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Mobile laser scanning is a mapping 
technolgy that utilizes laser ranging and 
positioning technologies for accurate three-
dimensional measurement and modelling of 
environment. Through the advances of 
measurement and automotive sensor 
technologies, there are now new inexpensive 
laser scanning and positioning sensors in 
the price range of thousands to tens of 
thousands of Euro instead of the hundreds 
of thoudsands of Euro of the traditional 
equipment. Therefore a new market 
segment of low-cost mobile laser scanning 
systems is being born, which allows a 
widespread utilization of the technology in 
applications beyond mapping. 
 
In this thesis, a new low-cost mobile laser 
scanning system was developed and its 
feasibillity for environmental mapping and 
modelling was assessed. In the study it could 
be confirmed that mobile laser scanning can 
be used for measurement of road 
environment, tree feautres and snow depth 
as well as tree species classification. 
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Abstract 
Mobile laser scanning is a measurement technology that combines accurate positioning and 

attitude information from navigation satellites and inertial sensors with distance 
measurements from a laser scanner into a point cloud that represents the geometry of the 
environment surrounding the measurement platform. This geometrical information can be 
utilized in a variety of applications ranging from 3D city modelling and infrastructure 
maintenance to forestry and environmental monitoring. 
 
In this thesis, a new low-cost multi-sensor mobile laser scanning system is developed. The 
developed system is demonstrated on both car and UAV platforms. Also, the applicability of 
low-cost mobile laser scanning is evaluated in various applications. In road environment, the 
developed system is able to detect painted lines, zebra crossings and kerbstones with mean 
classification accuracies of 80.6 %, 92.3 % and 79.7 %, respectively. In tree species 
classification, the combination of laser scanning and spectral data is shown to improve 
classification accuracy from 66.9 % or 69.9 % to 83.5 %, when compared to using only laser or 
spectrometer data. It is also demonstrated that onboard a UAV, the developed system can 
measure point clouds and tree features more accurately than traditional airborne laser 
scanning. Finally, when using low-cost mobile laser scanning for snow depth estimation, an 
RMS accuracy of 5.5 cm can be achieved. The results demonstrate the feasibility of mobile laser 
scanning and that even a low-cost system can perform sufficiently in the selected applications. 
 
With future advances of laser scanning and positioning technologies, it can be expected that 
price of these systems will further decrease. Widespread adoption of laser scanners, especially 
in the automotive industry, and the new global navigation satellite systems and signals will 
significantly reduce the cost of mobile laser scanning system components. While the laser 
scanners designed for automotive and industrial applications are not as accurate as survey-
grade instruments, they are sufficiently accurate for a wide variety of applications. 
 
Nowadays expensive mobile laser scanning systems are almost exclusively owned by mapping 
companies and, therefore, require high rates of utilization and applications with high added-
value. With future cost reduction, mobile laser scanning will expand to new fields, as also other 
companies can afford to acquire such systems and utilize them in various applications. 
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Tiivistelmä 
Liikkuva laserkeilaus on mittaustekniikka, joka yhdistää satelliitti- ja 

inertiapaikannuslaitteiston tarjoaman tarkan paikka- ja asentotiedon sekä laserkeilaimelta 
saatavat etäisyysmittaukset pistepilveksi, joka kuvaa tarkasti mittausalustan ympäristön 
geometrian. Tätä geometriatietoa voidaan hyödyntää monissa sovelluksissa kaupunkien 3D-
mallinnuksesta ja infrastruktuurin ylläpidosta aina metsänhoitoon ja ympäristön seurantaan.  
Tässä tutkimuksessa kehitettiin edullinen, monisensorinen liikkuva laserkeilausjärjestelmä, 
jota voidaan käyttää sekä auto- että lennokkialustalla. Liikkuvan laserkeilauksen soveltuvuutta 
testattiin erilaisiin ympäristön kartoitussovelluksiin. Tieympäristön mittauksessa laitteistolla 
voitiin luokitella tiemaalausten viivat 80.6 %:n, suojatiet 92,3 %:n ja reunakiveykset 79,7 %:n 
keskimääräisellä luokittelutarkkuudella. Puulajitunnistuksessa luokittelutarkkuus saatiin 
nostettua pelkän laserdatan 66,9 %:sta ja pelkän spektridatan 69,9 %:sta 83,5 %:iin yhdistämällä 
laser- ja spektrihavainnot. Tutkimuksessa todettiin myös, että lennokialustalla voitiin 
saavuttaa parempi perinteistä lentokonelaserkeilausta parempi tarkkuus sekä pistepilven että 
puuston piirteiden tunnistuksen osalta. Lumen paksuuden määrityksen RMS-tarkkuudeksi 
saatiin 5,5 cm. Näiden sovellusten avulla voitiin osoittaa, että liikkuva laserkeilaus soveltuu 
ympäristömittauksiin ja jopa kehitetty edullinen laitteisto on riittävän suorituskykyinen 
valittuihin sovelluksiin. 
 
Laserkeilaus- ja paikannustekniikoiden kehityksen myötä on odotettavissa, että 
laserkeilauslaitteistojen hinnat tulevat laskemaan tulevaisuudessa. Erityisesti 
ajoneuvoteollisuuden ottaessa käyttöön laserkeilaimet ja toisaalta 
paikannussatelliittijärjestelmien ja niiden tarjoamien signaalien lukumäärän lisääntyessä 
liikkuvassa laserkeilauksessa käytettävien komponenttien hinnat tulevat laskemaan 
merkittävästi. 
 
Nykyisin kalliita liikkuvia laserkeilausjärjestelmiä on käytössä lähinnä kartoitusyrityksillä, 
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on odotettavissa, että liikkuvan laserkeilauksen sovellusalueet tulevat laajenemaan ja yhä 
useampi yritys voi hankkia tarvittavan laitteiston ja hyödyntää sitä sovelluksissa, jotka eivät 
vielä toistaiseksi ole olleet taloudellisesti kannattavia vaadittavan investoinnin takia. 
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1. Introduction 

1.1 Background and motivation 

Mobile mapping is an important method of acquiring road environment data. 
There are many large players in this industry, such as Google, Navteq and Tele 
Atlas, which employ hundreds of people and dozens of measurement vehicles 
to gather information for mapping roads and their surroundings. In addition 
to roads and their surroundings, mobile mapping can also be used to measure 
and model other environments, including forests and river environments. 

In its most typical form, a mobile mapping system (MMS) consists of a car 
with a positioning system and cameras, but increasingly it also includes a laser 
scanner. This study uses a wider definition of MMS which includes other plat-
forms (e.g. unmanned aerial vehicles (UAV)), as well as other instruments 
such as thermal cameras or spectrometers. The study concentrates on the ap-
plication of laser scanner data to environmental measurements and modelling. 
The process of acquiring laser scanner data from a mobile platform is known 
as mobile laser scanning (MLS). 

There are several benefits in using MLS compared to more traditional forms 
of laser scanning, i.e. terrestrial laser scanning (TLS) and airborne laser scan-
ning (ALS). The measurement coverage is much wider than in TLS, where the 
stationary instrument has to be moved between measurement stations and 
therefore the areal coverage is typically limited to a few hectares per hour. By 
comparison, MLS can provide measurements from several square kilometres 
per hour. On the other hand, ALS can provide coverage over very large areas, 
but MLS can provide much more accurate and economical measurements 
when compared to ALS. A typical accuracy level of ALS is in the range of deci-
metres, while MLS can provide accuracies down to a few centimetres. Also, the 
cost of using MLS is lower because the platform, mobilization, and operating 
expenses are lower. Overall, MLS offers a new alternative and bridges the gap 
between TLS and ALS. 

In many environmental monitoring and modelling applications, MLS is able 
to provide a more cost-efficient and accurate solution compared to methods 
that do not use laser scanning. In many cases, the amount of manual work is 
reduced, and the number of measurements can therefore be increased sub-
stantially. One example is snow depth measurement, which is typically done by 
inserting a pole into the snow and reading the value from the side of the pole. 
This is laborious, prone to error, and only provides point-wise measurements 
from a limited area. MLS, on the other hand, can provide many millions of 
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measurements over a wide area and do so efficiently in a semi-automated fash-
ion thus reducing the probability of human errors. MLS has similar potential 
benefits in many application fields, including surveying, urban planning, agri-
culture, and forestry. 

Currently MLS systems are primarily owned by large mapping companies 
because of their relatively high cost of hundreds of thousands of Euros and as 
such requiring a high rate of utilization. With the rapid technological advances 
and increased use of low-end MLS components in other fields of application, 
such as the automotive industry, it can be expected that the cost of such com-
ponents will decrease rapidly and a new market segment for low-cost MLS will 
be created. Many of the applications presented in this thesis may not be eco-
nomically feasible at the moment, but this is likely to change as the cost of ac-
quiring and operating an MLS system decreases. 

In fact, autonomous cars that are being developed are technologically very 
similar to low-cost MLS systems. According to IHS Automotive (2014), in 
2025, adding such technology is expected to increase the retail price of a luxu-
ry car by $7,000 to $10,000, including all the required sensors, actuators, data 
processing systems and algorithms. This price premium of self-driving cars 
will decrease to about $1,000 after 2030 for entry-level cars. These trends in-
dicate that also low-end MLS systems will decrease in price and should reach 
the $10,000 mark long before 2025 because only a small subset of the instru-
ments and systems of a self-driving car are required in an MLS system. 

1.2 Hypothesis 

The main hypothesis of this thesis is that it is possible to develop a low-cost 
mobile laser scanning system for environmental mapping purposes. The sec-
ondary hypothesis is that low-cost mobile laser scanning is able to produce 
high quality results for various environmental mapping applications. 

