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Abstract. In the current state-of-the-art, monitoring high accurate extrinsic parameters are achieved
and analysis of short- and long-term deformations with applied Gauss-Helmert model and variance
of natural and artificial objects (e.g. dams, beslg component estimation in the integrated multi-
towers, landslides,...) has received increasingsensor-system. Finally, a real world case studg of
interest by researchers and operators who areselected structural monitoring project is presented
involved in this field of Geodetic science and and discussed.

engineering. In order to improve the accuracy of

deformation monitoring and analysis, terrestrial Keywords. Terrestrial Laser Scanner, Digital
laser scanner (TLS) and high resolution digital Camera, Multi-Sensor-System, Extrinsic
camera are integrated to optimally combine their Calibration, Deformation Analysis

information. TLS can directly provide 3D spatial

coordinates of the object surface in combination

with reflectivity values. In addition, digital camss 1 Introduction

can acquire high resolution images. The information

from both camera and TLS are complementary t0 To4ay, monitoring and analysis of short- and long-

each other. The strength of one measurementerm deformations of natural and artificial objects
method overcomes the weakness of the other one. (g . dams, bridges, towers, landslides,..) has

_In order to fuse the acquired data from thes® t  recejved increasing interest both in Geodetic
kinds of sensors in the common coordinate system,science and engineering applications. In this work,
it is a vital and pre-requisite step to precisely jntegration of TLS (here the Zoller+Frohlich
determine the extrinsic parameters between TLS|mAGER 5006) and high resolution digital camera
and digital camera. Thus, the calibration of the here NIKON D750) affords increasing the
aforementioned hybrid sensor system can begaccuracy of deformation monitoring and analysis by
separated into three single calibrations: calibrati  pigh accurately estimation of the extrinsic
of the camera, calibration of the TLS and extrinsic parameters between fused sensors as preliminary

calibration between TLS and digital camera. giage. TLS can directly provide fast and reliakle 3
Camera calibration and TLS calibration (internal gpatial coordinates of the object surface in

error sources) are commonly performed in advancecompination with reflectivity values. In addition,
in a 3D laboratory. ) digital cameras can acquire high resolution images
In this research, we focus on the high accurate,,;ip high quality colour information. In the
estimation of extrinsic parameters between fused:ompined sensor system, high resolution cameras
sensors on the basis of target-based calibrationare peneficial due to having high angular accuracy
using different types of observations (image of sup-pixel accuracy image measurements which
measurements, TLS measurements and laser trackegq,id improve the lateral accuracy of laser
measurements for validation) by considering scanners (Schneider and Maas (2007)). On the other
different  weights. Space resection bundle hand, combination of TLS and digital camera is

adjustment is solved based upon Gauss-Markov anqyorthwhile due to increasing the redundancy in the
Gauss-Helmert model. At the end, three case studieggjystment procedure. In addition, in case of large

are investigated in the 3D laboratory and numerical jcidence angle of the TLS, digital images are more

results of the aforementioned calibration are ggvantageous in deformation analysis of artificial
presented and discussed. The results depict thappjects. Furthermore, by the usage of digital
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images, deformation analysis in both direction of PCMM system specifications (2010)) and can be
laser beam and perpendicular to laser beam isconsidered as a reference coordinate frame. In
possible. addition, its measurements are performed

