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which is very popular among mechanical engineers.

Abstract However, there is restriction on the size of the object part

The ability to provide actual information and attractive scanned and also it can be slow in data acquisition rate
presentation, three-dimensional (3D) information has beenpecause each point is generated sequentially at the tip of
widely used for many purposes especially for documentation,the probe has become the main drawback of CMMs

management and analysis. As a non-contact 3D sensor, terrestrigh oihoq [1]. The tacheometer is a noncontact based scanner
laser scanners (TLSs) have the capability to provide dense of 3D

data (point clouds) with speed and accuracy. However, similar toWhICh can give beﬁer accuracy t.’Ut its not only slow and
other optical and electronic sensors, data obtained from TLSs Caﬁ:.umber;‘,ome (during data qollectlon phase) but most of the
be impaired by errors coming from different sources. In order to ime this method also fail to provide the amount of
ensure the high quality of the data, a calibration routine is crucialdetailed required [2]. Photogrammetry also noncontact
for TLSs to make it suitable for accurate 3D applications (e.g. Scanner can be used to obtained 3D data but it required
industrial measurement, reverse engineering and monitoring).extensive manual editing and refinement for modeling
There are two calibration approaches available: 1) componentpyrposes. With the rapid increase in speed and accuracy,
and 2) system calibration. Due to the requirement of specialand capability tgprovide 3D data (point clouds) directly,
laboratories and tools to perform component calibration, the taSkterrestriaI laser scanners (TLSs) make it much easier to
cannot be carried out by most TLSs users. In contrast, syStenbroduce 3D models. Furthermoreheir costs and sizes

calibration only requires a room with appropriate targets. — b i v d d. For that
Through self-calibration, this study involved a system calibration aiso have been conlinuously decreased. For that reason,

for Faro Photon 120 scanner in a laboratory with dimensions of LSS have been chosen by many researchers for 3D
15.5m x 9m x 3m and 138 well-distributed planar targets. Four modeling applications.
calibration parameters were derived from well-known error
sources of geodetic instruments. Data obtained using seven scaRlowever, similar to other surveying instruments, TLSs
stations were processed, and statistical analysis (e.g. t-test) showgave to be examined and calibrated regarding the
the_lt all error m:)dels, the c_onstar_mt error (8.9m{n), the collima_tion instrumental and non-instrumental errdfarthermorethe
axis error (-4.3), the trunnion axis error (-11.6") and the vertical e cision and the accuracy of the measurements should be
ggﬁlseorl.ndex error (8.0”) were significant for the calibrated 3D determined regularly.. AS dis.cussed Qarlier, the
Keywords: 3D sensor, terrestrial laser scanner, accuracy, perfo_rr_n_ance of TLSs is impressive rega_rdlng the data
systematic errors, self-calibration. acquisition rate and accuracy is at centimetre level or
better. However, the user needs to understand which
scanner is the best-suited for a specific application. Schulz
1. Introduction [3] in his study has listed some typical applications for
TLSs with respect to the scanner precision (Figure 1).
Recently, three-dimensional (3D) model has been widely
used for many purposes such as reverse engineeringAccording to Abdul and Halim [4], precision is defined as
medical, accident mapping, facility —management, the closeness of the agreement between independent test
industrial measurement, monitoring and city modeling. In results obtained compared and the mean value. Accuracy
order to provide 3D information, there are several methodsis defined as the closeness of the agreement between the
which can be used to acquire 3D data either using contactesult of a measurement and its true value. That means,
or noncontact scanners. Coordinates MeasuremengVen if a scanner is able to give better precision, it is not
Machines (CMMs) is an example of contact scanner,necessarily able to provide accurate measurement. This
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argument arises because all electronic and opticalFigure 2 shows that the type of laser beam deflection unit
instruments contain systematic errors. The precision canwhich represents the field of view (FOV) of the TLSs.
be determined by referring to manufacturer specification According to Staiger [5] and Reshetyuk [6], there are three
or by independent testing. Accuracy is different, it has to classifications of TLSs based on FOV as follows (Figure
be evaluated through the deviation between the nominal3):

and real value. In order to ensure the high quality of

information provided by TLSs, calibration routine is very i Camera scannetr;
essential. Furthermore, the calibration process is very ii. Hybrid scanner; and
crucial to guarantee the data provided by the scanner meetiii. Panoramic scanner.

the requirements of the job specifications.

10! 7 +  Pulsebased
Scanner

Phasebased \
Scanner | | Moo foRle----- ————

Triangulation
based Scanner

Precisions (m)

" ILS Applications (a) () (©
Fig. 3: Classification of TLSs based on field of view, (a) Camera scanner,
(b) Hybrid scanner and (c) Panoramic scanner.

