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Abstract

The advent of terrestrial laser-scanners made the digital preservation of cultural her-
itage sites an affordable technique to produce accurate and detailed 3D-computer-
model representations for any kind of 3D-objects, such as buildings, infrastructure,
and even entire landscapes. However, one of the key issues with this technique is the
large amount of recorded points; a problem which was even more intensified by the
recent advances in laser-scanning technology, which increased the data acquisition rate
from 25 thousand to 1 million points per second.

The following research presents a workflow for the processing of large-volume laser-
scanning data, with a special focus on the needs of the Zamani initiative. The research
project, based at the University of Cape Town, spatially documents African Cultural
Heritage sites and Landscapes and produces meshed 3D models, of various, historically
important objects, such as fortresses, mosques, churches, castles, palaces, rock art
shelters, statues, stelae and even landscapes.

To produce a 3D model, the laser scanning data needs to be processed in various
steps: cleaning, registration, meshing, hole filling, simplification and texturing. For
the creation of a generic workflow, flexible enough to adapt to a large variety of input
datasets, the available literature on the key processing steps is reviewed intensively and
the most standard approaches for the individual tasks, as well as recent developments
proposed by the research community, are presented to the reader.

The processing with available tools, including the key parameters, is analysed and
discussed, and the most effective workflow is presented. Also file converters are pro-
duced to achieve compatibility between various software tools and formats and for
automatic dataset subdivision. In addition, further ideas for the optimization of time-
intensive manual tasks are explored, such as the incorporation of SFM-tools into various
steps of the pipeline. The presented workflow is flexible, adaptive and independent of
the data volume and was verified on a dataset of the Zamani Project, consisting of 720

million points.
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Chapter 1

Introduction

[...]Cultural heritage is the things, places and practices that define who
we are as individuals, as communities, as nations or civilisations and as a
species. It is that which we want to keep, share and pass on. Donald Horne
Institute for Cultural Heritage, University of Canberral

According to this definition, there are special places, buildings, squares or landscapes
that are an integral part of our cultural heritage. During the course of history, many of
these places were destroyed or simply collapsed. Hence, the documentation of cultural
heritage sites, which still exist today, is essential to the definition of future genera-
tions’ identity. It is thus the aim of this research to explore ways to create computer
generated, highly detailed three dimensional(3D) models to document these sites as
accurately, detailed and efficiently as possible with today’s technologies. '

Laser scanning is one of several possible techniques for acquiring precise, centime-
tre accurate virtual representations of real-world objects. A laser scanner accurately
records the position of a surface point in 3D space. One can categorize laser scanning
in many different ways. One common criterion is the scanning distance: close (<10m),
medium (10m<x<300m) and long range (>300m). While close range scanners are of-
ten employed for statues and smaller artefacts and can provide sub-millimetre accuracy,
medium and long range scanners are used to scan larger structures and landscapes.
One can also distinguish between terrestrial and airborne systems, between the type
of range measurement, such as phase/pulse measurements and optical triangulation,
and between standard and mobile scanning. This research focuses on terrestrial laser-
scanning(TLS).

A laser-scanner records millions of surface points within minutes. The growing

amount of point data with each new generation of these instruments is able to capture,

'nttp://www.canberra. edu. au/centres/donald-horne/cultural-heritage/what-is
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CHAPTER 1. INTRODUCTION

requires the constant improvement of the processing pipeline used to convert these
points into 3D models. While not even ten years ago, 20 million points were considered
a vast amount of data for a completed project, today’s machines can acquire 600 million
points and more in less than 30 minutes. However, developments in software have not
advanced at the same rate, most likely because the community using these techniques
is still comparably small.

- Architects and archaeologists for example, still prefer using simple drawings (com-
puter assisted or hand-drawn) showing only little detail. Objects are usually described
through geometric primitives, for example, a wall is often only represented by four cor-
ner points and four connecting lines. However, this is not because more detail would
not be of benefit, but rather because the creation of an accurate, highly detailed com-
puter model of a real-world object still requires considerably more time and is thus
very expensive to produce. |

The production of a 3D computer model from laser-scanning involves several, non-
trivial tasks and it is the intention of this research to explore the various solutions
used today for each step of the production pipeline and combine the most effective
* “ones to create an efficient workflow from the acquisition of the data to the final model.
This processing pipeline should be universal and applicable to different objects in the
cultural heritage field, independent of their nature.

1.1 Background

The author of this research is a team member of the Zamani research group, based at
the University of Cape Town. The Zamani project, also known as the “African Cultural
Heritage Sites and Landscapes Project” is a non-profit initiative, founded and lead by
Prof Heinz Riither and funded by the Andrew W. Mellon foundation. The objective
of the project is to document cultural heritage sites and landscapes in Africa with
state-of-the-art techniques in order to create a record for future generations (Riither,
2002).

Many heritage sites in Africa are badly neglected and in danger of deterioration.
The Zamani project not only aims at the creation of heritage information for future
generations, but also hopes to support the work of researchers, conservationists, ar-
chaeologists and architects (Riither et al., 2009). To achieve this goal, the project uses
precise and well established conventional survey techniques, as well as laser-scanning,
photogrammetry, and remote sensing. It produces 3D-models, Geographic Information
Systems (GIS), 360° full dome panoramas, sections and plans, and videos.

2



1.2, Existing 3D Modelling Workflows

The data is integrated into a scientific database produced by its partner, Aluka?,
New York, which was recently merged into JSTOR3, New York. Aluka collects historic
documents and combines them with the visual data, generated by the Zamani team.
The data is accessible at no cost to African institutions, such as the antiquities depart-
ments of the respective countries, universities and other educational or heritage related
institutions. To date, over 40 sites with more than 80 individual objects in eleven
African countries were documented, including churches, mosques, temples, fortresses,
castles, palaces, houses, rock-art shelters, stelae and entire cultural landscapes.

This research focuses onto the specific needs and requirements of the project. One
of the key problems experienced within the project is the large data volume, which
increased from 20 million points to 7.4 billion points per site, since the beginning of
the project in 2004. Also special attention is paid to the flexibility of the established

workflow, allowing for objects of various natures.

1.2 Existing 3D Modelling Workflows

Creating 3D models from point cloud data is not a new topic and has been researched
for the past 15-20 years. While all sub-steps of the pipeline are still active fields of
research, a natural standard sequence of processes (fig.1.1) evolved: scan alignment or
registration, data cleaning, surface reconstruction, hole filling or mesh repair, simplifi-
cation, and colouring, also referred to as texturing. The order in which some of these
steps are applied sometimes change slightly for different projects, depending on the
deliverables. The “cleaning” of the data was often neglected or not mentioned in pub-
lications, most likely because many research projects worked under (near) laboratory
conditions. .

One of the most seminal publications on the topic was the “Digital Michelangelo
Project” by Levoy et al. (2000). The authors proposed and demonstrated ways to
process large datasets and produced some open-source tools for scan alignment, scan
merging and hole filling. Another well know example is the publication of Debevec
et al. (2004), who recorded the Parthenon in Athens, Greece and set high standards
for documentation projects regarding realistic rendering of a 3D model.

Data processing of cultural heritage sites differs largely from workflows in industrial
disciplines, such as the construction sector, industrial plant surveys, or the mining
industry, where the point cloud is approximated by best-fitting geometric primitives,

such as planes, spheres and cylinders, reducing the amount of detail to a minimum.

2http://www.aluka.org
Shttp://www. jstor.org



CHAPTER 1. INTRODUCTION

In the context of documenting cultural heritage however, detail in the final model is
regarded hichly important snd thus other techniques need be smployed, which make
use of every scanned swrface point to prescrve as much detail a3 possible. For this
resson workflows and techniques, which drastically simplify the data are neglected

within this ressarch,

Vo Tala e al i
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Tigure 1.1: The laser-scanning pipcline

1.3 Rescarch Aims

1321 Primary Objective

The primary objective of this rescarch is to ind 4 generie, efticient workflow for creating
a coloured, high-resolution 3D-surfece-model using TLS point clouds, with a special
focus on the requirements of the Zamani project. The Zumani project documents
strictures of varying sizes and complexity, resulting in a wide variety of problems,
which is why the workflow, established during this rescarch, will need to be designed
in a flexible format. muking it independent of the objects nature, whether it is a small
statue or large structurcs such as s mosque, church, fortress. min, or cven sn entive
landseaps, This also requires finding alternadives, In case the proposed methods fail.
Oue of the major challenges i the amount of points to be processed, which will
stress most algorithms. In the past. the technical progress of Lwser scanning instra-
ments caused an increase in the amount of data being recorded, by one or even two

orders of magnitude. About teu years ago, 40 million points were regarded as a large
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dataset, while at present, four to seven billion points per site are not unusual any more.
The large data volume is specifically problematic in environments with standard hard-
and software, which is not designed for advanced processing with high memory con-

sumptions.

1.3.2 Research Questions

From this objective, the following research questions can be derived:

e How to create a 3D-model independent of the input data volume?

e How to design a workflow which is flexible enough to be applied to different

objects of various natures?

e How to optimize or even automate the workflow, so that manual intervention is

minimized?

1.3.3 Outline of the Work

To answer these questions, this research begins with a literature review of seminal
approaches for the main steps of the processing pipeline: registration, surface recon-
struction, simplification, hole filling and texturing.

Afterwards, each step of the pipeline is examined to establish the most efficient
solution with available tools. The workflow is designed with a view to preferably use
freely available software wherever possible. Large support, in the form of free soft-
ware for the documentation of cultural heritage sites, can be found within the research
community. As standard commercial software used in the industrial environment is
usually very expensive, it seems to be of great benefit to the cultural heritage com-
munity, which is often a not-for-profit business, to employ free software. However, as
free software is just a preference within this research, commercial software packages
will also be considered, if a license is available to the Zamani project. If necessary,
tools (for example to convert data between the different formats used by the various
software packages) are produced or adapted, if the source code is available.

After presenting the recommendations for each processing step, the established,

entire workflow is demonstrated on a dataset of one of the Zamani heritage sites.

1.4 Definitions

Laser-scanning is at present primarily a surveying technique, but also an extensively

studied topic within the computer science community. Thus, in the following, a few
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CHAPTER 1. INTRODUCTION

definitions are given of commonly used terms for the processing of laser-scans.

1.4.1 Laser Scanning
1.4.1.1 Scan vs. Range Image.

A laser scan is the sampling of a 3D surface. A laser scanner performs all measure-
ments at regular vertical and horizontal angle intervals. A scan, as the output of a
measurement task, can thus also be understood as a grid or a matrix.

1.4.1.2 Sub-Scan

A sub-scan is an additional scan without moving the scanner. Hence, all points are
within the same coordinate system as the main scan. A sub-scan is used to scan a part
of a surface or a target in a different resolution than the rest of the structure to save
time or to re-scan a part which has previously been occluded by moving objects, such

as cars or people.

1.4.1.3 Range Classification

In Laser-scanning, one distinguishes between three range-classes. However, there is no
formal or standard definition and usages of the terms can vary from manufacturer to
manufacturer. Within this research, the terms are used as the following:

e < 10m - close range
e 10m < X < 300m - medium range

e > 300m - long range

1.4.2 Computer Geometry

e 3D Model - In computer vision applications, a 3D model usually refers to a
continuous virtual representation of an object and can be represented by different
geometry, mostly by NURB-splines or polygons. A set of connected polygons
form a mesh and thus, a 3D model is also often referred to as a meshed
model. This research is focusing on meshes, formed by triangles, also referred
to as faces, as they are simple and efficient to handle and are still the standard
for surface representation in computer graphics applications.

e Quads are polygons, consisting of four vertices and are often used as an alterna-
tive to triangles. They become more and more popular, but up to now, triangles

do have wider support in software.
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e Vertex refers to a corner point of a polygon/triangle. In a mesh, vertices are
connected with edges.

¢ A Point Cloud is a set of vertices in a 3D coordinate system.

e Point Set is similar to a point cloud, but it most commonly refers to a collection
of points used as a data input for surface reconstruction and is usually enriched
with additional information, such as point normals.

e Normals - a normal is a line perpendicular to a plane and usually refers in here
to a normal of a triangle, but can also be used in relation with points. A point-
or vertex normal is defined indirectly by averaging the surface normals of all

triangles incident on the vertex.

¢ An indexed mesh is a mesh, where the triangles are defined by three indices,

referring to a list of vertices.

¢ Triangle soup refers to a collection of triangles without any connectivity infor-
mation, such as shared vertices of neighbouring triangles. It is the most basic
triangle representation, but at the expense of storage efficiency as vertex dupli-

cates do exist.

e 2.5D Model - as opposed to 3D models, a 2.5D model refers to a surface model
which, for each x- and y-value only allows one z-value. This representation is
widely used for digital terrain or elevation models (DTM/DEM) and allows for
simpler surface reconstruction methods. This research focuses on the creation of
true 3D models.

e Manifoldness - “[...]Jan important topological quality of a surface is whether
or not it is 2-manifold (short for two dimensional manifold), which is the case
if, for each point, the surface is locally homeomorphic to a disk (or a half-disk
at boundaries)” (Botsch et al., 2010, p.11). According to Botsch et al. (2010,
pp.11-12), manifold surfaces cannot contain intersecting triangles, edges with
more than two triangles connected to it, or single vertices connecting two other-
wise independent surface patches (non-manifold vertex). Manifoldness is often a

requirement for surface processing algorithms.

1.4.3 Specifications for the Output Model

The found workflow needs to be able to produce a 3D model from point data of a
building with the following specifications.
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The model is desired to be

e in 2-3 cm resolution, or at least should be visually similar to a model of this
resolution. It should be possible to produce models in even higher resolution, at

least of sub-areas.

e available in several other, lower resolutions to accommodate computer system

with slow performance
o free of artefacts
o manifold and have a consistent orientation of it’s surface normals
e in colour, based on photographs

e reliable, which means that no data shall be added which is not based on mea-
surements, unless if specifically requested

Even though space is a limiting factor, the Zamani Project intends to keep the 3D
models in an uncompressed file format for faster access. In some cases, such as Point
clouds, the files should even kept in ASCII format to make sure the files can be read

in future. Thus compression was not considered for this workflow.



Chapter 2

Literature Review and Theoretical

Background

In the following chapter, the most seminal and also some innovative concepts for each
part of the pipeline are presented in a comprehensive literature review. This, however,
cannot be a complete survey of all available techniques, as each of the sub-tasks can be
a research on its own. The following chapter shall thus serve as an introduction into
the various methods being discussed later, and, in addition, provide the reader with

an impression of where the current developments in research are heading towards.

2.1 Data Sources

At the beginning of each data processing workflow is the acquisition of the data and
thus, a brief introduction is given into the various laser scanning techniques, as well as

image-based techniques.

2.1.1 Laser Scanning Techniques
2.1.1.1 Time of Flight

An often used technical principle to determine the distance from a survey instrument
to the surface of interest is the “time-of-flight” or “pulse” measurement. A laser pulse
is emitted and the time it takes to be reflected by the surface and returned to the
scanner is measured. As the speed of light is known!, the distance can be calculated
(fig. 2.1a). Current, medium-range pulse scanners can detect points over a range of 300

IThe speed of light depends on atmospheric conditions, which can, and often are, taken into account
by laser scanner manufacturers
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m and achieve a scanning rate of 50,000 points per second (e.g. Leica HDS ScanStation
C10). There are also systems which are optimized for much longer ranges, up to several
kilometres, but at the expense of accuracy, as the footprint of the laser beam becomes
much larger. In general, specifications of the manufacturers should be treated with
care, as no standard is used in the industry. Especially accuracy of distance is difficult
to determine and largely depends on the reflectivity of the surface. A scanner can
maybe measure a single point over 150 m, but that does not mean that it will be able
to receive and correctly interpret the signal of all other points with different reflectivity
at the same distance. Boehler et al. (2003) proposed a test system for the comparison
of laser-scanners, but still no comparable standard is used in the industry.

2.1.1.2 Phase Measurement

In contrast to pulse scanners, “phase-shift” instruments detect the difference in the
phase of the signal at the time of transmission and return. Because of the wave ambi-
guity, the maximum range is limited to half of the wave length (fig. 2.1b). To extend
the range, several signals of different wavelengths are modulated onto each other (Thiel
and Wehr, 2004). Today’s phase-based instruments can scan up to 1,000,000 points/s
over a range of up to 180 m (e.g. Z&F Imager 7000). As above, the specifications

" should be treated with reservations.

2.1.1.3 Triangulation or Structured Light Scanners

Triangulation or structured light scanner work with optical measurements and are
thus also related to photogrammetry. A laser or a projector in combination with one
or two cameras are positioned and oriented in a fixed and known location. The camera,
which is calibrated a,ccbrding to photogrammetric principles (see below), determines

" the position of a fixed 2D pattern in its field of view, or the position of a dot or a line,

which is swept in a constant speed across the surface. Via triangulation principles, 3D
point coordinates can be determined. (fig. 2.1c). These types of scanners are very
efficient for close range (< 10m) purposes, but the accuracy drops with the distance
(Boehler and Marbs, 2002). The baseline between camera and laser cannot be freely
adjusted and the resolution of the camera sensor is fixed, which sets limits on accuracy
and range.

2.1.2 Photogrammetry

Photogrammetry, the science of retrieving metric information about an object from
images, is another data acquisition method. As opposed to laser-scanning, Photogram-
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Figure 2.1: (a) *Time-of-flight” or “pulse” distance measuring method, A pulse signal
TIM is sent out and the time difference to the recurn 2ignal REC is being measared.
The theareiical maximum distance of this method is determined by the time interval
T belween two suecessive pulses. [b] “I*hase- Shift” distance measuring method, mea-
surityg the phase dilference of a (constant) oulgoing wave signal THM of wavelength T
and the return sighal REC. Tmages [roan [Zoller+Irihlich-GmbH, 20113, (¢) Optical
triangulation system, single camera solution. A laser poind or line is deflected by a
mirror and swept across the object and recorded by a camera. Image from (Boehler
atd harbs, 2002}
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mekry is a passive sensor method, The camera just reccives light and docs not emit
any, apart from a flash, Tor high aceuracy, the cameras have to be calibrated, meaning
that the cameras' internal orientation parameters have to e koowa for all images
Thesc inclnde Lhe tocal length, or Lo be more precise, principal distance?, the principal
point and the lens distortion paramcters, The location and corientation of the camcra
in spacc are defined as the external parameters. For a field campaign, the cameras
can be either pre- or post calibrated on a sct of targets, or directly on the final phe-
tographs via featire points on the objecr, although the latter option usually results in

less aceurate calibrations,
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Figure 2.2; Co-linearity cquation [a}, co-planarity equation (). Images adapted from
(Mikhail ct al., 2001)

Two basic principles of Photoprammetry to determine 3D point coordinates are
the coeplanarily and the eo-linearity condition. The latter states, that a ling from the
porspective centte of an oriented camera through a feature point on the iinage plans
will pass the eoreesponding point on the object {fig. 2.2a}). “The co-planarity condition
[...] implics that the two perspective centres, any object point and the corresponding
image puints un the two photographs of the stereo-pair, must all e in a common
plane.” (3hosh, 2005, pp.110-1117 [fig. 2.2h)

Onee the cameras’ internal and external orientations are kiwsan, a dense 300 point
cloud ean be recovered via Stereo or Multi-View-Stereo algorithms. Theorctically,
peint data acquired with photogrammetric ethods could be processed with the same
workHow described herein, but the primary focus will be on data acguired by laser-
scanning, with its specific problems and challenges, Howcwver, Photograminetry is

relevant here, as problems can often he overcome by the combination with a dillerent

*In the [ollowing, these two terms are used interchangeably
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technique.

As opposed to laser scanning, where points are recorded indiscriminately and a
point is rarely hit twice from different positions, Photogrammetry is able to measure
specific interest points, such as edges or features. But also automatic point cloud ex-
traction from photographs is quite advanced, but as the images need to be processed
first before results can be seen, a successful measurement of all points is not as guaran-
teed as during laser-scanning. At least, laser scanning enables checking the data easily

while on site.

2.1.2.1 Structure from Motion

Although not a new concept, the recent advance of computer performance and the
advent of cloud computing pushed the research in the field of Structure from Motion
(SfM)3. Projects such as Bundler (Snavely et al., 2006), VisualSfM*, SfM-Toolkit5,
Agisoft Photoscan®, Photosynth?, My3DScanner® and Autodesk 123D Catch? made it
a very popular concept to automatically derive a sparse 3D point cloud of an object
from an image sequence with a large base to object distance ratio. A small ratio
produces a large angle at the point of interest between rays from the cameras at each
end of the baseline (fig. 2.3a). The larger these angles become the more accurate
the results of the point determination will be and also the recovering of the camera
parameters. However, with increasing angles, the similarity of features between the
images decreases and thus also the chances for automatic matching are lowered. Thus,
SfM-tools require a large base to object distance ratio, producing small angles, to be
able to exploit a large correlation between successive images for automatic feature
matching (fig. 2.3b).

Snavely et al. (2006) demonstrate, with their Photo-tourism approach, a workflow
for the easy navigation through a large set of images, even in an unordered sequence
(fig. 2.4). To estimate internal and external camera orientation parameters, all im-
ages are analysed with the "scale-invariant feature transform” (SIFT) operator (Lowe,
2004), a standard feature detection method. These are compared and matched with
features from all other images, followed by an estimation of the camera’s external and

internal orientation via the direct linear transform (DLT) and a subsequent bundle

3 Also often referred to as Structure and Motion (SaM)
‘http://wuw.cs.washington.edu/homes/ccwu/vsfm/
Shttp://www.visual-experiments.com/demos/sfmtoolkit/
Shttp://www.agisoft.ru

"http://www.photosynth.net

Shttp://wew.my3dscanner. com/
®http://www.123dapp.com/catch
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Figure 2.4: Structure From Motioe: the Photo Towism Project. A large collection
of images (a) is automatically watched. 3D surface points and camera positions are
recovered (b to allow a visual and mtuitive navigation i 31 through the collection{c).
Images frown (Soavely et al., 2006)
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adjustment. To avoid converging to local minima, images are added one by one to the
process. The source code of the optimization software was released to the public under
the name Bundler, together with a collection of other tools and scripts. The success
of Bundler is a result of its undemanding design, as it works on un-calibrated images.
Only a rough initial focal length is required, which can be extracted from the EXIF
headers, present in most images originating from a digital camera. SfM is also used for
internet-based collections of photographs: (Agarwal et al., 2011) report the estimation
of 250.000 camera positions on a multi-core system.

Main Problems with Bundler are speed, as all features from all images are compared
againstv each other, and its sensitivity to the selection of the initial views, to which all
others are registered. By standard the views with the most matches are selected, which
does not mean that all views can be well registered to it. Another algorithm called
Samantha (Farenzena et al., 2009; Gherardi et al., 2010) suggested the sorting of the
images into a hierarchical tree, a dendrogram, spatially sorting the closest views, which
reduces the computational complexity by an order of magnitude.

Bundler produces only a very sparse point cloud, consisting of the matched fea-
tures. Bundler’s main purpose is the estimation of camera parameters, which can be
used in a following (multi-view) stereo process to reconstruct dense point clouds or
surface representations of the photographed object. Open source tools such as Patch-
based Multi-view Stereo Software (PMVS)(Furukawa and Ponce, 2007) in connection
with the Clustering Views for Multi-view Stereo (CMVS) algorithm (Furukawa et al.,
2010) allow the reconstruction of very dense point clouds from large image sets. More
algorithms are compared by Seitz et al. (2006) and updated results are published online
under http://vision.middlebury.edu/mview/eval/.

Even though the results produced by Bundler etc., do look very impressive, the
accuracy is not sufficient for photogrammetric surveys as reported by Barazzetti et al.
(2010). To achieve more accurate results, the authors suggest employing only cali-
brated cameras. They also extend the process of feature matching by a least-squares
matching (LSM) process (Gruen, 1985) and suggest to run another feature detection
and LSM process, once a rough bundle adjustment was completed. For the additional
feature detection step, they suggest to use the FAST-operator (an edge detection oper-
ator), as it finds the same features in more images. More observations of the same point
will increase the accuracy, as outliers can be filtered better. A final bundle adjustment
improves the orientation parameters and similar accuracy to a manual observation is
achieved.
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2.2 Scan Alignment

As terrestrial laser-scanners are based on emitting light and receiving its reflection, they
can only record points which are in a direct line-of-sight to the instrument. Hence, to
fully capture the object and obtain a complete 3D digital reproduction, it is necessary
to scan the object from different perspectives. This results in multiple, independent
scans, each in their own coordinate space. Uniting them in one common coordinate
system is generally referred to as ’registration’ or ’alignment’ and can be achieved
by either using targets or by matching surface features, provided that the scans are
overlapping in some parts.

22,1 Targets

Using targets is most likely the fastest method to align several scans, at least re-
garding the time spent during post-processing. Some customized targets, with special
reflectance properties or shapes, can be identified automatically in a point cloud, by
interpreting the intensity of the laser beam reflection and/or by fitting primitives, such
as spheres, to potential candidates. Different patterns were developed, which make it
possible to determine the centre of the target with millimetre accuracy, even though
the very centre has not been hit directly by the laser beam. As opposed to the large
number of points used in surface matching, there are usually only very few targets
(<10) per scan and the registration can be done quiékly and automatically by simply
evaluating all different combinations to find the best-fit. The method is known to
be precise. Errors are introduced by inaccurate determination of the target’s centre,
which can occur, due to under-sampling, a bad angle of incidence of the target with
respect to the instrument, or movement of the target with respect to the object.

But even though this method is saving processing time in the office, it might not
always be the optimal choice, as using targets in the field can complicate matters. To
be able to establish a correct 3D transformation, it is required to observe at least two
targets, if the instrument was levelled precisely at every setup or another constraint
is available. In general however, it is recommended to also observe some more targets
(4-5) to account for shifted targets, imprecise levelling, bad inclination angle towards
the targets, low reflectivity or simply human error. To be of any use, these targets also
need to be recorded from another scan position. .

Further, to minimize registration error, the targets should be placed far apart from
each other, which is not always practic;l, depending on the surrounding environment.
This is especially true for scanning the interior of a structure, when scanning small
rooms which need to be connected through long narrow passages or through only little
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door openings. Very often, only a couple of suitable target positions are accessible
in- and outside the building, which limits the space where the instrument can be set
up. Instead of choosing the best position for the instrument with respect to good
inclination angles from the scanner to the surface and a complete coverage of the
object, the operator is forced to choose positions from where at least two targets can
be seen. This makes the approach inflexible.

It is also important to note, that high precision targets are usually bulky and heavy,
and the shipment is thus expensive. There are light and small targets available which
can be attached to a wall, but this is a very questionable approach, as cultural heritage
sites, especially in Africa, are very delicate and fragile and could be damaged by the
adhesive. Moreover, the targets themselves will obscure part of the surface, if no other
secondary, solid objects are available nearby.

2.2.2 Surface Matching
2.2.2.1 Pairwise Scan Registration

Provided that sufficient overlap between scans is given, an alternative approach to
targets is matching surfaces based on closest points within the overlapping areas. The
most popular solution for this problem is called the ICP, Iterative Closest Point, intro-
duced by Besl and McKay (1992); Chen and Medioni (1992). The iterative algorithm
is designed to perform a pairwise registration of two overlapping scans. For each point
on the first scan, Besl and McKay (1992) determine a partner point on the second
scan (point-to-point, fig. 2.5a). A rigid body transformation is then determined to
minimize the distance between common points in the least-squares sense. The process
is repeated until convergence. Instead of determining the closest points on both scans,
Chen and Medioni (1992) suggest to shoot a ray from a point on the first scan along its
surface normal and minimize the distance between the starting point and the tangent
plane at the intersection of the ray with the second scan (point-to-plane, fig. 2.5b).

