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Abstract 

Georeferencing is an important task in terrestrial laser scanning (TLS) applications. It means 

transformation of the 3D data (point clouds) into an external coordinate system so that it can 

be combined with other spatial data. The aim of this study is to investigate the accuracy and 

precision of real-time updated free station (RUFS) as a georeferencing method in TLS 

applications, and to evaluate its efficiency. The RUFS is used in total station surveys, implies 

determination of the instrument position and orientation based on measurements of two or 

more backsight targets, whose coordinates are determined with Real Time Kinematic (RTK) 

GNSS. 

The field surveying was carried out in May and June 2010. A control point was 

established based on static GNSS measurements in order to have reference data to evaluate 

the accuracy of station coordinates. Three different configurations of 10 backsight targets 

were tested: the targets were evenly spread over the sectors of 200 and 100 gon on one arc 

and 100 gon on two arcs. The measurements were repeated ten times for each configuration. 

The precision and accuracy of the station position were then derived by processing the 

surveying data. The results show that with increasing the number of backsight points from 2 

to 10, the planimetric precision of the station position improved from 6 to 3 mm; the height 

precision was at the level of 3−5 mm. The accuracy of the station position improved from 10 

to 2 mm in planimetry, and from 28 to 11 mm in height. The time expense for one set of 

measurements with RUFS was approximately 15 minutes.  

 

Key words: real-time updated, integration, free station, georeferencing, terrestrial laser 

scanner, GNSS. 
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1 Introduction 

1.1 Background  

Terrestrial laser scanning (TLS) technique is currently used in many fields, which allows 

users to collect large amounts of 3D data (point clouds) accurately within a short period. 

Georeferencing is an important part of the data processing in TLS, and it enables the whole 

point cloud to be transferred into an external coordinate system, so that it can be combined 

with other spatial data. 

Real-time updated free station (RUFS) is a relatively new technique used in total station 

surveys. It allows a user to set up the instrument in the field where it is most suitable for data 

acquisition. By measuring at least two backsight targets whose positions are determined with 

Real-Time Kinematic (RTK) GNSS, the total station position and orientation can be 

computed. The precision of the free station position can be improved by measuring more 

targets. To my knowledge, no investigations on the use of RUFS in TLS have been conducted 

up to now. 

1.2 Terminology  

The following terms specific for RUFS need to be explained:  

Common points: backsight points used in RUFS for computing the scanner position and 

orientation. 

Sector: the inner opening angle between two radii, which is determined by the station point 

and two common points.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

1.3 Objectives and delimitation 

The RUFS method has been tested by using total station (Fridén & Persson, 2009), but it has 

not been applied in TLS applications. Therefore, the purpose of this study is to evaluate the 

accuracy and precision of RUFS method in order to see if it is suitable for TLS applications. 

Furthermore, since the surveyor has to control the scanner and perform GNSS measurements 

simultaneously, this study also aims to investigate whether the “one man station” can be used 

for establishing real-time updated free station using terrestrial laser scanner, and finally, its 

efficiency is evaluated. 
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Three configurations of common points have been used for analyzing the performance 

of RUFS method, see Table 1. Ten points were used in each configuration and the 

measurements were repeated 10 times. 

Table 1. Configurations of common points in the study. 

Configuration Sector (gon) Distance (m) 

1 200 30 

2 100 30 

3 100 15 and 30 

1.4 Georeferencing techniques in TLS applications 

1.4.1 Indirect georeferencing   

Indirect georeferencing requires at least three tie points in the overlap of between two 

adjacent scans for translation of all the scans to a common coordinate system (registration). 

After all the scans are registered, at least three control points, well distributed in the registered 

point cloud, are used to perform georeferencing. An advantage of using indirect 

georeferencing is that a laser scanner can be set up as a free station, and the user does not 

need to measure the scanner height or exactly level the scanner. Another advantage is that it is 

possible to achieve accuracy at millimeter level with this method. The disadvantage is that 

many tie points should be placed around the object, which could be very time consuming 

(Schuhmacher & Böhm, 2005). 

1.4.2 Direct georeferencing   

Direct georeferencing means that the scanner can be set up and leveled over a known point. A 

target placed over another known point is scanned to determine the scanner orientation. Then 

the point clouds acquired from this set up will be in the defined coordinate system (Scaioni, 

2005). The accuracy of this method is influenced by centering the scanner over the known 

point, measuring the instrument height and distance to the backsight target (Reshetyuk, 2009). 

