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Abstract  Rapid, direct and dense three-dimensional 
(3D) data acquisitions have become compulsory 
requirement for most applications that demand complete 3D 
information. Though, it is impossible to obtain data that 
cover the whole surface of the object from single sensor 
position. In terrestrial laser scanner (TLS) measurement, 
this multi positions issue was resolved using similarity 
transformation. However, only six (6) parameters were 
employed while scale factor was neglected. Since TLS 
measurement were utilised in many applications especially 
that demand high accuracy data, thus, further study is 
necessity to ensure the significant of neglecting scale factor 
in TLS datum transformation. Utilising robust experiment 
which involves with multi network configurations and multi 
distances, all seven (7) parameters were computed and scale 
factors were extracted for the further assessment. 
Significant analysis was performed by comparing the ideal 
value of scale factor (i.e. 1) and values obtained from the 
experiments. Results obtained for all configurations have 
accepted null hypothesis which indicates that scale factor is 
not significant in phase-based scanner datum 
transformation.  

Keywords  Datum Transformation, Network 
Configuration, Scale Factor, Three-Dimensional Data 

1. Introduction
Ability to acquire high density three-dimensional (3D) 

data with fast measurements (up to one million points per 
second) has become main factor that terrestrial laser scanner 
(TLS) was employed in many 3D applications. This high 
precision provides enough raw data from which accurate and 

detailed 3D models can be obtained. According to Dumalski 
and Hejbudzka [1], TLS has shown a promising precise 
measurements to define minimal displacement and 
deformation of objects. This has been demonstrated via their 
experiment that conducted using five different intervals 
(1mm, 3mm, 5mm, 10mm and 20mm) and several distances 
which eventually reaching the maximum range of the 
scanner. Due to that advantages, TLS has become an option 
for a variety of applications that demand sub-centimetre 
geometric accuracy such as industrial measurements. 

Due to the low value of measurement uncertainty, 
coordinate measuring machines (CMM) was commonly 
used in industrial measurements [2]. However, taking into 
account the factor of economical investments, most 
researcher have search for an alternative option. Capability 
of TLS to directly measure dense non-contact 3D points has 
been examined by González-Jorge et al. [2] as an alternate 
sensor for CMM. Based on Geometrical parameters height, 
length, width, front track and wheelbase of measured object, 
the results demonstrate that TLS has meat required 
tolerances as stated in UNE 26-192:1987 and ISO 612:1978. 
In forging industry, TLS has been used by Bokhabrine and 
Seulin [3] for 3D characterization of hot metallic shells 
during industrial forging. Comparing to the traditional 
method using a large ruler, TLS has proven as more 
accurate (error less than 8mm) and faster. Son et al. [4] have 
utilised TLS in three-dimensional (3D) reconstruction of as 
built pipelines. The findings shows the potential to allow 
the as-built 3D pipeline obtained from TLS can be made 
automatically reconstruct and the model yielded is expected 
can be used for various purposes in operations, maintenance, 
and retrofitting during the lifecycle of the plant facility. In 
shipbuilding industry, Abbas et al. [5] have measured two 
boat prototypes using close range photogrammetry (as 
benchmark) and a TLS. Authors have introduced novel data 
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quality assurance procedure to quantify the quality of TLS 
data. The outcomes have demonstrated that the improved 
calibration technique able to enhance the precision and 
accuracy of TLS measurement. 

To acquire data that cover the whole surface of the object, 
it is impossible to obtain from one observing point. Two or 
more occupied stations cannot be avoided, and for TLS 
system, this will create more than one local coordinate 
systems proportionate with the station numbers. Conversion 
of all local coordinates into one global TLS coordinate 
system can be established with the aid of transformation 
parameters. Similar parameters also required when TLS 
global coordinate system has to be transformed into ground 
or national system. The seven (7) transformation parameters 
are as follow [6]: 
• Translation in three axes (TX, TY, TZ); 
• Rotation around the three axes (ω, φ, κ); and 
• Scale factor. 
However, according to Reshetyuk [7], TLS datum 

