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Abstract  
 
 
Today there are different methods to automatically generate 3D models from laser data, which 
give varying results. The two methods used in this study are, a fully automatic method 
developed by the Swedish Defence Research Agency, FOI, and a semiautomatic method 
within the program Terra Scan which is developed by Terrasolid, a Finnish company. 
The report describes the way these methods have been implemented, and it evaluates the 
output quality of each model set created from specified criteria. 
In order to be able to verify the quality, a statistical model was created with the purpose of 
using it for other situations as well in the future. 
The modelling methods gave different results and both had their strengths and their 
weaknesses, which makes them applicable for different tasks. The strength in FOI’s method is 
that it could recreate even more advanced buildings and still get a good visual impression, e.g. 
Stockholm’s central station. 
One advantage with the method used in Terra Scan is that it has good capabilities and tools to 
edit the models, which makes it possible to vary the quality depending on the purpose. 
In order to generate the best result this method is not supposed to be used in an automatic 
way. 
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Sammanfattning 
 
 
Idag finns många metoder för att automatiskt generera 3D husmodeller, med varierande 
resultat. Dels har försvarets forsknings institution, FOI, utformat en helautomatisk metod för 
generering av husmodeller och dels har det Finska bolaget Terrasolid en metod i sin 
programvara Terra Scan för att rekonstruera byggnadsmodeller. 
Denna rapport bygger på utvärdering av dessa två metoders modelleringsförfaranden, där 
metodernas utformning gås igenom och kvaliteten kontrolleras. För att kunna kontrollera 
kvaliteten hos modellerna byggs en statistisk modell upp som har för avseende att kunna 
användas vid framtida bruk som ett verktyg för kvalitets kontroll. 
Kvaliteten hos de båda metoderna gav varierande resultat och båda metoderna hade sina 
styrkor och svagheter, vilket gör dem användbara för olika situationer. En styrka i FOI’s 
metod var att den kunde modellera även mer komplexa byggnader med svårare utformning, så 
som Stockholms Centralstation. 
Positivt med metoden i Terra Scans är att det finns bra editerings verktyg så att kvaliteten kan 
varieras enkelt beroende på krav men på bekostnad av en tids parameter. För att få ut de bästa 
resultaten med denna metod krävs manuell editering. 
 
 

 4



Thesis work in geodesy 2007-04-29 
Anna Hammar 
810329-0261 

 

 

 

 

Table of Contents 
 
 
Abstract ...................................................................................................................................... 3 
Sammanfattning ......................................................................................................................... 4 
Table of Contents ....................................................................................................................... 5 
1 Introduction ........................................................................................................................ 6 

1.1 Background ................................................................................................................ 6 
1.2 Objectives................................................................................................................... 6 
1.3 Relevance of investigation ......................................................................................... 6 
1.4 Limitations of the Thesis............................................................................................ 6 

2 Theories.............................................................................................................................. 7 
2.1 FOI’s automatic building modelling method ............................................................. 7 
2.2 Terrasolid’s building modelling method .................................................................... 9 
Modelling scheme ................................................................................................................ 10 

3 Materials........................................................................................................................... 11 
3.1 Study area and data .................................................................................................. 11 
3.2 Constructed buildings............................................................................................... 12 
3.3 Software ................................................................................................................... 14 

4 Quality Standards ............................................................................................................. 15 
4.1 Relevance of units .................................................................................................... 15 
4.2 Quality parameters ................................................................................................... 16 

5 Description of the practical procedure of the study ......................................................... 17 
5.1 Aim........................................................................................................................... 17 
5.2 Methods and performances ...................................................................................... 17 
5.3 Results ...................................................................................................................... 18 
5.4 Evaluations ............................................................................................................... 22 

6 Conclusions and Future Studies ....................................................................................... 23 
6.1 Conclusions .............................................................................................................. 23 
6.2 Future Studies........................................................................................................... 23 

References ................................................................................................................................ 24 
Appendix A .............................................................................................................................. 26 
Appendix B .............................................................................................................................. 32 
Word list and word description ................................................................................................ 37 
 

 5



Thesis work in geodesy 2007-04-29 
Anna Hammar 
810329-0261 

 

1 Introduction 
 
 
 
1.1 Background 
 
The growing interest in virtual reality techniques and 3D city modelling has generated a focus in development of 
automatic methods. 
Increasing point density can be achieved through the modern laser scanning technologies, which makes the 
detection of planar roof faces in point clouds easier. Many laser scanners mounted in aeroplanes can nowadays 
achieve point densities of up to ten points per square metre. Systems mounted in helicopters have been 
conducted with point densities of fifteen to thirty points per square metre, depending on the flying altitude, 
velocity, scan angle and the pulse repetition frequency. These high point densities usually result in a large 
number of points on a single roof face. By analysis of the point clouds these roof faces can be detected 
automatically. For the detection normal direction for points are used in a clustering procedure. And to generate 
straight lines a 3D Hough transformation often is used, described in more detail in Appendix A. 
 
Complete automation of 3D buildings is often divided into sub steps; classification and building reconstruction. 
In the first step the point clouds containing buildings, trees and other objects are separated from the rest of the 
dataset. Then, in the next step, buildings are extracted by some criteria. The modelling part takes place when the 
laser point representing buildings have been separated. 
 
 
1.2 Objectives 
 
Today different kind of automatic methods are used for 3D house modelling from laser data. In order to be able 
to use these models and to deliver a product, 3D buildings, it is necessary to verify the quality and standard. In 
this study different methods are used with the purpose to define those parameters that determine the output 
quality. 
The objectives of this thesis are to specify different levels of quality for 3D buildings, and to establish a prospect 
of a procedure that can be used in order to verify the required accuracy. 
 
 
1.3 Relevance of investigation  
 
With today's LIDAR (Light Detection And Ranging) technology and computers, increased capacity regarding 
processor force and storage capability, airborne laser scanning has become a central part in data collection, of 
geographical information, when it comes to bigger areas. The ability of this digital technique, to generate data 
sets with high point density, has opened up great possibilities for a more automatic process flow where among 
others automatic methods for city modelling is growing strong and will hopefully within short time be able to 
fulfil the requirements and accuracy needed for surveying measurement applications. 
 
 
1.4 Limitations of the Thesis 
 
In this thesis only two methods are used: FOI’s and Terra Scan’s methods described in chapter two. To 
investigate these methods only data collected from one company at the same occasion has been used and 
therefore systematic errors not depending on the automatic methods might be included. The areas are also 
restricted to 500x500m. 
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2 Theories 
 
 
 
2.1 FOI’s automatic building modelling method 
 
 
FOI’s automatic 3D building modelling method can be divided into tree main-parts including several sub-
steps. First, laser data point clouds are converted into pixels, and then the data are classified into ground and 
buildings, as a last step building segments are reconstructed into vector data. The information outlined in this 
chapter refers to, Tolt (2006). 
 
Converting data: 
The laser data point clouds are divided into images of size 300x300 m, with an overlap of 100 m. Where the data 
is re-sampled into a grid with cell size of 0.25x0.25 m, each cell contains, e.g. a number of features like 
minimum and maximum height values (zmin and zmax), number of hits and the occurrence of multiple returns. 
 
Classification: 
Ground estimation is made by identifying data points that correspond to bare earth and then create a ground 
model, through interpolation. To do this, certain assumptions are taken; that it is always at least one ground 
segment in each 300x300 m region, and that the lowest elevation point in the image is a ground point. This is 
unless the point belongs to a too small segment e.g. due to outliers. It is also assumed that the lowest point in 
each watershed segment is a ground point, unless it lies inside a part of the image that is considered non-ground. 
 