The advantage of direct georeferencing is that adjacent scans do not need overlaps since they 

are obtained directly in the specific coordinate system. On the other hand, the accuracy is 

slightly lower than that of the indirect method (ibid). Nowadays more and more TLS 

applications can take advantage of this method because of its efficiency in the field work, and 

especially, because most modern laser scanners are equipped with facilities for direct 

georeferencing. It is possible to combine a terrestrial laser scanner with GNSS. For example, a 

GNSS antenna can be mounted on top of the scanner, and the scanner position can be 
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determined in an external coordinate system parallel to scanning (Buckley, Howell, Enge, 

Leren & Kurz, 2006).  

1.5 Previous work on georeferencing  

A number of publications report on the results of accuracy investigations of different 

georeferencing methods. In Alba and Scaioni (2007), different georeferencing methods are 

tested in a laboratory. A small geodetic network in the lab was established, which consisted of 

six known points and several targets which were measured with a total station. All the targets 

have been scanned by Riegl LMS-Z420i scanner. Firstly the authors performed indirect 

georeferencing using known points. After that the point clouds were directly georeferenced in 

two different ways. First, the direct georeferencing was performed by using the station points’ 

coordinates from the geodetic network. Then the station point was established by scanning the 

targets over the geodetic points. Finally, the scans were registered using surface matching. 

The ground control points measured with the total station have been used to evaluate the 

accuracy of the different georeferencing methods. 

In Balzani, Pellegrinelli, Perfetti, Russo, Uccelli and Tralli (2002), the authors present 

the combination of a laser scanner and GPS for indirect georeferencing of point clouds. The 

GPS antennas can be mounted over the targets, so that their targets positions can be 

determined from the static GPS observations in the specified coordinate system. The laser 

scanner is set up as a free station. Provided at least three targets are visible in each scan, it can 

be transformed to the external coordinate system. Therefore, overlaps between adjacent scans 

are not required, and field productivity can be increased. 

Paffenholz and Kutterer (2008) present a method for direct georeferencing of the point 

clouds with GPS. In order to determine the scanner position and orientation, two GPS 

antennas are used, which are mounted on the scanner at the distance of 0.6 m from each other. 

The height offset between the antennas and phase centre of the antennas is determined. 

During scanning, GPS observations are collected. The antenna trajectory is a circle. The 

scanner position and orientation are determined by fitting a plane and a circle to the GPS 

positions, which are obtained after post-processing of the data. In Paffenholz, Alkhatib and 

Kutterer (2010), the authors present an approach for the direct georeferencing of terrestrial 

laser scans with single GNSS. In this case, only one GNSS antenna is mounted on the top of 

the scanner. The trajectory of the antenna reference point (ARP) is a circle, which is formed 

by rotation of the laser scanner around its vertical axis. The motion of the laser scanning 

system is modeled mathematically, and the field test is then performed to verify the proposed 
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method. As a result, it shows the operability of the direct georeferencing with one positioning 

sensor.   

Scaioni (2005) has carried out two tests in order to analyze errors affecting laser 

scanning measurements. The first test is a series of simulations, where the precision of the 

point cloud estimated depending on several factors e.g., laser beam width, horizontal distance, 

and vertical angle to the point. The second test is a survey of a church performed with both 

indirect and direct georeferencing methods. The accuracy of georeferencing has been 

estimated by using check points on the surfaces generated from both point clouds.  

In Schuhmacher and Böhm (2005), both indirect and direct georeferencing methods are 

investigated. The facades of the historical buildings around a square were recorded. In indirect 

georeferencing, 10 tie points were placed around the area being scanned, and their coordinates 

were determined with a total station. In direct georeferencing, the laser scanner and low-cost 

GPS receiver were combined. During the scanning on the site, the GPS receiver observed the 

position during about 20 minutes at each station. The accuracy of GPS measurements was 

about 4 m. The station height was determined from the local elevation model with the 

accuracy of 0.15 m. 

Reshetyuk (2010) presents a combination of GPS and TLS for direct georeferencing of 

the point clouds. The combined surveying system, in which a GPS antenna can be mounted on 

top of the laser scanner has been designed for the purpose of determination of the station 

position. The RTK measurements are collected during the scanner rotation. A program has 

been written in MATLAB for fitting a circle to the GPS data. Therefore, the scanner 

coordinates can be obtained. To evaluate the accuracy, 22 points have been selected and 

measured with the total station with high precision. As a result, the coordinate accuracy of 

better than 1 cm in the point clouds, both in plane and height, at distance of up to 70 m was 

achieved by using this method.  

In Wilkinson, Mohamed, Dewitt and Seedahmed (2010), the authors present an 

approach for direct georeferencing the point clouds with the help of two GPS antennas. The 

method is designed for Reigl Z290i laser scanner, and the two GPS antennas are placed at the 

both ends of a bar which is fixed on the scanner. The simulations are performed, and the field 

test is conducted to validate the simulation. Differential GPS observations have been collected 

for 24 stops of rotating scanner head. The GPS data are then used for solving the orientation 

angles of the scanner. As presented, this approach gives the angle precision of about 0.05º 

using a feasible number of angular stops of the scanner head.   
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Table 2 summarizes the results of accuracy investigations of different georeferencing 

methods in the papers mentioned above. 

