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1. Summary of the project 
 

 Within last few years a new type of instruments called Terrestrial Laser 
Scanners (TLS) entered to the commercial market. These devices brought a possibility 
to obtain completely new type of spatial, three dimensional data describing the object of 
interest. TLS instruments are generating a type of data that needs a special treatment. 
Appearance of this technique made possible to monitor deformations of very large 
objects, like investigated here landslides, with new quality level. This change is visible 
especially with relation to the size and number of the details that can be observed with 
this new method. Taking into account this context presented here work is oriented on 
recognition and characterization of raw data received from the TLS instruments as well 
as processing phases, tools and techniques to do them. Main objective are definition and 
recognition of the problems related with usage of the TLS data, characterization of the 
quality single point generated by TLS, description and investigation of the TLS 
processing approach for landslides deformation measurements allowing to obtain 3D 
deformation characteristic and finally validation of the obtained results. The above 
objectives are based on the bibliography studies and research work followed by several 
experiments that will prove the conclusions. In the first part an introduction is done 
where the motivation of the work and the objectives are presented. Than it is followed 
by the description of the technique, TLS working principles and review of the results in 
the field of landslides monitoring by TLS. Finally, research activities and conclusions 
obtained by the author are presented.  
 
2. Introduction 
 

2.1. Context of the work 
 

 The work here presented is related with relatively new and expensive techniques 
and instruments. It is therefore important to clarify the research context in which is has 
been developed. All the results presented here were obtained during the work of the 
author in the Institute of Geomatics. The Institute’s Unit of Active Remote Sensing 
started his activity in the area of Terrestrial Remote Sensing sensors in the June 2005 by 
means of participation in the consortium of commercial companies and university 
centres that are involved in the Galahad research project. 

 
 The Galahad project (Advanced Remote Monitoring Techniques for Glaciers, 

Avalanches and Landslides Hazard Mitigation) is financed by the European Union 
within its 6th Framework Programme. It is a research project of the type STREP 
(Specific Targeted Research Project). GALAHAD is addressed to landslides, 
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avalanches and glaciers -related hazard mitigation, through the development of 
advanced monitoring techniques and the improvement of forecasting methods and tools. 
The GALAHAD project aims at developing innovative and fundamental functionalities 
of remote monitoring techniques, namely Ground Based SAR Interferometry, derived 
from satellite applications, and Terrestrial Laser Scanning, enabling the improvement of 
reliability, precision and operative usefulness of the measurements and of the 
forecasting capacity of the interpretation tools [1]. This is a three-year project, which 
started in June 2005. For what concerns this work, this project gave the opportunity to 
receive necessary data and possible help from experienced users of TLS in research and 
analysis. Apart from the personal interest of the author and main direction of research in 
the Active Remote Sensing unit of the Institute of Geomatics, the Galahad project was 
the main motivation to start the work with TLS data. This fact was also helpful in the 
orientation of the investigation for the landslides deformation monitoring that is one of 
the three main areas of interest of the Project. 

 
 This area of investigation is also strongly correlated with the previous 

experience of the author who obtained his university grade in the faculty of Geodesy 
and Cartography and is familiar with the usage of three dimensional, georeferenced 
datasets. All the mentioned above facts made the interest in TLS a natural choice and a 
continuation of the author’s education and experience.  

 
 TLS instruments seam very suitable for landslides deformation measurements, 

especially in active and inaccessible cases, where all traditional techniques of 
monitoring that require human entrance in the area of interest have to be discarded for 
safety reasons. In these cases fast, precise and contactless techniques like laser scanning 
seam to be best choice.  
 

2.2. Objectives 
 

 Because of the above mentioned context and the localization of the work within 
a European research project, some of the objectives were taken a priori and other were 
defined as their natural consequence or expansion. These objectives include: 

- Development of the tools for TLS data processing 
- Quality characteristic of the point clouds 
- Landslide monitoring procedure description and its validation 

Each objective is discussed in detail in the following sections. 
 

2.2.1. Development of the tools for TLS data processing 
 

Once the user is buying a TLS instrument he always receives some basic pack of 
programs that at least allow for exporting the produced datasets (point clouds) to 
external and common formats (e.g. the formats of the CAD environment) for the 
programs that are designed to work with point type data. These programs typically do 
not allow to make much more with the data and all further analysis have to be done in 
other software. Since the technique of TLS is already present in the commercial market 
from few years time there are several software tools available for TLS data processing. 
It must be underlined here that these programs are usually oriented for the most 
common applications of the technique that is architectural, cultural heritage or industrial 
inventarization or simply three dimensional visualization of spatial datasets. 
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As it was already mentioned, the product of the TLS scanners is a point cloud. 
Point cloud is a list of points where each record has a defined position in space and 
usually an intensity value related with the amplitude of the reflected signal. Spatial 
position can be defined either in polar or Cartesian coordinate systems by means of two 
angles and a distance, or three coordinates, respectively, see Figure 1. The datasets with 
Cartesian coordinates are similar to the ones received from the airborne laser scanners 
(LIDAR), but they need a different treatment. The datasets obtained by airborne 
scanners are usually processed as a 2.5D data projected to the horizontal plane, where 
the third dimension coordinate is interpreted as an additional value associated with the 
planar position. For more information about airborne laser scanning refer to [18]. In the 
case of the TLS point clouds considered in this work, one cannot treat them as 2.5D 
data and has to process them in a fully 3D way. This is because the projection to any 
plane could result in data loose by occulting of one data by another. 
 

 

 
Figure 1. Point in a 3D space defined by polar (φ;θ;ρ) and Cartesian (x;y;z) coordinates. 
 

The specific features of the point clouds and the relatively small popularity of 
the key application addressed in this work result in the fact that for the moment there is 
no commercially available software that offers processing and analysis tools specifically 
designed to landslides deformation monitoring. Therefore one of the objectives 
defined for this work is to develop a set of tools that will cover all the main 
operations necessary to monitor landslides with use of the TLS data. The 
development of this software tools will have to face different problems related to the 
characteristic of the point clouds. It will have to deal to with 3D point processing 
techniques, huge volume of the data, 3D visualization techniques, transformation of 
reference systems, and finally interactive data selection and measurement. These aspects 
are investigated in Section 4.1, titled “Processing tools: problems and solutions”.  
 

2.2.2. Quality characteristic of the TLS point clouds 
 

Up to date, there are not defined any international and commonly accepted 
characterization standards for neither TLS nor their output point clouds. Each producer 
gives a description of the data of a given scanner in different way. This makes any 
comparison difficult to be done. An additional problem is given by the fact that the 
characteristics of the hardware declared by the producers tend to be too optimistic. 
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The quality of the dataset plays a minor role in cases where not high accuracy is 

needed or where very large and homogenous objects are investigated. In fact, in case of 
large, homogenous objects big amounts of data are usually capable to fully compensate 
relatively low quality of single points. Unfortunately this is usually not applicable in the 
case of landslide deformation monitoring, and more in general in most of the TLS-based 
deformation applications. In all these cases it is very important to fully characterize the 
quality of the analysed TLS data.  
 

The point cloud quality can be analysed in terms of precision and accuracy that 
can be investigated independently in the angles and range, or simply in the 3D point 
coordinates. Furthermore, it can be also characterized by its repeatability. In addition to 
the characteristics of the original TLS data, it is important to consider the errors 
committed during the processing and analysis stages needed to estimate deformations. 
Several experiments were already done to identify the influence of factors like object 
surface type and colour or laser ray incidence angle for the position of the point, e.g. [3], 
[22].  
 
 For the reasons listed above it was found very important to possibly well define 
single point characteristics within the point cloud. Thus a second objective of this 
work is to characterize the TLS data quality. In this work some experiments were set 
up to analyse the characteristics of the TLS data. The results are discussed in the Section 
4.2, which is titled “Analysis of the quality of point clouds”. 
 

2.2.3. Landslide monitoring procedure and its validation 
 

When defining a new processing chain one has to consider that some tasks will 
be slightly different from one case to another, and sometimes they will depend on the 
type of analysed objects. Anyway, for a specified objective of landslide deformation 
monitoring some principal steps will have to be done each time. 
 
The monitoring of the landslide deformation briefly consists of following steps: 

− Planning and realization of measurement campaigns 
− Matching of the obtained point clouds over stable area 
− Localization of movement areas  
− Deformation estimation 

 
 Terrain measurements campaign planning is often underestimated. Making 
errors in this task results in the possible useless of the obtained data. Details and 
guidelines about TLS landslide measurements planning are briefly described in [10]. In 
this work another objective is to describe measurements parameters, especially 
resolution and area of interest selection rules for landslide deformation 
monitoring. 

