kladn® p
komponenty t echnoddDiazetak, 2044).S....(.F.e.r.n.a.n.d.8k
Obr8zok 9: Li DAR s diskr®tnym n8vir.at3®dm a p!
Obr 8zo 10: Druhy stop -Dazdt@a20t4y.p.u..s.82ner u |
0

Obr 8§z 11: Princ2p wur|ovania polohy pomoc

Obr 8zok 12: I MU ..s....2....t.y.p.Mi...S..N.2.0.1.0.V.....34
Obr 8zok 13: Il MU ..s...3....t.y.p.Mi....s.£.N.2.0..1..0.V......35
Obr 8zok 14: Mral no bodov =z..l.et.eck®h.38 | aser
Obr8zok 15: Visledok detekcie individu8§lny:

kombi n8ci i S pr2stupom | ocal mamyi(Fatehiet Li er n

2| 0 ) TSRS 38
Obr 8zok 16: SRabe®Aparoathh\Whitedet ad. 2013)...........cceeennnneee 39
Obr 8zok 17: N§rodnl par k Lesk® Gv i
ceskesvycarsko.cz/oblasti/cesie/Carskol)..........couuiiiiiiiiiiec e 40

Obr 8zok 18: Hydr.al.og.i.ck.§..s.i.eS..NRL.G..44
Obr 8zok 19: TopoSys.,erwk ko tk arkd tmi u kvd i§&k nsakr
LS 1S T PSR 46
Obr 8§zok 20: T@plansty2004F.a.l..c.o.n...l.lie.., 46
Obr 8zok 21: Vzor skenovania syst®@mudlTopoSy.


https://czuvpraze-my.sharepoint.com/personal/melichovaz_fld_czu_cz/Documents/dizertačka.docx#_Toc157599966
https://czuvpraze-my.sharepoint.com/personal/melichovaz_fld_czu_cz/Documents/dizertačka.docx#_Toc157599966

Obr8zok 22: Trajekt-ria |letu..v..NPLGA4& roku
Obr 8zok 23: Sk-EM.e.r....L.ei.c.a...ALSZ0. ... 49
Obr 8zok 24: Povrchov§8 stopa skenoCMea&d eho s

Obr 8zok 25: Zobrazenie ako pracuje n8stroj

Obr8zok 26: Polyg-n holi.ny..kl.as.i.f.i.k&& anl 2z
Obr 8zok 27: Pr2klady pougidiitau 8clig8crhi.t mHio rRV
ukazuje pougitie RANSAC pri nevpl nom skeno
RANSAC pri rtznych .meit...da.c.h..skenov.amn8 a.

Zoznam tabuliek

TabuOka 1: Zon8c.i.a.NPLG. . . .eeeiievinenn41
TabuOka 2: Gpecifik©§8ci.a..zber.u..%dajaM? z r ok
TabuOkai f3i:k &wpiex zber u..%daj.ov..z..00ku.5019
TabuOka 4: Uk8gka metad8§t pCenkedarV.22050 v anl c|

Zoznam Grafov
Graf 2: Zolkkm 8QWiKYaoli. ..NBRHIGN....coooviiiiiieeee e 41


https://czuvpraze-my.sharepoint.com/personal/melichovaz_fld_czu_cz/Documents/dizertačka.docx#_Toc157599974
https://czuvpraze-my.sharepoint.com/personal/melichovaz_fld_czu_cz/Documents/dizertačka.docx#_Toc157599974
https://czuvpraze-my.sharepoint.com/personal/melichovaz_fld_czu_cz/Documents/dizertačka.docx#_Toc157599974

Zoznam p o mdolotaskatiek s y

3D

ABA

ALS

CAD

DBH

dGPS

DPZ

DTM

FOV

GIS

GPS

CHKO

CHM

IDT

IMU

INS

INSAR

kHz

LHP

LIDAR

LLS

threedimensional

AreaBased Approach
Airborne Laser Scanning
ComputerAidedDesign
Diameter at breast height
Differential Global Positioning

System

Digital Terrain Models
Field of View
Geographic

GlobalPositioning System

Canopy Height Model
Individual Tree Detection
Inertial Measurement Unit

Inertial Navigation System

Interferometric synthetic aperturel nt er f e r o me syntétickéul

radar

Light Detection And Ranging

Lsyst ®my

trojdi menzion8lny
pl ognl pr2stup

| et ec k ®kehavanier ov ® s
pol 2talom podporovan®
pr shir8%ub k a

di ferenci 81 n2 gl ob8Il n2

di aOkovl priezkum Zeme
digit8l n2 model ter ®nu
uhol z8beru

| nf ogenad i @fni Sk'is ti®mf or ma| n 2

gl ob8l n2 poziln?2 systo®@
chr8nen8 krajinn8 obl a
model vIigok kor %n

Individu§ | na detekcia stro

i nerci 8l na meral sk§8 | e

i nerci 8l neho navigal nG

rade
aperturou
kilohertz
|l esnl hospod8&rsky pl §n
det ek aner@nmesdvetlea
| eteck® | aserov® skeno

Lindenmayesves y st ® my



MAE
MAX
MIN

NIR

NP
NPLG
PCT90
PDAL
POS
PPS
RADAR
RANSAC
RMSE
RS

SAR
SONAR
STD
SUM
TLS

VIS

mean absolute error

Near Infrared

Point Data Abstraction Library

s t r alboitBachyba

maximum

minimum

bl 2zke infralerven®

n §r opark T

N§rodnl park Lesk® GvI
deva2aSdesiaty percentil

kni gni ca abstrakcie bo

Position and orientatiosy st ®mozi | n2 a orintaln2z sy

Puls per second

Radio Detection and Ranging
Random sample consensus
Root Mean Squared Error
remote sensing

Synthetic apetire radar

Sound Navigation And Ranging

Standard Deviation

Terrestrial Laser Scannig

vissible

pulz zasekundu

rg§di ov® rozpozn8§vsgn2 a
N8hodnrel owil bkonsenzus
st Sedn2 kvadratick§ ch

di aOkovl priezkum Zeme

z v u k o v &iaananarieg

smerodajng odchTl ka
suma
pozemn® | aserov® skenoa

viditeOn®



1 Pvod

Dynami ka a rast | es a predstavuj ¥ neoddel.
dosi ahnuti e trval e] udr gateOnost.i |l esn®ho
i nform8ci ami 0 s¥% asnomMRs$woadveoaObu@itodmBo:
inventari z8ci 2 zal ogenlTch na trvallch pl ¢
technol  -gia odhadu rastu | esal/stromov vyv?2

met-d ag po sofistikovan® 3D tecAntonelky zal
1992Perttunen, 2008 r 0 j r o%zdnajrad ® a Ok o v ®BAeme p  ii e sIlgu i e ¢
z | aserov®ho skemeojvariod ol ambhet rdiegi tBdskyt
i nform8ci e o (Tanpask eteal., 018)Vass*t| ua ssawv § & odhad

t axal nl camonitoeolani¢ Rsayy u g v @ v agjrnoedhrv8e nt alesow §ci a
ktorej priesadjdocst@tpdh®y vz Pablem naveaOkos
pl * cnh rozdohu lesgAvitabile & Camia, 2018 Hodnot eni e rastu z
prieskumu j e mogn® prostredn2ctvom opakoy

i nterval och) rovnak®ho stromu athepbammo por as

odhalujriast. Predovgetkim v chr&8nenlTch obl as
dochg8dza k prirodzen®mu vivoju | esa, m! g e
odhad rastovej dynami ky | es a. Hi st -ria t
mohl ch @NRseotv & Goxbyuletkak, 2008TonpaBks et al., 20186)

ktor?2 zhodnotil i vyugitie di aOkov®ho pri
charakteriB§rrdpakpov asekthheoc Kk ®ho | aserov®ho sk

vyugi S ni el emsturale aj haoodhaubrt oednuisehopnests t a n otav.i § S a
bonity (Noordermeer et al., 20Zocha et al., 2020)

Rastow@®@dak| n® mo ddeulj YWac ise m®xthmoj om pr e h
audr gat e On o s tOihad bgnityp € u poidest at nou zI|l ongkou t
hodnotenie kyRliioffy?2ot.ndwisg®a 208publi ke sa
kvalty st anovi gSa .poVgsWwh adboomstia je najpoug?v
porastu, ktor8 vych8dza z pri @Maskitteletpl., al ebo
2011) Bonitam® ge by Saad ol #fed lashtiénitar y j adr uj e r el a
kvalitu st anaowsd @liatap rziaamo Oud & va hodeboty pr
stredmlgok porastov, Bwoylidjang ev pX¥0 G myonk o0 arltd.i

14



porastu na danom stanovigti, urluje jeho p
produkci e zo s or tDynantka &rast|stro@dv @orastavg d pskbasovan.
vl ase pomocou raktowvlich mederFr&8ve bonjta ic
napr 2kl ad vo,tfoorjmees ta shyorpnteojt ynodnoty, Kktor %
por ast Veds, i akhtnaurS§ psoap i zsaarh, e r| §i ug matemat i ck
alebo algoritmickTIl mportaosshtoy avkyov2§ aj %t [ @myr aa
anglick®ho ,fajer ebtsapomwtvi)luky predmetov ako
n 8§ u kpeodukcii lesa @podobne.

l11IRast ovs§8 dynami ka

Dynami ka rastu | esa popisuje, ako sa jedno
menia a vyv?2jaj %. Dynami kut omeyYy u VeStawoepp
prostredia, druhovej skladbydisturbandd as p ! evolbo s p o d §Zaahyienia .
aporozumenie timto zmen8&m je d!legit® pre
obhospodarovaniataa k t i agldp§ d iceh k| i mat Ve k % pesahkedyusa

nage rozhodnuniieak ooQkzor kgpedr & rag§ co i n eapribrit r mo
spr §vmaovsrShopas®u@u | dednul zho gt si mkedy§ci a
spol 2tal ovi m modred 8lm yn ashyksStd@&ne mee vi di €S spr ¢
syst @mud Yac Sosuil §tory | esnlch ekosyst®mov s
napodobRuj % chovanie |l esnlich ekosyst®mov.
typy |l esov, vr §tearrer,r WarkyoH cdrat hrtdadyddalee gg t r u
vedi eSgopaB8mnanky prostredia, hospod§rske :

Vistupy z tlchto simul 8torov nezahRRaj % | e
bi omasy, n8klady a vbwposmali Stbhyg&Sh asiteigc kz®a kpo
model u, na rozdi el od rastovich tabki®i ek,

to jest neud8vaj¥% muoidhlbvnepekipag yd apiv@dp ay &d v,

Modely |l esa s¥% rozdekvi¢n®| ¢p greiinolee Okhal§ o kiu |

kl asi fiek §wizWel eni e model ov Tpto dLanieNeerta- dy m

z8kl ade poug?vamd ch§ kall ajderistipmdone knodelovaniu.

