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el i mji mast 2nmlXknt2er T ch obj ekt TTLS ntfank bk Bke y
zdokumentovat prostoragl emid ismdcedangtildmet r ov I mi

BNgnN sedwwudhd wanpnBeh ypy zdkSd reenrols tdd zas.agene®
JsodTitrefF| | dfhaffn(epch a-skRi(PEBTLPsyst ®myskBEn€&oB |
vysl|l 8n kr8tklT laserovl impuls a elektronik
vr 8t 27 rzypchtl oskuppprrovsesalDblyakd olspd BV PDma
dpold@zd§l.endesnto princip wnedgRujdel oduchsl achho vn
vzdS8l ¢didgdt ?

Na rozd2lf SeadviobBaarepSevy gt bEr pmapnfrsauk vae n ¢ 2
vyhodnbdté&mpel mepasumnwys2| anou . apZpsSu 1j watp?Sifj &4 e o
svDtel m@Avoizmy e vz WM8kelnelgjetjkednoznal masitiy (A
mNSemr2otfoSzee vIiny se pBr as@icdiene nWIl opamkTge bt
rTznND vzd§lIRmdklh®m2lsze vySegit omezen2m dos
vina nemohla podruh® vyskyteotitehebock,ombdl o
abypwejednoznal nost mohl a bTlt odstnB8ahna TsheE
frekveR€zov® sysvemmi umg§gRUpy (ychPaet neg2n
bodT za sekundu) a vysokou pSesnost ,mhekr a
jejich dosah je omezenPj &¥ NDn &y Faiipgli@zee]e h s
Oba tkxepwnemrdcuj 2 na principu odradu fdynDtt]l @do
zajist2, ge dostatel n§ | §&ispdd@mi®$Sea2sezdBae
[ 15, 17]

11



Laserovl, pppug®kanl pSi | a%zklov@mt ®mB8ovonm
Ni cm®ryBazuj e omdbP dmvolsd ge ipBeSh &S e k o nvand&l enost
zvhDtguje. NapS?2Tklianbl @ $Ke8newpuwmgi v and®hm pr §
divergence8mapdskK&BQO0 cog, zgahme@d&pr sku | e ¢
vdeset. metrech od skeneru 6 mm, [v1e8]1TCak ome
vI astvnjoescth | aser owd dkdh o sk pragpe s ky zasahuj ? v
takSkamiv®g IVdsé edn§ pol oha pmwdSient®hpk etoedciy
vegenim prnPhmBremo paprsekl9kuoaeiTmiFo skedhtelr -
mohou bTlt vgechna zasagen8 m2sta .lao%naeens§
souviezl sgovac? sc,hokptneors& 2s ep avpzrds&lTenost 2 kil
j emn® deatediol wzni k@ mgumd kv Xeij eevfuf ekltifia sn etha
stronger.AMiexad nfii jeelp Te bubseeontzior T zachycuj 2 c?
odr,azzpravidla fEBxBvVvé&htmkeger iroki| paps se
sv®ho prTSezu hranu olpjokktadSugbes bgd k@ mpok 3be
mTge viylpto| t eaee xd s tmPjs2tca2 Hoe g2 c2ho mezi o.bRNma
Aby byl obj ekt zrekonstruovsg8§n spolehlivD,
paprskem bez Ami xRaz Ipiigxoeviaceéf fsecchtoupiin o s t ske
jedmadalBkou papr¥%ikiuoal inerdonzkkt gre@enemée mgpj e¥h el
dvilDma body, zachyf({iliKéplordiomin ®rkue rj eerveum mTIgie d o
paprsek dva Tgomwvwuc loyd resihzdiyv osséd 2j edn§8 o Abi as
retur2n0fldr azi vost povnthumzetduamigen ®Botsamsdympn 8§
jak silnl odraz se vr 8itzid8 | eMaotsetrib ik ieih2 iut a
dopapdaup r sXUR Plokud je nRkterlT odraz paprsku
mTgeTt vislednlT bodspdan@®mut osimi@rz ejmebhecz poohS aed
[ 23]

Na rozwl2de oplopeam®lar azov,®hloz esoydsitk@muu a zv D
Ast opy mpmaprksakil-fiet urn sysaf @meabldah?ce neg |
jednohg bespu Napfrkitad v | ese pabBsek =T@h
pr TSleizegr odt)aaz byt ek paprsku pokraluje,h dgl a
odkud §¢gdaoldghr afzlyl] Moder n?2 ToF s kve2naeat rya zpJo d p
zaznamemwijr pasl ednaz, pS¥ptayemiidkyo8razT na
vwst &8T paprnseebko gbkodcazeb$oukKuWwavefifor mkt er §
reprezentuje nepSetrgitnh (wiaz n@bedalnyo utl doedue z \
z2skat bohat g? i nfor maci 0O hustotnhD a struk
umo ¢ Riuojdeh a lodor) kst el hOhikmiymil, 2Njapr of i§z b v Mu
posunovs& ankdSar dnhN zaznpeen§vvapdla ®m zsemNDr u, [
kontinu8ln2 vina neumogRuje snadno rozligit
odraz zast2n?2 v[z1ldl§l enNDj g2 objekty
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V | esteedgyeet enéi &dlofdadB8hmezehr ukturou Jpeodmoask uj s
vzds8l ennDj g2 | §sulii visd PamjRdin2 paolrmyte\du skener u
viivem klesaj2c?2HupsSarddis¢e $ S papresfTapemn®z d §
det anolhyuvbtittel n® jen v dRBEJhu des2tek metr

To lasto vygadujee skteanoginmdlekd ear T mTi g spvSoup a d ¢
| asovou nE$e®s malbeveadt tradi| ng 1ALBYogboys kmixSwejne
vel mi detailnej ennfoorvmhake&ch a tl ougSka&wch, a
relativnh suzd&iTenbpchidpemogst zmNSit pSejsenN p
vel mi .wiBogaSkwlisgtkryozmTTLS | ze wur | i,r es-pi2 hymbou
vpS2padn [WliRgBYIMet oda efpgr o Yl el yp dveasdw zcd nv 2

nej pSesnhj g2 zae nvaijjedcaentmeni2 lcrh jgEktddd DP Z

:

a | Single

return

One signal (peak) recording

>

-

b First / last

returns

First / last signals recording

>

-

Multiple
¢ returns

1 - 5 signals recording

>

3

d Full

waveform

/N

Obr §zlékWks8§8zka rTznTch refMLn8[ Iz&ge@amu TLS

(a) pouze prvn2?2 odraz, (b) z8znam prvn2ho a posl
U fg8zovich TLS je mognl pouze regim (a). V2cen§s
sebou, pokud paprsek nen?2 pr vhdrinl¢g:bj ekt em zcel a

Entire waveform recording

h | Mobil n2 | aserov® skenov§gn?

Mobiln2 | aserov® skenov§n2 vyug?2vskendkabnle
um2stNn nappahybam®®Pkad achut omomikjtwpB82padnh
poug2v_8n bvaet ofhadrvifdhlon 2 ho syst ®mu n gs2e2Bham o0 p €
umogRuje pokrlT,t eweelnkt® §¥%ndm2i gpartynchlal pisé st u
probl ®mu naskenovajtednoBRactat awmdied Bktdoynlebagd 2
vpS2padNlDE8hy senzorT a zpTsoby mRSen2 vzc
jsou totogn® jakpodo®hBm bodgnoe&e t ojkapkehavo
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viditelamh®I|. veZ8sadn?2m zpTsobem se al e I i g2
vprost Sed? . Zat 2 mcoj eTdlnS hw gvihy5 s pisryascta@dAYh e m
skenovgmhybohoWM pracovat iamevguglin?2 hB 62 cz2
(A MBapSij2gidade§! n2ho navi @®NSii® hlae ssey sjtiecRymasg le
zdrugic zpravi dd attearke o ptSAds@griugpett sk ce pol ohy
vokamgisk 8wy paokrasngi t ®ho georeferencov§8§n?2 b
vyuganw g | esn?[ lpDbeRPiSedak ugi t2 sphed®bap?

al gor 8t mMyMASi(mul t alnemailsi zat i on f).aldA MMaaplpg onrgi t n
prTbNgnN zpracov§g§vd mygmhbtearg®@hdoatzamapT o,pt i ma
nej | aftr QjBim sfe@S2stup zalogendruhficlsnmhgngn?
hh ed8n2m nejl|l ®pe odpov(@PpalstdedAakondbsipoynace me
pol ohami ) Skeegn?2®@rdsheadnout trajektori:i skeneru
mapamr al na bodT. Vyug2vsg§ se pSiychielskramico a1 &
z | MU a samobodiEfEgoritmus hled§ ®ho€&s®edvud §
skenech a optimalizaj smripsllcv@aah nefjf d®pedBBRVazo
Prakticky jde o postup pmoabhdbedgnegipal Htaw if o1
pSAbundl e adj Jsttmemtafmmeer i ir.ob8%nheAiVs t &1l @ P Nh
skenovsgwW2sl edkem je odhad dr&8hy zaS2benm? a
pot Seby | GN§Bmaa 2 pSedpaeklvaedus kejneovan®m pr os
dostatek pevnich[&#i]lentaln2ch bodT

TabulkiaPSeh @ldl adhZastinost? skenerT pougitich v T &§ANI Al se
nezveSdinaNwebecls kéuaanic senzor
7Yizgh . . x60Y2iH
Skener | Typ| Dosah[m] E R pdpcskd
sekundu (Hor / Ver)
Trimble TX§ _ _ 80 prad 80 urad
ToFfN=MHc¢| 10000000 6 mm @ 10 m .
(TLS)18] @ 0.00
FARO Orbij
ToF 120 640000 | 13mm @ 10 m N/A
(MLS)35]
GeoSLAM
ZEB Horizof ToF| 100 300000 | NMH¢T H(Q 0.1°0.4°/2°
(MLS]36]

i Faktory ovlivRuj2c?2 zhE®AROsSt a hustc

FaktorT oviiwlRadRy2caserov®hm?2 smkepmovt§dedav j
vel mi lpa Stvdd jkev T i v & raniset| nzoes toedns tlreasna t . Pro c
visl edkT s kleorbaws npanjag ovat na as p,etkatky MLvSl i
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syst®my a pokusit, seepe mezrothSéepbida®peci fic
anal Tszk8ecrhT

Za Yil,elemecnhD gGHdgwemnZhogumuprjaccovbhtdis® t ypy
| aserovli cha skleinerr @heoz pwil rass2n @Do vp o hynk lyide gt |
vel k®ho mnodgkatpk?ydy prgdcHbitnuepjueinifgedo cestya vys.l
VytvEgS2 mphime ulagkl®t na krytu sedhgoowg®k ak? es

gemokrl poap$h pmTdegabsorbovat nebo odr §g
gpatnim smhDrem a snigovat tak[dpPpRa&la %sompnRigd
od/Ntru ,aijdet gt m& §Bkednm@®nD | i mi tuj PXi2 ch

| aserov®m rm&kpAé v & mh os h ossviBuhnbet|nn§ a azn8ir owielRn @
sluneln?2 z8Sen? poeptrZaye dskemempTmobpel @Kkj s o
filtry ppraoc osvwnu @I [kielv]o u

KromhD samotn®ho polas? |je@Tisober obt daes ipsSs a
tohot o psrkoesnteSPe&didey g2lmacst T z8§stin obj.dkt T |j
hrarjoef mk pSi wihaze mnaf fjiedyiro hook osltzaznBorva vsekRa | ¢
pr obl e mastkiecnko® §in 2 k pag uteo] s®rl@nsi nat T ch | esn?
hust ® | iasljoev 2p azparbsrk Tm pr oj 2 tJ eahyl inlan aryc hzod rya v
hust® asimilaln2 org§mysrkemar?2a tcah g kep Ber dogt vog 2s
vr choly]l.4]

U MLS je potSeba zovhllaesdtnniots tj2e gstpld jremK adhi ks e
siec m®21i g rychlT pohyb nebomTrgyec hvc@sytb §k&| & B 2
vipoltu trajektorizedvoijemeblbartke Taktdlpat n®
mralna veelwdoegmaz8&8n2Pobjle&pd2 funkcj eB8HAHN a
vi hodn® serishceent s k @mjoivi§ nA a vmiptst Be8n.8a8T] u mo g Ruj e
oriemnt aal gpodkenE m®ho pr oRdkSwestkieanl oev § n 2 nepr o
spr§vnlBi opNtovn®mM nask e nmoWSerns2aos tdojcrh@lkd k2
chyb8m sebe navdBuwam§ ak omouykazozgf emnl
nNDkoli kacentimetroyB9pe®sonng€tplvn®dapfitkace
vysokou pSesnost?) se proto ndDEx8egspRAUMSEcdat
referen] n2scrhoswja@d h Nlkiol i ka statickImi TLS sk
Vihodnou vliastnost2 opRtovp®Pb®t skemkwsdnr? nr
v2cekr 8t navgt?2ven® pl ocahymarag ® tvayky gp o shkuystt
informace o stavu | esa, cog |l ze ale tak® o0\
vhastaven?2 poug2van®Hho 8MR2ST ]I i TLS zaS2zen?

r, Pozemn?2 fotogrammetri e

Jako posl edn?2 pozemujsi t ;m8tvnoda t ®BPZ opeBoe j
fotogrammeRiPiGleose Range Plijot Fguagmmét RkgBasi c |
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fotografick® sn2mky, kregpvolSenp v ®@Dt/dm@d @ |lpma
data jsou tedVJLStkinPalKaokovzjejivcearthiuksglon
strukturou porofbifNamatoeahNi khelsq vygsakl HrBi
CRMo0Si zuj epSseckubovmad D¢ ogh &ftpes®vaddhycuj 2 2z §|
prostzSedznlTch %h|l T pohledu. PSi dostate] n®n
al goritmy pol2talov®ho vidhDn?2 K rnush %& @iae n 2 h
pomoc?2 triangulace vypol2that,.KeJjomahopttidel o
vRDt ginou vyug?2$f®EMAtarl wotrurtenu &)y ,0 me Miog ti wjn?2 al
postupy, 41Ga p®MaltScehmhi gslulaB[A4ie 2.]

