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ABSTRACT  
 

Recently, the Terrestrial Laser Scanners TLS (range based modelling) are one of the most 
accurate and effective techniques for 3D modelling. But on the other hand, the attainable accuracy of 
these instruments varies with the actual projection angles during scanning and hence the efficiency of 
the final 3D models. So, the current research paper studies and investigates the effect of different angles 
on the point cloud accuracy. In this context, two experiments were made using different projection 
angles range from 0o to 60o. One experiment is indoor and the other one is outdoor. For these purpose, 
two checker boards are designed and fabricated to satisfy the required projection angles within suitable 
distances. The output results indicated that, for indoor scanning works, the projection angles from 0˚ to 
50 ˚ with corresponding RMSE ranges from 0.8 mm to 2.0 mm are suitable to be used. Also for outdoor 
scanning work, Projection angles up to 30˚ are suitable to be used with a reasonable scanning accuracy 
within nearly 10mm.  
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Introduction 
 

Nowadays, the acquisition of 3D data is a key role in different aspects of life. The Terrestrial 
laser scanning is one of the most accurate and effective techniques for three dimension modelling. The 
active sensor (Laser scanner) is directly recovering 3D measurements of the scanned area. However, 
there are many issues that have not yet been covered for the use of the terrestrial laser scanner in 3D 
modelling. The acquisition of the data is simple and easy to learn but the processing of the point cloud 
data is often tedious and time consuming due to the huge amount of data. 

 The first step to control the accuracy of these data is to specify the factors that affect the accuracy 
of the output point clouds. These factors are, the instrumental errors, object related errors, 
environmental errors and scanning geometry (Bae et al., 2005). The most factor can be controlled from 
the mentioned factor is the scanning geometry. The scanning geometry means the place of the TLS 
relative to the scanned object in a scene which can be determined by the angle and the range (Kremen 
et al., 2006). In this research the focusing will be on the effect of various projection angles on the point 
cloud accuracy. 

Since the amount of produced scanned data is huge and may reach to millions of points, it is 
important to deal with quality not quantity. Accordingly, the above-mentioned factors should be 
thoroughly investigated. 

 
Instrumental errors  
 

Due to technical limitations and mechanical design, the systematic and random errors may be 
happened. To identify the systematic errors and correct the biases in the point cloud the calibration 
should be done. Many researchers studied different approaches of calibration, e.g. point matching 
calibration (Garcia and Lerma, 2013; Stewart et al., 2005), calibration based on planar features (Abbas 
et al., 2014; Bae and Lichti, 2007) and calibration based on cylindrical features matching (Chan and 
Lichti, 2012; Chan et al., 2015). It was found that, the planar features calibration improved the result 
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than the point based calibration, but the cylindrical based calibration is more suitable when the planer 
surfaces which have several orientations are not available.  

For the determination of the calibration parameters different methods of analysis are used, such 
as piecewise linear functions (Molnar et al., 2009), covariance analysis (Bae et al., 2005) and Fourier 
transform techniques (Salo et al., 2008). Each one of them has its advantages and disadvantages. 
Random errors are not often easily removed; it is due to the inherent physical properties of the different 
units. At the laser beam emission, three main factors should be taken in to account. The beam divergence 
deviation is the first one, which represents the emitted laser beam angular position uncertainty (Alda, 
2003). The second factor is related to the beam deflection unit, which depends on the used type of the 
laser scanner. Some of the scanners are using a single –facet rotating mirrors (Faro, 2015), others are 
using a multi- facet rotating mirror (Riegl, 2014). Each type of them has its own sources of errors. The 
axes error is the third factor. Always there are uncertainties in these axes (Lichti et al., 2011) because 
they are not stable and not perfectly aligned.  The above instrumental uncertainties affect the echo signal 
detection at the reception stage. In addition to the previous factors that caused the uncertainty, there are 
some of them that depend on the type of the scanner and range determination precision. 