Klasifik8ciu zobra@Qhrs§zobkg Lhrod melke moadhretl @ vt

nach8dzaj % Empirick® model y. Koergan@owdal y

z8kl ade gtatistickeEermpiwz Sakh obihjedmgestraads®a. 1 ¢ h
15



gt rukt ur 8damedelovani@gnelrf ol - gi e stromoor g&nawe8ka a
archit ekt.¥a gruhej steaned unpr ocesn® model vy, kKtor ¢
fyzi ol ogiackko® sgiosyend YRz al, o k®tsipamys ctiraojauh ol n 2 |
hybridn® model vy, ktor® kombinuj¥mpgvai ckR®@n
modely s¥% pr2kl addm ohrygb rsi¥d roTl d hjy gmoeed &l @wmpi r i

pr2kladomagst#siuktnk 8Bheae model vy, ktor ® kombi
model ovanie a s% bliggie k gtruktur8lnym m
empirické
modely

strukturalne procesné
modely modely

Obr 8z oKl asi fi k8ci a moedenratelovaligEabakad& a z 8kl a
Pretzsch, 2011)

111 Empirick® modely

Empirick®&nmMBomeelay (ako biometrick®, gt ati st
zameriavaj¥ na zmenu bi ometricklch velil?:2
empiricklch d&8t a ¢gtatisticklch met-d, | o :
z ktor®hon®ol Ak osla odlec¥% pougi S na inl s¥%bo

upravi S parametre model u.

Empiri ck®y mpdeadjys akest aveo®npremenp® ako h

stromov, kruhov¥% z8kladRu a z8sobuonasyr ast u.
a alok8ciou prvkov. TietzSafpoepment®@I| mm%uvbdv
modelu.

16



Empirick® modely m:gu zahrnovaS model ovani
porastu, konkurencie medzi stromami, odumi
na charaktere model u s a vyberaj¥% pr2slug
aktualizo an® stavov® premenn® | esa®lpodPar &gtouw

modelovanilNal ej del i a na stromeEm@mpfirelck®n| n® a

112 Gtruktur 8l ne modely

Gtruktur 8l ne modely (tieg zn8&8me ako morfo

mor fgole- jednotlivich stromov na z8kl ade t op:
modely poug2vaj¥% matematickl apar 8t odvode
rekurz2vnom nahr 8dzan? reSazcov, ktor® | e
gramatkk y definuj % morfologick® rysy rastliny

takzvanlch Lindenmajysegrsd Wimol/ ) sy sTti @mov mold e |
deterministick®, -seomzhasvnek®pakameéexit ok®
ich charakteru Gt r ukt ur 81 ne modely sa snagia odvVc
formovanie kmeRa, vetiev, |listov a plodov.
nesk!®r mtgu sl ¥%gi S na odvodenie biometrickl
chemi ckkolWw. pTieto modely migu byS vyug2va

stromov alebo popul 8ci 2?2 stromov s konkuren|

Exi stuje niekoOko n8strojov a syst®mov pr
uni ver z 8lonvwacch? cnmo dneSlsyt s to®mw, nak o aj gpeci al i
ktor® zahRRaj¥% |rty procesnlich model ov. Ti
realisticklch vizuglnych reprezent8ci?2 ras
a vi rt utyg(Fabrikg & Preizsch, 2011)

113 Procesn® model vy

Procesn® modelylehl o sé&trasjnajs¥%i a maj % Vi ace
vri 8§t ane ekofyziologickTch model ov, bi och
model ov, mechanisticklch modelov, kauz§glnny:
sa zameriavaj¥% na modcelsowa nvi el eksand zcgl neykcohs yp

fyziol  -gie stromov.

Procesn® modely sa spoliehaj¥% menej na emf
ekofyziologick® poznani e bi ologickTch pr o
finanlne n8rolkmejgie, az&hRPdjeuce podrobng

17



podmi enok, ptdy, kogobebwirfodne foebeyhn®l®a
inTch procesov. Tieto merania s¥% | asto pri

Procesn® modely sa zamgchabaplogiachkiodke!| pva
absorpcie svetl a, i ntercepci e, evapotran:
senescencie a Nalg2ch. lch vistupy zahRRaj

produkciu biomasy.

Kal i br&8cia progcesrlash o mmdEgealodwn § a vygadu]j
syst®movich parametrov, ktor® m!gu zahRRa
kongtanty. Tieto modely maj Y% vgeobecnej giu
Yar ovne ekosyst ®mov. Beil svujsermrzolyoir pzAagce

na konkr ®t ne aspekty ekofyzi (édbrikg& Rretzsch,r o mo v
2011)

1.2 L asetlvioer archick8 %roveR

VI esnom prostproecsy d phemk yhag Y%ploe c &l éh ibc lo® f Bn
v givote |l esa nie s¥% definovan® I¥amvmriiaesht c
sY% | asovo ovplyvnen® poz2ciou a rhviag r¥a rscelkiuin,
ag tig0br @zloakk tniaedgy aden® Yrovne ovplyvRuj %
riadiacich parametrov a podrader®u¥%irsoyma | D
Prelagd¥% hierarchi ck¥ Yr ov e(Rabika& Pretgschy ®i1pj % g p
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spolocenstvo —

populacia —

organizmus —

Obr

Eko
u
pr o
Y

ne

Str
vVzS§
na
str
mi n
Por
s a
zah
pov
ma t
kto

biéom —| hierarchicka troven

organ ]

c¢asova uroven
bunka I I i i i

sekunda den rok decénium storocie tisicrocie

§ZKlkasi fi k§ci a mehdiee roavr cphoi (EGkaiés & Bistasmhon e
2011)

fyziol ogpopi®s anfotdoeM®& zmeny na Yarovni or ¢
z8l nych procesov, ako je fotosynt ®za, d
cesnl mi vzSahmi a minimalizuj % pougit.i
oudlavsatjds. model dptnipmoC eTs8trosasd lounpi na mod
pol enanjerjdzmami t ej gi a.

omov®pmodmbgel ovanz2na ojz«kd radtad] i% iG@meltaugdymy i
jomn® interakabevhKldysgto®ersotdeerloyv ossa zva]| ¢
igsttaitc ky odvodenl syst®m rovnz2c na riad
omov Vv z8vislostiZnlaas @wh® hrigpisky Pracdiiss knaa s t ¢

i m§l nym model ovim intervalom jedn®ho r o

astov®Zmoded dst at eamia jnsotdaerlgevnaininee tv-Tdv oj a
zameriavaj ¥« n®pocmuangtrme® av eplriieipogstate Ti et
RRpgtAkyy rastovich tabuliek. Avgak za sk
aguj ¥ tie, ktor® obsahuj % dobre for mul
emati ckBé&mpl @emend oa at eEni® tdug Y ajlp2etca lfad .c |

re® wpjredptreaovhod medzi model mi S#ammoéelyanT mi
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s v powvrekdeacipowl tu kmeRov (napr2kl| Mddel yhr &k
riegen® na b8ze diferenci 8l nych rovn?2c, re
alebo stochasi ckT ch evol uzé&klcahd nmadejleodvnot kou t 1T ¢l

model ov je skupina strombviekovaw@elpiad r ( ma @

hr %bkovl stupeR alebo vekovs§ trieda). VzhO
zmenycelejpogu8ci e (porastu) alebo zmeny v distri
ktorT je modelovo relevantnl, je obdobie d
rokov.

Sukcesn®& amozdaeolbyer aj 4 dynami kou rastu v rozs

z mozai kovitlich a |iastkovich plognlch jed:
spol ol enstvo stromov. Ti eto model vy SY zal
dl hodobej sukcesie neobhospodarovanlch | es

rastowdimitenp& v prodHulkasdv diommma@ydi ska sa z
ktor® sa vzSahuj¥% na stS8rolia. Medzi preds:!

"patch” modely.

Bi - mov® s¥o dpeoldyo b ne suwuknee am®@ | ekdzealnye,r calv @) Y4 s

krajiny alebo dokonca kontinenty a z | asovVve®@
| asov® .intervaly

Pri model ovan2 je potrebn® s¥r ouweeRl opriiSe scti oer
rozsahypotr ehebvl interval “modelRowWeriadtl @jkdd iag

vstupnlcWr ssdaRavl aosti pogadowWaenlddH ewli s t®u pr
vhodnl model pre daK¥erisaasthiSck?eYrpawe R
neexi stujwi ormodperl2ypaale | e iunaeldpn ® ¢ pioairga rSc hvi yogke
“wr oPweRsun z vyggej Yrovne na niggiu sa naz
(Fabrika & Pretzsch, 2011)

1.3 Hierarchicko-pr i est orov§ YroveR

Kl asi fi k8citeae | towmids¥l zameriava n@ |l edovani e chovani
ekosyst ®mov pod vpl yaebopro krl % zmay d tkt kg mét twdd eml
nar ug.€lniedcmh model y sa vy ugwramty obhospagaronadip d e ni e
l esa v s¥vislosti s udrgan2zm trvalosti pr o

lesa Hi er ar%rhd wrkdpe me rdoz dles miSc h tokart @&n ,ri j e dai n
20



veOkostng§ ttrriieda, weokav&8ci a al eb strodovuh, fo
(Apatchfi al ebo Agapfek oas yspto® m. Paelnests & roly owe® s p ¢
m! § ermeez ddeol ipS at i chk ket ®tgr-grigrdmBmeron¥% poz2ci u,

poz2ciu, bioskupinu, porast alebo regi - -n

Trojrozmerns§ pol oha vygaduj e i nform8ci e
v trojrozmernom priestoredefinovam s Y%r a d n i ¢ a mdvojrozmeroyn ,priestore  V
st alin% or mMScriiaz omt §1 n e sn¥%muand e Brioesd xa2t ny)c h Y%r ovn

dostaluj %ce identifilkiovalSupirte, ugnroassSt | eallne

Na obBjg§ekmobrazenich vgetkich 13 maddBov d
kateg ri a predstavuje ¢gpecifickl typ model u s
Niektor® typy model ovponaljlWit orn @ cz2 § daia amd ap ¢
& Pretzsch, 2011)

populécia, druh

2 bioskupina

skupina stromov 2D pozicia

spolocenstvo,

ekosystém 3D pozicia

Obr 8 oKl asi fi k §ci earchickepe |li ®\s t o dfalsikal&ivar o v n e
Pretzsch, 2011)
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2 Ciele prs8ce
HI avnTm cieOom popésajSemeavdhnwms8 apracovan

d8icéd vyugitie pre odhad rastovej dynami ky

Pr §cea zamaran§Sovanie zmien v |l esnlch ekosy
d§t kvan tbfyitak 8pcrk20rva spto moc o u LIDARc hNbbt gpg by
poskypodk&$pr e tvor bu r aspostupyl peehodhatopdoduktivity a
vdianom Viage@éi s¥% spracovan® dve hypot ®zy:

l.Leteck® | aserov® sn2mkovani edynamkymo gn® v

veOkom Yzemnom cel ku (celoplogne).

