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Abstract

3D technologies are becoming increasingly popular as their applications in industrial, consumer,
entertainment, healthcare, education, and governmental increase in number. According to market
predictions, the total 3D modeling and mapping market is expected to grow from $1.1 billion in
2013 to $7.7 billion by 2018. Thus, 3D modeling techniques for different data sources are urgently
needed.

This thesis addresses techniques for automated point cloud classification and the reconstruction
of 3D scenes (including terrain models, 3D buildings and 3D road networks). First, georeferenced
binary image processing techniques were developed for various point cloud classifications. Second,
robust methods for the pipeline from the original point cloud to 3D model construction were
proposed. Third, the reconstruction for the levels of detail (LoDs) of 1-3 (CityGML website) of 3D
models was demonstrated. Fourth, different data sources for 3D model reconstruction were studied.
The strengths and weaknesses of using the different data sources were addressed. Mobile laser
scanning (MLS), unmanned aerial vehicle (UAV) images, airborne laser scanning (ALS), and the
Finnish National Land Survey’s open geospatial data sources e.g. a topographic database, were
employed as test data. Among these data sources, MLS data from three different systems were
explored, and three different densities of ALS point clouds (0.8, 8 and 50 points/m?) were studied.

The results were compared with reference data such as an orthophoto with a ground sample
distance of 20cm or measured reference points from existing software to evaluate their quality. The
results showed that 74.6% of building roofs were reconstructed with the automated process. The
resulting building models provided an average height deviation of 15 cm. A total of 6% of model
points had a greater than one-pixel deviation from laser points. A total of 2.5% had a deviation of
greater than two pixels. The pixel size was determined by the average distance of input laser points.
The 3D roads were reconstructed with an average width deviation of 22 cm and an average height
deviation of 14 cm. The results demonstrated that 93.4% of building roofs were correctly classified
from sparse ALS and that 93.3% of power line points are detected from the six sets of dense ALS
data located in forested areas.

This study demonstrates the operability of 3D model construction for LoDs of 1-3 via the
proposed methodologies and datasets. The study is beneficial to future applications, such as 3D-
model-based navigation applications, the updating of 2D topographic databases into 3D maps and
rapid, large-area 3D scene reconstruction.

Keywords airborne laser scanning, mobile laser scanning, topographic database, building
detection, building reconstruction, road detection, road reconstruction
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Tiivistelma

3D-teknologiat ovat tulleet yha suositummiksi niiden sovellusalojen liséantyessa teollisuudessa,
kuluttajatuotteissa, terveydenhuollossa, koulutuksessa ja hallinnossa. Ennusteiden mukaan 3D-
mallinnus- ja -kartoitusmarkkinat kasvavat vuoden 2013 1,1 miljardista dollarista 7,7 miljardiin
vuoteen 2018 mennessa. Erilaisia aineistoja kayttavid 3D-mallinnustekniikoita tarvitaankin yhéa
enemman.

Tassa vaitoskirjatutkimuksessa kehitettiin automaattisen pistepilviaineiston luokittelutekniikoita
ja rekonstruoitiin 3D-ympéristdja (maanpintamalleja, rakennuksia ja tieverkkoja). Georeferoitujen
binddristen kuvien prosessointitekniikoita Kkehitettiin useiden pilvipisteaineistojen luokitteluun.
Tyossa esitetddn robusteja menetelmid alkuperdisestd pistepilvestd 3D-malliin eri CityGML-
standardin tarkkuustasoilla. Myds eri aineistolahteitda 3D-mallien rekonstruointiin tutkittiin. Eri
aineistolahteiden kayton heikkoudet ja vahvuudet analysoitiin. Testiaineistona kaytettiin liikkuvalla
keilauksella (mobile laser scanning, MLS) ja ilmakeilauksella (airborne laser scanning, ALS)
saatua laserkeilausaineistoja, miehittdmattomilla lennokeilla (unmanned aerial vehicle, UAV)
otettuja kuvia sekd Maanmittauslaitoksen avoimia aineistoja, kuten maastotietokantaa. Liikkuvalla
laserkeilauksella kerétyn aineiston osalta tutkimuksessa kaytettiin kolmella eri jarjestelmalla saatua
dataa, ja kolmen eri tarkkuustason (0,8, 8 ja 50 pistettd/m2) ilmalaserkeilausaineistoa.

Tutkimuksessa saatuja tulosten laatua arvioitiin vertaamalla niitd referenssiaineistoon, jona
kaytettin ortokuvia (GSD 20cm) ja nykyisissa ohjelmistoissa olevia mitattuja referenssipisteita.
74,6 % rakennusten katoista saatiin rekonstruoitua automaattisella prosessilla. Rakennusmallien
korkeuksien keskipoikkeama oli 15 cm. 6 %:lla mallin pisteistd oli yli yhden pikselin poikkeama
laseraineiston pisteisiin verrattuna. 2,5 %:lla oli yli kahden pikselin poikkeama. Pikselikoko
maédriteltiin kahden laserpisteen vélimatkan keskiarvona. Rekonstruoitujen teiden leveyden
keskipoikkeama oli 22 cm ja korkeuden keskipoikkeama oli 14 cm. Tulokset osoittavat ettd 93,4 %
rakennuksista saatiin luokiteltua oikein harvasta ilmalaserkeilausaineistosta ja 93,3 %
séhkojohdoista saatiin havaittua kuudesta tihedstd metsdalueen ilmalaserkeilausaineistosta.

Tutkimus demonstroi 3D-mallin konstruktion toimivuutta tarkkuustasoilla (LoD) 1-3 esitetyilla
menetelmilld ja aineistoilla. Tulokset ovat hyddyllisid kehitettdessd tulevaisuuden sovelluksia,
kuten 3D-malleihin perustuvia navigointisovelluksia, topografisten 2D-karttojen ajantasaistamista
3D-kartoiksi, ja nopeaa suurten alueiden 3D-ympéristdjen rekonstruktiota.

Avainsanat ilmalaserkeilaus, liikkuva laserkeilaus, maastotietokanta, rakennusten tunnistus,
rakennusten rekonstruktio, tien tunnistus, tien rekonstruktio
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PREFACE

The study presented in this thesis was carried out as part of my work as a researcher at the
Finnish Geospatial Research Institute (FGI), Department of Remote Sensing and
Photogrammetry. This thesis has been concentrated on the topic of 3D scene reconstruction
from various point clouds. Some automated methods have been developed and
implemented to speed up the data processing. The achievement here was a piece of solid
work in this topic. In further research work, 3D scene reconstruction will direct to the
automation of high detail models from an integration of available resources.

During the past years working in FGI, | would like to say many many thanks to Professor

Juha Hyyppé, Head of the Remote Sensing and Photogrammetry Department (FGI): thank
him for creating an international environment for us; thank him for his great help and firm
support in my research career; thank him for offering me the opportunities of personal
development in FGI; also thank him for his inspiring and understanding in some difficult
situations. As a head of department, his positive thinking and open-minded communication
have created a good atmosphere for our work. Without him, I wouldn’t gain today’s
achievement.

I would extremely thank Professor Henrik Haggren, the supervisor of the thesis, from
Aalto University, Department of Real Estate, Planning and Geoinformatics. He was not
only as a supervisor of my Doctoral thesis, but also as a supervisor of my Master thesis.
Discussions with him have always been valuable. | have learned a lot from him. I would
like to specially thank him for his offering me a first job in Finland. And also he has
guided me to the research career. Without his help and support, 1 might not go far in my
research career. His encouragement and advices always accompanied me in my late
research career.

I would also thank Professor Ruizhi Chen, now Texas A & M University, former head of
Navigation and Positioning Department (FGI) (before 2013). | remembered that | was
hired by FGI in 2008 because of his coordinated three-year project ‘3D-NAVI-EXPO’.
Since then, ‘3D’ became my oriented research topic. Thank him for bringing me to the ‘3D
world’.

I am thankful to Professor Hannu Hyyppa from Aalto University and Helsinki Metropolia
University of Applied Sciences for his support and inspiration in many cooperative
projects.

Thanks to the pre-examiners of this dissertation, Professor Norbert Haala, Stuttgart
University, and Dr. Sander Oude Elberink, University of Twente, for their efforts and
comments. Their comments have brought me for constructive thinking.

I would also express my gratitude to all colleagues for bringing me a harmonious working
atmosphere. Especially, the co-authors of the appended papers, Antero Kukko, Anttoni
Jaakkola, Harri Kaartinen, Matti Lehtomaéki, and Anssi Krooks have given great support in
this study. | would also like to thank Leena matikainen, Tuomas Turppa, Eero Salminen
and Yiwu Wang for their support and cooperation. | am also thankful to Heli Honkanen for
her help in translating the abstract of this thesis into Finnish during the late stage of my
thesis. It has been a pleasant experience to work with them all.



This thesis will be the first one in using a new designed cover after the FGI merging to the
National Land Survey of Finland (NLS). Thanks Professor Tiina Sarjakoski, Research
Director of FGI, for her arrangement to make things go smoothly in a new system.

With our Chinese colleagues in FGI, | enjoyed the lunch time with them. They have
brought happy and joyful time for me. Nice to meet them in Finland!

Many thanks to my friends and my families. Because of them, my life became wonderful.
Thank them all for their sustained support, care and love!

Kirkkonummi, 6 May 2015

Lingli Zhu
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1. INTRODUCTION

1.1 Background and motivation

3D modeling is the process of forming the 3D surface of an object. The result is a 3D
model. A 3D model is formed from a set of vertices that define the shape of the object.
Recently, the technologies for 3D modeling have been gaining popularity in industrial,
consumer, entertainment, healthcare, education, and governmental applications. According
to a market research report (Market research report, 2014, online), the 3D modeling and
mapping markets are expected to grow from $1.1 billion in 2013 to $7.7 billion by 2018.
Smartphone companies, such as Google, Microsoft, Apple, and Samsung, have shown
substantial interest in 3D map applications. 3D maps have numerous advantages compared
to 2D maps, including facilitating better navigation, decision making and information
visualization in urban planning, in many general smart city concepts, and location-based
services. 3D modeling solutions enable users to rapidly construct 3D maps of surrounding
areas.

