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Abstract

A wide range of sensors have been developed for the acquisition of point clouds to describe
the three-dimensional (3D) structure of objects. Among them, terrestrial laser scanning (TLS) is
the most convenient acquisition technique for the close range and millimeter scale point cloud
acquisition. High-resolution point clouds have become a powerful data to create digital,
millimeter scale surfaces, and detailed 3D models. Thus, the point clouds are being applied in
various disciplines. These include natural heritage, and monitoring and mapping of geological
paleontological sites. Point clouds have an advantage over images in digital documentation of
the current status of fossils for digital archiving and geometry extraction as they capture their
three-dimensional structure. Image data alone have limitations in cases where multiple fossils
overlap each other, the objects have self-similarity, or the scene has protruding objects. Thus,
the complex surrounding on the oyster reef and the self-similarity of the object rendered an
automatic bundle block adjustment of the reef infeasible. A fossilized oyster reef is a good
example of a densely packed environment, where making geometry estimations of curved
objects becomes a complex and challenging task.

This thesis presents how the point cloud processing techniques are applied on the world's
largest fossilized oyster reef located in Stetten, Lower Austria. This densely packed shell bed
formed about 16.5 million years ago in a tropical estuary. The original Magallana gryphoides
oysters died exactly where they lived in their original environment, but they are not found
consisting of both valves as it was in their original life structure. Instead, their single valves were
scattered on a densely packed reef on the area of 459 m?. The paleontological site was excavated
during field campaigns of the Natural History Museum Vienna between 2005 and 2008. In 2014,
a laser scanning and photogrammetric campaign was organized at the reef with the goal to
digitize its contents. The large and complex site was digitally documented using a remotely
controlled high-speed FARO Focus3D laser scanner and a Canon 60D camera with a Canon EF 20
mm f 2.8 lens. The 3D point clouds and high-resolution images from this field campaign were
processed with photogrammetric methods into a digital surface model (DSM, 1 mm resolution)
and an orthophoto of 0.5 mm resolution to support the paleontological interpretation of the site.

While the literature about the Early Miocene estuary is extensive, the knowledge about the
fossil composition, taphonomy, size or orientation on the sites are limited. Thus, there exists an
interest to test and try new techniques to document rare fossil objects to investigate such sites
in effective, automatic and objective manner. Use of digital 3D point clouds provide a viable
option for this and the interest towards them increased after the first published scientific
contribution. Consequently, the research carried out in this thesis is of particular interest,
because it aims to answer research questions which have aroused between studies of
Photogrammetry and Geology. To answer these questions, the thesis proposes new methods
that include developing a strategy for capturing irregular surfaces by high-resolution point clouds
to detect outlines of shells, a method to count and detect the number of shells in the reef, and
methods to estimate shell 3D length, to derive shell orientation, to estimate shell volumes, and
to visualize and design thematic maps to improve interpretation work. The thesis also makes use
of Geographic Information System (GIS) in reference data collection, and evaluation of the
reliability of the automated processing results.

The thesis presents the results of research that were evaluated in six original research and
conference articles. All articles were subjected to a peer-review process and published in journals
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related to Earth Science topics, in an International Society of Photogrammetry and Remote
Sensing (ISPRS) and AGILE GIS conference. Contributions | and Il investigate research questions
related to shell taphonomy, the estimation of shell number in the reef, and if the shell bed is
formatted by a storm or a tsunami. Individual shell volume estimations were also considered as
well as possible patterns in the distribution and composition of shells among two datasets on the
reef, i.e. transects N-S and W—E. Contribution Ill describes the settings of data acquisition, data
management and coordinate systems to digitize a large fossilized oyster reef. The study
demonstrates the potential of high resolution 3D data and photographs by documenting an
approach that outlines individual shells in a complex environment which is a crucial task to
enumerate the shells in a paleontological site. Contribution IV examines the automatic
determination of 3D orientations of fossilized oyster shells in a Cartesian coordinate system
where they were represented as elongated objects whose rotation angles (roll, pitch, and yaw)
were determined for an Earth Science application. The goal of the examination was to find out if
the locations of strongly tilted oyster shells had a statistically significant correlation with the
nearby fault lines present in the reef. The article V technically examines how to determine the
3D length of shells and demonstrates a method to automatically extract a 3D central line from
various shapes of fossilized oyster shells. Certain central line properties have direct relationship
with the encrustation estimates. The article VI presents the first GIS database as an interface of
a digital oyster reef and managing tool for a protected natural heritage site.

The thesis contributions demonstrate that the terrestrial laser scanning point clouds are
effective and convenient data sources to create millimeter scale models of paleontological sites.
TLS provides accurate measurements of complex geometry objects such as fossilized oyster
shells. The thesis focuses on investigating the ability and performance of laser scanning data in
different modelling related tasks that include identification of fossil outlines, and determination
of their size, orientation, volume, and other physical parameters which are required to make
accurate paleontological interpretations. Thus, the thesis investigates photogrammetric
methods that cover these requirements and provide results that can be readily visualized to
support paleontological interpretations. The results considering the all evaluations ae also
described. As an example of the developed methods, the thesis work contributed in preparation
and publication of a comprehensive paleontological 3D dataset. The dataset documents the
oyster reef with millimeter-resolution point clouds, digital surface models and orthophotos. The
dataset provides an extensive testing ground for further method development in
photogrammetry and computer vision communities, and it should help paleontologists in
planning new data acquisition campaigns to make more accurate interpretations.



Kurzfassung

Fir die Erfassung von Punktwolken wurde eine breite Palette von Sensoren zur Aufnahme
der dreidimensionalen (3D) Struktur von Objekten entwickelt. Darunter ist das Terrestrische
Laserscanning (TLS) eine komfortable Akquisitionsmethode fiir die 3D-Datenerfassung im
Nahbereich. Die so erfassten Punktwolken etablierten sich als zuverldssige Grundlage fir die
Erstellung von digitalen, hochauflésenden und detaillierten 3D-Modellen. So werden die
Punktwolken in verschiedenen Disziplinen angewendet. Dazu gehdéren das Naturerbe sowie die
Uberwachung und Kartierung geologischer paldontologischer Stitten. Punktwolken haben einen
Vorteil gegenliber Bildern in der digitalen Dokumentation des aktuellen Zustands von Fossilien
fir die digitale Archivierung und Geometrieextraktion, da sie ihre dreidimensionale Struktur
erfassen. Bilddaten haben in Fallen, in denen mehrere Fossilien einander tiberlappen, die Objekte
Selbstahnlichkeit haben oder die Szene vorstehende Objekte aufweist, Beschrankungen. Der
Komplex, der sich auf dem Austernriff befindet, und die Selbstdhnlichkeit des Objekts machten
eine automatische Blindelblockanpassung des Riffs unmoglich. Ein versteinertes Austernriff ist
ein gutes Beispiel fiir eine dicht gepackte Umgebung, in der Geometrieschatzungen gekriimmter
Objekte zu einer komplexen und anspruchsvollen Aufgabe werden.

In dieser Arbeit wird gezeigt, wie die Techniken der Punktwolkenverarbeitung auf dem
groBten fossilen Austernriff der Welt in Stetten, Niederdsterreich, angewendet werden. Dieses
dicht gepackte Muschelbett wurde vor etwa 16,5 Millionen Jahren in einer tropischen
Flussmindung geformt. Die urspriinglichen Austern vom Typ Magallana gryphoides starben
genau dort, wo sie in ihrer urspriinglichen Umgebung lebten, aber sie wurden nicht so gefunden,
wie sie in ihrer urspringlichen Form waren. Stattdessen waren ihre einzelnen Schalen auf der
freigelegten Flache des dicht gepackten Riffs (rund 459 m?) verstreut. Die paldontologische Statte
wurde zwischen 2005 und 2008 im Zuge von Messkampagnen des Naturhistorischen Museums
Wien ausgegraben. Im Jahr 2014 wurde am Riff eine Laserscanning- und
Photogrammetriekampagne mit dem Ziel durchgefiihrt, dessen Inhalt zu digitalisieren. Die grof3e
und komplexe Anlage wurde mit einem ferngesteuerten High-Speed FARO Focus3D Laserscanner
und einer Canon 60D Kamera mit einem Canon EF 20 mm f2.8 Objektiv digital dokumentiert. Die
3D-Punktwolken und hochauflésenden Bilder aus dieser Messkampagne wurden mit
photogrammetrischen Methoden zu einem digitalen Oberflachenmodell (DSM, 1 mm Auflésung)
und einem Orthophoto von 0,5 mm Auflosung verarbeitet, um die paldontologische
Interpretation des Ortes zu unterstiitzen.

Wahrend die Literatur tber die friihe Miozan-Mindung umfangreich ist, ist das Wissen liber
die fossile Zusammensetzung (Taphonomie), GroRe oder Orientierung an den Standorten
begrenzt. Daher besteht Interesse daran, neue Techniken zu testen und zu erproben, um seltene
fossile Objekte zu dokumentieren und um solche Stellen auf effektive, automatische und
objektive Weise zu untersuchen. Die Verwendung von digitalen 3D-Punktwolken bietet hierfir
eine praktikable Option und das Interesse daran nahm nach den ersten ver6ffentlichten
wissenschaftlichen Beitrdagen zu. Daher ist die in dieser Arbeit durchgefiihrte Forschung von
besonderem Interesse, da sie Forschungsfragen beantworten soll, die zwischen Studien der
Photogrammetrie und Geologie entstanden sind. Um diese Fragen zu beantworten, schlagt diese
Dissertation neue Methoden vor, darunter die Entwicklung einer Strategie zur Erfassung
unregelmaRiger Oberflachen durch hochauflésende Punktwolken, um Umrisse von Muscheln zu
erkennen, eine Methode zum Zahlen und Erkennen der Anzahl von Muscheln im Riff und
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Methoden zur Schatzung der 3D-Lange der Schalen, um die Schalenorientierung abzuleiten,
Schalenvolumina zu schatzen und thematische Karten zu visualisieren und zu entwerfen, um die
Interpretationsarbeit zu verbessern. In der Arbeit wird auch ein Geographisches
Informationssystem (GIS) zur Referenzdatenerfassung und die Bewertung der Zuverlassigkeit der
automatisierten Verarbeitungsergebnisse genutzt.

Die Arbeit prasentiert die Forschungsergebnisse, die in sechs eigenstandigen Forschungs- und
Konferenzartikeln ausgewertet wurden. Alle Artikel wurden einem Peer-Review-Prozess
unterzogen und in Fachzeitschriften zu Themen der Erdwissenschaften sowie auf einer Konferenz
der International Society of Photogrammetry and Remote Sensing (ISPRS) veroffentlicht. In den
Beitragen | und Il werden Forschungsfragen bezliglich der Schalen-Taphonomie, der Schalenzahl
im Riff und der Formierung des Muschelbetts durch einen Sturm oder Tsunami untersucht.
Einzelne Schalenvolumenschatzungen wurden ebenso berlicksichtigt wie mogliche Muster in der
Verteilung und Zusammensetzung von Schalen zwischen zwei Datensatztransekten am Riff (N-S,
W-E). Beitrag lll beschreibt die Einstellungen von Datenerfassung, Datenmanagement und
Koordinatensystemen zur Digitalisierung eines groRen versteinerten Austernriffs. Die Studie
demonstriert das Potenzial hochauflésender 3D-Daten und -Fotografien, indem sie einen Ansatz
dokumentiert, der einzelne Schalen in einer komplexen Umgebung erfasst. Dies ist eine
entscheidende Aufgabe, um die Schalen an einer paldontologischen Stelle zu zahlen. Beitrag IV
untersucht die automatische Bestimmung von 3D-Orientierungen von versteinerten
Austernschalen in einem kartesischen Koordinatensystem, wo sie als langgestreckte Objekte
dargestellt wurden, deren Rotationswinkel (Roll, Pitch, und Yaw) fiir eine geowissenschaftliche
Anwendung bestimmt wurden. Das Ziel der Untersuchung war herauszufinden, ob die Standorte
von stark geneigten Austernschalen eine statistisch signifikante Korrelation mit den nahe
gelegenen Verwerfungslinien im Riff aufweisen. Der Artikel V untersucht technisch, wie man die
3D-Ldnge von Muscheln bestimmen kann und demonstriert eine Methode, um automatisch eine
3D-Mittellinie aus verschiedenen Formen fossiler Austernschalen zu extrahieren. Bestimmte
zentrale  Linieneigenschaften  stehen in  direktem  Zusammenhang mit den
Inkrustationsschatzungen. Der Artikel VI prasentiert die erste GIS - Datenbank als Schnittstelle
eines digitalen Austernriffs und eines Verwaltungswerkzeug fiir ein geschiitztes Naturerbe.

Die Beitrage der Dissertation zeigen, dass die terrestrischen Laser-Scanning-Punktwolken
effektive und bequeme Datenquellen sind, um millimetergroBe Modelle paldontologischer
Standorte zu erstellen. TLS bietet genaue Messungen von Objekten mit komplexer Geometrie,
wie versteinerten Austernschalen. Die Arbeit konzentriert sich auf die Untersuchung der
Moglichkeiten von Laserscanning-Daten in verschiedenen Modellierungsaufgaben, einschlieflich
der Identifizierung von fossilen Umrissen und der Bestimmung ihrer GrofRe, Orientierung,
Volumen und anderer physikalischer Parameter, die fir genaue paldontologische
Interpretationen benotigt werden. Diese Arbeit untersucht dazu photogrammetrische
Methoden, die diese Anforderungen erfiillen und Ergebnisse liefern, die zur Unterstiitzung
paldontologischer Interpretationen leicht visualisiert werden kénnen. Die Ergebnisse unter
Berlicksichtigung aller Bewertungen werden ebenfalls beschrieben. Als ein Beispiel fir die
entwickelten Methoden hat die Arbeit zur Vorbereitung und Veroffentlichung eines
umfassenden paldontologischen 3D-Datensatzes beigetragen. Der Datensatz dokumentiert das
Austernriff mit Millimeterpunktwolken, digitalen Oberflaichenmodellen und Orthophotos. Der
Datensatz bietet ein umfangreiches Testfeld fir die weitere Methodenentwicklung in den
Bereichen Photogrammetrie und Computer Vision und soll Paldaontologen helfen, neue
Datenerfassungskampagnen zu planen, um genauere Interpretationen zu ermoglichen.
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ANCTpaKT

Pa3BujeH je LWMPOK CneKTap CeH3opa 3a MpuKyn/batbe o0b6NaKa Tayaka 3a OnNuC
TpoanmeH3noHanHe (3/[1) cTpykType objekata. Mehy bMma, TePeCTPUUYKO NacCepCKo CKEHUpPatLe
(TNC) je HajnpuKnagHWja TEXHUKA 3@ BAMCKONPEAMETHO CKeHuparbe objekaTta ca un/bem aa ce
NOCTUrHE MUAMMETapPCKa pe3onyumja obnaka Tavaka. O6nak Tayaka BMCOKe pesonyuuje je
afeKBaTaH CKyn nogaTtaka 3a MHTepnonaunjy aurntanHux (34) moaena tepeHa. [akne, obnaum
TayaKa Cce NpuMerbyjy Yy pasMumtum aucumnavHama. To yK/bydyje NpupoaHe NOKaAuTeTe U
3awTunheHa noapyyja, kKao n npahere U ManMpare reoNoLWKUX U NAaNEOHTOIOWKMX HaNa3unLWTa.

O6naum Tayaka MMajy NpPeaHOCT Yy OAHOCY Ha MPUKYM/bEHE CANKE Y apXuMBy AUTUTANHE
AOKYMEHTaLMje 0 TPEHYTHOM cTakby doCuNa 3a eKCTpaKUWjy reomeTpuje, jep YK/byuyjy CBOjy
TPOAMMEH3UOHANHY CTPYKTYpy. Mogaum pobujeHn camo ca CAMKA MMaAjy OrpaHuyera y
cnyyajeBMMa Kaga ce GoCcuMIN BULLECTPYKO MpeKNanajy jeaHu Nnpeko Apyrux, Uam cy objeKktu
CAMYHM mehycobHO, Uan ce pagm o NoApydjy Koje uma uchnynyeHe n KamsHe objekte. OpTo-
npojekumnja rpybux 3akpus/beHux objekata je npobnem, 360r cnoxKeHor onuca aHaAUTUYKOT
061m1Ka objeKkTa. Yak n Kopuwherem geTas/bHOr AUTMTAaNHOT MoAena NoBpLKNHE, He aobuja ce
E/beHM UCXO4, jep ce TelKo ynpas/ba BUA/bMBOWNY CAMKE W OKAY3UjoM mogena, jep je
orpaHuMyeH Ha 2,5-aumeHsnoHanHe onuce NOBPLWMWHA. JeAaH TakaB npumep KOMMIMKOBaHe
reomeTpuje objekara je rpebeH ca GoCnNM30BaAHMM OCTPUrama, rycTo yNakoBaHO OKPYKeme, rae
u3paga AUrnMTaaHoOr MoZesia TepPeHa Kao U OLEeHa reoMmeTpuje 3akpMB/bEHUX NpeamMeTa nocTaje
KOMIMJIEKCaH M M3a30BaH 3aaTak.

Y oBOom paay cy npeactas/beHe TexHUMKe obpage Tayaka npumereHe Ha Hajsehem
docunmsoBaHom rpebeHy ocTpura y cBeTy Koju ce Hanasu y LUteteHy, y Aowoj AycTtpuijn,
HeKagalwmoj Teputopujn MNMaHoHcKor mopa. OBaj rycto ynakoBaHu rpebeH ocTpura KpeupaH je
npe oko 16,5 muanoHa roauHa y Tponckom yuwhy. MpBobuTHM octaum octpura Magallana
griphoides nymmnpanu cy Ta4HO TamMo TAe Cy XUBE/IN Y HbUXOBOM NPBOOUTHOM OKpPYKeEHY U
KONOHM]jU, ann HUCY NpoHaheHn NapoBM LWKOJ/bKM KOjU Ce cacToje 04 ABe J/bylType, 1eBe U AecCHe
CTPaHe LWKO/bKe, KAao WTO cy bune cacTaB/beHe Yy HUXOBOj NPBOOUTHOj KMBOTHOj CTPYKTYpPMU.
YMmecTo Tora, hbMX0BM MNOjeANHAYHN 4EN0BU Cy PALITPKAHWM Ha rpebeHy Ha noBpwKMHKM of 459
meTapa KBagpaTHUX. BeinKo NaneoHTONOWKO HanasunLwTe OCTPUTa je MICKOMAHO TOKOM TePEeHCKMX
Kamnarba OpraHmM3oBaHux o4 cTpaHe lMpupograykor myseja y beuy n HUXOBUX capagHuKa o,
2005. po 2008. roanHe. JlacepcKo CKeHupare 1 poTorpameTpmjcka Kamnarba je opraHnM3oBaHa
2014. rogMHe Ha OPUTMHANHOM Ha/la3nLWTY Ca UM/beM Aa Ce AUTMTaNn3yje beH caapKaj. Benmko
HanasuwTe Cca CNOXKEHOM KOJOHMjOM LWKO/bKU je AUTUTAZIHO [OKYMEHTOBaHO nomohy
6nvckonpeameTHe doTorpameTpuje, rae je kopuwheH nacepcku ckeHep FARO Focus 3D 1 Canon
60D kamepa ca Canon EF 20 mm f 2,8 o6jektnBom. 3, 061aK Ta4yaKa u CAMKE BUCOKE pesonyumnje
OBE KOJIOHMWje LWKO/bKM cy obpaheHn ca oTorpameTpujckMm MeTodama 4YMju cy Kpajhbu
pe3yntatv cnegehu nogaum: gUruTanHn Mmogen nospln pesonyumje 1 mm (BeanuymHa rpuga) v
optodoTo pesonyumje 0,5 mm (BennumHa nukcena Ha TepeHy). OBM nogaum CayKe Aa noape
NasIeoOHTO/IOWKO TyMaveke HafasnwTa u n3paay 6ase nogartaka octpwra.

MNaKo je nutepatypa o paHom MwuoueHckom ywhy BenrKa, 3Hakba 0 GOCMIHOM cacTasy,
TahOHOMMUjU, BENMYUHU UNU OPUjEHTALMjU OCTPpUra Ha OBOM jeAMHCTBEHOM JOKA/NIUTETY CY
CKpomHa. CTora mMocCTOjU MHTEpPEeCOoBae 3a TEeCTMpPare M MPUMEHYy HOBMX TEXHMKa 3a
AOKYMEHTOBaH€ PeTKUX pocnnHMX objeKkaTa paam UCTParKMBakba TaKBUX IOKaLMja Ha epUKacaH,
ayTOMaTCKM M 0bjeKkTmBaH HauuH. Kopuwhewe 3[ ob6naka Tayaka je NPaKTMYHO 3a OBO

viii



UCTpaXmBare, a WHTepecoBake npema AUrMTaaiHUM Nojaumma Mopacno je HakoH npsor
objaB/beHOr Hay4yHoOr paga U Aejberba NodaTaKka jaBHo npeko nnatdopme PANGAEA. CxogHo
TOMe, UCTPaKMBatbe CNPOBELAEHO Y OBOM pagy je oA nocebHor nHTepeca, jep uma 3a un/b Aa
OArOBOPM HA UCTPAXKMBAYKA NUTaHA NOKPEHYTA M3Melhy reoNoWwKnx ctyamja n ¢otorpameTpumje.
[a 6u ce ogroBopuno Ha oBa NUTakbA, Y Pajy ce Npeaaaxky HoBe MeToze Koje YK/byuyyjy passoj
cTpaTervje 3a MoAen0Bakbe KOMMNAEKCHUX MOBPLUM HA OCHOBY 06/1aKa Tayaka BUCOKe pe3onyuuje
33 OTKpMBAHbe KapaKTepUCTUKa rpebeHa n peneBaHTHUX reoMeTpujckux MHpopmaumja. Y 10
yNasn metoda 3a AeTeKumjy TayHor 6poja WKo/bKU Ha rpebeHy 1 meToaa 3a NpoueHy BeNnUYnHE
WKO/bKM (NpoueHa 3/[ Ay*KWHE); 3aTUM, U3padvyHaBakbe OpUjeHTalMja, NpoLeHa 3anpemuHe
WKOJ/bKN, BM3yenM3auMja W Kpeuparbe TeMaTCKMX KapaTta 3a nomoh npuavkom paja
NMasieoHTO/NIOrA HAa HaNasuWTy WAM WHTepnpeTauuja. Pap Takohe Kopuctu [eorpadcku
nHpopmaumonm cuctem (FTMC) npu npuKyn/bakby pedepeHTHUX nodaTaka U NPOUEHM
noy3AaHOCTM pe3ynTaTa Ha OCHOBY ayTOMATCKe 0bpaje nogaTtaka.

Y oB0j moHOrpadmju ce NnpeacTaB/bajy pe3ynTaTv UCTPAXKMBakba Koja cy 06jaB/beHa y YeTUPH
Hay4Ha paja Yy YaconucmMma v Aga paga objaB/beHa Ha HayYHUM KOoHdepeHumjama. CBu pasosu
Cy NPOLW/IM NpoLec peBusnje U jeaaH og tux je HarpheH og ctpaHe MehyHapogHor yapyKera
3a poTorpameTpujy n aasbuUHCKy aetekumjy (ISPRS). Mpsu u apyru paa UCTpaxyjy NuTara Be3aHa
3a TadOHOMMUjy LIKOJ/bKE, NPOLEHY YKYNHOr 6poja LWKO/bKKU Ha rpebeHy n Tymayere Aa u je
KOJIOHMja LIKO/bKM 06/IMKOBaHA NOA yTULAjeM onyje uau uyHamuja. Takohe cy pasmaTtpaHe
nojeAnHaYHe NpoLeHe 3anpeMmnHe LWKOJ/bKKU, PaCnpOoCTPateHOCT M CACcTaB WKO/bKKN namehy aBa
CKyna nopgaTtaka Ha rpebeHry (ckyn cesep-jyr U cKyn 3anag-uctok). Tpehu pag onucyje npunpemy
W NNaHMpakse 3a NPUKyn/bake nogaTaka, ynpas/bare NogaLmma U KOOpPAMHATHUM CUCTEMMMA
3a AWUrUTanM3aunjy Benukor rpebeHa pocmnamsoBaHmx octpura. McTpaxusare je Nokasano Aa
MMa noTeHuMjana 3a ynotpeby 3/l nogataka n potorpaduja BUCOKe pe3onyumje y ayTOMATCKO]
MeTOoaM AeTeKumje NojeANHAYHUX LUKOJbKU Y C/IOXKEHOM OKPYKekby, WTO je K/byYHM 3a4aTak Aa
Cce eBMAEHTUPAjy WKO/bKE Ha NANEOHTOJ/IOWKOj NOKAUMUju. HYeTBPTU pag, UCNUTYyje ayTOMATCKO
oapehuBare 3[] opujeHTaUMja LIKO/bKM Yy MPaBOYraoHOM KOOPAMHATHOM CUCTEMY, rae cy
boCMAM LWIKO/BKN NpencTaB/beHM Kao m3gyKeHu o6jeKkTu. TayHu yrnoBu poTaumje cBake
nojeamMHayYHe LWKOJ/bKe 3HauyajHW Cy 33 CTATUCTMUYKE aHanu3e y MpUPOAHMM Haykama. Lumb
UCNNTUBAHbA je Aa ce YTBpAM Aa AU CY NOKauMmje jaKo HarHyTMX OCTpura Mmane CTaTUCTUYKMU
3HavajHy Kopenaumjy ca 0banKbUM NyKOTUHAMa paceaa. OBe NYKOTUHE Cy NPUCYTHE Ha rpebeHy
N HbUXOB MOJIOXKA] je AUrnTann3osBaH Kopuctehmn optodoTo K anruTanHn mogen nospwmn y M’cC
OKpyKerpy. eTn ynaHak TEXHUYKM UCMIUTYje KAKO OApeauTU MNPeum3Hy OYKUHY LWKO/bKU U
AEMOHCTPMpPA MeToAy 3a ayTOMATCKO M3padyHaBarbe 3/l UeHTpanHe /AuHMje (CKeneToHa)
Pas3INUUTUX reoMeTpujckux obanka docuna octpura. OgpeheHe KapaKTepUCTUKE LeHTpasiHe
JINHKWje ce KopuCTe 3a NPOoLEHY NpeKaona Uan yKpluTaBaka OCTpUra ca Apyrum LWKO/bKama mncre
nnn pasnunuute Bpcte. Mocnegru (wectn), ynaHak npeacras/ba onuc npee MNMC 6a3e nogataka
Kao uHTepdejca gurutanHor rpebeHa WKO/bKM U anaTta 3a ynpas/bakbe 3awtuheHnm npupogHMm
Hacnehem.