2.D8ta z vigkov®ho pr2rastku je mogn® Vvyu:

3 Kl asmarahi® t romovich charakteristz2Kk

Kt r adisd pnil smozb2osnk apoms$ 0 @ lveh i lesarpatrian § s t r ogriemerkyk o

vi gk oap&rsynaPomocou nrirchk as@imek ote§li ¢ k a ysaNm o, jpu & hr 2
kt pro®@ om sl “%gia na v papeuw §NadajiYhadeeieoidrasnostk t er i s
vi sl edkovp emesdckoawn T dpheskuknaen®.h o

3.1 Hr Yabdtramu

Medzi z8kl adn% dendrometrick¥ velijlla nue pat
vzdi alenosS dvoch r ovnob e ndodnhobvddu prigrezn.2 ¢ v e
Tradi | n® met - -dy mer ani a Ipriethérkyalebcotbvomow ®hah
p§mpri pevnen®ho kojltnaon dma dokFrk mepRa,ou . k me Ra
Hr “b k a sa mitglecmewnh@k &ghatdenepRiebov r L znych
percent §ch .Rrilmek yanRkR mehR &4b k y tiapriemerkyja parebr® p o u g i
dodr gpraavvaiSd | 8§ mer ani a ako | es prp§gvBvaamyvstugrk & st
priemerkad o t T krad RteochwodocH Ku g e | k2014) et al

32 Vigka str omu

Vigka stromu salm&kroimerzma @gomodi sl ¥%§i na n
Nepri ame mer ani e vi gok j e , zgaometrickom ®a n a
trigonometrickomV1 gk omer vy , ktor® sa poug?vaj % na m

atoul t r aznveurkaonvi® al ebo 1 8siesloo®t imeodhbaeawvoty
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stromusane mer i a na kagdom strome v poraste, al
stromov. Divodom je mengia vari afinyvta vI
porovnan?2 s (8Suné&iblk2020) st r o mu

33 Zi sSova¥blow®haost ku

Hr Yabk ov T dperf2irnausitearke ak o kow nal koecl an e d ail i &t Rt
sl edovanej npBaizidySaWWarkiye pr2rasedagexill
met : dyr2?pade dl hodob®ho sl edovani a post al
priemerky alebo @bvpdhae®hao ep &shneae.me¥ masSt ki un
vpi ebehu v emebigad nvehhogdin® deon. Akrbpsme ¢heelz i s Sov a S

pr2rastok do minulosti, %yogi® eme vanadltieOn
z2skanl c Pregeoano@bbaug i Kaa) e | k2014) et al

3.4 Senzorydi a Ok ov ®h o Zpmei es k umu

Al t er nme 2 vah’msuk advSatlese & podstatea | t e r merdnfa esaudh 8 t a
di a Ok priesRuma ZemeD § tza * z nryocshi akoos Vigatelity, lietadla, drony ci
pozemnen o s jeme g R®r i nzx2? phkedvoraSp ! s @to @d pomoci merania
akt 2 alebepa®vnehgns8l u

Existuj % #vaszt@kk®do@®h enena es&kiimade zdr oj ¢
ktorlT vyug2vaj % na eapka/sei@aniGenchieh,j2@08)tObr §abk?2 v
4). Pas2vne aj akt2vne Ssyst ®my mer aj Ya mno
transform8ciou svetel n@®batypysemzordlaz nrmaneaen|Sevlat) r
intenzitu sign8lu v r8&megakonApEsmbii &l abuo:
gpecifiokejgmgirlee ekt r onflugaer ettal, QUO0OBhpoe kst pr e8K tnrea
rozl 2geni e segzpoKkaujeelBdneagnetickers pa®t re, ktor ®
detegovaS. T8to char akt edentifikovatskpae kutraddiely.nee s ¢ h c
Kagdl objekt m§ dpdtagafespbekar 8t am, pamko 0
el ektromagnetick® ¢gi aggospekVy §aneretall, et k p 8
2003)
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Obr 8 olPas2vny syst®m di @ORaw®h,0 @kt %&wkwy ms
di aOkov® hZemepuprav®)s k u mu

341 Pas?2vne syst ®my

Pas2vne syst®my nevygazr8uvji¥s i al ansat n ®a cghi yatr Sewr
vygarovan®ho danim objektom alebo na det ek
(Mason & Schmetz, 1992Naj b e gtpepdizar eni a, ktor ® det egu
jevi di t e QWaR Genehtert, 2008) Pri tomto type zberu d§t
predovget kT m vyiindfirtael Genr®, egni ® pgei hanr@ min&f rr cavl lerr v@ |
gi ar(edhuizul ovg8 .et Awdak mrROPRDt)2vum tejto tect
prieskumZemep aveymisenzormj € o v p | y v n e ndodnpenkamia ablohev T mi

To zahr Ruj e zrueloilstsinnel, n®hroaczhegni tu a ob
premenliv® osvetlenalk insapoi el gkr ajvipiyw Raj
dopadaj Y“ceEdhydopadul gi arenia sa menia pol as
(Fitzgerald,20l1QPas 2 vne senzory mlgeme taktieg rozd
toho, | i vyug2vaj ¥ odrazen® slneln® ¢giaren
(Di & Yu, 2023) Pas2vne senzory sa vyu@g2vaj¥% na mc
amonitoring vydgapepnsaj] péeyodrazen® al ebo
zemsk®ho povrchu s% gtati stiidce&ryt iafliekb8oc i wi zo
(Turner et al.,, 2003)Me d z | p rplast?rvanjyem ssyst ®mom zar aNu |
(Zuzul ovs8§:et al., 2020)

1. Akcelerometerpr 2 st reorjanria mr 1 c h-ljeendiean: pdrvea ttryapny

zrTchl eni e a¥% darkuchell eprr§ec iuuh loobvj e k't ov
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2. HyperspeBdi 8 poekyreor|:i | T muséntoidse g e lgstoyk§dcn y

Yuazkych spektr8lnych p&8siem, ktorl umogR
i ch s pjedotvy. 81 n

3. Obrazosr Ir §di o jeestcehrocpnl skenovaS s ci é&Oom poc
S Yas tpavxueel ov na tvorbu obrazu, pril om sk

alebo elektronicky.

4. R&diometer: kv anti tatz2vne mer i a i ntenzitu el
gpecificklch p8&smach, | asto identifikov:

5. SounderMeri a verti k8l ne rozlogenie atmosf ®r |
tlak a zlogenie, pomocou multispektr 8l n:

6. Spektrometer: deteguje mer i a a anal yzuje spektr 8l
el ektromagneti ck®ho ¢gi ar eni ahranobwnal aj ne
rozptl | emiae spiekte®il me rozli govanie.

7. Spekt r or @eliaiotenBt (eirar eni a vo viacerlch p§:
(mul tispektr8l ne), | asto s vysokIim spek
sn2manie {gpeci fi atkmecon. geofyzi k&8l nych p

8. SONAR (Sound Navigation And RangingSONARjevt omt o pr 2 pade p
technol - gea, pkt ma§ advu kmePyfjilsileal an® i nl
objektami T&§to met-da sa vyakdws@i chkTlaowm es ingr
podmorskonp r o s Marandaz 2008)

342 Akt 2vne syst ®my

Na rozdiel od pasé vaysth®my sn &®mowg?2 akjt%vmr i r
al e sami vysielaj¥% giarenie. Toto vyslan®
od objektu alebo prostredia. Akt 2vne syst:
mi kr ovI| nn ®Nedzi ygy goruegnilivaa.n ®h o ¢gi areni a patr?2

rontgen. Pri tlTchto technipkrSiciltZsa@auVvpg8deijt e
202Q Van Genchten, 20085t r ukt %r a veg&tiStkee ®aunadmbaskc
pomocou akt2vnych senzor ov.sveBaylODAR) myp rdaectue ke
vo viditeOnom ag bl2zkom infralervenom p§:
vzdialenosti RADAR) vygaruje ¢giarenie ovlIdclhhge @dhk amni
Charakteristiky energeticklch impulzov ovpl
sign8lov. Sila a |as sp2tn®ho sign8lu sa p
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ktor® sa sl eduj YTuderatCk, @d03)Medgn 2 pmadsthy wiyems

syst®mom zaraNujeme nasl edovn®:

1. RADAR: ( Rati o Detection and Raywygidghhgk sy
mi krovI nnTathmessifg@r§dwva n8§sl ednom zachyt
od t eRra®mu.ov 1 S y prac®awv obol bavsytkil ev y sjoalelmnf r e k v e
mikrovinne | Mgsbkof ®espreekntirna a s Ygi Kk url] ov
pohybu objektof Zu z ul ov § (Satdar,d997), 2020)

2. SAR: (Synthetic Aperture Radgrge typ radarwbsahujes of t v®r ov® post
senzor e na matemati ck®zIziI gpmieani @ mrAI ez
viacerlTch sn2 mokKHay,20000 i st ®ho objektu

