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Introduction

In the framework of the national project MONICA (MONitoraggio Innovativo per le Coste e
[’Ambiente marino) funded by the Italian Research Department, an innovative apparatus for coastal cliffs
monitoring was acquired. The advanced monitoring system is ensured by a Terrestrial Laser Scanning (TLS).
In particular it provides an useful support for the realization of the detailed 3D morphology reconstruction.
This in turn is a very useful tool for the analysis of stability of coastal slopes affected by landslides in north-
western sector of the Gulf of Pozzuoli. The instrument used is a long range TLS manufactured by RIEGL
Ltd, model VZ 1000 ® equipped with a camera and a GPS positioned on top of it.

In recent years the TLS had a large range of applications in the studies concerning different
environmental problems through the possibility of realizing high resolution Digital Surface Model (DSM)
and Digital Terrain Model (DTM). Nowadays thanks to its aptitude, this instrument has been applied to
monitoring occurrence of instability such as rock fall [Abellan et al., 2006, Abellan et al., 2013], landslides
[Rowlands et al., 2003; Bitelli et al., 2004] and lava flow in volcano areas [Hunter et al., 2003] in order to
quantify the natural hazards involved.

The TLS is a remote sensing technique used also as method for monitoring at fine scale the
displacements. While the topographic monitoring method uses individual points for evaluating the
displacements, the TLS produce a dense cloud of points. The multi-temporal comparison between calculated
DTM obtained after the point clouds reconstruction can allows us to estimate the volumetric changes
occurred. The TLS therefore produces a rich dataset which integrated with structural geology and
geomorphological studies can allow us to understand the evolution of a defined area.

In this technical report we describe the procedure performed for the mounting calibration of the
camera with respect to the laser scanner body. The aim is texturing adequately the point cloud with the pixels
of the acquired RGB images contextually.

We describe the adopted calibration procedure. This latter turns out to be the first step for the future
use of the instrument for the monitoring of the geomorphological modifications occurring along the cliffs of
coastal areas belonging to the volcanic area with a high risk such as those of the Pozzuoli Gulf.

1. Laser scanner technology

The Light Amplification by Stimulated Emission of Radiation (LASER) was discovered by A.
Einstein in 1917. He hypothesized that a ray of light of a certain frequency of incident an atom that emits a
beam of high energy light that concentrates a great power in a very small area. Since 1999, the development
and use of TLS. has seen a continuous expansion [Large and Heritage, 2009]. The main characteristics of
these electromagnetic waves are summarized below:

e monochromatic (i.e. composed by a single light frequency);

e spatial coherence or unidirectional (i.e. the wave propagates at a great distance in a one direction);

e temporal coherence (i.e. waves of the same frequency and phase which are added together forming a
wave high power train).

In other words, the laser radiation is a monochromatic light formed by parallel waves in phase
between them.

The instrument is defined as an Electromagnetic Distance Meter (EDM). The distance measurement
can be obtained through two types of approach: a) measure of the time of flight (TOF) and b) measure of the
phase shift between the emitted wave and the received one. The first approach calculates the distances by
time At employed by a transmitted pulse to return after it has been reflected. The propagation speed of the
pulse is calculated by the traveled distance defined as:

[1] 2D=v-At

The second process measures the phase difference between the emitted wave and the received one. In
general, the distance is obtained as:
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Where Ag is the phase difference and A is the wavelength.
The outcome of an acquisition will be a set of points in the space called cloud of points.

1.1 Technical data

The instrument here described is a long range laser scanner (TLS) based on the TOF manufactured by
RIEGL, model VZ 1000 ® (http://www.riegl.com/) equipped with a 13 Megapixels external reflex digital
camera (Nikon D90 ®) with a lens of 20 mm (Nikon AF 20 mm ®). The latter is mounted on the top of TLS.
with a particular holder allowing to provide high resolution images. In this way it is possible to acquire in
addition to the 3D point cloud also a RGB image of the area for making textures during post-processing.