 
When field data is already gathered the processing phase starts. At this point the 

most things can be repaired or improved but also made wrong. There are several main 
operations that can be identified in this part. In this work one of the objectives is to  
define general processing chain for the landslides deformation identification and 
measurement. This part of the research is strongly correlated with parallel PhD 
activities of Oriol Monserrat.  
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When a new technique, tool or processing method is implemented it has to be 

validated. This is usually done by comparing its outcomes with some reference values 
coming from a more accurate technique. Examples of the publications where a TLS is 
used for landslides deformation monitoring can be found in [27], [37]. Since the 
landslide monitoring, that is the main application field addressed in this work, cannot be 
simulated in the laboratory conditions few terrain experiments using precise geodetic 
total station measurements as a reference have been done, and are presented in this 
work. The validation tasks are based on the comparison of the displacements measured 
by topographic instruments with the values estimated from TLS data. This approach 
seams to be most adequate for the type of objects like landslides but also brings some 
limitations due to the fact that total stations measurements have the accuracy limited to 
the order of few millimetres.  
 

In order to improve the reliability and accuracy of the reference data values 
obtained from the topography measurements the comparison is not based on the single 
points. It is based on entire objects, measuring a certain number of points for each 
object. In this way better accuracy for the topographic data than the expected accuracy 
of the TLS results is obtained. Therefore another objective of this work is to validate 
the investigated here approach to the landslide deformation monitoring with use of 
the reference data coming from topographic measurements. Results of the 
investigation in this area can be found in Section 4.3, “Landslide monitoring procedure 
and its validation”. 
 
3. State of the art 
 
 In this part a basic description of the technique, its main features and most 
interesting experiments characterizing TLS and the processing of its data is done. This 
section serves as a TLS working principles introduction and a summary of the 
bibliographic research done for this work. 
 

3.1. TLS working principles 
 

 The way that TLS measures targets is very simple in its basic idea. The 
processing of both horizontal and vertical angles with distance from the instrument to 
the point results in 3D point coordinates. Such calculations are made for each point at 
the area of view with very big speed that comes up to thousands points per second. In 
this way a so called point cloud is generated. Each point represents a position of 
environment element that was within a laser beam at the moment of measurement. Size 
and distance between two beams differ depending on the range to instrument. It is worth 
to underline that points in the cloud represent only areas that were illuminated. 
However, in some instruments, like the ILRIS-3D of Optech, a situation can happen 
when the areas illuminated by the beam in two neighbourhood position are overlapping 
each other.  
 

 Hardware components that TSL is build from can be divided by the function of 
what they are used for. There are mechanisms responsible for realization of horizontal 
and vertical angle of view as well as a part that is in charge of distance measurements. 
There are also two components responsible for controlling work of the instrument that 
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are internal electronics and external PC controller with specific software. The controller 
is usually used also for data storage. 
 

 A system of rotating or oscillating mirrors is responsible for possibility of 
measurements within a certain range in horizontal and vertical direction. Currently all 
commercial TLS scanners, according to the [2], have the ability to measure within the 
range of 360° in horizontal direction and within 60 to 320° in vertical. The position of 
the mirrors is constantly measured with high accuracy and their inclination angles are 
stored for each distance measurement (point).  
 

 The distance measurements component is another crucial part of the scanner. 
There are basically three techniques used in the 3D Laser Scanners:  

- Phase measurement system 
- Triangulation approach 
- Time of Flight (TOF) 

  
 For a complete description of these techniques refer to [17]. The most common 
distance measurement system is TOF. This technique allows for measurements in range 
beyond kilometre. It is however limited with accuracy of centimetre and less. Most of 
the terrestrial long range laser scanners use TOF distance measurement system. An 
exceptions are Z+F Imager 5003, Faro Laser Scanner LS and Leica HDS4500 series 
that use phase measurements [2]. In case of instruments based on the time of flight 
principle also the received signal amplitude is measured. Measured values of angles, 
distance and amplitude are send to control device and stored. For more information 
about the TLS construction basics see [11], [24].  
 

 Point clouds are acquired by instrument as two angles and a distance for each 
point (plus reflection amplitude) that is in the 3D polar coordinate system. This data is 
recalculated into Cartesian coordinate system and this way a 3D point cloud is created. 
The reference of this system is internal for the instrument. Its origin {0;0;0} lays in the 
TSL geometric rotation centre. This point is at the same time a central projection point 
for the point cloud. It is important to underline that in case of 3D clouds a projection has 
impact only into what is imaged, that is the visibility of the objects and occultation of 
one objects by another, and not for accuracy or distortions, that are in function of 
position of point within the measurement area, as it is in case of photogrammetric 
images. Location and orientation of this coordinate system is unique and impossible to 
repeat between two independently taken scans. An exception from this rule is when two 
scans are made within any movement of the instrument. In other cases a transformation 
into one, usually external, reference system must be done for making any comparisons.  
 

3.2. Coordinates reference system 
 

 The transformation can be done by means of seven parameter similarity 
transformation. These parameters are three coordinates of the origin of the internal 
coordinate system, three rotation angles between axes of the new and internal reference 
system and a scale parameter. Assuming that the scanner at the moment of making 
scans works correctly the scale parameter can be set to 1 and excluded from further 
estimations. In case the instrument is levelled, two of the angular parameters also can be 
eliminated and set to zero however this situation is very rare and will not be investigated 
here. Therefore, hereafter a six parameter transformation will be considered.  



Terrestrial Laser Scanning for landslides deformation monitoring. 
Thesis project by Piotr Jaszczak 

- 11 - 

 
 To calculate the transformation parameters there must be certain data available. 
It can use several points with coordinates measured in both reference systems. In the 
external coordinate system they can be measured for example using GPS, that is 
normally used for this purpose when georeferencing is done. An example of the  
solution allowing to obtain GPS coordinates of the targets at the moments of making the 
scans is described in [19]. Another possibility is to set instrument over point with 
known coordinates and orientate it into another point with also known coordinates. This 
approach is classical for geodetic surveying. Than the points can be recalculated directly 
from the internal polar coordinate system to the external, Cartesian one. This approach 
is called direct georeferencing and it is descried in details in [4]. When differential 
measurements are done it is often that no transformation to the external coordinate 
system is necessary since only the difference values are in interest. In this case several 
stable points on processed point clouds can be measured to calculate rototranaslation 
(transformation) parameters between them.  
 

3.3. Visualization of the point cloud 
 

 A complete dataset of vertical an horizontal angles, range and signal amplitude 
is created for each measured point. These data are than downloaded to the PC control 
device for processing. In order to place all the point clouds in the same coordinate 
system some points have to be measured on them. For this purpose their images have to 
be generated. Basically two types of visualization can be done: 

− Central projection from the point of view of laser scanner  
− Orthogonal projection (or 3D interactive visualization) 

 
 Pros and cons of each of the projection type are analyzed in Section 4.1, 

“Processing tools problems and solutions”. One of the problems that have to be 
considered is the possibility of use of the dataset image for manipulating the original 
point cloud. For this purpose connection between each pixel and referring point in 
dataset (or its coordinates) have to be maintained. Than, an interactive tool must be 
created that will be able to use such a link and where selection and measurements of the 
points and areas will be possible. There are several commercial software environments 
where an image can be created, shown and image-data a link can be maintained. 
Currently the most popular one in the marked is InnovMetric’s PolyWorks program. 
The list of software offered with the TLS instruments can be found in [2]. 
 
 The programs that are using the TLS data have to deal with several difficulties. 
The first one is the size of the data. For fast and precise work with the point cloud the 
entire dataset must be stored in the system memory. Taking into account that the 
datasets usually consist of millions of points with at least four values stored for each of 
them and that there must still be memory left for making calculations and storing 
results, a program operating with the TLS data have to be extremely strict with the use 
of the memory. No memory space can be reserved for or occupied by unused or 
temporal data for each point. Another, much more difficult, problem is the lack of 
topology representation in the bare TLS data. By topology we should understand here 
all the spatial relations between points. Points of the point cloud are simply stored as a 
list of four values point by point. The important feature of this list is a fact that two 
following points do not have to be neighbour ones. Algorithms for fast finding 
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correspondence, neighbourhood and other relations are investigated in [32], [14]. 
Especially interesting seams to be the octree data structure proposed in [25]. 
 

