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Abstract: When using terrestrial laser scanners for high
quality analyses, calibrating the laser scanner is crucial
due to unavoidable misconstruction of the instrument
leading to systematic errors. Consequently, the develop-
ment of calibration fields for laser scanner self-calibration
is widespread in the literature. However, these calibration
fields altogether suffer from the fact that the calibration
parameters are estimated by analyzing the parameter dif-
ferences of a limited number of substitute objects (targets
or planes) scanned from different stations.

This study investigates the potential of self-calibrating a
laser scanner by scanning one single object with one sin-
gle scan. This concept is new since it uses the deviation of
each sampling point to the scanned object for calibration.
Its applicability rests upon the integration of model knowl-
edge that is used to parameterize the scanned object.
Results show that this calibration approach is feasible
leading to improved surface approximations. However,
it makes great demands on the functional model of the
calibration parameters, the stochastic model of the ad-
justment, the scanned object and the scanning geometry.
Hence, to gain constant and physically interpretable cal-
ibration parameters, further improvement especially re-
garding functional and stochastic model is demanded.

Keywords: terrestrial laser scanner, systematic errors, self-
calibration, calibration field, network configuration

DOI 10.1515/jag-2014-0017
Received August 08, 2014; accepted October 28, 2014.

*Corresponding Author: Christoph Holst: Institute of Geodesy

and Geoinformation, University of Bonn, Germany, E-mail:
c.holst@igg.uni-bonn.de

Heiner Kuhlmann: Institute of Geodesy and Geoinformation, Univer-
sity of Bonn, Germany

1 Introduction

The use of terrestrial laser scanners (TLS) has become
widespread in engineering geodesy since several years
(e.g., [8, 14, 46]). Analyzing area-based deformations [18]
as well as monitoring the growth of plants [34] are exam-
ples, where the high sampling density as well as upgrad-
ing point accuracies are the relevant aspects leading to the
use of scanners. Simultaneously, the focus of interest has
shifted in the recent past from only using the point cloud
measured by the laser scanner to scrutinizing the point
cloud as a result of the measurement process itself. This
accompanies with the desire of operators and research in-
stitutions to understand and reproduce the measurement
process of a laser scanner, e.g., similar to the one of a
tacheometer. Unfortunately, this measurement process —
being due to the specific construction of each laser scanner
— is mostly hidden to the users and can only be regarded
as a black box.

Additionally, — what might even be of greater signif-
icance - the processing of the raw measurements ;
[s,-, Bjs t]-] T (the polar coordinates distance s, vertical angle
3 and horizontal angle t of number j = 1, ..., n) resulting
in the cartesian coordinates x; does not have to be imple-
mented straightforward by the manufacturers. This would
mathematically equal

Xj Sj - sin 3 - cos t;
Xj=| yj | =| sj-sing;-sint; m
zZj S;j - COS f3;

in a right-handed trihedron [17]. However, even the polar
coordinates s, 3, t as well as the resulting cartesian coor-
dinates x, y, z might be influenced by calibration param-
eters unknown to the user. Consequently, the user might
only guess the preprocessing steps that have already af-
fected the cartesian coordinates equaling the output of the
instrumental-specific software after a measurement pro-
cess.
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Both aspects, i.e., the unknown measurement process
due to the specific construction of a TLS as well as the un-
known mathematical preprocessing, complicate the man-
ageability of laser scanner measurements. Thus, the task
of calibrating a TLS before using the point cloud for high
accuracy analyses has become more crucial and impor-
tant. This especially holds since the error budget of a TLS
is no longer dominated by random errors but by the sys-
tematic errors that are to be calibrated.

This situation has resulted in many publications aim-
ing at calibrating either single components of a TLS [7, 31,
44, 47] - e.g., also a radiometric calibration [19] — or the
complete TLS as a closed system [29, 35, 36, 41]. Generally,
calibrating a TLS considers two different aspects:

1. the construction of the TLS needs to be known - or, at
least, it needs approximately to be known - to build
up calibration parameters and

2. the calibration parameters need to be estimated by
building up a qualified calibration field.

The first aspect is handled most times by assuming that
the construction is similar to the one of a tacheometer
[26, 27, 40]. This can be a first approximation of the con-
struction regarding panoramic scanners with rotating mir-
rors. Thus, typical tacheometric systematic errors, e.g.,
horizontal collimation error, trunnion axis error or the
zero error of the distance unit, equal the calibration pa-
rameters [1, 20, 21, 39]. For dealing with the second as-
pect, strategies for self-calibration developed in the re-
cent years. Here, the scanner measurements themselves
are used to analyze systematic deviations in the measure-
ments and to relate them to the calibration parameters that
are modeled.

The present study focuses on the second aspect of es-
timating the calibraton parameters by self-calibration; the
first aspect of parameterizing the systematic TLS errors
due to its construction is assumed to be given by previous
studies. A new strategy for laser scanner self-calibration
differing from all previous ones will be introduced and
evaluated. It covers the central questions of this study:

Is it feasible to self-calibrate a TLS based upon one sin-
gle scan of one single object? If yes, which requirements
have to be met regarding the scanned object, the measure-
ment geometry, functional and stochastic model?

This concept is new since it uses the deviations of each
scanned point for calibration instead of some parameter-
ized substitute objects as targets or planes. This will be
explained in more detail in the following sections. After
recapitulating typical calibration parameters assuming a
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panoramic TLS, the calibration procedure is simulated and
analyzed. Finally, real measurements are used to calibrate
the Leica Scan Station P20.

This new concept for laser scanner self-calibration
only discovers instrumental errors — similarly to the al-
ready existing strategies. Other groups of errors, i.e., at-
mospheric based, geometry based and object based errors
are not considered up to now. They need to be investigated
additionally for a complete analysis of the TLS stochastic
model [42, 46].

2 Strategies for laser scanner
self-calibration

For laser scanner self-calibration, many studies exist.
These are summarized in the following to distinguish the
new, proposed strategy afterwards.

