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ABSTRACT 
 

An important step in data processing from terrestrial laser scanning (TLS) is georeferencing, i.e. 
transformation of the scanner data (point clouds) into a real world coordinate system, which is 
important for their integration with other geospatial data. An efficient approach for this is direct 
georeferencing, whereby the position and orientation of the scanner can be determined in the 
field, similarly to the working routine of total stations. Thus the efficiency of the survey can be 
increased, and the project time and costs reduced. An important factor that affects the results of 
TLS surveys, especially those with direct georeferencing, is scanner calibration. In the recent 
years, the method of self-calibration used in photogrammetry has become popular for the 
recovery of systematic errors in laser scanners. 

This thesis has two main aims. The first one is to develop an approach for self-calibration of 
terrestrial laser scanners, which can be made available to users, and apply it to the calibration of 
a number of pulsed laser scanners in order to get a better insight into the systematic instrumental 
errors present in these instruments. The second aim is to investigate the possibilities for direct 
georeferencing in TLS in static applications, with the focus on the use of GPS for this purpose, 
and to develop a survey system based on the combination of TLS and GPS. An additional aim of 
the thesis is to make a systematic description of the error sources in TLS surveys, where direct 
georeferencing is employed. A good understanding of these error sources is necessary to secure 
the data accuracy. We subdivide these errors into four groups: instrumental, object-related, 
environmental and georeferencing. 

We have developed a unified approach for self-calibration of terrestrial laser scanners, where 
one can introduce stochastic information about all the estimated parameters, which helps in 
reducing their correlations. In part, it is possible to use direct georeferencing to determine the 
exterior orientation parameters of the scanner. We applied this approach to the self-calibration of 
the pulsed scanners Callidus CP 3200, Leica HDS 3000 and Leica Scan Station. The initial 
assumption was that the scanner systematic instrumental errors, or calibration parameters, were 
similar to those in a total station. However, other errors not explained by the “a priori” total 
station error model can be present in the scanners. We revealed two such errors – the scale errors 
in the vertical angles and horizontal directions in the scanners Callidus CP 3200 and Leica HDS 
3000, respectively. Most systematic errors were estimated with relatively high precision and low 
correlations with other system parameters. 

We have developed a prototype combined survey system, which allows the user to use GPS 
for direct georeferencing of the scanner parallel to the scanning. In the current implementation, 
the system consists of the scanning system Leica Scan Station 2, 2 GPS receivers and antennas 
from Leica and a number of necessary accessories. The scanner position can be determined from 
RTK (or possibly Network-RTK) measurements with the accuracy of better than 1 cm, both in 
plane and height. The position of the backsight target can be determined from post-processing of 
static GPS measurements with similar accuracy. In order to estimate the accuracy of the 
combined system and its efficiency in a typical TLS survey, we carried out several test 
measurements. The results have shown that it is possible to achieve the coordinate accuracy of 
better than 1 cm at the object distance of up to 50 m. This is comparable to the accuracy of 
conventional direct georeferencing, i.e. when the scanner is centred over a known point. The 
time expenses for the test survey of a building located at KTH campus, starting from the 
planning and finishing with the georeferenced point cloud, were about 1.5 workdays. The time 
expenses could be reduced further if the system was installed on a moving platform during the 
fieldwork. Hence, the combined system can be successfully used for the surveys of built 
environments, e.g. engineering constructions and historical monuments, which can be carried out 
fast and with high accuracy. 
 
 
Keywords: terrestrial laser scanning, self-calibration, direct georeferencing, error sources. 
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1. INTRODUCTION 
 
1.1. Background 
 
During the last decade, the world of engineering surveying has seen enormous developments in 
the techniques for spatial data acquisition. One of these developments has been the appearance of 
terrestrial laser scanning (TLS) technology, which provides the users with the possibilities of 
direct and automated 3D data capture. TLS employs an indirect ranging principle. The distance, 
or range from the sensor (a terrestrial laser scanner) to a point on the object surface is determined 
with high accuracy by measuring the time elapsed between the emission of a laser signal and 
detection of its portion backscattered from the surface (time-of-flight, TOF). TOF laser scanners 
employ the following techniques for measuring the travel time of a signal by utilizing different 
physical effects (Hebert and Krotkov 1992; Wehr and Lohr 1999; Lange 2000): 
 

 Pulsed ranging – a signal travel time is measured directly; 

 Amplitude modulated continuous wave (AMCW) ranging, or phase-shift ranging – 
the phase shift (phase difference) between the transmitted and the received signal is 
measured, which is proportional to the signal travel time; 

 Frequency modulated continuous wave (FMCW) ranging – the signal travel time is 
measured by measuring the beat frequency of an FMCW-modulated signal and its 
reflection; 

 
Coverage of the whole object is achieved through scanning, by means of an opto-mechanical 
scanner, in both horizontal and vertical directions, at the rates of thousands to several hundreds 
of thousands of points per second, depending on the ranging approach employed. The output of 
this process is a highly detailed 3D image of the object, typically consisting of millions of 
densely spaced points, called “point cloud”. For each point, 3D coordinates in the coordinate 
system fixed to the scanner and the amplitude of the reflected laser signal (intensity) are 
recorded. Most scanners available on the market today can measure ranges to objects up to 
several hundred metres, with the single-point accuracy of 1.4 – 15 mm at 50 m (Ingensand 
2006). It is possible to perform scanning both statically and from a moving platform. As the 
objects surveyed are in most cases large and complex-shaped, a series of scans from different 
positions is needed to capture the complete object geometry. In order to provide a complete 
representation of the object, these scans should be accurately merged (registered to each other) 
and brought into the geodetic coordinate system (georeferenced). The latter is very important for 
the integration of the TLS data with other geospatial data. Afterwards, one can perform 3D 
modelling and visualization of the measured object to obtain a high-resolution 3D digital model, 
which can be exported into many CAD software packages and used for a variety of purposes. 

The advantages of TLS over traditional surveying techniques, e.g. tacheometry, GPS and 
photogrammetry are numerous: 

 
1. Direct, rapid and detailed capture of object geometry in 3D. 

2. Dramatic reduction in costs and much faster project completion. 

3. Possibility to survey remotely very complex, inaccessible and hazardous objects and 
areas, where the traditional techniques fail. 

4. No need for lighting for data acquisition. 

5. Completeness and comprehensiveness of scanning: “everything” in the scene is 
captured at once. Therefore, the user does not need not return to the site if some new 
data is needed. This also increases the user’s confidence in the results. 
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6. Multipurpose use of the data, both currently and in the future. 

 
Today, TLS can be considered as an engineering surveying technique, which is employed for 
many purposes, and its use is constantly growing. Examples of the applications of TLS include: 
 
 As-built surveys of buildings and facilities (industry, architecture, etc.) for the purpose of 

documentation of their existing condition; 

 Documentation of historical monuments (churches, castles, palaces etc.) for the purpose 
of virtual reality (VR) modelling, detailed condition and damage assessment as well as 
restoration at any given time in the future in case of damage or destruction; 

 Deformation monitoring of engineering constructions and excavations; 

 Surveys of tunnels and rail tracks for the purposes of inspection, damage identification, 
etc.; 

 Volume calculations, stability monitoring and geological and geotechnical mapping in 
mining; 

 Rock face surveys; 

 Forensic investigations; 

 Documentation of excavations in archaeology. 

 
By and large, the use of TLS considerably improves a project’s workflow and the quality of the 
final product. Being itself a very efficient surveying tool, TLS reveals its full potential in 
combination with some of the traditional surveying techniques. A resulting integrated/combined 
survey system allows using the strengths of all the techniques involved. With such a system, the 
user may acquire data not accessible for TLS alone. One of the most popular examples has been 
the integration of laser scanners and digital cameras. The camera provides a high-resolution 
image (texture model), which can be mapped onto a highly detailed 3D geometric model, 
derived from the point cloud, to generate photorealistic 3D representation of the objects. Another 
possible combination is the determination of the scanner position and orientation with GPS, 
which allows the user to transform the data to the desired coordinate system with the minimum 
expenses.  
 
1.2. Problem statement and aims of the thesis 
 
Calibration 

Like with any surveying technique, the results of laser scanning can be impaired by errors 
coming from different sources. A proper understanding of these error sources is necessary to 
secure the data quality. Since TLS is a new technique, not all of these error sources have been 
sufficiently investigated so far, and thus the compilation of an error budget for TLS and 
modelling its error sources is an important issue (Cheok 2005). The accuracy of the scanner is to 
a great extent limited by the systematic instrumental errors, which means that it has to be 
properly calibrated. Laser scanner calibration is performed with the following aims (cf. Xu and 
Chi 1993): 
 

1. Identification of the significant systematic errors (calibration parameters) in the 
instrument. These parameters together constitute a calibration model, which can be used 
to correct the systematic instrumental errors. Therefore, it is possible to improve the 
accuracy in the software instead of sending the instrument back to the manufacturer for 
re-calibration. 
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2. Quantitative description of the accuracy achievable with a particular instrument. 

 
Calibration pre-supposes the availability of standards. Standardized calibration routines exist for 
the traditional geodetic and photogrammetric instruments. An example is the recently developed 
series of ISO standards “Optics and optical instruments – Field procedures for testing geodetic 
and surveying instruments” [ISO-17123-(1-7)]. In the context of TLS, the calibration is rather 
complicated due to a number of factors. First of all, laser scanners are constructed in a way 
completely different from the traditional survey equipment. They are produced in small series, 
their accuracy varies from instrument to instrument, and “depends on the individual calibration 
and the care that has been taken in handling the instrument since” (Boehler and Marbs 2005). 
The manufacturers used to specify the performance of their instruments in different ways and 
using different quality criteria, e.g. accuracy, precision and resolution. This makes it difficult for 
the users to objectively compare the scanners of different brands, and consequently, to choose 
the scanner which best meets their needs. In fact, this problem existed already in the 1990s for 
the laser range imaging devices, predecessors of modern laser scanners (Paakkari 1994). Next, 
due to the strong competition between the manufacturers, the design of laser scanners is kept 
secret, and each manufacturer has a proprietary calibration routine. Consequently, the knowledge 
about the expected systematic instrumental errors is very limited. For this reason, the 
standardized calibration routines for laser scanners are not available. The need for development 
of standardized calibration procedures for TLS is well understood today. A guideline VDI/VDE 
2634 “Optical 3D-Measuring Systems” was developed in Germany in 2002, but it only applies to 
the accuracy evaluation of the optical 3D-measuring systems based on the principle of active 
triangulation (Beraldin 2004). 

In the recent years, self-calibration has shown up as a popular approach for laser scanner 
calibration. This method has been routinely used in photogrammetry for several decades, and it 
is regarded as one of the most powerful calibration techniques. It allows for the determination of 
all systematic errors (calibration parameters) of a particular sensor (e.g. a digital camera or laser 
scanner) simultaneously with all other system parameters (cf. Gruen and Beyer 2001, pp. 163 – 
164). A number of researchers have reported on the successful use of this technique in TLS (see 
Subsect. 1.3.1) for the purpose of estimation of the systematic errors. The correct use of this 
approach requires that some steps be taken to preclude the estimated parameters from being 
highly correlated and thus indeterminable. As the experience shows, high correlations can be 
present, and the ways to reduce them should be found. 

 
Georeferencing 

The first step in data processing from TLS is registration of multiple scans and georeferencing. 
The latter procedure implies transformation of the point clouds from the scanner coordinate 
system to an external coordinate system, local or national. Georeferencing is important for the 
integration of the TLS data and the products derived from it, e.g. 3D models, with other 
geospatial data. The prevailing approach for georeferencing in TLS in the recent years has been 
so-called indirect georeferencing. Thereby, the scans taken from multiple locations were first 
combined (registered) into one point cloud of the whole object or site. Afterwards, the 
“registered” point cloud was transformed to the external coordinate system using the coordinates 
of minimum 3 well-distributed control points, realized by means of special targets placed on or 
in the vicinity of the object scanned. 

While the indirect georeferencing approach has been widely used in practice, it does have a 
number of disadvantages: 

 
 Extra survey of the control points, which adds to the project time and cost; 
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 Difficulties in placing the targets in the vicinity or on the surface of the object 
because of inaccessibility (e.g. dams, tall buildings, towers) or preservation reasons 
(heritage objects); 

 Bad target geometry when scanning elongated objects (e.g. roads, bridges, pipelines) 
and thus poorer data accuracy; 

 The need for data post-processing in the office. 

 
The reason for using the indirect georeferencing approach was the design of the scanner 
hardware. Most of the earlier scanner models lacked the appropriate facilities for direct 
georeferencing, i.e. they could not be centred over a known point, levelled and oriented to a 
known target, like total stations. However, the most recent scanner models have these facilities. 
Hence, the determination of the scanner position and orientation can be automated and the point 
clouds can be obtained directly in the specific external coordinate system. The results are 
considerable savings of time and cost and optimization of the survey workflow. The use of GPS 
for scanner direct georeferencing brings one more advantage for TLS surveying, namely that the 
scanner position and orientation can be determined parallel to the scanning, without the need for 
existing survey control, which implies additional reduction of project time and cost. 

This thesis has two main aims. The first one is to develop an approach for self-calibration of 
terrestrial laser scanners, which can be made available to users, and apply it to the calibration of 
a number of scanners in order to get a better insight into the systematic instrumental errors 
present in these instruments. Since phase-difference laser scanners have been well-investigated 
in this respect (see Subsect. 1.3.1) while this has not been the case for pulsed scanners, our 
investigations are limited to the latter. An emphasis is put on finding ways to improve the 
determinability of the scanner calibration parameters.  

The second aim is to investigate the possibilities for direct georeferencing in TLS in static 
applications, i.e. when the scanner position and orientation are fixed during the data acquisition. 
This includes several subordinary aims: 
 
 To estimate the coordinate accuracy achievable in TLS with direct georeferencing using 

traditional means, i.e. scanner centering, levelling and backsighting; 

 To investigate the strategies for direct georeferencing with GPS; 

 To develop a prototype combined survey system, which would allow: 

• Direct georeferencing of point clouds with GPS parallel to the scanning without the 
need for existing survey control; 

• Achieving the coordinate accuracy of the object points at the level of 1 – 2 cm. 

 To estimate the coordinate accuracy achievable with the combined system and to 
compare it to the accuracy of “traditional” direct georeferencing and other georeferencing 
strategies with GPS; 

 To estimate the efficiency of the combined system under typical survey conditions. 

An additional aim of the thesis is to make a systematic description of the error sources in TLS 
surveys, where direct georeferencing is employed. As mentioned above, a good understanding of 
the error sources is necessary for the improvement of the data accuracy as well as for design of 
proper survey methodology, which would eliminate or minimize the influence of these errors. 
Since different error sources will be specific to each of the ranging principles mentioned in Sect. 
1.1, the scope of the thesis does not allow considering all of them. Therefore, we have decided to 
focus our attention on the pulsed TOF laser scanners with the common operating range of several 
hundreds of metres. We consider only error sources in the static applications of the scanners. 
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1.3. Previous work 
 
1.3.1. Terrestrial laser scanner self-calibration 
 
We can subdivide the approaches to laser scanner self-calibration developed in the recent years 
into two groups: 
 

1. Point-based self-calibration (i.e. using targets whose centroids can be extracted and used 
as input to the self-calibration): 

 
 Lichti and Franke (2005), Lichti and Licht (2006) and Lichti (2007) report on the 

series of the self-calibration experiments performed with the scanner FARO 880. 
They performed, in total, 10 self-calibration experiments during the period of over 1 
year (December 2004 – January 2006). The underlying error model for self-
calibration is the error model of the total station. Other instrumental errors have 
been identified and empirically modelled based on the analysis of the self-
calibration residuals. The mathematical models are described in detail in Lichti 
(2007). The authors have also analyzed the temporal behaviour of the calibration 
parameters. In Lichti et al. (2007), the authors applied this approach to the self-
calibration of the scanner Surphaser 25HS; 

 
 Amiri Parian and Gruen (2005) and Amiri Parian (2007) present an error model for 

TLS, which is developed by extending the sensor model for panoramic cameras. 
They performed modelling and calibration of the scanner Imager 5003 from Zoller 
+ Fröhlich (Z+F) (Germany) using laser intensity images rather than point clouds. 

 
2. Plane-based self-calibration (i.e. using the coordinates of laser returns on the surface of 

planar targets as input to the self-calibration): 
 

 The approach developed in Gielsdorf et al. (2004) and Rietdorf (2005), based on 
the error model of the total station. This method has been applied to the 
calibration of the laboratory-built laser scanner PoMeS and laser scanner Imager 
5003. This is the first known to the author approach to laser scanner self-
calibration. 

 
 The approach developed by Bae and Lichti (2007) based again on the error model 

of the total station. It was applied to the self-calibration of the scanner FARO 880, 
using a reduced set of the calibration parameters (from that described in Lichti 
2007). The authors report that the residual patterns from the adjustment are 
considerably different from those of the point-based approach (ibid.), which 
complicates the identification of the systematic errors. 

 
As one can see, only phase-difference laser scanners were used in the above-mentioned self-
calibration experiments. To the author’s knowledge, no self-calibration of a pulsed laser scanner 
has been performed until our investigations. However, it is equally important to investigate the 
systematic errors in these scanners, and our research intends to fill this gap.  
 
1.3.2. Direct georeferencing in TLS 
 
While recent years have seen considerable interest in direct georeferencing in mobile, or 
kinematic terrestrial laser scanning [see e.g. Barber et al. (2008) and the references therein], and, 
in part, the investigation of the accuracy achieved, this has not been equally the case in static 
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TLS. This could be explained by the prevalence of the indirect georeferencing approach since the 
technology entered the surveying market. The first known to the author paper on this subject is 
written by Lichti and Gordon (2004), where the authors describe the error budget of direct 
georeferencing, taking into account only random errors. The paper reports on the results of 
simulations performed for the scanner Riegl LMS-Z210 with the aim of estimating the 
achievable single-point coordinate precision using direct georeferencing, and of the cultural 
heritage survey conducted with this scanner (directly georeferenced). The results show that the 
actual coordinate precision (at 95% confidence level) can be much lower than the advertised one, 
which underlines the necessity for rigorous estimation of TLS data quality. In part, the estimated 
single-point coordinate precision achieved during the heritage survey and reported in (ibid.) was 
in the range ±70 - ±195 mm at the distance of up to 80 m from the scanner. The paper by Lichti 
et al. (2005) is devoted to the same issue as that by Lichti and Gordon (2004), but in addition 
several systematic errors in TLS are discussed.  

In a series of papers, Schuhmacher and Böhm (2005), Böhm and Haala (2005), Böhm (2005) 
and Böhm et al. (2005) describe an integrated survey system developed at University of 
Stuttgart, Institute for Photogrammetry. The system consists of a laser scanner Leica HDS 3000, 
low-cost GPS receiver and digital compass (both are co-located and mounted on top of the 
scanner). The GPS receiver operates in differential mode, with the estimated position accuracy of 
about 1 m in plane and 2 m in height. The expected azimuth accuracy of the digital compass is 
about 6°. The compass is also capable of measuring the tilt. Schuhmacher and Böhm (2005) 
describe two approaches for direct georeferencing with this system. In the first one, the direct 
georeferencing is achieved solely with the integrated system, parallel to the scanning. In the 
second approach, the overlapping point clouds are first registered using tie-points in the overlap 
areas, and the resulting point cloud is then fitted onto the scanner positions determined with 
GPS. The total accuracy (in plane and height) of direct georeferencing achieved with this system, 
with both approaches, has been estimated in (ibid.) at about 4 m. While this is well below the 
requirements for the accuracy of e.g. engineering surveys, the authors see the main usability of 
this method in providing initial values for the georeferencing of the point clouds via surface 
matching to “pre-referenced” datasets, e.g. virtual 3D city models and Digital Surface Models 
(DSMs) derived from airborne laser scanning (ALS) data. 

Several papers by researches from Milan Polytechnical University (Italy) are devoted to 
accuracy investigation in direct georeferencing involving the scanner Riegl LMS-Z420i. Scaioni 
(2005) presents the geometric model for direct georeferencing in TLS and analyzes the random 
errors therein, following the approach by Lichti and Gordon (2004). Scaioni (2005) has 
performed a number of simulations similar to those in Lichti and Gordon (2004) for the purpose 
of estimating the single-point coordinate precision depending on such factors as laser scanner 
measurement accuracy, beamwidth and the precision of tools for direct georeferencing. The 
paper also briefly describes the results of a TLS survey of a church. The results of the 
simulations and the survey have shown that, depending on the combination of the above-
mentioned factors, one can achieve the coordinate precision between several centimetres and 
about 3 dm (at the distance of up to 100 m from the scanner, at 95% confidence level) with direct 
georeferencing, which is quite rough but anyway suitable for a number of applications such as 
architectural surveying for VR modelling, tunnel, indoor mine and road surveys. Alba et al. 
(2005) discuss different strategies for direct georeferencing in TLS for surveying of tunnels and 
indoor mines. The authors consider both “full” direct georeferencing (i.e. with the scanner 
centring, levelling and backsighting) and direct georeferencing using ground control points. The 
results of the simulation performed for the survey of an indoor mine have shown that the 
accuracy of 6 – 8 mm in plane and 11 – 19 mm in height can be achieved with the 
georeferencing approaches considered, but this only holds at short distances (generally below 10 
m). Alba and Scaioni (2007) have compared and analyzed the accuracy of indirect and direct 
approaches to georeferencing in cultural heritage recording with TLS, with the emphasis on the 
direct approach. The authors performed laboratory tests of the scanner, where, in part, 
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independent direct georeferencing of the scanner at each station and direct georeferencing using 
traversing were explored. The results have shown that the 3D coordinate accuracy (RMS of the 
residuals on the checkpoints) of about 2 and 2.5 cm, respectively, can be achieved with these two 
strategies. The accuracy (RMS) of direct georeferencing with traversing, estimated during an 
outdoor survey of a church, was 1.9 cm in plane and 3.5 cm in height. 

Hanke et al. (2006) report on the results of the accuracy investigation of the scanner Trimble 
GX, which possesses the direct georeferencing capability, as well as the preliminary results of an 
architectural survey performed with this scanner in “direct georeferencing mode”. 

Recently, Paffenholz and Kutterer (2008) presented an approach for direct georeferencing of 
static laser scans, parallel to the scanning, using two GPS antennas mounted on top of the 
scanner (Leica HDS 4500), at the distance of 0.6 m from each other. The position and orientation 
(azimuth) of the scanner are estimated from post-processed kinematic GPS observations 
collected during the scanner rotation at a high rate [10 and 20 Hz in (ibid.)]. The trajectory of the 
antenna reference points (ARPs), which is essentially a circle in 3D space, is estimated in two 
steps.  In the first step, a plane is fitted to the post-processed GPS positions, and in the second 
step, a circle is fitted to the GPS positions orthogonally projected onto this plane. The adjusted 
GPS positions from the second step are used for determination of the azimuth of each scan line. 
The resulting standard deviation of the computed azimuth was 0.10 and 0.17°. The results of the 
accuracy investigations of the azimuth determination with this approach have shown that the 
metric uncertainty of about 1 cm at the distance of up to 30 m from the scanner can be achieved. 
However, at larger distances (between 30 and 53 m, the maximum range of the scanner used), 
the metric uncertainty raised to the order of 10 cm. Therefore, this approach can only be used for 
direct georeferencing of static scans taken at mid-ranges to the objects (e.g. up to 30 m), which is 
normally the case for phase-difference scanners. Obviously, the attainable accuracy of the 
azimuth determination is limited by the distance between GPS antennas mounted on the scanner. 
The authors give no precision and accuracy estimates for the computed scanner position. 

 
1.4. Author’s contribution 
 
Author’s contribution can be summarized as follows: 
 

1. We have made a systematic description of the error sources in the measurements made 
with pulsed TOF laser scanners. Since the interest in this thesis is in direct 
georeferencing, we limit the discussion to the TLS measurements, where this approach is 
applied. We distinguish between four groups of errors: instrumental, object-related, 
environmental and georeferencing. The errors are discussed based on the one hand on the 
available theoretical material on pulsed laser ranging and laser beam scanning, and on the 
other hand, on the results of different investigations of laser scanners performed all over 
the world. 

 
2. We have developed a unified approach to the self-calibration of terrestrial laser scanners. 

Using this approach, one treats all the variables in a least-squares adjustment as 
observations by means of assigning appropriate weights to them. One advantage of this 
approach is that one can potentially reduce the correlations between the estimated 
parameters if one has good knowledge of their stochastic properties. In other words, one 
can expect that the better is the precision of the parameters the lower will be the 
correlations between them and other parameters in the self-calibration. In particular, high 
correlations may be present between the scanner calibration parameters and scanner 
exterior orientation parameters, i.e. its position and orientation in the external coordinate 
system. A way to determine the latter parameters with high precision is to directly 
georeference the scanner during the calibration. We have tested the applicability of the 
unified approach to self-calibration in TLS using simulated data. Finally, we performed 
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self-calibration of 3 pulsed laser scanners – Callidus CP 3200, Leica HDS 3000 and 
Leica Scan Station – using this approach. To our knowledge, this is the first time self-
calibration of pulsed scanners has been performed. These scanners have capabilities for 
direct georeferencing (for Leica HDS 3000 – only centering over a known point), and we 
have investigated how one can improve the process of parameter estimation using direct 
georeferencing during self-calibration. 

 
3. We performed tests with pulsed laser scanner Leica Scan Station with the purpose to 

investigate the coordinate accuracy achievable with direct georeferencing in TLS using 
traditional means. We have also analyzed different possible strategies for using GPS for 
direct georeferencing in static laser scanning and developed a prototype combined survey 
system, which consists of a terrestrial laser scanning system Leica Scan Station 2, GPS 
receivers and antennas from Leica as well as other relevant accessories. In order to 
estimate its accuracy and efficiency, we performed a number of outdoor tests at KTH 
campus. 

 
1.5. Some notes on the terminology 
 
A few words should be said about the terminology used in TLS. As is the case with any new 
technique, a common terminology for TLS, in principle, does not still exist. The importance of 
this issue has been emphasized in the course of the two LADAR Calibration Facility Workshops 
(Cheok 2003 and 2005). Some attempts have been made in this direction. For example, the 
English Heritage, organization responsible for management of the heritage stock in the UK, has 
compiled a glossary of basic terms encountered in TLS (Mills and Barber 2003). A list of 
proposed terms related to laser ranging and scanning technology is given in Cheok (2005) and 
(2006). The basic principle for TLS is laser ranging, an indirect range determination method, and 
today two acronyms are commonly used (Wehr and Lohr 1999; Cheok 2006): 
 

 LIDAR (LIght Detection and Ranging) – most common, especially in ALS.  

 LADAR (LAser Detection and Ranging) – not so frequently used but makes clear 
that the laser light is used. This term has been usually related to ground-based laser 
radars (Cheok 2006). 

 
As mentioned in (ibid.), both LIDAR and LADAR systems are used to obtain multiple range 
measurements of a scene, which result in a “point cloud”. The definition of TLS as a surveying 
technique has been given by Mills and Barber (2003): 
 
“Terrestrial Laser Scanning is the use of a ground based device that uses a laser to measure the 
3D coordinates of a given region of an object’s surface automatically, in a systematic order at a 

high rate in near real time” 
 
A description of the concept “terrestrial laser scanning” is also proposed in Johansson (2003), 
whose contents are mostly the same as above. In the publications devoted to TLS, one may 
encounter different terms that describe the instrument and the technology itself (the list may be 
incomplete): 
 

 Terrestrial laser scanner; 

 Terrestrial 3D laser scanner; 

 Laser scanner; 

 Close-range laser scanner; 
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 Ground-based laser scanner; 

 3D scanner; 

 3D laser scanner; 

 LIDAR scanner; 

 Tacheometric laser scanner. 

 
At present, the most widely used term is “terrestrial laser scanning/scanner” (TLS). Therefore, it 
will be used throughout the thesis. Since only ground-based scanning devices are considered, we 
will sometimes simply refer to “laser scanning/scanner”. These terms will be used 
interchangeably. It should be noted that in the field of laser beam scanning (not with regard to 
TLS) (e.g. Marshall 2004), the term “scanner” denotes only the device for laser beam deflection. 
Another issue, which deserves attention, is that pulsed laser scanners are often called TOF laser 
scanners, which is not completely true since AMCW and FMCW scanners also measure the 
time-of-flight, only indirectly. The correctly used terminology and classification can be found in 
e.g. Koskinen et al. (1991), Lange (2000) and Kilpelä (2004). 

The high-density set of points collected during scanning is commonly referred to as a “point 
cloud”, which may be defined as follows (Mills and Barber 2003): 

 
“Point cloud is a collection of XYZ coordinates in a common reference system that 

portrays to the viewer an understanding of the spatial distribution of a subject or site. It may 
also include additional information such as an intensity or RGB (red-green-blue) value.” 

 
A point cloud contains two types of information (Mettenleiter et al. 2000): 
 

 Metric – describes object geometry and shows spatial relationships between objects in 
the environment; 

 Visual, or thematic – can be used to describe the properties of the object surface as 
well as to compute the reliability of the range data for each point (Mota 2002). 

 
In the 1990s, the term “range image” was frequently used instead of “point cloud”. Today, 
another frequently used term is a “scan”, which denotes a point cloud taken from one scanner 
setup, defined by the particular position and orientation with respect to an external coordinate 
system. Both terms, “point cloud” and “scan” will be used interchangeably in the following. 
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2. FUNDAMENTALS OF PULSED TIME-OF-FLIGHT (TOF) TLS 
TECHNOLOGY AND GEOREFERENCING IN TLS 

 
The purpose of this chapter is to provide a systematic description of the fundamentals of pulsed 
time-of-flight (TOF) TLS technology and georeferencing therein. It is based partly on theoretical 
material, and partly on the publications dedicated to this technology in different contexts. The 
discussion is not concentrated on some particular commercially available products, but rather on 
general principles underlying today’s TLS technology. 
 
2.1. Properties of laser beams 
 
In this section, we give a brief overview of the main properties of laser beams, which will be 
necessary for a better understanding of the further material. As is well known, the emitted laser 
beam diverges as it propagates away from the laser. To be exact, the propagating beam first 
converges to a minimum diameter, which is called beam waist (Figure 2.1a), and it is usually 
located at a short distance from the laser (Weichel 1990, p. 4). Afterwards, the beam diverges 
inversely proportionally to the beam waist diameter, i.e. the smaller is the waist the larger is the 
beam divergence. Therefore, the diameter of the beam is usually first increased in the beam 
expander, a special arrangement of lenses. It is essentially an inverted telescope consisting of a 
short focal length lens (expander lens) followed by a long focal length lens (converger lens) 
(ibid, p. 5). See Figure 2.2. One should note that the beam waist is not always located near the 
laser. For example, in the scanners Leica HDS 2500 and Leica HDS 3000, the beam waist is 
located at 25 m from the laser (Leica 2006); see Figure 2.1b. 
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Figure 2.1. a) Definition of the beam waist of a laser beam and beam divergence (after Gordon 2005); b) 
location of the beam waist in the scanners Leica HDS 2500 and Leica HDS 3000. 
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Figure 2.2. Laser beam expander (from Price and Uren 1989). 
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The unexpanded beam radius w(R) at the range R from the scanner can be given by the 
following expression (Weichel 1990, p. 4): 
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where w0 is radius of the beam waist and λ is the laser wavelength. The radius of the expanded 
and collimated beam (wexp) is given by the equation (ibid., p. 5): 
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where f1 and f2 are the focal lengths of the expander and converger lenses, respectively. The 
diameter Df of the footprint of the laser beam on the object surface can be found either from Eq. 
(2.1) or from a simplified geometric relationship as shown in Figure 2.3. The following formula 
is applied in the latter case (Baltsavias 1999b): 
 

 2 tan( ) ,
2fD R Rγ γ= ≈  (2.3) 

 
where γ is the beam divergence angle (beamwidth), a solid angle subtended by the beam and R is 
the range. The approximation made here is justified since γ is small. In TLS, the beam 
divergence is typically below 1 mrad, although some scanners have the beam divergence of 
several mrad (e.g. Callidus CP 3200 with 4.4 mrad). 
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Figure 2.3. The simplified concept of the beam divergence. R is the range. 
 

The beam irradiance (sometimes loosely called intensity) profile in the dimension orthogonal 
to the beam propagation is most often modelled as Gaussian, although in reality the profiles are 
more complex, e.g. solid-state lasers have complicated non-symmetrical irradiance profiles 
(Ready 1978, p. 43). There are three most widely used definitions of the Gaussian beam diameter 
based on the fraction of the radiant flux included into the beam envelope (Marshall 1985, pp. 300 
– 301): 
 

1. Half power (full width at half maximum, FWHM) beam diameter D0.5 – diameter of the 
beam envelope containing 50% of the total radiant beam power. 

2. 2
1

e excluded power beam diameter, 21/ e
D  – diameter of the beam envelope containing 

all but 2
1

e (13.5%) of the total radiant beam power. This definition is the most common 

one (Lichti et al. 2002a) and will be also assumed in the following. 
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3. Full-power beam diameter, 81/ e
D – diameter of the beam envelope containing all but 

8
1

e of the total radiant beam power. 

These definitions are illustrated in Figure 2.4. The normalized irradiance in each section normal 
to the beam axis is defined by dividing the irradiance at that section by the peak irradiance on the 
beam axis. The relative beam radius is obtained by dividing the beam radius by the standard 
deviation of the irradiance distribution. 
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Figure 2.4. Illustration of different beam diameter definitions, not to scale (adopted from Marshall 

1985). 
 

The minimum (diffraction-limited) beam divergence angle is defined as follows (Jelalian 1992, 
p. 23): 
 

 ,aK
D
λγ =  (2.4) 

 
where D is the diameter of the transmitting aperture, λ is wavelength of the laser light, and Ka is 
a constant determined by the aperture illumination function.  For Gaussian aperture illumination, 
Ka is equal to 4/π.  

According to Eq. (2.4), infrared laser rangefinders will have larger beamwitdh than those 
emitting visible light. One should note that only ideal Gaussian beams would have the beam 
divergence angles as represented by Eq. (2.4). For real laser beams, with more complicated 
irradiance profiles, the beam divergence angle will be larger. Beamwidth tends also to increase 
with increased power output of the laser (Ready 1978, pp. 39 and 40). Semiconductor lasers have 
a relatively larger beamwidth than other lasers (ibid., p. 116).  

 
2.2. Construction and operating principles of pulsed TOF terrestrial laser 

scanners 
 

The main components of a terrestrial laser scanner are (cf. Mettenleiter et al. 2000; Schulz 2007): 
 

 Laser rangefinder; 

 Laser beam deflection unit (opto-mechanical scanner) and angle measurement 
system. 

It is worth noting that description of the components of laser scanners is complicated by their 
proprietary design. The discussion below is largely based on the theory of laser ranging and laser 
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beam scanning as well as available publications on TLS. The discussion is based primarily on 
Wehr and Lohr (1999), Baltsavias (1999b), Lange (2000) and Amann et al. (2001). Other 
sources used are referred to where applicable. 
 
2.2.1. Laser rangefinder 
 
A pulsed laser rangefinder consists of: 
 

 Transmitter (solid-state laser or semiconductor laser diode); 
 Receiver channel [detector, amplifiers, and automatic gain control (AGC)]; 
 Time measurement electronics [time discriminator and time measurement unit 

{time-to-digital converter (TDC)}]; 
 Transmitter and receiver optics. 

 
A block diagram of a typical pulsed laser rangefinder is given in Figure 2.5. 
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Figure 2.5. Block diagram of a pulsed laser rangefinder [adopted from Kostamovaara et al. (1991) and 

Amann et al. (2001)]. 
 
Lasers used in laser scanners operate in the wavelength range between 500 and 1500 nm. The 
common pulse repetition frequencies (PRF) are within 1 – 10 kHz, with the maximum of some 
tens of kHz (Kilpelä et al. 2001). For example, the maximum PRF of the laser rangefinders in the 
scanners Leica HDS 2500 and Leica HDS 3000 are 1 kHz and 4 kHz, respectively (Leica 2006). 
The detector is used for the detection of the laser signal backscattered from the object surface. 
Normally, avalanche photodiodes (APD) are applied as detectors. The transmitter and receiver 
channels are either coaxial or paraxial (Kilpelä 2004; Ratcliffe 2005), which facilitates a 
compact setup and avoids shadowing effects (Lange 2000). An advantage of the paraxial design 
is better transmittance of the optics (Määttä et al. 1993).  

The basic principle of pulsed laser ranging can be described as follows. The laser transmitter 
emits a short pulse, which is split into two parts, one of which (start pulse) is sent to the receiver 
and starts the time measurement unit, and another is sent to the object.  A typical pulse shape in 
the time domain is Gaussian (Kostamovaara et al. 1991; Ratcliffe 2005). When reaching the 
surface of the object being scanned, the laser pulse is backscattered, and part of it returns to the 
detector. The radiant power of the pulse is converted into electrical current. The latter is 
amplified in the receiver and sent to the device called time discriminator, which performs the 
timing (registration of the return pulse) and stops the time measurement unit. The time interval t 
between the emission of the pulse and reception of the return pulse is measured with the TDC, 
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by counting the number of clock pulses of a high-frequency (for example, 100 MHz) oscillator 
(clock), using a digital counting technique along with an analog interpolation method (Amann et 
al. 2001). The range to the target is computed as follows: 

 

 ,
2

c tR ⋅
=  (2.5) 

 
where R is the range, c is the speed of light in air (≈ 83 10⋅ m/s) and t is the two-way travel time 
of the laser pulse (time-of-flight, TOF). The range resolution of pulsed laser rangefinders, ΔR is 
proportional to the resolution of the time measurement, Δt: 
 

 
2

c tR ⋅ Δ
Δ = . (2.6) 

 
It is clear from the above discussion that the most important thing in pulsed laser ranging is the 
high accuracy of the time measurement. Hence, the time measurement unit should be very 
sensitive (Gordon 2005) and fast. For example, in order to measure the range R = 1 mm one 

should be able to record the time 
3

8

2 2 10 6.7
3 10

Rt ps
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−⋅
= = ≈

⋅
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The relationship between the transmitted (PT) and received (PR) laser power is described by 
the radar range equation. It is important to analyze this relationship, since the amount of the 
received power influences the signal-to-noise ratio (SNR), and, consequently, the ranging 
precision, as will be shown in the following. One can see different ways to derive this equation 
and slightly different expressions in the literature (e.g. Hovanessian 1988; Jelalian 1992; Määttä 
et al. 1993; Baltsavias 1999b; Wagner et al. 2006). Below, we present the radar range equation 
as given in Jelalian (1992, p. 6), for the target at the normal incidence1 of the laser beam: 
 

 
2

2(4 )R T atm sys
DP P
R

πρ η η= ⋅ ⋅ , (2.7) 

 
where ρ is the backscattering coefficient of the object surface (0 < ρ < 1), D is the diameter of 
the aperture, and atmη and sysη are the atmospheric and system transmission factors (two-way), 
respectively, which account for the losses of the beam propagation through the optics and the 
atmosphere. In Eq. (2.7), it is assumed that the backscattered laser power follows Lambertian 
distribution (Hovanessian 1988, p. 222; Möller 1988, pp. 383 – 387), and its magnitude changes 
proportional to the cosine of the beam incidence angle.  

It has been already mentioned that only a part of the emitted laser power returns to the 
scanner. Eq. (2.7) shows that the received laser power is quite a small fraction of the transmitted 
power (reduced by the factor of 21/ R ) and depends on the changes in the target reflectance 
(characterized by ρ). Because of this fact, the dynamics of the received pulse is adjusted to that 
of the time discriminator by means of the automatic gain control (AGC), which may be realized 
by an optical or electrical attenuator (Kilpelä 2004).  

The electronics of the receiver are calibrated to record the return signal power within certain 
range (between minimum and maximum). If the signal power reflected from a surface is within 
this range, the time measurement unit will be stopped at the correct moment, and the range to the 
surface will be recorded correctly. However, it may happen that the power of the return signal is 

                                                 
1 The term “normal incidence” is used in the literature and will also be used throughout the thesis. It means that the 
laser beam is collinear to the surface normal. However, the angle of incidence of the beam is defined as the angle 
between the laser beam and the surface normal. So, at the “normal incidence” the angle of incidence is zero.  
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outside the calibrated range, i.e. too strong or too weak. An example of too strong return signal is 
reflection of the laser beam from highly reflective surfaces like traffic signs, especially at short 
distances. In case of such reflection, the return signal power will be larger than expected (by the 
receiver). As a result, the timing will be made too early and the range recorded by the 
rangefinder will be shorter than the true one. On the other hand, if the return signal is too weak, 
the recorded range will be longer than the true one (Gordon 2005). 

The timing is made relative to a specific point on the pulse, normally at the leading edge 
(rising side) of the pulse, which is steeper (Thiel and Wehr 2004), and may be realized in 
different ways. The most straightforward one is by constant thresholding, i.e. the time 
measurement unit is stopped when the level of the signal is above some pre-determined and fixed 
threshold. A disadvantage of this approach is high dependence of the measured range on the 
reflectance of the object surface, i.e. too strong return signal will result in too short range and 
vice versa, due to the time differences of threshold passing (see Figure 2.6). This problem may 
be overcome by using constant fraction discrimination (CFD) technique, commonly used in 
modern laser rangefinders, when an instantaneous threshold is determined based on the signal 
level (ibid.).  In CFD, the return pulse is divided into two parts: one part is delayed, and timing is 
performed when the leading and trailing edges of the delayed and undelayed pulses, respectively, 
cross at the half-amplitude point of the pulse. Using CFD cancels out timing errors caused by the 
variations of the amplitude and shape of the return pulse (time walk) and increases the ranging 
precision by a factor of 2  (Koskinen et al. 1991; Määttä et al. 1993). 
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Figure 2.6. Timing principles in pulsed laser ranging. a) Constant thresholding technique; b) CFD (from 
Thiel and Wehr 2004). 

 
An interesting timing approach, based on the digital signal processing rather than analogue 

electronics, is employed in the scanner I-Site 4400 (Ratcliffe 2005). The return pulse is digitised 
right after the logarithmic amplification in the receiver at the sampling rate of 100 MHz, and the 
range to the target is determined by fitting a parabola to the data samples. An important 
requirement for the time measurement mechanism is stability and linearity, which directly affects 
the accuracy of the range measurements achieved (Kostamovaara et al. 1991). 

The above discussion on the principles of laser ranging concerns range determination in a 
fixed direction, i.e. between the scanner and a point on the object surface (laser return). As soon 
as the backscattered portion of the laser energy is detected, the range can be determined.  For 
each point, the amplitude of the returned signal is recorded as an intensity attribute, which is a 
measure of the target reflectance and therefore supplies information on its spectral properties 
(Gordon et al. 2001). Note that when we speak of a “point” on the object surface we do not mean 
a “dimensionless” point, but rather a circle with a diameter determined by the beam divergence 
angle. 
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2.2.2. Laser beam deflection unit and angle measurement system 
 

To provide 3D measurements of the object or environment, the laser beam deflection unit is 
used. It may consist of either two scanning mirrors or one scanning mirror and a 
servomechanism. There are different types of beam deflection units used in TLS (Figure 2.7). 
 

Laser
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rotation axis
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           ”Camera-scanner”               ”Hybrid scanner”               Panoramic scanner 

      
 

Figure 2.7. Top: types of laser beam deflection units used in TLS (after Staiger 2007). Bottom: types of 
laser scanners according to the field-of-view (FOV) (from Staiger 2003). 

 
The type of laser beam deflection unit used in a particular scanner determines the field-of-view 
(FOV) of the instrument, i.e. which volume can be captured from a single setup. Deflection of 
the laser beam in the horizontal and vertical directions can be done in one of the following ways 
(Kern 2001; Gordon and Lichti 2004; Wehr 2005, see also Figure 2.7): 
 

1. The laser beam is deflected horizontally and vertically by the mirrors oscillating about 
the horizontal and vertical axes of the scanner. The scanning head remains stationary 
during the data acquisition. Scanners utilizing this principle are called “fixed-head” or 
“camera-scanners”. They have a limited FOV, e.g. 40º x 40º in the laser scanner Leica 
HDS 2500. 

 
2. The beam is deflected vertically by the oscillating or rotating polygonal mirror and 

horizontally – with the help of the servomotor permitting the scanning head to rotate in 
small steps about the vertical axis. The sequence of deflection is the following. First, a 
vertical scan is made with the mirror, and a vertical profile is obtained (see Figure 2.7). 
Then the scanning head rotates by a small step around the vertical axis (horizontally), and 
the next vertical scan is made. In this way, the complete object is covered. Such scanners 
are called “hybrid scanners”. They have the horizontal FOV of 360º and limited vertical 
FOV, for example, 60º. An example of a “hybrid” scanner is Trimble GX. 

Oscillating (also called galvanometric) mirrors used in “camera-like” and “hybrid” 
scanners are flat and they oscillate at a constant frequency, between two angular positions 
(maximum and minimum). These mirrors are comparatively slow and provide limited 
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vertical FOV (max 90º). They are typically used in pulsed laser scanners (e.g. Leica HDS 
3000) since in these instruments the number of points that can be measured per second is 
limited by the PRF. The instantaneous scanning angle of an oscillating mirror is 
determined by the torque applied to it and can be described by the following equation 
(Katzenbeisser 2003): 

 

               max( ) sin( ),
2

t tθθ ω=  (2.8) 

 
where θmax is the maximum scan angle, ω is the oscillating frequency of the mirror and t 
is time. To provide precise positioning of the mirror, it is attached to a mount that is fixed 
without deformation to the shaft of the scanner. 