Major data sources used in 3D modeling include photogrammetric images, laser
scanning (LS) and existing map data. Photogrammetry is the technology of deriving 3D
data from 2D images by mono-plotting (single-ray back projection), by stereo-imagery
interpretation or by multi-image block adjustment. In the past, photogrammetry played a
major role in the derivation of geographic data. The current technology in LS offers an
alternative solution for the acquisition of 3D geographic data (Hyyppa et al., 2008). LS is
based on laser (LIDAR) range measurements from a carrying platform and on the precise
positioning and orientation of the platform. LS is also referred to as Light Detection and
Ranging (LIDAR) because it uses a laser to illuminate Earth’s surface and a photodiode to
register the backscatter radiation. The time it takes for the laser beam to reach the target
and return to the source (delay) is used to measure the distance to the target, i.e., with the
speed of light. After GPS, IMU, and scanning mechanisms were attached to laser ranging
measurement devices, initially for military purposes in the 1980s and later for surveying
purposes, the field of science currently known as airborne LS (ALS) was born. The typical
operating wavelength range used in LIDAR is between 250 and 1,600 nm, and the most
commonly used wavelengths in LS are close to 1,000 nm, i.e., 905 or 1,064 nm. However,
these wavelengths are easily absorbed by the eye. An alternative laser with a 1,550 nm
wavelength is safe for eyes at higher power levels. Based on the development of electro-
optical sensor technology together with the development of direct geo-referencing methods
since the mid-1990s, airborne LS integrated with GPS and IMU has become available
(Petrie, 2010) for direct 3D data acquisition. Significant advancements over nearly two
decades have resulted in the current situation, whereby LIDAR systems have become
important sources of high-resolution and accurate 3D geographic data (Toth, 2009).
Currently, ALS systems are extremely practical solutions for mapping large areas with a
high degree of accuracy, e.g., to determine elevations and generate 3D models. Elevation
accuracies of 5-10 cm are common, whereas planimetric accuracies range between 20 and
80 cm, depending on the flying height and IMU characteristics (Hyyppa et al., 2009). The
planimetric error of the just-announced Optech TITAN is 1/7500 times the height [m], i.e.
less than 30 cm from an altitude of 2 km. The density of point collection has been greatly
improved after a decade’s worth of development. For instance, in 1993, the pulse repetition
frequency (PRF) of ALS was 2 kHz, whereas in 2013, it had increased to 800 kHz. The
point density has increased from a few points per square meter to the current density of 50
points/m?.


http://en.wikipedia.org/wiki/Three-dimensional_space

Mobile LS (MLS), which is also called mobile terrestrial LS, is currently a rapidly
developing area in LS, with laser scanners, GNSS and IMU being mounted onboard
moving vehicles. MLS can be considered to fill the gap between ALS and terrestrial LS
(TLS). In MLS, data collection can be performed either in the so-called stop-and-go mode
or in a continuous mode. The stop-and-go mode corresponds to conventional TLS
measurements; therefore, MLS is hereafter used to refer to the continuous model, i.e., the
use of continuous scanning measurements along the drive track. In addition to laser
scanners, MLS data acquisition sensors can include accessories, such as digital cameras
thermal camera, spectrometers and video cameras. The past few years have seen
remarkable development in MLS to accommodate the need for large-area and high-
resolution 3D data acquisition. MLS serves one of the fastest growing market segments:
3D city modeling (Toth, 2009). Advanced real-time visualization for location-based
systems, such as vehicle navigation (Cornelis et al., 2008) and mobile phone navigation
(Chen et al., 2010), require the large-scale 3D reconstructions of street scenes. The use of
MLS results in different point densities and greater scanning angles and closer ranges to
the objects compared to ALS. State-of-the-art MLS has a scan rate of 400 lines per second;
the MLS RIEGL VMX-450-RAIL (RIEGL, USA) can measure up to 1.1 million points per
second along the trajectory of a moving platform with a 360° field of view without gaps
(RIEGL website, USA, 2014, online). The measurement distance to the objects can range
from 0.3 to 800 m. The development of mobile sensor technology has made it possible to
acquire data from complex terrains and scenes because of its use of various flexible
platforms, such as aircraft, cars or van, trains, boats, trolleys and personal backpacks. An
example of MLS used for surveying applications in the field of natural sciences can be
found in Kukko et al. (2012).

Unmanned aerial vehicles (UAVs) were originally used for target practice to train
military personnel. UAVs are becoming standard platforms for the large-scale mapping of
areas of limited extent (Haala et al., 2013). Low-cost UAVs with a camera, a laser scanner
or both are widely utilized for surveys. The main reasons are the following: i) survey cost
considerations; ii) the safety factor, whereby the lack of a pilot makes it convenient to
collect data in disaster areas, e.g., areas affected by floods, earthquakes and tsunamis; iii)
low-altitude data acquisition, which fills the gap between high-altitude flight observations
and close-range ground-based observations; iv) and their ability to perform data acquisition
of locations where MLS cannot observe. Typically, camera-based UAVs collect images
with large overlaps. Dense point clouds can be generated from such images. The quality of
3D point clouds from UAV images was discussed by Haala et al. (2013).

Open geospatial data have gained considerable popularity in the past few years. Various
national governments have provided geospatial data as open data sources on websites to
share and explore the potential of data through the development of applications to address
public and private demands. In the spring of 2010, the UK government allowed a
significant number of datasets to be freely accessible by the general public via a program
named ShareGeo Open (ShareGeo Open repository, 2014, online). These datasets included
many core datasets held by the Office of National Statistics, the Central Government and
the Ordinance Survey. Since May 1, 2012, the Finnish NLS has made its topographic
datasets freely available to the public. According to the NLS’s agreement, the open data
product can be used without compensation and with extensive and permanent rights of use
(NLS website, 2014, online). In March 2014, the commercial software company Esri
launched the ArcGIS Open Data site, which enables organizations to create custom open
data websites. As more open geospatial databases become available, the trend to update the
geospatial databases from 2D to 3D became evident due to the increasing need for 3D
applications, such as flood risk modeling, flight path planning, and environment and



coastal protection. In 2012, the Netherlands established the 3D national standard for large-
scale topography (Geospatial world forum, 2012). In December 2013, Singapore launched
a plan for the development and maintenance of a 3D topographic database. In Finland, the
need to update a 2D topographic database to a 3D topographic database is urgent because
ALS data continuously proliferate throughout Finland. Therefore, one of our motivations
in this thesis was to investigate the NLS 2D topographic database and to advance the
technology for updating 2D topographic databases to 3D.

The available resources have provided support for our 3D modeling study. This thesis
will address the method development based on these sources for automated 3D object
detection and 3D model reconstruction.

1.2 Hypothesis
This study is based on the following hypotheses:

e 3D scene (including terrain, buildings and roads) can be reconstructed from
point clouds and topographic databases by developing automated methods and
that these methods can produce good results.

e Object classification (e.g. buildings and power lines) approaches for ALS can be
automated.

1.3 Objectives of the study

The objectives of this study is to develop techniques for 3D modelling using various
data sets such as from ALS, MLS, UAV images and topographic database data. The sub-
objectives are as follows:

i) Develop an automated pipeline from original point clouds to 3D model
reconstruction;

ii) Develop approaches for various point cloud classification schemes;

iii) Reconstruct different LoDs of 3D models;

iv) Explore different data sources for 3D model reconstruction; and

v) Evaluate the accuracy of the methods and the operability in practice.

1.4 Structure and contribution of the study

The thesis consists of a summary and six original publications. In addition to the
background and introduction, in the summary section, various previous studies will be
addressed, the developed methods will be presented, the results will be demonstrated, and
future considerations will be discussed.

To achieve the above objectives, the following research has been performed:

e Paper | presents the procedure of photorealistic 3D building model reconstruction from
MLS point clouds and terrestrial images. In this paper, the author investigates the
feasibility of using MLS data for building reconstruction. The findings indicate that
when MLS data around the buildings are available and when the building roofs are flat,
the building models can be reconstructed using MLS data. The methods for ground and
building classification, plane detection, texture acquisition and mapping are addressed.
This study provides new information for the use of MLS data.

e Paper Il introduces the 3D railway environment reconstruction from ALS and MLS. In
this study, multiple algorithms, from object classification to 3D visualization, were
developed to provide object extraction from ALS and ground model simplification. The
strengths and weaknesses of the object extraction from ALS and MLS were addressed.
The findings indicated that the ground and building roof extraction from ALS exhibited
considerable advantages, and the building walls and poles from MLS exhibited
advantages. Either ALS or MLS can be utilized for power lines. However, this choice



heavily depends on the scene situation, availability of data and density of ALS point
clouds.

e Paper 111 addresses the use of MLS and UAYV images for 3D model reconstruction. The
study indicates that MLS data and UAV images have complementary characteristics.
Camera-based UAVs can not only provide information from a top view but also offer
useful data for areas in which MLS platforms are not accessible, such as various
private yards and certain small tracks. In this paper, registration between MLS and
UAV images was considered. The poles from MLS were utilized to register the
datasets in a consistent coordinate system. Thus, a complete model was obtained.

e Paper IV develops automated 3D scene reconstruction from ALS and a topographic
database. The focus of this study is on automated algorithm development for 3D
building models and 3D road network reconstruction from ALS and Finnish National
Land Survey (NLS) open geospatial datasets. The motivation was to investigate the
open geospatial database from the NLS and to advance the technology for updating 2D
topographic databases to 3D. As a result, a 3D scene consisting of a 3D terrain model,
3D building models and 3D road networks was automatically reconstructed.

e Paper V proposes a robust approach for power line extraction from high-density ALS
in forested areas. Our method was developed based on a statistical analysis and 2D
image-based processing technology. This method was performed using six sets of ALS
data from different forest environments. A comparison with reference data indicated
that 93.26% of power line points were correctly classified. This approach can also be
used in urban and open areas.

e Paper VI is a book chapter. This book chapter contains a detailed review of data
acquisition, object classification, 3D reconstruction and 3D visualization. 3D city
modeling for mobile-phone-based applications is emphasized.

2. LITERATURE REVIEW

In the past two decades, various studies on point cloud classification and 3D object
reconstruction have made considerable progress. Numerous methods have been proposed
in the photogrammetry, remote sensing and computer vision fields. The following section
reviews methods in object detection and 3D model reconstruction from point clouds.

2.1 Object detection from LS data

Methods for object detection rely heavily on data sources. Data from the field of
photogrammetry, such as single images, stereo images or multiple images, are used to
extract edge features or line-shaped objects, which provides significant benefits. However,
planar feature extraction often relies on texture recognition, which is considerably
influenced by an object’s reflection, the light source, the angle of illumination, and the
position of the camera. Therefore, it is more reliable to acquire planar features from laser
point clouds (Kaartinen and Hyyppd, 2006). A georeferenced LS point cloud includes,
broadly speaking, coordinates, echoes, reflectance, and time information, which are used in
the classification. Statistical classification methods are commonly used. Points can be
divided into various classes using intensity values, echoes (e.g., only, the first of many,
intermediate or last pulse), and height and location information. The heights can be relative
to the ground, or they can be absolute values. Various filtering techniques have been
developed for applications, such as ground classification, building, road and power line
extraction.

