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Abstract:The ability to acquire rapid, dense andhighqual-
ity 3D data has made terrestrial laser scanners (TLS) a de-
sirable instrument for tasks demanding a high geometri-
cal accuracy, such as geodetic deformation analyses. How-
ever, TLS measurements are influenced by systematic er-
rors due to internal misalignments of the instrument. The
resulting errors in the point cloud might exceed the mag-
nitude of random errors. Hence, it is important to assure
that the deformation analysis is not biased by these in-
fluences. In this study, we propose and evaluate several
strategies for reducing the effect of TLS misalignments on
deformation analyses. The strategies are basedon thebun-
dled in-situ self-calibration and on the exploitation of two-
face measurements. The strategies are verified analyzing
the deformation of the Onsala Space Observatory’s radio
telescope’s main reflector. It is demonstrated that either
two-facemeasurements aswell as the in-situ calibration of
the laser scanner in a bundle adjustment improve the re-
sults of deformation analysis. The best solution is gained
by a combination of both strategies.

Keywords: terrestrial laser scanner, misalignments, area-
based deformation analysis, self-calibration, two-face
measurements, parameter estimation, sensitivity analysis

1 Motivation

Regardless the tremendous efforts of manufacturers, ter-
restrial laser scanners (TLS) are not geometrically perfect
instruments. Hence, they are subjected to a comprehen-
sive factory calibration after assembly. Due to different fac-
tors, such as long term utilization and suffered stress, the
internal geometry of the device can be compromised so
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that the factory calibration is not valid anymore. The re-
sulting mechanical misalignments are, e. g., the collima-
tionaxis error, trunnionaxis error, vertical indexoffset and
zero offset, to name the most relevant ones [16, 18, 25].
These systematic errors misplace all points in the point
cloud to some extent. Thatmisplacement can significantly
influence the deformation analysis [10]:
– The geometry of the object might be estimated inaccu-

rately. This might lead to falsely detected shape defor-
mations.

– The position and orientation of the object might be
estimated inaccurately. This might lead to falsely de-
tected rigid body movements.

In both cases, the impact of the laser scanner’s misalign-
ments on the deformation analysis can be reduced either
by (i) calibrating the laser scanner previous to itsmeasure-
ments or by (ii) using appropriate measurements strate-
gies that reduce systematic measurement errors in-situ.
Possibility (i) is not focused in this study since a special-
ized facility using a carefully designed network geome-
try is needed. Instead, we discuss the possibility (ii) in
order to present effective strategies that anyone can use
at laser scanner-based deformation analyses without the
need for special facilities. Consequently, we answer the
questions:
– What are possible in-situ strategies to deal with the

laser scanner misalignment at area-based deforma-
tion analyses and

– what are their advantages and disadvantages?

One of these strategies can simply be to scan only fromone
station with equal orientation of the laser scanner in each
measurement epoch. In this case, the errors due to mis-
alignments impact the point cloud in each epoch similarly
so that they might not affect the deformation analysis be-
tween two epochs. However, this strategy is only feasible
in special cases:
(i) The object’s absolute geometry of each epoch is not of

interest, i. e., only the relative changes of the geometry
between two epochs are of interest,

(ii) the absolute position and orientation of the object is
not of interest,
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(iii) one laser scanner station is enough to acquire the com-
plete object and

(iv) the time between the epochs is reasonably short and
the atmospheric conditions are similar so that the cal-
ibration parameters of the TLS can be considered to be
stable.

An example satisfying all these requirements could be the
high-frequency monitoring of a bridge that oscillates due
to traffic using a profile laser scanner.

Commonly, these requirements cannot bemet. Hence,
other – more general – strategies need to be focused. Yet,
in the current literature, there is no overview and detailed
evaluation of strategies that might be applicable. Thus,
we compare five strategies regarding their ability to deal
with systematic laser scanner errors due to misalignment
at area-based deformation analyses:
– Strategy 1: In-situ calibration of the laser scanner esti-

mating a unique set of calibration parameters for each
scanner station individually. As suggested by [6], we
name the parameters estimated this way local calibra-
tion parameters and this strategy local calibration.

– Strategy 2: In-situ calibration of the laser scanner
in a bundle adjustment using several scans. This is
named global calibration from now on – as suggested
in [6] – since the calibration parameters are estimated
uniquely for one measurement campaign.

– Strategy 3: Scanning the object in two cycles so that
each part is sampled in face 1 as well as in face 2. Here,
no calibration is performed.

– Strategies 4 and 5: Local or global calibration using
two-face measurements.

Strategy 1 has already been used for the deformation anal-
ysis of a radio telescope [7, 8]. Strategy 2 has its origin
in the laser scanner self-calibration: Here, laser scans are
performed from different stations so that the subsequent
network adjustment helps to estimate a single set of cali-
bration parameters [18, 17, 1, 19].

Strategies 3–5 exploit the fact that most of the errors
due to laser scanner misalignmets are two-face sensitive
[21]: Hence, using two-face measurements upgrades the
ability to estimate calibration parameters in a laser scan-
ner self-calibration as also examined by [19, 21, 22].

Contrary to the literature focused on laser scan-
ner self-calibration, we do not try to estimate unbiased
and minimally correlated calibration parameters. Conse-
quently, not all of the calibration parameters that poten-
tially exist in the laser scanner might be predictable un-
biasedly or predictable at all. If we also pursued this ob-
jective, we would need to improve the scanning configura-

tion by also sampling targets or other additionally placed
objects. This strategy has been tracked by [2, 3].

On the contrary, we solely aim at increasing the accu-
racy of the estimated parameters describing the shape, po-
sition and orientation of the scanned object byminimizing
the systematic errors in the point cloud due to laser scan-
ner misalignment. The self-calibration of the laser scan-
ner or the usage of two-face measurements are just meth-
ods assisting in this aim. The results of this study are im-
portant for geodetic deformation analyses and likewise for
reverse engineering, dimensional quality control and as-
built modelling.

2 Systematic errors due to
misalignment of laser scanner

In general, a laser scanner samples the surrounding sur-
face by a large number m of scan points that are based
on measuring horizontal angles φj, vertical angles θj and
slope distances rj leading to Cartesian coordinates

xj =
[[

[

xj
yj
zj

]]

]

= [[

[

(rj + Δrj) ⋅ sin(θj + Δθj) ⋅ sin(φj + Δφj)
(rj + Δrj) ⋅ sin(θj + Δθj) ⋅ cos(φj + Δφj)
(rj + Δrj) ⋅ cos(θj + Δθj)

]]

]j

(1)

where j = 1, ...,m. Each Cartesian coordinate might be mis-
placed to some extent Δrj, Δφj and Δθj due to random er-
rors vrj , vφj

and vθj and due to 18 calibration parameters
x2, x10, ... as attested by [21] for panoramic laser scanners.