2.1 Previous studies

In previous studies that aim at laser scanner self-
calibration, calibration fields are built up that help to sep-
arate the scanner specific systematic errors from sampled
surfaces and objects. Therefore, objects are needed that
can be parameterized. Until now, as objects either targets
or small planes are used [2, 11, 12, 38] or boths objects
are compared [3-5]. These targets or planes are placed
in a calibration room of several meters size and they are
scanned from varying stations and - if possible — in both
faces. After calculation of each target’s parameters (three-
dimensional position) or each plane’s parameters (normal
vector and distance) from each station, these parameters
of corresponding objects are related to each other by a co-
ordinate transformation. Thus, the difference between the
parameters of each object scanned at station 1 to the ones
scanned at station 2 can be related to systematic errors of
the TLS [10, 12, 29, 35, 38].

This procedure for laser scanner self-calibration is
widespread. The quality of the estimated calibration pa-
rameters can directly be related to the network configu-
ration of the adjustment. Here, the number of targets or
planes, respectively, and their spatial arrangement are cru-
cial. Both aspects lead to the magnitude of correlation be-
tween the estimated (calibration) parameters and to their
accuracy being the most important quality measures for
the calibration test field [28, 29]. Furthermore, the resid-
uals after calibration are always analyzed regarding their



DE GRUYTER

randomness and their decrease indicated by their stan-
dard deviation [37].

Consequential, using the existing strategies for laser
scanner self-calibration rests methodically on parameter-
izing the differences of a spatial coordinate transformation
based upon the parameters of targets or planes. Limiting
aspects are the number of objects to be parameterized and
the correlation and accuracy of the calibration parameters
due to the network configuration.

2.2 Idea of the presented strategy

The calibration schemes recapitulated in the previ-
ous paragraph are very similar to calibration fields of
tacheometers. Only one additional step is needed: the pa-
rameterization of discrete, selected objects out of the mea-
surements. When calibrating a tacheometer, this step is
obsolete since discrete, selected and signalized points can
be measured (repeatedly and in two faces).

These previous calibration strategies do not profit
from the individual information about the systematic TLS
errors that is contained in the large amount of densely
sampled points. Instead, the large number of points is re-
duced to several objects of limited number to estimate the
calibration parameters. By this procedure, it is assumed
that the systematic errors are constant on each object.
The variation of the systematic errors inside this object —
whose significance is due to the size of the object and its
shape — gets lost in this step. It is only contained in the vari-
ance of the estimated object parameters, but its systematic
trend is neglected. This situation is unsatisfying for laser
scanner self-calibration.

Out of this observance, the present study explores the
potential of using only one single scan from one single ob-
ject for self-calibration. At this approach, the deviations of
the measured points to this object are used themselves —
and not the deviations between the parameters of several
objects — to estimate the calibration parameters. On the
one hand, this approach would benefit from the large num-
ber of observations used for calibration — since each ob-
servation contains individual information about the sys-
tematic TLS errors. On the other hand, it would suffer from
a predetermined network configuration of the adjustment
due to object geometry and scanning geometry.

Continuing this idea, systematic errors of a TLS can be
detected simply by surface approximation when scanning
an object that achieves special requirements: it needs to
be very large so that it nearly covers the whole point cloud
of a complete panoramic scan, its construction needs to
be very accurate to distinguish the systematic errors from

C. Holst and H. Kuhlmann, Self-calibration of terrestrial laser scanners using one single object and scan

— 297

focal length (30m)
: = =p diameter (100m)

Fig. 1. Effelsberg radio telescope.
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Fig. 2. Post-fit residuals after approximation of best-fit surface
to laser scan at 75 deg elevation angle shown in object coordi-
nate system [X, Y, Z]; transformation of TLS x-axis (lined), y-axis
(dashed) and station (cross) in object coordinate system.

this object and the construction needs to be very simple.
The last point ensures that the object can be parameter-
ized with only few parameters and that no further influ-
ences, i.e., geometry and object based errors, disturb the
analysis.

The main reflector of the Effelsberg radio telescope
(Fig. 1) combines all mentioned aspects. Fig. 2 shows the
residuals of an approximation representing the deviations
between best-fit surface and laser scan. Since we can as-
sume the main reflector to be more precisely constructed
than the visible systematic residuals, they can be regarded
to result from the systematic errors of the TLS.

The main reflector’s diameter equals 100 m and its fo-
cal length f approximately 30 m; it can be parameterized
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as a rotational paraboloid by
2, 2
Xj + Yj
4-f
where [X, Y, Z] is the coordinate system describing the
paraboloid in its normal position [16, 18]. Transforming

this equation into the TLS coordinate system [x, y, z], the
transformation

~Zj=0 )

=Ry(py) - Rulpx) - X + Xy 3

is used where Ry(y,) and Rx(x) equal the rotation matri-
ces and X, the translation vector. Consequently, the six pa-
rameters

Popj = [Xv, Yy, Zv, ox, ‘PY’f]T (4)

are the ones to be estimated when parameterizing the
main reflector measured by the TLS. Advantageoulsy, the
focal length f is the only parameter describing the shape.
By this parameterization as a rotational paraboloid using
only the focal length f as shape parameter, model knowl-
edge is integrated in the adjustment.

Now, the aim is to not only estimate the object parame-
ters but also calibration parameters whose neglect causes
the systematic residuals in Fig. 2. Similar to the existing
strategies, the network configuration is crucial for this
task. This network configuration only relies on one sin-
gle station and the resulting measurement geometry this
time. Nevertheless, previous studies showed that already
the scanning of one object from one station builds up a net-
work configuration that is worth investigating [13, 17].

3 Systematic errors of terrestrial
laser scanners

For analyzing potential systematic errors of a TLS, the
construction type needs to be investigated. The present
study rests upon the Leica Scan Station P20 that approx-
imately follows a tacheometric construction type with ro-
tating mirror for beam deflection. The distances are mea-
sured by time-of-flight enhanced by the waveform digitiz-
ing technology [24].

Thus, calibration parameters for the distance unit as
well as for the beam deflection can be assumed in the cali-
bration model. However, these calibration parameters can
be parameterized based on the TLS construction only ap-
proximatively and incompletely. This is due to the restric-
tive announcement of the constructurers regarding the
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scanners’ constructions: as already stated, details are not
known to the user [45].

3.1 Recapitulation of systematic errors

Systematic errors concerning the distance unit and the
beam deflection are listed in several publications. How-
ever, due to the fact that the detailed construction is hid-
den from the user, the assumed parameters differ between
the publications even though equal constructions are as-
sumed. This is, amongst others, due to the fact that some
studies only list the main error sources of tacheometers
[39, 40] whereas some others explain all possible error
sources leading to systematic deviations even if these are
free of any physical interpretation [26, 30].

