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ABSTRAKT

Tato disertaCni prace zkouma vyuZziti optickych metod v procesu tvorby 3D
dokumentace stavajicich objektd. Prvni ¢ast se zaméfuje na aplikaci metod
3D triangulace a Structure from Motion (SfM) k rekonstrukci objekta, zatimco
druha Cast se zabyva vlivem textury povrchu na kvalitu vysledného 3D modelu.
V ramci vyzkumu byly analyzovany rizné povrchy materiald a jejich vliv na
hustotu bodového mracna ziskaného optickymi metodami 3D skenovani.
Vysledky potvrzuji, Zze textura povrchu ma vyznamny dopad na hustotu
bodového mrac¢na a rlzné upravy povrchu mohou optimalizovat proces
akvizice dat pro tvorbu digitalnich modeld. Tyto poznatky maji dualezité

praktické dusledky pro oblast 3D skenovani a digitalniho modelovani.

Kliova slova: Optické metody, Structure from Motion (SfM), Bodové mracno,

3D skenovani, Digitalni model
ABSTRACT

This dissertation explores the use of optical methods in the process of creating
3D documentation of existing objects. The first part focuses on the application
of 3D triangulation and Structure from Motion (SfM) methods to object
reconstruction, while the second part examines the effect of surface texture on
the quality of the resulting 3D model. Different material surfaces and their
influence on the density of the point cloud obtained by optical 3D scanning
methods were analyzed. The results confirm that the surface texture has a
significant impact on the point cloud density and different surface treatments
can optimize the data acquisition process for the creation of digital models.
These findings have important practical implications for the field of 3D

scanning and digital modeling.

Keywords: Optical methods, Structure from Motion (SfM), Point cloud, 3D
scanning, Digital model
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1 UVOD

DisertaCni prace je zpracovana jako komentovany soubor publikovanych
¢lankd ukazujici kontinualni rozvoj vyuZiti optickych metod v procesu tvorby

3D dokumentace stavajicich objektd.

Aktualné jsou 3D skenovaci technologie standardné vyuzivany pro
transformaci fyzickych objektd do digitalniho formatu. Tyto skenovaci
technologie mohou byt kategorizovany podle typu interakce s analyzovanym
objektem na dotykové a bezdotykové. Dotykové metody jsou definovany
vyuzitim kontaktnich sond, které jsou soucasti soufadnicovych meéficich
systému. Bezdotykové techniky jsou rozclenény do dvou primarnich skupin:
metody zalozené na odrazu svétla a metody zalozené na transmisi zareni
skrze objekt. U systému vyuZivajicich odrazené svétlo se rozliSuje mezi
aktivnimi a pasivnimi skenery. Rozdil mezi témito typy je urCen metodou
osvétleni skenované scény, pficemz aktivni skenery jsou vybaveny externim
zdrojem svétla pro osvétleni objektu, zatimco u pasivnich skeneru je

vyuzivano existujici nebo pfirozené osvétleni (Harding, 2013).

Tato disertaCni prace je zaméfena na vyuziti bezdotykovych aktivnich
optickych technologii, které nachazeji rozsahlé uplatnéni v mnoha odvétvich
v€etné pramyslovych i mimoprimyslovych oblasti. Tyto technologie jsou
vyuzivany v procesech kontroly kvality, reverznim inzenyrstvi, zdravotnictvi,

ochrané kulturniho dédictvi, a také v oblastech jako je herni a filmovy primysil.

Oproti kontaktnim metodam umoznuji optické metody zachytit vétSi plochu
povrchu béhem stanoveného Casoveého intervalu a nepotfebuji pfimy kontakt
s méficim zafizenim. Nicméné aplikace téchto metod muize byt ovlivhéna
fadou faktorl, které mohou negativné ovlivnit pfesnost méfeni. Mezi tyto
faktory patfi nastaveni procesnich parametrl skeneru, okolni osvétleni,
drsnost nebo textura povrchu a specificky pro tuto studii, charakteristika

odrazivosti skenovaného povrchu (Bellocchio, 2013).



Je zjisténo, Ze povrchy s vysokym leskem, prihlednosti a prusvitnosti
predstavuji vyzvy pro standardni skenovaci metody, coz muze vést k ziskani
bodového mraCna s nizkou hustotou, a tedy k nepfesnym nebo
nedostate¢nym vysledkim. Tyto problémy Ize mitigovat pfislusSnymi Gpravami

povrchu skenovanych materialt (A1).



2 SOUCASNY STAV RESENE PROBLEMATIKY

Pro zachyceni geometrickych tvart a povrchovych textur fyzickych objektu
a jejich transformaci do digitalniho formatu se vyuzivaji 3D skenery.
Tato zafizeni operuji na principu akvizice jednotlivych bodd na povrchu
objektu, z nichZ se generuje velké mnozstvi téchto bodl, znamé jako bodova
mrac¢na. Z téchto bodovych mraen se nasledné extrapoluje prostorovy
pocitacovy model pomoci vhodné konfigurované polygonové sité. Pro ziskani
dat o bodech se vyuZivaji rizné technologie v€etné kamer, rentgenovych
pristrojl, magnetickych mikrotomograf(, lasert a dalSich. Na zakladé pouzité
technologie se dale specifikuji metody skenovani, jako jsou rentgenove,
ultrazvukoveé, laserové, optické a mechanické 3D skenovaci techniky (Sansoni
et al., 2009).

V disertacni praci bylo vyuzito metod optickych, a to 3D triangulace (A2, A3)
a metody Structure from Motion (A4, A5), ktera je specialni metodou
fotogrammetrie rekonstruujici realitu z 2D obrazu. Metoda Structure from
Motion je relativné mladou metodou, ktera ma obrovsky potencial jak
v geodézii, stavebnictvi, tak i v dalSich oborech jako zdravotnictvi,

archeologie, ochrana pamatek apod. (Wei et al., 2013).

2.1 Aktivni 3D triangulace

Opticka triangulace pfedstavuje bezdotykovou techniku méfeni vzdalenosti,
ktera spada do kategorie triangulacnich metod. Tato kategorie zahrnuje také
pasivni triangulacni techniky, systémy vyuzivajici teodolity, metody fokusacni
a techniky zalozené na analyze stinu. Specifickym rysem aktivni triangulace
je vyuziti emitovaného zdroje energie, typicky ve formé viditelného svétla nebo
elektromagnetického zareni, coz umoznuje pfesné urcovani polohy objektl

ve sledovaném prostoru.
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Aktivni triangulace se opira o principy fotogrammetrie, kde je zkoumany objekt
osveétlen zdrojem svétla, zatimco jeho povrch je simultanné sniman pomoci
CCD snimacCe (Charge-Coupled Device). Trojuhelnik pro triangulaci
se formuje mezi zdrojem svétla, CCD snimaem a osvétlenym bodem na
povrchu objektu. Spoje mezi svételnym zdrojem a snimacem, oznaCované
jako triangulacni baze, slouzi jako zakladni linie pro méfeni a lokalizaci bodU
na objektu (Besl et al., 1992).

V ramci metodiky aktivni triangulace je uhel tvofeny svételnym zdrojem
a triangulacni bazi konstantni. Naopak uhel na strané snimace je variabilni
a zavisi na pozici bodu osvétleného CCD snimacem. Na zakladé velikosti
tohoto uhlu, znalosti délky triangulaéni baze, a specifikaci kamery a objektivu
je mozné urCit z-souradnici objektu. Tento postup umoziuje pFesné

lokalizovani bodu v trojrozmérném prostoru.

V zavislosti na druhu pouzitého zdroje zareni se aktivni triangulace rozliSuje
na tfi druhy. Nejjednodussi zplsob pouzitého zdroje zareni je svételny bod,
kdy se jedna o jednorozmérnou triangulaci (1D triangulace). Druhym druhem
pouzitého zdroje zafreni je svételny pruh, ktery je oznaovan jako
dvourozmérna triangulace (2D triangulace). Trojrozmérna triangulace (3D

Mg wrv s

je pouzito strukturovaného svételného svazku (Beraldin et al., 2001).

V metodé 3D triangulace je na povrch objektu promitan peclivé vytvofeny
svételny vzor, jehoz hlavnim cilem je shromazdéni informaci o z-souradnici.
Tento vzor, ¢asto oznaCovany jako mfizka, obsahuje rizné identifikacni prvky
segmentd mfizky. Promitnuti svételného vzoru na objekt vede k jeho
deformaci zplsobené nerovnostmi a variacemi na povrchu objektu. Tato
deformace poskytuje zasadni informace pro urceni z-soufadnice objektu v

trojrozmérném prostoru (Harding, 2013).
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Presnost detekce zavisi na presnosti snimané kamery a hustoté a kontrastu
promitané mfizky, ktera miaze mit podobu prouzku, ¢tvercu, kosoctvercu az
velmi sloZitych tvar(. Vybér mfizky je zasadni pro co nejvyssi jednoznacnost,

aby bylo mozné v kazdém bodé pfesné urcit aktualni lokaci.

V kapitole 4 jsou uvedeny publikace popisujici vyuziti 3D triangulace v procesu
tvorby 3D dokumentace stavajicich objektl, které byly prezentovany védecké

komunité v ramci konferenéniho sborniku.

2.2 Digitalni fotogrammetrie

Fotogrammetrie je disciplina, ktera ziskava informace o objektech na zakladé
analyzy pfesnych obrazovych dat ziskanych fotografickym zaznamem. Od
padesatych let 20. stoleti doslo k signifikantni automatizaci vyhodnocovacich
procesu v této oblasti s prvnim zavedenim elektronickych korelatort. Puvodni
aplikace digitalniho obrazovani se zaméfila na analyzu druzicovych snimku
pro dalkovy prizkum Zemé, kde vypusténi druzice ERTS-1, pozdéji
prejmenované na LANDSAT 1, pfedstavovalo klicovy meznik. V osmdesatych
letech dvacatého stoleti s dalSim rozvojem kvality digitalniho obrazu a metod
jeho analyzy, doslo k rozvoji digitalni fotogrammetrie, Casto oznacované jako

softcopy fotogrammetrie.

Digitalni obraz, jaky zname, je obrazova informace transformovana do digitalni
formy a existuje jako primarni digitédlni obraz ziskany digitalni kamerou
(napfiklad s CCD senzory) nebo jako sekundarni digitalni obraz, coz je
digitalizovana fotografie. V pripadé primarniho digitalniho obrazu senzory
snimaciho zafizeni pfimo registruji radiometrické veliCiny na jednotlivych
pixelovych ploSkach a ty jsou transformovany na digitalni signaly. CCD prvky,
coz jsou mikroelektronické kfemikové Cipy, slouzi k pfevodu
elektromagnetického zarfeni na pamétovy signal, coz umoziuje detailni

analyzu ziskanych obrazovych dat.
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Jednim z kliCovych parametru, ktery ovliviiuje kvalitu vysledného modelu, je
kvalita snimaciho zafizeni, konkrétné kamera. V soucCasnosti jsou bézné
pouzivany digitalni zrcadlovky a drony vybavené menSimi CCD Cipy s
integrovanymi objektivy. RozliSeni téchto zafizeni je specifikovano v
megapixelech, pfiemz plati, ze vyssi rozliSeni CCD Cipu pfinasi vyssi kvalitu
obrazu. Pro zrcadlové kamery je esencialni vybér vhodného objektivu, typicky
normalniho objektivu, teleobjektivu nebo objektivu typu rybi oko. Pro ucely
fotogrammetrie jsou preferovany normaini objektivy s pevnym ohniskem, které
minimalizuji radialni distorzi oproti objektivim typu rybi oko. Hlavni nevyhodou
normalnich objektivll je jejich omezena schopnost pokryt rozsahlejsi uzemi,
cozZ je oblast, kde se objektivy typu rybi oko ukazuji jako vyhodnéjsi, pfestoze

maji tendenci k vétsi distorzi obrazu (Luhmann et al., 2016).

Pro 3D zpracovani slouzi vicesnimkova fotogrammetrie, u které jsou
vyZadovany nejméné dva vzajemné se prekryvajici snimky. K vyhodnoceni se
pouziva stereoskopicky vjem umoZznujici vytvofeni prostorového modelu
predmétu méfeni a tato metoda je nazyvana stereofotogrammetrii. V pfipadé
konvergace (sbihani) os zabérl snimku se tedy jedna se o vicesnimkové
prostorové protinani. Konvergentni mnozinu orientovanych snimku Ize
vyhodnotit pouze bodové, pokud Ize bod identifikovat minimalné na dvou

snimcich a technologicky se jedna o prisekovou fotogrammetrii.

Fotogrammetricka technika oznacovana jako Structure from Motion (SfM),
podle Westoby et al. (2012), umoZnuje derivaci trojrozmérnych soufadnic z
dvojrozmérnych snimku ziskanych za pouziti pohybujiciho se nosie. Pro
spravnou funkénost této metody neni vyzadovano, aby osy zabéru byly
konvergentni nebo paralelni, av8ak je nezbytné, aby se snimky prekryvaly.
SfM  efektivné kombinuje principy prusekové fotogrammetrie a
stereofotogrammetrie. Vyznamnou prednosti této metody je, Ze pro uspésnou
aplikaci neni tfeba pfedem znat prfesné polohy, z kterych byly snimky pofizeny.
Metoda neni finanéné naroCna a umoznuje ziskavat 3D data ve vysokém

rozliSeni (napf. smartphonem). Oproti stereofotogtammetrii je Stucture from
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Motion vyhodnoceni ve vSech parametrech presnéjsi, coz je zpusobeno
poctem neomezenych snimkd vstupujicich do vypoctd. Negativni strankou
metody jsou vysoké vypocletni naroky (Casova narocnost vypoctl), které

stoupaji umérné s velikosti objektu a poctem snimkd (Nyimbili et al., 2016).

Metoda zahrnuje akvizici mnoha obrazku objektu z rozli€nych ahlu, které maji
prekryvné segmenty, a jsou postupné nahrany do specializovaného
softwarového nastroje, napfiklad Agisoft Metashape, PIX4D, Reality Capture,
Bundler nebo VisualSFM. Pro identifikaci distinktivnich bodd v obrazech se
vyuziva technika SIFT (Scale Invariant Feature Transform). Tato technika
identifikuje takzvané kliCové body na zakladé lokalizace extrémnich hodnot v
obraze, typicky na hranach nebo vyvySeninach objektu. Dale dochazi k filtraci
nestabilnich bodu, které neposkytuji adekvatni kontrast ve srovnani s okolnim
prostfedim nebo jsou jinym zpUsobem nejednoznaéné, coz zajistuje vySsi

presnost a spolehlivost pfi rekonstrukci 3D modelu (A4, AS).

U bodu, které nebyly béhem predchozich fazi eliminovany, jsou nasledné
definovany deskriptory, které unikatné specifikuji charakteristiku kazdého
bodu na snimku. Na zakladé téchto specifikaci jsou pak vyhledavany
odpovidajici body na dalSich snimcich. Aby byl bod zafazen do nasledujicich
fazi zpracovani, je nutné, aby byl identifikovan minimalné ve tfech riznych
snimcich. Z kompilace takto identifikovanych bodu jsou poté vypocitany
polohy projekénich center kamer a orientace snimkl v prostoru, coz je

nezbytné pro spravnou rekonstrukci 3D modelu (Yang et al., 2019).

Nasledné jsou ziskany informace o epipolarni geometrii vSech snimku. Pro
vSechny snimky najednou je provedena rekonstrukce struktury (structure)
v obraze a pohybu (motion) kamery. K rekonstrukci se vyuziva sekvenéniho
postupu, kdy se pocita structure a motion mezi dvéma snimky, poté pro celou
mnozinu snimkl. Vysledkem algoritmu je Fidké mracno a relativni poloha

vSech kamer.
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V nasledujicim stupni procesu dochazi k aplikaci svazkového vyrovnani, kde
jsou simultanné korigovany soufadnice bodu, polohy a orientace kamer. Pro
analyzu a transformaci dat mezi snimanymi a modelovymi soufadnicemi
charakteristickych bodu se pouziva pfima i inverzni korelace. V dusledku
pritomnosti nelinearnich prvkld v téchto vztazich se provadi uprava pomoci
Taylorova rozvoje. Po implementaci téchto uprav je mozné sestavit husté
bodové mracno. Pro odvozeni trojrozmérnych soufadnic z hustého mracna se
vyzaduje dalSi algoritmicky krok, konkrétné vyuziti algoritmu PMVS (Patch-
based Multi-view Stereo), ktery operuje s malymi obdélnikovymi ploSkami
tésné obklopujicimi pozorovany objekt. Tyto plosky jsou postupné rozsifovany
do okoli a v zavérecné fazi algoritmus filtruje nespravné propojeni (Yang et al.,
2019).

2.3 Vlivy pusobici na kvalitu vysledného modelu

Pro procesy 3D skenovani pfedstavuji vyznamnou vyzvu povrchy, které jsou
charakteristické svou lesklou, prihlednou, prusvithou nebo absorpéni
povahou. Tyto povrchy komplikuji akvizici dat, jelikoz mohou ovlivnit spravné
zachyceni a interpretaci svételnych signald, které jsou kliCové pro efektivni
generovani bodovych mracen (A1). Optické aktivni metody pracuji s odrazem
emitovaného osvétleni od méfeného povrchu a z toho divodu je spravny
odraz pro tyto skenery zasadni (Wang et al., 2014). Mezi vlivy ovliviiujici
kvalitu vysledného modelu jsou Fazeny kvalita snimace, vzdalenost stanoviska
snimkovani od objektivu, osvétleni a atmosférické podminky a v neposledni

fadé textura povrchu zgjmového objektu.
Kvalita snimace

Jednim ze zasadnich parametrld je kvalita snimace (kamery), kdy se
v souCasnosti nejCastéji vyuzivaji digitalni zrcadlovky nebo u dronl mensi
CCD ¢cipy s vestavénymi objektivy. OvSdem ani ten nejdrazsi objektiv se
neobejde bez urditych optickych vad, které zpuUsobuji rGzné odchylky

skute¢ného zobrazeni od toho idealniho, tzv. aberace. Pfikladem je barevna
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vada CocCek, kdy je svétlo sloZzeno z rlznych vinovych délek, a tak probiha
rozklad barevnych slozek svétla rizné v rlznych vinovych délkach. Moznym
feSenim je sloZeni optické soustavy objektivu z nékolika rdznych druhu skel

s riznym indexem lomu.

vybaven jinou optikou a pfi skenovani panuji jiné podminky. Obecné neexistuji
pfesné stanovené specifikace nejistoty méreni a vyrobci 3D skenert ovéruji
pfesnost zafizeni sami ve specialnich podminkach a vyvijeji své vlastni
standardy. Ke kontrole skeneru se vytvareji normy uvadeéjici postup kontroly,
kterych ale v sou€asnosti neni mnoho a nejsou pro vyrobce zavazné. Jednim
z pfikladu je némecka norma VDI/VDE 2634, ktera urCuje kalibracni etalon
(Rzucidlo et al., 2017).

