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Abstract 

The objective of this study was to evaluate the feasibility of measuring movement, deformation and 

displacement in wooden façade-systems by terrestrial laser scanning. An overview of different 

surveying techniques and methods has been created. Point cloud structure and processing was 

explained in detail as it is the foundation for understanding the advantages and disadvantages of laser 

scanning.    

The boundaries of monitoring façades with simple and complex façade structures were tested with the 

phase-based laser scanner FARO Focus 3DS. In-field measurements of existing facades were done to 

show the capabilities of extracting defect features such as cracks by laser scanning. The high noise in 

the data caused by the limited precision of 3D laser scanners is problematic. Details on a scale of 

several mm are hidden by the data noise. Methods to reduce the noise during point cloud processing 

have proven to be very data-specific. The uneven point cloud structure of a façade scan made it 

therefore difficult to find a method working for the whole scans. Dividing the point cloud data 

automatically into different façade parts by a process called segmentation could make it possible. 

However, no suitable segmentation algorithm was found and developing an own algorithm would have 

exceeded the scope of this thesis. Therefore, the goal of automatic point cloud processing was not 

fulfilled and neglected in the further analyses of outdoor facades and laboratory experiments.  

The experimental scans showed that several information could be extracted out of the scans. The 

accuracy of measured board and gap dimensions were, however, highly depended on the point cloud 

cleaning steps but provided information which could be used for tracking development of a facade’s 

features. Extensive calibration might improve the accuracy of the measurements. Deviation of façade 

structures from flat planes were clearly visible when using colorization of point clouds and might be 

the main benefit of measuring spatial information of facades by non-contact methods.  

The determination of façade displacement was done under laboratory conditions. A façade panel was 

displaced manually, and displacement was calculated with different algorithms. The algorithm 

determining distance to the closest point in a pair of point clouds provided the best results, while being 

the simplest one in terms of computational complexity. Out-of-plane displacement was the most 

suitable to detect with this method. Displacement sideways or upwards required more advanced point 

cloud processing and manual interpretation by the software operator.  

Based on the findings during the study it can be concluded that laser scanning is not the correct methods 

for structural health monitoring of facades when the tracking of small deformations, especially 

deformations below 5 mm and defects like cracks are the main goal. Displacements, defects and 

deformations of larger scale can be detected but are tied to a large amount of point cloud processing. 

It is not clear if the equipment costs, surveying time and the problems caused by high variability of 

scans results based on façade color, shape and texture are in a positive relation to the benefits obtained 

from using laser scanning over manually surveying. 
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1. Introduction 
This project studied the possibilities of structural health monitoring (SHM) of facades. SHM is usually 

done in structures where defects or failure of the structure result in high financial costs and loss of 

lives, like in bridges, damns and tunnels. However, the potential necessity for SHM in other 

construction components as facades should not be neglected. Factors disturbing the performance or 

lifetime of the façade can be detected and countermeasures can be done (Farrar and Worden 2007). 

Development of cracks, deformation of boards as well as displacement of whole façade elements can 

occur due to errors during construction or design. In worst case, parts of the façade or complete panels 

may fall down and endanger people and material on the walkway (McCowan and Kivela 2010). 

Suitable methods of monitoring will additionally improve the effective use and protection of resources. 

SHM can be done manually by eye, hand and measuring tools or automatically with stationary sensors 

or different non-contact scanning devices. For facades the use of optical methods like photogrammetry 

and laser scanning are of advantage. They allow the monitoring of large facade areas in a reasonable 

amount of time. Digital images provide information on discontinuity and processing of this data can 

provide information on deformation, for example the development of cracks (Sharma 2016). Different 

lighting conditions can influence the results of digital image processing. Therefore, the use of 3D laser 

scanners is an attractive alternative to digital images since laser scanning is almost independent from 

lighting conditions and provides spatial information in all direction (Pfeifer and Briese 2007).  

Nowadays, operators and equipment for laser scanning are available in most areas. Usually scanners 

are mounted on tripods for terrestrial scanning, but also airborne data can be obtained with the help of 

laser scanners attached to drones. The scanning procedure takes several minutes to a few hours 

dependent on the scanning speed of the device, the resolution and the area of interest. In most cases 

multiple scans with different scanning position need to be done to avoid obstructed surfaces in the 

scans. Post processing of the obtained data with software solutions take the largest part of the time.  

The use of laser scanners for SHM of facades is not common practice. Total stations or theodolites are 

still the common instruments used in this field (Lovas et al. 2008). Therefore, the objective of this 

project is to study the feasibility of laser scanning for SHM in wooden facades. Main features of 

interest are cracks and their development in the boards, deformation of individual components and 

displacement of whole façade panels. These attributes are good indicators for the structural health of 

a façade. Feasibility is evaluated in terms of precision, accuracy, effort, applicability and the possibility 

of automation. To put the study into perspective published research in the field of SHM by laser 

scanning is presented. Furthermore, alternatives to 3D laser scanning are shown. 
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2. Facades 
The façade of a building acts as a protective and aesthetic envelope. It improves the energy 

performance and protects the underlying components from weather influences, especially rain. Due to 

its protection task it is also one of the most exposed parts of a building. This can lead to defects  

reducing the protective ability but also the architectural aesthetics. The best scenario would be if the 

facades’ life-time is as long as the building’s lifetime and no repair and replacement work is necessary. 

To secure this, it is necessary to conduct inspection work since flawless performance and construction 

do not exist and material errors cannot be excluded. A fast and precise inspection procedure with low 

costs is the ideal scenario. From that perspective the need for SHM is given. Moghtadernejad and 

Mirza (2014) suggested to improve life-cycle design and construction, regular inspections and 

maintenance programs in order to secure the performance and reliability of facades. 

In a building, facades are exposed to different conditions, dependent on the structural part. Edges, parts 

close to ground and joints are more exposed and prone to damages than other parts. Also, the direction 

can affect the amount of UV-light exposure and relative humidity (RH). For example, is the north face 

of buildings in Sweden more prone to algae growth due to the high RH and low impact of sunlight 

(Johansson 2011). Figure 1 shows the construction details were damages can occur more easily if not 

constructed properly. 

 

 

 

Figure 1: Construction details of a wooden façade building which need to be executed in a proper way to avoid defects. 

SP Trätek, 2012. 
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Facades and façade panels can be constructed in many different ways. Using boards horizontally or 

vertically and the type of counter battens used change the appearance but also the performance of a 

façade. Two typical variations in façade construction used in Sweden are presented in Figure 2. 

Furthermore, surface treatments change the visual appearance of facades. This is a challenge for SHM 

by digital image analysis as different colored paints or treatments together with different lighting 

conditions will result in a large amount of combinations. All these combinations need to be considered 

when automatically processing the images. Color and texture may also affect other surveying methods 

such as the reflection of laser beams used in laser scanners.  

 

 
 

 

  

 

Figure 2: Display of two different facades with vertical boards in frontal and top view. Stående panel med lockbräder 

(left) and stående profilerad panel (right). SP Trätek, 2012.  

 

Facades experience many forms of damages over time. Evaluation of the facades may be difficult due 

to the vast amount of construction types and surface treatments. Ekstedt and Karlsson (2011) 

developed the handbook TILLMAN for the evaluation of facades in Sweden. The handbook, however, 

does not cover damages in form of deformation. This shows the necessity to improve the evaluation 

of facades and expand the considered types of damage. Damages in form of façade deformation will 

be presented in detail in chapter 3.4. The damages covered by the handbook TILLMAN are shown in 

Figure 3. 
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Algae Mold Paint blister Erosion Decolourization 

     

Detached fibres Peeling Loose pigments Knot yellowing Cracked paint 

     
Figure 3: Examples of the damage categories used for the façade evaluation in the handbook TILLMAN. The pictures show 

the most extreme cases of the individual categories. (Ekstedt and Karlsson 2011) 

 

All damages shown are either evaluated by eye only or in combination with mechanical abrasion. The 

differentiation between intensity levels of a damage is difficult and dependent on the person executing 

the evaluation. Reference pictures as found in the mentioned handbook may be used for comparison. 

It would also be possible to create algorithms for the automatic processing of digital images taken of 

the defects. The problem would be the enormous amount of calibration work needed to have a reliable 

method for the determination of kind and level of damage. Another factor is, that many of the damages 

occur after longer time of exposure or do not have a directly negative effect on the facade’s lifetime 

like knot yellowing. In some cases, the damages are already irreversible when the damage is seen. As 

the project’s main goal is to evaluate new facades in regard to movement in the façade which can 

disturb or shorten the life of a façade. None of the damage types used in TILLMAN will be considered 

in this report. It is, however, important to be aware of these.  
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3. Measurements 
 Terms and Errors 

To compare different surveying methods some general principles are needed and must be explained. 

The measurement terms used in the thesis are based on JCGM 200-2008. The definitions of the most 

important terms are shown below. Some misconception between these exits.  

• Measurement accuracy or accuracy refers to the “closeness of agreement between a measured 

quantity value and a true quantity value of a measurand”.  

• Measurement precision or precision refers to the “closeness of agreement between indications 

or measured quantity values obtained by replicate measurements on the same or similar objects 

under specified conditions”.  

Precise measurements have a low statistical variability. Even though the measured value can be far 

from the true value (inaccurate) its reproducibility is high.  

• Measurement trueness or trueness refers to the “closeness of agreement between the average 

of an infinite number of replicate measured quantity values and a reference quantity value”. 

A measurement error is the difference between a measured quantity and the true value. It is probably 

impossible to measure without errors. A measurement error is furthermore most often divided into 

different parts. It is hence necessary to categorize errors and handle them in an appropriate way. The 

different types of error – systematic and random error -  will be presented here.  

Random error is a form of unavoidable error. If the random error is low, high precision is achieved. 

Random error cannot be avoided. Its effect is reduced by using the average value of multiple 

measurements. Systematic errors are caused by operational mistakes and wrong or insufficient 

calibration. The measurements will be shifted in a similar direction and might be handled by error 

correction functions. If the systematic error is low or non-existent, the accuracy is high.  

Measurements always have an objective. For engineered structures the objective could be to control a 

certain or several parameters of the structure and is known as SHM (Farrar and Worden 2007). The 

parameters must not exceed defined values to secure the technical performance or aesthetic 

appearance. Depending on the type of structure parameters of interest could be dimensions, relative 

position, moisture content, mold-growth, changes in chemical structure, color and more. Here, 

according to the studies objective, surveying methods for measuring spatial information will be 

discussed. Defining the limits of spatial parameters in façades is very case depending. Therefore, the 

definition was not done in this project and measurements were done to find the lower measurable  

boundaries.  
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 Contact methods 

Measurement techniques are either of non-contact or contact type. Contact methods are in general 

easier to apply. Measurements of crack width and length can be done with a ruler, caliper or a special 

tool. This is still common practice in SHM of concrete structures (Mohan and Poobal 2018). More 

sophisticated measurement tools can provide measurements with high accuracy of down to 0.02 mm. 