JonpuHoc uenokynHe Tese nokasyje ga cy TJIC nacepcku obnaum Tadaka eduUKacHU u
norogHu U3BOpM NogaTaka 3a Kpeupame agetasbHux 3 moaena naseoHTONOWKOr HafasmLwTa.
T/1C npy:Ka npeunsHa mepera objeKkaTta C/IoXKeHe reomeTpuje Kao WTo cy GOCKIM WKObKK. Tesa
ce GOKycnpa Ha uCTpaxkmBadke moryhHocTM u ynotpeby nogataka NacepcKor CKeHupara Ha
pa3nmunute 3agatke 3/[1 moaenmparba Kao WTo cy MHAeHTMdMKaumnja pocunna WKO/bKM, HUXOBOT
obnnka, ogpehuBare BennunHe ¢docuna, opujeHTauumje, 3anpemumHe U ApYyrux GUINYKKX
napameTtapa Koju cy notpebHu 3a npeuumsHe NaNeoHTONIOWKe MHTepnpeTtauuje. CTora, Tesa



ncTpaxyje portorpameTpujcke MeToLe Koje oAroBapajy Ha 3axTeB 3aZaTKa M NpyKajy pesyntate
KOju ce nako mory npuKasatu y 3/l okpyxerby nnm y3 nomoh r'cC anarta (temaTcke mane), Kako
61 ce noap:Kane NanNeoHTONOLWKe UHTepnpeTaumje. Takohe cy onucaHun y pagay pesyaTatv CBux
eBanyaumja ¢GoTorpameTpujcKMX MeToAa KOju MpuKasyjy KONMKO je passBujeHa meToaa
NPUMEH/bMBA Yy NaneoHTonormju. ManeoHtonowkn 3[ cKyn nogaTaka (o6nak Tayaka
MWAIVMETAPCKe pe3o/siyumje) je AOCTynaH Ha 3axTeB 3aMHTEPEeCcOBAHWUX MUCTPAXKMBAYa Yy LUUbY
eayKaumje n TectMpatba HOBMX anroputama, AOK 3a caga objaB/beHa jaBHA AOKyMeHTauuja
CaXW guUrntTanHn mogen nospwn n optodoto. Objas/beHN NogaALM Aajy WMPOKM NOAUTOH 3a
Aa/bu pa3Boj meToga y GOTOrpameTpuju, a TO MOMAXKe MANEOHTON03MMA Y MPELU3HUUM
WHTepnpeTaumjama.
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1 Introduction

1.1. Motivation

In order to improve our understanding of events from the past, it is important to study
nowadays the fossils adapted to specific local environments of former times. Consequently,
fossilized shells may provide information on various physical processes that happened through a
complex history of shell bed formation being shaped by more than one factor under different
environmental conditions (Kidwell, 1986, 1991; Firsich and Oschmann, 1993; Mandic et al.,
2004; Zuschin et al., 2005). The shell bed in Stetten, Austria is the world’s largest fossil oyster
reef, which provides the rare opportunity to study the Early Miocene flora and fauna of the
Paratethys Sea. This sea was part of Pannonian basin and in terms of modern state boundaries,
the basin centers on the territory of Hungary, but it also covers regions of western Slovakia,
southeastern Poland, western Ukraine, western Romania, northern Serbia (Vojvodina), the tip of
northeast Croatia, northeastern Slovenia, and eastern Austria. Today's Black Sea, Caspian Sea,
Aral Sea, Lake Urmia, Namak Lake and others are remnants of the Paratethys Sea.

The terms shell bed, reef and biostrome are used often in literature to describe related
things (Trewin and Welsh, 1976, Bahr and Lanier, 1981, Harzhauser et al., 2015). The term reef
appears most often in estuarine ecology (e.g.: Powell et al., 2006; Thomsen et al., 2007; Lejart
and Hily, 2011; van der Zee et al., 2012; Rodriguez et al., 2014; Ridge et al., 2015, 2017). The term
biostrome of Lahee (1932) is in use because many intertidal oyster bioconstructions lack a strong
vertical growth component. Shell bed term refers to shell accumulation or shell-rich deposit of
fossils used first time in research of Boucot et al. (1958), Walker and Bambach (1971), Roberts et
al. (2008), and this term will be used often throughout our oyster research as a synonym for reef.

Geologists and paleontologist have been taking traditional measurements on the oyster reef
in Stetten so far, e.g., information on orientation and length of specimen. However, that work
was subjective, time consuming, limited in the number of measurements taken and not
comfortable, because the reef is not easily accessible and also its protected site, so stepping or
placing instruments on it is forbidden. Thus, an accidental damage or vandalism by visitors, as
well as destruction by natural hazards, are constant threats to this unique site. Therefore,
contactless work in the office with the digitized surface or volume data would be preferred and
easier comparing to the field work. The digital models are a preeminent and unprecedented
documentation of the oyster reef and may serve as a basis for restoration and maintenance.

1
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Scientist could observe and compare fossils in the long term context, without taking them from
the excavation site, for instance for research and education purposes or museum archive.
Permanent availability leads to more transparent results, because it will give the possibilities for
all researchers to repeat the analysis or test newly developed methods on the same data set in
the future works. Finally, scientific communication in a broader community requires original data
to be available for all participants, leading to more transparent results. Therefore, combined
work of photogrammetry, geology and paleontology is required to document, quantify and
evaluate the fossilized shells on the reef.

A major goal of this thesis is high-resolution digital documentation of the world’s largest
known fossil oyster reef, comprising thousands of oyster shells. This implies providing high
resolution 3D data of the fossil reef in order to make easier geometrical investigations of the
entire site and its specimens. That requires developing of new methods or testing already existing
methods from photogrammetry and laser scanning and evaluating their suitability for this
particular application. Photogrammetry provides the tools for image acquisition, projective
texture information, and objective interpretation of the complex oyster reef surface. Laser
scanning provides 3D point cloud data from which it will be possible to generate accurate digital
surface models at the millimeter scale. This documentation can also enable international
scientific community to work with the unique natural heritage data accessible via the worldwide
web. The captured surface is publically accessible via the PANGAEA platform (Data Publisher for
Earth & Environmental Science; Djuricic et al., 2016b). It represents a reliable and objective
documentation of the excavation site, providing data for current and future paleontological and
geological analyses. The 3D data can be used to reconstruct virtual fossils within a computer
environment, where all essential manipulations like rotating, translating, partitioning, sectioning,
measuring, scaling, magnifying, or capturing images are feasible. It will be possible to create and
share virtual copies of fossil material as well as to do 3D printing of selected shells.

Although being the world’s largest excavated fossil oyster reef, an interpretation and
comparable analysis of the shell accumulation is missing. No quantification of the shells was
performed and the taxonomic inventory was only cursorily documented during excavation. Thus,
the study is aiming to identify and count individual specimen as well as to interpret their
parameters such as species (taphonomy), level of overlap, abrasion, bioerosion, encrustation,
fragmentation, shell side, orientation (convex side up/down), and geometrical parameters such
as size, area, and rotation angles. 3D visualizations of very dense oyster data support
interpretation and serve as a tool for the interactive discussion between experts from the field.

For the purpose of evaluation of our methods (to evaluate e.g. shape and size), the automatic
detections need to be compared against corresponding reference data. Expert knowledge is
required to detect and outline the individual shell correctly and to determine its parameters
mentioned above.

The study is based on a very dense surface reconstruction of the oyster reef. It focuses on
using visualization technologies from photogrammetry in geology and paleontology in order to
develop new methods for automatic and objective evaluation of 3D point clouds. The method
that was used to document the site as a georeferenced 3D point cloud is terrestrial laser scanning
(TLS). It is an innovative method that can handle and provide large paleontological data sets.
Geometric data needs support of image data to generate orthophotos of the huge
paleontological excavation site. Therefore, its needed to provide high-resolution 3D surface
modeling of a fossil oyster reef using TLS and close range photogrammetry, which provides
millimeter-level measurement accuracy and allows rapid acquisition of huge datasets.
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The expectations of the thesis is the technology transfer between the disciplines of
photogrammetry, geology and paleontology. Thus, this work covers highly relevant topics of
these disciplines, so it is useful to introduce the intention of each scientific discipline individually.

1.1.1. The paleontological intention and geological setting

The studied site at Stetten (48° 22' 03.33 N, 16° 21’ 33.22 E) in eastern Austria is part of the
about 20-km-long and about 7-km-wide Korneuburg Basin, which is a lower Miocene half-graben
within the Alpine-Carpathian thrust-belt. The basin fill comprises the about 600-m-thick
siliciclastic Korneuburg Formation of Burdigalian (= Karpatian) age, which is tilted ca. 25° in
western direction.

The protected site is part of the geopark “Fossilienwelt Weinviertel” and exposes the world’s
largest fossil oyster biostrome which was excavated during field campaigns of the Natural History
Museum Vienna between 2005 and 2008. The shell bed is a single, about 15-25-cm-thick horizon
intercalated in coarse, poorly sorted sand with scattered plant debris and mudclasts. It is
interpreted to have formed in a subtropical estuary as an event layer initiated by a major storm
or tsunami (Harzhauser et al., 2015, 2016). The excavated and exposed shell accumulation now
covers an area of 27 x 17 m (459 m?) comprising about 50,000 shells presented to the visitors of
the geopark in the so-called “oyster hall”.

The densely packed shell bed represents an event layer that was formed ~16.5 million years
ago in a tropical estuary (Sovis and Schmid, 1998, 2002; Latal et al., 2006; Harzhauser et al., 2009).
It mainly comprises the giant oyster Magallana gryphoides (Schlotheim, 1813; Salvi and
Mariottini, 2016) up to 60 cm long, which is a bivalve and calcitic shell. Each individual developed
two convex, strongly elongated valves of different sizes (Fig. 1). A ligament in the hinge area,
together with a single adductor muscle located posteroventrally in the interior shell cavity, kept
the valves articulated during the bivalve’s lifespan. After death, the valves usually became
disarticulated.

This unique fossil accumulation was formed at the onset of the last global climate maximum,
known as the Middle Miocene Climate Optimum (Zachos et al., 2001). Despite the state of the
art that deals with the flora and fauna of the Miocene estuary, before the research on this thesis
little was known about the composition, genesis and taphonomy of the study site. A detailed
analysis is required to elucidate the formation of the structure. For instance, the number of shells,
the ratio between left and right valves, their orientation, and the degree of fragmentation
provide bases for further interpretation. The shell bed is preliminarily interpreted to have
formed during a single hydrodynamic event, such as a tsunami or a major storm (Harzhauser et
al., 2009). Thus, orientation estimation of the oyster shells will be investigated in details in order
to detect trends or patterns on the oyster reef.

In addition, open questions in palaeontology concern the carbonate production of the oyster
reef. Therefore, a relation between shell length and volume will be generated. For that study the
length will be determined by central line extraction. As the entire oyster reef is documented in
the form of a digital surface model, the determination of the length of each specimen, and
therefore the estimation of the carbon production for the entire reef becomes feasible. However,
such data cannot be acquired on site for a larger area; it is impossible to step on the shell bed
without destroying the fragile fossils. Moreover, the field measurements might be biased by
subjectivity, increasing the difficulty of cross-checking the data afterwards. Finally, traditional
onsite measurements consume a great deal of time. Non-destructive georeferenced data
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acquisition represents a major breakthrough for the analysis of such geological structures. The
extent of the reef and the good condition of the fossils qualify the oyster reef for a detailed
documentation for current and future scientific investigations. Thus, geospatial information
needs to be acquired for modeling its objects.

left valve

right valve

Figure 1: Technical sketch of an oyster shell (left and right valve), published in Djuricic et al., 2016a.

1.1.2. The photogrammetric intention

Progress in 3D digitizing sensor technology brings possibilities of new data collection
techniques (Kraus, 2007; Buckley et al., 2008; Pfeifer et al., 2011; Goodman et al., 2013; Kurz,
2013). Therefore, it will be tested, if point clouds from close range terrestrial laser scanning can
provide geometry adequate for analysis of the world's largest fossil oyster reef. In addition,
images of a huge paleontological excavation site will support derivation of texture information
and generation of orthophotos. Photogrammetry provides a powerful tool to digitally document
protected, inaccessible, and rare fossils. This saves manpower in relation to current
documentation practice and makes the fragile specimens more available for paleontological
analysis and public education. The overall photogrammetric intention is development of new
methods needed to protect the site and enable its analysis by using not-tactile (i.e. remote
sensing) measurement techniques to study irregular objects. Irregular objects are rarely studied
in photogrammetry, because typical objects are either very regular (houses, roads, etc.) or the
study of an objects is replaced with the study of the surface itself or a parameter (e.g. terrain
surface, vegetation density, etc.). The very irregular shell surface not only poses a problem in
interpretation (manually as well as automatically) but also in aligning the orientation of the
individual acquisitions relative to each other. Working on such a challenge of irregular objects is
expected to advance photogrammetry in general.

Documentation, archiving, and analysis of natural and man-made objects and scenes are
ongoing endeavors (Brodu and Lague, 2012; Di Salvo and Brutto, 2014; Bertin et al., 2016). If the
focus is on geometrical aspects, 3D point clouds (Otepka et al., 2013) are often the primary choice
for the description of objects, along with raster digital elevation models (DEMs) and triangulated
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models (meshes). For smaller scenes with complex geometry, terrestrial laser scanning (TLS) is a
well-established method to describe objects with centimeter precision for extended areas of up
to 100 m2. However, it is challenging to achieve mm accuracy over a large site with irregular
shapes. That level of accuracy requires not only one scan but, over a larger scene, coverage by
several scans. The surfaces of the shells are very irregular, feature high curvature and roughness,
and include overhangs. The objects range in size from a few decimeter down to a few millimeter,
therefore mm resolution of their surface models is required. Respective approaches that provide
very high resolution and precise 3D models are needed (Nothegger and Dorninger, 2007, 2009;
Dorninger and Nothegger, 2009; Nothegger, C., 2011). In this thesis, the technique will comprise
geometric, as well as photographic, documentation with a resolution of 1 mm and 0.5 mm,
respectively. The automatic extraction of shells from photogrammetric data, e.g., digital surface
models, is intend to be studied. Furthermore, features such as measures of concavity and
convexity will be detected automatically, allowing information extraction and geological
interpretation. There, the visualization of convex shell surfaces within the complex surrounding
on the oyster reef will be investigated, as well as the automatic quantification of the shell
number.

The oyster data set (3D point clouds, digital surface models and orthophotos) is the largest
of its kind in geology and to allow a broad range of scientific analyses, including taphonomy,
structural geology, tectonics, and paleoecology (e.g., Harzhauser et al., 2015). Aside from these
scientific aspects, the fossil oyster reef is a protected natural heritage site and it is the main
attraction of a geopark in Stetten. Accordingly, this study has aims to become a best-practice
example of documentation in earth sciences.

1.2. Research questions and objectives

A number of research questions shall be answered in this thesis. Research questions are
organized in photogrammetry-geology pairs. The photogrammetric question typically provides a
method, with which the geological question can be answered. Additionally, the questions from 1
to 3 go more and more into detail. The Table 1 provides an overview, the questions are detailed
thereafter.

Table 1: Research questions organized as photogrammetry-geology pairs.

Question Photogrammetry Geology
1 Can we extract individual oysters from point What is the specimen distribution
clouds automatically, and with which quality? (age, size, species, etc.)?
2 How to characterize and extract orientation of Was it a storm or a tsunami that
specimen? triggered shell bed formation?
3 How can we detect overlap and encrustation of Separate pre- and post-event
shells? patterns?

An important aspect of this thesis is to show the potential of laser scanning and
photogrammetry for modeling fossil shells in complex environment and to discuss the benefits
of the presented approach. Figure 2 shows the workflow diagram of the research. To scientifically
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evaluate the applicability of the proposed approach, the following pair-wise Photogrammetry —
Geology research questions (Q) were considered:

e (QPhoto- Can we extract individual oysters from point clouds automatically, and with
which quality?

For answering the first photogrammetry question, an individual approach has to be
developed and investigated. It is based on a geometric analysis, based on the data acquired, i.e.
the point cloud. A point cloud is a set of three dimensional points in a Cartesian coordinate
system (x,y,z) and has in this case a point spacing of about 1 mm, whereas the individual
specimen reach in size from 14 to 60 cm. As the number of shells is high, an automatic approach
for their extraction was considered necessary.

e (Q Geology — What is the specimen distribution (age, size, species, etc.)?

This question was triggering the entire research. The quest for an answer leads to the
measurement campaign, design of a GIS database, visualization, reference data collection, and
automatic extraction approaches and evaluation of the reliability of the automated processing.
It is related to integration of new technology to improve the efficiency and quality of
geological/paleontological interpretation. As the reliability and accuracy of data is important, the
question is how to acquire the data, and with which properties, e.g. with respect to point density.
Shell identification from images requires the availability of adequate surface texture, as well as
shell extraction from point cloud requires high enough density. Adequate approaches for data
acquisition are either based on image processing or on direct point measurement (referred to
terrestrial laser scanning).

A representative set of reference data will be initially required to learn about shells which
should be detected. For this, we are gathering morphometric data on more than 10 000 left and
right adult and subadult shells. Finally, automated shell detection algorithm needs to be applied
to the whole data set to assess the applicability of the method to larger areas. The outcome is
planned to be analyzed and compared with the manually determined shell polygons (references)
within the central area of the reef. The surface matching validation method intends to use
completeness, correctness, and quality assessment as defined, e.g., in Heipke et al. (1997).

e (QPhoto—How to characterize and extract orientation of specimen?

Orientation presents the main direction of the elongated oysters. As oysters grow, they do
not necessarily grow straight. The question thus is, how to represent the orientation of irregular,
often elongated objects. Orientation will be evaluated by using shell central line, which is an
imaginary curved line spanning the maximum length of the shell. A method to define
automatically a central line shall be investigated. By mapping shell positions and calculating their
orientations, we are aiming to discover if the storm or a tsunami waves modified the orientations,
to answer the second geological question:

e (QGeology — Was it a storm or a tsunami that triggered shell bed formation?

The high-energy event, which reworked the oyster biostrome and homogenized it across the
now visible area, will most probably have had a directional component, such as the run-up and
backwash of a tsunami. The shells were apparently exposed on the sea bottom. During this phase,
the original orientation has been strongly modified by bioturbation and the dominant
hydrodynamic setting. Therefore, it is expected that the clusters of oysters with similar
orientation indicate prevailing current (Nagle, 1967). Hence, the answer of this question leads to
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extraction of central line in 2D and 3D of specimen, since they depict very well the main direction
of shells valuable for orientation calculations such as azimuth or tilt angles of the shells.

Workflow
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Figure 2: Workflow diagram of the research.

models from DSM and
orthoimages, on-site
mapping, attributes, ...
Evaluation: position,
shape, size, statistics, ...

* Reference data: reference

e (QPhoto - How can we detect overlap and encrustation of shells?

For example, the species Ostrea lives often on the exterior part of a Magallana oyster.
Automatic derivation of encrustation of Magallana by Ostrea would thus further support
paleontological analysis providing a methodology for documenting paleontological specimens
without going to the locality.

Two-dimensional and three-dimensional lengths of shells will be compared in order to
visualize possible differences between 2D and 3D lengths. Differences (residuals) are expected
to support automatic discovering of strongly curved shells and potential encrustation of
Magallana by Ostrea, Venerupis or any other type of shells or even fragments. Consequently,
detection of encrustation will support answering partly the third geological question:
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e (Q Geology — Which patterns visible in the shell bed occurred pre- and which during
post-event?

A closer examination reveals that “significant” modification was also observed on the shell
surface due other species settlement, predators, weathering or the strongly wave-exposed
shells. Some shells have been also partly damaged during excavation. The observed settlement
by barnacles and bioerosion could have occurred already while the animals were alive. In
particular, bioturbation by large marine vertebrates such as rays, turtles and teleost fishes is a
common phenomenon in shallow marine settings (Kidwell and Bosence, 1991; Gregory, 1991;
Pearson et al., 2007; Lazar et al.,, 2011; Pervesler et al.,, 2011). The different ecological
requirements of the species clearly suggest mixing of different habitats, because of many other
taxa found within the shell bed beside dead Magallana shells. For instance, mapping features
such as taphonomy, abrasion, bioerosion and encrustation, fragmentation and side of the shells
will be performed. Furthermore, the statistical distribution of the features will be determined.

Research questions lead to objectives, which are given in the following. The objectives are
grouped into 3 phases:

Objectives

(1) documenting the uniqueness of this geological site and helping to preserve it by
digitizing;

(2) to test how modern photogrammetric techniques can be used in achieving (1);

(3) to develop strategy for capturing irregular surfaces by high-resolution point
clouds;

(4) an analysis method to detect convex parts of shells;

(5) a method to count and detect the number of shells automatically;

Objectives (1) to (5) comprise Phase 1, which includes data acquisition and shell numbering;
(6) to derive 3D shell central lines automatically and to estimate shell 3D length;

(7) to evaluate the accuracy of two-dimensional (2D) and three-dimensional (3D) shell
length against manually collected reference;

(8) to apply ratio between shell area and length with the aim of identifying
encrustation or strongly curved shells;

Objectives (6) to (8) build Phase 2, which describes method for derivation of shell central line.
Phase 3 includes estimation of shell orientation, volume, age, and carbon production:

9) to automatically derive the three angles of orientation of an oyster shell to better
explain transport direction or presence of imbrication;

(10)  to test the influence of fault lines - present in the reef - on strongly tilted oyster
shells;

(11) to determine the age of shells and carbon production (based on size & volume
estimation);

(12) avalidation and visualization of final results.
To achieve these objectives, the methods need to be developed progressively taking in

consideration that the site is protected natural heritage with the complex geometrical objects.
Therefore, optimal solutions plan to be reached for capturing the whole excavation site at
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economically feasible costs and time. Moreover, this will present the significant automation in
data processing, visualization, interpretation and derivation of geometric attributes in
paleontological prospection.

Phase 1 — Digital documentation of the unique geological site will be provided by terrestrial
laser scanning (TLS) at the millimeter scale. Obtaining meaningful results is not merely a matter
of data acquisition with a suitable device; it requires proper planning, data management, and
postprocessing (Buckley et al., 2008; Remondino and Stylianidis, 2016). Terrestrial laser scanning
technology has a high potential for providing precise 3D mapping that serves as the basis for
automatic object detection in different scenarios; however, it faces challenges in the presence of
large amounts of data and the irregular geometry of an oyster reef. A detailed description of the
techniques and strategy used for data collection and processing will be provided. An automatic
analysis method for identifying and enumerating convex parts of shells intends to be investigated
and evaluated. Archived accuracy in detecting the number of objects will be reported. In addition
to TLS point cloud data, an orthophoto mosaic will be generated with submillimeter ground
sampling distance (GSD). This high-resolution 3D information and the photographic texture will
serve as the basis for ongoing and future geological and paleontological analyses. Moreover, they
will provide unprecedented documentation for conservation issues at a unique natural heritage
site.

Phase 2 — Method for the reliable and accurate computation of the central line of each oyster
of the reef is missing. By using available digital information, 3D shell central line derivation can
be investigated by adoption of existing and by developing new methods (Amenta et al., 2001;
Dey and Zhao, 2004; Huang et al., 2013). High resolution orthophoto (0.5 mm) and digital surface
models (1 mm) can be used to define fossil boundaries that are needed as an input to
automatically extract fossil length information via central lines. In general, central lines are widely
used in geosciences as they easy observe, monitor and evaluate object dimensions. The subset
of 3D central lines of Magallana gryphoides oysters of various shapes and sizes will be computed
in the study. Central line calculation will include:

i) Delaunay triangulation between the fossil shell boundary points and formation of the
Voronoi diagram (Voronoi, 1908; Delaunay, 1934);

ii) extraction of Voronoi vertices and construction of a connected graph tree from them;

iii) reduction of the graph to the longest possible central line via Dijkstra’s algorithm
(Dijkstra, 1959);

iv) extension of longest central line to the shell boundary and smoothing by an
adjustment of cubic spline curve; and

V) integration of the central line into the corresponding 3D point cloud.

The resulting longest path estimate for the 3D central line is a size parameter that can be
applied in oyster shell age determination both in paleontological and biological applications.
Furthermore, applying ratio between shell area and length is aiming to identify potential
encrustation, because the oysters often provide habitat for other species. As the shell size has to
be measured accurately, the central line method needs to be evaluated by comparing
automatically extracted central lines with manually collected reference data used in
paleontological analysis.

Phase 3 — Method to calculate the angles of rotation from the 3D point cloud data
representing the oyster shell needs to be developed. The shell rotations are the source that can
be used to reconstruct information about events and processes from the past. The rotations of
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objects on bedding planes is a central topic in paleontology (Lukeneder et al., 2014). However,
the most analyses are characterized by the 2D-nature of the data, which focus only on the
azimuth angle. This angle isinterpreted as an indicator of flow or transport direction, while having
two more rotation angles from the shells can be an important source of information to report in
more detail about depositional condition of the specimens. Advantage of 3D data is spatial
positioning of objects, parallel or tilted to the bedding plane, which might reveal imbrication or
can support finding object movements due to currents, transport mechanisms, local fault lines,
or encrustations (Millane et al., 2006; Milan et al., 2007, Smith et al., 2012) .

The age classes of shells plan to be established. Analysis of population structure of a fossil
oyster shell bed aims to report about the growth performance of the Miocene giant oyster and
to reveal its significance as part of the Miocene “carbonate factory”. For this, the volume
calculation of the shells is needed, for that reason the point cloud of selected shell has to be
transformed into a closed mesh. Consequently, a relation between central line length (Phase 2)
and volume data can be deduced. Thus, based on the age models of the shells, the annual
carbonate production per shell can be calculated and compared with nowadays living oyster
reefs.