First, watershed segmentation (explained in Appendix A) of the height image (an image including the zmax values 
gained by using a median-filtered version, which reduce noise) is performed. This results in a set of segments 
that each correspond to an area where the data “point downwards” to a local minimum, where the lowest point in 
every sufficiently large watershed segment form an initial set of possible ground pixel, seeds. 
 
Misclassified points among the seeds, e.g. due to seeds Appearing on nearly flat or valley shaped roofs, are then 
identified in those regions that are highly unlikely to be ground, and in which seed points should therefore be 
ignored. 
 
Then, to expand the ground model, a region growing (explained in Appendix A) process starts from the bottom-
most seed in the image, with a height threshold corresponding to the expectations of the steepness of the 
elevation model. If the angle between a seed point and the already classified ground points are exceeding a 
specified limitation angle the seed point is excluded because it is likely a non-ground point. 
 
In areas were there are no ground models, a ground level, is estimated trough an iterative procedure; starting 
with a linear interpolation, using Delaunay triangulation (explained in Appendix A), and then pixels with 
elevation values close to that of the interpolated surface are also marked as ground pixels. The reason for this is 
that there may be ground hits (typically under vegetation) that have not been marked as ground in the region 
growing process. The interpolation is then iterated until no or only very few more pixels are marked as ground. 
 
Building detection: When a ground model has been created the next step is to extract the buildings in the 
images. This is done by combining the outputs from two classifiers. 
An assumption that relevant buildings exceed a level of 2 m above the ground is made, which allows the 
obtaining of the entire set of possible building pixels by thresholding (explained in Appendix A) a normalized 
elevation image (to normalize an image the intensity interval is stretched in a linear way changing the pixel 
intensity values). 
 
The first classifier is based on segmenting the image by morphological dilation (described in Appendix A) of a 
multiple echo, with an assumption that there are a high concentration of multiple echoes in vegetation areas and 
very few on top of buildings. Areas with several pixels connected to each other containing only single echoes 
will therefore represent new regions. With a Multi-Layer Perceptron (explained in Appendix A) the segments are 
then classified as building, vegetation, etc., based on the shape of the segment and the curvature and roughness 
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of the surface. The shape is described in terms of the Hough Value*. Obviously, most building borders consist of 
straight lines, which then yield low Hough values. The curvature and roughness are characterized by the 
Laplacian and Maximum Slope operators (explained in Appendix A), respectively. Measures of local height 
variations such as Laplacian and Maximum Slope have been used to segment laser data. It should be noted here 
that although the existence of straight edges increases the chance for classifying a certain object as building, it is 
not an explicit requirement. Since other features are also used in the classification process, buildings of less 
regular shape may still be correctly classified. On the other hand, this may cause misclassification of vegetation 
areas as buildings. In addition, building boundaries and complex structure with significant multiple echo density 
and great height variations are often misclassified into vegetation. Finally, detected buildings segments are 
enlarged by region growing, in order to encompass the boundaries. Sometimes, this process does not terminate 
where the building boundaries are, but grows into neighbouring trees of similar height. 
 
The second classifier locates a number of seed points in flat areas, presumably roofs, by using similarities of 
normal directions within a neighbourhood, planar or homogeneous patches can be detected. In a flat area the 
normal direction vectors point in the same direction and gives an average close to one. The normal direction is 
estimated through a local 2nd-order surface fitting approach. 
The initial roof segments are then obtained through pixel-wise classification, where a simple threshold value is 
used. The initial roof segments are then enlarged through a region growing process, in which pixels are accepted 
as belonging to a neighbouring roof segment if the height and normal direction are both of a satisfactory 
similarity. This process continues until no more or too few pixels are added. 
 
By thresholding the elevation images, zmax and zmin, two object images (binary masks, image including two 
values in this case background pixels are black and foreground are white) Iobj,max respective Iobj,min are generated, 
which are combined to an object image where areas with e.g. vegetation have some holes inside the object. Then 
an inverted distance transformed image is created from the object image, which is used in the watershed 
segmentation. Segment that contains sufficient amount of “roof” pixels are classified as buildings. Even if no 
holes would occur in the object image, buildings and neighbouring vegetation are generally separated due to the 
distance transformation having a minimum between these. 
 
Combining of classifiers; the output result from classifier one and two are combined, in such way that pixels are 
classified as buildings where both classifiers indicate the existence of a building. In areas where the outputs, 
from the classifiers, are in conflict will be classified as buildings if the area is sufficiently small and have enough 
building pixels surrounding it. 
 
 
Building reconstructions: 
The classification part generates in a number of building segments. From these segments planar surfaces are 
extracted. Then topological relationships between roof faces are established. Building boarders are determined 
and 3D models of buildings created. 
 
The first step is to estimate the surface normal, in every pixel of each building segment, by fitting a plane to the 
elevation data in each pixel for a local region. Then a clustering of surface normal parameters is performed, 
where a set of possible normal directions is found. 
The plane parameters are then adjusted, in an iterative re-weighted least-squares adjustment method, to obtain a 
refined set of plane parameters. 
If there are non-clustered pixels left after the clustering procedure they are added to the nearest roof face in a 
region growing process, as long as the height value and the normal direction do not change significantly. If the 
non-segmented regions outside of the extracted roof faces are too large they will be excluded, as they typically 
correspond to neighbouring vegetation. 
 
When roof faces have been obtained, the topological relationship between them is determined and represented by 
a set of topological points and sections. Then, the building borders are corrected by performing line detection 
(Hough Transform) and taking the slope of the neighbouring roofs into account. As a final step 3D polygon 
models of buildings are created, based on vertices (a point, where two lines meets) and roof polygons. The 
vertices obtain their height values from corresponding plane. Then vertical wall segments are inserted between 
any two vertices along height discontinuity sections. 
 

                                                 
*Hough Value: The proportions of boundary pixels that do not belong to a significant peak in the Hough Transform feature space, for Hough 
Transform see Appendix A. 
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FOI’s modelling method can be divided in a segmentation part, detecting the areas of interest, and a constructing 
part, creating the models. The reason for this choice of design is to make the method more flexible so that the 
detection of building regions can be replaced with information from a base map, for example. 
 
 
 
2.2 Terrasolid’s building modelling method 
 
 
The method in Terra Scan is based on creating vector buildings from laser hits on planar roof surfaces. In order 
to be capable of constructing buildings it is important to have a large number of hits on each roof plane, as these 
are used to compute the plane equation. It is also necessary to have intersection lines, points from two surfaces. 
Firstly, laser data has to be classified into ground data and buildings extracted. Ground points are identified and 
classified through an iterative triangulation procedure. This method, according to Soininen (2006), starts from 
the lowest points, inside certain defined areas, with restriction for the iteration angle and iteration distance and 
were a maximum edge length and a maximum terrain angle is defined. The terrain angle specifies the steepest 
slope that can exist in the terrain. The iteration angle refers to the maximum angle between the surface plane and 
two connected vertices. The iteration distance constrains the maximum height allowed between the surface plane 
and two connected vertices. The maximum edge length refers to the maximum length of each edge in the triangle 
before the iteration angle is reduced. 
Then all points over two meter from ground are classified to a group including buildings and high vegetation. 
After that from hole in the ground building points are detected and planar surfaces identified. The next step is to 
detect the symmetry and adjust plane equations and then find boundaries of each plane. In the final step roof 
edges are auto aligned and the model accepted. 
 