Examples of tools used in crack surveying are shown in Figure 4. These tools need to be manually 

installed and each crack and its position needs to be determined by eye first. This takes a lot of time 

and cracks could be overlooked. Crack depth is more difficult to determine but very important if the 

concrete is reinforced with steel prone to corrosion. For this case e.g. ultrasonic techniques are used 

(Arne 2014). 

 

 

 
 

 

Figure 4: Examples of crack measuring tools of different technical level. Crack width gauge HM-636 by Gilson (left); 

HM-637 by Gilson (right); and crack measuring microscope USBM-4S by Radical Scientific Equipments Pvt. Ltd. 

(bottom right).  

  



3 Measurements              Alexander Scharf 

Terrestrial Laser Scanning for Wooden Façade-system Inspection      Page | 11 

 Non-contact methods 

For larger structures non-contact methods are superior as the surveying speed is faster and normally 

unreachable areas of a structure can be monitored as well. When deciding for a non-contact surveying 

method the required software, required knowledge, acquisition cost of instrument and software, 

accuracy and precision, measuring conditions, goals and time should be considered. Scanning time can 

be important in situations where construction needs to be stopped to avoid vibration. Also saving 

working time of operators in general becomes more and more important. Common non-contact 

methods are: 

• total station scanning 

• laser scanning 

• 2D imaging 

• photogrammetry 

• GPS surveying 

 

Laser scanning 

The method used in this project is terrestrial laser scanning. Laser scanners emit laser light for range 

finding. The main benefit of Laser light is that it can be emitted in a very narrow beam over long 

distances. Laser scanners determine the geometrical shape of an object by determining the position of 

its surface points in a 3D space. Laser scanning also has the advantage that the result is relatively 

independent of lighting conditions compared to methods using digital images. There are three different 

main categories of laser scanners based on the principles time of flight, phase shift and laser 

triangulation (Pfeifer and Briese 2007).  

Time of flight (ToF) scanners measure the distance of a point by determining the time delay between 

a laser beam emission and the reception of the reflected beam by the scanner’s sensors. Combined with 

the information of vertical and horizontal angle during the emission of the laser light, the position of 

the measured area relatively to the scanner is calculated and can be displayed as single points in a x, 

y, z coordinate system. ToF laser scanners can have a scanning distance of up to 700 m depending if 

the device is pulse-based or sending a continuous wave. Pulse-based ToF scanner reach high distances 

and resolution (Kilpelä et al. 2001). This technique is however limited by the difficulties in 

implementing the needed circuitry in a device to create a high peak laser beam while securing eye-

safety. The measuring speed of a ToF laser scanner is slower compared to a phase-based scanner, 

because the measurement cannot be continued until the reflected beam is detected (Mechelke et al. 

2007). 

Indirect ToF laser scanners or phase-based scanners use the principle of the phase-shift of laser beams. 

The phase of a reflected laser beam will be shifted and is compared to the phase of the emitted beam. 

The shift between the two phases depends on the traveled distance of the laser beam. The phase shift 

is measured and the distance is calculated (Yoon et al. 2011). This makes high-speed time 

measurements needed in pulse-based scanners unnecessary.  These type of scanners works best at a 

scanning distance between several meters to above 100 meters (Pfeifer and Briese 2007). The 

maximum distance is defined by the  ambiguity interval. Above this distance the phase shift cannot be 

computed do to variation in the phase (Abdelhafiz 2009). The emitted laser beam in a phase-based 

scanner allows faster scanning than in direct ToF laser scanners. Phase-based laser should therefore be 

used if scanning speed and precision is needed, while pulse-based scanners should be used for higher 

range measurements (Pfeifer and Briese 2007). 



3 Measurements              Alexander Scharf 

Terrestrial Laser Scanning for Wooden Façade-system Inspection      Page | 12 

The third type of laser scanner is based on laser triangulation. In laser triangulation a laser beam is 

emitted at a target with a specific angle. A camera scans the area of interest for the projected laser 

point. A geometrical triangle is formed, where all distances and angles despite one – the distance from 

scanner to object – are known. Trigonometric calculations allow determination of the range.  

Triangulation is the most accurate laser scanning technique. The accuracy can be below -+1mm but 

the measuring range is limited (Pfeifer and Briese 2007). With longer distances triangulation-based 

laser scanners would become impractically large and loose accuracy. All three laser scanning 

techniques have advantages and disadvantages. Determining the measuring goals and conditions 

before choosing the scanner is hence crucial. For scanning of facades phase-based laser scanners 

should be the optimal solution as they can cover a large surface of a façade while providing good 

accuracy. Furthermore, scanning distances above 100 m are not needed in façade scanning. It is very 

likely that these scanning distances could not even be achieved in most of the cases due to 

infrastructural layouts of cities.  

When laser scanners are used on a tripod (terrestrial laser scanning) the laser beam needs to be emitted 

in different directions. Nowadays, the mechanics of modern laser scanners are very sophisticated 

allowing the laser beam to be emitted 360° horizontally and 305° vertically. It is done by the 

combination of a rotating mirror for vertical rotation and the optical head rotating horizontally. The 

minimal possible rotation step of the scanner’s mechanics defines the angular resolution. The principle 

of angular rotation is shown in Figure 5. 

 

Figure 5: Mechanical principle of angular resolution and field of view of a terrestrial laser scanner. FARO 

Technologies, 2013. 

 

Despite the presented benefits, laser scanning also has some drawbacks. The accuracy is based on the 

scanning device, the scanning conditions , and the material parameters of the scanned surface. The 

scanning device has a systematic inaccuracy in form of random error (Schmitz et al. 2019) and laser  

scanners must be calibrated before shipping and at regular intervals. Furthermore, different materials 

and surface treatments reflect the laser light in different ways. Roughness may also affect the scanning 

results. Gerbino et al. (2016) showed that the scanner position and scanner orientation to the scanned 

object have the largest influence on scanning accuracy. To avoid covered surfaces or the influence of 

too low incidence angles, several scans should be made and aligned in the computer. This also decrease 
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the total accuracy. The area each measurement point covers is dependent on the device and on the 

measuring distance. These points will be presented in more detail in the following chapter.  

For this study a FARO Focus 3D 120 was used. All point clouds and experiments shown in the 

following parts of this report were made with this device. The scanner’s most important parameters 

are presented in Table 1. 

 
Table 1: Datasheet of FARO Focus 3D 120. 

Ranging unit 

Unambiguity interval 153.49m (503.58ft) 

Range Focus 0.6m - 120m indoor or outdoor with low ambient light and 

normal incidence to a 90% reflective surface 

Measurement speed 122,000 / 244,000 / 488,000 / 976,000 points/sec 

Ranging error ±2mm at 10m and 25m, Each at 90% and 10% reflectivity 

Range noise1 at 90% reflectivity 0.6 mm at 10 m and 0.95 mm at 25 m 

Range noise1 at 10% reflectivity 1.2 mm at 10 m and 2.20 mm at 25 m 

Vertical unit 

Field of view (vertical/horizontal) 305˚/ 360˚ 

Angular resolution (step size) 0.009˚ 

Max. vertical scan speed 5,820 rpm or 97 Hz 

Laser unit 

Laser power (cw Ø) 20mW (Laser class 3R) 

Wavelength 905nm 

Beam divergence Typical 0.16mrad (0.009°) 

Beam diameter at exit 3.8mm, circular 

Color unit 

Resolution of color unit Up to 70 megapixel color 

Dynamic color feature Automatic adaption of brightness 

Hardware 

Power supply voltage 19 V (external supply), 14.4 V (internal battery) 

Power consumption 40 W and 80 W respectively (while battery charges) 

Battery life Up to 5h 

Ambient temperature 5℃ to 40℃ 
1) Standard deviation of Euclidean distance to best-fit plane for measurement speed of 122,000/sec 
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Total station  

A total station combines the traditional theodolite with electronic distance measurement. The first form 

of a theodolite was created used Leonard Digges in 1571 (Bennett 1987). Total stations provide 

accurate measurement of vertical and horizontal angles between the device and the point of interest. 

The achieved measurements contain relative angles and distances between the scanner and the 

measured points and is hence similar to laser scanning. The instrument either needs to be setup on a 

point with known coordinates or such a point needs to be measured. By referencing between those 

points the coordinates of each point can be determined in a local or global coordinate system 

(Kavanagh et al. 2014). Due to his long history and frequent use the total station is widely available 

and skilled operators should be found with ease. The drawbacks are that only chosen individual points 

are measured. Especially when damages are not expected potential threats for the structure may be 

overlooked. For SHM methods with a higher point density are hence preferred. Furthermore, several 

operators may be required - one operating the total station, one holding the retroreflector (prism) which 

is used as a target. 

 

Global Positioning System Survey 

Global positioning system (GPS) is a surveying method which is sometimes used in combination with 

total station surveys. The main advantage over total station and laser scanner measurement is that GPS 

measurements do not require line of sight. A receiver measures its position with the help of satellite 

signals. The GPS signal is dependent on the position of the used satellites and the properties of the 

atmosphere. This leads to an accuracy of 10-20 mm horizontally and 20-30 mm vertically (林老生 and 

Lao-Sheng Lin 2004) . GPS surveying may be suitable for mapping procedure (Al-Kadi 1989), while 

the relatively low accuracy, low point density, inconvenient use of a receiver makes GPS surveying 

unsuitable for measuring whole facades. It may be used for measuring control points in a global 

coordinate system. Its main advantage is also of low importance for façade scanning as inter-visible 

points are abundant. 
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Photogrammetry  

Photogrammetry is the method of obtaining spatial information from (digital) images. The information 

can be used in a drawing, map, for measurements, 3D-model or even a printed object. Photogrammetry 

is based on triangulation, working similar to the laser scanning equivalent. To create a 3D model, the 

orientation of the camera during the capture (interior orientation) of each image must be known. The 

interior orientation of the camera is calibrated by e.g. a 2D checkerboard target with known size and 

structure. Photogrammetry can work with parallel photographs (stereophotogrammetry) as well as with 

convergent photographs as seen in Figure 6 (Bastian 2013).  Images can be taken in very short amount 

of times and photogrammetry can hence be superior to laser scanning if scanning time is a limiting 

factor. There are many other similarities to laser scanning as the need of registration targets, problems 

with hidden areas, incidence angles, vegetation and shiny surfaces.  A major drawback of 

photogrammetry is the need of sufficient lighting conditions. Especially in northern countries this 

could become a problem during the dark winter season. Photogrammetry has been used for the analysis 

of facades, but mostly for restauration work in architectural heritage (Godin et al. 2002). The 

equipment needed for photogrammetry (digital camera) is way cheaper than a laser scanner. Cameras 

are already highly developed. Furthermore, cameras integrated in mobile phones become better every 

day and could be used in the future. Nowadays, upgrades in photogrammetry data analysis are mostly 

made by development in processing software. A drawback is that the good accuracy of laser scanners 

over large surfaces is not found in photogrammetry. Furthermore, the operation of a laser scanner is 

possible without previous knowledge than conducting a photogrammetric study over a whole façade.    