3.4. Matching and point cloud quality 
 

 When the visualization of points is done and homologous points are selected the 
transformation parameters can be calculated. For this purpose only selected points can 
be used, what is an extremely simplified approach, or an adjustment of the entire 
overlapping (and selected) areas can be done. This approach, called matching, is much 
more precise since it is based on incomparably bigger redundancy of the data. The 
matching procedure used in this work is based on the iterative least squares adjustment 
technique and is called LS3D (least square 3D matching). The part of this work related 
to LS3D is based on the parallel PhD activity of the Institute of Geomatics performed 
by Oriol Monserrat. More details about matching of the point clouds can be found in 
[12]. 
 
 There are a lot of factors that will influence the matching quality. Within them 
there are things like: number of points (data density), their acquisition geometry, 
matching initial values and single point precision and accuracy. The first three 
mentioned factors are dependent on the campaign planning and parameters set during 
the measurements. The last one is more independent from the user and comes from the 
instrument type and construction. The single point accuracy analysis, in the indirect 
way, were already investigated by many authors and with different approach. In [28] 
atmospheric influence on TLS measurements is analyzed. Different TLS were tested on 
distance calibration bases [29], [34], and against targets of different reflectivity and 
colour [22], [3], [31]. In other experiments influence of the inclination angles were 
investigated by points location and distribution on spheres [3], [34] or by object placed 
on the base with adjustable rotation to the instrument [22]. Other authors were 
investigating angles, distance and position errors by finding the distances between the 
artificial objects of well known position [20], [30], [31], [36]. There were also 
experiments evaluating the noise level by analyses of the flat area scans [22]. However 
for the comparison purposes probably the best are the publication with the results of the 
same tests made on different instruments [20], [30], [31], [36]. 
 

3.5. Deformation measurements 
 

 As most of the deformation monitoring issues also this one is based on finding 
the differences between two datasets for the same object made in different time 
moments. There are several different approaches for the TLS coming data comparison. 
The simplest one is a direct comparison of two digital surface models (or DTM) 
generated from the point clouds and representing two time epochs [5], [6], [7]. These 
approaches are very simple in its idea and possible to realize using commercially 
available software in relatively easy way. Their main limitation is that they are giving 
deformation values only in direction of comparison. If the actual movement occurred in 
any other direction the difference from the real value can be very significant when using 
this type of comparison. More advanced is a comparison of a digital surface model (or 
DTM) from one epoch with a point cloud as it is done for example in [8]. There are also 
a lot of different versions of this approach that differs in details e.g. [9], [25]. Other 
techniques that are finding shapes or planes in the datasets and later on their basis are 
trying to make a matching [23]. A little different, model-based deformation analysis 
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approach is described in [26]. This method makes use of a physical model that 
represents the deflection of a loaded beam. In this work the authors achieve a high 
precision in the estimation of small deformations. Unfortunately this approach cannot 
be used here since it is appropriate only in particular deformation analysis cases. A 
similar model based deformation measurement approach is described in [33].  
 

 In this work a new processing chain based on the least square matching is 
proposed. Its engine is the least square (LS) surface matching proposed by Gruen and 
Akca [12] using correspondence search algorithm described in [14]. The key objective 
of this approach is to fully exploit the geometric information contained in the TLS point 
clouds, in order to maximise the sensitivity to small deformations, with magnitudes 
below the noise of the single TLS points. It offers some key advantages with respect to 
the other methods described above [13]. These advantages as well as the entire 
processing chain and its validation are discussed in Section 4.3 “Landslide monitoring 
procedure and its validation”.  
 
4. Research activities 
 

4.1. Processing tools problems and solutions 
 
 For the purpose of this work several tools dealing with the characteristics and 

problems of manipulating with point clouds were done. There are four main areas where 
investigation was done:  

- storage and management of the point clouds,  
- selection of proper projection type and recalculation of the given dataset to the 

orthogonal projection,  
- maintaining the link between dataset and its image,  
- interactive selection of points and areas over visualized dataset.  

 
4.1.1. Data storage and management  

 
To make any program working well its database have to be planned in details. In 

the case of storing and managing point clouds special care has to be given to the disc 
space and system’s memory use economy. As it was already defined in Section 3, for 
each point within point cloud at least four values have to be stored: X, Y, Z coordinates 
and intensity value. The following calculations about the memory occupation are done 
with an assumption that program is written in C/C++ language for Windows operating 
system.  
 

For the space economy reasons only data that have to be stored will be placed in 
the memory and all the other data will be kept in temporal structures if needed. The 
three coordinates can be practically any numbers therefore no assumptions limiting their 
values can be done. For each of them a “double” type variable will be reserved that 
occupy 8B. Intensity value usually is coming from the instrument in 8b format what 
means that it can take values from 0 to 255. For the intensity value (I) the smallest 
possible variable will be created, that is of the type “short”. It occupy 2B. In summary 
each point will occupy then 3x8B+2B = 26B. This means that a PC with 1GB of the 
free RAM memory will be able to store 1024x1024x1024/26 ≈ 41,297 millions of 
points. In other words one million of points will occupy about 24,8MB of RAM 
memory. Typically point clouds consist of 1-8 millions of points. However it have to be 
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taken into account that there always have to be space left for making calculations and 
storing the results. 
 

Memory space occupation is only a part of database project. In order to make 
any comparisons there have to be at least two datasets in the memory. Program have to 
be able to identify and separate each of them in the possibly most unambiguous for the 
user way. There must be also a communication path between the program database and 
user that will allow for data management. For this reasons it is proposed to divide the 
dataset (point cloud) into two parts. One, main part will be a structure (C++ object) with 
stored inside list of all points in dataset. Second part will be a corresponding 
information structure. Within the information structure there are kept: data allowing to 
localize dataset points in the memory, name of the dataset used for its identification by 
the user, statistic for the dataset, all other possibly useful description data (date of 
acquisition, number of points, coordinates system info, etc.).  Thus a single point cloud 
will consist of two C++ objects: points storehouse and dataset description.  
 

For the safety reasons access to the original data (especially points coordinates 
values) should be limited and protected from unwanted changes. Therefore only a single 
function, reading the data at the beginning of the program, will have the possibility of 
making changes to the points. All the other function may have the right only to read the 
original data but without making any modifications. This condition results that there is 
no need to make a copy of already existing point for newly created dataset. It is much 
easier and economic to store only a position of the given point in the list (reference). 
Such a reference will take only 8B (“long” type variable) instead of 26B (entire point). 
This way each new dataset based on already existing points will occupy more than three 
times less memory. To maintain the compatibility of the original datasets and the ones 
created by the program also for the second ones there have to be done the description 
structure. To the description part there have to be added an identification telling to the 
program with what kind of dataset does it deals.  
 

For both types of datasets a series of functions have to be projected that will be 
responsible for: identification of the dataset by user, getting points coordinates and 
values, getting the statistics values, reserving and clearing the unused disc space, etc. 
Projected functions can have also a possibility to create temporal structures where used 
by them information will be stored. An example of such a data may be the 
neighbourhood information. Each time a temporal structure will be eliminated directly 
after using it or when no longer it will be needed. 
 

This way a data structure allowing to maintain and use of a database consisting 
of point clouds is created. Its important features are: protection of the original data, 
possibility of extension with new datasets, based on the dataset name management, 
possibility of keeping any number of datasets in memory, maximum memory space 
economy, disposition of all data at any time to the functions in the program.  
 

4.1.2. Projection choice and dataset recalculation to the image 
 

As it was mentioned in section 3, there are basically two types of visualization of 
3D data in the plane: central projection and orthogonal projection. A sample of images 
in both types of visualization can be seen in Figure 2. 
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a) 

 
b)

Figure 2. The same object visualized with use of two different projections: a) Central 
projection, b) Orthogonal projection. Image intensity corresponds to the points response 
amplitude.   
 