1.3 Objectives 

The objectives of the thesis are as follows: 
 

 To develop a low-cost mobile laser scanning system to be operated 
from a vehicle and a mini-UAV 

 To test the applicability of low-cost mobile laser scanning to the follow-
ing applications: 
o Road surface, road marking, and kerbstone mapping 
o Tree detection and feature estimation 
o Tree species classification 
o Snow depth estimation 

 
In this thesis low-cost is defined as a component cost of less than 50,000€ 
(2009) with the prospect of decreasing to less than 10,000€ by 2020 enabling 
widespread adoption of MLS technology 
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1.4 Contribution 

The contributions of the original publications can be summarized as follows: 
 

 Paper I discussed the development and possible applications for a low-cost 
mobile laser scanning system suitable for a car or a UAV. 

 Paper II demonstrated the achievable level of accuracy of the developed 
system. 

 Paper III presented a calibration method for the intensity information 
provided by one of the laser scanners applied in the developed system. 

 Paper IV provided new methods for classification and modelling of road 
surface, road marking, and kerbstones. 

 Paper V described the potential of using mobile laser scanning data to-
gether with hyperspectral data for tree species classification. 

 Paper VI discussed the possibility to use low-cost mobile laser scanning to 
measure snow depth over large areas. 

1.5 Structure of the thesis 

The thesis consists of a summary and six original publications. Following this 
introductory section, Section 2 presents a literature review describing mobile 
laser scanning systems and their application in environmental modelling. The 
materials and study areas used in the feasibility studies are presented in Sec-
tion 3. Section 4 describes the developed system and mapping methods, as 
well as summarizes the results achieved by employing them in a number of 
different applications. In Section 5, the potential feasibility of the results of the 
thesis for practical mapping applications and needs for further research are 
discussed. Section 6 provides a summary and conclusions of the thesis. 
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2. Background 

2.1 Mobile laser scanning sensors 

A mobile laser scanning system consists, at a minimum, of a moving platform, 
a positioning system, and a laser scanner, but it may also include other electro-
optical data acquisition sensors. In most cases the platform is a car, but it can 
also be a boat, all-terrain vehicle, snow mobile, backpack, cart, or UAV (Kukko 
et al., 2012; Wallace et al., 2012). There is no consensus as to whether systems 
mounted on UAVs should be considered a part of MLS or ALS, but in this the-
sis mini-UAVs are included in the definition of MLS. This is because of their 
operational and sensorial similarity to other MLS platforms. 

2.1.1 Positioning 

Practically all outdoor MLS systems base their positioning on the combined 
use of global navigation satellite systems (GNSS) and an inertial measurement 
unit (IMU). Often the GNSS/IMU positioning is augmented with information 
from a rotary sensor attached to the wheel of the platform, called a distance 
measurement instrument (DMI) or odometer. Also, other methods of position-
ing such as simultaneous localization and mapping (SLAM) solutions, radio 
frequency beacons, or pseudolites may be used, especially when operating in-
doors. Typically a Kalman filter is used to optimally combine all the observa-
tions from the different navigation instruments. 

Currently there are two fully operational global navigation satellite systems, 
the United States Global Positioning System (GPS) and the Russian Globalna-
ya navigatsionnaya sputnikovaya sistema (global navigation satellite system, 
GLONASS). In addition, the Chinese BeiDou Navigation Satellite System and 
EU’s Galileo are under development with the goal to reach global fully opera-
tional status by 2020. GNSSs are able to offer accurate positioning wherever 
the positioning signal is available. Through the use of base stations and a dual-
frequency receiver, it is possible to achieve absolute positioning accuracies of 
about 2-5 cm (Häkli & Koivula, 2005). 

In mobile laser scanning, the IMU, consisting of accelerometers and gyro-
scopes, is primarily used to determine the attitude of the measurement plat-
form. It also improves the positioning accuracy, speeds up reacquisition of 
GNSS signals, and bridges gaps in GNSS reception, for example under bridges 
and in tunnels. However, when GNSS signals are not available, the position 
and attitude calculated from the IMU observations start to drift, because the 
acceleration measurements are integrated twice to calculate position and an-
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gular velocity is integrated once to determine attitude of the platform. There-
fore, any bias in the measurements induces drift in the calculated position and 
attitude. In many MLS applications the positioning accuracy requirement is 
better than 10 centimetres and therefore even a relatively high-end IMU is 
only able to maintain sufficient accuracy for less than a minute. As such, MLS 
systems are highly dependent on the availability of GNSS signals. GNSS meas-
urements are also required to initialize and align the attitude determination 
based on the inertial measurements. 

Traditionally, the gyroscopes in IMUs have been either ring laser or fibre op-
tic gyroscopes, but with the increasing accuracy of microelectromechanical 
systems (MEMS), also MEMS-based gyroscopes have made their way into 
MLS systems. The accuracy of the IMU is essential to the overall accuracy of 
the system because an angular error of just 0.1° translates into a linear posi-
tion error of 5.2 cm at a measurement distance of 30 m. Therefore, high-end 
MLS systems usually include GNSS/IMU navigation systems with a specified 
post-processed heading precision of 0.01° or better (Novatel, 2014). In low-
cost systems lower quality IMUs have to be used and therefore the heading 
precision may be 0.03° or even worse. However, as the beam divergence and 
angular resolution of the laser scanners typically used in such systems are in 
the range of 0.1-0.5° the low precision of the IMU may be acceptable. 

SLAM techniques may also be used for positioning, especially in cases where 
satellite visibility, cost, or weight restrictions prohibit the use of traditional 
high-accuracy GNSS/IMU solutions, e.g. in indoor or UAV applications (Bosse 
et al., 2012; Wallace et al., 2012). As mobile mapping data is always post-
processed, more advanced methods can be used compared to what is available 
in real-time solutions, e.g. utilization of ground control points for laser and 
image data, as well as photogrammetric bundle adjustment. 

2.1.2 Laser scanners 

Laser scanners are measurement devices that provide three-dimensional geo-
metric information of their surroundings through angular and distance meas-
urements. They can be categorized into pulsed time-of-flight and phase-shift 
devices, according to which distance measurement principle is used. Pulse-
based laser scanners send out short laser pulses and measure the time it takes 
for the pulse to reflect from the target and reach the detector of the laser scan-
ner. Phase-shift laser scanners, on the other hand, measure this time indirectly 
by sending out amplitude modulated light and comparing the reflected signal 
to the transmitted signal. The time-of-flight is calculated from the phase dif-
ference of these two signals. In both types of laser scanners the time-of-flight 
is converted to measured distance by multiplying the time by the speed of light 
and dividing by two because the signal has to travel to the target and back to 
the instrument: 
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where R is the distance to the target, ΔT is the measured time-of-flight and c is 
the speed of light. 

Both technologies have their advantages and drawbacks. Because the laser 
beam is not infinitely narrow, it is possible that a part of the beam hits a target, 
while the rest of the beam continues until it hits a second target. In the case of 
a pulse-based laser scanner, it is possible to distinguish the two (or more) re-
turning pulses and measure their distance separately. Phase-based scanners 
are unable to distinguish multiple targets, and this situation usually creates an 
erroneous measurement in between the actual targets. 

Measurement frequency and accuracy have traditionally been strong points 
of phase-shift-based laser scanners. For several years they have offered meas-
urement speeds of more than a million points per second and accuracies in the 
millimetre to submillimetre range. In recent years, however, pulse-based laser 
scanners have achieved similar figures. The accuracy of high-performance 
pulse-based scanners is marginally lower, and they are still slightly more ex-
pensive than phase-shift scanners with comparable specifications. Some ex-
amples of laser scanners applicable to mobile laser scanning and their perfor-
mance figures are listed in Table 1. 
 

Table 1.  Comparison of various laser scanners that are relevant to MLS systems. (Faro, 2013; 
Hokuyo Automatic Co., Ltd., 2012; Ibeo Automotive Systems GmbH, 2013; Leica, 2013; 
Optech, 2014; Riegl, 2012a; SICK AG, 2012; Velodyne, 2010; Zoller + Fröhlich GmbH, 2012) 

 

Model 
Pulse/ 
phase- 

shift 

Range 
[m] 

Vertical 
angle 

range [°] 

Measurement 
frequency 

[pts/s] 

Range 
precision 
@25m 
[mm]* 

Vertical 
angular 

resolution 
[°] 

H
ig

h-
en

d 

Optech Lynx SG1 Pulse 250 360 600,000 5 0.0576 

Riegl VQ-450 Pulse 800 360 550,000 5 0.001 

Velodyne HDL-64E S2 Pulse 120 360 1,333,000 20 0.09 

Leica ScanStation P20 Pulse 120 270 1,000,000 ≤1 0.002 

Z+F Imager 5010C Phase 187 320 1,016,000 ≤1 0.0004 

Faro Focus3D X 330 Phase 330 300 976,000 ≤1 0.009 

Lo
w

-c
os

t 

Velodyne VLP-16 Pulse >100 360 300,000 30 0.1 

Ibeo Lux Pulse 200 110 19,000 100 0.125 

Sick LMS-511 Pulse 65 190 29,000 9 0.167 

Hokuyo UXM-30LX-EW Pulse 80 190 30,000 50 0.125 
* Estimated values as exact information is not available for all models and testing procedures vary between 
manufacturers. 
 
The division between low-cost and high-end laser scanners in Table 1 is based 
on the price of the instruments. High-end devices typically cost between 
30,000€ and 150,000€ while low-cost laser scanners have a price range of 
about 5,000€ to 15,000€. It can also be seen that high-end scanners offer a 
high measurement frequency, range precision, and angular resolution as well 
as a measurement range in excess of 100 m. Low-cost systems on the other 
hand are limited in range, speed, precision, and resolution. As an example of 
the reduced performance, with a measurement distance of 30 m, low-cost sys-
tems are typically able to produce a point spacing of 5 to 20 cm. Even at short-
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er measurement distances, taking also into account the distance measurement 
precision and beam divergence, low-end laser scanners typically offer point 
measurement precisions of several centimetres while high-end systems reach 
down to millimetres. 

