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Abstract

Using point clouds captured by Terrestrial Laser Scanners for measurement tasks with high-quality requirements is well established
in engineering geodesy. However, mechanical imperfections within the scanners introduce systematic deviations into the captured
point clouds, exceeding the impact of random measurement noise. Calibrating the scanners by estimating these internal imperfec-
tions allows these systematic errors to be corrected, thereby preventing misinterpretations of the measurement results. In this work,
we implement a methodology that allows users of Terrestrial Laser Scanners to independently determine calibration parameters for
panorama scanners and to correct the resulting point clouds using planar patches extracted directly from the captured data. Our
work extends existing approaches by using a comprehensive calibration model of the National Institute of Standards and Tech-
nology (NIST), including all existing 18 calibration parameters. It relies on a network-based method to estimate transformations
between TLS stations, utilizing plane parameters. In this process, calibration parameters are included as supplementary parameters.
Additionally, we evaluate the methodology using a real-world point cloud of a water dam and demonstrate that it achieves a substan-
tial reduction in systematic deviations in the magnitude of several millimeters, so that mainly random noise remain. Furthermore,
by estimating calibration parameters within a dedicated state-of-the-art calibration field, we demonstrate that our method achieves
a reduction in systematic errors comparable in magnitude to established calibration procedures. Although the nominal values of
the estimated calibration parameters differ due to correlations among parameters, this performance is obtained without requiring

specialized calibration environments.

1. Introduction

Structural health monitoring of critical infrastructure repres-
ents a core discipline of modern engineering geodesy. Ter-
restrial Laser Scanners (TLS) are increasingly employed to en-
able the early detection of deformations (Teng et al., 2022).
These sensors can rapidly generate highly accurate and high-
resolution point clouds in large-scale areas, which represent
the surface geometry of the monitored object (Vosselman and
Maas, 2010; Schwarz, 2018). Unlike point-based techniques
such as tacheometry or using Global Navigation Satellite Sys-
tems (GNSS), using TLS allows even unexpected deformations
to be detected (Holst and Kuhlmann, 2016). TLS point clouds
capture the entire surface of an object, allowing comprehensive
structural monitoring without the need to mark discrete object
points, whose targeted selection would otherwise require a pri-
ori knowledge of the expected deformation.

In addition to random measurement deviations, TLS point clouds
can also contain systematic deviations. On the one hand, point
clouds are systematically influenced by prevailing atmospheric
conditions, the measurement geometry and the measurement
object itself. On the other hand, internal mechanical misalign-
ments due to the manufacturing process, temperature changes,
aging, etc., also cause systematic effects (Soudarissanane et al.,
2011; Medic¢ et al., 2021).

These effects complicate the interpretation of point clouds in
terms of potential deformations: if the influence of mechanical
misalignments on the point cloud exceeds the magnitude of the
actual deformation, genuine structural changes can no longer be
distinguished from systematic measurement errors, preventing
meaningful deformation analysis. TLS calibration allows for
the correction of mechanical misalignments, thereby reducing
systematic errors and enabling a more reliable interpretation of

point clouds with respect to potential deformations (Jost et al.,
2023).

The aim of TLS calibration is to determine a set of calibra-
tion parameters (CPs) within a functional model that describes
the influence of mechanical misalignments on the polar obser-
vations (range, horizontal angle and vertical angle) of the in-
strument. Using this model and the estimated CPs, the polar
observations and consequently the resulting point clouds can
be corrected for systematic effects without the need for any
mechanical adjustment of the scanner itself. In particular, be-
fore conducting measurement tasks with high accuracy require-
ments—such as deformation monitoring—the CPs should be
determined individually.

Many studies determine CPs using TLS targets scanned from
one or more stations. By designing a measurement geometry
that is particularly sensitive to systematic deviations caused by
internal misalignments, CPs can be derived through various ap-
proaches. Muralikrishnan et al. (2015) and Shi et al. (2020)
employ targets with precisely known distances. This approach
requires reference standards or auxiliary instruments, such as
laser trackers, to measure target distances with an accuracy sig-
nificantly exceeding that of TLS precision. As an alternative,
e.g Wang et al. (2017) and Muralikrishnan et al. (2018) apply
length consistency tests, in which targets are scanned from mul-
tiple stations. CPs are then inferred from the observed changes
in distance caused by systematic scanner deviations.