 

Figure 6: Schematic display of a photogrammetric setup. (Bastian 2013)  

 

 

Unmanned area vehicles (UAVs) and other carrier systems 

Traditionally laser scanners and cameras are mounted on a tripod on which the scanner’s head can 

freely rotate. It is also possible to attach scanners and cameras to UAVs, commonly known as drones. 

However, the registration of a UAV scan should be as good as the registration from a stationary 

scanner. Or the decrease accuracy loss must be allowed. Recent developments showed that wall 

climbing robots and other devices could be used to measure surfaces from a close distance, while 

covering large areas. First experiment on evaluation of airplane fuselage showed the applicability of 

this technique (Papadimitriou 2018). However, it is not clear if there will be any wall climbing robot 

or similar device in the near future which can deal with the uneven and rough surface of a wooden 

façade. 
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 Existing Monitoring Methods 

In this chapter the existing research and applications for the determination of cracks and deformations 

by different methods are shown. Technically, the development of a crack is a kind of deformation but 

will be handled separately in this report. Special emphasis is put on laser scanning methods. 

Cracks 

The formation of cracks and their development over time can provide information about the health of 

a structure. Cracks in wooden structures, especially façades are common. The wood used for facades 

is conditioned to outdoor environments but weather and season dependent changes in relative humidity 

and temperature will lead to a change in the moisture content of the wood. The wood-water relation 

will lead to a deformation of the wood resulting in the formation of cracks (Skaar 1988). If cracks 

continuously grow over time, a defect is very likely. Too many or too large cracks are a good indicator 

for the facades health as moisture can penetrate deeper and through the façade system leading to other 

defects. The automatic detection and tracking of cracks are hence important tasks. 

In health monitoring of concrete constructions crack detection methods are often used as a structural 

health indicator. The common method is still manual crack inspection by experienced specialists. 

Research is done to improve crack detection of concrete structures by digital image processing. Mohan 

and Poobal (2018) reviewed 50 research papers on image processing for concrete detection. For crack 

detection in wooden structures, however, the amount of research is much smaller. The image 

processing methods developed for concrete structures work to some degree for wood structures. The 

main difference is the appearance of wooden cracks. Elongated cracks in wood running parallel to the 

edges of the object are more difficult to filter out automatically than the typical jagged patterns of 

concrete cracks. Several different digital image processing techniques for the determination of cracks 

in wooden material were developed. Sandberg et al. (2013) used RGB images of cracked glulam beams 

and processed them to filter out cracks. The processing steps used are shown in Figure 7. 

 

Figure 7: Processing steps for crack extraction. RGB to gray scale image (1), enhancing of crack like structures (2), 

thresholding (3), gray scale to binary image (4), and noise reduction (5). (Sandberg et al. 2013) 

 

On a small scale where the possibilities of close-up pictures exist this technique may be sufficient. If 

whole facades are scanned the resulting lower resolution can interfere with the efficiency of the 

process. The higher number of individual cracks makes it necessary to automatically label each crack 

if monitoring over time is the surveying goal. Crack depths cannot be determined by digital imaging. 

Another problem found in crack monitoring in wooden facades is based on wood-water relations. 

Vorobyev (2012) studied non-contact measuring techniques for cracks in glulam beams. Independent 

of the optical method, it was shown that the measurement of cracks in wood can be difficult due to the 

high influence of weather conditions on cracks. Time-laps photography showed that cracks can close 

because of high relative humidity in less than an hour. This introduces high uncertainty into the 

evaluation procedure of exposed wooden surfaces. Vorobyev’s findings imply that multiple scans 

should be made at the same humidity conditions in the wood to ensure comparability between different 
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objects and monitoring of individual cracks. The same applies for other moisture induced 

deformations. 

Next to image processing, surveying methods providing spatial data can be used to detect cracks. 

Cabaleiro et al. (2017) developed an crack-detecting algorithm used for light detection and ranging 

(LiDAR) data. The conclusion was that survey areas of 7.5 x 7.5 m² could be analyzed by the used 

scanner positioned at of 7.5 m from the survey area. The restrictions were that the cracks need at least 

a width of 3 mm to be detected. Furthermore, the point cloud resolution must be high. The exact values 

depend on the accuracy of the laser scanner used. Incidence angles of more than 30˚ led to false results. 

However, the study used almost flat beam surfaces to test the algorithm. More uneven or complex 

structures will lead to problems which will be explained later. 

 

Deformation 

Façade deformation can be caused by many different stresses. These can be degradation of the material 

itself, moisture changes, errors during design or construction of the façade, changing structural loads 

or changes of a building’s foundation due to e.g. tunneling work, accidents, and fire. Detecting or 

tracking the deformation of a building’s façade can provide valuable information on its expected future 

performance. 

  
Figure 8: A board sticking out of a façade front due to warp. 

 

For monitoring deformation two different approaches can be defined. The first approach takes the 

spatial information of the façade in one condition into account. The achieved data from monitoring 

needs to be compared to the initial (as-built) or planned dimensions as in Erdélyi et al. (2018). Another 

approach is the evaluation of deformation by relative movement of the structure between different 

epochs (Gordon et al. 2001). The latter seems the more suitable method for façade deformation as they 

are rarely accurate 3D models of the detailed planned façade structure available. 

Monitoring deformation of structures by terrestrial laser scanning is a rather new approach to SHM 

and not a highly developed field yet (Walton et al. 2014). Laser scanners cannot scan the exact same 

point two times because of the laser beam width and imperfect repositioning between epochs (Lichti 

and Gordon 2004). When comparing two point clouds to each other it is hence not possible to follow 
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the displacement of an individual point. Many different approaches were developed to solve this 

problem and several studies showed that deformation can be detected in millimeter range. Some 

examples are shown below. 

Deformation of dam structures are of special interest as the health monitoring of these construction are 

especially important and legally required. Changing water levels over the seasons put different forces 

on the dam which will deform the structure. Laser scanning allows monitoring of the whole structure 

and thus several case studies compared different surveying devices to determine if laser scanners 

provide the required accuracy and precision to be suitable for dams. The accuracy and precision of 

laser scanners are not higher than of traditional surveying devices like the total station (Chekole 2014). 

However, the dense sampling of a structure’s surface is a valuable advantage for this type of structure. 

Alba et al. (2006) studied the stability of georeferencing and compared different computation methods 

for deformation determination of a dam. It was shown that interruption of measurements and inaccurate 

georeferencing is the main problem of deformation measurements. Other studies on dams were done 

(Antova 2015; Zaczek-Peplinska and Kowalska 2016). 

Another suitable field for terrestrial laser scanning is found in deformation measurement of concrete 

tunnels. The circular cross-section of tunnels provides very suitable conditions for laser scanning. 

Mainly range accuracy is important and computation is simplified by the tunnel’s shape. In Nuttens et 

al. (2012) the scanning distances were below 6 m and accuracy and scanning speed were the key 

factors. A phase-based laser scanner, a pulse-based laser scanner and a robotic total station were 

compared in terms of accuracy, scanning speed and collection of additional information. The phase-

based scanner (Leica HDSH6100) provided results with the highest accuracy and scanning speed. 

Deformation was calculated by fitting a best-fit cylinder into each scanned tunnel cross-section. 

Deviation of the scanned point cloud to the computed cylinder in the radial direction provided 

information about ovality and hence deformation. Several other studies regarding deformation of 

tunnels exist (Ioannis et al. 2005; Dong-Jua and Jong 2008; Yoon et al. 2009; Nuttens et al. 2010; Li 

et al. 2012). 

Lovas et al. (2008) and (Zogg and Ingensand 2008) achieved deformation measurements of bridge 

structures with accuracy in mm range. Other studies also measured bridge deformation (Stephen et al. 

1993; Major and Hagman 2017) but evaluation of accuracy was not the objective. Rockfall studies 

(Abellán et al. 2009), radio telescope deformation (Holst et al. 2015) also evaluated the capabilities of 

laser scanning. Vorobyev et al. (2018) artificially loaded a wooden replica of a ship’s hull. 

Displacement measurements by draw-wire sensors were compared to measurements from 3D laser 

scanning.  

Mechelke et al. (2013) developed a TLS sensor system for deformation analysis of a 2800 year old 

temple building wall. The technique consisted of a WLAN/LAN remote controlled system and was 

tested in the façade deformation setup. The study led according to the abstract to accuracy within 1-2 

mm, verified by total station measurements. The technique used for distance computation was a cloud 

to mesh algorithm. The average distance of points in a 4 cm radius to the reference model was 

calculated. Thus, the method does not calculate deformation at certain points but rather by areas. A 

second façade related study was executed within the BERTIM project (Sebesi, Y., Dietrich's 2019). 

The measurement of an almost even façade was done to fit newly produced windows to the old 

masonry façade. The procedure required high precision. A comparison between laser scanning, 

photogrammetry and total station survey was done from the point of view of current applicability. The 

study concluded that total station surveying is further on the most suitable method for industrial use 

since skilled operators are abundant and no expensive equipment needs to be acquired in the usual 

case. The work-flow from scanning, point cloud processing and modeling turned out to be difficult to 

control. When using laser scanners and photogrammetry, the desired precision could not be reached. 

The experimental use of drones lowered the precision even further.  
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For more detailed information on the research in change detection and deformation monitoring the 

reader is referred to Mukupa et al. (2016). Even though it has been proven that milimetric accuracy in 

deformation monitoring can be achieved by laser scanning, this report aims to show the difficulties 

connected to it. Furthermore, there are probably problems typically for scanning of wooden façades 

which have not been studied yet. According to Lague et al. (2013) there are three main errors in 

deformation measurement: 

• Position uncertainty of points caused by range noise 

• Registration uncertainty 

• Surface roughness related errors 

These points will be explained in the flowing chapters as they are hard to understand without 

knowledge of point clouds and the workflow of scanning in detail.   
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4. Laser Scanning Procedure 
 

The technical structure of point clouds is explained in this chapter. Furthermore, the necessary steps 

are presented to extend the usefulness of a point cloud over the mere visualization of structures. Typical 

problems found in laser scanning are shown as well.  