3. InSAR: (Interferometric Synthetic Aperture Radar (INSARBARV y u g ¥av a d
alebo viac radarov] clbnoug 8ArRQk usd i sgpt etb
anallzu a z2skanie inform8ci? dluetopogr a
al., 2007)

4. SONAR: (Sound Navigation And Rangingat 2 vSOWAR vysiela do vody
akustickl sign8l alderbSh ep unlezj azkviu kpur. e dPnoekti
od predmetu & r 81t i sa ako oaw®@m@a pmpavo dm? ksao.n as
doby medzi zvukovim impulzom a jeho pr2j
a v e Ok o gftpsddrgarskntica.noaa.gov/facts/sonar)atml

5. LiDAR: (Light Detection and Ranginggntos y s m@iml asar T kil e svet | |
pot r &dopadihmredmelebopovr ch asaptda8viaserov®ho s

T8technol pogida o bpwodpg? geiiaan i e

343 El ektromagnetick® ¢giareni e
Vpredch8dzaj com opi seboj @d nsoptellnewiuadh®magalk b
gi arklneakt.tr omagneti ck® ¢giarenie je druh ener
(Obr 8zo08kbadg sa z kmitmgtsceckhclel paitr | cki ol
seba navzgjom a n@Eerwenen;2018RThybluo $$ apemymu ce
sa rovng§ r(2hoo8t (Peréudc®, 0s)s )

El ektromagnetick® ¢giarenie vygaruj % vgetky
StefanBo |l t zmanopi @kencel kov,®t mn®Jesbyekéygenvgige
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https://oceanservice.noaa.gov/facts/sonar.html

M= 0"Y

kde M je celkovl vistup (emitovanl g¢giarivl
(W mi2), 0iBod tStneafnaonvoav &k ongt anta (5,6 I 10T
teplota emituj Ysceho materi 8lu (K). €é@el kov®

rT chl oteplotos(Hay, 2006

El ektromagnetick® vlIiny vznikaj % kmitan2m n
vesm2rnymiw8luonm.nyT maj % rtzne vlinov® dOgk
zodpovedaj Y vygg2m frekvenci 8m. R8di ov ®, 18
vinov® dOgky, zatiaO |o ultrafialov®, r°nt
dOgky. Wi edti [toe Op ®t rs?2 do stredu spektra. |
detekovateOnT OQOudskim okom, zatiaO | o na de
gi arenia s¥% potreb(®bgpgeokab) zovan® pr2str.

C=VA.

wavelength, A

T

velocity of light, ¢

Obr 82z®blkekt romagnetick8 vlIina (Mason &

Svetl o mogno me(rvasSs,v op rvididhm)genGonodd D r admer v e n
rozsalu ( NI R, pr i2l610iI0g nnem)7000dr azov® vlastnost.i
absorpciou, transmitanciou alebo adt i vos Sou svetl a, SYawvi si a
r a s (Endlé etal., 2011)
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0.l om I nm 10 nm 1000 nm | mm Im 100 m 1000 m
\Vuvclcnglh (m) llo.u llO.u 110.” llo.m llo.v 1104 1101 llo-( l?( ]lo-l IIO\ IPJ llol Il } 1 IP:

higher

T T 1 T s I v, T T 1 T T 1 *lower
Frequency (hz) 10* 10 107 10® 107 10 ‘l/(ﬁ 10" 10° 10% 10" 10° 10" 10" 10" 10°
Gamma Ray X-Ray uv iblc 1 Infrared Radio

L J S e
Optical sensors + LiDAR KuX C L-band radar
Microwave

+» longer

Obr 8&kElkekt romagneti ck® spektrum (Eckers

4 LiDAR
Pojem LIDARp o ¢ h 8adrzal izc k ® (Light DetectionZanmd Rangingpkremtohto
term2nu, m!geme poug2vaS aj ekvivalentn® p

technol -gie ako (Daassd r 2004RT esckhennool v-agniiaght L i DAR
Detection And Ranging) urluje sedizatmhpsEt
mer aj¥%zlaaktorl sa vwrs§tainTl d@engailm20]€jdeor gi e

technol - gi u, ktor8 poskytuje trojrozmern®
Tieto inform8cie sa potom m! gupopohuagi S8r®auyy
atoajvoblastachBust T m | es nTCh Hemrnais t&o nC.i uV oz &v ius | @:

od met-dy zberu %dajov mognoc hl aksaetreogv-®& is2kie n

1. Pozemn® | aser oK® os Resrt aavt @lfdseR etralg 20143
(Liang et al., 2016amo b i (Liamget al., 20183 ( Pi er zchag.a et al
2. Let dak®@r ov® sakeyaydviaena vigenhkikd, tsoca

avysoko letiaceplatformy). Na satelitne]j Yar ovoni j e t
(Saarela et al., 2018)

41 Vivoj technol -gie

Vivoj 4i PARGgI el od vyn8lezu Rub2nov®ho | as
1960 gtyr mir oevt® pdaina Ok d.maesrey ktor® sa ptvodn
sa postupne zmengili, zvigila sa ich Y% inni

ako napr2klad n2zka presnosS za kagd®ho po

vivoj gtemetregjci e | aser o8It oh gkine®kKamer ovi. e i
bezpelnosSou ol 2, elektronickou technol -gi
apli k8cie sa rozgz2rild@i po celom svet e, pr
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zameri avandizvia k g ve®, dvojrozmern® a trojr
technologick® pokroky v opticklich syst®moc«
storolia viedli k vyspellm produktom v 90.
Li DAR zaznamen®krematohorasthnol -gia Li DA
bezpilotnlch 1ietadl §c {Warg®tAly2020delsenu201@n - mn o m

42 Let elcks®er ov® skenovani e

Zt echnol -gii, ktor® pougeéetveaelfPedi VAR pele may a
svoju doseOgneSS z8uj moviehowo ZAszaelmi at i skt coa c&h
KeNge typick8 oblasS lesn@hozpahnui KO a4l sbBa
dok&8ge t8to technol - -gia efekt?2v(aeoBmokrysS
Kugel ka, 2019)

Pri |l eteckom | aseajolvaosd g ig®@mo La mM?PARj] enesenl
spevnim ,kredtomovim al ebo. Ruilleteckan® dedoorm | i et
skenovan2 san$mdm smernd aermd m onvajnd k stk echost an
(napr2klad 1isltys ofr&t-oredw,omap e) | &l svetl a
naspas. Zariadenie emituj Y%cevipebkttaokpezmn
poliatol nou hemi8svircauw ocanadbBskedy@okata pol ol
odraz prigiel, za pomoch!| ctt$Smgbhouengdtes Ve nhl a
emisiesmerpumadoba | etu pul zu.jAdgankodeprdo@@ pav

Svetel n® pulzy |labn® @zwvwenkujpr eti @aGe 8r5i e Vv ¢
od prv®ho povrchu kontaktu. Ni ektor® prec
Nal gi eho povrchu. Prvg8 ozvena poch8§dza od
poch§8§dza ddsttdrc®nu .ocolli cekglcshS ¢ ersBalbzived av n Yt
koruny. Zariadenie okrem polohy zaznamen8va a
| i darov® syst®my 0WhBzgvmasehmiunduwaSKagd80opul z
viacero ozvien @are kagd%% ozvenu je zaznamenan8 po
visl edkom j e Xn¥ s Yaroa dofbiccEvimesal., 2017)

Hustotab o d ov T ¢ h | mert eelcike®rh 0z | as ez HWi®h20 wk:enovani e

1. RTchl osti m eskeaavaciaho séclaniznu a a
2.V gky riTethd oas t i
3. G2 r prgkryaul et ovich | 2nii
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43 Kongtrukcia | aserov®ho skeneru
Laserkener®a ss k| ad &diza O kaosnskermwasgjjednotkp ol ohav ®h o
orientaln®ho syst®mu (POS), ktorl pozost§v
pol ohovaci@5¢dPGCRS)a tn®@megme@e] ednotky (IMU) (Habib et al.,

201Q Sopchaki & Sampaio, 20M¥ehr & Lohr, 1999)

431 Laserovs8 jednotka
Medzi hl avn® s ¥l as tlaserlysaeleamrviejjeopikacetektdr k' y p a |
sign8lu, zosil Rowtarlebmp® | €It aldtl (Balipasiaski®@98k o mp o n

4.3.2 Skener

Leteck® | aservy®osgeadivmarnmidiah ohOadu na p
ktor 8§ jke zPsk@®intr®y d&8t mdretjue |vi estnaedrpehybem j e do
lietadla smerom dopredu Dr uhl v § ® @ bkeccinmelsmeku letus a z2 skava
pomocou skenovacieho mechanizmw y | @ § @ i€ Imekadian, r om zekadiorh

PalmeroV m( e | i p tskewe&m alepo skeneromaspt i ¢ k T mi (Obvrl§&7korka mi
Cel kovd§huéhroplr i el nom smere pdtigmezar h®j polgeér k
V praxi blTva zorn® BdlAe =awylakj reexiwtmug zs ahu
( Dol a2084K 1Obr 8z ok

/ Oscillatlng mirror \ / Rotaﬂng polygon \ / Palmer scan

Ob r 87 Drdhy skenovacieho mechanizmu (Wujanz, 2016)
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=" 0y = ]

=#%= GNSS constellation

IMU
Pitch 3

Obr §8&9&kh®ma zn&§zor Ruj %ca z8kladn® princ?2p:
komponenty t ekemmandeiDiazetab, 2044)S (

Druhy skenovacieho mechanizmu (Wujanz, 2016)

Li dar ov® s kesnlrays, noksttoir ® osuag 2vv a | YatonDisgeeme r 0z
Return alebo tzviull-waveform( Obr §zoE @ apdi iz iveedi e odl i g
pol dosalov zaznamenanlch pre kagdl emitovanl
podstatnl mspoad@amo(@sgyaEhkin & Theriault, 2011)

Prv® DiscsenzorRetwmangRovali zaznamen8vaSsS z\
buN prvIi alebo posl edpbds!| ad eheoilo@mkug0EBvr at y
keN sa zaviedli vi achng gdebhimmigSalg&syv2024)t v, zvyl aj