 Table 2. Comparison of the results from different articles  

Papers 

Data 

quality 

indicators  

Results from the papers according to different 

georeferencing method 

Indirect Georeferencing Direct Georeferencing 

Alba and Scaioni (2007) RMS values 

0.5 cm in plane and 0.3 cm 

in height. 

With total station: 0.9 cm in 

plane and 1.6 cm in height. 

Surface matching: 0.9 cm 

in plane and 1.8 cm in 

height. 

Without total station: 1.5 

cm in plane and 1.6 cm in 

height. 

Balzani et al. (2002) 

Result in a 

percentage 

of 3D 

residuals. 

67% of the 3D residuals 

are within 6 mm. 
_______ 

Paffenholz and Kutterer 

(2008)  
Uncertainty 

_______ 

 

About 1 cm uncertainty for 

the azimuth calculation at 

30 m distance. 

Paffenholz et al. (2010) 

Differences 

of the 

control point 

coordinates 

 
Less than 1 dm at 

approximately 16 m. 

Scaioni (2005)  RMS values  
_______ 

 

39 mm and 31 mm in 

horizontal plane and 

25 mm in height. 

Schuhmacher and Böhm 

(2005)  

Accuracy in 

horizontal 

plane  and 

height 

1 mm in x axis, 2 mm in y 

axis, 2 mm in height. 

Scanner with low-cost GPS. 

2.8 m in x axis, 2.7 m in y 

axis, 0.42 m in height. 

Reshetyuk (2010) 

Coordinate 

accuracy in 

the point 

cloud  

 
Better than 1 cm both in 

plane and in height. 

Wilkinson et al. (2010) Uncertainty   

About 4 cm in position in 

the point clouds at 50 m 

from the scanner. 
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1.6 Real-time Updated Free station  

Real-time updated free station (RUFS) is a relatively new approach for total station setup. A 

total station is set up in the field as a free station, and a GPS antenna is mounted on top of a 

reflector on a surveying pole. The offset of the ARP and the reflector must be known, so that 

the reflector position can be established by GPS measurement. Then the direction and 

distance to the reflector are measured with the total station. Simultaneously, the reflector 

position is determined with RTK GPS. After minimum two backsight targets have been 

measured, the station coordinates can be computed in real time.  

The precision of the station position can be improved by adding more targets measured 

with GPS and total station. The station coordinates are calculated by the least-squares method. 

The more targets are added, the better the precision of the station coordinates will be. In 

addition, the precision is also influenced by the precision of RTK GPS observations, and the 

geometry of the backsight targets (Horemuz, 2008).  

In Fridén and Persson (2009), the RUFS method with total station was tested. Ten 

backsight positions were used in the resection. Three sets of configurations were performed, 

using the targets distributed over the sectors of 100 gon and 200 gon on one arc, and 100 gon 

on two arcs. The accuracy of the station position was then computed. By increasing the 

number of backsight points from 2 to 10 gradually, the horizontal accuracy of the station 

position improved from 37 to 7 mm, and the vertical accuracy of station position improved 

from 15 to 11 mm. 
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2 Method 

2.1 General strategy  

In order to evaluate the use of RUFS in TLS, field measurements were carried out in May and 

June 2010, and they consisted of two parts. The first part was static GNSS measurements, 

which were used for determining the reference coordinates for accuracy evaluation. A new 

point, intended to be used as the scanner station was marked on asphalt surface. One of the 

control points at the university campus was used as the reference point in the measurements. 

The new point’s coordinates were computed through processing the baseline between the 

reference station and the new point.  

The second part was establishment of RUFS using laser scanner combined with RTK 

GNSS. At this stage, the laser scanning and RTK measurements were carried out 

simultaneously. The scanner scanned 10 backsight targets, whose coordinates were 

determined in real time. 

Furthermore, the data from the field measurements were processed after each day’s 

work. The GNSS measurements were processed in the software Leica Geo Office (LGO). The 

laser scanning data were processed, and the station coordinates and their precision were 

computed in the software Cyclone 7.0. Finally, the accuracy of the scanner position was 

calculated in Excel.  Figure 1 shows the flowchart of the general strategy in this study.  
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Figure 1.  Flowchart of general strategy of the investigations. 
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2.2 Equipment 

The following equipment was used in this study: 

 TLS system: a scanner Leica Scan Station 2, a laptop with Cyclone software inbuilt, 

tripod and power supply. 