The rotating polygonal mirrors are, on the other hand, very fast, rotate at constant 
velocity and can provide vertical FOV as large as 180º. However, the only scanner 
manufacturer (to the author’s best knowledge and at the time of writing), which uses 
polygonal mirrors, is Riegl (Riegl LMS-Z series of pulsed laser scanners), and the 
maximum vertical FOV of these instruments is 80º [the reader is referred to Riegl (2009) 
for more information]. The maximum (vertical) scanning angle achievable with a rotating 
polygonal mirror can be computed as follows (Marshall 2004, p. 291): 

 
720 ,

facets

C
n

θ ⋅
=  (2.9) 

 
where nfacets is the number of facets in the polygon and C is the duty cycle, i.e. the ratio of 
the active scan time to the total time. C is normally between 30 and 90%. The maximum 
scan angle θ is also called the optical scan angle, and it is twice the angular excursion of 
the scanner shaft needed to produce this angle. The achievable scan rate fsc, i.e. the 
number of scan lines per second, can be computed as follows (Tauber 2005): 

 
,sc facetsf n v= ⋅  (2.10) 

 
where v is the rotation speed (revolutions per second) and nfacets is the same as above. 

 
3. The beam is deflected vertically by the monogon mirror (flat rotating mirror with a single 

reflecting facet centered on the rotational axis) and horizontally – with the help of the 
servomotor, in small steps about the vertical axis (like in “hybrid” scanners). Such 
scanners are called panoramic since they can capture almost the whole “dome” around 
them (see Figure 2.7, bottom right). They have 360º horizontal FOV and nearly the same 
vertical FOV (only the space under the scanner cannot be captured). They are especially 
useful in scanning indoors since the whole space around the scanner can be captured 
from a single setup. An example of a panoramic scanner is Imager 5003 from Z+F (360º 
horizontal FOV and 310º vertical FOV). Monogon mirrors are very fast, and they may 
provide max 360º vertical FOV. They are typically used in AMCW (phase-difference) 
laser scanners since in such scanners the range measurements are taken continuously, and 
thus the number of points measured per second is only limited by the system sampling 
rate. 

 
We should note that it does not always clearly follows from the manufacturer’s specifications, 

which type of mirror is used in a particular scanner. The reader is referred to Marshall (1985) 
and (2004) for a comprehensive treatment of the design and performance of different scanning 
systems. The angle measurement system consists of the angular encoders, which measure the 
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horizontal and vertical direction of the laser beam. Either binary or incremental encoding can be 
employed. In TLS, mostly the first method is used (Schulz 2007). Hence, the deflections of the 
laser beam provide angular measurements. It is clear from the above discussion that laser 
scanners operate in a similar way to reflectorless total stations: the range measurements are 
identical to those performed by the total station, and the deflections of the laser beam correspond 
to the readings on the horizontal (vertical) circle (Kern 2001). (Completely different from the 
total station are extremely high data acquisition rates.) Therefore, the raw observables in TLS 
are: 
 

 Range r; 

 Horizontal direction ϕ; 

 Vertical angle θ.  

 
See also Figure 2.8. In addition, many scanners also record the intensity of the reflected laser 
signal at each point, which is thus the fourth observable.  
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Figure 2.8. The principle of terrestrial laser scanning and laser scanner observables (after Staiger 2003). 
 

By scanning the scene, one obtains a large collection of densely spaced and regularly sampled 
points – a point cloud, which may contain as many as several millions of points. In some 
scanners, the point-to-point distance (at a specified range) can be set prior to scanning and can 
nowadays reach, for example, 0.25 mm at 50 m in Leica HDS 2500. Other scanners have a range 
of pre-defined vertical and horizontal angular increments (steps), for example, Callidus CP 3200. 
Each point in the point cloud is defined by the spherical coordinates (r, ϕ, θ) or rectangular 
(Cartesian) coordinates (x, y, z) in the scanner coordinate system (see below, Sect. 2.3, for more 
details) and has an intensity value as an attribute. Although the raw observables are (r, ϕ, θ), 
most scanner software packages provide (x, y, z) at the output, which are treated as observables 
(Lichti et al. 2002a). The relationship between the raw observables (r, ϕ, θ) and the coordinates 
(x, y, z) can be expressed as follows (see also Figure 2.8): 
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where rj, φj and θj are the measured range, horizontal direction and vertical angle, respectively, to 
the j-th point in the point cloud, and (xj, yj, zj) are its rectangular (Cartesian) coordinates in the 
scanner (instrument-fixed, designated by the subscript i in Xi) coordinate system.  
 
2.3. Registration and georeferencing in TLS 

 
Objects being surveyed with a laser scanner are often quite large (for example, a chemical plant) 
and complex in shape (for example, a historical building). Therefore several scans should be 
made from different setups of the instrument in order to capture the object completely. Point 
clouds obtained from each setup are referenced to the instrument-fixed, i.e. internal coordinate 
system of the scanner (Figure 2.9). This coordinate system can be defined, for example, as 
follows (cf. Balis et al. 2004): 
 

 Origin – in the scanner electro-optical centre; 

 z-axis – along the instrument vertical (rotation) axis; 

 x-axis – along the instrument optical axis with an arbitrary horizontal angle, for 
example, the first horizontal angle or the approximate north on a built-in magnetic 
compass, if any; 

 y-axis – orthogonal to the two previous axes, so that the right-hand system is 
formed. 

x

y

z

 
 

Figure 2.9. Laser scanner coordinate system. 
 

One should note that, due to the differences in the scanner designs, scanners of different 
manufacturers would have different definitions of the instrument-fixed coordinate system. For 
example, the coordinate system origin of the scanner Callidus CP 3200 “is the point of 
intersection of the horizontal and vertical rotation axes” (Kern 2001). In the scanner Leica HDS 
2500, “the origin is at the zero point of distance measurements”, and does not coincide with the 
scanner mechanical axes (Harvey 2004). 

To obtain a complete representation of the scanned object, the point clouds (scans) should be 
first transformed to a common coordinate system, i.e. the coordinate system of a chosen scan. 
This procedure is called registration, whereby the registered scans are combined in one dataset 
(Barber et al. 2001; Mills and Barber 2003). In order to be able to integrate the TLS data into 
other geospatial data [e.g. digital maps or digital terrain models (DTMs)], the user has to 
transform the “registered” point cloud of the whole object into a chosen external (geodetic) 
coordinate system, which is either local or national. This procedure is called georeferencing. 
Very often, a local coordinate system is established specifically for the purpose of the scanning 
project, to provide the needed density of survey control. Alternatively, the national system can be 
used. Since in a typical project one usually wants to obtain the TLS data in a geodetic system, 
one performs both registration and georeferencing (Jacobs 2005). These two procedures may be 
regarded as a first step of the data processing (cf. Barber et al. 2001). In the following, we will 
first discuss different approaches for registration of multiple scans. This will be followed by the 
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description of the two georeferencing approaches – indirect and direct, which are functions of the 
scanner design (Gordon 2005). 
 
2.3.1. Registration of multiple scans 
 
Registration is the transformation of multiple point clouds (scans) into a common coordinate 
system (CS), that is CS of a chosen scan. Figure 2.10 shows two scans of the object taken from 
different positions. Note that in order to register two point clouds (scans), they should have an 
overlap, like aerial photos or adjacent stereomodels in photogrammetry. Normally, they overlap 
pairwise. That is, a point cloud overlaps with the point cloud taken from the next scanner setup. 
It is also possible that three or more point clouds overlap. In order to transform the Scan 2 into 
the CS of the Scan 1, we have to determine the transformation parameters between these two 
coordinate systems (Figure 2.10): 
 
 3 translations along the 3 coordinate axes: ΔX, ΔY, ΔZ; 

 3 rotations around the 3 coordinate axes: ω, φ , κ. 
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Figure 2.10. Registration of two point clouds (scans). 
 

These parameters are also called the rigid-body transformation parameters (i.e. no scale factor) 
or “six degrees of freedom”. One can also call this transformation “a 3D Helmert transformation 
without a scale factor”. There are several approaches for their determination, and, consequently, 
several different registration approaches: 
 
 Using special targets (provided by the scanner manufacturer) visible in both point clouds; 

 Using common natural point features; 

 Surface matching; 

 Using common geometrical objects (e.g. planes, cylinders etc.). 

 
Target-based registration 

This is the most common registration approach. In order to determine the 6 transformation 
parameters between SCS 1 and SCS 2, we need to know at least 6 coordinates, distributed over 3 
points not on the same line, in both CSs in order to uniquely determine these parameters. In 
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practice, one uses 3 or more targets with known 3D coordinates placed in the overlap between 
the two point clouds (Figure 2.11). The registration is then computed as a result of a least-
squares adjustment. 
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Figure 2.11. Registration using targets. 
 
The targets used in the registration are commonly called tie-points. Different types of targets can 
be used (Barber et al. 2001; Gordon and Lichti 2004): 
 

1. Flat targets. This is the most popular type of the targets. A problem related to their use 
is that it may be impossible to correctly identify automatically the target centres in case 
of very inclined scans, e.g. with the incidence angles larger than 45°, or at large 
distances from the scanner (Balzani et al. 2001).  

 
2. 3D shaped targets. Spherical targets can be reduced to a single point, that is, the centre 

of the sphere. Unlike the flat targets, they can be easily identified from any scanning 
direction and are especially suitable for the fusion of internal or external scans or scans 
of the corners of buildings (Balzani et al. 2001). Riegl provides retroreflective 
cylindrical targets for their scanners. 

 
Laser returns

Target centre  
Figure 2.12. Target reduction error. 

 
When using targets, the most important thing is to determine, correctly and with the required 
accuracy, their centres to which the coordinates, used in the registration, are referred. The 
coordinates of the centres should be estimated from a number of laser returns covering the 
surface of the target. This estimation process is called target centroiding (Gordon 2005) and 
introduces the so-called target reduction error (Gordon and Lichti 2004), since the laser beam 
cannot be pointed exactly to the centre of the target (Figure 2.12). Obviously, this error is 
inversely proportional to the point density on the surface of the target. For this reason, it is 
important to scan the targets with high resolution, e.g. 1 x 1 mm, so-called “fine scans” (Jacobs 
2005), which may be significantly higher than the resolution of the main scan. 
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Registration using natural point features 

Sometimes, it is not possible to place targets (or enough targets) within the overlap, for example, 
when scanning tall buildings (ibid.). In this case, we can use distinct natural point features visible 
in the point clouds to be registered, e.g. edges of steel, corners of buildings and windows, etc., as 
tie-points (Balzani et al. 2001; Jacobs 2005). The registration is performed similarly to the case 
with targets, with the difference that natural point features are used as tie-points. They should be 
identified manually in the point clouds by the operator. Like targets, these features should be 
scanned separately with high resolution, in order to secure their correct identification (Jacobs 
2005). The results obtained using these methods are poorer than using the targets, because: 
 

 Common natural features in the overlapping point clouds are not composed of 
identical points, which are, essentially, circles of several millimetres to several 
centimetres in diameter, because of the laser beam divergence; 

 
 Identification of natural features is rather subjective, especially on very inclined scans 

(Balzani et al. 2001). 
 
Because of the above-mentioned reasons, English Heritage, for example, recommends to avoid 
using natural point features for point cloud registration (Mills and Barber 2003).  

The precision of the registration using targets or natural features depends, to a large extent, on 
the target geometry. When determining the positions of the tie-points for the registration, one has 
to keep to the following recommendations [Gordon and Lichti (2004), Harvey (2004) and Jacobs 
(2005)]: 
 

1. The tie-points should be distributed evenly over the overlap, with a good variation 
in depth (Tait et al. 2004). A “bunched” target array arrangement, i.e. when they are 
concentrated in a certain part of the overlap, leads to incorrect results. 

 
2. The tie-points should not lie on the same line or be close to such a configuration.  

 
Examples of good and poor minimal target configurations are shown in Figure 2.13.  
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Figure 2.13. Examples of good and poor minimal target configurations for registration [after Bornaz et al. 

(2003) and Gordon and Lichti (2004)]. 
 

An increase in the number of targets over the minimum three required normally improves the 
registration accuracy, although after adding the fourth target the increase is not considerable 
(Gordon and Lichti 2004). Moreover, more targets require more survey work for their 
coordination. However, extra targets protect against gross errors and can also be used for an 
independent quality control of the registration as checkpoints (ibid.). In practical work, Jacobs 
(2005) recommends to use at least 4 targets. Another issue important from both practical and 
economical viewpoints is the minimum overlap between the scans. In the tests performed by 
Bornaz et al. (2003) for the overlaps in the range between 10% and 90%, the minimal value of 
30% has been found assuring that the registration accuracy is comparable to the instrumental 
ranging precision. 
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Surface matching  

This approach assumes matching together the overlapping areas of the point clouds instead of 
matching just the common targets or natural point features. Since the overlapping areas contain 
typically thousands of points, the redundancy involved may lead to a better solution than using 
discrete tie-points alone (Barber et al. 2001). Surface matching algorithms are used in laser 
scanning software packages (e.g. Cloud Registration in Cyclone). The method of least squares 
3D surface matching has been recently developed in the Swiss Federal Institute of Technology, 
Institute of Geodesy and Photogrammetry (e.g. Akca and Gruen 2005). Surface matching 
algorithms are commonly based on the Iterative Closest Point (ICP) method, according to which 
the reference point cloud is modelled with a surface and then registration is performed by 
minimizing the sum of the distances between the points of the other point cloud and the surface 
(Pfeifer and Lichti 2004). The principle of registration with surface matching is shown in Figure 
2.14. 
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Figure 2.14. Surface matching. 
 

When using surface matching, it is important to have good 3D geometry in the overlap, that 
is, features oriented in different directions – along x, y and z-axes. Good examples are industrial 
facilities (e.g. with a lot of pipes) and buildings; poor examples are flat roadways and walls 
(Jacobs 2005). Another factor that affects the registration accuracy is the area of the overlap. 
Similar to the registration using targets or natural features, one can recommend at least 30% 
overlap.  

In order to be able to start the iterative registration process, one has to determine the initial 
values for the transformation parameters. For example, this can be done through the 
identification of at least 3 well-defined points (features) in the overlap, e.g. shown by dots in 
Figure 2.14. These points (features) should be chosen following the same principles as for the 
registration using targets or natural point features, i.e. well distributed in the overlap with a good 
variation in depth and not on the same line. Based on these points, an initial alignment between 
the point clouds is computed, and refined during the iterations, until an optimal alignment is 
found. 
 
Registration using common geometrical objects 

Finally, it is also possible to perform registration using geometrical objects, e.g. planes, cylinders 
etc., visible in both point clouds. These objects should be first modelled in the point clouds, e.g. 
a plane should be fitted to the point cloud of the wall or floor. The principle of the registration 
using this approach is shown in Figure 2.15. 
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Figure 2.15. Registration using common geometrical objects. 
 
During the registration process, the laser scanning software computes an optimal alignment 
between the point clouds based on the best fit of the common geometrical objects. Like in the 
previous three registration approaches, the registration accuracy depends on the geometry of the 
overlap and on the area of the overlap. The geometrical objects used in the registration should be 
oriented in three mutually orthogonal dimensions. A good example is three planes intersecting in 
a corner, e.g. a corner of the room. Another good example is an industrial facility with a lot of 
pipes running in different directions (Jacobs 2005). 
 
2.3.2. Indirect georeferencing 
 
As mentioned above, georeferencing is the transformation of the point clouds from the scanner 
coordinate system to the external (geodetic) coordinate system. This may be either a national or 
local system; for example, a coordinate system of a plant or construction site. In indirect 
georeferencing, one most commonly makes use of the targets with known coordinates in the 
external system, to transform the point clouds to this system. The relationship between the two 
systems is described, as in the case with two scanner coordinate systems, by the 6 transformation 
parameters (see also Figure 2.16), cf. Subsect. 2.3.1. The scale factor has been shown to be 
irrelevant in the transformation (Gordon and Lichti 2004). 
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Figure 2.16. Relationship between the scanner and external coordinate systems. 
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These parameters are often called exterior orientation parameters (EOPs). In order to uniquely 
determine the 6 EOPs, one needs to know at least 6 coordinates in both systems, distributed over 
3 points not on the same line. In practice, one makes use of 3 or more targets with known 3D 
coordinates placed on or near the object scanned. These targets are called control points. Their 
coordinates may be determined, e.g. from a total station survey, with GPS or from a 
photogrammetric survey. The same rules concerning the target geometry as described in the 
section on registration are valid for georeferencing. Namely, the targets should be well 
distributed, with a good variation in depth, and not lie on the same line. This georeferencing 
approach is currently the most precise one (Schuhmacher and Böhm 2005). 

Indirect georeferencing may be performed in two ways, which are described below. Before 
starting the discussion, we introduce the following notation: 

[ ]T
i i i ix y z=X  – the vector of coordinates of a point in the point cloud in the scanner 

(instrument-fixed, internal) coordinate system (specific for each scan); 
T

g g g gx y z⎡ ⎤= ⎣ ⎦X  – the vector of coordinates of a point in the “global” coordinate system 
(i.e., the instrument-fixed system of a chosen scan), to which the overlapping point clouds are 
registered; 

[ ]T
e X Y Z=X – the vector of coordinates of a point in the external (geodetic) coordinate 

system; 
ΔXig, ΔXge, ΔXie – the translation vectors from the scanner to the global (ig), the global to the 
external (ge), and the scanner to the external (ie) systems, respectively. Each translation vector 
looks as follows: 
 
 [ ]TX Y Z= Δ Δ ΔΔX . (2.12) 
 
Rig, Rge, Rie – the rotation matrices from the scanner to the global (ig), the global to the external 
(ge), and the scanner to the external (ie) systems, respectively. Rotation matrices express 
rotations between different coordinate systems. They are functions of the rotation angles ω, φ , κ 
about the x, y and z coordinate axes, respectively. Each rotation matrix can be computed by (cf. 
Fan 2005, p. 29): 
 
 3 2 1( ) ( ) ( )κ φ ω= ⋅ ⋅R R R R , (2.13) 
 
where 
 

 1

1 0 0
( ) 0 cos sin

0 sin cos
ω ω ω

ω ω

⎡ ⎤
⎢ ⎥= ⎢ ⎥

−⎢ ⎥⎣ ⎦

R  , (2.14) 

 

 2

cos 0 sin
( ) 0 1 0

sin 0 cos

φ φ
φ

φ φ

−⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

R  (2.15) 

and 

 3

cos sin 0
( ) sin cos 0

0 0 1

κ κ
κ κ κ

⎡ ⎤
⎢ ⎥= −⎢ ⎥
⎢ ⎥⎣ ⎦

R . (2.16) 
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Here, R1(ω), R2(φ ) and R3(κ) are the rotation matrices around x, y and z coordinate axes, 
respectively. 
 
The “two-step approach” 

In this case, georeferencing is performed in the following sequence (cf. Figure 2.17): 
 

1. Step 1: register the point clouds (scans) taken from different locations, to the 
common (“global”) coordinate system. Sometimes, this process is called global 
registration. Here one can make use of different ways of registration described in 
Subsect. 2.3.1, for example, target-based, surface matching, etc. It is also possible 
to combine different registration methods.  

 
2. Step 2: transform the registered (“global”) point cloud to the external coordinate 

system. For this purpose, as mentioned above, we have to have minimum 3 control 
points visible in the “global” point cloud. The control points should be well 
distributed within the “global” point cloud, with a good variation in depth, and not 
lie on the same line. When scanning the whole space around the scanner, e.g. 
indoors, one should place the control points above, below, in front of the scanner, 
and behind the scanner (Jacobs 2005). 

 
Step 1: register all the point clouds together (global registration)

Step 2: transform the registered point cloud to the external
coordinate system (georeferencing )

Control points (with
known coordinates)

Tie-points

 
 

Figure 2.17. Indirect georeferencing: the “two-step approach”. 
 

We should note that it is also possible to use well-defined natural features as control points, 
provided they have been surveyed, e.g. with a total station. However, in this case, the accuracy 
may be lower than when using targets. It is also possible that a control point coincides with a tie-
point used to register different scans. 

Mathematically, the “two-step approach” can be described as follows: 
 
 Step 1: transformation Xi → Xg: 

 
 g ig ig i= +X ΔX R X . (2.17) 

 
 Step 2: transformation Xg→ Xe: 
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 e ge ge g= +X ΔX R X . (2.18) 
 

Combination of Eqs. (2.18) and (2.17) yields: 
 
 e ge ge ig ig i( )= + +X ΔX R ΔX R X . (2.19) 
 

A remark should be made about georeferencing when scanning elongated objects, e.g. long 
building facades, pipelines, bridges, etc. When registering a sequence of scans along the facade, 
for example, to the first scan in the sequence, the errors of registration may be rather large. This 
happens due to the error propagation from the first scan to the next scans. In the example given 
in Bornaz et al. (2003), registration of 8 scans with 30 % overlap over the 40-m façade resulted 
in the discrepancies on the check points of about 2 m (!), on the average, while the maximum 
discrepancy was about 5 m! This phenomenon is analogous to the model deformation in the 
photogrammetric aerial triangulation, and the accuracy decreases with the distance from the 
initial scan (Tait et al. 2004). A solution to this problem may be to increase the area of overlap, 
but it can be costly for large objects. A proposal is made in Bornaz et al. (2003) that at least one 
control point should be provided each 3 adjacent scans (with min 30 % overlap) in order for the 
final precision to be compatible to the range precision of the scanner.  

Another specific case that deserves attention is scanning around objects (statutes, isolated 
buildings, etc.), so-called ring chain of scans (ibid.). In order to reduce the errors in the 
georeferencing, one should close the last scan onto the first one (Tait et al. 2004). In (ibid.), 5 
scans around a piece of industrial equipment were taken with the scanner Cyra 2400 and 
registered. The errors in the coordinates of the check points in the last scan were 12 – 15 mm 
without closing and 2 – 3 mm with closing, i.e. 5-fold improvement. This demonstrates the 
efficiency of the proposed approach. 
 
The “one-step approach” 

It follows from the preceding discussion that one has to have an overlap between the scans (point 
clouds), in order to register them, and, subsequently, georeference the registered point cloud. 
However, point clouds can also be transformed into the external coordinate system in one step, 
using just the control points. For this purpose, at least 3 control points are required in each scan. 
No overlap between different scans is needed in this case, and each scan is georeferenced 
independently of the others. The principle of the “one-step approach” is illustrated in Figure 
2.18. Mathematically, the “one-step approach” can be described as follows: 
 
 e ie ie i= +X ΔX R X . (2.20) 
 

Transform each point cloud separately to the external coordinate system

Georeferenced point cloud  
 

Figure 2.18. Indirect georeferencing: the “one-step approach”. 
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Since more control points are needed than in the “two-step approach”, extra survey is required, 
and, consequently, the project costs are increased. In addition, since each point cloud is 
registered to the external coordinate system separately, the solution is less consistent over the 
whole object than with the “two-step approach” (cf. Mikhail et al. 2001, p. 113). Nevertheless, 
this approach may be efficient if the coordinates of the control points are determined with GPS, 
simultaneously to the scanning. Such a concept has been developed by Balzani at al. (2002) and 
tested with the scanner Cyrax 2500 in territorial scale surveying. The achieved precision of 
georeferencing was below 6 mm in 67 % of cases. 

As a final remark on indirect georeferencing, we have to mention that the results are affected 
by the accuracy of control point coordination, which depends on the method of the survey (total 
station, GPS, photogrammetry). The highest possible accuracy should be provided in order to get 
a reliable external reference. For example, Balzani et al. (2001) determined the coordinates of 
control points with accuracy at least 10 times better than that of the scanner. 
 
Indirect georeferencing using surface matching 

While target-based indirect georeferencing is the most popular approach, we have to mention 
that it is also possible to realize it via surface matching to an already georeferenced point cloud 
or surface (Johnson et al. 2003). For example, this approach is employed in the software I-Site 
Studio (ibid.). Schuhmacher and Böhm (2005) present two georeferencing approaches making 
use of virtual 3D city models and Digital Surface Models derived from ALS data. 
 
2.3.3. Direct georeferencing 
 
When using direct georeferencing, the scanner can be set up over a known point (and its height 
over the point measured), centred, levelled and oriented towards another known target 
(backsight), like a total station (Figure 2.19). The position and orientation information as well as 
the instrument height may be entered into the scanner software before the scanning, or used 
during the data processing after the scanning (Gordon 2005). The scanners should thus be 
equipped with: 
 
 Optical plummet; 

 A bull’s-eye-level for rough levelling and dual-axis compensator for precise levelling; 

 A telescope for backsighting to the target. For example, laser scanner I-Site 4400LR is 
equipped with a telescope; 

 A mark to which the instrument height is measured. 

 
A note should be made that a scanner may only be equipped with a bull’s-eye-level, which 
provides only rough levelling. An example is Leica HDS 3000. The position of the scanner can 
also be determined with a total station or a GPS receiver. For example, the scanner Callidus CP-
3200 is equipped with an adapter to be placed on top of the scanner, into which a survey prism or 
GPS-antenna can be put. It is interesting to note that in the software used with this scanner, 3D-
Extractor, the user can only georeference the data using the direct approach. Mounting of a GPS-
antenna on top of the scanner is also foreseen in the scanners Riegl (LMS-Z series), Trimble GX 
and I-Site 4400LR. In the absence of the telescope, if the scanner is precisely levelled, its 
orientation in the external coordinate system can be determined using the backsight target 
scanned with high resolution. Normally, specially designed targets are used for this purpose, 
while, for example, in the case with the scanner Callidus CP 3200, one can use conventional 
survey prisms for the scanner orientation.   
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Figure 2.19. Direct georeferencing (from Gordon 2005). 

 
The transformation between the scanner and external coordinate system in direct 

georeferencing is described as follows (ibid.): 
 
 e scanner ie i( )κ= +X X R X , (2.21) 
 
where Xscanner are the coordinates of the origin of the scanner coordinate system in the external 
coordinate system, and Rie(κ) is the rotation matrix between the two systems. The rotation matrix 
is, in the present case, a function only of the azimuth (κ) from the scanner station to the backsight 
target since the scanner is levelled. Thus, the angles ω and φ  are practically equal to zero (see 
Figure 2.19). The rotation matrix Rie(κ) can be computed with Eq. (2.16). Recall that the scanner 
can only be assumed precisely levelled when it is equipped with a dual-axis compensator.  

The accuracy of direct georeferencing depends on: 
 
 The accuracy of the scanner centring, levelling and backsighting and measuring the 

instrument height; 

 The accuracy of the survey control, i.e. the control points on which the scanner (and 
possibly the backsight target) is placed. 

 
It is also possible to perform traversing with modern laser scanners in a way similar to the 

total station with the only difference being that from each station one captures one or more scans. 
The scans taken from multiple scanner stations can be merged into one dataset already in the 
field. This option is especially efficient for scanning elongated objects, e.g. corridors in 
buildings, tunnels, indoor mines, etc. 

Finally, one can combine direct and indirect georeferencing approaches in the following way. 
The scanner position is determined directly, e.g. through scanner centring and levelling. Multiple 
scans must have overlaps and are registered using one of the methods discussed in Subsect. 
2.3.1, and then the registered point cloud is fitted onto the known scanner positions. This 
approach is discussed in e.g. Alba et al. (2005), Schuhmacher and Böhm (2005) and Buckley et 
al. (2006) (in the latter paper, GPS is used for the scanner positioning). Alba et al. (2005) 
performed simultaneous adjustment of all the scans, including the scanner centres and tie-points, 
similarly to a bundle adjustment in photogrammetry. Such a “mixed” approach could be suitable 
for scanners lacking a dual-axis compensator, e.g. Leica HDS 3000, where orientation to the 
known target would result in too low accuracy of georeferencing, while the errors in the scanner 
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position would be mostly due to centring and measuring the scanner height with a tape, and 
therefore would normally be tolerable. 

 
2.3.4. Comparison of the two georeferencing approaches 
 
Having discussed the principles of indirect and direct georeferencing, we can make a comparison 
between these two methods, in order to see their advantages and disadvantages. These are 
summarized in Table 2.1. 
 

Table 2.1. Advantages and disadvantages of indirect and direct georeferencing 
 

Indirect georeferencing Direct georeferencing 
Advantages 

 Very high accuracy of georeferencing provided 
a stable target configuration is established; 
 Scanning can be made from an arbitrary station; 
 No need for centring, levelling and measuring 
the instrument height. 

 No need to perform an extra survey provided that 
the survey control is available. When GPS is used 
for direct georeferencing, the survey control can 
be established parallel to the scanning; 
 No need for overlap between multiple scans; 
 The data is georeferenced in the field, no need for 
post-processing in the office; 
 “The quality and extent of the data can be verified 
in the field, reducing survey time or re-
measurements” (Hanke et al. 2006); 
 Well-known approach, which will lead to wider 
acceptance among the surveyors and easier 
integration into the traditional survey practice. 

Disadvantages 
 The need to establish survey control and thus 
bring additional instrument in the field, e.g. a 
total station; 
 The need for careful survey planning in order to 
secure a good target configuration; 
 The need for overlap between the scans; 
 Difficulties in the establishment of a good target 
configuration in certain cases, e.g. in the 
surveys of elongated objects (roads, tunnels, 
pipelines, etc.); 
 Difficulties in placing the targets in the vicinity 
or on the surface of the object because of 
inaccessibility (dams, tall buildings, towers) or 
preservation reasons (heritage objects); 
 The need for good 3D geometry in the overlap 
in case of using surface matching for 
registration; 
 The need for data post-processing in the office; 
 The results of registration and georeferencing 
depend on the reflectivity of the targets and the 
method used to compute their centroids. 

 Lower accuracy than with the indirect approach; 
 If the backsighting is performed by “fine 
scanning” of the target, the results of 
georeferencing are affected by its reflectivity and 
the method used to compute its centroid. 

 

 
As we can see, the most significant advantage of indirect georeferencing is the very high 
accuracy that can be achieved, typically at the subcentimetre level (see e.g. Schuhmacher and 
Böhm 2005; Alba and Scaioni 2007). Another advantage is the flexibility in choosing the place 
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for a scanner station. However, this is downweighted by the additional time and cost required for 
the additional survey of the control points, data post-processing and possibly re-measurements. 
The need for overlap between multiple scans can also be costly when scanning large objects. In 
addition, it is not always possible to achieve good geometry of the targets or of the objects in the 
overlap area. Direct georeferencing is free from all these disadvantages, making it more cost-
effective than the indirect approach and adaptable to a wider range of situations that can be 
encountered in practice. Perhaps, the latter method is most efficient for surveys of outdoor areas, 
especially those having large spatial extent, with pulsed scanners (cf. Lemmon and Biddiscombe 
2006). If these areas are free from sky obstructions, one can use GPS for direct georeferencing. 
An important advantage of this approach is that the user can establish the survey control parallel 
to the scanning (Balzani et al. 2002). A disadvantage of direct georeferencing is the lower 
accuracy that can be achieved compared to the indirect approach. The accuracy depends 
primarily on the hardware tools for georeferencing and the accuracy of the survey control. In 
addition, if the scanner backsighting is performed via “fine-scanning” of a dedicated target, the 
accuracy of georeferencing depends on the target reflectivity and the method used to compute its 
centroid, like in the indirect approach. In this case, the accuracy also depends on the accuracy of 
the scanner measurements. One conclusion that follows is that the scanner should be properly 
calibrated, since any systematic errors, e.g. collimation error, will impair the accuracy of 
georeferencing as well as the quality of the point cloud. In general, based on the results of the 
test performed by Alba and Scaioni (2007), we can say that the “gap” between the accuracy 
achievable with indirect and direct georeferencing is not too large. Since the development of the 
scanner hardware has been very intensive during the recent years, one can expect that the tools 
for direct georeferencing will also improve, which will allow achieving higher accuracy. On the 
other hand, there have been few investigations on the accuracy achievable with direct 
georeferencing in TLS, which makes it difficult to draw definite conclusions. 

Naturally, neither indirect nor direct approach is suitable for all applications. Depending on 
the object shape and the required accuracy, on the one hand, and on the technical, economical 
and operational reasons, on the other, one of the two approaches will be chosen in a particular 
case (cf. ibid.). Therefore, ideally, a laser scanning system should be able to use both 
georeferencing possibilities (Gordon and Lichti 2004). However, one can state that at present the 
only decisive factor for the use of the direct approach is the achievable accuracy. As it improves, 
the users will be able to use the direct approach in more and more applications, where indirect 
georeferencing is used today. 
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3. ERROR SOURCES IN TLS WITH DIRECT GEOREFERENCING 
 
3.1. Classification of the measurement errors in TLS 

 
Like in any surveying technique, TLS measurements are not perfect and subject to errors caused 
by various kinds of factors influencing the surveying process. Careful investigation of all these 
factors and errors they introduce into the data provides a sound basis for the evaluation of the 
data quality and scanner performance, which is necessary for deciding on the suitability of TLS 
for a particular application. We should clearly distinguish between the concepts “data” and 
“information”, which are often mixed up. The data is the results of the measurements; in the case 
of TLS the data is the point cloud of the object in question. The information is the processed 
data, e.g. a 3D model generated from the point cloud. The most valid and final indication of the 
data quality is given by the accuracy, the degree of agreement between a measurement and the 
conventional true value of the quantity being measured (Iavarone 2002). In TLS, we can use 
“coordinate accuracy of 3D points in the point cloud” as the relevant indicator of the data 
quality. Since TLS is essentially a surface measurement technique and the final product of laser 
scanning is often a 3D model, we could choose the “model accuracy” as the relevant indicator of 
the quality of information obtained by means of laser scanning. In both cases, the accuracy 
reflects the level of conformity between the data or model and the real world. 

Another indicator of the data (or information) quality is precision, the degree of repeatability 
in a measurement. This is quite often mixed up with accuracy. Precision may apply to the raw 
data, processed data and 3D models (ibid.). As far as the data (point clouds) is concerned, a 
realistic estimate of the precision of 3D point coordinates would be the following 3 x 3 variance- 
covariance matrix: 
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C , (3.1) 

 
where the diagonal elements are the variances of point coordinates, and off-diagonal elements 
are the covariances. This matrix can be obtained by propagating the individual errors associated 
with the factors influencing the data accuracy (Lichti and Gordon 2004). If all the significant 
systematic errors influencing the TLS measurements have been corrected for, and the standard 
errors in their determination are included in the computation of the matrix C3Dpoint, then Eq. (3.1) 
gives expression for the 3D point coordinate accuracy. 

The accuracy of the 3D model is influenced by the quality of measurements and data 
modelling, and it normally exceeds the scanner measurement accuracy (Iavarone 2002). 3D 
modelling algorithms allow the user to improve the accuracy quite considerably, although their 
role should not be overestimated. However perfect, the modelling software cannot solve all the 
problems (Blais 2003) and high quality of the 3D model is impossible to achieve from poor 
measurement results. In addition, the modelling algorithms are often “black-box tools” and 
difficult to analyze. The interest of this thesis is the investigation of the factors influencing the 
measurement process and thus the data quality. In the following, we will speak about the factors 
that affect the “coordinate accuracy of 3D points in the point cloud”. In practice, the users can 
also be interested in knowing the data quality. For example, English Heritage in the 
specifications on the collection of data by TLS defines the standard, which point clouds (and not 
the products derived from them, including 3D models) should meet to be accepted as survey 
deliverables (Mills and Barber 2003). In practice, the user is usually interested in knowing the 
coordinate accuracy in the external (geodetic) coordinate system. Knowing the accuracy of 
individual points, it is theoretically possible to derive accuracy estimates for the geometric 
features fitted to a point cloud, using error propagation techniques.  
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Investigation of the error sources in TLS measurements is rather complicated due to a large 
number of influencing factors that are quite interrelated (cf. Baltsavias 1999a). The complexity is 
enhanced by the fact that laser scanners vary in design, e.g. operate at different wavelengths and 
employ different beam deflection units. The design of laser scanners is quite complex, with 
many optical, electrical and mechanical assemblies, each contributing to the total error budget. 
The intention of this chapter is to provide a systematic description of the various error sources in 
the measurements with pulsed TOF laser scanners, when direct georeferencing is applied for the 
transformation of the point clouds to the external coordinate system. Some other authors have 
done descriptions of this kind. A good description of the error sources and “operational 
constraints” in pulsed TOF TLS can be found in Gordon (2005). Schulz (2007) discusses 
different errors in TLS measurements in connection with the calibration experiments, which he 
conducted. A very good treatment of the operating principles, components and error sources of 
pulsed TOF laser rangefinders is given in Kilpelä (2004). A comprehensive treatment of the 
general principles of laser scanning technology, although not with regard to TLS, is given in 
Marshall (1985) and (2004). 

The errors in TLS measurements can be subdivided into the following groups, following 
partly Staiger (2005) and Gordon (2005): 
 

1. Instrumental. 

2. Object-related. 

3. Environmental. 

4. Georeferencing. 

 
Gordon (2005) distinguishes between the following groups of errors: 
 
 Hardware errors; 

 Data errors; 

 Environmental errors; 

 Surface reflectance errors; 

 Target centroiding errors; 

 Georeferencing errors. 

 
The “data errors” in (ibid.) include “mixed pixels” and shape distortion due to beam diameter, 
which are the consequence of the beam divergence, and therefore pertain to the instrument, i.e. 
laser scanner. Therefore, it is more appropriate to include them into the group “instrumental 
errors”. In our opinion, the “target centroiding errors” can be included in the group 
“georeferencing errors”, since targets are used in connection with georeferencing of the point 
clouds. Lichti and Gordon (2004) simply classify the errors in TLS into two groups:  
 
 Internal (instrumental in our case); 

 External (here one might include object-related, environmental and georeferencing errors, 
according to our classification). 
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3.2. Instrumental errors 
 

These errors are attributable to the scanner design. Following considerations in Hebert and 
Krotkov (1992) and applying them to TLS, we can distinguish between the following groups of 
the instrumental errors:  
 

1. Fundamental, i.e. inherent to the physics of laser rangefinder.  These errors are due 
to the natural limitations of laser ranging, and they cannot be removed or reduced 
by engineering efforts. 

 
2. Errors specific to the scanner hardware, including the laser rangefinder, beam 

deflection unit, angle measurement system and axes errors. These errors can be 
potentially removed or minimized by improving the system design, or by 
calibration. 

 
Instrumental errors have both random and systematic influences on the laser scanning 
measurements. Systematic errors deserve especially close attention in view that laser scanners, 
unlike traditional survey devices, are “black-box” instruments and cannot be controlled and 
adjusted by the user in case of such a need, following standardized procedures. Obviously, the 
measurement accuracy of a laser scanner is limited by each of its components, i.e. the laser 
rangefinder, beam deflection unit and angle measurement system (cf. Nyland 1998). In the 
following, we discuss the influence of each of them separately. In addition, there exist errors due 
to the imperfections of the mechanical construction of the scanner, which further limit the 
measurement accuracy. These errors are treated separately and referred to as axes errors. 

 
3.2.1. Errors in the laser rangefinder 

 
Since the range is a fundamental observable in TLS (Lichti and Gordon 2004), the precision and 
accuracy of the range measurements by laser scanners have by now been the most deeply 
examined issues as far as TLS performance is concerned. In the discussion below, we treat 
separately random and systematic errors.  
 
Random errors 

These errors determine the range measurement precision of a pulsed TOF laser rangefinder, 
which can be described by the following equation (Koskinen et al. 1991): 

 

 
2r t
cσ σ= ⋅ , (3.2) 

 
where c is the speed of light in air and σt is the jitter of the timing moment, which is equal to 
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Here, σn is the root-mean-square (RMS) noise amplitude at the input of the time discriminator, 
and  dU / dt is the slope of the timing pulse at the moment of timing, which can be approximated 
by the ratio of the peak value of the signal Us and the rise time of the pulse trise (Määttä et al. 
1993): 
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Hence, one can write the expression for the range precision as follows (ibid.): 
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is the signal-to-noise ratio of the pulse detection. If the range is computed by averaging n 
independent range measurements, the range precision will be computed as follows: 
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The possibility to take multiple range measurements to the same point is available in some 
pulsed TOF TLS, e.g. MENSI GS 100. A timing jitter is illustrated in Figure 3.1.  
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Figure 3.1. Timing jitter (from Amann et al. 2001). 

 
The above-mentioned equations hold for the timing performed with constant thresholding. If 
CFD is used, the range precision is improved by the factor of 2 , as shown in Määttä et al. 
(1993). Similar expressions as Eq. (3.5) are given by other authors, e.g. Jelalian (1992, pp. 42 
and 45) and Thiel and Wehr (2004), which call σr “range accuracy”. This is not correct, since 
accuracy is a function also of the systematic errors (cf. Kostamovaara et al. 1991), which will be 
discussed further on. As follows from Eq.(3.5), the range precision depends on the SNR, which, 
in turn, depends on a variety of factors, which are described below. As a starting point, we give 
the expression for the SNR as given in Jelalian (1992, p. 16), modified for the pulsed laser 
rangefinder:  
 

 
2
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SN BK TH DK
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i i i i

=
+ + +

, (3.8) 

 
where i2

SIG is the mean square signal current, which is proportional to the received laser power 
and the terms in the denominator are the mean square noise currents resulting from the following 
main sources (ibid.): 
 

1. Signal-induced (also called quantum, or Poisson) noise, i2
SN – caused by the received 

signal arriving to the detector. 
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2. Background-induced noise, i2
BK – undesired signal reflections from the ground, 

atmosphere, interfering sources near the object or any other source. If surface of the 
object being scanned is very hot, as may be the case in industrial environments (Määttä et 
al. 1993), it may be itself the source of the background noise.  

 
3. Thermal, or receiver Johnson, noise in the receiver, i2

TH – caused by the thermal 
fluctuations of electrons in the electronics. 

 
4. Dark noise current in the detector, i2

DK  – the “leakage” current in the absence of incident 
radiation, caused by the internal physics of the detector. 

 
The last two terms describe thus the noise coming from the rangefinder electronics. Detailed 
expressions for the SNR may be found, besides (ibid.), in Koskinen et al. (1991), Kostamovaara 
et al. (1991) and Määttä et al. (1993), to name just a few. Since SNR determines, along with the 
pulse rise time, the ranging precision, it is a very important indicator of the laser rangefinder 
efficiency, and imposes the limit on the ranging precision of a particular laser scanner (cf. Määttä 
et al. 1993). The reliable range measurements require minimum SNR of about 10 (Kostamovaara 
et al. 1991)1, while at SNR = 5 the laser rangefinder will stop operating (Koskinen et al. 1991). A 
typical SNR requirement in laser ranging is 100 (Jelalian 1992). As shown in Määttä et al. 
(1993), the single-shot precision of a 906-nm pulsed laser rangefinder improves 4 times, from 
about 60 mm to 15 mm, as the SNR grows from 10 to 100, while for the subsequent increase in 
the SNR, the improvement in precision is insignificant.  

The factors influencing the SNR of a pulsed laser rangefinder from the instrument side are 
given below (Ready 1978; Jelalian 1992; Hebert and Krotkov 1992; Baltsavias 1999b; Wehr and 
Lohr 1999): 
 

1. Received laser power that determines the reliability of the measured range, and in turn, 
depends on many factors. Those attributable to the instrument are listed below: 

 
 Transmitted laser power; 

 Diameter of the receiver aperture (the larger it is, the larger is the received power, 
and, consequently, SNR); 

 The range to the target (limited, in part, by the maximum operating range of the 
scanner); 

 Pulse width. This is due to the fact that for a given laser energy, the pulse power 
(both sent and received) increases with decreasing the pulse width, and the pulse 
detection error is reduced (Baltsavias 1999b). 

 Variety of losses, for example: 

o Transmission and reception losses when a laser beam passes through the 
optical train (transmitter and receiver optics, protective cover of the scan 
window etc.); 

o Receiver/processor loss, occurring after the optical signal has been 
converted into electrical current, e.g. losses due to the thermal noise in 
the pre-amplifier; 

o Truncation loss due to the truncation of the laser beams by the aperture. 

 

                                                 
1 In this case, as well as in the experiments performed by Määttä et al. (1993), SNR is assumed to equal the ratio of 
the peak value of the signal and the RMS value of the noise in the electronics. 
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2. Receiver characteristics: 
 

 Detector responsivity at the wavelength to be detected – efficiency of the returned 
signal detection, which is described by the ratio of RMS current out of the 
detector to RMS power incident onto detector. It thus describes the efficiency of 
conversion of the optical energy into electrical current; 

 Detectivity (Ready 1978, p. 202): 

 

 
1/ 2AD

NEP
∗ = , (3.9) 

 

where D* is detectivity, A is the detector area, and NEP is the noise equivalent 
power, i.e. the radiant power producing a signal voltage equal to the noise voltage 
from the detector. The higher the D*, the better is the detector in detecting a small 
signal in the presence of noise; 

 Detector size, to which the NEP is proportional; 

 Receiver bandwitdth. Increasing the receiver bandwidth beyond the bandwitdth of 
the timing pulse will reduce the SNR; 

 Detector load resistance, to which the amount of the thermal noise is inversely 
proportional. 