Senzory fublwavef or m, zaznamen8vaj % celdeveprofil
stanovenlch | aspmickyiln$( oidmptoerrr\d&@l dlSh(Ussyshkinz d §1 e n
a Theriault, 2011)

31



Discrete Echo
Returns waveform
= Amplitude
Lol

+| outgoing pulse

return signal

1st level

| ey 1st return
(canopy)

canopy
structures

2nd returr
- last return

] ]
time time

2nd level (bushes)

ground

Obr 8 oki DAR s diskr®t nym n8§vratom a plnT|

Kombi n8ci a p dypwskenovdciehe mechthhizmza nec h 8vma! nme zem
typy st pObr §8zakn8Dor Ruj e pr 28klya ds kppaszeda ninadgn 1 dr
ztkadlom obr Bzm&z drORuj e pr &Iky agkreooteaelumnienj zdrrk a d
obr8zah&8x®c Ruj e pr & lkelipick® hghererwamm e j§ zadk 10d sk
sopt i ¢ k T mom.{FergakdeDiaz et al., 2014

WA L T, e
T T )

—

smer letu

Obr 8@0®k uhy stop podOa tDapetal.s2Rner u ( Fer

433 Kontroln8 jednotka
Skener a |l aserovg8 jednot ka nlradiacd) jednotky.k o mu n i

Vn%torn® hodiny tejto jednotky sa periodi ¢
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pomocou sipegersecoiPgenerovan®ho vn¥%tornl mi
GPS. Vgetky nameran® wWdaje (uhol aalepgs®gka)
synchronizuj % pomddod amRXTs [200Dam GPS

4.3.4 GPS

GPS je navigalnl 32y s m® isdtelivinar To bveyyin@ valr § h e
Zeme. Kagdl saatelmavijmei vhyddivreanhi . Satel ity
prij2mayncBP8ni z8ciou s at- - movI mi hodi nami

posi el aj ¥% i nf osrvmeStcliee) (o Twrhd orsBm ul ase do pr
| asu dan®ho satelitom a | asu v prij2mali G
ksatelt u sa potom vypol2ta vyn8soben?Bmelka%u pi
polohu mogno urlObs8zokd®dddmetrraindkaych zo gt
rob2 aj odhad nadmorskej vIigky. Signs8l z d
ritznych prek8gok predakiosizaybkgad 2 my poli 3 £ ana
vzdi alenosti k satelitu, a tITm aj vo vypol?2
di ferenci 8l neho GPS ( ddrS9 v n §\vaa jdve ss tashoniudan &
um est nen® na z nZempwhf inxpoduts paiohou daaou satelitmi.

Korekl n® sign8ly s¥% odosi el anf® »pmplodfo? end h 2 c t
cez diferenci 8l ny (parssop,20081! k pri j 2 mal u GPS

Obr 80 kPrinc?2p ur]Jovania polohy pomocou gl
(GPS)
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435 Navigalng jednotka

IMU ( InertialMeasurementnit) t ec hnopogijavaana meranie rilc
a gravitSaamegijasti éghnol - gia pozost8va z dvoc
gyroskopov. Akcel erometer sa poug2va na m
gyroskop meria uhl®®p oot o| eMesek 't echnol - gia | MU rozv
sn2 mamagnet ometer . Magnet omet er meria magn
z | e psd egreskopu/Ahmad et al., 2013)

4.3.5.1 IMU s dvomatypmisenzorov

Tento typ poze t § gyaoskap a akcelerometr&ka ¢ d1 s n2 mal m8 zvyl aj
stupne voOnosti dzeHodhmotayn ® pirehlosni &,z s lkaar
uhlovsg rTchlosS z gyroskopu s¥% uchov8van®
sn2malevpbetald§ta m! gnua bzy2S kkaanliieb rpohhessde® j g 2 c h
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)

Ob r 812dMU s 2 typmi senzorov

4.3.5.2 IMU s tromi typmi senzorov

Tento typ | MU sa skl ad@&magnetaniet. Blageetomatee dar a , g
poug2va na meranie uhl aroaaol enaadBht@akger o
typ sn2mal a vjl @ odytmmidej & r ipeeret Skcri§t kom a. dl hom
Nevihodou poug2vaniakina@ ned olmdW r o 4y @2 va ev p
obkl open® feromagnetickIm k oveonn®ar umegém by
magnet i c KARRO et a.02018)
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| - L: Linear acceleration
QEcRIermeter = Rotation Angle (pitch, roll)
—
" —fc i Rotation Angle (pitch, roll, yaw)
| agnetometer —— Calibration dusalervelocy
Gyroscope | — ‘—» Angul.arvelocnty |
\ » Rotation Angle (pitch, roll, yaw)

Ob r 81B:dMU s 3 typmi senzorov

44 V1 stzbpt eck®ho | aserov®ho skenovani a
Vistupamez ov®ho skenovakiti cark@hal Tb oltl @ d8®o bns ah u
S Yar a KyYjZaiatenzitu( Obr § z.o kB olddo)v ®t mkamho wstave | e
vyfiltjovadavi S cakylasli dtik dbwadeodgn&r addi S
jednotlivich tried ako (Rabensetul.e20lOP&ct achtes
krokochzneho m! geme pol 2t a&fidagbvEbhe dBibdehy st
bodmi(groundmer ani a z hol ®hsY%zempki®PHQ2 mer Paur ahc
vdanej oblasti. Nongr ound bodyolsjpekteosvannad zt er ®nom a
budovy, stromy, foviny at. N N a i ch oddel eni e exi stuj
akl asifikalnbDthedi g8 r h ©apdovzseknan Ghatirnufy 1d dteart

a typ n§vamai &, p loposendSiltrgvanie krokypreprocessingu f or m§ t
v s t u pdr§lt ci ht®eharakienstikyaN a | (Merg et al., 2010)

Pozem® fintgeme rozdeli S do niekoOklch kateg-

Segmentationand Clusteibased Filters
Morphological Filters

Directional Scanning Filters
ContourBased Filters

TIN-Based Filtes

o bk~ 0N PE

Pre spr8§vnu identifik8ciu poziemnyzihk 8d mndyarv
charakteri «hh ©#%I8img ujk¥ o-graundt Zeol nmwawirgdly S
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rozdeleh do gtyroch kateg-rii na z§WNéngeta., i ch f
2010)

1. Najni ggia nadmorskg8 vigka
2.StrmosS zemsk®ho povrchu
3. Rozdel nadmorsk® vIigky zemsk®ho povrchu

4. Homogenita zemsk®ho povrchu

Obr 8o kMr al no bodov z | eteck®ho | aser

Ako ug bol o spomenludt®e c ®led tloa sRPe riodregi@dll @ ys ke n
korunovejvrstyy ani ekt or ® pr(eriek ®jEe.zmikgigti28l Inly) mo d e |
(DTM)j e reprezent 8§ (orkuo,p008) r Ohgi t €t ®5y (DBNM)d e | p o
predstavujed i gi t § | ngr @Goaleddapea r?Tr oudme® ®a o Rozdelkn vy .

med zi t T mi dv omi di git8l nymi model mi dos
(Morsdorf et al., 2009)

45 Vyugi ti e ILdsDmA2RdIt we

Prv® zaliatkyl eyagk®hai dnavah®: Moezs®rh2ocdatsykee s a
doroku 1976 kedy vRusku(Solodukhinet al, 19790 a z diezedsmijelu vyt v &r al |
jednoduch® | &ees klbspe® kzBrveefrigieik I t o pr2str oj Z «
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vikonom by mohol by S Ilwywm(icthe Q®lfop,0%04By me r an
V osemdesiatych rokopotomz a | al i i pmpk vesmelng fern ow®h gri sk eno v
i nvent ar kedySsauigi nleensear al a | en vigka edhadomu al
z8§soby porastu, kKr uho(vhps szeSiissarl 09N bas| seebto, b i
1997) Vt omt o obdob?2 nastal aj komer| nl irozvoj
Gl ob §8IPmehHd n®h o (GESYy dtn®&mu i Bd wiedhaol n ®h gNS)Sy st ®m
vievaSdesi attyeaduOratik o ¢ o @r esn® (fteinzall etidlovani e
2001)

PostupnesaLiDAR z allaalst e ggevasS privemetahhejaegar ak
ekologick®r |l ebyl i goa@npodpobto¥vamiee?2pr.i [
(Lundemo et al., 2017)

Na odvodeni escd fsoa mB8ajibe pnej gi ehehrenbdsédv a|j Y
approach (ABA) a individual tree detection (ITQyiaowei Yu et al., 2010) Met - da | TI
vygaduj e | okal i zovvwaymed zwmd leo | kuo rsutnrya muN 8a | ¢
odvodeh®stznost ? b okdaogvd®ehjo vnyr nael dnzae nwe | korune,
met - dy gjee je n8chyln8 na chyby spl!soben® n
an8sl ednej nad al eboApxBhsedAppmeatBcpor Bet &in R

s% odhadovan® pre bunku mriegky, zal ogen®
bodov@&@Hmamrnwo vn¥%tri bunky. Bunka pnonlalgky |
viac priestorovich detailov ako inventariz

systematickim chyb8&8m | ast ¢Tommpalski®tak, 80d8) m pr i

4.5.1 INDIVIDUAL TREE DETECTION

Hl avnim probl ®mom | TD je segment8§cia strom
zoskupen?2, ktor® predsfpawvdyé& hedno®l s v@Pab®
stromova o r adtordow®. a Pr i rastrovej strat ®gi i
Height Model (CHMs),ap ot om s a detekuj % vrcholy stro
processing zobrazovac?2ch ngewihgafatershedkatebos ¥2 | o
i nverse watershed. Pr i dr uhej strat ®gi i s a
technikami ako rukbased distance feight tresholding, voxdbased, graphased
akernelbased method (Xiao et al. 2019).

Pri p oladiviRtlualdreeDetection(ITD) ( Obr §zpk2 gY@t egi t T kr
spom2nan8 segment8cia, pri Kkt Kaegtal.R0olB)i s k %i
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vo svojom | I 8nku hodnotili al goritmus str
| idarovidéat ekati uavrchol u stromu na val i d
rtznych dataset-ehapk8zakerpneffeneusws8l e ukaz
ako ostatn® varianty.