The TLS. uses a narrow infrared (1550 nm) pulsed laser beam with pulse repetition rate (PRR) in the
range from 70 to 300 kHz, so that in our case the 70 kHz can reaches 1400 m of distance. The minimum
measurement distance is 2.5 m. The accuracy is 8 mm and the precision or degree to which further
measurements show same results is 5 mm. In addition to the long range, a further advantage of this
instrument is the data acquisition rate going from 29,000 point/seconds to 122,000 point/second at 70 and
300 kHz respectively. The horizontal scanning movement of the head rotating long Z-axis is very slow and is
called Frame Scan with scan angle range from 0° up to max 360°. The movements long vertical line is very
fast and it is due by rotating mirror and so called Scan Line with a scan angle range up to 100° (+130°/-30°).
Both can be chose by the user. A clarification needs to be made on laser beam of the TLS and on its
divergence. The laser beam is a cylindrical beam of photons that slightly deviates when it is emitted from the
laser. When it moves away the beam begins to widen and at increasing in diameter. This is called the beam
divergence.

The RIEGL VZ-1000 has a beam divergence of 0.3 mrad and an initial beam diameter of 7 mm. The
spot size of the beam, at a given distance, can be calculated from the following equation [Pesci et al., 2011]:

3 6 = 2arctan| 222!
= carctan

Where 6 is the beam divergence, D is the final beam diameter, D; is the initial beam diameter and / is the
distance traveled. This relationship is useful for calculating where to locate the instrument in accordance
with the size of the target to detect. The typical beam divergence of the 0.3 mrad correspond to a 37 mm
increase of beam width per 100 m of range.

The wavelength is near to infrared what makes it to belong to the class laser 1 (< 0,04 mW) therefore
safe for user in according to the Standard EN60825-1:2007 on “Safety of the laser product - Part 1:
equipment classification, requirements”, equivalent to IEC 60825-1 ed2.0.

In particular the technology of this instrument is based on the number of measurements per laser pulse
called multi-target 3D. Thanks to the online waveform processing this instrument is able to detect and
process multiple echoes from the same direction. This means that it allows to discriminate each individual
echo turning back along the same direction. It has a transmitter and receiver front end for each laser pulse.
The laser beam is deflected fast rotating multi-facet polygonal mirror to acquire fast (see Figure 1). This
mechanism is composing by a motorized three mirror faced symmetrically arranged around the rotation axis.
When the laser pulse hits the edges of objects, a part of it came back and another part continues straight
hitting objects placed at a greater distance. The pulse laser is reflected multiple times along the same
direction resulting in more input echoes. This occurs especially when there is vegetation, fences and wires.
The multi-target characteristic of the laser scanner allows to “cross” the tree leaves and then to “see” areas
partially covered. The different incoming echoes are classified according to their progression in ‘single’,
“first’, ‘other’ and ‘last’ target.

The data can be stored in different way. On internal flash memory card equipped inside the instrument
up to 32 GByte, on external expandable memory card also up to 32 GByte or straight on a PC connect to the
scanner via LAN, Wi-Fi or WLAN port. The scanner is provided of the internal GPS receiver (L1) for GPS
time and global position. It can be changed with an external GPS receiver connected to the scanner. This is
possible changing the GPS mode through the software. The external GPS provide an additional signal PPS
(Pulse Per Second) that mark the change of a second. This latter is compared with scanner’s internal time and
the GPS time is inserted into the data stream.



Figure 1. The laser beam transmitted/received and then deflected by a motorized three mirror.

1.2 Outcome of scanning
When a laser pulse hits a surface a part of the energy is absorbed, a portion is reflected and the other
one is transmitted, according to the energy conservation principle expressed as:

[4] atptr=1

where a is the absorbed energy, p is the reflected energy and t is the transmitted one. Each term is a
dimensionless ratio with the incident energy.

The long-range TLS records the coordinates of ground points in 3D with an high velocity and
accuracy in addition to the values as timestamp (that is a sequence of characters that identify an instant of
time) amplitude, reflectance and pulse shape deviation. In the following the physical interpretation of the
different outcome for each scanning will be describe.