In this specific study, the digital cameraigdly independently from the integrated sensor system.
mounted on top of the TLS by the usage of a In the multi-sensor-system, estimation of
clamping system (figure 1 (left)). To avoid any extrinsic calibration parameters between fused
vibration of camera and blurring of images, Nikon sensors is an important and preliminary procedure
wireless mobile utility application is setup on the to obtain geometric transformation parameters
cell phone and images are taken indirectly. between different sensors and to relate acquired
Mounting a digital camera externally on the top of data. The extrinsic calibration parameters between
the scanner has an advantage of flexibility of the digital camera and TLS, six degree of freedom
used sensors. (e.g. cameras with a different(6 DOF), are the position and orientation of the
resolution or focal length) (Wendt and Dold digital camera relative to TLS, that is identifying
(2005)). As a drawback, in case of disconnecting the rigid body transformation from the digital
clamping system for transportation, calibration camera coordinate system to the TLS coordinate
should be performed for each mount. In order to system. Extrinsic calibration parameters between
overcome this problem, Omidalizarandi and TLS and LT, seven degree of freedom (7 DOF), are
Neumann (2015) applied mutual information based the scale, position and orientation of the TLS with
calibration for in situ calibration which is based respect to LT that is so called similarity
upon adaption of Pandey's work (Pandey et al. transformation. The rigid body transformation
(2012)) to the integrated system of TLS and cameraallows re-projection of the 3D point clouds froneth
and results seem promising. TLS coordinate system to the 2D camera coordinate
system.

Zhang and Pless (2004) proposed an algorithm to
estimate extrinsic calibration parameters between
camera and 2D laser range finder (LRF) using
planar checkerboard pattern to match laser scan lin
on the planar pattern with the pattern plane frben t
camera image. Thereafter, global optimization
method is applied to refine the parameters.
Lichti et al. (2010) described the method for self-
calibration of integrated range camera system to
simultaneously  estimate camera calibration
parameters and rangefinder systematic error
parameters in a free-network bundle adjustment
using signalised targets. Its mathematical conisept
collinearity equations and range observation
equations. Variance component estimation (VCE) is

Fig. 1 A Nikon D750 24.3-megapixel digital camera is applied to  iteratively re-weight observations

rigidly mounted on top of the Z+F Imager 5006 TLS&ft, optlm_ally. SChneld.er and Maas (2007) proposed_ an
Leica AT9OLLR LT (right) algorithm to combine TLS data, central perspective

and panoramic images in the integrated bundle

adjustment using Gauss-Markov model with applied
This paper addresses the topic of high accurateVCE as well. Object points coordinates, interiod an
extrinsic calibration of terrestrial laser scanaed exterior orientation parameters of the sensors are
digital camera for structural monitoring computed as unknown parameters. In addition,
applications. Under this approach, focal length of aforementioned parameters are evaluated with
the camera, exterior orientation parameters betweerstatistical test. Pandey et al. (2012) proposed the
TLS and camera, exterior orientation parametersautomatic targetless extrinsic calibration of a 3D
between TLS and laser tracker (LT (figure 1 laser scanner and camera system based upon mutual
(right))) and target coordinates are estimated with information (MI) algorithm and estimating
high accuracy. LT as an additional sensor allows calibration parameters by maximizing the mutual
extreme accuracy of the target points (Positional information between the reflectivity values of the
accuracy of 15 um + 6 pm/m (Leica Geosystems,laser scanner and intensity values of the camera
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image. Afterwards, gradient ascent algorithm is
applied to consider different scans from different
scenes in a single optimization framework. As a
drawback of this approach, it is not applicable for
3D point clouds without reflectivity informationn| —
addition, it needs quite good initialization valusfs  gig 2 Back of the target(left), magnetic holder (middleylef
the 6 DOF. Mirzaei et al. (2012) proposed the and front of the target with depiction of detectetitcoid of
algorithm to estimate the intrinsic and extrinsic circles using PhotoModeler software (middle-right), nted
calibration parameters of a 3D LIDAR and rigidly corner cube reflector at the magnetic holder (right)
connected camera in two least square sub-problems

using measurements of a calibration plane at
various configurations.

