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ABSTRACT 

For 3D modelling of any object in close range, two common techniques are employed, as the 
image based and the range based techniques .In the image based technique, the orientation parameters 
of the used tool (camera, sensor) should be obtained first and then some measurements followed by 
certain computations should be done to recover interest points on the required object. On the other side, 
the range based technique (Terrestrial laser scanner) can obtain 3D point clouds recovering the object 
directly without more measurements or processing. To improve the final accuracy, some sources of 
errors should be avoided (Instrumental, Environmental and object related) and others should be 
controlled (geometric planning). The geometric planning is related to the position of the scanner related 
to the object, which can be controlled by adjusting the angle and the range of the transmitted beam. So, 
the current research paper will focus on the effect of various ranges on the point cloud accuracy. In this 
context, the required experiment is made using different ranges from 2.58m to 25.0m. A designed multi-
parts target has been manufactured and it is equipped with a metal frame used to properly install and 
move (or rotate) all of its parts. This designed target is suitable for use with different ranges to achieving 
the purpose from this research. The output results indicated that, for both short tested distances from 
2.58m to 7.0m and long tested distances from 15.0m to 25.0m, it is preferable to scan the object from 
closer distance than longer tested one. 
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Introduction 
 
Usually the objects are scanned for two main purposes: 
-Reconstructing a CAD reference file by dimensions extract for the applications of reverse engineering. 
-For documentation and analysis, the measurements are taken for object itself. This is used for 
applications like, digital archiving, computer aided engineering and computer aided inspection. 

For these purposes or any other purposes, the data acquisition using terrestrial laser scanner is 
considered to be easy and fast. While, the processing of the data needs more time, effort and experience 
due to the huge amount of collecting data. To control the quality of the 3D model or any product, the 
acquired data accuracy should be controlled. For any surveying work, the place of the instrument 
relative to the object which can be determined by the angle and the range (Schaer et al., 2007) is 
affecting the acquired data accuracy. In this research the focusing will be on the effect of changing 
distance from the scanner to the target (range) on the point cloud accuracy. 

Although the terrestrial laser scanner is recommended as highly accurate instrument which is 
suitable for many applications, it is not completely ideal. Also the amounts of the produced data are 
huge. Therefore; maintaining the accuracy of this huge amount of data in the presence of some sources 
of error is a major challenge. These sources of errors are: 

 
Instrumental errors. 

The random and systematic errors may happen as a result of any technical limitations or 
mechanical design defects. The calibration of the scanner is the solution for many systematic errors. 
Several calibration methods are investigated in different researches, e.g. calibration based on point 
matching (Garcia-San-Miguel and Lerma, 2013; Stewart et al., 2005), cylindrical features matching 
(Chan and Lichti, 2012; Chan et al., 2015) and planar features matching (Abbas et al., 2014; Bae and 
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Lichti, 2007). The self-calibration which usually used in photogrammetry could also be used for the 
estimation of the systematic errors of the terrestrial laser scanner (Reshetyuk, 2010a). In this approach 
of calibration, if any systematic errors are found they are included in the calibration model as unknowns 
with all parameters of the system .These systematic errors unknowns are then calculated from the 
obtained data of the calibration tests. Some researchers (Lichti, 2010; Lichti and Licht, 2006; Lichti and 
Franke, 2005) were reported, the calibration of the laser scanner successfully using this method. 

The random errors may occur as a result of scanner design limitations or components deficiencies. 
The following factors must be taken in to consideration at the stage of beam emission. The deviation of 
the beam divergence which means the angular position uncertainty of the emitted laser beam is the first 
factor, which explained by some researchers (Alda, 2003; Silfvast, 2004). The second factor is 
depending on the laser scanner type and it's related to the beam deflection unit. Some of them using one 
(single-facet) (Faro, 2015; Leica, 2015) or more (multi-facet) rotating mirror (Riegl, 2014).Each one of 
these systems has its own sources of error, e.g. facet angles variation, roughness of the surface, 
deformation of the mirror. The third factor is related to the axes errors. Under the assumption of, that 
the laser scanner have the same geometric model of the total station (Lichti, 2010; Lichti and Licht, 
2006; Lichti and Franke, 2005) therefore; it has vertical, horizontal and Collimation axes. Even though 
the terrestrial laser scanner inner structure is highly reliable, these axes are not aligned perfectly which 
may cause some errors (Reshetyuk, 2009). Also, the above factors affect the echo signal detecting at 
the reception stage. In addition to the mentioned sources of uncertainties, the type of the scanner must 
take in consideration when determining the range precision. 

