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Abstract 
  The detailed geometry of ground topography is needed for various environmental studies, 

including river dynamic studies (erosion/deposition), hydraulic modeling, interpreting fluvial 
geomorphology and habitat modeling. In recent years, mobile laser scanning (MLS) has 
provided an efficient and versatile method for collecting three-dimensional data for built and 
natural environments. MLS is a surveying technique that uses a laser beam for distance 
observations, global navigation satellite systems (GNSS) for determining the position and an 
accurate inertial measurement unit (IMU) for measuring the 3D orientation. The MLS system 
can be flexibility mounted on different vehicles for different purposes. Advances in technology 
in recent years have introduced lighter sensors, which have also made it possible to develop 
personal laser scanning (PLS) systems by mounting the sensors on a backpack. 
    While ground topography mapping using MLS has mainly been discussed in the context of 
road modeling, the performance and usability of MLS have been lacking in geomorphological 
surveys and fluvial studies. In particular, a multitemporal MLS data collection yields a 
remarkable and highly detailed data source for analysing different natural processes. The 
multitemporal MLS surveys provide possible new applications for e.g. flood risk management, 
monitoring the health and the quality of city trees, conducting environmental impact 
assessments, updating the city maps and updating interior models. 
    In this PhD thesis, the feasibility of MLS for mapping and monitoring a riverine environment 
was analysed. The MLS data were measured by mounting the sensors on a boat (BoMMS), cart 
and backpack. The assessment of digital terrain model (DTM) accuracy and the geometric 
quality of MLS point clouds and performance of BoMMS data for monitoring multitemporal 
topography and vegetation changes were likewise investigated. Automatic data processing 
methods were tested and presented for generating terrain and vegetation points from the 
BoMMS data. Moreover, the study demonstrated the integrated use of MLS and panoramic 
images for interpreting an MLS-based change detection model. 

    The results indicate that MLS is an efficient method for improving the spatial and temporal 
coverage of high-resolution 3D environmental models. In particular, MLS provide a unique 
measuring perspective for complex environments. While the number of applications can be 
unlimited, it should be noted that high-performance MLS measurements require good satellite 
visibility, proper system calibration and reference control measurements. 
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  Maastonmuotojen yksityiskohtainen geometria on tärkeä lähtötieto monissa ympäristö-

tutkimuksissa, kuten jokivarsien muutosseurannassa, hydraulisessa mallinnuksessa, geomor-
fologian tulkinnassa ja elinympäristöjen mallinnuksessa. Viime vuosina liikkuva laserkeilaus 
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1. Introduction 

1.1 Background and motivation 

Remote sensing using laser scanning (LS) technology can provide a large 
amount of data for solving natural and urban environment modeling 
processes. The first studies based on laser scanning were conducted in the 
1960s and 1970s when the technology was used from airborne platforms to 
measure surface features and sea ice roughness (Ritchie, 1996). Since then, LS 
applications have included, e.g. the mapping of topography, vegetation, urban 
areas and infrastructures, and change detection. The most common output of 
the LS measurements are three-dimensional (3D) point clouds where every 
point has x, y, and z coordinates. LS sensors can mainly be mounted on the 
following three platforms: airborne laser scanning (ALS), terrestrial laser 
scanning (TLS) and mobile laser scanning (MLS). The last of these platforms 
has become a popular technique when objects need to be modelled from a 
terrestrial point of view and the areas are too large to be covered with several 
TLS scans. In the surveying field, the basis for mobile measurements has been 
the direct georeferencing of data (Grejner-Brzezinska, 1999) and navigation 
sensors, which typically include a global navigation satellite system (GNSS) 
receiver and an inertial measurement unit (IMU). The navigation system and 
sensor calibration make it possible for the 3D point cloud to have 
georeferenced coordinates, but GNSS and IMU also limit the accuracy of the 
obtained MLS data.  
   Laser scanners measure distance by using the travel time of the laser pulse, 
or phase difference. The 3D coordinates of the objects can then be calculated 
based on the precise location and orientation of the sensor and the direction of 
the transmitted laser beam observed (Wehr & Lohr, 1999). Several laser 
scanners are also capable of recording the signal intensity. The intensity value 
is affected particularly by an object’s properties, and it can be used to, for 
example, classify trees and buildings (Kaasalainen et al., 2007). One laser 
pulse can also have a number of echoes, which can be stored. The size of the 
reflected signal shape can be measured using full waveform technology 
(Aldred & Bonnor, 1985; Persson et al., 2005). 
   In riverside and fluvial studies, field measurements done to gather 
topographical data are limited concerning aerial coverage and observation 
density when using traditional approaches (e.g. tachymeter). Consequently, 
the resolution of a digital terrain model (DTM) is rather coarse. During the last 
20 years, a number of studies have used ALS to collect elevation data for the 
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production of digital elevation or terrain models (DEMs or DTMs). Nowadays 
TLS provides a more accurate approach for gathering topographical data. TLS-
based DTMs have been employed to measure landslide bodies (Bitelli et al., 
2004), define the influences of earthquakes (Hsiao et al., 2004) and detect 
riverine changes (e.g. Milan et al., 2007; Heritage & Hetherington, 2007). 
Although TLS makes it possible to collect data at a higher resolution and 
accuracy than ALS, its areal coverage is considerably more restricted. This 
limitation can be improved by using laser scanning from a mobile platform. 
   In recent years, systems similar to the ALS system and aerial photography 
equipment have been built for other mobile platforms, such as cars, boats and 
unmanned aerial vehicles (UAVs) (e.g. Kukko et al., 2012). These systems are 
commonly called mobile mapping systems (MMS); they have the effective 
ability to identify objects and areas that are difficult and time consuming to 
identify via other mapping methods. The use of MMS can have a wide range of 
potential applications, such as city modeling and environmental monitoring. 
The technology is relatively new and expensive. Hence, compared to ALS and 
TLS, there are significantly fewer feasibility studies concerning MLS. In a river 
environment, the mobile mapping data offers a variety of interesting 
possibilities. Compared to traditional ALS, MMSs are better suited to mapping 
small areas. The geometry of scanning is different and the pulse density varies 
as function of range. The method can also be used to acquire precise multi-
temporal data for change detection. The differences between terrestrial and 
mobile laser scanners have to do with the evenness of the data and the 
perspective. With MLS, the point cloud is evenly distributed along the driving 
direction, and the viewing direction to the target remains constant (Hyyppä et 
al., 2009; Jaakkola 2008).  
   One possible way to improve the information provided by LS measurements 
is to integrate digital images with LS data. The fusion of LS and image texture 
improves the interpretation and detection of features and objects (Rönnholm, 
2010). The result can be a geo-referenced panorama image, a textured surface, 
a building façade or a virtual environment (Zhu et al., 2009; Alamús et al., 
2008; Brenner & Haala, 1998). The textured DTM can also be used to assist a 
laser-based change detection model. When considering data fusion, both 
images and LS data must be registered in the common coordinate frame. The 
main approaches for registering them include determining the sensor 
orientations separately using ground-control features, solving the relative 
orientation between data sets or making a system calibration of the integrated 
imaging system (Rönnholm et al., 2007). An overview of the most common 
applications for fused data has been provided by Rönnholm et al. (2007). 
Panoramic images and LS have been integrated for forest inventories (e.g. 
Haala et al., 2004), to colour 3D laser point clouds (e.g. Scheibe et al., 2004), 
to reconstruct  the façades of buildings (e.g. Pu & Vosselman, 2009), to 
improve the field-of-view of images for more accurate registration (e.g. 
Rönnholm et al., 2003) and to calibrate the interior geometry of laser scanners 
and images (e.g. Parian & Gruen, 2005; Schneider & Maas, 2007), to name 
just a few. 



Introduction 

15 

   LS-based change detection methods are valuable when updating spatial 
geographical data bases or monitoring environmental phenomena such as 
forest growth or deformations. The basic idea of change detection is to 
compare the multi-temporal data taken from the same area and identify 
changes. Satellite images and ALS have traditionally been used to monitor 
large areas by applying image differencing (e.g. Coppin et al., 2001; Varjo, 
1995). Ground-based sensing models offer the possibility to make more 
specific interpretations. Change detection methods can be implemented to, for 
example, monitor roadway surface condition and safety, landslides and 
changes in vegetation biomass, to make a variety of environmental impact 
assessments, to monitor individual objects, such as buildings, bridges, trees 
and tunnels, or to follow the movements of the snow surface heights. One 
possible method that can be set up for deformation analysis estimates an 
analytical model of the object, which follows the ideal construction plan.  
   Change detection methods vary depending on the object. With LS data, 
change detection can be done in many different ways: by comparing the 
original laser point clouds or a value of the coloured point clouds, by 
calculating the differences in vegetation biomass, by comparing the object 
models and by calculating the differences in surface models (Hyyppä et al., 
2009). Point-wise comparisons have been adapted to monitor the street 
environment, whereas voxel-based methods can be used to monitor the 
number of needles on the tree. Changes in wood biomass can be evaluated 
based on the number of points hitting the target. Ground-based LS change 
detection methods require further development and research. While data 
processing can be carried out using methods developed for airborne systems, 
the new algorithms need to be developed separately because the ground-based 
sensors have a different measuring geometry and point density.  

1.2 Hypotheses 

The main hypothesis in this study is that MLS performance is suitable for 
riverine topography mapping and change monitoring above the water surface, 
including the detection of the erosion and deposition areas. Terrain and 
vegetation points can be derived from the MLS data on a river environment 
using automatic methods, and the integrated use of MLS and panoramic image 
data makes it easier to interpret MLS-based DTMs and change detection 
models. 

1.3 The scope and objectives of the thesis 

The main objective of the study is to demonstrate the feasibility of MLS for 
mapping and monitoring riverine topography and changes. To meet this 
objective, the following performance analysis and methods were utilised and 
tested: 
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 DTM accuracy and geometric quality of the MLS data in a fluvial 
environment 
 

 Usability and quality of MLS data for multitemporal change detection 
of DTMs  
 

 Automatic processing of MLS data to derive terrain and vegetation 
points 

 
 Identifying MLS point cloud characteristics related to a river 

environment, including multipath reflections from the water’s surface 
and intensity change on the shoreline, and detecting bathymetry and 
ground point density 

 
 Integrated use of MLS and panoramic images for interpreting the MLS-

based change detection model 

1.4 The structure and contribution of the thesis 

The thesis consists of a summary and six original publications. Following this 
introductory section, Section 2 presents a literature review of laser scanning 
methods used in fluvial studies, describes MLS systems and feasibility studies 
in urban and natural environments and assesses the change detection methods 
used for LS data. Section 3 describes the study area, materials and basic 
methods used in the studies. Section 4 summarises the results of the study. 
Section 5 discusses the applicability of the results for practical mapping 
applications, compares the results with other research, mentions the 
limitations of the study and proposes ideas for further research. Section 6 
presents the summary and conclusions for this thesis. 
   
Publication I was the first study to demonstrate the feasibility of multi-
temporal MLS approaches using a boat and cart mobile mapping system 
(BoMMS and CartMMS). In addition, the paper successfully integrated laser 
scanning data and panoramic images, which further increase the information 
content of 3D models in a river environment.  

 
Publication II elaborated on the topic introduced in Publication I. It studied 
the feasibility of using MLS approaches to map changes in riverine 
topography. An MLS system was mounted on a boat and cart to detect the 
topography changes in a pre-selected river reach. Subsequently, the accuracy 
of the methodology was then evaluated. The depicted methodology can be used 
in general for all topography change mapping with MLS systems. The paper 
also found that the spatial variations of the vertical error in MLS data can be 
studied using overlapping TLS data as a reference.  
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Publication III developed a data processing approach that is capable of 
generating terrain and vegetation points from BoMMS data, while at the same 
time making it possible to identify multipath reflections, delineate the 
shoreline and take into account bathymetry data. The paper evaluated for the 
first time the accuracy of classifying ground points using BoMMS compared to 
manually classifying data. It also demonstrated the spatial variations in the 
ground point density and assessed the elevation and planimetric accuracies of 
the BoMMS data. 