The approaches for the classification of ground points from laser point clouds have been
proposed by various researchers, including Arefi and Hahn (2005), Axelsson (2000),



Fowler et al. (2006), Kobler et al. (2007), Kraus and Pfeifer (1998), Liang et al. (2014),
Meng et al. (2009), Mongus et al. (2014), and Wack and Wimmer (2002). Kraus and
Pfeifer (1998) developed a DTM algorithm for wooded areas. The terrain points and non-
terrain points were distinguished using an iterative prediction of the DTM and weights
attached to each laser point based on the vertical distance between the expected DTM level
and corresponding laser point. Axelsson (2000) developed a progressive TIN densification
method that is implemented in the TerraScan software (Terrasolid, Finland). A comparison
of the filtering techniques used for DTM extraction can be found in a report on an ISPRS
comparison of filters (Sithole and Vosselman, 2004). The results validated that all filters
exhibited good performance on smooth rural landscapes but that errors were produced in
complex urban areas and rough terrain with vegetation. Meng et al. (2010) investigated
state-of-the-art ground filtering techniques. The authors noted that ground filters
commonly utilized four characteristics: lowest feature in a specific area, ground slope
threshold, ground surface elevation difference threshold, and smoothness. Slope-based and
direction-based techniques were widely applied. Ground filtering for rough terrain or
discontinuous slope surfaces, dense forest canopies and low vegetation areas remain
challenging (Meng et al., 2010). After ground point classification, it is important to
simplify the ground model for, e.g., visualization, rendering, and animation. A few
methods for terrain simplification have been addressed by, e.g., Ben-Moshe et al. (2002)
and Gu et al. (2014). To speed up data visualization, most methods were designed to
improve the performance of data processing (e.g., optimizing the efficiency of fetching and
accessing data) instead of reducing data, for example, using an out-of-core algorithm.
Regarding classification of building points from ALS, previous research has shown that
buildings can be automatically detected from ALS data with relatively high accuracy (e.g.,
Awrangjeb et al. (2012, 2014); Belgiu et al., 2014; Chen et al., 2012; Chen at al., 2014;
Dorninger and Pfeifer, 2008; Forlani et al., 2006; He et al., 2014; Karsli and Kahya, 2012;
Liu et al., 2012; Matikainen et al., 2003; Melzer, 2007; Mongus et al., 2014; Moussa and
El-Sheimy, 2012; Niemeyer et al., 2011; Rottensteiner et al. (2005b, 2012, 2013, 2014),
Tournaire et al., 2010; Vogtle and Steinle, 2003; Verma et al., 2006; Vosselman et al.
2004; Waldhauser et al. 2014; Zhang et al. 2006; Rutzinger et al., 2009; Yang et al., 2014).
Different types of features, including local co-planarity, height texture or surface
roughness, reflectance information from the images or from LS data, height differences
between the first pulse and last pulse of laser scanner data, and shapes and sizes of objects,
have been used to separate buildings and vegetation. State-of-the-art building detection
information can be found in the latest results from ISPRS benchmarks in urban object
detection and 3D building reconstruction. This benchmarks were launched in 2012. The
results were published in July 2014 (Rottensteiner et al., 2014). In this benchmark, two test
areas with five datasets were provided. The first test contained georeferenced 8-cm GSD
aerial color infrared images with 65% forward overlap and 60% side overlap and an ALS
with a density of 4-7 points/m* from an area in Vaihingen, Germany. The second test
contained a set of georeferenced 15-cm GSD RGB color images with 60% forward overlap
and 30% side overlap and ALS data with a density of approximately 6 points/m? from an
area in Vaihingen, Germany. Rottensteiner et al. (2014) discussed the results from this
campaign. There were 27 methods presented in their study. The methods were divided into
three groups: supervised classification, predominated model-based classification and
heuristic models based on statistical sampling for the energy functions. The latter two did
not include training datasets and thus can be classified as unsupervised methods. The
evaluation of the detected results was based on all buildings and only on buildings larger
than 50 m® The results from detecting buildings larger than 50 m? were promising.



However, detecting small buildings and separating trees from roofs continued to present
challenges. There remains room for improvement.

In recent years, object modelling from MLS has become a focus of researchers. The
applications typically consisted of extracting building walls, poles, road marks, power lines
and other city furniture such as traffic signs and streetlights. The studies have been
addressed in Brenner (2009), Cornelis et al. (2008), Guan et al. (2014), Jaakkola et al.
(2008, 2010); Jochem et al. (2011), Lehtomaki et al. (2010), Toth (2009), Pu et al. (2011),
Yang et al. (2013, 2015), and Zhao and Shibasaki (2003, 2005). Early studies from Zhao et
al. (2003) have proposed a fully automated method for reconstructing a textured CAD
model of an urban environment using a vehicle-based system equipped with a single-row
laser scanner and six line cameras plus a GPS/INS/Odometer-based navigation system. The
laser points were classified into buildings, ground and trees by segmenting each range scan
line into line segments and then grouping the points hierarchically. The vertical building
surfaces were extracted using Z-images, which were generated by projecting a point cloud
onto a horizontal (X-Y) plane, where the value of each pixel in the Z-image is the number
of the point cloud falling on the pixel. However, for a single building, the Z-image is not
continuous in intensity as a result of the windows in the walls. Therefore, this method is
not so useful when addressing buildings with large reflective areas, e.g., balconies with
glass or windows. Additionally, problems related to object occlusion have been reported.
The latest study on MLS classification was performed by Yang et al. (2015). The authors
presented an approach based on multi-scale super-voxel segmentation for MLS point cloud
classification. Consequently, buildings, street lights, trees, telegraph poles, traffic signs and
cars were classified from MLS data with an overall accuracy of 92.3%.

The available approaches for extracting power lines from ALS are described in Melzer
and Briese (2004), Clode and Rottensteiner (2005), McLaughlin (2006), Jwa et al. (2009),
Kim and Sohn (2011, 2013), and Sohn et al. (2012). Melzer and Briese (2004) proposed a
method for power line extraction and modeling via ALS using a 2D Hough transformation
and 3D fitting methods. Jwa (2009) introduced a voxel-based piecewise line detector
(VPLD) approach for automated power line reconstruction using ALS data. This method
was based on certain assumptions, such as the transmission line not being disconnected
within one span and the direction of the power line not changing abruptly within a span.
The latest contribution to power line classification and reconstruction using ALS data was
by Sohn et al. (2012) and Kim and Sohn (2013); Sohn et al. used a Markov random field
(MRF) classifier to discern the spatial context of linear and planar features, such as in a
graphical model for power line and building classification. They assumed that power lines
run through inhabited areas with many buildings. Power line pylons were classified and
indicated the connection between power lines. Kim and Sohn (2013) proposed a point-
based supervised random forest method for five utility corridor object classifications from
an ALS point cloud set with a density of 25-30 points/m?. Based on the above literature
review, the methods for power line detection can be summarized into two types: line-
shape-based detection methods (e.g., RANSAC and 2D Hough transformation (Axelsson,
1999; Melzer and Briese, 2004; Liu et al., 2009; Liang et al., 2011; Li et al., 2010)) and
supervised classification methods (McLaughlin, 2006; Jwa et al., 2009; Kim and Sohn,
2011; Sohn et al., 2012).

2.2 Object reconstruction

3D reconstruction is the process of determining the shape and appearance of objects. 3D
building reconstruction from airborne-based data, including ALS and images, significant
efforts have been made by many researchers, e.g., Vosselman, et al. (1999, 2001, 2002,
2010), Brenner, et al. (1998, 2000, 2004, 2005), Haala et al. (1998, 1999, 2004, 2006,



2010), Rottensteiner et al. (2003, 2005b, 2012, 2013, 2014), and Elberink (2006, 2008,
2009, 2010, 2011). In addition, more recent studies on building reconstruction have been
presented by Bulatov et al. (2014), Hron and Halounova (2015), Huang et al. (2013),
Jochem et al. (2012), Kim and Shan (2011), Perera et al. (2014), Rau and Lin (2011),
Sampath and Shan (2010), Seo et al. (2014), Xiong et al. (2014), Yan et al. (2015), and
Zhang et al. (2011).

Vosselman (1999) proposed a building reconstruction method using ALS data. The roof
patches were segmented using a 3D Hough transformation. The edges are identified using
the intersection of faces and an analysis of height discontinuities. The roof topology is built
by bridging the gaps in the detected edges. The use of geometric constraints is proposed to
enforce building regularities. In a subsequent approach (Vosselman and Dijkman, 2001,
Vosselman and Suiveg, 2001), ground plans are used. If building outlines are not available,
they are manually drawn in a display of the laser points with color-coded heights. The
concave ground plan corners are extended to cut the building area into smaller regions, and
Hough-based plane extraction is constrained to these regions. Split-and-merge is used to
obtain the final face. To preserve additional details in the model, another reconstruction
method, a model-driven approach, has been explored. Building models were interactively
decomposed to meet the predefined simple roof shape (flat, shed, gable, hip, gambrel,
spherical, or cylindrical roof).

The approach of Brenner and Haala (1998) uses DSMs and 2D ground plans as data
sources in an automatic and/or semiautomatic reconstruction process. First, ground plans
are divided into rectangular primitives using a heuristic algorithm. For each of the 2D
primitives, a number of different 3D parametric primitives from a fixed set of standard
types are instantiated, and their optimal parameters are estimated. The best instantiation is
selected based on area and slope thresholds and on the final fit error. The 3D primitive
selection and parameters can be later modified using a semiautomatic extension. A human
operator can use aerial images to refine the automatic reconstruction when semi-automatic
post-processing is performed. Rectangles of ground plan decomposition can be
interactively modified or added, and these rectangles are again used for 3D primitive
matching. This interactive mode can also be used if no ground plan is available. The final
object representation is obtained by merging all 3D primitives. Brenner (2000b) uses
regularized DSM and ground planes for building-model reconstruction. A random
sampling consensus (Fischler and Bolles, 1981) was applied for roof plane detection. A set
of rules expressing possible labeling sequences, i.e., possible relationships between faces
and the ground plan edges, is used to either accept or reject the extracted face. Regularity is
enforced using additional constraints and least squares adjustment.

Haala and Brenner (1999) used laser scanning data and ground plans for building
reconstruction. The first step was to acquire DSM from laser point cloud data. Then, DSM
was simplified to reduce the number of presented points. Next, the ground plan was
decomposed according to the DSM normal. An interactive editing tool was developed to
refine the initial reconstruction. Finally, 3D CAD models were reconstructed. Terrestrial
images were used for photorealistic building facades. In a subsequent approach by Haala et
al. (2006), the authors presented a cell decomposition method for both roof and facade
reconstruction from input data of ground plans, ALS and TLS. This approach provided
greater performance for building model reconstruction at different scales.

Rottensteiner and Briese (2003) used laser data (for regularized DSM) and aerial images
(to perform segmentation of aerial image grey levels and expansion by region-growing
algorithms). In this method, planar roof segments are detected using the DSM normal
vectors integrated with the segments from the aerial images. Plane intersections and step
edges are detected, and a polyhedral model is derived. Rottensteiner et al. (2005a) only



used laser data. Roof planes were detected using the surface normal vectors. The detection
of plane intersects and step edges was then performed. Finally, all step edges and
intersection lines were combined to form the polyhedral models. The author’s recent
contributions to the ISPRS benchmark for urban object detection and 3D building
reconstruction can be found from Rottensteiner et al. (2012, 2013, and 2014). More
information about the ISPRS benchmark will be introduced later.