1.3. Overview of the thesis structure

After introducing research questions and objectives in chapter 1, chapter 2 introduces laser
scanning and photogrammetry applications used in previous geological and paleontological
studies to map shells or in general different similar small objects (Feng and Réshoff, 2004;
Heritage and Milan, 2009; Hodge et al., 2009a, 2009b; Wang C. K. et al., 2011; Wang Y. et al.,
2013; Rodriguez et al., 2014; Ridge et al., 2015, 2017).

Chapter 3 contains parts of material and methods originally published in scientific articles
Harzhauser et al., 2015, 2016; Djuricic et al., 2016a, 2016c, 2016d; Puttonen et al.,, 2018.
However, parts of the articles are included in thesis with reprinting permission, under a Creative
Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).
Materials and methods introduce the site and data acquisition in detail: terrestrial laser scanning
(control points for registering 3D laser scans, platform, and sensor), photogrammetric imaging,
coordinate systems, and management of data. This includes the strategy employed for handling
the huge point clouds. Furthermore, in this chapter, digital surface model and orthophoto
generation are presented as well as manual reference data collection. Moreover, the method for
automatically detecting shell surfaces is presented in section 3.3. Section 3.4. describes method
for 3D central line extraction and length calculation as well as a proposal for automatic
encrustation detection. Section 3.5. covers the method for shell volume calculation, age class
derivation as growing model of shells which is directly related with calculations of annual carbon
production also described in the same section. Orientation of each shell is described by the
rotation angles roll, pitch, and yaw in a Cartesian coordinate system in section 3.6., where the
influence of shell orientation is investigated in order to analyze possible prevailing hydrodynamic
regimes on the reef.

Chapter 4 presents the results followed by quality assessment. The links are given to
corresponding supplemental materials. The sections are organized as follows: section 4.1.
includes oyster reef digitizing, then, section 4.2. shows achievements regarding individual oyster
extraction results, while section 4.3. is related to presentation of results about 3D orientations,
and section 4.4. explains the oyster size, density, age, and carbon production estimation.
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Chapter 5 presents discussion — it gives also the links to corresponding supplemental material
and appendix. The sections are organized as follows: Section 5.1. includes general discussion
about the reef digitizing, then, section 5.2. is related to discussion on the research questions
based on oyster extraction results and evaluation.

Finally, chapter 6 — section 6.1. — outlines what worked out or what did not work out, and
when it was required to focus on new developments. Section 6.2. closes the thesis with given
conclusion, key findings and also suggestions for possible future research.

1.4. Contributions

In general, estimating geometric features from point clouds has many applications in
computer graphics (Merigot et al., 2011); however, this technique is a novelty in geology and,
more specifically, in paleontology.

Collaboration work between TU Wien, 4DIT and NHM is addressed properly in the text and
made clearly evident in the chapters, and all respective sources are correctly cited. The
contributions of this work are:

(1) Close-range TLS was applied for the first time for monitoring fossil oyster reefs in
paleontological science;

(2) Oyster reef surface was investigated for the first time by the use of remote-sensing
approach with a millimeter resolution;

(3) This study is the one which besides interpreting the overall structure of the reef,
focuses on detecting single shells, by segmenting the 3D point cloud of laser
scanning data into meaningful regions representing particular objects;

(4) Creating the first GIS database as an interface of a digital oyster reef and managing
tool for a protected natural heritage site;

(5) Interpretations of the digital data from spatial and non-spatial aspects such as
shell size, area, orientation, position, species, state of fragmentation, side,
visibility of convex up and convex down shells, abrasion or bioerosion,
encrustation by barnacles or another oyster, etc;

(6) The 3D central lines were used in a novel paleontological context to study
fossilized oyster shells with photogrammetric and TLS-obtained 3D point cloud
data (Djuricic et al., 2016d);

(7) The age classes were established based on relationship between the central line
length and accurate volume calculations;

(8) The annual carbonate production per shell was calculated, reporting the fastest
growing and largest species known so far, based on the age models of the shells;

(9) Developing a method to calculate the angles of rotation from the 3D point cloud
data representing the oyster shell to better explain transport direction or presence
of imbrication;

(10)  For the first time, the influence of fault lines - present in the reef - were tested on
strongly tilted oyster shells;

(11) Designing and providing various visualizations based on available DSM and
orthophoto, required as thematic maps where each individual shell is linked with
their descriptive attributes.
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1.5. SMART - GEOLOGY Project

The PhD study was carried out during the project Smart-Geology for the world’s largest fossil
oyster reef, funded by The Austrian Science Fund (Der Fonds zur Foérderung der
wissenschaftlichen Forschung - FWF) (P-25883): https://smart-geology.geo.tuwien.ac.at/. Figure
3 presents the diagram of the “Smart — Geology” approach proposed for highly automated
processing and evaluation of the results of the smart approach.

SMART - GEOLOGY ﬂ

Workflow

. =
I Data collection |
= TLS Pre-processing |
* Filtering
= Registration |
_______ -

-
Data manipulation | &

Experts in the field _ Ortho- [T~
photo + Texture assignment| .
Paleontologists ] - =] - - - - - — - - - - - = ! ;

Attributes
(abrasion/bioerosion/barnacles)

Results

I e s (intermediate)
Interactive cross-validation

Evaluation =TT
(=] Reference data
Database

Visual Inspection

Geometry: points, triangulations, DSM, =
Image data: raw images, ortho images, ...

Reference data: reference models from DSM .
: ! i : Public
and ortho images, on-site mapping, attributes, ... i
Edutainment EEE

Evaluation: position, shape, statistics, ...

Figure 3: Workflow diagram of the project showing the “Smart — Geology” approach proposed for highly automated
processing and evaluation (left) and the conventional approach (right) for evaluating and validating the results of
the smart approach.

1.5.1. The following papers have been published in peer-reviewed journals

Harzhauser M., Djuricic! A., Mandic O., Zuschin M., Dorninger P., Nothegger C., Székely B.,
Puttonen E., Molnar G., Pfeifer N., 2015. Disentangling the history of complex multi-phased shell
beds based on the analysis of 3D point cloud data. Palaeogeography, Palaeoclimatology,
Palaeoecology, 437, 165 - 180. Article | in Figure 4.

Harzhauser M., Djuricic A., Mandic O., Neubauer T. A., Zuschin M., Pfeifer N., 2016. Age structure,
carbonate production and shell loss rate in an Early Miocene reef of the giant oyster Crassostrea
gryphoides. Biogeosciences, 13(4), 1223-1235. Article Il in Figure 4.

Article I, Il and Il were published prior to my family name change from Djuricic to Puttonen.
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Figure 4: Graphical abstract of the scientific articles
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Djuricic A., Dorninger P., Nothegger C., Harzhauser M., Székely B., Rasztovits S., Mandic O.,
Molnar G., Pfeifer N., 2016. High-resolution 3D surface modeling of a fossil oyster reef.
Geosphere Journal, v.12, 5. Article lll in Figure 4.

Puttonen A., Harzhauser M., Puttonen E., Mandic O., Székely B., Molnar G., Pfeifer N., 2018.
Automatic determination of 3D orientations of fossilized oyster shells from a densely packed
Miocene shell bed. International Journal of Earth Science, Springer. Article IV in Figure 4.

Molnar G., Puttonen A., Székely B., Harzhauser M., Mandic O., Dorninger P., Nothegger C.,,
Exner U., Pfeifer N. Fault system extraction of an excavated oyster reef using high-resolution
laser scanned data. (in preparation)

1.5.2. Parts of the presented PhD study have been published in peer-reviewed
conference proceedings

Djuricic? A., Puttonen E., Harzhauser M., Mandic O., Székely B., Pfeifer N., 2016. 3D central
line extraction of fossil oyster shells: ISPRS Annals of the Photogrammetry, Remote Sensing
and Spatial Information Sciences, v. 3, p. 121-128. Article V in Figure 4. (presentation)

Djuricic® A., Nothegger C., Székely B., Pfeifer N., Harzhauser M., Dorninger P., Mandic O.,
2016. GIS database for the World’s largest fossil oyster reef. The 19th AGILE International
Conference on Geographic Information Science, 14-17th June, Helsinki, Finland. (poster)

1.5.3. Contributions to national and international conferences and research
seminars, presentations and posters

Puttonen A. Investigating paleontological oyster reef using high resolution remote sensing
data and GIS. Research seminar at Finnish geospatial research institute, 5" October 2018,
Masala, Finland.

Djuricic A., Dorninger P., Rasztovits S., Nothegger C., Harzhauser M., Mandic O., Glira P.,
Pfeifer N. Pairing fossil oyster shells, CHNT - 21st International Conference on Cultural
Heritage and NEW Technologies, Nov. 16-18 2016 in Vienna, Austria. (presentation)

Djuricic A., Harzhauser M., Mandic O., Pfeifer N. Surface roughness analysis of fossil oyster
shells using 3D laser scanning data. Conference: 2nd Virtual Geoscience Conference (VGC), at
Bergen, Norway, Sept. 21-23rd 2016. (presentation)

Djuricic, A., Puttonen, E., Harzhauser, M., Mandic, O., Székely, B., and Pfeifer, N., 2016, 3D
central line extraction of fossil oyster shells: ISPRS Annals of the Photogrammetry, Remote
Sensing and Spatial Information Sciences, v. 3, p. 121-128. (presentation)

Djuricic A., Puttonen E., Dorninger P., Nothegger C., Harzhauser M., Mandic O., Székely B.,
Pfeifer N. 3D Laser Scanning and Paleontology. Vienna young scientist symposium, June 9-
10th 2016 in Vienna, Austria. (presentation)

Harzhauser M., Djuricic A., Mandic O., Zuschin M., Dorninger P., Nothegger C., Székely B.,
Molnar G., Pfeifer N. Limits in detecting tsunamites in the stratigraphic record —an example

2 paper was selected by the Technical Commission V — Close-Range Imaging, Analysis and Applications for the
ISPRS Prize for Best Papers by Young Authors in Prague (2016).
3 poster was selected by ESRI Committee and public audience for Best Poster Award (2016)

14



Introduction

from the Early Miocene. Talk: Strati 2015, Graz, Austria July 19-23rd 2015, in Abstracts of 2nd
International Congress on Stratigraphy. (presentation)

Molnar G., Székely B., Harzhauser M., Djuricic A., Mandic O., Dorninger P., Nothegger C,,
Exner U., Pfeifer N. Semi-automated fault system extraction and displacement analysis of an
excavated oyster reef using high-resolution laser scanned data. European Geosciences Union,
General Assembly 2015, Vienna; in: Geophysical Research Abstracts Vol. 17, EGU2015-11417-
1, 2015. (poster)

Harzhauser M., Djuricic A., Mandic O., Dorninger P., Nothegger C., Székely B., Molnar G.,
Pfeifer N. Disentangling the history of complex multi-phased shell beds based on the analysis
of 3D point cloud data. European Geosciences Union, General Assembly 2015, Vienna; in:
Geophysical Research Abstracts Vol. 17, EGU2015-2101, 2015. (presentation)

Harzhauser M., Djuricic A., Dorninger P., Nothegger C., Mandic O., Székely B., Molnar G.,
Pfeifer N. New approaches in automatized recognition of geological features in 3D point cloud
data. PANGEO Austria 2014, Graz, Austria; 09/2014. (presentation)

Dorninger P., Nothegger C., Djuricic A., Rasztovits S., Harzhauser M. Smart-Geology for the
World’s largest fossil oyster reef, Poster: European Geosciences Union, General Assembly
2014, Wien; 2014-04-27 - 2014-05-02; in: "Geophysical Research Abstracts", 16 (2014),
10504-1.BibTeX. (poster)

Djuricic A., Harzhauser M., Dorninger P., Nothegger C., Mandic O., Székely B., Molnar G.,
Pfeifer N. Parameter Estimation of Fossil Oysters from High Resolution 3D Point Cloud and
Image Data; Talk: European Geosciences Union, General Assembly 2014, Wien; 2014-04-27 -
2014-05-02; in: "Geophysical Research Abstracts", 16 (2014), 16040-5, BibTeX. (presentation)

1.5.4. Other related publications

Dataset is published at PANGAEA, it includes 49 tiles joined in one file (each tile is 3 x 2 m, in
total 294 m?), the digital surface model (1 mm grid), the corresponding hill shade (1 mm
resolution, Lambert shading, position of the light source illuminating the model: azimuth 315°
and zenith angle 45°) and the orthophoto (0.5 mm resolution). The data is referenced in a
local analysis coordinate system (LACS).

Djuricic A., Dorninger P., Nothegger C., Harzhauser M., Székely B., Rasztovits S., Mandic O.,
Molnar G., Pfeifer N., 2016. Digital surface model, hillshade and orthophoto of the world's
largest fossil oyster reef, links to GeoTIFFs, https://doi.org/10.1594/PANGAEA.863615.

Oyster App? is published and presented at archaeological international conference:

Nothegger C., Djuricic A., Harzhauser M., 2016. SMART — GEOLOGY 4 PUBLIC, 21st
International Conference on Cultural Heritage and NEW Technologies, Nov. 16-18 in Vienna,
Austria.

4 Oyster App wins the 1st CHNT App Award at 21st International Conference on Cultural Heritage and NEW
Technologies in Vienna (2016).
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1.5.4.1. The popularisation of science through the media

The popularisation of science is the mission of NHM Wien and consequently, our project
was presented through the various media. The interest arises for the newest 3D laser scanning
technology, 3D digitisation, data processing and visualisation, which can contribute to gaining
meaningful insights, modernisation of data collection and education. Numerous PRESS
releases are the outcomes of the project as well as broadcasting in media over TV or radio.
Therefore, as a PhD student, besides presenting the results at international conferences and
workshops with great success by winning various scientific awards, it was important to
communicate project results not only with colleagues and experts from the field, but also to
public. Speaking to general audience, designing effective posters, demonstrating interactive
Oyster App with elements of augmented reality or writing to catch the attention of ordinary
readers about positive image of what science and technology have to offer nowadays is an
effort and challenging task, but good investment for the future in rising up public interests
and shaping public attitudes toward it. Therefore, few presentations are given at NHM
museum in Vienna in order to communicate results of oyster research to visitors, kids, friends
of museum, politicians, etc. Museum is a great place to inform wider audience about research
achievements or to work on a public understanding of science. Moreover, presentations are
given to teenagers at TU Wien through FIT-Programm and project was presented at events
such as BeSt3, CareerFair’14 Speeddating, Langen Nacht der Forschung and also during the
keynote speech at the international conference “We Build the Future”, held in Zlatibor, in
Serbia, where | had opportunity to talk about research, benefits as young scientist, and also
in generally to advertise possibilities of studying in Austria to young and enthusiastic
professionals from BSc and MSc programs.

Here is the list of newspapers, magazines, blog posts, radio and TV publications related to
Smart-Geology Project: Austrian Press Agency (APA): Measuring prehistory with "smart
geology", LIVE - PR: Measuring prehistory (Evolution theory guides software development),
Nachrichten aus Niederésterreich (NON.at): Tsunami bei Korneuburg? - Austernriff als Fenster
in Vergangenheit, BE24: Im Weinviertel wird die Urzeit mit "Smart Geology" vermessen, Bérse
Social Network, Bussinespress: Die Vermessung der Urzeit, COMPUTERWELT: Vermessung der
Urzeit mit Laserscanner, GEObranchen.de: Austernriff, Geoinformatics Newsfeed Radar:
GlISfeeds, Inar.de, NEWSLOCKER, OpenPR.de, Pressemitteilung Online, VDV-online, Der
Standard, Wiener Zeitung, Tiroler Tageszeitung, GEO Magazine, UNIVERSUM Magazine, ORF
TV, Campus & City Radio 94.4.
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2 Related Work

This chapter gives an overview about close-range remote-sensing technologies, in particular
terrestrial laser scanning, including applications for the geosciences. Section 2.1 presents the
latest works in geology and paleontology using photogrammery and laser scanning, which are
used in modelling the geometry of complex natural surfaces in several different examples.
Section 2.2 summarizes methods developed to detect the orientation of elongated objects in
geosciences. Section 2.3 introduces the first time usage of laser scanning in calculating oyster
shell volumes.

2.1. Photogrammetry and laser applications technology in geological and paleontological
studies

The works presented herein are related to:

e geometrical shapes such as cylindrical, conical, or spiral surfaces;

e 3D surfaces in geology obtained by surveying technologies (photogrammetry and laser
scanning);

e surface representations and different feature extraction techniques, primarily in
geology; and

e studies focused on modeling small objects or structures similar to our fossilized objects,
such as grains, river bed rocks, rough terrain, or relief with convex features;

e paleontological studies focused on parameter extraction such as length, orientation,
volume, area for age structure and carbonate production calculations of the oyster reef.

Terrestrial laser scanning (TLS) applications have been used in the field of geology to map the
bedding, fluvial channels, faults or rocks in order to study natural history. However, in
paleontological studies its potential is still not fully utilized. TLS enables 3D geological structures
to be acquired as high resolution point clouds with applications ranging from sedimentology
(Brasington et al., 2012), geomorphology (Brodu and Lague, 2012, Kuhn and Priifer, 2014), fluvial
and coastal studies (Milan et al., 2007, Hodge et al., 2009, Wang et al., 2013, Abelladn et al., 2013,
Longoni etal., 2016; Trevisani and Cavalli, 2016), and the study of natural hazards (Barbarella et
al., 2015; Telling et al., 2017, Kamintzis et al, 2018). All these studies benefit from non-contact
measurements of irregular and rough surface geometry. The study areas are very often difficult
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to access, unpractical to measure with traditional methods due to huge areas or object number,
or the individual objects located in the areas are protected. Therefore, TLS provides a powerful
sensing tool that can extract valuable information remotely about Earth’s surface and can be
especially useful for looking at evidence of past events.

Surface modeling of oyster shells provides the tools for augmented reality and workflow
automation which can possibly improve the objectivity of paleontological interpretations when
compared to manual identification of natural scene elements. Accuracy of different surface
representations is dependent on scale, occlusions due to acquisition geometry, point density,
and roughness of the original surface (Sagy et al., 2007; Pollyea and Fairley, 2012,
Soudarissanane, 2016). Surface modeling has been investigated for decades (Hoppe et al., 1992;
Edelsbrunner and Miicke, 1994, Amenta et al., 2001b; Mederos et al., 2005) by taking sets of
unordered 3D points as input and providing a simplified surface as output. When the target is
complex natural surface and the point clouds are very dense, inhomogeneous, noisy or with
present occlusions, the surface interpretation becomes difficult. The feature extraction from 3D
data of natural geometrical objects is more challenging to reconstruct models and to extract
information than with classic applicative data, such as urban environments or man-made objects
(Huang and Menq, 2001; Rusu et al., 2008; loannou et al., 2012; Olsen et al., 2015; Dewez et al.,
2016; Abellan et al., 2016; Cao et al., 2017; Hackel et al., 2017). These constraints arise both from
the remote sensing technology and from the complexity of natural heritage environments.
Therefore, reconstructing surfaces from 3D points is an important and extensively studied
problem (Cazals and Giesen 2006; Boissonnat and Oudot 2005; Podolak and Rusinkiewicz 2005;
Kazhdan et al. 2006, Labatut et al. 2009; Calakli and Taubin 2011). Space is often discretized using
a tetrahedralization or a voxel grid, and the resulting elements are partitioned into inside and
outside regions using an analysis of cells (Amenta et al. 2001b; Boissonnat and Oudot 2005;
Podolak and Rusinkiewicz 2005), eigenvector computation (Kolluri et al. 2004), or graph cut
(Hornung and Kobbelt 2006). Poisson surface reconstruction (Kazhdan et al. 2006) is a well-
known technique for creating smooth surfaces from noisy points acquired with 3D range
scanners. However, several researches have noticed that the data can be over smoothed, when
the reconstructed surface is smoother than actual original surface (Alliez et al. 2007; Manson et
al. 2008; Berger et al. 2011; Digne et al. 2011; Pollyea and Fairley, 2012). Therefore, the improved
Poisson reconstruction algorithm incorporates the positional constraints and presents higher-
quality surface reconstruction algorithm (Kazhdan and Hoppe, 2013). Surface reconstruction of
datasets with unorganized point clouds, which focuses on offering complete and closed mesh
models of partially sampled object surfaces is more recently introduced by Morel et al., 2018.
They use a novel Poisson surface approach and their method is tested on traditional testing
datasets to assess its accuracy and its ability to handle complex shapes with occlusions. The
impact of scanning geometry on individual point quality is analyzed in thesis of Soudarissanane
(2016), based on local planar features. The quality investigation relates random errors or
precision to individual points and does not deal with systematic errors or biases. The quality of
each local fit is described using a Least Squares estimation. The influence of the scanning
geometry on the point quality considers the incidence angle and the range. Apart from the
geometrically related research, the TLS data needs improvements when scanner intensity values
are not calibrated to a physical measure of energy or target reflectivity (Pfeifer et al., 2008).
Omitting the intensity calibration limits data usability significantly when considering them for
automatic extraction approaches and limits the applicability of tools developed with these
datasets in mind.
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The bivalve oyster shell shape was approximated as a prolate spheroid to permit effective
volume calculation (Alexander and Dietl, 2005). Automatic recognition of objects with simple
shapes, such as planes, was described by Vosselman et al. (2004), Pottmann et al. (2004), and
Schnabel et al. (2007). Recognition of a wide variety of surfaces (spiral surfaces, cones, etc.) from
3D data was studied by Pottmann et al. (2002) and Hofer et al. (2005). In addition to those
studies, different sources of the geometric 3D point information have been also considered. For
instance, Marshall et al. (2001) and Han et al. (2004) described methods to detect cylindrical,
conical, and spherical surfaces using range images. Data sources affect properties such as noise
characteristics and occlusions. Shape analysis restricted to 2D in a photographic image was
studied as well, for purposes such as extracting lines and curves based on the Hough
transformation (Duda and Hart, 1972). In Heijmans (1994), Boykov and Jolly (2001), and Chan
and Vese (2001), the analysis of scientific images to approximate edges of objects was studied.
Determined pixels of “object” or “background” provide hard constraints for segmentation. Both
sources, geometry and radiometry, can be used in a combined 3D analysis. As described by Pesci
and Teza (2008) and Burton et al. (2011), typical surfaces acquired in a geological survey are
irregular. To identify features, or, more generally, for pattern recognition, intensity data
(including spectral imaging), as in Kurz et al. (2013), can also be used as input to evaluate the
reflectance and absorption properties of the material. Geological features in 3D, such as surfaces
or geological bodies, are traditionally represented by polygons, polyhedrons, or voxels (Jessell,
2001). However, 3D triangulated surfaces, surface normals, and shaded relief models allow for a
more precise interpretation (Samson and Mallet, 1997; Caumon et al., 2009). Detailed 3D
information provides a virtual copy of the studied object and is more intuitive to interpret than
traditional data from geological fields (Buckley et al., 2010). That information has demonstrated
the use of laser scanning and photorealistic modeling for mapping and modeling the
configuration of geological surfaces in exposed rock outcrops, as well as the ability to capture the
geometry of subtle and small-scale features. ZakSek et al. (2011) present relief characteristics
with hypsometric colors (graduated bands of color), elevation contours, and details by certain
standard spatial analyses (e.g., slope, aspect, curvature, or local relief model), but the best visual
impact is obtained with relief shading—a representation of the relief in a natural and intuitive
manner. First approaches of modeling complex 3D geological surfaces were proposed by Mallet
(1989) in the Paradigm GOCAD research project and by Bellian et al. (2005). Buckley et al. (2008)
and Sankey et al. (2011) presented an overview of interpreting 3D data from TLS in a geological
context. Measurements of surface roughness have examined elevation differences of the study
site to document various surface conditions at submeter scales. Geometric documentation of
natural surfaces for geological analyses with high resolution and precision, in the decimeter to
centimeter range, became possible with advances in surveying technology (photogrammetry)
and laser scanning (Buckley et al., 2008; Tarolli et al., 2009; Pfeifer et al., 2011). With close-range
sensing technologies, with limits below 100 m, another order of magnitude in resolution and
precision was reached (Hoffmeister et al., 2012; Milenkovi¢ et al., 2015). Terrestrial laser
scanning in complex and rough-surface terrain with millimeter-scale resolution was recently
documented by Nield et al. (2013) and Arav et al. (2014). However, these studies considered only
a few scan positions and a limited number of 3D points. Although surface conditions are quite
different between oyster shells and grain or rock modeling applications (Feng and Roshoff, 2004;
Heritage and Milan, 2009; Hodge et al., 2009b; Wang et al., 2013), there are still certain
methodical similarities between our approach and theirs to evaluate shape, orientation,
distribution, and size. Process analysis of a surface in geology using high-resolution TLS was
described in a multi-scale approach by Brasington et al. (2012) on a river bed surface, which was

19



Related Work

comparable to the work of Baewert et al. (2014). The goal of Baewert’s research was to examine
the influence of the number of scan positions and grid cell size on roughness calculations during
postprocessing. In addition to data acquisition and surface representation from full-waveform
TLS data, Di Salvo and Brutto (2014) extracted individual objects. The extraction of a number of
geometric primitives, such as rock blocks, served to calculate the volumes of individual elements
and to measure distance between them. In order to improve automatization of object extraction,
Brodu and Lague (2012), Otepka et al. (2013), and Dittrich et al. (2017) suggested deriving
features for each point and classifying the point cloud with respect to those features. They
described extracting optimized 3D or 2D features from the derived optimal neighborhood size to
optimally describe the local structure for each 3D point. Eigen features from a covariance matrix
of a point set with the sample mean are commonly used geometric features that can describe
the local geometric characteristics of a point cloud and indicate whether the local geometry is
linear, planar, or spherical (Lin et al., 2014). In general, estimating geometric features from point
clouds has many applications in computer graphics (Merigot et al., 2011); however, this
technique is a novelty in geology and, more specifically, in paleontology.

Recently, close-range TLS was applied for the first time for monitoring intertidal and subtidal
oyster reefs in estuarine science (Rodriguez et al., 2014, Ridge et al., 2017) due to their economic
importance and sea level tracking. Acoustic techniques are state of the art for these purposes
(Allen et al., 2005; Grizzle et al., 2005). Similarly, coral reef surfaces were investigated by the use
of remote-sensing approaches with a resolution below 1 m by Goodman et al. (2013) and
Hamylton et al. (2014). All these studies tend to focus on the overall structure of the reef and do
not aim to detect single shells. Consequently, millimeter resolution has not, to my knowledge,
been achieved to date.