 Both of the above types of visualization have their own pros and cons. It is 
practiced to visualize datasets with use of the reflection amplitude value as an intensity 
as it is above. This way, a greyscale image that seems to be easy for interpretation is 
created. Hereafter by central projection image an image done from the point of view of 
the scanner with use of the original data in polar coordinates system will be understand. 
When a dataset is visualized in central projection mode its biggest advantages are: the 
natural and intuitive view of the object, regular shape of the image (rectangle), small 
number of no data holes and visibility of all the measured points. However there are 
also some important disadvantages of this projection type like: no depth sensation, 
possibly wrong feeling of the points neighbourhood, possibilities of image interpretation 
based only on points response strength (intensity), no possibility of noised points 
identification and making measurements (without having link to the data) since image 
has no constant scale. The cons mentioned above can easily effect in committing an 
interpretation error. Visualization of the data in orthogonal projection will eliminate 
most of the defects listed before allowing for: depth sensation, showing clearly points 
neighbourhood, making the measurements in directions laying in the projection plane 
and helping in image interpretation by clear objects shape view. Unfortunately also this 
projection does not allow for measurements of the areas, volumes or 3D distances 
without the link to the data. The main disadvantages of this projection are: occultation 
of one points by another, less natural and more technical view, dependence of structures 
shape on projection plane. There is one more aspect that is limitation to the possible use 
of the orthogonal projection – calculation of each image is much more complicated and 
takes much more time than in case of central projection image. Therefore for simple 
visualization without interpretation or measurement purposes central projection will be 
more suitable. In case of visualizations serving for any other objectives orthogonal 
projection is much more reliable and advised.  
 

 Depending if the image will be static one (without real time rotation 
possibilities) or if it will be a complete, interactive 3D visualization there must be done 
several steps for its generation. The second case is usually based on the libraries using 
hardware support of graphic cards (e.g. OpenGL, DirectX) and this case will not be 
used here. The generation of static image is investigated instead step by step. To create 
an image first a projection plane have to be chosen. Projection plane can be defined in 
many ways e.g.:  
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- by an equation if format 0=+∗+∗+∗ dZcYbXa  where a, b, c, d factors are 
given, 

- by giving two points {X;Y;Z} in the 3D space defining the main line of sight, 
- by giving single point {X;Y;Z}in the 3D space and automatic adding second 

point as mean coordinates of the dataset (solution like in previous point) 
 

 Once having the projection plane defined few more projection parameters have 
to be defined. First of all, since the image is going to be static, a pixel size have to be 
selected. From this moment all other operations can be done automatically, without user 
interaction. And so, first a program have to project all the points into the selected 
projection plane. Once it is done a maximum and minimum coordinates in the 
projection plane have to be found to define the image size and borders. Taking the 
image size (in pixels) a total pixels number is counted and a matrix of pixels (digital 
image) is created. This way created matrix is than filled with the data. At this point 
another two decisions have to be done. First it must be decided if the occultation will 
have place or no. If so, it have to be decided how “deep” the occultation will be. The 
deepness here has a following sense. If, in the same pixel, more than one point is found 
it have to be decided how many and which of them will be visualized. Projection plane 
defines also a constant view direction. In this work it was chosen that all the images will 
be made looking from the positive side of the height in respect to the projection plane 
where the height values grows in the direction of normal vector of the plane. Therefore 
by the depth it is understand here the distance between the point with the biggest height 
within the pixel and a given point. In this work it was decided that the occultation will 
have place. Occulted are points laying at the depth bigger than pixel size from the 
highest point within each pixel. All the points laying within given pixel and with depth 
smaller than pixel size from the highest pixel are visible and pixel value is calculated as 
an arithmetic mean from their intensities. It is worth to underline that although the 
occultation has place and the pixel value is calculated only from selected points, in the 
link maintaining connection between the image and dataset, that is described in the 
following section, there are stored references to all the points laying within the pixel, 
also those which are occulted. 
 

 When the matrix is ready in the memory it have to be stored in a way that other 
programs can open it or passed directly to the visualization tool. In order to speed up the 
process it was decided to store the data in a binary file readable for other programs.  

 
4.1.3. Maintaining the link with the dataset 

 
Once the image is created and ready to be used in the visualization tool there 

have to be also created a connection between each of the pixels and corresponding to it 
points. This connection have to maintained for all the points, both the ones that were 
used for the calculations of the pixel value and the ones that were too deep and are 
occulted. Another important feature is that this link have to be present at least as long as 
the structure containing image pixels exists. In case if an image is stored to the disc file  
the same have to be done with the connection of the pixels with the data. Therefore a 
file with data connecting each pixel with corresponding to it points will be created.  
 

There can be done few types of the links with the original dataset. One of the 
solutions is to order the points in the order as they appear on the image and store the 
information about how many points are within each pixel. This option is very 
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ineffective and expensive in terms of memory use since it is duplicating the original 
dataset. Another option is to codify within image information about the points within it. 
There are few ways to do it. For each of them an additional layer or layers in the image 
have to be done. In that layer(s) for each pixel one of the following information about 
points within have to be stored: code of the point, its position in the points list, its 
coordinates etc. This kinds of solution have the following disadvantages: image file will 
be at least twice bigger and this factor can be multiplied many times if within even 
single pixel many points will be found. It is because the layers in the image have to be 
done for all the pixels matrix even if only one pixel contains any information. Therefore 
this kind of solutions were discarded.  
 

In this work image-dataset link use one of the features of the database structure 
presented in section 4.1.1. As it was defined all the datasets contain a stable list of 
points where position of each record is set at the moment of reading the data and will 
remain constant. Therefore as long as the original file remain unchanged each time the 
dataset will be read in the order and position of each point within it will be the same. To 
maintain the link between the image and the dataset the unique information that is 
needed is the position of the corresponding points in the list. This gives a possibility of 
constructing basically simple list of all the positions in the list of points ordered pixel by 
pixel. For this purpose two additional conditions have to be fulfilled. Firstly there have 
to be defined a constant way of counting the pixels. In this work pixels are counted 
using the following formula:  

( ) cNcrn +−= *1  
where: n – number of pixel, r – row number, Nc – total number of columns, c – column 
number. Columns and rows are counted starting from 1. Secondly, since within one 
pixel more than one point can be projected, there have to be stored also a total number 
of points within each pixel. Thus a linking file will have a number of lines equal to the 
number of pixels in the image and the row structure as follows: number of points that 
were found within pixel (0 if none), list of the positions in the points list of the points 
projected within the pixel. An example of a such file can be found in Figure 3. 
 

To assure working stability of the program there have to be stored also some 
additional data allowing to control if the image and the reference goes together. There 
are several control conditions implemented. First of them is file name. Since both of the 
files are stored it is easier to manage them when they have similar or the same names. In 
this work the name of the file with link to the data is created taking the name of the 
image file and adding “.ref” extension. Other control tools are using additional file with 
extension “.info” which contains all the information about the dataset that is e.g.: 
dataset name, number of points, number of columns and rows etc. All this data can be 
later used to control if the image file and its linking file belong to each other. This 
control tools are necessary when there is a need to retrieve some information from the 
image and its source dataset. Since the connection maintaining file store only position 
of the point in the list and not the points program checks also if the name of the image 
source dataset corresponds to the name of the dataset in program’s memory and if the 
number of points in the list is the same. If the information mentioned before and all the 
other data from the “.info” file are correct, than there is no risk of the program crash and 
data from the image can be retrieved.  
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Figure 3. Structure of the file linking the image and dataset. 
 

4.1.4. Interactive visualization tool 
 
 Once the image was created a tool for its visualization must be selected. I this 

work it was decided that instead of using one of the commercially available 
visualization software a proper program will be created. Therefore expectations to be 
faced by it were defined and so: it is assumed that the program will read the image files 
in the binary format as it was defined in the section 4.1.2.; it will have to be able to 
visualize the image on the screen in the grey scale; optionally it should visualize in 
colours to help in image interpretation; program have to allow to select points and areas 
interactively with mouse; there have to be an option of selection saving that will allow 
to use images for subsets creation; program have to make a zoom over selected area to 
help in data interpretation and more precise selection; it have to be able to work with 
multilayer images; there must be a tool for making statistic analysis of selected area. 
 

 A software fulfilling all of the conditions mentioned above was created in JAVA 
language environment. Selection of this language was driven by its multiplatform 
character and simplicity of graphics programming. There is also planned its C++ 
implementation integrated with the other processing tools. An example of this program 
screen is given in the Figure 4.  
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Figure 4. A screen of the visualization tool made.  
 
 Since within the objectives defined for the viewer there was nothing related with 
3D distance, area or volume measurements the program is not using the link with the 
original dataset described in the previous chapter. That connection is used however 
together with the selection files created in the visualization software to retrieve points 
and subsets from the point clouds. Implementation of the functions allowing for the 
mentioned measurements is not complicated and was not done only for the reasons of 
functionality speed. To use them program would have to read not only the image but 
also original dataset and linking file what would need much more time and would 
occupy a lot of memory. When the C++ implementation, integrated with other tools, 
will be done these functions also can be added. In this case the original dataset will be 
already present in the memory and will not have to be duplicated.  
 