U SfoMakti cky prob2h§8 rekhihsvoukae S¥vék @ivoub
mral na a t v obrobdao vigu snBr@hlenma t vor by S2dk®ho bo
jsoejprve hled8§8ny virazn® bWwidryaznnal mig ebcohd yf olt
pSedevg?2m em2kfiomt sast em,hrjamko ojbg e&kjtHT ed&ndr \
viraznT ch b odi[Dkporlobk2ah §%r ovif2odtografodt Sdr2mg
nal ®zt pSedevg2m ty body, kter ® | sobuwdsokuut e
viditel n® i na soKsedn3tBemdt olCrapisisy&ins bl i
Zrozmazanlch sn2mkT se tvoS2, Dpeg(Pelahgtretk
zm2 n N nd xcthr ® T na (fwitzo gOMarf § 2 eckh

Obr §zXxikVi zuali zace " Gaussian Blur" a detekce virazn’

Nal ezen® obzondayl ovan® jpeopdk@®pB8poalatisgl ent n?
body na ostatnzlcdemuddptogray i g tgr8a dpioednotbun oksd n t
okoloanzé&€hoveR odpov?2dajast?a tpno?l noFhbap drifeahvastni2vn
rychlosti posunu bodT haespomedh?2gar Aloaxygra
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jsou bl2zg nebo d§gl o0sle pso@rou ofvdutiez g @ b3 Bemeyk

1 i
: ?
i [
{ e ¥ [
\ )

@ ® @ ® O
° o ® ° ¢} o

Obr §z3ikVi zualizace paralaxy a sledov§n? pohbe(uZedvem'u~ bodT ,
vzd8l enl ; Liebrlvveziklis)b epdorslbadT j e nepS2mo ¥mDrnl jejich vzd§l

Z8roveR propdjidv 8ndr ovn &ws§ 2D padsp olrait pol o
odkud byl pdaoifbibleid vyfotografovgn. Tento pr
adj ust,mesindgmi miemad i zaci 2Dobdualzdvimmizi souSa
vpoS2zenl ch dportoojgerkacf2i 2wyhppooll toehn Theond T3 Dz p Dt d o
Mundl e a dij wsatsdegeihgor i t "YURFIIFTORB T sl edn® S
bodov® mral hnaAisppdtn@wFis®ar eztn &rkay v g e cah nYah Im2 s
(tj. vnhRj g2 ori,emitadinofioronpgEg®tveRbiuadpb&i

adjusfiméertdoveniat 9n?2 orientacej e obowvlhipanBna,
zkreslen2m obeboauohonl §bkavobjekrx§ weinjss ?u

podmnogAeypoui ias vzni kly A&ypiofies?2crer a fotogr
uveden2m do ,3nDa pkroonsktro®twn 2n.MBm¢ s$a@dni cov i sys
rekonsjfeukcem®nD Apomyslni i a neobsahuje Yc
oabsol utok2mDoejicdakt T, dokud tyto informace ne
| i vli2covazEehs8§ bodRonstruk€tet 8@rsanrawsyt?|§e dp?o k.
j sottokografi?2m zazGc&d@&ndIWTRtad)ye 2 pol oha
vprostorat udd@2ng8 i visledn® souSablotelrm@BUpddT

Ve dr uhr@ kfofimsitrukce kpryosugS gjdgpouz i zre§nodkud f
vznikaly i pozice bodTj &2dk®fenboldoy®RBb md @
kagdl obrazovl bod na Muétin@®wf 8tMbIe)adorii tsreu s
naj 2t odpov?2daj?2c? bod na dalg2ch fotografi
To udRDlI &8 pro vel k® mno ghsusvt2® phb oxded.vI®m Thg2ergn \
dosahovat hustoty bl2zk® poltu obrazoal ch
z8roveR nesei bhoemaci obsagenou,naogTyedmnifab
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pSi dal g2 zeanpm®hae pSi knleabsoi fniakpaSc.i uorbljoevk§tn? d
por o[st T25MWSA] gous thser bNgnBjepap&2 v COLMAP M
Ten na z8kladhRvS2dkKB8Ro hinbabkav® ,haky, ek tkery:
pi xel vzd@hadhubdch polasjhejfiodapam&d, na z
zv2ce fotografi2, dopl Ruje body a barvy do
vr eal[i4tbhal t er nat i v n2lczhe aulvg®srti t PnNTV S, kterl ]
pomalae|jm®nnN dhetgaiCIOL2MRPi nci p jeho fungov§gn?
hl oubkovich map, shalbdninah htlexdt§nr pe et uspni2@mc :
rozgi StolveS8atta aznl c hApab Icd46fr o | et eck® sn2mk
opti mal igoavamushH#iSMURE

Takov®to bodenlN® gmnmalune SedmNt em | ecalpigat amed mall
stromT | ja poarkossteT ji g v Nt gp ;mlowg ovreSgDr roAdBilcb2l ut v
meshekterl ug nen?2 | emovmncohg i mojue kpteTd Tu zsaavl 2 ¢r a
souvisl, s pSogadnn tzeXotrarzewn Sz és tsd i) %

Al koliv je vigeopopgsammepr TbR®s I3dgérikellk opnrsot creu
je dnes znalnh automati zovam&kpS. sAdit svafriovie
Real ity CaxpDaj2udgi vatel sk®hedsyla¢di spkaaS2 di t

kval i fwigaghsidiost at,el obmi m§| nNp Seeka y 86 M a s o f
vygeneruj e 3D bobdeozv Tn urtordoesit is ci@nfyelm vedicek a §li a

nN8rol nost. je fotogramméetzpracoVvpPoi eshBvekt
trvat hodiny ag dny, ale s modern2 opti mal

f ocen? pomBDrnhD rychl ®, ale stsg8le wvDtwyelnlo®
plochga megprddeat k® mhotggs@Enattatel nT m pNakr
druhou stranu,przdarmbla® oulvehy kosti tr(adlid n?
ar MmTge blt fotogrammetrie ef[flfkSteikwnylyj ¢f20 t noegy
vgak jenfalktdoakmez® ovlivRuj?2 pSesspsjnizBndsrt i
je vhodn® uv®st, ge pr os el edpogp?o rhull auy kek o vacbuy pr
soused?c? mi fotografi emi byl zhrobhaek#am@f i 6
JinTmi slovy, pSi pS21lig vepk@map®eRBRbDyveaekbdn
VNt g2 fmwdlogtrafi2 z rTznlch mPpedmdlcpdkzyjy?
vgechnyrlossgtSigednak plat?2, ge bod vidnDnT n
vislednou polohu ( wkhmhirjoev seRkyng cihey bkklagdT bo
nap Si bl8isqneiMnc2ch, pSesnost viraznhD stoup§,

sn2mc2ch jehyp®dbyl nl k

Je nutno tWalk®ubr te n erhazdee |zua cpheytita otb pvdj ¢ 2 n e
jsopiwelu zachycen® ttak ogpT 88§ dd t RiSleismetsrt T,
hor g2, zejsm®nmuac2s vzd8l enost 2a fjoet ozaSavainrs®iz8l i g &

fotoapay®8oupar ameztnrayl nl®@z em2dqy ovI i vnit pSizrg
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zaS2zen?2 | i obch8zen® trajektorie pfie samot
dal ¢?2 Sadu faktor T, kter® | ze porvd i ¥aB p D g mU
fotogranmhaeptS.i iapakuj 2 c? se vzmorhyouna o tpogro
strompnokul turnimmhbesen8st al goritmusogolnlp
j ako z ol3rvydt ¥ en? prosfs3ed&9javeadt e skp? a s
sl unel n2nhooh osuvfibtTub gwr anfNket er TpBes @Btkeeh® a i
cog ztNDguje nal ezevilf2l is hadbgsmelniciii bbb dhH Nghaodi e
m2stachve welrku®m e RGB fotogrammetirde8| néelj
podm2nky s rozpmniebenl mosyidicékkgrsaf®ny8§rs2 e x po:
bracketingem. Pokud mezi sn2mky,tdejbde vk i vl
obl al,nonsTtgie se modelervz8PpmblLUMmeMI]E§sti s

Vel kT m nepS2tel empdhymgomjmmett F,i engjel asTBi

mT § @ emo gpnSrto Ao i it sPokud napS. v2tr pohne
projekce se mezi f ot kami |l i g2 a nms[a@fet wa rteo hj
vzni knout z d vzovj letng&etnravekbtoamr al,nwut z v . A a rPtr of a
mi ni mat Deht ® éoohtged vnej kratg2m | pSoy®dnn Mse& uv
filtruj2 body kné¢elchgb.@8békonstru

KvalitnhD proveden8 pozemn? f ot ®Ilgmia manett aii lend
mr alina mal ®m rozsahiws SFL®GvnataeplSet&|l ad rekons
fotografi2 s vysokI m r oznme zgie nzand knmipgoedc mh2 t v
[ 26] Ni cm®nnD v praxi v Il ese | asto hustotu I

pokriyntlikt er @npp8chyygg?,mpgaratpide] kivdalrPe

PSesrfwmdstogrammetricklich mhRSen2 v | ese mTge
odhady DBH (prTmRrT ve viletn2i3vEdgee)com?
srovnatTelgn®6 ,s5.1, B8R2dgky stromT | ze fotogramm
protoge aprcehwil klyad onless¢s aw dtHEhM®de m§ vIihodu T
| et eck § f ot ogV @dneheskl ®idek y pozemn? zp6&Eteyupamn
vyug2vaj2cadmloi B Wan®ho na nejsgddé Ruper®n2 por

Zmi Rovge k¥ pSesnost vfeo tsorgorvamngseét rs @erTaVvSi dl a

srel atviysmBou | asovou n8rol nostBt gidran oz § jnmd M
Yaz e 2l 2zzkosti jednotek mikeddrTgownatuspgd&dm2unlkwtry
sbNr fotogmpaficzaje |asovou n§roztamjom®napp Aic c

pot2pyr2opsoj en2 m[ &4 84t mdhroa foi dgGveopdpSebar enci p o :
fotogr amBetdril@serovim skep®i§mpdIBnoulEde =\

B) Parametr yowa®& ozzbbBovimecal| en
Jak ji g bytlvoorubvae diehobodovlich mralenziek§redpr
informac2 o |l esn2ch por osPtaercahmea rjye d nkottelri® Tjc
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ur |l ovn8enjyen pro Yl ely bhwundem§aredajictcdt eeapiDt
pops&ny | ak npeotnoodci2c kwi,s Iteackk T dosagenich ve
Jelikog se diservza] mapp8cameamPSjupdnot | i vl
kl adenp&€demg2mhDto za vyudgNNRKt erDR dpmdrganme t r
odvozovat2D fnoatpoSgv gzhleh?2 z&8fmem t ®t o pr§ce.

h., Detekce jednotlivich stromT v bodc
Vel mi | asto samotn®mu odvozen2 stromovlich
bodov®ho mralna a tak® segnmeondoavw®&ho endrnaoltn a .
kroky, pSedevg2m segmentace individu§8ln2ch
vRDt g2 avlipSesmost odvozenlch parametr T m8
zbodov®ho mral na, neg pougliit§vme&joRiraotood viow
vprvn?2 | 8§sti kapitoly rozeb2r8na pr8vpnD det
par ameter Jp.ot Seba podotknout, ge nhDkter® met
poskytuj2dapg§2mpairametry,t akSesdee vigé and 2DIB Hme z i
kmene a vipoltem jeho parametrT mTge smlvat

Det eiceegment aBevdstvriadmfBl( Tree Deteich THBHB and
zpozemn2ch [JjieDAKR 2daotv 8§ pr o asittoonadpalzahmenir Ts
Pozemn2 metravchul[BBRDI n2 ho gsohvlyesdouk ou hustot ou
umogRuj e zachytit detail n2 st r Bokstkuyrtuutj & kme r
kompl etnhRj g2 3D indeog maette ok ®40betoedyhj e al e
prost Sed?2 wej] ehosVjbagks@ aorsytviy s ous edSr2t cohmnsotsrt
pol ykolrkneoomp| i kuj 2 segment asopir.o tMoglreadgeetoekaSt2 s t |
kmeyna agngsl ednadlizhFivaj 2 c 2 body ke [s9pr58v]n®
N2 gesou uwnhe cdhemy ydettldce stromT, vietnhD | ej
nevl Wddd .g2 pozo®nosdi $Sé& mbe & badays |porwsipidnia zjee joi ¢ h

porovn&ingorsit mem poagiamm DdbERbeDT |je sou
visledkT t®to prgce.