The amplitude values provided by the instrument are calibrated. This latter is a signal property of the
received optical target echo signal and is defined as the ratio of the actual detected optical amplitude versus
the detection threshold. The amplitude value are scaled in dB. Also for the reflectance is a calibrated value.
The reflectance of laser pulse depends on the roughness of the surface of the material hit. In particular, its
behavior is governed by the Rayleigh criteria for which a surface is regarded rough when:

A
Ah>
[3] 8+cosO

where:

A/ is the vertical dimension of the average surface roughness of the surface (m), A is the wavelength
of the incident radiation (m) and 0 is the angle of incidence of the wave respect to the vertical (rad).

The perfectly smooth surface reflected in a specular way, those rough instead behave as reflectors,
then the direction of reflection is independent by the incidence one (see Figure 2). In real case the surfaces
behave as intermediate cases. A special case are the retro-reflective surfaces. In this case the reflected beam
propagates exactly along the same direction of the incident ray.



Reflective Almost Almost Lambertian
Surface Reflective Lambertian Surface
Surface Surface

Figure 2. Behavior of surface at incident ray.

In this case the ratio of the target echo versus the calibrated amplitude value of a diffusely reflecting
white target at the same distance. It is a dimensionless ratio empirical, its value range between 0 and 1 and its
logarithm between - and 0. The reflectance is a property that depended only by target surface reflectance
respect to a white target.

The pulse shape deviation is still a ratio which describes the change of the received echo pulse shape
compared to the emitted pulse shape. For ideal case the deviation value is 0. This can occur only when the
received pulse fits 100% of the emitted pulse. But this condition is just an ideal case. Because the target
surface shape such us texture and orientation respect to laser beam will change the pulse shape causing an
increase on the deviation value. This occurs on edges or foliage of the trees.

Finally the timestamp is an information on the internal time with a resolution of 4 nanoseconds or on a
GPS timestamp. Typical GPS receivers provide 1 timestamp value per second, coupled with a precise signal
indicating the change of second (PPS pulse).

2. Coordinate systems

The point cloud acquired from laser contains also geometry information on coordinate systems. The
scans are always performed from different points of view or positions. This ensures a good coverage of the
area to investigate and avoid shaded areas. Each scan is characterized by its coordinate system. In particular
that relative to the scanner is called “Scanner’s Own Coordinate System” (SOCS); the coordinate system
defined by the user is called “Project Coordinate System” (PRCS); the coordinate system into which the
PRCS is incorporated is the “Global Coordinate System” (GLCS); finally the coordinate system of the
camera mounted on the top of the scanner is the “Camera Coordinate System” (CMCS). In figure 3 is
showed general schematic of the 4 coordinate systems and how they relate to one another. In the example
four scan coordinates (SOCS1-4) are registered together to create the overall project coordinates (PRCS).
Then the GPS data are applied to the point cloud and the GLCS is created so the point cloud is
georeferenced.
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Figure 3. The general schematic of four coordinate systems (from http://www.unavco.org/ modified).

The software RiISCAN PRO®, (RiSCAN PRO Software Description & User’s Instructions, 2013) to
transform data from SOCS into the project coordinate system (PRCS) multiplies all its points with a matrix
4x4. This latter is defined “Sensor’s Orientation and Position” matrix (MSOP). In case a data point P is need
to be transformed from a specific scan position (point Pgp) into the GLCS, first multiply with the MSOP
matrix of the scan position to get into the PRCS and subsequently multiply the point Ppgr, with the “Project’s
Orientation and Position” matrix (MPOP) which transforms from the PRCS into the GLCS. Finally will be
obtained the point Pg;, georeferenced. The followed sketch (Figure 4) show with an example this
proceedings.

M M

soP;! pop~!

Figure 4. The sketch shows transformation from different coordinate systems SOC, PRCS, GLCS and vice
versa.