The roof plane segmentation, are performed by a hierarchical clustering approach, grouping points into an 
automatically computed number of roof planes on basis of the point’s normal direction and location. The normal 
direction is computed for each laser point, by fitting a surface through the point and its nearest neighbours, at 
buildings edges point’s normal directions are taken from the nearest neighbours. For each cluster, plane-
parameters are adjusted. Each plane allocates a base direction. On a tilted plane the direction is taken from the X 
and Y components from the surface normal and for a flat roof plane the direction is fitted to the points in the 
XY-plane, as in Figure 1-2, for all planes. 
Next, the boundary lines are automatically detected for each roof plane. A first step is to fit a rectangle shape to 
the laser points included in a plane in the best possible way. Then if some areas of the rectangle has lake of 
points these parts are removed, creating a rectangular shape. If there is no good fit with the rectangular shape a 
polygon is used to define the lines, with no restrictions for right angles. The correct topology of the entire roof 
can be recovered by considering the adjacency relationships among roof planes, estimating coherent position for 
each vertex; generally in an interactive way. The building height is then computed by considering the 
distribution of the ground points and the polyhedral building models, according to Visintini (2005). 
Next, Terra Scan software makes it possible for an interactive assisted editing to achieve a topologically correct 
roof model. Successively, the command “Auto-align boundaries” automatically finds the intersections between 
adjacent planes and aligns them. 
Finally, its vertical walls are modelled: these are simply built as an “extrusion” of the roof perimeter, once the 
distance between the eaves lines and the walls, and the minimal height of the terrain around the building are 
fixed. 
 

 
Figure 1: The base direction for a flat building plane, in turquoise, is symbolized with an arrow. One building can have several base 
directions, different base direction for different planes. Planes related to the same base direction are of the same direction group. 
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Figure 2: The base directions of a tilted plane. 
 
 
Modelling scheme 
 
The modelling methods described earlier in this chapter have some main steps in common. Figure 3 gives an 
overview of these procedures where an overall modelling procedure is outlined in the middle of the figure. 
 

Modelling performance

1. Ground
classification

Pixels Laser points

FOI Terra Scan

-Water shading methods => 
finds seed points

-Region growing starts from 
the lowest seed point, were 
there are restrictions about 
the expected steepness

-Triangulates from seeds, 
with criterion on the 
iteration angular and 
iteration distance

2. Extraction of 
objects two meters 

above ground-Two different classifiers 
how's result are combined  
=> house is separated

- Points two meters above 
the ground surface is 
separated to a new class, 
e.g. vegetation and 
buildings3. Detection of 

plane and building 
borders

-Normal directions in each 
pixels compares and roof 
planes is clustered

-Detection of lines by 
Hough Transformation

-By pointing at a building  
=> roof planes in that area 
are detected and grouped

4. 3D polygon is 
created

Figure 3: Description of FOI’s and Terra Scan’s methods where an overview structure common for both methods are described in the middle. 
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3 Materials 
 
 
3.1 Study area and data 
 
Two different areas were used in the research, Figure 4. One located in the city-centre of Stockholm, a part of 
Norrmalm, and the other located in “Bromma Kyrka” a suburb in Stockholm. The areas of interest are 
approximately 500x500 m where the first mentioned were supposed to represent a city environment and the 
second was chosen to represent a small house environment. 
The LIDAR data used for the building modelling was measured from airplane, optech system, with a frequency 
of 20 kHz. It had a point density of approximately 9 points/m2, flying altitude of 600 m, in the central parts of 
Stockholm and around 3 points/m2 in the suburb, flying altitude of 800 m. Data was also thinned to obtain a 
point density of 1 point per m2 in each area. 
In order to be able to make the quality control 3D models from Stockholm’s City Planning Administration 
(SBK) were used as ground truth data, where roof planes were measured with photogrammetric measuring 
procedures. This sets the limitation for accuracy to a decimetre level. 
 

Figure 4: A map over Stockholm, were the two areas that have been used in this study are enlarged. 
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3.2 Constructed buildings 
 
 
FOI: The 3D house-models from FOI were made from the LIDAR data with the point density of 9 points per m2 
in the city-centre and 3 points per m2 in the suburb. Buildings where generated with a program following the 
procedures described in Chapter 2.1 and the result where saved in separated dxf files. These files were then 
merged into one single dgn file. The input for quality control was then two test sites, the city-centre and the 
suburb. 
 
Models generated with FOI’s method are shown in Figure 6 and 10. 
 
Here it was not possible to generate buildings with the lower point density of one point per square metre. 
 
TerraScan: Five 3D model sets where generated with Terra Scan method. Two sets with the lower point 
density of 1 point per m2 for each test area. Two sets with the point density of 3 points per m2 in the suburb, 
where one set of models were edited and the other was not. Than there were one set with 9 points per m2, in the 
city-centre as well. 
In order to construct lower point density the method “thin points” in Terra Scan were used. This routine will 
only remove points which have another point within a given horizontal distance limit and within a given 
elevation difference limit. The thinning routine tries to find groups of points, where all the points are within a 
given horizontal distance and the elevation difference from a central point in the group are not diverging more 
then a given threshold value. Then a chose can be made to keep the highest, lowest, central or created average 
point in each group. The central point was kept in this study. 
The models were generated from ground and building classified data points. Buildings were classified by a 
method, inside fence, from a base map and ground by the method described in Chapter 2.2. 
 
The “Constructing Building” parameters were set to: 
 
Process inside: hole in ground searching for house points inside an area where no ground 

points exist 
Expand by: 0.5 m when reaching ground points the search expands by a distance 

in order to make sure there are no more ground points in that 
area 

Minimum size: 40 m2  limitation value for roof planes 
Z tolerance: 0.20 m laser points of one roof plane can not diverge more than the 

tolerance value and still contain the same plane 
Merge horizontal planes: was checked horizontal planes are merged into one plane 
Tolerance increase: 0.20 m  the plane can be increase with a specified value 
 
In the city-centre larger buildings were made in subsets, in order to be able to construct the whole building. 
Buildings constructed from 9 points per m2, were also restricted to a smaller area hence the modelling per 
building was very time consuming. 
 
The modelling result with Terra Scan’s method is shown in Figure 7, 8 and 11-13. 
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The City-centre: 

  
Figure 5: Reference buildings from SBK over the city-centre.            Figure 6: Models generated with FOI’s automatic method. 
 
 

  
Figure 7: Models constructed with Terra Scans method, 1 point/m2.       Figure 8: Buildings constructed with Terra Scans method, 9 point/m2. 
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The Suburb: 

  
Figure 9: Reference building over area one.                  Figure 10: Building models constructed by FOI’s Automatic method. 

  
Figure 11: Models created with Terra Scans method, 1 point/m2.              Figure 12: Models created with Terra Scans method, 3 point/m2. 

 
Figure 13: Edited models created with Terra Scans method, 3 point/m2. 
 
 
 
 
3.3 Software 
 
Micro Station and Terra Scan programs were used in the modelling process. Programs were developed in java in 
order to verify the quality. 
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4 Quality Standards 
 
 
 
4.1 Relevance of units 
 
 
Quality of measurements is often grouped into precision and reliability, where precision describes the variation 
in the measurements and reliability describes the possibility to detect and eliminate gross errors. 
Measurement errors can be divided into three main groups; gross error, systematic errors and random errors. 
A gross error depends on mistakes or carelessness that can be caused by reading error during the measurement, 
or in modulation operations, or mistake identifying the target to be measured etc.  
Systematic errors, effects the result in a regular way, and can sometimes be expressed with a mathematical 
function. The reason for this kind of error could be because of bad calibrated instruments, when the data was 
collected, or if the algorithm has some constant errors. 
Random errors are errors that are left when gross and systematic errors are eliminated. This type of errors is both 
positive and negative, and the size of these kinds of errors can be computed by the least-square adjustment.  
 