2.1.3 Other electro-optical sensors 

Even though laser scanners have surpassed cameras as the primary sensors in 
many applications, cameras are still found in almost every mobile mapping 
system. Laser scanners provide accurate geometrical information without re-
quiring complex processing, but cameras can offer valuable supplementary 
information for target recognition, classification, modelling and texturing. The 
cameras used range from very small consumer cameras, such as GoPro Hero2 
(e.g. Lidar USA ScanLook), to digital single-lens reflex (DSLR) cameras or in-
dustrial cameras. Also, cameras with a longpass filter (replacing the internal 
infrared shortpass filter) have been used for infrared photography in some 
special applications (Merz & Chapman, 2011). In addition to traditional cam-
eras, also other electro-optical sensors may be used, such as spectrometers and 
thermal cameras (Hoegner & Stilla, 2009; Lucieer et al., 2014). 

2.2 Mobile laser scanning systems 

The definition of mobile laser scanning is not generally agreed upon and in its 
widest sense may include also airborne laser scanning, but in this thesis tradi-
tional ALS is excluded from the definition. As mentioned above, however, 
mini-UAV-based laser scanning is included in the scope of MLS because of its 
relatively large scanning angles, and the similarity in sensors used compared 
to, e.g., car-based laser scanning. Also, the areal coverage is often limited be-
cause in many countries regulations limit the operation to within line of sight. 

While very similar in many aspects, robots, autonomous vehicles, and espe-
cially real-time machine perception and navigation are not covered in this the-
sis. Usually mobile mapping data is post-processed to achieve a high level of 
accuracy and the level automation or efficiency is not the primary concern. 
Also, while mobile mapping data may be refined with ground control points 
and strip matching, the primary method used in this thesis for georefencing 
data is based on high-quality GNSS and inertial measurements (known as di-
rect georeferencing). As such, data matching and SLAM-type algorithms and 
systems are excluded from the scope of this thesis. 

It can be expected that the fields of mapping and robotics will converge in 
the future. The highly automated and efficient methods designed for robots 
equipped with inexpensive sensors, will be integrated with the accurate algo-
rithms and instruments of mapping and remote sensing. This kind of devel-
opment has already occurred in the fields of computer vision and photogram-
metry, and similar progress should be expected for light detection and ranging 
(LiDAR) sensors. 
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2.2.1 Land-based MLS systems 

The development towards modern, multi-sensor mobile mapping systems be-
gan in 1983 with the introduction of the Mobile Highway Inventory System 
(Ross, 1983). Until almost the end of the 20th century, all the MMSs were cam-
era-based, but in 1996 the first laser-based sensors were integrated into mobile 
mapping systems (Reed et al., 1996). However, the laser instrument was oper-
ated in a stop-and-go mode and aimed manually. As such, it was not a mobile 
laser scanning system in the modern sense. In 2001 Früh and Zakhor intro-
duced the first MLS for 3D city model generation (Früh & Zakhor, 2001a, 
2001b). 

It took until 2004 before major commercial operators, such as Tele Atlas, 
started to use mobile mapping. In 2005 laser scanning was introduced as the 
primary sensor system of an MMS with the launch of Streetmapper by 3D La-
ser Mapping. Since 2008 the number of MLS systems available has increased 
significantly with offerings from multiple companies, such as Optech, Riegl, 
Mitsubishi, and Topcon. Also, an increasing number of proprietary systems by 
mapping operators, e.g. Google and Navteq/HERE, have been introduced. 
During the last few years, more moderately-priced alternatives, such as the 
MDL Dynascan and the Lidar USA Scanlook, have entered the market. An 
Optech Lynx system owned by Terratec is shown in Figure 1 as an example of a 
typical commercial MLS system with two laser scanners and cameras. 

 

 

Figure 1. Optech Lynx mobile laser scanning system 

An overview of select commercial and research MLS systems is given in Table 
2. In practice most of the listed systems can be expected to achieve a precision 
of about 2-5 cm. One exception is the Finnish Geodetic Institute (FGI) Sensei 
(developed in this thesis) in terms of horizontal precision. Its laser scanner has 
a very wide footprint, and the 0.8° beam divergence is the most significant 
component of the precision (Kaartinen et al., 2012). 
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Table 2. Table 2. Examples of mobile laser scanning systems. (Kukko et al., 2007; Leica Ge-
osystems AG, 2013; Mitsubishi Electric, 2013; Optech, 2014; Riegl, 2012b) 

Make Model Laser scanner 
Number 

of 
scanners 

Measurement 
frequency/ 

scanner [Hz] 

Profile frequency/ 
scanner [Hz] 

FGI ROAMER Faro Focus3D X 330 1 976,000 96 
FGI Sensei Ibeo Lux 1 19,000 100 
Optech Lynx SG1 2 600,000 250 
Riegl VMX-450 VQ-450 2 550,000 200 
Mitsubishi MMS-X 640 Sick LMS-291 4 27,100 25 
Leica Pegasus:One ScanStation P20 1 1,000,000 100 
 
While the majority of MLS systems operate on top of an automobile, also other 
platforms can be used. The most typical platform alternatives for a car or a van 
are different kinds of boats, all-terrain vehicles (ATV), and snow mobiles. 
Many other platforms have been demonstrated as feasible, including carts, 
robots, backpacks, and kayaks (Kukko et al., 2012; Papadopoulos et al., 2011; 
Vaaja et al., 2011). 

2.2.2 Mini-UAV-based laser scanning 

With the recent developments in UAV technology and miniaturization of laser 
scanners and positioning instruments, it has become possible to perform air-
borne laser scanning also onboard a UAV. Traditional ALS instruments typi-
cally weigh between 15 and 60 kg and are thus only suitable for very large 
UAVs, such as the 44 kg Yamaha R-50 used by Miller and Amidi (1998), the 
145 kg BAE Aerosystems Viking 400 proposed by Johnson and Danis (2006), 
or the 330 kg Fuji Heavy Industries RPH2 used by Nagai et al. (2009). Unfor-
tunately, these high payload UAVs are very expensive and share most of the 
drawbacks related to traditional ALS, including economical and logistical 
problems. 

In many countries, lightweight or mini-UAVs weighing in the range of 20 or 
25 kg or less are regulated less strictly than heavier UAVs, and as such are eas-
ier and less expensive to operate. Also, they don’t typically require long run-
ways or large clear areas to take off and land. Furthermore, the transportation 
of such small devices is significantly easier. For these reasons, mini-UAVs are 
more flexible and agile regarding the logistics, enabling multi-temporal data 
acquisitions at low costs. 

Laser scanners and UAVs have been combined for different purposes and 
with varying results. In the field of robotics, laser scanners have been used for 
indoor navigation (Ardhaoui, 2011; Bry et al., 2012; Uijt de Haag et al., 2007). 
Also, topographic laser measurements have been performed, but the sensors 
have been limited in one way or another, mostly because of the limited payload 
capacity of the small UAVs (Petrie, 2013). 

Thrun et al. (2003) created a mini-UAV with a laser scanner, but as the IMU 
of the developed system was very inaccurate, they had to rely on scan match-
ing to correct the point cloud. Unfortunately, they didn’t provide any indica-
tion of the accuracy achievable by their system. Typically systems based on 
data matching tend to drift, and error is accumulated throughout the meas-
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urement run. They also require some assumptions about the targets regarding, 
e.g., smoothness, flatness or continuity, and as such are not suitable for arbi-
trary targets or for example forest environments. 

Zhao et al. (2006) proposed a mini-UAV based system for topographic map-
ping, but in their case, the laser altimeter didn’t have any scanning mecha-
nism. These facts severely limit the density and coverage of the data gathered 
by the proposed system. 

2.3 Mobile laser scanning applications 

Mobile laser scanning can be used in a large variety of applications in both 
built and natural environments. Because most MMSs are car-based, they are 
restricted to roads, and therefore most of the applications are related to road 
environments and buildings beside roads. With the increasing number of al-
ternative platforms, such as ATVs, backpacks and UAVs, also environmental 
applications have become more feasible. 

2.3.1 Road environment measurements 

Road environments are one of the most natural targets for MLS systems, as 
the measurement geometry and the short distances involved are favourable for 
the data quality. Also, the legacy of highway and road environment inventory 
MMSs (Ross, 1983; Toth & Grejner-Brzezinska, 2001) may have affected the 
emergence of MLS applications related to road environments. Mobile laser 
scanning is suitable for measuring the road geometry, including pavement and 
kerbstones, as well as the painted road markings on the road surface. Finally, 
objects alongside the road can be measured simultaneously. 

Road surface measurements 
 
The first attempts at measuring road surface with mobile laser scanning were 
done by Manadahar and Shibasaki (2001) and Zhao and Shibasaki (2003). 
They used the GeoMaster van and LD-A model of laser range scanners from 
Ibeo Lasertechnik to measure the road surface, as well as building facades and 
trees. In Manandhar and Shibasaki (2001) the ground surface was classified 
based on point elevation histograms, and man-made and natural features were 
distinguished by the distance variance between consecutive points. In Zhao 
and Shibasaki (2003) the classification process separated vertical line seg-
ments, horizontal line segments, non-vertical line segments, and large clusters 
as building facade, ground surface, potential building surface, and trees, re-
spectively. Finally, after creating surface models of the classified ground and 
facade points, the surfaces were textured with image data from line cameras. 

Yu et al. (2007) used mobile laser scanning to measure the road surface and 
cracks in the pavement. The measurement system contained a Leica GPS Sys-
tem 500, an XSens MT9 IMU, and Sick LMS 200 laser scanner. While the IMU 
and laser scanner have a relatively low accuracy, the short measurement range 
of at most eight metres allowed for accurate data collection. Through several 
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steps of interpolation and filtering, the authors were able to generate a detailed 
surface model for visualization of the road surface and the cracks in it. 