Since its introduction, many variants of this algorithm were proposed, too many to
be discussed here in detail. The interested reader is referred to a survey by Rusinkiewicz
and Levoy (2001), who examine the various approaches and try to find the optimal
solution for each of the various stages of the ICP:

o Selection of Points - How many samples are used for the process and how they

are selected

¢ Identifying partners - The method of establishing the partner point/tangent

plane on the second scan

17
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o Weighting schemes - The criteria for assigning weights to the couplets, such

as distanee, colour or instrument noisce
» Rejecting false couplets - The criteria to [lfer out false pairs

¢ Assipning an error metric - The measure for the diztanes erron between both

gcans, such as point-to-point or point-to-plane

s Minimizging the error metrie - Methods for fast minimization

- i S

“‘“*"-':_.tf d-l--’ P
{a) F {b)

Figure 2.5: {a} Point-to-Point error metrie, which minimizes the distancs between
closest points p and g on two scana P oand . As only scanned points are considered
as potentizl partners, not points on the edges in between, peints of scan @ can be
partners to several points on P. (b} Point-to-Plane ervor metric. A line | at a point p
on scan P, parallel to the surface normel, interaects aurface 3} at a point q. A tangent
plane is fitted to the nearest vertex (g') to q- The distance between p and the tengent
plane is then minimized. Imege from Berneding and Rushmeier (2002)

The choice of emror metric of the ICP variant appears to have the largest influence
om speed] and the robustness to noise. The most common crmor metrics ane the sumn of
the aquared distances hetween point pairs {point-to-point (Besl and McKay, 1992)}), or
between & point and a tangent plane atteched to its corresponding point {point-to-plang
(Chen and Medioni, 1992}). Both of them heve their strengths. Point-to-point appears
to be mors robust to noise and easier to combine with other attributes like colour and
intensity, but peint-to-plane usually reaches convergence usually much faster and Is less
suseeptible to eonverge only to local minima (Nishine and Tkeuchi, 2002). According
to Pulli (1999), the point-to-peint error metric can camse the deans to converge only
slowly, when point pairs, which are often not ideal mates, are very close to esch other.
Acconling Lo Chen and Medioni (1992} and confimmed by Pulli {1999), the point-to-
plane method can converge much faster, as the metric allows the one point to slide
during minimization on the tangent plane of its partner point on the other surface.

In peneral, it is the IOP algorithm's greatest disadvantage that it is not guaranteed
to find the plobal, as opposed to locel minima, mesning the perfect mateh. Henee, the
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initial position of both surlaces 1s most 1mportant and needs to be as good as possible to
avold a convergence to a local mindms. This, a pre-processing =tep becomes necessary
to approximately pre-align the two surfaces, a process, which, np-to-now, still heavily

relies op manual intervention.

223 Frealignment

To manually establish an initial scan alignment, registration software offers two coms-
mon methods: selecting several (>3] corresponding points on both scans by hand or
bv rmsmually translating and rotating the scons into position by inspection. Secondaty
data, like scanner position, orientation or the path along which the scanner was moved

during the campaign, can provide useful information,

2.2.31 Piznar Feature Extraction and Malching

While manual, interactive registration is still the standard approach., several automatic
solutions were proposed, Allen et al. [20083) try to extract 3D-line [eatures from scans
by fitting planes and using their border-lines and intersections with other planar seg-
merts for feature matching to locate correspomnding areas on different scans {fig. 2.6.

Instead of comparing each scan with every other scan, they provide a list of possible

pairings, based on the path along which the scanner was set-up.

Figure 2.6: Automatic registration according to Allen et al. (2003). {a) Model seg-
mentation and plapar feature detection. Now-planar areas ate marked in red. (b]
Extracted line features. Blue and white colours mark different scans: matched features

are colonred in red and green. Images from Allen et al. (2003)
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2232  Integrzl Yalume Descriptor

A more geners! spproach was presented by Gelfand el al. {2005) who introduce an
integral volume descriptar. This deseriptor s a guantity describing a poinl and the
sarface in ilg praximity. Here, a sphere of specific sise 1s centred at each point and the
intersected yvolume between the mnterior of the sinface and the sphere is determined o
he used as a descriptor {see fig. 2.7). The poials with the mest extreme descriptor
valites are used as feature points and compared to other scans. This method proves to

bae quile robusl againgl noge aad outliers,

{a} (b}

Figure 2.7: Volume Descriptor, {a): A ball B of radius 1 is centred at cach surface
poiut p. The intersected volume Vo(p) of the ball and the interior of the surface is
determined to serve as a deseriptor. (b} For further processing the volume is discretised
(£): Descriptor values for the Stanford Bunny maodel. (d) Extreme descriptor values

are used as feature pointa for scan matching. Images from Gelfand et a2l (2005)

2233 5Spin-lmages

Johnson and Hebert {1097) wenl, & different way with spin-images. For each poind
of the surface, r vertex normal is cstablished by fitting a 2D plane to the point and
its neighbours. Each plane serves as a base for one spin-inage, which is created by
mapping all other data points onto a 2D image according to. firsily, the distance of
a point and its projection along the surface normal onto the base {7, positive and
negative values) and, secondly, the distance from the base poinl to the projection
(e, only posilive values) [see fig. 2.8}, The result can be seen as an image, which is
anchored to the vertex nommal snd retating sround it, creating a map of all other point
positions by wnarking their "eollision’ position while rotating around the vertex norinal.
Henee the name spin-inages {tig. 2.9). The approach opens up the world of 2D image
processing to 30 scan registcatinn. Linages from bolh seans are comnpared and a2 mateh
leads to a travsfonnation aligning Lhe iwo scans, which can then be refined with ICP.

For more cfficicnt parformance the images are reduced in reaolation.
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Figure 2.8: Spin Images. (&) a 21} plane P is fitted to each surface point p. A plane
with surface normal 1 serves as a base for a Spin-Tmage. By pastametrisation of all
aurfare points according to the distance to their projection along the surfare normal
onto the base o and the height over their projectiom 3, a 21 image can be created, &

spin-image (). Image from Johnsom and Hebert (1997)

R EE.Elah

Figare 2.9 Spim-loapes can be visualized by a plane ‘spinning’ around the vertex
normal and 'collectimg’ the other vertices on its way. Imapge adapted from Johuson

(1997)
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2234 4-Points Congruenl Sels

Another promising idea was suggested by Aiger ot al, (2008), called “4-Points Cou-
gruent Sets” (4PCS). Essentially, three points on one surface ave randomly selected.
A fourth point I8 then chosen o that the sct of points form a wide, almost coplanas
base. The ratios between coplanar depoints sets are nvariant to a rigid body trans-
formation and thws approcdmately congruent. A wide base gnarantees stability, but if
it becomes too wide, it can fall cutside the overlapping arca of the scans. When all
setq are extracted, the ratios ave compared. If g mateh is found, the points of the sots
can be usced as fouture points to cstablish o 3D transforination. The approach seems
to he very robust against noise and outliers and lmited cverlap, but according to the
authors the mntime i not propoctional to the size of the input dataset, making it less
practical for large datasects.

ks

e

(a) (b)

Figure 2.10: 4+ Paoints Congruent Sets (4PCS). (a): Sets of almost coplanar paints are
eatablished on both scana, The ratins ¢ — efa — b and ¢ — efe — 4 are invariant even
to affine transformations, which s an opional feature of the method, not reguired for
laser-scanning. (b) and () show matching result with 4PCS of two scans {orange and
grey points) corrupted by noise (b) and autliers (). Image from Alger et al. (2008}

2.2.4  Global Registration

As mentioned above, the ICP aligns the surfaces pairwise. two scans at a time, During
cach alignment an orror is introduced, which 18 unavoidable, sinec oo two scaus are
identical, due to the discreteness of 4 scan and alse instrament neise. Even thongh
the ervor might only be relatively small, 1t will propagate through the registration
sequence and combine with errors in subsequent alignments. redueiog the overall rog-
istration acciracy. To reduce the secuumlsted orror, one can, after all common pairs
are identified snd pre-tepistercd, register all overlapping scans simultancously, thus

distributing errors ameng all scans.

I
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Pulli {1999) proposes to perform the pairwisc alignment as good as possible and to
store all corresponding points hetween scan-palrs in a separate file, avoiding the need
for loading all scans into mermory and another time-intensive search for closest points,
very important factors when processing large dataseta, In the following step, scans
{represented by just the externally saved point matches) are added incrementally from
a "doriant’ to an ‘active’ sot, starting with the scan which bas the most connections.
The added scan is registered to its nelghbours in the aetive sct. Should the position of
its neighbours vary too much during this registration step, they are also re-registersd
to their neighbours until the movement falls below a tolerance. This procedure docs
not improve wajor misalipnments o the pairwise registration, but rather distributes
the error.

Tt is interesting to note, that during global registration, Pulli (18991 and Nishino
and Ikenchi (2002) prefor point-to-point error metric over point-to-plane. While it is
of advantage durng the initial alignment to have one scan “sliding” Gwster across the
gecond sean with polnt-to-plane, during global registration the characteristic of point-
to-paint of being tnore robmat to neise seems to be more important (see page 18], Also
the likelihood of the point-to-point method to fnd only 4 local minimum is reduced,

hecause all pairs were well aligned already in the previous stage.

2.3 Maeashing Algorithms

After the abignment of all lascr scans, the point dataset, a discrete data type, can be
converted into a polygonal model, a (wostly) continnous representation, Several algo-
rithims are available for this step. The following foruses on the standard approaches,
capecially on those which have the ability to cope with huge datasets.

Surface reconstruction has been a very active rescarch tople in the past years, and
there are mumerons ways to classify the proposed methods, for example based on the
required inpnt data. Some approaches, work on individual seans, which often need to
be triangulated before they can be processed. Other methods can extract the surface
directly from a single, unstructured point cloud, but only a few of themn do not need
additional information such as vertex normals.

{One can also elassify the reconstruction methods depending on the handling of the
input sauples, Funetion fitting approaches try to find a mathematieal funetion fitting
best to the input samples, either with a single global- or several local functions. These
functions are approximating the surface. Other algorithms like the onces based on
Delaunay/ Voronol are directly connecting all, or, a filtered subset of the inpnt points
to triangles or polygons {see fig. 2.11).
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Figure 2.11: {a) A swlace 15 created by directly connecting the input data samples.
(b} A surface is approximated by fitting a mathematical function to the input poind
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2.3.1 Surface RHeconstruction by Divect Triangulation of fnput Data
2.3, 1.1 Delagnay and Yoronal

To explain the Yoronol and Delaunay diagram, the definition will be given for 20
space, as it is easicr to visualize. Aceording to {Edelshrunner, 2000, p.4} the Vorono
disgram decomposes the space, defined by a set of points 8, into regions of influence
for each sample point p; “...the Voronoi regiore of p € 8 [is defined] as the set of points
x € 2 that, are at least as close to p as to any other point in 8...”{ Edelsbrunncr, 2000,
p.dj

(r, in gther words, all points of a Voronol region have to be at the same or a simaller
distance to the sample point than to sample points of the neighbouring areas. Two
neighhouring Veronoi regions are scparated by a line (ot plane in 3D), perpendicular

and midway to the sample proint of each region [see fig. 2.12a).
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Figure 2.12: 1) Voranol disgram: Two Vororoi cells sre separated by a line, perpendic-
ular and midway to the data ponts of each cell. b) Delaunay trisngulation as the dual
of the Voronni diapgram. An edge s formed between two data points, if their Voranoi
cells mect along a line segment. <) The Voronom areles do not contain any other data

points. The hree points on their boundary form the vertices of the Delawnay (riangles.

Common points, where three different Voronol regions meet. can be regarded as
the centre of empty circles, also referred to as cirenmeireles or Voronol circles (see fig
2.12¢). which have the three adjacent sample paints on their boundary. The circles do
not contain any other smnples. There are special coses where four or more Voronai
regions are meeting at A common point, but theses special cases are very rarc and can,
for this briel introduction, be neglected.

The Delaunny diagram is the doal to the Voronol decomposition. “We get a dual
diagram if we draw a straight Delasvnay edge connecting points p, g € 8 if and only
if theit Vorrmed regioms inlersect along a common line segment:” (Edelsbranner, 2000,
p.3) In other words, when two Voronon regions share a common edge their sample
points can be connected. Repcating this step for all vertices will subdivide the space

into toungles, and is thus also referred to as the Delaunay trisngnlation (see Gg. 2.121),
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The emply circles are also representing this triangulation, since they will alweys have
three points on their boundaries: the vertices of the Delaunay triangles.

In 3D, the Delaunay triangulation forms tetrahedra and, as can be seen in figurc
2.13, the process of extracting # triangulated, manifold surface, where only two trian-
gles share an edge, becomes a challenging task. This is especially true for real world
sccnarios, where noise is always prosent, cansing points to lie either above or below the
correct aurface, This difficulty is the central problem, which the following approaches,
*The Power Crust” and "The Ball-Pivoting-Aleorithm” try to overcome,

Figure 2.13: Image depicting the Delaunay triangulation in 3D (green lines) forming
tetrahedra and the Voronoi cells (blue lines). Image from documentation of Graphite
software, http:/ /falice loria fr/index php/softwarc.htm]

2.3.1.2 The Powsar Crust

The Power Crust algorithm by Amenta ot al. (2001) is based on the Voronot disgram /
Delaunay triangulation. A ccntral element of this approach ia the medial axia, which s
the set of points which have more than one elosest point to the gurface S {see fig. 2.14),
The medial axis containg the centres of welghted cmpty balls, which are complotely
inside the ohject. Together they form the medial axis transform, which represents the
aurface, The authora found that the medial axis transform approximates the surface
very well, even with noisy data input. Because computing the medial axis ia very
expensive in computational terms, the authors use the Voronol diagram and a subset

of its vertices, the “poles”, to approximate it, Poles are the two corner vertices of a
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2.3, Moshing Alzorithms

Voroned celt, which are Tocated the furihest away from the cell’s input data sample. As
the medial axis lies in the centre of the medel, only the vertives of a long and skinny
shaped Voronod cell will be located elose bo i1, Tenee, the authors consider only these
vertices as poles. Only empty balls at those poles {polar balls) form the power crust
{see fig. 2.14). The approach proves to be robust to uolse and can produce sharp
edges.

Figure 2.14: a): Input point set, its polygonal representation awd a simplified version
of its medial axis. b} Tnner polar balls and the polygonal result. ¢} The Power Crist
(orange) and the medial axis {red) are defined by a set of empty balls (light blue). d)
The Voronoi diagram of ¢): e] hmage depicting the concept of poles: Only long and
skinny Veronoi cells are considered for the Power Crust. The poles arve the vertices
of gueh Voronoi cells and are located close to the medial axis. [} Polar balls. Images
adapted from Amenta et al. [2001)

23132 The Lall Pivoling Algorithm

The ball-pivoting-algorithm is a “reglon-growing” (Bernardini et al., 1999, p.2] ap-
preach. A ball of a pre-set size “wts” on the veriiees of a geed trisngle. so that it
ihe vertices touch the holl's surface, The algorithm of Bernardini ei al. (1999) {hen
pvols the ball around ihe trisangle’s edges, I it tonches another point while pivoting,
& new triangle will be formed and atiached io the previous one (fig. 2.15). Noisy data
samples which are further away from the surface than the sampling distance will not
he touched by the ball, as demonstrated in fgure 2.15. In addition, pre-determingd
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vertex normals are used to prevent the ball from pivoting further, when the surface's

boundary was reached (fig. 2Z.16h).
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Figure 2.15: Image demonstrating the Ball Pivoting Algorithme (a) A ball of constant
size rest on the vertices of a sead triangle. The algorithm then pivots the ball around
the edges of the cument triangle (not wisible on this inage as the edges are parallel
to viewing direction]. If the ball tonches a new vertex while pivoting, new edges {red
lines) in between old and new vertices wit form a new friangle and the ball will pivot
around the new edges to find adjoining triangles. {h) If the point density is lower than
the ball radius, holes are created (¢). Tf the ball-radius is larger than the point density,
detail will be left-out, Images from (Bernardind et al., 1999
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Figure 2.16: Ball Pivoting Algorithm [a). I the ball is large enovgh, noisy point sam-
ples will not be touched, (b) The algorithm requires verfex normats to be determined
beforehand. If the orientation of the candidate triangle differs largely from the normal
of the data sample which was “tonched”, no triangle iz formed. This prevenfs the algo-
rithm to cross the boundary of the surfice and continue pivoting on the neisy samples
of (a). {c] If points are farther away than the ball rading, two surfaces will be created.
linapes from [Bernardini et al., 1999)

It seems nor-trivial to finlt the correct ball-radius, because if set too large. detail
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will be lost, if set too small, holes will occur. To circumvent this issue, the authors
recommend to execute the algorithm repeatedly with an increasing ball-radius, com-
pleting the existing surface with each iteration.

2.3.1.4 Zipper

The “Zipper” approach by Turk and Levoy (1994) is different from the previous ap-
proaches, as its focus is to connect several individual, already triangulated laser scans,
rather than to reconstruct a new surface from a point cloud. It detects the overlapping
parts of the input scans and discards the redundant information. The independent
surface pieces are connected by a new triangulation between their new borders (see fig.
2.17).

Figure 2.17: Diagram showing the Zipper approach, which (a) detects overlap between
two surfaces and (b) discards the redundant information. (c) The gap in between the
two surfaces is then closed by triangulation between the boundaries of each surface.
Image from (Turk and Levoy, 1994)

2.3.2 Surface Reconstruction by Approximation

Approximating algorithms use functions to describe a surface. Mathematically, many
surface reconstruction approaches (in here, all of the following) employ implicit-, as

opposed to parametric surface representations.

The basic concept of implicit or volumetric representations for geometric
models is to characterize the whole embedding space of an object by clas-
sifying each 3D point to lie either inside, outside, or exactly on the surface
S that bounds a solid object. (Botsch et al., 2010, p.13)
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23.2.1 Implicit Functions

An example of a basic implicit surface repreSentation is F(p) = 0. In this example, all
points, where the evaluation of the function returns zero (zero-crossing), are located
on the surface. Positive values are usually defined as points outside the object, while
negative values indicate points inside the object. The surface defined by the zero-
crossing of the function, is a special case of the isosurface. According to Newman and
Yi (2006), an isosurface is defined as follows:

“Given a scalar field F(P), with F a scalar function on R3, the surface that
satisfies F(P) = o, where a is a constant, is called the isosurface defined
by o. The value o is called the isovalue.” (Newman and Yi, 2006, p.854)

2.3.2.2 Marching Cubes

Implicit functions are continuous representations of a surface. To convert them into
triangles, they need to be discretised. For efficient processing, a regular or adaptive
grid structure is employed to evaluate the implicit function at specific points in space.
For this purpose, a cube conta.ininé the data is subdivided into smaller sub-cubes, also
referred to as voxels. The marching cubes approach (Lorensen and Cline, 1987) eval-
uates the implicit function at the eight vertices which define the voxel and “marches”
from cube to cube.

By evaluating the function on the vertices, the algorithm can detect whether the
vertex is above or below the surface. If the state of two vertices, which are connected
by an edge, differs, the surface is crossing the edge in between. The algorithm examines
all edges for intersection and cross-checks in a predeﬁned lock-up table which one of
the 256 triangulation possibilities fits the current condition. Because there are eight
edges in a cube, there can only be 256 different intersection configuration, which are
reduced to 15(fig. 2.18) by considering symmetric and rotational relations.

The dimensions of the voxels determine approximately the resolution of the final
mesh, because per voxel, one or more triangles are constructed. The edges of these
triangles cannot become longer than the edge of a voxel, only smaller. The regular
subdivision makes these approaches very scalable and efficient, as their memory usage
depend more on the output resolution, rather than the input dataset and are thus well
suited for working on large datasets. .

The marching cubes algorithm (Lorensen and Cline, 1987) or one of its derivatives
(Newman and Yi, 2006) is the most common method used in implicit/volumetric ap-
proaches to extract the isosurface from a volume and to create a triangulated surface.
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Most of the following approaches thus only need to focus on assigning the correct

implicit function, describing the surface best.
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Figure 2.18: Marching Cubes Algorithm: Image showing the 15 unique possible con-
figurations of a surface crossing a cube. (ther configurations related through rotation
and symmetry are neglected for efhcient processing, Tmages from (Newman and ¥i,
2006)

2.3.2.3 Volumewric Integration

To establish the implicit representation on a voxel grid, Curless and Levoy (199G)
first trisngulate each scan individually by evaluating pearest nelrhbour imformation
provided by the scamning grid (see section 3.4.2.1). They then assign an mplicit
function to each vertex of the voxel grid near the surface. To be more specific, the
implicit function is a weighted signed distance function, which represents each point
% in relation to the surface of the scan alomg the line-ofsight of the scanner. The
functions of all scans are combined and evaluated at the vertices of the voxel grid. The
new zero-crossing of the combined implicit funetions represents the best-Ai surface of
all scans {see [g. 2.19),

The isosurface is then extracted via the Marching Cubes Algorithm. Callieri et al.
(2003) extended the approach of Curless and Levoy, to out-of-core techniques, They
developed PlyMC, a tool which splits the volume first into smaller sub-volumes and
processes these individually, This reduces the necessary amount of main memory to a

manageable size by only loading the scans relevant to the sub-volume,

2324 |mplict Surface Reconssruction from Unorganized Points

Hoppe et al. {1992} proposed & method to approximate the surface on an upatructured
point cloud. The neighbonrs to & sample point are gathered and used to fit a tangent
plane i a least squares sense to the sample point. The distance between any arbitrary

point amd ita projection onto the plape is used to ereate a signed distance function.
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Figure 2.149: Tnage depleling the Volumelrle Integration approach: Per scan, a
waighted signed distance function describes each poind in relation o 1he surface along
1he line-of-sighi 1o the scaoner. All functions of all scans are combined and Lhe new
zero-crossing of the combined mplicil fonction 1s Lhe final surface, which is basically

the average between all input seans. Image from (Curless and Levoy, 1996)

Ag in the Volumetric Integration appreach, the fometion is then evalnated on a regular
valmuel ric grid and iransformed via a variation of Marching Cubces into a triangulated
mesh {sco fig. 2.10%. The approach allows the meshing of un-organized data samples

aml proves to be robust to noise,

(a} (b} (e} () L

Figure 2.20: “Surfacc Reconstruction from Unorganized Points® by {Ioppe et al.,
1992); {a) Original Coonstructive solid Geometry (CSG) medel, (b) Point set derived
from CS0 model, {¢) tangent plancs fitted to point data, {d) voxels filled wilh data,
(&) extracted surface. Images adapted from (Hoppe et al., 1993)
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2.3.25 Moving Least Squares

The Moving Least, Squares approach, or also Moving Local Syatem approach, (MLS),
was introduced by Levin {2003) in 2003, For cach point of a data set, a best-fit surfagce
of the loeal neighhourhood is established. A projeciion operator re-adjusts each data
point by projecting it onto the local best-fit, surface. The point’s new location is then
used tor 1he projection processes of the remaining points.

In a first slep, a plane H ig fitted to a sample point r and its weighted neighbours
p; with least squares (see fig. 2.21b). The plane defines a new local coordinale system,
of which the origin g I8 the projection of r onto H along the normal # of the plane.
The neighbouring points p; are weighted according to their distance Lo g.

Secondly, a local polynomial approxdmation g of the surface over H s computed,
onto which v 1% then projected along Vhe normnal of H in s final step, This is donc for
all poinls, o that in the end all points are representing the bewst-fiv surface.

Figura 2.21; {a) a Point Set Surface. (b} a plane H is fitted to a dala point r, The
influrnce of the surrounding points is weighled bascd o their distance to the origin
q, which is a projeclion of r onto H. A polynomial g over H is then computed and «
is projected onio H. This process is repeated with all data points, so Lhat in the end,
their projeciion repregent. the best-fic surface. Images from {(Alexa et al., 2001). (o)
Points and the surtace they define. Image from {Amenta and Kil, 2004).

Amenta and Kil {2004) showed that {he polynomial fitting step can be omitted,
which simplifics the computation of MLS surfaces. The surface is approximated, by
iteratively (re-)illing a plane and projecting the point along the morual onto i, as
described above, until the energy tmelion, which represents the quality of the fitting,

CONVErEes.
Becausc the plane fitting can becomne unstable if the sampling density hecomes too
low, Guennebaud and Gross (2007) suggest to fit algebraic surfaces mstead, such as

spheres.



(MIAPTER 2. LITERATURE REVIEW AND THEORETICAL BACKGROUND

The MLS approach has found mauy applications aml was adopted and extended in
several ways. Amenta and Kil (2004) and Alexa et al. (2001}, for example, employed
it for the so-called “Point Set Surfaces”, which are point based, mesh-less represen-
tations. The point data inplies a surface which is calenlated and rendered oo-the-fly
(fig.2.21a,c).

The main advantage is thet these surfares are easier to display than triangles and
thus more point samples can be rendered at a time, describiog more detail.  Also,
because the surface does not need to be converted to a wnesh first, it simplifies the
processing pipeling amd reduces the processing time,

To translate the Point Set Surface into a triangle mesh, Fiorin et al. (2007) assign
anrd evaluate a signed distance function, similar to the previous approaches, on the cell
corners of a volumetric grid. The triangles are then extracted via Marching Cutbes.
With out-of-rore, parallel and streaming techniques. Cucenru et al, {2000) report to
be able to extract 4 surface from 380 million points with the ATLS wethod in less than

B5 mimtes,

2.3.2.6 |*oisson Surface Reconstruction

A recent idea is the Poisson approach by Warhdan et al. (2006), They try to find an
indicator function which is defined to be 1 inside the model and ¢ outside of it. The
function’s gradient, which can be seen as a vector field, is approximated by the normals
of the input sample points (see fig. 2.22}. The relatiou iu between the gradient and
the veetor feld is defiued as a standard Poisson problen::

“[...}enmpute the scalar function ¥ whose Laplacian {divergence of gradient) equals
the divergence of the veetor field” {Kazhdan et al., 2006, p.1}

Instead of computing one glohal function which fits the whole surface, for exaanple
Radlial Basiz Function, presented by Carr et al, (2001), Kazhdan et al. are computing
a get of hierarchical loeal funetions. Global approaches have psually the disadvantage
that the final matrix becomes too large when representing a large dataset, But a
positive by-produyet, and often required deliverable, is the extraction of a watertight
surface,

Hierarehical local functions however, eliminate the space-complexity of a global
function, by breakiug the problem down into smaeller local fimetions (which is more
appropriate for large datasets) without losing the ability to create of a watertight
surface. All data is sorted and stored in an adaptive oetree, of which the nodes are
equipped with local functions, providing the information abont the covered surface in

ita branches. The octree combines functions of small local patches in the deeper regions
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Figure 2.22: Poisson approach. (a) The aim is to [nd an indieator tunction defined
as 1 ingide the olject and as 0 rutaide. The gradient of the indicator function can be
visnalized as a wector ficld, which can be approxitnated by the normals of the iupui
sample points. (1) The extracied 3D models at inereasing octree depth are shown.
Images from (Kazhdan ct al., 2006}

uf the tree with the parent tanetions of the lower levels. The higher the octree level
Lecomes, the more nodes for the same surface area are available. Thus, the amount of
detail described by the lunetions of higher levels can be increased, withont increasiug
the epace-complexity of the functions. Thiz adaplive struciure produces fine detadl
in areas with many samples, while inder-sampled arcas are also approsamated. The
approach results in much smaller tmemory cousutmption than a global solution, but of
conrae, the masdmum octres depth is also depending on the available memory, In reecnt
papers ihe idea is extended to multi-level streamiug (Bolithe et al., 2007), subdividing
the dalaseta into narrow slices and thus limiting the memory consumption to amall,

anageable pleces and was aleo enhanced by parallel computing {Bolitho et al., 2009).