 Two Leica GNSS 1200+ receivers and two GNSS antennas AX1203+. 

 A cylindrical target, a pole for mounting the cylindrical target, a bubble level and a 

support for roughly leveling the pole.  

 Ten plastic pegs and a measuring tape for roughly determining the backsight positions. 

         The GNSS antenna should be fixed on top of the target. Since no reflector (prism) is 

used in TLS, a cylindrical target was used instead, and the antenna was mounted on top of it. 

The target consists of two main components. One part is the cylinder, which is made of 

plastic, with the diameter of 10 cm and the height of 15 cm. The other part is a metal pole, 

which can be screwed throughout a threaded hole in the cylinder. One end of the pole has a 

thread, with which the pole can be attached to the surveying pole used in RTK GNSS 

measurements. The other end of the target pole has a thread on which one can attach a GNSS 

antenna.  

         The target reference point was chosen at the bottom of the cylinder, on the centerline. 

The offset between the ARP and the bottom of the cylinder was measured before the field 

tests. The cylinder reference point was used as the backsight for calculating the scanner 

orientation. The components of the target and its dimensions are demonstrated in Figure 2. 
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Figure 2. Left: the cylindrical target with a GNSS antenna attached, and the target dimensions. Right: the 

cylindrical target mounts with a GNSS antenna attached and the pole with the support in the field. 

2.3 Field measurements  

2.3.1 Test site 

The field measurements were carried out for one week in May 2010, and the re-measurements 

in June, on a site at the University campus (Figure 3). One point was marked on the asphalt 

surface by a nail as the scanner station. Ten plastic pegs were temporarily put in the grass 

field to mark roughly the backsight positions in order to find approximate distance to the 

station. The surveying field is an open area and provides good reception of satellite signal. 

 

ARP 

Reference point 

GNSS Antenna 

Target 

Leveling bubble  

Pole  

support 

GNSS receiver  
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Figure 3. The test site at University of Gävle. The image was taken from the in-built camera of the laser scanner. 

2.3.2 Static GNSS measurements 

Two GNSS receivers were used in the static GNSS measurements. One receiver was set up 

over the known point, and the other one was set up over the new point. The total observation 

time was more than two hours. The cut-off angle was set to 15°, the data were logged every 5 

seconds, and the reference system was RT 90 2.5 gon V 0:-15. 

         The height hook for measuring the antenna height was not available to use in the static 

measurements. Therefore the height of ARP was not read directly. Instead, the antenna height 

was measured in two steps. First, the slope distance from the ground control point to the edge 

of the top plane of the antenna adapter was measured with a tape, and then the offset between 

the edge and the centre of the adapter was measured with a vernier caliper. Finally, the 

vertical height of the ARP was derived by using Pythagorean Theorem.  

2.3.3 Free station establishment  

Three different configurations of common points were tested for the establishment of free 

station using the laser scanner combined with RTK GNSS (Table 3). Figures 4 to 6 represent 

graphically the different configurations and the sequence of adding the common points. The 

field work took three days, and measurements in each configuration were carried out on a 

separate day. The GNSS antenna was mounted on the cylindrical target, which was fixed to 

the pole. The offset between the ARP and cylinder reference point was determined carefully 

before the measurements. The laser scanner was centered over the control point, and the 

heights of the scanner and cylindrical target were measured with a tape. The resolution for 

scanning was set to 2×2 mm at the range from the scanner to the target in each configuration.  
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Table 3. Three different configurations of common points. 

Configuration Description  
 Number of 

points  

Points 

distribution 

Sector (angle), 

gon 

Range to the 

scanner, m 

200 gon−1 circle 10  distributed 

in 1 circle 

200  30  

100 gon−1 circle 10 distributed 

in 1 circle 

100  30  

 

100 gon−2 circles 10     distributed 

in 2 circles 

100 15  and 30  

         

 

 

 

 
Figure 4.  Graphical representation of the configuration of 200 gon−1 circle. The numbers show the sequence of 

adding common points in the data processing. 

30 m 
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Figure 5. Graphical representation of the configuration of 100 gon−1 circle. The numbers show the sequence of 

adding common points in the data processing. 

 
Figure 6. Graphical representation of the configuration of 100 gon−2 circles. The numbers show the sequence of 

adding common points in the data processing. 

 

30 m 

30 m 
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For controlling the laser scanner and operating the GNSS simultaneously, the Scanner Script 

function in Cyclone was employed. This function enables the scanner to scan only the areas 

that the user has predefined. Moreover, the scan filter function was used during each scan, 

which could filter out the points located further away than the specified distance to remove 

unnecessary points and therefore reduce the file size.   