Absolute point errors/accuracies are a comparison between the computed value and the true value, in this case 
photogrammetic measurements with an accuracy around some decimetre. 
There are often different requirements in plane and height, this can therefore be separated; where errors in plane 
can be computed like: ∆_p = √ (sx

2+sy
2) and in height like: ∆_h = √ sz

2. 
 
Notations: xi is the measured value, is the estimated value (ordinary estimators are different kinds of mean 
values),  is the true value. 
Root Mean Square Error (RMSx error) = √ (∑ (x- ) 2 / n), gives the variation in the measurement in comparison 
to the true value, this is the estimated mean error which is an accuracy measure. A well known precision measure 
used in surveying applications is the standard deviation, σx = √ (∑ (x- ) 2 / (n-1)), which gives the variation of 
the measurements around zero. The standard deviation describes the size of the random errors when the true 
value is not known; it is a unit of precision. Standard deviation gives the variation in the measurement in 
comparison to the mean value. These variations are often normal distributed or close to normally distribution but 
can also have other distributions. 
Because we always compute the standard error with finite number of measurements a confident interval can be 
based on the number of redundant measurements. Significant level of 5% gives a confident interval were 95% of 
all measurements should be inside the interval, ±1.96σ. Often errors up to 3σ can be accepted, this means that 
only 0.3% of all measurements should lie outside the confident interval and be counted as gross errors, Egeltoft 
(2003). 
 
Completeness is a measure describing the amount of objects, in this case buildings, which should be included in 
the data set along with how many that actually are included. 
 
In this piece of research buildings smaller than 2m2 are left out. It is also important to mention that the areas of 
interest are only 500x500 m and that these simply represent a sampling area. 
 
Result from the study will help setting standards for the expected tolerance depending on the required conditions. 
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4.2 Quality parameters 
 
 
Measures included in the study were: positional accuracy of roof point location where standard deviation in roof 
corners and roof ridge has been considered, completeness of roof planes, and time consumption for modelling 
procedure. These quality measures and measures that would be beneficial to include in the future, but out of the 
scope for this thesis, are outlined in the Table 1. 
 
 
Table 1: This table gives an overview of the quality parameters that have been investigated in this thesis, and some that can be looked into in 
the future. 
 

 
Quality element 

 
Quality sub element 

 
Quality Measure 
 
Gross errors 

Systematic errors, future work 

Standard deviation  

Absolute elevation accuracy  
(roof ridge and roof corners) 

Gross errors 

Systematic errors, future work 

Standard deviation  

Positional accuracy 

Absolute horizontal accuracy  
(roof ridge and roof corners) 

Deformations, future work 

Scale, future work 

Right angle 

Geometric accuracy Geometry (roof corners) 

Percentage, future work 

Omission (Excluded parts,  
roof body = something else)  

Percentage 
 

Commission (Roof body =  
roof body) 

Percentage 
 

Completeness 

Number of detected buildings Counting 
Time consumption Modulation time Time  
Logical consistent Roof ridge future work 
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5 Description of the practical procedure of the study 
 
 
 
5.1 Aim 
 
 
The aim is to investigate two automatic 3D house modelling methods, to compare the quality against each other 
and to look at the behaviour when using different parameters, changing point density and using different building 
area etc. To try to generate guidelines and establish a standard that can be basis for the model quality. 
 
 
 
5.2 Methods and performances 
 
 
By using statistical tools a statistical model has been established, named Building Assurance of Statistic Quality 
(BASQ). This model was constructed to verify the quality of building models where inspiration for the relevance 
of measurements had been taken from, Olsen (2003). 
BASQ estimates the quality of parameters such as completeness, point position accuracy of roof nocks and 
roof corners in height and plane, and the correctness of house corner angular. Below is a description of the 
procedures that were used to verify the quality of the parameters. 
 
 
Completeness: 
The completeness test was based on comparison of roof planes. Triangular regular network (TIN) was created 
for each test case and reference models, using roof boarders as break lines, resulting in surfaces covering all roof 
planes, where areas not containing buildings were excluded. The triangulation algorithm had some problems 
using some of the break lines because they intersected, in those cases manual editing was added. The surfaces 
were then exported into grid (lattice file with xyz text) with a point density of 4 points per m2 were the z value in 
non-building areas were set to zero. By comparing the grid data from the automatic generated models with the 
grid data from the photogrammetric reference model a level of completeness was established. 
 
 
Point position accuracy: 
House corners and end points of roof ridges were digitized, to be included in computations where the RMS in 
height and plane, mean values in x, y and z and standard deviation in plane and height were computed and gross 
errors removed. The gross errors were removed in an iterative taking a way the largest error until no gross errors 
was left, see the definition of gross error in Chapter 4.2. 
This was also established in an automatic way, through a java program. Assumptions about building corners 
were taken, where criteria were stated; that the modelled corners and reference model corners could not be 
separated more than 2 m and still represent the same corner and that the corner closest to the reference building 
corner was the one that should be compared. The results should not be completely the same as the digitizing 
method because the first method separated roof ridge points and corner points. 
 
 
Precision of Angles: 
Corners of roof planes were measured from above with the hypotheses that they should be 90 degrees measured 
from above. A number of corners of 90 degrees were chosen from the reference models and than the same 
corners were measured in all test cases, in order to see if they fulfilled the expectation. 
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5.3 Results 
 
 
 
Completeness: 
 
FOIs modelling method in Area 1 and Area 2 found most of the buildings and not much was left out. However, 
on the other hand, especially in Area 1, roofs were a bit too large overall which indicated in a high percentage of 
surplus of roofs, shown in Figures 14 and 15. 
The Terra Scan method with edited models, in Area1, showed the best result of all Terra Scan methods. Overall 
the Terra Scan methods did not find all buildings and buildings were left out especially when a point density of 
one point per square metre was used. 
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Figure 14: Percentage of building roof that has been modelled in the correct position compared to the reference data and if the models are too small 
or too big in area one.  
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Figure 15: Same as figure 11 but over area two instead of area one. Here we have a higher point density than in area one and it’s not as much left 
outs as in area one. 
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The surplus of roof planes caused with FOI’s method in Area 1 was partly because the region growing method 
had been growing out in nearby vegetation in some parts. This might also be because of rather noisy LIDAR data 
in these parts and because of the low point density. 
In Area 2 roof plans where created over some of the “inner year”, probably because the classification method 
dismissed these regions. Hence they were quite small. Also, parts of the “train platform”-model were missing 
due to a viaduct covering parts of it. Details, such as the church tower in Area 2 were left out, which might be 
due to the large elevation angle. Hence, the area to hit becomes small which results in few hits on the surface 
which makes it hard to model. 
FOI’s method found almost all buildings even with a point density of 3 points/m2 but the geometry could be of 
varying quality due to the outgrowing in near by vegetation. 
The reason why Terra Scans method in area two did not differ so much when varying the point density might be 
depending on the way points were thinned, described in Section 3.2, where the building size has an influence on 
the result. 
 
 
 
Precision of position: 
 
Detailed tables of the result of the precision of position are shown in Appendix B, but below is a summary of the 
resu
 

rea 1 hade over all better accuracy than Area 2, and roof ridges had a more precise location than roof corners 

Figure 16:   

Figure 17: Standard deviation in plane and height in the city-centre  

 

lts. 