 
Besides SNR, the ranging precision is influenced by the number of the independent pulse 
measurements, which are sometimes called “shots”, n. The expected improvement in precision is 
proportional to the square root of n, as Eq. (3.7) shows. In the experiments conducted by Kersten 
et al. (2005) with the scanner MENSI GS 100, the authors scanned colour pattern sheets and 
sheets of rough coloured paper with different number of “shots” (1, 4, 10 and 20). The results of 
the range measurements made to the colour pattern sheets have shown that the standard deviation 
improved by the factor of 2-3 for the 10 “shots” case, although the improvement for the 20 
“shots” case was insignificant, compared to the 1 “shot” case. The standard deviation of the 
range measurements made to the sheets of rough colour paper decreased by the factor of 2 for the 
4 “shots” case, compared to the 1 “shot” case. Kersten et al. (2004) reported no significant 
improvement when scanning a planar stone slab with 10 “shots” option with the same scanner. 
Improvement of the ranging precision is also observed when averaging multiple scans of the 
surface, instead of taking multiple range measurements. In Lichti et al. (2002b) it is shown that 
the ranging precision was improved about 4 times, when averaging 16 scans of the wall, taken 
with the scanner I-Site, compared to 1 scan. 

A simple and reliable method to evaluate the ranging precision of a laser scanner is to scan 
and model a planar surface. The standard deviation of the fitted plane and deviations of single 
points from this plane will be indicators of the ranging precision (Boehler and Marbs 2005). In 
this way, these authors evaluated the ranging precision of 11 pulsed scanners, at the range 1 – 
100 m. For some of them, e.g. Leica HDS 2500, Leica HDS 3000 and Riegl LMS-Z420i the 
ranging precision was nearly constant over the whole test range, while for the others, it increased 
proportionally to the range, at a smaller (e.g. MENSI GS 100/200) or larger (e.g. Riegl LMS-
Z210i) rate. It is interesting to note that in the outdoor experiments conducted by Schneider 
(2006) with the scanner Riegl LMS-Z420i, a systematic increase in the ranging precision was 
observed over the range 1 – 1000 m. Obviously, the ranging precision depends on the individual 
calibration and care of the scanner. 
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Finally, one random error should be mentioned, which is pertained to the rangefinder, and is 
due to the divergence of the laser beam. This is the uncertainty in the angular location of the 
range measurement within the laser footprint on the object surface. The apparent location of the 
range measurement is along the centreline of the emitted beam, but the actual point can be 
situated anywhere within the footprint (Lichti and Gordon 2004). As shown in (ibid.), the 
standard deviation for the position uncertainty due to the beamwidth is: 

 

 
4beam
γσ = ± , (3.10) 

 
where γ is the beam divergence. Hence, the error is quite trivial just one quarter of the laser beam 
divergence and will be less significant for scanners with good focusing of the beam.  
 
Systematic errors 

The systematic errors limit the accuracy, which can be achieved with the pulsed laser 
rangefinder. First, we mention some factors, on which the ranging accuracy mainly depends 
(Baltsavias 1999b): 
 

1. The ability to select the same relative position on the transmitted and received pulse. This 
is mainly influenced by the rise time of the received pulse. The rise time is independent 
of the pulse width, but depends on the incident light wavelength and detector load 
resistance.  
 

2. The accuracy of the time interval counter and its stability. 
 
Other systematic errors in the pulsed laser rangefinders are described below based on Koskinen 
et al. (1991), Kostamovaara et al. (1991), Määttä et al. (1993), Amann et al. (2001) and Kilpelä 
(2004). 
 
Time walk 

Time walk is the error in the time discriminator, due to variations in the timing pulse amplitude 
and shape, which, in turn, depend on the reflectance of the surface of the target object scanned 
(Amann et al. 2001; Kilpelä 2004), see Figure 3.2. Other reasons for time walk are the changes 
in the propagation delay of the time discriminator and potential crosstalk in the latter (Kilpelä 
2004). The changes in the timing pulse amplitude are especially significant in laser scanning due 
to the rapid changes in the reflectance as the beam sweeps across the target. Time walk caused 
by the amplitude variations and pulse rise time can be compensated for when using CFD (Amann 
et al. 2001). As shown in Kostamovaara et al. (1991), the time walk can be reduced to less than ± 
1.5 mm. 

 

walk

Amplitude

t  
 

Figure 3.2. Time walk (from Amann et al. 2001). 
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Range drift 

Temperature drift in the time measurement electronics causes the range drift due to: 
 
 The changes in the ambient temperature (external factor); 

 The changes in the temperature inside the rangefinder after some time after switching 
on (“warm-up” effect) (internal factor). In part, the temperature inside the scanner 
may be considerably larger that the ambient temperature (Boehler and Marbs 2005). 

 
It is purposeful to consider both these problems, external and internal, in this section, in order to 
keep the “integrity” of the discussion. The temperature of the laser transmitter should be 
stabilized in order to produce a stable pulse shape. If this is the case, the range drift due to the 
ambient temperature is linear, and may be compensated for by the software, for example, by 
reference to frequent temperature measurements. As shown in Määttä et al. (1993), the stability 
of the range measurements made with their laser rangefinder, after the temperature 
compensation, was about ± 4 mm over the temperature range -20°…+40°. The range drift may 
be also observed during some time after the rangefinder is switched on. In (ibid.), the drift of 
about –20 mm was observed within the first 20 min after switching on, while the temperature 
inside the rangefinder rose by about 4° during this period. The reason was the non-equal drift of 
the start and stop channels during thermal stabilization of the electronics. The drift over a longer 
time period (60 hrs) was within ± 3 mm. In Hebert and Krotkov (1992), a range drift of about 1 
m in the imaging laser radar Perceptron was observed within the first 3 hours after switching on. 
The reason was changes in both internal and ambient temperature, for which the scanner 
electronics could not compensate. Variations in the range measured with the scanner Imager 
5003 in the “static mode” (no rotation of the scanning mirror) have been observed in Schulz and 
Ingensand (2004a). The magnitude of the variations was up to ± 2 mm within the 2-hour period, 
and one of the presumed reasons was change in the temperature inside the scanner. At the same 
time, Schulz (2007) who performed measurements with the same scanner during 3 hours, reports 
on the same range variations for 3 targets with different reflectivity values, but does not attribute 
this to “thermal heating effects”. One should also note that in case of semiconductor laser diodes, 
the drive current and the produced laser power are temperature dependent. Increase in the 
ambient temperature leads to a reduction of the power output. This can be compensated for by an 
adjustment of the drive current (Rueger 1990, p. 37). 

We investigated the phenomenon of range drift for three pulsed scanners – Callidus CP 3200, 
Leica HDS 3000 and Leica HDS 2500. The scanners Callidus CP 3200 and Leica HDS 3000 
were provided by the vendors, and the scanner Leica HDS 2500 is owned by the Geodesy 
Division. The experiments were carried out indoors, at the calibration field used for the self-
calibration of laser scanners (Chapter 4). We scanned a target, located about 5 m from the 
scanner, during a few hours, and computed the range to its centre in certain time intervals1. The 
targets used in the experiments are shown in Figure 3.3. The particulars of the experiments are 
given in Table 3.1. The scanning with Leica HDS 3000 took just 1.5 hrs due to the time 
constraints, since the scanner was available for shorter time than Callidus CP 3200. In all cases, 
the scanner was turned on first time on that particular day. The temperature at the calibration 
field during the experiments was stable, around 20ºC. The changes in the measured range to the 
targets with time, for the three scanners tested, are plotted in Figure 3.4. The records of the inner 
scanner temperature were available only for Callidus CP 3200. As one can see, the measured 
range decreases with time for Callidus CP 3200 and Leica HDS 3000 and increases for Leica 

                                                 
1 The coordinates of the centres of the targets used for the investigation of Leica-scanners were computed by the 
automatic target recognition (fitting a vertex to the centre of the target in the point cloud) following a “fine” scan, 
except for the first 5 scans made with Leica HDS 2500, where the vertices were fitted to the centres of the targets 
manually. 
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HDS 2500. Note a sudden drop (by about 2.5 mm), for unknown reason, in the measured range 
for Leica HDS 3000 by the end of the first hour of scanning. For all the three scanners, the drift 
in the measured range is up to 3 mm. Although this is within the advertised scanner range 
accuracy (5 mm for Callidus CP 3200 and 4 mm for Leica-scanners), this could be considerable 
for high-precision work. The reason for the range drift is assumed to be the change in the 
temperature inside the scanners. 

 

                     
                                                    a                  b                   c                    d 
 

Figure 3.3. Targets used in the investigation of the range drift: a) retroreflective target, b) Leica HDS 
black-and-white (B&W) target, c) Leica HDS square tilt-and-turn target, d) Leica HDS planar adhesive 

target.  
 

Table 3.1. Particulars of the experimental setup on the investigation of the range drift 
 

Scanner Targets Measurement 
interval, min 

Measurement 
time, hrs 

Callidus CP 3200 Retroreflective 10 3.5 

Leica HDS 3000 HDS B&W; 
HDS square tilt-and-turn 5 1.5 

Leica HDS 2500 HDS B&W; 
HDS square planar adhesive  5 3 
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Figure 3.4. Left: changes in the measured range with time for the three scanners tested. Right: changes in 

the temperature inside the scanner Callidus CP 3200 during the scanning session. 
 
According to Amann et al. (2001), careful design of the laser rangefinder may reduce the time 
walk and range drift to the millimetre level. 
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Zero and scale errors 

On the instrument side, the zero error is the discrepancy between electrical and mechanical zero 
positions at the scanner (cf. Kahmen and Faig 1988, p. 163), due to electrical cable and 
component delays (Rueger 1990, p. 174). Additional component of the zero error is due to the 
dependence of the measured range on the surface reflectance. This phenomenon is known as the 
range/reflectance crosstalk (cf. Hebert and Krotkov 1992) and will be discussed further on. In 
fact, it is difficult to separate these two effects. Estimates of the magnitudes of the zero error in 
laser scanners, obtained in several investigations around the world, are summarized in Table 3.2. 
It gives the idea of the expected magnitude of the errors. Since not many pulsed scanners have 
been investigated in this respect, we give also the results obtained for phase-based scanners. In 
the tests of the scanner MENSI GS 100 on a calibration baseline, performed by Kersten et al. 
(2005), using flat and spherical targets, the systematic offsets in the measured ranges to the flat 
targets and spheres were, on the average, +12.1 mm and -3.1 mm, respectively. Surprisingly, the 
authors do not attribute these results to the zero error but rather to the fitting algorithms, which is 
duly pointed out in Lichti (2007). However, these results give a clear indication of the zero error 
in the scanner. 
 

Table 3.2. Estimates of the zero error in laser scanners, obtained in several investigations around the 
world 

 

Scanner Author(s) Zero error, mm Standard  
deviation, mm 

Leica HDS 3000 Linke (2005) 6.1 No data 
-“- Gordon (2005) 2.9 0.6 

ILRIS-3D -“- -41.0 11.0 
I-Site R-350 -“- 21.0 3.0 
Imager 5003 Schulz and Ingensand (2004a) 4.0 No data 
Imager 5003 Rietdorf (2005) 0.73 0.36 
iQsun 880 Lichti and Franke (2005) 7.4 0.1 

 
Scale error is a scale factor in the measured distance. Ingensand et al. (2003) revealed a scale 

error of 400 ppm in the scanner Leica HDS 2500. The range accuracy specifications of the 
scanner Riegl LMS-Z210i include a “distance dependent error”, i.e. the scale error, of less than 
20 ppm. Influence of the zero and scale errors on the measured range is expressed as follows: 

 
 0R k m RΔ = + ⋅ , (3.11) 
 
where ΔR is the error in the measured range R, and k0 and m are the zero and scale errors, 
respectively. 

The systematic errors described above (as well as some other possible errors) can be 
determined through calibration. Different calibration procedures may be needed to determine 
different errors. Depending on the accuracy requirements, not all, but only some of them should 
be determined. Applying the recommendations given in Rueger (1990, p. 185) to pulsed laser 
scanners, the users should periodically determine the zero and scale errors. Other possible errors 
should be calibrated when higher accuracy is required. 

 
“Mixed pixels” 

“Mixed pixels” represent an especially serious problem, which is often considered in the 
publications on TLS. It introduces offsets to the ranges measured to the object edges. Due to the 
laser beam divergence, if the laser beam falls on the object edge, one part of it is reflected from 
the object surface, and another – from the object surface behind it (sometimes at a large distance 
away) or not at all (if there is no object behind within the scanner operating range) (Boehler and 
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Marbs 2005). See Figure 3.5. If the distance between the two surfaces is less than half the pulse 
width (expressed in metres), the receiver cannot distinguish between the pulses returned from 
both surfaces (Gordon 2005). The range is therefore computed by integration of the ranges to the 
points on both surfaces, within the beam footprint. The final range is on neither surface, but 
somewhere in between. The expected error may vary from a fraction of millimetre to several 
decimetres (Boehler and Marbs 2005). Thus, laser scanners produce many wrong points in the 
vicinity of the edges, which complicates point cloud modelling. In this respect, TLS is still 
inferior to Digital Photogrammetry. Obviously, the problem of “mixed pixels” is inherent in 
TLS, and cannot be completely eliminated. Perhaps, the best way to overcome it is to choose a 
laser scanner with a small beam divergence. The error due to the “mixed pixels” could be 
regarded as a gross error. 

Laser beam

   

Footprint 1

Footprint 2

Laser beam  
 

Figure 3.5. Left: “mixed pixels” problem, side view (from Hebert and Krotkov 1992). Right: effect of the 
laser spot falling on the object edge (from Mills and Barber 2003). 

 
3.2.2. Errors in the beam deflection unit and angle measurement system 
 
Acquisition of high-density point clouds is achieved through the combination of the laser 
rangefinder with the beam deflection unit, which is simply called scanner. This component, 
along with the angle measurement system, introduces another source of instrumental errors, 
which influence the angle measurement accuracy and precision. Comprehensive investigation of 
the angle measurement system of the scanner Imager 5003 is presented in Schulz (2007). This 
subsection identifies the main errors in the beam deflection unit and angle measurement system. 
We will first discuss separately the errors pertained to the design of polygonal and galvanometric 
scanners, the description of which may be found in the literature (e.g. Marshall 1985 and 2004). 
At the end of this section, we describe the errors, which may be common to both types of laser 
beam deflection units. It should be noted that in (ibid.) the angular measurement system (angular 
encoders) is treated as a part of the scanner.   

 
Polygonal scanners 

In the following discussion, we assume that the scanner assembly consists of a regular prismatic 
polygon, ball bearings and brushless DC motor. The first source of error in a polygonal scanner 
is the imperfections of the rotating mirror, due to the manufacturing limitations. These are the 
following (Marshall 2004, pp. 274 – 277, see also Figure 3.6): 

 
1. Facet-to-facet angle variance – the variation (the tolerance is in the range of 10´´ - 

30´´) in the angle between the normals of the adjacent facets on the polygon. This defect 
causes timing errors from one facet to the next as the mirror rotates. 

 
2. Pyramidal error (Ω) – the average variation (the tolerance is typically 1´) from the 

desired angle between the facet and the datum surface of the polygon mirror. 
 
3. Facet-to-axis variance (FAV): 
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 Total FAV, i.e. the total variation of the pyramidal error from all the facets within a 
polygon (the tolerance is in the range of 2´´ - 1´); 

 Adjacent FAV, i.e. the largest step in the pyramidal error from one facet to next within a 
polygon (the tolerance is in the range of 1´´ - 30´´). 

4. Variation of the facet radius (the distance from the centre of the polygon to the facet) 
within a polygon (the tolerance is typically ±25 μm). 

 
5. Surface figure – the regular and irregular deviations of the surface of a polygon facet 

from an ideal flat surface. Depending on the manufacturing technique, the surface of the 
facet may be regular spherical or cylindrical. The irregularity is the deviation from a 
best-fit sphere. Typical tolerances for surface flatness are λ/8 - λ/10, where λ is the 
wavelength of the laser. 

 
6. Surface roughness, due to the facet surface defects, which cause scattering of the 

incident laser beam. 
 
The factors influencing the performance of an entire polygonal scanner assembly are the 
following (ibid): 
 

1. Dynamic track – the total mechanical angular variation (Θ) from facet to facet 
orthogonal to the scanline (Figure 3.7). The dynamic track may be caused mainly by: 

 
 Pyramidal error of the polygon mirror; 
 Non-orthogonality of the polygon to the rotating shaft, due to mounting. As a 

result, the facets change their pointing in a sinusoidal manner with a period of 
one revolution. The first two above-mentioned errors are fixed and repeatable; 

 A random non-repeatable error caused by the bearing support system, typically 
1´´ - 2´´. 

 

 
 

Figure 3.6. Imperfections of the rotating polygonal mirrors (from Marshall 2004). Top: left – facet-
to-facet angle variance, right – pyramidal error. Bottom: facet-to-axis variance. 
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Figure 3.7. Dynamic track errors (from Marshall 2004). 
 

2. Velocity errors: 
 

 Jitter – the high-frequency variation in the laser spots placement along the 
scanline (Figure 3.8), in a random or repeatable pattern. 
 

Ideal distribution of laser spots along a scan line

Distribution of laser spots with jitter error

Jitter

 
 

Figure 3.8. Jitter error in a polygonal scanner (from Marshall 2004). The scanlines are 
placed horizontally for the sake of compactness. 

 
 Speed variation within the scanline, over multiple revolutions. 

 
Some causes for the velocity errors are listed below: 

 
o Inertia of the scanner (which depends on the weight of the polygon mirror) and 

the angular velocity.  It is more difficult to achieve tight velocity stability with 
light mirrors and at slower speeds. Angular velocity stability of the polygonal 
scanners is in the range 0.002 – 0.05%; 

o Stability of the electronic driver; 

o Motor cogging (a continuous oscillation of the motor speed); 

o Bearing behaviour, e.g. varying resistance torque from lube migration, 
roughness from wear and dirt; 

o Facet flatness variations (curvature), which causes small deviations in the angle 
of reflection from the facet; 

o Facet radius variations; 

o Facet surface roughness etc. 

 
3. Imbalance of the scanner assembly. Since polygonal scanners operate at high speeds, 

they should be properly balanced. Imbalance results in vibration as well as sinusoidal 
scanner speed variation, within one revolution. 
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4. Time to synchronization – the time it takes for the scanner to reach operating speed from 
a stopped condition, typically 3 – 60 s.  

 
Galvanometric scanners 

The accuracy of a galvanometric scanner is determined by its components, which are the mirror, 
galvanometric motor, encoder and the bearing system. From the motor side, this is mainly the 
hysteresis and non-linearities of the galvanometer. The following errors are attributed to the 
mirrors (Marshall 1985 and 2004): 
 

1. Mirror deformations as a result of an improper mount design. 

2. Distortions of the mirror surface due to the accelerating torques. 

3. Thermal deformations of the mirror surface due to the conduction of heat from the 
incoming laser radiation to the rear surface of the mirror. 

4. Gradual erosion of the reflective coating of the mirror surface due to its interaction with 
the dust particles suspended in the air. 

5. Non-flatness of the mirror surface, due to the manufacturing limitations. 

 
Errors common to both types of beam deflection units 

This paragraph addresses the errors, which are common to both types of beam deflection units 
discussed above. First, the angular accuracy achieved by a laser scanner is limited by the quality 
of the angular encoders (cf. Wunderlich 2003). Next, two other errors may be present in the 
beam deflection unit. They can be adequately described by the error model used in ALS, since 
both terrestrial and airborne scanners use similar scanning principles. The model will be the 
same for rotating and galvanometric scanners (Katzenbeisser 2003): 
 

1. Zero error – additive constant to the measured vertical angle. It corresponds to the 
vertical circle index error in the total station. This error can be caused by a mechanical 
miss-alignment of the mirror and encoder or zero-shift within the analog-to-digital (A/D) 
converter, which converts the angular position read by the encoder to a digital 
representation.  

 
2. Scale error that will be linearly dependent on the measured angle. The reason for this 

error may be a false gain-control within the A/D converter or faults of the encoder. The 
latter reason can be explained as follows. Since the angular position of the scanning 
mirror is sampled by the encoder in fixed increments, the vertical angle is recorded as a 
sum of these increments. If the actual value of such an increment differs from the 
nominal value, the scale error appears. 

 
The effect of these two errors on the measured vertical angle can be estimated with the following 
formula:  
 
 0scan corr scanθ θ θ θ δθ θΔ = − = ⋅ + , (3.12) 
 
where θscan and θcorr are the vertical angle measured by the scanner and the corrected vertical 
angle, respectively, and θ0 and δθ  are the zero, or vertical circle index error, and scale error, 
respectively. The two above-mentioned angular errors can be of mechanical or electrical nature. 
In the former case they will be relatively stable, while in the latter case they will change with 
time, and will be thus of more random character (Katzenbeisser 2003).  
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Another source of error in the beam deflection unit is poor synchronization (Hebert and 
Krotkov 1992). The beam deflection unit and the laser rangefinder should be exactly 
synchronized. Deviation from this condition may result in errors along the scan line direction, 
e.g. skewed images, until the scanning mirror has not reached its operating speed from the 
stopped condition (cf. “Time to synchronization” factor in the discussion of the errors in 
polygonal scanners).  The distribution of “synchronization” errors is relatively constant as long 
as the scanner is stationary. Generally, the horizontal and vertical beam deflections cannot be 
perfectly synchronized (cf. ibid.). 

The errors discussed above as well as some other possible errors result in a hypothetically 
correct range measurement stored at the wrong position in the point cloud, the errors being 
orthogonal to the beam propagation direction (Hebert and Krotkov 1992; Boehler et al. 2004). 
 
3.2.3. Axes errors in a TLS 
 
The first step in the development of laser scanner calibration procedures is to develop a 
geometric model of the scanner, like that of e.g. a total station or digital photogrammetric 
camera. The “closest” to the laser scanner geodetic instrument, in terms of the operating 
principle, is a reflectorless total station. Although the geometric model of the total station cannot 
be completely applied to the laser scanner due to the different mechanical design, it may be used 
as the first step in developing the scanner error model. This assumption was made in most self-
calibration experiments mentioned in Subsect. 1.3.1 and some other investigations of 
commercial laser scanners (Schulz and Ingensand 2004a, b; Eriksson 2004; Abmayr et al. 2005; 
Schulz 2007). Therefore, the following axes for the scanner may be defined: 

 
 Vertical axis. For a panoramic scanner, this is the rotation axis of the scanning head. It is 

possible that this axis lies in the vertical scanning plane, i.e. the plane in which the laser 
beam moves in the vertical direction. For a camera-scanner, e.g. Leica HDS 2500, this 
axis may be defined as the axis orthogonal to the axes of the two mutually orthogonal 
oscillating mirrors; 

 Collimation axis. Assuming the divergent laser beam of conical shape, this is the axis, 
which passes through the centre of the scanning mirror and the centre of the laser spot on 
the object surface (Neitzel 2006). Roughly speaking, the collimation axis of a laser 
scanner coincides with the laser beam; 

 Horizontal axis – rotation axis of the scanning mirror (ibid.). 

 
Due to the manufacturing tolerances, these axes are not perfectly aligned, and the following 
errors appear as a result (ibid.): 
 
 Collimation error (c) – angle between the collimation axis and the normal to the 

horizontal axis, measured in the plane containing the collimation and horizontal axes; 

 Horizontal axis error (i) – angle between the horizontal axis and the normal to the 
vertical axis, measured in the plane containing the horizontal and vertical axes. 

 
The definitions given above are illustrated in Figure 3.9, assuming that we have a panoramic 
galvanometric laser scanner. The same definitions are also valid for a panoramic polygonal 
scanner. In the preceding discussion, we assume that the origin of the scanner coordinate system 
is at the intersection of the instrument axes and at the centre of the scanning mirror.  

The reasons for the collimation and horizontal axis errors may be the following (Marshall 
2004): 
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1. Non-orthogonality of the mirror rotation axis to the mounting datum in a polygonal 
scanner. See Figure 3.10. It is assumed that the rotation plane of the mirror contains 
the laser beam. One should note that the errors resulting from this mechanical fault 
are not identical with the collimation and horizontal axis errors in a total station, but 
only similar to them. Modelling these errors in a way used in the total station is 
only an approximation. An error similar to the collimation axis error in a total 
station results also from the dynamic track error.   

2. Mirror cross-axis misalignment in a galvanometric scanner. 
 
In order to have an idea of the expected magnitude of the collimation and horizontal axis errors 
in commercial laser scanners, the results obtained from several investigations are summarized in 
Table 3.3. The data refer to the phase-based scanners since no known to the author investigation 
of these errors has been performed with pulsed scanners. 
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Figure 3.9. Mechanical axes and axes errors in a laser scanner. 
 



 48

Polygon mirror
rotation axis

Rotating
polygon mirror

Mounting hub

Rotor shaft

c

Correct laser beam
direction

Real laser beam
direction

Top view

Mounting hub

Rotor shaft

i

Front view

Rotating
polygon mirror

Real laser beam
direction

Correct laser beam
direction

 
 

Figure 3.10. Errors in a polygonal scanner, similar to the collimation and horizontal axis errors in the total 
station, caused by the non-orthogonality of the mirror rotation axis to the mounting datum. 

 
Table 3.3. Estimates of the collimation (c) and horizontal axis (i) errors in laser scanners, obtained in 

several investigations around the world 
 

Scanner Author(s) c º Std. º i º Std. º 
Imager 5003 Schulz and Ingensand (2004a) 0.003 No data 0.027 No data 
iQsun 880 Lichti and Franke (2005) 0.028 0.0004 -0.054 0.0008 

Imager 5003 Neitzel (2006) -0.013 0.003 -0.032 0.003 
 
As follows from Table 3.3, the absolute value of the horizontal axis error tends to be 
systematically larger than that of the collimation axis error, which might be explained by some 
peculiarities of the scanner mechanical design. It means that it is more difficult to achieve 
orthogonality of the horizontal and vertical axes than of the horizontal and collimation axes. 

Additional errors may be present (Cooper 1982, pp. 149 – 155), for example: 
 
 Error similar to that caused by the non-orthogonality of the vertical axis and horizontal 

circle in the total station. This error has been revealed in the scanner iQsun 880 (Lichti 
and Franke 2005); 

 Error similar to the eccentricity of the horizontal circle with respect to the vertical axis. 

 
In (ibid.), a sinusoidal range error has been found in the scanner iQsun 880, caused presumably 
by a vertical offset of the origin of the laser rangefinder with respect to the horizontal axis of the 
scanner. 

If the scanner is not properly levelled, an error similar to the vertical axis error in a total 
station may be present. However, it is not an instrumental error but is rather related to the 
scanner setup. Another, instrumental, error related to the vertical axis is the trunnion axis error, 
or tumbling error, or wobble error of the vertical axis (Schulz 2007). It appears during rotation of 
a levelled laser scanner around its vertical axis, when the latter does not maintain its position in 
space absolutely, but wobbles around the mean position, normally in a sinusoidal manner (Zogg 
2003), see Figure 3.11.  
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Figure 3.11. Trunnion axis error in a laser scanner (from Schulz 2004). 
 
The reasons for this error are mechanical characteristics of the scanner, such as a defective guide 
away of the axis, defective mould of the contact surface, a play of the bearings, and uncentred 
mass of the scanner (Kersten et al. 2005; Amiri Parian and Gruen 2005). Bearings of the vertical 
axis have the biggest influence on the trunnion axis error (Kersten et al. 2005). This error has 
been revealed in the scanners Imager 5003 (Zogg 2003; Schulz and Ingensand 2004a, b; Schulz 
2007) and MENSI GS 100/GS 200 (Kersten et al. 2005). For all these scanners, the behaviour of 
the error was influenced by the instability of the base of the scanner. In Kersten et al. (2005), the 
magnitude of the error increased when the scanner was fitted to a survey tribrach. The trunnion 
axis error can be determined with the aid of a precise inclination sensor mounted on top of the 
scanner and centred on the vertical axis. The scanner is rotated around the vertical axis, in steps, 
and the inclinations in two orthogonal directions at each position are determined and plotted 
against the horizontal direction. This approach was employed in all the investigations mentioned 
above. 

Due to the manufacturing tolerances and handling of the scanner, it is also possible that the 
scanner axes do not perfectly intersect, which leads to the eccentricity errors; see Figure 3.12. 
These errors were modelled in Rietdorf (2005) for the scanner Imager 5003 and investigated in 
Schulz (2007), for the same scanner. In Rietdorf (2005), the estimated axis eccentricities were 
within ±2 mm. In the laser scanner Riegl Z-210, the vertical axis and the scanning mirror 
rotation axis do not intersect, which results in an offset in the range measurements. The scanning 
software performs necessary corrections during the transformation of the spherical coordinates r, 
ϕ, θ (range, horizontal direction and vertical angle, respectively) of each laser spot into the 
Cartesian coordinates (Talaya et al. 2004).  
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Figure 3.12. Axis eccentricities in a laser scanner (from Rietdorf 2005). Subscribed are the real (i.e. 
affected by the errors) locations of the instrument axes. 
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Estimation of the systematic instrumental errors discussed above, as well as other possible errors, 
is the task of the laser scanner calibration. Many experiments have been performed until now all 
over the world, and some of the results obtained have been mentioned in this subsection.  
 
3.3. Object-related errors 
 
This group of errors is associated with the objects being scanned. The first and foremost source 
of these errors is the reflectance of the object surface. Since TLS is a reflectorless surveying 
technique, this implies that the results of the range measurements strongly depend on the 
reflectance, which affects the SNR to a great extent (Thiel and Wehr 2004). Reflectance may be 
defined as the ratio between reflected and incident laser power (cf. Ingensand et al. 2003). It is 
the function of the following factors (Nayar et al. 1989; Jelalian 1992; Lichti and Harvey 2002; 
Ingensand 2006): 
 

 Material properties of the object, such as electric permittivity, magnetic 
permeability and conductivity; 

 Surface colour; 

 Wavelength of the laser; 

 Incidence angle of the laser beam; 

 Surface roughness, which, in turn, depends on the wavelength and the incidence 
angle (Nayar et al. 1989); 

 Temperature of the surface. When scanning a hot target, e.g. in an industrial 
environment, the background radiation introduced by the hot surface reduces the 
SNR and thus the precision of the range measurements (Määttä et al. 1993); 

 Moisture of the surface. 

 
The relationship between the reflected laser intensity and surface reflectance is commonly 
described by the geometric optics Lambertian reflectance model (Hancock 1999): 

 

 2

cosI
R

ρ β∼ , (3.13) 

 
where I is the intensity of the reflected laser beam, ρ is the backscattering coefficient of the 
surface, β is the beam incidence angle and R is the range to the object. Lambertian model is quite 
adequate for describing diffuse reflections. However, other models are more suitable to describe 
specular reflections, such as Torrance-Sparrow reflectance model discussed in (ibid.) and Nayar 
et al. (1989). The reader is referred to these references for a detailed description. 

Surfaces of different reflectance will introduce offsets into the measured range. This 
dependence of the range measured by the laser rangefinder on the surface reflectance is called 
range/reflectance crosstalk (cf. Hebert and Krotkov 1992; Hancock 1999). This can be best 
demonstrated by the fact that the range measured to the surfaces with different reflectance, at the 
same distance to the scanner, may be different. This happens, in part, due to the time walk error 
and limited dynamic range of the receiver. Surfaces with high reflectance (i.e. bright) give more 
reliable and precise range measurements than those with low reflectance (dark), due to the fact 
that a larger portion of the laser energy is reflected back to the sensor. If the object reflectance is 
too high (e.g. retroreflective tape) or too low, the range may be recorded with an unacceptable 
accuracy or not recorded at all. As surface reflectance is correlated with the laser wavelength, 
surfaces non-accessible to one instrument can be recorded by another. Offsets introduced into the 
measured range due to the surface reflectance correspond, in a way, to the zero error component 
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in total stations accounting for the separation of the reflection point and the physical centre of the 
reflector and the propagation time reduction inside the glass body (Kahmen and Faig 1988, p. 
163). The offsets introduced by different materials scanned at different wavelengths will be 
different. For this reason, Boehler and Marbs (2005) state that a universal correction for the zero 
error in laser scanners cannot be determined. However, one can choose some “reference surface” 
and use it to determine only the instrument-related part of the zero error. Reflective properties of 
the surface determine not only the reliability of the measured range, but also the maximum 
operating range. The manufacturers of laser scanners normally specify (and should specify) for 
which targets (reflectance, diffuse/specular reflection) the statement on the maximum range is 
valid. Range correction diagrams such as those given in e.g. Wehr and Lohr (1999) and for 
Optech’s laser scanner ILRIS-3D, should also be provided.  

Laser beam incidence angle causes a systematic error in the pulsed ranging, which Lichti et al. 
(2005) call the “range bias”, see Figure 3.13, which can be computed as follows: 

 

 tan
2

RR γ βΔ = , (3.14) 

 
where R is the range, γ is the beam divergence angle and β is the incidence angle. 
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Figure 3.13. Range error due to the beam incidence angle. 
 
The same error is present in ALS when scanning inclined surfaces, and referred to as “time 
walk” (Baltsavias 1999b; Deems and Painter 2006). Its cause is the spreading of the return pulse, 
which leads to the increase in the pulse rise time to reach the threshold at which the timing is 
performed. The recorded range will therefore be too long (Deems and Painter 2006). Obviously, 
this error depends also on the thresholding approach implemented in the laser rangefinder. 

Highly reflective surfaces scanned at large incidence angles may cause the “multipath” errors, 
when the laser beam is reflected from such a surface to another surface from which it is finally 
reflected back to the scanner. The result is the wrong range measurement (up to several metres) 
in the correct direction (Gordon 2005). 

Besides reflecting, an incident laser beam may also penetrate some materials (e.g. wood, 
marble, styropor) and be refracted and reflected in the material itself, which introduces another 
addition constant to the range measurements (Ingensand et al. 2003) (Figure 3.14). In Schulz 
(2007), the range errors of nearly 15 and 5 mm were revealed for styrofoam and wood, 
respectively, due to this effect.  
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Figure 3.14. Penetration of the laser beam into some materials causing refraction and reflection in the 
material itself (from Ingensand et al. 2003). 

 
3.4. Environmental errors  
 
Environmental factors, such as ambient temperature, pressure, relative humidity, illumination, 
vibration etc., are important in TLS and contribute to the measurement error. Below, the 
influence of these factors on TLS measurements is discussed.  

 
3.4.1. Laser beam propagation in the atmosphere 

 
We start the discussion of the influence of the environmental factors on the measurements with 
TLS with a discussion on the laser beam propagation in the atmosphere. The effects of the beam 
propagation are: 
 

1. Distortion of the shape of the returned laser pulse (Wunderlich 2003; Ratcliffe 2005). 

2. Attenuation, i.e. intensity reduction, of the laser light. Below, we treat this issue in more 
detail. 

 
Attenuation is the consequence of: 
 
 Scattering: 

o Rayleigh type (air molecules); 

o Mie type (aerosol particles); 

 Absorption – water vapor, CO2, O3. 

 Attenuation can be described by the following equation (Rueger 1990, p. 48): 
   

 0
2

attR
R

II e
R

γ−= , (3.15) 

 
where I0  and IR  are the emitted and transmitted (at the range R from the scanner) laser radiant 
intensity, respectively and γatt is the attenuation coefficient, which is computed as follows 
(Weichel 1990, p. 12): 
 
 att m m a aγ α β α β= + + + . (3.16) 
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Here, α and β are the absorption and scattering coefficients, respectively, and m and a denote 
“molecular” and “aerosol”, respectively. The degree of the attenuation depends on (Rueger 1990, 
p. 48): 
 Laser wavelength λ; 

 Range to the object; 

 Temperature; 

 Pressure; 

 Gaseous composition of the atmosphere; 

 Weather conditions; 

 Presence of microscopic particles of various sizes in the air. 

 
In Eq. (3.15), the first factor accounts for purely geometric propagation while the second factor 
accounts for the atmospheric transmittance (ibid.). Following Jelalian (1992, p. 61), atmospheric 
transmittance Ta can be determined by: 
 
 attR

aT e γ−= . (3.17) 
 
In the operating wavelength range of today’s laser scanners (500 – 1500 nm), Ta is close to 100% 
in the visible region, and decreases at 930, 1120 and 1450 nm to about 60 %, 45 % and 1%, 
respectively (Rueger 1990, p. 49). Taking into account that laser scanners operate commonly at 
close ranges, the effect of the atmospheric attenuation is not as severe as for total stations or 
ALS. In addition, due to the monochromaticity of the laser light, it suffers lower dispersion in air 
than the conventional infrared light emitting diods (LEDs), and the atmospheric effects on it may 
be predicted more closely (Price and Uren 1989, p. 172). Nevertheless, the effect of atmospheric 
conditions cannot be totally ignored, especially in high-precision measurements. Below, the 
issues related to the influence of the atmosphere on TLS measurements are discussed in more 
detail. 
 
3.4.2. Errors caused by the influence of the atmospheric conditions 
 
In pulsed laser scanning, the accuracy of the measured range depends as well on how accurately 
the velocity of the laser beam propagation is known. This velocity depends on the refractive 
index of air, which is the function of temperature (t), pressure (p), relative humidity (h) (or 
partial water vapour pressure pw) and CO2 content. A number of formulae have been developed 
for the determination of the refractive index of air for specific ambient conditions. A popular 
equation for visible and near infrared (NIR) region is Barrel and Sears formula dated back to 
1939 and adopted later by Edlen in 1966 (Rueger 1990, p. 55; see also Bjerhammar 1967, p. 
163): 
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where nprop is the group refractive index for the specific conditions [given by t (°C), p (mbar), pw 
(mbar)], nstand  is the group refractive index for the standard conditions (t = 0°C, p = 1013.25 
mbar and 300 ppm CO2 content) (Rueger 1990, p. 52): 
 
 6 2 410 ( 1) 287.604 3 1.6288 5 0.0136standn σ σ− = + ⋅ + ⋅ . (3.19) 
 



 54

Here, 1/σ λ=  is the wave number, and λ is given in μm. The overall accuracy of nprop computed 
with Eq. (3.18) is within 1 ppm (ibid.). In general, the accuracy of the determination of the 
refractive index of air is limited by the uncertainty in the determination of the atmospheric 
conditions (Price and Uren 1989, p. 172).  The influence of this uncertainty can be determined as 
follows  (Rueger 1990, p. 55): 
 
 610 1.00 0.28 0.04prop wdn dt dp dp⋅ = − + − , (3.20) 
 
where propdn , dt , dp and wdp are differentials (in units as above) of the group refractive index, 
temperature, pressure and partial water vapour pressure, respectively.  

Recently, newer equations for the phase and group refractive indices of air, for the visible and 
NIR region (300 – 1690 nm), have been developed by Ciddor (Ciddor 1996; Ciddor and Hill 
1999) based on a critical review of the existing formulae. These equations, in part, have been 
incorporated into the software Cyclone used with Leica HDS scanners, starting from version 4. 
Only temperature and pressure can be entered, while the relative humidity is assumed to be 60% 
and CO2 content 450 ppm (Harvey 2004). The group refractive index of (moist) air (= dry air + 
water vapour) is computed as follows (Ciddor 1996): 
 

 1 ( 1) ( 1)a w
prop gaxs gws

gaxs gws

n n nρ ρ
ρ ρ

− = − + − , (3.21) 

  
where nprop is the group refractive index of air, aρ and gaxsρ are the density of dry air for the 
actual and standard conditions, respectively, wρ and gwsρ are the density of pure water vapour for 
the actual and standard conditions, respectively, and ngaxs and  ngws are the group refractive 
indices of dry air and water vapor under standard conditions, respectively. The standard 
conditions for dry air and pure water vapor are given in Table 3.4. 
 

Table 3.4. Standard conditions for dry air and pure water vapour according to Ciddor (1996) 
 

Parameter Dry air Water vapour 
Temperature, t°C 15 20 
Pressure, p, mbar 1013.25 13.33 

 
The formula for the computation of the densities of each of the components of moist air for both 
standard and actual conditions can be found in (ibid.). Here we give just the formulae for the 
group refractive indices of dry air ngaxs and water vapour ngws, under the standard conditions 
(ibid.): 
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 (3.22) 

 
and 
 
 8 2 4 6

0 1 2 310 ( 1) 1.022( 3 5 7 )gwsn w w w wσ σ σ− = + + + , (3.23) 
   
where cx is the CO2 content in ppm. The numerical values of the coefficients in Eqs. (3.22) and 
(3.23) are given in Table 3.5.  

The uncertainty of the determination of the refractive index with Ciddor’s formulae is about 
0.06 – 0.15 ppm (ibid.). Once again, as mentioned above, the practical accuracy limits are 
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imposed by the uncertainty in the determination of (mainly) temperature and pressure. The 
advantages of Ciddor’s formulae compared to Edlen’s formula [Eq. (3.18)] are the following 
(ibid.): 
 
 They are based on the latest values of physical parameters and units; 

 They are valid for the wavelength range of all modern laser scanners, and for all practical 
atmospheric conditions; 

 There is a possibility to account for the variation of CO2 content due to local conditions 
(e.g. enclosed laboratories) or general atmospheric changes [CO2 content tends to 
increase with time (Rueger 1990, p. 53)].  

 
In industrial environments, the effect of the non-standard atmosphere should be considered, 
where the vapours of different matters may change the refractive index of air by 0.1 – 0.2 ppm 
(Ciddor 1996). An example of the magnitude of the effect of 1.9 ppm on the refracting index for 
the car manufacturing industry is given in Rueger (1990, p. 53). Since laser scanning is often 
employed in harsh environments, this effect should be considered. 
 

Table 3.5. Numerical values of the coefficients in Eqs. (3.22) and (3.23) (Ciddor 1996) 
 

Coefficient Numerical value 
k0 238.0185 μm-2 

k1 5792105 μm-2 

k2 57.362 μm-2 

k3 167.917 μm-2 

w0 295.235  

w1 2.6422 μm2 

w2 -0.032380 μm4 

w3 0.004028 μm6 

 
Operating ranges of laser scanners are mainly short, up to a few hundred metres, which gives 
greater flexibility in the choice of the appropriate equation for the computation of the refractive 
index of air since larger uncertainties, expressed in relative terms, can be tolerated than in the 
case of long-range measurements. For example, the accuracy of Eq. (3.18) of within 1 ppm is 
quite satisfactory for TLS since for the range of 100 m this corresponds to 0.1 mm. For the 
ranges of up to a few hundred metres, it is enough to measure the atmospheric parameters only at 
the instrument station (Rueger 1990, p. 67). For longer ranges, in the order of 1 km, which can 
be measured, for example, with the scanners Riegl LMS-Z420i and ILRIS-3D, Ciddor’s 
formulae could be more preferable. Knowing the group refractive index of air nprop, we can 
compute the first velocity correction to the measured range R with the well-known formula 
(ibid., p. 75): 
 

 . .
ref prop

refr ind
prop

n n
R R

n
−

Δ = , (3.24) 

 
where nref is the “reference” refractive index of air used by the scanner. It can be computed, for 
example, with Eq. (3.18) using the default settings for atmospheric parameters used in the 
software for a particular scanner. In Cyclone, these are 20ºC and 1013.25 mbar for temperature 
and pressure, respectively, and the relative humidity and CO2 content are as mentioned earlier.  

We should also mention that the refractive index of air varies under the influence of 
atmospheric turbulence, i.e. the air density fluctuations arising from the random ambient 



 56

temperature fluctuations caused by wind shear and convection (Weichel 1990, p. 47). The 
refractive index fluctuations can be modelled by the following equation (ibid.): 
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where γ´ = 1.4 for air, T is temperature in degrees Kelvin, p is pressure in millibar and δT is the 
temperature fluctuation. 

Harvey (2004) computed the influence of the refractive index of air for the laser scanner 
Cyrax 2500 (λ = 532 nm) for a 100 m range. The results can be summarized as follows: 
 

 The first velocity correction increases by 4.3 mm with an increase in temperature 
from 0 to 45°C; 

 The correction decreases by 3.6 mm with an increase in pressure from 960 to 1050 
mbar; 

 Changes in humidity have almost no influence on the range measurement (less than 
0.005 mm). 

 
The first velocity correction is quite considerable taking into account the single-point measuring 
accuracy of this laser scanner (range 4 mm, point position 6 mm), and it cannot be neglected. 
Harvey (2004) points out two important consequences of the refractivity: 
 

 Besides errors in the measured range, a scale error in the 3D coordinates of the points 
is introduced (due to the distorted geometry). 

 Taking into account high modelling accuracy (2 mm) for Cyrax 2500 data, which is 
also typical for other laser scanners, and the high accuracy of the determination of 
the centres of the registration targets, the first velocity correction should necessarily 
be applied to the measured ranges. 

Other factors influencing the laser beam propagating through the air are refraction and 
atmospheric turbulence. As the beam propagates through the air at different temperatures, it 
bends (Price and Uren 1989, p. 40). The influence of this factor can be considerable in e.g. 
industrial environments. The atmospheric turbulence has the following effects on the TLS 
measurements, for the ranges of up to 1 km (Weichel 1990, pp. 51 – 60): 
 

1. Beam wander (Figure 3.15) – the beam displacement from the initial propagation 
direction. The beam is deflected in a random way, and the laser spot diameter remains 
unaltered. The radial variance of the beam wander 2

_r wanderσ may be described by the 
following equation (ibid., p. 52): 
 
 2 2 1/ 6 17 / 6

_ 1.83r wander nC Rσ λ −= ⋅ , (3.26) 
 
where λ is the laser wavelength, R is range to the object and Cn is the refractive index 
structure coefficient that depends on the magnitude of turbulence (Table 3.6).  
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Figure 3.15. Beam wander (adopted from Weichel 1990). 
 

Table 3.6. Typical values of Cn for different atmospheric turbulence (from Weichel 1990, p. 49). 
 