Met ody det ekyued 2sut ajo2mTad |gldz YibtordyT r oz d Nl en2 bo
mralna na skupiny odpov?daPSic2omj eodrmacctuljizvip
strukturou bodov®ho mralna a | sou, njexzkSosrijsd
napS2klead r@f®@ddan® klasifikaln2 modely

Samotn§ anallzaapttt8 adpda ivin®d tai , knegm& =l edn D
p SiRuljea || g82sktmen & oaaukimen DbTv§ snadno identifi
Vysok® hustotitabwd,azkntlervg gjg&¢ nedg hustota &
nebo asimilaln2ch org8nech. To je bbzwmPght
porosnifchdg pdmtap z pdlossoabheunj e dobr T chgmTgé edk
bTt makmodfil trovgn2 pS2iltiegd ymalpir,ahuiedBlay lgTu mu
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odstranit shluky pSedstavuj?2c? | iodts2t rmae Do 2

potenci 8l nD zaj2?mav®ho zmlazen2 | tyl kovi
t2mto zpTsobem pSesng§, pSi snaze loaskS3 Saz.
splynut?2 wv2cera korun nebo naopdd, 5dpHBlgen?
doji st® m2ry ogetSit pSid&§n2m pravidel, |jal

definovanl pol 8teln2mnéoébdepenéc Agead mpbont i
spojit, pokud dob5l4e. 50yl y oddhDIl eny

Proal ekemehT je | asto p oDBESPOARMe nasiBgiayreidt mspsat i
Clustering of Appd),i cagptliikmosy amilt m aNddiodle® ¢ ®h b §
mralna, obvykle pSiblignD wnem®dkipde klan & d m&tsr
zem2 pro kadgviyhuigstev?Genezr esknadRuj e spr 8§vnou de
i pS2padech u sebe bl 2nzekboo arpoSsetthazudc[2 ckhmediteri o m
zakrkyStozvi hpmnT m tMd es@imezen? pol §tel n2ugh shl
dal g2 kr ak yack?op Sig&atzoree verti k&l nPmmée meu z ¢
segmentace stromu ¢85pafdyeal opkoau §GHNtae e st

Nei ghioKNN) , @&eogwiiionngni®n N bplogsnt@u pjyakpSe t v d

nej kratgvgvbhgzreskélc&®zo vztahu kpélihpyrat kma
hustotn2 clustering p6@yluiziedye askl ok pBBhe mec
Ve spoglenstt esnDhgem® studie jpgtBtebpicshjbod
vichodi BRANKSARandom Sampl di Convgamrswsg)l cT a p
kmenT a jejich skVvpwmg2v&myg 2B reprodient ac?
zpracovsgn?2 nakl[oodllJehdehgstiromIs n&§hodnhD vyb?
bodT a hled8 parametry v8lce, nAjil®peapiopnB
vyug2t fitovg8§n2 dvou krugnic na hak®2vaddao
defiwglcie popi s uVlzhcordhoath rkaneean 2 skutel nPbBo kr
ef ek?toidvin gngdgwmazl epgementa $tik@amT d2 ky z2sk§8n
nakl onhDn?2[ 54t,.r6cdfha j e ns2igt umeteq d yv 2 r azcowjr2acz2e n $§
mralna | ast.W] hoded$Ee@idasg8énh pakdmenuT®ho
vl ce | zettovugiSuskknesniei.t | i vost na pol| §tel n?2

negkluasi ck@®B6 eMéawighuodng8 je vgak viepoheinn?2
fitovgma k@gjeomKloruny se ozbupykdll e pwsid$Sd esest i
pS2slugn@®bbovpbmec?2 biologicklch pravidel e
stromu a veliko«tt?rjRebledddmg 7fsye pravdDpodob
vgechny bagdymoshtoruo guSe hy ®@simuk 2 stromT ni §gg2h
Vel mi podobnhN funguGHMA@sDPpY pPea@dhip? deds ne
korumRhRjgorunov® projekncad egSnSamzpkai@ ngmou g2 |
podklad pro vybpomdo? ®msa r@mat walcdBrS3eh| ®dnu't
stromT, jejichg kor unaba4nebnd?, 6n0a, 6GAHM vi di t el n
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VposlehnkPaetoggdto k virazn®mu pokroku v segme
Li DAR zadatvynueguirteenov.iKé lms s ¢ k ®p apest @md® v 1 peSidok:
pelliv®m nastaven?2 pabe®setedkposkgj m@oa v
porolkYecsl ogithDjg2ch podnm2ditkng&c hv sjteu panl2ec hv hpoac
mT gkel 8st vygg?2 Medaaw®ghgapkg?2 hlubok® ul en?z
robustnost v komplikovanTch sc®n8&8ch s pSekr
rulnD navrgenTak®ap§brjemlich pougit?2 nen2
algoritmTmogelot aqm®l ® tiemttel i gsetncpe mezgygadiw§
objekty ndar@8&VvadMohleldymt hl ubok ®a Nu |peSre2mo L
segmentovat cel ® stromy nemé gnaehfSuesdRP? kos
okol n2 bodgavegkltadB vz§j,emh®mg z kDinepk ed tni2
bodomwr8 ljneadnot | i v 6B 79tr omT

Lasto poug2vanimi neuroamaliimies3DNdat ujrgeuml
Poi ett#f\dk dy Point Net++ m8 schopnost hsl®nda8nnt2i c
stromfTvedn2zm bodov®m m6al. ®BEf oM opeuvgak p
metod stroj ov®hot wdrelmd wgtrwop m® Mmadat a | ej i
bTt | imitodatnd Fenstneaj n®ho sn2male jako tr QG
obl.asfejich aplikaci kompll iakgived | neo®h ®iv § h p o
kl asifbB&hce

hStromov® parametry

Vngsleduj2c2m textu jigsbudmowidmop8nametorzT
nejv2ce tsGmavitiest ts®t o ppEslytau |28 rzoavje2Rmav ® i n
oboru inventarizace | esa, al tahbak®i okhmamn
pS2padmMo ekologick® aplikace.

Avi |l etn2 t(DBRBikamet er at Br)east Height

Jedrs® z&Kkl adn? Yad a j l esdeb&®z? ak8nt lagpkSeas ¢
nor malbaedocw®ho mralna, po n2¢g jkda emad®hmo®@& odrilvi
nad t erP®rme nz.2DsBKHS m2a kbodovm@hal na vyj2maj2 vis
zviegokol o 1 nadmee mojpit§hm?2 tjladbgSk&edchoz2ch
7cnf 51, 6Fy706] visele jsou pak zpracovsg§ny buN
do R2®nor ok Bshorun a dvioiboas p S2 pmrdevc®s tl zfei t ov §n 2
hroz2, {Je ViistloewddarTu gmb je &nkepbsoa wn&lbeaanei pSi bl i ¢
rovnolbsD@m ®nem. Jako nejlepg? vyendapiSr ufjint ce§
svistlesr pwugi teims@De zasechmfyh B dbnpadktlton DinT ¢t
tromT, kdy visel nabTv§g el inpetbiucdke® 8gS et§wadr®u

rozhodnut?2 o pougim& t2eldiylai v3 Bulrg Sekns?t ulpRIH 7z a
viivnhDn2 viapel ®otgn2 odd by DNtmpd emEmd pes Dt @2 |

7]

o
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mnoginou poudgitlch kbsmdpenRkRt ed § val enavwmedeeche b
naps§. pS2tomnost?2 vNDtv? nebo ne¥%plI5m®&h7ol] n
BNgnhND poug2van®vyuddbwajs® Hagtuadeggoda nej meng
| t ve,RANSAHoughat r ansfihhd ma&n? konvexn2ho obal
nebmet ody zal ogen® na as|oepdtoawndazd &biebeodds ordt u

referenl| n[27h20, TaydD]loe sn@ t csdv/yo us & olbiugs?t nost 2 pr ot
kmene a t2mop8HewmanouVeBSmbndatsio se ayug?
Houghova transfor mace, kter® @abeuzadalemlj ¢
vipoletn?2  n&relrrBosstei projevuj e [z65,neNal e@Sdn:
nejlepg2ho Segen2? RANIACmMETEFROmYgmd ¥ @t 0 s
zpravidla pmevg8df pehaznti cphhagk wslTs| e slrkeejrmejng) 2 t
chybou

Met owryl en2z aDiBoHg elniG®D AnRaf ot o g rdaamsmeh uji2zi vysok® i
NapS2&hada DBH odvloSt en ®mmdSra n Rh+0j.71e® . 9 74, 7 5]

TLS tak umogRuje z2skatpolBltbspmio rpyendfed et r
pos|l kupoKnwhov® z8k§sadmy dSeva a biomasy

AVT gksa r o mu

VI g&ar osenu st an ovvz2d §jl aakegp shyo glld an ®h o str@mu
pSilemg se pSedpebb8d8&hjog @jdid Gogdemo s t jaa chizred T
[ 75T hodiod en?2 pdzgeknyn2zho Li DAR skerz@wgm®eann2 ni

fotogrammebjiekfi ye2 a pSesni visledek, Kkte
odhadem, j ako u mN[SZe&iPeov Btk o MPr g ne dosagi
viednot k8§ch rmieaom®rMm@vem, z8stinu skeneru se
stromaubude zachycpondhao ddhojce@?2 K QP dktyi | et eck

Li DAR skenov§8&n2 umo ¢ Rug czh ypcoezne2mnv?Tngpe§k§ ssttirpognaTt
dSevinn® vegetace a t2m p&§dem kemplogxmbjg?

porostT [ 78]

PSi dostatel n®m pokryt? vrcholu stchymwul z
zpravi dPme tdroT 1( RMSE t~j1.. 592 % p Sesno[s7ts,d&prr]ot i
nutn@albdot knout, ¢ge vI gkar tilen?2 m smi»S em2rno vvnl §jvk
cod nen2? dodtiatné| zdrowhj eedeoenwngch sddss| &dk
url ovs§nzLivDARYtak zSejmhRD bude vygg2, neg

porovng8n?z2[ 8 k7a&luj 2

Ve vI1 sMLeSd kaup ©k 83wted S e ¢4l @ jvd §okht r oprofTk ud j e dot
zachwecemojTey piscnkaybmr® ni §g2 a stSednhD vysok®
je Sidg2 z8pojchnd&bovélcinsotr PsmEdp& Tpboi Seba pol 2t
sdopl nDnélm AR edakg?2ch otedbmo waiksceekpt ovat, ge
bTt podhowiniovzeams® 2snklenrfeNfaww zdor ymTtgoemup os kyt nc
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Kkompl et n?2 vigkov® ¥idaje presaacaealedi spelktSretsm
objekt7syhD

AKmenovl proyl

Kmenovl profivlayr koneineuptmegdpo TmNDrk memBz vl ch

vigk8§acklLS mralna odvodijtsdcueaotdamat ijSarkdc® st
modely (QSM) nebo sekVedl ndankBrh@e gaRimer ® s
principi8lnhD nel.VYél edmemppéogi PBIBzRSli &k a

identifikovat,nag8hyRa$SbWbkier Pak zmbgn®ut d
vipop $aeis m@hoedi2veakovsg anablasti koruny stro
na probl ®&m se zavDtven2Zzm kmene, kdy vDtve
naskenovghémpal itlakj® segmentkKadddpmedred ojds ovudt
wudadd!| Eqi tpodklpadenpSesnT vipolet dSemn2 z
mechanick® stability strolmter 8ap8stmeniddoas
bodov® mral no odpozv€idARwdhtit v@Brl TmNDr kmene
vi gsteej n®Obj amolmmeubé&u bRaiv  t vatd@eimiatno podot |
geur | en?z kmenovRPRhDARrmEi vel kT potenci §lI pr
objemT[d82800osud je velk$edelwé?zm jkil atdlem2z  t
vprsn2 vigce, tephit enmiegyly kK§BRvEdmi8sucauj 2 c2 m
d8rezebr §8n

AObj em kmemd va

Odhadémar u ,knmepnSe pomoc? ,Q3wSensongiP olirkejaen

obj Emen al ev.XSW? rozkl §dg§ <cell satrreckno nis & r ma j
architekturu stromu od kmpSBel| amgpp e ivelFthveep ¢ A
vzg§jemnhD .&adlltigrovmt objoednTt FddcmSesnN vypol 2t
obj edMv2irh mot[y8 0, Dy ovngn2 zjoibjteMBu®h dsth j e me m

zobj emotvdlwthl ek | i destruktivn2ho ,mBBami vyl
viednot k8chQM omedéeslotum p8&§demomme@estruktiyv
zpTsomeskyt nout denlfRonoavtha e enn 8 esbtirooralso (Ge o u n d

Bi omaa&B) 79, 8.Mo&nJjo st pSesn®ho ur |LeinARDb| e
povagov@E$al e ltiostovat a zpSesRovat, tjabikno:

studké@yalge 3D model Ilkarseenreo va® hwlvtisukie@ nzm R §nPk e p
odhaddzemn?2 obpiroontaisyempi ri ckT m vmad wsHyisct2ermaat i ocok
chyby [ 8.1]

APo| et v2 a hierarchie vDtven?

Krom objemu kmene a vD0Dtva2ut omat izek y3tDa kdRarta h
i nf or mmicer aor ¢ hitiz S8MWtyy em3t v(e n2 ) ,j eqgdlcthy Ide@D tk§k
nebadshi vy, poc ak tsefbienes§ j enmanse §il Z PKgt omut o Y%l el u
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vyug?2t jig zm2ndlngRo rQStMmy adrep ttajkeRk e ¢ ompmaci o
[ 83]

ZmzZ nln@&@ st nosti jsou dTl egi tSBes tpr aamuj erhaz ur nTIsn
Porovm&inakovl cshtlbnkdsstt r ukmdD Senrt2nim potvrdi |l o,
d®l ky vNDtveéhyRMSE? staps ¢ d ®& ka3nv P tl w2ug ISk v

[ 7 vedém®or mace jshoadm®pm@®p®Bodel yv Pldio | midtsrt
kvTl ptofmoz!|l ogen2 kbr gam@Kkyll mgizkkma amhoiundi kovat
dokondcreuhiov®[17T®z. 84l y

AUrl en2 druhu dSeviny

Urlen2 druhu dSewilmi ol xBiddtm,j el e obt2gn
spr8&vnich objemopimlhn aodcn at mlebomdhad z8§8soby
zn&8t ehdor uhov ® psdroojsettrk mut o Y| el u Ipzaer amew ¢ 3t
architehkor ywvamy kpTlvshtvfeddnlebo spektr 8l n?2 |
obsagenou Ve f ot ogr a[mEeUirzi kcuknh ¢ b r odka zesl h, g
parampbak®ijg&t rogtu2hl ostn2 kovefikbshta(bbgpn
Yhilnpasazen2 ndBikvaistAdwed&fplAootay A)i@adarmh g e
mogm®zlme@ g2 polsdtSedInads® dOd%[ 8 4]

JinmagnojsakR ,klasifikovatzadpegi nh®aldgahiyt me
ul efyaut omaticky klasifi kumjralbheaz hiyutstn o DtmiT ¢hé€

Konkr@®ally zpaaa®@Rtorzy i govat | ze ,dvbau Nd 2klllazs i g
pS2mo na z8kladhn 3D dat bnoedboov Tncah zngrkd laedmd. 20Dr |
praktvytkyoS?2 sn2mky individu8ln2ch stromT

Af otografi2fn pi{@8BRAHhMt okl aBi pBkataepem byl a ¥
kl asi 4i ¢aaOB]T. 6% Yusp®&Ghost i

Al ternativnhD se zpr @&c aowv §plEMPSHpaczvad.Bedodewur &
net war kkst em@puS.j ePoi pT bep$*stupy jsou zat22m
projekce, ale rya&8hl,889e zdokonal uj ?