The present study only parameterizes the systematic
errors related to the unavoidable physical misconstruction
of the TLS; thus, only physically interpretable calibration
parameters are assumed. These are modeled similar to a
tacheometer. This tacheometric assumption accompanies
with the rudimentally described calibration procedure by
the manufacturer itself where a few calibration parameters
are given [44]. Thus, the following calibration parameters
are investigated corresponding to [39, 40]:

— m: scale factor, i.e., scale deviation of metrical dis-
tance measurement

—  k: zero error (additive constant), i.e., the offset of dis-
tance measurement

- c: horizontal collimation error, i.e., non-orthogonality
between collimation axis and trunnion axis

— i: trunnion axis error, i.e., non-orthogonality between
trunnion axis and vertical axis

—  h: vertical index error (vertical collimation error), i.e.,
deviation of vertical angle from zero at zenit

— &1, &t,2: eccentricities of horizontal graduated circle,

i.e., deviation between geometrical mean of horizon-

tal graduated circle and vertical axis
- ey:horizontal eccentricity of collimation axis, i.e., hor-

izontal distance between collimation axis and vertical
axis
- €g,1,€8,2¢ eccentricities of vertical graduated circle,

i.e., deviation between geometrical mean of vertical

graduated circle and trunnion axis
— ez vertical eccentricity of collimation axis, i.e., ver-

tical distance between collimation axis and trunnion
axis

The most important calibration parameters are the zero er-
ror k, the horizontal collimation error c, the trunnion axis
error i and the vertical index error h [4, 29]. However, the
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other ones are also reasonable. A geometrical approach
deriving (parts of) these errors can be found in several
publications [6, 26].

3.2 Modeling systematic errors

The proposed systematic errors need to be modeled so
that their impact on the raw measurements can be de-
scribed. Here, a strict approach is implemented concern-
ing the named calibration parameters. Some explanations
need to be given:

— Horizontal collimation error ¢ and trunnion axis error i
impact the horizontal direction t as well as the vertical
angle 3. While the latter impact is usually omitted at
tacheometers due to mostly horizontal observations, it
is modeled here due to observations in the laser scan-
ner’s complete field-of-view. The impact is largest at
low vertical angles (zenit) [43].

— The eccentricities of the horizontal and vertical gradu-
ated circles can be described by (i) the maximal angu-
lar error emax and (ii) the angle o¢ (horizontal or ver-
tical) being affected by this maximal error the most:
emax *+ Sin(a + ap) . Here, emax = e/r depends on the
eccentricity e and on the radius of the graduated cir-
cle r [6]. This nonlinear error model consisting of the
parameters emax, oo is substituted here to a linear one
consisting of €51, 3,5 Of €1, &t,2, respectively, simi-
larly to [26, 40].

— The horizontal and vertical eccentricities of the col-
limation axis are modeled straightforward following
[6].

— The modeling of the systematic errors considers the
measuring process of the Leica Scan Station P20 at a
panoramic scan: the horizontal rotation only covers
200 gon by t € [0 gon, 200 gon] — thus, not a com-
plete turn — and the vertical rotation covers 300 gon
by 8 € [-150 gon, 150 gon]. Consequently, points
scanned by vertical angles greater than O gon are cap-
tured in face one, the other ones in face two.

Based on these statements, the true measurements s, 3, t
that suffer from unavoidable misconstruction of the TLS
need to be corrected by the following equations to equal
the theoretical corrected observations §, /3, t free of any
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systematic error:
§i=m-sj+k (5)
fj =+ arccos (cosi- cos c - cos B - sini - sinc)
. e
+h+eg, - COSPj+ep,, - sin B + arcsin S—Z (6)
j
| sini )
tan ,31'
. e
+e4,1 - Sintj + e, - COS t; + arcsin S—y )
j

~ cosi-tanc
t; = tj + arctan -
sin f3;

Eq. (7) is problematic for ; = 0 so that this value isavoided
in the computation.

Considering egs. (5-7), when parameterizing the mea-
sured point cloud of the main reflector, the object param-
eters p,p,; need to expanded by the calibration parameters

. T
pca] = [m’ ky c, 1, h’ €t,15Et,2» eyy 5[3,17 8,3,2, el] (8)

that are simultaneously estimated in the complete param-
eter vector

_ | Pobj . 9
P |: Pca :| ( )

This rests upon the fact that the true observations s, 3, t —
suffering from the systematic errors — are integrated in eq.
(1) and, thus, egs. (2-3).

3.3 Summary of systematic errors

Due to the miscontruction of the TLS, systematic errors ex-
ist. Hence, point clouds measured by a TLS contain sys-
tematic deviations that equal the transfer of the systematic
errors into the model space. These errors can be revealed if
scanning an object of known shape that meets special re-
quirements. In other words, the key to uncover the system-
atic deviations is the model knowledge that needs to be in-
tegrated. This is done here by parameterizing the scanned
surface as a rotational paraboloid. The second require-
ment is a functional model parameterizing the transfer of
the systematic errors to the model space. This needs to ad-
dress all significant effects realistically. A common — but
simplified — parameterization is the one of egs. (5-7).

4 Simulating and analyzing the
self-calibration
The main reflector of the Effelsberg radio telescope had al-

ready been scanned a few years ago for reasons of a de-
formation analysis. It was revealed that the focal length
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Fig. 3. Station and orientation of the TLS at an elevation angle of the
telescope of 90 deg (left) and 7.5 deg (right).

varies when changing the elevation angle of the telescope
but that the change of the shape always resulted in a ro-
tational paraboloid again [16, 18]. This principle is called
homologous deformation.

Following, a concept for scanning the whole main
reflector completely from one single station had already
been built up in [18]; in the recent past, it has been op-
timized regarding the orientation of the TLS as will be ex-
plained in the following subsection. It rests upon scanning
the main reflector in seven different elevation angles of
the radio telescope where the measurement geometry be-
tween scanner and main reflector varies with the elevation
angle.

The present section now aims at finding the measure-
ment geometry being suited best for a TLS self-calibration
regarding the network configuration, i.e., parameter un-
biasedness, accuracies and correlation. These aspects are
the most relevant ones when judging the quality of a test
field for laser scanner self-calibration [28, 29].