transformation only embraced six (6) parameters by 
neglecting the scale factor. As stated in Song et al. [8], 
sources of errors that can affect the quality of TLS 
measurement are very numerous, whether from acquisition 
or processing phases. Rueger [9] has summarized that scale 
errors in range measurement are contributed from internal 
(e.g. limitation or configuration of sensor) and external 
effects (e.g. environmental factor). Considering the complex 
mechanism adopted by TLS in providing dense 3D data with 
non-contact measurement, it is expected that various of 
causes can contribute to scale errors in TLS data acquisition, 
such as high incidence angle, environmental factors, 
erroneous geometrical reduction (e.g. dependency on point 
cloud resolution to determine target centroid), among others. 
Based on that argument, further investigation is necessary to 
robustly prove that contribution of scale factor in TLS rigid 
body transformation is insignificant. Taking into account the 
mechanism utilised in deriving range measurement, it can be 
assumed that modulation of laser beam employed by phase 
based scanner is expose to scale errors. This is due to the 
dependency on wavelength and phase difference in deriving 
the range measurement. Considering range measurement is 
expose to this kind of error, thus, neglecting scale factor in 
TLS datum transformation is consider questionable. 

As most of the TLS implementation in industrial 
measurement involve with very complex object, thus, 
occupying many station numbers cannot be avoid. 
Illustrated in Figure 1 is example of scan stations utilised to 
scan small boat prototype. Due to the demand of many 
stations in most of TLS applications, neglecting scale factor 
in registration procedure should be reconsidered. Any 
possible uncertainty especially during processing should be 
taken into account. Based on this argument, this study has 
scrutinise the effect of scale factor in TLS registration 
procedure. Robust experiments were conducted using 
multi-network configurations and multi-distances. Three 
main elements were utilised for the multi-network 
configurations: (i) station numbers; (ii) real-world planes to 
distribute the targets; and (iii) number of targets. Taking 
into account the requirement of industrial implementation 
that demand sub-centimeter accuracy [10] with medium 
range data acquisition, thus, phase-based scanner (i.e. Faro 
Focus 3D) was employed in this evaluation study. 

 

Figure 1.  Six (6) stations utilised to scan boat prototype [5] 

2. Phase-based Scanner 
In contrast with time-of-flight scanner which exploited 

high precision clocks, phase-based scanner has modulated 
the power of laser beam in amplitude and transmitted into 
the object. The scattered reflection is collected and a circuit 
measures the phase difference (ΔΦ) between the send and 
receive waveforms (Figure 2). 

 
Figure 2.  Phase based measurement technique 
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The phase difference is proportional to the range and 
laser modulation frequency. The amplitude of the received, 
diffusely reflected laser light is proportional to the surface 
reflectively and distance of the object. Phase based scanner 
can determine the range (r) by using (1), (2) and (3) [10]. 

λ∆+λ=× Nr2                 (1) 
where, 

N = Number of full wavelengths 
λ = Wavelength 
Δλ = Uncompleted wavelength 
In order to compute the range of TLS and target, the 

values of N and Δλ should be determined. Equation (2) 
below represents the relation between uncompleted 
wavelength and phase difference (ΔΦ) [11]. 

λ×
π

∆Φ
=λ∆

2
                (2) 

Since, only phase difference can be provided during 
measurement, then (2) could be finalised as follows [11]: 

λ×
π

∆Φ
+

λ
=

42
Nr             (3) 

Based on (3) above, it is impossible to get the range value 
directly using a simple phase difference measurement 
technique. This is known as the ambiguity interval and the 
size can be in the order of several meters. The maximum 
unambiguous is given by (4) [11]. 

2f2
crmax

λ
=

×
=                 (4) 

where, 
c = Speed of light 
f = Frequency 
If the range is unambiguous (less than Rangemax), the 

range can be determined from the following equation [11]: 

λ×
π

∆Φ
=

4
r                   (5) 

In order to avoid the inconvenience of a range ambiguity 
interval, one can use multiple frequency waveforms in 
which the target is localised at low frequency (long 
wavelength) and then accurate measurement is performed at 
high frequency (Figure 3). 