A laser scan is a set of data points which can be seen as a point cloud. Each point has a x, y and z 

coordinate as well as an intensity/reflection value. State of the art laser scanners also provide the option 

to record RGB values with an in-built digital camera. Nowadays, software solutions are available to 

process point clouds. They help displaying the data points in a 3D environment and offer various tools 

to study and modify the point cloud. An example scan is shown in Figure 9 as it may appear in a point 

cloud processing program. 

  

Figure 9: Example of a point cloud displayed in the software CloudCompare. Facades of several buildings, light posts, a 

road, a person and vegetation can be seen. 

 

 Registration of Laser Scans 

A point cloud created by a laser scanner is based on the scanner’s internal coordinate system. This is 

not a problem if a single point cloud is observed. However, depending on the object of interest it is 

often necessary to scan from different positions. Occlusion of parts or too large areas prevent scanning 

of the whole surface from one position. It is hence necessary to transform the scans and their individual 

coordinate systems into one single system by a procedure called registration. The same applies for 

scans from the same positions but performed at different times, which is done to study deformation. 

The simplest way to achieve registration is the placing of artificial reference targets. These targets are 

characterized by their unnatural appearance and that they can be reduced to one single point. The two 

common types of targets are checkerboards and spheres (see Figure 10). 
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Figure 10: Reference targets used in laser scanning. Checkerboards (bottom) and a sphere (top). 

 

Checkerboards can be reduced to the intersection of its squares and spheres to their center points. 

Under normal conditions these kinds of structures/ appearance are not found and hence point cloud 

software can use them for automatic registration. These reference points must not be positioned on the 

same plane to allow the scans to be locked in all three primary directions. There must be at least three 

of the same reference points on each of the scans in order to make registration possible. It is also 

important that the registration points are on stable positions.  

If natural existing structures are used for registration the method is called target-less registration. 

Target-less registration works well if the right conditions are present. Vertical and horizontal surfaces 

are needed to align the scan in all three directions. This can be a problem if little vertical surfaces are 

present like in a topographic survey of open fields or parking lots. Target-less registration may not be 

suitable if the detection of deformation is the goal as the whole structure might deform. Another 

important factor for target-less registration is sufficient overlapping of at least 30% in all directions 

(Cox 2015). Similar to artificial targets, environmental stability is required in target-less registration. 

Surfaces disturbing the laser beam, like shiny, glassy or black should be avoided. Moving structural 

parts as well as vegetation moved by wind can strongly reduce the accuracy. 

Careful consideration of the registration method should be done before the start of the scanning 

procedure. Target-less registration can be especially handy if the placement of artificial targets is hard 

or impossible. Furthermore, the placing and carrying of targets can be skipped. However, it is very 

important to know the exact conditions to secure the above-mentioned prerequisites (overlapping 

scans, no vibration, no disturbing surfaces and surfaces in 3 different directions) to secure correct 

alignment. If this cannot be secured the usage of artificial reference targets is highly recommended.  

It may be necessary to register the point cloud into a global superior coordinate system. This is called 

georeferencing. It is achieved by scanning control targets with known coordinates. The local 

coordinate system of the scanner is then transformed to the global coordinate system (Mohamed and 

Wilkinson 2009). This is a necessary procedure in deformation monitoring as reference targets should 

not be kept for several years between each scan. The targets for georeferencing are usually scanned 

with a total station due to the high accuracy. Another method is  GPS-georeferencing where the 

reference points are measured with a GPS receiver. The process of georeferencing is a very critical 

point during the data processing for structural deformation monitoring and one of the largest sources 

of errors (Wujanz et al. 2013). 
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 Point Cloud Processing and Structure 

To understand how point clouds are constructed and how they can be modified, basic point cloud 

principles must be understood. One of the simplest objects to scan is a flat surface. The resulting point 

cloud, however, is already a more complex three-dimensional structure. Figure 11 shows how the scan 

of a flat surface may look like in a cross-sectional top view in point cloud processing software. Note, 

that the number of points was reduced for reasons of simplicity.  

 

 

Figure 11: Schematic display of a scanned point cloud. A flat surface is scanned as shown in the top part, resulting in a 

point cloud seen from the eye symbol (bottom). Each circle represents a data point. 

 

Ideally, the flat surface should also appear flat in the point cloud top view, but the points are randomly  

distributed around a line instead. The flat surface appears as a thick layer of points in the point cloud. 

Point clouds of flat wooden surfaces from state of the art laser scanner can provide point cloud 

thicknesses of 4 mm. The thickness is caused by the random ranging error of the scanning device and 

can also be seen as point cloud noise. The error is caused by the reflection of the scanned material and 

frequent calibration is needed. Range calibration is done during production of a laser scanner or when 

a scanner is sent in for calibration after some time of usage. Calibration is done by the manufacturer 

measuring the distance of targets with known reflectivity values at different distances and multiple 

times. Based on the achieved data the systematic error is computed and a correction function is added 

into the scanning algorithm of each individual scanner (FARO Technologies, 2013). 

The scanner has a lower precision in the range direction than in the horizontal and vertical direction. 

The exact thickness of the point cloud is depended on the quality (repetitions of range measurement), 

resolution, scanning distance, settings, surface texture and color of the scanned material. The Incidence 
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angle, the angle between the transmitted beam and the normal vector of the scanned surface point, 

affects the signal to noise ratio (Kremen et al. 2006). Noise is a problem for subsequent processing 

operations. Feature extraction of objects, necessary for e.g. tracking of cracks or measurement of 

deformations become more difficult if the point cloud has a lot of noise. There are different methods 

to handle the noise.  

As it is known that the scanned surface is almost flat, a 2D-plane can be fitted to the point cloud where 

the summed up total distance of all points to the plane (Euclidean distance) is minimized. This plane 

is also known as a best-fit plane. Figure 12 shows the fitted plane as a line which can be used as an 

approximate surface of the scanned surface for further processing.  

 

Figure 12: Point cloud from previous figure with fitted plane as estimation of the objects surface (top) and points colored 

according to Euclidean distance to fitted plane (bottom).  

 

For visualization the points were colored according to their Euclidean distance. When fitting a plane 

to a scanned surface the resulting standard deviation of the plane provides information about the noise. 

Little standard deviation is equivalent to small amounts of noise and is the preferred case. A real life 

application of the above-explained operation is shown in Figure 13, where  a small section of a wooden 

façade was scanned. Afterwards a plane was fitted to the recorded point cloud and each point was 

colorized according to Euclidean distance.  
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Figure 13: Point cloud thickness and fitted plane in point cloud processing software CloudCompare. Points are colored 

according to Cloud2Mesh (C2M) in m which is the Euclidean distance. 

 

Colorization of a totally flat and homogenous surface will not provide any benefits as the random noise 

is normally distributed. However, if a surface contains parts further in (higher distance to the scanner 

than the surrounding surface) the object like cracks or joints between wooden boards, the point cloud 

would have clusters with similar colors/Euclidean distance. The same applies for parts sticking out of 

the surface. 

To explain the benefit of using Euclidean distance, the following example is used. Similar to the 

previous example, the processing of a schematic point cloud of a flat surface is shown. This time the 

imaginary surface contains a crack as shown in Figure 14. 

 

 

Figure 14: Schematic top view of a flat surface with a crack. 

 

If this surface is scanned with a laser scanner the points measured in the crack will have a higher 

distance measured by the laser scanner than the surrounding area. Similar to the rest of the object the 

points will be randomly distributed around the cracked surface. The appearance of the point cloud with 

the resulting Euclidean distances after fitting of a plane are shown in Figure 15. 



4 Laser Scanning Procedure              Alexander Scharf 

Terrestrial Laser Scanning for Wooden Façade-system Inspection      Page | 25 

 

 

Figure 15: Schematic display of a point cloud in top view (top). Fitted plane and points colored according to Euclidean 

distance (bottom). The fitted plane is shifted downwards compared to the previous example as there are more points with 

a higher measured range than before.  

 

In this example, all points with a high negative Euclidean distance (blue) are points inside the crack. 

The point cloud could be separated by Euclidean distance to extract these points and study the crack’s 

parameters independent from the rest of the point cloud. The left part of Figure 16 shows the 

segmentation principle.  

 

Figure 16: Schematic point cloud segmented by Euclidean distance. Large threshold (left) and smaller threshold (right).  
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This could be a fast automated process but would not provide accurate results. Not all points which 

belong to the crack have a high Euclidean distance and hence will not be considered with the above 

mentioned method. That would lead to an underestimation of the crack area, length and width. 

Additionally, caused by the ranging error, all considered points have an overestimated distance to the 

scanner, while the points with underestimated distance are neglected. This will lead to an 

overestimation of crack depths. To handle this problem the threshold Euclidean distance could be 

lowered. The result is presented in the right side in Figure 16 by including all green points into the 

threshold procedure. More points containing information of the crack are considered. The drawback is 

that also other points, which are not necessarily part of cracks, are considered. Especially when there 

is high noise, points from flat surfaces with a high Euclidean distance will reach into the crack layer. 

Cracks area, length and width will be estimated to high, or blend together. Furthermore, false cracks 

could be labelled. Finding the correct threshold value turned out to be a difficult task. 

The application of this segmentation procedure is displayed in Figure 17, where a threshold value of -

2.5 mm Euclidean distance to the fitted plan was chosen. This value leads to the consideration of most 

of the points in the crack. Some red points are visible in the face of the board. The amount of points 

falsely extracted as points belonging to cracks is seen in the top view of the figure where almost the 

whole width of the board has points colored in red. With less noise, points in cracks and points from 

the face would not blend together and could hence be easier separated with segmentation operations. 

  

   
Figure 17: Point cloud of a wooden façade board with cracks. Segmentation of a point cloud by Euclidean distance. Points 

are colored according to Euclidean distance (left). On the right points are separated into two groups – Euclidean distance 

below -2.5 mm (red) and above (grey).  
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Point cloud filter 

With a basic understanding of point cloud structure, the principle and reason of point cloud cleaning 

operations can be explained. The objective of the cleaning step is the removal of unwanted and process 

interfering data points. These points are usually the result of high random error or mixed-edge 

problems. The software CloudCompare has two main tools for cleaning a point cloud automatically – 

the Statistical Outlier Removal (SOR) filter and the Noise filter. 