In order to measure target point with very high
The innovation of the implemented algorithm accuracy, LT is utilized as an additional sensat an

comparing to the proposed approach of Schneidert 1S pointed_to the moynted corner cubes refleator
and Maas (2007) is related to utilizing LT the magnetic holder (figure 2 (right)).
measurements as an additional observation to Thg hor!zontal angle measyrement.of the TLS
increase the redundancy and accuracy as a referendé'?) is defined by a 3x3 rotation matrix to rotate
coordinate system. In addition, by the usage of LT, TLS data ?‘“’““d its Z-axis at the t_|m_e of exposure
validation of the extrinsic parameters between TLS (Al-Manasir and Fraser (2006)). It is important for
and digital camera is performable. Due to the usagerc’t""t'ng 3D po_ln_t clouds from TL.S coordinate
of different sensors and different calibration ffa”?e to _thg digital camera (':oordllnate frame as
laboratory, it is quite hard to discuss or compare 9€Picted in figure 3. Thus, it is written down for
results of two approaches together. However, each image to b_e considered as  additional
authors believe that could achieve very high OPservation in the adjustment procedure.

accurate extrinsic parameters between TLS and

digital camera which is the preliminary stage for v

deformation analysis in the further steps.

TLS pointing direction

2 Data Acquisition, Interfacing and Pre-
Processing Camera optical axis
The data acquisition step consists of acquiring X
image measurements, TLS measurements and LT
measurements.

TLS data are acquired in “super high” resolutio
mode with normal quality. The vertical and Fig.3The TLS and camera coordinate systems from the top
horizontal resolution i€0.0018° and vertical and  Vview
horizontal accuracy i8.007° rms (IMAGER 5006,

Technical Data). In addition, TLS point targets

accurately extracted using “Fit target” mode of the 3 Methodology

Z+F LaserControl software. As can be seen from ) . ) L
figure 2 (left), back of the target consists of In this research, camera calibration and extrinsic

hemisphere metal staff which fits precisely to the calibration of TLS and camera are carried out
magnetic holder (figure 2 (middle-left)). respectively. TLS calibration |s_sk|ppeq since we
Image measurements are performed using sub@ssumed that TLS has been calibrated in gdvance in
pixel target mode of the PhotoModeler software. As 0Ur 3D laboratory. It would be taken into the
depicted in figure 2 (middle-right), four centroio accpunt in the fqture for in situ calibration to
the circles in each target are measured and cefter achieve more precise and accurate results.
the target is computed on the basis of the avegagin _
of the measured centroids. In addition, the pixel 3-1 Mathematical Models
resolution of the digital images in the large mode i o . .
image size is approximately 0.00597 (Nikon D750, In the first step, interior orientation parametefs
User's Manual (2014)). the camera consisting of principal point,,(y,),
focal length f), coefficients of radial distortion
3



(K, K5, K3) and  coefficients of decentering r Xris1 X
distortion @,,P,,P;) are determined in laboratory [ =Rypo * |R3(A2) | Yris| — | Ve (20)
using PhotoModeler software. Thereafter, according L4 Zris Zc

to Brown'’s equations (1971), (x,y) which are image
measurements are rectified te’,(y') which are

rectified image measurements as: In equations (6-10)x,y) are the target coordinates

in the image space,X,(Y,Z) are the target
coordinates in the object spac&qrs, Yris, Z1is)

are TLS point coordinates of the targe¥s;, (¢, Z¢)

are the translations vector between TLS and digital
camera, K, @, w) are the rotation angles between
TLS and digital camera, (Az) is horizontal angle

x' = x + X(Kr? + Kort + Ker6 + ) +
(PL(r? + 2x%) + 2P, %) (1)

y’ =y -I-y(KlTZ + K2T4 + K3T6 + ) +

2 52 =
(Pa(r™ + 257 + 2P xy) @ measurement of the TLSX(, Y, Zc) are the
where translations vector between TLS and LT,