Another option is the network method proposed by Reshet-
yuk (2009); Wang et al. (2017); Lichti (2007). Here, a set of
identical targets is scanned from at least two positions, allow-
ing CPs to be estimated alongside the transformation paramet-
ers during a registration process. To decrease the needed num-
ber of targets, optimized and dedicated calibration fields can
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be established (see Medi¢ et al. (2019b)). A similar approach
is taken by Chow et al. (2011), who employs artificially intro-
duced planes within the measurement volume instead of signal-
ized individual points marked by TLS targets.

Additionally, CPs exhibit changes on different time scales (see
Medié et al. (2021)). For this reason, Abbas et al. (2014); Medi¢
et al. (2019a); Koller et al. (2025) have developed methods for
on-site calibration that can derive CPs directly from scan data
of the measured object.

Medi¢ et al. (2020) also concludes that manufacturer calibration
alone is insufficient and therefore also evaluates target-based
and keypoint-based calibration approaches for improving point
cloud quality. However, target-based calibration requires tar-
gets in a suitable configuration, while the keypoint-based al-
gorithm relies on strong intensity variations in the scanned ob-
jects to detect keypoints and largely ignores geometric inform-
ation.

Existing work on TLS calibration parameter estimation often
requires high-precision normals, numerous targets, highly op-
timized geometries, or measurement environments that deliver
a high variability in intensities. Methods that instead use exist-
ing scene geometry, such as planar patches, typically estimate
only a reduced set of calibration parameters.

In this work, we present a TLS calibration method based on the
network approach using scan points on planar patches, which
are often already present in point clouds, especially of anthro-
pogenic objects. This eliminates the need for numerous artifi-
cial TLS targets arranged in an optimized configuration to de-
termine CPs, as well as the use of additional sensors or refer-
ence normals. It also relies only on the geometry and not on the
intensities. Consequently, there is no need for a dedicated calib-
ration field and the approach relies solely on existing structures
within the measurement environment, without artificial targets.
Therefore, it can be used for on-site calibrations.

In general, our approach is based on the method proposed in
Chow et al. (2011) and extends it further. Chow et al. (2011) use
areduced calibration model containing only a few CPs that does
not account for all geometric misalignments of modern TLS. In
this work, we adopt the calibration model of the National In-
stitute of Standards and Technology (NIST), which comprises
18 parameters that describe a complete calibration model that
holds for panoramic TLS (and not for other construction types,
which are partially used). As described later, we are able to
determine 14 out of the possible 18 parameters with our collec-
ted data. Additionally, we incorporate the capability of high-
end scanners to perform measurements in front- and back-face.
This technique, known from the terminology of total stations,
involves scanning the same object with the scanner rotated hori-
zontally by 180°. This ensures that identical cartesian coordin-
ates of the point cloud are physically observed through different
angular measurements.

Qiao and Butt (2023) have also proposed an approach based
on planar patches. Although the NIST model is applied in this
work as well, only a reduced set of 10 CPs is estimated. Fur-
thermore, the CPs are formulated only indirectly through de-
rived observations in the form of M3C2 distances computed
from cartesian 3D point clouds. These quantities are composed
of multiple measurements and geometric relationships. In con-
trast, our approach directly employs the polar observations, which
particularly facilitates the formulation of the stochastic model.
Moreover, the proposed method allows the direct enforcement
of planarity requirements for the selected patches, while the
approach of Qiao and Butt (2023) only allows this to be con-
sidered indirectly.

Furthermore, our contribution demonstrates the influence of the

estimated CPs on a real-world dataset through a case study con-
ducted at a dam. Such structures represent typical objects for
monitoring applications with high accuracy requirements. Us-
ing measurements from a dam, we demonstrate that systematic
effects can significantly impact the results, even when using
high-end scanners. We further validate our approach by show-
ing that it reduces these systematic effects to a degree compar-
able with the state-of-the-art method proposed by Medi¢ et al.
(2019b).