Vzdalenost stanoviska snimkovani od objektivu

Vzdalenost mezi pozici snimkovani a cilovym objektem predstavuje klicovy
faktor v procesu ziskavani obrazovych dat. Obecné plati, Ze s rostouci
vzdalenosti od objektu se sniZuje zastoupeni objektu na snimku, coz vede k
redukci rozliSovaci schopnosti. V kontextu snimkovani s vyuzitim bezpilotnich
letount (UAV — Unmanned Aerial Vehicle) je rozliSeni snimkl specifikovano
pomoci parametru Ground Sample Distance (GSD), ktery vyjadfuje realnou
vzdalenost na zemi, jez odpovida velikosti jednoho pixelu na snimaci kamery.
Hodnota GSD je urCena na zakladé ohniskové vzdalenosti objektivu kamery,

vySky letu a velikosti pixelu na snimaci (Zhang et al, 2018).
Osvétleni a atmosférické podminky

Atmosférické faktory hraji kliCovou roli pfi terénnim snimkovani, zatimco
adekvatnost osvétleni je kriticka pro snimkovani v laboratornich podminkach.
Intenzita osvétleni se méni v zavislosti na dennim Case a sezéné. Béhem
letnich mésicl dochazi k vy$Simu pfijmu slune¢niho zafeni ve srovnani se
zimnimi mésici, kdy je slunce umisténo niZze nad obzorem a celkova mira

osvétleni je nizsi. Kvalita snimku je dale ovlivnéna atmosférickymi jevy, které
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méni rozptyl svétla, jeho intenzitu a mohou zpUsobit vyskyt stind, vétru a

srazek.

Konecna kvalita snimku je zavisla na sméru a uhlu dopadajiciho svétla.
Neexistuje jednoznacna odpovéd na otazku idealnich podminek pro
pofizovani snimk, ale pro ucely fotogrammetrie se doporucuje snimkovat v
dobé, kdy slunecni svétlo sméfuje ve stejném smeéru jako je zamysleny smér
snimkovani, coz pfispiva k optimalni vizualizaci snimaného objektu (Rzucidlo
et al., 2017) (Al).

Textura povrchu zajmového objektu

Dalsi parametr ovliviujici kvalitu vysledného modelu je samotna textura
objektu. SfM pfi generovani spoléha na ruznorodost scény, v niz muize

charakterizovat jedine€né body k vytvofeni dané scény.

Idealni objekt pro 3D skenovani je malo €lenity, nemajici mnoho drobnych
detaild, matny s vyraznou strukturou, a zarovefi nema jednolité plochy. Je
neprihledny a bez Casti, které by se samovolné pohybovaly. Z hlediska
materialu ma idealni objekt blize k plastu, kovu a keramice nez ke sklu.

VSeobecné znesnadfiuji skenovani i rotané symetrické objekty (Al).

Sklenéné objekty je vhodné nastfikat praskovou kfidou ve spreji. Objekty se

nastfikanim stanou nepruhlednymi a nelesknou se (Rzucidlo et al., 2017).

17



3 VYZKUMNE OTAZKY A HYPOTEZY

Disertacni prace ma dva hlavni cile. Prvnim cilem je popsat a objasnit vyuziti
optickych metod v procesu tvorby 3D dokumentace stavajicich objektd. Druhy
cil se zamérfuje na popis textury povrchu zajmoveého objektu a jeho vlivu
pusobici na kvalitu vysledného modelu. K tomuto uc€elu byly vytvofeny
vyzkumné otazky. Prvni vyzkumna otazka byla definovana na zakladé dvou
konferen¢nich pFispévkl (A2, A3), které pojednavaji o vyuziti 3D triangulace
v procesu tvorby 3D dokumentace stavajicich objektl. Druha vyzkumna
otazka byla definovana na zakladé konferenéniho pfispévku (A4), ktery
pojednava o 3D triangulaci v procesu tvorby 3D dokumentace stavajicich
objektu. Treti vyzkumna otazka byla definovana na zakladé konferenéniho
prispévku (A5), ktery pojednava o tvorbé digitalniho modelu za uziti pozemni
a letecké digitalni fotogrammetrie historicky vyznamné stavby kapli¢ky. Ctvrta
vyzkumna otazka byla definovana na zakladé pfispévku (A1) v impaktovaném
Casopise, ktery pojednava o vlivu materialu na hustotu bodového mracna,

ktera se fadi mezi nejvyznamnéjsi faktory pro kvalitu bodovych mracen.
Vyzkumné otazky byly stanoveny nasledovné:

1. Jaky je vliv pouziti rGznych metod zpracovani dat a kombinace vice
skenu na pfesnost a efektivitu tvorby digitalnich modeld slozitych forem,
jako jsou sochy, reliéfy a slozité tvary, pomoci optickych 3D skener(?

2. Jak mohou fotogrammetrické metody a softwarové nastroje pfispét
k efektivni tvorbé a analyze digitalnich modell linearnich konstrukci,
jako jsou uméla fiéni koryta, s dirazem na presnost, uplnost a simulaci
proudéni vody pro ucely stavebniho planovani a analyzy?

3. Jaky je vliv kombinace pozemni a letecké digitalni fotogrammetrie
na presnost a detailnost digitalnich modell historicky vyznamnych
budov?

4. Jaky je dopad rlznych textur povrchu zajmového objektu na hustotu

bodového mraéna pfi 3D skenovani pomoci optickych metod a jak
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mohou rlzné upravy povrchu optimalizovat proces akvizice dat pro

tvorbu digitalnich modelu.

K takto stanovenym vyzkumnym otazkam byly stanoveny nasledujici

hypotézy.
Vyzkumna otazka 1:

l. Pouziti kombinace automatickych metod zpracovani dat a aplikace
vice skenl vede ke zvySeni presnosti a efektivity tvorby digitalnich
modelu slozitych forem, jako jsou sochy, reliéfy a slozité tvary,

pomoci optickych 3D skeneru.
Vyzkumna otazka 2:

Il. Pouziti fotogrammetrickych metod a vhodnych softwarovych
nastroju umozni vytvoreni digitalnich modell linearnich konstrukci
s dostateCnou presnosti a uplnosti, coz umozni simulaci a analyzu
proudéni vody v umélych Fi¢nich korytech pro ucely stavebniho

planovani a analyzy.
Vyzkumna otazka 3:

. Kombinace pozemni a letecké digitalni fotogrammetrie vytvari
digitalni modely historicky vyznamnych budov s vySSi pfesnosti
a detailnosti nez pouZiti pouze jedné metody, coz pfispiva k lepSimu

pochopeni stavebnich a historickych charakteristik téchto objektu.
Vyzkumna otazka 4:

V. Hustota bodového mracna ziskaného optickymi metodami 3D
skenovani bude vyznamné ovlivnéna texturou povrchu zkoumaného
objektu. Dale predpokladame, ze rlizné upravy povrchu, jako jsou
aplikace povrchovych latek nebo mechanické upravy, budou mit
signifikantni dopad na hustotu bodového mraéna a umozni

optimalizaci procesu akvizice dat pro tvorbu digitalnich modelu.
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5 VERIFIKACE STANOVENYCH HYPOTEZ

5.1 Verifikace hypotézy I

Hypotéza |: Pouziti kombinace automatickych metod zpracovani dat a
aplikace vice skenu vede ke zvySeni presnosti a efektivity tvorby digitalnich

modelu lidskych postav pomoci optickych 3D skenerd.
Publikace A2

3D scanning and analysis of acquired data of historically and culturally

significant objects referring to the work of Adalbert Stifter

Dédi¢, M. 3D scanning and analysis of acquired data of historically and
culturally significant objects referring to the work of Adalbert Stifter. MATEC
Web. Conf. 2019, 279, 01014.

V ramci prezentovaného konferen¢niho &lanku je zkoumano vyuziti 3D
skenovani se strukturovanym svétlem pro dokumentaci historickych a kulturné
vyznamnych artefaktt spojenych s dilem &esko-rakouského literata Adalberta
Stiftera, umisténych v Jiznich Cechach. V dlsledku rozsahu jednotlivych
objektd bylo nezbytné provadét skenovani segmentové pro kazdy objekt
zvlast. Integrace téchto segmentd a odstranéni Sumu nasledné umoznily
generovani presnych digitalnich modell. Tyto modely predstavuji znacny
potencial pro implementaci ve virtualnich prohlidkach, které poskytuji
rozsahlou prezentaci historickych a kulturnich mist. V konecné fazi byly
modely upraveny pro potfeby 3D tisku a nasledné vyrobeny pomoci 3D

tiskaren.

Pro skenovani byl pouzit 3D lehky ru¢ni skener Artec Eva Lite, pomoci kterého
byly vytvofeny vysoce kvalitni a pfesné skeny bez barev a textur. Tento cenové
dostupnéjsi model (oproti Artec Eva) je vhodny zejména pro objekty s tvarové
rozmanitym povrchem, podle kterého je skener orientovan. Funguje na

principu trigonometrické triangulace. To v praxi znamena, Ze skener promita
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na snimany objekt svételny vzor skladajici se z pravidelnych tvarl. Snimaci
senzor je pak orientovan podél okraju téchto tvara, aby odvodil tvar objektu.
Surovy model tvofi bodové mracno. Vhodnym objektem pro skenovani timto
skenerem je napf. lidské télo, a proto je jej mozno vyuZzit pfi skenovani soch
nebo archeologickych ¢i umeéleckych dél. Méné vhodnymi objekty pro
skenovani jsou objekty, které nemaji dostateCné rozmanity tvar nebo maji
rovné (Ci texturované) povrchy, protoze by doSlo pfi skenovani k jejich
zkresleni. Z tohoto divodu byly kamenné bloky modelovany ruéné, nebot
povrch skenovaného objektu byl pfili§ rovhomérny a rovny, a proto bylo mozné

kontrolni bod zaménit za jiny.

Publikace je Pfilohou €. 1.
Publikace A3

Utilization of Modern Optical Methods for Creation of Digital Model of

Human

Dé&dic, M., Utilization of Modern Optical Methods for Creation of Digital Model
of Human, 2020 IOP Conf. Ser.: Mater. Sci. Eng. 960 032016

Konferenéni pfispévek popisuje metodiku tvorby digitalniho modelu ¢lovéka
pomoci 3D skeneru se strukturovanym svétlem. Tato metodika se sklada
z nékolika hlavnich fazi, jako je pfiprava skenu na pohyb ¢lovéka, skenovani
v co nejkrat§im Case a zpracovani dat ziskanych skenovanim. Samotné
zpracovani dat je rozdéleno do dalSich dilCich fazi, které popisuji jednotlivé
kroky nutné k vytvoreni digitalniho modelu. Pfispévek popisuje prekazky, které
je tfeba pfi 3D skenovani odstranit nebo minimalizovat, aby nedoslo k naruseni

integrity modelu a vytvofeni digitalniho modelu.

Pro skenovani zivych tvort, v tomto pfipadé clovéka, je velmi dulezita
rekognoskace, rozdéleni snimaného objektu na €asti a vhodny vybér prekryvu.
Cilem v8ech téchto akci je zajistit, aby skutec¢né skenovani probéhlo v co

nejkratSim Case. U prekryvajicich se skenu je nejlepSi plochou pro celkovy
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digitalni model oblast trupu. Oblast trupu se nejsnaze skenuje — nejsou zde
zadné vycCnivajici Casti a skener pracuje v jednotné vzdalenosti. Kazdé
jednotlivé skenovani tedy zacina v této oblasti téla, a poté se skenuje dale od
ni. BEhem procesu skenovani lze sledovat zachycené body na displeji. Pfi
pouzivani optického 3D skeneru se Casto objevuji problémy se skenovanim
vlasu kvuli jejich jemnosti. Proto se doporucuje zvolit u€es, ktery vlasy udrzi
kompaktni a snizi tak jejich pohyblivost. DalSim problematickym elementem
jsou o€i, které, i prestoze skener nepfedstavuje riziko pro zrak, by mély byt
béhem skenovani obliCeje uzavieny, aby se predesSlo moznym chybam v
zachyceni. Nakonec lesklé kovové objekty, jako jsou nausnice, piercingy nebo
prezky, mohou zplsobovat odrazy, které narusuji kvalitu skenu, a je proto

vhodné je pfed skenovanim odstranit.

Béhem skenovani nelze detekovat pohyb snimané osoby. Tyto pohyby nelze
odhalit, dokud nejsou data zpracovana. Pro eliminaci odchylek zpusobenych
pohybem byl zvolen reverzni postup upravy dat. Klasicky pfistup spociva ve
spojeni jednotlivych skenl do jednoho mradna bodu pred Ccisténim,
vyhlazovanim a modelovanim mracna bodl. V tomto pfipadé byly nejprve

jednotlivé skeny upraveny a az poté jeden po druhém spojen.
Publikace je PFilohou &. 2.

Na zakladé provedeného vyzkumu prezentovaného v obou publikacich je
mozné predpokladat, Ze pouziti kombinace metod automatického zpracovani
dat a aplikace vice skend ma pozitivni vliv na pfesnost a efektivitu tvorby
digitalnich modell lidskych postav pomoci optickych 3D skenerl. Prvni
publikace naznacuje, Ze i pfes automatizaci zpracovani dat jsou ruéni Upravy
nezbytné ke korekci chyb, které se vyskytnou béhem skenovani. Druha
publikace dale potvrzuje, Ze rucni upravy jsou nevyhnutelné a zduraznuje, ze
vysledny model muze byt kombinaci vice skenu, aby se minimalizovaly chyby
zpusobené pohybem skenované osoby. Na zakladé tohoto vyzkumu Ize tedy
predpokladat, Ze kombinace automatickych funkci softwaru pro zpracovani dat

a pouziti vice skent povede ke zlepSeni pfesnosti a efektivity tvorby digitalnich
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modelu slozitych forem, jako jsou sochy, reliéfy a slozité tvary pomoci

optickych 3D skeneru. Hypotéza | byla potvrzena.

5.2 Verifikace hypotézy I

Hypotéza Il: Pouziti fotogrammetrickych metod a vhodnych softwarovych
nastroju umozni vytvofeni digitalnich modell linearnich konstrukci
s dostate€nou presnosti a uplnosti, coZ umozni simulaci a analyzu proudéni

vody v umélych Fi€nich korytech pro u€ely stavebniho planovani a analyzy.
Publikace A4

Digital Model of an Existing Building a Wild Riverbed in Tokyo

Dédic, M., Digital Model of an Existing Building a Wild Riverbed in Tokyo, 2021
IOP Conf. Ser.: Mater. Sci. Eng. 1066 012017.

Konferencni Clanek predstavuje aplikaci fotogrammetrickych metod pro tzv.
obrazové modelovani a vykreslovani. Pro realné vyuziti digitalniho modelu
umélého koryta pro divokou feku v Tokiu byla pouzita metoda digitalni
fotogrammetrie. Tato technologie byla aplikovana pomoci dvou softwarovych
programu. Byla vyhodnocena jejich kompatibilita a navrzena opatreni, ktera by
meéla v budoucnu zvysit efektivitu pfi tvorbé digitalnich modelu stavajicich
budov. Je zde popsan proces tvorby modelu v obou softwarech samostatné
a vyhodnoceno jejich pouziti pro dany typ objektu. V tomto pfispévku jsou
popsany jednotlivé procesy od vybéru fotografii pfes Cisténi a vyhlazovani
mracna bodu az po finalni digitalni model. Dale je zde uvedeno praktické
vyuziti vytvofeného digitalniho modelu. Na obrazcich je zobrazena feSena
struktura, postup spojovani jednotlivych fotografii a vysledny model pro
celkovou predstavu o aplikaci této metody. V &asti vysledkd a diskuzi je
popsano vyhodnoceni softwaru a také navrhy opatfeni pro jejich vyuZiti
zejmeéna pro vodni stavby liniového charakteru obsahujici opakujici se prvky,
jako jsou vodni prekazky.
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Pro vytvoreni digitalniho modelu bylo celkové pofizeno 1800 fotografii.
Charakter stavby — umélé koryto pro zavodéni na divoké fece — neumoznoval
automatické spojeni vSech €asti, protoze se jedna o liniovou stavbu s neustale
se opakujicimi vodnimi pfekazkami. Nebylo mozné rozlisit, ktera pfekazka se
nachazi v které Casti koryta. Snimky tedy byly rozdéleny do skupin podle
jednotlivych ¢asti umélého koryta divoké feky na 3 Casti (startovni ¢ast, stiedni
Cast, cilova ¢ast). V cilové Casti se nachazela vodni plocha, ktera byla
vyhodnocena jako potencialné problematicka z hlediska vysoké odrazivosti
povrchu. Po rozdéleni a smazani nepotfebnych a nekvalitnich snimkd jich
zbylo 1200 slouzicich k vytvofeni digitalniho modelu. Pfed spojenim
jednotlivych ¢asti bylo nutné vycistit mracna bodd od bodového Sumu, a to
pomoci automatické funkce a rucniho Cisténi. Dale byly jednotlivé casti
vyhlazeny, aby bylo jejich spojeni co nejjednodussi. Pfed pofizenim vstupnich
dat nebylo vyuzito vlicovacich bodl, a proto nebylo mozné jednotlivé
vygenerované casti digitalniho modelu spojit automaticky do jednoho celku.
Bylo tedy pouzito rucni spojeni pomoci zvolenych bodd, které se vzdy

nachazely v obou spojovanych ¢astech.
Publikace je Pfilohou €. 3.