2.4 Hole Filling

Thyring data acguisilion, cspeelally while scanning larger buildings, it is not poesilie 1o
entirely avoid data shadows, created by objects in the line-of-sight of the instrument,
bad reflectance properties of the scanued surface, or slmply because there is no qualificd
geanning position available. This is especially true for the top of walls and the roof, if

there i3 no suitable, higher elevated point available to position the instrument. HHence
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a hole filling or tesh vepair step can becoms necessary.

Manufactured data, which is not based on acouratc messurements, is a delicate
mattor in hevilage docwneniation, and beyond the fechnical scope of this reseatch. T
shall thus only very briefly be discussed,

Smaller holes can be filled automatically. Davis et al, (2002) presented an apptoach
for implicit surfaces by diffusing the implicid function with a low pass filler along the
boundaries unlil Lhe hols iz closed. It can be seen as an extrapolation of the surface
along the boundaries and can lead Lo a smocih patch.

Bernardini et al. (199%9) auggest closing holes by running their ball-pivoting algo-
rithm (sce section 2.3.1.3, p.27) several dimes with increasing ball radins. New triangles
will only be inscried on the boundaries and not replace any casting driangnlation. This
way, small detail will be retained, while more and more holes are filled during cach
ileration. Bul the larger the holes are, {he larger the ball and thus the triangles will
be, which are wsed to close the hole. Hence the palches will heeome more and more
prominent in the final model.

There are also sowne waierlipghl aurface tecoustruelion algoidhms, which fill all
holes by definition, such as the Poisson-algorithm by Kazhdan ot al. (2006}, mentioned
above, Bul also here, the larger the holes become, the more unrealistic the filkin
surlace paich will be, In {his case, the problem of closing holes is replaced by the
problem of finding a solution for removing and fxing these inappropriate fillings.

All of thess methoda are just interpolating and the created patches arc usually
clearly identifiable either by lavge triangles ot by the amoothness of the pateh, compared
to the rest of the model, s fine detail is not restored. Sharf ot al. {2HWE) presentad
an etative approsch wing an ocires dats siracloce. Similar to 2D image texture
svtithesis, they abalyse the suvrounding surlace of a hole and copy aud paste a surlace
pateh from other parts of the model, which fita beat the conditions around the current
hole. In submequend ilerations, ihe process is repeaded at higher ociree levels, and
thus the surlace is tofined with more detail. The rosults presonted by Shael el al
demonstrate that holes can be filled very comvinecingly, making i hard to distinguish
Dedween measured and aclificially indrodoced dada, which makes this approach not

suitable [or hetitage documeutation (sce fig. 2.23).

2.5 Simplification Process

Simplification or decimation is the process of approximating a surface M with a leas
eornplex surface ®". This ia an important part of the mesh processing pipeline, as the

amount of triangles, generated by current meshing technologies, can easily become too
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Figure 2.23: Context-based Surface Completion: (a} The Stanford bunny model. {b)
A part of the back is removed, including the tail. (¢} The hale i filled roughly. (d)
The repaired surface simulating the fine texture of the surface surrcunding the hole,
Irnages from (Sharf ct al., 2006)

large to fit nto main memory, Hspecially Marching Cubes (sce section 2.3.2.2), if a
static grid structure us approsed to an adaptive approach is employed, ereates triangley
of more or less regular size, regardless of the detail the triangles actually deseribe.

Thus, sirnplification is & justifiable method to create an approximation which looks
almost identical to the original but with a muach smsdler mesh, which helps editing
and viewing the model. Ower the past 20 ycars. simplification has developed to a
mature technology. The literature published on this subject is substantsal and fac a
mere elaborate survey and classifieation, the reader is directed to Cignoni ct al. {1998).
Today, the tendency is not to simplify the model to certain sies for dillerent ysages,
bt to ise sinplifieation techniques for veal-time rendering of large datascts. In the
following sore important techniques to simplify meshes and to view large datascts are
sitntmacized.

Simplification of triangles basically means removing the vertices of the mesh. The
two most important chavacteristics of a simplification algorithm are the way of sclecting

points for remuned snd how the resulting hole is filled.

251 Vertex Decirmation

Tu select candidates for removal, Vertex Decimation, intreduced by Schrocder ot al,
{1992), uses the distance between the vertex and the average plune defined by the
current vertex' neighbowra, or a line, in the case of a4 boundary or featire edge. The
vertices close to the plane are eliminated based on a uscr sclected parameter and the

newly created hole is re-trisngulated with less faces,
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25.2 Simplification Ervelopes

Simplification envelopes (Cohen et al, 1996) define the space between an inner and
cuter offset surface (the envelopes) as a valid range which should contain the final
smrface. It is independent of the actnal decimation and serves as a method to provide

4 global error control.

2.2.3  Wertex Clustering

Vertex clustering, introduced by Rossignac and Borrel {1993) is a grid sampling method,
removing all vertices of a [(3D) grid's cell, and replaces them with a single vertex. The
detail of the resulring mesh thnos depends on the size ol the orid’s cells. Weights are
assigned to the vertices, preforring points on the (vicw-independent) silhouette of the
moedel and vertices that are part of larse triangles. Il smoothing s acceptable, the hest
pusition for the uew yortex, replacing the others, 15 caleulated as the centre of mass of
the weighted vertices. Alternatively, if smoothing is not desited, the vertex with the
hiphest weisht 15 nsed.

Lindstrom {2000} later enhanced this approach by the use of quadries -which will be
deseribed in the lollowing vection- and « alimn oyt-of-core implementation, enalding the
decimaticn of meshes in the order of several hundred million pelygons, The algurithm
seems to produee very satislactory results even for very larce meshes, but as Lindstrom
notes, clustering artcfacts become visible if the cell stze i3 too large. Also, due to a
fizxedl cell size, the approach often cannot decimate efficiently arcas of low curvature,
if the cell size i= smaller than the fat surlace. Lindstrom thus recommends neing this
out-of-core approach as a pro-processing simplification to decimate very large meshes

to a more manageahle size, which can le processed with other approaches.

254 Edge Collapsing

Haoppe et al. (1993) define several operations for an edge: collapse, split and swap [see
fig.2.24), Even though originally developed for optimizing meshes after surface recon-
struction, such as {Hoppe et al., 1992), to te-fit the extracted mesh closer to the input
samples, Hoppe et al. (1993} show that the approach can also be nged for simplification
They not onky remeye vertices by collapsing cdges but also add some vertices, depend-
ing on the minimization of an energy function which attempts to balanee between the
digtance of the vertices and the mesh and the total amount of vertices. The threc
methods, edge eollapse, sphit and swap were then reduced to onby the edge collapsc
method, which proved to be suthicient {Hoppe, 1984).
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edge swap

edge collapse edge spilit
Figure 224 Simplification operations for vertices: collapse, split and swap. Hoppe
{1996 later showed that only edgze collapse is really necessary for simplification. Tmages
from (Hoppe et al., 1993)

2.5.3  Quadric Error Metric

Garland and Heckbert [1997) define each vertex as the intersection of planes, formed by
the triangles incident on the vertex. When two vertices are merged into one, thev mea-
sure the squared distances of the new vertex' position and the previous set of planes.
The error is then encoded in a deed matrix and afl matrices for cach triangle-vertex
distance are added together. This error matrix forms a gquadric surface, containing all
potential politx where the global crror for the new vertex is the same (fiz. 2.25).

To decimate the rlataset, only the edge-collapse techniqnue s employed, which is
the merging of fwo vertices connecterd by an edge. They further extend it to noon-
contiected, but neighbouring triangles, called non-cdge contraction (fig.2.23),  This
enables the algorithm to combine originally disconnected parts, which is often wanted,
since some vertices might be very close to each other anyway. After each contraction,
the error matrix of the remaining vertex i updated and the matrix of the removedl
vertex iz adiled s well. Then a new wvertex is inserted at a position, minitnizing
the crror. The algorithm stops, when i reaches o user-set crror-level or the targeted
amount of triangles.

The algorithm is regarderd as a de-facto standsrel and was extended to allow the
support of textured meshes (Garland and Heckbert, 1998}, Cignoni of al. (2003) chose

guadrics as their standard simplification criteria for their Octree-based external mem-
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Figure 2.25: Simplification using quadric crror metrics: (a) To reduce vertices, the
edges are confracted or eollapsed. [b) Also vertices closc to cach other, which are not
connected by an edge, can be merged (noun-edpe contraction). Below: The Stanford
Bunny Model, reduced from 69451 (a) to 1000(h) toangles and the corresponding error
ellipsoids per vertex (¢}, lmages from (Garland and Tleckbert, 1997)

ory simplification framework and this cuabled the decimation of very large meshes

independently of systeimn memory.

256 Progressive Meshes

Bearing the previens technigues in wind, the trend is not to produce simplified meshes
as standalone products any more, but rather as part of a ralfi-resolution representation
tor enable real-time rendering,

Progresaive meshes, proposcd by Hoppe {1996) are hicrarchical meshes, with the
lowest resolution as a base mesh. It stores the inversion of the simplification process,
or in other words, how to get from the base mesh to the highest resolution for the
currently displayed part of the model, Here, the teverse of the edpe collapse operation
of the simplification process, vertex splita, are used to get from the lowest to the
highest resolution (fie. 2.26a). This can drastically speed up the rendering time, as
only the base mesh rernaing in memory at all times, and only the instructions, how
to ro-create the high reselution of parts, cumrently needed for display, are loaded and

processed (fig. 2.26b). To preveut the user from noticing, how the mesh is built-up, the
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2.5, Simplification Procoss

new vertices of the newly added triangles are morphed between old and new position
over several frames. In a perspective view, this procedure enables a more advanced
control over the displayed level-of-detail (LOD). For example, an objeet, very far from
the viewer, does not need to be shown in the highest resolution, as the triangles might
shrink to a size smaller than a pixel. Thus, a simplified surface can be displayed
instead.

In & suceessive paper, Hoppe (1998) proposed the subdivision of very large meshes
into smaller sub-models, simplifying them individually and then eombining and sim-
plifying their base meshes.

‘{ g :

Figure 2.26: Propressive meshes. {a) "Vertex split’ as the reversion of the "edge collapse’

opcration. {b) Image depicting the loaded level-of-detail of a specific view frustum
(field-of-view in orangej. Note that triangles outside the orange bounds are in a lower
resolntion than the ones within. Images from (Hoppe, 1996}

Since then, the idea of hierarchical displaying method was developed further. In
2000, Rusinkicwicz and Levoy (2000) propused a hisrarchical visnalization tool, called
(}Splat. The mesh is represented by the vertices and a hierarchical strueture of bound-
ing spheres.

257 Adaptive Tetrapuzzles

Cignoni et al. {2004} and their 'adaptive Tetrapuzzles' approach, showed a way with
quadrics and edge coliapsc to create a multi-resolution system for large meshes, which
woild not fit into main memory otherwise, They perform an out-of core simplification
to ereate a gulti-resolution mesh by subdividing the model into a tree of tetrahedral
cells {fig. 2.27). They also created a visnalization tool which is calling the different
resoiution levels of the individual eeils, depending on the current view onto the model.
They achieve mnore than 40 frames per second on a several hundred million triangles
mesh, which allows smooth interaction with the model. In a later paper they generalize
the idea and propose a framework for it {Cignoni et al., 2005).
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Figure 2.27: Adaptive Tetrapuzzles: Images showing several levels of detadl of the same
model (depending on the camera position) and the corresponding fragmentation into

patches. Images from [Clguond e al., 2004}

2.5.8 Streaming Meshes

Multi-resclution meshes, or progressive meshes, are mportant for interactive viewing.
On the other hand, many of these algorithms seemn to incrense the file sizes of the
wodels, which s cotgra-produetive, if the aim is for example the fransmission over
the internet., So in parallel to the creation of progressive meshes, there is research in

progreas, on how 1o best compreas the data for efficient streaming.

The main problem with todey’s large meshes is that their file formats are encoding
the maodel as indexed meshes (eg. the PLY-format). In there, the vertices are listed
and indexed first, followed by the triangles, which are stored as the three indices to the
triangle's vertices, To read the mesh, all of the indices to the vertices for each triangle
ueerd to be dereferenved fimst, meaning the indices have to be replaced by the vertex-
coordinates they link to. Faces which are topologically connected are not necessarily
ligted next to each other lu the PLY-File. Thus, to display even just a portion of the
mesl, the whole file needs to be read first. Isenburg and Guinhold (2003) propose to
spatially cluster the vertices and to store more connectivity infortation, such as the
next ated the previoys edge. They also defite a compreassion format, which enables a
cornpression rate of about M%7 percent of the original file size, depending on the float

numbers precision levels,

Isemburg and Lindstrom (2005) however, proposed an even more efficient and coher-
ent Hle format to create "streating meshes”. They propose a format which provides
additional information on for how long & vertex is needed. For example streaming
meshes in “pre-order” list a friengle directly after all vertices, which it refers to, were
introduced {see fig. 2.28d). This way, the model ran be loaded sequentially and only
a small set of active vertices needs to atay loaded. As acon as all triangles referring to

it are drawn, the vertex can be removed rom memory,
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Figure 2.28; Streaming meshes: The colour codes of the staties show the position of
triangles in the file befure {a) and after (¢} re-ordering. (b} The diagrams express the
satne in a different way: the blue lines in the disgrams connect triangles which share
the same vertex, with respert Lo their position in the {ile. {d} File layoul of a ORJ-file
and a new file formal optimized for streaming of meshes, Images from (Isenburg and
Lindstram, 2005)

The advantage seems to be obvicus: much smaller files and a much more efficient
way to access the mesh, or sub-parts of il. On the other hand the CPU needs to
decotnpress the data fital before it can be displayed. For interactive display, this seems
to be a coniradictivn, since voluable CPU speed is lost. Jamin et al. (2009} however,
tried Lo find a good compromise in between and designed a viewer, called CHuMI with
an efficient data structure and lussless compression. The proposed formal allows ihe
data Lo be decompressed in slages, refining the detall at higher evels, Only thoge
parts which are curvenily needed are decompressed to an extent showing the oplimum

amount of detail according to the distance of the camera Lo Lhe surface,

26 Texturing

The 313 model, by standard shaded in newiral grey, can be atgmented with coloar
informalion Lo enhance the visual appearance to enable a more holistic representation
and examinalion. This process s commonly referred to as texturing, even though
strictly speaking, the term refers tu texture mapping, a specific technique of applying
colour to a model, which will be explained in section 2.6.2.2.

To texture a model, the user can paint colours directly onto the surface, apply a
repelilive Lexiiure patlern Lo a parl or the entire model, or create a procedural texture,

which is a compiiler generated Lexiure, which can be influenced by several parameters.
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Procedural textures are common to solid modelling as they can eonvey Lrue 3D eolour
informalion and nol simply pasting “posiers” onto the surface, A procedural wooden
texture for example would generate bark on the oulside of a lree trunk and also the
rings on 1he inside. Even though these methods mentioned so far, con significantly
affect the users impression of the wadel, Lhe benefit Tor Lhe documentation of euloural
herilage is limited, as they are manufactured represemtations and thus comvey Lhe
wriong mpression.

Many laser scanning inslroments acquire pholographic imagery in addition to sean-
ning in a separate step with cither & built-in or an externally mounted camera. For
external cameras, producers of laser scanner often offer brackets, to keep the fens'
prineipal poiul in a koown, fixed position and elose to the laser scamner’s centre of
rotation. 'This reduces parallax effects and minimizes the efforls of aligning (he im-
agery manially to the 310 data as necessary when combining images and scan, In cases
where laser scanners are ahble lo scan 2 full 360 degree window, panoramic images are
necessary to colour all sampled surface points.

There are a numhber of advantages in this kind of procedure, such as the direcd,
alipnment of 2B imagervy and 31 data, minimizing the users-intervention time as well
as Lhe guaranies for Lhe colourizalion of every dala sample. Problemnalic however, is the
resirielion of laking images ouly ab the timwe of Lhe scan, which leads o discrepaneies
in the appearances of the scans, due to different lighting conditions throughout the
dayv. IL further restriciz 1o scanning al day-limes, unless artificial light sources are
emploved. Thus, especially for long scanning exercises, it secms more appropriate Lo
take additional imagery with hand-held cameras, if possible, more or less around the

sanme time of ihe day.

2,61 Image Alignment

According to basic photogrammetric principles, s photograph can be aceurately pro-
jected onto the 31 model if the internal and external eamera orientation is known. To
delermine Lthese unknowns, oue has to seleel correspouding peints on the timage aod
the 31 model. In & best case scenario, the camera is calibrated and only the camera’s
poeition and orientation need Lo he established, which reduces Lhe amount of necessary
correaponding points to 4 minimum. But calibrated cameras usually canse more or less
blurred images, because the focus cannot he adjusted while taking the photo, For this
reason it 15 desirable to also make use of images from un-calibrated cameras, which,
however, would require selecting about 15 peints, including some extra points for extra

accuracy, on the model and on the image.
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Regarding the fact that for texturing an entire building, dozens or even hundreds
of images need to be placed, this seems inefficient. Tarpgets could be detected auto-
matically, but for similar reasons thaf targets cannot be used for registration, they
generally cannot be used for textunng either. Fimstly, targets ysually cannot be at-
tached to sensitive and fragile surface and seccondly, they should not be visible on the

final model,

To at least minimize alipnment efforts, Tkeuchi et al. (2003} suggested refining
an initial manual alignment automatically by exploiting the intensity informatiom of
the laser scana, Infensity or reflectance strength values contain information about
changes in material and colour. When creating a 2D image of these intensity values,
the materia] changes can be sutomatically datected with image processing techniques
(cdge filters). The edges coincide with the edges in colour images and can thus be used
for the refining the initial alignment.

Lin ct al. (2006} propose an automatic aligument method for muyltiple images, In a
first ster, it ie tried fio register 2D images onto a point cloud by identifying vanishing
points on an image and mwatching them with the directious of the line features extracted
From the model. As this method nsually enly works on a subsct of Iinages containing
such line features, the authore further perform a relative orientation of all images with
SfM methods in a separate step. As soine images, which are also part of the SfM
process, were individually sligned in the previous step, a 3D transformation can be
cstablished to scale and align the entire S[M image set to the pont cloud {fig. 2.29}.

Becauss this approach relies on Hne features, it works best on modern, urban seenes.

Figure 2.2%: (a) Alignment of several iinages {white dots} via identification of vanishing

points on the 3D model. {b} More Images {red camera stations) are registered via Sia
to the previous sct. 3D point cloud of the SIM process in red. Images from {Lin et al.,
2006}
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Lensch et al. [2000) suggested an automatic method to align the images automat-
ically based on the silhouette of the object. However, this method works best if the
complete silhouette of the object is visible on the image and well separable from the
backpround, a requirement which wsually cannot be folfilled for larger stroctures.

Corsini et al. (2009) also refine an initial alignment with their mutual information
apprismch, a statistical rather than a feature-based wethod, Mutual information is a
measure which expresses the similarity of two random variables. Corsini et al. (2009)
extend this approach, so far widely used in medical itnaging, to general image alipn-
ment (fig, 2.30). Their solution evaluates the joint histogram of a photograph and a
rendering of the 30 model in an iterstive process. After the evaluation, the model's
position and orientation is adjusted and re-rendered nntil the mutual information eval-
unation converges. Fur a gord correlation between rendered image and photograph, the
shading of the model is essential. Not shading the model would correspond to a sil-
houette. To recover more detail, Corsini et al. (2009) propose to use normal mapping,
i widely used computer vision technique, which encodes the direction of the model’s
surface normals into different colours. Alternatively, they also suggest a specular re-
flectance map, which iz dependent on the current viewpoint and, according to the
authors, works better with reflective objects, They also propose a combination of
these techniques with additional shading, such as arbient occlusion, which darkens
hidden areas (fig. 2.31). The mutual information approach was later refined fo also
include manual, user-set correspondences {Sottile et al,, 201{)) and a combination with
gradient maps (Palma et al., 2010).

{i b} occurrenpce
[

{1}

Figure 2.3(: Muftual Information approach, (1) the correlation of two images can be
evaluated from a joint histogram. (2) Two images (A) and (B). (B) is a slightly rotated
version of (A}, (3) twu examples of joint histograms. Images from (Corsini et al., 2009)
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Figure 2.31: Similarily of pholograph and renderings of the models with different
shading techniques for mutual information analysis. Imapes adapted from (Corsini
et al,, 2000}

Recently, Corsini et al.'® combined 1he Muiual Information approach with SfM-
technigues for a fully anlomated registration pipeline of large image sels. In a firs)
slep, the images are oriented relative to each other with SfM methods, The obtained
S model is antomalically aligned with the laser sean model with an adapied version
of the 4PCS-approach by Alger ef al. (2008), mentioned in section 2.2.3.4. To remaove
small mizalignments during the SfM process, each image s individually fine-aligned
with the Mutual Information approach, described above. In a last step the images are
further globally fine-aligned with a graph based system. All images, which belong to
ihe same node of the graph are projecied onlo the model and supposed to be a guide
for the following iterative process, consisting of projecting and realigning each image
until comvergence. A similar approach, bul still invelving manual work, was developed
independently by the author during this research, as described later.

Inacruracies in the alignment or cametra calibration, even thoueh very small, can
resull in visible ghosting artefacts, which can be fixed with small warpings of the
images (Eisemann ei al., 2008; Dellepiane et al., 2011; Gal ei, al., 2010)

2.6.2 Colour Mapping
2621 Mertex Colauring

The simplest way to store colour informalion on a triangulated model is to sssign a

colour to each verlex of a triangle and interpolate the colour for Lhe surface in between,

01, Cersini, M. Dellepiane, F, Ganovelli, B Gherardi, A, Fusicllo, B, Scopigno - Private Comnu-
nication with h. Thellepiane, Nowenber 2011
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This so-called colour-per-vertex method is 4 simple aud safe technicue, ae it allows the
ereation of simple import and export functions for processing tools, buat the encoded
texture detail decreases and inereases with the resolution of mesh, and is fixed to the

reanluation set at the time of the projection (sce fig. 2.32).

(a) (b)

Figure 2.32; Limitation of the vertes-eolouring method; the amownt of visible detail

depends on the density of vertices.

2622 Texlure Mapping

Another standard approach to assipn colour information is textwe mapping, or to
use terminology corresponding closer to the above method, colour-per-triangle!®, Iu
this approach each triangle is linked to its corresponding area on an image. This is
achieved by parametrisation, meaning to assign 2D image coordinates, also referred to
a8 UV-Coordinates or textwre coordinates, to sach vertex of a triangls. This is arather
gitnple process if each triaugle receives colour information from only one image. As soon
as scveral images need to be blended together, an artificial map, a so-called fexture
atlas needs to be generated (see fig. 2.33b), which replaces the source images. This
requires a much more complicated parametrisation of the entire mesh, if the meshes
do not resemble any gecmetite primitives, such as spheres, eylinders or boses. In these
simple cases, a primitive projection (spherical, cylindrical, planar) ensures that the
triangles are mapped distortion-free and reccive the correct amount of pixel-area on
the texture map, in proportion fo the swfice the trisngles cover ou the mesh. Thia
is pecessary to make sure that the amount of detail does not vary across the model,
A simple per-trismgle parametrisation does work, bat it is proferable to have aa many

triangles connected togother on the texture atlas to allow for manual editing in 2D

Y This appronch works alse for quads and polygons. The title in bere was chosen hecause the native
mesh atructure used in beve is based on triangles
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intage Aoftware, such as Photoshop, and to make the texture atlas independent of the

reacluticn of the underlying geometry.

Figure 2.33: Parametrisetion in the least-squares sense. {a) the segntenta of the models
are illustrated by thick black lines, red and blue lings demousirate the 2D parametri-
gation. (b} unfolding these segments on a planar map, a texture atlas, lmages from
{Lévy et al.. 2002)

This widely researched topic of parametrization is too complex to be discussed in
here in detail, but to summarize, at present, the approach of Lévy el al. [2002) 15 still a
quasi-standard for antomatic texturs atlas generation, also used in 3D modelling tools,
such as Blender. They propose to segment the medels aloug bigh curvature lines and
unfold these seginents on the imape plane in a least-squares sense (fig, 2.33). It is
interesting to note, that their established porametrisation soletion is independent of
the underlying resolution of the mesh, and thus could be generated on low-resehition
models and applied to denser meshes.

Beaides this complicated step of parametrization, it is also difficult to traosfer the
data hetween different software packages. "Lextures are only supported by a few file
formats, and in eddition, the ability of a viewer or editor to read and write the format
does not necessarily inchade textures. For exampls, (o the author's knowledge, the
open source tool Mashlab is the only software which is able to read ply [iles with
texture map support, In addition, texture maps need to be loaded into the graphics
card mestory aud a larpe image sel or high resolution texturs mape might not fit into
memory on low-end computers, Hence it 3s not guaranteed that the model and the
textures can be viewed on other machines, For these reasons, a per-vertex-colouring

seeins wmch easier to manage.
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2.6.3 Image Blending

When projecting multiple images onto a 31 model, a blending or weighting scheme for
the imapes needs to be established. A simple criterion is angle of ineidence {Lensch
et al., 2000), where the triangle is assigned with colour information of the image, where
the viewing direction iz most parallel to the normal of the triangle. Another criterion
is distance of the triangle to the camera or even a cotnbination of distance and angle
(Pulli et al., 1998}, Callieri et al. (2008} propose a flexible framework for blending of
textures with ont-of-core capabilities for larse image datasets. The underlying concept
is that for each image, several grev-scale masks are created, cach encoding dilforont
criteria, such as an angle mask, depth mask (distance), border mesk {the distances
from diseontinuities in the depth tnask and from itnage berders), focus mask and
stencil mask. The latter is a manual mask, whore the usor can mark areas to be left

out, such as unwanted objects in the photographed scene. The combination of all

tnasks provides the weight for cach iImage pixel {fp.2.34).

Figure 2.34: Masked Photo Blending. {a) angle mask, (b] depth mask, {c] border
mask and {d] the combination of (a.b.c). Images from {Callieri ef al., 200%)

Inconsistent eolonrs can be preventod by using colonr checker cards doring the field
campaign, which help to match the appearance of colours throughout a large set of
images, possibly from different cameras, as sugpested by Callieri of al. (2008].

Shadows however, are more difficult to remove from photographs as a simple bright-
ening would alse increase the colour noise and luminanee noisc. Dellepiane ot al. (2010
sugeested caleulating the position of the sun at the time, the photograph was taken.
This would allow the simulation of artiticial shadows on the basis of a geo-referenced
3D model, The shadows on an image can then be masked out and be filled with colours
from other images, where these parts are not in shade.

Debevec et al. (2004) demonstrated a more sophisticated method on the cxample of
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2.6, Texturing

the Parthenon in Athens, Greece, in which they suggest to calenlate the correct colonr
reflectance values of the surfacc. This allowe the 3D maodel to be rendered realisti-
cally imder any lighting conditirm. To estitiate the reflectance valuce, they identified a
small sarmple surface area containing all different materials of the building (fig. 2.35¢).
During night-time, several images of this sample arca were taken with a moving lght
source, which allowed the caleulatiom of a hidireetional reflectance distribution func-
tiou(BRDF), simulating the reflectance propertics of all materials, In addition, they
also tonk conventional images of the buildiug, snd projected them onto the 3D model,
creating A texture map, While photographing the object, they also enntinnonsly took
images of a set of reflective sapheres, capturing the sky cover, the light intensity and
the light direction {fig. 2.35a.,b). During post-processing, the 3D model was rendered
under the same lighting coudition 4s at the time of the photograph. This grey shaded
madel and a textured version were compared and a reflectance map without shadows
was estimated (fig. 2.35de.f). Each pixel of the cstimated reflectance map was then
replaced with the best matching material of the sample area and its corresponding
reflectance function, This final reflectance map allowed very realistic renderings (g
2 35¢.h).