The SOR filter “computes first the average distance of each point to its neighbors 

(considering k nearest neighbors for each). Then it rejects the points that are farther than the average 

distance plus a number of times the standard deviation (nSigma).” (Girardeau-Montaut CloudCompare 

Wiki 2019) 

The application of the SOR filter on a point cloud will remove points which are separated from other 

points by having a large distance to other points. They are outliers. Points which a high Euclidean 

distance or high ranging error may be such points and would be removed by the operation. The example 

point cloud of a section of a wooden façade board was cleaned with an SOR filter. Six nearest 

neighbors (k=6) were used for determination of average distance and all points above the maximum 

distance were filtered out. The maximum distance is calculated by: 

 

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑚𝑎𝑥 =  𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑎𝑣𝑒𝑟𝑎𝑔𝑒 + 𝑛𝑆𝑖𝑔𝑚𝑎 ∗ 𝑠𝑡𝑑. 𝑑𝑒𝑣.         (𝐸𝑞. 1) 

 

For nSigma the standard setting of 1.0 was chosen. The general reduction of noise is seen in Figure 

18. 

 

Figure 18: Point cloud top view of a facade board before (top) and after (bottom) cleaning with SOR filter. 

 

The top view shows that the point cloud got thinner. Less noise will interfere with the segmentation 

process by Euclidean distance. The number of data point in the figure point cloud was reduced from 

initially 34,068 to 29,756. Note, that the figure only displays the top view and that also points inside 

the cracks may be filtered out. Finding the correct settings of k and nSigma can improve the quality of 

the filtering process and must be decided based on the amount of noise, point density and study goal.  
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In CloudCompare, “the 'Noise filter' tool considers the distance to the underlying surface instead of 

the distance to the neighbors. This algorithm locally fits a plane (around each point of the cloud) then 

removes the point if it's too far away from the fitted plane. This filter can be basically considered as 

a low pass filter.” (Girardeau-Montaut CloudCompare Wiki 2019). The noise filter it said to work well 

on flat surfaces, but wrong settings can lead to a too strong reduction of edges. The performance of the 

noise filter in cracked wood panels was studied in this project. The example board point cloud was 

cleaned with the noise filter and default settings. The result is shown in the bottom part of Figure 19. 

 

Figure 19: Point cloud top view of a facade board before (top) and after (bottom) cleaning with noise filter. 

 

In contrast to the SOR filter the point cloud cleaned with the noise filter did not become thinner. 

However, the overall point density was reduced much more. The total number of points was reduced 

from 34,068 to 19,941 data points. Which of the two filter lead to the better conditions to detect cracks 

is not clear, but it seems that the SOR filter led to better reduction of point cloud thickness and might 

be more suitable. 

Filtering point clouds can be done before and after segmentation. It should always be considered that 

valuable information may be lost. At which process step and which filter to use are important questions 

which must be answered when an automatic point cloud processing is the goal. In Figure 20, the 

example point cloud was filtered individually with the SOR and noise filter and the results are 

compared to each other. The points were separated into face and cracks. Comparing the crack-points 

result between the two filter shows that the noise filter reduces the point density throughout the whole 

area of the board more than the SOR filter. A lot of single separated points remain by noise filtering 

and also point groups experience a reduction in point density. The SOR filter performs better at 

filtering out individual separated points while keeping point groups. This is favorable when points in 

cracks need to be kept and noise from ranging error needs to be reduced. The results of the filter were 

evaluated by visual examination of the point cloud and the histograms showing Euclidean distance. 

For an exact determination of suitable filter settings an experiment is necessary. Boards with cracks of 

known dimension should be scanned and studied to make a conclusion. In the scope of this study  

understanding the effect of the two filter is sufficient.  
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No filter SOR filter Noise filter 

   

   
3,041 points in cracks 2,052 points in cracks 1,552 points in cracks 

   
Figure 20: Comparison of unfiltered and filtered point clouds for segmentation of cracks. Points were separated by 

Euclidean distance with -2.5 mm as the threshold value. Points with a higher Euclidean distance were extracted as points 

belonging to the face of the board (top), while points with a lower Euclidean distance were labelled as points in cracks 

(bottom). The “crack-points” were colored according to Euclidean distance to provide the reader an understanding of the 

depth. Red points are closer to the boards face, while green/blue points are further from the plane (deeper inside the 

board). 
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Figure 21 shows a filtered and separated point cloud to extract crack information. Each step of the 

process was done manually to get a proper separation. This procedure will not work for large scale 

facades. Even if this procedure would be automated, cracks width would still be underestimated as 

the borders of the crack will be separated into the face of the board. A correction factor may solve 

this problem. Cabaleiro et al. (2017) also experienced underestimation of crack dimensions.  

 

 
 

Figure 21: Example of a well separated point cloud. A SOR filtered point cloud was extracted by Euclidean distance to a 

fitted plane and points exceeding a threshold value were extracted as crack points. The crack-point cloud was SOR filtered 

once more to remove individual points . For visualization the non-filtered face points of the wooden board are shown. 
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Mixed-edge Problem 

Laser scanners measure the range from a point to the scanner by the reflection of the laser beam from 

a certain point on the surface of an object. This point is actually an area which the single laser beam 

emitted in that direction is covering. Depending on the scanner and the scanning distance the beam 

width and hence the size of the area changes. The measured range is the average distance to the scanner 

from the area covered by the beam. Figure 22 shows four different examples of surface form influence 

on the area covered by a laser beam. 

 

Figure 22: Laser beam coverage of different surfaces. From left to right: Flat surface; one-sided edge; two-sided edge; 

and non-orthogonal incidence angle. x = laser beam width. 

 

Only the flat-surface will be measured with an accurate distance. The other three examples will all 

result in a data point positioned on the average range of the covered area. These will not be the true 

distances. This problem is also known as the mixed edge problem (Tang et al. 2009). Depending on 

the kind of surface it results in different outcomes in the point cloud. The one-sided edge example 

shows that sharp edges will not result in sharp edges in the point cloud model of an object. If the offset 

between the two surfaces is big, points created by the mixed edge problem can be easily filtered out, 

while a small offset, like in wood cracks, leads to points difficult to distinguish from correct points – 

the level of noise will increase. The two-sided edge situation is also common in wooden material, 

especially when to cracks are close to each other as seen in Figure 23. 

 

Figure 23:Two cracks close to each other. Laser scanning and determination of cracks may detect only a single  long 

crack. 
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The process of measuring the average distance may lead to the loss of details which are well defined 

but too small to be measured individually by the laser scanner. The last example in Figure 22 shows 

the case where a laser beams hits an edge with a high incidence angle. The resulting data point will be 

quite unique in position and should be easily filtered out with a cleaning operation such as the SOR 

filter, as the distance to other points will be relatively large. 

The scale of problems caused by mixed edges is next to surface structure mainly dependent on the 

beam width. The beam width at exit is fixed by the construction of the scanning device. The beam 

divergence states the increase in beam diameter over distance. The area covered by the beam on the 

measured surface is called laser footprint. A larger laser footprint will likely lead to a decrease in 

measurement accuracy due to mixed edge problems. Another factor is the increase of noise by the 

random error in range. Scanner state a ranging error which is defined as a standard deviation of values 

around the best-fit plane.  

Incidence angle 

Another factor especially important for façade scanning is the incidence angle of the laser beam. The 

incidence angle is the angle the laser beam hits the surface of the object to scan. It is dependent on the 

position of the surface relatively to the scanner and on the orientation of the surface. Most parts of a 

wooden façade are oriented in 90˚ to the general scanning direction. Different profiles of boards (e.g. 

Figure 24), however, can result in incidence angles below 45˚, resulting in a more uneven and rich in 

noise point cloud.  

 

Figure 24: Example of facade board profile. Träfasader Handbook (Pousette et al. 2007) 

 

The goal in façade scanning is to survey a large area to save time over manual monitoring. Larger areas 

can be covered by increasing the distance of the scanner to the façade or increasing the horizontal and 

vertical field of view. Increased distance leads to an increase in noise and decrease in resolution, while 

larger area of interest add areas scanned with a low incidence angle. The balance between the 

maximum possible area of interest and sufficient resolution is dependent on the required accuracy, 

available time and surface structure. 
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Figure 25: Point cloud from a terrestrial laser scan. The points are colored according to number of neighbors (point 

density). The highest point density is in the area where the laser beam hits the façade orthogonally. 

 

Figure 25 shows the effect of incidence angle on point cloud density, which is colored according to 

point density. Red areas have a high concentration of points and green to blue areas have a lower 

concentration of points. The point density is computed in 3D and hence the figure shows the combined 

effect of point resolution and noise increasing effect of the incidence angle. The lower the incidence 

angle, the lower the point cloud density. Points in cracks have less points in their neighborhood area 

than points on the face of a board. Segmentation into single  boards by point density could be possible, 

if the effect of incidence angle on point density could be filtered out. Another factor affecting point 

density in this example is surface color. The scanned checkerboard (Figure 26) used for registration 

showed that dark surfaces result in a lower point density than a white surface. This is explained by the 

difference in noise. A white surface results in lower noise than a dark surface. This means uneven 

discoloration of facades will also lead to uneven distribution of noise. The separation of cracks by 

point cloud density is hence very prone to uneven structures and colors. 

  
Figure 26: Checkerboard. Digital image (left) and point cloud colored according to point density (right). 
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 Structure and Segmentation in Point Clouds 

In the previous examples, determination of cracks in flat surfaces were shown. If cracks shall be 

determined by fitting planes to a point cloud, slightly complex structures will be difficult to 

automatically process. Cabaleiro et al. (2017) used an algorithm for crack detection in LIDAR data on 

beams which were almost flat. Point clouds were cleared manually in order to limit the area of interest 

to the beam’s face which included the crack. If a whole façade is scanned, the manual cleaning and 

separation will take time. Fitting of a polynomial plane to the façade might be the solution. Figure 27 

shows the effect of fitting a polynomial plane (2.5D quadric plane) instead of a flat plane on a point 

cloud. 

 
Figure 27: Comparison between two different fitting operations on a point cloud created by scanning a non-planar 

surface (here curved). Plane (left) and polynomial plane (right). 

 

The polynomial will not only model the structure’s shape in a more accurate way but also provide 

better separation when using a crack detection method based on Euclidean distance. The problem is, 

however, that the plane should be as detailed to model the façade with all its intended features, as 

boards, gaps between boards, joints, etc., while not fitting the plane to the shape of the cracks. 

Otherwise, the crack points’ distances to the fitted plane will be zero and no crack can be determined 

by Euclidean distance. Finding the correct parameters to fit a polynomial plane is highly dependent on 

the façade. To avoid this problem, a point cloud of a scanned façade should be separated into boards 

and joints which are then processed individually. An example is shown in Figure 28.  

  
Figure 28: Schematic display of a façade with falsad spårpanel med fasade kanter (left) and closeup of a joint between 

two boards (right).  

 

A plane could be fitted to each of the segmented components and cracks could be determined 

component for component. For a big façade, manual separating of point clouds would cost a lot of time 

and negate the potential benefits of automatic laser scan processing. The process of separating point 

cloud into different components of interest is called segmentation. Correct segmentation is next to 

accuracy the limiting factor for the feasibility of SHM of facades. In the example the segmentation 
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into the face of each board and into each joint between the boards would allow crack detection. Cracks 

in the face of a board would no longer be mixed up with joints between the boards.  

