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Abstract 

The main topic of this master’s thesis is measurement and creation of 

documentation of the Helfenburk Castle near Úštěk in northern Bohemia. Helfenburk 

is a ruin of the castle from the 14th century. It is made of sandstone and it is situated 

on a sandstone rock. The tower and the wall are well preserved. The main focus is 

on the inner part of the castle, although the whole castle including both sides of the 

wall was measured. 

Laser scanning was chosen as the most convenient way of data acquiring. The 

Trimble TX5 laser scanner was used for measuring.  The resulting point clouds were 

processed in the Geomagic Studio and Cyclone. The final point cloud was 

transformed into the S-JTSK (Datum of Uniform Trigonometric Cadastral Network) 

coordinate system and the Bpv (Baltic After Adjustment) height system using 

geodetic network created at the castle by our group of students. The CAD 3D model 

of the inner castle part was created and edited in a specialized software: Cyclone, 

3DReshaper and Miscrostation. A plan of the whole castle was drawn in a scale 

1:250. 

The results of this work are a complete point cloud, a 3D model of the inner 

castle and a plan of the castle. They will serve as an accurate documentation of the 

current state, for the archeological research and for publication on the web of 

Helfenburk  

 

Key words 

Laser scanning, Helfenburk near Úštěk, point cloud, castle, CAD model, cultural 

heritage conservation  
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Abstrakt 

Obsahem této diplomové práce je zaměření a vyhotovení dokumentace hradu 

Helfenbuk u Úštěka, který se nachází v severních Čechách. Helfenburk je zřícenina 

hradu postaveného ve 14. století. Je postaven z pískovce a umístěn na pískovcovém 

bloku. V nejlepším stavu se zachovala věž a hradba. Zaměřen byl celý hrad včetně 

hradeb, avšak největší důraz a nejvyšší požadavky na přesnost jsou kladeny na 

vnitřní část hradu. 

Jako nejvhodnější metoda pro zaměření hradu bylo zvoleno laserové 

skenování. Pro měření hradu byl použit laserový skener Trimble TX5. Získaná data 

byla zpracována v programu Geomagic studio a Cyclone. Výsledné registrované 

mračno bylo transformováno shodnostní 3D transformací do souřadnicového 

systému S-JTSK (Systém jednotné trigonometrické sítě katastrální) a výškového 

systému Bpv (Baltský po vyrovnání). Pro transformaci byly použity body geodetické 

sítě, kterou na hradě stabilizovala a zaměřila naše skupina studentů. Z bodového 

mračna byl vytvořen 3D CAD model vnitřní části hradu a plán celého hradu v měřítku 

1:250.  

Hlavní výstupy práce jsou: bodové mračno, CAD model a půdorys. Výsledky 

budou sloužit jako dokumentace skutečného stavu, pro archeologickou výzkumnou 

činnost a pro publikaci na internetových stránkách hradu Helfenburk. 

 

Klíčová slova 

Laserové skenování, Helfenburk u Úštěka, bodové mračno, CAD model, 

památková péče 
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Introduction 

In the last few decades, the laser scanning became a widespread technique of 

documentation of complicated objects of all sizes. As the technology developed, 

laser scanning became more precise and faster and therefore more affordable. 

Nowadays it is used in a wide range of fields including surveying, civil engineering 

and cultural heritage conservation.  

Laser scanning can be simply described as an automatic capture of many 

points on the object surface. Captured points are stored and later processed as a 

point cloud. Different outputs can be derived from the scanned data. The most 

common outputs are creation of a 3D model, 2D plans (floor plans, sections and 

cross sections), etc. 

This paper is focused on the laser scanning of the Helfenburk Castle near Úštěk 

in northern Bohemia. And therefore it falls into a field of surveying for a cultural 

heritage conservation.  

The main goal of this work is to create a detailed 3D documentation of the 

current state of Helfenburk. This documentation will also serve as a basis for an 

archeological investigation and for modeling of the original castle with all the parts 

which have not been preserved till now. Other motivation for creation of the model is 

the possibility of uploading it on the castle webpage so that tourists are able to 

explore the castle virtually. Plans and drawings of various parts of the castle can be 

derived from model as well. This can be especially useful in case of a castle 

reconstruction. 

The 3D model itself is not the only effective way of visualization but it serves 

also as a documentation of the current status of the castle. Since the castle does not 

consist of plane walls, 2D plans can never fully describe all its details and 3D 

representation is the only way how to preserve a precise and complete 

documentation. Considering the fact that some parts of the castle are slightly moving 

relatively to each other, the 3D model could serve in the future as a base for 

monitoring movements and determining and comparing size of shifts. 
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1 Laser Scanning 

Laser scanning is a non-selective method of acquiring 3D information. 

Measurement is realized by a laser scanner. The measured values are vertical angle, 

horizontal angle and distance from the scanner to the measured point. 

Measurements are stored as a list of polar coordinates or Cartesian coordinates with 

the origin of the coordinate system in the center of the scanner. Spacing of the 

measured points is defined by an angle matrix and by the distance from the scanner. 

The closer to scanner, the denser the collected data are.  

The acquired data can be visualized as a 2D-image but they actually describe a 

3D cloud of the detected points in space. The measurement result by laser scanner 

is called a point cloud and it can be further processed and analyzed. 

1.1 History 

Laser scanning is quite a new technology that began to develop in 90s of the 

20th century. One of the first researches in the field of study of the precise laser 

scanning started in 1992 in Stanford where Professor Marc Levoy and his students 

were investigating methods for digitizing the shape of a three-dimensional object 

using laser scanners. A project called Digital Michelangelo Project began in 1997. 

The goal was to capture chisel marks smaller than one millimeter from a safe 

distance (Fig. 1.1). 

A rangefinder and a mechanical gantry customized for scanning large statues 

were built, designed and tested during the next two years. A small triangulation laser 

rangefinder was used for hard-to-reach places and to scan the architectural settings. 

It was a prototype of a time-of-flight laser rangefinder. All three systems also 

captured high-resolution color data. The whole system was tested on the 

Michelangelo’s David statue. 10 Michelangelo’s statues resulting in 250 gigabytes of 

data were scanned in the end of the project. The next crucial step was to merge the 

data and to create dense polygon meshes (Levoy,1999). 
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Fig. 1.1 Scanning of David 

(http://www.graphics.stanford.edu/projects/mich/more-david/more-david.html) 

The laser scanning showed that it has a great potential. An  automated scanner 

was used in 1999 to capture Upper Paleolithic Rock Shelter of Cap Blanc (Lerma et 

al., 2010). The article (Lerma et al., 2010) showed that a big advantage of the laser 

scanning compared to a photogrammetry is that the result is not influenced by the 

lightning of the scene. The photogrammetric techniques were used more often 

afterwards. It was mainly caused by a high price of the laser scanning devices and of 

the data processing programs. To overcome these problems, utility of an automated 

laser scanner was evaluated through the survey of an Upper Paleolithic Rock Shelter 

of Cap Blanc. A system to export data from the laser scanner, a triangle mesh was 

created from the data and a model was shown as a three-dimensional surface during 

this work. 

The laser scanning was already quite a famous measurement technology at the 

beginning of the twenty-first century, but it was still a rather expensive way of 

documentation. The scanning devices were costly and heavy, so it was difficult to 

operate with them. Measuring the large-scale environments generated a huge 

amount of data. Using computers and programs available in that time required a 

considerable effort to handle the amount of the generated data and to register many 

scans. (El-Hakim et al., 2004) 
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Two types of scanners were mostly used. One triangular based scanner, which 

was more precise but which had a limited range of less than 10 meters. The second 

type of scanners was based on the time-of-flight principle. Scanners with this type of 

sensors could provide measurement up to kilometer range but with a lower accuracy. 

The need to have more scanners also increased the cost of the laser scanning. 

 

1.2 The current Situation in the Laser Scanning 

Nowadays the laser scanning is a widely used technique of accurate measuring 

and documentation of complicated objects. As it affects more and more surveyors, 

BNP Media’s market research conducted a study on trends in laser scanning 

surveying (POB, 2014). The study found that the number of surveyors using laser 

scanners has increased significantly over past years. The 41% of the laser scanner 

users surveyed in 2014 did not use scanners in 2011 and more than half of them 

used more than one scanner. 

Interviewed users were also asked in which field they see the increase in using 

laser scanning. Here are the answers: 

54% topographic mapping 

50% energy/utilities 

39% transportation 

29% construction 

21% industrial 

18% architectural / BIM 

11% mining 

7% hydrography/bathymetry 

4% environmental 

 

More than 2/5 of both users and non-users agreed that the surveying profession 

has an opportunity to lead in laser scanning implementation but it does not develop 

fast enough. One of the problems is an insufficient training of surveyors in laser 

scanning.  

In the last five years, the terrestrial laser scanning has become a technology of 

interest of those who undertake architectural or industrial measured surveys (Barber 
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et al., 2006; Kersen, 2014). It was enabled by the weight reduction of scanners by 

approximately 5kg, reduction of purchase price, improvements in accuracy and 

development of computers, storage devices and specialized software. The laser 

scanning can lower costs of survey work by reduction of number of extra visits to the 

site and by reduction of total time required on the site. 

Before the commissioning of the laser scanning it is important that the end user 

develops an understanding of the possibilities of the final products, considers how it 

will be used and knows what software tools are necessary to use the product 

effectively. 

 

1.3 Basic Principle and Components of the Laser Sca nners 

The laser scanning is a process of recording precise three dimensional 

information of a real world object or an environment. The main difference from the 

classical surveying methods is that points are acquired non-selectively. In the 

beginning of every measurement, the horizontal and the vertical angle step is set and 

then a matrix of points is acquired (Fig. 1.2). 

 

Fig. 1.2 Matrix of points 

 (Leica-geosystems.in, 2012) 

A horizontal and a vertical angle and distance are measured for every point. 

The points are stored as a list of measured polar coordinates or Cartesian 

coordinates XYZ, which are calculated relatively to the origin placed in the center of 

the scanner. The scanned points can be visualized in 2D as a picture (Fig. 1.3 a) but 

more common is a 3D visualization where scanned object is represented by a point 

cloud (Fig. 1.3 b). 
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Fig. 1.3 Visualization of the measured data a) 2D b) 3D 

 

The acquisition of a densely sampled 3D surface with a single laser beam 

requires a scanning mechanism to move the laser beam over the surface of the 

object. In addition to the laser and device for capturing reflected laser beam, the 

scanner contains a unit to move a laser trace around. There are several options how 

to sweep the beam. The most common solution for the terrestrial laser scanners is to 

rotate the device with a mechanical stage in one direction and in the other direction 

the laser beam is scanned with a scanning mirror. Other options are for example two 

mirrors rotating orthogonally or the whole scanner can be moved along the track 

(mobile scanning). 