 
In Publication IV, the BoMMS data was used annually after flood periods in 
the years 2009–2012 to measure the study area. Three difference models were 
calculated based on annual DTMs. The accuracy of the BoMMS point cloud 
was compared to that of TLS data and spherical targets. River channel changes 
were analysed using multi-temporal laser scanned and flow data. Compared to 
Publications I and II, the publication investigated the wider temporal and 
spatial coverage of MLS data, which made it possible to increase our 
understanding of the dynamics of a meandering river. 

 
Publication V developed a process chain for combining panoramic images and 
MLS data from a river environment and successfully used the merged data for 
change detection of river topography. The panoramic images were used to 
texture the MLS-based DTM. The experiment revealed that textured DTMs 
allow for advanced interpretation of land cover and, thus, provide more 
information about fluvial geomorphology and river dynamics. The developed 
method makes it easier to visualise erosion and deposition areas and to 
characterise these areas. 

 
Publication VI was the first study to demonstrate the vegetation cover 
classification and monitoring possibilities of MLS for a river environment. The 
study was a continuation of paper III, which introduced the processing and 
separation of MLS ground and vegetation points. Four types of vegetation 
cover were determined using MLS-derived metrics describing vegetation 
density and height. Vegetation estimations were generated for the years 2009, 
2010, 2011 and 2012. Additionally, the changes in vegetation classes were 
presented.   
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2. Literature review 

2.1 Laser scanning methods for acquiring topographic data in 
fluvial studies 

Rivers are remarkably dynamic elements in the environment. Flowing water 
causes the erosion, transport and accumulation of sediments and it interacts 
with the geomorphology of the river channel and surrounding floodplain. The 
focus in fluvial studies has included flow measurements, sediment transport 
rates, bathymetry, the extent of the flooded area and topography, roughness 
and changes in a channel’s geometry (Lane et al., 1998; Rumsby et al., 2008; 
Hohenthal et al., 2011). Hence, detailed observations of the channel’s 
topography and changes are needed to increase our understanding of the 
fluvial processes. Traditionally, the field measurements of the riverine 
environments were based on sparsely scattered, cross-sectional measurements 
of topography and flow velocity and discharge (e.g. Bridge & Jarvis, 1976; 
Dietrich & Smith, 1983; Brasington et al., 2000; Ferguson et al., 2003). 
Thereafter, LS approaches have provided more efficient methods for 
measuring 3D data for analyses of the fluvio-morphological processes (e.g. 
Milan et al., 2007; Hodge et al., 2009; Brasington et al., 2012; Kasvi et al., 
2013a). Many studies have demonstrated that DEM or DTM accuracy is crucial 
for both fluvial geomorphological mapping and hydraulic modeling (e.g. Cobby 
et al., 2001; Bates, 2004; Alho et al., 2009). Therefore, the use of LS data in 
fluvial studies has rapidly increased. Detailed DTMs derived from LS data can 
be used to improve the recognition of fluvial landforms, the geometric data on 
hydraulic modeling, and the estimation of the extents of flood inundation and 
fluvial processes (Hohenthal et al., 2011).  
   Laser ranging was applied for the first time in a fluvial environment when 
Krabill et al. (1984) studied the applicability of airborne non-scanning LiDAR 
(Light Detection and Ranging) for mapping the cross-section of a floodplain. 
Since integrating a scanning mechanism with LiDAR and an IMU with GPS in 
the early 1990s, it has been possible to first use ALS, then MLS data, in 
addition to static-based TLS, to improve the measurement and modeling of 
fluvial environments (e.g. Flood & Gutelus, 1997; Thoma et al., 2005; Cobby et 
al., 2001; Mason et al., 2006; Straatsma & Babtist, 2008; Heritage & Milan, 
2009; Morche et al., 2008; Rhoades et al., 2009; Carey et al., 2006; Alho et al., 
2009; Cook & Merwade, 2009). High-resolution ALS provides detailed 
information on the topographical features of fluvial environments that 
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influence river hydraulics; therefore, it has the potential to improve existing 
hydraulic models (e.g. Omer et al., 2003; Agget & Wilson, 2009; Marks & 
Bates, 2009; French, 2003; Bates et al., 2003).  
   TLS offers a more accurate approach for gathering topographical data 
(Heritage & Hetherington, 2007). It can be applied to measure the grain-scale 
surface roughness needed in river flow modeling. Heritage and Milan (2009) 
showed that it is easier to predict the modelled flow velocity when the 
roughness is at a finer resolution. The improved topographical data means that 
the managing of river hydraulics and erosion control can be better planned 
(e.g. Agget & Wilson, 2009; Brügelmann & Bollweg, 2004) and different 
flooding scenarios better analysed (French, 2003). Milan et al. (2007) assessed 
high-resolution TLS data (>500 points/m2) for small-scale erosion and 
deposition volumes and channel change in a proglacial river. They 
demonstrated that a vertical accuracy of ± 0.02 m could be obtained for a dry 
bar surface. In another study, the point density of the static TLS varied 
between 100 and 10 000 points/m2 mainly due to changes in the range to the 
target and an RMS error ranging from ± 2 to ± 25 mm (Milledge et al., 2009). 
Milan et al. (2007) concluded that TLS makes it possible to identify faint 
changes in fluvial geomorphology, including change detection of the bar edges, 
banks, chute channels and lobe deposition. 
   Although TLS makes it possible to collect data at a higher resolution and 
accuracy than ALS at a lower cost, its areal coverage is considerably more 
limited. Furthermore, data collection is a very time-consuming process due to 
tripod placements at each site and registering and georeferencing several scans 
together. This limitation can be improved using laser scanning from a mobile 
platform. MLS offers a remarkably higher point density with greater precision 
and accuracy compared to ALS. With MLS, it is also possible to select and map 
local areas where higher density data is particularly required. However, the full 
potential of MLS for mapping and monitoring a riverine environment has not 
yet been realised.   

2.2 State-of-the-art MLS systems and feasibility studies 

2.2.1 Systems 

MLS systems are a multi-sensor systems that integrate various navigation and 
data acquisition equipment on a moving vehicle for the purpose of collecting 
point clouds, for instance along a road or river line. In its early phase of 
development, most MMSs were camera-based systems, such as VISAT (Tao, 
2001) and GEOVAN (Talaya et al., 2004b). The latest systems are increasingly 
equipped with laser scanners for the reason that they make it easier to 
automate three-dimensional data acquisition. Additionally, the current 
systems generally include a GNSS receiver and an IMU. The MLS systems used 
for research purposes and developed in the 21st century include, e.g. Geomobil 
(ICC), GeoMaster (University of Tokyo), Lara-3D (Ecoles des Mines de Paris), 
ROAMER and Sensei (FGI), XP1 (StratAG). Petrie (2010) discusses the latest 
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systems on the market (Optech Lynx Mobile Mapper, StreetMapper, Mitsubshi 
MMS-X, Topcon IP-S2, Trimble Trident-3D and Riegl). An overview of MMSs 
has been provided by El-Sheimy (2005), Graham (2010), Petrie (2010) and 
Puente (2013). The use of MLS systems on a variety of platforms expands 
surveying applications. The newest MLS systems include backpack and UAV 
versions (Jaakkola et al., 2010; Glennie et al., 2013; Liang et al., 2014), which 
enable personal mapping applications. Kukko et al. (2012) discussed the 
usability and performance of a multiplatform MLS, including solutions for 
urban mapping, fluvial geomorphology, snow-cover characterisation and 
precision agriculture as well as for monitoring the effects of climate change on 
permafrost landforms. In that study, the reported absolute accuracy of the 
presented MLS systems was at the level of some centimetres.  

2.2.2 Urban environments 

Studies on the usability and data processing capabilities of MLS data have 
mainly focused on urban environments. The studies have dealt with extracting 
different features from urban environments, such as building façades, road 
surfaces, tunnels, rail tracks, poles, luminaires and trees (e.g. Manandhar & 
Shibasaki, 2002; Jochem et al., 2011; Jaakkola et al., 2008; Puente et al., 2014; 
Lehtomäki et al., 2011; Rutzinger et al., 2010; Yang et al., 2012; Arastounia et 
al., 2013; Wu et al., 2013). In particular, MLS data will be used more and more 
for 3D city models (e.g. Zhu et al., 2009). MLS data also improves the 
possibilities for updating maps (Hyyppä et al., 2009; Hwang et al., 2013). 
Keller and Sternberg (2013) presented experiments on indoor mobile 
mapping. In addition, an approach for automatically analysing urban 
accessibility using MLS data was recently presented by Serna and Marcotegui 
(2013). A recent study on the accuracy of MLS systems in an urban 
environment has been reported by Kaartinen et al. (2012). In that study, the 
performance of various professional MLS systems was tested on an urban test 
field. The authors emphasised the importance of proper system calibration. 
They reported that elevation accuracy was better than 3.5 cm up to a range of 
35 m for all systems. The best system had a planimetric accuracy of 2.5 cm 
even with a range of 45 m.    

2.2.3 Natural landscapes 

In natural landscapes, MLS-based applications have been discussed within the 
context of tree inventories, coastal mapping, fluvial geomorphology and snow 
cover mapping. Holopainen et al. (2013) proposed that change detection and 
tree health mapping would be the main applications for MLS in urban parks 
and forests. The possibility of using MLS to map biomass changes has been 
reported by, e.g. Hyyppä et al. (2009) and Lin et al. (2011). Puttonen et al. 
(2011) presented the first results from using MLS and hyperspectral sensor 
data in tree species classification. Lin et al. (2012) studied the feasibility of 
using MLS to measure tree height growth.  
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   Wang et al. (2013) used MLS data to estimate an excavation volume for 
widening a mountain road. MLS applications have also been used to profile 
snow cover and produce snow surface roughness information (Kaasalainen et 
al., 2011; Kukko et al., 2013b). Zhong et al. (2011) also proposed using MLS 
applications to rapidly survey the roughness of different surfaces. The 
feasibility of MLS to record snow depth has been demonstrated by Jaakkola et 
al. (2014). Vehicle-based waveform LS applications have been studied by 
Barber and Mills (2007) in a coastal environment. In that study, the elevation 
root-mean-square (RMS) error was approximately 0.26 m. The advantage of a 
full waveform system is that it allows additional points to be measured in areas 
of vegetation. Bitenc et al. (2011) evaluated the feasibility of using MLS 
(StreetMapper LMMS) to monitor sandy coastlines. They reported that the 
relative precision of 3 mm for laser point heights was achieved on a flat beach. 