Road feature extraction 
 
Another very important part of road geometry is the kerbstones. Yu and Zhang 
(2006) used an Ibeo laser scanner (in this case a LD-ML model) to extract 
kerbs from mobile laser data. They first found candidate kerb points by calcu-
lating the direction for groups of four consecutive points, based in their vari-
ances, and used that feature to extract initial kerbs. Then, they applied an ex-
tended Kalman filter to extract and track the kerbs. Unfortunately, no infor-
mation on the detection accuracy was given. 

In addition to kerbstones, painted road markings on the road surface are im-
portant features in road inventory and maintenance, as well as for advanced 
driver assistance systems (ADAS) and autonomous driving. While real-time 
applications like autonomous driving are beyond the scope of this thesis, many 
autonomous vehicles utilize a priori information for navigation and decision 
making, such as maps generated from MLS data. Road marking detection is 
also necessary to measure horizontal and vertical clearances for oversize vehi-
cle permitting (Lasky et al., 2006). 

Chen et al. (2009) extracted road markings for ADASs and intelligent vehi-
cles. They first found ground points by removing points 0.25 m above or below 
the road surface and situated near the MLS. Then, they further classified road 
points by finding from centre outwards the first 10 point groups with large 
vertical standard deviation indicating the edge of the road. Road markings 
were then found from these road points through adaptive thresholding. Using 
the Hough transformation, direction constraints, and a geometry check, the 
lines were detected and clustered before fitting a curve to the detected points 
with a random sample consensus (RANSAC) algorithm.  

2.3.2 Environmental applications 

MLS is also applicable to environmental studies, especially where accurate 
geometric information is needed, such as forestry and agriculture. Another 
area where MLS is useful is for digital terrain model (DTM) generation for 
various applications, including fluvial studies (Alho et al., 2009; Hohenthal et 
al., 2011; Rosell Polo et al., 2009; Zhang & Grift, 2012). 

Lin et al. (2010) studied the estimation of tree biomass from MLS point 
cloud data. In laboratory tests, tree biomass was found to correlate very well 
with the number of TLS points with correlations of 0.88 and 0.97 for decidu-
ous and coniferous tree, respectively. The idea was then extended to mobile 
laser scanning data by studying the correlation between the number of TLS 
points and the number of MLS points in a field test. The correlation between 
the TLS and MLS point clouds was found to be 0.61. 

Kaasalainen et al. (2011) used MLS to measure snow surface roughness, in 
order to provide reference data for aerial and satellite remote sensing data, as 
well as hydrological and climate modelling. The repeatability of stationary la-
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ser ranging measurements was found to be 0.7 mm at 3 m distance and 2 mm 
at 11 m distance, which indicates that the accuracy of MLS over short periods 
of time is sufficient to measure surface roughness in millimeter scale. The ab-
solute accuracy of the surface geometry measurements was tested by compar-
ing the laser data to virtual reference station (VRS) GPS measurements and 
the RMSE was 36 mm and 30 mm for the two measurement runs. Some of the 
error is probably caused by the inaccuracy of the reference data as the accuracy 
of VRS GPS measurements is about 3 cm (Häkli & Koivula, 2005). The average 
elevation difference of the laser data between the two runs was only 4 mm. 

Barber and Mills (2007) used a Riegl Q560 full waveform airborne laser 
scanner on top of a car to measure coastal cliffs in North Yorkshire, UK. They 
assessed the accuracy of the MLS data by comparing it to 63 RTK GPS ground 
control points and ALS data at two test sites. The RMSE values for the two test 
sites were 22.2 cm and 26.7 cm when compared to the GPS reference and 26.1 
cm and 29.8 cm when compared to the ALS data. They concluded that MLS is 
suitable for coastal measurements, as it allow for accurate multi-temporal 
measurements in areas where TLS would be too slow to provide wide area cov-
erage between tides and ALS might have constraints related to weather and 
logistics. 

In addition to coastal environments, the use of MLS may also be beneficial in 
fluvial studies, as was demonstrated by Alho et al. (2009). In their application, 
they used boat-based MLS to study the geomorphology of point bars and 
riverbanks along the Pulmankijoki river in northern Finland. They concluded 
that static TLS may be up to 30 times more time-consuming than boat-based 
MLS when measuring point bars. When compared with TLS, the digital terrain 
model (DTM) based on the MLS data had a bias of 1.6 cm and standard devia-
tion of 2.7 cm. This shows that MLS allows for rapid wide area data collection 
and is able to produce data that is significantly more accurate than ALS data. 
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3. Materials and Methods 

3.1 Study areas 

A summary of the study areas used in I-VI is presented in Table 3, all of which 
are located in the city of Espoo, Finland. Table 4 summarizes the datasets used 
in the thesis. Further details of the datasets and how they were pre-processed 
can be found in I-VI and in the original references mentioned in the table. 
 

Table 3. Summary of the study areas. 

Publication Location Description 

I, II Espoonlahti, Espoo The FGI mobile mapping test field, consisting of the streets surround-
ing the block of the shopping mall “Lippulaiva” 

I, V, VI Vanttila, Espoo An experimental garden of the city of Espoo 

IV Kivenlahti, Espoo A street in an urban neighbourhood 

Table 4. Summary of the datasets collected.  

Publ. Location Date System Mapping sensors used 

I Espoonlahti, Espoo 6-7/2009 Sensei Ibeo Lux laser scanner, Specim 
V10H spectrometer 

I Vanttila, Espoo 10/2009 Sensei (UAV) Ibeo Lux laser scanner 

II Espoonlahti, Espoo 6/2009 
3/2010 
5-6/2011 

Sensei, Roamer, 
and 3 other MLS 
systems 

Ibeo Lux, Faro Photon 80, Optech 
Lynx and Riegl VQ-250 laser scan-
ners 

III Masala, Kirkko-
nummi 

4/2011 Laboratory meas-
urements 

Sick LMS-151 laser scanner 

IV Kivenlahti, Espoo 6/2007 Roamer Faro LS 880 laser scanner 

V, VI Vanttila, Espoo 9/2010 Sensei Ibeo Lux laser scanner, Specim 
V10H spectrometer 

VI Vanttila, Espoo 2/2011 Sensei Ibeo Lux laser scanner 
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3.2 Methods and metrics 

Tables 5 and 6 summarize statistical, validation, image processing, feature 
extraction, and classification methods and metrics used in this thesis. Table 5 
also provides references for additional information about the methods. 

 

Table 5. Summary of methods used in the thesis. 

Method Description Publ. References 

Random forest A classification method based on classification trees 
with the idea of creating a large number of different 
classification trees and classifying each sample based 
on the voting results of the different trees. 

I (Breiman, 
2001; Yu et 
al., 2011) 

Canopy height model A surface model indicating height above ground, 
calculated as the elevation difference between a digital 
surface model representing the top of the canopy and 
a digital terrain model representing the ground. 

I (Popescu et 
al., 2002) 

Radar equation An equation describing the received power as a func-
tion of transmitted power, receiver aperture, range, 
beam width, and backscatter cross section.  

III (Wagner et 
al., 2006) 

Karhunen-Loève 
transform, principal 
component analysis 

Factor analysis methods that can be used to analyze 
and utilize correlation between variables. They also 
enable point cloud data alignment. 

IV (Dony, 2001) 

Delaunay triangulation A method for creating a triangulation for an unor-
ganized set of 2D points. 

IV (Lee & 
Schachter, 
1980) 

Dilation, erosion, 
opening, closing 

Morphological image processing methods that can be 
used to remove noise and holes in a binary image. 

IV (Haralick et 
al., 1987) 

Support vector ma-
chine 

A non-probabilistic binary linear classification method 
that can also be used to perform non-linear classifica-
tion. 

V (Cortes & 
Vapnik, 1995) 

Linear discriminant 
analysis 

A linear classifier which can also be used for dimen-
sionality reduction. 

V (Fisher, 
1936) 

Leave-one-out cross-
validation 

A cross-validation method for classifiers where one 
sample is used as the validation set while all the other 
samples are used to train the classifier. 

V (Arlot & 
Celisse, 
2009) 

 

  



Materials and Methods 

35 

Table 6. Error assessment metrics used in the thesis. 

Metric Definition Equation* Publication 

Accuracy Systematic error or bias with respect to refer-
ence or true value, mean error.  

I, IV, VI 
II, V** 

Precision Repeatability or random error with respect to 
the mean value, calculated as the standard 
deviation.  

I 
II, V** 

Root-mean-square 
error (RMSE) 

An error metric describing the total squared 
error, including both bias and random error.  

I, II, III, VI 

R2, coefficient of 
determination 

Square of the correlation coefficient indicating 
the goodness of the fit between estimates 
based on a model and actual data. 

 
I 

Completeness, 
producers accura-
cy, recall 

Ratio between correctly classified and reference 
samples belonging to a given class.  IV, V 

Correctness, 
user accuracy, 
precision 

Ratio between correctly classified and all sam-
ples classified into a given class.  IV, V 

Mean accuracy Mean value of completeness and correctness 
describing the overall classification accuracy.  

IV 

Total accuracy, 
classification 
accuracy 

Number of correct classifications divided by the 
total number of samples.  V 

*  is the sample size,  are samples from a population ,  is the sample average of that population,  is 
the true mean,  are observed values and  are the respective modelled or predicted values,  is the 
number of true positive classifications,  is the number of true negative classifications,  is the number of 
false positive classifications and  is the number of false negative classifications. 
** In publications II and V term accuracy is used in place of precision and as such the definition of precision 
applies. 
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4. Results 

4.1 Low-cost mobile laser scanning system 

Traditionally mobile mapping systems have been very accurate but also very 
expensive surveying instruments. However, there are many applications where 
high accuracy is not necessary and the high cost is not justifiable. Therefore, 
there is a need for low-cost alternatives to the high-end mobile laser scanning 
systems selling for hundreds of thousands of Euros. In addition, the develop-
ment of UAV and laser scanning technologies reached the point where the pay-
load capacity of mini-UAVs was in same range of laser scanning systems, mak-
ing mini-UAVs viable platforms for laser scanning. These developments ena-
bled the creation of low-cost mobile laser scanning systems, in general, and the 
world’s first mini-UAV-based laser scanning system. The developed of the low-
cost MLS system is presented in Figure 2 and in Publication I. 