1.4 Types of the Laser Scanners 

There are several different options how to categorize laser scanners based on 

its operating principles, precision, speed of measuring, laser class etc. 

The two main types of scanners are terrestrial and airborne scanners. 

Terrestrial scanners can be divided to mobile and static scanners. Further in this 

work only static terrestrial laser scanners will be considered. 

 

Scanners can be divided according to: 

(1) Operating principle 

(a) Triangulation 

(b) Time-of-flight 
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(2) Speed of acquiring points 

(a) Low speed systems (less than 50 000points/sec) 

(b) Middle speed systems (from 50 000 to 200 000points/sec) 

(c) High speed systems (from 200 000 to 1 000 000points/sec) 

(d) Very high speed systems (more than 1 000 000points/sec) 

 

(3) Accuracy  – accuracy depends on the distance between the scanned 

object and the scanner. And it can be also influenced by the scanning 

angle and type of the surface of the object. Manufacturer of the laser 

scanner define accuracy of the scanner for certain conditions (distance, 

ambient light, object reflexivity, etc.) 

(a) Very accurate systems (from 0.01mm to 1mm) – This category 

contains typically triangulation scanners designed for measuring 

short distances. 

(b) Accurate systems (from 0.5m to 2mm) – This category contains 

triangulation scanners designed for longer distances and phase 

comparison scanners. 

(c) Middle accurate systems (from 2mm to 6mm) – This category 

usually contains scanners based on the time-of-flight principle 

designed for a middle range. 

(d) Systems with low accuracy (from 10mm to 100mm) – This category 

usually contains scanners based on a time-of-flight principle 

designed for a long range. 

 

(4) Class of laser  - laser classes are based on the ISO 11553 laser safety 

standard (ČSN EN 60825-1 in the Czech Republic). The classes are 

defined with respect to a possible damage of the human eye while 

looking directly into the laser source. Classes II. and III.a are used are 

used in the laser scanning. 

(a) Class II. – The eye is sufficiently protected by a blink reflex. 

(b) Class III.a – An eye can be damaged while looking into the laser 

source through the optical system. 

(c) Class III.R – Potentially dangerous for eyes. 
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(5) Range 

(a) Very short range systems (from 0.1m to 2m) 

(b) Short range systems (from 2m to 10m) 

(c) Middle range systems (from 10m to 100m) 

(d) Long range systems (more than 100m) 

 

Those are categories as defined in (Pospíšil and Štroner, 2005). The fast 

development of the laser scanning systems caused that some of the limits of the 

categories should be changed. In the first place, the limits for speed of acquiring 

points were out of date because all modern scanners would belong to the category 

Very high speed systems according to (Pospíšil and Štroner, 2005). That is why limits 

for speed of acquiring points were redefined using the scan rates of modern 

scanners. 

 

1.5 Operating principles 

1.5.1 Triangulation scanners 

The mathematical background for calculation of coordinates from a triangle has 

been known since the sixteenth century. When the measurement is carried out by a 

triangulation scanner, a baseline and two angles are known in a triangle and 

coordinates relative to the baseline are determined by a cosine law. 

A laser beam is emitted from one end of the baseline under the known angle α. 

A CCD camera to detect angle ß of the reflected laser beam (Fig. 1.4) is placed on 

the other end of the baseline. 
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Fig. 1.4 Scheme of a triangulation laser scanner 

(Bitelli et al., 2012) 

The errors with a triangulation laser scanner come mainly from the estimation of 

the laser spot position, through the uncertainty of the laser spot position. The error 

depends on the type of the laser spot sensor, the peak detector algorithm, the signal-

to-noise ratio and the precision of used CCD camera. 

Triangulation systems usually have a very short operating range (maximum is 

few meters) and can collect data with sub-millimeter accuracy. Accuracy strongly 

depends on the distance to the measured object and also on its position regarding to 

scanner baseline. 

1.5.2 Time-of-flight scanners 

Time-of-flight scanners can be subdivided according to the method of 

measuring time. Pulse method is the oldest one and it is still used very often. The 

second method is phase comparison, which is usually faster but it works for shorter 

ranges. 

 

1) Pulse Scanners 

The pulse principle of distances measurement is based on emitting a short laser 

pulses and measuring time when these pulses got back. The essential observation 

for this is a constant light propagation velocity. In a given medium light waves travel 

with a constant velocity. Thus, time measurement time of light flight in a homogenous 
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medium from a source to a target surface and back to the source offers a very 

convenient way to determine the distance. 

� � �� �2 

 

ρ … distance from the source to the target surface 

c … velocity of the light 

 c = 299 792 458 m/s in the vacuum 

n … correction factor (when light does not travel in the vacuum) 

 n = 1.00025 for air, n = 1 for vacuum 

τ … time of flight (time delay) 

 

It is important to have a more detailed look at a pulse shape. The main 

characteristic of an emitted pulse are pulse width tp and pulse rise time tr (Fig. 1.5).  

 

Fig. 1.5 Pulse shape 

 (Vosselman and Maas, 2010, page 22) 

Both pulse and rise time must be as short as possible in order to enhance the 

measurement accuracy. When pulse width is 1 ns it corresponds to a length of about 

0.3 m at the speed of light. To reach a higher accuracy, implementing of the 

waveform detection method for determining the time-of-flight is necessary. The 

detector generates a time-tagged trigger pulse depending on the implemented 

criterion. 

 

There are three basic detection methods: 

a) Peak detection 

The detector generates a trigger pulse at the amplitude maximum of the echo. 

The time span from the maximum of the emitted pulse to the maximum of the 
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echo is measured. The problems can occur when echo provides more than one 

peak. 

b) Threshold or leading edge detection 

When an echo exceeds a predefined threshold, trigger pulse is actuated. The 

disadvantage of this method is that the measured time strongly depends on the 

echo’s amplitude. 

c) Constant fraction detection 

The trigger pulse is produced at the time when echo reaches a preset fraction 

(typically 50%) of its maximum amplitude. In that way the measured time-of-flight 

is relatively independent on echo’s amplitude. 

 

More methods for detecting echoes were developed. Some of them are 

designed to detect multiple echoes. Relatively widespread became for example 

Average Square Difference Function and Gaussian decomposition method. 

 

2) Phase comparison scanners 

Scanners based on the phase comparison principle modulate the light wave. In 

contrast to pulse scanners, a continuous beam is emitted from the system. Based on 

the known shape of the wave, the emitted and collected signals are compared (Fig. 

1.6). From the phase difference the time delay and subsequently distance are 

calculated. The distance can be determined with high precision. 

Different kinds of modulation can be used: 

•  Amplitude modulation 

•  Frequency modulation 

•  Pseudo-noise sequences 
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Fig. 1.6 Phase difference 

(Vosselman and Maas, 2010, page 22) 

Section 1.5 uses bibliography (Vosselman and Maas, 2010) 

 

1.6 Advantages and Disadvantages of the Laser Scann ing 

Over the past years, the laser scanning has proved to have many merits. 

Therefore it is nowadays widely used in many fields and for different purposes. Many 

problems were solved and some previous disadvantages disappeared thanks to fast 

development of the scanning hardware and software. 

The main advantages  are: 

•  High data collection rate enables to measure many points in a short time. 

In many cases this reduces the time required for measurement and also 

number of visits of the measured place or object. It consequently leads to 

cost reduction. 

•  No points or objects can be skipped or forgotten during the 

measurement. The scanner captures all the visible and measurable 

objects. This is a big advantage compared to the classical surveying 

methods where it is necessary to have a field sketch and carefully watch 

what exactly needs to be measured. 

•  Safety benefits – reduces the need for field trips in potentially hazardous 

environments. 
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•  Effective and accurate documentation of complicated objects. Objects 

are represented by a point cloud not only by characteristic points. 

•  Detailed 3D models can be elaborated. 

•  Quality control and reverse engineering can be provided by the laser 

scanning. 

 

Even though many problems were solved, there are still some problems and 

challenges in laser scanning technology. 

The main disadvantages  are: 

•  Time-consuming data processing. 

•  The need to own a laser scanner and a specialized software, which can 

be quite expensive. 

•  Weather requirements – measurement cannot be carried out when it 

rains or snows because falling water would be scanned. Temperatures 

below zero can also cause hardware problems. Those conditions cause 

problems also while measuring with a total station, but weather 

requirements of the laser scanners are still stricter. 

•  Object with a low reflectivity cannot be measured (for example black 

coal). 

 

1.7 Data Processing 

After the measurement, the data are downloaded from the scanning device, 

stored in a PC as a point cloud in a suitable format and further processed. The first 

step of the data processing is the conversion from a file made by a scanner to the 

format used by the laser scanning software. The manufacturer of a scanner usually 

provides a software to do this. It is also possible and recommendable to set a data 

mask to filter singular points and points which are very distant from the scanner or 

were captured under a small angle. As a second step, data can be resampled in 

order to eliminate points that are too close together and thereby reduce the amount 

of data. 
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Since scanning from one place is usually insufficient to capture the whole 

object, it is necessary in the next step to join all scans together. In other words, 

transform all scans to the common coordinate system. In the final phase, the 3D 

model is created as a CAD model or a triangle mesh. 

1.7.1 Point cloud 

The most basic scanning output is a point cloud.  A point cloud could be defined 

as a collection of XYZ coordinates that portrays to a user an understanding of the 

spatial distribution of a subject or a site. The point cloud is stored and visualized in 

specialized programs in the computer. 

Point clouds can be converted to different formats. Some formats allow to store 

not only coordinates, but also information about intensity, true color or surface 

normal. The most common formats are txt, ptx, vtx (contains normal), xyz, asc. Other 

used formats are for example wrp, 3ds, dxf, xml, dmls, oogl, igs, neu, stp, stl, wrl, obj, 

las, etc. According to the used scanner, a software and a required output proper data 

format should be chosen. 

As it was mentioned before, the information about normals can be stored 

together with a point cloud. The information about normals is useful in connection to 

many problems dealing with point cloud data (e.g. surface reconstruction, rendering 

of surfaces). There are two main approaches for estimating normals from point 

clouds. One is numerical applying some optimization technique. The second one is 

mostly combinatorial applying some Delaunay/Voronoi methods. Each of them is 

suitable for different cases depending on noise in a point cloud (Dey et al., 2005). 