A comprehensive comparison with all related approaches is bey-
ond the scope of this paper. The selected comparison was chosen
because an optimized measurement configuration for the point-
based approach is available, which simultaneously contains a
large number of planar structures. Our main contributions to
the field of TLS calibration are

e implementing a calibration procedure using planar patches
without the necessity of artificial targets using the compre-
hensive calibration model of NIST

e validation of estimated CPs in a typical environment for
deformation monitoring (water dam)

We perform calibration measurements using our approach in a
calibration facility that contains artificial TLS targets in a con-
figuration developed and optimized by Medi¢ et al. (2019b),
which employs a point-based calibration approach. Although
a calibration hall is not necessary for our approach, it is used
here to directly compare our calibration with one of the state-
of-the-art methods, as the same data set can be used for both
our approach and that of Medi¢ et al. (2019b). To achieve this,
we extend the calibration model used in Medi¢ et al. (2019b) to
14 parameters, since it is based on the NIST model but includes
only 10 parameters.

The following work is structured as follows: Chapter 2 intro-
duces the NIST calibration model used and describes the meth-
odology of TLS calibration with our plane-based approach and
point-based approach. In chapter 3, we present the environment
for calibration and the water dam including the collection and
the preprocessing of the data. The obtained CPs are discussed in
chapter 4, applied to a real dam, and evaluated. Finally, chapter
5 summarizes the results obtained and provides an outlook.

2. Methodology

Every TLS observation is systematically influenced by mech-
anical misalignments, which are mathematically modeled us-
ing calibration models with corresponding CPs. The aim of
this work is to determine this CPs of the calibration model spe-
cifically for each scanner. For this purpose, there must be a
functional relationship between the TLS observations and the
mechanical misalignments.

2.1 Impact of Calibration Parameters

In order to obtain a Point ¢ from Station j, TLS observe dis-
tances 77, horizontal angles ¢’ and vertical angles §7. From
these polar measurements, the cartesian coordinates X7 can be
calculated according to Schwarz (2018) with

x! rl - sin @’ - cos ¢]
J_— J| = J . qin 07 . <in !
Xi=|yl| = |r] sin] sing]|. 1)
J J g
z] ri - cos 0]
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CpP Description

Tin, L1z% hor.I/vert. beam offset

To* hor. axis offset

T3* mirror offset

Tk vert. index offset

Lsn, L% hor./vert. beam offset

T* mirror tilt

Tk hor. axis tilt

Tgr*, Lgy*  hor. angle encoder eccentricity

Ton*, L9z vert. angle encoder eccentricity
10 rangefinder offset

2" order scale error (hor.)
27 order scale error (ver.)

Z1las L11b
T12a*, T12b

Table 1. Parameters of geometric error model developed by
NIST. (.)* indicates two-face sensitivity.

Any mechanical misalignment affects one or more of the polar
elements. To describe this effect, we use the model developed
by the National Institute of Standards and Technology (NIST)
(Wang et al., 2017). This comprehensive geometric error model
comprises a set of 18 CPs, which are listed in Table 1. The aim
of TLS calibration is to obtain these parameters. Due to the
measuring principle of TLS, CPs exhibit opposing effects when
observing from front-face or from back-face. CPs whose signs
change between the faces are denoted with an asterisk (.)*. The
influence of these CPs on the polar elements is described by
Equations 2 - 4. For front-face observations, v = 1 applies;

analogously, for back-face measurements, v = —1 applies.
Ar! =~ ({E2 sin 67 + acm) 2)
Ayl = 7( T1z T3 @ss 26
‘ ritan®)  r)sin@)  tan®)  sin6’
— T peesin @7 + w5y cos gof) 3)
tan 67

Tin J : J
+ - + Zs5n + T114 COS 2<P1 + X115 SIN 2()01
[

J J
; T1p COS O] T2 cos 6 ;
AGZ:7< "j i . L+ x4 + 55 cOS O
i i
CayY)
: 1, sin 67 Y 4)
+ Zon cos@f) — % — Ts5, sin 6! —
T
K2

T Sin 07 + T124 €08 207 + T124 sin 267

2.2 Plane-Based Approach

The plane-based approach employs the network method to de-
termine the CPs. This requires point clouds that contain cor-
responding planar patches k£ from at least two stations. The
transformation of the scanned point X{; of the planar patch k
of Station j to Station 1 is defined by Equation 5 (Chow et al.,
2011)

fr =nf (R(w,¢", k)XL+ [t ] #]" —dp=0. (5
Here, n; and d;, describe the normal vector and the offset para-
meter of the planar patch £ in the scan of Station 1, ¢,, ¢, and
t. are the entries of the translation vector and R defines the ro-
tation matrix as a function of the euler angles w, ¢ and . To
avoid problems caused by ambiguities in the normal vector, ng
is substituted with n; = nx/d (see Holst et al. (2014)).