{d) (e) () (2) {h}

Figurc 2.35: Estimating Swrface Refleetance Propertics of the Parthenon, Athens:
a+b] set nf reflective spheree recording the sky coverage, light direction and intensity.
) sample area contaluing most materiald appearing on the building, Jd) sub-block of
the model under the same lighting conditions as the photograph which was projected
nnto the 30 model in &), Image f) shows the cstimated reflectance propertics with-
out shadows based on d+e) which arc later replaced by best-matches from ¢). g+h)
Examples of artificial renderings. Images from (Debevec ot al., 2004)



CHAPTER 20 LITERATURE REVIEW AND THEGRETICATL BACKGIHIND

Using BRDF seems to be the hest documnentation approach for cultural heritage

sites, but the roquireinencs make this approach much more time consumisng than osing

standard photographs,
The next chapter will discuss and incorporate some of she approaches presented

within this hiterature roview imeo an officiont amd Qexible worktlow,
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Chapter 3

Establishing the Workflow

The central aspect of this work is to establish an efficient routine to create a coloured,
triangulated high-resolution model of a scanned structure. In the following the order
of the pipeline was reversed, now beginning with the output, a coloured surface model,
because often the succeeding steps enforce some requirements onto the preceding parts
of the work-flow. The only exception is hole filling, which largely depends on the
choices made during surface reconstruction.

In each section the available methods are examined and discussed. Also, some
new ideas on how to optimize the tasks are explored and the recommendations for the
workflow are presented per section. In the next chapter, the established workflow will

be verified by processing an entire dataset.

3.1 Pre-requisites

3.1.1 Computer Hardware

The experiments of this chapter were partly executed on an Intel Quadcore system
with 8GB of RAM, Nvidia Geforce 8800 (512 RAM), Windows Vista, and partly on
a Intel I7 system with 24 GB of RAM, 2x NVidia Geforce 590 and Windows 7. Both
of these systems are normal work-stations, no server machines. For the next chapter,

the verification of the found workflow, the latter machine was employed.

3.1.2 Software

To be able to create a workflow, which is directly usable and addressing various prob-
lems, such as file conversions and other compatibility issues, it is vital to mention which
software was used. For the ease of the reader who plans to apply this workflow, it is
thus usually referred to specific software packages as opposed to technical principles.
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CHAPTER 3. ESTABLISHING THE WORKFLOW

However, referring directly to specific software does not mean that there is no better
implementation available or being developed. For a quick overview of the underlying

technical principles of the employed tools, the reader is referred to the glossary.

3.1.2.1 Commercial Software

It is the intention of this research to use as many freely available software tools as pos-
sible, so that the pipeline in its core is transferable to other projects as well. However,
if not possible otherwise, these following commercial software packages are available

to the Zamani Project:

e Innovmetric Polyworks 11

e Geomagic Qualify 8,9,10

Leica Cyclone 7

AgiSoft Photoscan

Z+F Laser Control

Trimble Realworks

3.1.2.2 Meshlab

During all stages of the pipelines, problems do occur. Scans or meshes need to be
cleaned of artefacts or problematic triangles, or need to be split into smaller parts.
The open source software Meshlab!, created and maintained by the Visual Computing
Lab of the ISTI-CNR, is a powerful and versatile, freely available mesh processing
tool and is often used within the following pipeline. It comes with a large collection
of filters, for example, to clean, reconstruct, smooth, re-sample or simplify triangle
meshes. It is available in 64-bit and can thus open and process very large meshes.
Meshlab can also serve as a viewer which allows to measure on the model. However, at
present even though very large meshes can be opened on a 64-Bit system, the viewing

experience in these cases will be poor.

3.1.3 File-Formats

The conversion between ﬁlé-forma,ts is a time-consuming task, but no single format
could be determined which is supported by all software packages employed in this

lhttp://meshlab. sourceforge.net/

54



3.1. Pre-requisites

workflow. At present, two file formats are found to be the absolute minimum, one for
scan-data (PTX) and one for 3D-meshes (PLY).

3.13.1 PLY

PLY, an open-standard file-format, was developed by the Stanford University for an
easy and efficient storage of polygons or triangles. It is structured into a header,
containing information about how many and which elements (vertex, triangle, etc.)
and element-attributes (colour, normals, etc) are stored in the file.

The format proves to be very flexible, even for own additions and even though it
was developed as a polygonal format it is now also often used to store point clouds.
Because of PLY being an open source file format, it is quite likely to find converters
to any other formats, or at least allows the development of own tools. The majority
of the software packages, mentioned above, support the PLY-file format. Only Leica
Cyclone is not very flexible regarding the in and export formats. As no other format
is common to Cyclone and all others either, PLY is regarded as the standard in and

output format for meshes.

3132 PTX

PTX was designed by Cyrax or Leica to store point data of a laser-scanner, such as the
point coordinates (x,y,z), the intensity of the laser-beam reflection and colour (r,g,b).
The ASCII-format enables customized converters and guarantees readability for the
future. PTX allows storing a transformation matrix with registration information and
retains the scanning grid, which is important for surface reconstruction (see section
3.4.2.1). Even though PLY files can also store point data, it seems more appropriate to
store all original scans in a laser-scan specific format. LAS was developed as a standard
format for laser-scanning data, but so far it is still lacking support. At present, PTX,
introduced by Leica seems to be more suited for the task, as it is well recognized
as a point-format in most laser-scanning software, such as Polyworks, Cyclone and
Meshlab.

3.1.3.3 File Converter

A command line converter from PTX to PLY is available, called ptx2ply, created by
the Zamani-project, but partly based on source code of the free Scanalyze software?.
Its main purpose is the triangulation of PTX-scan files to store the meshes in PLY-files.

2http://graphics.stanford.edu/software/scanalyze/
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CHAPTER 3. ESTABLISHING THE WORKFLOW

However, during this research, several modifications were done and conversion options
were added to better fit the found workflow. |

In addition, Meshlab can read a large variety of mesh-formats and could also serve
as a converter to PLY.

3.2 Texturing

3.2.1 Manual Image Alignment

Even though the 3D modelling from laser scan data has matured and quite a few
commercial packages are available on the market for registration and surface recon-
struction, only very few offer texturing options for photographs taken with hand-held
cameras, such as Leica Cyclone, Trimble Realworks, JRC Reconstructor, 3D Reshaper
or Geomagic Studio. Most of these packages provide only very basic alignment tools,
not optimized for large sets of images. The only commercial package of these, which is
available to the project, is Leica Cyclone which offers to colour the point cloud® from
individual images.

3.2.1.1 Alignment with Leica Cyclone

Even though only four common points on the point cloud and the image are required
to align an individual image, one can drastically improve the alignment result, by
selecting more points. But finding the correct points on point clouds can be quite
hard, as features are not well visible. Considering this, it becomes obvious that it is
an enormous effort to do this with a large image collection.

For these reasons Leica recommends to use panoramic images, which are 360 degree,
full-dome photographs, usually produced by taking 5-7 individual, overlapping images
with a fish-eye lens, while rotating around the centre of the lens’ entrance pupil? to
minimize parallax issues. The images are stitched together and the output is mapped to
(rectangular) image formats (fig. 3.1). For this procedure, different projections exist,
such as the equirectangular/spherical projection. By projecting an equirectangular
panorama onto a sphere, and positioning the viewer at the centre of the sphere, the user
can turn around and experience the panoramic image without distortions. Besides a
spherical projection, computer graphic applications often work with cube-maps, where
the panorama is mapped to the six sides of a cube. As part of the creation process of

3Cyclone is able to colour meshes as well, but not able to handle such large meshes, generated

within this research
“http://en.wikipedia.org/wiki/Panoramic_tripod_head
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3.2 Texturing

pancramas, the lens distortions are removed, allowing a better fitting alignment during

the texturing process.

a8 —_—

(=)

Figure 3.1: Illustration of the process to create panctama pictures. Images are stitched

to & create an equirectangular /epherical panoraimna (a), or cube-maps (b}

Pancramic images can decrease the cfforts drastically as only a single image necds to
be aligned to colourize an entire gean at once. To canse no parallax issues, this method
requires panoramic images to be taken {rom the scanners location. right before or after
the scanning process. As the scanning usually takes places throughout the eatire day,
Lhe additional panoramma photography will cause blending problems as the lighting

condition outside cannot be kept constant throughout a field campaign (sec fig. 3.2).

Figure 3.2: DBlending srtefacts causcd by moving shadows, when using panoramas,

which were recorded under varving lighting conditions,

A limitation of Cyelene is its inability to accommodate for the oeclusion of olijects.
Independent of the peint visibility from the camera station, Cyclone applies colour to

a7



CHAPTER 3. ESTABLISHING THE WORKFLOW

all points of the currently selecied point eloud. The only practical option for texturing
is thus the texturing of individual scans with panoramic images from the laser acanners
location. Thiz hewever would alleck the entive work{low as the texturing wounld need
to be one of the very firat steps of procesaing, before or after the cleaning and does not

allow changes at a later step,

3.2.1.2 Alignment with TexAlign and TextAlignSuite

A more appropriate texturing aolution seems to be the rescarch software packet of
TexAlign, TextAlignSuite aml TexTailor of the VCG lab, ISTL Maa, Italy, (Callier
et al., 2008; Corsind et al., 2009; Dellepiane, 2009; Franken et al., 2005) Lo which the
Zamnani project was granted access, According to the authors of the software of the
VC(G-lab, the packages are being implemented al present into the open-source aoftware
Meshlab. Similar to Cvelone, TexAlign allows the alignment: of individual photographs
bv selecting corresponding points. For our purposes here, a rough alignment with fowr
pointa on image and model are sufhcient (fig. 3.3a). Unlike in Cyelone, this aHpiment
serves only as an initial alignment.

TextAlignSuite, based on the mutual alisnment approach (Corsin et al., 20049,
deseribed in section 2.6.1, can refine this initial, rough alipnment in a semi-automatic
process. The software tries to rotate and translate a virtual camera around fhe maodel
and to cstimate its [ocal length, so that a rendered image of the model from the
viewpoint of this camera resembles the photograph best (ig. 3.3b-e). The user only
necils to wdjost the neal length in some cases and re-atart the process if the result is
not satisfactory,

The matching results depend on evaluating the joint histogram between the ren-
dered image of the model and the photograph and thus on iww gimnilar the modet
amd the image appear, The aoftware offers two rendering techrnigques, such as norimal
mapping and speenlar mapping, which ean be caleulated in real-time, but gtill recovers
many of features,

For further improvement, the soltware alzo allows the evaluation of already existing
colour values attached to the modet or a combination with the previous rendering or
shading techuiques. In wost cases, a colour value will not be present, but another
shading technique, such as ambient ocelusion could be used [or recovering move detail.
Ambient ceclusion darkens hidden areas and thus simmlates a wore realistie lighting
condition. Becanse, at present, ambient ccclusion cannot be rendered in real-time
in sufficiently high resolution, it needs to be pre-calculated in other soltware such as
Meshtaly and stored alongside the model as vertex colour attributes.
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B} tch tdb

Figure 3.3: Overview of the fexturing process with the VOG software. (a) Common
points are selected in TexAlipn to provide an initfal alignment. Tinages (b-e} depict
the fine-alignment process in TextAlignSuite: (a) photograph, (b) medel, shaded with
nurmal-mapping, (e the photograph overlaid with the modal, (&) difference of the
alignment before and after the process.

Alternatively, the colour channel conld be nsed to store colour valucs from an
alrendy aligned bwage aml to use this projected version as a guide fur the remaining
images. For example, closeup photographe of fine rock art are waually diffienlt to
alizn becanss they often depict only very little goometric featurcs, visible on a laser-
sean model. In these casges, an image taken from further away, which aligns well with
the geometric features of the cave, should be used as a guide for a close up of the

paintings (sec fig. 3.4},

L) i} ey L]

Figure 3.4: Using long-distance shots ns o guide for the slisnment of cluse-ups: a
photograph (a) is alimned to a model (b) and projected onto it. The projected version{c)

is then used as a guide to align a close-up (d)
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CHAPTER 3. ESTABLISHING THE WORKFLOTY

A very useful, alternative guiding information is the intensity value, which the
laser scanmer acquirsd for each point. As these values reflect changes in the scanned
material, a mapping of these values (wsually 0-1) to grey-scale ((-255) provides useful
additional information, independent of geometric features [sec fig, 3.5). It is thus
highly preferable, if the ntensity information can be retained throughout the entire
pipeline. A general disadvantage of the mutual alipnment approsch iz its dependonee

1nd

Figure 3.5 Similarity between photographs and intensity wformation of the laser-scan:
[a} photograph; (k) intcnsity values mapped to greyseals;, (o} rendering of the model
with a normal-mapping-shader; (d) combined Image of (b) and (e}, which merges the

goometric detail of the model and information about the material of the surface

on the resolution of the underlying mesh geometry, and it is recommendable to work on
the highest resolution possible, but this will slow down the software. Working with only
a subsct of the mode] in high resolution, ean speed up the process significantly. Hence,
it, 1 preferable to have the mesh split into sulv-blocks during the surface reconstruction

step.

3713 lwaps Projoction with | ox | ailar

TexTallor is the last step of the VUG software suite and enables the projection and
bilending of the now aligned photographs, based on the principles described in 206.3. Tt
allows the antomatic caleulation and application of a depth, border and angic mask for
each imege, which ensures that only the colour values from the best suited images are
mapped onto each vertex of the mesh, It also provides an option o specify a stencil
mask: & groy seale Image, provided by the user to mask out certain objeets, which
are visible on the image but not on the model, such as people or bushes, This mask
has to be mamially created in external software, such as Adobe Photoshop or GIMP.
It is recommendable to use a feathered brush along the edees of the masked area fo
avodd any harsh transitions in the blending between several impges. TexTailor is able
to project out-of-core, enabling the projection of large sets of images. It s also able to

fill in small gaps in the texture coverape with interpolated colour values.
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3.2.2 Texturing with Panoramas

Similar to the approach in Cyclone, it seems to be desirable to also use panoramas with
the VCG’s software suite. Using cube-maps, which are basically similar to images
taken with a very wide-angle lens, the user would only need to align one image of
the six sides of the cube. The camera position will remain constant for the other
images, only the camera’s orientation will change by a rotation of 90 degrees around
two axes. For this purpose a little tool was programmed within this research, called
PanoAlign, which reads the alignment (XML) file of one of the six cube-image (Top,
Bottom, Front, Back, Left, Right), which was aligned with TexAlign/TextAlignSuite.
PanoAlign then creates five XML files, one for each of the remaining cube-maps, by
simply rotating the camera 90 degrees further. Due to unavoidable small misalignments
of the initial cube-map, the other five images should be fine-aligned in TextAlignSuite
via the mutual information approach. As opposed to the Cyclone approach, where
panoramas can only be used to texture single scans and require to be taken from the
scanners point-of-view, any panorama can be used with the VCG-software to texture

any part of the model.

3.2.3 Using SfM for Image Alignment

Structure from motion could be a much more efficient way to align a large image
dataset, if the overlap between images is large. The idea is to create a low resolution
SfM model, and register it to the laser scan model and thus transform and align all
camera stations found during the SfM process as well. The idea is based on Liu et al.
(2006), but their software is not publicly available and performs best only in urban
scenes. The open-source software Bundler® or similar tools, such as SfM-Toolkit® or
VisualSfM?(Wu, 2011), are well suited for this task. For the experiments within this
research Bundler v.0.4 and SfMtoolkit v3 were used. SfMtoolkit is built on the source of
Bundler, but supports 64-bit systems and works on the GPU supporting larger images
and includes the executables of CMVS and PMVS as well, described later. VisualSfM
is similar software, entirely optimized for high-end graphic cards and is likely to replace
the other two software toolkits sooner or later, mostly because of performance reasons,
but also because it comes with a graphical user-interface.

The commercial software Agisoft Photoscan, also available to the project, is an
additional alternative to the free SfM-methods above and can fit nicely into any work-

Shttp://phototour.cs.washington.edu/bundler/
Shttp://www.visual-experiments.com/demos/sfmtoolkit/
Thttp://www.cs.washington.edu/homes/ccwu/vsfm/
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CHAPTER 3. ESTABLISHING THE WORKFLOW

flow, as it allows the export to the same output formats produced by Bundler and
SfM-toolkit. Its main advantage is the easy-to-use graphical user interface.

The results of these packages can vary, for example, in some cases Bundler is able
to align more images than SfM-Toolkit and sometimes it is the other way around,
most likely due to their differences in the feature detection and matching algorithms.
Because SfM-Toolkit is able to match more images in shorter time, due to its GPU
support, it is recommended to prefer its usage over Bundler and to only use the latter,
if results are poor. In the following, the term Bundler will be generally used for the
process of bundle adjustment, independent if the original implementation is used or
the one inside SfM-Toolkit.

Any image taken by a digital camera can be used with these SfM tools, as long as
the sensor sizes of the various cameras are provided. Bundler and SfM-Toolkit already
come with a large camera database, but often the user has to specify some cameras
manually. Other parameters to be set are the amount of features, which should be
extracted (octaves) and a matching sensitivity threshold. In most cases the standard
parameters produce sufficiently good result and hardly need to be adjusted.

The output is a “bundle.out” file, an ASCII file, which lists the estimated focal
length in pixels, two radial distortion coefficients, & 3x3 rotation matrix and a trans-
lation vector for each camera, and also a list of all matched 3D points.8.

The matched 3D points are just a sparse point cloud representation of the scene.
In an additional, optional step, the user can create a much denser point cloud with the
open-source tools CMVS and PMVS. As PMVS is quite a memory intensive process,
which can easily require more than 8GB of RAM, depending on the level of detail of the
reconstruction and the amount of input images, it is recommended to use the clustering
software CMVS, which partitions the reconstruction process into several, overlapping
clusters, which can be processed sequentially, but automatically in a batch-file. The
user only needs to specify how many images should be part of a cluster.

The output is a PLY file with a dense 3D point cloud of the scene. The point
cloud can now be meshed via software tools, such as the Poisson tool in Meshlab. This
mode] is in the same coordinate system as the sparse point cloud, including the camera
positions, establish‘ed by bundler.

8A detailed specification of the output format can be found online: http://phototour.cs.
washington.edu/bundler/bundler-v0.2-manual.html
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3231 Alignment of the SM-Madzl

Aligming these SiM models to the laser-scan model could be done similar to an ICP
registration of two scans, as explained in more detadl later o section 3.6.1. The nser
wonild need to select a few common points on both models in o software application,
such as Meshlab, which wounld roughly align both surfaces aid provide scale via a simple
AD franstormation. The ICPE inside Meshlab or Scanalvze could then be emploved to
tefine the alignment. The output would be a 4xd transformation matrix, which could
he applied to the external orientations of the cameras,

Alternatively, similar to Liu et al. [2006). onc could align a few imapes to the laser
scan model first, and, because these Images are also part of the SfM proces:, a 3D
transformation eould be established between their pesitions in the laser-scan- atul the
StM-coordinate systeil. This would allow transformine all other images of the Sthi
process as well. Lin et al. (2006) automatically aligned a fow images by extracting
and matching Iine features, which wonld not work well on collapsed walls of Tuins
and irregnlar, natural shapes of rock art caves. often documented within the Zamani
Project. However, one could manasdly align a few images of the StM dataset with the
help of the Mutnal Information approach in TedAlignSuite, mentioned above.

3237 S5fM2Texture

To the anthor’s knowledpge, there is no software available allowing these ST alignment
methods. For this reason, a small tool was developed, called sfim2Texture, which,
cssentially, performs a 3D transformation between control points (fig. 3.6} and creates
¥ M L-files for each image part of the SfM process, which can be opened with TexTailor
[or projection, or with TextAlignSuite for fine adjustment, if necessaty.

The 3D transformation uscd here is based on the concepd of a quaternion trans-
formation® which is a non-iterative method without the peed of initial, approximate
valnes, The source code waes adopted from the java applet available under the same
link as above. The vutput is & quaternion which i= then converted o a rotation matrix,
plus a translation vector and scale.

The input for sfim2Texture iz a “bundle.out” file, as well as all images, nodistorted
by the Bundler/PMVS process. For the transformation process, it offers the nuser

several options:

1. Matrix andfor weale - the user can speeify a 4x4 matrix in a XF-file, cstablished

with, for example, Scanalyze. If the matrix is only a nigid-body transformation,

*http:/diegaodacten, de/quaternicnentransfornation. html
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Figure 3.6: SfM-texturing workflow, (a. top-leli image] the camera parameters for a
set of images are aligned via ${M methods. (a, lower image) common points are chosen
on the 58M model and the laser-scan model (b). {c} Screenshot of SEM2Texture

the scale can also be speeificd scparately

2. Control points - the user can list control points, at least three, on the laser-scan
maodel and the S{M maodel

3. Pre-Alimned Images - XML files with camera paramcters produced by TextAl-
ignSuite. Af least two XMIL-files (two imasges) need to be specified to be able to

estimate scale.

Ciplion 1hree uses the camera translation veelor of the XML files and the aceording
translation vector of the “bundle.out”-filc as control points for the 30 transformation
process. [noaddition, to pet more acctitale results with only a few files, the ordentation
of the cameras is also taken into acecnnt, which can be expressed by the three vectors
defining the camera’s coordinate system: “Look”, along the cameras viewing direetion,
“Up”, facing upwards and “Right”, which i orthogenal to the other two vectors'? {see
fig. 3.7). These vectors cah also be interpreted as 31D points and used as control points
for the 3D transformation. Henee, with only two XML-files, the wser haa specified eight

commaon points in both systems. But as there micht be slight mizalisomett errors, it

Yytep: /0ol . povgle . com/k/matT e es-for-3d- applications-viev-transformation
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3.2, Texturing

is recomnmendable to provide more XML-files of more camera stations. For this reason,
stm2texture allows to rum the transformation process incrementally. The user can start
with twn XML-files to estimate a rough camera position for all other images. Some
of these new camera positions can then be refined in TextAlignSuite again, followed
by another iteration of sho2Texture, until the alignment fits well for all images. The
uzer still has to open a couple of XAIL-files, but with each iteration of sfm2Texture,
the mutual information approach of TextAllonSnite converges Faster, as ouly minimal

adjustinents need to he done,

Up |

Look

.""/I-%ight e

Figure 3.7: Images illustrating the three vertors defining the camoera’s coordinate syvs-

tem.

Experimenting with all three options, it seems thai specilying a sef of contral points
or & matrix refined by [CP produces best anid fastest results. The XML-file option
requires some time for manual leading, checking and refining the various alignments
in TextAlignSuite, but i certainly an alternative, if the step of reconstructing a dense
point cloud with PMYS was omitted.

324 Acquiring StM-imagss

For Lest SEhI results, it is recommended to take many images in small stops in a cirenlar
mewernent, aronud the object as described in the Photosynth Guide!!(see fig. 3.8a),
a strategy which could be confirmed on several ftests within the Zamani projert. If a
clrrular movement is not possible, for example in the case of & large, straight wall, shets

taken in g line parallel to the wall, produce very good results as well. In addition, to

""http: /fphotoayoth. net/help. aspx
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inerease Lhe overlap, a second row of mages should be taken a couple of steps further
away (zee g, 3.8h). To go around a corvper, even amaller steps should be made, The

rule is to rather take more images than too few.

@ & o W

Figure 3.8: Recommended acquisition procedure fur eutire 3D objects {a) and for flal
objecta, such as walla (b)), Source: *hotosynth Guide w8 (bhttp://cdn . phazozyoth.

net/documentation/Phozesynchi200uide’l2ivd, pdf!

For very larpe siles a strnctwred photography approach is vital. Each wall of a
building should be done on its own and image sequence nipnbers should be noted on a
map, Otherwise the user tends to walk sround a site and take a “hand-held panorama”
avery conuple of melers. This results in a very large image dataset, which would take
weeks to be malched, as (the matching time-complexity grows exponentially with every
image added. Also, it is more likely that the entire SfTM process fails, due Lo Loo littls
rverlap, if the photographer lost track of what waa actually captured,

If it is necessary to reduce the amount of Images, just orthogonal, stereo shots
produce sufficient results as well. But it proved to be useful, to also take o conple of
images from further away, eovering wost of the aurface in one shol. These additional

shots serve ad a base where the other images are matched to.

325 Testuring-Results

The alipnment process with TexAlign and TexiAlignSuite is much faster and allows
umeh Oner alivuments than s process only guided by eommon powds on model and
image. Most of the remaining alignment errors are due to lens distortions, which are
not being compensated with this approach. However, this manwal process might work
well on small sites or objects with less than 20 images, but it will still take too long for
more complex sites, requiring easily over 100 images. Panoramas can greatly decrease

the necessary image aligmment task and also it the model well, becanse the radial

i
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distortion was rewoved as parl of the panorama stitching procesa. However, as the
creation of panoramas alsc takes some time and requires a special tripod, it seems
to be an enhancement, of the proeess, Tl not a replacement for the textyring with

hand-held images.

The proposed Sthd-approach is the most promising solution for large datasers, o
encugh overlap is present. It sould also take care of misalignments due fo the lens
distortioms, However, there ir atill a lot of room for further improvement. Inaccurate
estimation of the camera parameters leads vo distortions of the model and thus it
will net coincide well with the lsser-scan model. 4 promising sclution however was
propuosed Ty Corsind et al.!* who suggest an automatic fine adjustment of each camera
position with the mutual informaiion method. In principle, their 5kl approach is
gimilar to the one proposed in here, but their method is entirely automated, ineluding
the alignment of the SfM-Model to the laser-scan-model. The authors announced that
the technology will be implemented into the open sources software Meshlaln

An alternative golution, proposed here, but beyond the scope of this research, is to
madify the $fM marching algorithm to also mateh rendered imagea of the laser-scan
model, enhanced with greyacale intengity information. Becanse these additional images
are renderad images, their cameras’ in- and external orientations are known and could
gerve as a reference for the un-calibrated images. Iu addition, the images of the SfM
process would be registersd automatically nto the game coordinate system as the laser
sean medel.

Apart from the alignwment, no aoftware solution is known to the author to glolally
colour-mateh all images (see fig. 3.9). In general, this problem could be prevented
by nsing coluur checker cards, as suggeated by Callieri et al, [2008). Imt ne other

post-processing solulion could be found.

3.2.6 Resulting Workflow - Texturing

SfM is elearly the easiest way of aligning a large entire image set and thus should be
the Grst option to explore, It might not be possible o texture the entire model at
onee, but even a Sfh-model of sub-parts can be very helpful. To create the 5iM model
basically any SfM-software can be used with sfm2Texture, If it produces the required
output-files, similar to Bundler. Agisoft Photoscan can also create these files and can

thus be employed instead. If the SfM process fails, it is worthwhile to try other tools

VI Coryind, M. Dellepiana, F, Clanovelll, B Gherardi, A, Fusieilo, . Scopigno - Private Comoo-
nication with M. Tlalleplaos, Movember 2001

67



(THAPTER 3. ESTABLISHING THE WORKFLOW

Figure 3.9 Imape demoneirating the weed tor a global colour-matching method of all
photographs used for texturing

as well, as the quality of the SfM-models vary from case to case between software
packages. No clear recommendalion can be glven,

The easiest solution to tecctnre with 58 at present, is to mon SiM-toolkit or Agisoft
Photoscan om a set of imapes and select a few control points on the sparse SfM model
and the laser scan model, for example in the free software CloudComparel®, which
sllows to load and work on point elonds. For the aligement, the control points (four Lo
six points) can be selected guite roughly, Experience with several test-cases showed,
that the SfM-model is often distorted (fig. 3.10) and thug, even a fine control point
seleetion would not perfectly alipn the two models either. Henee, it is recommended to
rather finc-align the needed images with Text AlipnSuite again before they are projected
with TexTailor,

Obvioysly the effort of going through producing a SiM model iz only sorthwhile
from a certain amount of images onwards, In case of less than three Lo four images, il
will meet likely take the same time (o go throngh a manygal alipmoent process.