4.2. Analysis of the quality of the point clouds 
 

4.2.1. Castellfollit de la Roca test field 
 
 Using the opportunity and kindness from the part of University’s of Barcelona 

RISKNAT group, the University’s research group of natural hazards, a dataset 
necessary for point cloud testing was obtained. It was done in Castellfollit de la Roca, 
located in the north of Catalonia, where a stone wall observed by the RISKNAT is 
located. An image of the test field can be found in Figure 5.  
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Figure 5. Castellfollit de la Roca test site image. 
 

 In the test site a series of measurements was taken from different positions and 
distances to measure the entire wall. In this part of the work, an experiment on two of 
them, done especially for this purpose, will be presented. The two mentioned point 
clouds have a special feature – they were done in series, from exactly the same position, 
with exactly the same orientation and registration settings. Therefore both of them have 
identical coordinates system guarantied by the stability of the tripod that the terrestrial 
laser scanner was mounted on.  
 

4.2.2. Methodology of the single point precision estimations 
 

 Thanks to their characteristics, in theory, both images should be the same. 
However, when it comes to details small differences are found. This changes have place 
due to the following factors: precision of distance and angles measurements (3D point 
position precision), noise of the observations, small changes in the scene. The last 
mentioned factor comes from the fact that although the measurements were done one 
after another different small changes, especially in the vegetation, have place mainly 
due to the wind. Also appearance of birds and animals or large pieces of dust in the area 
of measurements can result in single points position change in the scene. In this 
particular case atmospheric conditions between the two acquisitions were stable and its 
influence is not concerned. All the other differences in the points position are the result 
of single point precision and will be estimated. 
 

 For this purpose two independent and slightly different methods based on two 
commercial programs are used. First of them is a method based in the Least Square (LS) 
Surface Matching (LS3D). This method is using all the statistical tools of least square 
adjustment. One of them, the possibility of retrieving the residuals values, will be used. 
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For this purpose matching software implemented at the Chair of Photogrammetry and 
Remote Sensing of the Swiss Federal Institute of Technology Zurich is used. In Since 
both scans have exactly the same reference system, to obtain the image of their 
differences a matching try for the entire image will be done. The matching algorithm, in 
principle, works as follows: it generates a surface from the master point cloud, 
calculates a distance for each point of the second cloud to the previously generated 
surface and apply a transformation to the second point cloud in order to minimize the 
distances (errors) according to the least squares adjustment philosophy. The distances 
that are calculated in the second stage are the residuals. Therefore the residuals from the 
first iteration are in fact the differences at each point of the second point cloud in respect 
to the surface of first point cloud. This differences are exactly what is searched for, 
because their standard deviation value is the single point precision (1σ). It is worth to 
underline that this value will be calculated on basis of all the points within the second 
point cloud. In the matching algorithm there is also another very important tool that is 
outlier rejection. This option says to the program that all the points that have the error 
(distance to the reference surface generated from the first point cloud) bigger than the 
given value, are the gross error points and should be discarded. Program does not take 
such points to the calculations and also eliminate them from the residuals. The residuals 
image generated in this experiment using outlier rejection can be seen in Figure 6. For 
the better comparison with the data obtained using second method results with outlier 
rejection turned off are used.  
 

 
 

-0.2m      0     0.2m 
Figure 6. Residuals image obtained from the LS3D Matching program. Black pixels are 
no data areas. 
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 Second method used in this experiment is based on the possibilities of the 
program Surfer 8 from Golden Software, Inc. Analysis in this software are done in 
following way. From first of the point clouds a regular grid representing surface is 
generated. It is done in two steps: generation of TIN type mesh and next its 
recalculation into regular grid with predefined cell size. For the generation of primary, 
irregular mesh there are several algorithms available in the software. Delauney 
triangulation method, called in the program “Triangulation with Linear Interpolation” 
[38], was used. It is done due to the fact that the same method is implemented in the 
LS3D Matching software what allow for more correct comparison of the results. Than, 
generated surface is recalculated to the regular grid of the very small cell size. In case of 
second point cloud a step of TIN surface generation is omitted and a regular mesh is 
generated directly using the “Nearest Neighbour“ method. Both of the generated grids 
are done using exactly the same cell size and borders. A very small cell size (5mm) is 
chosen in order to maintain the point character of the second dataset. Taking into 
account the original dataset mean resolution of 5.4cm, this way a representation of each 
measured point in the mesh is practically guarantied. In the mesh based on the second 
point cloud only single points have values and all the rest are zeros. Then the two 
meshes are subtracted one from another and a difference dataset is created. In this 
dataset all the points existing in the second point cloud have now the values of distance 
to the reference surface and no data points remain zeros. From the obtained result a set 
of statistics is calculated to be compared with the ones generated previously. The 
important feature giving the difference in respect to the previous method is the lack of 
outliers rejection that makes possible appearance of big difference values in the final 
dataset. Image of the distances obtained with this method is not shown due to the fact 
that in the regular grid more than 99% of the points are empty and points with values 
are not visible in the images.  
 

4.2.3. Single point precision estimation 
 
 Two independent dataset containing the differences between the two point 

clouds taken in the series with the same position, orientation and settings were 
generated. Two things have to be commented here. Firstly, in both of the methods the 
difference values are calculated in 1D only. Their direction is defined by the Y axis of 
the coordinates system that is the direction connecting the geometric rotation centre 
point of the scanner and middle point of the maximum area that can be measured. In 
both used here methods difference values were calculated by subtracting the second 
point cloud from the first. Secondly, additional effort had to be done in order to 
compare the two generated datasets. This is due to the fact that both programs work 
with the data in different projection type mode. LS3D Matching program works with 
the data as it is in the central projection (see its residuals image) and Surfer works on 
the coordinates, therefore like in orthogonal projection.  

 
 To compare the datasets several areas were selected and cut out from the entire 

point clouds. Due to the mentioned difference in data projection type, in order to 
compare the two datasets each time the selected area have to be cut out separately from 
both of the images. The sketch of selected areas can be found in Figure 7. Areas 
presented in the figure will be hereafter called by their names or by the colours as they 
are marked in the Figure 7.  
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a) 

 
b) 

Figure 7. Areas selected for comparison of the single point precision in a) data coming 
from LS3D Matching program, b) form Surfer 8 program. 
 

 In this text an analysis of two areas is presented in details, later the summary of 
the results for all eight regions is given with a general comment about the results. Two 
areas in the tower (dark green and red) were selected as most representative, interesting 
and best for comparison. In the following part they are also called area A and B as it is 
on the Figure 8. 
 

 
Figure 8. Two areas selected on the tower for comparison. 
 

 Both of the areas are located very close each to the other and the main difference 
between them is the incidence angle for the laser ray that was measuring them. Within 
this two areas there is no vegetation. They consist of the solid construction walls that is 
very close with its reflection to the stones that will be observed in the real landslide 
cases. After cutting out the datasets for the two selected areas calculations with two 
presented methods were done. Comparison of the results obtained for both of them can 
be found in Table 1. 
 

Std. Deviation [m] Minimum [m] Maximum [m] 
Region 

Surfer LS3D Surfer LS3D Surfer LS3D 
Tower A 0,014 0,011 -0,070 -0,033 0,055 0,055 
Tower B 0,019 0,010 -0,142 -0,040 0,027 0,026 

Table 1. Comparison of the single point precision (standard deviation) estimation results 
obtained with two methods for the zones on areas located on the tower. 
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 By analyzing the statistics, images of the values and features related with the 
surfaces following conclusions are made: main part of the results difference between the 
two methods is coming from the extreme, minimum and maximum, values of the errors; 
both of the methods are indicating that for the solid areas the standard deviation value 
(single point precision) is in the level slightly above one centimetre. The main reason of 
the differences especially in the area A is probably the appearance of the flag and a part 
of the window in the top of the area. In the residual images it can be also seen that in the 
borders of the area some big errors appears. Another conclusion is that although for the 
comparison purposes outlier rejection was deactivated in the LS3D Matching software, 
another mechanism related with rejection of outstanding values was probably still 
working. In case of the area B, extreme values are not differing that much thus the 
standard deviation values are also much more comparable.  
 
