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PREFACE 

This thesis wraps up a large portion of work I have carried out at the Finnish Geodetic Institute (FGI) 

and Aalto University since 2005. The steps taken for the development and evaluation of MLS systems 

are summarized here. Beyond great advice for this thesis, Professor Juha Hyyppä, Head of the Remote 

Sensing and Photogrammetry Department (FGI), has provided excellent support for innovation and 

freedom of conduct. Without your efforts the work would have never been realized. Docent Dr. Sanna 

Kaasalainen has been advising the thesis and collaborated in the work conducted in the laser laboratory 

at FGI and in the field. You have been of great help in writing and organizing my thoughts. Professor 

Henrik Haggrén, Aalto University, provided supervision of the thesis in his gentle way, but I’m also 

grateful for his support at the early steps of my research career, sheltered in his laboratory at the then 

Helsinki University of Technology. It has always been encouraging to have discussions with all of you. 

Professor Francois Goulette and Professor Jon Mills, the pre-examiners of the thesis, provided valuable 

criticism towards the manuscript and helped me to widen the view and sharpen the output. Their 

comments have certainly helped to improve the thesis. 

I would like to thank Hannu Hyyppä from Aalto University and Helsinki Metropolia University of 

Applied Sciences for sharing his ideas and for his enthusiasm towards my work, but also for his 

invaluable personal support in many ways. 

Harri Kaartinen has earned my sincerest gratitude for his endlessly genial fellowship and for sharing 

my ups and downs. He is also acknowledged for being able to filter out the noise created in my head 

and to turn them into practice, as well as for organizing the field campaigns with me. 

Yuwei Chen has been of great help in system integration from the early stages in developing the 

synchronization system. Without you the endeavor would have been much more complicated, admitting 

that it was anyways very complicated. There’s further stuff in the pipeline already. Veli-Matti Salminen 

from Aalto University was the wizard behind the mill and lathe, making my vision into solid metal. 

Without your effort the diversity in applications would have been much diminished. Also, co-operation 

with Reinhard Becker and Jürgen Gittinger from FARO Europe and Rolf Berlin from ATS Ab has been 

productive since the early stages of the system development. Octavian Andrei was the expert of GPS-

IMU in the beginning, so thank you for the system testing. Dr. Petteri Alho from University of Turku 

has provided me a few nice places to visit during the past five years. There have been long and 

laborious days on many occasions, but they have also given much. Matti Vaaja from Aalto University 

has contributed in analyzing the data and performance in fluvial studies, and I hope this fruitful co-

operation continues also in other fields of application. 



8 

 

There are many others who have contributed to the projects within the topic of this thesis, either in 

research or managing: Professor Ruizhi Chen, now Texas A&M University, Anttoni Jaakkola, Xinlian 

Liang, Anssi Krooks, Mika Karjalainen, Matti Lehtomäki, Lauri Markelin, Eetu Puttonen, Lingli Zhu, 

Pirjo Kivirasi and Matti Pirjetä from FGI; and Marika Ahlavuo and Dr. Iisakki Kosonen from Aalto 
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many pleasant events for innovation, and Anttoni for his help in later electronics and power related 
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Mr. Robert Guinness for his language revision and detailed suggestions for the manuscript.  
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got from each and every one of you. 

Mother, thank you for your caring love and cheering attitude. I wish to thank my brother Ilpo for 

enormous amounts of support and time for helping in ‘the other project’ conducted in the meantime of 

this thesis. I’m fortunate to have you! And the others thank you for your care. Keep on fighting! 

My family has carried most of the load. Hanna, you have supported me truly and kept me on the move. 

There is no word to name your contribution to finishing this odyssey. Thank you for your enduring 

love. Kids, just keep on running and messing around—your existence is the joy of my life!  

 

 

To my father who passed away 30 years ago. 

 

Kirkkonummi, November 2013 

Antero Kukko 



9 

 

ACKNOWLEDGEMENTS 

 

The development and research presented in this thesis has been funded by: 

• Academy of Finland, Centre of Excellence in Laser Scanning Research (CoE-LaSR, 272195). 

• Academy of Finland, through projects “Transportation Data Acquisition by Means of ICT-

derived 3D Modeling” (jointly with FGI and Aalto), “Improving the Forest Supply Chain by 

means of Advanced Laser Measurements” (FGI and Univ. Helsinki), “Economy And 

Technology Of A Global Peer Produced 3D Geographical Information System In Built 

Environment” (FGI and Aalto), “RivCHANGE” (Univ. Turku), “Science and Technology 

Towards Precision Forestry” (FGI and Univ.Helsinki), and “Intelligent roadside modeling” 

(Aalto). 

• Finnish Funding Agency for Technology and Innovation, through projects “Development of 

Automatic, Detailed 3D Model Algorithms for Forests and Built Environment” (FGI), 

“Developing mapping and modeling approaches as a part of flood risk management business” 

(FGI, Aalto and Univ. Turku), “Intelligent built environment ÄRY” (FGI), and RYM-SHOK 

“Energizing Urban Ecosystems” (Aalto, FGI). 

• Maj and Tor Nesling Foundation through FLOODAWARE project, and 

• Aalto University through project MIDE 4D-Space and Aalto Energy Efficiency Research 

Programme – Light Energy. 

The author also expresses his sincerest gratitude to the Henry Ford Foundation, Jenny and Antti Wihuri 

Foundation and Tekniikan edistämissäätiö for personal grants towards the research conducted in this 

thesis. 

 



10 

 

CONTENTS 

ABSTRACT .............................................................................................................................................. 3 

TIIVISTELMÄ ......................................................................................................................................... 5 

PREFACE ................................................................................................................................................. 7 

ACKNOWLEDGEMENTS ...................................................................................................................... 9 

CONTENTS ............................................................................................................................................ 10 

LIST OF PUBLICATIONS..................................................................................................................... 12 

AUTHOR’S CONTRIBUTION .............................................................................................................. 13 

LIST OF ABBREVIATIONS ................................................................................................................. 15 

1 INTRODUCTION ........................................................................................................................... 17 

1.1 Background ............................................................................................................................ 17 

1.2 Motivation.............................................................................................................................. 19 

1.3 Hypothesis ............................................................................................................................. 20 

1.4 Aim and objectives of the study............................................................................................. 21 

1.5 Restrictions to the scope of the thesis .................................................................................... 21 

1.6 Structure and contribution of the study .................................................................................. 21 

2 MOBILE LASER SCANNING ...................................................................................................... 24 

2.1 Principles ............................................................................................................................... 24 

2.2 Laser sensor technology ......................................................................................................... 27 

2.3 Positioning for mobile laser scanning .................................................................................... 33 

2.4 MLS Simulation ..................................................................................................................... 42 

2.5 Laser sensors for MLS ........................................................................................................... 44 

2.6 Integrated MLS systems ........................................................................................................ 46 

2.7 Summary ................................................................................................................................ 47 

3 CONDUCT OF THE STUDY ........................................................................................................ 48 



11 

 

3.1 Data and study sites ............................................................................................................... 48 

3.2 Methodology ......................................................................................................................... 50 

3.3 Summary ............................................................................................................................... 62 

4 RESULTS ....................................................................................................................................... 63 

4.1 Incidence angle effect experiment ......................................................................................... 63 

4.2 Simulation performance ........................................................................................................ 66 

4.3 ROAMER .............................................................................................................................. 69 

4.4 AKHKA ................................................................................................................................ 79 

4.5 Applications .......................................................................................................................... 82 

4.6 Summary ............................................................................................................................... 94 

5 DISCUSSION ................................................................................................................................. 96 

5.1 Implications of incidence angle effect on LS ........................................................................ 96 

5.2 Simulations for LS system analysis ....................................................................................... 97 

5.3 Influence of sensor parameters on data characteristics ......................................................... 99 

5.4 MLS sensor configuration effects ....................................................................................... 102 

5.5 MLS data characteristics and usability ................................................................................ 104 

5.6 Future work ......................................................................................................................... 107 

6 SUMMARY AND CONCLUSIONS ........................................................................................... 109 

6.1 Incidence angle effects ........................................................................................................ 109 

6.2 Simulations .......................................................................................................................... 109 

6.3 MLS systems and performance ........................................................................................... 110 

6.4 Fluvial application remarks ................................................................................................. 111 

6.5 Concluding remarks ............................................................................................................ 112 

REFERENCES ..................................................................................................................................... 115 



12 

 

LIST OF PUBLICATIONS 

The thesis is based on the following publications, referred to in the text by the following Roman 

numerals: 

I Kukko, A.; Kaasalainen, S.; Litkey, P. Effect of incidence angle on laser scanner intensity and 

surface data. Applied Optics 2008, 47, 7, 986992. 

II Kukko, A.; Hyyppä, J. Small-footprint laser scanning simulator for system validation, error 

assessment, and algorithm development. Photogrammetric Engineering and Remote Sensing 

2009, 75, 10, 11771189. 

III Kukko, A.; Andrei, C.-O.; Salminen, V.-M.; Kaartinen, H.; Chen, Y.; Rönnholm, P.; Hyyppä, 

H.; Hyyppä, J.; Chen, R.; Haggrén, H.; Kosonen, I.; Čapek, K. Road environment mapping 

system of the Finnish Geodetic Institute – FGI ROAMER. International Archives of 

Photogrammetry, Remote Sensing and Spatial Information Sciences 2007, 36, 3/W52, 

241247. 

IV Kukko, A.; Kaartinen, H.; Hyyppä, J.; Chen, Y. Multiplatform Mobile Laser Scanning: 

Usability and Performance. Sensors 2012, 12, 9, 1171211733. 

V Kaartinen, H.; Hyyppä, J.; Kukko, A.; Jaakkola, A.; Hyyppä, H. Benchmarking the 

Performance of Mobile Laser Scanning Systems Using a Permanent Test Field. Sensors 2012, 

12, 9, 1281412835. 

VI Alho, P.; Kukko, A.; Hyyppä, H.; Kaartinen, H.; Hyyppä, J.; Jaakkola, A. Application of boat-

based laser scanning for river survey. Earth surface processes and landforms 2009, 34, 

18311838. 

VII Vaaja, M.; Hyyppä, J.; Kukko, A.; Kaartinen, H.; Hyyppä, H.; Alho, P. Mapping Topography 

Changes and Elevation Accuracies Using a Mobile Laser Scanner. Remote Sensing 2011, 3, 3, 

587600. 

All of the above publications are peer-reviewed journal articles, except publication III, which is a peer-

reviewed conference article. The original publications have been reprinted with the kind permission of 

Optical Society of America (I), American Society for Photogrammetry and Remote Sensing (II), and 

John Wiley & Sons (VI). 

 

Additional papers by the author related to the thesis topic are: Kukko et al., 2013; Kasvi et al., 2012; 

Lehtomäki et al., 2010; Kaasalainen et al., 2011a; Alho et al., 2011; Holopainen et al., 2011; 

Holopainen et al., 2013; Jaakkola et al., 2008. They are cited where appropriate within the thesis. 

  



13 

 

AUTHOR’S CONTRIBUTION 

In publication I, Kukko was responsible for the experiment design, measurements, data analysis and 

writing. He also developed some laboratory tools to allow the incidence angle measurements. Dr. S. 

Kaasalainen took part in the laboratory measurements, data analysis, and writing the paper. P. Litkey 

assisted in the ALS data analysis. 

In publication II Kukko defined the laser scanning simulator, implemented it programmatically, 

developed the artificial forest model, performed the simulations of ALS and MLS scenarios, and 

performed the data analysis. Kukko wrote the paper, and Prof. J. Hyyppä acted as a supervisor in the 

study. 

In publication III Kukko was responsible for the design of the ROAMER platform and acted as an 

instructor for V.-M. Salminen, who made the technical adaptation and manufacturing of the integration 

platform. Kukko was responsible for the integration of the sensor systems, specifications, testing and 

development of the georeferencing solutions for the point data, and he compiled the publication. Mr. H. 

Kaartinen contributed in the sub-system specifications and sensor selection and assisted in data 

acquisition. Dr. Y. Chen did the board design and manufacturing of the synchronization electronics, and 

Dr. O. Andrei took care of the GPS-IMU testing. Dr. I. Kosonen acted as a co-writer and advisor for the 

project. Dr. H. Hyyppä and Mr. K. Čapek gave valuable advice about the user needs. Prof. J. Hyyppä 

supervised the development, whereas Prof. H. Haggrén, Prof. R. Chen, and Dr.  P. Rönnholm acted as 

advisors and partners in the project. 

In publication IV Kukko conducted the AKHKA system design and integration together with H. 

Kaartinen and designed accuracy assessment. Field data acquisition was undertaken with the help of H. 

Kaartinen, who also computed the trajectory data; Kukko performed the data calibration, 

georeferencing and preprocessing of the data in all the studies reported. Kukko wrote the paper, which 

combines results from various studies. Prof. J. Hyyppä supervised the studies, and Dr. Y. Chen assisted 

with the electronics. 

In publication V, Kukko took part in selecting the test field location for mobile laser scanning, scan 

station design and collecting the reference data together with H. Kaartinen and A. Jaakkola. Kukko also 

operated the ROAMER system in Stop-and-Go measurements, as well as in the MLS data acquisition. 

H. Kaartinen was responsible for the quality control of the Stop-and-Go data and performed the 

trajectory computations. Prof. J. Hyyppä and Dr. H. Hyyppä were the advisors in the study and 

participated in the planning of the project. Kukko did ROAMER MLS data calibration and 



14 

 

georeferencing. Kukko also participated in the analysis of the results together with H. Kaartinen, Prof. 

J. Hyyppä and A. Jaakkola, and he was also a co-writer of the paper. 

In publication VI, Kukko took part in the field campaign planning and implementation and was 

responsible for the system adaptation to the boat platform. Kukko also operated the ROAMER system 

during the MLS data acquisition and carried out the data MLS data calibration and georeferencing. He 

also participated in the analysis of the results together with Dr. P. Alho, Prof. J. Hyyppä and Mr. H. 

Kaartinen, who were co-writing the paper. Kaartinen also computed the trajectories for the study. Dr. P. 

Alho acted as the chief officer and navigator of the survey boat. Dr. H. Hyyppä provided his experience 

as an advisor in the study, and A. Jaakkola assisted in the data analysis. 

In publication VII, Kukko took part in the field campaign planning and implementation and operated 

the ROAMER system during the MLS data acquisitions. He also performed out the MLS data 

calibration, georeferencing, pre-processing, and participated in the analysis of the results together with 

M.T. Vaaja, Prof. J. Hyyppä and H. Kaartinen. Kaartinen contributed also in trajectory computations 

and data acquisition. In addition, Kukko took part in the writing of the paper. Dr. H. Hyyppä acted as an 

advisor in the study. Dr. P. Alho again navigated the survey boat through the shallow waters and 

brought his fluvial expertise and knowledge of user demands and overall advice to the project. 



15 

 

LIST OF ABBREVIATIONS 

2D    two-dimensional 

3D    three-dimensional 

ALS    Airborne Laser Scanner/Scanning 

ATV    All-Terrain Vehicle 

AVLN    Automatic Vehicle Location and Navigation 

BoMMS   Boat Mobile Mapping System 

CoM    Center of Mass 

DEM    Digital elevation Model 

DIA    Direct Inertial Aiding 

DGPS    Differential GPS 

DMI    Distance Measurement Indicator 

DTG    Dry Tuned Gyro 

DTM    Digital Terrain Model 

ECI    Earth Centered Inertial 

ECEF    Earth Centered Earth Fixed 

EPS    Electronic Stabilization Program 

FGI    Finnish Geodetic Institute 

FOG    Fiber Optic Gyro 

FOV    Field of view 

GAMS    GPS Azimuth Measurement System 

GPRS    General Packet Radio Service 

GPS    Global Positioning System 

GNSS    Global Navigation Satellite System 

HSToF    High Speed Time of Flight 



16 

 

IMU    Inertial Measurement Unit 

INS    Inertial Navigation System 

ITS    Intelligent Transportation Systems 

Laser    Light amplification by stimulated emission of radiation 

LiDAR    Light Detection and Ranging 

LS    Laser Scanner, Laser Scanning 

LSToF    Low Speed Time of Flight 

MEMS    Micro Electro Mechanical System 

MLS    Mobile Laser Scanning/Scanner 

MMS    Mobile Mapping System 

PAC    Pulsed Aperture Correlator 

PS    Phase Shift 

RLG     Ring Laser Gyro 

ROAMER   Road Environment Mapper 

RTK    Real-Time Kinematic 

SPAN    Synchronized Position Attitude Navigation 

TLS    Terrestrial Laser Scanner/Scanning 

TRF    Terrestrial Reference Frame 

ToF    Time of Flight 

UHSPS    Ultra High Speed Phase Shift 

VRS    Virtual Reference Station 

WGS 84    World Geodetic System 1984 



17 

 

1 INTRODUCTION 

1.1 Background 

Laser scanning (LS) is a surveying technique used for mapping topography, vegetation, urban areas, 

ice, infrastructure, and other targets of interest (Garvin et al., 1996; Kraus and Pfeifer, 1998; Haala, 

Brenner and Anders, 1998; Maas and Vosselman, 1999; Naesset, 1997; Hyyppä et al., 2001). More 

precisely, ALS is a method based on Light Detection and Ranging (LiDAR) measurements from an 

aircraft, where the precise location and orientation of the sensor and the direction of the transmitted 

LiDAR beam is observed, and therefore the 3D coordinates of the objects reflecting the laser beam can 

be determined (Wehr and Lohr, 1999). In addition to ALS, there is burgeoning activity in Terrestrial 

Laser Scanning (TLS), where the laser scanner is mounted on a tripod (Aschoff, Thies and Spiecker, 

2004; Henning and Radtke, 2006; Liang and Hyyppä, 2013 ) or on a kinematic (i.e., moving while 

mapping) platform for conducting Mobile Laser Scanning (MLS), e.g. for civil engineering (Talaya et 

al., 2004; Kremer and Hunter, 2007; Gräfe, 2007ab; Jochem, Höfle and Rutzinger, 2011; Ibrahim and 

Lichti, 2012; III; IV; V) and for the field of autonomous vehicle guidance systems (e.g., Montemerlo et 

al., 2006; Brenner, 2009). LS is sometimes referred to as LiDAR because of its central role in the data 

generation.  

The emergence of LS is rooted in the history of LiDAR technology. In 1975, NASA and other 

organizations developed an airborne oceanographic LiDAR system for measuring chlorophyll 

concentration and other biological and chemical substances. Non-scanning (profiling) LiDAR was used 

for bathymetry, forestry and other applications in the 1970s and 1980s (e.g., Solodukhin 1978; Nelson 

et al. 1984; Schreier et al. 1985), which established the basic principles of using lasers for remote 

sensing purposes. LS has benefited from the development of Global Navigation Satellite Systems 

(GNSS) and inertial sensors for precise positioning and orientation measurements, of which King 

(1998) gives an overview. The first experiments with modern LS instruments were conducted in the 

early 1990s, and in 1993 the first prototype of a commercial ALS dedicated to topographic mapping 

was introduced. For the development of ALS and LS, thorough background can be found in Bufton 

(1989), Lohr and Eibert (1995), Flood and Gutelius (1997), and Hyyppä et al. (2008). 

A typical LS system consists of (1) a laser ranging unit (i.e., LiDAR) (2) an opto-mechanical scanner, 

(3) a position and orientation unit, and (4) a control, processing, and storage unit (Wehr and Lohr, 

1999). The laser ranging unit can be subdivided into a transmitter, a receiver, and the optics for both. 

The basic principle of LiDAR is to use a laser (light amplification by stimulated emission of radiation) 

to illuminate an object and then a photodiode to register the backscatter radiation (Schawlow and 
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Townes, 1958). The range is then determined by signal processing, making use of the fact that the 

speed of light is constant. The receiver optics collects the backscattered light and focuses it onto a 

photodiode detector, which converts the incident power of photons to electrical pulses (Wehr and Lohr, 

1999). The opto-mechanical scanning unit controls the deflection of the transmitted laser beams 

towards the target. The design of the deflection unit defines the scan pattern on the ground. The 

position of the laser ranging unit is determined using observations from Differential Global Navigation 

Satellite System (DGNSS). The orientation of the scanning unit is determined by the pitch, roll, and 

heading angles around the three axis of the navigation frame, and are measured by an onboard inertial 

measurement unit (IMU) (Baltsavias, 1999). The output of the laser scanner is then a georeferenced 

three-dimensional point cloud of LiDAR measurements, representing the target geometry, 

complemented with intensity and possibly waveform information of the returned light (Wehr and Lohr, 

1999; Hyyppä et al., 2008). 

Laser scanning has revolutionized the surveying industry in producing topographic information over the 

past two decades, proving it to be a valuable method. Its use has contributed to microscale (0.1–5 m) 

and fine toposcale (5–50 m) mapping of the Earth from satellite and airborne platforms (Garvin et al., 

1996; Kraus and Pfeifer, 1998; Haala et al., 1998; Maas and Vosselman, 1999; Naesset, 1997; Hyyppä 

et al., 2001; Matikainen, Hyyppä and Hyyppä, 2003). Since then the laser scanning technology has been 

used to produce ever more detailed mapping and modeling of terrestrial systems (Kaartinen and 

Hyyppä, 2006; Jaakkola et al., 2008; Connor et al., 2009; Heritage and Milan, 2009; Alho et al., 2011; 

Lehtomäki et al., 2011; Rutzinger et al., 2011b; Zhu et al., 2011; Hyyppä et al., 2012; Kukko et al., 

2013; Liang et Hyyppä, 2013) More recent study utilizing the MLS technology in deriving surface 

roughness parameters for hydraulic modeling is presented in Wang et al., (2013), Vaaja et al., (2013) 

further extends the performance investigations presented in this thesis of MLS in mapping of fluvial 

environments, and Saarinen et al., 2013) investigated the vegetation classification from MLS data. 

Also, a good review and international performance analysis of automated methods for ALS and MLS 

processing is published by Kaartinen (2013). 

Operative ALS data typically provides point densities of 0.510 pts/m
2
 and beam footprint sizes of a 

few decimeters and larger (typically 0.3–10 mrad). Using this technique, ground topography and 

building roofs can be captured, but building façade information is usually not obtained. In contrast to 

ALS, stationary TLS sensors have a narrow beam width, wide field of view (FOV) and more precise 

ranging. The most prominent advantage of TLS is its high point density, which can be as high as tens of 

thousands of points per square meter. This allows detailed 3D modeling of objects and scenes from a 

terrestrial perspective (Grün and Zhang, 2003; Aschoff, Thies and Spiecker, 2004; Henning and 

Radtke, 2006; Brenner and Ripperda, 2006; Liang and Hyyppä, 2013). A complication compared to 
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ALS are the even more massive volumes data and a clear disadvantage the need for a high number of 

stations to cover the whole scene, due to the relatively short ranges and limited visibility, as well as 

need for redundant data for successful registration (Zhao and Shibasaki 2003b). This limits the effective 

data coverage achievable with TLS (VI). 

MLS provides a means to overcome the shortcomings of both ALS and TLS. To improve the level of 

detail captured by ALS, MLS is expected to produce similar data cloud point densities as TLS. With 

onboard positioning sensors MLS provides a huge improvement in effective spatial coverage and 

distribution of data compared to a TLS survey (Zhao and Shibasaki, 2003b; IV; VI). In certain 

conditions, MLS data coverage may approach even the spatial extent provided by ALS but with less 

mobilization expense. Furthermore, data from objects not visible to ALS can be captured from the 

ground with MLS. These facts make MLS especially attractive for projects comprising relatively small 

or limited areas and specific tasks with requirements for high-resolution surface data. In addition, the 

sensor layout of an MLS system and other surveying arrangements can be adjusted more freely to meet 

application specific requirements in comparison to tightly regulated airborne platforms (Barber and 

Mills, 2006; IV). A short review of commercial MLS systems was carried out by Puente et al., (2011), 

where operational layout approaches can be found.  

However, the limitations in mobility of vehicle-mounted systems hampers the operability of MLS in 

rugged or soft terrain and narrow spaces and particularly indoors. For these environments, more 

sophisticated and lighter platform arrangements are needed, and therefore research and development of 

a personal backpack MLS has been conducted in IV and complemented in this thesis. Also, in areas 

where the sky view is limited the positioning performance of MLS is challenged on a regular basis, due 

to poor satellite visibility. This necessitates methodology for control and data processes, but also 

improvement to the navigation solutions used. 

1.2 Motivation 

The primary institutional motivation for the development of MLS instruments and methodology was 

proactive promotion of this particular technology, including data processing methods and applications, 

to industry, the scientific community and society. Addressing the problems and benefits of the 

technology will increase the public knowledge of operative mapping agencies and companies, in order 

to ease the adoption such technologies. Independent system development will provide a research 

platform for studying data capture effects on the data quality and coverage, and it will also ease 

development of automated data processing methods. Once the data has been collected, the real added 

value hides in extraction and refinement of information into useful forms. Moreover, applicability and 
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feasibility of the particular technology was seen to be demonstrated effectively and completely only by 

making modality of the systems possible.  

Variability in the scanning geometry in MLS applications is more prominent compared to that of ALS. 

This is the single most significant factor affecting the backscattered light in ultra-small-footprint laser 

systems. It is further increased by the abruptly moving platform in mobile mapping and thus by rapidly 

changing measurement geometry. This raises a question of the laser back-scattering effects on the MLS 

intensity data, especially in applications where the intensity data is to be exploited for object 

classification. For such approaches, research effort was necessary to find out the effect of incidence 

angle on laser attenuation for various targets. This will help in the development of intensity calibration 

procedures not only for MLS, but also for ALS and TLS data, and thus improve the output of laser 

scanning based data products.  