The SOCS is different from the camera CMCS. Moreover, the direction of vectors of this latter

follows the law of the right-handed, with x-axis upward, y-axis from left to right in the images and z-axis is
the same of the center of view field of the camera (see Figure 5).
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Figure 5. The different coordinate systems of the laser (SOCS) and camera (CMCS) respectively.

In order to texturized the cloud of points acquired in such a way that both the coordinate systems,
SOCS and CMCS respectively, are coincident is necessary to apply a matrix consists of 9 parameters
reflecting the rotation and 3 parameters relative to the translation. The purpose of this work is to show the
procedure used for mounting device calibration of the camera. This procedure allows to find a matrix of
rotation and translation between the pixels acquired from the camera and point clouds acquired from the
scanner.

3. Software: RiSCAN PRO®

The point clouds obtained during a measurement are processed with specific software distributed by
REIGL Ltd The software that allow the control of the instrument during the acquisition, the visualization and
the processing is the RiISCAN PRO® (http://www.riegl.com/index.php?id=221). During the acquisition the
data are organized and stored in a project structure. The data include scans, fine scans, digital images, GPS
data, coordinates of points cloud and tie points, and all transformation matrices necessary to convert the data
of multiple scans into a common well-defined coordinate system. In the figure 6 is shown the main program
windows. It can be configured by the operator who can decide what tool windows should be displayed.

This software has several properties ranging from registration, filtering of data, triangulation, creation
of orthophotos, computation of the volume of the objects represented by point clouds or meshes and finally
animation of the shape of the object detected.

The process of registration of the various scans in the PRCS is the determination of the respective SOP
(Sensor’s Orientation and Position) matrix. The procedure for minimize the difference between points clouds
is necessary to obtain one single point cloud and is done with three different methods as here described:

e through the local or global tie points coordinates;
e through an algorithm of the Iterative Closest Point (ICP) called multi station adjustment;
e through the procedure called back-sighting orientation with assigned coordinate known.

Filtering of data allow to manage the points cloud by defining filter operations, like the terrain filter
can be used to separate off-terrain from terrain points.
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The triangulation is the process of creating a surface out of a points cloud whereas the surface consists
of triangles connecting the data points, also called “mesh”. Furthermore the triangulated data can be textured
with the high resolution images. The creation of orthophotos is performed with the aid of the acquired high
resolution images.

The software carry the calibration parameters of camera and lens. This latter are interchangeable so it
allows to choose the lens the suitable based on the image to be acquired.

This software also allows to perform the procedure mounting device calibration, which will be
described in detail following.
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Figure 6. Tool windows of software RiISCAN PRO®.

4. Calibrations

In order to use the RGB images acquired simultaneously to the scans and then texture the points cloud,
it is required to know the internal and external camera parameters. This allows to relate the camera field of
view with the laser one.
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The internal parameters depend on the type of camera and used lens. The external ones depend on
relative positions between laser and camera when this last is mounted on top of the scanner. The software
RiSCAN PRO® use a file called camera calibration file that define the internal and external calibration
parameters (Figure 14). It contains information on the camera type, the lens type and mounting device. The
laser scanner support different camera model. Also the lens are interchangeable to adapt them to different
applications.

This file is composed by different information. The “general” is relative to camera information and its
described is not used for any computation but as the internal calibration parameters are unique. It contains
information on combination of the camera type and lens.

The “parameters” is relative to internal and intrinsic parameters of the camera. The intrinsic
parameters dx and dy are the dimensions of a single pixel of the sensor. The Nx and Ny are simply the
number of pixels in the horizontal direction and the vertical direction, respectively. This parameter is
commonly specified by the manufacturer. The internal calibration parameters describing the focal length
across two potentially different focal lengths (fx and fy). They are used to account for the potentially
different pixel size in x and y direction and to account for different focal length of the lens (cylindrical lens
error). The parameters fx and fy are normalized by the pixel size. The center of the image is (Cx, Cy) in
pixels. Lens distortion is modeled by at least two radial and two tangential coefficients, k1, k2, pl, p2,
respectively. The parameters k3 and k4 account for higher-order modeling of the radial distortion (RiISCAN
PRO, 2013).