From now on, we want to focus on the specific laser
scanner we used for the case study presented in Sec. 3: Le-
ica Scan Station P20. For this TLS, the 18 calibration pa-
rameters proposed by [21] can be reduced to only 11 rele-
vant ones following [19]:

Δrj =x2 sin(θj) + x10 + vrj , (2)

Δφj =
x1z

rj tan θj
+

x3
rj sin θj

+
x5z−7
tan θj

+
2x6
sin θj
+
x1n
rj
+ vφj
, (3)

Δθj =
x1n+2 cos θj

rj
+ x4 + x5n cos θj −

x1z sin θj
rj

− x5z sin(θj) + vθj . (4)

Consequently, the calibration parameters p̃calib

p̃calib = [x2, x10, x1z , x3, x5z−7, x6, x1n, x1n+2, x4, x5n, x5z]
T (5)
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are needed formodelling the true beamdeflection and dis-
tance measurement of each laser scan point using Eq. (1).

3 Case study: Deformation analysis
of radio telescope

The present study is focused on one specific example:
The deformation analysis of the Onsala Space Observatory
(OSO) 20-m radio telescope that is used forVery LongBase-
line Interferometry (VLBI) measurements. VLBI measure-
ments employ pairs of radio telescopes to simultaneously
observe signals from quasi stellar objects for determining
the difference in signal arrival times. The parameters of
the baseline between the radio telescopes can then be esti-
mated from the time delay which also depends on the sig-
nal paths within the optics of the radio telescopes [4].

Hence, changes in focal length of the main reflector or
local deformations of the reflector’s surface directly lead to
biased signal paths and, thus, biased baseline estimates
[26, 23]. Consequently, both geometric properties should
be known very accurately. As they might vary due to grav-
itation, they should be estimated w.r.t. the elevation angle
of the radio telescope leading to an elevation-dependent
deformation.

A detailed introduction and motivation of this defor-
mation analysis and also the complete explanations re-
garding themeasurement concept and the data processing
can be found in [9]. Here, only the most relevant informa-
tion regarding the measurement concept, the estimation
of the deformation parameters and preliminary results of
the deformation analysis are given.

3.1 Measurement concept

The scans were performed at the telescope’s elevation an-
gles of 85 deg, 75 deg, 60 deg, 45 deg, 30 deg, 15 deg and
5 deg. At each elevation angle, two scan cycles were col-
lected: In cycle 1, the scanner rotated horizontally from 0
deg to 180 deg and in cycle 2, from 180 deg to 360 deg.
Consequently, each part of the main reflector is scanned
twice, once in face 1 and once in face 2. This was done
to account for systematic laser scanner errors due to mis-
alignment. The relevance of this double scanning will be
shown within this study. Each scan consists of about 570
million points but the point cloud is reduced to a regular
point spacing with about 2 million points. This is further
discussed in [8].

The support holding the TLS has been designed and
manufactured particularly for laser scanners sampling ra-
dio telescopes with an upside-down orientation (Fig. 1).
It consists of a bracket being attached to the radio tele-
scope’s beamand a flexible spherical hinge. During the ro-
tation of the telescope, the hingewas unconstrainedwhile
during measurements, a pneumatic break held the scan-
ner in a vertical position. Hence, the laser scanner was
always oriented upside-down, independent of the tele-
scope’s elevation angle. However, as was found out in the
data processing [9], the spherical hinge moved during the
scans of 85 deg, 75 deg and 60 deg in cycle 1 so that these
scans are disregarded in the further analyses whenever
possible (see Sec. 4).

Figure 1: Sketch of the measurement configuration including radio
telescope and mounting of the laser scanner.

For deformation analysis, this measurement concept
means:
– There are seven epochs, i. e., each elevation angle de-

fines a new epoch.
– We know that, for each epoch, the focal length de-

creased and that the object moved. Hence, the object
deforms in sense of a shape deformation as well as a
rigid body movement.

– The measurement configuration varied noticeably be-
tween each epoch: While the TLS saw the vertex of
the radio telescope at 85 deg elevation angle approxi-
mately in direction of its local zenith, it saw the vertex
at 5 deg elevation angle approximately in direction of
its local horizon.
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It is worth noting that the upside-down orientation of the
laser scanner is not a commonmeasurement setup. Terres-
trial laser scanners are never calibrated thisway. Thus, it is
questionable if eventual previously estimated calibration
parameters would be applicable due to the altered influ-
ence of the gravitational force on the instrument. There-
fore, the strategies discussed herein could be advanta-
geous even if the scanner was previously calibrated.

3.2 Estimation of deformation parameters

Themain reflector consists of 120 solid panels forming the
shape of a rotational paraboloid (see also Fig. 3). Hence,
the measured point clouds of j = 1, ...m sampling points
canbeparameterizedby the functionalmodel of rotational
paraboloid. A rotational paraboloid can be described only
by one shape parameter, i. e., the focal length f , if it is po-
sitioned in its normal form where its rotation axis equals
the Z-axis of the coordinate system [X,Y , Z]:

X2
j + Y

2
j

4 ⋅ f
− Zj = 0. (6)

This is not the case since the main reflector is scanned in
the laser scanner’s local coordinate system [x, y, z], so that
the paraboloid needs to be transformed by

Xj =
[[

[

Xj
Yj
Zj

]]

]

= Ry(ϕy) ⋅ Rx(ϕx) ⋅ xj + Xv (7)

where Rx and Ry are the rotation matrices around the x-
and y- axis and Xv the translation vector. Consequently,
the parameters pobj describing the rotational paraboloid
inside the laser scanner’s coordinate system equal

pobj = [Xv ,Yv , Zv ,ϕx ,ϕy , f ]
T . (8)

For estimating the parameterspobj, the original polarmea-
surements of the TLS rj, φj and θj are integrated in Eq.
(1–7). For the stochastic model Σll, σφ = σθ = 2.5mgon
are chosen corresponding to themanufacturer’s specifica-
tions of the Leica Scan Station P20 [15]. For the distance
rj, a standard deviation of σr = 1.5mm is chosen [9]. As
usual, the observations are assumed to be uncorrelated
and Gaussian distributed, which is – in general – an over-
simplification of the reality [12, 13, 14].

The parameters are estimated using the general case
of adjustment [20]: The residuals v̂ representing the er-
rors between observations l and adjusted observations ̂l
are minimized following the theoretical target function
vTΣ−1ll v [20, 28].

As results, we discuss the estimated parameters p̂ and
the estimated post-fit residuals v̂. The latter ones indicate
the success at minimizing systematic errors since we ex-
pect the residuals to be Gaussian distributed with zero
mean due to the high precision of the telescope surface of
0.14mm ... 0.2mm [11]. To recognize even small systematic
errors in the post-fit residuals, we further increase their
signal-to-noise ratio by averaging them panel-wise lead-
ing to 120 averaged residuals.