To fully document a small rosm with Structure-from-Motion, a large amount of
images aTe required, even wilh & wide-angle lena. Beaides that, it 12 unlikely that these
roome can he linked aceurately to a larger SfM-model of the entire building, as the
connection is usually a narrow door or passege. Hence, often sub-SfM-models for each

oo might be necessary. For these cases it might be worthwhile to use panoramas of
the rooms for the texiuring instead.

: shttp f fwww.danielgm. natfoc
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3.2, Texturing

Figure 3.10: {a) Blus model is based on laser-scan data, (b) yellow model is a re-
construction via Bumdler aud PMVS. (e} Both models were aligned with ICP. The

mismatches can only be explained by inaccuracics and non-uniform distortions of the

StM-Modcl.

An interesting side to texturing with the VOG's software suite is the ability of
comhiming automatics and mangal metheds: A larpe portion of the model can be

texctured with the SfhM-approach, and wherever needed, single images or panoramas can

be aligned manually with TexAlign and Texl AlignSyite to fll in gaps in the texture.

In both eazes, automatic or manual, XMI-files are created, which can be read and

processed at the same time with the same software,

Mease refer to fignre 3,11 for an overview of the

TexcTailor,

welkilowr tor this sectiom,
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3.3 Simplification

The viewing eapericnce in 3D model viewers and cditors is depending on the size of
the model and on the svailable computer hardware. It is thus cssential to veduce a
high-resolution model to various lower resolutions, accommaodating the need of different
applications. A good compromise between quality and a smocth nevigation expericnec,
even on slightly outdated dual-core machines, is s madel consisting of three to five
million polypons.

The OQuadric Emor technigue of Garland and Heckbert {1997) became a widely
nae] standard simplification algorithm. 1t simplifies the mesh with respeect ta the crror,
which is introduced by removing trisngles/vertices. Becange Quadric-Ertor decimation
iz & rather slow and memory intensive techmigue, it is not optimized for very large
meshes. For these cases, it is wise to also consider a vertex clustering technicue (see
gection 2.5.3%, which stmplifics the model bascd on a regular grid, removing all but one
vertex of each cell. As detail deteriorates guickly with the grid size, this method is
usually uscd to reduce o very large model to a level meanageable with QGuadric Erver, as
suggested by Lindstrom (2000). The clustering decimation needs only little additional
memoty space, when the moedel is loaded. while Guadric Evtor reguites mote memaoty
with evety edge being collapsed. 64-Bit software {e.g. Meshlab) and larger RAM
rosorees however, allow larger meshes [ 10 million triangles) to be simplified.

If not conough memory is available to load and simplify the entire model, but at least,
the model is split into sub-Tlocks, an alternative is to simplity each block individually
with a Quaidtic Error technigne. I the blocks mateh op along the boundaries, it is
wisc to cuable an option to preserve the boundaries and to reduce the blocks hased
on A maxinm error, rather than a triangle count. This is very hmportant, as detail
can vaty drastically between blocks. Hedueing them all to the same number, or to
a certain percentage of the origingl model size, can result in different appearatces,
some blocks smocther than others. Tridecimator, a tool part of the VYOG library (open
source) allows to sct such a maximum error, bowever, the interpretation of the value
15 not very intunitive [or the user. To ghtain the correct value, it wight help to reduoee
ane block to the desited size and use the error value at which the slgorithm stopped
for the remaining parts of the model,

Holes con strongly influcnce the guality of the result, When simplifving sul-blocks,
the hounderics of each block necd to stay ntact, which also means that trisngles srownd
any hole will remain unchemged. Thus, to reach the targeted amount of triangles,
the algorithm needs to redoee triangles somewhere else, eventually also in important,

detailed arcas (sce fig. 3.12, middle row). As a work around, it is recommended

FiL
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to reduce the sub-blocks only to an amount which allows the merging to one single
model, which can fit into memory again and be simplified as a whaole model, without

the restriction of keeping boundaries intact.

3.3 0 Resulling Worklloe  Simplilication

The open source software Meshlab offers both techniques for decimation, Quadrie Error
and Vertex Clustering. As the latter can produce topology changes it is recommended
to employ the Quadric Error method, if enough memory s available. No significant
complications, other than memory limitations could be found in the newest Gd-hit
version (1.3.1). For a small comparison between these methods, please refer to figure
3.12

Also the subdivizsion approach in connection with the command Hne tool Tridec-
imator worked without complications, For cases, where the boundsaries need to be
preserved, it is suggested to Bl at least very small holes during the hole-filling or
surface reconstruction step.

Out-of-core simplification tools are still rare. Polyworks has such a function on-
board, but simplification experiments with very large meshes were not suecessful. In
future, with progress in the development of viewers and editors, optimized for streaming
or progressive meshes, the yser will nof have to worry about simplification any more.
For example, first demos of Nexus, a VOG-lab development based on the Adaptive
Tetrapuzzles approach by (Cignoni et al.. 2004), 15 capable of displaying meshes it the
arder of several hundred millions of triangles.

FPlease refer to figure 3.13 for an overview of the worliflow for this sectlon.

3.4 Surface Reconstruction

Surface reconstruction or meshing is the technique of extracting a contimous surface
fronn dizerete inpud data. Even though algorithoms might create a parametric or imphicit
surface internally, tools implementing these approaches snd used for processing usually
cutput a surface, represented by polvgons. In computer graphics the most common
entities of polygons are quads or triangles, defined by vertices and/or edges. In the
following, 1t 18 focused only on friangles, also called faces, as they are still the de-facto
standard for 30 computer graphics, The future secms to lie in Quads [or maybe only
points). due to their advantages during simplification, texturing and viewing. Tools

however, producing and processing Ouads are still rather rare,

fid}
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Figure 3.12: Comparison-results obtained with Meshlab v1.3.1 for the following filters:
“Ouadric Edge Collapse”, “Quadric Edge Collapse” set to preserve boundaries, and
“Clustering Decimation”. As clustering decimation works with ool sizes and ool wilh
a target-amount of triangles, the coll size was sct to produce approximately the same

amount of triangles, used for the other two methods
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Manifoldness and non-intersecticn of trinngles is an important criterion when cre-
ating & surface, a8 wany algorithms and sofiware pacloges cannet handle complex
surfaces when ediling them. If pussible, manilold cutputs are preferred.

Meshing algorithms can he clazsified in many ways, bt since the main objective
al this work is to find an efficient work-llow it aeems obyvious to do it based on their
inpul data structure. Considering this, there are two classes of algorithms, Either they
are merging individual seans, usually requiring the scoans to be trianounlated already,

or extracting a surface from a single point cloud, including all scans.

3241 Tessellation Depth Problem

One of the most essentinl problems in meshing, besides for watertight reconstructions,
is here referred to as the tessellation depth problem, or short TDP. 1t is a threshold
defining whirh distance between two points 18 acceptable to form an edge as pare of
i trisomple s from where on a gap is too large to be brideed, leaving a hole in the
mmodel behind.

3.4.2  Prerequisizes for Mashing Algorithms

34271 Pre-Triaznguolation

As mentioned before, some algorithros or software tools require the input to be in
triangulated form. Thia allowa them to either work on the triangles directly, merging
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CHAPTER 3. FSTABLISHING THE WORKFLOTY

them together, or, to extract more nformation about the vertices, such as normals.
Pre-inangylaiing scans 15 nol a diflicyll lask, a2 long a3 the scanning grid is sLill intact,
Every laser-seanncr sweeps across the surface in lines and records a certain amount of
pointa per line (vertical axis). This can be thought of as a mattix- or grid-like atrueture,
listing all points in the order in which they were scanned, line by line. Tf Lhe laser beam
does nol hit & surlace poini, nolhing s reflecied back. These cases, herc referred to as
“crnpty points”, alse have to be accounted for to keep the grid intact, This structured
representalion is also ollen referred 1o as a range image, storing a depth valuc for cvery
puint in the x.y grid. The regular grid strocture allews connecting poiul neighbonurs o
triangles, as the clogest points arc abways the cight dirvect neighbours in the grid (fig.
3.14). If Lhe seanning grid is lost, each scan needs to be treated as an unstructured

point cloud, which requires s more time-cousuming, full meshing process.
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Figure 3.14: The diagram depicts dala samples {(green points), which are collected by
the instrmment in g “gridded” or matmx structure, defined by the amount of lines and
the amount of points per line. Points without a return stgnal also need to be accounted
for, to maintain Lhe malrix (red points). This malnx represenlation simplifies Lhe

aearch [or point ueighbours and thus the trisnpulation drastically,

The main disadvantage of trianpulating individual scans is the Lessellation depih
problem (fig. 3.15), which 18 more dominant o this case than in other meshing al-
porithms. which work on a single point cloud, As the resolution of the scan drops
with further distance of the surface o Lhe scanner, (riangles on (he ouler areas of the
scans will be quile large. Hence, Lhe points in the ouler repions are leas likely Lo be
connected, If, however, the whole dalasei s considererd, combining poinls from all scan
positions, it mightl (urn ool thal these, olherwise rejectad poands, have close neighbonrs

from other scans, which could be nsed Lo form more iriangles.
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[oH

Figure 3.15: (&) the point density of a 360 degree scan, which decresses with the
distance from the centre. The TDP iz obwiously more prominent on the outer areas, and
tima, the outer points usually will not be toangulated and rejected. (b)) the previonsly
rejecter] points could provide useful information and fill in gaps when combining data
from other scans. {¢) Artefacts, which appear when the tessellation threshold is set

too large.

3422 Pains-Mormals

As opposed to point-coordinates and colour values, the normal of a point is indirectly
determined by its point neighboyrs or by considering the normals of all triangles,
incident on this vertex, 1t is quite easy to derive themn from single, pre-triangulated
scans. lowever, their retrievel then also depends on the tessellation depth threshold:
as no triangies will be created in sparser areas of the point cloud, no normals for these

puints will be caleulated either,

The only alternative is to extract the normals from the whole dataser, which,
hewever, Is not trivial, besides maybe the spatial sorting of the points for faster access,
which is straightforward but time-consuming. The major problem arises from the
noise present in the data, which leads to incorrest determmination of point neighbours.
If the wrong points are paired, the orientation of the normals cannot be determingsd
and often the incorrect orientation s propagated throughout the rest of the dataset.
Also alignment errors and vegetation can be regarded as noise. Thin grass blades for
example will often only be covered by ome single point, which makes it practically
impossible to fiud any correct pairiog at all. One solution is to extract the normals
on a sub-sampled dataset and interpolate the missing normals on the high-resolution
rdata, which has a smoothing effect, and will thus influence the level of detail in the

fual wmodel.
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343 Review of Applicable Meshing Algorithms

Meshing is a well studied topic and there are many different types and adaptations,
as shown earlier. For this research, only commercial packages available to the project
were considered and the more recent rescarch software tools, available online, which
can handle at least several million points. The selection was tarrowed dJowt to fve
representatives of well established approaches. Detter implemnentations or workarounds
which reduce the problems described below might exist, but arc not known to the
author or conld not be tested. It is however attempted to keep the workflow as flexible
as possible, so that the individual meshing tools can be replaced by hetter techniques,
if they become availahle.

The tested software packages are:

Greomaic Oualily

Cretree Merge (OM)

Poisson Recotistmmctor

PlyhiC
o Zipper

The main eritera for this comparison are:

preservation of detail

the effects of nolse in the scans

the effects of misalighment of the scans during the registration step

sofl ware stability

completeness

3.41.3.1  [eference data ==t

1o meaningfully compare the different meshing solutions. a representative test casc was
created, by extracting a small ares. from the Gereza dataact, a Portuguese fort on the
islatd Kilwa Kisiwani, Tanzania. The top of the NE-tower ([g.3.16) [eatures typical,

problematic scanning-situations, especially rue for 300kdegree, full-dome seans:

o Non-uniform sampling densities - The tower and its platform can be seen from

many instrutnent setups, om wprions distances,

Th
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o Flat angles of incidence - as the tower platform can be seen from forther away,
but net from higher places, the angle of incidence of the laser beam from mest

positions will be guite flat.

¢ Under-sampling, data voids - the structure is made from coral and often mor-
tar has disappeared, leaving irregular, uneven surface behind, which cannot be

scanned from all sldes.

* Vepetation - in some places, the surface is covered by grass. Although this is very

little vegetation compared to other projects, it is likely to be enough to show how

the different approaches respond to vegetation.

Figure 3.16: The NE-Tower of the Gereza

For the conversion from scan data into the varions [le fortnats, reguired by the
following meshing toals, the software converter ptx2ply, mentioned earlier, was mod-
ified. With its help. the test case, a subset of the entire dataset, was extracted. For
output formats, which require being in triangulated form (PlyMC, OM) or the esti-
mation of point normals (Poissony, the tessellation threshold was set to Sem. In the
cage of Poisson, all vertices with normuals, where the viewing angle towerds the scanner
instrment i larger than 85 degrees, were ignored. O3M is & ML5 tool and therefore
requires normals, but the software is extracting them from triangles on its own

The target resolution of the reconstruction process was set to 1 cm, or as close
B it as possible. Somne software tools, such as Poisson and OM are using octrees to
spatially structure the input points. The resclution is thus depending on the cell size

of the corresponding octree depth, choszen for extraction.

The Delaunay surfacing tool in Geomagic, allows setting a point spacing. This
could lead to a visible grid pattern, which could affect the guality assessment. The

featitre has thns been torned off.
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3432 Delaunay

Delaunay methods can work on unstruciured poing clonds, Neo additional information
than the point coordinates themselves is usually necessary. This makes theae tools very
powerful and wniversal, They arc able to consider cvery paint from all scan positions,
renncing the tessellation depth problem to a minimum. Hence, the final model will be
more complote than with other methods, working on nedividnal scans.

Geomagie Qualify provides a *Weap” tool, which allows the meshing of unstrue-
tured point clouds and is known to be telated to Alpha shapes (Edelsbrunner and
Miicke, 1992}, which fall into the Delaunay category. It offers two options, “surfacc”

and “volume”  of which only the frst one is vaed here,

Figure 3.17: Delannay molel with Geomagic, full dataset, no noise reduetion

Experimental Hesults  The resulting aurface of the test dataset is disillusioning. The
surface appears noisy, with many holes, Intersecting and won-manifold triangles, caus-
ing serious surface odentation problems (fig. 3.17).

The stromgest pro of Delaunay vaciants, their abality to process unstimetired sertex
data, scemns alao to be a weskness. As polot neighbours need to be eatablished from
srratch, nodse can affect that search drastieally. This also affects the surface orientation,
which can thus casily flip.

These problems often ceenr in noisy, convolnked aresa. It 18 suspeeted that instru-
menk noiss and alignment errors, are nesakively aflecking the Voronol diagram and thus
also the search for correct point neighbours. As can be seen in figure 3.19, a wrong

triangulation causea a helix or spiral shaped surface. The orientation of the surface

i
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Figure 3.18: Delaunay model with Geomagie, full datasct, maximum noise reduction

Figure 3.1% Example demonstrating the cffect of noise and misalignment on the ori-

cntation of the surface novmals after & Delaunay triangulation. (a) The black spots are
problematic triangles, where the surface normals point away from the viewer. (b) If
a false edge connection belween poinis is made, the surface orientation, illustrated by
either a bright or dark yellow colour, can flip, even though the orentation is correetly

propagated from triangle to triangle (c).
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thus flips, despite a correct propagation throughout the geodesic neighbourhood of
each triangle. The software allows setting a noise filter to “off " (fig. 3.17), “minimum”,
‘medium” and “maximum” (fig. 3.18). Activating this filter results in a much more
complete surface with less orientation problems of the surface normals, bat still no
perfect result iz achieved. Tiven with the neize filter on maximum, there are still areag
where the surface orientation is flipped. This suggests to apply several naoise filtering
steps to the dataset beforehand andfor to sub-sample the dataset to an amount below

the noise level.

(leomagic Qualify V10, does not support the smlace reconstruction of arbitrary
large wneshes, According to Dey et al, (2001, pg.l), the space and time comnplesaty
of the Delanuay triangnlation ean be quadratic with respeet to the munber of input
points, which can be seen by the computation time and the amount ol RAM needed. As
a conseqience, Dey et al. (2001} employs an octree to reduce the complexity. Follawing
this example, to manage large datasets with Geomagie, one could subdivide the original

dataset into amaller, regular blocks and process them individually.

3433 DMoving Least Sguares

MLS approaches, represented here by OctreeMerge (OM, developed by Fiorin et al.
{20071} also work an the peint cloud, but wsually require pre-determined point nor-
mals, To cirewmyent crentation problems in the determination of point vecmals, i
is preferred to extract them on a per-scan basis, accepting the fact that the result is
more affected by the ressellation depth thresheld, ss described in Section 3.4.2.2. In
this case, however, it is quite safe to use » very large threshold, becawse only normals
of the vertices are used, not the triangulation wsed for their estimation. The itnpact
of a few inaccurate point normals will be small when merged fnto the whole point
vloud. If there are no additional points tomn other scans in that area, it provides the
algorithm with at least precize point positions and some vague point normals to create
aoanrface. Single, 1zolated points will wsnally be dizregacded as the algorithm needs at

least a couple of close points to fit a surface to.

Experimental Hesults The surface. created by OM is very detailed and reasonalidy
complete (fig. 3.20). Comparsd to the PlyMO result however, the holes seem to be
larger. This effect however seems to be related to the cell size of the notree, which, n
thiz case, equals Tmm (level 10). Another surface which was created at level D (1dinim)
appears to be much more complete (fig. 3.21).

20
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Figure 3.20: Result Octree Merge, Octree Lovel 10 which equals a cell size of 7 iom

Figure 3.21: Result Octroe Merge, Octrec Level 9 which cquals a cell size of 14 mun
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OM allows setting a (reshold for the amount of points in the proximity of the
current paint, which are used for the fitting of the surface {the standard is 15 poiuts).
The mare points are used, {he smaother the surface will become. and thus this opficn
serves as o noise filter. The standacd setuing seemrs sufficlent for most cases. The
smoothing works well on vegetation., While detail is preserwvod in the rest of the model,
the tips of grass blades, nsually only sparsely sampled, are treated as outliers hovering
ahove the real. more densely sampded sorlace. The result appears as a slighlly lrregular
surface, still recegnizable as grass surface, but without large spikes. However, it is aften
alzo vepetation, which leads to prograrm crashes, as experienced in ether casges, Without
these stability issues, OM could be also used for large datssets, because it is based on

an aul-af-core approach, with the ability to process sub-blocks of the dataset.

3.4.3.4 |Paissan

The power of the Paisson approach lies in the ecreation of detailed surfaces, which
are also watertight. Kazhdan et al. (2006} released free software, which was alsa
implemented into Meshlab. For large datasets, they added a streaming version (Bolitho
et al., 2007), which builds the madel slice by slice. 1u the following this streaming-
enabled version was tested. It also relies on an oetree data-structure and thus the
putput resolution is determined by the cell size of the corresponding colree-depth-

lewvel.

Cxperimental Results Comparing the result (g, 3.22) to olner approaches, especially
point-based methods, the created surface appears to be very smooth, However, there
i nob much conteol about Lhe smoothoess of Lhe sarface. Via a parameler, one can
combine several point samples into one, which makes it smoother, but, even on its
lowest selting (naed here], the resull seem Lo be still less-detailed than the surfaces,
produced with GBI

This test-case also shows Lhat a watertight algorithum bears the danger of conveying
the wrong impression to the viewer. Small holes might have been filled guite plansibly
and the mser will not be able to differentiate between artificially created and tme,
measured data, unless it is somehow encoded inte the 30 model, for example wia a
iqualiby flag assigned to each vertex, For Lhe time-beimng, the only way to obleain a
vasue iden of the relialality of a triangle, s to measure the length of s edges. The
current Poisson implementation gges an adaptive resolution approach and coarsens the
resoluiion of the mesh in less-densely sampled aress. Hence, the longer the edgs s

compared to the average resolution of the current mesh, the more likely it is that the
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3.4, Surface Reconstimction

Figure 3.22: Hesult Poisson, Octree Level 10 which equals a cell gize of about 10mm

surface was artificislly intraduced. If the length is about average, it con be assumed

that the triangie s based on measured points, or at least, close ta some {see fig. 3.23),

The larger the hole, the more likely 15 an entively ncorreet filling, As can be scen
in fipure 3.24a, where onc of the langer holes was not flled covvectly, even though there
ware some points available in the eentre of the hole, This might not necessarily be a
shotteoming of the Poisson approach in general. Tt could also be just mishehasdour of

the current implementation.

As larger structilies are always bulld on ground, there is at least one side of it, which
cannot be scanned: undemeath. Dhue ta its woatertight natwee, the Poisson approach
will elose off these “holes™ as well, producing cxcess surface which needs to he cut
sway (fig. 3.24b}. These patches are characterized by its large triangles, Thus, one
conld select them based on the leneth of their edges, but this wsually also would affeet
other fill-in patches and re-open holes. Alternatively. one needs to cut these triangles
manually in editing software. As the used software tool canmot output the result in

sub-hlocks, editing of very large meshes can hecome very difficntt,
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CHAPTER 3. ESTABLISIHING THE WORKELOW

Figure 3.23: (a) Sampling density of the Poisson-model (green), which can give an
impressicn about the reliability of a triangle. (b) shows the original dataset in red
and the Poisson-model-vertices in green. The sampling density of the Poisson model
is decreasing in areas which are not supported by any measured data. This method is

uot acenrate, but serves as an indication in the absence of other quality measuremnents

Figure 3.24: {a) Filling Holes with Poisson: Small Holes are plansibly filled, but some

larger ones have not, even though there were some points available in the centre of
the hole, which were reconstructed here as small floating islands. (b)) Excess surface

created by Poisson
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a4 Surface Reconstroction

3.4.35 VNolumetriz Irtegratior

Yolumetric Integration relies on triangulated scans, which are then “merged” together,
eazentially by interpolating between overlapping aress. Az explained in section 2.3.2.3,
a cube containing all scans is created and divided into small cells, called the voxels.
Each voxel corner is fitted with o signed distance function. The marching cubes al-
gorithm, is then extracting the iso-surface by evaluating these distance functions, and
converts it to o trisngle-mesh. Tlence, the size of o voxel determinegs the resolution of
the output mesh. Details smaller than a voxel will not be reconstructed. The resulting
trinngles are basically averages of the overlapping surfaces within one voxel,

One of the adwintages of this method is its scalability and thus it s applicable even
for larpe datasets. Meshlab 1.3.0, an open-source editor and viewer for meshes comes
with an implementation of this methods, called the “VCG Surface Heconstruction™ or
—when compiled a8 a command line version- PIVMC. Based on tests by the author, it
is assumed that Polyworks lmMerge works on similar principles, but so far was not
officially confirmed by Innovioetrie, In the following review of this algorithm, it is

focused onto the experivnces with PlyMC, as it is open source.

Figure 3.25: Resull of PIyMO, voxel gize lem, geodesic guality activated. The quality

of each triangle is determined by its distatice from the nearest houndary,

Experimartal Results  The output of PlyMC looks very detailed and complete. but
a Bittle too smooth in areas around holes (fig. 3.25). This is due to an internal
smoothing function, which affects triangles based on their guality. It no quality values
are provided, a geodesic quality is assigned, classifying triangles on their geodesic
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CHAPTER 3. ESTABLISHING THE WORKFLOW

distance from a boundary, If this filter is turned off and the input surfaces are assigned
with guality values. for example, based on the distance and angle to the instrument,
the surface appears much more detailed (fig. 3.26). Ptx2Ply was thus modified to

estimate these quality values diwing the file conversion process.

Figure 3.26: Result of PLyMC,| voxel size lem, geodesic quality turned ofl. The quality

of each triangle is determined depending ou the distance and angle to the instrument

Vegetation is problematic for PlyMC, bui the problem already starts before the
actual merging, As leaves or grass blades cannot, or rather, will not be scanned in
adeqguately high resolution, the pre-triangulation will connect several of them together
or only produce small. isolated pieces. PlyMO is then attempting to close these holes
by wolumetric diffusion, extrapolating the surface along the boundaries. If the hole
was not closed affer several extrapolation steps (in here only one step was performed),
the extra surface will not be removed again and thus even more complex boundaries

are created.

Smoothing the scans before the merging could be a workaround for this problem,
but also detail would be lost. In non-owerlapping areas, it i3 however questionable
if the defail reconstructed iz actually based on measwrements or just noize. If noise
ts the resson, smoothing could be justified. But in overlapping aveas, noise (and also
misalignment ertors) would be smoothed automatically, as PIyMC i3 averapging betwesn
geveral surfaces. Inm this case additional smoothiog would decrease the level of detail
evan further,

If the sampling density of different scans is more or less the same, the Volumetric

Integration can produce very high-resolufion, detailed surfaces (fig. 3.272). If two
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Figure 3.27: {a) Surfrce extraction if the sampling denstiy 18 more or less the same
on alk scans. Final surface in red. (b} If the sampling density varies fargely between

scans, the resulting surface might lose detail,

scang overlap, and one of them i sampled less densely than the voxel size or than the
other scan, it will result v a smoothed surface and delails are lost (see g, 3.27b).
The features recoversd with PlyMC are thus depending on the scan with the lowest
guality in the overlapping arca. This is mostly not a problem for close-range scanming
applicalions [ < Ll distance, e.p. relief, archaeologicsl artefacts. statues), for which
PlyMC was developed. Unlike medinim distanee seans of large stoaetgres, (e variation
in the distance of & closerange scanner to the objoct is nearly constant fur all scans,
In medinum range seans however, especially spherical, 360 degree scena, the variation
can be quite large, ranging fur example from 10 cm up to 30m in one scan of o Leica
HIDSE100 (fg. 3.28). As the resolution of the scanner does not adapt with distance,
it ia impossible to keep the resalution constant on all surfaccs, Hence, the only way
bo retain as moch detail as possilide is to flower the tessellation depth threshold, which

rosufts it more hokes,

3438 Zippering

The Zippering algorithm remewes overlap botween differont seans and ro-iriangulates
in hetween them. The result is a single surface. The decision of which scan is to be
prioritized is either up to the user or automaticelly made by eveluating the angle and
distance to the seanner. Ik is nol suitalde as a reconstruetion aigorithm, hecause a lot
of the information in the overlap is rojectod even though it could be used to reduce
noise, as done with the Volumetric Integration approach. Besides that, registration
crrors can load 1o visible seams belween the scans: As it juat re-trienpulates the gap in
between two surfaces, a large gap will result in & barsh transition on the merged surface.