 
Environmental errors 

 All environmental conditions surrounding the instrument during the time of scanning, are 
considered to affect the accuracy of the observations. The laser beam can be affected in three ways; the 
signal can be attenuated, distorted and deviated from the original direction (Beland, 1993; Borah and 
Voelz, 2007; Hejbudzka et al., 2010). The appropriate working temperature of the scanner is often 
determined by the manufacturer, for example the specified operating temperature of Trimple TX5 is 
from 0˚ to 45˚ (Trimple, 2012). In addition to that, the temperature of the scanner may be higher than 
the ambient temperature as the scanning time increase; this may cause some errors (Reshetyuk, 2009). 
Also, the rain and dust could influence the measurements (Boehler et al., 2003; Reshetyuk, 2009). 
Although the terrestrial laser scanner is considered to be active sensors (working with the same 
efficiency in bright day and dark night), some researchers (Boehler et al., 2003; Pfeifer et al., 2007; 
Voisin et al., 2007) have reported that ambient lighting can affect the range measurements accuracy. 

 
Object related errors 

 The ratio between the incoming and outgoing radiance can be described as, the Bidirectional 
Reflectance Distribution Function (BRDF). This ratio related to the surface physical reflection 
properties, these properties determine the amount of the scattered light with respect to used laser light 
wavelength .therefor; the laser scanner has intensities view, which can be seen as a picture of black and 
white colour. The more reflective material has the brighter pixels. The object’s surface reflectivity 
affects the returned laser signals power density and consequently the signal to noise ratio. The effects 
of surface properties which can be described for example using; roughness, albedo, directional 
hemispherical reflectance and optical properties on the accuracy of the measurements have been 
investigated in some researches (Boehler et al., 2003; Hoefle and Pfeifer, 2007; Pfeifer et al., 2008). 

 
Scanning geometry errors 

 The local scanning geometry is determined by the Terrestrial Laser Scanner (TLS) position and 
the local orientation of the surface, this factor is the only one which the user can control it before 
scanning. For the Airborne Laser scanning data, this factor was investigated in details (Schaer et al., 
2007). For the TLS some researches are identified the effects of this factors on the observations briefly 
(Kremen et al., 2006). The effects of the scanning geometry on the point cloud were modelled in some 
studies (Soudarissanane et al., 2011; Soudarissanane et al., 2009; Soudarissanane et al., 2007). The 
investigated models are presented by using scanners Leica HDS6000 and FAROLS880 HE80 by 
(Soudarissanane, 2016).  (Boehler et al., 2003) studied the range accuracy of the Leica HDS scanners. 
(Schäfer et al., 2004) investigated the capability of range resolution of Leica HDS2500. To optimize 
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the parameters of the range effects, more TLS types should be studies especially the geometric planning 
factor since it is the only one which can be controlled.  

 
Working Methodology  
 
The experimental work is divided in to two stages. 
 
Work Preparation 
  

 At this stage, everything necessary to fulfil the experiment in the best way is planned for, so it 
can satisfy the required purpose .This include, the suitable laser scanner, the designed target and the 
adjustment of the required observation criteria. 
 
The Used Scanner  
 

 Trimble TX5 Terrestrial Laser Scanner which is a high speed 3D laser scanner is used in all 
experiments. It is able to measure to a range of 120m and to speed of 976,000 pts / sec. Also, there is a 
70 mega pixels colour camera integrated with the system. The weight of the scanner is 5.0 Kg and its 
size is only 240 mm x 200 mm x 100mm, as depicted in figure (1). 

 
Fig. 1: Trimble TX5 Terrestrial Laser Scanner. 

 
Target design and components: 
 
The components and structure of this target are depicted in figure (2) 

- A cardboard target of (100cm ×100 cm) size which is divided to small squares (10cm×10cm) 
of white, black, and grey colour. 