3.3 Results not considering misalignment of
laser scanner

If the laser scanner misalignments are not considered in
the deformation analysis, only the previously named ob-
ject parameters pobj are estimated based on laser scans in
one cycle:

pe,c = pobj(e, c)[6×1]. (9)

This leads to a separate parameter vectorpe,c for each tele-
scope’s elevation angle e and measurement cycle c of size
[6 × 1]. Hence, these parameters are estimated fourteen
times (seven elevation angles in two cycles).

Fig. 2 depicts the corresponding panel-wise averaged
residuals for all seven elevation angles e combined, but
split to cycle 1 (red) and cycle 2 (green) measurements.
Fig. 3 depicts the raw – non-averaged – residuals for an el-
evation angle of 45 deg, also split to cycle 1 (top) and cycle
2 (bottom). Both figures indicate, amongst others, two as-
pects: (1) There are systematic errors included in the point
cloud. (2) These errors are two-face sensitive, at least to a
large amount. This canbe seen since the areal bias in resid-
uals is mirrored for cycle 1 and cycle 2 meaning that the
sign of the errors changes between face 1 and face 2.

Figure 2: Not considering the misalignment of the laser scanner –
Histogram of the panel-wise averaged residuals for cycle 1 (red) and
cycle 2 (green).
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Figure 3: Top: Residuals of the deformation analysis at an eleva-
tion angle of 45 deg at cycle 1; Bottom: Corresponding residuals at
cycle 2; The 120 panels are visible by the regular gaps in the point
cloud. Modified from [9].

4 Proposing strategies for dealing
with systematic errors

For dealingwith the systematicmeasurement errors due to
laser scanner misalignments, we set up several strategies.
Each of these strategies will be motivated by its idea and
its mathematical realization will be derivated.

4.1 Idea of strategies

Strategy 1: Local calibration
The calibration parameters describing the misalignments
are known following Eq. (5). Consequently, all calibration
parameters that are predictable based on the given config-
uration are estimated along with the object parameters so
that they absorb the systematic trend in the residuals. This
is done for each elevation angle separately. Only the mea-
surements of one cycle or scan, respectively, are necessary
for this strategy.

Strategy 2: Global calibration
Strategy 1 estimates a new set of calibration parameters
at each elevation angle although the corresponding error
sources are expected to stay constant for all elevation an-
gles. Strategy 2 deviates from this by estimating all calibra-
tion parameters only once in a bundle adjustment. By this,
the different measurement configurations, conditioned by
the telescope’s elevation angle, can support each other
in estimating the calibration parameters. Again, only the
measurements of one cycle are necessary – solely their
processing is changed.

Strategy 3: Two-face measurements
All systematic errors listed in Eqs. (2–4) are two-face sensi-
tive, except for x10, x1n and x5z [21, 19]. For this Strategy 3,
each part of the object is measured in two faces by scan-
ning in two cycles. Consequently, the two-face sensitive
errors are supposed to extinguish each other. Contrary to
the other strategies, no in-situ calibrationof the laser scan-
ner is performed. Therefore, the mechanical construction
of the laser scanner does not have to be known.

Strategy 4: Local calibration using two-face
measurements
Strategy 3 integrates both faces but does not account for
calibration parameters. Hence, the residuals are still de-
graded by systematic errors not accounted for in func-
tional or stochastic model of the adjustment. This is
changed for Strategy 4: Here, the calibration parameters
are estimated along with the object parameters, analogue
to Strategy 1 – but this time based on two-face measure-
ments using two cycles as in Strategy 3.

Strategy 5: Global calibration using two-face
measurements
Analogue to Strategy 2, combining all elevation angles to
estimate the calibration parameters in one bundle adjust-
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ment improves themeasurement configuration. This time,
two-face measurements are included as in Strategies 3–4.
Since all elevation angles and both cycles are connected in
one adjustment, single scans may be omitted. This is done
in the present case since the cycle 1 measurements of the
elevation angles 85 deg, 75 deg and 60 deg suffer from the
unstable spherical hinge. Hence, they are not used in this
Strategy 5.

4.2 Realization of adjustments

Strategy 1
The parameter vector of Eq. (8) is expanded by the cali-
bration parameters that are defined corresponding to Eqs.
(2–4):

pe,c = [
pobj(e, c)
pcalib(e, c)

]
[13×1]
. (10)

Hence, in theory, 6 object parameters and 11 calibration
parameters can be estimated for each elevation angle e
and cycle c independently. However, in practice, we only
estimate 13 parameters: First, the rangefinder offset x10
is not predictable at all without a reference distance or
a specially defined configuration. Second, estimating the
parameters x2, x1n and x5z leads to high parameter cor-
relations and obvious false estimates. The measurement
configuration is, thus, not sufficiently sensitive to estimate
these 4 parameters. Consequently, only 7 calibration pa-
rameters are incorporated in the parameter vector

pcalib = [x1z , x3, x5z−7, x6, x1n+2, x4, x5n]
T (11)

that is included in Eq. (10) instead of using all calibration
parameters listed in Eq. (5). These remaining errors are all
two-face sensitive.

Since we scanned the radio telescope in each eleva-
tion angle in two cycles c, the estimation of the parameters
in Eq. (10) can be performed twice for each elevation an-
gle. These two estimates are completely independent from
each other.

Strategy 2
The parameter vector of Eq. (8) is stringed together for all
elevation angles e1, ...e7 and expanded by the 7 calibration
parameters used before leading to

pc =
[[[[[

[

pobj(e1, c)
...

pobj(e7, c)
pcalib(c)

]]]]]

][49×1]

. (12)

This parameter vector can be estimated for each cycle c in-
dependently, as is the case at Strategy 1.

Strategy 3
As in the case of not accounting for laser scanner errors
due to misalignment (Sec. 3), only the object parameters
are estimated leading to 6 parameters per elevation an-
gle e,

pe = pobj(e)[6×1], (13)

combined for both cycles c.

Strategy 4
The parameter vector of Eq. (8) is expanded by the calibra-
tion parameters

pe = [
pobj(e)
pcalib(e)

]
[13×1]

(14)

leading to 13 parameters per elevation angle e, combined
for both cycles c. Linking both cycles allows the estima-
tion of parameter x2, what is not possible in Strategies 1
and 2. However, we decided to retain the same calibration
parameters in order to assure directly comparable results.

Strategy 5
The parameter vector of Eq. (8) is stringed together for all
elevation angles e1, ..., e7 and is expanded by the 7 calibra-
tion parameters used before leading to

p =
[[[[[

[

pobj(e1)
...

pobj(e7)
pcalib

]]]]]

][49×1]

. (15)

Now, these 49 parameters are estimated only once, incor-
porating all elevation angles e and both cycles c.