Met osdtyr oj olv &hrdd amy olbljeviyw® struktuSe strom
ke sv®mu Wledlze vgak pSesnhD ur | itak¥sap2i§Kku ad |
pot Sebhaomwmelgls® v2 tr®novac2ch dat

AZdravotn2 stayv
PodobnhN obt2gnim %kolem je istuommvBnN?2| dar

kl asifikaci ¢givich a mrptowlkolk esiero®mepeelo h
opNt na z8kladh geametvyiudgkt éhl sefnB@yp @ @b adn
poudiottzogrammetrie i ze spektr8ln2zch infor m:

25



Rel ativnh jednowruSnhclim t¥ktool eprr eb bk mat iolduy mBe
stromkmgg€ prmad2zh&ith alkdihztyen zi tLu DoAIR apzaug b 9 k T
na z8kl adAkmedbobW®ho pmaefeinzggggdrazmrtvlich
neboS je nezakrilvaj2 asimilaln2 org8ny, mT¢
| asepap®Nays&kl adnD geoMetpyenev®ho profiluf zc
pS2tomnolsze vNasyeaps eavidokvartungmbngen2.Jkapuny
mognost2 je odhalovgnét meml!| olsd @by wgiats2t riomtTe
odrazu | aser pOM®RY paprskT

PodrobuodBRapgdt @3 vé c avbsitvr8o nofd ez ozves&kd satdgdi sht o v 2
vkorunhj.e TdcShopn @& edfeotleikaocviatpor a Y k&2 mEmmdande n
po opadutZkowsuwi2cht tus pladgn Mdgibyrt ek | i svbv@®eml ¢
napaden?2 nhenzgiz ®mee z- namiog se ppokleevoerm | pr dj e
pl ochy koruny d 9d8$It eeukvy®Gssptabaent det ekci pogk
jako jsou r8ny, dutiny, ol oupaziMd Sk Tsrkee nloiv § p
vk o mb i nfaati o gsr @mnseftljripeo | et a d®I| kuar arao vena8 nk me
ster®nn2m prsPezk&melmo, ges zme a bdgh o preyoevka t
zej mPABg2 pogkbamenilgmgneDo b utdatkhon memodea
nahradit Vi zu8l n? hodnocen? zdravotn2zho st
pogkozZemn2e vwpakovani[nd3Xslkenov§n?

ADal g2 parametry

Kromil ge popsanlcéezipmdamlec¢hh Tmralen ur]| uj?
parametry, kter® mohou zpSeworTiotstnPpme ptarad
poslougit pSi ekologickdti®$d wd z&knu2mec @l a Mesti
pl oyklorauanm® prpije keadhad konkur,z®sc@p Tmgyoit asjtntoo m
vyugit2 produkl|.Propltakhbylp @iRdatl ;i@ prroljuejksc e
kormmapS. pomoc? kd&kmyea®n ko umBd saPlloomusdNt t &
anallzy |l ze jak pS2mo na 3D bodovIitcehkamr al
rasterizovan® podobnD (2D) bodov®ho mral na |
zl et adl a.

Vi gkmasazen2 koruny je tak® zaj 2 mavlpoparsemet
kval ittpod&Aweir 8§l n22k sne meibmecstrascnou pebamPmoati
pog8rZIlmgSepverti k8l nz2ho profilu ,iboadowd®bn Ndmr
jako pSi detekci mrtwkapSstapatGhabylobhodeny

akoruynkter8 semzkt masdzeg Ik@rdjdnyye TLS dat e
prok8zallykugembkhoenmen2l ze spdesoosntdSi komam RM
koeficientem .de# B}t mi nace

O nNRco sdadliMZgwWy2 mygel| hdemoa kpovumrcykter T |
pog2vanmnio odhady bi om&koy uaD tushH ® K k prve ¢ ln ¢ @
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asimilal n2cld Sorngr8anlgmas riche koruny z3j=xk8thoj ak
konvexn?2lgatdhbnrjoem K arkwny8bj] € mnhveel@akgech bodT
kor ymyspTvgak mTge nadhodnotit objem kvTli z
koruny. RSé¢=aly|kgventhoSdvan 2 v enffadncave hul,l by
kde eobjemousugneadr | | $ediment Fohl edRuzjea[y958h m
Zm2nNng§ plocha as, mé §atordjpdviaple &t WAp 2tasS3 nd
kmorfologickim charakterosynké&mi e kajké#n®Bma 6 i
i nf orméxwolL SppelNmEM ol Nn®, .& @a dwgieng@ne rtoal i

| i std®’Se@d n8§sl edn® odvozen? cplsdc hye IlviysutgR.t Je
skenem mhD (bez | PIBOR2Aedboa vwug?2t al goritmT ¢
vytr®novanilch [por6o] HoedmtodLyiViDaeR sk dobdbBS&8nkor el
stradil n2 mij aked @jp@.mihemi sf ®f PZk&§ fotografie

i Poropanametry

3D bodovs8§ awwldast atel nD detail n2m podkl ad:
parametrT jednotlijel mbgis®m nand[y, 0o pirtotio met ri k
porosty. AS ug naarmzaglklilzayd Nj evd rsd teldikz® ncanl T styr c
samot k®@hmpl| et nz2ho bodov@Pbpnemmadnd DPE& wypo
bNngnnN popdrames® hodou objektivn2hlkerac.awrm?n
Jedn®mrametrT |l esn2ho pgrposétu, skmemDma z & v i ?
hustota.pbPodosw® umpakeronZzho 8kenrozdDI it na
stramMve popsani msegingot a ¢[ebyk,mel?THi @] odvozer
pol et strjoenjTi ch prostotr®tv® ir mizmé madidkaed ovAat
hust oporostupwétsmnynsaimidh elkit amphgéahut ut o i nfor
zohlednit napS.Pog®imn3t mPezsd G hiatlaks® r o my

vpodr ostPujoet omogn® odvozovali ibln2gar zkrd wmetn:
rozl ogeéepatyrovitop?5 peBllomst uhustwg apkoh agbgrt8yn i t

vhaskenov§nedlvnge f ®dtasntuwt n® s kwe2nhoe ag tTdrBewiog S

vVyarML Xobch§zen?adeteki§lgrelkmu naskenovgn2 vgec
Po WsplR@gm@&ntaci individu8ln2ch stromT a vIj
mogn® vel mi pSesnhN vypol2tat tak® kruhovou
Studi e ukazuj?2 vel mi dkor burhogpuv @spHtoor dousst tiTuh &1 |o @ h & i
i nventachaynbu RMSEnNasihe[lktdhe nt2e py obl ®mem vyt v
frekvenln2 rprdRceh® PBEHRodab®ND®Samadadd pol
stronustlch porostech unvoehdoeup amdatmer® a¢ Maddd yvy g g
chybu &kbvsTdtnem kT ch F74pNMkTmeNiNg us stknyud g n n ®

i nfor mace prol ea emtedmoi zeakca | .oQybi dcokb@ Nv Tj zek u my
post upm%iatvispSletdm2 v gkporod®gtokparametry m
odvozovs&§ny na z§8kl adhD zna@lo9ticuwvd tgjedkd ivlgne2cchl
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postupech mD&so¥T tkhsdTvodT nevihodn®. D2Kky
mogrwytvgSet pomhRrnhN autvd H&ioiv®o KkEnrvak iyz §pkdle ads
mNSen?2 svhgek okeHdométoru opr ot ipotsrtacqoi npg Snun § ¢
nov® pS2legitosti do o[b7o4r,u75mo7d7e]l ov&§n2 r Tst u

Zaj2mapwalrmmetrem, ktebbdbyz ®h v yppoophS*2tippaedhila 2 D
proj.gko&rpyltocchy porostu korunovim z8&8pojem,
ZMLS a TLS |l z e toedrhtaad nbpuaNa g me g a c 2 projekln
jednotl i vboRudostnomy by ]|nye bsoe gnnegpn8ddmiozrou T L
bodM Semnizchh[r Dr uhT zpTsob ppapvnkEVkp it wg o kion i
z8poyskml s& pdchzilli 898d ObND metody d8vajiz pod
naps§. hori zomtr®ljre2k c prpis eskw ez d 2jleydnwet k8 ch pro
shodewveabadil n2nviyuojkmahdoyt oapabfektsvem typu A
Zg&pwijl eniTLS je pSitom detailnhRjg2, |ze ho
i denti fi kovat 7i5, @al ® 9thezery

Jakzvilege popsanlich skutelnost?2 patrn®, pote
vel BT je pSedmhDtem vizkumBoumd@glréerlhc hal groa
popi sovaRtbhovprac2ch je ale J]asto obt?2{gn®,

sprogr amorveSin® mbez dostatel nDTwlikoas@bahbt pol p
Vvysok® poSilacwaov Iacdnyg e jhehlAV,pEpmi onanpir otloh o
met ody DPZ proni kaj ? d ol epsrmaikcttivczk ®fn @ z woylunja?
pSedmiteesmi ck®h ¢ 9V T z k umu

CExXxistuj?2c?2 softwarov® n8stroje

Ve snaze zpS2stupnit anallzu 3D bodovich
softwarovs Segen?, kter$§ maj 2 nab2dnout
automaticklch anattMzhtdoatpr oXggckam&Es@ uppen pr o
budou pSe dns8tsd veelingyg tvc 2t ®t 0 pr §ce.

h., Samostatnl software

Al DFn (i D Foreent ony)

3DFI n geul asposatvidDpodeph®pe d ossotf ut pwnalr ne m p
inventari2acidostesapnl jako samost @i migdios of t
programu CloudCoempagét kRdDFil aakk@®ned €tjegkjailiohh ,
vigaek tl oAggPki t mus pnagtawmut | zemDnou rTznl

parametrT, je vgak vytvoSen tak, aby to prc
| ze | altko®koy ® vmp @4 esmmnZh o | aser ov ®lmd ogk eamane § -

at ouw §dlenhoyubuorul en2 tlougSky podisdPNDgmoatz alls
str onmT]
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PrTbnNh detekee zat ogmn ]l vinsae bweydjavudth?o , anr abn a
vpSedem nastaven® vigceadnaPerBet. .\51 sag)l 4j. & am
geometrick8 vlIasfho®i o ZApdetrdtgi jc@ajl2i tydmoc2 | e
snadno Il denti ~ilkhewat vouwdioglo® n® Pobjoedkftiyl t ¢ o0
neverti k38l n2ec hprsotvreudketnwork et ®gp®méc?2 cl ust er
DBSCAMC hj§gdnot |l i ve® sapoksd PiSeémaglg&,t yodst r aRu
Z8r oveR josdo uscetbbek tj eendyn oit | i.v® k meny

Vipoltem prTbhRha jsgyr?okmgef2m | e p ak pr ov
zbTvaj2c2ch DbodT bjoeddorvaBthloiowiimei|sytar sle p Sede
propojovs8§n2m korun v2uerkel srxaoeTa? Ipidge vEddk
voxelkDPl o WNmedevgak c2l em pSesnlV sdeagl nge2nmt okvrac
je vypoltena vjégkprestdmul gkagnejvygg2ho b
Pomoc?2 I13Ddylpro] 2t at tT du PpDkvyo | t® oprh gge @ 8a gd ak
probl ®my vznikl ® ,pSrwbleshjessek kbbsahwj e pSesr
jen do vigky hm&%azen2 koruny

Vi sl emthkayl Tsgyu na z8vNjakxpor thnewdHny. xbkox ¢ akl
snadno dasltiupeal®n ®.

Al D Forest

Zaj2mavim n8strojem pro anallzu bodovich r
samostatnl pol 2tp&lehviedpi amgruagmvsatel skTm pro
schopen automatick® segmentace strom T, vIpoc
metrik aepobdpon®j specifick® anallzy | esn?2ho
KromhD DBH a vigky stromT je mogn® pomoc?2 pr
povrch | i projekce koruny a ptoadkm® njk&jcihc th uws 1
porostT. Vel mi zaj?2?mavs§ je morginmist s d wwir 98
sorti ment amenfesi99ez T kK

Princip detekce jednotlivich stromT je zalo

Na z8kl adh piSledzhogetimuk ni gg2mu viSegajiach a
centreedypostupnni skl @ds8docdiEize kstthrvondA . segm
Vipol et PBHo giremmgnl dvPDma zpTsoby fitov§gn
Houghovyormaaesfnebo metodou nejmeng?2ch | tve
kmenersn2 vigce, dplS§pakini gk 8w hti mEekonst
morfologick§8[Kkb®]vka kmene

Program nab?zz? ng8stroje pro pokrolilou ana
aut omati zovanl algoritmus, prov8§dNDNdtchA®@vgec
tak® uv®st skutel nost, ge je progham | aemd:

sel hg8§n2z m
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AComputree

Comput seenojse¢ atnl pol 2gahodovtkpmagg mpaohrgdatkesh n 1
modul §rn2 rozhran2Fiplrmz oofl ias t 120 jazs@za kzdgalj§e h o
mognosti zprdeswn&haot pitetsed Sre dgr o gerdannoun ,Set Nz
podpor bjoddo8 mrDa lobga,ektekt or ov® i r agti vate @ | C
si t ak dvoysttvugpSreT cah pflungki@dTt n2 wor kfl ow, aut om;
urlitou analTlzu jrampSadkaltad uimotiwRapjd?lwt2yQ SIMBH ,
segment aci kordmodtersaommP ch ahjlarGk,tedd]st i k

ACl oudCompar e

Jak jig bylo uvedemdza hClmwjdeCopmpagream 3DFI n
pluginy, pougitelnp®®pao At6®d eusrlebteid? ,aut omati c
segment acib osdtorvo@nhlo Anrcanh@nald, sjoau b or mnoha n8:¢
anallzu bodovIich mrvaelketno,r @8 c &b sGeldeotvuTd Cao mp ar €
vhodnT pro gir ok ® eshpoe kptortuerm caip8li kjaec 2z al ogen 1
geometricklich virasstngrbin2acokjpaeke T,aut omat i ck
objektT ve RAIDk plriostmem2 tento progr asn Slpeci
se jend®Lt rpoejh,ogs pomoc?2 | ze provs8&§dNt manus8l n
datDTl egi t ou soul 8§st? progr amu j e AComman
naprogramovsgn2 sl odiuttloorap d s kd rInedl pjkeojgitcphat o
pS2skidippozi cfiunvklixt2giporaogr amyd €k Dpédt Gompaoe an a
prov®st imadgimiatzenlgdsogit anmowz§n?2 .