4.1 Realization of measurements

For scanning the whole main reflector from one station,
the TLS is mounted in the subreflector of the telescope so
that it is upside-down at a telescope elevation of 90 deg
(Fig. 4). From this station, the TLS scans the whole main
reflector by a panoramic scan leading to approx. 500 mil-
lions of points. For better manageability, this number is
reduced to approx. 400000 points using Cyclone. Further-
more, the outer 10 m of the main reflector cannot be used
for analysis since this sector is perforated and, thus, not
suited for a TLS analysis (see Fig. 1).

When tilting the telescope to a minimal elevation an-
gle of 7.5 deg, this scanning geometry changes since the
upside-down station of the laser scanner remains constant
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due to a flexible link that connects the scanner to the sub-
reflector (Fig. 3). Seven different scans with elevation an-
gles of 90 deg, 75 deg, 60 deg, 45 deg, 30 deg, 15 deg
and 7.5 deg have been performed. This results in different
scanning geometries when approximating the main reflec-
tor leading to several variations:

1. The main reflector cannot be scanned completely at
low elevation angles (15 - 7.5 deg) due to the limited
vertical field-of-view of the TLS of 300 gon (Fig. 4).

2. High vertical angles (near the laser scanner’s horizon)
are only measured at low elevation angles.

3. Observations in the laser scanner’s zenit do not exist
at low elevation angles (15 - 7.5 deg).

Due to this changing scanning geometry, the systematic
residuals resulting from the systematic TLS errors always
appear differently. It is not obvious a priori which geome-
try is suited best for self-calibration of the TLS. This will be
analyzed in a simulation.

4.2 Parameter estimation for self-calibration

The parameters p (eq. 9) are estimated based on several
simulations of different elevation angles of the radio tele-
scope. Therefore, observations simulated unbiasedly are
firstly manipulated following the systematic errors (egs. 5
—7) and afterwards randomly noised by

2
O' .
Y= Ve (10)
j= 93

of

where o5 ; = 1.0 mm + s; - 0.02 mm/m, og = 2.5 mgon
and o = 2.5 mgon are chosen corresponding to the manu-
facturer’s specifications [24]. The resulting observations 1;
are the ones that simulate the outcome of a non-calibrated
TLS. A sampling density of A3 = At = 0.7 gon is chosen
leading to n € [38000, 63000] sampling points for each
elevation angle (Tab. 1).

These observations are approximated by the func-
tional model of a transformed rotational paraboloid as al-
ready stated in egs. (2-3). For estimating the parameters,
the cost function v’ £7'v is minimized where v equals the
vector of residuals. These residuals that are estimated it-
eratively in the adjustment — then called ¥ — describe the
deviations between observations 1 and estimated observa-
tions1: ¥ =1-1.

This usually leads to the Gauf3-Helmert model (GHM) —
also known as general case of adjustment [32] - regarding
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Fig. 4. Sketch of the measurement geometry, the resulting laser beam vectors (blue) inside the laser scanner’s field-of-view (red dashed)
and the elevation of the telescope’s main reflector of 100 m diameter (black); left: 90 deg elevation, right: 30 deg elevation

the functional model. The strict solution of the nonlinear
GHM is given in many publications [25, 32]; thus, it is not
recapitulated here. Due to numerical reasons, the GHM is
transformed to a Gauf3-Markov model (GMM) leading to re-
duced normal equations being inverted more efficiently re-
garding the high number of observation at laser scanning.
This transformation is similar to the one described in [17].

The results of the approximation are the estimated pa-
rameters p, their covariance matrix X;; including the vari-
ances and correlations and the post-fit residuals W of each
sampling point, also called discrepancies in a GHM [18].
Furthermore, partial redundancies r; are estimated. They
describe the reliability of each sampling point x; or ob-
servation triplet I; being an indicator for the network con-
figuration [9, 15] even when analyzing single laser scans
[13, 17].

4.3 Self-calibration using all calibration
parameters

At first, the self-calibration is tested by only simulating
and calibrating each of the calibration parameters p,, (eq.
8) separately. By this procedure, the general sensitivity of
the network configuration regarding the specific parame-
ter is analyzed.

As a consequence, four calibration parameters can-
not be determined reliably by this network configuration
— indepedent from the specific elevation angle of the tele-
scope. These calibration parameters are the scale m, the
zero error k, the horizontal eccentricity of the collimation

axis ey and one of the eccentricities of the vertical gradu-

ated circle eg ,:

— The scale m is not predictable due to the lack of refer-
ence — there is no distance that is known which would
help to determine the scale. This would be different
if, e.g., the focal length f of the main reflector was
known.

— Thezero error kis nearly correlated by 1 with the trans-
lation Z, and the focal length f. Thus, changes in k
directly lead to changes in Z, and in f so that the
residuals of the adjustment are not systematically dis-
tributed even when simulating a zero error. Simulta-
neously, the accuracies of the estimated parameters
decrease significantly when estimating the zerror er-
ror k. These statements hold for all simulated network
configurations.

— The horizontal eccentricity of the collimation axis ey
is only predictable at low elevation angles of the tele-
scope. This is because the number of observations
having a high vertical angle of 3 > 100gon increases
at low elevation angles. Especially the observations at
the laser scanner’s horizon are crucial for determining
ey. However, estimating ey leads to extremely high cor-
relations between all parameters independent from
the actual elevation angle of the telescope. Thus, sim-
ilarly to the zero error k, a simulated horizontal eccen-
tricity of the collimation axis can completely be com-
pensated by the other parameters. Hence, none of the
network configurations is suited to estimate this cali-
bration parameter.
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- The eccentricity of the vertical graduated circle eg , is
also not predictable due to a lack of sensitivity of the
network configuration. Explanations are similar to e .

Therefore, using the described strategy for self-calibration
suffers from the fact that the four named parameters can-
not be estimated reliably. The reasons are also named so
that in the discussion, it will be analyzed how to opitmize
the test field for improving the network configuration re-
garding the predictability of these calibration parameters.

4.4 Self-calibration using a subset of
calibration parameters

Now, the parameter estimation is performed with the re-
maining seven calibration parameters and the object pa-
rameters p,y; (eq. 4). The results are presented considering
four aspects: (1) Unbiasedness of parameters, (2) param-
eter accuracies, (3) parameter correlation and (4) partial
redundancies representing the network configuration.