Hypotéza Il byla potvrzena. Hypotéza vychazi z prfedpokladu, ZzZe
fotogrammetrické metody spolu s adekvatnimi softwarovymi nastroji jsou
schopny vytvofit digitalni modely existujicich staveb s dostateCnou presnosti
a uplnosti pro inZenyrské ucely. Tato hypotéza je podloZzena zkuSenostmi
a vysledky prezentovanymi v publikaci, ktera popisuje pouziti téchto metod pro
vytvoreni digitalniho modelu umélého Fi¢niho koryta pro ucely planovani
a analyzy konstrukce. Digitalni modely vytvofené touto metodou jsou
pouzitelné pro simulaci proudéni vody a analyzu umélych vodnich pfekazek,
coz znamena, Zze mohou slouzit jako uziteCny nastroj pro inzenyrské

a stavebni ucely.

Tato hypotéza, podpofena zkuSenostmi a vysledky prezentovanymi v

publikaci, zpochybniuje tradi¢ni metody vytvareni digitalnich modell staveb pro
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inZenyrské ucely a navrhuje alternativni pfistup vyuZzivajici fotogrammetrické
metody. Zakladem této hypotézy je presvédCeni, ze kombinace
fotogrammetrickych technik a specializovaného softwaru poskytuje dostacujici
pfesnost a uplnost pro tvorbu digitalnich modell, které jsou uziteCné pro
inZenyrské aplikace. Dulezitym bodem je také zdUraznéni moznosti vyuZiti
téchto modelu pro simulace proudéni vody a analyzu vodnich pfekazek, coz
pfinasi dalSi potencial pro praktickeé inzenyrské a stavebni aplikace. Hypotéza

Il byla potvrzena.

5.3 Verifikace hypotézy Il

Hypotéza Ill: Kombinace pozemni a letecké digitalni fotogrammetrie vytvari
digitalni modely historicky vyznamnych budov s vySSi pfesnosti a detailnosti
nez pouziti pouze jedné metody, coz pfispiva k lepSimu pochopeni stavebnich

a historickych charakteristik téchto objektu.
Publikace A5

Acquisition and analysis of data of a historically significant building
using digital photogrammetry

Dédi¢, M. Acquisition and analysis of data of a historically significant building
using digital photogrammetry. AIP Conf. Proc. 27 September 2023; 2928 (1):
180001.

Konferencni pfispévek popisuje projekt, béhem kterého byl proveden sbér dat
kulturné a historicky vyznamné stavby kaple na Hornich Nivach pomoci
letecké a pozemni digitalni fotogrammetrie. Ziskana data byla nasledné
analyzovana pro potfeby tvorby digitalniho modelu. Data byla generovana
z jednotlivych fotografii jako mraéno bodu. S ohledem na parametry objektu
byla data snimana CasteCné ze zemé& pomoci fotoaparatu a Castecné
ze vzduchu pomoci kamery umisténé na dronu. Spojenim modelu exteriéru

a interiéru a odstranénim nezadoucich bodu (Sumu) vznikl digitalni model.
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Vytvoreny model slouZzil jako podklad pro zpracovani stavebné technického

a stavebné historického prizkumu.

V popsaném procesu pozemni a leteckeé digitalni fotogrammetrie zamérené na
historicky vyznamnou stavbu jsou popsana rekognoskace, sbér a analyza dat
vCetné vytvoreni digitalniho modelu stavby. Jednotlivé etapy jsou podrobné
popsany, aby bylo mozZné proces opakovat, a tim ovéfit. Digitalni
fotogrammetrie je nedilnou soucasti tvorby digitalnich modell ve stavebnictvi
a diky rozSifovani schopnosti dronu se stéale vice uplatiuje zejména v liniovych
stavbach. Digitalizace historické budovy s dlrazem na hodnotné prvky je
vice se zaméfit na urcité Casti budovy a tim zvysit hustotu mracna bodu.
Do budoucna se jevi jako optimalni kombinace digitalni fotogrammetrie pro

cenné stavebni prvky a 3D skeneru pro hlavni prostory budovy.

Je tfeba zminit, Ze i kdyz software generuje model ze snimkl poloautomaticky,
hlavni ¢ast prace — sbér dat — zlGstava ruc€ni praci. V budoucnu je mozné pro
snimky interiéri pouzit 3D skener, jako je napfiklad Leica BLK360, a ru¢né
skenovat nebo fotit pouze historicky cenné Casti. Exteriér Ize fotit automaticky
zadanim souradnic jednotlivych snimkd do dronu, to vSak v tomto pfipadé
nebylo mozné kvuli blizké poloze vysokych stromu. Tento projekt
digitalni fotogrammetrie je prvotni rekognoskace. V pfipadé, Ze jsou znamy
zakladni parametry stavby, umisténi osazovacich bodu, postup snimkd, jejich
umisténi, uhel sklonu k roviné stavby. Ohniskovou vzdalenost a svételné
podminky Ize v interiéru ovlivnit a zménit na poZzadované hodnoty. U exteriéru
budovy Ize vyhodnotit okoli budovy a zvolit spravnou metodu snimani, vyskove
urovné a uhel snimani. Pro bezpeénost letu dronu je nutné znat predpoved

pocasi a vyhodnotit nejvhodnéjsi denni dobu z hlediska svételnych podminek.

Publikace je PFilohou &. 4.
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Na zakladé vyzkumu a analyzy digitalnich modeld historicky vyznamnych
budov pomoci kombinace pozemni a letecké digitalni fotogrammetrie bylo
zjisténo, Ze tato metoda skuteCné umozriuje vytvaret digitalni modely s vysSi
pfesnosti a detailnosti neZz pouziti pouze jedné metody. Tato kombinace
prispiva k lepSimu pochopeni stavebnich a historickych charakteristik téchto
objektl a umozniuje detailnéjSi zobrazeni jejich konstrukénich vad a cennych
prvkd. Diky spojeni dat z pozemni i letecké fotogrammetrie Ize ziskat
komplexnéjSi informace o struktufe a prostorovych vlastnostech budov, coz
muze byt kliCové pro jejich restaurovani, ochranu a dalSi vyzkum. Tato
integrace technik tedy predstavuje vyznamny krok vpfed ve zkoumani
a dokumentaci historickych staveb s ohledem na jejich budouci udrZitelnost
a ochranu pro dalSi generace. Vysledky prezentované v pfilozené publikaci
podporuji hypotézu, Ze kombinace pozemni a letecké digitalni fotogrammetrie
umoznuje vytvaret digitalni modely historicky vyznamnych budov s vétsi
pfesnosti a detailnosti nez pouZziti pouze jedné metody. Hypotéza Il byla

potvrzena.

5.4 Verifikace hypotézy IV

Hypotéza IV: Hustota bodového mracna ziskaného optickymi metodami 3D
skenovani bude vyznamné ovlivnéna texturou povrchu zkoumaného objektu.
Dale predpokladame, Zze razné duapravy povrchu, jako jsou aplikace
povrchovych latek nebo mechanické upravy, budou mit signifikantni dopad na
hustotu bodového mra¢na a umozni optimalizaci procesu akvizice dat pro

tvorbu digitalnich modeld.
Publikace Al

Influence of Material on the Density of a Point Cloud Created Using a
Structured-Light 3D Scanner
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Kaiser, J.; Dédi¢, M. Influence of Material on the Density of a Point Cloud
Created Using a Structured-Light 3D Scanner. Appl. Sci. 2024, 14, 1476.
https://doi.org/10.3390/app14041476

Clanek v odborném impaktovaném &asopise popisuje vyzkumna zji$téni, ze
rizné materialy maji rizné vlastnosti, které se projevuji ve strukturované-
svételném 3D skenovani povrchu méfeného objektu. Materialy byly vybrany
s predpokladem, Ze svymi vlastnostmi negativné ovlivni hustotu bodového
mracna. Prispévek popisuje metodiku, jak probihalo méfeni vybranych
materiall, a navrhuje moznosti povrchové upravy materiald pro zlepseni
vlastnosti materialt pro sbér 3D dat ve strukturovaném svétle. Diky tomuto
vyzkumu je mozné odhadnout problémové oblasti z hlediska materiall pfi
rekognoskaci méfeného objektu. Vysledky provedenych experimentu ukazuiji,
Ze pouzita oSetfeni mohou zlepSit pfesnost modelu mérfeného objektu a snizit
nutnost ruc¢niho dokon€eni modelu nebo nékolikanasobného skenovani

méfeného objektu.

Na zakladé vlastnosti povrcha jednotlivych materiall, které ovliviiuji ziskana
data v podobé& mracen bodu, byly materialy rozdéleny do kategorii: dobfe
skenovatelné materialy, materialy obsahujici velmi jemné prvky, lesklé
materialy a transparentni materialy. Nazvy jednotlivych kategorii charakterizuji
vlastnosti téchto materialll. Kategorie materiall ukazuiji, jak vlastnosti povrchu
souvisi s obtiznosti ziskani mra¢na bodl s vysokou hustotou a zda je tfeba

povrch pfed skenovanim néjakym zplsobem upravit.

Aby bylo mozné zpracovat data z méfeni strukturovaného svétla 3D
skenovanim, bylo potfeba mit vhodny zaklad v podobé mracna bodu. Mracna
bodld maiji v riznych ¢astech modelu ridznou hustotu bodu a pravé hustota
ovliviuje presnost vysledného modelu. Lze tvrdit, Ze ¢im vySSi je hustota
mracna bodd, tim vySsi je pfesnost vysledného digitalniho modelu. Dulezity je
také pozadavek na presnost, protoze pro rizné aplikace jsou pozadovany
riizné miry hustoty mracna bodu. Byly analyzovany rizné materialy a nasledné

hodnoceno, jak jejich vlastnosti ovliviuji hustotu mra¢na bodu. Zaroven byla

30


https://doi.org/10.3390/app14041476

pro materialy, které si vedly Spatné pfi hodnoceni hustoty mra¢na bodd,
navrzena povrchova uprava, ktera vyrazné zlepSila povrchové vlastnosti

téchto materialu pfi pofizovani snimkau.

Pro povrchovou upravu byly pouzity rizné metody upravy podle druhu
materialu. U materialt s jemnymi prvky Uprava spocivala ve vyhlazeni povrchu
(Cesani). U lesklych a pruhlednych materiald spocivalo prvni oSetfeni
v naneseni tenké vrstvy matovaciho spreje (kfidovy sprej nebo suchy Sampon)
tak, aby puvodni povrch vzorku byl stale mirné viditelny. Druhé oSetfeni
spocivalo v naneseni silnéjSi vrstvy matovaciho spreje (kfidovy sprej nebo

suchy Sampon) tak, aby pavodni povrch vzorku byl zcela zakryt a nebyl vidét.
Publikace je PFilohou &. 5.

Na zakladé analyzy vysledkl provedenych experimentu, které zahrnovaly 3D
skenovani riznych materialu s rlznymi texturami povrchu, bylo zjisténo, ze
povrchové viastnosti materiall maji vyznamny vliv na hustotu bodového
mracna. Napfiklad materialy s jemnymi prvky, lesklé materialy a transparentni
materialy vykazovaly niZ8i hustotu bodového mracna ve srovnani s materialy
s hrubsimi texturami povrchu. Dale bylo zjisténo, Ze aplikace rlznych uprav
povrchu, jako je pouZziti matnych povrchovych latek nebo mechanické upravy,
mohou zvysit hustotu bodového mracna tim, ze eliminuji nezadouci viastnosti

material( a zlepSuji schopnost skeneru ziskavat bodova data.

Celkové Ize tedy potvrdit hypotézu, ze textura povrchu ma vyznamny dopad
na hustotu bodového mracna a rizné uUpravy povrchu mohou optimalizovat
proces akvizice dat pro tvorbu digitalnich modeld. Tato zjisténi maji dulezité
duUsledky pro praxi, jelikoz umoznuji Iépe porozumét procesu 3D skenovani
pomoci optickych metod a identifikovat vhodné upravy povrchu pro ziskani

vysokokvalitnich bodovych mracen. Hypotéza IV byla potvrzena.
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6 PRINOSY DISERTACNI PRACE

DisertaCni prace pojednava ve Ctyfech konferencnich publikacich o vyuZiti
optickych metod v procesu tvorby 3D dokumentace stavajicich objektd,
konkrétné za vyuziti metod 3D triangulace a Structure from Motion. V paté
publikaci demonstruje texturu povrchu zajmového objektu a jeji vliv pusobici

na kvalitu vysledného modelu.

6.1 Shrnuti prace

DisertaCni prace se zaméfuje na vyuziti optickych metod pro tvorbu 3D
dokumentace existujicich objektl, pfedevSim s pouzitim 3D triangulace a
metody Structure from Motion. Prace prokazala, Ze vybér a aplikace optickych
metod vyznamné ovliviuji kvalitu vyslednych 3D modeld, zejména v kontextu

jejich presnosti a detailnosti.

V prvni €asti jsou predstavena teoreticka vychodiska a metodologie optickych
skenovacich technik, které byly nasledné aplikovany na konkrétni pfiklady,
vCetné historickych a kulturné vyznamnych objektu. Bylo zduraznéno, jak
vybér techniky skenovani a nastaveni skeneru ovliviuji kvalitu ziskanych dat,

coz bylo demonstrovano na riznych typech materialt a objekt.

Druha ¢ast se podrobnéji vénuje vlivu textury povrchu zkoumanych objektt na
hustotu a kvalitu bodového mraéna. Bylo zjisténo, ze rizné povrchové textury
materiald mohou vyrazné ovlivnit vysledky skenovani, a Ze urcité povrchové
upravy mohou zlepsit akvizici dat, coz umoznuje dosahnout lepSich vysledk

pfi vytvareni digitalnich modeld.

Prace dale diskutuje vyznam kombinace ruznych metod skenovani pro
zvySeni presnosti modelt, coz bylo prokazano na pfikladu historicky
vyznamné budovy, kde kombinace pozemni a letecké digitalni fotogrammetrie

umoznila dosahnout vysoké urovné detailu a pfesnosti.
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V zavéru jsou shrnuty hlavni poznatky a doporucCeni pro praktické vyuziti
vysledku vyzkumu, v€etné moznosti dalSiho rozvoje a aplikace optickych 3D
skenovacich metod ve stavebnictvi, archeologii a dalSich oborech, kde pfesna

3D dokumentace hraje kliCovou roli.

Celkové disertaéni prace pfinasi novy pohled na moznosti a omezeni
optickych skenovacich metod a nastavuje smér pro dalSi vyzkum v této oblasti.
DisertaCni prace definuje Ctyfi vyzkumné otazky, které jsou adresovany

a diskutovany na zakladé predlozenych publikaci.

1. Jaky je vliv pouziti riznych metod zpracovani dat a kombinace vice
skenl na presnost a efektivitu tvorby digitalnich modelu slozitych forem,

jako jsou sochy, reliéfy a slozité tvary, pomoci optickych 3D skenerti?

Vyzkum ukazal, Zze kombinace riznych metod zpracovani dat a aplikace vice
skenl vyrazné zvySuje presnost a efektivitu pfi vytvareni digitalnich modelu
slozitych objektld. Pouzitim sofistikovanéjSiho softwaru pro zpracovani a
integrace nékolika skent do jednoho modelu bylo mozné dosahnout vyssi
detailnosti a minimalizovat chyby zplisobené pohybem objektu nebo skeneru.
Tyto vysledky jsou klicové pro zachyceni slozitych detaili v uméleckych dilech

a archeologickych artefaktech.

2. Jaky je vliv kombinace pozemni a letecké digitalni fotogrammetrie na

presnost a detailnost digitalnich modeld historicky vyznamnych budov?

Kombinace pozemni a letecké digitalni fotogrammetrie poskytla vyznamné
lepSi vysledky v pfesnosti a detailnosti modelu historicky vyznamnych budov.
Tento pfistup umoznuje ziskat Sirokouhly pohled a detailni snimky slozité
pfistupnych oblasti, coz vede k vytvorfeni kompletnéjSich a pfesnéjSich 3D
modeld. Tyto modely jsou neocenitelné pro restaurovani, konzervaci a vyzkum

historickych staveb.

3. Jaky je dopad ruznych textur povrchu zajmového objektu na hustotu

bodoveho mraé¢na pri 3D skenovani pomoci optickych metod a jak
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mohou ridzné upravy povrchu optimalizovat proces akvizice dat pro

tvorbu digitalnich modelu?

Vyzkum potvrdil, Ze textura povrchu ma zasadni vliv na kvalitu a hustotu
bodového mracna pfi 3D skenovani. Hladké a lesklé povrchy Casto vedou k
nizké hustoté bodu a nespravnému mapovani povrchu. Aplikace matujicich
spreju nebo jinych povrchovych uUprav pfed skenovanim zlepSila data, coz
umoznilo ziskat vy3si pfesnost a kvalitu 3D modell. Tato zjiSténi maji prakticky
vyznam pro skenovani objektl s problematickymi povrchy, jako jsou kovové

sochy nebo prahledné plastové materialy.

4. Jaky je viliv kombinace pozemni a letecké digitalni fotogrammetrie na
presnost a detailnost digitalnich modelu linearnich konstrukci, jako jsou
uméla Ficni koryta, s dirazem na presnost, uplnost a simulaci proudéni

vody pro ucely stavebniho planovani a analyzy?

Vyzkum ukazal, Ze kombinace pozemni a letecké digitalni fotogrammetrie je
mimoradné efektivni pfi tvorbé digitalnich modell linearnich konstrukci, jako
jsou umeéla ficni koryta. Tato metoda umoziuje dosahnout vysoké urovné
detailu a uplnosti, které jsou nezbytné pro naslednou simulaci proudéni vody.
Pouziti téchto dvou pfistupl spole¢né zvysSuje pfesnost modelu, coz je kliCové
pro ucely stavebniho planovani a analyzy. Tento zplsob zpracovani umoznuje
inzenyriim lépe modelovat a pfedvidat chovani vodnich tok v umélych fi¢nich

korytech, coz ma pfimy dopad na navrh a bezpecCnost téchto staveb.

6.2 PInéni cilt

Cile prace byly spinény.

Vyuziti optickych metod v procesu tvorby 3D dokumentace stavajicich objektl
bylo popsano a objasnéno. Byla definovana textura povrchu zajmového
objektu a jeji vliv plsobici na kvalitu vysledného modelu. V ramci prace je
veskery vyvoj dokumentovan prostfednictvim publikaci prezentovanych

védecké komunité.
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6.3 Doporuceni pro dalsi vyzkum

V predchozich kapitolach byl popsan pfinos této prace v oblasti vyuZiti

optickych metod v procesu tvorby 3D dokumentace stavajicich objektu.