Camera scanner uses oscillating mirrors to deflect the laser
Fig. 1 : Applications of scanner with respect to the measurement @M about the horizontal and vertical axes of the scanner.
precision [3]. The scanning head remains stationary during the scanning
process. The system carry out their distance and angle
measurement over a much more limited angular range and
2. Terrestrial Laser Scanners must be within a specific FOV (Figure 3a) of e.g. 40x40°,
comparable to a photogrammetric camera [5].
TLSs is a non-contact sensor, optics-based instrument
technology that collects three-dimensional (3D) data of aHybrid scanner has a horizontal FOV of 360° but a limited
defined region of an object surface automatically and in ayertical FOV (Figure 3b). This scanner employs the
SyStematiC pattern with a hlgh data COIIeCting rate. This Osci”ating or rotating p0|ygona| mirrors (Figure 2) to
capability has made TLSs widely applied for robust 3D deflect the laser beam in vertical and horizontal axes. With
reconstruction. In order to capture 3D point clouds that aid of servomotor, hybrid scanner is capable to be rotated
Covering its entire field of view, laser source direction by a small Step around the vertical axis (horizonta“y)_ It
should be changed during scanning process. This can bgorks by scanning the vertical profile using a mirror
performed either by rotating the laser source itself, or bysystem, and this process is repeated around the vertical
using a system of rotating mirrors. The latter method is 5xis until the scanner rotates a full 360°.
commonly used because mirrors are much lighter, faster
and gives higher accuracy. This method may consist ofpMonogon mirror used in panoramic scanner has improved
either two scanning mirrors or one scanning mirror and athe vertical FOV compared to hybrid scanner (Figure 3c).
servomechanism. There are three different types of beanysing the same mechanism as hybrid scanner which is

deflection units used in TLSs (Figure 1) as follows: based on servomotor, this scanner is also capable of
providing 360° horizontal FOV. These advantages of
i.  Oscillating mirrors; having a 360° horizontal FOV and nearly the same amount
ii.  Rotating polygonal mirrors; and for vertical FOV has made panoramic scanner very useful
iii. Monogon (flat) rotating mirrors. for indoors scanning.

Oscillating mirrors Rotating polygonal

"Monogon” (flat)

roating mirors 3. Calibration of Terrestrial Laser Scanners

There are many error sources to be modeled in TLSs
measurements as discussed by Schulz [3], Béhler et al. [7],
Gordon et al. [8] and Lichti [9]. Two approaches are

available to investigate those errors, either separately
(component calibration) or simultaneously (system

Fig. 2: Beam deflection units used in TLSs [6]. calibration) which are based on statistical analysis (Figure
4).

Laser scanner
rotation axis
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Fig. 4: Calibration procedures for terrestrial laser scanners.

2.1 Component Calibration

According to Schulz [3], component calibration requires

178

In contrast to the component calibration, performing self-
calibration doesn’t require special facilities or devices,
only a room with appropriate targeting is required [13]. In
order to de-correlate model variables and also to maximise
the accuracy of the estimated systematic error parameters,
the network used for the calibration should be designed
carefully as discussed in Lichti [9].

4. Geometric Modd for Self-Calibration

Due to the very limited knowledge regarding the inner
functioning of modern terrestrial laser scanners, most
researchers have made assumptions about a suitable error
model for TLSs based on errors involve in reflectorless
total stations [9]. Since the data measured by TLSs are
range, horizontal and vertical angle, the equations for each
measurement are augmented with systematic error
correction model as follows [6]:

precise knowledge of the scanner error model, and > o 3

individual error is investigated separately in a specific R&nNger=q/x=+y"+z= +Ar 1)
experimental setup. All of these errors are identified X

separately in component calibration. In order to carry out Horizontal directiond =tan‘1[—]+A¢ (2)
this type of calibration, special facilities and device are y

required (Figure 5). Other than being used for calibration

purposes, component calibration also performed to vertical angled =tan™ +/0 ()

compare the performance of scanners from different
models and manufacturers. Many studies regarding
component calibration were made by Schulz [3], Gordon
et al. [8], Brian et al. [10] and Kersten and Mechelke [11].

_z
IXZ + y2
Where,

X, ¥, z = Cartesian coordinates of point in scanner
space.

Ar, Ap, AO Systematic error model for range,
horizontal angle and vertical angle, respectively.

Since this study was conducted on panoramic scanners
(Faro Photon 120), the angular observations computed
using Eqg. (2) and (3) must be modified. This is due to the
scanning procedure applied by panoramic scanner, which
rotates only through 180° to provide 360° information for
horizontal and vertical angles as depicted in Figure 6.