(1) Unbiasedness of parameters

The parameters are all unbiased regarding their devia-
tion from the simulated true systematic error and the cor-
responding standard deviation. Thus, all parameters are
predictable in principle. Furthermore, the estimated resid-
uals do not follow any systematic and are, thus, Gaufdian
distributed.

(2) Parameter accuracies

The parameters’ standard deviations are presented in Tab.
1. As can be seen, these highly depend on the elevation
angle of the telescope where two opposing systematics are
revealed: the smaller the elevation angle, the worse are the
estimated accuracies of the object parameters (no. 1-6).
Contrary, the smaller the elevation angle, the better are the
estimated accuracies of the calibration parameters (no. 7-
13). These effects are the strongest at higher elevation an-
gles. Before interpreting these results, the parameter cor-
relations are also investigated.

(3) Parameter correlation

Fig. 5 shows the parameter correlations for the estimations
at 90 deg, 45 deg and 7.5 deg elevation angle. Here, a
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high dependence on the elevation angle is also visible.
Particularly interesting are the correlations between ob-
ject and calibration parameters (no. 1-6 and 7-13, square
top right or bottom left, respectively) and the correlations
within the calibration parameters (no. 7-13, square bottom
right).

The correlations between object and calibration pa-
rameters increase when decreasing the elevation angle.
The ability to seperate the parameters from each other de-
grades. Simultaneously, the correlations within the object
parameters (no. 1-6, square top left) also increase. Both as-
pects lead to the fact that the accuracies of the object pa-
rameters degrade with decreasing elevation angle.

The correlations within the calibration parameters de-
velop completely oppositional. Low elevation angles lead
to a decorrelation. Thus, the calibration parameters are
better predictable at low elevation angles as was also
shown by the parameter accuracies. This is expectable
since the TLS observes points near its horizontal axis only
at low elevation angles. As is long known at calibrating
tacheometers, e.g., the horizontal collimation error ¢ and
the trunnion axis error i are only separatable in the hori-
zon. This effect can be confirmed by the correlations since
the ones between ¢ and i decrease with decreasing eleva-
tion angle.

(4) Partial redundancies

Partial redundancies are already meaningful for network
analyses when considering only one station and one sin-
gle scan [13, 17]. Here, especially the difference in partial
redundancies between estimating only the object param-
eters (first case) and estimating object parameters com-
binedly with calibration parameters (second case) is worth
investigating. Fig. 6 shows both situations for an elevation
angle of 45 deg.

The absolute values of the partial redundancies are
very high in both cases and only vary little. This is typical
when approximating laser scans since the number of pa-
rameters is always many times smaller than the number
of observations [17]. Disregarding this fact, the variation is
smaller in the first case (= 3 - 107*) than in the second one
(= 2-1073). Hence, the discrepance of impact that different
parts of the antenna have on the parameter estimation is
higher in the second case.

While the partial redundancies are mostly due to the
object geometry in the first case (the marginal parts of
the antenna do have lower partial redundancies), they are
mainly due to the scanning geometry in the second case:
the partial redundancies only decrease symmetrically to



DE GRUYTER

the laser scanner’s x-axis that is projected on the telescope
by a black line in Fig. 6. Thus, the systematic distribution
of the partial redundancies shown in Fig. 6 rarely varies
between the different elevation angles in the first case,
while it varies completely in the second case.

Consequently, while the scanning geometry does not
seem to be the crucial aspect for parameter estimation
when considering only object parameters, it is when esti-
mating also the calibration parameters. This explains the
high dependence of the calibration approach on the scan-
ning geometry and, hence, on the elevation angle of the
telescope. The significance of this effect is, furthermore,
enlarged by the fact that the magnitude of variation of the
partial redundancies is increased when estimating also
the calibration parameters.

4.5 Reduction of sampling points

The previous subsection has shown that the calibration
parameters can indeed be estimated. The estimated pa-
rameters are always unbiased regarding their standard de-
viation. Since this standard deviation correlates with the
number of sampling points, this number is reduced now.
This shall highglight the signficance of an appropriate
stochastic model for this analysis.

Following, the sampling density of vertical and hori-
zontal angles is reduced to A3 = At = 10 gon leading
ton € [310, 187] sampling points for each elevation an-
gle. The subsequent approximation leads to the standard
deviations printed in Tab. 2 where the corresponding pa-
rameters are again estimated unbiasedly.

The standard deviations are — as expected — propor-
tionally degraded following the \/n-law. This results in
magnitudes of the standard deviations being in a range
where the estimation is hardly feasible since, e.g., a hori-
zontal collimation error ¢ needs to be larger than 20 mgon
to be significantly estimated at an elevation angle of
60 deg. Hence, the number of points is the relevant aspect
for attesting the predictability of the calibration parame-
ters.

Clearly, assuming a laser scan to consist of only about
300 points is unrealistic. But assuming a laser scan to con-
sist of, e.g., 500000 points that are all uncorrelated is sim-
ilarly unrealistic. Correlations are definitely existent when
scanning a surface due to similar angles of impact, reflec-
tivity, atmospherical conditions, insufficient modeled sys-
tematic errors, etc.

Consequently, for interpreting the results, a realistic
stochastic model is necessary that does not imply large sig-
nificance of the estimated parameters by neglecting corre-
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lations. In practice, the accuracy of the estimated parame-
ters does not improve by the y/n-law due to these neglected
correlations. Here, the effective number of measurements
should be estimated that determines the true number of
independent observations [22]. This would be - similarly
to, e.g., GPS observations [23] — many times smaller than
the number of observations.

4.6 Summary of simulation

The results of this simulation show that some of the cal-
ibration parameters, i.e., m, k, ey, g ,, are generally not
predictable using the presented approach. Furthermore,
the elevation angle of the telescope determining the scan-
ning geometry is essential for a reliable self-calibration of
the TLS. Here, the quality of the parameters (accuracy, cor-
relation) diverges between object parameters and calibra-
tion parameters when changing the elevation angle of the
telescope. For calibrating the TLS, an elevation angle of
30 deg or 45 deg seems to be best when studying the stan-
dard deviations and correlations of the calibration param-
eters (Tab. 1 and Fig. 5). The ones of the object parameters
are irrelevant for calibration.

Regarding these standard deviations, the simulation
of fewer sampling points strongly insists that the quality
of the estimation is governed by the number of uncorre-
lated points and a realistic stochastic model. Thus, the pre-
sented strategy for self-calibration does not benefit from
an advantageously network configuration for estimating
the calibration parameters but from the large number of
observations. Actually, the network configuration is rather
weak concerning the calibration parameters.