Imple ment ovali algoritmus z hOadiska Kernel ¢

#801100 801200 301300
L

164600
O

164500

+ Individual tree [ Field plot

T
201100

Obr 815K s | edo ki it wikdd lonmmowh (I TD) zal ogenl
v kombin8cii s pr2stupom | ocal m a(KFateha . Lie
et al., 2017)

4.5.2 AREA-BASED APPROACH

AreaBasedAp pr oach sa vykon8va dvoma kr ok mi

1. V prvom kroku sa %daje ALS z2skavaj¥% pre
veliliny sa z2skavaj¥% na skusnlch ploch§c
regresia a neparametritgk met - dy . Na vIvoj model u sa AL
zodpovedaj %cu oblasS skusnich pltch. Met ri
pripnut ®ho normali zovan®ho ALS bodov®ho mr
percentily, ,akz®p® n8Ateabltymaj » sa mer aj %
a hr Y%bka alebo s% modelovan® ako objem al

Pozemn® skusn® plochy by mal. reprezentova
variability.
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2. Vdruhomkrokyj e model aplikovanl na cel% obl a
to wall odhadov a m8p konkr ®t neho atri b%¥tu
vypol2tan® pre pripnut® ALS btowhbAL®damr al no,
Predi kt 2 wnyevimavm® cve prvom kroku s¥% potom a
oblasti pomocouwallo-wa |l | metr2 k. Vzorkov8 jednotka |
z8§vis2 na veOkosti pozemnich pltch. Akon§l
bunka mri e @k aude ema$ ri b¥%ut ¢(Dbojf ®aokWhiB) e

Apply models to entire

Stand-level 5
R management area using

inventory | — N\ | T = wall-to-wall metrics.
Sk Summarize per cell
s W estimates to stand-level
RS estimates.
- B TH
c2;0_ x (z;o m - % B 75 m*ha ‘
rid Cells Generata—— §§3§ 190 m/ha 1
wall-to-wall gg . J/ \II |
ALS metric Sat = 3 :
= e -2 B | 1?0 m¥ha | e
K @ i
Y 7
ALS
Point TR
e
Cloud ﬁigemw &
e —+| v=312+1.23p90 - 4.4p20
the clipped Predictive Modelling
O point cloud &
Ground o P ch
Plots == Co-located ground
plot measurements
O and point cloud
metrics

Obr 8160 kS ¢ h ® ma-Baesdd Appacle (8Vhite et al. 2013)

5 Metodika
V tejto kapitoleb ude predstavens§ pobhlasaPpopbskoimy post
spracovania d§t

51 N§rodnl park Lesk® Gvicarsko
Gtudijnou oblasSou bol (0®%r@dwmk Adank | eskl
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Obr §zdk N8§rodnl par k Lesk® Gvic-arsko

ceskesvycarsko.cz/oblasti/cesiey/carsko/)

N8&r odrkl2e spki®a rGvk o sa nach8dza v okrese DRJ| 2n
ChSibsk8&8 a Brtn2ky. T8to oblasS sa nach§gd:
oddeOuje ju od N&ricckoB®iBoogatkpaBhsk@®sk® G\
zalogmwmhhd 2®00. Od 1.6.2017 bola Spr8&8va nS§r
poveren8 vikonom gtBtBaepneprBvajnanéijzembl a
(CHKO). Rozloha NP Lesk® GvIc2372dkao je 7933

Podnebie v tejto oblastas vy znal uje sk?tr oce8nskym typi

rozdielmi medzi rolnTimi obdobiami a v2a] g2m

Priemernl rolnl %Yhrn zr §jablk sSa ppocsh ylpwjme raeky
z§padu na vichod sa cel kKadwlrok/a022rdosiahol§d o k z-
stanici Na Tokg8n?2 718,6 mm).

Teplotn® podmienky v oblasti sa | 2¢gia v z8
sa pohybuje okolo 9 AC v %dol 2 Labe, =zati
priemern¥% teplotu okolo 7 AC, rovnabkl®@ ako
zaznamenan8 priemern8 roln8 teplota vzduch
(stanica Na Tok§n?2). mMajnkaedomenaklamsahnck®
viznamnhaNPEIHK@ apr ej av uhjlYboskao wzarezanlch Ydo
tokov,kdedoch&8dza k tzv. kK1 i matratuw legjet iamwé thi ist
(vegetaln8 inverzia).
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1000

750

500

Uhrn srazek (mm)

250

2014 2015 2016 2017 2018 2019 2020 2021 2022

Rok

Grafl: Zobrazuj YaoNiPL¥shrn zr 8dgok v
((https://www.npcs.cz/sites/default/files/rozbory _kap2.pdf

52 Zon8N§rao d pagkin o
Dzemie NP je rozdel enc® edOoa,g tkytroorclh nza-jn¥ sp | pnoi

ZENAJEJ CIl EO PERCENTUCLNE ZAS]
1 -prrodmncg eOom je 15,6 %
nerugentdeopri ebeh
2-pr2rodecibd@arkaj e 18,9 %
nerugenl priebeh d
3a-s¥Wstredenej pst dar 10,5 %
cieOom je fAtrval §
3b-s¥stredenej pst @l 54,7 %
cieOom je fizai st e
dej ovh
4ikul t Yr n-eji elOr aji ien 0,3 %

TabulOk & o n § c (htgs:/M.NBCcs.cz/sites/default/files/rozbory_kap2)pdf
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53 Geomorfologick® | 1l eneni e

N§rodnl paftch skespp@itPe@d mor f ol ogi dkD&h &? nislkeerj e 1
vrchovi nykD Ikl onnksr kéldeoviekl nst n §mTot o YWzemie tvor
okr aj Krugnohor skej s“stavy a na z8pade hr
stredohor2m a na paherkatnoe so Gl uknovskou

Rel i ®f Yzemia sa zalal formovaSalg odrabda
zmeny nastal.] ag koncom treSoh!'r a najm?2 p
mal i tektonick® pohyby, attieplgnie ©k d o vH ccrho t a ¢
medzi Oadovich d?tb.i nTteenntrzd® evpnired @ € $a Vpicoesat dunp Nk® mu
odstgneniumenejs pevnenl ch |piaskovcoch &t pol® Wyt vor il i |
v porovnan2 s inTmi pieskovcovimi obl asSam
N§rodnl par k miaeskgvoaVYlume povrchom s mn

neovul baizakhovihémMachg8§dzaj % sa tu rozsiahl
wudol 2, Jasto Il emovanlch viuhaozzng pmaid nloaR ol nansi
prechigldlzak o zarezans ro&nlajnvay gg? enk yb old @ me nji
RTgovsk®ho vr chnua (k6tlo9r oorm m.a m.ozkl ad8 NS8rod

RT§.8

K viznamnim krajinnim %tvarom patria skaln

pieskovcovl skaRmdv|moskg vbrE&ima.peV n§rodnom
aj Nal gi e s¥tavlanr® ,v eagkeo, spi evi sy, r2msy a ska
er -zskhal n®ho apoakudrmudlug§ci a sedi ment ov, st §

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

Stabilitu horninov®ho ko dsltoafolmg copeEpelypv Ruj e
klimatick® zmeny, ktor® mtgu viesS ku geod:

54 Pedol ogi ck® charakteristika Yz emia

Pt dne povdnhNS8ernokdyn o m Glearskoiz k @ sk®vi si a s geol o
Yazemi a. hoPO YR n %) tkoBdpoe®edoveea® Tieto pt?
piesolnat® alebo hl,vimimopoesjol nvastByesaf nee:

maj % n2zku z8sobu pr2stupnlich ¢giv2n.
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Plyd vytvoren® na pieskos®#opheédynanat®ca® khim
silne kysl® a maj% m8lo pr2stupnich giv2n.
z8soben®,hvosrplnakigioromal e maj 4 n?2 z klyi eotbos ah! ddyr as
s redne ag Nd esomréacthy § 6® 5 § 8h Y%z e mi a) -hd % ng it dBy

ag 2hovini vt ®, tieg silne kysl ®, S n2zkou z

kambizeme a luvizeme.

V Y%zkych dn8ch #ddblu¥vi Shneaah§ibag b $ nez esne dai) |
tTchto ptdach saenagh &d2am®k, k ambuivziezne me a
ptdy sa migu 129giS zlogen2m a obsahdym @i v?2
m!l g e nepriaznivo ovplyvni S

stromov(https://www.npcs.cz/sites/default/files/rozbory _kap2.pdf

55 Hydr ol - gi a
Cel 8 oblasS Labsklch pieskovddwskep&d@ame N
geol ogi c k ®hma tvg/énveddrzne®mnmmua mor u

Charaktrer zeatakohkl Lleasska®labsk cGp? s k o)vje oedostatok

vodnlch tokov v porovnan2 s okolitiTmi obl a
geol ogi ck®ho podlogia. Va]gina ewl Zmamrikd ft h
hor 8c h, KSi n iejpahorkatinea Glmnlorh®v stke ngi e toky, na

potok a B2l T pejtpahkrkativep r Smerkin®@ v snk mo Y%z emi a
pskovcov. To ist® plat?2z aj o Brtnickom potc
Hawvwmou hydrografickou osou tejto oblasti |e

ps kovce. Ri eka L abBse oprceatnd k & Vasbeskkul mmie dpz i DD
v dOgke pribligne 12 km, kde vytvorila jed,i

Na Yazem? m&Enrlwdn®édlo dva hlavn® vodn® toky,
SVOoj i mi Pbat otkingt.o vodn® toky( O8 zokpr 281
(https:/Iwww.npcs.cz/sites/default/files/rozbory_kap2)pdf

43



NP CESKE SVYCARSKO - HYDROLOGICKA SiT

Ch
/"’Eo‘/o

4

Lave

Obr 88BokHydr ol ogi ck8&8 sieS NPLG

5.6 Floristicko-f yt ogeografick8 charakteristika
Zfytogeografick®ho htads k& a di kee ¢pirte§ Lpeoslkogh
herclinskej a sudetskej obl asti, ktor8 sa v
viskytom mnohlTch su®eéetclidntcikdk T mihkerdakuifiorkd.t i
charakter umogRujasubbekgglubpoveBbhnyahi enenl
expoz2ci §ch, apm2ap alchree Yudao lrdal Tch ragelinickS§

V Les&looaskuj e podst at ne kmeentgiineo vzimesh ivgpreoml§ oewn e h
pontickoj uhosi b2rskeho charakteru. Vyskytuj % s.

druhoy napmra kRTagdovskom vrchu.