Beside TLS studies introduced related to current living oyster and coral reefs, in paleontology,
TLS and photogrammetry have been incorporated to capture high-resolution data from remote
localities and sites with large concentrations of dinosaur footprints (Breithaupt et al. 2004, Bates
et al. 2008). Dinosaur tracks and other trace fossils are geologic features and as such are subject
to the same natural processes as other rock formations. Those studies focused on parameter
extraction such as length, orientation or area. Falkingham et al. (2014) mapped the dinosaurs’
fossil footprints and trackways preserved in the Glen Rose Formation along the Paluxy River,
Texas (USA) using a Riegl LMS-Z420i LiDAR laser scanner and following works of Farlow et al.
(2012) and Bates et al. (2009). The same site was interesting to Platt et al. (2018) for collecting
LIDAR data with a Z+F IMAGER® 5006i laser scanner and a Leica ScanStation C10.
Unfortunately, many tracks were full of water; this precluded photogrammetry because water
levels would have provided false track bottom surfaces. Therefore, the Leica ScanStation C10
was chosen because its green laser was able to penetrate the water to record actual track
floors. Beside the dinosaurs’ footprints, 3D models of dinosaurs and elephant skeleton were
constructed in several recent paleontological studies from laser scanning data (Bates et al.,
2009a, 2009b, 2010). The purpose of these studies was to estimate the volume, i.e. the body
mass of dinosaurs. A long-range laser scanner was used to digitize several mounted skeletons,
allowing the reconstruction of body volumes and respiratory structures as a 3D model.
Lallensack et al. (2015) reconstructed dinosaur tracks from historical or archival analog
photographs. Work of Adams et al. (2010) demonstrates the feasibility of using portable 3D laser
scanner - NextEngine 3D Scanner HD to capture field data - vertebrate track, original fossil
morphology and texture and create high-resolution, interactive 3D models (approximately 0.3
mm) of at-risk natural history resources. An optical handheld scanner OptiNum RE was recently
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used during the fossil excavation in a study by Harmand et al. (2015) to map the World's oldest
stone tools discovered in Kenya. However, all those studies present techniques for small
selected area or individual specimen handling, with photogrammetry software that are
specially adapted to typical use cases in paleontology, in order to prepare virtual visits on the
web or as a virtual tool in museum exhibitions, but they are not easily applicable for huge
paleontological site with complex surface geometry, including more than 50 000 specimens,
and with limited access and illumination.

2.2. Orientation of elongated objects

Bivalve shells are adapted to specific local environments (Dunca et al. 2009; Versteegh et al.
2011) as a consequence of hydrodynamic events from the past. The shell orientation is one of
the sources that can be used to reconstruct information about events and processes from the
past. Many shell beds pass through a complex history of formation being shaped by more than
one factor under different environmental conditions (Kidwell, 1986, 1991; Frsich and
Oschmann, 1993; Mandic et al., 2004a; Zuschin et al., 2005). Consequently, shell beds may
provide information on various physical processes that caused the accumulation. The orientation
of objects on bedding planes is a central topic in paleontology. The pioneering paper by Nagle
(1967) experimentally tested the influence of waves and currents on shell orientation. The
position of elongated objects, such as mollusc shells, was investigated in numerous papers,
where the measurements aim at deciphering past depositional environments and hydrodynamic
regimes, such as prevalent currents, wave action, storm directions and turbidite flows (e.g. Grant
et al., 1992; Hladil et al., 1996; Newell et al., 2007; Roberts et al., 2008; Harzhauser et al., 2015).
In most cases, information on fossil orientations is only available from traditional field
measurements, which are difficult to resample and sensitive to subjective interpretations.
Manual measurements are also time-consuming, which limits the number of measurements
taken, thus leading to spatially limited sampling. Whilst direct field-measurements are still
common practice, already Brenchley & Newall (1970) improved the level of objectivity and
reproducibility by deriving measurements from field-photographs. A further drawback of most
analyses is the 2D-nature of the data, which focus only on the azimuth angle of the orientation.
This angle is interpreted as an indicator of flow or transport direction, while having two more
orientation angles from the shells can be an important source of information to report in more
detail about depositional condition of the specimens. Advantage of 3D data is spatial positioning
of objects, parallel or tilted to the bedding plane, which might reveal imbrication or can support
finding object movements due currents, transport mechanisms, local fault lines, or encrustations.
Lukeneder et al. (2014) and Mayrhofer et al. (2016) developed a 3D approach to capture the
orientations of ammonite shells in a sediment-block by virtual shell reconstructions, derived from
serial grinding techniques. The resulting 3D visualizations allowed measuring the azimuth angle
and two more angles. The obvious disadvantage of this approach is its destructive nature,
resulting in the complete loss of the studied objects.

A major advantage and potential is offered by the application of the newest technology,
terrestrial laser scanning and close range photogrammetry, which provides millimeter-level
measurement accuracy and allows rapid acquisition of huge datasets (Stylianidis & Remondino,
2016). However, only few studies so far have tried to take advantage from TLS for paleontological
studies. Millane et al. (2006) used laser scan derived digital elevation models to quantify
imbrication of pebbles and to reconstruct flow directions in alluvial deposits. Sediment transport
processes were also the focus of Hodge et al. (2009), who used TLS to identify grain-scale
topographic data from gravel bed surfaces. Heritage et al. (2009) and Smith et al. (2012) applied
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TLS to determine the shape, orientation and grain roughness in gravel-bed rivers. A TLS-derived
topographic model of a fluvial system was the base for Brasington et al. (2012) to test
hydrodynamic simulations and quantify erosion and transport rates. Similarly, Milan et al. (2007)
used 3D laser scanning to quantify small-scale changes in river channels to assess erosion and
deposition volumes. Thus, most applications focused on fluvial sedimentation, whereas the
advantages of TLS were rarely exploited for paleontological data sets.

2.2.1. Generalization of objects by central line

Elongated objects, sea shells, are in this thesis generalized using the central line primarily to
derive their orientations. In general, generalization of object central line is investigated using
images, mesh surfaces, or point clouds. The state of the art presents works in a wide variety of
applications of 2D and 3D approaches in computer graphics, mobile mapping and GIS, medical
image analysis, etc. However, 3D central lines on surfaces in paleontological context, especially
for fossil oysters using photogrammetric technology, are not yet reported in the literature. Our
algorithm is similar to the algorithms that use Delaunay (1934) triangulation and Voronoi (1908)
diagrams as intermediate steps to generate the vertices of the polygonal representation.

The terms central line, skeleton and medial axis are used often in literature to describe
related concepts (Greenspan et al., 2001; Palagyi et al., 2001). The terms central line and medial
axis appear most often concerning thinning of the object on the surface such as road (Doucette
et al.,, 2004). The term skeleton is more associated to volumetric data such as 3D trees,
sculptures, body (Tagliasacchi et al., 2009; Livny et al., 2010; Bucksch and Fleck, 2011; Kasap and
Magnenat-Thalmann, 2011).

The review paper from Cornea et al. (2005a) categorizes many of the existing skeleton
algorithms for 3D shapes into classes based upon implementation and discusses how these
classes achieve the various properties. The popular approaches use: i) distance field (Gagvani and
Silver, 2001), where they derive three-dimensional sampled volumes and the distance field is the
minimum distance from any boundary voxel; ii) thinning method as a linear process also in the
number of object voxels (Palagyi and Kuba, 1998); iii) geometric method based on medial axis
transform (Amenta et al., 2001) using a finite union of balls and their relationship with surfaces
where the set of centers of the balls form the medial axis of the observed surface; iv) potential
field such as vector field (Cornea, 2005b), i.e. a 3D array where each voxel contains a vector value
(magnitude and direction) and its topological characteristics are used such as critical points and
critical curves, to extract the curve-skeleton.

Moreover, pixel based methods were studied by Lam et al. (1992) when thinning
methodologies based on pixel deletion or erosion criteria were needed to preserve the linear
connectivity of patterns. Niblack et al. (1992) described also an algorithm for generating
connected skeletons of objects in a binary image. The most dominant applications nowadays for
central line extraction based on images are road mapping and medical purposes. Reconstruction
of road central lines from mobile mapping image sequences which can be used to update a
Geographic Information System (GIS) database is introduced in (Mayer et al., 1998; Tao et al.,
1998; Doucette et al., 2004; Miao et al., 2013). Approach for vascular medical imaging (Krissian
et al., 2000) uses gradient information at a given distance of the vessel central lines tested on
real X-ray images of brain vessels. An overview on medical central line extraction is given in
(Schaap et al., 2009).
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Furthermore, a geometric-based framework for extracting curve-skeletons is applied directly
on the mesh domain and does not require voxelization (Au et al., 2008). The method extracts a
1D skeletal shape by performing geometry contraction using constrained Laplacian smoothing
and it is demonstrated through various bone-skeletons examples.

Raumonen et al. (2013) analyzed laser scanning data with standard fitting procedures to
obtain the orientation and size of tree structures. The method presents the reconstruction of a
trunk—branch skeleton based on 3D point cloud information. Dey and Zhao (2004) show a scale
and density independent algorithm that approximates the medial axis from the Voronoi diagram
of a set of sample points. Gorte and Pfeifer (2004) addressed in their work 3D modelling and
reconstruction of a tree in terms of stem and branches, where an algorithm has been designed
in 3D voxel space. The CAMPINO method is introduced by Bucksch and Lindenbergh (2008), see
also (Bucksch et al., 2009), where their skeleton is represented as a graph, which can be
embedded into the point clouds based on cycle elimination in a graph as derived from an octree
based space division procedure.

As application, Cai and Rasdorf (2008) predicted 3D lengths using LIDAR point cloud and
planimetric road central line data. Tagliasacchi et al. (2009) based their approach on the notion
of a generalized rotational symmetry axis for curve skeleton extraction. With proper joint
handling, this leads to complete, characteristic curve skeletons even with significant missing data.
Cao et al. (2010) present an algorithm based on Laplacian contraction. The method is robust to
noise and sample distribution, and can handle a moderate amount of missing data. Also Huang
et al. (2013) demonstrated L1-medial skeletons extraction from unorganized, unoriented, and
incomplete 3D raw point clouds.

2.3. State of the art — fossil oyster volume calculations

Terrestrial laser scanning (TLS) technology is not broadly used in paleontological studies to
date. Although some in situ preserved fossil reefs are known (e.g., Hosgor, 2008; Ragaini and Di
Celma, 2009; Chinzei, 2013), no laser scanning data from them exist, which would allow a direct
spatial comparison between the oyster reefs. The previous studies are based on collection
material using different methods, such as images from a scanning electron microscope (SEM),
manual in situ measurements or oblique photograph:s.

This thesis presents the first results of a full survey of a fossil oyster reef with TLS. The survey
produced 3D point cloud data of the reef in millimeter resolution which is used for accurate shell
volume calculations. Beside the static laser scanning of the reef, individual oyster shells were
digitized and measured with higher resolution point clouds using a ScanArm scanner (3D METRIS
MCA, 3600 M7 - range of 7-axis articulated measuring arms). The data of individual excavated
oyster shells is collected with sub-millimeter resolution. This data supported detailed 3D
modeling of the shells and was used for volume derivation. Apart from this research, very little is
known about the shell volume estimation when taking in consideration the complex geometry of
the shell inner and outer surface. Literature reports about a few attempts to approximate the
volume of oyster shells and discussions that biomass scales near the square of the shell length
rather than the cube (Powell and Stanton, 1985; Powell et al., 2015). Thus, previous volume
related studies used approach which helped to understand the occupancy of space of the object
similar to a form of minimum bounding box, but they had difficulties in finding the geometry of
the object shapes close to oyster model in reality. No previous study, to our knowledge, tried to
compute volume of fossil shell beds using their 3D models derived from point cloud data. Lack of
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reef level volume estimations is due to complexity. 3D laser scanning and photogrammetric
surveys make such modelling feasible for the first time. Once parameters such as length, volume,
area, fossil shell density are calculated, they can be used for different ratio calculations and
correlated to the age structure estimates. Hence, we present the first analysis of volume based
research using data sample of 1121 shells of the giant oyster Magallana gryphoides.
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3 Materials and Methods

3.1. Site, data acquisition and data set

High-resolution dataset consists of images and 3D point cloud data. Data collection at
original oyster reef site Fossilienwelt included two survey methods: close range
photogrammetry and terrestrial laser scanning (TLS), which provided images with a nominal
ground resolution of approximately 0.6 mm per pixel and 3D point clouds with the distance
between the laser scanning points ranging from 0.7 mm (center) to 1 mm (outer edges) per
scan. The data collection was carried out in January 2014. In addition, second data collection
was organized in the photo studio of the Institute of Art and Design (TU Wien) for nine selected
oyster shells for even higher resolution modelling. Their scanning was individual, each shell
was captured separately using measuring arm which contains a triangulation laser scanner
and a camera. It provided sub-mm resolution point clouds (~25 points per mm?).

Nothegger (2011) proposed to use phase-shift scanners for the application of high-
resolution and highly accurate scanning of large sites, and among them was the oyster reef.
Such a laser scanner measures a cloud of 3D points. An analysis of the point cloud to improve
precision (e.g., filtering) was described by Dorninger and Nothegger (2009). Therefore, the
entire site of 459 m?is presented with 3D data set of approximately one billion points. This
was achieved by the ability to acquire many more scanning positions with a better
configuration. Image data were acquired as well. The photos were used to generate high-
resolution orthophotos, which were primarily used for the interactive verification of the
automatically generated results and also for the generation of textured 3D models for
visualization purposes (Harzhauser et al., 2015, 2016; Djuricic et al., 2016a).

3.1.1. Study site

The excavated shell bed (27 m x 17 m) is protected by an indoor hall as part of the geo-
edutainment park, “Fossilienwelt Weinviertel.” The hall comprises the oyster reef, surrounded
by two natural walls of sand, two construction walls, a mobile bridge, a lower visitors’ platform
with reflectors below, an upper platform with stairs and projectors, and reflectors on the
ceiling. The man—made objects within the oyster hall are later on excluded from the final data
set. In August 2012, the oyster reef was declared a protected site under the nature
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conservation laws of Lower Austria (§12 NO Naturschutzgesetz) due to its exceptional
scientific importance.

3.1.2. Control points

The control points were distributed regularly (Figure 5A), and they served the purpose of
registering 3D laser scans, as well as being a link to an external coordinate system, as discussed
in the Coordinate Systems section. Control points were placed on the pillars around the oyster
reef (15 points in Figure 5B), to provide the reference point network. In addition, 18 control
points (from point number 23 to 40) were placed directly on the oyster reef from a mobile
bridge spanning across the oyster reef (Figure 5A and 5C), and seven more points were placed
on the visitors’ platform around the reef (points 16, 17, 18, 19, 20, 21 and 22). Control points
on the reef were distributed in a grid of 6 m x 3 m (Figure 5A) as paper marks. All 40 points
were measured by means of a total station (Leica 1200 series) from two different positions
from the platform and from one position at the opposite corner; their precision is better than

Figure 5: (A) Determining the control points by polar surveying in the reference point network. The red circle
represents the first position of the total station. Circles with crosses are prisms. Squares with crosses are paper
marks. (B) Examples of control points on the pillars. (C) Control points on the reef. Figure is originally published
in Djuricic et al. (2016b).

Points 1, 2, 4, 6, and 10 (see Figures 5A and 6) of the reference network were permanently
marked by holes embossed in the steel pillars of the construction walls (see Table 2). The data
collection was carried out in January 2014 and might be repeated in the future with new
technology such as hyperspectral laser scanning (Hakala et al.,, 2012; Kurz et al., 2013;
Puttonen et al., 2015) or imaging.
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Station

Figure 6: Transformation between UTM and ACS was performed with 4 identical points (red circles numbered 1-4 in
the figure). The orthophoto also illustrates how the hall is rotated approximately 3° w.r.t. the north direction. The
rms of coordinate differences between UTM and transformed ACS coordinates at those 4 identical points is 5.3 mm.

3.1.3. Data acquisition and platform

There is no possibility of positioning an instrument or a tripod on the oyster reef because of
conservational concerns. It is not possible to walk over the oyster reef, hence to overcome this
limitation, a long mobile bridge was constructed, which can be moved in a south/north direction
(Figures 7 and 8). Most data were acquired from it including central part of the reef, but the
remaining part, which covers the reef borders, was measured from the visitors’ platform. To
provide an unobstructed view, a long, stiff (and heavy) metal structure was built to carry the
scanner (Figure 7A) and the camera on the top (Figure 7B), under a 3.1 m x 2.1 m tent.
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Figure 7: (A) The mobile bridge; 3D capturing of the exposed oyster reef surface using stable terrestrial laser scanning
(TLS) positions. The movable bridge enabled contactless access across the reef and detection of the surface from a
height of ~2.5 m. (B) A special light tent was constructed and illuminated simultaneously from several sides with
studio spots to achieve a homogeneous illumination over the entire reef.

Figure 8: The local analysis coordinate system (LACS) adjusted to the oyster field. Note that the origin is shifted even
farther to the back than shown in this figure.

3.1.4. Sensors

We used a FARO Focus3D laser scanner that was controlled remotely from the stable visitors’
platform. This is a high-speed 3D laser scanner for detailed measurement and documentation
that collects 3D points with a rate of up to 1 MHz and a range of up to 100 m with a 3.8-mm-
diameter laser beam (FARO, 2018). Experimental analysis has shown that, over short distances,
the single- point measurement precision of FARO TLS data is actually ~2 mm up to 10 m range
(FARO, 2018). The surface of the exposed oyster reef was surveyed by TLS, and texture capturing
was done by photographic imaging. The precision of the individual measurement is defined by
the scanner specification. To increase the precision of the result, we applied point-based filtering
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(i.e., averaging). Hence, we are able to achieve 1 mm precision. Occlusions were minimized by
the constellation of the scanner during scanning (high overlap and various incidence angles). For
photogrammetric data acquisition, a uniform illumination was necessary to enable an image
acquisition that was almost shadow-free. A Canon 60D camera with a Canon EF 20 mm f/2.8 lens
was used to capture images (each 5184 x 3456 pixels). On average, the ground sampling distance
(GSD) was 0.6 mm, and the footprint of the image was ~3.1 m x 2.1 m on the reef. Images were
taken with 80% overlap over the longer image edge and 50% overlap over the shorter side. The
camera was mounted approximately orthogonal to the oyster reef plane. Due to the low ambient
light, artificial lighting (close to studio conditions) was necessary for image acquisition. Particular
emphasis was taken to ensure homogeneous, diffuse lighting conditions to minimize shadows.
Therefore, the structure for image acquisition was surrounded by reflectors and a tent (Fig. 7B).

3.1.5. Acquisition strategy

Scanning the fossil shell bed required multiple viewpoints to ensure minimization of scan
shadows and to provide homogeneous point coverage. The scanning height of 1.5 m above the
reef also led to the capturing of overhangs. Thus, scans were acquired in a regular grid of 2 m x
2 m, with the distance between the laser scanning points ranging from 0.7 mm (center) to 1 mm
(outer edges) per scan. In total, 83 scan positions were sufficient to collect data covering the
entire reef. From all those positions, approximately one billion points were acquired at the site,
corresponding to ~150 points per square centimeter. The high number of nearly orthogonal
scanning positions enabled a homogenous point density on the surface of the oyster reef.
Regarding investigation of the quality of measurements obtained with laser scanners (Pfeifer et
al., 2007; Kaasalainen et al., 2011; Soudarissanane et al., 2011; Milenkovi¢ et al., 2015), it is
recognized that not all points measured by the laser scanner can serve for modeling of the
irregular surface. Hence, the most reliably scanned area of each scan is taken into consideration
by restricting the distances to less than 15 m. The scans were oriented in the acquisition
coordinate system (ACS) (introduced in more detail below in the Coordinate Systems section)
with the control points on the reef, the walls, and the visitors’ platform by means of the scanner
software FARO Scene. In each scan, 15 or more control points (i.e., planar photogrammetric
targets; Figure 5B and 5C) were identified, covering the entire field of view. A global accuracy of
better than 3 mm was achieved, but local discrepancies between overlapping scans are smaller,
in the region of 1-2 mm.

3.1.5.1. Bundle block adjustment

Photogrammetric images were oriented in the ACS by means of a bundle block adjustment
(BBA) with control points (photogrammetric targets and distinct points in the TLS data) on the
reef. We used Agisoft PhotoScan (PhotoScan software, http:// www .agisoft .com/) for automatic
feature extraction, matching, and relative orientation of all images. Measurements of
photogrammetric targets and distinct points were added manually. Subsequently, a datum
transformation was applied with the control points. All observations were exported (image
coordinates of feature points and control points and control-point coordinates in ACS) and used
as input for a BBA in software developed in-house, thus allowing better control over camera
calibration and control-point consideration. The distinct points in the TLS data were necessary to
counteract distortions in areas without targets (i.e., the lower part of the reef, which was less
accessible). The distinct points were measured directly in the TLS data and were necessary for
automatic detection of wrong tie-point correspondences. To avoid tensions between different
coordinate systems (Luhmann et al., 2014) and realizations of coordinates, all existing stochastic
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quantities (accessible from the total station campaign and the registration of the TLS data) of the
control points were introduced into the BBA. The camera calibration was performed by self-
calibration (also in the BBA). The mean error of tie-point coordinates close to the reef center was
~1.5 mm (in X and Y directions) and 2.4 mm (in Z direction); and close to the edge of the reef, it
was 2 mm (X and Y) and 4 mm (2).

3.1.6. Coordinate systems

During its formation in Early Miocene time, the living oyster reef as well as the shell bed were
horizontal. During the Middle Miocene, the entire basin fill, including the shell bed, was tilted
tectonically by ~25° to the west (Zuschin et al., 2014). We thus established the following
coordinate systems to reconstruct the original situation during shell bed formation for
subsequent geological and paleontological analyses:

(1) Acquisition Coordinate System (ACS);
(2) Local Analysis Coordinate System (LACS); and
(3) Universal Transverse Mercator (UTM) system.

The ACS is a local coordinate system used during the measurements with a total station and
a TLS (Figure 5A). Polar measurements (angles and distances) were used to determine the 3D
positions of points on the object relative to a well-defined point where the total station was
placed, which was the origin of the acquisition coordinate system (point “a” in Figures 5A and 6).
A second well-defined point on the visitors’ platform was selected for purposes of orientation
(point “b” in Figure 5A). The horizontal direction from the first to the second point was set to
zero. The LACS (Figure 8) is a coordinate system defined by a Euclidean transformation from the
Acquisition Coordinate System. It represents the “horizontal geological” coordinate system. The
axes follow the dip and strike directions, and the third axis, Z, is orthogonal to the adjusting plane
through the field. Axis X extends downward in the field, and Y is horizontal. Thus, the Y axis is
basically parallel to the length axis of the hall. The origin of the local analysis coordinate system
was placed behind the corner of the oyster field, which is diagonally opposite the entrance of the
hall.

3.1.6.1. Transformation from the ACS to the LACS and from the ACS to the UTM

The oyster reef is situated on a plane with small deviations relative to the total extent of the
reef. An orthogonal regression plane was determined from a subset of the TLS point cloud. This
subset was a sub-sampled point cloud that ensured the global approach (working on the entire
reef at once) was successful by avoiding numerical problems (covariance matrix of one billion
points). The plane was determined by a principal component analysis (PCA) of the point cloud.
From this, the rotation matrix to transform the points from the acquisition coordinate system
into the local analysis coordinate system was determined. The entire area of interest was rotated
by 20.26° to define a locally horizontal geological coordinate system, the LACS. The
transformation from the ACS into the LACS is described by a transformation comprising rotation,
translation, and scale identical to 1.0. The local analysis coordinate system has the same scale as
the range measurements of the total station (Table 3). Finally, a transformation to the UTM
System was also performed to ensure compatibility with future campaigns and to allow for
comparison with other geological data from the region. The transformation parameters are given
in Table 3). The registration method used control points (only the reference points on the pillars
obtained from the total station measurements) to transform multiple scans into the local analysis
coordinate system. These control points are transformed to UTM33N coordinates on the basis of
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four east, north, up (ENU) control points observed by GPS measurements outside the oyster hall
(Figure 6). When the parameters obtained from the spatial similarity transformation are applied,
the points fit with a root mean square (rms) coordinate difference of 5 mm. Height is obtained
from GPS measurements based on ellipsoidal height above WGS84 per the GRS80 ellipsoid
(Hofmann-Wellenhof et al., 2011).

3.1.7. Point cloud manipulation
3.1.7.1. A high- resolution and dense TLS point cloud

To improve the point cloud, outliers were removed, and noise was filtered (Nothegger and
Dorninger, 2009). The improved point cloud was input into the meshing process, where a
polyhedral mesh was created. The consistency of the point cloud was aided by exploiting
overlapping scans—up to five, depending upon the location within the reef, thus minimizing
errors caused by auto correlated noise in the distance sensor of the FARO scanner. These errors
are not reduced by filtering a single scan only. Due to the complex surface structure, it often
occurs that the emitted laser beam hits two or more distinct surfaces simultaneously. It is
impossible for scanners utilizing the phase-shift measurement technique to discriminate
between those signals solely on the basis of the integral signal received by the scanner
(Nothegger and Dorninger, 2007). Considering the scanning position for each individual scan,
locally estimated surface normals can be analyzed to eliminate those points being characterized
by normals facing almost orthogonal to the direction of the scanning beam. Additionally, single
outlying points were eliminated as outliers after multiple scans were merged, thus identifying
apparent (not actual) surfaces that were not facing the scanner viewpoint but lay inside the beam
direction. Registration of the individual scans must be sufficiently accurate to avoid additional
errors. That goal was realized by using at least 15 control points per scan, with a precision of
better than 2 mm. The 3D model based on the TLS data was generated using the Poisson surface
reconstruction method (Kazhdan et al., 2006). The result is a triangulated surface with an
approximately homogeneous edge length of 0.7 mm on average. The method also reduced the
number of points to ~40% of the original TLS points on the reef. The Poisson surface
reconstruction algorithm is especially suitable for merging point clouds or meshes because of its
implicit averaging, resulting in a surface that appears smooth even in the presence of noise in the
individual point clouds. The reason for this is that, internally, the surface is reconstructed as a
twice-differentiable scalar field, and the triangulation—the output of the algorithm—is an
approximation of that smooth scalar field. Due to this averaging of up to five individual point
clouds, the localized upper limit of the standard deviation between the triangulated mesh and
the generated surface mesh is up to 2 mm, given that the surface is sufficiently flat. In areas with
high local curvatures, the area of the laser beam footprint (3 mm) limits the achievable accuracy.
By using the nodes of the triangulated model, a homogeneous, high resolution 3D point cloud is
generated for further analysis. A high-resolution and dense 3D point cloud of a small part of the
oyster reef is shown in Figure 9.
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Figure 9: High-resolution 3D point cloud of an area of 3 m x 2 m showing the faults (blue region) crossing the shell
bed and two shells (insert). Figure is originally published in Djuricic et al. (2016a).