5 Results of self-calibration

The previous section insists calibrating the TLS at an ele-
vation angle of 30 deg or 45 deg. Thus, the calibration pa-
rameters will be estimated in the following based on the
real scans at these elevation angles. An analysis of their
magnitude and variation and the assessment of the post-
fit residuals leads to an evaluation.

5.1 Analysis of calibration parameters

Following the previous statements, the TLS is self-
calibrated. This leads to the calibration parameters and
corresponding standard deviations presented in Tab. 3
where the number of points equals n = 408067 at 45 deg
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Table 1. Estimated standard deviations of the object parameters and calibration parameters as a result of the simulation corresponding to
different elevation angles of the radio telescope; simulated angular increments: A3 = At = 0.7 gon leading to n sampling points.

No. Parameter 90deg 75deg 60deg 45deg 30deg 15deg 7.5deg

n 62874 62564 61603 59605 55208 42206 38278
1 Xy [mm] 0.31 0.31 0.31 0.32 0.38 0.64 0.86
2 Yy [mm] 0.72 0.66 0.58 0.58 0.67 0.75 0.74
3 Zy [mm] 0.01 0.02 0.02 0.02 0.02 0.02 0.03
4 px [mgon] 1.27 1.27 1.36 1.72 2.71 5.22 8.15
5 py [mgon] 0.52 0.52 0.52 0.53 0.68 1.35 1.89
6 f [mm] 0.11 0.12 0.13 0.13 0.14 0.18 0.22
7 ¢ [mgon] 4.18 0.96 0.56 0.40 0.32 0.32 0.37
8 i [mgon] 5.16 1.23 0.71 0.45 0.31 0.25 0.27
9 h [mgon] 2.31 0.72 0.61 0.59 0.60 0.65 0.71
10 et,1 [mgon] 7.58 1.57 0.88 0.67 0.65 0.84 0.98
11 et,2 [mgon] 7.38 0.87 0.51 0.44 0.41 0.46 0.52
12 ep,1 [mgon] 2.39 0.34 0.15 0.12 0.12 0.16 0.19
13 e [mm] 2.08 0.45 0.34 0.32 0.33 0.37 0.39

0.3
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Fig. 5. Correlations between the estimated parameters p at different elevation angles of the radio telescope; 1: Xy, 2: Yy, 3: Zy, 4: ©x, 5: ¢y,

6:f,7:¢,8:1,9: h,10: 4,1, 11: 4,2, 12: €31, 13: ez; correlations minor 0.3 are not shown.

Table 2. Estimated standard deviations of the object parameters and calibration parameters as a result of the simulation corresponding to
different elevation angles of the radio telescope; simulated angular increments: A3 = At = 10 gon leading to n sampling points.

No. Parameter 90deq 75deg 60deg 45deg 30deg 15deg 7.5deg
n 310 308 297 294 269 207 187
1 X, [mm] 4.58 4.35 4.69 4.37 5.28 8.49 11.75
2 Yy, [mm] 9.89 9.27 8.83 7.84 10.03 10.10 10.31
3 Zy [mm] 0.16 0.25 0.33 0.31 0.30 0.33 0.37
4 px [mgon] 17.54 17.88 20.70 23.11 40.47 68.65 111.71
5 ©y [mgon] 7.60 7.19 7.88 7.11 9.35 17.58 25.35
6 f [mm] 1.44 1.71 2.00 1.78 2.12 2.44 3.16
7 ¢ [mgon] 54.04 13.43 8.62 5.33 4.52 4.49 5.32
8 i [mgon] 67.36 17.38 10.68 6.14 4.44 3.40 3.83
9 h [mgon] 33.46 9.86 9.42 7.77 9.08 9.06 10.16
10 et,1 [mgon] 95.14 22.78 12.99 9.06 9.39 10.78 12.86
11 2 Imgon]  113.61 11.71 7.67 5.93 5.36 6.12 7.10
12 eg, [mgon] 35.12 4.73 2.24 1.67 1.95 2.03 2.50
13 ez [mm] 30.31 6.15 5.11 4.24 4.86 5.14 5.69
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Fig. 6. Partial redundancies of the sampling points at an elevation angle of 45 deg shown in object coordinate system [X, Y, Z]; transforma-
tion of TLS x-axis (lined), y-axis (dashed) and station (cross) in object coordinate system; left: estimating only the object parameters; right:

estimating object as well as calibration parameters.

elevation angle and n = 398543 at 30 deg. Simulta-
neously, the parameters are estimated after reducing the
sampling points to a grid of approx. 2.5 m point distance
leading to the results of Tab. 4. The number of points re-
duces to n = 606 (45 deg) and n = 586 (30 deg). Compar-
ing both tables (different number of sampling points) and
also the different values within each table (different eleva-
tion angle for estimation), large deviations are revealed.

After all, the tables insist that the calibration param-
eters are not physically interpretable: they vary extremely
between 45 deg and 30 deg elevation angle and their sig-
nificance is only given if a large number of observations is
used for estimation. Furthermore, they vary when reduc-
ing the data. Hence, no statement regarding the magni-
tude and the significance of the calibration parameters is
possible.

This situation is due to two reasons: (1) the functional
model is insufficient and (2) the stochastic model neglects
correlations. The first reason bases upon the assumed cal-
ibration parameters and their functional model (egs. 5-7)
building the transformation into model space. This model
is only an approximation that is — due to the resctrictive an-
nouncement of the manufacturers — incorrect. Addition-
ally, not all parameters of this simplified model that have
been introduced in Section 3 are predictable. Thus, if the
corresponding error sources (or similar ones) are present,
they can have a different impact on the estimation results
that depends on the elevation. Hence, the calibration pa-
rameters vary and are not physically interpretable.

Additionally, this situation and other effects lead to
correlations that are also not modeled in the adjustment so
that an assessment of the true level of accuracy of the es-
timated parameters is hardly feasible. It is simply not pos-
sible to determine the magnitude at which parameters de-
viate significantly since the estimated standard deviations
are too optimistic.