Ve vyzkumu popisovaném v publikaci A1 doSlo k vyhodnoceni nékolika
zvolenych materiald z hlediska jejich vlivu na hustotu bodového mracna.
Vysledky tohoto vyzkumu, a i dalSich paralelnich a pozdéjSich vyzkumu v této
oblasti jednoznacné prokazaly, Ze povrchy jednotlivych materiald maiji
vyznamny vliv na hustotu bodovych mracen. Zaroven bylo navrzeno feSeni
pomoci krycich spreju. Do budoucna je ale potfeba aplikovat tento vyzkum
v rozsahlejSim méfitku, aby mohla vzniknout napfiklad knihovna materialQ
vCetné ovérenych moznosti upravy jejich povrchu pfi rekognoskaci snimanych
objektl, ¢imz by doslo k vyraznému zkraceni doby zpracovani dat ze 3D

skeneru a digitalni fotogrammetrie.

DalSi oblast, ve které by mél vyzkum pokracovat, je digitalni fotogrammetrie,
ktera se stava za pomoci mobilnich aplikaci dostupna pro SirSi vefejnost,
v kontextu zavadéni BIM do stavebnictvi a spravy budov. Informacni modely
vznikaji v raznych urovnich detailnosti (LOD) grafickych dat a vzhledem
k Casové naroCnosti snimani a zpracovani dat z digitalni fotogrammetrie se
jevi jako potfebny vyzkum zavislosti optimalniho vyuZiti digitalni
fotogrammetrie na pozZadavcich vyplyvajicich z jednotlivych urovni LOD.

Touto problematikou se autor prace jiz aktivné zabyva.

6.4 Shrnuti prispévkl autora

Autor disertaéni prace vénoval aplikovanému vyzkumu vyuziti optickych metod
v procesu tvorby 3D dokumentace stavajicich objektd nékolik poslednich let
a podilel se na nékolika narodnich i mezinarodnich projektech. Nasleduje
kratké shrnuti dosazenych vysledku. Mezi pfinosy autora do oblasti vyzkumu
vyuziti optickych metod v procesu tvorby 3D dokumentace stavajicich objekt

|ze zafadit nasledujici polozky:
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Resitel v projektu APLIKACE — VYZVA IX., Vyzkum a vyvoj inovativni
linky Building Data Warehouse (BDW) k zajiSténi kvality a kontroly
procesu ve vystavbé a udrzbé, Cislo projektu:
CZ.01.1.02/0.0/0.0/21_374/0027275, doba feSeni: 2021 — 2023.
Resitel v projektu Development of BIM knowledge in higher education
to boost the competencies of young people and reinforce the
interdisciplinarity in European Universities — BIM4HEI, EU Project, KA2
— Cooperation for innovation and the exchange of good practices, doba
feSeni: 2021 — 2024.

Resitel v projektu InVoucher — AVAG (vyvoj aplikace pro zpracovani dat
Z letecké fotogrammetrie a pro nasledné vypocty v digitalnim modelu),
doba feSeni: 2021 — 2022.

Resitel v projektu SGS (Metody ziskavani , zpracovani a vyuziti BIM
dat pro podporu procesu ve stavebnictvi), doba feSeni: 2021 — 2024.
Resitel v projektu InVoucher — 3D skenovani, Uprava dat, 3D tisk (60
tvafi vyznamnych sou€asnych ¢eskych osobnosti z pole védy, politiky,
sportu, mediciny, uméni atd.), doba feSeni: 2020 — 2021.

Resitel v projektu SGS (Modelovani procesl ve stavebnictvi), doba
feSeni: 2020 — 2023.

Resitel v projektu InVoucher — Prvok (prvni 3D ti$tény diim v CR), doba
feSeni: 2020.

Resitel v projektu SGS (Optimalizace a automatizace procest
navrhovani, realizace a provozu staveb s vyuzitim BIM a GIS dat), doba
feSeni: 2019 — 2022.

Spoluprace na nékolika zakazkach v ramci tvorby 3D modelu pomoci
optickych méficich metod, napf.: Rekonstrukce kaplicky, digitalni model
nejstarsi vesnice v Portugalsku, digitalni model pfirodniho koryta pro
divokou feku v Kadani, digitalni model pro tvorbu formy pro obnovu
puvodnich Sambran, digitalni model ¢tyfkolky pro Dakar 2022, digitalni
model Jifiho Prskavce a dalSi.
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e Clen pracovnich skupin BIM&GEO pod zastitou CZBIMu a BIM&EDU
pod zastitou CAS.

e Propagace 3D optickych metod na narodnich konferencich a
zahrani€nich univerzitach (Portugalsko, Norsko, Némecko, Rumunsko,
Albanie).
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7 ZAVER

Vyzkum jednoznacné prokazal, Ze kombinace riiznych metod zpracovani dat
a pouziti vice skenll vede k vyraznému zlepSeni pfesnosti a efektivity tvorby
digitalnich modelu objektl. Sofistikovanéjsi software umozriuje integrovat data
z vice skenlt a minimalizovat chyby zplsobené pohybem objektu i skeneru,
coz je klicové pro zachyceni detaild v uméleckych dilech a historickych

artefaktech.

Kombinace pozemni a letecké digitalni fotogrammetrie poskytuje vyznamné
ZlepSeni v presnosti a detailnosti modell historickych budov. Tento pfistup
umozniuje ziskani Sirokouhlého pohledu a detailnich snimkd z tézko
dostupnych oblasti, coz vede k vytvofeni komplexnéjSich a presnych
digitalnich modeld, klicovych pro restaurovani, vyzkum a obnovu historickych

staveb.

Vyzkum dale potvrdil, Ze textura povrchu ma kli€ovy vliv na hustotu a tim i
kvalitu bodového mracna pfi 3D skenovani. Pouziti matujicich spreju nebo
jinych uprav pfi rekognoskaci objektu vyrazné zlepSuje pfesnost a kvalitu 3D
modelu, coz ma prakticky vyznam pro problematické povrchy, jako jsou lesklé,

kovové nebo prihledné a prlsvitné materialy.

Kombinace pozemni a letecké digitalni fotogrammetrie je mimofadné efektivni
pfi tvorbé digitalnich modelu linearnich konstrukci, napfiklad umélych Fi¢nich
koryt. Tento pfistup umozniuje dosazeni vysoké urovné detailu a uplnosti, coz
je kliové pro simulaci proudéni vody a planovani stavebnich projektd. Timto
zpusobem zpracovani Ize lépe modelovat a predvidat chovani vodnich tokd,

coz ma zasadni vliv na bezpecnost a ucinnost téchto staveb.
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Abstract: Global digitization affects all sectors, including construction. Indeed, 3D scanning and
digital photogrammetry methods are increasingly being used to obtain 3D data of buildings. The data
obtained by these methods are a cloud of points, and our research is focused on this cloud’s density.
From the literature and our own previous research, it is known that different materials have different
properties that are manifested in the structured-light 3D scanning of the surface of the measured
object. We have selected materials with the assumption that their properties would negatively affect
the density of the point cloud. The article describes the methodology of how the measurement of
selected materials was performed and suggests material surface treatment possibilities to improve
the properties of the materials for structured-light 3D data acquisition. The influence of suggested
surface treatments on objects and /or materials was not investigated. Each intended case of using the
suggested surface treatments needs to be considered individually to avoid object deterioration and/or
material deterioration. Thanks to this research, it is possible to estimate the problem areas in terms of
the materials during the reconnaissance of the measured object. The results of our experiments show
that the treatments used can improve the accuracy of the measured object model and reduce the need
to manually complete the model or scan the measured object several times.

Keywords: building information modeling; structured-light scanning; materials; surface treatment;
point cloud density

1. Introduction

Current research in the field of creating 3D models of real objects is moving in the
direction of obtaining very high-density and voluminous point clouds, either by laser 3D
scanning or structured-light 3D scanning [1]. Although these methods provide relatively
high-density data in the form of point clouds, it is very time- and cost-intensive to process
these data for the creation of digital models [2]. The current need to quickly provide as many
3D models [3] of historic buildings, infrastructure structures [4,5], etc., as possible, especially
for maintenance, repair, and passporting purposes [6-8], requires finding scanning and
data processing methods that are faster and more cost-effective. One such method is digital
photogrammetry, during which images of the object’s surface are taken, and a digital model
is then created from them using software. Antén et al. [9], in their study of historical
building data acquisition, show that for higher density point clouds, it is better to use a
structured light 3D scanner than laser 3D scanning. This is valid in the case of historic
buildings and their significant elements, decorations, reliefs, etc. [9]. At the same time, it is
proven that the purchase of a quality camera, a drone with a high-resolution camera, and
image processing software is significantly cheaper than the purchase of a laser 3D scanner
with accessories [10].

It is obvious that when the amount of data contained in a point cloud is limited,
distortions and inaccuracies occur in the creation of a 3D model [10]. However, in many
cases, the mere geometry of the shapes of the scanned object will be sufficient, and we will
not need to acquire data about the surface texture of the material or its color [1,11]. It turns
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out, however, that when scanning processes are simplified, the density of the scanned point
clouds will be directly influenced by the type of surface in question [12,13].

Therefore, the research that we designed and carried out focused on obtaining infor-
mation about which materials affect the quality of the acquired data and how surfaces of
materials can be treated so that their surface can be scanned in higher quality. Subsequently,
this approach will make it significantly easier to obtain very high-quality 3D models at a
relatively lower cost and in a short time [9]. This could speed up the passporting of a wide
range of existing buildings and provide very high-quality documentation at a favorable
price, even for investors who are limited by budget [14]. This research is a follow-up to
the diploma thesis entitled “The influence of the material, texture, and shape of the object
on the density of the point cloud created using optical measurement methods” [15] and
expands the number of measurements for some materials and, at the same time, selects
other materials that have not yet been investigated from this point of view. The point
clouds are also examined regarding other issues, like arrangement of points in point clouds,
distribution of points in the measured area, and vertical dispersion of points, which may
also influence the process of 3D data acquisition and its results.

At a time when laser 3D scanning and structured-light 3D scanning are no longer
new, we focus on the issue of different characteristics of materials and their impact on
the resulting quality of the 3D model of real objects. When improperly chosen structured
light 3D scanning measuring technology is used, instead of a digital model, we can only
obtain an incomplete point cloud that appears to resemble a digital model [16]. Many
researchers in the field of laser 3D scanners and structured-light 3D scanning mention this
issue (see Section 2.1) but do not examine it. It is, therefore, an unexplored topic in the field
of structured-light 3D scanning measurement, which can help to speed up measurement
and refine digital models in the future.

The density of the point cloud can be evaluated by various metrics. For our research,
the point-to-point metric was chosen. This metric is quite commonly used. The points from
the original point cloud are compared with the points from another point cloud after the
surface of the scanned object has been treated [17]. It is known that the reflectivity of the
surface and its shape have a great influence on the resulting density of the point cloud [11].
The article aims to suggest the treatments of the surface of materials and conditions in data
acquisition so that the density of the point cloud reaches the required values.

Based on previous experience with structured-light 3D scanning measurements and
work with point clouds, we assume that materials with a glossy surface will have signif-
icantly worse results than materials with a matte surface. It can be expected that after
the application of the opacifying agent, the results of materials with a glossy surface and
transparent materials will be improved. Furthermore, we assume that materials with a fine
structure will perform worse than materials with a uniform appearance [12].

The structure of this article is as follows. Section 1 presents the topic and issues of
working with point clouds in the creation of digital models. Section 2 examines the current
identified problems with point cloud density and clarifies the research questions for the
described research. Section 3 delves into a comprehensive description of the proposed
research methods, selection of research materials, and sample acquisition. This section also
describes the research process and the equipment used. Section 4 describes the results of
all measurements divided into four subsections according to the main properties of the
investigated materials. Section 5 discusses the research results. Finally, Section 6 concludes
the article by summarizing the essential findings and insights gained from the study,
answering the research questions, and suggests potential directions for future research.

2. Literature Review and Research Questions
2.1. Literature Review
Structured-light 3D scanning technology is most often used in reverse engineering,

quality control, control of the presence of parts on the equipment [18], and in general where
it is necessary to achieve the capture of complex or otherwise difficult to measure objects
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(hot, soft, large, etc.) Although structured-light 3D scanning measurement does not achieve
the most accurate results, the use of a coordinate measuring machine (CMM) for these
objects would be inefficient [19]. Structured-light 3D scanners use so-called triangulation
to capture the third dimension of an object. The principle of triangulation is based on the
situation when the beam is reflected from the scanned object at a constant angle, so the
distance of impact of the reflected beam on the sensor face is proportional to the distance of
the scanned object from the sensor face. This means that neither the intensity of the incident
beam nor the time of its flight is evaluated, but, rather, the place where the reflected beam
hits is measured. For this reason, scanning is significantly more reliable and more resistant
to interference, because the scannability condition is only the ability of the sensor’s optical
receiver to detect the impact of the reflected beam with an intensity that will be greater
than the minimum detectable value [20].

The structured-light 3D scanner uses light to scan, so light scattering affects the
resulting image. The light of the parallel rays incident on the plane interface will be parallel
again. However, if the interface is not planar, the rays will bounce in all directions and,
thus, scatter light. Therefore, if light is not reflected at either the planar or non-planar
interface, the sensor would have nothing to capture and evaluate. Therefore, transparent
or translucent materials cannot be scanned without surface treatment [1]. The color of the
scanned object is closely related to light scattering and the scanning itself. Each color has
its specific properties and, depending on the wavelength, is easier or harder to scan. Light
is defined as a visible beam of an electromagnetic wave with a wavelength in the range
of 380-780 nm. Visible light can be divided into seven spectral colors from the color with
the shortest wavelength: purple, indigo blue, blue, green, yellow, orange, and red. When
all of these colors are combined, colorless sunlight is produced. The human eye perceives
the colors of an object as the reflected light or light passing through the object changes the
wavelength and intensity of the light [21].

The coefficient of reflection or albedo indicates how much of the incident energy is
reflected into the space, as follows [22]:

p(A) = (Er(A))/(Ei(A)), 1)

where Ei(A) is the intensity of radiation incident on the surface of the object and Er(A) is the
intensity radiated back after reflection, corresponding to the wavelength of electromagnetic
radiation. The coefficient of reflection depends on the wavelength of the incident radiation,
the surface properties of the incident (ability to absorb radiation), and the three angles that
describe the relationship between the light source L, the observer V, and the local orientation
given by the normal n. The scalar product of vectors and, therefore, the reflectance function
R, is described by three scalar products of vectors, as follows [22]:

R=R(n-L,n-V,V-L). (2)

The surface reflectivity of a material is always somewhere between two extremes,
namely the Lambert and ideal mirror surface [22].

A Lambert, or ideally matte, ideally diffuse surface reflects light energy evenly in
all directions, and, therefore, the glow (brightness) from all directions is constant, i.e., it
does not depend on the direction of view. The name was first mentioned in Johann H.
Lambert’s book Photometria [23] published in 1760, in which the word albedo was also
used for the first time. Thus, there is no perfectly matte Lambert surface. The examples
of reflectivity can be: a white drinker with a reflectivity of 0.8, white writing paper with a
reflectivity of 0.68, a white ceiling or yellow paper with a reflectivity of 0.6, dark brown
paper with a reflectivity of 0.14, and dark velvet with a reflectivity of 0.004. These materials
correspond approximately to the center of the visible spectrum. The ideal mirror surface
reflects radiation according to the law of reflection (the angle of incidence is equal to the
angle of reflection). Thus, the surface itself is not visible but only shows an apparent mirror
image of the light source [24].
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C. Bernal et al. [25] examined the accuracy of the Comet L3D measurement system
using adhesive tape, which they used instead of anti-reflection coating. They compared
the measured white opaque tape with a thickness of 0.06015 mm with the measurements
of the object treated with white powder, which did not occur in the end, because it was
impossible to control the thickness of the applied layer [25]. Palousek et al. [26] described
the problems that can occur when scanning without the use of opaque sprays and also
explained when it is appropriate to use spraying. As the spray manufacturers state very
precise using conditions (temperature, lighting, and experienced personnel), the conditions
may not always be ideal, and the measurement result may be affected in this way.

2.2. Research Questions

As assumed from the literature review, research in the field of structured-light 3D scan-
ning data acquisition and processing is ongoing, but it is focused on the semi-automation
of data processing and the modeling of imperfectly scanned parts of objects. This article
aims to answer the following research questions. RQ1: To what extent is the density of the
point cloud predictable during building object reconnaissance? RQ2: How can the material
surface be easily treated for higher point cloud density? RQ3: Can the data acquisition
process bemore efficient with knowledge of the appropriate surface treatment? Answering
these questions can increase the overall density of the point cloud of the scanned objects,
especially for the problematic parts of these objects, and can also possibly increase the
efficiency of the data acquisition process.

3. Materials and Methods

The structure of this section is as follows. Section 3.1 presents the methodology and
further describes the selection of the investigated material samples. Section 3.2 describes the
applied research process using an annotated process diagram. Section 3.3 dives into a com-
prehensive description of scanning activities. Then, Section 3.4 describes the methodology
of scanning results evaluation, the division of the samples according to the main character-
istics, and the description of surface treatments of the samples to improve the density of
the obtained point clouds. Section 3.5 describes the equipment and software used.

3.1. Methodology

The research was focused on investigating the relationship between the material, its
surface characteristics, and the density of the scanned point clouds. Point cloud density
was used as the main indicator, but while performing the experiments, some other issues
were raised. These issues are horizontal lines in the point cloud, missing points in the
middle of the scanned area, and the excessive point noise of the point cloud. More details
on these issues are provided in the Results section.

It was necessary to select the materials on which experiments were made. Previously
described selection processes and methods (e.g., [27]) often stress a specification of selection
criteria. The materials used for the experiments were selected on the basis of the following
three criteria:

The materials are commonly used on the surface of buildings.

There is a sufficient diversity of the materials.

The materials have not yet been investigated regarding their influence on point
cloud density.