When visualized, different color schemes can be applied on a point cloud. The 

simplest way of the visualization is a color scheme (Fig. 1.7a). If a true color or 

intensity (Fig. 1.7c) information were stored, it can be conveniently used for 

visualization. Shading (Fig. 1.7b) is a very synoptic way of visualization but is 

available only if point cloud data contains normals. In case no additional information 

is available there are still a few more options how to color points. For example color 

range could be assigned according to Z coordinate (Fig. 1.7d). 

 

 



21 

 

a) Single color, b) Single color, shaded, c) Intensity, d) Elevation, shaded 

Fig. 1.7 Point cloud color schemes 
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Data in a point cloud obtained directly from the laser scanning are unevenly 

distributed. Parts of the measured object that are nearer to the scanner have higher 

point density than more distant objects. The ideal point cloud should have the same 

density in all parts.  Therefore raw point clouds are resampled in order to have points 

evenly distributed. In the process of resampling all points lying within the defined 

cluster are merged or deleted so there is only one point left in the cluster. 

Preferences for curvature can be set in order to better represent areas with curved 

surfaces. More points are preserved in more curved areas in this case. 

1.7.2 Registration 

Because of the scanner’s occlusions caused by perspective, multiple scans are 

usually necessary to obtain a full coverage of a scene or object. Hence registration 

between different scans must be performed to achieve a uniform coordinate 

reference frame, which is a precondition for a scene reconstruction. 

The basic principle of registration is calculation of transformation elements 

(rotation and translation) for all the scans. One scan is usually set as a home scan 

and the remaining scans are transformed to the coordinate system of the home scan. 

Another possibility is to transform all scans to a common reference system. The 

result of each scan is that registrations that all scans share common coordinate 

system. 

There are different approaches to solve registration. These approaches are 

used in practice. The most standard technique is to place several artificial targets into 

the area that is common for more scans. Such targets are often planar markers with 

retro-reflective foil or white spheres (Fig. 1.8). The identical targets are identified in 

different scans and their coordinates are measured. Obtained coordinates are used 

to calculate the transformation parameters. Drawbacks of this method are the 

additional survey time in the field required to place the targets and limited accuracy of 

the registration. Distribution of the targets in the survey area is often a problem as 

well due to accessing restrictions of the surveyed objects. If the targets are 

distributed only in a small sector, other clearly defined objects can be modeled and 

used for registration (E.g. fit cylinder to a column or planar patch to the part of 

façade). This can be used especially when high buildings or towers are scanned 

(Dold and Brenner, 2006). 
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Fig. 1.8 Artificial targets for registration 

a) White sphere, b) Planar target 

The second commonly used registration approach is the iterative closest point 

algorithm (ICP). The objective of this algorithm is to minimize the difference between 

two point clouds. One point cloud is kept fixed as a reference and the second one is 

transformed to match the reference best. The algorithm iteratively revises the 

transformation in order to minimize the distance from the reference to the 

transformed point cloud. Initial values of rotation and translation parameters are 

always needed for the transformation. These can be obtained by tracking the 

scanner position, identification and indexing of surface features (Stein and Medioni, 

1992), computing principal axes of scans (Dorai et al., 1997), exhaustive search for 

the corresponding point (Chen et al., 1999) or the user input. Since the introduction 

of ICP by Chen and Medioni (Chen and Medioni, 1991) and Besl and McKay (Besl 

and McKay, 1992), many variants have been introduced on the basic ICP concept 

(Rusinkiewicz and Levoy, 2001). 

Another registration technique is the direct georeferencing of the laser scanner 

instrument. This method is especially used for the mobile systems, where the laser 

scanner instrument is mounted on a vehicle. External sensors, usually a combination 

of a GPS and an IMU sensor, are used to obtain orientation data. Georeferencing 

could be done also by measuring the coordinates of easily identifiable points in the 

field and then to search for corresponding points in a point cloud. 
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Many research groups aim to solve the registration task in fully automated way 

without the need of artificial markers or external sensors. Various registration 

algorithms have already been proposed in order to achieve this. Some of them use 

surface matching algorithms or additional information obtained from photos (Kang et 

al., 2009; Altuntas, 2014; Yang and Yufu, 2014). 
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2 3D Model 

Several different types of 3D models can be used. The most common types are 

a triangle mesh and a CAD model. Each of them has some advantages and 

weaknesses and therefore it is suitable for some specific cases. A triangle mesh is 

more suitable for objects with a complicated shape, when high level of accuracy is 

demanded. A CAD model is advantageous for objects with geometric shapes (e.g. 

pipes, walls) and when a simpler representation of the object is needed. It is also 

widely used for creating BIM (Building Information Model). The level of the model 

detail depends on the requested accuracy and on a kind of surface of the modelled 

object.  

2.1 Triangle mesh 

Triangle mesh reconstruction from an unorganized point cloud has a wide range 

of applications in the reverse engineering and in the virtual reality. Modern 3D-

graphic cards are not optimized for rendering point clouds but displaying triangles 

and triangle meshes. Therefore meshes offer an enormous speed advantage with 

regard to the point clouds and enable a smooth illustration of complex surfaces and 

structures (Fig. 2.1). The most important criteria of different approaches in organizing 

point clouds and establishing the relationship of topology for surfaces can be 

summarized as follows: 

•  Robustness – The algorithm should be able to deal with missing samples 

or erroneous samples. 

•  Maximally automatic 

•  Memory requirements – Algorithm must be capable to process large 

datasets (millions of points) with limited amount of memory. 

•  Speed 
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Fig. 2.1 Triangle mesh 

(The Game Creators, 2008) 

The mesh reconstruction algorithms can be classified into four main categories 

(Lv and Wang, 2009): 

•  Implicit surface approach 

•  Surface deformation approach 

•  Spatial subdivision approach 

•  Region-growing approach 

The first two approaches approximate sample points and that makes them less 

suitable for further processing in the CAD software. 

Spatial subdivision approach obtains a triangle mesh by contouring the zero set 

of a signed distance function determined by the point cloud. This approach inherently 

does some low-pass filtering of the point cloud. This is desirable in the presence of 

noise but causes loss of information. The most typical example for this category is 

Hoppe’s algorithm (Hoppe et al., 1992). 

The Region-growing approach constructs the mesh starting with a seed triangle 

patch and with progressively adding new triangles attached to the partially 

constructed mesh. The boundary edges are considered active edges to which new 

triangles are added. The key problem of this approach is how to select a point to form 

a new triangle with an active edge. The basic algorithm in this category is BPA (ball 

pivoting algorithm) but also more sophisticated algorithms were developed (Lv and 

Wang, 2009; Huang and Meng, 2002). 
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2.2 CAD model 

Other possibility how to process and visualize a point cloud is to convert it into a 

3D CAD model that can be manipulated using CAD software, and to which the new 

equipment design can be added. The goal of geometric modeling task is to create 

simplified representations of the object components by fitting geometric primitives to 

the point cloud data. A CAD model is very convenient for example for reverse 

engineering or it can be later converted to BIM. 

Creation of a CAD model has several steps and suitable software is needed for 

each of these steps. Some of these procedures are computerized but despite of 

technology development, a human operator is still needed for some of these steps. 

The creation of a CAD model can be facilitated if a triangle mesh or a CAD model of 

the measured object already exists. This is conveniently used for modeling in reverse 

engineering (Bosché, 2012). 

The object can be modelled as wire-frame, surface-based or volumetric model. 

Each of them is suitable for different cases, objects and purposes. 

2.2.1 Step1: Geometric primitives modeling 

The first step of creation of a CAD model from a point cloud is a detection and 

extraction of geometric primitives and their parameters. Common types of primitives 

include planar surfaces, curved surfaces (e.g., spheres, cylinders and cones) and 

extrusions (e.g., pipes). Modeling tools are typically included in geometric modeling 

software. These tools are usually semi-automated and require a user input. There 

are two main approaches for geometric modeling: fitting geometric primitives and 

surface extrusion. 

 Using the first approach, fitting geometric primitives directly to the 3D data, 

user picks a few points or patch of data and chooses the geometric primitive to be 

modeled. Parameters of the geometric primitive are calculated by robust statistical 

methods. Some parameters can be also constrained by a user, for example known 

diameter of a column or diameter of a sphere. Inserted geometric primitive can be 

extended by using a region growing algorithm to the extent that contiguous data lie 

within a defined tolerance. The disadvantage of this method is that obtained 

boundaries are irregular and inaccurate. More regular boundaries can be obtained by 

intersecting multiple geometric primitives. 
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 A special way of fitting and handling geometric primitives is called constructive 

solid geometry (CSG). All the objects in this representation of a model are made as a 

combination of six basic convex primitives (block, triangular prism, sphere, cylinder, 

cone, and torus). Those basic primitives are scaled, translated and rotated to a 

desired position and combined using Boolean operators (union, intersection and 

difference). Every CSG object can be represented by binary tree describing the used 

primitives and Boolean operations. CSG is often used in game worlds because some 

mathematical operations can be done conveniently (Leadwerks Corporation, 2006). 

The second modelling approach expect measured object to be made from plane 

horizontal and vertical surfaces, so it is usually less accurate especially when the 

components do not follow their idealized geometries. The first step of surface 

extrusion approach is to extract horizontal and vertical cross-sections from data. 

Walls are extracted from horizontal cross-sections and limited by vertical cross-

sections. The advantage of this algorithm is a low computational complexity. 

Various techniques can be used to speed up the modelling process. Objects 

can be stored in a standard component library instead of being modelled repetitively. 

Also prior knowledge about component geometry can be used to constrain the 

modelling process. (Tang et al., 2011) 

2.2.2 Step 2: Export of geometric primitives  

When all the geometric primitives are modelled and all desired intersections are 

made, the model is exported to a format that is suitable for further editing. Generally 

exporting to DXF is preferred because it is a CAD oriented format. Once this has 

been done, the CAD model that includes all the building’s geometry elements will 

result. Model can be manipulated or edited if necessary (Arayici, 2007). A texture can 

be applied as well in order to make the model look more realistic. 

Some of CAD software is also able to manage point clouds (e.g. Microstation). 

Sometimes it is convenient to export a point cloud as well as the model. Some parts 

of object can be modeled in CAD software more easily. 
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2.3 Previous Similar Case Studies 

2.3.1 3D documentation of the remains of the Jesuit  Mission in the 

region of Lake Tana, Etihiopia 

In this project elaborated by Diez at al. (2012), the laser scanning was used for 

documentation of four locations with remains of the Jesuit mission from the beginning 

of seventeenth century. The project was realized between years 2006 and 2012.  

The middle range laser scanning device Faro Photon 80 working on the 

principle of time-of-flight (phase technology) was used for measurement. Its range is 

from 0.6 to 76 m, achieving a resolution of 0.6 mm and a measurement speed of 

120 000 points per second. The scanner also contains camera and a RGB 

information for each point was acquired as a part of the measurement and later it 

was applied onto the meshed surface of the models. As a compromise between 

measurement time, data volume and required resolution, spacing was set to 20mm, 

this corresponds to a quarter of the instruments maximum resolution. 