5 Evaluating strategies for dealing
with systematic errors

For evaluating the proposed strategies, we compare the
following measures between them:
– The raw post-fit residuals: If the calibration is success-

ful, we expect these residuals to be unbiased, Gaus-
sian distributed and of a magnitude that is explan-
able by random measurement errors solely. Thus, we
assume other systematic errors influencing TLS ob-
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servations, such as meteorology, measurement con-
figuration and object properties to be of less impor-
tance. Additionally, we assume the main reflector not
to be locally deformed which would also lead to bi-
ased residuals. Both assumptions are discussed in [9]
in more detail. Hence, by comparing the post-fit resid-
uals between the different strategies, we can assess
the success of each strategy to reduce systematic er-
rors.

– The panel-wise averaged residuals: They also should
be unbiased and Gaussian distributed. Contrary to the
raw post-fit residuals, the panel-wise averaged ones
can additionally be compared directly between cycle 1
and cycle 2 measurements or between the scans of dif-
ferent elevation angles since one single identifiable
residual exists for each panel.

– The focal length f : This parameter is of most inter-
est for the present deformation analysis since it indi-
cates the shape deformation that is searched. Because
this parameter only describes the shape, it is datum-
free.

– The translation Xv and rotation ϕx: They represent
the transformation parameters describing parts of the
rigid body movement of the main reflector. Thus, they
are datum-dependent.

– The strategies sensitivities according to [27] using the
estimated parameter correlations.

For the focal length and the transformation parameters,
we do not know the absolute expectation values. This is
usual since these represent the result of deformation anal-
ysis that is searched for. However, what we know very well
is that the focal length decreases smoothly with decreas-
ing elevation angle. Deviations from this smoothness-
assumption can, therefore, be justified by systematic laser
scanner errors that have not been minimized sufficiently
by the corresponding strategy. For the transformation pa-
rameters, we analyse how the different strategies impact
the estimates of Xv and ϕx. Hence, the variations of these
parameters between the different strategies are investi-
gated.

The estimated precisions are not taken into account
by, e. g., a variance component analysis, when evaluat-
ing the success of each strategy. The stochastic model of
the deformation analysis is overly simplified since corre-
lations between scan points are neglected. Therefore, the
precision of the estimated object and calibration parame-
ters is too optimistic and it is mainly governed by the num-
ber of observations used to compute each solution. Con-
clusively, this analysis would not be statistically justified,
as it was demonstrated in [12].

5.1 Post-fit residuals

Fig. 4 depicts the standard deviations of the raw post-fit
residuals using each strategy. By comparing the post-fit
residuals between the different strategies, we can assess
the success of each strategy to reduce systematic errors in
general. If it is not dealt with the laser scanner misalign-
ments, standard deviations of about 1.8mm appear (red
dotted line: cycle 1; green dotted line: cycle 2).

Figure 4: Standard deviation of raw post-fit residuals; No Strategy
with cycle 1 (- -) and cycle 2 (- -), Strategy 1 with cycle 1 (– –) and
cycle 2 (– –), Strategy 2 with cycle 1 (—) and cycle 2 (—), Strategy 3
(- -), Strategy 4 (– –), Strategy 5 (—).

Strategy 1
The standard deviation of the post-fit residuals is de-
creased for cycle 1 as well as cycle 2 compared to not deal-
ing with the misalignments of the laser scanner (red and
green dashed lines). At the elevation angles 85 deg, 75 deg
and 60 deg, the result for cycle 1 is worse since, here, the
spherical hinge holding the laser scanner moved (Sec. 3).
The differences between the standard deviations of cycle 1
and cycle 2 at the other elevation angles might be coinci-
dental. In general, the systematic errors can be reduced
better at the elevation angles 45 deg, 30 deg and 15 deg.
This holds for all strategies.

Strategy 2
The standard deviations are similar to the ones of Strat-
egy 1, for cycle 1 as well as cycle 2 (red and green solid
lines). Consequently, the adjustment’s success in reducing
the systematic part in themeasurement residuals is similar
to the one of Strategy 1.
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8 | C. Holst et al., Dealing with laser scanner misalignments at deformation analyses

Strategy 3
The standard deviations are the worst for Strategy 3 (blue
dotted line) – even worse than without any calibration.
This is due to the fact that introducing two-face measure-
ments makes the existence of systematic errors apparent.
However, these systematic errors are not accounted for in
the functional model of adjustment and, therefore, they
are contained in the measurement residuals. This result
shows that this type of adjustment is technically inconsis-
tent.

Strategies 4 and 5
The standard deviations for Strategy 4 (blue dashed line)
and 5 (blue solid line) are similar to those of Strategies 1
and 2. Therefore, integrating two-face measurements in
the in-situ self-calibration does not improve the success
of adjustment regarding theminimization of the residuals.
However these values can be misleading, as it will be dis-
cussed in the following sections. At the elevation angles
of 45 deg, 30 deg and 15 deg, the standard deviation is ap-
proximately an average between the cycle 1 and cycle 2 re-
sults of Strategies 1 and 2, while it deviates from that aver-
age at the other elevation angles due to the unstable spher-
ical hinge.

5.2 Panel-wise averaged residuals

The post-fit residuals are averaged panel-wise to highlight
a bias that eventually remained even after employing the
proposed strategies. Tab. 1 quantifies the bias as well as
the standard deviations of the panel-wise averaged resid-
uals combined for all elevation angles: they are largest if
not dealing with the laser scanner misalignment. In gen-
eral, the standard deviations are noticeably smaller than
the standard deviations of the raw residuals given in Fig. 4.
This is expected following the law of variance propagation

Table 1: Bias and standard deviation of the panel-wise averaged
residuals combined for all elevation angles split for each strategy;
For Strategy “None”, 1 and 2, the values are separated for cycle 1
and cycle 2.

Strategy Bias [mm] Standard deviation [mm]

None -0.03 / 0.01 0.81 / 0.76
Strategy 1 -0.01 / -0.01 0.20 / 0.22
Strategy 2 -0.01 / -0.01 0.23 / 0.26
Strategy 3 0.00 0.27
Strategy 4 0.00 0.27
Strategy 5 0.00 0.28

since these standard deviation arise out of panel-wise av-
eraged residuals.

Strategy 1
The standard deviation is nearly quartered compared to
the results without any strategy for dealing with laser
scanner misalignment. However, a small bias still exists
that might impact the analysis notably. For further com-
parison with Fig. 2, Fig. 5 depicts the histogram of the
panel-wise averaged residuals: It can be seen that either
the bias between both cycles as well as the standard devi-
ation are reduced.