 

 

Figure 2. FGI Sensei low-cost MLS system. 

The developed mobile laser scanning system, FGI Sensei, is designed to be 
modular and operable on multiple platforms, including cars and UAVs. The 
main components of the system are a GNSS/IMU navigation system and a 
laser scanner, but the system is also designed to use additional electro-optical 
sensors, such as a spectrometer and a thermal camera. A Novatel SPAN-CPT 
navigation system was used because it integrates a dual-frequency GPS receiv-
er and a tactical-grade fibre optic gyroscope for accurate positioning and atti-
tude determination, while costing about one third of the price of a high-end 
tactical-grade GNSS/IMU system. 

The developed MLS system contains two alternative laser scanners, an Ibeo 
Lux and a Sick LMS151. Two different scanners were used because the Ibeo 
Lux offers longer measurement range and higher profile frequency than the 
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Sick LMS151, but it only measures the reflected laser pulse echo width instead 
of intensity. Some of the scanner specifications are shown in Table 7. 

Table 7. Typical scanning parameters of the laser scanners used in the FGI Sensei 

 Ibeo Lux Sick LMS151 
Measurement range 200 m 50 m 
Measurement frequency 19 KHz  27 KHz  
Profile frequency 100 Hz 25 Hz 
Distance precision 10 cm 1,2 cm 
Beam divergence 0.8° x 0.08°* 0.86° 
Angular resolution 0.8° x 0.25°* 0.25° 
* Ibeo Lux measures four layers simultaneously and the laser  
footprint is elongated instead of circular. The values are given  
as horizontal x vertical. 

 
The UAV platform used in the study was an Align T-Rex 600E with 710 mm 
main rotor blades. At the time it was one of the largest non-professional verti-
cal take-off and landing (VTOL) UAV platforms available. It was chosen be-
cause of its payload capacity, as there were very few alternative mini-UAVs 
that could carry the required ~7 kg of payload. The FGI Sensei mounted on a 
mini-UAV is shown in Figure 3. In this configuration the laser scanner was 
mounted so, that it scans a 110° wide swath across the flight path and the four 
layers of the laser scanner provide dense data in the flight direction. 

 

  

Figure 3. FGI Sensei mobile laser scanning system mounted on a mini-UAV. 

4.2 Calibration and quality of the developed sensor 

Component and system calibration is an essential step in the development of a 
mobile mapping system. Therefore, the geometric accuracy of the FGI Sensei 
was calibrated and verified using the FGI Espoonlahti MLS test field, and the 
radiometric calibration was performed using laboratory measurements. 

4.2.1 Geometric calibration 

The geometric system calibration of the FGI Sensei MLS system was carried 
out manually. The offsets between the different instruments were measured 
with a tape measure and the angular offsets were measured from georefer-
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enced point cloud data. These calibration values were determined by compar-
ing the point cloud to reference points measured with an accurate GNSS re-
ceiver and a total station. Details of the reference data acquisition can be found 
in II. 

The Ibeo Lux laser scanner, used as the primary instrument in the Sensei, 
has an elongated laser beam with a divergence of 0.8° horizontally and 0.08° 
vertically, which means that the beam is 14 cm wide at 10 m distance. This is 
the dominant factor for the horizontal accuracy, as the other error sources (i.e. 
positioning, attitude determination and ranging) each typically contribute 2 to 
6 cm to the error at the given distance. The ranging precision is affected by the 
measurement distance as well as target orientation and reflectance. While a 
distance measurement precision of 5.9 cm was obtained in I, the 10 cm preci-
sion indicated by the manufacturer is used in the accuracy assessment. The 
error budget of the system is presented in Table 8, and the root sum of squares 
(RSS) error estimate is 25 cm at a distance of 30 m. Further details about the 
error budget can be found in I. 
 

Table 8. Error budget of the FGI Sensei for the Ibeo Lux laser measurements at 30 m measure-
ment distance 

Error source Estimated error 
3D Positioning 5 cm 
Attitude 7 cm 
Ranging 10 cm 
Beam size 21 cm 
RSS error 25 cm 

 
The vertical precision was assessed in II and was found to be much higher 
compared to horizontal precision, mostly because of the narrower beam in the 
vertical direction. In the Ibeo Lux laser scanner used in the FGI Sensei the 
beam height is 1.4 cm at 10 m distance. After removing the systematic errors 
caused mainly by positioning errors, the target elevation determination preci-
sion was found to range from 2 to 5 cm with distances from 5 to 35 m, and the 
average of the standard deviation of two driving directions for all the meas-
urements was 3.1 cm. Because of the large beam width, the horizontal preci-
sion was not assessed as the reference targets could not be identified accurate-
ly enough. 

4.2.2 Intensity calibration 

Reflected laser pulse intensity can be an efficient feature for clustering and 
classification. The intensity measurements are heavily affected by the meas-
urement geometry, especially the measuring distance and incidence angle, and 
therefore it needs to be calibrated in order to be used for classification. 
 

Effect of measurement distance 
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The amplitude of a reflected laser signal is defined by the radar equation 
(Wagner et al., 2006): 

 

 

 
where Pr is the received power, Pt transmitted power, Gt gain of the transmit-
ter, Ar effective aperture of the receiving antenna, σ radar cross-section, F pat-
tern propagation factor, Rt target distance from the transmitting antenna, and 
Rr target distance from the receiving antenna. 

Assuming that the target is larger than the laser footprint, the radar cross-
section becomes proportional to the square of the distance, i.e.: 

 
 

 
where D is a constant defined by the laser beam divergence. Assuming also 
constant transmitter power, gain, and effective aperture of the antenna, as well 
as constant pattern propagation factor, we can define a constant K: 

 

 

 
Using this constant, it is possible to reduce the radar equation into: 

 

 

 

 
From this equation it can be seen that for targets that are larger than the laser 
footprint, the received power is proportional to the inverse square of the 
measurement distance. 

This hypothesis was tested in III, where three different laser scanners, 
FaroLS 880HE80, Leica HDS 6100, and Sick LMS151 were successfully cali-
brated for accurate intensity measurements over different measurement dis-
tances. 

Incidence angle 
 
The incidence angle of the laser beam with respect to the target surface signifi-
cantly affects the intensity value measured by the laser scanner. In order to 
obtain information about the target reflectance, the measurement geometry 
has to be taken into account. For a purely Lambertian surface, the measured 
intensity of the backscattered laser pulse is proportional to the cosine of the 
incidence angle. However, natural surfaces are not Lambertian and as such 
more complex scattering laws need to be applied to estimate target properties. 
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In III, a linear combination of Lambertian scattering law and Lommel-
Seeliger law was used to model backscattering behaviour on different targets: 

 

 

 
where ε and ι are the emergent and incident angles and  c and d are parame-
ters describing the target surface properties. In the case of laser scanning and 
backscattering ε = ι and by substituting parameters so that a = A(c + d) and b 
= d/(c + d), where A is the laser beam cross-section the model can be written 
as: 

 
 

Now I(0) = a and b indicates how closely the surface resembles a Lambertian 
surface, i.e. b = 0 indicates no Lambertian behavior and b = 1 corresponds to a 
fully Lambertian surface. 

4.3 Applications and feasibility studies 

The applicability of the developed system for environmental measurement and 
modelling was tested in several applications, including tree measurements, 
road environment modelling, tree species classification, and snow depth esti-
mation, which are presented in I. 

4.3.1 Tree measurements 

The applicability of the system for tree measurements was assessed in three 
separate test cases. In the first test, the car-based Sensei system was used to 
measure a 70 m stretch of road and detect poles and tree trunks. The detection 
algorithm was based on (Lehtomäki et al., 2010) and it searched for vertical 
point clusters in the data. The clusters were split into short vertical segments 
and there had to be enough points within a given horizontal radius while not 
having too many points immediately outside this region for the segment to be 
classified as a tree trunk or a pole. Finally these short segments were combined 
to form complete trunks or poles. The algorithm was able to detect 19 out of 
the 21 poles and trunks, while detecting a total of 22 targets. As such, com-
pleteness of the detection result was 90 % and correctness 86 %. Also, the 
widths and heights of the detected poles were estimated from the data, pro-
ducing a precision of 4.1-6.6 cm in width and 5.4 cm in height. 

The second test was carried out with the UAV-based Sensei, and in it the tree 
position, height, and diameter at breast height (DBH) determination accura-
cies were studied. Reference data for the tree position and height were ob-
tained with an RTK GPS antenna mounted on a long pole and the DBH data 
was obtained by measuring the circumference of the trees with a tape measure. 
The processing for tree position and height determination was done both 
manually and automatically, and the results were compared. The automatic 
method was based on individual tree segmentation, feature extraction, and 
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random forest based regression. The segmentation was done through Gaussian 
filtering of canopy height model, minimum curvature, and local maxima 
search. After segmentation, 26 features were generated for each tree, and 
those were used in a random forest regression to estimate the tree height and 
DBH. The automatic process and the features used are described in more de-
tail in (Yu et al., 2011).  

The automatic method was able to extract the tree heights with a bias of 2 cm 
and standard deviation of 34 cm, while the respective figures for manual pro-
cessing were -15 cm and 30 cm. The automatic DBH estimation yielded an 
RMSE value of 2.1 cm. 

Finally, further UAV-based measurements were done to assess the applica-
bility of the developed system for tree defoliation determination. In this test, a 
single pine tree was measured seven times, and between the measurements 
some of the needles and branches of the tree were removed and weighed. The 
ratio of the number of points on the tree to the number of points on the 
ground within 1 m of the tree was used as an indicator of the level of defolia-
tion. The correlation between the indicated level of defoliation and the remain-
ing needle and branch mass was good and yielded an R2 value of 0.92 as 
shown in Figure 4. 
 