The external parameters related to the mounting device, “camera mounting”, are given by geometry
and orientation of the camera holder used (Figure 14). Its composed by 16 elements due to combinations of
the translations and rotations matrix. All this parameters are necessary for the combination of the scans with
images. This procedure is called texturing of point cloud. The pixel colors acquired by camera are extracted
from the image and fused in the point cloud, so each point of the cloud is attributed the its correct color from
the digital image [Abdelhafiz et al., 2005].

4.1 Camera Mounting Coordinate System (CMCS)

The camera is positioned on top of the instrument and aligned with the reference system of the scanner
with a specific holder. Unlike the optical characteristics of the lenses, those of the mounting device are
sensitive to the frequent use of the instrument. Simply mounting and disassemble the device from the top
head of the instrument during the time can cause a going out of calibration . The first test that should be
carried out as soon as the instrument is purchased is to verify the accuracy of the mounting calibration. Fast
performing a scan of an area in order to verify the error texturing and therefore the need to calibrate the
mounting and optionally also the parameters of the camera (lens).

Each calibration file describes the transformation associated with the mounting of the camera (CMCS)
with respect to the scanners coordinate system (SOCS). The transformation is described by a rotation matrix
R and a translation vector T.

The camera on top of the instrument is mounted into the +x-direction of the SOCS system and is
usually tilted by 90° around the camera’s z-axis (Figure 2.). The standard rotation matrix is R and the
translation in the camera’s coordinate system is 0.25 m above the origin of the scanner and 0.1 m in the
direction of the camera’s z-axis.

0 0 1 -0.25
[7] R=| 0 -1 0 |T,=| 000
1 0 0 -0.10
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For convenience R and T are combined together to form a 4 x 4 matrix as the following equation:

n hy h 4
Ly Iy Iy b
Iy Iy T3 I

0 0 0 1

These are default values provided by the manufacturer. Following will be described a procedure
necessary to refine these distances and rotational and translation matrix.

4.2 Mounting calibration procedure

The original calibration file contains a series of information relative to the camera, the intrinsic and
extrinsic parameters of the lens adopted, both belonging to the mounting parameters and the scanner. The
lens of parameters are specified by the manufacturer and not require a correction because depending by
camera model.

The mounting parameters are represented by a matrix that transforms the coordinates from SOCS in to
CMCS system. The calibration is performed mounting the camera on the top of the scanner and the test,
therefore is performed by the laser scanner in automatic mode in order to detect the targets. Typically, in a
real test, a representative number of retro reflective targets are positioned along a vertical alignment in a
scene in order to be identified by the camera. After this array has been positioned a series of images are
acquired with using the flash in case of scarce light conditions, in this way the retro-reflectors positions are
acquired. These latter are called tie-points and are clearly as amplitude data. The tie-point itself commonly
represents the center of a reflective target. These objects can be easily found into the images acquired by the
camera. In every image the centers of the reflectors are automatically extracted and are automatically linked
to the 3D coordinates of the target. For this kind of test a total station is not required. In this way the quality
of the mounting parameters are improved. During the mounting calibration the first step is to perform a 360°
scan. In figure 7 is shown an detail of this overview which contain all reflectors positioned in the scene. The
dimension of the targets used are the 0.10 m in diameter and flat shape. The software allow to choose to
different reflectors in use during the data acquisition defining a reflector calibration from a list of the
supported reflectors type such us sphere, cylinder, disc (flat), identifying also the color, diameter and height.

15



Figure 7. Scanning detail of overview with the identification of tiepoints.

The test was carry out in a closed environment (into the basement of the our building) with a good
perspective depth. The second step is to extract the reflectors from the scan carry out, by the function “Find
reflectors”. This function extracts all retro-reflective objects from a scan and writes their coordinates into the
corresponding tie-point list. Subsequently has been make a fine scan of all extracted reflectors, called tie-
point scans (see Figure 8).

Figure 8. Fines can of target.