Figure 5: Strategy 1 – Histogram of the panel-wise averaged residu-
als for cycle 1 (red) and cycle 2 (green).

Strategy 2
The improvement compared to not dealing with the laser
scanner errors is similar to the one of Strategy 1. Hence, the
corresponding histogram is not displayed here.

Strategy 3
The functional model of the adjustment in Strategy 3 does
not account for systematic errors of the scanner. However,
including two-face measurements makes their existence
prominent in the post-fit residuals of adjustment as has
been seen before. Contrary, the panel-wise averaged resid-
uals should be free of systematic errors that are two-face
sensitive since cycle 1 and cycle 2 measurements aver av-
eraged on eachpanel. By this panel-wise averaging,we ob-
tain a correspondence between face 1 and face 2 or cycle 1
and cycle 2, respectively, that cannot be established if we
look at the raw residuals only.

As result of this averaging, there is no bias in the resid-
uals and the standard deviation is slightly increased com-
pared to Strategies 1 and 2. This can also be seen in the
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Figure 6: Strategy 3 – Histogram of the panel-wise averaged residu-
als combined for both cycles.

histogram in Fig. 6. The latter result can be reasoned by
the fact that also the cycle 1 measurements of elevation
angles 85 deg, 75 deg and 60 deg are needed in this strat-
egy although we attest them to be degraded. In Strate-
gies 1 and 2, they are incorporated only in the results of
cycle 1 since cycle 1 and cycle 2 are processed indepen-
dently.

Strategies 4 and 5
Here, the panel-wise averaged residuals are again aver-
aged between cycle 1 and cycle 2 measurements. The bias
and standard deviation are similar to the ones of Strat-
egy 3. Thus, the corresponding histograms are not shown.
Instead, Fig. 7 depicts the averaged post-fit residuals at

Figure 7: Panel-wise averaged residuals at an elevation angle of
45 deg using Strategy 5. Modified from [9].

45 deg elevation angle for Strategy 5. It can be seen that
the bias in the residuals that is visible between cycle 1 and
cycle 2 measurements in Fig. 3 vanished.

By comparing the averaged residuals between dif-
ferent panels on the main reflector, variations of about
-0.5mm to 0.5mm can still be observed, where the resid-
uals of neighbored panels show similar behavior. This re-
sult can be explained by not modelled systematic effects
of the TLS, as well as possible other systematic effects
influencing the reflectorless distance measurements. We
do not reason these variations with areal deformations of
the reflector since the magnitude and sign of these resid-
uals vary randomly between different angles as written
in [9].

5.3 Estimated focal lengths

Fig. 8 depicts the focal length estimates that are ofmain in-
terest for the present deformation analysis. If it is not dealt
with the laser scanner misalignments (red and green dot-
ted lines), the estimated focal lengths deviate significantly
from the assumption of a smooth elevation-dependent de-
crease.

InFig. 8,wedonot include error bars since theyare too
optimistic due to the neglected correlations in the stochas-
tic model, as mentioned before. The estimated precisions
have an unrealistic magnitude of about 0.05mm or less.
These small values strongly depend on the number of
points used for estimation since every point is assumed to
give one hundred percent new information.

Figure 8: Estimated focal lengths; No Strategy with cycle 1 (- -) and
cycle 2 (- -), Strategy 1 with cycle 1 (– –) and cycle 2 (– –), Strategy
2 with cycle 1 (—) and cycle 2 (—), Strategy 3 (- -), Strategy 4 (– –),
Strategy 5 (—).

Brought to you by | ULB Bonn
Authenticated

Download Date | 3/8/18 9:23 AM



10 | C. Holst et al., Dealing with laser scanner misalignments at deformation analyses

Strategy 1
The smoothness in the focal length change does not im-
prove using Strategy 1 (red and green dashed lines). Addi-
tionally, the estimates for cycle 1 at 85 deg and 75 deg are
not meaningful – but explainable by the missing stability
of the hinge holding the laser scanner. At the other eleva-
tion angles, the smoothness is indeed increased and the
differences between cycle 1 and cycle 2 are smaller but still
present.

Strategy 2
The focal length estimates are noticeably smoother for
Strategy 2 compared to the previous one (red and green
solid lines); with the known problems for cycle 1. Con-
sequently, the condition that the calibration parameters
remain static for all elevation angles improves the focal
length estimates. This supports the idea of this strategy:
each elevation angle is only partially suited to estimate all
calibration parameters; only a combination of all eleva-
tion angles for estimating the calibration parameters in-
deed improves the estimation of the shape parameter.

Strategy 3
The focal length estimates noticeably improve regarding
their smoothness-assumption by using two-face measure-
ments (blue dotted line): Only the estimates at 85 deg and
75 deg differ from this assumption – here, the degraded cy-
cle 1 scans are responsible. In general, the focal length es-
timates of this strategy are an average of the results that oc-
cur for cycle 1 and cycle 2 measurements if the systematic
errors are not accounted for (green and red dotted line).

Strategy 4
The estimated focal lengths do not decrease smoothlywith
decreasing elevation angles (blue dashed line). In fact, it
even increases between 85 deg and 60 deg. Since this be-
haviour is not reasonable, this local calibration does not
improve the deformation analysis. This can again be rea-
soned for the elevation angles 85 deg, 75 deg and 60 deg
by the unstable spherical hinge at cycle 1 measurements
that need to be included here in the data processing since
all elevation angles are estimated individually as written
in Eq. (14).

Strategy 5
The focal length estimates describe the smoothest de-
crease compared to the other strategies (blue solid line).
The only deviation from this smoothness assumption is at
75 deg elevation angle. In general, the result is similar to

the one of Strategy 3 that simply uses two-face measure-
ments for deformation analysis. The only exceptions are
at 85 deg and 75 deg elevation angle since the correspond-
ing cycle 1 measurements are omitted in Strategy 5 due to
the unstable spherical hinge.

Since the decrease of the focal length is smoothed at
Strategy 5 the best, the abnormal behavior at 85 deg eleva-
tion angle becomes obvious. Retrospectively, that can also
be observed at other strategies. An explanation for this be-
havior is not at hand since the residuals of the correspond-
ing point cloud are similar to the ones of the other eleva-
tion angles. There is, thus, no hint for unmodelled arte-
facts in the data.

5.4 Estimated transformation parameters

The comparison of the transformation parameter esti-
mates is based on relative differences between the strate-
gies, which is achieved by subtracting the average of all
strategies at each elevation angle, see Figs. 9 and 10. The
results without dealing with laser scanner misalignments
(red and green dotted lines) deviate from this average the
most, considering all elevation angles. From this, two con-
clusions can be drawn: First, the estimates of the transfor-
mation parameters are biased without accounting for the
laser scanner misalignments. Second, this bias can be re-
ducedusing at least someof thementioned strategies. This
is evaluated in the following.