 
Object related errors  
 

There are a few studies cover the influence of the properties of the material on the measured 
intensity and returned points number. However, some studies investigate the effects of properties of the 
surface on the individual point’s quality (Bucksch et al., 2007).  Mainly they are focusing on the 
returned intensity measurements for calibration of the instruments (Kaasalainen et al., 2005), intensity 
measurement correction (Hoeffel and Pfeifer, 2007) or analysis and use of these measurements (Pfeifer 
et al., 2008). 

 
Environmental errors  

 
The main source of the environmental errors that affect the accuracy of the point cloud is the 

atmospheric source. The ambient temperature, the ambient light, the humidity, the air pureness and 
turbulences vibrations are the main atmospheric factors should be taken in to account. The laser beam 
can be affected by three ways. First, the laser beam can be attenuated; it means that the intensity of the 
signal becomes weaker when it travels through medium .The second way is the signal distortion. The 
last one is the beam deviation from its original propagation direction (Beland, 1993; Borah and Voelz, 
2007). Hejbudzka et al. (2010) Reported that there is a direct correlation between the temperature and 
radiation, but on the other side there are inversely correlated with humidity. As a result of this relation, 
the number of points per scan is decreased. 

 
Scanning geometry  
 

The Terrestrial Laser scanner (TLS) position and the surface local orientation determine the local 
scanning geometry. The influence of the scanning geometry is well investigated on Airborne Laser 
Scanning data (Schaer et al., 2007), they analysed the ALS data accuracy and providing a realistic 
estimation of the error magnitude on the ground by presented a suitable algorithm. Some studies are 
briefly identified the effects of the scanning geometry on TLS measurements (Pfeifer and Briese, 2007). 
(Kremen et al., 2006) Introduced direct measurement method for horizontal directions standard 
deviations and zenith angles.  Other studies investigated the returned intensity under different scanning 
geometry conditions (incidence angle) (Kukko et al., 2008) for Nd: YAG laser and terrestrial laser 
scanner. Also, (Pfeifer et al., 2007) investigated the intensity values systematically for (Riegl LMS-
Z420i). Generally the studies showed that, the equation of the laser range must not be blindly used to 
predict the intensity which produced from the laser scanner. The scanning geometry effects on the 
quality of the point cloud are 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  (Soudarissanane, 2016). They concluded that, the point cloud 
quality is affected by the scanning geometry, when higher incidence angles and higher distances from 
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the scanner were used .Therefore, it is recommended to study the effect of the scanning geometry for 
another type of scanners especially because this factor is the only one for the user to control. 

 
1. Target Design  

 
To distinguish the required target as clearly as possible, two different squared targets (in 

dimensions and form) were designed. They are also proportional to the observation distance (range) in 
indoor and outdoor experiments. 

 
1.1. Squared Target (Small) 

 
Figure (1) illustrates all components and structure of this target as: 

I. A target of (30cm ×46 cm) size made of cardboard. The target is divided to small squares 
(2cm×2cm) of black and white colour. The white square is numbered with two numbers (row, 
column) 

II. Level of 5 ̋ telescope precision (for horizontal angle  ) measurements. The telescope is supported 
by screw clamp mechanism for fixation of the target horizontally.  

III. To the vertical fixation, a metal arm is added. 
 

 
                                          Fig. 1: Squared Target (Small) 

1.2. Squared Target (biggest one) 
 

I.  A target of (100cm ×100 cm) size made of cardboard. The target is divided to small squares 
(10cm×10cm) of black, grey and white colour, as shown in figure (2). 