In point cloud processing, segmentation assumes that regions with the same properties belong together. 

It is, however, very difficult to create segmentation algorithms – even up today (Nguyen and Le 2013 

- 2013). Furthermore, most research on segmentation considers a different scale of feature extraction 

than the scale needed in wooden façade scanning. For example, the difference in a point cloud between 

points displaying a car and a tree is relatively easier to define than the difference between a wooden 

surface of the face of a board and a wooden surface 10 mm further away from the scanner in a joint 

between the two boards. Nguyen and Le (2013 - 2013) categorize segmentation methods into five 

categories: 

• Edge based 

• Region based 

• Model based 

• Attribute based 

• Graph based 

Edge based algorithms in point cloud processing work similar to edge detection functions in digital 

image processing. A strong change in the color of a surface is detected as an edge between two objects 

in a digital image. In a point cloud the change in range measurement between neighboring points can 

be used as information for edge based segmentation. This is used effectively in airborne laser data 

where the range is measured from a drone to the ground. The difference in measured range between a 

scanned roof of a building and the ground next to the building is relatively big and can be used in edge 

based segmentation. In a façade the difference in range between two boards can be as small as 10 mm. 

Combined with high noise, uneven point density, difference in incidence angle and the mixed edge 

problem the use of edge based algorithms for wooden façade segmentation is unsuitable. 

Region based algorithms may be more suitable for façade segmentation. These work by the 

neighborhood principle. Points are compared to their neighboring points and if the dissimilarities are 

below a set threshold they are grouped together as a region. This is continued until neighboring points 

to the region exceed the set threshold value and are labelled into a different region. There are two 

different approaches to region based segmentation. Bottom-up and top-down approaches. In the latter 

all points are initially grouped into one region which is then subdivided into smaller regions.  

Model based approaches as the random sample consensus (RANSAC) work by finding geometric 

shapes in the point cloud. Typical primitive shapes are planes, spheres, cylinder, cones and torus. The 

fitting of planes was already determined as a suitable geometric shape for facades. The problem is, that 

an algorithm like the RANSAC algorithm groups points to the chosen shapes. Data points which do 

not fit into the defined shape are not grouped into it. They will be either grouped to another primitive 

or neglected/deleted if they do not fulfill any group requirement. This means when using RANSAC 

for the segmentation of boards the points in cracks will easier be neglected or the algorithm will have 

the mentioned Problem – mix up points in cracks. Similar to fitting of planes and determination of 

cracks, the relatively large noise to surface details in façade scanning is a problem for RANSAC 

algorithm. There is a RANSAC segmentation plugin in the software CloudCompare. The plugin was 

tested for several point clouds in the scope of this project but never led to any reasonable results.  

The properties used for attribute based segmentation are depended of the aim. Grouping of points can 

be done based on these attributes. In point cloud processing of facades, possible attributes could be: 

• Color information 

• Reflection/Intensity 

• Incidence angle (surface normals) 
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• Distance from scanner 

• Surface roughness 

The problem with all these methods in this project is, that very small details need to be detected and 

hence an algorithm is needed which considers small differences in the point cloud. Such a sensitive 

algorithm is, however, very susceptible to noise. No sufficiently working segmentation algorithm was 

found for the tested wooden facades. The automatic segmentation of point clouds was rejected and 

manual segmentation was done instead.  
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5. Experimental 
The development of automated processing algorithm for point clouds of wooden facades requires a lot 

of time, calibration and knowledge in programming. Especially segmentation turned out to be very 

difficult. Therefore, in the scope of this study, the automation of point cloud processing was neglected. 

This means, that point clouds had to be cleaned manually to the area of interest and then processed 

according to the individual aim. The scanning experiments done in this study can be grouped into the 

following topics.  

 

Field Experiment – Existing Facades 

Terrestrial laser scanning of two existing facades in Skellefteå, northern Sweden, was done. Several 

scans of each façade were made. Point cloud thickness of the rather homogenous and flat surfaces was 

studied. Point cloud thickness or noise is the biggest problem in point cloud processing and should be 

limited as much as possible. The goal was to study the effect of changing scanning parameters (distance 

to façade, incidence angle, scan resolution) on the noise. Range measurements may be affected by 

instrument calibration, atmospheric conditions, object properties and scanning geometry. The two 

latter were  studied in this experiment as well as the benefit of increased quality settings of the scanner. 

Quality settings or amount of repetitive laser emission per data point are known to improve the 

precision of range measurements. However, quality lengthen the scanning process by a lot of time and 

should hence be avoided if the benefit proves to be of neglectable size. The result of increased quality 

was evaluated by comparing the standard deviation of a plane fitted to the surface. The facades differed 

in type, structure and color. The point cloud data was processed with the software CloudCompare. The 

extraction of important façade parameters possible with the software was evaluated as well, by 

comparing the processing results with a manual observation of the facades. For Registration 

checkerboard targets were used.  

 

Project Façades – Complex Structures 

This thesis was part of a project focusing on developing a new façade. The current prototypes of the 

façade consisted of boards with a special surface shape. The surface was not flat but was either rounded 

or a combination of different angles. The effect of the surface shapes on the scanning result was studied 

in this experiment. The question is if the point cloud can be manually segmented in a way which allows 

to study the façade by fitting of planes or other methods. As the incidence angle constantly changes 

on the curved surface the façade panels were scanned with different angles of 90° and 60° to the 

scanner. The façades only existed as prototype panels and were not put up on an existing building. 

Therefore, this experiment was limited to laboratory conditions.  

 

Displacement Measurements 

Displacement measurements of a wooden surface and the prototype façade were done under laboratory 

conditions. A flat tabletop (a particle board covered with a wooden veneer) was scanned and then 

artificially moved. The displacement of the panel between each movement was measured by laser 

scanning. The received point clouds were referenced to each other and displacement was computed 

with three algorithms. The same procedure was used for the project prototype façade panels and the 

results were compared. Based on these results recommendations for displacement calculation, its 

accuracy and boundaries were given.   
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 Field Experiment – Existing Façade 1 

 

Figure 29: Scanned façade (construction year 2009) with reference targets. Laser scanner is seen to the right. 

 

The scanner was positioned at 12.5 m distance to the façade as seen in Figure 29. Before the first main 

scan, a preview scan had to be done. A preview scan is a 360˚ scan and is used for orientation on the 

device. Scan quality and resolution is not important at this step. The scan result is displayed on the 

device’s screen. In the next step the scanning area can be limited to the area of interest (here the façade) 

for the main scan. Each time the device is moved, the preview scan should be done again. The preview 

is not only for securing that the correct area is scanned. During the preview scan, the resolution and 

quality is low and hence the radial eye safety distance is below 2 meters. When doing the main scan, 

the radial eye safety distance can exceed 20 meters. Therefore, it is important that the correct area is 

scanned, and that the laser is not accidently emitted onto a road endangering pedestrians and motorists. 

The scan parameters used are seen in Table 2.  

Table 2: Scanning parameters for Stock facade. 

Scan No. Scan purpose Resolution Quality Scanning time (min:sec) 

1 Orientation left 1/32 4x 3:36 

2 High quality left 1/1 4x 22:12 

3 Low quality left 1/1 1x 3:50 

4 Orientation right 1/32 4x 3:25 

5 High quality right 1/1 4x 22:12 

6 Low quality right 1/1 1x 3:50 

 

The same façade was scanned two times in a row, without changing the position of the laser scanner. 

The quality setting of the scanning parameter was the only changed variable. The first scan was done 

with a quality setting of 4x and a resolution of 1/1, which led to a scanning time of 22:12 minutes. A 

quality setting of 4x means that the distance to each point was measured 4 times before the next point 

was measured. The second scan was done with a quality setting of 1x and a resolution of 1/1, which 

led to a scanning time of 3:50 minutes. Even though the scanner was not moved, there was a huge 

difference in the local coordinates of the two facades, which can be seen in Figure 30. Therefore, point 

cloud registration, either with targets or targetless, is always necessary when doing multiple scans.  

The façade was scanned from two different positions. One emitting orthogonally onto the facade at the 

left side of the façade and one orthogonally on the right side of the façade. This was done to avoid 

occluded areas in the joints between the façade boards when processing the point clouds for defects.  
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Figure 30: The same façade area, scanned at two different quality settings without moving the scanner.  

 

The two scans were aligned by registration with 3 reference targets (only two are seen in the figure). 

This was done to secure that the same area of points was selected for comparison of noise distribution. 

After alignment of the two point clouds, two areas of interest were chosen. The first area was in the 

area where the emitted laser hit the façade surface in approx. 90˚ and the second area was chosen in 

the right corner of the façade where the laser beam hit the surface with an incidence angle of approx. 

60˚. The areas are highlighted in green in Figure 31. 

 

Figure 31: Aligned scans of façade with chosen areas highlighted in green. 90˚ incidence angle (left) and 60˚ incidence 

angle (top right).  

 

The alignment led to approx. the same area. Laser scanners, however, cannot scan exactly the same 

point in two subsequent scans. Furthermore, registration does not lead to 100% alignment of the point 

clouds. This explains the deviation in number of points between each two scans with different quality. 
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For comparison of point cloud thickness (noise) the approximation has been sufficient. The surface 

area of the boards chosen were free from defects and appeared almost flat.  

To each of the created point cloud sections a 2D-plane was fitted. Afterwards the points were colored 

according to Euclidean distance. The colored cross section of each section is shown in Figure 32 and 

Figure 34. A gaussian normal distribution was fitted to the histogram of the C2M signed distances 

(Euclidean distance) and standard deviation was calculated (Figure 33 and Figure 35). The range of 

Euclidean distances and the standard deviation was used to compare the effect of the quality setting on 

the point cloud noise at 90˚ incidence angle and 60˚ of an existing façade.  

 

Figure 32: Top view/cross-section of the board sections scanned with a 90˚ incidence angle. Quality setting of 1x (top) 

and 4x (bottom). Both cross-sections are displayed in the same scale.  

 

 
Quality 1x 

 
Quality 4x 

Figure 33: Gauss normal distribution curve fitted to the histograms of the Euclidean distance of each scan. Incidence 

angle 90˚. 