 

Figure 3.  Multiple frequency waveforms [9] 

 

Figure 4.  Determination of transformation parameters 
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3. Three-Dimensional Conformal 
Coordinate Transformation 

According to Ghilani [6], a 3D conformal coordinate 
transformation is utilise to convert 3D coordinates from one 
system to another system. As practice in TLS measurement, 
the system will create their own local coordinates system 
for each scanner position. Thus, to orient all local system 
into one global coordinates system, derivation of 
transformation parameters is mandatory. Based on Figure 4, 
three (3) well-distributed common targets (minimum 
requirement, more targets are better) were used to determine 
transformation parameters between scanner positions TLS1 
and TLS2. 

Utilising resection method, those artificial targets that 
have two coordinate systems derived from TLS1 and TLS2 
can be employed to mathematically describe the 
relationship of those systems [10]: 

Xi = T + S∙r∙xi                  (6) 
where, 

Xi = 3D coordinates of targets in the first  
scanworld system. 

S = scale vector between two (2) systems. 
T = translation. 
r = rotation matrix. 
xi = 3D coordinates of targets in the second  
    scanworld system. 
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where, 
TX, TY and TZ are translation of the origin in 3D axes. 
While definitions of the elements of the rotation matrix r 

is given as follow [10]: 

φω=
φω−=

φ=
κφω+κω=
κφω−κω=
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           (8) 

where, 
κφω ,,  are rotation angles around 3D axes. 

4. Experiments 
The main objective of this study is to robustly 

substantiate the significant of scale factor in phase-based 
scanner datum transformation. For that purpose, Faro Focus 

3D scanner were rigidly experimented as follow: (i) Multi 
network configurations; and (ii) Multi distances assessment. 

Each experiment was designed for specific reason, multi 
network configurations employed to measure the effect of 
scale factor for indoor implementation which also involves 
with high incidence angle occurrence, while the later 
experiment capable to assess any changes with regard to 
various distances. Statistical analysis was utilized in both 
experiments to mathematically verify the outcomes of this 
study. 

4.1. Multi Network Configurations 

To represent phase based scanner, this experiment was 
conducted by using Faro Focus 3D (Figure 5). First 
experiment (i.e. multi networks) was conducted at 
laboratory with dimension of 15m × 9m × 3m. To certain 
the quality of the yielded results, the ideal configurations 
were embraced based on Lichti [12] outcomes. With 
intention to investigate the effect of scale factor in TLS 
datum transformation, variants of configurations were 
employed as follows: (i) Multi scanner positions; (ii) Multi 
surfaces; and (iii) Multi targets.  

To avoid from using similar configurations for each 
variation, final setup obtained from previous configurations 
were used for subsequent variation. For instance, if final 
setup for the first configurations (scan stations) is using two 
(2) stations, thus, second configurations (surfaces) will 
continue with similar number of station. 

 

Figure 5.  Experiment of scale effect in phase based scanner datum 
transformation 

4.1.1. Minimum Number of Scan Stations 
For the first experiment, the configuration was reduced 

the number of scanner positions (from seven) one by one 
until two positions left as illustrated in Figure 6. The bundle 
adjustment is performed for each station reduction 
procedure to produce the value of transformation 
parameters. Mathematical approach was utilised to 
thoroughly examine the significant of scale factor for every 
bundle adjustment (configuration) results. 

4.1.2. Number of Surfaces 
The second experiment focuses on diversify the surfaces 
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utilised for targets distribution. There are four walls and a 
ceiling were employed in this study. To vary the number of 
surfaces, experiment was manually remove those surfaces 
one at a time until two surfaces left as shown in Figure 7. 

The removing criteria were made by taking into account 
guideline of network configuration as discussed in [13]. 
Bundle adjustment was performed for each removing 
procedure and followed with scale factor analyses. 