- A cardboard target of (30cm ×46 cm) size ,which  divided to small squares (2cm×2cm) of black 
and white colours .Each white square have two numbers which represent (row, column), this 
target is shown in figure (3). 

- Large plastic protractor divided from 0 ̊  to 90˚ to adjust the angle of the squared target as shown 
in figure (4). 

- Magnetic protractor as shown in figure (5) to adjust the vertical angle of the squared target. 
- A metal structure, to firm different  target components( cardboard squared target, the plastic 

protractor and the magnetic protractor) and to move it in such a way as to ensure the stability 
of the target during the movement, all of these components are shown in figure (6).   
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Fig. 2: Structure and Components of the used Target. Fig. 3: Squared Target (Small). 
 

 

 
 

Fig. 4: Large Plastic Protractor.                     Fig. 5: Magnetic Protractor. 

 

 
Fig. 6: The Metal Frame. 
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Experimental work implementation  
 

 Different practical situations were accomplished. Four different ranges were investigated, for 
each one three angles (0˚, 30˚, 60˚) were tested.    
To perform this experiment, some practical steps were done as following: 
1- The smaller cardboard target is fixed on the larger one by small clips, so it can be removed at any 
time when needed. Then it placed at two distances 2.58m and 6.05m from the TLS.  
2- For each distance the target is adjusted to be completely horizontal and scanned (i.e., making angle 
0˚ with the horizontal direction). 
3- The target will be rotated to make the following angles 30˚, 60˚ with the horizontal direction for both 
distances 2.58m and 6.05m as depicted in figure (7). 

 
(A) (B) 

  
Fig. 7: Rotation of the Target to Make Two Angles (A=30˚ and B=60˚). 

 
4- The smaller cardboard target was removed and the biggest cardboard target was   placed at 15m and 
25m from the TLS. The same steps of scanning and adjusting the angle were repeated for both distances.  
5- The Trimble Realwork Software was used for measuring the horizontal distances of the small squares 
and processing the data. 
6- Because the TLS have scan all the entire area of the room, thus a huge amount of data was acquired. 
Therefore the required objects (the small target for short distances 2.58m and 6.05m and the biggest 
one for the long distances 15m and 25m) were selected from the whole area using segmentation tool (in 
the Trimble Realwork Software). 
7-   In case of working on the small cardboard target; to avoid the distortions that happened in the target 
edges, all measured distances were taken from the entire area of the target. A total of 100 measured 
horizontal distances (squares ribs) were measured, they represented by rows and columns. For example, 
the measurements started from the lower left corner of the square (4, 3) to the lower right corner of the 
square (22, 12), as depicted in figure (8). The measurements were not taken consecutively, row (4) was 
taken then row (5) was left, then row (6) was taken …..etc. 
8- The same steps of segmentation and measurements as mentioned in the previous step were done for 
the biggest cardboard target, but here only 15 measurements for every observed scan were taken. 
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        Fig. 8: Rows Distribution of the Measured Distances on the Small cardboard Target.   

 
Discussion and Investigation  
 

 Whereas the RMSE, which is defined in equation (1), is used as an indicator to the accuracy of 
the output scanned data, it is necessary to have a value which will be considered as a true value. Thus, 
the lengths of the small squares- contained within the designed targets - were considered to be these 
values. For the small squared target, for each row the ten distances of the small squares; were taken 
from one initial point in each scanned row as shown in table (1). These distances were described as 
(observed values), then each square rib was computed as shown in the last column of table (1) and used 
in equation (1) to find the RMSE.  
 

 

………… eq. (1) 

 
Where   ε    is the difference between the computed and the true value of the    
                   Square side (20mm indoor and 100mm outdoor) 
              n     is the total number of measured distances   
 
Table 1: The Measurements of the Scanned Distances in Case of 6.05 m and 30˚Angle (first-row). 