Strong turbulence 5·10-7 

Medium turbulence 4·10-8

Weak turbulence 8·10-9

 
The values of σr_wander have been computed for the values of turbulence given in Table 
3.6 and for three different pulsed laser scanners for a range from 10 to 100 m: 
 

 Leica HDS 3000 (λ = 532 nm); 
 Callidus (λ = 905 nm)1; 
 Optech ILRIS-3D (λ = 1500 nm). 

 
Most significant values have been obtained for the strong turbulence – over 1 mm at 100 
m distance, while already for the medium turbulence the values were less than 0.2 mm at 
100 m. The results for different scanners almost did not vary since, as Eq. (3.26) 
indicates, the radial variance of the beam wander is to a small degree dependent on the 
wavelength. Figure 3.16 shows the results for the scanner Leica HDS 3000, with the 
shortest wavelength among the three scanners mentioned above, and thus with the largest 
effect of the beam wander, at strong turbulence. The error introduced by the beam 
wander is about 1.5 mm at 100 m, and therefore insignificant. The computations above 
have been made for a short range. One should note however that the value of σr_wander at 
the maximum 1.5-km range achievable with the scanner ILRIS-3D will be equal to about 
65 mm for strong turbulence. 
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Figure 3.16. Error introduced by the beam wander at strong turbulence for the scanner Leica HDS 

3000 over the range R of 10 – 100 m. 
                                                 
1 The maximum achievable range with this scanner is 80 m. 
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2. Beam intensity fluctuations (beam scintillation) – distortion of the Gaussian wavefront 
caused by diffraction and refraction, resulting in an internal breaking up of the laser spot 
into smaller “hot spots”. The scintillation is dependent on the type of ground surface (it 
occurs when the beam propagates from a low- to high heat-radiation ground surface) and 
the instrument height (the closer to the ground, the higher probability of the scintillation) 
(Price and Uren 1989, p. 41). 

 
Some other remarks on the influence of the ambient temperature on the TLS measurements can 
be made. Laser scanners have a certain operational range (most often 0…+40 – 50°C). Outside 
or even close to the borders of this range, the scanner may not function properly. From the 
author’s experience, one such problem occurred when the scanning was performed with the 
scanner Leica HDS 2500 outdoors, at the temperature of a few degrees above 0°C. Despite the 
temperature was within the scanner operational range (0…+50°C), the instrument did not turn 
on. The influence of the changes in the ambient temperature on the measured range was 
discussed in Subsect. 3.2.1. It should be also noted that in hot weather it is important to shade the 
scanner itself, so that the direct sunlight does not heat up the scanning head (Leung and Wan 
2004). 
 
3.4.3. Influence of adverse weather conditions on TLS measurements 

 
The above discussion considered operating a laser scanner under “friendly” ambient conditions. 
The situation is different when adverse conditions are encountered, e.g. adverse weather, which 
may reduce the data quality considerably. In the context of TLS these conditions are haze, fog 
and rain. Snow will not be discussed in the following, because most laser scanners cannot 
operate at the temperatures below zero, with some exceptions; for example, Riegl LMS-210ii can 
operate at the temperature of down to -10°C. While quite considerable research has been carried 
out on the influence of weather on the laser ranging measurements, especially in the infrared 
regions of the electromagnetic spectrum, and in ALS, this issue has not been well addressed, to 
the author’s knowledge, in TLS. This subsection attempts to outline some basic issues related to 
the operation of laser scanners in adverse weather conditions based on the available research 
literature in laser ranging. Since the basic principles of operation are the same, these results 
could be indicative of the performance that could be expected for TLS.  

As mentioned above, propagation of the laser beam through the atmosphere results in the 
attenuation of the signal, the effect of which is characterized by the attenuation coefficient in 
Eq.(3.15). Attenuation is wavelength dependent and is more significant for visible wavelengths, 
e.g. 532 nm in the scanners Leica HDS 2500 and Leica HDS 3000 than for near-infrared, e.g. 
905 nm, in Callidus CP 3200. Within the wavelength interval of 500 – 1500 nm, for a 100-m 
range at the sea level, the attenuation coefficient for clear atmospheric conditions (15-km 
visibility) changes from about 0.28 km-1 (Ta = 97%) to 0.16 km-1 (Ta = 98%), respectively 
(Jelalian 1992, p. 65). In haze, fog and rain, the main cause of attenuation is scattering. For haze 
and fog, when the radii of the particles present in the air (less than 500 nm and more than 500 
nm, respectively) are commensurate with the laser wavelength, the scattering is wavelength-
dependent (Mie-scattering). This is not the case for rain due to large size of the raindrops. 
Presence of haze and fog leads to a significant increase of the attenuation coefficient. For 
example, for a medium haze (5-km visibility) the attenuation coefficient varies between about 
0.85 km-1 and 0.47 km-1 for the wavelength interval mentioned above (ibid.). For a 100-m range, 
the atmospheric transmittance computed according to Eq. (3.15) with the values for γatt in 
medium haze taken from (ibid.), will be about 92% for the laser scanner Leica HDS 3000 and 
about 94% for Callidus CP 3200. For longer ranges, the attenuation will be stronger. For 
example, the transmittance will reduce to about 49% for the maximum 1.5 km-range achievable 
with the scanner ILRIS-3D (λ = 1500 nm) to a target with 80% reflectance. The attenuation will 
be stronger in fog. As stated in Weichel (1990, p. 43), laser beams penetrate much worse through 
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dense fog than through heavy rain, which means that fog is a more severe problem for laser 
ranging than rain.  

The problems outlined above are more characteristic for the laser ranging, i.e. measuring the 
range to a single point, than for scanning. When scanning is considered, the following problems 
occur in adverse weather (Grantham et al. 1997): 
 
 Dropout pixels – occur when the return laser pulse is too weak to trigger the receiver. 

Either zero or maximum range value is recorded for this pixel. This phenomenon is 
clearly associated with attenuation; 

 False returns – occur when the laser beam is scattered by falling raindrops, aerosols or 
fog particles suspended in the air and is large enough to trigger the receiver. Some of the 
transmitted laser energy is reflected by the particles, and the remainder is reflected from 
the object surface. This results in multiple return pulses. In heavy rain, the amount of 
false returns may grow considerably and the data become greatly contaminated, making 
the detection of the objects in the scene complicated. This phenomenon may be also 
called a multipath effect. It may also occur in the environments, where dust and steam are 
present. 

 
In the experiments carried out by (ibid.) with the imaging laser radar SEO (λ = 1060 nm) for the 
maximum target range of 1.2 km, aimed at the study of the degradation of laser scanning data 
quality in rain and fog, a linear relationship had been found between the number of dropout 
pixels and false returns, on the one hand, and the rainfall rate, on the other. The amount of 
dropouts was considerably larger than that of false returns for the same rain rate, which may be 
considered as good in view of the possibilities for object recognition. At the same time, it was 
discovered that the amount of dropout pixels and false returns rises exponentially as the visibility 
decreases, in both fog and rain. The dropout percentage for fog is higher and persists for larger 
visibilities than for rain, which once again shows that the effect of fog on TLS is more severe 
than that of rain. These results, although obtained for a longer range than is commonly used in 
TLS, gives quite a good idea of the expected results when using laser scanners in adverse 
weather. In the simulations conducted by von der Fecht and Rothe (1997) with long-range (> 1 
km) imaging laser radars, the nearly exponential decrease of the maximum achievable range was 
observed with the increasing rainfall rate. 

We can make several conclusions from the above discussion. First of all, the amount of 
received laser energy will depend on the atmospheric transmittance, other conditions being 
equal. As we have made clear, the attenuation of the laser signal is not a critical problem at short 
operating ranges, of a few hundred metres. However, it may be significant at the ranges of the 
order of 1 km, achievable with some scanners. A more severe problem is the false returns, 
especially in fog, which can make the point clouds unusable. For example, English Heritage in 
the specifications for laser scanning surveys does not recommend performing scanning in 
adverse weather conditions (Mills and Barber 2003). From the communication with a 
representative of Leica Geosystems it also followed that scanning in rain with the scanner Leica 
HDS 2500 is not desirable. However, since the notion “adverse weather” is quite fuzzy, one may 
decide whether it is reasonable to perform the scanning, based, for example, on equations and 
graphs given in Grantham et al. (1997), depending on the particular weather conditions and on 
the amount of “bad data” that can be tolerated in the processing. The problem of false returns in 
not very dense fog can be reduced if the laser scanner can discriminate between the first and last 
return pulses, which is the standard in ALS (Thiel and Wehr 2004). The ability to record the first 
and last pulse measurements is available in the laser scanners LMS-Z420i and LMS-Z210ii from 
Riegl, for example.  
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3.4.4. Interfering radiation 
 

The interfering radiation from an external illumination source (lamps, sunlight etc.) may 
influence the precision of range measurements if it is considerably strong compared to the power 
of the detected laser energy (Boehler and Marbs 2005). The amount of interfering radiation can 
be reduced by a narrow-band optical interference filter placed in front of the receiver lens or 
between the lens and the detector (Määttä et al. 1993; ibid.). The problem of interfering radiation 
might be avoided when scanning at night. However, some problems, such as loss of points on the 
object surface when scanning at night have been reported (Johansson 2002). 

 
3.4.5. Errors caused by the scanner instability during the survey and vibration 

 
In order to achieve high accuracy results during laser scanning, it is of great importance that the 
instrument does not move relative to the object. In this connection, a concept of constrained 
rigidity has been introduced in the meaning that there are no relative motions between the object 
and scanner (Blais et al. 2004). However, in many scanning situations the scanner is subject to 
shocks and vibrations coming from different sources (ibid.): 
 

1. Non-stability of the tripod on which the scanner is mounted due to the vibrations from the 
ground. For instance, people walking and passing vehicles may induce angular 
oscillations of more than 1 mrad, which implies more than 1 mm error at the distance of 1 
m from the scanner. Significant vibrations may also be present from operating equipment, 
when scanning in industrial environments or active construction sites.  

2. Scanning of hard-to-reach areas may be performed from scaffoldings and robotic arms, 
where the errors caused by the instability of the structure may be amplified by several 
orders of magnitude relative to the previous case. 

3. Wind may cause translational and rotational vibrations of the scanner (Thiermann and 
Rummel 1998). 

4. The scanner may be subject to single shocks during scanning, which move it from the 
initial position. 

 
Vibrations and shocks may induce large errors in the measured angles because of the scanning 
mirrors getting out of phase, and these errors are hard to quantify (Hebert and Krotkov 1992). As 
a result, point clouds become distorted, which complicates registration of multiple scans 
(Jaselskis et al. 2003; Beraldin 2004). Hence, it is very important to find adequate means of 
reducing the influence of these factors on the data quality, which are discussed below. A remark 
should be made that almost all producers of laser scanning equipment provide no specifications 
on allowable vibration limits for their equipment, which is the case, for example, for the 
coordinate measuring machines (CMMs). Existence of such specifications would provide better 
possibilities for designing adequate ways of protecting against vibration. For example, the 
vibration sensitivity range is given for the scanner Callidus CP 3200 (10 – 150 Hz). Experience 
shows that the vibrations expected in the course of scanning are in the range of 10 – 100 Hz and 
higher frequencies will be mostly damped due to the weight of the scanner and/or the object 
(Blais et al. 2004). If the work on sites subject to vibrations is expected, then a faster scanner 
should be chosen.  

The most practical and direct approach to reduce the influence of vibration is to isolate the 
scanner from vibration and shocks by means of external stabilization devices (isolators) (Hebert 
and Krotkov 1992). The following types of isolators can be used in practice (Fabreeka 2009): 
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1. Elastometric isolators (pads) – the simplest type. The natural frequencies are in the range 
5 – 20 Hz. These isolators are very flexible since an infinite range of stiffness can be 
obtained in any direction. 

2. Housed spring isolators (natural frequencies 1 – 6 Hz) – provide an improved isolation at 
larger vibration levels and used when the support structure is not sufficiently rigid for a 
stiffer isolation system. 

3. Pneumatic isolation systems (natural frequencies 0.5 – 5 Hz) – provide a very high level 
of isolation at low frequencies. 

 
The protection from vibration can be achieved by mounting the tripod with the scanner on a 
plate, which is isolated from the support structure by one of the above-mentioned methods. The 
shock isolation of a laser scanner is achieved by the use of isolators, which store the shock 
energy within them and release it over a longer period of time. The energy storage takes place by 
the deflection of the isolator (ibid.). The change of the scanner orientation during scanning due to 
the poor fitting to the tribrach and uncentred mass of the scanner have been reported by Kersten 
et al. (2004). The authors suggest that the scanner orientation should be checked at the end of the 
measurements from a given setup, by scanning and identification of a control target. 

The above-mentioned methods allow reducing vibration during the data acquisition. Another 
approach is to compensate for the consequences of vibration during the data processing stage. 
Data filtering is the most common method, but problems may still remain when large vibrations 
are present during the scanning. An interesting approach has been developed by Blais et al. 
(2004) and does not put a requirement of stability of the scanner. It has been tested for a 
triangulation-based scanner but may be also applied to a pulsed TOF scanner. The algorithm 
employed is based on the initial creation of a very rough (and distorted) model of the moving 
object and its recursive optimization using the newly acquired range information and better 
estimation of the object motion (ibid.). Note that since in case of vibration it is the relative 
displacement between the scanner and the object, which is important to know, the object 
movement may be considered instead of the scanner movement. The whole procedure is based 
on the Iterative Closest Point (ICP) algorithm.  The tests of the algorithm in (ibid.) showed that 
the accuracy of the obtained (restored) 3D model of the vibrating object was comparable to the 
case if the object were perfectly stable. 
 
3.5. Georeferencing errors 

 
In this group we include the errors associated with the chosen approach for georeferencing of the 
point clouds. Since this thesis is devoted to direct georeferencing, we decided to limit the 
discussion to the errors in direct georeferencing. The description of the errors pertained to the 
indirect approach can be found e.g. in Gordon (2005) and Reshetyuk (2006). 

A good description of the error budget for direct georeferencing is given in Lichti and Gordon 
(2004). According to this reference, the following factors influence the data quality in this case: 
 

1. Precision of the determination of the coordinates of the scanner position and 
backsight (BS) target, e.g. with a total station. It can be described by the respective 
variance-covariance matrices Cscanner and CBS. The matrix Cscanner can be computed 
in two different ways, depending on how the scanner position is determined. If the 
scanner is centred over a known point and its height is measured with a tape, the 
matrix Cscanner can be written as follows (cf. Scaioni 2005): 

 
 scanner 0 H = +C C C , (3.27) 
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where C0 is the variance-covariance matrix of the coordinates of the station point 
over which the scanner is centred, and CH is the variance-covariance matrix of the 
vertical position of the scanner centre with respect to the station point: 
 
 ( )2

H 0, 0, .Hdiag σ=C  (3.28) 
 
Here, σH is the error in the determination of the instrument height with a tape. If the 
scanner position is determined with a total station (e.g. Calidus CP 3200), the 
matrix Cscanner can be obtained by propagating the errors of the slope distances, 
horizontal directions and zenith distances, measured with the total station, into the 
rectangular coordinates. 

 
2. Precision of the azimuth (κ) from the scanner station to the backsight target: 
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= ± , (3.29) 

 
where horσ is the precision of the planar coordinates of the scanner and backsight 
target station coordinates (assumed to be homogeneous) and 0 BSd − is the distance 
between the scanner and the backsight target. It is assumed that the scanner and 
backsight station (i.e. the station at which the backsight target is placed) are 
uncorrelated. 
 

3. Setup errors:  
 
 Scanner levelling: 

 
 0.2  - error in the vertical anglelv vσ = ±  (3.30) 
 

and 
 
 tan  - error in the horizontal anglelh lvσ σ θ= ± , (3.31) 
 

where v is the sensitivity of the scanner level bubble or dual-axis compensator (in 
radians) and θ is the measured vertical angle. 

 
 Scanner and (possibly) the backsight target optical centering: 
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= ± , (3.32) 

 
where ocσ is the centering precision of the optical plummet ( 0.5 mm/mocσ =  can 
be expected). Note that if the backsight target is not centered, e.g. when a flat 
target is placed on the surface, the error will not be present for the target. 

 
 Pointing to the backsight target (with a telescope): 

 

 60́ ´
point M

σ = ± , (3.33) 
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where M is the telescope magnification. If the scanner is not equipped with a 
telescope, and the scanner orientation is realized by the scanning of a dedicated 
target (Subsect. 2.3.3) the “pointing error” will be given by Eq. (3.41). In direct 
georeferencing, the “pointing” error will only contribute to the horizontal 
direction. 

 
The variance-covariance matrix Cset of the setup errors is given as follows (Lichti and Gordon 
2004): 
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where the elements on the main diagonal are the variances of the measured range (no errors 
originating from the setup), horizontal direction and vertical angle, respectively. The total 
precision of a directly georeferenced point in the point cloud will be described by the following 
variance-covariance matrix (ibid, author’s modifications): 
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where the matrix Rie(κ) is as in Eq. (2.21) and 
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and 
 
                   2 2 2 2 2

inst ( , , ).r beam beamdiag ϕ θσ σ σ σ σ= + +C  (3.37) 
 
In Eqs. (3.36) and (3.37), rj, φj and θj are the measured range, horizontal direction and vertical 
angle to the j-th point in the point cloud, respectively, 2 2 2,  and r ϕ θσ σ σ  are their respective 
variances, which can be obtained, for example, from the manufacturers’ specifications, and σbeam 
is the uncertainty due to the beamwidth, computed with Eq. (3.10). It is assumed that only the 
errors due to the georeferencing and instrumental errors are present in Eq. (3.35). 

If the scanner orientation is determined through scanning the backsight target, the issue of the 
determination of the centre of the target arises. The coordinates of the centre should be estimated 
from a number of laser returns covering the surface of the target. This estimation process will 
introduce the target reduction error (Gordon and Lichti 2004), cf. Subsect. 2.3.1. Below, we 
discuss this issue for the two most commonly used types of targets – flat targets and spheres. 
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Target reduction error – flat targets 

Lichti et al. (2000) give three approaches to the target centre determination: 
 

1. The position where the signal strength of the returned pulse is maximum. 

2. Radiometric centre of all the returns. 

3. Radiometric centre of the 4 strongest returns. 

 
All these approaches are based on the assumption that the maximum intensity is recorded in the 
target centre. This fact is also employed in the target design, e.g. Leica targets consist of a high-
reflective spot in the target centre surrounded by a low-reflecting background. The assumption is 
violated at non-normal incidences since the recorded intensity falls off with the increase in the 
beam incidence angle. This may cause automatic target recognition algorithms used in the 
scanning software to fail leading to the need of manual target identification (Balzani et al. 2001). 
The “radiometric” approaches based on intensity averaging give more reliable results than the 
first one (Lichti et al. 2000). The coordinates of the target centre according to these approaches 
are determined by the following weighted mean (cf. ibid.): 
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where xc is the vector of the coordinates of the target centre, xj is the vector of the coordinates of 
the j-th return, Ij is recorded intensity at this return and n is number of the returns (n = 4 for the 
last approach). Evaluation of the above-mentioned approaches for the scanner Leica HDS 2500 
is given in Valanis and Tsakiri (2004). The authors have also developed the new automatic target 
identification approach, which allows reducing the target reduction error considerably, down to 
the submillimetre level. 

The precision of the coordinates of the target centre computed by Eq. (3.38) can be 
determined in a least-squares adjustment. The variance-covariance matrices 

jxC of the individual 
returns can be computed as follows: 
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and then the total variance-covariance matrix 

cxC becomes: 
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An alternative estimate of the precision σc of the target centre [having the angular 
position ( , )ϕ θ ] derived from the point cloud is given in Lichti and Gordon (2004):  
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2 3cσ Δ

= ± , (3.41) 

 
where Δ  is the angular sampling interval of the scanner, assumed to be equal in the horizontal 
and vertical directions. Besides cσ , the precision of the target centre position will depend on the 
beamwidth error beamσ [Eq. (3.10)] and observational noise. Obviously, the precision of the target 
centre position can be improved by using large number of points in the estimation, in which case 
Δ  is small (ibid).  
 
Target reduction error – spherical targets 

Spherical targets have an advantage of independence of the accuracy of the centre determination 
on the incidence angle of the beam. The only “drawback” when they are used is that just a part of 
the surface is visible to the scanner and used for the computation of the target centre position, 
which reduces the precision of the latter (Harvey 2004). The precision of the centre coordinates 
may be influenced by the very noisy laser beam returns, which, if not totally filtered out, are 
included in the computation of the best-fitting sphere and its centre by the software. This was 
observed e.g. by Kersten et al. (2004) when the results of range measurements to flat and 
spherical targets were compared, and biases of about 5 mm for the spherical targets were 
observed. In order to cope with such outliers, suitable routines for their detection should be used. 
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4. TERRESTRIAL LASER SCANNER SELF-CALIBRATION 
 
4.1. Introduction 
 
As in any surveying technique, calibration is a very important issue in TLS, and it is a 
prerequisite for the extraction of precise and reliable 3D metric information from the point 
clouds (cf. Remondino and Fraser 2006). Calibration can be defined as “the process of 
estimating the parameters that need to be applied to correct actual measurements to their true 
values” (Schofield and Breach 2007, p. 146). Most often, calibration is concerned with the 
determination of instrumental errors, i.e. “discrepancies between the real and ideal instrument” 
due to mechanical imperfections (Schulz 2007). Calibration of a terrestrial laser scanner can be 
performed with one of the following methods (ibid.): 
 
 Component calibration – the components of the instrument, e.g. laser rangefinder and 

angle measurement system, are investigated separately. This type of calibration requires 
precise knowledge of the scanner error model. However, this knowledge if often very 
limited due to proprietary design of the scanners. In addition, component calibration 
requires the access to special facilities, e.g. calibration baselines, which may not be 
readily available to the users; 

 System calibration. In this thesis, we use the definition from photogrammetry, which 
states that system calibration is “determination of the interior orientation parameters and 
all systematic errors … of all cameras (images) used in a particular project” (Gruen and 
Huang 2001, p. 2). System calibration can be performed through self-calibration. In 
photogrammetry, the latter is defined as “determination of all systematic errors (plus, 
possibly, the parameters of the interior orientation) simultaneously with all other system 
parameters (e.g. of the bundle adjustment) using the concept of additional parameter 
estimation” (ibid.). As far as TLS is concerned, one can reformulate the last definition 
slightly: self-calibration is the determination of all systematic errors of a terrestrial laser 
scanner simultaneously with all other system parameters. Unlike in component 
calibration, the knowledge of the scanner error model is not very important in system 
calibration (or self-calibration). Rather, the error model (or the correction function) is 
derived during the calibration, in a least-squares (LS) adjustment (Schulz 2007). 
Therefore, one can estimate the instrumental errors without knowledge of their sources. 

 
The method of self-calibration has shown up as a popular approach for terrestrial laser 

scanner calibration in the recent years. It has been employed in photogrammetry since the early 
1970s and is regarded as one of the most powerful calibration techniques (cf. Gruen and Beyer 
2001, pp. 163 – 164). A common procedure for laser scanner self-calibration is that one 
establishes a calibration field (normally indoors) consisting of targets. The latter can be either 
“point-based”, i.e. their centroids are used in the self-calibration (e.g. flat targets and spheres) or 
planar features. In the latter case, the coordinates of the laser returns on the surface of the planar 
feature are used. Establishment of a calibration field would not, in general, be a complicated 
matter, and therefore self-calibration can be performed by many users of TLS. The underlying 
mathematical model for the scanner self-calibration is a rigid-body transformation (also known 
as a 3D resection) between the scanner and the external coordinate systems (CSs), augmented 
with the scanner instrumental errors (calibration parameters). Hence, in laser scanner self-
calibration with the use of “point-based” targets, one estimates the following parameters: 
 
 Exterior orientation parameters (EOPs) of the scanner at a number of stations with 

respect to the external CS – the parameters of the rigid-body transformation: 
 

o 3 translations (coordinates of the scanner centre in the external CS): ΔX, ΔY, ΔZ; 
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o 3 rotations about the coordinate axes: ω, φ  (“tilt” angles), κ (“azimuth”).  

 Scanner calibration parameters (CPs), which are often called additional parameters 
(APs). See below for more details. 

 
 Object point coordinates (OPs) – coordinates of the target centres in the external CS. 

 
The calibration field is scanned from one or several scanner positions, and a self-calibrating LS 
adjustment is performed, whereby the scanner CPs and their precisions are estimated along with 
the other system parameters. 
 
4.2. Sensor modelling and network design 
 
There are two important issues that should be addressed in TLS self-calibration, in order to 
assure its success – sensor modelling and network design (cf. Gruen and Huang 2001, p. 3). 
Since TLS is a new technique, there is not much experience gained. Below, we will take a look 
at how these problems are (or can be) solved, based on the results from the previous research. 
 
4.2.1. Sensor modelling 
 
The problem of sensor modelling is perhaps the most important one in TLS self-calibration (cf. 
Lichti and Licht 2006; Bae and Lichti 2007). Since one generally has very limited (or, better, 
almost no) knowledge about the inner functioning of modern terrestrial laser scanners, due to the 
proprietary reasons, one has to make assumptions concerning the suitable error model for TLS. 
Since laser scanners operate similarly to reflectorless total stations, most researchers chose the 
total station error model as the basis for self-calibration. The calibration parameters (CPs) 
pertained to this model are first of all: 
 

 Zero and scale error of the laser rangefinder; 
 Collimation and horizontal axis errors; 
 Vertical circle index error. 

 
Other errors may be present as well (Cooper 1982). These can be regarded as physical CPs 
(Lichti 2007), since they have a definite physical interpretation. In addition, as the experience 
has shown, these CPs are the most significant ones (Lichti and Licht 2006). It is possible that 
after a self-calibrating adjustment has been performed with this set of the CPs, some systematic 
trends may still be present in the adjustment residuals (of the range, horizontal direction and 
vertical angle observations). Analysis of these trends will help to determine additional CPs, 
which are called empirical (ibid.), not explained by the total station error model. The source of 
these CPs is not necessarily apparent and they may well be instrument-dependent (Lichti 2007). 
For example, during the self-calibration of the scanner Surphaser 25HS by Lichti et al. (2007), a 
vertical angle dependent range error was found, which was not present in the scanner FARO 880 
previously calibrated by the first author. At present, the set of CPs for laser scanners consists of 
about 20 parameters. The full error models are given in Lichti (2007). One should also note that, 
although some manufacturers, e.g. FARO, provide corrections for some instrumental errors, they 
may turn out to be inadequate (Lichti and Licht 2006). Amiri Parian and Gruen (2005) used an 
extended model for a linear array based panoramic camera. However, as pointed out in Lichti 
(2007) and Lichti et al. (2007), they considered only angular systematic errors and used the 
derived pseudo-observations (2D image point observations), and not the original scanner data. 
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4.2.2. Network design 
 
The issue of network design for the purpose of camera self-calibration has been well addressed 
in photogrammetry and the recommendations of general character have been developed (see e.g. 
Fraser 1982 and 1984; Remondino and Fraser 2006). The problem of network design is normally 
subdivided into a number of sub-problems (Kuang 1996, p. 196; Fraser 1996, p. 266): 
 

 Zero-order design (ZOD): the datum problem; 
 First-order design (FOD): the configuration problem; 
 Second-order design (SOD): the weight problem; 
 Third-order design (TOD): the densification problem. 

 
Below, we discuss the first two design problems, which are most relevant for TLS self-
calibration. The network design is guided by the purpose of the self-calibration. One can 
distinguish between 3 such purposes (Gruen and Beyer 2001, p. 171): 
 

 Point positioning, i.e. the parameters of primary interest are the OPs. It is this purpose 
that is pursued in close-range photogrammetry. An often used indicator of the quality of 
the self-calibration in this case is the mean variance of the object point coordinates 
(Fraser 1982); 

 
 Optimum estimation of the EOPs; 

 
 Optimum estimation of the CPs. Obviously, this is the primary interest of TLS self-

calibration (cf. Bae and Lichti 2007). In fact, all the self-calibration experiments 
conducted so far have pursued this aim, which is no wonder since self-calibration is an 
essential part of the establishment of a sensor (in our case, laser scanner) error model 
(cf. Gruen and Huang 2001, p. 2).  

 
Hence, one can state that the purpose of the network design in TLS self-calibration is to design 
an optimal network configuration, which would satisfy the following quality indicators: 
 

 Accurate estimation of the scanner CPs, with low correlations with other system 
parameters (cf. Bae and Lichti 2007); 

 Reliability. 
 
ZOD 

Similarly to camera self-calibration, the network datum for the purpose of laser scanner self-
calibration can be defined in the following ways: 
 

1. Inner constraints. Most common are inner constraints on the OPs, which have the 
property of minimizing (in this case) the trace of the variance-covariance matrix of the 
OPs and hence yielding the best possible precision of these parameters vs. any other 
minimum constraints. This type of constraints has been used in the series of 
experiments conducted by D. D. Lichti and co-authors in 2005 – 2007. Unfortunately, it 
has an unfavourable property of increasing the correlations between the system 
parameters, primarily CPs and EOPs, as far as camera self-calibration is concerned 
(Fraser 1982). Hypothetically, this could also be the case in TLS. Therefore, this comes 
in conflict with the previously formulated optimality criterion for TLS self-calibration. 
Therefore, this is not an optimal choice of a network datum in this respect. 
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2. Minimum constraints. The most common way is to fix 6 coordinates distributed over 3 
non-collinear points. In camera self-calibration, an optimum choice of the points to fix 
is that the centroid of these points is reasonably close to the centre of the target array 
and the triangle’s area is maximum (Fraser 1984). Another possibility is to fix the 
position and orientation of one scanner station, as was done in Gielsdorf et al. (2004). 
One should note that in camera self-calibration, imposition of minimum constraints 
tends to cause large correlations between OPs and some of the CPs (Fraser 1982). 
Hypothetically, one could also expect such correlations in laser scanner self-calibration. 

 
In the literature (e.g. Fraser 2001, p. 113), the test-range calibration is treated separately from 

self-calibration. This presumes the availability of a 3D test field consisting of targets with known 
coordinates, which should be determined with the precision significantly better than the laser 
scanner ranging precision, e.g. an order of magnitude better. This requirement is important to 
meet in order to assure the accuracy of the calibration. Therefore, the datum in this case is 
overconstrained. The calibration can be performed with one or several scans (cf. ibid.). Although 
the definition is different, the same mathematical model is used as in self-calibration, with the 
only difference that the OPs are not estimated. Therefore, it is reasonable to mention this 
calibration approach in this chapter. This way of datum definition is inferior to that by inner 
constraints in self-calibration due to the necessity to establish (and probably maintain) a test field 
and due to lower accuracy of the self-calibration (Remondino and Fraser 2006). This calibration 
approach (called self-calibration) was applied to the scanner Imager 5003 by Amiri Parian and 
Gruen (2005) and Amiri Parian (2007). 
 
FOD 

Based on the experience gained with TLS self-calibration, the following recommendations on the 
network configurations can be made, as far as achievement of high accuracy of the CPs and low 
correlation is concerned (Lichti 2007): 
 

 Good distribution of the targets in the vertical dimension for the estimation of vertical 
angle dependent errors (e.g. collimation and horizontal axis errors). Obviously, how 
this requirement is satisfied will depend on the vertical FOV of the scanner being 
calibrated. Pulsed “hybrid-type” scanners with a limited vertical FOV (e.g. Trimble 
GX) will have difficulties in this respect; 

 
 Minimum 2 scanner locations for the determinability of the zero error of the laser 

rangefinder; 
 

 Orthogonal scans taken from the same nominal location in order to decorrelate EOPs 
and CPs. The efficiency of this approach was proved in Lichti and Franke (2005) and 
(ibid.). However, the results that we obtained in self-calibrations with simulated data 
(Subection 5.3.4) do not confirm this statement; 

 
 A large number of targets, which will provide high redundancy in order to be safe that 

the systematic trends in the adjustment residuals (if any) are caused solely by the 
unmodelled systematic errors. For example, the number of targets used in the series of 
experiments reported in Lichti (2007) varied between 62 and 181. 

 
These considerations are valid for the inner constraints datum.  
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Parameter correlations  

Analysis of the correlations between the parameters of the self-calibration is a means to assess 
the quality of the adjustment (cf. Skaloud and Lichti 2006). High correlations indicate instability 
of the adjustment system. In a laser scanner self-calibration, we are most interested in reducing 
the correlations between the CPs and other system parameters as well as among the CPs 
themselves. The correlations between the parameters can be caused by: 
 

 Weak network geometry, for example if the targets are not sufficiently distributed in 
the vertical dimension; 

 The type of constraint used. As mentioned above, inner constraints tend to increase 
parameter correlations. In fact, each type of constraints leads to significant 
correlations between some of the system parameters. Changing the constraint does 
not remove the correlations, but only “shifts” them to other group(s) of the 
parameters. A full account of this topic, as far as camera self-calibration is concerned, 
is given in Fraser (1982); 

 The specific parameterization adopted in the functional model. A different 
parameterization (e.g. of the rotational EOPs) might reduce the parameter 
correlations, other conditions being the same; 

 Overparameterization, i.e. using too many CPs in the adjustment and CPs, which are 
not statistically significant (cf. Fraser 1984). 

 
In fact, the correlation analysis can be considered a part of the network design (both ZOD and 

FOD). It can be performed before the actual self-calibration on simulated data in order to see 
which parameters are significantly correlated. Based on this analysis, the network configuration 
can be adjusted, and probably another datum can be chosen. Amiri Parian and Gruen (2006) and 
Amiri Parian (2007) report on a number of such simulations conducted for the purpose of finding 
an optimal network configuration (as far as the determinability of the CPs is concerned) for the 
self-calibration of panoramic cameras. Bae and Lichti (2007) performed simulations in order to 
find optimal laser scanner locations for accurate determination of the CPs in plane-based self-
calibration. In all these cases, the target (or plane) array was given and the simulations were 
concerned with finding optimal locations for the sensors. However, no such simulations have so 
far been performed for point-based self-calibration of laser scanners. 

Among the researchers who conducted laser scanner self-calibration, only Lichti and Franke 
(2005) and Lichti (2007), to the author’s knowledge, provide detailed correlation analysis of the 
estimated parameters. They report on high correlations between the CPs and EOPs, on the one 
hand, and among the horizontal direction CPs, on the other. In part, in their self-calibrations, a 
large correlation (with correlation coefficient of up to 0.86) existed between the laser rangefinder 
zero error and horizontal coordinates of the scanner centre. Lichti (2007) assumes that the reason 
was the limited size of the calibration field, and consequently, limited distribution of the ranges 
(up to 10 m). In fact, all the self-calibration experiments mentioned in Subsect. 1.3.1 featured 
this limitation. Lichti (2007) sees the solution to this problem in choosing a larger room but 
warns that this may necessitate scanning the calibration targets with higher density and thus 
increasing the data volume. However, this is valid only for those scanners in which the beam 
deflection unit has a set of pre-defined angular increments, which implies that the spacing 
between the laser returns will increase with the distance to the object. Some pulsed scanners, 
such as Leica Scan Station 2, on the opposite, have the possibility to scan only selected areas 
with high resolution at any range (up to the maximum), so-called “fine-scans”, and therefore are 
not affected by this problem. However, the determinability of the zero error is not affected by the 
distribution of ranges and therefore the size of the room. On the other hand, one should have 
sufficient variation of ranges if one is to estimate the scale error in the laser rangefinder. 
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One of the important findings made in (ibid.) is that one can reduce significantly the 
correlations between the EOPs and CPs through the inclusion of external observations into the 
adjustment, such as scanner (FARO 880) inclinometer observations. In other words, it means 
that one introduces additional stochastic information about some of the scanner EOPs. However, 
the assumption of the scanner FARO 880 being precisely levelled with the inclinometer switched 
on is not rigorously correct. As was discovered in the experiments conducted by Mechelke et al. 
(2007) with this and 3 other scanners, the changes of the vertical axis inclination are not 
compensated during the measurements, and the scanning is actually performed in an inclined 
plane. The inclinometer corrections are only used for post-processing during the registration of 
scans. One should note that the authors do not provide information about the correlations 
between the CPs and OPs. However, these correlations, if they are high, are “particularly 
damaging” (Gruen and Beyer 2001, p. 172) and therefore important to consider. 
 
4.3. Unified approach to terrestrial laser scanner self-calibration 
 
4.3.1. The concept 
 
Terrestrial laser scanner self-calibration can be performed using either parametric or mixed LS 
adjustment models (Leick 2004; Fan 2005). Usually, some variables involved in these models 
are treated as observations and others as parameters. The observations are accompanied by their 
a priori stochastic information in the form of standard deviations or variance-covariance (VCV) 
matrix. No such a priori stochastic information is given for the parameters. There is, however, an 
alternative approach to a LS adjustment, described e.g. in Mikhail (1976) and Mikhail et al. 
(2001). It is widely adopted in photogrammetry (ibid., pp. 123 – 125) and called a unified 
approach, which means that all the variables in the mathematical model are treated as 
observations by means of assigning relevant a priori weights to them (Mikhail 1976, p. 334). 
This approach is also treated in Gruen and Beyer (2001, p. 170), who call it “a general bundle 
concept”. This approach is thus very flexible since it can handle different self-calibration 
situations, which can be encountered in practice. Another advantage of this approach, important 
for laser scanner self-calibration, is that the stochastic information about all the estimated 
parameters can be easily introduced. For example, the experience has shown that the scanner 
CPs cannot be very large (refer to the publications mentioned in Subsect. 1.3.1), e.g. one cannot 
expect a zero error in the laser rangefinder larger than a few centimetres. Therefore, setting the 
respective weight to the zero error would be reasonable and consistent with reality. 

Setting weights for the EOPs deserves more attention. The above-mentioned finding 
concerning reducing the parameter correlations through scanner levelling made in Lichti (2007) 
has led us to considering the possibility of introducing additional stochastic information to all of 
the scanner EOPs into the self-calibrating adjustment. One can expect that the better is the 
knowledge about the EOPs, i.e. the better is their precision, the lower will be the correlations 
between the EOPs and CPs. Practically this can be achieved through direct georeferencing of the 
scanner during the self-calibration. Hence, in addition to the scanner levelling, one has to 
determine the coordinates of the scanner stations as well as to survey several targets for the 
scanner orientation. Another aspect of direct georeferencing is related to the datum definition. If 
the scanner is directly georeferenced, the datum defect of the design matrix is removed. One 
could speculate if this allows us to “fix” the EOPs of the scanner, determined in this way, i.e. to 
assign very large weights to them. If the scanner is placed on a conventional survey tripod and 
centred over a known point, the coordinates of its position can be determined with the precision 
of about 1 mm (in plane and height) (assuming that the precision of the known point is well 
below 1 mm). In addition, the tripod could move slightly during the scanning due to large weight 
of the scanner. Although this is better than the precision of the laser rangefinder in most modern 
scanners, it is still of similar magnitude. Therefore, fixing the scanner position in this case is not 
justified, since it may bias the estimation of the CPs. On the other hand, if the scanner is placed 
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on a firm base, e.g. a concrete pillar, and force-centred, the precision of the scanner position can 
be as high as some tenths of a millimetre, which is an order of magnitude larger than the typical 
scanner rangefinder precision. Hence, in this case, one could fix the scanner position in the 
adjustment. However, it is unlikely that such an approach will be used in practice, since it calls 
for the need to establish pillars, which reduces its flexibility. 

Similar considerations apply to the rotational EOPs. Different scanner models feature 
different levelling precision. In addition, different inclination sensors may be used. As shown in 
Mechelke et al. (2007), in pulsed scanners Leica Scan Station and Trimble GX usual dual-axis 
compensators are used, while in amplitude-modulated continuous wave (AMCW), or phase 
difference, scanners FARO 880 and Imager 5006 the inclination sensors do not provide any 
compensation. As far as the scanner azimuth determination is concerned, its precision depends 
largely on the distance to the backsight target. If the self-calibration is performed in a small 
room, e.g. like those described in Lichti (2007), the azimuth precision cannot be very high. 

In “conventional” LS adjustments the OPs are treated as parameters. Therefore, in the unified 
approach, the approximate OPs could be given infinitesimal weights. However, a more realistic 
approach would be to set these approximate values to those of the OPs in the coordinate system 
of one of the (directly georeferenced) scans taken at the calibration field. The approximate OPs 
of the targets not visible in that scan can be taken from other scans. Since the OPs are normally 
derived from high-resolution scans of the targets, their precision is potentially high (a few 
millimetres). Lower precision can be expected in very inclined scans, potentially a few 
centimetres, in the worst case. Then the weights for the OPs could be determined based on their 
expected standard deviations. Surely, if some targets are surveyed with a total station, the 
information on their precision from these measurements can be used in the adjustment. 

From the previous discussion, one can make a conclusion that the most suitable way to 
perform laser scanner self-calibration using the unified approach is not to impose any explicit 
constraints, but instead set finite weights to all the parameters based on the available stochastic 
information. In this case, the datum is defined by so-called “stochastic constraints” (Cooper and 
Robson 1996, pp. 42 – 43). In (ibid.), the authors mention the possibility to use this approach for 
camera self-calibration if its EOPs are known from a previous self-calibration. Since this may 
rarely be the case, this approach is not popular in photogrammetry, to the author’s knowledge. 
On the opposite, in TLS self-calibration one can determine the scanner EOPs directly and thus 
this way of datum definition is more practical.  

Compared to the self-calibration using datum definition through inner constraints, this implies 
somewhat larger time expenses since an extra survey has to be done. One might object that it is 
enough to have targets well distributed over the whole scanner FOV (especially in the vertical 
dimension) and take orthogonal scans, in order to provide good determinability of the CPs. 
However, as was made clear above, high correlations may still be present even with “good” 
network configuration. Second, explicit constraints (minimum or inner) by themselves may lead 
to high correlations. Finally, one should take into account that good vertical distribution of the 
targets in the scanner FOV is only possible if the vertical FOV is sufficiently large, which is 
normally the case for phase difference scanners that employ monogon mirrors for the beam 
deflection. For example, the vertical FOV of the scanner FARO 880 tested by Lichti (2007) is 
320º. On the other hand, the vertical FOV of most pulsed laser scanners is much more limited, 
for example: 
 

 Riegl LMS-Z420i, LMS-Z390i and LMS-Z210ii: 80º; 
 Trimble GX: 60º; 
 I-Site 4400LR: 80º; 
 Optech ILRIS-36D: 40º. 
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Exceptions are the pulsed laser scanners Leica HDS 3000, Leica Scan Station and Leica Scan 
Station 2 with their 270º vertical FOV, which is achieved by the dual-window design. It is 
obvious that the determinability of the CPs in the above-mentioned scanners (except Leica-
scanners) can be weak due to their predictably high correlations with the EOPs, e.g. between the 
collimation error and scanner azimuth. One might argue that the influence of the elevation 
dependent angular errors, e.g. collimation and horizontal axis errors, on the scanning results is 
not large in such scanners, due to the limited vertical FOV. However, this is only partially true, 
since the magnitude of these errors can be rather large, e.g. in the order of 1 – 2´ (Lichti 2007). 
Next, even if these errors are small, they should be considered for high-precision measurements. 
A way to accurately determine these parameters is to directly georeference the scanner during 
the self-calibration. 
 
4.3.2. The mathematical models 
 
We have developed a unified approach for laser scanner self-calibration based on the general 
formulation given in Mikhail (1976, pp. 333 – 359). The mathematical models are presented 
below. In the following derivations it is assumed that the scanner has been calibrated at an indoor 
3D calibration field, which consists of the “point-based” targets placed on the walls, ceiling and 
floor. For the sake of simplicity, we assume that only 1 scan has been taken from each scanner 
station and that all the targets are visible from each station. 

The original nonlinear condition vector equation, which describes the rigid-body 
transformation between the scanner and external CSs can be implicitly expressed as follows: 
 
 ˆ ˆ( , ) =f L X 0 , (4.1) 
 
where L̂ and X̂ denote the vectors of the adjusted observations and parameters, respectively. The 
condition equation for the j-th target scanned from the i-th scanner station will look as follows:  
  
 ( )( ) ( ) ( ) ( ) ( ) ( ) ( )ˆ ˆ( , ) ( , , ) , 1,2,..., ; 1,2,...,ii i i i i i i e

j j j scan jj i p j mω φ κ= + − = = =f L X ΔX R x X 0 , (4.2) 
 
where p is the total number of the scanner stations and m is the total number of points at the 
calibration field. The meaning of other arguments in Eq. (4.2) is explained below. ( )iXΔ denotes 
the vector of the translation parameters for the i-th scanner station: 
 
 

T( ) ( ) ( ) ( ) , 1,2,...,i i i iX Y Z i p⎡ ⎤= Δ Δ Δ =⎣ ⎦XΔ . (4.3) 
 

( ) ( ) ( )( , , )i i iω φ κR denotes the rotation matrix between the two systems for the i-th scanner station: 
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 (4.4) 

 
e
jX is the vector of coordinates of the j-th target in the external CS: 
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T

, 1,2,...,e
j j j jX Y Z j m⎡ ⎤= =⎣ ⎦X . (4.5) 

 
Finally, ( )i

scan jx is the vector of coordinates of the j-th target scanned from the i-th scanner station, 
in the scanner CS, corrected for the influence of the scanner CPs: 
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where r, φ and θ denote the range, horizontal direction and vertical angle, respectively, which are 
computed from the “uncorrected” coordinates of the targets in the scanner CS (x, y, z) as follows 
(cf. Lichti 2007): 
 

 ( ) ( ) ( )2 2 2( ) ( ) ( ) ( )i i i i
j j j jr x y z= + + , (4.7) 
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and 
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At the beginning of the self-calibration, the error terms Δr, Δφ and Δθ are modelled as follows: 
 
 0r aΔ = , (4.10) 
 
where a0 is the laser rangefinder zero error. We do not include the scale error into the model 
since the self-calibration would normally be performed in a relatively small room, with small 
variation of ranges, and therefore it would be impossible to estimate this parameter. Furthermore 
 

 ( )1
2( ) tan

cos
i

ji
j

b bϕ θ
θ

Δ = + , (4.11) 

 
where b1 and  b2 are the collimation and horizontal axis errors, respectively, and 
 
 0cθΔ = , (4.12) 
 
where c0 is the vertical circle index error. Here we used notation adopted from Lichti (2007). 