Elberink (2008) noted problems in using dense ALS data for automated building
reconstruction and also discussed problems in model-driven methods and the combination
of data- and model-driven approaches. Specifically, the following problems were noted:
uneven distribution of the laser points; the determination of the parameters for roof plane
segmentation; inconsistencies between point clouds and ground plans when using ground
plans; misclassification or incompleteness of laser point data when not using ground plans;
errors from building outline detection due to the missing laser points; creating hypotheses
about 3D building shapes; challenges in reconstructing complex building shapes and
certain small details when using model-driven methods; and conflicts when applying the
thresholds for the final shape of the model when using a combination of data- and model-
driven approaches. In Elberink (2009), the author developed a target-based graph matching
approach for building reconstruction from both complete and incomplete laser data. The
method was validated using test data from residential areas of Dutch cities characterized by
architectural styles consisting of villas and apartment houses. Of 728 buildings, 72%
exhibited complete shape matching, 20% resulted in incomplete matches, and 8% failed to
fit to the initial laser points.

The reviews of building reconstruction methods can be found in, e.g., Brenner (2005),
Kaartinen and Hyyppa (2006), Haala and Kada (2010), Rottensteiner et al. (2012, 2013,
2014). Brenner (2005) investigated reconstruction approaches based on different
automation levels, in which the data were provided by airborne systems, and Kaartinen and
Hyyppéa (2006) collected building extraction methods from eleven research agencies in
four testing areas. The input data contain airborne-based data and ground plans (for
selected buildings). Building extraction methods were analyzed and evaluated from the
aspects of the time consumed, the level of automation, the level of detail, the geometric
accuracy, the total relative building area and the shape dissimilarity. Haala and Kada
(2010) reviewed building reconstruction approaches according to building roofs and
building facades, in which the input data covered both airborne- and ground-based data.
The approaches related to building reconstruction can be grouped into three categories:
data-driven, model-driven and a combination of data- and model-driven approaches. Haala
and Kada (2010) classified the building reconstruction methods into three types: i)
reconstruction with parametric shapes, ii) reconstruction with segmentation, and iii)
reconstruction with digital surface model (DSM) simplification. Methods in the first
category are model-driven methods, whereas methods in the latter two categories are data-
driven methods. The strengths and weaknesses of the data- and model-driven methods
have been discussed in previous studies (Tarsha-kurdi, 2007). For example, data-driven
methods are more flexible and do not require prior knowledge; however, the density of the
data has a significant effect on the resulting models. Model-driven approaches predefine
parametric shapes or primitives, such as simple roof prototypes (e.g., gable, hip, gambrel,
mansard, shed and dormer). Building models can be reconstructed by using a combination
of different primitives. One of the advantages of a model-driven approach is that a
complete building roof model can be constructed according to predefined shapes when
some building roof data are missing (e.g., due to reflection or an obstacle). However,
failure is possible when reconstructing complex buildings and building models that are
excluded in predefined shapes (Haala and Kada, 2010).



The results of building reconstruction using ISPRS benchmarks for urban object
detection and 3D building reconstruction performed in 2012 can be found in Rottensteiner
(2014). Fourteen different building reconstruction methods were submitted. Ten methods
were based on ALS points, two methods employed images, one method was based on a
raster DSM from ALS, and one method used both images and ALS data. The results
indicated that ALS data were preferred to images during building reconstruction. Eight
methods were based on generic building models, five methods were employed adaptive
predefined models, and one method was based on primitives. Data-driven methods are
more prevalent in this benchmark. During the reconstruction process, under-segmentation
was the dominant error type for areas with small buildings, whereas over-segmentation
errors were common for areas with large roofs. From this study, the authors noted that
further improvement of the reconstruction of small buildings and complex flat roofs was
needed (Rottensteiner, 2014).

The challenges of building reconstruction have been addressed in previous research. For
example, Elberink (2010) presented promising methods utilizing both model-driven and
data-driven approaches for oblique roof reconstruction. However, the author noted that
reconstruction was not feasible when buildings contain complex height jumps and flat
roofs because the proposed algorithm could not reliably locate all edges of flat roof
segments and because the locations of corner points inside the polygon were not detected
(Elberink, 2010). In addition, the results from ISPRS benchmark (Rottensteiner, 2014) also
evidenced that reconstruction of complex flat roofs was still a challenging work. In this
thesis, the solutions to the problems will be addressed.

In regard to road modeling, Mayer et al. (2006) addressed the results of road extraction
from the EuroSDR benchmark campaign. Eight test images from different aerial and
satellite sensors were used. The results showed that with limited complexity, it was
possible to extract roads with high quality in terms of completeness and correctness. Many
studies have provided evidence that an ALS point cloud is suitable for road detection and
reconstruction. Vosselman (2003) used ALS and 2D information from cadastral maps to
model the surfaces of streets. Clode et al. (2007) proposed a method for classifying roads
using both the intensity and range of LIDAR data. Elberink (2010) employed road vectors
(road edges) from a topographic database and obtained the heights via ALS for 3D road
network generation. Beger et al. (2011) utilized high-resolution aerial imagery and laser
scanning data for road central line extraction. Boyko and Funkhouser (2011) utilized a road
map and a large-scale unstructured 3D point cloud for 3D road reconstruction. Although
certain studies on 3D road modeling have been implemented, room for improvement
remains in terms of differences amongst applied data sources. In this thesis, we not only
developed approaches tailored to upgrading 2D roads (with central lines of carriageways)
from the NLS topographic database to 3D road models (with road edges and heights) but
also investigated the availability of ALS point clouds of different densities for 3D road
reconstruction.

3. MATERIALS AND METHODS

3.1 Study areas and materials

A summary of the study areas used in 1-V is presented in Table 1. Table 2 summarizes
the datasets used in the study. Further details of the datasets and their applications can be
found in 1-V, and the references are listed in Table 1 and Table 2. Publication VI consisted
of a review of data acquisition, object detection and reconstruction methods; current



applications; freely available sources; and a case study. Therefore, VI is not included in
Table 1 and Table 2.

Table 1. Study areas and materials.

Publication

Study area

Description of study area

Tapiola downtown, Espoo

An area of commercial buildings, including
shopping centers, banks, government agencies,
bookstores, and high-rise residential buildings,
with the tallest building being 45 m in height.

Kokemaki railway station
and its surroundings,
Kokemaki

A railway environment, including the ground,
railroads, buildings, high voltage power lines,
pylons.

Sundsberg area, Espoo

This area included various stylish buildings. The
poles were placed on the sides of the roads.

v A 6*6 km area with the A part of Espoo city, including various buildings
lower left corner (374000, | and roads as well as terrain with small height
6672000), Espoo. variations.
\Y Forest areas in Forest areas containing power lines.
Kirkkonummi
Table 2. Summary of the datasets.
Paper Data used in the study | Original data source Purpose of use

MLS point clouds with
corresponding
georeferenced 3D
coordinates, GPS time,
profile info, and
position and orientation
of the MLS system. The
point cloud coordinates
were ina map
coordinate system
(ETRS-TM35FIN with
GRS80 ellipsoidal
height)

MLS data were | The MLS point cloud
collected by the FGI | was utilized for ground
ROAMER system | and building extraction
(using the Faro | and 3D building
Photon™ 120 laser | reconstruction.

scanner) mounted on a | The position and
trolley (Kukko, 2009). | orientation information
The data was collected | of the MLS system were
on the 12" of May, | applied for point cloud
2010. noise removal.

Terrestrial images were

manually captured
according to the
building texture

requirements

Images were taken by a | These images  were
Canon EOS 400D | applied as building
digital camera. textures. In addition,
these images were also
used for interactively
checking the building

geometry.
I Reference aerial images | Bing maps produced by | Interactive checking of
Microsoft reconstructed buildings

for quality control

10




] ALS point cloud with The ALS data were Ground, building roof
georeferenced 3D | acquired at an altitude | and power line
coordinates. The | of 300 m with a Topeye | extraction
density of the point| system (S/N 742)ona
cI(Z)ud was 49.62 points/ | helicopter platform.

m-.

] MLS point cloud with | StreetMapper  mobile | Building facade and

georeferenced 3D mapping system | pole detection

coordinates. After data
cleaning and thinning
were performed, the
average point density
was 720 points per m?.

composed of two Riegl
VQ250 scanners, DGPS
and IMU components.
This system was
mounted on a train
wagon for data
collection.

Orthophoto  with a
ground resolution of 20
cm

Orthophoto was derived
from the DEM and
aerial images taken by a
Rollei camera with a
resolution of
7816*5412 pixels.

Reference  data  for
building and power line
quality evaluation

MLS point cloud with
georeferenced 3D
coordinates, pulse
width, profile number,
echo  number, time
stamp for the point and
the profile

FGI Sensei mobile
mapping system
consisting of 1beo Lux
scanner, GPS and IMU,
which was mounted on
a car.

Building facade and
pole detection

UAYV images with RGB
channels

FGI camera-based
UAYV system consisting
of a quadrocopter type
Microdrone  md4-200
UAV and a Ricoh GR
Digital Il low-cost RGB
compact camera.

Image bundle block
adjustment and building
roof extraction

I Control points The positions of the | UAV image
poles from MLS were | georeferencing
applied as  control
points.

v ALS point cloud with a | NLS open data sources. | Building geometry
density of 0.8 points per model  reconstruction
square meter and laser and road height
echo information in the information derivation
ETRS-TM35FIN
coordinate system

v ALS point cloud with a | ALS datasets were | Road edges and height

density of 8 points per
square meter in the
ETRS-TM35FIN
coordinate system

provided by the
municipality of Espoo.

information extraction

11




v Road carriageway | Topographic database 3D road reconstruction
central line and its
‘Class’ information
\Y/ Orthophoto NLS open data sources | Ground texture
v 236 referenced roof | Orthophoto and original | Evaluate the correctness
segments ALS point cloud of planar detection
v 15 reference heights in | ALS point cloud with | Evaluate the height
building test area 0.8 points per square | accuracy of building
meter models
v Eight road reference | ALS point cloud with 8 | Quality evaluation of
datasets including road | points per square meter | 3D road models
width and height data
\/ Six sets of ALS point | All ALS datasets were | Power line classification
clouds with | collected from
georeferenced 3D | Kirkkonummi, Finland
coordinates and a
density of 55 points per
square meter
\/ Referenced power line | Reference data were | Quality evaluation of
points manually obtained | power line extraction
using Terrascan
software  (Terrasolid,
Finland)

3.2 Methods for quality evaluation

The quality of the results in I, 111 and V was evaluated by comparing the results to the
reference data. The reference data were interactively acquired from existing software or
visually interpreted from orthophotos. The evaluation was based on the omission errors,
commission errors, and correctness. An omission error refers to a classification failure.
Commission errors are caused by misclassification such as when a point belongs to class
‘A’ but is misclassified as class ‘B’. The correctness is the percentage of correct detections.

Correctness rate = True points / Test outcome x 100% 1)
Commission error rate = Commission / Test outcome x 100% 2
Omission error rate = Omission / Reference data x 100% 3)

Where ‘Test outcome’ is the classification result, ‘True points’ is the difference between
the reference data and the omission or between the test outcome and the commission.