Moreover, issue related to ALS and MLS scanning geometries and echo waveform detection were of 

great interest, but the data are expensive to acquire, and modality is often limited. In order to analyze 

the scanning geometry effects on object recognition under controlled conditions, a simulation approach 

was desired. In conjunction with physical modeling of various scanners, the scattering was to be 

modeled utilizing the knowledge and data from the incidence angle studies. Simulations were sought to 

generate ALS and MLS data for sensor layout analysis without needing to have such systems 

physically. 

The need for rapid and cost-effective surveying technologies is ever increasing; better quality and 

coverage is demanded for managing more and more complex urbanization, transportation and energy 

distribution systems, as well as natural resources and reserves, in order to use and protect them in 

sustainable ways. This requires the production of more detailed data faster than ever before. Thus, 

advanced data acquisition systems and processes are needed, as well as the ability to perform 

monitoring with reliable detection of critical changes.  

1.3 Hypothesis 

The hypothesis in this study was that, by applying tactical grade GPS-IMU and an ultra-high-speed 

phase-shift laser scanner, a high-end mobile laser scanning system can be developed and used for 

proactive promotion of this particular technology, including data processing methods and applications, 

to scientific community, industry and society. Appropriate calibration methods and data processing 

chain could provide accurate and high-resolution three-dimensional data for mapping and modeling 

applications in different fields of urban, industrial and road environment development, transportation 
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planning, civil engineering, precision forestry and agriculture, as well as for modeling of geophysical 

entities and environmental research. 

1.4 Aim and objectives of the study 

The aim of the study was to develop novel mobile laser scanning systems, analyze their performance 

and develop new applications. 

Objectives of the study were as follows: 

1. To develop an experimental setup for measuring the incidence angle effect  

2. To develop a laser scanning simulator for system development and analysis 

3. To conduct 

 Design and development of integration platforms 

 Sensor integration and testing 

 Development of  practical solutions for data georeferencing and quality analysis 

 Development and testing of calibration of the systems 

 Testing of the systems in application scenarios 

4. To test the geometric quality of the data acquired with the built MLS systems 

 Determine the performance level of the developed systems 

 Study the data characteristics 

1.5 Restrictions to the scope of the thesis 

As laser scanning is a versatile technology it is widespread into use in different fields and disciplines. 

This means that laser scanners are used e.g., in the fields of robotics and autonomous vehicles for 

motion tracking, localization and mapping. The approach to and requisites for accuracy for mapping of 

scenes in robotics of is however completely opposite to the scope of and approach taken in this thesis, 

that deeper literature review and system analysis was confined out. 

1.6 Structure and contribution of the study 

The thesis consists of a summary and seven original peer-reviewed publications. Following this 

introductory section, Section 2 presents the literature review describing previous research on topics 

related to the laser scanning, positioning and MLS development. Materials produced, their purpose of 

use, and methods used in the study for data analysis are presented in Section 3. Section 4 summarizes 

the results achieved. Based on the results, the applicability and usability of the developed systems for 

practical mobile mapping is reflected upon, and the needs and ideas for further research and 



22 

 

development of the systems and data processes are discussed in section 5. Section 6 summarizes and 

concludes the study.  

Considering the objectives of the study, the contribution of the original publications can be summarized 

as follows: 

Paper I presents a comprehensive experimental set of data on the dependence of the backscattered laser 

intensity on the angle of incidence to the target surface. To the authors’ knowledge this was the first 

comprehensive study on these effects in the context of scanning LiDAR.  

In publication II a simulation approach and methods of small-footprint LiDAR processing were 

presented and discussed, validated for tree height estimation, and demonstrated for scanning geometry 

effects analysis for ALS and mobile laser scanning. The simulation method implemented combines for 

the first time both spatial and radiometric components of a LiDAR observation to produce realistic 

waveform and point cloud data for system performance analysis, as well as for algorithm development 

for LiDAR data processing and mapping purposes. As the existing related empirical data were 

insufficient for effective research and exploitation in mapping applications, the simulated waveform 

data were needed.  

Paper III introduced the FGI ROAMER system. The vehicle-borne ROAMER system consists of an 

integration platform, GPS-IMU positioning and navigation systems, and a wide field-of-view high-

speed 3D data acquisition system, having probably the fastest point repetition frequency (PRF) and the 

widest single scanner field of view in any MLS at the time of its inception. 

Paper IV summarizes development of multi-platform MLS solutions operated in studies for mapping of 

different environments. Moreover, a novel backpack version of the MLS equipment was introduced for 

the first time for surveying applications, where the requirements include precision and mobility in 

variable rugged terrain conditions. 

Paper V presents a complete test for studying the performance of various state-of-the-art mobile laser 

scanning systems on an urban test field established particularly for such purposes. The test was 

connected to the European Spatial Data Research (EuroSDR) project: “Mobile Mapping-Road 

Environment Mapping Using Mobile Laser Scanning”.  

Paper VI was the first to introduce a boat-based mobile mapping system (BoMMS) with a laser scanner 

to allow the derivation of detailed microscale riverine topographical data for applications in fluvial 

geomorphology. 
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Paper VII demonstrated the change detection possibilities of mobile laser scanning for riverine 

topography that had previously been lacking. The paper demonstrated the capability of MLS in erosion 

change mapping on a test site located in the sub-arctic.  
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2 MOBILE LASER SCANNING 

In this chapter different technologies applied to mobile laser scanning are introduced. The general 

principles and historical background of the MLS is discussed, and techniques and issues related to the 

scanning Lidar are addressed. Mathematical and physical formulation for direct georeferencing and 

technologies applied for the determination of MLS trajectory are introduced, and also an overview on 

the current state-of-practice in commercial MLS operations is given. Research using simulations prior 

the work presented in II is also summarized. 

2.1 Principles 

Increasing interest has been shown in vehicle-based (mobile) surveying applications of laser scanning 

since the beginning of the last decade when laser scanners began to be incorporated in mobile mapping 

systems (MMS) (Talaya et al., 2004; El-Sheimy, 2005). A modern MMS is a ground-operated multi-

sensor mapping system that integrates various navigation and data acquisition sensors on a rigid, 

moving platform for remotely determining the location, dimensions and other characterizing 

information of the surrounding objects. The key benefits of MMS are (Ellum and El-Sheimy, 2002): 

1. Reduced time and cost of field surveys 

2. Both spatial and attribute information can be determined from the data 

3. Data can be archived and revisited – permitting additional data collection without additional 

field campaigns. 

In general terms a mobile mapping system can be described as a kinematic surveying system utilizing 

motion tracking and time synchronized data acquisition, regardless of the platform in use. The 

navigation system typically includes a GNSS receiver(s) with appropriate antenna(s) for positioning 

and an IMU for platform and sensor attitude determination and high-frequency positioning (Talaya et 

al., 2004; Hunter, Cox and Kremer, 2006; III). GNSS-IMU navigation is often supported with a 

distance measurement wheel or odometer (often referred as Distance Measurement Indicator (DMI) or 

Direct Inertial Aiding (DIA)) for constraining the gyro drift, especially during obscured satellite 

visibility. Other possible data acquisition sensors include digital and video cameras, multi-spectral 

linear scanners, imaging laser, thermal cameras, ground radars, luminance cameras and ultra-sonic 

sensors, depending on the media and desired information to be extracted.  

Mobile laser scanning, being a sub-category of MMS, is a rapid and flexible method for acquiring 

three-dimensional topographic data. An MLS system is based on LiDAR sensors, which produce three-

dimensional point clouds from the surrounding objects using profiling scanning. However, new types of 
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scanners are emerging that could provide also simultaneous along-track FOV. In general, the spatial 

coverage of data in MLS is achieved by the movement of the vehicle and motion-tracking positioning 

devices, as illustrated in Figure 1. The survey is conducted as the ground vehicle moves around, while 

the navigation system tracks the vehicle’s trajectory and sensor attitude, used to produce a 3D point 

cloud from the range data collected by the onboard scanners.  

 

Figure 1. Mobile laser scanning utilizes GNSS-IMU positioning for direct geo-referencing of laser 

scanning data for three-dimensional mapping of objects (IV).  

Mobile mapping is expected to provide ease of mobilization and lower costs when compared to ALS. 

These points are especially attractive for projects involving small areas and specific tasks. In addition, 

the sensor layout of an MMS and other surveying arrangement can be adjusted more freely in 

comparison to strictly regulated airborne platforms, in order to meet task-specific requirements. 

Furthermore, stationary data collection has some weaknesses: poor efficiency in data acquisition and 

difficulty of planning for viewpoints and directions in data acquisition when measuring large and 

complicated scenes (Zhao and Shibasaki, 2003a). One issue that is still being tackled is the complexity 

of a registration method capable of succeeding in automated registering of multi-modal range data from 

various sources, as shown by Biber, Fleck and Strasser (2004), Mitra et al. (2004) and Hansen (2006).  
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MMS and related technologies are a suitable method to collect data for road and urban mapping, 

planning and maintenance. Papers in the MMS field describing systems for different mobile mapping 

tasks prior and simultaneously to the ROAMER development include Karimi, Khattak and Hummer 

(2000), Habib, Morgan and Lee (2001), Tao (2001), Tao, Chapman and Chaplin (2001), Manandhar 

and Shibasaki (2001, 2002, 2003), Grejner-Brzezinska and Toth (2003), Zhang and Xiao (2003), Zhao 

and Shibasaki (2003a, 2003b, 2005)  Clarke (2004), Talaya et al. (2004), Reulke and Wehr (2004), El-

Sheimy (2005), Joo, Hwang and Choi (2005), and Hunter, Cox and Kremer (2006). Goulette et al. 

(2006) have proposed a system and method for automatically extracting the road surface, trees and 

vertical surfaces from the mobile laser data. Amoureus et al. (2007) have developed a method to 

integrate lidar and terrestrial mobile mapping technology for the creation of a comprehensive road 

cadaster using mobile mapping system.  

More recent development is presented by Vock and Jungmichel (2011) for developing a low budget 

experimental MLS utilizing UHSPS (Z+F Imager 5006) scanner, but more interestingly replacing the 

usually utilized GPS-IMU with the electronic stabilization program (EPS) system of the vehicle. The 

sensor placement was similar than that used by Siteco in Road Scanner back in 2008 (Kukko, 2009). 

Puente et al., (2011) have carried out a short review of commercial MLS systems. More comprehensive 

overview of the commercial state-of-practice sensors suitable for mobile operations and integrated MLS 

systems is presented in Sections 2.5 and 2.6. The presentation there is limited to sensors providing 

ranging longer than 100 meters and FOV larger than 270 degrees. 

Most of the mapping applications in various fields stand to benefit from the accuracy and efficiency of 

MLS technology. Compared to traditional mapping methods, which utilize digital aerial images and 

ALS, the precision of the data collected can be greatly improved. Furthermore, the time and cost of 

geodetic measurements with TotalStations and stationary terrestrial lasers can be reduced. Beyond that, 

numerous advantages arise when using MLS data to produce high-resolution 3D models. This is 

demonstrated by the application examples presented in Sections 4.5, and 5. Considering data 

acquisition, compared to stationary terrestrial laser scanning, MLS provides high efficiency and a 

precise way for generating dense point clouds. Furthermore, its mobility characteristics make it more 

suitable for surveying and modeling of large areas. 3D models processed from the data collected by 

MLS offer high-resolution visualization and surface analysis (see e.g., applications in Section 4.5), 

which cannot be achieved from ALS and/or aerial images, since they provide coarser renditions with 

considerably lower point density and precision.  

For an MMS data to be qualified for surveying tasks, and further be useful for automated processing it 

is required that visible (i.e., visible to the sensor, e.g., sonar) objects be measured with surveying 

accuracy (typical requirement for large scale base mapping accuracy of 5-25 cm for buildings) at 
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normal road speeds (improves safety and efficiency), and desired objects should be collected at 

distances of several tens of meters from the sensor with precision of a couple of centimeters. Point 

density should be greater than 400 points per square meter (5 cm point spacing at right angled surface at 

50 m, or 1 mrad angular resolution) to allow high level of detail in automated object reconstruction. 

When ROAMER development began, there were two benchmarking state-of-the-art MLS systems: 

GEOMOBIL (Talaya et al., 2004) and GeoMaster (Manandhar and Shibasaki, 2001). GEOMOBIL was 

a single scanner unit with narrow FOV covering only one side of the road at a time. GeoMaster 

provided wide FOV data from three scanners for low speed mapping at 20 Hz scan frequency. 

High-resolution laser scanning in combination with the advancements and decrease in price of GNSS-

IMU technology has revolutionized the field of mobile mapping in a dramatic way. After the 

commissioning of ROAMER, multiple LiDAR-based commercial MLS systems were introduced to the 

market, e.g., Optech Lynx derivatives, Mitsubishi MMS-X series, StreetMapper and Riegl VMX 

variants and Road-Scanner3, as well as numerous research platforms. Rapid development in data 

acquisition sensors (e.g., Riegl VQ-250, Velodyne HDL-64E, Faro Focus3D X330, Optech Lynx, Z+F 

Profiler 9012 and Dynascan S250) is expected to provide further improvement in automatic object 

detection and reconstruction with high levels of detail. Laser-based mobile mapping systems have 

ushered in a new era in kinematic mapping applications in terms of applicability, data rates, level of 

measured detail and accuracy of the obtained data. 

2.2 Laser sensor technology 

2.2.1 Laser beam deflection and beam propagation 

A laser scanner is a device that measures its surroundings using LiDAR for range measurement and 

precisely determined beam deflection, deriving 3D points representing the surfaces of objects in the 

environment. Mainly two techniques are used for range measurement in current laser scanning systems: 

time-of-flight (ToF) and phase shift (PS) methods. ToF ranging utilizes precise timing for determining 

the range from the pulse time of flight and speed of light. Phase shift ranging instead makes use of 

continuous laser illumination and amplitude modulation of the beam to discern the range at high 

frequency. 

Figure 2 illustrates the principle of a time of flight LiDAR observation; a laser pulse is transmitted 

towards the object and attenuates and spreads due to range and beam divergence. Thus, the beam foot-

print size on the ground differs from that emitted from the scanner optics initially. Objects within the 

foot-print may have flat characteristics, resulting in a short pulse return back to the scanner, but more 
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often echoes may change its shape. This is due to inhomogeneity that may occur within the foot-print as 

a result of vegetation, ground slope and break lines, building edges, etc. 

  

Figure 2. Principle of LiDAR observation. Beam divergence causes the spread of a beam over the 

footprint area, from which multiple echoes are collected. The nominal beam direction determines the 

final 3D position for the detected point (xf, yf, zf and xl, yl, zl). Multiple reflections from the object are 

schematically illustrated along the center line of the shifted beam. (A. Kukko, II) 

 Different techniques to beam deflection are illustrated in Figure 3, where the resulting scanning planes 

are indicated by the light red color. The extent of the beam field of view (FOV), which ranges from 

narrow angles to full 360 degrees, is defined by the particular deflection type in use (Wehr and Lohr, 

1999). The main deflection techniques (and achieved scan FOV) are: oscillating (<90, zig-zag), 

rotating polygon (<90, line), rotating slant mirror (360, line), and fiber optic line scan (<10, line). A 

variation of the slant mirror technique is Palmer scanning, where a nutating mirror deflects the beam to 

form an elliptical pattern on the ground (Wehr and Lohr, 1999). In addition to these there are sensors, 

mainly terrestrial, utilizing fixed opening FOV producing multiple parallel profiles per scan (e.g., 

Velodyne HDL-64E and Ibeo LUX), or two axis scanners (Neptec Opal-360), which could provide up 

to 60° along-track FOV. 

 

Figure 3. LiDAR beam deflectors; A: Oscillating, B: Polygon, C: Rotating, and D: Fiber optics. 
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Traditionally scanning LiDAR has been divided into two different classes: large- and small-footprint 

systems. Terrestrial scanning, however, utilizes beam sizes of 2100 mm, which might be called very-

small-footprint or terrestrial-footprint. Large-footprint systems typically have beam sizes between five 

and 25 m and full-waveform recording capability. Experimental studies using large-footprint systems 

include Anderson et al. (2006), Blair, Rabine, and Hofton (1999), Brenner et al. (2000), Carabajal and 

Harding (2001), Harding et al. (2001), Hyde et al. (2005), and Lefsky et al. (1999).  

Widely used for DTM generation, city modeling, and forest inventory, small-footprint ALS systems use 

footprints of less than 1 m. Such systems mainly record the backscatter as discrete points (x, y, z, and 

intensity) for multiple echoes of the pulse, although more recently scanners to record the full waveform 

have emerged (Wagner et al., 2006; Mallet and Bretar, 2009).  

Airborne LiDAR systems have been widely adopted for mapping purposes in the last fifteen years. 

Laser scanning is used in digital elevation model (DEM) production (e.g., Kraus and Pfeifer, 1998; 

Huising and Gomes-Pereira, 1998; Gomes-Pereira and Janssen, 1999; Petzold, Reiss and Stossel, 1999; 

Axelsson, 2000; Artuso, Bovet and Streilein, 2003; Reutebuch et al., 2003). Studies on building 

extraction using ALS data are reported e.g., by Haala et al., 1998; Maas and Vosselman, 1999; 

Vosselman and Dijkman, 2001; Vosselman and Süveg, 2001; Vosselman, 2002; Brenner, 2003; 

Brenner, 2005; Maas, 2001; Rottensteiner, 2003; Rottensteiner, Trinder and Clode, 2005; Kaartinen and 

Hyyppä, 2006; Dorninger and Pfeifer, 2008. Use of ALS for forest management has been dominantly a 

Scandinavian effort (e.g., Naesset, 1997; Hyyppä et al., 2001; Naesset, 2002; Persson, Holmgren and 

Söderman, 2002; Yu et al., 2004; Yu et al., 2006; Hollaus et al., 2007; Kaartinen and Hyyppä, 2008; 

Hyyppä et al., 2012). Matikainen, Hyyppä and Hyyppä (2003) have carried out studies on the 

development of automated map updating based on laser scanning data. In the references cited above, 

the algorithm development was focused on data obtained from small-footprint commercial LiDAR. In 

addition to airborne systems, there is also a burgeoning market for terrestrial scanners, and especially 

for mobile laser scanners mounted on vehicle platforms that provide 3D data on the road environment 

and in built-up areas (Talaya et al., 2004; Kremer and Hunter, 2007; Gräfe, 2007ab; Kukko, 2009; 

Kukko el al., 2009; III) and for the field of autonomous vehicle guidance systems (e.g., Montemerlo et 

al., 2006).  

2.2.2 Incidence angle effect in laser scanning context 

LiDAR systems have become a well-established tool for providing accurate 3D information of remotely 

sensed targets. There is abundant knowledge of system uncertainties and their effects on the 

topographic models, but there have been few studies on the role of the optical properties of the targets 

and the laser light interaction with the surface media. A number of studies on the light interaction with 
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surfaces and diffusive media are available (Ellis, Caillard and Dogariu, 2002; Ruiz-Cortés and Dainty, 

2002) and the effect of the optical properties of different targets on their backscatter (van Albada and 

Lagendijk, 1985; Yoon, Roy and Straight, 1993; Wiersma et al., 1995; Kaasalainen et al., 2005ab). 

Simulations of the laser beam interaction with the target surface have provided some important 

information on the properties having the strongest effects on laser interaction and the interpretation of 

the backscattered pulse (Jutzi, Neulist and Stilla, 2005; II).  

To fully exploit the full-waveform data there is a need for experimental data on the factors affecting the 

laser echo, such as the surface composition and structure, and especially the orientation of the target in 

relation to the observation direction. This is crucial for modeling and correcting the amplitude data for 

such effects prior use. Lin and Mills (2009) later investigated the effect of different factors on reflected 

echo and found surface roughness to be statistically the most significant. Also, when correcting echo 

waveform data, accurate echo amplitude normalization using local incidence angle is a critical aspect, 

which has been only partly addressed (Abed et al., 2012). Systematic experimental data on the effect of 

the incidence (i.e., scanning) angle on the intensity of typical laser scanner land targets provide an 

important reference for data interpretation and applications, e.g., simulations and calibration of full-

waveform laser scanner data (Kukko and Hyyppä, 2007; Briese et al., 2008; Abed et al., 2012). 

The observing geometry in all the current scanning LiDAR systems is basically the same. The returning 

pulse is recorded almost entirely at backscatter, i.e., the light paths of the source and detector coincide. 

This geometry is a source of some important scattering effects that are studied in many fields of optics 

and physics (van Albada and Lagendijk, 1985; Yoon et al. 1993; Wiersma et al., 1995; Ellis et al., 

2002; Kaasalainen et al., 2005b). Since the observing geometry of the LiDAR remains the same in all 

scanning applications, the effects from changes in the geometry, i.e., differences in the transmitted and 

detected light paths, are mostly avoided.  

The angle of incidence to the target plays an important role in both the 3D model and the backscattered 

intensity recorded by the LiDAR sensor. The effect of the incidence angle on backscatter has been 

addressed computationally and experimentally in numerous works in photonics and optics (e.g., Videen 

et al., 1992; Ellis et al., 2002; Ruiz-Cortés and Dainty, 2002; Jutzi, Eberle and Stilla, 2003; Landry et 

al., 2006). These studies have mostly concentrated on specific case studies, e.g., the polarized 

backscatter from diffusive media or fiber on a reflective surface, but the application of these results to 

remote sensing of natural surfaces is limited. No systematic experimental data on the effect of incidence 

angle on different materials, especially typical remote sensing targets, are available (Ellis et al., 2002). 

Such data would also be important for the investigation of a LiDAR-based reflectance measurement, 

which has become a topic of scientific interest (Kaasalainen et al., 2005b; Ahokas et al., 2006; Boyd 

and Hill, 2007; Kaasalainen et al 2007a; Kaasalainen et al., 2008ab; Pesci and Teza, 2008;). One of the 
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few attempts prior I  to correct the incidence angle effect on LiDAR intensity is based on a simple 

cosine approach where a Lambertian surface is assumed (Coren and Sterzai, 2006; Höfle and Pfeifer, 

2007).  

Since the work published in I, Lin and Mills (2009) provided with an analysis of the factors affecting 

ALS pulse shape. Jutzi and Gross (2010) have  presented an investigation finding the optimal surface 

reflection model to compensate for variables affecting echo amplitude signals including the angle of 

incidence. The echo amplitude variations caused by incidence angle and range effects were found to be 

able to be eliminated by using the Lambertian reflection model. As the radar equation commonly used 

for describing the laser scattering power includes all Earth surface feature properties, as well as 

atmospheric and system characteristics with the range effect, this approach was stated to be feasible for 

radiometric calibration of ALS data (Wagner et al., 2008). Lehner and Briese (2010) incorporated the 

incidence angle effect in the radiometric calibration workflow. Abed et al. (2012) have further 

developed methodology for local incidence angle derivation and amplitude normalization using full-

waveform ALS data. 

2.2.3 Laser ranging techniques 

Phase shift ranging 

In a phase shift ranging system a continuous multi-wavelength amplitude-modulated laser beam is 

transmitted to the target (e.g., Kikuta, Iwata, & Nagata, 1986; Paschotta, 2013). The phase shifts di, 

i=1…n of the modulated carrier and measurement waves between the transmitted and received signal 

are measured, the ambiguity N of the shortest wavelength is solved from the phase shifts in the 

modulated carrier waves, and finally the phase shift of the shortest measurement wavelength is 

converted into a range from the scanner origin to the object. The frequencies of the modulated 

amplitude waves must be known, since the shortest modulated wavelength 0 gives: 
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where r is the range and N is the integer number of full wave cycles of the shortest modulated wave. 

With only a single wavelength modulation the maximum achievable measurement range is determined 

by 0, after that range the phase cycle begins to repeat itself (Wehr and Lohr, 1999; Paschotta, 2013). N 

could be solved using one or more longer modulation wavelengths i (i=1…n). Multiple modulation 

frequencies are used for two reasons; longer ranges can be solved unambiguously, and with the shortest 

modulation wavelength being around a meter or so, the phase difference measurement can give 
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millimeter precision ranging capability, which is not achieved using only single long wavelength (e.g. 

>50 m) modulation. 

 

Figure 4. Principle of phase shift laser ranging. 

Time of flight ranging 

In a time of flight ranging system, a short (typically 5 to 10 nanoseconds) laser light pulse is transmitted 

towards the object. The time of flight dt of the transmitted pulse from the scanner to the object surface 

and back is recorded and converted to a range r, since the speed of electromagnetic radiation (light in 

case of LiDAR) c is known: 
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Figure 5. Principle of ToF laser ranging. 

The pulse energy spreads around the beam center line on the way to the target due to beam divergence 

before it hits the target. Depending on the target geometry, the light pulse scatters back towards the 

scanner from the different target scatterers at different ranges within the beam footprint. This spreads 

the initially short peak pulse energy into an elongated waveform, which is then either turned into a 

discrete point with analogue detection or sampled and recorded digitally for object point extraction. 

With the full waveform technique, a practically unlimited number of echoes can be extracted, but this 

increases the data amount rapidly and not all echoes are easy to determine. 

Thus, one of the most crucial factors for exact range determination from the returned echo is the target 

detection algorithm (Wagner et al., 2004). Since the length of the typical laser pulse (i.e. duration of the 

pulse times the speed of light) is longer than the accuracy needed (a few meters versus a few 

centimeters), a specific timing mechanism of the return pulse needs to be defined. In a non-waveform 
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ranging system, analogue detectors are used to derive discrete, time-stamped trigger pulses from the 

received signal in real-time during the acquisition process (Wagner et al., 2004). The timing event 

properties should not change when the level of signal varies, which is an important requirement in the 

design of analogue detection as discussed by Palojärvi (2003). For full-waveform digitizing scanner 

systems several algorithms can be used at the post-processing stage, e.g., leading edge 

discriminator/threshold, center of gravity, maximum, zero crossing of the second derivative, and 

constant fraction (Jutzi et al., 2003; Wagner et al., 2004; Wagner et al., 2006). 