As Eq. (4.1) shows, the observations and parameters are implicitly related, and therefore we 
will have to use the linearized mixed adjustment model, or Gauss-Helmert model (cf. 
Bjerhammar 1973, pp. 278 – 281; Mikhail 1976, pp. 121 and 341; Leick 2004, p. 105; Fan 2005, 
p. 86). Below, we present derivation of this model based on Mikhail (1976, pp. 276 – 277). First, 
we will write Eq. (4.1) for the observations from all the scanner stations as follows: 
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 0 0( , ) ,+ + =f L L X δX 0Δ  (4.13) 
 
where ΔL and δX denote corrections to the approximate values of the scanner observations and 
parameters, L0 and X0, respectively. We use notation δX in order to avoid confusion with the 
vector of translation parameters ΔX(i) [cf. Eq. (4.3)]. Note that we have to introduce the 
approximations to the scanner observations, which are in fact equal to the values of the 
observations (and iterate on them, accordingly), since they are not explicit functions of the 
unknown parameters. In practice, however, one often chooses not to iterate on the observations 
(Mikhail 1976, p. 347). The linearized form of Eq. (4.13) becomes: 
 
 0 0( , ) + + =f L X BΔL AδX 0 , (4.14) 
 
where A and B are the matrices of derivatives of the function (4.2) with respect to the parameters 
and scanner observations, respectively, which are computed by: 
 

 0 0 0 0, ,
| ; |∂ ∂

= =
∂ ∂X L X L

f fB A
L X

. (4.15) 

 
Since “the final estimate of the observations L̂ must be equal to the observed values plus the 
least squares residuals, as well as the approximate values plus the corrections” (ibid., p. 277), we 
can write: 
 
 0ˆ = + = +L L V L ΔL , (4.16) 
 
where V is the vector of residuals. We define “residuals” as “corrections” to the original 
observations, following Mikhail (1976, p. 104). Then it follows from Eq. (4.16) that 
 
 ( )0= + −ΔL V L L . (4.17) 
 
If we insert Eq. (4.17) into Eq. (4.14), we obtain: 
 
  

1 1 1
, 3 ; 3 ; 6 3CPr n r un u r
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+ = = = = + +B V A δX W , (4.18) 

 
where uCP is the number of the scanner CPs and W is the misclosure vector, which is computed 
by: 
 
 ( )( )0 0 0( , )= − + −W f L X B L L . (4.19) 

 
Here, the explicit form of the function f (L0, X0) looks as follows: 
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where 
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The notation used in Eq. (4.18) implies that in the adjustment we estimate corrections to the 
approximate values of the parameters. However, in the case of self-calibration of a terrestrial 
laser scanner this is not completely true since some of the parameters, e.g. OPs can be estimated 
directly, and they do not require any approximations. Therefore, for the sake of generality, in the 
following, we will denote the vector of the parameters X instead of δX, and Eq. (4.18) will look 
as follows: 
 
 

11 1
, 3 ; 3 ; 6 3CPr n r u un r

r pm n pm u p u m
× × ×× ×

+ = = = = + +B V A X W . (4.22) 

 
The parameter vector for the whole self-calibration can be written as: 
 
 [ ]T

EOP CP OP=X X X X . (4.23) 
 
Here, XEOP, XCP and XOP are the vectors of the scanner EOPs, scanner CPs and OPs, 
respectively, cf. Sect. 5.1. The vector XEOP looks as follows: 
 
 

T(1) (2) ( )p
EOP EOP EOP EOP⎡ ⎤= ⎣ ⎦X X X X… , (4.24) 

 
where 
 
 

T( ) ( ) ( ) ( ) ( ) ( ) ( ) , 1,2,...,i i i i i i i
EOP X Y Z i pδω δφ δκ⎡ ⎤= Δ Δ Δ =⎣ ⎦X . (4.25) 

 
The vector XCP can be represented by: 
 
 [ ]T

CP rδ δ θ= Δ ΔX δΔϕ , (4.26) 
 
where δΔr, δΔφ and δΔθ are the corrections to the approximate values of the range, horizontal 
direction and vertical angle CPs, respectively: 
 
 0r aδ δΔ = , (4.27) 
 
 [ ]T

1 2b bδ δ=δΔϕ  (4.28) 
 
and 
 
 0cδ θ δΔ = . (4.29) 
 
Note that the corrections to the groups of range and vertical angle observables are in the present 
case scalars, since we consider only one systematic error in each of them (zero error and vertical 
circle index error, respectively). However, in the general case, more error terms could be present, 
and thus we would have vectors of corrections. 
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The vector XOP looks as follows: 
 
 

T

1 2
e e e

OP m⎡ ⎤= ⎣ ⎦X X X X… . (4.30) 
 
The vector of the scanner observations is given by: 
 
 

T

r ϕ θ⎡ ⎤= ⎣ ⎦L L L L , (4.31) 
 
where 
 
 

T(1) (2) ( )p
r r r r⎡ ⎤= ⎣ ⎦L L L L…  (4.32) 

 
and 
 
 

T( ) ( ) ( ) ( )
1 2 , 1,2,...,i i i i

r mr r r i p⎡ ⎤= =⎣ ⎦L … . (4.33) 
 
The expressions for Lφ and Lθ are computed in a similar way to Eqs. (4.32) and (4.33).  

Since in the unified approach the parameters are treated as observations, we should write a 
condition similar to that given by Eq. (4.16) {cf. Mikhail (1976, p. 341)}: 
 
 0 obsˆ = + = + XX X X X V . (4.34) 
 
Here, X denotes, again, corrections to the approximate values of the parameters, where 
appropriate. If the parameters can be estimated directly, X denotes the parameters themselves 
(for these parameters the corresponding part of the vector X0 is equal to 0). Xobs denotes 
“observed” values of the parameters, and VX is the vector of residuals associated with the 
“observed” parameters. It follows from Eq. (4.34) that 
 
 0 obs− = − =X XV X X X W . (4.35) 
 
Hence, the mixed adjustment model for the self-calibration of terrestrial laser scanners can be 
written as follows: 
 
 

11 1
, 3 ; 3 ; 6 3CPr n r u un r

r pm n pm u p u m
× × ×× ×

+ = = = = + +B V A X W  (4.36) 

 
and 
 
 

11 1uu u×× ×
− =X XV X W . (4.37) 

 
We can write Eqs. (4.36) and (4.37) more explicitly as  
 

 
6 1

1 16 3 1

3 1

CP CP

EOP
p

EOP CP OP CPr n n rr p r u r m u

OP
m

×

× × ×× × × ×

×

⎡ ⎤
⎢ ⎥
⎢ ⎥⎡ ⎤

+ =⎢ ⎥⎢ ⎥
⎣ ⎦ ⎢ ⎥

⎢ ⎥
⎢ ⎥⎣ ⎦

X

B V A A A X W

X

 (4.38) 
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and 
 

 
6 6 6 1 6 6 6 1 6 1

1 1 1

3 3 3 3
3 1 3 1 3 1

CP CP CP CPCP CP CP

EOP EOP EOP
p p p p p p p

CP CP CPu u u uu u u

OP OP OPm m m m
m m m

× × × × ×

× ×× × ×

× ×
× × ×

⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥− =⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦

V X WI I

I V I X W

I IV X W

. (4.39) 

 
In Eqs. (4.38) and (4.39) we have decomposed, for the sake of convenience, the matrix A and 
each of the vectors X, WX and VX into three parts corresponding to: 
 

 EOPs of the scanner at each station (AEOP, XEOP, WEOP, VEOP); 

 Scanner CPs (ACP, XCP, WCP, VCP); 

 Ops (AOP, XOP, WOP, VOP). 

We can further combine these two equations into one: 
 

 
6 6 6 6

3 3 3 3

CP CP CP CP

EOP CP OP

EOP
p p p pEOP EOP

CP
CP CPu u u u

OP
OP OP

m m m m

× ×

× ×

× ×

⎡ ⎤ ⎡ ⎤
⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎡ ⎤−⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥+ =⎢ ⎥ ⎢ ⎥ ⎢ ⎥−⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦−⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

B A A AV W
XI I O OV W
XI O I OV W
X

V WI O O I

 (4.40) 

 
or 
 
 

´ ´ ´ 1´ 1 ´ 1
, ´ ´ 6 3CPr n r u un r

r n r p u m
× × ×× ×

+ = = = + + +B V A X W . (4.41) 

 
The design matrix B is computed as follows: 
 
 r ϕ θ⎡ ⎤= ⎣ ⎦B B B B , (4.42) 
 
where 
 
 ( )(1) (2) ( )p

r r r rblkdiag=B B B B…  (4.43) 
with 
 

 
( ) ( ) ( )

( ) 1 2
( ) ( ) ( )

1 2

, 1,2,...,
i i i

i m
r i i i

m

blkdiag i p
r r r

⎛ ⎞∂ ∂ ∂
= =⎜ ⎟∂ ∂ ∂⎝ ⎠

f f fB … , (4.44) 

 
where “blkdiag” denotes a block-diagonal matrix. The expressions for Bφ and Bθ are computed 
in a similar way to Eqs. (4.43) and (4.44). The expressions below show how the components of 
the design matrix A are computed. The submatrix AEOP is computed by: 
 
 ( )(1) (2) ( )p

EOP EOP EOP EOPblkdiag=A A A A… , (4.45) 
 
where 
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( ) ( ) ( )
1 1 1

( ) ( ) ( )3 3

( ) ( ) ( )
2 2 2

( ) ( ) ( ) ( )3 3

( ) ( ) ( )

( ) ( ) ( )3 3

, 1,2,...,

i i i

i i i

i i i

i i i i
EOP

i i i
m m m

i i i

i p

ω φ κ

ω φ κ

ω φ κ

×

×

×

⎡ ⎤∂ ∂ ∂
⎢ ⎥∂ ∂ ∂⎢ ⎥
⎢ ⎥∂ ∂ ∂
⎢ ⎥= =∂ ∂ ∂⎢ ⎥
⎢ ⎥
⎢ ⎥

∂ ∂ ∂⎢ ⎥
⎢ ⎥∂ ∂ ∂⎣ ⎦

f f fI

f f fI
A

f f fI

. (4.46) 

 
The submatrix ACP can be written as follows: 
 

 ( ) ( ) ( )
TT T T(1) (2) ( )p

CP CP CP CP
⎡ ⎤= ⎢ ⎥⎣ ⎦

A A A A… , (4.47) 

 
where 
 

 

( ) ( ) ( )
1 1 1

( ) ( ) ( )
2 2 2

( )

( ) ( ) ( )

, 1,2,...,

i i i

i i i

i
CP

i i i
m m m

r

i pr

r

θ

θ

θ

⎡ ⎤∂ ∂ ∂
⎢ ⎥∂Δ ∂ ∂Δ⎢ ⎥
⎢ ⎥∂ ∂ ∂
⎢ ⎥= =∂Δ ∂ ∂Δ⎢ ⎥
⎢ ⎥
⎢ ⎥
∂ ∂ ∂⎢ ⎥

⎢ ⎥∂Δ ∂ ∂Δ⎣ ⎦

f f f
Δ

f f f
A Δ

f f f
Δ

ϕ

ϕ

ϕ

. (4.48) 

 
In Eq. (4.48), Δr and Δθ are the same as in Eqs. (4.10) and (4.12), respectively. Recall that in the 
present case they are scalars since we have only one error term for the observation groups of 
ranges and vertical angles. In general, they would be vectors of the relevant error terms. The 
vector Δφ is given by: 
 
 [ ]T

1 2b b=Δϕ . (4.49) 
 
Finally, the submatrix AOP can be written as follows: 
 

 
T

(1) (2) ( )

3 3 3 3 3 3

p
OP m m m m m m× × ×

⎡ ⎤= − ⎣ ⎦A I I I… . (4.50) 

 
The apriori VCV matrix of the adjustment problem [Eqs. (4.40) and (4.41)] is computed by: 
 

 
( ) ( )

( )1 1 1 1 1,
EOP CP OP EOP CP OP

EOP CP OP

blkdiag blkdiag

blkdiag − − − − −

= = =

= =

C C C C C Q Q Q Q

P P P P P
 (4.51) 

 
where C, Q and P denote, respectively, the variance-covariance, cofactor and weight matrices. 
At the beginning of the LS adjustment, we assume that the a priori variance factor 2

0σ (a unitless 
quantity) is equal to 1.0. Therefore, the variance-covariance and cofactor matrices are identical. 
In Eq. (4.51) it is assumed that all the system parameters are uncorrelated. 
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The following expressions show how the components of the VCV matrix C are computed: 
 
 ( )rblkdiag ϕ θ=C C C C , (4.52) 
 
where  
 2

r r pm pm
σ

×
=C I , (4.53) 

 
 2 2( )beam pm pmϕ ϕσ σ

×
= +C I  (4.54) 

and 
 
 2 2( )beam pm pmθ θσ σ

×
= +C I . (4.55) 

 
Here, σr, σφ and σθ are the a priori standard deviations of the measured range, horizontal direction 
and vertical angle, respectively. They can be taken from the manufacturer’s specifications, for 
example. The standard error σbeam is due to the positional uncertainty of the range measurement 
within the laser beam footprint on the object surface, and is equal to ¼ of the beamwidth (Lichti 
and Gordon 2004), cf. Eq. (3.10). This error is important to consider in the self-calibration of 
laser scanners with large beam divergence (for example, Callidus CP 3200), while for the 
scanners with narrow beams it has a minor influence on the results of the self-calibration. 

The submatrix CEOP is computed as follows: 
 
 ( )(1) (2) ( )p

EOP EOP EOP EOPblkdiag=C C C C… , (4.56) 
 
where 
 
 ( )( ) ( ) ( ) ( ) ( ) ( )

( ) 2 2 2 2 2 2, , , , , , 1,2,..., .i i i i i i
i

EOP X Y Z
diag i p

ω φ κ
σ σ σ σ σ σ

Δ Δ Δ
= =C  (4.57) 

 
The submatrix CCP is given by: 
 
 ( )CP blkdiag= rC C C CΔ Δϕ Δθ , (4.58) 
 
where rCΔ , CΔϕ and CΔθ are the diagonal variance-covariance matrices of the a priori estimates 
of the CPs. Furthermore 
 
 ( )1 2 mOP OP OP OPblkdiag=C C C C… , (4.59) 
 
where  
 ( )2 2 2 , 1,2,...,

j j j jOP X Y Zdiag j mσ σ σ= =C . (4.60) 

 
In Eq. (4.60) 2

jXσ , 2
jYσ  and 2

jZσ are the a priori variances of the OPs. 
At the beginning of the first iteration, the vectors associated with the “observed” parameters 

in Eq. (4.39) become 
 
 

T(1) (2) ( ) , 1,2,...,p
EOP EOP EOP EOP i p⎡ ⎤= =⎣ ⎦L L L L… , (4.61) 
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where 
 
 T( ) ( ) ( ) ( ) ( )0 ( ) ( )0 ( ) ( )0 ( ) , 1,2,...,i i obs i obs i obs i i obs i i obs i i obs

EOP X Y Z i pω ω φ φ κ κ⎡ ⎤= −Δ −Δ −Δ − − − =⎣ ⎦L , (4.62) 
 
 

T0 0 0obs obs obs
CP r r θ θ⎡ ⎤= Δ − Δ Δ Δ⎣ ⎦L Δ Δϕ − ϕ −  (4.63) 

 
and 
 
 

T

1 1 1
obs obs obs obs obs obs

OP m m mX Y Z X Y Z⎡ ⎤= − ⎣ ⎦L … . (4.64) 
 
Here, the zero superscripts denote the approximate values of the parameters and superscripts 
“obs” denote their “observed” values. When the scanner is levelled, the values of the quantities 

( )i obsω and ( )i obsφ are equal to zeros. At the beginning of the first iteration, the approximate values 
of the parameters can be set to their “observed” values. With this assumption, we have at the 
beginning of the k-th iteration: 
  
 

T(1) (2) ( ) , 1,2,...,p
EOP EOP EOP EOP i p⎡ ⎤= =⎣ ⎦L L L L… , (4.65) 

 
where 
 

 
T1 1 1

( ) ( ) ( ) ( ) ( )[ ] ( )[ ] ( )[ ]

1 1 1

, 1,2,...,
k k k

i i obs i obs i obs i t i t i t
EOP

t t t

X Y Z i pδω δφ δκ
− − −

= = =

⎡ ⎤= −Δ −Δ −Δ =⎢ ⎥⎣ ⎦
∑ ∑ ∑L  (4.66) 

 
and 

 
T1 1 1

[ ] [ ] [ ]

1 1 1

k k k
t t t

CP
t t t

rδ δ θ
− − −

= = =

⎡ ⎤= Δ Δ⎢ ⎥⎣ ⎦
∑ ∑ ∑L Δδ ϕ  (4.67) 

 
and the vector LOP remains unchanged. 

Since we iterate on the scanner observations, we compute an “updated” vector L0 after each 
iteration. After the k-th iteration, this vector is computed as follows: 
 
 0

k k= +L L V , (4.68) 
 
where L is the vector of the original scanner observations and Vk is the vector of the 
observational residuals after the k-th iteration. After the adjustment has converged, the final 
adjusted values of the scanner observations are computed by (cf. Mikhail 1976, p. 347): 
 
 ˆ

final= +L L V  (4.69) 
 
where Vfinal is the vector of the observational residuals after the last iteration. 

The system of normal equations for X can be written as follows: 
 
 =NX U  (4.70) 
 
with 
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T 1 T 1 T 1

T 1 T 1 T 1 T 1

T 1 T 1 T 1

EOP EOP EO EOP CP EOP OP

CP EOP CP CP CP CP OP

OP EOP OP CP OP OP OP

− − −

− − − −

− − −

⎡ ⎤+
⎢ ⎥= = +⎢ ⎥
⎢ ⎥+⎣ ⎦

A M A P A M A A M A
N A M A A M A A M A P A M A

A M A A M A A M A P
 (4.71) 

 
and 
 

 

T 1

T 1 T 1

T 1

EOP EOP EOP

CP CP CP

OP OP OP

−

− −

−

⎡ ⎤−
⎢ ⎥= = −⎢ ⎥
⎢ ⎥−⎣ ⎦

A M W P W
U A M W A M W P W

A M W P W
. (4.72) 

 
In Eqs. (4.71) and (4.72), the matrix M  is given by: 
 
 ( )1 T 1 1 1

EOP CP OPblkdiag− − − −= =M BP B M P P P , (4.73) 
 
where 
 
 1 T−=M BP B , (4.74) 
 
and the solution becomes 
 
 1ˆ −=X N U  (4.75) 
 
with the vector of residuals 
 
 1 T 1ˆ ˆ( )− −= −V P B M W AX , (4.76) 
 
the estimated variance of unit weight 
 

 
T T T T T

2
0

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ
ˆ

´
EOP EOP EOP CP CP CP OP OP OP

r u r
σ + + +

= =
−

V PV V PV V P V V P V V P V  (4.77) 

 
and cofactor matrix 
 
 1 T 1 1 T 1 1( )− − − − −= −VQ P B M M AN A M BP . (4.78) 
 
 
 
Inner constraints 

If, instead of introducing the OPs as observations, we introduce inner constraints on these 
coordinates in order to remove the datum defect of the design matrix, the equations given above 
will change as explained below. In the context of the unified approach, the inner constraints can 
be specified as 
 

 
6 3 6 16 1

EOP

c CPm

OP

× ××

⎡ ⎤
⎢ ⎥⎡ ⎤+ =⎢ ⎥⎣ ⎦
⎢ ⎥⎣ ⎦

X
V O O D X O

Xδ
, (4.79) 
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where Vc is the vector of residuals associated with the constraints, and D is the inner constraint 
matrix of standard form (Fan 2005, p. 153): 
 

 0 0 0 0
1 1

0 0 0 0
1 1

0 0 0 0
1 1

1 0 0 1 0 0
0 1 0 0 1 0
0 0 1 0 0 1
0 0

0 0
0 0

m m

m m

m m

Z Y Z Y
Z X Z X
Y X Y X

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥

= ⎢ ⎥− −⎢ ⎥
⎢ ⎥− −
⎢ ⎥− −⎢ ⎥⎣ ⎦

D

…
…
…
…
…
…

. (4.80) 

 
Here, 0

1X ,…, 0
mZ are the approximate values of the OPs. Note that in this case we do not estimate 

the OPs directly, but the corrections to their approximate values. Then Eq. (4.40) will change to 
the following matrix equation: 
 

 
6 6 6 3

6 1

6 6 6 6

CP CP CP CP

EOP CP OP

EOP
mc

CP
EOPp p p p EOP

OP
CP CPu u u u

× ×
×

× ×

× ×

⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎡ ⎤ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ + =⎢ ⎥ ⎢ ⎥− ⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎣ ⎦⎢ ⎥ ⎢ ⎥−⎣ ⎦ ⎢ ⎥⎣ ⎦⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

B A A A WV
XI O O D OV
XI I O OV WX

VI O I O W
δ

 (4.81) 

 
or 
 
 

´´ ´´ ´´ 1´´ 1 ´´ 1
, ´´ ´´ 6( 1) CPr n r u un r

r n r p u
× × ×× ×

+ = = = + + +B V A X W  (4.82) 

 
In this case the apriori VCV matrix of the adjustment problem is: 
 

 
( ) ( )

( )1 1 1 1 1,
c EOP CP c EOP CP

c EOP CP

blkdiag blkdiag

blkdiag − − − − −

= = =

= =

C C C C C Q Q Q Q

P P P P P
 (4.83) 

 
where C, Q and P denote, respectively, the variance-covariance, cofactor and weight matrices. 
As before, we assume at the beginning of the LS adjustment, that the a priori variance factor 2

0σ  
(a unitless quantity) is equal to 1.0. Hence, the variance-covariance and cofactor matrices are 
identical. Cc, Qc and Pc are, respectively, the variance-covariance, cofactor and weight matrices 
of the “observations” arising with the constraints. In practice, the matrices Cc and Qc can be set 
to identity matrices multiplied with a very small number. Therefore, the diagonal elements of the 
matrix Pc will approach infinity. 

The system of normal equations for X, when inner constraints are used, looks as follows: 
 
 =NX U  (4.84) 
 
with 

 
T 1 T 1 T 1

T 1 T 1 T 1 T 1

T 1 T 1 T 1 T

EOP EOP EOP EOP CP EOP OP

CP EOP CP CP CP CP OP

OP EOP OP CP OP OP c

− − −

− − − −

− − −

⎡ ⎤+
⎢ ⎥= = +⎢ ⎥
⎢ ⎥+⎣ ⎦

A M A P A M A A M A
N A M A A M A A M A P A M A

A M A A M A A M A D P D

 (4.85) 
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and 
 

 

T 1

T 1 T 1

T 1

EOP EOP EOP

CP CP CP

OP

−

− −

−

⎡ ⎤−
⎢ ⎥= = −⎢ ⎥
⎢ ⎥⎣ ⎦

A M W P W
U A M W A M W P W

A M W
. (4.86) 

 
In Eqs. (4.85) and (4.86), the matrix M is computed by: 
 
 ( )1 T 1 1 1

c EOP CPblkdiag− − − −= =M BP B M P P P , (4.87) 
 
where the matrix M is computed with Eq. (4.74). The solutions for X, V and VQ follow from 
Eqs. (4.75), (4.76) and (4.78), respectively. The estimated a posteriori variance factor becomes 
 

 
T T T T T

2
0

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ
ˆ

´ 6 3
c c c EOP EOP EOP CP CP CP

r u r m
σ + + +

= =
− + −

V PV V PV V P V V P V V P V . (4.88) 

 
The proposed self-calibration approach has been implemented in a computer program written in 
MATLAB®. In the program, it is possible to handle situations when several scans are taken from 
the same scanner station and situations when not all the targets at the calibration field are 
scanned from each setup. 
 
4.3.3. Variance component estimation and gross error detection 
 
In any least-squares estimation, it is important to use correct weights of the observations, and so 
also in the laser scanner self-calibration. Since the self-calibrating adjustment involves scanner 
observations of different types – ranges, horizontal directions and vertical angles, – it is 
especially important to know their relative precision. It is possible to obtain the information of 
the precision of the scanner observables from the manufacturers’ specifications. However, 
sometimes these specifications are not reliable and have to be verified. A solution to this 
problem can be to estimate the observational precision using a posteriori variance component 
estimation (Fan 2005). The weights estimated in this way will provide “better parameter 
estimates and realistic accuracy estimates” of the parameters. In addition, the correct weights are 
also important for statistical testing of the estimated quantities (Persson 1981), if such testing is 
to be performed. There exist a number of variance (and covariance) component estimators. The 
most well-known of them are Helmert’s method, the Best Quadratic Unbiased Estimate (BQUE) 
and Minimum Norm Quadratic Unbiased Estimate (MINQUE) (Fan 2005; Sjöberg 1983). 
Another group of the estimators includes several simple methods based on the analysis of the 
residuals for each group of the observations corresponding to different variance components 
(Fan 2005, p. 186). One estimator belonging to this group, which we will use in the following, is 
that developed by W. Förstner and described in Persson (1981) and Fan (2005, p. 202). 

The observations used in the adjustment can be falsified by gross errors, or outliers, which 
change the distribution of the observations (Koch 1999, p. 255). It is well known that least-
squares estimates are very sensitive to gross errors, namely the effect of the latter is distributed 
over many observations, which makes their detection very difficult (Krarup et al. 1980). In order 
to detect the gross errors and remove them from the adjustment, one can use statistical methods, 
e.g. Baarda’s Data Snooping (Fan 2005, p. 194).  However, this method is time-consuming since 
it requires repeated adjustments with successive exclusion of the “suspected” observations. In 
addition, it is based on the adjustment, which is probably contaminated by gross errors (Valero 
and Moreno 2005). The method does not ensure correct results when multiple outliers are present 
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(Krarup et al. 1980). As an alternative to the statistical methods, robust parameter estimators 
have been developed, which can be defined as estimators, which are insensitive to outliers in the 
observations. These estimators do not minimize the sum of squares of the observational 
residuals, as least squares, but more suitable score functions. They are called M-estimators since 
they can be derived by maximum-likelihood estimations (Koch 1999, p. 255). Numerically, the 
estimation is performed by iteratively reweighted least squares. After each iteration, the residuals 
are examined and if the magnitude of some of them falls outside a defined range, the weights of 
the corresponding observations are reduced. Thus, the robust estimators locate and potentially 
eliminate the outliers automatically, which is an advantage compared to the statistical methods 
(Leick 2004, p. 162). 

In order to succeed with the a posteriori variance component estimation, the gross errors have 
to be removed. On the other hand, the VCV matrix of the observations should be correct in order 
to detect the gross errors successfully (cf. Persson 1981; Fan 2005). For this reason, variance 
component estimation and gross error detection can, and should, be performed simultaneously. 
The corresponding methods have been developed by e.g. Li (1983) (see also the description in 
Fan 2005, p. 202) and Persson (1981). In the laser scanner self-calibration according to the 
unified approach, we use the modified method by Persson (1981), which combines robust 
estimation with the variance component estimation using Förstner’s method.  

The parameter estimation is performed with the Danish method (Krarup et al. 1980). This is a 
popular robust estimator, whose advantages over other robust methods are rapid convergence 
and the fact that the estimates are equal to the LS estimates, if the observations are free from 
gross errors (Wieser and Brunner 2002). It should be mentioned that the Danish method builds 
on iteratively reweighted least squares, as other M-estimators. Therefore it can be comparatively 
easy to implement it in adjustment software based on least squares. In its original form, the 
Danish method is applicable only to homogeneous and uncorrelated observations. Since in the 
self-calibration the observations (both scanner observations and observed parameters) are 
heterogeneous, i.e. ranges, horizontal directions, vertical angles, etc., we use the modified 
Danish method proposed by Berberan (1995). First, a LS adjustment is performed with the VCV 
matrix computed as described in Subsect. 4.3.2. Afterwards, the new (diagonal) weight matrix, 
which is called the equivalent weight matrix (cf. Wieser and Brunner 2002), is computed with 
the following weights based on the adjustment residuals (Berberan (1995), author’s 
modifications): 
 

and 
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⎝ ⎠

= <

 (4.89) 

 
where

il
σ and vi are, respectively, the a priori standard deviation and residual of the i-th 

observation (scanner observation or observed parameter). According to this weighting principle, 
observations having large residuals are considered outliers, and their weights are reduced using 
an exponential function of the residuals. Hence, the influence of the outliers on the solution is 
reduced very fast. If the approximate values of the parameters are inaccurate, the residuals (for 
correct observations) after the first iteration can be large. Therefore, reweighting starts after the 
second iteration in order to avoid deweighting of the correct observations, and it is made after 
each iteration. The iterations are continued until convergence is achieved. In our case, the 
convergence criterion is that the changes in the values of the parameter estimates do not exceed 
the threshold (10-8 m for the linear parameters and 10-8 rad for the angular parameters). It may 
happen that an observation is erroneously identified as outlier in one iteration. If this happens, its 
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weight is restored to the original weight in subsequent iterations. This procedure is called 
backward testing (Wieser and Brunner 2002). 

After the adjustment procedure has converged, the reason for deweighting the observations, if 
any, is investigated. In the literature, one may see different descriptions of how to treat the 
outliers detected during robust estimation (including the Danish method). Some authors (e.g. 
Zhong 1997; Wieser and Brunner 2002) compute the robust estimate with the equivalent weight 
matrix. The errors of the outlying observations have normal distribution with expectation zero 
but with an increased variance (cf. Wieser and Brunner 2002), and their influence on the solution 
is reduced. On the other hand, Koch (1999, p. 255) suggests first to investigate if the 
observations identified as outliers are actually “true” outliers. If they are, they have to be 
eliminated, and the parameter estimation should be performed with usual least squares. In the 
self-calibration, we use the first approach, i.e. we compute the robust estimate with the 
equivalent weight matrix. Afterwards, we estimate the variance components with the Förstner’s 
method. Note that in our case we have both the scanner observations and the observed 
parameters. We perform estimation of the variance components only for the former, which are 
subdivided into three groups – range, horizontal directions and vertical angles, cf. Eq. (4.31). 
The vector of residuals for these observations is divided in the corresponding way. The VCV 
matrix of the scanner observations is subdivided as shown in Eq. (4.52). Then we compute the 
estimates of the variance factors for each group as follows (cf. Persson 1981; Sjöberg 1984; Fan 
2005, p. 202): 
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where ˆ

iV is the vector of the estimated residuals for the i-th group, Pi is the weight matrix for the 
i-th group, and Ri is the total redundancy of all observations for the i-th group (Fan 2005, p. 
202): 
 
 ( )ˆ

ii iR tr= VQ P . (4.91) 

 
Here, ˆ

iVQ is the cofactor matrix of ˆ
iV . Afterwards, we perform an F-test in order to determine if 

the values of 2
0ˆ iσ are significantly different from their a priori values. If they are not, the result of 

the self-calibration is accepted. If they are significantly different, a new (a posteriori) weight 
matrix is computed using the estimates 2

0ˆ iσ , and the whole procedure is repeated from the 
beginning. The previously reduced weights for the observations detected as outliers are not 
changed. Once the F-test is passed, the result of the self-calibration is accepted. One should note 
that the estimates of the variance factors obtained with Förstner’s method are unbiased if the a 
priori weights are correct. Otherwise, they are not necessarily unbiased. However, if the bias is 
small it can hopefully be reduced if Förstner’s method is applied iteratively (Persson 1981). The 
difference of our procedure to that proposed in (ibid.) is that we use robust parameter estimation 
(the modified Danish method) instead of Data Snooping and apply a different statistical test to 
the estimates 2

0ˆ iσ . 
 
4.3.4. Self-calibration simulations 
 
In order to test the performance of the proposed self-calibration approach as well as to find 
optimal network geometry in the sense that the correlations among the CPs, on the one hand, and 
the CPs and other system parameters, on the other, are low, we performed self-calibration 
simulations. The simulations were performed for the scanner Leica Scan Station. We simulated a 
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calibration field in a room of size 12 x 9 x 3, similar to that used in some of the self-calibration 
experiments reported by Lichti (2007). The simulated target array consisted of 144 targets evenly 
distributed throughout the room space and placed on the walls, floor and ceiling. The range of 
the vertical angles was -45º … 83º, and therefore practically the whole vertical FOV of the 
scanner Leica Scan Station was covered. However, in this case we had limited variation of the 
ranges (up to 10 m). 

In the simulations, we considered the network configurations with 2 and 4 scanner stations, 
with different number of scans from each station and different scanner heights (see Table 4.1 for 
more details). 
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Figure 4.1. Network configurations used in the self-calibration simulations: a) with 2 scanner stations, b) 

with 4 stations. 
 

Table 4.1. Details of the network configurations in the self-calibration simulations 
 

Details of network configuration 

No. Number 
of stations 

Number of scans
from each 

station 
Scanner heights at each station 

1 2 1 The same (1.5 m) 
2 2 1 Different (the difference is 0.4 m)  
3 2 2, orthogonal The same (1.5 m) 
4 2 2, orthogonal Different (max difference is 0.4 m) 
5 2 4, orthogonal The same (1.5 m) 
6 2 4, orthogonal Different (max difference is 0.4 m) 
7 4 1 The same (1.5 m) 
8 4 1 Different (the difference is 0.4 m)  
9 4 2, orthogonal The same (1.5 m) 
10 4 2, orthogonal Different (max difference is 0.4 m) 

 
The simulated values of the CPs added to the simulated scanner observations are shown in Table 
4.2, and the stochastic properties of the variables in the self-calibrating adjustment are 
summarized in Table 4.3. 
 

Table 4.2. Simulated CPs in the self-calibration 
 

Calibration parameters Value 
Zero error in the laser rangefinder, a0, mm 10 
Collimation error, b1, º 0.020 
Horizontal axis error, b2, º 0.020 
Vertical circle index error, c0, º 0.020 
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The a priori standard deviations of the scanner observations were taken from the manufacturer’s 
specifications, and the error σbeam was considered negligible. The a priori standard deviations of 
the CPs were set based on the results from the self-calibration experiments performed by other 
researchers previously (see Subsect. 1.3.1), i.e. one cannot normally expect systematic errors in 
the scanner larger than the standard deviations shown in Table 4.3. However, the weights of 
these parameters are already so small that these parameters are “free” in the adjustment, and the 
use of larger weights would not lead to any considerable difference in the adjustment results. 
 

Table 4.3. Stochastic properties of the variables involved in the self-calibration simulations 
 

Variable Notation Standard deviation 
Scanner observations: 
Range, m r 0.004 
Horizontal direction, º φ 0.0034 
Vertical angle, º θ 0.0034 
EOPs: 
Coordinates of the scanner centre, m XYZσ Δ  0.001 
“Tilt” angles ω, φ , º levelσ  0.0004 (=1.5´´) 
Scanner orientation angle (azimuth) κ, º azσ  1000 
OPs, m XYZσ  0.100 
CPs: 
Linear CPs (zero error in this case), m σlin 0.100 
Angular CPs, º σang 1.000 

 
The a priori standard deviations of the coordinates of the scanner centre were set taking into 
account the practically achievable precision of the scanner centring (0.5 mm/m with the optical 
plummet) and by measuring the instrument height with a tape (1 mm). The error in the 
coordinates of the control points over which the scanner is set up was considered negligible. The 
precision of the scanner levelling was set according to the manufacturer’s specifications. On the 
other hand, the a priori precision of the scanner azimuth was set to 1000º, i.e. this parameter was 
practically held totally “free” in the adjustment. This was done due to the fact how scanner 
orientation is performed with Leica Scan Station. The scanner is oriented by scanning with very 
high resolution a target with known coordinates, and since the scanner position is known, the 
azimuth can be computed. This routine is quite fast and convenient to be used in practice. 
However, the scanner azimuth determined in such a way is not an independent observation, and 
it is affected by the horizontal direction CPs (if any) in the same way as other horizontal 
direction measurements. This means that we cannot compute the a priori standard deviation of 
the scanner azimuth simply through the propagation of the random errors in the horizontal 
direction observations and in the planar coordinates of the scanner and the backsight. The 
standard deviation computed in this way could be too optimistic. On the other hand, we use 2- 
and 4-station configurations, the scanner is levelled at each station, and the coordinates of its 
centre are known. Therefore, the network datum is already defined, and one does not need to 
determine the azimuth at each station. Consequently, this means that it is sufficient to determine 
only the coordinates of the scanner stations. However, if a different scanner is calibrated, whose 
azimuth can be determined independently, e.g. with a telescope, one can survey a few targets for 
the purpose of scanner orientation. In addition, if the precision of the scanner levelling is not 
quite high, one should include a few known targets in the network in order to stabilize the 
adjustment. 

The a priori standard deviations of the OPs were set based on the assumption that the 
coordinates of the targets from the scan taken from one of the scanner stations can be used as 
their a priori values. In the self-calibration of a pulsed laser scanner, when the targets are 
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scanned with high resolution, their relative positions can be estimated quite precisely, e.g. at the 
level of some millimetres. However, since the scanner measurements, from which the 
coordinates of the targets are computed, can be impaired by the unknown systematic errors, we 
have to take this into account. Normally, one cannot assume errors in the target coordinates 
larger than a few centimetres. The errors in the targets located at steep incidence angles might be 
larger than in those located at normal incidence. We have chosen the value of 10 cm as the a 
priori precision of the OPs in order not to put too large weights on these parameters. The OPs 
were assumed to be uncorrelated. One should note that the weights assigned to the OPs are 
already sufficiently small in order to “loose” the latter in the adjustment, similarly to the case 
with the weights for the CPs. Finally, we added random noise to the simulated scanner 
observations, coordinates of the scanner centre and “tilt” angles, with the standard deviation 
corresponding to the respective observation. We performed 2 series of simulations following 
Table 4.1. In the first series, we did not include any known points in the network. In the second 
series, we assigned the a priori standard deviations of 1 mm to the XYZ coordinates of 3 points, 
well distributed over the room, and included them in the simulations in order to study their 
influence on the results. The simulations were carried out with conventional least squares, since 
no outliers were known to be present in the observations. 
 
Results 

The results of the simulations are summarized in Appendix 1 and plotted in Figures 4.2 and 4.3. 
The table in Appendix 1 has been compiled in a way similar to that used by Amiri Parian and 
Gruen (2006), i.e. the table contains information on the estimated CPs and their standard 
deviations, correlation coefficients (maximum absolute values) and mean standard deviations of 
the EOPs and OPs. Since in the scanner self-calibration we are mostly interested in the accurate 
estimation of the CPs, we provide the correlation coefficients only between these and other 
system parameters. In the following discussion, the correlation coefficients will be denoted by ρ. 

Analysis of the results of the simulations shows the following: 
 

1. As Figure 4.2 and Appendix 1 show, the zero error, horizontal axis error and vertical 
circle index error are determined with very high precision, under all network 
configurations. The standard deviations of these parameters are about 1 order of 
magnitude smaller than the estimates, and the latter agree well with the simulated values. 
On the other hand, the collimation error b1 is undeterminable under the 2-station network 
configurations, and it is highly correlated with the scanner azimuth κ (ρ about -0.8). In 
part, under 2-station network configurations with only 1 scan from each station, the 
estimates of b1 are completely different from the simulated values. Due to taking multiple 
scans from the same nominal position, the standard deviation of b1 is reduced and the 
estimates tend to agree with the simulated values, although they are still more variable 
than those of c0 and b2. However, taking multiple scans does not decrease the correlation 
between b1 and κ. On the other hand, the correlations between c0, b2 and ω, φ  do 
decrease, although not to a considerable extent. The results presented in Figure 4.3 and 
Appendix 1, therefore, do not confirm the statement made in Lichti (2007) that 
orthogonal scans taken from the same nominal position help to reduce the EOP – CP 
correlations. One might speculate that the reason for such results could be that the 
vertical FOV of the scanner Leica Scan Station (the lower limit is -45º) is less than that of 
the scanner FARO 880 (the lower limit is -70º) calibrated by this author. However, the 
size of the vertical FOV turned out to have almost no effect on the correlation between b1 
and κ. We performed simulations with the lower limit of the scanner FOV set to -89°, so 
that the vertical angles to the targets were in the interval of -82°…82°. The adjustment 
was performed for the 2-station configuration, with 1 and 4 orthogonal scans from each 
station. The correlation coefficient between b1 and κ was -0.73, which is almost the same 
as before (see Appendix 1), for both network configurations. In general, all the CP – EOP 
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correlations, except those between b1 and κ are comparatively low and do not present any 
concern for the self-calibration. As Figures 4.2 and 4.3 and Appendix 1 show, the 4-
station configuration (simulations 7 – 10) improves significantly the determinability of 
b1: the correlation coefficient drops to about 0.5 and the standard deviations of the 
estimates improve about 2 times compared to the 2-station case with 4 scans from each 
station. The standard deviations of b1 are still larger than those of c0 and b2, but now they 
are about 1 order of magnitude lower than the estimates. Taking 2 scans from the same 
nominal position does not reduce the correlation between b1 and κ either in the 4-station 
configuration, but the precision of these parameters increases. As in the 2-station cases, 
the correlations between c0, b2 and ω, φ  decrease slightly (Appendix 1).  

 
2. Knowledge of the position of the scanner centre significantly reduces the correlations 

between a0 and ΔX, ΔY (see Figure 4.3 and Appendix 1). Recall that in the experiments 
reported in Lichti (2007) the correlation coefficient between these parameters amounted 
to 0.86. In (ibid.), the author speculates about the possibility to decrease these 
correlations if the self-calibration is performed in a larger room. In our case, the 
maximum correlation coefficient is about 0.3, even if the size of the room is quite small. 
Note that the correlation between a0 and ΔY is higher than between a0 and ΔX, since the 
Y-axis of the external coordinate system is oriented along the longer planar dimension of 
the room (see Figure 4.1). These correlations are nearly the same irrespective of the 
network configuration.  
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Figure 4.2. Estimates and standard deviations of the simulated CPs from the self-calibration simulations. 
The results obtained with no known points used are shown in black, the results with 3 known points are 

shown in grey. 
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Figure 4.3. Largest (by absolute value) correlation coefficients between different parameters in the self-
calibration simulations. The results obtained with no known points used are shown in black, the results 

with 3 known points are shown in grey. 
 

3. As Appendix 1 shows, the CP – OP correlations are mostly very low. The largest 
correlations are observed between the zero error a0 and XY object point coordinates (0.4 – 
0.5), although this magnitude is not of concern for the self-calibration. A remark should 
be made that the correlations between the coordinates of a few targets and b1 in the 2-
station cases were larger than those shown in Appendix 1. In the simulations with no 
known points, the maximum (by absolute value) correlation was 0.28, and in the 
simulations with 3 known points, the maximum correlation was 0.39. However, these 
correlations are not too high to be of concern for the self-calibration. 

 
4. As follows from Appendix 1, the average standard deviations of the estimated OPs are at 

the submillimetre level. They are generally slightly worse in plan than in height, which 
can be explained by the higher correlations between the zero error a0 and XY object point 
coordinates. They also decrease slightly when changing from the 2- to 4-station 
configuration or taking multiple scans from the same station. 

 
5. The estimated standard deviations of the scanner azimuths (κ) are considerably larger 

than those of the “tilt” angles ω and φ, due to their correlation with b1 (see Appendix 1). 
 

6. Height difference between the scanner stations does not have any significant effect on the 
parameter estimates and the determinability of the CPs (see Appendix 1). 

 
7. The presence of known points in the network has no significant effect on the estimates of 

the CPs, but it has an effect on the parameter correlations. As Appendix 1 and Figures 4.2 
and 4.3 show, the correlations between b1 and κ as well as between a0 and ΔX, ΔY 
increase compared to the case when no known points were used in the adjustment. It is 
interesting to note that these correlations tend to decrease slightly when taking multiple 
scans from the same station. This was not the case in the network configuration with no 
known points. The CP – OP correlations also increase slightly. On the other hand, the 
standard deviations of the EOPs and OPs are slightly lower in this case.  

 
8. A few words should be said about the numerical stability of the adjustment, which can be 

estimated using the condition number (c) of the self-calibrating adjustment (cf. Strang 



 92

2006). The rule of thumb is that “the computer can loose log c decimal places to the 
roundoff errors in Gaussian elimination” (ibid, p. 354). In our case, the magnitude of the 
logarithm of the condition number of the normal equations matrix was about 7, which 
implies that we can loose this number of decimals in the parameter estimates. When 
including 3 known points into the network, the condition number decreases. However, 
this decrease had very little effect on the logarithm of the condition number. Since the 
internal precision of MATLAB® is about 16 decimals, this means that the error in the 
parameter estimates would be in the 9th decimal. This is more than sufficient for the 
purposes of the laser scanner self-calibration. In general, such large condition numbers 
did not present any problem for the convergence of the adjustment. We made a test where 
the adjustment was carried out for the 4-station configuration (1 scan from each station, 
the same height) with “perfect” observations, i.e. with no noise added. The errors in the 
CP estimates were in the 7th decimal for a0, 9th decimal for b1 and 10th decimal for c0 and 
b2. The errors in the EOP estimates were in the 8th decimal for ΔX and ΔY, 11th – 12th 
decimal for ΔZ, 9th – 12th decimal for the “tilt” angles ω and φ and in the 7th decimal for 
the azimuths κ. Consequently, the seemingly large condition numbers present no problem 
for the self-calibration according to the unified approach. 