It iz assumed 1hat the merging tool in Polyworks ImEdit {s o basic implementation of
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CHAPTER 3. ESTABLISHING THE WORKFLOW

Figure 3.28: Distribution of points in o small scanning campaign with fwo laser-
seanners, which are able to scan full-dome. Blue colour indicates a wall. The darker

the ted colonr, the denser the poiot cloud is in that avea.

this method: only two scans at a time can be merged tosether. The effeets of the tool
are similar to the “Zipper” by Turk and Levoy (1994) tmt no official information was
found., The original “Zipper” source code is available to the public, but so far, there
iz no version for Windows platforms. The new relenses of Meshlal (1.2.3) contains
a new implementation based on the oripinal with some additions {(Marras et al., 2010}
and also only merges two surfares at a time,

Theoretically this approach should be robust, but the tested implementation in
Meshlab often crashed. The merping tool in ImEdit merges the surfaces well, but
since the result contans both surfaces, the model becomes quickly too large to remain
lnaded in memory. A solution where the result is automatically split into sub-blocks
is lacking. For these various reasons, it was not included in the comparison, but it
ia mentioned here lor the wext section of combming the results of different meshing

approaches,

3437 iscussian of Bosults

Int'ugnce of Tessellation Deplh Threshold  As mentioned above, the tessellation depth
threshald, if set too looscly, can be responsible for artefacts or less accurate point
normals. But the more restrictive the threshaold is chosen, the more holes will appear.
Due to different characteristics of each site, for example, the amount of vegetation or
the height of buildings, no recommendation for a specific value can be given,

Hetting the threshold for the test-case to an overly extreme value of 30 cm, reveals
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4.4, Surface Reconstruction

clearly the advantages of Point-Set surfaces. PlyMO retams the artetacts from the
single, pre-triangolabed scans and merges Ghem inte the final model (fig. 3.29a). In
areas, where the distance between these surfaces is larger than the voxel sive, PMC
will ereate double-surfaces (fig. 3.30). Honce, if PLyMC s used, it is very important to
get the tesseflation threshold for the pre-triangulation of the individual seans ned oo

fur off the voacel size, which will increase the likelihood of holes in the modet.

Tigure 3.29: (a) PlyMC result, voxel size lem, tessellation threshold for input data
30cm, (b} OM result, 14mm, tessellation threshold for input data 30cm

Point-based algorithms however, do mot seem to he negatively affected by less
accurate poinl normals, as demonstrated on a surface extracted with OM (fiz. 3.29L)

As expected, these extra vertices actually enable OM to create a more complete surface,

% i ca.

L

. ._-‘4..3 i

Figure 3.30: Double surfaces, which appear with PlyMC, if the tessellation ihreshold

is set too large,
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Clemnagic | OM ' PlyMO | Poisson

Handling of large datasets i e s ot
Reconstrction of Detail . o B ] i o
Software stability when . -

processing noisy datasets - .. + =
Output guality of noisy datasets - + I3 o
Output quality with respect to TP -+ ) 0
Watertight output surfaces™ = a : o

{—1 not good, (o) acceptable, (+) pood

Table 3.1 Compatizon of dfferent surface reconstruetion methods.
*Poisson can handle large datasets, but produces a single, large model instead of split-
ting the mrodel into small, manageable blncks.

Watertipghtness is a usefu] feature, but not essential to this comparizon

3.4.4 Lurface Beconstructiarn Warkflow
3441 Lurface Reconstrucsion Algorithm

Even though these are today's most prominent reconstruction algorithms, none of thean
geems to be au all-rouud tool to process all kinds of input data. The Delaunay shows
problems with dense, noisy datasets, but produces a maximum of swrface, in terms
of size. PlyMC is very robust awl scilalle, but does not use all data becanse of the
tessellation depth problem. OM is not very stable and also relies on pre-triangulated
scans, but produces nice details withoat too many holes even in vegetation-areas.
Foisson ereates perfectly watertight surfaces, which are too smooth, compared to other
algorithms.

WVegetation, or strong holse, seems to be problewatic for all tools. It cagses vertex
nornals to flip (Delannay), the creation of very irregular and complex boundaries and
holes (PlyM ), or program crashes (OM, Poissom). It is thus necessary to clean ont as
much as possible in a preceding eleaning step. This, however is not a trivial task and,
at prezent, involves a lot of mamal work, Hence, it is recommended to rather work
with more robustly programmed tools, such as Genmagic sl PlyMO.

Despite all the stability issues with the software aud jnst regarding the quality of
the produced surface, it seems that OM, and respectively MLS-approaches wonld suit
best as the meshing approach for terrestrial, medinm range laser-scanning. The point-
based approach produces reasomably complete syrfaces while recovering fine detail

Each additional print will contribute to enhancing the detail, as oppoged to PlyMC,
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4.4, Surface Reconstruction

where the maximum level-of-deiall iz determined by the lowest quality scan in an
overlap arca. To receive maximum benefit out of MLS-approaches, the process of
obtaiming pre-determined wormals, and thus the nfluence of the TDP, needs 1o le
addressed and improved. To make usc of all input points, exact normals need to be
extracted from the entire point clowd, not per scan.

However, as shown above, a global solution for point normals cstimation is not
easily achievable, because the result will e influenced by noise (see seclion 3.4.2.2)

Thus, a two step approach is suggested:

1. Caleunlating approximate normals for all vertices in a scan, even if the result
would not be reliable, Each recorded peint implics it was in a clear line of sight
to the scanner. Thus, the true poinl normal will face more or less towards it, but

not amay. This will serve as an indicator of the oricntation.

2. Merging all points into a aingle poiot clowld and only re-evaluate normals of poor
quality.

Howewver, to the author’s knowledge, a software solution implementing {he above is

not available at present.

3442 Combining Diflerent. Mesning Salutians

As shown abowve, MLS-approaches are believed to work best on terrestrial lazser-sean
data, IInwever, O iz not too reliable and cannot be recommended for the inclusion
inte this workow, As all of the other algorithms have their pros and cons, and no
clear reconunendation for either of them can e given at this time, it is suggested to
create two surfaces and merge the, or parts of therm, similar to Callierl et al. (2000):
one to recover fine detaila, which will most Bkely also lead 1o more holes, and a less
detailed but morve complete “Oll-n” surface (fig. 3.31).

FlyMC iz vory scalable and produces very delalled surfaces, and will thus serve
a8 the main surface reconstruction algorithm.  Poisson and Delaunay produce the
most complete models, however, Poisson alse introduces new surface, not based on
any mcasurcments, which is not acceptable for cultural heritage applications. ITence,
wherever poasible, a Delanay method should Be preferred Lo prodduce the fill-in surface.

To combine models produead with PLyMC and Delaunay, tovo options are available:
either the Zippering method, represented here by Polyworks ImEdit, or PIyRIC itself,
The zippering appears to be a well-suited solution asz it will enly atiteh hoth models

together along bowndaries, closing holes without smoothing detail. Bul applving this
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&) (B} 3]

Figure 3.31: (a) PIyMC model. [b) Geomagic model (o) Merped vemion of the
Geomagic- and PlyMC-model. The combined surface carries the detail of (a) but

is also as complete as (b)

method to large datascts might bocome difficult, as no soffware is available which could
handle arbitrarily large datasets,

PLyMC, on the olher hand, can easily handle larpe dataseds and, becanse of the
command linc nature, is also casy to script. The ™ill-in” surface could be ingested
by ihe normal merging process and irealed as a normal sean. This way the merging
huappens as purt of the surface reconstruction process, The user cuan sct w scan-specific
welghl in PlyMO flor each input sean, to soften the inflnence of a particular scan,
or in this case, the “fll-in" surface. If the “fill-in" surface differs moere than Lhe
voxel sizefoulpul resolution from the “fine-detail” mesh, for example due to differcnt
rosclutions or diffecent noise levels. the outpul wmesh can conlain double surfaces. In
addition, both surfaces need to be orlented the same way, Incorrect orientation, as

offem oconrming with Delaunay algorithms, would result in cancellation of tvo opposing

trisngles during merging.

3.44.3 arge Datasets

With advanees in laser-scanning technology, the amount of data acquired per scuan
increases permancntly. Most available algorithma, even if Lhey are designed as ont-of-
core tools, do reach a Hmidt at some point in time or become inefficient. One sululion is
o sub-sample the inpmt seans, either by ignoring scan lines and rows, or by re-sampling
the scans in regular intervals {urid-sampling), which ollen leaves visible grid-palteris
on the final model, Howover, it is always preferable to reconstruct & surlace based on
the highest available scan-resulution, as any simplification reduces delail.
Theorctically, any surface rcconstruction algorithm can he used Lo creaie large

models, if the dutaset is split into small cnough picees, belore processing. Special
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3.4. Surface Reconstriiction

attention, however, needs to be paid to the points and triangles along the boundary of
each sub-block, as po triangles will be created in between two parts. Ooe solution is
to slightly extend each block to create some overlap. But unifving all blocks later into
one large file without fivther processing will keep the bonndaries of each sub-block

intact and often create intersecting triangles. This will complicate the hole-filling and

simplification process atd can eanze rendering artefacts (fig. 3.32).

Figure 3.32: (a) Dataset, which was subdivided inte three larger parts. (b) Fach
of these parts was processed with PlyMC, which further subdivided the datasets into
sinaller portioes. This allowed parallel proeessing of the three larger arens, The smaller
blacks mateh perfectly along their boundaries, while the threc larger aress are vver-
lapping. If the overlap (¢) is 0ot remeved, it can canse rendering artefacts ss well as

problems during simplification, hote Gng,

To cope with extremely large datasets, PlyMC (32-bit software} was designed to
subdivide the dataset into pieces, with perfectly matching boundaries in between the
sub-blocks. However, it slows down, the more subdivisions become necessary. This is
hecause PlyMC reads entire scans, even though just a very small part of them might
be required for the processing of the current sub-block (fig. 3.33a). This will become

mote and more time-copsnming the higher the resolution of the scans and thus the
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larger their file size i, The disk aceess will thus be more efficient, Ty splitiing the data
inte sul=voliuwes prior Lo the actual merging with PlyMC [fig. 3.33b).

|.—- - e

18]
Figure 3.3% Ilusiration bew the hard-disk aceess of PMlyMOC can be optimized by
subdivision. {a) The bounding box of the entire madel 3 subdivided (black grid lines}
during processing with PlyMC, Even though the orange scan only margiually falls into
the top lefi sub-hlock, the entire scan needs (o be loaded. The green scan actually
has no datas in that block at all, but its bounding box intorsccts with the houndaries
of the sub-block and also needs to be loaded. (b} Disk access can he optimized by
subdividing the input scans with ptxlply before they are processed with PlyMC,

For this reason, the P'T'X converter PtxZply was modified to subdivide the scans
inlo blocks, prior to the mwerging with Ply®O, To usge this feature, only a hounding-
volume {limit-box), which encloses the structure, uceds to be specified, as well as the
atnount of subdivisions, the volume should be split into. In addition, ptx2ply allows
addine an overlap in etween the blocks.

The sub-division feature proved to bo a very powerful toal within the Zamaui-
preject, as ib allows the processing of 1he data with any available slgorithm in the
highest resclution. Figure 3.34 shows the increasc ju quality, when the sopul data sel
iz of maximum resolution. It is & comparison of two models created with PlydC, one
bascd on data which was syb-sampled Ty only using every (ldvd line and row of a scan,
while the other one is based on scans in highest resolution. Both inodels were extractod
at 2em-resolution. The dataset in highest resolution consumes 29.4GE of disk space.
while the suuplificd dataset iz ouly J1GE large.

Another advwantage of subdivizsion is the ability to process several ocks 1u pacallel,
either on a multi-core systom and/or on scveral machiues. Many meshing toals, cspe-
cially rescarch tools arve not optimized for parallel pracessing. Honee, the subdivision

of the input datasct sorves as a practical alternative.
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3.4, Surface Reconstrucéion

Figure 3.34: T'wo models extracted with PIyMC at 2Zem resolution.  (a) the nput

datasel was sub-sampled. (b} the input dataset was not reduced.

After the surface reconstruction with PlyBC, special attention needs to be paid
ta the overlap between the plx2ply-blocks, as menlioned above. To remove it and
produce matehing boundaries between sub-hlocks, it is suggested, to run PlyMC again
to remove the overlap in between. This however, can resull in a slipht logs in quality
tdue 1o re-samnpling. The additional merging process with PlyMC can also be set to
split the final model again into small, manageable pleces. The vertices on a boundary
af a black will then perfectly match with its neighbouring blocks and, when merged
later into one file, can easily be connected by removing duplicated vertices,

If subdivision is employed, pre-alisnment of the entire datasel is advantageons,
so that the axes of the bounding box are parallel to the system axes. This avoids
unnecessary processing of “empty” blocks and simplifies the access later.

Some reconstruction methods, such as Poisson, are designed as an “at-once” pro-
cess, as they try to create the whole madel in ome go. Especially the watertight feature
ran hecome problematic when sub-dividing, as shown in figure 3.24. If 4 hole i3 ex-
tending over two sub-hlocks, the Poisson tool can only close part of it. This however
will most likely result in non-matching overlap and merging will become complicated.
The only alteruative iz to allow for a lareer overlap area in between the blocks (20-30
percent ), to be sure that all holes extending over the boundaries of neighbouring blocks
are closed identically. After reconstruetion of the individual blocks, one simply cuts
away a large portion of the excess overlap snd merges these smaller blocks. For dhis
purpose another tool was created, plyCut. It allows the speciication of a Imit-box

and an extension or shrinkine facior.

3.4.4.4 Rctaining Colour Informatian

As recommended during the texturing step, the intensily walues of the scans can be of

significant value for the image aligninent., However, most methods mentioned above do
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reject eolour information during the meshing, which is not a limitation of the method
itself, but rather of the software implementation. Only Geowagic retains the colour
values by standard.

Alternatively, PIyMC in its enrrent version (4.0} offers a “splatting” technique
(parameter -p). Fuforcing this parameter will also create a smoother surface, than
without this option, but at least the colour is retained. Tlms, twe models need to be
produced, one with and oue without the splatting option. Both models, high resolution-
and colour-model, can be loaded into Meshlab whens the eolour can be transterred onto
the mwaore detailed mesh by using the “vertex attribute transfer” option.

Pta2ply was extetded to map the intensity values in PTX files to grey-scale infor-
mation (parameter c2), While the general ratige for intensity walues in a PTXAfile is
[0...2], it iz important to know, that the various instruments only use a subwet of chis
range. For a similar grey-scale appearance the following ranges should be specified for
pLxply:

¢ Leica Scanstation C10: 0.10-0035
o Leica HDS 3000, Scanstation 14:2: 0.35-0.65

« Leoica HDS G000, 5100: 0.001 - 0.5

3.4.4.5  Eesulting Workflow - Surface Reconslruclion

The most ideal workllow depends drasticatly on the available input data. Generally
the most stable software is PlyMC, whick also produces very good results. Howewer,
if there are many holes in the final model. due to vegetation or TDF problems, it s
recomunetiled o produce another model with Delaunay methods, here Geomagie, and
merge the two with PlyMC, The Delaunay model can abso be employed to transfer the
intensity information to the final model with Meshlab, as described above.

To manage arbitrarily large datasets, it is found to be of great use to split the
data first into overlapping sub-volumes and process them, with the preferred surface
reconstruction algorithm, here PlyMC, The resulting overlapping blocks can be merged
again with PlyMC. During thix secomnd merging step, the Delammay maodel and some
other hole-filling patches can be inserted into the PlyMO process to be merged with
the main model,

Foissou ean also be used ag a surface reconstruction method, if watertight meshes
are requiredl. However, if the process is nnsuceessful due to problems with vegetation,
or if the result is overly smooth, it is recommended to use Poisson as a mesh-repair-tool,

a3 deseribed in the following section.
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Pleasc refer to figure 3.33 for an overview of the workflow of this section.
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Figure 3.35: Diagram of Surface Reconstruction workfow.

35 Hole Filling

Bascd on the cxperence by visually cotnparing models, nsers will always prefer a wa-
tertight 3D model to a model with many holes, even if the latter is more detailed.
Watcr-tightness is also a precondition for 3D printing and in virtnal reality environ-
ments. For eiliural heritage purposes, hole-filling is howeyer a delicate matter, as
conscrvation and restoration expetts need to rely on recorded data to be sure their
analysis and planning is correct. The introduction of non-recorded, artificial patches is
thus non-desirable. The question is however, which patch size is regarded as critical?
In principde, creating a triangulated model can always be regarded as some kind of
hiole filling, hecanse we move from a discrete datasct to a continuous surface. However,
there is no absolute atswer to this problem, becansc the availability of such reliable
data in high resolution is new to theas targeted professions. So far, architects are still
mostly working with CAD-Drawings, with only a minimmin amonnt of pointa, lines
and triangles. Belicving that this might change in the future, the Zamani project thus
adopted & policy for hole-filled meodels, to provide the nn-edited, original version as
well. Ultimately, this could be avoided by assigning a standardized gquality tag to each
vertex of the 31 model, which holds information about its reliability. which could he
determined by its distanee [rom an setial measured point. But so far, no such standard
is availablc.
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CHADPTEI 3. ESTABLISHING THE WOHA FT.OW

3.2.1  Automated Methods

Even though hole-filling is usually not desired for cultural herilage applications, il
might become necessary to produce a waterlighl sieface, lor example for 31 printing,
The most cfficient approach to obtain a hole-free model is to employ a waterlight,
algorithun [or Lhe sface recondl rielion, such as Polsson.

However, Poisson often suffers from software crashes, due lo vegetalion awd pro-
duces overly smooth models. To work around these issues, one could employ it (o
re-fnesh Lhe model, onee created with a non-watertight algorithm. The model, con-
structed with other techoigues, such as Volumelric Tntepratiion, has a maximum of
surface detail and potential problematic point samples of vegetation were already Te-
diced to a miton (z. 3.36a).

To retain the detail of the swface during re-meshing, it s suggested here, to refine
the Inpul mesh by subdividing every triatgle, [or example wilh Lhe “Butierfly” or
“Catmull-Clark” filter m Meshlab {fiz. 3.36b,c). After the refinement, all triangles
can be rejected as only the vertices and their normals are required by the Poisson
soltware. The subdivision of triangles provides tore samples [or Lhe Polsson-tool, and
thus produces more constraints during the fitting of the functions to the poiot elowd.
Using Lhiz approach, 1he detall of the inpul mesh can be transferred almost entirely
to a watertight mesh (fiz. 4.36d).

Oher surlace reconsiruction tools, even though ihey are not desizned to create
watertight meshes, offer hole filling as well. PlyMOC and OM for example, employ an
approach, similar to Volwumeirie Diffusion (Davis et al., 2002}, The surface along a
boundary is extrapolated for -a wser defined- amount of steps [z 3.37). While 1his
can be usetul to closc very small holes, larger examples prove to be more difficult,
especially, becanse the software does not revert 1he bole back to its previous state, if
it was not closed by the extrapolation step, In areag with vegetation, this behaviour
often creates conc-like structures, as shown in figure 3.38. It is thus recommended
t0 sel tJug parameler Lo Lhe toibirutn (—1). This does hot dizable Lhe extrapolation,
but lower values will lead to a lot more holes, because of a principal limitation of the

marching cube algorithms,

352 Semi Automated and Manual Methaods

Alternatively to entirely antomaled approaches or to fix some more complex areas, one
can also employ semi-aulomaled Lools, such as in ImEdil, which is part. of Polyworks,
ol Geomagic Qualily, These Lools allow Lhe nser 1o click on a hole which i3 ihen eifher

filledl Im & “lat” or “smoolh”™ mode. Smonth filling will exirapolale 1he surlace aloog
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2.5 Hole Filling

@ (b)

(d)

Figure 3.36: (a) Geomagic Model of the terraces of DGB 1, Cameroon. (b) Vertices
of Geomagic Model. (c) Refined vortices. (d) Re-processed model with Peisson, based

on the refined vortices of imagedc).
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CHAPTER 3. ESTABLISHING TIIE WORKFLOW

{b)
Figure 3.37; Volumelle Diffusion in several steps with PlyMC, {a) expansion level=1,

{b] expansion level=2, (¢} expansion level—3

{a) (b)

Figure 3.38: Artefacts cansed by Volumetric [Mffusion, Hole before {a) and after {b)

Lhe process.
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3.5, Hole Filling

the boundary, while flat filling just performs a simple re-triangulation in between the
vertices on the boundary. Both approaches can be used to fll smaller and simpler holes,
but the Jarger and more complex the holes become, the less reasonable the result will
be. For these large holes, ImEdit offers the possibility to define 3 surlace pateh, which
the wser ean seulpt by positioning anchors, If the anchors are close to existing surface,
they will snap onto it to ensure smooth continuation. Onee the patch looks satisfving,

the hole will be triangulated according o the sculpted patch (see fig, 3.30).

{a) k3 &) tg)

Figure 3.19: Sculpting tools of ImEdit for hole filling. (a+b) A hlue pateh is it to the
surface around the hole. (¢} The hole is filled by using the blue surface as a guide, {d)
Filled muodel

3.5.3 Including Other Sources of Data

Photogrammetry. if available, is a very waluable source of input. Especially with struc-
ture from motion tools, surface {8 quickly reconstructed, which can be scaled and
registered to laser scan models to Gl holes. Apgisoft’s PhotoScan Professional, Au-
todesk 123D Catch, My3DScanner and also Bundler in connection with PRVS, can be
emploved to automatically reconstruet patches, even from uncalibrated images. Us-
ing un-calibrated images might create less aeeurate surface reconstructions. However,

these will =61l be more aeonrate than entirely fabricated patches.

Onee the surface is created, control points have to be deflined on laser-scan and
St model to find the correct seale, translation and rotation. The latter two can be
refined with an 1CP-process in registration tools, such as Meshlab and Scanalyze, as
describad 1o the lollowing section. I the patch s correcily positioned, 1t con either
be merged with a “Zippering”-method or treated as a laser scan during the surface

reconstruction process with PlyMC, as described above,
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CHAPTER 3. ESTABLISHING THE WORKELOW

354 EResulting Workflow - Hole Fill'rg

As mentioned before, hole flling is not essential, and actvally questionable for the
ineumentation of heritage sites. While it might be acceptable to fill very amall holes
during surface reconstruction by exteapolation of the surrounding surface, the only
aceurate filling for large holes is the creation of patches with photogrammetsy /SiM. If
that is not an option, it is resotninended to seulpt patches with Polyworks, because of
its large toolset, but a second model should be deliverad then.

Towewver, if the aim is a 3D pring of the strueture, s watertight model s required.
The guickest method to achieve this, it to te-mesh & previously constricted nesh with
Poirson, as deseribed above,

Please see figure 3.40 for an overview of the work(low of this section.
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Figure 3.40: Diagram of hols filling / mesh repair workflow.

3.6 Registration

In section 2.2.2.1, it was pointed out, that target registration is too time-consuming
aned Jdifficult to be used within the Zamani project. Tn the fellowing, it is thes focused
on the surface matching method, which relies on matching geometric features in the
averlap area of two seans. As mentioned earlier, the atandard solution for this problem,
ICP, i3 lnoking for closesl points in two scans and caleulates a transformation which
minimizes the distance between all correspondences in the least-squares sense, This

process s iterated until convergence ot until a wser-delined threshold of iterations was

reached,
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3.0, Registration

3.6.1 Surface Malching wilh [CP

The ICP is controlled by scveral paramcters, The most important one, common to all
variants, 1s the sesrch distance for eommon points, If & point on scan A has a closest
point on sean B, which is as close, or closer than the search distanee threshold, the
points are considered as valid samples for minimization. The user can usually also
define how many of these samples may be collected and how many iterations should he
performed. At the end of an iteration, the ICP will provide, depending on the software,
an error value [maximum or average), of an error distribution statistic. This result
needs to be treated with care. A small value does not neecessarily mean a good fit and
does not give an aheolute crror between both surfaces, A low maximun error only
expresses, that all or most distances hetween valid sample points within the search
distanee were minimized to below the maximum error. Corresponding points above
the scarch distance will not be inelnded in this statistie. It {8 thus recommended to
also visually inspect the result, and to check whether both surlaces interwease evenly
{fig. 3.41}.

Figure 3.41: ICP-Alignment: Scans are only well-aligned, il their surfaces interweave

evenly (b).

To find the best-lit transformation, the ICP minimizes the errors between points
with least squares. As described in the previous chapter, mostly two error-metrics
are uscd: point-to-point and point-te-plane. Point-to-peint is generally regarded more
resistant Lo noise, while point-to-plane converges [aster and seems fo converge less
likely ¢nly to local minima. Thus, if the option is available, cne should prefer the
latter for a “rough” repistration and point-to-point for a last “fine” alignment.

As can be scen from the procedure, the search of the ICP for corresponding points
iz simply driven by distance between the two surfaces and thus it is very likely that
wrong paifings are made. The ICF, az it is not guarantecd to find the global minimum,
thns requires the scans to be already roughly aligned. This is usually a manual process,

requiring the user to identify three or more points on each of the two targeted surfaccs.
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CIHAPTER 3. ESTABLISHING THE WORKELOW

Alterualively, Lhe user can shift and rotate one surface until it is in an approximate
position.

After an initial alignment was found, the ICP can do its work., A mamial nser
alignment is considered o “rough® position and many of the closest points on both
autfaces are siill wrong pairings. Hence, care necds to be taken, while sefling the ssarch
distance threshold, which should be large enough, Lo find coough correct pairings.
Selting Lhe search distance of the [CP straight fo the desired final maiching {olerance
error can canse Lhe ICP Lo converge lo g loeal minima or oven cause the surface Lo
drift away from its correct posilion. Good experience was made with the following
routine: starting with only few point samples for faster ileralions and a very high
seatch distance (eg. 20em), several iterations should be performed until one cannod
soc any more significant movernents. The error sheuld have drupped significantly
during one of the previous iterations, and the surface should nwow be, more or less,
in the cortect position. The search distance s then redueed in additional iterations,
c.g. 10cm, dem, 2cm, lem, “tightening” ihe two swrface more and more together (fig.
3.42), When the last iteration is performed, the amount of samples should be increased
to whal memory and lime allowa. In the cod, one should also consider to switch to
Paint-to-point mode, to obtain the best L of as many samples as possible. The scarch
distance should not he set to below the aceuracy level of ihe instonmend. Usaally lom
search distance is providing good resalts for the final ICP iteration.

Repgisiration with ICP in its criginal approach is o pair-wise process: only lwo
scans ot a time are aligued Lo each olher. The software Scanalyze allows to group two
aligned scons together and register a third sean to this colleetion. Noise in all sceans
belonging to a group will “thicken” the, theorctically infinitely thin, surface. As il is
compulational expengive Lo exteact (e eorrecl averaped surfacc after the grouping,
and thus not possible to caleulate it on-the-flv, Seanalyaze will reglster the new scan o
the: top of the erust, formed by all scans within the group. Thus, after grouping all
seans together, the sean which was added Lhe lasi, will nol perfectly mateh the very

firat. Henee the amount of scans within a group should be kept as small as posailile,

3.6.2 Global Registration

Torednee ihe acommulated error during pairwise alienment, there arc software solutions
awailable, which perform a global registration, cither distribating the crror between
all scans or even performing a simultansous multi-vicw alipnment. While this might
sonnd good, tests within this rescarch with Polyworks ImAlign or Meshalign (VOG-
lab, 1.8.T 1, Pisa} showed a disillusioning and disturbing clustering behaviour, at least
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3.6, Hegstration

Figure 3.42: Aligpment process with [CP: {a) two scans in their local coondinate
systewd. (b} The red scan is manually, approximately aligned by shifting and rotating
the scan. (e and d) ICP was run on the initial alignment with a scarch distance of
em. () After decreasing the search distance in small steps to lem during several

iterations of ICP, the two scans are well alipned.
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true for tervestrial, mediun rapge laser acans:

The putpose of the ICF i85 Lo minimize the distances betwecn the majority of
corrcaponding point samples on both surfaces, indifferent of their distribotion across
the sean. As mentioned hefrue, the sampling density on all objeets within a 3607 scan
cannot be kept constant, which is why objects far away from the sean centre will be in
a much lower reaolution and contributing lesa samples to the ICP process than closer
objects. If we now imagine a chain of four scans, where each acan iz only linking to
two other acans, but one of these links s only based on a very small overlap of surtaces
in & very loww resolution, the strong constraints between the other links will outweigh
the constramts of this weak link., Primarily the strong links will be Lightened more
and more, while the acans, connected by the weak link, are moving further and futthe
apart (Hg. 3.43).