KromWedenT esho uorpceen program] exSsg.enpPapmEnt N K
For@sltOs8A i DARM[6100,&]t erro8vy nNg poskytuj2 bRgnNn® p
| esn2 | nvZeanhtranrsigZfalecviody det ekcemetdebMTspompo
ul emj2i § dS2ve popsan® metody odNiozm®@iilvtelno u g
svi@ zpoplatmn@Pnd pejogoamy bnRIGnT mi N8stroji

pracAwgak je dTl egi teBxipsozun@mdan b\ YWk ajzb@®j1 26 d k y
YaspRNgnostkimedne@ hegkbc eur | e RMSBBH2 %, RMSE m 14

%a vI GMSE = [L1Q03] %

h Programovhao?nk

Vedl e samostatekélstpjegtaw® cpt & padgr &mo V
jazyky PWMAMbAB ®Jdlaillgég jevelekljsbupopret pSet
uvedeny ptoaubzel3, v spopar amekt grd® ko8uyodvadit

C2lem t ® o mrephae zemnstawpnl ch softwarovich Se
z8kl adn? patrraonmeéy®ou dostat.ZbubBderkdbum§AY pro
je jedense kneezradbT v &m ZpraatovEAAl | o menTrgiec fb)l,t

zaj2mavim prostvSerekemnRkterich parametr T s
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vigk druhu [d96gi ey sou

datjee,j ich Y% alr|legakdeed?tometrickTlch

je urlen pro ekologickl vizkum a
mezer agpmir ostWbjfuhlT software se zase
stromTemuky vyug2vsg met o[dyZet zdjl vaPh e 2?2 slee A7
jich jen mal ® dnatoaisltv2m vdmplj leamsgd gsnt®meamn N
sof tTwamnNISema v orQBWM §@npir ogmamm®e®red z p o zdmr uvhg
dSevin. Bl ik¢gs!|etdotviantl imk @ ar amet r Ttrma bsull rcoemT
Tyto skut elnnaovsStdi2o nke dyegsedewpatBeba
rozpozng8vsgn2 HodbVTl dBemial mecrha

vDt vz nebo ceAlkgor® tbmyo neatsrymjzpw@mE vialj é t2
ji g existuj?z, neexistuj?2 ale

kvyt vaSaegkm2v ®h o

TabulXiPoypgol 2t al ovich

ng§s

troje

a

uvedeny 2

osl oven?z

programy,
vel
zablvs
zablvs

po®gnamy z2 kpé
vel k® Kkor

progr@advoz &t &r Quuedk&yg® upar ametry.

o1 iy OV INPOLL N Grem | objem | € P2
kmenovéhg 2 DAUt A nasazen
DBH . kmene 2] q

profilu stromu koruny

ANO 17 9 15 10 4 2

NE 3 8 5 9 14 17

, ENH O 3 0 1 2 1
Korunov3§ Druhova |Segmentacd é DG Y| é ! 2 |

projekce QSM mode klasifikace 2] q 2|biomasy| Al

ANO 6 5 0 7 1 4

NE 13 14 20 11 18 16

, ENH 1 1 0 2 1 0

Z uveden®ho

by se
Ve snaze O rozvinut?2
jejichg prTbRhu se

t pdp sv yipnlolyva%,e peadovet kT t @mat a
odvozen?
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Il Tegen2 c¢c2I| T disertaln?2 pr 8c

BNDhem zpracovgn2 c2| T disletry %il ntops Sklee jbg2
mNIpySi kpBfjich splinddneg 2 etydkipép2 vE jing zaS?
software a jejiealklug?2lu merms2 ewdqd yne A orvasasddbi2 rtaet:
vy u @irto8t Yedkngi bpofueveTden Wleslp. sthyliyd,r aknd k
pS2stroj nebo.DEdfet wairkemne v ege@wdgpirtaB ovn2apost
sni mi s poj elneRd ndoeptt abisl®yS.e dky budou onmtextaua Ppas
agsekol ssetdkkumu.

A) SbnNr dat

Sbnr dat nprTazbn?2lhosklal |i ¢ Slc® r eap ubbil i skky® , r § mkb ljie
detailnhjjepopsEnolch pSilDhaytemibkla pyblai hasS2
ve spolsuepr §potl2@y Anlsonbuth fiskT m | esnicklim c
(Met s2keapklbpPhu studeBesk®vagt28dygete dmpalavizde
invent arivecé&orfed@@r ovich GI S bwrdotvd\x,h jmedan
poS2zenTch skeneZminnBABOV ®r mir splorS22 zkeylaa aut o
t ®tdd sertaln2 pr8&§cegk PoSpgsens§veddepnhbyp &2 st
poskytpmioha @ron2Seby obou rsSprxlieljregstcZhiatsw odl atpa
sl ougillv@jiest ovE&n2 autorsk®hopopoagrmB@ama WD&n
pr 8ce

Dal g2 s avdzonu kd aotu, v ee spmd lu@lrmBacst s L§zeRsk® |
Vary (LLKB®Wmonografiokg@grammetri ek%B8em? LvdARprd
t ®t 0 spolelnosti. Jedn8 se o datamiepiskidjchc
par ckkacrhh ovich VarT. aPmBsdranMali$gba pomoc? ak
Ar bor Sonic 3D s,pokeph pskpernS&ibaiiPo/ppby |l ® podk
vzni kly lzasarnyay®had RE@B zkiaedee fyon u i Frhoat noeg rla2f iR
zachycuj?2 zkounsanp® sptrroovneyd epnS?dét sotmeo gvrpaifciheT s e
toti g bRhem tomografie oznal palat k Spfoun ® c\w
vzd8§l enostfosegrzamme tzr i ezkpl SehswntDatz e dokrik gr af i e
Pr i m8ual re? fotogt ®mmebyiueepvo tvorbu 3D model

kdet ekci hnil oby kmene.

NovDjg?2 verze telefonu, konkr ®t nD i Phone 1
mal T ch stzraclhmkaJd&§eh Leski®ivemBrdfe kwv@®gr afi e
ur l en prfoot ogrammetri ckou rekonstr,uk @ioz ddXxjd

poroam®mmodelmagnet idcikg@htBozl@reumus Fastr ak.
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Posl edn? s apdmaS2daeketeaBylha pSi okrajii Snbsh dkl®.
Sest gvaseérokeTlHS a PMWS.jejich sbhRr DByl mbivegu
TX8 (,GEe®$)SLAM ZEB Homapony 4 MNOBhone 14 Pro. C
za YW pedreawhgalkit skener T jpSjeidni clhe wmRp Ekec -
stejn® Yizem? byla vytvoSena tak® fotogramn
vdosavadn2ch prac2ch nikterak zkoum8na.

h St atbhek®olV® skenovy8n?

TLS dbaytlaa po SiazS?vz8ema m T Omb B4, eimX8 Sovan®ho
trojnkrgkm sv® vysok® pSesndatli s ajoenetl kKt®h 0z D
tak® vysokou chonptjneorlsd 2atrakhéep8dstupmioctvyahl
sniguje. Cel kov § (1Mmdtpnkogsstt asvice & t6u8 il 26 6,0 g )
pSepravni{io.bokgdP{oogk§lak g ho dr obn®hol ipn$? s
pSi bRBikgnn
Triblme TKi8sponuje jak | aser o 3 acerem O
pracadwhze infral elr5\0eOm®hobak v '

kamer ou, schoprmau eyvaoluy ti md u-
obarven2 bodov®ho mral na.
Jak ji g byl o uv ezdaecnhoytc@ & ke ¢

sv® @kounmogRepaty sr y cahil 000s0t @0
pul/sdfomaxi m§kd3| 8mRds tne HMIFTn ®m
regisrhiienuje do okol 2 asi 120
skenovg§n?2 do vzziélemacmsmtini@gs"r§Z~'ze.lr|-(TﬁL%rni+m\t;|.E1,'
visledn®ho bodolve@&oy pmarTaslDmra , - ...
paprsé&ste7a§ oa, shtmygjeedetail nost vcakt ent i
m2 s¥z8visdnamspogadovanTilche dzwalililtteycSh regi mT s
srTEm rozld géeodéd ammaemOMT.vy brramm@braumakdvej? as
skenovs8&ndy skedehrvs8 od dvoful&8llo dvacet. mi nu
ZaS2zen? jpSecvIidddyrkevdawd skl &@daj 2 na USB f |
zpracovsg§n2m je vgak nutno dat a p SpervoBgsrta niuo
Tmbl e Real[ 1W)TleagRunmemo jimsPojak®nzv2gcleenmT
stano,vi se&kg | ajsa o p 0 upgo2svt aunpl pSi ss kTelnSo v 8§ n ¢
Takov®to propoPreeHi2buNto na zBkdadDchodcdohbhhes
za vyugit2z referenln2ch objektT.

Jako referenln?z bh® ekdulse Ep Ou g diragu2i vogt 3 e
nutno pSed skenovg&n2m rozm2stistbRdasndavist ol
nepohybadtvoahto.t o dTvodu jerjpoem?Pch Bnmax m&Eetndn28 n:
pot Seba rozmyslet pSedP3iathédmeseémmedNrdbinat
nej vildtg2hozpobtankoubska skeneru
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Referenl| n2 koul e | ze vpug2tgepakdbenvdrcowsrr
mr al na. Program Tri mble Real \Vdorpkos ujvee dseml?o g
zemNDpisnlchbuwohba Smadhow® mralno um2sthNDno do
Pro dal g2 anallzu to ale nkeddov8®me®zmiyd|nm®a
krokem nemiDn?2.

BNhem sbRNru dat pro YW ely t®to disertpaSlin2
porovng8vegn2 -cwiskonlui DACRe skleere Ty spSedn®tbh v
st uldyli ivtyukje skenovg&§n2 zhewmbdg OGydhapopltaviey,
13 stanmidichekprobDhl bNDgh@®@moy89gbmla paprskT 1
zvol enat $gdreve R kval.iZtsy o8 Rnadmd o pougito

koul 2, rozm2stBhklchbpoikphgdi@glzandachgeemad |
skemkueferenlnzm koul2m byly pSesnh zamhRDSen

t2mto zpVgaoabkmo detail n2 a georeferencovan®
h Mobil n2 | aserov® skenovgn?
Tato sekce obsahuje informace o mobiln2ch s

pro orittd®macia ye tridmi mogh®NDsproch8zet ske
spoljuejs ch n2zk,oup Simokontpddd 1 ogr amT, nab?2z?
pohodl nTskpPTeshbeacnou z8§sadou pSi poug2vsgn?
mi ni malizaci ryciplriudkk TzzmhDrploghiyddJu |l ae dos §hnoc
rychlost?2 chTze a opat rbzlentm2 poo zvveollinkions toit 80 .
naskenoemti goglPhch des2t ek minut
PorovwBkéwmuezdhe popskaemehT | edaplogp? §InDst i t ®:
vkapitol e AMysutgistk?e nleorwl fi

AGeoSLAM ZEBEROHO

Tensloenerl me pplodindoji GARDLOMbZEB Hori zon
alset aa geja&kho specifi haaome?d sw uF AR® N@rab ijss.ou r o
pomBbDr nl) viazd ®F.r § z e k

Dosah skenov8§n2 je maxpmBditadhdidy ol 60 yméat oFt 2
skeno8@@0 Qul 33 sekuwWneduSkener podporuj e pou:
papr sku, c onge Yzppl TnsooshtlugseluenrBic hv aN r o mgAROmMi s
neposkgxwqgj e XKlmsner/gliaj e o REBB tbhaakrgveScv i sl ednd
mralno je vgdy bezbarv®

PS2 sstersotj§vg ze samattathboggeners bateri2. P
dvilDma hlavn2mroV8dODmo ylkeodYWhihk tkearbled remp $S2 p a
st8vsg§, ge pS2stroj bhNhem HOArMNU ndat twhonlo?
vpS2padnhn dispofghoneénprgrcepojovac? kabel

Ovl §cc&me2neru prob2h8 prakt i.cklJye dpnoomoscl2o udjv?o up |
dat al oggeru a t2m i edsppgt Bh2kaSiukpyn!| dnth
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proces je tedynpedbédetcipiS2Niigm@&molynwmdRuj e
referenln2 body, vhodn® pro georeferencovs
zastav?2 nad pogadovp8im mgebDemOnsekobd

Sesb2ran§ data jsou JUll§&&qganémwm gha®t aploo zeeruu
flash disku do Zpd&? sjlagn®z gy SRy 8dEt r djnis,t rn
neopatrnou mani pul acdatmT gda djog j2itc k es tza g €8t 2D
pokus.