 Results obtained for all the areas marked in the Figure 7 are placed in the Table 
2. In this table, in some cases, differences between methods are much bigger than the 
ones discussed before. Nevertheless their reasons are the same as it was discussed 
before with one exception only. In all rock areas vegetation appearance brings its 
influence. To better distinguish it and analyze difference reasons, characteristic of each 
area is given. And so: blue rock area is the area that covers practically entire area above 
the line of the trees that appear in the images. Within this area all types of surfaces 
appear: bare stones, mossy stones, grass and small bushes. Influence if this factors is 
obvious when minimum and maximum values, clearly indicating gross errors existence, 
are analyzed. This influence is proven by the yellow and maroon areas that are in its 
strong majority a vegetated areas. On the other hand cyan and magenta areas that has 
very small vegetation (especially magenta one) are indicating big similarity in both 
minimum and maximum values, and in standard deviation. Similar situation can be 
noticed in the green area that is representing buildings. Also here results are comparable 
and extreme values not that big. 
 

Std. Deviation [m] Minimum [m] Maximum [m] 
Region 

Surfer LS3D Surfer LS3D Surfer LS3D 
Tower (red) 0,014 0,011 -0,070 -0,033 0,055 0,055 

Tower (dark green) 0,019 0,010 -0,142 -0,040 0,027 0,026 
Buildings (green) 0,030 0,015 -0,329 -0,350 0,898 0,342 

Rock (blue) 0,153 0,019 -5,408 -0,482 4,164 1,156 
Rock (yellow) 0,205 0,030 -1,743 -0,348 1,773 0,174 
Rock (cyan) 0,051 0,020 -0,486 -0,152 0,587 0,150 

Rock (magenta) 0,024 0,018 -0,190 -0,140 0,193 0,134 
Rock (maroon) 0,119 0,016 -1,152 -0,137 1,690 0,073 

Table 2. Comparison of the single point precision estimation results obtained with two 
methods for the selected areas. 
 

4.3. Landslide monitoring procedure and its validation 
 
 Monitoring of the landslide deformation is a complex task. In this part of the 
work it is divided and described in three main parts: 

− Planning and realization of the measurements campaign 
− Data processing for deformation monitoring 
− Validation of the deformation monitoring results  
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4.3.1. Planning and realization of the measurements campaign  

 
 Planning of the measurements campaign has as en objective to assure that the 
complete dataset covering entire area of interest will be done with desired resolution. In 
this sentence are listed two main features that have to be planed that is: 

− Area of interest to be covered by points and objects to be analyzed 
− Desired spatial resolution 

 
This part is described on basis and with use of the planning that was done for: 

− “Campus experiment” – an experiment realized in the University campus where 
the Institute of Geomatics is placed. In this experiment the displacement of the 
objects to be measured with TLS was simulated with the use of artificial targets. 
Object were measured from two distances in two series. Between the two series 
targets were moved in the controlled way. A global view of the measured 
scenario can be seen in Figure 9. This experiment was realized with cooperation 
of University’s of Barcelona RISKNAT group. 

− “Formigal” test site – measured within the GALAHAD project and located in 
Pyrenees, close to the village of Formigal in Huesca province. An example of 
the panorama sight of the test site is given in Figure 10. In this test site there are 
two main areas of interest marked with the red colour. The one on the left is 
called “rocky landslide” and the one to the right “escollera” but only results 
obtained for the firs one are analyzed. 

 

 
Figure 9. General view of the “Campus experiment” test site with stable buildings in the 
back ground and 10 artificial targets below them 
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Figure 10. “Formigal” test site with two areas of interest marked in red.  
 
 Planning of the measurements campaign should be started with definition of the 
objects to be analyzed and their dimensions. In case of the “Campus experiment” there 
are 10 object of different surface type with dimensions of approximately 120x60cm 
each what gives a surface of 0.72 m2. Important feature of this experiment is that each 
target has different surface shape and material. It is done in order to analyze the 
influence of this factors to the deformation monitoring task. Targets were measured 
from two distance of about 100m and 200m in order to check number of points and 
possible measurement distance influence. Images of all the targets can be found in 
figure 11. There are following surface types used in the experiment: 

− Plane wooden surface – object nr. 1 
− Isolator’s brighter and softer side – object nr. 2 
− Concrete surface nr. 1 – object nr. 3 
− Aluminium – object nr. 4 
− Concrete surface nr. 2 – object nr. 5 
− Plane wooden surface with holes of two dimensions – object nr. 6 
− Isolator’s darker and rougher side – object nr. 7 
− Foam like dark isolator – object nr. 8 
− Cartoon – object nr. 9 
− Wooden surface with given shape – object nr. 10 

 
 
 In case of Formigal test site deformations are measured on the rocks laying 
within the interest area. Rock dimensions are varying a lot from the very small ones to 
the ones of few square meters of the area visible for the laser scanner. It was decided 
that the smallest rocks taken into account for deformation measurements will be the 
ones with area of about 0.7m2. 
 
 Now, when the size of the objects to be analyzed is known, a resolution can be 
defined. As it is said in section 4.3.2 for the monitoring method that is used in this work 
there should be at least few thousands of points within each object. Here this number is 
defined as 2000 point per object. Therefore for the objects of the area around 0.7m2 a 
desired resolution “d”, that is the mean distance between two following points at the 
given distance, can be calculated from the following equation: 

][

100][
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Where “Number” is total desired number of points within single object and “Area” is an 
area of the object visible for the laser scanner given in square meters.  
 

 
Figure 11. Targets used in the “Campus experiment”. 
  
 For both of the cases described here the desired resolution “d” is slightly below 
1.9cm. This is the minimum resolution that will guarantee correct work of the method. 
In the experiments presented here only 200m dataset in “campus experiment” has this 
resolution, other datasets are made with bigger point density. This way calculated 
resolution cannot be introduced to the instrument since it works with the angular 
resolution for both vertical and horizontal. TLS producers give tools that allow to 
recalculate the desired resolution in known distance (instrument can measure mean 
distance to the measured area) for the settings of the instrument.  
 
 In case of both the experiments presented here additionally to the TLS there 
were also made topographic measurements. This data is used in Section 4.3.3 for the 
validation purposes. This feature in case of the “Campus experiment” does not bring 
any additional changes in planning except of the logistics of topographic measurements. 
This is because of the fact that measurements of the targets before and after the 
movement were planned to be done during the same day and without movement of the 
total station. In case of the “Formigal” test site it brought an additional task of planning 
and stabilization of reference network for the topographic measurements. For this 
purpose 6 points are stabilized in the stable area. This points are controlled between 
each other each time the measurement campaign is done and are used to recover the 
same reference system for topographic measurements. 



Terrestrial Laser Scanning for landslides deformation monitoring. 
Thesis project by Piotr Jaszczak 

- 28 - 

 
4.3.2. Data processing for deformation monitoring 

 
 The new approach to the deformation measurements using TLS data was 
proposed by the Institute of the Geomatics [13]. This approach briefly consists of three 
main steps that are described in this part: 

− Global matching of the entire point clouds over stable area 
− Identification and selection of the movement areas 
− Estimation of the movement in 3D space using local matching of the data 

 
 The global matching of the point clouds over the stable area have to be done in 
order to place both of them in the same coordinate system. Originally each of them have 
its own reference system. Therefore in both of them the areas that are considered to be 
stable are selected. Over this areas few points are than measured in both of the point 
clouds to give an approximated coefficients for the six parameter transformation. 
Starting from this parameters a matching process is done. Matching process uses than 
all the points measured by TLS within the selected stable zone to obtain in iterative way 
the final transformation parameters. This way rototranaslation is computed using 
hundreds of thousands of points what gives the possibility to obtain it with the 
precision, measured as a standard deviation of results, much better than the precision of 
single points existing in the point clouds. Examples of the stable area selected from the 
two analyzed experiments can be found in Figure 12 and Figure 13. 
 

 
Figure 12. Stable area selected for the global matching in “Campus experiment” (white 
areas are places where data was cut out). 
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Figure 13. Stable area selected for the global matching in “Formigal” test site (black 
areas are places where data was cut out). 
 
 For this way prepared data a matching process is done. Matching is working on 
two point clouds, a so called master one, that is the one that’s coordinate system will be 
kept, and a point cloud that is fitted into the master. The second one is called slave and 
its reference system will be transformed to the master’s one. Matching generates as a 
result a set of transformation parameters for the point cloud fitted in, and residuals 
values for each of its points. The residuals of the matching process have to be studied in 
details in order to check if there is no evidence of existence of systematic errors and if 
there are no large areas giving residuals in the same direction. Existence of such areas 
can be a sign that a part of the area assumed to be stable has changed and should be 
eliminated from the global matching. An example of the residuals from the global 
matching visualized together with the intensity image can be seen in Figure 14. 
 