It follows that

fi = nf (R(w, ¢, k)X + [t ¢ #]"—1=0 (6
with ||fig|| # 1. This functional relationship can be expressed
in polar space by substituting Equation 1. Doing this, one can
add the impact of the CPs from Equations 2-4 with

rf = rf + Arf )
0l = ¢l + Ay ®)
0] = 0] + A0) )

to integrate the CPs into the functional model of the transform-
ation given in Equation 6 (Medi¢ et al., 2019b). To re-estimate
the polar coordinates from the point cloud, Equation 1 has to be
inverted. Many high-end scanners offer the capability of per-
forming front-face and back-face scans. Each back-face scan is
then interpreted as a Station j.

We implemented an iterative, nonlinear Gauss-Helmert model
to estimate the parameters of the functional model given in
Equation 6, namely the CPs, the transformation parameters T' =
[t ) t]and® = [w/ ¢ &] and the entries of the
substituted normal vectors i, in a least squares sense according
to (Koch, 2013). The required Jacobian A contains the partial
derivatives according to the parameters specified in Equation

10:
_ [of, of, 0f, Of
A= [ ] , (10)

OCP ng oI oTJ
while the Jacobian B given in Equation 11 contains the partial
derivatives of the observations:

1)

of; of, ofy,
SEEE

J J J
ory [ oA

In this way, we are flexible to choose all CPs or, if necessary,
only a subset of CPs to be estimated. To construct A and B
each point ¢ must be assigned to its corresponding scan j and
planar patch k. Unregistered point clouds are used to derive
the polar observations directly from the cartesian coordinates
by inverting Equation 1. Approximation values for the trans-
formation parameters T and ® are obtained from an Iterative-
Closest-Points (ICP, see Besl and McKay (1992)) algorithm
(without applying the transformation), while the approximation
values for the substituted normal vectors nj are estimated by
fitting planes to each patch k in one chosen reference scan us-
ing Random Sample Consensus (RANSAC, see Torr and Zis-
serman (2000)). Other solutions would be conceivable. The
approximation values for the CPs are set to zero. The stochastic
model is defined in Section 4.1, enabling not only more realistic
parameter estimation but also the computation of a-posteriori
variances and correlations.

2.3 Point-Based Approach

The calibration procedure used in Medi¢ et al. (2019b) also uses
the network method as introduced in Reshetyuk (2009). Here,
the transformation between stations is realized by individual
corresponding points. Given this set of identical points from
a reference Station X"/ and at least one more Station X7 (e.g.
signalized by artificial TLS targets), the following Equation 12
£ =R, ¢ W)X+ [t #) ] X" =0 (12)
formulates the transformation between the stations for the point-
based approach (Reshetyuk, 2009). Also here, by substituting
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Equation 1 and adding the impact of the CPs according to Equa-
tion 7-9, one can integrate the CPs into the functional model of
the transform. Again, the inversion of Equation 1 can be used
to get access to the polar observations from the point cloud.
We also use an iterative, nonlinear Gauss-Helmert model to es-
timate the CPs, transformation parameters and the coordinates
X"ef of the reference station in a least squares sense (Koch,
2013).

3. Experimental Setup and Data Acquisition

In this study, CPs are determined using the plane-based ap-
proach using the well-established point-based approach within
a calibration facility as presented in section 3.1. We also con-
duct measurements on a dam for the evaluation of CPs.

3.1 Calibration Facility

The calibration facility is located within a machine hall with a
area of approximately 25 m x 75 m and a height of 8 m. It
contains TLS targets that have been geometrically optimized to
enable the determination of CPs using the point-based method
described in section 2.3. For this purpose, 14 BOTAS targets
(JanBen et al., 2019) are installed, which can be scanned from
two stations in front and back face. A detailed description of
the measurement geometry is provided in Medi¢ et al. (2019b).
A visual impression of the used environment is given in Figure
1. Owing to its structural design, the calibration facility also

Figure 1. Used Facility to determine CPs containing planar
structures and TLS targets in an optimized geometry introduced
by Medi¢ et al. (2019b).

contains a variety of planar surfaces, including the floor, rect-
angular concrete columns along the walls, and wooden stringers
on the ceiling. These planar elements exhibit different orienta-
tions with respect to the scanner positions.