 

The highest quality setting of the scanner provided a approx. half as noisy (std. deviation 2.076 mm 

→ 1.009 mm) point cloud when scanning the wood surface with a 90˚ incidence angle. This 

improvement was even more pronounced when scanning with an incidence angle of 60˚ (std. deviation 

3.197 mm → 1.316 mm). Incidence angles of 60˚ are normal when scanning in the field. Therefore, 

the increased scanning time needed when using a higher quality setting is reasonable if small details 

in the façade are of interest. Otherwise, the data points describing the details would have drowned even 

more in the noise. 
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Figure 34: Top view/cross-section of the board sections scanned with a 60˚ incidence angle. Quality setting of 1x (top) 

and 4x (bottom). Both cross-sections are displayed in the same scale. 

 

 
Quality 1x 

 
Quality 4x 

Figure 35: Gauss normal distribution curve fitted to the histograms of the Euclidean distance of each scan. Incidence 

angle 60˚. 

 

The complete scanned façade section was evaluated by fitting a 2.5D quadric plane and measuring 

Euclidean distance. The result is shown in Figure 36. The processing showed that no points had a 

Euclidean distance higher than 1.2 cm. In regards of the noise this distance was in the limits and was 

connected to any major defects. The negative Euclidean distance is down to -4.8 mm, but as shown in 

the histogram only a few points had such a distance. These points could have been points measured in 

holes, left by fallen out dead knots or in joints between the individual boards. Since the point cloud 

evaluation for defects was done manually, defects might have been overlooked. All in all, the façade 

seemed to be without any defects, deformations or major cracks. Manually surveying by eye came to 

the same result.  
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Figure 36: SOR filtered point cloud colored according to Euclidean distance to a best fit 2.5D quadric plane.  
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 Field Experiment – Existing Façade 2 

 

Figure 37: T2 building on campus Skellefteå. Scanned facade with reference targets. 

 

The second façade scanned was the façade of the recently constructed T2 building on the campus in 

Skellefteå. The building was constructed in 2019 and has a unique façade consisting of vertical boards 

on different layers as seen in Figure 37. The façade was scanned similar to the façade in the previous 

experiment and also from two positions. The scanner was positioned at 9.5 m distance and an area of 

interest with a width of 7 m and 9.2 m height was scanned. Highest possible resolution and maximum 

quality settings of 4x were chosen. The total procedure, including setup and installation of reference 

targets took 1.5h, where each main scan took 28 mins.  

 

Figure 38: Registration targets on three different planes. 

 

The positioning of reference targets can become difficult when scanning façades, especially when the 

facades are 2-dimensional (flat). In the experiments an object with an attached reference target was 

placed in front of the façade (see green circle in Figure 38). Its position was included in the area of 

interest to expand the registration into the third dimension.  
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Figure 39: Digital image of the scanned façade area (left). Cleaned point cloud colored to Euclidean distance to a best-

fit plane (right).  

 

Figure 39 shows a segmentation of the façade by Euclidean distance. The point cloud had to be cleaned 

with a SOR filter as the scanned windows of the building led to a distortion in the data due to the 

reflection. A best-fit plane has been created and points were colored according to Euclidean distance. 

The individual layers of boards are distinguishable by eye. Board layers (here blue, green, yellow) can 

then be extracted by distance and processed individually. This kind of segmentation is similar to the 

working principle of an edge-based segmentation algorithm. The technique works on this scale, since 

the difference in scanned range is the boards thickness and much bigger than the difference between a 

board’s face and a crack. The manual segmentation of the individual board layers provided a good 

separation of the boards. The individual processing of each layer did not show any defects in the boards 

or major deformations of single boards. 
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 Remarks for in-field scanning 

In the following part some important remarks for scanning wooden facades on buildings are described. 

These are mostly based on the experiences and thoughts made during the test scans within this study. 

The following things should be considered before starting the first scan to avoid scanning errors,  

endangerment of people and unnecessary scans.  

Terrestrial laser scanning is limited by scanning distance and angles. Depending on the kind of 

structure and area around it, scanning is not always possible. The lower the incidence angle, the lower 

the scanning quality. This leads to limits in the field of view where scanning provides sufficient results. 

If the horizontal incidence angle gets to low, the scanning device can be repositioned to increase the 

angle, an additional scan be done, and then referenced to the point cloud. This is only possible to a 

limited extent when the vertical incidence angle gets too low. The distance from the scanner to the 

façade needs to be increased. In densely built areas, as cities, the distance between buildings can be 

very limited and hence the vertical limit of the scan. Drones could be used to reach elevated façade 

parts will but add an additional level of inaccuracy to the scan. 

Another problem is the layout of the infrastructure. Especially residential buildings can be close to 

roads or blocked by e.g. vegetation. Therefore, not every façade can be scanned with a sufficient 

distance. Scanning “through” a road is not an option as this directly interferes with traffic and may 

endanger drivers as well as passers-by. It must hence be considered which parts of a façade can be 

scanned with a sufficient distance before starting the scans. For scans close to a building, several 

repositions of the scanner and sufficient use of reference targets must be planned.  

The connection of the scanner to a power supply is important as well. If no power supply is available, 

the built-in lithium ion battery is used. In the case of the FARO Focus 3D the battery life is up to 5 

hours. Experience showed that when constantly scanning the battery of the used device lasted for 

approx. 2.5 hours. In northern Sweden temperatures can drop below minus 20℃. Lithium ions batteries 

are produced to work at temperatures around 27℃ and only work at approx. 50% performance at 

temperatures of minus 20℃. This may reduce the operating time without power supply to around one 

hour. Furthermore, for the scanner used, according to the producer the minimum operating temperature 

of the included hardware is 5℃. There are scanners with lower minimum operating temperatures.  
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 Laboratory Experiment – Project Façade Structure 

The distinct shape of the project’s façade might lead to increased challenges in laser scanning and 

point cloud processing. The surface layer of the panel consisted of boards with a wave pattern. Between 

the boards a small gap as part of the joint existed. Both these features could influence the scanning 

result. The point cloud processing in this chapter aimed to extract these features. Furthermore, other 

properties, especially the features influencing the lifetime of the façade, were a focus of this 

experiment.  

The prototype façade panel with dimensions of 120 x 300 cm, consisting of 11 painted boards as the 

surface layer was the study object. Similar to the previous experiments on outdoor facades the façade 

panel was scanned from different positions and point clouds were aligned by reference targets. 

Aligning the point clouds by checkerboards resulted in a residual referencing error of 1.95 mm and 

2.85 mm. The merged point cloud was cleaned with a SOR filter, resulting in 11.2 million data points 

describing the façade and is shown in Figure 40. One limiting factor was the available space in the 

laboratory. The distance from the scanner to the façade could not exceed 8 m. The façade panel was 

leaned against a wall and its position was marked and measured manually.  

 

Figure 40: Scanner positions and experiment setup. In the right picture all three point clouds from different angles were 

merged together.  
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Figure 41: Section of the cleaned point cloud colored to Euclidean distance to a 2.5D quadric plane. 

 

As shown in Figure 41, a 2.5D quadric plane was fitted to the merged point cloud and colored 

according to Euclidean distance. The colorization clearly showed the surface structure of the façade. 

Vertical lines of blue colored points indicate the most outer parts of the structure, while 

greenish/yellowish points the inner parts. The gaps between the boards were described by the orange 

and red points since these points had the highest positive distance to the fitted plane. Furthermore, 

defects as holes, results of fallen-out dead knots, were seen easily (Figure 42).  

 

Figure 42: Fallen out knot in point cloud (left) and in digital image (right). 
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Similar to cracks, the gaps between the boards can be of interest. If these are too wide water might 

penetrate into the façade introducing moisture into the material behind the façade. Common insulation 

materials will lose their low heat conductivity when getting moist. The degree of damage is highly 

depended on the type of façade. It was tested how accurate the gap width between the board of the 

façade panel can be measured by point cloud processing. The top part of the façade panel was used as 

the area of interest. To avoid occluded areas in the façade, it was scanned from 3 directions and aligned 

with reference targets. This, however, also introduced a referencing error. To evaluate if the scanning 

from different positions and merging of point clouds has a positive influence on gap measurement, it 

was compared to a single point cloud. For this, the point cloud scanned with a 90˚ angle to the façade 

was used. The top areas of the point clouds were separated, a 2.5D quadric plane was fitted and 

Euclidean distance was calculated. Afterwards, the point clouds were separated into points in the gaps 

and points on the boards’ surface. The segmentation process used was explained in detail in chapter 

4.2. The gap-point clouds were processed with a SOR filter to remove outlying points caused by edge 

effects. The resulting point clouds are seen in Figure 43 where each vertical line describes a joint 

between two board.  

   
Figure 43: The top section of the façade panel. Digital image (left); extracted points in gap between boards of merged 

point cloud (middle) and of single point cloud (right). The point clouds were cleaned with SOR filters to get more concise 

borders.  

 

The width of the gaps between the boards were measured manually at a distance of 5 cm to the top. 

The distance between the most outer points in each gap in the created gap-point clouds were measured 

in CloudCompare. Some of the gaps completely disappeared in the point clouds. This was probably a 

result of mixed-edge effects, the separation process and use of SOR filter. The measurements were 

compared to each other and the results are shown in Table 3. 

Table 3: Comparison of manual measurements and point cloud processing results of the gaps between the surface 

boards.  

Number of gaps 

from left to right 

1 2 3 4 5 6 7 8 9 10 

Manual 

measurement 

< 1 

mm 

4  

mm 

2  

mm 

6  

mm 

1  

mm 

2.5 

mm 

5.5 

mm 

2  

mm 

4 

 mm 

3  

mm 

Merged  

point cloud 

- 2.7 

mm 

0.8 

mm 

4.2 

mm 

- 1.7 

mm 

4.3 

mm 

1.6 

mm 

3.95 

mm 

3.6 

mm 

Frontal  

point cloud 

0.7 

mm 

3.5 

mm 

1.8 

mm 

5.2 

mm 

0.8 

mm 

2.6 

mm 

5.7 

mm 

2.6 

mm 

3.5 

mm 

2.6 

mm 

  

The results indicated a slightly better result of the single point cloud measurements compared to the 

merged point cloud measurements. This can be due to the referencing error which led to overlapping 

of point clouds or a different extraction threshold in the separating step. The drawback of this method 

is the process of separating data points between gap and surface points. This was done individually for 

both point clouds and is a highly subjective process as it is basically done iteratively by eye. The same 

applies for the measurement of distance between points to determine gap width. The measurement 

results hence indicated only trends. The measurements, however, seemed to be in a reasonable range 

of accuracy to track the dimensions of cracks and gaps not in reach for manual surveying. Another 

drawback is the time needed for point cloud processing as automatic processing is very difficult as 

discussed in previous chapters.  
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Fitting a 2.5D quadric plane led to results describing the surface structure of the façade. Fitting a 2D 

plane to the point cloud will lead to a loss in most of this information as described in the theory chapter. 