For some materials, the influence of various treatments on point cloud density has
also been tested. These treatments could at least partially eliminate a material’s undesirable
properties and improve the resulting point cloud density and, consequently, the polygon
network generated from the point cloud. The treatments are briefly described in the
Methodology of Scanning Results Evaluation subsection. More details about surface
treatments’ application to the particular materials, together with the influence of the
treatments on point cloud density, are given in the Results section. From the existing
objective metrics of the point cloud density assessment [17], we chose point-to-point quality
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metrics, which are commonly used [17,28]. This method compares the degraded point
cloud and the original point cloud point by point, even if both clouds do not have the same
number of points. Furthermore, a multi-scale model for cloud comparison modeling (M3C2)
was used, as the method allows the combination of data from multiple scan positions or
data sources with different degrees of uncertainty [29].

The distance between points and finding the nearest neighbor in a point cloud measure
point-to-point quality metrics. For each point in the reference point cloud A, the nearest
neighbor that is in the degraded point cloud B is found [17]. The resulting distance between
two points is called the error vector dB, #(i) and can be evaluated in two ways point-to-
point, as follows.

The Hausdorff (Haus) metric is the maximum distance that can be measured between
all points in cloud B and their nearest neighbor in reference cloud A. The Hausdorff distance
is defined as follows [17]:

dpaus = max dB'A(i) (3)
VieB

By averaging the distance from all points in B (the number of NB points) and their
nearest neighboring points in reference cloud A, the average distance, or root mean square
distance (RMSD), is produced, as follows [17]:

1 N, .
drusp = - Y dP ) (4)

The above metrics (both RMSD and Hausdorff) are calculated symmetrically in both
directions. The distance is calculated between B and A (dB, A) and between A and B (dA,
B). The maximum operator is used to obtain the symmetric versions of the ds RMSD and
Hausdorff metrics, as follows: [17]:

S AB  BA
drmsp = max (dRMSD’dRMSD> ()

S AB  BA
dHaus = max (dHaus’ dHaus) (6)

The following materials were selected and scanned:

1. Hairy substance; 7. Wooden parquets;
2. Transparent holographic foil; 8. Reed;

3. Clear textured glass; 9. Granite;

4. Woven carpet; 10. Marlstone;

5. Glazed roof tile; 11. Sheet metal;

6. Full burnt brick; 12. Polycarbonate.

All samples of materials were taken during the reconstruction of existing buildings.
These are old or historical materials from buildings located in the Czech Republic. The
dimensions of the scanned area were 10 cm x 10 cm, which was determined by a frame
that was cut out in a black quarter (black color absorbs radiation the most, so it is easily
recognized during data processing).

The origin of the particular material samples is as follows:

Hairy substance—historical damaged woven fabric on the wall;

Transparent holographic foil—interior door filling from the 20th century;

Clear textured glass—interior door filling from the 20th century;

Woven carpet—interior carpet from the 20th century;

Glazed roof tile—historical roofing from a chapel;

Full burnt brick—part of a wall without plaster;

Wooden parquets—interior parquet floor from the beginning of the 20th century;
Reed—interior suspended ceiling from the 20th century;

Granite—interior staircase from the 19th century;

Marlstone—exterior wall cladding from the 20th century;
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e  Sheet metal—roofing from the 20th century;
e  Polycarbonate—skylight filling from the 20th century.

3.2. Applied Process for the Research

Figure 1 shows the process map, which was created according to the Business Process
Model and Notation (BPMN) standard [30], of the process that was applied in this research.
For this research, we have chosen a variety of materials (A1) that exhibit, in our own
experience from previous research and in the experience of other researchers (see theoretical
background) and practitioner colleagues working in this area, problems during scanning
and data processing with either low point cloud density or no scanned points (D1). Such
scanned objects have to be manually remodeled. This reduces the accuracy of the model
compared to the original and also significantly increases the time needed to edit the scanned
data. To evaluate the data in a relevant way, we had to choose the parameters for data
capture, ensuring the same lighting conditions for each image, distance, and time of
capture (A2). For the selected materials, we chose a scoring system (A3) that has three
basic criteria with scores ranging from 1 to 10 (D2). A material rating of 1 indicates the
greatest difficulty in obtaining data. A score of 10 indicates a slight problem with data
acquisition. This activity is similar to building object reconnaissance, which is performed
before scanning of a building object in practice. During the reconnaissance, issues with
the scannability of a building object and its parts are estimated by experts. More details
are provided in Section 3.4. This evaluation is important for the final evaluation of the
measured data. This was followed by the first data capture of each material (A4). Each
material was scanned five times, each time under the same conditions, which are described
in Section 3.3. The scanning activities were performed five times to solve possible deviations
and measurement errors, which are discussed in Section 5.1. Point clouds (PC) were created
from which we evaluated the data (A5). The main parameter was the density of the point
cloud across the entire area. Then, this was converted to the number of points per square
centimeter. Materials with point clouds reaching a density of 2200 points/cm?, which is
in our experience sufficient to make 3D models of building objects, were excluded from
the list and we continued only with those that did not reach these values (A6). These
materials had to be treated to make their surface more suitable for sensing structured-light
3D scanning data. In most cases, it was the translucency/transparency or reflectivity of
the material that needed to be reduced. In the remaining cases, it was the finer elements
that needed to be made more compact (A7). The modified materials were scanned five
times under the same conditions as in the previous data acquisition (A8). Additional point
clouds (PCs) were created and evaluated on the basis of the above criteria (A9). Based
on this evaluation, it was possible to exclude additional materials that already met the
point cloud density requirement (A10). However, there were still materials whose point
cloud was too sparse. Therefore, further treatment of their surface (A11l) was designed and
implemented to achieve a higher point cloud density on the same surface. The materials
were scanned again five times under the same conditions mentioned above (A12), and the
resulting point clouds (PC) were then evaluated (A13). From the evaluation, we found that
after the surface modifications made to each material, the point clouds were already mostly
dense enough to allow further work on them without reducing the density of the resulting
model. More details about resulting point cloud density for particular materials and their
treatments are given in the Results section.

3.3. Scanning Activities (A4, A8, A12) and Conditions

Each scanning activity was performed five times, and each of them was carried out
under the same conditions to eliminate the effects of the environment, which could also
affect the density of individual measurements. By these conditions, we mainly mean
lighting, angle, distance of measurement, and time of data collection. All materials were
scanned indoors in daylight, without direct sunlight. This eliminates other adverse effects
of weather (wind, rain). Each sample was scanned five times for five seconds, and then the
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Data on individual measurements were recorded, the density of the point clouds of
individual scans was determined, and then the samples were compared with each other
according to density [17].

3.4. Methodology of Scanning Results Evaluation (A5, A9, A13)

To evaluate individual materials, the idea of the so-called ideal material was created.
This is a material that we assume is ideal for scanning purposes and which will not create a
very sparse point cloud that could result in a poor-quality polygon network [31].

Based on previous experience with the Artec Eva Lite scanner, we assume that this is a
material that has the following properties [11,32]:

1. Is not translucent, or in the worst case transparent;
2. Is neither shiny nor reflective;
3. Does not contain very fine elements (hair, fur, fluff, etc.).

Based on the idea of an ideal material, we can expect that scans of some materials will
have enough point cloud density without any surface treatment. We call these materials
“well scannable”. Then, we can recognize material characteristics that by expectation
can worsen material scannability and, as a result, decrease point cloud density. These
characteristics are as follows:

1.  The material contains very fine elements;
2. The material is glossy;
3. The material is transparent.

As already mentioned, the point evaluation is based on the criteria of the ideal model
given in the previous part of this section. To evaluate each of the criteria, a scale with
points 1-10 was chosen, which allows for sufficient variability. Point assessment, which
falls under object reconnaissance, was assigned by an expert estimate. The reason for this
inclusion is the fact that the determination of the need to modify the material’s surfaces
before scanning is also determined by expert estimation. If the criterion is unconditionally
met, the given object will be awarded the full number of points, i.e., 10. It follows that
the ideal material described above should have the full number of points for all criteria.
However, if there is partial or complete non-compliance, points are reduced according to
the degree of violation. This depends on the degree of violation of the evaluated criteria,
that is, the transparency, gloss, and fineness of the texture of the scanned material.

We used different methods according to the type of material for surface treatment.

For materials with fine elements, the treatment consisted of smoothing the surface
(combing). For glossy and transparent materials, the first treatment consisted of applying a
thin layer of matting spray (chalk spray, or dry shampoo) so that the origin surface of the
sample was still slightly visible. The second treatment consisted of applying a thicker layer
of matting spray (chalk spray, dry shampoo) so that the original surface of the sample was
completely covered and not visible.

The coefficient of variation represents the ratio of the standard deviation to the
mean [33]. The coefficient is useful for comparing the degree of variation from one data
series to another even if the means are drastically different from one another [34-36]. Due
to the large difference from one another, the coefficient of variation and not the standard
deviation was used. The standard deviation measures how far the average value lies
from the mean, whereas the coefficient of variation measures the ratio of the standard
deviation to the mean [35]. The values of the coefficient of variation were calculated using
R version 4.3.1.

3.5. Description of the Equipment Used

Artec Eva Lite 3D scanner

The Artec Eva Lite (Figure 3) handheld structured-light 3D scanner from Artec 3D,
which has been operating on the market since 2007, was used to scan all materials (activities
A4, A8, and A12). This type of 3D scanner was chosen due to the principle of data
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acquisition. “Eva” works on the principle of photogrammetry. It is this method that
is significantly more widespread than laser scanning due to the purchase price of both
devices [6]. When comparing the Artec Eva Lite with most other 3D scanners on the market,
it is clear that the price/performance ratio is the best for this type of 3D scanner, which is
why it was the choice for this research. Examples of prices are as follows. The price of a used
Artec Eva 3D scanner with an accuracy of 0.1 mm is USD 15,000. A comparable handheld
scanner with laser technology and 20 mm accuracy costs USD 53,710. The examples of
prices are indicative and obtained as of 6 January 2024 and can be found in [37].

©
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Figure 3. The used notebook and the structured-light 3D scanner Artec Eva.

As the word “Lite” in the name suggests, this is a cheaper and less demanding version
of the Artec Eva scanner. This needs to be taken into account, as the results of data collection
from two seemingly identical scanners can be very different. Although the Artec Eva Lite
has the same accuracy as its full version, it cannot capture the optical texture and color of
the object, and, thus, has a lower resolution. This also means that, unlike the full version, it
focuses only on the geometry and the shape of the object, and not on its color and texture;
however, even these factors could affect the quality of the scans [38].

Undoubtedly, the advantage of the simplified version is also the fact that, thanks
to the scanning of only simple object geometry, we collect and then work with a much
smaller volume of data, and, thus, the Lite version is less demanding in terms of power
consumption and the required minimum computer power. While the Lite version can
capture up to 2 million dots per second, the full version is able to capture up to 18 million
dots per second.

The Artec Eva Lite scanner uses structured light technology for data collection. The
device has a total of 12 LED light sources, which are used to project a special light pattern
on the object. In Figure 4, where this pattern is projected onto the wall, it can be seen that
these are alternate rows of smaller and larger points, which are placed in regular rows, but
in an irregular order.

The shape of the scanned object distorts this light pattern; the scanner can capture
this distorted shape using three cameras to create a point cloud corresponding to the
actual shape of the object. It is important to maintain the working distance, which is about
0.4-1 m.

From the principle of structured light technology, it is assumed that some materials
may be more or less problematic to scan with this technology if, for example, structured
light passes through them or is reflected at a different angle than the object’s shape [39].
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Figure 4. The light grid of the used structured-light 3D scanner.

Notebook

A Dell Precision M3800 notebook (Figure 3) with a fourth-generation Intel® Core-i7-
4702HQ quad-core processor, NVIDIA Quadro K1100M graphics card, and 8 GB of RAM
was used for scanning and subsequent work with the acquired data. It is also equipped
with a touch screen and a fast SSD disk. Windows 10 is installed on the laptop.

Artec Studio 12 Professional

This is specialized software from Artec 3D, which is intended for data collection and
subsequent processing. For this research, we worked with basic functions for editing
individual scans, including removing the background or ambient noise, the possibility of
filling holes or smoothing the surface, as well as joining individual scans together. The
software also enables semi-automatic data processing, which we also used due to the large
amount of data. We exported individual scans (or their networks) to STL and OB]J formats,
which are compatible with a wide range of other software, including the Meshlab software,
in which we further worked with the data.

MeshLab

We used the software Meshlab 2022.02 (www.meshlab.net, accessed on 3 October 2022)
to create polygon meshes from the raw data in the form of a point cloud. At the same time,
we diagnosed (determining the number of points in a specified area) the models that were
also used in this research.

4. Results

To be able to process data from structured-light 3D scanning measurements, we need
to have a suitable basis in the form of a point cloud. Point clouds have different point
densities in different parts of the model, and it is the density that affects the accuracy of the
resulting model. It can be argued that the higher the density of the point cloud, the higher
the accuracy of the final digital model. The precision requirement is also important, as we
need different types of point cloud density for different applications. We have analyzed the
different materials and evaluated how their properties affect the density of the point cloud.
At the same time, for materials that performed poorly in the point cloud density evaluation,
we suggested surface treatment that significantly improved the surface properties of the
material during image acquisition.

The following graph (Figure 5) shows the average density values of point clouds
from all five measurements (vertical part of the graph) for each of the materials and their
treatments (horizontal part of the graph). The modifications made on some materials are
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distinguished by color. The results of the first 3D scanning (A5) performed without any
material surface treatment are marked in blue. The results of the second 3D scanning (A9)
with the first material surface treatment (application of a small amount of dry shampoo,
chalk spray, or surface compactness adjustment) are in red. The results of the third 3D
scanning (A13) with the second material surface treatment (application of a larger amount
of dry shampoo or chalk spray) are in green.

Density of point cloud

FFTIRARYIN)

[0} p— (%] + L] - wn (V] (0] = (]
g = a © = s} 5 @ = c 3 =
c O o o = = 5 ) = o |7} o
8 G o0 o S Q o = © @ 1S &
17} = - © o = P T b= - Q
2 o o = = £ g © ) =
2 © 5 [ - S Q. ] ©
) o =) g S 3 = = 2 o
> oo % S ~ = (0] @ 2
= o ) 2 @ = a o
© o - oo (= o Q
fr = = = o

= ] 2

- )

L

©

Q.

w

=

@

=

5

materials
I raw surface I first light surface treatment

N second major surface treatment == = = required point cloud density

Figure 5. Average point cloud density as a result of scanning (activities A5, A9, and A13 from Figure 1).

Based on the properties of the surfaces of individual materials, which influence the
obtained data in the form of point clouds, the materials were divided into categories:
well-scannable materials, materials containing very fine elements, glossy materials, and
transparent materials. The names of the individual categories characterize the properties
of these materials. The material categories show how the surface properties relate to the
difficulty of obtaining a high-density point cloud and whether the surface needs to be
treated in some way before scanning. In the next sections, the process of how the surface
was treated is described, as well as what effect various surface treatments have on the
resulting density of the point cloud.

4.1. Well-Scannable Materials

This group of materials includes those materials whose surface was successfully
scanned over the entire sample area with sufficient point cloud density without further
treatments and measurements. The required point cloud density was set to 2200 points/cm?.
This value was chosen concerning the density of the 3D model according to the level of
detail [40]. Figure 5 shows the average density of point clouds for each scanned material
with the minimum required density level of point clouds.

According to Figure 5, which shows average point cloud density, the well-scannable
materials are glazed roof tile, full burnt brick, wooden parquets, and marlstone.

The average density of a point cloud related to the sample area for materials included in
this category ranged from 220,000 points upward, i.e., about 2200 points/cm?. Each material
was scanned five times, and the density of the acquired point cloud was always above this
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threshold, with one exception, which is wooden parquets. For wooden parquets, the point
cloud density for one scanning did not reach the value of 2200 points/cm?. Unfortunately,
none of the surface treatments suggested are applicable for wooden parquets, since chalk
spray and dry shampoo can permanently damage the surface, and the compression of the
surface is not practically applicable for wooden parquets. On the basis of the results, we
may expect that for wooden parquets the required point cloud density may not always
be reached. The average values of point cloud density, coefficient of variation, and the
percentage of measurements with a point cloud density below 2200 points/cm? can be seen
in Table 1.

Table 1. Well-scannable materials” point clouds.

Material Glazed Roof Tile  Full Burnt Brick Wooden Parquets = Marlstone
Average 275,405 297,529 231,108 291,284
Point cloud Coefficient of variation [%] 3.63 1.93 5.39 493

density—raw

Measurements below

2200 points/ cm? [%]

0 0 20 0

In all point clouds of samples with a smooth surface, the phenomenon was evident that
there was a higher concentration of points in regular horizontal lines. This phenomenon
was significantly noticeable in the following samples: glazed roof tile, full burnt brick, and
wooden parquets. Figure 6 shows meshes of all well-scannable materials. The concentration
of points in regular lines was also observed on the auxiliary square frame that formed the
surrounding area of the sample. All material samples examined were measured on a flat
surface, yet there were slight waves in the arranged lines of points. This phenomenon is
most pronounced with wooden parquets (Figure 6¢).

(b) (c) (d)

Figure 6. Meshes from point clouds—glazed roof tile (a), full burnt brick (b), wooden parquets (c),
marlstone (d).

4.2. Materials with Very Fine Elements

The overall rating of materials with very fine elements is shown in Table 2. The
characteristic evaluation row shows how far from the view of the very fine elements
containment is from the ideal material.

A total of three materials were included in this category: hairy substance, woven
carpet, and reed. From the description of the ideal material, it can be assumed that they
could be problematic for scanning. When these materials with raw surface were scanned,
no acquired point cloud reached the required density, as we can see from the percentage of
measurements below 2200 points/cm? values in Table 2. None of the materials managed to
scan the entire sample area without further treatments. This can be seen in Figure 7.
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Table 2. Point clouds of materials with very fine elements.

Material Hairy Substance Woven Carpet Reed
Characteristic evaluation 1 3 5
Average 103,151 169,861 75,709
Point cloud Coefficient of variation [%] 15.51 12.61 16.58
density—raw
Measurements below 2200 points/ cm? [%] 100 100 100
Average 341,420 267,523 119,204
'Pomt cloud Coefficient of variation [%] 5.10 9.77 9.93
density—I1st treatment
Measurements below 2200 points/ cm? [%] 0 0 100

(a) (b)

Figure 7. Meshes from point clouds of raw surface—hairy substance (a), woven carpet (b), reed (c).