2.3 Change detection methods for LS data 

LS-based change detection methods are valuable when updating spatial 
geographical data bases or monitoring changing conditions. In recent years, 
change monitoring using LS data has become an important method, 
particularly for landforms and areas that are potentially hazardous to human 
life and assets. The basic idea of change detection is to compare multi-
temporal data taken from the same area and identify changes. Satellite images 
and ALS applications have traditionally been used to monitor large areas by 
applying image differencing (e.g. Coppin et al., 2001; Varjo, 1995). LS data 
allows for change detection within the physical scene without needing to resort 
to interpreting radiometric content, as is the case with images (Zeibak & Filin, 
2007). ALS data have typically been applied to detecting changes in buildings 
and forests (e.g. Murakami et al., 1999; Yu et al., 2008). 
   Ground-based sensing models offer the possibility of more specific 
interpretations. Ground-based LS change detection methods can be 
implemented to, e.g.  monitor landslide terrains (Hsiao, 2004; Bitelli et al., 
2004), cliff erosion (Rosser et al., 2005), erosion and deposition volumes and 
river channel change (Milan et al., 2007), and changes in vegetation biomass 
(Holopainen et al., 2011), as well as to monitor individual objects, such as 
buildings (Kang & Lu, 2011), towers and water dams (Schneider, 2006), trees 
(Liang et al., 2012) and tunnels (Van Gosliga et al., 2006), or to follow the 
movements of snow surface heights (Kaasalainen et al., 2008; Jaakkola et al., 
2014). One possible method that can be set up for deformation analysis 
estimates an analytical model of the object, which follows the ideal 
construction plan. However, most ground-based LS change detection 
applications have used TLS data, while the use of MLS data has been lacking. 
   Change detection methods vary depending on the object in question. Hyyppä 
et al. (2009) suggested that change detection using LS data can be done by 
comparing the original laser point clouds or a value of the coloured point 
clouds and calculating the differences in vegetation biomass, as well as by 
comparing the object models and calculating the differences in the surface 
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models. Point-wise comparisons have been adapted to monitoring a street 
environment, whereas voxel-based methods can be used to monitor the 
number of needles on a tree. Changes in wood biomass can be evaluated 
according to the number of points hitting the target. 3D octrees data structures 
representing the point cloud have also proposed as a means of comparing two 
point clouds (Girardeau-Montaut et al., 2005; Barber et al., 2008). Another 
possible way of doing this is to use a polar data representation when 3D laser 
scans can be seen as range panoramas whose axes are the latitudinal and 
longitudinal scanning angles and whose ranges are the intensity values (Zeibak 
& Filin, 2007).   
   DEM of difference (DoD) has been one of the most common methods in the 
earth sciences for comparing point clouds when the large-scale geometry of the 
study area is planar. The change model can be created by subtracting the 
gridded DEMs from different epochs, resulting in a vertical distance between 
the corresponding points and volume of the corresponding grid cells. If the 
geometry of the study area is near vertical, e.g. with cliffs, the DoD method can 
be conducted after the surface is rotated to near horizontal (e.g. Rosser et al., 
2005; Abellán et al., 2010). The DoD can include calculations of the 
uncertainties related to point cloud registration, data quality and point cloud 
roughness (e.g. Brasington et al., 2000; Lane et al., 2003; Wheaton et al., 
2009; Schürch et al., 2011). The drawback of the method is that it cannot 
operate properly in complex 3D environments (i.e. vertical surfaces cannot be 
described by a DEM without rotation). The other principal methods used to 
measure the distance between two point clouds within the context of a 
geomorphologic application are direct cloud-to-cloud comparisons with a 
closest point technique (C2C) and cloud-to-mesh distance or cloud-to-model 
distance (C2M) (Lague et al., 2013). A more advanced method called 
Multiscale Model to Model Cloud Comparison (M3C2) for point cloud 
comparisons has been presented by Lague et al. (2013). The method does not 
require meshing or gridding of the data. The basis for the method is computing 
the local distance between two point clouds along the normal surface direction 
and estimating the confidence interval of each distance measurement 
depending on the point cloud roughness and registration error. The authors 
identified the three main sources of uncertainty in point cloud comparisons: 
the position uncertainty of point clouds, registration uncertainty between the 
point clouds and surface roughness related errors.  
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3. Material and methods 

3.1 Study area 

The study area is located along the Pulmankijoki River, a 58 km long tributary 
of the Tana River in the sub-Arctic, which flows across the border between 
Finland and Norway at 69.95° N latitude and 28.10° E longitude where Lake 
Pulmankijärvi divides the river into two parts (Figure 1). On the Finnish side, 
the river has built up a small delta as it flows into the lake. The river has 
eroded a 30 m deep and 20 to 50 m wide channel into glacio-fluvial sediments. 
The river is characterised by steep banks, sensitivity to erosion, sandbars and 
bushy vegetation. During the spring flood period caused by the snowmelt, the 
water level can be several metres higher than in autumn. The seasonal 
discharge ranges from 4 to 50 m3/s, so that the typical spring flood discharge 
is approximately 40–50 m3/s, which decreases to 4–10 m3/s by the middle of 
June. The geomorphology of the study site has been described in detail by 
Kasvi et al. (2013a) and Alho and Mäkinen (2010). 
 

 

Figure 1. Illustrations of the study area. (a) The Pulmankijoki River is located in northern 
Finland. (b) The River is part of the Tenojoki (Tana) River drainage basin. (c) The survey lines 
along the river in 2009. The blue curve gives the survey line for the BoMMS data. The CartMMS 
data were collected from the red areas. The reference areas are marked (Point Bar 1, 
abbreviated as P1; and Bank 1, abbreviated as B1). (Publications II and VI) 
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3.2 MLS sensors 

The MLS data were collected using the BoMMS, CartMMS and backpack 
systems (Figure 2). The backpack system (called Akhka) was introduced for 
the first time by Kukko et al. (2012). It was developed to provide easier 
mobility for complex environments and its performance for mapping river 
point bars is presented in Section 4.1.3. The cart and backpack systems were 
used especially for the point bars at points where coverage of the BoMMS data 
did not extend. The annual measurements were conducted at the Pulmankijoki 
River site in late summer (late August–early September) in the years 2008–
2012, since during that time the water level was at its lowest point and the 
non-vegetated point bars were as visible as possible. However, low vegetation 
is dense along the other part of the channel during this season, reducing the 
number of laser pulses returning from the bare ground. The MMS system 
developed for river environment mapping is based on a system primarily 
developed for urban mapping (Kukko et al., 2007; Jaakkola et al., 2008; 
Kukko, 2009b), but it is now being used more frequently for environmental 
applications (Alho et al., 2009; Kukko et al., 2012; Flener et al., 2013; 
Holopainen et al., 2013; Kasvi et al., 2013a, 2013b).  The scanner was mounted 
in a vertical orientation on the boat and tilted 60° from the horizon level in the 
cart and 40° in the backpack. With the BoMMS system, the support structure 
allowed for measurements in 2009–2012 from a position that was 1 m higher 
(2.5 m from the water) than in 2008 (1.5 m from the water) in order to help 
measure the point bars from a better geometry. This modification increased 
the coverage of the measurements on a flat terrain. Table 1 summarises the 
MLS datasets collected for Publications I-VI in the years 2008–2012. 

Table 1. Summary of MLS datasets. 

Publication MLS methods 
used in study 

Acquisition 
year Instrument SF 

(Hz) 
PRF 
(kHz) 

I, II and V BoMMS, 
CartMMS 2008, 2009 2008: FARO LS 880HE80 

2009: FARO Photon 80 
15 
30 

120 
120 

III BoMMS 2010 FARO Photon 120 49 244 

IV and VI BoMMS 2009, 2010, 
2011, 2012 

2009: FARO Photon 80 
2010–2011: FARO Photon 120 

2012: FARO Photon 120 

30 
49 
49 

120 
244 
488 
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Figure 2. The mobile laser scanners used along the Pulmankijoki River: (a) the BoMMS system; 
(b) the CartMMS system; (c) the Akhka backpack MLS system and terrestrial laser scanner 
Leica HDS6100. 

The typical speed during MLS data acquisition was 1–2 m/s, where the 
along-track point spacing (dalong) can be calculated as follows: 

dalong = v/fsc (1) 

where v is the platform speed and fsc is the scanning frequency (SF) 
(Baltsavias, 1999). The point spacing of the adjacent points (dacross) in a profile 
projected onto a plane perpendicular to the beam at range r is given by the 
following equation: 

dacross = 2πrfsc/fpr (2) 

where fpr is the pulse repetition frequency (PRF). The typical mapping range of 
the MLS system at this study site varied from 3 m to 50 m. For example, with 
49 Hz SF and 244 kHz PRF (parameters in year 2010: FARO Photon 120) the 
point spacing of the adjacent points in a profile at a distance of 3/25/50 m is, 
respectively, 3.8mm/3.2cm/6.3 cm. The along-track point spacing for speeds 
of 1–2 m/s is then 2.0–4.1 cm.  

The MLS system used for the purposes of this study consisted of a GPS-IMU 
navigation system and a laser scanner combined with data synchronisation 
and recording devices. Panasonic Toughbooks (CF-19 and CF-29) were used 
for operating the scanner and navigation system and for recording purposes. 
Optionally, a camera system can be added to extract colour information from 
the object. The GPS-IMU system uses the NovAtel DL-4plus receiver and a 
GPS-702 antenna capable of receiving L1 and L2 frequencies. The IMU 
employed was the Honeywell tactical-grade HG1700 AG58 IMU based on ring 
laser gyro (RLG). The GPS-IMU system provides position and attitude data at 
100 Hz for georeferencing the laser data during the post-processing phase. The 
absolute error of the BoMMS system is mainly dependent on the GPS-IMU 
navigation solution, which can be provided in real-time, or, more accurately, 
through post-processing by means of the tactical-grade GPS-IMU system. For 
GPS correction, GPS reference station data is typically downloaded from a 
virtual GPS network service, or else a standalone reference station is used in 
places not covered by the virtual network stations. A standalone reference 
station was used in the Pulmanki reach. The distance of the baseline from the 
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reference station to the system varied from 0.5 km to 1.5 km. Figure 3 presents 
the BoMMS and TLS datasets used in Publication IV. 

 

 

Figure 3. The coverage of the TLS and MLS measurements for each year being studied. The 
spatial extents of the TLS data are shown in white, while the MLS data is shown in orange 
(Pulication IV). 

System calibration also has a major impact on performance. The calibration 
procedure included the initial estimation of the lever arm offset and boresight 
angles between the IMU, the scanner and the GPS antenna by measurements 
in laboratory (see Kukko (2009a) for the principles). The calibration 
parameters that are determined in laboratory might be biased, especially this 
applies to rotational parameters. Translations between the coordinate systems 
are easier to determine. The main source of uncertainty in the laboratory 
calibration is the not so accurate determination of the IMU axis orientations 
(short base line and point measurement error) (Kukko, 2009a). Therefore, the 
calibration was also performed and confirmed based on the field data from the 
instruments. The development of the field target method for MLS system 
calibration is described in detail in Kukko (2013). The principle of the field 
calibration is to place spherical targets as gates for MLS trajectory, which goes 
through the gates in different directions. The calibration corrections for the 
three rotational misalignments were computed from the systematic angular 
differences in the observations of spherical targets from the point cloud and 
field reference data.  

In order to get high accurate georeferenced point cloud, the MLS system uses 
bi-trigger synchronization device for synchronizing all the sensors to the GPS 
time frame (Chen et al., 2009). The device is designed to resolve the 
unmatched signal frequency between the scanner and the SPAN system. 
During the measurements, the SPAN system receiver logs the time signals sent 
by the scanner for each individual profile. In the georeferencing phase, the 
sensor location and attitude, known from the trajectory solution, are linearly 
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interpolated from the timing and trajectory data for reprojecting each scan 
point into the object space. 

3.3 Reference data 

To assess the MLS data quality for the z and xy coordinates, the sphere targets 
were mounted onto the field (Figure 4). Two different target sizes were used, 
145 mm and 198 mm in diameter. The spheres were positioned with RTK-GPS 
(years: 2010 and 2011) and RTK-GNSS (2012) measurements using the same 
reference station as the MLS systems. According to the survey quality report, 
the horizontal quality of the RTK-GPS/GNSS measurements was 0.005–0.016 
m and vertical quality was 0.01–0.028 m. In addition, static terrestrial laser 
scanner data (Leica HDS6100 and Faro Focus 3D, Table 2) was used as a 
reference to evaluate the vertical error in the BoMMS-based DTMs. TLS 
measurements were collected from sandbar areas with a point spacing of 6 
mm at a distance of 10 m from the scanner. The planimetric and elevation 
accuracy values for the TLS measurements were compared to the reference 
spherical targets positioned using the RTK-GPS/GNSS measurements 
(Publication IV). According to the results, the planimetric quality of the TLS 
measurements was 0.003–0.054 m and the vertical quality was -0.056–0.055 
m, while the standard deviations were 0.004–0.015 m and 0.016–0.027 m, 
respectively. Table 3 summarises the reference data and methods used for 
performance analysis in this thesis. 

 

 

Figure 4. Positioning of a scan reference target with RTK-GPS during the 2010 field expedition. 
Spheres were used to control the quality of the MLS data. 
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Table 2. Leica HDS6100 and Faro Focus 3D TLS systems and specifications. 