[3.8,10]. 3 Omas Vem;ii‘;claemmg A 8<6<180°+6
/ Y T Y

2.2 System Calibration RBELE N

y /_/ >X »X
System calibration is generally used for the determinatid o e o< <180°
of all geometric parameters of a complete measureme | DA
system, which includes the interior (calibration *Bumin 18079 Ee
parameters) and exterior orientation parameters of all t (a) (b)

system components [12]. This calibration can b
performed through self-calibration techniques. According
to Reshetyuk [6], self-calibration for TLSs is the
determination of all systematic errors of a terrestrial laser
scanner simultaneously with all other system parameters.

Fig. 6: Angular observation ranges for (a) Hybrid scanner and (b)
Panoramic scanner.
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Based on Lichti (2010), the modified mathematical model correction model. Figure 7 shows the trend of the

for a panoramic scanner can be presented as follows: adjustment residuals for systematic error model.
(% Based on Figure 7, all systematic error models are
¢ =tan (;J‘lBU’ (4) identified by plotting a graph of adjusted observations

against residuals. The graph of adjusted range against its
residuals (Figure 7a) will indicate a constant errgj ifa

6=180-tan | ——2 (5) the trends appear like an sloping line. When residuals of
\/XZ +y? the horizontal observations are plotted against the adjusted

vertical angles a trend like the secant function, mean that

The modified models above (Eq. 4 and Eq. 5) are On|ythe scanner has significant collimation axis error (Figure
applicable when horizontal angle is more than 180° as’P). Trunnion axis error can be identified by having a
shown in Figure 4. Otherwise, Eq. (2) and (3) will be used, trend like tangent function as shown in Figure 7c. For

which means that panoramic scanner has two equations foyertical index error, by plotting a graph of adjusted
both angular observations. horizontal angles against vertical angles residual, this

systematic error model is considered exist when the trend

According to Lichti [13], the systematic error models can 100ks like the big curve as depicted in Figure 7d.
be classified into two groups, physical and empiricgl oo (© %

parameters. The first group can be considered as basic* = _ om ~
calibration parameters which have been derived from the ** sl £ om | % 41
total station systematic error models. This group includes ,,. = f s 01 g -'&"
the constant, cyclic, collimation axis and, vertical circle .x o 2 B T A 4
index errors and others as described in Lichti and Licht cos —+"% R b )
[14]. The other group of error models is not necessarily ** z = " i e I aw an e
apparent and may be due to geometric defects in vl 0
construction and/or electrical cross-talk and may be systém *” @ o
dependent. These are inferred from systematic trends,, o oot
visible in the residuals of a highly-redundant and: . «df.-, - \4, $7% "-‘f;%:gd T
geometrically strong, minimally-constrained least-square® o 3 <% e .ﬁ_e{‘ ,""5 That e
adjustment. Lichti [9] has identified 21 systematic errors ** sois 4 ’ )
model from phase-based scanner (Faro 880). ZZZ oas | S
o) o ()

However, this study will focuses on the most significance

systematic errors model as applied by Reshetyuk [6] in his Fig. 7: Systematic errors for terrestrial laser scanner, (a) Un-modelled

constant error,qa(b) Collimation axis error,dp(c) Trunnion axis error,

study as follows: b, and (d) Vertical circle index error.c
i.  Systematic error model for range. In order to perform self-calibration bundle adjustment, the
Ar=a, (6) captured X, y, z of the laser scanner observations need to
ii. Systematic error model for horizontal angle. be expressed as functions of the position and orientation of
Ap= pse®+ btand 7 the laser scanner in a global coordinate system [16]. Based

on rigid-body transformation, for thd" jtarget scanned

Where, from the I scanner station, the equation is as follows:

by = Collimation axis error
b; = Trunnion axis error
X =R {X ;=X g) +R (Y= Ygs) +R3:1(Z; - Zg)
iii. Systematic error model for vertical angle. Y =R AX =X ) *Roa(Y; = Y5) + Ry (Z; —Zg)  (9)
AB=c 8
0 (®) Z=R {X ;=X g) +R Y= Ys) + Ra3(Z; ~ Zg))

Lichti et al. [15] mentioned that systematic error models

: : ¥Vhere,
for panoramic scanner can be recognised based on th - Coordi f th in th
trends in the residuals from a least squares adjustment that [x y z]= Coordinates of the target in the scanner
excludes the relevant calibration parameters. In most coordinate system
cases, the trend of un-modelled systematic error closely 3R;= Components of rotation matrix between the two
resembles the analytical form of the corresponding coordinate systems for thB$canner station
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IX; Y, z;|= Coordinates of the"jtarget in the
global coordinate system

[X si Ysi ZSi]:Coordinates of thd"iscanner station
in the global coordinate system

5. Experiment Description

As shown in Figure 8, a self-calibration target field ha
been established in a laboratory with dimensions 15.5m
9m x 3m. The 138 black and white targets were distribute
on the four walls and ceiling based on conditions stated |
Lichti [9].