PodOa Skaltiogke®hga af i ¢ k ®sKkodcavmend eOuwjad sk ilcas $
podokresy. V2] gi nlac avdesekma ppa NP peds ke tG¥i cho v i
kde sa vyskytuj % druhy (sub)mont8nneho <c¢h:
zasahuj % do parPlodokeeaes | DBk os$rkeed nRBrhidg np &r ki

nezasahujéhttps://www.npcs.cz/sites/default/files/rozbory _kap2)pdf
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6 Charakteristika prirodzenej | esnej
N§rodnl park je z va|gej |l asti pokrytl 1les
Z8 k!l adn ®prijodzehgjledndg g get 8ci e na Yrovni skupiny

Na pieskovcovom podkbuldskapiybumichRagipn’s kc o d®f v ¢ &
Vv s¥| donostlii ast ol smeko@alebobord@nmo®® orkw | tV¥%t T cht o
| esoch prleevs(R8bdsasyMaticv rokl i n §nimhpriskupuje platarfAcer

pseudoplatanus)s mr e k o (Pigda @ies)h zr i ed k av ¢Abigsa@ldaPa bi e

Bylinnl podrast .je zvylajne chudobnl

Ac i d o ¥ibIr mkepingGenisto germanicaQuercions a vy skytuj ¥4 vo fr
na pl oSgtirnogntohv.® p os c h dQuereusrobur r @ u 0 @bpettaesf n T

bor ovi c(Rinud syleesirfs jarabinaoby | aj n8 ( So.rviknodnovggucupar
Yar ovni domi nufFeangklaalngs)Sint &8 | jee Idppdbw & zachovan®

duby pBéwr asty borovicovich d¥%brav na hornlct
mesta g ypi ckrfanii t T mi p o (Vacsiniumivitisibaea)a n 3 @] or i edo

(Vaccinium myrtillus)

Aci dof vy skap®y Dicramo-Pinions ¥4 v i a z an ® poiolay na wchalo@hmn e
pieskovcovVchl slkt8d por ast ocPinusisglvestrisibjeza b or o\
biela (Betula pendulg)ale vpos| ednT ch sdieisatSo of et hd n®n @ o1

i n v §borowcihladkej(Pinus strobus)

L u g n ® skupays Alnion incanaes ¥ r oz g2ren® | en riedko [
avpr ameni gt nl &BtromowjlvistheSsscah vy skyt uj e(Aljuel §a I
glutinosa) i @6 &(Raxinus excelsiora v smrekovg e | § @ardstochaj smrek

oby| @icaadbies)

Kv et nat sRupinyfFagionsys ob medz e ni®minya T a dabike v [@8dn T
(Fagus sylvaticapb ohat 8 byl inn8 vrstva.

Su i nlesyskupinyTilio-Acerions ¥4 v 2| gi nou viazan® na i n® a

Naj hodnot nejajche§ dozoarjals t i) claas &iolmo wao o hR

Vmal om rozsahu s¥% zast Yp einmv earjz nplocdhm §r| caknl® nsé

do skupinyPiceion excelsaéttps://www.npcs.cz/sites/default/files/rozbory kap2)pdf
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Vpr $diod @it e mpod &1 aaNe8r odn®h o wlaa &krusPdrey ®k ® aG e r
|l eteck® skeynbotaiouilBsslpo | o | TopSySTopographische
Systemdaten GmbHBIiberach vr 8§ mprojektu GeNeSiSTechniclg univerzity v

Dr 8gNanoch (THubtesdebpdov pri priereeeer4o v o m ¢
body/nt. Druh®dB bdiegnméwz2®0l9% y hot « wene®| nou spol ol
Pri mis. Hustota bodov polas | aserov®ho sk

61l Leteck® | asokw2006 ® dsg§ta z

Leteck® | aser gokud2005 kbelo vyhotore ingep 04 o | TapaSy8 o u
Topographische Systemdaten Gmidiherach Ako skenovac?2 syst®m
Fallconll( Obr §zb&knt2® )t yp skeneru poug2va optick®@
zrkadla s% nasmerovap®i dil ¢hOhe B8 koikb s e ik
pulz je vysielanT .v{Rryoplo@ma o vinatktl an sukhd mew u
ap e v n o mbogowptiamomsmerg r §t ane i ch uphDovapskkzd2ao

fberoptcs 204»_503

optical filter

EX
motor drive

Obr 8z®k TopoSys,

Ob r §20:d6pdSys Falcon Il (Dolansk 2004) KOongtrukcie ske
vl 8knami (Wehr
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direction of fi

Fibre 1

Obr 822¢/k or skenovania syst®mu TopoSys
Gpecifik8cia zberu wWdajov
Zodpovedn8 spol ol nos S| Toposys Topographische Systemdaten Gm)
Biberach
Polet | etov 16
Lasovl rozsah | etov 14.4-01.05.2005
Priemerng vigka letu 1200 m
RozIl2genie vigok | asej001lm
Polet d8tovlich p8§sov 281 plus3 pruhy napri ¢
VeOkosS pixelu ortofo{050m
Rozmer dlagd2c ort of o{2000x2000m?
Poldeltagd2c (L1 DAT) 238
Prim8rny referenlnl sYETRSTM 33, elipsoidn®
Typ senzoru Falcon Il
Gpecifik8cia laserov® jednot
Rozsah 1600 m
G2rka skenovani a 14, 3A
Efektivna rTchl osS me {83000 zasekundu
Vinovsg dOgka 1560 nm
Z8znam d§t prv® odraz, iptengithednl
TabuXk&pecifik8cia zberu %dajov z roku
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62 Leteck® | asobu20l9® d§ta z

Let eck® | aser oku®Qa9sbkod noo vvaynls @t 6zo ¢ Rrdns S\kou
skenovac?2 syst®m bol -OMu@b rt 83 GEktoetypeskeneiue i ¢ a
pougesvcal | uj “Uc@brz§ Kedeljpdy s i el amycislilgm@l kmit a
zrkadlom, ktor® smopns&ha. vZrBadiousai z®hoh:
a po dosiahnutw sbhedikwmot & ameina.aca sa hust
dvoch orumpesghaekhbhdhekmi thkalindna®seba vedie k tzv.
kamerovim skenerom, dBfeav ®r §m&iE§gur ziact®lyo i 3«
(Wujanz, 2016)

Ob r §28.®kener Leica ALSHCM

Cross Track Position

: o Triangle 3
E? 3 * Sine 'g}

Along Track Position

Obr 82Z®PlovrchosRRensbtwvopai eho syst ®mu -CM)i ca AL :
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Gpecifik8cia zberu %dajov
Zodpovedn8 spol ol nos S |PRIMISspolsr.o.
Mul ti spektar 8l na kamer | LeicaRCD30
Priemerng8 vigka | etu 1 0d579to1069m
Lasovl rozsah |l etov A p r2e1b
Prim8rny referenlnl sy
Typ senzoru Leica ALS7GCM
Gpecifik8cia laserov® jednot
G2rka skenovani a 50A
Efekevnar T chl osS mer ani a |231kHz
Vinovg dOgka 1064nm
Z8znam d§t prv® odraz, iptengithednl

TabuXk&pecifik8§cia zberu %dajov z roku 201

6.3 Soft wapoa®ovanie d§t

Laserov8 d8ta z rokdu8td2¥®5n U alBdBi§(vfeobr Bv8& r noodn
spol ol ndgs) dopn@aj Ya gtrukt Yar u pPe@®al giyeu

spracovaniedb ol o popgrmrwedm®r aade da eveets Sy @Bdoaf or m§ t
n§saTropjo Sys Converter V.2ed®kD. oPfemod8&tsabp
wzemia rozdeli S na mengi eTllmtsd i s af tkwanrvoem t ko
exportovan® do z8klozdrz®mmaname x tkav Giaoy ds®¥muo r
X,Y, Z, T ( |da8st) ,p ol odicd(Bt@shmzl, 2042) u

Met ad8ta YWdaj ov koopoBgsrtovan® syst®mom

dat2349003f.3d3 | dat2349003i.3d3i

dat2349003f.txt | dat2349003i.txt
aSits Rl TSC 2.2.0 TSC 2.2.0
Ll26SG YSnjN 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

TabuOkla§ gka metad§t prekonvertovanlch pomoc
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p oz

vi s

6.3.1

sporiadan® wmkalwmo,12ktmarl® 8m8 bodov bol o
sifikejvta®s. ddobe exi stuje mn o g s tovapie sof t w
ermrvd |lcihen kBoeéovwreba si uvedomi S, ge ti e
emnich | aserovli othosh®nomwa mseomasina goyng | ¢
kumne sme doteraz vysk¥%gali gtyri soft w,
Trimble RealWorks Tento software i mportuje a s
prevagne z pozemnlch skenerov od tejto
| aserov®ho skdenovania, ale v d!sl|ledku
a software s tITm m§8 znaln® probl ®@my .

Arc GI'S LAStools Tool box: Spravovanie LiD

vygaduje pokrolil¥% 3D Analyst Ilicenciu.
od edit8cie a pr8&ce s |l aserovim mralnom,
po detekciu jednotivch stromov. Nevlihodou je cen:

spracovania.