There was, however, a strong benefit of a 2D plane in the particular case of using façade panel 

elements. The scanned façade panel showed warping in the form of twist. By fitting a plane with 

subsequent colorization, the extent and type of deformation was easily visible. This technique can be 

used for building facades to determine deviations from the flat plane. The colorized point cloud is 

shown in Figure 44.  

 

 

Figure 44: The cleaned point cloud colored to Euclidean distance to a 2D plane in frontal view (top) and longitudinal 

view (bottom).  
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 Laboratory Experiment – Movement of a Wooden Plan 

To test the effect of different computation algorithm for the determination of displacement in a façade 

a basic test was executed. A wooden and plane surface as shown in Figure 45 was scanned with the 

laser scanner in different position and then the displacement of the surface was calculated and 

compared to the moved distance.   

 

Figure 45: Experimental setup and appearance in point cloud processing software. 

 

As reference points for the deformation the position of the panel was marked with tape. The panel was 

scanned in its initial position (epoch 0) and then moved before each subsequent scan. In epoch 1 the 

bottom right corner was moved out of the plane by 4.5 cm. In epoch 2 the panels angle was changed. 

Each epoch will be compared to the epoch 0. The deformation, here in the form of displacement of the 

panel, is calculated by the distance between the two panels. Different algorithms exist for the distance 

computation. The three tested algorithms were: 

• Closest point distance (C2C) 

• Cloud to mesh distance (C2M) 

• Multiscale model to model cloud comparison (M3C2) 

The M3C2 algorithm was developed by Lague et al. (2013) to improve the distance calculation of 

structures with high surface roughness or structures with surfaces altered over time. It is included here 

to see its effectiveness on wooden façade structures. Since the experiments were limited to laboratory 

conditions no surface alterations were expected. This could negate the algorithms advantage. The first 

two algorithms are computationally more simple algorithms are shown in Figure 46. For further 

explanation of the M3C2 algorithm the reader is referred to the article of Lague et al. (2013). The 

article explains the new algorithms as well as reviewing the other computation algorithms.  

  
Figure 46: Cloud-to-cloud distance (left) calculates the distance between the closest points between the two point clouds. 

Closest point distance to local model distance (right) calculates the distance of each point in a point cloud to the mesh 

fitted to the second point cloud. (Lague et al. 2013) 

 

The problem in the C2C and C2M algorithms is the influence of noise on the displacement calculation. 

The C2C algorithm has problems with low point density, high surface roughness as well as outliers. 
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Therefore, even point cloud density and cleaning by SOR filter are required requirements for a good 

performance of this algorithm. In case of the C2M algorithms other problems exist. The creation of a 

mesh requires a well-cleaned point cloud to avoid false interpolation. Furthermore, details of the 

surface structure could be lost. In case of a plane surface this should not be a problem. It was expected 

that the C2C and C2M algorithms work similarly well. 

 
Figure 47: Displacement of the wooden plane (between epoch 0 and epoch 1). The point cloud of epoch 1 was colored 

according to absolute distance in m by closest point computation. The reference point cloud of epoch 0 is shown in grey.  

 

Figure 47 The distance between the two point clouds was calculated by cloud to cloud (C2C) 

computation. The result shows a displacement of the right edge of the surface of approx. 45 mm which 

fits the manual measurements. The trueness of the measurement is not studied in detail here. For the 

correct computation of deformation both of the epochs point clouds had to be reduced to the woods 

surface. Subsequently a SOR filter was used to avoid the negative effect of the mixed edge effect. This 

means that extra attention needs to be spend on the cleaning process. As expected, the displacement 

by C2M (see Figure 48) computation came to similar results as the C2C computation.  

 
Figure 48: Displacement of the wooden plane (between epoch 0 and epoch 1). The point cloud of epoch 1 was colored 

according to absolute distance in m by cloud to mesh distance. The reference point cloud of epoch 0 is shown in grey. 
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The displacement of edges cannot be computed accurately. Figure 49 shows a typical error if an 

uncleaned point cloud is used in combination with closest point computation. 

 

Figure 49: Influence of edge effects when using C2C displacement computation in uncleaned point clouds. 
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 Laboratory Experiment – Project Façade Deformation 

Displacement tests of the façade panel shown in chapter 5.4 were done. The objective was to evaluate 

how the non-planar surface structure of the façade boards influence the computation of displacement. 

Similar to the previous experiment, testing a plane surface, the façade panel was moved between the 

different scans and displacement was calculated with different algorithms and visualized by 

colorization of the point cloud. The algorithms tested were cloud to cloud, cloud to mesh and M3C2 

by Lague et al. (2013). Each scan had to be referenced by checkerboards to the epoch 0 scan, a 

procedure introducing error to the measurement.  

The façade was moved in different directions, testing how well deformation in a single direction (x,y,z) 

can be calculated, as well, as combination of these directions. It was expected that deformation in the 

longitudinal direction of the façade panel will be difficult to detect under the laboratory conditions 

since the shape of the façade boards do not change in that direction. It could be possible to detect such 

deformation by tracking the displacement of features like the holes left by fallen out dead knots. On a 

full scale field façade, the deformation in z direction will be easier to detect as the displacement can 

be measured in relation to reference points as windows or horizontal joints.  

  
Figure 50: Displacement of façade between epoch 0 and epoch 1. Displacement computation by closest point (left); and 

by cloud to mesh (right). 

 

The first tested displacement was an out-of-plane displacement of the lower left corner by 20 mm. The 

results of displacement calculation are presented in Figure 50. The comparison shows that the 

computation by closest point provides reasonable results. The maximum absolute distance of 18 mm 

together with the referencing error of 1.9 mm agree with the induced displacement. The computation 

by cloud2mesh does not provide sensible results. The displacement colorization by C2M indicates that 

parts of each board are displaced by different distances which was not the case. The generalization of 
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a point cloud by creating a mesh is therefore not useful for displacement calculations. The general 

displacement of the panel is still visible in the C2M figure, though. The displacement computation by 

M3C2 did not provide any meaningful results. This is either due to insufficient handling of the plugin 

and setting of the extensive parameters or the algorithm is better suited for larger structures with altered 

surfaces between the epochs. The article by Lague et al. (2013) describes the use of the algorithm for 

scanning and processing displacement in a river bed, where overhanging structures and rockfall debris 

led to problems with more simple algorithms. 

The second epoch was a sideways displacement of the façade by 20mm. Displacement was computed 

to the point cloud of epoch 0. The results are shown in Figure 51. 

  
Figure 51: Displacement of façade between epoch 0 and epoch 2. Displacement computation by closest point as absolute 

distance (left); and by closest point in x-direction (right). 

 

The computation by C2C on the left side of the figure showed that most parts are colored in blue and 

did not get displaced. This does not correspond to the reality and can be explained by the blending of 

the noise in the point cloud. Figure 52 shows the influence of noise and referencing error on the 

measuring point placement. Even without a referencing error the computation will only provide 

accurate displacement results on the average scope. Closest point distance computation will still lead 

to values of almost 0 mm since the clouds blend together. In case of a positive reference error, shown 

in green in the figure, the clouds completely blend together, and no meaningful results will be achieved 

by C2C. The same would apply for C2M computation. 
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Figure 52: Schematic display of referencing errors and influence on C2C computation. The surfaces are 2 mm apart.  

 

If closest point distance is only calculated in one major direction, the x-direction in that case other 

problems occur. The principle induced in the laboratory experiment is shown schematically in Figure 

53. The distance computation x direction can lead to problems which are also caused by the noise. 

Furthermore, the direction of displacement is not considered here. In the laboratory experiment the 

displacement was in only one direction. The algorithm, however, calculates the distance in either 

negative or positive x-direction, depending where the closer neighboring point exists. This explains 

why the C2C (X-direction) computation showed displacements of -6.6 to 7.4 mm. Sideways 

displacement need hence a more advanced algorithm which takes more parameters into account.  

 

Figure 53: Schematic display of a sideways displacement. The continuous lines represent the actual surface in epoch 0 

(black) and epoch 2 (blue). The circles represent data points.  
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6. Conclusion 
 

The feasibility of terrestrial laser scanning of wooden facades was studied in this project. The focus 

was on extracting dimensional defects limiting the lifetime of a façade out of the scanning data. These 

defects are cracks, unwanted gaps, deformations and displacement of façades or part of facades.  

As to date accuracy and precision of laser scanning is limited to several millimeters. Measuring spatial 

data of facades regardless of lighting conditions and to a large degree color is beneficial compared to 

other methods. The high acquisition costs of laser scanners are one major drawback of the technique. 

The main alternative, photogrammetry, is easier to afford but requires more skilled operators and 

planning to execute the scans.  

Depending on the required level of accuracy, laser scanners can perform well or badly. The scanning 

of fine details below 5 mm is difficult due to the high ranging error of the devices, mixed-edge 

problems and required referencing adding an additional source of error. These effects can be weakened 

by processing single scans with a closer scanning distance. This, however, means that the main benefits 

of laser scanners (surveying time, large area covered by scan, scanning of areas high above the ground) 

over manually surveying methods are partly lost.  

The automation of point cloud processing would lower the total work time of surveying by terrestrial 

laser scanning. This has been proven to be one of the main challenges of laser scan processing 

nowadays. Extensive calibration or highly sophisticated algorithms would be needed to deal with the 

high variation in façade structures and had to be hence neglected. The problem also exists in other 

areas were laser scanning is used. 

Field tests on existing facades showed that the scanning quality (number of repetition) does reduce the 

scanning noise, especially with increased incidence angles. It was concluded that the reduced noise is 

worth the increased scanning time. Another field test showed the possibility of segmentation of a 

facade by cloud2mesh distance. Boards on different levels (distances to the best-fit plane) could be 

separated. The separation into individual boards could not be achieved in any of the experiments. 

Displacement calculation on a flat wooden surface and on a façade panel with complex surface 

structure were executed under laboratory conditions. While the type of algorithm was of low 

significance for the flat plane, the closest point computation was the only suitable algorithm for the 

displacement calculation of the façade panel. Out-of-plane deformation was detectable while the 

displacement sideways or upwards did not provide reasonable results.  

To conclude: How feasible is terrestrial laser scanning for measuring movement, deformation and 

displacement in wooden façade-systems? The answer to this question depends on the goals of the 

survey. These goals can vary from project to project and company to company. The development of a 

common inspection procedure suitable for all type of facades is still in the far future. It may be achieved 

by a development in scanning technology as well as improved point cloud processing.  

Future work in this project should include the surveying of facades set up on new buildings. These 

facades will experience outdoor conditions and hence realistic deformations. Scanning these facades 

in regular intervals will give a better picture about the expectable deformations. Comparisons between 

manual contact measurements and the result of laser scanning data will help to evaluate the accuracy 

of in-field façade deformation.   
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