Figure 9: Estimated translations along X -axis; No Strategy with cycle
1 (- -) and cycle 2 (- -), Strategy 1 with cycle 1 (– –) and cycle 2 (– –),
Strategy 2 with cycle 1 (—) and cycle 2 (—), Strategy 3 (- -), Strategy 4
(– –), Strategy 5 (—).
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Figure 10: Estimated rotations around x-axis; No Strategy with cycle
1 (- -) and cycle 2 (- -), Strategy 1 with cycle 1 (– –) and cycle 2 (– –),
Strategy 2 with cycle 1 (—) and cycle 2 (—), Strategy 3 (- -), Strategy 4
(– –), Strategy 5 (—).

Strategy 1
The variation of the translation Xv is decreased for cycle 2
(green dashed line). For cycle 1, this only holds partly due
to the known reasons (red dashed line). Contrary, the esti-
mates of the rotationϕx differ noticeably from those of the
other strategies, up to 250 mgon. Strategy 1, thus, impacts
the estimated orientation of the main reflector by a large
amount.

Strategies 2 and 3
The statements regarding the focal length estimate can be
recapitulated for the transformation parameters of Strat-
egy 2 (red and green solid lines) and Strategy 3 (blue dot-
ted line): The bias between cycle 1 and cycle 2 is smaller for
Strategy 2. For Strategy 3, the transformation parameters
are an average of the results as if cycle 1 and cycle 2 mea-
surements are processed independently from each other
without accounting for systematic errors (red and green
dotted lines). Therefore, the estimates of the transforma-
tionparameters noticeably improveusing these two strate-
gies.

Strategies 4 and 5
The variation of the transformation parameters is again
smaller compared to not dealing with the laser scanner
misalignment (Strategy 4: blue dashed line; Strategy 5:
blue solid line). Conclusively, Fig. 10 indicates that the
strategies relying on two-face measurements show more
success in reducing the bias in the estimates of the trans-

formation parameters describing the rigid bodymovement
of the main reflector.

5.5 Sensitivity of strategies

The aim of this study is to perform a deformation analy-
sis as unaffected from the misalignment of the laser scan-
ner as possible. Thus, the proposed strategies shouldmin-
imize the systematic errors in the point cloud due to this
misalignment. Simultaneously, the strategies should not
lead to large correlations between object parameters – that
are of interest – and calibration parameters – that are not
of primary interest. If there are large correlations between
both groups, the object parameters are very sensitive re-
garding the ability to determine the calibrationparameters
unbiasedly and to determine all of them.

However, this task is hardly feasible since it relies on
the scanning configuration andon the geometry of the spe-
cific object which
– is found on the job site,
– is not specially designed for the scanner calibration,
– might be unknown due to deformations.

Consequently, we investigate the sensitivity of each strat-
egy in sense of the correlations between object parameters
and calibration parameters. The correlation values anal-
ysed in this section are derived from the estimated covari-
ance matrix of the parameters Σp̂p̂ by

K p̂p̂,ij =
Σp̂p̂,ij

√Σp̂p̂,ii ⋅√Σp̂p̂,jj
, (16)

with i = 1, ..., u, j = 1, ..., u and u being the number of
parameters. Special focus is led on the question whether
two-face measurements (Strategies 3–5) or a bundle ad-
justment (Strategies 2 and 5) decorrelate these parameter
groups.

Strategy 1
Strategy 1 is very sensitive regarding the choice of calibra-
tion parameters. Fig. 11 depicts the corresponding correla-
tions exemplary for an elevation angle of 85 deg and 5 deg,
cycle 2. Looking at both figures separately, the absolute
correlations within the object parameters pobj (Eq. 8) and
within the calibration parameters pcalib (Eq. 11) can reach
large values. Also betweenboth groups, large absolute cor-
relations exist. Consequently, the values of the calibration
parameters and the choice of calibration parameters that
are estimated impact the estimation of the object parame-
ters and, thus, the deformation analysis.
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12 | C. Holst et al., Dealing with laser scanner misalignments at deformation analyses

Figure 11: Strategy 1 – Correlations between estimated parameters
at an elevation angle of 85 deg (top) and 5 deg (bottom), cycle 2.

Comparing both figures, differences can also be seen.
This suggests that the dependencies between object pa-
rameters and calibration parameters vary between the el-
evation angles so that the choice of calibration parameters
impacts the deformation analysis differently at each eleva-
tion angle.

Both facts help to reason the behaviour of the es-
timated rotation ϕx depicted in Fig. 10 (red and green
dashed lines): The correlations between ϕx and the cali-
bration parameters increase from 85 deg to 5 deg eleva-
tion angle. Thus, inaccurate estimates of the calibration
parameters affect ϕx more at low elevation angles.

Strategy 2
Fig. 12 depicts: The number of parameters being correlated
to others by a large amount decreases compared to Fig. 11.
This holds for the correlations within the object parame-

Figure 12: Strategy 2 – Correlations between all estimated object pa-
rameters at elevation angles 85 deg, ..., 5 deg (sorted as specified
in Eq. (8)) and the calibration parameters (sorted as specified in Eq.
(11)); cycle 2.

ters of each elevation angle as well as between the object
parameters and the calibration parameters. Hence, com-
pared to Strategy 1, Strategy 2 does not depend that much
on the specific calibration parameters any more.

Simultaneously, the object parameters of different el-
evation angles are now correlated. Hence, they support
each other. This can be highlighted by one example: The
focal length estimate f at 85 deg elevation angle (6th pa-
rameter) is correlated by about 50% with the rotation
around the x-axis ϕx at 5 deg elevation angle. Hence, con-
figurations that are weak to determine specific calibration
or object parameters are improved by others thatmay have
been weak to determine another set of parameters.

Thus, the combination of all elevation angles in a
bundle adjustment estimating one set of calibration pa-
rameters decreases the sensitivity of adjustment towards
laser scanner misalignments. These results are expected
based on the common knowledge about the photogram-
metric bundle adjustment (e. g., [5]) and they are in ac-
cordance with the experiment described in [2]. Therefore,
this Strategy 2 is less sensitive than the local calibration of
Strategy 1.

Strategy 3
No calibration parameters are estimated.Hence, this Strat-
egy 3 does not dependon the choice of calibration parame-
ters andon the question, if the configuration of adjustment
is sensitive enough to estimate a specific set of calibration
parameters. The impact of the two-face sensitive parame-
ters is reduced in any case.
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Figure 13: Strategy 4 – Correlations between estimated parameters
at an elevation angle of 5 deg.