Aby mohly blt stagerl® esodpgBenwve deayf ommbtow ov

je nezbytn® poug?2t ABGeoBSLAMt Blub®f pebgr A@eo Sl

Ten umogReyedandvdath do bodov®ho mr al na, €
skenovg&n2, georef er en croev8rmr2e np onmpceh® ,bpoodB[} zag n. T
Toto zaS2zen?2 byl o poTulgs tTor ivreb Ise eT X8 & tpuadz d
skener maprSy Isk®EhovE§n2 Yizem2 bylo postupov
dobu obchg8zen? 0.4ha pl ochyJeri %ioly dhyrd ybap
rozm2stNny ref ebryelny mpbk tkeotnlicete zskenu zazname

vige uvedeni.m pgmpdlsedbemyl o mo o &o rbeofdeorveBn crorv
pSesnhN pdmbdgAai skeny

Obr 8z5%Wl evo GeoSLAM ZEBaH® rk ZR@3;50,

AFAROOT bi s

NovDjgskepervtt ZEB je FAROyOmizs. nZ §nstaodmp? | 12 (
ge FARO Orbis | ze ovl 8dawk8zkmwm$ie spomd wiplun?s
vie§l n®nDall e .r kv li tjDe Lv DIAeRn smed§ zpadiabnT ma.
dosah a pookYt bjoed T64@masrdkumdur TmRNDremgpaedsk
k¥as pnRDgnhDj g2mu skenovs8§n?2 korunov®ho prostoru

Dal g2 viznamnou zmRnou je pS2tomnost RGB
informace o badejgicthh pk va ltli®tesahz2amh ep rnoesnt2Sevd 2 p
| asdmi nececojkdenzk sodatr v&mad mr al na ppmgz pmac (

FARO Connect.
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KromhD skenov§omogRupehFABRO® vOrSkeing t zv. AFI ac
probz2jhe8d nzmh st a, podobnhD | a¥iohokemnmotv®ndé ma )
zmengen?2 chyby urleedyppSesygnpomielbmp2dm viPu me re
a bez riwikiakpleclmxB SLAM. al gorit mu

Celvkipe prt&cmt os s lpSredad ednDj §2 , negmaeh®meper
al e weldmiban 8t, 0 ptazthr an2 programu FARO Conn
zdat al oggeru | ze pr gvuwdkt e rplircshv NpdSesRechst §wiBj a
nNngsl ediuBp2s @2t stejnl p,jstt uspt g haokvo® BIB ZtEEBA s b S d &
VI astnosti shem®BrolRzmygaldmugvs§n2 v e rptoirkossl tnw
cog byl o povhBenbkd@cwsl n2ho | esa. Kvalita ske
ni ggddm2nk8ch | i[s3t5n.a83t81Jch | es T

Skener FARO Orbis bylvepokEigAsBun. pTat sbdat al a
testovg&§n2 polptal on®RenpPMekRhdB@boBksaovegn2z pr
na polygong8ln2ch zmkeigmdtcmow!| welhi§kds ts?2 , pr o
poug2vat jednot nojui mir a@@e&kbiormivaapsSm,)§ mrdu i
sbNRru dat, vgak byla tvorba dwbohgopsvBedne
obvodu plochyniat irph@ohypyi mBi vyj&jenh6sediu
kokr.8kener po celou dobu pdmiRrhy.dat m2Sil na
BNDhem tohoto procesu byly zachycov8ny pol
geografickImi. sPaSaenid@e&kmni prnoophoijlem22m stkeelneefr
sndan® pSehbDzekyw®georeferencovg§n2 bodov®ho mr
porovng8ny vl sl edakryudam@| pgrzgwnSBdhn car it oa cn2a, Yr o
jednotlivich stromT.

A mapry LAy

Tento s$kenedn2zm zestvauDABwskener T, produk
spolelnost(%i AmOfmwthek cena se $®DOWYKLuGoed ohkoo
| i @a8liokt 8vn)j ®%®Jd ge uvedenl FARO Orbis.
Skener je pTvodnmesehnénina z8§dech, pSil|l emg
zajigSuje 360A ilveaosxsreuBgl o |sekhelsiavhl jdeho papr skT
a skenovs8n?2 pr oWb020h08 broydcTh | zdaslt@?@ 2Wdchwy c ov 8n | ¢
prvn2 odraz, cCcog se projevuje na nedos,tatel
jakpS¥padD8§ZEB.je skener v y buarvleenn oRuG Bp rkoa nzear o
vi dea.

OvlI §d&8n2 skener uaplpir Gemdpe ¢ d k epr§va8S2 zen?2 Andr
Podporovan§ jsou vgak nfemoiNNDke evggahd Frea ?
zaS2zen?2 6 GB. fRmkc2pSPpPgtaupremMnzse skenerem,
virobce. Do t® dobyZpnSelszteu psnkienn® rf uonvkl sSedaapt a. k 2
hustoty bodov®ho mmalsnaven?t SiPdsoeBrzZajpdik a
spoudgthNn a zastcaowo viEdi stkexnt 8mEn2 dRBjkienpops a
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| I 8nnkeuf ungoval o spr8vnh. Po spugthDn?2 a&akeno
skenovg8&§n?2 pot® prob2halo bez ovl 88dac? . apli
Tato metoda nicm®nhN nefungovala pSi (pbmgi t
Obr §B8ek ktbgdT proto zopeolirovwphauzijed ,z odezva u
podpotr®t k z 8| erge d osttdt eblyd &

PoS2zen§ bdkhteam jsskoenov &§n2 ukl §8d&na pS2mo na
cog je na rozd?2]| od ZEB a FARO Orbis prakt.
skval iSlLaAMM al gor i t mu, kterl je w hEEpIsBBR
virazn®polsypymy owsn2 mralna jako u mapry LAO:
Skener LAO0O3 d&le neogetSuje body, tzvaocrhbylx e
artefakt TpSedeswkipdgoh dn®st 2 tNDla oper&tor a, k-
bodov®ho mr aplThsao bmothopuot 2 ge a | ze je jen obt
ML AOBYyvyugpdr oovei&@ndkenry TGe ondl AM TXBBa Hor i
i Phone 14 Pro. Byl dodr gov 8n zsa $?jzneln 2pno sz EuRp
ale referen| n?2 body nemohly bDbTlt zachyceny,

Georeferencovsgn? t ak poddWNEh @ My & lo ®& o 2 kK
georeferncovan®hkwengb syvéBluejne jako batohovl
uvedenou studid. byl ale nesteat pSemo u §il te@, Mlo

Obr §zegel AOT OEAT AGAATOWEATAZN | ADOL

A i Phdwe obh

Posl sdmdovanl Li DAR senzore je soul 8st2 nh
StejnhN jako u vgechvtpdmtda hpsSe? gjdedd\Es to@AB,F s ¢
alper opojRBndD kamePrroium§ren ent o s yusrt|®nv Sunr2| ehnl okt
sc®ny, pro lepghazhosbSeati bbpekytvoSen2 s\
Zayud@iRKi t kni hovdyvepalnt Pheaerzor vyug3t i |
cog umong@aPuSpé i Badc eScanmplQRAJprd mo j i n@® ipnouchi t
studi2ch o skenov§n2l1Blke@om2maulaji kees €Sg k1 s ac
prov®st do vgech bRgnND poug2vankcaéar § oomgar
barevnou inforsmmaczi-IR@Bsaapausgt .
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Skener na telefoneclhmSeBmottemj e salcma pHmp?e sin 2.
dosahSLAM algoritmus, nevyl adiRNnl Teno | skéono\
orienz@adsobuj enamphhybeyn2v obj ekt T i b Nohveant 2vcehl n
| asMl.L.hoddijee, ge visledek skre®Ivig@see ,jtea kv il dzie
skenovg§n2 okamgithnD pSerugit a zal?2t znovu.
Al kol ivpSPdehavuju moajrBomtv,0 ef ekt i vk It dsui cnke®
mNSen2 pr TITmNRrkou. Jedvnealkmij ek rdBa skd h as kveyngearduu j
dogel ag na ,@a¢ e dmhnaekdtork BJle popa&lyéeimfud Pmace
pol o8acl mT, kter® jsou |asto dTlegit®.
Tato-clbew alternatve astbejl m® vytugditia j ako pSec
LAO3T.el effpong2vaj2c3D aPtakmaehiy!| Aprpeis e s ¢ lyfl ii e

sjednoosTm stabiliz8torem a po celodeldiobaogs
nen? mogn® zachytit pod PBSa morebB®hem|,ngkén
georeferencovgn? PochBuité mr r blowomEhion ® mu a |

georeferencovan®muwr onvrnag nnZum stegmdw h b odg welkec
mr al nech

i Pozemn2 fotogrammetri e

Prebir fozaogtihél 2m rekonstrulkcehiodelen& Ty km
stromke[k mnstrukci | g9 5aghfvggtoo aymam§dlhbheyll &f on

i PhdmRe Pro a i Plhyonuemolg4dRuAr2o.sbBrel fgengygMaRIi Aeb
a vyugit2 tS2igirudKowblj-@ikddkval¥%hIr@ho nebo t
Vysok®, 48Mpx r ao&Blmcdgen2®tme bpyl8a ejvep owd@ 2pEmIiodr,
vVysok® a pro nadiolsdav &unmmbDI|I 2RBhohycen®&Mges widts e |
kvygg2 mu ppbmue éwt ogemTriov e R nswet mpoog t22f sutkol g&rdaaft i
do RAW form8tu, kterT obsahmgag®2wv&| Kk® annmlj st

v¥%l o0gi gti Ktemetohmu.i byplrovpdnNn? studi.i hni |
ZjiigtPo&j zoes&n2 vel k®ho mnogkt §ek®mklt asobia
procesor telefonu, kterT pak nest?2h& |mxsSi z«
Tento probl ®m nast8&8vsg§ mempz@Mpx fotografi?2,
PoSizov§gn? fotografi? prob2zhal o zZa vyugi
poSi hwj ¥ 02 pdSreadfeim st anoven®m intervalu, tj.
K tomuto ¥l elu byl Aewnyu @uwiging abplzizk acack ® mo
zam|l en2 zoomu, aby se pSedeglo nechtnRn®mu
kvalituefotDdgreafiit 8 | e i mognost aptrorbalthiuc k
poSi zovs&n2prsetkoveenceel efon m§ tendenci se

spot Sebov§gvat r y czhtl nea vheant2enr idi,s pcBoed eleRemd o ni &
dob2jen2?2 bfNékdeftoongr af ov&n2 nebo Li DARMSZRWEMAEYV
tel efonu, cog mTge vVv®st ke spugthDn2 jeho
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Aby mohlo fotografgjon®miktklyabpbag2ys8daossl imi
stabiliz8torem, ktesrn§azgednmaki iep mtf pRiiejmes al €
dosagen?2 na mmMPSd ad wgytswkm§ nad zlkmeynMemen 3
stromu.

Sprs§8§va poS2zenich dat rel ateilvedr®n$ | ddihtod,e
skonektorem Light AOng Thep@&Godfor ujen2 t BB | ka:
nutno epeaegkg§l n2 adapt®r, pSipojZédiohma §art ar
uvol nNDn2 tpam®Btni2 chh podm2nk8§cha tp&km@d@es bdat
zt el efonu pS2me dgsp®memaWnrodbwg de bez prog
nebcd oudovich slugeb.

Dal g2 zpracov§n? fpatooggraarfui 2A gp rsd Bb& h aMeept rasschoavp
fotogr8mct v®to di petvaldiyhgpri&cesekeren|l n2ho
zaji gSuje dost at eaérndk qrSsetkrr whky o énlost co@r syped R e h | i

Vr8mci studi? o rekonstrukci architlkénmiry s
byl fatfegrpoSi zovgny kreuhsowisttTScehd ntircdhj ekt or i 2
zachycoval cell objekt ( mavil|le tlstiriotmevkia ¢neekn.o

DruhT kruh byl ugg?2 a deuat 5§ dibhjl eldtign d2® a
znal ky ug byljye nz ani hnyocqoi32&miay.d DV f ot ogr af ov §n 2
bylvm Nkt erTch pS2padech nutn®obbpgpekti eobept
postupniD | ak mak okrmyennup St madmPt it st rcoonge k |
usnadRovyaljgdetl2f i eerpoyljee.dnot | i v kmeny nebo s
desz2trkiygdp2gv byografi2, d8le zpracovanlich do

r Akustick8 tomograye

Pr o vizkum detekce vnitSn2 ahpubhdbmrkss oi ék
tomografi e, j ako z.dPrrajnci @f er®tnol nrirecdho rdéya t sipno?
vi br al n?2 ciha ksceenl zeoryoTdeot rbTor ky stromu avimb6aan?
mezi Pokud se pbgafu, gt 8di kuje to WRSkynt
sign8l T setzobr azowdelrlelnpe cthy| o prov8dhNDno af¢
“wrovn2ch od 0.5 mz8wvwi €l onsnhiadnaem$2 stvupnost i
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VpS2padhD t®yd viywdize §n

Arbor Soni c 3D od spol e (vi z
Obr 8§z erk Ten sedvégms8c

akcel er,omegeslesi |l oval T

nap8jec? kaWeolod keg. a

Cel 8 sestava mu s 2 bTt evnin

rovnomBDrni psot r o mwu o d up r &

2 2 - 2
a poklep§v§n m klad2vkegdy, §, %k 7ol 7en2" arg0Ob?h

anal. Tl zJaej 2 visledkwi gB@arozlogen®m stavu.
vpol 2talov®m programu. Ten pSedpokl §d§, ge
pol ygowvVBEmei studie byl nejprve poug?2ves8n
zpSesnhDnl na polymgloan2 di ehotl c¢ m@Em@e t r |
Proces mhRSen? |lidovapni®mo patl t va wirge kkraijalolkume

zabeSéebldiedme® minut, v]etN®Ovi hstdalametsenzipe
rychl ® opotSebosgnzSeembBovTivd@m nS§razT pSi
kmene prygov]impagldiviemm a mohou pSlkosvaunl me:
kl ad2pfiemsamot n®mSmbBBen2tak® nen2 damTsobiklt @
mi mo jin® pTsiompulizyegdit Ddh®padu kapek na se

B) Zpracovsg§n?2 dat

Vhadch8zej2c2m teixnfuorjnsaacye| ake e Dghy pou@2 vane
kterT byl bNhem tvorby MG@®mMErevywl q2v oo @ c@r ovgy
napS2klad Tri miSle® SRaAaM HWbdr he baadou popi sov§n
bNDhem pr&8§ce pougrbgramdgdhhvgBahheaez2dal znamn
jde o progr amy zzpea ascHoavoS8evyaij®&h?o dfactram8t u

h Agi svefttas hape

Komer| n2 software [AlgliMgdf2tz?2 Mestkavddh ®pepr ost Se
zpracovsgn2 fotogrammetricklch model T. Cel ®
zpracov§gnz2 ( AWa rolgfrladou® ) u v e dnet nuyiptovsv m2u ptneoksg &
z8kl adn?prmrg§a@enean j e snadns§.