 Specification Leica HDS6100 Faro Focus 3D 

Field of view 310° x 360° 305° x 360° 

Measurement range 79 m 120 m 

Max. speed (points per sec) 508 000 976 000 

Beam diameter at  the exit  3 mm 3 mm 

Distance measurement accuracy at 25 m ±2 mm ±2 mm 

Max resolution Hor x Ver 0.009° x 0.009° 0.009° x 0.009° 

Max points 360° Hor x Ver 40 000 x 40 000 40 960 x 40 960 

Laser wavelength 690 nm 905 nm 

Laser power 30 mW 20 mW 

Weight 14 kg 5 kg 

Operating temperature -10° – 45° C 5°– 40° 

 

Table 3. The types of reference data and their analysed properties. 

Publication Reference Methods/system performance analysed by 

I 

Classified ground points based 
on the TLS datasets. 

Elevation accuracy of BoMMS- and CartMMS-
based DTMs. The accuracy assessment was 
carried out on three relatively flat, non-vegetated 
point bars as well as on densely vegetated banks 
on the opposite side of the point bars. 

II and V 

Classified ground points based 
on the TLS datasets. 

Elevation accuracy of BoMMS- and CartMMS-
based DTMs. The accuracy assessment was 
carried out on three relatively flat, non-vegetated 
point bars as well as on densely vegetated banks 
on the opposite side of the point bars. Change 
detection accuracy was assessed on a point bar 
by comparing the difference in DTMs obtained in 
2008 and 2009 with the BoMMS data, with the 
reference change model obtained using the 
corresponding DTMs acquired with the TLS 
system. 

III 

The coordinates of the sphere 
targets were measured using the 
RTK-GPS system: they included 
337 independent bathymetry 
elevation points surveyed with 
an Acoustic Doppler Current 
Profiler (ADCP), 282,373 
manually classified ground 
points and 41,593 vegetation 
points. 

Planimetric and elevation accuracy of the BoMMS 
point cloud against the spherical targets. Detection 
of bathymetry using BoMMS data. Accuracy 
assessment of ground and vegetation point 
classification of the BoMMS point cloud along an 
erosion-sensitive and sparsely vegetated river 
bank.  

IV 

Classified ground points based 
on the TLS data sets. The 
coordinates of the sphere targets 
were measured using the RTK-
GNSS system. 

Planimetric and elevation accuracy of the BoMMS 
(and TLS) point cloud against the spherical 
targets. Change detection accuracy of 
multitemporal BoMMS and TLS datasets. 

VI 
The test data for vegetation 
classes were obtained from UAV 
images.  

Overall classification accuracy of four vegetation 
classes derived using height metrics from the 
BoMMS data. 

 

3.4 Data processing chain for MLS data 

The main steps implemented while processing the MLS data consisted of noise 
point filtering, identifying and processing water area points, ground point 
classification, the use of terrestrial images to assist with change detection and 
quality evaluation. The georeferencing of the data was carried out outside the 
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bounds of this thesis. Kukko (2013a) has described the theory of the direct 
georeferencing for MLS data. The data processing chain for producing change 
models that describe topographic changes is depicted in Figure 5. An 
integrated use of MLS data and terrestrial images for the purpose of 
visualising change areas is presented in more detail in Publication V. The 
change detection models were created for dry areas. Hence, water area points 
should be classified and processed separately. These points can either be 
returns from the benthic layer or water columns, or else they can be noise or 
multipath reflections. By identifying MLS data characteristics related to the 
water area, the quality of the processed point clouds can be improved and 
water can be separated from land.   
 

 

Figure 5. MLS data processing chain and outcomes presented in this thesis. The terrestrial 
images were used to integrate image texture and MLS-based change detection. 

3.4.1 Filtering noise points 

Noise points are a typical feature in a point cloud because MLS systems use a 
phase difference scanner. In a river environment in particular, reflections from 
the water’s surface produce erroneous measurements below the ground and 
river bed. Our data also included some noise points above the surface of the 
ground. Typically, most noise points have a relatively low intensity value, in 
which case they can be filtered out via an intensity threshold (Kukko, 2009a). 
The appropriate threshold was determined using a test sample and then this 
filtering step was performed for the entire dataset. The applied intensity 
threshold varied from 500 to 700 (scale 0–2,044). Figure 6 shows that most of 
the noise can be removed by using this filtering method, but the method might 
also delete a minor amount of real observations with a low intensity. Some of 
the erroneous measurements were also filtered using absolute elevation by 
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defining the lowest/highest object, i.e. from the benthic layer and tree canopy, 
and deleting the points below/above this defined elevation. After intensity and 
absolute elevation-based filtering, there were still noise points with a low 
density. Hence, the remaining erroneous measurements were removed by 
computing the number of points within a certain radius in the air and 
removing the points if the density was less than the threshold (Kukko, 2009a). 
In this study, the system-specific threshold applied was 10–15 pts within a 30–
50 cm radius sphere. 

 
 

 

Figure 6. The intensity histogram for the BoMMS data in 2012. Point clouds have been selected 
that represent vegetation and ground and noise points. 

3.4.2 Terrain classification 

Ground point classification was determined using a method described by 
Axelsson (2000). The method has achieved competitive results in ground 
filtering tests (Sithole & Vosselman, 2004; Meng et al., 2010). Meng et al. 
(2010) reported that the method outperformed nine other ground filters on 
sites with rough terrain or discontinuous surfaces. The method was originally 
developed for DEM generation based on airborne laser data, but Publication 
III analysed the performance of the method in terms of BoMMS data. The 
algorithm classifies terrain points by iteratively building a triangulated surface 
model. The method starts by selecting some seed points with a high probability 
of being ground points. These points are selected within a user-defined grid 
(parameter 1). The algorithm assumes that the grid area will have at least one 
hit on the ground and that the lowest point will be a ground hit. Hence, the 
algorithm requires a careful filtering of erroneous points below the surface of 
the ground before it can be successfully executed. Seed points are selected to 
form an initial model. The routine then starts to densify the model by 
iteratively adding new laser points to it. During each iteration, a point is added 
to the model if the point meets certain criteria in relation to the triangle that 
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contains it. The criteria are that the angle (parameter 2) a point makes to the 
triangle must be below a certain threshold and the point must be within a 
maximum distance (parameter 3) of the nearest triangle node. At the end of 
each iteration, the TIN and the data-derived thresholds are recomputed. The 
iterative process ends when there are no more points below the threshold. 

3.4.3 Computation of topography changes 

Topography changes are computed based on the vertical distance between an 
early point cloud and a later triangulated surface or by using the DoD method 
(e.g. James et al., 2012; Publications I, II, IV and V). This first comparison 
method was used for individual parts as a point bar of the river, and it enabled 
the comparison without gridding of the data. The topography changes for the 
entire river study area were computed using the DoD method (Publication IV) 
because it enabled faster calculations with decreased point density. The DTMs 
were formed from the classified ground points using a regular grid approach. 
The grids were created with 20 cm point spacing based on each year’s data, 
and the elevation values were calculated as an average elevation of the ground 
points within the 20 × 20 cm grid cell area. The erosion and deposition 
volumes were calculated as the volume of sediment between two MLS-based 
DTMs at the pixel level (Publications I, II, IV and V). 

3.5 The fusion of MLS data and panoramic images 

In Publication V, a process chain for combining MLS data and panoramic 
images was investigated. The panoramic images were used to texture the MLS-
based DTM and we used the merged data for the visualization of the erosion 
and deposition areas. Three main steps during the integration were the 
preparation of data, the relative orientation of the MLS-based DTM and 
panoramic image, and visualization. The pre-processing of the MLS data 
followed the methodology presented in Section 3.3. The panoramic images 
were created by combining a panoramic mosaic of a sequence of calibrated 
digital images using a standard tripod and ball head (Haggrén et al., 2004). 
The target area of our experiment was point bar 3 (1.36 ha, see Figure 1) and 
the camera station was placed on an opposite bank where the point bar can be 
observed from oblique view. The illumination was flat due to cloud cover, 
which allows for texture capturing without shadows. We used PTGui software 
to stitch the series of overlapping images into a complete panorama image. 
PTGui is a graphical Panorama Tools front-end for Windows platforms, which 
automatically detects tie points. We mapped images to a common plane by 
using rectilinear projection.   
   When considering data fusion, both images and laser scanning data must be 
registered in the common coordinate frame. The main approaches to 
registration include determining the sensor orientations separately using 
ground control features, solving the relative orientation between data sets or 
calibrating the integrated imaging system (Rönnholm et al., 2007). We have 
applied three different techniques to solve relative orientation between the 
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MLS-based DTM and panoramic images. The first two methods were used 
without location information on the camera and they were implemented in 
Publication V. 1) In the first method, we solved the orientation identifying 
natural tie points between the DTM and panoramic image. The lower 
resolution close to the edges of the panoramic images can sometimes cause 
difficulties in determining tie points evenly and reliably over the area. 
Moreover, the interpolated DTM grid of 10 cm limited the accuracy of 
detecting tie points and it increased the number of the corresponding points 
needed to orientation. The successful orientation required minimum of 20 
manually identified tie points, which were selected evenly over the image. 2) 
The second approach was an image-based orientation. In this method, we 
created virtual images from a laser-derived DTM and then we extracted 
corresponding points from both the virtual image and panoramic image. The  
projection  centre  of  the virtual  image  was  selected  in  such  a way  that  it  
was  approximately  at  the  same  scale  with  optical images.  Finally, we 
solved the relative orientations between optical and laser-derived virtual 
images by including all images in bundle block adjustment (see Triggs et al., 
2000; Fraser & Hanley, 2004). 3) In the third method, the camera location 
was measured with RTK-GPS and an interactive orientation method was used 
for the orientation between the MLS-based DTM and panoramic images 
(Rönnholm et al., 2003). The method is based on visual interpretation of the 
data obtained by superimposing laser scanning data on 2D images. It also 
requires initial values for the projection centre of the camera. Three rotations 
parameters for the camera were solved interactively by fitting the DTM onto 
the panoramic image.    

3.6 Statistical analysis 

3.6.1 DTM and point cloud accuracy 

The accuracy of the DTMs and the vertical and planimetric accuracy of the 
MLS point clouds were calculated using the quality parameters for the RMSE, 
mean/bias, standard deviation (σ) and average magnitude (Avg magn). In 
addition, the average dz, which corresponded with the bias, was used in 
Publication I:  
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Avg magn =
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where n is the number of points, xi is the value measured with the particular 
system, ix̂  is the corresponding reference value and x is the mean of the 

differences between the MLS points and reference points. In equation 5, xi is 
the difference between the MLS and reference data.  

3.6.2 Assessment of the ground point classification 

A balanced accuracy (ba) measure (Brodu & Lague, 2012; Brodersen et al., 
2010) was used to assess the performance of the classification provided in 
Publication III: 
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1

vg aaba  with (7a) 

fvtg
tgag  (7b) 
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tvav  (7c) 

where ag and av are the class accuracies and tg, tv, fg and fv are the number of 
points truly/falsely divided into the respective ground/vegetation classes.  

3.6.3 Change detection accuracy 

Change detection accuracy was estimated by comparing the difference in the 
DTMs obtained in 2008 and 2009 with the BoMMS data, with the reference 
change model obtained using the corresponding DTMs acquired with the 
terrestrial laser scanner (Publication II). The square of the sample correlation 
coefficient (R2) for the changes in elevation was also derived. This variable can 
be defined as follows: 
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where 

i itot yySS 2)(  (8b) 

is the total sum of squares, yi are the values of the data and y is the mean of 

the observed data. Then, the sum of squares of residuals is formulated as 
follows: 

i iierr fySS ,)( 2  (8c) 

where fi is the reference model data. 
A level of significant change detection (LoD) is also generally used when 

analysing the differences between the two DEMs (e.g. Brasington et al., 2003; 
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Lane et al., 2003; Milan et al., 2007). This analysis uses the standard deviation 
of error on each surface and specifies the threshold LoD at a given confidence 
interval such that, 

2
2

2
1 )()(tUcrit  (9) 

where Ucrit is the critical threshold error, σ1 and σ2 are the standard deviation 
of error on each surface, respectively, and t is the critical t-value at the chosen 
confidence level. The t-value may be set at t > 1 (1σ), in which case the 
confidence limit for detecting change is 68%, or, alternatively, it may be set at t 
> 1.96 (2σ), in which case the confidence limit is equal to 95%. The limitation 
of this approach is that the error is uniform across the surface and it may 
result in underestimating and/or overestimating elevation changes in certain 
parts of the DEM. One way to correct this potential problem would be to use a 
spatially distributed LoD that could be applied to a DoD (e.g. Milan et al., 
2011). The point density is also a very important factor that can be improved 
with the MLS methods. 
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4. Results 

4.1 MLS data quality for topography mapping and change 
detection of DTMs 

4.1.1 DTM accuracy 

Publications I and II presented the first experiment for assessing the DTM 
(bare earth DEM) accuracy of MLS point clouds. We created DTMs based on 
each of the MLS datasets from 2008 and 2009. In 2008, mobile mapping was 
conducted using only a boat, whereas in 2009 two mobile systems were 
employed, i.e. boat- and cart-based surveys. In 2009, we installed a laser 
scanner sensor on the BoMMS onto a platform that was 95 cm higher than the 
one used in 2008. Therefore, the scanned area was approximately 45% larger 
on the relatively flat point bar surfaces in 2009. 