 

Figure 4. Tree defoliation  results. 

4.3.2 Road environment 

As described in Section 2.3.1, mobile laser scanning can also be used to meas-
ure and model different objects in the road environment. Segmentation, classi-
fication, and modelling of road markings, kerbstones, and road surface were 
demonstrated in IV. The process was based on using the cylindrical scanning 
geometry of the MLS to produce intensity and elevation images for efficient 
image-based processing. The intensity and elevation images were generated by 
arranging the laser measurements into a grid. The intensity and elevation val-
ues of each measurement were placed into two arrays (one for intensity values, 
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the other for elevation values) so that each laser profile (rotation of the scan-
ning mirror) corresponded to a column in the array, and the consecutive 
measurements formed the rows of the array. The arrays were then represented 
as images, known as intensity and elevation images, respectively. An intensity 
image produced by the described method is shown in Figure 5. 
 

 

Figure 5. Intensity measurements rearranged into an image. 

Road markings were extracted from the generated intensity image by first re-
moving the effects of distance and incidence angle from the image and then by 
thresholding, morphological filtering, and feature-based classification. First, to 
level out the intensity values across the road surface, an empirical model was 
fitted to the observed intensity values. A median intensity curve was generated 
by calculating the median intensity values over the columns of the image and 
then fitting a second order polynomial to this curve. By scaling each of the im-
age columns with the fitted curve, the systematic errors caused by the varying 
measurement distance and geometry could be efficiently removed. Then, 
through the steps of mean value filtering and thresholding, a binary image was 
generated. This was then morphologically filtered to remove noise and connect 
any separated parts of a road marking. Finally, the filtered segments were clas-
sified into zebra lines and other lines using calculated area, area of bounding 
box, principal component, and orientation features. 

The elevation image was used to detect kerbstones by calculating the eleva-
tion gradient in the cross-track direction. Pixels with an elevation difference 
between two consecutive points in the range of 0.002 m to 0.2 m were consid-
ered as slope pixels. To reduce the effect of noise, a 5-by-25 pixel window was 
applied, and only pixels with at least 60 slope pixels in the given neighbour-
hood were considered as potential kerbstone pixels. Finally, after dilation with 
a 3-by-11 pixel window to enlarge the segments back to their original sizes, 4-
connected kerbstone segments smaller than 100 pixels were removed. 

The road surface was modelled as a triangulated irregular network (TIN). 
This modelling began by creating a Delaunay triangulation of the kerbstone 
points and keeping only triangles that crossed the measurement trajectory. 
Because the point spacing along the profile was much smaller than the profile 
spacing, every 30th point along a profile that was found within these triangles 
was taken as the initial estimate for the road surface. The TIN was then refined 
by calculating for each triangle the ratio between the height difference of high-
est and lowest points to the length of the longest edge, and requiring that this 
ratio be below 0.2. After removal of points not meeting this requirement, a 
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new TIN was calculated. This refinement step was repeated until no sloped 
triangles were found. 

The classification results were compared to manual classification, and 
points-wise completeness and correctness figures were 86.6% and 74.6% for 
lines, 95.1% and 89.5% for zebra crossings, and 73.9% and 85.6% for kerb-
stones, respectively. Some of the lines in the data were so worn out that manu-
al classification was difficult, and thus manual labelling errors can be ex-
pected. Some errors were also caused by the difficulty of defining the exact 
position of the marking or kerbstone edge. This study proved that automatic 
classification of road markings and kerbstones is possible and able to provide 
relatively good classification results. However, more data and different kinds 
of traffic environments would be needed to draw more reliable conclusions. 

4.3.3 Tree species classification 

Tree species classification is a compelling application for mobile laser scanning 
and shows the potential of multi-sensorial MLS, i.e. combining laser scanning 
and spectrometer data. In V 168 trees consisting of 23 different tree species 
were measured with the presented mobile mapping system in a small city park 
in Vanttila, Espoo, Finland, and the possibility of tree species classification 
was studied. All the measured trees were used for coniferous/deciduous classi-
fication, and a subset of 133 trees and 10 tree species was selected for more 
specific tree species classification. Only those tree species having at least five 
samples were studied. 

After georeferencing, the trees were segmented manually, and the normal-
ized 123 channels of spectral information were projected onto the point data 
and averaged over each individual tree. From the LiDAR data, 34 features 
based on height distribution were calculated for each tree. In addition, the 
individual normalized spectral channels were used as features, thus giving a 
total of 157 features for each individual tree. Using additional features, such as 
ratios of spectral bands, might have provided better results, but the number of 
features was already very high, especially compared to the sample size. 

A support vector machine (SVM) was used as a classifier, and the features 
were selected by forming all possible LiDAR-based feature pairs and all possi-
ble hyperspectral feature pairs. Finally, the best 10% of both of these pairs 
were combined, and the sets of four features were tested to find the best fea-
tures to use in classification. The classification results using two best LiDAR 
features, two best hyperspectral features, and the best feature quadruple 
(combined from LiDAR and hyperspectral pairs) for deciduous/coniferous 
classification were 90.5%, 90.5%, and 95.8%, respectively. The corresponding 
figures for tree species classification were 65.4%, 62.4%, and 83.5%. Twelve of 
the misclassified 22 trees belonged to the 5 different species of genus sorbus 
included in the dataset, which would imply that genus level classification 
would yield classification results of over 90%. 

To verify the choice of classifier, number of features, and feature selection 
strategy, additional tests were carried out. First SVM classification results were 
compared to linear discriminant analysis (LDA) to find a baseline for the fea-
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ture space separation and justify the computational complexity of the chosen 
classifier. In the 6 different tests LDA resulted in 1.7-10.5 percentage points 
worse classification accuracy than SVM with an average reduction of 6.3 per-
centage points. This indicates that SVM provides significantly better results 
and as such is a good choice for the classifier despite the computational cost. 

The effect of the number of features was tested by comparing the achieved 
results (2 LiDAR, 2 spectral and combined) to results obtained using all the 
available features, again LiDAR, spectral and combined feature sets. Using all 
LiDAR features yielded a deciduous/coniferous classification accuracy 89.9% 
(90.5% for best pair), which indicates that there was some overfitting if all fea-
tures were used. The respective figures for tree species classification were 
67.7% compared to 65.4%. The difference is relatively small when taking into 
account the difference in the number of features used (34 and 2) and it also 
falls within the standard deviation of 9.1% obtained by comparing 73 best Li-
DAR feature pairs. Similarly for spectral features, using all features 93.2% and 
66.9% of the specimens were classified correctly for deciduous/coniferous 
separation and tree species classification respectively compared to 90.5% and 
62.4% obtained with just two spectral features. These results indicate that us-
ing only a few features describes the specimen well enough to be classified al-
most as well as with complete shape and spectral data while maintaining a 
reasonable computational complexity. 

Finally the feature selection strategy of first testing all LiDAR feature pairs 
and hyperspectral feature pairs separately and then combining some of the 
best pairs was tested against a forward-selection strategy. Forward-selection 
was tested in three cases: using four LiDAR features, four hyperspectral fea-
tures and a combination of two LiDAR and two hyperspectral features chosen 
in different orders. The resulting accuracies for these three tree species classi-
fication tests were 66.9%, 69.9% and 79.7%, respectively. These figures indi-
cate that increasing the number of features from two to four improves the clas-
sification result, but the selection method is not as good as first exhaustively 
finding the best pairs and combining them. It also demonstrates that combin-
ing different kinds of measurements and features provides much better classi-
fication results. 

In the study, the total number of samples and the number of samples in each 
class were relatively low and therefore there is a risk of over-fitting and over-
optimistic results. Also the fact that the target area was an experimental gar-
den may have caused the trees to have less variation than in a natural forest. 
Therefore a more extensive study with larger dataset would be required to 
generate more general and reliable results. 

Despite these shortcomings, the study presented the potential of fusing data 
from multiple sensors, in this case LiDAR and hyperspectral sensors, to im-
prove classification results. It was demonstrated that combining two LiDAR 
and two hyperspectral features provides significantly better classification re-
sults than using just four features of either kind. 
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4.3.4 Snow depth 

The possibility of measuring snow depth with a low-cost mobile laser scanning 
system was tested in VI. The test was carried out in a park in Vanttila, Espoo, 
Finland, where a grass-covered area was measured in September and in Feb-
ruary. The purpose was to measure the elevation difference between the bare 
earth and snow covered surfaces to estimate the snow depth. Reference meas-
urements for the snow depth were made from 94 randomly selected locations 
with a pole containing a ruler. 

The snow depth at the reference locations was estimated from the MLS data 
by comparing the data from the two acquisitions. For each reference location, 
points horizontally within 1 m were taken from both point clouds and outliers 
were removed by removing all the low and high points further than 10 cm 
away from the fifth lowest or highest point, respectively. To remove the effect 
of slopes, the point cloud patches were levelled by fitting a plane to the points 
and finally the fifth lowest point of the bare earth data was assumed as the 
ground elevation. Correspondingly the fifth highest point in the snow covered 
data was assumed as the snow surface elevation at the reference location. Fifth 
lowest and highest points were used to further reduce the effect of noise and 
outliers. The snow depth was calculated as the elevation difference between 
these two points. 

The RMSE value of the 94 snow depth estimates was 5.5 cm, compared to 
the manual measurements. However, manual measurements are always made 
in a point-wise manner, whereas mobile laser scanning can cover large areas 
with a dense grid of measurements. The accuracy is in line with expectations 
as the elevation measurement accuracy of the low-cost MLS system has been 
estimated to be around 3 cm (Kaartinen et al., 2012). A more accurate laser 
scanning system could be used to achieve better results. 

4.3.5 Summary 

The results achieved in the feasibility studies are summarized in Table 9. 

Table 9. Summary of the feasibility study results. 