Each position was observed for approximately 1 minute with RTK GNSS, and 

coordinates were computed by averaging all the observations during the positioning time. The 

cut-off angle was set to 15°, the data was logged every 1 second, and the reference system 

was the same as in the static measurements , i.e. RT 90 2.5 gon V 0:-15. 

Measurements in each configuration were repeated 10 times with the same settings. The 

procedure for the implementation of RUFS can be described as follows:  

1. An image of the test field was taken with high resolution with the in-built scanner 

camera. The image enabled me to see all the plastic pegs in the field. 

2. With the help of Scanner Script function, the scanning areas were defined to cover 

each marked position where the target was to be placed. The time period for scanning 

each defined area should be sufficient for the surveyor to move to next position.  

3. The Scanner Script function was run and the pole was moved to the first position. 

4. The pole was leveled with the help of level bubble and support, and the RTK GNSS 

observations were started. 

5. The RTK GNSS observations of the current position were manually stopped by 

observing the scanner head changing direction. The steps 4 and 5 were repeated until 

the target in ten positions was scanned.  

6. The time for one set of measurements was noted in the field.  

  



 

 

15 

 

 

2.4 Data processing and analysis 

2.4.1 GNSS data processing  

The static GNSS and RTK GNSS measurements were processed in the software Leica Geo 

Office (LGO). The scanner position was determined through processing of the baseline 

between the scanner station and reference point. The 30 sets of RTK GNSS data were 

exported to ASCII text files from LGO. Each file contained the point ID and the coordinates 

(Northing, Easting and orthometric height). 

2.4.2 TLS data processing  

The TLS data were processed in Cyclone 7.0. The cylindrical targets were modeled first. 

After removing some noise points, the rest of the points on the target surface were used to fit a 

cylinder.  In order to obtain the target reference point, a vertex was inserted on the centerline 

at the bottom of each cylinder (Figure 7). The reason for choosing the lower end point was to 

minimize the errors of level the targets.  

 
Figure 7.  Model of the cylindrical target in Cyclone and the reference point. 

 

The coordinates of the backsights from the RTK GNSS measurements were imported 

into Cyclone in order to perform resection computation. The vertices were chosen as the 

reference points. The scanner position was calculated by using the resection method. At first, 

the points 1 and 2 (see Figures 4-6) were used to enable the scanner position to be calculated. 

The position was then updated by adding more targets between the point 1 and point 2. The 

Cylindrical target 
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standard deviations of the station point in Northing, Easting, and height were derived 

automatically in Cyclone after adding each point.  

2.4.3 Accuracy and precision analysis  

The accuracy and precision of RUFS were then analyzed. The station position which was 

determined via static measurements was considered as the “true” position. The station 

position which was established by using RUFS method is called the measured position. After 

the station coordinates were computed in Cyclone, a resection report was created directly in 

the program, and therefore the precision of the computed coordinates was available. The 

precision values were obtained from the report and thereafter transferred to Excel. The 

differences between the true position and measured position in Northing, Easting, and Height 

were calculated with the following equation (Fridén & Persson, 2009):   

Error =measured position – true position    (1) 

 

The root mean square error (RMSE) of the station coordinates in plane was calculated as 

follows (Jämtnäs & Ahlm, 2005):  

                      
   

     
 

 
      (2) 

where         is the RMSE in the horizontal plane,    is the error in Easting,    is the error 

in Northing, and    is the number of measurement sets. 

Similarly, the RMSE of the station height was calculated as follows (Jämtnäs & Ahlm, 2005): 

                         
   

 

 
      (3)

  

where         is the RMSE in height,    is the height error, and   is the number of 

measurement sets.  The mean standard deviation (           ) of the station coordinates in 

plane was calculated as follows (Jämtnäs & Ahlm, 2005):  

              
        
 
   

 
        (4) 

where      

                        
     

          (5) 

        is the standard deviation in plane of the  th set of measurements,     and    is the 

standard deviation of  th set of measurements in Easting and Northing, and   is the number of 

measurement sets.  



 

 

17 

 

 

The mean standard deviation value of the station height (            ) was calculated as 

follows (Jämtnäs & Ahlm, 2005):  

             
    
 
   

 
       (6) 

where     is the standard deviation in height of the  th set of measurements, and   is the 

number of measurement sets.   
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3 Results 

There were 30 sets of measurements from RUFS in total. One data set in the sector of 100 

gon−2 circles was not used in data processing, since the RTK data were deleted 

unintentionally during processing. Besides this, four common points were excluded due to the 

loss of lock to the satellites occasionally and unlevelled GNSS rover during RTK positioning. 

Two unused common points were in the configuration 200 gon−1 circle, the other two 

abnormal points were in the configurations of 100 gon−1 circle and 100 gon−2 circles. Two 

common points made the first update of station coordinates, and there were 10 common points 

in each set of measurements, therefore, one set of measurements would have 9 updated station 

coordinates totally. Figure 8 shows one example of the position computation report in 

Cyclone. 