The bias between the resulting model and the input data is estimated using the root-
mean-square error (RMSE):

RMSE = /Zt=1(+t'”2 (4)

In 1V, the RMSE was employed in the evaluation of the results.
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4. EXPERIMENTAL RESULTS
4.1 Object detection

Method development

In this thesis, a georeferenced binary image technique was developed for various point
cloud classification applications such as building and power line applications. The
developed methods typically include the following four steps:

i) 3D point cloud preprocessing or candidate selection;

The criteria for the candidate selection generally include the following: a height
threshold, density threshold, and/or histogram threshold. The preprocessing was different
for different object detection methods. For example, for building roof detection from ALS,
the data were separated into two groups according to the height threshold. One group had
points that were 2.5 m above the ground, and the other group included the remaining
points.

il) Transform the candidates into a georeferenced-binary-image;

When a point cloud is transformed into a binary image, the height information is
omitted. It is important to choose a proper image pixel size when transforming a 3D point
cloud into a binary image. The selection of an image pixel size is affected by the density of
the point cloud, particularly for ALS processing.

iii) Image noise removal by applying the parameter thresholds;

The parameters in a binary image typically include the following: the area of an image
region, the minor length or/and major length of an image region, and the ratio of the area to
the perimeter (the shape of an image region). The proper threshold is applied to filter out
the noise. For example, an image region should be line-shaped and narrow for power line
detection and rectangular (between a line and circle) when building roofs are detected.

iv) Transform the noise-filtered image back into 3D point cloud.

This step is the inverse of (i). When the binary image is transformed back into a 3D
point cloud, the same parameters as those when the point cloud transforms into the binary
image should be applied.

The above approach has been applied for building roof detection from ALS, building
wall detection from MLS and power line extraction from dense ALS. Figure 1 illustrates
the procedure for building roof extraction from ALS point clouds. In Il, more detailed
information was introduced. Figure 2 shows the building wall extraction process using
MLS point clouds. A detailed explanation can be found in 1. The power line extraction
from ALS point clouds in a forested area was addressed in V. Figure 3 shows the process.
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Figure 1. Building extraction from the ALS point cloud. (a) ALS point cloud; (b) Data
with height differences from the lowest points of the grid to less than or equal to 2.5 m; (c)
Data with height differences from the lowest points of the grid to greater than 2.5 m; (d) A
georeferenced binary image from the complementary of (b): Empty is 1; ~empty is 0; (e)
Binary image after noise removal; (f) 3D building points. Figure obtained from I1.
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Figure 2. Building wall extraction using an MLS point cloud.

(@) Mobile laser point cloud; (b) A georeferenced-binary-image of (a); (c) Non-building-
walls removal from (b); (d) 3D building wall points transformed from a 2D image (c); (e)
2D view from the 3D points (the same as (d)); (f) 3D view of the 3D points; (g) 3D view of
the walls with the colors defined by the heights.

i}
10
B.B547 BESAT[ (b)
: ' 36
B.654T | B gesar) .
132
B.5546 | 130 56546 10
125
£ B.BA4G | 125 £ GES4G| i i
et 126
Pz
X AT g ”
B.6545 g L |y Eesss) AL
v o8 i 22
_ k . b .
o LI e Pl o
B.6544 W b it ;5 BEsmb I 1 =
it AL 15
B.6544 T S

3664 36645 3565
100 m w107

3564 35645 3565 35655
m

15



(d) (€)

x 10
E 35
b
6.6547 | |
| 34
6.6547 |
33
6.6546 - % =
L
6.6546 - ! kil
3
6.6546 - 3 30
H
E
6.6546 | 1 29
6.6546 | 28
6.6545 | &
4 26
6.65451 4
Y e T

3.564 35645 3.565

My 10°

Figure 3. Power line extraction from a dense ALS point cloud in a forested area. (a) ALS
point cloud (3D); (b) power line candidate selection (3D); (c) a georeferenced binary
image of (b) (2D); (d) after binary image filtering: power line image (2D); (e) extracted
power lines (3D). Figure obtained from V.

Test results

The detailed results of the object detection process can be found in I, 1, and V. Figure 4
shows the results for the building wall extraction using MLS. The test field was located in
downtown Tapiola, Espoo, Finland. The data were collected by the FGI ROAMER system.
The resulting building facades were used for ground-based building model reconstruction.
The 3D building model reconstruction process was semi-automatically performed.
Accuracy was assured by interactive visual operation.
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Figure 4. Building wall extraction from a MLS point cloud. (Figure obtained from 1)
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In 11, the results of the building roof extraction process from ALS were presented. The
test field was in Kokemaki, Finland. The ALS data were presented using a density of 50
points/m®. Figure 5 shows the results. The assessment was performed by comparing the
results to an orthophoto with a ground resolution of 20 cm. A total of 57 out of 61
buildings were correctly detected. There were four buildings missing from the results due
to their small sizes. In our experiments, a small building was defined as having an area of
under 30 m?,
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Figure 5. Building roof extraction from an ALS point cloud. (Figure obtained from 1V)

In V, six sets of ALS data from the Kirkkonummi forest areas were utilized to test the
power line detection algorithm. The density of the ALS was 50 points/m?. Figure 6 shows
some of the results from the test areas. The lengths of the detected power lines in each area
vary between 166 and 464 m. The total length of the power lines is 1.77 km. The reference
data included six sets of power line point clouds that were manually and interactively
acquired using the Terrascan software package (Terrasolid, Finland). The results were
evaluated by statistically evaluating the commission error rate and omission error rate as
well as the correctness of the classification. The evaluation reveals that the correctness for
different test fields varies from 91.83 to 94.69%. An average correctness of 93.26% was
achieved.
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Figure 6. Results of power line extraction from ALS point clouds. Left: ALS point cloud.
Right: Extracted power lines. The colors represent the height changes. (Images obtained
from V)

4.2 Terrain model from ALS
Method development

A terrain model from all ALS points exhibited fairly low efficiency and high
computational costs during data post-processing, e.g., surface meshing and model
rendering. Whether the terrain is flat or undulated, raster DEMs provide the points with
uniform spaces, which produces redundant points for flat terrain and inadequate
representation in a changing or sloped area. To overcome this drawback, a quad-tree
algorithm was developed to simplify the terrain model.

The quad-tree algorithm is a tree structure that recursively decomposes a square or
rectangle into four quadrants, regions, sub-quadrants, and sub-regions (see Figure 7). First,
the ALS ground points were divided into four quadrants. The height differences of the
ALS points in each quadrant were estimated. If the height difference in the quadrant was
greater than a threshold (e.g., 0.3 m), the quadrant was divided into sub-regions, and so on.
This process continued until the height differences in all sub-regions were less than the
threshold. Thus, the corners of each sub-region were extracted as the model key points.
Thus, the number of ground points was greatly reduced.
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Figure 7. Quadtree algorithm. (Image obtained from I1)

Test results

In 11, the results for the terrain model simplification were presented. The test field for
the terrain model was located in Kokemadki, Finland. The number of original ALS points
was 6,890,129. When the different criteria of the sub-quadrants were applied, the levels of
detail of the models were different. In the first image of Figure 8, 113,165 points were
presented in the terrain, which is a reduction of 99.36% from the original points. In the
second image, the terrain was represented by 181,232 points. The second image
experienced a reduction of 97.37% points compared to the original image. The smallest
image of Figure 8 represented a well-defined ground surface. There were 252,339 points in
the model, representing a 96.34% reduction in the number of points.
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Figure 8. Results of the ground model simplification. The criteria of the sub-
quadrants or sub-regions included three levels of detail (LoD): 0.005, 0.01 and
0.02. (Figure obtained from I1)

4.3 3D road models from open geospatial datasets: ALS and a topographic database
Method development

The approaches for road edge detection and reconstruction were developed based on
ALS point clouds and 2D central lines of carriageways from topographic databases. The
heights of the central lines of the carriageways could be obtained from ALS data. The
approach for road edge acquisition relied on the density of the ALS point cloud. The
investigation revealed that the edges of the roads could not be easily defined when the
density of the ALS was low. In the case of sparse ALS data, information in topographic
databases could be utilized for rough road width estimations; for example, a road with a
‘class’ of 12111, the width is 10-11 m. If dense ALS data were available, a ‘constraint
search method’ (CSM) was used for the road edge extraction. The CSM approach for road
edge detection was developed based on an ALS with a density of 8 points/m?. The
procedure is as follows: i) obtain the elevations of the central lines of carriageways from
ALS ground points; ii) determine the ALS search area for the road edge detection; iii)
perform road patch separation; iv) use the discrete Laplacian method for road edge
detection; v) calculate the width of the road and construct the road’s parallel lines on both
sides of the central lines according to the detected road width; and vi) triangulate the road
edge nodes to form the 3D road network. More detailed information can be found in 1V.

Test results

In 1V, a 6*6 km area of a 3D road network was reconstructed. The test data were open
geospatial datasets from a Finnish NLS. The data include an ALS point cloud and
topographic dataset. The result is shown in Figure 9. Eight roads are selected for the
assessments. The assessment was performed by comparing the bias between the detected
road widths and the interactive measured widths from the dense ALS points. In addition to
the evaluation of the road width bias, the height bias between the ALS points and 3D road
models are also included in the assessment process. An average width deviation of 0.22 m
and an average height bias of 14cm were achieved.
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Figure 9. 3D road network reconstruction from ALS and a topographic database.
Upper: an area of 1.5 *1.5 km; Lower: an area of 6 *6 km. (Figure partly obtained from
V)
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4.4 3D building geometry models from MLS and ALS

In 11, a railway station in Kokemaki was modeled using ALS data at a density of 50
points/m? . A StreetMapper was mounted on a wagon trailer and used to collect the MLS
data. The total RMS of ALS was 0.034 m, the average correction of the MLS to match the
control points in X, Y, Z directions was less than 10 cm, and the maximum correction was
up to 0.4 m. Building modeling as a component in railway environment modeling is
demonstrated in Figure 10. The building roofs were constructed with ALS data, whereas
the building walls were constructed with MLS data. A randomized Hough transformation
method was applied during planar detection. The planar detection equation R = XNx +
YNy +ZNz was used, where X, Y, Z are the coordinates of a point; Nx, Ny, and Nz are the
components of the normal vector of a potential plane; and R is the distance between a
plane to the origin of the coordinate system. It is critical to select proper thresholds of the
parameters to achieve a good result.

Figure 10. Building obtained from combining the building walls from MLS and the
building roofs from ALS. The different colors show the different building planes.
Images obtained from II.

4.5 3D building geometry models from MLS and UAV images

The MLS data and UAV data had complementary characteristics. The MLS presented
detailed data from a ground view. The MLS thus produced an incomplete scene data (e.g.
missing data from a top view). The UAV had a low-altitude flight, i.e., at an altitude of 120
m, and a global scene from a top view and oblique view was captured. More detailed
information can be found in I1l. The test area was located in Sundsberg, Kirkkonummi,
Finland. This area is a residential area with stylish buildings. The MLS data were acquired
by the FGI Sensei. The UAV images were obtained from an FGI camera-based UAV. The
UAV images were registered by using the poles as control points from the MLS point
clouds. Matching the two datasets with an average accuracy of 21.7 cm was achieved. The
building facades from the MLS data and roofs from the UAV images were fused to obtain
the complete building models. Figure 11 shows the building geometry reconstructed using
the MLS and UAYV images.
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Figure 11. Building geometry reconstruction using MLS and UAV images. Figure
obtained from I11.