Publication Study Results 
I Point cloud quality Distance measurement precision 5.9 cm 

Tree/pole detection on a car Completeness 90% and correctness 86% 
Pole height bias -1.6 cm and standard deviation 5.4 cm 

Automatic UAV-based tree ex-
traction 

Height bias 2 cm and standard deviation 34 cm 
Planimetric bias 110 cm and standard deviation 56 cm 
RMSE of DBH estimation 2.1 cm 

UAV-based biomass change 
detection 

R2 = 0.921 between remaining biomass and  
UAV-based estimate 

II Elevation precision Average standard deviation of elevation 3.1 cm 
IV Road environment classification Completeness and correctness for: 

Lines 86.6% and 74.6% 
Zebra crossings 95.1% and 89.5% 
Curbstones 73.9% and 85.6% 

V Tree species classification with 
fused LiDAR and hyperspectral 
data 

Deciduous/coniferous separation 95.8% 
Species-wise classification 83.5 % 

VI Snow depth estimation RMSE 5.5 cm 
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5. Discussion 

5.1 Recent studies 

Mobile mapping technology and processing algorithms have developed signifi-
cantly during recent years, and MLS systems are widely available commercial-
ly in a variety of price ranges. Software and algorithms, on the other hand, are 
still in a phase of rapid development, which can be seen in the large number of 
publications that have been published in the last two years. 

5.1.1 Road environment 

The road environment is still one of the most important targets for mobile la-
ser scanning, while environmental applications especially in forestry are a ris-
ing trend. In road environments, there have been several studies concerning 
the detection of kerbstones (El-Halawany et al., 2011; Yang et al., 2013; Zhou 
& Vosselman, 2012), as well as road markings (Guan et al., 2014; Kumar et al., 
2014; Yang et al., 2012). 

Very good results in kerbstone detection have been achieved by El-Halawany 
et al. (2011) and Yang et al. (2013). El-Halawany et al. were able to reach a 
correctness of 97 % and a completeness of 94 %, while Yang et al. reported a 
classification completeness figure of 95 % and correctness figures of 96% and 
98% for the two datasets they used. Of course, the results are only valid for the 
relatively small datasets that the authors have used and are not comparable or 
directly applicable to other environments. Therefore, it would be important to 
have public datasets and benchmarking studies similar to those presented in 
(Kaartinen et al., 2005; Serna et al., 2014). 

Zhou and Vosselman (2012) compared the kerbstone classification accuracy 
from MLS and ALS data and concluded that ALS data, while less accurate, may 
have better coverage and produce better results. One reason is that MLS data 
may have significant occlusions because of vegetation, parked cars, etc. This 
also highlights the importance of common benchmarking datasets, as most of 
the published studies have very few, if any, occluding objects and thus produce 
very good results compared to real-life performance. 

In road environments, road marking have been a focus of interest for re-
searchers (Guan et al., 2014; Kumar et al., 2014; Yang et al., 2012). While Yang 
et al. didn’t provide quantitative results, Guan et al. and Kumar et al. achieved 
points-wise road marking classification correctness figures of 83% and 89% 
and completeness figures of 96% and 91%, respectively. 
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After the publication of IV in 2008, road mapping and modelling has re-
ceived substantial amounts of research interest and in general, road environ-
ment inventory is one of the main applications of MLS. Methods have im-
proved significantly and classification correctness and completeness figures 
have improved from about 80% to as high as 96% or 98%. However, all of 
these studies would benefit from a common and convoluted benchmarking 
dataset as many of the algorithms have been developed on a very limited da-
taset and as such may not be applicable to other environments or MLS sys-
tems. 

5.1.2 Forestry applications 

Continuing the tradition of ALS and TLS, also MLS is being actively developed 
for forestry applications.  Forests have high economic and ecological impact, 
and a substantial amount of work and money is invested into measuring them. 
Much of the manual work has been replaced by the use of ALS, but still today 
reference measurements are done manually. There are many publications on 
TLS-based forest measurements (Brolly et al., 2009; Liang et al., 2012, 2014b; 
Lovell et al., 2011; Maas et al., 2008), and many pole detection methods devel-
oped for MLS data can be applied to tree trunk detection as well (Cabo et al., 
2014; Lehtomäki et al., 2010, 2011; Pu et al., 2011). 

A number of publications on forestry related MLS studies have been pub-
lished during the last few years applying different kinds of mobile platforms, 
e.g. cars (Wu et al., 2013; Zhong et al., 2013), ATVs (Liang et al., 2014a), back-
packs (Liang et al., 2014c) and UAVs (Chisholm et al., 2013; Wallace et al., 
2012, 2014a, 2014b). Wu at al. and Zhong et al. studied city trees, which are 
relative small with heights ranging from 3.5 m to 9 m. Wu et al., using two da-
tasets, obtained RMSE values of 0.18 m and 0.15 m for tree height and 0.03 m 
and 0.01 m for DBH determination. Zhong et al. did not provide quantitative 
results, but they estimated their accuracy to be better than that achievable by 
ALS. 

Liang et al. (2014c, 2014a) studied the use of alternative platforms in real 
forests, where the environment is much more challenging than when measur-
ing city trees. For their ATV-based measurements, the tree detection correct-
ness was 97%, and completeness was 87.5%. The RMSE for the DHB determi-
nation accuracy was 2.4 cm and for positioning 28 cm. The same figures for 
the backpack system were 78%, 82.6%, 5.1 cm, and 38 cm. 

Wallace et al. (2012, 2014a, 2014b) and Chisholm et al. (2013) have used 
UAV-based laser scanning to study trees. In their first studies they showed that 
even with a low quality IMU it is possible to achieve point cloud RMSE accura-
cies of 0.34 m horizontally and 0.14 m vertically (Wallace et al., 2012). They 
used image data from a video camera and a structure from motion algorithm 
to estimate the movement of the UAV. This information was then fed, together 
with GPS and IMU observations, into a Kalman filter to calculate the position 
and orientation of the system. For the tree measurements, they reported preci-
sions of 0.05 m, 0.44 m, and 0.25 m for tree height, location, and canopy 
width, respectively. 
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In (Wallace et al., 2014a), the authors compared five different algorithms at 
point densities homogenously decimated to between 2 to 50 points/m2. They 
also tested the full density data ranging from 61 to 163 points/m2, depending 
on the test plot. The authors concluded that the detection results improve with 
increasing point density and that 5 points/m2 is the lower bound for their algo-
rithms to detect individual trees reliably in the eucalyptus forest they meas-
ured. Increasing the point density from 5 to 50 points/m2 improved the com-
pleteness of tree detection for the best algorithm from 85% to 94%. Correct-
ness values ranged between 93% and 97% for most of the algorithms, regard-
less of point density. 

In (Wallace et al., 2014b), the authors tried to detect pruning of trees from 
the UAV-based laser scanning data. The trees were pruned in five steps, and 
after each step pruning detection was carried out. Canopy base height (CBH) 
was used to detect pruning. CBH was based on slicing the point cloud into 10 
cm slices and comparing the area of the α-shape of each slice. The pruning 
detection resulted in a completeness of 97.1% and correctness of 87.9%. 

Chisholm et al. (2013) flew their UAV below the forest canopy without any 
positioning devices and used data matching to create a point cloud. They used 
the point cloud to determine DBHs for the trees. Their system was only able to 
detect trees that were less than 3 m away from the UAV and had a DHB of at 
least 20 cm. In addition to these limitations, the results were relatively poor as 
the RMS error of DBH estimates was 25%. 

The feasibility studies presented in I show that a low-cost MLS system can be 
used to detect and estimate tree location, height and trunk diameter with a 
relatively good accuracy. On top of a car, the system was able to detect 90% of 
poles and trees and extract their diameters with an average precision of 5.4 
cm. The height of the poles could be estimated with an accuracy of -1.6 cm and 
precision of 5.4 cm. These results show that low-cost MLS is not able to 
achieve the level of accuracy of high-end systems, such as the backpack and 
ATV-based systems used by Liang et al. (2014c, 2014a), which presented DBH 
RMS accuracies of 2.4 cm and 5.1 cm, respectively. 

5.1.3 Snow depth 

Kukko et al. (2013) has been one of the few research groups studying snow 
with mobile laser scanning. They used MLS to measure snow roughness to 
support analysis of satellite-based cryospheric data. Snow roughness values 
from MLS data were compared with reference data obtained from plate pho-
tography and found to be in good agreement. The surface roughness was esti-
mated as the root-mean-square error of a locally fitted plane with grid sizes 
varying between 10 and 100 cm. In most of the cases the differences in RMSE 
values between the MLS and photography measurements was about 2 mm. 

Direct comparison of these results with the ones obtained in VI is impossible 
as there is no information about the absolute accuracy of surface elevation 
determination in (Kukko et al., 2013). However, an accuracy of about 2 to 3 cm 
can be expected from such a system (Kaartinen et al., 2012; Kukko et al., 
2012), which would indicate a snow depth estimation accuracy of roughly 3 to 
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5 cm if calculated as a difference of two surface models. This is comparable to 
the results achieved in VI, but further research with larger areas and more 
snow depth variation is required to verify the snow depth estimation results. 

5.2 Future outlook 

During the last ten years MLS technology has advanced rapidly and the num-
ber of systems and applications has increased continuously. The high-end sys-
tems are already excessively accurate for most applications and the future 
trend is towards lower cost systems. The prices of the highly accurate survey-
grade systems are decreasing but also there are new low-cost sensors and in-
struments that fill the lower end of the price spectrum. While they may not 
provide as high quality data as the high-end systems, they are accurate enough 
for many applications that don’t require centimetre level precision. 

5.2.1 Sensor technology 

Laser scanners are being developed for a wide variety of applications, ranging 
from high accuracy and measurement speed TLS instruments to low-cost in-
dustrial and automotive devices. During the last ten years the price of high-
end laser scanners has reduced by up to 70%. However, these components are 
likely to remain exclusively in professional use and produced in limited quanti-
ties, and therefore remain relatively expensive. 