3.2 Data Collection and Preprocessing for CP Estimation
in Calibration Facility

In this study, the CPs of the high-end panoramic TLS Imager5016
from Zoller + Frohlich are determined and analyzed. For this
purpose, a calibration facility containing numerous planar struc-
tures, which are used for the plane-based approach, and arti-
ficial targets, which are used for the point-based approach, is
scanned. We captured point clouds from two stations as de-
scribed in Medi¢ et al. (2019b) in front and back-face (which
results in four scans) with a resolution of /.6mm@ I0m. This
resolution ensures a high spatial density of points on both the
targets required for the point-based calibration method and the
planar patches used in the plane-based approach. The scan qual-
ity setting LOW was selected to minimize potential influences
from internal observation averaging processes. The orienta-
tions of the TLS at both stations were arranged orthogonally, as

Lichti (2010) demonstrated that such an arrangement reduces
correlations between CPs.

Preprocessing for Plane-Based Calibration First, planar sur-
faces of arbitrary size are manually extracted from one of the
four point clouds. We delimit the patch size to 25 cm x 25 cm
(see 2.2) to guarantee that mechanical misalignments affect every
point on the planar patch equally. This size is selected em-
pirically. Every extracted plane, which exhibits a larger size,
is automatically divided into patches of the desired size. The
approximately known transformation between the scanner po-
sitions allows the corresponding planes to be identified in the
remaining three scans, eliminating the need for automatic plane
matching based on, e.g., geometric features. To ensure high-
quality calibration, specific criteria are imposed on the selected
plane patches:

1. Point-to-Plane Deviation: The points of the point cloud
must not deviate more than 1 mm from the planar surface.
The maximum deviation of an individual point of a patch from
an ideal planar surface is ensured by estimating a plane using
RANSAC (Torr and Zisserman, 2000) and a threshold of 1 mm
through the points of a patch. This procedure is used for outlier
removal based on an empirically determined threshold. There-
fore, no scanner-specific or material properties are considered.

2. Number of Points on Planar Patch: Every planar patch
must contain at least 200 points. If a patch contains fewer
than the required number of points, the patch itself and all cor-
responding patches are removed. The remaining patches are
randomly subsampled to a maximum of 350 points to reduce
memory consumption and computational effort.

3. Planarity: Each planar patch must have a planarity factor
P > 0.7. We estimate the planarity factor P regarding to Wein-
mann et al. (2014). For this purpose, the covariance matrix of
each patch is computed, and its eigenvalues A1, A1, and A3 are
derived. The planarity factor, which quantifies the degree of
planarity within the patch, is then calculated as

Ao — A3

P =
A1

with P € [0,1]. (13)

A higher value of P indicates a more planar surface represented
by the points. Patches with planarity values below the defined
threshold are excluded from further processing.

In this way, 356 planar surfaces can be found in the calibration
facility, which can be seen from two stations in front and back-
face scans. Figure 2 illustrates the measurement geometry of
the planar patches and the scanner, and depicts the relative po-
sition of all planar patches with respect to Station 1. The figure
visualizes the horizontal angle ¢ and vertical angle 8 of the cen-
ter point of each planar patch. Planar patches are distributed in
all directions around the scanner. Because the ceiling is vaul-
ted, no planar patches can be identified in areas with low zenith
angles. Most patches lie on the floor, within § > 100° and
6 < 130°. Additionally, due to the structural conditions of the
calibration facility, a concentration of patches occurs in the ho-
rizontal dimension between ¢ > 75° and ¢ < 105°.

As shown in equations 2—4, the influence of the calibration
parameters on the observations depends on the observations
themselves. Therefore, a spatially well-distributed set of ob-
servations improves parameter estimation. Our measurement
geometry provides azimuthal observations in all directions, al-
though only few observations are available in high elevations.
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Figure 2. Distribution of planar patches with respect to Station
1. The radial dimension describes the vertical angle 6, the
circular direction the horizontal angle ¢

Preprocessing for Point-Based Calibration All 14 BOTAS
targets are extracted from all captured point clouds, and their
target centers are determined following the procedure described
in JanBen et al. (2019). The variances of the corresponding po-
lar observations, [07, 05, 0p,]", are given in an empirically
derived model of the BOTAS targets in Janf3en et al. (2019).