 

Figure 6.  Reducing number of scan stations 

 

Figure 7.  Multi surfaces configuration, (a) Four surfaces, (b) Three surfaces type A, (c) Three surfaces type B and (d) Two surfaces 
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4.1.3. Minimum Number of Targets 
The final experiment was carried out by reducing number 

of targets which are employed to determine transformation 
parameters. This configuration was performed by decreasing 
the number of targets from two surfaces (46 targets) by every 
ten percents until sixty percents were removed (18 targets 
left). The criteria employed during targets reduction was 
made based on quantitative condition as stated by [13]. As 
demonstrated in Figure 8, outcomes from previous 
experiments were utilised for the final configuration, two 
scanner positions and two surfaces. To ensure the quality of 
computed transformation parameters, the targets have been 
well distributed in each decreasing procedure. Similar to the 
previous experiments, bundle adjustment is performed in 
each targets reduction configuration and followed with scale 
factor analyses. 

 

Figure 8.  Reducing the number of targets 

 

4.2. Multi Distances 

To examine the significant of phase based scanner 
measurement in multi ranges observation, final experiment 
has been performed at indoor calibration site located in 
Faculty of Built Environment and Surveying, Universiti 
Teknologi Malaysia, Malaysia. Six (6) points were marked 
as visualised in Figure 9a with interval 10m, range from wall 
where targets distribute (right side of Figure 9a) into last 
point is 60m. For registration purpose, four (4) plane and two 
(2) sphere targets were utilised. Phase-based (i.e. Faro Focus 
3D) was positioned in every mark to scan all six (6) targets 
(as depicted in figure 9b). 

 

(a) 

 

(b) 

Figure 9.  Multi-distances experiment, (a) Indoor calibration site; and (b) 
Faro Focus 3D (phase based) scanner 

Taking into consideration that the closest scan station 
(with range 10m from targets) will contribute less errors in 
determining target centroids, pairwise registration for other 
stations was performed by exploiting this closest station as 
reference. This has result five (5) registration pairs yielded 
for multi-distances investigation. To concretely support the 
results obtained, this study has consumed statistical analysis 
to verify the significant of scale factor in TLSs registration 
processing. 

4.3. Statistical Analysis 

Statistical analyses were utilised between the calculated 
scale factor and the ideal value of scale (i.e. one). Analysis 
of mean (t distribution) was used to compare population 
mean with the mean of a sample set based on the number of 
redundancies in the sample set. Thus, this test was 
applicable to examine a sample mean (calculated scale) 
against a known value (ideal scale value) [6]. The 
hypotheses were set as follow: 

H0: Computed scale factor is equal to one 
HA: Computed scale factor is not equal to one 
The F-variance ratio test is defined as: 

nS
μyt

/
−

=                 (9) 

where,  
y = Sample mean 
μ = Population mean 
S = Standard deviation of sample 
n = Number of sample 

According to Ghilani [6], when the value of calculated T 
is smaller than the value of critical T (obtained from the 
t-distribution table), the null hypothesis (H0) is accepted at 
the 5% significance level. In contrast, with the rejection of 
null hypothesis (accepting alternative hypothesis, HA) 
demonstrate that the test parameters are significantly 
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difference. 

5. Results and Analyses 
Evaluation of scale factor affect in phase based scanner 

datum transformation procedure was made by taking into 
account two (2) crucial elements, multi network 
configurations and distances. Therefore, research findings 
have been organised based on these elements as discussed in 
the previous section. 