The obtained data were filtered and registered into a global coordinate system 

using spheres, checker board targets and additional naturally signalized references. 

Different products can be derived from a point cloud data (Fig. 2.2), for example 2D 

and 3D models, ortophotos, slices, digital elevation models, fly through videos, virtual 

reconstruction etc. 

By integration of scanning and radar data, hence covering all the potential of 

two up to date remote sensing techniques, a highly valuable tool can be made 

available to investigation in archeology. 
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Fig. 2.2 3D view of whole complex of Dänqäz, including cistern 

 (Diez at al., 2012) 

 

2.3.2 Case Study - Siviller Castle in Villasor, Italy  

Vacca et al. (2012) focused their case study on finding a workflow to support 

automatic extracting of graphic outputs from the laser scanner survey in projects of a 

cultural heritage restoration. Some procedures were tested on a case study of Siviller 

Castle from the fifteenth century. The castle is situated in a city of Villasor near 

Cagliari in Sardinia. 

The castle site was surveyed with laser scanner Focus 3D by Faro which allows 

to perform scans up to range 120 m and the speed of points acquisition is up to 

976 000 points/second, both horizontal and vertical resolution is 0.009°. The JRC 3D 

Reconstructor Software by Gexcel srl was used for management and processing of 

the laser data. The laser scanner survey was performed through following steps: 

•  Scans planning 

•  Scans acquisition 

•  Data elaboration 

•  Extraction of geometric information 

•  Graphic outputs 
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The most interesting part is processing of the point clouds and output 

extraction. That was done in nine steps: 

1. Filtering of noise in the point clouds 

2. Manual deletion of points that do not belong to the studied object 

3. Registration 

4. Georeferencing in the system of the external reference 

5. Triangulation and mesh performing  

6. Mesh closure and corrections of abnormal faces 

7. Extraction of vertical and horizontal sections – every 50 cm 

8. Perform Ortophoto 

9. Perform 3D model of the site 

The required accuracy is to be sufficient for the scale 1:50. In order to complete 

survey, 61 scans with a resolution 7 mm were acquired. The scans were made on 

the ground except for three scans of the roof that were acquired from a lifting 

platform. 

The data were processed and the result is 3D model of the castle (Fig. 2.3), 

vertical and horizontal plans and a study of deformation of vertical and horizontal 

structures. It was proved in this study that the laser scanning is a suitable technique 

for this kind of jobs. Even though a lot of steps can be done automatically, the 

remarkable time is still necessary for manual editing and drawing of graphic output.  

 

 

Fig. 2.3 Sivillier Castle 3D model 

 (Vacca et al., 2012) 
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3 Case study 

3.1 The Helfenburk Castle near Úšt ěk 

3.1.1 General Information 

The castle Helfenburk near Úštěk is one of the biggest castles in northern 

Bohemia. It belongs to the castle group called “rock castles”. This type is typical for 

sandstone areas in northeast Bohemia. The castle is composed of two structurally 

different units: an inner core and an outer fortification. The inner core was founded on 

the top of a sandstone mountain ridge coming from east and ends on the west of 

castle. The rock is divided by transverse cracks. There are two cracks (3 sandstone 

blocks) under the castle. The original rocks were truncated in order to make steep 

walls and on two of tree block additional fortifications were built. The neighboring 

blocks were probably joined by wooden bridges which have not been preserved until 

these days. Each of these blocks moves slowly. This could cause problems in 

castle’s static in the future. 

 

Fig. 3.1 Actual situation of Helfenburk 

(Vladimír Bärtl, http://www.flyfoto.cz) 
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The outer castle fortification was founded several years later than the inner 

core. It consists of a wall surrounding the castle and the square tower which is 

situated close to the main gate. There used to be a moat in front of the main gate as 

well. 

Helfenburk is open for visitors all year around. The tower is open as well during 

weekends and every day in the summer and volunteers from the Hrádek civic 

association provide the guiding service. 

Some scenes of fairytale movies were filmed here. The castle served as a 

scenery for example in: Two on a horse one on a donkey, About the Lost Princess 

and The Rain Fairy.  

 

3.1.2 Location 

The Helfenburk Castle near Úštěk is located in the Czech Republic in northern 

Bohemia (Fig. 3.2) in the district of Litoměřice. The castle itself is at a distance 

approximately 2,5 km to the east from Úštěk. Geographic coordinates of Helfenburk 

are 50°34'45"N 14°23'01"E. Altitude of the castle i s approximately 340 m above the 

sea level. 

 

 

Fig. 3.2 Location of the castle 

 (maps.google.com) 

The castle is built on a sandstone mountain ridge. The surprising fact is that the 

castle is not on the top of a hill as the majority of castles are. The terrain goes down 

steeply on three sides of the castle. On the forth side the ridge goes slowly upwards. 



34 

 

There is an access road on this side and the tower was built there to protect the 

castle from attacks. 

The castle is accessible on foot. There are several ways how to get there. The 

shortest one is a yellow tourist trail from Úštěk (Fig. 3.3). When the weather is dry it is 

also possible to go there by car from the near village Rašovice. A special permit is 

needed in this case. 

 

 

Fig. 3.3 Access to the castle 

(mapy.cz) 

3.1.3 History  

The castle was founded approximately in the middle of the fourteenth century 

by Jan z Klinštejna from the family of Ronovci. That castle was much smaller than the 

one we know today. Prague Archbishop Jan Očko z Vlašimi bought the castle in 

1375. This is the first official document of the existence of Helfenburk. 

The castle was rebuild 1375–1379 and until nowadays it is possible to notice 

these parts. In this era the wall was constructed and finished with battlement and 

loopholes. It has perimeter 277 meters and it is 12 meters tall. A gallery runs along 

the wall’s inner side. Other buildings were also built in this time whereas others were 

dug into the sandstone. 

Jan z Jenštejna inherited the castle from Jan Očko. He ruled there from 1379 till 

1396. He was probably the most known owner of the castle. During his reign the 

main tower and new fortifications were built and these defined the shape and layout 
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of the castle as we know it today. Even though the castle was modified later, the 

basic layout remained unchanged (Spurný, 1984). 

When Jan z Jenštejna died, a few more governors and later owners kept the 

castle but none of them changed it significantly.  

At the beginning of the Thirty Years War, the castle was completely abandoned 

and plundered in 1620 by the emperor’s soldiers and possibly even torched.  

At the beginning of the 19th century, the ruins became a frequent destination for 

painters and pilgrims. This is the time when the first paintings and the first 

descriptions of the castle were made. 

In the second part of the 20th century, the Czech Union for Nature Conservation 

took charge of the castle and started repairing and maintaining it under the 

supervision of the conservator František Fišer. The Hrádek civic association was 

created later. This association hired the object, maintains it and provides the guiding 

service. 

Only some parts of the castle have been preserved to this day (Fig. 3.1). From 

the original castle a 30-meter-tall tower remains almost untouched and it is used as a 

lookout tower. Also the wall surrounding the castle is still in a quite good condition 

thanks to repairs carried out by a group of volunteers. In the inner part of the castle 

we can find only small rests of brick buildings, but cellars, an almost 60 m deep well 

and parts dug into the sandstone were preserved. 

 

3.1.4 Previous measurements 

The first measurement of the castle was carried out in 1983 by M. Záverský and 

J. Krupka. They defined a starting point of a local coordinate system and height 

system on the first tower staircase step. Nowadays this point does not exist anymore 

because it was destroyed during the reconstructions and courtyard ground shaping. 

They used theodolite with a distance meter for measuring. The polygon inside the 

castle and around the wall was measured. Since the polygon points were only 

temporary, they are not preserved either. The measurement result was a 

tacheometric plan in scale 1 : 200. 
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Fig. 3.4 Part of tacheometric plan from 1983 

(Kotrejch, 1983) 

 

A few years later, Ing. Vladimír Kotrejch decided to continue in measurement 

and to create more precise plan which would contain more detailed information about 

the terrain and also a precise shape of the buildings structures (shape of walls with 

niches etc.). The previously stabilized points were used and new points were added 

into original geodetic net. The measurement was done in a local coordinate system 

as well as the first one. A special attention was paid to a wall above the well. The 

work was stopped owing to insufficient possibilities of visualization of the measured 

data.  

The last measurement of Helfenburk was executed in 1988 by Ing. Pavel 

Hlavenka. This time the more modern technology was used and data were acquired 

by an aerial photogrammetry. Hlavenka’s points were used as identical points and 

the result was connected to the existing local coordinate system. The resulting map 

is in appendix A. 
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3.2  Measurement 

3.2.1 Reconnaissance 

First visit of the castle was realized on Saturday 11th February 2014. The aim of 

the first visit of the castle was reconnaissance of the castle and the near 

surroundings.  

During this visit, a plan of measurements was done, time necessary to realize 

measurements was estimated and needful equipment was defined. It was decided 

that spheres and planar patches will be located during the measurement to facilitate 

the later registration and to enable transformation to coordinate system S-JTSK. 

Hlavenka’s map in a scale 1: 350 was used for planning of scanner locations. 

3.2.2 Equipment 

The Trimble TX5 scanner borrowed from company Geotronics Praha s.r.o. was 

used for the measurement. The serial number of the laser scanner is LLS061203231. 

The Trimble TX5 (Fig. 3.5) is a terrestrial scanner that was placed on the 

market in 2012. Based on the way of distance measurement, this scanner belongs to 

the category of time-pulse scanners with phase comparison principle. 

 

Fig. 3.5 Trimble TX5 

(www.trimblegnss.ru) 
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As stated by the manufacturer, the biggest advantages of this scanner are high-

speed scanning, mobility, automated sensors, ease of use and data management. 

The Trimble TX5 scanner is able to measure at speeds of up to 976 000 

points/sec up to range 120 meters (Trimble, 2012). The range depends on ambient 

light which can act as a source of noise. Bright ambient light may shorten an actual 

range of scanner. The shortest scannable distance is 0.6m. Ranging noise, defined 

as a standard deviation of values about the best/fit plane is 0.6 mm at a distance 

10m and 0.95mm at distance 25m (Trimble, 2012). 

The horizontal field of view is 360°. Vertical fiel d of view is 300°. This means 

that scanner is not able to measure objects placed in imaginary cone with apex angle 

60° below the scanner. 

The scanner weighs only 5kg which together with a size of only 240mm x 

200mm x 100mm makes it easy to move and set up in complex environments (Fig. 