3.1.7.2. The sub-mm resolution point clouds

The sub-mm resolution point clouds were provided for nine selected specimens from the
collections of the Natural History Museum using close-range laser scanning technology. They vary
in size and four of these shells represent left—right shell pairs of an individual (Figure 42). The
data were captured with a measuring arm (METRIS MCA, 3600 M7: Metrology 7-axis) at
operational range up to 1 m (Figure 10). A hand-help triangulation laser scanner (a laser plane
and a camera) was mounted at the end of two arms of fixed length with flexible joints. The laser
scanner takes measurements with a maximum scan rate of 80 stripes per second with a strip-
width of about 200 mm; the camera has a resolution of 1000 dots per strip. The scanning strategy
was to scan the single shell part wise and then to combine parts into the final shell model. In the
first step, more than half of each shell was scanned and in the second step the other half. The
overlap between both parts was more than 70%, which was sufficient for successful registration
of the scanned parts. During this registration process, the geometric transformation is
determined, which puts the two 3D laser point clouds together based on the points in the
overlapping part. This procedure is done using the iterative closest point (ICP) algorithm. The
resulting point cloud is analyzed in order to reduce noise and thus improve the surface
description. Outliers (wrongly determined points not on the surface) were manually eliminated.
Additionally, the raw point cloud (over 1.5 million points per shell) was uniformly sub-sampled
to allow interactive handling. The final resolution is better than 0.18 mm (i.e., around 25 points
per mm?).

The point clouds from each shell have been processed individually in order to create the
closed mesh model of oyster shell (Figures 10 and 42), and if there were areas with small holes,
then they were closed by interpolating a surface in those parts. On the closed mesh models of
oyster shells used for volume computation, quality computation and topology measures are
performed. Approximating the volumes of oyster shells in automatic way is supported by
algorithm for fast and accurate computation of polyhedral mass properties (Mirtich, B., 1996). It
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uses volume integrals based on triangulation method to efficiently an accurately compute the
needed volume data. Since the oyster shell mesh model is given as union of triangles, the center
of mesh was found (centroid). Connecting each triangle to the centroid, the object is simplified
to tetrahedrons. Sum of the volume of tetrahedrons gave the polyhedron volume.

Figure 10: 3D capturing of the individual oyster shells using ScanArm laser scanner (METRIS MCA, 3600 M7).

3.1.8. DSM Generation

Surface models may be derived in the form of a regular grid. The digital surface model (DSM)
describes the top surface of the terrain (Figure 11). The regular DSMs of the oyster field, rather
than the unstructured point clouds, are appropriate in this stage of the work to obtain the relief
of the reef surface—estimating concavity, convexity, or flatness of the locally selected
neighborhood region. Detailed high-resolution (millimeter) surface estimation allows analysis of
the surface model for features at the centimeter to decimeter scale (Hodge et al., 2009a; Bertin
et al., 2016). However, concerning our application, work with point clouds will be used in future
research. Because the oyster reef surface includes overhangs, not all details can be maintained
when converting from the point cloud to a scalar-valued function (2.5D representation)
parameterized over the reference plane. In areas of overlap, the uppermost surfaces were
chosen to be represented in the height model, as they were always scanned, whereas the lower
surfaces were not necessarily scanned due to occlusions. The points below overhangs were
excluded by using point-cloud processing on a cell basis. In cells of 1 mm x 1 mm, the point with
the maximum height value was included in the interpolation process. The interpolation method
was moving least squares (Lancaster and Salkauskas, 1981), with a tilted plane used as the surface
model and interpolating the eight nearest points at the grid post. Grid spacing was 1 mm. The
maximum radius from the grid post to the points was 6 mm, but, with the exception of border
areas, the radius was rarely reached by the eight nearest points. Computation was performed
using scientific software for orientation and processing of airborne laser scanning data (OPALS;
Pfeifer et al., 2014). The number of points for the tiles to be interpolated was 14 million points
on average, and this was reduced to 6 million grid posts, excluding the overlapping area. The
digital surface model and corresponding hill shade data are publicly available at PANGAEA
(Djuricic et al., 2016b).
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Figure 11: Digital surface model (DSM) hillshaded and color-coded model by height in the local analysis coordinate
system (LACS) (red colored pixels representing high areas to dark blue pixels as low areas). Figure is originally
published in Djuricic et al. (2016a).
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3.1.9. Orthophoto

Texture is assigned to the DSM for more realistic visualization of the oyster reef. With the
knowledge of exterior and interior orientation of the recorded images that have been computed
by the bundle block adjustment, it was possible to project the RGB information onto the DSM
surface, resulting in an orthophoto (OP). In total, 300 individual images with a nominal ground
resolution of ~0.6 mm per pixel were used in the OP generation process. The high-resolution OP
has a pixel size of 0.5 mm. A radiometric correction (contrast and brightness adjustment) was
applied on the images to minimize the remaining influences of artificial lighting, while enhancing
contrast by histogram stretching. Thus, the image colors do not appear natural, but they are
optimized for visual interpretation in the context of scientific paleontological analysis (Figure 12).
The 3D distance between any single DSM point and the camera projection center (depth) was in
the range of 2.4-3.6 m, due to reef topography. The orthophoto data are publicly available at
PANGAEA (Djuricic et al., 2016b).

Figure 12: (A) Orthophoto of a contrast- enhanced photo mosaic, overlain with a shaded relief derived from the 3D
model (2 m x 1.6 m). (B) Oblique view of the high-resolution 3D model (lower: shaded digital surface model; upper:
texture). Figure is originally published in Djuricic et al. (2016a).

3.1.10. Data management

The large data volume, 50.3 GB, required piece-wise processing of the data. Therefore, the
data were organized into 81 rectangular tiles, with 2—17 million points per tile (110 MB to 1 GB).
In total, 29 tiles are in a range from 110 MB to 500 MB; 21 tiles are in a range from 500 to 900
MB; and 32 tiles are in a range from 900 MB to 1GB. Not all of the 81 tiles are covered entirely
with shells; some also contain plain sand areas. The area covered by shells and visible from the
scan positions is 367 m2. The tiles were defined with an extension of 2.1 m (east-west) by 3.1 m
(north-south). An overlap of 5 cm (i.e., 10 cm in total) was chosen to avoid border effects during
processing, thus resulting in 81 tiles in a grid structure, with a starting point xo =30 m, yo=0m,
and the grid offset 3minYand 2 min X.

3.2. Reference data

For automated analysis of the oysters in the reef, the detection of individual objects is
necessary. For the purpose of evaluation of our method, the automatic detections need to be
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compared against corresponding reference data. Therefore, reference data section presents
collection of the object outlines and design of database based on object attributes.

Reference data for object delineation was obtained manually for 10,284 objects. The majority
of objects represent Magallana gryphoides, which is also the largest species found on the oyster
reef. It is up to 60 cm long, according to data analysis by Harzhauser et al. (2015). The brownish
and massive calcitic oyster shells are represented exclusively by disarticulated single valves.
Expert knowledge is required to detect and outline the individual shell correctly and to determine
its parameters—species; level of overlap; shell side (left, right, unknown); orientation (convex
side up/down, not known); fragmentation (complete, low, moderate, high); and tile number, see
Table 4. Digitization of the validation data was performed manually in ArcGIS, producing vector
data stored as shape files. The fastest digitization was achieved with the shaded relief of the DSM
as the bottom layer, a semi-transparent orthophoto superimposed onto it, and the previously
digitized outlines on the topmost layer. One row and one column of tiles were digitized manually
(Figure 13); these 13 tiles form a cross in the center of the oyster reef and allow computing
gradients based only on reference data.

Figure 13: Overview of manually defined outlines (dark yellow) of 10,284 individual objects for the selected reference
areas (covering the central, upper, and lower parts and left and right sides of the reef). Figure is originally published
in Djuricic et al. (2016a).
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Table 4: The list of database attributes, their data type, range of values and unit. Table is originally
published in Djuricic et al. (2016d).

Name of Data type Range of values Unit Additional explanation
attribute
ID integer 2 bytes, positive numbers / Number of fragments expected to
& yies, p reach: 2716~65536
. . - Number of overlaps that can occur
Level integer 3 bit, positive numbers / onthereef1, 2, 3, 4, etc.
ID secondar, . . ID tai ibl ir of brok
(IDs) y integer 2 bytes, positive numbers / > contains a pz::ILe pair of broxen
Key list:
i) Magallana gryphoides
text ii) Ostrea digitalina Presents the name of a species,
Taxon (length 30) iii) Pecten. / mostly oysters (i and ii), but
g iv) Venerupis database contains other species as
v) Perna well (iii-vii).
vi) Gastropod
vii) Fragment - unknown
Key list:
. i) interior — convex down .
Position text ii) exterior — convex up / Applies only to oysters.
iii) unknown
Key list:
i) left It t ly to all i t
Side text ”I) g / does not apply to all specimen bu
i) right only to oysters.
iii) unknown
Key list:
state of i) h.l.gh fragmented .
. text ii) moderate / Presents the stage of fragmentation.
specimen
iii) low
iv) complete shell
decimal number, The 2D length is measured along the
Length 2D precision 4, Positive numbers cm specimen based on projected shell
scale 2 outline.
decimal number, The 3D length is measured along the
Length 3D precision 4, Positive numbers cm specimen including surface curves
scale 2 and roughness.
imal
deama' r]umber, . Area is calculated based on shell
Area precision 4, Positive numbers cm? ¥
polygon defined by shell boundary.
scale 2
decimal number Yaw axis presents an axis drawn
Yaw angle . ! Range from 0-180 clockwise o vertically in respect to shell top
i precision 4, . .
(normal axis) ccale 2 from north (0) to south (180) surface, and it is perpendicular to
the other two axes.
Pitch axis | - e f h
3 decimal number, | Range from -90 to +90 where itch axis I.S an ?XIS running .rom the
Pitch angle . ) . o left to right side of commissure
. precision 4, 0 = horizon, +90 = straight up
(lateral axis) . plane, and goes along the shell
scale 2 and —90 = straight down .
width.
Roll axis is defi i
Roll angle decimal number, | Range from -90 to +90 where oll axis is defined as an axis drawn
o .. . o through the body of the shell from
(longitudinal precision 4, 0 = horizon, +90 = full roll ovster hinge to the distal shell
axis) scale 2 right and —90 = full roll left ¥ gmargin
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3.3. Individual shell detection

A major goal of this study is developing a method for the automatized detecting and counting
of individual shells. Mature Magallana valves have a surface area ranging between 2000 mm?
and 60,000 mm? in this geological exposure, while juvenile or fragmented specimens can be
smaller. Specimens with the convex side facing upward have a rough surface and are distributed
over the entire reef. A single Magallana valve typically has a thickness of ~25 mm, often elevating
the top surface of the shell entirely from the reef. To detect those specimens, a measure of
convexity was targeted; specifically, openness was computed for each grid point (Figures 14, 15).

3 - e - : ‘
: -~ i - . _. R ) ‘
Figure 14: (A) Surface model overlain with the 3D point cloud of detected convex surfaces (blue); (B) detail of one
complete convex-up oyster valve. Figure is originally published in Djuricic et al. (2016b).

The aim of the openness feature is to provide a measure of visibility of the neighborhood
from the viewing point. It includes all surrounding points that are in line of sight with that viewing
point and excludes points that are blocked by local terrain or any obstacles. It was introduced by
Yokoyama et al. (2002) as a cone-fitting approach to measure the opening angle of a cone
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centered at a grid point and constrained by the neighboring elevations within a specified radial
distance (Figure 15). It is basically a convexity/concavity measure calculated from local terrain
profiles in principal compass directions (Mandlburger et al., 2009). In most cases, that measure
works well in distinguishing convex surfaces from the rest of the terrain. There was a further
investigation to find which size of neighborhood is optimal for analysis of the variation in the
rougher surfaces. Thus, the feature provides an angle of the fitted cone, which is derived for each
point, with a preset kernel (k) radius (e.g., neighborhood size is: 2k + 1; k=1 mm, 3 mm, 5 mm, .
.., 27 mm). Openness is expressed in two models—positive for concave features and negative
for convex features.

B ¢=315° Lo
Zb-Za /
. = Zb
A o . [ g=210° e
2,
== \J
§=225° poiss
@=180°

Figure 15: Profile example of the oyster reef 3D point cloud, where openness features are illustrated (left: convex =
negative openness; right: concave = positive openness). Figure is originally published in Djuricic et al. (2016b).
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The following quantities are introduced to compute openness (see also Figure 15):
A (Xa, Ya, Za)—reef view point;
B (Xb, Yb, Zb)—point restricting the view in the neighborhood of A due to topography;
C (Xc, Yc, Zc)—any point in the neighborhood of A;
D — horizontal distance between A and B;
¢ — azimuth angle (0°, 45°, 90°, .. ., 315°);
r =2k + 1 — kernel radius (i.e., neighborhood size) in pixels;

B8 — elevation angle between reef view point (A) and each grid point (B) located along
four sections (axis parallel and diagonal; see Figure 15) with specified azimuth angle j and kernel
radius k;

a — zenith angle at a reef DSM grid point calculated along one of eight azimuths j and
specified kernel radius k;

a — mean of angles along r;
n — number of section points dependent on k;

point B is the point that has the minimum a for each section.

D=.(Xa — Xb)2 + (Ya — Yb)2.(1)
(Zb - Za)
—.(2)
a=90" —0,,ifZa<Zzb.(3)or
a=90" +0,,ifZb<Za.(4)

0 = arctan

@ =% (5)

The applied workflow is based on a raster of negative openness, i.e., a raster f(x,y). The
threshold t is set to zero, and values are converted into binary values (blue and white in Figure
16D), where value 1 is assigned to foreground and 0 refers to background, i.e., g(x,y).

(1, iff(x,y) <t
glxy) = {o, iffxy) =t )

Single pixels and small areas are excluded for further analysis based on a minimum area
threshold (Figure 16E). Mathematical morphology is applied to obtain smoother outlines and to
fill in small gaps (few pixels). A majority filter replaces the neighboring pixel values, depending
on the size of the kernel (Figure 16F); for example, m=1 (3 x3 mm), m=2 (5x5 mm), up tom
= 6 (13 x 13 mm). Further processing includes connected-components analysis on the basis of
the 8-neighborhood array. Pixels in the neighborhood are connected in regions. Each component
obtains a unique ID.

Figure 14A shows automatically detected convex surfaces overlapping the mesh model of the
oyster reef. In the first step, the area of connected components is incompletely filled due to the
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diversity of concavity and convexity. To achieve higher completeness detection, a flood-fill
operation is performed (Figure 16G). This operation changes connected background pixels (0s)
to foreground pixels (1s) and stops when it reaches object boundaries. Correspondingly, the
method is applied to the whole data set to assess the applicability of the method to larger areas,
and the results are analyzed.

A)DSM 1 mm

E) Areas greater than 17 cm? D) Openness<t; t=0
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Figure 16: Automated method for individual shell detection shown on portion of data 2 m x 3 m. (A) Generated DSM
from 3D point cloud data ranging from black (0) to white (19 cm); (B) Lambert shading of DSM used for interpreting
reference data (green path); (C) negative openness derived from DSM for different kernel sizes (red path); (D) binary
raster where value 0 is white background and 1 is blue detected object; (E) binary raster after eliminating min. areas;
(F) majority filter size m = 6 (13 mm x 13 mm); (G) flood-fill operation; (H) manually digitized individuals overlie
orthophoto; (1) quality of detection, see Figure 22A (in Results). Figure is originally published in Djuricic et al. (2016b).

3.4. Oyster shell central line extraction

The linear approximation of real objects can be simplified representation of complex object
forms such as a large fossil oyster shells. We used closed boundaries of complete (not
fragmented) shells as input for the method for automatic central line determination. Oyster shell
boundaries in 2D were extracted manually from digital surface models and from orthophotos.
Magallana gryphoides shows a very broad range of morphologies, ranging from elongate shells
to strongly curved and sigmoidal shapes (Figure 35). Therefore, measuring shell length as a
straight line, as done in other extant and fossil shell species, is inadequate. To overcome this
problem, we evaluated shell length based on the 3D center line, which aims for capturing the real
shell length as far as possible. Here it is an imaginary curved line spanning the maximum length
of the shell. The advantage of this method is that the center line will approximate the “real”
lengths of the curved and irregularly shaped shells much better than any manual attempt in the
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field. For the automatic determination of the center line we used the shell boundary, which
comprise about 1000 points on average. For easier calculation the outline point number was
reduced to 100 and then filtered to points with close to even spacing. The 3D central line
extraction algorithm includes following workflow of seven steps:

1: Constrained Delaunay triangulation between the fossil shell boundary points and
formation of Voronoi diagram;

2: Extraction of Voronoi vertices within the oyster shell boundary and construction of a
connected graph from them;

3: Reduction of the graph to the longest path via Dijkstra’s algorithm;

4: Central line extension to the shell boundary. End nodes are inspected if this fulfils
continuity conditions (see below: as a condition for accepting an elongation or not is given
further below);

4a: If a node fills the conditions, then the central line is extended from the node to the
oyster shell boundary by fitting a line.

4b: If a node does not fulfil the conditions, then travel the central line to the nearest
junction point and check for continuity. After a junction point is found, extend the central
line from that node to the oyster shell boundary with line fitting.

5: The extended longest path is smoothed by an adjusting cubic spline curve;

6: 3D clipping of the point cloud using oyster boundaries and assigning corresponding
attributes;

7: Forming of 3D central line by imputing the height value of the nearest clipped point to
every central line node.

Constrained Delaunay triangulation

Orthophoto (resolution 0.5 mm) Oyster boundary
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Figure 17: The automatic process of the central line detection. Top row: step 1; Middle row: steps 1-3; Bottom row:
steps 4-7. Figure is originally published in Djuricic et al. (2016d).
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The mathematical definition of the 2D shell central line (steps 1-3) is the longest line which
connects neighbouring Voronoi vertices inside the oyster shell boundary. The vertices were
obtained from the constrained Delaunay triangulation (DT) of the boundary points (outline
segments as constraining edges). To find the medial axis transform for the oyster outline, the
Voronoi diagram (VD) was formed. Here, the Voronoi vertices within the oyster boundary are
shown with cyan colour. By taking the edges between the Voronoi vertices within the boundary,
we get a medial axis transform (MAT) for the oyster (Blum, 1967). The MAT is also a connection
map between the Voronoi vertices. To determine the longest path in the connected tree (Figure
17), the edge points (red) in it were selected, i.e. points with only a single neighbor. The longest
path and its length were determined by applying Dijkstra’s algorithm (Dijkstra, 1959) between all
edge points in the connected tree. Furthermore, we looked for the potential intersections
between the longest path end points and the border outlines by checking conditions: if
beginning/end ratio threshold for the central line (of total length) and opening angle threshold
were satisfied, the line is extended to boundary intersection. The junction points need to be far
away from the oyster beginning/end point less than 30% (or more than 70%) of the total length
of the central line; the opening angle of the junction point and two neighbourhoods surrounding
points (previous and further) has to be less than 155 degrees. If both conditions are satisfied the
path is extended to the outline by intersection. Otherwise, the end point was replaced with a
junction point on the smallest opening angle and the line was then extended to boundary.
Moreover, cubic Bézier curve is fitted to the points of the longest path. The curve is used to
smooth the path model and to remove wiggling effect (Figure 17).

In our implementation it is assumed that the central line represents the largest dimension
between the oyster beginning (part with hinge) and end (part with muscle), and that it is always
in the middle between the shell borders independently of convex up or convex down shell
positions (see Figures 35 and 40). The next operation includes embedding of the 2D central line
into the corresponding 3D point cloud. That requires a relevant area of the original 3D point cloud
for 3D central line extraction. Therefore, clipping of original point cloud is performed by excluding
points that are outside of the shell boundary. Subsequently, assigning the third component Z to
the 2D central line points is achieved by running an N-D nearest point search for every point using
Quickhull algorithm (Barber et al., 1996). Finally, the closest 3D point is adopted as the most
appropriate for 3D Euclidian distance calculation. The 3D central line implies tilt of the shells and
curves along the top shell surface. The curves are caused by local slope change on the shell
surface or by change of boundary shape which the central line follows.

3.4.1. Evaluation of automatic central line extraction based on reference data

The shell central line has its biological, but also mathematical definition. The biological
definition of the shell central line is an imaginary curve of the commissure plane, connecting
oyster hinge with the distal shell margin, striking parallel to the maximum concavity zone,
through the soft parts of the bivalve. It is roughly equidistant to the lateral shell margin, which
may be distorted by the laterally projecting growth lamellae developing occasionally on the
exterior shell surface. The mathematical definition of the shell central line is dependent on the
2D geometry of shell outlines, and it is not affected from surface topology. It is the longest line
which connects neighbouring Voronoi vertices inside the oyster shell boundary, obtained from
the constrained Delaunay triangulation (DT) of the boundary points (outline segments as
constraining edges).
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The reference central line follows the biological definition and the automatic central line
extraction follows the mathematical definition, being therefore not completely congruent with
each other. Therefore, a method for evaluation of an estimated central line is implemented based
on defined criteria:

i) The length differences;
ii) Centering of the line — exactly or approximately to within a specified error;
iii) Visual appearance.

Oyster shell central line extraction may be used for various biological or paleontological
applications and interpretations, and thus different evaluation measures may apply. We describe
two measures. With these measures we differentiate between extraction capability and
extraction accuracy. The first level of evaluation has to satisfy criteria of extraction capability and
then extraction accuracy may be relevant for final evaluation. Therefore, we give priority to the
length and compare the automatically extracted line with corresponding reference length.

3.5. Oyster age class derivation

This section presents the method for oyster age class derivation through the tasks given in
the following sub-sections. In section 3.5.1 the volume computation method for individual
fossilized shells is summarized. It uses algorithm of Mirtich (1996) to derive volumes of sub-mm
resolution mesh shells models. Section 3.5.2 presents the extension of volume computation to
the larger data set of the reef. Section 3.5.3 proposes a growth model for purposes of oyster age
class derivation. Section 3.5.4 presents improvement in shell density estimation based on layer
analyses of left and right shell cross sections. Ana Puttonen conducted a research in Section 3.5.1
and research in sections 3.5.2 — 3.5.4 is led by Mathias Harzhauser.

3.5.1. The volume of individual shells

The volume of nine individual shells was determined using close-range laser scanning
technology, which provides high resolution models with sub-mm resolution. For volume
calculation the point cloud has to be transformed into a closed mesh. Remaining holes, non-
manifold surfaces and additional not connected components were identified and removed.
Finally, the surface area of the mesh and its volume were computed using the algorithm of
Mirtich (1996).

3.5.2. The volume of shells on the reef

Beside the nine measured shells from the collections of the Natural History Museum, the
volume of shells which can not be removed from the site and scanned from both sides in order
to generate the closed mesh model, it is computed as approximation based on empirical volume
data (3.1.7.1. and 3.5.1.). A relation between central line length and volume was deduced. The
largest shell measured was 406 mm long but no empirical volume data are available for larger
shells, because these cannot be removed from the site. Therefore, the von Bertalanffy equation
would not be applicable for shells larger than ~40 cm. Consequently, we chose a logistic function
to approximate the inverse von Bertalanffy equation:

3.2439E06
b= 1 + 118.86¢-0.0099889 SL ,(8)
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where v is the volume in mm3 and SL the central line length in mm (Figure 18). The equation
was applied to data set of 1121 shells laying on the oyster reef.

3.5.3. Growth model

The growth model derivation includes the growth curves calculation of extant Magallana
species. They are routinely calculated with the von Bertalanffy equation (von Bertalanffy, 1934).
The equation is

SLt = SLmax(l‘e_k(t_tO)); (9)

where SL; is shell length at time t, SLmax is the asymptotic shell length, to is the size at time O,
and k is a rate constant. Herein, we used the length of the central line of each shell as SL: as this
measure captures the real growth length of the partly strongly curved or sigmoid specimens. For
SLmax We used the size-to-age data of the 78 cm long shell, which is the largest individual known
so far.

3.5.4. Shell density

Shell density is estimated by taking in consideration the ratio between chalky and foliate
layers. The calcitic Magallana® shells consist of two structures: thin but densely spaced foliate
layers separated by thick layers of light-weight chalky material (Stenzel, 1971; Higuera-Ruiz and
Elorza, 2009). This fast growing structure is interpreted to be a major adaptive advantage of
Magallana to impede drilling predation and to prevent from sinking in the soft bottom (Seilacher,
1984; Chinzei, 1995; Kirby, 2001; Vermeij, 2014). In fossil shells the chalky layer is completely
recrystallized and has the same density as the foliate layer. Nevertheless, it is optically easily
recognized by its lighter color and the nearly opaque appearance. A polished longitudinal section
of an articulated Magallana gryphoides shell (providing data for left and right shells) was scanned
and the ratio between both shell structures was quantified by image analysis (Figure 47). This
method is only an approximation to the true value, as the ratio may vary locally (Durve and Bal,
1960; Chinzei, 1995), but it is clearly an improvement compared to former studies that used only
linear transects or sectors within the shell (Durve and Bal, 1960; Chinzei, 1995; Kirby, 2001).

3.6. Oyster shell orientation

A new approach is developed to assess data on 3D-orientation of elongated objects in
geoscience by applying non-destructive, high-resolution TLS. Hence, this study automatically
derives the three angles of orientation of an oyster shell to better explain transport direction or
presence of imbrication. For this, developed method calculates the angles of rotation from the
3D point cloud data representing the oyster shell. The reference boundary of each specimen (=
shell margin) are used to assign the respective 3D points to the object. The high number of data
points describing each specimen is a major advantage compared to 2D approaches or the “three
points per specimen” —approach as used by Mayrhofer et al. (2016).