5.1. Multi Network Configurations 

The first configuration is by decreasing the number of 
scanner positions. For each reduction procedure, scale errors 
were calculated and F-variance ratio test is performed. As 
illustrated in Figure 10, the largest scale error in multi 
stations experiment were contributed by station one (Figure 
10a with value of 0.010), follow with station six (Figure 10b 
with value of 0.0034) and station four (Figure 10c and Figure 

10d with values of 0.002). From the outcomes of multi 
stations experiment, the trend of plotted scale errors has 
significantly indicated that this uncertainty (scale errors) 
occurred due to the high incidence angles in measuring the 
targets when the occupied station very close to the surfaces 
where the targets distributed (i.e. station one, six and four). 
Similar issue regarding a bias related to measuring obstacles 
with high incidence angles also has been roused by Laconte 
et al. [14]. Even though the largest scale error obtained is 
0.01, statistical analyses presented in Table 1 has shown that, 
in all configurations, the calculated T are smaller than critical 
T. Thus, the null hypothesis (H0) was accepted, with 95% 
confidence level show that the difference between the 
variances for each scan stations reduction were not 
significant. With regard to the small magnitude of the 
obtained scale errors which is less than one, it may be the 
main cause for this statistical finding. However, for TLS data 
quality assurance, it is advisable to avoid the existence of 
high incidence angle, especially when involve with long 
range measurement. 

 

Figure 10.  Scale errors yielded from multi stations configuration, (a) 7 stations, (b) 6 stations, (c) 5 stations, (d) 4 stations, (e) 3 stations, and (f) 2 stations 
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Table 1.  Significant test for multi stations configuration 

Scan Stations Calculated T < / > Critical T 

Full networks 0.924 < 1.943 

1, 2, 3, 4, 5, and 6 1.446 < 2.015 

1, 2, 3, 4, and 5 0.978 < 2.132 

1, 2, 4,and 5 0.726 < 2.353 

2, 3, and 4 0.681 < 2.920 

2 and 4 0.515 < 6.314 

The second configuration was performed by using only 
two scan stations. By using these two scan stations, the 
targets surfaces were reduces from five surfaces until two 
surfaces were left. Employing only two scanner positions in 
multi surfaces experiment, graphs of scale errors shown in 

Figure 11 have indicated the significant quality of datum 
transformation solution. The largest scale errors in multi 
surfaces experiment was contributed by Figure 11c (i.e. 
0.00104) which used three surfaces by removing both 
length walls for targets distribution. With limited sighting 
distance in vertical element, it is expected that all targets 
distributed at the ceiling will cause errors in range 
measurement due to high incidence angles occurrence. 
Similar to multi station outcomes, small magnitude of scale 
errors has resulted that all calculated T for multi surfaces 
experiment are smaller than critical T (as shown in Table 2). 
This imply that, the null hypothesis was accepted or no 
significant differences between ideal scale value (i.e. 1) and 
calculated scale from second experiment.  

 

Figure 11.  Scale errors yielded from multi surfaces configuration, (a) Four surfaces, (b) Three surfaces type A, (c) Three surfaces type B and (d) Two 
surfaces 
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Table 2.  Significant test for multi surfaces configuration 

Surfaces Calculated T < / > Critical T 

4 walls and a ceiling 0.515 < 6.314 

4 walls 0.235 < 6.314 

3 walls 0.370 < 6.314 

2 walls and a ceiling 0.524 < 6.314 

2 walls  0.048 < 6.314 

Employing two scan stations and two surfaces, final 
network configuration experiment was performed to analyse 
the effect of scale factor by reducing the number of targets. 
Only 46 of targets out of 138 targets are remained after 
these reductions has made form previous experiments. Scale 
errors were plotted in Figure 12, again the datum 

transformation has shown better solution as compared to the 
multi stations configuration. However, distribution of 
targets also can affect the values of calculated parameters as 
stated by Fraser [15]. This statement was proven when the 
largest scale error obtained in this experiment (i.e. 0.00175) 
is larger than the second experiment. Based on Table 3, 
statistical analysis by t-test has verified that at 95% 
confidence level shows that the difference between 
variances for all target reduction were not significant. The 
calculated T values are smaller than critical T. With 
acceptance of the null hypothesis for the first experiments: 
(i) multi scan stations, (ii) multi surfaces and (iii) multi 
target points, a preliminary conclusion can be made that the 
scale factor can be neglected for phase based scanner datum 
transformation.  