4.6 3D building geometry models from ALS

Method development

Automated building reconstruction from the classified ALS building points can be
found in V. The proposed approach attempts to solve a problem that is addressed in the
literature. Elberink (2010) employed building vectors and an ALS point cloud with a
density of 20 points/m? for building reconstruction. The author detected the intersection
lines and combined them with a ground plan to obtain the building models. The author
noted that reconstruction was not feasible when buildings contain complex height jumps
and flat roofs because the proposed algorithm could not reliably locate all edges of flat roof
segments and because the locations of corner points inside the polygon were not detected.
The following procedure was developed to obtain the outlines of the roof segments and
reconstruct the buildings with complex height jumps and flat roofs: i) building roof plane
detection; ii) building plane data structure establishment; iii) plane outline extraction; iv)
step edge recognition and adjustment; v) building ground height acquisition; and vi)
building plane meshing.

Roof plane detection and outline extraction are the most critical steps during the
reconstruction procedure. Different plane detection approaches were addressed in I, 11 and
IV. In |, coplanar points were detected according to the coplanar equation. An initial plane
started with random three points, and a fourth point was added to the plane if it satisfied
the coplanar equation. This process continued until all points were estimated. In 11, a plane
detection method based on a randomized 3D Hough transformation (RHT) was presented.
This approach was based on the normal of the plane. Points with similar normals were
selected as coplanar points. An accumulator was established to record the votes from each
point. The threshold of the accumulator was critical in determining a plane. In 1V, a plane
detection method was developed based on the seed plane points. First, according to the
neighborhoods of the points, the points were divided into planar points and non-planar
points. Then, from planar points, a planar seed surface patch was obtained by growing the
plane surface. A comparison of the proposed plane detection approaches must be
conducted in future work.

Another important step was the plane outline extraction. Building outlines cannot be
easily detected in sparse ALS data due to jagged edges in laser point clouds. A method was
proposed based on the processing of a georeferenced binary image of the building plane
points. First, the plane was rotated so that the area of its minimum boundary box (MBB)
was the smallest. Next, the rotated plane (xy plane) was projected to a plane to form a
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binary image. Then, the MBB of the image was obtained. Finally, the MBB of its
complementary image was acquired. This procedure continued until the solidity of an
image was greater than a threshold (e.g., 0.95). The proposed method could be used for
both right-angle buildings and non-right-angle buildings. In 1V, an example for building
plane outline extraction from right-angle buildings was introduced (see Figure 12). A
detailed procedure is illustrated in Figure 5 to demonstrate the outline extraction for non-
right-angle buildings.
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Figure 12. Outline extraction from binary images. (a) Plane point cloud; (b)
Plane rotation to the horizontal or vertical direction; (c) Extract the MBB of the
plane; (d) Obtain the MBB of the complementary image of (c); (e) Acquire the
MBB of the complementary image of (d); (f) Combine the boundaries of (c),
(d) and (e) to extract the outline of the plane; (e) Obtain the final outline by
rotating the outline of (f) back to the original direction. Figure obtained from
V.
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Figure 13. An example of the extraction of the outline of an irregular building roof shape.
All images are presented as binary images (object=1 and background =0). Different colors
in the figure represent different image regions. (A) An irregular roof represented in yellow;
(B) The complementary area of (A); (B1), (B2) and (B3) The sub-regions of (B); (B11)
The complementary image of (B1); (B21) The complementary image of (B2); (C) Key
points collected from (B11), (B21) and (B3); (C1) Isolated points removed from (C); (C2)
Removed points from inside the polygon in (C1).
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Figure 14 shows an example of a building geometry reconstructed from an ALS point
cloud. Figure 14(a) illustrates ALS building points consisting of multiple planes shown in
different colors. The extracted outlines of the planes are shown in Figure 14(b). The
following is the step-edge recognition and adjustment. A step-edge is a common edge
between two neighboring and height-jumping planes. After plane outline extraction, step
edges were identified and adjusted for consistency (see Figure 14(c)). The building base
heights could be obtained by projecting the building key points onto a triangulated network
of ALS points. After meshing the upper layer of the building points with the base points,
building models were generated (see Figure 14 (d)).

(a) (b)

Figure 14. Procedure of building geometry reconstruction. (a) ALS point cloud; (b) Plane
outline extraction; (c) Step-edge adjustment; (d) Building geometry reconstruction. In (a)
and (b), different colors represent different planes. In (d), gray denotes the building
facades, whereas the roofs are filled in red. Figure obtained from IV.

Test results

In 1V, the results for building geometry model acquisition from ALS data were
presented. The test field was located in Tapiola, Espoo, Finland. In the test area, most of
the buildings included height-jumping flat roofs. A set of ALS point clouds with a density
of 0.8 points/m? was used. The left image of Figure 15 shows the detected building planes.
The right image shows the reconstructed buildings. The results were evaluated in three
aspects: i) Evaluation of roof patch detection. The evaluated point cloud contained 236
planar roof patches, and the algorithm detected 271 patches. A total of 176 patches, that is,
74.6% of the building patches, were correctly detected. ii) Evaluation of the distance
between the model points and their nearest points in laser data. In our test data, there were
176 roof patches reconstructed, including 1142 model key points extracted. These model
key points were compared to their nearest laser points, and the distances were subsequently
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calculated. The results showed that 6% of the distances were more than one pixel in size
(e.g. 1.6 m in the test data), while 2.5 % of the distances were more than two pixels in size.
The pixel size used in the model reconstruction was determined based on the spacing
between the input points. Therefore, if a high laser point density is used, the deviation
between a model point and its nearest laser point will be reduced. iii) The height difference
between the models and the original building points. We selected an even distribution of
15 test locations in the test area, in which we measured the height of both 3D building
models and the original building point cloud. We compared the heights of the models and
the original points in the locations and estimated the average accuracy of the building
models with respect to the original building points. The average height difference between
the models and the original points was 15 cm.

Figure 15. Results of building reconstruction. Left: detected building plane; right:
building models. Figure obtained from V.

4.7 Photorealistic 3D building models from MLS

The building models include building geometry models and textures. In this study, the
test field was located in downtown Tapiola, Espoo, Finland. This area is an area with
commercial buildings, including shopping centers, banks, government agencies,
bookstores, and high-rise residential buildings, with the tallest building being 45 m high.
Due to the narrow streets in this area, a FGI ROAMER mounted on a trolley was used for
data acquisition. The MLS system was accessible for all sides of the buildings. This study
indicated that the building models could be reconstructed when the building roofs were flat
and the building data were complete.

Models with textures not only offer rich content to guide people’s lives, e.g., in personal
navigation, but also provide pleasant visualizations. Images are needed for photorealistic
building models. The difference between the images and textures lies in the textures being
images in which the distortions are corrected. The image distortions include camera lens
distortion and perspective distortion. Orthophotos were typically utilized for building roof
textures, whereas oblique aerial or terrestrial images were applied for building facades. In
this study, terrestrial images were taken separately using a Canon EOS 400D digital
camera. Textures were prepared by image distortion correction, and noise was removed
from the walls. The resulting models are shown in Figure 16. The models were
interactively constructed to achieve good visual quality.
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Figure 16. Photorealistic building models. Figure partially obtained from I.

5. DISCUSSION

5.1 Quality of the results
Section 4 presented the results from the developed methods. The accuracy of the results
was statistically evaluated according to the approaches in Section 3.2. The results provided
the following information:
e The quality of automated buildings and power lines extracted from ALS (II, V);
e The performance of terrain model simplification (I1);
e The applicability of 3D road network reconstruction from the ALS and
topographic database (1V);
e The applicability of 3D building geometry models from the MLS and UAV
images (111);
e The quality of 3D building geometry model reconstruction from ALS (1V); and
e The applicability of photorealistic building models from MLS (1I).

The results of the automated building roof detection using ALS were evaluated by
comparing the results to an orthophoto with a ground resolution of 20 cm. The evaluation
of the result was presented in I1. A total of 57 out of 61 buildings were correctly detected
(93 %). Four buildings were missing from the results due to their small sizes. In our
experiments, buildings that were considered small were defined as having an area of under
30 m? The building size threshold is relevant to the used point density. When the points
are dense, small objects can be imaged in greater details. Rottensteiner et al. (2007) used
ALS data with a density of 1 point per m*for building detection. The results showed that
95% of all buildings larger than 70 m? were correctly detected and that buildings smaller
than 30 m? could not be detected. Yang et al. (2014) proposed a marked point process for
building extraction from ALS data. The performance was evaluated using the ISPRS
benchmark datasets and methods. The ISPRS benchmark ALS datasets included five areas
with the density variation of 3.6-6.6 points per m Buildings larger than 50 m? in the five
datasets were detected with a correctness of 96.6, 100, 97.5, 94.6 and 97%, respectively.

28



The result from our method was promising. All buildings larger than 30 m? were correctly
detected in a railway environment. In future studies, more test data should be used.

In V, six sets of ALS data with a density of 55 points/m? from different forest areas
were tested using the developed power line extraction method. The lengths of the detected
power lines in each area vary between 166 and 464 m. The total length of the power lines
is 1.77 km. The reference data included six sets of power line point clouds acquired
manually and interactively using the Terrascan software package (Terrasolid, Finland). The
results were evaluated by statistically evaluating the commission error rate and omission
error rate as well as the correctness of the classification. The evaluation reveals that the
correctness for different test fields varies from 91.8 to 94.7%. An average correctness of
93.3% was achieved. The commission error rate in different datasets varied between 5.3-
8.2%. The average commission error rate in the six test fields was 6.7%. The average error
rate of omission was 2%. The sources of commission error are mainly from small objects
or trees that are attached or are very close to power lines. In this case, certain noise points
could not be completely removed. Omission error was mainly caused during candidate
selection. When the density criteria and histogram analysis were performed, certain
threshold values affected the candidate selection. However, the 93.3% accuracy in the
forest environment is a promising result. This finding is comparable with the latest results
from non-forest areas such as those reported by Cheng et al. (2014) (93.9%) and by Kim
and Sohn (2013) (93.8%).