The next step is acquire an image containing all the positioned reflectors. In figure 9 is show the
picture taken with flash mode and the reflectors positioned at different depth and height. The flash mode can
be help to extract the reflectors in the image.

16



Figure 9. Image acquisition of target with dimension of 0,10 m. diameter.

For assisted calibration has been used a computer on which has been installed the RiSCAN PRO
software ®. In order to manage the quality of the mounting adjustment is necessary to create a new mounting
calibration. The software allow to improve the mounting calibration by importing already existing mounting
calibration file from another project (see Figure 10).

Mew mounting calibration ...

| Re-adjustment of camera mounting I

THMATRIX
bl stz
1.000000000 0.000000000 0000000000 0000000000
0000000000 1.000000000 0000000000 0000000000
0000000000 0.000000000 1.000000000 0000000000
0000000000 0.000000000 0000000000 1.000000000
|mpart.... | k. Cancel Help

Figure 10. Screen shot of new mounting calibration function.

The extraction of the reflectors from scan and image respectively allow to link both pairs. The figure
11 shows a zoom on the image where has been active the display of the tie-point image (Image tp0*) and
tie-point (tp0*). The different position is given by a not perfectly calibrated mounting matrix.

17



Figure 11. Overlap by TPL(Tie Point List) image (Img_tp0*) and TPL (tp0*).

To improve the alignment has been find about ten correspondent pairs. Then the software allows to
optimize the alignment through the function “Re-Adjustment of camera mounting” and searches all scan
position for link established with the “Start re-adjustment” (see Figure 12). For optimization has been
settings as well as calculation mode the modify rotation only. This latter optimizes only the three rotation
parameters out of the six parameters defining the mounting calibration. Because the position of the camera is
very well defined as well as is provided by the constructor. The figure of merit used has been the least
squares fitting. The algorithm is based on minimizing the sum of the squares of the residuals. The drawback
to this algorithm is that the result may be changed significantly even by a single outlier resulting from a
wrong link. Therefore, is necessary to carefully check the link.

In the figure 12 is shown the results of the computations and in bottom, in the log area, is shown the
improvement in the residual error between pixel distance, current and new.
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Matrix  Re-adjustment of camera mounting |

CORRESPONDING TIEPOINTS

Image | CamCalib | Image TP | ul v | ut | vl | u2 | v .
130612_... DS0_20mm Img_tp00E 1357.283 415791 1356.306 414961 1356306 414.9¢ j
130612_... DS0_20mm Img_tp003 1763.388 476766 1763.440 478324 1763440 47837
130612_... D390_20mm Img_tp010 1694.384 103184 1695.246 103136 1695246 10317
130612_... D390_20mm Img_tp013 2257.035 538.036 2256.783 537754 2256783 5377
‘ 130612_... DS0_20mm Im?Etpm 0 1700.001 2498750 1 70‘0.1 B0 2498190 1700.160 2493.'1 i
FSETTINGS 1 LOG / BEST RESULTS
Calculation mode: -~
Imodify rotation only (default) ZI TOT%U‘ : )
Pixel distance mean / max:
Fooeina current: 86.747 / 124.329
new = 0.825 / 1.558
IIeast squares fitting LI i
Calculation finished! E
4 »
000090239 0.98216182 016441206
-0.02778417 -0.99960426 -0.00440088 0.00012014
098176316 -0.02811607 0.18798616 -0.04623053
| Start re-adjustment I 0.00000000 0.00000000 0.00000000 1.00000000

Import... | (1] I Cancel | Help |

Figure 12. Start re-adjustment and log area with the improvement in the residual.

Finally a check of the quality is given by displaying the tie-points again within the image as shown in
figure 13.

Figure 13. Overlap by TPL image (Imag_tp0*) and TPL (tp0*) after calibration procedure.
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Successively is necessary to export the mounting calibration parameters calculated (see Figure 14)
then to import from pc on project the file created as camera calibration that will be used by assign to image
(see Figure 15). In figure 16 are shown the calculated parameters that compose it, as the type of camera, the
internal parameters, those relating to the mounting device and the scanner itself.