X=x-x (3) (XL, Y.,Z,) are LT point coordinates of the targets,
F=y =W (4) (¢, ¢',w") are the rotation angles between TLS and
2 2 LT and Q) is the scale factor between TLS and LT.
"= J[(x_xp) + (=) ] ®) Equations (6) and (7) are collinearity equations to

transfer TLS coordinate system to digital camera

In the next step, TLS’s exterior orientation coordinate system. Equation (8) is similarity
parameters with respect to the camera coordinatetransformation to transfer TLS coordinate system to
system, TLS'’s exterior orientation parameters with LT coordinate system and equation (9) is constraint
respect to the LT coordinate system and focalto compute target point coordinates in the object
length of the camera are determined. The space. For further information concerning DLT
mathematical model to compute extrinsic algorithm, collinearity equations and rotation angl
parameters between TLS and digital cameramatrices, please refer to, e.g., Luhmann et al.
(equation 10) is determined based upon collinearity (2006).
equations and is solved by space resection bundle GM model is a set up linear or non linear iefat
adjustment (Al-Manasir and Fraser (2006)). The between observations and unknown parameters. It is
mathematical model to compute extrinsic solely defined by observations and estimates
parameters between TLS and LT is on the basis ofunknown parameters. In this type of adjustment
similarity transformation. Due to non linear model for our research, square sum of residuals are
collinearity equations or similarity transformation minimized merely for one type of observation
for the least-squares solution, linearization stioul (Image measurements). GH model (mixed model) is
be performed. Thus, initial starting values are the more complete and sophisticated model
estimated using direct linear transform (DLT) in compared to GM model and as its privilege, all the
combination with RANSAC algorithm to robustly unknown parameters and observations can be
estimate the parameters. updated as unknown in the iterative procedure and

Least-square solutions can be achieved by Gaussthis proceeds till they satisfy the predefined
Markov model (GM) or Gauss-Helmert model criterion. For further information concerning Gauss
(GH). Thus, four target functions (equations 6-9) Markov model and Gauss-Helmert model, please

are determined. refer to the, e.g., Niemeier (2002).
Fx=x—f2 (6) 3.2  Statistical Test and Variance
s Component Estimation
E=y _f; (7
, The statistical test is performed to interpret the
F— R );TLS );f )éL 8 adjustment results and to evaluate the uncertainty
I e kel 7 ®)  the measurements and unknown parameters. In
rist Ze L addition, it is appropriate to identify gross esrdm
X1 [Xris the observations and consequently exclude them
F=|Y|-|Yrs (9) from the solutions (Schneider (2008)). In this
Z Zrys research,y? test with 95% confidence level is

where applied. If the statistical test result is greatsan
4



predetermined limit, the null hypothesis is rejecte TLS and digital camera. Extrinsic parameters
and it means that observations are not normallybetween TLS and digital camera (translations and
distributed. They? test for all measurements is rotations (6 DOF)) and focal length of the camera

performed based on equation (11). (f) are the unknown parameters that are depicted in
the table 1.
Tp
P (11)

)
Table 1. Extrinsic parameters between TLS and digital

In the above equatiom, stands for a few residuals camera (6 DOF) plus focal length with applied GM mode
of the measurements. In addition, residuals of each

type of observations (e.g. image measurements and_6 DOF Value o
so on) are separated and considered individually. w 88.7154 (Degree) 0.0059
The test is performed for each type of ¢ 0.0903 (Degree) 0.0064
observations to investigate the adjustment redults. 0.0420 (Degree 0.0(33
the next step, the local test for each measureisent ~ %c 0.0001 (m) 0.0004
carried out to reject outliers. This procedure Ye 02193 (m) 0.0004
: . Ze 0.0930 (m) 0.0011
proceeds till no measurements remain to be f 20.6206 (mm) 0.0001

rejected.

In the combined sensor system, due to
simultaneously utilizing different types of
observations with different geometric and stocleasti
models in the adjustment procedure, adequate

VCE is applied additionally to estimate standard
deviation of the image measurements iteratively and
optimally. Due to applying VCE merely for one

. | > . %ype of the observation (image measurements),
Thus, VCE is applied in the integrated bundle a-posteriori variance factor of unit weigh&2

adjustme:nt to. automancally determlne. optimal yields the same result as VCE which is equal to
observation weights to exploit the potential of the 0.0045

fused sensor data completely (Schneider (2008)).