A
compared to the reference data. It was also shown that there was a higher accuracy in height than in plane in 
Area 1. 
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 Figure 18: Standard deviation in height and plan for roof ridges and corners in the suburb. 
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Precision of 
 
As stated in Section 5.1, roof corners are 90 degrees seen from above. In most cases this was fulfilled, but there 
were some outliers especially with FOI’s method. See Figure 20 and 21. 
Deviating appearance of models modelled with the Terra Scan method appeared when there were not enough 
hits on the roofs, and therefore triangular roof shapes were created. FOI’s method converged when a corner 
break point was not found, and instead it was replaced by two points representing one corner, shown in Figure 
22. 
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 Figure 19: Overview over the standard deviation in height and plan for roof ridges and corners, over area two. 
 

ues in height vary between 0.3-1.3 m in the city-centre and between 0.1-0.5 m in the sub
 plane are between 1.0-1.5 m in the city-centre and between and 0.7-1.5 m in the suburb
 in Appendix B. 

d deviation in height differs between 0.2-1.2 m in the city-centre and between 0.1-0.4 
ndard deviation in plane is between 1.0-1.4 m in the city-centre and between 0.7-1.4 m in the 

attached in Appendix B. 

oss errors in height were between 0-6.7 percent and in plane between 0-7.1 percent. All val
Appendix B. 

Angles: 
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   Figure 20: The diagram represents roof corner angles in area one measured from above, the angles should be 90 degrees. 
 
 

   Figure 21: Gives an overview of angles measured in area two, where several corners in FOI’s method deviate from 90 degrees. 
 
 

  
Figure 22: to the left is an example of errors that occurs with FOI’s method and to the right is an example from Terra Scans method, red is 
symbolizing the model and green is the reference model. 
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T
 

ime consumption and number of buildings 

The fastest methods, considering execution time, were the automatic Terra Scan methods, Table 2, but it should 
be reminded that they did not give as good results as the others, and that they demanded human guidance during 
the procedure. 
FOI’s method was quite time consuming but it did not demand human presence during the modulation 
procedure, which also means that the operator’s skills does not affect the output result in the same way as with 
Terra Scans method. 
 
Table 2: The table gives a view of how many buildings that was modulated in each area and how much time that was need for the 
modulation. 
 

AREA1       
        

Terra Scan 
Number of modulated 
buildings: Total number of buildings: Execution Time: 

1 point/m2  286 168 0 h 30 min 06 sec  
3 point/m2 286 243 0 h 50 min 39 sec 
Edited 3 
point/m2 286 285 5 h 16 min 14 sec 
    

FOI 
Number of modulated 
buildings: Total number of buildings: Execution Time: 

Suburb 3 
point/m2 286 276 3 h 
AREA2       
        

Terra Scan 
Number of modulated 
buildings: Total number of buildings: Execution Time: 

1 point/m2 30 30 0 h 33 min 43 sec 
9 point/m2 11 11 Between 5-40 min/house 

FOI 
Number of modulated 
buildings: Total number of buildings: Execution Time: 

City centre 9 
2point/m  30 30 4 h 

    
    
 
The Terra Scan’s method, using 9 points/m2, was too time-consuming, so only a smaller area was investigated. 
 
 
5.4 Evaluations 
 
 

 Levels of quality: 

- The highest level of quality: In the suburb gained Terra Scan’s edited models, which gave the 
best general expression, had the highest point position accuracy and the most congruous 
geometry. But this method is not completely automatic and it is depending on the operator’s 
skill and knowledge. The point position accuracy might likely be improved especially in plan 
position if aerial images also are used when editing the models. This method is also more time 
consuming so if the high accuracy is not demand other methods would be more appropriate. 

- Middle level: FOI’s method can be used for different kinds of visualisations purposes, but 
maybe not when high position accuracy is required. It also needs a high point density to 
generate better result. This method gave the best visual impression in the city-centre region. 

- Lowest level: Terra Scan’s automatic methods. The result from these methods might have 
been better with a better classification method detecting the building areas.
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 Conclusions and Future Studies 
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6.1 Conclusions 
 
 
It has been shown that roof planes are easier to detect and register in right position than to detect the boundary 
lines, which are represented by only a few numbers of points. 
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6.2 Future Studies 
 
 
n the future it would be of interest to see I

k
It would also be of interest t
for quality verification of m

ore advanced area and geometry calculations could be implemented in the program which could be of 

d also be of interest to analyse the point densities influence more because it influences the price of 
ata collection. 

d be of interest, if possible, to introduce a node restriction hence several of especially Terra Scans ro
ge vertices, from two adjacent roof planes, did not coincide in a common node. 

d also be of interest to try to include some type of restrictions that makes angular of “ordinary house” to 
ees but obey the criteria for more complex shapes, as Globen for example. 
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Appendix A 
 
 

 
Watershed segm gion-based segmentation method. An image can be divided into different 

atersheds/basins on the base on different criterion e.g. grey-level values and the topographical distance. 
perator se

a surface, each  point to which water falling on the surrounding region 
rains. The boundaries of the watersheds lie on the tops of the ridges. This explanation is based on, Roerdink 

. 
 

ceptron 
 

erceptron can be seen as the simplest kind of feed forward neural network: a linear classifier, Wikipedia (2007) 
ultiple lay

interconnected i iques a repetitive times and 
fter a sufficiently large number of training cycles the network will usually converge to some state where the 

of the cal
classifier for ex

Morphologic

tion is a ba
takes two types element (kernel). The dilation works by 

slating the k
el’s coordin

etection, Fisher

D Hough tra

ikipedia (2007) 
 of the most ection is the Hough transform.  

he classical , defines a line y = ax + b in the parameter 
e with axes everal points on a straight line, the lines of 

ese points in the parameter space will intersect and the position of the intersection yields the parameters of the 
line in the image. 
This can be extended to the three dimensions space. Where each point p(x, y, z) in a LIDAR dataset defines a 
plane  
z = sx x + sy y + d in the 3D parameter space, and were sx, sy, are the slope parameters in x- and y-direction and d 
denotes the vertical distance of the plane to the origin. If a LIDAR dataset contains points in a planar face, the 
planes of these points in the parameter space will intersect at the position that corresponds to the slopes and 
distance of the planar face. For the detection of this intersection point the standard procedure of sampling the 
parameter space and searching for the bin with the highest number of planes can be used. 
 
Theory 
The underlying principle of the Hough transform is that there are an infinite number of potential lines that pass 
through any point, each at a different orientation. The purpose of the transform is to determine which of these 
theoretical lines pass through most features in an image - that is, which lines fit most closely to the data in the 
image. 

 
Watershed segmentation: 

entation is a re
w
This o gments images into watershed regions and their boundaries. Considering the gray scale image as 

local minimum can be thought of as the
d
(2001)

 
Per

P
. A m ers perceptron is a class of networks consisting of multiple layers of computational units, usually 

n a feed-forward way. The networks uses a variety of learning techn
a
error culations is small, the network has “learned” a certain target function. And can be used as a 

ample. 
 
 

al dilation 
 
Dila sic operator in the area of mathematical morphology (tool for extracting images components). It 

 of data as input; an image to be dilated and a structure 
tran ernel to various points in the input image, and examining the intersection between the translated 
kern ates and the input image coordinates. It can be used for many kinds of applications, e.g. edge 

 (2004). d
 
 

nsformation: 3
 
Introduction 
 
W
One  popular methods for line and curve det
 
In t Hough transform a given point, p(x, y) in an image
spac  for the parameters a and b. If an image contains s
th
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In order to determine that two points lies on the same potential line, it is necessary to create a representation of a 
line that allows meaningful comparison in this context. In the standard Hough transform, each line is represented 

, commonly called r and θ (theta), which represent the length and angle from the origin of a 
n the question. Using this parameterization, an equation of the line can be written as: r = x cos 

 + y sin θ. 
 line of the image is described as being at an angle 90° from θ, and being r units away from the origin at its 

 number of lines can go through a single point of the plane. If that point has 
oordinates (x , y ) in the image plane, all the lines that go through it obey to the following equation: 

curves 

entation 
he input to a Hough transform is usually a raw image to which an edge detection operator is usually applied. 
hus, not all of the points to be transformed are likely to be an 'edge' in the image. The transform itself is 

an arbitrary number of bins, each representing an approximate definition of a possible line. Each 
lient point (or feature) in the edge detected image is said to vote for a set of bins corresponding to the lines that 

ce the lines returned do not contain any length information, it is often after that 
ecessary to find which parts of the image match up with which lines. 

by two parameters
normal to the line i
θ
A
closest point. 
It is well known that an infinite
c 0 0
r(θ) = x0 cos θ + y0 sin θ 
This corresponds to a sinusoidal curve in the (r, θ) plane, which is unique to that point. If the 
corresponding to two points are superimposed, the locations where they cross correspond to lines (in the original 
image space) which pass through both points. 
 