5.2 Analysis of post-fit residuals

Disregarding the limitations formulated in the previous
subsection, the systematic deviations in the residuals can
be eliminated by simultaneously estimating the calibra-
tion parameters and the object parameters. This is shown
in Fig. 7 for an elevation angle of 45 deg where the original
residuals — without calibration — are opposed to the ones
resulting after calibration. The remaining noise is Gauf3ian
distributed. The apparent systematic deviations visible at
a few positions on the main reflector should not bother this
result since these can be related to real deformations on
the main reflector [14].

Furthermore, the residuals after calibration have a
standard deviation of about 5, = 1.3 mm. This value ap-
proximately agrees with the assumed standard deviation
of the distance unit of o5 = [1.6, 1.8] mm at distances
between 30 — 40 m. Thus, this approximation is success-
ful and the calibration works considering this single scan.
The same applies if using the results of the elevation angle
30 deg.
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Table 3. Estimated calibration parameters at elevation angles of 45 deg (n = 408067 sampling points) and 30 deg (n = 398543).

elev. value c[mgon] i[mgon] h[mgon] ¢&,[mgon] &, [mgon] €841 [mgon] ez [mm]
45 deg  parameter 0.41 17.29 1.45 2.62 -6.62 2.46 -1.92
std. dev. 0.16 0.18 0.27 0.22 0.19 0.05 0.15
30deg parameter 0.40 35.71 -12.53 -0.05 -12.42 1.66 2.27
std. dev. 0.17 0.12 0.32 0.24 0.20 0.06 0.18

Table 4. Estimated calibration parameters at elevation angles of 45 deg (n = 606 sampling points) and 30 deg (n = 586) using downsam-

pled point clouds.

elev. value c[mgon] i[mgon] h[mgon] &.[mgon] &,[mgon] &g, [mgon] e;[mm]
45 deg  parameter -2.36 19.82 1.91 4.04 -4.41 1.76 -1.80
std. dev. 3.68 4.34 6.37 5.56 4.45 1.04 3.75
30deg parameter 0.24 36.57 -12.98 -0.42 -10.06 0.81 2.35
std. dev. 3.72 2.84 7.24 5.77 4.78 1.32 4.18

5.3 Calibration of all laser scans

The previously estimated calibration parameters — using
elevation angles of 45 deg and 30 deg — are used to cal-
ibrate all laser scanner measurements. Afterwards, the
object parameters are estimated without additionally es-
timating the calibration parameters. Fig. 8 exemplarily
shows the post-fit residuals of the approximation at an ele-
vation angle of 75 deg when using the calibration param-
eters estimated at 45 deg elevation angle. These can be
compared to the original ones of Fig. 2. Clearly, the cali-
bration improved the results.

To compare the results of all scans before and after cal-
ibration (by either using the parameters of 45 deg eleva-
tion angle or 30 deg), the estimated standard deviations
&w of the post-fit residuals W are calculated and presented
in Tab. 5. As can be seen, the improvement is not the same
at each elevation angle. In fact, it is also different between
using the 45 deg scan or the 30 deg scan for calibration.
This result is expectable based on the large variations of
the calibration parameters estimated at different elevation
angles (Tab. 3).

5.4 Dynamic calibration

For discussion, the standard deviations of the post-fit
residuals when estimating calibration parameters at each
elevation angle separately are also listed in Tab. 5. They are
significantly smaller than in the original calibration. Their
magnitude approx. equals 1.3 mm each time. This magni-
tude seems to represent the true noise of the TLS distance
measurements since the post-fit residuals approximately
point in line-of-sight of the scanner.

However, the calibration parameters are estimated
seven times in this scenario leading to a significant vari-
ation as has already been seen in Tab. 3 for 45 deg and
30 deg elevation angle. Hence, this procedure — named dy-
namic calibration from now on — works, but contradicts
the idea of determining constant calibration parameters
for a TLS.

5.5 Summary of calibration

Even though calibration parameters are predictable fol-
lowing the previous simulation, the values estimated by
the real scans are not meaningful. This is due to an
insufficient functional and stochastic model. This func-
tional model transfering the systematic TLS erorrs to the
model space needs to be more realistic as well as the as-
sessment of correlations and variances needs to be im-
proved. Both aspects affect the calibration parameters sig-
nificantly since the network configuration is rather weak.
The strong advantage of this approach - the large num-
ber of observations used for calibration — can only be
effectively used with improved functional and stochastic
model.

Nevertheless, the systematic deviations resulting from
the TLS errors can be eliminated by estimating the calibra-
tion parameters at each scan separately. This procedure
is suited to reduce the systematic deviations in the point
cloud and, thus, to improve the surface analysis. However,
it does not represent the primary idea of a self-calibration
estimating one set of physically interpretable parameters
being constant over time. Instead, it is rather a data-fit.
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Table 5. Estimated standard deviation 6 of the post-fit residuals W before and after calibration of the measurements based on n sampling

points.
value 90 deg 75deg 60deg 45deg  30deg 15deg 7.5deg
n 376139 382615 396074 408067 398543 379487 359791
w [mm] (without calibration) 1.45 1.60 1.56 1.47 2.05 1.88 1.83
6w [mm] (calibration by 45 deg) 1.46 1.42 1.36 1.27 1.63 1.53 1.49
6w [mm] (calibration by 30 deg) 2.01 1.98 1.45 1.58 1.29 1.44 1.48
&w [mm] (dynamic calibration) 1.35 1.32 1.28 1.27 1.29 1.31 1.30

Residuals [mm] (45 deg)

Y [m)]

0
X [m]

20 40

4% -20

0
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Fig. 7. Post-fit residuals of the approximation at an elevation angle
of 45 deg shown in object coordinate system [X, Y, Z]; transfor-
mation of TLS x-axis (lined), y-axis (dashed) and station (cross) in
object coordinate system; top: before calibration; bottom: after
calibration.

Residuals [mm] (75 deg)

_ G
‘1910 -20 0 20 40
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Fig. 8. Post-fit residuals of the approximation at an elevation an-
gle of 75 deg after calibration shown in object coordinate system
[X, Y, Z]; transformation of TLS x-axis (lined), y-axis (dashed) and
station (cross) in object coordinate system.

6 Discussion

Previous calibration strategies use the parameter differ-
ences of a limited number of objects scanned from dif-
ferent stations for estimating the calibration parameters.
While it is not satisfactory in this approach that the large
number of observations is reduced to a limited number of
objects, it benefits from a strong network configuration.