. 4.2 Case Study Il - GH Model
4 Experimental Results y
In the second case study, least square solution is
) . . : solved for TLS and digital camera with applied GH
three different case studies are ln\_/estlgated model. Observations are target coordinates in the
se%arr]atfly. The |S|zehof* 3D Iabc;]rqtor:y IS d6:2' m image space, TLS coordinates of the targets and
(width) * 8.6 m (length) * 4.9 m (height) and it is horizontal angle of TLS. Extrinsic parameters

measured With ZHF IMAGER _5006 in the SUPer hetween TLS and digital camera (6 DOF) and focal
high resolution mode with horizontal and vertical length of the camera (f) are the unknown

angle resolution 90'00180- Afterwards, 16 images  parameters that are depicted in the table 2. & thi
are taken with Nikon D750 which fully covers our ,4e study, VCE is applied for image

3D laboratory with all existing targets. Targete ar mneasyrements, TLS measurements and horizontal
randomly distributed on the walls, ceiling and floo angle measurement of TLS.

and are measured in the image space and object

space, respectively. The number of measured

targets in object space is 25 and number of vaple 2. Extrinsic parameters between TLS and digital
measured targets in the image space is 88 due t@amera (6 DOF) plus focal length with applied GH mode
overlapping of the images. Thereafter, targets are

In this research, two different adjustment models i

measured one by one with LT to validate and check 6 DOF Value o

the accuracy of our calibration results. At the ,emd w 88.7239 (Degree) 0.0054

real world case study of a selected structural ¢ 0.1030 (Degree) 0.0075

monitoring project is presented and discussed. K 0.0433 (Degree) 0.0029
Xc -0.0008 (m) 0.0005

4.1 Case Study | - GM Model Ye 0.2199 (m) 0.0004
Zc 0.0955 (m) 0.0011

In the first case study, GM model is implemented —. 20.6058 (mm) 0.0062

for the least-square solution. Applied sensors are




Absolute Deviations in Pixel Unit

Image Numbers

Fig. 4 Absolute deviations of the estimated image targett
image targets measurements in pixel

Figure 4 depicts the baolute deviations of tt
estimated image targets and image tar
measurements in pixel unit. &is corresponds 1
image numbers and &xis corresponds to absoll
deviations in pixel unit. For each image, all
targets with thie deviations in x and y directior
are taken into account in one column. For insta
in the first column of the figure4, image one
contains thredargets which with consideration
their deviations in x and y directions respectiy
six colourful blaks are shown and so cThis case
study is performed for 16 imageAs can be seen
from the results, for some images absol
deviations are less than others which is relate
the less number of targets in those ime

Image measurements - x directions [mm]
0.01 T T T T T
A A i e Y
| f i I h T
0 10 20 30 40 50 60 70 8
Image measurements - y directions [mm]
T T T

0.01 T
0 |
0.01 i | i I i
10 20 30 40 50 60 70 80
02 TLS measurements - X directions [mm]
. T T T T T
© _o_gb P : ‘ —— ]
g [ 10 20 30 40 50 60 70 80
% TLS measurements - Y directions [mm]
8 01 T T T
* 0}‘ ‘{
0.1 i i i i i
0 10 20 30 40 50 60 70 80
04 TLS measurements - Z directions [mm]
5 T T T T 1
vy, ]
01 | i | i [
[} 10 20 30 40 50 60 70 80
Azimuth measurements [degree]
0.02 T T T T T
i e i it S
0.02 i i T i i
[} 2 4 6 8 10 12 14 16

Observations

Fig. 5 Residuals of the observations

Figure 5depicts the residuals for all type of f
observationsFrom top, first and second graphs,
image measurements residuals in x and y direct
Third to fifth graphs are TLS measureme
residuals in X, Y and Z directions. Tlsixth graph
is residuals ofhorizontal angle measuremeof
TLS.