In 11, the performance of terrain model simplification method was demonstrated. A set
of ALS point clouds with an area with a length of 1000 m and a width of 100 m was tested.
In Section 4.2, Figure 8 shows different levels of detail of the simplified terrain model. The
corresponding parameters for the sub-region were 0.005, 0.01 and 0.02. There were
6,890,129 original point clouds. When the criterion of the sub-quadrants was set to 0.005,
the number of points was reduced by 96.34%, which represented a well-defined ground
surface. The number of the points presented in the simplified model was 252,339. When the
criterion of the sub-quadrants was set to 0.02, the number of simplified model points was
113,165, exhibiting a reduction of 99.36%. The height accuracy of the target models can be
determined based on the criterion of the sub-quadrants. The height accuracy of the target
models refers to the height difference in a sub-quadrant, which can be leveled. For example,
when the height difference in a terrain was 30 m, the height accuracies of the simplified
models were 30*0.005=0.15 m, 30*0.01=0.3 m and 30*0.02=0.6 m for the sub-quadrant
criteria 0.005, 0.01 and 0.02, respectively. Typically, the approximation error from the
terrain simplification process is measured with respect to the distance from the original,
with respect to visual similarity, or with respect to inter-point visibility relationships
(Lindstrom and Pascucci, 2002). Because the different levels of detail of the terrain are
based on an adjustable parameter, a quantitative measure cannot be used to reflect the
errors from different levels of detail. Visual similarity with respect to the original level of
detail was utilized in our processing. The method of terrain simplification has been applied
to an area of 6*6 km, as presented in IVV. The resulting model showed sufficient details and
pleasant visuals.

In 1V, two sets of ALS point clouds with different densities (0.8 and 8 points/m?) for 3D
road surface reconstruction were investigated. The results showed that when the density of
the point cloud was lower, i.e., 0.8 points/m?, it was difficult to obtain the edges of the
roads using our constrained search method. The road edges were successfully obtained
from the dense dataset. Here, the road edge was referenced to the edge of the slope
changes. The results were evaluated by comparing the bias between the detected road
widths and the interactive measured widths from the dense ALS points. In addition to the
evaluation of the road width bias, the height bias between the ALS points and the 3D road
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models are also included in the assessment process. The RMSEs of the road widths and
heights were estimated by applying equation (4). Eight roads were selected for the
assessments. The bias of the road widths varied from 0.15-0.34 m. The average width
deviation is 0.22 m. Its RMSE was estimated to be 0.23 m. The deviation of the road
heights was between 0.08-0.28m. The average height bias was 0.14 m, with an RMSE of
0.16 m. The width errors are caused by a) noise points around the roads, such as low
vegetation close to the road edges, which produces larger detected road widths compared
with realistic widths, and b) road parallel assumption. We use the average width and create
parallel lines from the central lines to obtain the road edges. In practice, the edges
including the road shoulders exhibit zigzag edges, which produce an inconsistency
between the measured parallel edges and ideal parallel edges. The height errors may be
attributed to the variations in the road surface. The road heights are extracted from the ALS
data. The nearby points of each road node located in the ALS ground TIN model are
included in the height estimation. An average height value of the nearby points is assigned
to the height of the road node. The same height value is applied for the corresponding edge
nodes. In most cases, road surfaces are not flat, which creates the potential for errors.

In 111, the applicability of 3D building geometry models using MLS and UAV images
was studied. The results were presented based on two aspects: i) The MLS data and UAV
data had complementary characteristics. The MLS provided detailed data from a ground
view. This resulted in incomplete scene data (e.g., missing data from a top view). The
UAV performed low-altitude flight, i.e., at an altitude of 120 m, and thus, a global scene
with a top view and oblique view was captured. However, an oblique view would lead to
the occurrence of occlusions in building facades. Therefore, the results from our study
demonstrated the advantages of using both datasets for a complete 3D scene
reconstruction. ii) The registration between UAV images and MLS point clouds produced
an average accuracy of 21.7 cm using the test data from the FGI Sensei (MLS) and the FGI
camera-based UAV. The registration was performed by selecting certain points from the
MLS point cloud as control points in the UAV image block. Studies using both UAV and
MLS data are still quite rare. An example of using both MLS and UAV data can be found
in Flener et al. (2013), in which a study on river channel mapping using both types of data
was discussed. The author used FGI ROAMER and the FGI UAV system in the study.
Ground control target points (GCPs) made of 60 x 60 cm squares of plywood with high-
contrast paint and a precise center point were located along the river reaches under survey
in fairly regular intervals (Flener et al., 2013). The GCPs were measured using an RTK-
GNSS. A georeferenced point cloud was produced from UAV images. The study found
that the UAV-based methods can deliver data with accuracies of between 10-20 cm. The
difference between our studies might be our choice of software: we only used iWitness for
data registration, whereas they used iWitness as the initial solution followed by BAE
Systems’ Socet Set software for precise orientation. After orientation, Autodesk 123D was
employed for georeferencing to the GCPs. It is possible that the adjustment function in the
different software packages decreased the probability of errors. Lin and West (2014)
proposed the use of UAV images and an MMS system for modeling pole-like objects using
the same datasets as we used. Therefore, in the future, more studies on the combined use of
MLS and UAV data are needed.

In 1V, the assessment of 3D building geometry reconstruction using ALS was discussed
from three aspects: i) Evaluation of roof patch extraction. The evaluated point cloud
contained 236 planar roof patches, and the algorithm detected 271 patches. A total of 176
patches, that is, 74.6% of the building patches, were correctly detected. A total of 41
extracted segments consisted of noise segments that contained non-planar objects such as
vegetation or parts of one or more roof patches. A total of 15 instances of under-
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segmentation and three instances of over-segmentation were detected; all over-segmented
patches were divided into two patches. The extracted patches also included 12 parapets on
the edges of the roofs; 16 ambiguous segments, which could be classified as the ground or
buildings; and five planar patches that were not parts of buildings. ii) The distance between
the model points and their nearest points in the laser data. In our test data, there were 176
reconstructed roof patches, including 1142 extracted model key points. These model key
points were compared to their nearest laser points, and the distances were calculated. The
results showed that 6% of the distances were more than one pixel in size (e.g., 1.6 m in the
test data), and 2.5 % of the distances were more than two pixels in size. The pixel size used
during model reconstruction was determined by the distance between the input points.
Therefore, if high laser point densities are used, the deviation between a model point and
its nearest laser point will be decreased. iii) The height difference between the models and
the original building points. We selected 15 evenly distributed test locations in the test
area, in which we measured the height of both 3D building models and the original
building point cloud. We compared the heights of the models and original points in the
locations and estimated the average accuracy of the building models with respect to the
original building points. Table 3 shows the height differences between the models and
original ALS roof points, which vary from 0 to 0.28 m. We employed the RMSE to
measure the bias of the heights. The RMSE can be calculated using equation (4) in Section
3.2. The results showed the height deviation with an RMSE of 18 cm. The average height
difference between the models and the original points was 15 cm. The heights of the model
key points were determined based on their neighboring points. The referenced height of a
roof patch was calculated as an average height of the patch points. Elberink and VVosselman
(2011) presented a quality assessment approach for reconstructed 3D building models. The
authors proposed using residuals between model faces and laser data and the nearest
distance between model points and laser data to measure the quality of the reconstructed
building models. Rottensteiner et al. (2014) employed several quality metrics for
evaluating the building reconstruction results from ISPRS benchmarks: a) completeness,
correctness and quality on a per-roof-plane basis; b) completeness, correctness and quality
on a per-roof-plane basis for planes larger than 10 m? c) over-segmentation, under-
segmentation, and both cases; d) the RMSE of the planimetric distances of the reference
roof plane boundary points to their nearest neighbors on the corresponding extracted roof
plane boundaries; and e) the RMSE of the height difference between reference planes and
all corresponding extracted planes. The reference planes were manually acquired from
aerial stereo-images. The quality indices (a) (b) and (c) described the quality of the roof
plane segmentation, whereas (d) and (e) represented the geometrical accuracy of the roof
polygons. Our assessment method was similar to that of Elberink and Vosselman (2011).
However, they evaluated the deviation of the model from each roof patch point.

In 1, the applicability of photorealistic building models from MLS was demonstrated.
The use of MLS data alone for model reconstruction was possible only for the flat roofs
and MLS-accessible environment. The roof area can be obtained using surrounded vertical
walls, usually similar to a polygon from a top view. However, for other roof types, both
ground-based data and aerial-based data are necessary to ensure the completeness of the
building models. The model accuracy in our test data was assured by interactive checking
and editing. The automation level is relatively low.

5.2 Feasibility of an automated pipeline for 3D building and road reconstruction
from ALS and topographic databases for practical applications

ALS has been commercially available since 1994. The development of ALS data has
occurred over decades. Currently, numerous commercial software packages for ALS point
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cloud processing are available. However, software developers are from different fields or
disciplines. The knowledge cannot meet the needs of all customers. For example, some
software is able to reconstruct building models for visualization, but they do not perform
well in other applications, such as entertainment or transportation. In addition, certain
software only supports certain object reconstructions; for example, a software package
might be able to reconstruct buildings but not automatically produce 3D roads. Our method
was capable of reconstructing various road types, including motorways, highways, urban
roads, suburban roads, pedestrian and bicycle roads and tracks. Therefore, our system is
more flexible.

The method for building reconstruction was originally developed for reconstructing
buildings with height-jumping flat roofs. In practice, this method is applicable to all types
of buildings. In Section 4.6, Figure 13 demonstrates the feasibility of irregular building
outline extraction. Oblique roofs, such as gable roofs, can also be reconstructed by our
method. Gable roofs share a common edge between two roof patches. The procedure for
the reconstruction of the gable roof type using our developed method is as follows:

The first step is to detect planar patches from ALS building points (Figure 17(a)). Then,
one obtains outlines of each patch (Figure 17(b)). Next, one obtains a common edge by
projecting shorter edges onto a longer edge. When the lengths of both neighboring edges
are similar, one is projected onto the other one to produce a common edge. When edge ‘a’
is projected onto edge ‘b’ and the projected points are not consistent with the ends of edge
‘D> (Figure 17(c)), and if the difference is below a threshold (e.g., 1 m), the average
location between the projected point and the ending point are estimated (Figure 17(d)).
Figure 17 (e) is a 3D view of the reconstructed gable roof.
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Figure 17. An example of a gable roof reconstructed using our method. (a) Building roof
points; (b) Planar patch detection and patch outline extraction; (c) The consistency of the
neighboring edges; (d) Neighboring point adjustment; and (e) 3D view of reconstructed
gable roof. Figure obtained from V.

The drawback of this method is that it is sensitive to the noise around the edges of the
roof patches.
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5.3 Feasibility of different levels of detail of building model reconstruction for

practical applications

Table 3. Different levels of detail of building models.

LoD of 3D Contents Visualization Applied data
model

0 Terrain model Fly-through view | Open data: ALS

1 Rough building | Fly-through view | Open data from
roofs + vertical NLS: ALS (0.8
facades points/m?)

2 Detailed Fly-through view | Espoo municipal
building roofs + data: ALS (8
simple building points/m?)
facades

3 Building roofs + | Fly-through view | ALS + MLS;
detailed building and UAV+MLS
facades walk-through

view

4 Indoor models Walk-through Not included in

view this thesis

According to the CityGML standards (CityGML website), the levels of detail (LoDs) of
the models can be categorized into five groups: 0-4. Table 3 illustrates the LoDs, the
visualization levels and applied data. A LoD of 0 can be achieved using satellite images.
Basically, such a model is a terrain model. A LoD of 1-2 is defined according to the details
in building roofs. A LoD of 2 for building models also requires some building facade
information. A LoD of 1-2 for models is suitable for fly-through views, which means that
people visualize the models from hundreds meters away. A LoD of 3 for building models
Is mainly for street views or walk-through view. Both the model’s roofs and the facades
can be visualized at a close distance. A LoD of 4 represents indoor models. Many details
must be provided.