Pro zpracovs8nzl tbbagdrafPihone je potSgibsaofptar
Met ashape nepbdpo? uf er ms§Rh dAod daghk ail) § r2 oPjze

pot SebtaoghwaNi pSev®stf odansjt nePAjas e df nmashavi t
telefon, aby po%iompwaal bf bndguodidoilerSepi i p&e& m
ALens Buddyi.

Samo tAW®r k filsew t Zkw S  k T impo o t f opogpeaffdt2ogr af i 2
tvor bu S2dk®ho b ¢ dva®h oy n,mevad riibau Hwdto® MRd o
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mral, m&2padnhD tvorbu ortofotomozaidkygijt XlomPph
vigkov®hoajmodRd @ % ely pr8ckr okjya kv aqoowmoband k
hust ®ho bodov®ho mral na.

PSi nastaven?2 | ednoltzleijwi®htaNkr kiwB |l ji ¢ yd Plr @piot
(AAl i gniii AMA@tcais. aochiy8ii )nej vt g2 vijievjpmahp e phRgn
nal eA&ey pointsi a Atie pointsi. ZAperjawigdl?a
mognou pSesnofsunlBGeayemioutpresel ectionfi. i AR
Po pr TbRhwz rfiuknnkec eS2 dk® bodov® mral nogn hech o g
pol t u hlAekdeayn Tpcohi nt si a Atie pointsfiA. Ve vDt
vichoz2 hoaddvoopugr &4 metht P

Lasovs§ n8rolnost tohot o, kproktuo ¢gee vplogmedrmdlp sv:
poug2vsg co npijweTkd? o [reato cre®nud) p Sepn@®bov §n?
Doba zpracovg§§n2 samozSejmhRD z8vis2 i na polt
pSi fotografovgn2 vDtg2ho Yzem2 i pSes tis?

Po vytvoSenvov @hict@pambmstst ABjyRbdnt Cloudf a
l i bovol n® vi,slwzami® $ ugsd 3ol oz enfdr @z e nt a cbey Ipor o s
mogn® poug2t pro anallzu, je nezbytn® doda"
myslugptSed zah8jen2m fpot g roaftoowd&maérhoyrbit® svitsSk & ,
nej |l ®p e 1v2eb|ftobr|vnumhvlchvzaaD&)kﬁkazriazve;ktyvo&t
pS2mpr ovgr amu Agi s ofaN jMed naosnn s it <SR
spomus?2 bTt vyt idgvtBINneys mt| esse o
obvompSekrPrvav2tkem | et

vzd8§l enost stSedBn®sadl dlo a.
Vprost Sed? pr bgmaimao %bezlkupr
detekovavezhat kygrTeof ij2ec hmo § iy G

nebo rukaf®ruh® se mezi nal e a mi
rulmmS2t ka, tzf. MAISzkad ged&Baor g
barfij gheo®l, kakterou rpemBdsStdal y
prav2tkem zmhRSeRou tPoldnot u%'t,'r’g'gé-,-"rjgzt’ka D
aktualizaci bpeoy®fhommgaRnu]imdrl = 101007 qy g¢

a anal,yzoehoS ug obsahuj e = - = e - . ... 2r ma
rozmBDrech. prostoru

Prtovorbu spolehlivich 12binfeVviedhj2réd] @loslt ue
Aby byly znaé kyDstabiz@é hov§8vavllyh kt®naur pao dbkyl |«
je dobrwl sty$ig§ek kartonu a kancel §8Sskou eur
12bitovich znaVveki KoepwompremBbiel n2 ve vDtru,
znehodnocen2Znaliggk .DnAac hvyst Si §ene? zosk ®rvkeaR oS e
neg8douc2m odrazTmnal ugceTpdef aoabhi €éoaaografi?
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Proces tvorby fotogrammetastk®phbnbothsek®hd, i
srekonstruovanou soao®mkowm.stZajkmn®mbBrems@in sosv Dt |
pohyby ve vRDtru a psoedadmlomii torhujse Htayst o ztr §c
je potSeba vytvg§Set P$2 nmi cvhrvcdel fp8ot kougsuTenfi€D 2 ¢
vyznaloorviaetnt ay, n2j atkadT f seau® kameny, paSezy

rekonstruovgna jednoduggpS2pa@ma, 2j alkmbD8enl
hnilobu kmenTrd i malricchh, t §tket apiik g c eis Beeep Mg ©j
manu8l n2ch. intervenc?

Program Agi soft Met as hiapeSgse piroojgnroa mow BE2 V &
T2mto zpTsobem |,zen enzdkhmannug 8kentd kayadg roanay.,i z o Vv ¢
VDt gi nou | e al e dostal jpra@axov§ngjtnastrawma
pS2vNtiv® grafick® rozhran2 programu.

h Cl oudCompar e

Tento program je vVvhmwrd§1@iDdpstoy SV paiglt ® diadky &n 2 |
k¥“apravg&m i anallzg8m hoadchclBPrhodblvekkdu pSed
stabilitayvgefsek TFiomdtSa v& e ckend/okusce2gment aci st |
a vipoltTm nhRkterTch | ejitcohmtpoa rparnoed tr @mui.z el
nicm®nN pot Spb8vmp@A®uUgEEtroje nebo vyug2t in
l esnictv?.,

Ugivatelem pSedkvantcavgreamos | i vich dositupnl
automati zovanhD pSi pougdgit?2 tzv. ACommand Li
VI astn2 skripty je mogn® i mplemepanyat BptaS
(vVzoreaoVMln) j e pav Plédthazovli S&dek pomoc?2 kni
aovl §dat Cl opuSdeGo nppSazrkearzeopvd 2 nfpSdpmesé 31 ugnl ch p ¢
[ 115]

T2mto pS2stupem byla vytvg§§Sena prvotn2 ve
vkapitole AAutomati zace odvoNewnBj genderometp:
jsou jig na CloudCommane endm8wifis|j@. vyu§?2vEgr
dat pSi detekcivkapmnitlol eh AStmoamPen2 vIiskyt.
k mefi
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command = f"' "'
{ Cl Cexesidli\e pt Vzorelci PougiQl2oudCoir
Command Li"nes kMozd ePyt
-AUTO_SAVE OFF
Funkce prov§8d? det ¢
-O-GLOBAL _SHIFT AUTO\ {input _deh!| ed§n?2 nejni gg¥ohn
mS2 gp8&evsg§d2 e navoli
-RASTERIGRED_STEP {r aPROJiI MeHtter ®pa) 2t 8§ vzdS8dd ntoe
vVyj 2 m§ z bodov®ho 6
-SOR % 0 metr T nad azark? §d& xjt
soubbBunkce run_pvioa
DELAUNAY pomocn8 funkce vol aj
vkl §dsagkwenci Ykol T.
-O-GLOBAL_SHIFT FIRSY {input|dat a}
-C2M_DI-MAX_DI ST 7
-FILTER_SF 0 6
-REMOVE_ALL_SFS
-C_EXPORT_FMEXRASYYy z
-SAVE_CLQUDS
run_process(command)
Ze subjekefugnBDel nNDjg2ch n8strol e pno@S$yanou C
funkce:
T OSéomdov®ho mr aA s @ippwloynpcrdtThkce ASegment fi)
T Vipolet geometrickicheomastnostea(ACemp
T Filtrpowdneg hodnot atributT bodT (AFilter
9 Filtrovgn2 gumu (nap$S. AStatistical Outl
T Hl ed8&n2 s hlcuoknTn e(cAleadb eclo mponent s i)
f Rasterizace (ARasterizef)
T a dal gz é
Pozornass!| i g? pSedevg2m funkce ACompute g
vipolet mnoha paramettift®zvliasartRaftc? G@bd]dov

napSVerticwild t@®r §T@ekometvli & kt§ndoosbtr Tjme n§str o

pro

Tato
prakti.l nost.i
Pro jin® aplikace
i mpl ementovan® do
prost Sveyd2addln?
ef ekl.i v

S €

4 4

odf il tr ov8mal ebzoedn?

t setr o n2uc

vli astnodtakjpe ogy a i kBad&e knc i,

vgak mo

t ak

2ach kmenT.

kcnoegn Ts v DA | 2

hou | ®pe hodi't

progr dmky Clp&a o Qad my ®mel
progr amu

mTge wugivat el
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Obr §z%ilGeometricks§ vliastnost bodoV®eoomp&skumrdWeome €
bodhosnotou 0.6 ag 1
i TreeQSM
Vel mi specifickim a sofisti kpovoagrrTanmorn&t? mo jj

MATLAMab2z2 mognost pSesn® anallzypeirm8i hBKk
pro bodov 8T Lng.ragvwai zdi sertaln? pr8ce byl vga
fotogrammetricklch bodovIich mralen.
Nevihodami programprpet Skdt e MADT talA By ef eT rpel eaxS
nenab?2z2 wugivatel sk® rozhran2. ,P@&sgk yitze] eo dw(
jak® funkce |e@rpota®eabd AMoogsd@psSeémi.ch Yprav k-
skTt8& vnRDtg2 potenci 8§l pro ugiPadtebBOmaed zku
j e mognok - pdovuegdetd geewt u (vi zPSezdocrhemwgah . j egt
nahrlBm®dov®ho mralna ve formpSapAdhiNt Filod D&MD
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Abstract: The health and stability of trees are essential information for the safety of people and
property in urban greenery, parks or along roads. The stability of the trees is linked to root stability but
essentially also to trunk decay. Currently used internal tree stem decay assessment methods, such as
tomography and penetrometry, are reliable but usually time-consuming and unsuitable for large-scale
surveys. Therefore, a new method based on close-range remotely sensed data, specifically close-range
photogrammetry and iPhone LiDAR, was tested to detect decayed standing tree trunks automatically.
The proposed study used the PointNet deep learning algorithm for 3D data classification. It was
verified in three different datasets consisting of pure coniferous trees, pure deciduous trees, and
mixed data to eliminate the influence of the detectable symptoms for each group and species itself.
The mean achieved validation accuracies of the models were 65.5% for Coniferous trees, 58.4% for
Deciduous trees and 57.7% for Mixed data classification. The accuracies indicate promising data,
which can be either used by practitioners for preliminary surveys or for other researchers to acquire
more input data and create more robust classification models.

Keywords: close-range photogrammetry; mobile laser scanning; deep learning; standing trees;
classification; acoustic tomography

1. Introduction

Detection of decayed trees is a necessary task for urban greenery managers, park
managers and road maintenance personnel. This activity is essential for the early detection
of potentially hazardous trees and for preventing injuries, fatalities, or material damages.
However, the risk assessment requires experience and time-consuming examination of a
tree stem using, e.g., penetrometry, acoustic tomography or electrical impedance tomogra-
phy [1-5]. Methods of tomography may consume around thirty minutes per single tree
and are therefore inappropriate for large-scale investigation and for all the potentially haz-
ardous trees. It is also essential to apply the tomography correctly, especially on unevenly
shaped trees [1], because an incorrect measurement may lead to a wrong conclusion and
unnecessary removal of a highly valued tree in a park, causing a loss of both esthetical
value and shelters for wildlife in an urban area. Even though the tomographic methods
are accurate, the final risk assessment still depends on subjective opinion, producing in-
consistency in the estimation [6]. For these reasons, a faster, easy-to-use, yet reliable and
unbiased method would find utilisation in the aforementioned forest management services.
The other quality that arborists and forest managers seek is non-destructiveness [5,7]. This
feature could be offered by the proposed method in this study. Even though tomography is
considered non-destructive [8], nails are put into the stem during an examination, causing
minor wounds to the bark and wood. The method also consumes much time and requires
manual labour. That should be avoided by the proposed method, allowing even people
without experience in tree risk assessment to estimate tree stem states.

The impact of holes caused by sensors of an acoustic tomograph is not indisputably
considered unharmful [5,8,9]. Therefore, the task at hand is to develop a technique of
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internal tree stem decay detection that definitely is not harmful and produces reliable,
unbiased results.

Over the past years, the development of remote sensing has created a new opportunity
to make accurate representations of 3D objects and to take advantage of having such a
representation for various purposes. In forestry, the most usual utilisation of this data is
tree diameter at breast height (DBH), height, volume, or species estimation by both aerial
and terrestrial approaches [10,11]. While the accuracy of tree DBH estimation has a very
low error (3 to 13 mm) [12-14], the general presumption for this study is that Close Range
Photogrammetry (CRP) can accurately reconstruct tree stem shape with all its details and
may, therefore, be able to provide a good resource for deep learning and internal tree stem
decay detection.

Some studies have examined the possible ways to reconstruct the basal part of a tree
using photogrammetry. A practical and intuitive way of collecting imagery is sequential
imaging while following imaginary circles of 2 and 3 m in diameter, taking images of a tree
stem every few steps [1,15,16]. The number of collected images may vary when using such
an approach, but the best results may be expected when each point of the reconstructed
object is visible in eight pictures [14]. Also, while using CRP, it is necessary to implement
any scale bar to scale the 3D reconstruction correctly [17].

An alternative way of 3D reconstruction is the use of LIDAR. Nowadays, LiDAR sen-
sors are installed in some consumer-grade phones or tablets, which makes the technology
more accessible than it used to be. These small sensors use the Time-of-Flight method
combined with an RGB-D camera and can reconstruct the scene nearly in real time. On
the other hand, its drawbacks are a small reach of 5 to 6 m and a tendency to misalign
repeatedly scanned objects [18]. This method was already successfully used in forestry
research with feasible accuracy for forestry inventory purposes [19,20]. A detailed model of
each tree stem was not the goal of these studies. Therefore, the accuracy of DBH estimation
is not as high as in cited studies using CRP to reconstruct individual trees.