II.  Large plastic protractor to adjust the angle of the squared target (biggest one), as shown in 
figure (3). 
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Fig. 2: Squared Target (biggest one) 

 

 
Fig. 3: Large Plastic Protractor 

 
2. The Used Terrestrial Laser Scanner  

 
Trimble TX5 Terrestrial Laser Scanner is used in all experiments. This scanner is a high speed 

3D laser scanner. It is able to measure to speed of 976,000 pts / sec and to a range of 120m. Also, there 
is an integrated colour camera of 70 mega pixels. The weight of the scanner is 5.0 Kg and its size is 
only 240 mm x 200 mm x 100mm (9.5 in x 8 in x 4 in) ,as depicted in figure (4). 

 

 
Fig. 4: Trimble TX5 Terrestrial Laser Scanner 
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3. Experimental Work 
 

To test the accuracy of laser scanner, two experiments will be made. The first experiment 
investigates the scanning procedure Indoor, whereas the second investigates the scanning procedure 
outdoor. Both experiments examine the output accuracy with different projection angles at various 
scanning distances 

  
3.1. Indoor experiment 

 
The practical steps to carry out this experiment are summarized below: 

1- At two distances 2.58 and 6.05 from the TLS, the experimental small target is placed. 
2- For each distance the target is completely horizontal and Observed (i.e., making angle 0˚ with the 

horizontal direction). 
3- The target was rotated to make the following angles 20˚, 30˚, 40˚, 50˚, 60˚ with the horizontal 

direction. 
4- The Trimble Real work Software was used for measuring any required scanned distances and 

processing of the data. 
5- All the entire area of the room was scanned by the TLS producing a huge amount of data. The squared 

designed target was selected using segmentation tool from the program. 
6- The measurements were taken from the entire area of the target (the edges were neglected. Ten rows 

and ten columns were measured on the target .They represent one hundred squares covering a 
rectangular area from  the lower left corner of the square (4, 3) to the lower right corner of the Square 
(22, 12), as shown in Figure (5) . The measurements are not taken sequentially, they are started from 
row (4), then row (5) was left and taking row (6) and so on. 

 
Fig. 5: Distribution of the Measured Distance on the Small Target 

 
3.2. Outdoor experiment 
 
1- The big experimental target is placed at two distances 15m and 25m from the TLS.  
2- For each distance, the target is completely horizontal and observed (i.e., making angle 0˚ with the 

horizontal direction). 
3- The target is rotated to make the following angles 30˚ and 60˚with the horizontal direction. 
4- The same steps of segmentation and measurements, as mentioned in the previous experiments, are 

done but here only 15 measurements for every observed scan are taken as shown in figure (6). 
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Fig. 6: Distribution of the Measured Distance on the Biggest Square Target 
 

4. Methodology of Investigation  
 

Since each target is manufactured with fixed calibrated square sides, the final output scanning 
accuracy will be based on these square lengths. In this terminology, a number of certain adjacent squares 
are selected on each target, constituting a matrix of rows and columns. These squares are scanned and 
its corresponding dimensions will be measured and compared with their true value, as all measured 
distances are taken from one initial point in each scanned row. The Root Mean Square Error (RMSE) 
will be the used criteria for accuracy assessment, as given in equation (1).  

………… 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   
 
The data acquired for satisfying this methodology are listed in tables (1) and (2) each for both 

indoor and outdoor experiments respectively. Each table is presenting only the computed scanned 
distance in one case, for example 0˚ projection angle with 2.58 m distance (first row) in indoor 
experiment, and 0˚ projection angle with 25.0 m distance in indoor experiment. Finally it should be 
noted that the distance, upon which the RMSE is evaluated, is related to the fixed size of each square. 
These distance values are listed in the last column of both tables. 
 