We compared the MLS-based DTMs with overlapping TLS points on point 
bars and the classified TLS ground points (see Section 3.3.2) on vegetated 
banks for both years. The accuracy assessment was carried out on three 
relatively flat and non-vegetated point bars as well as on densely vegetated 
banks on the opposite side of the point bars (see locations of the point bars in 
Figure 1). The areas were close to the shoreline and the average distance was 
20–30 m from the boat and 2–20 m from the cart. The point bars were used as 
a reference to check the quality of the DTMs on the bare ground area. We 
selected the river banks in order to study how well the ground surface could be 
mapped on the densely vegetated areas. Table 4 summarises the DTM 
accuracies obtained for the directly georeferenced laser data. 

Table 4. BoMMS 2008, BoMMS 2009 and CartMMS 2009 DTM accuracies for directly 
georeferenced laser data, units expressed in metres (from Publication II). 

BoMMS 2008 BoMMS 2009 CartMMS 2009 
Target Areas (m²) RMSE bias RMSE bias RMSE bias 
Point bar 1 1031 0.088 0.075 0.108 0.104 0.051 -0.018 
Point bar 2 1045 0.176 0.174 0.122 0.120 0.040 0.024 
Point bar 3 1772 0.055 -0.043 0.104 -0.072 0.053 0.006 
Bank 1 1072 0.254 -0.225 0.157 -0.057 - - 
Bank 2 1041 0.203 -0.021 0.212 -0.065 - - 
Bank 3 485 0.284 -0.083 0.244 0.082 - - 
Overall 6446 0.150 -0.003 0.150 0.019 0.042 0.019 

 

In 2008, we obtained the best accuracies for the point bars in which the 
RMSE ranged from 5.5 to 17.6 cm, including a bias of -4.3 to 17.4 cm. Thus, the
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main source of error was systematic in nature. A systematic heading error was 
also discovered. For the river bank, the corresponding errors were 20.3 – 28.4 
cm and -22.5 – -2.1 cm. In 2009, we obtained the best accuracies with the 
CartMMS for point bars having an RMSE between 4.0 and 5.3 cm and a bias of 
-1.8 to 2.4 cm. With the BoMMS, the corresponding errors for the point bars 
were 10.4 – 12.2 cm and -7.2 – 12.0 cm. For the river banks, we obtained an 
RMSE of 15.7 – 24.4 cm and a bias of -6.5 to 8.2 cm with the BoMMS. 

A clear systematic error existed in both BoMMS datasets. The error was 
derived when calculating the GPS-IMU data. After correcting for the 
systematic error, we obtained an RMSE of 3.0, 2.3 and 7.6 cm for the three 
point bars selected in 2009, while the corresponding figures for the 2008 data 
were 4.6, 2.9 and 3.6 cm. Table 5 depicts the DTM accuracies obtained after 
correction. 
Table 5. BoMMS 2008 and BoMMS 2009 DTM accuracies for point bars after correcting the 
systematic error (from Publication II). 

BoMMS 2008 BoMMS2009 
Target RMSE RMSE 
Point bar 1 0.046 0.030 
Point bar 2 0.029 0.023 
Point bar 3 0.036 0.076 

4.1.2 Accuracy assessment of z and xy coordinates 

We compared the elevation and planimetric quality of the BoMMS point cloud 
data to the spherical targets evaluated in Publications III and IV. The 
comparison also extended the quality evaluation to areas where the TLS 
reference data was not available. The spheres were located close to the water 
line, and the distances from the boat were 10 – 30 m. In addition, the spheres 
were placed evenly throughout the test site and on both sides of the river. 
Table 6 summarises the accuracies of the z and xy values for the directly 
georeferenced BoMMS data. We computed the minimum, maximum, mean 
and standard deviation for the elevation and planimetric assessment. The z 
errors are real errors, including direction relative to the target points, whereas 
the xy errors are absolute values of distance. We compared the errors by fitting 
a sphere onto the laser points and computing the difference between the fitted 
sphere centre and a reference sphere centre measured using the RTK-GPS 
system. 

Table 6. The z and xy accuracies of the BoMMS point cloud compared to 16 reference sphere 
targets (from Publication IV). 

  Planimetric error (m) Elevation error (m) 
 Number of 

reference 
Std Mean Min Max Std Mean Min Max 

2010 13 0.011 0.021 0.008 0.049 0.012 0.005 -0.019 0.020 
2011 10 0.016 0.031 0.011 0.053 0.027 0.019 -0.025 0.065 
2012 11 0.022 0.030 0.007 0.074 0.018 0.013 -0.025 0.043 
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4.1.3 Spatial variations in vertical error 

Publication II presented a method for assessing the spatial variations in the 
vertical error for MLS data using overlapping TLS data as a reference. We used 
BoMMS and backpack MLS 2012 data on nearly flat and non-vegetated areas 
on point bar 3 to compute the results for the more comprehensive 
experiments. We collected TLS data using a Faro Focus 3D scanner and set up 
four scan stations. The MLS datasets were filtered using the methods 
described in Section 3.3.1. The ground points were selected manually for the 
point bar in order to avoid gross errors. We calculated the difference in 
elevation between the MLS-based TIN (triangulated irregular network) surface 
and the TLS points. We discovered and eliminated systematic bias at just a few 
centimetres in elevation in both the static TLS and MLS datasets. The derived 
error models are presented in Figure 7. 

 

 

Figure 7. (a) Four TLS scan stations were used as a reference for computing the spatial 
variations in the vertical error for MLS data on point bar 3; (b) vertical errors on the backpack 
MLS-based surface; (c) vertical errors on the BoMMS-based surface. Elevation differences of 
less than 0.02 m are shown in orange and grey. 

On point bar 3, elevations for 73% of the TLS points were within 0.02 m of 
the backpack MLS surface, while 96% of the points were within 0.05 m of the 
surface. When the TLS points were compared with the BoMMS surface, 79% of 
them were within 0.02 m and 98% of them within 0.05 m of the surface. The 
standard deviations for the elevation differences were 0.012 m for the 
backpack MLS and 0.014 m for the BoMMS surface. Spatial variations in the 
vertical error seem consistent with the backpack data. The error increased only 
in areas where the TLS point density was quite poor (blue areas). The BoMMS 
data varied along the trajectory from south to north, which could be linked 
with the navigation data. In addition, slight variations can be seen from west 
to east, which might indicate the roll angle error in the MLS system.     
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4.1.4 Accuracy assessment of the ground point classification 

One of the most useful properties of the BoMMS system in a river environment 
is the mapping of topographic changes on erosion-sensitive point bars and 
banks. Therefore, we evaluated the accuracy of the ground point classification 
on a steep (around 30–40 degrees) and sparsely vegetated bank (Figure 8a) in 
Publication III. The size of the test site was approximately 25 × 50 m. The 
dataset totalled 323,966 points: 282,373 manually classified ground points 
and 41,593 vegetation points. Manual classification was based on visual 
interpretation of the point cloud in the 2D profile view and 3D view. Our 
analyses showed that the size parameters of the grid (see Section 3.3.2) only 
had a minor effect on the ground classification results when the parameters 
varied from 2 to 30 m. The biggest impact on the classification results was due 
to the parameters of the iteration angle. We compared the automatic 
classification results with the manually classified dataset in order to determine 
which parameters perform best (Table 7). In the example, we set the size 
parameters of the grid at a constant distance (10 m), while the parameters of the 
iteration angle varied from 10 to 40 degrees and the parameters of the iteration 
distance was either 0.2 or 0.5 m for each angle. 

 
 

 

Figure 8.  Assessment of the accuracy of the ground point classification. (a) The test site for the 
classification accuracy assessment was an erosion-sensitive and sparsely vegetated river bank 
with a height of 15–20 m; (b) front view of the classified points in case 3. The ground points are 
in orange and the vegetation in green (from Publication III). 
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Table 7. Ground classification results of the BoMMS data. The reference points include  
282,373 manually classified ground points and 41,593 vegetation points (from Publication III). 

Case 
Grid 
Size 
(m) 

Iteration 
Angle 
(deg) 

Iteration 
Distance 

(m) 

Truly 
Classified 
Ground 
Points 

Truly 
Classified 
Vegetation 

Points 

ag (%) 
(Equation 

(8b)) 

av (%) 
(Equation 

(8c)) 

Balanced 
Accuracy 

(%) 
(Equation 

(8a)) 
1 10 20 0.2 241,310 39,178 85.5 94.2 89.8 
2 10 20 0.5 242,545 38,138 85.9 91.7 88.8 
3 10 30 0.2 251,657 37,837 89.1 91.0 90.1 
4 10 30 0.5 252,936 35,210 89.6 84.7 87.1 
5 10 35 0.2 257,451 36,800 91.2 88.5 89.8 
6 10 35 0.5 260,488 32,643 92.3 78.5 85.4 
7 10 40 0.2 263,660 35,486 93.4 85.3 89.4 
8 10 40 0.5 266,877 29,591 94.5 71.1 82.8 

 
The results indicate that the class accuracy of the ground points has a 

tendency to increase when the value of the iteration angle increases. 
Simultaneously, the class accuracy of the vegetation points decreases. The best 
balanced accuracies of approximately 90% were achieved at an iteration 
distance of 0.2 m. 

4.1.5 Change detection accuracy 

We estimated the change detection accuracy by comparing the difference in 
the DTMs obtained in 2008 and 2009 with the BoMMS data, with the 
reference change model obtained using the corresponding DTMs acquired 
with the terrestrial laser scanner (Publication II). The square of the sample 
correlation coefficient (R²) between the elevation changes was 0.93, while the 
standard deviation of error was 3.4 cm (Figure 9). Volume analysis of the TLS 
data revealed that the erosion within the study area in 2009 was 12.5 m3 while 
the deposition volume added up to 29.9 m3. BoMMS data analyses showed 
equivalent behaviour, and the corresponding values were 11.5 and 32.5 m3.  

 

 

Figure 9. Correlation between TLS-derived and BoMMS-derived elevation changes (from 
Publication II). 

The use of MLS data to measure multitemporal topography changes was 
evaluated in Publication IV. We created three DoDs (see Section 3.3.3), i.e. in 
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2009–2010, 2010–2011 and 2011–2012, and evaluated their quality using the 
LoD method (see Section 3.4.3). We calculated the standard deviation of 
errors, RMSE and bias in the DTMs for the BoMMS data. The BoMMS 
measurements were first compared against the TLS measurements (Table 8), 
and LoD values were computed for the DoDs (Table 9). Additionally, we 
derived planimetric LoD values by comparing the BoMMS data with the 
reference spherical targets from the same year (Table 10). We performed the 
analysis separately for the point bars, sparsely vegetated bank 4 and more 
densely vegetated banks 1, 2 and 3 (see Figure 1). The computed topographic 
changes in the river topography are presented in three different BoMMS-based 
models in Figure 10. The morphological changes (elevation and volumetric) 
are further investigated in Publication IV. 