3.3 Data Acquisition for Evaluation at the Water Dam

We assess the performance of our determined CPs at a wa-
ter dam. This environment represents a typical deformation
monitoring scenario requiring accurate sensor calibration. The
used dam has a crown length of about 200 m and a maximum
height of approximately 25 m. Figure 3 provides an overview
of the testing environment and the scanning setup, including
the scanner position and orientation. The data is captured one

Scanner Orientation

Figure 3. Overview of the test environment.

day after the calibration measurement. A spatial resolution of
3.1mm@10m is used with the lowest quality settings in order
to minimize the influence of the TLS software on the acquired
data. We perform both a front-face and a back-face scan. The
orientation of the scanner and thus the position of the change
of faces can be seen in Figure 3. The selected position is well-
suited for evaluating the calibration as the entire dam can be
captured in one scan. High elevations can be realized to max-
imize the impact of internal misalignment (see equations 2-4).

4. Calibration Results

In this section, we present the obtained CPs by using our plane-
based approach and, for comparison by the state-of-the-art point-
based approach. Furthermore, the determined CPs are evaluated

CP plane-based approach | point-based approach
p 95 95 9p
Z1. [mm| 0.19 0.08 0.56 0.03
T1n [Mmm)] 1.01 0.08 —0.02 0.02
z2 [mm] 0.05 0.37 0.09 0.05
T3 [mm] —0.21 0.09 0.13 0.03
4[] 28.18 18.05 —13.94 3.81
x5 ] 10.18 80.26 —0.94 9.96
T | ] —57.11 7.35 10.46 1.23
z6 [ —2.16 8.81 —4.57 2.13
z7 [ 47.97 7.55 28.38 5.24
Zg10 [MM)] 1.38 0.08 0.2 0.01
Taita |] 50.95 16.78 —0.69 2.11
Tz11b | —23.81 138.64 1.23 5.24
Tz12q |) 38.01 16.36 —7.87 5.53
Tz12b | —70.04 16.13 —3.98 3.22

Table 2. Estimated CPs by using the developed plane-based
approach and using the state-of-the-art point-based approach.

using an independent point cloud, demonstrating how internal
scanner misalignments affect point clouds systematically and
how these deviations are reduced when the calculated CPs are
applied.

4.1 Estimated CPs

Using the data acquired in the calibration facility as described
in section 3.1, we determined CPs using both our plane-based
approach following the procedure outlined in 2.2 and the state-
of-the-art approach by using the point-based approach as de-
scribed in 2.3 for comparison. We have defined the front-face
scan from Station 1 (s]) as the reference station. Transform-
ation parameters describe the transformation of the back-face
scan from Station 1 s% and the remaining scans from Station
2 (sg ,s5) to s{ . The estimated CPs, called p, and their corres-
ponding standard deviations o are shown in Table 2. It turned
out that the encoder eccentricities represented by the paramet-
ers Tsz, Tay, Ton, and xg. cannot be estimated reliably with
our collected data and the plane-based approach. Numerical
values of estimated CPs and standard deviations are of an unex-
pected magnitude (values and standard deviations greater than
500" or the normal equations become singular). A parameter
set with numerical values below 100" and 2 mm was selected.
Therefore, the calibration model is reduced by zs., xsy, Ton,
and xg., resulting in only 14 CPs being determined instead of
the possible 18 (for both the plan-based and point-based ap-
proach). As the stochastic model for the adjustment, we adop-
ted manufacturer-specified single-point standard deviations of
o = 1.2mmand o, = o9 = 8" for the plane-based approach.
In contrast, the target-based approach employed an empirical
model from publication JanBen et al. (2019), which defines the
standard deviation of BOTAS targets as a function of distance.
All observations are assumed to be uncorrelated.