The present study investigates a new approach for TLS
self-calibration. The idea is to use all deviations between
the best-fit surface of a scanned object and the point cloud
to estimate the calibration parameters. This enables a cali-
bration by one single scan of one single object. This proce-
dure benefits from the large number of observations and
each point’s individual information about the systematic
TLS errors. But simultaneously, it suffers from the weak
configuration of adjustment that is due to the sampled ob-
ject and the scanning geometry.
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The results of the simulation show that the new ap-
proach is principially suited for estimating calibration pa-
rameters. Thus, systematic TLS errors can be separated
from the scanned object. Anyhow, the calibration param-
eters vary significantly at the real calibration of the Leica
Scan Station P20 using this approach. Thus, the approxi-
mation upgrades only partially when using one set of cal-
ibration parameters.

Nevertheless, when estimating the calibration param-
eters separately for each scan, the post-fit residuals are
improved leading to purely Gauflian distributed noise.
This distribution contains a standard deviation of approx-
imately 1.3 mm at each elevation angle. This magnitude
can be assumed to represent the true random noise of the
distance unit of the TLS — which is of expected magnitude.
Consequently, from the view of adjustment, the approxi-
mation is successful. However, the calibration parameters
are not constant in this procedure and, hence, not phys-
ically interpretable. This approach that can be seen as a
pure data-fit is called dynamic calibration here.

Not being able to estimate constant and physical in-
terpretable calibration parameters — at this time - is due
to several reasons. These are based either on (1) the func-
tional model parameterizing the systematic TLS erorrs, (2)
the corresponding stochastic model, (3) the scanned ob-
ject for self-calibration that is presented here and (4) the
scanning geometry.

(1) Functional model parameterizing the
systematic errors

For parameterizing the systematic TLS errors, standard pa-
rameters corresponding to a tacheometer are considered.
This assumption is only approximative and does not reflect
the reality since the beam deflection even of a panoramic
TLS differs from the one of a tacheometer. While it seems
to be evident that a TLS also suffers from systematic errors
like a horizontal collimation error or a trunnion axis error,
it is not obvious how these errors affect the measured an-
gles. This could be totally different from the assumption in
egs. (5-7) which is also addressed in [12, 33].

Thus, the model for parameterizing the systematic er-
rors of the TLS including the types of errors needs to be
improved. Therefore, the true course of the laser beam in-
side the TLS and the possible misconstructions leading to
systematic errors should be reproduced better.
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(2) Stochastic model

The ability of estimating the calibration parameters does
not rest upon a sophisticated and detailedly planned net-
work configuration but on the large number of observa-
tions. As has been shown, this large number causes the
standard deviations of the calibration parameters to be
small regarding the calibration parameters’ expected mag-
nitude. However, a qualified assessment of the estimated
calibration parameters is only approvable if the stochastic
model reflects the reality sufficiently.

This has to be classified critically if it does not consider
correlations so that each individual point is assumed to
contain completely independent information. These cor-
relations are contained in TLS measurements in any case
due to, e.g., similar angle of incidences, reflectations, un-
modeled systematic errors. Hence, the quality of the cali-
bration parameters is overestimated and significance is as-
sumed that does probably not exist.

(3) Scanned object

Using the main reflector of a radio telescope for self-
calibration is feasible. The calibration process benefits
from the large size, the precise construction and the simple
form that can be parameterized by the focal length. This
object nearly covers the complete panoramic scan in hor-
izontal as well as in vertical deflection, the measured dis-
tances range between 30 — 40 m.

Apart from these advantages, one drawback remains:
not knowing the focal length of the main reflector — whose
estimation is the aim of a separate deformation analysis
— leads to the fact that some calibration parameters are
worse predictable or even not predictable at all. E.g., the
scale would be predictable if the focal length was known.

Thus, further model knowledge of the scanned object
would upgrade the self-calibration. Simulations show that
the correlations of the calibration parameters would de-
crease if the focal length was known. Contrary, the stan-
dard deviations of the calibration parametes would only
benefit partially.

(4) Scanning geometry

The scanning geometry is a crucial aspect since it deter-
mines — mainly together with the object geometry — the
network configuration of the adjustment. Contrary to the
known calibration fields, this network configuration can-
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not be optimized by a sophisticated arrangement of signal-
ized targets or planes.

Consequently, the scanning geometry can only be ar-
ranged by the station of the TLS (if the object is already
given). The used station leads to a nearly perfect sampling
of the whole main reflector — however, it leads to high cor-
relations of the calibration parameters. Thus, an estima-
tion is only reliably and accurately feasible at some eleva-
tion angles; 45 — 30 deg seem to be the best choice.

Scanning points near the scanner’s horizontal axes is
crucial for determining the calibration parameters as has
been shown. Thus, horizontal observations in all scans
would upgrade the calibration procedure and the ability to
use the scan at 90 deg elevation for self-calibration. This
would be possible if the radio telescope was either larger
in diameter (with the same focal length) or had a shorter
focal length (with the same diameter). On the other hand,
the scanner could be stationed closer to the main reflector
for producing horizontal observations.

7 Conclusion and outlook

The present study investigates a new concept for laser
scanner self-calibration. Referring to the introduction, the
following questions are to answer: is it feasible to self-
calibrate a TLS based upon one single scan of one single
object? If yes, which requirements have to be met regard-
ing (1) the scanned object, (2) the measurement geometry,
(3) functional model of the calibration parameters and (4)
stochastic model of the adjustment? After the simulation
and the processing of real data, the answer is split:

— Yes, a self-calibration using one single scan of one
single object is feasible in principle. This is based
on the integration of model knowledge, i.e., the pa-
rameterization of the scanned object as a rotational
paraboloid.

— No, a self-calibration using one single scan of one sin-
gle object is not feasible at the moment since great de-
mands on the aspects (1-4) are made that cannot be
fulfilled yet.

This altogether rests upon the fact that the network con-
figuration is rather weak regarding the sensitivity for pre-
dicting the calibration parameters. This can only be com-
pensated by the large number of observations if aspects
(1-4) are built up appropriately. To gain physically inter-
pretable calibration parameters, especially the functional
and stochastic model need to be upgraded further.
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After all, this study aims at directing further research
since the presented strategy’s main advantage is beyond
controversy: each measured point — including its individ-
ual information about the systematic TLS errors — is used
directly for estimating the calibration parameters. By im-
proving the functional and stochastic model for calibra-
tion, the potential of the presented approach will be inves-
tigated further in consecutive studies.
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