Table 8. Elevation error values for the BoMMS data compared to the TLS measurements. The 
analysis was performed separately each year for the point bars, bank 4 and the vegetated 
banks (to avoid gross errors, the comparison was done only with points where the maximum 
difference was between ±0.5 m). 

 Point bars Bank 4 Vegetated banks 
 2009 2010 2011 2012 2011 2012 2009 2010 2011 2012 
RMSE (m) 0.031 0.043 0.031 0.039 0.069 0.062 0.135 0.172 0.112 0.105 
Std (σ, m) 0.024 0.041 0.029 0.016 0.057 0.055 0.135 0.123 0.112 0.098 
Bias (m) 0.019 0.013 0.011 0.035 0.039 0.028 -0.007 -0.121 0.077 0.039 

 

Table 9. Computed LoD 95% confidence limits (m) for the BoMMS-based DEMs of difference 
(DoD). 

 Point bars Bank 4 Vegetated banks 
DEM of difference LoD 95% LoD 95% LoD 95% 
2009–2010 0.093 - 0.357 
2010–2011 0.097 - 0.325 
2011–2012 0.064 0.156 0.291 

 

Table 10. A planimetric LoD95% confidence limit was derived for two change detection models 
(2010–2011 and 2011–2012) by comparing the BoMMS data with the reference spherical target 
measurements (the spheres were not used in 2009 for the BoMMS accuracy assessment). 

 Planimetric LoD: 95% confidence limit (m) 
2009–2010 - 

0.038 
0.053 

2010–2011 
2011–2012 
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Figure 10. The elevation changes in the river topography of three BoMMS-based difference 
models. The erosion areas are shown in green and the deposition in red. The changes, which 
are less than a 95% confidence limit of the corresponding year at the point bars (see Table 9), 
are shown in yellow. 

4.2 Identification of MLS data characteristics in a river 
environment  

4.2.1 Multipath reflections  

The BoMMS measurements revealed that the onshore points can have 
mirrored points if the angle between the surface of the water and the laser 
beam is lower than the steepness of the ground (Figure 11). The multipath 
reflections produce extra points, which can be identified and removed locally 
by defining the height of the water’s surface. The effect appears on a sloped 
terrain or because of the presence of vegetation near the shoreline. The 
number of these points was approximately 1–2% of the BoMMS’s total. In this 
study, these points were removed manually using profiles perpendicular to the 
direction of the system trajectory. Otherwise, these points can also be removed 
automatically if the water’s surface can be estimated throughout the study 
area.  
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Figure 11. Multipath reflections revealed by the BoMMS measurements: (a) the point cloud 
profile demonstrates multipath reflections underneath the water’s surface (Publication III); (b) 
the intensity coloured BoMMS point cloud and a front view of the river bank. 

4.2.2 Detection of bathymetry using BoMMS 

The use of a red and infrared laser beam for collecting bathymetric data is 
limited because the lasers do not penetrate the water column very well at these 
wavelengths. However, the results presented in Publication III showed that it 
is possible to acquire bathymetry data (Figures 12) at a wavelength of 785 nm 
(Faro Photon 120 Scanner) in shallow (0–1 m) and clear water when the 
scanner is mounted on a boat and near the water’s surface. The incidence 
angle of the bathymetry data varied from approximately 25° to 80° at the 
water’s surface. Angles of less than 25° were occluded by the boat. 
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Figure 12. Bathymetry data using BoMMS measurements: (a) intensity image of the point 
cloud. The trajectory of the BoMMS is clearly visible as the occluded area in the middle of the 
river. The intensity value clearly changes at the boundary between the land and water areas; (b) 
the elevation-coloured bathymetry points from the same area on a UAV mosaic; (c) cross-
sectional profile of the channel and point bar (location of the profile is marked on (a)). 

We used 337 independent bathymetry elevation points surveyed with an 
Acoustic Doppler Current Profiler (ADCP) to provide reference data for the 
BoMMS measurements. The comparison area consisted of sandy sediments. 
The grain sizes were analyzed by Kasvi et al. (2013a); for the most part, they 
varied between 0.1 and 2 mm. The sensor was mounted on a remotely 
controlled mini-boat. The measurement locations were measured using VRS-
GPS (1 Hz) and the xy coordinates were merged with the ADCP depth data during 
the post-processing stage. The time difference between the GPS and ADCP 
measurements was, at maximum, 0.5 s, which could cause a horizontal error of 
up to 10 cm. The ADCP measures depths greater than 0.18 m and its vertical 
beam sonar is rated as having a maximum error of 2.5% in depth. In addition, 
the MLS points were uncorrected with respect to the refraction of light at the 
water’s surface and the speed of light in the water. The elevation difference 
(MLS-ADCP) was plotted against the elevation derived from ADCP 
measurements (Figure 13). Vertical errors ranged from 0.228 to −0.123 m, 
with a mean of 0.061 m and a standard deviation of 0.076 m. If the resulting 
bathymetry point cloud is used for DEM production, then the data will need to 
be corrected for refraction before being registered (Smith et al., 2012). These 
points were classified manually because they were either clearly distinct from 
the dry areas or else determined the shoreline if the point cloud continued 
under the water’s surface (see Figure 12). 
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Figure 13. Vertical errors of the MLS bathymetry points. ADCP measurements were used to 
provide reference data. They were also used to determine that the elevation of the water’s 
surface was approximately 36.85 m. There are no ADCP points for the first 18 cm of depth. 

4.2.3 Shoreline Detection 

The shoreline needed to be determined in relatively flat areas where the point 
cloud continued under the water’s surface. For these cases, we determined the 
shoreline manually by identifying the intensity change at the water–ground 
boundary (Figure 12 & 14). The typical intensity value used to delineate the 
shoreline ranged from 600 to 800 (scale 0–2044). The process of determining 
the shoreline was partly disrupted by the vegetation growing near the 
shoreline and above the water’s surface. In that case, it was easier if the 
potential shoreline points were initially classified using the elevation value, 
e.g. by selecting the points ±0.5 m from the estimated surface of the water. 

 

 

Figure 14. The profile of MLS points along the water–ground boundary indicates that intensity 
distribution is useful for identifying the shoreline based on the MLS data. For comparison, the 
water level determined using the ADCP measurements was approximately 37.05 m. 

4.3 Demonstration of Topography Changes with Textured Model  

Fusing laser scanning and image textures makes it easier to detect and 
interpret features and objects (Rönnholm, 2010). The result can be a geo-
referenced panoramic image, a textured surface, a building façade or a virtual 
environment (Zhu et al., 2009; Alamús et al., 2008; Brenner & Haala, 1998). 
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In this thesis, a textured DTM was used to assist the MLS-based change 
detection model presented in Publication V. Recently, internal cameras have 
been integrated with terrestrial laser scanners to apply colour values for the 
points (e.g. Faro Focus 3D). In this study, external terrestrial panoramic 
images were used because of the resolution and radiometric quality of the 
dSRL images compared to those provided by the internal cameras. Terrestrial 
panoramic techniques make it possible to capture high-resolution, wide-angle 
images (Kekre & Thepade, 2008; Haggrén et al., 2004). With MMSs, 
panoramic images are usually collected using multi-camera systems, such as 
Google Street View, or with a CCD-line panoramic camera (Reulke et al., 
2004). When considering data fusion, both images and laser scanning data 
must be registered in the common coordinate frame. The main approaches for 
registration include determining the sensor orientations separately using 
ground control features, solving the relative orientation between data sets or 
calibrating the integrated imaging system (Rönnholm et al., 2007). 

We used BoMMS and CartMMS data to create DTMs based on the 
measurements from 2008 and 2009 on point bar 3 (Figure 1) and obtained the 
vertical difference between the DTMs (Figure 15). The limited amount of 
information on land cover in the DTMs was enhanced using a texture based on 
the panoramic images (textured DTM). It is possible to characterise and 
interpret the changes by comparing the change detection model based on the 
plain DTM and the textured DTM. For example, the method can be used to 
evaluate source of change (e.g. human activities or natural phenomena, such 
as a flood). In Figure 15, the most significant erosion and deposition areas 
were extracted from the change detection model and projected onto the 
textured model. The selected areas can be the areas where the change in 
elevation is greater than the LoD confidence limit. For example, the extracted 
areas in Figure 15 are based on colours: the eroded areas are shown in blue, 
whereas red is used on the deposition areas where the estimated ground 
surface has increased by more than 0.2 m.   

 

 

Figure 15. Topographic changes in elevation: (a) top view of the change detection model; (b) 
extraction of erosion and deposition areas where the changes were largest; (c) boundaries for 
erosion and deposition areas on a textured DTM (from Publication V). 
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4.4 Estimation of vegetation cover and changes   

The results presented in Publication VI provide new information regarding 
how BoMMS data can be used to map and monitor riverbank vegetation. 
Vegetation classification was based on a nearest-neighbor (NN) estimation in 
which nearest neighbors were selected based on the similarities of the MLS 
metrics. The Random Forests (RF, Breiman, 2001) method was used for the 
NN search as explained in detail by Crookston and Finley (2008). The RF 
model that was developed with the 2012 data was also used to predict 
vegetation classes in 2009, 2010 and 2011. The training data were obtained 
from aerial images which were acquired using an UAV. We assume that 
training data could also be measured visually from the MLS data instead of 
aerial imagery. The vegetation cover type was classified into the following four 
classes based on visual interpretation of the aerial imagery: bare ground, field 
layer, shrub layer, and canopy layer. Then each vegetation type was 
characterized using the metrics derived from the pre-processed MLS point 
clouds (see Section 3.3). A normalised height and DTM were used to calculate 
the point height metrics describing the vegetation height and density for every 
2 x 2 m grid cell. If insufficient information was acquired to generate DTMs in 
some areas  (e.g.,  areas  covered  by  water)  the  metrics  were  not  calculated  
for  those  cells. The derived metrics were number of laser returns, minimum, 
mean and maximum height of the laser returns. Standard deviation and 
percentiles of the laser heights were also calculated (1, 5, 10, 20, 25, 30, 40, 50, 
60, 70, 75, 80, 90, 95th, 99th percentiles). When calculating the metrics, 
threshold value of 0.0 m was used to filter out the points that located below 
the DTM. The mean height, standard deviation and 95 percentile of height 
were discovered to be suitable indicators of the vegetation classes, because 
these metrics are rather robust and describe vegetation height and density, 
which varied between the mapped classes. We obtained an overall 
classification accuracy of 72.6% for four classes: bare ground, field layer, shrub 
layer and canopy layer. Furthermore, the vegetation classes were estimated for 
2009, 2010, 2011 and 2012, and changes in the vegetation classes were 
calculated. An illustration of the vegetation estimation capability based on 
BoMMS data is shown in Figure 16. 
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Figure 16. Vegetation estimation for the study area covered by the UAV images in 2012. The 
coordinates are presented in ETRS89/ETRS-TM35FIN (Publication VI).
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5. Discussion  

5.1 MLS data quality for topography mapping 

The detailed geometry of ground topography is needed for various 
environmental studies, including studies on river dynamics 
(erosion/deposition), hydraulic modeling and visually interpreting fluvial 
geomorphology. The benefits of ALS and TLS for topography mapping have 
been discussed by several authors (see, for example, Kraus & Pfeifer, 1998; 
Thoma et al., 2005; Morche et al., 2008; Rhoades et al., 2009; Hohenthal et 
al., 2011; Stott, 2011). Huising and Gomez Pereira (1998) reported that the 
results from ALS studies indicate that an elevation offset of less than 10 cm 
and standard deviations within 15 cm can be obtained for a flat terrain. 
Hyyppä et al. (2005) found that ALS studies achieved standard deviation 
errors of less than 20 cm for elevation in most conditions for non-steep terrain 
in a boreal forest zone. Milan et al. (2007) reported vertical precision of ± 0.02 
m (σ) for dry bar surfaces when using TLS to study channel morphological 
change. A typical task before using LS measurements to create a DTM is to 
extract bare earth from the vegetation. Sithole and Vosselman (2004) and 
Meng et al. (2010) have compared different filter algorithms for extracting 
bare earth based on ALS point clouds. In terms of MLS data, ground 
topography mapping has mainly been discussed within the context of road 
modeling (Goulette et al., 2006; Yu et al., 2007; Jaakkola et al., 2008; Mc 
Elhinney et al., 2010; Ibrahim & Lichti, 2012), but the performance and 
usability of MLS data have been lacking in geomorphology or fluvial surveys. 