3.6). Temperature suitable for measuring with the device is between 5° and 40°. 

 

Fig. 3.6 Trimble TX5 – complex environment 
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One of the scanner components is a lithium-ion battery that provides up to five 

hours of battery life. The system also includes an integrated color camera featuring 

an automatic 70 megapixels color overlay 

The scanner has electronic compass, height sensor (altimeter) and dual axis 

compensator. A compensator enables every scan to have integrated level 

information. Automated sensors facilitate registration and allow a minimal number of 

targets needed in the field. From all information provided by sensors, the only level 

information was used in this case study. 

The touch screen provides a user friendly interface to set scan parameters, 

manage projects and scan (Fig. 3.7). All measured data is stored on a SD card. 

 

Fig. 3.7 Trimble TX5 – touch screen 

 (www.duncan-parnell.com) 

 

Due to its characteristics Scanner Trimble TX5 is suitable for broad array of 

applications. For example surveying, building information modelling, industrial 

facilities, reverse engineering, tunneling, forensic (Trimble, 2012). 
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3.2.3 Scanner setting 

The scanning parameters had been set before the measurement began. 

Various conditions were considered to define a correct setting. The most important 

criterion is the demanded accuracy. Points in the resultant point cloud should not be 

distant more than 1 centimeter and the point precision should be an order of 

magnitude better than that, but there are time and battery limitations. There is also a 

limit of data amount but since there was a laptop and 500 GB external hard disc 

available this was the least important limit. The hardware limitations of the scanner 

are horizontal and vertical resolution is 0.009°, b attery life around 5 hours and 

ranging error ± 2 mm (Trimble, 2012). 

Considering all the listed constraints, the decision was to use ¼ of maximum 

resolution with quality 3 (every distance is measured 3 times and the mean is taken). 

This setting leads to time necessary to one scan around 9 minutes with total volume 

of the acquired data approximately 190 MB per scan. The distance between adjacent 

points in a point cloud is around 6 mm at a distance 10 m from the scanner which 

should be sufficient. 

The first thing to do before every scan is to set up the tripod. It sounds easy but 

the rugged terrain of the castle makes it sometimes very difficult. It was even 

necessary in a few cases to leave one person under the tripod to catch the scanner 

in case the tripod falls down. Fortunately the scanner survived the whole 

measurement. When the tripod is set up well and stable, the laser scanner is 

mounted on it. The scanner should be set up as horizontally as possible. The 

maximum allowed inclination is 5°. If the inclinati on exceeds this rate, the 

inclinometer (dual axis compensator) inbuilt in scanner is not operating correctly. 

Approximate leveling of the scanner can be done with a bubble level on the tripod or 

at level screen. The last important thing to check is that there is no object too close to 

scanner and scanner will be able to move (rotate) freely during the scanning. Now 

the scanner can be powered on. 

The scanning setting needs to be set before the first scan. The setting menu 

(Fig. 3.8) is accessible from the home screen by pressing the Parameters button. A 

predefined scan profile can be selected or changed scanning setting can be changed 

manually. 
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The following parameters can be set: 

•  Resolution and Quality – Resolution is set in mega points or as a fraction 

of maximum resolution. Used resolution was ¼ which corresponds to 

45.2 MPts, used quality was 3x. 

•  Scan Range – The scanned area is defined by horizontal and vertical 

start and end angles. A full range for all scans was used in our case. 

•  Safety eye Distance 

•  Scan with Color – Capture of the color can be switched on or off. The 

color information was not captured in our case in order to save time and 

electric energy. As some scans were done in bad light conditions, so 

capturing of color information would have been impossible anyhow. 

•  Select Sensors – Sensors can be switched on or off. Available sensors 

are Temperature sensor, Dual Axis Compensator, Compass and 

Altimeter. Only dual axis compensator was used. 

 

Fig. 3.8 The Setting menu 

Once scanning parameters are set, the scanner shows scan size (number of 

points horizontally and vertically), expected scan duration and scan file size (in 

Megabytes). Now the scanning setting is finished and the measurement itself can 

begin. 
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3.2.4 Measurement method 

After the reconnaissance and building of a geodetic net (part of a Master’s 

thesis of Lukáš Vosyka (Vosyka, 2015)), the place was ready for the laser scanning. 

The measurement was carried out at the Helfenburk castle near Úštěk during two 

weekends in spring 2014. The first weekend was 21. – 23. March and the second 

one was 2. – 4. May. 

91 scans were done in total. The central part of the castle was very rangy and it 

was supposed to be documented most precisely. Therefore there was bigger density 

of survey stations in this part. 19 scans were in the central part of the castle, 49 

scans were inside the wall and the remaining 23 scans were outside the castle to 

capture the outdoor side of the wall. The sketch with locations of scanner stations is 

in appendix B. 

Before the beginning of the measurement on the first station, the laser scanner 

setting was done (see 3.2.3 Scanner setting). The measurement was carried out 

after the initial setting. When the scanning process in a certain station was finished, 

the scanner was shut down, dismounted from a tripod and moved to the next survey 

station. For shorter distances in a flat terrain it was sufficient to carry the scanner in 

hands. For more complicated transports, the scanner was closed in its transport box 

to prevent scratches and other damages. The tripod was always moved separately 

from the scanner. 

There was no electricity supply at the castle and surroundings. Only a power 

generator driven by a combustion engine was available. That was sufficient to 

recharge a scanner battery one or two times a day and download the measured data 

from the scanner to a laptop. 

It was decided to use white spheres and planar patches to facilitate the later 

registration and transformation into the reference coordinate system. These objects 

were therefore placed during the measurement in places which were visible from 

several scanning stations. Since all the scans were already leveled (by using a dual 

axis compensator) two points (spheres) were theoretically enough to execute 

registration. However it would be difficult in this way to check the registration and find 

out whether some sphere moved between measurements. Considering that, the 

spheres were placed in a way that there are at least three spheres visible from every 

station. This goal was complicated by the fact that there were only six spheres 
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available so it was necessary to choose carefully where to place them and still it was 

obvious that it was not sufficient and some other ways of registration (like ICP 

algorithm) were necessary. It was also impossible to leave there spheres between 

first and second part of the measurement because the spheres could be moved or 

stolen in the meantime. 

There also occurred a problem with fastening of the planar patches. Since the 

castle consists of sandstone, it is impossible to use any kind of tape or sticky labels 

to fasten a target (Fig. 3.9a) because it usually falls down after a few hours or even 

minutes. The only way of fastening planar patches that seemed to work was to 

squeeze them between two stones or into some rock crevice (Fig. 3.9b). In this way 

the patch reminded in its place. The drawback of this method was that the patches 

were slightly curved instead of planar which later on caused problems with identifying 

the center of the patches.  

 

 

During the first measuring weekend the inner part of the castle was scanned. 

The work progressed slower than was expected because that part of the castle is 

very vertically dissected and moving scanner from one station to another took a 

significant amount of time. Often it was necessary to use ladder and rope to move 

scanner and people. In a few cases it was even necessary to leave one person under 

the tripod to catch the scanner in case it starts falling (it really happened once) (Fig. 

3.10). A color information was also acquired in the first stations but then we realized 

that it takes too much time and also light conditions got worse, so the color 

information was not acquired on the next stations. The last few stations were 

Fig. 3.9 Planar patch a) Fastened by tape b) In rock crevice 
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measured in the darkness so there would not be any chance to obtain color 

information in any case. 

The interior of the tower was measured during the first weekend as well. 

Scanner setup on the steep spiral staircase was not easy at all. The data processing 

and output creation of the interior and exterior of the tower were described in 

Master’s thesis of Martin Toušek (Toušek, 2015). 

 

 

Fig. 3.10 Scanner watching in a vertically dissected terrain 

 

The rest of the scans inside the castle and outside the wall were carried out 

during the second measuring weekend. The terrain was less vertically dissected, 

therefore less time was lost on moving the scanner from one station to another. In 

order to connect scans outside and inside, several spheres were placed on the top of 

the wall so that they were visible from both sides. The terrain outside the wall 

descends very steeply in some parts, so the scanner had to be placed close to the 

wall which could deteriorate the quality of the points on the wall as those were 

captured under the acute angle. 
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The weather during the whole measurement (both weekends) was cloudy with a 

temperature between 10°C and 15°C and almost no rai n. That was closely perfect 

weather for measurement. Rain would make scanning impossible and warmer and 

sunnier weather would attract more tourists who could interfere in the measurement. 

3.3 Data Preprocessing 

T data were stored during the measurement in the SD card in scanner. Then 

data were downloaded to the computer and processed. First thing to do was to 

convert these into a suitable format and cut out the erroneous points. When the 

measurement from each scan station was processed, all the measurements were 

transformed into the common coordinate system. 

3.3.1 Export of the measured data 

Data downloaded from scanner Trimble TX5 are in a format which can be 

opened only in a special software delivered with the scanner by the Trimble 

Company. Software is called Scene and serves for basic operations with 3D data like 

filtering of points, automatic recognition of objects or coloring of a point clouds. For 

advanced data processing it is better to use other software, as this software serves 

only for export of the measured data to some interoperable format like .pts or .ptx. 

The data in our case were exported to format .ptx. This format can work with 

normals and it will ease later visualization. Following the information about every 

point was exported: coordinates X, Y, Z, and intensity from 0 to 1. Color information 

was not exported because it was acquired only for some points (less than 1/10 of 

total amount). Normals were calculated during the data import to Geomagic Studio 

(before resampling). 

3.3.2 Resampling 

As it was explained in the chapter 1.7.1, distances between the scanned points 

are defined by an angle matrix. Therefore points closer to the scanner have smaller 

gaps between each other than the points representing more distant objects. This is 

not suitable for processing because the data volume is bigger than necessary. A 

resampling function is therefore employed to uniform distances between the adjacent 

points. 
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Fig. 3.11 Geomagic Studio functions a) Uniform Sample b) Batch Processing 

 

In this case study software Geomagic Studio was used to execute this function. 

Since there are more than ninety scans to resample a macro was recorded and then 

batch processing was used for all scans. First one point cloud was loaded as 

unordered points. Then recording of macro was started in a tab Tools – Macros – 

Record and resampling process was executed in a tab Points – Sample – Uniform 

(Fig. 3.11a).  A required spacing was defined to 5 mm and maximum curvature 

priority was set. After executing of this function macro recording was stopped in Tools 

– Macros – Stop. In this moment macro is stored and it is possible to check or 

change it as a Python script. If a macro is recorded correctly, the batch processing 

can be started in a tab Tools – Macros – Batch Processing (Fig. 3.11 b). It was 

necessary to choose a folder with the scanned data (exported ptx) and a folder 

where to store the resampled data. As output format was chosen vtx which can be 

easily converted to txt format that is suitable for the following step of data processing. 