2.3 Positioning for mobile laser scanning 

The purpose of a navigation system of an MLS is to provide the instantaneous location and attitude of 

the observer in a chosen coordinate system. To perform the task a primary coordinate frame and 

possible auxiliary coordinate systems are needed to be defined. Furthermore, as the Earth system is 

more or less in a constant movement, as is the observer, a proper time (epoch) frame is also needed. 

Finally, all data acquired from the environment are needed to be synchronized to the common time 

frame in order to be able to georeference them correctly. In this section the principle of GPS-IMU 

navigation is presented in general terms. 

Mobile laser scanning systems typically rely on combination of global navigation satellite systems 

(GNSS) and inertial measurement unit (IMU) technology for direct georeferencing of the data (Grejner-

Brzezinska, 1999). GNSS receivers, such as GPS or GLONASS, typically, but are not limited to, 

provide accurate positioning at low data frequency, typically 1-10 observations a second, when satellite 

visibility and constellation geometry is adequate. At a minimum, signals from four satellites must be 

visible to the receiver. If this criterion is met, RTK and differential GPS positioning can be accurate to 

within a few centimetres. If however, some or all of the satellite signals are blocked, the accuracy of the 

position reported by GPS could be degraded substantially, or may not be available at all. (Grimes, 

2008; Poutanen, 1999; NovAtel, 2005.) 

As GNSS-only positioning is prone to errors in conditions of poor satellite visibility, a condition that 

often realizes in urban environments and beneath high vegetation, and are the main obstacles within the 

MLS context. To overcome this and more importantly to provide attitude information for precise sensor 

orientation, IMU equipment is incorporated to the mapping systems. IMU devices produce location and 

attitude data at high rates, typically 100 Hz or more, by observing linear accelerations and rates of angle 

change along and around the three dimension axes, respectively (NovAtel, 2005).  

Inertial navigation (i.e., using an IMU) provides accurate position over short periods of time, but the 

IMU solution becomes erroneous (i.e., drifts) due to accumulation of gyroscope and accelerometer 
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errors. These errors can be corrected using the GNSS positioning solution, but if the satellite signals 

become obscured for a long period of time, the errors will gradually become large (King, 1998). The 

rate of IMU drift depends on the type and quality of the IMU. By integrating the data from the two 

techniques into a common solution, typically computed using Kalman filtering, or linear quadratic 

estimation, theory originally proposed by Kalman (1960), the accuracy of the navigation solution can 

be maintained in varying conditions more reliably and with better coverage (King, 1998). 

That being said, many modern integrated inertial navigation systems, such as IGI Iie, NovAtel SPAN 

variants and Applanix Pos LV, contain an embedded or integrated GNSS receiver module. GPS and 

inertial navigation are ideal synergistic partners, as their error dynamics are totally different and 

uncorrelated (King, 1998). The following lists the main advantages of GNSS-IMU integration 

(according to King, 1998):  

 The integration with GNSS solves the problem of calibrating the instrument errors in a 

strapdown system. 

 Similarly, GNSS provides a means of in-flight alignment, removing the need for the platform 

to be held stationary for up to 5 minutes while the inertial system initializes, prior to operation. 

 Inertial navigation provides seamless coverage for GPS outages resulting from jamming, 

obscuration caused by maneuvering, etc. 

 Inertial navigation provides a means of smoothing the noisy velocity outputs from the GPS, 

and a continuous high-rate measurement of position, velocity and attitude.  

2.3.1 Global Positioning System – GPS 

The GPS space segment consists of a constellation of satellites transmitting radio signals for 

positioning. The US Air Force manages the constellation to ensure the availability of at least 24 GPS 

satellites, 95% of the time. For the past several years, the US Air Force has been flying 31 operational 

GPS satellites, plus 3-4 decommissioned satellites (“residuals”) that can be reactivated if needed. GPS 

satellites fly in medium Earth orbit (MEO) at an altitude of approximately 20,200 km. Each satellite 

circles the Earth twice a day. (GPS.gov, 2013; Grimes, 2008) 

The GPS system includes a constellation of satellites and a remote receiver that uses range 

measurements to compute the position of the receiver using trilateration. Carrier phase differential GPS 

is an advanced method combining the carrier phase data from a remote and base receiver so as to 

eliminate errors from the observations, with the exception of the integer ambiguities in the number of 

full wave cycles between the two receivers’ and each satellite observed (Mostafa, Hutton and Reid, 

2001). From simultaneous observations of five or more satellites sufficient carrier phase data 

redundancy provides the information to resolve the satellitereceiver range ambiguities, thus solving 

the observations to precise ranges. Range data allows the computation of the baseline between the two 
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receivers involved, and hence the position of the remote receiver to decimeter or better accuracy 

(Poutanen, 1999). Most kinematic applications use low-noise dual frequency GPS receiver for 

obtaining the phase and range data for positioning (King, 1998). 

Currently there are three other global positioning services similar to GPS either in operation, like 

GLONASS, or under construction (Compass and Galileo(Inside GNSS News, 2013)). With the 

improved satellite coverage obtained by combining two or more GNSS constellations, one can obtain 

more accurate positioning, especially in urban areas or other environments where there is significant 

signal attenuation.  

2.3.2 Inertial navigation  

Inertial navigation equipment is essential for any survey or mapping system not relying on indirect 

observations of control points but rather direct georeferencing of data (Grejner-Brzezinska, 1999). An 

inertial navigation system (INS) is a navigation device that, once initialized, uses a computer, motion 

sensors (accelerometers) and rotation sensors (gyroscopes) to continuously calculate the position, 

orientation, and velocity of a moving object without the need for external references (King, 1998). 

 Inertial navigation is typically put into realization with a so-called strapdown inertial measurement unit 

(IMU). These are cheaper and simpler to build than a gimballed system (null-seeker trying to maintain 

the gyroscope orientation), which is a benefit for commercial applications, but on the other hand, they 

are inferior in accuracy (King, 1998; Napolitano, 2010). The Gyroscopes’ role in an IMU is to measure 

the rotation of a device in free space. Typically, Ring Laser Gyroscopes (RLG) and Fiber Optic 

Gyroscopes (FOG) are implemented in commercial IMUs. Both technologies use phase interferometry 

to achieve the rotational measurements. The RLGs or the FOGs are arranged in a group of three and 

complimented with three matched accelerometers, in order to form a 6 degree of freedom (DOF) 

inertial measurement unit. Currently the FOG technology outperforms the RLG in terms of scalability, 

reliability, lifetime and level of random noise (Napolitano, 2010). 

Strap down IMU 

In a strapdown realization, the mechanical gimbals (gimbal can be any support that can pivot around an 

axis, most gimbal systems look like a series of concentric rings) of a gyroscope system are eliminated 

altogether by strapping down the gyros and accelerometers onto the mounting frame. The principle is to 

not use the gyros as null-seekers, but as a means of measuring rotations in space so that the system 

always knows in which direction the accelerometer axis set is pointing. In effect, the mechanical 

gimbals are replaced with a mathematical gimbal set. (King, 1998.) 
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In a gimballed system, gyros need to measure down to a few thousandths of a degree per hour. 

However, they only have to measure rotations up to a few tens of degrees per hour – a dynamic range 

of about 10
5
 (King, 1998). In a strapdown system, the same drift accuracy is needed, but it is also 

necessary to measure rotations within the full maneuver envelope of the platform – up to several 

hundreds of degrees per second. Furthermore, the gyro scale factor has to be extremely accurate and 

linear. As rotations in three axes are not commutative, tiny errors in scale factor accuracy can lead to 

large attitude errors, and thus the scale factor accuracy needs to be a few parts per million at the most 

(King, 1998). 

The initial enabler for strapdown IMUs was the development of RLG. This had been under 

development since the mid-60s, originally with the motivation of achieving better reliability than that of 

the then state-of-the-art. An RLG has virtually no moving parts, and it had been turned out that the 

RLG inherently has extremely good scale factor accuracy, typically about 5 ppm, and furthermore it 

dissipates the same power, regardless the rotation rate. (King, 1998.) 

RLG 

Since the demonstration of the laser gyroscope by Macek and Davis (1963), the optical gyros have 

become a standard in inertial navigation, especially for strapdown mechanization (Dorobantu and 

Gerlach, 2004; King, 1998). They provide high dynamics with better insensitivity to mechanical 

accelerations, smaller biases, drifts and random walk, very good scale factor stability and negligible 

gyro scale factor asymmetry  and gyro misalignments (Krempasky, 1999; King 1998; Dorobantu and 

Gerlach, 2004). RLG is extremely reliable, and compared to the mechanical gyroscopic sensors, RLGs 

are practically insensitive to temperature variations. RLG also has a quasi-instantaneous initialization 

time-period (Dorobantu and Gerlach, 2004; King, 1998). 

 

Figure 6. Ring laser gyroscope – schematic (from King, 1998). 
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The construct of an RLG body is a solid glass block, with three narrow tubes drilled in it (King, 1998; 

Dorobantu and Gerlach, 2004). A mirror is placed at each corner, forming a triangular optical resonator 

path. The tubes are filled with a helium-neon gas mixture at low pressure. A high voltage (around 1kV) 

is applied between the cathode and the two anodes, causing a discharge. The discharge provides enough 

energy to cause regenerative lasing action in the gas, with light beams circulating around the triangular 

resonator path (King, 1998). The principle of the optical RLG is based on the pure relativistic Sagnac 

effect (1913): the phase difference between two opposite electromagnetic coherent light-waves 

propagating in a rotating closed optical path is proportional to the rotation rate (Dorobantu and Gerlach, 

2004). Thus, there appear to be two lasers within the same cavity – one with a clockwise (CW) beam, 

the other counterclockwise (CCW) (King, 1998). When the gyro is at rest, the two beams have the same 

frequency. The block rotating in a CW direction causes a photon in the CW beam, starting at the bottom 

left-hand mirror to find, after one traverse of the cavity, that the mirror has moved slightly further away. 

So that results it to see a slightly increased path length. 

Similarly, a photon in the CCW beam finds a shorter path length. The difference in path lengths causes 

a small difference in frequency. By making one of the mirrors partially-transmitting, samples of both 

beams can be extracted and the frequency difference measured. This is precisely proportional to the 

applied rotation rate. However, very low rotation rates causes complications. The mirrors are not 

perfect and thus produce miniscule between the two beams. This coupling of energy between two very 

high-quality oscillators can cause the frequencies to lock together. To overcome this, the dither motor 

shown in Figure 6 applies a very small oscillatory rotation to the entire block. (King, 1998; Dorobantu 

and Gerlach, 2004.) 

2.3.3 Direct georeferencing 

The motion of a vehicle-based terrestrial mapping system is described in a local coordinate frame, the 

so-called navigation frame. The determination of the position and attitude of the vehicle, or platform, is 

based on measurements from various sensors attached to the sensor platform on the vehicle, typically a 

GPS-IMU system, and possibly aided with an odometer wheel. These sensors deliver physical 

quantities, i.e., accelerations and position, measured within independent frames, each defined according 

to the instrument’s characteristics.  
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Figure 7. Coordinate frames associated with the ROAMER system (Kukko, 2009). 

Mapping sensors operate in the coordinate frames of their own independently. Each of the observations 

is defined within the sensor frame and is not directly tied to the world coordinates. Platform frame is 

the co-ordinate frame to which all of the mapping sensor observations are tied with, and which is 

defined by the IMU attached. More generally speaking, navigation, body and sensor frames are local 

frames defining the reference frames describing the primary observables measured from the moving 

vehicle (Figure 7). Coordinate frames and their mutual transformations are needed to deliver all 

acquired object data, e.g., images and lidar points, in a specified map coordinate system (through 

ECEF) for modeling, measurement and analysis purposes. Excluding the sensor frame, these are 

illustrated in Figure 8.  

 

Figure 8. Coordinate frames for the GNSS-IMU navigation. Left: EFEF (XYZ) and navigation (NWU) 

frames. Right: IMU body frame. Kukko (2009). 
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To further understand the role of different frames to the operation of a mobile mapping system, all the 

relevant global and local co-ordinate frames are briefly described. Global frames are the Earth centered 

inertial and the Earth centered Earth fixed frames that define the position of the MMS on the Earth 

surface. Navigation and body frames are local frames that are needed to maintain the attitude 

information. TLS and image frames are local sensor coordinate systems, and time frame couples the 

navigation and sensor data streams. 

Earth Centered Inertial – ECI frame 

In real time positioning, the user is fixed in inertial space. Positions are expressed in the Earth Centered 

Inertial (ECI) system and True Time. ECI is a non-rotating system with the X-axis aligned with a vector 

from the Sun’s center to the Earths position at the Vernal Equinox, Z-axis is determined to coincide 

with the mean rotation axis, and the origin of the system is located at the center of mass (CoM) of the 

Earth (Parkinson and Spilker, 1996; Walchko, 2002). Alternatively, the X-axis could be aligned with 

the fixed stars (Walchko, 2002).  

Earth centered Earth fixed – ECEF frame 

Earth Centered Earth Fixed (ECEF) is similarly to the inertial system a three dimensional Cartesian 

coordinate system, except the axes rotate with the Earth. The XZ-plane contains the meridian of zero-

longitude – the Greenwich meridian, the XY-plane of the system is coincident with the equatorial 

plane, and the Z-axis is coincident with the minor axis of the reference ellipsoid (Hooijberg, 1997). 

This helps in establishing and transforming data to a specified map coordinate system (Walchko, 2002). 

Figure 8 illustrates the ECEF XYZ-system. 

For practical applications the ECEF system needs to be realized. One of such realization, especially for 

GPS use, is the World Geodetic System 1984 (WGS 84). It is a global terrestrial reference frame (TRF), 

or datum, with its origin located at the center of the Earth, and defines a reference ellipse. The reference 

ellipse is itself defined by the major and minor axes of the Earth. (DMA, 1987; Hooijberg, 1997) 

The original WGS 84 reference frame established in 1987 was realized through a set of Navy 

Navigation Satellite System (NNSS) or TRANSIT (Doppler) station coordinates. Moreover, this 

original WGS 84 TRF was developed by exploiting results from the best available comparisons of the 

Department of Defense reference frame in existence during the early 1980s, known as NSWC 9Z-2, 

and the BIH (Bureau International de l’Heure) Terrestrial System (BTS). (DMA, 1987; NIMA, 2000.) 
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Navigation frame 

A local coordinate frame can be defined variously. In classical geodetic applications a typical definition 

of a local coordinate frame would set the 3
rd

 axis of the local system coinciding with the direction of the 

ellipsoidal normal and pointing outwards the ellipsoid. The 2
nd

 axis would point in the north direction 

residing in the respective meridian plane, while the 1
st
 axis would point in the eastward completing the 

orthogonal axes triad. For INS applications on the other hand most popular is the choice of a different 

axes orientation. Thus, a typical body or vehicle frame is a so-called local north-east-down coordinate 

frame, with the third axis (z) pointing downwards towards the ellipsoid (on the direction of ellipsoidal 

normal h), the 1
st
 axis (x) defining the north-direction (a direction parallel to the tangent to the 

respective meridian) and the 2
nd

 axis (y) pointing to the eastern direction. (Tsoulis, 2006). 

On the left in Figure 8 a local left-handed definition for a navigation frame (NWU) is described, where 

the axes are pointing north (N), west (W), and up (U). The origin of the system coincides the observer 

location, for example the GPS-IMU CoM, and is uniquely defined by the latitude, longitude and 

ellipsoidal height in the ECEF system. Local anomalies in the Earth gravity field cause variation in the 

plump line direction, as the normal to geoid is not parallel to the ellipsoidal normal. Such variation is 

fortunately small enough (< 7 arcsec in Finland) to be neglected when regarding mobile mapping, but 

must be taken into account for accurate long-range geodetic applications. 

Body frame 

Body reference frame, as seen in Figure 8, is the coordinate system associated with the vehicle, or with 

the IMU attached to the system. Typically, but not always, the y-axis points out of the front of the 

vehicle, the x-axis is pointed out the right side, and the z-axis is pointed upward. All navigation 

measurements will be taken in this coordinate system. Furthermore, the body frame is the basis of the 

platform frame on which all of the mapping sensor data is tied with. 

Mathematical relations of direct georeferencing 

The MLS utilizes direct georeferencing (e.g., in Schwarz et al., 1993; Grejner-Brzezinska, 1999; 

Cramer, Stallmann and Haala, 2000) to establish coordinate transformations from the sensor level to the 

object space. The term georeferencing is used here to describe the procedure to resolve the orientation 

of a data sensor mounted on a moving vehicle for mapping applications. Direct georeferencing is 

defined mathematically by a transformation between the rectangular sensor coordinates specified in the 

sensor (TLS or camera) frame and the geodetic (mapping) reference frame: 
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where: 

Equation term Description 
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Two rotation matrices are needed to transition between these different reference frames. The rotation 

b
sR  from the sensor frame to the body frame is determined in the system boresight calibration. The 

rotation in Equation 4 takes the measurements in the body frame and transforms them into the 

navigation frame: 
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where  is roll around the y-axis,  is pitch around the x- axis, and   is yaw around the z-axis 
of the local navigation frame.  

The following matrix in Equation 5 would rotate points from the ECEF frame to the navigation frame: 
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where  is latitude and  is longitude of the observer. With these two orthogonal rotations the 

measurements in the body frame are eventually mapped to the ECEF mapping frame, namely: 
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The rotation 
b

sR  and translations 
s

IMUGPSX 


between the sensor and GPS-IMU body frames are 

determined either from the design of the particular system or from calibration. Typically the 

translations are determined reliably enough from the design, and are to be considered constant, but 

rotations are more critical as they possess the range dependent factor for the uncertainty in object 

location determination. The calibration procedure for determining 
b

sR  is introduced in Section 3.2.6, 

and the results for MLS data are discussed in Sections 4.3.3 and 4.4.2. 

2.4 MLS Simulation 

A laser scanning simulator is aimed at emulating the LiDAR data capture process with the use of 

mathematical models under a computational environment. Data generated by a simulator should exhibit 

all characteristics of data acquired by actual LiDAR sensor (Lohani and Mishra, 2007), yet incorporate 

the object characteristics as well for valid results (Kukko and Hyyppä, 2007). Literature reveals that 

only a few attempts have been made by researchers to develop simulator for laser scanner instrument. It 

is expected that simulation of this kind would provide an important adjunct to the analytical error 

modeling and estimation that has taken place (e.g., Baltsavias, 1999; Schenk, 2001; Wagner et al., 

2006; Balsa-Barreiro, Avariento and Lerma, 2012). 

Significant simulation and modeling work had been done prior to II for large-footprint LiDAR systems 

(e.g., Sun and Ranson, 2000; Ni-Meister, Jupp and Dubayah, 2001; Koetz et al., 2006). Simulation and 

modeling for small-footprint systems was rarer, even though the same large-footprint system 

knowledge can be applied. Earlier attempts at three-dimensional simulations of forests using small-

footprint airborne laser scanner include modeling of the scanning angle effect in the measurement of 

tree height and canopy closure (Holmgren, Nilsson and Olsson, 2003) and the establishment of optimal 

LiDAR acquisition parameters for forest height retrieval (Lovell et al., 2005). In these cases, two 

assumptions were made: the simulated laser pulse was assumed to be a single ray without any 

divergence, and the coarse objects simulated were assumed to be solid. In general, such simulation 

methods were useful, but the implementation was relatively simple. It is thus unsurprising that the 

results obtained with the simulation method in Holmgren et al. (2003) systematically overestimated the 

laser height percentiles by 2.25 m. Beam interaction, waveform, and threshold detection were not 

simulated in this particular study. 

Even though the modeling in Goodwin, Coops and Culvenor (2007), called LiDAR Interception and 

Tree Environment (LITE), was improved, when the simulations were compared to coinciding airborne 

LiDAR data, the estimates differed around 2.4 m in maximum tree height and about 2.3 m in mean 

heights of the first return data. Thus, the geometry of the modeling and the interaction between the 
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LiDAR pulses and forest canopies should be further improved. Lohani and Mishra (2007) presented an 

educational tool for generating simulated ALS data. This simulator provided an easy way to generate 

model data and for altering scan parameters for simulated data, but no validation of the generated data 

was presented. Beinat and Crosilla (2001) have studied the ALS data registration adjustment 

methodology using stochastically generated artificial LiDAR data. This approach, however, does not 

incorporate any of the actual laser scanner geometrical characteristics. 

There are possible applications in which simulation, together with good simulation models for the 

sensors, target, and beam interaction could provide further insights and answers. Optimization of the 

laser acquisition parameters is one feasible application area; an example is tree height estimation, in 

which it is not precisely known why a bias in tree height is found to be 1.3 m in one study and 0.5 m in 

another (see e.g., Rönnholm et al., 2004). Furthermore, it is unknown how much the repeatability of 

laser surveys affects object extraction (building or tree extraction) and detection of certain small targets. 

Opportunities for the use of small-footprint waveform data are long delayed due to the lack of 

experimental data. Even the capabilities of future laser instruments can be estimated with simulation 

and appropriate target models.  

In the mid-2000’s, MLS was still a special group of applications for LiDAR attached to ground-based 

mobile platforms, and commercial MLS had not yet been launched. Some experiments had been done, 

of which Talaya et al. (2004) presented the most advanced approach at the time. The MMS 

development at the FGI was in its early stages, and relevant information of possible system 

characteristics was needed. In this area of interest, optimal constructs and arrangements were 

investigated by applying simulation. Performance analysis and comparison between desired layouts and 

scanner properties was also carried out. 

The simulation approach developed and reported in Kukko and Hyyppä (2007) and later validated for 

ALS and MLS study cases in II, was based on research conducted for sampling of directional 

reflectance data from multi-angular digital aerial sensor HRSC-A (High Resolution Stereo Camera-

Airborne) imagery (Kukko, Hyyppä and Kuittinen, 2005). The developed simulator was the first to 

combine the accurate modeling of the scanner and beam propagation geometries and artificial 

waveform generation. Publication II discussed the potential and results for ALS simulations. For 

analyzing MLS system performance and data characteristics for ROAMER development in 20052006 

there were little published literature to rely on. The simulators especially for MLS use appeared after II, 

are compared in the discussion section of this thesis. 



44 

 

2.5 Laser sensors for MLS 

For current MLS applications, 2D scanners are the most common approach. The third dimension of the 

data is obtained from tracking the vehicle movement. 2D scanners with 360° field of view are ideal for 

mobile laser scanning, as they give full data coverage and are cheaper to manufacture than sensors with 

two rotating axes. Such sensors are widely deployed for kinematic mapping, and different multi-sensor 

layouts are put to use in research platforms as well as in commercial systems. The latest trend in MLS 

sensor development incorporates multi-line scanning with fixed angles (e.g., Velodyne HDL-64E, Ibeo 

LUX) or oscillating beam axis (Neptec Opal-360) for gaining an along-track FOV, thus producing 

multiple profiles per one scan revolution. This improves the spatial coverage of data and helps to 

overcome some of the shadowing effects, thus reducing the time spent in the field. 

The laser sensors currently used in the most prominent operative mobile mapping platforms can be 

divided into two main categories according to the applied ranging technique: ToF and PS. The 

fundamental differences between the two approaches are precision of the ranging and the rate of point 

measurements, although the gap is narrowing. The maximum range for ToF sensors is typically longer 

than that of PS ranging sensors. Considering point distribution and density obtained with typical 

angular resolutions used in MLS and object shadowing/occlusions, however, ranging capability greater 

than 150200 m is of limited use. One of the most critical geometric parameters of an MLS sensor is 

the scan frequency, as it determines the along-track line distribution. This characteristic is related to the 

deflection optics, not the ranging technique. Table 1 summarizes sensors used currently on commercial 

MLS systems. Sensors with ranging capability (less than 50 m) are not listed, as they provide data only 

for limited applications and usually provide low PRF and angular resolution with large beam sizes (e.g., 

SICK LMS-291).  
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Table 1. Laser scanning sensors employed in commercial MLS (October 2013). 

Sensor Ranging Range 

(m) 

@ >80 

% 

Scan 

freq. 

Hz 

Point 

rate kHz 

Angle 

resolution 

deg 

Range 

resolution 

mm 

Range accuracy 

(one sigma)  
80 % 

Range 

repeatability 

Beam 

divergence 

(mm × mrad) 

Spot 

size 

@ 50 

m 

Field of 

view 

Wave 

length 

nm 

Specific 

Dynascan SLM 

150/500 

ToF 150/500 10 36  0.01 10 N/A 50 mm 2.5 × 0.2 10 

mm 

360 905 IP66 

Dynascan S250 ToF 250 20 36  0.01 10 10 mm 50 mm 2.5 × 0.2 10 

mm 

360 905 IP65, 

160 cone 

Optech V200 

(iFlex) 

ToF 200 80-200 75-200 0.144 N/A ±50 mm1 8 0.5 N/A 360 1064 4 Echoes 

Optech M1 

(iFlex) 

ToF 200 80-200 75-500 0.058 N/A ±50 mm1 8 0.5 N/A 360 1064 4 Echoes 

Riegl VQ-250 ToF 500 -100 300 0.001<0.72 N/A 10 mm 5 mm 7.0 × 0.35 18 

mm 

360 1550 Full waveform 

Riegl VQ-450 ToF 800 -200 550 0.001<0.48 N/A 8 mm 5 mm 7.0 × 0.3 15 

mm 

360 1550 Full waveform 

Velodyne 

HDL-64ES2.1 

ToF 120 5-20 >1300 0.09 × 0.52 N/A 20 mm N/A 2.0 ~10 

mm 

360 × 

31.5 

905 Multi-line 

Velodyne 

HDL-32E 

ToF 70 10 700 0.16 × 1.332 N/A 20 mm N/A 2.79 14 

mm 

360 × 

40 

905 Multi-line 

FARO Photon 

120 

PS 153 61 976 0.009 0.07 2 mm 2.7 mm @ 25 m 3.3 × 0.16 8 mm 320 785 TLS 

FARO Focus 

3D 

PS 153 97 976 0.009 0.07 2 mm 2.2 mm @ 25 m 3.0 × 0.16 8 mm 305 905 TLS 

Faro Focus 3D 

X330 

PS 330 97 976 0.009 0.07 2 mm 0.5 mm @ 25 m 2.25×0.19 10 

mm 

300 1550 TLS 

Z+F Imager 

5010C 

PS 187 50 1016 0.0004 0.1 2 mm 2 mm @ 100 m 3.5 × 0.3 15 

mm 

320 1500 TLS 

Z+F Profiler 
9012 

PS 119 50-200 1016 0.009 0.1 0.9 mm 0.9 mm @ 50 m 1.9 × 0.5 25 
mm 

360 1500 Only 360 PS 

scanner 

For further technical details, please refer to manufacturer data sheets: www.mdl-laser.com, wwww.optech.com, www.riegl.com, www.velodynelidar.com, www.faro.com, www.zf-laser.com 
1 Absolute accuracy, range accuracy about 10 mm. 