The feasibility of MLS data for topography mapping was studied by 
comparing the DTM accuracy (Publication I, II and IV) to the TLS reference, 
elevation and horizontal accuracies on spherical targets and the RTK-
GPS/GNSS measurements (Publications III and IV). Spatial variations in the 
vertical error for MLS data were analyzed in Section 4.1.3. Additionally, we 
tested the accuracy of the MLS ground point classifications with respect to the 
manually classified data on a sparsely vegetated river bank (Publication III) 
using a well-known TIN-based method to classify the ground points (Axelsson, 
2000). We measured the MLS data by mounting the sensors on a boat, cart 
and backpack.  

The results presented in Publications I, II, III and IV indicate that the DTM 
accuracy and elevation and horizontal qualities of the MLS systems (BoMMS 
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and CartMMS) were significantly higher than those obtained using the ALS 
systems mainly due to the closer scanning distance, higher angular resolution 
and higher ranging accuracy of the MLS systems. With the BoMMS system, the 
river environment was measured using a single trajectory; the approach 
involved using spherical reference targets and TLS scans to control the quality 
of the MLS point cloud data. The benefit of using spherical targets is also that 
they can be set up as gates for the MLS trajectory to correct the sensor 
calibration for the rotational offsets between the IMU and scanner around axes 
(Kukko, 2013a). Additionally, by using a TLS point cloud as a reference, the 
systematic tendencies of the elevation error can be identified spatially through 
error surfaces (Publication II and Section 4.1.3). Furthermore, overlapping 
scanning lines or point clouds can be used to evaluate the repeatability of the 
measurements (e.g. Kukko et al., 2012). The results show that with good 
satellite visibility, the geometric accuracy of MLS points can be at a level of 
some centimetres after correcting the systematic error (see Sections 4.1.2 and 
4.1.3). The results of the EuroSDR project demonstrated that the geometric 
accuracy of the MLS point cloud under good GNSS conditions was also within 
1–2 cm (Kaartinen et al., 2012). Likewise, the relative accuracy of the MLS 
point cloud can be even higher with respect to individual scanning lines 
(Kukko, 2013a). Other studies on the geometric accuracy of MLS point cloud 
have been conducted by, for example, Bitenc et al. (2011) and Glennie et al. 
(2013). 

We evaluated the DTM accuracies of MLS points on point bars and river 
banks. We achieved better results for point bars for the following reasons: the 
better visibility of the bare-ground surface and the lower ground roughness on 
the point bars, the fact that the vegetation along the banks reduced the 
number of detectable ground hits, the classification uncertainty of the TLS 
reference points along the river banks and the higher point density of the point 
bars (100–1,000 pts/m2) compared to the river banks (1–30 pts/m2). The two 
most critical components of the error budget are the accuracy of the GNSS-
IMU system and the sensor calibration. In particular, the quality of the IMU 
plays a significant role in MLS point cloud accuracy.  

The ground classification results presented in Publication III achieved a 
90% balanced accuracy rate for separating the ground and vegetation points. 
The most difficult landscapes to classify were rocky areas, small channels or 
cracks on the surface, and areas where the slope of the ground was nearly 
vertical. Consequently, the misclassifications increased in complex terrain 
geometries and densely vegetated areas. The selection of the classification 
parameters also significantly affected the way the method performed (Section 
4.1.4). Furthermore, we used the same classification method to derive the 
ground and vegetation points for an entire study area based on the BoMMS 
point cloud for the years 2009–2012. As a result, the ground points can be 
used to create the DTMs for hydraulic modeling (Kasvi et al., 2013b) and 
analyse the geomorphological processes (Publication IV). In addition, we used 
the vegetation points to estimate the vegetation cover of the river banks 
(Publication VI). The classification and filtering algorithms developed for the 
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ALS data could be used for the MLS point cloud if a higher point density and 
different scanning geometry were taken into account. The selected method has 
achieved competitive results in ground filtering tests (Sithole & Vosselman, 
2004; Meng et al., 2010). Recently, a more advanced method for classifying 3D 
terrestrial LiDAR data was developed by Brodu and Lague (2012). The method 
achieved an accuracy rate of greater than 98% for separating the vegetation 
from the ground or from other classes.  

The mobile mapping system used in this thesis proved to be useful when a 
close viewpoint, dense point clouds, and high ranging accuracy are needed. 
Data collection at our approximately 4 km river test site took around 80 
minutes with the BoMMS system. This is substantially quicker than the time 
that would be required to collect comparable data from multiple scans using a 
conventional, static TLS system. The BoMMS scanning angle from the channel 
to the banks and point bars is also unique and, in particular, MLS systems can 
be used to map areas that are difficult to map with airborne or static terrestrial 
scanning. The mapping range and data coverage of BoMMS systems are 
dependent upon the line of sight visibility. The theoretical mapping range of 
the MLS system used here was approximately 100 m. The coverage of the 
measurements on flat surfaces, especially on point bars, is limited due to the 
low measuring perspective when operating the system on a boat. Hence, 
systems such as a CartMMS or backpack MLS system are needed for enlarging 
the data coverage. Wang et al. (2013) studied the capability of the backpack 
MLS system, using the same sensors as the BoMMS system, to model 
individual particle-based sediment. The MLS system made it possible to detect 
and model sediment particles above 63 mm. At locations with a high point 
density (5–7 pts/cm2), individual sediment particles in the range of 10–20 mm 
were modelled. 

If different MLS platforms are needed, the accuracy of the GNSS-IMU 
system when integrated with a MLS system will make it possible to use 
different datasets together, while the use of ground references will ensure that 
the systematic errors can be eliminated. We assume that the MLS system 
presented here will perform just as well with many other systems. The 
performance of various MLS systems has been tested on an urban test field by 
Kaartinen et al. (2012).  

5.2 MLS data characteristics related to a river environment 

During the course of processing the data from the BoMMS point clouds, we 
investigated different data characteristics related to a river environment in 
Publication III. It is important to pay attention to reflections from the water’s 
surface when performing laser scanning from a boat platform. Effects such as 
multipath reflection will have a significant impact on the quality of surface 
models if they have not already been taken into account during the data 
processing phase. Noise points are also a typical feature of a point cloud due to 
the phase difference scanner. To remove the noise points from BoMMS data, 
the filtering methods used here exploited intensity, absolute elevation and 
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point density. The filtering methods can be run automatically if the 
appropriate thresholds are determined beforehand. It should be noted that if 
intensity values are used for analysing the MLS point clouds it is essential to 
calibrate them before use (Kaasalainen et al., 2009). 

Identifying and processing the points below the water’s surface was one step 
in the BoMMS data processing chain. The BoMMS data showed a limited 
capability to estimate bathymetry information in shallow (0–1 m) and clear 
water. We evaluated the bathymetry points using ADCP measurements as a 
reference. The elevation differences had a mean of 0.061 m and a standard 
deviation of 0.076 m. Milan et al. (2007) reported that the resulting error in 
uncorrected bathymetry points can be depth dependent. The systematic error 
arises from refraction at the air–water interface (Smith et al., 2012). The 
returns should be validated to ensure that they are coming from the benthic 
layer and not from the water column or the surface of the water. The incidence 
angle at the water’s surface varied between approximately 25° and 80° with 
respect to the bathymetry data. Angles less than 25° were occluded by the boat. 
The method has its limitations, but the results indicate that it may be possible 
to use laser range measurement to collect bathymetry data. In particular, a 
green wavelength laser might be used to improve the results because water 
absorbs green wavelengths at a slower rate than red wavelengths. In several 
earlier studies related to laser scanning, a green wavelength laser was 
implemented in airborne bathymetry systems (e.g. Hilldale & Raff, 2008). 
Smith et al. (2012) studied the use of a static through-water TLS system (532 
nm wavelength). They discussed a wide range of potential applications and 
limiting factors. One method for measuring the bathymetric data would 
involve using pictures taken from a low-altitude, unmanned aerial vehicle 
(UAV) (Flener et al., 2013). In that study, Flener et al. combined a bathymetric 
model with a MLS-based DTM of a point bar to form a seamless map of a river 
channel.  

It is also important to detect the shoreline of a river when processing the 
DTMs for the dry area of a river channel. In addition, the results presented in 
Publication III indicate that intensity values are useful for detecting the 
shoreline in MLS data (Section 3.2.3). The use of intensity values to 
differentiate between wet and dry areas has also been discussed by Milan and 
Heritage (2012). 

5.3 Usability of multitemporal MLS data 

Despite rapid developments in MLS measuring technology and applications, 
only a few other studies have used MLS for the purposes of topographical 
change detection. In addition, to the best of the author’s knowledge, this thesis 
project is the first use to investigate the feasibility of MLS for monitoring 
multitemporal topography and vegetation changes along a river channel.  

The results presented in Publications I, II, IV and VI indicate that MLS can 
be used to analyse multitemporal changes and to provide accurate data that 
cannot be measured using conventional field measurement tools. The 
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measurements were conducted before and after the flood period, thereby 
revealing erosion and deposition areas. In particular, the measuring method 
proved to be efficient for detecting topography changes on point bars, where 
the level of significant change detection (LoD95%) varied between 6 and 10 cm 
when analysing the differences between two DTMs. The LoD value was 16 cm 
for a sparsely vegetated river bank, while the values were between 29 and 36 
cm for more vegetated banks (see Section 4.1.5). Additionally, we also derived 
the planimetric LoDs in Publication IV by comparing the BoMMS data with 
the reference spherical target measurements. The values were 3.8 and 5.3 cm 
for the two change detection models (2010–2011 and 2011–2012). The 
presented methodology can also be applied to other topographic changes, not 
just to detecting erosion and deposition areas. MLS-based topographic change 
mapping, especially for road environments, can also be used to update man-
made changes in national elevation models, for which ALS is increasingly the 
main data source. In this thesis, the LoD values were derived by comparing 
MLS and reference data. With respect to the TLS data, and when the reference 
has not been available, the calculation of uncertainties also included point 
cloud registration and local point cloud roughness (Lague et al., 2013). 

The integrated use of MLS and panoramic image data makes it easier to 
interpret MLS-based DTMs and change detection models (Publications I and 
V). The information provided by MLS-based change detection models can 
assist with the analysis of terrestrial images projecting the changed areas onto 
the textured model (see the principle of the method in Figure 15). MLS 
systems can produce point clouds with a density of more than 1 000 
points/m2, which means that these data sources can be accurately oriented 
relative to one another. Only a few publications can be found that use images 
for assisting with LS-based change detection.  

5.4 Further research and limitations 

The study has presented a new MLS application. Several topics can be found 
for further research and development. The focus has been on improving the 
reliability and accuracy of the mapping systems and generated models. The 
process of developing and evaluating these systems and models should include 
a study of the state-of-the-art mapping sensors, DEM and vegetation 
modeling, monitoring methods, a combination of the different data sources 
and a better understanding of the effect of the scanning parameters and 
terrain characteristics as roughness for the data quality.  

Fluvial environments offer challenges when it comes to applying LS 
techniques. Factors such as vegetation cover, complex terrain geometries, 
coarse surface materials and water surfaces may distort a LS survey. For 
example, the low measuring perspective of the MLS system causes a shadow 
effect behind dunes and rocks. Improved filtering and classification 
techniques, increasing the scanning lines and introducing different kinds of 
data combinations have proved useful for overcoming these challenges. For 
example, aerial or terrestrial images can be used to assist with the 
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classification, change detection, quality assessment and densification of laser 
point clouds (Publication V; Hohenthal et al., 2011). Additionally, sonars, also 
known as multibeam echosounders (MBES), can be used to measure high-
resolution bathymetric data on areas that have been beyond the reach of LS 
methods, but even still problems have occurred in terms of accessing very 
shallow areas (e.g., Costa et al., 2009; Sanjeev et al., 2013). The development 
of LS sensors with green light wavelengths in TLS systems has improved the 
applicability of bathymetric LiDAR in fluvial studies (Smith et al., 2012). 
However, bathymetric LiDAR has not been used much in river environments 
and so it still needs to be developed further, particularly for the mapping of 
shallow water areas. One potential method for the future might be a UAV with 
a green laser. In addition, the use of other wavelengths for bathymetry should 
be studied more comprehensively.  