The shells of Magallana gryphoides have an unusual big size (compared to present species).
The largest specimen on the shell bed attains 602 mm in lengths (with a mean of 237 mm).
Herein, we focus exclusively on 1904 shells of the oyster Magallana gryphoides defined in the

> Crassostrea gryphoides (Schlotheim 1813) has been moved to the genus Magallana.
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database with attribute “complete” or “low fragmented”, i.e., having only minor damages that
do not obscure natural shell shape. Moderately fragmented to strongly fragmented shells,
representing less than half of the original length, are excluded as well as shells of other mollusc
species. The reason for this selection is the elongate shape of the well preserved oysters, whereas
most other objects lack a distinct main axis.

For analyses, the oyster shells are treated as elongated flat elements in 3D space with
predictable axes in all three spatial directions: shell length is larger than its width, which is larger
than the height. Thus, the length, width, and height axes can be considered as pairwise
orthogonal. These three axes are the base to measure rotation angles, following the principles
originally used in aerial photogrammetry (Baumker and Heimes 2002): rotation around yaw (= y)
(normal axis, Z), pitch (= ¢) (lateral axis, Y), and roll (= p) (longitudinal axis, X). The yaw axis
represents an axis drawn vertically in respect to the shell top surface, and it is perpendicular to
the other two axes. The pitch axis is an axis running from the left to the right lateral sides of the
shells (Figure 18), corresponding to the width of the shell. The roll axis is defined as an axis drawn
through the body of the shell from the anterior part (= hinge area) to the posterior shell margin,
coinciding with the length of the shell (Figures 18 and 19). These axes are represented by the
letters Xiscs, Yiscs, and Ziscs and the reference frame of the entire oyster reef is defined by the
LACS, i.e., Xiacs, Yiacs, and Ziacs axes.

We assume that the shells are evenly captured by data points on the exposed shell surface,
which exhibits the extension in length and width, thus representing the two larger axes. Note
that we define the direction of the axes here. In such a case, the direction of those two axes can
be computed automatically, as well as the extent along each of those axes. The third axis is
determined by augmenting the first two vectors to a right handed three-dimensional Cartesian
coordinate system. We are, furthermore, assuming that the third axis is pointing upwards. With
other words, the oyster shells are “lying” and not “standing”. This approach does not provide
information if the length axis points from hinge to posterior margin or vice versa and does not
distinguish between convex-side up and convex-side down positions (= if interior or exterior side
of the shell is visible). However, such contextual attributes can be added to the point cloud of
each shell and its axes.

Based on empiric data and direct observation, we can postulate that the objects studied are
generally lying, approximately flat on the underlying surface, i.e., the shell bed. No chaotic
orientation was observed. This means that the length axis coincides approximately with this
plane. As start (hinge side) and end (muscle side) of the shell can be provided by paleontological
experts, the direction of the length axis can be given in the range of 0°-360°. This introduces
additionally to axis direction also axis orientation. The positive Xiscs axis points from the hinge to
the muscle (Figure 19). This angle represents the yaw, heading, or azimuth. An azimuth is an
angle measured clockwise. The 0° direction is pointing North, the 90° is pointing East, and the
180° direction is pointing South. The rotation around the lateral axis for a flat lying object is 0°. It
can be positive and negative (see below). This angle represents the pitch. If it is positive, it means
that the positive length axis is pointing upwards. Finally, the rotation along the length axis
represents the roll. It can be positive or negative as well. It is positive if the Y-axis is rotated into
the direction of the Z-axis (Figure 19). The superior coordinate system is the LACS. It is attached
to the shell bed, with the X-axis pointing downwards along the fall line, the Y-axis approximately
to south (with a deviation of 3°), and Z-axis upwards (Figure 8).
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ZLAcS

Figure 18: 3D visualization of an elongated and tilted fossil oyster shell with the corresponding individual shell
coordinate system (ISCS) and determined rotation directions in respect to the local analyses coordinate system
(LACS). Note that positive direction of the Xiscs-axis is pointing from the position, where the hinge was located to the
muscle position. Figure is originally published in Puttonen et al. (2018).

The predefined order of rotations around the axes is necessary to define unique rotation
angles. The rotation of a shell is described by the sequential rotation around the three axes in
the sequence Ziscs-axis (height axis of the object with the yaw angle y), Yiscs-axis (width axis with
pitch angle &), and Xiscs-axis (length angle with roll p®):

cos(~(90° + 7)) —sin(~(90°+v)) 0\ [ cos(~¢) 0 sin(~¢)\(1 0 0
sin(—(90° +y)) cos(—(90°+7vy)) 0 0 1 0 0 €OSp —sinp |- (10)
0 0 1/ \=sin(—=¢) 0 cos(—¢)/ \0 SInP cosp

® Note that p is counted mathematically positive, contrary to y and ¢.
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The point coordinates of the object are formulated as Pi= (xi, v, zi), i = 1,... n, where the points
p1...pn belong to the oyster. The structure tensor T has the second central moments of the point
coordinates. It is decomposed into the eigenvalues A with associated eigenvector u:

Tv; = Ajv;. (11)

With sorted eigenvalues A1 > A2 > A3 and associated eigenvalues, matrix A = (v1, U2, v3) can
be constructed (see below), where the eigenvectors and the individual shell axes are related as
v1 = Xiscs, V2 =Yiscs, and vs = Ziscs. The direction of the axes may have to be inverted to follow the
orientation as described above (also for the computation of the angles from matrix A).

Ziscs

Figure 19: 3D-point clouds of three individual shell examples and their rotations around Z and Y axes. Color wheel
coding depends on the angles. Hue encodes orientation angle yaw and saturation encodes pitch angle, while roll
angle is not visualized. The color is darker on the places, where the pitch (tilt) is larger or lighter if the shell is
approximately horizontal. Figure is originally published in Puttonen et al. (2018).

The matrix (A) of the axes Xiscs, Yiscs, and Ziscs is:

A = (vq,V5,V3). (12)
Here v4,v,,VU5 are the eigenvectors for the sorted eigenvalues A1 > A; >A3 of the second
centralized moments of the 3D points on one shell. In order to uniquely determine angles from
the rotation matrix A the orientation of the eigenvectors have to be checked by the following

criteria:
i) The determinant of A must be positive, i.e. det(A) = +1. If determinant of A is negative,

i.e. det(A) =-1, then A is redefined as A: = -A.
ii) If usis pointing downwards, i.e. us, ;< 0, then redefine A accordingly:

A = (vq, —vU,, —U3). (13)
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iii) Without further context, the orientation of u; cannot be determined and it should be
set to point always (e.g.) eastwards. The yaw angle y is then restricted to [0°,180°]. If, on the
other hand, context knowledge allows determining the orientation of ui, then y can be
determined in [0°,360°]. This introduces two paths in the method:

ili-a) No orientation, u1 points eastwards: Should u1,x< 0, then A is redefined to:

A = (—vy, —V,,v3). (14)

ili-b) Orientation given by context knowledge: Here, the hinge position (start of
the shell) or muscle position (approximately the end of the shell) can be added to the data
as a descriptive attribute, using, e.g., the oyster central line (Djuricic et al., 2016d).
Therefore, the direction of the length axis can be given in a range of 0°-360°. Then verify:

U{'ZD . ( (;)muscle B (;)hinge) > 0. (15)

The index 2D refers to the vector composed only of the x and y coordinate. If the verification
provided a value below 0, then redefine

A = (—vq, —V;,3). (16)

The matrix of the axes (A) is after these transformations a right handed coordinate system,
named the individual shell coordinate system (ISCS, Figure 18). The first axis, i.e. the first column
vector, is pointing from hinge to muscle, the third axis, i.e. the third column vector, is pointing
upwards.

The rotation matrix

cos(—(90° +y)) —sin(=(90°+y)) 0\ cos(=¢) 0 sin(=@)\(1 0 0
sin(—(90° +y)) cos(—(90°+7y)) O 0 1 0 0 cosp —sinp (17)
0 0 1/ \—sin(—¢) 0 cos(—¢)/ \0 SInNP cosp

is simplified to:

cos(90° +vy) sin(90°+y) 0\ [cosp 0 —sinp\[1 0 0
—sin(90° +y) cos(90°+7vy) 0 0 1 0 0 cosp —sinp | =
0 0 1/ \sing 0 coso 0 Sinp cosp

—siny cosy 0\ [ cos@ —sin@sinp —Sin@cosp
—cosy —siny 0 0 cosp —sinp =
0 0 1/ \sing cos@sinp cos@cosp

—sinycos sinysingsinp + cosycosp sinysingcosp — cosysinp 11712713
—COSYCOS® cosysingsinp — sinycosp cosysin@cosp + sinysinp | = | 72,1 12,2723 |- (18)
sing cos@sinp Ccospcosp 131132733

Using the matrix elements 1y 1, 1, ; and r3 ;1 in further computation, the angles yaw -y, pitch
- and roll - p can be computed.

T
tany = ] (19)
72,1
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When vy is in a range of 0°-180° (path iii-a), if the inverse function of tan provides a value
below 0°, then 180° is added to y.

When v is in a range of 0°-360°(path iii-b), the function “tan2”, i.e. the function considering
the quadrants and the signs of counter and nominator, has to be used.

sing = 137 (20)
The inverse sin function provides pitch angle ¢ values between -90° and +90°.

. T332
sinp = c0s¢

(21

Roll angle p is in the range between -90° to +90°.

The method for oyster shell orientation presents an efficient measurement and analysis of
the orientation of thousands of specimens and is a valuable progress compared to the traditional
2D approach, which measures only the azimuth (yaw) angles.
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4.1. Oyster reef digitizing

Oyster reef digitizing work uses TLS-derived data and orthophotos that are visualized with
GIS tools to develop a database. The database is further used to quantify and assess taxonomic
composition, size distribution, degree of fragmentation and 2D orientation of individual oyster
shells in the digitized Miocene shell bed. A digital surface model with 1 mm grid resolution was
derived using the highest point in each grid cell in TLS data. The photos were combined with an
orthophoto mosaic with 0.5 mm pixel size. Both the high-resolution surface model and its texture
are important components for further geological interpretation and paleontological
reconstruction of different shell species whose length may vary from a few centimetres up to 60
cm.

4.1.1. 3D models of the reef

3D point clouds and 3D geometric models are established as the foundation for the
representation and analysis of the oyster reef surface in this multidisciplinary research combining
palaeontology and photogrammetry. The achieved point density of about 150 points/cm?
resulted in a sufficient resolution for model creation as shown in Figures 9 and 11. Each part of
the reef was covered with at least five overlapping scans. For model generation, a triangulated
irregular network (TIN) was calculated that provides models commonly used for visualization and
interpretation. The quality of triangulation model, influences directly the shell detection accuracy
and quality from the oyster reef (Figure 14A). A digital documentation preserves the current
status of the whole reef in the form of highly detailed digital models such as:

e 3D triangulation model (TIN, 0.7 mm average edge length)

e 2.5D grid (Digital Surface Model — DSM of 81 tiles, 1 mm resolution)

e Mesh models (nine shells scanned separately with scan arm, 0.18 mm resolution; see
Figures 18 and 42).
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4.1.2. Oyster outline database

The reasons to create a reference database of the oyster reef came during the research on
this thesis because there were no earlier publications on reference samples of shells openly
available. A reference data set was created by digitizing shell polygons interactively in the digital
orthophoto as a transparent layer overlapping the digital surface model. We chose to digitize all
specimens and fragments recognizable as shells independent of their size. The reference data
include oysters Magallana gryphoides (Schlotheim, 1813), Perna aquitanica (Mayer, 1858),
Ostrea digitalina (Dubois de Montpereux, 1831), Venerupis basteroti (Mayer, 1857), Pecten
styriacus (Hilber, 1879), gastropod shells, and not known fragments that are sometimes smaller
than 5 cm (Figure 21). Regarding the close neighborhood setting on the reef certain fragments
were joined, touching or overlapping each other. But since they are obviously separate entities
for the experts from the field, they were also digitized as separate polygons. In total, 10,284
polygons were digitized. They present independently determined reference data of very
inhomogeneous shell shapes. The amount of a shell reference sample is determined by the
coverage area spanning from the center of the reef in four directions (N-S, W-E). The DSM and
the orthophoto as well as a label layer with polygons (red) created from the reference data set
are shown in Figure 20.

AN

Oyster reef database x
- . —EL] L
- on 20 c CONVEX Up___| not known_| moderat X
|| 827 | Polygon ZM a 0lc convex up not known | moderate 3806 0,005461
|| 28 | Polygon 210 0| 72[¢ | convex down | rignt moderate 3806 | 0013006
|| 829 | Polygon Zut o 72lc convex down | right moderate 3806 |  0,011375
|_| 830 | Polygon ZW [ 0le CONVEX up not known | complete 3806 0,020516
[ | 831 [ Polygon zut 1]_ole convex down | right complete 3806 | 0023724
|_| 832 | Polygon ZW 1] 0le convex down | right low 3806 0,016969
| _| 833 | Polygon ZM 1 0lc convex down | left moderate 3806 0,00657
| _| 834 | Polygon ZW 1 0lv CONVExX up not known_| complete 3806 0,002573
| 835 | Polygon Zu 2 c ‘convex down | right complete 3806 | 0,018769
[ 53 [ Poygonzu | ¢ [comvexup |notknown | compite 3806 | 0,008774.
|1 837 | Polygon 2t c convex up | not known | compiste 3806 | 0,00957
|_| 838 | Polygon ZW £ convex down | right complete 3306 0,019364
| | 8389 | Polygon ZW c convex down | not known | low 38086 0,015886
|_| 840 | Polygon ZW E convex down | right complete 3806 0,022213
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| | 842 [Polygen Zlu 1 0le convex up | not known | complete 3806 | 0026288
|| 843 [ Polygon Z1 2 0le convex up | not known | moderate 3806 | 0010305
B44 | Palygon ZW 3 olec convex down | keft complete 3808 0,023371
845 | Polygon ZM o olec convex up not known | complete 3806 0011523
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Polygon ZM 0 0lc convex down | not known | high 3806 0005716
Palygon 21 1 olv convex up | not known | compiete 3806 | 0,003025
9 | Polygon ZM v convex up not known_| complete 3806 0001082 |
Polygon ZM c convex up not known | compiste 3806 0,01481
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Figure 20: (Left) Example of individual fossil outlines; (Right) Overview of the oyster reef database attributes.

The shell detection depends on several factors. These include the size, shape, position, visible
side, and remaining colour of the specimen, partly buried sides or low visible appearance caused
by sand deposition. The outline preferences digitized by an operator were evaluated by a
paleontology expert, and hence this part of the process took long time. Several iterations and
consultations were necessary in order to learn what are the most important distinguishable parts
between species and their shapes. Concentration on specific details on the shells improved the
final interpretation.
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Interpretations, in form of shell outlines, are stored in a GIS database with a data structure
enabling fast access despite the large data volume and ensuring a consistent repository for the
researchers involved. The GIS database has numerical and descriptive elements. Numerical
attributes are identity (ID), level of overlap, length (2D and 3D), orientation (yaw, pitch, and roll
angle), and descriptive attributes are taxon (7 different species), side of the shell (left, right,
unknown), state of specimen (complete, fragmented, not determined), shell position (convex up,
convex down), area, etc. An example of data structure is illustrated in Figures 20 and 21, and the
list of database attributes, their data type, range of values, unit and more detail explanation are
presented in Table 4.

B Convex up (CU)
[] Convex down (CD)

Venerupis
Perna
Mot known -

[ . -

Figure 21: Examples of the reference data: orthophoto and digital surface model (DSM) are used to define shell
outlines manually. Together with various attributes, such as visible side (convex up/down), side (left/right), degree
of fragmentation and taxon ID, these data are stored in GIS database.

The derived data (e.g. attributive data) enables different spatial data queries such as
encrustation by oysters, taphonomic map, distribution of left and right shells, distribution of
convex up and convex down shells, distance maps or other specific thematic maps for geological
purposes. The GIS database also allows you to define additional attributes if required, such as
geological features: abrasion or bioerosion (0—no, 1-present a bit, 2—strong), covered by
sediment (yes/no), encrustration by barnacles or another oyster (yes/no), see Figure 20 and
Table 4.

4.2. Individual shell detection results

The method proposed was applied on entire oyster reef data set which is composed of 81
tiles with each tile having an area of 6 m?. The point cloud size inside the tiles varies between the
range from about 2 million points up to 17 million points. There were more scan points within
the reef borders than on its edges. Therefore, the results are visualized and analyzed, and it is
observed that tiles with less points are the outer tiles on the reef borders with the less shells or
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the open and plain sand areas, i.e. the tile area is not entirely covered by shells. The inner reef
area is completely covered with shells and comprises 49 tiles, corresponding to 294 m? of TLS
scanned area. However, the extraction of the shells was done completely automatically including
the inner reef area and also an extended area to the total area of the reef that is covered with
shells, 367 m?. The extraction results are compared against the references of 13 different data
tiles, consisting of 78 m? of oyster reef area in total. Accurate detection of individual shells using
an automatic method is an important input for further steps in oyster reef data analysis.

4.2.1. Surface openness

Figure 22A shows the processed results of one tile adjacent to the north of the center tile
(see Figure 13) as an example of the applied method: true positive (TP) pixels are colored in blue;
false negative (FN) pixels are colored in dark yellow; false positive (FP) are presented with red
color; and true negative (TN) features are in gray. Results are evaluated against the manual
reference data (Figure 22B), where the results are assessed for more than 10,000 specimens by
comparison with the manually determined shell polygons within the central area of the reef
(Figure 13). The surface matching validation method uses completeness (reddish background in
Supplemental Table S17), correctness (bluish background in Supplemental Table S1 [see footnote
71), and quality assessment (greenish background in Supplemental Table S1 [see footnote 7]).
Quality assessment method proposed by Heipke et al. (1997) takes into account Quality € [0; 1]
and uses following formula

area of matched extraction

Quality = (22)

area of extracted data + area of unmatched reference ~ TP+ FP + FN

where TP — true positive (the matched extracted data), FP — false positive (the unmatched
extracted data), and FN — false negative (the unmatched reference data).

Those values are depicted on one example within Figure 22. For the given scenario, the
detection accuracy, based on validated surface matching and visual inspection of obtained
results, reveals the feasibility of the proposed methodology.

The result shown in Figure 22 is an optimized result based on test runs using different kernel
sizes:k=1(3x3mm),k=3(7x7mm),k=5(11x 11 mm), and up to k=27 (55 x 55 mm). The
test runs showed that completeness and quality decreased from k =1 to k = 3 and start increasing
from k =3 up to k = 25. Correctness is maximal at k = 3, but quality is minimal. The quality results
show independence from majority filters, indicated by only minor changes (Figure 23 and
Supplemental Table S1 [see footnote 7]). Therefore, parameters k = 25 and m = 3 (majority filter
size 3) are chosen as the best parameters for the automatic surface detection of shells. In addition
to the surface matching, the total number of detected objects was examined. Thus, the number
of detected objects was validated by means of the following parameters:

(1) the best parameters estimated for surface matching, k =25 and m =3, and
(2) another pair of parameters were determined to be optimum for the number of
detected objects, k=7 and m = 6.

7 Supplemental Material includes Supplemental Tables S1 and S2).
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Orthophoto

Automatic

Figure 22: (A) The tile north of the center tile (see Figure 13). Quality of extraction: shaded model overlapped with
automatic detection (blue—true positive [TP]; dark yellow—false negative [FN]; red—false positive [FP]; gray—true
negative [TN] cells). (B) Detail from the reef showing data used for reference data (digital surface model [DSM] and
orthophoto) and visualization of automatic extraction.
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Surfaces of the shells were detected effectively for 69% of the data based on surface
matching using k = 25 and m = 3 (Figure 24, boldface in Table 5 and Supplemental Table S1 [see
footnote 7]) and for 50.25% of the data based on the detected number of objects. Overall, an
accuracy of over 98% was achieved in detecting the number of objects by the use of another pair
of parameters, k=7 and m = 6 (Supplemental Table S2); but then surface matching completeness
decreased slightly to 67%. According to the reference data (13 tiles), the number of shells
(excluding highly fragmented shells smaller than 17 cm?) ranges from 322 to 466 shells per tile
with a mean of 387. Within those tiles, the number of automatically detected shells (based on k
=25 and m = 3) ranges from 170 to 210 shells per tile with a mean of 195. On the basis of k =7
and m = 6, shells range from 310 to 410 with a mean of 381.
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Figure 23: Quality assessment of reference tiles, based on different kernel sizes and filter values (data tabulated
in Supplemental Table S1 [see footnote 7]).
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Figure 24: Quality assessment of reference tiles based on automatic object detection (includes different kernel sizes
and filter values; the data are tabulated in Supplemental Table S2 [see footnote 7]).
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4.2.2. Shell number estimation

Estimating the accuracy of the total shell number in the reef is important to determine if the
automatic shell detection is suitable as an input for paleontological analysis and interpretation.
Here, automatic shell detection together with the reference data were used for the first time in
estimating the total number of shells on the reef. A total of 10,284 shells served as reference
data (corresponds to 13 tiles or 78 m?2). In the reference data, the number of individual shells
larger than 17 cm? was 6148. If overlapping shells are counted as one shell (as they typically
appear in the automatic procedure), the number was reduced to 5035, the factor 1/1.23. The
number of automatically detected objects over the region of the reference data was 4958 when
the optimal numbers for object detection (k =7, m = 6; boldface result in Table 5) were used. The
inner reef area is completely covered with shells and comprises 49 tiles, corresponding to 294
m2. The outer tiles are not entirely covered by shells, since shells are only found at an area below
6 m?, i.e., the area of tile.

Table 5: Quality assessment — pairs of the best chosen parameters to identify and enumerate shells (Note: Kernel
sizes k = 7, k = 25 and majority filter sizes m = 3, m = 6 — Please see text for boldface explanation).

Statistics Parameters m=3 m=6
Completeness 66.40 66.61
Correctness 74.88 75.21
k=7 Quality 54.31 54.61
ye]
2 4693 4958
s Number of objects
s (93.21%) (98.47%)
x
w Completeness 68.92 68.81
Correctness 75.06 75.07
k=25 Quality 56.08 56.02
2530 2523
Number of objects
(50.25%) (50.11%)
Reference Complete shells larger than 17 cm?: 5035

The number of automatically detected shells larger than 17 cm? in the inner reef area is
18,264. Multiplied by a factor of 1.23 to account for overlapping shells, this leads to a number of
22,432 shells. In comparison, multiplying the number of manually delineated shells in the 13
reference tiles (6148) by 49/13 would correspond to 23,173 shells. Thus, the automatically
detected number of shells is 97% of what is computed from the reference data and the area ratio,
which compares well with the 98% (see above; Table 5 boldface result). Extending this estimation
from the 49 tiles (294 m?) to the total area of the reef that is covered with shells, 367 m?, the
estimated number of shells, based on the automatic detection and the factor 1.23 to account for
overlaps, is 28,002—that is, the estimated number of shells larger than 17 cm? for the entire reef
area. When the ratio of all shells to large shells in the reference area, 10,284/6148, is applied,
the estimated total number of shells is 46,840. This number includes complete but also
fragmented specimens.
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4.3. 3D orientations of oysters

Based on the manually determined shell polygons, yaw, pitch, and roll angles for sample data
set of 1904 shells were computed. The yaw angles represent a broad scatter in all directions, with
a mean of 168.8°, and std. dev. 104°. The distribution in the interval [0°, 360°] has mean and
std.dev. 180° and 104°, respectively. The distribution of the yaw angles is plotted in ascending
order in Figures 26, 27, 28, 30, and 31. Figures evidently document the distribution closeness to
the uniform distribution and, therefore, a highly random orientation pattern. The other two
angles, pitch and roll, display distinctly less scattering. For the pitch angle (¢), a minimum value
of - 32.8° and a maximum of 30.6° were observed (Table 6), with a mean of 1.11° (std. 9°). The
roll angles p display a wider variation from - 65.7° to 67.5° with a mean of 0.74° (std. 15.4°).
Distinct tails are formed in the distribution curves for pitch and roll angles, indicating the
presence of few strongly tilted shells (Figure 34).

. " 395

Y (m) g \“"‘-7\_\ = X (m)
9

Figure 25: Orientation map of one tile size 3 x 2 m, comprising 177 shells. Color wheel coding depends on the angles.
Hue encodes orientation angle yaw and saturation encodes pitch angle, while roll angle is not visualized. The color
is darker on the places, where the pitch (tilt) is larger or lighter if the shell is approximately horizontal.

An intuitive option to visualize such 3D-orientation data is applying the color codes of a color
wheel (Figures 19 and 25). Hue encodes the orientation angle yaw and saturation encodes pitch,
while roll is not visualized. The color is darker on those places, where the pitch (tilt) is larger, and
lighter if the shell is approximately horizontal. The color wheel ranges from 0°-360°. A yaw angle
y ranging from 0° to 90° is coded with blue to green colors (Figure 25). A yaw angle y between
90° and 180° is visualized in green-to-yellow color; from 180° to 270°, the color code stretches
from yellow to red, and for yaw from 270° to 360°, the color will range from red to blue. The color
coded, automatically derived results for all 13 tiles with manually defined shells is shown in Figure
29. lllustration of each angle in a separate map with its own color bar is shown in Figures 30, 31.
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Figure 26: Rose diagrams and histograms based on y, ¢, and p angles of 1904 shells (bar width = 5°).
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Figure 27: Tilewise distribution of yaw, pitch, and roll angles ranges in box plots.

Student t test values are given in Table 6. Using the one-sample t test, it is evaluated if mean
roll and pitch for each tile are equal to the overall mean. p value of the test, returned as a scalar
value in the range [0,1], presents the probability of accepting or rejecting the null hypothesis.
The null hypothesis (h = 0) is accepted if the p is larger than 0.05. This is the case for 10 tiles for
the roll angle and 11 tiles for the pitch angle. This points that there is no significant mean
difference between the compared tiles, while for tiles 3806, 3812, and 3821 (see tile map on
Figure 29) of the roll angle, the null hypothesis is rejected (h = 1). The same is observed for the
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tiles 3812 and 4212 of the pitch angle. As the mean roll (0.74°) and the mean pitch (1.11°) values
do not deviate significantly from 0°, the null hypothesis has to be rejected at the confidence level
5%.

Table 6: Student t-test values (roll, pitch) for all shells and each tile. t is the test statistic. Roll [°] gives the average

roll value. Pitch [°] gives the average pitch value. p-value of the test, returned as a scalar value in the range [0,1],
presents the probability of accepting (p>0.05, h=0) or rejecting (p<0.05, h=1) the null hypothesis.