2 Multilayer scanner: Horizontal × Vertical 
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2.6 Integrated MLS systems 

Mobile laser scanning technologies and applications are currently under rapid development. This means 

that new systems with increasingly varying component combinations are being introduced at increasing 

rates at the moment. In this section, the most prominent and widely spread mobile laser scanning 

systems up to 2013 are presented. The presentation lists systems all introduced after ROAMER 

capable of producing point measurements at high rates and utilizing state-of-the-art GNSS-IMU 

positioning for high quality data. 

The state-of-practice MLS systems were divided into three categories based on the ranging method and 

speed of point measurement (Table 2): High-speed ToF (HSToF), Ultra-High-speed PS (UHSPS), and 

Low-speed ToF (LSToF) systems. The HS ToF category includes systems utilizing ToF ranging laser 

scanner units capable of greater than 200 kHz PRF with high scan frequencies (> 100 Hz). These 

typically have ranging capability over 200 meters and usually provide multiple echoes or full waveform 

recording. The UHSPS category comprises systems with PS ranging scanners up to 1 MHz PRF and 

higher. With these systems, the maximum range is slightly less than that of HSToF systems, typically 

below 150 meters, but is improving (e.g., FARO Focus X330), and they operate at medium scan 

frequencies (50100 Hz). LSToF systems instead have typically PRF of 1–20 kHz; maximum ranges 

are similar to HSToF, but many operate only in close range region (<50 m). 

Table 2. The state-of-practice of MLS systems by category (October 2013). 

HSToF UHSPS LSToF 

StreetMapper IGI SAM MDL Dynascan S250X 

Optech Lynx MDL MDL Dynascan M500 

Riegl VMX-250 ROAMER Mitsubishi MMS-X 

Trimble MX-8 Scanlook Sensei 

NAVTEQ True Road-Scanner3  

Nokia HERE 3D   

Topcon IP-S2 HD   

StreetMapper was the first commercially available multi-scanner mobile mapping system of its type. It 

was initially aimed at highway asset inventory but has been developed also for other applications since 

its first appearance (Hunter et al., 2006; Kremer and Hunter, 2007). The StreetMapper system has been 

implemented with Riegl VQ-250 scanner units for high speed data collection with a similar functional 

construct to the Optech Lynx, launched in 2007, and later inherited by the Trimble MX-8 system. On 

PS ranging instruments, FARO-originated scanners (Photon 120 and Focus3D) seem to be dominant 

(helical scanning can be claimed to have been FGI initiative in 2005) and are used in systems such as 

Road-Scanner3, IGI SAM and Scanlook. It is expected that PS sensors with full 360° FOV, e.g., Z+F 

profiler 9012, will emerge into the vehicle MLS systems probably sooner than later. Moreover, there 
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are some mobile systems especially dedicated to rail and tunnel measurements that utilize Leica or Z+F 

branded PS scanners, such as GRP 5000 from Amberg Technologies. These systems typically rely on 

other than GNSS-IMU positioning, e.g., precision TotalStation and wheel sensor measurements for 

relative positioning to the rails. 

Mobile laser scanning techniques are ever increasingly brought into the mapping industry as vehicle 

mounted systems to derive geometric information about the environment to be mapped. This seems to 

be mainly due to the precision the laser scanning systems can provide and level of detail in terms of 

spatial resolution, which cannot be achieved by imaging technology without remarkable post-

processing and time. Common to all of the presented systems is that the instrumentation is mounted on 

a compact platform that can be easily removed and replaced. The compact structure helps in 

maintaining the relative calibration of different sensors involved, and system modularity is emphasized. 

Two antenna systems are preferred due to faster heading acquisition times. The trend shows also an 

increase in the number of scanners mounted on single units to overcome object shadowing. The other 

trend is to have more than one laser layer, or line, per revolution, which provides mutual overlap 

between the “scan lines”. Low-cost line systems are also entering the market, providing moderate 

performance with affordable pricing. 

2.7 Summary 

In this chapter different technologies applied to mobile laser scanning were presented. Section 2.1 

discussed the general principles and historical background of the MLS. In Section 2.2 techniques and 

issues related to scanning lidar were briefly addressed. Direct georeferencing and technologies applied 

for the determination of MLS trajectory were introduced and formulated in Section 2.3, while Section 

2.4 summarizes the LS simulators developed and used prior the one presented in II. A comprehensive 

collection of LS sensors suitable for high-performance MLS operations were reviewed, and presented 

in Section 2.5, and complemented with an overview on the current state-of-practice in commercial MLS 

operations in Section 2.6.   
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3 CONDUCT OF THE STUDY 

This chapter describes the data sets produced and used in the studies of this thesis. These data sets 

include laboratory, ALS, TLS and MLS laser data, but also geodetic reference data obtained with Real-

Time Kinematic GPS (RTK-GPS), Virtual Reference Station GPS (VRS-GPS) and robot tacheometers 

(referred hereafter  as TotalStations). Each data set is either the input or outcome of the particular study 

indicated in the text. Studies have been conducted in several different areas, which are briefly described 

and located. Section 3.2 and onwards describe the methods, samples, and auxiliary data generated and 

used in the studies for performance analysis. 

3.1 Data and study sites 

Table 3 summarizes the MLS datasets produced and used in the studies described in the publications I–

VII constituting this thesis. The data collected and used as reference for MLS validation analysis are 

described in Table 4. The sources for the data used in this thesis are ALS, TLS and MLS, laser 

laboratory, GPS-IMU, and geodetic surveys. For the simulations conducted for publication II, some 

artificial forest model data were created.  

Table 3. Summary of the MLS datasets (PRF=Point Repetition Frequency). 

Paper Data  Original 

data source 

PRF 

kHz 

Scan 

frequency 

Hz 

Scan 

Angle 

Degrees 

Purpose of use 

IV MLS June 

2011 

AKHKA 244 49 -40 To produce 3D geometry of 

the palsas, calibration 

validation 

IV MLS 

September 

2011 

AKHKA 244 49 -40 To produce 3D geometry of 

the palsas, calibration 

validation 

IV MLS 

March 

2010 

ROAMER 

Photon 120 

244 49 +90 Snow surface 

characterization 

IV MLS 

May 2010 

ROAMER 

Photon 120 

244 49 +90 City modeling for interactive 

virtual reality and 3D 

pedestrian navigation for 

Shanghai WorldEXPO 

IV, V MLS 

June 2009 

ROAMER 

Photon 80 

122 49 -45 Validation of ROAMER 

MLS data on a test field 

VI, 

VII 

MLS 

August 

2008 

ROAMER

880HE80 

122 15 +90 Topographic modeling of the 

river banks 

VII MLS 

September 

2009 

ROAMER 

Photon 80 

122 30 +90 Topographic modeling of the 

river banks, change detection 

and geomorphology 
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Table 4. Summary of reference datasets. 

Paper Data used in 

the study 

Original 

data source 

Purpose of use 

I Laboratory 

Nd:YAG and 

super-K data 

Nd:YAG, 

Koheras 

Super-K 

Study the incidence angle effect 

on different target types, 

simulation 

I Laboratory 

TLS data 

FARO LS 

880HE80 

Study the incidence angle effect 

on different target types 

I, II ALS point 

cloud May 

2003 

TopoSys II Incidence angle analysis, 

environment modeling for 

simulations, simulator 

verification, MLS simulations 

II LAB I, Nd:YAG, 

Koheras 

Super-K 

Simulated waveform generation 

II Virtual forest  Simulator verification 

III GPS-IMU 

2007 

NovAtel 

SPAN 

Analysis of the navigation 

performance 

IV TLS 

September 

2011 

Leica 

HDS6100 

To produce 3D geometry of the 

palsas, Calibration, validation of 

AKHKA data 

IV Geodetic RTK-GPS Geometric validation of 

AKHKA data 

V TLS, Stop-

and-Go 

June 2009 

ROAMER 

Photon 80 

Geometry of the permanent 

MLS test field, validation of 

MLS systems 

V Geodetic 

May 2009 

VRS-GPS, 

RTK-GPS, 

TotalStation 

 

Geodetic network over the test 

site for TLS data georeferencing 

VI, VII TLS August 

2008 

Leica 

HDS6000 

Completion of topographic 

models, validation of MLS 

VI, VII Geodetic 

August 2008 

RTK-GPS, 

VRS-GPS 

Georeferencing for the TLS 

data, accuracy assessment of the 

MLS data 

VII TLS 

September 

2009 

Leica 

HDS6000 

Topographic modeling of the 

river banks, change detection 

and geomorphology, accuracy 

assessment of the MLS data  

VII Geodetic 

September 

2009 

RTK-GPS, 

VRS-GPS 

Georeferencing for the TLS 

data, accuracy assessment of the 

MLS data 

The study areas related to the thesis are quite widespread, extending spatially from the south to the 

northernmost tip of Finland. Table 5 gives a brief description of the main study sites related to the 

publications of this thesis. 
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Table 5. Summary of the study areas. 

Paper Location of 

the study 

area 

Description of the study area 

II Espoonlahti Suburban area with industrial, high- and low-rise 

residential areas 

Varying topography with low hills 

Plenty of coniferous and deciduous vegetation 

III Espoo 18 km road stretch with varying satellite visibility 

IV,V Espoonlahti 

test field 

Suburban area with industrial, high-rise 

residential and low-rise residential areas, public 

buildings, and streets 

Varying topography with low hills 

Plenty of coniferous and deciduous vegetation 

IV Tapiola Urban scene with residential and commercial 

buildings, pedestrians only 

IV, VI, VII Pulmankijoki Fluvial study site with a meandering river, open 

sand point bars and steep sandy banks 

IV Vaisjeaggi Plain marshland with palsa formations 

Heathers and hay 

Low fell shrubs 

IV Toholampi Agricultural farmland of 16 plots, crops at shoot 

phase, and grass 

IV Sodankylä Open marshes and pine dominant forested areas 

with old and fresh snow cover 

 

3.2 Methodology 

3.2.1 Laboratory experiments for incidence angle effects 

For investigating incidence angle effects on lidar backscattering, a laboratory laser instrument was 

constructed to operate under similar illumination/observation geometry as in laser scanning (i.e., exact 

backscatter where the source and detector light paths coincide). The instrument (depicted in Figure 9) 

comprised a 1064nm Nd:YAG laser (wavelength similar to most airborne scanners) and a 16 bit 

monochrome CCD camera (Sbig ST-7), which is a commonly used detector in laboratory (laser) 

measurements in, e.g., optical physics (Yoon et al., 1993). Altogether five three-second exposure 

images were taken and averaged for each sample. To illuminate an area of the sample larger than the 3 

mm laser spot (and hence reduce the deviation in data), the samples were placed on a rotator, allowing 

the laser spot to move around the sample surface during the image exposures. The backscattered laser 

intensities were measured from the CCD images by means of standard photometric techniques. More 

details on the experiment are found in (Kaasalainen et al, 2007a; Kaasalainen et al., 2008b). The 
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incidence angles were changed using a precision goniometer to tilt the sample from normal (0°) 

incidence. 

To demonstrate the dependence of incidence angle effects on wavelength, also a hyperspectral 

measurement for some of the samples was carried out. The measurement was made similarly to the 

1064nm experiment (i.e., at the exact backscatter angle) by replacing the Nd:YAG with a 

supercontinuum (KOHERAS SuperK RED) laser and installing a spectrograph (Specim ImSpector) in 

front of the CCD camera. The spectra were measured at the wavelength range of 600–900 nm. The 

instrument was similar to that presented in (Kaasalainen, Lindroos and Hyyppä, 2007b) with a better 

alignment and thus improved accuracy. 

 

Figure 9. Laboratory laser (Nd:YAG) measurement arrangement. The sample surface was tilted using a 

goniometer to change the incidence angle (I). 

The validation of the results of the laboratory laser measurements was carried out with the FARO LS 

880HE80 (FARO LS) TLS operating at 785 nm. The scanner uses the PS technique for the distance 

measurement with an accuracy of 3–5 mm and a 360° × 320° field of view. The detector of the FARO 

LS is not optimized for intensity measurement. There are modifications in the detector that affect the 

intensity, e.g., a brightness reducer for near distances (< 10 m) and a logarithmic amplifier for small 

reflectances. These all required extensive and systematic distance and reflectance calibrations, which 

were carried out in the laboratory using a calibrated gray scale reference and a calibrated four-step 

Spectralon reflectance panel (Kaasalainen et al, 2007a; Kaasalainen et al., 2008b). The incidence angle 

measurements were carried out at a 1 m target distance with the samples placed on the goniometer for 

the incidence angle variation. 

Three of the brightness scale targets with 10 %, 20 %, and 50 % nominal reflectances were also 

measured during the Espoonlahti ALS campaign, conducted 31 August 2006 using the TopEye Mk II 
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1064 nm laser scanner. The flight altitude was 300 m, and the test area consisted of the Espoonlahti 

boat harbor and beach. From each sample, 20–100 hits (i.e., returned pulses) were recorded. 

A set of targets used in ALS intensity calibration and a set of natural and artificial (such as brick 

material) samples representing typical ALS land targets (see also Kaasalainen et al., 2009b for results in 

this context) were investigated. The brightness calibration targets (tarpaulins, referred as ‘tarps’ from 

here on) measured in this study have been used in radiometric calibration of aerial cameras and ALSs. 

The tarps were made of polyester fiber with a polyvinyl chloride (PVC) coating and span a brightness 

gray scale from 5 % to 70 % reflectance (Ahokas et al., 2006). A set of four targets were measured with 

calibrated reflectances of 8 %, 26 %, 50 %, and 70 %. All the measurements were relative to the 

Spectralon 99 % reference target at 0° incidence. The incidence angle effect of the Spectralon target 

was also measured. 

The sand and gravel chosen for this study were commonly used in sandblasting and construction. The 

sandblasting sand of two grain sizes were measured, as well as black gabro gravel, crushed redbrick, 

and light expanded clay aggregate (LECA), which consisted of small, lightweight, bloated particles of 

burnt clay. These gravel types were also chosen because of their easy availability in standard hardware 

stores, which makes them practical for the calibration of airborne laser data taken at different 

campaigns in varying locations. The preliminary test measurements for a large set of gravel types 

showed that it is difficult to find a gravel of high reflectance suitable for calibration. Therefore, to 

extend the brightness scale toward higher reflectances, a sample of polystyrene was included into the 

investigation. (I). 

3.2.2 Laser scanning simulator 

Technical design of a laser scanner affects the characteristics of the resulting point cloud. To study and 

analyze the effect of different optical and geometrical properties of laser scanners on the data, 

simulation software was implemented for the use in the Matlab environment. The methodology 

includes implementation of the geometric properties of the scanner system, beam propagation, laser 

radiation and scattering on the target surface, and the signal waveform processing. A complete LiDAR 

simulator could cover platform and beam orientation, pulse transmission, beam interaction with the 

target surface, computation of waveform prototype, and eventually digitization of the waveform. 

Airborne laser scanners typically have three basic scanning geometries or modes: line, oscillating, and 

conic, all of which were implemented into the simulation system. The other relevant system-specific 

parameters affecting the achieved scanning pattern (and thus the data coverage on the ground surface) 

that were implemented are pulse frequency, scanning frequency, scanning angle, and the along-track 
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velocity of the platform. The parameters determining the sensor trajectory are speed and drift of the 

aircraft, altitude, and the direction of the flight strip. Since the sensor was assumed to follow a flawless 

trajectory, navigation errors could be introduced for each computed pulse firing time. Platform 

accelerations were not introduced in to the simulator. 

The transmitted pulse energy was modeled as a function of time with known time-interval sampling. 

For simulation purposes, 100 ps sampling was chosen to obtain the inside-simulator prototype echo 

waveform. This provided a sampling frequency 5 to 10 times higher than that provided by the 

operational scanners. Each single laser beam shot was modeled using multiple rays with uniform 

angular distribution around the centerline of sight of a single laser pulse.  

The waveform data generated by the simulator was based on that spatial discretization of the laser beam 

to a bundle of rays, Gaussian pulse power approximation and TEM00 intensity pattern model, 

computation of object intersections for each sub-beam, and the interaction of the sub-beams with the 

target surface scatterers. The angular difference between adjacent rays, or sub-beams, was chosen 

according to the flight altitude and surface model grid spacing used. This beam subdivision was 

implemented since it corresponds to the illumination integral, and it makes it possible to detect small 

and narrow objects like branches and power cables within the beam, thus allowing the addition of such 

objects into the artificial models. 

The basic assumption of the FGI LiDAR simulator was that there already exists a high-resolution 

environmental model of the target (e.g., a raster surface), either obtained from ground truth 

measurements, created artificially, or generated from a previous laser survey. Environmental models 

employed in this study were created using multiple overlapping laser scanning strips, or they were 

artificially created for small areas. Environment models based on laser surveys were typically hundreds 

of meters in size and were generated in the following way: First, the area of interest was delineated 

from the data, and an appropriate grid cell size was chosen. Next, the grid cells (i.e., pixels) were 

populated using the elevation of the highest data point within the cell. The elevation values were stored 

at one-centimeter resolution in 16-bit signed integer data format, so in the simulation computations, the 

metric values were obtained by multiplying the grid cell value by a factor of 0.01.  

Validation of the study cases was carried out using the environment model built usingreal laser 

scanning data, and in the first case, independent reference laser scanning data, acquired with the 

TopoSys II laser scanner, was used. 

 The developed simulation method was validated for the simulation of three different existing laser 

systems: TopoSys II, TopEye Mk II, and Optech ALTM 3100. In this test, the reference environmental 

model of the Espoonlahti test area was used. The environment model was computed from the first echo 
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point data of 18 overlapping scanning strips, acquired with TopoSys Mk II in May 2003 at an altitude 

of 400 m. This was partly the same area featured in the EUROSDR/ISPRS project “Tree Extraction,” 

coordinated by the Finnish Geodetic Institute (Kaartinen and Hyyppä, 2008; Kaartinen et al., 2012). 

The same model was also used in the simulation case for mobile laser scanner presented in the study. 

3.2.3 Development of MLS systems 

The initial goal during the development of the mobile laser scanning system was to create a system that 

would maximize the automation of feature extraction at the post processing phase (III). To accomplish 

a high level of automation in data processing, a laser scanner capable of providing dense point clouds 

was required with an assumption, that dense data would allow more reliable recognition of a variety of 

objects. Additionally, the system was required a great deal of flexibility, in order to provide a moving 

laboratory that could be mobilized and modified for various applications. Finally, imaging capability 

was desired for complementing the mapping data capture and object modeling. 

The evolution of the sensor integration platform started from a multi GPS-antenna array system (Figure 

10) in order to provide the sensor orientation on the basis of computations derived from the data from 

multiple GPS receivers/antennas. This was mainly due to early demands to build a low cost system. 

However, it was quickly determined that the requirements for the data quality and accuracy were too 

high to be achieved with such an arrangement. The size of the platform (2 m  3 m) was also 

impractical for everyday use with a vehicle frequently used for other purposes. 

 

Figure 10. Design of a multi-antenna array platform for mobile mapping. 

It soon became obvious that GPS-IMU based navigation could provide the required accuracy level, and 

at the same time the pricing was decreasing to an affordable level. A NovAtel DL-4plus GPS receiver 

with GPS-702 antenna and Honeywell HG1700 AG11 tactical-grade RLG IMU navigation system was 

acquired by the institute, and the integration platform was redesigned. With GPS-IMU navigation, the 

platform size could be reduced significantly. The first idea was to simply put the scanner upright on a 
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sturdy plate, tightly coupled with the GPS antenna and IMU enclosure. The first tests were conducted 

with such an arrangement, but as expected, a more complicated design later evolved.  

The third version of the platform was the first to carry the name ROAMER, and the backbone of the 

design was to build a versatile, multipurpose platform for research purposes, not limited only to city 

and road mapping. In the end, the main hardware sub-systems integrated in ROAMER included: 1) 

laser scanner, 2) GPS-INS navigation equipment, 3) camera system, 4) synchronization electronics and 

5) mechanical support structure. The first three sub-systems were state-of-the art in their respective 

categories of performance, and were purchased from third-party vendors. The synchronization 

electronics was specified and designed by FGI according to the scanner and GPS-IMU I/O 

specifications, as well as to support synchronization of image data. It evolved concurrently with the 

system development.  

The development of the ROAMER system comprised the hardware integration, data acquisition 

practices with appropriate calibration development, implementation of the georeferencing processes, as 

well as system and data evaluations. The research and development resulted in the creation of two 

distinct MLSs: ROAMER and AKHKA. The ROAMER system is a robust, but adjustable, vehicle-

mounted multi-modal system, backed up with camera equipment, whereas AKHKA is a compact 

personal surveying system. Both systems use the same instrumentation, but the integration platforms 

differ from one another. The direct georeferencing of ROAMER point clouds was computed using the 

Waypoint Inertial Explorer™ GPS-IMU post-processing software for trajectory solution, combined 

with a Matlab software developed in-house, used to produce point clouds from the raw laser points with 

direct georeferencing. The performance results of these systems are described in more detail in Sections 

4.3, and 4.4; results of tests of the usability in different application scenarios are presented in Section 

4.5.  

3.2.4 FGI MLS test field 

The ROAMER and AKHKA systems have been used in numerous studies with a good success rate. To 

validate the geometric data quality, the performance of the systems has been investigated thoroughly. 

The geometric accuracy of the different data sets acquired within the scope of various projects has been 

studied and reported case-by-case. However, it was clear during these projects that MLS data quality 

was an important issue that needed to be extensively investigated in a well-referenced environment. 

This need led to the establishment of a permanent urban test field for MLS performance testing. This 

work has been reported in V. 
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To summarize these efforts, the ROAMER system was deployed in May 2009 to collect the reference 

laser scanning data, in order to build up a test via stop-and-go scanning capabilities, i.e., performing 

stationary GPS-IMU aided TLS scans from a vehicle platform at various locations. Altogether 58 scan 

stations were obtained, where the position of each station was determined by ROAMER’s GPS-IMU 

and further validated against a network of about 150 control points surveyed with VRS-GPS, RTK-GPS 

and TotalStation, applying corrections as needed. The absolute horizontal accuracy of the reference 

scan data of the test field was estimated to be around 2 cm, whereas the accuracy of elevation 

measurements was 3 cm, corresponding to the standard deviation of the collected GCP network (V). 

Figure 11 shows the test field area as generated by the stop-and-go scans. 

 

Figure 11. Stop-and-go scans of Espoonlahti urban MLS test field. Image: H. Kaartinen, 2009. 

3.2.5 MLS Benchmarking in the test field 

For performance testing of ROAMER two versions of the point cloud were analyzed. In the first one, 

the georeferencing was computed using the calibration values between the instruments determined only 

in laboratory calibration. The laboratory calibration was based on measuring the physical offsets and 

rotations between the scanner, IMU and the GPS antenna (see Kukko (2009) for the principles). For the 

second attempt, the laboratory calibration was fine-tuned using field data, i.e., by utilizing the MLS 

data acquired by driving the same location in two directions and using some control targets. These fine-

tuned calibration values (rotations Roll, Pitch and Heading around the IMU axes, 
b

sR ) were then applied 

in re-computing the data to produce the second set of point clouds for analysis. (V). 
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The GPS reference station data were acquired from the Finnish VRS network (www.gpsnet.fi). After 

georeferencing, “dark points” were deleted (to reduce noise and erroneous points) by filtering out 

points with an intensity value of less than 800 (whole data set ranged from 0–2047, 11 bit). Isolated 

points (to reduce random stray noise) were deleted by filtering out points that had less than 50 points 

within a 2 m radius around them. (V). 

3.2.6 Field target method for MLS calibration 

Idea 

The procedure of field target method for MLS calibration for ROAMER was described in its basics first 

time in Kukko (2009). In the procedure, the initial estimates for the boresight angles between the IMU 

and the scanner axes were determined by direct measurements in laboratory. It should be noted, that 

even 1 mm uncertainty in the axis end orientation, given that the size of the IMU enclosure of c. 200 

mm, leads to a misalignment uncertainty in the order of 0.3. This translates to about 25 cm error in the 

point cloud data at 50 meters from the scanner. Therefore, either the laboratory setting must be 

extremely accurate, which in most cases is impractical, or the calibration must be performed based on 

the actual field data from the instruments. This would provide a wider span of the targets, but more 

importantly, would eliminate the need to physically measure the sensor axes at high precision. Thus, the 

estimation of the angular misalignments was to be obtained from the systematic discrepancies in the 

observations of spherical targets from the point cloud and field reference data. Errors due to positioning 

were to be eliminated by observing targets from different sides of the scanner FOV nearly 

simultaneously and subtracting systematic shifts before solving the angles, i.e., using direction vectors 

connecting observed target centers. When the positions of the targets and the scanner are known, the 

misalignments can be determined e.g., iteratively by least squares estimation. 