In all of them, a higher concentration of points can be observed, especially along the
edges of the samples, suggesting that adjacent materials with different properties may
appear to interact with each other. This phenomenon is most visible on the reed point
cloud, where the density of points in the area is very low, and at the same time it has the
lowest average point cloud density /sample area of all materials.

On the contrary, in the center of the sample, there are places where no data on the
sample surface could be obtained. At these places, the point cloud density per unit area is
zero or significantly lower than at the edges of the sample. This means that it is not possible
to create a polygon network in its entire area from these point clouds.

We carried out the surface treatment on the hairy substance, woven carpet, and reed,
which could theoretically improve the density of the point cloud. Therefore, a second series
of measurements was performed on each of these materials.

The hairy substance and the woven carpet were smoothed to form a uniform surface,
thus eliminating the undesired effect of individual fine elements. A similar example could
be, for example, human hair when scanning a human head, where, based on previous
experience [32], hair which is, for example, pulled into a braid, is better scanned than
dissolved and tousled hair. In this case, the treatment of the sample greatly helped to
increase the overall average density of the point cloud. Woven carpet’s average point
cloud density improved by more than 57% in the measured area, and the hairy substance
improved by even more than 230% in the measured area. All point clouds acquired from the
scanning of these materials after treatment reached the required density of 2200 points/cm?,
as can be seen in Table 2. Furthermore, the coefficient of variation decreased significantly.
The fact that the hairy substance is slightly shiny was not a problem either; on the contrary,
it belongs among the materials that had the highest point cloud density when measured. A
comparison of the formed meshes can be seen in Figure 8:
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(@ (b)

Figure 8. Meshes from point clouds of the first treatment surface—hairy substance (a), woven carpet (b),
reed (c).

Since reeds could not be arranged as easily as a carpet, they were at least supported by
a wooden plank. We encounter this solution on construction sites when creating models of
reed ceilings. As a result, the gaps between individual straws were reduced, and its surface
was more uniform and compact. However, even after this modification, the desired value
of the number of points in the measured area was not reached in any acquired point cloud.

4.3. Glossy Materials

Materials that were slightly glossy have already been mentioned in the previous
subsections. However, no negative effect on the resulting point cloud density was observed.
To sufficiently assess the influence of this particular characteristic of the material on point
cloud density, we selected some other samples which are only glossy, but meet other criteria
of the ideal material, so they are not transparent or do not contain very fine elements. The
samples that were selected were granite and sheet metal.

The first of these materials is granite, which contains mica particles, which shine when
light falls on them at different angles. As for the reflection, only vague outlines are visible
in it. When scanned without any treatments, it achieved a surprisingly relatively high
average point cloud density of 101,012 points per sample area; see Figure 9a. All scanning
attempts had a resulting point cloud density below the 2200 points/cm? threshold. As a
treatment, a dry shampoo was used for the test on the next attempt, which was supposed
to cover the shiny surface. Due to this surface treatment, it was possible to cover the shiny
parts. The average point cloud density increased by more than 220% in the measured area
after application, and all acquired point clouds had a density above the 2200 points/cm?
threshold; see Figure 9b. As can be seen in Table 3, the coefficient of variation has decreased.

(b)

Figure 9. Meshes of granite with a raw surface (a) and 1st treatment (b) with dry shampoo.
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Table 3. Point clouds of glossy materials.
Material Granite Sheet Metal
Characteristic evaluation 8 2
Average 101,012 14,674
Point cloud density—raw Coefficient of variation [%] 9.34 44.50
Measurements below 2200 points/ cm? [%] 100 100
Average 323,417 128,050
Point cloud density—1st treatment Coefficient of variation [%] 8.29 15.87
Measurements below 2200 points/ cm? [%] 0 100
Average 204,092
Point cloud density—2nd treatment Coefficient of variation [%] 8.89
Measurements below 2200 points/ cm? [%] 80

The second of these materials is sheet metal, which is very shiny, almost like a mirror.
When scanned without any treatments, it achieved a very low average point cloud density
of 14,674 points per sample area. A chalk spray was used as a treatment for the next test
to cover the shiny surface. Two applications were made, first in a thin layer and then in a
thick, opaque layer. Thanks to this surface treatment, it was possible to achieve its complete
opacity, and the average point cloud density during the first and second applications
increased by more than 770% in the measured area after the first surface treatment and by
1290% in the measured area after the second surface treatment. The meshes can be seen in
Figure 10. Despite the increase in point cloud density, the threshold of 2200 points/cm?
was reached only in one case of scanning activity of the material after the second surface
treatment (the thick opaque layer).

(b) (©)

Figure 10. Meshes of sheet metal with the raw surface (a) and first treatment (b) and second treatment

(c) with chalk spray.

It is also worth noting that the application of the chalk spray also reduced unwanted
noise, which was probably caused by the incorrect reflection of light from the reflective
surface and could reduce the quality of the resulting model. The noise is visible when
looking at the point cloud from the side and is located above but also below the surface
of the cloud, which should represent the sample itself, which is only a flat surface. After
the application of chalk spray, this phenomenon is largely eliminated, and on the resulting
point cloud, there are more visible stripes with a higher concentration of points, which
occurred especially on well-scannable smooth surfaces. The original and treated material
(after the second spray application) and their meshes are shown in the following Figure 11.
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(b)

Figure 11. The noise of the point cloud before (a) and after (b) chalk spray treatment.

4.4. Transparent Materials

In general, the most problematic group consists of transparent materials. Samples
of materials that are partially or completely transparent were selected and subsequently
scanned to assess how much this characteristic affects the density of the point cloud. All
samples were placed so that there was no other material behind them in the working
distance of the scanner that could affect the scanning result. The transparent materials were
as follows: transparent holographic foil, clear textured glass, and polycarbonate.

The first of the transparent materials is transparent holographic foil. When scanned
without any adjustments, it achieved a very low average point cloud density of 10,938 points
per sample area. As a treatment, a chalk spray was used for the test for the next attempt,
which ensured the opacity of the material. The average density of the point cloud after the
first surface treatment increased by more than 800% in the measured area after application.
Nevertheless, the average value of the density of the point cloud was still insufficient;
therefore, the chalk spray was applied in a thick layer, increasing it by more than 2150%
in the measured area. (Figure 12). After the second treatment, 60% of scanning attempts
resulted in point clouds with a density of more than 2200 points/cm?. Also, the average
value of the point cloud density was above the threshold. The foil has a smooth surface, so
the point arrangement is again reminiscent of some well-scannable materials, but at the
same time, there is noticeable point noise below and above its surface level.

()

Figure 12. Meshes from point clouds of transparent holographic foil with the raw surface (a) and 1st
treatment (b) and 2nd treatment (c) by chalk spray.

Figure 13 shows a point cloud made of clear textured glass, which is less transparent
than transparent holographic foil but is slightly colored compared to it, which could have
affected the density of this point cloud. The density of the point cloud is twice as high as
that of transparent holographic foil. The average density of the point cloud is 24,033 points
per sample area. As a treatment, a dry shampoo was used for the test for the next attempt,
which ensured that the material was opaque. The average density of point clouds after the
first surface treatment increased in the measured area by more than 410% after application.
Nevertheless, the average value of the density of the point cloud was still insufficient;
therefore, the dry shampoo was applied in a thicker layer, increasing it by more than
920% in the measured area. The average value of the point cloud density was above
2200 points/cm?, but in 20% of scanning activities the resulting point cloud did not reach
the threshold.
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(b) (c)

Figure 13. Meshes from point clouds of clear textured glass with the raw surface (a) and the first
treatment (b) and the second treatment (c) with dry shampoo.

The last material examined is polycarbonate (Figure 14), which is the least transparent
of this group of materials; it is straight, smooth, and colorless. Due to these properties,
the average point cloud density of the material in its raw state was 44,346 points in the
measured area, which is 4x more than the transparent holographic foil and 2x more
than the clear textured glass. As a treatment, a chalk spray was used for the test for
the next attempt, which ensured the opacity of the material. The average point cloud
density after the first surface treatment increased in the measured area by more than
415% after application. The average value of the density of the point cloud was already
sufficient, but in three cases the resulting point clouds did not reach the 2200 points/cm?
threshold. As such, we decided to apply the second surface treatment (a thick layer of
chalk spray) where the value of point cloud density was above the threshold in the case of
all scanning activities.

(b)

Figure 14. Meshes from point clouds of polycarbonate with the raw surface (a) and the first treatment (b)

by chalk spray.

In the case of all materials, the treatments lead to a decrease in the coefficient of
variation; see Table 4.

Table 4. Point clouds of transparent materials.

Material Transparent Hol. Foil ~ Clear Textured Glass Polycarbonate
Characteristic evaluation 2 5 4
Average 10,938 24,033 44,346
Point cloud density—raw Coefficient of variation [%] 37.25 33.58 18.01

Measurements below 2200 points/ cm? [%] 100 100 100
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Table 4. Cont.
Material Transparent Hol. Foil ~ Clear Textured Glass Polycarbonate
Average 98,845 123,292 228,581
Point cloud density—1st Coefficient of variation [%] 20.01 19.32 10.86
treatment
Measurements below 2200 points/ cm? [%] 100 100 60
Average 246,622 245,488 307,285
Point cloud density—2nd Coefficient of variation [%] 13.61 9.05 2.61
treatment
Measurements below 2200 points/ cm? [%] 40 20 0

5. Discussion

The applicability of the 3D structured-light scanner to different types of cultural heritage
has been proven in many studies. G. Pavlidis et al. [41] and D. Rieke-Zapp et al. [42] describe
methods of digitizing important cultural heritage. F. Diara [43], S. P. McPherron et al. [44]
and R. H. van der Marwe [45] deal with the digitization of archaeological finds using a 3D
structured-light scanner. J]. Montusiewicz et al. [46] used a structured-light 3D scanner to
create a digital model of exposed historical clothing. J. Kesik et al. [47] describes structured-
light 3D scanning of heritage objects in a museum environment. Also, our own research [11]
was focused on the creation of a digital model of Adalbert Stifter’s monuments using
structured light. The mentioned studies have been solving the point cloud quality issue in
various ways. R. H. van der Merwe [45], ]. Montusiewicz et al. [46], and . Kesik et al. [47]
modify some parts of the digital model using software. F. Diara [43] changes the lighting
conditions for scanning. S. P. McPherron et al. [44] do not need such high precision
(hundredths of a millimeter). D. Rieke-Zapp et al. [42] use a bleaching spray.

This article focuses on evaluating the effect of surface properties of the selected ma-
terials on the density of the point cloud. The density of the point cloud is an important
indicator of the quality of the point cloud, but the quality is also affected by other phenom-
ena, such as holes in the point cloud, point noise (especially horizontal), or the distribution
of points in the measured area (some parts may have very densely located points and
others very sparsely located points). Research has shown certain repeating elements in
certain types of material surfaces or their deformations.

5.1. Surface Treatment Evaluation

It can be said that the first and second modifications were important because their
application resulted in a significant increase in the density of the point cloud in all cases.
The coefficient of variation after the application of surface treatments has always decreased.
From the measurement results and the essence of the coefficient of variation, it follows that
the lowest possible value of the coefficient of variation is desirable, because it indicates a
lower dispersion of the data values compared to the average [36]. We can also notice that
some materials, even after applications of surface treatments, despite a sufficient average
value of point cloud density, have not reached the required point cloud density in all
particular measurements. These include sheet metal and transparent materials, except
polycarbonate. It would be more appropriate to re-measure these materials with various
modifications to obtain more data and information about what could cause the differences
in particular measurements.

The reason for the differences in the results may have more aspects. These can be
manual cropping of the point cloud in the measured area (10 cm x 10 cm square) from
the scanned surroundings, or the 3D scanner catching different points every time it scans.
Another aspect can be the time for which scanning activity of each sample was performed.
This time may slightly differ for each measurement. These aspects may result in a different
number of points in each particular scan. For these reasons, the scanning was performed
five times to solve possible deviations and measurement errors.
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5.2. Point Cloud Density and Deformation

Some of the materials seemed to have a problematic surface. However, point clouds
with a relatively high density were obtained without surface treatments. Granite contains
pieces of shiny minerals. Nevertheless, we achieved a value of 101,012 points in the scanned
area. Furthermore, woven carpet is a material with very fine elements, for which we assume
problematic scanning and, therefore, also a very low density of the cloud of points, but this
was not confirmed. For this material, we achieved relatively high average values of 169,861
points in the scanned area.

However, we cannot take into account only the numerical data, but must also consider
the less significant variability of the points that we can see on the specific results and the
results of individual point clouds, which is described in the results section. For example,
granite achieved a relatively high point cloud density, but the resulting deformations and
the absence of points in some parts did not allow the creation of a model corresponding
to reality.

5.3. Horizontal Lines in the Point Cloud

An interesting phenomenon is the formation of horizontal lines in the cloud of points,
especially for materials that contain a very smooth surface. This phenomenon affects the
resulting 3D model but does not affect its accuracy due to the density of point clouds. Since
the scanner did not move in any direction during the measurement and there were always
horizontal lines, it can be assumed that this is the effect of the projected light pattern, which
has the same arrangement. There was no deformation or displacement of this pattern on
a flat surface when sensing its reflection back into the instrument. Unfortunately, with
this category of materials, it was not possible to eliminate the influence of horizontal lines.
This phenomenon was visible in the following samples: glazed roof tile, full burnt brick,
wooden parquets, marlstone, sheet metal, and polycarbonate. However, it did not harm
the results.

5.4. Applicability of Surface Treatments in Practice

The price of 150 mL of chalk spray is around EUR 6 [48]. The price of 200 mL of dry
shampoo is around EUR 4 [49]. The prices are indicative and obtained as of 2 January 2024
in the Czech Republic and, in comparison with the costs of the whole data acquisition
process of a building, can be considered as negligible. When creating a digital model of an
existing object/building, the required accuracy must be specified in advance. Usually, high
precision is required for important elements, such as reliefs, casement windows, etc. These
elements are usually parts of historic buildings.

We have been removing dry shampoo via rinsing using water in the experiments. We
have been removing chalk spray using a damp cloth in the experiments. The influence of
the suggested surface treatments on objects and/or materials is not known.

The influence of suggested surface treatments on objects and/or materials is not
the subject of this article. This is the main disadvantage of this study. A study of these
influences fits to the fields of material science, chemistry, and heritage. The authors are not
experts in these fields. For these reasons, each particular surface treatment application must
be carefully considered and consulted with experts in these fields before the application to
avoid object deterioration and /or material deterioration.

Another disadvantage of the suggested treatments is the impossibility of modifying
the entire surface of the building in this way.

6. Conclusions

To investigate the influence of material properties on point cloud density, a total
of 12 different materials were selected, whose samples were first scanned without any
modifications. For some materials, additional scanning was carried out with a material
surface treatment that could eliminate the influence of their negative properties on the
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density of the point cloud. The measured values of the point cloud density and the
arrangement of the points, density changes in the sample, and noise were monitored.

From our own experience working with the creation of digital models [2,11,32] from
point clouds, we know that a very accurate 3D model can usually be semi-automatically
created at a density of a point cloud of 2200 points/cm?. For this reason, we have scanned
each material to find out if the point cloud density reaches this limit. For those materials
where scans have not reached the desired point cloud density, we have used a surface
treatment to increase the point cloud density.

6.1. RQ1: To What Extent Is the Density of the Point Cloud Predictable during Building Object
Reconnaissance?

In Figure 5, it is possible to see the results of scanning individual materials. On the
basis of the properties of these materials, the materials were divided into the following four
groups: well-scannable materials, materials with very fine elements, glossy materials, and
transparent materials. Before scanning, each material was scored 1-10 points according
to visible properties. The results show us that these visible properties according to the
point scale are not always directly proportional to the density of the obtained point cloud.
Clear textured glass has five points and polycarbonate has four points, which are very close
values. However, their point clouds have completely different results, with raw surface
values 24,033 and 44,346 points in area and 123,292 and 228,581 points in area after the first
surface treatment, respectively. For other materials, the point evaluation corresponds to
the obtained point cloud results. The results show that surface properties can significantly
affect the point cloud density, but an estimation of the point cloud density based on the
visible properties of the material only may be misleading in some cases.

6.2. RQ2: How Can the Material Surface Be Easily Treated for Higher Point Cloud Density?

Materials classified as having very fine elements, glossy materials, and transparent
materials had to be treated to achieve the required point cloud density values in the sample
area. However, according to the results, we can say that the treatments made to eliminate
undesirable properties had a positive effect on the average value of the point cloud density
relative to the sample area.

The solution for glossy materials could be to decrease their reflectivity. The solution
for transparent materials could be to decrease their transparency. For the experiments, we
used chalk spray and dry shampoo to achieve this.

For materials containing very fine elements, the solution could be to make the surface
more compact. Although the reed did not successfully reach the required threshold in any
measurement, the density of the point cloud improved significantly. This finding could be
helpful, for example, in human hair [32].

Since the reed could not be adjusted as easily as the fabric, it was at least supported by
board material—planks. As a result, the gaps between the individual stalks have become
smaller and the surface more uniform and compact. Although it was not possible to scan
the entire surface, even such a surface treatment proved to be effective and was able to
increase the total average density of a point cloud from 75,709 to 119,204 points per sample
area, which is about a 50% increase.

The surface treatments were used to improve the scannability of materials. It can be
expected that the application of suggested surface treatments is not suitable for all objects
and/or materials. It needs to be taken into consideration whether intended treatment may
harm the object and /or material, and /or cause permanent damage to the object and/or
material. The influence of the suggested surface treatments on scanned objects and/or
materials is not the subject of this article. Each intended case of using the suggested surface
treatments needs to be considered individually to avoid object deterioration and/or mate-
rial deterioration, as is stated in Applicability of Surface Treatments in Practice subsection
of Section 5.
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6.3. RQ3: Can the Data Acquisition Process Be More Efficient with the Knowledge of the
Appropriate Surface Treatment?

Opverall, the results show that material properties can have a demonstrably large effect
on the density of the point cloud, with the presence of fine elements and transparency
having the greatest effect. To a lesser extent, gloss also affected it. It was also shown that
the treatments made had a positive effect on the measurement results in all cases and in
some cases enabled the complete scanning of materials. The measurement results also
show that even materials that are adjacent to each other could interact with each other.

The results of the research show for which materials it is suitable to use structured-
light 3D scanning measurement under the given requirements for the density of a point
cloud intended for the creation of a digital model of building object. In practice, this means
that during reconnaissance before the measurement itself, it is possible to estimate, based
on these results, if the structured-light measurement method is suitable for particular parts
of the measured object according to the type of its surface material.