 

Figure 8. The results of resection computation in Cyclone from the configuration 100 gon−1 circle, second set of 

measurements.  
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3.1 Control point  

 Table 4 shows the control point coordinates. The coordinates of reference station were given 

in the plane coordinate system RT 90 2.5 g V 0:-15 with geoid model SWEN01L. On the 

other hand, the static GNSS measurements were conducted in the same plane coordinate 

system, but with the geoid model SWEN08_RH70. As a result, the systematic error occurred 

in the height due to different geoid models. Therefore, the orthometric height of the reference 

station was recomputed via the geoid height service on the web page of Swedish National 

Land Survey, and the offset between two geoid models was calculated. 

Table 4. Control points coordinates determined with static GNSS measurements. 

Coordinates Standard deviation 

Easting (m) 1571893.40 0.0001 

Northing(m) 6728624.33 0.0001 

Orth. Height (m) 17.44 0.0002 

3.2 Precision of RUFS 

Figure 9 and Figure 10 show the mean precision of RUFS coordinates in plane and height 

respectively for different configuration settings. The mean planimetric precision was obtained 

by calculating mean standard deviation of the station coordinates in Northing and Easting, the 

height precision was obtained by calculating mean standard deviation of the station 

coordinates in height. 

 
Figure 9. Mean planimetric precision of RUFS in different configurations. 
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Figure 10. Mean height precision of RUFS in different configurations. 

3.3  Accuracy of the RUFS 

In this section, the accuracy of the station coordinates in the planimetry and height is 

presented (Figures 11 and 12).  

 
Figure 11. Planimetric accuracy of station coordinates in different configurations. 

 

 
Figure 12. Height accuracy of station coordinates in different configurations. 
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3.4 Accuracy and precision of RUFS depending on the order of adding 

common points 

The order of adding common points can also affect the accuracy and precision of RUFS. For 

this purpose, a test has been performed for the third set of measurements in the configuration 

of 100 gon−1 circle. Three different ways of adding common points are listed and described 

in Table 5.  

Table 5. Different ways of adding common points and their description  

Name of way Description 

 

 

 

A 

The way of adding common points was as shown in Figure 5, i.e. adding 

first two points on the two end positions along the arc in order to keep the 

sector; for the rest of the points, adding each common point on one side and 

then on the other side in a sequence until all ten points cover the entire 

sector evenly. 

 

 

B 

Firstly, adding the first two points at each end of the arc in order to keep the 

sector, and then the rest of the points were added in between but in the 

reverse sequence compared to the way A. 

 

C 

The last way was adding the points in the clockwise order, and all ten 

common points were added evenly until the entire sector was obtained.  

 

The accuracy and precision of the station coordinates in all three different orders of 

adding common points were computed. The results are shown in Figures 13-16. 

 

Figure 13. Variation of the planimetric accuracy depending on the order of adding common points for the third 

set of measurements in the configuration 100 gon−1 circle. 

0

5

10

15

20

25

2 3 4 5 6 7 8 9 10

Er
ro

r 
(m

m
)

Number of  common points

order A

order B

order C



 

 

22 

 

 

 

Figure 14. Variation of the height accuracy depending on the order of adding common points for the third set of 

measurements in the configuration 100 gon−1 circle. 

 

 

Figure 15. Variation of the planimetric precision depending on the order of adding common points for the third 

set of measurements in the configuration 100 gon−1 circle. 

 

 

Figure 16. Variation of the height precision depending on the order of adding common points for the third set of 

measurements in the configuration 100 gon−1 circle. 
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Figures 17 and 18 show the horizontal and vertical accuracies for each set 

measurements in the configuration of 100 gon−1 circle. It can be seen that the horizontal and 

vertical accuracies normally increased with adding more common points. However, in seldom 

cases (i.e., 3
rd

, 4
th

, and 10
th

 sets of measurements), the horizontal accuracy did not show 

clearly the increasing trend. Figure 18 shows that the height accuracy increased for all the 

sets, with adding more common points. 

3.5 Efficiency of the surveying procedure with RUFS  

The time expense of RUFS for each set of measurements was recorded. The duration of RTK 

measurements performed on each common point was approximately 1 minute, the time 

duration for the surveyor moving from one position to the next one was approximately 30 

seconds. Since 10 common points were used, about 15 minutes for 10 common points were 

spent in each set of measurements. Furthermore, it was possible to realize the RUFS with 

“one man station”, which means that only one surveyor is capable of carrying out the 

scanning work in the field. Therefore, time expenses and human resources can be reduced in 

TLS surveying when using this method, compared to the case when static GNSS 

measurements are used for establishment of control points. 
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Figure 17. Planimetric accuracy for all sets of measurements in configuration 100 gon-1 circle. 
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Figure 18. Height accuracy for all sets of measurements in configuration 100 gon-1 circle. 
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4 Discussion 

In this study, the performance of RUFS in TLS surveying was evaluated from several aspects. 