The field target method is based on the following principles (refined from Kukko (2009)): 

 A set of spherical targets are set up as gates of two targets, and their positions are determined; 

 MLS data is obtained so that the trajectory goes through several of the gates in different 

directions; 

Targets are detected from the MLS data, fitted with model spheres, and geometric errors are linked 

to the trajectory based on data timing; 

 Calibration corrections for the three rotational misalignments are computed.  
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As a result, the rotational offsets 
b

sR  between the IMU and scanner around axes are determined, and 

the data can be recomputed to obtain an accurate georeferenced point cloud. 

Figure 12 shows the typical effects of the angular errors on the target gate representation. The light 

grey spheres show the correct location of the targets and light blue and red spheres indicate the targets 

observed by the MLS from two passes through the target gate from opposing directions that are 

expressed by arrows of corresponding color. In case (a) the heading angle error is to be determined 

from the horizontal displacement of the targets. However, if the passes differ in direction, but are along 

exactly the same path the targets are displaced with no distinction (here the red targets are displaced 

downward for the illustration purpose only). If the target locations were not known the heading angle 

error could not be determined due to the singularity in geometry. If different paths are used the target 

displacement becomes different in magnitude, and the heading angle error becomes detectable. 

 

Figure 12. Effect of angular errors in the target gate reconstruction. In (a) the target gate is viewed 

from top, and where the heading angle error is determined from the horizontal displacement of the 

targets. In (b) the roll angle error is determined from the tilt in the vectors connecting the target 

images (view through the gate). In (c left) the pitch angle error could be determined from the along-

track component of target error and the stake (tripod etc.) orientation. To help automated computation 

additional target spheres could be used at close to ground or higher above (c right). 

Case (b) shows the principle for roll angle error determination. Roll angle error yields to a vertical 

displacement of the target spheres, and the amount of the displacement is a function of distance from 
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the target. This error could also be measured from the tilt of the ground in transects over the point cloud 

data, where the span of the observation can improve the accuracy, but does not allow automated 

determination so easily.  

Case (c) illustrates the pitch angle error effect, where vertical object gets tilted in the along-track 

direction of the MLS. The “cross-hairs” formed by the two reconstructions appear at the exact altitude 

of the sensor suggesting the target placement to be below and above that. Here again, extending vertical 

span of the gate improves the angular accuracy. A good alternative in urban scene for the target gate 

would be pair of lamp posts, as they could provide precise localization and spatial extent (width and 

height) for accuracy, and moreover are automatically detectable from point clouds (Lehtomäki et al, 

2011). They may also provide with a control and adjustment scheme for MLS data in general as poles 

are a typical road asset present almost everywhere. Such approach is yet a subject for a future study. 

Experimental setting 

GPS-IMU positioning has an upper-limit accuracy of 1020 mm, so the selection of the gate locations 

is critical for reliable results. The wider the target gate, the more accurate the angle determination 

should be, provided that the point resolution is sufficient for detecting the targets with the given setting. 

Because the translation-offset parameters 
s

IMUGPSX 


 are considered known from the design of the 

platform with an estimated accuracy of 2 mm, the three angular parameters can be solved even from 

erroneous positioning data. However, the performance of the IMU in use has an influence on the 

achievable accuracy and solution stability in the field. 

 

Figure 13. Field target calibration setup for the AKHKA on September 2011. Targets are shown as red 

points, system trajectory as purple line. 
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For calibration of the AKHKA system, a bundle of eight spherical reference targets (ATS Scan 

Reference System), 198.8 mm in diameter, were erected around the study area in Vaisjeaggi bog in 

connection with the September 2011 data acquisition, in order to assess the quality of AKHKA data in 

the field. The location of each sphere center was measured using RTK-GPS, which operated with an 

around 600 m baseline from the GPS base station. According to Bilker and Kaartinen (2001), RTK-

GPS can be expected to provide 10 mm + 1–2 ppm (parts per million, scale dependent component) 

horizontal accuracy and 15–20 mm + 2 ppm elevation accuracy for the target locations. The spheres 

were also scanned with a Leica HDS6100 terrestrial scanner with a resolution of 0.036° (0.6 mrad, 

’High’ setting) from three locations to provide internal dimension reference for the target field and also 

to produce reference data about the ground surface. The TLS scans were georeferenced using least 

squares estimation, according to the sphere coordinates from the RTK-GPS positioning. The target field 

setting is shown as red points in Figure 13 for the September 2011 data campaign. 

3.2.7 Statistics for performance analysis 

The accuracy of the benchmarked method or system is presented using descriptive statistics of the 

differences between the reference and the measured values. Root mean squared error (RMSE) 

expressed in Equation 7 was calculated for MLS planimetric and 3D accuracy in Publications IV and 

V. 
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where e1i is the result obtained with the method or system, e2i is the corresponding measured reference 

value, and n is the number of samples. Additionally, minimum, maximum, medium, mean, and standard 

deviation values were calculated. If the observed value differed from the reference value by more than 

3×std from the mean value, it was considered as a gross error, i.e. outlier, and removed. 

Additionally, the coefficient of determination R
2
 was used in VII for estimating the reliability of the 

change detection. This variable is defined by:  

    
     

     
,         (8a) 

where 

       ∑      ̅           (8b) 
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is the total sum of squares, yi are the values of the data, and  ̅ the mean of the observed data. The sum 

of squares of residuals is formulated as: 

       ∑        
 

 ,        (8c) 

where fi is the reference model data. 

For MLS system analysis (Publications IV and V) the analyzed point clouds were first checked by 

comparing them with the reference data to detect any gross errors either in elevation or plan. If there 

was a systematic shift larger than of a few centimeters, caused for example by the differences in GNSS 

base station coordinates, this was compensated for, in order to ensure validity in the comparison. In 

particular, a large systematic shift in plan can lead to distorted elevation results, and it is common 

practice to use some ground control points in laser scanning surveys to eliminate this bias. The check 

points deviating the most from the reference data were checked visually against the ground truth and 

removed from the analysis if there was any suspicion that the error was due to the target, not due to the 

system. These errors were mainly detected in the analysis of elevation accuracy, and they could be 

explained by parked cars or changes in vegetation. Following this ‘gross error filtering’, systematic 

errors were removed, separately for easting and northing, and the accuracy values were computed. 

3.2.8 Formulation for sensor parameter analysis 

The laser sensor arrangement, scan frequency and angular resolution affect the data characteristics 

greatly, in addition to the obvious surface topographic effects. The scan frequency, i.e., the frequency 

scan line is repeated with, determines the MLS data coverage and distribution, especially at high 

platform velocities. The higher the frequency, the faster one can conduct the survey with adequate point 

density. This, however, requires that the point repetition frequency (PRF) increases with the scan 

frequency so that the angular resolution within the scan line can be maintained. The platform velocity v 

effect on the scan line separation Dsl was analyzed for selected scan frequencies available on state-of-

the-art scanners, which follows a straightforward relation: 

     
 

              
        (9) 

Further, the effects of PRF and scan frequency in providing the particular angular resolution for the 

scanning system was studied, which is related by the following equation: 

                        
              

   
       (10) 
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The relation of angular resolution to the ground distance for a given sensor elevation was formulated as 

follows: The horizontal step increment Dp of subsequent points in a profile on the ground surface, 

caused by the angular resolution size of increment, depends on the beam direction: 

                       ,       (11) 

where αi is the beam incidence angle (i.e., the angle between the laser beam and surface normal) to the 

horizontal ground, γ is the angular resolution increment, and h is the sensor elevation from the ground. 

The incidence angle αi is a function of horizontal distance from the scanner D and the sensor elevation 

h: 

        
 

 
         (12) 

The effect on point distribution due to turning of the vehicle is prominent for vertical scanning. Turning 

increases the profile spacing, especially on the outer side of bends, thus reducing the ability to detect 

vertical objects, such as tree trunks and poles. This, however, depends largely on the scan frequency 

provided by the scanner and also the rate of turning (deg/s) and the range from scanner: 

           
         

              
 .        (13) 

3.3 Summary 

This chapter introduced the data and study sites used in the separate studies of this work. The data and 

sites are diverse and resulted from a variety of applications of the proposed MLSs. The applied methods 

and experimental setups were also described in brief. The laboratory experiment for the incidence angle 

study was explained in detail, and an overview on the LS simulator was presented. The development of 

the proposed MLS systems was summarized discussing the background and evolution of the ROAMER 

and AKHKA systems. The conduct of establishing a permanent performance test field for MLS use was 

expressed, and the following benchmarking study and methodology was presented. Further, the 

principle for the field target method for MLS system calibration was explained. The performance 

statistics presented were used for MLS data quality analysis in publications IV, V and VII, and are 

summarized and discussed in Chapter 4 representing results of the calibration and performance studies 

gained in the separate publications, and introducing further application scenarios. Sensor parameter 

analysis based on the formulations presented in Section 3.2.8 is conducted in Chapter 5. 
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4 RESULTS 

This chapter summarizes the highlights obtained from the studies in the separate papers of this thesis. 

Section 4.1 presents the findings in the incidence angle effects on a set of laboratory samples (I). 

Section 4.2 discusses the validation of the LiDAR simulator and its use for MLS system analysis (II). 

Chapter 4.3 describes the current ROAMER system (III, IV) and summarizes the results from 

performance testing of the GPS-IMU navigation component (III) and performance testing of the 

complete system and comparison with the state-of-the-art MLS systems on a permanent MLS test field 

(IV, V). Section 4.3 also disseminates the results for applications of ROAMER on geomorphological 

studies on boat and cart platforms (VI, VII). Section 4.4 presents the AKHKA backpack MLS system 

and the performance analysis results based on a realization of the proposed field calibration method 

(IV).  Section 4.5 discusses the influence of certain sensor parameters on the MLS data characteristics 

and practical implications. Finally, Section 4.6 presents different applications where ROAMER and 

AKHKA systems have been utilized and discusses the implications. 

4.1 Incidence angle effect experiment 

The incidence angle and brightness functions for the brightness tarps and gravel, measured with the 

Nd:YAG laboratory laser and the FARO LS 880HE80, are presented in Figure 14 and Figure 15. The 

dependence of brightness on incidence angle is practically negligible for most of the targets at 

incidence angles up to 20° (and even up to 30° for targets with reflectance < 50 %). For the brightest 

targets (Spectralon 99 % and the polystyrene target) the decrease in brightness is significant even at 

small angles of incidence. The incidence angle effect seems to be stronger for the targets of high 

reflectance, but the effect of other parameters, such as the surface roughness compared to the laser spot 

size, should be further investigated for quantitative results.  

Table 6. Comparison of ALS (TopEye Mk II, 1064nm) and TLS (FARO, 785 nm) Relative 

Reflectances for 50 %, 20 %, and 10 % Test Targets.
a
 (I) 

Tarp TopEye 12 TopEye 18 TopEye 20 FARO 12 FARO 18 FARO 20 

50 % 0.68 0.68 0.72 0.79 0.79 0.78 

20 % 0.36 0.37 0.38 0.24 0.24 0.23 

10 % 0.12 0.12 - 0.12 0.12 0.12 
a
 The results are relative to the 70 % test target. For the ALS data the incidence angles were 12°, 18°, and 20°, and the TLS data 

were chosen accordingly. 

The effect of surface roughness on brightness variation can be reviewed qualitatively in the 3D 

structure plots in Figure 14. It seems that features other than surface roughness play a stronger role in 

the incidence angle effect. For example, the crushed redbrick sample shows strong variation in overall 

intensity, which is partly due to the large grain size (1–2 cm) compared to the laser spot size (5 and 3 
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mm for Nd:YAG and FARO, respectively), but the decrease in intensity due to incidence angle is not 

stronger than that of other gravel with smaller grain size (see Figure 14). 

The comparison of the TopEye ALS and FARO TLS data are presented in Table 6. The reflectances are 

expressed in relation to the 70 % brightness target with the same angle of incidence as the samples. 

These results are reproduced fairly well at small (up to 20°) angles of incidence. 

 

Figure 14. Relative reflectances plotted as a function of incidence angle for the (a) gabro gravel, (b) 

LECA gravel, and (c) crushed redbrick. Samples in (d) and (e) are from sandblasting sand of two 

different grain sizes (0:1–0:6 mm and 0:5–1:2 mm, respectively). The left panels were measured with 

the 1064 nm Nd:YAG instrument and the right panels with the FARO TLS. In the middle panels, the 

3D structures of the samples were measured with a Konica–Minolta VI-9i laser digitizer. The sample 

images are presented at the same scale. (I) 



65 

 

 

Figure 15. (a) Relative reflectances plotted as a function of the incidence angle for the 99 % Spectralon 

reflectance target. (b)-(e) PVC brightness calibration tarps with brightness values of 70 %, 50 %, 26 

%, and 8 %, respectively. The left panels were measured with the 1064 nm laboratory instrument and 

the right panels with the FARO TLS. (I) 
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4.2 Simulation performance 

4.2.1 Scan pattern analysis for ALS sensors 

The simulated laser scanning point clouds were acquired using typical system characteristic parameter 

values of the three scanners, determining the spatial distribution of the laser beams, pulse transmission, 

and waveform detection. These parameters are listed in Table 7. The simulated trajectory was produced 

for an altitude of 400 m and 80 m/s groundspeed, which was kept constant for each simulation. Images 

captured from the simulated point clouds for the three discussed scanners are presented in Figure 16. 

Points were colored by elevation, and each image is of the same modeled location. The data 

characteristics for each scanner type are clearly observable in the images, and the capability of each 

system to capture objects in along- and cross-track directions is illustrated. The level of detail in the 

original TopoSys II first pulse data and the environment model was reproduced by the simulation. 

Some erroneous points can be detected on the walls, as the environment model computation from the 

laser survey data could lead to false artifacts, the effect of which depends on the grid cell size that has 

been used. 

Table 7. Simulation parameters for the scanning geometry simulation (fp=Pulse repetition frequency, 

fs=Scan frequency, max=Maximum Scan angle, Dp=Pulse duration, Nwf=Number of wave samples, 

fwf=Sampling frequency). 

Parameter ALTM3100 TopoSys II TopEye Mk II 

fp 50,000 Hz 83,500 Hz 50,000 Hz 

fs 70 Hz 653 Hz 35 Hz 

max 14.3 14.3 14.3 

Dp 8.0 ns 5.0 ns 4.0 ns 

Nwf 128 128 128 

fwf 1 GHz  1 GHz 2 GHz 

Data validation was carried out by comparing the simulated first echo data to the environment model. 

Each simulated point cloud was converted into a 20-cm resolution grid, and the elevation value was 

taken to be the highest point elevation value within each cell. Cells that contained no data points were 

disregarded, but for all not empty cells, the elevation values were subtracted from the corresponding 

model elevation values, in order to evaluate the accuracy of the simulated elevation measurements. In 

addition, this procedure was repeated using first echo data from an independent TopoSys II flight strip 

(later referred to as reference point cloud) that was not used for the environment model computation, in 

order to compare the simulated results to results from real field data. The mean values and standard 

deviations for the elevation differences are presented in Table 8. 
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Table 8. Elevation differences between the environment model Emdl and simulated and reference point 

clouds. 

 Emdl-ALTM3100 Emdl- TopoSys II Emdl- Mk II Emdl-Reference 

MEAN -0.056 m -0.032 m -0.377 m 0.160 m 

STD 0.537 m 0.776 m 7.38 m 1.85 m 

 

Figure 16. Simulated point clouds for the three scanner types. From left to right: TopoSys II, Optech 

ALTM 3100 and TopEye Mk II (II). 

The mean differences reveal that the simulator slightly overestimates the object elevations. For the 

TopEye Mk II scanner, the overestimation is 5–10 times larger in comparison to the two other 

simulations for TopoSys and Optech scanners. This could be explained by the differences in scanning 

operation and especially by the scanning angle, as the data contains much more echoes reflected from 

vertical objects, such as walls, than the corresponding TopoSys Mk II and Optech ALTM 3100 data. 

When the wall hits were neglected, the mean elevation difference decreased from 0.337 to 0.066 m with 

a 0.441 m standard deviation. The results were then comparable to the results from the two other 

simulated data sets. The elevation differences between the environment model and the TopoSys II 

reference point cloud show 0.16 m drop for the point elevations in the reference data. Deviation 

between the real TopoSys point cloud and the environmental model was 2 to 3 times larger than for the 

simulated Optech and TopoSys data sets. The systematic discrepancy in mean elevation differences for 

the simulated and reference data sets were due to navigation errors in the reference data. 

In Table 9, the results for cross-comparisons between the simulated and the reference 3D point data 

(TopoSys II) are given. Two regular grids of 20 cm resolution were computed each of the point data, 

the first to contain the highest point elevation data, and the second the lowest point elevation data, and 

pairwise elevation comparisons between the corresponding reference and simulated data grids were 

performed. 

The comparisons show that the simulations yield an approximately 0.20 m systematic overestimation in 

point elevations for both the highest and the lowest point comparison, as the simulated points were 

found to be a bit higher than the corresponding points in the reference data. When grid cells with a 

deviation larger than 0.5 m in point elevations (e.g., wall points) were neglected from the computation, 

the mean elevation difference, e.g., for the simulated TopEye Mk II data was reduced to 0.08 m with 

0.10 m standard deviation in comparison to the reference point cloud. 
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It is also noted that the reference data strip was found to be systematically 0.16 m below the 

environment model (see Table 3 in II), which explains the larger elevation differences between the 

simulated and reference point data. By eliminating this systematic bias, the mean elevation differences 

in the point data comparisons closely corresponded to the 0.08 m mean difference of the wall 

elimination case (see also Table 9). The point spacing and elevation information were comparable to 

the reference TopoSys II data, noting the observed elevation difference between the reference point 

data and the environment model used in the simulation. 

Table 9. Elevation differences between the reference and simulated data for three simulation cases. 

Differences were computed for highest and lowest hit grid pairs (High, Low). 

 Reference-ALTM3100 Reference-TopoSys II Reference-Mk II 

 High Low High Low High Low 

MEAN -0.24 m -0.24 m -0.21 m -0.29 m -0.23 m -0.23 m 

STD 1.41 m 1.58 m 1.60 m 1.78 m 1.47 m 1.55 m 

In addition to ALS sensor modeling, the simulator was complemented with MLS sensor model that 

could be used for deriving datasets for analyzing MLS configurations from mobile terrestrial 

perspective. This case is summarized in the next section. 

4.2.2 Mobile mapping system analysis 

Figure 17 shows a cloud of points simulated for a SICK LSM 221-30206 2D scanner in mobile use (II). 

The scanner was simulated for a scenario where it is approximately 2 m above the ground and moving 

with a groundspeed of 11 m/s. The scanning plane was 30 degrees off-nadir, and the maximum range 

was assumed to be 30 meters. The angular resolution of the sensor was set at 0.5°. A surface model 

with 20 cm ground resolution was used in the simulation. The mean elevation difference for the highest 

hit grid was 0.02 m, and 0.05 m for the lowest hit grid, in comparison to the environment model used in 

the simulation. Standard deviation in both cases was 0.39 m, which can be to a large extent explained 

by the obvious vertical structures captured by the simulated scanner (II). 

From the simulation data illustrated in Figure 17, it can be seen how the spatial data distribution 

changes over the measurement angle: at close range, the number of ground hits is far greater than at 

distances further from the scanner, where the measurement angle is more than 50 degrees off-nadir 

cross-track. This effect and it implications for practical mapping is analyzed in more detail in Section 

5.3. According to these simulations, the 0.5° angular resolution provided by the SICK LSM 221-30206 

scanner was determined to be too coarse for applications requiring detailed models of objects from a 

distance, such as is typically needed in forest management, terrain analysis, and façade modeling of tall 

buildings. What can be seen from the simulated data Figure 17 is that details, such as cars on a parking 

lot and the trees around it, are clearly visible. Shadowing of different obstacles in the scene can be 
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detected, and such information is valuable when determining the effect of sensor elevation and 

measurement geometry on the data acquisition and coverage, especially for street mapping purposes. 

 

 

Figure 17.  An example of simulated data for SICK LSM 221-30206 2D laser scanner for analyzing the 

feasibility for mobile mapping (edited from II). 

Further simulations performed for the MLS platform design indicated a need for vertical and tilted scan 

lines because the objects to be mapped differ in orientation. The extent of shadows caused by different 

objects was shown to be largely dependent on the sensor arrangement and especially the sensor altitude. 

In urban scenes there are two types of objects that caused the majority of shadowing problems: cars and 

trees. Cars often cause gaps in the ground data, whereas trees often inhibit façade visibility. Thus, the 

higher the sensor, the less shadowing is to be expected, bearing in mind regulations for the maximum 

vehicle height. Simulations also indicated the need for high scan frequency, as it can improve the output 

of an MLS by allowing higher surveying speeds. 

4.3 ROAMER 

4.3.1 System integration 

The FGI‘s ROAMER mobile laser scanning system, seen on top of a vehicle in its latest ( Late 2012) 

configuration in Figure 18, is a high-end surveying device for producing accurate, dense, and precise 

point clouds (see the following Sections 4.3.2, 4.3.3 and 4.3.4). It can be used to perform three-

dimensional mapping for the detection, positioning, modeling, analysis, and monitoring of 

anthropogenic and natural phenomena and processes. The survey trajectory is measured by a tactical-
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grade NovAtel SPAN GPS-IMU system with Honeywell RLG, and typically DGPS approach is 

exploited. Publication III describes the basic construct and functions of the platform, which is 

complemented with equipment updates, and more thorough analysis and discussion in Kukko (2009) 

and Kukko et al. (2009). What was unique at the time of ROAMER introduction (2006) was the use of 

a high-speed scanner with wide FOV and the possibility to adjust the scanning angle for different 

applications, an which remains unique approach and has been proven to be effective in practice (V; 

VII). The system is also easy to operate in terms of data recording facilities and ease of mounting on 

different platforms, which is shown by numerous study cases reported in IV; VI; VII; Kaasalainen et 

al. (2011a) and Zhu et al. (2011). 

 

Figure 18. ROAMER system on a vehicle mount with additional imaging cluster of six Nikon D5100 

cameras (Photo: H. Kaartinen, 2012). 

The ROAMER integration platform was manufactured of hardened aluminum plates cut in shape and of 

profile tubes, whereas the scanner socket was stainless steel. Base plate size of the platform is 

approximately 63 cm in length and width. The scanner head could be tilted around a cross-track aligned 

axis fitted with high-quality bearing. The height of the scanner origin/mirror is approximately 97.5 cm 

above the base plate when the scanner is in upright position and 3657 cm when a negative tilt position 



71 

 

is used. The scanner angles available are: -60º, -45º, -30º, -15º, 0º, 15º, 30º and 90º. The horizontal 

position (i.e., 0º) provides for simultaneous localization and mapping (SLAM) applications. The total 

weight of the instrumentation and the platform is approximately 40 kg. The system elevation can be 

increased 0.5 m or 1.5 m with extensions, as shown in Figure 18 and Figure 30. When mounted on a 

vehicle the 50 cm stand is typically used to allow better scan angles to the ground and to reduce 

shadowing. 

Table 10 summarizes the current ROAMER equipment and the main data acquisition parameters that 

are operator-selectable to adapt the data acquisition to different tasks. It is to be noticed that the scanner 

head has been updated from 880HE80 (20062008) to Photon 80 (20082009) and later to Photon 120 

(since 2010) for improved performance in ranging and scan frequency. 

Table 10. ROAMER MLS system equipment and characteristics (2012, IV). 

FARO Photon 120 scanner  

 122000976 000 pts/s, user selectable 

 320
°
 maximum field of view 

 361 Hz scan frequency , user selectable 

NovAtel SPAN GPS-IMU 

 NovAtel DL-4plus receiver and GPS-702 antenna,  

 L1 and L2 frequencies  

 Honeywell HG1700 AG11 tactical-grade RLG IMU 

 Gyro bias 1.0 deg/h 

 Random walk 0.125 deg/√  

 Data rate 100 Hz 

Data recording 

 Panasonic CF-29 

 Scanner operations and recording 

 Panasonic CF-19 

 Navigation system operation and recording 

Bi-trigger synchronization 

 In-house built electronics 

 Scanning start-stop 

 Delivers scanner triggers to receiver log pins (1=>2) 

 Camera triggering x4 

The ROAMER system is a DC-powered unit that can operate on battery power for several hours at a 

time, or when mounted on a vehicle the vehicle’s DC system can be used as its power source for 

continuous operation. The data recording computers are rugged laptops—one for navigation and the 

other for storing the laser scanning data. 

The current laser scanning unit in ROAMER is a FARO Photon 120 that uses a 785 nm laser with a 

power of 20 mW (Laser class 3R). The laser beam diameter at the beam exit point of the scanner is 3.3 

mm and the beam spreads with a 0.16 mrad divergence angle. This results in a laser footprint with a 

diameter of 20 mm at 100 m distance from the scanner. Combining this with precise range 
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measurements enables detailed 3D measurements of objects. The highest available angular resolution 

with a scanning frequency of 48 Hz is 0.3 mrad (0.018°) with PRF of 976 kHz. Using 61 Hz scanning 

frequency, the corresponding value is 0.8 mrad (0.045°) with PRF of 488 kHz. Ultimately, the point 

distribution on the object surface depends on platform velocity, surface orientation, scanning angle, and 

the object’s distance from the scanner. 