The CPs listed in Table 2 for our plane-based approach exhibit
varying qualities measured on their a-posteriori standard devi-
ations. While some CPs exhibit standard deviations smaller
than the magnitude of the parameter itself, others have stand-
ard deviations that exceed the respective parameter value. But
the a-posteriori standard deviations strongly depend on the as-
sumed a-priori point accuracy. As correlations between ob-
servations were neglected, the estimates are likely optimistic.
Moreover, manufacturer specifications refer to instrument series
rather than the specific sensor and do not account for influences
such as measurement geometry or surface properties. Variance
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component estimation was therefore not applied, as measure-
ments on different surfaces affect the observation variances dif-
ferently and strong parameter correlations (as shown later) may
cause variance components to absorb systematic effects (Koch,
2013).

Due to the functional similarity of several CPs, strong correla-
tions occur between the estimated CPs. The top part of Figure
4 visualizes the absolute values of the correlation coefficients
|p| between the calculated CPs using the plane-based approach.
Correlations of up to |p| = 90% in our approach and up to

plane-based approach
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Figure 4. Absolute Correlations Coefficients |p| between
estimated CPs by using the plane based approach (top part) and
point-based approach (bottom part).

|p| = 85% (although these are generally lower) in the point-
based approach can be observed between individual paramet-
ers. As a result, the CPs cannot be clearly distinguished from
one another. Therefore, Wang et al. (2017) recommends to es-
tablish z5.7 = z5., — x7.

Besides internal misalignments, the measurement data also con-
tain other systematic effects, particularly those arising from the
measurement geometry. Factors such as measurement distance
and angle of incidence systematically influence each individual
point (Soudarissanane et al., 2011) and consequently the plane
estimation within the calibration algorithm. These effects are
not considered in our approach. As a result, the functional
model does not fully capture all systematic influences, which
can lead to high correlations between CPs (Kotsakis, 2004).

In addition to the CPs, the transformation parameters between
the scans are also estimated. Table 3 presents the differences in
these transformation parameters between the two approaches.
The registration parameters affect the estimation of the CPs, al-

At, [mm] Aty [mm] At [mm] Aw[’] A¢["] Ax]]
s] 0.1 0.1 1.0 6 2 1
s) 0.0 0.5 0.8 34 5 55
5 0.2 0.5 0.7 35 5 55

Table 3. Differences of estimated transformation parameters
between plane-based and point-based approach.

though this interaction differs between both approaches.

In general, the numerical values of the parameters differ sig-
nificantly between our approach and the point-based approach.
It is also observed that the a-posteriori standard deviations are
larger in our method. However, due to high correlations and dif-
ferences in the registration parameters, the CPs and their qual-
ity cannot be directly compared in the parameter space. To as-
sess the practical applicability of the parameters, an evaluation
based on a corrected point cloud as described in section 4.2 is
therefore required.

4.2 Evaluation of estimated CPs

To illustrate the impact of poorly calibrated TLS, we performed
an M3C2 point cloud comparison between front and back-face
scans of the collected data at the water dam presented in 3.3 as
an (from the calibration measurement) independent dataset. As
shown in Table 1, the sign of the impact of some CP changes in
front- and back-face, so their effects can be visualized through
this comparison. To similarly assess CPs that are not sensitive
to both faces, point cloud comparisons from different stations
would be required. However, in such cases, influences from
measurement geometry, atmospheric conditions, and the neces-
sary registration process would dominate, obscuring the effects
due to calibration.

Figure 5a) shows the M3C2 comparison of point clouds from
the two faces for uncalibrated point clouds. High systematic

15 mm

-15 mm 0 mm

Figure 5. M3C2 differences of measured point clouds at the
water dam in front and back-face of the uncalibrated point cloud
(a) and the calibrated point cloud using plane-based (b) and
point-based (c) approach.

differences between the point clouds are evident. These dif-
ferences increase towards the left and right edges of the dam
due to longer measurement distances. Since many CPs have
a stronger influence at higher elevations (see Equations 2-4),
systematic deviations also become more pronounced along the
upper edge of the dam. The smallest deviations occur in the
region of the change of faces, although a reversal in the sign of
the differences can be observed there.

Distinct systematic patterns are also evident in the histogram of
the M3C2 distances shown in Figure 6. After calibration, the
M3C2 distances are expected to follow a normal distribution
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Figure 6. Histogram of M3C2 differences of measured point
clouds at the water dam in front and back-face of the
uncalibrated point cloud and the calibrated point cloud using
plane-based and point-based approach.