Regarding to the results and the procedures, several important aspects should be considered.                

The most important result is the accuracy of RUFS. In this particular case, the 

planimetric accuracy increased from 10 to 2 mm, the height accuracy increased from 28 to 11 

mm as the number of common points increased from 2 to 10. To sum up, there are several 

factors possibly affecting the accuracy of RUFS:  

 The uncertainty in RTK positioning, which is influenced by e.g. multipath, ionosphere 

and troposphere, and GNSS antenna;  

 The uncertainty in determining the ARP height during the static GNSS measurements. 

The antenna height was measured in two steps because the height hook was not 

available. So for each step, the measuring uncertainty influenced the result;  

 The offset between the target reference point and ARP was determined carefully 

before and after the field measurements. The values were the same, so it was assumed 

that the error in the offset was negligible; 

 The uncertainty of levelling laser scanner could also affect the accuracy. During the 

whole day of field work, one foot of tripod was set in the grass field. Despite the 

tripod feet were fixed, the laser scanner had to be adjusted several times due to the 

dual-axis compensator being out of range. So the laser scanner had to be re-leveled by 

adjusting the foot-screws of the tribrach. Therefore, the orientation the scanner could 

be slightly changed and the position accuracy could be affected; 

  During the RTK measurements, the GNSS was not perfectly levelled over the 

common points even with the help of support. The GNSS pole trembled when holding 

it with the hands and because of the wind; 

 The uncertainty in modeling the cylindrical targets is another influencing factor. At the 

modeling stage, there are two methods to model the targets in Cyclone. The first way, 

which is used in this paper, is that the radius of the cylinder was determined by best 

fitting to the point cloud of the target. The height of the cylinder was determined by 

the edge points at both the top and bottom ends of the target point cloud.  The bottom 

point on the cylinder was carefully determined by removing the outliers. The 

estimated radius of the target was approximately 4.8 cm, and the target height was 

approximately 15.5 cm. The determination of the reference point is essential for the 

position of the common point. Therefore this factor could influence the coordinate 
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accuracy. The second method is that the radius of the cylinder could be fixed firstly to 

5 cm in Cyclone. Afterwards, a cylinder is fitted to the point cloud of the target. In this 

case, the cylindrical target is modelled and fixed to the designed dimensions, and 

therefore a better result for planar coordinates could probably be achieved.  

According to the results of precision analysis, it can be seen that the planimetric 

precision of the station position increased from 6 to 3 mm as the number of common points 

increased from 2 to 10, and the height precision was at the level of 3−5 mm. The results 

indicate that the precision of RUFS measurement with maximum 30 m range in TLS 

application is quite high.  

In data processing of each set of measurements, the first two common points were 

chosen at the both ends of the sector for the purpose of having good geometry. Afterwards, 

the rest of common points were added within the sector. The target positions could not be 

changed on the arc since they were virtually “fixed” in the point clouds (i.e. had defined 

coordinates). Therefore, the common points could not be evenly spread on the arc when 

choosing less than 10 common points in the calculation. Moreover, the results of accuracy and 

precision analysis of RUFS for different sequences of adding common points indicate that the 

updating manner can vary for different ways of adding common points for the same 

configuration. In the simulation work of RUFS by Horemuz (2008), the way of adding 

common points differs somewhat from my case. In the simulations, the common points are 

always evenly distributed on the arc. It is impossible to achieve in practice, as in my case. 

However, despite the order of adding common points, the results of RUFS in TLS show the 

similar updating trend as the simulation does. Moreover, in the field test by Fridén and 

Persson (2009), the authors add the common points as described in the way C in section 3.4. 

Strictly speaking, in this case the correct sector is only obtained after the last update.  

As shown in Figures 9−12, three configurations influence the precision and accuracy of 

the station coordinates differently. Theoretically, with the same number of common points, 

the better spatial configuration is, the better precision can be achieved. For example, if we 

compare the configurations 200 gon−1 circle and 100 gon−1 circle, the first one is a better 

configuration, although Figure 9 shows that it has worse precision than 100 gon −1 circle. 

However, the difference between these two configurations is only approximately 1 mm. 

Therefore, I do not think that this difference is statistically significant. According to the 

results of height precision (see Figure 10), one can see that it was at approximately the same 

level for each configuration, independently of the number of common points. It shows that 
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adding more common points does not improve the height precision of the station coordinates. 