After pressing Begin button, the batch process was started. It took almost whole day 

to batch process all scans. 
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3.4 Registration 

Registration is a time consuming part of the data processing. In our case it took 

us significantly more time than usual. It was caused mainly by the fact that we did not 

have enough spheres to represent identical points during the measurement. So 

during the registration we needed to combine it with ICP algorithm in more 

complicated way than was expected. The second problem was based on the fact that 

Trimble TX5 has a dual axis compensator we assumed during the measurement that 

two spheres are enough to join two stations. But on the second thought with only two 

spheres there is no control if one sphere were moved between measurements.  

Therefore we added ICP in those cases as a third constraint to check that spheres 

are all right. If we have figured it out beforehand it would have been possible to save 

some time and work in the registration stage. 

Finally it was decided to join the scans that share enough spheres to several 

blocks. Then add nearby scans using spheres in combination with ICP algorithm. The 

last step was to join these blocks of scans. The advantage of this approach was that 

it was easier than to create one big complex registration. The drawback was that 

registrations that were already frozen cannot be adjusted with new scans. It however 

should not deteriorate the result because registration with spheres was more precise 

than ICP. Therefore the weights were set differently in the registration for constraints 

formed by spheres, planar patches and ICP. Weights were determined empirically 

according to the precision of each object or method (Tab.  3.1). 

 

Tab.  3.1 Weights for registration 

Type of target Weight 

Sphere 1,0 

Planar Patch 0,7 

ICP algorithm 0,5 
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3.4.1 Identical Points Modeling 

The first thing to do before registration was to find and model all the spheres. 

The point clouds were therefore loaded to database in the Cyclone software. They 

were open one by one and the spheres were manually found and modelled. Cyclone 

offers functions to enable and facilitate modeling. 

 The diameter of spheres was fixed on 20 cm. Then one point of sphere was 

chosen manually and the rest of sphere’s points were indicated automatically by a 

function Create Object – Region Grow – Sphere (Fig. 3.12). The automatic selection 

can be manually changed by expanding or reducing of the Region Size parameter. 

When the correct points are selected, the selection is confirmed by pressing OK 

button and the sphere is modelled. 

 

Fig. 3.12 Choosing of points by the Region Grow function 

The vertex was inserted afterwards to the center of the sphere by the Create 

Object – Insert – Vertex function. This is the point that will be used in registration. 

Every vertex got a unique number in order to make registration easier and well-

arranged. Vertexes representing the same point in different scans have the same 

number.  

Identifying the planar patches was easier but less precise. When the point cloud 

is visualized with color “by intensity”, a crossing of black and white squares on a 

planar patch can be found. Since the point cloud was resampled to density 1cm, an 

error was produced when marking the closest point to ideal center. An average error 

was estimated as 5 mm. 
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3.4.2 Registration procedure 

The registration itself was started when all the registration points were 

represented by vertexes with numbers. The first step was to find scans sharing with 3 

or more spheres with other scans and to register them into groups. There were found 

10 such groups. To make it more synoptic, every group got a name referring to 

numbers of scans containing e. g. reg13-17 contains scans 13, 14, 15, 16 and 17. 

In the second step, the scans that did not have enough spheres to be included 

in some group were registered using ICP algorithm. A group with the largest common 

area, approximately identified identical points and ran ICP was chosen for every 

scan. In case one or two spheres were available, they were used as well. If more 

types of constraints were used in one registration, proper weights were set according 

to Chyba! Nenalezen zdroj odkaz ů.. Using this approach, every scan becomes a 

part of some group. Finally 10 groups contained all scans. 

The third step was to join 10 scan groups together. Hardly any spheres in this 

registration were common, so ICP algorithm created the major part of constraints. 

The mean error of the final registration was 1.1 cm. All the registration protocols are 

enclosed on DVD in folder Registration protocols. 

 

3.4.3 Transformation to S-JTSK 

The registered point cloud was transformed to S-JTSK using vertexes in the 

centers of the planar patches. Congruent 3D transformation was used in order to 

preserve real distances in a point cloud. Distortions of a map projection in an castle 

area does not exceed 3 mm, which is less than the accuracy of the point cloud and 

therefore the map projection can be ignored. 

Axes in the standard S-JTSK have different direction than in the classical 

mathematical coordinate system. In S-JTSK X axis goes to the south and Y axis 

goes to the west (Fig. 3.13). As all the CAD software is using mathematical 

orientation of axes, S-JTSK/Krovak East North was used. The transformation 

equations from S-JTSK to S-JTSK/Krovak East North are: 

YS-JTSK/EN = -XS-JTSK  

XS-JTSK/EN = -YS-JTSK 

ZS-JTSK/EN = ZS-JTSK  
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Using this system, the whole measurement was moved to the third quadrant. 

The orientation was not changed. 

 

 

Fig. 3.13 Coordinate systems a)S-JTSK b) S-JTSK/Krovak East North 

(www.gis.czu.cz) 

 

18 identical points (planar patches) were used in total. The standard deviation 

of the transformation was 1.4 cm. Considering the error in identifying the centers of 

planar patches in a point cloud, this is a good result. In the appendix D there is a list 

of the measured and model coordinates, a sketch with location of the planar patches 

is in appendix C and a transformation protocol is enclosed on DVD.  

3.5 Control Measurement 

The main goal of the control measurement is to check whether the registered 

point cloud, respectively 3D model, suffers any deformations or systematic errors. In 

order to find out that control points were measured and distances between the 

measured points were compared with distances measured in the model. 

A geodetic net created at Helfenburk by Lukáš Vosyka (Vosyka, 2015) was 

used for measurement of control points. Since distances calculated from coordinates 

were compared with real distances from model, the coordinate system with scale 

factor equals to one and without any additional distortions was necessary. Therefore 

the local coordinate system was used. 
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3.5.1 Types of control points 

There are two types of control points: 

1) Planar patches – These patches were placed at the castle and also on 

the walls outside face. Altogether there were 20 patches placed and 

measured. Some of those planar patches were used for registration as 

well. Centers of the planar patches were measured by a total station in 

non-prism mode of EDM (electronic distance meter) by L. Vosyka.  

2) Edges of stones and immobile objects – Since the castle is built from 

sandstone, it resulted to be quite difficult to find very sharp and easy 

identifiable edges. These points are therefore not very accurate. 

Expected accuracy could be around 1 cm or worse. Measurement of 

control points was carried out in February 2015. 73 points all over the 

castle were measured in total. And 66 of them were identified in a point 

cloud. 

Software Cyclone was used for finding control points in a registered point cloud. 

A vertex was inserted to each control point and it was labeled according to type 

of a control point. Planar patches have numbers 9xxx and other points 9xx. The 

list of control points is enclosed on DVD. Coordinates and numbers of points 

were exported into txt file and further processed in Matlab to obtain 3D 

distances. The result was a matrix of distances between all measured points 

and second matrix with distances from model. The difference between real and 

model distances is obtained by subtracting these two matrices. 

Fig. 3.14 Control point on the gateway arch 
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3.5.2 Precision of the Control Measurement 

To evaluate whether the real distance is the same as the distance measured in 

a model it is necessary to determine standard deviation of both distances. To obtain 

standard deviation of a distance, all the errors need to be taken in count. Additionally 

to the measurement errors and errors of identifying real point there was a significant 

error in identifying a point in the point cloud. Sometimes it was not very clear which 

point in the point cloud was the closest one to the right place.  Moreover adjacent 

points were distant approximately 10 mm. Therefore the error as minimum few 

millimeters and as maximum few centimeters was created in every point. When it 

comes to identifying planar patches centers, the accuracy is better but still error 

around 5 – 10 mm is produced. 

In this case the measurements errors (error in distance and angle while 

measuring the point) are order of magnitude smaller than the errors of identifying of 

end points. Therefore measurement errors can be omitted. 

Standard deviations of distances were calculated from following formulas: 

Standard deviation of real distance:  

�� � 	�
� + ��� + �
� + ���  

σr … standard deviation of real distance 

σi … standard deviation of identifying of end point 

σm1, σm2 … standard deviations of measurement 

 

Standard deviation of real distance without measurement errors:  

�� � 	��� + ��� � �� × √2 

Standard deviation of model distance: 

� � 	��� + ��� � �� × √2 

σm … standard deviation of model distance 

σp … standard deviation of identifying of end point in a point cloud 

 

Standard deviation of distance difference:  

�∆� � ���� + ��  
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Maximum permissible difference of distance: 

�∆� � �� × �∆� 

σ∆d … standard deviation of distance difference 

δ∆d … maximum permissible difference of distance 

up … confidence coefficient, up = 2 

 

Values of standard deviations were determined as follows: 

For planar patches: 

σi = 5 mm 

σp = 5 mm 

For stone edges: 

σi = 10 mm 

σp = 10 mm 

Using formulas for maximum permissible difference of distance we obtained the 

following results: 

For planar patches: δ∆d = 20 mm 

For planar patch and stone edge: δ∆d = 32 mm 

For stone edges: δ∆d = 40 mm 

3.5.3 Results of the control measurements 

Calculated distance differences were compared with permissible deviation of 

distance difference. Planar patches were evaluated separately. The table with results 

is enclosed in appendix E. Next all the distances including planar patches and stone 

edges were evaluated. Since the table with results is very extensive it is enclosed on 

DVD in the folder Control_Measurement. 

To evaluate the model precision, the longest distances in longitudinal, 

transverse and Z axis direction were chosen (Tab.  3.2, Tab.  3.3, Tab.  3.4). The 

points were chosen in a way to create independent pairs of points. The standard 

deviation of the sample was calculated from distance differences between chosen 

points according to following formula: 

� � 	�∑∆���  
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 The value of standard deviation is 15 mm. The control measurement proved 

that the point cloud was registered correctly and it has expected accuracy. No 

systematic errors or distortions were found. 

 

Tab.  3.2 Distances in longitudinal direction 

A B d [m] Δd [m] 

9108 9125 84,798 -0,002 

9127 9122 91,4 -0,021 

9110 9120 87,603 -0,016 

9111 9118 100,805 -0,015 

9112 9102 62,748 -0,016 
 

Tab.  3.3 Distances in transverse direction 

A B d [m] Δd [m] 

9112 9127 60,361 0,015 

9107 9104 51,66 -0,005 

9106 9103 31,438 0,003 

9116 9102 24,155 0,004 

9118 9125 23,414 -0,004 
 

Tab.  3.4 Distances in Z axis direction 

A B d [m] Δd [m] |ΔZ| 

9101 9001 8,37 -0,007 6,934 

9116 952 26,743 0,021 10,31 

9110 972 15,902 -0,029 13,179 

9127 9104 37,445 0,004 23,975 

9122 9003 45,758 -0,023 17,305 

 

3.6 Plan drawing 

A plan is usually defined as a drawing to scale, showing a view from above, of 

the relationships between spaces and other physical features. 