The accuracy assessment concerning DTM qualities presented in Section 
4.1.1 took into account the spatial variations in error only by dividing the areas 
into non-vegetated point bars and vegetated banks. However, it is worth 
pointing out that a vertical error in the MLS point clouds is not uniform across 
the elevation surface. The error is spatially variable and has a tendency to be 
greater at breaks of slope, such as bar and bank edges (Milan et al., 2011). The 
results presented in Publication II and in Section 4.1.3 demonstrated that the 
spatial variations in the vertical error for MLS data can be studied using 
overlapping TLS data as a reference. It was also discovered that the elevation 
error was connected to the incidence angle and range (see also Kukko et al., 
2012), which might indicate roll angle error in the MLS system. The spatially 
variable errors in the MLS point clouds could also be linked to the calculation 
of the GNSS-IMU data, but further studies that deal with spatial variations in 
MLS-based DTMs and point cloud errors is clearly needed.  

The work is also needed to determine the optimal point density for MLS-
based applications of DEMs and change detection. It is obvious that with MLS 
systems, the resolution of 3D survey data can easily be increased with a high 
pulse rate, close range and overlapping measuring lines. Increased spatial and 
temporal resolution opens new possibilities for different fields of research. 
Simultaneously, both the optimised point density and the efficient processing 
methods for handling extremely large databases should be considered in order 
to make the data processing time and costs more reasonable.  

In this thesis, a BoMMS system was used to measure both sides of a river 
channel at same trajectory. In cases where the channel is wider, the 
measurements may need two trajectories. However, sensor developments for 
MLS systems have shown signs of increasing the measurement ranges, which 
would alleviate the need to map that kind of an environment. The possible 
applications for a BoMMS system might also include measuring built 
structures related to rivers and other water areas, such as harbours, bridges 
and dams. In these cases, the accuracy requirements might be at the level of 
less than a centimetre, so these kinds of applications would require, at 
minimum, high-quality GNSS-IMU navigation performance and proper 
reference control measurements.  
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The strip adjustment methods have widely been implemented for the 
correction of the systematic errors in the ALS data (e.g., Kilian et al., 1996; 
Vosselman & Maas, 2001; Pfeifer et al., 2005). Concerning MLS data, many 
authors have recommended establishing a field calibration for the boresight 
angles between IMU and the scanner axes in order to improve the accuracy of 
MLS point cloud. The principle of the method is based on that special targets 
or objects are scanned from different directions enabling the observations of 
the systematic geometric errors from which calibration corrections for the 
three rotational misalignments are derived. Chen et al. (2013) conducted the 
calibration using the building corners as reference points. Rieger et al. (2010) 
proposed to use planar surfaces for the determination of the boresight 
alignment. They used 471 observations of the corresponding building surfaces 
for calibration when the remaining standard deviation was about 14 mm. 
Kukko (2013a) achieved 34 mm 3D RMSE using the spherical targets as gates 
for backpack MLS (the AKHKA system) boresight misalignment calibration. 

The improvements to the topographic change detection results might be 
available having advances in navigation solution and ensuring the professional 
MLS system calibration. The backpack MLS has shown that accuracy can be 
improved via optimal scanning geometry, higher point density and shorter 
distance. In addition, if study area includes a stable area, the performance of 
the change detection could be improved by matching the point clouds, for 
example, using a least square matching or an iterative closest point method. 
Hence, by combining these enhancements, the change detection of the 
individual sediment particles or dune ripples might be achieved. 

The most uncertain results presented in the thesis had to do with the DTM 
quality assessments of vegetated river banks and the process of detecting 
bathymetry using a BoMMS system. The classified TLS ground points were 
used as a reference for the vegetated banks. Hence, the different measuring 
geometry of the TLS and MLS systems may cause different shadow areas, and 
the classification uncertainty decreased the DTM accuracy on these areas. The 
results and experiments indicate that ground detection in vegetated areas is a 
challenging task, which should be studied more intensively in the future. 
Concerning the bathymetric observations, it is obvious that the method is 
highly dependent on the optical conditions, such as turbidity and the form of 
the water’s surface. When assessing bathymetry information, the ADCP 
measurements were only used as a reference for comparison. The short time 
difference (a maximum of 0.5 s) between the GPS and ADCP depth 
measurements decreased the reliability of the reference. Additionally, 
BoMMS-based bathymetry data was uncorrected with respect to the refraction 
of light at the water’s surface and the speed of light in the water.       

For the quality analysis of change detection, the topographical elevation 
differences were computed using the vertical distance between an early point 
cloud and a later triangulated surface (Publication I, II), or they are obtained 
via the DEM of difference (DoD) technique. We found that the methods were 
capable and reliable for detecting the changes in smooth and noncomplex 
surfaces, such as sand covered point bars and river banks. The limitation of 
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these methods is that vertical surfaces cannot be described via a DEM 
technique. Hence, we recommend measuring the mean surface change in the 
normal direction for near vertical surfaces (Lague et al., 2013). We estimated 
the minimum number of detectable changes by setting the level of detection at 
95 % (LoD95%). In the thesis, the derived LoD95% values were spatially uniform. 
The magnitude of elevation error demonstrated a strong dependence on the 
local surface roughness, which has been used previously to develop a spatially 
distributed LoD (Milan et al., 2011). The method requires further development 
so that it can be successfully integrated with MLS data investigations. In 
particular, spatial variable errors in MLS point cloud related to the 
GPS/GNSS-IMU data need to be studied in more detail.  

The annual measurements of the Pulmankijoki River using MLS systems will 
continue to provide highly detailed and good-quality 3D data for modeling and 
monitoring natural processes. An MLS-based time series is a unique data 
source for various environmental studies. Further studies should also deal 
with vegetation modeling and how it resists the flowing water.   
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6. Conclusions 

This thesis studied the feasibility of mobile laser scanning for mapping and 
monitoring a riverine environment and its changes. An MLS system was 
mounted on a boat, cart and backpack for measuring the topography of point 
bars and river banks and the vegetation cover along a river channel before and 
after the effect of erosion or deposition between years 2009 and 2012. 

The main hypothesis in this study was that the performance of the MLS 
system is suitable for riverine topography mapping and change monitoring, 
including detection of the erosion and deposition areas. Terrain and vegetation 
points can be derived from the MLS data for a river environment using 
automatic methods, and the integrated use of MLS and panoramic image data 
improves the interpretation of MLS-based DTMs and change detection 
models. 

The sub-objectives of the study were (i) to analyse the DTM accuracy and 
geometric quality of the MLS data, (ii) to assess the usability and quality of the 
MLS data for detecting multitemporal changes in the DTMs, (iii) to derive 
terrain and vegetation points from the MLS data using automatic methods, (iv) 
to identify MLS point cloud characteristics related to a river environment and 
(v) to demonstrate the integrated use of MLS and panoramic images for 
interpreting the MLS-based change detection model. The objectives and main 
results were as follows: 

 
1. The DTM accuracy of the MLS data compared to the TLS reference 

was presented in Publications I and II. At five out of six non-
vegetated test sites (point bars), the RMSE of the elevation level was 
obtained with a level of accuracy better than 5 cm. This, however, 
required calibrating the systematic elevation error of the data. In 
addition, we found that the spatial variations in the elevation error 
for MLS points can be effectively evaluated using TLS data as a 
reference. The results indicate that better accuracies were obtained 
with steeper scanning angles and that the elevation error is connected 
with the incidence angle, range and calculations done for the GPS-
IMU data. 
 

2. The geometric quality of the georeferenced BoMMS point cloud data 
were evaluated against spherical targets measured using RTK-
GPS/GNSS in Publications III and IV. The results show that with 
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good satellite visibility, the geometric accuracy of MLS points can be 
at a level of some centimetres after correcting the systematic error. 

 
3. Automatic data processing methods were tested and presented for 

generating terrain and vegetation points based on BoMMS data in 
Publication III. Intensity, absolute elevation and point density were 
found to be useful parameters when removing the noise points from 
the data. The study proves that it is important to identify the data 
characteristics as multipath reflections when processing the data. The 
BoMMS ground point classification data for a sparsely vegetated river 
bank achieved a fairly good level of accuracy (90% balanced accuracy 
rate) compared to manually classified data. We found intensity data 
to be useful for delineating the shoreline. Furthermore, the results 
indicate a limited capability to collect bathymetry information in 
shallow (0–1 m) and clear water when the scanner is mounted on a 
boat and near the water’s surface. 

 
4. The first results based on a quality analysis of the MLS data for 

change detection using the DTMs were investigated in Publications I 
and II. One of the river point bars served as the test and 
demonstration area. The precision of the change detection was 0.93 
(R2) and 3.4 cm (standard deviation of error) when BoMMS-based 
elevation differences were compared with corresponding differences 
acquired using a TLS system. Performance analysis of the BoMMS 
data for multitemporal (2009–2012) change detection using the 
DTMs on a 3.7 km stretch of the river channel was investigated in 
Publication IV. In particular, the measuring method proved to be 
efficient for detecting the topographic changes on point bars where 
the level of significant change detection (LoD95%) varied between 6 
and 10 cm when analysing the elevation differences between two 
DTMs. In addition, we derived the planimetric LoDs by comparing 
the BoMMS data with the reference spherical target measurements. 
The values were 3.8 and 5.3 cm for two change detection models 
(2010–2011 and 2011–2012). The study also indicated that the 
BoMMS data provide a unique measuring perspective for the 
topographic changes along river banks.     
 

5. The integrated use of panoramic images with high-density MLS point 
clouds from a river environment was demonstrated in Publication V. 
The fused data sets contained detailed information on landform 
developments caused by flowing water, such as rivers and streams. 
An experiment revealed that textured DTMs allow for an advanced 
interpretation of land cover and, thus, provide more information 
about fluvial geomorphology and river dynamics. The presented 
method makes it easier to visualise erosion and deposition areas and 
characterise these areas. We discovered that panoramic images can 



Conclusions 

58 

feasibly be integrated with laser point clouds. The integrated data 
allowed for more information and excellent visualisation possibilities.  

 
6. The data processing methods presented in Publication III were used 

for deriving vegetation points and DTMs for years 2009-2012. In 
Publication VI, we applied the data for vegetation mapping and 
monitoring on riverbanks. We obtained an overall classification 
accuracy of 72.6% for four vegetation classes. For further, the study 
demonstrated the vegetation change maps. 

 
The results achieved in the studies confirmed the hypothesis. The thesis has 

shown the feasibility of MLS for mapping and monitoring a riverine 
environment by taking into account its performance for topography and 
vegetation mapping, data characteristics, the usability of the multitemporal 
data and the limitations of the methods. 

Numerous authors have used airborne and static terrestrial laser scanning 
for measuring topographical 3D data on fluvial environments. However, only a 
few studies have used an MLS system for topographical change detection. In 
particular, an MLS system enables higher accuracy and resolution than an ALS 
system and makes it possible to survey a riverine topography and vegetation 
more quickly than static TLS measurements. In addition, an MLS system is 
more capable of producing non-obscured topography data. The uniqueness of 
this thesis lies in the temporal coverage of MLS measurements, their spatial 
coverage and resolution in fluvial studies, and MLS-based change detection 
performance analysis. The collected MLS data constitute a remarkable and 
high detailed data source for analysing the multitemporal processes of a river 
channel. With respect to fluvial studies in particular, detailed 3D data are 
needed in the fields of geomorphology and hydrology. It is obvious that the 
methodology presented here can also be applied to map and monitor other 
environments. While the number of applications can be unlimited, it should be 
noted that high-performance MLS measurements require good satellite 
visibility, proper system calibration and reference control measurements. 
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