 
It follows from the previous discussion that the proposed unified approach helps to reduce the 
correlations between the most of the CPs and other system parameters in a self-calibrating 
adjustment. According to the results of the simulations (Appendix 1 and Figures 4.2 and 4.3), a 
4-station network configuration is more suitable than a 2-station one. In order to carry out the 
self-calibration, it is necessary to determine the coordinates of the scanner stations with an 
independent measurement technique, e.g. a total station, with high accuracy, e.g. 1 mm.  

In the course of the simulations, we have also tested how successful is the Danish method 
employed in the self-calibration for the detection of gross errors. For this purpose, we added 9 
simulated gross errors to the scanner observations in the simulation number 7 with no known 
points. A gross error of 5 cm was added to the 3 ranges, and a gross error of 0.05° was added to 
the 3 horizontal directions and 3 vertical angles. As is well known, the effect of the gross errors 
on the adjustment results depends on the local redundancies of the respective observations. If the 
observation affected by the gross error has high local redundancy (close to 1), only a very small 
part of the gross error is absorbed into the solution. On the contrary, if the observation has low 
local redundancy (close to 0), almost full size of the gross error is absorbed. Since LS adjustment 
tends to spread the effect of gross errors over many measurements, this means that a large 
residual will not necessarily be an indication of a gross error. In the self-calibration according to 
the simulation 7 the ranges had quite high (about 0.99, on the average) and homogeneous local 
redundancy, while the horizontal directions and vertical angles had lower (0.55 and 0.66 on the 
average, respectively) and inhomogeneous local redundancy. In order to test the worst-case 
scenario, 2 of the 3 gross errors were added to the observations (horizontal directions and 
vertical angles) with very low redundancy numbers (about 0.1 – 0.2). 

The adjustment converged after 8 iterations, and the estimates of the CPs were almost 
identical to the ones obtained in the simulation 7 without gross errors (see Figure 4.2 and 
Appendix 1). The difference between the estimates of a0 was 0.03 mm, and the largest difference 
between the angular CPs was 0.0003°. At the end of the adjustment, the program has identified 9 
outliers. Five of them were identified correctly – 3 in the range observations, and 2 in the 
horizontal direction and vertical angle with high local redundancies. The residuals of these 
observations were approximately equal to the simulated gross errors (with the opposite sign), and 
the weights had been reduced. Four observations (2 horizontal directions and 2 vertical angles) 
were incorrectly identified as outliers. However, their weights were reduced very little and hence 
had a small effect on the results. Although the 4 outliers in the horizontal directions and vertical 
angles, which were weakly controlled in the adjustment, have not been identified, this has not 
caused any considerable problems, and the results obtained were correct. 
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4.4. Self-calibration of terrestrial laser scanners Callidus CP 3200, Leica HDS 
3000 and Leica Scan Station at KTH 

 
During 2004 – 2007, we performed investigation and self-calibration of 3 pulsed TOF terrestrial 
laser scanners, which have accessories for direct georeferencing:  
 

1. Callidus CP 3200, manufactured in December, 2001. The calibration was carried out in 
November, 2004. 

2. Leica HDS 3000, manufactured in October, 2004. The calibration was carried out in 
December, 2004. 

3. Leica Scan Station (the date of manufacturing is unknown). The calibration was carried 
out in August 2007. 

 
All the scanners have been provided by the vendors, Geograf AB (Callidus CP 3200) and Leica 
Geosystems AB (Leica HDS 3000 and Leica Scan Station). The main technical specifications, 
taken from the manufacturers’ web-pages and the literature, are listed in Table 4.4. 
 

Table 4.4. The main technical specifications for the laser scanners Callidus CP 3200, Leica HDS 
3000 and Leica Scan Station 

 
Technical specifications Callidus CP 3200 Leica HDS 3000 Leica Scan Station 

Laser wavelength, nm 905 532 Green 

Laser beam deflection system Rotating 
 mirror + servodrive Oscillating mirror + servodrive 

Single-point accuracy:    
Position, mm 5 6 @ 1 – 50 m 
Range, mm 5 @ 1 – 32 m 4 @ 1 – 50 m 
Horiz./vert. angle, ° 0.005/0.009 0.0034/0.0034 

Beam divergence, mrad 4.4 -0.2 @ < 25m, 0.2 @ > 25 m 
Modelled surface precision, mm 2.5 2 
Target acquisition precision, mm Not available 2 

Scanning resolution 
 
 

Hor.: 0.01°, 0.02°, 
0.03°, 0.0625°, 0.125°, 
0.25°, 0.5°, 1° (fixed 

steps) 
Vert.: 0.25°, 0.5°, 1° 

(fixed steps) 

Can be independently selected by the 
operator in mm; min point spacing is 1.2 

mm through full range 
 

Field of view (FOV), horiz./vert., ° 360/40-180 360/270 
 
One should note that the scanner Leica HDS 3000 cannot be “truly” directly georeferenced, since 
it is not equipped with a dual-axis compensator. However, it has an optical plummet, which can 
be used for centring over a known point, and this can be made use of in the self-calibration. 
 
4.4.1. The calibration facilities and experimental setups 
 
Callidus CP 3200 and Leica HDS 3000 

For carrying out investigation and self-calibration of the laser scanners Callidus CP 3200 and 
Leica HDS 3000, a 3D indoor calibration field was established at the Division of Geoinformatics 
Department at KTH. It was located in a photogrammetric instrument room, which contained also 
a photogrammetric calibration field. The layout of the field and its coordinate system, which is 
left-handed, are shown in Figure 4.4. An image of a part of the field is shown in Figure 4.5. At 
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the time of writing (January 2009), the calibration fields have been dismantled and the room is 
used for a different purpose by another division at KTH. The calibration field includes two 
different types of flat targets (see also Figure 4.6): 
 
 24 self-adhesive, rhomb-shaped retroreflective targets, size 10x10 cm. This target array 

was used for the calibration of the scanner Callidus CP 3200. The size of the targets was 
chosen to secure that enough number of laser returns are available on the surface of the 
target so as to be able to reliably estimate the position of its centre, to which the target 
coordinates should be referred. This is especially important since the finest vertical 
angular resolution of the scanner Callidus CP 3200 is only 0.25°, which is quite low in 
comparison to other laser scanners; 

 23 black-and-white (B&W) HDS targets printed on paper. This target array was used for 
the calibration of the scanner Leica HDS 3000. In fact, these targets are specifically 
designed for the phase-based laser scanner Leica HDS 4500 (identical by construction 
with Imager 5003). 
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Figure 4.4. Layout of the 3D laser scanner calibration field at KTH and its coordinate system (left-
handed). 
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Figure 4.5. Image of a part of the calibration field. 
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Figure 4.6. Targets used at the calibration field and their appearance in the point clouds. 

 
The targets were placed on the walls and ceiling and distributed over the whole volume of the 
room. Two targets were attached to the two analogue stereoplotters located stationary in the 
room. To provide the durability of the targets, none of them was placed on the floor. Both arrays 
were surveyed with the total station Geodimeter 640M. In order to provide the scale definition, 
we introduced a 3 m long invar levelling rod into the network. The standard deviations of the 
adjusted target coordinates, computed in Topocad®, were below 0.52 mm in each coordinate 
direction. This is about 1 order of magnitude better than the single-point position accuracy of the 
scanners investigated (cf. Table 4.4). Therefore, a reliable external reference was established. We 
had two different sets of targets since the retroreflective targets caused significant range offsets 
when they were scanned with the scanner Leica HDS 3000, due to the high reflectance of the 
target material, which saturated the detector. When a retroreflective target at the normal 
incidence was scanned with the scanner Leica HDS 3000, from about 3 m, the offset was about 
15 cm, see Figure 4.7. Despite the B&W targets are designed for a scanner with a different 
ranging principle, they were successfully identified by the software in the scans taken with the 
scanner Leica HDS 3000 immediately after scanning (some problems occurred only at steep 
incidence angles). The number of targets was chosen taking into account the work on their 
coordination. One should also note that since the calibration field was not an empty room, but 
contained a lot of photogrammetric equipment, furniture and other stuff, the place for the 
location of the targets and setting up the scanners during the experiments was limited. This fact 
had an impact on the results, as discussed below. 
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Figure 4.7. Side view of the fragment of a point cloud obtained with the laser scanner Leica HDS 3000. 
Shown are the B&W (top) and retroreflective (bottom) targets. An offset of about 15 cm is present at the 

range to the retroreflective target at a normal incidence due to the detector saturation. 
 

During the experiments, a number of scans were made with each scanner set up at different 
positions within the calibration field. A summary of the particulars of the scans used in the self-
calibration is given in Table 4.5. The scanner Callidus CP 3200 can be precisely levelled with 
the aid of a dual-axis compensator. The position of the centre of this scanner in the external 
coordinate system at each of the setups was determined, in one set, with a total station 
Geodimeter 640M and a Leica prism put on top of the scanner with the aid of a special adapter.  

 
Table 4.5. Particulars of the scans taken during the experiments with laser scanners Callidus CP 

3200 and Leica HDS 3000 and used in the self-calibration 
 

Scanner No. of the targets in the 
point cloud No. of scans Angular resolution (horº./vertº.) or 

point spacing (mm x mm) 

17 
17 
16 

1 scan each, 
from the 

same position 

0.125º/0.25º 
0.25º/0.25º 

0.25º/0.25º (5 scans averaged) 
 

Callidus CP 
3200 

7(i) 3 0.25º/0.25º 
23, 9, 8 1 scan each 10 x 10 Leica HDS 

3000 7(i) 6 5 x 5 
 

(i) These scans were used in the investigation of the angular precision and accuracy of the scanners (Reshetyuk 
2006). After taking the first 3 scans, the scanner was rotated by about 180°. For each scanner, these scans were 
taken from the same position. The point spacing of the scanner Leica HDS 3000 is given for the average range to the 
targets. 

 
In the point clouds used in the self-calibration of the scanner Leica HDS 3000, the targets were 
scanned with high resolution (“fine-scans”) in order to secure the accuracy of calibration. Due to 
the time constraints, the position of the centre of this scanner in the external system was 
determined only when taking 6 scans of the 7-target array (Table 4.5), which were used in the 
investigation of the angular precision and accuracy (Reshetyuk 2006). The scanner was levelled 
with the aid of the bull’s-eye level attached to its base and centred over a point on the floor, 
whose coordinates were determined with free stationing after the scanning. The instrument 
height was measured with a tape and entered into the software Cyclone before the scanning. The 
scanner was levelled at the other setups as well. There exists a possibility to orient the scanners 
Callidus CP 3200 and Leica HDS 3000 by scanning a target with known coordinates in the 
external system or with a known azimuth. We have not used this option in our investigations. 

After the scanning, the coordinates of the centres of the retroreflective targets were computed 
in MATLAB® as means of the XYZ coordinates of the laser returns from the targets, extracted in 
the software 3D-Extractor. Unfortunately, the targets 12 – 16 at the photogrammetric calibration 
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field were obstructed by metal rods placed there. Therefore, they could not be identified in the 
point clouds from the scanner Callidus CP 3200 due to rather coarse angular resolution, 
especially in the vertical dimension, and hence not used in the self-calibration. In addition, the 
target 8 (see Figure 4.4) turned out to be partially obstructed during the scanning, and therefore it 
has not been used in the self-calibration. The target 7 was excluded from the 3 scans of the whole 
room (with 16 – 17 targets) since it was located at a steep incidence angle and, as a result, its 
intensity in the point clouds of the whole room was nearly similar to the intensity of the wall. 
Hence, the coordinates of its centre could not be identified reliably. Finally, the target 24 became 
obstructed in the 3rd scan, with 16 targets. The coordinates of the centres of the B&W HDS 
targets were computed by fitting these targets to their “fine scans” in the software Cyclone. 
 
Leica Scan Station 

For the purpose of the self-calibration of the scanner Leica Scan Station, we got access to a large 
hall at KTH, whose planar drawing is shown in Figure 4.8. The planar dimensions of the hall are 
31 x 11.5 m. The hall has a slant roof, with the ceiling heights being about 12 m and 10 m. The 
grey-coloured space in the right part of the hall is located below the ground level, and therefore it 
was not possible to set up the scanner there. As one can see, the large dimensions of the hall 
make it quite suitable for laser scanner self-calibration, since a good variation of the ranges can 
be achieved (up to about 30 m). As mentioned above, all the self-calibration experiments 
performed up to now (see Subsect. 1.3.1) took place in comparatively small rooms, with the 
maximum range from the scanner to the targets being 10 m. On the other hand, the hall had a 
disadvantage in that the ceiling was not accessible, due to the large height, and thus it was not 
possible to place the targets on it. Due to this fact, the vertical distribution of the targets was 
limited – the vertical angle range in the self-calibration experiments was between -40º and 49º. 
Figure 4.9 shows a view of the calibration field as well as the scanner at one of the stations. 
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Figure 4.8. Planar drawing of the hall where the self-calibration experiments with the scanner Leica Scan 
Station were performed. The thick black line shows the planar boundary of the hall. The black circles 

show the approximate positions of the scanner stations from the measurements (see below in the text for 
more details). The figure shows also the axes of the external CS used in the measurements.  

 
In order to find network geometry, which would reduce the correlations between the CPs and 
other system parameters, we performed self-calibration simulations before carrying out the 
actual measurements. The simulations were performed in a way similar to those described in 
Subsect. 4.3.4, for a simulated target array in the large hall, which consisted of 91 targets. 
According to the results, a 4-station network configuration was considered suitable for the 
experiments. The scanning was performed from 4 stations located at different heights, between 
about 1.2 and 1.5 m. The target array consisted of 91 B&W HDS targets printed on paper sheets 
A4. The targets were placed on the walls and the floor, and attached to the surfaces with 
adhesive tape. As Figure 4.9 shows, there are pillars along the two longer walls of the hall (walls 
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A and B), which create occlusions of the targets placed on the wall, so that the same target 
cannot be seen from all the scanner positions. Therefore, a number of targets were placed on the 
pillars. The latter fact led to an additional complication. Since the hall is quite long, separation of 
the scanner setups in the direction of the Y-axis is large (see Figure 4.8). This means that if one 
placed the target on the side of the pillar facing the opposite wide wall, e.g. wall A, although the 
target would be seen from all the scanner setups, the incidence angle of the beam to this target 
would be very steep. This would cause lower point density on the surface of the target and 
difficulties in the automatic target centre identification. As a result, the coordinate precision of 
this target would be low, which would negatively affect the quality of the self-calibration. For 
this reason, we placed some of the targets on the sides of the pillars facing the narrower wall 
(e.g. wall D), so that they could be scanned from approximately normal incidences. Due to this 
fact, some of the targets could be seen only from two scanner setups. 
 

  
                                                            a                                                       b 
 
Figure 4.9 a) A view of the calibration field, where the scanner Leica Scan Station was investigated, b) a 

close-up of the scanner Leica Scan Station at one of the setups. 
 

In order to determine the coordinates of the 4 scanner stations (see Figure 4.8) and some of 
the targets for the purpose of direct georeferencing, we performed a survey with the total station 
Geodimeter 640M. The station and target coordinates were estimated in a free network 
adjustment in Topocad®. The scale definition was provided by including a 3 m long invar 
levelling rod into the network, similar to the survey of the calibration field used for the 
investigation of the scanners Callidus CP 3200 and Leica HDS 3000. In total, we determined the 
coordinates of 8 targets spread over the hall. The standard deviations of the coordinates of the 
stations and the targets were below 1 mm both in plane and height. The total station survey and 
scanning were performed within 1 week, after which the targets were removed. Although they 
were attached to the surfaces with tape, their stability could be guaranteed within this short time 
period. 

The scanning was carried out over two days. Since the scanner was available for a short time, 
only one scan was taken from each scanner station. One should note that the time factor was 
especially crucial in our tests. The maximum scanning speed of the scanner Leica Scan Station is 
4 000 points per second. Taking into account the number of targets to be scanned and that each 
of them should have been scanned with high resolution, this made the scanning process 
comparatively slow. Probably, this was not an issue in the self-calibration experiments described 
in Subsect. 1.3.1, since only high-speed phase difference scanners were investigated. At each 
setup, the scanner was directly georeferenced. The instrument height was measured with a tape. 
The scanner orientation was performed by scanning a target with known coordinates and 
entering the coordinates of this target into the scanning software Cyclone, which then computed 
the azimuth. The distance to the backsight targets from each setup was chosen as long as 
possible, and it varied between about 13 and 19 m. Temperature and pressure were measured 
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before each scan. They were quite stable during the experiments (temperature about 22 – 23ºC, 
pressure about 1003 hPa). Since these values were quite close to the respective default values in 
Cyclone (temperature 20ºC, pressure 1013.25 hPa), no atmospheric corrections were applied to 
the measured ranges. 

From each station, first an image of the whole calibration field was captured with the inbuilt 
digital camera. Then a rough scan of the whole calibration field was made with the point spacing 
of several decimetres at the nominal distance of 5 – 20 m (different for each scan). This was 
done in order to better identify the locations of the targets. Afterwards, each target was scanned 
with high resolution (“fine scans”). Some targets could be identified automatically by Cyclone, 
using a special function “Acquire Targets”. These targets were scanned with very high resolution 
(better than 1 x 1 mm at the target surface) and the target centres were computed immediately 
after the fine scan. However, at many targets this procedure failed. First of all, these were the 
targets located at steep incidence angles. We also discovered problems at the targets located at 
near-normal incidences, but at large distances to the scanner (20 – 30 m). In those cases, we had 
to scan the targets separately with the nominal resolution of 3 x 3 mm at the target surface. Scans 
with higher resolution were not possible due to the time constraints. The target centre 
coordinates were determined in Cyclone after the scanning, in a semi-automatic procedure, and 
exported into text files. The centres of some of the targets could not be identified in the point 
clouds due to steep incidence angles. In addition, some targets were missed during the “fine 
scans”. As a result, we used the coordinates of 79 targets (out of 91) in the self-calibration. 
 
4.4.2. Results of the self-calibration 
 
The self-calibrating adjustments were performed for the 3 scanners with the developed 
MATLAB®-program according to the unified approach presented in Sect. 4.3. The a priori 
stochastic properties of the observations are given in Table 4.6.  
 

Table 4.6. A priori stochastic properties of the observations in the scanner self-calibrations 
 

Standard deviations 
Variable Notation Callidus CP 3200 Leica HDS 

3000 Leica Scan Station 

Scanner observations:     
Range, m r 0.005 0.004 

Horizontal direction, º 

= 2 2
beamϕσ σ+  φ 0.0632 0.0045 

Vertical angle, º 
2 2

beamθσ σ= +  
θ 0.0637 0.0045 

EOPs:     

Coordinates of the scanner 
centre, mm XYZσ Δ (max) 1.2/1.9/0.1 

Unknown: 
100/100/1000 

Known: 
0.6/0.6/1.0 

1.0/0.9/1.1 

“Tilt” angles ω, φ , º levelσ  0.005 0.045 (= 2.7´) 0.0004 (= 1.5´´) 
Scanner orientation angle 

(azimuth) κ, º azσ  1000 

OPs, m XYZσ  From the adjustment in Topocad® 0.100 
CPs:     

Linear CPs (zero error in this 
case), m σlin 0.100 

Angular CPs, º σang 1.000 
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The standard deviations of the range observations were taken from the manufacturers’ 
specifications about “range accuracy”. The standard deviations for the angular observations 
include the effect of the error σbeam due to the positional uncertainty of the range measurement 
within the laser beam footprint on the object surface, see Eqs. (4.54) and (4.55). As one can see, 
its effect is especially significant in the scanner Callidus CP 3200 due to large beam divergence. 
This effect is much more significant than of the errors σφ and σθ set according to the 
manufacturers specifications (Table 4.4). On the other hand, the effect of σbeam [Eq. (3.10)] is 
comparable to the effect of σφ and σθ for Leica-scanners. The standard deviations of the scanner 
levelling for Callidus CP 3200 and Leica Scan Station were taken from the manufacturers’ 
specifications. The standard deviations of the coordinates of the scanner centres were computed 
as follows: 
 
 For Callidus CP 3200: by propagating the errors of the slope distances, horizontal 

directions and zenith distances, measured with the total station Geodimeter 640M, into 
the rectangular coordinates. The standard deviations of the measurements with this total 
station are 2 mm + 2 ppm for slope distances and 1´´ for the angular observations. Errors 
in the coordinates of a station from which the position of the scanner in the external 
system was measured were neglected (they were below 0.1 mm); 

 
 For Leica HDS 3000 and Leica Scan Station: using the following formula: 

 
 ( )( ) ( ) ( )

( ) 2 2 2
scanner 0 H, , , 1,2,3,4,i i i
i

X Y Z
diag iσ σ σ

Δ Δ Δ
= = + =C C C  (4.92) 

 
where C0 is the VCV matrix of the coordinates of the station point over which the scanner 
is centred, and CH is the VCV matrix of the position of the scanner centre with respect to 
the station point. Both matrices are assumed diagonal. The matrix C0 is composed of the 
variances of the station point coordinates, obtained in the adjustment of the total station 
measurements in Topocad®.  In the self-calibration of Leica HDS 3000, these variances 
were neglected since they were below 0.01 mm2. The matrix CH can be modelled as 
follows: 
 

 ( ) ( )2 2 2
H , ,centr centr Hdiag HI HIσ σ σ⎡ ⎤= ⋅ ⋅⎢ ⎥⎣ ⎦

C , (4.93) 

 
where σcentr is the centring accuracy of the optical plummet used in the scanner, HI is the 
scanner height and σH is the accuracy of the determination of the instrumental height with 
a tape. In our case, we assumed σcentr = 0.5 mm/m and σH = 1 mm. 

 
In the self-calibration of the scanner Leica HDS 3000, the approximate coordinates of the 3 
scanner stations at which it was not centred over a known point (Table 4.5) were determined 
from a 3D resection using the coordinates of 3 known targets in each scan. The computations 
were done in software Cyclone in the Scan Control viewer for the scanner Leica Scan Station 2. 
The scanner height was set approximately to 1.5 m. The resection computations returned also the 
azimuths of the scanner at each station. For this reason, the computations were also performed 
for the scans of the 7-target array, in which case the scanner was centred over a known point. 
The standard deviations of the computed scanner positions were at the level of several 
millimetres. Since the resection computations are valid under the precondition that the scanner is 
precisely levelled, the results are not completely correct. However, they were more than 
sufficient as initial values for the adjustment. We set the a priori standard deviation of 0.1 m to 
the planar coordinates and 1.0 m to the height coordinates of the scanner. The standard deviation 
σlevel for the scanner Leica HDS 3000 has been computed based on the following considerations. 
This scanner has no compensator, and when the level bubble is completely within the black 
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circle, the error in levelling is within about 8´ (Leica 2006). If we assume that this is the 
maximum error in 99.7% of cases, the standard deviation (1 σ) will be 3 times smaller, i.e. about 
2.7´. 

One should observe that the model for σbeam is valid under the assumption that the laser beam 
diverges in such a way that the minimum diameter (the beam waist) is located close to the 
scanner. Consequently, the positional precision in the plane orthogonal to the laser beam 
decreases with the range from the scanner. However, in the scanners Leica HDS 3000 and Leica 
Scan Station, the beam waist is located at 25 m from the scanner. This is indicated in Table 4.4 
by the negative beam divergence up to 25 m. This means that the positional precision in the 
plane orthogonal to the laser beam first increases up to 25 m, and starts decreasing afterwards. 
Therefore, the rigorous model for σbeam for Leica-scanners should be based on the beam 
divergence γ expressed as a function of distance to the scanner. In the self-calibration, we used 
the model given by Eq. (3.10). 

The significance of the CPs was estimated at 95% confidence level using a t-test. The 
tabulated values of tα/2 for a given significance level α can be found, e.g. in Bjerhammar (1973, 
p. 401). The test statistics t were computed as follows (cf. Rietdorf 2005): 
 

 
x

xt
σ

= , (4.94) 

 
where x is the estimate of the CP and σx is its estimated standard deviation. The results obtained 
for different scanners are described below. 
 
Callidus CP 3200 

In the initial adjustment performed with 4 “total station” CPs, the collimation error b1 was found 
to be highly correlated with the scanner azimuths κ (the correlation coefficient was about 0.99). 
This happened due to the limited vertical distribution of the targets at the calibration field. The 
vertical angles varied between -31° and 43°, and most of the targets were located at the vertical 
angles of ± 20°. For this reason, the collimation error was excluded from the adjustment by 
setting its value to zero and assigning the standard deviation of 0.0001° to it. (Assigning a 
smaller standard deviation lead to numerical problems in the adjustment. However, the assigned 
value was sufficiently small to “fix” this parameter.) The adjustment was then repeated with 3 
“total station” CPs using the modified Danish method. The convergence was achieved after 8 
iterations, and three outliers were found. These were the vertical angle observations to the target 
located in the ceiling in the 3 scans of the whole room (with 16 – 17 targets; see Table 4.5). In 
fact, the weights for these observations were not reduced significantly, and therefore there were 
not sufficient reasons to consider them as outliers. As known from the theory of the Danish 
method (e.g. Krarup et al. 1980), the weights of the observations affected by gross errors are 
expected approach zero when the adjustment has converged, but the reduced weights for the 3 
above-mentioned observations were far away from zero. We repeated the whole adjustment with 
conventional least squares, and compared the parameter estimates. They were very close, which 
confirmed the assumption that the observations were not contaminated by gross errors. This also 
confirmed the fact that the estimates obtained with the modified Danish method agree with the 
LS estimates if no outliers are present in the observations (cf. Wieser and Brunner 2002). 

The results of the variance component estimation have shown that the a posteriori variance 
factors of all three scanner observations were significantly different from 1. Recall that the 
variances of the horizontal directions and vertical angles include also the effect of the error σbeam. 
The new variances were computed as described in Subsect. 4.3.3, and also the new VCV matrix 
was computed. The adjustment was repeated with this matrix, and the parameters were estimated 
with the modified Danish method. Convergence was achieved after 3 iterations, and no outliers 
were identified this time. The a posteriori variance factors of all three scanner observations 
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computed after the adjustment were not significantly different from 1. Therefore, the results from 
this adjustment were considered as final, and they are shown in Table 4.7.  

 
Table 4.7. Results of the first self-calibration of the scanner Callidus CP 3200 

 
Correlation 
coefficientsii 

CPs Value σ Signi- 
ficant? i CP - EOP CP-OP 

XYZσ Δ , 
mm 

,ωφκσ iii XYZσ , 
mm 

A post. 
standard 

deviations 
of the 

scanner 
obs. iv 

a0, mm 
b2, ° 
c0, ° 

-2.6 
0.0240 
-0.0020 

0.4 
0.0164 
0.0099 

Y 
N 
N 

a0/ΔY: -0.23 Insigni- 
ficant 

0.7 
0.8 
0.1 

0.0047 
0.0163 

0.2 
0.2 

< 0.1 

3.0 mm 
0.0476° 
0.0868° 

                                                 
i  Significance: Y – yes, N – no (in this and further tables). 
ii The largest (by the absolute value) correlation coefficients are given (in this and further tables). 
iii In the following order: first row – “tilt” angles ω, φ , second row – azimuths κ (in this and further tables). 
iv In the following order: range, horizontal direction and vertical angle (in this and further tables). 
 
As one can see, the only significant calibration parameter is the zero error in the laser 
rangefinder. No significant correlations are present among the CPs as well as between the CPs 
and other parameters. The coordinates of the scanner in the external CS were estimated with 
submillimetre precision. As expected, the average standard deviations of the OPs are very small, 
at the submillimetre level, since they were determined with a total station with similar precision 
and thus were almost “fixed” in the adjustment. The average standard deviations of the “tilt” 
angles are in agreement with the manufacturer’s specifications for the accuracy of the dual-axis 
compensator. The a posteriori standard deviation of the measured ranges also agrees with the 
manufacturer’s specifications, but the angular observations are considerably less precise. This 
can be explained, first of all, by the effect of the error σbeam. Note that the vertical angles are 
about twice less precise than the horizontal directions. 

Figures 4.10 – 4.12 show plots of the residuals of the scanner observations after the self-
calibration. Figures 4.10 and 4.11 show no systematic trends in the range and horizontal 
direction residuals. Figure 4.12 shows a definitely expressed linear trend in the vertical angle 
residuals vs. vertical angle. This is a manifestation of a scale error in the vertical angles, whose 
physical cause is the faults of the angular encoder. The presence of this error also explains why 
the a posteriori standard deviation of the vertical angles is about twice larger than that of the 
horizontal directions. We have modelled this scale error and included it into the self-calibration. 
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Figure 4.10. Range residuals after the first self-calibration of the scanner Callidus CP 3200. 
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Figure 4.11. Horizontal direction residuals after the first self-calibration of the scanner Callidus CP 3200. 
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Figure 4.12. Vertical angle residuals after the first self-calibration of the scanner Callidus CP 3200. 

 
The error term for the vertical angle [Eq. (4.12)] now looks as follows: 

 
 0 1c cθ θΔ = + , (4.95) 
 
where c1 is the scale error in the vertical angle (θ). Eq. (4.29) will change as follows: 
 
 [ ]T

0 1c cδ δ=δΔθ . (4.96) 
 
The numerical values of the design matrices and the misclosure vector will change respectively 
and a new column corresponding to the derivatives of the function in Eq. (4.2) with respect to c1 
is added to the design matrix ACP. 

A new adjustment was carried out with 4 CPs (the collimation error was again excluded). The 
a priori standard deviation for the scale error in the vertical angle was set to 108 ppm. The 
adjustment converged after 4 iterations, and no outliers had been identified. Therefore, one can 
reasonably assume that the “outliers” in the first adjustment were caused by the fact that the 
scale error in the vertical angles was not modelled. The a posteriori variance factors of all three 
scanner observations were significantly different from 1. Therefore, a new adjustment was 
carried out with the modified VCV matrix, which converged after 3 iterations with no outliers 
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identified. The test for a posteriori variance factors was passed, and the results were thus 
accepted. They are shown in Table 4.8. 
 

Table 4.8. Results of the second self-calibration of the scanner Callidus CP 3200 
 

Correlation coefficients 

CPs Value σ Signi- 
ficant? CP - EOP CP-OP 

XYZσ Δ , 
mm 

,ωϕκσ  XYZσ , 
mm 

A post. 
standard 

deviations 
of the 

scanner 
obs.  

a0, mm 
b2, ° 
c0, ° 

c1, ppm 

-2.7 
0.0285 
-0.0093 

4200 

0.4 
0.0165 
0.0049 

300 

Y 
N 
N 
Y 

a0/ΔY: -0.23 
c0/c1: -0.17 

Insigni- 
ficant 

0.7 
0.8 
0.1 

0.0047 
0.0165 

0.2 
0.2 

< 0.1 

3.0 mm 
0.0468° 
0.0407° 

 
As one can see, the significant CPs are the zero error in the laser rangefinder and scale error in 
the vertical angle. The correlations between the CPs and other system parameters are quite low. 
After modelling the scale error in the vertical angle, the a posteriori standard deviation of these 
observations decreased more than twice (cf. Table 4.7). The results show that the angular scanner 
observations have about the same precision, which is considerably lower than that declared by 
the manufacturer (cf. Table 4.4). The most significant contribution to the error in these 
observations is assumed to be the error σbeam. One should note that since the laser spot of the 
scanner Callidus CP 3200 is not circular but square the expression for σbeam could not be applied 
directly. However, if one compares the a priori (Table 4.6) and a posteriori standard deviations 
of the angular observations, one can see an agreement with this error model. Therefore, it is 
suitable for this scanner.  

The residuals of the scanner observations after the second self-calibrating adjustment are 
shown in Figures 4.13 – 4.15. The patterns for the residuals in the ranges and horizontal 
directions look almost the same as after the first adjustment. On the opposite, Figure 4.15 shows 
that the previous systematic trend in the vertical angle residuals has been removed due to 
modelling the scale error in the vertical angle. 

A conclusion can be made that the significant CPs in the scanner Callidus CP 3200 are the 
zero error and scale error in the vertical angles. The zero error applies to the combination “laser 
scanner Callidus CP 3200 – retroreflective targets”, cf. Lichti (2007). We performed the final 
adjustment with only these two CPs included, while the others (insignificant CPs) were 
constrained to zeros. The results were nearly the same as in the previous adjustment. The 
estimate of c1 changed to 4100 ppm (with the same standard deviation), and the a posteriori 
standard deviations of the horizontal directions and vertical angles changed to 0.0476° and 
0.0416°, respectively. 

The error model for the vertical angle has been verified by applying it to an independent 
dataset. We made several scans, from different setups, of the targets well distributed in the 
vertical dimension and computed the measured and true vertical angles (θscan and θtrue, 
respectively) from the coordinates of the centres of the targets. Afterwards, we corrected θscan for 
the scale error in the vertical angle and computed the corrected vertical angles θcorr. The results 
are shown in Figure 4.16: the linear trend present in the data has been successfully removed with 
the proposed model. Consequently, this error model can be efficiently applied to correct the scale 
error in the vertical angles in the scanner Callidus CP 3200 and improve its accuracy. 
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Figure 4.13. Range residuals after the second self-calibration of the scanner Callidus CP 3200. 
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Figure 4.14. Horizontal direction residuals after the second self-calibration of the scanner Callidus CP 

3200. 
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Figure 4.15. Vertical angle residuals after the second self-calibration of the scanner Callidus CP 3200. 

 



 106

-50 -40 -30 -20 -10 0 10 20 30 40 50
-0.4

-0.2

0

0.2

0.4

θscan, °
θ sc

an
 -

 θ tr
ue

 ,
 °

-50 -40 -30 -20 -10 0 10 20 30 40 50
-0.4

-0.2

0

0.2

0.4

θscan, °

θ co
rr -

 θ tr
ue

 ,
 °

 
Figure 4.16. Top: errors in the vertical angles from the independent dataset obtained with the scanner 
Callidus CP 3200. Bottom: results of the application of the error model for the vertical angles to this 

dataset. 
 
Leica HDS 3000 

The results of the initial adjustment performed with 4 “total station” CPs showed that the 
collimation error b1 was highly correlated with the scanner azimuths κ (the correlation 
coefficient was about -0.99), due to the limited distribution of the targets in the vertical 
dimension (the vertical angles to the targets ranged between -38° and 51°). Therefore, it was 
omitted from the initial set of the CPs, by setting its value to zero and assigning the standard 
deviation of 0.0001º to it (following the same considerations as for Callidus CP 3200) and all 
further adjustments were performed with 3 “total station” CPs. The first adjustment converged 
after 7 iterations, and 4 outliers were identified. One of them was a horizontal direction 
observation to a target located at a large incidence angle, about 62°, and another three were the 
Y-coordinates of the scanner position (ΔY) in the 3 scans of the 7-target array. The weight for the 
former observation decreased quite significantly compared to the initial value – about 750 times, 
while the reduction in weight was much smaller for the latter 3 observations. The a posteriori 
variance factors for all the scanner observations were significantly different from 1, and a new 
adjustment was carried out. It converged after 5 iterations, and only one outlier was identified, 
which was the range observation to same target located at the incidence angle of about 62°. 
However, the reduction in weight was not as large as in the previous adjustment, about 10 times.  

After the second adjustment, the test for the a posteriori variance factors for the scanner 
observations was passed, and the results were thus considered as final. They are given in Table 
4.9. As one can see, the only significant CP in this scanner is the vertical circle index error. This 
parameter turns out to be highly correlated with the scanner height coordinates for the scans 
taken from the stations where the scanner was not centred over a known point. For these scans, 
the correlation coefficients were 0.89, 0.73 and 0.51 for the 3 scanner stations. On the other 
hand, the correlation coefficients between c0 and ΔZ dropped to 0.19 for the scans taken from the 
fourth station where the scanner was centred. The correlation coefficients between other CPs and 
EOPs shown in Table 4.9 dropped to below 0.1 at this station. This fact shows the advantage of 
the use of direct georeferencing during scanner self-calibration. The CP – OP correlations were 
comparatively moderate and they do not present any concerns. As in the case with Callidus CP 
3200, the average standard deviations of the OPs are very small since the latter were known with 
high precision from the total station survey. The standard deviations of the estimated EOPs are 
also quite small. Analysis of the a posteriori standard deviations of the scanner observations 
shows that they are within the manufacturer’s specifications for the range and vertical angle 
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observations but higher for the horizontal direction observations. Note also that the precision of 
the latter is more than twice lower than that of the vertical angle observations. 
 

Table 4.9. Results of the first self-calibration of the scanner Leica HDS 3000 
 

Correlation coefficients 

CP-OP 
CPs Value σ Signi- 

ficant? CP – 
EOP 

a0 b2 c0 

XYZσ Δ , 
mm 

,ωϕκσ  XYZσ , 
mm 

A post. 
standard 

deviations 
of the 

scanner 
obs.  

a0, mm 
b2, ° 
c0, ° 

0.1 
0.0050 
-0.0082 

0.1 
0.0026 
0.0010 

N 
N 
Y 

b2/ΔX: 
0.24 

c0/ΔZ:  
0.89 
c0/φ: 
-0.28 
c0/ΔY: 
0.16 

- -0.25 – 
0.30 

-0.24 – 
0.13 

0.2 
0.1 
0.2 

0.0040 
0.0030 

0.1 
0.1 

< 0.1 

1.0 mm 
0.0065° 
0.0026° 

 
The residuals of the scanner observations after the self-calibration are plotted in Figures 4.17 – 
4.19. Figures 4.17 and 4.19 show no systematic patterns in the range and vertical angle residuals, 
respectively. In Figure 4.18 (right) one can notice a linear trend in the horizontal direction 
residuals as a function of the horizontal direction. This is an indication of the scale error in the 
horizontal directions, which was also discovered in the series of self-calibration experiments 
reported in Lichti (2007). This error was included in the self-calibration. The error term for the 
horizontal directions [Eq. (4.11)] now looks as follows: 
 

 ( ) ( )1
2 3( ) tan

cos
i i

j ji
j

b b bϕ θ ϕ
θ

Δ = + + , (4.97) 

 
where b3 is the scale error in the horizontal directions (φ). Eq. (4.28) will change as follows: 
 
 [ ]T

1 2 3b b bδ δ δ=δΔϕ . (4.98) 
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Figure 4.17. Range residuals after the first self-calibration of the scanner Leica HDS 3000. 
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Figure 4.18. Horizontal direction residuals after the first self-calibration of the scanner Leica HDS 3000. 
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Figure 4.19. Vertical angle residuals after the first self-calibration of the scanner Leica HDS 3000. 

 
The numerical values of the design matrices and the misclosure vector will change respectively 
and a new column corresponding to the derivatives of the function in Eq. (4.2) with respect to b3 
is added to the design matrix ACP. A new adjustment was carried out with 4 CPs (the collimation 
error was again excluded). The a priori standard deviation for the scale error in the horizontal 
directions was set to 108 ppm. The same outliers were identified as in the first adjustment, but 
this time the test for the a posteriori variance factors was passed after 3 repeated adjustments. 
They converged respectively after 8, 5 and 4 iterations. The results are shown in Table 4.10. 

The significant CPs after this adjustment are the horizontal axis error b2, scale error in the 
horizontal directions b3 and vertical circle index error c0. Note that the estimate for b2 is nearly 
the same as after the first adjustment, but now it is identified as significant. The magnitude of b3 
is pretty small, much smaller than that discovered by Lichti (2007) (around 100 ppm), but it is 
still significant and can be detected through the self-calibration. This CP is significantly 
correlated with the scanner azimuth, as might be expected, due to the limited vertical distribution 
of the targets, although not to such an extent as the collimation error. It is also moderately 
correlated with the horizontal coordinates of the scanner. Otherwise, the results of the self-
calibration are similar to that obtained in the previous case. 
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Table 4.10. Results of the second self-calibration of the scanner Leica HDS 3000 
 

Correlation coefficients 

CP-OP 
CPs Value σ Signi- 

ficant? CP – 
EOP 

a0 b2 b3 c0 

XYZσ Δ , 
mm 

,ωϕκσ  XYZσ , 
mm 

A post. 
standard 

deviations 
of the 

scanner 
obs.  

a0, mm 
b2, ° 

  b3, ppm 
c0, ° 

0.04 
0.0056 

-24 
-0.0085 

0.1 
0.0026 

8 
0.0009 

N 
Y 
Y 
Y 

b2/ΔX: 
0.24 

c0/ΔZ:  
0.90 
c0/φ: 
-0.29 
c0/ΔY: 
0.18 
b3/κ: 
-0.76 

b3/ΔX: 
-0.38 
b3/ΔY: 
-0.22 

- -0.27 – 
0.30 

-0.1 – 
0.14 

-0.28 
– 0.16 

0.2 
0.1 
0.2 

0.0037 
0.0035 

0.1 
0.1 

< 0.1 

1.0 mm 
0.0062° 
0.0020° 

 
Figures 4.20 – 4.22 show plots of the self-calibration residuals after the second adjustment. 
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Figure 4.20. Range residuals after the second self-calibration of the scanner Leica HDS 3000. 
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Figure 4.21. Horizontal direction residuals after the second self-calibration of the scanner Leica HDS 

3000. 
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Figure 4.22. Vertical angle residuals after the second self-calibration of the scanner Leica HDS 3000. 

 
The residual patterns for the ranges and vertical angles look practically the same as after the first 
adjustment. No linear trend can now be observed in the horizontal direction residuals (Figure 
4.21, right). Therefore, one can state that the self-calibration results in Table 4.10 can be 
considered as final. We carried out the final adjustment with the insignificant parameter a0 
constrained to zero, by setting a standard deviation of 10-8 m to the a priori value of zero. The 
results were practically the same as those given in Table 4.10. 

As mentioned above, the a priori standard deviations of the scanner angular observations were 
computed using the simplified model for the standard error σbeam. In order to estimate the   
influence of these a priori standard deviations on the results, we repeated both adjustments with 
σbeam set to 0. The results of the robust estimation with the modified Danish method were nearly 
the same as in the previous cases, including the estimated a posteriori variance factors. The 
difference was that after the first self-calibration, the horizontal axis error b2 passed the 
significance test. Its estimate was nearly the same as that given in Table 4.9, but this time it was 
only slightly larger (by less than 0.0001°) than its standard deviation multiplied by the critical 
value of the t-distribution for 95% significance level (1.97). Therefore, its significance after the 
first adjustment could be questioned. Furthermore, in the present cases, the reduction in the 
weight of the horizontal direction observation to the target located at the incidence angle of about 
62°, was much larger than previously, about 225 000 and 120 000 times in the first and second 
adjustments, respectively. Hence, this observation can be considered as outlier. In the second 
self-calibration, the test for the a posteriori variance factors was passed after 2 repeated 
adjustments.  In general, these outcomes show that the error model for σbeam has, in this case, no 
impact on the results of the self-calibration. 

 
Leica Scan Station 

In the adjustments we did not “fix” the coordinates of any known points (surveyed with the total 
station). The results of the initial adjustment performed with 4 “total station” CPs showed that 
the collimation error b1 was highly correlated with the scanner azimuths κ (the correlation 
coefficient was about -0.95), due to the limited distribution of the targets in the vertical 
dimension (the vertical angles to the targets ranged between -40° and 49°). Therefore, it was 
omitted from the initial set of the CPs, by setting its value to zero and assigning the standard 
deviation of 10-5 º to it, and all further adjustments were performed with 3 “total station” CPs. 
One outlier was identified after the adjustment performed with the modified Danish method, 
which converged after 10 iterations, namely a vertical angle observation to the target located at a 
comparatively large incidence angle, about 62°. The results of the variance component 
estimation, performed after this last adjustment, showed that the a posteriori variance factors of 
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all three scanner observations were significantly different from 1. Therefore, a new adjustment 
with the modified Danish method was carried out with the updated VCV matrix. It converged 
after 14 iterations, and 10 outliers were identified. 9 of them were the scanner observations (5 
ranges, 1 horizontal direction and 3 vertical angles) to the targets at steep incidence angles – 
between 52° and 80° for 4 observations and over 80° for the rest. One observation identified as 
an outlier was the coordinate ΔX of the scanner at the station 3. The a posteriori variance factors 
estimated after the second adjustment were not significantly different from 1. Therefore, these 
results were considered as final. They are shown in Table 4.11. As one can see, the significant 
CPs are the zero error and vertical circle index error. The correlations between the CPs and other 
system parameters are comparatively low. The correlations between a0 and ΔX are considerably 
lower than those between a0 and ΔY since the direction of the Y-axis is along the longer 
dimension of the hall. The estimated average precision of the scanner coordinates as well as the 
average precision of the OPs is at the submillimetre level. The a posteriori standard deviations of 
the scanner observations are within the manufacturer’s specifications. We can see that the a 
posteriori standard deviations for the angular observations are smaller than the a priori ones (cf. 
Table 4.6), and an explanation to this can be that the effect of the error σbeam is overestimated 
according to the simplified model used. 
 