Distance (mm) 
Name True value Observed value Computed value 

H1 20 19.64 19.64 
H2 40 40.04 20.4 
H3 60 60.44 20.4 
H4 80 80.36 19.92 
H5 100 100.97 20.61 
H6 120 121.22 20.25 
H7 140 141.65 20.43 
H8 160 161.86 20.21 
H9 180 181.91 20.05 

H10 200 201.61 19.7 

    
On the other hand, from the biggest squared target; only 15 distances were measured, used in equation 
(1) and represent in last column of table (2).  
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Table 2: The Measurements of the Scanned Distances in Case of 15 m and 30˚ Angle.    
Distance (mm) 

Name True value Observed value 
H1 100 103.97 
H2 100 95.56 
H3 100 96.54 
H4 100 95.86 
H5 100 92.75 
H6 100 90.11 
H7 100 90.34 

H8 100 91.51 

H9 100 93.41 
H10 100 89.27 

H11 100 100.4 

H12 100 90.84 
H13 100 89.63 
H14 100 90.95 
H15 100 97.36 

  
 Finally, it should be noted that, each table is presenting only the computed scanned distance in one 
case, for example 30˚ projection angle with 6.05 m distance (first row) in indoor experiment, and 30˚ 
projection angle with 15.0 m distance in indoor experiment. 
 
Analysis of the Obtained results 
 

 The results of calculating the RMSE for each range are shown in table (3), and then illustrated 
in figure (9). 
 
Table 3: The RMSE for each range at All Tested Angles.  

Angle 
RMSE (mm) at 

2.58m 
RMSE (mm) at 

6.05m 
RMSE (mm) at 

15m 
RMSE (mm) at 

25m 
0˚ 0.9 1.8 6.3 8.6 

30˚ 0.9 0.8 7.4 12.2 
60˚ 1.8 4.4 11.1 13.6 

 

 
Fig. 9: RMSE for each range at All Tested Angles. 

 
  From table (3) it can be noticed that, in general when using the small cardboard target, the RMSE of 
the shorter distance (2.58m) is less than the RMSE of the longer one (6.05m) for most tested angles 
except (30˚), the RMSE is almost the same for both distances. This was confirmed when working on 
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the larger cardboard target which used to be clear for distances more than 7m (15m and 25m). 
Consequently; to a large extent, there is a direct correlation between the distance from the scanner to 
object and the RMSE. As a closing remark and for the sake of completeness, figure (9) assures that the 
greater the scanner distance the lower the final reported scanning accuracy. 
 
Conclusion 
 

From the obtained results and their analysis; the following conclusions and recommendations 
could be extracted: 
- In case of using the small cardboard target , it is preferable to scan the object from the closer distance 
2.58m  which gives RMSE up to 0.9 mm, than the longer tested one 6.05m, which gives RMSE up to 
1.8mm. 
- In case of scan the larger cardboard target, when it is required to obtain a scanning accuracy up to 
10.0mm, it is preferable to scan the object from the closer distance 15m than the longer tested one 25m. 
- Generally, from these tested distances 2.58m, 6.05m, 15.0m and 25.0 m there is direct correlation 
between increasing the distance and decreasing the accuracy. However; it is recommended to intensify 
the scanning work on more scanning distances to generalize this relationship.  
- When combining the results of the results RMSE for the used ranges at all tested angles, it is found 
that even with the closer distances the angle 60˚should be avoided.  

 
 Recommendations 
 
- It is recommended to intensify the work on more angles to find the relation between the (angles and 
ranges) and the RMSE. 
- It is recommended to use another method to calculate the accuracy at different cases. 
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	 The local scanning geometry is determined by the Terrestrial Laser Scanner (TLS) position and the local orientation of the surface, this factor is the only one which the user can control it before scanning. For the Airborne Laser scanning data, this factor was investigated in details (Schaer et al., 2007). For the TLS some researches are identified the effects of this factors on the observations briefly (Kremen et al., 2006). The effects of the scanning geometry on the point cloud were modelled in some studies (Soudarissanane et al., 2011; Soudarissanane et al., 2009; Soudarissanane et al., 2007). The investigated models are presented by using scanners Leica HDS6000 and FAROLS880 HE80 by (Soudarissanane, 2016).  (Boehler et al., 2003) studied the range accuracy of the Leica HDS scanners. (Schäfer et al., 2004) investigated the capability of range resolution of Leica HDS2500. To optimize the parameters of the range effects, more TLS types should be studies especially the geometric planning factor since it is the only one which can be controlled. 