Figure 3.43: Result of global registration process with Meshiab. Note the misalignment
{some arcas ars highlighted in red} between the two major groups of scans, even though

they woere well-alimned before the procesa was started.,
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4.6, Registration

3.06.3 ERegistration with a Sxeleton Madel

It is thus suggested, to follow another procedure. Fimsi, all scans are reduced to a lower
resnluticn t¢ speed up the process. Afterwards they are roughly aligned together to get
an overview of the various scanner locations and what area each sran eovers. Dased
om ihiz rough alignment, the very minimum of scans covering most of the area are
identified. These should be alipned as good as possible, in bigher resolulion, maylbe
with -if accessible- the help of a global registration method, i the links are squally
strong between scans. The resulting model can then serve as a base model or reference
model, to which all ciher scans are registered one-by-one, This approach was confirmed
by the author on a large dataset of the Zamani Project, Songn Mnoarn, Tamania,

comsisting of more than 600 scans (fig. 3.44).

-!i

- e

Figure 3.14: GIS of Songo Mpara showing the scan positions. The green points mark

the scans which were aligned (o the skeletom model (purple and black pointg)
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3.6.1 Registration Software

To perform the repistration. several tools are available in here: Scanalyze and Mesh-
lab, both open source tools, MeshAlipn!? and proprietary software such as Geomagic,
Polyworks and Leica Cyrlone,

Despite the wricty of reglstration sollware packages, the usage of the free software

Scanalyze s advantageous:

» Speed - none of the other software tools allows such a fast navigation wich largs

mighes, eongisting of several milliong of triangles

» Flexability - after alignment, the 3D transformation ean be saved as a XF-File
containing a 4x4 transformation matrix. This matrix can be applied, with the
tool ptxlransform by the Zamani-project, to different versions of the same scan,
for cxaanple cleaned] and w-cleaned seans allowing the registration process to be

done in parallel to the cleaning

e Scalability - Alcxander Agathos compiled @ 64Bit version for Windows'® allowing
to load and register extremely large datasets, for cxample, 80 million triangles
ou a machine with 461 of RAM

o Compatibility - as Scanalyze can read the PLY format, it fits very well into this

workflow

s Free access - as it is open source software, no license has to be acguired.

3.6.5 Reduc'ng litial Alignmert Efforts

As shown above, the registration process is still heavily based on aser interactioon.
The establishing of an initial alipgnment requires a large amount of time, Even though
somne autoratic alicument is offered 1o soffwave, such as w Meshlab, based on the “4
Points Congruent Set” approach of Aiger et al. {2008), described in scction 2.2.3.4,
the alicnment is not always auceesssful and still quite slow, Such alisnment tools micht
Lhecome more ellicient io the fiture, o 5o far it remains meostly a mwannal task.
However there are some rontines which can help in minimizing this offort. Firstly,
the manual transformation approach ssems to be much faster than the selection of
throe or four common poists for an initial aligninent. Dest expericoces in Scanalyze

were maide by viewing the scenc frotn above, amd shifting aml rotating the new scan

L4 feshlal implements parts of MeshAlign, Both 'Lools were developed at the VOO lab of the L5011,

Fisa, however a license s required for Mesh Align,
YR b/ S il dermnobkeites g apalefSowradyze Mool yeeWindows /Sennnlyzebd me
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netil it approximately fite the target scans. If the sean i8 levelled, the scan only necds
to be rotated around one axis and avoids A change of the viewer's perspective, which
wonld enable to rotate around the other axis. Levelling a scan should thas become
a habit during data acquisition. If also the orfentation of the scanner during scan
acguisition was more or less set into the same direction, the ivitial alignment would
reduce to a simple shifting,

Secondly, the resoletion of the scans should be reduced drastically for the initial
aliprmment. Scans cal easily contain more thae 15 milllon triacgtes which are too
many to just obtain a rough registration, During this initial stage, the scan needs to
be rotated aod shilted ofter apd thus a siwooth madeation experience will save a lot
of time, Pix2Ply can be emploved to perform a simple sub-sampling of the scan. A
value between fonr and abc wsually reduces a scan with 20 million triseples to about
500,000-1,000,000 triangles. which ia more than coough for initial alignment purposes.
Ouee all gesns are ronghly aligeed the resolotion ean be increased agaie and the ICP

should be run once more to refine the alignment.

366 Registration with Streciure from Motion

Another idea, anggested here, i8 to recover the initial alignment of seans with the help
of structure from motion tools. Similar to Spin-lmages, (Johnson and Hebert, 1997,
mentionsd earlier, the 35 models are processed as 2D images. The idea presented io
Lere however, is to create multiplc images of cach 35 scan in small, regalar intervals
with » virtual camera, which rotates aromud the scan (fig. 3.43(1)). Each scan i8 then
represented by a group of images. The images from all scans can then be processcd
with 56 tonls (fig. 3.45(23).

The small steps ensure that S fools will correctly establish the relative gamera
positions for each individual image of 4 scan. Every orieuted image can then become
a potential match with images from other scans and can thus link scans together.
Producing more images from various angles of cach scan increascs the likelihood that
a mateh hetween seans 8 fonnd.

Beeause these images arc renderad images, the in- and external orlentation param-
eters of their corrcaponding virtual cameras are known, Honee, the coordinates of the
cameras i each gromp, o their loeal syatem and in the S0-system can serve as control
points for a standard 3D-transformation to establish the transformation pacameters for
each sean (fig. 3.15(3}). As the resolution of the virtual images will wsually not match
the resolution of the scan, a perfect alignment is uulikely, but at least this registration

can serve as an initial alignment.
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Figure 3.45: Scan-registration process with 5fM: 1: several views of each svan are
created. 2: these views are then registered via SfM-methods. 3: a transformation
malriv for each scan can be derved by performing o 3D Lleansformation between the
positions of the virtual camerns in their local coordinate system and their position in
the 5fA model, 4: the point matches between scans are visualized in a graph-structure,
Lower nmumbers refer to a “strompar” link, The “Dijkstra”™ method establishes the

shortest path through the graph, 5. The graph can be translated into a batch-file
which fine-registers all scans,
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3.6. Hegistration

To automatically refine this “rough” registration with ICP, it is necessary to ktiow,
which seans share some overlap. This information can also be derived from the SEM
process. For each found image pair, the system records how many matches were
fonnd and this provides the information which scans arc everlapping, The amount of
matches also shows how strong the link between each scan pair is, Aore matches can he
interpreted as large overlap, This information can be converted into a graph structure,
which visualizes the links between scans. By finding the shortest path through the
graph, for cxample with the Dijkstra method, (fiz. 3.45(4} onc can cstablish, which

scans need 1o be registered topether and in which order.

First experiments showed promising results (fig. 3.45(5}), but at the moment, this
procedure is not roliable coough to be incorporated into a productive environment,
However, in the firture, by modifying the Sfh-matching tools, one could aligh normal
photographs as well in the same process for toxturing purposcs,

3.6.7 Resulting Warkflow - Registration

As described above, registration remains a largely manual process. But the workload
can be drastically reduced by following the approach from above: first, all scans (low-
resolution) are ronghly aligned together, then the most essentisl scans for a skeleton
model are identified, and finally, all scans are fine-registered in high-resolution onto
the skeleton model.

Pleage refer 1o figure 3.46 for an overview of the workflow of this section.
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Figure 3.46: Diagram of registration workflow.
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3.7 Cleaning

While seanning in the field, especially cultural heritage sites. which are still in nse, it
is nsnally not possible o obtadn a completely “clean” scan, free of people, animals and
other, undesirable objects, not belunging to the original and historical state of the site.
One reazon is the advancement of technology and thus the scanning speed, which does
not leave the gperator much time to escape the laser-beam. In addition, one simply
cannot close off the whole, or even just part of the herituge site, as they are ofien still
in 112e or slmply becane a tourist attraction. Further, over time, people might hawe
done permaneut additions to the structure, which obvionsly cannot be removed while

geanning,

Thess items can be classified into three categories (see fig.3.17 for examples):

Static ltems static objects which do not move during the eotirse of the fieldwork,
such as scatfolding, permanent {modern) additions to the structure, tree truuks or

neghbouring structures

Mavable Cbjects  This ieludes all objects which move while being scammed or have
moved while the instrument was moved to ancther position, such as people, animals,

equipiient (ricts or boxes, cars, vesetation

lcchnical Artofacts  Laser scanners do have some technical Hmitations, for example
the inability to scan into water, The heam is either reflected off the water surface or
at Ieast refracted. Ilence, if there are resulting daga points, they might zeemn to he at
the right position, but they are not reliable, The same effect appears with glass and
mirrors. Dust anad water particles in the air (fog] might result in random data pointa
or clouds. Other artefacts are cansed by the Bilse edge problem: . The laser beam, due
to its not unlimitedly thin foctprint, can be split on the edges of an object: the scanner
will then receive two or more reflections, also from the next objects in the line of sight.
Tnztead of being floered, these reflections are sometimes averaged aned result i points
floating in apace.

This list demonstrates that a cleaning step in the pipeline is unavoidable, But only
the fact that an object is not part of the desired strmeture, does not mean that it is
not of uze. Some are static enough to be useful for registration by the means of surface
matching, especially if there iy only lttle ovarlap otherwise. Performing the cleaning

afler, or even in parallel to the repistration 15 thus a viable option.
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Figure 3.47: Examples of items 40 be cleaned: (a) scaffolding, (b} animals, (¢} “false

edpe”-artefacts, appearing as isolated lines,

301 Saftware Tools

Leira Cyelone ia capable to load very large point datasets and is thus predestined as a
cleaning tool, Tt also allows importing and exporting the files ag PTX-files, puarantee-
ing a stupoth workflow without too tnany fle-conversions and the preservation of the
scanning grid. However, Cyclone only shows a portion of the point cloud at a time,
depending on whether a user-set limit of displayable points is reached. The software
continuously adapts the amount of points being displayed on screen, depending on the
focnsed ares and the zoom level, removing poiuts from memory, which are not in view
at present. This works nively for single acans, but when looking at an entire dataset,
which consists of several scans, only a reduced version of each cloud 18 shown, Thus,
one can never be sure of selecting and removing all points unless the point cloud is
“umilied” . Unifieation imports and sorts all points from all seans into a new database,

rejecting the information about the scanming grid. This would complicate the whaole
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pipeline, as only meshing algoriihms which can deal with arbitrary puinl clouds eould
he uged for surface reconstruction, which basically means Delaunay, with all its pros
and ¢ons.

[Pra’s of cleaning inglividual scans

s Seanning grid can be maintained, allowing casy recovering of poind normals and

creating simple surfaces

s Spang can be redistributed. so other researchers can do their reseacch oo pracui-

cally original data, nol allecied by registration errors

s Cleaning can be done in parallel to the registration process. Closned PTX [iles

arc interchangeable with Lhe ariginals, onee both processes are completed

Contra's of ceaning individoal scans

s Slow process, ag each scan needs to be cleaned individually. This often means

removing the same chjects from several scana,

e Diifficult to sometimes distinguish in the point cloud betwecn surfice sud un-
wanted abjects 1o low resolution areas, Combining different scans into one point

cloud eould help in identifving parts to be removed

PointTools 15 stother cottnercial software able to load larpe datasets and thus
would allow the cleaning on the entire dataset. The perfurmance sectns lo lop the
performuance of Cyelone and b also offers more gelection tools, But, at present, it is
not able to export into PTX or any other “gridded” formats, which is croeial Lo ihis
pipeline, However, PTR-export was announced for the future, The only useful cxport
format at present 1s a X,Y.2 format with point wormals, which could be used, at leasi
a5 an inpul for the Poisson-surface reconstruction algorithm.

A compromise between eleaning individual seans and all seans at-oncs, would be,
similar to the reconstruction process, to subdivide the datascts into regnlar sized sub-
sets with plxlply, Cyelone would be able to show all points of a block at the same
time without unification. After export, the scans, even though combined in one large
PT3 file, can be sepavated again wilh pta®ply. Tesls have shown however, that the
performanee of the pavigation within Cyolone is still guite slow. Ilowever, as il is easier
tu recognize individual objects snd to remewve all appearances of an noeanted ofrject
with une sclection process might, overall, ssve a lut of time. The ooly real drawback

is the neccssary pre-alignment of all scans, Henee, the deaning canoot be execubed
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4.7 Cleaningy

in parallel to the registration, which does not affect the total working hours, but the

produetion time, when working in tcams.

3.7.2 Methods to Eemove Unwanted Data

Cleaning scans is, at preacnt, still a mostly manual process. There are however some
solutions, alrcady implemented in soft- and hardware, which counld decrease the work-
berad.

Seanners with a spiuning mirror are usnally scanning back and front of the scanner
at the same time, which means they only need to scan 180 degrees in the horizon-
tal plane. But if a full 3607 scan is performed nstead and both halves are recorded,
one obtains two samples per scan point and can thus filter objects which moved dur-
ing stanning. As the scanning speed increases with cvery gencration of lascr-scanners,
presently completing a 180 degree scan in less than 80seconds (3em at 25w, FIDS6100),
this approach could become more and more a practical selution. Lascr-scanner man-
ufacturers, such as Z4F, mplemented such a function into their software paclapes,
Howcver the practical application could not be tested m here,

Leica Cyclone offers some semni-altomatic segmentation approaches, which sssist
the user in the selection of artefacts. Surface detectors are looking for smooth, planar
patches, sclecting anvthing which deviates too much from it, which can then be deleted.
Feople walking on the atreet or cata on the road are thus easily filbered. Iowever, it is
not a very fast approach and an experienced operator ia likely to manually sclect these
artefacts as quickly or even faster.

For the Future, semi-automatic methods, operating on elassification and segmen-
tation algorithms, which would identify and scparate different materials and objects,
seem to be the only practical sotution to the eleaning process. Vepetation for example,
would produce a very irregillar surface, classifiable by normals and depth variations
hetwecn neighbouring points. Also border detection and filtering of small compo-
nents, which consist only of a few points or the intensity-values of the lascr-signal,

can serve 43 another indication for vegetation or parts of the same material.

373 Resulking Workllow Cleaning

The ouly practieal solution at the moment is to clean every single scan in Cyclone.
Cyclone is the only software in this pipeline, offering no support for PLY-Format.
But as it can read and write PTX files, there 5 no addifional conversion necessary,
Registration information in the form of XF-files ¢can be applied with a self-developed
tool, called PTE-Transtorm.



CHAPTER 3. ESTABLISHING THE WORKFLOW

For the future, when other seftware, such as Point Tools supports the import and
export of PTX files, the scans should be split into sub-hlocks belore cleaping, For
this reason, Phx2ply was extended to also cutput 11X files again and split the data
inta sub-directories. This would imply however, that the cleaning can only be done
after the registration, ook in parallel any move. First tests in Cyelone have shown that
this would significantly reduce the cleaning timne, but in the current version (7.0}, the
rendering ig oot fast enough, even on a high-end machine,

1"lease see figure 5,48 for an overview of the workflow of this secticn.
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3.8  Scan acquisition

The aequisition of seais became s very siple task, Commeon medinm range systems
{Leica, Z&F, Trimble, Faro) can perform spherical, full-dome seans of o scene by just
pressiog a single button, The scanner is moved fo various loeations to sean the entire
site. The following section rather serves as u collection of methods amd routines for
gcan acquisition, which would minimize efforfs during post-processing.

The most time-consuming manual task is the initial alignment of the scans, which,
az mentionel above, eould benefit of A congistent crientation into one direction and
levelling of the seanner. Many modern ingtruments have g tilk-gensor or even a4 com-
pensator built-in, which sheuld thus always be activated, if possible.

For internal reference, each scanmer has a fixed internal horizental zerg-posicion. IE
it rannot be identified from outside any other marks on the casing should be emploved
to orientate the scanner consistently into one direction before each scan, This will
reduce the mannal effort of rotating the secan in the vegistration software, Many modern
smartphones do rome with an internal digital compass, which would be a very precise

way of measuring the adentation.
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3.8. Scan acquisition

Global navigation Satellite System (GNSS) sensors could also assist in determining
the position of the scan, minimizing the need for manual translations. However, GNSS
signal is not available everywhere, especially inside, and usually not accurate enough,
unless differential GNSS is employed. It thus seems much more feasible to record scan
positions roughly in a GIS and to convert these coordinates into a translation vector.

Overlap is most important for the alignment process without targets. It is thus
recommended to always scan a full dome scan, as also the objects not in focus of the
current survey can become useful during registration, such as parked cars or buildings
nearby.

Hole filling should be avoided for the documentation of cultural heritage sites by
scanning as much as possible. The philosophy should be to rather scan in lower res-
olution than to not scan at all. This approach might take more time for registration
and cleaning, but it will take even more time to create artificial fill-in patches. In
some cases, images for photogrammetric purposes, together with SfM software can
replace a scan, but as it can only be confirmed in the office, if the photogrammetric

documentation was successful, a quick laser scan might be safer.

3.8.1 Resulting Workflow - Scan Preparation for Processing

For the processing pipeline, the only data-acquisition task is to convert the laser-scan-
files to make them compatible to the remaining workflow. As mentioned above, PTX
was chosen as the standard scan-format, as it retains the scanning grid and is supported
by all major laser-scanner manufacturers (Leica, Z&F, Trimble, Riegl, Faro, Optron).
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Chapter 4
Summary of the Proposed Workflow

Unifying all recommendations for the individual steps, the processing pipeline is de-

signed as follows:

o All scans are converted from scanner manufacturer specific file-formats to the
PTX-format.

¢ Cleaning

— The scans are cleaned in Cyclone and exported back into the PTX-format.

o Registration
— The scans are triangulated and converted to PLY-files with ptx2ply, and
roughly aligned in Scanalyze.

— By refining the most important scans, a skeleton model is built, which is

used as a reference to align the remaining bulk of scans.

— The found transformation matrices are applied to the PTX-files with ptx-

Transform.
e Surface Reconstrﬁction with PlyMC

— All PTX files are then converted into PLY-files and split into sub-blocks.
— Each sub-block is automatically meshed with PlyMC via a script.

e Surface Reconstruction with Geomagic

— All PTX files are again converted with Ptx2ply, but instead of PLY, the
scans are merged into an ASCII-points-file for the processing in Geomagic.

The file only contains point coordinates and intensity values.
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CHAPTER 4. SUMMARY OF THE PROPOSED WORKFLOW

— The point cloud is then sub-sampled, noise filtered and meshed in Geomagic.

Hole Filling

— Missing parts are modelled with SFM methods.

Surface Reconstruction, merging of various models

— SFM-Patches, and the Geomagic model, or part of it, are merged with the
overlapping sub-blocks of the PlyMC process in an additional PlyMC loop.

Simplification

— The model is cleaned of artefacts in Meshlab and simplified to lower reso-
lutions with the Quadric Error filter of Meshlab.

Texturing

— Images are matched with SfM tools, such as Bundler, SFMToolkit or Agisoft
Photoscan, which produce a “bundle.out”-file including all camera positions

and orientations.
— Common points are identified on the SfM- and the laser-scan-model.

— The list of common points and the “bundle.out” file are processed with
sfm2Texture, which produces one XML-File per image. ‘

— These XML files can be loaded into TextAlignSuite to fine-align the image to
the model. For this step the Geomagic model is used, as it carries intensity
information, which can be used as a guide for the alignment.

— If additional images are necessary for the texturing, which are not part of
the SfM reconstruction, they can be aligned manually with TexAlign via the
identification of common points. This alignment can then also be refined in
TextAlignSuite.

— All aligned images are projected onto the PlyMC model with TexTailor.

In figure 4.1, the proposed workflow is displayed in a unified diagram. This pipeline
can be regarded as the “recommended” approach. Depending on the requirements and
nature of each site it can become necessary to swap or replace some methods. For
various alternatives, please refer to the individual sections.

In the following chapter, the established work-flow is verified on a large dataset.
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Figure 4.1: Disgram of the entire workflow. File formats are indicated by diffcrent line

colours. Black lines are dopicting other file formats, such as transformation files {XF),
Point files (for Gromagic), Images, or X3L files.
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Chapter 5
Evaluation of the Developed Workflow

Inn this chapter, the previonsly suggested worldlow is brielly demonstrated on the ex-
ample of the Gereza, a Portuguese fort o the island Kilwa Kisiwani, Tanzania (figh.1).

The desired output is a colonred 3D model in a resolution of 2em.

5.1 Creating a 30 model of the Gereza

511 Data Acquisition

The data was acquired in December 2008 with a Leica Seanstation €10 and a Leica
HE¥S 610, The Cl0 was mainly used for outside scans, because of its longer range,
while the faster G100 was used for the meore complex inside. The resolution was set to
3 cm over 251, or the next closest sebting therets. Scons of small rooms or narrow
passages where recorded in low resclution, dem over 10m.

Im 3004, restoration work on the Geresa was in progress during the field compaign
and somne parts were inpossible to scan, due to seaffolding 1 the line-ofsight (fg
B.1a). Inm 2011, duting an additional seanning campaign, a few more scens of the East
facade were taken.

In total, 125 seans were recorded: 21 with the Seanstation €10 and 99 with the
DS 6100 in 2009, plos Ove sceans with the HDS 610 in 2011, For most scans, the
instrument. was oriented into a specific direction and levelled precisely by a built-in
compensator (C10) or tilt-sensor (6100). The total size of all seans In uncompressed
PTX-format [ASCIT) 1s 20.3GR, which equals 724,727,186 points.

£.1.2 Data Cleaning

DPue to the restoration work on the Gereza, I was woavoidable to sean scaffoldine

and workers. Ience, the individual svans had to be cleaned in Leieca Cyclone, which
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CIIAPTER 5. EVALUATTON OF THE DEVELOPED WORKFLOW

Tigure 5.1: The Gereza: East facade (a), South and West facade (b}, inside court ()

could read the native scanner formats of the CL0 and the 6100 without prioy comversion.
Cyelone docs mostly only offer mamial selection tools, such as a polygonal feacing tool.
The cleaning step was thus a straight-forward, but time-consuming task, exceuted by
the Zamani team. Dhuring the cleaning process, 86 million points of seaffolding, people
and surrounding landscape were removed (fig. 5.2). Afterwards, the scans (638 million

points} were exported individually into the PTX-file format.

Figure 5.2; Before (a} and after {b} the cleaning step.

5.1.3 Scan Registration

The registration of the scans was done by the author in two steps, a rough- and a
fine-registration in the free software Scanalyze. Durnng rough-registration, the scans
only needed to he moved into a good mitial position, and thus the scans could be
vonverted to a low resolution to allow fast rendering and navigation in the software.
Scanalyze requires PLY-files, which is why the PTX-files had to be converted with
the tool ptx2ply first. During the conversion process, the resolution of the seans was
reduced by a 4x sub-sampling, meaning that cnly every 4th line and row of the sean-
matrix was nsed, Scans in low resolution were not sub-sampled to not lose too much
detail,

As many scans wore alrcady oriented approxituately into the same direction during

scanuing, the initial alignment task was reduced o shifting the scans into position
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5.1. Creating a 31 model of the (Gereza

and executing the ICP algorithm of Scanalyze several times. The closest-points search
tlistance of the [CP was reduced from 20cm to lem during several iterations,

During the rough-registration step, the most important scans were identified (22
geans), which cover larpe portions of the object or link the inside to the outside,
These few scans were then re-converted with ptx2ply, into a higher resolution (sub-
sampling=2) and re-registered again. The result served as a skeleton model, to which
all otheér scans were then fine-registered, also in high resolution (fip. 5.3). To ensure
that the final model ig levelled, one levelled scan should be fixed throughout the entire

process and serve as o basc scan, to which all other scans arc registered to.

Figure 5.3: The skeleton suodel of the Gereza, which consists of 22 scana,

The result of a registration in Scanalvze is a XF-file, containing a 4x4 transforta-
tion tnatrix, which registers the scan into the final coordinate system. These matrices
were applied to the individual scans with the tool PixTravsform. To view the entire,
registered point set, these PTX were imported back into Cyclone (fig. 5.5a).

For casier processing during the surface roconstruction step, where the ohject will
be sub-divided into blocks, it is recommended to, at least, ronghly align the main walls
of the structure with the coordinate svstern asds,

The additional five scans of the field catnpaign in 2011 were also aligned, but had
to be cxcluded from the merging process, as too much of the surface was modified
tluring the repairs in 2009, To fill in at least the parts, which could not he scanned in
2009, the required area was cut out of one of the scans (see fig. 5.4).

125
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L]

Figurc 5.4: (a) Scau, which is part of the 2011 dateset and (b} the resulting patch,
which was used fo fill the holes of the scaffolding {comp. Rga.2).

5.1.4 Meshing

Following the recommendations in section 3.4.4.5, two versions of the model were
produced, a detailed model with PlsMC, and a fill-in mode]l with Geomagic, which
alsu carries ntensgity infornation.

To minimize reconstruction cfforts a bouwnding-hox was defined in Cyelone, with
the alw to exchule all non-relevant points around the building from the reconstruction
process. When exported to atext file, the hounding-heox, alao referred to as a limit-box,

can he included into the scan conversion process of ptx2ply (Ag3.a).

fak [13] [4]

Figure 3.5: {a} all registerad scans in the form of a pomnt clowd. (b and ¢) Limit-hox,

which defines the volume to be meshed,

5141 Geomagic Model

Fur the Geomaric model, the scans were converted with pte2ply into a combined vertex
file, containing the peints of all scans, but sub-sampled by a factor of 4. Intensity values
were converted into grevscale walues, using the intcnsity ranges specified in scction
3444

Die to the sub-sampling, the ASCIT dataset was reduced to 1.510B which cquals

38 million peoints. This is still too large for the surface reconstruetion in Geomagic, The

126



A1 Creating a 3D model of the Geresa

point clond was thus further reduced via a grid-sampling of 3cm in Geomagic Qualify
vB. This reduced the dataset to 5.5 million points, which eonld then be converted to
a surface by nsing the option “surface wrap” option within Geomagic Qualify. For the
surface reconstruction, the software offers four noise reduction settings (min, medinm,
max and auta), of which *min noise” was used. The, comparably, low resolution is
acceptable, as the Geomagic model i= only needed to produce some patehes for hole-
filling purposes and to retain the intensity information for the texdwring process. See
figure 5.6 for the resulting model with infensity information or fgure 5.7 for the model

shaded with ambient occlusion,

Figure 5.6; The model produced with Geomagie Qualify, which retained the intensity

mforinacion.

Figure 5.7 Result of the Geomagle OQualify process, shaded with ambient oecclusion.

Note the effect of the grid-sub-sampling on the tower (b},

.12 PlyMC Madel

For the detailed PlyMC model, all scans were triangulated and converted to PLY with
ptx2ply. As the aim of this model iz to be as detailed as possible, the full dataset
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CHAPTER 4, EVALUATION OF THE DEVELOPED WORKFLOW

was yacd wilhent any sub-sampling., Tor efficient processing, the data was split into 32
sub-volumes, with an overlap of 15cm in between, The sizes of triangles were restricted
I the tessellation depth threshold, limiting edges to 4 length of Hem.