Implem
T
T
quantised into 
sa
pass through it. By simply incrementing the value stored in each bin for every feature lying on that line, an array 
is built up which shows which lines fit most closely to the data in the image. 
By finding the bins with the highest value, the most likely lines can be extracted, and their (approximate) 
geometric definitions read off. The simplest way of finding these peaks is by applying some form of threshold, 
but different techniques may yield better results in different circumstances - determining which lines are found 
as well as how many. Sin
n
 
 

xamples E
Consider three data points, shown here as black dots. 

 
Figure 23: 
 
For each data point, a number of lines are plotted going through it, all at different angles. These are shown here 
as solid lines. 
For each solid line a line is plotted which is perpendicular to it and which intersects the origin. These are shown 
as dashed lines. 
The length and angle of each dashed line is measured. In the diagram above, the results are shown in tables. 
This is repeated for each data point. 
A graph of length against angle, known as a Hough space graph, is then created. 
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Figure 24:  
 
The point where the lines intersect gives a distance and angle. This distance and angle indicate the line which 
bisects the points being tested. In the graph shown the lines intersect at the purple point; this corresponds to the 
solid purple line in the diagrams above, which bisects the three points. 
 
 
Limitations 
The Hough Transform is only efficient if a high number of votes fall in the right bin, so that the bin can be easily 
detected amid the background noise. This means that the bin must not be too small, or else some votes will fall 
in the neighbouring bins, thus reducing the visibility of the main bin. 
Also much of the efficiency of the Hough Transform is dependent on the quality of the input data: the edges 
must be detected well for the Hough Transform to be efficient. Use of the Hough Transform on noisy images is a 
very exquisite matter and generally, a de-noising stage must be used before. In the case where the image is 
orrupted by speckle, as is the case in radar images, a transform named Radon transform is sometimes preferred 

es. 

ts that are found to be in the same plane indeed make up a 
continuous face. It may as well find some scattered points that are in one plane by coincidence. This can be 
checked trough a TIN created from all laser points. And then only those points of the detected plane are used that 
form a connected piece of the TIN of a minimum size. Points that are assigned to the planar face are then 
removed from the parameter space before looking for the next best plane. 
 
 
Region growing: 
 
In the Region growing approach an initial set of small areas are iteratively merged according to similarity 
constraints. 
It starts by choosing an arbitrary seed pixel and compare it with neighbouring pixels. The region is grown from 
the seed pixel by adding in neighbouring pixels that are similar, increasing the size of the region. When the 
growth of one region stops we simply choose another seed pixel whic does not yet belong to any region and 

. This whole process is continued until all pixels belong to som  region. According to Marshall (1997). 

c
to detect lin
 
The Hough transform does not check whether the poin

h 
estart again
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Figure 25: Exam
 

ple of a region growing process. 

nt choices of seeds may give different segmentation results. 

ation: 

 
- The Delaunay triangulation is unique. 
- The external edges of the triangulation form a convex hull of P 
- The circle induced by three points on its boarder (were the tree point is a Delaunay triangle) dose not 

contain any other points of the set P. 
- The triangles in a Delaunay triangulation are best-possible with respect to regularity (as close to 

equilateral as possible). The triangles in a Delaunay triangulation have the greatest ordered minimum 
angle vector of any triangulation of the data set P. 

 
Delaunay triangulations maximize the minimum angle of all the angles of the triangles in the triangulation. 
 

Region growing methods often give very good segmentations that correspond well to the observed edges. 
 
Starting with a particular seed pixel and letting this region grow completely before trying other can have several 
undesirable effects:  
 

- Current region dominates the growth process - ambiguities around edges of adjacent regions may not be 
resolved correctly. 

- Differe
- Problems can occur if the (arbitrarily chosen) seed point lies on an edge. 

 
These problems can be avoided by; simultaneous region growing techniques. Were similarities of neighbouring 
regions are taken into account in the growing process and no single region is allowed to completely dominate the 
proceedings. Also a number of regions are allowed to grow at the same time were similar regions will gradually 
coalesce into expanding regions. 
 
 
Delaunay triangul
 
The description below is based on Roerdink Worboys and Duckham (2004), Harrie (2005) and Wikipedia 
(2007). 
 
Delaunay triangulation 
Some of the properties the Delaunay construction has to fulfil are for an initial point set P (for which no sets of 
three points are collinear, to avoid degenerated cases): 
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Figure 26: Delaunay triangulation of a random set of points in the plane. 
 
The Delaunay triangulation of a discrete point set P corresponds to the dual graph of the Voronoi tessellation for 
P. It is known that the Delaunay triangulation exists and is unique for P, if P is a set of points in general 
position; that is, no three points are on the same line and no four are on the same circle, for a two dimensional set 
of points. 
 
 
Properties 
If n is the number of points in a data set and d the number of dimensions. The triangulation is the convex hull of 
the points. The Delaunay triangulation maximizes th minimum angle. Compared to any other triangulation of 

launay triangu ation is at least as large as the smallest angle in any other. 

row 

t that we know fast triangulation algorithms. 

ecting when a point is within 
dges. In two dimensions, one 

rward way of computing the Delaunay triangulation is to repeatedly add one 
ertex at a time, re-triangulating the affected parts of the graph. When a vertex is added, a search is done for all 

ning the vertex. Then, those triangles are removed and that part of the graph re-
 results in a running time of O(n2). 

etting the list of triangles to remove (which is the slowest part of any incremental insertion algorithm). 

xity of this algorithm is O(n log n). 

e 
lthe points, the smallest angle in the De

But the Delaunay triangulation does not necessarily minimize the maximum angle. 
The Delaunay triangulation gives a nice set of triangles to use as polygons in the model avoiding nar
triangles (as they have large circumcircles compared to their area). 
Delaunay triangulations are often used to build meshes for the finite element method, because of the angle 
guarantee and the fac
 
 
Alg r
All algorithms for computing Delaunay triangulations rely on fast operations

o ithms 
 for det

riangle's circumcircle and an efficient data structure for storing triangles and ea t
way to detect if point D lies in the circumcircle of A, B, C is to evaluate the determinant 
 
 
Implementation 
Incremental: The most straightfo
v
triangles' circumcircles contai
triangulated. Done naively, this
A common way to speed up this method is to sort the vertices by the first coordinate, and add them in that order. 
Another way is to keeps the whole history of the triangulation in the form of a tree structure. This provides a fast 
way of g
 
Divide and conquer: A divide and conquer algorithm for triangulations in two dimensions can be implemented 
by, recursively divide the problem to smaller and simpler once which are solved individually and then combined 
to give a complex solution. The worst case-time comple
 
 
Laplacian: 
 
The L tial operator in the n-dimensional Euclidean space, defined as the 
divergence of the gradient: 
 

 aplace operator is a second order differen

 (Wikipedia 2007) 
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Example (Laplacian edge detector) in one dimension: 
 
If we have an images with a curve-function f (t) as shown in the figure below. Were the marked area symbolises 
the edge.  
 