180

B

15.5m 4

Fig. 9: Scanner locations during self-calibration.

Seven scan stations were used to observe the targets. As

shown in Figure 9, five scan stations were located at the5, Salf-Calibration Results

each corner and centre of the room. The other two were

positioned close to the two corners with the scannerin contrast with the hybrid scanner, the residual patterns of
orientation manually rotated 90° from scanner orientationa panoramic scanner bundle adjustment can be used to
at the same corner. In all cases the height of the scanneatetect the systematic error trends. As a result, other than

was placed midway between the floor and the ceiling.

Fig. 8: Self-calibration for the Faro Photo 120 scanner.

In this experiment, the scan resolution was set to the 1/4
setting which is equivalent to the medium resolution.
Higher resolution scans were not captured due to the
longer time required to complete the scanning.
Furthermore, medium resolution also was sufficient for
Faroscene software to extract all targets except for those
which have high incidence angle.

After the scanning and target measurement processes were
completed, a bundle adjustment was performed with
precision settings based on the manufacturer's
specification, which were 2mm for distance and 0.009° for
both angle measurements. After two iterations, the bundle
adjustment process converged.

Copyright (c) 2013 International Journal of Computer Science Issues. All Rights Reserved.

statistical analysis, observation residual patterns are also
used in this analysis. After performing the bundle

adjustment process without any calibration parameters,
residual patterns were plotted as a function of the adjusted

observations as shown in Figures 10, 11 and 12.

0.025
0.02
0.015
0.01
0.005 ~

15 20

Fig. 10: Range residuals as a function of adjusted range for the
adjustment without calibration parameters.
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Fig. 11: Horizontal angle residuals as a function of adjusted vertical
angles for the adjustment without calibration parameters.
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Table 3: Significant test for calibration parameters

0.03 Number of scanner stations 7
Degree of freedom 1928
Critical value for ‘t’ (95%) 1.645
Calibration Parameters Calculated “t’ 95%
- Constant error (ag) 2.967 Yes
- Collimation axis error (bg) 4.778 Yes
003 + . . - Trunnion axis error (by) 3.412 Yes
] 50 100 150 200
°® - Vertical circle index error (cg) 7.273 Yes

- - - - - ) Note: Yes — Significant, No — Not Significant
Fig. 12: Vertical angle residuals as a function of adjusted horizontal

angles for the adjustment without calibration parameters. Results from Table 3 above show that null hypothesis was
rejected for all parameters. This indicates that those
Based on the sample of residual patterns shown in Figurgyarameters are significant to the scanner observations.
7, all significant systematic errors were investigated usinggven though the graphs of residual pattern above (Figure
the graphs from Figures 10 to 12. There are no systematiqp, 11 and 12) illustrated that only constant error was
errors exhibited in both horizontal and vertical angles present in the observation, but mathematically all of error
observations except for the range. The residual patternnodels are significant. As a conclusion, to ensure that the
graph has obviously demonstrated the trend of inclining calibrated scanner (Faro Photon 120) gives accurate
line. Further analysis has been performed by running themeasurement, all point clouds are needed to be refined by

bundle adjustment again using the calibration parametersapplying all four systematic error models gf k, b, and
Results of the calibration parameters are shown in Table 1¢,,

Table 1: Calibration parameters and their standard deviation

Calibration a,*0, b, =6y, b, oy, ¢y £6,, 6. Conclusion
Parameters
Values (mm/™) 89103 -43109 | -11.6+34 8.0+1.1 A self-calibration of the Faro Photon has been conducted

over a dense 3D target field. The adjustment results were
Table 2 presents the RMS of residuals for each Observabl%vajuated using graphsy which were based on residual
group for the cases without and with the self-calibration. pattern graph and mathematica”y ut|||s|ng statistical
The results of RMS have shows the improvement in analysis procedures. The differences between the RMS of
accuracy for up to 27% by implementing self-calibration resjduals for adjustment with and without calibration
procedure. parameters show an improvement up to 27%. Using the (t-

test), the significant test was performed and the results

Table 2: RMS of residuals from the adjustments without and with self- show that all calibration parameters are statistically

calibration.

significant.
Observable RMS RMS 9
(without self-calibration) (with self-calibration)
Range (mm) 5.9 13
Horizontal angle () 33.5 332 Acknowl edgments
Vertical angle () 214 213 Authors would like to acknowledge the UiTM for the

) _ ) financial support for my PhD study. Special thanks goes to
In order to have a high accuracy solution regarding thethe Photogrammetry & Laser Scanning Research Group,

significant of the estimated systematic error models, INFOCOMM Research Alliance, UTM for the facility
statistical tests were performed. All calibration parameterssypport in this project.

were tested to investigate their significant. The hypotheses
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