The GPS-IMU unit of the SPAN system produces time dependent/critical information on the position 

and body attitude at up to 100 Hz frequency. The SPAN system uses the GPS time, and the data 

acquisition sub-systems need to be coupled tightly with that time frame for exact georeferencing.  In 

order to be able to reconstruct a rigid and correct transformation between the data acquisition systems 

and the body frame, and especially to get correct attitude and position readings at the exact time single 

measurement was taken place, a timing mechanism was needed.  

A triggering device was designed for the ROAMER to resolve the unmatched signal frequency between 

the output of the LS and the input capability of the SPAN system. The synchronizer applies bi-

frequency divider to separate the LS induced timing pulses into two pulse streams for the timing event 

logger by sending the pulses into the two channels of the SPAN system receiver. Simultaneously, the 

synchronizer chip applies a quad-frequency divider, i.e., the synchronization signal frequency from the 

scanner is further lowered to generate pulses to trigger the cameras. The GPS-IMU and timing data are 

used in the georeferencing phase to interpolate the trajectory of the system to a data rate provided by 

the LS to give instantaneous position and attitude of the system for each laser point measured.  

The first-generation imaging sensors for ROAMER included two AVT Oscar cameras (Kukko, 2009), 

which were operated in the first field tests and in the fluvial studies conducted in 2008, as reported in 

VI. These cameras were later replaced with the Pike model cameras from the same manufacturer. The 

current (October 2013) solution for image data capture is to use six Nikon D5100 cameras with 

Samyang AE 14 mm lenses to provide a wide-angle field of view for each camera, as well as back- and 

forward-looking images from both sides. Two of the cameras are oriented upwards so that their FOVs 

slightly overlap at the zenith. 

By upgrading the scanner unit several times, the data needs in different projects and studies have been 

continually met (IV, V, VI and VII). The system performance has been improved by continuing with 

the development of data acquisition, calibration, preprocessing and analysis processes and updates of 

the hardware during the course of the past years. 



73 

 

4.3.2 Testing of the real-time GPS-IMU system 

In III the fundamental performance of the NovAtel SPAN GPS-IMU applied to the ROAMER system 

was tested using a real-time setup with Differential GPS corrections supplied by a reference station 

over a GPRS connection. To measure the performance of the SPAN system in a realistic setting, data 

were collected while driving a route of 18 km, during which the vehicle passed under 4 bridges and 

multiple areas covered by forest that offered the possibility to test the solution under full satellite 

outages. Figure 19 shows the trajectory travelled during the test as calculated using the GPS-INS filter. 

Table 11 shows the quantified position error during the test for both GPS and GPS-IMU solutions. 

 

Figure 19. Driving route and the solution 3D accuracy during the test (from III). 

 

Table 11. Position Accuracy during the drive test. 

Solution type 

Positional Error (m) 

Horizontal Vertical 

RMSE Max RMSE Max 

GPS-only 3.765 61.980 4.046 57.102 

GPS-IMU 0.232 1.043 0.124 0.650 

Due to the shadowing caused by the forests and the bridges during the test, as well as the instability of 

the GPRS connection, the availability of a GPS-only solution was limited. Table 12 shows the solution 

availability for the GPS-only and GPS/INS filters, confirming that the addition of inertial data results in 

a more reliable positioning solution. Under the conditions of this test, the GPS-only solution could be 
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computed for 82.6 percent of the time elapsed. The SPAN-integrated GPS-IMU solution gave 100 % 

availability, and 60.4 % availability was achieved for the GPS-only RTK solution.  

Table 12. Availability of the positioning solution during the drive test. 

Solution type Number of epochs Percentage of solution 

GPS-only 925 82,6 % 

RTK-fixed (GPS-only) 677 60,4 % 

GPS-IMU 1120 100 % 

4.3.3 Benchmarking ROAMER 

ROAMER performance was validated using the Espoonlahti urban MLS test field within the EuroSDR 

MLS benchmarking test, along with several commercial MLSs, such as StreetMapper, Optech Lynx 

and Riegl VMX-250, and FGI’s low-cost Sensei MLS system.  

ROAMER data 

The data capture for benchmarking analysis was performed with 49 Hz scan frequency and 122 kHz 

PRF. ROAMER was the only system in this comparison that utilized a laser scanner with a continuous 

wave laser and PS distance measurements. The beam size of ROAMER’s FARO 880HE80 LS scanner 

was also the smallest of those provided by the systems in the test. The data comprises two independent 

runs driven clockwise and counter-clockwise around the test field. 

The direct georeferencing of ROAMER point clouds were computed using Waypoint Inertial 

Explorer™ GPS-IMU post-processing software for trajectory solution, combined with a bespoke 

georeferencing program to couple the laser points to the trajectory. The GPS reference station data were 

acquired from the Finnish VRS network. After georeferencing, “dark points” were deleted (to reduce 

noise and erroneous points) by filtering out points with intensity values of less than 800 (whole data set 

ranged from 0–2047). Isolated points (to reduce random stray noise) were deleted by filtering out points 

that had less than 50 points within a 2 m radius around them. (V). 

Accuracy analysis 

Two point clouds were produced from the original data using two different set of calibration 

parameters, and analyzed for ROAMER. In the first one, the georeferencing of the point cloud was 

computed using the calibration values between the instruments determined only in laboratory 

calibration. The laboratory calibration was based on measuring the physical offsets and rotations 

between the scanner, the IMU and the GPS antenna (see Kukko (2009) for the principles). For the 

second attempt, the laboratory calibration was fine-tuned using field data, i.e., by utilizing the MLS 

data acquired by driving the same location in two directions and using some control targets and road 
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objects. The fine-tuned calibration values were applied in re-computing the data to produce the second 

set of point clouds for the analysis. (V). 

Figure 20 summarizes the planimetric data quality of the MLSs that participated in the test expressed by 

RMSE value. ROAMER data outperforms the other studied systems by 3050 % lesser STD with the 

fine-tuned calibration (ROAMER II). In contrast, the elevation data accuracy characterized by standard 

deviation (STD) in Figure 21 shows worse performance of a similar magnitude in comparison to the 

VMX-250 and StreetMapper data. This was found to be due in part to some systematic roll trend still 

remaining in the data (V). Tables Table 13 and Table 14 show also the number of data points used for 

error value computations in each case, as well the minimum and maximum values of error. 

Table 13. The planimetric accuracy values, in cm, for the tested MLS systems. Driving directions 

counter-clockwise CCW and clockwise CW. N is the number of reference points. 
 ROAMER ROAMER RIEGL RIEGL StreetMapper Optech Lynx 

I II I II   

CCW CW CCW CW CCW CW CCW CW CCW CW CCW CW 

N 124 120 136 120 169 178 193 192 190 177 160 160 
Mean 3.4 3.5 2.2 1.8 2.3 1.5 1.6 2.0 1.7 1.8 3.2 3.7 

Min. 0.4 0.5 0.2 0.3 0.1 0.0 0.1 0.0 0.0 0.2 0.1 0.3 

Max. 8.7 11.8 6.7 5.1 11.7 11.7 11.5 10.6 9.4. 9.7 12.3 13.2 
STD 1.8 2.2 1.1 0.9 1.7 1.3 1.4 1.5 1.5 1.3 1.8 2.3 

RMSE 3.9 4.2 2.5 2.0 2.8 2.0 2.2 2.5 2.2 2.2 3.7 4.3 

 

 

Figure 20. RMSE of the planimetric check points of the tested MLS systems in two driving directions. 

The left column stands for counter-clockwise, CCW, and the one on the right for clockwise, CW, 

direction (from V). 
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Table 14. The elevation accuracy values, in cm, for the tested MLS systems. Driving directions: 

counter-clockwise CCW and clockwise CW. N is the number of reference points. 
 ROAMER ROAMER Sensei RIEGL RIEGL StreetMapper Optech Lynx 

I II  I II   

CCW CW CCW CW CCW CW CCW CW CCW CW CCW CW CCW CW 

N 2936 2946 2819 2816 1418 1450 1566 1600 1585 1585 2970 2549 2693 2527 
Min. -12.9 -17.1 -6.8 -7.5 -11.1 -10.1 -5.7 -5.3 -4.6 -5.7 -5.0 -5.0 -7.1 -6.4 

Max. 10.4 12.6 6.0 5.0 14.3 15.0 6.1 4.1 6.5 5.2 5.4 5.1 8.1 9.1 

STD 3.9 3.9 2.0 2.0 3.3 2.9 1.2 1.3 1.2 1.5 1.6 1.6 2.7 2.6 

 

 

Figure 21. STD of the elevation check points for the tested MLS systems for the two driving directions. 

The left column stands for counter-clockwise, CCW, and the column on the right for clockwise, CW, 

direction (from V). 

From a usability point of view, the along-track scan line density of ROAMER data could have been 

better, especially when considering the initial object modeling initiative of the project. It could have 

been increased by applying lower speed in the data acquisition. Should the data be collected now with 

the current scanner version, which provides higher maximum scan frequency and PRF, the situation 

would be better in this regard as well. 

4.3.4 ROAMER in geomorphological studies 

For the beginning of a series of geomorphological field campaigns using MLS, ROAMER was adapted 

for laser scanning as BoMMS, and the campaign was undertaken on the Pulmankijoki River in August 

2008 (VI, the latest acquisition on the same site in September 2013). In total, a 6 km long trajectory of 

the reach was scanned in less than 90 minutes, including the northern part of Pulmankijärvi Lake, 

resulting in a dataset which comprises 75,000 scanning profiles. Additional data were acquired with 

static TLS on every point bar of the reach. The TLS scanning took about 8 h. An accuracy assessment 
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was performed on the data acquired with the BoMMS, and its application for fluvial geomorphology 

was demonstrated. 

The total data coverage of the BoMMS was approximately 0.7 km
2
, and it was achieved within 85 min. 

In addition, system preparation for the first time took about 2 h. One of the mapped river bends was 

selected for a detailed investigation. The BoMMS scans were conducted from approximately 1.5 m 

above the river surface, indicating that as the point-bars were virtually flat, the incidence angle of the 

laser beam increased rapidly with the distance. Thus, the BoMMS data had a number of obscured (or 

shadowed) areas on top of the point-bar, an area typically located at the inner bends of a meandering 

river, as well as in the chute channels and opposite sides (laser profiles) of the dunes. The BoMMS 

scanning profiles showed an along-track spacing of ~0.1 m, while the along-profile spacing varied, 

depending on the distance between the scanner and the scanned object. This allowed accurate 

calculation of the point-bar volume above water surface, as well as acquiring detailed point-bar 

topography on a scale of tens of meters. Volume of the point bar above the water surface at test site A 

was calculated to be around 9500 m
3
 (See VI for details). 

The BoMMS and static TLS data were compared by cropping an area from one bank, which was 10 m 

wide and 160 m in length ( for location, see Figure 1B in VI). A TIN (triangulated irregular network) 

surface was created using the BoMMS data points. The height deviations between the TLS points and 

the BoMMS surface were computed and an accuracy assessment was undertaken. Elevations for 80 % 

of the TLS points were with 0.02 m of the respective BoMMS elevations, and 96% were with 0.05 m. 

Only 0.05 % of the dataset showed a height difference greater than 0.12 m. The overall standard 

deviation for the height differences was 0.027 cm. It should be emphasized here that the data used was 

not adjusted in any way. Some systematic elevation difference was found between static TLS and 

BoMMS data mainly due to different measuring geometry. 

In the 2009 data campaign (VII), the ROAMER system was mounted on a cart (CartMMS) and used to 

complete the mapping for the upper parts of the point bars not reached from the boat.  Better data 

coverage was pursued especially for intensive change detection of five point bars. The applicable 

operating range of ROAMER varied between 20 and 70 m in the 2009 BoMMS collection, depending 

on visibility. The scanner was mounted in a vertical orientation when on the boat, and was tilted -60° 

from the horizontal in the cart application. In the 2009 BoMMS, the enhanced support structure for 

ROAMER allowed for measurements from a position that was 1 m higher (i.e., 2.5 m from the water) 

than in 2008 (i.e., 1.5 m from the water), in order to help measure the point bars with a better geometry, 

and was also used in the CartMMS. This modification increased the data coverage of the measurements 

on flat point bar terrain, where the observation range of laser beams was approximately five to ten 

meters longer in 2009 than in 2008. On the non-vegetated point bars, the ground point density was 100–
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1,000 points/m
2
. The ground point density was much lower (1–30 points/m

2
) on the river banks, where 

the low vegetation was dense and reduced the number of hits returning from bare ground. 

Leica HDS6000 terrestrial laser scanner was used to provide reference data for the MLS data 

verification. The HDS6000 data was acquired with a ‘High’ resolution setting, providing a point 

spacing of 6 mm on an orthogonal target at 10 m distance from the scanner. Scan stations were 

positioned using VRS-GPS. A single 145 mm sphere target was used in order to provide an orientation 

for each of the TLS scans. The sphere target was periodically moved so that its distance to the scanner 

remained reasonable relative to the scanning resolution in use, and its location was measured using 

VRS-GPS. For each scan, the sphere target was detected from the laser data, and a template sphere was 

matched to the selected points reflected from the target to find its center point. Subsequently, the TLS 

scans were transformed to global map coordinates, according to the measured scanner and sphere target 

locations. As a result, the precision of the reference point clouds was better than 1 cm. 

Accuracy of the BoMMS and CartMMS for elevation modeling was tested by comparing the DEMs 

created with the three MMS datasets (2008 BoMMS, 2009 BoMMS, and 2009 CartMMS) with 

reference points collected using static TLS measurements (VII). To validate the data, the reference 

areas were selected from the three point bars and the neighboring river banks for a more detailed 

estimation of the DEM accuracy. The areas were close to the shoreline, and the distance from the boat 

trajectory was about 20–30 m. For the CartMMS data, test area distances varied between 2–20 m from 

the MLS trajectories. The point bars were used as a reference to check the quality of the DEMs, which 

were used for change detection. The river banks were selected for studying how well the ground surface 

could be mapped in densely vegetated areas. 

For the 2008 data, the most accurate DEMs were obtained from the data from point bars, for which 

RMSE’s ranged from 0.055 to 0.176 m, including bias ranging from -0.043 to 0.174 m. Thus, the main 

source of error was systematic in nature. Also a systematic heading error was found in the data analysis. 

For the river banks, the corresponding errors were 0.203–0.284 m and -0.225– -0.021 m. From the 2009 

data, the accuracy of the CartMMS data (see VII for illustration) for the studied point bars had an 

RMSE between 0.040 and 0.053 m and a bias of -0.018 to 0.024 m. Using the boat-mounted MLS, the 

corresponding errors for the individual point bars were 0.104–0.122 m (RMSE) and -0.07.2–0.12 m 

(bias). For the river banks mapped with the boat-mounted BoMMS, an RMSE of 0.157–0.244 cm with 

a bias ranging from -0.065 to 0.082 m was obtained. It was found in the analysis that clear systematic 

errors existed in the BoMMS data sets for the study. The source of the error related to the GPS-IMU 

data and system calibration. After correcting for the systematic errors, an RMSE of 0.030, 0.023 and 

0.076 m was obtained for the three study point bars in the 2009 campaign, while the corresponding 

figures for the 2008 data were 0.046, 0.029 and 0.036 m. (VII.) 
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4.4 AKHKA 

4.4.1 System integration 

A new approach for MLS was innovated and built to meet the challenges of mobility in marshlands and 

rugged terrains yet also be suitable also for narrow city passages and indoors. The AKHKA system was 

designed to be operable by one person as a backpack MLS solution. The backpack platform was 

expected to be ideal to provide the required mobility in such environments yet maintain the high 

performance 3D surveying capacity with the same sensors and navigation equipment as used in 

ROAMER (IV). 

In AKHKA the scanner head is mounted directly under the IMU unit to allow robustness and ease of 

alignment yet adding only minimum weight to that of the sensor equipment itself. Thus the scanner 

points downwards roughly to an angle of approx.. 40 degrees, depending on the operator’s pose during 

the survey. It provides cross-track profiles as shown in Figure 22. 

 

Figure 22. The AKHKA system (Image: H. Kaartinen, 2012). 
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The AKHKA backpack MLS system was first used in 2011 for mapping of permafrost palsa landforms 

(palsas are low, often oval, frost heaves occurring in polar and sub-polar climates, which contain 

permanently frozen ice lenses.), but it was also used as part of the continuum of fluvial studies 

described earlier (VI;VII). The mapping performance of AKHKA is essentially equal to that of 

ROAMER, as the sensors are the same (see Table 10); only the integration platform differs.  

Since its introduction, AKHKA has been successfully operated in numerous projects, the largest of 

which included 30 km of total trajectory completed in three days in March 2012 for topographic 

mapping a section of Rambla de la Viuda, mostly dry river bed in located in Valencia, Spain. For this 

particular study, the power unit was modified to provide more stable voltage for the scanner, which 

improved the synchronization performance and was also later adopted for the ROAMER. 61 Hz scan 

frequency and 488 kHz PRF were used for the data collections. The mobility of the backpack platform 

could outperform the vehicle MLS in many applications. Irregular terrain characteristics and fluvial 

features could be mapped comprehensively with only minor shadowing holes in the final data over the 

about 7 km long reach. 

 

Figure 23. Microscale topographic data collected with AKHKA. Terrain elevations are represented as 

color tones, the lower part expresses a transect of data to illustrate the accuracy and level of detail. 
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4.4.2 In situ performance of AKHKA 

As the AKHKA system was built for operative field use on environments usually lacking geometric 

objects such as lamp posts etc., the performance analysis was based on an in situ target geometry test. 

This test was done as part of development of a boresight misalignment calibration approach based on 

principles proposed in (Kukko, 2009), and was reported first in (IV). For such analysis a set of eight 

white and round sphere targets were mounted on top of the palsas and located using RTK-GPS. The 

MLS data collection was performed so that the targets could be detected from both sides of the 

trajectory nearly simultaneously, i.e., target gate, to be able to determine angular misalignments. The 

targets and the survey trajectory are plotted on top of the point cloud data in Figure 25. 

The calibration of the data was based on system design as for the translations 
s

IMUGPSX 


 (see Eg. 3). 

The sensor to body rotations 
b

sR  were considered to be the systematic part of the target gate 

misalignments found in the MLS data when compared to the RTK-GPS reference target locations. 

These rotational misalignments were determined using the proposed target gate approach (Section 

3.2.6). 

The internal precision of the AKHKA system was analyzed against the target spheres whose locations 

were extracted automatically from the point cloud data each time the spheres were detected in the field 

of view of the scanner. A model sphere 198.8 mm in diameter (SRS targets by ATS) was matched by 

least squares estimation to the point sets to solve the target center location each time the MLS passed it. 

The purple line in Figure 24 shows the survey trajectory, and the green lines connect the targets, 

indicated by the red dots, to the trajectory locations from where they were detected. Otherwise, the 

coloring in the figure indicates point elevation. After removal of the systematic errors (−0.003 in E, 

0.006 in N, and 0.018 in h) found by comparing the coordinates of the sphere locations to the RTK-

GPS, the RMSE for all the targets was 18 mm in the horizontal plane and 29 mm in elevation, or a total 

of 34 mm in three dimensions. These values correspond closely to the result for the ROAMER 

benchmarking case, showing even slightly better performance. However, shorter scanner-target 

distances may have an effect on this. 
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Figure 25. The field target arrangement for the calibration and geometric validation. Spherical targets 

(red dots) are connected with green lines to the trajectory (purple line) locations, from where they 

were seen by the scanner (from IV). 

In this study, the target-to-scanner distance varied from 1 m to 20 m, being 9.7 m on average. In 

general, the error figures show good agreement internally, as well as in absolute terms, to the expected 

RTK-GPS accuracy levels of the target locations. The results are also consistent with the error 

estimation reported for the test field case with the ROAMER data. From the trajectory plot, it can be 

seen that the target gate approach was not fully exploited: the number of straight portal passes is less 

than what could have been achievable with the setting. 

4.5 Applications 

In this section the usability of the developed MLSs is demonstrated through results from different 

application scenarios, where they have been extensively used to collect 3D data point clouds for various 

modeling and monitoring tasks. The developed MLS systems (ROAMER and AKHKA) have been used 

in numerous small development projects, as well as in large area mapping projects in many fields of 

research, showing the feasibility but also the limitations of the developed systems. The applications 

scenarios are summarized from the publications included in this thesis, i.e., IV, V, VI and VII. Further 

discussion and references to other publications, as well as the latest, previously unpublished examples, 

are given later in Section 5.5, in order to show the full potential of MLS. 
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4.5.1 Urban assets and city models 

The most prominent use of MLS is urban asset mapping, including roads, etc. In these environments, 

the usability of MLS outperforms any other methods in terms of mobility, safety, and the level of detail 

and coverage. For example, the data from Keilaniemi shown in Figure 26 was captured in approx. 2 

hours including GPS-IMU initializations covering an area of roughly 1.4 × 1.1 km
2
 including all the 

streets and drivable passages, such as parking lots and small alleys. In this case, 49 Hz vertical scanning 

at 122 kHz PRF was used to capture even 100 m tall building façades. A closer view of an office 

building in the area is illustrated in the bottom of Figure 26, where the level of detail in the data can be 

clearly seen. What is not covered with MLS data are the building roofs and other surfaces with parallel 

orientation to the laser plane. Such data contains the accurate dimensions and orientation of objects, and 

the high point density allows for interpretation of the objects visually and, more importantly, for 

automated processing of building model data. 

Zhu et al. (2011) describes processing of ROAMER laser and image data from the Tapiola shopping 

district into a virtual model, as seen in Figure 27. There ROAMER was mounted on a trolley in order to 

map the pedestrian areas of the study site.  Vertical 49 Hz scanning and 244 kHz PRF was used in this 

case, resulting in 162 data blocks, totaling around 340 million points. Slow movement of the platform 

resulted in high-density MLS data, which together with additional imagery provides an excellent tool 

for generating geometrically correct virtual reality models.  
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Figure 26. Top: ROAMER data from an urban scene. Different colors show the data block division, 

whereas the tone is from the intensity records. Bottom: An office building captured as a point cloud 

with intensity coloring. 

By combining automated methods for geometry reconstruction and assistive software for texture 

mapping, photorealistic 3D models of the Tapiola area were produced. The results met the objectives of 

producing a model with reliable accuracy, good visual appearance, and small data size. The model was 

tested on a mobile phone platform for pedestrian navigation, allowing rapid rendering and continuous 

navigation, which were realized due to small model sizes. Despite the limited GPS signal availability in 

this urban area, the model accuracy was found to meet the navigation requirements. However, the 

adopted approach for complete model reconstruction is a combination of automated algorithms and 

manual operations and herefore the efficiency is relatively low. There are two main issues which have 

great influence on the efficiency of 3D model construction. First, the quality of the results from 

automated process affects the work load on manual correction. Second, texture preparation in its current 

state requires a lot of effort to clean the building textures for undesired object projections.  
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Use of this type of models is expected to expand in the fields of 3D pedestrian and indoor navigation, 

interactive marketing and information services, and also as part of geoinformation systems for 

emergency and maintenance services. 

 

Figure 27. Interactive virtual model of Tapiola built using ROAMER MLS data (Image: A. Jaakkola, 

2012). 

Finally, Figure 28 shows a dataset collected with AKHKA of an old foundry parcel to be renovated and 

upgraded into a studio and apartments. In this case, the surroundings of the parcel and the building were 

mapped within a half an hour, using 49 Hz scan frequency and 244 kHz PRF. From such data different 

structures and dimensions can be extracted for architectural and structural planning, as well as 

manufacturing of building parts such as window frames. 

In this particular case, the indoors of the building were mapped with the MLS as well in order for the 

system performance to be studied, but the data was later found not to have been recorded for an 

unknown reason. Most probably the cause was the Ethernet connection between the scanner and laptop 

used to record the data. Otherwise, from a practical point of view the acquisition with the backpack 

MLS was smooth. 
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Figure 28. Point cloud data collected with AKHKA for urban renovation. 

4.5.2 Road assets 

In Jaakkola et al. (2008) the ROAMER data was used to derive road asset data using an automated 

process. Features included road paintings and curbs attached to the extracted road surfaces. The 

completeness and correctness of the produced model were assessed using ground reference data 

obtained using manual classification of the dataset. Based on the intensity image only, it is often 

unclear where the real road edge should be, and therefore part of the error could be caused by the 

ambiguousness of the line edges in the reference data. Some short line segments were completely 

missed because they were too short to be found by the applied feature-based classification algorithm. A 

zebra crossing and curbstones were identified as expected, and parking space lines were classified 

correctly where visible. More detailed analysis showed that correctness and completeness of about 80% 

or better were obtained using the data for the modeling for painted lines, zebra crossings and 

curbstones. 

Lehtomäki et al. (2011) studied the detection of vertical poles from MLS data obtained with ROAMER 

in two suburban areas, which were scanned with driving speeds of 20 and 30 km/h and with scanning 

frequencies of 15 and 30 Hz respectively. The areas contained several hundred poles and tree trunks. 

For the range measurements, 122 kHz PRF and 320° FOV were used. An illustration of the detection 

capability is shown in Figure 29. 

The detection rates were between 69 % and 78 % with targets closer than 30 m to the trajectory for the 

two test areas. A large portion of the missed targets, such as poles obscured inside vegetation and tree 

trunks inside branches, had points from objects around the pole or trunk that prevented the algorithm 

from detecting it, even if the pole or trunk was otherwise easily visible in the data. False detection rates 

were between 13 % and 19 % with targets closer than 30 m to the trajectory, corresponding to the test 
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areas. Most of the false detections came from different building structures. The cause for several false 

detections was the fact that walls perpendicular to the trajectory were not always visible in the data. The 

visibility could be improved if two or more scanners were used with appropriate configuration. This 

could also improve the visibility of poles and tree trunks in the data. (Lehtomäki et al., 2011). 