Strategy 4
Compared to Strategy 1 where the same adjustment is ap-
plied but only using one cycle, the sensitivity of the adjust-
ment is reduced. This can be seen in Fig. 13 compared to
Fig. 11 (bottom): Both figures depict the correlations at an
elevation angle of 5 deg. At Strategy 4, the correlations are
noticeably smaller within the object parameters, the cal-
ibration parameters as well as between both groups. This
explainswhy the bias of the estimated rotationϕx at eleva-
tion angles smaller than45degdoesnot occur at Strategy 4
while it occurs at Strategy 1. Consequently, the sensitiv-
ity of the deformation analysis regarding the laser scanner
misalignments decreases at local self-calibrations if two-
face measurements are included.

These results are expected based on the known influ-
ence of two-face measurements on deformation monitor-
ing using total stations (e. g., [24]) and based on attested
importance in the TLS calibration (e. g., [21]). However, to
the authors’ knowledge, our study presents the first appli-
cation of two-face measurements in laser scanner-based
deformation analyses.

Strategy 5
Fig. 14 depicts the correlations between the estimated pa-
rameters. For analysing the sensitivity of adjustment, two
comparisons shall be focused. First:
(a) We compare the correlations between the object pa-

rameters pobj at 85 deg, 75 deg, 60 deg elevation angle
and the calibration parameters pcalib (bottom row of
black boxes in Fig. 14, three left boxes) with

(b) the correlations between the object parameters pobj
at 45 deg, 30 deg, 15 deg, 5 deg elevation angle and

Figure 14: Strategy 5 – Correlations between all estimated object pa-
rameters at elevation angles 85 deg, ..., 5 deg (sorted as specified in
Eq. 8) and the calibration parameters (sorted as specified in Eq. 11).

the calibration parameters pcalib (bottom row of black
boxes in Fig. 14, five right boxes).

At (a), only cycle 2 measurements are included due to the
lack of TLS stability of the firstly scanned cycles. At (b),
both cycles are included. The correlations of x1n+2 and x5n
(5th and 7th calibration parameter) to the object parame-
ters are noticeably larger in case (a) compared to case (b).
Lookingat Fig. 12 of Strategy 2, it canbe seen that the corre-
lations between the object parameters and all calibration
parameters increase evenmore if themeasurements of the
second cycle are completely removed from the adjustment.
Thus, including two-facemeasurements improves the sep-
arability between object parameters and calibration pa-
rameters.

Second:We compare the correlations between the cal-
ibration parameters and the object parameters consider-
ing the different elevation angles (complete bottom row of
black boxes in Fig. 14): Some correlations increasewith de-
creasing elevation angles (e. g., the one between Yv and
x5z−7, 3rd calibration parameter), some decrease (e. g., the
one between f and x1z, 1st calibration parameter). Conse-
quently, the combination of the different elevation angles
in one bundle adjustment improves the separability of the
object parameters from the calibration parameters.

6 Discussion of results

Based on the given results, we observe that the systematic
errors due to laser scanner misalignments lead to
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– large and systematically distributed post-fit residuals
(Sec. 5.1–5.2)

– an inaccurate estimate of the observed object’s shape,
i. e., the focal length (Sec. 5.3), and

– an inaccurate estimate of the object’s position and ori-
entation (Sec. 5.4).

To improve the results of deformation analyses in con-
sideration of these troubles, five strategies are presented.
These are based on self-calibration (Strategies 1–2), two-
face measurements (Strategy 3) or a combination of both
(Strategies 4–5). By the analyses of the previous section,
we can answer the following questions regarding the abil-
ity of the strategies to reduce the bias in the residuals, in
shape and transformation parameters.

6.1 Do all strategies minimize the bias in the
residuals in each elevation angle?

All strategies are able to reduce the systematic part in the
residuals as can be seen in Tab. 1 using the panel-wise av-
eraged residuals. This is also depicted in Fig. 7 for Strat-
egy 5; the results of the other Strategies 1–4 are similar.

On the contrary, when looking at the rawpost-fit resid-
uals in Fig. 4, Strategy 3 is not able to remove the system-
atic part: The problem of Strategy 3 is that is does not
account for the laser scanner misalignments in the func-
tional model of adjustment. Consequently, Strategy 3 is
only suited to minimize the systematic in the residuals if
the residuals of cycle 1 and cycle 2 measurements are aver-
aged. In this work, we used the panel-wise averaging since
themain reflector can bemechanically divided in 120 indi-
vidual panels. At other objects, similar strategies could be
employed if a priori knowledge about the object of interest
is available.

6.2 Does a laser scanner in-situ calibration
minimize the parameter bias in each
elevation angle?

In-situ calibrations based only on one-face measurements
are calculated in Strategies 1 and 2. For Strategy 1 (local in-
situ calibration) that calibrates each laser scan separately,
the question has to be answered with no: By estimating
the calibration parameters along with the object param-
eters, the adjustment might end in parameter estimates
that minimize the squared residuals the best, but that are
senseless regarding deformation analysis. Thismight hap-
pen if the functional model of individual calibration pa-

rameter coincides with the one of the object parameters
that are searched. In these cases, the laser scanner mis-
alignments change the laser scan of the deformed object
in a way that could also be explained by changes in shape,
position or orientation of the object.

This dependence can, e. g., be seen for the estimated
rotation parameter ϕx (Fig. 10): At low elevation angles,
this object parameter drifts away.At the same elevation an-
gles, the correlation of this parameter is nearly +1 with the
parameter x1z (vertical beam offset) and -1 with the param-
eter x5z−7 (trunnion axis error), depicted in Fig. 11 (bottom)
for an elevation angle of 5 deg.

For Strategy 2 (global in-situ calibration) that cali-
brates all laser scans of one cycle combined in a bundle
adjustment, the question has to be answered with yes.
Linking all elevation angles improves the network config-
uration and, thus, the ability to distinguish the main re-
flector’s shape from the systematic errors due to misalign-
ments. This can be underlined by the decreased correla-
tion between calibration parameters and object parame-
ters when comparing Fig. 11 and Fig. 12.

Consequently, an in-situ calibrationbasedonone-face
measurements can be able to remove the parameter bias.
As requirement, the object needs to be scanned from sev-
eral stations so that these scans can be linked in a bundle
adjustment estimating one set of calibration parameters.
The measurement configuration between these scans has
to be varied sufficiently to strengthen the support between
the scans to estimate object parameters that are only cor-
related low to the calibration parameters.

6.3 Does two-face scanning minimize the
parameter bias in each elevation angle?

Strategy 3 using two-face measurements without in-situ
calibration in general leads to the same parameter esti-
mates as Strategy 5 that additionally calibrates the laser
scanner in-situ. This is redexpected since only two-face
sensitive calibration parameters are estimated in Strat-
egy 5. Consequently, in general, the question has to be an-
swered with yes.