Table 4.11. Results of the self-calibration of the scanner Leica Scan Station 
 

Correlation coefficients 

CP-OP 
CPs Value σ Signi- 

ficant? CP – 
EOP 

a0 b2 c0 

XYZσ Δ , 
mm 

,ωϕκσ  XYZσ , 
mm 

A post. 
standard 

deviations 
of the 

scanner 
obs.  

a0, mm 
b2, ° 
c0, ° 

-0.5 
0.0011 
-0.0063 

0.2 
0.0014 
0.0005 

Y 
N 
Y 

a0/ΔY: 
0.33 
c0/ω:  
-0.25 

-0.29 
– 0.38 

-0.25 
– 0.34 

-0.25 
– 0.1 

0.4 
0.3 
0.3 

0.0003 
0.0024 

0.6 
0.6 
 0.5 

2.1 mm 
0.0025° 
0.0034° 

 
Figures 4.23 – 4.25 show plots of the self-calibration residuals. As one can see, no remaining 

systematic errors are present in the residuals of all the scanner observations. On the other hand, 
one can notice larger spread of the residuals of all the scanner observations to the targets located 
below the scanner horizon. This might be explained by the fact that many of such targets were 
located on the floor, at steep incidence angles with respect to the laser beam, which caused larger 
measurement uncertainty. 
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Figure 4.23 Range residuals after the self-calibration of the scanner Leica Scan Station. 
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Figure 4.24. Horizontal direction residuals after the self-calibration of the scanner Leica Scan Station. 
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Figure 4.25. Vertical angle residuals after the self-calibration of the scanner Leica Scan Station. 

 
We can thus make a conclusion that the only significant CPs in the scanner Leica ScanStation 
are the zero error and vertical circle index error. It is remarkable that the same type of error – 
vertical circle index error – was revealed in this scanner and Leica HDS 3000. In addition, this 
error has similar magnitude. This might be explained by the fact that the construction of both 
scanners could be similar, although the definite answer is complicated by the proprietary design. 
The zero error applies to the combination “laser scanner Leica Scan Station – B&W HDS 
targets” (cf. Lichti 2007). Although the errors are quite small, they still exist and can be precisely 
estimated in the self-calibration (cf. Lichti et al. 2007). Given the self-calibration results, one can 
say that the scanner had been well calibrated by the manufacturer. We performed the final self-
calibrating adjustment with the insignificant parameter (b2) constrained to zero. The results were 
practically the same as in the previous case. 

One should note that the changes in the weights for the observations identified as outliers 
were not very large. In addition, these equivalent weights were far away from zero, and therefore 
there was not sufficient reason to consider them as outliers. We repeated the whole adjustment 
with conventional least squares and compared the results. No considerable difference was found 
between the parameter estimates, although the mean standard deviations of the scanner 
coordinates and the OPs were slightly (by 0.1 mm) lower after the robust estimation. For this 
reason, it was questionable if these observations were indeed outliers. 
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As in the self-calibration of the scanner Leica HDS 3000, the a priori standard deviations of 
the scanner angular observations were computed using the simplified model for the standard 
error σbeam. In order to estimate their effect on the results, we performed one more self-
calibrating adjustment in which σbeam was set to 0. The results of the robust estimation with the 
modified Danish method were nearly the same as in the previous case, including the estimated a 
posteriori variance factors. The only difference was that after the first adjustment, the variance 
factor for the vertical angle observations was found to be not significantly different from 1. This 
is deemed to be logical since the estimated a posteriori standard deviation for this observation 
was equal to that given in the manufacturer’s specifications (compare Tables 4.4 and 4.11). 
Hence, one can make a conclusion that the error model for σbeam has, in this case, no impact on 
the results of the self-calibration.  
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5. DIRECT GEOREFERENCING IN TLS 
 
5.1. Investigation of the accuracy of direct georeferencing in TLS using 

traditional means  
 
The test field 

In order to estimate the accuracy achieved in TLS with direct georeferencing using scanner 
centering, levelling and backsighting, we carried out outdoor measurements with the scanner 
Leica Scan Station, on which we performed self-calibration (Chapter 4). The measurements were 
made a week after the calibration. For the purpose of the tests, we used the outdoor camera 
calibration field at KTH (Figure 5.1). This calibration field consists of 29 targets distributed over 
the whole width of a wall. We should note that there are more targets fixed to the wall, but the 
known targets are located only up to the height of the second floor. The accuracy of the target 
coordinates is 1 mm in plane and height. Therefore, they can be used as a good reference for 
checking the scanner measurements. However, with this target configuration, it is only possible 
to test one part of the scanner FOV. In addition, these targets are somewhat “artificial” objects, 
while it is interesting to test the scanner accuracy in the determination of the natural points. For 
this reason, we have surveyed also additional natural points, for example, window and brick 
corners. The approximate planar positions of these points are shown in Figure 5.2. Due to the 
time constraints, we surveyed only 11 points. However, they are distributed over the whole 
scanner horizontal FOV (360º), which gives us the possibility to get estimates of the scanner 
accuracy over the whole FOV. We have also determined the coordinates of one ground point for 
the purpose of establishment of the scanner station. The known targets of the camera calibration 
field, given in the Swedish reference system RT90, were used as control points during the total 
station survey. 
 
 

    
 

Figure 5.1. A view of the camera calibration field at KTH. The figure shows also a close-up of a target 
used in the calibration field. 
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Figure 5.2. Approximate positions of the natural points (NPs) and scanner station (S1) for the outdoor 
tests. 

 
The coordinates of the natural points were computed in the least-squares adjustment in 

Topocad®. One point (NP9) had the standard deviations of 7.9 and 5.4 mm in Easting (E) and 
Northing (N) components, respectively. This was caused by the fact that the test site is quite a 
limited area surrounded by buildings, and it was impossible to achieve good network geometry 
to determine the horizontal coordinates of that point. For the rest of the points, the smallest and 
largest standard deviations of the planar coordinate components were 0.6 and 3.6 mm, 
respectively. The standard deviations of the height (H) components were at the level of 0.2 mm. 
The coordinates of the scanner station were determined with the standard deviation of less than 1 
mm, with the height component being more precise than the horizontal ones. 
 
Experimental setup 

The test scanning was performed in the beginning of September 2007. The scanner was available 
just for one day, and therefore the time was very limited. We should note that the weather was 
not quite good on that day: quite cold (around 10ºC), drizzling from time to time and moderate 
wind. However, it was the only possibility to carry out the scanning. On the other hand, this was 
an opportunity to test the scanner performance under adverse weather conditions. 

The scanner was centred over the ground point S1, levelled and oriented to the known point 
(NP3) (Figure 5.2). The scanner height was measured with a tape. The temperature and pressure 
were measured before the scan (t = 9.7ºC, p = 1005.5 hPa). These values were entered into the 
scanning software Cyclone in order to apply the atmospheric correction to the range 
measurements. We first made a rough scan of the whole site with the point spacing of 0.2 x 0.2 
m at 10 m. Afterwards, the NPs and the targets at the camera calibration field were scanned with 
high resolution (nominal point spacing 1 x 1 mm at the surface of the object). This was done in 
order to minimize the effect of the point density on the identification of the natural points. At one 
instance during the scanning, the scanner had to be re-levelled. This happened presumably due to 
vibration from the wind as well as from passing people and cars. 

Unfortunately, we could not scan all the NPs and calibration targets due to the rain that started 
during the measurements. In total, we scanned 9 NPs and 2 calibration targets. This is not as a 
large data set as would be preferred for our analysis, but anyway it is sufficient to get inferences 
about the accuracy of direct georeferencing using traditional means. 
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Figure 5.3. The scanner Leica Scan Station during the outdoor scanning. 
 

Data processing and results 

After the scanning, we identified manually the coordinates of the NPs in Cyclone and exported 
them to a text file. This identification turned out to be the most difficult step in the data 
processing, since sometimes the location of the NP was not clearly identifiable in the point 
cloud, especially on the corners, where the laser beam stroke different surfaces. Problems 
happened also on some bricks due to the low variation of the intensity of the reflected laser 
signal. Identification of the centres of the calibration targets was complicated by their design – 
the centre is a hole of a few millimetres in diameter, and no laser beam return was thus available 
from this area. We solved this problem by first segmenting the points on the surface of the 
targets and exporting the coordinates of these points to text files. Afterwards, the coordinates of 
the target centres were computed in MATLAB® as means of the point coordinates.  

The first line of Table 5.1 shows the RMS of the differences between the coordinates of the 
NPs and calibration targets obtained from the point clouds and their known coordinates. The 
ranges from the scanner to the targets varied between 4.5 and 59 m. The RMS value was 
computed using 7 natural points and 2 targets (2 points were excluded from the computations – 
the point NP9 due to the low precision of its planar coordinates and the point NP3 since it was 
used as a backsight target). 
 

Table 5.1. RMS of the differences between the coordinates of the NPs and calibration targets obtained 
from the point clouds and their known coordinates, before and after correction for the systematic errors  

 
 E, mm N, mm H, mm 

RMS before correction 3.3 5.1 2.2 
RMS after correction 3.2 4.8 4.2 

 
All the errors were mostly at the level of a few millimetres, up to about 1 cm at all the points 
used in computing the RMS. No systematic pattern in the differences was observed except that 
the differences in the planar coordinates were somewhat larger than in the height, as reflected in 
the RMS values. The reason is assumed to be better precision of the height coordinate of the 
scanner station (S1) and influence of the errors in the azimuth to the backsight target, which 
affected only the horizontal coordinates. Since atmospheric correction was applied to the range 
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measurements in Cyclone and the systematic errors (zero error in the laser rangefinder and 
vertical circle index error) revealed in the scanner during the self-calibration were quire small (-
0.5 mm and -0.0063°, respectively), we assume that the main sources of the coordinate errors are 
the random errors in the scanner measurements and difficulties in the correct identification of the 
points in the point clouds. This is especially true since most of the points that we used are natural 
points and not targets with well-defined centres. However, an advantage of these experiments 
was the possibility to investigate the accuracy that can be achieved with direct georeferencing in 
“real” conditions. By knowing the coordinate accuracy on the natural points (e.g. corners), one 
can objectively estimate the accuracy of the dimensions of the buildings and constructions, 
derived from the point clouds. 

In order to see how the scanner self-calibration can improve the accuracy of direct 
georeferencing, we first computed the ranges, horizontal directions and vertical angles from the 
(E, N, H) coordinates of the natural points and targets, which were scanned with high resolution. 
Afterwards, we corrected the ranges for the zero error and vertical angles for the vertical circle 
index error, computed the new (E, N, H) coordinates and re-computed the coordinate differences 
and RMS values. The results are shown in the second line of Table 5.1. The RMS of the 
horizontal coordinates has decreased slightly, which is expected after the correction for the zero 
error, and the magnitude of the improvement corresponds to the magnitude of the zero error. On 
the other hand, the RMS of the height differences increased almost twice. One could reason that 
the magnitude of the height RMS after correction is still quite small, and it can be questioned if 
the change is significant taking into account the expected accuracy in the height coordinates 
from the scanner measurements. However, before correction for the vertical circle index error, 
the differences in the H-coordinates of the points were randomly distributed. After correction, 8 
of them became positive, so a systematic offset appeared. This may point to the fact that there 
was no significant vertical circle index error in the scanner, at the time of the tests. This does not 
agree with the results of the self-calibration (Subsect. 4.4.2), but might indicate that a change in 
the value of this calibration parameter occurred during 1 week that elapsed between the self-
calibration and the test. It is difficult to say what was the reason for such a change. However, this 
is not impossible if we take into account the results obtained by Lichti (2007). He revealed 
significant changes between some calibration parameters in the scanner FARO 880 even over 1- 
day period. However, he did not make a definite conclusion that these changes were physically 
significant and stated that this could be a consequence of the shortcomings of their testing 
procedure. 

The RMS values given in Table 5.1 provide an overall accuracy assessment of the direct 
georeferencing with traditional means. Hence, we can achieve the accuracy at the level of several 
millimetres at the natural points at the distances of up to about 60 m from the scanner. However, 
the dataset used in the analysis was rather limited (only 9 points). 
 
5.2. GPS for direct georeferencing in TLS 
 
As discussed above, a common way to achieve direct georeferencing in TLS is to centre the 
scanner and backsight target over known points. This means that there must exist a survey 
control on the site before the scanning. If determination of the position of the scanner and 
backsight target in TLS can be performed with GPS, we do not need, in fact, the survey control. 
The use of GPS thus brings one more advantage in addition to those inherent in direct 
georeferencing, and it allows for further reduction of the time and costs for the project. In 
addition, when using GPS, we can avoid errors due to centering of the scanner and backsight 
target. In this section, we first discuss different strategies for direct georeferencing with GPS in 
TLS. Then, we present the prototype survey system that we have developed and the description 
of the field tests carried out in order to estimate the accuracy that can be achieved as well as 
performance of the system under typical survey conditions. 
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5.2.1. Strategies for direct georeferencing in TLS using GPS 
 
The description of the georeferencing strategies in this subsection is based on the precondition 
that it would be possible to realize them using positioning services provided by SWEPOS, the 
Swedish network of permanent reference stations (Jonsson et al. 2006). The scope of this thesis 
does not allow giving a detailed description of SWEPOS, but the reader is referred to (ibid.) and 
SWEPOS (2009) for further information. The scanner position can be determined either parallel 
to the scanning or prior/after the scanning. These two possibilities are described in detail below. 
 
Determination of the scanner position parallel to the scanning 

The scanner position can be determined parallel to the scanning in one of the following ways: 
 

 If the scanner is equipped with an adapter or a centric standard 5/8´´ thread mount for 
mounting a GPS antenna (or receiver) on top of it, so that it is centred on its vertical 
axis at a known offset from the scanner centre, the position can be determined from 
post-processing of static GPS-observations collected under the duration of the scan. 
Since the scan times can vary depending of the scanning speed, the coverage required 
from each scanner station and the level of detail, the GPS observation times would 
vary as well. If the scanning time at each station is expected to be short, which would 
typically be the case with phase difference and the latest models of pulsed scanners 
(e.g. Leica Scan Station 2), it may be necessary to establish a GPS reference station 
on the site to be surveyed. The position of the reference station could be determined 
from post-processing of the static observations relative to a SWEPOS reference 
station. Since a TLS survey would normally last for a few hours, this observation 
time is sufficient for collecting the number of epochs needed for determination of the 
baseline with the precision of several millimetres. On the other hand, if the scanning 
time from each station is expected to be long, e.g. more than 1 hour, and the distance 
to the nearest SWEPOS reference station is short, one can post-process the GPS 
observations from the scanner station relative to the SWEPOS station. The scanner 
data can then be georeferenced in the office. Currently, this strategy can be realized 
with the scanners Riegl (LMS-Z series), Callidus CP-3200, Trimble GX and I-Site 
4400 LR. 

 
 If a GPS antenna can be mounted on the scanner but cannot be centered on the 

vertical axis, we can estimate the scanner position from kinematic GPS observations 
collected during the rotation of the scanner, with the moving GPS antenna acting as a 
rover. We can use the following possibilities: 

 
• Real-Time Kinematic (RTK) positioning. For this purpose, we have to establish a 

reference station on the site to be surveyed. The position accuracy at the 
centimetre level can be achieved at the rover. 

 
• SWEPOS Network-RTK service. The service is based on the Virtual Reference 

Station (VRS) concept (Leick 2004), and the RTK-data is distributed via 
GSM/GPRS. The estimated position accuracy is 3 cm in plane and 5 cm in height 
[both are at 95% confidence level; Jonsson et al. (2006)]. This approach provides 
a number of advantages over conventional RTK technique (Jonsson et al. 2003):  

 
o Reduced initial costs and increased productivity since only a single rover 

receiver is used and no temporary reference station is needed; 
o Minimizing errors depending on the distance to the closest reference station, 

which implies faster surveying and more homogeneous accuracy; 
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o Improved integrity and continuity thanks to using multiple reference 
stations. 

 
Using one of the above-mentioned positioning techniques, the scanner position 
can be obtained in the field in one of the following ways, provided a suitable 
adapter is available for a GPS antenna mounting: 
 
• If a GPS antenna can be mounted on top of the scanner, so that it is very close 

to the vertical axis, then the scanner position can be computed as a weighted 
mean of the collected GPS-positions; 

 
• If a GPS antenna can only be mounted at an offset from the vertical axis, its 

trajectory during the scanner rotation will be a circle in 3D space (cf. 
Paffenholz and Kutterer 2008). The scanner position can be computed in one 
of the following ways: 

 
o If the magnitude of the offset is comparable to the variation of the vertical 

RTK-GPS-positions (within several centimetres), fitting of a plane [as 
done in Paffenholz and Kutterer (2008)] to the RTK-GPS-positions will be 
useless. This is due to the fact that the noise in the height coordinates, 
which is also at the level of several centimetres, will not allow estimating 
the plane’s normal vector reliably. In such a case, the scanner height can 
be computed as a mean of vertical RTK-GPS-positions. The horizontal 
position can be obtained through a circle fitting to the horizontal RTK-
GPS-positions, and estimation of its centre coordinates and radius. Since 
all modern laser scanners can be levelled (with a bull’s-eye level), we can 
assume, with sufficient accuracy, that the circle lies in the horizontal 
plane. Since the distance from the scanner centre to the phase centre of the 
GPS antenna will typically be very short (not longer than 0.5 m), the error 
in the horizontal position due to non-precise levelling will be below 1 mm. 
Naturally, the adapter for mounting a GPS antenna onto the scanner 
should be roughly levelled as well, e.g. with the aid of a bull’s-eye level. 
However, the levelling requirements in this case can be relaxed since 
during the scanner rotation the antenna reference point (ARP) moves 
around the scanner vertical axis along a circle, which, as mentioned above, 
is assumed to lie in the (sufficiently) horizontal plane if the scanner is 
levelled, no matter if the adapter is levelled of not. Levelling of the 
adapter will affect only the scanner height. However, due to the short 
distance from the scanner centre to the ARP, the error will be very small. 
As we can see from the example in Figure 5.4, even a relatively large error 
in the adapter levelling such as 1°, will cause an insignificant error in the 
scanner height. This reasoning applies to both possibilities of mounting 
the adapter since in both cases the GPS antenna moves along a circle. 
However, since in the first case the radius of the circle will approach zero, 
it is more reasonable to estimate the horizontal position as a weighted 
mean of the RTK-GPS-positions. Since during one rotation of the scanner 
we can collect a large number of observations, depending on the sample 
rate, the accuracy of the computed scanner position can potentially be 
higher than the accuracy obtained from a single RTK (or Network-RTK) 
measurement. If the scanner rotation at the station is less than 360°, one 
could make an additional manual slow rotation of the scanner, after 
finishing the scan, under about 1 min, in order to get the RTK-GPS-
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positions over the whole circle and provide better reliability of the position 
computation. The position computation in the field can be performed with 
a computer program specifically written for this purpose. 
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Figure 5.4. Error in the scanner height due to non-levelling of the adapter for 
mounting a GPS antenna. 

 
In fact, this approach is based on the idea of the integrated laser scanner 

system described in Schuhmacher and Böhm (2005) (see Sect. 1.3.2). 
However, they used a low-cost GPS receiver, with which only a metre-
level accuracy of the scanner could be obtained, while in our approach we 
can use geodetic GPS receivers and determine the scanner position with 
centimetre or even better accuracy. 

 
o If the magnitude of the offset is significantly larger than the variation of 

the vertical RTK-GPS-positions, the RTK-GPS-positions should be first 
projected onto a best-fitting plane, and the circle fitting should be done in 
this plane (cf. Paffenholz and Kutterer 2008). Note that in order to achieve 
a sufficiently large offset, one might need to construct a complicated 
adapter, which may not be quite practical. In addition, the scanner 
rotation, and thus the data quality, might be negatively affected by the 
unbalanced weight of the GPS antenna. 

 
Naturally, it is also possible to use post-processed GPS positions instead of 

RTK-positions (cf. Paffenholz and Kutterer 2008), in order to determine the 
scanner position using one of the two approaches described above. However, in 
this case we have to post-process the GPS data in the office, while with RTK we 
can get the coordinates directly in the field. In addition, our experience shows that 
the precision of the RTK positions is comparable to that of the positions 
computed from post-processed kinematic GPS observations. 

We should note that in the preceding discussion “to determine the scanner 
position parallel to the scanning,” means to determine it relative to the reference 
station. If the position of the reference station is to be determined from static GPS 
observations collected parallel to the scanning as well (see below), the absolute 
position of the scanner in the external coordinate system can be determined after 
post-processing of the static GPS observations, i.e. in the office. 

 
 If a TLS survey involves more than one station, the user can carry out scanning and 

static GPS measurements in parallel. This approach is described in Schuhmacher and 
Böhm (2005). The procedure would look as follows. The user places the scanner on 
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the first station and a GPS receiver on the next one. Under the duration of the scan, 
static GPS measurements are collected. After finishing the scan, the scanner is moved 
to the station where the GPS receiver was located, and the latter is moved to the next 
station, and the whole procedure is repeated. When the scanner is placed on the last 
station, the GPS receiver is placed on the first one. Since the scanning time from each 
station would not normally exceed 1 hour, a GPS reference station must be 
established on the site in order to obtain scanner positions with centimetre precision. 
The scan data can then be georeferenced in the office. 

 
Determination of the scanner position prior to or after the scanning 

While determination of the scanner position parallel to the scanning is obviously the most 
efficient choice, it is also possible to determine it prior to or after the scanning from each station. 
This can be done with RTK or Network-RTK measurements, which provide centimetre 
precision. This approach is especially suitable when the scanning is made from only one station, 
and therefore static GPS measurements would take additional time. In this case, if Network-RTK 
is used, the scanner position can be obtained in real time, and the scan data can be georeferenced 
in the field. If conventional RTK is used and the position of the reference station is being 
determined parallel to the scanning, the scan data has to be georeferenced in the office. 
 
Determination of the position of the backsight target 

The position of the backsight target can be determined by static GPS measurements. This 
approach is most suitable when the place for the target can be chosen in such a way that it is 
visible from all the intended scanner stations. Therefore, it need not be moved, unlike the 
scanner, during the whole TLS survey, which would normally last for a few hours, and at the 
maximum the whole working day. Therefore, a sufficient number of epochs can be collected in 
order to obtain the target coordinates with millimetre precision. A suitable adapter should be 
made for mounting a GPS antenna on top of the target. An example of such an adapter for 
indirect georeferencing of the point clouds captured with Cyrax 2500 scanner is presented in 
Balzani et al. (2002). The user can fix a planar Leica HDS target to it and place (screw) a GPS 
antenna on top of it. The adapter can be rotated in horizontal and vertical directions in order to 
have the target at the normal incidence with respect to the laser beam. The adapter should be 
calibrated in order to determine the horizontal offset between the target centre and the vertical 
axis, its change during the adapter rotation around the vertical axis, and the vertical offset 
between the target centre and the phase centre of the GPS antenna. 

A more efficient solution would be to use a spherical target, since it is omnidirectional and 
does not need to be rotated when the scanner is moved to a new station. An additional important 
issue, which is specific for direct georeferencing, is that we need to know, in fact, only the 
horizontal coordinates of the backsight target. This is particularly advantageous when using GPS 
measurements where the height is determined less accurately than the planar coordinates. This 
implies a simplified field procedure: provided that the spherical target is mounted in such a way 
that its vertical axis coincides with the vertical axes of the adapter and the GPS antenna, the only 
thing we have to do is to level the target. Optionally, the target can be centered over a point on 
the ground, so that it can be used for possible future surveys. We do not need to measure the 
target height. For this reason, it is also possible to use a cylindrical target. In the latter case, the 
horizontal coordinates of a point on the cylinder’s vertical axis can be used for the scanner 
orientation. 

The position of the backsight target can be computed from static GPS observations in one of 
the following ways: 
 

1. Post-processing of the static GPS observations in the office, relative to a SWEPOS 
reference station. 
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2. Using SWEPOS Automatic Computation Service (ACS) on the SWEPOS web-site 

(Jonsson et al. 2006). The user has to submit an observation file with dual-frequency 
GPS-data of at least 1-hour duration in RINEX-format to the ACS via SWEPOS web-
site. The computed position (in the national reference system SWEREF 99) and its 
quality parameters are submitted to the user by e-mail in 5 – 10 min. The results are also 
partly available at the ACS web-site. The limited tests performed in order to assess the 
performance of the ACS have shown that the observation time should be 2 hours or more, 
in order to get the position accuracy at the centimetre level (SWEPOS 2009). The 
estimated standard deviation of the computed position is 1 cm in plane and 1.5 – 2 cm in 
height for the session duration of 2 – 3 hrs (Jonsson et al. 2006). Hence, provided that the 
scanner position is available in the field, the scanner data can also be georeferenced in the 
field. 

 
If the backsight target should frequently be moved to a new location, e.g. due to limited line-

of-sight, we can use RTK or Network-RTK measurements for determination of its coordinates. 
Since the standard deviation of the scanner azimuth is inversely proportional to the distance to 
the backsight target, the effect of the error in the planimetric position of the latter can be reduced 
by choosing a sufficiently large distance. As already mentioned, planar coordinates can be 
determined with centimetre precision with RTK or Network-RTK. In this case, georeferencing of 
the point cloud can be performed directly in the field. 

If the scanner position is to be determined from RTK measurements, the station where the 
backsight target is located could be used as a temporary RTK reference station. In this case, after 
the position of the reference station has been determined from post-processing in the office, the 
precise coordinates of the scanner can be determined as well and the scanner data can be 
georeferenced in the office.  

As a final remark, we can say that it is also possible to use the georeferencing alternative 
described in Paffenholz and Kutterer (2008), using two GPS receivers and two antennas mounted 
on top of the scanner in order to determine its position and orientation, without the need for a 
backsight target. However, applicability of this approach is limited by the accuracy of the 
azimuth determination. As mentioned in Subsect. 1.3.2, it would normally work only for medium 
distances, e.g. up to 30 m, and thus is only limited for phase difference scanners. However, in 
our view, it is of a considerable interest to use direct georeferencing with GPS for territorial scale 
surveying (cf. Balzani et al. 2002), which is currently possible only with pulsed scanners. When 
conventionally using a backsight target for the scanner orientation, the azimuth precision can be 
increased by placing the backsight target further away from the scanner. In addition, mounting 
two GPS antennas onto the scanner may need a complicated (and heavy) adapter, which is not as 
practical as mounting only one GPS antenna. As will be shown below, we may also need to 
consider which maximum weight can be placed on top of the scanner, without damaging its 
hardware. Therefore, mounting of two GPS antennas may not be possible for all scanner models. 
Finally, in order to implement the approach with two GPS antennas, we need to have 3 GPS 
receivers (and, correspondingly, 3 GPS antennas) in the field – 2 for use with the scanner and 
one for the reference station, unless Network-RTK is used. However, in order to implement all 
other strategies described in this subsection, we need only 2 GPS receivers. 

The strategies presented in this subsection as well as the prototype combined survey system to 
be discussed in short have been developed parallel to the research work done by Paffenholz and 
Kutterer (2008). We learned about their approach only after the development of the system and 
the accuracy tests were finished in May 2008. 
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5.2.2. The prototype combined survey system (TLS + GPS) 
 
We have developed a prototype combined survey system, which allows the scanner to be directly 
georeferenced with the aid of GPS. The system consists of the following components (see also 
Figure 5.5): 
 
 A terrestrial laser scanning system: a laser scanner, control unit (laptop computer) with 

the dedicated software, batteries and tripod; 

 2 GPS receivers and 2 GPS antennas; 

 An adapter for mounting a GPS antenna on top of the scanner and a bubble level for its 
rough levelling; 

 An adapter onto which the target for the scanner orientation and a GPS antenna can be 
mounted; 

 A computer program (written in MATLAB®) used to compute the scanner position. 

 
The position of the scanner can be determined from kinematic GPS observations using either 
RTK or Network-RTK techniques, with the approach described in Subsect. 5.2.1. In the field 
tests, the description of which will follow, we used the pulsed laser scanner Leica Scan Station 2, 
GPS receivers Leica 530 and GPS antennas Leica AT502. The scanner was provided by the 
company Leica Geosystems AB. 
  

   
                                       a                                                       b                                   c   

 
Figure 5.5. a) An adapter for mounting a GPS antenna onto the scanner and a target for the scanner 

orientation. The image shows also a bubble level for adapter levelling. b) A GPS antenna Leica AT502 
mounted on top of the scanner under the field accuracy tests. c) A GPS antenna Leica AT502 mounted on 

top of the orientation target in the field. 
 
The adapter for mounting a GPS antenna on top of the scanner is made of standard components: 
a holder for a GPS antenna pole from Trimble and a circular plate with centric standard 5/8´´ 
thread mount. A GPS antenna can either be screwed to the adapter or mounted using a standard 
aluminium stub (shown in Figure 5.5a). The adapter can be levelled with a bubble level for a 
GPS antenna pole from Trimble. The adapter can be attached to the scanner’s handle, at an offset 
from the scanner’s vertical axis, and therefore the height and planimetric positions can be 
computed separately: the height as the weighted mean of the vertical RTK-positions and the 
planimetric position through a circle fitting to the horizontal RTK-positions (Sect. 5.2.1). An 
important consideration is the weight of the adapter. According to the information that we 
received from the manufacturer, the maximum weight that can be placed on the scanner without 
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damaging its hardware is 1 kg. In our case, if a GPS antenna Leica AT502 is screwed to the 
adapter, the total weight is about 0.8 kg, which is within the limit.  

Since the scanners Leica HDS 3000 and Leica Scan Station have the same design as Scan 
Station 2, this adapter could also be used with these scanners. We also expect that our adapter 
and the procedure for the scanner position determination could be used with the phase difference 
scanner Z+F Imager 5006 and “pulsed-wave” scanner Callidus CPW 8000, since they have 
handles similar to the scanner Leica Scan Station 2. Naturally, the user has to consult with the 
manufacturer about the maximum weight that can be placed on the scanner. 

The orientation target is made of polyoxylmethane (POM), a plastic material with good 
stability properties. The target is a white cylinder with the diameter of 100 mm and height of 150 
mm. It can be screwed on a metal pole with the centric standard 5/8´´ thread mount on top, to 
which a GPS antenna can be attached (see Figure 5.5c). The pole can be placed on a standard 
survey tripod, levelled and centered over a point on the ground. The high manufacturing quality 
guarantees that the vertical axes of the target, the pole and the GPS antenna (when mounted) 
coincide. Therefore, there is no need for additional calibration of the target. As mentioned above, 
there is neither a need to determine the height of the target during the survey.  

We have written a computer program in MATLAB® for the determination of the scanner 
position from the RTK measurements. The position can be computed using two different 
methods described in Subsect. 5.2.1: 
 
 Weighted mean of Easting, Northing and Height RTK-positions – in a single adjustment. 

The scanner position is estimated with a robust parameter estimation method “reweighed 
least squares for correlated observations” (RLSCO) (Wieser and Brunner 2002) since the 
RTK-positions are correlated; 

 
 The scanner height is computed as a weighted mean of Height RTK-positions using the 

Danish method. The scanner planar coordinates are computed via 2D circle fitting to 
Easting and Northing RTK-positions. The adjustment is based on the following equation 
of the circle: 

 
 2 2

0 0( ) ( ) 0,i ix x y y r− + − − =  (5.1) 
 

where (xi, yi) are the observed Easting and Northing coordinates, respectively, of the i-th 
RTK-position, (x0, y0) are the coordinates of the centre of the circle and r is the radius of 
the circle. The adjustment is carried out with the mixed model, since the observations and 
parameters are implicitly related (Leick 2004, p. 104). The adjustment model can be 
found in Reshetyuk et al. (2005). The solution is obtained with conventional least-
squares. The outliers are detected and eliminated with Data Snooping, and as a criterion 
we use the distance of a point (i.e. RTK-position) from the computed circle: 
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0 0ˆ ˆ ˆ( ) ( ) ,i i ir r x x y yΔ = − − + −  (5.2) 

 
where irΔ is the distance of the i-th point from the circle, and the caret symbol indicates 
the estimated parameters. In Data Snooping, we use the test statistics /
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σ Δ is the estimated standard deviation of irΔ , which is computed through error 
propagation in Eq. (5.2). The point is considered an outlier and deleted from the dataset if 
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where tα is the critical value of t-distribution corresponding to the significance level α. In 
our case, we use α = 1%. A similar procedure was used by Schulz (2007) in the 
adjustment of a sphere. 

 
5.2.3. Investigation of the scanner positioning accuracy with RTK-GPS: a simulated case 
 
Before we conducted the field tests with the laser scanner, we decided to estimate the accuracy 
of the scanner positioning using RTK-GPS observations collected during the scanner rotation. 
First, we surveyed two points (designation REF1 and REF2), at KTH campus, to be used as the 
reference and rover stations in the RTK-measurements. The coordinates of the points have been 
determined from 2 hours of static GPS observations made with the receivers Leica 530 and 
antennas Leica AT502. The observations were processed in the software Trimble Total 
ControlTM relative to the SWEPOS reference stations LOVO (about 14 km from KTH) and 
STHO (about 5 km from KTH), which are both located in Stockholm area. The coordinates of 
the stations have been determined from a network adjustment with the standard deviation (1σ) of 
about 1 mm in plane and 2 mm in height. The distance between the points is about 15 m and 
their locations have been chosen in order to achieve as good satellite visibility as possible (see 
Figure 5.6). 

 

Reference
station
(REF1)

Rover station
(REF2)  

 
Figure 5.6. Setup of the equipment in the field tests on the investigation of the scanner positioning 

accuracy with RTK-GPS. 
 
Experimental setup 

In the tests, we established an RTK reference station over the point REF1. Instead of the scanner, 
we used the total station Geodimeter 640M centred over another known point REF2 (see Figure 
5.6). We attached our adapter to the total station’s handle. In this way we simulated the adapter 
setup for the scanner.  We tested the following configurations (see also Figure 5.7): 
 
 GPS adapter levelled, close to the vertical axis, GPS antenna mounted on the stub 

(Configuration 1); 

 The same configuration as before but the GPS adapter is off-centre (Configuration 2); 

 GPS adapter unlevelled, close to the vertical axis, GPS antenna screwed (Configuration 
3); 

 The same configuration as before but the GPS adapter is off-centre (Configuration 4). 
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                                                              a                             b 

 
Figure 5.7. Some of the configurations used in the investigations of the scanner positioning accuracy. a) 

Configuration 2, b) Configuration 3. 
 

When mounting the adapter off-centre, the farthest possible location from the total station’s 
vertical axis was chosen. We used both levelled and unlevelled configurations in order to see 
how the adapter levelling affected the results, namely the height accuracy, since the planimetric 
position is unaffected by this factor, as was made clear in Subsect. 5.2.1. We should note that 
when the GPS antenna is mounted on the stub, the bubble level can be placed on the adapter, and 
levelling can be performed when the antenna has been installed. However, when the GPS 
antenna is screwed to the adapter, there is no space for the bubble level (see Figure 5.7b). This 
means that the adapter can only be levelled before the antenna is installed. Therefore, when 
screwing the antenna, a care should be exercised in order not to affect the adapter levelling. In 
practice, one cannot always guarantee that the adapter will not go slightly off level after the 
antenna mounting. This means that there may be little practical reason for the adapter levelling. 
This is especially true, since from our experiences we can say that it may be quite tedious to 
level the adapter since this should be done by hand.  

In the tests we used the same Leica receivers and antennas as for the static measurements. The 
test measurements proceeded as follows: 
 
 Before starting the RTK-measurements, we measured the total station height over the 

point and the height of the reference point (ARP) of the GPS antenna over the instrument 
centre. The sum of the two heights gave the height of the ARP over the point. 

 
 In the configurations 1 and 2, the adapter was levelled. In the configurations 3 and 4, the 

adapter was purposely put slightly off-level (half of the bubble was outside the black 
circle); 

 
 In each configuration, the total station was rotated manually clockwise under about 10 to 

11 min, as uniformly as possible, in order to simulate the scanner rotation. During the 
rotation RTK-positions were recorded in the Swedish reference system RT90 with the 
sample rate of 1 s. In each configuration, the measurements were done twice. 

 
After the measurements with the adapter, we performed RTK-measurements with the GPS 
antenna placed on the dedicated Leica GRT 144 carrier and centred over the point. The antenna 
was static during the measurements. The position of the antenna was determined by averaging 
the RTK-measurements collected over different periods of time – 5 s, 30 s, 1 min, 2 min, 3 min, 
4 min and 5 min. The position sample rate was again 1 s. These measurements were performed 
in order to estimate the accuracy that can be achieved, if the scanner position is determined 
before or after the scanning. 
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Data processing and results 

The RTK-measurements were exported from the receiver to the software SKI-Pro from Leica 
Geosystems, where the results were first visualized. Afterwards, the RTK-measurements and the 
covariance information were exported to a text file, which was then used as an input for our 
MATLAB®-program, where the position of the rover station for each configuration was 
estimated. It is also possible to export the data to a text file directly on the receiver. The 
differences between the estimated and known position were computed, and they are listed in 
Tables 5.2 and 5.3. Table 5.2 shows also the duration of the rotation, the number of satellites and 
the minimum and maximum GDOP values during the measurements. Table 5.3 shows also the 
standard deviations (1 σ) of the computed positions. Examples of the collected datasets are 
shown in Figures 5.8 – 5.10, along with the results of the position computation. 
 
Table 5.2. Differences between the computed (from the RTK-measurements during rotation) and known 

coordinates of the rover station  
 

Configuration δE, mm δN, mm δH, mm Duration of the 
rotation, min 

Number of 
satellites GDOP 

1 5.4 1.6 -8.9 11 5 - 8 2.0 - 3.0
 6.9 5.1 -4.0 11 5 - 8 1.9 - 3.9
2 1.8 1.5 9.0 10 6 - 8 2.4 - 3.9
 -0.6 6.9 8.2 10 7 - 8 2.3 - 3.3
3 2.1 2.6 -2.8 10.5 8 - 10 1.9 - 3.1
 1.3 4.6 6.2 10 8 - 10 2.0 - 3.4
4 0.7 9.0 -5.5 10 7 - 9 2.4 - 3.4
 7.9 1.1 0.9 10.5 9 - 10 1.9 - 2.5

RMS 4.3 4.9 6.3    
 
 
Table 5.3. Differences between the computed (from the RTK-measurements with static GPS antenna) and 

known coordinates of the rover station and the standard deviations of the computed coordinates. Unit: 
mm 

 
Observation 

time δE δN δH σE σN σH 

5 s -6.6 13.8 -0.4 5.9 9.4 15.1 
30 s 2.7 20.1 15.7 7.5 9.1 18.5 

1 min -2.1 -2.9 -17.0 6.2 9.1 16.9 
2 min -2.8 3.7 -14.8 5.4 9.0 17.3 
3 min 0.8 12.2 5.0 5.8 8.9 17.4 
4 min 6.0 0.2 -6.2 5.3 6.6 13.3 
5 min 9.5 12.3 15.9 4.9 5.8 11.8 
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Figure 5.8. Height RTK-positions from Configuration 2 and the computed mean height (a thick grey line).  

 

-0.05 0 0.05

-0.04

-0.02

0

0.02

0.04

E, m

N
, m

Data points (E, N) and computed 2D circle

 
-0.05 0 0.05
-0.0500.05

-0.04

-0.02

0

0.02

0.04

E, m

Data points (E, N, H) and computed 2D circle

N, m

H
, m

 
Figure 5.9. Dataset from Configuration 2. Left: (E, N) RTK-positions and the computed 2D circle. Right: 

(E, N, H) RTK-positions and the computed 2D circle in 3D. 
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Figure 5.10. Dataset from Configuration 1. Left: (E, N) RTK-positions and the computed 2D circle. 

Right: (E, N, H) RTK-positions and the computed 2D circle in 3D. The outliers are displayed as grey 
asterisks. 

 
As we can see from Table 5.2, subcentimetre accuracy can be achieved if the scanner position 

is determined during rotation from RTK-measurements. Note that in all the tests the errors in the 
position of the station are below 1 cm. Obviously, adapter levelling has no effect on the results. 
On the other hand, the results from the “averaged” RTK-measurements are more variable (Table 
5.3). The accuracy is independent of the observation time. The standard deviations of the 
computed positions are on the subcentimetre level for planar coordinate components and at the 
level of 1 – 2 cm for the height component. This again shows the usability of RTK for the 
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determination of the planar position of the backsight target. On the other hand, the standard 
deviations of the station coordinates computed from the adjustment of RTK-measurements 
collected during GPS antenna rotation were at the submillimetre level. However, this is the result 
of a very high redundancy of the adjustment since the number of the observations from each test 
(from 10 – 11 min of the observations) varied between 600 and 700, and it does not give any 
meaningful indication of the position quality. The results show that the proposed approach is 
suitable for determination of the scanner position parallel to the scanning, and it provides better 
accuracy than conventional RTK-measurements and saves time. 
 
5.2.4. Investigation of the accuracy of the prototype combined survey system 

 
On May 15 – 16th, 2008 we investigated the coordinate accuracy that can be achieved with the 
combined system in outdoor measurements of built-up areas. In the tests, we used pulsed laser 
scanner Leica Scan Station 2 provided by the company Leica Geosystems AB. 
 
The test field 

We have established a test field at the same garden at KTH campus, where the accuracy tests 
described in Subsect. 5.2.3 were performed. The test field consists of 22 natural points on the 
buildings, most of which are window corners, distributed around the intended scanner station, 
which was the reference station REF1 (see Figure 5.11).  
 

NP1, 4, 6
NP2

NP3, 5, 7
NP8, 9

NP10

NP11 NP12
NP13

NP14
NP15

NP16
NP17

NP18

NP19
NP20

NP21

NP22

Scanner
station

Backsight
target

NP3

NP7NP6

NP1
NP2

NP5NP4

NP9

NP8

NP11 NP15
NP21

 
 

Figure 5.11. Left: map showing schematically the locations of the natural points in the test field, the 
scanner station and the backsight target. Where several point numbers are given, the points are at 

approximately the same planar position but at different heights. Right: a fragment of the test field and 
close-ups of some natural points. 

 
The variation of the point heights is not large since the garden is surrounded by relatively low-
storey buildings. In fact, this would be a common situation in an outdoor TLS survey where the 
scanner position was to be determined with GPS. Scanning in built-up areas with high buildings 
would not be possible with our (and any similar) system due to the satellite signal blockage. The 
selection of the natural points was limited by their visibility from the scanner station (limited 
primarily by trees and bushes in the garden). The test field was surveyed with the total station 
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Geodimeter 640M. In addition to the natural points, we surveyed one more point (designation 
005), at which the backsight target was placed at about 22 m from the scanner. Since we 
intended to use the backsight station as the reference station for the rover receiver at the scanner 
station, its location was chosen in view of having few sky obstructions. The coordinates of the 
natural points and the backsight station were computed in a network adjustment in Topocad® in 
the reference system RT90. The datum was defined by the two reference points – REF1 and 
REF2 – determined with GPS. The smallest and largest standard deviations of the planar 
coordinates of the natural points were 0.6 and 3.2 mm, respectively. Most planimetric standard 
deviations were not larger than 2 mm. The standard deviations of the height coordinate 
components were below 0.8 mm. It could be argued that the planimetric precision is comparable 
to that of the used laser scanner (6 mm single measurement position accuracy). However, we 
could not expect to get better results given that the points are not realized by special targets with 
well-defined centres but are natural points on the buildings. The planar and height coordinates of 
the backsight station were determined with millimetre precision.  
 
Calibration of the GPS adapter 

Before the tests we performed a simple calibration in order to determine the vertical offset 
between the ARP (when the GPS antenna is mounted on the scanner with the adapter) and the 
origin of the scanner coordinate system (CS) (Figure 5.12). The calibration was performed in the 
instrument storage room of the Geodesy Division. 
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Figure 5.12. Calibration of the vertical offset (HA) between the ARP (when the GPS antenna is mounted 

on the scanner with the adapter) and the origin of the scanner coordinate system. 
 
The scanner, with the adapter mounted to its handle and levelled, was set up on the floor, 
levelled and centred over the point marked on the floor. The height coordinate of the point was 
set to zero. When the scanner is directly georeferenced in the field, the user has to measure the 
slope distance HI´ between the point on the ground and the etched horizontal reference line on 
the scanner and enter it into the scanning software Cyclone. The software then makes a reduction 
of the slope distance to the instrument height HI, by applying the offsets Δy and Δz, which are 
unknown to the user. As the equation in Figure 5.12 shows, we need to know the vertical offset 
Δz, between the mark, to which the instrument height should be measured, and the origin of the 
scanner CS, in order to determine the vertical offset of the ARP. We made a short scan (about 1 
min), and afterwards performed direct georeferencing. The value of HI´ entered into Cyclone 
was zero. After the georeferencing was applied to the scan, the value of HI´ in Cyclone 
automatically changed from zero to 0.1202 m, which is assumed to be the magnitude of the 
horizontal offset Δy, between the reference line and the scanner vertical axis. Then we checked 
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the vertical position of the scanner in Cyclone (HI), which was 0.2288 m. Since the point height 
coordinate as well as the scanner “height” was zero, this value represents the magnitude of the 
vertical offset Δz. We also verified this value using a slightly different method. The height of the 
reference line (HI´´) was measured with a tape. The height HI´ was then measured and entered 
into Cyclone, and a new georeferencing was made. The offset Δz determined as the difference 
between the height of the origin of the scanner CS HI (available from Cyclone) and HI´´ was 
equal to 0.228 m. Since the precision of the height measurement with a tape can be assumed 1 
mm, the deviation between the two estimates of the offset Δz is reasonable. We also measured 
the vertical distance between the reference line and the ARP (HA´), and finally computed the 
desired offset HA, which was equal to 0.2142 m. The estimated precision of HA is 1 mm 
(determined by the precision of the distance measurement with a tape), which can be regarded as 
sufficient for the purpose of scanner direct georeferencing. 