 

Figure 29. Extracted poles shown in red on top of the original point cloud (from Lehtomäki et al., 

2011). 

4.5.3 Topographic mapping for hydraulic modeling and geomorphology 

In the boat installation, a.k.a. Boat Mobile Mapping System (BoMMS), the laser scanner was elevated 

approx. 2.5 m above the water surface by means of a stand, and vertical scanning was employed to 

yield adequate measurement geometry when considering the flat point bar areas. Combined with 

terrestrial laser scanning data (in the 2008 campaign), boat-mounted mobile laser scanning facilitated a 

new field mapping approach for fluvial studies (VI). The mobile mapping approach proved to be an 

extremely rapid method for surveying riverine topography, taking only 85 min to survey a reach 

approximately 6 km in length with typical profile density of 40/m.  

In VII the use of multi-temporal MLS data on geomorphologic inventories to map changes in riverine 

topography was studied. A mobile laser scanner mounted on a boat and on a cart was used to detect the 

topography changes of a selected river reach over one flood cycle. Subsequently, the accuracy and 

feasibility of the methodology were evaluated. 
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Figure 30.  (a) A boat-mounted MLS for mapping of fluvial processes; (b) River point bar subject to 

flood erosion and deposition mapped using MLS. Geomorphologic features are easily detected from 

the dense point clouds. 

 

Figure 31. TIN model of a river scene generated from combination of boat and cart MLS data (VI). 

The MLS data accuracy for the change detection was estimated by comparing the differences in MLS-

derived DEMs obtained in 2008 and 2009 with the reference change model obtained with the terrestrial 

laser scanner data. The square of the sample correlation coefficient (R
2
) between the elevation changes 

was found to be 0.93, and the standard deviation of error 3.4 cm. Volume analysis of the TLS data 

revealed that the volume of erosion within the study area in 2009 was 12.5 m
3,
 while the deposition 

volume was 29.9 m
3
. MLS data analysis showed similar morphological changes, and the corresponding 
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values were 11.5 m
3
 for erosion and 32.5 m

3
 for deposition (VII). The small bias in the results may 

have been caused by a slightly different spatial distribution of the point sets, especially in areas close to 

the water line, where the changes are more prominent. (VII). 

The MLS-based change detection possibilities are further demonstrated in Figure 30, where the 

deposition and erosion areas on Point Bar 2 in the Pulmanki River between the years 2008 and 2009 are 

mapped. The deposition areas are marked in brown and red colors, whereas the blue tones indicate 

erosion. The size of the area was 3,100 m
2
, and the level of statistically significant change (see e.g., 

Bransington, Langham and Rumsby 2003; Lane, Westaway and Hicks, 2003; Milan et al., 2011) for the 

MLS-based DEM of difference was 8.5 cm. The largest changes occurred near the shoreline (see Figure 

32). This was also demonstrated with a cross-section over the change map (see illustration in VII). 

 

Figure 32. Deposition and erosion areas on Point Bar 2 between the years 2008 and 2009 (from VII). 

4.5.4 Forestry 

Forestry is seen as an important future area of application of MLS for collection of forest inventory 

data. For such an approach, the performance of MLS techniques have been studied and verified. This 

includes the performance of the GNSS-IMU system in forested environments but also the feasibility of 

the laser scanning of trees from a moving ground platform, such as an all-terrain vehicle or backpack. 

Under evaluation were the scanning geometries and point density, as well as the relative accuracy of the 

data. Initial investigations on such data collected with the ROAMER system in years 20102012 show 
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that GPS-IMU positioning was the greatest source for error (see Holopainen et al., 2011; Holopainen et 

al., 2013).   

The orientation of the scanning plane has a prominent effect on tree trunk and canopy capture, but more 

thorough analysis is needed to better understand this relationship. It seems that a tilted plane in 

conjunction with abrupt movements of the platform, e.g., tight turns, causes problems for the 

completeness at close ranges, as seen in Figure 33. This can be overcome with vertical scanning, but 

only at a cost of reduced point density on trunk edges, due to the ratio of angular resolution and scan 

frequency, i.e., the line spacing gets more sparse at turns as a function of range. This means that tree 

trunks far away become easily missed. The effect if discussed more in Section 5.4. However, the 

situation could be improved with an increase in scan frequency, provided that the angular resolution 

within the profile is maintained by increasing the PRF as well. The relatively slow progress of the ATV 

on the forest floor in part reduces the effect of moderate scan frequency but also the fact that the 

platform seldom is vertically oriented when in motion.  Abrupt turning of the vehicle causes the profile 

density to vary significantly in time, reducing the reliability of tree trunk detection. The experiments 

suggest that the scan plane should be tilted 10-20 degrees. 

 

Figure 33. Forest data collection with ATV-mounted ROAMER with vertical scanning, and the 

resulting preprocessed data. Color tones show the point elevation. 

ATV-mounted MLS works well in forests with modestly rugged terrain, which such vehicles are able to 

negotiate. This improves the usability of MLS in such environments, provided that the equipment is 

suitable for such operations. The ROAMER system seems to be operable for tree data collection at least 

in managed forests, where the understory is not too dense for ATV driving. The backpack-based 

platform might provide data in the near future for more dense forests, e.g., for plot-wise inventories. 
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4.5.5 Ground elevation modeling for precision agriculture 

For certain applications the ground surface is the feature of specific interest. For mobile platforms this 

can be mapped easily when the ground is bare or the vegetation is sparse. Figure 35 shows an extract of 

a surface elevation model of an agricultural test field on a fairly flat terrain that is sloping towards a 

nearby river channel. The MLS data for the study was collected in May 2011 using a trolley platform 

with 49 Hz scan frequency at -45° scan angle and 244 kHz PRF. Figure 34 shows the original MLS data 

as a color-coded point cloud, and the scanner trajectory is plotted in white on top of the data. The GPS-

IMU initialization and scanning of calibration targets are to be seen from the trajectory in the mid-right 

of the figure. Each of the 16 rectangular crop plots was covered with one scan line, making the 

maximum scan angle to be around 20°. With low and sparse crop shoots, the bare ground was easily 

visible, and the ground detection algorithm performed well in this case. Overlapping data from the 

target field could be used in calibrating the data for boresight misalignment.  

 

Figure 34. Every 10
th

 point of the original MLS point cloud (elevation scale about 100104 m) and the 

scanner trajectory (white line). 
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Figure 35. Crop land ground surface topography could be reproduced from the MLS point cloud with a 

high level of detail (an extract of DEM at 10 cm grid resolution). 

4.5.6 Environmental and climate change research 

Permafrost palsas and climate change 

Palsas are low, frost heaves occurring in polar and sub-polar climates, which contain permanently 

frozen ice lenses. Palsas consist of an ice core with overlying soil, and often occur in groups. Palsas are 

characteristically found in areas with discontinuous permafrost, and in such areas they may be the only 

reliable surface evidence of permafrost. Palsas need large quantities of water for the formation of their 

ice lenses, and for this reason they occur particularly in bogs. The vegetation of a palsa may comprise 

low shrubs and lichen in addition to the sedges characterizing the peat. Also, the higher a palsa grows 

the dryer the peat covering the palsa becomes leading to more insulation which protects the inner core 

from melting. 

The AKHKA backpack MLS system was deployed in June and September 2011 to map a palsa 

landform area in Vaisjeaggi bog in Utsjoki, Finland measuring of about 50 m × 100 min area. The study 

aimed attesting the system’s operability in such environment and to analyze data feasibility to produce 

high-resolution multi-temporal DEMs. Such data products are often used for change analysis over long 

periods of time especially in climate change research. Figure 36 shows the point cloud obtained in June 

2011 with coloring for elevation applied after processing. The scanner trajectory is illustrated on top of 

the point data as a purple line. The point density over the area of interest varied from 1,800 up to 

50,000 pts/m
2
, with the mean point density being 9,100 pts/m

2
.  
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The geometric quality of the point cloud data was verified against eight spherical targets erected on top 

of the palsas and located by means of RTK-GPS. Three scans with a Leica HDS6100 were acquired for 

validation of the data, and these were geo-referenced using the spherical targets. The mean error 

between the RTK-GPS and TLS data was 15 mm with a standard deviation of 7 mm. The initial 

analysis of the ground elevation derivation using the AKHKA system was tested against the TLS 

reference scans. In order to be able to compare the appropriate data, 5 cm lowest hit point grids were 

computed from both the TLS and MLS data. The lowest hit points were further filtered for isolated 

points, requiring points to be closer than 6 cm to any of the other points, in order to reduce non-ground 

points from the analysis. The MLS data were also translated to correct for the systematic shifts found 

earlier (-0.003 in E, 0.006 in N, and 0.018 in h) for more adequate comparison. 

As a result of the analysis, a systematic lowest hit ground elevation shift of 7 mm was found between 

the TLS and MLS datasets, and the average magnitude of the error was 14 mm. The standard deviation 

of the elevation error in the data comparison was 16 mm, and RMSE was 17 mm. This shows that the 

data quality is, in good agreement, considering the non-obstructed GPS visibility in this environment, 

with the results of the EuroSDR test for ROAMER. 

 

Figure 36. An elevation model with a 20 cm grid size of Vaisjeaggi permafrost palsa landform 

surveyed with the AKHKA backpack MLS in June 2011. The survey trajectory is represented by 

purple lines and the control spheres by yellow dots, (from IV). 

Snow cover characterization 

Based on the experience of two seasons during 2010–2011, applying MLS in seasonal snow research 

appears to be a practical solution and opens up new possibilities for snow surface characterization (see 
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e.g., Kaasalainen et al. 2011a; Kukko et al., 2013). Mobile laser scanning provides better possibilities 

for statistical analysis of the snow surface roughness and its impact on surface albedo than do 

traditional field methods, which are labor intensive and thus often limited in spatial coverage. 

 

Figure 37. Snow surface and trees detected by classifying the MLS data. Snow surface is colored by 

point elevations, trees according to the data intensity. The green line shows the scanner trajectory. 

Multi-temporal snow surface data enables one to study changes in snow depth (e.g. Kaasalainen et al. 

2011a) and snow surface topography and roughness (Kukko et al., 2013). The MLS approach is capable 

of providing multi-scale data, ranging from millimeter to several meters in the vertical direction and 

from the centimeter scale to tens of meters (and even kilometers) in the horizontal direction. Horizontal 

scale is mainly restricted by profile spacing. The evaluation results show that surface shape and 

roughness modeling at the millimeter scale is possible with MLS data. The most limiting factor 

affecting the roughness computations is the profile spacing, which is a function of scanning frequency 

and platform speed. In on-going research, MLS data is being used for computing fine-scale surface 

roughness in connection with different ground sampling densities and sizes, ranging from centimeters 

to hundreds of meters (Kukko et al., 2013). 

4.6 Summary 

Chapter 4 reviews the results achieved in the separate publications of this thesis. The findings regarding 

the incidence angle effect were presented, and the implications to the development of LS simulator 

discussed. The simulator was evaluated for reliability with real data, and further used for MLS system 
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configuration simulations. The development and calibration of two distinct MLS systems were 

reported, and the feasibility of the systems for data acquisition in different application scenarios 

demonstrated with evaluations of accuracy performance. 
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5 DISCUSSION 

5.1 Implications of incidence angle effect on LS 

The results in I indicate that incidence angle effects have to be taken into account when correcting MLS 

intensities, or LS in general. In there, the incidence angle measurements were performed in a laboratory 

at close ranges. The decrease in brightness becomes more significant when the angle of incidence 

increases from 20° up to 70°. For comparison, Ruiz-Cortés and Dainty (2002) found a decrease in the 

backscatter peak as the angle of incidence increased. In case of MLS, the full incidence angle range 

from 0 to 90 degrees is often present in allover the obtained data. Compared to ALS, the intensity of 

MLS can be much more conveniently adjusted, since it is possible to use calibration targets together 

with MLS surveys, compared to ALS where there are usually no ground teams. Technologies used in 

Kaasalainen et al. (2005b), Ahokas et al. (2006) and Kaasalainen et al. (2009a) can then be applied in 

the context of the MLS. The knowledge gained in I can also be used to adjust the methods developed 

for ALS and TLS, as has been reported by Abed et al. (2012) and Krooks et al. (2013). 

With correctly calibrated intensity data, it is expected to be able to derive more robust strip adjustment 

aiding for geometric correction of LS data but also more coherent spectral characterization of objects. 

This has been studied in the context of ALS and to some extent TLS (Kaasalainen el al., 2008b; 

Kaasalainen et al., 2011b), but in MLS scenarios this has not yet become a well-established practice. 

On the contrary, literature review shows that not much progress have been achieved using 

monochromatic intensity data for object classification. Such breakthrough is waiting for operational 

multi- and hyper-spectral laser scanners and data to emerge. 

However, the hyperspectral measurements enabled investigation of the possible wavelength effects on 

intensity. The data showed that the intensity level dropped with an increase in the incidence angle, but 

the shapes of the spectra remained the same. This can also be seen in the 3D spectral images (Figures 5 

and 6 in I) for linden (tilia cordata) leaf, crushed redbrick, and the sandblasting sand targets. There is 

little variation in the shape of the spectra, even though the intensity level changes as a function of the 

incidence angle. The results (i.e., the overall trends in intensity) obtained in laboratory measurements 

are in agreement with those measured with the FARO LS despite the wavelength difference between 

the instruments. This means that the brightness effects related to laser scanning can be simulated in the 

laboratory, and the results can be generalized for use in the interpretation of ALS brightness and surface 

data, as well as their calibration. Although wavelength effects are evident in the data (i.e., the spectra 

show variation in the brightness of each target in different wavelengths), the overall dependence of 

brightness on incidence angle is reproduced.  
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Despite the obvious lack of direct use at the moment, the proposed approach would incorporate the 

target brightness and roughness, incidence angle and range effects on the model of intensity records, as 

shown by Jutzi and Gross (2009), Gatsiolis (2011), Abed et al. (2012) and Ahokas (2013). The problem 

of insufficient level of precision was found already in a study case dealing with sampling of directional 

scattering from digital airborne HRSC-A images (Kukko et al., 2005). All these factors can be 

estimated more precisely from TLS and MLS data compared to ALS as target geometry can be 

reconstructed more precisely. The only limiting factor would be the point density, which may affect the 

practical range of the approach, and again, at large angles. Such calibration techniques may also allow 

development of data matching methods, which are demanded for quality modeling. 

Beyond the intensity aspect, the incidence angle strongly affects the ranging accuracy of LS, as the 

shape of the detected echo of the transmitted pulse changes with the angle of incidence, unless proper 

signal processing algorithms are used, as discussed in Palojärvi (2003) and Thiel and Wehr (2004). It is 

also expected that the laser scanner data could be further utilized if such sources of variation are 

properly understood. Furthermore, incidence angle data are essential in improving the waveform 

generation based on real-world object data for a simulation models of laser scanning as proposed by 

(Kukko and Hyyppä, 2007; II). As systematic experimental data on incidence angle effects are still in 

sparse supply, the results apply directly to the optical studies of directional light scattering.  

In the simulation study described in this thesis, a simple detector threshold was utilized to derive 

synthetic point data from the simulator generated waveforms. More advanced point discrimination 

schemes could be employed based on finite differences of numerical derivatives (e.g., the detection of 

local maxima or the zero crossings of the second derivative), or, more generally, the zero crossings of a 

linear combination of time-shifted versions of the signal (Wagner et al., 2004). One such approach is 

the constant fraction discriminator, which determines the zero crossings of the difference between an 

attenuated and a time-delayed version of the signal (Gedcke and McDonald, 1968). Some of the 

methods, like maximum, zero crossing and constant fraction, are invariant with respect to amplitude 

variations, and therefore, to a certain extent, changes in pulse width (Wagner et al., 2004). These 

methods are usually applied in waveform data processing to take advantage of better performance over 

the amplitude-dependent discrimination methods. The application and analysis of these more advanced 

methods in the processing of simulated waveform data are of sufficient interest to be further explored. 

5.2 Simulations for LS system analysis 

The expectations considering the applicability of simulation for MLS system analysis has been shown, 

e.g., by Cahalane (2013) and Yoo et al. (2009b), the latter with improved urban scene modeling 
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compared to the FGI simulator. The data acquired with a hypothetical construct of a mobile mapping 

platform, or an airborne system, gives an impression of the data properties and thus helps in 

determining the final construct of the sensor platform. It also provides data for system performance 

analysis and algorithm development for mapping and modeling purposes. 

The proposed laser scanning simulator—and the synthetic waveform and point data it produces—

provide a research platform for algorithm development, in order to improve object classification and 

recognition, and to develop automatic mapping tools for detection of buildings and other structures, as 

well as natural targets such as trees. Based on waveform analysis, it is clear that the pulse length affects 

the separation of individual scatterers that are close to one another. In addition, degradation in the 

ranging accuracy can be expected, due to spreading of the last echo peak. However, the echo peak 

power seems to slightly increase as the pulse length is extended. Shortening of the sampling interval, 

i.e., increasing the resolution of the waveform recording enhances the discrimination of close objects, 

similar to the effect of decreasing the pulse length. Furthermore, the number of recorded samples 

improves the achievable depth range of the sensor.  

Using a simulator, the effects of different parameters (e.g., pulse width, power and shape, detector 

sensitivity, sampling interval, and target properties) on waveform detection can be studied, as repetitive 

simulations can be performed while the spatial (especially the trajectory component) and radiometric 

conditions remain unchanged. This leads to better understanding of the beam interaction with different 

target surfaces and provides insight into system behavior. The fact that waveform decomposition 

procedures could be tested and verified using simulated waveform data is also emphasized, since the 

measuring conditions are computationally traceable. 

Since simulation makes it possible to acquire data from an unchanged object with different scanning 

geometries, it is possible to perform a thorough analysis of the effect of scanning geometry on the 

quality of laser products. This is usually not possible using real data. Different laser scanners have, in 

addition to the geometric characteristics, unique properties for pulse transmission and echo detection 

that lead to different views of the same object. Simulation provides an important insight into waveform 

data performance and analysis, as well as the possibility to verify the effect of system-specific 

properties on the resulting data. The related empirical data are insufficient for effective research and 

exploitation in mapping purposes at the moment. Simulated waveform data fills this gap as a research 

platform. Further development of the LiDAR simulation method will focus on more precise empirical 

scattering models of different natural and artificial surfaces.  

Compared to the previous simulations described by Holmgren et al. (2003) and Lovell et al. (2005) for 

small-footprint laser-assisted forest inventory, the results achieved with the proposed simulator and 
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simulations were promising. Simulation of scanning LiDAR provides a method for studying 

application-dependent parameters that optimally fulfill the demands of different LiDAR-based mapping 

tasks. This kind of approach could be used to find relevant system-dependent differences affecting data 

quality and suitability for desired mapping purposes. Furthermore, the effects of positioning and 

scanner inaccuracies for point acquisition can be studied by varying the magnitude of these errors. 

Alternatively, the inaccuracies can be completely omitted, focusing only on LiDAR-dependent sources 

of uncertainty in the data, as is the case with simulations presented in this thesis. In this way, greater 

understanding of the particular measurement technique and its properties is possible. Future LiDAR 

sensor types and concepts could be verified and demonstrated by simulation, and simulated data could 

be provided to generate awareness in the scientific and user communities and for development of data 

processing algorithms exploiting such data. 

Within the context of MLS, it has been recently shown that simulation can be effectively used for 

analysis of scanner orientation and location effect on targets. Cahalane (2013) reported, using a 

simulation system, that high pulse repetition rate is preferable to a high mirror frequency for 

maximizing point density. Their simulator enables MLS to be configured to maximize point density for 

specific targets. 

Analogous to ALS, the characteristics of the obtained point cloud, e.g., density, point pattern, and 

distribution, depend largely on the sensor arrangement on the MLS platform, and the sensor properties, 

such as point measurement rate, scan frequency, and wavelength (II; IV; Kukko, 2009; Yoo et al., 

2010; Cahalane, Mc Elhinney and McCarthy, 2010). Different layouts and approaches have been 

analyzed by simulations (Yoo et al., 2009ab; Kukko and Hyyppä, 2009) and implemented and reviewed 

in numerous papers, e.g., (III; IV; V; VI; VII; El-Sheimy, 2005; Gräfe, 2007ab; Hesse and Kutterer, 

2007; Kukko et al., 2009; Petrie, 2010; Yoo et al., 2010;). Some of these systems use only one type of 

sensors for data acquisition, but more and more systems are becoming equipped with multiple sensors. 

Barber, Mills and Smith-Voysey (2008) have updated the list of operative MMSs originally presented 

in Ellum and el-Sheimy (2002) up to year 2007. Since then, several commercial systems with LiDAR 

as the prime sensor have emerged (see also Tables Table 1 and Table 2), and the number is increasing. 

5.3 Influence of sensor parameters on data characteristics 

There are some principal factors defining the performance of an MLS system. These include the 

performance of the scanner, sensor geometry and the field of view of the scanner. The most prominent 

components are the general arrangement of the laser sensors on the platform, scan frequency and 

angular resolution, which together affect greatly on the data characteristics, in addition to the obvious 

surface topographic effects. Figure 38 plots the relation of angular resolution to ground distance for a 
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sensor standing 2.5 meters above a flat ground surface. The point separation increases rapidly with the 

distance from the scanner. In reality, small irregularities in the ground topography have local effects on 

the point distribution; larger surface roughness causes increasing shadowing with large beam angles. 

This has an effect on ground determination in particular from the MLS data but also influences façade 

detail detection from tall buildings as well. The effect could be reduced to some extent by increasing 

the sensor elevation, but there are obvious limitations to this in practice. From Equation 11 (plotted in 

Figure 38), it can be determined that the practical range for 1 meter point separation is limited to about 

20 meters for a 5 mrad system but extends to 60 meters for a 0.65 mrad system. In practice, vegetation 

and other environmental features further limit the visibility of the ground surface at large beam angles.  

 

Figure 38. Ground distance effect on point separation at some sample angular resolutions. Sensor 

elevation at 2.5 meters above ground; applies also to a vertical wall at equal distance. 

The effect on point distribution due to turning of the vehicle is more prominent for vertical scanning. 

Vehicle turning increases the profile spacing especially on the outer side of bends, thus reducing the 

ability to detect objects with vertical characteristics, such as trees. This effect, however, depends largely 

on the scan frequency provided by the scanner, as well as the rate of turning and range from the scanner 

(Equation 13). All in all, a higher scan frequency improves the data usability in both scanner 

configurations. 

The scan frequency determines the MLS data coverage and distribution, especially at high platform 

velocities. The higher the frequency, the faster the survey can be completed while maintaining similar 

point density. This, however, requires that the point rate increases with the scan frequency so that the 

angular resolution within the scan line can be maintained. Figure 39 shows the effect of platform 

velocity on the scan line separation (see Equation 9). Figure 40 shows the effects of PRF and scan 
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frequency on angular resolution (see Equation 10). For highly detailed modeling, 5000 points per 

profile (i.e. 1 mrad angular resolution) requires 1 million pts/s at 200 Hz scan frequency. This is not 

possible with HSToF scanners, and even the scan frequencies provided by the current UHSPSs 

typically cannot reach that high (Z+F Profiler 9012 has a 200 Hz scan frequency, but no MLS has been 

built using it yet). In this regard, however, the UHSPS scanners have a slight advantage due to higher 

PRF capability, as the platform velocity can be adjusted according to the data specifications to 

compensate for the scan frequency deficit. 

 

Figure 39. Platform velocity influence on scan line separation at selected scan frequencies. 

 

Figure 40. Angular resolution as function of scan frequency for some typical MLS sensor PRFs. 
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The FOV of the scanner affects the point coverage. For example, using a TLS with the ROAMER 

system has a shortcoming; the scanner base occludes a 40-degree portion of the full 360-degree 

scanning angle. In a tilted position, the base shadow thus prevents measurements of objects above the 

scanner within the occlusion angle at single pass, and at vertical position the road surface cannot be 

captured completely. To give an idea about the occlusion problem, at 4 m above the scanner the base 

shadow is approximately 2.9 m wide. While minimal, it is worth considering in the mission planning. 

To reduce such effects, full FOV scanners can be used, or the occluded areas can be covered using 

additional sensors. 

5.4 MLS sensor configuration effects 

In addition to the scanner parameters, the sensor layout or arrangement on the MLS platform has a great 

influence on the geometric characteristics of the acquired data. For single scanner systems, such as 

ROAMER and AKHKA, the possibilities in changing the layout are somewhat limited. What can be 

done is to adjust the scan plane, depending on the data needed, as has been proven by the ROAMER 

applications, and is also suggested by simulation studies by Yoo et al. (2009a) and Cahalane (2013).  

The FOV and orientation of the scanner head on MLS platform affects the data distribution and 

coverage. The vertical scanner position can be used when structures above the scanner, e.g., bridges, 

tunnel roofs, and portals for traffic signs, have to be included in the model (assuming less than a full 

360° FOV, the case with ROAMER). This position is also applicable in measurements of the building 

façades and other similar structures, though many of them can be captured as well at any of the tilted 

positions, bearing in mind the possible shadowing effects. 

Tilted scanner positions are used in the seamless extraction of points from road and ground surfaces. A 

tilted scanning plane also produces multiple hits even from narrow pole structures usually present on 

both sides of the road, e.g., traffic signs, light poles and bridge pillars. This is due to the high scan 

frequency, high angular resolution, and the fact that the wide FOV of the scanner makes it possible to 

acquire multiple hits of the same object from several sequential profiles as the MLS unit passes by, as 

illustrated in (Kukko, 2009). Such an approach allows higher platform speeds than when using vertical 

profile orientation, which could miss narrow vertical structures completely. With multiple point arcs, 

the positioning and modeling of the object become more reliable. 