The decay caused by fungi or bacteria is the main reason a tree or its parts fail [4,6,21-24].
There are two main types of decay in tree stems. Heart rot occurs in the centre of a stem,
whereas sap rot starts close to the surface, in the sapwood of a stem [22]; therefore, the
latter may often be identified visually by examining mushroom fruiting bodies on the bark
or underneath it. Regardless of the location in the stem where the mushroom grows, the
types of wood rotting can be further classified by the kind of wood tissue degraded by the
mushroom. It can be either cellulose (Brown rot), lignin (Soft rot), or both (White rot) [25].
The tree’s reaction to this kind of damage can then be specific to the infecting mushroom
species or individual adaptations of a tree to the ongoing wood degradation in the stem
shape and morphology. The shape changes caused by heart rot can be reliably shown
in the example of Picea abies trees infected by Armillaria mushrooms, creating typical
shape changes of the stem base caused by progressive growth of the mushroom from the
stem centre to its sides [26]. Other stem shape changes are associated with the tree’s effort
to support weaker parts of the infected stem by building more wood in these locations
and forming bulges or cancers [27-29]. Since heart rot is often hard to detect visually,
several methods allow the detection of decay based on physical properties, mainly acoustic
response or electrical impedance [4-6]. In this study, only acoustic tomography was used
to detect the actual health state of trees. This method is based on measuring the time of
flight of sound waves [5]. Generally, the stress wave propagates faster in dense and healthy
wood, whereas the decayed wood results in a much slower stress wave propagation, as the
stress wave needs to bypass holes and gaps created by the decay [7]. The time is measured
using a timer and a series of accelerometers placed on a stem at the same height level.
These sensors require metal nails to be knocked into the wood. As soon as a stress wave is
emitted from one accelerometer by a hammer tap, the time of flight is measured for each
of the receiving accelerometers. Afterwards, the same process is done for all the other
accelerometers [5,30]. The alternative methods for tree stem decay detection are electrical
impedance tomography, which measures electrical conductivity in the wood, where healthy
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wood has a higher resistivity than decayed wood due to its wetness [2,5], and resistance
drills, which measure the power needed to drill through a piece of timber, thus indicating
its state [3,5].

In practical use, the stem shape is often simplified and replaced by a circle or cylinder
shape, leading to an incorrect estimation of sensor-to-sensor distances and distortion of the
outcome tomogram. Previous studies verified that sensor locations may be detected on 3D
photogrammetric models with very high precision, and calculation of the exact distances
of sensors from each other for tomography is possible [1,17,31]. A similar procedure of
sensor location estimation will be described in the proposed study as well. Some of these
studies also attempted to overcome a standard limitation of tomography. The method can
only show the status of wood in a 2D cross-section. Multiple sections must be examined to
obtain a more precise representation of the whole stem base, which requires a significant
amount of time. The mentioned studies attempted to reconstruct the state of decay in the
entire stem base using multiple cross-sections of tomography and interpolation between
them, resulting in a complete model of the inner stem state [1,17]. However, the result is
only an estimate based on several 2D cross-sections and might not improve the ability to
perform a correct risk assessment.

A new trend in data evaluation is the use of deep learning. Usually, images or 3D point
clouds are often evaluated by neural networks, and exciting results are reported in object
detection or classification—specifically, in the detection of individual trees or tree species
classification [32-35], but it is appropriate for the detection of any feature with distinctive
patterns [36]. As mentioned before, it is known that some fungi species cause specific
changes to the external shape of a tree stem base, and stem decay is commonly related
to the presence of bulges, cancer, and swelling. These changes are caused by the tree’s
response to the weakening structures in its wood. Therefore, the proposed study presumes
that an AI deep learning model could be utilised for tree stem internal decay detection,
using just the 3D properties of the stem base, potentially detecting the presence of the
decay based on the morphological responses of the tree stem to its infection. Nevertheless,
more data are needed to support this claim, but we believe our results will stimulate other
researchers to follow this direction. For 3D data classification, the PointNet deep learning
algorithm is often used [32,35,37,38], and due to its satisfactory performance, it was also
used in this study to evaluate 3D meshes or point clouds respectively, and classify them
into one of the desired classes, where the input data contain 3D models of standing tree
stems, scanned in urban greenery by both close-range photogrammetry and iPhone LiDAR.
The algorithm used for point cloud classification in the proposed study is PointNet. The
algorithm works directly with unordered 3D point clouds and is invariant to geometric
transformations of the point cloud. It is suitable for object classification, segmentation or
semantic parsing [39].

In some studies, the need to process a point cloud directly was bypassed by using
other interpretations of point clouds, such as images or snapshots from varying views,
which leads to processing 2D data with satisfying results and accuracy higher than that
from processing 3D data [37,40].

By combining terrestrial remote sensing and deep learning, the proposed work aims
to reconstruct basal parts of standing tree stems and classify them based on the decay state
inside the tree stem, which was estimated using acoustic tree stem tomography. This study
should represent a low-cost and well-accessible approach to close-range remote sensing and
object classification problems in arboriculture or forestry. The proposed method introduces
anovel way of tree health evaluation. Therefore, in the future, the methods used should be
accessible to most enterprises potentially interested in this method.

2. Materials and Methods
2.1. Study Site

The data collection was conducted at two locations, shown in Figure 1. The first
location, lying at an altitude around 510 MSL, is the property of the enterprise Lazefiské
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600 to 700 mm [44].
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Figure 1. Locations of study plots south of the city of Karlovy Vary and north of the town of Mastov.

The second study site is related to the town of Mast'ov, 30 km east of Karlovy Vary. The
object of interest was an old and unkept castle park associated with the local palace. The
altitude of the area is around 400 MSL, and the climatological data are the same as in the
first study site [44]. Regarding geology, this site is composed of vulcanite and sedimentary
layers. The soil types present are eutrophic cambisol and gleyic fluvisol [42,43]. Present tree
species are mainly Acer pseudoplatanus, Acer platanoides, Quercus robur, Alnus glutinosa
and Fraxinus excelsior in the main level and understory. The forested area of the park is
fully stocked with a rich understory.

2.2. Data Collection

Fieldwork took place from April 2023 until October 2023. During this time, trees of
varying species were selected, primarily based on large DBH, as thick trees are potentially
the most dangerous and were closely examined. A workflow was conducted on each tree,
providing RGB imagery for further photogrammetric processing, iPhone LiDAR point
cloud (shown in Figure 2) and up to four tomograms from various stem heights obtained
by acoustic tomography. Both CRP and LiDAR data were collected for the trees to make
sure the usage of the trained classifier is possible for both kinds of data. Also, in some
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cases, the iPhone LiDAR cannot reliably reconstruct stems in grown-up parts (low branches
with leaves, neighbouring thickets, etc.) and the photogrammetric data performed better in
these cases.

o ampe s

Figure 2. iPhone Lidar point cloud. Colours depict Verticality: 0 (Blue); 0.3 (Green); 0.6 (Yellow) 1 (Red).

Firstly, images for CRP were collected using an iPhone 12 Pro RGB camera with the
Lens Buddy app [45], allowing users to collect sequential images of predefined quality. In
the case of the proposed study, the interval was set to one second, and the photo output
format was DNG. Other parameters of the app settings are described in Table 1. These
images aimed at getting a clear view of the basal part of a tree stem up to the height of
approximately 3 m and, simultaneously, depiction of printed paper scale bars, exported
from Agisoft Metashape [46], which were placed on certain spots around the stem base.
Photographs were taken on a circular trajectory, which consisted of two circles. The first
circle was approximately 3 m in diameter and aimed at capturing the stem and all paper
scale bars. The second circle was smaller and aimed mainly at capturing the stem itself. In
total, there were about 70 pictures taken for each tree, which is given by the fact that saving
images in the RAW format is slow, and the phone cannot keep up with the one-second
interval per each image taken.

Table 1. Parameters used for scanning with iPhone apps.

Lens Buddy 3D Scanner App
Interval: 1s Resolution: 5 mm
Capture Optimisation: Balanced Range: 5m
Format: RAW (DNG) Confidence: High
Masking: None
Format: LAS
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Secondly, iPhone LiDAR scanning was conducted using the LiDAR sensor of the
iPhone 12 Pro. For this purpose, the 3d Scanner App [47] was used. It was set to the LIDAR
Advanced mode; the further app settings are shown in Table 1. This scanning was made on
a single circular trajectory, very close to the stem. For a good result, the iPhone had to be
held parallel to the ground, display facing up, and follow a wavy trajectory to reconstruct
both the higher and lower parts of the stem. This way, the stem up to the height of 2.5 m
could have been scanned. The created point cloud was exported from the app in LAS
format and at a high density of points.

As the third step, acoustic tomography took place. The device and software ArborSonic
3D [48], produced by Fakopp Enterprise Bt., was used. Each time, ten sensors were put
equally around the tree stem. The first one was placed on the northern side of the stem,
and the following sensors were placed in the counterclockwise direction. Further, the
manufacturer’s instructions were followed. The tomography was conducted at up to four
height levels, from 0.5 m to 2 m, if possible. After the entire procedure, spots where the
sensors were nailed in were marked with white chalk. For simplicity, the stem shape
was considered a circle, but this drawback was resolved in later processing, obtaining an
accurate representation of tree stem shape and sensor distances with the help of marks
made by the chalk and accurate photogrammetric models. An output of the tomography
can be seen in Figure 3.
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Figure 3. (a) Acoustic tomograph Arbor Sonic 3D; (b) Tomograms of a healthy and decayed stem.
Numerical values with colour-scale correspond to the speed of sound wave propagation.

The last step was practically the same as the first step, where images for CRP were
collected. This second imaging aimed to obtain a 3D representation of a stem with the
locations of tomograph sensors, now marked by white chalk, which was used to highlight
these locations and, unlike paper markers, does not occlude the actual shape of the stem.
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2.3. Data Processing

The data processing followed several main steps, described in Figure 4. The task was
to create models of scanned tree stems as precisely as possible, without any other objects in
the scan, label the trees according to the state of decay in the stem and use these models as
learning and validation data for PointNet training.

=)
—)

Figure 4. Basic workflow of the data processing. The asterisk indicates steps that had to be done manually.

The images for CRP were processed using Agisoft Metashape software and were
turned into 3D Point Clouds using basic workflow. Scale bars had to be manually added in
the created dense point clouds using the automatically detected markers. Distances among
the detected paper markers were known and could have been defined in the software as
well. As soon as the point clouds were scaled, it was necessary to manually orientate them
correctly to make the Z-axis follow the axis of each stem. This is necessary for further
automated processing of point clouds.

In the point clouds made of images taken after tomography and containing marked
tomograph sensor locations, white chalk points have been manually detected and marked
by markers in the Agisoft Metashape software. As soon as this procedure was done, the
local coordinates of sensors were exported for each tree and used to calculate accurate
distances among sensors. There were ten sensors in each examined cross-section on the
tree stem. If the circumstances did not allow conducting tomography in four levels, a lower
number of levels was measured. Sensor distances were calculated using a Python script
that implemented the formula for calculating distances in 3D space:

(=

11,21 = ((x2 — x1)* + (y2 — y1)* + (22 — z1))"/? )

The distances were later entered manually into the ArborSonic 3D projects, replacing
the distorted values collected in the field when the stem shapes were only considered a
circle, as shown in Figure 5.

Once the tomograms representing decay were more accurate, a file containing infor-
mation about each tree, mainly Tree ID, Genus, Species, Decay Severity, and other less
essential parameters, was created. The Decay Severity was determined based on tomo-
grams subjectively and expresses the amount of decay in the tree stem on a scale from 0 to
3, where 0 corresponds to no decay, 1 to very small decay, 2 to substantial decay and 3 to
massive decay. These values served later as labels for the neural network training.

The following steps are done automatically based on a Python script, which processes
all point clouds of desired tree species into a 3D mesh, filtering out the terrain and other
objects, keeping only the stem of interest.

56



Remote Sens. 2023, 15, 5712

8of 18

Figure 5. (a) Tomogram before adjustment; (b) Tomogram after adjustment by calculating more
accurate sensor distances. Sensor locations are represented by the black dots with numerical values.
Colours are explained in the Figure 3b.

For this purpose, the Verticality feature is calculated based on the normals of the
point cloud, allowing for accurate distinction between terrain and stem, as horizontal
surfaces have the Verticality value equal to zero and a vertical equal to 1. This feature is
shown in Figure 2. In case normals were absent, which was the case with iPhone LiDAR
data, these had to be estimated using the Octree Normals function in CloudCompare
Command Line mode. Trees usually can be separated from terrain by keeping points
with Verticality between approximately 0.6 and 1.0. Another step is necessary, as the
filtering based on Verticality does not remove all unwanted points from the original point
cloud. This procedure makes use of the CloudCompare function named Label Connected
Components, which detects clusters of points at a defined level of rigour. Usually, small
features are parts of terrain or noise, whereas the most extensive feature is mostly the
woody part of a stem and is separated from all the other points, resulting in a separated
stem and terrain.

The filtered stem point cloud is then turned into a 3D mesh using Poisson Surface
Reconstruction, which solves the reconstruction as a spatial Poisson problem, considering
all present points simultaneously, unlike other methods. This surface reconstruction method
allows for robust reconstruction of real-world objects from a point cloud into a 3D mesh,
even if the input point cloud is highly noisy. However, the input point cloud must contain
normals; otherwise, the algorithm would not work. The normals are used for the so-called
Indicator Function and its Gradient, which detects points belonging to the object, its surface
and noise [49]. A brief overview of the point cloud processing is shown in Figure 6.

The meshes serve as input data for the PointNet neural network, which firstly plots
a certain amount of points onto the mesh and creates a new point cloud this way. The
original point clouds from iPhone LiDAR and close-range photogrammetry cannot be used,
as all input point clouds must have the exact same number of points.

PointNet trains a classifier based on labelled 3D meshes and predefined hyperparam-
eters: the number of points sampled on the 3D mesh, batch size, number of epochs and
learning rate. The selection of proper hyperparameters is a crucial part of deep learning
classifier training and is described further in the text.
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