Tumscz [mm]  smscz [mm]
uncalibrated 3.1 —
calibrated plane-based (NIST) —04 14
calibrated point-based (NIST) —0.7 1.6
calibrated plane-based (Chow et al. (2011)) 1.3 2.6

Table 4. Mean Z ys3¢2 and standard deviations sas3c2 of M3C2
front- and back-face comparisons for uncalibrated and calibrated
point clouds using plane- and point-based calibration using
NIST model and model from Chow et al. (2011).

with a mean of Zyr3c2 = 0 mm and a reduced standard devi-
ation sar3c2. The computed mean is given in Table 4. Since the
assumption of a normal distribution does not apply, no standard
deviation is provided. To evaluate the CPs obtained with the
plane-based approach, we correct the point clouds of the water
dam and repeat the M3C2 comparison. Figure 5b) shows the
M3C2 distances after calibration. The distances are consider-
ably reduced. Although some systematic patterns remain, their
magnitudes are lower, with especially large deviations at the
edges of the dam being significantly diminished. This demon-
strates that the applied calibration effectively reduces system-
atic errors. The histogram of the M3C2 distances shown in
Figure 6 supports this conclusion: it now closely resembles a
normal distribution, and both the mean and standard deviation
have decreased. A slight shift of the density distribution toward
negative values indicates, however, that not all systematic ef-
fects have been completely removed.

We also carried out the M3C2 comparison using the calibrated
point clouds derived from the well-established calibration field
and the point-based approach. Figure 5c) presents the M3C2
distances along the dam, while Figure 6 shows the correspond-
ing histogram. This method likewise results in a substantial
reduction of systematic effects, although some systematic pat-
terns remain visible.

A direct comparison of the histograms, together with their shape-

describing parameters in Table 4, demonstrates that our calibra-
tion approach—despite yielding different numerical values of
the CPs-reduces systematic effects in point clouds as effect-
ively as the well-established point-based method in a calibra-
tion field. Although the CPs obtained from the plane-based ap-
proach exhibit higher standard deviations and correlations, the
corrected point clouds show that our method achieves results
comparable to those of the state-of-the-art approach. Import-
antly, our method does not require a dedicated, optimized cal-
ibration field.

To minimize systematic errors arising from the temporal in-
stability of the CPs, the calibration measurements and the dam

measurements were carried out only one day apart. Nonethe-
less, due to this short time interval and the transport of the TLS,
some residual systematic deviations may persist.

5. Conclusion and Outlook

In this work, we presented a self-calibration method for panor-
amic Terrestrial Laser Scanners based on the calibration model
introduced by the National Institute of Standards and Techno-
logy, and thus represents an extension of existing methods. Our
approach does not require any additional measuring equipment,
such as artificial targets; instead, it relies solely on planar patches
extracted directly from the point clouds of the measurement en-
vironment. Using this approach, we are able to determine 14 of
the 18 possible CPs of the NIST model.

By comparing our method with a state-of-the-art calibration ap-
proach and with independent measurements of a water dam, we
demonstrate that our approach can reduce systematic effects in
point clouds with comparable effectiveness. This holds true
even though the estimated CPs exhibit higher standard devi-
ations and correlations. Reduced calibration models that also
use planar patches do not achieve this.

To ensure the comparability of the calibration results, the meas-
urements for determining the CPs were not carried out directly
on the actual measurement object. However, since our approach
does not require any additional measuring equipment, it also en-
ables on-site calibration directly on the object itself, provided
that a sufficient number of planar structures are available. In
future work, these structures could be identified automatically.
Moreover, a hybrid approach that combines our plane-based
method with the point-based method is conceivable. The main
challenge in this case would be the weighting of the observa-
tions, as the number of individual point observations would be
significantly smaller, but their precision considerably higher.
Overall, the quality of the computed CPs obtained with the
plane-based method strongly depends on the relative orienta-
tion, number, size, and planarity of the selected patches. These
patches should be arranged so that the CPs influence the obser-
vations as different as possible from the used stations, thereby
maximizing sensitivity. Identifying planar patches that further
enhance the sensitivity of the adjustment will be addressed in
future work. In this context, it will also be analyzed whether a
modified measurement geometry enables the estimation of the
four remaining parameters or whether additional measurements
of targets or normals would be required.

While reduced calibration models were shown to be less effect-
ive, further investigation is needed to identify the truly relevant
parameters and their dependence on the specific scanner.
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