 
 
To find this area, with a step gradient, the derivative is computed. And a pike over a certain threshold is located. 
 

  
 
The gradient has a large pike around the edge, but due to the threshold value the edge has become “thick”. 
 

 

 

he maximum slope operator resolves the maximum slope around each pixel using the local slopes in X and Y. 
he use of this slope image can be valuable for distinguishing tilted roofs from flat roofs, Maas (1999). 

hresholding  separat ordi . The input to a 
Threshold operation is typically a greyscale or a colour im put is a binary image 
(pixels including only one value that’s black or white, 0 or  pixel they are compared 
against a threshold value of d then put to either 1 or 0, were one of the values represents 

ackground and the other to  more sophisticated implementation multiple thresholds can be 

 
Since the edge occurs at the peak, it can be localized by computing the laplacian (the second derivative with 
respect to t) and finding the zero crossings. Other zero crossings correspond to small ripples in the original
signal, according to Claypoole (1997). 
 
This filter will react only on edges or noise and thus deliver large values in vegetation, while tilted plane roof 
faces will, unlike with the analysis of variance, obtain zero values, according to Maas (1999). 
 
 
Maximum Slope operators: 
 
T
T
 
 
Thresholding 
 
T  can be used to e features in an image, acc ng to Bob Fisher (1994)

age. In the simplest case the out
 1). To assign values to each

 the intensity an
 foreground. Inb

specified. 
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Appen
 
 
Table 3: Standar  and height, c ation or f ridges are made separated. 
 

dix B 

d deviation in plane where the omput  of roof c ners and roo

FileName 
Number  of
observations 

RMS 
height 
(m) 

RMS 
plan 
(m) 

Std 
height 

Std 
plan 

(m) (m) 
House Cor es FOI 3 m ea1 1112 0.45 1.48 0.43 1.35 2 (Arner Coordinat point/ ) 
House Cor es Terra  point/ m  510 0.33 0.22 0.98 2 (Area 0.98 ner Coordinat Scan 1 1) 
House Cor es Terra  point/m2  1 898 0.31 0.16 0.94 0.94 ner Coordinat Scan 3  (Area ) 
House Cor es Terra dited 3 p 2 (A 0.85 0.23 0.85 1272 0.29 ner Coordinat Scan E oint/m rea 1) 

FileName 
Number  of
observations 

RMS 
height 
(m) 

RMS 
plan 
(m) 

Std 
height 

Std 
plan 

(m) (m) 
Roof OI 3 poin Area 1) 632 0.14 0.14 0.84 t/m2 ( 0.88 ridge Coordinates F
Roof erraScan nt/m2 (Ar 354 0.12 0.10 0.84 0.85 ridge Coordinates T  1 poi ea 1) 
Roof erraScan nt/m2 (Ar 821 0.10 0.08 0.70 0.70 ridge Coordinates T  3 poi ea 1) 
Roof erraScan d 3 point rea 1350 0.11 0.85 0.10 0.85 /m2 (Aridge Coordinates T  Edite 1) 

FileName 
Number  of
observations 

RMS 
height 
(m) 

RMS 
plan 
(m) 

Std 
height 

Std 
plan 

(m) (m) 
House Cor es FOI 9 m2 (Area 139 1.31 1.24 1.44 1.46 ner Coordinat point/ 2) 
House Cor es Terra  point/m2  2) 109 1.12 0.78 1.08 1.07 ner Coordinat Scan 1  (Area
House Cor es Terra  point/m2  2) 46 0.90 0.90 0.96 0.96 ner Coordinat Scan 9  (Area

FileName 
Number  of
observations 

RMS 
height 
(m) 

RMS 
plan 
(m) 

Std 
height 

Std 
plan 

(m) (m) 
Roof OI 9 poin Area 2) 30 0.70 0.43 1.43 t/m2 ( 1.42 ridge Coordinates F
Roof erraScan nt/m2 (Area 74 0.54 0.45 1.10 1.12 ridge Coordinates T  1 poi  2) 
Roof erraScan 2 (Area 28 0.26 0.20 1.10 1.13 ridge Coordinates T  9 point/m  2) 
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ble 4: Detected gross errors       Ta  in plane and height where computation of roof corners and roof ridges are made separated. Max error in plane and height  
 

FileName 

Number of gross 
errors RMS 
height 

Number of 
gross errors 
Std height 

Number of 
gross errors 
RMS plan 

Number of 
gross errors 
Std plan 

Max error Max 
height error 
(m) plan (m) 

House Corner Coordinates FOI 3 point/m2 (Area 1) 15 1.49 6.03 16  7 10 
Ho  Coordinates TerraScan 1 point/m2 (Area 1) 7 9 9 1.11 4.76 use Corner 10 
Ho  1) 7 28 9 9 0.67 4.29 use Corner Coordinates TerraScan 3 point/m2 (Area
Ho 1) 14 19 12 12 0.80 3.64 use Corner Coordinates TerraScan Edited 3 point/m2 (Area 

FileName 

Number of gross 
errors RMS 
height 

Number Of 
Gross Errors 
Std Height 

Num of ber 
gross errors 
RMS plan 

Number of 
gross errors 
Std plan 

Max error Max 
height error 
(m) plan (m) 

Roofridge Coordinates FOI 3 point/m2 (Area 1) 20 1.04 3.92 20  9 10 
Ro ordinates TerraScan 1 point/m2 (Area 1) 5 5 5 0.53 4.68 ofridge Co 5 
Ro a 1) 11 16 16 0.39 3.30 ofridge Coordinates TerraScan_3 point/m2 (Are 11 
Ro ) 10 10 10 10 0.62 7.68 ofridge Coordinates TerraScan Edited point/m  (Area 12

FileName 

Number of gross 
errors RMS 
height 

Number of 
gross errors 
Std height 

Num of ber 
gross errors 
RMS plan 

Number of 
gross errors 
Std plan 

Max error Max 
height error 
(m) plan (m) 

House Corner Coordinates FOI 9 point/m2 (Area 2) 1 3.78 8.22 1  1 1 
Ho  Coordinates TerraScan 1 point/m2 (Area 2) 2 2 2 3.42 4.26 use Corner 6 
Ho  2) 1 0 0 2.80 3.91 use Corner Coordinates TerraScan 9 point/m2 (Area 1 

FileName 

Number of gross 
errors RMS 
height 

Number Of 
Gross Errors 
Std Height 

Num of ber 
gross errors 
RMS plan 

Number of 
gross errors 
Std plan 

Max error Max 
height error 
(m) plan (m) 

Roofridge Coordinates FOI 9 point/m2 (Area 2) 1 1.65 5.75 2  1 1 
Ro ordinates TerraScan 1 point/m2 (Area 2) 0 1 1 1.04 4.17 ofridge Co 0 
Ro  2) 1 2 2 0.45 4.09 ofridge Coordinates TerraScan 9 point/m2 (Area 1 
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    Table 5: Mean values before and after adjustment. 