 If no evidences of existence of systematic errors appear, rototranaslation can be 
applied to the second point cloud. From this moment both point clouds are in the same 
reference system and a search for the displacements can be done. In case of both 
analyzed here examples the objects, where monitoring is done, are defined a priori 
(artificial targets in “Campus experiment” and rocks in “Formigal”) therefore there is no 
need to make this analysis. Nevertheless it is explained here on basis of another 
experiment having place in “Formigal” test site. In this experiment another scans, 
covering much bigger areas but with lower resolution are analyzed. It is assumed here 
that they are already co-registered using global matching technique as it was described 
above and are ready to be analyzed for the existence of deformations.  
 
 Searching for the deformation areas is based on the same matching technique 
used in the global matching. This time two point clouds having the same reference 
system are processed. Another difference is that the matching is done in the entire point 
clouds, containing both stable and movement area. Routine to calculate transformation 
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parameters is lunched. This time the only thing that is in interest are the residuals. The 
residuals from the first iteration have this feature that they are in fact the distances 
between the points of the slave point cloud to the surface interpolated from the master 
one. Taking into account that they are already matched before, in case when no 
movement had place, all the residuals should be around zero. Existence of areas with 
different values indicates the appearance of displacement between the measurement 
campaigns. An example of the residuals image investigating existence of the movement 
areas can be found in figure 15.  
 
 

 
 

 -0.17m     0     0.17m 
Figure 14. Residual from global matching visualized with intensity values. Note: Most 
of the remaining blue areas and lines are the no data points that were not eliminated due 
to the limited possibilities of used image processing. Small yellow and red rectangles 
are the targets that were placed during one campaign only. 
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-0.30m     -0.15m      -0.10m      -0.05m        0          0.05m      0.10m       0.15m    0.30m 
Figure 15. Residuals image used to detect the existence of displacement areas. (Red area 
in the centre of the image is probably a moving zone) 
 
 The final step of the used here processing approach is the estimation of the 
movement using local matching. Once again in this stage the same matching method, 
used in global matching, is utilized. As in the previous step, that is search for 
deformation areas, two point clouds having the same reference system are processed. 
The difference is that this time they are cut to the very small areas – corresponding to 
the single objects. Thus a separate dataset from both of the point clouds is cut for each 
of the artificial panel in “Campus experiment” and for each of the analyzed rock in 
“Formigal” test site. The fact, that the matching method is used here, brings a limitation 
of minimum number of points measured by TLS on each analyzed object. In order to 
work well and to give reliable results matching routine need at least 2000-3000 points 
per object. The more points are measured for each feature the more trustworthy result 
will be obtained.  
 
 In this part of the presented technique lays its biggest advantage in reference to 
the other deformation monitoring approaches. Usage of the local matching for each of 
the object allows to find not only a single dimensional distance between its positions but 
its three displacement vectors, in directions of coordinates system axes, and three 
rotation angles. The same technique allows also to estimate the scale change factor what 
is not used in this application. Local matching gives also a precision factor for each of 
the estimated parameters. Therefore a result of this approach is a complete 3D 
displacement characteristic together with results reliability report.  
 

4.3.3. Validation of the deformation monitoring results 
 
 In this section a validation of the results obtained using TLS processing method 
described in the previous section is done. It is based on the topographic measurements 
done for the two mentioned experiments. The validation of the local matching for all of 
the panels in the “Campus experiment” and selected rocks in the “Formigal” test site is 
done with results obtained independently from data gathered with precise total station. 
Results validation consists basically of two main steps: 

− Calculation of the deformation parameters, like the ones from TLS, obtained 
using topographic instrumentation 

− Comparison of the results given by two techniques. 
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 In case of the “Campus experiment” all the measurements, including 
topographic ones, were taken during one day. Total station remained unmoved all the 
day thus topographic datasets for both epochs, before and after movement, were in the 
same reference system from the beginning. In case of “Formigal” the measurements 
were taken with time gap of about three months. Therefore, in order to maintain the 
same reference system in both of the time periods a network of six reference points was 
stabilized in the stable area. Reference points were checked during the second campaign 
if they remain stable. None of the points moved, however two of them were lost. On 
basis of the reference points, during the second campaign, a reference system used in 
the first campaign could be retrieved. This way, in both of the cases, differences in the 
positions of the same points measured in different time periods are corresponding 
directly to their position changes.  
 
 In the “Campus experiment” on each of the panels 15-20 points were marked 
using metal screws with crosses on its head. This way stabilized points were measured 
with a precise reflector equipped with pointer on its back. Thus, the error of placing the 
reflector on points in panels can be assumed as zero. Signalized points were measured 
with total station Trimble 3601DR using its most precise mode from the distance of 
about 60m. It is worth to underline that atmospheric conditions were monitored all the 
time and adequate corrections were introduced to the instrument. Accuracy of the 
measurement of single point on the panel is roughly estimated to be on the level bellow 
5mm. In case of “Formigal” test site about 15-20 points were marked on each of the 
rock selected for the validation. Points were marked with crosses of paint resistant for 
the weather conditions. Middle point of each of the cross is defined with the precision 
of about 2mm. Measurements were taken from the distance of about 100m using most 
precise mode of the available total station. At each of the points first a pointing with the 
total station to the cross was done and than a precise reflector was placed on it to 
measure the distance. Accuracy of single point in the “Formigal” test site, taking into 
account errors of recuperation of reference system, pointing and distance measurement, 
is roughly estimated to be in the level slightly better than 1cm.  
 
 On basis of the measured points a set of rototranaslation parameters for each of 
the panel and rock was calculated. This results were calculated in the very similar way 
to the results from TLS. For the topographic results least squares adjustment was done. 
This approach is based on identification of the same points in two measurements 
campaigns and finding a transformation between them using LS adjustment. Also in this 
case a statistic characteristic of the results is calculated. Usage of 14-20 points 
depending on panel in “Campus experiment” allow to estimate rototranaslation 
parameters with precision not worse than 2mm for translation vectors and not worse 
than 0.005º for the rotations. In case of “Formigal” test site this values are 1.5mm and 
0.008º respectively. Results of the topography estimations are given in the same manner 
as the ones coming from the TLS treatment what allows for their direct comparison.  
 
Validation of the “Campus experiment” 
 
 In the “campus experiment” both datasets, coming from 100m and 200m, were 
analyzed and validated. For the dataset taken from the distance of 100m all the panels 
are estimated using TLS technique. For the dataset made from 200m two of the panels 
cannot be estimated due to the occultation by bushes that have place. For this reason in 
this dataset, panels 2 and 3, are eliminated. Validation results of the 100m dataset can 
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be seen in table 3. Corresponding results for 200m are placed in table 4. In both of the 
tables values estimated from TLS are marked with this acronym, values received from 
topographic measurements are marked as “Topo.”. Error values are the differences 
between the two independent solutions. Each column represents results for one panel 
that are numbered from 1 to 10 as it is shown on the Figure 11.  
 

100m T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
X TLS -2.5 -19.5 -32.0 23.4 -6.2 8.7 21.3 15.0 -1.4 59.2

X Topo. -3.1 -19.2 -32.8 23.9 -6.4 9.8 23.4 15.5 -1.5 58.6
X Error -0.6 0.2 -0.8 0.6 -0.3 1.1 2.0 0.5 -0.1 -0.6
Y TLS 19.8 -32.3 -8.3 -20.8 21.4 -21.3 9.1 -19.6 -47.3 9.6 

Y Topo. 19.2 -32.8 -8.4 -20.0 20.4 -22.2 10.1 -18.0 -47.1 8.3 
Y Error -0.5 -0.5 -0.1 0.8 -1.0 -0.9 1.1 1.6 0.2 -1.3
Z TLS -0.3 -0.2 -1.9 0.0 1.0 -4.6 -0.3 1.2 -2.8 -0.7

Z Topo. -0.6 -0.7 -1.1 0.5 2.2 -4.3 -1.0 -1.2 -4.7 -1.0
Z Error -0.3 -0.5 0.8 0.4 1.2 0.3 -0.6 -2.4 -1.9 -0.3

Rot x TLS 0.6 4.3 -0.3 1.2 1.2 2.6 -1.1 -2.8 0.5 1.4 
Rot x Topo. 0.7 4.4 -0.7 0.7 1.0 3.1 -0.5 -2.0 0.8 1.8 
Rot x Error 0.0 0.1 -0.4 -0.5 -0.2 0.5 0.7 0.8 0.4 0.4 
Rot y TLS 0.0 -0.2 -4.9 0.1 0.4 3.0 1.3 -1.8 0.5 4.6 

Rot yTopo. 0.2 -0.8 -6.0 0.3 0.6 2.2 2.0 -1.6 0.4 4.2 
Rot y Error 0.2 -0.6 -1.1 0.2 0.2 -0.8 0.7 0.1 -0.1 -0.3
Rot z TLS 0.7 2.2 -1.7 11.7 2.4 -11.4 2.8 6.9 8.9 2.6 

Rot z Topo. 0.3 2.1 -1.6 12.1 2.0 -11.4 3.7 7.4 8.8 2.3 
Rot z Error -0.4 -0.1 0.1 0.3 -0.4 0.0 0.9 0.5 -0.1 -0.3

Table 3. Validation results for “Campus experiment” with dataset taken from 100m. 
Linear elements of rototranaslation are given in centimetres, angular elements in gons 
(full circle 400gon).  
 