Based on the calibration procedure described above, we can recommend the following 
procedure for direct georeferencing of the point clouds captured with the scanner Leica Scan 
Station 2 (or Scan Station) with GPS. After the ENH coordinates of the centre of the circle have 
been computed, the height coordinate is reduced by HA´, and the resulting coordinates can be 
used for direct georeferencing. Hence, the user has to determine, in fact, only the vertical 
distance HA´. The instrument height (HI´) of zero should be entered into Cyclone. As a result, 
the coordinates of the origin of the scanner CS are obtained in the external CS. The scanner 
azimuth can be determined using the coordinates of the backsight target. 
 
Experimental setup 

In the field, the scanner was set up at the reference point REF1, centered and levelled, and its 
height above the point was measured with a tape. The backsight target was set up at the point 
005. The backsight station was at the same time the reference station for the rover receiver at the 
scanner station. During the measurements we had many problems with connection to the 
scanner. Due to this reason and the fact that the scanner was available for a short time (about 1.5 
days), we took only a few scans: 
 
 First, we scanned the whole test field with the nominal resolution of 0.1 x 0.1 m at 50 m. 

The temperature and pressure were measured (t = 8.6°C, p = 1005.3 hPa) and entered into 
the scanning software Cyclone before the scanning in order to apply the atmospheric 
correction to the range measurements. Afterwards, we scanned only the locations of the 
natural points with the nominal resolution of 1 x 1 or 2 x 2 mm at the distance to the 
natural point. Similarly to the tests performed in September 2007, this was done in order 
to minimize the effect of the point density on the identification of the natural points. We 
used a Leica HDS 6´´ circular tilt and turn target as the backsight target. It can be fitted to 
the standard Leica GRT 144 carrier for a GPS antenna and centered over a known point. 
After the target was scanned with high resolution and automatically identified by 
Cyclone, we replaced it with our cylindrical target (Figure 5.5c). A scan of the target with 
the nominal resolution of 2 x 2 mm at the distance to the target was made. Afterwards, 
the target was replaced by Leica GPS antenna AT502 mounted on the Leica GRT 144 
carrier. The scan was georeferenced in the field using the known coordinates of the 
scanner and backsight stations and the measured scanner height; 

 
 The second scan was made with the GPS antenna mounted onto the scanner with our 

adapter (Figures 5.5b and 5.13). The resolution was set to 0.2 x 0.2 m at 70 m, and the 
scan took about 15 min. RTK-measurements were collected during the scan with the 
sample rate of 1 s. No high-resolution scan of the points was made. In fact, the purpose of 
making this scan was rather to collect RTK-measurements necessary for the 
determination of the scanner position. The coordinates determined from RTK would be 
used for georeferencing of the first captured point cloud. 
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In these experiments, the RTK reference station (005) was set up over a known point. 
However, under real field conditions the coordinates of the RTK reference station could have to 
be determined parallel to the scanning. For this reason, 1.5 hours of static GPS observations (not 
continuous) with a sample rate of 1 s were recorded at the reference station 005 in order to 
determine its coordinates. Finally, after the scanning was completed, we performed 2 RTK-
measurements with the static GPS antenna at the scanner station during 5 and 10 min. All this 
data have then been used in several georeferencing scenarios (see below) in the estimation of the 
coordinate accuracy that can be achieved in direct georeferencing with GPS. 
 

Rover station
(REF1)

Reference station
(005)

 
Figure 5.13. Setup of the equipment in the field tests on the accuracy investigation of the prototype 

combined survey system. 
 
Data processing and results 
 
Processing of the GPS measurements 

First, we processed the GPS measurements in order to have the data for the georeferencing of the 
point cloud. The RTK measurements collected during the scanner rotation were exported into a 
text file at the receiver and used in the MATLAB®-program in the circle fitting. As a result, the 
scanner coordinates (ENH) and the circle radius were estimated. The results of this data 
processing step are shown in Figures 5.14 and 5.15. The 1.5 hours of static GPS observations at 
the RTK reference station 005 were processed in the software Trimble Total ControlTM relative 
to the SWEPOS reference station STHO located at about 5 km from KTH. Finally, the 5- and 10-
min RTK measurements with the static GPS antenna were imported into the software Leica SKI-
Pro and the scanner station coordinates as well as their standard deviations were accessed. The 
coordinates of the scanner and backsight stations computed with different kinds of GPS 
observations were compared with their known coordinates. The deviations between the measured 
and known values are shown in Table 5.4. The standard deviations of the computed coordinates 
are also shown. 
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Figure 5.14. Height RTK-positions from the accuracy investigation of the combined survey system and 

the computed mean height (a thick grey line).  
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Figure 5.15. Dataset from the accuracy investigation of the combined survey system. Left: (E, N) RTK-

positions and the computed 2D circle. Right: (E, N, H) RTK-positions and the computed 2D circle in 3D. 
The outliers are displayed as grey asterisks. 

 
Table 5.4. Deviations of the coordinates of the scanner and backsight stations determined with GPS from 

the known coordinates. Unit: mm 
 

Station Method δE δN δH σE σN σH 
Scanner GPS-adapter 0.2 -0.5 3.0 0.2 0.2 0.4 

 RTK-measurements, 5 min 4.6 -2.5 14.1 5.4 6.5 14.3 
 RTK-measurements, 10 min -4.5 -4.4 -4.3 4.8 7.0 12.9 

Backsight Static GPS measurements, 1.5 hrs 
(with GPS-antenna on Leica GRT 

144 carrier) 
-2.8 6.0 6.4 1.6 1.6 1.9 

 
As we can see, the best results for the determination of the scanner station position have been 

obtained with the RTK-measurements collected under the GPS antenna rotation during the 
scanning. The planar coordinates agree almost perfectly with the known values. The height 
deviation is also quite small. These results are markedly better than those obtained during the 
simulated tests with the total station (Table 5.2), under similar conditions. During the scanning 
(about 15 min), 9 satellites were observed and the value of GDOP varied between 2.4 – 2.5. The 
number of the RTK-observations was not significantly larger than that used in the simulations. 
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We have also performed scanner position computation in the MATLAB®-program when using 
only 600 RTK-measurements, the number similar to that used in the simulations. The deviations 
from the known planar coordinates were 1.0 and -1.0 mm in Easting and Northing, respectively, 
which is also quite small. However, in this latter case the measurements used in the adjustment 
did not cover the whole circle, which could be the reason for a slight decrease in the accuracy. It 
is remarkable, however, that the discrepancy in height reduced from 3.0 to 0.7 mm in this case. 
In our view, the only plausible explanation for such good results is the different multipath 
influence at the scanner station. During the tests with the total station, we used another station, 
namely REF2, as the rover station. On the other hand, the results obtained from the RTK 
measurements with the static GPS antenna agree with the results shown in Table 5.3. Obviously, 
the accuracy does not depend on the observation time. The results of the processing the static 
GPS observations at the backsight station are also quite reasonable. Comparing these results to 
the results from the RTK-measurements with the static GPS antenna and taking into account the 
discussion in Subsect. 5.2.1, we can make a conclusion that provided the backsight station is 
located at a quite long distance from the scanner, it is sufficient to determine its coordinates with 
RTK.  
 
Processing of the scanner measurements 

All the natural points in the captured point cloud were identified and vertices were manually 
inserted into their locations in the software Cyclone. In order to be able to use the cylindrical 
target as the backsight, we performed a constrained fitting of the cylinder to it, i.e. with the 
known diameter (0.100 m). In the target’s point cloud, we discovered that reflectance of a 
narrow “stripe” of the points on target’s surface, at the normal incidence of the laser beam (see 
Figure 5.16a) was higher than that of the rest of the surface. This happened due to the fact that 
the target was illuminated by the sun during the scanning. As a result, the range measurements to 
these points were erroneous, which show up as a “bump” in the top view of the cylinder (Figure 
5.16a). The maximum error was about 4 mm. 
 

   
                                                   a                                                       b 

 
Figure 5.16. Laser returns from the surface of the cylindrical target and results of cylinder fitting in 

Cyclone. a) Result from fitting to all the points (including the “outliers”), b) Results from fitting after 
removal of the “outliers”. The figure shows top views of the cylinder. 



 135

  
 

Figure 5.17. Reference point (vertex) at the cylinder centreline used in direct georeferencing. 
 

In order to see the influence of these “outliers” on the results of cylinder fitting, we performed 
two fits: the first one using all the points and another one with the “outliers” removed (Figure 
5.16b). The results were nearly the same: the differences between the planar coordinates of the 
end points of the cylinder centreline were less than 1 mm. We can thus make a conclusion that 
the cylinder fitting algorithm in Cyclone efficiently handles “outliers” similar to those 
encountered in our case. On the other hand, the error magnitude (4 mm) was quite small and 
comparable to the scanner single-point range accuracy (4 mm). In order to have a reference point 
for the georeferencing, we placed a vertex, in Cyclone, at the lower end point of the cylinder 
centreline (Figure 5.16), in order to minimize the errors due to non-perfect levelling of the target. 
The cylinder fitted to all the points was used. 
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Leica HDS target
centre

Scanning

direction

 
Figure 5.18. Horizontal offset between the cylinder centreline and the centre of the Leica HDS target (top 

view). 
 
During post-processing of the TLS data, we discovered another interesting fact: there was a 

horizontal offset, in the scanning direction, between the centreline of the cylinder and the vertex 
automatically fitted to the centre of the circular Leica HDS target following the high-resolution 
scan (see Figure 5.18). The magnitude of the offset is 9 mm. The reason for this is assumed to be 
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higher reflectance of the white part of the Leica HDS target than that of the cylinder. Comparing 
the planar coordinates of the endpoints of the cylinder centreline and the target centre to the 
known planar coordinates of the point 005, it appeared that the cylinder centreline was closer to 
the “true” planar location than the target. Finally, the coordinates of the 22 vertices were 
exported to a text file. 

Afterwards, we performed direct georeferencing of the point cloud in Cyclone using different 
strategies that employed different methods for the determination of the coordinates of the 
scanner and backsight target (see Table 5.5). Practically, this was achieved through importing 
new coordinates into the Scan Control module of Cyclone and performing the georeferencing 
like one would do in the field. After the results of each new georeferencing were applied to the 
point cloud, the coordinates of the vertices inserted at the natural points were exported to a text 
file. The discrepancies from the known coordinates and their RMS values were computed in 
MATLAB®, and the results are shown in Table 5.5 and compared to the results of conventional 
direct georeferencing. The last column shows the scanner azimuth in the coordinate system 
RT90, obtained from Cyclone. 
 

Table 5.5. RMS of the coordinate discrepancies at the natural points. Unit: mm 
 

Method to determine the coordinates of RMS Direct 
 georef. 

 strategy Scanner station Backsight station δE δN δH Azimuth, ° 

DG1 
Centring over a 
known point and 

levelling  

Centring over a known 
 point and levelling 5.0 7.0 3.5 324.641 

DG2 GPS-adapter Static GPS measurements, 
 1.5 hrs  4.8 5.6 5.6 324.644 

DG3 
RTK-

measurements, 5 
min 

Static GPS measurements, 
 1.5 hrs 7.5 7.5 15.7 324.638 

DG4 
RTK-

measurements, 10 
min 

Static GPS measurements, 
 1.5 hrs 12.5 8.3 4.5 324.660 

 
As Table 5.5 shows, we can achieve the coordinate accuracy of better than 1 cm in each 

coordinate component with conventional direct georeferencing (DG1). The results of direct 
georeferencing with the GPS adapter are even better in plane but slightly worse in height, due to 
the 3-mm deviation in the scanner height (cf. Table 5.4). In general, the coordinate discrepancies 
at most of the natural points in the strategies DG1 and DG2 were below 1 cm, both in plane and 
height. The results of direct georeferencing with the scanner coordinates determined from 5- and 
10-min of RTK measurements are worse, especially in height (strategy DG3). This shows the 
advantage of the determination of the scanner position with our adapter. On the other hand, RTK 
can readily be used for determination of the position of the backsight target since the height 
component is not of interest in the context of direct georeferencing. In the strategies DG1 and 
DG4, the RMS values of the discrepancies in the planar coordinates are worse than those in the 
height due to the lever arm effect of the error in the scanner azimuth, which increases with the 
distance to the point. Considering Tables 5.4 and 5.5, we can see that the magnitude of the error 
in the azimuth depends on the signs of the errors in the planar coordinates of the scanner and 
backsight target. For example, for the strategy DG3 these errors have different signs and 
therefore compensate each other (see Table 5.4). As a result, the scanner azimuth is not much 
different from that in DG1 and DG2. On the other hand, in DG4 the errors in the Easting-
coordinates accumulate, which leads to the larger deviation of the scanner azimuth from that 
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obtained in DG1 and DG2. Besides the georeferencing errors, the results are influenced by the 
following factors: 

 
 Uncertainty in the location of the natural points; 

 Scanner instrumental errors (random and systematic); 

 Object surface reflectance; 

 Identification of the natural points in the point cloud. 

 
Due to the time limits, we did not perform self-calibration of the scanner Leica Scan Station 

2, and therefore we could not investigate the influence of the possible scanner instrumental errors 
on the coordinate accuracy. In order to get some idea of the errors in the laser rangefinder, we 
made a comparison between the measured and known slant ranges to the natural points. Since 
slant ranges are invariant with respect to the coordinate system, the comparison was made only 
for the ranges extracted from the point cloud georeferenced with the strategy DG1. The results 
are shown in Figure 5.19. 
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Figure 5.19. Errors in the measured ranges to the natural points. 

 
As we can see, most of the measured ranges are systematically too short compared to the true 
ones. This could be the consequence of the rangefinder zero error, which is composed of two 
parts – one due to the scanner, and another one due to the material of the object surface. Another 
reason for this could be an error in the scanner position. 

In general, the results of the accuracy tests show that it is possible to achieve the coordinate 
accuracy of better than 1 cm both in plane and height, at the ranges of up to 70 m to the object, 
with the scanner Leica Scan Station 2 when using conventional direct georeferencing and the 
combined survey system developed at KTH. If the scanner position is determined from RTK 
measurements before or after the scanning, the accuracy of 1 – 2 cm can be achieved.  
 
5.2.5. Performance testing of the prototype combined survey system 
 
In order to estimate the performance, including the accuracy and efficiency, of the combined 
survey system under typical survey conditions, we performed scanning of a building located at 
KTH campus (Figure 5.20). As a remark, we should say that this was the building containing the 
large hall where self-calibration of the scanner Leica Scan Station was carried out. We used the 
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same scanner, Leica Scan Station 2, and the same GPS receivers and antennas, as in the accuracy 
investigations described in Subsect. 5.2.4. 
 

   
                                    a                                                                        b 
 

Figure 5.20. a) Building scanned during performance test of the combined survey system. b) Point 
cloud of the whole building obtained after merging 4 scans. 

 
Survey planning 

Before the survey, we performed simple planning in order to determine suitable locations for the 
scanning and backsight stations. The main criteria followed in this case were: 

 
 To have good sky visibility; 
 To cover the building with as few scanner setups as possible. This was important since 

the scanner was available for less than 2 days; 
 To use the same backsight for as many scanner stations as possible. This was 

important, first of all, in view of collecting enough number of epochs of static GPS 
observations for determination of the position of the backsight targets. 

 
According to the planning, we selected 4 scanner stations and 2 backsight stations; see Figure 
5.21. The survey planning took about 2 hours. 

 

Overlap 3

Overlap 1

Overlap 2

 
Figure 5.21. A planar view of the merged point cloud of the building scanned, with locations of the 

scanning stations (St1 – St4), backsight stations (Ref1 and Ref2) and extents of the scanner FOV from 
each station. The overlaps 1 – 3 were made for the purpose of accuracy investigation (see the text for 

more details). 
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As we can see, the incidence angles of the beam from the scanning stations were quite steep, 
which can have an impact on the range measurements and hence the accuracy of the point cloud. 
However, in the tests performed by Kersten et al. (2008) for the scanner Leica Scan Station 2, 
this impact was discovered to be insignificant. The deviation of a plane, fitted to the point cloud 
of a stone slab located at the range of 10 m from the scanner and scanned at the incidence angle 
of 85°, from the reference plane was less than 2 mm. At the same time, the authors make a 
comment that the accuracy can be affected significantly if the incidence angle is larger than 45°. 
The error could also be larger at longer distances similar to those encountered in our 
measurements. 
 
Fieldwork 

The scanning was carried out on 2 consecutive days, the 7th and 8th of October, 2008. Before the 
measurements, the GPS adapter was calibrated as described in Subsect. 5.2.4. On the first day, 
we managed to make only one scan, from Station 1 with the backsight Ref1 (see Figure 5.21). 
The reason for this was problems with connection to the scanner. On the second day, we 
captured 3 remaining scans, from the Stations 2 – 4, which had a common backsight Ref2. 
Before the scanning was started on each day, we established an RTK reference station, which 
was at the same time a backsight for the scanner (see Figure 5.22b). The coordinates of the 
reference stations were determined in the field from single point positioning (SPP) carried out 
during 20 min. During scanning, static GPS observations were collected at the reference stations 
at the rate of 1 s. In total, about 2.5 and 3 hours of observations were collected at the reference 
stations Ref1 and Ref2, respectively. 

 

        
                                                     a                                                        b 
 

Figure 5.22. a) Laser scanner Leica Scan Station 2 at the station St1. b) Backsight station Ref2. 
 
Before the scanning at each station, the temperature and pressure were measured and entered 

into the scanning software Cyclone. During the scanning, the temperature varied between 9°C 
and 15°C, and pressure varied between 1015 and 1020 hPa. The scanning resolution (point-to-
point distance) was either 1 or 2 cm at the nominal distance of 15 to 50 m. The scanning time at 
each station varied from 2 min (St4) to 12 min (St2). During the scanning, RTK-observations 
were collected at the rate of 1 s. Unlike in the accuracy tests performed in May 2008, the scanner 
did not rotate 360° around the vertical axis. As Figure 5.21 shows, the horizontal FOV from each 
station was comparatively small. This means that the RTK-observations collected during the 
scanning covered only a small section of the circle. This fact would negatively affect the results 
of circle fitting to the GPS data. In order to have RTK-observations covering the whole circle, 
after the scanning at each station was finished, we rotated the scanner manually 360° around the 
vertical axis during about 1 min. Afterwards, the GPS adapter was removed from the scanner and 
a high-resolution scan of the cylindrical backsight target was made with the nominal resolution 
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of 1 x 1 mm at the distance to the cylinder. Since the coordinates of the backsight target were 
computed in the office, georeferencing of the scans also took place in the office. 

The adapter calibration and fieldwork took, in total, about 7 hours, including establishment of 
the RTK reference stations. Setting up the scanner and packing it down before moving to the 
next station took most of the time. The surveying procedure could have been speeded up 
considerably if the scanner were mounted on a moving platform, e.g. on a car. On the other hand, 
scanning at each station was carried out very quickly, due to the high scanning speed of the 
scanner used (maximum 50 000 points per second). 

Since we used direct georeferencing, there was no need for overlaps between the 4 scans 
captured. However, for the purpose of accuracy estimation, we made 3 small overlaps between 
the adjacent scans, which are shown in Figure 5.21. In each case, they covered a section of the 
building wall. During the data processing stage, we fitted a plane to each section of the wall in 
Cyclone and compared the deviations between the planes from different scans. The magnitudes 
of the deviations give an indication of the accuracy of direct georeferencing with the combined 
survey system. 
 
Data processing and results 

The data processing started from converting the RTK observation files at the rover receiver (i.e. 
the receiver used at the scanning station) into text format and transferring the text files to the 
computer. Afterwards, the static GPS observations were transferred to the computer and 
processed in the software Trimble Total ControlTM, with respect to the SWEPOS reference 
station STHO, in the Swedish national reference system RT90. The standard deviations of the 
computed baselines were about 2 mm in plane and height for the station Ref1 and about 2 and 3 
mm in plane and height, respectively, for the station Ref2. However, only planar coordinates 
were of interest for direct georeferencing since a cylindrical target was used as a backsight. 

Before starting processing the rover RTK-observations in MATLAB®, they were first 
imported to the software Leica SKI-Pro for the purpose of visual inspection and possible 
removal of the clear outliers. We discovered 49 such outliers in the dataset from Station 1, for 
which the standard deviations impaired from 1 – 2 cm in plane and a few centimetres in height to 
a few decimetres in plane and up to 1 m in height. These observations were removed from the 
text file. 

The RTK-observations were processed in MATLAB® in a similar way to the data from the 
accuracy investigations described in Subsect. 5.2.4. The computed scanner coordinates were 
corrected for the difference between the coordinates of the RTK reference stations determined 
from SPP (available in the text files transferred from the receiver) and those computed in 
Trimble Total ControlTM. Examples of the results of RTK-GPS data processing in MATLAB® 
are shown in Figures 5.23 and 5.24. The estimated standard deviations of the scanner coordinates 
were below 1 mm for all 4 stations. 
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Figure 5.23. Height RTK-positions from the performance tests of the combined survey system (Station 1) 

and the computed mean height (a thick grey line). The outliers are displayed as grey asterisks. 
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Figure 5.24. Dataset from the performance tests of the combined survey system (Station 1). Left: (E, N) 
RTK-positions and the computed 2D circle. Right: (E, N, H) RTK-positions and the computed 2D circle 

in 3D. The outliers are displayed as grey asterisks. Densely clustered points are the observations collected 
during the scanning. 

 
After the coordinates of the scanner at each of the 4 stations were computed, we performed 

georeferencing of the scans in Cyclone following the procedure described in the Subsect. 5.2.4. 
Finally, all the scans were merged into one point cloud, which is shown in Figure 5.20b. As 
mentioned above, we fitted planes to the overlapping parts of the point clouds and computed 
deviations between them in order to estimate the accuracy, which can be achieved. The distances 
were measured from the centre of one plane to another plane. The results are shown in Table 5.6. 
 

Table 5.6. Distances between the planes fitted to the overlapping parts of the point clouds in Cyclone 
 

Overlap Angle between the planes, ° Distance, mm 
1 0.061 22.9 
2 0.057 3.3 
3 0.038 4.8 

 
As the second column of the table shows, the fitted planes are almost parallel. The discrepancies 
between the planes in the overlaps 2 and 3 are below 5 mm, while in the overlap 1 the results are 
noticeably worse, about 2 cm. An explanation for this result can be the lever arm effect of the 
error in the scanner azimuth, since the distance from the Station 1 to the area of overlap 1 was 
about 73 m. This is considerably longer than all other distances from the stations to the overlaps, 
which were below 50 m. The error could be reduced, if one more scanning station was set up 
close to the area of the overlap 1. 

In total, data processing took about 3 hours including GPS data processing in Trimble Total 
ControlTM and MATLAB®. Therefore, the total time expenses for these tests, including survey 
planning, were about 12 hours, or about 1.5 workdays. Compared to indirect georeferencing, the 
time savings were achieved due to the following reasons: 

 
 Less extensive survey planning since we do not need to think about minimum overlap 

between the scans and the geometry of the overlaps, and the scanner positions can be 
selected more freely provided the site has no significant sky obstructions; 

 No need to survey the targets for georeferencing; 

 No need to place eventual targets for the registration of scans; 

 Fewer scanner setups; 
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 Shorter time for data processing. 

 
As mentioned above, the fieldwork could be speeded up to a large extent if the scanner were 
placed on a moving platform. In this case, the whole TLS survey that we carried out, starting 
from planning to obtaining the georeferenced point cloud of the whole object, would take about 
1 workday provided one person was doing all the work. 
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 
RESEARCH 

 
6.1. Conclusions 
 
Like in any surveying technique, the accuracy of the data in TLS can be impaired by errors 
originating from different sources. In order to secure the data accuracy, we have to understand 
these error sources and reduce their influence on the results of the measurements, by choosing an 
appropriate survey methodology, by applying corresponding corrections, or by calibration. In 
Chapter 3 we have investigated and analyzed the errors occurring in the measurements with 
pulsed TOF laser scanners carried out with direct georeferencing, which can be subdivided into 
four groups: instrumental, object-related, environmental and georefencing. All these errors are 
rather interrelated. 

The instrumental errors are attributed to the two components of a laser scanner – laser 
rangefinder and beam deflection unit and angle measurement system. These errors are perhaps 
most numerous, and they are most difficult to study in TLS. First of all, laser scanners are very 
complex devices, with many electronic, mechanical and optical components, each introducing its 
own error into the total error budget. A good understanding of these errors requires a good 
knowledge of the scanner design, which is unavailable due to proprietary reasons. This fact also 
makes it complicated to develop standardized calibration procedures for TLS, where the user 
could determine the instrumental errors and apply corrections for them in the software, instead of 
sending the scanner to the manufacturer for re-calibration. We have studied the instrumental 
errors based on the theory of pulsed laser ranging and laser beam scanning and the results of the 
tests performed with terrestrial laser scanners by different researchers all over the world.  

The object-related errors appear since TLS is a reflectorless surveying technique, and 
therefore the results of the range measurements ultimately depend on the reflectance of the 
surface of the objects scanned, which is, in turn, a function of many factors. A proper 
understanding of these errors is important for carrying out the survey with TLS correctly. We 
should note that the object-related errors are closely related to the instrumental errors in the laser 
rangefinder, since its electronics has to deal with the pulses reflected from the object surface. An 
example of such a relationship is the time walk error. 

The environmental errors are introduced by the ambient conditions, in which the laser scanner 
operates. The first group of these errors is due to the atmospheric influence. As the laser beam 
propagates, its power is reduced due to the attenuation and scattering. The velocity of laser light 
changes due to the variations in the atmospheric conditions. The trajectory of the beam may 
change due to the refraction and atmospheric turbulence. As has been clarified, the influence of 
the “normal” atmospheric conditions is not quite significant at short operating ranges, up to a 
few hundred metres, at which TLS surveys are commonly made. However, some laser scanners 
may operate at the ranges of the order of 1 km, where this influence becomes considerable. Since 
it may be expected that in the future the operating ranges of laser scanners will increase, the 
atmosphere will be a significant error source. Adverse ambient conditions may impair the data 
quality in laser scanning even at close ranges. Other environmental errors are interfering 
radiation, which affects the range measurements, and vibration and instability of the scanner, 
which may affect both the range and angular measurements. 

The last error source is due to the chosen georeferencing approach. In this thesis, we 
discussed the errors pertained to direct georeferencing, which are basically the same as for the 
total station. While other error sources affect the coordinate accuracy in the scanner coordinate 
system, georeferencing affects the coordinate accuracy in the chosen external system, into which 
the results of the measurements are transformed. 

An important factor that affects the results of TLS surveys is the scanner calibration. 
Calibration is especially critical in two cases. The first one is high-precision measurements, e.g. 
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deformation monitoring. Another case is direct georeferencing where any systematic 
instrumental errors directly affect the object point coordinates. In the recent years, the method of 
self-calibration has become popular for the recovery of systematic errors in laser scanners. We 
have developed a unified approach for laser scanner self-calibration (based on the total station 
error model), where it is possible to introduce information about the precision of all the 
estimated parameters, for example, scanner systematic errors (calibration parameters) and 
scanner position and orientation. The higher is this precision the lower are the correlations 
between the parameters, and, hence, the more reliable is the estimation of the systematic errors – 
the main aim of the self-calibration. For example, if the scanner is directly georeferenced during 
the measurements, its position and orientation can be determined with high precision, which 
increases the reliability of the results. Another important aspect that should be considered in 
order to reduce the correlations is a suitable network configuration for the self-calibration. 
Finding an optimal configuration is the task of network design. For this purpose, we performed a 
number of simulations in MATLAB® with our approach. The results have shown that, under a 
“good” network configuration, if the measurements are performed from 4 scanner stations evenly 
distributed within the calibration field, and the scanner is directly georeferenced with high 
precision at each station (for example, position – about 1 mm, levelling – about 1.5´´), most of 
the correlations between the estimated parameters can be reduced. No scanner orientation is 
needed in this case. Naturally, the precision with which the scanner can be directly 
georeferenced depends also on the scanner hardware design. 

According to our knowledge, nobody performed self-calibration of a pulsed laser scanner 
until our investigations. We applied our unified approach to the self-calibrations of 3 pulsed laser 
scanners – Callidus CP 3200, Leica HDS 3000 and Leica Scan Station – which were performed 
indoors. The scanners Callidus CP 3200 and Leica Scan Station can be directly georeferenced, 
while the scanner Leica HDS 3000 can only be centered over a known point. Self-calibrations of 
the first two scanners were done in a relatively small room, and we used comparatively limited 
number of targets (24). The coordinates of all the targets were determined with a total station 
with submillimetre accuracy. On the other hand, self-calibration of the scanner Leica Scan 
Station was carried out in a large hall and with a larger number of targets (79). The coordinates 
of the targets were determined in the course of the self-calibration. Common for the calibrations 
of all the scanners was the limited distribution of the targets in the vertical dimension, which 
made it impossible to determine the collimation error due to its high correlation with the scanner 
azimuth. Therefore, the collimation error was excluded from the set of the calibration 
parameters. Another limitation was relatively low redundancy in the self-calibration of the 
scanners Callidus CP 3200 and Leica HDS 3000, due to the limited number of targets. 
Nevertheless, the results obtained from our experiments are, in our opinion, quite promising and 
give a good insight into the systematic errors present in the scanners. Estimation of the scanner 
calibration parameters has been made with relatively high precision. The correlations between 
them and other system parameters were at comparatively low level. An important finding was 
that other errors not explained by the “a priori” total station error model were present in two of 
the scanners calibrated. These were the scale errors in the vertical angles and horizontal 
directions in the scanners Callidus CP 3200 and Leica HDS 3000, respectively. The scale error in 
the scanner Callidus CP 3200 was rather large – 4200 ppm. The results of the self-calibration 
show that we can apply our unified approach to the calibration of other scanners, in particular 
those with the limited vertical field-of-view (FOV), for example, manufactured by Trimble, 
Riegl and I-Site, for which the systematic errors can be highly correlated with other system 
parameters, since we cannot achieve sufficiently good target distribution in the vertical 
dimension in the scanner FOV for such scanners. 

Georeferencing is one of the most important steps in data processing from TLS, which 
implies transformation of the data (point clouds) into a real world coordinate system. This 
procedure is necessary to get the possibilities for integration of the TLS data with other 
geospatial data. An efficient and innovative approach for this is direct georeferencing, whereby 
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the position and orientation of the scanner are determined during the survey, in a way similar to 
the working routine of total stations. The scanner can be levelled, centered over a known point 
and oriented towards another known point. Hence, the data can be obtained directly in the real 
world coordinate system, which has a big potential to increase the efficiency of the survey and 
reduce the project time and costs. In order to be able to use direct georeferencing, survey control 
on the site should be available. 

In order to investigate the coordinate accuracy achievable with direct georeferencing in TLS 
using traditional means (scanner centering, levelling and backsighting), we performed an outdoor 
test with the scanner Leica Scan Station. For the evaluation, we used a limited number of natural 
points on the buildings and calibration targets (9 in total), with known coordinates. The achieved 
accuracy is, on the average, better than 1 cm both in plane and height, at the range of up to 60 m 
from the scanner. The results are mostly affected by the accuracy of identification of the natural 
points in the point clouds. A larger dataset would be required to obtain more sound estimates of 
the coordinate accuracy. 

The use of GPS for direct georeferencing in TLS allows the determination of the scanner 
position and orientation parallel to the scanning, without the need for existing survey control, 
which means a further reduction of the project time and costs. This can be accomplished in 
different ways, which were discussed in Sect. 5.2, either parallel or prior to the scanning. The 
former approach is obviously more efficient. We have developed a prototype combined survey 
system, which allows using GPS for direct georeferencing of the scanner parallel to the scanning. 
In the current implementation, the system consists of the scanning system Leica Scan Station 2, 2 
GPS receivers and antennas from Leica and a number of necessary accessories. The scanner 
position can be determined from RTK (or possibly Network-RTK) measurements with the 
accuracy of better than 1 cm, both in plane and height. The position of the backsight target can 
be determined from post-processing of static GPS measurements with similar accuracy. In order 
to investigate the coordinate accuracy achievable with the combined system and to compare it to 
the accuracy of direct georeferencing using conventional means we performed measurements 
with the combined system in an outdoor test field consisting of 22 natural points located on 
buildings. We also carried out a test survey of a building located at KTH campus in order to 
estimate the accuracy and efficiency of the combined system in a typical TLS survey. The results 
of the measurements have shown that it is possible to achieve the coordinate accuracy of better 
than 1 cm at the object distance of up to 50 m, which is comparable to the accuracy of 
conventional direct georeferencing. The time expenses for the survey of the building, starting 
from the survey planning and finishing with the georeferenced point cloud were about 1.5 
workdays. The time expenses could be reduced further if the system were installed on a moving 
platform during the fieldwork. These results show that the combined system can be successfully 
used for the surveys of built environments, e.g. engineering constructions and historical 
monuments, which can be carried out fast and with high accuracy. 
 
6.2. Recommendations for further research 
 
In this thesis, we have investigated a number of issues related to self-calibration and direct 
georeferencing in TLS. The results obtained are quite promising. Naturally, there are many other 
issues that should be addressed in the further research in these two areas. Below, we outline 
some of them: 
 

 Self-calibration of other pulsed terrestrial laser scanners, especially those with the 
limited vertical FOV, with the use of direct georeferencing; 

 Investigation of the effect of the independently observed azimuth on the parameter 
correlations; 
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 Studies of the effect of different parameterization on the parameter correlations in the 
self-calibration. For example, we parameterized the rotation angles between the 
scanner and external systems in terms of 3 Euler angles. Other parameterizations are 
possible, e.g. quaternions or 3 independent algebraic parameters (Mikhail et al. 2001, 
p. 447). It would be worth investigating if these particular parameterizations could 
help to reduce the correlations between the scanner calibration parameters and scanner 
EOPs. 

 Investigation of the possible improvements in the efficiency of direct georeferencing, 
especially using GPS. It would also be interesting to study the ways to determine the 
scanner orientation without the need for a backsight target, for example by integration 
of a laser scanner with a gyroscope, similar to a gyrotheodolite. 
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Appendix 1. Results of the self-calibration simulations. 
 

No known points in the network 
 

Estimated CPs1 Correlation coefficients 
CP-OP No. Value 

Standard 
 deviation 

(1 σ) 
CP- EOP4 

a0 b1 b2 c0 

XYZσ Δ
2, 

mm 
,ωϕκσ 3 XYZσ , 

mm 

1 

10.1 
-0.0018 
0.0200 
0.0214 

0.4 
0.0074 
0.0013 
0.0006 

b1/κ: 0.79 
c0/ω, φ: 0.36 
a0/ΔX: 0.19 
a0/ΔY: 0.28 

b2/ω, φ: 0.20 

-0.43 
– 0.41 

-0.12 – 
0.13 - -0.15 – 

0.06 

0.6 
0.6 
0.5 

0.0003 
0.0098 

0.8 
0.7 
0.5 

2 

10.1 
-0.0029 
0.0200 
0.0213 

0.4 
0.0072 
0.0013 
0.0006 

b1/κ: 0.78 
c0/ω, φ: 0.36 
a0/ΔX: 0.19 
a0/ΔY: 0.28 

b2/ω, φ: 0.20 

-0.43 
– 0.41 

-0.14 – 
0.15 - -0.15 – 

0.06 

0.6 
0.6 
0.5 

0.0003 
0.0098 

0.7 
0.7 
0.5 

3 
10.1 

0.0228 
0.0212 
0.0204 

0.3 
0.0068 
0.0011 
0.0005 

b1/κ: 0.78 
c0/ω, φ: 0.30 
a0/ΔX: 0.19 
a0/ΔY: 0.28 

b2/ω, φ: 0.16 

-0.43 
– 0.41 

-0.12 – 
0.13 - -0.15 – 

0.06 

0.6 
0.5 
0.4 

0.0003 
0.0090 

0.7 
0.7 
0.5 

4 
10.1 

0.0191 
0.0212 
0.0204 

0.3 
0.0066 
0.0011 
0.0005 

b1/κ: 0.77 
c0/ω, φ: 0.30 
a0/ΔX: 0.19 
a0/ΔY: 0.28 

b2/ω, φ: 0.16 

-0.43 
– 0.41 

-0.14 – 
0.15 - -0.15 – 

0.06 

0.6 
0.5 
0.4 

0.0003 
0.0088 

0.7 
0.7 
0.5 

5 
9.9 

0.0230 
0.0211 
0.0196 

0.2 
0.0052 
0.0009 
0.0004 

b1/κ: 0.78 
c0/ω, φ: 0.24 
a0/ΔX: 0.19 
a0/ΔY: 0.28 

b2/ω, φ: 0.12 

-0.43 
– 0.41 

-0.12 – 
0.13 - -0.15 – 

0.06 

0.4 
0.4 
0.3 

0.0003 
0.0069 

0.5 
0.5 
0.4 

                                                 
1 For each simulated scanner setup, the estimated CPs and their standard deviations are in the following order: a0, (in mm), b1, b2, c0 (in degree). 
2 σ is mean standard deviation. 
3 The first figure refers to the precision of the rotation angles ω and φ , the second one – to the precision of the scanner azimuth κ. 
4 The largest (by the absolute value) correlation coefficients are given.  
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Appendix 1 (cont.) 
 

Estimated CPs Correlation coefficients 
CP-OP No. Value 

Standard 
 deviation 

(1 σ) 
CP- EOP 

a0 b1 b2 c0 

XYZσ Δ , 
mm 

,ωφκσ  XYZσ , 
mm 

6 
9.9 

0.0233 
0.0210 
0.0196 

0.2 
0.0050 
0.0009 
0.0004 

b1/κ: 0.78 
c0/ω, φ: 0.24 
a0/ΔX: 0.19 
a0/ΔY: 0.28 

b2/ω, φ: 0.12 

-0.43 
– 0.41 

-0.12 – 
0.13 - -0.15 – 

0.06 

0.4 
0.4 
0.3 

0.0003 
0.0067 

0.5 
0.5 
0.4 

7 

9.7 
0.0177 
0.0200 
0.0200 

0.3 
0.0029 
0.0006 
0.0004 

b1/κ: 0.47 
c0/ω, φ: 0.33 
a0/ΔX: 0.19 
a0/ΔY: 0.29 
b2/ω: 0.14 

-0.47 
– 0.44 - - - 

0.6 
0.5 
0.4 

0.0003 
0.0064 

0.6 
0.6 
0.5 

8 

9.7 
0.0191 
0.0200 
0.0200 

0.3 
0.0029 
0.0006 
0.0004 

b1/κ: 0.48 
c0/ω, φ: 0.33 
a0/ΔX: 0.19 
a0/ΔY: 0.29 
b2/ω: 0.14 

-0.47 
– 0.44 - - - 

0.6 
0.5 
0.4 

0.0003 
0.0064 

0.6 
0.6 
0.5 

9 
9.9 

0.0202 
0.0205 
0.0197 

0.2 
0.0022 
0.0005 
0.0003 

b1/κ: 0.48 
c0/ω, φ: 0.26 
a0/ΔX: 0.19 
a0/ΔY: 0.29 

b2/ω, φ: 0.11 

-0.47 
– 0.44 - - - 

0.4 
0.4 
0.3 

0.0003 
0.0049 

0.5 
0.5 
0.4 

10 
9.9 

0.0204 
0.0205 
0.0197 

0.2 
0.0022 
0.0005 
0.0003 

b1/κ: 0.47 
c0/ω, φ: 0.26 
a0/ΔX: 0.19 
a0/ΔY: 0.29 

b2/ω, φ: 0.11 

-0.47 
– 0.44 - - - 

0.4 
0.4 
0.3 

0.0003 
0.0049 

0.5 
0.5 
0.4 
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Appendix 1 (cont.) 
 

3 known points in the network 
 

Estimated CPs Correlation coefficients 
CP-OP No. Value 

Standard 
 deviation 

(1 σ) 
CP- EOP 

a0 b1 b2 c0 

XYZσ Δ , 
mm 

,ωφκσ  XYZσ , 
mm 

1 

9.9 
-0.0017 
0.0200 
0.0214 

0.3 
0.0074 
0.0013 
0.0006 

b1/κ: 0.92 
c0/ω, φ: 0.36 
a0/ΔX: 0.32 
a0/ΔY: 0.44 

b2/ω, φ: 0.20 

-0.39 
– 0.50 

-0.18 – 
0.16 

-0.15 – 
0.1 

-0.13 – 
0.07 

0.4 
0.4 
0.3 

0.0003 
0.0082 

0.6 
0.6 
0.4 

2 

9.9 
-0.0027 
0.0201 
0.0212 

0.3 
0.0072 
0.0013 
0.0006 

b1/κ: 0.92 
c0/ω, φ: 0.36 
a0/ΔX: 0.32 
a0/ΔY: 0.44 

b2/ω, φ: 0.20 

-0.39 
– 0.49 

-0.16 – 
0.18 

-0.15 – 
0.11 

-0.13 – 
0.07 

0.4 
0.4 
0.3 

0.0003 
0.0080 

0.6 
0.6 
0.4 

3 
10.1 

0.0224 
0.0211 
0.0204 

0.3 
0.0068 
0.0011 
0.0005 

b1/κ: 0.89 
c0/ω, φ: 0.30 
a0/ΔX: 0.26 
a0/ΔY: 0.38 

b2/ω, φ: 0.16 

-0.41 
– 0.47 

-0.15 – 
0.16 

-0.13 – 
0.09 

-0.14 – 
0.07 

0.4 
0.4 
0.3 

0.0003 
0.0078 

0.6 
0.6 
0.4 

4 
10.1 

0.0188 
0.0212 
0.0203 

0.3 
0.0065 
0.0011 
0.0005 

b1/κ: 0.88 
c0/ω, φ: 0.30 
a0/ΔX: 0.25 
a0/ΔY: 0.38 

b2/ω, φ: 0.16 

-0.41 
– 0.46 

-0.18 – 
0.19 

-0.13 – 
0.09 

-0.14 – 
0.07 

0.4 
0.4 
0.3 

0.0003 
0.0076 

0.6 
0.6 
0.4 

5 
9.9 

0.0231 
0.0211 
0.0197 

0.2 
0.0052 
0.0009 
0.0004 

b1/κ: 0.85 
c0/ω, φ: 0.24 
a0/ΔX: 0.22 
a0/ΔY: 0.34 

b2/ω, φ: 0.12 

-0.42 
– 0.44 ±0.14 -0.11 – 

0.09 
-0.14 – 

0.06 

0.4 
0.3 
0.3 

0.0003 
0.0063 

0.5 
0.5 
0.3 

6 
9.9 

0.0225 
0.0210 
0.0196 

0.2 
0.0050 
0.0009 
0.0004 

b1/κ: 0.84 
c0/ω, φ: 0.24 
a0/ΔX: 0.22 
a0/ΔY: 0.34 

b2/ω, φ: 0.12 

-0.42 
– 0.44 

-0.16 – 
0.17 

-0.12 – 
0.09 

-0.14 – 
0.07 

0.4 
0.3 
0.3 

0.0003 
0.0061 

0.5 
0.5 
0.3 
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Appendix 1 (cont.) 
 

Estimated CPs Correlation coefficients 
CP-OP No. Value 

Standard 
 deviation 

(1 σ) 
CP- EOP 

a0 b1 b2 c0 

XYZσ Δ , 
mm 

,ωφκσ  XYZσ , 
mm 

7 

9.8 
0.0176 
0.0200 
0.0201 

0.3 
0.0029 
0.0006 
0.0004 

b1/κ: 0.64 
c0/ω, φ: 0.33 
a0/ΔX: 0.23 
a0/ΔY: 0.36 
b2/ω: 0.14 

-0.46 
– 0.48 

-0.14 – 
0.15 - - 

0.4 
0.4 
0.3 

0.0003 
0.0047 

0.5 
0.5 
0.4 

8 

9.8 
0.0190 
0.0200 
0.0200 

0.3 
0.0029 
0.0006 
0.0004 

b1/κ: 0.63 
c0/ω, φ: 0.33 
a0/ΔX: 0.23 
a0/ΔY: 0.36 
b2/ω: 0.14 

-0.46 
– 0.48 ±0.14 - - 

0.4 
0.4 
0.3 

0.0003 
0.0047 

0.5 
0.5 
0.4 

9 
9.9 

0.0202 
0.0205 
0.0197 

0.2 
0.0022 
0.0005 
0.0003 

b1/κ: 0.57 
c0/ω, φ: 0.26 
a0/ΔX: 0.21 
a0/ΔY: 0.32 

b2/ω, φ: 0.11 

±0.47 ±0.12 - - 
0.4 
0.3 
0.3 

0.0003 
0.0040 

0.4 
0.4 
0.3 

10 
9.9 

0.0204 
0.0205 
0.0197 

0.2 
0.0022 
0.0005 
0.0003 

b1/κ: 0.57 
c0/ω, φ: 0.26 
a0/ΔX: 0.21 
a0/ΔY: 0.32 

b2/ω, φ: 0.11 

±0.47 ±0.13 - - 
0.4 
0.3 
0.3 

0.0003 
0.0040 

0.4 
0.4 
0.3 

 
 
 
 
 