In the study, we used sparse ALS data for LoD 1 building model reconstruction, and we
utilized MLS data combined with ALS data for LoD 3 building model reconstruction. In
addition, our study revealed the possibility of using MLS and UAV images for LoD 3
building model reconstruction. In practice, the data fusion of ALS and MLS is feasible for
complete building model reconstruction. Using MLS alone, only when building roofs are
flat and when MLS is accessible to the building surroundings can the building models be
reconstructed. When using UAV images and MLS data, the most challenging aspect was
the data registration. If the UAV image orientation parameters were not available, manual
measurements from images were necessary to obtain a consistent coordinate system with
MLS data.

5.4 Feasibility of 2D topographic database updated to 3D topographic database

The topographic database contains not only the terrain but also the traffic route network,
buildings and construction, the administrative borders, geographic names, land use data
and waterways. At present, these are in the form of 2D data. However, today’s world is a
3D-dominated world. Numerous applications, such as design, entertainment,
manufacturing, defense, security, healthcare, public safety and defense, construction, and
smart cities, are difficult to develop without 3D data. Currently, only a few countries have
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launched the process of updating 2D topographic database to 3D. Among these countries,
the Netherlands was the pioneer. Every country has different data storage formats. Roads
were presented as 2D road edges in the Netherlands, whereas the central lines of the
carriageways were used in Finland.

As the ALS data acquisition continues to expand in Finland, it will cover the entirety of
Finland by 2019. This will create the potential for Finnish 2D topographic database
upgrades to 3D. The proposed method for 3D building and 3D road models has
demonstrated its feasibility. The models for an area of 6 * 6 km were successfully
reconstructed. The weakness was that the method was developed in Matlab, in which data
processing is relatively slow.

5.5 Feasibility of using different data sources for 3D model reconstruction

The data sources used in this study included three sets of MLS data from different
systems, three sets of ALS data with different densities, UAV images and a topographic
database.

5.5.1 MLS

In the study, datasets from the FGI ROAMER (I), the FGI Sensei (Il11) and the
StreetMapper (I1) have been applied. FGI ROAMER was a Faro laser-scanner-based
system with a measurement frequency of 244 kHz. FGI Sensei was based on an Ibeo LUX
laser scanner with a maximum point acquisition speed of 38,000 points/s. StreetMapper
has a scanning speed of 300 kHz per sensor. These MLSs produced data with different
densities and accuracies. The advantages of using MLSs are obvious: fast, detailed and
accurate data acquisition for corridor mapping, city furniture extraction, forest inventory
and complementary data sources for LoD-3 city models. The flexible platforms of MLS
provide the ability to acquire high-resolution data from certain difficult areas, such as using
trolley for narrow streets, using wagon trailer for railway environments and using boats for
coastlines.

However, a common issue in MLS was that the environment for data acquisition must
be selected. The following primary issues must be considered:

i) Occlusion. For example, it was difficult to acquire the building facade data when
there were many trees in front of the buildings.

ii) Reflection. When the buildings have a large area of glass walls, the acquired data
might be incomplete or extremely noisy. When the area is close to water, the reflection
from the water might cause a substantial amount of noise.

55.2 ALS

The study of the ALS data can be found in 11, IV and V. The densities of the ALS point
clouds were 0.8, 8 and 50 points/m?, respectively. Among these datasets, the data at 0.8
points/m? were from the open and free dataset from the NLS; the data at 8 points/m? were
from a local municipality; and the dense data (50 points/m?®) were from companies. The
high-density data results in high data acquisition costs. Since May 2012, the Finnish NLS
has started to offer free ALS data. Currently, ALS data cover nearly half of Finland. By
2019, ALS data will cover the entirety of Finland. However, the data update process has
been problematic for open and free ALS data. One might use data from several years ago.

ALS has been used in many applications. Currently, ALS is the main means for DEM
acquisition, and 3D city models with a LoD of 1-2 from ALS have become popular. As the
density of the ALS point cloud increases, increasingly greater numbers of objects can be
extracted from ALS data, including power lines (V) and roads (1V). However, due to the
geometry (e.g., direction and height) of ALS data acquisition, some objects are not suitable
for extraction from ALS, such as building walls and poles.
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e UAV images

In recent years, UAV-based applications have been rapidly expanding. In 111, UAV
Images were investigated. The results indicated that UAVs could provide data for an area
whereby MLS was not accessible, such as certain private yards. In addition, UAVs can
offer data from both top views and oblique views. After UAV data are fused with MLS
data, a complete 3D scene can be reconstructed.

The application of using UAV images for 3D city model reconstruction emerged several
years ago. The advantage was that the automation level was high (according to C3
technology, it was 98% automated). However, reconstructed 3D models were at a LoD of
2. Occlusions were inevitable when data were acquired from top or oblique views.
Therefore, ground-based data (e.g., MLS) are needed to achieve a LoD of three for city
models.

e Topographic database

In 1V, a 2D topographic database was applied for 3D road reconstruction. The
development was based on an NLS topographic database, in which the roads were
presented as the central lines of carriageways. The approach for 3D road reconstruction
was applicable and operable. A 6 *6 km area of the road networks was reconstructed by
applying our method.

The topographic database includes not only the central lines of carriageways but also
building outlines. In practice, building outlines (also called ground plans) combined with
ALS data for 3D building models have been widely used. The CityGML was developed
based on the building models reconstructed from ALS and ground plan (CityGML
website).

Due to the rich information in the topographic database, it is possible to reconstruct a
detailed 3D scene using both ALS and the topographic database. The detailed 3D scene
may include terrain, buildings, roads, trees, power lines, vegetation areas and water areas.
The LoD of the 3D scene depends on the scale of the topographic database. At present, the
open database was at a scale of 1:10,000.

5.6 Further research

The study in this thesis included automated object detection and geometry
reconstruction. The trend for future 3D model requirements will be of increasingly
greater levels of detail and of increasingly more close-range visual applications as well
as having abundant semantic information. Further research will aim for high
automation in 3D reconstruction for both outdoor and indoor environment
reconstruction; in addition, future research will address not only geometry
reconstruction but also automated textured models. In summary, there will be three
main tasks in further research:5.6.1 Automated texture mapping
Photorealistic models require textures for objects. Manual texture mapping is time
consuming. When provided with images with the correct orientation parameters, the
corresponding relationship between an image and model can be established. Thus, the
image can be correctly projected onto the model.
5.6.2 Automated indoor 3D model reconstruction
In this thesis, indoor modeling was not included. There are urgent needs for indoor
modeling, mapping and navigation. Compared to outdoor environments, indoor objects
include less vegetation and more plane-type surfaces. Different shape detection methods
will become crucial.
5.6.3 Multi-object 3D scene reconstruction including object semantics or attribute
information
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A real-world scene is complex and includes many objects. Reconstructed 3D objects, such
as buildings and roads, are only a portion of the scene. A topographic database contains
many objects and a substantial amount of both geometric and semantic information about
the objects. Currently, only part of the database has been used. In the future, a
reconstructed 3D scene will include all objects presented in the topographic database, such
as terrain, buildings, roads, trees, vegetation areas, water areas, power lines and some
individual landmarks. Furthermore, the attributes of these objects will be preserved in 3D
models for further 3D applications (e.g., requests from the model or model classification
according to their attributes).

6. SUMMARY AND CONCLUSIONS

This thesis has presented automated methods for object detection and 3D building and
3D road reconstruction. The study was based on the hypotheses that object classification
approaches for ALS could be automated and that 3D models at different levels of detail
could be automatically reconstructed from various data sources. Our study has confirmed
these hypotheses. The methodologies were developed based on the following datasets: i)
MLS data from three different MLS systems (FGI ROAMER, FGI Sensei and
StreetMapper); ii) ALS data with different densities (0.8, 8 and 50 points/m?); iii) UAV
images; iv) a topographic database; and v) orthophotos. A summary of the developed
methods is as follows:

A georeferenced binary image technique was developed for various point cloud
classification tasks: building walls from MLS, building roofs from ALS and power line
detection from ALS.

e Automated building reconstruction from ALS, including different building plane
detection methods and building roof segment outline extraction, was developed and
tested.

e Road surfaces were automatically detected by the constrained search method (CSM)

and reconstructed from topographic database and ALS.

A ground model simplification method was developed.

Using the above methods, the following results have been obtained:

e Terrain models with various levels of detail have been obtained. The final number of
ALS points representing the terrain can be reduced by up to 99.36% of the original
number of points.

e 3D road networks with an area of 6*6 km were reconstructed.

e A railway environment in Kokeméki (Finland) was reconstructed from MLS and ALS.

e UAYV images were registered to MLS point clouds, and complete building geometry
models were obtained.

e Building geometry models with 236 planes in the Tapiola area (Espoo, Finland) were
reconstructed from open ALS data.

e Photorealistic building models for downtown Tapiola (Espoo, Finland) were

reconstructed from MLS data. Terrestrial images were applied for building textures.

The above results have been evaluated by comparison to reference data. The reference
data were acquired by interactive measurement from existing software and from the
orthophoto. The results revealed that an accuracy of 93.4% for the building roof extraction
from ALS and an accuracy of 93.3% for power lines extracted from ALS were achieved. In
addition, the registration between UAV images and MLS point clouds exhibited an average
accuracy of 21.7 cm. In 3D building reconstruction, 74.6% of roof planes were detected,
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and the resulting building models from ALS had a height deviation of 15 cm. The distance
deviations between the model points and their nearest laser points were estimated. The
results showed that 6% of the deviation between the model points and their nearest laser
data were more than one pixel in size (e.g., 1.6m in the test data), and 2.5% of them were
more than two pixels in size. The pixel size used during model reconstruction was
determined based on the spacing between the input points. In 3D road reconstruction, the
resulting road models had a width accuracy of 22 cm and a height accuracy of 14 cm.

In practical application, the study has demonstrated the feasibilities of i) automatically
producing 3D building and 3D road models from ALS and topographic data; ii)
reconstructing different levels of detail of building models; iii) partially updating 2D
topographic databases to 3D topographic databases; and iv) using different data sources for
3D model reconstruction.

Further study was recommended to address i) automated texture mapping from aerial
and terrestrial images; ii) automated indoor 3D model reconstruction; and iii) multi-object
3D scene reconstruction, including object semantic or attribute information.

Based on the study and obtained results, the contributions of this study can be
summarized as follows:

e A georeferenced binary image technique was developed for various 3D point cloud
classification.

¢ Robust methods for the pipeline from original point clouds to 3D model reconstruction
were developed.

e The reconstruction of LoDs of 1-3 (referenced to CityGML LoD 0-4) for 3D models
was demonstrated.

e The use of different data sources for 3D model reconstruction was studied, and the
strengths and weaknesses were addressed.
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