CloudCompar e: CloudCompare je software
Ptvodne bol navrhnutl na porovn8§van2 dvoc
bol rozg2renl nrae vra ospercanced Wy n.iSafividteomao v T ¢
je zdar ma, ale nevihodou je rTchlossS
spracovs8§vaS d8§8ta na pozad?2, |l o m§8 za n
veOk®ho mr alnmam |rookba Gv.e k s

PDAL: PDAL je PointDaa AbstractiomolLCbfracCy++J&dn8
apli k8cie pre preklad a spracovanie d§t
Li DAR, avgak mnoho n8strojov v knihovne
sme sp¥%gSal i p 0 mo c @rograper AhdcandadNavi®dtar. Tatoi a d k u
ri egegovitevojreni m zdraojo§domve&R doeamhopn® spr
objem d§t

PDAL-Kni gnica abstrakcie bodovich d§t

PDAL je knignica C ++ na k-dovanie a mani

k ni

gnice s & -BRBDMAL pajskygyadp aplik8ci 2, Kkt or G
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poug2vaS na spracovani e, filtrovani e, k- d
mralVreagom pr2pade sme knignicu pougili na

bodov ®h o gemereahienDAM.a

PDAL knignicu sme sp%%gSali cez deasdndaopov ®
Navigator

6.3.2 Fitrovani e, k| esid8&iSximodow®ho mral na a ¢
Filtrovanie a kl asi pokkm8ciPbAlskib§mskat s nst en
p r o s tAmaeoddaNavigator PDAL b o | p aaukgliatsli fpiokk @aninli ch b o d
techniou j ednoduch®ho morfologick®ho filtra (
mi n i m#&tbvajkodnoty vo zvolenom buffea uhloomspojeds naj bl i gg2 m b
Al goritmus rozliguje body do dvoch skup?2n
hodntt najprv iba klasifikuje odGCuadQathI|hR dr
hodnoysa potom pri S pr a cmoovcaonuz nBOMFRFo sitg n o rgunjo¥ op
prid8me filter r oz spaohzue, mnagb ythaddoyak | @ g i R)e Ri8kci e
(PDAL, 2022a)

PomocouPDALsmey generovalisrpetagiovd mppivmehk!| asi f
bodov pomocou PDAL writers.gdal. Schopnos
poskytujemodulwriters.gdal(PDAL, 2022b)

PDAL bol p o ulgki wytvorenupovr chu vIigkov®ho model u s
filtrovania PDAL opeg c iwaters.gdal a GDAL k vygenerawiu vI gk ov ®h o a
kopcovi t ®hoo dpoovv®rhcoffe Dilr,Z20P2c)a

64 Detekcia hol 2n

Vpr2pade, ge chcemkbeeonhall oe k 8§ sppysnt Maac ¢ tk,y |
potredh@®&dnw%uS Ybytlok wdrrpeacwedded®oodi@mi er ar
by s p ks oCwednsik o u .| i TnencohsnSoolu- gi a d ZemOposkytuggh o pr i
ng§stroje na mapomstZiciewskabegtdizm er @aunolg.Ruj 201
tvorbu digit8lnedhgi m@d al b o{Xeowe Euhs&uMaltaraa, ® n u
2006) Ti eto modely sa n8sl edne mtgu vyugi S
v T §(Gahopy Height Mode)ktor®s | &#agkio z §khatl py e (Maltargoen 2 ct v e
al.,2004)Ak o val i dlad tne®c kdig§m al s er malgmms ped pradeo Ipi
holiny zhksasheh®spod8rskom pl 8ne.
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Na tvorbuNormalizovah crhodebvv T g(GHM)smevnagom pr 2 pade pougi
ArcGIS ProEs r ian £s tMinasjTT mt o n&8sar odem| 2ta hodnot
vstupn®ho rastra od hodnoty prv®ho vstupn®]

1|1 (0|0 o110 100110
1 2|2 31312 _ =201 (0
0oz olo|z2| — o|olo
- Rk 3 e 1 e 1 (-2 1 [0 value = NoData
InRasl InRas2 QutRas
OutRas = nus (InRasl, InRas2

Obr 8250kZobr azeni e ak o (MnusgSpatigl AnalygBAscGIE Br¢ Mi n u ¢
3.2

Ke Ngagednalox omt o pr2pade o mul t irdkev@d2b 2080ane | a:
2019, tak sme od| 2tali dat aholnyzrokw2k2l,a2021 a
i st® sme wurobildi pre | aserov® s ¥boholywy %daj) o
z roku 2020.N§ s | esdep® moc ou Ema8es t 58 by 8 niploil ypgr-enkorvy VAL S
rokov 2020 a 2021 a pot omMagaRokkl@ha2020sa i | i

nevyhodnocoval samostatne pretoge valesnol

zahrnut8 aj pl ocha hol2n na rok 2020.

Od 2t anTObrraS8sBaelab2(az ujjvacigermdrianfyi cky aj pol oh
jeprepoz or omlagpeg Sanel i tpatee ©nlby bol o vOkedn® | el
tohoto ohosdbh®mdg - ny aj diery, ktor® predsta
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FIE Y

0.020.01 0 0.02 0.04 0.06 0.08 t
e —" — Kilometers

Obr 8260kPol yg-n holiny klasifikovanl

Pre uzavretie dieror v rp%tl reig me p o u g EliminatanP8lyggons BajrtAko
"podmienku" sme vybral:i pl ochu, ktor8 odst
nagom pr2pade bol a ?par abhoolva8 zhvoodineont8& m4a0 008 kni
jednotky mengewwylak®uj0¥%4 ha sa n

Tvary polyg:-nov o men §8gSmpléyyaygons ppi &tarent sme
otestovadjiedmnged&lyouvlant my, kt or @iclita@denancau n 8str
zjednodugeni a

65 Vyugitia met-d strojov®ho ulenia a po
odhad z8sob |l esnlch porastov

Ako gtudi jn® d8ta s% v tomto pr2pade pougi
s¥% v tomto pr2pade definovan® ako kompaktn
rozl2gen2m 1 m vytvorenej] za pomoci iLi DARC
n8sl edne sk¥gan® tojRamdidl Least Bqudre® Reagressibnn Stdpwise a

Linear RegressionBandom For est. HI avnTm dtvodom pog
ktor® bud¥% podrobnej gie op2sanie niwaji e | e
buN kongtrukcia modelu, alebo viber tlch pr
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Software na spr Roetodioand el epdbug §44htlesERAN.R
project.org/package=pls) c ar et (httgs:4CRAN.Rpkoject.org/package=cet) a
bal 2| ek R a(ntdso/onanfpwjeceosgipackage=randomForest).

PredtTm ako sme hodnot il iR Studumdrodti | ipwr®& ¢gotod tyi
pozemne meranich pl!ch zRINMAY RANGE MEANOV ® ¢ h .
STD, SUM, MEDIAN, PCT90v software ArcGIS Pr« sr z a Epomo c Zonah § st r o |

Statistics arable

HodnotyMIN, MAX, RANGEpr edst avuj %% mini mum, maxi mum &
danom pol yg-ake eax tvrz@ranhyuy Yaosdnot §m v obl asti
zem,vpr 2padeni @gej eemt ak pr edstMBEAN,MEDIANa@] ni § g
PCT90s Bodov® odhady vigok jednoVpiavpadhe bumole
ide ol es tak sa odipadyemeemeSalldjgkek stkr omov,
priemernejv &b uni ek v damh amapnelngd -are, ppd kyig - N ni ¢
hustotu stromvatos a owdrabkar akter iashurkiSelh g astlravduw
bude hodnot M!NMEAN At @2 ext r ®mnryo piré lpea dj &kl
hekt 8ru bude obsahovaS glkeonu j3e0d emn, sboauldiet @rarSy
bl 2zko nule alebo pravdepodobne menej ako
priemern% hodMERAN aPCiPDOktoPmpeat2z tieg ale
probl ®m @Eoshoy. 8B jse s¥Whrnmn&Twilogdonkota paleyg- r
podstatdédeo vy n §semee m2 ppochou, takge zohOadRuj e
jednot!l ivlich beopdgnSe ko dcShTiD kjae asmM§ popi sova:
jednotlivich buniek, kt or 8§ alebdzv8yskd beéolug VaaM s 2
odchlT |l ka m!ryedppstsemstorms me n § 2 paoth@iledstavkije
uzavrze8pegjg ?

6.6 Detekciapr 2r ast ku

Prel Y21 edhadu rozg2?renia |istej biomasy sme
15 m, | o zodpoved8 najva@lg?2m pr2rastkom zi
tabuQk&chl, M., PaSeTaktliegMamékyylnLmPOi)i z&
mogno chg&8paS buN ako Sagen¥ plochu, alebo

zn2genie vigky ( zhodene smehamapdd). st romu, pog

Na detekciu zmiesme vt o mt o pr 2 p & d €mapgp Deagectibn ArcGIS Pro

Esr.j KEtorlT umogRuje vykon8&8vaS anallzu zmier
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Geoprocesingov® n8stroje Vv r8mci sady n8st
z8kl adn® anallzy detekcie zmien medzi rasi
mogn® pokgi® fCompute Change raster (VIipole

medzi dvoma sadami rastrovich ¥%dajov v re§l

Na zisSovanie zmien v |naSnmeogmorséd e oruas tSr dwl
AnalTza zmien pomocou 1CGDCz miaelne bpo nmoScsotur olj
Kagdl z tTchto n8strojov mogno prepoji$S s
Anal ysis Raster (Zisti S zmeny pomocou n§st
podr obnost. o | ase a r ozs alu((Daekdaegmenpr e k a
programe ArcGIS Pro, ArcGIS Pro 3.2).

Na | 2sel nl obaclpoibsd obmiaem w vy wd@t astadkset izkoun ®j n d §
Ni ggi e uveden® premenn® s¥%W z2skavan® aut om.

1. MEAN-pri emer vgen&dtcthi bumdrekt v ktor® patr
vistupng bunka;

2. MAXIMUM -naj va] gia hodnota vgetklch buni ek
rovnakej z-ny ako vistupn§ bunka,

3. MEDIAN -medi §nov§ hodnota vgetklch buniek
rovnakej z-ny ako vIistupng bunka,

4. MINIMUM -naj mengi a hodnota vgetklch buniek
rovnakej z-ny ako vistupn§ bunka,

5. PERCENTIL9Opercentil vgetklch buniek v rast
z-ny ako vistupn§ bunka,

6. RANGE-r oz di el medzi najva@l gou a naj mengou
hodntt, ktor® patria do rovnakej z-ny al
7. SMERODANCODCHAhLKé&merodajng§getdkhthkauni ek
hodn?tt, ktor® patria dokar ovnakej z-ny al
8. SDLEdel kovg hodnota vgetklch buniek v r
z-ny ako vistupng& bunka,

9. VARIABILITA -pol et jedinelnTch hodn!'t pre vge
patria do rovnakej (Zonal Statisiids @s Tadles($patipln § b |
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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.
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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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Original

Iteration 1

Iteration 2

Result

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
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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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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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