Tile Roll [°] Pitch [°]

Number Shells t-roll mean Roll h (p) t-pitch mean Pitch h (p)
all n=1904 2.09 0.74 1(0.04) 5.39 1.11 1(0)
3212 n=151 -1.01 0.38 0(0.76) 1.95 1.51 0(0.62)
3412 n=181 -3.26 -0.41 0(0.32) -3.08 0.48 0(0.38)
3612 n=155 -3.08 -0.35 0(0.34) 2.41 1.61 0(0.42)
3803 n=183 -2.22 -0.04 0(0.46) -3.27 0.44 0(0.31)
3806 n=177 -10.56 -2.99 1(0.002) 5.93 2.33 0(0.09)
3809 n=142 2.23 1.52 0(0.55) -2.72 0.55 0(0.44)
3812 n=103 9.91 4.24 1(0.03) 3.08 1.75 0(0.47)
3815 n=153 -1.84 0.44 0(0.79) 0.95 1.31 0(0.77)
3818 n=137 -1.65 0.16 0(0.64) -11.30 -1.22 1(0.00)
3821 n=164 11.35 4.74 1 (0.00) 0.51 1.22 0(0.89)
4012 n=125 1.08 1.12 0(0.76) 4.86 2.11 0(0.21)
4212 n=125 0.21 0.81 0(0.96) 8.75 2.92 1(0.02)
4412 n=108 4.53 2.34 0(0.40) -8.10 -0.56 0 (0.06)
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Figure 28: Yaw, pitch, and roll angles of 1904 oyster shells sorted in ascending order for each angle.
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Figure 29: Shell orientation map for an N=S and a W-E transect with 1904 shells over 13 tiles (the same color wheel
coding, as shown in Figure 25)

The Kolmogorov—Smirnov test is used to study if an empirical distribution follows an expected
(i.e., predefined) distribution in the interval [0°, 360°]. The cumulative distribution is generated
from ascending sorted yaw angles (values from 0 to 360). The cumulative distribution as a curve
which is always increasing by 1/1904, for each yaw value, and the differences (Dn) between the
values of the cumulative distribution function (cdf) and the reference. If the sample data are
uniformly distributed, these differences should be zero. Dn is the largest value and in our case is
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0.05. If the data are uniformly distributed, then the critical value Dn,a should be larger than Dn.
From the Kolmogorov—Smirnov table, it is obvious that Dn,a = D1904,0.05 = 1.36/ sqrt(1904) =
0.031. Since Dn = 0.05 > 0.031 = Dn,a, we conclude that the data do not follow a uniform

distribution.
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Figure 30: N-S transect distribution of yaw, pitch and roll angles.
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Figure 31: W—E transect distribution of yaw, pitch, and roll angles.

To quantify the effect of post-sedimentary displacement by faults on shell orientation, we
analyzed the relation between strongly tilted shells close to the fault lines (Figure 34): shells
shown in blue present roll angle above 31.5° and yellow shells present pitch angle tilt above 18.4°.
We show the difference between fault and shell azimuth versus nearest distance of the shell to
the fault line for the shells with pitch angle tilt above 18.4° (Figure 32A) and for the shells with
roll angle tilt above 31.5° (Figure 32B). Figures 33 and 34 illustrate the individual shells on the
reef bed within the multi-buffers surrounding the fault lines. They are in close distance to the
fault lines or on it. The close distance is described via multi-buffer distances: blue: 0.1 m, pink:
0.2 m, and green: 0.3 m (Figures 33 and 34). The accumulative values (buffer wise) are displayed
in Table 7. Quantification parameters were the nearest distance of individual shells from the fault
line and the shell angles (¢ > 18.4° or p > 31.5°). Table 7 shows that the accumulative number of
the oyster shells with outlying orientation pitch angles has differences up to 2.2% points
compared to that of all the shells in the tile. For outlying roll angles, the corresponding
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accumulative distance ratios vary more, being up to 10.0% points for 0.10 m buffer and then
decreasing to 2.2% points for the 0.30 m buffer. In terms of oyster shell numbers, these
differences are one shell for the pitch angle and five shells for the roll angle. These numbers
indicate that the fault line vicinity does not seem to have an effect to the high outlying pitch angle
values. A similar assumption can be made about the shells with high outlying roll angle values
even while they are not as strongly correlated. This interpretation holds true, because tectonic
activity postdates sedimentation distinctly.

Table 7: Buffer Zones: Accumulative ratio of individual oyster shells within the buffer zones of the nearest fault line
(see also Figure 32). Please note that the two first buffers are not visualized on Figure 32.

Buffer Oyster shells with Oyster shells with All shells (1904) -
distance Pitch angle & > 18.4° (N=47) | Roll angle p >31.5° (N = 58) outliers (99)
0.01 m 20.4 17.7 21.4
0.05m 34.4 28.1 36.9

0.10 m 48.4 40.6 50.6
0.20m 73.1 67.7 72.5

0.30 m 88.2 84.4 86.6

A

Differenc between fault and shell azimuth [°]

oz o3 o
Nearest distance of the shell to the fault line [m]

Differenc between fault and shell azimuth [°]

Neaoiest distance of the“shell to the fault Iinne; [m]
Figure 32: A Shells with pitch angle tilt above 18.4°; B shells with roll angle tilt above 31.5°.
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Figure 33: Individual shells within the multi-buffers surrounding the fault lines (red); buffer distances: blue: 0.1 m,
pink: 0.2 m, green: 0.3 m. B Represents a magnification of a rectangle with a black outline in A.
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Figure 34: Shaded DSM overlapped with fault lines and strongly tilted shells: blue shells present roll angle tilt above
31.5° and yellow shells present pitch angle tilt above 18.4°. B Represents a magnification of a rectangle with a black
outlinein A.
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4.4. Oyster age estimation using central line length, volume calculations and shell density

In this research, the age of Magallana gryphoides specimens from Stetten, Austria, was
estimated, providing a basis for future studies on this species. The central line lengths (as they
are derived from the point cloud data) were used as the input to analyse the growth of Magallana
gryphoides shells. The relationship between the volume and the length of high resolution 3D
oyster models was used to determine the age of Magallana shells. The shell volume calculation
was performed using an algorithm for fast and accurate computation of polyhedral mass
properties (Mirtich, 1996; section 3.1.7.1.) for completely excavated shells. For the shells laying
on the reef with visible convex up or convex down side, von Bertalanffy equation was applied
instead Mirtich” algorithm. Oyster shell central line extraction algorithm (section 3.4.) was used
to estimate the central line length. Shell density is determined by image analysis of left and right
shell layers of the longitudinal section through Magallana gryphoides from the oyster reef site
(see section 4.4.2.5). The results of performed algorithms provided the first age estimation in
paleontological research for specimens of Magallana reef in Stetten, Austria. The age of analyzed
oysters was ranging between 3 and 6 years (for statistical distribution, see chapter Results,
section 4.4.2.4). The maximal age of 1121 analyzed oysters from the reef was 16 years.

4.4.1. Central line length calculations and evaluation

Three-dimensional (3D) shell central lines are derived in objective and automated manner
using 3D point cloud data. The length and orientation estimation of particular oyster shells are
determined by using corresponding 3D central line. An example of 3D central line results are
shown in Figure 35. The described method first approximates a 2D central line and then also 3D
central line (section 3.4.). It produces a graph with many path options within a shell due to diverse
shell shapes. The longest path information is stored in a database for 10.284 specimens, because
this information was used to support length estimation of Magallana and other species.
However, the evaluation is done for the sample data set, the lengths of the 1121 complete
Magallana shells. Fragments are not considered herein, as they are not informative for
length/age calculations.

In 3D, the situation becomes more difficult because of the wavy, rough and complex shell
surface. It is common that Magallana provides habitat for other species, hence it happens that
for instance specimens of Ostrea were attached to Magallana shells (when alive), or Venerupis
shells lie inside the interior part of Magallana (after death) (Figure 37). Therefore, 3D information
is added to 2D line and 3D length is calculated (Figure 36).

Two-dimensional and three-dimensional lengths of 1121 shells are compared in order to
visualize possible differences between 2D and 3D lengths. Differences (residuals) support
automatic discovering of strongly curved shells and potential encrustation of Magallana by
Ostrea, Venerupis or any other type of shells or even fragments.

The length differences (Figure 36, Table 8) can be interpreted as consequence of many height
surface variations. It appears that the differences are mainly under 10-20% of total shell length
which most likely represents a group of oysters with no overlap (or no encrustation) or not
strongly curved shells. Those shells are lying on the uppermost surface of the reef bed or are
surrounded with sand. Interpretation of residuals over 20% is interesting as these shells may
potentially overlap with another shell, barnacles, and fragments such as shown in 3D visualized
cases in Figure 37, or the strongly curved case in Figure 39. In order to be on the safe side, a
constraint is applied: if a residual is significantly large and there is no overlap and no strong curve

68



Results

along the surface, the distance from points of 3D central line to the shell plane is checked. If there
is an unexpected or sudden jump in point height, then those points are removed, and the 3D
length is recalculated. Such cases may appear due to many natural overhangs because of the
shell local positions; or for the reason that irregularly shaped outlines were nearly cutting shell
surrounding beside the shell edge sharply. In order to explore multiple overlaps with more detail,
we visualized the relationship between absolute residuals (3D-2D length) and existing number of
overlap levels (from 0 to 3) for each shell (Figures 37 and 38).

Figure 35: Top row: Shaded DSM (2 m by 3 m) overlapped with extracted 2D lines (red) of complete Magallana
gryphoides oysters (blue); Bottom row: visualization of fitted 3D central line on shell pair mesh model (convex down
left shell and convex up right shell). Figure is originally published in Djuricic et al. (2016d).

The overlap levels of individual shells were available in the reference database. Among the
large number of diverse cases, there are some particular shell characteristics such as by being
long and thin, or short and wide, or long and wide, etc. Consequently, the ratio between area of
the projected shell surface and the 3D-2D residuals was analyzed. The aim was to find a
correlation between large residuals (> 0.05 m) and small areas as a confirmation of height surface
variations.

We focused mainly on large residuals, which allowed detecting the presence of encrustation
or overlap and cases of strongly curved shells (Figure 38 and 39). Please note that encrustation
is the case when another specimen is attached to the oyster (mainly exterior part of valve) in
order to use it as a shelter for living on it. Overlap is the case when the shell imbricates nearby
shell or lay over it (see Figure 37).
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Figure 36: Left: Differences between 2D and 3D lengths; Right: residual vs. area of projected shell surface.

Figure 37: Visual inspection of overlap and encrustation cases (mesh model and orthophoto). 1, 3 and 4 are different
encrustation cases, while 2 and 5 present overlap cases.

One of the most noticeable distinct differences between 2D and 3D length is the large residual
of about 16 cm (Figure 38) where the level of overlap is equal 0. Since there is no encrustation to
cause surface variation, such case is interpreted as special type of shell with strong curved
interior part of the surface. Projected 2D border line of this case and central line are much smaller
than 3D approximation. Example of automatically discovered curved shell is visualized in Fig. 39.

Table 8: Example comparison of 2D vs. 3D lengths from Figure 37.

Shells 1 2 3 4 5

2D length[m] 0.388 0.328 0.320 0.263 0.328

3D length[m] 0.445 0.343 0.333 0.287 0.395

Extracted

Ref. 2Dlength[m] 0.392 0.346 0.321 0.246 0.304
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Figure 38: Left: histogram of absolute residuals between 2D and 3D lengths; Right: number of overlaps for each
shell among 1121 Magallana oysters.

Figure 39: Curved shell mesh model (left); 3D central line and orthophoto (right).

Based on the presented method and results, two hypotheses are validated for evaluation of
expectation of potentially strongly curved or (multiple) overlapped shells in dataset:
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e Curved specimens are detectable if their residual is larger than 20% of the length and
level of overlap is 0.

e The ratio between the level number of specimen and residuals has an impact on
encrustation or overlap identification.

Based on comparison between automatically calculated length and 500 references (Table 9),
an overestimated result of 101.5% is obtained. Accordingly, the total sum of extracted lengths is
equivalent; they are well matching with each other.

Further, in order to check the accuracy of centering, an accumulative, buffer wise approach
is applied. We took 6 buffers of 0.5 cm around reference central line and checked their
intersection with the extracted line. This approach enables an accurate comparison by taking a
total sum of the closest distances from extracted lines to the references (blue, Figure 41).

Table 9: Length differences of 500 shells: reference vs. automatic extraction.

Statistics Min Max Sum[m] Mean Std.

Extracted 0.085 0.574 134.235 0.268 0.085

Reference 0.084 0.577 132.253 0.264 0.084

Buffer size
0.005m
0.01lm
0.015m

© 0.02m

0.025 m

0.03m

|

mm Oyster Outline
Bl ExtractedLine
Bl Reference Line

Figure 40: Buffer zones growing around reference central line (blue) and visualized extracted line (red), see also
Fig.41.

72



Results

Quality assessment - Overall accuracy (500 shells)
1.2

o o
D [=:] -

Total length within buffer (normalized)
o
~

o
)

0.59%

0.005 0.010 0.015 0.020 0.025 0.030
Buffer width (m)
Quality assessment - 252 convex down shells Quality assessment - 248 convex up shells

-

2
©

0.6

o
n

Total length within buffer (normalized)
o
s

Total length within buffer (normalized)

o
~N
2
[N

0005 0010 0015 0020 0025 0.030 0005 0010 0015 0020 0025 0.030
Buffer width (m) Buffer width (m)

Figure 41: Quality assessment — overall, convex down, convex up accuracy of accumulative (filled bar) and buffer
wise (red bar outline) extracted line distribution, see also Fig. 40.

Based on quality assessment, 86% of extracted line lengths are within first two buffers. Beside
extracted segments under 0.01 m distance from reference central line, the overall accuracy gives
information that all segments are within 0.03 m. Proportion of the length inside the closest
buffers to reference line is high, about 58% first and 28% second buffer. In addition, central line
extraction of 252 convex down and 248 convex up shells was separately evaluated. Obtained
results show that accuracy assessment decreases in case of convex down extractions due to
complexity of interior parts of the shell structure.
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4.4.2. The volume of oysters

This section presents the outcomes from method’s section 3.5.2. It includes the correlation
between shell lengths and areas (4.4.2.1.). Section 4.4.2.2. shows length—frequency and size-
frequency data related to length-at-age relationships and size distribution patterns. Section
4.4.2.3. presents the length-at-age relationships for establishing of age classes. In section 4.4.2.4.,
oyster shell densities are derived from a ratio between chalky and foliate layers in shells. Finally,
section 4.4.2.5. presents a summary about the annual carbonite production calculations based
on the total shell volume computation. The calculations were carried out for 1121 shells on the
reef using density per cubic centimetre. Sections 4.4.2.2.,4.4.2.3.,4.4.2.4.and 4.4.2.5. are mainly
led by Mathias Harzhauser based on outcomes from data derived in section 4.4.1.

4.4.2.1. Volume computations of individual shells

The volume of individual shells was computed based on empirical measurements of nine
shells using the algorithm of Mirtich (1996), see Figure 42. The volume values are ranging from
108 to 1215 cm?3, see Table 10. The relation between central line length and shell volume is shown
on Figure 43. In this figure, there are two shell pairs and their valves are linked; all shells are
marked with corresponding side L-left shell, R-right shell.

0 44 88 132 176 220 02040 80 120 160 200 0 15 30 90 120 150
S — T T — T

01530 60 90 120 150 0 25 50 75 100 125 44 BB 132 176 220
- e T e — T

v

01530 60 90 120 150 0 28 56 84 112 140 72 108 144 180
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Figure 42: Models of nine shells based on high-resolution laser scanning data of shells from the collections of the
Natural History Museum. These specimens document the broad range of morphologies and were used for volume
calculations.
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Table 10: Volume calculations of nine shells from Figure 42.

Volume Center line length Side
ID [cm3] [cm] (Left/Right)
1 1 069,26 39,0 L
2 1.215, 97 40,2 R
3 333,76 25,4 R
4 462,07 26,3 L
5 108,68 14,1 L
6 816,84 40,6 L
7 258,76 27,9 L
8 237,48 21,8 R
9 509,25 32,7 R
1% R ®2
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Figure 43: Logistic function showing the relation between central line length and shell volume based on empirical
measurements of nine shells (dots); L-left shell, R-right shell; shell pairs are linked; numbers correspond to specimens
illustrated in Figure 42. Figure is originally published in Harzhauser et al. (2015).

4.4.2.2. Size—frequency data

The central line lengths of 1121 complete Magallana shells, rounded to the nearest mm,
range from 48 to 602 mm with a mean of 237 mm (o = 89 mm) (Figure 44a). The data distribution
displays a positive skewness of 0.52 and the Shapiro—Wilk test excludes normal distribution for
raw data and log10-transformed measurements. Area data range from 1708 to 56 755 mm? with
a mean of 16 983 mm? (o = 8414 mm?) (Figure 44b). These data show also a positive skewness
(0.83) and normal distribution is rejected by the Shapiro—Wilk test.

Based on the manual outlines, the exposed shell area can be deduced directly. Area data are
slightly underestimated because shells are not always exposed parallel to the bedding plane but
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may be somewhat oblique. Despite the fact that area data are somewhat biased by oblique shells,
the correlation between central line lengths and areas is highly significant (raw data: r = 0.92,
p<0.001; log10-transformed: r =0.93, p<0.001) (Figure 45).

The size—frequency data refer to length and shell area. Figure 44 shows the size distribution,
size—frequency diagrams, for central line length and area data with cohorts (dashed lines) as
detected by mixture analysis. Fragments distribution (n =7047) is separated from the size
distribution pattern of complete shells (n= 1121) (Figure 44c). Figure 45 shows a significant
correlation between length and area of complete shells in regression analysis.
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Figure 44: Size—frequency diagrams for central line length and area data (log transformed) with cohorts (dashed
lines) as detected by mixture analysis (a, b). Box-plot illustrating the strongly right-skewed distribution for fragments
(n=7047) and a clear separation from the size distribution pattern of complete shells (n=1121) (c). Figure is originally
published in Harzhauser et al. (2015).
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Figure 45: Regression analysis revealing a significant correlation between length and area of complete shells.
Figure is originally published in Harzhauser et al. (2015).
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4.4.2.3. Length—frequency data

Four distinct cohorts (dashed lines in Figure 44) are detected by mixture analysis. For extant
Magallana reefs, the analysis of the cohorts is routinely performed using Bhattacharya’s model
or the EM-Algorithm of Dempster et al. (1977), which tries to detect normal distributions within
the length—frequency data. Consequently, in order to test for cohort mixing, lengths of M.
gryphoides were subjected to mixture analysis, a maximume-likelihood method for estimating the
parameters of two or more univariate normal distributions, based on a pooled univariate sample
(Hammer, 2015). Statistical analyses were performed in PAST versions 2.17c and 3.06 (Hammer
et al., 2001). Akaike’s information criterion (AIC) was used to test the goodness of fit of the
maximum likelihood estimates to the length—frequency data.

In logl0-transformed length frequency diagrams, the maximum likelihood based analysis
reveals lowest AIC values for four or five cohorts. Similarly, log-transformed area data have
lowest AIC values if four or five cohorts are detected. The assumption of more groups does not
lower the AIC, or the computed cohorts comprise unrealistic narrow cohort ranges, which are
nested within larger ones.

4.4.2.4. Age classes

Based on the assumption that the size—frequency groups represent age classes it is apparent
to establish length-at-age relationships. Applying the von Bertalanffy equation to the length data
reveals a strongly right-skewed distribution with 50% of the shells ranging between 3 and 6 years
(Figure 46). The frequency of specimens between 6 and 9 years decreases rapidly and the
contribution by shells older than 9 years is subordinate although outliers with up to 16 years
occur. Again the non-normal distribution of the von Bertalanffy growth model data suggests
cohort mixing and the mixture analysis assumes at least four significant cohorts with low AIC
value. Due to the rareness of large and aged shells, the fourth cohort displays a rather low
amplitude and we assume that at least two natural cohorts may be amalgamated in this group.
This suggests that more or less continuous recruitment accentuated by very successful
settlement peaks every 2 or 3 years.
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Figure 46: Age—frequency data and box-plot of the shells based on center length data transformed with the von
Bertalanffy growth equation. Four cohorts are detected by mixture analysis. Figure is originally published in
Harzhauser et al. (2015).
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4.4.2.5. Shell density

The shell density in Magallana species was estimated by taking the ratio between chalky and
foliate oyster shell layers (Figure 47). The average density estimate was calculated to be about
1.82 g cm™ for one valve of Magallana shell.

The image analysis of the cross-section documents proportions of 64 chalky to 36% foliate
layers for the right shell and of 61 to 39% for the left shell. This is determined automatically
according to ratio between dark and gray pixels in the cross-section. The density of the chalky
layer when wet ranges around 1.15-1.32 g cm™ (Chinzei, 1995) and the density of the foliate
layer ranges around 2.2-2.5 g cm™3 (Chinzei, 1995; Yoon et al., 2003) and has a clear upper limit
by the density of calcite (2.7 g cm™3). Using 1.2 for the chalky layer and 2.2 g cm3 for the foliate
layer as rough estimates, mean density results in 1.84 and 1.81 g cm™ for the right and left valves,
respectively. Shell density in Magallana species is independent of age and size (Lombardi et al.,
2013) and therefore the density estimates are applied to the entire data set.
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Figure 47: Longitudinal section through M. gryphoides from the oyster reef site showing the high amount of chalky
layers (gray) and the low amount of foliate layers (black). Figure is originally published in Harzhauser et al. (2015).

4.4.2.6. Volume and carbonate mass computations for shells on the reef

Information about the annual carbonate production per shell per year is derived based on a
volume and shell density estimate (the density of about 1.82 g cm™3 is estimated for Magallana
gryphoides).

Applying the equation (8) to all shells results in a total volume of 393 273 cm3 with a mean
shell volume of 350.8 cm? (o =313.7). These values do not change significantly if a non-linear
Gompertz growth model is assumed as frequently done for Crassostrea® (Lopes et al., 2013;
Ginger et al., 2013). The respective equation

9 =1.978E08.-9.1404¢ 00013762, (23)

results in a total volume of 398 474 cm?3. Applying the average shell gravity of 1.82 gcm=3,
which is estimated in section 4.4.2.4., results in a total carbonate mass of ~715 kg (logistic) to
~725 kg (Gompertz) for dataset of 1121 shells. Thus, based on the age models of the shells, the
annual carbonate production per shell was calculated, which ranges from 74 (o = 2.9) (Gompertz)
to 83 gyr! (o = 2.8) (logistic), accounting for ~150 gyr™! per living oyster individual (i.e., two
valves).

The most populated areas within the shell bed had more than 100 individuals per m2. On
average, shell density is 129 shells (~64 individuals) per m? (including also moderately fragmented

8 Crassostrea gryphoides (Schlotheim 1813) has been moved to the genus Magallana.
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shells). This would point to a hypothetic annual carbonate production of up to 15 kgm2 with the
oyster reef. Although this calculation is just a very rough estimate, it indicates that the carbonate
production is in the range of fast growing coral reefs with productions of 6-10 kgm=2 yr?!
(Montaggioni, 2005; Jones et al., 2015). A major difference, however, is the rapid shell loss in
Magallana® reefs, which prevents the formation of rigid and stable structures comparable to
coral reefs.
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5 Discussion

5.1. General discussion

The main goal of the research project is to demonstrate an interdisciplinary method to
digitize, detect shape, estimate size, and calculate 3D-orientations of elongated objects
(fossilized oyster shells) from a densely packed shell bed based on approaches developed in
photogrammetry. This overall goal was divided in separate research questions. For each it was
necessary to select and develop an appropriate approach to reach the defined goal. The following
sections will go through each pair-wise Photogrammetry — Geology question presented in the
Introduction and discuss how the selected approaches succeeded in answering the research
questions.

The selected order is used for going through the questions not based on published works, but
based on possible automatization of the processes and derivation of information. Therefore,
extraction of individual oysters is prioritized, because as soon as we have adequate shell outline,
then we can use it for the work on estimation of shell size, distribution, orientation or
encrustation.

5.2. Discussion on the research questions

e (QPhoto— Can we extract individual oysters from point clouds automatically, and with
which quality?

We developed a method to identify and enumerate convex parts of the shells automatically.
The method is based on geometric feature extraction, morphological operations (Heijmans,
1994), and connected component analysis. This was possible as the entire site has been surveyed
by terrestrial laser scanning and digital imagery, providing point cloud data of one billion points
with an average resolution of 1 mm and orthophoto with resolution of 0.5 mm. Then, an
experiment on automatic analysis of high-resolution laser scanning data was performed, in which
geomorphometric derivatives were calculated, such as openness (convexity/concavity). The
performed quality assessment resulted in 69% successful detections based on shell surface
matching and over 98% based on number of detected objects. The manually derived reference
data were used to crosscheck and validate these results. In order to provide reference data, the
following parameters had to be extracted: distinguishment of different taxa, fragmentation
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stage, shell sides, presence of other patterns on the oyster shells such as abrasion and bioerosion,
and recognition of settlement on oyster shells of barnacles and other specimen.

Earlier literature and our studies have shown that the openness feature works very well in
describing the oyster reef surface and supports visualization of the oyster reef terrain (Yokoyama
et al.,, 2002; Doneus, 2013). In our studies, convex-up surfaces (negative openness) provide
information about the respective exterior parts of the shells, which are more dominant on the
reef than interior parts, convex-down surfaces (positive openness). However, after applying the
negative openness feature, the method worked insufficiently for convex-down oriented shells,
because the interior parts of those shells may have concave geometries. Hence, convex-down
shells were partly detected via a border band (Figure 4, Article Ill), while information from the
interior part was missing. Therefore, mathematical morphological operations such as flood-fill
and majority filter improved the completeness of the results and helped to better structure
connected components. Thereby, the outlines of the oyster shells were smoothed, noise was
minimized, and small remaining gaps were filled exactly inside the concave shells and not in the
other concave parts of the surrounding terrain. This approach proved to be effective, since
concave (i.e., convex-down) shells have noticeably narrow convex borders that form mostly
closed components (approximately elliptical rings).