 
 

FileName 

Mean value 
before 
adjustment 
height (m) 

Mean value 
after 
adjustment 
height (m) 

Mean value 
before 
adjustment 
X (m) 

Mean value 
after 
adjustment 
X (m) 

Mean value Mean value 
before after 
adjustment 
Y (m) 

adjustment 
Y (m) 

House Corner Coordinates FOI 3 point/m2 (Area 2) 1 0. 0.59 0.0.1 0.00 0.07 00  00 
House Corner Coordinates TerraScan 1 point/m2 (Area 2) -0.23 0.00 0.09 0.00 0.03 0.00 
House Corner Coordinates TerraScan 3 point/m2 (Area 2) -0.24 0.00 0.03 0.00 -0.01 0.00 
House Corner Coordinates TerraScan Edited point/m2 (Area 2) -0.16 0.00 0.03 0.00 0.03 0.00 

FileName 

Mean value 
before 
adjustment 
height (m) 

Mean value 
after 
adjustment 
height (m) 

Mean value 
before 
adjustment 
X (m) 

M value ean 
after 
adjustment 
X (m) 

Mea lue n va
before 
adjustment 

M alue ean v
after 
ad ent justm

Y (m) Y (m 
Roofridge Coordinates FOI 3 point/m2 (Area 2) 0.05 0.00 -0.07 0.00 0.24 0.00 
Roofridge Coordinates TerraScan 1 point/m2 (Area 2) -0.05 0.00 0.08 0.00 0.06 0.00 
Roofridge Coordinates TerraScan 3 point/m2 (Area 2) -0.05 0.00 0.11 0.00 0.02 0.00 
Roofridge Coordinates TerraScan 3 Edited point/m2 (Area 2) -0.05 0.00 0.11 0.00 0.12 0.00 

FileName 

Mean value 
before 
adjustment 
height (m) 

Mean value 
after 
adjustment 
height (m) 

Mean value 
before 
adjustment 
X (m) 

Mean value 
after 
adjustment 
X ) (m

Mean value 
before 
adjustment 
Y (m) 

Mean value 
after 
adjustment 
Y (m 

House Corner Coordinates FOI 9 point/m2 (Area 2) -0.46 0.00 -0.10 0.00 0.66 0.00 
House Corner Coordinates TerraScan 1 point/m2 (Area 2) -0.55 0.00 0.06 0.00 0.04 0.00 
House Corner Coordinates TerraScan 9 point/m2 (Area 2) 0.01 0.00 0.02 0.00 0.14 0.00 

FileName 

Mean value 
before 
adjustment 
height (m) 

Mean value 
after 
adjustment 
height (m) 

Mean value 
before 
adjustment 
X (m) 

Mean value 
after 
adjustment 
X ) (m

Mean value M lue ean va
before after 

adjustmeadju nt stme nt 
Y (m) Y (m 

Roofridge Coordinates FOI 9 point/m2 (Area 2) -0.55 0.00 0.24 0.00 -0.07 0.00 
Ro fridge Coordinates TerraScan 1 point/m2 (Area 2) -0.31 0.00 0.07 0.00 0.25 0.00 o
Ro fridge Coordinates TerraScan 9 point/m2 (Area 2) -0.21 0.00 0.37 0.00 -0.13 0.00 o
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Table 6: Standard deviation in height and pla
 

ne for building models breakpoints. RMS in height and plane for building models breakpoints. 

FileName 
Number of 
observations 

RMS height 
(m) 

RMS plan Std height 
(m) 

Std plan 
(m) (m) 

FOI 3 points/m2 (Area 1) 2010 0.29 1.15 0.29 1.08 
TerraScan 1 point/m2 (Area 1) 942 0.28 0.93 0.21 0.93 
TerraScan 3 points/m2 (Area 1) 1592 0.26 0.9  0.19 0.9 
TerraScan Edited 3 points/m2 (Area 1) 2097 0.24 0.81 0.2 0.8 

FileName 
Number of 
observations 

RMS height 
(m) 

RMS plan 
(m) 

Std height 
(m) 

Std plan 
(m) 

FOI 9 points/m2 (Area 2) 2520 0.78 1.36 0.72 1.35 
TerraScan 1 points/m2 (Area 2) 1958 0.82 1.26 0.73 1.25 
TerraScan 9 points/m2 (Area 2) 399 0.61 1.12 0.55 1.10 
 
 
Table 7: Mean value before and after adjustment for building models break
 

points. 

FileName 

Mean value 
before 
adjustment 
height (m) 

Mean value 
after 
adjustment 
height (m) 

Mean value 
before 
adjustment 
X (m) 

Mean value 
after 
adjustment 
X (m) 

Mean value 
before 
adjustment Y 
(m) 

Mean value 
after 
adjustment Y 
(m) 

FOI 3 points/m  (Area 1) -2 0.01 0 -0.02 0 0.35 0 
TerraScan 1 point/m2 (Area 1) -0.18 0 0.04  0 0.03 0 
TerraScan 3 points/m2 (Area 1) -0.18 0 0.06 3 0 0.0 0 
TerraScan Edited 3 points/m2 (Area 1) -0.13 0 0.06 0 0.05 0 

FileName 

Mean value 
before 
adjustment 
height (m) 

Mean value 
after 
adjustment 
height (m) 

Mean value 
before 
adjustment 
X (m) 

Mean value 
after 
adjustment 
X (m) 

Mean value 
before 
adjustment Y 
(m) 

Mean value 
after 
adjustment Y 
(m) 

FOI 9 points/m2 (Area 2) -0.29 0.00 0.03 0 5 .00 0.0 0.1 0
TerraScan 1 points/m2 (Area 2) -0.29 0.00 0.05 0 3 .00 0.0 0.1 0
TerraScan 9 points/m2 (Area 2) -0.26 0.00 0.00 0.09 0.00 0.17 
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Table 8: Detected gross errors in plane and height for buildings models breakpoints. Max error in plane and height. 
 

FileName 

Number of 
gross errors 
RMS height 
(m) 

Number of 
gross errors 
Std height 
(m) 

Number of 
gross errors 
RMS  plan 
(m) 

Number of 
gross 
errors Std 
plan (m) 

Max 
error 
height 
(m) 

Max 
error 
plan 
(m)  

FOI 3 points/m2 (Area 1) 30 30 0 3 1.02 4.61 
TerraScan 1 point/m2 (Area 1) 12 17 1 1 0.78 3.8 
TerraScan 3 points/m2 (Area 1) 20 31 8 8 0.78 3.92 
TerraScan Edited 3 points/m2 (Area 1) 3.37 30 35 13 14 0.78 

FileName 

Number of 
gross errors 
RMS height 

Number of 
gross errors 
Std height 

Number of 
gross errors 
RMS plan 

Number of 
gross 
errors Std 
plan 

Max 
error 
height 
(m) 

Max 
error 
plan 
(m)  

FOI 9 points/m2 (Area 2) 46 56 0 0 2.44 5.20 
TerraScan 1 points/m2 (Area 2) 21 41 0 0 2.48 5.24 
TerraScan 9 points/m2 (Area 2) 11 12 1 1 1.79 4.39 
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Word list and word description 
 
English  Swedish 
 Eaves   Takfot 
 Incremental   Stegvis växande 
 Circumscribed circle  Omkringliggande/begränsnings cirkel 
 Equilateral   Liksidig 
 Dilation   Uttänjning (grundläggande morfologisk biloperation) 
 Geodetic reco on bi
 Inclination 
 
 
Word description 
 
Convex hul
The convex nt set S is th allest convex polygon that contains all points of the point set. Were a 
convex polygon is gon were a l t pars stays inside the polygon, according to Harrie 
(2005). 
 
Circumscri

 
Figure 2 irc  [
 
In geo ry mscribed-circle -circle of a polygon is a circle which contains all the vertices 
of the g ntre of this circle e circum-centre. 
 
A rela  one of a minimum bounding circle, which is the smallest circle that completely contains 
the po n o d circle, as the vertices of a polygon do not need to 
all lie on a ci unding circle, which may be constructed by a linear 
time a ithm. 
 

nstructi
  

  Ge
 L

odet
utn

iskt om
ing, böjelse 

ldande 

l 
 hull of a poi

 a poly

bed circle 

e sm
ine between any to poin
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met
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umscribed circle, Wikipedia 2007 19]. 

, the circu
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tion is the
 within it. No
rcle. Yet any
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