Table 1: The Measurements of the Scanned Distances in Case of 2.58 m And Zero-Angle (first-row)    

Distance (mm) 

Name  True value Observed value Computed value 
H1 20 19.04 19.04 
H2 40 39.47 20.43 
H3 60 58.45 18.98 
H4 80 79.38 20.93 
H5 100 98.71 19.33 
H6 120 119.4 20.69 
H7 140 140.21 20.81 
H8 160 160.7 20.49 
H9 180 179.79 19.09 
H10 200 200.49 20.7 
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Table 2: The Measurements of the Scanned Distances in Case of 25 m and Zero-Angle  
Distance (mm) 

Name True value Observed value 
h1 100 89.44 
h2 100 87.16 
h3 100 88.44 
h4 100 89.14 
h5 100 86.94 
h6 100 88.55 
h7 100 85.83 
h8 100 85.93 
h9 100 86.93 

h10 100 99.44 
h11 100 102.38 
h12 100 84.91 
h13 100 83.69 
h14 100 102.57 
h15 100 82.37 

 
5. Presentation and Analysis of Obtained results 
 

The results of calculating the RMSE for each angle in the indoor experiment are listed in table 
(3) and illustrated in figure (7) and figure (8). 

 
Table 3: The RMSE for Each Angle in Both Indoor Cases 

Angle Distance (m) RMSE (mm) 

0˚ 
2.58 0.9 
6.05 1.8 

20˚  
2.58 0.9 
6.05 1.9 

30˚ 
2.58 0.9 
6.05 0.8 

40˚ 
2.58 1.3 
6.05 2.1 

50˚ 
2.58 1.3 
6.05 1.2 

60˚ 
2.58 1.8 
6.05 4.4 

 

 
Fig. 7: The RMSE of Angles (0˚, 20˚, 40˚, 60˚) for Indoor Experiment 
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Fig. 8: The RMSE of Angles (30˚, 50˚) for Indoor Experiment 
 
From figures (7) and (8), it can be noticed that there are two trends for the computed RMSE. For 

angles (0˚, 20˚, 40˚, and 60˚) the RMSE is increased nearly twice when the distance from the object is 
increased nearly double also. On the other hand for angles (30˚, 50˚), the RMSE is not correlated to 
increasing distance from the target to the scanner. The value of RMSE is nearly equal for both angles 
at the two distances.  

Generally, it is quite seen that there is no straight correlation between the Projection angle and 
scanner distance on the final output accuracy, in indoor scanning measurements within small distances 
up to 7.0 m. Moreover, angles up to 50˚ give nearly the same RMSE values for nearly the same distance 
between the scanner and target.  

Moving to the outdoor experiment, table (4) lists the RMSE values at the two distances related 
to the three tested projection angles. From this table, one can easily get the direct relationship between 
both projection angles and the final accuracy on a certain scanner distance, as depicted again in figure 
(9). In addition, with a distance greater than 10.0m, there is degradation in the RMS values with the 
increasing of the measured scanned target distance, as obvious from the big values of RMSE in table 
(4). 

 
Table 4: The RMSE for Each Angle in Both Indoor Cases 

Angle Distance (m) RMSE (mm) 

0˚ 
15 m 6.3 
25 m 8.6 

30˚ 
15 m 7.4 
25 m 12.1 

60˚ 
15 m 11.1 
25 m 13.6 
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Fig. 9: The RMSE of Angles (0˚, 30˚, 60˚) for Outdoor Experiments 

 
Conclusions  

 
From the obtained results and their corresponding analysis, some conclusions and 

recommendations could be extracted as follow: 
 

Indoor experiment 
 

-Projection angles from 0˚ to 50 ˚, give nearly same RMSE value ranges from 0.8 mm to 2.0 mm, are 
suitable to be used. This is due to the high degradation of accuracy at projection angle 60˚. 

-The correlation between both projection angle and scanning accuracy is not straightforward at scan 
distance up to 7 m. 

 
Outdoor experiment 

 
-The scanning accuracy is directly decreased with the increase of used projection angle.  
-Projection angles up to 30˚ are suitable to be used with a reasonable scanning accuracy within nearly 

10mm.  
 

Recommendation 
 

Finally, it is recommended to test the final scanning accuracy with more scanner distances and 
orientation. This will help so much in specifying the best setup of the scanner related to the scanned 
object, which gives an acceptable accuracy.   
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