The scans wote now teady be processed with PlyMCO (32-bit], for which the follow-
ing parameters were set: the Volumetric Diffusion option, to expand the surface along
boundaries of the final mesh for holefiling purposes, was sct to the minimum (=1}. In
addition, the geodesic quality option was deactivated, which smoothes triangles of a
gcan, if they are closc to a boundary, Tnstead, the quality determined by pta2ply was
used, which mainly penalizes triangles which are far awny and in o fat angle towards

the seanner. The surface was attempted to be extracted at a resolution of 1.5cm.

The 32-syb-volurnes were processed antotwatically with a seript by Roshan Bhurtha,
which starts the PlyMC process for each vobume, But oven though the data was already
split intn sub-volumes, the individual biloecks were still too large to be processed in one
picce (the sizes of the volumes warlod between 0.21GB-R.1GDB). For this reason, PlyMO
was set to process the data with a further subdivision into four blocks, Henee, the
resnbting surface of the process wag split ko 112, partially overlapping sub-blocks,
not counting the “cmpty” blocks, containing na data (g, 5.8b).

Figure 5.8: (a) all scans registered together. (b} The data was subdivided twice with
prx2ply and PlyMC inco 112 blocks, Naote the overlap of the ptx2ply process in hetween
some of the blocks. {¢) The second iteration of PlyM{? divided the dataset into 256
blocks, of which only 96 contained data,

The processing with PlyMC iy very rolmat, and straight-forward. No major prob-
lems could be detected, The gser just has to And and speeify the optimal settings for
PlyMC and ptx2ply, The cortect settings larpely depend on the required resolution

and on the amonot of pomts, which detertnines the regnived subdivision,
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5.1. Creating a 3D mnodel of the Gereza

5143 Hole MNilling and further Merzing

Examining the PlyMC model revealed only a fow larger holes, Thess ean be classified
into two kinds of holes. The one @& caused, 1if the tessellation depth threshold was set
too restrictive (fig. 5.9a). This can be confirmed by eomparing the PlyMC model either
with the point clond, or simply with the Geormagic model, which is not as sensitive to
the TDP, as described in the previous chapter. To close a hole canse by TDP, a patch
eant siply be cut out from the Geomagie maodel, for excample in Meshlab (fig. 5.9¢),

il ' ib) )

Figure 5.9 Image (a} shows a hole in the PIyMC model, which was not filled even
though point data for this ares exists (b). Tmage () shows the patch extracted from
the Geomagic-madel

The other kind of hole 1 a real data vold, where nu poings were tecorded (see fig.
5.104). To eluse these holes acenrately, other sourees of data, such as Photogrammetry
have to be cmploved. For the case of the Gereza, Agisoft Photoscan was emploved to
ereate g SiM-rnodel of a room, whers a corner was not scanned properly. The process
in AgiSoft is easy amd largely antomated: first, the images were londed, matched and
aligned, and in a second step, o model was ereated. To scale and registor the model with
the PIyMC-Mesh, some corresponding points were selected on both models. Following
this, the SfM-model was exported and fine-registered with the laser-scan model in
Scanalyze via ICP (fig.5.10b), Onee the pateh was aligned, it was manually cleaned of
most of the overlapping surface to not indfluence the other, scanned parts {fig.5.10¢),
This is especially necessary, as SfMM-models of onealibrated caroeras arve muych less
accurate than the laser seans and arc often also in mnch lower resolutior.

These hole-fillpatches were then merged with the 112 sub-valumes of the PIyMC
model in an additional, second merging step with PLlyMC. As both, the fll-in surface
derived of the Geomagic model and the 3f3-patch arc in much lower resolution com-
pared to the PIvMC model, the weight of the two patehes for the new merging process
was lowered to the minimum {0.01). This cosured that the detail of the first PlyMC
model was retained while the patches only comtributed to fill-in the holes.
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L] (ek

Figure 5.10: (a}: Another hole in the corner of a rocan. (b]: a Patch was created from
photographs with Agisoft Photoscan and aligned with TCP w Scanalyze. (o). the final

patch.

The new meTEing process was seb fo a resolution of 2om and a sub-division of the
data into 256 blocks. The amount of blocks was doubled, as attempts with less sub-
division were unsuccessful, This additional merging step also removed the overlap in
hetween the sub-blocks and produced new sub-blocks with wellmatching boundaries
(fg. 5.8c), In the end, only 96 blocks contained data.

144 Surace Boconstruction without Sabdivsion

To be able to evaluate the effectiveness of the subdivision approach, ancther high-
resolution dataset was created with ptx2ply, bub without the creation of sub-blocks.
PlyMC was set to extract the surface at a resolution of 13mm and to split the data into
128 blocks, but the process failed. Alsp, another test with 256 blocks was unsuccessful,
Only a test with 1000 sub-divisions was saccessful but the process took 16 hours and
40 minutes, In comparizon to this result, the previcus two merging steps together fook

ondy 4 hours and 35 minntes.

515 Smglification aad Claaning

The resulting, secoud PlyMO model consists of 35.5 million triangles, which could T
loaded and processed with the 64-bit version of Meshlab, As PlgdC creates blocks
with nicely matching boundaries, the blocks could be merged antomatically, simply
by remgwving the duplicated vertices on the houndaries with a filter of Meehlab, The
mwaode] showed 4 lot of little fopating surfaces, most likely, due to a large tessellation
depth threshold. Also some irvegular boundaries near vegetation areas (fig.5.11) were
present. These arfefacts were largely remwoved with filters in Mashlab, cleaning out

sreall isolated pieces and trianples om boundaries, The cleaning process reduced the
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model to 32,6 million triangles. The final, cleaned madel ¢an be seen in figure 5.12.

The result of the hole-filling step is presented in 5.13.

Figure 5.11: Floating artefacts produced by the merging process (a+b). These artelacts

were lataely removed with the help of the filters in Meshlab (c).

Figure 5.12: The final PlyMMC-model in 2em resclution,

As the mode] did fit into main memeory., it was possible to simplily the model mside
Meshlab and the (Quadric Edge Collapse method without any problems. Three versions

were derived, consisting of 8 million, 3 million and 100.000 trianglea (see fig.5.14).

5.1.6 Texturing

Following the recommendation of the previous chapter, SfM-tools were employed to
textyre the Geresa. Agizoft Photoscan was nged to analyse 753 imapes, taken with a
Fuji Finepix 85700 and a Nikon D200, of which it manapged to match and align 462
(gec fgh.15a). The remainmg obes, mostly of inside mooms, did not provide enough
overlap to be matched with the larger set, but it {s expected that it is poasible to align
themn in additional, separate SfM-projects.

The matched features between the nmapes can be seen as 4 Poind Cloud, which
was exported together with the estimated camncra parametera as a “hundleout” file,

whicl: i2 readable by the converter tool alm2textire, developed within thiz research. In
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(k)

Figyre 5.13: The result of the hole-filling step, after the cleaning,

(<} (d)

Figure 5.14: The results of the simpliication process: (a) 33 million triangles, {b) 8
million triangles, () 3 million triangles, (d) 100,000 triangles.
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8.1, Creating & 373 mode! of the Goreza

addition, commen points were identificd on the SfA-point eloud and on the laser-scan
model with the help of the open-source software CloudCompare! (see figh.15b+c).

{a) (b} {c)

Figure 5.15: {a) The result of the alignment of the images in Agisoft Photoscan, (b)
Twelve common points were selected an the PlyMC-model and the SfM poiut elondie}

Sfin2texture was used to perform a 3D transformation between the specified control
points aud to apply the estalilished transformation to all external camera parameters
of the “bundle.out®file, Per camera, the tool creates a XML-file, which can be read
Ly the software tools TexAlign, ToxtAlignSuite and TexTailor.

For demonstration purposes, a act of 38 images was scleeted, which tegether, cover
a large part of the building. Each XML file was processed with TextAlignSuite to
refine the alignment of the 5fM process. The Geomagic-model of the Gereza, which
carries intensity inforiation, was employed to serve as a guide for the refinement
process via the Mutual Information approach, Most images only needed two to three
iterations to be very well aligned with the model {fig.5.16). In sowe more difficult cases,
the shading of the model had to be alternated. Five shading-options were available:
nonnal-mapping, normal-mapping plus ambient colour {in here intensity), ambient
colour, specular-mapping, specnlar-mapping plus ambient colour. In two cascs, nonc of
these methods worked, which ia why another approach, seggested before, was followed,
First all other images were alipned and projeeted with TexTailor to the model. This
model, with the new colour information attached to the vertiees, could then serve as
a guide for the alignment of the retmaining two images (fig.5.17),

Omnee all images were aligned, they were projected again oute the PlyMC-model (8
millicn triangles) with TexTailor and the standard settings for out-of-core projection,

The output is a vertex-colourcd, highly detailed mesh, which is presented in fipure
5.18, The maodel still has many blank spets, however, the texturing was only meant as a

demonstration of the process. In the same mawner as deseribed above, maore sand more

'hitp:ffwww.danialgn. netfoef
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(a) ' § (b)

Figure 5.16: Alignment of the photograph to the model before (a) and after (b} the
refinement with TextAlipnSuite

k4 - - ? o ._

Figure 5.17; {a} a sct of re-aligned photographs was projected onto the model, which
was then used as a guide for the fine-alignment of more ditficult images. Tmage {b)
shows the discrepancics between image and model before the refinement, while (e

gshows the result.
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images can be aligned, as vequived. It is expected that only o few images, which were
not part of the 5 recomstryction process, need to be mamally aligned with TexAlipn

via the selection of commen points, prior to the refinement with TextAlignSuite.

id)

Figure 5.1%; The coloured model of the Geresa.

5.2 Experiences with Other Datasets

Dhuring the course of this research, the worlflow was partially applied to sites of various
other natures by the team of the Zamani Project with success. Songo Muara, one of
the largest aites of the Zamani Project with about six billion points, was suecessiully
modelled with the described registration and surface recomstruction methods. The
texturing methods were employed on, among others, the South African rock avt sites
of Game Pasg, Drakeusberg and Diepkloof, Cederberg. Also various other projects
served as testing envitonments for other parts of the workflow. such as DGE I+11
{Cameroon}, Petra (Jordan) and Namoratnng's (Tanzania),

5.3 Discussion of the Workllow

Beviewing the proposed worltflow and the experience made on the example of the
Gereza, in the following seclion, the undividual parta of the developed workflow will be

reviewed and discussed.
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5.3.1 Registration

Registration is still a largely mamal task, and Lhns, Lhe required time depends to a
Iarge amount on rendering speed while moving and rotating the scams around. Scuans in
lower resohition would increase the rendering speed, bul also provides fewer fralures for
an accyrale surface malehing. Splilling (he alionment process into a rough and a fine-
alignment step, proved to be a very efficient solution for this probletu, as experienced
on the example of the Gereza, For the initial alignment, where manual intervention
is large, the resolution of Lhe scans was lowered, while for the fine-alignment, where
the view of the scene is hardly changed, the high-resolntion scans were losded, As it
iz nol, possible Lo load all scang of very large dalasets at Lhe same time, the skeleton
madel approach Lurned out Lo be a very elfective soludion. Only the very mimimim of
scans needed to remain loaded during fine-registration, while all cthers were loaded,
fine-alipned aml m-loaded again from memory.

Global registraticn, as the aulomation of the fine-alignment process was often stud-
ied in lileralyre. ITowever, il was shown here, that Lhese processes do not always 1m-
prove the alignment. A disturbing clustering behaviour of the scans could be chserved,
which are linked by only little overlap, Tlowever, il is believed, that a skelelon model,
which cannst be modified during the global registration, could alzo be a solntion to
Lhis problews. The skeleton model provides enongh overlap for Lhe bulk of scans Lo be
aligmed properly and automatically, However, further tests are necessary to confirm
Lhiz idea.

5.3.2 LCleaning

The cleaning, as experienced on the Gereza dataset, is the most time-consuming part
of the pipeline and could largely be speed up by working on Lhe entire point eloud,
as apposed Lo single scans, As mosl software is not sble to easily process such large
dalasets. a sub-division of the scans into blocks, similar to the meshing procedure,
conld sclve this problem. For this purpose, the [le converter plx2ply was adapled Lo
split the scans inlo blocks, withomd converting them into s different forwat, First brief
experiments showed promising results,

It 15 nob believed that the cleaning process can be antomated entitelv. However,
the process could be drasticallv accelerated by providing inbellivent classilication and
segrentation algorithms, which can remove entire bighes or alher objecls, by a sinple
click. As explained before, information such as iulensily, colour (if svailable), point
normals, depth variations belween poink neighbours could be vsed for segmentation of

the data into individizal ohjecis.
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5.3.3 Surface Reconstruction

The developed approach of using data-subdivision, the double meshing process with
PlyMC and the creation of a Delaunay model in Geomagic worked without any com-
plications on the example of the Gereza. With these methods, two key issues of the
surface reconstruction process could be solved.

Firstly, the subdivision made the surface reconstruction independent of data size
and independent of the employed surface reconstruction algorithm. The meshing exper-
iment without subdivision, presented in section 5.1.4.4, confirmed the inefficient scan
handling of PlyMC as described earlier in section 3.4.4.3. Thus, as it is expected that
this behaviour becomes more and more problematic with even lager datasets, the only
alternative to become independent of the input data volume is the use of sub-divisions.
As an additional advantage, the first merging process with PlyMC could thebretica,lly
be swapped with any other meshing technique, even if it is not designed for out-of-core
data processing. However, the sub-division requires introducing an overlap between the
individual sub-blocks and thus a second merging step with PlyMC becomes necessary.

Secondly, the detailed output of PlyMC was combined with parts of the more
complete Delaunay model to produce a highly decorated model with only a minimum
amount of holes. This proved to be an effective work-around for the tessellation depth
problem. ‘

Despite the successful design of a flexible and scalable approach for the creation of
a 3D model, the suggested approach is quite complicated and requires a considerable
amount of experience to be able to estimate the appropriate subdivision settings and
tessellation depth threshold. It is believed that the meshing workflow, presented here,
could be simplified by using a surface reconstruction algorithm, based on Moving Least
Squares, similar to the approach by Cuccuru et al. (2009), as described earlier. Results
with another MLS software, OM, were reported in this research to combine detail and
completeness. However, the software was found to be not reliable enough to be included

in the current workflow, due to problems with vegetation.

5.3.4 Simplification

With the availability of larger RAM resources, simplification became a very straight-
forward technique. A mesh of over 32 million polygons could be simplified without any
problems on a 24GB machine. However, for more demanding cases, another method
was developed, which first simplifies strips of sub-blocks before all strips are decimated
altogether.
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As shown in the literature review of this research, the tendency is to implement the
simplification as part of the viewing process, and thus with the development of new
viewing tools, this step will be mostly excluded from the pipeline.

5.3.5 Hole Filling

In general, hole filling is a delicate matter in relation with cultural heritage. However,
the proposed process of creating realistic and accurate patches with SfM-methods and
their merging with PlyMC, as shown on the example of the Gereza, proved to be a
fast and easy method.

5.3.6 Texturing

The texturing of 3D models with the help of SfM-methods, as proposed in literature
(Liu et al., 2006), was found to be a very effective and fast solution to the image
alignment problem. The developed software sfm2texture allows the incorporation of
SfM into the workflow of aligning and projecting individual images with the VCG-
labs software suite TexAlign, TextAlignSuite and TexTailor. Due to inaccuracies in
the SfM-reconstruction-process, the images need to be re-fined with TextAlignSuite,
which was shown to be a fast process. Also the intensity-coloured-model, created with
Geomagic, was found to be of great value, resulting in faster convergence of the fine-
alignment procedure, as it served as a guiding reference for the mutual information
approach within TextAlignSuite. In parallel to this research, a similar approach was
developed by Corsini et al.2, which is believed to automate the SfM-texturing procedure
to a large extend.

Taking images for the processing with SfM tools for all rooms of a larger building
will be quite difficult, as this would require hundreds or even thousands of photographs.
However, full dome panoramas, together with the developed software PanoAlign, could
be a more effective approach to document rooms.

No solution could be found for automatic colour matching all images before they
are projected onto the surface and further research is recommended.

comment

2M. Corsini, M. Dellepiane, F. Gé.novelli, R. Gherardi, A. Fusiello, R. Scopigno - Private Commu-
nication with M. Dellepiane, November 2011
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Chapter 6

Conclusions and Recommendations for

Future Research

6.1 Conclusions

The primary objective of this research was to produce a pipeline, which is independent
of the size and the nature of the dataset and also allows the creation of highly detailed
3D models. The main usage of this pipeline is meant to be within the Zamani project,
a unique project, collecting data of various cultural heritage sites of different nature,
which requires a flexible workflow, providing alternatives for each step of the pipeline,
in case some methods fail or do not produce the required result. Besides the large
variety of scanned objects, the increasing data volume per scanned site, which grew
by two orders of magnitude during the past seven years, emerged as one of the key
problems in laser-scanning.

Producers of laser-scanning hard- and software tend to create the impression, that
producing an accurate, high resolution 3D model is an easy and almost automated
task. This research showed however that spatial data processing for cultural heritage
is not trivial at all and requires fundamental knowledge of the procedures to be able to
set the adequate parameters. Thus, a large part of this research was dedicated to the
collection and the discussion of the various available approaches to be able to design a
generic workflow, producing highly detailed 3D models, as successfully demonstrated
on the example of the Gereza, a dataset consisting of 720 million points.

As part of the primary objective, the increasing amount of points was also part
of the research questions, asking how the pipeline can be made independent of the
input data volume. This was mainly achieved by splitting the scan data automatically

into manageable sub-blocks and by presenting routines for the efficient processing and
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merging of these sub-blocks into a highly detailed 3D model. The subdivision process,
which can be adjusted according to the specifications of the current computer system
and the data volume of the current site, in combination with the use of out-of-core tools,
enables the reconstruction of a surface, based on the highest available resolution. Sub-
division however, can only optimize tasks, which are taking place after the registration
of scans. To also allow the registration to become independent of the amount of
recorded scans, it was suggested to produce a skeleton model of a few, very important
scans, covering the largest part of the object’s surface. As the registration is mainly
a pairwise alignment process, which accumulates errors with every scan added to the
group, the skeleton model can reduce the overall error, by serving as a reference for
the alignment of the bulk of scans.

Another research question to be investigated was about the design of a workflow
which is flexible enough to be applied to different objects of various natures. The an-
swer to this question was found by analysing various methods and offering alternatives
to be incorporated into the pipeline when necessary. While a specific workflow was
proposed here, software alternatives were presented for most processing steps, which
make the workflow independent of the nature of the scanned object. The user can
thus adapt to specific requirements of a site, for example, exchanging the meshing
algorithm, in case a watertight surface is desired, for example for landscapes or stat-
ues. Converters, such as sfm2Texture and ptx2ply, were created or modified, to ensure
compatibility between the individual steps.

The third research question was about the optimization and automation of the
workflow, to minimize the manual intervention. With regards to this question, ideas
and methods for the optimization of most of the steps were presented, which decrease
the manual processing time, such as the subdivision of scans for the cleaning of in-
dividual blocks rather than individual scans, and the use of a skeleton model during
registration. In addition, an approach was proposed to register scans automatically
with SfM-methods, as described in section 3.6.6, which seems to be worthwhile to be
investigated further. Also, the texturing and hole filling steps were found to benefit
greatly from the incorporation of Structure-from-Motion methods into the workflow.

With these and various other methods the optimisations of the individual steps of
the pipeline, as well as the overall procedure was achieved and an efficient pipeline was
developed. However, the process is still time consuming and requires high skill levels
and there is room for further development in nearly all steps of the pipeline.
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6.1. Conclusions

6.1.1 Limitations

A general limitation of this research was the limited space and time for the individual
processing steps, due to their integration into a larger, very complex workflow. Ideas,
which could have optimized some tasks even further, such as the registration of scans
with SfM methods, could not be followed up. Each of the processing steps provides
enough material to be a research topic on its own, and future work should rather focus
on resolving individual issues.

Another limiting factor was the little availability of free processing tools. As the
review of various approaches in literature showed, some very interesting ideas were
proposed, but only very few tools are released to the public. However, as this pipeline
was designed flexibly, it can be seen as a modular framework, of which its individual

parts can be replaced by other, new processing tools, if they become available.

6.1.2 Recommendations for Future Research

Even though a pipeline was presented, which can be employed in a productive environ-
ment and all research questions were answered, there is still a lot of room for further
development. In general, the key to further improvement and automation is believed
to be in the combination of laser-scanning with other techniques, such as photogram-
metry. SfM for example, as mentioned above, could be developed further to perform
the registration of laser scans and the alignment of photographs to the laser scan data
in one process.

It is not believed however, that the entire pipeline can be entirely automated to a
“one-click” process, as there will always be unforeseen problems or situations where
the algorithm cannot decide on how to proceed, such as during cleaning. Thus the key
is aiming for semi-automation, assisting the user as much as possible.

Apart from the processing, the actual viewing and examination of these high res-
olution models is still quite difficult, as appropriate software-viewers are still rare and
did not develop much beyond a proof of concept. Future work also needs to focus
on the implementation of these highly detailed 3D models in the workflow of other
professions such as architects, conservation and restoration experts. Only with the ac-
ceptance and understanding of the data by the users, laser-scanning of cultural heritage

site can receive the attention it deserves.

6.1.3 Outlook

In future, terrestrial laser scanning is likely to move away from scanning from fixed

locations to scanning from mobile platforms; an approach which is already used in the
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industry for the surveys of roads, industrial plants and cityscapes. For inside real-
time scanning, very promising results were reported for the Microsoft game-controller
Kinect, which records real-time 3D data with a built-in depth sensor (Izadi et al.,
2011). The authors presented an approach to dynamically create a 3D-model of a
scene, while the controller is swept across the surface. The sensor was also attached to
a small quad-copter drone which can autonomously explore and scan entire objects!.
Some problems experienced within this research will thus be overcome, but almost
certainly new issues will arise as well. Considering these developments, it is believed
that in the near future, producing highly detailed 3D models will become a standard
and affordable approach to the documentation of cultural heritage sites, a key aspect
to our cultural identity. "

'http://groups.csail.mit.edu/rrg/index.php?n=Main.VisualOdometryForGPS-DeniedFlight
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Glossary

page

4PCS 4 Point-Congruent Sets, automatic scan alignment 22
method

Photoscan Structure-from-motion software, commercial, 13
http://uww.agisoft.ru

Autodesk 123D | Structure-from-motion software, commercial, www. 13

Catch 123dapp.com

BRDF Bidirectional reflectance distribution function 50

Bundler Structure-from-motion software, open source, 13
http://phototour.cs.washington.edu/
bundler/

Cloud Compare Point Cloud analysis tool, open source, http:// 68
www.danielgm.net/cc/

CMVS Clustering Views for Multi-view Stereo, software 15
to subdivide large image-datasets to be processed
with PMVS by (Furukawa et al., 2010)

Cyclone Industrial point cloud processing software, com- 54
mercial, http://www.leica-geosystems.com

DLT Direct Linear Transform 13

Geomagic Industrial point cloud processing software, com- 78
mercial, http://www.geomagic.com

GNSS Global navigation Satellite System. General terms
for systems such as GPS

EXIF Digital Images can accommodate also additional

metadata in their header. EXIF is one of the avail-
able standards.
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ICP Iterative Closest Point Algorithm to align two ob- 17
jects (Besl and McKay, 1992; Chen and Medioni,
1992)

ImAlign Software to align laser-scans, Part of Innovmetric 54
Polyworks, http://www.innovmetric.com

ImEdit Software to edit 3D models, Part of Innovmetric 54
Polyworks, http://www.innovmetric.com

ImMerge Software to reconstruct a surface from laser 54
scans, Part of Innovmetric Polyworks, http://
www.innovmetric.com

Intensity values Reflectance strength of the signal which returns to
the laser scanning instrument

LAS File-Format to store point data, acquired by laser- 55
scanners

LOD Level-of-Detail 40

Manifold see definition in section 1.4.2 7

Marching Cubes Method to extract a triangulated surface from an 30
implicit representation

Meshlab Software to edit 3D models, incorporating a num- 54
ber of algorithms of various publications, open
source, http://meshlab.sf.net

MLS Moving Least Squares. Method to reconstruct a 33

v surface from a point cloud (Levin, 2003) -

Mutual Information | Automatic method to align a photograph to a 3D 46
model (Corsini et al., 2009)

My3DScanner Structure-from-motion software, commercial, 13
http://www.my3dscanner.com

nexus Software developed by the VCG-lab, Pisa to display 71
large triangulated meshes

oM OctreeMerge, Software developed by the VCG-Lab, 33
Pisa to reconstruct a surface, based on Moving
Least Squares (MLS) |

PanoAlign Software developed by the author to assist in align- 61

ing cube-map panoramas




Photosynth

Structure-from-motion software, commercial,

http://www.photosynth.net

13

PLY

File format, developed by the Stanford University,
to store polygonal 3D models. The format is often
used for points only as well.

55

Plycut

Software by the author, which spatially divides
a model in a PLY-file into subblocks or trims
the model of excess surface outside a specified

bounding-box

95

PlyMC

Software developed by the VCG-lab, Pisa to merge
laser-scans. Based on the Volumetric Integration
approach by (Curless and Levoy, 1996)

31

PMVS

Patch-based Multi-view Stereo Software for the
reconstruction of dense point clouds from pho-
tographs (Furukawa and Ponce, 2007)

15

Poisson

Software to reconstruct a surface from point cloud
data, open source, based on (Kazhdan et al., 2006)

34

PTX

File Format developed by Leica to store point cloud
data

55

Ptx2Ply

Software to convert a point cloud (PTX file) into
the various formats required by the surface recon-
struction algorihtms. It was developed within the
Zamani Project to convert PTX files into PLY, and
was extended during this research to accomodate
more output formats and more features, such as a
spatial subdivision. Based on code from Scanalyze.

55

PTXtransform

Software to apply a 4x4 transformation matrix,
specified in a XF-File to the points stored in a
PTX-File

108

Scanalyze

Software developed by the Stanford University to

‘align laser-scans with ICP, open source, http://

graphics.stanford.edu/software/scanalyze/

SIFT

Scale invariant Feature Transform, a image feature
detection method (Lowe, 2004)

13

SfM/SaM

Structure-from-Motion / Structure-and-Motion

13




Sfm2Texture

Software developed within this research to align
camera positions, part of a SfM-Reconstruction
with a 3D model, and to create a file per camera
station which can be read by TextAlignSuite

63

SFM-toolkit

Structure-from-motion software, open source,
http://wuw.visual-experiments.com/demos/
sfmtoolkit/

13

Spin Images

Method to automatically align laser scans (Johnson
and Hebert, 1997)

20

TDP

Tesselation Depth Problem

73

Tetrapuzzles

Adaptive Tetrapuzzles approach, developed to han-

dle the visualization of very large triangulated |

meshes

41

TexAlign

Software developed by the VCG Lab to recover
a camera position by selecting common points on
photograph and 3D model, software available on
request only ‘

58

TexTailor

Software developed by the VCG Lab to project im-
ages onto a 3D model, software available on request
only

58

TextAlignSuite

Software developed by the VCG Lab to recover
a camera position by using a mutual information

method, software available on request only

58

tricdecimator

Software developed by the VCG Lab to decimate
3D models, based on the Quadric Error Metric ap-
proach by (Garland and Heckbert, 1997)

39

vCG

Visual Computing Lab of the ISTI-CNR, Pisa,
http://vcg.isti.cnr.it/

VisualSFM

Structure-from-motion software, open source,
http://www.cs.washington.edu/homes/ccwu/
vsfn/

13

- Transformation File. Contains a 4x4 transforma-

tion matrix




Zamani Swahili word for the past. Zamani Project is 2
the short name for the ”African Cultural Her-
itage Sites and Landscapes Project” http://wuw.
zamaniproject.org

Zippering Method to merge triangulated laser scans, basedon | - 29

(Turk and Levoy, 1994)
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