From the results, it can be expected that the knowledge gained from this research can
speed up the process of passporting existing buildings.

6.4. Open Problems for Future Work

Conclusions regarding the formulated research questions were presented in the previ-
ous Sections 6.1-6.3, but there are still open problems left.

The first issue is the presence of a formation of horizontal lines in the cloud of points,
especially for materials that have a very smooth surface. It is possible that this phenomenon
could be eliminated by using another 3D scanner, most likely a laser one. This will need to
be verified in the next continuation of the research.

Second, the article suggests the treatments of various material surfaces, but the in-
fluence of the suggested surface treatments on objects and /or materials is not the subject
of this article. The influence of suggested surface treatments on objects and/or materials
was not investigated. In real-world applications, it needs to be taken into consideration
if the intended treatment may harm the object and/or material, and/or cause permanent
damage to the object and/or material. This should be the subject of future research. We
expect that the influence of suggested treatments on building objects may not be negligible,
for example, for some building objects of high value (e.g., historical value, etc.).

Finally, RQ3 has dealt with the question of the efficiency of a data acquisition process.
Based on the results, we can expect that the knowledge gained from this research can
speed up the process of passporting existing buildings, but the measurement of such a data
acquisition process is another topic for future research. Knowledge of the time requirements
for the whole data acquisition process can be very useful for practitioners, especially for
the purpose of cost estimation.
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3D scanning and analysis of acquired data of
historically and culturally significant objects
referring to the work of Adalbert Stifter

Martin Dédig""
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Abstract. The aim of the paper is to bring new findings from ongoing
specific university research. Within this project, the light scanner scanned
historically and culturally significant objects referring to the work of
Czech-Austrian writer Adalbert Stifter in South Bohemia and Lower
Austria. It also analyzed the data obtained with the light 3D scanner. The
data was generated as a cloud of points. With respect to object’s size,
multiple parts of each object were scanned individually. By combining
individual scans and removing unwanted points (noise), models - digital
twins of objects - were developed. Created models are valuable for their
use for virtual tours of historically and culturally significant places. The
final models were modified for printing on a 3D printer, where they were
subsequently printed.

1 Introduction

Nowadays technology 3D scanning takes an important position in the field of civil
engineering. Its application has also role in other fields, including archeology, medicine,
film industry, and mechanical engineering. This technology evolves very quickly and
provides a number of new options for users. Using a 3D scanner allows to collect object
data such as information about its shape, structure, and eventually color. Depending on the
way this data is collected, we can divide the scanners into laser scanners and light scanners,
which work on the principle of photogrammetry.

3D geometric content acquisition from real world is an essential task for many
applications in computer graphics. Unfortunately, even for static scenes, there is no low-
priced system, which can provide good quality, high resolution distance information in real
time. [1]

In the construction industry, 3D scanning is mostly used for the reconstruction of
historic and listed buildings - for this purpose, laser scanners are used, and further in the
creation of modern architecture or art. Light scanners are used for creation BIM libraries for
specific projects - smaller objects such as sculptures, or for scanning room surfaces. The
data thus obtained can serve as a very accurate and detailed basis for the creation of replicas
of, for example, sculptural works, that are part of a reconstructed building. At the same
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time, it is possible to work with the digitized objects in professional software as needed,
including the software commonly used by architects and designers. There is the opportunity
to transfer any object to their project and visualizations. 3D scanning technology also
provides the ability to print scanned object in reduced form using a 3D printer.

Specific university research, which this paper describes, deals with the creation of
digital twin of Adalbert Stifter’s memorials. The first scanned monument is the statue of
this master in Horni Plana.

2 Basic information about the scanned object

The subject of this research is the analysis of data obtained by scanning important historical
objects related to the work of the Czech-Austrian writer, painter and pedagogue Adalbert
Stifter and the subsequent use of data for the creation of a digital twin.

Oversized statue embodying Adalbert Stifter was scanned and digitized. The monument
(Fig. 1), of which the statue is part, is located in Horni Plana. In this South Bohemian town
on the shores of Lipno water reservoir, Adalbert Stifter was born in 1805. His birth house is
now used for exposure purposes.

Fig. 1. Monument of Adalbert Stifter in Horni Plana

The monument is located in a park north of the square by the way to the Chapel of
Good Water. It was built in 1906. It is placed on a pedestal on which it is possible to climb
the stairs. On both sides of it, there are stones placed in the ground. There are two stone
blocks on the pedestal. At the first block, the writer's statue is standing on and his name is
carved in. The statue with the book in its hand is leaning on the second block and a bronze
table with text is placed on it. The statue itself is also cast from bronze and is about two
meters high. Since 31 December 1963 is a protected monument.
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3 Data acguisition

3.1 Technical equipment

For scanning, Artec Eva Lite 3D light handheld scanner was used to create high-quality and
accurate scans without color and texture. This more affordable model is particularly suited
for objects that have a rough surface that the scanner is oriented accordingly. It works on
the principle of so-called trigonometric triangulation. This means in practice that the
scanner projects a light pattern consisting of regular shapes on a scanned object. The
scanning sensor is then oriented along the edges of these shapes to derive the shape of the
object. The raw model is a cloud of points. Suitable objects for scanning by this scanner
are, for example, the human body, so this type of scanner finds use in scanning sculptures,
archeological or artwork. Less suitable objects are those that are not sufficiently diversity
shaped or with flat (even textured) surfaces.

For this reason, it was decided that the stone blocks, that are part of the statue, will be
modeled on the computer. There are not any points that the scanner could capture. If the
surface of the scanned object is too uniform and straight, it is easy to interchange the
checkpoint for another. This may distort the complete scan. Shiny objects, from which the
reflected light will be reflected at a bad angle, aren’t also suitable. However, this problem
can be solved by chalk sprays, which can reduce the reflectivity of the surface, and the
scanned object is not impaired.

The Artec Eva Lite scanner can be amended by extension enabling to scan color and
texture of the selected item. Outdoor equipment includes an external scanner battery that
lasts about 5 hours.

The Dell Precision M3800 was used for data processing. It has a touch screen display,
quad-core processor, NVIDIA Quadro K1100M graphics card and 8 GB operating memory.

The software includes Artec Studio 12 Professional software, which stores individual
scans, and in which the data is further processed. The Archicad 21 softtware was used to
model the blocks. The individual models were exported in the .stl format, where both 3D
objects were then joined together.

3.2 Preparation for scanning

At first, the object needs to be cleaned of all impurities, such as fallen leaves in this case. If
it is not possible for some reason to remove some of the impurities manually in physical
reality, it could be done with subsequent editing of model on the computer by deleting a
portion of the cloud of points that the unwanted element is represented by.

It was also necessary to lay out how the sculpture would be scanned. Scanning can’t be
done at one time with respect to such a large object, so it is necessary to determine the parts
in which scanning is performed separately. The suggestion was to scan the sculpture
progressively from the bottom to the top and separately scanned parts were overlapped in
lanes. Mainly buttons on Stifter’s coat were used as capture points. Buttons should be part
of most of the scans to make it easier to combine them.

3.3 Scanning

Before scanning, it is necessary to prepare the scanner. He must be connected to an external
battery and the notebook to which the data is transferred during scanning. The Artec Studio
software must also be running in the notebook. In this program, you need to create a new
project that will save all scans. In the left part of the window next to the main menu, there is
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a scanning setting where we check that the required sensitivity and speed are selected - not
always the highest sensitivity and scanning speed leads to the best result.

Now you can start scanning by layout. First, when you press the play button on the
scanner, a preview appears on the computer monitor. We set the scanner at the required
distance to point to the selected part of the object that was in this case the legs of the statue.
Then you can push the "scan" button. In the preview in the notebook, we see the parts that
have already been scanned (gray color) and from which data is being collected (green
color). The sculpture must not be enlightened by direct sunlight during work. If so, it would
have the same effects as if it were made of glossy material. That’s why the statue was
shaded by an umbrella during scanning.

All the time, you need to keep the scanner distance from the scanned object. In right
side of the monitor, there is the scan settings graph that expresses this distance and varies
according to the current situation. The ideal situation is, when the graph is roughly half of
it, which is a distance of about 700 mm from object to scanner. If we were outside the
graph, it would lose signal, and then the scan could be distorted. In this case, the best
solution is to delete the distorted scan and create a new one. Deformation can occur even
when scanning overly flat surfaces.

When scanning the statue of Adalbert Stifter in Horni Plana, a total of 28 successful and
partially successful scans were created (Fig. 2), from which the final 3D model was created.
The problem area was, for example, a book that was flat and thin and had to be scanned
from all sides (that is from a side that was close to one of the stone blocks). Another such
place was the bottom of the coat and the space between the coat and the boots. This part of
the sculpture was poorly accessible, and there were points close to each other that had a
large difference in the distance from the scanner, so it was very important to do it very
carefully. The access problem was generally with the entire upper part of the statue, which
could only be reached with a folding ladder. The last obstacle was the coat that was very
straight, so there was often a deformation of the scans being made.
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3.4 Processing the data

Parts that the software has been able to assign itself were assigned together by function
auto-alignment. This was made possible by scanning in the above-mentioned partially
overlapping lanes. In this method of cloud point coupling, the method of minimal distance
of surfaces in overlapping areas is usually used to determine the transformation key. The
algorithm of this method is part of most professional scanning measurement software
programs. [3] The guideline is the recurring shapes that make the software orientated and
the individual scans together. Some problematic parts have to be assigned manually
because the software is not always able to detect where the scan should be moved.
Especially if there are parts of smaller dimensions or there are several similar parts on the
whole item (eg coats of the same shape, the figure has two very similar boots, etc.). This
method is done by selecting at least 6 appropriately selected points, which should overlap
after pairing of two scans. A suitable point is a place that is shape different from its
surroundings and can be easily found and marked on both scans (in this case, for example,
the center of the button, the corner of the book, etc.).

In the next step, all scans can be joined together using the global registration function.
To do this, just select this feature and the program can handle the connection without any
help from the user. Regarding the scanning accuracy, one of the main problems is the
noise.[2] Then it is advisable to remove points that are too deflected from others and delete
ambient noise. Both can be done using two more outlier removal software functions and
then a small object filter. After all the steps mentioned above, it is necessary to check and
eventually to scan the missing parts, which was needed, for example, in the aforementioned
problematic sites.
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Fig. 3. Final 3D model

Consequently, it is necessary to fuse the merged scans into one and smooth it. We have
two features: sharp fusion and smooth fusion. They differ from each other mainly by
drawing detail. When selecting the first option, the resulting model will be more detailed, or
even smooth with smoothing. In the case of statue of such size, it was sufficient to use
smooth fusion. If a part is not drawn in the final model, it is necessary to rewrite it and then
edit the new scan (just like the ones previously edited) and join it. Smaller holes can be
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filled with function hole filling, either all at once or separately. In this way, even larger
parts that could not be scanned, both the back and the lower part of the statue, were filled.

The final model Fig. 3 was exported in STL format and connected to stone blocks in
Archicad 21 and printed on a 3D printer.

4 Conclusion

Choosing the right scanner and the level of difficulty of processing the acquired data
depends on the properties of the particular object. In the case of the Artec Eva Lite light
scanner, shape, material and dimensions play an important role. If there are points that are
substantially spaced apart from the scanner, it will be very difficult to scan some parts.
Such places are depressions or, on the contrary, very protruding and thin areas. The
opposite is also the case where there are almost no clues on the subject, which could be
artificially created in some cases. The obtained 3D digital data provide a convenient data
set, which can be used to quantitatively analyze and calculate the characteristic indices for
the natural joint, such as the roughness, magnitude and angularity.[4]

From the point of view of the material, any matte surfaces are suitable. In the case of
shiny surface, it can be treated with a chalk spray for the purpose of scanning, which can be
easily washed after completion of the work. The sculpted statue of Adalbert Stifter is made
of bronze - this is not a suitable material for scanning because of its gloss. The sculpture is
already covered with patina because of its age and therefore it was not necessary to use a
chalk spray. The final model is in very good condition when no further editing is needed
before 3D printing.
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Abstract. The aim of the paper is to describe the methodology of creating a digital model of
human using an optical 3D scanner. This methodology consists of several main phases, such as
preparing the scan for human movement, scanning in the shortest possible time, and processing
the data obtained by scanning. The data processing itself is divided into other sub-phases,
which describe the individual steps necessary to create a digital model. The paper describes
obstacles that need to be eliminated or minimized during 3D scanning in order not to disrupt
the integrity of the model and to create a digital model.

1. Introduction

Currently, modern optical measurement methods can be divided into three groups, optical 3D
scanning, laser 3D scanning, digital photogrammetry. In this paper we focus on creating a digital
model of human. But the human body cannot be completely immobilized. Even when not moving, one
has to breathe, creating movement that reduces the quality of the point cloud obtained. For this reason,
it is necessary to choose the method as quickly as possible, with this requirement it is possible to avoid
digital photogrammetry, which is time consuming. An important aspect is also the safety of the person
being scanned, when scanning with a laser scanner is dangerous for the eyesight. Therefore, the most
suitable method is 3D optical scanning, which scans the surface of the scanned object using structured
light and does not endanger the health of the person being scanned.

The Artec Eva Lite handheld 3D scanner was used to create highly detailed and accurate scans,
which does not scan texture or colors in this version. This optical scanner is suitable for acquiring 3D
data of objects up to 3 m in size, such as archaeological artefacts, sculptures or works of art.

2. Related Work

3D scanners are usually used to acquire 3D models, which are usually static. An example can be
study[1], which describes process[2,3] of application of 3D scanning and acquired data processing to
get model of a building.

There are various purposes of acquisition of 3D data. Usuall purpose is simple visualisation, but there
can be also project-spedific purposes. In construction industry acquired 3D data can be used for
obtaining[4] and sharing[5] data for building information model or can be used to obtain usefull data
for construction projects[6,7]. These data can be defined based on project priorities and scope[8,9].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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Another example of 3D scanning applications is in craniomaxillofacial surgery[10]. It can be expected
that importancy of acquisition of 3D models using 3D scanning will be growing with continuous
implementation of industry 4.0 principles[11,12].

3. 3D scanning and data processing

For the scanning of living creatures, in our case humans, it is very important to prepare the scan itself.
Division of the scanned object into parts, suitable selection of overlays. All of these actions aim to
ensure that the actual scanning takes place in the shortest possible time.

For overlapping scans, the best figure for the overall figure is the fuselage area, which is the easiest
to scan - there are no protruding parts and the scanner works at a uniform distance. Thus, each
individual scan begins in this part of the body and then scans further away from it. During the
scanning process, we can monitor the captured dots on the display. The problem areas are hair that is
too fine for us to use the optical 3D scanner, and therefore we chose an account that will make hair
compact. Another such part is the eyes, which should be closed while scanning the face, although the
optical scanner is not dangerous for eyesight. The last element is shiny metal objects such as earrings,
piercings or belt buckles, but these items can be put away before scanning.

During scanning, the movement of the person being scanned cannot be detected. We do not reveal
these movements until the data is processed. Figure 1 shows the raw data of all scans. There are eleven
of them in total and all overlap. In order to eliminate the deviations caused by motion, we chose the
reverse procedure of data editing. The classic approach is to combine individual scans into one point
cloud before cleaning, smoothing and modeling the point cloud. In our case - human scanning - we
first modify the individual scans and then join them one by one.

Figure 1. Raw data from optical 3D scanner
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The whole process of data editing is demonstrated graphically in Figure 2. All tasks are performed
in the software by delivery together with the used 3D Artec Eva Lite optical scanner called Artec
studio 11, which allows most tasks to be performed automatically due to the shape difference of the
scanned object, in our case mainly due to precise pre-scanning preparation and sufficient overlap of
individual scans. In the first phase of data processing, we need to eliminate point noise. These are the
points outside the main model that always occur during scanning and need to be removed. This part is
fully automatic and is not time consuming. Using an optical scanner does not create too many of these
points, unlike a laser scanner.

The second phase of the data processing process is to smooth the scan. Scanning smoothing refers
to the unification of the surface of the model into a triangular mesh at our preferred density. At this
stage it is already possible to see the form of an almost final virtual model of the part of the object
from which the scan originated. This process is fully automatic but the time required increases
according to the size of the scan.

Figure 2. Process of data editing

The next step is to combine individual scans. This part is the most complex in this type of model, in
our case man. Joining takes place one scan at a time. Scans need to be carefully selected to build on
and to contain areas that need to be replenished. It may happen that the same area in two scans does
not correspond positively to each other during scanning. This is caused by the movement of the person
being scanned during scanning. Here it is necessary to select the most suitable scan very sensitively
and to delete this part from the others in order to avoid duplication in the final scan. This can be seen
in Figure 3. These deviations occur most frequently in the hands and feet, as it is impossible to hold
them for several minutes, then in the chest area because of the person's breathing and neck area,
especially children bending their heads down for a short while in a virtual model it is not easy to attach
a head to the body.

The next part is to fill the holes in the model, which can occur for various reasons listed at the
beginning of the article. Here again we use the automatic function, by means of which the model is
enclosed in one unit. In our case, there were no holes in the model, but we know from experience that
this can happen.
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Figure 3. Duplication of scans due to the movement of a person during scanning

All described parts of editing data from 3D scanner were done automatically by software. In the
final model, however, there are errors that can be seen in Figure 4 and need to be corrected manually.
These are not scanned hair, poor connection of hands or feet. These places tend to be in places where
the scanner cannot get high-quality images (armpits, lower chin, etc.). The work is sensitive to the
scanned person to make the virtual model as accurate as possible.

-

x‘ o7 L\ 'y

4"
V)
-

\

Figure 4. Combining scans from both scanning

In our particular case, we performed the entire scan of the person twice independently of each
other. This tactic was chosen intentionally due to the age of the person being scanned and the
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assumption that they would not stand still throughout the scan. Both scans contained parts that could
not be joined precisely because of the movement of the person being scanned. In the first model, there
was a doubling of the left arm, which would be very complex to model and we could not guarantee the
accuracy of the model. The second model had very damaged legs, which could not be modeled even at
the loss of accuracy model. The compromise was to use the highest quality of each model and
combine both into one digital twin, which can be seen in Figure 4.