On the lower end of the price range, the performance of devices is increasing 
and sub-$10,000 devices offer pulse repetition frequencies of up to 300 kHz, 
measurement ranges of up to 250 m, ranging accuracies of a few centimetres, 
angular resolutions down to 0.1°, and beam divergences of 0.16°. All of these 
features are not available in one single device, but they depict what is possible 
even with low cost devices. In many cases not all of the features are required 
for a given application. 

There are also indications that device manufacturers are developing new in-
struments. Sick AG participated in a EU FP7 project called MiniFaros, where 
the target was do develop a very small (4 x 4 x 4 cm) and extremely low-cost 
(manufacturing costs 40 €) laser scanner utilizing a MEMS mirror for ADAS 
applications (G. Meyer & J. Valldorf, 2011). Similarly, Ibeo and Valeo have 
estimated that the price of the Ibeo Lux laser scanner will decrease from 
14,000€ to about 800€ when the product enters mass production (Shchetko, 
2014). Also, the flash LiDAR manufacturer, Advanced Scientific Concepts, has 
created a spin-off, called ASCar Inc., to produce inexpensive LiDAR devices for 
the automotive industry. These devices will sell for about $10,000 in 2015, but 
the price is expected to reduce to $500 or less (Shchetko, 2014). 

Similar development can be expected for the positioning devices, i.e. GNSS 
receivers and IMUs. The full operational capability of GLONASS and the 
ramping up of Galileo system means more satellites are available for position-
ing, which means that sufficient accuracy can be achieved in worse conditions 
and with a lower quality GNSS receiver. With the introduction of civilian GPS 
L2C and L5, GLONASS L2C, and the Galileo E5 signals, it will no longer be 
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necessary to use the GPS L2 signal and complicated algorithms related to that 
to acquire accurate dual or triple frequency location information. Therefore, 
less expensive GNSS receivers can be used. (Gakstatter, 2010, 2011, 2014) 

Simultaneously, the advance of MEMS technologies is providing improved 
accuracy for MEMS-based IMUs, which are typically significantly less expen-
sive than the fibre optic gyroscopes (FOG) or ring laser gyroscopes used in 
high-end MLS systems. While the best FOG IMUs are significantly more accu-
rate than any MEMS IMU available today, the best MEMS gyroscopes are al-
ready exceeding the level of accuracy of lower-end FOGs (Novatel, 2014). 

5.2.2 UAV-based laser scanning 

Also, UAV technology and regulations are being developed, and UAV-based 
laser scanning can lead to increased use of laser scanning, as it will drive down 
the cost of airborne laser data acquisition, especially for small areas and mul-
titemporal measurements. Currently the number of mini-UAVs and sensors 
suitable for UAV-based laser scanning is limited, and the regulations are still 
being developed. Also important for UAV-based laser scanning are the ad-
vances in computer systems and battery technology, as they allow less expen-
sive and lighter payloads to be used and thus increase the efficiency and re-
duce the costs of UAV-based laser scanning. 

A new, significantly improved version of the mini-UAV-based laser scanning 
system, shown in Figure 6, has already been created. A comparison of the main 
differences between the original FGI Sensei payload and the new version is 
presented in Table 10. 

 

 

Figure 6. Next generation FGI Sensei. 
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Table 10. Performance comparison between the original and the new UAV-based laser scanning 
system. 

 Original New 

Weight of the payload  ~7 kg ~2 kg 

Distance precision 10 cm 3 cm 

Measurement frequency 19 kHz 30 kHz 

Measurement distance 200 m 80 m 

5.2.3 Algorithm development 

In the recent years, with the improving availability of MLS systems and data, 
algorithmic development for MLS applications has received more and more 
interest. While some new and very innovative applications and concepts have 
been published, most of the researchers concentrate on creating new and 
higher performance algorithms for existing applications. Many of these im-
provements are related to quantifiable measurement, detection and classifica-
tion accuracies, which are heavily dependent on the subject area, MLS system 
performance and reference data collected. Therefore it would be extremely 
important to have common benchmarking datasets that can be used to com-
pare the performance of different algorithms for a given application. 

MLS systems and especially low-cost and UAV-based systems would greatly 
benefit from the application of strip adjustment methods (Filin & Vosselman, 
2004). Low-cost systems and UAV-based systems typically utilize low-end 
tactical-grade IMUs and therefore provide less accurate measurements than 
high-end systems. Also urban canyons, tall trees and other obstructions may 
degrade GNSS signal reception, which reduces the accuracy of the positioning 
solution. Therefore it would be important to develop strip adjustment methods 
that could be applied to MLS and UAV data. While strip adjustment might not 
be able to increase the precision of the data to the level of an individual strip, it 
should be able to improve accuracy of the data. Therefore, it might be neces-
sary to develop algorithms that process the data strip by strip and combine the 
data on object level. 

5.2.4 Overview 

All the factors presented above point to the conclusion that the price of low-
cost MLS systems will decrease significantly in the future. Currently mobile 
laser scanning systems cost hundreds of thousands of euros and, as such, are 
only purchased by mapping companies, where the high utilization rate and 
high added-value justify the cost. If the price of low-end MLS systems can be 
reduced to just a few tens of thousands of euros, they can be utilized by a much 
larger array of companies and organizations, and the utilization rate does not 
need to be that high to justify the investment. This will allow a wide variety of 
applications, for example, in the fields of infrastructure maintenance, forestry, 
and environmental monitoring, where time-consuming manual work can be 
replaced with MLS measurements and automated data processing. 
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Furthermore, the advances in consumer electronics may drive the trend to-
wards personal laser scanning, which will be enabled by the increasing pro-
cessing power of mobile processors, more accurate MEMS sensors and new 
laser-based sensors, such as the Microsoft Kinect and more recently the 
Google Project Tango (Google, 2014b). It can be expected that these kinds of 
developments will lead to mobile phones that can create georeferenced point 
clouds while costing only a few hundred euros. Again, the accuracy will not be 
as good as with high-end MLS systems, but in many applications such high 
precision is not required. 
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6. Summary and Conclusions 

The main hypothesis of this thesis was that it is possible to develop a low-cost 
mobile laser scanning system for environmental mapping purposes. The sec-
ondary hypothesis was that mobile laser scanning is able to produce high-
quality results for various environmental mapping applications. The following 
objectives were set for the thesis, in order to test the hypotheses: 

 
 To develop a low-cost mobile laser scanning system to be operated 

from a vehicle and a mini-UAV 
 To test the applicability of low-cost mobile laser scanning to the fol-

lowing applications: 
o Road surface, road marking, and kerbstone mapping 
o Tree detection and feature estimation 
o Tree species classification 
o Snow depth estimation 

 
Publications I, II and III concentrate on the first objective of developing a new 
low-cost MLS system. In I the developed system is described and tested on 
both car and UAV platforms. In II the developed system is benchmarked, and 
the level of accuracy achievable by the system is described. As the Ibeo Lux 
laser scanner utilized in the system has a very wide footprint, the poles that 
were used as test targets cannot be detected reliably enough, so only the verti-
cal accuracy of the system was tested. The results show that the elevation accu-
racy of the system is about 3.1 cm, which is relatively close to the accuracy of 
1.2-2.7 cm achievable by the high-end systems tested, considering the low cost 
of the developed system. In III the intensity measurement of the Sick laser 
scanner, used as an alternative LiDAR instrument, was calibrated to allow ac-
curate intensity measurements. 

The second objective was tested in publications I, IV, V, and VI. In I, tree 
measurements, specifically detection of trees and defoliation as well as height 
and DBH estimation, were tested on car and UAV platforms. In these tests, it 
was confirmed that the developed system can be used to reliably detect trees 
and their defoliation and that tree features could be extracted with a better 
accuracy than what is available from a typical ALS point cloud. 

In IV it was demonstrated that MLS can be used for road environment map-
ping by creating a DTM of the road surface and by detecting the road markings 
and kerbstones from the MLS point cloud. The achieved mean classification 
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accuracies for the painted lines, zebra crossings and kerbstones were 80.6 %, 
92.3 % and 79.7 %, respectively. 

In V the combined use of laser scanning and spectrometer data was tested. It 
was shown that the combined use of these sensors could provide significantly 
better results than either of the sensors individually. This proves that even 
low-quality laser data can be very useful when combined with other sensor 
data, and it verified the benefits of multi-sensor MLS. 

In VI snow depth estimation with low-cost MLS system was studied. It was 
shown that a low-cost system can be a relatively accurate and very efficient 
tool for measurements that have been previously carried out manually. The 
resulting RMSE value was 5.5 cm, which is higher than what is achievable 
through manual measurements, but on the other hand, these measurements 
can cover considerably larger areas with very high efficiency. Also, because of 
the low bias (0.3 cm), the random errors are reduced when measurements 
from large areas are averaged. 

The studies presented above were carried out to demonstrate the possibili-
ties of the developed system and further research is still needed to refine the 
algorithms and to produce better results. However, the studies were able to 
demonstrate that a low-cost MLS system is suitable for several different appli-
cations. While it may not be as accurate as more expensive MLS systems, the 
important lesson is that a low-cost MLS system offers a level of accuracy that is 
sufficient for many applications. As the component cost of these systems is 
roughly one third of a high-end system’s component cost, the purchase price of 
such a system might be justified in applications where the added value does 
not meet the threshold for an investment in a high-end system. 

The results obtained in the studies confirmed the hypotheses. 
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Errata 

In I, II and V, the maximum measurement frequency of the Ibeo Lux laser 
scanner should be 19,000 instead of 38,000 measurements per second. 

 
In V, Section 4.1, … relative number of points over 10% of the normalized tree 
height (PR, hN > 0.5)…” should read “…relative number of points over 10% of 
the normalized tree height (PR, hN > 0.1)…” 
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