However, in the presented example, the equivalence
of the results between Strategy 3 and 5 is not given for the
elevation angles 85, 75 and 60 deg due to the corrupted cy-
cle 1 scans. These scans can be safely removed from the
deformation analysis in Strategy 5 because the calibra-
tion parameter estimates are supported by the information
from the other elevation angles and automatically applied
on all observations. Contrary, for Strategy 3, both cycle 1
(corrupted) and cycle 2 (uncorrupted)measurements need
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to be included to reduce the influence of the scanner mis-
alignments.

The two-face scanning is, thus, principally suited to
reduce the bias in the estimated parameters. However, the
corresponding estimated precisions of the parameters are
still too optimistic in this Strategy 3 since the functional
model does not account for the calibration parameters.
E. g., the estimated precisions of the focal length are about
0.01mm at each elevation angle for Strategy 3, while they
range from 0.05mm to 0.01mm at different elevation an-
gles for Strategy 5 that accounts for the calibration param-
eters in the functional model. Hence, there is a factor of 5
at some elevation angles between Strategies 3 and 5.

Consequently, while two-face scanning indeed mini-
mizes the bias in the estimated parameters, it does not
minimize the bias in the parameters’ estimated precisions.
This diagreement in precision is independent from consid-
ering correlations in the stochastic model or not.

6.4 What is the best strategy for this study?

First, two-face measurements noticeably improve the es-
timates of the calibration parameters and, therefore, help
to reduce the misalignment errors’ effect on the observa-
tions. Hence, Strategy 3, 4 and 5 yield much better re-
sults in the comparison to Strategy 1. Second, combin-
ing all epochs (main reflector’s elevation angles) in one
bundle adjustment improves the geometry of the net-
work used to estimate the calibration parameters. This
helps both to improve the accuracy of their estimates
and to reduce correlations between calibration and ob-
ject parameters. Conclusively, the combination of both
ideas in Strategy 5 – global in-situ calibration and two-
face measurements – yields the best results. This evalua-
tion holds in specific for this study since some of the cy-
cle 1 scans are corrupted due to the spherical hinge so
that two-face scans are not present at each elevation an-
gle.

In general, this favoured Strategy 5 has high require-
ments for scanning time and processing time. Thus, it
could be considered that not every new scan might im-
prove the measurement geometry noticeably. Hence, as
update of Strategy 5, theobjectmight be scannedonly from
selected stations in two cycles. The calibration parameters
are calculated based on this selected information and au-
tomatically applied on all observations. In this case, atten-
tion should be placed on the selection of scanner stations
that will serve for two-face scanning.

Thebest compromise between reducingfield and com-
putational time and achieving satisfactory results would

be scanning only the extreme elevation angles in two faces
(85 and 5 deg) since these have themost differentmeasure-
ment geometry. This improved strategy 5 is not actually
processed here due to the corrupted cycle 1 measurements
at 85 deg elevation angle.

7 Transfer to deformation analyses
in general

The results are now transferred to deformation analyses
in general considering two-facemeasurements and in-situ
calibrations.

7.1 Using two-face measurements

The inclusion of two-face measurements is largely appli-
cable, regardless the individual characteristic of the spe-
cific geodetic task. The only requirement is that the used
laser scanner allowsmeasuring in both faces, which holds
true for all panoramic type terrestrial laser scanners due to
their assembly. The only limiting factor can be the in-built
software. However, this could be overcome by a coarse ro-
tation of the instrument, allowing cycle 1 and cycle 2 scans
from a single station. The applicability of this procedure
has yet to be investigated.

Generally, using two-face measurements can com-
pletely remove the influence of all two-face sensitive scan-
nermisalignments and, therefore, improve the accuracy of
estimating deformation parameters. The remaining prob-
lems are the identification and modelling of laser scanner
misalignments not sensitive to two-face measurements.
This might require an additional calibration of the laser
scanner – either in-situ or not.

7.2 Using in-situ self-calibration

From the analysis of the different in-situ calibration strate-
gies, the prominent conclusion is that the success of this
approach strongly depends on themeasurement geometry
of the specific geodetic task. The more versatile the mea-
surements during the deformation analysis are, the better
is the possibility of estimating accurate TLS calibration pa-
rameters. This procedure takes advantage of the presump-
tion that the calibration parameters do not change during
one assignment. That allows all scans collected on the job
scene to be bundled in one adjustment procedure with en-
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hanced sensitivity regarding laser scanner misalignment
detection.

There are two important prerequisites for this proce-
dure:
(a) the object of interest needs to be scanned from several

scanner stations with alteringmeasurement geometry
between the scanner and the object and

(b) some a priori knowledge about the deformed object
geometry is needed.

In our case study, both prerequisites are fulfilled: (a) each
telescope’s elevation angle is measured with different
measurement configuration and (b) the telescope’s main
reflector is designed as a rotational paraboloid. The first
prerequisite is usually accomplished without any extra ef-
fort becausemost geodeticmonitoring tasks aim at objects
that are generally too big to be scanned from one scanner
station. Those are for example dams, tunnels, bridges and
tall raise building. The second prerequisite is also usually
fulfilled because objects of interest are often man-made
buildings, which can be approximated with one or more
simple primitives. If not, assumptions about the object’s
smoothness might be incorporated to link the different
point clouds together.

8 Conclusion

Insufficiently modelled terrestrial laser scanner misalign-
ments can significantly bias the deformation analysis. This
is demonstrated evaluating the elevation-dependent de-
formation of the OSO 20-m radio telescope’s main reflec-
tor. Since the laser scanner calibration prior to engineer-
ing tasks may not always be feasible, we present differ-
ent strategies to overcome the degradation of deformation
analyses due to laser scanner misalignments. Our main
conclusions are:
(i) Scanning in two-faces helps since most errors due to

laser scanner misalignment are two-face sensitive. By
scanning all parts of the deformed object in two faces,
the errors can be eliminated by averaging. This ap-
proach is easy to implement since it only requires dou-
bled scanning time and no knowledge about the laser
scanners assembly.

(ii) Varying the scanning geometry in each epoch enables
an in-situ calibration of the laser scanner based on
a bundle adjustment. In this calibration, parameters
not being two-face sensitive might also be estimated
so that their errors are eliminated additionally. This
approach is more strict compared to the previous one

since it accounts for systematic errors in the functional
model of adjustment. Nevertheless, it is more diffi-
cult to implement since detailed knowledge about the
laser scanner’s assembly needs to exist and its success
depends on the adjustment’s configuration that is not
easy to assess at time of scanning.

To conclude, both including two-face measurements as
well as applying an in-situ calibration noticeably improve
the results of deformation analyses. The final choice of op-
timal solution strongly depends on the individual defor-
mation task: size and shapeof deformedobject, laser scan-
ner characteristics, measurement geometry and available
time for generating the solution. Therefore, the decision
cannot be generalized and should be made by qualified
professionals for every assignment separately.
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