Kernel-size optimization has a large influence on the results. Hence, here is the fact which
should be considered when choosing the best approach to select the kernel value based on the
studies. For example, loss of information might occur if the kernel size is enlarging, because
increasing the neighborhood size corresponds to the scale of surface roughness. The value of the
kernel size should not be too large (e.g., not larger than the width of the shell), if the aim is to
capture details on the reef, such as low or moderate fragmentation of specimens.

Separation of overlapping parts still remains a work in progress due to the shell border
interruptions between underlying shells and due to many irregular protruding parts. A possible
approach to handle this non-trivial difficulty in future work is to investigate usage of more
features, such as radiometrically corrected intensity data. Solving the problem of overlapping
shell parts should improve 69% of shell surface matching to become more successful, over 85%.

e (Q Geology — What is the specimen distribution (age, size, species, etc.)?

Our study aimed at high-resolution digital documentation of the world’s largest known fossil
oyster reef, comprising thousands of shells of Magallana gryphoides. This question initiated
research needs such as data acquisition and processing to maximize scanning efficiency of the
very complex surface. Additional challenges in data collection were caused by low visibility, tilted
geometry of the site, and restricted access to the surface. By using a sophisticated configuration
of TLS, image acquisition, and processing, 83 individual scan positions were acquired, together
with 300 images, and 40 measured ground control points (GCPs). GCP information was used to
make transforms from the acquisition coordinate system into a local analysis coordinate system,
as well asin to UTM.

To make the captured surface understandable and accessible to the scientific community,
various visualization techniques have been applied including 3D triangulated surfaces, shaded
digital surface models, and color-coded relief models. The importance of making the data of the
reef surface openly available for the scientific community is to approach the dataset from a
different perspective to those who collected it. The benefits of open oyster reef data are
replicability, reproducibility, and reusability used for paleontological, geological or
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sedimentological analysis. There are multiple reasons for these analysis: to identify something
what was not researched before and to create new values of it. We showed that digitized reef
data can be used for monitoring network of fault lines and their spatial relations with individual
shells. This is an ideal example of how data that is collected for a given purpose, such as individual
object detection, can be reused in creative ways for novel purposes.

For automated analysis of the oysters on the reef, the detection of individual objects is
necessary. For this, the goal of applying openness feature was achieved in practice by using a
method implemented in scientific software OPALS. It provided a raster map of local viewsheds
(i.e. openness) based on a DTM grid model which was not enought itself for shell delineation but
it had to be processed further on based on morphological operations and connected component
analysis. For the purpose of evaluation of our method, the automatically detected shells were
comapared against corresponding reference data. Reference data for object delineation was
obtained manually for 10,284 objects. The majority of objects represent Magallana gryphoides,
which is also the largest species found on the oyster reef. The brownish and massive calcitic
oyster shells are represented exclusively by disarticulated single valves. These particular species
have specific importance as evidence of reef formation in an Early Miocene estuary of the
Paratethys Sea. Expert knowledge is used to detect and outline the individual shell correctly and
to determine its parameters—species; level of overlap; shell side (left, right, unknown);
orientation (convex side up/down, not known); fragmentation (complete, low, moderate, high);
and tile number. These parapmeters are standard, but it is difficult to obtain them on the field
due large number of shells and limit access to protected site. Digitization of the validation data
was performed manually in ArcGIS, producing vector data stored as shape files. The fastest
digitization was achieved with the shaded relief of the DSM as the bottom layer, a semi-
transparent orthophoto superimposed onto it, and the previously digitized outlines on the top
most layer. A similar presentation of a fossilized reef has not been done before and the benefits
of the digitalizations are multiple, e.g. possibility to do reanalysis, experts can extract data faster
than on the site manually, data sharing, data visualizations, etc.

A near normal distribution of shell sizes and the balanced ratio between left and right valves
reflected the original age structure of the oyster biostrome. The near normal distribution was
not expected, but it might be explain by limited growth for bivalves living in the intertidal zone
(Strayer et al., 1996). Their vertical growth is limited, and larvae have little possibility to settle in
the densely packed structure. The near equal contribution by left and right valves points to the
preservation of the primary composition and contradicts the hypothesis of hydrodynamic sorting
and selective transport introduced in work of Harzhauser et al. (2015). The data collection
technique possibly affects this result, because the data is collected remotely and contactless,
which in practice means that only shells with visible interior side on orthophoto and DSM are
examined and sorted as left or right valves. Shells with visible exterior side, i.e. convex up
position, are not possible to be examined for their side without removing them first from the site
to turn them around. This would be however very laborious and destructive to the reef bed.

Original hypothesis was based on the study of Kidwell and Bosence (1991) who interpreted
that water energy was high enough to favor the preservation in stable position such as convex-
up position. This hypothesis was confirmed since the significant dominance of convex-up
positions is present in most tiles. In addition, the stable convex-up position increases significantly
with shell density. This may indicate that high water energy led to a denser accumulation and
simultaneously turned over convex-down shells into the stable position. The distribution of
fragmentation, in contrast, is less homogeneous, southern and central tiles contain high
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fragmented shells while north, west and east tiles have fewer fragments. Overall, only 25% of the
shells display no or only low damage and fragmentation. Another 20% are moderately well
preserved, and the majority (55%) comprise highly fragmented specimens. The largest
recognized complete specimen is 60.1 cm in length. The mean central line length is 23.7 cm (o =
9 c¢cm). This implicates that Magallana gryphoides is the fastest growing and largest Magallana
known so far, it is exceptionally large species.

e (QPhoto - How to characterize and extract orientation of specimen?

High resolution digitized data makes it possible to present the reef in a standardized
coordinate systems which allows new possibilities in making GIS based analyses (spatial
distributions, fault/shell relations, etc.). The selection of LACS helped in characterizing the
specimen orientation analysis, because it presents reference coordinate system and it was used
as well as the individual shell coordinate system to set the orientation of an oyster shell. The
orientation was specified using standard aerial photogrammetry principle angles and used
further in determining the rotations of complex objects. Those principal rotations are known as
yaw, pitch, and roll angle and they were the most practical way to describe the orientation of a
3D oyster in any orientation. A mathematical method was developed to distinguish individual
shell rotation angles assuming that the beginning and the ending of a shell were known. This
developed method had acceptable performance and other methods were not looked into.
However, the beginning/end information were extracted manually for convex-up and —down
shells, because the automation was not technically possible with the present data for convex-up
shells, only for convex-down shells where interior side of a shell was clearly visible. The
automation should be studied further based on a geometry of a shell outline or their lateral
margins and contextual knowledge about the hinge position (beginning of a shell) or muscle
footprint (ending of a shell). Textured point clouds might be helpful for muscle footprints.

e QGeology — Was it a storm or a tsunami that triggered shell bed formation?

The shell bed is an event deposit resulting from a high-energy process of short duration. This
implies that the shell bed might have been formed after a storm or a tsunami. The hypothesis is
made based on the information on tsunami event frequency on a geological scale. About 500,000
tsunamis may be expected globally per 1 million years based on calculations of Scheffers and
Kelletat (2003). Moreover, the reef was located on a seismically active area during the late Early
Miocene and earthquakes could have likely triggered high-energy hydrodynamic events
frequently.

The differentiation between tsunami-generated deposits and storm deposits is difficult.
Nearly all sedimentary signatures reported in the literature to characterize tsunami-generated
deposits are opposed by contradicting cases. This casts doubt on simple models. Morton et al.
(2007), Engel and Briickner (2011), Goff et al. (2012) and Shanmugam (2012) provide extensive
reviews and examples on the subject. Studies on coastal tsunami versus storm deposits of
Bourgeois (2009) suggest that wedge-like bed-load dominated deposits are more typical for
storms, whereas sheet-like, suspended-load dominated deposits point to tsunamis.

The oyster shells in the event-bed lack a significant orientation of the yaw angles. This
suggests a complete loss of potential current patterns related to the storm or tsunami event that
formed the shell bed during a longer phase of exposure. Based on the large data set on the
orientation, the reported weak preponderance of W-E orientations was shown to be statistically
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insignificant. The random distribution of the pitch and roll angles clearly excludes any imbrication
fabrics, which could have been related to tsunami- or storm generated surge currents. Therefore,
based on the analyzed data, the event cannot be clearly associated with a tsunami or an
exceptional storm. Although the high-energy event might be expected to have had a directional
force, no distinct main orientation pattern is preserved in the shell bed. Most of the analyzed 6
m? tiles suggest significant orientations of the shells, which often are in conflict with predominant
orientations in neighboring tiles. We concluded that such patterns result from “forced
alignments” of elongate shells due to their spatial density, occasional movement by waves or
currents, and due to bioturbation by vertebrates. In particular, the attempt to use shell beds as
indicators for tsunami may be difficult due to severe post-event modifications of the primary
patterns. Similarly, reconstructions of paleo-currents based on single-area data sets are very
dangerous.

e (Q Photo — How can we detect encrustation of shells?

Our method to develop to detect central lines of oyster shells was used for various shapes
and sizes with LiDAR-obtained 3D point cloud data. The accurate computation of the central line
of each oyster of the reef included two-dimensional and three-dimensional central line. Their
lengths are compared in order to visualize possible differences between 2D and 3D lengths.
Differences (residuals) support automatic discovering of strongly curved shells and potential
encrustation of Magallana by Ostrea, Venerupis or any other type of shells or even fragments.

The relationship between residuals of 2D and 3D central line lengths and number of shell
overlap levels were examined. Significant deviations of 2D/3D ratio work as a good quality
estimator. Some key findings are emphasized herein:

i) certain central line properties such as residuals (3D-2D length) have direct
relationship with the encrustation estimates;

ii) the ratio between the level number of specimen (multiple overlap) and residuals of
the central line lenghts have an impact on encrustation identification;

iii) normalized residuals under 20% of lengths and over 20% differences indicate
possibility of multiple overlaps or strong curvatures.

The central line length differences are interpreted as a consequence of many height surface
variations. The shells with differences under 20% are a group of oysters with no encrustation (i.e.
overlap) which are laying on the uppermost surface of the reef bed or are surrounded by sand.
The shells with differences over 20% are typically overlapped with another shell, barnacles, and
fragments, or they present shells with strong curvature.

The algorithm developed in oyster reef study points out multiple overlaps and strongly curved
shells in order to identify them. The obtained information is sufficient to support paleontological
experts during interpretation and to document the presence of encrustation on the oyster shells.
The method is not a general, it needs specific adjusting when applying in other cases (with
prerequisites such as 2D and 3D lengths of object and possible information about level of
overlap).
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e (Q Geology — Which visible patterns in the shell bed occurred pre- and which during
post-event?

Patterns which are observed on the shell surface are a consequence of other species
settlement, predators, hydrodynamics, weathering or the strongly wave-exposed shells.
Bioturbation in shallow marine settings is a common phenomenon from animals such as rays,
turtles and teleost fishes. Many other taxa are found within the reef beside dead Magallana
shells, because different habitats are mixed due to different ecological requirements of the
species. For example, on the inner surface of Magallana shells settlement of Ostrea took place
after the death of the Magallana specimens. In total, 55% of data consists highly fragmented
specimens. The tested methodology helped in determination of fragment sizes and stage. Then,
it was interpreted that the main cause for fragmentation was a predatory and being exposed to
water energy breakage while shells were alive. During the excavation of the reef, artificial
fragmentation did not occur, therefore shells and fragments remained in their original position.
A near normal distribution of shell sizes and the balanced ratio between left and right valves still
reflects the original age structure of the oyster reef. The convex-up (CU) valve position
predominates along the N-S transect, CU shells occur up to twice as often as the convex-down
shells (with a slight decreasing trend).

The shells are now catalogued and located from the DSM and orthophoto data, and further
stored in a database. This allows paleontologists to interpret the patterns on the reef without
needing to visit the site itself. They are able to make spatial queries and visualize them on the
distance map or other specific thematic map for paleontological purposes. Visual inspection of
the site from digital data is an advantage comparing to traditional measurements on the oyster
reef that are limited by X, Y, and Z.
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6 Conclusions and Future Research

The workflow developed for the data collection was successful. The entire site was surveyed
by terrestrial laser scanning and digital imagery at resolutions of 1 mmand 0.5 mm, which formed
the basis for analysis in further steps. However, intensity values acquired with terrestrial laser
scanning were only used in scan registration and they were not exploited, corrected or
systematically investigated in further steps. The quality of intensity values could be helpful in
future studies since these information support the visual analysis of a point cloud, and have thus
potential for more sophisticated applications such as classifying objects by their surface material
properties (Pfeifer et al., 2007; Pesci and Teza, 2008; Burton et al., 2011; Kaasalainen et al., 2011).

The method developed to extract oysters automatically from the reef performed with
sufficient accuracy to make an objective estimation of the object number on the reef. It would
still require additional work to improve the completeness results of oyster shell surface
extraction. The obtained results were promising at the level of 69% in shell surface matching, but
the level of 85% or more should be reached for more operative use. The method developed to
detect oyster shell orientations worked on acceptable level when the beginning of shell growth
(position of the hinge) and the ending of shell (position of the muscle) were predefined. However,
our results were not able to support the hypothesis if the shell bed was formed because of a
storm or a tsunami, because the preponderance of W-E orientations was weak and no clear
directional domination was detected. The method developed to detect shell encrustation gave
promising results which help in determining the separation between pre- and post-event
patterns. The method works if the information on multiple overlap is available and if the residual
between the 2D and the 3D central line lengths is significant (about 20% of shell length).

The method based on openness feature and used in outlining the oyster shells from their
background was found to be promising, but it still leaves room for improvement regarding the
completeness and the correctness of the results to be suitable for operative usage. Especially
difficult case was one where the method was used in detecting objects with smooth continuous
borders but without interior gaps. Finding such objects might be possible in future by testing new
combinations of additional features/attributes like by involving intensity information. For the
purposes of the thesis, manually delineated oyster shell outlines were used instead as an
alternative to the automatically detected outlines to allow development of further analysis tools,
such as central line estimation of shells and their length. The manual outlines were also used in
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extracting points to calculate the 3D-rotations of individual oyster shells. Development of these
tools were successful and they helped to rise new research questions. For instance, the oyster
shell length information can be combined with volume calculation to estimate the oyster shell
ages. Furthermore, knowledge on individual oyster shell rotations were used in combination with
the fault lines locations (Molnar et al., 2015) in order to establish a relationship between the fault
lines and shells with emphasized rotation angles. These combined information allow to
document better shell related anomalies and possible postsedimentary vertical displacement
related to the faults.

Overall, the following successful parts of the research done for this thesis are summarized

here:

The main novelty in this thesis is the usage of remote mapping techniques in providing
high-resolution digital documentation of complex geometrical surface.

Terrestrial laser scanning is tested and documented for the first time on this extent as a
method to handle large paleontological datasets. The future aim would be to replace
manual in-situ surveys and enable the palaeontologist to benefit of using novel
representations based on the digitally documented data.

The research work created a dataset of a single Miocene shell bed with 10,283 manually
outlined objects and presented it in a standardized GIS framework. The dataset enables
making different spatial data queries such as taphonomic maps, distribution of left and
right shells, and distribution of convex up and convex down shells, distance maps, and
other specifically attributed thematic maps for geological purposes. The dataset also
allows to work with other descriptive attributes like geological features including abrasion
or bioerosion, sediment coverage (yes/no), and encrustration by barnacles or another
oyster (yes/no). The fully digital representation of the reef also helps to preserve it as
new attributes can be extracted directly from the dataset without disturbing the reef
itself.

New automatized methods were developed to estimate parameters such as shell length,
area and volume in order to derive age structure, carbonate production and shell loss
rate. Accurate collection of these features would not be feasible without the reef
digitation.

A method to detect oyster shells from their background with 69% success ratio that was
based on shell surface matching. Over 98% of the detected objects were correct as
verified with a manual quality assessment.

A study that demonstrated the possibility to automatically extract 3D central lines from
the variable shapes of fossilized oyster shells. The 3D central line lengths support the
automatic determination of shell sizes.

How the 3D-rotation angles of individual oyster shells can be used in combination with
their location to find similarly aligned orientation patterns which help in interpreting the
reef dynamics.

Digitization of the reef helps to promote the results by making them more intuitive and
easier for the public to approach and to interact. The geotainment-park in Stetten and
the Museum of the Natural History visitors benefit from the opportunity to search, zoom
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and study a virtual oyster reef by making spatial data queries that visualize different
spatial layers.

e Assummary, the main benefits of this thesis are the new research methods and questions
found during the research project, as well as the material and presentations for
edutainment geopark that are made openly available at PANGAEA (includes digital
surface model, orthophotos and corresponding hillshade data — Djuricic et al., 2016b).

Successful parts of the research opened new possibilities for further development. For
example, the central line research work can be extended to obtain point sets in the vicinity of the
central line and use their properties to describe relations between the point sets as statistical
distributions. The point-based neighbourhood information can be extracted from surrounding
points by calculating several geometrical features (planarity, sphericity, etc.) from them. The
neighbourhood information dependency on the neighborhood size is expected to be correlated
with the oyster shell surface roughness, which is a significant marker for analyzing bioerosion and
abrasion on the world’s largest fossil oyster reef.

At present, the whole oyster reef information is not presented on interactive maps. The
future aim is to extend the spatial and non-spatial attributes available for all tiles through GIS
database. The GIS database is an ideal candidate for interpretative mapping and outlining of small
objects such as fossil shells as it integrates different map layers which contain different
information about the mapped area. Addition of new attributes and their relationships to the
database will be followed by creation of new thematic maps that increase possibilities to extract
additional information from the world’s largest fossil oyster reef.

One such possibility is pairing of oyster shells which requires studying properties that would
match the left-sided shells with the right-sided ones. Further studies should aim to develop
potential methods that match and link spatially separated oyster halves together. One potential
approach would be to check if the oyster half surface properties have enough feature
correspondences along their central line profiles. A successful method capable of matching
object pieces over distance would provide important support in making spatial interpretations
and objects visualizations for several disciplines, including geology, palaeontology, and biology.

In retrospect, it can be concluded that terrestrial laser scanning is an appropriate tool to
document complex geological structures like the world’s largest fossil oyster reef investigated
here. This conclusion is based on considering how well the research questions and the aims of
the project Smart-Geology were answered during the project. The laser scanning data were
supported with photos that were also acquired to generate high-resolution orthophoto. The
photograph content was helpful and necessary for the manual interpretation and validation of
shell delineation, oyster shell side determination, and in detecting encrustation and other
features of the shell bed. Image information was also used in generating the textured 3D models
of the reef for visualization purposes (Harzhauser et al., 2015, 2016; Djuricic et al., 2016a).

While the imaging information was helpful, the main source of information in the research
project were the automatically derived features that relied on the geometric content of objects.
These could only be provided with terrestrial laser scanning. This thesis applied for the first time
terrestrial laser scanning for monitoring a fossilized oyster reef with an unprecedented accuracy
of one-millimeter resolution for paleontological research. The complex surface structure of the
oyster reef and the self-similarity between the objects on it rendered the automatic bundle block
adjustment methods infeasible. Individual oyster shells were detected by segmenting the 3D
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point cloud data into meaningful regions that represented particular shell borders. Automation
of the procedure reached an accuracy of 69% of the manually acquired reference data.

To obtain shell length, new method was developed to derive 3D central lines of various oyster
shapes and sizes. More than 86% of automatically extracted central lines were displaced less than
1 cm from manually drawn reference lines. Central line lengths and accurate volume calculations
were used in establishing a relationship to determine oyster age classes. This helped in estimating
the annual carbonate production per shell that was indicated the fastest growing and largest
oyster species known so far. To interpret transport direction or presence of imbrication, a new
method was created to calculate rotation angles (roll, pitch, and yaw) of oysters represented as
3D point cloud in a Cartesian coordinate system. Additionally, the influence of fault lines present
in the reef were tested on strongly tilted oyster shells for the first time.

A very important outcome of this project and PhD thesis is the digital documentation of the
shell bed in high resolution (Djuricic et al., 2016b), which should be used to test future
approaches from photogrammetry community or may help paleontologists for the new
interpretations. The accurate documentation of the structural information allowed to create the
first GIS database for the protected natural heritage site and enables to design novel thematic
maps that link individual shells with their spatial and descriptive attributes without disturbing the
site.
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Supplemental Material

Table S1. Quality assessment — surface matching [%]

Table S2. Quality assessment — number of detected objects (top: number of objects, below: percentage
of detected objects in comparison to reference data, only shown for subset from k=7 to k=27 and
from m = 1 to m = 6 not producing overestimations).

Figure S 1: Shaded digital surface model of the oyster reef, 1 mm resolution.

Figure S 2: Orthophoto of the oyster reef, 0.5 mm resolution
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Table S1. Quality assessment — surface matching [%]

Parameters no filter m=1 m=2 m=3 m=4 m=5 m==6
Completeness 67.38 67.27 67.32 67.66 67.79 67.42 66.70

k=1 Correctness 73.14 73.45 73.59 73.78 74.00 74.22 74.39
Quality 54.02 54.11 54.22 54.55 54.75 54.63 54.25
Completeness = 64.81 64.82 65.09 65.44 65.57 65.33 64.73

k=3 Correctness 74.72 74.75 74.77 75.01 75.22 75.34 75.54
Quality 53.15 53.17 53.37 53.73 53.92 53.82 53.51
Completeness = 65.60 65.60 65.78 65.83 66.05 66.11 66.01

K=35 Correctness 74.86 74.94 75.02 75.07 75.24 75.37 75.47
Quality 53.76 53.80 53.96 54.02 54.25 54.37 54.35
Completeness ~ 66.26 66.23 66.40 66.40 66.53 66.53 66.61

k=7 Correctness 74.74 74.74 74.81 74.88 74.99 75.11 75.21
Quality 54.14 54.11 54.26 5431 54.44 54.52 54.61
Completeness = 66.75 66.79 66.82 67.09 67.01 67.01 67.13

k=9 Correctness 74.81 74.86 74.80 74.90 74.99 75.08 75.17
Quality 54.51 54.55 54.54 54.77 54.77 54.82 54.95
Completeness ~ 67.30 67.27 67.29 67.39 67.54 67.58 67.59

k=11 Correctness 74.89 74.94 74.95 74.96 75.02 75.14 75.26
Quality 54.91 54.92 54.94 55.01 55.14 55.23 55.30
Completeness ~ 67.76 67.75 67.84 67.89 67.90 67.85 67.84

k=13 Correctness 74.94 74.98 75.02 75.07 75.13 75.20 75.21
Quality 55.24 55.26 55.34 55.40 55.44 55.44 55.44
Completeness = 68.21 68.13 68.12 68.13 68.16 68.18 68.11

k =15 Correctness 74.98 74.97 75.02 75.06 75.14 75.19 75.18
Quality 55.56 55.51 55.53 55.55 55.62 55.66 55.61
Completeness = 68.38 68.31 68.33 68.32 68.28 68.19 68.18

k=17 Correctness 74.99 75.01 75.03 75.05 75.07 75.12 75.16
Quality 55.68 55.65 55.67 55.67 55.66 55.63 55.64
Completeness ~ 68.29 68.29 68.29 68.29 68.25 68.25 68.25

k=19 Correctness 75.07 75.08 75.09 75.11 75.13 75.21 75.23
Quality 55.67 55.67 55.68 55.69 55.67 55.72 55.73
Completeness ~ 68.49 68.44 68.42 68.39 68.43 68.49 68.46

k=21 Correctness 75.01 75.00 75.01 75.03 75.06 75.04 75.06
Quality 55.77 55.73 55.72 55.71 55.75 55.78 55.77
Completeness = 68.85 68.85 68.85 68.87 68.90 68.82 68.87

k =23 Correctness 75.04 75.04 75.05 75.02 75.03 75.10 75.06
Quality 56.02 56.02 56.02 56.02 56.04 56.04 56.04
Completeness ~ 68.90 68.89 68.89 68.92 68.90 68.88 68.81

k=25 Correctness 75.02 75.05 75.06 75.06 75.07 75.06 75.07
Quality 56.04 56.05 56.06 56.08 56.07 56.05 56.02
Completeness =~ 68.87 68.86 68.87 68.84 68.84 68.83 68.75

k=27 Correctness 75.08 75.08 75.08 75.07 75.07 75.12 75.14
Quality 56.06 56.05 56.05 56.03 56.03 56.05 56.01
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Table S2. Quality assessment — number of detected objects (top: number of objects, below: percentage
of detected objects in comparison to reference data, only shown for subset from k=7 to k=27 and from
m =1 to m = 6 not producing overestimations).

Parameters: nofilter m=1 m=2 m=3 m=4 m=5 m=6
k=1 84926 22056 17164 13805 11634 10449 9818
k=3 44442 6385 7209 7765 7782 7681 7620
k=5 32764 4712 5135 5513 5719 5799 5886
k=7 28080 4221 4451 4693 4832 4925 4958
k=9 24734 3890 3973 4067 4213 4266 4325

k=11 22685 3624 3672 3781 3814 3879 3915
k=13 20917 3397 3409 3476 3498 3553 3584
k=15 19332 3160 3177 3206 3230 3261 3298
k=17 18278 3001 3002 3032 3068 3080 3095
k=19 17463 2855 2876 2901 2925 2944 2962
k=21 16664 2762 2757 2765 2774 2806 2800
k=23 16120 2655 2676 2685 2694 2697 2713
k=25 15154 2515 2527 2530 2537 2522 2523
k=27 14371 2398 2398 2396 2398 2398 2383
Parameters: m=1 m=2 m=3 m=4 m=5 m=6
k=7 83,83 88,40 93,21 95,97 97,82 98,47
k=9 77,26 78,91 80,77 83,67 84,73 85,90
k=11 71,98 72,93 75,09 75,75 77,04 77,76
k=13 67,47 67,71 69,04 69,47 70,57 71,18
k=15 62,76 63,10 63,67 64,15 64,77 65,50
k=17 [%] 59,60 59,62 60,22 60,93 61,17 61,47
k=19 56,70 57,12 57,62 58,09 58,47 58,83
k=21 54,86 54,76 54,92 55,09 55,73 55,61
k=23 52,73 53,15 53,33 53,51 53,57 53,88
k=25 49,95 50,19 50,25 50,39 50,09 50,11
k=27 47,63 47,63 47,59 47,63 47,63 47,33
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Figure S 1: Shaded digital surface model of the oyster reef, 1 mm resolution.
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Figure S 2: Orthophoto of the oyster reef, 0.5 mm resolution
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