Calibrations
Select the calibrations to be exported...

~ CAMERA CALIBRATION
|D30_20mm

Camera: [Nikon D30(1)
Lens: INikkor 20mm [1)

~ MOUNTING CALIERATION
| MountingCal_12062013

-0.188535067 0.001031457 0.982065917 -0.161145131
0027485106 -0.999613277 -0.004226643 -0.003255663
0.981681770 -0. 02?789058? 01 88480508; -0.030379383
0.000000000 0.000000000 0.000000000 1.000000000

G [ e |

Figure 14. Screen shot showing function “Export camera calibration” where the mounting calibration
parameter is calculated to be exported.

Results
Import summary and results

SUMMARY

IMPORT SOURCE
\\STAGE-00NAS\media\Softwares\_Laser Scanning‘IRiscanPro__ING
Nikon D80, Nikkor 20mm-NEW-12062013.cam

CAMERA CALIBRATION
D90_20mm

Nikon D90 (1)

Nikkor 20mm (1)

MOUNTING CALIBRATION
Name: MountingCal 12062013

IMPORT SUCCESSFULLY FINISHED!

Figure 15. Screen shot showing the function “Import camera calibration” where is possible to import the file
camera calibration created.
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File Modifica Formato Visualizza

[GENERAL]

Cameramodel=Nikon D90

Cameraserial=1

LensModel=Nikkor 20mm

Lensserial=1

Settings=Aperture 7, Exposure Time = 7 sec, Flash ?
version=1

Name=D90_20mm
[PARAMETERS]
fx=3706.5593108650005000
fy=3707.7019374520195900
k1=-0.0137897305203187
k2=-0.0326956759986008
k3=-0.2006171052757440
k4=0.2251083056537280
Cx=2154.5861502351999700
Cy=1404.2803971021301100
pl=0.0001479315043679
p2=0.0000211384677565
Nx=4288

Ny=2848
dx=0.0000055000000000
dy=0, 0000055000000000
[CAMERA_MOUNTING]
Name=MountingCal_12062013
Element00=-0.188535067
Element01=-0.027485106
Element02=0.98168177
Element03=0
Element10=0.001031457
Elementl1=-0.999613277
Elementl12=-0.027789058
Elementl13=0
Element20=0.982065917
Element21=-0.004226649
Element22=0.188490506
Element23=0
Element30=-0.161145131
Element31=-0.003255669
Element32=-0.030379383
Element33=1

[SCANNER ]
CAM_PHI_MIN=-26.1940930707953
CAM_PHI_MAX=22.0793600109897

Figure 16. The contents of calibration file with different parts that composing it. In red box there is highlight
the camera mounting parameters.

5. Result and conclusions

The success of the mounting calibration was subsequently tested in both indoor and outdoor
conditions. The verification of indoor conditions the matrix of rotation and translation is efficient as shown
by the overlapping between the two images A and B in figure 17. In image A was used the mounting
calibration file by default. While in image B was used the new calibrated file. In image A is clearly visible an
error in the texturization between the points cloud and the pixels of the photo, while in image B the
overlapping in improved greatly.

Following an outdoor test was performed to check any problems of the texturization with major
distances. In figure 18 was once again used the calibration file of default highlighting further that the gap
increases with the distance. This is even more evident along the edges of the building. At a distance of 150 m
there is a gap of about 5-6 m. Instead using the calibration file recalculated (see Figure 19) emerges clearly
that the texturization shows a good match. The overlap between the points cloud around the windows, grid,
and the edges of the building is good. As can be seen from the comparison between the figure 19 and the
picture of the figure 20.

21



Figure 17. Comparison between two scans in indoor tests with and without the correction of the mounting of
the camera. A) before correction. B) after correction.
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Figure 18. Scanning with texturing of the points cloud with incorrect mounting calibration files. See text for
details.

Figure 19. Scanning with texturing of the points cloud with correct mounting calibration files.
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Figure 20. Photo of the outdoor scene which was chosen.
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