 

Figure 12.  Scale errors yielded from multi targets configuration, (a) 10 percent, (b) 20 percent, (c) 30 percent, (d) 40 percent, (e) 50 percent, and (f) 60 
percent of targets reduction 
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Table 3.  Significant test for multi targets configuration 

Percentage of targets reduction Calculated T < / > Critical T 

10% reduction 0.050 < 6.314 

20% reduction 0.012 < 6.314 

30% reduction 0.043 < 6.314 

40% reduction 0.744 < 6.314 

50% reduction 0.161 < 6.314 

60% reduction 0.010 < 6.314 

5.2. Multi Distances 

The multi distances experiment were conducted by 
exploiting the multi ranges of scan stations from distributed 
targets. Both scanners were move gradually every 10m 
until 60m. Considering 10m position able to 
well-determine the targets centroid among others, thus, this 
occupied station was selected as reference for datum 
transformation computation. 

The scale errors obtained for 20m until 60m ranges were 
illustrated in Figure 13. The largest scale error (i.e. 0.0004) 
was contributed from occupied station at 40m range. 
Further investigation was performed regarding this largest 
uncertainty occurrence, and it is found that scanner 
position at 40m range has high exposure of light compare 
to others [16]. Neglecting the scale errors from station at 
40m range, the trend of scale errors has indicated direct 
proportionate between the ranges and scale errors. In other 
word, distance from scanner to object can contribute for 
error in derivation of range in TLS measurement which 
eventually will affect the magnitude of scale error. 
Nevertheless, the conducted statistical test to determine 
whether the calculated scale factors are similar to the ideal 

value (i.e. one) at a 95% confidence level has yielded 
fascinating results. As presented in Table 4, in all 
conditions computed values of T are smaller than the 
tabulated or critical T, thus, the null hypothesis can be 
accepted. In other words, multi distances experiment has 
mathematically proved that scale factor is insignificant in 
phase based scanner datum transformation. With the 
findings from both experiments (multi networks and 
distances), this quality assurance assessment has 
statistically verified that scale factor is insignificant in 
phase based scanner datum transformation. However, this 
study only emphasis on scale factor effect in registration 
process which involves with one sensor. Further study is 
crucial to investigate the significant of scale factor in 
georeferencing procedure which utilises data from other 
sensor. 

 

Figure 13.  Multi sensors experiment using phase based scanner 

Table 4.  Multi distances statistical test for Faro Focus 3D (phase based scanner). 

Configuration Scale DoF Calculated  T < / > Critical  T 

20m 1.000042 11 0.079 < 1.796 

30m 1.00004 11 0.042 < 1.796 

40m 1.000351 11 0.613 < 1.796 

50m 1.000062 11 0.069 < 1.796 

60m 1.000077 11 0.070 < 1.796 
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6. Conclusions 
With the aim to evaluate the significant of scale factor in 

TLS datum transformation, this study has performed robust 
experiments using two (2) different configurations: (i) 
Multi networks; and (ii) Multi distances. Multi networks 
consist of three variants of experiment: (i) Variation of 
scanner station; (ii) Variation of surfaces to distribute all 
targets; and (iii) Variation of targets. First variation which 
employed multi stations configuration has proved that 
selection of scanner position with high incidence angle can 
contribute for large scale error, while second (multi 
surfaces) and final (multi targets) experiments have 
indicated the requirement of well distributed targets to 
derive the transformation parameters. However, analyses 
for all variations for the first configuration have concluded 
that the scale factor is not significant in phase based 
scanner datum transformation. For the later experiment 
which employed multi distances configuration has shown 
the effect of light in TLS measurement that can affect the 
quality of data. However, statistical analyses have 
indicated that null hypotheses of all scanner ranges showed 
that the scale factor yielded from both scanners can be 
neglected. This conclusion is applicable for the phase 
based scanner with medium range measurement. Further 
significant study on scale factor is necessary when 
measurement involved with long range measurement, 
multi scanners and multi sensors (for georeferencing 
purpose). 
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