4. Conclusions

Precise recognoscation is even more important when scanning a person than when scanning static
objects to reduce the scanning time. Each additional minute increases the risk of the person being
scanned and thus decreases the quality or totally degraded data. The process of data editing is the same
as when scanning static objects but the individual parts are performed in another order. Instead of the
usual combination of scans and then cleaning, smoothing and finishing, the point cloud was first
cleaned and smoothed, and then some parts of the selected scans were joined and deleted to make the
digital model as accurate as possible and eliminate inaccuracies caused by whether by breathing or
balancing. The final step remains to model parts that cannot be scanned perfectly. The resulting model
in our case consists of two separate scanning processes, in each of which there was a certain
movement, which depreciated the resulting model.
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Abstract. This paper presents an application of photogrammetric methods for so-called image
based modelling and rendering. Digital photogrammetry technology was used for the real use of
a digital model of an artificial riverbed for a wild river in Tokyo. This technology was applied
using two software programs, where we evaluate their compatibility and propose measures that
should increase efficiency in the future in the creation of digital models of existing buildings.
We describe the process of creating a model in both software separately and evaluate their use
for a given type of object. In this paper, we describe the individual processes from the selection
of photographs through the cleaning and smoothing of the point cloud to the final model. We
present the practical use of the created digital model. In the pictures we show the solved structure,
the process of joining individual photographs and the final model for the overall idea of the
application of this method. The results and discussions section describes the evaluation of both
software and proposals for measures for their use, especially for water structures of a linear
nature containing recurring elements such as water barriers.

1. Introduction

Many digital model creation processes [1, 2] focus on projects of new buildings. An Example of an
apartment building design process can be found in [3]. Examples of road-building construction
processes can be found in [4, 5, 6]. A digital model of new building provides detailed information, which
is very useful through the whole building lifecycle, for the future existence and operation of the building
[7, 8].

Currently, there are various methods for creating a digital model of an existing building. At the
Department of Engineering Informatics at the Czech Technical University in Prague, we deal with the
creation of digital twins of objects with high accuracy. In the previous paper, we described the methods
of 3D scanning from pre-scanning preparation through data processing from a 3D scanner to the final
digital model of the building.[9] In this paper we will present the application of the photogrammetric
method, specifically ground photogrammetry. Of all the optical methods, terrestrial photogrammetry is
the least device-intensive (common digital camera) and is therefore the cheapest optical method for
obtaining digital data.

It can be expected that importance of the acquisition of 3D models of existing buildings will be
growing with continuous implementation of industry 4.0 principles [10] and a necessity to acquire data
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in BIM formats such as IFC [11]. BIM models of buildings and their accuracy will help not only to
reduce failures rate in the building project, time and financial savings during construction, but especially
in the operation of the building through its whole lifecycle [12].

2. Digital model creation process

The aim of our research, set based on priorities and scope [13], was to find easy to use and inexpensive
technology for the construction of a wild riverbed in Tokyo Olympic in Figure 1. The reason for creating
the digital model was disputes over the placement of obstacles on the race track. Water barriers affect
the flow of water and thus the difficulty and safety of the plant itself. Obstacles can be moved by rails
and moved by their height using additional parts. During the construction design, a race track was
designed, including water obstacles, by experts from the Czech Technical University, but the organizers
of the Olympic Games arbitrarily changed some obstacles. It was necessary to compare both variants
using digital simulation.

A Canon EOS 250D digital camera with a resolution of 24.1 Mpx and an 18-55 mm lens was used
to take photographs. A total of 1800 photos were taken. The images were divided into groups according
to individual parts of the wild riverbed into 3 parts (starting part, middle part, finish part). In the target
part there was a water surface, which we evaluated as potentially problematic in terms of high surface
reflectivity. After dividing and deleting the photos, there were 1200 left for the possibility of creating a
digital model.

Figure 1. General view of the construction of an artificial riverbed for a wild river in Tokyo.
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At the Department of Engineering Informatics, we had software in two options available for image
processing using photogrammetric methods. In the first case, we created a digital model using Autodesk
Recap Photo software. This software allows you to upload a maximum of 200 photos at a time. For this
reason, the photos were divided from the original three into six groups. We divided each part into the
right and left bank of the riverbed. The individual parts of the model were of good quality after
processing the photographs, but the part of the target part of the riverbed, where the water was located,
was not drawn correctly. Before connecting the individual parts, it was necessary to clean the point
clouds from digital noise, using the automatic function and manual cleaning. Furthermore, the individual
parts were smoothed to make the connection as simple as possible. Puncture points were not used during
the photo shoot and therefore it was not possible to combine the individual generated parts of the digital
model into one whole. We had to use manual connection using the points we specified, which were
always in both connected parts. The character of the building - an artificial riverbed for racing on a wild
river - did not allow manual connection of all parts, because it is a line building with constantly recurring
water obstacles. It was not possible to distinguish which obstacle is located in which part of the racing
riverbed. We consider this attempt to create a digital twin to be unsuccessful.

The second software we have is Reality Capture, which also allows automatic processing of images
into a digital model. For the first attempt, we divided the photos into two groups according to which part
of the riverbed was the water surface. A total of 1200 (900 + 300) photographs were used. The first
group was without water surface, the second with water surface. The water surface was located in the
finish part of the riverbed. After generating both parts of the model, process you can see in Figure 2, we
had to clear the data of data noise and combine both parts into one final model. Although both parts
were processed in sufficient quality, it was not possible to combine them purely into one whole. In the
part of the riverbed where the water level began, there were different lighting conditions during the
rental of the pictures. Due to this, it was not possible to combine the model into one whole.

Figure 2. The process of creating a point cloud in Reality Capture software.
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The quality of the digital model in the second software was sufficient to simulate the flow of water.
We had to change the technique of creating a model so that we would create only one model without
having to connect to another part. So we uploaded to software 200 photos from the right bank of the
starting and middle part of the race track. After a thorough inspection of the generated model, we
gradually uploaded more images of the right bank of the finish part, which contained the water surface.
This technique didn’t work, so we took photos with a water surface again and chose photos from the left
bank of the starting and middle part of the riverbed. This part of the model was processed correctly on
the first attempt. Other photos - those that contained the water surface, we added manually with the
exact designation, always 3-4 points identical to the points that contained the already created part of the
model as well as the inserted photo. This process you can see in Figure 3. Because the water surface was
also the first part of the riverbed, especially in the places of obstacles that retained water, it was necessary
to use this technique in these places. This process has worked well. The point cloud was complete.
Furthermore, the data had to be manually cleaned of digital noise and then smoothed using the automatic
function.

= Vi pt 111111l
Figure 3. The process of sequentially uploading photos.

3. Results and discussions

The final model in Figure 4 consists of only 800 of the 1800 photos taken. From the experience of other
projects focused on the creation of digital twins using digital photogrammetry, we know that appropriate
preparation before the actual shooting is the most important aspect of the whole process. It is necessary
to precisely plan the process of taking photographs, especially for larger or linear constructions.
Furthermore, the setting of the camera angle, focal length and, last but not least, lighting conditions.
Outdoor photography is unpredictable, but that is why it is necessary to carefully plan the photography
so that the shortest possible time runs so that the lighting conditions do not change much during the
photo shoot. In this particular case, it would be possible to use aerial photogrammetry using a drone,
which we unfortunately didn’t have at the time of the photo shoot.

There are more software that supports digital photogrammetry, but each works a little differently, so
you need to take photos according to the capabilities of the software used. The last thing that would be
good to use are puncture points, which would make it easier to connect the model. Especially for objects
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that have a large number of the same or very similar parts such as flat surfaces or repeating masses (in
our example, water barriers).

Figure 4. Finished digital model in Reality Capture software.

4. Conclusions

From the presented results it can be said that both software can be used for the creation of digital models.
The accuracy of the model is the same but if the model contains glossy surfaces the Reality Capture
software is significantly better. In addition, this software is more suitable for large objects that need
more than 200 photos, which is the maximum possible number per upload in Autodesk Recap Photo
software. For example, a lower number of photographs is sufficient for a digital model of a sculpture,
but for larger objects such as buildings, the number of photographs is usually in the hundreds. Both
software are suitable for editing the point cloud and then exporting the data.

The price for digital photogrammetry, as opposed to 3D scanning, is mainly supported by the price,
when the price of the equipment needed to take photographs is significantly lower than the purchase
price of a 3D scanner. Furthermore, the evaluation of data is largely automatic - certainly in the example
we selected, it was necessary to connect part of the model manually, but only because it was a very
demanding object.

Digital photogrammetry can be used as well as 3D scanners in construction. In particular, linear and
tall buildings will be possible to better and more accurately model using aerial photogrammetry,
especially today, when drones are becoming more available. The future is a combination of both of these
methods. The digital model created in this way can serve as a basis for a building information model
(BIM).
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Abstract. The aim of the paper is to bring new knowledge from ongoing specific university research. As part of this project,
optical data collect locally and historically significant states of the chapel in Horni Nivy were collected using aerial and
ground digital photogrammetry. The obtained data are subsequently analyzed for the needs of creating a virtual model.
Data are generated from individual photographs as a point cloud. With regard to the parameters of the object, the data are
captured partly from the ground using a camera and partly from the air using a camera mounted on a drone. By combining
the exterior and interior model and removing unwanted points (noise), a model - a digital twin building - ai develop. The
created model serves as a basis for the processing of construction technical and construction historical research.

INTRODUCTION

Digital 3D technologies already have a strong place in construction. [1,2] The use of digital modeling processes
can be demonstrated in projects of new buildings [3], transport constructions [4,5], technological constructions [6] but
also in existing buildings. Digital models can be supplemented with information according to the requirements of the
client [7] that defines priority of requirements and project scope [8]. Such models are called building information
models, which are, especially if stored according open standards as IFC [9], useful as a source of data for information
systems [10] for maintaining buildings throughout their life cycle. [11,12] A special chapter is the existing buildings,
which are historically significant and often protected as monuments. Existing buildings cannot be digitized by a routine
data acquisition process, but a very detailed reconnaissance of the scanned object is needed so that the obtained data
of individual important elements has sufficient quality in the required detail.

The chapel in Horni Nivy, located in the Karlovy Vary Region in the Czech Republic, was chosen as the research
facility. The mentioned chapel is the oldest building in this village and at first glance shows construction defects that
need to be documented with high accuracy. It also contains several original significant elements. The digital model
will serve as a basis for construction engineering and construction history research.

Various data acquisition methods can be used to digitize existing buildings. These are laser 3D scanning, optical
3D scanning or ground or aeronautical digital photogrammetry. The use of individual methods was written in [13].
The construction of the chapel in Horni Nivy, which we have solved, will be scanned by ground and aerial
photogrammetry using professional software suitable for processing a large number of photographs and creating a
digital model.

DIGITAL MODEL CREATION METHOD

The aim of the research is to develop a digital twin of historically significant building using ground and aerial
photogrammetry. The reason for the elaboration of the digital model is the construction technical and construction
historical survey. The construction of the chapel in Horni Nivy (figure 1) contains building defects, as well as valuable
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building elements. It is the oldest building in the village, and therefore it was necessary to pay special attention to
these parts of the building when collecting data.

The Canon EOS 250D digital camera with a resolution of 24.1 Mpx and an 18-55 mm lens is used for ground
photography. The DJI Mavic mini drone with a 1 /2.3 "CMOS camera with a resolution of 12 Mpx is used for aerial
photography. A total of 421 images from the drone and 137 images from the camera (table 1) are used, which are
divided into 2 parts - interior and exterior. image processing used professional Reality Capture software
[https://www.capturingreality.com/], which can semi-automatically generate a digital model from sorted images.

FIGURE 1. The main view of the chapel in Horni Nivy

The first stage of creating a digital model of a historically significant building is a detailed reconnaissance. By
inspecting the nearest surroundings, the possibility of a route for a possible drone flight is evaluated in order to comply
with aviation regulations and to avoid a collision with trees in the vicinity of the building. This is followed by a tour
of the exterior of the building and the identification of valuable elements by an employee of the National Monuments
Institute. Specifically, it is an inscription above the front door and a cross on the roof of the entrance to the chapel. In
the interior, the statue of the Virgin Mary on the altar and paintings depicting the crucifixion of Jesus Christ, which
do not need to be included in the digital model, are marked as valuable elements. Another requirement is the recording
of construction failures, especially cracks and humidity maps on the walls for the needs of construction and technical
survey of the building. Now all that remains is to find suitable places for the puncture points [13], which connect the
exterior and interior models of the chapel. Both windows, the floor at the front door and the skylight of the front door
are chosen as suitable places. All these places are well visible from interior and exterior.

The interior is photographed from different height levels in segments formed by wooden benches in the chapel.
Altitude levels are chosen according to the width of the shot, the requirement for image overlap 70-80%. Height
stability for all segments is fixed on the tripod. It is a height of 1.0 m; 1.6 m and 2.2 m and the angle of the camera
against the plane of the wall is fixed at 15°. This process is repeated at all heights in each segment. The remaining
segment is formed by the altar, which is in space. The altar is photographed separately later. From a height of 2.2 m,
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the ceiling vaults are again photographed, again with a fixed inclination of 15°. A total of 353 images were taken in
this part of the stage.

After capturing the total volume of the interior of the building, the focus is on details such as the altar, prayer
benches, wooden windows, entrance doors, and especially on the statue of the Virgin Mary located on the altar. These
elements need to be captured with a larger number of images so that they are in sufficient detail in the resulting digital
model to allow them to be refurbished or restored. Thus, height is not important for shooting, as these images only
densify the network of images already taken, but the shooting angle of 15°, which remains constant throughout the
shooting time. The statue of the Virgin Mary is not part of the building, but it is the most valuable element of the
interior, here the procedure is different from the previous elements. There is no need to keep the camera angle of the
sculpture constant to its plane throughout the shooting. The statue does not have one plane, so the angle is always
different. Sufficient image overlap is essential, which is at least 90% between individual images. This ensures
sufficiently detailed data for the subsequent processing of the digital model, and with the help of several overall
photographs, the altar and the statue can be combined into one model with the interior of the chapel. A total of 72
images were taken in this part of the stage.

During reconnaissance, the flight levels related to the chapel building are determined. They are implemented in
real height drone using height measurement. This is the height level from the real terrain at the entrance to the chapel
2.5m, 4.0 m and 5.5 m for the main part of the building, and in addition the height levels 6.5 m and 8.0 m for the bell
tower. The tilt angle of the drone camera is 15° from the plane of the chapel downwards. In the individual flight levels,
the chapel is surrounded at the same distance, as shown in Figure 2. The cross on the roof and the inscription above
the main entrance are photographed separately due to their greater detail. A total of 160 images are taken in this part
of the stage.

FIGURE 2. Marking the positions of images from the drone
The last phase of data collection is the camera's capture of the under-drip ledge, as the camera on the drone cannot

be tilted upwards. Due to the large height, it is not possible to maintain a slope of 15° here, but it is necessary to adjust
it to 35° upwards. A total of 28 images were taken in this part of the stage.
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TABLE 1. An overview of images taken and used.

Number of Images

Images Taken by Number of Images Taken Number of Images Used combined into the model
Drone 160 137 133
Camera 453 421 418
Total 613 558 551

The second stage is the processing of the acquired images. Professional Reality Capture software is used, which
processes the model on an external cloud and, therefore, unlike other software, does not require above-standard
performance requirements for individual computer components. The captured images need to be divided into three
parts - exterior, interior and valuable elements. Further sort out blurred images, as well as those that show a difference
from most images, such as significantly different lighting conditions, the shadow of one of the devices used, or images
that show a colleague who entered the camera.

There are two options to create a digital model. The first option is to assemble the interior of the building separately
and the exterior separately, and then join them together by manually placed fitting points. The second option is to
compose the whole model at once by gradually adding groups of images.

FIGURE 3. Point cloud interior of the chapel

The second option is chosen due to the maximum use of automatic software functions. Groups of images of the
interior of the building are uploaded to the software and a model is generated (Figure 3). The used fitting points can
already be seen in the digital interior model (figure 3 - left of the lower pane of glass in the window on the right side
of the figure). Each of the four points is marked in the model for software to recognize. Next, groups of images
containing an insertion point from the exterior are added and a newly generated part of the digital model is checked.
The procedure is repeated for all four fitting points. To complete the digital model, images of valuable elements remain
to be uploaded. This creates a high-quality point cloud with an increased density of points in places of valuable
elements.

The third stage is the conversion of cloud points to mesh. This step is automatic, the only specialty is the generation
of a separate mesh for the statue of the Blessed Virgin Mary, which was requested by the National Monuments Institute
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of the Czech Republic. The final digital twin can be viewed in a classic 3D viewer and at the same time the distances
of cracks in the masonry or humidity maps can be measured very accurately. It will thus be preserved for a possible
virtual tour, and at the same time it serves as a basis for building historical and building technical research.

DISCUSSIONS

It should be emphasized that even though the software generates the model from the images automatically, the
main part of the work - data acquisition - remains manual work. In the future, it is possible to use a 3D scanner such
as Leica BLK360 for interior images and manually scan only valuable parts. The exterior can be photographed
automatically by entering the coordinates of individual images into the drone, but this is not possible in this case due
to the close location of tall trees.

This project demonstrated the thesis that the most important part of creating a virtual model using digital
photogrammetry is initial reconnaissance. If the basic parameters of the construction are known, the location of the
fitting points, the progress of the images, their location, the angle of inclination to the plane of the construction, the
distance and the lighting conditions can be arranged. For the exterior of the building, the surroundings of the building
can be evaluated and the correct scanning method, height levels and scanning angle can be selected. For the safety of
drone flight, it is necessary to know the weather forecast and evaluate the most suitable time of day in terms of lighting
conditions.

CONCLUSION

In the described process of ground and air digital photogrammetry focused on a historically significant building,
reconnaissance, data collection and analysis, including the creation of a digital twin, are described. The individual
stages are described in detail so that the process can be repeated and thus verified. Digital photogrammetry is an
integral part of the creation of digital models in construction, and thanks to the expansion of drone capabilities, it is
increasingly applied especially in line constructions. Digitization of a historic building with an emphasis on valuable
elements is one of the most demanding processes. Digital photogrammetry allows the user to focus on certain parts of
the building more, thus increasing the density of the point cloud. In the future, it seems to be the optimal combination
of digital photogrammetry for valuable building elements and a 3D scanner for the main premises of the building.
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