200m T1 T4 T5 T6 T7 T8 T9 T10
X TLS -2.3 21.5 -6.8 4.1 20.7 13.3 -2.5 57.5

X Topo. -3.1 23.9 -6.4 9.8 23.4 15.5 -1.5 58.6
X Error -0.8 2.4 0.3 5.7 2.7 2.2 1.0 1.1 
Y TLS 21.5 -18.7 23.0 -21.2 11.2 -16.6 -45.3 10.1

Y Topo. 19.2 -20.0 20.4 -22.2 10.1 -18.0 -47.1 8.3 
Y Error -2.3 -1.3 -2.6 -1.0 -1.0 -1.4 -1.8 -1.8
Z TLS -0.2 -0.1 3.5 0.1 0.5 1.6 -1.8 1.4 

Z Topo. -0.6 0.5 2.2 -4.3 -1.0 -1.2 -4.7 -1.0
Z Error -0.4 0.5 -1.3 -4.4 -1.4 -2.8 -2.9 -2.4

Rot x TLS 0.6 4.3 -0.3 1.2 1.2 2.6 -1.1 -2.8
Rot x Topo. 0.7 4.4 -0.7 0.7 1.0 3.1 -0.5 -2.0
Rot x Error 0.0 0.1 -0.4 -0.5 -0.2 0.5 0.7 0.8 
Rot y TLS 0.0 -0.2 -4.9 0.1 0.4 3.0 1.3 -1.8

Rot yTopo. 0.2 -0.8 -6.0 0.3 0.6 2.2 2.0 -1.6
Rot y Error 0.2 -0.6 -1.1 0.2 0.2 -0.8 0.7 0.1 
Rot z TLS 0.7 2.2 -1.7 11.7 2.4 -11.4 2.8 6.9 

Rot z Topo. 0.3 2.1 -1.6 12.1 2.0 -11.4 3.7 7.4 
Rot z Error -0.4 -0.1 0.1 0.3 -0.4 0.0 0.9 0.5 

Table 4. Validation results for “Campus experiment” with dataset taken from 200m. 
Linear elements of rototranaslation are given in centimetres, angular elements in gons 
(full circle 400gon). 
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Validation of the “Formigal” experiment 
 
 In the “Formigal” test site the validation is done for the “Rocky landslide” zone. 
In this area four rocks were measured using both of the techniques. More rocks were 
planned for the validation in this zone but they were covered by the protection net 
during the works on the hill what makes them inaccessible. Validation results obtained 
in this rocks are shown in table 5. Values estimated from TLS are marked with this 
acronym, values received from topographic measurements are marked as “Topo.”. Error 
values are the differences between the two independent solutions. Each column 
represents results for one of the rocks that are numbered as it is shown in the Figure 16. 
It is important to underline that the results of both methods are indicating that no 
movement have occurred for the considered rocks. 
 

 
Figure 16. Localization of rocks used for validation within “Rocky landslide” area of 
the “Formigal” test site. 
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Rocky R12 R13 R14 R16 
X TLS 0,3 -0,6 -0,1 0,1 

X Topo. 0,1 0,4 0,5 0,6 
X Error -0,2 1,0 0,5 0,5 
Y TLS 0,5 -0,9 0,1 -0,1 

Y Topo. 0,0 0,1 -0,1 -0,3 
Y Error -0,5 1,0 -0,2 -0,3 
Z TLS 0,3 -0,5 -1,2 -0,2 

Z Topo. -0,6 -0,5 -0,5 -0,4 
Z Error -0,9 0,1 0,7 -0,2 

Rot x TLS 0,2 0,1 0,1 0,0 
Rot x Topo. 0,1 -0,1 0,1 -0,1 
Rot x Error -0,1 -0,2 -0,1 -0,1 
Rot y TLS 0,0 0,0 0,0 0,0 

Rot yTopo. 0,0 -0,1 0,0 0,0 
Rot y Error -0,1 -0,2 -0,1 0,0 
Rot z TLS 0,0 0,0 0,0 0,0 

Rot z Topo. 0,0 0,0 0,0 0,0 
Rot z Error 0,0 0,0 0,0 -0,1 

Table 5. Validation results for “Formigal” test site “Rocky landslide” zone. Linear 
elements of rototranaslation are given in centimetres, angular elements in gons (full 
circle 400gon). 
 
5. Conclusions 
 
 Presented here results of investigation and experiments treating about landslides 
deformation monitoring with use of the data coming from TLS bring to the following 
conclusions: 

− There is a need of development of software package that will be dedicated 
especially to this task. This software have to deal with a list of problems related 
with the characteristic of the point cloud. A list of the tasks it should be able to 
realize was described in the sections 4.1. and 4.2. This list have to consist of at 
least following ones: 

o Many point clouds reading, storage and management 
o Creation of the images if point cloud in projection desired by the user 
o Maintaining the link between each pixel of the generated image and 

corresponding to it data in the original dataset 
o Visualization tool with possibility of selection of the points and areas 
o Implementation of the least square matching technique proposed by 

Gruen and Akca in [12] 
o Making the global matching over the selected stable area 
o Visualization and analyze tools for the residuals generated during the 

global matching 
o Application of the calculated rototranaslation to the proper point cloud.  
o Making the global matching for the entire point clouds and analysis of 

the 1st iteration residuals for possible deformation areas search 
o Selection of the objects (areas) on the point clouds and making the local 

matching for them to estimate the deformation that had place. 
− A precision of the single point was estimated in the section 4.2. It was found that 

its main limiting factor is the existence of vegetation. For the areas without 
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vegetation single point precision is in the level of 1-1.5cm. For vegetated areas it 
comes up to few centimetres. 

− A processing chain of the deformation monitoring described here allows to 
obtain a complete 3D description of the movement. It has a form of three 
translation vectors and three rotation angles. Processing chain should consist of 
three following steps: 

o Global matching of two point clouds over the selected stable area 
o Global matching of the entire point clouds already matched over stable 

area and searching the possible movement zones. 
o Local matching of the selected areas to estimate the deformation. 

− By means of the topographic measurements a described here approach for 
landslide deformation monitoring was validated. Validation results indicate that 
the accuracy of the estimations comes to 1cm in vectors and remains below 0.5º 
for the rotations. No dependence on the surface type was observed.  

− Accuracy of the TLS based estimations depends on the following factors 
o Number of points within each of the object – it was found that limitation 

of points number makes the estimation less reliable. 
o Form and size of the monitored object – results obtained in the 

“Formigal” are much better that the ones from “Campus experiment” 
especially for the angles estimation what is assumed to be the result of 
bigger dimensions of the rocks. 

o General rule is: the bigger the object is and the more points it contains 
the better is the accuracy of the movement estimation result. 

 
6. Future work 
 
There are following areas of future work foreseen for this work: 

− Integration of existing processing tools for TLS coming data manipulation and 
implementation of the new ones 

− Search of the tasks that may be a subject of automatic processing. Research for 
their solutions and implementation.  

− Continuation of the monitoring of Formigal test site. 
− New validation experiments for TLS based deformation monitoring with 

presented approach. 
 
Listed above tasks are planned to be realized in the following terms: 

− Integration of the existing TLS data processing tools – until April 2007 
− Implementation of visualization tool and its integration with other tools – until 

June 2007 
− Identification of the processes that can be automated – until August 2007 
− Research on the solutions and implementation of automated processes – until 

February 2008 
− Testing of the automated processing chain – until June 2008 
− Measurements of the additional test sites – until the end of 2007 
− Preparation and defence of the PhD Thesis – until the end of 2008 
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