A rough plan was drawn from the point cloud (in S-JTSK) in Cyclone using 2D 

drawing tools (Fig. 3.15). The top view and orthographic projection was used in order 

to avoid any distortions. Thin cutplanes with 1 m offset were used while drawing 

contour lines. The drawing was exported from Cyclone in format .dxf and loaded to 

Microstation. There the project was resaved as .dgn and edited. 
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Fig. 3.15 Point cloud with 2D drawing 

 

The guideline for surveying of historical monuments and protected nature areas 

were followed during the whole process. Although this object is different from the 

objects the guideline is dealing with. Therefore the final plan is not completely in 

accordance with the guideline.  

Scale 1:250 was chosen, since the castle is bigger than documented objects 

usually are. The whole plan can be fitted into A2 format like this. The floor plan is 

enclosed on DVD and also in a printed form. 

 

3.7 Creation of a 3D Model 

A 3D CAD model was chosen as the most suitable way of visualization of the 

measurement results. Although the triangle mesh would be more detailed, a CAD 

model has less data and therefore it is less demanding for computer speed. This 

makes it more suitable for presentation on the internet or 3D print. Based on the 

purposes of this model, details smaller than 10 cm were ignored. 

The 3D model was derived from the final point cloud (in S-JTSK). Since some 

CAD software has problem with high coordinates used in S-JTSK, the reduced 

system was used. That means that the whole model is shifted. Since there is no 
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rotation or scale involved, the shift back is easy and can be done in any moment 

using shifting formulas: 

YS-JTSK = Yreduced + 988 000 

XS-JTSK = Xreduced + 730 000 

ZS-JTSK = Zreduced  

 

The part of the castle inner core called palace was modeled in this work. Since 

the castle does not have geometrical shapes, it could not be modeled with automatic 

and semiautomatic tools that work only for strictly geometrical shapes (planes, pipes, 

etc.). Therefore the modelling process required a lot of manual work and it was very 

time consuming. 

A part of the point cloud representing the area of interest was exported from 

Cyclone to format .xyz and imported into 3DReshaper. The point cloud was roughly 

meshed there to improve clarity and ease of the further drawing process (Fig. 3.16). 

 

 

Fig. 3.16 Polylines on a mesh in 3DReshaper 

 

Two different types of architectural objects can be found in the castle core: rests 

of the walls and sandstone rocks. The walls can be modelled by drawing 

characteristic 3D polylines on the edges of the walls. They will be joined by surfaces. 

On the other hand, the rocks usually have more complicated shape, so it is not 

possible to represent them by characteristic lines. Therefore the simple triangle mesh 

was used. The rock shape was preserved like this and the model is still simple 

enough. 
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Polylines and 3D meshes were exported to the format .igs to Microstation 3D 

project. Polylines were joined to create closed net and afterwards polylines were 

joined by planar surfaces and connected with the imported triangle meshes. The 

model is on enclosed DVD in .dgn and .pdf format. It can be converted to different 

formats if necessary. 
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4 Results 

The measurement of the Helfenburk castle near Úštěk was processed into three 

main results. They are a point cloud, a plan in scale 1:250 and a 3D CAD model. All 

the results are enclosed on DVD and the plan is enclosed also in a printed form. 

The first result of this work is the point cloud (Fig. 4.1). It was created by 

registering of 91 scanned point clouds and further it was transformed by congruent 

transformation into S-JTSK and Bpv using planar patches. The standard deviation of 

the transformation into S-JTSK was 14 mm. The registration process was checked by 

control measurement and no systematic distortion was found. 

 

Fig. 4.1 Result 1: The point cloud 

 

The plan in scale 1:250 was created from the point cloud (Fig. 4.2). It provides 

overview how the castle looks like from the top view. Parts that would not be visible 

from above are drawn by dashed line. The plan is available in .dgn format and in a 

printed form. 
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Fig. 4.2 Part of the plan 

 

CAD model of the inner castle core was also derived from the point cloud (Fig. 

4.3 Palace – CAD modelFig. 4.3). In order to simplify the structure but maintain the 

characteristic shapes, the lines were created on edges of walls, windows, etc. Simple 

triangle meshes were used to represent more complicated parts (rocks). The model 

is suitable for CAD software and simple enough for publication on the internet.  

 

Fig. 4.3 Palace – CAD model 
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5 Discussion 

The laser scanning was proved in this work as a suitable technique for a 

detailed documentation of complicated objects. It would not be possible to create so 

detailed documentation by traditional geodetic ways of measurement. Other option 

could be photogrammetry, but considering the shape of the castle with many rocks, 

caves and cracks, a big amount of photos would be needed. To capture all the 

details, the aerial photogrammetry would be totally insufficient and terrestrial 

photogrammetry would have to be used. Therefore the laser scanning turned out to 

be the most convenient method. 

The most obvious drawback of this method was the highly time consuming 

registration and modeling part. There is a big contrast between measuring part which 

took a few days and registration part which took a few months. There are three main 

reasons why registration took so much time. The first one is using insufficient number 

of spheres during the measurement. Therefore it was necessary to use ICP algorithm 

more often and that made the whole registration more complicated. Secondly the 

software used for dealing with data is a few years old. The newest software versions 

were not available on school computers, therefore older available versions were 

used. Some procedures could be done automatically using newer versions, for 

example spheres modeling. The last challenge was the fact that we were three 

students cooperating on that part of work. Looking back the division and organization 

of the work was underestimated. As a consequence we kept waiting for someone to 

do some part of work and had long discussions what is done and how. As a matter of 

fact, none of those challenges is really connected with the method itself. I strongly 

believe that a skilled person could have the data processing part done within a 

month. 

The other concern is aimed to the measuring process when the data were 

acquired without true color information. The reason for that was to save time and 

electrical energy. Since the point cloud and model are missing real color, it would be 

necessary to take many photos to change it. In this case study the real color is not 

really important, since the results will serve for archeologist in the first place. But in 

other projects it is recommendable to think out the possibility of acquiring color 

information during the measurement. 
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6 Conclusion 

This master’s thesis is aimed on the measurement and documentation of the 

Helfenburk Castle near Úštěk. The whole castle was scanned with the Trimble TX5 

scanner. A specialized software was used for further data processing. First of all 

scans were registered, so they created one point cloud in a common coordinate 

system. The point cloud was created by joining 91 scans. The proportions of the 

point cloud were compared with points obtained from the control measurement. Even 

though residuals during the registration were small, it was important to verify the 

precision of the result.  

The first result of this work is the 3D model which is presented as a point cloud. 

The final point cloud was transformed into the S-JTSK coordinate system and into 

the Bpv height system. The 3D identical transformation was used in order to preserve 

real distances in the point cloud. 

Part of the final point cloud representing the inner castle core was exported into 

the 3DReshaper software, which is more suitable for modelling of not strictly 

geometrical shapes. A CAD model of the inner part of the castle was created using 

this software. A castle plan was also drawn from a point cloud using the Microstation 

software. 

The results of the work will be delivered to the Hrádek group, which maintains 

the castle. The results will be used for publication on the web, for archeological 

research and for planning future reconstructions. 

The laser scanning proved itself in this case study as an efficient technique of 

the detailed documentation of a huge and complicated object. The fact that the 

working process took more than one year since the beginning of the measurement 

until delivering the final results, is mostly caused by the lack of experiences with this 

kind of project. If this were a real contract, I believe that the same results would be 

possible to complete in one month of a full time work. 
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Resumé 

Hrad Helfenburk se nachází v severních Čechách v  Litoměřickém kraji.  Byl 

postaven v polovině čtrnáctého století Janem z Klinštejna. První oficiální zmínka o 

hradu je z roku 1375, kdy ho koupil arcibiskup Jan Očko z Vlašimi. V následujících 

stoletích hrad několikrát změnil majitele a po třicetileté válce byl opuštěn. Od druhé 

poloviny 20. Století hrad udržuje občanské sdružení Hrádek. Toto sdružení požádalo 

o zaměření a zdokumentování hradu. 

Po rekognoskaci terénu a vytvoření bodového pole v areálu hradu byl 

Helfenburk zaměřen pomocí technologie laserového skenování. Měření proběhlo 

v březnu a květnu roku 2014. Pro měření byl použit skener Trimble TX5. V paláci 

bylo pořízeno 19 skenů, dalších 49 skenů bylo pořízeno ve zbytku vnitřní části hradu 

a 23 skenů bylo naměřeno pro dokumentaci venkovní strany hradby a věže. Kvůli 

úspoře času a baterie a kvůli nepříznivým světelným podmínkám nebyly foceny 

barevné snímky. V průběhu měření byly rozmisťovány bílé kulové terče, které byly 

použity při registraci a šachovnicové terče, které byly zároveň zaměřeny 

v souřadnicích pro pozdější transformaci do S-JTSK. Protože se jedná o velký objekt, 

spolupracovala jsem při měření a částečně i pro zpracování dat s P. Dífkovou a J. 

Poesovou, které poté použily data pro zpracování dalších výstupů. 

Měřená data byla pomocí softwaru dodávaného ke skeneru exportována do 

formátu .ptx. Exportovaná data byla postupně načtena do programu Geomagic 

studio. Při načítání byly vypočteny normály, které usnadní vizualizaci a práci s daty. 

Dále byla data dávkově zpracována pomocí funkce Uniform, která mračna 

převzorkovala na rozestup mezi body 10 mm se zachováním větší hustoty bodů 

v místech s větší křivostí. Export do formátu .vtx umožnil následné načtení do 

programu Cyclone.V tomto programu byly vymodelovány kulové terče  a jejich středy 

označeny vertexy používanými pro registraci. Vzhledem k nedostatku kulových terčů 

při měření nebylo možné spojit tímto způsobem všechny skeny, byl pro registraci 

skenů s nedostatečným množstvím koulí použit i ICP algoritmus. Následně bylo 

registrované mračno transformováno shodnostní transformací do S-JTSK. Pro 

transformaci bylo použito 18 štítků, které byly naskenovány a jejich středy vyhledány 

v mračnu a zaměřeny v souřadnicích. Směrodatná odchylka transformace je 14 mm. 