Results of the VCEre illustrated in table3.
Furthermore, a-posterionvariance factor of un
weight ¢2) is computed for entire measureme
that is equal to 0.92307he standard eviations
before adjustments are equal to nominal or expe
standard deviations of the observations. Stan
deviations after adjustmelare the result of VCE.
Furthermore, standard deviation of T
measurements yields better accuracy ttprior
expected value.

Table 3. Standard deviations of the observat

. o - before o - after
Observations . )
adjustmer adjustment
Image (mm 0.C06 0.0(37
TLS (mm) 1.0 0.1747
Az  (Degree) 0.7 0.0087

4.3 Case Study Il - Validation

In the third case study, 5 model is implemented
for the leastsquare solution. Applied sensors
TLS, LT and digital camer Observations are target
coordinatesn the image spa, TLS coordinates of
the targets, LTcoordinates of thetargets and
horizontal agle measuremes of TLS. Extrinsic
parameters between TLS and digital camera (!
4), extrinsic parameters between TLS and LT (t
5), focal length and target point coordinates
object space are the unknown parame
Furthemore, VCE is applied additionally for ¢
type of the observations.

Table 4. Extrinsic parameters between TLS and dic
camera (6 DOF) with applie@H model

6 DOF Value (9

W 88.7251(Degree 0.0060
1) 0.1231 (Degree 0.0(92
K 0.0444 (Degree 0.0032
X -0.0055 (m) 0.00(7
Ye 0.2199 (m) 0.0004
Z; 0.0953 (m) 0.0002




Table 5. Extrinsic parameters between TLS and LT (7 D
with applied GH model

7 DOF Value g

' 0.1048(Degree 0.0010
o' -0.0€21 (Degree 0.0015
K' 96.35@ (Degree 0.0011
X 12.8279 (m) 0.0001
Y. 13.9029 (m) 0.0001
Z¢ 1.6953 (m) 0.0001
A 0.9999 0.0001

Figure 6 depicts the residualsor all type of the
observations and figure depicts the bsolute
deviations ofthe estimated image targets and im
targets measurements in pixel 1
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Fig. 6 Residuals of the observations
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Fig. 7 Absolute deviations of the estimated image targett
image targets measurements in pixel

Results of the variance component estimation
illustrated in table 6. Furthermorea-posteriori

variance factor of unit weighs?) is computed for
entire measurements that is equal to 0.9
Standard deviations after adjustment which

results of VCE are not significant comparing to

standard deviations before adjustment excef
horizontal angle measurement of TLS which
slightly greater than expected val

Table 6. Standard deviations of the observat

. o - before o - after
Observations . )
adjustmer adjustmer
Image  (mm) 0.00¢ 0.0040
TLS (mm) 1.0 0.4653
LT (mm) 0.1 0.1091
Az  (Degree) 0.7 0.01197

room

Fig. 8 Schene of calibration (lefty and ti
magnification of one of the targets. (Rdot: initial value,
Blue dot: image measuremen@reendot: re-projected TLS
data to image spaceYellow dot: estimated image
measurements)

Figure 8 depicts the initialization and estimat
measurement for one of the target in 3D
laboratory.Thus, figures 4 and 7 are comparisor
the yellow dots vs. blue do

4.4 Case Study IV - Real World Application

In the fourth case studyhe applicability of ou
proposedapproach is investigated ian outdoor
environment. The outdo@xperiment took placin
the vicinity of FreyburgGermany.The goal is to
detect the deformation oa gabion, which is
characterized by wire meshframe which is filled
with stones(figure 9 (top)). The aforementioned
object wasmeasured with the mu-sensor-system
of TLS andrigidly attached digital came. In order
to make this data fusion more visik
downsampling of the éint Cloud Library(PCL) is
applied. As can be seen from figure 9 (bottc
TLS data downsampled and-projected to the
rectified RGB image. Rerojection is performed b
the concept of central perspective approach b
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