A further advantage of using the tilted scanning plane is the capability of capturing vertical and 

horizontal edges with equal, angular resolution dependent precision. Such objects include corners of 

buildings and driveways, window and doorframes in the building façades, etc. Moreover, at a building 

corner the laser swath illuminates portions of two façades of the building, and thus data points are 
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measured from both walls. This helps in locating the building corners from the point cloud data more 

reliably. The same applies to the window frames on a more detailed scale. Given the same scan 

frequency, angular resolution and velocity, a tilted scanning system provides more localization 

information about the object in the along-track direction than vertical scanning.  

A disadvantage of using tilted scanning plane is the partial occlusion of surfaces (e.g., façades) if there 

is variation in the façade depth, as the scanner sees some of the objects in the forward FOV, and some 

in the back FOV. The dual-pass procedure is nonetheless generally recommended for data acquisition 

with single scanner systems for accuracy assessment purposes, which mitigates this problem. On the 

contrary, systems operating with a vertical scanning plane do not have similar shadowing behavior in 

the data acquisition, but wall surfaces parallel to the scanning plane cannot be measured. It is estimated 

that platform velocity and scan frequency have also greater effects on the data pattern, i.e., point 

distribution, for systems with a vertical scanning plane (Kukko, 2009; Yoo et al., 2009a). 

To overcome each individual shortcomings of a single scanner MLS, many of the commercial MLS 

systems have been equipped with multiple laser units. With multi-scanner MLS the need for multi-pass 

surveys is reduced, due to improved data coverage and diminishing of the shadowing effects. Multi-

scanner systems also may result in more even and complete point distribution on the object surfaces, as 

each of the scanners sees them from a different viewpoint. The most common approach is to have two 

scanners mounted with scan planes at right angles to each other and tilted forward (e.g., StreetMapper 

360, Riegl VMX-250, Optech Lynx). In this configuration, the reoccurrence distance S of an object 

seen by the first scanner into the FOV of the second depends on the object distance R from the MLS 

trajectory, added with the base line B between the scanners on the platform, thus S=B+2R, as illustrated 

in Figure 41. So, B defines the minimum shadow size caused by an occluding object. Moreover, the 

selection of sensor height influences the extent of shadowing – the higher, the better. 
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Figure 41. Relation of the object distance and reoccurrence for dual scanner MLS. 

For tall building façades (above 50 m), the sensor parameter analysis can conclude that detailed 

modeling requires extremely high angular resolutions. For example, 10 cm maximum point separation 

on a 120 m high façade requires angular resolution of approx. 0.015 mrad, bearing in mind that 

increasing the scanner distance from the façade improves the situation, within the scanner ranging 

capability of course. It is nevertheless quite typical in an urban context to have relatively short scanner-

to-target ranges, e.g., 10–20 meters. At 20 m horizontal façade distance from the scanner, a 0.2 mrad 

system could produce 15 cm point separation figures at a vertical wall surface 120 m above the sensor. 

Scan plane angle determines the point pattern on the ground and on objects situated on both sides of the 

trajectory. With a vertical cross-track scanning plane the tall building façades can be reached even in 

narrow streets with tight corners. A tilted scan plane, e.g., 45 degrees, needs more straight roads to 

reach objects high above. This can, however, be compensated by employing additional scanner(s) to the 

system with a drawback of increased equipment and system calibration costs. The disadvantages of the 

vertical scan plane are the decreased detection rates, making it easier to miss objects like poles and 

localization of building corners, which can be more reliably determined from data acquired with a tilted 

scan plane. 

5.5 MLS data characteristics and usability 

Vehicle-borne laser scanning offers a huge potential for different surveying tasks, mainly due to the 

mobility and use of high-resolution, high precision active sensor technology (IV), but also as it 

provides a data archive allowing revisiting and mapping objects in the site without an additional survey. 

The last five–six years have shown mobile laser scanning to be a suitable method of acquiring and 
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characterizing information vital for road and urban infrastructure management (Gräfe, 2007a; Jaakkola 

et al., 2008; Lehtomäki et al, 2010; Ibrahim and Lichti, 2012), as well as for mapping and quantifying 

many other anthropogenic and physical aspects of the world (IV;V;VI;VII; Barber and Mills, 2007; 

Jochem, Höfle and Rutzinger, 2011; Holopainen et al., 2011; Kaasalainen et al. 2011a; Kasvi et al., 

2012). MLS has been applied, e.g., to automated extraction and modeling of buildings (Manandhar and 

Shibasaki, 2002; Zhao and Shibasaki, 2003ab; Früh, Jain and Zakhor, 2005; Rutzinger et al., 2011a; 

Zhu et al., 2011). MLS is a suitable method also for modeling of trees (Zhao and Shibasaki, 2003a; 

Jaakkola et al., 2010; Pu et al., 2011; Puttonen et al., 2011; Rutzinger et al., 2011b), and for automated 

detection and measurement of poles in urban and road scenery (Brenner, 2009; Golovinskiy, Kim and 

Funkhouser, 2009; Lehtomäki et al., 2010; Lehtomäki et al., 2011; Pu et al., 2011; Yokoyama et al. 

2011). Ground topography has long been a field of interest for MLS in its different applications (Zhao 

and Shibasaki, 2003; Goulette et al., 2006; Yu, et al., 2007; Jaakkola et al., 2008; Mc Elhinney et al., 

2010; Ibrahim and Lichti, 2012). Also, studies on topographic surveys for geomorphology and change 

detection in fluvial environments have been carried out using MLS (VI; VII). More recent publications 

utilizing the proposed MLS technology in deriving surface roughness parameters for hydraulic 

modeling is presented in Wang et al., (2013), whereas Vaaja et al., (2013) further extends the 

performance investigations of the ROAMER and AKHKA in mapping of fluvial environments. 

Saarinen et al., (2013) investigated the feasibility of vegetation classification using MLS data. 

Vehicle-mounted MLS street data typically include intensity data, which can be used to automatically 

extract road markings, e.g., zebra crossings, and geometric information about buildings, pavement, 

pedestrian structures, islands, manholes, curbs, poles, signs and pylons (IV). Intensity readings can be 

utilized in conjunction with the geometric data for automatic extraction of different target types from 

the point clouds (Jaakkola et al., 2008). Detection and inventory of utility poles, traffic signs and lamp 

posts are prime examples of utilizing MLS in urban infrastructure maintenance, e.g., (Lehtomäki et al., 

2010). MLS data can also provide up-to-date information on power lines and other open-air 

infrastructure, such as railway facilities, etc. These data can be utilized e.g., in creating realistic 

environments for road traffic simulations and illumination studies (III; Kosonen and Bargiela, 2000; 

Ekrias et al., 2008). Hammoudi et al. (2010) and Zhu et al. (2011) discuss the detection of street façades 

from MLS data, and El-Halawany et al., (2011) have investigated detection of road curb. 

The imperfection in using MLS in urban environments is that the visibility of some objects is highly 

dependent on the scanner setup (e.g., II; V; Kukko, 2009; Yoo et al., 2009) but also obstruction of the 

objects in the scene. Thus, ground modeling, for example, often becomes impractical with a low angle 

of incidence at ranges beyond about 30 meters due to demands for high angular resolution. This could 

be compensated by adding more traverses over the area. Also, roof structures on high buildings are 
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often not fully covered with MLS data and so ALS or aerial images are needed to complete the models, 

if not backpack MLS or such are available. Another effect is that when using tilted scan planes, the 

visibility of high parts of building façades is a function of tilt angle and trajectory curvature. 

In an urban context, the renovation of buildings and urban assets is an important field where MLS could 

in the future provide remarkable improvement in the inventory data output. Even though the vehicle 

MLS is expected to provide wide area coverage, there are plenty of cases where such operations are 

hindered by the surrounding structures, buildings, narrow streets and terrain. Limited spaces further 

weaken the vehicle maneuverability, thus impairing the data collection severely. For such environments 

and data needs, backpack MLS provides an effective solution. 

The applications of MLS to environmental remote sensing have thus far focused on vegetation, erosion 

studies, and hydrology studies (Barber and Mills, 2007; VI; Alho et al., 2011). MLS systems are 

capable of faster and more efficient 3D data acquisition than stationary TLS, especially in cases where 

ground validation (e.g., small-scale details) is needed for purposes such as airborne experiments or 

when dealing with areas covered by Earth-observing satellites (see Kaasalainen, Kaartinen and Kukko, 

2008a; Connor et al., 2009). 

The first non-urban application of ROAMER was to install the system on a boat (VI), as was shown in 

Figure 30. Having a fast laser scanner enabled detailed riverine topographical data to be acquired for 

fluvial applications such as hydraulic modeling (Kasvi et al, 2012) and geomorphological change 

detection (VII). In addition to static modeling of riverine topography, there is a growing need to map 

changes in topography as the geomorphology and topography of the river channel and surrounding 

floodplain are affected by fluvial erosion and deposition processes, varying from constant grain-scale 

displacement to large-scale flood-related avulsions (Heritage and Milan, 2009; Cook and Merwade, 

2009; Alho and Mäkinen, 2010). This approach also enables an effective survey angle for steep river 

banks, which is difficult to achieve when using airborne or stationary terrestrial scanning. The BoMMS 

system has been used in data acquisition for numerous studies involving hydraulic modeling and 

analysis of geomorphological processes since 2008 (e.g., VI; VII; Alho et al., 2011; Kasvi et al., 2012). 

Environmental and geophysical studies have been lacking good quality 3D data for modeling and 

monitoring of natural processes. Paper IV describes the use of MLS in mapping of permafrost palsa 

landforms. To the best of the author’s knowledge, AKHKA was a world-first and seems to be a very 

promising approach to high-performance MLS, although generally speaking backpack platforms have 

been introduced before for mobile imaging (e.g., Ellum and El-Sheimy, 2000). The backpack version 

expands the range of applicability of MLS technology by opening up new possibilities into research 

fields that have lacked detailed 3D surveying capability and spatial coverage. The presented palsa study 
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is a good example of that. It is seen that such MLS systems possess good potential in speeding up and 

intensifying the collection of 3D survey data. Thereby, they will allow unprecedented, detailed analysis 

at remarkable point density with widening spatial coverage and data quality. Ease in mobilization of 

MLS systems allows better temporal resolution over the traditional surveying methods for change 

monitoring applications (VI; VII). 

5.6 Future work 

The next generations of ROAMER and AKHKA will have a new FOG-based IMU and multi-GNSS 

constellation receiver to facilitate more reliable positioning, especially in satellite limited areas, as the 

number of observable satellites is larger than that for a GPS-only system. Smaller laser scanning head 

than is currently in use will also be integrated in order to obtain increased scan frequency and easier 

operability especially for backpack-based mapping. Further, AKHKA (or an evolution version) will be 

benchmarked at the Espoonlahti test field as well, as these surroundings provide an ideal environment 

for such a study. This is expected to give an insight into practicality and usability of such MLS in urban 

area mapping, expanding the knowledge gained in the foundry case. 

Due to the rapid development of laser scanning technology, the expected cost of systems like BoMMS 

are constantly becoming less expensive, promoting their increased use. More research is needed in the 

future to explore the full potential of MLS, combined with terrestrial and aerial LiDAR and UAV 

imagery. Based on the collected data, automatic algorithms for terrain extraction, vegetation analysis 

and surface roughness estimators require further development, as do those needed for semi-automatic 

change detection mapping of e.g., fluvial deposition.  

There is a need for more thorough analysis concerning the use of MLS point clouds for the generation 

of digital elevation models of vegetated surfaces and the scan parameters in such a task in general. 

Also, a study on controlling and correcting the time-dependent variations in the trajectory, based on the 

retrieved target data, is a matter to be solved in the future. Such research contribution would 

concentrate on the further development of automatic data correction and field control schemes, as well 

as on object modeling and surface analysis methods. 

It is also of great interest to study more thoroughly the GPS-IMU and multi-GNSS-IMU navigation 

performance in forested areas for better understanding and development for the use of MLS in 

operative forest management. MLS provides an indirect means to derive the trajectory errors from 

known object locations in forested (or, in general, GNSS occluded) environments. Such studies, in 

conjunction with the modeling aspects, could facilitate the use of MLS techniques for forest 

management with increased efficiency and objectivity. In order to optimize automated tree cutting, 
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MLS-derived individual tree level inventory and tree model data may provide a harvester with 

enhanced input, including detection of trees and detailed stem curve and volume.  

As well trees in forestry data, a good alternative in urban scene for the target gate calibration would be 

pair of lamp posts, as they could provide precise localization and spatial extent (width and height) for 

accuracy, and moreover are automatically detectable from point clouds (Lehtomäki et al, 2011). They 

may also provide with a control and adjustment scheme for MLS data in general as poles are a typical 

road asset present almost everywhere. Such approach is yet a subject for a future study. 

For densely vegetated surfaces, ground detection is expected to be more challenging than in the study 

cases presented in IV; VI and VII. Based on experience, it is predicted that the beam angle has a great 

influence on the result; thus the longer the beam needs to penetrate through vegetation, the more 

probable it is that the ground detection becomes fallacious. This necessitates the need for a systematic 

study to validate and to differentiate a variety of ranging techniques as they may perform differently for 

such a task. 

Future MLS applications will have important roles to play in various development and modeling tasks 

in the vast fields of civil and transportation engineering, archaeology and geomatics, as well as in the 

monitoring and understanding of processes in different disciplines of natural sciences; e.g., cryosphere 

(an example of which is the monitoring of seasonal snow coverage) and glaciology, geophysics, 

hydrology, silviculture, and agriculture. 
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6 SUMMARY AND CONCLUSIONS 

6.1 Incidence angle effects 

The incidence angle effect is the most prominent for angle larger than 20 degrees, and the effect must 

be taken into account in interpretation of laser scanning data with steep slopes that affect topographic 

ALS and more frequently on MLS data with rapidly changing geometries (e.g., vertical walls and 

platform movements). 

Before the study conducted in I there had been little of information of the effect available in the field of 

remote sensing, and particularly for laser scanning applications, on what role the incidence angle plays 

in the intensity calibration. It was demonstrated that the incidence angle effects are consistent at 

different wavelengths. The decrease in target brightness was found to be significant mostly at incidence 

angles larger than 30°. These angles may have minor relevance in ALS-based radiometric calibration 

measurements, due to lack of precision, but they are more prominent to be taken into account in the 

interpretation of ALS or TLS and MLS data where steep slopes and vertical surfaces are present in the 

target area. It also seems that the target brightness has an effect on the magnitude of the decrease. The 

knowledge gained in paper I of the incidence angle dependence of TLS/MLS data can be used to adjust 

the methods developed for ALS to correct MLS intensities. 

6.2 Simulations 

A simulation approach for attaining MLS data was introduced and tested. The simulation method 

combines both spatial and radiometric components of a laser scanner to produce realistic waveform and 

point cloud data for system performance analysis and for algorithm development for LiDAR data 

processing and mapping purposes. The waveform data generated by the simulator was based on the 

spatial discretization of the laser beam to a bundle of rays, Gaussian pulse power approximation and 

TEM00 intensity pattern model, computation of object intersections for each sub-beam, and the 

interaction of the sub-beams with the target surface scatterers.  

Simulation provides a possibility, together with experimental data, for demonstrating the effects of 

different factors on a LS measurement. Integrating simulation into an implementation of sensor 

geometry and platform trajectory models provides a useful approach for verification and comparison of 

different LS systems and for analysis of LS measurement itself. It is also clear that simulation of this 

kind is an important adjunct to analytical error modeling and estimation. 
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6.3 MLS systems and performance 

The research and development carried out concerning mobile laser scanning systems resulted in two 

distinct MLSs: ROAMER and AKHKA. The ROAMER system is a robust but adjustable vehicle-

mounted multi-modal system, backed up with camera equipment, whereas AKHKA is a compact 

personal surveying system. Both systems use the same scanner and GPS-IMU instrumentation 

connected to each other with a synchronization system developed in studies for this thesis; only the 

integration platform differs. The fact that the same instrumentation can be used in completely different 

platforms proves that the initial objective of versatility was successfully achieved. Both platforms have 

been applied to 3D mapping of objects and scenes in different fields of research as was shown by 

application results.  

When introduced in 2011 in environmental and fluvial contexts, the AKHKA backpack MLS was a 

completely new type of platform providing high-performance LiDAR mapping of environments where 

it is difficult, if not impossible, to operate with any ground-vehicle-based MLS. The AKHKA system 

enables exceedingly high point densities to be achieved with an absolute accuracy level of 20 mm. 

AKHKA was a world-first, and provides a promising approach to high-performance MLS data 

acquisition. It widens the range of applications of mobile laser scanning technology and enables new 

insights into research fields that have thus far lacked detailed 3D surveying systems with sufficient 

coverage, e.g., terrain modeling, urban mapping, precision forestry, hydrology and research focusing on 

fine-scale geophysical processes. 

The EuroSDR project (V) provided a permanent test field for verifying and comparing the performance 

of different mobile laser scanning systems. The test field can also be utilized in data processing 

development and testing, for example, when devising new algorithms for automatic feature extraction. 

In this particular study, the geometric accuracy of an MLS-derived point cloud in good GNSS 

conditions was found to be within 12 cm. The relative accuracy can be even higher, when for example 

individual scanning lines are considered. The commonly accepted requirement for reference data is that 

the accuracy should be at least one order of magnitude better than the property to be evaluated. It is 

clear that this requirement is hard, if not impossible, to fulfill in practice. Robust test field data can 

nonetheless be used to validate the performance of MLS systems in varying measurement conditions, 

and a permanent test field is the only way to compare different systems reliably with minimal bias. 

The performance of the developed MLS systems based on the analyses of results achieved on a 

permanent MLS test field and in situ target field studies show that the presented MLS systems can 

produce dense point cloud data for object reconstruction with absolute accuracy at the cm level 

(horizontal RMSE 23 mm for ROAMER and 17 mm for AKHKA), both in regards to plan and 
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elevation. The relative precision of the data was estimated to be around 12 mm. To achieve this, 

internal calibration of the system must be carried out with careful experimental setting and data 

analysis. Furthermore, in the DGPS real-time positioning test the tactical grade GPS-IMU system was 

proven to be suitable for MLS use, providing sufficiently accurate (better than 10 cm) positioning. 

The benchmarking result further indicates that system calibration has a major impact on MLS 

performance. By implementing a field calibration scheme, i.e., using test field TLS data in estimating 

the angular bore-sight parameters of ROAMER, accuracy could be improved considerably. When 

compared to the first point cloud data computed without improvements from the field calibration, the 

standard deviations of both elevation and planimetric errors were diminished by half. Errors in the 

relative orientation of the instruments lead directly to errors in the measured point clouds, which cause 

problems in continued manipulation of the data, e.g., in extraction and modeling of objects and change 

detection. For multi-temporal studies, the possibility of positional discrepancies should be taken into 

account to ensure reliable analysis. Yet even at the level achieved in the study, the advantages of 

incorporating MLS techniques represent a huge leap in change analysis applications in many fields.  

The target gate approach for calibration of MLS provides promising results. It is easy to set up in the 

field, and regular-shaped spherical targets are easy to detect from the point data regardless of the 

direction of observation, and detection could be automatized. The target model (ATS SRS) used in the 

studies was found to be suitable and allowed for accurate RTK-GPS measurements for the target center 

coordinates. 

6.4 Fluvial application remarks 

Within the fluvial context, a new approach based on boat-mounted mobile laser scanning was described 

and demonstrated to derive detailed micro-scale topographical data (on a scale from millimeters to 

meters) for fluvial studies. The study proved that high-density point clouds allow for effective sampling 

of detailed river environment topography, despite the fact that the scanner elevation, scan frequency 

and ranging capability were found to be somewhat limited at the time. Combined with static TLS data 

acquisition, boat-mounted mobile laser scanning enabled a totally new field mapping approach for 

fluvial studies, e.g., post-flood depositions could be mapped directly after a flood event without an 

extensive time lag. The demonstration carried out in the study proposed the following conclusions and 

possibilities: 

 BoMMS allows a faster survey of riverine topography than traditional TLS scanning. In the study, 

the whole reach of 6 km was surveyed within 85 min. TLS scanning of only the five point-bars took 

~8 h. Test site A in the study was surveyed ~30 times faster with MLS than with TLS. Furthermore, 
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MLS allows scanning angles from the channel to the banks that are not possible to achieve with 

TLS. 

 The accuracy obtained with the BoMMS system was significantly higher than that typically 

obtained from ALS, and large areas can be covered cost-efficiently. When compared to the surface 

topography reference from static TLS, the standard deviation of boat-based mobile laser scanning 

data was 2.7 cm. 

 Since a boat-based laser scanning approach can be used to derive accurate characterization of the 

topography and as a rapid and cost-effective measurement technique (less expensive than ALS), it is 

expected to be especially useful for multi-temporal studies of rivers, allowing topographic change 

detection. 

The feasibility of using MLS to map changes in riverine topography was studied in two different years 

with boat- and cart-mounted ROAMER to record the topography of point bars and river banks before 

and after the effect of erosion or deposition. In five out of six test sites an RMSE of the elevation level 

with better than 5 cm accuracy was obtained. This, however, required a systematic elevation error to be 

calibrated out of the data.  

Data with steeper scanning angles to the ground surface in particular were found to provide better 

accuracy than those of gentle angles. The data acquisition procedure was improved in the 2009 

campaign by increasing the mapping system support structure height by 1 m. The results obtained 

indicate that MLS can provide accurate and precise change information over large areas. However, data 

needs to be controlled for systematic errors, as they significantly affect volumes derived from surface 

analysis. 

6.5 Concluding remarks 

The hypothesis in this study was that, by applying tactical grade GPS-IMU and an ultra-high-speed 

phase-shift laser scanner, a high-end mobile laser scanning system could be developed and used for 

proactive promotion of the particular technology, including data processing methods and applications, 

to industry, the scientific community and society. Appropriate calibration methods and data processing 

chain could provide accurate and high-resolution three-dimensional data for mapping and modeling 

applications in different fields of urban, industrial and road environment development, transportation 

planning, civil engineering, precision forestry and agriculture, as well as for modeling of geophysical 

entities and environmental research. 
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The aim of the study was to develop novel mobile laser scanning systems, analyze their performance 

and develop new applications. The aim was accomplished by implementing the objectives for 

development of systems, processes and quality analysis as follows: 

1. The experimental setup for measuring the incidence angle effect on LS data was presented in 

publication I. The incidence angle was found to be a source of decrease in backscattering 

power at angles larger than 20 degrees, and should therefor taken into account when 

manipulating intensity data e.g., for classification purposes. 

2. Laser scanning simulator was presented and evaluated in publication II. The simulator was 

exploited for analysis of MLS system configurations to fulfill the objective of 

3. Design and development of ROAMER and AKHKA integration platforms, which were 

introduced in III and IV. Sensor integration was tested through multitude of evaluations and 

field tests reported in publications III–VII. Development of practical solutions for data 

georeferencing were performed and described. Publication IV discusses the development and 

testing of geometric calibration of the systems, which contribution is complemented in the 

Section 3.2 of this thesis. The applied calibration procedure could improve the attained data 

accuracy remarkable in the ROAMER benchmarking, and the backpack AKHKA data shows 

very good error figures as for being a human-borne mapping system. 

4. Quality analysis of the data acquired with the developed systems were carried out especially in 

publications IV and V, but publications VI and VII carry out some application relevant 

performance analysis and system testing and presented a new application scenario for MLS. 

The performance of the systems was found to be on cm level, and data rates and acquisition 

efficacy were found satisfactory for the applications reported, even though the scan frequency 

was the most critical factor, especially for the data collected with the first scanner version. 

The results achieved in the studies and the wide adoption of the technology for different applications 

confirmed the hypothesis. 

Numerous authors have reported use of mobile scanners on different platforms, yet no single group of 

authors has reported an undertaking of the scope and variability provided by ROAMER and AKHKA. 

It has been shown through the application examples presented in this thesis that when using an MLS 

system equipped with a high-performance laser scanner and sufficient navigation capacity, it is possible 

to produce centimeter accuracy 3D point cloud data meeting application-specific needs in terms of data 

quality, density, and coverage. The benefits of using MLS data for producing high-resolution 3D 

models are clear, as has been demonstrated. 
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Considering MLS data acquisition compared to data acquired when using a stationary TLS, MLS 

provides high efficiency and a precise way of generating dense point clouds and its mobility makes it 

more suitable for surveying and modeling of large areas. Versatile design with an easy-to-adjust 

approach together with light data recording facilities is the key to the versatility of the proposed 

equipment. This also reduces the need of permanent modifications for the vehicle used for the mapping 

thus reducing the system cost and increasing availability and affordability of the proposed MLS 

systems for customers. 

Based on the experiences gained in the separate studies of this thesis, it is evident that the proposed 

MLS approaches have the potential to speed up and improve the collection of 3D survey data and 

thereby widen spatial coverage with reassuring results as regards to point density and quality. With 

MLS the data capture can be performed with less effort and more safely, e.g., in road environment 

compared with traditional methods, greatly improving the data output rate. High-performance multi-

purpose MLS systems with a moderate price tag may prove to be attractive for companies in need for 

accurate and up to date 3D surveying data. 

The advantages of MLS for producing high-resolution 3D surveys are obvious, thus most of the 

ground-based mapping applications could benefit from this technology. Nevertheless, for attaining 

reliable mapping result, appropriate field calibration and control schemes are a necessity, especially in 

satellite obstructed environments. Application of the MLS techniques is diverse, and the awareness and 

use of MLS is growing rapidly worldwide. 
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