However, from the result of height accuracy (see Figure 12), we can see that the accuracy of 

the station coordinates improved considerably with adding more common points. Moreover, 

as shown in the Figures 13 to 16, the updating trend can get influenced by different ways of 

adding common points. In some cases, the results show the considerably variation in three 

different ways for the same configuration, and therefore, I think that the accuracy and 

precision of the station coordinates can get much affects by the way of adding common 

points. Finally, after adding 6 common points for three different configurations, the accuracy 

of the station coordinates did not increase very much. Generally speaking, according to the 

results of three different configurations, we cannot say that any of the three configurations 

was clearly better than the others  

Regarding the field work, the whole measuring procedure was executed in “one-man 

station” manner. The use of Script function in Cyclone enabled simultaneous data acquisition 

with laser scanning and RTK GNSS. Thanks to this function, the scanner can perform 

scanning over the predefined area. The time for scanning the defined area should be long 

enough, so that it is possible for the surveyor to move the rover from the current position to 

the next one and re-level the target. Moreover, when using one-man station, it was a bit 

difficult to see if the current position had been scanned. The only way to check it was by 

observing the moment when the scanner head was turning to the next position, which implies 

the risk that the surveyor can see the laser beam directly by accident. Therefore a better way 

for using one-man station in similar measurements should be investigated in the future 

studies. 

As another aspect, the surveying site should be considered when performing 

measurements with RUFS. The site should be an open area in the meaning of having a good 

view between the scanner and the common points. Meanwhile, the positions of common 

points should be well decided in order to have good view of the sky. 

Nevertheless, the RUFS has presented its great efficiency in the field work. The time 

expense is relatively shorter comparing to several hours static GNSS measurements. Thanks 

to the Script function in Cyclone, one man station can be applied in TLS applications.      

From the data analysis and field work performance, RUFS has both advantages and 

disadvantages for using in TLS, which are listed in Table 6. 
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Table 6. The advantages and disadvantages of RUFS. 

Advantages Disadvantages 

 The scanner can be placed in a suitable 

place for data acquisition.  

 No existing control points are needed. 

The scanner position and orientation can 

be determined with the help of backsight 

targets’ positions obtained from RTK 

measurements. 

 The coordinate quality of station position 

can be improved by adding more 

common points. 

 Possible for working as one man station.  

 Relatively short time expense for 

georeferencing.  

 The height accuracy is high. 

 

 The field condition should be 

considered.  The surveying field should 

be an open area, where enables good 

satellites visibility. 

 There is no standard adaptor, which 

enables the GNSS receiver to be directly 

mounted on the target. So a special 

adaptor should be manufactured.  
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5 Conclusions 

This study presents the real-time updated free station (RUFS) implemented by using the 

combination of laser scanner and GNSS. With the increase in the number of common points 

from 2 to 10, the planimetric accuracy of the station coordinates improved from 10 to 2 mm, 

the height accuracy of the station coordinates increased from 28 to 11 mm. The planimetric 

precision of the station coordinates improved from 6 to 3 mm, and the height precision was at 

the level of 3−5 mm. Moreover, the changes in accuracy and precision can be influenced by 

different ways of adding common points in practice. The analysis of the accuracy and 

precision of the station coordinates has shown that it could be one possible georeferencing 

method in TLS applications. By using RUFS as a georeferencing method in surveys with 

Leica scanner, “one man station” can be used with the help of Script function in the software 

Cyclone. Furthermore, the time expense of RUFS establishment can be significantly reduced 

compared to static measurements, and therefore the field work productivity could be 

increased. 
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6 Further research  

Some further investigations on RUFS as a georeferencing method in TLS applications are 

recommended in the future studies: 

Firstly, cylindrical target was used in the whole procedure of this study, and it has been 

manufactured for the purpose of mounting GNSS antenna. In TLS applications, other type of 

target which enables mounting of a GNSS antenna could be used for the testing purpose, e.g. 

a spherical target. Probably a different type of the target can influence the height accuracy of 

using RUFS. 

Secondly, in this study, the backsight points were only distributed in the same height. In 

TLS applications, especially when performing georeferencing, it is better to have control 

points, which are not only well-distributed in a horizontal plane, but also in height. If the 

backsight points used for RUFS are also distributed in different heights, the height precision 

and accuracy of the station coordinates could possibly be improved.  

Finally, in Horemuz (2008), the author studied the precision of the measured points in the 

RUFS with total station. This can also be tested similarly in TLS applications in the further 

study. The scanner position could be determined with RUFS, afterwards, a number of points 

with known coordinates (determined with total station, for example) could be scanned, and 

the coordinate accuracy in a point cloud georeferenced with RUFS could then be evaluated by 

comparing the coordinates from the point cloud to the known coordinates. 
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