Správnost registrace byla kontrolována pomocí bodů zaměřených při kontrolním 

měření. V rámci kontrolního měření bylo v souřadnicích zaměřeno 66 bodů. Do 
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souboru kontrolních bodů byly začleněny i šachovnicové terče použité pro 

transformaci. Byly vypočteny délky mezi body ze souřadnic a zároveň změřeny 

v modelu. Délky byly následně porovnány a odchylky porovnány s mezními 

odchylkami. Nebyla prokázána deformace modelu. Směrodatná odchylka mračna je 

15 mm. 

Z bodového mračna byl vytvořen plán celého hradu, ve kterém jsou znázorněny 

stavební a přírodní objekty a výškopis. Plán je v měřítku 1:250 vytištěn na výkresu 

formátu A2 a přiložen k práci. Dále byl vytvořen 3D CAD model vnitřní části hradu 

nazývané palác. Pro tvorbu modelu byla data exportována do programu 

3DReshaper, který je vhodný pro hrubé zasíťování mračna a kreslení hlavních 3D 

linií. Kresba byla exportována do 3D projektu v Microstationu, kde byl model 

dokončen, zaplochován a pokryt texturou. 
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Appendix A: Hlavenka's Helfenburk map 

 

 



Appendix B: Sketch of scanner stations 

 

 

 

 

  



 

Appendix C: Sketch of planar patches 

 

 

 

 

 



Appendix D: Coordinates of planar patches 

 

  S-JTSK [m] Reduced S-JTSK [m] Model Coordinates [m] 

Point ID Y X Z X Y Z X Y Z 

9001 737990.478 988443.537 327.681 -7990.478 -443.537 327.681 -5.225 -4.949 267.580 

9003 737990.084 988438.428 325.873 -7990.084 -438.428 325.873 -5.989 0.094 265.782 

9101 737985.791 988443.514 320.747 -7985.791 -443.514 320.747 -0.645 -3.874 260.649 

9102 737992.972 988429.258 319.284 -7992.972 -429.258 319.284 -10.913 8.353 259.185 

9103 737976.591 988437.188 318.461 -7976.591 -437.188 318.461 6.857 4.402 258.361 

9106 737983.646 988467.783 316.868 -7983.646 -467.783 316.868 7.033 -26.992 256.758 

9107 737989.635 988482.621 314.607 -7989.635 -482.621 314.607 4.605 -42.829 254.501 

9108 737967.281 988482.760 314.709 -7967.281 -482.760 314.709 26.375 -37.811 254.622 

9111 737952.549 988492.464 319.156 -7952.549 -492.464 319.156 42.963 -43.878 259.053 

9112 737982.424 988490.538 310.867 -7982.424 -490.538 310.867 13.444 -48.876 250.763 

9114 737998.989 988468.007 310.685 -7998.989 -468.007 310.685 -7.869 -30.732 250.569 

9116 738014.235 988436.192 310.159 -8014.235 -436.192 310.159 -30.010 -3.279 250.060 

9117 738016.279 988432.669 309.872 -8016.279 -432.669 309.872 -32.814 -0.313 249.770 

9118 738020.213 988418.384 309.388 -8020.213 -418.384 309.388 -39.923 12.684 249.290 

9120 738020.863 988407.093 309.055 -8020.863 -407.093 309.055 -43.168 23.527 248.951 

9122 738015.617 988404.628 308.568 -8015.617 -404.628 308.568 -38.620 27.136 248.464 

9125 738000.992 988405.432 306.069 -8000.992 -405.432 306.069 -24.191 29.712 245.977 

9127 737936.849 988450.977 309.748 -7936.849 -450.977 309.748 48.700 0.087 249.651 

 

  



 

Appendix E: Distances and distance differences betw een planar patches 

The upper triangle matrix contains lengths between points. The lower triangle matrix contains distance differences. 

[m] 9001 9003 9005 9013 9015 9017 9101 9102 9103 9104 9106 9107 9108 9109 9110 9111 9112 9114 9116 9117 9118 9120 9122 9125 9127 

9001 
 

5.434 4.212 11.195 9.691 13.460 8.370 16.752 17.837 27.050 27.413 41.221 47.380 43.503 41.556 62.491 50.564 30.985 30.420 33.181 43.029 50.974 50.112 45.051 57.035 

9003 0.026 
 

8.959 6.288 6.919 10.460 8.401 11.655 15.445 27.315 31.373 45.609 51.088 47.486 44.683 66.135 54.766 34.422 28.900 31.231 39.765 47.033 45.758 39.999 57.022 

9005 -0.034 0.003 
 

15.011 13.758 17.591 7.713 20.016 17.692 25.734 23.472 37.581 43.200 39.421 37.487 58.330 46.669 28.493 32.697 35.752 46.342 54.576 53.734 48.343 54.539 

9013 0.020 -0.016 -0.010 
 

4.866 7.949 13.315 6.552 18.173 31.729 36.750 50.591 56.848 53.700 50.426 72.129 59.981 37.956 25.644 27.331 34.292 41.019 39.623 34.205 60.958 

9015 0.032 0.007 -0.002 0.021 
 

7.152 14.362 10.633 21.590 33.652 35.636 48.614 56.406 53.165 50.646 71.936 58.474 35.830 24.210 26.145 34.222 41.713 40.968 37.158 63.804 

9017 0.016 -0.012 -0.016 -0.006 -0.007 
 

18.854 13.259 23.625 32.581 40.819 54.139 60.689 55.882 54.395 75.287 63.839 42.371 29.535 30.795 36.452 42.487 41.374 37.486 65.272 

9101 -0.007 -0.005 0.014 -0.018 0.005 -0.017 
 

16.029 11.397 25.274 24.670 39.772 43.810 41.547 37.242 59.192 48.169 29.586 31.221 34.138 44.107 51.896 50.498 43.552 50.715 

9102 0.025 -0.006 0.004 0.000 0.012 -0.012 -0.004 
 

18.218 34.637 39.711 53.671 59.527 57.460 52.843 75.027 62.748 40.145 24.155 25.366 30.956 37.065 35.132 28.401 60.930 

9103 -0.007 -0.004 0.008 -0.019 0.009 -0.017 -0.005 -0.004 
 

20.252 31.438 47.425 46.664 43.829 38.300 60.282 54.203 38.884 38.561 40.857 48.361 54.352 51.779 41.922 42.959 

9104 -0.007 0.016 0.014 -0.004 0.019 -0.002 0.012 0.008 0.014 
 

36.487 51.660 45.132 36.275 35.927 53.841 56.719 49.223 55.642 58.064 65.494 70.984 68.363 58.778 37.445 

9106 -0.033 -0.006 -0.001 -0.016 -0.009 -0.019 0.002 -0.003 0.003 0.014 
 

16.160 22.289 25.184 20.569 39.767 23.565 16.543 44.482 48.444 61.914 71.620 71.271 65.614 50.230 

9107 -0.041 -0.019 -0.015 -0.026 -0.022 -0.028 -0.013 -0.016 -0.017 -0.005 -0.020 
 

22.355 29.794 27.507 38.639 11.343 17.789 52.731 56.811 71.335 81.918 82.428 78.486 61.736 

9108 -0.016 0.011 0.018 -0.002 0.013 0.000 0.014 0.009 0.007 0.015 0.024 0.013 
 

15.131 10.236 18.193 17.452 35.203 66.287 70.238 83.513 92.890 92.080 84.798 44.282 

9109 -0.026 0.008 0.008 -0.008 0.006 -0.004 0.009 0.005 0.007 0.010 0.008 -0.007 0.007 
 

13.379 20.686 28.690 40.726 67.994 71.766 84.217 93.004 91.936 84.489 42.440 

9110 -0.028 0.000 0.007 -0.014 0.004 -0.014 0.004 0.000 -0.003 -0.009 0.029 0.017 0.019 -0.010 
 

22.525 25.936 35.948 62.821 66.584 78.932 87.603 86.270 77.944 35.522 

9111 -0.041 -0.009 -0.006 -0.025 -0.009 -0.022 -0.007 -0.011 -0.009 -0.007 0.001 -0.003 -0.017 -0.015 -0.013 
 

31.063 53.166 83.980 87.881 100.805 109.805 108.650 100.462 45.345 

9112 -0.042 -0.018 -0.013 -0.027 -0.020 -0.027 -0.013 -0.016 -0.016 -0.006 -0.014 0.000 0.001 -0.012 0.014 -0.002 
 

27.966 62.976 67.052 81.464 91.891 92.128 87.240 60.361 

9114 -0.017 -0.005 -0.001 -0.004 -0.006 -0.011 0.003 0.006 0.000 0.005 -0.020 -0.027 0.001 -0.014 0.011 -0.020 -0.025 
 

35.283 39.349 53.987 64.743 65.558 62.777 64.438 

9116 0.022 -0.006 0.002 0.009 -0.006 -0.004 0.000 0.004 -0.001 0.012 -0.007 -0.014 0.011 0.004 0.011 -0.009 -0.015 0.011 
 

4.083 18.800 29.865 31.634 33.738 78.787 

9117 0.017 -0.012 -0.006 0.006 -0.011 -0.008 -0.007 0.001 -0.006 0.007 -0.016 -0.023 0.002 -0.004 0.003 -0.018 -0.024 0.002 -0.009 
 

14.825 25.996 28.079 31.464 81.513 

9118 0.024 -0.009 -0.004 0.009 -0.006 -0.003 -0.006 0.000 -0.005 0.008 -0.012 -0.021 0.005 -0.001 0.003 -0.015 -0.021 0.005 -0.006 0.003 
 

11.315 14.527 23.414 89.510 

9120 0.007 -0.028 -0.022 -0.010 -0.022 -0.020 -0.025 -0.021 -0.024 -0.013 -0.027 -0.035 -0.012 -0.017 -0.016 -0.032 -0.035 -0.008 -0.017 -0.008 -0.009 
 

5.817 20.163 94.787 

9122 0.011 -0.023 -0.017 -0.007 -0.017 -0.017 -0.021 -0.016 -0.018 -0.007 -0.023 -0.033 -0.009 -0.013 -0.013 -0.028 -0.034 -0.007 -0.016 -0.008 -0.007 -0.010 
 

14.859 91.400 

9125 0.020 -0.011 -0.003 0.001 0.001 -0.007 -0.011 -0.006 -0.006 0.007 -0.010 -0.026 -0.002 -0.001 -0.005 -0.018 -0.026 0.000 -0.010 -0.004 -0.004 -0.017 -0.008 
 

78.754 

9127 -0.015 0.003 0.016 -0.016 0.012 -0.013 0.004 -0.004 0.002 0.004 0.032 0.013 0.017 0.028 0.005 0.021 0.015 0.012 0.004 -0.002 -0.005 -0.026 -0.021 -0.013 
 

 

 


